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Foreword

This volume contains the research papers presented at the International Confe-
rence on Automated Reasoning with Analytic Tableaux and Related Methods
(TABLEAUX 2002) held on July 30 — August 1, 2002 in Copenhagen, Denmark,
in the context of the third Federated Logic Conference (FLoC 2002). This con-
ference was the continuation of international meetings on the same topic held in
Lautenbach (1992), Marseille (1993), Abingdon (1994), St. Goar (1995), Terra-
sini (1996), Pont-a-Mousson (1997), Oisterwijk (1998), Saratoga Springs (1999),
and St Andrews (2000). In 2001 TABLEAUX was part of IJCAR 2001 in Si-
ena. The frame of FLoC 2002 guaranteed once again close contact to the larger
Theorem Proving and Logic in Computer Science community. This was in parti-
cular witnessed by the talk by Matthias Baaz, jointly invited by CADE-18 and
TABLEAUX 2002.

Tableaux and related methods have been found to be a convenient formalism
for automating deduction in various non-standard logics as well as in classical
logic. This is nicely illustrated by the wide scope of logics that are covered by
the papers collected in this volume: among them are linear logic, temporal lo-
gics, various modal logics, including hybrid logic and multi-modal logics, fuzzy
logics like Godel- and Lukasiewicz logics, various intermediate logics, quantified
boolean logic, and, of course, classical first-order logic in various formats. Some
papers mainly address foundational issues, others aim at efficient proof search
and applications that include logic programming, reasoning about knowledge and
belief, planning, nonmonotonic reasoning, efficient handling of equality, combi-
ning theories, and deciding word problems in certain algebraic theories.

Acknowledgements. We would like to thank the members of the program
committee, the additional referees, and the members of the TABLEAUX steering
committee (all named on the following pages). In particular, we thank Reiner
Héhnle — among other duties: conference chair of CADE-18, president of the
TABLEAUX steering committee, and member of the FLoC steering committee,
the TABLEAUX program committee, and the FLoC organizing committee — who
assisted us in many ways. We would also like to thank Gernot Salzer for installing
and helping to maintain the software for our web-based reviewing procedure.

May 2002 Uwe Egly
Christian G. Fermiiller
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Proof Analysis by Resolution
(Abstract)*

Matthias Baaz

Institut fiir Algebra und Diskrete Mathematik
Technische Universitidt Wien, Austria

Proof analysis of existing proofs is one of the main sources of scientific progress in
mathematics: new concepts can be obtained, e.g., by denoting explicit definitions
in proof parts and axiomatizing them as new mathematical objects in their own
right. (The development of the concept of integral is a well known example.)
All forms of proof analysis are intended to make implicit information of a proof
explicit, i.e., visible. Logical proof analysis is mainly concerned with the implicit
constructive content of more or less formalized proofs.The following are major
examples for logical proof analysis:

— Formal proofs of (Va)(3y) P(z,y) in computational contexts can be unwinded
to proofs of (Va)P(x,m(x)) for suitable programs .

— Herbrand disjunctions can be extracted from proofs of prenex formulas. Such
disjunctions always exist in the case of first-order logic by Herbrand’s famous
theorem, but can be extracted from many proofs in other systems as well.
(C.f. Luckhardt’s analysis of the proof of Roth’s theorem.) Suitable Her-
brand disjunctions can be used to improve bounds or to reduce parametrical
dependencies.

— Interpolants can be constructed from proofs of A — B O Interpolation is the
main tool to make implicit definitions explicit via Beth’s theorem 4

In this talk we concentrate on automatizable logical proof analysis in first-
order logic by means of incooperating resolution.

* Talk invited jointly by CADE-18 and TABLEAUX 2002. The corresponding paper
(extended abstract) appears in the proceedings for CADE-18.

L An interpolant for A — B is a formula I such that A — I and I — B are provable,
and I contains only predicate and function symbols common to A and B.

2 P is defined implicitly by Z(P) iff Z(P)UX(P') - (Vz)(P(x) <> P'(x)). P is defined
explicitly by X (P) iff X(P) b (Vz)(P(z) + L(z)) for some L not containing P.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAT 2381, p. 1, 2002.
© Springer-Verlag Berlin Heidelberg 2002



Using Linear Logic to Reason about Sequent
Systems*

Dale Miller! and Elaine Pimentel?

1 Computer Science and Engineering Department, 220 Pond Lab,
Pennsylvania State University, University Park, PA 16802-6106 USA
dale@cse.psu.edu
2 Departamento de Matematica,

Universidade Federal de Minas Gerais, Belo Horizonte, M.G. Brasil
elaine@mat.ufmg.br

Abstract. Linear logic can be used as a meta-logic for the specifica-
tion of some sequent calculus proof systems. We explore in this paper
properties of such linear logic specifications. We show that derivability
of one proof system from another has a simple decision procedure that
is implemented simply via bounded logic programming search. We also
provide conditions to ensure that an encoded proof system has the cut-
elimination property and show that this can be decided again by simple,
bounded proof search algorithms.

1 Introduction

Various logical frameworks based on intuitionistic logic have been proposed
[FM88[Pau89l[HHPI3] and used for specifying natural deduction proof systems.
Given the intimate connection between natural deduction and A-calculus, appli-
cations requiring object-level binding and substitutions have also been success-
fully implemented in these logical frameworks [Mil00].

In [Mil96], Miller proposed moving from intuitionistic logic to the more ex-
pressive setting of linear logic to capture the more general setting of sequent
calculus proof system. This use of linear logic has been future explored in [Ric98g|
PimOTIMP]. In this paper we consider the structure of proofs in the Forum pre-
sentation of linear logic in order to show how various aspects of the meta-theory
of linear logic can be used to conclude properties of the sequent calculus be-
ing specified. In particular, we describe a decision procedure for determining if
one encoded proof system is derivable from another and we present conditions
and their decision procedure that imply that an encoded proof system satisfies
cut-elimination.

After providing an overview of Forum in Section [ and the encoding into
Forum of object-level sequents and inference rules in Section B, we prove in

* Miller has been supported in part by NSF grants CCR-9912387, CCR-9803971, INT-
9815645, and INT-9815731. Both authors wish to thank L’Institut de Mathématiques
de Luminy, University Aix-Marseille 2 for the support to attend the Logic and In-
teraction Weeks in February 2002, during which much of this paper was written.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAT 2381, pp. 223 2002.
© Springer-Verlag Berlin Heidelberg 2002



Using Linear Logic to Reason about Sequent Systems 3

Section H] that deduction between encodings of inference rules is captured by
shallow Forum proofs. A decision procedure for determining if the encoding
of one proof system is derivable from another proof system then follows by
doing bounded depth proof search. Of course, we wish to know if an object-level
proof system admits a cut-elimination theorem. Section [3] contains the basic
background for this problem and Section [f] contains the main object-level cut-
elimination theorem. Section [7]contains a specification and discussion of Girard’s
Logic of Unity. Finally, we conclude in Section

2 The Forum Presentation of Linear Logic

The Forum presentation of linear logic [Mil96] relies on the connectives L, %, 7,
T, &, —o, =, and V: this set of connectives is complete for linear logic, in the sense
that all other linear logic connectives can be defined from these. Proof search
using this collection of connectives can be restricted so that simple goal-directed
proof search (using the technical device of multiple-conclusion uniform proofs
[Mi193]) is complete. Thus, Forum makes it possible to claim that all of linear
logic can be seen as an abstract logic programming language [MNPS91]. Forum
has been used to specify a number of computation systems, ranging from object-
oriented languages [DM95], imperative programming features [Mil96//Chi95], and
a RISC processor [Chi95]. In this paper, we use Forum as a specification language
for sequent calculus proof systems. For this purpose, we work often within a
weaker fragment of Forum, called Flat Forum.

2.1 Flat Forum

A formula of Forum is a flat goal if it does not contain occurrences of —o and =,
and all occurrences of the modal 7 have atomic scope. A formula of the form

VH(GL > Gon > A1 B B A,),  (m,n > 0)

is called a flat clauseif Gy, ..., G,, are flat goals, Ay, ..., A, are atomic formulas,
and occurrences of the symbol < are either occurrences of —o or =>. The formula
Ay B ... B A, is the head of such a clause, while for each ¢ = 1,...,m, the
formula G; is a body of this clause. If n = 0, then we write the head as simply L
and say that the head is empty. A flat clause is essentially a clause of the LinLog
system [And92] except that heads of flat clauses may be empty.

A flat Forum formula is logically equivalent to a formula in uncurried form,
namely, a formula of the form

VG(B o A, B BA,)

where n > 0, ¢ is the list of variables free in the head A7 B --- B A, all free
variables of B are also free in the head, and B may have occurrences of 3, ®,
1, and !, but not in the scope of B, ?, &, V, —o, and = (using the terminology
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TR U,A— ABITIT UV;A— AC ;T
UV,A— AT, 1T U, A— A B&C, ;T
A — ALY LR U, A— A BCT;Y
U,A— ALY ;A — A BRC ;T
U;B,A— ACT;T oR B,U;A— ACT;T ~ R

UV, A— A B—oC, ;T UV, A— A B=CI;T
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WAL A B8 AL A viA = AT

U Ay — AL BT W;AgiAg;T o v, — B;T W;AiA;T
B=C

U AL Ay B AL AT o APZS A

=L

Fig. 1. The Forum proof system. The rule VR has the proviso that y is not free in the
lower sequent. In &L;, i =1 or ¢ = 2.

of [And92|, no synchronous connective is in the scope of an asynchronous con-
nective.) Although uncurried clauses are not Forum clauses, they can easily be
rewritten to curried clauses using the following logical equivalences:

(BC)—oH=B-oC-—-oH (3z.B z) -« H =Vx.(B(x) — H)

(BeC)—oH=(B—-oH)&(C—-oH) (!IByoH=B=H 1-oH=H.

(In the equivalence involving 3, x is not free in H.)

As in Church’s Simple Theory of Types [Chu40], both terms and formulas
are built using a simply typed A-calculus. We assume the usual rules of «, 3,
and n-conversion and we identify terms and formulas up to a-conversion. A term
is A-normal if it contains no § and no 7 redexes. All terms are A-convertible to
a term in A-normal form, and such a term is unique up to a-conversion. The
substitution notation B[t/x] denotes the A-normal form of the S-redex (Az.B)t.
Following [Chu40], we shall also assume that formulas of Forum have type o.

There are two kinds of sequents in Forum, namely, ¥; A — I';7 and

v, A N I';Y. The outermost contexts, labeled here as ¥ and 1, are the left
and right classical contexts: these contexts are sets of formulas. The innermost
contexts, labeled here as A and I', are the left and right linear contexts: these
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contexts are multisets of formulas. In the second sequent, the formula B over
the sequent arrow is also formula and multiset I" contains only atomic formulas.
(Notice that the position of classical and linear contexts is different from that
used in sequents within the LU proof system of Girard [Gir93].) The sequent
system for Forum is given in Figure [[l The following is a consequence of the
soundness and completeness result for Forum [Mil96].

Theorem 1. Let ¥ be a set of flat clauses, I' and A be multisets of flat goals,
and T be a set of atomic formulas. Then the sequent ¥; A — I'; T has a proof
if and only if "W, A+ I',?7T has a proof in linear logic.

The following lemma holds in general for Forum proofs, but it is particularly
relevant here since the scope of ? will always be atomic.

Lemma 1. If a sequent has a Forum proof, it has a proof in which there are no
occurrences of decide? applied to an atomic formula.

Proof Permute all occurrences of decide? involving an atomic formula up in
a proof until they reach an instance of the initial rule, in which the combination
of initial and decide? can be rewritten to an occurrence of initial?.

Furthermore, a Forum proof of a sequent of the form ¥; A — I'; T, where
¥, A, I' and T are as in Theorem [ is such that there are no occurrences of —oR,
=R, and decide? inference rules and the left-hand linear context of all sequents
in the proof is a subset of A.

3 Representing Sequents and Inference Rules

This section summarizes material found in [MPIPim0O1]: see also [Mil96/Ric98]
for related material.

Since we now wish to represent one logic and proof system within another, we
need to distinguish between the meta-logic, namely, linear logic as presented by
Forum, and the various object-logics for which we wish to specify sequent proof
systems. Formulas of the object-level will be identified with meta-level terms of
type bool. Object-level logical connectives will be introduced as needed and as
constructors of this type.

A two-sided sequent A — I is generally restricted so that A and I' are
either lists, multisets, or sets of formulas. Sets are used if all three structural rules
(exchange, weakening, contraction) are implicit; multisets are used if exchange
is implicit; and lists are used if no structural rule is implicit. Since our goal
here is to encode object-level sequents into meta-level sequents as directly as
possible, and since contexts in Forum are either multisets or sets, we will not be
able to represent sequents that make use of lists. It is unlikely, for example, that
non-commutative object-logics can be encoded into our linear logic meta theory
along the lines we describe below.
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3.1 Three Schemes for Encoding Sequents

Consider the well-known, two-sided sequent proof systems for classical, intu-
itionistic, and linear logic. A convenient distinction between these logics can be
described, in part, by where the structural rules of thinning and contraction can
be applied. In classical logic, these structural rules are allowed on both sides of
the sequent arrow; in intuitionistic logic, no structural rules are allowed on the
right of the sequent arrow; and in linear logic, they are not allowed on either
sides of the arrow. Thus a classical sequent is a pairing of two sets; a linear logic
sequent is a pairing of two multisets; and an intuitionistic sequent is the pairing
of a set (for the left-hand side) and a multiset (for the right-hand side). This
discussion suggests the following representation of sequents in these three sys-
tems. Let |-] and [-] be two meta-level predicates, both of type bool — o. These
predicates are used to identify which object-level formulas appear on which side
of the sequent arrow, and the ? modal is used to mark the formulas to which
weakening and contraction can be applied.

We will identify three schemes for encoding sequents. The linear scheme
encodes the (object-level) sequent By, ...,B, — C1,...,Cyp (n,m > 0) by the
meta-level formula |Bi] B--- ® |B,| B[C1] B--- B [Cp,] or by the Forum
sequent

S8 LBljw"vLBnJa ’701W7~~~7{Cm—|;'~

The intuitionistic scheme encodes By, ..., B, — C1,...,Cy,, where n,m > 0,
with the meta-level formula ?|By] B--- 87?|B,] B[C1] B--- B [C),] or by
the Forum sequent

5o — [C1], ., [C 5 By - -y [ Bl

Often intuitionistic sequents are additionally restricted to having one formula
on the right. Finally, the classical scheme encodes the sequent By,..., B, —
Ci,...,Cp (n,m > 0) as the meta-level formula

B B BBy BUCL| B BCh
or by the Forum sequent

wo— 1| Bil, . | Bl [Cils- .o [Col.

3.2 Encoding Additive and Multiplicative Inference Rules

We first illustrate how to encode object-level inference rules using the linear
scheme.

Consider the specification of the logical inference rules for object-level con-
junction, represented here as the infix constant A of type bool — bool — bool.
Consider the additive inference rules for this connective.

AA— T A B—T A—TA A—I,B

AANB — T Ao AANB —T N A—T,ANB AR
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These three inference rules can be specified in Forum using the clauses

(AL) |AAB|o-[A]. (AR) [AAB]o-[A] & [B].
(ALs) [AAB] o [B].

We shall assume that a formula displayed in this manner actually denote the
formula you get when you add the modal ! to the universal closure of the for-
mula displayed. We use the convention that capital letters will generally serve
as variables.
Notice that the two clauses for left introduction can be written in the uncur-
ried for as
|[AANB] o— |A] @ |B].

Thus, these additive rules make use of two (dual) meta-level additive connectives:
& and @. Similarly, the following two clauses encode the multiplicative version
of conjunction introduction rules:

(AL) |AANB| o |A| B|B]|. (AR) [AAB] o [A] o [B].
The equivalent, uncurried form of the right introduction is
[AAB] o— [A]l ® [B].

Thus, these multiplicative rules make use of two (dual) meta-level multiplicative
connectives: ® and 2.

When using either the classical or intuitionistic (hybrid) encoding of an
object-level sequent, inference rules can place occurrences of the 7 modality
where needed with the body of clauses. For example, the additive version of the
(AR) rule for a classical sequent is encoded as

[AAB] o- ?7[A] & 7[B].

For additional examples, see Section 3.5

3.3 Encoding Quantifier Introduction Rules

Using the quantification of higher-order types that is available in Forum, it is
a simple matter to encode the inference rules for object-level quantifiers. For
example, if we use the linear scheme for representing sequents, then the left and
right introduction rules for object-level universal quantifier can be written as

(VL) |VB] o— |Bz]. (VR) [VB] o— Vz[Bz].

Here, the symbol V is used for both meta-level and object-level quantification:
at the object-level V has the type (i — bool) — bool. Thus the variable B
above has the type ¢ — bool. Consider the Forum sequent ¥;- — [VB],0;-
where ¥ contains the above two clauses. Using decide! with the clause for (VR)
would cause the search for a proof of the above sequent to be reduced to the
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search for a proof of the sequent ¥;- — [By], ©;- where y is new. Here, the

meta-level eigen-variable y also serves the role of an object-level eigen-variable.

Dually, consider the Forum sequent ¥;- — |VB|, ©;-. Using the decide! with

the clause for (VL) would cause proof search to reduce this sequent to the sequent

;- — | Bt|,0;- where t is a term of type i. If we restrict appropriately the

use of the type i, then terms of type i can be identified with object-level terms.
Notice that the clause for (VL) is logically equivalent to the formula

|VB] o— 3z| Bz].

Thus, these quantifier rules make use of two (dual) meta-level quantifiers.

3.4 The Initial and Cut Rules

Up to this point, all the Forum clauses used to specify an inference figure have
been such that the head of the clause has been an atom. Clauses specifying the
cut and initial rules will have rather different structure. In particular, the initial
rule which asserts that the sequent B — B is provable, can be represented
simply by the following initial clause:

(Initial)  |B| R®[B].

Notice that this clause has a head with two atoms and no body.
There appear to be several possible ways to encode the cut rule. As a proof
rule, cut is given as

A1—>F1,B AQ,B—>FQ

Cut
A17A2—>F17F2 "

Depending on how structural rules are used in this encoding, this cut rule can
be specified as one of the following clauses:

(Cut) VB(|B] — |B]— 1) (Cut;) VB(?[B] —o |B]—o 1)
(Cuty) VB([B] —-?|B|—o 1) (Cuts) VB(?[B] —?|B|—o 1)

Dual to the initial rule, these clauses have an empty head and two bodies. Other
variations on the cut rule also seem possible: namely, one or both of the —o can
be replaced with =. The four displayed possibilities for the cut rule, however,
entail these other variations, for example:

?[B] <o |B|—~L + ?[B]=|B|]-oLl.

As a result, we shall not consider these variations any further here.

Notice that the Initial and Cut clauses together proves that |-] and [-] are
duals of each other: that is, VB(|B] —o [B]) and VB([B] —o | B]) are proved
from these two formulas.
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3.5 Example Forum Specifications

Consider a presentation of intuitionistic logic using the logical connective D,
N, U, Vi, 3, fi, and ¢;. The usual LJ proof system of Gentzen [Gen69] can be
encoded as follows: rules for intuitionistic logic LJ and a cut rule (taken from
IMP]).

(ODL) |ADB| o [A] o ?7|B]. (D R) [AD B| o—?|A| ®[B].
(NL1) [ANB|o-7[A]. (NR) [ANB] o [A] & [B].
(NLy) |ANB| o 7|BjJ. (URy) [AUB] o— [A].

(UL) [AUB| o 7?|A|&?|B]. (UR3) [A U Bl [B].

(3;L) |3;B]| o— Va: 7[ij. (3:;R) ( } [BJ;]

(fiL) | fi] o= T. (tiR) [ti] o—

(Cut) 1 o ?|B] o— [B]. (Initial) |B| ®[B].

Theorems that state that one’s encoding of a proof system matches the original
proof system are often called adequacy theorems. The following such theorem is
easily proved by induction of the structure of proofs.

Adequacy Theorem The sequent By, ..., B, — Bp has an LJ-proof [Gen69]
if and only if the sequent LJ;- — [By|; LBlj, ..., |.Bn] has a Forum proof. The
sequent By, ..., B, — has an LJ-proof if and only if LJ;- — -; | B1], ..., | Bx]
has a Forum proof (n > 0).

A number of other proof systems have been specified in Forum using this
particular style of encoding. For example, Gentzen’s LK and LJ [Gen69], lin-
ear logic, LKQ and LKT [DJS95], an optimization of LJ [LSS93|[Dyc92|, and
Girard’s LU [Gir93].

3.6 Advantages of Such Encodings

The encoding of an object-level proof system as Forum clauses has certain advan-
tages over encoding them as inference figures. For example, the Forum specifica-
tions do not deal with context explicitly and instead they focus on the formulas
that are directly involved in the inference rule. The distinction between making
the inference rule additive or multiplicative is achieved in inference rule figures by
explicitly presenting contexts and either splitting or copying them. The Forum
clause representation achieves the same distinction using meta-level additive or
multiplicative connectives. Object-level quantifiers can be handled directly using
the meta-level quantification. Similarly, the structural rules of contraction and
thinning can be captured together using the ? modal.

Since the encoding of proof systems is natural and direct, we might hope to
be able to use the rich meta-theory of linear logic to help in drawing conclusions
about object-level proof systems. An example of this kind of meta-level reason
is given in [Mil96] where it is shown how a sequent calculus presentation of
intuitionistic logic can be transformed into a natural deduction presentation by
simple linear logic equivalences.
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Since the encodings of object-level encodings result in logic programs (in the
sense of Forum) and since there is significant knowledge and tools available to
provide automatic and interactive tools to compute with those logic programs,
encodings such as those described here can be important for the automation of
various proof systems. In this paper, we explore automation of questions such
as: Does one object-level sequent follow from the encoding of a proof system?
Does one proof system’s encoding entail another proof system’s encoding? Can
cut elimination be proved for the encoded logic? The last question has also been
discussed by Avron and Lev [ATOT] but their setting is limited the specification
of propositional logics based on classical and additive maintenance of context.

There are, of course, some disadvantages to using linear logic as a meta-
theory, the principle one being that it will not be possible to capture proof
systems requiring non-commutativity. As we shall see, however, significant and
interesting proof systems can be encoded into linear logic and for these systems,
broad avenues of meta-level reasoning and automation should be available.

4 Entailments between Introduction Rules

We now address the problem of how easy it is to prove that the encoding of
some inference rules imply the encoding of some other inference rules. For this
purpose, we need to make definitions that restrict flat Forum formulas further
so that they encode object-level inference rules. We shall assume that we have
fixed a set Q of unary meta-level predicates all of type bool — o. Object-level
logical constants will also be assumed to be fixed. These constants will have
types of order 0, 1, or 2 and all will build terms of type bool. Examples of
object-level constants at various orders are: order 0, true and false; order 1,
conjunction and implication; and order 2, universal and existential quantifiers.
We shall also assume that object-level quantification is first-order and over one
domain, denoted at the meta-level by 1.

Definition 1. An introduction clause is a closed flat formula of the form
Vay ... Voplg(o(zy,...,2,)) 2 By <> By <= ... <> By,

where n,m > 0, ¢ is an object-level connective of arity n (n > 0), and q is a
meta-level predicate. Furthermore, an atom occurring in a body of this clause
is either of the form p(x;) or p(x;(y)) where p is a meta-level predicate and
1 < i < n. In the first case, x; has a type of order 0 while in the second case x;
has a type of order 1 and y is a variable quantified (universally or existentially)
in a body of this clause (in particular, y is not in {x1,...,z,}).

Notice that all the encodings of inference rules we have presented so far
are examples of introduction clauses: the predicates |-] and [-] are examples of
meta-level predicates. Encodings of inference rules are also allowed to have other
predicates defined for, say, side conditions, as long as they can be described using
such clauses.
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Definition 2. A premise atom is an atomic formula of the form q(t), where q
1s a meta-level predicate and t is a term of type bool with a variable as its head
symbol. A conclusion atom is an atomic formula of the form q(o(xq,...,2,)),
where q is a meta-level predicate, o is an object-level connective of arity n, and
T1,...,Ty 98 a list of variables.

Definition 3. Let IT be a Forum proof of the sequent W; A — I'; T, where ¥ is
a set of flat clauses that are either initial, one of the cut clauses, an introduction
clause, or a flat goal, A and I' are multisets of flat goals, and T is a set of atoms.
The depth of a Forum proof I is defined as the mazimum number of occurrences
of the rules decide or decide! on a branch of II.

Notice that if IT is a proof of a sequent of the form ¥; A — I'; T, following
the restrictions of the definition above, then all sequents in IT are such that the
left classical context is equal to ¥, the right classical context is always a set of
atoms, and the two linear contexts are always multisets of flat goals.

It is also a simple matter to see that it is possible to search through all Forum
proofs of such sequents which are bounded in depth. The Forum proof system
is designed so that the only essential choices that need to be made are those
involved with the decide, decide!, and decide? inference rules.

The following lemma can be used to build a decision procedure for certain
kinds of inferences between introduction clauses.

Lemma 2. Let ¥ be a set containing introduction clauses and possibly the initial
clause. Let C' be an introduction clause. If the sequent ¥;- — C';- has a proof,
it has a proof of depth 3 or less.

Proof We first argue that a sequent of the form
W, Ay Ay — Ay A, (*)

where A; is a set and A, is a multiset of flat goals over premise atoms and Aj; is
a multiset and Ay is a multiset of premise atoms, is provable if and only if it is
provable with a proof of depth 2 or less. This sequent can only be proved using
decide or decide!. Let B be the formula that is selected in one of these decide
rules. If B is the initial clause, then this proof must have depth 1. Clearly, B
is not an introduction clause from ¥ since eventually an instance of the head of
that clause must be in either A; or in As, which is impossible since the instance
of a conclusion atom cannot be a premise atom. Thus, B must be from either
Aq or Asy. A simple argument by structural induction of flat goals shows that in
either of these cases, the depth of a proof is limited by 2. In particular, consider
the case when B is 7 A, for some premise atom A. Then A, and A; must be
empty and the proof has the shape

" initial?
W7A1;'—>';A2 decid
WA A — Ay 000

7L

W, Ay A Ay
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Observe that the only rule that can be applied to the middle sequent is decide,
since the left linear context is not empty. Also, note that since A is atomic, it
must be in A; and the last rule on the above proof has to be initial?. The depth
in this case is exactly 2. The other cases of depending on the structure of B are
similar and simpler.

Now consider a provable sequent of the form

W? AI;A2 — Aav (**)

where A, is a set and A, is a multiset of flat goals over premise atoms and A
is a conclusion atom. This sequent can be proved only using decide! with an
introduction clause from ¥ since the atoms in A; and A, are premise atoms.
The result of completing the backchaining leaves possibly several sequents that
need to be proved, but all of these are of form (x) above. Thus, sequents of the
form (x%) can be proved in height 3 or less.

Finally, a sequent of the form ¥;- — (- has a proof if and only if the
right-rules for Forum reduce it to sequents of the form (xx) above. Thus, such a
sequent is provable if and only if it has a proof of depth 3 or less. |

Lemma [ shows that deciding whether or not one inference rule is derivable
from other inference rules is rather simple: if such a derivation is possible, a very
shallow proof witnesses that fact.

5 Canonical and Coherent Proof Systems

In the inference systems we shall consider, the set of meta-level predicates Q
is exactly the set {|-],[-]}. In Section [l we consider the LU proof system of
Girard [Gir93] and there we will use additional meta-level predicates.

Definition 4. Fiz Q to be the set {|-],[-]}. A canonical proof system is a set
P of flat Forum clauses such that (i) the initial clause is a member of P, (ii)
exactly one cut clause is a member of P, and (iii) all other clauses in P are
introduction clauses with the additional restriction that, for every pair of atoms
of the form |T| and [S] in a body, the head variable of T differs from head
variable of S. A formula that statisfies condition (iii) is also called a canonical
clause.

Definition 5. Consider a canonical proof system P and an object-level connec-
tive, say, o of arity n > 0. Consider all the (uncurried) formulas in P that
specify a left-introduction rule for o. These would be of the form

Vz(lo(x1,...,x)] o= L) -+ V&(|o(z1,...,2;)] o= L) (p>0)

Similarly, consider all the (uncurried) formulas in P that specify a right-intro-
duction rule for o. These would be of the form

Vi‘((O(l‘l,...,xiﬂ O—Rl) Vf([O(.’El,...,.’I}i)—l O—Rq) (qZO)
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All of these p+ q displayed formulas can be replaced by the following two clauses
VZ(|o(x1,...,2i)] o= L1 ® - ® Lyp) and VE([o(x1,...,2i))] o= Ri & - B Ry)

(An empty @ is written as the linear logic additive false 0.) We shall say that
these last two formulas represent the introduction rules for ¢ in their defini-
tion form. While these formulas are not generally formulas of Forum, they are
equivalent to the p + q Forum formulas.

Definition 6. Consider a canonical proof system P and an object-level connec-
tive, say, ¢ of arity n > 0. Let the formulas

VZ(lo(z1,...,2n)] o= By) and VZ([o(z1,...,25)] o— By)

be the definition form for the left and right introduction rules. Let C be the cut
clause that appears in P. The object-level connective ¢ has dual left and right
introduction rules if !C F Vz(B; —o B.—o 1) in linear logic.

Definition 7. A canonical system is called coherent if the left and right intro-
duction rules for each object-level connective are duals.

Ezxample 1. Consider the specification of LJ in Section The introduction
rules for N, for example, in definition form are the two formulas

VAVB(|ANB| o~ ?|A] @?|B]) and VAVB([AN B] o- [A] & [B]).

The definition form for the introduction rules for the other logical connectives
can be computed easily. In the end, to determine that the LJ specification is
coherent, the following must be proved:

(D) !Cuty - VYAVB((?[A] & ?[B]) —o ([A] & [B])—o 1]
N)  !Cuty - VAVB[([A] ® ?|B]) — (?|A] B[B])—o 1]
| Cuts - YAVB[(?|A] & 7| B]) - ([A] @ [B])—o 1]

! Cuty F VBVx(?|Bx|) —o Jx|
1Cuteg F0—o0T—o L
1Cuto T —00—0 L

(3

L
fi

All of these sequents have simple Forum proofs.

)
(M)
(V) (
(V;) ! Cute F VB[3z(?| Bz|) —o Va [ Bx|
(%) Bz
(t:)
(f)

Definition 8. A Forum proof is said to encode an object-level cut-free proof if
no occurrence of the decide! inference rule is used on a cut clause.

Definition 9. The degree d(B) of an object-level formula B is the number of
occurrences of object-level logical connectives in B. Thus, d(A) = 0 if and only
if A is atomic. Logical constants of arity 0 have degree 1. If a cut-clause is used
in a decide! rule in a Forum proof, then the degree of that occurrence of decide!
is the degree of the object-level formula used to instantiate that occurrence of
the cut clause. The degree of a Forum proof II, written as d(II), is the multiset
of the degree of all occurrences of decide! in the proof. Thus, a Forum proof IT
encodes a cut-free object-level proof if and only if d(IT) is the empty multiset.
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We now show that, for coherent systems, it is possible to exchange a Forum
proof by another one with a smaller degree: here we use the multiset well-ordering
[DM79] induced by the ordering on non-negative integers.

Lemma 3. Let P be a coherent system, ¥ be a set, A be a multiset of flat goals
which contain no occurrences of object-level logical constants, and I" be a multiset
and T be a set of atomic formulas. If there is a Forum proof II of the sequent
P.U; A — I';T such that d(IT) contains a positive integer, then there is a proof
of the same sequent with smaller multiset order.

Proof We shall first assume that the cut clause in P is the clause without the
? modal. Let I be a Forum proof for P,¥; A — I'; Y such that d(II) contains
a positive integer. There is thus a subproof of IT of the form

Hl HQ
P,W;A1—>|_DJ7F1;TI P,W;Ag—)[DLFQ;T/

AQ [D]—o|D]—oL

P,¥; Ay, I, I 7’

P Ay, Ay SPUBIPBI R b

P A, Ay — I, 10T

where D = o(Dy,...,D,) for some object-level connective ¢, n > 0, and 7" C 7".

We may assume that the occurrences of |D] in ITy and of [D] in I, are
principal formulas in their respective proofs: that is, these proofs end with a
decide or decide! rule and these atoms are the ones rewritten by the backchaining
step. If this is not the case, the decide or decide! rule together with the cut clause
can be permuted upward in the Forum proof.

We can distinguish three cases. In one case, II; ends in a decide of an initial
clause: thus I is [ D], 4; is empty, the displayed proof fragment above can be
replaced by II5, and the degree of the resulting proof decreases. In another case,
IT5 ends in a decide of an initial clause, Iy is | D], Ay is empty, the displayed
proof fragment above can be replaced by I1;, and the degree of the resulting proof
decreases. The only other case is that IT; and Il5 end in a decide or decide! rule
selecting some formula from P, ¥, and A; or As, respectively. Since D must
contain an object level logical constant and since the formulas in ¥, Ay, and A,
do not contain such constants, the only possible selections are of formulas from
P. Thus, there are clauses

VZ.|o(z1,...,2;)] o= By and  VZ.[o(x1,...,2;)] o— By
in P such that I1; and Ils are the following two proofs:

15 17,
P,W;Al — gBl,Fl;TI ’P,W;AQ —)GBT,FQ;T/
P7W;A1—>LDJ7F1;T/ P7W7A2_>|VD-|7F27T/

where 6 is the appropriate substitution for the variables in Z. (Here we have
assumed that the clauses in P are written in the logically equivalent uncurried
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form). Finally, since P is a coherent system, we know that Cut; 0B;,0B, —L;-
is provable.

Using the soundness and completeness theorem for Forum (Theorem [I) the
three sequents

"PAW, A 0B, 11,7 '"PNW, Ay -0B,, 15,7 ! Cut,0B,0B, -1
are provable in linear logic. Using cut twice, we can then conclude that
PN, A, AT, 17

is provable in linear logic (remember that Cut € P) and by cut-elimination in
linear logic and Theorem [I, we have that

P Ay, Ay — Iy, I T

has a Forum proof. The process of translating to and from linear logic and using
cut-elimination in linear logic will not change the degree of the Forum proof
except to replace the one selected occurrence with possibly several smaller uses
of decide! with Cut in the proof of ! Cut,0B;,0B, 1. As a result, the degree of
the overall proof has reduced.

If the cut clause in P has the modal ?, the result follows with a slightly
different proof. |

As an immediate corollary of this lemma, if the sequent P,¥; A — ;T
(assuming the restrictions of this lemma) has a proof with a degree containing
a positive integer, that sequent has a proof with a degree that contains at most
zeros. That is, this lemma shows how to reduce object-level cuts to only object-
level atomic cuts. The following result shows that, in fact, these cuts can be
removed.
Lemma 4. Let C be a canonical clause that encodes an introduction rule and
let P be a coherent system. If \'P + C in linear logic then there is an object-level
cut-free Forum proof of P;- — C-.
Proof Given that !’P I C in linear logic, there is a Forum proof of the sequent
P;- — C;-. Applying right introduction rules to this sequent forces the sequent
P,: A — A;-, where ¥ is a set and A is a multiset of premise atoms and A
is a conclusion atom, to have a Forum proof II. Given that all clauses in ¥ are
flat clauses, a simple induction show that every sequent occurring in I7 is of the

form P, w; A’ ﬂ I';T where A’ C A, I' is a multiset of flat goals, 7" is a set of
atomic formulas and {B} indicates that a flat clause labeling the arrow might
be present.

Using Lemma [B] we can conclude that II contains only atomic object level
cuts. We now argue that these cuts can be removed. If IT is not object-level
cut-free, there is a subproof of IT of the form

15 e
P,W;Al—)LDJ,Fl;T/ P,W;AQ—)[D],FQ;T/
VB([B]—o|B]—ol)

P Ay Ay I, I 7
P7W;A17A2 —>F17F2;T/

decide!
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where II; and Il are object-level cut-free Forum proofs, T C 7”, and D is an
object-level atomic formula.

We can distinguish three possibilities for the last inference rules of IT; and I15.
If IT; ends a decide! with the initial clause then A; is empty and I} is the multiset
set containing just [D]. In that case, the entire displayed proof can be replaced
by II5, which removes one decide! on a cut-clause. Similarly, if IT, ends a decide!
with the initial clause, then the displayed proof can be replaced by II;. Finally,
the last inference rules of II; and Ils could be (meta-level) left-introduction
rules: in IT; a formula could be selected from ¥ or A; for backchaining and in
115 a formula could be selected from ¥ or Ay for backchaining. In these cases,
the formula | D| would be a subformula of a formula in ¥ or A; and [D] would
be a subformula of a formula in ¥ or As. Then both |D] and [D] occur in
bodies of the clause C, something that is explicitly ruled out by the definition
of canonical proof systems (Definition M.

For the case where another cut rule is present in P, the analysis is the same
except that either one or both of | D] and [D] could be in the right classical
context and references to the Forum rule initial might need to be initial?.

This result is important since it provides a way of controlling the use of cut
clauses during proof search. In general, it is desirable to control meta-level proof
search when clauses with empty head are available. Using the decide inference
rule with such clauses can produce redundant steps in a proof, in a possibly
endless process. The same behavior can be observed at the object-level with the
use of a cut rule.

Next, we describe a decision procedure for determining if a proof system is
derivable from another.

Theorem 2. Let P be a coherent proof system. Let ¥ be a set of canonical
clauses together with a cut clause and the initial clause and let P be the formula
1C &. . . & Cyy where W = {C1,...,Cp}. If there is a proof in Forum of P;- —
P; - then it has a proof of depth less than or equal to 3.

Proof Clearly, P;- — P;- is provable with depth less than or equal to 3 if
and only if for all C' € ¥, the Forum sequent P;- — (- is provable with depth
less than or equal to 3. Thus, we only need to prove this depth restriction for
P;-— C;-for C e V.

The case where C is the initial clause is trivial since C' € P. In the case that
C'is a cut rule, the proof of P;- — C';- must look like

17
P;1Bl,[B] — -

P;- — VB.|B] — [B]—o 1;-

where B is an eigen-variable of the proof. Using Lemma [B] we may assume that
the rest of this proof contains only object-level atomic cuts. Furthermore, the
last inference rule of IT must be decide! using a cut rule. Thus, IT must be of
the form
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—— initial —— initial

P \DL o P [DL

P,\_BJ—>|_DJ, eclae P7|—B~|_>|—D-|’ eclae
VB([B]—o|B]—ol) .

P; Bl [Bl ———— -

where D is some object-level atomic formula, which must be B. In this case, the
depth is 2. If another cut rule with occurrences of ? is present in P, the depth
is 3.

The remaining case is where C' encodes an introduction rule. Then it follows
from Lemma [3] that the cut rule of P is not used. Lemmas [2 then provides us
with our conclusion: if the cut rule is removed from P, we are left with only the
initial rule and introduction clauses.

Notice that if the encoded proof system P entails the encoded system ¥ (as
describe in the above theorem), then a simple consequence of cut-elimination
at the meta-level is that whenever P proves a object-level sequent, the proof
system ¥ also proves that same sequent.

6 Cut-Elimination for Coherent Systems

The cut-elimination theorem for a particular logic can often be divided into
two parts. The first part shows that a cut involving a non-atomic formula can
be replaced by possibly multiple cuts involving subformulas of the original cut
formula. This part of the proof works because left and right introduction rules
for each logical connective are duals (formalized here in Definition[Gl). The second
part of the proof argues how cuts with atomic formulas can be removed. Cut-
elimination for coherent object-level proof systems is proved similarly: Lemma Bl
shows that non-atomic cuts can be removed and the following theorem proves
that object-level atomic cuts can also be removed.

Theorem 3. Let P be a coherent system and B be an object-level formula. If
!P &+ B is provable (that is, if there is an object-level proof of B using the proof
system encoded as P ), then there is an object-level cut-free proof of the Forum
sequent P;- — [B];-.

Proof Since [B] is an atomic meta-level formula and P contains only flat
formulas, the left linear context is empty for all sequents in the proof IT of
P;- — [B];-. Also, any formula that occurs in the right classical context of
any sequent in I7 is atomic.

Assume that IT is not free of object-level cuts. That is, there is a subproof
of IT of the form

H1 HQ

7);' VB(|B|—o[B]—-ol Fl,FQ;T

P;'—)Fl,FQ;T

decide!
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such that IT; and II5 are object-level cut-free, I'y and I are multisets of atomic
formulas, and D is an object-level formula. As before, we may also assume that
| D] is a principal formula in IT;. By Lemmal[3, we may assume that D is actually
an object-level atomic formula. Thus the last rule of II; must be decide! over
the Initial rule, since II; is cut-free and the heads of all the other clauses in
P (except Initial) have an object-level connective. Hence, Iy is [D] and the
subproof displayed above can be replaced by Il5, which is cut-free by hypothesis.
Thus, we have eliminated one instance of the use of the object-level cut rule. This
procedure shows that it is possible to eliminate all the top-most cuts. Continuing
in this manner, we can finally arrive at a object-level cut-free proof of P;.- —
[Bl;- 1

To determine that a proof system satisfies cut-elimination, we can check if
its encoding as flat clauses is coherent, since this guarantees cut-elimination for
the encoded proof system (Theorem B)). Thus, the complete automation of proof
of cut-elimination for coherent systems is given by the following result:

Theorem 4. Determining whether or not a canonical proof system is coherent
1s decidable. In particular, determining if a cut clause proves the duality of the
definitions of introduction rules for a given connective can be done by bounding
proof search to a depth of v 4+ 2 where v is the mazimum number of meta-level
atomic subformulas in the bodies of the introduction clauses.

Proof Assume that we have a given coherent proof system P. For every object-
level logical constant o, let the introduction rules be given in definition format
as

Vz(|o(z1,...,2;)] o= B;) and VZ([o(x1,...,2;)] o— B;)

By coherence, Cut + VZ(B; —o B,.—o L) in linear logic. Let C' be the curried
form of Vz(B; —o B,— 1) and consider the Forum sequent Cut;- — C-.
Various right rules will decompose this sequent to a set of sequents of the form
Cut,¥; A — ;- where ¥ is a set and A is a multiset of flat goals that do
not contain any occurrences of object-level logical constants. Thus, we need to
describe a decision procedure for the Forum provability of such sequents.

Let IT be a proof for the sequent Cut,¥; A — ;- above mentioned. Unless
A=1or Le ¥ and A = (in which cases the proof is trivial), IT is not cut-free.
We claim that every cut formula is a subformula of some formula in ¥ or A. In
fact, no formula is added to the left-hand side of sequents in 11 and the formulas
on the right-hand side of sequents are introduced by decide! on the cut rule.
Then IT has the form:

I e
Cut,¥; Ay — [B],I;T Cut,¥; A, — | B, I»;T

Cut, U; Ay —» [B];- Cut, ¥; Ay —» |B];-

VB(|B|-o[B]—ol VL, —oL
Cut,W;AM ;

— decide!

Cut, ;A —1;-
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where IT; and I, are cut-free, A, C A; and I and I are multisets of atoms,
introduced after various applications of decide! on the cut rule. Let I'f = I'TU[ B].
Since I1; is cut-free, its last rule has to be decide! selecting one formula from ¥
(and in this case A} is empty) or decide selecting one formula from A} (4] is a
singleton). That is, the last inference rule of II; is of the form:

Cut, ¥; - i>F1’;T
Cut,¥; A} — I(;T

Hence every formula in I7 is a subformula of D, a formula in ¥ or in Aj.
Moreover, all the formulas in '] must follow from the formula D and hence the
number of formulas in I} cannot exceed the number of the atomic subformulas
of D.

Note that the total number of formulas in 7 is exactly the number of cuts
applied in this path of the proof IT. Hence, for every branch of the proof, the
number of decide! on cut rules is less than or equal to the maximum number of
atomic subformulas of formulas in ¥ and A and this is less or equal to v. Since
the number of decide or decide! in a branch of IT over a formula in ¥ or A is at
most 2 (7 has atomic scope), the maximum depth is v + 2.

A similar result holds if the cut rule in the proof system is one with the ?
modal. |

For example, it is possible to prove coherence for LJ by bounding proof search
at depth 4 during the check for duality.

7 LU

In [Gir93], Girard introduced the sequent system LU (logic of unity) in which
classical, intuitionistic, and linear logics appear as fragments. In this logic, all
three of these logics keep their own characteristics but they can also communicate
via formulas containing connectives mixing these logics. The key to allowing
these logics to share one proof system lies in using polarities. In terms of the
encoding we have presented here, polarities allow the meta-level atom |B] be
replaced by ?|B]| if B is positive and the meta-level atom [B] be replaced
by ?[B] if B is negative. This possibility of replacement is in contrast to the
examples of classical and intuitionistic sequent proof systems presented earlier
where |-| and [-] atoms are either all preceded by the ? modal or all are not
so prefixed. The neutral polarity is also available and corresponds to the case
where this replacement with a ? modal is not allowed. Many of the LU inference
rules for classical and intuitionistic connectives are specified in Figure [2. The
definition of the predicates pos(-), neg(-), and neu(-) can be directly obtained
from the various polarity tables given in [Gir93].

As noted before, LU is not canonical since the side conditions in its rules
require meta-level predicates other than simply |-] and [-]. For a future work,
we intend to generalize the notion of canonical clauses in order to handle more
general systems like LU. Still, it is possible to introduce the notions of coherence
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Identity and structure
|B] B[B].
L o~ |B] o [B].

[N] o— ?[N] < neg(N).

|P] o— ?|P| < pos(P).
Conjunction
[unv] < [u] < [v]
[uAv] o— [u] & [v]
luAv] o= ?|u] B?|v|
luAv] o— |u] & |v]

< pos(u) @ pos(v).
< notpos(u) & notpos(v).
< pos(u) ® pos(v).
< notpos(u) & notpos(v).

Intuitionistic implication

[uDv] o= ?|u] B[v].
lu Dv| < [u] o— |v].
Quantifiers
[Veu] o— YV ?[uz].
|Veu] < |ux|.
[Feu] < [uz].
|Feu| o— YV ?|uz].
Disjunction
[uV o] o= Hu] @ !v]
[uV o] o= ?[u] B?[v]
[uVv] o= [u] B?![v]
[uV o] o= ?2!u] B[v]
luVo| o ?ul &?|v|
luV o] < |u] < |v|
luV o] o— |u] < 7]
luVo| < ?ul o— |v]
Classical implication
[u=v] o= ?|u] B?[v]
[u= o] o [o] & [u]
lu=v] o= [u] & [v]
lu=v]| < [u] < |v]

< notneg(u) & notneg(v).

< (pos(u) & neg(v)) @ (neg(u) & notneu(v)).
< neg(u) & neu(v).

< neu(u) & neg(v).

< notneg(u) & notneg(v).

< (pos(u) & neg(v)) @ (neg(u) & notneu(v)).
< neg(u) & neu(v).

< neu(u) & neg(v).

< (neg(u) & neg(v)) & (pos(u) & notneu(v)).
< neg(u) & pos(v).
< neg(u) & pos(v).
< (neg(u) & neg(v)) @ (pos(u) & notneu(v)).

Fig. 2. LU rules

and duality in LU using extra clauses: these clauses play the role of the Cut rule
on determining the dual predicates for polarity.

Since in LU formulas have only one polarity, it is reasonable to consider the

clauses:

—o (neu(u) ® neg(u)).
—o (neu((u) @ pos(u)).
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The first three clauses define the predicates notpos(-), notneg(-) and notneu(-)
while the last three indicate that pos(-), neg(-) and neu(-) are dual predicates.
Let £ be the set of clauses above. It is straightforward to prove the following for
LU: for every connective ¢ of LU, if the left and right introduction clauses for ¢
in their definition form are:

VZ(|o(z1,...,2;)] o= B;) and VZ([o(x1,...,2;)] o— B;)

then
1L,! Cut,! Pos,! Neg - Vz(B; —o B,—o 1) (sokok)

in linear logic. Here, Neg is the third and Pos the fourth clause in Figure @. This
suggests that such an entailment might be used as a natural generalization of
coherence to this setting.

Ezxample 2. Consider the definition form for the left and right introduction rules
for the conjunction:

[unv] o— (Ju]&[v]&(pos(u)Dpos(v))) D (([u]&[v])®@!(notpos(u)&notpos(v))).

luAv]| o— (?|u] B?|v|@!(pos(u)®pos(v)))®|u]B|v|®!(notpos(u)&notpos(v)).

Due to the @ operator that occurs on B, and By, the proof of the sequent (kxx)
will have four sub-proofs, two of them inferring the same polarity for each object-
level formula involved and the other two with incompatible polarities for at least
one formula. If the polarities are the same, the proof follows mostly as the usual
duality check described in Section [l (some extra steps may be necessary due
to the compact way in which the set of rules of LU was written). On the other
hand, if dual polarities appear the proof follows easily and the only rules applied
are the last rules listed in L.

The intuitive way we motivated a notion of coherence for LU suggests that it
may be possible to extend the definitions and results obtained in earlier sections
to more elaborate proofs systems containing certain kinds of side conditions.

8 Conclusion and Future Work

We have argued here that the use of linear logic as a meta-logic for the spec-
ification of sequent calculi allows us to use some of the meta-theory of linear
logic to draw conclusions about the object-level proof systems. For example,
the notion of duality within coherent proof systems is basically the notion of
de Morgan duals in linear logic. The proof of Lemma [3, used to prove object-
level cut-elimination, makes a critical use of meta-level cut-elimination. We also
showed that for coherent proof systems, the question of whether or not one proof
system’s encoding entails another proof system’s encoding is decidable.

An implementation of Forum can also provide a vehicle for the implementa-
tion of a number of object-level proof systems. To experiment with the decision
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procedures described in this paper, the authors used a simple and direct imple-
mentation of the Forum proof system within AProlog [NMS88|: this implementa-
tion could then be used to do proof search restricted to bounded depth.

There are certainly numerous directions for future work related to what has
been presented here. For example, most sequent calculi remain complete when
restricting to atomically closed initial sequents. Checking the completeness of
such a restriction should certainly be handled using techniques such as those for
proving that coherent proofs systems satisfy cut-elimination. Also, there have
been various proposals for non-commutative variants of classical linear logic
[AR99IGSO1/Ret97]: it would be interesting to see if these can be used to capture
non-commutative object-level logics in a manner done here.

Finally, while we addressed the question of whether or not an inference rule
is derivable from other inference rules, the more interesting and useful question
is whether or not an inference rule is admissible in another proof system. For
this, induction is generally required. It seems natural to consider adding to linear
logic forms of induction along the lines found in [MMO0/Pim01].
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Abstract. We present a Schiitte-Tait style cut-elimination proof for the
hypersequent calculus HIF for first-order Goédel logic. This proof allows
to bound the depth of the resulting cut-free derivation by 4‘;&), where |d|
is the depth of the original derivation and p(d) the maximal complexity
of cut-formulas in it. We compare this Schiitte-Tait style cut-elimination

proof to a Gentzen style proof.

1 Introduction

The most important cut-elimination methods in first-order proof theory are the
Gentzen style procedure [10] (and its variants in the context of natural deduc-
tion calculi) and the Schiitte-Tait style procedure [13]14]. The latter has been
originally introduced to deal with infinitary calculi. From a procedural point of
view, these methods differ by their cut selection rule: the Gentzen style method
selects a highest cut, while the Schiitte-Tait style method a largest one (w.r.t.
the number of connectives and quantifiers). Consequently, e.g., Gentzen style
procedures, generally, will not terminate on calculi with w rules.

In this paper we formulate cut-elimination proofs, according to both meth-
ods, for the hypersequent calculus HIF for first-order Godel logic Go,. This
logic, also known as intuitionistic fuzzy logic [16], can be axiomatized extend-
ing intuitionistic logic IL by the linearity axiom (A D B) V (B D A) and the
shifting law of universal quantifier Va(A(x) V B) D VzA(z) V B, where x does
not occur free in B. HIF has been defined in [§] by incorporating Gentzen’s
original calculus LJ for IL as a sub-calculus and adding to it an additional layer
of information by allowing LJ-sequents to live in the context of finite multisets
of sequents (called hypersequents). This opens the possibility to define new rules
that, “exchanging information” between different sequents, allow to prove both
the linearity axiom and the shifting law of universal quantifier.

The Schiitte-Tait style cut-elimination proof introduced in this paper estab-
lishes non-elementary primitive recursive bounds for the length of the cut-free
proofs in HIF in terms of the length and the maximal complexity of cut-formulas
in the original proof. Consequently, corresponding bounds apply to the length of
Herbrand disjunctions (mid-hypersequents) as well as the length of derivations
in the chaining calculus described in [5] for the prenex fragment of G.

* Research supported by EC Marie Curie fellowship HPMF-CT-1999-00301

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 24-[37 2002.
© Springer-Verlag Berlin Heidelberg 2002
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Finally, this paper allows to compare both the Gentzen and the Schiitte-Tait
style procedures in the more general context of the hypersequent notation.

2 Syntax and Semantic of First-Order Godel Logic

Propositional finite-valued Godel logics have been introduced by Gdédel in 1933
[11] to show that intuitionistic logic does not have a characteristic finite matrix.
Dummett [9] later generalized these to an infinite set of truth-values, and showed
that the set of its tautologies — LC — is axiomatized extending intuitionistic logic
by the linearity axiom (A D B) V (B D A).

The language of Godel logics is identical to that of classical logic (or intu-
itionistic logic, for that matter). More precisely, we use the binary connectives
A,V, and D and the truth constant L. —A is defined as A D 1. Object variables
are denoted by z, y, ... ; the usual existential and universal quantifiers, V and
3, refer to these variables. Bound and free occurrences of variables are defined
as usual. Moreover, for every n > 0, there is an infinite supply of n-ary predicate
symbols and function symbols. Constants are considered as 0-ary function sym-
bols. Terms and formulas are inductively defined in the usual way. Propositional
variables are identified with predicate symbols of arity 0.

In this work we consider the first-order Gédel logic G, defined over the real
unit interval [0, 1] [, also known as intuitionistic fuzzy logic [16].

An interpretation  in G, consists of a non-empty domain D and a valuation
function vz that maps constants and object variables to elements of D and n-
ary function symbols to functions from D™ into D. vz extends in the usual way
to function mapping all terms of the language to an element of the domain.
Moreover, vz maps every n-ary predicate symbol P to a function from D™ into
[0, 1]. The truth-value of an atomic formula A = P(¢1,... ,t,) is thus defined as

’Uz(A) = ’UI(P)(UI(tl), . ,Uz(tn)).

For the truth constant L we have vz(L) = 0.
The semantics of propositional connectives is given by

1 if vz(A) < wvz(B)
vz(B) otherwise,

vz(A D B) :{

vz(A A B) = min(vz(A), vz(B)) vz(AV B) = max(vz(A),vz(B)).

To assist a concise formulation of the semantics of quantifiers we define the
distribution of a formula A and a free variable x with respect to an interpreta-
tion Z as Distrz(A(z)) = {valp (A(z)) | Z' ~, I}, where I’ ~, T means that
7' is exactly as 7 with the possible exception of the domain element assigned
to z. The semantics of quantifiers is given by the infimum and supremum of the
corresponding distribution:

vr((Vz)A(z)) = inf Distrz (A(z)) wvz((3z)A(z)) = sup Distrz(A(z)).

! Different topologies on the set of truth values induce different first-order Godel logics.
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A formula A is a tautology iff for all vz, vz(A) = 1. Moreover A is a logi-
cal consequence of a set of formulas I' (in symbols I' g A) iff, for all vz,
minfoz(y) | 7 € I’} < vz(A).

A Hilbert style calculus for G, is obtained by extending LC with the shifting
law of universal quantifier Vz(A(x) V B) D Ve A(z) V B, where « does not occur
free in B, see, e.g., [12].

3 Hypersequent Calculi for G,

In [§ an analytic calculus for G has been introduced. This calculus —called
HI uses hypersequents, a natural generalization of Gentzen sequents, see
[Bl. HIF is based on Avron’s hypersequent calculus GLC for LC [2].

The most significant feature of HIF is its close relation to Gentzen’s se-
quent calculus LJ for intuitionistic logic [10]. Indeed, HIF contains LJ as a
sub-calculus and simply adds it an additional layer of information by allow-
ing LJ-sequents to live in the context of finite multisets of sequents, as well as
suitable (external) structural rules to manipulate sequents with respect to their
contexts. In particular, the crucial rule of the calculus HIF, added to LJ, is the
so called communication rule (com). It is this rule which increases the expressive
power of HIF compared to LJ.

Recall that a sequent is an expression of the form I' = A, where I is a
multiset of formulas and A may be empty.

Definition 1. A hypersequent is a multiset

where for every i = 1,....n, I; = A; is a sequent, called component of the
hypersequent.
The interpretation of the symbol “ | ” is disjunctive.
In HIF the rules for connectives and quantifiers, as well as the internal struc-
tural rules, are those of LJ. The only difference is the presence of a context G
representing a (possibly empty) hypersequent. The structural rules are divided
into internal and external rules. The former deal with formulas within com-
ponents. These are weakening and contraction. The external rules manipulate
whole components within a hypersequent. These are external weakening (EW),
contraction (EC), as well as the (com) rule. More precisely, HIF consists of

Axioms and Cut Rule

G|I'=A G|AT=C
A=A (id) 1= (1) G| I'=C

(cut)

2 HIF stands for Hypersequent calculus for Intuitionistic Fuzzy logic.
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Internal Structural Rules

G|I'=C G|I'= G| TIMAJA=C

T oy T !
cinasc @Y Girsa®"  Ginasc @)

External Structural Rules

L(EW) G|F:>A\F:>A(EC)
G|I=A G|I=A
G|F17F2:>A G|F17F2=>B )
G|Ih=A|I>=B com
Logical Rules
G|ILA=B (5.7) G| I'=A G|B,F:>C(Dl)
G|lIr=4A>8B " G|LA>B=C ’
GIT=A GIT=B GINA=C
G|I=AANB " G LA AAy = C L 00=t?
G|TI'= A G|INA=C G|I,B=C
(Vi,7)i (v, 1)
G| T = A vA, o=e G|LAVB=C ’
G|A®W),I'=C v.1) G| T = A(a) v, 7)
G| (Vz)A(z), I = C G| T = (Vo)A(z) "
G| A), I = C G| T = At
) @) T

G| (3z)A(z), ' = C G|I'= (3x)A(zx)
where (V,r) and (3,1) must obey the eigenvariable condition: the free variable
a must not occur in the lower hypersequent.

Definition 2. In the above rules, I' and C are called internal contexts while
G, external context. For each rule, the components not in the external context
are called active components. In the conclusion of each logical rule, the formula
in the active component that does not belong to the internal context is called
principal formula.

Remark 1. By the presence of (¢,1) and (w,) (resp. (EW) and (EC)), one can
derive equivalent versions of the above rules with multiplicative internal (resp.
external) contexts (see, e.g., [L7] for this terminology).

In fact, HIF has been originally defined in [§] using a different version of the
communication rule, namely
G‘Hl,F1:>A G|H2,F2:>B
G | H17H2:>A | F1,F2:>B

com)

However, using (w,l) and (¢,!), (com) and (com’) are interderivable (see [3]).
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Definition 3. The complexity |A| of a formula A is inductively defined as fol-
lows:

— |A] =0 if A is atomic
— |[AANB|=]AV B|=|AD B| =max(|A|,|B]) + 1
= [VeA(z)| = PBeA(z)] = |[A] +1

The right (left) rank of a cut is the number of consecutive hypersequents con-
taining the cut formula, counting upward from the right (left) upper sequent of
the cut.

For the cut-elimination proof in the next section, following Tait [I4], we shall
consider an equivalent version of HIF without explicit (internal and external)
contraction rules. In this calculus, we call it HIFs®t, hypersequents are consid-
ered as sets of components, each one of them is a sequent I' = A, where I is a
set of formulas. Henceforth, we denote with {S1} U ... U {S,,} a hypersequent in
HIFs°* whose components are S1,...,S,. Rules, are then changed accordingly.
Moreover, we only consider atomic axioms, that is of the form

A=A and L1 = where A is an atomic formula

Lemma 1. In HIFS®t non atomic azioms can be derived from atomic axioms.

A derivation d in HIF (or HIFS®t) is considered, as usual, as an upward rooted
tree of hypersequents generated from subtrees by applying the inference rules.
This allows for the following definitions:

Definition 4. The length |d| of d is the maximal number of inference rules (but
weakenings) + 1 occurring on any branch of d.

Remark 2. A different way to avoid counting the number of applications of (in-
ternal and external) weakening rules while counting the length of a derivation,
is to internalize these rules into axioms. This is done by considering axioms of
the form G | Iy A = A. Then |d| can be simply defined as the maximal number
of hypersequents occurring on any branch of d. However, in this case one has to
use the multiplicative version of (com), namely (com’), that affects both Lemma
212 (see Remark [3) and Definition [7 below.

Definition 5. Let d;, with i < k, be the direct subderivations of d. The cut-rank
p(d) of d is defined by induction as:

— p(d) =0 if d is cut-free
— p(d) = max; <, p(d;) if the last inference of d is not a cut;
— p(d) = max(|A| + 1, max;< p(d;)), where A is the cut formula, otherwise.

Henceforth we write d ' H (resp. d b H) if d is a derivation in HIF (resp.
HIF®et) of .



A Schiitte-Tait Style Cut-Elimination Proof for First-Order Gédel Logic 29

Definition 6. We say that a sequent is n-reduced if every formula in the an-
tecedent occurs at most n times. A hypersequent is said to be n-m-reduced if it
is n-reduced and every component in it occurs at most m times.

Note that a derivation in HIF$®* only contains 1-1-reduced hypersequents.

Let d be a derivation in HIF$®*. Henceforth we will indicate with w(d) (resp.
W(d)) the maximal number of applications of internal weakening (resp. external
weakening) occurring on any branch of d.

Lemma 2. Let H be a 1-1-reduced hypersequent.

1. If dH H, one can find a proof d' FH such that |d'| < |d|.
2. If d FH one can find a proof d+ H such that |d| < 2|d'| + w(d’).

Proof. 1. Straightforward.

2. We show that d does not contain more than two applications of (c,1)
and/or (EC) after each inference step in d’ (but weakenings). The proof proceeds
by induction on |d’|. The claim is trivial if H is an axiom. Suppose that the last
rule applied in d' is (D,1) and d’ ends as follows

dy 2 dy
GuUu{Ir'=sA} GuU{I,B=C}

[=R))
G U {IADB=C}

By induction hypothesis one can find two proofs df and df in HIF with the
required properties of the 1-1-reduced hypersequents (G | I' = A)# and

(G| I, B = C)*. Applying to them the (D, ) rule one obtains the hypersequent
G# U I'* A D B = C that can have at most two equal formulas (if A D B €
I'#) and two equal components (if the component I'#, A D B = C is in G¥).
With at most one application of (¢,1) and of (EC), one obtains a 1-1-reduced
contraction of G | I'A D B = C. The cases involving the remaining logical
rules as well as the cut rule are analogous.

Suppose the last rule applied in d’ is (com) and d’ ends as follows
cdy s ds
Gu{ln¥Y=A} G U {IL¥Y= B}

(com)
G U {I'=A} U {¥= B}

By induction hypothesis one can find two proofs df and dj in HIF with the
required properties of the 1-1-reduced hypersequents (G | I, X = A)# and
(G| I'¥Y = B)¥. Applying the (com) rule to them one obtains the hyper-
sequent G# | I'#* = A | ¥# = B in which there can be at most two pair-
wise equal components (if both the components I'# = A and ¥# = B are in
G#). Applying (EC) at most twice, one obtains a 1-1-reduced contraction of
G|I'=sA|XY=B.

If the last rule applied in d' is (EW) then the corresponding proof in HIF
does not contain any additional application of (EC) or (c¢,l). While in the case
of internal weakening one can need an additional application of (EC).

Remark 3. Using multiplicative rules in defining HIF and HIFS®t, the bound
on |d| in Lemma P12 does not hold anymore.
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3.1 A Schiitte-Tait Style Cut-Elimination Proof

Let d(s) and H(s) denote the result of substituting the term s for all free oc-
currences of z in the proof d(x) and in the hypersequent H(x), respectively.

Lemma 3 (Substitution). If d(z) F H(x), then d(s) F H(s), with |d(s)| =
|d(z)| and p(d(s)) = p(d(x)), where s only contains variables that do not occur
in d(z).

We introduce the notion of decorated formulas in a derivation d of HIFset. This
notion is intended to trace the cut-formula through d.

Definition 7. Let d - H and A be a formula in H that is not the cut-formula
of any cut in d. The decoration of A (in d) is inductively defined as follows: we
denote by A* a decorated occurrence of A. Given a hypersequent H' in d with
some (not necessarily all) decorated A. Let R be the rule introducing H'. We
distinguish some cases according to R.

1. R is a logical rule, e.g.,
G U {I"'=C}
G U {I'=C}

a) A is principal in R. Suppose A* € I'. In the active component, A* € I'" if
and only if A is a side formula of the inference. Moreover, the decoration
in the not-active components of the premise of R is as in the conclusion.
That is, for each such a component {¥X = B} € G, A* € X if and only
if A* € X of the corresponding component belonging to the conclusion of
R.

Suppose C is A*. The decoration of the not-active components of the
premise of R is as in the conclusion.

b) A is not principal in R. If A* € " (resp. C) then A* € T (resp. C') in
the active component. Moreover, the decoration of the not-active compo-
nents of the premise of R is as in the conclusion.

If R is a two premises rule, the definition is analogous.
2. R is (EW). The decoration of the components in the premise of R is as in
the conclusion.
R is (w,l) or (w,r). Analogous to case 1.

4. R is (com).

o

Gu{lLY=C} GU{Y=CC}
GU{l'=C}tu{¥X="<C}

Suppose A* € I'. If A ¢ X (or A* € X)), then A* € I, ¥ of both the active
components in the premises of R. If A occurs in X, then A* € I, X of only
one active component in the premises of R. Suppose A* ¢ I'. If A& I and
A* € X, then A* € I', X of both the active components in the premises of R.
If A€ I and A* € X, then A* € I} X of only one active component in the
premises of R. The decoration in the not-active components in the premises
of R is as in the conclusion.
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If C (and/or C') is A*, then so is in the active component {I' X = C}
(and/or {I', X = C'}). The decoration in the not-active components of the
premises of R is as in the conclusion.

5. R is (cut). Analogous to case 1(b).

Remark 4. Due to the (com) rule, the decoration of A (in d) is not unique.

Lemma 4 (Inversion).

(i) Ifd-G U {IAVB= C} then one can finddy - G U {I'A = C} and
doFG U {IB=C}

(i) Ifd-G U {IAAB= C} then one can finddy + G U {I,A,B = C}

(ii)) If d = G U {I' = A A B} then one can find dy F G U {I' = A} and
do -G U {F:B}

(iv) If d-G U {I'= A D B} then one can finddy - G U {I,A = B}

(v) Ifd-G U {I3xA(x) = C} then one can find d; - G U {I,A(a) = C}

(vi) If d- G U {I" = VxA(x)} then one can find di - G U {I' = A(a)}

such that p(d;) < p(d) and |d;| < |d|, fori=1,2.

Proof. (i) Let us consider the decoration of AV B in d starting from G U {I', (AV
B)* = C}. To obtain the required derivation dy - G U {IA = C} (resp.
dy G U {IB = C}), we delete all the right (resp. left) subderivations above
any application of (V,!) in which the decorated formula (AV B)* is principal and
we replace every component ¥, (A V B)* = D in the derivation with ¢, A = D
(resp. ¢, B = D). (Recall that all axioms are atomic). Clearly |d;| < |d| and
p(di) < p(d), for i =1,2.

The remaining cases are analogous.

Remark 5. (D,1), (V,1) and (3,r) are not invertible. Concerning (V, ), one has
G U {I' = AV B} can be inverted to G U {I" = A} U {I" = B} (slightly
changing the above bounds). The Schiitte-Tait style cut-elimination procedure
presuppose that at least one of the two premises of the cut rule is invertible. As
we shall see, we will use (i), (iii), (iv), (v) and (vi). Of course we could choose
(ii) instead of (iii) or the inversion of (V,r) instead of (i). However, the latter
choice will transform LJ-derivations into derivations containing hypersequents
with more than one component.

In the following we write d, H - G if d is a proof in HIF$®* of G from the
assumption H. Moreover, H[? /4] will indicate the hypersequent H in which we
uniformly replace A by B.

Lemma 5. Letd+ G U {I, A* = B}, where A* is an atomic formula decorated
in d that is not the cut formula of any cut in d. One can find a proof d',{X =
A} G U {I, X = B} such that |d'| <|d| and p(d") = p(d).
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Proof. We replace A* everywhere in d with 2. The decorated formula originates

1.
2.

in an axiom. Then the axiom is transformed into X' = A,

by an internal weakening. The weakening on A* is replaced by stepwise
weakenings of formulas B, where B € Y. Note that this does not affect the
length of the resulting proof,

by an external weakening. The weakening in the component C' is replaced
by a weakening on C[*/4-].

The resulting proof d’ is correct as it can be shown by induction on |d'| +w(d") +
W (d').

Lemma 6 (Reduction). Letdg -G U {I'= A} anddi + G U {IA = C}
both with cut-rank p(d;) < |A|. Then we can find a derivation dt+ G U {I" = C}
with p(d) < |A] and |d] < 2(|do| + |di).

Proof. If A'is L the proof is trivial. Suppose A atomic (# L). The claim follows
by Lemma [l and subsequent concatenation with the proof dy. Suppose A not
atomic.

— A= B D D. Let us consider the decoration of A in dy starting from G U

{I,(B D D)* = C}. We first replace in dy all the components {¥, (B D
D)* = C'} by {¥,I" = C’}. Note that this does not result in a correct
proof anymore. We have then to consider the following “correction steps”
according to the cases in which the decorated formula originates:

(i) as principal formula of a logical inference,

(

i

ii) by an internal weakening,
(iii) by an external weakening.
(i) We replace every original inference step of the kind
¢ U{U=B} G U{WD=C
G' U {¥,(B>D)"=C"}
by (let G" =G U G)

(=R

: - dg
(@" U {w,I'= B} /ax] G" U {I¥,B= D}
G" U {¥,I = D} (G" U {7, I,D = C'})["/av]
G’ U {w,r=c’}

(adding some internal and external weakenings) where dj - G U {I',B = D}
is obtained by the Inversion Lemma.

(ii) The weakening on (B D D)* is replaced by stepwise weakenings of for-
mulas X, where X € I'. Note that this does not affect the length of the
resulting proof.

(iii) The weakening on the component C is replaced by a weakening on

Cl"/(Bopy-]-
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The replacement of components containing decorated formulas B O D does
not change the length of the proof tree wich remains < |d;| and the cut-
rank, which remains < p(A). This holds also for the correction steps (ii)
and (iii), since only weakenings are added. Correction step (i) uses df, (with
suitable weakenings) as subproof deriving the missing premise of the cut
rules replacing (D,1) inferences of (B D D)*. Therefore |d| < |dj|+|d1|+2 <
|dol + |d[ 4 2 < 2(|do| + |da])-

— Cases A= BAD and A =VxA(x) are treated analogously.

— A = FzA(z). Let us consider the decoration of A in dy starting from
G U {I' = (JzA(z))*}. We first replace in dy all the components
{¥ = (3zA(z))*} by {¥ = C}. As in the previous case, this does not result
in a correct proof anymore. Correction steps (ii) and (iii) are as above. While
if 3z A(x) originates as principal formula of a logical inference, we replace
every original inference step of the kind

G U W= AD)
G U {¥ = (FzA(x))"}

(3,0

by
: 0]
G U (G U o, I'= AV Goat)] G UG U{LVAl)=C}
(cut)
G UGuU{wTr=Cy

(adding some external weakenings) where dj(t) F G U {ILA(t) = C} is
obtained by the Inversion Lemma (and Substitution Lemma).
Correction step (i) uses df (t) (with suitable weakenings) as subproof deriving
the missing premise of the cut rules replacing (3, r) inferences of (JzxA(x))*.
Therefore [d] < |do| + |d}(1)] + 1 < |dy| +|ds| + 1 < 2(|do] + |da]).

— Case A = BV D is treated analogously.

Theorem 1 (Cut-elimination). If d - H and p(d) > 0, then we can find a
derivation d' = H with p(d') < p(d) and |d'| < 419l

Proof. Proceeds by induction on |d|. We may assume that the last inference of
d is a cut

- do sy
GU{I'sA} GU({lLA=C}
G U {I'=C}

(eventually with subsequent weakenings) with p(d) = |A| + 1. For otherwise the
result follows by the induction hypothesis (making use of the fact that our rules
all have finitely many premises).

By the induction hypothesis we have dj - G U {I" = A} and d} F G U
{I'’A = C} both with cut rank p(d;) < |A| and |d}| < 4l4l) with i = 1,2.
The Reduction Lemma gives a derivation d’ with p(d') < |A] < p(d) and |d'| <
2(|d6| + |d’1|) < 2(4\d0| +4\d1|) < 4Inax(do,d1)+1 _ 4|d\.

Let 45 = n, 47, | = 4%,
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Corollary 1. If d+ H, one can find a cut-free proof d' +H with |d'| < 4‘;{(‘@.

Corollary 2. If d' + H, one can find a cut-free derivation d of H in HIF such

that |d| <2 - 4Ld(;|l,) +w(d"), where d" is the corresponding cut-free derivation in
HIFset,

Proof. ITmmediately follows by Corollary [1 together with Lemma 21

Note that w(d") can be easily bounded, e.g., by the total number of occurrences
of formulas in d”.

Remark 6. Substitution, Inversion and Reduction Lemma, as well as Lemma
transform proofs in HIFS®* without applications of (com) and only contain-
ing singleton hypersequent, into proofs with the same properties. Therefore the
above Schiitte-Tait style cut-elimination proof, with the given bound, also holds
for LJ in the set theoretic notation.

3.2 A Gentzen Style Cut-Elimination Proof

In this section we describe, for comparison, a Gentzen style cut-elimination proof
for HIF.

Recall that the cut-elimination method of Gentzen proceeds by eliminating
the uppermost cut by a double induction on the complexity ¢ of the cut formula
and on the sum r of its left and right ranks. In fact, in LJ, by the presence of
the internal contraction rule one has to consider a derivable generalization of the
cut rule, namely, the multi-cut rule

I'=A I'A"=B
I''= B

(meut)

where A™ stands for A, ..., A (n times), see, e.g., [15].

Due to the presence of (EC), in hypersequent calculi (and, in particular, in
HIF) one cannot directly apply Gentzen’s argument to show that (x) if G | I' =
Aand G| I'y A™ = B are cut-free provable in HIF, sois G | I’ = B. A simple way
to overcome this problem, is to modify Gentzen’s original Hauptsatz allowing to
reduce certain cuts in parallel. E.g., in [2], Avron has used the following induction
hypothesis:

(%) If both the hypersequents G == G' | It = A| ... | [, = A and
H:=H|X,A" = By | ... | Xy, A" = By, are cut-free provable in GLC,
thensois H' | G' | [, X1 = By | ... | [, Xy = By where I' =17,...,I,. Tt is

not hard to see that this formulation is, in fact, equivalent to (x). As we shall
see, Avron’s induction hypothesis also works for HIF.
In analogy with Lemma 2.10 of [I5], one can show

Lemma 7. Let d(a) be a proof in HIF of a hypersequent S containing the vari-
able a. If throughout the proof, we replace a by a term t, containing only variables
that do not occur in d(a), we then obtain a proof d(t) ending with the hyperse-
quent S’ obtained by replacing a by t in S.
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Theorem 2 (Cut-elimination). If a hypersequent H is derivable in HIF then
it is derivable in HIF without using the cut rule.

Proof. We show (xx) by induction on the pair (¢, 7). In addition to Avron’s proof
in [2], we have to consider the cases involving quantifiers. More precisely, let
and ¢ be the proofs of G and H, respectively. We consider the following cases:

1. both v and § end in some rules for quantifiers such that the principal formula

of both rules is just the cut formula;
2. either v or § ends in a rule for quantifiers whose principal formula is not the

cut formula.

1. Suppose that both « and 4§ end in a rule for V and the principal formulas of
both rules is the cut formula. For instance, § is

: 01
H' | 1, Aa), VzA(z))" " = B | ... | Dk, (VeA(z))"" = By
.0
H' | 2, (VzA@)™ = By | ... | S, (VzA(z))™ = By

and 7 is

‘M

G| =A@)]| ... | [h= VzA(z)
)
G| N =VzA(z) | ... | Tn = YoA(z)

Applying the induction hypothesis to both v and §; one gets a proof §’ of
H |G| 2, IA(a) = By | ... | Xx,I" = By, where I' = I7,..., I, while
applying the induction hypothesis to v; and é one gets a proof v of H' | G’ | I} =
Ala) | 21, In,..., 0 = By | ... | X, In,..., [, = Bi. We now apply again

the induction hypothesis, based on the reduced complexity of the cut formula,
to 4" and ¢’. The desired result is obtained by several applications of (¢, 1), (w,1)
and (EC).

2. Suppose that ¢ ends as follows

: 01
G |IN,Ala)=C| ... |, =C
@0
G| ,3zA(x)=C| ... |Ih=C
Applying the induction hypothesis to the proof « of the hypersequent
H | ¥,C™ = By | ... | Zy,C™ = By and to d; one gets a proof 7' of
(a) H |G | 21, IA(a) = By | ... | 2%, I,A(a) = By, where I' =11,...,I,.

Due to the eigenvariable condition, one cannot directly apply the (3,1) rule to
(a) in order to obtain the desired result, namely,

H |G| %, ,32A(x) = By | ... | Xy, I, 3zA(z) = By.

However, the above hypersequent can be obtained from «’ by several applications
of (3,1), (com’) (i.e. (com) + (w, 1)) and (EC). The proof of it proceeds by
induction on k. Base case: k = 1, the claim follows applying the (3,1) rule (and
Lemma [0). Let & > 1. From +/, using only (3,1), (com) and (EC), one can



36 M. Baaz and A. Ciabattoni

derive H' | G' | X1, I3z A(x) = B; | H, where H stands for X5, I, A(a) =
By | ... | Xk, I, A(a) = By. Indeed, by Lemma[7 one can find a proof v/[b] of
(b)) H' |G | 21,IA(b) = By | ... | Xk, I, A(b) = By, where b is a new variable
not occurring in 4'. The derivation of H' | G’ | X1, I, 3z A(x) = By | H is then
as follows (we omit contexts that are not involved in the derivation)

(a) (0)
()
El,F,A(b)éBl|E3,F,A(b):>B3| ‘Ek,F,A(b)éBk|H (a)

()

(%)
El,F,A(b) = B | H

(30
X1, I 3AzA(x) = By | H

where (x) stands for (com’) and (EC).

Remark 7. In [8] the proof of the cut-elimination theorem in Gentzen style has
been formulated without using the “extended multi-cut rule” (xx). However, as
pointed out by Avron, in hypersequent calculi Gentzen’s argument works only
(as in the case of LJ or LK without the multi-cut rule) if a suitable notion of
decoration is formulated (see, e.g., the “history technique” in [I]).

3.3 Final Remarks

Schiitte-Tait style cut-elimination methods make use of the partial (at least one
side) invertibility of all logical rules: one side of the cut is reduced immediately.
It is easy to see that these methods generally lead to smaller cut-free proofs than
the ones obtained with Gentzen style procedures, especially if we admit deletion
of subproofs ending with hypersequents containing axioms, e.g.,

A=A B=1B A=A B=10B
(D, H(EW) (D, H)(EW)
4 G|ADB,A=1B G|ADB,A=1B
- dy (Aor)
G|II=ADB G|AD>DB,A=BAB
(w,1) (w,1)’s
G|B,AIl=ADB G|ADB,B,A Il = BAB

(cut)

G|B,A Il = BAB

Indeed, here the Inversion Lemma yields G | B, A, IT = B and the subproof d;
is deleted, while a Gentzen style procedure inevitably shifts the cut inside d;.
(See [7] for a comparison on the complexity of Gentzen and Schiitte-Tait style
procedures in classical first-order logic).

On the other hand, Schiitte-Tait style procedures are more arbitrary than
Gentzen style procedures (see, e.g., Remark[l), which use the exact properties of
the calculus under consideration. In addition, Gentzen style procedures are local
and they work even in the case of deductions from arbitrary atomic assumptions
closed under cut.

Finally, note that both Gentzen and Schiitte-Tait style procedures transform
intuitionistic proofs into intuitionistic proofs (within HIF): new applications of



A Schiitte-Tait Style Cut-Elimination Proof for First-Order Gédel Logic 37

the (com) rule are not introduced in eliminating cuts. Therefore cut-free deriva-
tions even for propositional formulas might lead to long cut-free proofs (recall
that the validity problem in intuitionistic logic is P-space complete while the
same problem in LC is in co-NP). This is not the case, when eliminating cuts
from derivations in the sequent-of-relations calculus for LC defined in [4] (see
also [6]). In this latter calculus, all the rules are invertible. However, it cannot
be modified in a simple way in order to include quantifiers.
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Abstract. We present a (sound and complete) tableau calculus for Quantified
Hybrid Logic (QHL). QHL is an extension of orthodox quantified modal logic:
as well as the usual O and < modalities it contains names for (and variables
over) states, operators @, for asserting that a formula holds at a named state, and
a binder | that binds a variable to the current state. The first-order component
contains equality and rigid and non-rigid designators. As far as we are aware, ours
is the first tableau system for QHL.

Completeness is established via a variant of the standard translation to first-order
logic. More concretely, a valid (QH L-sentence is translated into a valid first-order
sentence in the correspondence language. As it is valid, there exists a first-order
tableau proof for it. This tableau proof is then converted into a Q HL tableau proof
for the original sentence. In this way we recycle a well-known result (completeness
of first-order logic) instead of a well-known proof.

The tableau calculus is highly flexible. We only present it for the constant domain
semantics, but slight changes render it complete for varying, expanding or con-
tracting domains. Moreover, completeness with respect to specific frame classes
can be obtained simply by adding extra rules or axioms (this can be done for every
first-order definable class of frames which is closed under and reflects generated
subframes).

1 Introduction

Hybrid logic is an extension of modal logic in which it is possible to name states and
to assert that a formula is true at a named state. Hybrid logic uses three fundamental
tools to do this: nominals, satisfaction operators, and the | -binder. Nominals are special
propositional symbols that are true at precisely one state in any model: nominals ‘name’
the unique state they are true at. A satisfaction operator has the form @, where s is a
nominal. A formula of the form @ ¢ asserts that ¢ is true at the state named by the
nominal s. Finally, a formula of the form |s.¢ binds all occurrences of the nominal
s in ¢ to the current state of evaluation — that is, it makes s a name for the current
state. (Actually, so that we don’t have to worry about accidental binding in the course of
tableau proofs, we shall distinguish between ordinary nominals, which cannot be bound,
and ‘state variables’ which are essentially bindable nominals.)

* This research was supported by the Netherlands Organization for Scientific Research (NWO,
grants# 612.000.106 and 612.062.001). This work was carried out as part of the INRIA funded
partnership between LIT (Language and Inference Technology, ILLC, University of Amster-
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Hybrid logic has a lengthy history (see the web page www.hylo.net for further
information), and over the years it has become clear that adding the hybrid apparatus of
nominals (and state variables), satisfaction operators, and | to modal logic often results
in systems with better logical properties than the original. But most previous work on
hybrid logic has examined the effects of hybridizing propositional modal logics. What
about quantified (first-order) hybrid logic?

In fact, strong evidence already exists that quantified hybrid logic (QHL) is also
better behaved logically than orthodox quantified modal logic. In [2], the only recent
paper devoted to the topic, it is shown that a very general interpolation theorem holds in
QHL (as is well known interpolation almost never holds in orthodox quantified modal
logic [3]]). The purpose of the present paper is to show that QHL is well behaved in
another respect: just as in the propositional case, it is possible to define simple and
intuitive tableau systems. We shall present a tableau system for QHL which handles
equality, and rigid and non-rigid designators.

Our method for proving completeness is very simple and inspired by Jerry Seligman’s
paper [10]. Instead of redoing a proof we use existing results. Correspondence theory and
its notion of a standard translation ST(-) places the model theory of (propositional and
first-order) modal logic firmly into first-order logic [12I13]]. Our plan is the following.
We prove completeness for our tableaux calculus by taking a proof P for ST ¢ in a proven
complete first-order calculus, and transform P into a proof P’ for ¢ in our calculus. The
tableaux system we use is by Fitting, in particular the one presented in [4]. This strategy
works in hybrid logic because it has an equivalent expression for every subformula which
might occur in a first-order proof of a translated formula.

Outline of paper. The paper starts with a definition of first-order hybrid logic. Then
we present the tableau system in three natural parts. The forth section is devoted to
completeness issues. Again we split them up into three natural parts. This section ends
with a very general completeness result. Finally we draw conclusions.

2 Quantified Hybrid Logic

We first define the syntax of QHL. We have a set NOM of nominals, a set SVAR of state
variables, a set FVAR of first-order variables, a set CON of first-order constants, a set |C
of unary function symbols, and predicates of any arity (note that predicates of nullary
arity are simply propositional variables). The ferms of the language are the constants
from CON, the first-order variables from FVAR and the terms generated by the rule

if ¢ € ICand s € NOM U SVAR, then @,q is a term.

(For readers familiar with propositional hybrid logic, this notation may come as a sur-
prise: we are combining a satisfaction operator with a term to make a new term. But as
the semantics defined below will show, overloading the @ notation in this way is quite
natural: Q.q will be the value of the non-rigid term ¢ at the world named by s.)

The atomic formulas are all symbols in NOM and SVAR together with the usual
first-order atomic formulas generated from the predicate symbols and equality using the
terms. Complex formulas are generated from these according to the rules

Q| dANY [ OVY o= [Teg | Vg | Op[O¢ | Que | Jw.¢.
Here x € FVAR, w € SVAR and n € NOM U SVAR.
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These formulas are interpreted in first-order modal models with constant domains.
A QHL model is a structure (W, R, D, I,om, Iw)wew such that

- (W, R) is a modal frame;

— IL,om 1s a function assigning members of W to nominals;

- for every w € W, (D, I,,) is an ordinary first-order model such that
o I,(c) =TI (c), forall w,w’ € W and constants c;
e I,(¢) € D, for ¢ a unary function symbol;
e [,(P) C*D,for P a k-ary predicate symbol.

To interpret formulas with free variables we use special two-sorted assignments. A QHL
assignment is a function g from SVAR U FVAR to W U D which sends state variables
to members of W and first-order variables to elements of D. Given a model and an
assignment g, the interpretation of terms ¢, denoted by %, is defined as

z =g for x a variable
¢ =1, for ¢ a constant and some w € W
) if n a nominal .
= I ”‘”” for ¢ a unary function symbol
Iy (q 1f n a state variable.

Formulas are now interpreted as usual. With g5 we denote the assignment which is just
like g except that g(x) = d. 9, g, s IF ¢ means that ¢ holds in model 90 at state s under
the assignment g. The inductive definition is

M, g,slFPty,... ,tn) < (t1,...,tn) € I;(P)

Sm,g,sll—ti:tj <:>{z:{

M, g,slFn <= Iom(n) = s, for n a nominal

M, g,slkFw < g(w) = s, for w a state variable

M, g,s k=g — M, g,s,f ¢

M, g,slFp AP <~ M, g,sl-pand M, g,s - ¢

M, g,slFopVap <~ M, g,slk-porM,g,sl-
M,g,slFodp = <~ M, g,s |- ¢implies M, g,s I 1

M, g,s Ik Jxgp < M,g3,s - ¢, forsome d € D

M, qg,s Ik Vo = M, g5, sl ¢, foralld € D

M, g,slF o <~ M, g,t I ¢ for somet € W such that Rst
M, g,s -0 < M, g,t I ¢forallt € W such that Rst
M, g,sIF Q¢ <~ M, g, Iom(n) Ik ¢ for n a nominal
M, g,s - Qe < M, g,g(w) Ik ¢ for w a state variable
M, g,s - lw.o = M, g7, sl ¢.

3 The Tableau Calculus

The tableau system can be divided into three natural pieces: (A) the propositional rules,
the < and O rules and the rules for @; (B) the rule for |; (C) the rules for (first-order)
quantification and equality. The blocks of rules taken separately form a complete calculus
for the appropriate reducts. In particular:
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1. A is complete for the propositional modal language expanded with nominals and
@. (We name this system HL(@); in the literature it is often called the basic hybrid
language.)

2. A UB is complete for HL(@Q, | ), the expansion of H (@) with state variables and
the | binder;

3. AUBUC is complete for QHL.

Some terminology. As usual, a tableau branch is closed if it contains ¢ and —¢,
where ¢ is a formula. A tableau is closed if each branch is closed. A branch is atomically
closed if it closes on an atom and its negation. A (tableau) proof of a hybrid sentence
¢ is a closed tableau beginning with @ ¢, where s is a nominal not occurring in ¢.

3.1 Tableau for HL(Q)

A key feature of our tableau is that all modal formulas occurring in a proof are grounded
to a named world by their label. (This same feature also occurs in labelled tableau for
propositional modal logic [8I7].)

Grounding to a named state is implemented in our system by ensuring that all for-
mulas occurring in proofs are of the form @ ¢ or =@ ¢ for s a nominal. Thus the
propositional rules become

Conjunctive rules

Q; (¢ A 1/)) —Qs (¢ v "/)) _‘@S((b - ¢)

@s¢ _‘@s¢ @6¢
@s¢ _‘@sw _‘@Sw
Disjunctive rules
Q(¢pVy) —Qi(dAY) Qo — o)
@s¢ | @s'(/) _‘@s¢ | _‘@sw _‘@s¢ | @s¢

Negation rules
j@s ﬁ(b @sﬁ¢
@54) ﬁ@s¢)
To these we add rules for diamond and box. In the diamond rules, ¢ is a nominal which
does not occur on the branch.

Diamond rules
@s<>¢ _‘@SD¢
@ Ot Q@ Ot
Q. -Q;¢
Box rules
@,0¢, Q,Ot @O, QO
Q¢ Q0

Finally the rules for @. There are two rewrite rules to delete nestings of @. Next, as
@t really means that s and ¢ are equal, there are rules to handle equality. These three
rules are direct analogues of the reflexivity and replacement rules in Fitting’s first-order
tableau system [4]]. As we will use them often, we gave them separate names.
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@ rules
@,Q;¢p ~@,@;¢ [s on the branch] o Qg t Qg N Q,t @,Cs Brid
Q.6 —Q,6 Q.s [Ref] SRE [Nom] @0t [Bridge]
. . . st @gt @tr @gt @tQD 1
The following rules can be derived: Qs [Sym] Tyﬂmans] @7580 [Nom~1]

Example. Below we give a tableau proof for (Op A O—p) — (O(¢ — n) — 4—q).
Here n is a nominal and p, q are propositional variables. The formula expresses that if
a state has two successors, then if it has at most one ¢ successor, it has at least one —¢q
successor. Note that this is not expressible in ordinary modal logic. In ordinary modal
logic we cannot put an upper bound on the number of successors.

=@, (Op A O—p = (O(qg = n) — Oq))
@4 (Op A O-p)
—@Qy(0(g = n) = O=q)
Q;Op
Q@;O—p
@,0(q — n)
“@soﬁq
Q@,Ot
Qp

.Q,Or

. @r_'p

. Qg —n)

PO NSO

— = = O
o = O

13.1 ﬁ@tq 14. @tTL
13.2 =@;—q |15. Q,.(¢ — n)

16.1 -Q,.q |17. Q,n

16.2 =@, —q |18. Q, 7

16.3 Q,.q 19. @Qr
20. Q,.p
21. =@,p

In this, 2 and 3 are from 1 by a conjunctive rule; 4,5,6,7 are from 2 and 3 by
conjunctive rules; 8,9,10,11 are from 4 and 5 by diamond rules; 12 is from 6
and 8 by box; 13.1 and 14 are from 12 by a disjunctive rule; 13.2 is from 7 and
8 by box; 13.3 is from 13.2 by a negation rule. The branch closes on 13.3 and
13.1.

15 is from 6 and 10 by box; 16.1 and 17 are from 15 by a disjunctive rule; 16.2
is from 10 and 7 by box; 16.3 is from 16.2 by a negation rule. The branch closes
on 16.1 and 16.3.

18 is from 17 by the derived Sym rule; 19 is from 18 and 14 by the derived
Trans rule; 20 is from 19 and 9 by the Nom rule; 21 is from 11 by a negation
rule. The final branch closes on 20 and 21.



Tableaux for Quantified Hybrid Logic 43

3.2 Tableau for HL(], @)

To obtain a complete tableau system for the expansion of H.£(@) with variables over
states and the binder |, we only need to add the following two rewrite rules to the rules
for HL(Q):

Downarrow rules
Q,lw.¢ —Qglw.p
Q,9s/w]  ~Q,¢[s/w]

Here [s/w] means substitute s for all free occurrences of w in ¢. Because s is always a
nominal, whence cannot be quantified over, we do not have to worry about accidental
bindings. As an example the reader can try to prove the validities Jw.Cw — (p — Op)
and Jw.OCw — (COp — p).

3.3 Tableau for QHL

A complete tableau system for quantified hybrid logic consists of the HL({, @) system,
plus the (adjusted) rules for the quantifiers and equality from Fitting’s system (see [4]])
for first-order logic with equality, plus two rules relating equalities across worlds. In the
existential rules, c is a parameter which is new to the branch. As parameters are never
quantified over, the substitution [¢/z] is free for the formula ¢(«). In the universal rules,
t is any grounded term on the branch (thus either a first-order constant, a parameter or
a grounded definite description). A grounded definite description is a term @,,q for n a
nominal and ¢ a non-rigid designator from IC.

Existential rules
Q,Jzp(r) ~QVrd(x)
Q,p(c)  —Q0(c)

Universal rules
Q,Vre(z) ~Q Jrd(x)
Q. 6(t)  —Q.4(1)

Besides Fitting’s [4] Reflexivity (Ref) and Replacement (RR) rules, there are three
extra rules for equality. The first (called DD) states that if n and m denote the same state,
then @,,q and @,,,q denote the same individual. The second and third (both called @=)
embody that equality is a rigid predicate: if two terms are the same in one world, they are
the same in every world. Because these two rules peel the leading @,, from equalities,
reflexivity and replacement can be kept in the old format. In the Replacement rule, ¢[u]
denotes ¢(t) with some of the occurrences of ¢ replaced by w.

QHL Equality rules

t= u, (/)(t) @nm (@n(ti = tj) _‘@n(tz = t]')
Ref RR], DD @= —F [ @=
7= Ref ol ™ G 0™ h=r %7 =t




44 P. Blackburn and M. Marx

Example. The most interesting examples deal with equality and rigid and non-rigid
designators. Consider the sentence Caroline is Miss America. When formalising this let
c be a rigid designator denoting Caroline and ¢ a non-rigid designator denoting Miss
America. Then Jz.(c = @Q,q) means Caroline is the present Miss America. It is true in
a state w if I,,(¢) = I,,(q). This formula has the following relation with the O operator:

() ¥ ({w.c=Quq) — Olw.c = Qg
2)  E ({w.c=Q,q) — Jw.Oc = Q,q.

A falsifying model for the sentence in (I is given by two worlds n and m, with Rnm,
and a domain {a, b} with the interpretation I, (¢) = I,,(c) = I,(q¢) = aand I,,,(q) = b.
Then (1)) fails at world n. When downarrow has wide scope in the consequent, the formula
becomes true. Here is the tableau proof:

1. =@, ((Jw.c = Quq) = Jw.O(c = Qq))
2. @, lw.c = Quq

3. —Q,lw.0(c = Q4q)

4. @, (c = Q,q)

5. -@,0(c = Q,q)

6. @,Om

7. 2Q,,(c = Qpq)

8.¢c=@Q,q

9. =(c = Quq).

In this, 2 and 3 are from 1 by a conjunctive rule; 4 and 5 are from 2 and
3 by a downarrow rule, respectively; 6 and 7 are from 5 by a diamond
rule; 8 and 9 are from 4 and 7 by an @= rule, respectively.

4 Soundness and Completeness

The argument to establish soundness follows the familiar pattern: show that satisfiability
is preserved by each tableau rule application. This is easy to check and left to the reader.
Completeness will be established using the standard translation and a complete first-
order inference system. We use the system that is closest to the one presented here: the
tableau calculus for first-order logic with equality from Fitting [4] with the reflexivity and
replacement rules (restricted to atoms). The main line of the argument is the following.
We need to establish that every valid QQHL sentence has a QQHL tableau proof. The
standard translation preserves validity, thus a QHL sentence ¢ is valid if and only if the
first-order sentence ST¢ is valid. For valid ST ¢, there exists a closed first-order tableau
proof T starting with =ST'¢. Our task is to transform this closed first-order proof T’
starting with =ST¢ into a closed QHL tableau proof T” starting with —¢.

Most of the work concerns the modalities and the @ operator, because with these the
standard translation creates the largest change in syntactic structure. For this reason we
present the completeness proof for the simplest logic H (@) separately. After that, the
rest will be easy.
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Before we can continue we have to settle two things. We change Fitting’s first-order
tableau rules a little bit in order to better cope with translations of modal formulas.
Besides that we have to use a modified translation. We start with the former.

In order to save on inductive proofs and definitions, we assume from now on that
the QHL language contains as primitive logical operators only =, A, O, @, Jw. and Vo.
Clearly this is without loss of generality because the other operators can be defined in
terms of these.

4.1 Tableau Rules for Relativized Quantifiers

The translation of a box modality yields a relativized universal formula of the form
Va(A(xz) — C(x)), with A(z) an atom. For these relativized universals, a more efficient
tableau rule exists than the combination of universal and — rule together. In fact it is
nothing but Modes Ponens. For ¢ a closed term,

Modes Ponens (MP)
A(t), Va(A(x) = ¢(x)) At), —~Fx(A(x) A (@)
(1) —o(t)

We change Fitting’s calculus such that on universals relativized by an atom the normal
universal rules cannot be applied, but MP can. This is easily seen to be complete (cf.,
also [11]). We can make a further reduction in complexity in the case the antecedent is
an equality. Then the statement just expresses a substitution. We also add the following
rules to Fitting’s calculus and make the proviso that universal and existential rules are
never applied to quantified sentences relativized by an equality.

Substitution Rules
Ve(x =t — ¢(x)) FJx(x =t A d(x)) “Va(z =t — ¢(z)) ~Tax(z =t A ¢(x))
o(t) (1) —o(t) —o(t)

4.2 Translation Using Predicate Abstraction

Unfortunately, the standard translation does not square well with the intention to change
one proof into another because it does not preserve syntactic structure. Because we want
to transform a proof for the translation of ¢ into a proof for ¢, we need to translate
backwards as well. It is crucial that applying the backwards translation to the translation
of ¢ yields ¢ again. This is simply not obtainable by the standard translation or obvious
variants.

An example might explain why not. We can read @ (p A ¢) as saying that state s has
the property p A q. As we want to translate proposition letters to one place predicates, in
first-order logic we can only say then that s has property p and s has property g. This is of
course logically equivalent, but syntactically different. We would like to have machinery
which can turn formulas into predicates, so that we can speak about the property “p and
q”. The lambda calculus provides precisely this: (Az.(Pz A Qz)) denotes the property
of being P and Q. The formula (Az.(Px A Qz))(s) serves then as an excellent proxy
for Q,(p A q).
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We work in first-order logic with predicate abstraction restricted to variables ranging
over individuals. Thus we only add a piece of syntactic sugar. The expressive power of
the language remains the same, it is just first-order logic. For a thorough introduction to
real predicate abstraction in modal logic we refer to [6]].

Suppose ¢ is a first-order formula and x a first-order variable. Then (\z.¢) is a
predicate abstract. Its free variable occurrences are the free variable occurrences of ¢
except for z. Predicate abstracts behave as unary predicate symbols; new atomic formulas
from predicate abstracts (A\x.¢) can be made by the rule

if ¢ is a term, then (\x.¢)(¢) is a formula.

Examples are (Ax.Pz)(t) and (Az.Pxz A Qz)(s). The new formulas get their meaning
by performing (3-reduction:

the [-reduction of (\x.¢)(t) is ¢[t/x].

The meaning of (Az.¢)(¢) is simply the meaning of ¢[t/x]. This shows that the expressive
power remains the same. Our convention is that in A expressions, the . takes wide scope,
thus (Az.¢ A ) = (Ax.(¢ A ).

In order to handle predicate abstracts in tableau proofs, we need only add two very
simple rules to Fitting’s system. The rules just implement 3-reduction. Here they are

Abstract rules
Az.9)(t)  —(Az.9)(t)
o[t/ —¢[t/x]

Fitting’s tableau system with the two abstract rules added is a complete inference system
for the expansion of first-order logic with A abstraction with variables ranging over
individuals [5].

We are ready to define the new standard translation AT for the propositional hybrid
language, together with its inverse AT ~. In a certain sense, this translation can be traced
back to the paper [9] in which McCarthy and Hayes introduce the situation calculus.
AT, (¢) and AT (¢) are defined in the same way but with z and y interchanged, e.g.,
ATy (p) := Py and AT, (0¢) := (Ay.Vz(Ryz — AT, (9)))(y).

AT (p) = Pz

AT, (n) =x=n

ATz (=) = (Az.2AT4(9))(z)

AT (o AY) = (A2 ATw(6) A AT (¢)) ()

AT, (O¢) = (AzVy(Rzy — AT,(9)))(z)

AT,(8,0) = (\a¥a(z = n— AT,(6) ()

AT (Px) =0p

AT; (x =n) =n
AT ((Ae.=9)(x)) = AT, (9)
L(<>\$¢A¢>( ) = AT, () NAT ()
g,  (Ae.Vy(Roy — ¢))(x)) = DAT,(¢)
T, (A Ve(r =n — ¢))(2)) = @, AT (¢)
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The following properties of AT and AT~ hold, for every HL(@Q) formula ¢,

(3)  AT.(¢) is always a formula of the form (Az.1)(z) or Pz or x = n.
4 AT (AT, (¢)) = ¢, and similarly when z is replaced by y.
) ¢ is HL(Q) valid iff AT, (¢) is first-order valid.

@ follows from the definition. () is proved by induction on the complexity of the
HL(@) formula. (B) is immediate by performing 3-reduction and the well-known result
on the standard translation.

4.3 Completeness for HL(Q)

Theorem 1. The HL(Q) tableau calculus is complete.

We now specify an algorithm for turning a closed Fitting tableau for the formula
AT (¢)[c/z] (where ¢ is a parameter) into a closed HL(@) tableau for @.¢. Some
terminology will be useful. A literal is a grounded formula of the form

P(t) |t =u| Rtu | (Ax.¢)(t) | (A\y.¢)(t), or its negation.

Define the following translation (-)* from positive literals to H£(@) sentences

P(t)" == Qp
(t=wu)* = Qu
(Rtu)* = @ Qu
((Az.9)(t))" = @ AT, ((Az.9)(x))
(Ay.0) ()" == @ AT, ((Ay.8)(y))-

For negative literals (—¢), we set (—¢)* = —¢*.

We recapitulate: AT translates a hybrid formula into a first-order formula and AT~
translates them backwards. The translation (-)* translates literals occurring in a first-
order tableau proof into hybrid formulas. Note that these literals may contain parameters
introduced in the proof. The crucial connection between the forward and backward
translations is that they preserve syntactic structure: for ¢ a hybrid formula and ¢ a
nominal or parameter,

(©6) (AT (P)[t/x])" = Qr¢ and (AT :(9)[t/x])* = Q1.

Property (6) follows immediately from the definition of (-)* and ().

We are ready to specify the algorithm. Let 7" be a closed Fitting tableau for the formula
AT . (¢)[c/z]. Without loss of generality we may assume that 7" is atomically closed. Let
T’ simply be T with all literals replaced by their (-)* translation and all other formulas
removed.

Claim 7" is HL(Q@) tableau proof for ¢.

We first observe that T" starts with ~@_¢. This is because T starts with the literal
—AT . (¢)[c/x] whose * translation is =@.¢ by (6).
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Table 1. Corresponding replacement proofs

First-order proof Corresponding H (@) proof
t =u, P(t) - Qpu, Qip Nom|
— 7 N — om

P(u) Q,p
t:u,v:tRR @tu,@vtN -
T =u [RR] “Quu [Nom™1]
t=wu,vRt - Qiu, @, Ot Brid

wRu [RR] —o,0u [Bridge].

Secondly, every branch in T” closes. This is because T branches close on literals,
which we all move over to 7", keeping the negation signs in place. We now show that 7’
is a correct HL(Q) tableau, i.e. that every formula {* in 7" is derived from —Q.¢ by a
finite number of H (@) rule applications. We prove by induction on the structure of the
literals that for all literals , " in T, for all literals 1, I produced from [,’ by applying
rules, the literals [}, I3 can be obtained from [*, 1" by applying a (derived) rule in 7".

There is only one zero premise rule. Ref can introduce literals ¢ = ¢ in T, which can
be matched by the hybrid Ref rule producing (¢ = t)* = Qt.

On literals which are not A-formulas we can only perform Replacement, which we
handle later. Every literal in 7" which is a A-formula has the form (Az. AT . (v))(t), for
z either z or y, and v an HL(@) formula. Its (-)* translation is @) by (@). This gives
us with the cases presented in Table 2. This table is read as follows. On the left are
first-order proofs with annotations indicating which rule is applied on what to obtain the
result. On the right are the 7£(@) proofs which derive the (-)* translated results from
the (-)* translated premises, again annotated.

We assumed Replacement only works on positive literals. The possible instantiations
of literals in which ¢ is replaced are

t=v,v="t,vRt,tRv, P(t) and (A\z.¢)(t).

In Table [T] the application of the replacement rule is given on the left while the corre-
sponding H (@) proof on the (-)* images of the formulas is on the right. As the cases
for P(t), t = v, tRv and (\z.¢)(t) are all by applications of Nom, we only show the
case for P(t).

We considered all possible applications of all rules on all possible literals. Thus 7"’
is a HL(Q) tableau.

4.4 Completeness for HL(|, Q)
Theorem 2. The tableau system for HL(], Q) is complete.
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Table 2. Corresponding proof rules

Case FO tableau HL(@) tableau
=, pos|(1) (Az.~AT4(9))(t) (1) @—¢

(2) AT (®)[t/2] (1), A (2) ~Q;¢ (1), Neg
—neg |(1) ~(Az.mAT%(#))(¢) (1) ~@Q—¢p

(2) ~—AT:(8)[t/7] (D), =A

(3) AT+(9)[t/x] 2, | Q9 (1), Neg
A pos |(1) (Az. AT () N AT - (¢)) (1) (1) @ (o A Y)

@) AT.(@)[t/x) A AT (W)[t/2] (1A

(3) AT (¢)[t/x] (2),Con  |(2) Q¢ (1), Con

@) AT, (9)[t/x] (2),Con  |(3) @) (1), Con
Aneg |(1) =(Az. AT (¢) N AT () () (1) =@ (¢ A )

() ~[AT=(d)[t/x] N AT (¥)[t/x]] (1), A

(3) AT (P)[t/z] | ~AT(P)[t/x] (2),Dis  |(2) =@ | ~Qq1), (1), Dis
@ pos|(1) Mz Vz(x =n — AT ()))(?) (1) @@,¢

Q) Va(z =n — AT(9)) (1), A

(3) AT.()[n/2] (2),Sub  |2) @, (), @
@ neg|(1) “(Az.Ve(x =n — AT-(0)))(t) (1) ~@:Q,¢

2) Ve(x =n — AT(9)) (1), =\

(3) 7AT2(¢)[n/x] (2),Sub  |(2) ~Qng ), @
0 pos |(1) (Az.Vy(Rey — ATy(9)))(t) (1) @,0¢

(2) Rtn (2) @in

() Vy(Rty — ATy(9)) D, A

) ATy(9)n/y] (2), 3) MP|(3) @n¢ 1.2, 0
O neg (1) ~(Az.vy(Ray — AT, (6)))(1) (1) ~@,06

() ~(Vy(Rty — AT,(9))) (D, =A

(3) Rtc (2), Exi (2) @, ¢ ), >

(4) ~ATy(¢)[c/y] (2),Exi  |(3) -Q.¢ 1, ¢

49

With all the groundwork done, the proof is very easy. We have to extend the translation
to incorporate the variables and downarrow formulas. We assume that z and y are new
variables. The translation and its inverse for the state variables and downarrow is simply

AT, (M NYw(w =z — ¢))(z)) =
In a straightforward way, the properties (B)—(@) still hold. Then the completeness proof

AT, (w) == z=w
AT (z=w) = w
AT, (Jw.¢) =

I AT (9).

M Nw(w =a — AT (9)))(x)

amounts to showing that Fitting’s rules applied to translations of downarrow formulas
can be transformed to applications of the downarrow rules. On these translations only
substitutions can be applied. This case is similar to the @ case, so we do not spell it out.
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4.5 Completeness for QHL
Theorem 3. The tableau system for QHL is complete.

Again the proof is simple after we made the needed straightforward adjustments. The
translation and its inverse for the full QHL language is obtained by adding the following
rules to the ones already existing:

ATI(P(tl, ,tk)) : P/(.’I,‘,tl,... ,tk)
AT»L(tl = tj) = <>\Jitl = tj>($)
AT, (Yvg) = (AxYvAT(6))(x)

AT (P'(z,t,. ..,
AT (Az.Yvo)

tk)) = P(tla"' 7tk)
(1) = =1,
() = VoAT ()

The translation (+)* is extended for the new literals as follows:

P/(S7t1,... 7tk)* = @gP(tl’ 7tn)
(ti = tj)* = ti = tj.

We don’t translate the QHL terms @,q but just pretend they are first-order terms ¢(s).
Again, properties (B)—(@) still hold. (The first-order tableau calculus has to respect the
two sorts of course. For example, Va2 P’ (s, z) does not yield the not correctly typed
P’(s, s) by universal instantiation.) The atomic hybrid formula ¢; = ¢; is translated as
(Az.t; = t;)(x). This is done to have a syntactic analogue of Q(¢; = t;). In a first-order
proof, S-reduction can be applied to (Az.t; = t;)(s) or its negation, yielding t; = ¢,
and —t; = t;, respectively. This proof step corresponds to an application of one of the
@ = rules on the (-)* translations in a QHL tableau.

It is immediate that the quantifier rules can be mimicked in QHL tableaux (provided
they respect the sorts).

For the application of replacement, there are now terms @,,q for ¢ a non-rigid des-
ignator and n a nominal. The replacement rule in a first-order proof can then with the
premise n = m replace @Q,,q by @Q,,,q in any atom. But n = m back-translates to @,,m
and from that the QHL equality rule DD yields @Q,,qg = @,,,q. Now replacement in QHL
with this premise on the translated atom yields the translated result.

Thus all first-order rules have a corresponding ()HL analogue and we are done.

4.6 Completeness for Specific Frame Classes

We only considered the (quantified) hybrid logic of the class of all frames. Here we
establish completeness for every elementary first-order definable class of frames which
is closed under and reflects generated subframes. A class of frames is closed under
generated subframes if all generated subframes of its members are in the class. A class
reflects generated subframes if whenever F is in the class and F is a generated subframe
of F’, then also F” is in the class. Note that this implies that the class is closed under
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disjoint unions. Closure under and reflection of generated subframes is a requirement
which reflects the local evaluation of modal formulas/]

We recall from [[1], that every such elementary class of frames is definable by a first-
order sentence Vy7y(y), in which v(y) is equivalent to a pure hybrid HL(@, |) sentence
~" (i.e., without propositional variables nor nominals). As AT preserves meaning we
may without loss of generality assume that y(y) = ATy (7).

Let such a class K be defined by Vy~(y). Then a QHL sentence ¢ is valid on K iff
Yyvy(y) — AT, (¢)[c/x] for c a new parameter is first-order valid. In that case, there is
a first-order tableau proof starting with

L Vyy(y)
2. AT . (¢)[c/x].

Whence the proof will develop almost as for AT, (¢)[c/x] except that for any state
parameter or nominal s, y(s) may be introduced on the branch. This insight leads to the
following rule to be added to the QHL tableau system:

— for s on the branch.
Qyy

Now every time a y(s) is added to the branch in the first-order proof, we apply the new
rule on s in the QHL proof. Because of the assumption on the form of ~, translating
~(s) by (-)* yields @,~'. Thus we have shown

Theorem 4. Let v a pure nominal free hybrid sentence which axiomatises the class of
[frames K. Then adding the above rule to the QHL tableau calculus yields completeness
for the quantified hybrid logic of the class of frames K.

! Added in proof. Balder ten Cate together with the first author of the present paper (from now
on referred to as BC) have proposed a proof system for H.£(@) which is complete for frame
classes defined by formulas of the form VZ35¢(Z, ), in which ¢ is an H L(@) formula starting
with @;, and the quantifiers bind all nominals Z and ¢ occurring in ¢. A natural example is
Vz122233YQy, (Qg, Oxo A @y, Oz — Qu, Oy A @, Oy) defining the class of confluent
frames.

BC claim that adding the rule (*) below to the H/(@) tableaux calculus given here is
complete for the class of frames defined by VZ35$(Z, 7). This result is most easily proved
using the developed theory of translations, as follows: Assume a H (@) formula v is valid
on the class of frames defined by VZ3y5¢(Z, §). Then VZIGAT 5, (6(Z, 7)) — AT (¢)[c/x]
for ¢ a new parameter is FO valid. Thus there is a first-order tableau proof of it starting with
VZIGAT 5, (¢(Z, 7)), " ATz (¥)[c/x]. Our goal is to turn this tableau into an HL(@) tableau
as before. The only new thing we have to mimic is an application of universal instantiation
followed by existential elimination to VZIFAT 4z, (¢(Z,5)). This is exactly what rule (*) of
BC is doing.

(x)¢(s,t) for 5 nominals on the branch and all £ nominals new to the branch.

Analogous to the proof in this subsection, completeness now follows.
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5 Conclusions

The positive effects of hybridization in propositional logic extend well to the first-order
case. In fact, one could argue that the need for hybridization is felt much stronger in
first-order modal logic. The field is plagued with failures of desirable properties, and
consequently more difficult and obscure than its propositional counterpart. Here we have
presented an extremely general completeness theorem (TheoremM) covering virtually all
modally interesting elementary frame classes. In a companion paper we have shown that
the calculus can be used to construct interpolants. Interpolation is one of the properties
which fail in many quantified modal logics. This theorem also extends to all frame classes
from Theorem H] These very general results indicate that the additions to the syntax are
natural and extremely useful.

The paper contained two important ideas. First and foremost is the proof method
for showing completeness. An almost standard translation was used in a non-trivial way
to transfer a first-order result into the modal setting. In the hybrid language, this was
particularly easy, as it contains such first-order proof-elements as parameters. In orthodox
modal logic, too many completeness proofs are repeated with only tiny changes. Maybe
hybridization is needed to change modal logic into a field in which standard results are
recycled instead of proofs. It’s worth the price.

The second idea is our treatment of definite descriptions like Miss America.In QHL
it is not possible to write intensional terms as in Montague’s IL. The hidden variables in
intensional terms cause many technical problems and make IL. mathematically compli-
cated. The use of @ to ground non-rigid designators to states is a simple remedy.
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Abstract. Duration Calculus is a temporal logic introduced to specify real-time
systems. It is a very expressive but undecidable logic. In this paper we turn our
attention to a decidable fragment for which we develop a tableau-based decision
method taking into account some semantic restrictions.

1 Introduction

Within the framework of reactive system modelling, temporal logics were developed
during the eighties. Qualitative constraints between events such as

The system will stop after someone presses the emergency-stop
button

can be expressed through these logics whereas quantitative constraints such as

If someone presses the emergency-stop button then the system will
stop within five seconds

cannot. The need to express such information led to the development of so-called
real-time logics (usually extensions of existing temporal logics) from the second half
of the eighties onwards. Among these logics lies Duration Calculus (DC) [ZHRI1].
This calculus is able to express formally important real-time problems like the
specification of the behaviour of schedulers [YZ94]; it has also been used, e.g., to
specify the requirements of the classical gas burner [RRHO93], to give a semantics to
communicating processes sharing a processor and to specify their scheduler [ZHRR92],
to specify controllers automatically synthesized from these specifications [Fri96], ezc.
This formalism is based on Interval Temporal Logic [HMMS&3]] with an additional
notion of duration in a state, i.e. the duration for which a system stays in a particular state.

First the states of a system are modelled as boolean combinations of basic states.
These state expressions are interpreted as boolean functions on temporal points. Fig. [[]
represents the interpretation of some state expression. Next durations, such as the length
of a temporal interval, the duration for which the system stays in a given state in the
course of a temporal interval (illustrated by the hatched zone of Fig. ), efc., can be
expressed by ferms. Finally the proper formulae of the language enable one to model
temporal properties, especially durationwise properties. These formulae are interpreted
on intervals. For example formula ¢1; ¢ is true on interval [d, f] if there is a point ¢
within [d, f] such that ¢; is true on subinterval [d, ] and ¢, is true on subinterval [¢, f]

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 53-§69] 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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1. Interpretation of a state expression.

time

d

Fig. 2. Time spent in a given state in the course of interval [d, f].

Fig.

(see Fig[3). The obvious corollary of the expressiveness of DC is its great complexity. To
develop automated proof procedures in order to exploit this logic, considering syntactical

¢1; P2

3. Intuitive meaning of operator chop.

or semantic restrictions of DC becomes then interesting.

If time is dense (modelled, e.g., by the set of real numbers), two decidable
DC were identified: the propositional fragment of DC
without nearly any quantitative information (this logic losing thus a great part of
HSO93], and the propositional fragment of DC in which
quantitative information and negation of formulae are restricted [Fri97]]. On the other
hand the decidable fragments of propositional DC can be enlarged with semantic
. For example, one of the restrictions consists in imposing

fragments of propositional

its real-time specificity) [Z

restrictions [Fra97|SVHPOS]|

a bounded number of state changes within finite time on systems.

The automation of reasoning in DC concerns several problems:

— satisfiability: is there a model which satisfies a given formula [CSEdC00] ?

— validity: is a given form

— model-checking: is a given formula satisfied in a given model [Fra02] ?

It should be noted that according to the considered syntactical restrictions the problems

ula satisfied in all models [SS94]] ?

of satisfiability and of validity are not necessarily equivalent.
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This paper deals with the satisfiability problem of formulae from the first isolated
decidable fragment [ZHS93], for restricted models. This fragment corresponds to propo-
sitional DC without nearly any quantitative information: one can only specify that a tem-
poral interval is a point or a proper interval. Moreover state changes of systems modelled
by this language can occur solely at integer temporal points, time being represented by
the set of real numbers (Fig. [[] presents a permissible behaviour and Fig. [l a forbidden
one). This restriction is fully justified for systems which can change states only at regular
intervals. It is the case in particular of clock-driven systems.

time

Fig. 4. A forbidden interpretation of a state expression in time-wise discrete models.

We chose to tackle this problem, viz. determining the satisfiability of formulae from
the chosen fragment and for the chosen semantics, by means of a tableau method. It
consists in trying to build a model of a formula ; in case of failure, the formula under
consideration is unsatisfiable.

Usually a tableau is a tree, the nodes of which are labelled by formulae. A
step-by-step procedure applies extension rules to a tree initially possessing an only
node, called root, to which the formula to be satisfied is attached. An extension rule

is represented as a pattern of tree: - where S1, S3 and S3 are conjunctions

S1
Sa|...|S;
(expressed in the form of sets) of formulae and where branching expresses disjunction.
The intended meaning of an extension rule is as follows: if a leaf n of a tree 7" contains
a set of formulae matching .Sy then the rule applies to n and adds j sons to n, each son
containing the corresponding instantiation of Si, ...or S;. When no more extension
rule applies to the current tree this one is called a tableau of the initial formula. If a
leaf of the tableau possesses some consistency properties, it is open. From an open
tableau (that is to say, having an open leaf) a model of the initial formula can be built,
this formula being thus satisfiable. If the tableau has no open leaf, the initial formula is
unsatisfiable.

Owing to the adopted semantics —(¢1; ¢2)-like formulae can be processed. Such a
formula is satisfied over an interval [d, f]if for all points t of [d, f] either —¢; is satisfied
over interval [d, t], or —¢s is satisfied over interval [, f] (see Fig. ). Given that time is
modelled by the set of real numbers there is an infinite uncountable number of points in
interval [d, f] (if it is proper). But thanks to the chosen models we showed that actually it
was sufficient to process the formula for a finite number of points, judiciously selected.
To determine the maximal number of points to retain it is necessary to fix a limit to the
length of the interval over which the initial formula may be satisfied.
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Fig. 5. Satisfaction of —(¢1; ¢2) for a point of interval [d, f].

The proposed procedure is

— sound: a tableau built from a satisfiable formula is open because of the property of
satisfiability preservation by extension rules,

— and complete: an open tableau has an open branch, the elements of which are satis-
fiable, among others the initial formula from which the tableau has been built.

Furthermore this procedure terminates: on the one hand every branch of a tableau is
finite, thanks notably to the priority given to the application of the rule stopping the
building of a branch, on the other hand a tableau has only a finite number of branches.
This paper is organised as follows: we introduce the fragment of DC under consideration
in the next section. Then in section Blwe set out the tableau method we developed. We end
with the soundness, completeness and termination of the presented method in section[4],
before concluding.

2 Time-Wise Discrete Duration Calculus

2.1 Syntax

The syntactical restrictions occur at the levels of terms and formulae: on the one hand
the language has no more terms, on the other hand the only quantitative constraint
expressible by formulae deals with the length of intervals — nil or strictly positive.

State Expressions. State expressions are built from state variables (the basic states of a
system) and classical boolean operators: ¢ ::= s| -0 | 0 Ao where s is a state variable.

Formulae. Formulae are defined in the following way: ¢ == T |[] | [o] | ¢ | ¢ A
@ | &; ¢ where o is a state expression.

2.2 Semantics

The temporal domain is modelled by the set of the positive real numbers RT. T will
denote the set of closed intervals. An interpretation Z associates with each state variable,
a boolean function over temporal points: Rt — {0, 1}. It is extended into a function
associating with each state expression, a boolean function over temporal points. State
variables, hence state expressions, are finitely varied, i.e. they may have only a finite
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number of discontinuities on a bounded interval, state expressions being thus Riemann-
integrable on all bounded interval.

A formula is interpreted as a boolean function over intervals: I — { false, true}. The
semantics of a formula w.r.t. a model (Z, [b, e]), where [b, €] is an interval, is defined by
induction in the following way:

- (T =T

- (Z,[b,e]) = [] iff b = e, this formula specifies that the length of the interval of
interpretation is nil, that is to say this one is a point,

- if o is a state expression then (Z, [b, e]) = [o] iff fb Y(t)dt =e—band b < e:
the state expression o is equal to 1 almost everywhere in the current interval, this
one being a proper interval,

— if ¢ is a formula then (Z, [b, €]) |E —¢ iff (Z, [b, €]) [~ —¢,

— if ¢1 and ¢y are formulae then (Z,[b,e]) = ¢1 A ¢2 iff (Z,[b,e]) | ¢1 and

(Iv [b7 6]) ': ¢2,

=

- if ¢ and ¢ are formulae then (Z,[b,e])

(Z,[b,1]) = ¢1 and (Z, [t,€]) = o

We present here the semantic restrictions we shall consider throughout this paper.
First an interpretation Z is time-wise discrete [Fra97] if for all state variable s,

Vk e N, ¥6,8" € (0,1), Z(s)(k+d) =Z(s)(k+ ")
In such an interpretation discontinuity points of state expressions are integers. By ex-
tension we shall call time-wise discrete model a model the interpretation of which is
time-wise discrete.
Next we define k-satisfiability on models the intervals of which have a restricted length:
it is to be equal to k.

b1; ¢ iff 3t € [b,e] such that

Definition 1 (k-satisfiability). Let k belong to N*. A model (Z,[d, f]) k-satisfies for-
mula 6, denoted by (I, [d, f]) = &, if f —d = k and (T, [d, f]) = o

2.3 Properties of Time-Wise Discrete Models

Considering time-wise discrete interpretations implies several properties. In particular,
owing to lemmal[2to satisfy a =(¢1; ¢2)-like formula it suffices to satisfy a finite number
of formulae.

Lemma 1. Let ty and to be real numbers such that t1 < to and such that there isn € N
such thatn < t; <n+1landn < te < n+ 1. For all formula ¢, for all time-wise
discrete interpretation L and for all real number r different from t1 and from t

Loifr <tythen (L, [r,th]) = ¢ iff (Z,[r,2]) = o,
2. ifr >ty then (L, [t1,7]) = ¢ iff (T, [t2, 7]) = ¢,

3. ifty <r <tythen (I,[t1,7]) = ¢ iff (Z,[r,t2]) = ¢.
This lemma is illustrated by Fig.
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(a) [lustration of point 1.

) t1 to ) T
h \\w

(b) Nlustration of point 2.
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(c) Illustration of point 3.

Fig. 6. Illustration of lemmalll

Lemma 2. Let [d, f] be an interval. For all integer i within (d — 1, f), let e;(;11) be a
number within (d, f) N (4,14 1). Let S be the set {d, f} U (NN [d, f]) U {e;it1): 1 €

NN (d—1,f)}, ¢1 and ¢2 be formulae and T be a time-wise discrete interpretation.
Ifvt € S, (Z,[d,t]) = ¢1 or (T, ]t, f]) = ¢2 then V0 € [d, ], (Z,[d,0]) = ¢1 or
(I7 [0, f]) ': ¢2~

Example 1. To satisfy a —(¢1; ¢2)-like formula over interval [d, f] = [1.25,7.7], it
suffices to consider the following points: numbers 1.25 and 7.7, all the integers within
interval [1.25,7.7] and for all integer e within interval (0.25,7.7) a number within
interval [1.25,7.7] N (e, e + 1).

d-1 d €12 €23 €34€45 €56 €s7 Crsf
1 2 3 4 5 6 7 8

S = {1.25, €12, 2, €23, 37 €34, 4, €45, 5, €56, 6, €67, 7, €78, 77}

3 Tableau Method

The specificities of a tableau-based method concern on the one hand the formulae la-
belling the nodes, on the other hand the extension rules. In the current case nodes contain
labelled formulae [d, f] : ¢, labelled state expressions (d, f) : o and (qualitative or quan-
titative) constraints on variables. Intuitively [d, f] : ¢ (resp. (d, f) : o) is “satisfied” if
there are an interpretation Z such that (Z, [d, f]) = ¢ (resp. V¢t € [d, f), Z(o)(t) = 1).
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‘We show here how to build a tableau for a given formula, then, if this tableau is open,
how to associate a model of the original formula with it. Finally we present some tableau
properties used in the proofs of soundness and completeness.

LetP = {po,...,Prs1}, M = {mo1,...,My@+1)} and S = PUM. The elements of
‘P and M will be handled like variables. P will be interpreted as the set of the integers
within [0, k& 4+ 1] and every element mi(i+1) of M will be interpreted as a non-integer
real number within (4,7 + 1). We shall denote by 7; (j € N) any element of P.

3.1 Extension Rules

There are four types of extension rules: a stop rule which detects inconsistencies (Tab. ),
rules applying to formulae and generating formulae or constraints (Tab. Ral Rbland 2¢),
rules applying to formulae and producing state expressions (Tab. ) and rules applying
to state expressions (Tab. [4).

We comment on some of these rules below.

Stop Rule. The information represented by formulae are partly translated by constraints.
From them the stop rule (Tab. [I)) detects potential inconsistencies. If so, this rule stops
the building of the current branch.

Table 1. Stop Rule

inconsistent set of constraints
STOP

Formula Rules. In Tab. 2a, 2B and 2c] are presented rules applying to formulae and
generating formulae or constraints. Rules POINT, DOUBLE NEGATION FOR, AND FOR, NOT
AND FOR and CHOP mimic the semantics of the considered formulae in a very natural
way. The other rules call for some comments which we detail hereafter.

Rule vErUM. As T is always satisfiable it is sufficient (but necessary) to make sure
that the considered interval is an actual interval, hence the constraint generated by
rule VERUM.

Rule FALSUM. —T can never be satisfied: rule FALSUM generates an inconsistent set of
constraints so that the stop rule may detect the inconsistency of the current branch.

Rule NoT POINT. Formula —[] is satisfied over interval [d, f] if the constraint f —d # 0
is satisfied, i.e. if the constraint d < f or the constraint f < d is satisfied. On the other
hand [d, f] being an interval the constraint d < f must be satisfied. Consequently only
the constraint d < f may be satisfied, which is expressed by rule NOT POINT.
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Table 2a. Formula rules

VERUM FALSUM
[d,f]: T d f1: T
d<f d< f,f<d
POINT NOT POINT
[d, f]: ] 1d, f1: -0
=7 1<
AND FOR NOT AND FOR
[d, f]: d1 A @2 [d, f]: ~(¢1 A ¢2)
[d,f]:p1. [d, fl:d2  [d, f]: =al[d, f]: —¢p2
DOUBLE NEGATION FOR [d f(]:H((;Pl' ¢2
[d, f]: ¢ e
; [dt]: 1, [t, f]: &
[d, f]: & ¢ rew 2

Table 2b. Formula rules: rules NOT CHOP I and NOT CHOP 2

NOT CHOP I
[d, f]: =(¢1; ¢2)
[d, f1: =(¢1; ¢2)|d, f]: ~(r; d2)|[d, f]: =(d15¢2) |ld, f]: ~(¢1; h2)
t<d f<t [d,t] : =1 [t, f]: —¢p2
d<t<f d<t<f
teSu{d, f}
apply once only for a given ¢ and a given labelled formula
NOT CHOP 2
[d7 f} : _‘(¢1§ ¢2)
[d, f1: =(¢1;02)|d, f]: ~(1; da)|[d, f]: =(d15¢2) ld, f]: ~(¢1; h2)
d=f 0<f—-d<l|0<f—-d<1 f—d>1
[d, t] HRaTol] [t, f] BT
d<t<f d<t<f
t new

apply once only to a given labelled formula

Rules NOT CHOP 1, NOT CHOP 2 and NOT CHOP 3. The goal of rules NOT CHOP I, NOT
CHOP 2 and NOT CHOP 3 is to implement lemma[2]

Let —(¢1; ¢2) be the formula to be satisfied over interval [d, f]. For all element ¢ of some
set of points (detailed hereafter), either —¢, is satisfied over [d, t], or ¢ is satisfied
over [t, f].

The set S of the points to be considered (example [I) consists of
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Table 2¢. Formula rules: rule NOT CHOP 3

NOT CHOP 3
[d, f] : =(¢1; ¢2) (beginnning .. .)

[d, f]: =(o1;d2)|[d, f]: —~(d1;d2)| [d, f]: —(1; d2)
p<d O<p—d<1 O<p—d<1
f-p2>1 f-p2>1
d<t<p d<t<p
[d’ t] : _‘¢1 [ta.ﬂ : _‘¢2
t new
peP

apply once only for a given p and a given labelled formula

[d, f] : ~(¢1; ¢2)

..continuation .. .)

[d7 f} : ﬁ(¢1§¢>2) [dv f] : (@15 02 [d7 f] : _'(¢15¢2) [dv f] : _‘(¢1§¢2)

O<p—d<1l|0<p—d<1l|0<p—d<l|O0<p—dx<l1

0<f-p<l|0<f-p<l|O0<f-p<l|O<f-p<l1
d<ti <p d<ti <p d<ti<p d<ti <p
p<ta<f p<ta<f p<ta<f p<ta<f
[dt1] : =1 [d,t1] : =1 [t1, f]: —¢2 [t1, f]: 2
[d, t2] : =g [t2, f] : =2 [d, t2] : =g [t2, f]: ~p2

t1,t2 new

[d, f] : =(é1; ¢2) (...ending of rule NOT CHOP 3)

[d, ]+ ~(¢1; 92)|d, f]: =(D1; d2) |[d, f1: (915 @2)|[d, f] = =(¢1; $2)

p—d>1 p—d>1 p—d>1
f—-p>1 O<f-p<l|O0<f-p<l1
p<t<f p<t<f
[d, 1] : =¢n [t f]: —¢2
t new

f<p

- dand f,

— any integer between d and f,

— for all integer p between d — 1 and f, any number strictly between p and p + 1 and
strictly between d and f.

61

Rule NoT cHOP 2 handles the special case where the length of interval [d, f] is strictly less
than 1. When S consists only of d and f, for =(¢1; ¢2) to be satisfied over interval [d, f],

itis enough either for —¢; to be satisfied over [d, t], or for —¢ to be satisfied over [¢, f],

where t is a point strictly between d and f.

In the most general case, rules NOT CHOP 1 and NOT CHOP 3 apply. Rule NOT CHOP 1

undertakes the following points:

- dand f,

— any integer between d and f,

— for all integer p such that p and p + 1 are between d and f, any number strictly

between p and p + 1.
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In Example [, it concerns the set {1,25;2;ea3;3; €34; 4; €45; 5; €56; 6; €673 757, T}
Rule NOT CcHOP 3 generates the missing two points, namely e;5 and erg.

In outline, there are four cases depending on whether d and f are integers. When an in-
terval bound is not an integer, rule NOT CHOP 3 generates a point between the considered
bound and its lower or upper whole part ; Fig.[7] presents the three configurations (with
respect to p € P) in which rule NOT CHOP 3 generates new points.

Formula — State Expression Rules. The rules presented in Tab.[3 apply to formulae
and produce state expressions (indirectly as for rule NOT INTEGRAL).

Table 3. Formula — state expression rules

INTEGRAL

[, f] : [o] NOT INTEGRAL

(d77f+)10' (di,f+)10' (d77f+):0- (di’fﬂk):o’ [d f}_"'o.'l
d<f d<f d<f d<f g

[tl,tg} : |——\O'-| f—d:()
d<ti<ta < f
t1 and t new

d-<d<dt|d <d<dt|d=d=d*|d =d=d*
df—d~=1|d"—d =1|f~<f<fHlf-=f=f*F
o< r< === =1
frer=n

Rule INTEGRAL. Rule INTEGRAL develops formula [o]. This one is satisfied over a proper
interval [d, f] if o is 1 nearly everywhere over [d, f]. Furthermore, as we consider time-
wise discrete models, o will be 1 necessarily nearly everywhere over [d—, f1], where
d~ is the lower whole part of d and f is the upper whole part of f. Rule INTEGRAL
expresses in particular the various potential constraints between a bound and its whole
parts (lower and upper) depending on whether that one is an integer.

Rule NOT INTEGRAL. Formula —[o] is satisfied over interval [d, f] if o is not equal to 1
nearly everywhere over [d, f] or if [d, f] is a temporal point. Therefore either the length
of interval [d, f] is nil, or there is a proper subinterval [¢1, t2] of [d, f] such that o is
equal to O (i.e —o is equal to 1) nearly everywhere.

State Expression Rules. The rules applying to state expressions are presented in Tab.[4]
We shall consider that state expressions are labelled by infeger-bound intervals. This
hypothesis shall be proved in lemma

The meaning of rules DOUBLE NEGATION EXP and AND EXP being easily understandable,
we shall not explain them.

Rules NOT AND EXP 1 and NOT AND EXP 2. Let =(o1 A 02) be a state expression to be
“satisfied” over interval [d, f) (where d and f are integers), i.e. we search for a time-wise
discrete interpretation Z such that V¢ € [d, f), Z(—o1)(t) = 1 or Z(—o2)(t) = 1. Since
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Fig.7. Tllustration of rule NOT cHOP 3 for p € P.

the sought interpretation is time-wise discrete, it is piecewise constant, more precisely
it is constant over any unit-long interval bounded by integers.
Rules NOT AND EXP I and NOT AND EXP 2 take advantage of this property. First rule NOT
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Table 4. State expression rules

DOUBLE NEGATION EXP
(d, f) : =m0
(d.f):o

AND EXP
(dvf)ia'l N o2
(d7 f) L 01, (d7f) 102

NOT AND EXP I
(d7 f) : _'(01 A 02)

(d, f) : =(o1 No2)|(d, f) : ~(01 Ao2)|(d,p) : ~(01 A o)
p<d f<p (p, f) s =(o1 N o2)
d<p<f
peEP
apply once only for a given p
and a given labelled state expression
NOT AND EXP 2
(d7 f) : ﬁ(0'1 /\0'2)
f—d>1 f—d=1]|f—-d=1 d=f
(d, f): (o1 ANo2)|(d, f) : mo1|(d, f) : mo2

do not apply if f — d > 1 is deducible from the constraints of the father node

INTERVAL DISJUNCTION: s is a state variable
(dl,fl) .S, (dz, fz) LS
(dlyfl) .S, (dQ,fQ) LS (d1,f1) .S, (dQ,fQ) LS
fi <d2 fo<ds
do not apply if fi1 < ds or fo < d; is deducible from the constraints of the father node

AND EXP I divides interval [d, f) into unit-long integer-bounded subintervals (Fig. ).
Secondly rule NOT AND EXP 2 splits state expression —(o1 A 02) over any unit-long
integer-bounded interval into either —o1, or -0 (Fig. B).

Rule INTERVAL DISJUNCTION. Rule INTERVAL DISJUNCTION avoids the situation where
a state variable and its negation would both be equal to 1 over overlapping intervals

(Fig.[10).

3.2 Tableau Computation

We set out here how to compute the tableau of a formula, then if it proves to be open
how to build a model of the starting formula.

Definition 2 (Tableau). Let ¢ be a formula, k belong to N* and (Ty, T1, ..., T;) be a
series of trees such that
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—(o1 A o2)
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o m T2 3 4
(a) Initial situation.

—(o1 A o2) —(o1 A o2) —(o1 A o2) (o1 A 02)

d f
o m T2 3 T4
(b) Aim of rule NOT AND EXP 1.

Fig. 8. Illustration of rule NOT AND EXP I.

—‘(0'1 AN 0'2)
™1 T2
B / \ .

N or TN
T T2 ™1 2
Fig.9. Result of the application of rule NOT AND EXP 2.

S s
/\ /\
d1 fi da f2
s -s / \ s S
N TN or N TN
dx fida  fa d2  fody fi
Fig. 10. Result of the application of rule INTERVAL DISJUNCTION.
— Ty is a single node containing p1 —po =1, ..., pk+1 — Dk = 1, po < mp1 < p1,

oo P < Mp(hg1) < Prt1, where p; and m;(;4 1y are variables, and [by,bs] : ¢,
po < b1 < by < pit1, by — by = k where by and bs are variables.
— Vj <4, Tj41 is obtained by applying an extension rule to Tj.

If no extension rule is applicable to T;, it is called a k-tableau of formula ¢.

Strategy. In order to ensure the termination of the tableau computation, it is essen-
tial to define a stategy to apply extension rules: the application of the stop rule has priority.

Now we specify the vocabulary we shall use and explain how to associate a model
with an open node.

A whole variable either belongs to P, oris a t~ or t-like variable. We shall call whole
constraint a constraint comprising only whole variables. Intuitively whole variables will
be valued by integers and ¢~ (resp. t 1) is the inferior (resp. superior) whole part of .
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Let BB be a tableau branch. We shall denote C(B) the set of constraints appearing in
branch B. Likewise if n is a node, C(n) will represent the set of constraints belonging
to n. Lastly if ¢ is a constraint, C(B) F ¢ (resp. C(n) b ¢) means that constraint c is
deducible from the set of constraints C(B) (resp. C(n)).

An open node is such that the set of whole constraints has a whole solution within [0, k],
extensible to the whole set of constraints. Accordingly the set of constraints of an open
node is consistent.

Definition 3 (Model associated with an open node). Let n be an open node. The mo-
del (V,T) associated with n is such that

— Vis a valuation of the variables appearing in the constraints of n such that
e the set of constraints is satisfied,
e V(po) =0,
e whole variables are valued by a natural number,
— and 7 is an interpretation of the state variables of n such that for all state variable s,
for all variable t, if there are variables t1 and ts such that V(t;) < t < V(t2) and
(t1,t2) : s belongs to node n then Z(s)(t) = 1, else Z(s)(t) = 0.

3.3 Properties of k-Tableaux

There is no difficulty about the proofs of the auxiliary lemmas presented in this subsec-
tion, hence they will be omitted.

If a labelled formula [d, f] : ¢ or a labelled state expression (d, f) : o appears in an
open branch B, the model (V,Z) associated with the terminal node of B must be such
that [V(d), V(f)] is an actual interval, that is to say V(d) < V(f):

Lemma 3. Let ¢ be a formula (resp. o be a state expression) and d and f be two
variables. If [d, f] : ¢ (resp. (d, f) : o) belongs to an open branch B thenC(B) - d < f.

The following lemma will ensure that the model associated with an open terminal node
is time-wise discrete.

Lemma 4. Let (d, f) : o be a labelled state expression appearing in a tableau. d and
f are whole variables.

Corollary 1. The interpretation built from an open terminal node is time-wise discrete.

4 Soundness and Completeness

First the tableau method presented in this paper is sound, i.e. the k-tableau of a formula
k-satisfiable by a time-wise discrete model is open. This method is also complete: if
the k-tableau of a formula is open then this one is k-satisfiable by a time-wise discrete
model. Finally the decision procedure terminates.

The reader interested in the full proofs of soundness, completeness and termination can
find them in [[CSO1].
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4.1 Soundness

The following lemma states that for all rule if all the elements of the father node are
satisfiable then all the elements of one of the sons are satisfiable.

Lemma 5 (Satisfiability preservation). Let n be the (open) father node of a rule. Let
V be a valuation and let T be a time-wise discrete interpretation such that

= ifld, f]: ¢ € nthen V(d) <V(f) and (Z,[V(d),V(f)]) = ¢,

— if c is a constraint belonging to n then V satisfies c (whole variables being valued
by integers),

- if(d, f) : 0 € nthenV(d) < V(f) and for all variable t such thatV(d) < t < V(f),
Z(o)(t) =1

There is a son n’ of n such that there is a valuation V' such that

— if1d f]: 6 € 0’ then V'(d) < V'(f) and (Z,[V'(d), V'(£)]) = 6,

— if cis a constraint belonging to n' then V' satisfies ¢ (whole variables being valued
by integers),

- if(d,f) : 0 € n' then V' (d) < V'(f) and for all variable t such that V'(d) < t <
V() Z(o)(t) = 1.

The soundness of our method can be deduced from the previous lemma:

Corollary 2 (Soundness). Let ¢ be a formula and k be a natural number. If ¢ is k-
satisfiable by a time-wise discrete model then ¢ has an open k-tableau.

Proof. If ¢ is k-satisfiable in a time-wise discrete model then there are a time-wise
discrete interpretation Z and an interval [d, f] such that [d, f] C [0,k + 1], f —d =k
and (Z, [d, f]) = ¢. The (open) root of a tableau for ¢ contains [b1, b2] : ¢, pg < by <
by < pry1,ba—br =k, pr—po=1,..,0k11 —Pr = L,po < mor < p1, ...,
Pr < My (k1) < Pk+1, where by, ba, p; and my;(;41) are variables. Let V be a valuation
such that V(by) = d, V(b2) = f, Vi € {0,...,k},V(p;) = iand Vi € {0,...,k — 1},
1< V(mi(iﬂ)) < i+ 1. Then V satisfies all the constraints of the root (whole variables
being valued by integers) and (Z, [V(b1),V(b2)]) = ¢. Owing to lemma[3] there is a
branch of the tableau such that this property is preserved for any node ; such a branch
is open and can be built recursively: the root of the branch is the root of the tree, then
for all non terminal node of the branch, one has just to choose a son node satisfying the
property stated above (such a node exists thanks to lemma [3)). a

4.2 Completeness

The proof of the completeness of our method is particularly long and intricate. Moreover
it calls for two lemmas (stated hereafter) themselves quite technical. That is the reason
why we shall not give the complete proofs.

To prove the completeness of our method we show that each labelled formula of an open
branch B is satisfiable (theorem [I). With this in view we first have to prove that each
labelled state expression of B is, in a way, “satisfiable” (lemma [Z). When the labelled
state expression under consideration is (d, f) : =(o1 A o2)-like, interval [d, f] can be
partitioned into unit intervals where either —oy, or —o5 will be valued to 1. This property
is the subject of the following lemma.
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Lemma 6. Let (d, f) : (o1 A 02) belong to an open branch B and let M = (V,T) be
the model associated with the terminal node of B. There are m, . . ., m, € P such that

(i) V(mo) =V(d)

(i) V(m) = V(f)

(iii) 7Tj+1—7Tj=1EB(jE{O,...,n—l})

(iv) (mj,mjq1) 1m0 € Bor (mj,mjq1) : mop € B(j €{0,...,n—1}).

Lemma 7. Let ¢ be a formula, the k-tableau of which is open and let B be an open
branch of that tableau ; M = (V,T) is the model associated with the terminal node n
of B. For all variables d and f, for all state expression o, if (d, f) : o € B then for all
variable t such thatV(d) <t <V(f), Z(o)(t) = 1.

Theorem 1 (Completeness). Let ¢ be a formula and k be a natural number. If ¢ has
an open k-tableau then ¢ is k-satisfiable by a time-wise discrete model.

Proof. Let ¢ be a formula for which an open k-tableau exists and let B be an open branch
of that tableau ; M = (V,Z) is the model associated with the terminal node n of 5.

According to corollary [T} Z is a time-wise discrete interpretation. Next note that, ac-
cording to definition 3, V(py) = 0. So it is sufficient to show that for all labelled
formula [d, f] : ¢ of B, ¢ is satisfied by (Z, [V(d),V(f)]). Then it will follow that

(Z,]0,k]) E & (resp. (Z, [V(b1),V(b2)]) = ¢ and V(b2) — V(b1) < k).

4.3 Termination

The termination of our method follows from the fact that the extension rules have the
“subelement property” after a finite number of applications.

The critical point of the proof deals with (d, f) : —(o1 A o2)-like labelled state ex-
pressions: rule NOT AND EXP 1 may loop. Applications of this rule build a partition of
interval [d, f] into unit intervals. For each step the set F of the endpoints of the intervals
of the partition under construction is ordered strictly. Moreover for all labelled state
expression (d', f') : =(o1 A 02) appearing in the current branch, d’ and f’ belong to E
and are consecutive, with respect to the elements of F. Applying rule NOT AND EXP 1
twice on the same element of E yields an inconsistency. In that case the application of
the stop rule, which has priority, freezes the construction of the current branch.

By proving that in any saturated branch there is a node to which no extension rule may
apply, neither to labelled formulae, nor to labelled state expressions, we show that any
branch of a tableau is finite. In addition each extension rule generates a finite number of
son nodes, so a tableau has a finite number of branches. We obtain hence the termination
of our method (Th.[2).

The lemmas necessary for this proof being especially technical, we shall omit them.

Theorem 2 (Termination). The building of a k-tableau for a formula from the fragment
under consideration terminates.
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5 Conclusion

In this paper we defined a sound and complete decision method for a fragment of DC. It
is thus possible to determine the satisfiability of a formula over a bounded-long interval.
We consider now implementating this method in order to apply it to real cases and to
measure its practical efficiency. We also need to study the complexity of the proposed
method to measure its theoretical efficiency.

Moreover, carrying on with our study initiated in [CSEACO0] we attempt to define
decision procedures for more expressive fragments of DC. Finally we consider doing a
similar work for other real-time logics for which the model-checking problem has been

privileged.
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Linear Time Logic, Conditioned Models, and
Planning with Incomplete Knowledge
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Abstract. The “planning as satisfiability” paradigm, which reduces
solving a planning problem P to the search of a model of a logical de-
scription of P, relies on the assumption that the agent has complete
knowledge and control over the world. This work faces the problem of
planning in the presence of incomplete information and/or exogenous
events, still keeping inside the “planning as satisfiability” paradigm, in
the context of linear time logic.

We give a logical characterization of a “conditioned model”, which repre-
sents a plan solving a given problem together with a set of “conditions”
that guarantee its executability. During execution, conditions have to be
checked by means of sensing actions. When a condition turns out to be
false, a different “conditioned plan” must be considered. A whole condi-
tional plan is represented by a set of conditioned models. The interest of
splitting a conditional plan into significant sub-parts is due to the heavy
computational complexity of conditional planning.

The paper presents an extension of the standard tableau calculus for
linear time logic, allowing one to extract from a single open branch a
conditioned model of the initial set of formulae, i.e. a partial description
of a model and a set of conditions U guaranteeing its “executability”. As
can be expected, if U is required to be minimal, the analysis of a single
branch is not sufficient. We show how a global view on the whole tableau
can be used to prune U from redundant conditions. In any case, if the
calculus is to be used with the aim of producing the whole conditional
plan off-line, a complete tableau must be built. On the other hand, a sin-
gle conditioned model can be used when planning and execution (with
sensing actions) are intermingled. In that case, the requirement for min-
imality can reasonably be relaxed.

1 Introduction

The specification of a planning problem P consists of an initial state, a goal to be
achieved and a set of actions that the agent can execute. A (linear) plan solving P
is a sequence of actions that, when executed, lead from the initial state to a goal
state. Most approaches to planning work under the assumption that the agent
has complete knowledge of the world, its actions have deterministic effects and
the world changes are caused only by the agent’s actions. Conditional planning
faces problems where such assumptions are dropped. The approach followed by
most of the recent work on this area consists in extending partial-order planning

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 70-[84] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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algorithms to find “conditional plans” (see, for instance, [911]). Some logical
approaches to conditional planning have also been proposed: either based on
deduction [48]13], or on model checking [3/[10].

An effective logical approach to (non-conditional) planning is based on the
“planning as satisfiability” paradigm, where planning is reduced to a satisfiability
problem, either in classical propositional logic [67] or linear time logic (LTL) [Il
2]: a planning problem can be described by a set X' of formulae, in such a way
that any model of X' describes a plan solving the problem and vice-versa.

For instance, let us consider the problem where the agent has to enter a
room, passing through a door, that is initially closed. Following the methodology
proposed in [1l2], the problem can be described in LTL by means of the following
set of formulae:

¥ ={ 0O(do_pass — open),

O(do-open — —open),

O(Qin = (in A ~do_pass) V (—in A do_pass)),
O(Qopen = open V do_open),

The first two formulae represent the preconditions for the executability of the
actions do_pass and do_open, respectively. The third and fourth formulae are
the reformulation in LTL of Reiter’s “successor state axioms” [I2]. The fifth
formula represents the agent’s knowledge about the initial state, and the last
one represents the goal. Any model of X represents a plan solving the problem.
For instance, the model where do_open is true at state 0, do_pass is true at state
1 and in is true at state 2. The plan extracted from such a model is the sequence
of actions {do_open, do_pass).

However planning by satisfiability relies on the assumption that the agent has
complete knowledge and control over the world. Let us consider, for instance,
the same problem as before, but where the agent does not know whether the
door is initially open or closed. The problem is represented in LTL by the set X,
obtained from X by replacing the initial state formula —in A —open with —in.
Since there is no information about the state of the door in the initial situation,
no model of Xy represents a correct plan.

Incomplete knowledge about the initial state is not the only source of uncer-
tainty. When the world is not under the agent’s complete control, the state of
the world at a given time point cannot be predicted simply on the base of what
holds before and the agent’s actions. For example, let us assume that the agent
can open the door but the effect of the action is guaranteed for the next state
only, for instance because other agents may pass by and open or close the door;
the agent must enter the room and exit again. The problem is represented by
the set X1 obtained from Xy by relaxing the successor state axiom for open and
modifying the goal formula:
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= { O(do_pass — open),

O(do_open — —open),

O(Oin = (in A =do-pass) V (—in A do_pass)),

O(do-open — Qopen),

in,

Oin A O—in) }

4

In such cases, conditional planning solves the problems by means of conditional
plans. For instance, a conditional plan solving the problem represented by 3 is:

IF the door is open
THEN pass; afterwards, IF the door is open
THEN pass
ELSE open the door and pass
ELSE open the door and pass;
afterwards, IF the door is open
THEN pass
ELSE open the door and pass

The execution of a conditional plan requires sensing: during execution, at each
IF/THEN/ELSE branching, the agent checks the state of the world and follows
the respective branch. A conditional plan can be represented by a tree: each
node N represents a property that must be checked at execution time, the left
subtree of IV is the conditional plan that must be executed if N turns out to be
true, the right subtree is the plan to be executed when N is false.

A conditional plan P can be seen as a set of “conditioned plans’, each cor-
responding to a branch in the tree representing P. For instance, the conditional
plan above can be split into the following set of “complementary” conditioned
plans:

1) IF the door is open THEN pass;
afterwards, IF the door is open THEN pass
2) IF the door is open THEN pass;
afterwards, IF the door is closed THEN open the door and pass
3) IF the door is closed THEN open the door and pass;
afterwards, IF the door is open THEN pass
4) TF the door is closed THEN open the door and pass;
afterwards, IF the door is closed THEN open the door and pass.

Each conditioned plan can in turn be described by means of a linear plan (a
sequence of actions) together with a set of conditions guaranteeing the exe-
cutability of the plan. For instance, the third plan above can be represented by
the pair:

( ( do-open, do_pass, do_pass ),
{ the door is closed at state 0, the door is open at state 2 } )

The interest of splitting a conditional plan into significant sub-parts is due
to the heavy computational complexity of conditional planning [I3]. Instead of
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producing the whole conditional plan off-line, and then executing it, we can
consider the possibility that planning and execution (with sensing actions) are
intermingled. In that case, a single conditioned plan can be generated at first.
During its execution, its conditions are checked by means of sensing actions.
When a condition turns out to be false, a different (complementary) conditioned
plan is generated and considered. Conditional planning can be reduced to the
search for a set of complementary conditioned plans.

In this work we give a logical characterization of a “conditioned model” of
a set X of LTL-formulae (describing a planning problem) (Section 2)). A condi-
tioned model, which represents a conditioned plan, is a pair (S, U), where S is
a partial description of a temporal model of X and U a set of conditions that
guarantee the “executability” of S.

In Section[3 we describe a tableau calculus that allows us to extract a condi-
tioned model (S,U) of X from a single open branch of a tableau for X. As can
be expected, if U is required to be minimal, the analysis of a single branch is not
sufficient. We show (Section M) how a global view on the whole tableau can be
used to prune U from redundant conditions. In any case, if the calculus is to be
used with the aim of producing the whole conditional plan off-line, a complete
tableau must be built. Section [l concludes this work.

2 Conditioned Models

We consider the language of linear time logic over a set of propositional letters
P built by means of the connectives =, A, V and the future time O (always), ¢
(eventually), O (next). Implication and double implication are defined symbols.
For convenience, we restrict the language to formulae in negation normal form,
and consider negation over non atomic formulae as a defined symbol too:

S(AVB) Zaey ~AN-B  ~AANB) Zap ~AV-B  Azgs A
—-0A Zdef O-A -CA Zdef 0-A4 —|OA =def O—\A

For our aims, a non standard way of describing the semantics of LTL is more
convenient. It makes use of labelled formulae, i.e. expressions of the form n : A
where n € IN and A is an LTL-formula. If £ is a literal, then n : £ is a labelled
literal. A set S of labelled literals is consistent if it does not contain both n : p
and n : —p for any n € IN and p € IP. It is complete if for all n € IN and all
pe P, eithern:peSorn:—-pes.

A temporal interpretation M is a consistent and complete set of labelled
literals. If M is an interpretation of IP, n € IN and A is a formula, the relation
M = n : A corresponds to the usual satisfiability relation M,, = A (the n-th
state of M satisfies A) and is recursively defined as follows:

1. MEn:Liff n: ¢ e M, when / is a literal;

2 MEn:ANBif M=En:Aand M En: B;

3. MEn:AVBiffeither MEn:Aor ME=n: B;
4 MER:QAMEMER+1:4;
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5. MEEn:DAiff forall k >n, MEk: A
6. M En:OAiff for some k>n, M=k: A

An LTL-formula A is true in M (and M is a model of A) iff M =0: A. If
X is a set of formulae, M |= X iff M |= A for all A € ¥. From now on, a set X
of LTL-formulae is considered equivalent to {0: A | A € X}.

The rest of this section introduces the notion of conditioned model and its
main desirable properties.

Definition 1. If S is a set of labelled formulae, the history of S up to n, h(S,n),
18
{k:l|k:0e€S, isaliteral, and k < n}

Let Sy be a set of formulae representing a planning problem, according to
the method proposed in [2] (but for the fact that incomplete information is al-
lowed). In particular, we assume that the agent’s tasks and goals are represented
by formulae of the form OG, where G is classical (the approach can easily be
extended to nested goals, assuming only that G does not contain any occurrence
of the O operator). If M is a model of Sy, we are interested in extracting a
set of conditions ensuring the executability of the plan represented by M, to
solve the problem represented by Sy. In other words, we want to “explain” the
executability of M. In general, however, it is not the whole model M that has
to be explained, but only a finite fragment of the model, up to the achievement
of the goals. The following definitions formalize this concept.

Definition 2. Let Sy be a set of labelled formulae, M a model of Sy, S C M
and U C S. Then U is a (sufficient) set of conditions explaining S in the context
of So (briefly, U explains S in So) iff

foralln:0e€S—-U: So,h(Un—1)n:L.

The condition above amounts to saying that, for all n : £ € § — U and for
every model M’ of Sy, if M’ is also a model of the subset h(U,n — 1) of the
history of U up to n — 1, then M’ = n : £, too. In informal terms, h(U,n)
“explains”, in the context of Sy, all that happens, according to S, up to the
n-th state. If S implies that the goals are achieved before the n-th step, then
h(U,n — 1) actually guarantees the achievement of the goals.

Definition 3. Let Sy be a set of labelled formulae representing a planning prob-
lem. A conditioned model of Sy is a pair (S,U), where S C M for some model M
of So, U explains S in Sy and S satisfies the goals in Sy, i.e. for all0: OG € Sy,
S En:G for somen.

A conditioned plan solving the problem encoded by X' can be extracted from
the set U of conditions of a conditioned model of X, by dropping negative literals
representing actions and splitting the rest of U into the set of atoms representing
actions and the fluents (conditions guaranteeing the executability of the plan).

For instance, let us consider the set X of Section 1, and the following subset
S of one of its models:
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:open, 0:do_pass, 0: —do-open, 0: —in,

: —open, 1:—do_pass, 1:do_open, 1:1in,
:open, 2 :do_pass, 2 :do_open, 2 :in,

: open, 3 :—~do_pass, 3:-do_open, 3: —in}

W = O

S implies that all the goals are achieved at the third state. The set:

U={0:open, 0:do_pass, 0:—~do_open
1: —open, 1:-do_pass, 1: do_open,
2 : do_pass, 2 : —do_open,
3 :open, 3:—do_pass, 3:—do_open}

is a set explaining S in Y. In fact:

S—-U= {O —in, 1:in, 2:open, 2:in, 3:—in}
h(U,—1) =

h(U,0) = {O open, 0: do_pass, 0: ~do_open}

h(U,1) = h(U,0) U {1 : —open, 1:—do_pass, 1: do-open}

h(U,2) = h(U,1) U {do-pass, 2 : ~do_open}

and
21 |=O—|m 21, h(U,].) ':2ZTL
1, h(U,0) E1:in 1, h(U,2) = 3:—in
X1, h(U,1) =2 : open

Omitting the negative “action” literals, U can be read as saying:

IF 0 : open, 0 : do_pass, 1 : —open, 1 : do_open, and 2 : do_pass,
THEN the goal is achieved.

The conditioned plan that is extracted from U is then:
(0 : do_pass, 1: do_open, 2 : do_pass) if {0 : open, 1: —open}

Obviously, if U = S, then (S, U) is trivially a conditioned model of X. So, we
are interested in finding “non trivial” sets of conditions. This issue is addressed
in Section [4l

3 Conditional Tableaux

This section introduces a tableau system that, given a set X' of satisfiable LTL-
formulae, allows one to compute a conditioned model of X'. The calculus is mainly
a labelled version of the standard tableau system for LTL [I6]. Moreover, to each
labelled formula is associated a set of “conditions” C', in such a way that, when
a non empty set C' is associated to n : ¢, then n : £ is included in the set of
conditions to be computed.

Tableau nodes are conditioned labelled formulae (cl-formulae), i.e. expressions
of the form n : A if C, wheren : A is a labelled formula and C is a set of labelled
formulae (parentheses will sometimes enclose cl-formulae to enhance readability).



76 M. Cialdea Mayer and C. Limongelli

A cl-formula n : A if @ is abbreviated by n : A. If X' is a set of LTL-formulae,
the initial tableau for X' is the one-branch tableau whose nodes are 0 : A for all
Ae X,

The next definition introduces some useful notions.

Definition 4.
1. If K is a tableau branch, then
forms(K)={n:A|(n: Aif C) € K for some C}
2. The notion of history is generalized to sets K of cl-formulae as follows:

hMEK,n)={k:L|k:Le forms(K), ¢ is a literal, and k < n}

n:AANB if C
n:AifC
n:BifC

(@)

n: AV B ifC
n:AifCU{n:-B} n:BifCU{n:-A}

(8)

n:0A if C
n:AifC
n:QOA if C

(¥)

n: QA ifC
n:Aif{n: A}uC n:OCA if {n:-A}UC

(m)

L (K)
n:QAfC () Where C'=Qif h(K,n) = C,
n+1:AifC’ otherwise ¢’ = C.

Fig. 1. The conditional tableaux expansion rules

Tableaux are expanded by means of the rules displayed in Figure[l In the
(O-rule, K is the branch being expanded. Note that the call to a theorem prover
for LTL required by such a rule can be expected to face a quite simple problem,
since h(K,n) is a set of cl-literals.
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Next we define when a branch is complete and when it is closed, what is the
set U(K) extracted from a branch, and the temporal interpretation represented
by a branch.

Definition 5. Let K be a tableau branch.

1. K is completely expanded at n (or n-complete) iff every non-literal formula
labelled with k < mn in K has been expanded.

2. K islooping if there are m,p with p > 0 such that K is completely expanded
at m+p and

{Alm:0A¢€ forms(K)} ={A|m+p: QA€ forms(K)}

Then K 1is said to be “periodic” with starting index m + 1 and period p.
K is complete if it is either looping or n-complete for all n.
K contains an unsatisfied eventuality if n: CA € forms(K) and:
a) either K is p-complete for all p or periodic with starting index m > n,
and k : A& forms(K) for all k > n;
b) or K is periodic with starting index m < n and period p, and k : A ¢
forms(K) for all k such that m < k <m + p.
5. K is closed if one of the following conditions holds:
a) forms(K) contains a formula n: A and its negation n : —A.
b) K is complete and it contains some unsatisfied eventuality.
6. lits(K) ={n: 4| ¢ is a literal and n : £ € forms(K)}
7. UK)={n:£L]|Lisaliteral, n: £ &€ K and (n: £ if C) € K for some
C #0}
8. unfold(K) is the model (rather, the set of models) represented by K :

> o

lits(K) if K is not a looping branch

lits(K)U{k+p+i:L|k+i:Lelits(K),i e N}
if K is periodic with starting index k
and period p

unfold(K) =

9. A tableau is complete iff all its branches are complete. It is closed iff all its
branches are closed.

If K is a complete and open branch in a tableau for Ky, then unfold(K)
represents a model of Kq (see Theorem[I|below) and U (K) is the set of conditions
explaining lits(K) in the context of Ky (Theorem [2)). As an example, consider
the following set of sentences, representing a simplified planning problem:

Y ={ —in, do_pass — open, Qin = do_pass, <in }

A branch in a tableau for such a set of sentences shown in Figure [, where the
order in which the nodes are expanded is displayed on the right. The cl-literals
in the branch are
{0: —in, 0:open if {0: do_pass}, 0 : dopass if {0: Qin},
1:in, 1:in if {1:in}}

and U(K) = {0 : open, 0 : do_pass}.
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0:—in
\

0 : do_pass — open (1

|
0: Oin — do_pass (2

)

| (2)
0: do_pass — Qin (3)
0: din (4)

-/O:dop> if {0 : Oin}
/OC)m\zf{O do_pass} (5)
-/0%‘ {0: —in} (6)

1: <‘>m (7)

1:in if {1:in}

Fig. 2. A branch in a tableau for {—in, do_pass — open, Oin = do_pass, Oin}

3.1 Properties of the Calculus

The semantics of cl-formulae just ignores the “conditional” part:
MEMmM:AiyC) iff MEn:A

The other basic semantical notions are extended to cl-formulae in the obvious
way.

It can easily be recognized that, if the C-parts of the tableau nodes are
ignored, the calculus is a labelled version of the standard tableau calculus for
LTL [16]: the time point at which a given formula is assumed to hold is identified
by its numerical label, instead of its “context”, i.e. the whole set of formulae
labelling a tableau node. From this equivalence it follows that:

Theorem 1. If M = X then there is a branch K in any tableau for X such
that M |= K, hence in particular lits(K) C M. Vice-versa, every complete and
open branch K in a tableau for X represents a model of X: i.e. for all M, if
unfold(K) C M, then M = X.
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As a consequence, the calculus is sound and complete in the standard sense.
The main concern of this work consists however in showing that U(K) is a set
of conditions explaining lits(K) in the context of the initial tableau. The next
theorem states in fact that U(K) is large enough.

Theorem 2. Let K be a complete and open branch in a tableau for Ky. Then
(lits(K),U(K)) is a conditioned model of K.

Proof. By Theorem[, un fold(K) |= Ky, therefore lits(K) is a subset of a model
of Ky. The fact that, for all labelled literal n: £ € K — U(K):

Ko, h(UK),n—1)En:¥¢

is proved by showing that, if n : A if C' is a node in a branch K of a tableau
initialized with K, then

Ko, h(UK),n—1),CEn:A

The latter assertion can easily be proved by induction on tableaux.

Finally, let 0 : ©G be a goal in Kj. Since K does not contain any unsatisfied
eventuality, n : G € forms(K) for some n > 0, and, since K is complete and G
is classical, lits(K) = n : G. Therefore lits(K) satisfies all the goals in Kj.

Assuming that the O-rule is never applied to a formula n : O A before another
rule is applied to any formula labelled by n, it can be shown that if (n : £ if C') €
K, where K is a tableau branch, and h(U(K),n — 1) | C, then n : £ € U(K).
However, if K is any complete and open branch in a tableau initialized with Ky,
then U(K) is not necessarily a minimal set of conditions explaining lits(K) in
the context of Ky, i.e. a minimal subset X of lits(K) such that for all n : ¢ €
lits(K)—X, Ko,h(X,n—1) En: £ It may even happen that some n : ¢ belongs
to U(K), for some complete and open branch K in a tableau initialized with Ko,
even if Ky = n : €. Consider for instance Ko = {0: AVB, 0: A —p, 0: B — p}.
Clearly, Ko = 0 : p, although 0 : p occurs “conditioned” in any branch in a
tableau for K. Figure Bl shows a branch in a tableau for K.

4 Minimality

Let Sy be a set of labelled formulae, and (S, U) a conditioned model of Sy. Then
U is a minimal set of conditions explaining S in the context of Sy iff no proper
subset of U explains S in Sj.

Consider for instance the set X of Section Bl (page[77) and the corresponding
set of labelled formulae:

So={0:—in, 0:do_pass — open, 0: Oin = do_pass, 0: in }
Let S be the following subset of a model of Sy:

S ={0:—in, 0:open, 0:do_pass, 1:in}
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0: AVvB
\
0:A—p
|
0:B—p

0:Bif{0: A}

0:—-Aif {0:—p}
0:pif{0: B}

Fig. 3. A branch in a conditional tableau for {AV B, A — p, B — p}

A minimal set X such that foralln: £ € S—X: So,h(X,n—1) En:{is
X = {0: dopass, 0: open} (X represents the conditioned plan “IF 0 : open
THEN 0 : do_pass”). In fact S — X = {0: —in, 1:in} and

So = 0: —in
So, 0:do_pass, 0:open =1 :in

And no subset of X explains S in Sy. In fact, So £ 0 : open and Sy [~ 0 : do_pass,
so that both 0 : open and 0 : do_pass must be in X.

Note that the notion of “minimal explanation” adopted here is different from
the corresponding notion used in abductive reasoning. In that context, X would
not be considered “minimal”, since Sy, 0 : do_pass = 0 : open.

The following result shows that minimality of a set U of conditions is equiva-
lent to a property that can be checked “locally”, i.e. without considering all the
proper subsets of U.

Lemma 1. If (S,U) is a conditioned model of Sy, then U is minimal if and only
if foralln:LeU: So,h(Un—1)FEn:/L.

Proof. In fact, let us assume that U is not minimal, i.e. for some n : £ € U
X =U - {n: ¢} explains S in Sy. Since n : £ € X, Sp,h(X,n—1) En: L
Therefore also So, h(U,n — 1) En: £ (since X C U).

Vice versa: let us assume that for some n : £ € U, So,h(U,n—1) =n : L.
Consider X =U —{n: ¢} andany k: ¢’ € S— X. If k = n and ¢’ = ¢, then
So,h(X,k —1) = k : ¢ by hypothesis. Otherwise, k : ¢/ € S — U, therefore
So, h(U,k — 1) =k : £'. Since So, h(U,k — 1) = n : £, then also
So,h(Uk—1)—{n: L} Ek: ¥ ie So,h(X,k—1) = k:¢. Therefore U is not

minimal.

By Theorem [[] minimality of U(K) can be obtained if the following “simpli-
fication rule” is added to the calculus:
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L (K)
n:lif C  if Ko,h(K,n—1)En:¢,
n:/t where K is the initial tableau

However, the recursive call to the theorem prover required by this rule would be
quite expensive.

Here we present an alternative method, consisting in filtering U(K) with
information obtained by a global view on the tableau. Intuitively, in order to
check whether Ko, h(K,n — 1) = n: ¢, the tableau for K, that is being built is
exploited.

The next definition introduces a subset of U(K') which can be proved to be
minimal.

Definition 6. Let T be a tableau for Ko and K a complete and open branch in
T. Then

UK)=U(K)—={n:{| for all branches K; in T, K;,h(K,n—1) En:(}

Remark 1. If n: £ € U(K) —U*(K), then Ko, h(K,n—1) = n: (. In fact, let us
assume (by contraposition) that Ko, h(K,n —1) £ n : £, for some n : £ € U(K),
and M is a model of Ko U h(K,n — 1) U {n : =£}. By Theorem [, there is a
branch K; in T such that M = K;, and consequently K;, h(K,n —1) £ n : L,
ie.n:leU*(K).

We note, first of all, that, in the context of K¢, h(K,n) and h(U*(K),n) are
equivalent:

Lemma 2. If K is a complete and open branch in a tableau for Ky, then for all

n: L e lits(K), Ko, h(U*(K),n) En: L.

Proof. By Theorem [ lits(K) and U(K) are equivalent in the context of Ko,
ie for all n : £ € lits(K), Ko, h(U(K),n) = n : £. Therefore, it suffices to
show that, in the context of Ky, U(K) and U*( ) are equivalent, i.e. that
forall n : £ € U(K), Ko, h(U*(K),n) En: {0 Ifn:{ e U(K), trivially
Ko, h(U*(K),n) E n : L. Let us assume then that n:leUK)andn:{ &

U*(K), i.e. for all branches K; in 7, K;,h(K,n—1) E n : £. We prove that

Ko, h(U*(K),n) = n : £ by induction on n.

1. If n=0and K; =0: ¢ for all branches K; in T, then Ky =0 : £ by Remark
M since h(K,n—1) = Q.

2. If n > 0, let us assume (inductive hypothesis) that for all k& < n and
k:leUK), Ko,h(U*(K),k) Ek: ¢, ie. if k <n then U(K) and U*(K)
are equivalent in the context of Kj. Since, by hypothesis, for all branches
K;in T, Ki,h(K,n — 1) E n : £, by Remark [l Ko,h(K,n —1) = n : £
By Theorem [2, Ko, h(U(K),n — 1) = n : £; by the inductive hypoth-
esis, Ko, h(U*(K),n — 1) E n : ¢ since n — 1 < n, and then also
Ko, h(U*(K),n) |+ £
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The next theorem establishes that U*(K) indeed explains lits(K) in Ky, i.e.
that U*(K) is still “large enough”.

Theorem 3. Let T be a complete tableau for Ky and K an open branch in T .
Then for alln: ¢ e K —U*(K), Ko, h(U*(K),n—1)Fn:/{.

Proof. Exploiting Lemmal[2 it is sufficient to prove that for alln : £ € K—U*(K):
Ko, h(K,n—1)En: £ Ifn: 0 e K—U(K), this follows from Theorem 2 If
n:leU(K)—U*(K), then Ko, h(K,n—1) = n : £ follows from Remark [I.

Finally, we prove that U*(K) is minimal:

Theorem 4. Let T be a tableau for Ko and K a complete and open branch in
T. Then U*(K) is a minimal set of conditions for lits(K) in Ko, i.e. for all
n:LeU*K), Ko, h(U*(K),n—1) En: L.

Proof. We show that if Ko, h(U*(K),n—1) =En: ¢ thenn:{ g U*(K). Let us
assume that Ko, h(U*(K),n—1) En: £, hence also (x) Ko, h(K,n—1) En: ¢
Ifn: ¢ & U(K), then also n : £ ¢ U*(K). So, it is sufficient to show that if
n : £ € U(K) then for any branch K; in the tableau, K;, h(K,n —1) = n : £
Let us assume, by absurd, that for some branch K; and some interpretation M,
M E K; Uh(K,n—1)U{n : =¢}. Since trivially a model of any branch of the
tableau is also a model of a sub-branch, M E Ko U h(K,n — 1)U {n : =£},
contradicting ().

Computing a minimal set of conditions explaining lits(K) in K is necessarily
more expensive than computing a non-necessarily minimal one. A way how this
can be achieved is the following: after having built a complete and open branch
K and computed U(K), all the other open branches Kj, ..., K,, are considered.
For each n such that a literal n : ¢ belongs to U(K), h(K,n — 1) is added
to K, for all 4 = 1,...,m, and the branches obtained in that way are (possibly)
expanded further to obtain complete ones. If n : £ occurs in all the open branches
obtained in this way, then n : £ is eliminated from U(K). In fact, obviously,
K ,h(K,n—1) = n: £ if and only iff n : £ occurs in all the open branches in
a tableau for K; U h(K,n — 1). This method can be applied in an incremental
fashion, considering in turn all the literals labelled by 0, then the literals labelled
by 1, and so on. In such a way, the recursive calls to the theorem prover exploit
the work already done sofar.

5 Concluding Remarks

In this work we have defined the notion of conditioned model of a set of formulae
X, that consists of a partial description S of a model of X' together with a set
U of conditions guaranteeing the “executability” of .S. Moreover, we propose an
extension of the standard tableau calculus for LTL so that a conditioned model
of a set X of formulae can be extracted from any complete and open branch
of a tableau for X. As can be expected, the set U of conditions extracted from
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the analysis of a single branch is not necessarily minimal. In order to prune U
from redundant conditions, the whole tableau must be built and each of its open
branches possibly expanded further.

When not only a single conditioned plan is looked for, but a whole set of
complementary ones, the construction of a single tableau branch is not sufficient
in any case. We notice, in this respect, that the theorem prover ptl [5] used
by the planning system described in [2] (and whose comparison with other ex-
isting planning systems has given encouraging results) builds the whole graph
representing a tableau, before a single branch is analysed in order to extract
a model. Conditional planning can therefore be accomplished by means of a
non-substantial modification of the algorithm underlying pt1.

As a further remark, we observe that the requirement for minimality can
reasonably be relaxed when a single conditioned model is to be used because
planning and execution (with sensing actions) are intermingled. On the other
hand, some preliminary experiments with a simple prototype, implementing the
system described in this work, have always produced a minimal set U(K) ex-
plaining lits(K) in the context of the initial set of formulae.

Note, finally, that the same machinery can deal with conformant planning
[15], i.e. the search for non-conditional plans succeeding no matter which of the
allowed states the world is actually in. A conformant plan in fact corresponds
to a conditioned plan with empty conditions.

Directions for future work include:

— the definition of a calculus aiming at producing finite temporal models of
the initial set of formulae, in view of the fact that a plan consists of a finite
sequence of actions. The calculus would be simplified in this case by the
absence of open looping branches (by Lemma 4.5 in [I4], such models can
be discarded). Possibly, also the computation of a minimal set of conditions
is simplified.

— The study of reasonable rules acting on the C-part of cl-formulae and allow-
ing one to restrict the set of conditions associated with a branch.

— The analysis of the syntactical form of the encoding of planning problems,
and its possible relations with minimality.

Acknowledgements. The authors thank the anonymous referees of this work
for their precious comments and suggestions.
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Abstract. The clausal resolution method for propositional linear-time temporal
logics is well known and provides the basis for a number of temporal provers. The
method is based on an intuitive clausal form, called SNF, comprising three main
clause types and a small number of resolution rules. In this paper, we show how
the normal form can be radically simplified and, consequently, how a simplified
clausal resolution method can be defined for this important variety of logic.

1 Introduction

As computational systems become more complex, it is increasingly important to be able
to verify that the system behaves as required. While a computational system can be
tested in many ways, it is only through formal verification that we have the possibility of
establishing the correctness of the system in all possible situations. However, complex
systems in turn require powerful formal notations, in particular logics such as temporal
logic. Temporal logics are extensions of classical logic, with operators that deal with time.
They have been used in a wide variety of areas within Computer Science and Artificial
Intelligence, for example robotics [[17], databases [[18], hardware verification [[10] and
agent based systems [[16]. In particular, propositional temporal logics have already made
significant impact within Computer Science, having been applied to:

the specification and verification of distributed or concurrent systems [14];
the synthesis of programs from temporal specifications [15413];

the semantics of executable temporal logic [9];

algorithmic verification via model-checking [[10J2]; and

knowledge representation and reasoning [6/1,20].

In developing such techniques, temporal proof is often required, and we base our work
on practical proof techniques on the clausal resolution approach to temporal logic. The
clausal resolution method for propositional linear-time temporal logics provides the basis
for a number of temporal provers. The method is based on an intuitive clausal form, called
SNF, comprising three main clause types and a small number of resolution rules [[7].
While the approach has been shown to be competitive [11112]], we here re-address the
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basic form of the resolution method. In particular, we here show that the normal form
can be radically simplified and, following on from this, a simplified resolution method
can be defined for this important variety of temporal logic. Thus, the main benefits of
the reductions described in this paper are that they produce a temporal normal form that

provides a cleaner separation between classical and temporal reasoning,

ensures more streamlined use of simplified temporal resolvents (without the need
for further transformation),

is simpler, involving only one (unconditional) eventuality formula, and

since there is only one eventuality, then no heuristics/strategy is needed for choosing
which temporal formula to apply temporal resolution to.

It turns out that if a given problem contains only one conditional eventuality clause, then
the simplified resolution can be applied immediately without any reductions. At the same
time we show the necessity to reduce conditional eventuality clauses to unconditional
ones if a problem contains more than one eventuality.

We believe that all of these factors, as well as simplifying the method itself, will have
significant impact upon practical temporal resolution tools.

The structure of the paper is as follows. In §2), we provide an overview of the propo-
sitional temporal logic considered and the normal form used (see [7]] for further details).
‘We then proceed to describe and analyse two key reductions:

1. from conditional eventuality clauses to unconditional eventuality clauses (§4));
2. from multiple unconditional eventuality clauses to a single unconditional eventuality

clause (§7)).

These reductions not only radically simplify the normal form and the resolution calculus,
but initial results indicate that they can improve the speed of practical resolution systems
in certain cases.

The simplified clausal resolution procedure is given in 3 and §3l The case of one
eventuality is considered in §6. The results of these sections refine those given in [3]; an
extension of the simplified resolution calculus to fragments of first-order temporal logic
has been considered in [415]].

2 Preliminaries

We define the temporal logic we use based on the following symbols:

— atomic propositions Prop =a,b,c...,p,q,7...;

— Boolean operators -, A, =, =, V, true (‘true’), false (‘false’);

— temporal operators  start (‘at the initial moment of time’), [ ] (‘always in the
future’), ¢ (‘at sometime in the future’), O (‘at the next moment’), S (‘since’, a
past-time operator).

For the interpretation of the formulas in the logic, we use discrete structures 9t = (S, I)
where S = sq, s1, S2, . . . is a linearly ordered infinite sequence of states such that each
state, s; (0 < i), represents those elements of Prop which are satisfied at the 7*"* moment
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of time, and I is an interpretation function Prop — 2°. Below we define a relation ‘=,
which evaluates temporal formulas at an index ¢ € N in a model 9t abbreviating with
M (p) a subset of S where p is true (we omit the standard definitions of the Boolean
operators).

(M,i) Ep iff e M;i(p) [for p € Prop]

(IM,q) =start  iff =0

(Mm,:) =B iff foreach j, if i < j then (MM, j) E B

(M,i) = OB iff there exists j such thati < j and (9, ) = B

(M,i) =OB  iff (Mi+1) B

(M,i) = ASB iff thereexistsak € N, suchthat0 < k < ¢and (9, k) = B

and, forall j € N, if £ < j < i then (0, j) = A

Definition 1 (Satisfiability). A formula R is satisfiable if, and only if, there exists a
model I such that (M, 0) = R.

Definition 2 (Validity). A formula R is valid if, and only if, it is satisfiable in every
possible model, i.e. for each 9, (M, 0) = R.

Clausal temporal resolution, introduced in [§]], operates on formulas in Separated Normal
Form (SNF):
D /\ Ai )

where each A; is known as a PLTL-clause and must be one of the following forms with
each particular k,, ks, [, 4, and [ representing a literal.

start = \/l.  an initial PLTL-clause
N ko = OV 14 a step PLTL-clause
d

a
N ko = Ol a eventuality (sometime) PLTL-clause
b

(For convenience, the outer ‘[ ]’ and ‘A’ connectives are usually omitted.)
An eventuality PLTL-clause is called unconditional if it has the form 1.

It is known [7] that a PLTL-formula is satisfiable if, and only if, a set of temporal
clauses is satisfiable. When a temporal formula is translated into the SNF form (see [7]]
for full details), we essentially apply a set of the transformation rules based upon the
renaming of complex expressions by new propositions and upon the substitution of
temporal operators by their fixpoint definitions.

3 Temporal Resolution for the Unconditional Eventuality Case

We extend the notion of a PLTL-clause by allowing arbitrary Boolean combinations
of propositions and giving a simplified normal form called Divided Separated Normal
Form (DSNF). Further, we consider unconditional eventuality PLTL-clauses only (and
give a reduction to this case). We (ambiguously) refer to these new entities as clauses.

A propositional temporal specification, SP, is a triple consisting of:
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—_

. an universal part, U, given by a set of propositional formulas (clauses);
2. an initial part, Z, with the same form as the universal part; and
3. astep part, S, given by a set of propositional step temporal clauses of the form:

P=0Q (step clause),

where P and () are Boolean combinations of propositional symbolsE].

(To relate these new clauses with the old ones, we note that the initial part corresponds
to initial PLTL-clauses, step part corresponds to step clauses, and any clause C' from the
universal part can be represented by the pair: start = C, true = OC')

An unconditional eventuality temporal problem, P, whose satisfiability we are inter-
ested in, consists of a temporal specification SP with

4. an eventuality part, £, given by a set of unconditional eventuality clauses of the form
Ol, where [ is a literal.

This combination is denoted P = SP U £.

A literal [ from an eventuality clause is called an eventuality literal. Step clauses will
also be referred to as step rules. Without loss of generality, we can assume that there are
no two different temporal step clauses with the same left-hand sides.

In what follows we will not distinguish between a finite set of formulas X and the
conjunction A X of formulas in it. To each unconditional eventuality temporal problem,
we associate the formula

IANLIUNLISALIE.

When we talk about particular properties of temporal problems (e.g., satisfiability, valid-
ity, logical consequences etc) we mean properties of the associated formula. The similar
agreement takes place for specifications.

The inference system we use consists of an (implicit) merging operation
Pl :OQla---aPn :>OQn
n n
ANPi=0OA\Q
j=1 j=1

b

(whose result is a logical consequence of its premises) and the following inference ruled’.
Due to our understanding of the temporal problem, the premises and conclusion of the
rules are (implicitly) closed under [ ] operator.

Let A = OB, A; = O B; be merged step rules, U be the (current) universal part of
the problem.

A= OB
— Step resolution rule w.r.t. U: ﬁiAO (OU,), whereld U{B} L.

! We could still restrict ourselves (e.g., for implementation purposes) to formulas in clausal form:
(prAp2A...ADE) = O(@VagV...Vaq).

% Note that, if the premises of the rules are given in clausal form, the result of applying these
rules is a clause (or set of clauses for the sometime resolution rule).
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— Sometime resolution rule w.r.t. U

A1:>OBl7 ey An:>OBn Ol (<>Z/{ )
(A —4i)

i=1

where A; = O B, are merged step rules such that the loop side conditions

UU{B;, I} L and UU{B;, \ ~A;}FL forall ie{l,....,n}
j=1

are satisfied. (The side conditions imply validity of \/ A; = [JO=I. Indeed,
VAj = \/OBJ = O \/Bj = O_\l and \/Aj = VOBJ = O \/B] =
O V A;; the formula \/ A; can be considered as an invariant formula.)

— Sometime termination rule w.r.t. U
The contradiction L is derived and the derivation is (successfully) terminated if
U U {l} FL, where [ is an eventuality literal.

— Initial termination rule w.r.t. U
The contradiction L is derived and the derivation is (successfully) terminated if
UUT L.

Successful termination means that a given problem is unsatisfiable.

Note 1. All clauses generated by our inference rules are universal. Hence, the proof
procedure does not change the Initial, Step and Eventuality parts of the temporal problem.
Astothe Universal part, itis extended step by step until one of termination rules is applied.

Note 2. The sometime resolution rule above can be thought of as two separate rules:

— Induction rule w.r.t. U
A =0OBy, ..., A,=0OB,
(V A) = O
i=1

(ind“) ,

(with the same side conditions as the sometime resolution rule above).
— Pure sometime resolutiorﬁ

n

(VA)=00-~ 0l
n (Qres) .

3 We could as well formulate this rule in a more “traditional” form, with O Ol as the second
premise of the rule. However, note that @ A [ JO Ol is satisfiable if, and only if, & A [l is
satisfiable for any temporal formula &.
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4 Reduction to the Unconditional Eventuality Case

Suppose we are interested in satisfiability of @ U { [ (P = 0q)}, where @ is a set of
propositional temporal formulas. Let us consider two clauses:

LI((P A —q) = waitforQ) (1)
L ((waitforQ A O—q) = O waitforQ) 2)

where waitfor(@ is a new propositional symbol. The first clause is universal, the second
is translated into a step clause waitfor@ = O (q V waitfor@). Let us note that clauses
() and @) are logical consequences of a formula [ |(q = —~waitforQ).

Theorem 1. & U {[ (P = {Oq)} is satisfiable if, and only if, ¢ U {(), @)} U
{JO~waitforQ} is satisfiable.

Proof. (=) Let 9 be a model of & U {[ J(P = 0q)}. Let us extend this model
by a new proposition waitfor@ such that, in the extended model, 9, formulas (@), @)
and [ JO—waitfor@ would be true. In order to define the truth value of waitfor@, in
n-th moment, n € N, we consider two cases depending on whether 9t = [ JOP or

M= O[]-P.

— Assume M = [ ]OP. Together with [ (P = {q), this implies that 0 = [ 10q.
For every n € N let us put

(M, n) E ~waitforQ < (M, n) Eq (& (M,n) E q).

— Assume 9 |= O [ ]—P. There are two possibilities:
e 9 = [|=P. In this case let us put (M, n) | —~waitfor@ foralln € N.
e There exists m € N such that (9, m) = P and, for all n > m, (9, n) = —P.
These conditions imply, in particular, that there is k > m such that (9, k) = ¢
if the formula is satisfiable. Now we define waitforQ in 9 as follows:

(M, n) | —waitforQ < (M, n) Eq if n <k,
(M, n) | ~waitforQ if n>k.

It is easy to see that 9V is a required model.

(<) Letus show that [ (P = {q) is a logical consequence of ¢ U {(I), @) } U
{J0~waitforQ}.
Let 9 be a model of & U {(I), @)} U { [JO—waitforQ}. By contradiction, suppose
M = 1P = Oq), thatis, M’ |= O(P A []—q). Let m € N be an index such that
(M, m) = P and for all n > m, (M’,n) = —q). Then from (1) and () we conclude
that for all n > m (9, n) | waitforQ) holds. However, this conclusion contradicts
the formula []Q—waitforQ which is true in 9.

Lemma 1. The growth in size of the problem following the reduction from a conditional
to an unconditional eventuality temporal problem is linear in the number of conditional
eventualities occurring in the given problem.

Proof. Follows from the proof of Theorem/[I]
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Example 1. Consider the following set of formulas containing two eventuality literals:

.a N —|l1 N —|l2

((a = O(=an (y Vis) A (=ly V —lo)))
(_‘a ANl A _|12) = O("CL A _‘ZQ))
(ma A=l Alg) = O(na Al Alg))

S Gt N

We reduce it to an unconditional eventuality problem as given by Theorem 1l

I={lan-liA=l>} 2.a= O(=an (i Vi) A (=l V=)
U — 9. aN-l] = wly 3. (—\a/\ll /\—\lg) éO(—'a/\ll/\—'ZQ)
- 10. a/\ﬁlg :>U}12 S = 4. ("Q/\_\ll /\lg) = O(—u/\—'ll /\12)

e [11. 0wl 7wl = Ol V wly)
T 12, O—wly 8. wly = O(l2 V wlz)

The derivation given below involves the following merged step clauses:

13. (CI,/\ wly A wlg) = O((—'CL A=l ANlg A U)ll) V ("Cl AlL A=lg A wl2))
14. (_‘CL ANli A =lg A U)lg) = O(—\a A1 A =ly A U}ZQ)
15. (_‘a A\ _|ll A\ 12 N wll) = O("G, A\ _‘ll A\ l2 A\ wll)

(Clause 13 is obtained by merging clauses 2, 7 and 8, clause 14 by merging 3 and 8, and
clause 15 by merging 4 and 7.)

Clause 14 gives a loop for resolution with 12, and clause 15 gives aloop for resolution
with 11 resulting in two new universal clauses:

16. aV =l Vs V —wly [ sometime resolution 14 and 12 ]
17.a VI V —ly V —wly [ sometime resolution 15 and 11 ]

LetU; beld U{16,17}. Then the step resolution of 13 with respect to I/, can be applied:
18. —a V ~wly V ~wly [ step resolution 13 w.r.t U]
Let U be Uy U{18}. Because Uy UZ L, the initial termination rule can be applied and

the derivation is terminated. It follows that the given set of formulas is unsatisfiable.

5 Completeness of Simplified Resolution

From consideration of the models, it straightforwardly follows that:
Theorem 2 (soundness). Temporal resolution rules preserve satisfiability.

To show completeness of the simplified system we adapt the completeness proof of the
original system [7] as follows.
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Notation. We consider interpretations (or valuations) of a set of propositional symbols
(or atoms) £ as Boolean functions over £, that is, functions I: £ — {0, 1}. A proposition
p € L is called true in I if, and only if, I(p) = 1 and false otherwise. This notion of
truth and falsehood is extended in the usual way to literals and formulas built over L. If
E is an atom, literal, or formula such that E is true in I, then we write I = F, and we
write I = E if E is false in 1.

Definition 3 (behaviour graph). Given a specification SP =< U,Z,S > over a set
of propositional symbols L, we construct a finite directed graph G as follows. The nodes
of G are interpretations of L, and an interpretation, I, is a node of G if I = U.

For each node, I, we construct an edge in G to a node I' if, and only if, the following
condition is satisfied:

— Forevery step rule (P = OQ) € S, if I E PthenI' E Q.

A node, I, is designated an initial node of G if I |= T UU. The behavior graph H of SP
is the maximal subgraph of G given by the set of all nodes reachable from initial nodes.

Itis easy to see the following relation between behavior graphs of two temporal problems
when one of them is obtained by extending the universal part of the other.

Lemma 2. Let SP; =< Uy,Z,S > and SPy =< U3, Z,S > be two specifications
over the same set of propositional symbols such that Uy C Us. Then the behavior graph
Hs of SPs is a subgraph of the behavior graph H, of SP;.

Proof. The graph H» is the maximal subgraph of H; given by the set of all nodes whose
interpretations satisfy Us and that are reachable from the initial nodes of H; whose
interpretations also satisfy {fs. ad

Definition 4. Let I, I’ be nodes of a graph H. We denote the relation “I' is an immediate
successor of 17 by I — I, and the relation “I' is a successor of I” by I —+ I,

Lemma 3 (existence of a model). Ler P = SP U & be an unconditional eventuality
temporal problem. Let H be the behavior graph of SP such that both the set of initial
nodes of H is non-empty and the following condition is satisfied:

VIVIAT(I T I'AT =1, 3)

where I,I' are nodes of H and {1 € E. Then P has a model.

Proof. 1t follows from the conditions of the lemma that all paths through H are infinite.
We can construct a model for P as follows. Let I be an initial node of H and [+, ..., [,, be
all eventuality literals of £. Let 7 be the infinite path I, I1, ..., Ix,, Ty 41, -« 5 Ly - os
whereforall¢ > Oandj > 1,1, . iy = ;. It follows by the construction of the behavior
graph that the sequence of interpretations given by 7 is a model for P.

Indeed, all nontemporal clauses and all step clauses of P are satisfied on this sequence
immediately by the definition of the behavior graph of SP. Now, let us take an eventuality
clause ¢/; and a node I, on 7. By construction of m, there is a node I, , iy such
I, =% Iy, and I}, .. - = 1;. It implies that Ql; is satisfied at the moment v. O
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Note. This lemma remains valid in the case when a temporal problem does not contain
eventualities. In this case the (sufficient) condition assumes the form

VI3I'(I —* 1), 4)

which simply says that P has a model if all paths through H are infinite.

Theorem 3 (completeness). If an unconditional eventuality problem P = SP U £ is
unsatisfiable then the temporal resolution procedure will derive a contradiction when
applied to it.

Proof. The proof proceeds by induction on the number of nodes in the behavior graph
H of SP, which is finite. Let SP =< U,Z,S§ >. If H is empty then the set & U
T is unsatisfiable. In this case the derivation is successfully terminated by the initial
termination rule.

Now suppose H is not empty. Let I be a node of H which has no successors. In this
case there exists a set of step rules { Py = OQ1, ..., Pn = OQm}, m > 0, such that
forall1 <4 < m,I |= P; but the set i/ U {Q1,...Q.,} is unsatisfiable. So, we can
derive by the step resolution rule a new clause =P V ...V —F,,. Adding this clause to
the set U results in removing the node I because I = —P; V...V —P,,. Let us note
that if m = 0 the set &/ would be unsatisfiable in contradiction to the supposition H is
not empty.

Now we consider another possibility when all nodes of H have a successor. Note
that in this case £ cannot be empty. Because P is unsatisfiable the following condition
(the negation of condition (@) concerning the existence of a model given in lemma [3))
holds:

AENIT T T =T 1), (5)

where I, I’ are nodes of H and[ € &.

Let Iy be a node defined by the first quantifier in condition (3)), and I be an eventuality
literal defined by the second one.

Let 7 be a finite nonempty set of indexes such that {I,, | n € Z} is the set of all
successors of Iy. (It is possible that 0 € Z.) Let I,,,, ... I,,, be the set of all immediate
successors of I.

Let Ry (R,,) be the set of all step rules of S whose left-hand sides are satisfied by I,
(Ip). Let Ag = OBy (A,, = O B,,) be the result of applying the merging operation to
all clauses in Ry (R,) simultaneously.

Consider the following two cases depending on the emptiness of either Ry or any
R,,nel.

1

1. Let Ry be empty. It implies, that ¢/ - —I. Indeed, since I, , ... I, is the set of all
immediate successors of Iy, it holds that I, , ... I,,, are all possible models of U/.
Because for all j € {ni,...,nx} it holds I; [~ Iy, we can conclude that I - —l.
Now, we can apply the sometime termination rule as this contradicts (.

The same argument holds if any of the sets R,,, n € Z, is empty.

2. Let Ry and R,, (for every n € 7) be non empty. Then we have:
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a) UU{By} F—lpandU U {B,} F -l foralln € 7.
Indeed, by arguments similar to given above at (1l) we conclude that [, , . . . , I,
are all interpretations of & U {By}. Since I,,, F~ lo, ..., I, = lo it follows
that U/ U {Bo} F _|lo.
The same holds for every node I,, and every conjunction B,,, n € 7.

b) UU{B,}F V A; forall ne{0}UZ.

je{oyuz
Again, consider the case n = 0 (for other indexes arguments are similar). Since
I,,,...,I,, are all possible interpretations of & U {By} and for every j €

{n1,...,nx} I; = A, holds we can conclude that/{ U {By} - V A;

J
. . je{ni,....,nk}
Therefore, the sometime resolution rule

{Aj = C).Bj ‘j S {O} UI} Olo (Ou )
(A4 ),

je{oyuz

can be applied. Then, the node [, will is removed from H (recall that Iy - Ag by
construction of Ag) together with the set of its successors.
O

6 Conditional Single Eventuality

Our simplified resolution technique relies on the translation from conditional eventual-
ities to unconditional ones (Theorem [I)). Here we show that, if a temporal problem is
given in DSNF with only one conditional eventuality rule of the forml}

P = 00!,

then we do not actually need to carry out any translation. Instead of the sometime
termination rule, we now use

— Sometime negation rule for single eventuality w.r.t. U
P = 0OJl
T2 (0k)
where U U {l} L (orU - ).
The modified sometime resolution rule now takes the following form

— Sometime resolution rule for single eventuality w.r.t. U

A1:>OBl, ey An:>OBn P = OJfl (<>Ll )
(7\ _‘Al) P s—res

i=1

with the usual loop side conditions.

* This is not the exact DSNF form—we here extend it to the conditional eventuality case. Note
further the following equivalence (P = Ol) = (P = (I vV 0Ol)) = (P A -l) = 0O1). If
we have more than one eventuality rule sharing the same eventuality literal, e.g., Py = O {l,
P, = Ol, we replace them with the combined rule (P V P2) = O {l), which is equivalent
w.r.t. satisfiability to the given pair of eventuality rules.
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Theorem 4. Temporal resolution rules for the single eventuality case preserve satisfia-
bility.

Proof. Follows straightforwardly from consideration of the models. O
Lemma 4 (existence of a model: single eventuality). Let P = SPU {P = O {l} be
a single eventuality temporal problem. Let H be the behavior graph of SP such that all
paths through H are infinite and the following condition is satisfied:

VIIEP=3I'I—="IAI'ED), (6)
where I,1' are nodes of H. Then P has a model.
Proof. Similar to the proof of Lemma 3 a

Theorem 5 (completeness: single eventuality). If a problem P = SPU {P = O J{l}
is unsatisfiable, then the temporal resolution procedure will derive a contradiction when
applied to it.
Proof. The proofis obtained by analysing the proof of Theorem[3lgiven above. It remains
the same for the case when H contains nodes with no successor.

If all nodes in H have a successor, because of Lemma [ the counterpart of the
condition (@) now has the following form:

(I EPAVI(I =TT =T 1D). @)
Let Iy be a node of H determined by the first quantifier of (7).

If case (@) of the previous proof holds (i.e. U |= —l), node Iy will be deleted from the
graph because of the sometime negation rule (recall that Iy = P).

If case (@) holds, node I, will be deleted because of the conclusion of the sometime

resolution rule for single eventuality: ( A\ —A;) V —P. O
i=1

Example 2. Let us replace the two eventuality clauses of the example [1 by a single

eventuality clause and show that the resulting problem is still unsatisfiable.

1.aA _|l1 A —\l2

2 D(a = O("CL A (ll \Y 12) A (_‘ll vV ﬁlg)))
3 D((—‘a/\ll/\—'lg) = O("(l/\ll /\—\lg))
4. I((~a Ay Als) = O(=a A —ly Als)
5 D(a = 00O (ﬁll A ﬁlg))

The following DSNF corresponds to this problenty:

I={lan-bn-lz} 2. 0= O(=an (L Via) A (=ly V —la))
U= {6. lﬁll/\ﬁlz = (—‘11 A\ —‘lg) } S = 3. (—\a ANl A —\lg) = O(—‘a Al1 A —‘lg)
£ = {7 a = Oolﬁll/\ﬁlg } 4. (—|a A —\ll A l2) = O(—\a A —|l1 A 12)
We see that step clauses 2, 3, 4, taken together with the universal clause 6, form a loop for
the single eventuality temporal resolution with clause 7. The resulting universal clause,
—a, contradicts the initial clause.

5 When introducing a new name for the positive occurrence of the subformula =; A —la, we use
implication rather than equivalence; this technique goes back to [19].
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Example 3 (Example || cont.). We show now that if the given DSNF contains more
than one eventuality clause, reduction to the unconditional case is necessary. (I.e. the
inference system described in this section is not complete for the general case.)

Consider the original set of temporal formulas from Example[ll The step resolution
rule cannot be applied to the problem. Clauses 3 and 4 form a loop for eventuality rules 6
and 5 respectively; however, the temporal resolvents (by the rule O¥_, . ) are tautologies:
aV =l ViV -a (resp., a Vi V-ly V-oa).

Note 3. Instead of an eventuality literal we could introduce a notion of an eventuality ex-
pression giving eventuality rules the form P = 0O Q where P, () are arbitrary Boolean
combinations of propositional symbols. It is not difficult to check that our inference sys-
tem is adapted to such reformulation straightforwardly—we do not distinguish between
eventuality expressions Q1 and Q2 if U F (Q1 = Q2), i.e. they are equivalent with
respect a given universal part. Let us remind that during the derivation the universal part
of a given problem is not narrowed. Alternatively, we could rename these eventuality
expressions taking into consideration the equivalence, and introducing the same name
for equivalent expressions.

7 Reduction to the Single Eventuality Problem

We reduce now a temporal problem with several unconditional eventualities to a single
eventuality temporal problem (first, in the language with past-time operator ‘S ).
Lemma 5. SP U {[]0Q;}ier is satisfiable if, and only if, SP U {I A [J(I =
OO (A (RlSQ;) A1)} is satisfiable, where | is a new propositional symbol.

i€l
Proof. Let us reformulate the given problem in a two-sorted temporal language with
variables over N for the temporal sort:

SPU{VnIm(n <mAQi;(m))}icr

(meaning that each @);,¢ € I, is satisfied infinitely often). This problem is equivalent
with respect to satisfiability to the following (this can easily be checked by considering
possible models):

SP U {¥n3m(m > n A /\ Fki(n < ki <m A Qi(ki)))} ®)
i€l

which states, informally, that for each moment of time, n, there is a moment m > n,
such that all eventualities ();, 7 € I, are satisfied “after n and before m”. We prove that
given a model for (8} it is possible to find a model for

SPU{IA (1= 0O(N\(-1SQ:) A1)} 9)

icl

and vice versa.

First, consider a model 91 for (8). We construct a model 9V for (@) by extending
I with a new proposition [ and defining its value as follows. Formula () states that
for each moment of time, n, there exists a future moment, m, when a certain property
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holds, defining thus a function m(n). Let us construct a sequence of times defined by
starting from 0, i.e. mg = 0, ma = m(0), ..., m;11 = m(m;); and let us also define
y in 9 to be true at those times and false everywhere else. Note that, for all ¢ € T
and j > 0, there exists a moment k; : m; < k; < m;1 such that Q;(k;). Therefore,
M, mj1) E A (-ySQ;); hence, (M, m;) = OO (A (-ISQ;) Al), making (@)
i€l icl

true in 9.

Let 90t be a model for (@); we show that it is also a model for ®). It is enough to
show that for infinitely many n’s there exists an m such that (m > n) and A Jk;(n <

i€l

ki < m A Q;(k;)) holds. For j > 1, let us consider the sequence m; (m; > 0)

of all moments such that (M, m;) = A (-lSQ;) Al (note that there are infinitely
il
many such moments); let mg = 0. We can see that for all j > 0, n = m;, and
m = m;41,theformula A 3k;(n < k; < mAQ;(k;))istruein 1. Indeed, (M, n) =1,
iel
(M, m) k= I; by semantics of the operator “since”, (M, m) = A (-l S Q;) means that
il
M, m) = A Fki(n < ki <mAQi(ki)). n
il
Lemma 6. Formula [ ](A = (BS () is satisfiable if, and only if, the temporal spec-
ification
(=s) N [A=s) A L(CV(BAs)=0s)
is satisfiable, where s is a new propositional symbol. (The first clause goes into the initial
part, the second into the universal part, and the third can be represented by two step
clauses).
Proof. Follows straightforwardly from consideration of possible models. a

Corollary 1. Any propositional temporal problem with an arbitrary number of eventu-
ality clauses is equivalent, by satisfiability, to a single eventuality propositional temporal
problem.

Lemma 7. The growth in size of the problem following the reduction from DSNF to a
single eventuality temporal problem is linear in the number of eventualities occurring
in the DSNF form.

Proof. Follows from the above transformation. a

Example 4 (Example [I] cont.). We reduce now the given set of formulas to a single
eventuality problem.

1.a A=l A=y 2.a= O(ﬁa/\(ll \/lg)/\ (ﬁll \/ﬁlg))
T 18.1 3. (ﬁCL/\ll /\ﬁlg) = Q(ﬁa/\ll /\ﬁlg)

19. —s1 4, (—\CI, A=lp A lg) =0 (—\Cl A=l A l2)

20. 189 5. wlh = O(ll vV wll)

6. ’(UZQ = O(ZQ V ’U.)ZQ)

13. a A =l; = wly S={T70Q=0@Q AQ:AI)

4. a A=y = wlp 8. (—wly V-l Asy) = Osy
U=1<15.Q1 = 31 9. wlhy A(IV=s1) = O-sy

16. Q2 = s2 10. (mwly V =l A sg) = Oso

17 1A =Q = wQ 11 wly A (1V =s3) = O sy
& ={21. O-wQ} 12. w@Q = O(Q VwQ)
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The derivation of a contradiction is rather lengthy for this example; we omit it due to lack
of space. We note that it enjoys the following property: Instead of two loops needed for
Example 1| one is enough. However, the following example shows that it is not always
the case.

Example 5. The following single unconditional eventuality temporal problem

IT={lan-l} 2.an=l=O((an=l)V (aAl)
U=10 S={3.anl= O(-an-l)
52{01} 4. —a A=l = O(—aAn-l)

requires two applications of the sometime resolution rule.

Indeed, the behavior graph for this problem consists of three vertices, Iy, I, I> (see
Fig.[T)). One application of the sometime resolution rule deletes the node I5; then, the
node I; can be deleted by the step resolution rule; after that, one more application of the
sometime resolution is needed to delete the node 1.

Fig. 1. Behavior graph for the problem. Iy = {a, —=l}; Iy = {a,l}; Io = {—a, -}

8 Conclusion

In this paper, we have addressed the problem of simplifying, still further, the clausal
resolution approach described in [7]]. We have shown how to reduce conditional eventu-
alities, i.e formulas of the form [ ](P = {q), to unconditional eventualities, i.e. [ ]Qq¢’,
and how to reduce problems containing multiple formulate of the form {r, to problems
containing just one. This not only allows us to simplify the normal form required (from
that defined in [7]) to a more streamlined version, but has also allowed us to introduce
a set of simplified resolution rules. For example, in [7], the resolvent generated by ap-
plying temporal resolution to the formula A = O [ ]! and (! will be (—A) U [, while
we have here shown that the resolvent can be as simple as - A.

In addition to providing both a much simpler normal form for temporal formula, and
a streamlined resolution process, the reductions described in this paper can, we believe,
form the basis of temporal resolution provers with greatly improved efficiency. Thus, our
future work in this area mainly involves the incorporation of the techniques described
here to develop improved temporal provers.
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Modal Nonmonotonic Logics Revisited:
Efficient Encodings for the Basic Reasoning Tasks*
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Abstract. Modal nonmonotonic logics constitute a well-known family of knowl-
edge-representation formalisms capturing ideally rational agents reasoning about
their own beliefs. Although these formalisms are extensively studied from a the-
oretical point of view, most of these approaches lack generally available solvers
thus far. In this paper, we show how variants of Moore’s autoepistemic logic can
be axiomatised by means of quantified Boolean formulas (QBFs). More specif-
ically, we provide polynomial reductions of the basic reasoning tasks associated
with these logics into the evaluation problem of QBFs. Since there are now effi-
cient QBF-solvers, this reduction technique yields a practicably relevant approach
to build prototype reasoning systems for these formalisms. We incorporated our
encodings within the system QUIP and tested their performance on a class of
benchmark problems using different underlying QBF-solvers.

1 Introduction

Modal nonmonotonic logics constitute one of the basic categories of approaches formal-
ising certain aspects of human common-sense reasoning. In contrast to other well-known
nonmonotonic reasoning frameworks, like, e.g., default logic [35], logic programming
with negation as failure [[16J34]], or circumscription [28]], modal nonmonotonic logics
employ the language of modal logic to realise nonmonotonicity. More specifically, the
aim is to model the behaviour of an ideally rational agent reasoning about its own beliefs,
by means of a unary operator L. Informally, L¢ means that the agent believes ¢. Given
a set T' of formulas as initial premises, referred to as theories, introspection properties
generate sets of total beliefs, called expansions. Different introspection principles have
been proposed in the literature, yielding different classes of modal nonmonotonic logics.

Although modal nonmonotonic logics have been extensively studied from a theoret-
ical point of view (for a recent work discussing proof-theoretical issues, cf., e.g., [1]),
besides some early attempts about implementational issues [412)21]3]], most of these ap-
proaches lack generally available solvers thus far. This despite the fact that recent years
witnessed an increasing amount of successful implementations for various nonmono-
tonic formalisms, mostly for the answer-set programming paradigm, as realised, e.g., by
the state-of-the-art solvers d1v [14] and smodels [31] implementing the stable model
semantics for logic programs, or the default-logic prover DeReS [6].

* This work was partially supported by the Austrian Science Fund Project P15068.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 100 2002.
(© Springer-Verlag Berlin Heidelberg 2002
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In this paper, we describe a general method to build a prototype reasoning system
for modal nonmonotonic logics, based on a reduction approach. The central idea is
to translate a given reasoning task into a quantified Boolean formula (QBF) and then
applying some sophisticated QBF-solver to evaluate the translated QBF. The existence of
efficient QBF-solvers, like, e.g., the systems developed by Cadoli et al. [5], Giunchiglia
et al. [18], Rintanen [37], Letz [25]], or Feldmann et al. [15], makes this reduction
approach practicably applicable.

Concerning the particular reductions, we provide efficient (polynomial-time) trans-
lations of reasoning tasks for the following modal nonmonotonic logics: Moore’s au-
toepistemic logic [29], nonmonotonic logic N [26] (also called iterative autoepistemic
logic), reasoning with parsimoniously grounded expansions [[13]], and Konolige’s system
of moderately grounded expansions [24].

From a theoretical point of view, the feasibility of the current approach relies on
the observation that the evaluation problem of quantified Boolean formulas, QSAT, is
PSPACE-complete, so any decision problem in PSPACE can be polynomially reduced
to QSAT, In fact, the evaluation problem for QBFs having prenex normal form with ¢ — 1
quantifier alternations is complete for the i-th level of the polynomial hierarchy. Since
the reasoning tasks considered in this paper belong to the second and third level of
the polynomial hierarchy, respectively, efficient translations to QBFs with one or two
quantifier alternations must exist.

A similar approach for solving various reasoning tasks belonging to the area of
nonmonotonic reasoning has been realised in the system QUIP [TTITOIT2)7/32]]. This
prototypical implementation currently handles the computation of the main reasoning
tasks for logic-based abduction, default logic, a consistency-based approach to belief
revision, and equilibrium logic, a generalisation of the stable model semantics for logic
programs. We implemented the translations for modal nonmonotonic logics by incorpo-
rating them into the system QUIP.

Reduction methods to QBFs naturally generalise similar approaches for problems
in NP; these latter problems can in turn be solved by translating them (in polynomial
time) to SAT, the satisfiability problem of classical propositional logic (see e.g., [22] for
such an application in Artificial Intelligence). Besides the implementation of different
nonmonotonic reasoning tasks as realised by the system QUIP, successful applications
based on reductions to QBFs have also been applied to conditional planning [36].

In order to conduct some experimental evaluation of our translations, we tested their
implementation in the system QUIP based on a class of benchmark problems using
different underlying QBF-solvers. More specifically, we used the solvers ssolve [[15],
QuBe [18], and semprop [25] on randomly generated problem instances covering a
complete easy-hard-easy pattern.

2 Preliminaries

We deal with propositional languages and use the logical symbols T, L, =, V, A, and
— to construct formulas in the standard way. We write £p to denote a language over
an alphabet P of propositional variables or atoms. Formulas are denoted by Greek
lower-case letters (possibly with subscripts).
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Given an alphabet P, we define a disjoint alphabet P’ as P’ = {p’ | p € P}.
Accordingly, for a formula o € Lp, we define o’ as the result of replacing in « each
atom p from P by the corresponding atom p’ in P’. This is defined analogously for sets
of formulas. Observe that this priming mechanism can be applied in an iterative manner,
yielding, e.g., formulas of form «”” whose underlying alphabet P is disjoint from both
P and P'.

Quantified Boolean formulas (QBFs) generalise ordinary propositional formulas
by the admission of quantifications over propositional variables (QBFs are denoted by
Greek upper-case letters). Informally, a QBF of form Vp 3¢ ¢ means that for all truth
assignments of p there is a truth assignment of ¢ such that @ is true. For instance, it is
easily seen that the QBF Jp; Ips ((p1 — p2) A Vps(ps — p2)) evaluates to true.

The precise semantical meaning of QBFs is defined as follows. First, some ancillary
notation. An occurrence of a variable v in a QBF @ is free iff it does not appear in
the scope of a quantifier Qv (Q € {V,3}), otherwise the occurrence of v is bound.
If & contains no free variables, then @ is closed, otherwise @ is open. Furthermore,
®lvy /11, . .., U /1)) denotes the result of uniformly substituting the free occurrences
of variables v; in @ by ¥; (1 < i < n).

By an interpretation, 1, we understand a set of variables. Informally, a variable v
is true under I iff v € I. In general, the truth value, v;(®), of a QBF & under an
interpretation [ is recursively defined as follows:

if® =T, then v;(P) =1;

if & = 1, then v;(P) = 0;

if = v is an atom, then v;(®) = 1 if v € I, and v;(P) = 0 otherwise;
if & = ~, then v (D) = 1 — vy (¥);

if @ = (91 A Dg), then v (D) = min({vi(P1), vi(P2)});

if® = (@1 \Y @2), then V](@) = max({ul(él),w(ég)});

if & = (B — D), then vy (P) = 1iff vy (P1) < v7(P);

if @ = Vo, then v (P) = v (Plv/T| A Plv/1]);

if ® = JwV, then v (D) = v (Pv/T]| V ¥lv/1)).

e e Al ol

We say that @ is true under I iff v;(®) = 1, otherwise P is false under I. If v;(P) = 1,
then I is a model (or satisfying truth assignment) of . Likewise, for a set S of formulas,
if vy (@) = 1forall @ € S, then I is a model of S. If ¢ has some model, then P is
said to be satisfiable. If @ is true under any interpretation, then @ is valid. Observe that
a closed QBF is either valid or unsatisfiable, because closed QBFs are either true under
each interpretation or false under each interpretation. Hence, for closed QBFs, there is
no need to refer to particular interpretations.

In the sequel, we employ the following abbreviation in the context of QBFs: For an
indexed set P = {p1, ..., pn} of propositional variables and a quantifier Q € {V, 3},
we let QP @ stand for the formula Qp;Qp> - - - Qp,, .

3 Translations

In this section, we show how several modal nonmonotonic logics can be mapped to
QBFs in polynomial time.
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The language of each modal nonmonotonic logic contains the unary modal operator
L, where L¢ intuitively means that ¢ is believed. By £, we denote the language obtained
from £ by the adjunction of L. Finite subsets of L, are referred to as autoepistemic
theories, or simply as theories, and are identified with the conjuction of their elements.

Formulas of the form L¢ are treated like propositional atoms and are called modal
atoms.

The following notational convention will be applied: If S C L, then -5 =
{—=¢|® € S}. For an autoepistemic theory T', My denotes all modal atoms of T,
and M2 denotes all modal atoms of 7" which are not in the scope of another L-operator.

Autoepistemic theories represent an initial set of premises, generating sets of total
knowledge, called expansions. The specific definition of an expansion depends on the
nonmonotonic logic at hand, and incorporates differing notions of groundedness.

For all modal nonmonotonic logics introduced in the sequel, we provide reductions
of the following reasoning tasks into QBFs:

1. compute all expansions of a given autoepistemic theory;

2. given an autoepistemic theory 7" and a formula ), check whether 7" possesses some
expansion containing 1 (“brave reasoning”); and

3. given an autoepistemic theory 7" and a formula ), check whether v is contained in
all expansions of 7" (“skeptical reasoning”).

3.1 Autoepistemic Logic

A stable expansion [29] of an autoepistemic theory T' C L, is a set of formulas £ C L,
such that
E=0Cn(TU{L¢ |9 € E}U{-Lo|d € LL\E}), )

where Cn(-) is the classical consequence operator with respect to the extended language
L1,. A weakening of this concept is that of a stable set: S C L, is stable if S satisfies the
following three conditions: (i) S = Cn(95), (ii) ¢ € S implies L¢ € S, and (iii) ¢ ¢ S
implies ~L¢ € S.

Following Niemeli [30], there is a one-to-one correspondence between stable ex-
pansions and full sets, which are defined as follows: Let 7" C L be an autoepistemic
theory. Call A C My U - My T-full iff, for all L € M, i) TU A |= ¢ iff Lo € A,
and (ii)) TU A £ ¢ iff - Lo € A.

Furthermore, the following relation is defined: Given a set 7' C £ and a modal
formula ¢, T |=1 ¢ iff T U SBr(¢) = ¢, where SBr(¢)) = {L¢ € M} |T U

SBr(¢) = ¢} U{~L¢ € =M} |T U SBr(¢) |~ ¢}.

Proposition 1 ([300). Let T be an autoepistemic theory. Then, the function SE 1, defined
as

SEr(A)={p € L1 |TUA L ¢},

gives a bijective mapping from the set of T-full sets to the set of stable expansions of T'.
Moreover, SE1(A) is the unique stable expansion S of T such that

A= (MpU-Mr)n({Lo|¢ € S}U{=Lo| & S}).
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Example 1. LetT = {Lp — p}. This theory has two stable expansions, one containing
pand Lp, the other containing - Lp. Concerning the first expansion, the corresponding 7'-
full setis A; = {Lp},since TU{Lp} = pholds. The second expansion is characterised
by the T-full set {=Lp}, since we have that T U {—~Lp} [~ p. Observe that SE1(A2)
does neither contain p nor —p.

It has been argued in the literature [24,26] that the first expansion is in some sense
counterintuitive, since the assertion of p is based solely on the assumption that p is
believed. The following subsections will deal with variations of autoepistemic logic
which circumvent this problem.

For an autoepistemic theory 7" having propositional variables V" and for a set M of
new modal atoms, the following QBF will be used as a basic module:

Faad LM =WV (T = N\ (Lo =) A N\ (=Lo > 3V(T A ).

LéeM LeeM

This QBF reflects the conditions for full sets. In fact, we have the following charac-
terisation:

Proposition 2 ([11]]). An autoepistemic theory T C Ly, has at least one stable expansion
iff Fael[T, M) is satisfiable. Moreover, the satisfying truth assignments of F [T, M)
are in a one-to-one correspondence to the full sets of T.

Thus, due to Proposition [I] the satisfying truth assignments of F,; [T, M) are in a
one-to-one correspondence to the stable expansions of 7.

Example 2. We show the functioning of module F;[-, -] by using the theory T =
{Lp — p} from Example [I] In this case, we have My = {Lp} and V = {p}. So,
Foel[T, Mr] is given by

Vp((Lp —p) = (Lp — p)) A (ﬂLp = Ip((Lp — p) A ﬂp)) (2)

Since Lp is the single free variable of (@), there are only two interpretations serving as
potential models of F,; [T, Mr], viz. §) and { Lp}.

Observe that the first conjunct of @) evaluates trivially to true, since (Lp — p) —
(Lp — p) is a tautology. Thus, it remains to analyse the second conjunct. Clearly,
-Lp — Ip((Lp — p) A —p) evaluates to true if Lp is set to true. Hence, {Lp} is a
model of [T, Mr]. On the other hand, setting Lp to false makes Ip((Lp — p) A —p)
true as well, since (Lp — p) A —preduces to —p in this case, and there is quite obviously
an interpretation which makes —p true. Hence, (} is also a model of F [T, M7]. Invoking
Proposition [2 yields the expected result that 7" possesses two stable expansions, one
containing Lp, and the other containing —Lp.

Using Niemeld’s relation |=, as a basis for describing autoepistemic inference tasks,
one has to deal with the recursive nature of this relation. However, such recursive def-
initions are extremely unhandy to be expressed as QBFs. In the following, we give an
alternative method to decide containment of a formula in a stable expansion.
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Lemma 1. Ler T be an autoepistemic theory, SE1(A) a stable expansion of T, and 1
a formula. Then, for any subformula x of ¢ and any Lé € My N MO, we have that
Lo e Aiff Lo € SBrua(x).

This lemma gives evidence that any possible element L¢ € M used in the recursive
computation of an assertion 7" U A =1, ¢ has equal polarity in the two sets SB7_4(x)
and A. Like the full-set characterisation of stable models of 7', it turns out that the
remaining modal atoms of i can be utilised analogously to describe membership of
formulas in stable models.

Lemma 2. Let T, SE1(A), and 3 be as in Lemmalll Then, 1) € SE7(A) iff there exists
some AT C (My \ M) U—(My \ M) such that T UAUAY = 1), where AT satisfies
the following conditions, for each L¢ € My, \ Mrp:

(i) TUAUAY = ¢iff Lo € A*; and
(ii) TUAUAT £ ¢iff ~Lo € A*.

We get the following translations into QBFs:
Theorem 1. Let T be an autoepistemic theory and 1) a formula. Furthermore, let V be
the set of propositional atoms occurring in T or ), and let M = My, \ M. Define

ael

fcred [T, ’L/J] —JMT (]:ael[T7 Mr U Mw] A\ VV(T — 1/}))7 and

fskept [T, w] _ E|M+ (fael[Tv MT U Mw} A ﬁVV(T — '1/1)) .

ael

Then:

(i) T has a stable expansion containing ) iff F<75¢[T, ] is satisfiable. Moreover,

ael
the satisfying truth assignments of the free variables Mr in F, ggled [T, ] are in a
one-to-one correspondence to the stable expansions of T' containing ).
(ii) 4 is contained in all stable expansions of T iff the QBF ~3Mxp(F:5P! [T, 1))
evaluates to true.

Intuitively, brave reasoning via F¢7¢4[T’, 1] works as follows. The first conjunct in
the scope of the quantifier 3M T determines the T-full set A as well as the set AT
satisfying conditions (i) and (ii) of Lemma P] and the second conjunct, VV (T' — 1)),
checks, with respect to the selected variables from My U My, corresponding to AU AT,
whether T'U A U AT = 4 holds. As for skeptical reasoning, observe that the models of

F ;flep *[T', 4] correspond to those T-full sets not containing 1. Obviously, if no such set

exists (i.e., if =3IM +]—";’;ep Y[T, 1] evaluates to true), 1) is a skeptical consequence of T'.

3.2 Nonmonotonic Logic N

Asillustrated by Example[ll Moore’s autoepistemic logic admits stable expansions which
are not sufficiently grounded in the premises. To circumvent this problem, several more
restrictive groundedness conditions have been proposed. The nonmonotonic logic N [26]]
eliminates unfounded expansions by representing the positive introspection part in the
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fixed-point condition (1)) in terms of a modified consequence operator. More specifically,
define the inference relation - by adding the necessitation rule ¢/ L¢ to the postulates
of the classical derivability relation I-. Accordingly, let Cnn(T) = {¢ | T b~ ¢}
Then, E is an N-expansion of T iff

E = Onn(TU{-Lo| ¢ € Ly, \ E}). 3)

Example 3. Reconsider Example[Il where we argued that the expansion SE1({Lp}) of
the theory T = {Lp — p} is counterintuitive. This expansion is not an N-expansion.
To see this, since Lp ¢ Cnn(T) and Lp ¢ Cnn(TU{-L¢ | ¢ € L\ E}) for any set
E of formulas containing Lp, it follows that no set E' containing Lp fulfills Condition[3
It is easy to see that the stable expansion SEr({—Lp}) is, however, an N-expansion
of T.

In order to express N-expansions in terms of QBFs, we need a suitable characteri-
sation of the derivability operator .

Proposition 3 ([20]). Let T be an autoepistemic theory, 1 a formula, and M = M3 U
Mg. Then, T N ¥ iff there exists no set K C M such that

(i) TUK B, and
(i) foreach Lp € M\ K, TUK £~ ¢.

Proposition [3] allows the construction of a QBF representing the relation 7' Fn %
in the following way. Let 7" be an autoepistemic theory, ¥ an autoepistemic formula, V'
the set of propositional variables occurring in 7" or ¥, and M C (M9 U Mg) Then,
ON([T, 1, M] is defined as

—EIM’(EIMEV(T/\ N (L& = Lé) A~ A
Lo/ e M

N\ (~L¢' = 3IMIV(T A N\ (L¢' — Lo) A ﬂ¢>))).

L/ €M’ L/ €M’

Theorem 2. For any autoepistemic theory T and any formula i, T Fn 1 holds iff
ON[T, o, Mg U M) is true.

N-expansions can be characterised by means of full sets as follows:

Proposition 4 ([19]]). Let T' be an autoepistemic theory T and let A be T-full. Then,
SEr(A) is an N-expansion of T iff

TU{~Lé|~Lo € A} b {Lo|Lo € A}.

Obviously, each N-expansion of a theory T is also a stable expansion of 7', but
not vice versa. This is reflected by the following characterisations, in which we add an
additional conjunct to rule out those models which correspond to stable expansions but
not to N-expansions.
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Theorem 3. Let T' be an autoepistemic theory and v a formula. Furthermore, let
A = Apyens, (Lo — L') and A~ = Npyepr, (7Lo — —L¢'), and consider
the following QBFs:

Foall, M7]) A ON[T' A A7, AT, Mypi]; )
FeedTop] A ON[T A A~ AT, My 5)
~IMr(Fog" [T.0) A ON[T' A A7, AT, My))). ©)

Then:

(i) T has an N-expansion iff @) is satisfiable. Moreover, the satisfying truth assign-
ments of the free variables My in (@) are in a one-to-one correspondence to the
N-expansions of T.

(ii) T has an N-expansion containing v iff @) is satisfiable. Moreover, the satisfying
truth assignments of the free variables M in () are in a one-to-one correspon-
dence to the N-expansions of T containing 1.

(iii) 4 is contained in all N-expansions of T iff @) is true.

Although the notion of an N-expansion overcomes some difficulties arising with sta-
ble expansions (cf. Example B), there are still some unwanted features of nonmonotonic
logic IN.

As a case in point, consider the theory 7' = {—=L—-Lp — p}. T has two N-
expansions: one containing =L—Lp (and thus p, by propositional inference, and Lp,
by the rule of necessitation), the other containing L—Lp, but neither p nor —p. Hence,
here we have the situation that the objective (i.e., non-modal) part of one N-expansion
(namely the one containing neither p nor —p) is a proper subset of the objective part of
the other IN-expansion, which, in some sense, is undesirable.

Note that, as shown in [[19], all of the reasoning problems discussed so far lie at
the second level of the polynomial hierarchy. It is easily verified that the corresponding
encodings (1)—(6) yield QBFs possessing one quantifier alternation. Thus, our trans-
formations reflect the inherent complexity of the expressed tasks. Moreover, since the
reductions are constructible in polynomial time, they are, in this sense, efficient.

We proceed with two approaches which impose a minimality criterion on expan-
sions. These systems were shown to be located at the third level of the polynomial
hierarchy [[I3]. Consequently, our subsequent encodings possess an additional quanti-
fier alternation.

3.3 Parsimoniously Grounded Expansions

Parsimoniously grounded expansions [13] are a natural strengthening of the concept of
stable expansions requiring that the objective (i.e., non-modal) part of a stable expansion
must be minimal with respect to set inclusion compared to all other stable expansions.
We define the following partial order: Let S1, So C L be stable sets. Then, 57 = S2
iff S;1 N L C Sy N L. As usual, we write S; < Sy if S; < S5 and Ss ﬁ Si.
A stable expansion E; of T is parsimonious iff there is no stable expansion E5 of T
such that £ < Fj.
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Proposition 5 ([13])). Let E1, Es be stable expansions of Ty and T, respectively. Then,
Ey = Eyiff Fry, (E1) |E Fr,(Es), where Fp(E) is the propositional formula resulting
from T by substituting all modal atoms Lo in'T' by T if L¢ € E, and by L otherwise.

We define the following modules: Let S, T be autoegistemic theories, and V' the
propositional atoms occurring in S or 7. Furthermore, let S be the result of replacing in
S (uniformly) all modal atoms L¢ by L¢’, providing L¢ € Mg. Then:

G_[S,T] =YV (T — S) A YV (S — T);
Bpars [T] = ~3Mr: (O[T, T) A Foull', My]).

Theorem 4. Let T be an autoepistemic theory and v a formula. Consider the following
OBFs:

]:ael [T MT} A Qpars [TL (7)
F T, ) A Bpars[T7; (8)
—IMyp (FEEPHT ) A Bpars[T)). 9)

Then:

(i) T has a parsimoniously grounded expansion iff (1)) is satisfiable. Moreover, the
satisfying truth assignments of the free variables Mt in {I) are in a one-ro-one
correspondence to the parsimoniously grounded expansions of T.

(ii) T has a parsimoniously grounded expansion containing i iff ®) is satisfiable.
Moreover, the satisfying truth assignments of the free variables Mt in ) are
in a one-to-one correspondence to the parsimoniously grounded expansions of T
containing 1.

(i) 4 is contained in all parsimoniously grounded expansions of T iff @) is true.

3.4 Moderately Grounded Expansions

Konolige [24] suggested to restrict stable expansions to moderately grounded expan-
sions, defined as follows: Let E be a stable expansion of 7. Then, E' is moderately
grounded iff there is no stable set S such that 7’ C Sand S < E.

The difference between this notion of groundedness and parsimoniously grounded
expansions is illustrated by the following example:

Example 4. Consider the autoepistemic theory T = {Lp — p,p — ¢, Lq}. This
theory has one parsimoniously grounded expansion, £ = SEr({Lp, Lq}). But E is not
moderately grounded, since

F={¢|Tu{-Lp Lq} L ¢}

is a stable set containing 7", and the objective part of F' is a proper subset of the objective
part of E, i.e., F' < F holds.
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We proceed with a characterisation of moderately grounded expansions required for
our subsequent QBF encoding.

Proposition 6 ([13])). A stable expansion E of T is moderately grounded iff there exists
no set I' C My U =My such that I is T -full, where Tt = T U{¢|L¢ € I'}, and
SE+ (F) < E.

We define the following QBF module:
Prnod[T] = =M1 (B[S, T) A FoutlS', M),

with S =T A Apyenr, (Lo — ¢). Observe that My = Mg, and thus Mr = Mg

Theorem S. Let " be an autoepistemic theory and 1) a formula. Consider the following
OBFss:

fael[T MT] A gpmod[lr]; (10)
FEUT, ) A Bonoa [T; (11)
—~IMyp (FEPT ) A BroalT)). (12)

(i) T has a moderately grounded expansion iff (10) is satisfiable. Moreover, the sat-
isfying truth assignments of the free variables My in (10) are in a one-to-one
correspondence to the moderately grounded expansions of T.

(ii) T has a moderately grounded expansion containing 1 iff (L)) is satisfiable. More-
over, the satisfying truth assignments of the free variables My in (I1) are in a
one-to-one correspondence to the moderately grounded expansions of T' contain-
ing .

(iii) 4 is contained in all moderately grounded expansions of T iff (I2) is true.

4 Implementation

Our methodology for expressing several modal nonmonotonic logics in terms of quan-
tified Boolean formulas is motivated by the availability of several practicably efficient
QBF-solvers. Among the different tools, there is a propositional theorem prover, boole/l
based on binary decision diagrams, a system using a generalised resolution princi-
ple [23], several provers implementing an extended Davis-Putnam procedure [S{15/18],
251371, as well as a distributed algorithm running on a PC-cluster [[15]. With the excep-
tion of boole, these tools do not accept arbitrary QBFs, but require the input formula to
be in prenex conjunctive normal form. To avoid an exponential increase of formula size,
structure-preserving normal-form translations [8l9)33]] can be used to translate a general
QBF into the required normal form. In contrast to the usual normal-form translations
based on distributivity laws, structure-preserving normal-form translations introduce

" The system, together with its source code, can be downloaded from the Web at URL
http://www.cs.cmu.edu/ modelcheck/bdd.html.
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Ej_, filter QBF QSAT int

protocol mapping

Fig. 1. Architecture to use different QBF-solvers.

new labels for subformula occurrences and are polynomial in the length of the input
formula.

The translations discussed in the previous section are implemented as a special
module of the reasoning system QUIP [TITOJT27132]], which is a prototype tool for
solving several nonmonotonic reasoning tasks based on reductions to QBFs. The general
architecture of QUIP is depicted in Figure[Il QUIP consists of three parts, namely the
filter program, a QBF-evaluator, and the interpreter int. The input filter translates
the given problem description (in our case, a modal nonmonotonic theory and a specified
reasoning task) into the corresponding quantified Boolean formula, which is then fed
into the QBF-evaluator. The current version of QUIP provides interfaces to most of
the sequential QBF-solvers mentioned above. For the solvers requiring prenex normal
form, the QBFs are translated into structure-preserving normal form. The result of the
QBF-evaluator is interpreted by int. Depending on the capabilities of the employed
QBF-evaluator, int provides an explanation in terms of the underlying problem instance
(e.g., listing all stable expansions of a given autoepistemic theory). This task relies on a
protocol mapping of internal variables of the generated QBF into concepts of the problem
description which is provided by filter.

5 Experimental Results

In this section, we report some experimental results conducted on the implementations
of the translations from Section[3. We focus here on the encodings for autoepistemic
logic (cf. Proposition[2Jand Theorem[T]), since these translations represent, in some sense,
the core parts for the other formalisms we considered. More specifically, we tested the
computational behaviour, in terms of running time, of three different QBF solvers using a
class of randomly generated benchmark problems, representing skeptical autoepistemic
reasoning. The employed solvers are ssolve [13], QuBe [18], and semprop [25]. These
solvers have been chosen because they turned out to be the most efficient ones on some
preparatory tests.

The problem instances used here are built up as follows: We consider autoepistemic
theories of form

T:{pl < Lp1, ..., pn <& Lpn, 7Lo — u}v

where ¢ is a randomly generated propositional formula on atoms ps, ..., Dy, (m > n)
not containing u, and the task is to check whether u is contained in all stable expansions
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Clausetestset

10000 g

ssolve--avg —+—
qube--avg ——%--
emprop--avg - - - -

1000 [
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running time [s]
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Fig. 2. Running times with varying parameter n and [ = 35 and m = 26 fixed.

running time [s]

100 200 300 400 500 600 700 800 900
number of clauses*literals(3)

Fig. 3. Running times with varying parameter [ and m = 60 and n = 4 fixed.

of T'. This particular class of problems is taken from the I75-hardness proof of skeptical
autoepistemic reasoning, following Gottlob [[19]. Thus, in some sense, these problems are
responsible for the inherent worst-case complexity of skeptical autoepistemic reasoning.

For the specific tests, we chose ¢ to be in conjunctive normal form built up by / clauses
each of which containing three literals. The distribution of the variables p; in ¢ is in
flavour of other benchmark methodologies [17]27] and tries to capture computationally
hard instances.

All tests have been performed on Pentium II/450 MHz processors with 128MB RAM
running the Linux operating system. The running time is measured in seconds (with an
upper time limit set to 1000s) and comprises the sum of both user time and system time.
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In the first test set, ¢ is build over m = 26 variables and [ = 35 clauses. We set up
21 sample sets, each containing 50 randomly generated formulas, by varying n from 2
to 24. Figure Rldepicts the observed running times. In the second test set, the number of
clauses of ¢ is assumed to be varying, where m was set to 60 and n to 4. Each sample
set contains again 50 formulas. Figure Blshows the results. Note that the y-axes in both
graphs are scaled logarithmically.

Observe that the figures indicate quite clearly that the considered test sets cover a
complete easy-hard-easy pattern. To wit, in Figure 2] the instances with n < 15 are
easily evaluated to true, whilst instances with n > 21 are easily evaluated to false, and
the so-called phase transition—containing the most difficult problems—is located in
the interval 16 < n < 21. A similar phase transition occurs in Figure [3] between 400
and 600.

The most significant result of both tests is that, in general, there is no best solver.
Each of the three solvers under consideration outperforms the others on certain instances.
While QuBe seems to be most effective on formulas evaluating to true, semprop sig-
nificantly outperforms the other ones on the instances with [ x 3 > 550 in the second
test.

Figure ] reveals also another interesting behaviour. Here, for both QuBe and
semprop, there is a significant peak at n = 20, which is not present for ssolve. This
peak results from a single instance (out of the 50 tested) which turned out to be hard
for QuBe and semprop, but apparently not for ssolve. This, in turn, demonstrates that
invoking several solvers in parallel is quite useful in practice.

Clearly, generally speaking, it is a matter of more comprehensive tests in order to
obtain a better understanding where the difficulties in solving QBFs of the current kind
arise, and thus to be able to provide valuable hints to developers of QBF-solvers.

6 Conclusion

In this paper, we considered the compilation of reasoning tasks into quantified Boolean
formulas as an approach to realise prototype reasoning engines for several modal non-
monotonic logics. The need for these logics in Artificial Intelligence has been well
recognised in the literature. However, in contrast to other nonmonotonic-reasoning for-
malisms like default logic or logic programming with negation as failure, none of the
considered approaches currently possesses publicly available solvers.

The investigated decision problems belong to the second and third level of the poly-
nomial hierarchy, respectively, and are thus, from a computational point of view, “in-
tractable”. The translations described here are polynomial-time constructible and their
existence is guaranteed by corresponding complexity results.

The employed framework is a natural generalisation of a similar method successfully
applied to problems in NP. In general, the use of QBFs for knowledge representation
purposes has been advocated in the literature [S37], and, besides the current framework,
reductions of other reasoning tasks to QBFs have been discussed in [36/11]].

We reported some experiments using the implementation of our encodings for au-
toepistemic logic. Due to the absence of available solvers for modal nonmonotonic



Modal Nonmonotonic Logics Revisited 113

logics, we focused here on a comparison of different QBF-solvers, constituting core
engines for the system QUIP.

Finally, a particular advantage of our modular approach is the straightforward ability

to parallelise the entire evaluation process. On the one hand, this can be done by using
different provers in parallel, and, on the other hand, by using the distributed QBF-solver
PQsolve [15].

Future issues include a more thorough experimental evaluation, as well as investi-

gating possible optimisations of the current translations.
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Abstract. We present tableau calculi for the logics Dy (k > 2) seman-
tically characterized by the classes of Kripke models built on finite k-ary
trees. Our tableau calculi use the signs T and F, some tableau rules for
Intuitionistic Logic and two rules formulated in a hypertableau fashion.
We prove the Soundness and Completeness Theorems for our calculi.
Finally, we use them to prove the main properties of the logics Dy, in
particular their constructivity and their decidability.

1 Introduction

In recent years there has been a growing interest (see [T3J4I6I7/SITOIIT]) in proof-
theoretical characterization of propositional intermediate logics, that is logics
laying between Intuitionistic and Classical Logic. This interest is motivated by
the applications of some of these logics. As an example we recall Dummett-
Gddel Logic, studied for its relationship with multi-valued and fuzzy logics [14];
Jankov Logic and here-and-there Logic, studied for their application to Logic
Programming [15/16].

Apart from the cases of Intuitionistic and Classical Logic, the proof-
theoretical characterization of Intermediate Logics given in the literature relies
on variations of the standard sequent calculi or tableau calculi. As an example,
the tableau calculi for the interpolable Intermediate Logics described in [TJI0]
11] use new signs besides the usual signs T and F (we remark that the calculi of
[IO/1T] give rise to space-efficient decision procedures). However, this approach
seems hard to apply to several families of interesting Intermediate Logics. An-
other approach relies on hypersequent calculi, a natural generalization of sequent
calculi; e.g., in [3] a hypersequent characterization of Dummett-Godel Logic is
presented, while in [7] the authors extend this approach to some families of
Intermediate Logics with bounded Kripke models. However, also the approach
based on hypersequent calculi or hypertableau calculi (the dualized version of
hypersequents presented in [6]) seems to be inadequate to treat some Intermedi-
ate Logics and further variations are needed. An example is given in [6], where
the notion of path-hypertableau calculus is introduced to treat the intermediate
logic of finite-depth Kripke models.

Despite the wide research in this field, we remark that all the intermedi-
ate logics studied in the above mentioned papers fail to be constructive, where

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 115-[129] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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we call constructive any intermediate logic L satisfying the disjunction prop-
erty: AV B € L implies A € L or B € L. As it is well-known, there exists a
continuum of constructive intermediate logics [5l9], but, as far as we know, no
proof-theoretical characterizations of constructive logics are known, apart from
those given in [2]. In that paper generalized tableau calculi for the constructive
logics Dy, (k > 2) and for the constructive Kreisel-Putnam Logic are presented;
however, such calculi are far from being genuine tableau calculi and are highly
inefficient. Indeed, they are obtained by adding to the intuitionistic tableau cal-
culus a special rule allowing us to introduce, at any point of the derivation, a
suitable T-signed instance of the schema characterizing the logic.

In this paper we provide tableau calculi for the intermediate constructive
logics Dy, (k > 2) of finite k-ary trees. Dy, is the set of all the formulas valid
in every Kripke model built on a finite k-ary tree. These logics have been in-
troduced in [13], where a finite axiomatization of every Dy is given, and their
decidability is proved. Our proof-theoretical characterization is based on a hy-
brid tableau calculus that uses the two usual signs T and F, some tableau rules
for Intuitionistic Logic and two rules formulated in a hypertableau fashion (a
structural rule and a purely logical rule). Then we use such calculi to provide a
proof of the main properties of the logics Dy, in particular their constructivity
and their decidability.

The paper is organized as follows: in Section [21 we introduce the logics Dy
providing both the axiomatization and the semantical characterization in terms
of families of Kripke models. In Section Bl we introduce the calculi TDy and we
prove that they characterize the logics Dy. Finally, in Section Bl we use these
calculi to prove the main properties of the logics Dy.

2 Preliminaries

Here we consider the propositional language based on a denumerable set of
atomic symbols and the logical constants L, A, V,—. We denote with p,q,...,
possibly with indexes, the atomic symbols and with A, B,..., possibly with
indexes, arbitrary formulas. Moreover, as usual in the setting of intermediate
logics, —A is defined as A — 1. Int and CI denote respectively the set of
intuitionistically and classically valid formulas.

An intermediate propositional logic (see, e.g., [B]) is any set L of formulas
satisfying the following conditions: (i) L is consistent; (ii) Int C L; (iii) L is
closed under modus ponens; (iv) L is closed under propositional substitution
(where a propositional substitution is any function mapping every propositional
variable to a formula). It is well-known that, for any intermediate logic L, L C CI.

Many intermediate logics can be semantically characterized by families of
Kripke models. A (propositional) Kripke model (see, e.g., [5]) is a structure
K = (P, <,IF), where (P, <) is a poset (partially ordered set), and IF (the forcing
relation) is a binary relation between elements of P and atomic symbols such
that, for every atomic symbol p, « IF p implies G IF p for every 8 € P such that
a < (. The forcing relation is extended to arbitrary formulas as follows:
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al L

alF BAC iff alF B and a IF C

alFBvCiff alF Boral-C;

alF B — Ciff, for every 8 € P such that a < 8, 8 IF B implies g IF C.

L

We write a ¥ A to mean that « IF A does not hold. We remark that, according
to the above interpretation, « IF —A iff, for every 8 € P such that o < 3, we
have g ¥ A.

It is easy to check that the forcing relation meets the monotonicity condition:

Proposition 1. For every formula A, Kripke model K = (P, <,IF) and element
ain K, if alk A then B A for every 8 € P such that a < (.

Given a Kripke model K = (P, <,IF), we write a < [ to mean that a <
and « # 8. Given a € P, we call immediate successor of a (in K) any 3 € P
such that o < 8 and, for every v € P, if o« < < 3 then either v = a or v = .
We call final element of K any ¢ € P such that, for every a € P, if ¢ < « then
¢ = «. It is easy to check that a final element ¢ of K behaves like a classical
interpretation, that is, for every formula A, either ¢ IF A or ¢ I —A.

A formula A is valid in a Kripke model K if a Ik A for all « € P. If K is a
non empty class of Kripke models, A is valid in I if it is valid in every model
of KC.

For every k > 2, let (D) be the axiom schema

/\f:o ((pz = V;zipi) = ngéipj) - \/f:()pi

and let Dy denote the closure under modus ponens and propositional substitu-
tion of the set containing Int and all the instances of the axiom schema (Dy).
As shown in [13] every Dy (k > 2) is an intermediate logic and the sequence
{Dg}r>2 has the following properties:

- ﬁkZQDk = Il’lt;

— For every k > 2, Dy D Dyyq;

— For every k > 2, Dy has the disjunction property: that is, for every formula
of the kind AV B, if AV B € Dy, then A € Dy or B € Dg;

— Every Dy, is decidable.

Now, let Ti be the the family of all the Kripke models K = (P, <,IF) where:

— (P, <) is a finite tree;
— Given a € P, o has at most k immediate successors in (P, <).

In [13] the following result is proved:
Theorem 1. For every k > 2, A € Dy, iff A is valid in Tg.

Hence the above result shows that every logic Dy is characterized by the class
of finite k-ary trees.
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The above quoted properties of the logics Dy, are proved in [13] by means of
semantical tools. In particular the decidability of Dy relies on the decidability
of the second order theory describing the validity of formulas in 7 and the
disjunction property follows from a property of the class of models 7. In the
following sections we introduce a tableau calculus for every TDj and then we use
the properties of such a calculus to deduce the decidability and the disjunction
property for Dy.

3 The Sequence of Tableau Calculi TD; (k > 2)

A signed formula (swff for short) is an expression of the form TX or FX where
X is any formula. The meaning of the signs T and F is as follows: given a
Kripke model K = (P, <,IF) and a swif H, a € P realizes H (in symbols a > H)
if H=TX and alF X, or H=FX and a ¥ X. a ¥ H means that o > H does
not hold. « realizes a set of swif’s S («a > S) if « realizes every swif in S. By
Proposition [, if o> TX then g>TX for every 8 € P such that o < 3. On the
other hand, if & > FX, then can exist 5 € P such that « < § and § ¥ FX.
A hyperset is an expression of the form

Sil ... |Sn

where, for all i = 1,...,n, S; is a set of swif’s. S; is called a component of the
hyperset. We call simple hyperset a hyperset containing exactly one component.
A configuration is an expression of the form

U . |

where, for all i = 1,...,m, ¥; is a hyperset. ¥; is called a component of the
configuration. A simple configuration is a configuration where every component
is a simple hyperset.

The intended meaning of the symbol | is conjunctive while the one of the
symbol || is disjunctive. Formally, given a Kripke model K = (P, <,IF), K
realizes a hyperset S1 | ... | S, if, for every i = 1,...,n, there exists o; € P
such that a; > S;. On the other hand, K realizes a configuration ¥y || ... || ¥
if there exists a hyperset ¥;, with j € {1,...,m}, such that K realizes ¥;.

The rules of Table [[] are common to all the calculi TDy for £ > 2 and are
independent of the parameter k. The rule properly characterizing the tableau
calculus TDy, is Dy, and it will be introduced in a while. Before that we introduce
some notations. First of all, in the rules of the calculus TDy, we simply denote
with S, Hy,..., Hy the set SU{Hq,...,Hp}. The rules apply to configurations
but, to simplify the notation, we omit the components of the configuration not
involved in the rule. E.g., the schema

Sill .o | STAAB)| ... || Su
S|l .. || STATB ... | Sn

illustrates an application of the TA-rule. In every rule we distinguish two parts:
the premise, that is the configuration above the line, and the conclusion, that
is the configuration below the line. We remark that all the rules of Table [l but
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Table 1. Rules common to all the TDyg

S, T(AA B) S,F(ANB)
TA FA
S, TA, TB S,FA | S,FB
S, T(AV B) S,F(AV B) S,F(AV B)
TV FV; FVo
S,TA || S,TB S, FA S,FB
S, TA, T(A— B)
S, TA, TB
S, T(AAB)—=C) S, T(AV B)—=C)
T
ST(A— (B—C)) 8 T(A-C),T(B—C)
S, T((A— B) = C)
T——
S,F(A— B),T((A— B)—C) | S,TC
Si| oo | Si] ... ] Sn
Si

T—Atom With A an atom

T—V

Weak

Weak only involve simple configurations (both the premise and the consequence
of such rules are simple configurations). On the other hand, Weak has a non
simple configuration as premise and a simple configuration as consequence; on
the contrary, as we will see, the rule Dy properly characterizing TDy has a
simple configuration as premise and (in general) a non simple configuration as
consequence.

We call main set of swff’s of a rule the set of swif’s that are in evidence in the
premise of the rule; when the main set of swif’s of a rule contains just a swff we
call it the main swff of the rule. As an example, T(AA B) is the main swif of the
rule TA while {TA, T(A — B)} is the main set of swit’s of the rule T — Atom.
The rule Weak is a structural rule; it acts on components of a hyperset and it
does not have a main set of swff’s.

The rule properly characterizing the calculus TDy is Dy that applies to the
premise

S,F(A1 = B1),...,F(A, = B,),T((C1 = D1) = E1),...,T((Cw, = D) = En)

Let
U={F(A1 — B1),...,F(A, — B,)}

V ={T({(C1 = D1) = E1),...,T((Crn = Dm) = En)}

and let U UV be the main set of swif’s of the rule. Now, let Xy be the set
containing all the subsets of U different from U itself and the empty set. We
remark that the cardinality of Xy is 2" — 2. We denote with E[’} the set of all
the complete k-sequences of Xy, that is the set of all the sequences @1, ..., P,
of elements of Xy such that:
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— h<k;
- Ulgigh@ =U.
We associate with every sequence o = &1,. .., P, belonging to X the hyperset

HO’ ESCaélvgjl ‘ | SC,Qph,W}L
where, S. = {TA | TA€ S} and, fori=1,...,h

¥; = {TE | T((C = D) = E) € V and F(C — D) & &;}
UWT({(C —D)—E)| T(C—D)—FE)ecV and F(C — D) € &;}
U{T(C—-D)—E)| T(C—D)—=E)eVand F(C —- D) g U}
The rule Dy, is

S,F(A1 = Bi1),...,F(A, = Bn), T((C1 = D1) = Er),...,T((Csi = D) = En)
Se, 1, Av || oo || Sey Iy An || Hoy || -+ | Ho,

k

where 71, ..., 0, are all the complete k-sequences in X and, for i =1,...,n

U{T(C—- D)= E)eV |C— D=#A; — B;}

The following is an example of application of Dy where the components of the
consequence occur in different lines

F(A— B),F(C - D),F(E - G),T(A— B) - H)

TA,FB,F(C - D),F(E - G), T(B — H) ||
F(A— B),TC,FD,F(E - G),T((A— B) —» H) ||
F(A— B),F(C — D),TE,FG,T((A— B) —» H) ||
F(A— B), T(A—B)—~H) | F(C - D),F(E— G),TH ||
F(C— D), TH | F(A— B),F(E - G),T((A— B)— H) |
F(E—-Q),TH | F(A— B),F(C — D), T((A— B) — H) |
F(A— B),F(C - D), T(A—B)— H) | F(A— B),F(E—G),T((A— B)— H) |
F(A— B),F(C - D), T(A—B)—~ H) | F(C - D),F(E — G),TH ||
F(A— B),F(E—G), T((A—B)— H) | F(C - D),F(F - G),TH

D,

We remark that, if U = {F(A; — Bj)} the corresponding instance of Dy, is

S,F(Al — Bl),T((Cl — Dl) — E1), .. ,T((Cm — Dm) — Em)
SC,TAl,FBhAl

k

which is a purely intuitionistic rule.
A set S of swit’s is contradictory if one of the following conditions holds:

1. TAe€ Sand FA € S;
2. TLeS.

A hyperset Sy | ... | S, is contradictory if at least one of the S; is contradictory
and a configuration ¥ || ... || ¥, is contradictory if all the ¥; are contradictory.
It is easy to check that:
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Proposition 2. If a configuration is contradictory then it is not realizable in
any Kripke model.

Given the tableau calculus TDy, a TDg-proof table for a configuration Kq
is a finite sequence of configurations Ky, ..., K,, where the configuration ;41
is obtained from K; =¥ || ... || ¥, by applying a rule to a non-contradictory
hyperset. A closed TDy-proof table is a TDy-proof table Ky, ..., K, where the
last configuration is contradictory. Closed TDy-proof tables are the proofs of
our calculus TDy. A formula A is provable in TDy, if there exists a closed TDy-
proof table for the configuration {FA} (the configuration consisting of the set
{FA} only).

Now, our aim is to prove that, for every k > 2, the calculus TDj, is sound
and complete with respect to the class of Kripke models 7. As usual the main
step of the Soundness Theorem consists in proving that the rules of the calculus
preserve realizability.

Lemma 1. If the premise of a rule of TDy, is realized in a model K € Ty, then
the consequence of the rule is realized in K.

Proof. We only analyze the case of the rule Dy the other cases being trivial. So,
let us assume that K = (P, <,IF) € T, and that an element « € P realizes the
set of swif’s I'= SUU UV, where S is any set of swff’s and

U= {F(A; = B1),...,F(An — B)}

V ={T({(C1 — D1) = E1),...,T((Crn = Dm) = En)}

Now, since K is finite, there exists an element 3 such that o < 3, > U and,
for every v > 3, v ¥ U. We have two cases:

Case 1: There exists an i € {1,...,n} such that g > {TA;, FB;}. This implies
that S > I; where I; = U\ {F(4; — B;)} U{TA,;,FB;}; moreover, since o < (3,
B> S, UV and, since § > T((4; — B;) — E) implies > T(B; — E), we get
B> Se, Iy, A,
Case 2: For every i € {1,...,n}, B ¥ {TA;,FB;}. Then, for every F(A; —
B;) € U there exists v € P such that 3 < v and v {TA;,FB;}. Let © be the
set of all v € P such that 8 < v and y> {TA;, FB;} for some F(A; — B;) € U.
Since K € Ty, B has at most k& immediate successors. Let d1,...,d, (h < k) be
the distinct immediate successors of 3 such that there exists v € @ such that
0; <~.Let,fori=1,...,h
¢, ={F(A—-B)eU|dé>FA— B)}
@ = {TE | T((C = D) — E) € V and F(C — D) ¢ &;}
U{T((C = D) = E) | T((C — D) — E) € V and F(C — D) € &;}
UWT{(C—-D)—E)| T(C—-D)—E)eVand F(C - D)¢U}

Since U &, = U, 0 = &1,...,P;, is a complete k-sequence of X¥. Clearly
0; > ®;; moreover, since §; >V and, for all F(C — D) &€ &, §; I C — D, it holds
that &; > ¥;. Therefore, §; > S., ®;,¥; for all ¢ € {1,...,h} and the hyperset H,
is realized in K. Thus, both in Case 1 and in Case 2, [ realizes the conclusion
of Dk. O
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From the above lemma we deduce that, if A is not valid in 7, then no closed
TDy;-proof table for {FA} can exist. Indeed, let K = (P, <,IF) be a model of
T such that A is not valid in K and let us assume that there exists a closed
TD-proof table 7 for {FA}. Since K realizes {F A}, by the previous lemma, K
realizes the last configuration of 7 against Proposition[2. It follows that A is not
provable in TDy, hence:

Theorem 2 (Soundness). If A is provable in TDy, then A is valid in Ty,.

Now, a finite set S of swif’s is TDy-consistent if no TDy-proof table starting
from S is closed. To prove the completeness of TD; we provide a procedure
that, given a finite and TDy-consistent set S of swff’s, allows us to build a
Kripke model Kp,(S) whose root realizes S. Our technique is similar to the
one used in [1], which is an adaptation of Fitting’s one described in [12]. The
construction consists of two steps. In the first step we construct the sequence
{S;}icw of sets of swif’s and the set of swif’s S, called the node set of S. S will
be the root of the model K(S) and its forcing relation is determined by the
signed atoms belonging to S. In the second step we construct the successor sets
Ay, ..., Ay of S. The model K(S) will be constructed by iterating the two
steps on Aq,...,A.

Let us consider a finite and TDy-consistent set S of swil’s and let Aq,..., A,
be any listing of swil’s of S (without repetitions of swfl’s). Starting from this
listing we construct the sequence {S;}ic. of sets of swil’s defined as follows:

= 8o =5;
— Let S; = {Hl, .. .,Hu}; then

Siy1 = U U(Hj, 1),

HJ €S;

where, setting S = U(Hy,i) - UU(Hj-1,1) U{H}, ..., Hu}, U(Hj,10) is
defined as follows:

(N1) If H; = T(A A B), then U(H;,i) = {TA, TB}.

(N2) If H; = F(AA B), then U(H;,i) = {FA} if (57 \ {H;}) U{FA} is TD;-
consistent and U(H;,i) = {FB} otherwise.

(N3) If H; = T(AV B), then U(Hj,i) = {TA} if (S} \ {H;}) U{TA} is TD;-
consistent and U(H;,i) = {TB} otherwise.

(N4) If H; = T(A — B) with A an atom, then U(H;,i) = {TB} if TA € §j,
and U(H;,i) = {H;} otherwise.

(N5) If Hi =T((AAB) — C), then U(Hj,i) = {T(A — (B — C)}.

(N6) If Hi =T((AVB) = C), then U(H;,i) = {T(A— C), T(B— C)}.

(NT7) If H; = T((A — B) = C) and F(A — B) ¢ S, then U(Hj,i) = {TC}
if (S%\{H;}) U{TC} is TDy-consistent and U(H;,i) = {H;, F(A — B)}
otherwise. If F(A — B) € S} then U(H},i) = {H,}.

(N8) If Hj is a signed atom or H; = F(A — B) or H; = F(AV B), then
U(Hj,i) = {H;}.
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It is easy to check, by induction on ¢ > 0, that, if S is TDy-consistent, then
every S; is TDg-consistent. Moreover, since S is finite, every .S; is finite and there
exists an index j such that S; = S; for every 7 > j. Let u be the first index such
that S, = Su11. We call node set of S the set S = S, and we call {Sp,...,S,}
the sequence generating S. We remark that different listings A,..., A, of the
swit’s of S give rise to different sequences {5;};c., and to different node sets of
S.

The successor sets of S are defined as follows:

(S1) If S contains at least one swif H = F(AV B), then the only successor sets
of S are Uy = (S\ {H}) U{FA} and Uy = (S \ {H}) U{FB}. We call U;
and Us the successor sets corresponding to the FV-rule.

(S2) If S does not contain swif’s of the kind F(AV B) and contains at least one
swif of the kind F(A — B), then let:

U={F(A—B) | F(A— B)e S}
V = {T((C = D) = E) | T((C = D) — E) € 5}
S=—S\(UUV)

and let
SC7F17A1 || H SC>F7HATL H HUI H || %Uv-

be the configuration obtained by applying the rule Dy to the set SUUUV
where the main set of swif’s is U U V. Since, by hypothesis, S is TD-
consistent, at least a component of this configuration is TDy-consistent,
let @1 | ... | Pp (1 < h < k) be such a component. By applying the Weak-
rule we deduce that all the @; are TDy-consistent. The only successor sets
of S are @1,...,®;,. We call @1, ... D), the successor sets corresponding to
the Dy -rule.

We remark that if S is finite and TDj-consistent then every successor set of S
is finite and TDy-consistent; moreover S has k successor sets at most.

Given a finite and TDyg-consistent set S of swff’s, we use the construction
above to define the structure Kp(S) = (P, <,IF) as follows:

1. S € P, where S is a node set of S;

2. For every I' € P and for every successor set A of I', let A be a node set
of A. Then A is a member of P and A is an immediate successor of I' in
Kp(5);

3. < is the transitive and reflexive closure of the immediate successor relation;

4. For every atom p and for every ' € P, I'lF piff Tp € T.

Now, we have to prove that the structure K (S) defined above is a Kripke
model of 7. In particular we need to prove the finiteness of (P, <); to this aim
we introduce the notion of degree and weight. Given a formula A, the degree of
A, denoted by dg(A), is defined as follows:
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— if A =p, where p is an atom, or A = 1, then dg(A) = 0;
—itA=BACor A= BVC, then dg(A) = dg(B) + dg(C) + 1;

— if A=p — B where p is an atom, then dg(A) = dg(B) + 2;

— if A= (BAC)— D, then dg(A) =dg(B — (C — D))+ 1;

— it A=(BVv(C)— D, then dg(A) = dg(B — D) +dg(C — D) + 1,
—if A= (B — C) — D, then dg(A) = dg(B — C) + dg(C — D) + 1.

It is easy to prove that dg(A — B) > dg(A) + dg(B). Given a swif H = TA or
H = FA, the degree of H is dg(H) = dg(A). For a finite set of swif’s S and a
swif H € S, the weight wg(H,S) of H in S is:

_Jo if H=F(A— B)and T(A— B)—=C)e S
we(H, $) = {dg(H) otherwise

The weight wg(S) of a finite set S of swit’s is wg(S) = > ;cq wg(H, S).

Lemma 2. Let I' be a finite and TDy,-consistent set of swff’s and let T be a
node set of I".

(i) If {I,... T} is the sequence generating I, wg(Iyy1) < wg(I3) for every
i€{0,...,u—1}.
(i) If A is a successor set of I, wg(A) < wg(T').

Proof. The proof of Point (i) is trivial. Indeed, one can see that, if R is any
rule of Table [ different from T ——, & is the premise of R and ¥ is any
component of the consequence of R, it holds that wg(¥) < wg(®P). In the case
of the T ——-rule, wg(S U {TC}) < wg(SU{T(A — B) — C)}), while
wg(SU{T((A— B) = C)}) =wg(SU{F(A — B),T((A — B) = C)}), since
wg(F(A— B),SU{T((A— B) > (C)}) =0.

As for Point (ii), if A is a successor set corresponding to the rule FV the
proof is trivial. Now, let us consider the case where A is a successor set of I’
corresponding to the rule Dg. Then I' = SUU UV where U = {H € ' | H =
FA—-B)}, V={HcT'|H=T(C - D)= E)}and S=T\(UUV). Let
us suppose that

U={F(A1 — B1),...,F(An — Bn)}
V ={T((C1 — D1) = E1),...,T((Crn = D) = En)}
We have two cases, according to the TDy-consistent hyperset used to build up
the successor set A.
Case 1: A is the only successor set of I'. In this case A = S, U I; U A; where
1 <¢<nand
I; =U\{F(A; = B;,)} U{TA;,FB;}
A ={T(B; - E) | T((Ai — B;) > E) e V}
UW{T(C—-D)—E)eV |C—D=#A; - B;}
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If wg(F(A; — Bi),T") > 0 then there is no swiff of the kind T((4; — B;) — C)
in V and A; = V. Since dg(A; — B;) > dg(A;) +dg(B;), it is easy to check that
wg(A) < wg(I'). On the other hand, if wg(F(A; — B;),I’) = 0, then V contains
at least a swff of the kind T((A4; — B;) — C) and we can write the sets I and
A as follows:

=ZU{F(A; = B)}U{T((4i = B;) = C1),...,T((A: = B:i) = Cy)}
= 5. U{TA;, FB,}U{T(B; — C1),...,T(B; = Cy)}

where ¢ > 1 and {T((4; — B;) — C1),...,T((A; — B;) — Cy)} is the set
of all the T-signed implicative formulas occurring in I" having A; — B; as
antecedent. Now, given two sets of swit’s © and A, let us denote with wgg(A) =
Y meaWg(H,0). It is easy to check that:

wg(I') = wgp(Z) +dg((A; = B;) = C1) +--- +dg((A; — B;) — Cy)
wg(A) <wga(Ze) +dg(A4;) +dg(B;) +dg(B; — C1) + -+ - +dg(B; — Cy)

IN

Since wga(E.) < ng(E) dg(A;) + dg(B;) + dg(B; — C1) < dg((A; — B;) —
Cy) and dg(B; — C;) < dg((Ai — B;) — Cj) for every j € {2,...,q}, it follows
that wg(A) < wg(I).

Case 2: T has at least two successor sets. In this case, following the definition
of Dy, we can write A = S, UU; UV U Vs, where Uy C U and Uy # 0 and

Vi={TE|T(C— D)= E)eV and F(C — D) ¢ U}
Vo ={T((C - D)—E)| T(C—=D)—E)eV and F(C — D) € U1}

On the other hand, we can write I as S UU; UUy U Vi U Vy where Uy = U \ Uy
and V; = {T((C - D) - E) e V| F(C — D) ¢ Uy} (we recall that U; # ) and
Us # 0). We notice that wg ,(S.) < wgr(S). Moreover, if wg(F(A — B),T') =0,
where F(A — B) € Uy, then there exists C' such that T((A — B) — C) € Va,
hence wg(F(A — B),A) = 0 as well; it follows that wg,(U1) = wgr(Ui).
Finally, if Vi # 0, then V; # 0 and wg, (V1) < wgg(V41). To prove that wg(A) <
wg(I') we have to consider two cases.

(i) There exists F(A — B) € U such that wg(F(4 — B),I') > 0. Then
wg(Uz) > 0, therefore wg(A) < wg(I).

(ii) For all F(A — B) € U, wg(F(A — B),I') = 0. Since Uy # 0, there
exist F(A — B) € Uy and T((A — B) — C) € Vi, hence Vi # 0 and
wg (V1) < wgr(Vh). This implies that wg(A) < wg(I). O

Now, we have all the elements needed to prove that K(S) is a Kripke model

of Ty.

Lemma 3. Let S be a finite and TDy-consistent set of swff’s and let K (S) =
(P, <,IF) be the structure defined above. Then K (S) is a Kripke model of Ty,.



126 M. Ferrari, C. Fiorentini, and G. Fiorino

Proof. By construction of K(S) it is easy to check that (P,<) is a poset;
moreover, since Tp € I" implies that Tp belongs to every successor set of I, the
forcing relation I is well defined. Hence K (S) is a Kripke model and, always
by construction, every element of (P, <) has k immediate successors at most. To
conclude the proof we only have to show that (P, <) is finite. Let us assume that
(P, <) is not finite; then, since (P, <) is a finite branching tree, there is an infinite
chain I'y < I'y < ... in (P, <). Since every I'; is finite and TDj-consistent, by
the above lemma wg(I'g) > wg(I'1) > ..., which leads to a contradiction. Hence
(P, <) is finite and this concludes the proof. O

Lemma 4. Let S be a finite and TDy-consistent set of swff ’s and let K (S) =
(P,<,IF) be defined as above. Let I' € P and let {Iy,...,I.} be the sequence
generating I'. For every i € {0,...,u} and every H € I;, I' > H in K(S).

Proof. The proof is by induction on dg(H).

Basis: If dg(H) = 0, then H = Sp, with p atom, and, by construction of K (5),
if Sp € I; then Sp € I, = I'. If S = T then, by definition of forcing, I" > Tp; if
S = F then, by consistency of I', Tp ¢ I" and hence I' > Fp.

Step: Let us suppose that the assertion holds for every H’ such that dg(H') <
dg(H). The proof goes by cases on the structure of H. We give only few cases.

If H=F(A — B) and H € I}, then, by construction, H € I'. Since K (S) is
finite, there exists A € P such that A > I", H € A and {TA, FB} is included in a
successor set A of A. By induction hypothesis A>{T A, FB}, thus '>F(A — B).
If H=T((A— B) = C) and H € I}, then, by construction, either TC € I}
with j > 4, or {T((A — B) — C),F(A — B)} C I'. In the former case, by
induction hypothesis, we immediately get I > TC and hence I' > H. In the
latter case, let A € P such that A > I; if H € A, then, by construction,
F(A — B) € A, and by induction hypothesis A ¥ A — B. If H ¢ A, then there
exist 1,0, € P such that I' < ©; < Oy < A, H € ©,, F(A — B) € 6,
and H ¢ O, with Oy a successor set of ©; corresponding to the Dy-rule. If
TC € O, then, by induction hypothesis, @ > TC, hence A I- C. On the other
hand, if TA, T(B — C) € O, then, by induction hypothesis, @3 > TA and
Oy > T(B — C), hence A IF A and A IF B — C. Therefore, if A I A — B,
then A IF C. Thus we have proved that, for every A € P such that A > T, if
A=A — B, then A+ C and this implies I' I (A — B) — C and I' > H. O

Theorem 3 (Completeness of TDy). If A is valid in Ty, then A is provable
in TDy.

Proof. Suppose that there is no closed TDy-proof table for {FA}, then {FA}
is a TDj-consistent set of swff’s. By Lemma [, FA is realizable in the model
Kp({FA}) € Tg, hence A is not valid in 7. O

4 Properties of Dy,

First of all, we remark that in the calculus TDj the swif’s of the kind F(A Vv
B) are treated by two rules. This implies a non deterministic choice in the
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construction of a proof table. Of course, we can replace the rules F\; and FV,
with the deterministic rule

S,F(AV B)
S,FA,FB

The resulting calculus TD), is trivially valid for Dy. As for the completeness,
we have to change the construction of the counter model K (S) as follows: add
the case

(N9) If H; = F(AV B), then U(H;,i) = {FA,FB}

to the definition of node set and do not consider case S1 in the definition of
successor set (thus, in this case the only successor sets are those corresponding
to the Dy-rule).

We have chosen to present the main calculus for TDy with the rules Fv;
and FV, since they allow us to get an immediate and syntactical constructivity
proof for Dy.

Theorem 4. For every k > 2, if AV B is provable in TDy, then either A or B
is provable in TDy.

Proof. If AV B is provable in TDy then there exists a closed TDy-proof table
T for F(A V B). Since the first rule of 7 is either FV; or FVy, 7 either contains
a closed TDy-proof table for FA or a closed TDg-proof table for FB. O

Let us consider the rule characterizing the calculus TDy. Let I' = SUU UV
where U = {F(4; — By),...,F(A, — Bp)} and V = {T((C1y — D;) —
E1),...,T((Cy, = Dy) — Ep)}. Since any complete k-sequence of X¥ is also
a complete (k + 1)-sequence of E(]j"’l, any component of the configuration C
obtained by applying Dy, to S is also a component of the configuration C’ obtained
by applying the rule Di;q to S. This immediately implies that if {FA} has a
closed TDy1-proof table then it also has a closed TDy-proof table, therefore
Dy 2 Dyy1. Moreover, since (Dg41) is not valid in the class of models Ty, by
the Completeness Theorem we get:

Theorem 5. For every k > 2, Dy, D Dgyq.

We describe a procedure to decide Dy, extracted from the completeness the-
orem for our tableau calculus. Here, for the sake of simplicity, we consider the
tableau calculus TDY,. Following the construction of the counter model Kp,(.9),
we can define the procedure IT(I") of Table P that, taken as input a set I" of
swif’s, returns true if and only if I" is TD}-consistent. The procedure Apply(I")
called in IT takes as input a set I" of swff’s and returns a configuration Cp ob-
tained by selecting a main set of swif’s P in I' (if it exists) and applying a rule
of TD), to I considering P as the main set of swff’s. We remark that lines 1-12
implement the cases N'1—N8 of SectionBland case A9 above of the construction
of the node set, while lines 13-15 implement the construction of the successor
sets (case 82 of Section B). From the completeness of the decision procedure we
get:
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Table 2. The procedures I1(I") and Apply(I")
I(r)
1 if I' is contradictory
2 then return false
3 else C = Apply(I)
4 if C has I' as only component
5 then return true
6 if C is a simple configuration S1 || ... || S»
7 then for i :=1 to n
8 do if I1(S;) = true
9 then return true
10 return false
11 if C is a non simple configuration ¥ || ... || ¥,
12 then
13 fori:=1ton
14 do Let % =5} |... |85},
15 for j:=1 to h;
16 do if II(S;) = false
17 then goto 13
18 return true
19 return false
Apply(I")
1 if I" contains at least a swif H of the kind T(A A B) or T(AV B) or F(A A B)
or T(AAB) - C)or T((AV B) = C)
2 then select such an H
3 return Cypy
4 if I" contains at least a set P of the kind {T(A — B), TA} with A an atom
5 then select such a set P
6 return Cp
7 if I' contains at least a swff H of the kind T((A — B) — C) such that F(A —
B)¢gr
8 then select such an H
9 return Cypy
10 if I" contains at least a swif H of the kind F(A V B)
11 then select such an H
12 return Cypy
13 if I" contains at least a swif H of the kind F(A — B)
14 then select such an H
15 return Cypy
16 return I'

Theorem 6. For every k > 2, Dy is decidable.

To conclude the paper, we point out that the rule Dy is intrinsically inefficient,
indeed the number of hypersets in the consequence of the rule is exponential in
the number of F-signed implicative formulas occurring in the premise. Despite
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this, our decision procedure is more efficient than the one based on generalized
tableau given in [2], where in the proof one has to introduce a super-exponential
number of instances of the axiom shema (Dy).
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for Constraint Tableaux with Superposition
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Abstract. We present a calculus that integrates equality handling by
superposition into a free variable tableau calculus. We prove complete-
ness of this calculus by an adaptation of the model generation [2J15]
technique commonly used for completeness proofs of resolution calculi.
The calculi and the completeness proof are compared to earlier results
of Degtyarev and Voronkov [7].

1 Introduction

Efficient equality handling for first order tableaux or related calculi, like matings
or the connection method, has been problematic for a long time. It is generally
believed that only techniques based on ordered rewriting can sufficiently reduce
the search space of equality reasoning to make it tractable. It was also believed
that the best approach to the integration of free variable tableaux and equality
handling would be to search for simultaneous rigid E-unifiers [9] of disequations
on the tableau and use these to close branches instead of usual unifiers. So the
overall idea was to solve the rigid E-unification problems using ordered rewriting
techniques.

Unfortunately, simultaneous rigid E-unification was later shown to be un-
decidable [6]E The outlined plan could thus only be implemented using incom-
plete procedures for E-unification. Experimenting with such a setting however,
it turned out that the combination of a first order theorem prover and an incom-
plete solver for rigid F-unification problems seemed to be complete despite the
incompleteness of the unification machinery, though nobody knew exactly why.
In 1997, Degtyarev and Voronkov finally showed completeness for such a combi-
nation [7)8], and thus for a tableau calculus with integrated superposition-based
equality handling.

One might have expected that all problems would be solved after this discov-
ery. A number of publications would follow, providing variations on the theme,
like what is known as ‘basic ordered paramodulation’ in the resolution com-
munity, or a version with universal variables (see e.g. [12]), or hyper tableaux
[] with equality. Curiously enough, this has not happened! We surmise that

! This was only shown in 1996, invalidating a number of attempts at a completeness
proof that were based on the opposite assumption.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 130-[I44] 2002.
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the reason for this is the complexity of Degtyarev and Voronkov’s completeness
proof: It is over ten pages long, and very technical, although the proof of one of
the theorems used is not even included in the cited papers.

In this paper we present calculi similar to (a clausal version of) the one
presented in [7], though we prefer to integrate the superposition process into the
tableau calculus instead of defining a separate calculus for rigid E-unification. We
then show the completeness of this calculus using an adaptation of the technique
called model generation, well known for resolution calculi, see [2/T5].In particular,
we can use many ideas of Nieuwenhuis and Rubio that worked for them in the
setting of resolution with constraint propagation. Apart from being significantly
shorter than the proof of Degtyarev and Voronkov, our proof has the advantage
of requiring only few additional ingredients not known from resolution. This
makes it easy to produce tableau versions of variants known for resolution, like
basic ordered paramodulation or hyper resolution resp. hyper tableaux. Some
parts of this paper are elaborated in more detail in [IT].

In Sect.[2 we review some common notions and notations. Our calculus is de-
scribed in Sect.[3 The main result, namely completeness, is presented in Sect.
A discussion of a certain relative termination property and related issues follows
in Sect. Bl We then try to demonstrate the versatility of the model generation
technique for tableau completeness proofs in Sect. [l by applying it to rigid basic
ordered paramodulation. Finally, some possible fields for further research are
identified in Sect. [

2 Preliminaries

We shall assume a fixed signature consisting of function symbols with fixed arity,
constant symbols being considered as functions of arity zero, and a single binary
predicate symbol ‘=’ denoting equality. The equality symbol is handled in a
symmetric way, i.e. two formulae s = t and ¢ = s are considered identical. A
literal is either an equation s = ¢ or a negated equation —s = t. A clause is a
finite set of literals.

An interpretation is a congruence relation on ground terms. Validity of equa-
tions, literals and clauses in a interpretation is defined as usual

Interpretations will be described by sets of rewrite rules | = r. The interpre-
tation induced by a given set R of rewrite rules is the minimal congruence R*
on ground terms, such that [R*r for all | = r € R.

Furthermore, a fixed total reduction ordering > on ground terms will be
assumed. This ordering is extended to a total well-founded ordering >; on ground
literals as follows: A ground literal is assigned a multiset by m(s = t) := {s,t}
and m(—s = t) := {s,s,¢,t}. Then | =; I' iff m(l) » m(l'), where » is the
multiset extension of >. It is useful to keep the following properties in mind,
which are immediate consequences of this definition:

2 This approach is also taken in [15]. Herbrand’s Theorem guarantees that for our
purposes this is equivalent to defining interpretations with arbitrary carrier sets.
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If s =t and s’ = ¢/, then

s=t= =t if s-sor(s=¢andt>t)
s=t=; s =t iff s»¢

—s=t=; 8=t iff s>=s
as=t s’ =t Mf s=sor(s=sandt>=t)

A position is a sequence of numbers designating subterms. s, is the subterm
of s at position p and s[r], is the result of replacing the subterm at position p
in s by r.

A constraint is a first order formula that uses a certain fixed signature and is
interpreted over the set of ground terms. There are two predicate symbols with
fixed interpretation, namely ‘=’ representing (syntactic) equality and > for the
reduction ordering. We denote conjunction as ‘&’ in constraints. A substitution
satisfies a constraint, if the constraint is true under the fixed interpretation when
its free variables are assigned values according to the substitution. A constraint
is satisfiable, if there is a substitution that satisfies it.

A constrained literal is a pair (—)s = t < C of a literal and a constraint.
The intention is that the literal may only be used if the instantiation of the free
variables of a tableau satisfies the constraint.

We shall occasionally refer to rigid versus universal variables. Rigid variables
are the free variables introduced by the rule for universal quantifiers of a free
variable tableau calculus. They are called rigid because all occurrences of such
variables in a tableau have to be instantiated by the same terms. This is very
different from the situation in a resolution calculus, where each new clause is
implicitly universally quantified and variables in a clause may be instantiated by
a different m.g.u. in each resolution step. There are cases where this restriction
can be lifted in tableau calculi, i.e. where it is sound to instantiate different
occurrences of a free variable differently. If that is the case, one calls the free
variable ‘universal’ for the formula in which it occurs, see [12]. As has been
recognized in [5], using universal variables is crucial for efficient equality handling
in tableaux. The calculi presented in this paper do not use universal variables,
but we expect our results to be easily adaptable to calculi that use them.

3 The Calculus

We shall describe a clausal free variable tableau calculus to refute sets of clauses.
In such a calculus, there is of course the usual clause extension rule, which
expands the tableau by renamings of the literals of one clause. In addition, we
want rules to perform superposition between literals on a branch. In principle,
e.g. in a ground calculus, the rule should look like this:

(m)s=t
l=r
()slrly =t
where p is a positionin s, s|, =1, s =t and [ > r.

That is, we apply ordered equations on maximal sides of literals.
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In a calculus with free variables, the condition s|, = [ becomes a unification
problem, and the ordering conditions also depend on the instantiation of free
variables. In their calculus)’ Degtyarev and Voronkov annotate the whole tableau
with a constraint to which these unification and ordering conditions are added.
They require that constraint to be satisfiable at all times. A consequence of using
such a global constraint is that backtracking is required for each superposition
application that adds to the global constraint. In order to avoid this, we shall
work with constrained literals (—)s =t < C, where the constraint C' accumulates
the unification and ordering conditions of superposition steps needed to derive
this literal.

Furthermore, Degtyarev and Voronkov delete the literal (—)s = ¢ from the
branch in a superposition step. Of course, this also can be done only if the
procedure backtracks over every superposition step. We choose a non-destructive
formulation to avoid backtracking: instead of actually deleting literals, we keep
track with each new literal L of a set of literals that would have been deleted
during the derivation of L in a destructive calculus. These sets, called histories
can then be used to exclude rule applications, e.g. between L and K if L is in the
history of K. We shall write a constrained literal with history as (=)s = ¢ < C'-h.

In fact, we go a step further: at each superposition step we delete (or rather
simulate deletion of) not only the first premise but both premises, because it
turns out that this stronger restriction does not complicate the completeness
proof—in a sense, it even becomes more transparent—and it makes it easier to
prove the termination property of Sect.[H. Deleting both premises amounts to
requiring each literal to be used at most once in the derivation of any other
literal. Call the literals introduced on the tableau by the extension rule and not
by superposition ezt-literals. In the history of a literal L, we shall record the
ext-literals from which L is derived, and in superposition steps, we shall require
these histories to be disjoint.

Formally, we start from an initial empty tableau and expand it by applying
certain rules. Tableau nodes are labeled with constrained literals with histories,
written L = (—)s =t < C'-h. The history h is a set of (references to occurrences
of) literals on the tableau. Let a set C of clauses be given. Our calculus has the
following three rules:

ALY T - 1 L T

where {Ly,...,Ly} =0C, with C € C
and 0 renames each variable in C' into a new (free) variable.

s=t<< A h
l=7r < B-h
PP, St <sl,=1&s-t&l-r&A&B-hy Uhy

where p is a position in s, s|, is not a variable and hy N hy = 0.

3 From now on, we always refer to the ‘tableau basic superposition’ calculus TBSE
of [].
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—s=t<<A-h
liT<<B'h2
s, =t << sl =l&s=t&l>r& A& B-hi Uhy

where p is a position in s, s|, is not a variable and hq N hy = 0.

sup-n

The superposition rules sup-p and sup-n are only applied if the constraint of
the new literal is satisfiable. The two literals involved as premises in the sup-p-
rule are required to be distinct although one might be a renaming of the other.

A ground substitution ¢ closes a branch B of a tableau, if there is a con-
strained negated equation —s = ¢t < A-h € B such that os = ot (that is
syntactic identity) and o satisfies A. The whole tableau is closed, if there is a
single substitution o that closes all branches simultaneously.

The sup-rules implement what is known as rigid basic superposition. The term
‘rigid’ refers to the rigidity of the free variables of our tableau calculus. One
talks of superposition when only ordered application of equations is allowed,
and only on the mazrimal side of an equation, which in our case is enforced
by the constraint s > t. Finally, the basic strategy is a restriction that was
first introduced for calculi that work without constraints. In a superposition
step of such calculi, a most general unifier i of s|, and [ is determined, and a
literal pu(s[r], = t) is generated. The basicness restriction forbids application of
equations on subterms of this literal introduced by the unifier . In other words,
superposition steps at or below variable positions of s[r], = t are excluded. In
our constraint based calculus, we get this restriction automatically, because the
unifier is encoded in the constraint instead of being actually applied, and because
we forbid superpositions at or below variable positions.

Various proof procedures that use this calculus can be designed, differing in
their use of backtracking and constraint handling:

— One gets a calculus similar to that of Degtyarev and Voronkov, if one does not
keep the constraints together with the literals, but instead gathers them all
in one global constraint G that is required to be satisfiable. This introduces
a backtracking choice point for each rule application that adds to the global
constraint. In addition, branch closure requires backtracking, as usual in free
variable tableaux: whenever a negated equation —s = t appears on a branch,
a backtracking point is introduced and the constraint s = ¢ is added to G.
The procedure tries to close the other branches, always keeping G satisfiable,
and keeping below a certain instantiation depth limit. If this fails, extension
of the branch is continued. If no proof is found within a given depth limit, the
whole procedure is restarted with an increased limit (iterative deepening).
In contrast to the classic formulation of tableaux, the unifiers generated in
superposition applications and branch closures should not be applied to the
tableau, as this would yield possibilities for new, spurious rule applications
on the other branches, weakening the ‘basicness’ property. Of course, rule

4 We can require this because we have rigid variables. With rigid variables, a term
can’t be unified with one of its proper subterms, so superposition would only be
possible at the top position, leading to a trivial equation.
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applications on other branches that generate constraints incompatible with
the global constraint G need not be considered in this scheme. One can also
drop the histories and discard literals used in a sup-rule application from the
branch instead. Of course, when the procedure backtracks, they have to be
reintroduced. The only difference to the calculus of Degtyarev and Voronkov
is then that they discard only the first premise in the superposition steps,
while we discard both.

— One can avoid the backtracking points introduced by the sup-rules by keep-
ing the constraints of literals. These are only added to the global closure
constraint G when a branch is closed, and accordingly, backtracking is only
needed over branch closures.

— One can use the Incremental Closure technique to avoid backtracking com-
pletely, see [10].

Although we prefer the last alternative, our results are equally valid for a
backtracking proof procedure.

4 Completeness

The completeness proof follows the usual lines: Assuming that there is no closed
tableau for a set of clauses, one constructs an infinite tableau by applying rules
exhaustively—in particular, the ezt-rule has to be applied infinitely often for each
clause on each branch. Then one chooses a ground substitution o for the free
variables, such that after applying the substitution to the tableau, every branch
contains a sufficient set of ground instances of literals from each of the clauses.
From the assumption, it follows that at least one branch B of the tableau is not
closed by o. From the literals on B, an interpretation is constructed, which is
then shown to be a model for the clause set.

Our proof differs from this standard approach only in the construction of the
interpretation and in the proof that the clause set is indeed satisfied by it.

First, we need the following notion:

Definition 1. Given a set S of constrained literals with history, a ground sub-
stitution o for all free variables occurring in S, and a set R of ground rewrite
rules, the set of variable-irreducible ground instances of S under o with respect
to R, written irredg(c,S), is the set of all ground literals (=)ol = or, where
()l =r < A-h) eS8, A is satisfied by o, and ox is irreducible by R for all
variables x© occurring in l or r.

Note that irreducibility is not required for the whole terms ol and or, but
only for the instantiations of variables occurring in them. Also, the instantiation
of variables occurring only in the constraint A is allowed to be reducible. We are
going to work only on variable-irreducible ground instances of the constrained
literals on a branch. The reason for this will become clear later.

We can now define the ‘model generation’ process, which constructs a ground
rewrite system by induction with >; over variable-irreducible ground instances
of literals on a branch. The tricky part here is that the rewrite relation that
variable-irreducibility refers to is only just being built during the induction.
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Definition 2. Let S be a set of constrained literals with history and o a ground
substitution for all variables in S. For any ground literal L, we define Gen(L) =
{l = r} and say L generates the rule | = r, iff

L € irredg, (0,S),
L=(=r),
z Fé L:
l>r, and
[ is irreducible w.r.t. Ry,

SARSINCI N

where Ry, := Uy, i Gen(K) is the set of all previously generated rules. Other-
wise, we define Gen(L) := (). The set of all rules generated by any ground literal
is denoted Rs , := ] Gen(K).

Note that only positive equations generate rules. When no confusion is pos-
sible about the set S and the substitution o, we will just write R instead of
Rs,». We will need the following two useful lemmas, taken from Nieuwenhuis
and Rubio [15]:

Lemma 1. For any set of constrained literals with history S and ground substi-
tution o, the generated set of rules R = Rs , is convergent, i.e. confluent and
terminating. The subset Ry, is also convergent for any ground literal L.

Proof. R terminates because [ > r for all rules I = r € R (condition ). To show
confluence, by Newman’s Lemma, one thus only needs to show local confluence,
which follows from the fact that there can be no critical pairs in R. For assume
l=reRandl' = 1’ € R with l|, = '. Let | = r be generated by a literal
K.l = r' cannot be in Ry, for otherwise condition [B would have prevented
the generation of [ = r. So I’ = 7’ is generated by a literal K’ with K’ =, K.
But then either I’ = [, which is impossible because I’ is a subterm of [. Or I’ =]
and 7’ = r, but then I’ would be reducible by [ = r, violating condition [l for
Gen(K') ={l' = r'}.

For arbitrary ground literals L, Ry C R, so Ry, is also terminating, and Ry,
cannot contain critical pairs either. Hence, Ry, is also convergent. a

Lemma 2. For all ground literals L, if R} = L, then R* |= L.

Proof. Let R} = L.

Case 1: L = (s =t). R contains at least all the rewrite rules of Ry, i.e. R D Ry,.
Thus, the equation must also hold in R*.

Case 2: L = (—s = t). According to Lemma [, Ry, is convergent, so s and
t have distinct normal forms s’ < s and ¢ < t w.r.t. Rr. Now consider rules
Il = r € R\ Ry. By definition of Ry, their generating literals [ = r must be
larger than L in the literal ordering (they can’t be equal because L is a negated
equation). By the definition of >, this implies that [ = s = s’ and | > t = ¢'.
So rules in R\ Ry can not further rewrite s’ or ¢/, hence these are the normal
forms of s and ¢ also w.r.t. R. And as they are distinct, R* = —s = t. ad
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Definition 3. Let S be a set of constrained literals with history and o a ground
substitution for the free variables in S. Two literals L, K € S are called variants
if they are equal up to renaming of free variables, if histories are not regarded
They are called copies (under o) if moreover the free variables are assigned the
same ground terms under o. S is called rich (under o), if every literal L € S
has an infinite number of copies with pairwise disjoint histories in S.

For instance, f(X) =Y < X = a-{L1, Lo} and f(U) =V < U = a-{Ly, L3}
are variants. They are also copies under o if 6 X = oU and oY =oV.

We can now show the central property of the model R* constructed in Def. 2]
namely that it satisfies all the irreducible instances (w.r.t R) of literals in S under
certain conditions.

Lemma 3 (Model Generation). Let S be a set of constrained literals with
history and o a ground substitution for the free variables in S, such that

— § is closed under the application of the sup-p and sup-n rules, and

— there is no literal s =t < A-h € S such that s = ot (syntactically) and
o satisfies A.

— § is rich under o.

Then R* =L for all L € irred(o,S).

Proof. Assume that this were not the case. Then there must be a minimal
(w.r.t. =) L in irredg(o,S) with R* = L. We distinguish two cases, accord-
ing to whether L is an equation or a negated equation:

Case 1: L = (s = t). If s = t syntactically, then clearly R* = L, so we may
assume that s > t. As Ry, C R, we certainly have L € irredg, (0,S). Also, due
to Lemma 2] we already have Rj [~ L. But Gen(L) = (), because otherwise
the rule s = ¢ would be in R, implying R* = L. As conditions [[] through HF]
for L generating a rule are fulfilled, condition Bl must be violated. This means
that there is a rule | = r € Ry, that reduces s, so s|, = [ for some position p
in s. Now let L be the variable-irreducible (w.r.t. R) instance of a constrained
literal Ly = (sg = to < A-hr) € S. Similarly, let | = r be generated by a
literal K = (I = r) <; L that is the variable-irreducible (w.r.t. Rx) instance
of a constrained literal Ky = (log = ro < B-hg) € S. As S is rich, there are
infinitely many copies under o of Ly with pairwise disjoint histories. Each of
the finitely many elements of hx can be contained in the history of at most
one of these copies, and all the remaining ones have a history disjoint to hg.
So we may assume that Ly and K are chosen in a way that hx and hp are
disjoint. Further, it turns out that p must be a non-variable position in s,
because otherwise, since s = 0sg, we would have p = p'p” with so|,, = = and
ox|pr =1, thus oz would be reducible by | = r € R, contradicting the variable-
irreducibility of L. From all this, it follows that an application of the sup-p-rule
between the literals Ly, Ky € S is possible:

so=tog < A-hr
loiT‘0<<B~hK
So[ro]pﬁto<<80|pEl()&80>-t0&lo>—T0&A&B-hLUhK

5 The variable renaming also applies to the constraints.

sup-p
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As S is required to be closed under rule applications, the resulting literal, call it
L{, must be in §. Now L’ := (s[r], = t) = oLj is a variable-irreducible (w.r.t. R)
instance of Lj: indeed, o obviously satisfies the new constraint. Furthermore, ox
is irreducible by R for any variable x occurring in sq or tg. For an x occurring in
r0, o2 is known to be irreducible by rules in Rg. But for rules g = d € R\ R,
we have g = | = r = oz, so g cannot be a subterm of gz. This shows that
ox is irreducible by R for all variables x in L{, so L’ € irredg(o,S). Moreover,
since [ and r are in the same R*-equivalence class, replacing [ by r in s does not
change the (non-)validity of s =1, i.e. R* £ L’. And finally, by monotonicity of
the rewrite ordering =, L >=; L’. This contradicts the assumption that L is the
minimal element of irred g(o, S) which is not valid in R*.

Case 2: L = (-s = t). If s = ¢ syntactically, then the second precondition of
this lemma is violated, so we may assume s > t. Due to Lemma P] R} [~ L,
i.e. R} = s =t. According to Lemmalll, Ry, is convergent. Validity of s = ¢ in R}
then means that s and ¢ have the same normal form w.r.t. Ry. This normal form
must be < ¢, and thus < s. Therefore, s must be reducible by some rule [ = r €
Ry, with s|, = [ for some position p. As in case 1, let L be the variable-irreducible
(w.r.t. R) instance of a constrained literal Ly = (—sg = to < A-hy) € S and let
I = r be generated by a literal K = (I =) <; L that is the variable-irreducible
(w.r.t. Rg) instance of a constrained literal Ko = (lp = r9 < B - hg) € S.
Again as in case 1, p must be a non-variable position in sy, and we can choose
Ly and K with disjoint histories. It follows that an application of the sup-n rule
is possible between Ly and Kj:

-89 =tg <K A-hy,
lop=ro < B-hg
ﬁSo['I’o]pit0<<So|pElo&S()>t0&l0%To&A&B'h[‘UhK

sup-n

We can now show, in complete analogy with case 1, that L' := (=s[r], =t) €
irredg(c,S), R* £ L' and L =; L', contradicting the assumption that L is
minimal in irred g(o, S) with R* = L. O

We cope with the history restriction here by requiring that S is rich, so we
can find enough copies of the required literals that some of them have disjoint
histories. Now in the actual completeness proof, we have to extract a rich set of
literals from an open branch in such a way that the validity of the irreducible
instances of that set will imply the validity of each of the clauses in our clause
set.

We now have all the necessary tools to show that our calculus is complete
in the sense that there exists a finite closed tableau for any unsatisfiable set of
clauses. We are going to show a little more, namely that a closed proof will be
found if we simply expand the tableau in a fair way without requiring back-
tracking. Of course, this property is partly due to the fact that we postpone the
instantiation of free variables to a global closure test. If we closed branches one
at a time, we would have to backtrack over branch closures, but not—contrary
to what is the case in the TBSE calculus of Degtyarev and Voronkov—over
every application of the superposition rules. In order to state the completeness
theorem, we need the following definition of a fair proof procedure.
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Definition 4. A proof procedure is a procedure that takes a set of clauses C and
builds a sequence of tableaux Ty, T1, T2, ... for C where Ty is the empty tableau,
and each T;11 results from the application of an ext or sup rule on one of the
branches of T;. A proof procedure finds a proof for C, if one of the T; is closed.
A proof procedure is fair, if in any run, it either finds a pmoé, or the following
holds for the limit T of the sequence of constructed tableauz:

— The ext-rule is applied infinitely often for each clause on every branch of T .
— FEvery possible application of the sup-rules between two literals on a branch
of T has been performed on that branch.

Theorem 1. Let C be an unsatisfiable set of clauses. Then a fair proof procedure
for the calculus with histories finds a proof for C.

Proof. Assume that the procedure does not find a proof. Then it constructs
a sequence of tableaux 7Ty, 71, 72,... with a limit 7. 7 has at least one open
branch under any ground substitution for the free variables in 7. For assume
that under a certain o all branches are closed. Then there is a literal -s = ¢ on
every branch with os = ot. Make a new tableau 7' by cutting off every branch
below some occurrence of such a literal. Then o still closes 77 and 7’ has only
branches of finite length and is finitely branching. Thus, by Konig’s Lemma, T’
must be a finite closed tableau for C. One of the tableaux 7; must contain 7" as
initial sub-tableau, and thus 7; is closed under o, contradicting the assumption
that the procedure finds no proof.

We now fix the ground substitution . Namely, ¢ should instantiate the free
variables introduced by the ext-rule in such a way that every branch of o7
contains infinitely many occurrences of literals of each ground instance of every
clause in C. This is possible because the ezi-rule is applied infinitely often for
each clause on every branch, and using a dovetailing process that lets each of
the ground instantiations be used infinitely often.

There must now be a branch B of T, such that B is not closed by o. As there
are infinitely many occurrences of literals of each ground instance of every clause
on B, and every clause is finite, for every ground instance 7C of every clause,
there must be at least one literal L,¢c € 7C, such that there are infinitely many
ext-literals L' € B with oL’ = L. ¢.

Collect all these ext-literals L, on B in a set Z. As we are dealing with
ext-literals, the histories of literals in Z are disjoint, so Z is rich under o. Now
define B> to contain all literals of Z as well as all literals on B derived from
literals in Z alone.

As B is closed under sup-rule applications by fairness of the proof procedure,
so is B°°. Furthermore, B> is rich, as can be seen by induction on the number
n of literals in the history of a given literal L: For n = 1, L is an ext-literal,
so L € Z. Hence there are infinitely many copies of L with pairwise disjoint
histories. For n > 1, L must be derived by an application of a sup-rule from
literals with a history smaller than n. The induction hypothesis guarantees an
infinite number of copies with pairwise disjoint histories of these literals in B>.

5 The limit of a sequence of tableaux is defined as the supremum under the initial
subtree ordering.
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The same rule application is obviously possible between these copies, and as B>
is closed under sup applications, one easily sees that there must be infinitely
many copies of L.

We apply the model generation of Def. 2 on B°° and o to obtain a set of
rewrite rules R = Rp~ ,. As B* and o satisfy the preconditions of Lemma [3
every variable-irreducible instance of B is valid in R*.

It now remains to show that every clause in C is valid in R* to contradict
the assumption that C is unsatisfiable. We do this by showing that all ground
instances of clauses in C are valid. Let 7C' be a ground instance of C' € C, where
7 is a ground substitution for the variables occurring in C'. We now define a
new substitution 7/ such that 7'z is the normal form w.r.t. R of 72. This makes
7'z irreducible by R for all variables x of C. Now 7/C' is obtained from 7C by
replacement of a number of subterms by other subterms equivalent under R*.
Thus R* = 7C iff R* = 7/C. By construction of ¢ and B°°, there must be a
literal L € C such that L € Z C B> for some renaming of variables 6, and
such that 7/L = o0L. As 0L carries no constraint, this makes 7’L a variable-
irreducible instance of 6L, so R* = 7' L and accordingly R* = 7'C. O

5 Termination and Regularity

Our proof of (relative) termination is simpler than the one of Degtyarev and
Voronkov because the calculus is more restrictive. Indeed, we can prove termi-
nation with the histories alone, without needing arguments about the ordering
restrictions expressed in the constraints.

Theorem 2. Starting from a finite tableau T, only a finite number of sup-rule
applications is possible without intervening applications of the ext-rule.

Proof. As the sup-rules do not introduce new branches, it suffices to show this
property for each of the finitely many branches of 7. The sup-rules combine the
disjoint history sets of used literals, so the size of the history of the resulting
literal is the sum of the sizes of the used literals’ histories. In particular, only ext-
literals have a history of size one. We show by induction on n that only finitely
many literals with a history of at most n literals can be derived. For n = 1, this
is the case, since we start out with only finitely many ext-literals, and we do not
get any new ones. For n > 1, a literal must be the result of a sup-application
between literals of history size less than n. By induction hypothesis, there can
be only finitely many of those. Also, there are only finitely many ways to apply a
sup-rule between two given literals, because the rule applications are determined
by the position p at which the terms are overlapped. No history can get larger
than the initial number of ext-literals on the branch, so one can only derive a
finite number of new literals altogether. O

We proved this property to show that our calculus is not inferior to that of
Degtyarev and Voronkov in this respect. The flip side of enforcing the termi-
nation property using histories is that the calculus is not compatible with the
regularity restriction (see e.g. [12]): It is clear from our completeness proof that
an arbitrary number of ext-literals with the same instantiation, though with
different histories, might be needed.
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The situation changes if one discards histories from our calculus. One then
loses the termination property, but the calculus becomes compatible with regu-
larity. Indeed, the completeness proof then works without the richness condition,
so one literal of every instantiation of every clause on each branch is sufficient.
See [IT] for a proof simplified in this way.

The question arises whether this happens if one deletes (or uses histories to
simulate deletion of) only the first premise of the sup-rules, as is done in the
calculus of Degtyarev and Voronkov. There is no indication in [7] whether their
calculus and completeness proof are compatible with regularity. We have not
been able to find a natural restriction of our calculus that enjoys the termina-
tion property and is compatible with regularity, see [L1] for a discussion of the
difficulties.

Our restriction to disjoint histories is so strong that it prompts the question
whether it is useful in practice. But, of course that question has to be asked of any
restriction. Only experimentation can show which restriction is useful to ensure
termination in practice. In fact, it is not even clear whether the termination
property is of any practical value at all:

— At first sight, the termination property makes it easier to implement a fair
proof procedure: One can apply the sup-rules exhaustively before resorting
to further ert-expansions. However, one still needs a fair strategy to choose
the next extension clause on a branch. If one can implement an intelligent
procedure to do this, one should also be able to choose between extension
and superposition. Or, vice versa, if it is sufficient to just put pending ext-
expansions in a FIFO queue, why should it not be good enough to use the
same queue for superposition steps?

— In an efficient tableau prover, particularly in the presence of equality, one
needs to take universal variables into account, see [5]. The superposition rules
with universal variables correspond essentially to unfailing Knuth-Bendix
completion [T], which does not terminate in general. UKBA behaves very well
in practice, so it is probably not sensible to artificially introduce additional
conditions to enforce termination.

— As noted above, it is not clear whether there is a natural restriction that
ensures termination and is compatible with regularity. But regularity is ac-
knowledged to be an important refinement for automated theorem provers.

To summarize, it seems that in an efficient implementation of a tableau cal-
culus with superposition, the termination property is not really important, and
maybe cannot even be sensibly maintained at all.

Of course, the termination property can be bestowed on any calculus by a
simple trick: One takes an arbitrary fair strategy and codes it into the calculus.
As every possible rule application gets scheduled at some point by a fair proce-
dure, and extension with a clause is always possible, it follows that only finitely
many sup-applications are performed in between.

Admittedly, it is nonsense to code the whole proof procedure into the calculus.
But only experimentation can show how far one should go.
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6 Tableaux with Basic Ordered Paramodulation

In this section, we shall try to demonstrate how variations of calculi and com-
pleteness proofs can be carried over from known results for resolution-based
calculi.

There is a more restrictive form of equality handling known in the resolution
community as basic ordered paramodulation [3]. In comparison to basic super-
position, the basicness restriction is strengthened: One forbids paramodulation
at or below a position where a previous paramodulation step has taken place.
The price to pay is that equations have to be applied on both sides of literals
and not only the maximal side as for basic superposition. Still, basic ordered
paramodulation seems to be very effective in practice [13].

Using constrained literals, one can easily enforce this stronger basicness re-
striction by introducing a new free variable in the equality handling rules. The
sup-p rule becomes{]

s=t< A
l=r<B
PP X, =t< X=r&s,=1&l~-r&A&B
where p is a position in s, s|, is not a variable,
and X is a new (free) variable.

Note how the constraint forces X to be instantiated with r, and that the restric-
tion s > t is gone. The par-n-rule is exactly analogous. This modification is a
straightforward adaptation of the formulation of basic ordered paramodulation
using constraint inheritance given by Nieuwenhuis and Rubio in [15].

How do we show completeness of our modified calculus? We cite [15]:

The completeness proof is an easy extension of the previous results by
the model generation method. It suffices to modify the rule generation
by requiring, when a rule [ = r is generated, that both [ and r are
irreducible by R¢, instead of only [ as before, and to adapt the proof of
Theorem 5.6 accordingly, which is straightforward.

The Theorem 5.6 referred to is the resolution equivalent of our Lemma [Bl They
have R¢ instead of our Ry, because they have to work with ground clauses, where
we can use literals. Otherwise, this statement applies exactly to our case.

7 Conclusion and Future Research

We presented a free variable tableau calculus with integrated equality handling
using basic superposition rules with constraint propagation. We demonstrated

" We do not use the disjoint history restriction here in order to make things easier to
read. It is no problem to use that restriction with basic ordered paramodulation.

8 Tt might seem that introducing a new free variable is not a good idea. But these ones
are harmless, as there is no need to search for their instantiation. It is determined
by the instantiations of the free variables in r. In a sense, they can be regarded as
universal variables restricted by the constraint X = r.
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how the completeness of such a calculus can be shown using model genera-
tion techniques known from resolution calculi with only few additional tableau-
specific ingredients. Though completeness of a similar calculus has previously
been established in [7], using a different approach, our proof is much shorter,
and we have demonstrated that it is easily adapted to related calculi.

We have shown how a termination property can be enforced for such calculi
using a disjoint history restriction, and how completeness may be proved in pres-
ence of such a restriction. We have also briefly discussed the practical usefulness
of the termination property in such calculi.

One area for future research is experimentation with an implementation.
In particular, it would be interesting to see what impact various restrictions
ensuring the termination property have both on performance of the prover and
on implementation complexity.

An obvious extension of our results would be a version that permits predicates
other than equality and that does not require problems to be in clausal form.
We expect this to be quite easy.

Universal variables are known to be important for efficiency. It is expected
that the given calculi and proofs can easily be adapted to incorporate universal
variables, but of course this has to be checked in detail. We also plan to investi-
gate how superposition-based equality handling can be incorporated into hyper
tableaux [4].

Another important field for research is building in associativity and commu-
tativity or other common equational theories. We expect that this can be done
in the same way as for resolution, see e.g. [14].

Finally, it would be (at least theoretically) interesting to find an answer to
the question of Sect. B, namely whether there is a natural restriction that ensures
the termination property but is compatible with regularity.

Acknowledgements. I thank Bernhard Beckert, Reiner Hahnle, Peter Schmitt
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Implementation and Optimisation of a Tableau
Algorithm for the Guarded Fragment

Jan Hladik

Theoretical Computer Science
TU Dresden

Abstract. In this paper, we present SAGA, the implementation of a
tableau-based Satisfiability Algorithm for the Guarded Fragment (GF).
Satisfiability for GF with finite signature is EXPTIME-complete and
therefore theoretically intractable, but existing tableau-based systems for
ExPTIME-complete description and modal logics perform well for many
realistic knowledge bases. We implemented and evaluated several opti-
misations used in description logic systems, and our results show that
with an efficient combination, SAGA can compete with existing highly
optimised systems for description logics and first order logic.

1 Preliminaries

The Guarded Fragment of first order predicate logic (GF) [I] restricts the ap-
pearance of quantifiers to formulas of the kind

Ve (G(z,y) — o(z,y))
and Jx(G(z,y) A o(x,y)) ,

where x and y are tuples of variables, and G(x,y) is an atom, which is called
the guard of the formula, whereas ¢(x,y) is called the body. This fragment has
many desirable properties: satisfiability is decidable [I] in 2-EXPTIME, which is
reduced to EXPTIME if the arity of the relations is bounded [12]. It also has the
finite model property [I] and a tree model property for a special notion of a tree
2.

GF can be regarded as a generalisation of modal or description logics to n-ary
relations (roles) [I10]. The more expressive such logics have a comparably high
worst-case complexity, e.g. PDL [4] and SHZQ [23] are EXpTIME-complete [29]
22]. However, with optimised tableau algorithms like DLP [28], which decides
PDL, and FaCT [19] or RACER [14], which decide SHZQ, satisfiability becomes
tractable for various realistic knowledge bases [TI2TIT5]. This suggests that a
tableau algorithm for GF-satisfiability might lead to an implementation that
does not consume exponential time in practice.

GF is also decidable by resolution [9]. To the best of our knowledge, the
efficiency of this approach for realistic formulas has not yet been analysed.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 145-[I59] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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2 A Tableau Algorithm for GF

In [I7], a tableau algorithm is presented for the Clique Guarded Fragment
(CGF) [11], a generalisation of GF. Its worst-case complexity is 2-NEXPTIME
(NExPTIME for signatures with bounded arity), and therefore higher than that
of the automata algorithm in [12], but it allows for many of the optimisations
known from description logics and therefore promises to lead to an efficient im-
plementation.

Before describing this algorithm, we recall some definitions from [17]. Since
our implementation SAGA decides satisfiability of GF and not of CGF, the defini-
tions and the description of the tableau algorithm are restricted to GF formulas.

Definition 1 (NNF, closure). A formula ¢ € GF is in negation normal form
(NNF') if negation occurs only in front of atoms.

For a GF-sentence ¢ in NNF, the closure cl(p) is the set of all subformulas
of ¢. For a set C of constants, cl(p, C) is the set containing all instantiations of
cl(y) with constants in C'.

Table 1. Completion Rules for GF

RA| if  pAx € A(v)
then A(v) := A(v) U{e, x}
unless {¢, x} C A(v)
RVv| if oVxeA(v
then A(v):= A(v) U
unless {¢, x} N A(v) #0
R=| if a=beAlw
then for all nodes w that contain a:
C(w) := (C(w) \ {a}) U {b} and A(w) := A(w)[a > b]
unless a = b
RY| if Va(G(z,c) = p(z,c)) € Av),
and there exists a b C C'(v) such that G(b, c) € A(v)
then A(v) := A(v) U{p(b,c)}
unless (b, c) € A(v)
R3| if 3Fx(G(z,c) Aoz, c)) € Av)
then let b be a sequence of new constants with the same length as x
create a son w of v with C(w) := bU ¢, A(w) := {G(b, ), p(b,c)}
N(w) :=1+max{N(v) :v e V\{w}}
unless there is a b, ¢ C A(v) with {G(b, ¢), (b, c)} C A(v),
there is a son w of v with {G(b, ¢), (b, e)} C A(w) for some b,c C A(w),
or v is blocked
RI| if ¢(e) € A(v) is an atomic or universally quantified formula,
and w is a neighbour of v with ¢ C C(w)
then A(w) := A(w) U{¢(c)}
unless p(c) € A(w)
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The GF tableau algorithm operates on a completion tree, a vertex labeled
tree in which every node stands for a set of constants which appear together in
a guard atom.

Definition 2 (Completion Tree, Blocking, Tableau). Let ¢ € GF be a
sentence in NNF. A completion tree T = (V, E,C, A, N) for ¢ is a vertex labeled
tree (V, E') with the function C' labeling each node v € V with a set of constants,
Alabeling each v € V with a subset of cl(p, C'(v)), and N mapping each node to
a distinct natural number such that if v is an ancestor of w, then N(v) < N(w).

A node v € V is called directly blocked by a node u € V if u is not blocked,
N(u) < N(v), and there is an injective mapping 7 from C(v) to C(u) such
that for all constants ¢ € C(v) N C(u), m(c) = ¢ and for the extension of w
to formulas, 7(A(v)) = A(u)|r(c(v)), Wwhere A(u)|r(c(v)) denotes the set of all
formulas in A(u) containing only constants in 7(C(v)). A node is called blocked
if it is directly blocked or if its father is blocked.

A completion tree T contains a clash if there is a node v € V such that
—(c = ¢) € A(v) for a constant ¢ € C(v) or there is an atomic formula ¢ such
that {¢, 7¢} C A(v). Otherwise, T is called clash-free. A completion tree T is
called complete if none of the completion rules given in Table[dl can be applied
to T. A tableau is a complete and clash-free completion tree.

For a formula set ¢ and constant symbols a, b, we use the notation @[a +— b]
to denote the set of formulas in @ where all occurrences of a are replaced by b.

The blocking condition is dynamic, i.e. blockings are not established forever,
but they can be canceled later if one of the nodes involved changes (and reappear
if the other one changes accordingly).

To decide the satisfiability of a formula ¢, a root node ng is created with
N(ng) := 0, C(ng) := {c} for a random constant ¢ (to prevent empty struc-
tures), and A(ng) := {®}. Then the completion rules in Table [ are applied
until a tableau is found or a clash occurs. If the rules can be applied in such a
way that a tableau is found, “p is satisfiable” is output, otherwise “p is
unsatisfiable”.

Since a satisfiable GF-formula need not have a finite tree model, the block-
ing condition is necessary to ensure termination. It prevents new nodes from
being created if there is already another node containing “similar” formulas. If
a tableau is found, it can be transformed into a model by unraveling the block-
ings, i.e. replacing a blocked node v with a copy of the node u blocking v. Note
that the blocking condition is not equivalent to subset blocking, where a node
v is blocked by a node wu if the label of v is a subset of the label of u: for GF,
the image of 7 need only be a subset of C'(u), but restricted to these constants,
the labels of u and v have to be equal (modulo 7). The proof of correctness,
completeness and termination of the algorithm can be found in [17].

3 Implementation

The algorithm described in Section [2] leaves many possibilities for an implemen-
tation. To obtain an efficient program, the following issues have to be considered:
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Non-determinism. There are two kinds of non-determinism involved in the
GF-algorithm: the decision which rule to apply first if several ones are applicable
is don’t-care non-deterministic, i.e. every choice will lead to a correct behaviour
of the algorithm, but its efficiency will depend on a good heuristic. The two
heuristics implemented in SAGA are described in Section

The decision which disjunct of a disjunction to add to the corresponding node
is don’t-know non-deterministic, i.e. only certain choices will lead to the discovery
of a tableau. Therefore, a branching and backtracking technique is necessary to
undo the changes made by the last decision after a clash has occurred. Efficiency
will again depend on a good strategy which disjunct to try first.

The data structure branching point described in Section [Blis used to enable
branching and backtracking: before adding the first disjunct ¢ to the correspond-
ing node, a new branching point is created that subsequently stores backups of all
nodes that are changed as a consequence of adding . Three different heuristics
for choosing the first disjunct are implemented (cf. Section [H).

Data Structures. The data structure for a node n contains the labels C(n),
A(n), and N(n) described in Section[2l Additionally, blockings that were already
detected are recorded in the blocking node as well as in the blocked one such
that unnecessary testing is avoided.

A branching point b is created by RV after choosing a disjunct ¢ from a
disjunction ¢ V x. It contains a unique branching identifier (BID) I(b), a list
C(b) of nodes that were created, and a list M (b) of backups of nodes that were
modified as a consequence of adding ¢, and the other disjunct O(b) = x that
has to be added to the tree if ¢ causes a clash.

For a node n, every formula ¢ € A(n) is labeled with the dependency set
D(¢,n) of branching points it depends on. This enables us to find the right
branching point for the backup of a node n if a rule application for ¢ modifies
n, and to use backjumping (cf. Section [4).

Functions. Figure[llshows the function hierarchy: an arrow from £1 to £2 means
that £1 invokes £2. The main function construct-tableau(y) receives a GF
formula as input. It creates a new node ng and adds ¢ to A(ng). Subsequently,
it iteratively calls choose-next-formula(), which uses one of the heuristics
described in Section [l to determine the next formula ¢ to process and the node
n containing . The function satisfy(n,¢) applies the corresponding rule by
choosing the appropriate function satisfy-and(n, ), satisfy-all(n,¢) etc.
Most of these functions will add new formulas to n, which is performed by
add-formula(n, ). If there are branching points associated with ¢, i.e. D(p,n)
is not empty, a backup of n is created in the branching point b with I(b) =
max(D(p,n)). A possible blocking of n by another node or of another node by
n is removed.

For an existential formula ¢ = 3x(G(c, z) A x(c, x)), satisfy-ex(n, ) first
invokes blocked(n;) for n and its ancestors to check if n is blocked. For this
purpose, the function equivalent (n;,n;) tries to find a mapping 7 for two nodes
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n;,n; from C(n;) to C(n;) as described in Definition 2l If such a mapping is
found, the function block(n;) blocks the node n; and its successors. Otherwise,
a new son ny of n is created with C'(ng) = Coq U Chew, where d is a vector of
new constants for the variables in @, Cyq are the constants in ¢, and C, are
the constants in d. The guard G(c, d) and body x(c, d) are added to A(ny), and
formulas in A(n) which contain only constants in Cy1q are propagated to A(ny).

For a disjunction ¢, satisfy-or(n, ) invokes choose-alternative(y) to
find the first disjunct ¥ to add to n. It then calls branch(n, ), which creates
a new branching point byew and a backup of n in M (bpew), and finally adds
to n. When a clash occurs, construct-tableau calls backtrack() to return to
the last branching point b; for which there is another alternative, i.e. O(b;) is
not empty: all nodes n created as a consequence of the last branch are removed
by delete-node(n), and all nodes modified are replaced with their backups
by restore-tree({ni,...,n;}). Then the remaining alternative from O(b;) is
added to the corresponding node and removed from O(b;).

R7 is not implemented as a separate rule, but is applied implicitly whenever
a formula is added to a node: when add-formula is invoked for a formula ¢
and a node n, it calls propagate (¢, {n1,... ,n;}), which checks if the constants
in ¢ are also contained in the neighbours ni,...,n; of n and adds ¢ to the
corresponding nodes.

If a clash occurs and backtracking is impossible, i.e there is no branch-
ing point containing another alternative, construct-tableau returns “p is
unsatisfiable”; if choose-next-formula finds no more formulas to process,
the tree is complete and “p is satisfiable” is returned together with the
tableau that was generated.

construct-tableau

i

[sctisfy] [ choose-next-formula ]

backtrack

satisfy-atom

delete-node satisfy-or i satisfy-ex
satisfy-eq
satisfy-and
restore-tree choose-alternative | | satisfy-all
[ set-node ] [brunch] blocked
[ add-formula ] m equivalent

propagate

Fig. 1. Function Hierarchy
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4 Optimisation

Section [3] describes only a very basic implementation whose performance cannot
compete with existing systems for comparably complex logics. To obtain an
efficient program, sophisticated optimisation techniques are necessary.

Syntactic Preprocessing. Before SAGA tries to construct a tableau for the
input formula ¢, it simplifies the syntactic structure of ¢ to speed up the tableau
generation process: obvious tautologies and contradictions are made explicit, a
normal form is used which supports their detection by eliminating V and 3
and using n-ary conjunctions, and the variables contained in a formula ¢ are
normalised when ¢ is added to a node. Details can be found in [I8] or [19].

Semantic Branching. The naive method to satisfy a disjunction ¢ V x is to
add ¢ first and, if this causes a clash, add x afterwards (Syntactic Branching).
This is rather inefficient because resources have been spent to find out that ¢ is
unsatisfiable in the current tree, but this information is forgotten.

Semantic Branching [7] adds —¢ A x to the tree if ¢ leads to a clash. This
makes the information that ¢ is unsatisfiable explicit and possibly prunes the
search space because a tree in which ¢ is satisfiable is never tested again.

The drawback of semantic branching lies in adding formulas to the tree that
are superfluous for a model. If these formulas are complex, they can slow down
the tableau generation process because superfluous rule applications take place
and superfluous nodes are created. An assessment of the advantages and disad-
vantages of semantic branching is presented in Section [6l

Backjumping. After a clash, naive backtracking returns to the most recent
branching point. Dependency directed backtracking (backjumping) [2] instead
returns to the most recent branching point one of the clashing formulas depends
on. Thus, the intermediate BPs, which did not have any influence on the clash,
are skipped. The dependency sets described in Section Bl are used to find the
right branching point to return to: after a clash between ¢ and x in node n, the
most recent BP b in D(p,n) U D(x,n) is determined and the backjump to b is
performed.

Boolean Constraint Propagation. Before choosing a disjunct v from a dis-
junction ¢ V x in a node n and performing a branch for 1, every disjunct is
tested regarding whether it is closed, i.e. its negation is already contained in n,
or whether it is open. If 4 is closed, it is removed from the disjunction (because
adding it would lead to an immediate clash), and only the remaining disjuncts
are considered for branching (this technique is known as boolean constraint prop-
agation, BCP [6]). In particular, if there is only one open disjunct, it is added
deterministically to n, and the branch is avoided.
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To-do Lists. To efficiently find the next formula to process (i.e. without search-
ing the whole tree constructed so far), a data structure to-do list is used. For
every kind of formula (atoms, conjunctions, existential restrictions etc.), it con-
tains a list of unblocked nodes which contain un-processed formulas of that kind.
These lists are sorted by the node identifiers, which makes it possible to find the
“oldest” node containing e.g. an un-processed conjunction in constant time.

5 Heuristics

In this section, the different heuristics implementing the non-deterministic deci-
sions (cf. Section B) and the different blocking techniques are described.

Branching. The decision which disjunction to choose for the next branch and
which one of its disjuncts to test first is crucial for efficiency (cf. Section[d). In
SAGA, three different heuristics pursuing different goals are implemented.

MOMS. The heuristic “Maximum Occurrence in disjunctions of Minimum
Size” [6] was developed for propositional logic. It considers all clauses (dis-
junctions) of minimum size and counts the appearances of positive and neg-
ative literals (disjuncts). The variable A to branch on is the one with the
largest count of A and —A. If the count for A is larger than the one for —A,
—A is tested first and, if this leads to a clash, A is tested afterwards. (MOMS
therefore implicitly requires semantic branching.)

The goal is to optimise BCP by increasing the number of closed disjuncts
and reaching deterministic expansion as soon as possible. To adapt MOMS
for GF, we consider every disjunct appearing in a disjunction of a particu-
lar node as a literal and choose the disjunct ¢ or —¢ for branching in the
corresponding way.

One disadvantage of MOMS lies in the fact that it tries the more constrained
alternative first, i.e. the alternative that is more likely to fail. This means
that it performs nicely for unsatisfiable formulas, but badly for satisfiable
ones [1§]. Furthermore, it was observed that MOMS interacts adversely with
backjumping [19].

iMOMS. Inverted MOMS [18] tries to avoid the disadvantage of being likely
to fail with the first alternative by testing ¢ and —¢ in the opposite order,
i.e. it chooses the disjunct which satisfies most of the smallest disjunctions.

Maximise-jump. This heuristic was first used in FaCT [21]. From all disjunc-
tions of a node, it selects the one for which the maximum element in the
dependency set is minimal, i.e. the one leading to the furthest backjump. To
find the first disjunct to try, FaCT uses a MOMS-style heuristic. In SAGA,
the syntactically shortest disjunct is selected because a short formula proba-
bly can be tested faster than a long one which is likely to contain existential
or universal formulas. Since this approach does not rely on counts of dis-
juncts like MOMS, we also expect to see the differences in efficiency more
clearly.
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Choosing the Next Formula. There are two kinds of formulas which are
significantly more expensive to process than the remaining ones. Firstly, dis-
junctions require the creation of a branching point and backups of nodes and,
after a clash, all modified nodes have to be restored to their original state. Sec-
ondly, for an existential formula in a node n, the blocking test for n has to be
performed. Since the blocking condition is defined recursively, each ancestor m;
of n has to be compared with all nodes ¢; with N(¢;) < N(m;). For the blocking
test itself, all mappings from C(m;) to C(¢;) have to be tested (in the worst
case). Therefore, either disjunctions or existential formulas are processed last.

Blocking. The blocking condition for a node n as defined in Section [ requires
m(A(n)) to be equal to a restriction A(m) |rc(n)) for an ancestor node m. The
algorithm also works for an alternate definition of blocking where the same num-
ber of constants is required for n and m, i.e. equality of A(n) and A(m) modulo
7. This may lead to postponing blocking because the blocking test only succeeds
after the creation of some additional nodes, but the test itself becomes signifi-
cantly more efficient: if the number of constants, atoms, universal formulas etc.
is not identical for m and n, it can be aborted immediately without generating
a mapping 7. In the following, we will refer to the different blocking conditions
as subset-equality blocking and equality blocking respectively.

6 Evaluation of Optimisations and Heuristics

In this section, we present an analysis of the efficiency and the interaction of the
heuristics and optimisations described in the previous sections. We used several
benchmarks for logics of different expressiveness to see how the heuristics behave
for formulas of different complexity: two sets from the “Tableaux 2000 Non-
Classical Systems Comparison” (TANCS-2000) [27] benchmark suite and some
GF formulas.

QBF-inv. The “quantified boolean formulas with inverse” benchmark con-
sists of sets of random generated QBF formulas satisfying given parame-
ters, which are translated into the logic K~ (K with inverse modality). For
this comparison, we used the sets “p-QBF-inv-cnfSSS-K4-Cc-V4-D4” with
¢ € {10,20, 30, 40,50}, which are the easiest ones, so that even very ineffi-
cient combinations of heuristics can still decide some formulas.

PSAT-inv. The random generated “periodic satisfiability with inverse” formu-
las are translated into the logic K~ with global axioms. Again, we used the
easiest sets “p-psat-inv-cnf-K4-Ce-V4-D4” with ¢ € {20, 30,40, 50}.

GFB. Since the QBF and PSAT formulas contain only unary and binary re-
lations, they do not use the complete expressive power of GF. To see how
SAGA performs for “proper” GF formulas, we generated some (simple) “GF
Benchmark” (GFB) formulas. Each set consists of eight random generated
formulas with the same width, depth, and maximum arity of the relations.
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The QBF benchmark does not require blocking because termination of the
algorithm is ensured by the properties of K™: each constant exists in at most
two nodes, and for every grandson n of a node m the maximum modal depth of
a formula in A(n) is strictly shorter than it is in A(m). This property makes it
possible to regard the blocking test as another heuristic for this benchmark and
thus evaluate its efficiency. For the more expressive logics, this is not possible
because blocking must be permanently enabled to ensure termination.

The different blocking conditions equality and subset-equality (cf. Section ()
can only be compared for GFB because in a tree for QBF or PSAT every node
contains exactly two constants and the case of subset-equality blocking for a
proper subset cannot occur.

To evaluate the heuristics by themselves as well as their interactions, we ran
every benchmark with every possible combination of heuristics. The figures in the
following sections show how many formulas could be solved with the correspond-
ing combination. On the x-axis, the different branching mechanisms are shown:
syntactic branching first, then semantic branching with the different branching
heuristics. For every combination of the other optimisations, a separate graph
is printed. The different measuring points are connected by lines to improve
readability.

The benchmarks were run on the following system: Hardware: Pentium-III
(733 MHz), 384 MB RAM, 512 MB swap space; Software: Linux (Kernel 2.2),
Allegro Common Lisp 6.0.

QBF. Surprisingly, blocking is the most efficient heuristic. With enabled block-
ing test, up to 26 formulas can be solved, compared to at most 4 without block-
ing. Although it is very expensive in the worst case, it is obviously still far more
efficient than the expansion of the nodes that could be blocked. This indicates
that the simple heuristic of comparing the number of constants, atoms, exis-
tential formulas etc. before generating a mapping 7 (cf. Section [{]) is sufficient
to achieve an efficient blocking test. The speedup could also be explained by
regarding the blocking test as a kind of partial model caching (e.g. [2I]), which
was observed to be very efficient for the TANCS benchmark [13].

Semantic branching and backjumping also provide a significant speedup.
While backjumping leads to a rather constant improvement independent of the
other optimisations, the speedup delivered by semantic branching is particularly
high for efficient combinations of the other heuristics. iMOMS is slightly worse
than maximise-jump, and MOMS is far worse than the other branching heuris-
tics. This is true even if backjumping is disabled, i.e. if selecting maximise-jump
effectively means choosing a random disjunct, which shows that the main draw-
back of MOMS is not the interference with backjumping, but the high probability
of failing with the first alternative.

Processing R3 or RV first does not have a significant influence, and syntactic
simplification has none at all (it is therefore not recorded in the figures). This is
probably caused by the structure of the formulas.
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Fig. 2. Heuristics Comparison for QBF with “RV Last” (Left) and “R3 Last” (Right)

PSAT. Semantic branching is by far the most important heuristic, and back-
jumping is also very efficient. Regarding the optimal rule sequence, we can ob-
serve a significant speedup if RV is applied before R3. An explanation for this
behaviour is the blocking test: if it is applied only to propositionally expanded
nodes, the probability for blocking is higher.

iMOMS is slightly better than maximise-jump, but the difference is irrelevant
for efficient combinations of the other heuristics. The same is true for syntactic
simplification: if we have an efficient combination of heuristics, disabling syn-
tactic simplification does not significantly slow down the system. This indicates
that, in the presence of semantic branching and backjumping, the efficiency is
not affected by minor differences in the branching condition or syntactic redun-
dancy of a formula.
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Fig. 3. Heuristics Comparison for PSAT with “RV Last” (Left) and “R3 Last” (Right)
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GFB. The results for QBF indicate that blocking, although expensive, results
in a speedup. This raises the question if searching for more blocking situations
by using subset-equality blocking instead of equality blocking might lead to a
further speedup, although the blocking test becomes even more expensive. The
measurements show that this is is not the case: subset-equality blocking leads
to a higher average time and to fewer solvable formulas. The reason is that in
this case, we cannot use the heuristics enabling us to abort the test if a node
n is blocked by a node m early if C(m) > C(n), but have to test all subsets of
C(m) which have the size of C(n). Syntactic simplification has more influence
for GFB than for the other benchmarks, which is probably caused by the simple
and random structure of the formulas. The other heuristics behave similarly.
(Therefore we do not include a figure.)

Summary. Semantic branching and backjumping deliver a significant speedup
for all of our benchmarks. Blocking is useful even when it is not necessary. Among
the branching heuristics, maximise-jump and iMOMS perform well, whereas
MOMS is slower than choosing a random disjunct. Syntactic simplification does
not provide a significant speedup, and the optimal sequence of rule applications
differs for the various benchmarks.

7 Comparison with Other Systems

In this section, we examine how well SAGA scales compared to other systems for
logics of different complexity, i.e. how fast it can solve formulas from GF and less
expressive logics. We compare our own results with those that were presented in
the TANCS-2000 comparison [3] for the QBF-inv/PSAT /PSAT-inv benchmarks.

The comparison systems are DLP [28|, a satisfiability tester for PDL [4];
FaCT [20], a tableau algorithm for the description logic SHZQ [23]; RACE, a
TBox and ABox reasoner for the logic ACCNH g+ [16]; and GosT [18], a tableau
algorithm for the logic GF1~ [26], which is a PSPACE-fragment of GF. GOST
differs from SAGA in two important aspects: it does not include a blocking test
(because it is not necessary to ensure termination for GF17), and it uses a sim-
pler backup algorithm: before a branch is performed, the entire tree constructed
so far is copied, and during backtracking, the tree is replaced with that copy.

While these systems are tableau algorithms like SAGA and also share most
of its optimisations, the last competitor Spass [30I31] is a resolution-based first-
order theorem prover. MSPASS [24] is a SPASS module translating formulas from
the syntax of modal or description logics to first order logic so that their satis-
fiability can be decided with SPASS.

For this comparison, we used a larger set of the QBF and PSAT formulas
than in Section [6l The results for DLP, FaCT, MSpAss and RACE were taken
from [3] and those for GOST from [I8]. The figures in the following sections show,
for every system, how many formulas of each set could be solved.

The SAGA benchmarks and the GF benchmark for SPASS were run on the
following system: Hardware: Pentium-IIT (1 GHz), 512 MB RAM, 1 GB swap
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space; Software: Linux (Kernel 2.2), Allegro Common Lisp 6.0. Timeout: 600sec
(QBF), 1000sec (PSAT), 100sec (GFB).

QBF. Figure @ shows that SAGA is more efficient than GosT and FaCT for
most of the sets. While FaCT fails to solve many of the satisfiable formulas from
the first sets, (C10/20/30-V4-D4), it performs better for some of the unsatisfi-
able formulas (C50-V4-D6). It seems that FaCT prunes the search space more
efficiently, but needs more time to collect the necessary information.

The comparison with GOST again shows that the blocking test has a positive
impact on performance. Furthermore, the more sophisticated backup strategy,
though slower for very easy formulas, pays for complex ones: SAGA never aborts
because of memory exhaustion, whereas this is often the case for GosT. Obvi-
ously, this behaviour is a result of the more space-consuming backup strategy.
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Fig. 4. System Comparison for QBF

PSAT. In order to compare SAGA with as many systems as possible, we ran the
the PSAT as well as the PSAT-inv benchmark. Although the results presented
in this section were produced on different hardware with different timeouts, the
differences between the systems are relatively small. The PSAT formulas with
depth 1 were easy for all of the systems. For the harder formulas with depth 2,
the differences become visible and it turns out that SAGA is slightly slower than
RACE and slightly faster than DLP and MSpAss. For PSAT-inv, SAGA is faster
than FaCT and similar to MSPASS. Again, the difference to FaCT is particularly
large for satisfiable formulas.

GFB. Figure ] shows for every set characterised by the width (w) and depth
(d) of the formulas and by the maximum arity (r) of the relations how many
formulas could be solved. Among the comparison systems, SPASS is the only
one that can decide GF formulas, but, as mentioned before, its characteristics
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Fig. 5. System Comparison for PSAT (Left) and PSAT-inv (Right)

are quite different from SAGA’s. Therefore, it is no surprise that the results
are also different: while SAGA handles a large depth (d16) of a formula well,
it has problems with relations of a higher arity (r4). SPASS shows the opposite
behaviour. The sum of decidable formulas is similar.

Though SAGA works only for a fragment of FO and is not significantly faster
than SpASS, the benefit of using a tableau algorithm is having a decision proce-
dure, i.e. termination is guaranteed (even if it may consume exponential time).
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Fig. 6. System Comparison for GFB

8 Conclusion

In this paper, we presented an implementation and empirical analysis of a GF
tableau algorithm. It turned out that, in spite of its worst-case complexity of
NExPTIME (for bounded arity), it performs well for existing benchmark for-
mulas and the GF formulas we generated. Compared to other systems, SAGA’s
performance is slightly better than FaCT and similar to DLP, RACE an SPASS
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/MSPASS. Sophisticated optimisations, in particular backjumping and semantic
branching, are necessary to achieve this result. The blocking test, even when
it is not necessary to ensure termination, significantly speeds up the program.
However, this depends on the heuristics implemented to abort the test early.

The performance analysis presented in this paper is based on random gener-
ated formulas, most of which belong to a small fragment of GF. This enables us
to compare SAGA with several existing systems, but it also means that it may
not be representative for real-life problems. The behaviour for realistic knowledge
bases is subject to further study.
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Abstract. The increasing role of quantified Boolean logic in many appli-
cations calls for practically efficient decision procedures. One of the most
promising paradigms is the semantic tree format implemented in the style
of the DPLL procedure. In this paper, so-called learning techniques like
intelligent backtracking and caching of lemmas which proved useful in the
pure propositional case are generalised to the quantified Boolean case and
the occuring differences are discussed. Due to the strong restriction of the
variable selection in semantic tree procedures for quantified Boolean formu-
las, learning methods are more important than in the propositional case,
as we demonstrate. Furthermore, in addition to the caching of lemmas,
significant advances can be achieved by techniques based on the caching
of models, too. The theoretical effect of these improvements is illustrated
by a comparison of the search spaces on pathological examples. We also
describe the basic features of the system Semprop, which is an efficient
implementation of (some of) the developed techniques, and give the re-
sults of an experimental evaluation of the system on a number of practical
examples.

1 Introduction

The last years have seen an increasing interest in the language of quantified
Boolean formulas (QBF's). While in complexity theory the central role of this
language is obvious from the fact that it represents one of the natural paradigms
for characterising the complexity class PSPACE, it has been recognised that QBF's
are also suitable in practice, since they offer a concise framework for expressing
many problems from planning, abduction, nonmonotonic reasoning, or from intu-
itionistic, terminological and modal logics. This has motivated the need for efficient
decision procedures for QBFs. As a consequence, recently, a number of such pro-
cedures have been developed, e.g., QKN [7], Evaluate [2], QSOLVE [4], Decide
0], QuBE [B], or Semprop (the system described in this paper). However, when
compared with the procedures available for propositional logic, these procedures
are still in their infancy. Furthermore, even for the few procedures available, there
is a tendency of divergence, in the sense that almost every procedure contains
some special adhoc techniques that apply well to some examples, but may not be
useful for a generally successful approach.
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In this paper we identify some techniques that are very important if not essen-
tial for any powerful and robust QBF procedure. These techniques all subscribe to
the so-called learning or look-back paradigm, i.e., information gathered during the
search process is used to prune the remaining search. First, we consider the tech-
nique of dependency-directed backtracking, which can be seen as one of the simplest
learning methods in terms of space and time overhead. We also give experimen-
tal evidence that dependency-directed backtracking is of general importance for
deciding quantified Boolean formulas.

Another more general paradigm is caching of more complex data structures. In
its pure form, caching comes in two dual variants, caching of lemmas and caching
of models. We discuss the proof-theoretic background of these methods and the
complications arising when moving from propositional to quantified Boolean logic,
where the so-called resolvent lemma does no more hold. Unfortunately, the efficient
integration of caching methods is much more problematic than using dependency-
directed backtracking. First, from a general complexity point of view, since when
caching is applied in an uncontrolled manner, the underlying procedure looses the
advantage of being a polynomial space procedure. Furthermore, from an implemen-
tational point of view, because the integration of lemmas or models is expensive
and may significantly decrease the speed of the basic procedure. As a consequence,
in propositional logic, caching could not make its way as a standard technique.
In the pure propositional case, because of the applicability of powerful look-ahead
techniques, the use of expensive look-back techniques like caching is often not
needed. In this paper we will expound that this situation completely changes when
going from propositional to quantified Boolean logic. Since here the applicability
of look-ahead techniques is strongly restricted, there exist ridiculously small for-
mulas which are intractable for the currently existing QBF procedures, and these
formulas become trivial with caching methods. This suggests that, in contrast to
propositional logic, an integration of such methods might be indispensable.

In order to also facilitate the experimental evaluation of the presented learn-
ing methods, the methods are currently being implemented in the QBF decision
procedure Semprop. We describe the general design decisions for an efficient in-
tegration. The key idea by which the mentioned difficulties of integrating lemmas
(and models) is avoided is to limit their applicability to certain path contexts. With
this approach, one may dynamically control the size of the cache by simply adapt-
ing the size of the path contexts. We have evaluated the current implementation
on a number of practical examples. Although the current implementation does
not contain all of the presented methods, the results clearly show that learning is
beneficial and that the additional overhead can be kept under control.

The paper is organised as follows. We begin with some preliminaries in the
next section. Then, we shortly review the basic paradigms for deciding quanti-
fied Boolean formulas with the emphasis on semantic tree procedures. After dis-
cussing the main problems of devising an efficient QBF procedure, we present the
paradigm of dependency-directed backtracking, as the simplest application of the
learning paradigm. Then we turn to the development of more powerful caching
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methods, first, the case of lemmas, then, the case of models. Subsequently, we con-
sider issues of integrating and implementing the developed methods, and present
the results of an experimental evaluation.

2 Preliminaries

We consider quantified Boolean formulas in clausal form, which is sufficient, since
there exist efficient translations into this normal form. So a QBF & will be of
the form Qiz1 -+ Qnz,S where every Q; € {3,V}(1 < i < n) and where S is a
set of propositional clauses (i.e, sets of literals) over the variables z1,...,z,. We
also assume that the z1,...,x, are pairwise different. Q121 - - - Qnx,, is called the
prefiz and S the matriz of &.

For defining the semantics of QBFs, we extend the language with the two
Boolean constants T and L. A clause in a QBF & is true if it contains T or —.1;
a clause is false if it contains neither T, nor =L, nor an ewxistential literal, i.e., a
literal whose variable is preceded by an 3 in the prefix of @; otherwise a clause is
called open. Furthermore, with &[l/k] we denote the result of substituting [ in the
matrix of @ by k. Then the truth value of a QBF is defined inductively as follows:

— A QBF & with no variables is true if every clause of the matrix of @ is true.
— A QBF & of the form Va® is true if both @[x/T| and $[z/L] are true, and a
QBF of the form 3@ is true if P[z/T] or Px/L] is true.

A QBF which is not true is false. We will also use the following general notion of
a partial model or just model for short. A model for a QBF & is any set of literals
M ={ly,...,l,} such that

— M does not contain T, =T, L or =1,

— M is consistent, i.e., contains no literal and its complement,

— the QBF ®[z1/v1] - - - [z, /vy] is true where, for any 1 < i < n, x; is the variable
of [; and v; is T resp. L depending on whether [; is x; resp. —x;.

3 Semantic Tree Procedures

Before presenting the most natural paradigm for deciding quantified Boolean for-
mulas, we shall shortly mention some other approaches that are occasionally used.
One is to transform a QBF into propositional logic, the obvious problem is the
exponential blow-up of the formula size. Another is to use resolution on QBFs as
described in [7]; here the weaknesses are the same as in propositional logic where
resolution turned out to be practically useless (resolution is no PSPACE proce-
dure and difficult to control). In Section Bl however, we will demonstrate that, in
order to devise a powerful and robust QBF procedure, a controlled integration of
resolution is indispensable.

Certainly, the most natural approach to deciding the truth value of a quantified
Boolean formula is by a direct implementation of the semantics. That is, one
iteratively splits the problem of deciding a formula of the form Qz® into the two
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subproblems @[x/T] and @[z/L], as in propositional logic. The resulting proof
structure is a semantic tree, i.e., a binary tree in which every pair of edges is labeled
with a variable and its negation. With the root of the tree we associate the original
QBF &, and with every node N in the tree with ingoing edge literal x respectively
-z we associate the QBF W[z/T| respectively ¥[z/1] where Q¥ is the QBF
associated with the predecessor node of N. The additional complication of the
quantified Boolean case is that we have to distinguish between existential and
universal nodes in the tree depending on whether the literal at the ingoing edge
is existentially or universally quantified. When applying a backtracking-driven
procedure which constructs a semantic tree in a depth-first manner and considers
one branch at a time only, the truth value of a QBF can obviously be checked in
linear space.

There are two sources of indeterminism when constructing a semantic tree,
(1) on which variable to branch next, and (2) which branch to consider first. In
propositional logic, one has total freedom of selection in both respects. Since these
choices determine the size of the semantic tree, a lot of effort in SAT research has
been devoted to finding clever selection criteria. In the quantified Boolean case, the
crucial difference is that the freedom of selection of type (1) is strongly restricted
by the prefix order, since existential and universal quantifiers cannot be permuted.
So, in general, the next branching variable y of a QBF Qx® has to be of type @
and no other quantifier must precede y in the prefix of the QBF. As we will see,
this restriction has severe consequences for the design of efficient QBF procedures.

Example 1. A false quantified Boolean formula:

3$1Vl‘23$33.’1)4((ﬂ$1 V xo V _\333) A (1‘3 vV _\1‘4) A (1‘3 V .1‘4) A\ (131 V —xg V _‘1‘3)).
—_— ——

C1 C2 c3 Ca

Co Cc3 C2 C3

Fig. 1. A semantic tree proof for the falsity of Example [l

In Figure [ a semantic tree proof of the falsity of the QBF given in Example[]
is displayed. As a matter of fact, the same partial evaluation technique as in
propositional logic may be used to avoid unnecessary splittings: a clausal QBF &
is true if it contains only true clauses, and @ is false if it contains a false clause.
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In either case, a further splitting on the respective branch can be avoided. In the
figure, we have added the false clauses at the respective branches.

In order to achieve a reasonably efficient basic QBF procedure, two other
methods from propositional logic are indispensable, which determine the procedure
of Davis, (Putnam,) Logemann, and Loveland [3], DPLL for short. One is the
unit propagation, the other the purity rule. Both methods are standard in QBF
procedures (see [2]).

Unit (propagation) rule. A clause ¢ in a QBF @ is unit if it contains exactly
one existential literal with variable, say, = and all the variables of the universal
literals in the clause occur to the right of = in the quantifier prefix of @. If the
QBF & associated with a node N in a semantic tree contains a unit clause ¢ with
an existential literal x (—z), then one can split on the variable z. (Immediately
afterwards one may label the new node with the subproblem @[x/L] (P[x/T])
with the false clause c.)

Purity rule. A literal [ occurring in the matrix of a QBF is called pure if its
complement does not occur in the matrix of the QBF. If the QBF & associated
with a node N in a semantic tree contains a pure literal 2 (—z), then one can split
on x and

— when z is existential, ignore the node with the subproblem ®[z/ 1] (®[z/T]),
— when 2 is universal, ignore the node with the subproblem &[z/T] (@[x/L]).

Proposition 1. The unit and the purity rule preserve the correctness of the se-
mantic tree method for QBFs. (For a proof see [Z])

The resulting inference system will be considered as our basic semantic tree
procedure for QBFs, it is also the common basis of all mentioned systems that are
using the semantic tree paradigm.

4 Towards a Powerful QBF Procedure

In the last years, very powerful decision procedures for propositional logic have
been developed. Despite the hardness of the problem, those procedures can of-
ten decide formulas containing thousands of variables. The question is whether
such procedures can be extended to the quantified Boolean case and whether a
comparable performance can be achieved. One of the main paradigms used in
propositional logic are semantic treed]. The techniques applied in propositional
semantic tree procedures comprise sophisticated criteria for variable and sign se-
lection, dependency-directed backtracking, the use of lemmas, equivalences (a la
Stalmarck) or even symmetries, methods of partitioning the input, etc. Which

! Another is decision diagrams. It would be interesting to consider extensions of decision
diagrams to QBF's, but this is out of the scope of this paper. On the other hand, it is
obvious that stochastic methods like GSAT are useless in the quantified Boolean case.
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of these techniques should be used in order to obtain a practically efficient QBF
procedure? Furthermore, when looking at the few QBF systems that have been
developed in the last few years, additional QBF specific methods were developed
and implemented like trivial truth in [2] or sampling, inversion of quantifiers, and
failed literal detection on inner quantifiers in [9]. For example, the method called
"trivial truth” is to abstract the universal variables from a QBF and check whether
the resulting formula is true. If so, the original formula must be true, too; if not,
nothing is gained, and the runtime overhead of the method is in vain.

In order to avoid the problems of such a divergence, we think that one should
first concentrate on the identification and development of some few pruning meth-
ods which are beneficial in general. But which methods are of this type? As already
mentioned, the chief difference of the quantified Boolean from the propositional
case is that the freedom of variable selection is strongly restricted. As a con-
sequence, all the sophisticated methods from propositional logic which aim at
avoiding the selection of unfortunate branching variables are often not applicable.
In such a situation, we need methods that can remedy the redundancies induced
by unfortunate branchings, after those branchings have been performed. There
are two general approaches of this type. One is dependency-directed backtracking,
the other is caching of lemmas and models.

5 Dependency-Directed Backtracking

When analysing the behaviour of the basic semantic tree procedure for QBFs, as
introduced at the end of Section ] it often occurs that one has to branch on a
variable z which afterwards turns out to be irrelevant for the solution of one of
its subproblems @, or ®5. This induces an unnecessary search effort.

The natural approach to attacking this problem is dependency-directed back-
tracking, also called pruning or level cut. Dependency-directed backtracking for
QBF's was first published in [5], here we give a more general account. In the QBF
case dependency-directed backtracking comes in two very different forms, one for
false and one for true subproblems. We start with the description of the method
for false subproblems, since this is similar to the propositional case (see, e.g., [§]).

5.1 Dependency-Directed Backtracking for False Subproblems

We will present the method in two versions, one weaker one, but with almost
no implementational overhead, and another more expensive method, but with
a higher potential of pruning the semantic tree. Evidently, dependency-directed
backtracking for false subproblems only applies to existential variables.

Dependency-directed backtracking by labeling. Whenever we branch at a node N
on an existential variable = producing the subproblems ®; and @5, we label x

2 If two subproblems @, and ®; result from a universal splitting and & could be identified
as false, then @2 need not be considered anyway.
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as irrelevant. When reaching a node in the semantic tree whose associated QBF
contains a false clause ¢, then, for every existential literal in ¢, we label its variable
as relevant. If on backtracking we reach the node N, after having identified one
of its subproblems, say &1, as false, and if = is labelled as irrelevant, then the
subproblem @5 can be considered as false, too, and need not be solved any more.

Dependency-directed backtracking by relevance sets. When reaching a node in the
semantic tree whose associated QBF contains a false clause ¢, then the variables of
all existential literals in ¢ are collected in the so-called relevance set of the node. If
on backtracking we reach a node N with an existential branching variable z after
having identified the subproblem at one of its successors, say N, as false, then we
check whether x is contained in the relevance set Ry of Ni:

— if not, the subproblem at the other successor No can be considered as false
and need not be considered, furthermore, the relevance set of N is set to Ry;
— otherwise, the other successor N5 has to be processed yielding a relevance set,
say, Ro. Then we check whether = € Rs:
e if not, the relevance set of N is set to Ro;
e otherwise, i.e., only if z € Ry N Rs, the relevance set of N is set to Ry UR5.

Both methods preserve correctness. Obviously, the runtime overhead of the first
method is almost negligible whereas the second method is more time consuminﬁ.
On the other hand, the second method is strictly more powerful, in the sense
that it can achieve a stronger pruning of the search tree. The case where the
first method fails is when two variables x and y (with y above x in the tree) are
relevant in the subproblem @, solved first for z, but « and y are both irrelevant in
the second subproblem @, for x. Using the first method the irrelevance of y cannot
be identified any more. Both methods are already successfully used in semantic
tree procedures for propositional formulas.

5.2 Dependency-Directed Backtracking for True Subproblems

The identification of irrelevant variables for true subproblems has no counterpart
in the propositional case, since it affects universal variables only. Also, this problem
is harder to handle than the case of false subproblems. In order to comprehend
the difficulties, consider the case of a branching on a universal variable producing
two subproblems @; and @5. Assume now, for example, &1 has been identified as
true. Under which conditions would we consider the branching on x as irrelevant?

Dependency-directed backtracking by model intersections. As in the false
case there are different approaches. The simplest idea is as follows. Certainly, we
would consider z as irrelevant if we could re-use the solution tree of the problem
@, as a solution tree for @5, too. This can be expressed in the following more
implementation-oriented proposition. For this, we use the following notion. Given
a leaf node N of a semantic tree whose formula is true, the set of literals on the
branch from the root to N is called the model at N.

3 Although it can quite efficiently be implemented using bit vectors.
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Proposition 2. Let T be a semantic tree proof of the truth of a QBF ®[x/T)|
respectively Plxz/L]. Let further S be the set of open clauses in the matriz of ¢
that contain the literal x respectively -z, and M the set of models at the leaf nodes
of T. Then ®[x/ L] respectively P[x/T] is true if every clause in S contains a literal

from M\ {z} respectively (M \ {—z}.

In order to implement this technique, one simply has to associate with every
subproblem identified as true a corresponding model intersection set. A closer look
at this method shows that it achieves a special version of the technique of trivial
truth, mentioned in Section[. The difference, however, is that here the method is
applied on the fly.

Dependency-directed backtracking by model unions. The model intersec-
tion method can be made more powerful concerning search pruning by pursuing
the following idea. Instead of simply re-using the solution tree of a subproblem &,
for its mate @5, one could try to modify it in the following manner. It might be
possible to extend the models encountered in the solution of @; with additional
existential literals in such a manner that with those new literals the clauses S
in the argumentation above can be made true. This is captured by the following
proposition.

Proposition 3. Let T be a semantic tree proof of the truth of a QBF ®[x/T]
respectively ®[x/L]. Let further S be the set of open clauses in the matriz of ®
that contain the literal x respectively —x, and M the set of models at the leaf nodes
of T. Then ®[z/ L] respectively Plx/T] is true if there exists a set E of existential
literals satisfying the following conditions:

1. every clause in S contains the complement of a literal from E,
2. EnUM =0.

The implementation of this method is similar to the previous one. But the new
approach contains indeterminism (finding a set F), whereas the model intersection
method is completely deterministic. On the other hand, it can be shown that the
model union technique can no more be captured by the trivial truth method
mentioned before.

6 Use of Lemmas

In procedures for propositional logic, the use of lemmas (also called nogoods or
learning) is indispensible for unsatisfiable formulas which, for no variable selection
strategy, have semantic trees of manageable size. In order to comprehend the
general idea of lemmas (see also, e.g., [§]), let us consider Example [I] and the
proof of its falsity in Figure[l The tree contains two identical subtrees below the
edges labelled with —x3. The use of lemmas is the natural approach of avoiding
such a duplication. It can be shown that this duplication cannot be avoided by any
of the techniques mentioned so far, including dependency-directed backtracking.
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In fact, one can construct a class of very short false QBF formulas which are
intractable for any of the existing QBF procedures based on semantic treedd.

Ezxample 2. For any n > 1, let F,, be the QBF of the following form:
FYnt1Vr,Iyp - - Ve 3y1 S
where the matrix S contains the four clauses
“WYn+1, Y1 V Y2, “Y1 V Y2, Y1 V s, plus the n — 1 clauses

W5V x VWi V o VY, for 1< g <n -1

Proposition 4. The size of any semantic tree proof (including dependency-
directed backtracking) of an F,, is exponential in n.

The existence of intractable formulas for semantic tree procedures is nothing
exceptional, but for this formulas the behaviour of semantic tree procedures is
so poor that even the system Semprop, which has the best performance on this
class, explores a semantic tree with more than 3 x 10% branches for F3g, which is
a tiny formula of just 33 clauses (as a comparison, for F35, the tree has more than
3 x 107 branches). Fio cannot be solved within a day by any of the existing QBF
procedures that are based on semantic trees. In contrast, in propositional logic,
any decent decision procedure can quickly solve every formula of such a size. The
consequence to be drawn from this observation is that lemmas, which are of some
use in propositional logic, might really be indispensable in the quantified Boolean
case.

6.1 Q-Resolution

As the basis of lemma generation in propositional logic is resolution, its extension
to QBF's was introduced in [7] and called @-resolution. Given a QBF & with prefix
P and matrix S, the V-reduct of a clause c is the clause obtained by removing any
universal literal whose variable does not precede in P the variable of an existential
literal in c¢. Furthermore, a clause is tautological if it contains T or —_L or a literal
and its negation. Given two non-tautological clauses ¢; and c¢o which contain two
complementary existential literals, say, © € ¢; and —x € cg, the Q-resolvent of ¢y
and co is (¢] \ {z}) U (¢ \ {—2}) where ¢} and ¢, are the V-reducts of ¢; and ¢z
respectively.

Q-resolution is sound, i.e., any resolvent of a true QBF can be added to its
matrix without changing its truth value i Recalling the semantic tree given in
Figure [T from the two clauses ¢y = x3V —x4 and c3 = x3 V x4 the Q-resolvent x3
can be deduced, which can afterwards be used on the right-hand side to shorten
the proof. So, the integration of lemmas, i.e., Q-resolvents in a semantic procedure
for QBF's can be beneficial.

* Whereas those formulae should be trivial for resolution-based systems like [7].

5 Q-resolution is also complete, i.e., from any false QBF & the empty clause can be
deduced by a sequence of Q-resolution steps. However, for our purposes completeness
is of no interest, since we want to use resolution in a limited manner only.
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6.2 Semantic Trees with Lemmas

As illustrated with the example discussed above, a natural integration of lemmas
into semantic trees could work as follows, let us call this the standard method.
We associate with every solved false node N; of the semantic tree a clause C(N;),
defined inductively as follows.

1. For every false leaf node N, C(INV) is the V-reduct of the respective clause ¢ at
N.

2. If N is a universal false non-leaf node, then we may assume that it has exactly
one false successor node N’ and set C(N) = C(N').

3. If N is an existential false non-leaf node, then it must have two false successor
nodes N7 and Ns. Let w.r.g. x be the literal at the edge leading to N7 and —z
the one at the edge to No. We may distinguish two cases.

— Either =z € C(N1) and = € C(N3). Then C(N) is the Q-resolvent of C(Ny)
and C(Na).

— Or, a clause below does not contain the complement of its respective edge
literal, say, w.r.g., C(INa). [ This means that z is not needed in the solution
of Ny. Then set C(N) = C(N3).

We call the respective semantic tree a clause-labelled semantic tree.

6.3 Complications in the QBF Case

There is a crucial difference between propositional and quantified Boolean logic
concerning the use of lemmas in semantic trees. In propositional logic, we have
the following fundamental result which supports an easy integration of lemmas.

Proposition 5 (Resolvent lemma). For any clause-labelled semantic tree proof
T for the falsity of a QBF without universal variables, i.e., a propositional formula,
no clause C(N) at a node N of T is tautological.

Unfortunately, the resolvent lemma does no more hold in the general QBF case.
The critical situation may be described as follows. In the course of generating a
semantic tree, it may happen that an existential variable x is used as a branching
literal, although there is some non-selected universal variable y to the left of x in
the prefix. This may occur in an application of the unit propagation rule. Now it
can occur that two sibling nodes below are labelled with clauses ¢y =y V -z V -z
and co = —y V V- V -z with z being an existential variable. Because -z blocks
the removal of y respectively -y, the @Q-resolvent of both clauses is tautological.
Obviously, tautological clauses are not productive for shortening semantic tree
proofs.

When faced with this problem, one may simply accept it and use the standard
method, with the consequence that in the QBF case fewer productive lemmas are
available. As a matter of fact, it does not make sense to restrict the unit rule

5 Note that when using dependency-directed backtracking, at least one of the two clauses
must contain the complement of its respective edge literal.
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in such a manner that the generation of tautologies is avoided, since the unit
rule is one of the driving forces of the procedure. But there is another possibil-
ity for avoiding tautologies. Assume, in the mentioned example, that N would
be the node above at which the unit rule w.r.t. the existential variable z was
applied. Then the respective false leaf successor of N is labelled with a clause ¢
containing x. Now one could try to remedy the tautology generation problem by
performing Q-resolution between the clauses ¢; and ¢ and the clauses ¢o and c,
thus removing the blocking literal -z, and afterwards applying @-resolution to the
resulting clauses. Unfortunately, it may not suffice to do this, because other exis-
tential literals could be contained and block the V-reduction. Furthermore, when
performing @Q-resolution with ¢, new blocking literals may be imported, leading
to some snowball effect. From a practical point of view, any such sophisticated
method of tautology avoidance should evaluate the efforts needed to circumvent
the generation of a certain tautology with the gain that may be achieved this way,
i.e., whether a useful lemma results.

7 Use of Models

As illustrated with the different variants of dependency-directed backtracking,
in quantified Boolean logic, most methods have a dual form. The dual form of
employing lemmas is the use of models. As a motivation, consider the semantic
tree proof shown in Figure[2 of the formula given in Example[3l This proof contains
two identical subtrees below the edges labelled with —x3. None of the methods
developed so far can capture this redundancy.

Ezample 3. A true QBF Vir13zoVesVes3zs(cr A ca Acs A ey A cy) where

c1 = x1Vxs \/.’£5,
co = 21 VIo Vs,
c3 = xo VxyVIs,
Cq4 = 1‘3\/_‘1‘4\/—\l‘5,
Cy = T2 V X3 \ —T5.

As a natural approach for solving this problem we introduce model resolution,
which can be viewed as the dual of Q-resolution. Given two models m; and mo
for a QBF & containing two complementary universal literals, say, z € m, and
- € ma, the model resolvent of my and mq is the set (m} \ {z}) U (m} \ {-z})
where m] is obtained from m; by removing any existential literal whose variable
does not precede in P the variable of a universal literal in my, and analogously
for mj.

Proposition 6. If a model resolvent m of two models for a QBF @ is consistent,
then m is a model for .

How can this method be applied to shorten the proof of Example BI? Consider
the situation when the leaf node N; at the edge labelled with —x5 on the left-hand
side is reached. The set of the respective branch literals my = {x1, 2, @3, 24, 75}
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Fig. 2. A semantic tree proof for the truth of Example [3]

is a model for @. The essential observation now is that x; is redundant in
this model, the only clause made true by x is x; V —x3 V x5, but —x3 is al-
ready in the model. Consequently, it can be reduced to my = {x2, ~x3, x4, 25},
which is a model for @, too. For the next leaf node Ny to the right, the
same holds for the model {x1,x9, &3, "4, x5}, which can hence be reduced to
me = {x2, 23, x4, x5}. Now, model resolution can be applied to m; and mq
yielding the model m = {x2,—23}. The model m can then be used to solve the
—z3-edge on the right-hand side of the tree, since it subsumes (is a subset of)
the set of literals on the branch. This way the duplication can be avoided. An
essential observation of this application of model resolution is that models need to
be reduced in order to be beneficial. The problems of integrating model resolution
in an efficient manner are the same as for lemmas.

7.1 Use of Models for Exploiting the Independence of Subproblems

Interestingly, there is a technique based on the caching of model information which
nicely addresses the problem that standard QBF procedures have with certain for-
mulas containing variable-independent subformulas. One of the simplest formula
classes which reveals the weakness of the existing QBF procedures in this respect
is the following.

Ezample 4. Yxix3- - xp_13Tox4 - xp(c1 A+ A cy) where
€1 =21 VT2, 2 =721V T2, 3 =T3V Ty, 4 =73V Ty, ..., Cp—1 = Tp—1VTn,
Cp = Tp_1V Ty

Such a QBF consists of simple variable-independent subproblems, which could
easily be solved separately. However, this simple class is intractable for the stan-
dard QBF decision procedures, and there is no obvious general remedy of this
weakness. In order to exploit the independence of subproblems, in certain sys-
tems, special techniques for partitioning have been integrated (see, for example,
[9]). However, one could worsen the problem by introducing connecting variables,
which would block the possibility of partitioning the formula.

Such a modified class is shown in the next example.
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Ezample 5. Vx1x3 - Xpo1Tpe130224 - Tp(cr A -+ A ep) where
Cl1 =1 VZ‘Q\/.’L‘3, Co = 1 \/"33‘2\/—'333, C3 — JJ;:-,\/J,‘4\/.’1357 Cy = _|$3\/_'31‘4\/—|$5,
ey Cp—1 = Tnp-—1 V T \% Tn+1s Cn = Tnp—1 V Ty V Tp+1-

When analysing the behavior of a semantic tree procedure on the previous
example, we can make an interesting observation. Given a model m for the formula
containing an existential literal, say, —x; and a universal literal x;_; immediately
above, then, when switching the signs of both literals, the respectively evaluated
QBF’s are identical. Consequently, this new partial interpretation m’ must be a
model of the formula, too. This can be exploited for search pruning, by simply
avoiding the search when faced with the partial interpretation m’.

The idea underlying this observation can be generalised to a powerful search
pruning mechanism, which is based on the following property of QBF’s. Given a
QBF & with clauses S and a partial interpretation m, with V' (m) we denote the
set of variables underlying m, i.e. the result of deleting the signs, with T(m) we
denote the set of clauses in S satisfied by m, and with A(m) we denote the clauses
in S\ T(m) which contain complements of literals in m.

Proposition 7 (Sign abstraction). Given two partial interpretations m and
m’, if m is a model of &, V(m') C V(m), T(m) C T(m’), and A(m) is empty,
then m’ is a model of ®.

This property can be directly used as a search pruning mechanism, as follows.
During the proof process, we cache pairs (m,S) where m is a model of ¢ and
S = T(m). Then, for every branch m’, we check whether A(m) is empty. If so, we
check the other conditions for all pairs in the cache. Interestingly, with this method
the mentioned examples can be solved in linear time, even if always the newest
few pairs are kept in the cache. That this method is also relevant for practical
examples, is demonstrated below.

8 Integration and Implementation of Caching Methods

There have always been attempts to integrate lemmas into propositional semantic
tree procedures. However, as experience has shown, it is very difficult to implement
lemmas in such a manner that the runtime overhead is not too high. Furthermore,
it is hard to find the right trade-off between not to get drowned by the wealth of
possible lemmas and keeping such lemmas which are effective in shortening the
proof process.

Our approach to overcome these problems is to always generate conditional
lemmas, i.e. lemmas of the form m F ¢ where ¢ is a clause and m is a certain
path context, i.e., an initial segment of the literals on the current tree branch. The
validity of a lemma is always restricted to m. When on backtracking the lowest
literal in m is touched, all lemmas associated with m are automatically deleted.
On the one hand, this procedure provides a relatively robust means to control the
number of lemmas that are generated, viz., by simply modifying the size of the
path context. One the other hand, lemmas will automatically be deleted (see also
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[8]). As a general criterion for limiting the number of lemmas, we generate lemmas
only at existential branching points where both subtrees are complex. In practice,
the size of the context is controlled by the following self-adjusting procedure. We
periodically compare the size of the lemma cache with the number of effective uses
of lemmas, and adapt the size of the path context accordingly. As our experience
with a large number of experiments in propositional and quantified Boolean logic
have shown, this procedure can keep the space and time overheads of caching in
reasonable bounds and yet achieve a significant reduction of the proof length, so
that on average it performs better than methods without caching. This is a crucial
difference to the manner learning techniques are currently integrated in the system
QuBE. In QuBE no context lemmas (and models) are used, instead the maximal
length of a lemma (and model) has to be controlled by the user [6].

The manner how lemmas are represented also deserves some remarks. The
lemma associated with a tree node is encoded by using bit vector technology.
These bit vectors are destructively modified when moving back from the leaves
towards the root of the tree. Whenever we decide to make a lemma available for
a future use, this information is converted into the standard data structure used
for clauses, viz. a list of pointers to the contained literals, plus some control infor-
mation. The same bit vector technology can also be used for doing dependency-
directed backtracking efficiently. Finally, also the sign abstraction method can be
implemented this way, in the current implementation the default cache size for
the respective pairs is 10.

In summary, the current implementation of Semprop contains the following of
the described features:

— dependency-directed backtracking,
— generation of Q-resolvents according to the standard scheme,
— the sign abstraction method as described in [

Model caching is currently implemented in the same manner as lemma caching.
The system (version semprop240202) is available on the following web page:

http://www.jessen.informatik.tu-muenchen.de/ "letz/semprop/

9 Experimental Results

We have tested the current implementation both on randomly generated examples
and on structured examples. As randomly generated examples we used the set
3QBF-5CNF of 1000 QBF formulas generated by F. Massacci (download, e.g.,
from http://frege.mrg.dist.unige.it/star/qube/). The only procedure which can
compete with Semprop on these examples is the system QuBE [5]. For both QuBE
and Semprop without caching, the median of the solution times per example is
less than 100 milliseconds whereas for all other mentioned procedures it is > 10%
seconds on contemporary hardware. So even without caching, Semprop is one of
the most powerful QBF procedures around. It is interesting to note that from the
mentioned QBF procedures only QuBE and Semprop use forms of dependency-
directed backtracking.
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Problem lem| abs| both| [Problem lem| abs|both
adder-2-sat | 0.06] 0.05/ 0.01| 0.01| [lognbwlargeaO| 0.01| 0.02| 0.01| 0.03
adder-2-uns.| 1.86] 1.10| 1.86| 1.18| |lognbwlargeal|11.98| 3.26{15.51| 4.07
blocks3ii.4.3| 9.87| 4.33| 10.15| 4.37| |lognbwlargeb0| 0.02| 0.02| 0.03| 0.03
blocks3ii.5.2| 25.19| 7.55| 27.28| 8.26| |lognbwlargeb1|63.38|16.98|68.44(17.30
blocks3ii.5.3| > 200| 34.88|> 200(37.17| [r3%x3_15_2.50_0| 0.02| 0.02| 0.02| 0.02
blocks3iii.4 | 50.44| 51.22| 54.73|55.20| [r3%x3_15-2.50_1| 0.05| 0.05| 0.02| 0.03
blocks3iii.5 2.23| 1.78| 2.55| 1.95| [r3%x3_15_2.50_2| 0.01| 0.01| 0.01| 0.01
chain12v13 0.35| 0.37| 0.08] 0.08| [r3%x3_15-2.50_3| 0.01] 0.03| 0.02| 0.02
chain13v14 0.71] 0.75| 0.09| 0.09| [r3%x3_15_2.50_4| 0.03] 0.04| 0.03| 0.03
chain14v15 1.55| 1.58| 0.09| 0.09| [r3%3.15.2.50_5| 0.01| 0.01] 0.01| 0.01
chain15v16 3.18| 3.27| 0.10] 0.10| |r3%3_15_2.50_6| 0.10| 0.09| 0.10| 0.11
chainl6v17 6.75 6.91] 0.10] 0.10| |r3%3_15_2.50_7| 0.11| 0.12| 0.10| 0.11
chainl17v18 | 14.35| 14.58| 0.11| 0.11| |r3%x3_15-2.50_8| 0.28| 0.30| 0.20| 0.20
chain18v19 | 30.99| 31.42| 0.11| 0.11| |[r3%3_15_2.50_9| 0.01| 0.02| 0.02| 0.01
chain19v20 | 65.75| 66.63| 0.12| 0.12| |r3%7_152.60_0| 0.14| 0.14| 0.14| 0.16
chain20v21 [143.45/144.08| 0.12| 0.12| |r3%7_152.60_1| 0.02| 0.01| 0.02| 0.01
chain21v22 |> 200 > 200| 0.13| 0.13| |r3%7-15_2.60_2| 0.05| 0.06| 0.05| 0.04
chain22v23 | > 200| > 200| 0.13| 0.13| |r3%7_15-2.60_3| 0.12| 0.14| 0.13| 0.14
chain23v24 | > 200| > 200| 0.14| 0.14| |r3%7_15-2.60_4| 0.02| 0.02| 0.04| 0.03

impl02 0.01| 0.01| 0.01] 0.01| [r3%x7_15-2.60_5| 0.21] 0.22| 0.12| 0.12
impl04 0.01| 0.01| 0.01] 0.01| [r3%7_15-2.60_6] 0.07| 0.10| 0.07| 0.06
impl06 0.02| 0.02| 0.01] 0.01| [r3%7-15-2.60_7| 0.01] 0.20| 0.14| 0.16
impl08 0.05| 0.03| 0.01] 0.01| [r3%7_15-2.60_8| 0.01| 0.01| 0.02| 0.01
impl10 0.15 0.08| 0.01] 0.01| [r3%x7_15-2.60_9| 0.01| 0.01| 0.01| 0.01
impl12 0.95| 0.43| 0.02| 0.01| [toilet2.1.iv.3 | 0.01| 0.01| 0.01| 0.01
impl14 5.19| 2.16| 0.03| 0.01| |toilet2.1.iv.4 | 0.01| 0.01| 0.01| 0.01
impl16 19.05| 12.43| 0.03| 0.01] |toilet6.1.iv.11 [12.24/13.88|13.96|14.86
impl18 163.14| 69.68| 0.03| 0.01| [toilet6.1.iv.12 | 2.23| 2.51| 2.46| 2.62
impl20 > 200( > 200 0.05| 0.01] |toilet7.1.iv.14 |29.45|23.12(32.66|15.06

As structured problems we took the 91 formulas which are also used by
QuBE (see http://frege.mrg.dist.unige.it/star/qube/). We compared four variants
of Semprop, all using dependency-directed backtracking. In the first column, the
results for the system without lemmas and sign abstraction are shown, column
2 shows the results for lemmas without abstraction, column 3 contains results
for abstraction without lemmas, and column 4 lemmas and abstraction. Times
are given in seconds on a Sun running with about 800 MHz. Problems not listed
could not be solved by any of the versions within 200 seconds.

The results clearly show that the full version of the system including lemma
caching and sign abstraction is the most successful one, it can solve 58 problems,
also the average runtime per problem is smaller. Interestingly, sometimes the dif-
ferent techniques seem to have their special domains where they work very well.
For example, the chain class is solved linearly by all systems using sign abstrac-
tion, but only exponentially without this method. It is, however, too early to give
an explanation of this phenomenon. As a further remark, the currently used stan-
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dard paradigm for generating lemmas in certain cases produces only tautologies,
for example, on the problem toilet6.1.iv.11. Consequently, it seems worthwhile to
use a method of tautology avoidance, as mentioned above.

10 Conclusions

In this paper we have investigated the integration of a number of so-called learning
techniques in semantic tree-based decision procedures for quantified Boolean for-
mulas. We have considered both the caching of lemmas and models plus a certain
abstraction technique based on models. The practical usefulness of these methods
could be demonstrated with a significant gain in performance on a number of ex-
amples, even for an implementation which does not contain all of the presented
methods and hence does not exploit the full power of caching. Consequently, for
a full integration of caching, one may expect a further significant improvement in
performance.

Acknowledgments. I would like to thank the referees for the instructive com-
ments.
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Abstract. Equality handling has always been a traditional weakness
of tableau calculi because the typical refinements of those calculi were
not compatible with the most successful methods for equality handling.
The disconnection tableau calculus represents a new confluent framework
well suited for the integration of a large class of different methods for
equality handling, as we demonstrate in this paper. We consider both
saturation based and goal-oriented methods for equality handling. We
also show how specialized equality handling can affect the properties of
the calculus at the example of the well-known regularity condition. All
the presented approaches of equality handling have been implemented in
the theorem prover DCTP and we present the results of an experimental
evaluation.

1 Introduction

In the past decade automated theorem proving using tableau style calculi was
developed into a number of very successful systems. However, one of the great
weaknesses of tableau style theorem proving is that few methods were found
for enabling tableau provers to efficiently solve problems containing equality.
Approaches like theory unification [Bec98] turned out to be unfeasible in prac-
tice; and they additionally presented new completeness and even undecidability
problems. A number of variants of Brand’s modification method [BraZh] were
developed into usable systems [MIL"97| and must be considered as the most suc-
cessful means of integrating equality reasoning into a tableau framework hitherto.
Methods based on ordered equality handling are not compatible with the most
successful refinements of tableaux like the connection conditions. In contrast
to such refinements the disconnection calculus offers a more robust framework
for the integration of various approaches of equality handling. We present some
methods based on orderings and some unordered approaches. These approaches
extend the calculus [LS01b| which is the basis for the DCTP prover described in
[LSO01a], where equality was handled in the generic axiomatic way only. In the
following, we assume the reader to be familiar with the basic concepts of equa-
tional reasoning as summarized in [BG98|. This paper is organized as follows. In
the following section, a short introduction to the disconnection calculus will be

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 176-[190, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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presented. After briefly reviewing the standard axiomatic approach we show, in
Section @ how the paramodulation rule can be adapted to the calculus. Then,
we elucidate that the regularity condition, which is one of the most successful
techniques for tableau search pruning, is not compatible with this adaptation. In
Section Bl we consider a different, more goal-oriented approach to equality han-
dling based on lazy paramodulation and disagreement sets. Section [6] contains
some comments on the implementations of the introduced approaches and the
results of the experimental comparisons.

2 The Disconnection Tableau Calculus

The disconnection tableau calculus was first developed in [Bil96]. Essentially,
this proof system can be viewed as an integration of Plaisted’s clause linking
method [PL92] into a tableau control structure.

The original clause linking method works by iteratively producing instances
of the input clauses, which are occasionally tested for unsatisfiability by a sepa-
rate propositional decision procedure. The use of a tableau as a control structure
has two advantages. On the one hand, the tableau format restricts the number
of clause linking steps that may be performed. On the other hand, the tableau
method provides a propositional decision procedure for the produced clause in-
stances, thus making a separate propositional decision procedure superfluous.
For the description of the proof method, we use the standard terminology for
clausal tableaux. The disconnection tableau calculus consists of a single complex
inference rule, the so-called linking rule.

Linking rule. Given a tableau branch B containing two literals K and
L in tableau clauses ¢ and d, respectively, if there exists a unifier o for
the complement of K and a variable-renamed variant of L, then successively
expand the branch with renamings of the two clauses co and do as illustrated
in Figure [I

In other terms, we perform a clause linking step and attach the coupled instan-
tiated clauses at the end of the current tableau branch. Afterwards, the respec-
tive connection cannot be used any more on the branches expanding B, which
explains the naming ”disconnection” tableau calculus for the proof method. Ad-
ditionally, in order to be able to start the tableau construction, one must choose
an arbitrary initial active path through all the input clauses, from which the
initial connections can be selected. This initial active path has to be used as a
common initial segment of all proper tableau branches considered later on.

As branch closure condition we use the same notion as employed in the
clause linking method. That is, a branch of a tableau is V-closed if it contains
two literals K and L such that Ko is the complement of Lo where o is a
substitution mapping all variables in the tableau to a new constant.

As usual in the development of theorem provers, implementing a simple cal-
culus in its pure form will not result in a competitive system [LS01a]. In order
to improve the performance of the system, we have integrated a number of
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Fig. 1. Illustration of a linking step.

refinements, which preserve completeness and increase the performance of the
disconnection tableau calculus tremendously. These refinements include differ-
ent variations of subsumption, a strong unit theory element and several deletion
strategies for redundancy elimination. In addition, we use full tableau pruning
similar to the technique of [OSKY].

3 Axiomatic Equality Handling

The most generic way of handling equality is by adding a set of axioms to each
clause set to be proven that specify the properties of the equality predicate. These
axioms contain the basic axioms defining equality as an equivalence relation:

z ~z (Reflexivity)
rray—y~c (Symmetry)
rRyANy~z—x~z (Transitivity)

In addition to these, a number of substitution axioms is required that depend on
the signature of the clause set. That is, we require an axiom of the form

ey — f(oo,z. )=y,
for every argument position of every functor f and axioms of the form
r~yANP(..,z,...)=>P(..y,...)

for every argument position of every predicate P.

This form of equality handling has two advantages. First, it is easily imple-
mented. That is, actually there is no implementation required on the prover side.
There are no additional inference rules and no additional branch closure condi-
tions. The required axiom set can by automatically generated by existing generic
tools. The second advantage of axiomatic equality handling is the way that the
substitution axioms disconnect the literals to be altered from their clauses.
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Unfortunately, axiomatic equality handling also has two major disadvan-
tages, which are the lack of guidance and the immense amount of redundancy
introduced into the proof search. Both are caused by the fact that this form of
equational reasoning does not exploit orderings and the limitation of any kind
of equational inference to top level positions. Access to the inner parts of nested
terms can be managed only by successively applying the substitution axioms to
generate the altered terms from the inside out.

4 Paramodulation-Based Approaches

Apart from using the equality axioms added to the proof problem, paramodula-
tion is perhaps the most traditional and conservative means of handling equality.
It also is the basic inference rule underlying the successful superposition calculus
[BG98]. We refer the reader to [Lov78IRW69| for a description of paramodulation
in the resolution environment.

The simplest form of paramodulation is unordered paramodulation, where
overlapping is allowed in an unrestricted manner with all sides of all equations
into all terms. Adaptation of this inference rule to the disconnection calculus
leads to the eg-linking rule as it was introduced in [Bil96].

Eq-linking rule. Given a tableau branch B containing an equation s = ¢
and a literal L in tableau clauses ¢ and d, respectively, if there exists a
unifier o for s and a subterm Ly, at position p in L (L, ¢ VAR(L)), then
successively expand the branch with renamings of the two clauses co and
d'o where d' = {s % t} U{Lp[t]} U(d \ {L}), where L,[t] describes literal L
with subterm L), replaced by ¢, as illustrated in Figure 21

Unlike the paramodulation rule of the resolution calculus, eg-linking intro-
duces two independent clauses, the instantiated overlapping equation and the
overlapped clause. As these two clauses can be used independently of each other
for further inference steps, the equality condition s ~ t has to be added in
negated form to the overlapped clause. This way the soundness of inferences
involving the overlapped clause can be guarantee, i.e. for every clause c in the
tableau there is an input clause ¢’ such that E U ¢’ |= ¢, where E is the set of
equality axioms for the input clauses. Therefore the soundness of the disconnec-
tion calculus with eq-linking as a whole is given. Of course, the eg-linking rule
also implies that the length of the tableau clauses can increase. But in order to
avoid this lengthening, another means of expressing the connectedness between
the equation instance and the overlapped instance would be needed. Yet, there
is no straightforward way to do this.

When using paramodulation with resolution calculi, an additional inference
rule is required to handle inferences with the reflexivity axiom which is called
reflexivity resolution. In the disconnection tableau calculus, if the reflexivity
axiom is not added to the initial active path, a corresponding rule must be
defined:

! This also guarantees the correctness of tableau pruning [LS01a] in the equality case.
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Fig. 2. Tableau paramodulation by the eg-linking rule.

Reflexivity linking. Given a tableau branch B containing an disequation
s %t in clause ¢, such that there is a most general unifier o of s and ¢, then
expand the branch with a renaming of co.

The reflexivity property of equality w.r.t. branch closure must be accounted
for by either introducing a special closure rule for branches on which a disequa-
tion of the form ¢ % t is placed or by adding the axiom z = z to the set of input
clauses.

The symmetry property of equality as far as linking steps are concerned is
taken care of by the eqg-linking-rule. The V-closure of branches as well as all tests
for subsumption and variant deletion must take the symmetry issue into account
explicitly.

4.1 Ordered Eq-Linking

The unrestricted unordered form of eg-linking can lead to the generation of a
multitude of redundant clauses. The introduction of a term ordering therefore
is vital for the success of the method by controlling the symmetry property of
equality. As usual, we do this by imposing a reduction ordering on the Herbrand
universe of each problem. Overlapping is allowed with the maximal sides of
equations only and, in case the overlapped literal is an equality literal, into
maximal sides onlyE

Ezample 1. Figure 3] depicts a disconnection proof using ordered eq-linking for
the clause set marked as “Input clauses”. The selected sides of the overlapping
equations and the overlapped terms are underlined. In the term ordering of the
example f > g. All redundant clauses and subgoals have been omitted for brevity.
Only the links not involving unit clauses are indicated. When applying link @,
the altered literal P(g(x)) is valid only under the assumption f(z) ~ g(x), which

2 In case an equality literal cannot be ordered, both sides are considered maximal.
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is expressed by the disequation f(x) # g(z) added to tableau clause ¢’. When
later ¢’ is used for the ordinary linking step @, a different equality condition is

required in ¢’ by f(b) % g(b). This condition is not implied by the path of ¢’ and
therefore the condition has to be proven explicitly. This is done by applying the

eq-linking step of link @ The second clause resulting from that linking step,

{£(b) # g(b), g(b) % g(b), P(g(b)), R(f (b))}, is variant-subsumedd by ¢, but the
open subgoal f(b) ~ g(b) already is V-closed by its path. The remaining open
subgoals P(g(x)) and R(f(z)) are eliminated by tableau pruning (their proofs

are identical to the subproof below link application @ anyway).

Note that ordered eq-linking instantiates to unfailing completion with nar-
rowing for unit clauses.

<f(z) = g(z) VR(f(z))
I
Input \P(@) \/R(f(x))
clauses —|P(|g(b))
SR(f(b)- - =~ - -
© ~
\ @
e f(z) = g(z) R(f(z))
-7 - ,/ \ \‘ _
@/ ¢ J@#g@@  Pl)  RYG)--"7

Fig. 3. An example disconnection proof with ordered eg-linking.

4.2 Eq-Linking and Regularity
To give an example for how the integration of a specialized equality handling with
additional inference rules can substantially change the properties of a calculus

3 Variant subsumption, as opposed to full clause subsumption, is compatible with the
disconnection calculus.
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we demonstrate the incompatibility of eqg-linking with the reqularity restriction.
A tableau is said to be regular if no branch contains any literal more than once.
Since in the disconnection tableau calculus all variables are renamed when new
clause instances are placed on the tableau, this regularity condition can only be
violated by ground literals, so we use the term ground reqularity.

The introduction of eqg-linking significantly alters the behaviour of the calcu-
lus. One important surprising consequence of these changes is that the discon-
nection calculus with eg-linking is incompatible with regularity, i.e. the calculus
with said extensions loses its refutation completeness. We show this with the
following example.

Let S = {{_'Q}a {Q7 P(a’)7 R}’ {Q7 P(a)}a {Q7 _'P(b)a S}a {Qa _‘P(b)}’ {a ~
b}}. S is equationally unsatisfiable. The tableau in Figure [ is an open satu-
rated regular disconnection tableau with eq-linking for S which demonstrates
the incompleteness.

(W]
I
/
Ee @ @ Cf\/P(a)\/R
/ \
N

Input @\ \\ ?VP(a)
lauses
clauses N \\*—Q\/—\P(b)\/S

Q R \\
* * \
Q/ ﬂp(b)\s o \\\
@ )
N -P(b)-7"S
Q" ~Po) ? (65)
— 7\
a®b  Q ﬁhs
Regularity
failure

Fig. 4. The incompleteness of disconnection with eqg-linking and regularity.
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At the subgoal marked with “Regularity failure”, links @, @, @ and @

have been used, leaving only links @ and available. But the use of either
of these links would cause a regularity violation, the former due to the repeated
creation of a subgoal P(a), the latter due to = P(b).

How does this incompleteness come to be? When showing that ground regu-
larity preserves completeness in the non-equality case, use is made of the concept
of variant freeness and of the fact that a ground literal cannot be instantiated
any further, i.e. will remain unchanged by any action. Together this means that
no instance of a clause containing a ground literal L would occur in a subproof of
L. But with eqg-linking, this is no longer the case. When solving a ground literal
P(a) in a clause C, it is well possible that we apply an equation a =~ b to that
literal and create a new eg-instance that is not a variant of C. In the course of
creating such an eq-instance, all other literals of C' are placed as open subgoals
on the tableau once again. And when we take a closer look at the failed proof
attempt in Figure[, we see that the failure is caused by the repeated need to
solve a pure subgoal. If in this example the (subsuming) variants without the
pure literals had been used for the linkings, no dead-ends in the proof search
would have occurred. But the way we selected the links we created redundant
subgoals for whose solution the non-redundant clause-variants would have been
required, and their use was prevented by the regularity restriction.

The example used to show the incompatibility of ground regularity and eq-
linking may seem contrived. Yet, the described phenomenon has been observed
in experiments, though the incompleteness was not quite as easily verified.

Nevertheless, it is interesting to observe that the ground regularity restriction
is permissible when an axiomatic equality handling is used. So the incompleteness
does not arise from the equational nature of a problem, but from the way eq-
linking can alter ground literals. With axiomatic equality handling on the other
hand, to obtain P(b) with P(a) in a clause C and a ~ b given, an ordinary
linking step involving a substitution axiom {-P(a),a # b, P(b)} is performed
that does not place potentially redundant literals from C on the tableau again.
The use of the substitution axiom takes P(a) out of its clause context and places
it in an equational context instead. This particular feature in general can be seen
as a disadvantage of axiomatic equational reasoning but, in the case of ground
regularity, helps to preserve completeness.

4.3 Rewriting

The huge advances in automated equational reasoning are not due to the use of
either paramodulation or orderings by themselves, the most powerful method is
the destructive rewriting of terms [KB70/BDP89|. Rewriting can be used both
for normalizing the input clause set before the actual proof is begun and as a
special way of applying eq-linking, both resulting in a significant reduction of
the search space.

However, the application of rewriting to clauses interconnected in a tableau
control structure is not trivial. Of course, some rewriting of terms can be easily



184 R. Letz and G. Stenz
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Fig. 5. Altering ground literals with the substitution axiom.

performed in a separate preprocessing phase, before the tableau construction is
started.

The rewriting of tableau literals, however, poses problems in theory as well
as in implementation. Currently, we use term rewriting in three different ways:

1. Rewriting of the input clauses as part of the formula preprocessing.

2. Normalization of new subgoals w.r.t the current unit equality theory of the
problem.

3. Back rewriting of path subgoals with new unit equations.

The preprocessing variant of rewriting is not limited to use in conjunction
with any kind of equality handling, however, rewriting proof subgoals is limited
to ordered eq-linking. Currently we do not make use of contextual rewriting,
i.e. the normalization of subgoals w.r.t the equational theory of the current
active path.

5 A Variant of Lazy Paramodulation

As an alternative research direction, there have always been attempts to develop
methods of equality handling which are compatible with goal-orientedness, but
at the price of sacrificing compatibility with term orderings. The framework of
lazy paramodulation developed in the context of E-unification in [(GS89] is one
particularly suited approach. In eq-linking, there are two different forms of inde-
terminism which blow up the search space, one is the number of equations that
can be applied to a given term position, the other is the number of term posi-
tions which have to be considered. While the first form of indeterminism cannot
be avoided, in lazy paramodulation, one may completely get rid of the second
form of indeterminism by restricting equality inferences to root terms only, as
has already been observed in [GS89]. This method of lazy root paramodulation,
as one may term it, is closely related with Digricoli’s RUE [DHS86]. These ideas
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can be integrated into a tableau-based approach as follows. The method is cen-
tered around the concept of the disagreement set [ we only consider the pure
equality case, i.e., where the equality sign is the only predicate symbol, since the
extension to the general case is straightforward.

|
|
/{\

..4(81,...,871)\... = |”
[
/’\ d ... TP(ty,....0) ...
[
Pty ) g

Fig. 6. The disagreement linking rule.

Definition 1 (Disagreement set, substitution). Given two terms of the
form f(s1,...,8n) and f(t1,...,t,) with identical top function symbol, their
disagreement set is the clause {s; % t1,...,8, % tn} and their disagreement
substitution is the empty set. The disagreement set of two terms x and t where
x 18 a variable which does not occur in t is the empty set, and their disagreement
substitution is the substitution o = {x/t}. Otherwise the disagreement set of two
terms is not defined.

Using the disagreement set concept, we have additional links between literals
of complementary signs and identical predicate symbols, both with unifiable and
non-unifiable terms. This leads us to the disagreement linking rule:

Definition 2 (Disagreement linking). Given a tableau branch B containing
a disequation K with top terms s and s’ and an equation L with top terms t and
t' in tableau clauses ¢ and d, respectively, such that s and t have a disagreement
set D and a disagreement substitution o, then successively expand the branch
with renamings of the two clauses co and d'o, where d =D U (d\ {L})U{s' %
t',s ~ s'}. The similar disagreement linking rule for non-equality predicates is
illustrated in Figurel@ for an empty substitution o and literals P(s1,... ,s,) and
~P(t1,... ,ty) of identical predicate symbols but complementary signs.

4 Note that our use of this term differs from the one used in [DHS8G], since we uniquely
associate exactly one disagreement set with each pair of terms or literals.



186 R. Letz and G. Stenz

To account for the symmetry requirements, equations must be disagreement-
linked in both directions and the same necessities apply for V-closure as for
eq-linking. Also the reflexivity axiom x &~ x must be added to the input formula.

Finally, in order to guarantee completeness, we need the following decompo-
sition rule:

Definition 3 (Decomposition). Given a tableau branch B containing a dis-
equation L with top terms s and t in tableau clause d such that s and t have a
disagreement set D and a disagreement substitution o, then successively expand
the branch with renamings of the clause d'c, where d =D U (d\ {L}).

Further refinements like the viability restriction [DH86|] can be applied. Fi-
nally, one refinement possible is restricting disagreement linking between equality
literals to an arbitrary but fixed (for each instance) side of the equation or dis-
equation. This feature we call side selection. In contrast to eg-linking, the side
selection restriction does not affect the completeness of disagreement linking
and this refinement may lead to an exponential reduction of the search space
w.r.t. the original RUE.

Bzample 2. Let S = {{h(a) # c}, {h(e) ~ d}, {h(f) ~ (D)}, {a ~ b}, {c ~
d},{e = f}}. S is equationally unsatisfiable. Figure [7 depicts a disconnection
proof using disagreement linking with side selection for S. The selected sides of
equations and disequations are underlined. All redundant clauses and subgoals
have been omitted for brevity.

Input h(
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Fig. 7. Example for a disconnection proof with disagreement linking

A further refinement which turns out to be very effective in the context of
lazy paramodulation is the so-called eager variable elimination.

Eager variable elimination. A clause of the form z % ¢tV R, where = does
not occur in ¢t can be seen as x =~ t = R and destructively rewritten to

R{z/t}.
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The eager variable elimination rule is a special case of reflexivity linking that
allows a destructive transformation. It is an equivalence transformation w.r.t. the
satisfiability of the clause set for congruent interpretations. Whether this rule
preserves completeness, however, is an open problem that was first addressed in
[GS89).

The one fundamental disadvantage of disagreement linking is its incompat-
ibility with any sort of orderings. On the other hand it is very restrictive in
applying equalities. For example, consider the following satisfiable clause set:

{n(f(x)) # f2)}, {f (2) = g(f(y))}}

The equation f(z) =~ g(f(y)) cannot be oriented and therefore will be applied in
an entirely unrestricted way, functioning as a term explosion engine. Automat-
ically detecting the satisfiability of this clause set is very difficult, the problem
touches the issue of reachability of terms. That problem is undecidable in gen-
eral and even sub-optimal solutions have a very high complexity [GTO0I]. Calculi
based on superposition and paramodulation, which includes the disconnection
tableau calculus with eq-linking do not terminate on this example. However,
when using disagreement linking with side selection, there is no possible infer-
ence with the h-term and the procedure terminates immediately. This example
also shows the way by which the restriction to root positions, which applies to
disagreement linking, prunes the search space.

6 Implementation

In [LSOTa] we presented the first implementation of the disconnection calculus in
the theorem prover DCTP. The DCTP system also took part in the CASC-JC
system competition at the IJCAR 2001 conference, however then using only ax-
iomatic equality handling. In order to evaluate the effectiveness of the integrated
methods of equality handling, all approaches described in the previous sections
have been implemented as part of the prover.

As we explained above, the link concept is very important in the disconnec-
tion calculus. So both for eg-linking and disagreement linking we introduced new
types of links to be stored separately from non-eq-links. The application of both
equality and non-equality is guided by the same weight functions, but there is
a fixed alternation scheme between equality and non-equality inferences based
on the ratio of equality to non-equality literals in the inputﬁ. Also, within each
category of links, there is a parameterized alternation between using the best
links (according to the weight functions) and using the oldest links available.

Rewriting is implemented in three variations. The first is an integral part
of the formula preprocessing, along with other techniques such as simplification
or tautology elimination. Then, during the proof, open subgoals are normalized
by rewriting before they are solved. Finally, eq-linking steps can be applied de-
structively (deleting the overlapped clause) if the rewrite conditions are fulfilled.

5 More specifically, if ten percent of the input literals are equality literals, then ten
percent of the inferences will be equality inferences.
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This is currently the way that the rewriting of path literals is done. Currently no
indexing techniques are used for rewriting and the only term ordering relation
that is currently implemented is a Knuth-Bendix ordering.

It has turned out that ordered eq-linking is far more successful than both
unordered eq-linking and disagreement linking. For this reason, most of the de-
velopment work and experimentation went into ordered eq-linking and rewriting.

The implementation of integration of disagreement linking turned out to be
far more complicated than expected. Also, it appears that disagreement linking
requires proof search guidance different from that for eqg-linking and probably
also different search heuristics, which will be the subject of future research.
Disagreement linking in the currently implemented form turned out to be least
effective of all used approaches for equality handling, but this might to some
extent be due to the aforementioned problems.

The following table presents the performance of the different methods for
equality handling on the 2894 clause equality problems of the TPTP version
2.4.1.

TPTP|Ordered/Rewr.|Ordered|Unordered|Disagreement|Axiomatic
2894 1080 887 866 522 513

The results of the evaluation of ordered eq-linking clearly indicate the dra-
matic increase in performance of the prover system, both compared to the ver-
sion of DCTP without special equality handling and to other state of the art
systems. In the following tables, we will present the performance of DCTP with
the different equality handling methods and selected other theorem provers for
the problems of the CASC-JC system competition held in summer 2001. All
computations have been done under the same conditions on the machines of the
actual competition.

Prover Rewrite|Unord.|Disagr.|Axiom.|E-SETHEO|Otter
Attempted 120 120 120 120 120{ 120
Solved 40 25 18 21 93| 31

The above table shows the results for the MIX class of the competition,
which was won by E-SETHEO and VampireJC. Allotted time for each problem
was 300 seconds. While still being far behind the really successful systems in
this category, DCTP with eg-linking performs far better than the competition
versionld and also better than some other well known systems. It also should be
noted that DCTP was run on a single strategy only, as opposed to most other
systems.

Prover DCTP/Rewr. DCTP/Axiom. GandalfSat|SCOTT MACE
Attempted 90 90 90 90 90
Solved 50 20 48 41 25

6 The figures have been recomputed after the elimination of a performance-limiting
bug.
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This table gives the results for the problems of the SAT category (i.e. all
problems of this class are satisfiable) of CASC-JC. Billon claimed in [Bil96] that
the disconnection approach is particularly suitable for detecting satisfiability.
But since most of the problems selected in the SAT class were equality problems,
the competition version of DCTP without builtin equality handling had some
problems. The new version of DCTP with ordered eq-linking and rewriting in its
current state is so successful that it outperforms the competition winner of this
class. More importantly, most of the other systems in the SAT class enumerate
non-Herbrand models in some way. This is entirely different from what DCTP
does and so DCTP can be considered to be complementary to the other methods
used in this class and therefore useful as an additional strategy.

7 Conclusion

In this paper we have described different methods of integrating non-axiomatic
equality handling into a tableau framework. The disconnection tableau calculus
turned out to be well-suited to this task. This allowed for a successful imple-
mentation of integrated equality handling in the DCTP prover.

We conclude with a remark concerning the completeness of the presented
methods, which were not directly addressed in this paper. The idea for a com-
pleteness proof is to extend the model generation arguments used in [LS01Db],
for example, in the spirit of [Gie02]. However, the concept of what constitutes a
model and how such a model is represented significantly changes in the equality
case and therefore detailed completeness proofs would be beyond the scope of
this paper and will be presented in a future publication.

Acknowledgements. We would like to thank Peter Baumgartner for his un-
relenting questions and some fruitful discussions which helped to eliminate a
number of errors that could be found in earlier versions of this paper.
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Abstract. In this paper we present the first labelled and unlabelled
analytic sequent calculi for abelian logic A, the logic of lattice-ordered
abelian groups with characteristic model Z, motivated in [10] as a logic
of relevance and in [3] as a logic of comparison. We also show that the
so-called material fragment of A coincides with Lukasiewicz’s infinite-
valued logic L, hence giving us as a significant by-product, labelled and
unlabelled analytic sequent calculi for L.

1 Introduction

In this paper, we got to LT without thinking about truth values at all.
Indeed, we had no intention or desire to get to L*; it just happened.
And the usual Lukasiewiczian problems are with us. Mathematically it
is clear - almost too clear, one would like to say - but the philosophical
interpretation is not so clear. Accordingly, we should like to try on for size
the idea that LT is interesting because it is a fragment of A. Specifically,
it is that fragment of A on which one would most naturally hit if guided
by the most familiar accounts of deductive methodology.

Abelian Logic (from A to Z), R. K. Meyer and J. K. Slaney.

Although the infinite-valued Lukasiewicz propositional logic L possesses a well
developed model theory as the calculus of MV-algebras (see [5] for details), it has
yet to be given a fully satisfying proof theory. Theorem proving approaches in the
literature either fail to be analytic [4IT4] or require external calculations such as
solving mixed integer programming problems [7] or determinining ©-supports of
formulae [T2]. A notable exception is the recent work of Aguzzoli and Ciabattoni
[1] where an analytic sequent calculus is provided based on the observation that
a formula valid in L is also valid in the finite Lukasiewicz logic L, where n is
a function of the number of occurrences of variables in the formula. We take
the view, however, that infinite-valued Lukasiewicz logic both can and should be
viewed as independent of the finite-valued logics. Standard presentations of L,
such as Hilbert-style axiomatisations, Kripke semantics and algebraic semantics,
are generally much simpler than those given for the finite-valued logics and

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 191-[205] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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indeed often these logics can be obtained by refining the appropriate system
for L. Moreover L can be motivated independently as one of the fundamental
examples of truth-functional fuzzy logics [§] and also as a theory of subjective
probabilities [6] or of Ulam games of twenty questions with lies/errors [5]. Finally,
and most relevantly of all to the current endeavour L can be viewed as a natural
fragment of abelian logic, the logic of lattice-ordered abelian groups.

Abelian logic, A, is motivated by Meyer and Slaney in [10] as a logic of rel-
evance and by Casari in [3] as a logic of comparison. Many interesting results
for abelian logic are presented in these papers, including soundness and com-
pleteness theorems for particular Hilbert-style axiomatisations, a proof that the
integer group Z is a characteristic model for A (ie ¢ is valid in all lattice-ordered
abelian groups iff ¢ is true in Z), and a proof of decidability. Also studied in
[10] are fragments of A, one of which, the enthymematic fragment, Ag, turns
out to be LT, the positive part of L. Moreover, as we show here, by taking the
material fragment, Ang, we obtain L in full.

Our intention in this paper is to provide cut-free Gentzen-style sequent calculi
for abelian logic and hence also for Lukasiewicz logic. We begin with a summary
of the literature on abelian logic. Then as a simple first step we give an unlabelled
sequent calculus for the intensional fragment Ay (the logic of abelian groups)
before moving on to give both labelled and unlabelled calculi for the whole of
A. We then consider the enthymematic and material fragments, Ag and Apm
respectively, and show that Ay = L.

2 Abelian Logic

A Hilbert-style axiomatisation of abelian logic is obtained from the positive
part of the relevance logic R (see [2] for details) by dropping the contraction
axiom (A — (A — B)) —» (A — B) and generalising the negation axiom
(A= f) = f) = Ato (A — B) —» B) — A, Meyer and Slaney’s aziom of
relativity:

Definition 1 (Abelian Logic, A). —,+,A,V and t are primitive. A has the
following definitions, axioms and rules:

D+ A+ B=(A— B)A(B— A) D~ A=At
Al ((AVB)=C)+« (A=C)AN(B—=C)) A6 A+ (t— A)
A2 ((A+B)—=C)« (A= (B—=(0)) A7 (AANB)— A

(
A3 (A—=-B)=»((B—=-C)—=(A—0) A8 (AANB)— B

A4 (A->B)NA—-C)—- (A= (BANC)) A9 A— ((A— B)— B)
A5 (ANBVC))—= ((AAB)V(AANC)) A10((A—B)—B)— A

(mp) A— B,A (AI) A/B
B AANB

It turns out (as intended!) that the appropriate models for A are lattice-ordered
abelian groups:
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Definition 2 (Lattice-Ordered Abelian Group (Abelian 1-Group)). An
abelian l-group is an algebra (G,—+,V,—,t) with binary operations + and V, a
unary operation — and a constant t, satisfying the following equations:

alt+a=a abaVb=bVa
a2a+b=b+a ab (aVb)Ve=aV(bVe)

a3 (a+b)+c=a+(b+c)aTa=aVa

ada+-a=t a8a+ (bVe)=(a+b)V(a+c)

In addition, we define: a ANb = —(—=aV -b), a = b= -(a+-b), a & b= (a —
b)A(b—a) anda<biffaVvb=a.

Note that V and A represent the inf and sup operations respectively. Well known
examples of abelian l-groups include the integers Z = (Z,+,V,—,0) and the
rationals Q = (Q, +,V, —,0). Although perfectly respectable algebraically, from
a logical point of view abelian l-groups may seem a little odd. Consider the dual
of + for example:

ﬁa%b:ﬁ(ﬁa_kﬁb) = (a—}—ﬁa)—f—(b—i—‘!b)—i—‘!(ﬁa‘f"!b) = (a—i—b)—l—(ﬁa-l-
=b) + ~(—a+-b) =a+b

That is, fission, intensional disjunction, and fusion, intensional conjunction, are
exactly the same thing. In a similar vein we discover that —t = t, so truth
and “canonical” falsity are identified in A. Note however that if we take f as
a constant with no characteristic axioms or rules whatsoever then we have a
falsity that can take any value; this will prove useful later on when we look at
embedding Lukasiewicz logic in A.

We now develop the formal machinery required to talk about abelian logic.

Definition 3 (Form). The set of formulae Form is built inductively from the
vocabulary {t,+,V,—,x1,...,Tpn,...} te (1) t € Form, (2) x; € Form for all
i €N, (8)if p1,02 € Form then ¢1 + ¢a, ¢V ¢2, =1 € Form.

Definition 4 (G-valuation). Given an abelian l-group G a G-valuation is a
function v : Form — G such that v(t) = t, v(d1 + ¢2) = v(P1) + v(¢2), v(P1 V
P2) = v(d1) Vu(g2) and v(—¢1) = —w (1) for all 1, ¢ € Form.

Definition 5 (Validity). ¢ € Form is valid in an abelian I-group G iff v(¢) <t
for all G-valuations v. ¢ is valid (written = @) iff ¢ is valid in all abelian
l-groups. A sequent ¢1,...,¢n F U1,..., 0y is valid (written = é1,...,¢0, F

V1, Um) iff (D14 4+ dn) = (W14 ...+ ) is valid where o1+ ...+, =1
if u=0.

The nature of validity in A is summed up nicely by the following characterisation
theorem:

Theorem 1 (Characterisation Theorem for A). The following are equiva-
lent: (1) ¢ is a theorem of A. (2) ¢ is valid in all abelian l-groups. (3) ¢ is valid
mn Z.
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Proof. See [10]. O

The next proposition shows that we can equally well take our characteristic
model to be the rationals.

Proposition 1. Z | ¢ iff Q E ¢.

Proof. The only-if direction is trivial. For the other direction, suppose we have
a valuation v for Q such that v(¢) > 0. Let ¢ = gem{b : v(p) = a/b, p an atomic
subformula of ¢}. We take v'(p) = c.v(p) € Z for all propositional variables; an
easy inductive proof shows that v'(¢)) = c.v(¢) for all formulae 1) and we are
done. O

Using these results we may henceforth identify validity in abelian l-groups with
validity in Z or Q. Consequently we have:

FEéL o, Y iff o+ b >+ inZoor Q

3 Proof Theory for A

Thanks to Meyer and Slaney we have for A both a philosophically motivated
Hilbert system presentation and also an elegant mathematically motivated se-
mantics. What we seek now is a proof theory (ie a Gentzen-style sequent calculus)
for A that will illuminate connections with other logics, facilitate theorem prov-
ing, further philosophical understanding and so on. Also, to look ahead a little, a
calculus for A will turn out to give us a calculus for Lukasiewicz infinite-valued
logic, L.

3.1 An Unlabelled Calculus for A

An analytic unlabelled calculus is relatively easy to find for Ay, the intensional
fragment of abelian logic, that is, the fragment built up from propositional vari-
ables p1, pa, . . . and the connectives + and —, with defined connectives t = ¢ — ¢
(for any propositional variable ¢) and =4 = A — t (note: this is the logic of
abelian groups). We simply take the procedure used to determine whether or not
a linear equation holds in Z; ie for each propositional variable p check that there
is the same number of ps on each side of the sequent.

Note 1. In the following I', A, X, IT etc. are multisets (hence permutation rules
are implicit); A, B, C etc. are formulae; I, A and I, A are to be interpreted as
I'u A and AU {A} respectively where U is multiset union.

Note 2. We say a sequent @ = I' = A succeeds in a sequent calculus SEQ iff a
tree can be constructed using the rules of SEQ with @ at its root where every
leaf is a rule with no premises (ie an axiom).
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Definition 6 (A Sequent Calculus for Aj, AB;). AB; has the following
rules:

I, Ib F Ay Ay

(+,1) IA,B-A (+,7) I'AAB
INA+BEFA I'-AA+ B
(=) I'BFAA (—=,r) A+ AB
I''A— BFA Ir'-AA— B

Ezample 1. A proof of (A — B) —» B) — A in AB;:

A-A BEB

A,B+AB

B+HAA— B
(A—-B)—>BFA

F(A—=B)—B)— A

Theorem 2 (Soundness of AB;). If I' = A succeeds in AB; then ="'+ A.

Proof. By induction on the length of a proof in AB;. We just have to check for
each rule that soundness is preserved. For example, for (—,r) if I A+ A, B
then we have XYoerC+ A > YXpcaD+ BinZ. So YXoerC > YXpeaD+B— A
in Z whence = I' F A, A — B. Other cases are very similar. O

Proposition 2. Given multisets of atoms I' and A, if E I'+ A then I' = A.

Proof. Suppose = I' - A and for some atom ¢, there are more ¢gs in A than
in I'; by taking a suitably large valuation for ¢ in Z we obtain a contradiction.
Similarly if there are more gs in I" than in A we take a suitably large negative
valuation for ¢ in Z. O

Proposition 3. For the rules (+,1), (+,r), (—,1) and (—,r), if the conclusion
is valid then the premises are valid.

Proof. For example, for (—,0) if = I'A — B+ A then YoerC +B— A >
YpeaDinZ. So Y¥oerC+ B> YXpecaD+ Ain Z hence = I'yBEF A, A. Other
cases are very similar. O

Theorem 3 (Completeness of AB;). If = I' + A then I' B A succeeds in
AB;.

Proof. Given |= I = A we show that I' - A succeeds in AB;. Since the rules for
+ and — both decrease multiset complexity and by Proposition [3 pass validity
from conclusion to premises, they can be applied until we have I'" = A’ where
I'" and A’ are both multisets of atoms and = I + A’. But then by Proposition
I'" = A’ whence (mingle) and (id) can be applied repeatedly to complete the
proof. O

We now move on to consider A in full, built from At with the added connective
=
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Definition 7 (Positive Implication, =). a = b=1tA (a = b)

Proposition 4. (i) aAb=a+ (a=10b) (ii)aVb=(b=a) —a

Proof. (i) a4+ (a=b)=a+ ({tA(a—b)=(@+t)A(a+ (a = b)) =aAd
(i) b=a) 2 a==(tAb—=a)+-a)==(t+-a)A((b—=a)+a)) =
S(ma A (=(b+ —a) + —a)) = (ma A (=b+ (a+ —a))) = ~(-aA—-b)=aVb O
Definition 8 (A Sequent Calculus for Abelian Logic, AB). AB has the
same rules as AB; plus the following:

(emp) = (wk) r+A
I'A=BF A
(=) NB,B=AFAA(=r)I'FA I'AFARB
I'A=BF A I'-A A= B

—— —
(con) I,.... A ...,An>0
I'FA

Note 3. The following are derived rules of AB:

(M) ILAA=BFA (Ar)TFAA T'-AB
TANBF A TFAAAB

(V,) AFA I'BFA (V,r) I'B=AF A A
ILAVBF A I'FAAVDE

Our choice of = as a primitive connective is supported here by the observation
that although we do not have the subformula property for this calculus, we
almost do; for the (=,1) rule we have A = B in the conclusion and B = A in
the premise. Note however that unlike the rules for the intensional connectives,
the left and right rules for =, V and A are not symmetrical.

Ezample 2. A proof of (A+ (A= B)) = B in AB:

AFA BFB
ABF B, A
A B= ABF B, A
A A= BFB
A+(A=B)F B
F(A+(A=B)) > B

We extend the soundness proof for AB; to deal with the new rules:
Theorem 4 (Soundness of AB). If I' = A succeeds in AB then ="'+ A.

Proof. By induction on the length of a proof in AB. Reasoning in the charac-
teristic model Z, we show that all the new rules preserve soundness.
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— F succeeds by (emp). Clearly = .

— I''A = B+ A follows by (wk) from I' - A. If = I' - A, then = I'A =
B Asince A= B>0inZ .

I'' A follows by (con) from I',..., ' F A ..., A MfET,....,'F A, ... A,
—_——— N—— —_——— N——

n n n n
then dividing by n in Z, = I' - A.
I' A A= Bfollows by (=,r) from I'F Aand MAF AB. If=TF A
and = I’ A F A, B then given a valuation v, if v(A) < v(B) then v(A =
B) = v(B) —v(A) and v(I") > v(4) + v(B) — v(4), if v(4) > v(B) then
v(A= B)=0and v(I') > v(A). Hence =I'+ A, A= B.
— I'A = B+ A follows by (=,1) from I'B,B= A+ A A If=I,B,B=
At A, A then since v(A = B) = v(B = A) +v(B) —v(A) for all valuations
v, EIMA=BFA. O

Our strategy for proving the completeness of AB involves two stages. First we
define and prove completeness for a new labelled calculus; then we prove the
equivalence of the two calculi.

3.2 A Labelled Calculus for A

We introduce labels as a means of representing several unlabelled sequents in
one labelled sequent. Unlabelled sequents are obtained from labelled sequents via
labelling functions that map each label into the set {0,1}, removing formulae
labelled with a 0 from the sequent and leaving the rest. For example, the sequent
x:p,1:qk1:p,x:qis mapped by a labelling function f to ¢+ p if f(z) =0
and to p,q b p,qif f(z) = 1.

Definition 9 (Labels, Labelled Formulae). A set of labels Lab is generated
as follows: (1) 1 € Lab , (2) x; € Lab for alli € N, (3) if x € Lab and y € Lab
then xy € Lab. A labelled formula is of the form x : A where x € Lab and A is
a formula.

Definition 10 (Labelling Function). f : Lab — {0, 1} is a labelling function
iff: (1) F(1) = 1 (2) flzs) € 0,1} for all i € N (3) flay) = f(2)-f(y). [ is
extended to multisets of formulae by the condition: (4) f(I') ={A|xz:AeTl
and f(x) =1}.

Definition 11 (I, I'*!). Given a multiset of unlabelled formulae I', I'" = {1 :
A | A€ T}. Given a multiset of labelled formulae I', 't = {A | z: A€ I'}.
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Definition 12 (A Labelled Calculus for A). AB; has the following rules:

(+,1) I'e:Ax:BFA (+,7) I'-Ax:Azxz:B
T z:ALBFA TFAz: ATB
(—,1) INr:BFAzx: A (=,7) Ir: A+ Ax: B
I'e:A—-BFA I'-Az:A—B

(=,10) Izy:BFAzy: A (=,r) Ne: A Ajx:B I'EA
I'c: A= BF A I'-Ax:A=B
y a new label

(succe) A
where I" and A are atomic
and there exist labelling
functions f1,... f, such that

Vi1 fi(I) = Ui fi(A)

Note 4. The (id), (mingle), (con), (wk) and (emp) rules from the unlabelled
calculus are all replaced here by the (succ) rule. Notice in particular that a
labelled formula x : A = B can be removed from the left hand side of a sequent
by applying (=,!) and setting the new label to 0.

Note 5. A set of linear inequations S = {A; < By,..., 4, < B,} is inconsistent
over Q iff there exist A1,..., A, € N with some A, > 0 (1 < u < n) such that
S NA = Z?zl Aj.Bj. So in particular checking the (succ) rule is equivalent
to solving a linear programming problem.

The following example shows that more than one labelling function may be
required to apply (succ):

Ezample 3. A proofof (p= (p=>71)=((¢g=(@=r)=> (= (¢=r)))in
AB, (note that for convenience we write x instead of x1):

filz) = fily) =1, fi(2) = filw) =0, fa(z) = f2(y) =0, fa(2) = fo(w) =1
U2 fillzy :rzw 1 :p,1:q}) = U?zlfj(l ST PRy D2 Q2w s g) =
{r.,r.p,p,q,q}

zy:rozw:r,l:p,l:qF1l:rx:pay:p,z:q,2w:q

zy:r,z:q=nr1:pl:gFl:rz:paxy:pz:q

xy:r,l:q=(q¢=r),1:p,l:qkl:rx:pay:p
x:p=>rl:q=>(¢g=r),l:p,l:qgk1:rx:p
l:p=>@p@=r),l:g=(¢=>r),1l:p,l:qF1:r

fu) = fv) =0

wirkEu:puv:p

u:p=rktu:p :

l:p=(p=r)F l:p=(p=r)l:iq=(@=r)Fp=(g=r1)
F lip=(p=rk@=@=r)=p@E=>@=r)

Fl:lp=@=7r)=((¢=(@=71)=@=(¢=r1))
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To prove completeness for AB) we introduce a new notion of validity for labelled
sequents that coincides with the notion of validity defined in Definition 5 for
sequents where all formulae have the label 1.

Definition 13 (=*). =* I' = A iff for all valuations v in Q there exists a
labelling function f such that 3 4 pry0(A) = Yo pepa) v(B)-

Note 6. |=* '+ Aliff = '+ A.

We now show that the rules of AB) pass E=* validity from conclusions to premises.

Definition 14 (|*-complete). A rule with conclusion I' = A is said to be
=*-complete iff for all premises of the rule, I; = A;, E=* I; b A; whenever
E*T'kA

Lemma 1. The rules of AB; are =*-complete.

Proof. It is easy to see that the intensional rules are =*-complete; for any
valuation the labelling function for the conclusion suffices for the premises. The
(=,1) and (=, ) rules are only a little more complicated:

- (=,1). =" Iz : A= Bt A then given a valuation v we have a labelling
function f such that:

ZCGf(FU{a::A:B}) v(C) = ZDef(A) v(D)

If f(x) = 0 then we extend f with f(y) = 0 for the required labelling
function. Otherwise, if v(A) < v(B) then we take f(y) = 1, if v(A) > v(B)
we take f(y) = 0. In both cases we get as required:

ZCGf(FU{zy:B}) v(C) = ZDef(AU{zy:A}) v(D)
— (=,r). I E*T'F A, x: A= B then given a valuation v we have a labelling
function f such that:

Z(Jef(l“) v(C) > ZDef(Au{x:A:nB}) v(D)
Clearly:
YcerryV(C) 22 pepayv(D)

Hence for the first premise f is the labelling function required. If f(z) =
0 then f is also the labelling function required for the second premise. If
f(z) =1 and v(A) < v(B) then:

>cerr) V(C) 2 Xpegpayv(D) +v(B) —v(A)
If f(z) =1 and v(A) > v(B) then:
Ycerr) V(C) 2 X pepayv(D)

Whence in both cases, as required:

Ycerryv(C) +v(A) = Yopepayv(D) +v(B) O
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Corollary 1. If I = Al,.... I, = A,] is a branch of a proof in AB; then
E* I+ A, whenever =T F A.

Theorem 5 (Completeness of AB)). If = I' = A then I'' = Al succeeds in
AB.

Proof. If I'' - Al fails in AB; then by applying the rules repeatedly we obtain at
least one sequent I, - A,, that fails where I',, and 4,, are multisets of labelled
atoms. We consider the set of inequations:

S={>perr) P <2qera, | [ is alabelling function}

By Note[lS must be consistent over Q (as otherwise we can apply (succ)). Hence
there exists a valuation v satisfying all the inequations in .S. But this means that
there is no labelling function f for v such that 3,y ) v(4) =2 D pcpa,) v(B).
So * Iy = A, whence by Corollary M} I' A. O

We take the opportunity to comment here that the labelled calculus AB) has a
double significance in our work; it is both a first analytic, terminating calculus
for A and also, as will be seen below, an extremely useful syntactic aid for
proving the completeness of the unlabelled calculus, AB.

3.3 Adequacy of AB and AB,

By Theorems[4 and Bl we have AB C A C ABy. To show AB) C AB (and hence
AB = AB) = A) we add to sequents in AB) a store I for formulae introduced
by the (=,1) rule in AB. Hence the rule for (=,1) becomes:

Iazy:B|II,B= AF Ajzy: Ay anew label
Iz: A= B|II+ A

All the other rules for AB) stay the same except that for each conclusion and
premise I' - A is replaced by I'|IT = A. Notice that since the unlabelled formulae
in the store are not processed by the rules of the calculus, this change does not
affect the set of sequents provable in AB;. What it does do is to allow us to prove
inductively that the unlabelled sequents represented by the labelled sequent
T|IT = A can be reached in AB from the unlabelled sequent I'*!, IT - A%,

Definition 15 (= —formula, atoms(I")). A =-formula is a formula with prin-
cipal connective =, atoms(I') = {q € I' | q¢ atomic }.

Lemma 2. Given a branch of a proof in ABy [I}|0 = AL ... [|IT + A] where A
18 atomic and I contains only atoms and = -formulae, then for every labelling
function f there exist multisets I'y, I, I., A¢ and A, such that:

(1) T =Ty UT. UL, and A" = Ay U A,
(2) I'y = atoms(f(I")) and Ay = f(A)

(3) I'e, IT = A, succeeds in AB
()T.C{A|z:Ael, f(x) =0}

(5) I, contains only =-formulae
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Proof. Omitted due to lack of space.

Theorem 6. AB, C AB

Proof. Given a proof of a sequent in AB) we apply the corresponding rules of AB
up until the point on each branch when (succ) is applied to a sequent I'|IT - A ie
where there are labelling functions fi,..., f, such that Ui, f;(I") = U7_, f;(4).
Now by Lemma [2, for i = 1...n there exist multisets F}, i I Ai“ Al such
that:

) I =rjur;ur; and A% = Ab U Al
2) F} = atoms(f;(I")) = fi(I") and AZJ) = fi(4)
) I8 IT = AU succeeds in AB
YIPC{A|z:A€eT, fi(x) =0}
) I'! contains only =-formulae

(
(
(
(
(

We have to show that I'“!, IT - A% succeeds in AB. First we use (con) to step
to:
Ful Ful II I+ Aul Aul

Y ) Y Y ) ) )

n n n
We then apply (wk) repeatedly to formulae in I for i = 1...n obtaining:
Lpury,. .. . IpuUrym,.. [T AyUAL. AU AY
—_————
n

Since U7, fi(A) = Uj_, f;(I") we have that F}, TP e A}, ..., A% succeeds in
AB using (mingle) and (id). Also I'!, IT = A! succeeds in AB for i =1...n. So
applying (mingle) repeatedly, we have that I'*!, IT - A" succeeds as required.
O

Note 7. We can also use this idea of a store to make the (=,1) rule for AB
reduce the complexity of a sequent. When (=,1) is applied to a formula A = B
not in the store the “reverse formula” B = A is put in the store as above; when
(=,1) is applied to a formula in the store however no reverse formula is added.

4 Lukasiewicz Logic

[9I15] are good references for the philosophical background and historical details
of Lukasiewicz logics. We confine ourselves here to definitions and some of the
main results.

Definition 16 (Lukasiewicz Infinite-Valued Logic, L). D and f are prim-
itive. £ has the rule (mp) and the following definitions and azioms:

D--A=ADf Dv AVB=(ADB)D>B
DNANB=—-(-AV-B) DpAeB=-ADB
L1 A> (B> A) L3 (A>B)DB)D((BD>A)DA)

I2(ADB)D((B>C)D(ADC) L4 (ADf)D(BD f))D(BDA
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Definition 17 (Positive Lukasiewicz Infinite-Valued Logic, L1). 2, v,
A and t are primitive. ET has the rule (mp) and the following axioms:

L1 (D2B)2((D2C)2 (D2 (BAC)) LT6 (B2 C)V(C D B)
Lt2B 2 (C 2 B) L*7T(BANC)DB
Lt3(B2C)2((C2D)D(B2D)) Lt8(BAC)DC
LT4((B2C)2C)2(BVO) Lt9t

Lt5 (BvC)2(CV B)

The appropriate models for £ are MV-algebras (see [] for details). Let [0,1] =
{reR|0<2<1},a®b=max(0,a+b—1), 7a=1-aand f =1 then
we have that [0,1] = ([0,1],®, -, f) is an MV-algebra with a - b= -a &b =
maxz(0,b — a). In fact [0,1] assumes the same role for MV-algebras as Z for
abelian l-groups.

Theorem 7 (Characterisation Theorem for L). The following are equiva-
lent: (1) ¢ is a theorem of E. (2) ¢ is valid in all MV-algebras. (3) ¢ is valid in
[0,1].

Proof. See [5]. O

It turns out that Lukasiewicz infinite-valued logic is contained in abelian logic
in a very natural way. Consider the following definitions:

Definition 18 (Enthymematic Implication (2)). B2 C=(tAB)—=C

Definition 19 (Material Implication (D)). BOC=(tAB)— (fVv(C)

Meyer [11] shows that fragments obtained using these new implications fre-
quently correspond to other well-known logics; for example the material and
enthymematic fragments of R are classical logic and positive intuitionistic logic
respectively. We now investigate the corresponding fragments for A

Definition 20 (Enthymematic Fragment of A, Ag). Ag is built up from
propositional variables, t, A, V and 2.

Definition 21 (Material Fragment of A, Ang). Ang is built up from propo-
sitional variables, f and D.

Theorem 8. £+ = Ag

Proof. See [10]. O

Proposition 5. (mp) is admissible for Ang.

Proof. Counsider Ay formulae, A and B where = A D B and = A. Since E A
we have A < ¢, whence A D B = (AANt) > (BVf)=BVf<tIfBisa
propositional variable then by taking a valuation v(B) = v(f) =1 in Z we have
v(A D B) > t, a contradiction. So either B = ¢ or B = C' D D. If the former
then clearly = B, if the latter then we have B < f whence BV f = B <t and
= B as required. O

Proposition 6. L1-L4 are theorems of A.



Analytic Sequent Calculi for Abelian and Lukasiewicz Logics 203

Proof. We show the validity of L1-L4 in A using the sequent calculus AB. To
aid the presentation of the proof we adopt the abbreviations A* = A At and
By = BV f (recalling that A D B = A" — By), and combine proof steps where
convenient.

L1: AD(BDA)

AF A
A Bt Af
FAD(BDA)

L2: (ADB)D((BDC)D(AD(O))

B+ B
B,A'+ By
BFrASB

B+B B,(ADB)=trt

B,(AD>B)=t+ B!
B,(ADB)=t,Cs+ Cy, B
fFf B, (ADB)=t,(BD>C)FCf
Bf,(ADB)=1t,(BD>C) '+ Cf
By, (ADB)=1t,(BD>C), A" Cy, A
ADB,(ADB)=t(BD>C), A"\ Cy
(ADB),(BD>C)' A & Cy
F(ADB)D((BDC)D(ADC(O))

L3: (ADB)DB)D((BDA)DA)

AFA BFB
A B'+ B, Ay
frf BFB A'FB,B>A
f,B'F B, Ay (BDA) =t A'FB
BFB fFB,B>AB;,(BD>A) =t A\ B,By
Bf,(BDA) =>tFBB;,(BDA) =>t-B ADB
B¢, (B> A)=t+ B,(AD B)*
(A>DB)D B, (BDA) =tFB*
(A>DB)D B, (BD>A)=tAs+- As, B
((AD>B)D>B) ,(BDA)!'F Ay
F((ADB)DB)D((BDA) DA
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L4: (ADf)D(BDf)D(BDA

fvf B'FB
fHf f,B'+ f, Bt
f,B'vf BOf B'Ff
frf B'rB (B> f)y,B'Ff
fEf f,B'F f, Bt (B> f)s, BL,A - A, f
fiB'Ef (BDf),B'+f (BDf);,B'FA(ADY)
(BD f);,B'F Ay, (AD f)*
(ADf)D(BD), B+ Ay
F(ADf)D(BDYf))D(BDA)
Theorem 9. £ = Ay

Proof. L. C Ay follows from Propositions[@ and[@ . To prove Ay € L we show
that if 4§ ¢ then [£a ¢. Given a valuation v for [0, 1] such that v(¢$) > 0, define
a valuation v’ in the abelian l-group Q as follows: v'(f) = 1, v'(p) = v(p) for
all propositional variables p. We claim that for all formulae ¢: (1) if v(¢)) > 0
then v'(¢) = v(v), (2) if v(¢)) = 0 then v'(¢) < 0. We would then have v'(¢) =
v(¢) > 0 as required. We prove the claim by induction on the complexity of .
The base case holds by stipulation. If ¢ = ¢y D 192 = (EAY1) = (f V1)), then if
(1) < v(h2), v(¥) = v(th2) — v(P1). v(h2) > 0 so we have v'(f V 12) = v()2).
Also v'(t A1) = v(¢1), whence v/ (¢0) = v(v2) — v(¥1). If v(p1) > v(2)2) then if
v(1h2) = 0 we have v'(f V1p2) < 0 by the induction hypothesis and v’(¢ A1) > 0
by definition, whence we have v'(y) < 0; if v(1)2) > 0 then v(y1) > 0 and we
have v'(¢1) = v(¢1) and v'(12) = v(1)2) whence v'(¢) = v(¢2) — v(¢p1) < 0. O

5 Conclusions

In this paper we have presented the first labelled and unlabelled analytic sequent
calculi for abelian logic, the former providing a decision procedure. For the latter
a careful analysis of algorithms for solving linear programming problems (eg
Gaussian elimination) promises to give a bound for the contraction rule. In
combination with the introduction of a store to restrict the (=,1) rule this will
give us a terminating unlabelled calculus.

Our proof that Lukasiewicz logic coincides with the material fragment of
abelian logic allows us to also give L both a new terminating labelled calculus
and a first single sequent calculus that is analytic and internal. Here there are
clear connections with other approaches in the literature. In [1] a proof calculus
is given exploiting the fact that any formula valid in L is also valid in L,, where
n is a function of the number of occurrences of variables in the formula. This
calculus uses multiple sequents that seem to perform the same role as the (con)
rule albeit with a different semantic interpretation. In [7] a labelled tableaux
reduction of L to mixed integer programming is presented. Although similar
in output (ie mathematical programming problems) the method is significantly
different to ours in that constraints (ie equations) are generated dynamically as
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a proof progresses rather than one single labelled equation being maintained per
branch. It is important to note also that the reduction in [[7] is to a single mixed
integer programming problem of polynomial size (hence proving the satisfiability
problem of L is in N P). In contrast, the (succ) rule of AB) is applied to a number
of linear programming problems of exponential size ie one for each branch. We are
convinced however that deciding the (succ) rule as applied to the atomic labelled
sequents generated by AB) can be performed in polynomial time; the reason
being that the set of inequations to be tested for inconsistency can be reduced
to a polynomially sized set by adding further constraints on the labels. Since
linear programming can be decided in polynomial time, this would prove the
satisfiability problem of abelian logic to be in IV P. The details of this argument
will be given in future work.

Acknowledgements. We are grateful to the referees for their careful reading
and for their helpful suggestions and remarks.
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Abstract. We give sound and complete analytic tableau systems for
the propositional bimodal logics KB, KB.c, KB.5, and KB.5c. These
logics have two universal modal operators K and B, where K stands
for knowing and B stands for believing. The logic KB is a combination
of the modal logic S5 (for K) and KD45 (for B) with the interaction
axioms I : K¢ — B¢ and C : B¢ — KB¢. The logics KB, KB.5,
KB 5¢ are obtained from KB respectively by deleting the axiom C' (for
KB.¢), the axioms 5 (for KB5), and both of the axioms C and 5 (for
KB 5¢c). As analytic sequent-like tableau systems, our calculi give simple
decision procedures for reasoning about both knowledge and belief in the
mentioned logics.

1 Introduction

Modal logics can be used to reason about knowledge and belief. Between basic
modal logics, the logic S5 (resp. KD45) is the most suitable for reasoning about
knowledge (resp. belief). Both of these logics have the axioms 4 : O¢ — O0¢ and
5 : —=0¢ — O-0¢, which mean that knowledge and belief satisfy positive and
negative introspection. Furthermore, the logic S5 has the axiom T : O¢ — ¢,
which means that knowledge is veridical, while KD45 has the axiom D : O¢ —
—0-¢, which means that belief is consistent. These logics can be combined to
reason about both knowledge and belief. To distinguish the modalities, we use K
and B as the modal operators standing respectively for knowing and believing.
As interaction axioms between K and B, one can adopt I : K¢ — B¢ and
C :B¢p — KB¢p. The axiom] I means that knowledge is understood to be
stronger than belief, and the axiom C means that one is conscious about one’s
beliefs. This combined logic, denoted by KB, is discussed in [I8] by Hoek and
Meyer.

Analytic tableau systems have been developed for all 15 basic modal logics,
i.e. the ones obtained from the logic K by adding any combination of the ax-
ioms D, T, B, 4, 5 (see the works by Fitting [6], Goré [I0], Massacci [14], and
ours [15]). As some recent works devoted to developing tableau systems for modal
logics about knowledge or belief, there are the works by Fitting et al [7], Rosati

! The axioms I and C are named by us.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 206-220, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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[17], Baldoni et al [2], and Wooldridge et al [20]. Besides, tableau algorithms
have been also developed for description logics, which are a family of knowl-
edge representation formalisms (see the overview by Baader and Sattler [1]).
The mentioned works [7I7|2120], however, do not suit to reasoning about both
knowledge and belief: the multimodal logics studied in [720] have modalities of
the same type, the grammar logics considered in [2] have modalities of different
types but do not contain the axioms D and 5.

In this paper, basing on known tableau systems for the monomodal logics S5,
KD45, S4, and KD4, we develop analytic sequent-like tableau systems for the
logic KB and three other bimodal logics KB.5, KB-~, and KB_5~. These latter
logics are obtained from KB by deleting the axioms 5 — for KB_5, the axiom C' —
for KB_¢, and both of the axioms 5 and C' — for KB.5-. We choose these logics
because KB is a popular modal logic for reasoning about both knowledge and
belief, KB-5 eliminates some undesirable properties of KB (e.g. BK ¢ — ¢), and
KB, KB.5¢ are interesting from the theoretical point of view as combinations of
the component logics with the only interaction axiom I. Our tableau systems are
sound and complete. As analytic sequent-like tableau systems, they give simple
set-based backtracking decision procedures for the considered logics. Using the
systems, we show that the satisfiability problem in KB_5 and KB_5¢ is PSPACE-
complete, in KB and KB. is NP-complete.

In [3], Beckert and Gabbay developed a method for fibring tableaux. They
described how to uniformly construct a sound and complete tableau calculus
for the combined logic from “well-behaved” calculi for the component logics. In
this paper, we do not apply the method as there are interaction axioms between
K and B, and the calculi considered in [3] are labeled tableau systems. The
combination of modal logics has gained a lot of attention in the past years (see
e.g. [12IT9IEI8(T30I4]). The logics considered in this paper are fusions of the
component logics (with some interaction axioms). In the way of [4], the logic
KB.¢ is denoted by S5 ®c KD45, and KB.5¢ by S4 &c KD4.

The formulation of our systems is based on the work by Goré [10]. We use a
similar technique to prove completeness of the systems. To show completeness
of a calculus CL we give an algorithm that, given a finite C L-consistent formula
set X, constructs an L-model graph that satisfies every one of its formulae at
the corresponding world.

2 Preliminaries

2.1 Definitions for Bimodal Logics

A modal formula, hereafter simply called a formula, is defined by the following
rules: any primitive proposition p is a formula, L is a formula (which stands for
falsity), and if ¢ and ¢ are formulae then so are —¢, ¢ A ¢, K¢, and B ¢. The
modal operator K stands for knowing and B for believing. We write ¢ V ¢ and
¢ — 1 to denote the shortened forms of =(—¢ A=) and —(p A 1)), respectively.

We use small letters p and ¢ to denote primitive propositions, Greek letters
like ¢ and v to denote formulae, and block letters like X, Y, Z to denote formula
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sets. A classical literal is either a primitive proposition or negation of a primitive
proposition (i.e. —p for some p).

A (bimodal) Kripke frame is a tuple (W, 7, R, S), where W is a nonempty
set of possible worlds, 7 € W is the actual world, R and S are binary relations
on W called accessibility relations. If R(w,u) (resp. S(w,w)) holds, then we say
that the world w is accessible (or reachable) from u via R (resp. S).

A (bimodal) Kripke model is a tuple (W, 7, R, S, h), where (W, 7, R, S) is a
Kripke frame and h is a function that maps each world of W to a set of primitive
propositions.

Given some Kripke model M = (W, 7, R, S, h) and some w € W, the satis-
faction relation M, w E ¢ is defined recursively as follows.

M,wkF L

M,wkp iff p € h(w);

M,wE—¢ iff M,wk o:

M,wE A ff M,wE ¢ and M,w E ¥;

M,wEK¢ iff for all u € W such that R(w,u), M,uF ¢;
M,wEB¢ iff for all u € W such that S(w,w), M,uE ¢.

We say that M satisfies ¢ at w, and ¢ is satisfied at w in M iff M,w E ¢. If
M, T E ¢ then we say that M satisfies ¢ and ¢ is satisfied in M. If M satisfies
¢ then we also call M a model of ¢.

The axiom schemata mentioned in the introduction are mirrored by certain
properties of the accessibility relations. The axioms 7', D, 4 and 5 correspond
respectively to reflexivity (of R), seriality (of S), transitivity and euclideanes<?
(of R and S). The axiom I : K¢ — B ¢ corresponds to the property S C R, while
C : B¢ — KB ¢ corresponds to the condition Vz, y, z R(z,y)AS(y, z) — S(x, 2).
The classes of admissible interpretations for the logics KB.5¢, KB.5, KB., and
KB are specified by the frame restrictions given in Table [l For L being one of
these logics, we refer to the restrictions as L-frame restrictions.

We call a model M an L-model if the accessibility relations of M satisfy all
L-frame restrictions. We say that ¢ is L-satisfiable if there exists an L-model of
¢. A formula ¢ is L-valid if it is satisfied in every L-model.

The logics KB_5¢, KB.5, KB., and KB are axiomatized by the standard
axioms for the classical propositional logic, the modus ponens inference rule,
plus the axioms mentioned in the Introduction, the K-axioms: O(¢p — ) —
(O¢ — O9), and the necessitation rules: F ¢ = F O¢, where O can be either
K or B. It can be shown that for L being one of the considered logics, a formula
is provable by the axiomatization system of L iff it is L-valid (see [18] for KB).
In this paper we use only the fact that all axioms of L are L-valid.

2.2 Definitions for Tableau Systems

Our tableau formulation is adopted from the work by Goré [10], which in turn
is related to the ones by Hintikka [11] and Rautenberg [16]. A number of terms
and notations used in this work are borrowed from Goré [10].

%ie. Vr,y, 2z R(z,y) A R(z, 2) — R(y, 2), and similarly for S
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Table 1. Frame restrictions for the logics KB-5¢, KB-5, KB-¢, and KB.

lLogic [Frame Restrictions

KB-5¢|R is reflexive and transitive,

S is serial and transitive,

SCR

KB-5 [the conditions as for KB-5¢ plus
vz,y,z R(z,y) A S(y,z) = S(z, 2)
KB-¢ |R is reflexive, transitive, and euclidean,
S is serial, transitive, and euclidean,
SCR

KB the conditions as for KB-¢ plus

Vx,y,z R(z,y) A S(y,z) = S(z, 2)

A tableau rule § consists of a numerator N above the line and a (finite) list
of denominators Dy, D, ..., Dy (below the line) separated by vertical bars.

N
Dy | D2] ... | Dx

The numerator is a finite formula set and so is each denominator. As we shall
see later, each rule is read downwards as “if the numerator is L-satisfiable, then
so is one of the denominators”. The numerator of each tableau rule contains one
or more distinguished formulae called the principal formulae.

A tableau system (or calculus) CL is a finite set of tableau rules.

A CL-tableau for X is a tree with root X whose nodes carry finite formula
sets. A tableau rule with numerator IV is applicable to a node carrying a set Y
if Y is an instance of N. The steps for extending a tableau are:

— choose a leaf node n carrying Y where n is not an end node (defined below),
and choose a rule § which is applicable to n;

— if 0 has k denominators then create k successors nodes for n, with successor
1 carrying an appropriate instance of denominator D;;

— all with the proviso that if a successor s carries a set Z and Z has already
appeared on the branch from the root to s then s is an end node.

Let A be a set of tableau rules. We say that Y is obtainable from X by
applications of rules from A if there exists a tableau for X which uses only rules
from A and has a node that carries Y.

A branch in a tableau is closed if it ends with L. A tableau is closed if every
its branch is closed. A tableau is open if it is not closed. A finite formula set X
is said to be CL-consistent if every CL-tableau for X is open. If there is a closed
CL-tableau for X then we say that X is CL-inconsistent.

A tableau system CL is said to be sound if for any finite formula set X, if X is
L-satisfiable then X is C L-consistent. A tableau system CL is said to be complete
if for any finite formula set X, if X is C L-consistent then X is L-satisfiable.
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Table 2. Tableau systems for the logics KB-5¢, KB-5, KB-¢, and KB.
Xi¢ing  (_y X5od X9 Nt X; (o A7)

=T O %5 WXey Mxigixi-v

X;Ko X
(Tv) X Ko 6 (Ds) x2pT
(T/) X,Y (T//) X;Y;]EU;‘\EV
KX,V =K (Y) K X;YV;BU; -BV;—-K~(Y;BU; -BV)

where in the rules (T ) and (T%), Y is a set of classical literals

X;KY;BZ;-B¢

X;KY;BZ;-KU;-BV; B¢

4Is) RV, BZ.Z, -6 (4518) R V.V B2, Z,~K U, ~BV, B b, 9
X;KY; =K X;KY;-KU; -K
(4x) Wﬁﬁ (55) RV VKU ﬁqu;qigb
X;KY;BZ;-K X;KY;BZ;-KU;-BV;-K
(4CK) Wﬂsz;wf (45Ck) KY;Y;IB%Z;ﬁKU;ﬁIBSV;ﬁKqS;di‘qS
Calculus Static Rules Transitional Rules
CKBsc (L), (=), (A), (V), (Tk), (D) (418), (4k)
CKB5 ( )7(_')7(/\)7(\/)7(TK)7(DB) (415)7(401{)
CKB-¢ ( )7(")5(/\)7( )7(TK)7(T/)7( ) (45[3)7(45K)
CKB ( )7(_')7(/\)7( )7(TK)7(TI/()a( ) (45]3)3(45CK)

Let 6 be one of the rules of CL. We say that ¢ is sound wrt. L if for any
instance 0’ of 4, if the numerator of §’ is L-satisfiable then so is one of the
denominators of ¢’. It is clear that if CL contains only rules sound wrt. L then
CL is sound.

3 Tableau Systems for the Logics KB 5¢, KB_5, KB_¢, KB

By a sequence ¢1; ¢o; . .. ; ¢, we denote the set {¢1, P2, ..., ¢} If X and YV are
formula sets and ¢ is a formula, then by X;Y (resp. X;¢) we denote the set
XUY (resp. XU{¢}). We use K X to denote the set {K¢ | ¢ € X}. The sets B X
and =X are defined similarly. If X is a formula set, then by (X) we denote the
formula being the conjunction of formulae of X. Note that =K —(X) is different
to "K—X. In Table [, we give tableau rules and calculi for the logics KB 5¢,
KB.5, KB.¢, and KB.

Following Goré [10], we categorize each rule either as a static rule or as a
transitional rule. The intuition behind this sorting is that in the static rules, the
numerator and the denominators represent the same world (in the same model),
whereas in the transitional rules, the numerator and the denominator represent
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different worlds (in the same model). In our systems thinning is built into the
transitional rules, whereas in [10] Goré uses an explicit thinning rule.

The meaning of the static rules (L), (=), (A), (V), (Tk), and (Dp) is quite
clear. For intuition and soundness of the transitional rules, see the proof of
Lemma [I The transitional rule (4x) is often used in tableau systems for the
monomodal logics K4, KD4, and 54, while the transitional rule (45x) is often
used in tableau systems for the monomodal logics K45, KD45, and S5 (see [10]).

The rule (41p) is just a simple modification of the rule (4x) for dealing with
the modal operator B. It uses the axiom I : K¢ — B ¢. The rule (4Ck) differs
from (41g) in the point that Z does not occur in the denominator. The reason
is that the modal operator B is weaker than K. In the transitional rule (4Cf),
the presence of B Z in the denominator is due to the axiom C : By — KB1.
Similar things can be said about the transitional rules (45Ip) and (45Ck) in
comparison with the rule (45x).

The static rule (T% ) plays a similar role as the rule () in Fitting’s tableau
system CS5m for the logic S5 (see [6J10]). As we will see, we may apply this rule
only once, before applying transitional rules. The rule (T}) is similar to (T%),
but it cannot be replaced by (T} ) for CKB.¢ because that in the rule (45k)
formulae of the form B or =B are not transferred from the numerator to the
denominator as in the rule (45Ck ) of CKB. The presence of -K—(Y;BU; -BV)
in the denominator of (T} ) guarantees that we can reconsider the content of the
current world in the future when having more information.

Ezample 1. Suppose that we want to prove (Kp A (Bp — Kgq)) — ¢ in KB,
where — has the usual meaning. Denote the formula by ¢. By Lemma [l given
below, CKB is sound, hence it suffices to show that there exists a closed CKB-
tableau for —¢ = (—¢; Kp; ~(Bp A =K ¢)). Here is such a tableau:

-¢; Kp; =(Bp A -Kq)
(V)

—q; Kp; —-Bp —q; Kp; ==Kgq
457 -
(4515) (L) ~¢; Kp;p; ~B p; —p ; )(TK) —~¢; Kp; Kq
1 1 ~q; Kp; Kq; q
( )f

We write Sf(¢) to denote the set of all subformulae of ¢, and by Sf(X) we
denote the set |Jycx Sf(¢). By X we denote the set Sf(X)U-Sf(X)U{L}.
By Ss(X) we denote the set of formulae of the form (V) with Y C X.

A tableau system C L has the analytic superformula property iff to every finite
set X we can assign a finite set X3, such that X3, contains all formulae that
may appear in any tableau for X. Our systems have the analytic superformula
property, with X¢, = X for L € {KB.5¢, KB5}, and Xé, =X U-K=Ss(X)U
~—85(X) for L € {KB.¢, KB}.

Lemma 1. The calculi KB-5¢, KB.5, KB.¢, and KB are sound.

Proof. We show that CL contains only rules sound wrt. L, where L is KB 5¢,
KB.5, KB_¢, or KB. Suppose that the numerator of the considered rule is sat-
isfied at a world w in a model M = (W, 1, R, S,h). It can be shown that if the
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considered rule is static, then one of the denominators is satisfied at w, else
the only denominator is satisfied at some world reachable from w (via R or S).
Nontrivial cases are when the considered rule is one of the transitional rules.

Consider the rule (4x) of CKB.5-. We have M,w F X;KY;-K¢. Since
M,w E —-K¢, there exists u such that R(w,u) and M,u E —¢. Since R is
transitive and M,w F KY, we have M,u E KY; Y. Hence the denominator of
the rule is satisfied at u.

Consider the rule (4Ig) of CKB.5¢c and CKB.s. We have M,w F
X;KY;BZ;-B¢. Since M,w E —B¢, there exists u such that S(w,u) and
M,u E —¢. We have M,u EY; Z. Since M,w E KY;BZ, by the axioms 4, we
have M,w F KKY;BBZ, and by the axiom I, M,w F BKY ;BB Z. Hence
M,uEKY;BZ, and the denominator of the rule is satisfied at u.

Consider the rule (4Ck) of CKB.5. We have M, w F X;KY;B Z; =K ¢. Since
M,w E —=K¢, there exists u such that R(w,u) and M,u E —¢. Since R is
transitive and M, w E KY, it follows that M,u F KY ;Y. For any world v such
that S(u,v), by the property Vz,y, z R(z,y) AS(y, z) — S(z, z), we have S(w, v)
(since R(w,u)), hence M,v F Z (since M,w E B Z). Therefore M,u F B Z, and
the denominator of the rule is satisfied at w.

Consider the rule (45x) of CKB.c. We have M,w F X;KY;-KU;-K ¢.
Since M,w E —K ¢, there exists u such that R(w,u) and M,u E —¢. Similarly
as for the rule (4x), we have M,u F KY;Y. Since M,w E -KU;-K ¢, by the
axiom 5, we have M, w F K-KU; K-K ¢. Hence M, u F =K U; =K ¢. Therefore
the denominator of the rule is satisfied at w.

Consider the rule (45Ip) of CKB.c and CKB. We have M,w F
X;KY;BZ;-KU;-BV;-B¢. Since M,w E —B¢, there exists u such that
S(w,u) and M,u E —¢. Analogously as for the rule (41p), we derive M, u kE
KY;Y;BZ;Z. Since M,w F —-KU;-BV;-B¢, by the axioms 5, we have
M, wEK-KU;B-BV;B—-B ¢. By the axiom I, it follows that M, w £ B-KU.
Hence M,u F =KU;-BV;=B¢, and the denominator of the rule is satisfied
at u.

Finally, consider the rule (45Ck) of CKB. We have M,w F
X:KY;BZ;-KU;-BV;-K¢. Since M,w £ —K¢, there exists v such that
R(w,wu) and M,u E —¢. Analogously as for the rule (451g), we derive M,u E
KY;Y;-KU;-K¢. Since M,w F B Z, similarly as for the rule (4Ck), we have
M,u E BZ. Since M,w E —-BV, by the axiom T, M,w E -KBYV. Hence, by
the axiom 5, M,w F K-KBV, and by the axiom I, M,w F B-KBV. Hence
M,uE -KBV, and by the axiom C, M,u F =B V. Therefore the denominator
of the rule is satisfied at .

4 Completeness of the Calculi

We prove completeness of our calculi via model graphs in a similar way as Raut-
enberg [16] and Goré [I0] do for their systems. Let L denote one of the logics
KB.5¢, KB 5, KB, KB; and CL denote the corresponding calculus. To show
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completeness of CL we give an algorithm that, given a finite C L-consistent for-
mula set X, constructs an L-model graph (defined in Section [£.2)) for X that
satisfies every one of its formulae at the corresponding world.

4.1 Saturation

In the rules (—), (A), (V), the principal formula does not occur in the denom-
inators. For § being one of these rules, let §’ denote the rule obtained from §
by adding the principal formula to each of the denominators. Let SCL denote
the set of static rules of CL with (=), (A), (V) replaced by (=), (A'), (V). Note
that for any rule of SCL except (L), the numerator is included in each of the
denominators.

For X being a finite C L-consistent formula set, a formula set Y is called a
CL-saturation of X if Y is a maximal CL-consistent set obtainable from X by
applications of the rules of SCL.

A set X is closed wrt. a tableau rule if, whenever the rule is applicable to X,
one of the corresponding instances of the denominators is equal to X.

As stated by the following lemma, C L-saturations have the same nature as
“downward saturated sets” defined in the works by Hintikka [11] and Goré [10].

Lemma 2. Let X be a finite CL-consistent formula set and Y a CL-saturation
of X. Then X CY C X;; and Y s closed wrt. the rules of SCL. Furthermore,
there is an effective procedure that, given a finite CL-consistent formula set X,
constructs some CL-saturation of X.

Proof. 1t is clear that X C Y C XZ,;. Observe that if a rule of SCL is ap-
plicable to Y, then one of the corresponding instances of the denominators is
C L-consistent. In fact, in a sequence of applications of the rules of SCL, the
second application of a rule with the same principal formula does not change
the formula set; and when applying a transitional rule, formulae that may be
principal formulae of static rules are ignored. Since Y is a C L-saturation (of X),
Y is closed wrt. the rules of SCL.

We construct a C L-saturation of X as follows: let Y = X; while there is some
rule 6 of SCL applicable to Y with the property that one of the correspond-
ing instances of the denominators, denoted by Z, is CL-consistent and strictly
contains Y, set Y = Z.

At each iteration, Y C Z C X7, . Hence the above process always terminates.
It is clear that the resulting set Y is a CL-saturation of X.

4.2 Proving Completeness via Model Graphs

A model graph is a tuple (W, 7, R, S, H), where (W, 7, R, S) is a Kripke frame,
and H is a function that maps each world to a formula set. We sometimes treat
model graphs as models with h(w) being H (w) restricted to the set of primitive
propositions. A model graph is called an L-model graph if its frame satisfies all
L-frame restrictions. A model graph (W, 7, R, S, H) is said to be saturated if it
satisfies the following conditions for every w € W:



214 L.A. Nguyen

— if =—¢ € H(w), then ¢ € H(w);

— if p A € H(w), then {¢,¢} C H(w);

— if =(¢p A) € H(w), then ~¢ € H(w) or —p € H(w);

— it K¢ € H(w), then for every u such that R(w,u), ¢ € H(u);

— if -K ¢ € H(w), then there exists u € W such that R(w,u) and —¢ € H(u);
— if Bp € H(w), then for every u such that S(w,u), ¢ € H(u);

— if =B ¢ € H(w), then there exists u € W such that S(w,u) and ~¢ € H(u).

A saturated model graph is said to be consistent if every one of its worlds
does not contain | nor a pair of formulae ¢ and —¢. We use the term “model
graph” merely to denote a data structure, while in the definition by Rautenberg’s
model graphs are required to be saturated and consistent.

Lemma 3. If M = (W, 7, R, S, H) is a consistent saturated model graph, then
M is a model of H(T).

This lemma can be proved by induction on the construction of ¢ that if
¢ € H(w) then M, w E ¢.

Given a finite CL-consistent set X, as an L-model for X we construct a
consistent saturated L-model graph M = (W, 1, R, S, H) such that H(7) — X is
L-valid. If for every w € W, H(w) is a C L-saturation of some set, then the first
three conditions of being a saturated model graph are satisfied. The constructions
given in the next subsections differ by frame properties of the constructed model
graphs: for both KB.¢ and KB, R = W x W; and additionally for KB, S =
W x Wg for some W C W, 7 ¢ Wg.

4.3 Completeness of CKB.5¢c and CKB-5

In this subsection, let L denote either KB_5¢ or KB 5. In the following algorithm,
the worlds of the constructed model graph are marked either as unresolved or as
resolved.

Algorithm 1
Input: a finite C L-consistent set X of formulae.
Output: an L-model graph M = (W, 1, R, S, H) satisfying X.

1. Let W = {7}, Ry = So = 0, and H(7) be a CL-saturation of X. Mark 7 as
unresolved.
2. While there are unresolved worlds, take one, denoted by w, and do the
following:
a) For every formula =B ¢ in H(w):
i. Let Y be the result of the application of the rule (41g) to H(w), i.e.
Y = {~6} U {v | K¢ € H(w) or By € H(w)
or ¢ is of the form K¢ or B(}.
and let Z be a CL-saturation of Y.
ii. If there exists a world w € W such that H(u) = Z, then add the pair
(w,u) to Sp. Otherwise, add a new world wy with content Z to W,
mark it as unresolved, and add the pair (w,wy) to Sp.
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b) For every formula =K ¢ in H(w):

i. Let d be the rule (4) if L = KB.5¢, or (4Ck) if L = KB.5. Let YV
be the result of the application of § to H(w), i.e.

Y ={-¢tU{y | K¢ € H(w) or ¢ is of the form K¢}
U{B(¢|B¢e€ H(w)and L=KB5}
and let Z be a CL-saturation of Y.

ii. If there exists a world u € W such that H(u) = Z, then add the pair
(w,u) to Ry. Otherwise, add a new world wy with content Z to W,
mark it as unresolved, and add the pair (w,wg) to Ry.

c) Mark w as resolved.
3. Let R and S be respectively the least extensions of Ry and Sy such that
(W, T,R,S) is an L-frame.

This algorithm always terminates because H is one-to-one, and for any
world w, H(w) C X{, .

Lemma 4. Let X be a finite C L-consistent formula set and M = (W, 1, R, S, H)
be the model graph constructed by the above algorithm for X. Then M is a
consistent saturated L-model graph satisfying X .

Proof. 1t is clear that M is an L-model graph and for any w € W, H(w) is
C L-consistent. We now show that M is a saturated model graph. For this aim it
is sufficient to show that for every w € W,

— if K¢ € H(w), then for every u such that R(w,u), ¢ € H(u);
— if Bp € H(w), then for every u such that S(w,u), ¢ € H(u).

The first assertion follows from the observation that for any x € W, if K¢ €
H(x) then ¢ € H(x) (by the rule (Tk)) and for any y € W such that Ry(x,y)
or SO(xay)a {K (bv ¢} - H(y)

Consider the second assertion. Note that for any =,y € W, if B¢ € H(z) and
So(x,y) then {B¢, ¢} C H(y). This implies the second assertion for the case
L = KB.5¢. The assertion also holds for the case L = KB_5; because that for any
xz,y € W with B¢ € H(x), if So(x,y) then {B¢, ¢} C H(y), if Ro(x,y) then
B¢ € H(y).

Since X C H(7), by Lemma Bl M satisfies X.

The following theorem follows from Lemmas [[l and [4.
Theorem 1. The calculi CKB.5¢ and CKB.5 are sound and complete.

Let L still denote KB_5¢ or KB_5. By the above theorem, a formula set X is
L-satisfiable iff every CL-tableau for X has an unclosed branch. Thus checking
L-satisfiability can be reduced to searching an and-or tree. It can be shown that
the depths of CL-tableaux for X as well as the sizes of formula sets carried by
nodes of the search tree are bounded by a polynomial in the size of X. Hence the
satisfiability problem in KB-5c and KB_5 is decidable in PSPACE, and then is
PSPACE-complete (since the satisfiability problem in S4 is PSPACE-complete).



216 L.A. Nguyen

4.4 Completeness of CKB

Let X4 denote the set {¢ € X | ¢ is of the form K, By, =K, or ~B}.
Note that if Y is obtainable from X by applications of the rules of CKB, then
Xu C Yu. Given a finite CKB-consistent set X of formulae, in order to construct
a KB-model graph for X, we first repeatedly apply the rules of CKB to X until
obtaining a set Y such that for any set Y’ obtainable from Y by applications of
the rules of CKB, Y4 = Y.

For § being one of the transitional rules of CKB, X being a formula set, and
¢ € X being an instance of the principal formula of §, let apply(d, X, ¢) denote
the result of the application of § to X with ¢ being the principal formula, i.e.

apply((4515), X,~B ) = {~¢} UX4 U{¢ | K € X or By € X}
apply((45Ck ), X, 7K ¢) = {-¢} U Xy U{y [ K¢ € X}

Algorithm 2
Input: a finite CKB-consistent set X of formulae.
Output: a KB-model graph M = (W, 7, R, S, H) satisfying X.

1. Let X; be a CKB-saturation of X, and let Y = Xj;.

2. While there exist =B ¢ (resp. "K ¢) from Y and a CKB-saturation Y’ of the
set apply((4515),Y, B ¢) (resp. apply((45Ck),Y, K ¢)) with the property
that Yy C Y74, let Y =Y.

3. Let Xo =Y and Wx = Wy = 0.

4. Let Z be the set of all classical literals from X;. We have - K—(Z) € X,
and hence -K—(Z) € Xs. Let H(7) be a CKB-saturation of the set
apply((45Ck), X2, K (Z)).

5. For every B¢ € X5, add a new world w to Wp with H(w) being a CKB-
saturation of the set apply((451p), X2, 7B ¢).

6. For every =K ¢ € X5, add a new world w to Wy with H(w) being a CKB-
saturation of the set apply((45Ck), Xa, 7K ¢).

7. Let W={r} UWgUWp, R=W x W and S =W x Wg.

It is clear that this algorithm always terminates.

Lemma 5. Let X be a finite CKB-consistent formula set and M =
(W, r,R,S,H) be the model graph constructed by the above algorithm for X.
Then M is a consistent saturated KB-model graph satisfying X.

Proof. Clearly, M is a KB-model graph and for every w € W, H(w) is CKB-
consistent. We show that M is a saturated model graph. Since for w € W, H(w)
is a CKB-saturation of some set, it suffices to show that

— if K¢ € H(w), then for every u € W, ¢ € H(u);

if - K¢ € H(w), then there exists u € W such that ~¢ € H(u);
if Bo € H(w), then for every u € Wg, ¢ € H(u);

— if -B ¢ € H(w), then there exists u € Wg such that —¢ € H(u).
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These assertions hold because for any w € W, H(w), = Xa4.

We now show that H(7) — X is KB-valid. We have Z U X, 4 C H(7). Hence
X1 — H(7) is a subset of X1 — (Z U X14), which contains only formulae of the
form ——¢, AP, or =(dAY). Since X7 is a CKB-saturation (of X), it follows that
H(t) — X; is KB-valid. By Lemma [3] M satisfies H(7), hence it also satisfies
X1 and X.

The following theorem follows from Lemmas [ and [
Theorem 2. The calculus CKB is sound and complete.

If the language does not contain the modal operator B, then we have the
monomodal logic S5. As a corollary of Theorem 2, the rules (L), (=), (A), (V),
(Tk), (T)), and (45k) form a sound and complete cut-free tableau system for
the logic 5. The system has the analytic superformula property and can give a
decision procedure for S5.

When constructing a KB-model graph for a CKB-consistent formula set, we
may use the rule (T ) only once, for the actual world after saturating its content.
In fact, suppose that we modify the definition of CKB-saturation by excluding
the rule (T%) from the set SCKB and replacing step 1 of Algorithm 2 by: “Let
X' be a CKB-saturation of X, and let Y = X; = X' U-K~(Z), where Z = {¢ €
X' | ¢ is a classical literal}”. Then the proof of Lemma [ can still be used for
the modified algorithm.

With the above mentioned modifications, computing a CKB-saturation of a
CKB-consistent set U is done in nondeterministic polynomial time in the size
of U. In the modified algorithm, the formula sets X7, Y, X5 have size bounded
by a polynomial in the size of X. Hence the modified algorithm terminates in
nondeterministic polynomial time in the size of X. A nondeterministic execution
of the modified algorithm gives a correct solution if the resulting model graph is
consistent. Therefore the satisfiability problem in KB is NP-complete (the lower
bound is taken as the complexity of the satisfiability problem in S5).

4.5 Completeness of CKB ¢

Let X4 denote the set {¢ € X | ¢ is of the form K1 or =K }. Note that if ¥’
is obtainable from X by applications of the rules of CKB. ¢, then Xux C Yug.
Despite that X4 does not contain formulae of the form B ¢ or —B ¢, it contains
information about such formulae because of the rule (7). Similarly as for the
case of CKB, to construct a KB.c-model graph for a CKB.-consistent set X of
formulae we first repeatedly apply the rules of CKB-¢ to X until obtaining a set
Y such that for any Y’ obtainable from Y by applications of the rules of CKB.¢,
Yk = Yax.

We also use X p to denote the set {¢ € X | ¢ is of the form B or B }.

For -B¢ € X, let apply((451p),X,—-B¢) be defined as in the previous
subsection. For =K ¢ € X, let apply((45k), X, 7K ¢) be the result of the ap-
plication of the rule (45x) to X with =K ¢ being the principal formula, i.e.

apply((45K),X, ﬁK(b) = {ﬁ(ﬁ} UX#K U {’lﬂ | Kw S X}
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Algorithm 3
Input: a finite CKB.-consistent set X of formulae.
Output: a KB ¢-model graph M = (W, 7, R, S, H) satisfying X.

1. Let X7 be a CKB.¢o-saturation of X, and let Y = X;.
2. Repeat the following until Yxr = Yo4x (after executing step 2d).
a) Let Yy =Y.
b) If there exist "B ¢ € Y and a set Z being a CKB_¢-saturation of the set
apply((451p),Y, =B ¢) such that Yux C Zug, thenlet Y = Z.
c) If there exist "K ¢ € Y and a set Z being a CKB_c-saturation of the set
apply((45k),Y, ~K ¢) such that Yy C Zyk, thenlet Y = Z.
d) If there exist formula sets Z1, Zs, and formulae - K—~(U) € Y, -B ¢ € Z;
such that:
— 7y is a CKB.¢-saturation of apply((45k),Y, - K —(U)),
— Zy is a CKB._¢-saturation of apply((451g), Z1,—B ¢), and
= Yux C Zoyk,
then let Y = Z5.

3. Let X5 be the set obtained from Y by deleting every formula =K —(U) such
that there exists -K—~(U’) € Y with U’ D U.

4. For each formula —“K—(U) € X3, create a new world w with H(w) being a
CKB.-saturation of apply((45k), X2, 7K —=(U)). Let Wik be the set of such
worlds.

5. Let W = Wy and Sy = 0.

6. For each w € Wik do the following:

a) Let U= H(w),p.

b) Let =K —(U,) be a formula of X5 such that U, 2 U and there is no
—K—(U") € Xy with U'4p D Upyp.

c) Let Z,, be a CKB ¢-saturation of apply((45k), X2, " K —(Uy)).

d) For each formula B¢ € Z,, create a new world v with H(u) being a
CKB.-saturation of apply((4515), Zw, 7B ¢), add u to W and the pair
(w,u) to Sp.

7. Let 7 be a world of Wk such that H(7) contains all classical literals and
formulae of the form B or =B that belong to Xj.

8. Let R=W x W and S be the euclidean closure of Sp.

Due to the rule (7%), the existences of =K —(U,,) at step [6H and 7 at step [
are guaranteed. It is clear that this algorithm always terminates.

Lemma 6. Let X be a finite CKB-¢-consistent formula set and M =
(W,r,R,S,H) be the model graph constructed by the above algorithm for X.
Then M is a consistent saturated KB.c-model graph satisfying X .

Proof. 1t is easily seen that S is serial (because of the rule (Dp)), transitive and
euclidean. Hence M is a KB.¢-model graph. M is consistent because H(w) is
CKB--consistent for every w € W.

We now show that M is a saturated model graph. Since for every w € W,
H(w) is CKB.¢-saturation of some set, it is sufficient to show that, for every
we W,
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— if K¢ € H(w), then for every u € W, ¢ € H(u);

it -K ¢ € H(w), then there exists u € W such that —~¢ € H(u);

— if Bp € H(w), then for every u such that S(w,u), ¢ € H(u);

if -B¢ € H(w), then there exists u € W such that S(w, ) and —¢ € H(u).

The first two of the above assertions hold because that if ¢ is of the form K ¢
or =K ¢, and ) € H(w) for some w, then 1) € X5 (because of the step [2).

For the third assertion, suppose that S(w,u) holds and B¢ € H(w). If w €
Wy and So(w,u), then ¢ € H(u) follows from B¢ € H(w). If w ¢ Wi then
there exists v € W such that So(v,w) and So(v,u). By the step [6bl and the
rules (45/p), (T%), we have Uy 4p = H(w), . This implies that B¢ € U, and
hence B¢ € Z,, and ¢ € u. Therefore the third assertion holds.

For the fourth assertion, suppose that =B ¢ € H(w). If w € Wk, then there
exists u such that Sp(w,u) and —¢ € H(u). Suppose that w ¢ Wi . There exists
v € Wi such that Sy(v,w). Since B ¢ € H(w), similarly as for the case of the
third assertion, we derive that =B ¢ € U,. It follows that -B ¢ € Z, and there
exists u such that Sp(v,u) and —¢ € H(u). It is clear that S(w,w) holds.

We now show that M satisfies X. Since M is a saturated model graph, by
Lemma Bl M F H(7). Let V be the set of formulae of X; that are of the form
-, ¢ A, or (P A1)). We have (X; — V) C H(7). Hence M E (X7 — V).
Since X, is a CKB_g-saturation of some set, it follows that M F X;. Therefore
M E X. This completes the proof.

Theorem 3. The calculus CKB.¢ is sound and complete.

This theorem follows from Lemmas [l and [@ Now consider the complexity
of the satisfiability problem in KB_-. We first adopt some restrictions on the
use of the rule (T}). Assume that when applying the rule (T}), a formula of
the form =K —(U) is created in the denominator only for U being the largest
set satisfying the condition of the rule. Also assume that when computing a
CKB.c-saturation of some set, the rule (T}) is applied only once as the last
rule, and if in the resulting set there are =K—(U) and =K —(U’) with U C
U’ then the formula =K —(U) is deleted from the set. Consider Algorithm [
under such restrictions: computing a CKB.o-saturation of a set U is done in
nondeterministic polynomial time in the size of U, and the sets X, Y, X5
have size bounded by a polynomial in the size of X. Hence the new algorithm
terminates in nondeterministic polynomial time in the size of X. Analogously as
for KB, we conclude that the satisfiability problem in KB.~ is NP-complete.

5 Conclusions

We have given analytic sequent-like tableau systems for the propositional bi-
modal logics KB, KB., KB.5, and KB-5c. They are sound and complete and
can be used to reason about both knowledge and belief. Using the systems and
their completeness proofs, we have shown that the satisfiability problem in KB-g
and KB.5¢ is PSPACE-complete, in KB and KB is NP-complete. Our tableau
systems can be used to prove the Craig interpolation lemma for the considered
logics, as done in our work [15] for other logics.
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Abstract. In the present paper we combine two different enhancements
of connection method based theorem proving calculi: a confluent version
of a connection calculus [5] and a general approach for building-in theo-
ries [I7] in connection calculi.

1 Introduction

This work is concerned with the combination of two different improvements of
proof procedures based on the connection method [16]. In [5] the lack of proof
confluence in proof procedures which are based on the connection method has
been identified as a cause for sever inefficiencies during the proof search. A proof
confluent version of the first-order connection method has been presented in the
mentioned paper. In the present paper we generalize the approach of [5] to the
case of reasoning with a built-in theory.

For this purpose we use our approach developed in [I7]. This approach has
been applied to various classes of theories. For an overview see [4] and for further
results concerning hybrid theories see [19].

This paper is organized as follows. Necessary general notions will be intro-
duced in section 1 An introductory example illustrating the presented calculus
will be given in section Bl Section M is devoted to the presentation of a generic
approach to building in theories into theorem provers. The application of the
general approach to reasoning in a confluent calculus will be presented in Sec-
tion [ In particular we have to formulate certain restrictions concerning the
theory to be built in. However, the restrictions are sufficiently weak in order to
admit a large class of theories.

In the present paper we consider only the case of total theory reasoning, i.e.
the case where in every inference step a whole theory connection is detected.
Nevertheless it should be possible to generalize the approach in order to treat
partial theory reasoning as well.

Related work. A general approach to building in theories into theorem provers
via theory connections has been suggested in [7] by the treatment of equality
by so-called eqg-connections. A systematic approach to theory reasoning in the
context of resolution based theorem proving can be found in [20]. In [I3] so
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called theory links, obtained by a certain completion method, are used in the
context of a matrix method.

Among the applications of theory reasoning are several methods translating
non-standard logics into first-order logics with built-in theories [L0J9J16]. Other
approaches [8] consider theories given by classes of models or even theories com-
bined from different sub-theories [19]. For an overview on relevant results in
unification theory see [2].

2 Preliminaries

In order to keep the paper self-contained we recall basic notions concerning logic
in general and theory reasoning in particular. We assume that the reader is
familiar with the basic notions of first-order logic in clause form (cf. [I1]). A
clause with at most (exactly) one positive literal will be called a Horn (definite)
clause. A definite clause consisting only of equational literals will be called a
conditional equation. A clause is represented as a multi-set of literals. A ma-
triz is a multi-set of clauses. Multi-Sets will be denoted as sequences of their
elements. A set of pairwise variable disjoint copies of clauses of a matrix M
will be called an amplification of M (see [12| for a more general definition of
this notion). Clauses will be abbreviated also by I, C, D etc. Iy, I'> denotes the
union 'y U Ty, whereas I' L denotes I' U{L} etc. A clause Ly, ..., L, means the
disjunction (L; V...V L) of its elements. The meaning of a matrix Cy,...,C,
is the conjunction Cy A ... A Cy.

This paper will focus on a family of proof procedures that generate goal
driven a set of instances of clauses such that its unsatisfiability in a given theory
may be proved by checking a simple sufficient criterion. In order to formulate
this criterion we first of all need the notions of a path and of a spanning theory
mating. A (partial) path (in) through a matrix M is a multi-set containing (at
most) exactly one literal from each clause of M. Paths will be abbreviated also
by p or q. A set of partial paths in a matrix M is called a matin in M. A
partial path w in a matrix M is spanning a path p through M if u C p. A mating
U in a matrix M is spanning if for every path p through M exists an element
u € U which is spanning p. If M’ and M" are disjoint subsets of a matrix M
and then for sets of paths P through M’ and P’ through M’ the set P o P’
denotes the set of all paths which are the concatenation of a path from P and a
path from P’.

If L is a positive literal then L denotes the literal —~L. If L has the form
—K then L denotes the literal K. If p is the path L, ..., L, then p denotes the
clause Ly, ..., L,. And, vice versa, if I" is the clause L1, ..., L, then p denotes
the path L1,..., L,. The set of variables occurring in a term ¢, literal L, clause
I' or path p will be denoted by Var(t), Var(L), Var(I") or Var(p) respectively.

! In the case of theory theory reasoning we have to consider connections of very differ-
ent form. Therefore we decided to distinguish the notion of a mating, consisting of
any partial paths, from that of a theory mating which consists only of partial paths
which satisfy a certain semantic condition.
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A substitution is a mapping from the set of variables into the set of terms
which is almost everywhere equal to the identity. The domain of a substitution
oistheset D(o) = {X |o(X) # X}. The set of variables introduced by o is the
set 1(0) = U,ep(y) Var(o(X)). If the variables Xi,..., X, are the elements of
the domain of a substitution ¢ and the terms t¢1,...,t, are the corresponding
values then o will be denoted by {X;1 — t1,..., X, — t,}. A substitution o may
be extended canonically to a mapping from the set of terms into the set of terms.
This extension will be denoted by o too. For a set of variables V' and substitutions
o and p we write o =y p if for every element X € V holds o(X) = p(X). In
the previous equation the lower index V may be omitted if V is the set of
all variables. The composition o of substitutions o and 6 is the substitution
which assigns to every variable X the term 6(o(X)). A substitution o is called
idempotent if o = go. A substitution o is idempotent iff D(c) NI(o) = 0. If
M is the multi-set of clauses C1,...,C, then M’ = C1,...,C}, is a sub-matriz
of M iff there is a sequence of pairwise disjoint indices i1,...,4; s.t. C] is a
sub-multi-set of C;, for each [ with 1 <[ < k. A set of matrices which is closed
w.r.t. the application of substitutions, forming amplifications and sub-matrices
will be called a query language. For a path p = L4, ..., L, and a query language
Q we will write p € Q in order to abbreviate {{L1},...,{L,}} € Q.

Let T be an open, i.e. quantifier-free, theory. A T-model is an interpretation
satisfying 7. A query (a clause, a path, a literal) S is T -satisfiable if there is a
T-model satisfying S. It is T -unsatisfiable otherwise.

3 An Introductory Example

In this paper we introduce a generalization of the confluent connection calculus
[B] towards theory reasoning. In order to illustrate the calculus we consider the
following, very simple, theory 7.

ﬂl(X Y) ( ) (1)

We try to construct a derivation for the following matrix.

VX (I(X,s) V= p(X))
A

VY (me(Y) v =gY)) (4)
A

v Z p(Z)

Figure [ shows a four-step derivation under the built-in theory 7T given by
the axioms (), ..., [B]). Because of space restrictions the last two derivation steps
had to be drawn as one “double” step.
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Every T-connection is indicated by a (multiple) arc. In each deduction step
will be detected one T-connection. Its first occurrence is in the destination of
that step. The paths spanned by this new 7 -connection are all those which
are continuations of one of the partial paths consisting of the boxed literals
in the source of the step. Moreover, one of the most general 7-unifiers of the
T-connection has been applied to those clauses the matrix which contain literals
of the considered 7T -connection. If the application of a 7 -unifier changes a
clause, then the original version of this clause will not be overwritten, rather its
modified version will be adjoined to the matrix.

p(X) 1z.Y) [-»(2)] ]l(a,n\ ~p(a) la,Y)  —p(a)
N— N—— N——

~g(Y) \ﬁcm ~g(Y) e(Y) <Y> ~9(Y)
p(2) »(2)
: Yol w0 |- @)@

UX,Y) —p(X)

p(Z) UX,Y) —p(X)

Fig.1. A Sample Deduction in Matrix Notation

Four new instances of certain clauses of the original matrix have been gener-
ated, and four 7T-connections have been found. The first 7 -connection consists
of three literals, the second of one, whereas the remaining two connections con-
sist of two literals. The T-connections are indicated by arcs connecting their
elements. The final proof state is reached in the rightmost matrix in Figure [
The mating U formed by those 7T- connections is spanning the set of clauses in
the final state of the derivation.

We have to point out some specific properties of the confluent (theory) con-
nection calculus. First of all variables are considered free. Therefore each occur-
rence of a variable name in different clauses means the same variable. Or in other
words, variables are not bound (by implicit quantifiers) to a certain clause.

New variables are introduced by so called wvariant steps. In the discussed
derivation only one variant step occurs, that one constructing the initial matrix.
The remaining steps are connection steps. Those steps construct new clauses
by instantiation. The substitutions used for instantiations are 7T -unifiers of
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T-connections. The reader should observe that clauses are never removed from

the matrix. For example from clause I(X,Y), -p(X), which is element of the
first matrix, clause I(Z,Y), 7p(Z) in the second matrix has been constructed.
Besides this new clause also the original clause [(X,Y"), -p(X) occurs in the
second matrix.

4 A Generic Approach to Theory Reasoning

In the present section we introduce a formal framework for constructing complete
confluent total theory reasoning calculi for open, i.e. quantifier free, theories. A
complete theory reasoning calculus for an open theory needs the following key
capabilities: (1) finding theory connections, (2) computing unifiers for theory
connections, (3) managing amplifications and representations of sets of paths
which are not spanned by a currently found theory mating, and (4) a fair rule
for choosing clauses for further connection steps. The ingredients for construct-
ing a complete confluent theory reasoning calculus — a complete set of theory
connections (Definition B)) with a solvable unification problem (Definition ) and
a calculus managing amplifications of matrices and keeping track of unsolved
goals — will be introduced in the subsections 1] [2]land B 2lrespectively. In the
present section we formalize what it means to have for a given theory ”enough”
theory connections in order to prove all theory unsatisfiable matrices which be-
long to a given query language. We formulate a Herbrand theorem (cf.[Il) by use
of this notion. The notion of a complete set of unifiers for a theory connection
generalizes the notion of complete set of theory unifiers of a pair of terms.

4.1 Complete Sets of Theory Connections

In order to formulate sufficient conditions for the completeness of a theory rea-
soning calculus we introduce the notion of a set of theory connections which is
complete with respect to a given query language.

Definition 1. (T-complementary, T-unifier) A path w is called T-complemen-
tary if and only if the conjunction of the elements of u, N, ., L, is T -
unsatisfiable. A substitution o is a T -unifier of u if and only if o (u) is T -
complementary.

Remark 1. The T-complementarity of a path u has been defined via the 7-un-
satisfiability of the conjunction of the elements of u according to the negative
representation which has been chosen in the present paper. In the positive rep-
resentation 7T-complementarity of a path u we would have been defined via the
T-validity of the disjunction of the elements of u. The remaining notions and
results may be defined independently on the chosen representation.

Definition 2. (Connection, T -Connection) Let T be a theory, M a matriz,
U a set of multi-sets of literals and Q a query language. Any partial path u in
M will be called a T -connection in M if there exists a T -unifier for u. If T is
the empty theory then the prefix T may be omitted.
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Definition 3. (Complete set of theory connections) Let T be a theory, M a
matriz, U a set of T -connections and Q a query language.

(1) Any set of T-connections in a matriz M, which are elements of U, is called
a U-mating in M.
(2) A decidable set U of T -connections which is closed w.r.t. application of
substitutions will be called T -complete w.r.t. Q if
a) for each T -complementary ground path p € Q exists uw € U such that
u C p and
b) for each T -complementary ground path of the form o (u) € U such that
u € Q holdsueld.

Example 1. If theory T consists of conditional equations and the equality
symbol does not occur in the query language then the set U7 of connections
of the form p(ty,...,t,), —p(s1,...,s,) for simultaneously pairwise 7 -unifiable
terms t; and s; is complete w.r.t. to the query language Q7.

The less literals a connection consists of the more paths it may span. There-
fore, we are interested to find theory connections which are minimal with respect
to set-theoretical inclusion. Every extra literal may cause that additional sub-
goals have to be solved. The following proposition makes sure that a complete set
of theory connections contains also all minimal connections. Having a complete
set of theory connections a Herbrand theorem may be proved.

Proposition 1. Properties of complete sets of theory connections Let the set of
T -connections U be T -complete with respect to the query language Q. Let u
be a path such that u € Q. If u is minimally T -complementary then u € U.

Theorem 1. (Herbrand’s theorem) Let T be an open theory, Q a query lan-
guage, U a set of T -connections which is complete w.r.t. to Q. Then for
every T -unsatisfiable matrix M € Q there exists an amplification M’ of M,
a U-mating U which is spanning in M’ and a substitution o such that o (u) is
minimally T -complementary for each u € U.

4.2 The Unification Problem for Sets of Theory Connections

In order to obtain a proof calculus for a given complete set of T-connections U we
also need to be able to compute or to represent for every u € U all substitutions
o such that o (u) is T-complementary. This will be formulated in the following
definition.

Definition 4. (more general T -unifier, T -unification problem in U )
Let U be a set of multi-sets of literals.

(1) Let ¢ and o be T -unifiers of some u € U such that D(p), D(c) C Var(u)
Then g is called more general than o if there exists n such that on =var) @
This will be denoted by o < 0.

(2) A set S of T-unifiers of a multi-set w € U will be called complete if for each
T -unifier o of u exists a substitution g € S such that o < 0.

(3) We say that the T -unification problem in U is solvable if
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a) for everyu € U there exists an enumerable complete set Sy of T -unifiers
for u and
b) for a given u € U it is decidable whether S, # 0.
(4) A substitution o is called a simultaneous T -unifier of a set U of multi-sets
of literals if and only if o (u) is T -complementary for every u € U.

Remark 2. The syntactic structure of the considered query language is impor-
tant for the complexity of the related 7T -unification problem. If the restrictions
concerning query language in example[T] would be relaxed admitting the equality
symbol in queries then for an reasonable treatment transformations of the query
language according to [3] would be necessary. If on the other hand the consid-
ered equational theory is associative with unit then the following restriction of
the query language would be helpful. Let U7 be the subset of T -connections
defined in Example [ obeying the following, so called, unique prefix property
(cf. [9]). A formula or a term has the unique prefix property if each variable «
occurs always in the same left context. Formulas obtained by the algebraic trans-
lation of modal formulas have this property. For those restricted 7 -unification
problems exists an efficient unification algorithm [9].

While for syntactical unification most general unifiers for unifiable terms
never introduce variables not occurring in the unification problem this is not
true in the theory case. The following example illustrates the problem.

Example 2. Let T consist of an associative binary function symbol *. Then the
T-connection [f] in Figure Blhas the most general 7 -unifier (@)).

p(X *Y) 5)
p(ax2) (X »axW, Z—W=xY} (6)

Fig. 2. A theory unifier introducing a new variable

This unifier introduces a “new” variable W. If the unification problem occurs
as a sub-problem in a proof task then those “new” variables must not occur in the
matrix under consideration. Otherwise binding them might prevent the solution
of further unification problems.

Moreover one can observe, that the “new” variable W occurs only as a proper
sub-term. Therefore the application of this 7 -unifier increases the term depth.

Definition 5. We say that a solution to the T -unification problem has the
shielding property iff for every T -unifier o of a T -connection u and every
variable X € dom(co) the term o (X) is not a variable not occurring in u.

In a connection calculus we have to find a simultaneous T -unifier of a span-
ning mating of 7-connections incrementally. The solvability of the unification
problem in a set of theory connections U implies the solvability of the simulta-
neous unification problem in U.
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Proposition 2.  Let the T -unification problem be solvable for the set of T
-connections U and S, denote the complete set of T -unifiers for each uw € U.
Then every simultaneous T -unifier 0 of a set of T -connections U C U can
be approzimated incrementally. Indeed, for each enumeration uqy,...,u, of the
elements of U may be constructed sequences {o;}._ 1, {n:}i_y, {0i}i_o such that

(1) no =0 and go ={ },
(2) for everyi,1 <i<n:

(a) 0i € Sy, (uy), (b) oimi =ni—1, (c) 0i = 0i—105 and
(3) onnn = 0.

5 A Confluent Connection Calculus with Built-in Theory

5.1 The Calculus Definition

Now we are going to define a Confluent Theory Connection Calculus (CTCC).
The constituents are the inference rules, the notion of a derivation, and following
B, a fairness condition for derivations. We assume the following properties of
the considered query language Q, theory 7T, the set U of 7T -connections
complete w.r.t. Q and the solution to the 7T -unification problem in U:

(1) For each u € U exist at most finitely many 7 -unifiers.

(2) For each uw € U and for each finite set of variables X not occurring in u
any 7T-unifier o for u which introduces new variables may be chosen so that
none of those new variables belongs to X.

(3) The solution to the 7T-unification problem in U has the shielding property.

The mentioned conditions are satisfied by a large class of theories, however
not by all theories. They are trivially satisfied by the empty theory.

A state of a derivation maintains information about the clause instances
which have been constructed and the open paths in that state. Open paths are
those which are not yet spanned by one of the theory connections which have
been found up to the current derivation state.

Definition 6. A state (for the confluent theory connection calculus) is a triplet
(P,M,N)

(1) A set P of paths through matriz M,
(2) N a set of variants of clauses of the original matriz, and
(3) M a set of instances of clauses of the original clause set (i.e. including N ).

Definition 7. (Theory Connection Rule Application) The connection rule may
be applied to state (P, M, N) if

(1) there is an U-connection u

(2) spanning all paths out of some non-empty subset P’ of P, which are not yet
spanned, and

(8) having a T -unifier o.
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The resulting state is ((o (P)\ P")o(M\ o (M)),oc (M)U M,N) for some
non-empty subset P" of o (P’).
o (M)\ M is called the set of new clauses (of this inference step).

Definition 8. (Variant Generation) The variant rule adjoins a set K of new
copies of the clauses of the matriz to the state (P, M, N). The obtained state is
the triplet (Po K,MU K,NU K).

Definition 9. (Progressive Rule Application) An inference rule application is
called progressive iff it introduces mew clauses. For any natural number T a
progressive deduction step is called T-progressive if one of the newly constructed
clauses has a term nesting depth not greater than T .

Definition 10. (Derivation) An initial state in a derivation is a triplet
(P,M,M) where M is a copy of the original clause set and P is the set of
all paths through M. Now a derivation may be defined as a sequence of rule ap-
plications which starts from an initial state. A derivation is called ground if the
unifier in every T -connection step is empty. A finite derivation is successful if
the component P in its last element is empty.

The calculus is sound, because in every state of a derivation the set P contains
all those paths, which are not spanned by the theory connections which have been
found so far in that derivation.

Proposition 3. (Soundness) The confluent theory connection calculus is sound.

5.2 Fairness

Following [5] we define a notion of fairness as an intermediate concept. It will
be shown that fair derivations for 7-unsatisfiable matrices are successful. More-
over a procedure which ensures fairness will be given. Fairness means that each
deduction step which might contribute to the success of a derivation at a certain
state of that derivation will be applicable further on unless its effect has been
achieved by other steps.

Definition 11. Let n be a natural number or the least infinite ordinal number.
Let {M;},_,, be the sequence of matrices of a derivation. The derivation is called
fair iff it is successful or if the following two conditions are satisfied:

(1) For every i there is a j, such thati < j and j+1 <n and M;41 results from
M; by a variant step.

(2) For every i and every connection u with T -unifier o which is a candidate
for a progressive connection step in M; there is a j such that i < j <n and
one of the following conditions is satisfied:

a) g (Mz) - Mj.
b) Every path p through M; which is spanned by u is closed.
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Condition requires that there will be no latest variant step. This implies
that infinitely many new variables will occur in subsequent variant steps. Condi-
tion (@) formalizes that any progressive connection step either remains applicable
(Ba) or its effect will be achieved by other connection steps (2h).

The mentioned fairness condition is a global property of a derivation. Thus,
we need to formulate a condition which may be checked with reasonable effort
at any state of a derivation and which implies fairness of a derivation.

Definition 12. (The CTCC Procedure) Let T' be a natural number.

(1) Initialize (P, M, N) with M and N being the original matriz, P being the set
of all paths through M. Moreover, let T the mazimum term nesting depth of
the clauses in S.
(2) While P is not empty repeat:
a) Modify M by applying one variant step and increment T
b) Repeat
to modify M by applying a T-progressive connection step
until no such step is applicable any more.

Theorem 2. (Fairness theorem) Suppose that the complete set U of T -
connections has a solution of the unification problem such that for each uw € U
each unifier o € S, has the shielding property.

Any derivation (starting from any finite input clause set) constructed by the
procedure defined in (I2) is fair.

Proof. First of all let us observe that the inner loop (2h) of the considered
procedure always terminates. We consider the following cases a, b and c:

a: Only finitely many of the applied 7 -unifiers in the inner loop are not
renamings. Therefore only a finite number of T-progressive connection steps
is possible.

b: Infinitely many of the applied 7 -unifiers are not renamings. But only
finitely many steps introduce new variables. This would contradict the T-
progressiveness of those 7T -connection steps because the term depth of the
generated clauses would exceed all bounds.

c: Infinitely many of the applied 7 -unifiers are not renamings and infinitely
many new variables are introduced. Since the 7 -unification method is as-
sumed to have the shielding property also this assumption contradicts the
T-progressiveness of those 7T -connection steps.

Thus, the inner loop (2h) terminates.

Since successful derivations are fair by definition, it remains to consider an
infinite derivation. Each of the steps (Za)), (BH) of the outer loop terminates,
therefore step (Za)) is performed infinitely often, i.e. condition () of the fairness
definition (II)) is satisfied.

In order to prove condition (Z) of definition ([[T) consider any index ¢ where
a progressive T -connection step is applicable to some 7T -connection u in M;
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with some 7T-unifier 0 € S,,. Let Ty be the minimal natural number, so that the
mentioned step is Tp-progressive. Further let j be the number of the last step in
the inner loop of the execution of the outer loop with threshold Tj. Suppose that
neither condition (2a) nor condition (2H) of the fairness definition is satisfied. I.e.
o (M;) € M; and some path p through M; which is spanned by u is not closed.
Then the current step will be either the execution of just the T-connection step
with v and o or any other step which causes one of the conditions (2a)) or (2h)
being satisfied. Otherwise the inner loop would be finished by this step contrary
to the assumption about j.

5.3 Strong Herbrand Theorem

Having a complete set U of theory connections with a solvable 7T -unification
problem a strong Herbrand theorem may be proved for fair derivations. The
following version of Herbrand’s theorem applies to the discussed example [Tl

Theorem 3. (Strong Herbrand theorem) Let T be an open theory, Q a query
language, U a set of T -connections which is complete w.r.t. to Q. Then for
every T -unsatisfiable matric M € Q any fair derivation is successful.

Proof. Let ng be the least number such that there exist an amplification M’ of
matrix M consisting of ny copies of M, a minimal U-mating U which is spanning
in M’ and a substitution o such that o (u) is minimally 7-complementary for
each u € U.

Now, let D be a fair derivation {M;}, .\, starting from M. We assume, con-
trary to the hypothesis, that D is not successful. Since D is fair, the variant
rule must be applied infinitely often. Therefore exists a minimal index, say I,
such that for each clause of M exist ng copies in M;. There exists a minimal
U-mating U spanning the amplification of M which is subset of M; and having
a simultaneous 7T -unifier o.

Let uy,...,u;,...,u, be any enumeration of the elements of U. We construct
sequences {7;} ", of substitutions, {N;}" ; of matrices, {U;}_ of matings and
{i;}]—, of indeces such that |J;_, N; C M;; and for each index j, j < m, U; is
a mating in N; and 7; is a simultaneous 7 -unifier of Uj.

Initialization: Uy =U, Ng = M;, 7o =0 and ig =1
For j =0 To m — 1 Repeat:
Invariant:
Uj":o Ny © Mij
7; is simultaneous 7-unifier of Uj.
Every path through | J;c , M; which is spanned by some of the elements
of U \ U; is also spanned by some 7 -unsatisfiable 7 -connection in
Uie/\/ M;.
If Uj = w then let Tj+1 = Ty, Uj+1 = Uj, Nj+1 = Nj and ij+1 = ij.
Otherwise choose some u € U;.
Case distinction:
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(1) wis T-unsatisfiable in N;: Let 7541 = 75, Uj11 = U; \ {u}, Nj1 = N;
and ij+1 = ij.
(2) u is not T -unsatisfiable in N; and for some 7 -unifier 77 € S, the
T -connection u is not progressive with 77
Choose (according to item of definition M) some non-progressive
T -unifier 7/ of u and let 7/ be the substitution such that 7; (u) =
7/ (7} (u)). Then 7} (N;) C Nj.
Let Tji+1 = 7']/-/, Uj+1 = Tj/- (Uj \ {u}), Nj+1 = Nj and ij+1 = ij.
(3) u is not T -unsatisfiable in N; and for every 7 -unifier 7/ € S, the
T-connection u is progressive with T]/».
Then one of the following sub-cases holds according to the fairness defi-
nition [Tk
a) Suppose that for none of the 7 -unifiers 7} € S, condition (2h]) of
the fairness definition [[Tlis satisfied.
Let 7j41 = 7}, Ujra = 7 (U; \ {u}), Njp1 = N; U (N;) and ij44
is the minimal index j’ such that N;41 C M.
b) Contrary to the previous sub-case suppose that for some 7 -unifier
77 € S, condition (BH) of the fairness definition M is satisfied.
Let 711 = 77, Ujpr = 75 (U; \ {u}), Nj41 = Nj and ij41 = i

According to the referred assumptions the previous construction will be suc-
cessful. In its final state the following is true:

Every path through (J;c M; which is spanned by some of the elements of
U is also spanned by some 7-unsatisfiable 7T-connection in (J;c M;.

On the other hand side we can show that for every infinite fair derivation
exists a path through (J;c M; which is not spanned by any 7-unsatisfiable
T-connection. This contradiction to the previous claim would close the proof.

Indeed, we can construct an infinite tree with finite degree as follows. The
nodes of the tree are paths through M; for some i € A/ which are not spanned
by any 7T -connection. For each i € N any path through M;,; is successor
of its proper sub-path being a path through M;. The tree is infinite since the
considered derivation is infinite. By Konig’s lemma there exists an infinite path
in the constructed tree. The union of its elements is an infinite path through
Uien Mi which is not spanned by any 7T-unsatisfiable 7-connection.

6 Refinements

In the present section we discuss certain refinements of the result derived above.
Details of the proofs for the outlined results remain to be worked out.

Pool calculus. The confluent theory connection calculus has been presented
in a very abstract form. In particular the question how to represent open paths
has not been answered. It seems that the pool calculus (see [15] for the basic
form and [I8] for its theory version) might be suitable for this purpose. Having
this conjecture in mind we did not require to remove all paths which are spanned
by a found theory connection from the set of open paths in definition [[] Probably
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it will be easier to represent a superset of the set of open paths and to ensure
that every connection step closes some of the represented paths.

Non-normal forms. There are (at least) two ways for considering non-normal
form formulas. One way is to apply structure preserving normal form transfor-
mations. Since this causes the introduction of new predicate symbols hybrid
theories [I9] have to be considered.

The other way is to generalize the theory pool calculus towards reasoning
with non-normal form matrices. We conjecture that the fairness condition from
definition [ implies a fairness definition formulated in section 4 in [I7]. This
would allow us to use the completeness theorem 6.1 proved in [I7] in order
to prove the completeness of a confluent non-normal form theory connection
calculus.

Partial theory reasoning. For certain theories 7T it is unpossible to estimate
the number of elements of a theory connection. In those cases it is more suitable
to approximate theory connections by several so called partial theory reasoning
inferences [20] than to guess a whole theory connection at once. Each of those
partial theory inferences finds some further literals of a connection and some
approximation of the 7 -unifier and return a remainder, the so called residue
[20]. This reasoning scheme has been described for the pool calculus in [14]. Along
this line a confluent partial theory connection calculus might be developed.

7 Conclusion

We introduced a confluent theory connection calculus. We formulated sufficient
restrictions concerning the character of the theory unification problem of theory
connections. The restrictions seem to be rather mild so that a large class of
theories is covered by the formulated result. The proof technique used in the
completeness proof exhibits the relevant properties of the theory: the form of
theory connections and the character of the theory unification problem.
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Abstract. In this paper we analyze some fragments of the universal
theory of distributive lattices with many sorted bridging operators. Our
interest in such algebras is motivated by the fact that, in description log-
ics, numerical features are often expressed by using maps that associate
numerical values to sets (more generally, to lattice elements). We first
establish a link between satisfiability of universal sentences with respect
to algebraic models and satisfiability with respect to certain classes of
relational structures. We use these results for giving a method for transla-
tion to clause form of universal sentences, and provide some decidability
results based on the use of resolution or hyperresolution. Links between
hyperresolution and tableau methods are also discussed, and a tableau
procedure for checking satisfiability of formulae of type t1 < t2 is ob-
tained by using a hyperresolution calculus.

1 Introduction

In description logics, numerical information is often associated to concepts. This
is achieved, for instance, by using so-called “bridging functions” (terminology
introduced in [OhIOI] in the context of set-description languages). An example
of a bridging function on a lattice (L,U,N,{, L) of sets, where L C P(X), is
maxcost : L — [0, n] defined, for every A € L, by maxcost(A) = max{cost(a) |
a € A}, where cost : X — [0,n] is a given map. Then, maxcost(#) = 0 and,
for all A, B € L maxcost(A U B) = max(maxcost(A), maxcost(B)), i.e. maxcost
preserves all finite joins (i.e. it is a join hemimorphism). Note that maxcost does
not preserve all meets: in general maxcost(ANB) # min(maxcost(A), maxcost(B).

Bridging functions such as maxcost are special instances of the more general
concept of many sorted join hemimorphisms, which can be analyzed in a general
algebraic framework. This kind of operators encompass very general types of
bridging functions, not necessarily with numerical values.

The main contributions of this paper are the following:

— We formally define a class of many sorted bridging functions between
bounded distributive lattices, which we call many sorted join hemimor-
phisms.

— We show that the Priestley representation theorem can be extended in a
natural way to encompass such operators.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 235-250, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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— We show that the results in [SSO1] can be adapted also to this more general
type of operators:
e we define a structure-preserving translation to clause form for uniform
word problems for such classes of lattices with operators, and
e obtain resolution-based decision procedures for several classes of algebras
of this type.
— We also analyze refinements of resolution such as hyperresolution and its
relationship with the definition of tableau calculi (cf. also [HSO00]).

In what follows we briefly explain the links between the results presented
here and previous work. In [SS99] we gave a method for automated theorem
proving in the universal theory of varieties of distributive lattices with operators
that were either hemimorphisms or antimorphisms in every argument (hence,
generalizations of the modal operators ¢ and O). In [SSO1], the arguments were
extended to operators that are hemimorphisms in some arguments and antimor-
phisms in other arguments. This allowed us to deal in a simple and uniform way
with various classes of operators, including both generalizations of modal opera-
tors O and ¢, but also those obtained by considering e.g. weakened implications,
which satisfy identities such as:

0—=2=1(zVy —z=(x—=2)Ay— 2), (1)
r—=1=1,z=@WAz)=(x =y Az —2). (2)

This allowed us to obtain resolution-based decision procedures for classes of dis-

tributive lattices with operators that satisfy generalized residuation conditions.
The main idea was to think of an operator that is a hemimorphism in some
arguments and antimorphism in other arguments as a map of type €1 ..., — ¢,
where €1,...,6n,6 € {—1,+1}, such that f : L1 x --- x L*» — L° is a join
hemimorphism, where L' = L and L~! = L%, the order-dual of L.

In the present paper we show that the results in [SS99ISS01] can be general-
ized in a very natural way to many sorted algebras ({Ls}scs,{oL}ocx) where,
for each sort s € S Ly is a bounded distributive lattice, endowed with operators
which are many sorted join hemimorphisms f : Ly, X .-+ x Ly, — Ls. Some
“bridging functions” ([Ohl01]), such as maxcost : L — [0,n], are many sorted
join hemimorphisms; others, such as e.g. mincost are join hemimorphisms from
L into the order-dual, [0,n]¢, of [0, n].

1.1 Idea

We illustrate the idea of the algorithm we propose on a simple example. Consider
the formula ¢ below:

(Va, b : lat)(Ve, d : num) (maxcost(a) = ¢ A maxcost(b) = d — maxcost(a A b) < ¢ A d)

where the variables a and b are of sort lat (range over elements in lattices), the
variables ¢ and d are of sort num (range over elements in a numeric domain),
and maxcost is a unary function symbol of type lat — num.
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Let Dp10™, where n is an arbitrary but fixed natural number, be the class
of all algebras with two sorts S = {lat, num}, of the form (L, C,,, maxcost), with
the property that L = (L,A,V,0,1) is a bounded distributive lattice, C,, is
the n-element chain with elements {1,...,n}, and maxcost : L — C, is a join
hemimorphism.

One possibility for proving that ¢ holds in Dy 0™ is to show that ¢ is a
consequence of the bounded distributive lattice axioms to which a description
of the lattice {1,...,n} is added. Hovever, complications may already arise for
one-sorted formulae: as shown in [SS99ISS0T], there exist formulae for which
even powerful theorem provers such as SPASS or WALDMEISTER could not find
reasonably short proofs by using equational resoning in distributive lattices.

Instead, we use the fact that every bounded distributive lattice L is isomor-
phic to a sublattice of the lattice of all upwards-closed subsets of a preordered
set X, (suprema are unions and infima intersections). In particular, the linearly
ordered finite lattice {0,...,n} is isomorphic to the lattice of all order-filters of
D(n) = ({1 |1 < i < n},C), where ti={j | i < j < n}.

As a consequence, Dyp;0" = ¢ iff for every preordered set (X, <), ¢ holds
for every assignment that replaces its variables of sort lat with upwards-closed
subsets of (X, <) and those of sort num with upwards-closed subsets of (D(n), C),
if V is interpreted as union and A as intersection, and an increasing relation
Rmaxcost € X X D(n) is associated with the map maxcost. We will show that ¢ is
true in all algebras in Dy; O™ if and only if the following family of set constraints
is unsatisfiable:

(Doms) (X, <) preordered set
(D(n), <) is a preordered set with n elements, tn < --- <11
(V : lat)(Vai, z; - num) (2 < 25 A Rmaxcost (T, Ti) — Rmaxcost (T, ;)

(Hers)  z1€le,xz1 <zo—axz2€l for all e € ST(¢)
of sort lat or num
(Rens) (A) Ions = Ia N 1y Iena =1.N 14
(M) maxcost(e) = {17 | 21 € e : Rmaxcost(Z1, 1)} for e € {a,b,a A b}

(PS) Imaxcost(a) =1
Imaxcost(b) =1q
(NS) [maxcost(a/\b) Z Iend

where ST(¢) is the set of all subterms occurring in ¢. We encode every set I,
e € ST(¢), by a unary predicate P,. We obtain again a many-sorted structure
with sorts lat and num, where for every e € ST(¢), the predicate P. accepts
arguments of the same sort as the expression e.

With this encoding we can reduce the problem of testing the satisfiability of
the family of set constraints above to the problem of testing the satisfiability of
the following conjunction in first-order logic:
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(Dom)
Vz:s r<uw s € {lat,num}
Vr,y,z:s r<yy<z—ozxr<z

m< <l
YV :num, Vo, z; :num 2 < 25, Rmaxcost (%, i) — Rmaxcost (T, ;)

(Her)

Va,y:s z <y, Pe(z) = Pe(y) e € ST(¢) of sort s
(Ren)
(ANVz:s Peines () <> Py (z) A Pey(xz) €1 Aea € ST(¢) of sort s
(V)Vz :s Peives(x) <3 Pey () V Pey(x) €1V ez € ST(¢) of sort s
(m)Vz; : num Praxcost(e) (i) < (Fz + lat) (Pe(x) A Rmaxcost (¥, 7))
maxcost(e) € ST ()
(P)
Y : num Pmaxcost(a)(x) AN PC(“T)
( \;.T num Pmaxcost(b) (1’) s Pd(llf)
N
Hy :num Pmaxcost(a/\b) (y) A~ CAd(y)'

We obtain a structure-preserving translation to first-order logic, and, ultimately,
to clause form. The satisfiability of the set of clauses obtained this way can be
checked for instance by ordered resolution with selection.

In this paper we show that similar ideas can be used for many classes of many
sorted bounded distributive lattices with so-called bridging functions. Moreover,
we show that refinements of resolution can successfully be used to obtain decision
procedures for the universal Horn theories of many such classes, and show how
hyperresolution can be used to define a set of sound and complete tableau rules
for deciding validity of problems of the type s < ¢.

2 Representation of Distributive Lattices with Operators

This section discusses an extension of representation theorems for distributive
lattices with bridging operators.

2.1 Distributive Lattices with Bridging Operators

A structure (L, V, A), consisting of a non-empty set L together with two binary
operations V (join) and A (meet) on L, is called lattice if V and A are associative,
commutative and idempotent and satisfy the absorption laws. A distributive
lattice is a lattice that satisfies either of the distributive laws (Dx) or (Dy),
which are equivalent in a lattice.

(DA) zA(yVz)=(xzAy)V(zAz) (Dv) zV(yAz)=(xzVy A(zVz).

A lattice (L,V,A) has a first element if there is an element 0 € L such that
0Ax =0 for every x € L; it has a last element if there is an element 1 € L such
that 1 Az = x for every x € L. A lattice having both a first and a last element
is called bounded. If L = (L,V,A,0,1) is a bounded lattice we denote by L
the order-dual of L, i.e. the lattice (L, Vv, A% 0% 1%), where for every =,y € L,
eViy=xAy, s Ay =2Vy; 0?=1;and 1¢ = 0. A filter in a lattice (L, V, A)
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is a non-empty order-filter closed under meets. A filter F is said to be prime if
F # L and for every z,y € L, if t Vy € F then x € F or y € F. In what follows
the set of prime filters will be denoted by F,(L).

Definition 1. Let {Ls}ses be a family of bounded lattices Ly = (Lg, V, A,0,1)
and let s1,...,5,,5 € S. A join hemimorphism of type s1 ...s, — S is a function
f:Ls x---xLs — Lg such that for every i,1 <i <mn,

(1) f(al,. . ,ai_l,(),aiH,. . ,an) = 0,
(2) f(ah. .. ,ai,l,bl V bz,ai+1, e 7an) =
= f(al,... ,ai,l,bl,ai+1,...,an) V (ah...,ai,l,bg,ai+1,...,an).

Ezxample 1.

1. The modal operator ¢ on a Boolean algebra B is a join hemimorphism. The
modal operator O on B is a meet hemimorphism, i.e. a join hemimorphism
on the dual B? of B. If we consider 2-sorted algebras (B,B¢) with sorts
S = {bool,booly}, ¢ is a join hemimorphism of type bool — bool and O is of
type booly — booly.

2. Let L be a lattice, and (L, L?) the 2-sorted algebra with sorts S = {lat, latg}.
The operation — satisfying the conditions (1) and (@) on page 236lis a join
hemimorphism of type lat, laty — latq.

3. Let (L, C,,41) be the 2-sorted algebra with sorts S = {lat, num}, where L is
a bounded lattice, and Cp,41 = ({0,1,...,n},V,A,0,n) is the n + 1-element
chain. A function f : L — C, 41 that associates with every element of L an
element of {0,1,...,n} such that f(z Vy) = f(z)V f(y) and f(0) =0is a
join hemimorphism of type lat — num.

2.2 Representation Theorems

We now present a simplified version of Priestley’s representation theorem stating
that every bounded distributive lattice is isomorphic to a lattice of sets.

Theorem 1 ([Pri70]). Let L be a distributive lattice, let D(L) = (F,(L), Q)
be the partially-ordered set having as points the prime filters of L, ordered by
inclusion, and let H(D(L)) be the lattice of all upwards-closed subsets of D(L).
Then the map nr, : L — H(D(L)), defined for every x € L by np(z) = {F €
Fp(L) | z € F} is an injective lattice homomorphism.

In what follows we will refer to the space D(L) as the dual of L.

It was shown that operators on a bounded distributive lattice induce in a
canonical way maps resp. relations on D(L) [JT52lGol89SS00/SS01]. We now
show that these canonical definitions can be formulated in a very general way,
which enables us to extend them to many sorted join hemimorphisms. If f :
Ls, x---x L, — L, is a join hemimorphism, then a relation Ry C D(Lg,) x

-x D(Lg, ) x D(Lg) can be defined by:

n

Ry(Fy,...,Fy, F)iff f(Fy,...,F,) CF.
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Proposition 1. Let {Lg}scs be a family of bounded distributive lattices. Let
f i Ls, x---xLs — Lg be a join hemimorphism of type s1...s, — s. Then
Ry is an increasing Telatiorﬂ.

Proposition [1] justifies the definition of S-sorted RT X -relational structures.

Definition 2. An  S-sorted =~ RT  X-relational  structure  ({(X;, <
V}ses, {Rx}rex) is an S-sorted family of sets, each endowed with a re-
flezive and transitive relation < and with additional maps and relations indexed
by X, where, if R € X is of type s1...5, = s, Rx C X5, x -+ x X, X Xg 18
INCreasing.

For every S-sorted RT Y-relational structure X = ({(Xs, <) }ses, {Rx }rex), we
denote by H(X) the many sorted algebra ({(H(X5),U,N, 0, X;)}ses, {fr}rex),
where, for every s € S, (H(X,),U,N, 0, X;) is the bounded distributive lattice
of all hereditary (i.e. upwards-closed with respect to <) subsets of X, and the
operators {fr}rex are defined as follows.

If RC X, x---x X, x X, is an increasing relation then fr : H(Xs, ) X -+ X
H(X,,) — H(X,) is defined, for every (Uy,...U,) € H(Xs,) X -+ x H(Xs,) by

fr(UL,...,U,) = R7Y (U, ...,Uy,),

where R-Y(Uy,...,U,) = {z | Jz1...20(x1 € Up,...,2 € Uy, R(z1,...,
Tn, 7))}

Proposition 2. Let X be an S-sorted RT X-relational structure. If R € X is
of type s1...5, — s then fr: [[im, H(Xs,) = H(X,) is a join hemimorphism.

We will denote the class of all S-sorted distributive lattices with operators in X
by DLO%. The class of S-sorted RT XY-relational structures will be denoted by
RTg . In the one-sorted case the index S will usually be omitted. The following
result extends the representation theorems in [GolRISSONISSO?] to the more
general classes of operators we consider here.

Theorem 2. For every A = ({Ls}ses, {fa}ses) € DLOS., D(A) € RTE, and
na: A — H(D(A)) defined for every s € S and every x € Ly by n5(z) = {F €
Fy(Ly) | x € F} is an injective homomorphism between algebras in DLOY..

Proof: Similar to the proof of Theorem 14 in [SS07]. |

3 The Universal Theory of DLO; and Subclasses Thereof

In this section we show that the representation theorems discussed before allow,
under certain conditions, to avoid the explicit use of the full algebraic structure
of distributive lattices with S-sorted bridging operators and use, instead, lattices
of sets over structures in RTg. This justifies a structure-preserving translation to
clause form. The proofs, which we do not provide here, are easy generalizations
of those in [SS01ISS02].

LA relation RC X1 X -+ X X, x X is increasing if for every T € X3 X --- X X,,, and
every v,y € X (if R(Z,y) and y <y’ then R(Z,y’)).
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3.1 Generalities

Let V be a class of (many sorted) algebras. The universal theory of V is the
collection of those closed formulae valid in V which are of the form

Vzi...Vrr (/\ ((_‘)til =81 V-V (—‘)tmi = Sini)) . (3)

Since a conjunction is valid iff all its conjuncts are valid, we can restrict, without
loss of generality, to formulae of the type (A;_; sit = si2 = VL tj1 = tj2).
The universal Horn theory of V is the collection of those closed formulae valid
in ¥V which are of the form Vz; .. .V:cn(/\?:1 Si1 = Si2 = tj1 = tj2).
If V is a class of algebras which is closed under direct products then, by a
result of McKinsey, the decidability of the universal Horn theory of V implies
the decidability of the universal theory of V.

3.2 A Link between Algebraic and Relational Models

We establish a link between truth of universal sentences in classes of distributive
lattices with operators and truth in classes of S-sorted RT X'-relational struc-
tures. We consider subclasses V of DLO‘; that satisfy the following condition:

(K)  There exists a KL C RT%s such that (i) for every A € V, D(A) € K;
(ii) for every X € K, H(X) € V.

Proposition 3 ([SS01]). Assume thatV satisfies condition (K). Then for every
gf) = \V/Ilfl, Ce axk(/\?:1 Si1 = Si2 — \/;nzl tjl = tjg),

V = ¢ if and only if for every X € K, H(X) [ ¢.

For automated theorem proving it is important to find subclasses of RTgg with
good theoretical and logic properties, for instance subclasses which are first-
order definable. Although this is not always possible, such classes can often be
obtained by abstracting properties of the Priestley duals of algebras in V.

Lemma 1. Condition (K) holds in the following cases:

1.V =DLOS. = {({Ls}ses, {f}ex) | Ls € Doy for all s € S; f : [[I-, Ls, —
L, join hemimorphism, for every f € X, s st and K = RTg.
2.V = BAOY = {({Bs}ses,{f}fex) | Bs € Bool foralls € S;f
[T, Bs, — By join hemimorphism, for every f € X, s s} and
K = RS the subclass of RTS consisting only of those S-sorted spaces in
which all supports are discretely ordered.
3. If A € Doy is an arbitrary but fized finite lattice and S = {lat,num}:
V = DLO%: = {(L, A {fi}sesy {fo}ren,) | L € Doi; fr + LF —
L join hemimorphism, for every f € X, of type lath — lat; fp : L™ —
A join hemimorphism for every f € Xy, of type lat™ — num}, and
K ={(X,D(A){Rs} ez, {Rg}gexb) | (X, {Ry}fex,) € RTy, and Ry C
X™ x D(A) increasing for all g € Xy of type lat™ — num}.
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3.3 Structure-Preserving Translation to Clause Form

We show that, if a subclass V of DLOS, satisfies condition (K) for some first-order
definable subclass K of RTS, then the problem of checking whether a formula
¢ =Va1,..., 2 (N si1 = si2 — \/;n:1 tj1 = t;2) holds in V can be reduced to
the problem of checking the satisfiability of a set of clauses.

Let ST(¢) be the set of all subterms of s; and ¢;,, 1 < i < n,1 < j <
m,l,p € {1,2} (including the variables and s, t;, themselves).

Proposition 4. Let K C RTS. The following are equivalent:

(1) For every X € K, H(X) [= ¢.
(2) For every X = ({(Xs, <)}ses, {R}rex) € RTS and every family of subsets
of X indexed by all subterms of ¢, {I. C X, | e € ST(¢) of sort s € S}, if:

(Dom,) X € K,
(Hers) I € H(X) Ve € ST () of sort s,
(Ren;) (1,0) L, =X, Io, =0,
(/\) ]el/\eg - [el n 1627
(\/) 161Ve2 = Iel @] Iez,
(231...37,,—)5) If(el 77777 en) = R;l (1517"'7167;)7
(Ps) Is,, =1Is,, foralli=1,...,n,
then

(Cs) for some j € {1,...,m} Iy, =1

i27

where the rules in (X) range over all terms in ST(¢p) starting with an opera-
tor in Xs, s, s. (We used the abbreviation R=Y(Uy,...,U,) = {z | J2; €
Uy...32, €Uy : R(z1,. .., &0, 2)}.)

If the class K is first-order definable, Proposition H] justifies a structure-
preserving translation of universal formulae to sets of clauses.

Proposition 5. Let K be a subclass of RTs. which is definable by a finite set C
of first-order sentences. Then the following are equivalent:

(1) For every X € K, H(X) [= ¢.
(2) The conjunction of (Dom) U (Her) U (Ren) U (P)U (Ny)U---U (Np)
is unsatisfiable, where:

(Dom) C,
<C X x X5 is reflerive and transitive for every sort s € S,
Ry C H"+1 is  increasing for every f € Xs, . s, —sni1>
(Her) Vz,y (z<yAP. (x) — Pe(y))
(Ren)
(1) Vz Pls (x) for every sort s € S,
(0) Vz Py, (x) for every sort s € S,
(A) Yz (Peynes () 3 Pey(x) A Pey(2))
( ) Va ( e1Vez (l’) s Pﬁl (l‘) N PEz (l’))
(X) Vz (Pf(51 ,,,,, eny (@) & Fzr . xn (N Pe(x) A Rp(x1,..., 20, 2)))
(P) vz (Nizy Psjy () 4 Psiz(x))
(Nl) dzy (Ptn (Il) %) Ptlz (Il))

(Nw) Fzm (Pos(@m) # Poa(@m))
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where the unary predicates P, are indexed by elements in ST(¢p), and the for-
mulae in X range over all operators f € Xg, 5. 5.

In addition, polarity of subformulae can be used for using only one direction of
the implications in (Ren). Similar ideas can be used for obtaining translations
to clause form for formulae of the form /\;L:1 si1 < 82 — /\;n:1 tj1 < tjo. Then
only the direct implications are necessary in (P) and (N).

Theorem 3. Assume that V and K satisfy condition (K), where K is a class of

RT X -structures definable by a finite set C' of first-order sentences. The following

are equivalent:

(1) Vo

(2) The congunction of (Dom)U (Her)U(Ren)U(P)U(N1)U---U(Np) (as defined
above) is unsatisfiable.

Proof: Direct consequence of Propositions B] B and [El O

4 Some Decidability Results

In the following sections we present some examples in which decidability results
can be obtained easily. We show that
— orderer resolution with selection decides in exponential time the universal
Horn theory of DLO; and of DLO‘g7 where A € Dy, is finite;
— hyperresolution is a decision procedure for deciding whether ¢; < ¢5 holds in
the class DLO; and in the class DLO‘;7 where A € Dg; is finite;
— hyperresolution can be used to synthesize tableau calculi.

4.1 Ordered Resolution with Selection

Let > be a total well-founded ordering on ground atoms, and let S be an arbitrary
selection function that assigns with every clause a multiset of negative selected
literals. Let RS be the following inference system for ground clauses, consisting
of ordered resolution with selection S and ordered factoring:

Ordered resolution:
CVA Dv-A

CcvD

where (i) A is strictly maximaldin C v A, and C contains no selected atoms; (ii)
—A is either selected by S in DV —A or else D V - A contains no selected literals
and —A is maximal in DV —A.

Ordered (positive) factoring:
CVAVA
CVvA
where A is a positive atom which is maximal in C, and no atom in C is selected.

2 We say that a literal L is maximal in a clause C' if L' > L for no literal L’ in C; and
that L is strictly maximal in C' if L' = L for no L' # L in C.
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Ordered resolution with selection can be lifted to non-ground clauses by viewing
non-ground expressions to represent the set of their ground instances and by
employing unification to avoid the explicit enumeration of ground instances (for
details cf. e.g. [BGO1]).

The results of [SS01] can be easily adapted to prove the following theorem.

Theorem 4. Ordered resolution with selection decides in time exponential in
the size of the input if the arity of operators in X has an upper bound, and
exponential in the square of the size of the input in general the universal Horn
theory of (1) DLOY:, and (2) DLO%, where A is a finite distributive lattice.

Idea of the Proof: (1) The results of [SS01], Section 5.1 can be easily adapted
to prove (1). As pointed out in [SSO1], the selection strategy we adopt for this
purpose shows, as a by-product, that in this case inferences with the clauses
containing the < symbol are not needed for refutational completeness.

(2) In a similar way we can show that inferences with the clauses containing
the < symbol applied to arguments of sort lat are not needed in the case of
DLO’;. Since D(A) is finite, the monotonicity and heredity rules for sort num,
can be replaced with their instances with elements in D(A). For instance the
monotonicity and heredity rule can alternatively be expressed by:

R¢(z1,...,xn,a) = R¢(x1,...,2Tn,b) for all a,b € D(A),a
P.(a) — P.(b) for all a,b € D(A),a

We can now introduce D(A) copies for every predicate symbol with last argu-
ment of sort num, e.g. by replacing, for every a € D(A), R¢(z1,...,2n,a) with
R$(x1,...,2z,) and Pe(a) with P?. Arguments in [SSOI], Section 5.2 can now be
applied and also in this case yield the desired complexity results. a

Similar arguments can be also used for (many sorted) Boolean algebras with
operators, by considering, in addition, the renaming rules for Boolean negation.

4.2 Hyperresolution

Hyperresolution can be simulated by resolution with maximal selection. This
means that the selection function selects all the negative literals in any non-
positive clause. Let H be the calculus consisting of negative hyperresolution,
(positive) factoring, splitting and tautology deletion.

Negative hyperresolution:

CivA ... CpVA, -AyvV---v-oA, VD
Civ---vC,VvVD

where D and C; V A;, 1 < i < n are positive clauses; and no A; occurs in C;.

Hyperresolution can be combined with ordering restrictions, and can be lifted
to non-ground clauses by viewing non-ground expressions to represent the set
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of their ground instances and by employing unification to avoid the explicit
enumeration of ground instances (cf. e.g. [BGO1]). Ordered resolution and hy-
perresolution can be combined with splitting: Suppose that a set N of clauses
contains a clause C = C7 V Cs, where C; and Cs are non-trivial and have no
variables in common. In order to show that NV is unsatisfiable, one proves that
(N\{C})U{C;}, i = 1,2 are both unsatisfiable. The components in the variable
partition of a clause are called split components. Two split components do not
share variables. A clause that cannot be split is called a maximally split clause.

We now show that hyperresolution with splitting can be used for the simpler
problem of checking whether DLOS, = ¢; < ty or DLO%: = t; < t5. Though
much more special than uniform word problems, problems of this type often
occur in non-classical logics. For instance, in some relevant logics [AB75] or in
variants of the (full) Lambek calculus [Ono93|, it can be proved that a formula
¢ is a theorem iff V |= ¢ > e, where V is the class of all algebraic models of the
respective logic and e is a special constant.

Theorem 5. For all terms ty,t2, H decides whether DLO‘; Et <ts.

Proof: By Theorem Bl and Lemma [l as well as the fact that, by the proof of
Theorem [ in this case all clauses containing the symbol < can be ignored,
DLOS. = t; < to iff the clause form of (Ren) U (N) is unsatisfiable. Since the
premise of the formula ¢ is empty, there are no clauses in (P). (N) consists of
the unit clauses P, (¢) and =P, (c) for some constant c.

We show that any H-derivation terminates on the set of clauses (Ren) U (N)
associated with ¢ = (¢1 < t2), in which all predicates P, are fully labeled, in the
sense that for every non-variable subterm e € ST(¢), the precise occurrence 7
of e in ¢1 or t9 is indicated (e.g. in the form P;f).

All non-unit clauses of (Ren) contain a negative (hence selected) literal.
Therefore they can only be used as negative premises of resolution steps. (Ren)(1)
can only be used in inferences with the clause =Py, (¢) if t2 = 1, and (Ren)(0) only
in inferences with P, (c), if t; = 0; in both cases the empty clause is obtained.

Except for (Ren)(1), at the beginning there is only one candidate for a positive
premise, namely the positive (ground) conjunct of (N), P, (¢). It can be checked
that hyperresolution inferences with such unit ground clauses will, in a first step,
generate maximally split clauses of the form P.(s) or Ry(c1(s),...,cn(s),s) for
some term s which contains only the constant ¢, and such that (i) the terms e
are subterms of ¢, (ii) the Skolem functions introduced by (Ren)(X) that occur
in s are all labeled with subterms of ¢, (iii) for every literal P.(s) obtained this
way, the sum between the height of e and the height of s does not exceed the
height h(t1) of t1, and (iv) for every literal Rf(c{(el’me”)(s)7 . ,cfl(el"”e”)(s)7 s)

obtained this way, such that c{(el’me"), A ¢f(€17en) are Skolem functions intro-

duced by (Ren)(X), the sum between the height of e and the height of s is does
not exceed h(t;)— 1. Since the depth of the arguments can be bounded, this part
of the procedure obviously terminates. Moreover, it can be seen that for each
argument s generated this way, all labels of the Skolem functions occurring in
s correspond to subterms occurring along one branch in the tree representation
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of the term ¢;. This shows that the number of arguments of literals generated
this way is bounded by the number of subterms of ¢;. Hence, the number of
positive ground atoms generated in this part of the procedure is polynomial in
the size of 1. Note that in this phase only inferences with clause forms of direct
implications in Ren are possible.

After generating all unit clauses of the form P,(s), where p is a propositional
variable (by the remarks above, in all such cases the height of s does not exceed
h(t1)), inferences with rules in (Ren) involving subformulae of ¢2 are possible.
Only inferences with clause forms of inverse implications in Ren lead to non-
redundant clauses. A similar argument as before shows that also in this case
the depth of the arguments can grow with at most h(t2). This shows that H
terminates on the set of clauses associated with ¢ = t; < to. O

The termination proof above shows that the number of different literals in any
derivation tree is polynomial in the size of the input. The arguments in Theo-
rem [B] can be also adapted to many sorted Boolean algebras with operators for
which every term has a negation normal form (in particular, for modal algebras).

Theorem 6. Let A be an arbitrary, but fized, finite bounded distributive lattice.
Then for all terms t1,ta, H decides whether DLOg Et <ts.

Idea of the proof: Without loss of generality we assume that ¢; and ¢5 are formulae
of sort A (otherwise, as all bridging functions are of type lat...lat — num no
subterms of sort num occur in ST(t; < t2), and so Theorem Bl can be applied.).
The proof proceeds along the same lines as that of Theorem Bl with the following
differences. Instead of using a Skolem constant c¢ for the negation of the premise,
we test unsatisfiability of (Dom) U (Her) U (Ren) U (N,) for all variants of (N),
(Na) : Py, (a) A= Py, (a), where a € D(A). Heredity clauses for A and monotonicity
conditions of the form (Bl resp. () for bridging functions and predicates of sort
num have to be also taken into account. The inferences of P, (a) with the heredity
clauses for Py, yield all unit ground literals of the form Py, (b), a < b € D(A).
The proof continues along the same lines as that of Theorem Bl O

4.3 Tableau Calculi

Selection refinements of resolution, and in particular hyperresolution, are closely
related to standard (modal) tableau calculi [HS99HSO0].

A tableau is a finitely branching tree whose nodes are sets of labeled formulae.
Tableaux are used for testing satisfiability of formulae. If ¢ is a formula to be
tested for satisfiability, the root node is the set {a : ¢}. Successor nodes are
constructed according to a set (Exp) of expansion rules of the form

I S

The expansion rule above can be applied for a formula F' if F is an instance of
X. n successor nodes are created which contain the formulae of the current node
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and the appropriate instances of X;. A branch in a semantic tableau is closed
if it contains L or labeled formulae of the form a : F' and a : —F. Otherwise
the branch is called open. A tableau is closed if each of its branches is closed. A
formula ¢ is satisfiable (w.r.t. (Exp)) if a tableau can be constructed (with the
set (Exp) of expansion rules) which contains an open maximal branch.

In many papers in which tableau methods are given for modal or description
logics, the formula ¢ whose satisfiability is tested is supposed to be in negation
normal form. This ensures that all subformulae of ¢ that are not propositional
variables have positive polarity, hence only the direct implications of the renam-
ing rules need to be used in a hyperresolution procedure.

When checking satisfiability of formulae of type t1 £ t2, t1 (or, in clause form,
P;,) has positive polarity and ¢2 (in clause form, P.,) has negative polarity. In
what follows we show that tableau rules as used in modal and description logics
can be formulated when t5 is a constant k. In this case, the root node is the
set {a : t1,a : =k}. Successor nodes are constructed according to the set T3
of expansion rules below. We will also indicate how a (non-standard) variant
of tableaux with polarities can be used for checking satisfiability of formulae of
type t1 £ to. In that case the root node is the set {a : t],a : =t5}, and successor
nodes are constructed according to a set T (ext) of rules.

Let T be the following set of tableau rules:

s:0 sl s:es:e ( s:e1 Neg (\/) s:e1 Ve
1 € 1 s:ie1,8: e s:e1]s:es
s:flery...,en)

Sly--vy8n,8): Rp,81:€1,...,80 : €n

with s1,---s, new to the branch.

() 1

Theorem 7. The formula t, £ k, where k is a constant, is unsatisfiable in
DLO; iff a tableau in which every branch is closed can be constructed from

{eit1, e:mk} using the set Ts of tableau rules (and, in addition, Sf:}é“k or S;i’f .

Proof: The proof uses ideas on the link between resolution and tableaux in [HS99]
HS00]. By the soundness, completeness and termination of the hyperresolution
calculus H, t; £ k is unsatisfiable in DLO% iff on all split branches the empty
clause is derived from (Ren) and (N) in H.

Assume that t; £ k is unsatisfiable in DLO%. Then the empty clause is
derived from (Ren) and (N) in H on all branches caused by splitting. By polarity
considerations, only the direct implications of the definitions of subterms of t;
in (Ren) are used. If & = 1, =Pk (c) produces the empty clause with P (z). If
k =0, =Py(c) is subsumed by Ren(0). If & ¢ {0,1} the inference of =P (c) with
(Ren)(k) produces —Ry(c). Since tableau rules are macro-inference steps of H
on the clause form of the direct implications of the definitions in (Ren), based
on the hyperresolution proof of the empty clause, a tableau can be constructed
from {c: t1,c: =k} in which every branch is closed.

Conversely, assume that a tableau can be constructed from {c : t1,c : =k}
in which every branch is closed. Let h be the map that associates literals to
labeled formulae defined by h(s : e) = hy(e)(ha(s)), where hi(e) = P, for
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every subformula e of t1 < to, hi(Ry) = Ry; ho(s;) = c{(el"”’e"‘)(h(s)) if
s; was introduced by (f), where c{(el’”'"e’"’) is the Skolem function associated
with e; and f(e1,---e,); and ha(s) = s otherwise. Then derivations in H cor-
respond to the tableau rules above. For instance, the following derivation cor-
responds to rule (f). From P, . ..y(s) derive Pei(c{(el"”’e”))(s), i1=1,...,n

and Rf(c{(el"“’e")(s), cee cfl(el’“"e")(s), s) using (Ren)(X) in n + 1 steps. O

A set of tableau rules for checking satisfiability in DLO%: of formulae of the
form ¢; < k can be obtained from Tg by adding the rules:

a:e (s1,...,8n,0) : Ry
Her Mon
(Hera) /\beD(A),bZab € ( 2 /\beD(A),bza(sla 80, 0) 1 Ry
for all elements a € D(A), where the labels s1, ... s, are of type lat, e is a formula

of type A and g a bridging function with values of type A.

Validity of formulae of the form t; < to, where t5 is a term can be tested by
using a fairly unusual extension of the notion of tableaux to what we call tableaux
with polarities, in which the direction in which a rule is applied is determined
by the polarity of the formula. Both polarities are associated with propositional
variables. Let T'3(ext) be the set of rules containing (1) and:

» s:(e1 Nea)? S5 (e1Ver)? n s:el,s:ey n s:ep
(A7) s:el,s:eb (v)sze’”s:eg (A") s:(ex Nex)” (\/)S:(El\/EQ)n
(f7) st fler,...,en)? (™) (S1y---ySn,8) : Rp,81:€F,...,8n 1 €y

(S1,..58n,8): Ry,s1:€l,... sn 18 s:fler,...,en)”

(with s1,-- - sn new to the branch)

These rules encode macro-inference steps of H with the clause form of direct
implications in (Ren) for subterms of ¢; ((AP), (VP), (f?)) resp. the inverse impli-
cations in (Ren) for subterms of t2 ((A™), (V™), (f™)). Similar arguments as those
used in Theorem [ can be used to show that the formula ¢; € to is unsatisfiable
in DLO; iff a tableau in which every branch is closed can be constructed starting
from the root {c: t},c : —t5} and using the rules in 79 (ext) , with the restriction
that (A™), (V™) and (f™) can only be applied if the result is a subexpression of
to.

5 Conclusions

We formally defined a class of many sorted bridging functions between bounded
distributive lattices, showed that the Priestley representation theorem can be ex-
tended in a natural way to encompass such operators, and then analyzed some
fragments of the universal theory of distributive lattices with many sorted bridg-
ing operators. In particular, we showed that a structure-preserving translation to
clause form for uniform word problems for such classes of lattices with operators
can be defined also in this case using the same pattern used in [SS99] for join
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hemimorphisms. Using this translation, the results in [SS99] can be extended in
a straightforward way to prove that ordered resolution with selection is a deci-
sion procedure for the universal theory of many-sorted distributive lattices with
bridging operators. We then proved that hyperresolution can be used for simpler
problems such as the problem of checking validity of formulae of type ¢; < t5 in
DLOY. and DLO#%. Based on this we sketched a way of designing tableau calculi.

Bridging functions such as “cardinality” are, in general, not join hemimor-
phisms, but satisfy the subadditivity condition f(a Vv b) > f(a)V f(b) or condi-
tional additivity axioms such asz Ay =0= f(zVy) = f(z) + f(y). We would
like to extend the results presented here to such more general operators.

Acknowledgements. I thank Harald Ganzinger for inspiring discussions, and
for bringing the results on bridging functions in [Ohl0I] to my attention, and
the referees for their helpful comments.
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Abstract. We implement Groenendijk and Stokhof’s partition seman-
tics of questions in a simple question answering algorithm. The algorithm
is sound, complete, and based on tableau theorem proving. The algo-
rithm relies on a syntactic characterization of answerhood: Any answer
to a question is equivalent to some formula built up only from instances
of the question. We prove this characterization by translating the logic
of interrogation to classical predicate logic and applying Craig’s interpo-
lation theorem.

1 The Partition Theory of Questions

An elegant account of the semantics of natural language questions from a logical
and mathematical perspective is the one provided by Groenendijk and Stokhof
[8]. According to them, a question denotes a partition of a logical space of possi-
bilities. In this section, we give a brief summary of this influential theory, using
a notation slightly different from [Groenendijk’s presentation [7].

A question is essentially a first order formula, possibly with free variables.
We will denote a question by ?¢, where ¢ is a first order formula. (We will also
denote a set of questions by 7@, where @ is a set of first order formulas.) An
answer is also a first order formula, but one that stands in a certain answerhood
relation with respect to the question, to be spelled out in Sect.Rl For example,
the statement “Everyone is going to the party” (VazPz) will turn out to be an
answer to the question “Who is going to the party?” (?Pzx).

We assume that equality is in the language, so one can ask questions such
as “Who is John?” (?z & j). We also assume that, for every function symbol—
including constants—it is indicated whether it is interpreted rigidly or not. In-
tuitively, for a function symbol to be rigid means that its denotation is known.

* We would like to thank Patrick Blackburn, Paul Dekker, Jeroen Groenendijk, Maar-
ten Marx, Stuart Shieber, and the anonymous referees for their useful comments
and discussions. The 13th European Summer School in Logic, Language and Infor-
mation, the 13th Amsterdam Colloquium, and Stanford University’s Center for the
Study of Language and Information provided stimulating environments that led to
this collaboration. The second author is supported by the United States National
Science Foundation under Grant IRI-9712068.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 251-[265] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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For example, under the notion of answerhood that we will introduce in Sect.[2]
it is only appropriate to answer “Who is going to the party?” (?Pz) with “John
is going to the party” (Pj) if it is known who “John” is—in other words, if j
is rigid. Also, for “Who is John?” (?z = j) to be a non-trivial question, “John”
must have a non-rigid interpretation.

Questions are interpreted relative to first order modal structures with con-
stant domain. That is, a model is of the form (W, D,I), where W is a set of
worlds, D is a domain of entities, and I is an interpretation function assigning
extensions to the predicates and function symbols, relative to each world. Fur-
thermore, we only consider models that give rigid function symbols the same
extension in every world. Relative to such a model M = (W, D, I), a question 7¢
expresses a partition of W, in other words an equivalence relation over W:

[?¢]M:{(w77})€w2|v9Mawag)zqs@M,U’gl:(b} . (1)

Roughly speaking, two worlds are equivalent if one cannot tell them apart by
asking the question ?¢. In general, any set of questions 7@ also expresses a par-
tition of W, namely the intersection of the partitions expressed by its elements:

[?¢]M:n¢eqs[?¢]M
={(w,v) eW? |Vp e D:Vg: Miw,gl=¢ & Muv,gl=d} .

Entailment between questions is defined as a refinement relation among parti-
tions (i.e., equivalence relations): An equivalence relation A is a subset of another
equivalence relation B if every equivalence class of A is contained in a class of B.

=y it VM [Py C [Py (3)

(2)

A more fine-grained notion of entailment is as follows [7]. Let x be a first order
formula with no free variables, and let M |= x mean that M,w = x for all w.

2y W I YM: M by = 20y C [ (4)

Pronunciation: The questions 7@ entail the question 7 in the context of x (or,
given x). The context y is intended to capture assertions in the common ground:
If it is commonly known that everyone who got invited to the party is going,
and vice versa (Vz(Ix + Px)), then the questions “Who got invited?” (?1x)
and “Who is going?” (?Pz) entail each other.

1.1 Translation to First Order Logic

Groenendijk and Stokhof [8] do not provide an inference system for the above en-
tailment relation, but we can use the following entailment-preserving translation
procedure to ordinary first order logic.

The intuition behind the translation is simple: One question entails another
iff the former distinguishes between more worlds than the latter does. In other
words, one question entails another iff every pair of worlds considered equivalent
by the first question is also considered equivalent by the second. For instance,
the question “Who is going to the party?” (?Pz) entails the question “Is John
going to the party?” (?Pj). After all, if exactly the same people are going to
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two parties (Vz(Pz <+ P’z)), then either John is going to both parties, or he is
going to neither of them (Pj <> P'j).

For any first order formula ¢, let ¢* be the result of priming all occurrences
of non-rigid non-logical symbols. Formally, define

(Pty...t,)* = P't5. ..t i t)*:{f(*{,...,t;;) if f is rigid

(s~t)" =(s"=1t") fl(ty, ... t5)  otherwise
(@AY)" =" A" = ()
(=¢)" = =(¢7) =T
(Fxgp)* = Jx (") 1*=1

Furthermore, for any question ?¢, let ?¢* be the first order formula V(¢ <+ ¢*),
where Z are the free variables of ¢. For any set of questions ?®, let 7&# be the set
of first order formulas { 7¢* | ¢ € ® }. Now, we can reduce entailment between
questions to ordinary first order entailment, as follows.
Theorem 1. The following entailments are equivalent.

1.7 =,

2. 707 x,x* |E M

Proof. [=] By contraposition. Suppose ?®#, x, x* £ ?¢#. Then there is a first
order model M = (D, I) that verifies the formulas ?®#, x, x* but not 7¢#.

Now consider the first order modal structure N = ({w, v}, D, I’), where for all
non-logical symbols a, we let I/ (o)) = I(«) and I/ («) = I(&/). By construction,
(w,v) € [?@]n and (w,v) & [?9]n. Furthermore, N = x. Therefore, 7® =, 7.

[«<] Again by contraposition. Suppose ?® =, 71). Then there is a first order
modal structure M = (W, D,I) with w,v € W such that (w,v) € [?®@]p yet
(w,v) & [?]pr. Furthermore, M, w = x and M, v | x.

Now consider the first order model N = (D, I’), where for all non-logical
symbols «, we let I'(a) = I,(a) and I'(«’) = I,(«). By construction, N verifies
the formulas ?@#, x, x* but not ?¢#. Therefore, 707, x, x* & 77, a

By this theorem, we can determine whether an entailment between questions
holds, by translating the formulas involved to ordinary predicate logic. For ex-
ample, suppose that a is a rigid constant, and consider the supposed entailment

?Px = "7Pa . (6)

In order to determine whether the entailment is valid, we need only translate
the two formulas to ordinary first order logic, giving

Vz(Pz +» P'z) = Pa+ Pla . (7)

As can be easily seen, this is indeed valid. On the other hand, if a were non-rigid
then the entailment would not be valid. As a second example, consider

Given that a is rigid, this is again valid, as we can see from the translation

Vz(Px <+ P'z),Vz(Pz < Qx),Yo(P'z < Q'z) E Qa <> Q'a . (9)
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1.2 Varying Domains

The partition theory as formulated in the previous section makes some natural
predictions regarding question entailment. For example, the question “Who is
going to the party?” (?Pzx) entails the question “Is everyone going to the party?”
(?VaPz). Intuitively, whenever one knows (completely) who is going to the party,
one also knows whether everyone is going to the party. As a matter of fact, much
of the motivation for the partition theory of questions comes from its natural
account of entailment relations between sentences embedding such questionsE

Unfortunately, the theory also makes some counterintuitive predictions. For
example, the question 7§~ b (“Is John the same person as Bill?”, where j and b
are interpreted rigidly) is entailed by every question, including the trivial ques-
tion ?T. Likewise, ?EIxEIy—'%x ~y) (“Does there exist more than one entity?”) is
entailed by every question!q For this reason, an alternative semantics has been
discussed, in which the questions are interpreted with respect to first order modal
structures with varying domains |9]. That is, each world w is associated with
its own domain of entities D,,. This semantics is more general, since it allows
more models: Every constant domain model is also a varying domain model, so
fewer entailments between questions are valid for varying domains. In particu-
lar, ?323y—(x ~ y) is no longer entailed by every question. Also, ? Pz no longer
entails 7= Pz, though the entailment ?Px, ?x ~ x = ?7-Px remains valid.

It is not entirely trivial to generalize the partition semantics of questions
to varying domains, since it is unclear in () which assignments g should be
quantified over. One generalization, which Groenendijk and Stokhof |9] seem to
suggest but do not state, is to define

[?¢)ar = { (w,v) € W? | Vg:

(e Db & Mg 6) & (geD? & Mg o)}, 0

where D? denotes the set of assignment functions that map all free variables
in ¢ to entities in D,,. Question entailment, as defined in (H]), remains the same.

Various generalizations of the partition theory to varying domains, including
that in (I0), can be straightforwardly reduced to the constant domain version by
introducing an existence predicate E. In the case of (I0), one would relativize all
quantifiers—that is, replace Jx¢ by Jz(Ex A ¢) and Vz¢ by Vo (Ex — ¢)—and
consider questions of the form ?(Fxzy A...A Ex, A @), where 1, ..., ©, are the
free variables of ¢. Theorem [[l can then be applied after the reduction.

In the rest of this paper, we will restrict ourselves to constant domain models.

2 A Syntactic Characterization of Answerhood

Groenendijk and Stokhof’s entailment relation between questions, as discussed
in the previous section, allows us to define a notion of answerhood.

! Cf. Nelken and Francez [13] for one of the few competing theories in this respect.

2 In Sect.B, we will see exactly which such counterintuitive predictions are made by
the theory. For now, the reader can use Theorem [] to check that the theory indeed
makes these predictions.
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Definition 1 (Answerhood). Let 7¢ be a question and v a first order formula
without free variables. We say that v is an answer to 7¢ if 7¢ = 7).

According to this notion (also termed licensing by Groenendijk [[7]), “Everyone is
going to the party” (VzPx) is an answer to “Who is going to the party?” (?Pzx),
because ?Pz = VaPz. (We will generalize to sets of questions in Sect.2:2)

Note that, under this definition, any contradiction or tautology counts as an
answer to any question. Groenendijk and Stokhof |7, /8] define a stricter notion of
pertinence, which excludes these two trivial cases by formalizing Grice’s Maxims
of Quality and Quantity, respectively. In this paper, however, we will stick to the
simpler criterion of answerhood as defined above, which corresponds to Grice’s
Maxim of Relation.

We now have a semantic notion of answerhood, telling us what counts as
an answer to a question. However, for practical purposes, it is useful to have
also a syntactic characterization of this notion. Can one give a simple syntactic
property that is a necessary and sufficient condition for answerhood? As we will
see in a minute, one can.

First, let us look at a partial result discussed by Groenendijk and Stokhof []]
and Kager |11]. Define rigidity of terms and formula instances as follows.

Definition 2 (Rigidity). A term is rigid if it is composed of variables and
rigid function symbols. A formula ¢ is a rigid instance of another formula v if
¢ can be obtained from i by uniformly substituting rigid terms for variables. An
identity statement s ~t is rigid if the terms s and t are rigid.

For example, if ¢ is a rigid constant and f is a rigid function symbol, then rigid
instances of Pz include Pc, Pz, Pf(c), and P f(z). The identity statement c~xx
is also rigid. Notice that rigid instances are not necessarily rigid: If ¢ is rigid,
then Red is a rigid instance of Rxd even if the constant d is not rigid.

Groenendijk and Stokhof 8] and Kager [11] observed that rigid instances of
a question constitute answers to that question. By a simple inductive argument,
one can generalize this a bit.

Definition 3 (Development). A formula 1 is a development of another for-
mula ¢ (written “¢ < 1”) if ¥ is built up from rigid instances of ¢ and rigid
identity statements using boolean connectives and quantifiers, or if 1 is T or L.

For example, if ¢ and d are rigid constants, then Pc A Pd and 3z(Px A —(x~c))
are both developments of Pz.

Theorem 2. If ¢ <1 then 7¢ = 7.
Proof. By induction on the size of ¢. O

Using the translation procedure in Sect.[Il together with Craig’s interpolation
theorem for first order logic, we can prove the converse as well.

Theorem 3. Let §f be the free variables of some formula 1. If 7¢ =, 71, then
there exists some formula 9 with no free variables beside y such that ¢ <9 and

X E V(Y < ).
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Proof. First, we will prove the special case where ¢ is an atomic formula, say Pz.
Suppose that ?PZ =, ?¢(y). Then, by Theorem [I]

VE(PI < P'Z),x, X" = VG () < (7)) - (11)

As a fact of first order logic, we can replace the universally quantified variables
in the consequent by some freshly chosen constants ¢. This results in

VE(PT < P'E),x, X" E (@) < ¢7(0) (12)

and, from this,

VE(PZ « P'Z), X", 9" (0) | x = ¥(0) . (13)

By Craig’s interpolation theorem for first order logic, we can construct an inter-
polant ¥(€) such that

Vi(PE o PLE), X0t (@) 0@ (14)

e) = x = ¥(@) (15)

and the only non-logical symbols in #(¢) are those occurring on both sides of ([I3).

From the way the translation procedure (-)* is set up, it follows that the only

non-logical symbols that x* and 1* on the one hand, and x and ¢ on the other

hand, have in common, are rigid function symbols. Thus, ¥(¢) contains no non-
logical symbols beside P, ¢, and rigid function symbols.

Removing primes uniformly from all predicate and function symbols in (I4)),

we get x E ¥(¢) — ¥(¢). From (&), we get the converse: x | ¥(¢) — ¢(&).
Together, this gives us

X E¥(6) < 9(0) . (16)

Since the constants ¢ do not occur in x, we can replace them by universally
quantified variables. This results in

X E Vi) < 9(5)) - (17)
Furthermore, ¢(%) contains no non-logical symbols beside P and rigid function
symbols. From this, it follows that 9(7) is a development of PZ.

As for the general case, suppose 7¢(Z) |=, 7. Choose a fresh predicate
symbol P with the same arity as the number of free variables of ¢. Then it
follows that ?P¥ =y avz(Pioe@) '¢. Apply the above strategy to obtain a
development ¢ of ?PZ such that x A VZ(PZ + ¢(Z)) E Vy(0 + ). Let ¢ be
the result of replacing all subformulas in ¢ of the form PZ by ¢(Z). Then ¢’ is a
development of ¢, and x = Vy(¢ < ). O
Thus, the syntactic notion of development corresponds precisely to the semantic
notion of entailment between questions.

Recall that the formula x in Theorem Blrepresents an assertion in the common
ground. If no assumptions on the common ground are made (i.e., x = T), then
Theorem Bl reduces to the following syntactic characterization of answerhood.
Corollary 1. 9 is an answer to 7¢ iff ¥ is equivalent to a development of ¢.

This syntactic characterization is useful for several purposes. First of all, it
makes possible a thorough investigation of the predictions made by Groenendijk
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and Stokhof’s theory of answerhood: It shows what their semantic theory really
amounts to, syntactically speaking.

Second, this result opens the way to practical question answering algorithms.
Now that we have a syntactic characterization of answerhood, we can address the
question answering problem purely in terms of symbolic manipulation without
having to refer to the semantics. This will be the topic of Sect.Bl

Another advantage is that it becomes possible to compare different theories of
questions and answers. For instance, while at first sight Prolog and the partition
theory of questions seem incomparable, we will see in Sect.[3.2] that they are in
fact closely related.

2.1 Languages without Equality

What if we do not have equality in the language? This is an interesting question
for at least two reasons. First, as we saw in Sect.[[.2], a number of counterintuitive
predictions of the partition semantics involve equality. For example, sentences
such as —(j & b) (“John is not Bill”, where j and b are interpreted rigidly) and
JxIy—(x=~y) (“There exist at least two entities”) are answers to every question.
Removing equality would prevent these predictions, though then answers like
“Only John is going to the party” would no longer be expressible.

The second reason why eliminating equality from the language is interesting is
more practical. In question answering algorithms, it is convenient not to have to
deal with equality, since equality reasoning is very expensive. From the theorem
proving literature, one can conclude that dealing with equality is not feasible for
many practical applications.

As it turns out, the syntactic characterization result is even simpler for first
order languages without equality. The corresponding notion of development of ¢
is simply a formula built from rigid instances of ¢ using boolean connectives and
quantifiers, or T or L. The same proof of Theorem B goes through, since Craig’s
interpolation theorem holds regardless of whether equality is present.

2.2 Multiple Questions

The notion of answerhood that we introduced earlier (Definition [[)) generalizes
trivially to multiple questions: If ¢ is a first order formula without free variables,
we say that ¢ is an answer to ?@ if ?¢ | 71. The notion of development
(Definition[3) also generalizes: A formula 1) is a development of @ if ¢ is built up
from rigid instances of elements of @ and rigid identity statements using boolean
connectives and quantifiers, or if ¥ is T or L. The proof of Theorem Bl then
generalizes directly to multiple questions, as does Corollary It 1) is an answer
to 7@ iff ¢ is equivalent to a development of @.

Multiple questions arise naturally in two settings. First, a query like “Who
got invited to the party, and who is going to the party?” corresponds to a set
of questions like ?7¢ = {?Iz,7Pxz}. According to the above generalization of
answerhood, one answer to this query is Va(Iz < Pz): “Everyone invited is
going, and vice versa.”
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Second, suppose that, as part of their common ground, the questioner and the
answerer both know the complete true answers to a certain set of questions 76.
For example, if it is commonly known who got invited, then 7@ contains 7/zx.
Extend the notion of entailment in (@) to handle questions as contexts in the
following way: If x is a first order formula with no free variables, then

20 =00 W if VM = (W, D,I): (18)
M E X, 0] = W? = [70]m C [2¥]u -

Intuitively, given the common ground 76, a formula v is an answer to a ques-
tion ?¢ just in case the entailment ?¢ =20 7t holds. Indeed, the entailment

?Px =1, WV (Ix < Px) (19)

is valid: If it is commonly known who got invited, then in response to “Who is
going to the party?” one can answer “Everyone invited is going, and vice versa.”
In fact, we have

P e M iff 70,70 k= ) (20)
In particular,

26 ke 2 I 70,20 =70 . (21)

This result means that asking a question ?7¢ under some common ground 7@ is
exactly like asking the set of questions 70 U {?¢}U under no common ground,
in terms of what counts as an answer. So multiple questions arise again [7].

We are about to present a question-answering algorithm. For simplicity, we
will assume that there is only a single question to answer, and that the context
is empty. The algorithm we will present generalizes trivially to handle multiple
questions at once, and hence to handle questions in the context [

3 Finding the Answer to a Question

The general task of question answering is the following.

Given a finite first order theory X and a question ¢, find an answer
to 7¢ that is entailed by X and that is as informative as possible.

In other words, we wish to find an informative formula %, such that X = ¢
and ?¢ = 7¢. Here the theory X' is intended to capture the answerer’s private
knowledge, and we measure how informative an answer is by its logical strength:
One answer is more informative than another if the former entails the latter. For
example, an answerer who knows that John is going to the party and that it
rains (X = {Pj, R}) might reply to “Who is going to the party?” (?7¢ = ?Pxzx)
with the statement “Someone is going to the party” (¢ = JzPx). If the constant

3 In passing, we mention that the semantics of multiple questions can be reduced to
that of single questions, provided that the domain contains at least two elements.
More specifically, any two questions 7¢1 and 7¢2 are equivalent to the single question
?((zmyAd1)V(~(z~y)Adz2)). This reduction is of practical importance to the reader
who encounters a fairy that promises to answer a single eternal burning question.
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symbol j is rigid, then the statement “John is going to the party” (Pj) would
be an answer and preferred because it is more informative.

The first question that comes to mind when considering the task of question
answering is: Is there always an optimal answer? In other words, given a finite
theory X and a question 7¢, is there always (modulo logical equivalence) a unique
most informative answer to 7¢ entailed by X7 The answer is no.

Theorem 4. There is a finite theory X and a question 7¢ such that, for every
answer to 7¢ entailed by X, there is a strictly more informative answer to 7¢
entailed by .

Proof. Let X be the theory
{Vayz(z <y Ay <z—2x<z), Veo(z < ), VeIy(z < y)} (22)

(“< is an unbounded strict order”), and v, (n € IN) be the formula

Frr 3T Ny e iy (T R T5) (23)

(“there are at least n different objects”). Every v, is entailed by . Furthermore,
every 1, is an answer to the question ?T. (This follows either via Theorem 2, or
directly from how question entailment was defined in (#).) The optimal answer
would have to entail each 1), and, furthermore, contain no non-logical symbols.
It follows from the compactness theorem that there is no such formula. O

Equality is not essential to this counterexample. Indeed, the same argument
goes through if we replace the equality sign ~ by a non-logical binary relation I,
use ?Ixy as the question, and extend the theory X' with replacement axioms [5]:

Xt =% U {Volox, Veyzu(lez Alyu Az <y — z < u),

(24)
Veyzu(Izz A Tyu A Tzy — Tzu) } .

Moreover, in the absence of equality there is a second problem, concerning un-
decidability. It is undecidable whether the given formula is the most specific
answer to a question entailed by a theory. This follows from a simple reduction
argument: Suppose we do not have equality in the language, and suppose the
theory X' does not contain any rigid function symbols. Then X' is satisfiable iff T
is the most specific answer to ?T entailed by Y. But as we all know, first order
satisfiability is undecidable.

Notwithstanding these negative results, it is possible to construct a sound
and complete question answering algorithm. The output of the algorithm is a
sequence of answers that is cofinal in the set of all answers entailed by the
theory Y. Cofinality means that, for any answer that is entailed by X, there is a
more informative answer in the sequence generated by the algorithm. Formally:

Definition 4 (Cofinality). A set of formulas @ is cofinal in another set of
formulas W if each formula in ¥ is entailed by some formula in P.

We call a question answering algorithm sound if it generates only formulas that
are answers to the question and that are entailed by the theory. We call the
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QTL‘IZEZZ}; %‘ ¢} % 1 QA Algorithm LU Sequence of answers 1, ¥g, . . .

Soundness: Vi: X E; & 1 = T
Completeness: Y : X =y &9 =MW = Ji:; =¥

Fig. 1. A question answering algorithm

algorithm complete if the sequence it generates is always cofinal in the set of all
answers to the question entailed by the theory. A question answering algorithm
with these properties is depicted in Fig.[Il

To show that there are indeed algorithms satisfying these constraints, we
will now discuss a rather trivial algorithm. Recall that, to answer a question 7¢
given a theory X, it suffices to find developments of ¢ that are entailed by X.
The search for answers can be conducted using any theorem proving technique,
including tableaux. A first stab at a question answering algorithm, then, is to
syntactically enumerate and check all potential answers .

Algorithm 1. To answer the question ?¢ given the theory X, repeat in dovetail
fashion for every development 1 of ¢:

1. Initialize a tableau with a single branch, consisting of 2" and —).
2. Keep applying tableau expansion and closure rules.
3. If the tableau becomes closed, report ¥ as an answer. a

This algorithm is sound and complete, because tableau-based first order theorem
proving is. However, it is also horribly inefficient, since it considers every devel-
opment of ¢ as a potential answer, without taking the theory X into account.

The challenge, then, is to construct an question answering algorithm that is
sound and complete (like Algorithm [I)) yet as efficient as possible. In the next
section, we will make a start by providing a more intelligent algorithm.

3.1 Tableau-Based Question Answering

We will now introduce a sound and complete question answering algorithm based
on free variable tableaux [H]. Without loss of generality, we assume that the
question ?¢ consists of a single atomic formula Pz, called the answer literal [6].
(If that is not so, simply add the formula VZ(PZ <> ¢) to the theory, where P
is a new predicate symbol and & are the free variables of ¢.) We also assume
that the theory X is Skolemized; that is, any existential quantifier in X’ has been
eliminated with the help of additional, non-rigid function symbols. Finally, we
will disregard equality for the moment, but the algorithm can be extended to
deal with equality as well (we will return to this issue at the end of this section).

Table [lsummarizes the tableau calculus for first order logic without equality
given by Fitting |5]. (We omit the existential rule since the theory is Skolemized.)
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Table 1. Tableau expansion and closure rules for theorem proving

. PNY (oA Y)

Conjunction

¢7 ¢ _‘¢ -

=3
Quantification z¢ where y is fresh

—olz/y]
Negation -9
¢

Closure A branch is closed if it contain a formula and its negation.

A tableau is closed if all its branches are closed.
A substitution o is closing if the tableau is closed after applying o.

In the algorithm that we will introduce shortly, besides the usual tableau expan-
sion rules, one other operation is allowed. At any stage of tableau construction,
one is allowed to create a copy of the question—renaming its free variables to
new variables—and either add the copy to all branches or add its negation to
all branches. We term this operation the Add Instance rule, shown in Table 2l

Table 2. The Add Instance rule for question answering

Add Instance Py - Py

where ?PZ is the question, and ¥ are fresh variables

Note that, whereas the rules in Table [l are only applied to a single branch
at a time, the Add Instance rule is always applied to the entire tableau. This
difference is not essential—completeness is not lost if we restrict the application
of the Add Instance rule to single branches—but it increases efficiency and it
renders the generated answers more concise.

Ezample 1. A partially developed tableau is given in Fig.[2l where we are given
the theory X = {(Pa A Pc) vV (PbA Pc)} and wish to answer the question ?Pz.
Note the use of the Add Instance rule, indicated by “!”. Also note that y := c is
a closing substitution: After applying it, the tableau is closed.

Every closing substitution generates an answer, in the following way. Suppose
we face a partially developed tableau T', and it can be closed by a substitution o.
Let @ be the (finite) set of all instances of the question that have been added so
far using the Add Instance rule. Then — A &7 is an appropriate answer. In fact,
we can even do a little better and give a slightly more informative answer, by
only considering those added instances that participate in closure.

Definition 5 (Closure). Let T be a tableau, o be a substitution over T, and k
be a set of formula occurrences in T'. The pair (o, k) is a closure if k7 contains,
on each branch, some formula and its negation.
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(Pa A Pc)V (PbA Pc)

PaANPc PbAPc
\ \

Pa Pb
Pc Pc
\ \
-Py! -Py !

Fig. 2. A partially developed tableau

For every closing substitution o, there is at least one closure (o, ). Let @, consist
of exactly those formulas in @ that appear in k. With ANS(o, k) we will denote
the result of universally quantifying all free variables in = A (D).

Ezxample 2. Consider again the tableau in Fig.[2l Let o be the substitution y := c,
and let k¥ contain the occurrences of Pc and =Py on both branches. Then the
pair (o, k) is a closure. It generates the answer ANS(o, k) = == Pc.

When generating answers from closures, we will only be interested in the most
general closures. One closure (o1, k1) is more general than another (o9, k2) if 01
is more general than oy and kK, is a subset of ko. Closures that are more general
do as little as possible besides closing the tableau, and so generate answers that
are more informative. When there is more than one most general closure, we
compute all the corresponding answers and take their conjunction.

One remaining difficulty concerns rigid function symbols. According to our
syntactic characterization of answerhood, non-rigid constants and function sym-
bols are not allowed to occur in generated answers. For instance, suppose the
theory is {Pc}, where ¢ is a non-rigid constant. To the question ?Pz, we must
answer dx Pz rather than Pc. Moreover, Skolem functions created during tableau
expansion are also considered non-rigid and disallowed in answers. For instance,
given the theory {JzPx} and the question ?Px, we must answer 3z Pz, rather
than “Ps, where s is the Skolem constant such that Ps”. Our algorithm achieves
this by applying Chadha’s unskolemization procedure [4].

The complete question answering algorithm is as follows.

Algorithm 2. To answer the question ? PZ given the theory X, start by initial-
izing a tableau for Y. Next, do one of the following, repeatedly, ad infinitum.

1. Apply a tableaux expansion rule (Table [T).

2. Apply the Add Instance rule (Table[Z).

3. Take the conjunction 19 = A ANS(c, ) over all most general closures (o, x).
Unskolemize 1y to remove any non-rigid or Skolem function symbols, and
report the result as the next answer. a

Theorem 5. Algorithm[Qis sound and complete, provided the non-deterministic
choices are made in a fair manner.
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Proof sketch. Call a formula ¢ a pre-answer if i is built up from instances
of the answer literal PZ#—allowing non-rigid and Skolem function symbols—
using boolean connectives and quantifiers, or if ¢ is T or L. We first prove that
the algorithm, minus unskolemization, generates pre-answers in a sound and
complete manner. Soundness means that the algorithm only generates (yet-to-
be-unskolemized) conjunctions 1y that are pre-answers and that are entailed by
the theory. Completeness means that the sequence of conjunctions generated is
cofinal in the set of all pre-answers entailed by the theory.

Soundness: Because ANS(o, k) is always a pre-answer, so is any generated
conjunction t¢y. Moreover, any closure (o, k) for our question-answering tableau
gives rise to to a closed theorem-proving tableau for Y U(P, ). Since tableau the-
orem proving is sound, the theory X must entail ANS(co, k). Hence X entails 1)g.

Completeness: Suppose that ¢ is a pre-answer entailed by 2. By completeness
of tableau theorem proving, we can find a closed theorem-proving tableau for
Y U {1}, and systematically transform it into a question-answering tableau
for (X,?PZ) that generates a pre-answer 1y entailing ¢. Given this, it can be
shown that in fact any fair question-answering tableau expansion procedure will
eventually generate a pre-answer entailing .

We now need to relate pre-answers to answers. The unskolemization pro-
cedure is sound; that is, unskolemizing 1)y always gives a formula entailed
by 9. Besides, unskolemizing any pre-answer gives an answer, so Algorithm [ is
sound. The unskolemization procedure is also complete; that is, whenever a pre-
answer 1)y entails some answer v, the result of unskolemizing 1 also entails 1.
Besides, every answer is a pre-answer, so Algorithm Blis complete. a

One way to guarantee fairness in Algorithm 2]is to implement it with depth
first iterative deepening, just as Beckert and Posegga [2] did in their lean
prover. In fact, we have modified lean TP to become a lean question answerer.

The difference between Algorithms [I] and ] is that the latter waits until
closing the tableau before deciding which answer to prove to follow from the
theory. In other words, Algorithm P does not commit to the rigid instances that
constitute the development until they are determined by the closure. This ability
to postpone commitment is exactly the strength of free variable tableau calculi
as compared to ground tableaux [5].

This algorithm can be extended to deal with equality in two steps. First,
add the tableau rules necessary for theorem proving with equality |1, 15]. Second,
generalize the Add Instance rule, so that not only instances of the question but
also (in)equalities can be added to the tableau.

3.2 Prolog as a Special Case

A precise connection can be established between Prolog and our algorithm. Pro-
log performs question answering in a sense more restrictive than considered here,
because it makes extra assumptions about the theory X and the question ?¢:

1. The theory X' is required to be in Skolemized Horn form and the question
must consist of a single atom, in order to make computation feasible.
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2. There is no equality predicate in the basic language of Prolog.

3. Prolog assumes that all function symbols and constants are rigid, making Pc
a potential answer to 7Pz even if the symbol ¢ resulted from Skolemization.

4. Due to its depth-first search strategy, Prolog is complete only for some the-
ories, for example theories without cycles among predicate symbols.

Subject to all these restrictions, Prolog is an optimal question answering algo-
rithm: Given a theory and a question, it produces answers optimal in the sense
of the partition theory of questions

As we can see, Prolog is a question answering algorithm that makes many
extra assumptions. The present work makes it possible to distinguish and identify
these assumptions, and eliminate them. A broad spectrum of generalizations of
Prolog can then be considered.

4 Conclusion

This paper makes two contributions. First, we presented a syntactic characteriza-
tion of answerhood for the partition semantics of questions. The applications of
this result are mainly internal to the partition semantics: It explains the meaning
of a question in terms of the form of its answers.

Second, our tableau-based question answering algorithm connects two im-
portant research traditions: question answering systems such as Prolog, and the
formal semantics of natural language questions. We feel that the link between
these two fields of research has been neglected in the past, and hope to bring
them together.

We want to mention three directions of further research (we stress the third).

Logical. Some theoretical issues are still to be addressed: How can answerhood
be characterized syntactically when the semantics allows varying domains?
Also, is it decidable whether a given answer is the optimal answer to a
question entailed by a theory? Without equality, this problem is undecidable,
as we proved in Sect.[3. We have yet to find a similar reduction argument for
the case with equality.

Linguistic. We want to bring our theoretical results to bear on the semantics of
questions in natural language. In particular, our syntactic characterization
result clarifies the linguistic predictions made by the partition semantics [14].

Computational. We want to use this work as a unifying framework to compare
different approaches to question answering. In particular, we want to inves-
tigate a variety of Prolog generalizations and determine which assumptions
made by Prolog are feasible to drop.

Like us, Green [6]] and Luckham and Nilsson [12] have applied theorem
proving to question answering, but their criteria for answerhood are tied

* One apparent difference between Prolog and our algorithm is that Prolog is based on
resolution, whereas we used tableaux. However, the two methods are closely related,
and Prolog can be interpreted as a variant of so-called connection tableauz [10].
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to the syntax of formulas in prenex normal form. This difference explains
why their algorithms omit unskolemization, a step necessary for soundness
under the notion of answerhood we adopt here. Also, Bos and Gabsdil [3]
have devised a simplified version of the partition semantics for computational
purposes. These efforts seem to fit nicely in our picture.

References

(1]

2]
3]

[11]
[12]

[13]

[14]

Beckert, Bernhard. 1994. Adding equality to semantic tableaux. In Proceedings of
the 3rd workshop on theorem proving with analytic tableaux and related methods,
ed. Krysia Broda, Marcello D’Agostino, Rajeev Goré, Rob Johnson, and Steve
Reeves, 29-41. Tech. Rep. TR-94/5, Department of Computing, Imperial College,
London.

Beckert, Bernhard, and Joachim Posegga. 1995. IeanT%D: Lean, tableau-based
deduction. Journal of Automated Reasoning 15(3):339-358.

Bos, Johan, and Malte Gabsdil. 2000. First-order inference and the interpretation
of questions and answers. In Proceedings of Gotalog 2000, ed. Massimo Poesio and
David Traum, 43-50. Gothenburg Papers in Computational Linguistics 00-5.
Chadha, Ritu. 1991. Applications of unskolemization. Ph.D. thesis, Department
of Computer Science, University of North Carolina.

Fitting, Melvin C. 1996. First order logic and automated theorem proving. 2nd
ed. Berlin: Springer-Verlag.

Green, Claude Cordell. 1969. The application of theorem proving to question-
answering systems. Ph.D. thesis, Department of Electrical Engineering, Stanford
University. Reprinted by New York: Garland, 1980.

Groenendijk, Jeroen. 1999. The logic of interrogation: Classical version. In SALT
IX: Semantics and linguistic theory, ed. Tanya Matthews and Devon Strolovitch,
109-126. Ithaca: Cornell University Press.

Groenendijk, Jeroen, and Martin Stokhof. 1984. Studies on the semantics of ques-
tions and the pragmatics of answers. Ph.D. thesis, Universiteit van Amsterdam.
. 1996. Questions. In Handbook of logic and language, ed. Johan van
Benthem and Alice ter Meulen, 1055-1124. Amsterdam: Elsevier Science.
Héhnle, Reiner. 2001. Tableaux and related methods. In The handbook of auto-
mated reasoning, ed. Alan Robinson and Andrei Voronkov, vol. 1, chap. 3, 100-178.
Amsterdam: Elsevier Science.

Kager, Wouter. 2001. Questions and answers in query logic. Master’s thesis,
Universiteit van Amsterdam.

Luckham, David, and Nils J. Nilsson. 1971. Extracting information from resolution
proof trees. Artificial Intelligence 2:27-54.

Nelken, Rani, and Nissim Francez. 2000. A calculus of interrogatives based on their
algebraic semantics. In Proceedings of TWLT16/AMILP2000, ed. Dirk Heylen,
Anton Nijholt, and Giuseppe Scollo, 143-160.

Shan, Chung-chieh, and Balder ten Cate. 2002. The partition semantics of ques-
tions, syntactically. In Proceedings of the ESSLLI-2002 student session, ed. Malv-
ina Nissim.




A General Theorem Prover for Quantified
Modal Logics

V. Thion', S. Cerrito!, and Marta Cialdea Mayer?

! Université de Paris-Sud, L.R.I.
2 Universitd di Roma Tre, Dipartimento di Informatica e Automazione

Abstract. The main contribution of this work is twofold. It presents
a modular tableau calculus, in the free-variable style, treating the main
domain variants of quantified modal logic and dealing with languages
where rigid and non-rigid designation can coexist. The calculus uses,
to this end, light and simple semantical annotations. Such a general
proof-system results from the fusion into a unified framework of two
calculi previously defined by the second and third authors. Moreover,
the work presents a theorem prover, called GQML-Prover, based on
such a calculus, which is accessible in the Internet. The fair deterministic
proof-search strategy used by the prover is described and illustrated via
a meaningful example.

1 Introduction

This work presents a theorem prover, called GQML-Prover for quantified an-
alytic modal logics, having the following features:

1. it deals with formulae possibly containing both rigid and non-rigid terms;
2. it is parametric with respect to three domain variants: constant, increasing
and freely varying domains;
3. it is parametric with respect to five propositional bases of the logic: D, K,
K4, T, S4.
The prover is implemented in Objective Caml and is based on a global modular
tableau calculus in the free variable style, that results from the fusion into a
same framework of two calculi presented, respectively, in [34] and [2], i.e.{]

— free-variable tableaux parametric w.r.t. rigid and non-rigid designation of
terms, increasing or varying domains and propositional analytical bases, and

— a free variable calculus for constant domain quantified modal logics, with
both rigid and non-rigid symbols.

The general proof-system is not simply the justapposition of two different calculi.
To start with, it deals with both rigid and non-rigid designation coexisting in the
same language, for all domains. Such a feature is absent in [3|4], where varying
and increasing domains are treated, while present in [2], where constant domains

! For the sake of simplicity, in this work we do not consider non-local terms, that are

taken into account in [34].
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are dealt with. Having both kinds of designation in the language is interesting
for many applications, for instance in database modeling, where both rigid and
non-rigid attributes need to be dealt with (e.g. birth-date, and, respectively,
salary).

As a second point, the present system uses a unique labeling technique for
all domain variants, while the node labelling mechanism was slightly different in
the cited previous works.

The final, and more important, point concerns the treatment of the expansion
rule for existential formulae. In fact, the calculi in [3]4] use the “traditional” ¢-
rule to expand existential quantified formulae, where the arguments of Skolem
functions are all the free variables (of appropriate level) in the set of formulae
JzA(z), S to be expanded. On the contrary, [2] shows that the “liberalized” §-
rule, where the only arguments of Skolem functions are the free variables actually
occurring in A, and that is proved sound for classical logic in [10], characterizes
constant domains, in the absence of any semantical annotation. So, the fusion of
the two approaches requires proving soundness of the “liberalized” d*-rule for
non-constant domain logics, in the annotated calculi we consider. This is not a
trivial task: the proof requires some subtleties (see the end of Section B).

Section [2 introduces the syntax and semantics of Quantified Modal Logics
(QML). The general tableau system is presented in Section [3] together with
the soundness proof of the liberalized §+-rule used by the GQML-Prover for
all domain variants. The main feature of the system, in comparison with other
approaches such as prefixed tableaux [6], matrix methods [I5] and others, such
as those cited in [2l4], is the effort to minimize expression labelling.

A further important issue that must be faced in order to turn a tableau calcu-
lus into an automated theorem prover is the definition of a complete proof-search
strategy. The issue is not trivial, because of the interplay of applications of the
~-rule, possible sources of an infinite number of instantiations of a universal for-
mula, and the choice of closing substitutions with the “dynamical” modal rules,
which cause one to forget the past. Section Hl presents the GQML-Prover and
the underlying search strategy. In order to ensure termination of proof search,
the strategy uses two upper bounds on the size of candidate proofs, whose values
are entered by the user. It is complete in the sense that if a formula is valid,
then a proof is found, provided that the input bounds are big enough. Note that,
although some theorem provers for non-classical logics exist (for instance, Mod-
LeanTap [I] deals with propositional modal logics, while TleanTap [12] deals with
quantification, but only in a intuitionistic logic setting), up to our knowledge,
not much has been done on QML.

Section Bl concludes this work with a discussion on equality.

2 Quantified Modal Logics

In Kripke semantics for quantified modal logic an interpretation is, roughly, a
set of first-order classical interpretations (the “possible worlds”) connected by
an accessibility relation. The worlds can either all have the same object do-
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main (constant domains) or the domains can be allowed to be different (varying
domains), possibly monotonically increasing with the accessibility relation (cu-
mulative domains). Terms can designate the same object in each world (rigid
terms) or can be allowed to designate differently in different worlds (non-rigid
terms). Rigid and non-rigid functional symbols may coexist in the same lan-
guage: the set Lp of functional symbols of a language is partitioned into a set
L, of rigid functional symbols, and a disjoint set L, , of non-rigid functional
symbols.

From now on, we consider modal formulae in negation normal form, i.e. built
out of literals (atoms and negated atoms) by use of A, V, O, & and the quantifiers
V and 3. Negation over non-atomic formulae and implication are considered as
defined symbols.

Below, we recall standard definitions on quantified modal logics [6]. A first-
order modal interpretation M of a language L is a tuple
(W, wg, R, D, 0, ¢, ) such that:

— W is a non empty set (the set of “possible worlds”);
— wp is a distinguished element of W (the “initial world”);
— R is a binary relation on W (the accessibility relation); wRw' abbreviates

(w,w") € R;

— D is a non empty set (the “global” object domain);
— J is a function assigning to each w € W a non empty subset of D, the domain

of w: §(w) C D;

— ¢ represents the interpretation of constants and functional symbols in the
language: for every world w € W and k-ary functional symbol f € Lg (with

k= 0), o(w, f) € D - D

Moreover, if f € Lp,, then for all w,w’ € W, ¢(w, f) = ¢p(w’, f). We consider
here only local terms, i.e. for all w € W and f € Lp, if dy,...,d, € §(w),
then ¢(w, f)(dy,...,d,) € §(w).

— = is the interpretation of predicate symbols: if p is a k-ary predicate symbol
and w € W, then 7(w,p) C D* is a set of k-ples of elements in D.

The accessibility relation R of a modal structure can be required to satisfy ad-
ditional properties, characterizing different logics: seriality (D), reflexivity (T),
transitivity (K4), both reflexivity and transitivity (S4). When no additional
assumption on R is made, the logic is K.

On the first-order side, the main “domain variants” of QML are characterized
as follows:

Constant domains: for all w € W, §(w) = D.
Cumulative domains: for all w,w’ € W, if wRw' then é(w) C §(w’).
Varying domains: no restrictions on §(w).

If M is an interpretation with object domain D, a variable assignment on
M is a function s : X — D, where X is the set of variables of the language.
If s is a variable assignment, x is a variable and d € D, then s? is the variable
assignment such that s¢(z) = d and sd(y) = s(y) for all y # .

Given a world w € W and a variable assignment s, the interpretation of a
term ¢ in w according to s, s(w,t), is inductively defined as follows:
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1. If x is a variable, then s(w, z) = s(x).
2. If ¢ is a constant, then s(w, ¢) = ¢(w, ¢).
3. If f is a k-ary functional symbol and t¢i,...,t; are terms, then

S(w7 f(tb "'7tk)) = (,ZS(U), f)(s(wvtl)a ey S(watk))'

If ¢ is a ground term, its designation is independent from the variable assignment
and is denoted by M(w,t).

The relation |= between an interpretation M = (W, wo, R, D, d, ¢, ), a vari-
able assignment s on M, a world w € W and a formula is defined inductively as
follows#

1. M, s,w = pte, .oy tn) M (s(w,t1), ..., s(w, t,)) € w(w,p).

M, s,w = A iff M, s,w £ A.

M;s,wlEAANBiff M,s,wE Aand M,s,w = B.
M,s,wEAVBIf M, s,wkE=Aor M,s,w = B.

M, s,w = VrA iff for all d € 6(w), M,sd,w = A

M, s,w |= 3z A iff there exists d € §(w) such that M, s? w = A
M, s, w = OA iff for all w’ € W such that wRw', M,s,w’ E A

M, s,w = OA iff there is a w’ € W such that wRw' and M, s,w’ = A

O NSO W

A formula A is true in M iff for all variable assignments s on M: M, s, wp = A,
and it is valid iff it is true in all interpretations. Note that, if ¢ is a ground
term and w € W, then for all variable assignment s, s(w,t) € d(w). However, if
domains are allowed to vary without restrictions, if M, s,w | JzOp(f(z)), and
d is the element of §(w) such that M, s, w = Op(f(x)), then (by definition)

there exists a world w’ accessible from w and such that M, s¢, w’ |= p(f(x)); but

yYx
sd(w', f(x)) is not necessarily in the domain of the world w’, unless d € §(w’).

3 The Tableaux Systems

In this section we introduce the calculi which are the basis of the GQML-
Prover. They result from the fusion into a same framework of the free-variable
tableaux systems described in [34] and [2], but for the fact that a liberalized
d-rule is used in all calculi, and not only for the constant domain case. The
soundness proof for the varying and cumulative domain logics can be found at
the end of the section.

In the calculi we are going to describe, tableau nodes are labelled by n : S
where n is a positive integer (the “name” of a possible world) and S a set of
annotated formulae. The integer n is called the depth of the node. In an annotated
formula, functional symbols can be annotated by a superscript natural number:
the “name” of the world where they are meant to designate. If f is a rigid
symbol of the original language, it always occurs as f° in the tableau. If f is
non-rigid, it occurs either with no annotation or as f', f2,... The language of
a tableau includes also annotated free variables, v&,v¥ vk, ..., and annotated

2 The reader will recognize that this approach to the interpretation of non-rigid func-
tional symbols corresponds to the ”narrow-scope” approach discussed in [8].
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Skolem functional symbols. Skolem functions and annotated functional symbols
are considered as rigid symbols.

The initial tableau for a set S of formulae is 1 : S*, where S* is obtained from
S by annotating rigid symbols with 0 and non-modal occurrences of non-rigid
symbols with 1 — where a symbol occurrence is non-modal if it is in the scope of
no modal operators.

The formulation of the expansion rules require the definition of depth of a
term, that — intuitively — establishes a relation between annotated terms and
positive integers. So, “t is at depth n” means its intended designation belongs
to the domain of the world named by n.

A term t is at depth n iff every functional symbol in ¢ is annotated and
such symbols are only annotated with:

varying domains: n and 0;

cumulative domains: k£ < n;

constant domains: any k.

Similarly, we define the world domains over which a variable may range:

A free variable v™ ranges over depth k iff:
varying and cumulative domains: k = n;
constant domains: k£ € IN (i.e. always)

Non-rigid symbols occurring in the scope of some modal operator are initially
non-annotated. They get their annotation when, by application of a modal ex-
pansion rule, they come to the surface. The annotation they are given is the
label of the tableau node in which they occur. The definition of the expansion
rules requires then the following last definition: if A is a modal formula and
n € IN, then A™ is obtained from A by annotating each non-modal occurrence
of a non-rigid functional symbol with n. If S is a set of modal formulae, then
St ={A"| A€ S}.

As a leading example we consider the case of QMLs based on S4. The other
analytic propositional bases treated by the GQML-Prover, i.e. K, D, T and
K4, are obtained simply by modification of the modal rules. The tableau expan-
sion rules for S4 are shown in Figure 1, where S, S’ are sets of annotated modal
formulae, OS stands for {0A | A € S}, S’ is a set of non-boxed modal formulae,
comma is set union. Rules generating a new node label are called dynamic (only
74 in the case of S4), the others are static.

Note that, in the case of varying or cumulative domains, in the §'-rule,
ki1 = ko = ... = k,, = n. In the case of constant domains, instead, the annotation
of free-variables and Skolem functional symbols can actually be ignored. In this
variant, in fact, the only relevant annotations are those on non-rigid symbols,
which are taken into account by unification (symbols annotated differently are
considered as different symbols).

Besides the expansion rules, the calculi provide a substitution rule. The no-
tion of substitution however takes into account the depth of terms:

A modal substitution o is a set of pairs {tl/vlfl, ceoy tm/VEm ) where each t;
is at depth k;.



A General Theorem Prover for Quantified Modal Logics 271

Note again that, in the case of constant domains, the annotation of symbols is
not relevant, since any term is at any depth.

The substitution rule of the calculus is the MGU atomic closure rule: if T is
a tableau for a set S of sentences and some leaf of T contains P and =@, where
P and @ are atomic, then 7o is also a tableau for S, where ¢ is a most general
unifier of P and Q.

A tableau is closed iff each of its leaves contains a pair of complementary
literals, i.e. literals P and —P. A closed tableau for a formula —A is a tableau
proof of A, and a closed tableau for a set of formulae S is a refutation of S.

Classical propositional rules
n:ANB,S n:AVB,S
(@) ——F—F—< B) — :
n:AB,S n:AS n:B,S
Modal propositional rules
n:0A4,S n:<0A,08, 8
vr) —— =71 (M4) —— o g
n: A" 0OAS m: Am Sm 08
where m € IN is new in the whole
tableau and m > n
Quantifier rules
) n:VzA,S (o) n:dzA, S
y
n: Avn/z|,Vz A, S n: A[fr(ofr, .. omm)/a], S
where f is a new Skolem function, i.e.
a symbol that does not occur else-
where v is a new free variable where in the tableau, and v}?, ..., vfm
are all the free variables occurring in
Jxz A and ranging over n

Fig. 1. Expansion rules

Note that the §T-rule only requires free-variables actually occurring in Jz A
to be taken as parameters of the Skolem function. In free-variable calculi with no
annotation, the §*-rule characterizes constant domains [2]. An intuitive justifi-
cation of the soundness of the 6 T-rule in the cumulative or varying domain cases
can be given as follows: in a non-annotated calculus we need the full §-rule be-
cause the substitution of a free variable v, introduced at a given depth n, with a
Skolem term t introduced at a greater depth must be forbidden, because v ranges
over a domain that may not contain the designation of ¢. But such a constraint
is automatically satisfied when depths of terms are taken into consideration by
the notion of substitution itself.

The main difficulty in adapting the soundness proof of the 6 -rule for classical
logic to the modal non-constant domain cases is due to the interplay between the
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dT-rule and substitution, in presence of the fact that tableau nodes can contain
variables ranging over different world domains and terms denoting in different
worlds. The proof sketched below makes use of an unrestricted grounding sub-
stitution rule, that must always be applied before dynamic rules, so that one
doesn’t have to keep track of the domains of previously considered worlds.

Let us consider the tableau calculi obtained by replacing the MGU atomic
closure rule with unrestricted substitution: if 7 is a tableau for S and o is
a modal substitution then 7o is a tableau for S. Clearly, if there is a closed
tableau for S using the MGU atomic closure rule, then there is a closed tableau
for S using the unrestricted substitution rule.

Now, let To be a closed tableau for a set S of sentences, where o is the
composition of all the modal substitutions used to close 7. We may assume,
without loss of generality, that o is a grounding substitution, i.e. that 7o is
a ground tableau. In fact, if 76 is closed and it contains the free variables
v’fl,. vF»and al, a3, ... are a new constants (the “dummy” constants, one for
each annotation), then clearly

oy UF
T(O 0 {ag! /vy, s ai v )

is a ground and closed tableau for .S.

If maxz(T) is the maximal label of a node in T, we may assume, without loss
of generality, that whenever a tableau 7 is expanded by means of a dynamic
rule, the new integer m used to label the expansion is equal to 1+ maxz(T). For
alli =1,...,n =maz(T), let T; be the maximal subtree of To where the label
of every node is less than or equal to i. We can assume that 7o is built as the
sequence 71, ..., 7, = T o. In other words, at first all the static rules are applied
to the initial node, then o is applied (so that the ground tableau T is obtained),
then a dynamic rule is applied, followed by a sequence of static rules; then o is
applied again (obtaining 73) before the next dynamic rule application, and so
on.

Note that, for all k, while building 7 starting from 7 _1, tableau nodes
only contain free-variables annotated with k. In fact, T_; is a ground tableau,
and the new expansion rules applied to obtain T from 7 _1 only affect nodes
labelled with &, so if any new free variable is introduced by means of the ~-rule,
it is annotated with k. Moreover, in the construction of the sequence T, ..., T,
only “grounding substitutions” are applied, i.e. when ¢ is applied, the result is
a ground tableau.

In order to prove soundness, it is sufficient to show that if S is satisfiable then
there is no sequence 71, ..., T, of tableaux, built as illustrated above, and such
that 7, is closed. This, in turn, amounts to proving soundness of the calculus
Tab*, allowing the general substitution rule but with the additional constraints
that:

— when a substitution is applied, the result is a ground tableau, and
— when a dynamic rule is applied, the tableau contains no free variables.
This can be done along standard lines, by showing that if S is satisfiable
then any Tab*-tableau for S is satisfiable. However, the notion of satisfiability
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of a tableau requires some machinery. We first define when a “static” tableau
is satisfiable, i.e. a tableau that has never been expanded by application of a
dynamic rule.
In general, the interpretation of a language with annotations is a modal
interpretation where:
— symbols annotated differently are considered as different symbols;
— annotated functional symbols are rigid.

Definition 1. If7T is a static Tab*-tableau, whose nodes are all labelled by n, M
is an interpretation of the language of T and w a world in M, then M,w =T
(M satisfies T at w) iff for all variable assignment s, if s(v™) € d(w) for all
free-variable v annotated by n, then there exists a leaf n : S of T such that
M,s,wkES.

A static tableau is satisfiable iff there exists an interpretation M and a world

w in M such that M,w = T.

Satisfiability of a generic tableau amounts to satisfiability of one of its max-

imal static terminal sub-tableaux:
Definition 2. If T is a tableau, then its terminal sub-tableaux are all the static
sub-trees T' of T such that:
— the root of T is either the root of T itself, or a node obtained by application
of a dynamic rule;
— all the leaves of T' are leaves of T.
A tableau T is satisfiable iff it has a satisfiable terminal sub-tableau.

Soundness of T'ab* follows from the following
Lemma 1. If S is satisfiable, then any Tab*-tableaw T for S is satisfiable.

The proof is by induction on 7T, showing how to build an interpretation M
of the annotated language of 7 and a world w in M such that for some terminal
sub-tableau 7' of T, M,w = T'. The same induction shows that, if the nodes
in 7" are labelled by n, then for every ground term t at depth n in the language
of the tableau (i.e. symbols occurring in the tableau and dummy constants),
M(w,t) € §(w). This fact is needed when the substitution rule is applied.

The base case is immediate: the interpretation M is obtained from the model
of the initial set of formulae given by the hypothesis, extending it in the obvious
way to symbols annotated with 1 (the constant a} is mapped to any element of
the domain of the initial world).

For the induction step, let 7' be a satisfiable terminal sub-tableau of 7~ (with
nodes labelled by n), M a modal interpretation and w a world in M such that
M,w |= T'. If T is expanded by application of an expansion rule to a leaf that
is not in 77, then:

— if the applied rule is not the §*-rule, then obviously M,w = T is still true.
— If the §*-rule is applied, introducing a new Skolem function f, then the inter-

pretation M is extended to M’ by establishing that M'(f) = A\(dy, ..., d).d,

where d is any element in the domain of w. Since f does not occur in 77,

M’ w = T'. And it is still true that the interpretation of every ground term

at depth n is in the domain of w.
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The interesting cases are when 7~ is expanded to 7. We consider the following
two different cases, according to the applied rule.

1. The applied rule is not the substitution rule and the expanded node isn : S.

If 7' is expanded by means of a classical rule, the proof is the same as in the
classical case, since 7" is still a classical tableau. The only point to be taken
care of is to ensure that, when the 6 T-rule is applied, introducing the Skolem
function f™, the interpretation of every ground term f™(t1,...,tx) at depth
n is in the domain of w. But this follows immediately from the induction
hypothesis and the fact that ¢1, ..., t; are at depth n too.
Also the case of static modal rules are straightforward. If 7' is expanded by
application of a dynamic rule to n : S, n : S contains no free-variables. So
the proof of this case is the same as in the soundness proof of the ground
tableau calculi presented in [3/4].

2. The applied rule is the substitution rule. There, a Modal Substitution The-
orem is applied, that, in QML, holds in the following form:

Let M be a modal interpretation, w a world in M, s a variable assign-

ment, and ¢ a rigid term (i.e. a term containing no non-rigid symbol). If

s(w,t) = d, then M, s, w |= A if and only if M, s,w = A[t/z].
Now, let us assume that 7" is obtained from 7~ by application of the ground-
ing substitution rule, with substitution o. Then, if v, ..., v} is a sequence of
all the free variables (all annotated with n) occurring in 7', o has the form
{t1/v1,...,tx/vr}, where t1, ..., t; are ground terms at depth n.
Let M = (W, w, R, D, 6, $, ) be amodel of T'. By definition, for all variable
assignment s, if '(v™) € d(w) for all free-variable v™ annotated by n, then
there exists a leaf n : S of T’ such that M, s’ w = S. Moreover, by the
induction hypothesis, for every ground term ¢ at depth n, M(w,t) € é(w).
Let s be any variable assignment such that s(v™) € §(w) for all free-variable
v™ annotated by n. If t;/ v}’ is any element of o, since ¢; is a ground term
at depth n, M(w,t;) € §(w). Now, let d; = M(w,t;), for any j = 1,..., k,
and consider the assignment s’ = sﬁi:_’_’:ﬁ:. Clearly, for all free variable v™,

s'(v™) € 6(w). As a consequence, by hypothesis there is a leaf n : S in T’

such that M, s’ ,w = S. Since s(w,t;) = d; = §'(v;) and t; is a rigid term,

by the Modal Substitution Theorem M, s, w = So.

4 The GQML-Prover

The aim of the GQML-Prover is to detect whether a given sentence is a the-
orem of a given QML. Obviously, termination must be forced with the loss of
completeness. The GQML-Prover exploits, to this end, two numerical bounds
limiting the proof depth and entered by the user. The role of such bounds is
explained below. Besides them, the user enters the sentence to prove, the propo-
sitional base of the considered logic, the domain variant, and the non-rigid func-
tional symbols.

The GQMUL-Prover is implemented in Objective Caml. It is accessible
on line at http://www.lri.fr/~thion/Proto. One just needs a standard web
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browser to use it. The Objective Caml program is compiled on the LRI server.
The user formulates a query by filling the form in the web page. A php function
calls the execution of the program on the LRI server and the answer is given in
a frame under the form. In order to help the user, a pre-defined set of sentences
to test and help topics supplement the form. The tool will be part of a more
important application allowing to test preservation of integrity constraints in
data bases.

Like any tableau calculus, the system presented in Section Blis intrinsically
non-deterministic, since a node might be expanded by means of several rules.
Hence, the crucial passage from a proof system to an algorithm consists in defin-
ing a fair and complete strategy guiding rule application.

Tableau building strategies have been proposed for different logics in [ITIJ5]
1319]. The strategy used in our implementation is partially inspired by these
papers but is specifically designed to deal with our calculus.

A first classical choice in the strategy underlying the GQML-Prover con-
sists in applying deterministic rules (in our case static rules) before a non-
deterministic (a dynamic) one.

QML tableaux and tableaux systems for classical logic share the difficulty
that, in principle, a y-rule might need to be applied an unlimited number of times
to the same formula (in each given world), in order to achieve completeness. A
classical way to deal with this problem is to set an upper bound to the number
of y-rule applications to the same formula in a given world [7]. This is the role
of the first bound entered by the user of the GQML-Prover: the ~-rule will
never be applied more than K, times to the same formula at the same depth.

However, when K, is large, applying always K, times a v-rule to the same
formula in each world leads immediately to an explosion of the search space. In
order to overcome this problem, at the first attempt to close a branch, the ~-rule
is applied only once to the same formula in each world. If the branch cannot be
closed, then the «-rule is applied again to each formula, i.e. the number of y-rule
applications is increased as an effect of backtracking. The advantage of such a
choice is that if a proof exists where the v-rule is applied a number of times
strictly inferior to K, such a proof is found.

The second bound, which we here call K, limits the number of dynamic rule
applications allowed in a single branch, which will never exceed K, — 1.

In order to describe the proof search strategy, we introduce the following
classification of the expansion rules of the system:

— Dynamic rules, which introduce a new node label and are non-reversible
rules; the dynamic rules are the m-rules of all the considered logics, and the
v-rule of system D.

— Looping rules, that may need to be triggered more than once on the same
formula in the same world (i.e. at the same depth). The only looping rule is
the ~-rule.

3 Laboratoire de Recherche Informatique, Université Paris-Sud, France



276 V. Thion, S. Cerrito, and M. Cialdea Mayer

— Branching rules, that generates two branches. The only branching rule is the
[B-rule.

— Simple rules: all the others, i.e. static, non-looping and non-branching rules.
These are all the rules o, 6T and vr.

Proof search in the GQML-Prover proceeds depth-first, and the construc-
tion of a single branch proceeds by stages, as follows:

Step 1: Initialize p with 0.
Step 2: Simple rules are applied as far as possible.

Step 3: For each y-formula A resulting from the previous step, the ~y-rule is
applied once, if A has been expanded less than K, times at the same depth.

Step 4: Branching rules are applied as far as possible, and a branch is chosen to
be expanded next (this is not a choice point: every branch must be expanded,
sooner or later).

Step 5 (Choice point): either choose, if any, a substitution that closes the
branch and apply it to the whole tableau, or go on to step 6.

Step 6 (Choice point): either go on to step 7, or go back to step 2 (if some
formula can still be expanded either by simple rules or by the y-rule).

Step 7: Increase p by one (one “world” has been explored).

Step 8 (Choice point): If p < K, choose a formula (if any) that can be
expanded by means of a dynamic rule, expand it and go back to step 2.

Each iteration between steps 2 and 4 constitutes the construction of a block.
The construction of a branch ends in any case when it contains (at most) K,
applications for every universal formula at each depth, and (at most) K, — 1
applications of dynamic rules (i.e. K, different node labels). The attempt to
close a branch fails when the branch cannot be expanded any more and no
substitution can close it. A more detailed description of the algorithm is given
in Figure 2.

The strategy described above is sound and complete, provided that, by iter-
ative deepening, the bounds K, and K, are incremented as far as needed (this
corresponds to using an “unbounded” version of the strategy). The soundness
and completeness proofs can be found in [T4].

In order to illustrate the proof-search strategy, consider the formula F =
=(VazIy(—p(z) Aply)) A Or(a)) A O(g(a) — Og(a)), where the constant a is
rigid. F' is a theorem of S4-QML with varying domains. Below, we show the
construction, according to the strategy illustrated above, of a closed tableau
rooted at —=F = (Va3y(—p(z) A p(y)) A Or(a)) V O(g(a) A O—g(a)), when the
bounds K, = 2 and K, = 2.
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PROVABLE (A) /* returns a boolean */
return IS-CLOSED ({INITIAL-TABLEAU (=A)}, 0)
/* INITTAL-TABLEAU returns the node representing
the initial tableau for a formula */

IS-CLOSED (nodes, p)
/* nodes is the set of open leaves to expand, all having the same depth;
p is the number of “worlds” already explored in the branch (p < K;) */
if nodes = ) then return true
else let N = an element of nodes
and rest = nodes — {N}
and expansions = EXPAND-A-BLOCK (N)
and N1 = an element of expansions
and siblings = expansions — {N1}
return
there exists a substitution o that closes N1
such that IS-CLOSED ((siblings U rest) o, p)
or p < K,
and there exists an expansion N2 of N1 by a dynamic rule
such that IS-CLOSED ({N2}, p +1)
and IS-CLOSED ((siblings U rest) o, p)
where o is the substitution used to close N2
or expansions # {N} /*if expansions = {N} nothing happened
when expanding a block in N */
and IS-CLOSED (expansions Urest, p)

EXPAND-A-BLOCK (N)
/* expands node N and returns all the nodes that can be obtained

by application of simple rules, a single application of the v-rule
to each formula that has not yet reached the limit, and the S-rule */

let N1 = the node resulting from N by applying simple rules
as far as possible

and N2 = the node resulting from N1 by expanding once more each v-formula
that has already been expanded less than K, times at this depth

return the leaves of the tableau obtained from N2 by
applying the g-rule as far as possible

Fig. 2. The algorithm of the GQML-Prover, where K, and K, are global variables,
assumed to have a positive value.
The initial node is:
1: (Va3y(—p(z) A p(y)) A Or(a”)) v B(g(a®) A ©=g(a”))

Such a node can be expanded neither by simple rules nor by the ~-rule, while
the §-rule can be applied:
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1:Va3y(—p(x) Ap(y)) A Or(a®) v B(g(a®) A O—g(a?))
1: Va3y(-p(z) A p(y)) A Or(a®) 1:0(q(a®) A ©=g(a?))

At first, one tries to close the first branch. When the first branch is closed, the
second one will be treated (by depth-first search).

Dealing with the first branch. The node 1 : Vz3y(—p(z) A p(y)) A Or(a®) is
expanded, and the tableau shown below is built. Note that the y-rule is applied
only once, and is not followed by an application of the a-rule, even if it would
be possible, because, in a single block, the a-rule is always applied only before
the ~-rule.

(8)

1: Va3y(—p(z) Ap(y)) A Or(a®) ()
1:Va3y(—p(z) Aply)), Or(a®)

1:Vady(=p(x) Ap(y)), Or(a®), Jy(=p(vi) Ap(y))

Since there are no closing substitutions for the leaf of this branch, the construc-
tion goes on with an application of the m4-rule:

("7)

1: VaTy(—p(z) A p(y)), Or(a®), Fy(-p(v) Ap(y))
1:7(a®)

This branch cannot be expanded any further, and it cannot be closed. Thus, the
algorithm backtracks before the application of the m4-rule, the simple rules are
applied again as far as possible and the ~-rule once again to each formula (no
application of the S-rule is possible):

()

1:VaJy(-p(z) Apy)), © ( %), 3y(=p(vi) Ap(y)) ()

1:Vay(—p(x) Ap(y)), ©r(a®), =p(vi) Ap(f'(v})) (@)

1:VaJy(=p(x) Ap(y)), ©r(a®), —p(vi), p(f'(v}))
1:Va3y(—p(x) Ap(y)), Or(a®),—p(v1), p(f1(v1)), Jy(-p(vz) A p(y))

At the end of this second block, since again there are no closing substitutions,
the m4-rule is applied again, leading to a tableau that can be neither closed nor
expanded further:

. (v)

v

1: a3y (-p(x) A p(y)), Or(a®), =p(v}), p(f*(v]), Jy(~p(vd) Ap(y)
1:7(a®)

So the algorithm backtracks once more before the application of the m4-rule
and builds the third block. At this point, the «-rule has already been applied
twice to the formula Vz3y(—p(z) A p(y)) at the current depth (during the two

(74)
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previous blocks), so the K, bound has been reached and the v-rule cannot be
applied anymore to that formula (at this depth).

1: VaTy(—p(a) Ap(y)), Or(a®), —p(vl), p(f1(])), Jy(=p(vd) A p(y)) 54
1:VaIy(—p(z) Ap(y)), Or(a®),—p(vi), p(f'(v)), —plvg) Ap(g'(v3)) ()
1:VaIy(—p(z) Ap(y)), Or(a®), —p(vt), p(fH(v1)), —p(v3), p(g'(v3))

Finally, this branch is closed by the substitution o = {g'(vd)/v{}.

Dealing with the second branch. The application of ¢ to the rightmost
branch leaves it unchanged, since there are no occurrences of v{. The first block
of the rightmost branch is:
1 O(g(a) A O-g(a) o
1: g(a%) A O=g(a), D(g(a’) A Og(a?))
1:q(a®), O—q(a®), D(g(a®) A O—g(a))

Since the leaf cannot be closed, the 74-rule is applied and the branch is expanded
by application of simple rules (now p = 1, so this is the last application of the
ma-rule in the branch):

1:q(a®), Omg(a), DQ( 0) A ©=q(a?)) ()

2: ~q(a%), O(g(a®) A O=g(a®))
2: —q(a®), q(a®) A O=g(a®), O(g(a®) A O=g(a®))
2: =q(a®), q(a®), O=g(a®), O(g(a®) A O—g(a?))

Finally, also the second branch closes.
Note that if either Kr < 2 or K, < 2, no proof would be found.

(vr)
(@)

5 Concluding Remarks

The addition of suitable rules handling equality to the general calculus presented
in Section Blpresents a major difficulty, due to the nature of dynamic rules, which
lead to a loss of information, in contrast with the fact that equality is to be
interpreted as a rigid predicate symbol. To make this point clear, consider the
following simple example. Let A be the formula 3z Jy ((Cx =y) A (Cx # y)).
Since equality is identity everywhere (M,s,w |= t1 = to iff s(t1) = s(t2)), the
formula A is unsatisfiable. In fact, if s(x) = s(y) in a given world w, then it
cannot be s(z) # s(y) in w’. However, no matter which set of “reasonable”
rules for = (including, for instance, reflexivity and replacement) we add to our
calculus, no tableau rooted at 1 : A closes, since, after two applications of the
dT-rule and an application of the a-rule, one gets

1:0al =0t Cal #£0!
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When this latter node is expanded by means of a 7-rule, the information about
one <-successor of the world named 1 is necessarily lost: two different expansions
can be produced, but in two distinct tableaux, namely 2 : a* = b! and 2 : a' # b'.
Clearly, neither the first nor the second tableau closes.

This failure to capture equality (at least in a simple way) is intrinsic in the
nature of “standard” (i.e. unprefixed) tableaux, because of the presence of non-
reversible rules (the dynamic ones).

A natural way of overcoming such a difficulty is resorting to prefixed tableaux,
in the style of [6], that represent a way of keeping track of several different
tableaux in the same prefixed one. In other terms, node labels are replaced
by prefixes on formulae. Prefixes, in turn, are structured objects, encoding the
accessibility relation between possible worlds, and symbol annotations have the
same structure. Of course, this would constitute an important depart from the
framework of the proof systems proposed in this work.
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Some New Exceptions for the Semantic Tableaux
Version of the Second Incompleteness Theorem

Dan E. Willard*

State University of New York at Albany

Abstract. This article continues our study of axiom systems that can
verify their own consistency and prove all Peano Arithmetic’s I1; the-
orems. We will develop some new types of exceptions for the Semantic
Tableaux Version of the Second Incompleteness Theorem.

1 Introduction

Godel’s Second Incompleteness Theorem states that sufficiently strong axiom
systems are unable to formally verify their own consistency. Let us define an
axiom system « to be Self-Justifying iff

i) one of a’s theorems will assert «’s consistency (using some reasonable defi-
nition of consistency),
ii) and the axiom system « is in fact consistent.

It is well known [BJ6JT4] that Kleene’s Fixed Point Theorem implies every r.e.
axiom system « can be easily extended into a broader system a* which satisfies
condition (i). Kleene’s proposal [6] was essentially for the system a* to contain
all a’s axioms plus the one added axiom sentence below.

+  There exists no proof of 0=1 from the union of « with “this sentence”.

Kleene noted that it was easy to apply the Fixed Point Theorem to formally
encode a self-referencing statement, similar to the sentence above. The catch is
that a* can be inconsistent even while its added axiom formally asserts a* ’s
consistency. For this reason, Kleene, Rogers and Jeroslow [5l6/14] each emphati-
cally warned their readers that most axiom systems similar to a* were useless on
account of their inconsistency, although they were technically well-defined. This
problem arises in both Godel’s paradigm (where « extends Peano Arithmetic),
as well in many more general settings [LI2/41216/19/25], where a Godel-like di-
agnoalization argument can be constructed to show that the wvery presence of
the axiom + causes the system «a* to become inconsistent.

We have recently published four articles [20123/2425] about generalizations
of the Second Incompleteness Theorem and exceptions to it that exist for Seman-
tic Tableaux deductive calculi. Let A(z,y,2) and M (z,y, z) denote = +y = z
and z xy = z , and let us say an axiom system « recognizes Addition and

* Supported by NSF Grant CCR 99-02726. Email = dew@cs.albany.edu.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 281-[297, 2002.
© Springer-Verlag Berlin Heidelberg 2002
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Multiplication as Total Functions iff it can prove VaVy3z A(z,y,z) and
VaVydz M(x,y,z) . We showed in [23I25] that all axiom systems recognizing
Addition and Multiplication as total functions and containing one additional
11, axiom, called “V”  are unable to recognize their self-consistency, under the
paradigm of the Semantic Tableaux Deductive Calculi. On the other hand, our
papers [20/24] did show that systems can verify some forms of their Tableaux
self-consistency while retaining an ability to prove at least analogs of Peano
Arithmetic’s IT; theorems, if they treat Addition as a total function and Multi-
plication as a “non-total” 3-way relation M (z,y, z).

Our objective in this paper will be to establish crisper and stronger versions
of the preceding results. This topic is mathematically complex because there
are several plausible definitions D; , Dy, D3, ... indicating that an axiom
system « can verify its “Semantic Tableaux Consistency”. These definitions
are equivalent to each other under strong logics, but a weak axiom system «
is typically unable to prove these definitions of consistency are equivalent to
each other. Thus, the question naturally arises as to which definition of self—
justification is one choosing to study ?

In general, it is desirable to use the weakest possible definition among the
alternatives Dy , Dy, D3, ... when one is seeking to generalize the Second
Incompleteness Theorem. On the other hand, the opposite is true when one seeks
to develop “boundary—case exceptions” to the Second Incompleteness Theorem
that introduce some new type of “Self-Justifying formalism”. They become more
wide-reaching when they use the strongest feasible D; available.

A system « ’s weakest possible definition of Tableaux—Self-Justification is
that a can prove the non—existence of a Smullyan—like Semantic Tableaux proof
p of the theorem 0 =1, in a context where p’s proper axioms are drawn
from the system o (itself). This was the formal definition of Self-Justification
we used in our Tableaux—2000 conference paper [23], as well as in [25]. The
preceding paragraph explained why weaker definitions of Self-Justification are
better, when developing generalizations of the Second Incompleteness Theorem.
Thus, we need not further improve the results from our prior generalizations [23]
25] of the Second Incompleteness Theorem because there is little room available
for further improvement, at least in the context of axioms systems that extend
Q+V and recognize the consistency of their Semantic Tableaux deductive calculi.

On the other hand, there are substantial open questions remaining about
whether and how far our exceptions to the Second Incompleteness Theorem,
involving for example the “IS(A)” formalism of [20/24], can indeed be further
improved. The reason the latter topic is much more open than the former is that
weaker is certainly not better than stronger for it. This is because one would
ideally like the boundary—case exceptions to the Second Incompleteness Theo-
rem to use the the strongest possible definition of Self-Justification, among the
available alternatives Dy, Dy, D3, ... .

For example, our IS(A) system of [20J24] could recognize the non—existence

of any Smullyan—like Tableaux proof p of the theorem 0 = 1 , all of whose
proper axioms are drawn from IS(A). However for fully arbitrary sentence W,



Some New Exceptions for the Semantic Tableaux Version 283

IS(A) was not able to prove the unavailability of two Smullyan-like Tableaux
contradictory proofs for ¥ and — ¥ from IS(A).

Essentially, this paper will seek to investigate how close we can come to
establishing the above effect for extensions of IS(A). The next section will define
the notion of a “ II;” ” sentence that will help clarify this issue. Section 1.2
will then define a new axiom system, called IS-1(A), that recognizes that no
pair of contradictory Semantic Tableaux proofs of the two sentences ¥ and
- ¥ from IS-1(A) can exist, whenever ¥ is a “ II; ” sentence. The Remark
5 (at the end of Section 1.2) will give a short 1-paragraph summary of a recent
discovery by us, showing that the preceding boundary—case exceptions to the
Second Incompleteness Theorem do not generalize from II; to II, sentences.

1.1. Notation and Statement of Main Theorem

Some added notation is needed before we can state our main theorems. Say
a function F(ay,as,...a;) satisfies the Non-Growth property iff F' satisfies
F(a1,az2,...a;) < Mazimum(aq,as, ...a;) for all values of a1, as, ...a;. Seven ex-
amples of non-growth functions are Integer Subtraction (where z —y is defined
to equal zero when x <y ), Integer Division (where z -y is defined to equal
x when y =0, and we round down to the nearest integer), M azimum(z,y),
Logarithm(zx), Predecessor(z) = Max(xz—1,0), Root(x,y) = [ /¥ ] and
Count(z,j) designating the number of “1” bits among x’s rightmost j bits.
These functions are called the Grounding Functions.

We will use a slight variant of Logic’s conventional notation when discussing
grounding functions. A term will be defined to be a constant, variable or function
symbol (whose input arguments are recursively defined terms). If ¢ is a term then
the quantifiers in the wifs Vv <t ¥(v) and Jv <t W(v) are called bounded
quantifiers. If @ is a formula that uses the Grounding primitives as its function
symbols and the two relation symbols of “ = ” and “ < 7, then this formula
will be called both “ I1,” and “ X777 whenever all its quantifiers are bounded.
For n > 1, a formula 1 shall be called “ IT 7 iff it is written in the form
Yuy Yog ... Vo, @,  where @is “ X, _; 7. Likewise, T is called “ X 7 iff it is
written in the form Jv; Jvy ... Jvy, @, where @ is “ 11, 7.

Our definitions of X, and II,; formulae are the same as the conventional
definitions of X, and II,, formulae, except that the Addition and Multiplication
function symbols are replaced with Grounding primitives. Since Subtraction and
Division can represent Addition and Multiplication as relations, every conven-
tional II; formula can be translated into an II; formula that is equivalent to it
under sufficiently strong models of Arithmetic.

Using the preceding notation, we can provide a more succinct summary of
our main result. Let us say an axiom system « has a Level-N understanding of
its own Semantic Tableaux consistency iff it can recognize that there exists no
Smullyan-like Semantic Tableaux proofs, using «’s proper axioms, of both the
theorems ¥ and — ¥, for all I/ sentences ¥ . Let us say o has a primitive
understanding of its own Semantic Tableaux consistency iff it can recognize that
there exists no Smullyan-like Semantic Tableaux proof, using a’s proper axioms,
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of the theorem 0 =1 . Our prior IS(A) system of [20|24] technically had only
a primitive understanding of its own Semantic Tableaux consistency. However,
we could have easily improved this result to the Level-Zero. In this paper, we
will show how a stronger version of IS(A), called IS-1(A), can have a Level-1
understanding of its own Semantic Tableaux consistency. This is a non—trivial
improvement over our prior result because there exists no decision procedure for
enumerating all true II; sentences.

1.2 Definition of IS-1(A)

Let A denote an axiom system that proves theorems about the Grounding
Functions. Our new axiom system, called IS-1(A), will be a 4-part self-justifying
axiom system. Its Group-Zero, 1 and 2 axiom schemes will be defined analo-
gously to their counterparts in the IS(A) formalism of [20l24] (except for some
unimportant notational changes). However IS-1(A4)’s Group-3 scheme will have
a quite different definition than IS(A)’s counterpart. It will essentially assert
that the IS-1(A) formalism is Level-1 consistent. The formal 4-part defintion of
IS-1(A) is given below:

Group-Zero: Two of the Group-zero axioms will define two initial constants
that correspond to the integers 0 and 1. The third Group-zero axiom will
indicate that Addition is a total function. (It will thus provide a means to
define integers larger than 1.) Since our Grounding Function formalism does
not technically use an Addition function symbol, the axiom ([I)) below will
view Addition as an operation that is the inverse of Subtraction:

VeVydz o = 2z —y (1)

Group-1: This axiom group will consist of a finite set of II;” sentences, de-
noted as F , which assures that the seven Grounding functions have their
conventional properties with regards to the “=” and “<” predicates when
they are given constants as inputs. By this we mean that for each grounding
function G , k-tuple (nq,ns,...nx) and added constant m , the union of
axiom system F with (dl)’s added axiom will be sufficient to prove whichever
one of the three conditions of G(n1,ng,..nx) =m, G(ni,ne,..ng) <m
or G(ni,ng,..ng) > m is true. (Any finite set of II; sentences F with
this property may be used to define Group-1. Our prior published papers
expressed no strong preference about which F was employed.)

Group-2: Let Prf%(z,y) denote a ¥, formula indicating that y is a proof of
the theorem ¢ from the axiom system A . For each II; sentence @, the
Group-2 schema will contain an axiom of the form (). Thus, the Group-2
scheme shall trivially endow IS-1(A) with a capacity to verify all A’s I
theorems.

Vy {Prfi(y) > @} (2)

Group-3: This group will consist of one II; sentence stating essentially:
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* There exists no two Semantic Tableaux proofs from the Union of

the Group-1 and 2 axioms with this sentence looking at itself of

both some II; sentence and its negation.
In order to formally encode = as a II; sentence, let Pair(x,y) denote a
Y, formula indicating z is the Godel number of a II; sentence and y is
x’s negation. Also, let Prfyg_q 4 (a,b) denote a X formula that indicates
that b is the Godel number of a semantic tableaux proof of the theorem «
from the axiom system IS-1(A). In this context, the formal Gédel encoding
of the axiom sentence # can be approximated as:

VaVyVpVgq - [ Pair(z,y) A PrfIS_l(A)(m,p) A PrfIS_l(A)(y,q)] (3)

Remark 1. The full formal description of IS-1(A)’s Group-3 axiom is some-
what more complicated than the abbreviated descriptions of this axiom’s struc-
ture, given either by the Sentence * or by the analogous Equation (3). The main
added complication arises because the Group-3 axiom declares the consistency
of a formal set of axioms that includes “itself” (in the words of Sentence . )
The general notion of an axiom including formally “itself” when it refers to the
consistency of an axiom schema goes back to Kleene’s 1938 paper [6] (as the first
paragraph of this article had already indicated). Kleene’s abbreviated descrip-
tion is insufficient to establish that Equation (B) can be encoded precisely as a
117 sentence. To do this, one needs techniques similar to Appendixes B through
D from our article [24]. We will not repeat such a construction here.

Remark 2. One can easily become initially confused by IS-1(A)’s Group-3
axiom because IS-1(A) is not automatically consistent by virtue of the simple
fact that its Group-3 axiom declares: “I am consistent”. Using the nomenclature
from the opening paragraph of our article, the difficulty is that it is plausible
that IS-1(A) could satisfy Part—i but not the equally important Part-ii of the
definition of Self-Justification (as had happened with the example of «* , in the
first paragraph of this article). The next chapter will prove that this difficulty
does not occur with IS-1(A).

Remark 3. We wish to reinforce the point made by the preceding paragraph,
and graphically illustrate how some seemingly minor modifications in IS-1(A)’s
formalism will result in the construction of an inconsistent system. Pudldk has
proven that no consistent extension « of Robinson’s axiom system Q can prove
that all Hilbert-styled proofs employing «’s axioms are assured to be free of in-
consistencies. Solovay subsequently observed [16] it was possible to use methods
of Nelson and Wilkie-Paris [9/19] to incrementally refine this particular theorem
of Pudlak’s so that it will generalize for essentially all axiom systems that simul-
taneously recognize Successor as a total function and that retain a capacity to
prove all Peano Arithmetic’s II; theorems. Hence, IS-1(A) will automatically
become inconsistent if its Group-3 axiom is simply revised so that “Prf” specifies
a Hilbert rather than Semantic Tableaux variant of proof.

Remark 4. Similarly, our “Q+V” version of the Second Incompleteness
Theorem from [23]25] demonstrates that it is infeasible to modify the IS-1(A)
axiom system so that it can simultaneously recognize Multiplication as a total
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function and retain a logically valid analog of Equation (3)’s Group-3 axiom.
There is insufficient space to explain here why Multiplication’s totality is central
for effectuating the Semantic Tableaux version of the Second Incompleteness
Theorem. However, the reader can find some very good and detailed intuitive
explanations for this phenomena in either the passage spanning pages 328-331
in our article [20] or in Remark 4.5 of [24].

Remark 5. During the last three months while this article was being refer-
eed, we developed a new version of the Second Incompleteness Theorem which
states that there exists a II; sentence W , provable from the 1Y, fragment of
Peano Arithmetic, such that no consistent axiom system « can prove W |
prove Addition is a total function and simultaneously recognize its own Level-
2 Semantic Tableaux consistency. There is no space to insert the proof of this
added theorem here, and we will display it elsewhere. It implies that when A
has the strength of Peano Arithmetic, it is impossible to devise a modification of
IS-1(A) that is consistent and whose Group-3 axiom precludes the possibility of
there existing simultaneous Semantic Tableaux proofs of both an arbitrary I75
sentence and its negation. This inability to generalize our results from Level-1
to Level-2 consistency makes the main theorem-proofs, presented in the next
chapter, even the more interesting.

Remark 6. Let us say that a formula 7'(v) is an Initialization Segment
relative to an axiom system « if o can formally prove:

7(0) and Yo {T(v) D T(v+1) } (4)

Kriesel-Takeuti, Nelson, Pudldk, Visser and Wilkie-Paris [4/8I9IT2JT8IT9] have
illustrated several examples of Initialization-Formulae 7°(v), where an axiom
system « can prove its Semantic Tableauz consistency local to such Initialization
Segments. Thus if “ BadTableaux,, (y) 7 denotes that y is a semantic tableaux
proof of the theorem 0=1 from «, then there are several known axiom systems
« that can prove localized consistency statements similar to:

Vy { T(y) D —BadTableaux, (y) } (5)

The earliest version of () was discovered by Kriesel-Takeuti [8] in the rather
specialized context of a Second Order Logic generalization of the Cut-Free Se-
quent Calculus. Nelson [9] showed that Robinson’s Arithmetic Q can prove a
version of Equation (B) about itself. Pudlak [412] proved a much more gen-
eral theorem showing a similar effect was applicable to any finitely axiomatized
sequential theory (and also allowing for Wilkie-Paris’s notion [19] of a Herbrand-
restricted-consistency). This literature is not exactly relevant to Self-Justifying
axiom systems, because our axiom systems do not have their consistency state-
ments localized by an analog of Equation (H)’s formula 7(y) . However, this
literature is probably the closest analog to our results that has been explored
by other researchers. We especially encourage the readers to examine Pudlak’s
work [4T2] because it proves Equation (B)’s effect generalizes for all finitely
axiomatized sequential theories, which is a quite noteworthy phenomena !
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2 Proof of Main Theorem

Let I( ) denote a function that maps an initial axiom system A onto a second
axiom system, denoted as I(A) . Let us call the mapping—formalism I( e )
Consistency-Preserving iff I(A) is consistent whenever the union of the axiom
system A with Section 1.2’s Group-Zero and Group-1 axiom schemes is consis-
tent. Our objective will be to prove that IS-1(e) is “Consistency-Preserving”.
In our discussion, a sentence ¥ will be called PRENEX* iff it is written in the
form Q1 z1 Q2 x2... Qnxy 0(x1,x2...7,) where 0(z1,x2...x,) is a X formula
and @; denotes either the symbol V or 3.

Our definition of a semantic tableaux proof will be very similar to the defi-
nitions used in say Fitting’s or Smullyan’s textbooks [3]15]. Define a $-Based
Candidate Tree for the axiom system « to be a tree structure whose root cor-
responds to the sentence —@ rewritten in PRENEX* normal form and whose
all other nodes are either axioms of a or deductions from higher nodes of the
tree. Let the notation “ A = B ” indicate that B is a valid deduction when
A is an ancestor of B in the candidate tree T . In this notation, the deduction
rules allowed in a candidate tree are:

1. TANI' = T and YTAT' = I .

2. ==Y = 7T . Other valid Tableaux rules for the “ = ” symbol include:
-(Yvl) = YA, ~(Y>TI) = YA, (AT = -TVv-I,
-FT(v) = Yo T(v) and —VoT(v) = Fv-T(v)

3. A pair of sibling nodes 7 and I" is allowed in a candidate tree when their
ancestoris 1"V I .

4. A pair of sibling nodes =7 and I' is allowed in a candidate tree when
their ancestor is 7" D I .

5. FvT(v) = 7T(u) where u denotes a newly introduced “Parameter
Symbol”.

6. YwT(v) = 7T(t) where t denotes a parameter term. The “Parameter
Terms” here are built out of the Grounding Functions, whose inputs are any
set of constant symbols ¢y, co, .., ¢, and parameter symbols wq,us, .., Uy ,
where each symbol w; was previously introduced by an ancestor of the
node storing the new deduction “ (t) ”.

Define a particular leaf-to-root branch in a candidate tree T to be Closed iff it
contains both some sentence 7" and its negation -7 . A Semantic Tableaux
proof of @ is defined to be a candidate tree whose root stores the sentence —&
(written in PRENEX* normal form) and all of whose root-to-leaf branches are
closed. The only distinction between our definition of a semantic tableaux proof
and some other conventional definitions in [B[I5HT9] is that we require @’s proof
tree to have its root store — @ rewritten in PRENEX* normal form, whereas
some other conventional definitions do not have the PRENEX* requirement. All
our theorems will also hold if we drop the PRENEX* requirement, but the nota-
tion in our main proofs will be greatly simplified if we begin with the assumption
that the root has been normalized into PRENEX* form.

Let T denote a $-Based Candidate Tree, 3 denote a branch of T, L and
M denote two fixed constants, and VAL( e ) denote a function that maps each
term s (from ) onto an integer VAL(s), subject to the following constraints:
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A. Suppose u represents a new parameter symbol that is introduced at a depth
level d along the branch [ . Then its value will satisfy the constraint:

Val(u) < Min( M, L-2%) (6)

B. VAL(¢x ) = K when ¢x corresponds to one of the two particular
constants, ¢g or ¢;, defined by IS-1(A)’s Group-zero axiom and representing
the two numbers of zero and one.

C. VAL( s )’s definition will generalize in the natural manner for terms s that
contain function symbols F ,i.e. VAL(F(s1,s2)) = F(VAL(s1),VAL(s2) ).

Our next definition will require the added notation convention listed below.

Let ¥M denote a sentence identical to ¥ except that all the previously-
unrestricted universal quantifiers will have their ranges redefined in WM
to correspond to the subset of non-negative integers < M . (Bounded
universal quantifiers and both bounded and unbounded existential quan-
tifiers in ¥ will not have their ranges changed under ¥ . )

Our next definition will use the fact that a #-Based Candidate Tree IS NOT
a Semantic Tableaux proof of @ when at least one of the branches of this tree
fails to be closed. Let us say a branch [ of such a #-Based Candidate Tree is
Conservative iff there exists an ordered triple (L, M,VAL) where [ satisfies
the preceding conditions A—C, plus the following additional fourth constraint
below. (We will also call such a branch (L,M)—Conservative in the special
case where the particular values for (L, M) are fixed and known in advance.)

D. All sentences ¥ appearing on the branch 3 will be sentences where ¥ is
valid in the Standard Model of the Natural Numbers.

Before proceeding further, it would be useful to explain the significance of
Conservative Branches. Lemma [[ will state that no “candidate tree” can be a
“semantic tableaux proof” when it draws its proper axioms from IS-1(A) and
simultaneously contains a Conservative Branch. This fact will enable us to de-
velop a formal proof-by—contradiction that the IS-1( e ) axiom mapping must be
Consistency-Preserving, because otherwise the algorithm PROBE (which shall
defined be in Section 2.2) will construct the particular type of Conservative
Branch, whose existence will be strictly forbidden by Lemma [

Lemma 1. . Let a denote an azxiom system whose every axiom sentence is
written in PRENEX* normal form (similar to IS-1( A) ). Then none of candi-
date trees drawing their proper axioms from « can simultaneously contain a
Conservative Branch and constitute a “semantic tableaux proof”.

Proof. Very trivial because all o’s axioms, as well as any sentence stored in a
proof-tree’s root, are written in PRENEX* form. In such a context, it is simply
impossible for a branch 3 in a proof tree p to be closed without 8 containing both
some XY sentence T and its negation —7 . The latter cannot possibly occur
in a Conservative branch, because Part-D of our definition of conservativeness
would then require that 77 and its negation =7 both be simultaneously valid
sentences in the Standard Model of the Natural Numbers. O
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We will now explain roughly how we will use Lemma [I] to devise a proof—
by—contradiction that verifies that the IS-1( e ) axiom mapping is Consistency—
Preserving. Let w(x,y,p,q) be the X formula that corresponds to the square
bracket expression on the right-side of Equation (@). This means that IS-1( A)’s
Group-3 axiom (defined by Equation (B))) can be simply rewritten as:

VeVyVpYqg - wzypq) (7)

For any second formula 6(x,y,p,q) , let us examine the properties of the fol-
lowing second sentence:

VaVyVpVYae { wlypq D 0zypaq } (®)
Let us call Equation (B) a Vacuous Truth iff it satisfies the following conditions:

a. Equation () is a logically valid statement.

b. Although it is a valid sentence, Equation (B)) will actually not indicate what
it may first appear to imply. This is because no tuple (x,y, p, ¢) will actually
satisfy either w(z,y,p,q) or 8(z,y,p, q).

It is well known that “vacuous truths” are often useful intermediate steps ap-
pearing in proofs-by-contradiction. For example, a proof-by-contradiction can
verify Equation (@)’s assertion by employing Equation (B)’s “vacuous truth”
and showing that no tuple (z,y,p,q) can satisfy 6(z,y,p,q) .

Our formal proof of IS-1( e )’s Consistency—Preserving property will rest on
a proof-by-contradiction of this type. Its invoked formal constraint sentence
“VaVyVpV¥q — 0(x,y,p,q)” will turn out to be a fairly simple consequence of
Lemma [Il Our objective will be to use this f—statement and (§) to establish
(@. The only moderately difficult part of our proof will be because the full
meaning of vacuous truths are always awkward to directly visualize, because
of the inherently non—constructive nature of their statements. However, it will
be ultimately easy to follow our proof, provided one remembers the inherently
non—constructive nature of vacuous truths.

2.1 Structure of Main Proof
We begin by listing some notation that our proof will require:

1. Max(p, ¢) will denote the maximum of the two numbers p and q.
2. Top(P, Q) will be an abbreviation for the following formula:

VpVqVrVy { Max(p,q) <Max(P,Q) D -w(z,y,p,q) } (9)

3. Check(X,Y, P, Q) will denote a Boolean formula. In particular, let us recall
that the condition w(X,Y,P,Q) indicates P is a proof from the axiom
system IS-1(A) of a II; sentence, called X , and @ is the proof of the
negation of this sentence, called Y . In order to simplify our notation, let
us assume that X denotes the sentence ¢ Va ¢(a) ” and Y denotes
“Ja - ¢(a) ”. Then the symbol Check(X,Y, P, Q) will yield a Boolean
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value of TRUE if and only if the following statement is valid in the Standard
Model of the Natural Numbers:

1

<
Va [a72

-Max(P,Q)] > ¢(a) (10)

4. Constraint(t, 3) is a formula indicating that ¢ denotes the Gédel number
of a Semantic Tableaux “Candidate Tree” and 3 is a conservative branch
in t. (Note that Lemma/[ll indicates that when Constraint(¢, 3) is satisfied,
t CANNOT possibly represent a semantic tableaux proof. This fact will
be used by our proofs—by—contradiction to justify Theorems 1] and 1)

We will now use the preceding notation to outline the structure of the proof
of our main theorem, asserting the consistency of the IS-1(A) formalism. Our
proof can be viewed as having two parts. One part (appearing in Section 2.2) will
establish the validity of the two statements (II]) and (2)), listed at the bottom
of this paragraph. Both these statements are vacuous truths, characterized by
the usual property that there exists no tuple (X,Y, P, Q) satisfying the square-
bracket condition on the left side of their horn clause. As a result of their vacuous
nature, some readers may have difficulty fully visualizing the meaning of (I1l) and
(I2)), until Section 2.2’s proof for them is examined. We suggest that the readers
not feel particularly concerned to decipher their exact meaning at this current
juncture. Rather, one should just treat (II) and ([2) as simply purely formal
mathematical objects. Our present goal will be to show how our main theorem,
asserting the consistency of the IS-1(A) formalism, follows easily from these
statements, when one uses a method of proof-by—contradiction. In conjunction
with our formal proofs of (1) and (I2)), given later in Section 2.2, this analysis
will establish that the IS-1(A) axiom system is, indeed, consistent.

VX VY VP VQ { [ Check(X,Y,P,Q) N w(X,Y,P,Q) AN Top(P,Q) ]
D> 3 Constraint(Q,3) } (11)

VX VY VPVYQ { | —=Check(X,Y,P,Q) A w(X,Y,P,Q) A Top(P,Q) ]
O 34 Constraint(P,3) } (12)

We need one preliminary proposition before we can prove our main result.

Theorem 1. The combination of Equations (I1) and (I3) immediately imply
the validity of the following statement:

VX WY YPYQ { Top(P,Q) > -w(X,Y,P,Q) } (13)
Proof. Our proof rests on separately examining the two cases where the tuple
(X,Y, P,Q) does and does not satisfy the condition Check(X,Y, P, Q).

In the first case, we can infer from Equation () that the formal predicate
condition “ w(X,Y, P,Q) A Top(P,Q) " does imply the validity of

38 Constraint(Q, 3) . (14)
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However, Lemma [I's formal statement, translated into our new notation,
amounts to the assertion that it is impossible for Equation ([I4) and
w(X,Y, P,Q) to be simultaneously valid (see the footnote[l] for the formal details
substantiating this point). Hence, our forced conclusion is that if the condition
Check(X,Y, P, Q) is valid, then the identity “ Top(P,Q) D> - w(X,Y,P,Q)”

must automatically hold in this case.

We can use almost the identical technique to prove the validity of the identity
“Top(P,Q) O - w(X,Y,P,Q)"” in the alternate case where the condition
Check(X,Y, P,Q) is false. The only difference is that the second case will use
Equation (I2) rather than (Il) to arrive at a similar proof-by—contradiction.
(In particular, its proof will be the same as the preceding case, except that our
counterpart of Equation (I4)’s intermediate step will now be the observation
that § satisfies Constraint(P,3).) O

Theorem 2. Suppose the union of the axiom system A with Section 1.2’s
“Group-17 axiom schema is a consistent system. Then IS-1(A) is also a consis-
tent aziom system. (In our formal nomenclature, this amounts to stating that
the aziom—mapping formalism IS-1( e ) is “consistency—preserving”.)

Proof. Tt is easy to derive Theorem [2 from Theorem [l by using the method of
proof-by—contradiction. In particular, suppose that the theorem was false and
IS-1(A) was inconsistent. Using our notation convention, there would then exist
a tuple (x,y,p,q) satisfying w(z,y,p,q) . From such a tuple (z,y,p,q) ,
we can certainly find a second such tuple (X,Y,P,Q) , that also satisfies
this w—condition, but additionally possesses the minimal possible value for
MAX(P, Q) among all tuples satisfying w(z,y,p, q) . In our notation, this means
that (X,Y, P,Q) will satisfy the following dual condition:

w(X,Y,P,Q) N Top(P,Q) (15)

However, the point is that Theorem [ precludes the possibility that any tuple
could satisfy Equation (IH) (because the latter blatantly contradicts the invariant
(@3), established by Theorem [). Hence, our proof-by—contradiction forces us
to conclude that the Theorem P] must be valid, because otherwise the formal
statement of Theorem [1 would be contradicted. O

The remainder of this chapter will justify the vacuous truths, from Equations
(II) and ([I2)), so that our proofs for Theorem [Mand[@ shall be formally completed.

2.2 Proofs of Equations and

To prove Equations (IIl) and (IZ), we need to first introduce some notation. Let
T denote a candidate tree, and (L, M) denote the parameters used to define

! The basic reason for this inherent incompatibility is that the formula w(X,Y; P, Q) ,
by definition, implies () is a semantic tableaux proof of the theorem Y . In this con-
text, the formula Constraint(Q, 3) flatly contradicts the preceding statement, since
Lemmal/[I]indicates that the presence of Q’s “conservative branch” 3 demonstrates
that it is impossible for the “candidate” tree @) to be a formal tableaux-style proof.
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an (L, M )—Conservative Branch. The symbol PROBE will denote an algorithm
which given these inputs, seeks to construct a valuation VAL( e ) and a
(L, M')—Conservative Branch for T', called Beta(T, L, M). The four algorithmic
rules for constructing Beta(T, L, M) and VAL( e ) are listed below:

1. The top node along the path Beta(T, L, M) will always be T”s root.

2. Suppose the first ¢ nodes along the path Beta(T,L, M) are Ni, No, N3,
.. N; , and the node has N; has two children denoted as N, and N, .
In this case, the candidate tree T has used either the V —Elimination
or D —Elimination to justify this binary split, and we will let ¥, and
¥, denote the two sentences stored in these two nodes. In this case, our
algorithm PROBE(T, L, M) will make the “left child” N, constitute the
next element along Beta(T, L, M)’s path when the sentence WM is valid (in
the Standard Model of the Natural Numbers). Otherwise, it will make N,
be Beta(T, L, M)’s next node.

3. If the first ¢ nodes along the Beta(T, L, M)’s path are Ny, Na, N3, ... N;
and N; has only one child, denoted as N;;; , then the algorithm
PROBE(T, L, M) will “attempt” to make [NN;y; the next node along
Beta(T, L, M)’s path. This “attempt” may not be successful. The difficulty
arises when [N;;1’s sentence is constructed via the J—FElimination Rule
(and it thus introduces a new parameter-symbol, called say wu; ). In this
case, the procedure PROBE(T, L, M) will attempt to assign VAL( u; ) the
smallest possible value (consistent with the assignments it previously gave
to wui,ug, ... uj—1 ). If the resulting quantity VAL( u; ) is sufficiently small
to satisfy Equation (@)’s inequality, then PROBE(T', L, M)’s attempt will be
considered successful. Otherwise, the procedure PROBE(T, L, M) will sim-
ply “quit” and cease attempting to build T’s (L, M)—conservative branch,
called Beta(T, L, M).

4. The procedure PROBE(T, L, M) will iteratively repeat Steps 2 and 3 to make
the path Beta(T, L, M) become longer and longer, until either it reaches the
candidate tree’s desired leaf—level or a failure occurs in Step 3.

Our next two lemmas will show how we may apply the procedure
PROBE(T, L, M) to corroborate the validity of Equations (Il and (I2)).

Lemma 2. . Suppose the union of the axiom system A with IS-1(A)’s Group-
zero and Group-1 axioms is a consistent axiom system and that the 4-tuple
(X,Y,P,Q) satisfies the square-bracket expression on the left side of Equation
(I1l). (This expression is rewritten below.)

Check(X,Y,P,Q) A w(X,Y,P,Q) A Top(P,Q) (16)

Let us set L =1, M = %~Max(P,Q)fl and T = @Q . Then for
these input values for (T, L, M), the procedure PROBE will successfully find
an (L, M)— Conservative Branch lying in the candidate tree @Q .

Lemma 3. . Let us again suppose that the union of the axiom system A with
1S-1(A)’s Group-zero and Group-1 axioms is a consistent axiom system. Also,
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suppose that the (X,Y, P, Q) satisfies the square-bracket expression on the left
side of Equation {I2). (This expression is rewritten below.)

(= Check(X,Y,P,Q) ) A w(X,Y,P,Q) A Top(P,Q) (17)

Let us set L = % - Maz(P,Q), M = Max(P,Q)—1 and T = P . Then
for these input values for (T, L, M), the procedure PROBE will successfully find
an (L, M)—Conservative Branch lying in the candidate tree P .

PROOF OF LEMMA [2.. We will use the Principle of Induction to prove
Lemma PRl Our inductive proof shall assume that the i highest nodes Ny, No...N;
along the path Beta(T,L,M) satisfy the (L, M)—Conservative condition, and it
will use this fact to deduce that the node N;11 will also be (L, M )—Conservative.
Our inductive proof will be divided into eight sub—cases because we must sepa-
rately consider the possibilities that N;;; constitutes 7”s root, stores an axiom
of IS-1(A), or is deduced from a higher node of the candidate tree 7' via one
of the six Elimination rules for the 3, V, A, V, D or — symbols.

1. The Case where N,.; designates 71’s root: We will employ the
notation from Equation (I0)’s definition of Check(X,Y, P, Q). It indicated that
if for some X formula ¢(a) , X denotes the sentence “ Va ¢(a)” and Y
denotes “ Ja - ¢(a) 7, then Check(X,Y, P, Q) denotes the statement:

Va [a< -Max(P,Q)] > ¢(a) (18)

N |

In a context where Lemma[sets M = 1. Max(P,Q)—1 and [~Y ] denotes
=Y rewritten in Prenex* Normal form, Equation (8] implies that the sentence
[ =Y M s valid. Moreover since (Q represents a proof of the sentence Y ,
the root of @’s proof tree is the sentence “ =Y ”. Hence the last two sentences
show that the root satisfies Part-D of the definition of (L, M)—Conservativeness.
(We do not need to verify it also satisfies the other three parts of this definition
because the root contains no parameter symbols w« , and thus these conditions
hold trivially, by default.) O

2. The Case where N,.; stores one of IS-1(A)’s formal axioms. Let
¥ denote the axiom sentence stored in N;;; . Similar to the preceding case, the
only non—trivial aspect of this case is the demonstration that ¥ satisfies Part-D
of the definition of (L, M)—Conservativeness (i.e. that ¥ is valid under the
Standard Model). The proof of this fact is divided into three sub—cases:

1. Sub-case where W is one of IS-1(A)’s Group-zero or Group-1 azioms: In
this case ¥ is automatically valid under the Standard Model of the Natural
Numbers, and hence so is ¥M .

2. Sub-case where ¥ is one of IS-1(A)’s Group-2 axioms: Lemma[2's hypoth-
esis indicates that the union of A with IS-1(A)’s Group-zero and Group-1
schemes is a consistent system. This fact implies that every Group-2 axiom
is valid under the Standard Model. Moreover, Equation (2))’s definition of a
Group-2 axiom indicates that these axioms are encoded as II; sentences.
Such II; sentences ¥ have the property that ¥’s validity automatically
implies the validity of ¥ .
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3. Sub-case where W is IS-1(A)’s Group-3 axioms (formally defined by Equa-
tion (3)): Unlike the other sub-cases, we shall not assume the validity of the
sentence ¥ at the start of the proof of this sub-case (see footnote). However,
Lemma s hypothesis does indicate validity of Top(P, Q) (i.e. see Equation
(I6)). The latter, combined with M’s definition, immediately implies that
UM s valid when ¥ denotes IS-1(A)’s Group-3 axiom. O

3. The Case where N,.; is generated by the 3-Elimination Rule:
This Elimination rule, defined in Section 2’s second paragraph, allows N;;1; to
represent a sentence ¢(u*) , containing a new parameter symbol w* , when an
ancestor of N;y; represents the sentence Jv ¢(v) . A key aspect of IS-1(A) is
that Equation () is its only axiom using unbounded existential quantifiers. Let
MaxVal(i) denote the maximum of 1 and of the largest quantity, Val(u), stored
in the nodes Ni, No, N3,...N; . It is clear that the elimination of an existential
quantifier, originating from Equation (), will cause Val(u*) < 2-MaxVal(4).

Moreover since neither any of IS-1(A)’s other proper axioms nor its root
contains unbounded existential quantifiers, the preceding inequality clearly im-
plies MaxVal(i +1) < 2-MaxVal(i). This latter inequality, combined with the
facts that MaxVal(1)= 1 and the height of @’s proof tree is certainly less than
3 Loga (M) immediately shows that the Val(u*) will satisfy Equation (@)’s con-
straint. The proof that the node N;; will satisfy the other parts of the definition
of (L, M)-Conservativeness is trivial. O

4. The Case where N,.; is generated by the V-Elimination Rule:
This Elimination rule, allows N;y; to represent a sentence ¢(u*) , when an
ancestor of N;;1 stores the sentence Vv ¢(v) and u* represents a parameter
symbol used in one of N;;1’s ancestors, one of the constants of 0 or 1, or a term
generated from these primitive objects. In each of these cases, a routine inductive
argument shows that ¢(u*) must satisfy the (L, M)-Conservative Condition
because the parameter symbols appearing inside w* satisfied Equation ()
and because the higher node storing “ Vv ¢(v) ” should be inductively presumed
to be (L, M)-Conservative. O

5. The Case where N,;;; is generated by the A-Elimination Rule:
Trivial because a sentence 1" will automatically satisfy the (L, M)-Conservative
Condition when some ancestor of it storing the sentence 7" A @ does. O

6. The Case where N;,; is generated by a — Elimination Rule: It
is, once again, trivial that a sentence 1" will automatically satisfy the (L, M)-
Conservative Condition when some ancestor of it storing the sentence = =7 does.
Also, a similar trivial argument applies to the other variants of = Elimination
(formally defined in Section 2’s second paragraph). O

7. The Case where N;;; is generated by the V-Elimination Rule:
This rule introduces a pair of sibling nodes 7" and © when they have a common
ancestor 77 V O . Since the inductive hypothesis implies 7 V © satisfies the

2 Tt turns out that IS-1(A)’s Group-3 axiom is a valid statement. However, we cannot
assume its validity during the course of Lemma EI's proof because Lemma 2's purpose
is to help prove Theorem[2] and the validity of IS-1(A)’s Group-3 axiom is not evident
until Theorem [2 is formally proven.
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(L, M)-Conservative Condition, one of 7" or @ must also satisfy this condition.
Our algorithm PROBE will automatically select this satisfying node. O

8. The Case where N,.; is generated by the D-Elimination Rule:
Essentially the same as the preceding Case 7. O

PROOF OF LEMMA [3. The general structure of Lemma s proof will
be analogous to Lemma [2's proof, in that it will again demonstrate the node
N, 11 satisfies the (L, M')—Conservative condition with an inductive argument
that presumes that the ¢ higher nodes Ny, Ns...N; along the path Beta(T,L,M)
already satisfy the (L, M)—Conservative condition. Our inductive proof will be
divided into eight cases, six of which are the same as their analogs in Lemma [2I's
proof (i.e. Cases 2 and 4-8). The remaining two cases appear below:

A) The Case where N,.; designates T’s root: This case differs from
the Case 1 of Lemma Bs proof because a proof of P of X stores =X (which cor-
responds to Y rewritten in Prenex™ Normal form) in its root, rather than —Y
(which corresponds to X in Prenex* Normal form). Another distinction is that
Lemmal[3's hypothesis assumes the validity of the condition — Check(X,Y, P, Q),
whereas Lemma 2I's hypothesis presumed Check(X,Y, P, Q). The salient point is
that this shift in Check(X,Y, P,Q)’s Boolean value allows us to conclude that
the new sentence stored in 77s root, under Lemma B] is also valid in the Standard
Model of the Natural Numbers. Hence if ¥ denotes the root’s sentence, we can
again conclude the ¥ is valid, showing that the root satisfies Part-D of the
definition of (L, M)—Conservativeness. (Once again, it is trivial that the root
satisfies the other three parts of the definition of (L, M)—Conservativeness.) O

B) The Case where N, i’s Stored Sentence is generated by the
F-Elimination Rule: The reason this case is different from the Case 3 of
Lemma [Z's proof is that the root of 7’s candidate tree will, for some II;
formula ¢(v) , correspond to a sentence of the form “ 3 v ¢(v) 7 in the
current case. Moreover from the fact that Lemma Bf's hypothesis indicates that
the condition — Check(X,Y, P, Q) is valid, we can presume our valuation will
assure that Val(u) < L, whenever N;i1’s stored sentence “ ¢(u)” is deduced
by eliminating the existential quantifier from “ 3 v ¢(v) 7 .

The remainder of our proof for the current case is analogous to Case 3 from
Lemma BI's proof. It uses again the fact that the only proper axiom of IS-1(A)
containing an unbounded existential quantifier is Equation (II)’s axiom. In partic-
ular, let MaxVal(i) again denote the maximum of 1 and of the largest quantity,
Val(u), stored in the nodes Nj, No, N3,...N; . We already noted in Lemma s
proof that MaxVal(i+1) < 2-MaxVal(i), whenever the node N;;; introduces
a new parameter u, generated by eliminating an existential quantifier stemming
from Equation (). Hence, this observation, combined with the inequality from
the preceding paragraph, implies MaxVal(i +1) < Max [ L ,2-MaxVal(i) ].

This recurrence relation, together with the facts that L = % - Max(P, Q) ,
M = Max(P,Q) — 1 and that P’s proof tree has height less than é Loga (M),
demonstrates that the parameter u, generated by the 3-Elimination Rule meets
Equation (fl)’s requirements. It is, again, trivial to justify it satisfies the other
parts of the definition of (L, M)-Conservativeness. O
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The preceding proofs of Lemmas 2] and [3] also complete our justification for
Theorems[dl and 2l This is because Section 2.1’s proof of these two theorems had
pre-supposed the correctness of Equations (1) and (I2), an assumption which
Lemmas 2 and Bl do now corroborate.

Generalizations of Theorem [2] and Added Perspectives. Let H
denote a list of ordered pairs (t1,p1), (t2,p2)...(tn, Pn), Where pi is a Semantic
Tableaux proof of the theorem ¢;. Define H tobea R(i,j) Tableaux-
Hierarchy Proof of the theorem 7T from the axiom system « iff T =1¢,
and H also satisfies the following two conditions:

1. The formal axioms used in p,,’s proof are either one of t1,ts,...t;,,_1 oOr
come from .
2. Each of the sentences ti,ts,...t,—1 are required to have a II} or ZJ’?‘ format.

Consider a revised form of the IS-1(A) that uses R(1,1) deduction rather than
conventional semantic tableaux as its underlying formalism. Thus, this version
of IS-1(A), which perhaps should be called IS-1*(A), will have an identical defi-
nition as IS-1(A) except that its Group-3 axiom will employ a variant of Eq (B)
where “Prf” now denotes a R(1,1) proof rather than a conventional tableaux
proof. Thus IS-1*(A4)’s Group-3 axiom will be identical to IS-1(A)’s counterpart
except that it will have this type of Prf IS-1%(4) predicate replace Prf 1g_1 ()

A longer version of this paper generalizes Theorem Pl to establish that the
IS-1*( e ) axiom—mapping formalism is “consistency—preserving”. Moreover,
all our formalisms can also be further strengthened so that they support the
additional properties of our article [24]’s Tangibility Reflection Principle.

It also turns out that Theorem[2 and its generalizations collapse when R(2,1)
deduction replaces R(1,1). In this case, a generalization of the Second Incom-
pleteness Theorem can establish there exists a II; sentence W , provable from
the IXy fragment of Peano Arithmetic, such that no consistent axiom system «
can prove W | prove Addition is a total function and simultaneously recognize
the assured non-existence of a R(2,1) proof of 0=1 using «’s axioms.
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Abstract. After reviewing the literature on semantics of Hilbert’s ep-
silon symbol, we present a new one that is similar to the referential
interpretation of indefinite articles in natural languages.

1 DMotivation

In [10] we have studied the combination of mathematical induction in the style
of Fermat’s descente infinie with state-of-the-art logical deduction into a for-
mal system in which a working mathematician can straightforwardly develop
his proofs. This system’s soundness proof required a notion of reduction like the
one of Def.5.19 below that “preserves solutions”. By this we mean the follow-
ing: All solutions that transform a proof attempt (to which a proposition has
been reduced) into a closed proof (i.e. the “closing substitutions” for the free
variables) are also solutions of the original proposition, just as a proof in Prolog
computes answers of a query proposition. The liberalized §-rules as found in [4]
do not satisfy this notion. The addition of our choice-conditions—which can be
understood as a new semantics for Hilbert’s e-symbol that mirrors the referential
interpretation of indefinite articles in natural languages—finally turned out to
be the only way to repair this defect of the liberalized é-rules. As Hilbert’s ¢ is
of universal interest and applicability, we suppose that our new semantics will
turn out to be useful in many other areas where logic is applied as a tool for de-
scription and reasoning. The paper organizes as follows: Sect. 2 introduces the €.
In Sect.3 we show the problems with indefinite and committed choice and re-
view the literature on the €’s semantics w.r.t. adequacy and Hilbert’s intentions.
Sect. 4 introduces our new approach to the €’s semantics informally. A formal
discussion follows in Sect. 5, where proofs are omitted but can be found in [10].

2 What Is Hilbert’s €7

Just like Bertrand Russell’s t-symbol (cf. e.g. [7, Vol.I]), Hilbert’s e-symbol is a
binder that takes a variable x and a formula A and produces the term ex. A.

Example 2.1 (¢) (Buggy!)

Let Il and IV denote Henry IIl and Henry IV, resp., and consider Father to be
a predicate for which Father(lll,1V) holds, i.e. “HenryIII is father of Henry IV”.
Now, “the father of HenryIV” can be denoted by tx. Father(x,IV), and be-
cause this is nobody but HenryIIl, i.e. Il = wx. Father(z,IV), we know that

U. Egly and C.G. Fermdiller (Eds.): TABLEAUX 2002, LNAI 2381, pp. 298-314, 2002.
[Springer-Verlag Berlin Heidelberg 2002
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Father(vz. Father(z,1V),1V) holds. Similarly,

Father(cz. Father(z, Adam), Adam), (Ex.2.1.1)
and thus Jy. Father(y, Adam), but, oops! Adam and Eve do not have any fa-
thers. If you think differently on this, consider the following problem that occurs
when somebody has two fathers:

Father(HolyGhost, Jesus) A Father(Joseph, Jesus). (Ex.2.1.2)

Then the Holy Ghost is the father of Jesus and Joseph is the father of Jesus, i.e.

HolyGhost = tx. Father(z, Jesus) A Joseph = vx. Father(z, Jesus) (Ex.2.1.3)

which implies something the Pope may not accept, namely that HolyGhost =
Joseph, and he anathematized Henry IV in the year 1076.

Thus, in order to be able to write down wx. A without further consideration,
following the (well justified) standard in classical non-modal logics that any
term uniquely denotes something that exists, we have to treat (x. A as an
uninterpreted term about which we only know

dz. A = Af{x—x. A}
or in different notation (Ilz. (A(z))) = A(wx. (A(z))). Now the problems of
Ex. 2.1 disappear because (Ex.2.1.1) and (Ex.2.1.3) are not valid. The price we
have to pay for this is that—roughly speaking— tx. A is of no use unless the
unique existence 3lz. A can be derived.

Compared to this, the € is more useful than the ¢ because it comes with the

stronger axiom

. A = A{zr ex. A} (€0)
As the basic methodology of David Hilbert’s formal program is to treat all sym-
bols as meaningless, he does not give us any semantics but only the axiom (gp).
Although no meaning is required, it furthers the understanding, and therefore
Paul Bernays writes [7, Vol.II, p.12] in the fundamental book on the work of
David Hilbert and his group on the foundations of mathematics that

ex. A ... “is an object of the universe for which—according to the se-
mantical translation of the formula (eq)—the predicate A holds, provided
that A holds for any object of the universe.” (our translation)

Example 2.2 (¢ instead of ¢) (continuing Ex. 2.1)

We still have Il = ex. Father(z,IV) and Father(ex. Father(x, V), V). But,
from the contrapositive of (g9) and —Father(ez. Father(z, Adam), Adam), we
now can conclude that —3y. Father(y, Adam).

David Hilbert did not need any semantics or precise intention for the e-symbol
because it was introduced merely as a formal syntactic device to facilitate proof-
theoretic investigations, motivated by the possibility to get rid of the existential
and universal quantifiers via

. A & A{z—ex. A} (e1)
and

Ve. A & A{x ez -A} (e2)
Cf. [9] for an excellent modern treatment of the subject.
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Wilhelm Ackermann, Paul Bernays, and David Hilbert finally succeeded
[7, Vol.1I] in giving a proof of the fact that the e (just as the ¢ [7, Vol.I)) is a
conservative extension in the sense that any formal proof of an e-free formula can
be transformed into a formal proof that does not use the ¢ at all (“e-elimination
theorems”). Generally, this is not the case anymore if we go beyond first-order
logic, e.g. by considering finite structures only, cf. [3] for references.

While the historical and technical research on e-elimination is still going on,
this is not the subject of this paper. Moreover, it is my opinion that in our days
we should be less interested in Hilbert’s formal program and the consistency of
mathematics than in the powerful use of logic in creative processes. And, instead
of the tedious syntactical proof transformations that easily lose their usefulness
and elegance within their technical complexity and that—more importantly—
can only refer to an already existing logic, we need semantical means for finding
new logics and new applications. And the question that then arises here—esp.
for classical logic—is: What would be the proper semantics for Hilbert’s €7

3 Is Indefinite Choice the Proper Semantics?

Just as the (-symbol is generally taken to be the referential interpretation of the
definite article in natural languages, it is our opinion that the e-symbol should
be that of the indefinite one.

Example 3.1 (¢ instead of 1) (continuing Fx. 2.1)
It may well be the case that

HolyGhost = ex. Father(x, Jesus) A Joseph = ecx. Father(z, Jesus)
i.e. that “The Holy Ghost is @ father of Jesus and Joseph is a father of Jesus.”
But this does not bring the Pope into trouble because we do not know whether
any father of Jesus is equal to any father of Jesus. This will become clearer when
reconsidering this example in Ex. 4.4.

3.1 Committed Choice

Closely connected to indefinite choice (also called “indeterminism” or “don’t
care nondeterminism”) is the notion of “committed choice”. E.g., when you have
a new telephone, you don’t care which number you get, but once the provider
has chosen a number for your telephone, you want the provider to commit to its
choice, i.e. not to change your phone number between two incoming calls.

Example 3.2 (Committed Choice) (Buggy!)

Suppose we want to prove Jz. (z # x).
According to (e1) this reduces to ex. (v#x) # ex. (v#x).
Since there is no solution to x #x we can replace ex. (z#x) with anything.
Thus, the above reduces to 0 # ex. (v#ux),
and then, by exactly the same argumentation, to 0 # 1,
which is valid.
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Thus we have proved our original formula Jz. (z # x), which, however, happens
to be invalid. What went wrong? Of course, we have to commit to our choice for
the e-term introduced for the elimination of the existential quantifier.

The following lengthy example shows that the elimination of V- and 3-
quantifiers with the help of e-terms may be more difficult than one might think.
The problem is that some e-terms may become “subordinate” to others. An e-
term ev. B (or more generally a binder on v) is superordinate to an (occurrence
of an) e-term ex. A if ex. A is a subterm of B and an occurrence of the
variable v in ex. A is free in B. An (occurrence of an) e-term a is subordinate
to an e-term b if b is superordinate to a. These subordinate e-terms [7, Vol.II,
p. 24] are responsible for the difficulty to prove the theorems on e-elimination
constructively.

Example 3.3 (Subordinate e-terms)
Consider the formula V. Jy. Vz. P(z,y,2). Let us apply (e1) and (g2) in order
to completely remove the three quantifiers. The resulting term does not depend
on the order in which we do this, but it is quite deep; in general n nested
quantifiers result in an e-nesting depth of 2"—1. Moreover, huge e-terms occur
up to n-times with commitment to their choice. Therefore, we should carefully
identify the terms that have multiple occurrence. The result is P(x1,y2, 24),
where
z4 = ez. =P(x1,y2,2)
y2 = ey. P(z1,y,23(v)) with z3(y) = €z. =P(1,y, 2)
1 =ex. Pz, y1(x), z2(x)) with za(z) = ez. =P(z, 11 (z), 2)

and yl(&) = &y. P(§7y7zl(§7 y)) with Zl(&a Q) = &z. _‘P(Eaga Z)
Firstly note that the equations for z3, 29, y1, 21 are a little problematic because
the underlined variables x and gy occurring on the right-hand sides are only
seemingly free but actually bound by the next ¢ to the left, to which the closest
e-term thus becomes subordinate. E.g., the e-term z3(y) is subordinate to the
e-term yo. Secondly, the top e-binders on the right-hand sides are exactly those
that require a commitment to their choice. This means that each of z1, 2o, 23,
z4 and of y1, y2 may be chosen differently without affecting soundness of the
equivalence transformation. Note that the variables are strictly nested into each
other. Thus we must choose in the order of 21, y1, 22, x1, 23, Y2, 24. Moreover,
for 23, z2, Y1, 21 we actually have to choose a function instead of a simple value.
In Hilbert’s view, however, there are no objects at all, but only terms, where x;
reads

ex. P(z,ey. P(z,y,ez1. P(x,y,21)),e20. P(x,ey. P(x,y,e21. P(x,y,21)), 22))

and yo and z4 take several lines to write them down.

For V. Vy.Vz. P(x,y,z) instead of V. Jy.Vz. P(z,y,2), we get the same
exponential explosion as in Ex.3.3 when we eliminate the e-terms completely
using (e2). The only difference is that we get two more occurrences of ‘—’.
But when we have quantifiers of the same kind like ‘3’ or V', we had better
choose them in parallel, e.g., for V. Vy.Vz. P(z,y,2) we take wv; = ev.

—P(1st(v), 2nd(v), 3rd(v)), and then z; =15t(vy), yo=20d(vy), z4=3rd(vy).
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3.2 Free Existential and Weak Free Universal Variables

Suppose we want to prove the existential property Jz. A. While in old-fashioned
inference systems the y-rules (according to Smullyan’s classification) require us
to choose a witnessing term ¢ immediately when removing the quantifier, more
modern inference systems like the ones in [4] enable us to delay the choice of
the term ¢ (which is crucial for the success of the later proof) until the state
of the proof attempt provides information that is sufficient to make a success-
ful decision. This delay is achieved with a special kind of variable, sometimes
called “dummy”, “free variable”, or “meta variable”. We will call these variables
free existential variables and write them like 27. Now, dx. A is first reduced
to A{x—2z} and later in the proof we can globally substitute 27 with an
appropriate term.

In theorem proving, cf. [10] e.g., the explosion of Ex. 3.3 is reduced by not
removing the quantifiers below e-binders and by replacing existentially quanti-
fied variables with free existential variables. For the case of Ex. 3.3, this yields
zg=¢ez. “P(x1,y7,2) and xy=cex. =Jy. Vz. P(x,y,2). Thus, in general, the
binder nesting does not become deeper than i(n—l—l)z. Moreover, if we are only
interested in reduction and not in equivalence transformation of a formula, we
can even abstract Skolem terms from the e-terms and just consider z; = 2%V (y7)
and x1=2x"V. Here 2%V and 2™V are weak free universal variables. These vari-
ables play the role of parameters and stand for an arbitrary object of which
nothing is known. The small ‘w’ stands for “weak”.

Note that with Skolemization we have no explosion at all and the same will
be the case for our approach to e-terms.

After a glimpse into the literature on a semantics for Hilbert’s € in the next
two sections, we will further introduce into indefinite choice in Sect. 4.

3.3 Functional Semantics

Nearly all the semantics for Hilbert’s € in the literature is functional. Cf. [9] and
the references there for an overview. There, a functional behavior is required for
the e, which contrasts the above suggested indefiniteness.

The omnipresence of the functionality requirement may have its historical
justification in the fact that the dots “...” in the quotation preceding Ex.2.2
actually contain the word “function”, which could be understood in its mathe-
matical sense to denote a (right-) unique relation. And, what kind of function
could it be but a choice function, choosing an element from the set of objects
that satisfy A? In [6], Hilbert even writes

“Above that, the € has the role of the choice function, i.e. in the case
where A(a) may hold for several things, ex.(A(z)) is an arbitrary one
of the things a for which A holds.” (our translation)

Regarding the question of an intended unique behavior, these statements are
ambiguous in the German original. Hilbert most probably wanted to have what
today we call “committed choice”, but, as this technical term did not exist at
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his time and he was not interested in semantics anyway, simply used the word
“function”. The strongest argument against Hilbert’s intention of a functional
behavior is that the implied formula

Vr. (AeB) = ex. A=cx. B (E2)
cannot be derived form Hilbert’s axiomatization.

To be precise, the notion of a “choice function” must be generalized here
because—in order to have a total function on the power set of the universe—
a value must be supplied even on the empty set: f is defined to be a gen-
eralized choice function if  f:dom(f) —J(dom(f)) and Vz&dom(f).
(x=0 Vv f(z)€x). Different possible choices for the value on the empty set are
described in [9], but as the consequences of any special choice are quite queer,
the only solution that is found to be sufficiently adequate in [9] is to consider
validity in any model given by each generalized choice function on the power set
of the universe. Note, however, that, in each single model, the behavior of the
is still a function from the set of objects that satisfy A. This can be expressed
by (E2) which, roughly speaking, together with (1) and (£2) is shown in [9] to
be complete for first-order € predicate calculus w.r.t. this semantics.

In [5] the above treatment of [9] is called the extensional one because the
value of ex. A in each semantical structure A is functionally dependent on the
extension of the formula A, i.e. on { o | eval(AW{z—0})(A) }, where ‘eval’ is
the standard evaluation function that maps a structure (or interpretation) (pos-
sibly including a valuation of the free variables) to a function from terms (and
formulas) to values. In order to get more freeness for the definition of a semantics
of g, in [5] the value of ex. A may depend on the syntax besides the semantics.
It is given as a function depending on a structure and on the term ex. A. In [5,
p. 177] we read: “This definition contains no restriction whatsoever on the valu-
ation of e-terms.” This is, however, not true because it imposes the restriction
of a functional behavior, which denies the possibility of an indefinite behavior
as we will see below.

3.4 Indefinite Semantics in the Literature

The only occurrences of an indefinite semantics for Hilbert’s ¢ in the literature
seem to be [3] and the references there. Consider ex. (r=x) = ex. (r=x) from [3]
or the even simpler

ex. true = ex. true (R)
which may be valid or not, depending on the question whether the same object is
taken on both sides of the equation or not. In natural language this like “Some-
thing is equal to something” whose truth is indefinite. If you do not think so, take
ex. true # ex. true instead, i.e. “Something is unequal to something”. In [3],
Kleene’s strong three valued logic is taken as a mathematically elegant means to
solve the problems with indefiniteness. From a practical point of view, however,
we do not think this to be an adequate solution because it severely restricts the
applicability of the logic: Logical arguments outside the academical world are
never made explicit because the presence of logic is either not realized at all or
taken to be trivial. In applications, a logic is not the object of investigation but
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a meta-logical tool. Thus, regarding applications in the western world we have
to stick to our common meta-logic which is a subset of classical (modal) logic.
A western court can accept that Lee Harvey Oswald killed John F. Kennedy
as well as that he did not; but cannot accept a third possibility, a tertium, as
required for Kleene’s strong three valued logic, and esp. not the interpretation
given in [3] that he both did and did not kill him.

4 Introduction to a New Indefinite Semantics for the e

From the discussion above one could get the impression that an indefinite logical
treatment of the € is not easy to find. Indeed, there is the problem that the
substitutivity s=t = f(s)=f(t) (cf. (E2)) and the reflexivity axiom t=t
(cf. (R)) cannot be taken for granted. This means that it is not definitely okay
to replace a subterm by an equal term and that even syntactically equal terms
may not be definitely equal.

Therefore, it may be interesting to see that in programs we are quite used
to an indefinite behavior of choosing including committed choice and that the
violation of substitutivity and even reflexivity is no problem there: Consider the
following ML function, returning the first element of a list that implements a set:
fun choose s = case s of Set (i :: _) => 1 | _ => raise Empty;

The behavior of the function choose is indefinite for a given set, but any time
it is called for an implemented set, it chooses a special element and commits to
this choice, i.e. when called again, it returns the same value. In this case we have

choose s = choose s, but s =1t doesnot imply choose s = choose t. In
an implementation where some parallel reordering of lists may take place, even
choose s = choose s may be wrong. The question of choose s = choose s

is indefinite until the choice steps have actually been performed. This is exactly
what we will do with the €. The steps that are performed in logic are proof
steps. Thus, on the one hand, when we want to prove cz. true = cz. true we
can choose 0 for both occurrences of ex. true, get 0=0, and the proof is
successful. On the other hand, when we want to prove cx. true # cx. true we
can choose 0 for one occurrence and 1 for the other, get 0#1, and the proof is
successful, too. This procedure may seem wondrous again, but is very similar to
something quite common with free existential variables, cf. Sect. 3.2: On the one
hand, when we want to prove a? =y we can choose 0 to substitute for both
x? and y?, get 0=0, and the proof is successful. On the other hand, when we
want to prove x7 #y? we can choose 0 to substitute for 7 and 1 to substitute
for 7, get 0#1, and the proof is successful, too.

4.1 Replacing e-Terms with Strong Free Universal Variables

An important difference between the inequations ex. true # ex. true and
27 #£y? is that the latter does not violate the reflexivity axiom. And we are going
to cure the violation of the former immediately by introducing a new kind of
free variables, namely the strong free universal variables, which we write like 275,
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Now, instead of ex. true # ex. true we write z%°#y"® and remember what
these strong free universal variables stand for by storing this into a function C,
called a choice-condition: C(2%°) := C(y™®) := true.

At first, suppose that our e-terms are not subordinate to any outside binder
that binds variables inside the e-term. In this case, we replace each e-term ez. A
with a new strong free universal variable z%* and extend the partial function C'
by C(z%%) := A{z—z"5}.

By this procedure we eliminate all e-terms without loosing any syntactical
information, the substitutivity and reflexivity axioms are immediately regained,
and the problems discussed above disappear.

Another reason for replacing the e-terms with strong free universal variables
is that the latter can solve the question whether a committed choice is required:
We can express—on the one hand—a committed choice by using a single strong
free universal variable and—on the other hand—a choice without commitment
by using several variables with the same choice-condition. Indeed, this solves our
problems with committed choice of Ex. 3.2: Now, again using (1), Jz. (v # z)
reduces to z%° # 2% with C(a%) := (2% # 2™°) and the proof attempt
immediately fails due to the now regained reflexivity axiom.

We still have to explain what to do with subordinate e-terms. If the e-term
€z. A contains occurrences of variables vy, ..., v;—1 that are not bound by
quantifiers or other binders inside but outside the e-term, then we have to replace
it with 2%%(vg) - - - (vj—1) for a new strong free universal variable z** and to extend
the choice-condition C' by C'(2%%) := Avg. ... \vu_1. (A{z—2"%(vg) - - (v—1)}).

Example 4.1 (Higher-Order Choice-Condition) (continuing Ex. 3.3)
In our framework the elimination of the V- and 3-quantifiers turns V. Jy. Vz.
P(z,y,2) into P(a7® y5°,2;°), and the subordinate e-terms are replaced with
the following higher—order choice-condition:
C(ZZS) = ﬁP(x\{S’ y;s7 Z4 ) C(ygs) = P(wis’ y;s7 Vls(y;ls))
Clz5") = My. =P(21", 9, 25" (y) C(y") = =P(a1” " (a1"), ng(ﬂc\fs))
(25’5) Az, =P(z, 41 (@), 2°(x))  C(y[”) = Az P,y (2), 21" (2) (y1"(2)))
C(2") = Az Ay =P(z,y, 2" (z) (1))

4.2 Variable-Conditions

In some inference systems Skolemization is unsound, e.g. for higher-order sys-
tems like the one in [8] or the system in [10] for descente infinie. In these
systems a é-step (according to Smullyan’s classification) substitutes a previ-
ously universally quantified variable (say z in Vz. =A) not with a new Skolem
term say f(xg,...,x]_,) but with a new free universal variable y” (resulting in
—A{z—y"}) and the dependencies { (z7,y") | i<l } are stored in a so-called
variable-condition, which disallows the instantiation of the 27 with y” and takes
over the part of the occur-check of unification in the Skolemizing inference sys-
tems.

While the benefit of the introduction of free existential variables in v-rules
is to delay the choice of a witnessing term, it is sometimes unsound to instantiate
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a free existential variable 2@ with a term containing a free universal variable y*
that was introduced later than z7:

Example 4.2 Jz. Vy. (x=vy)
is not deductively valid. We can start a proof attempt via:

~-step: Yy. (27 =vy)
o-step: (zF=y")

Now, if we were allowed to substitute the free existential variable z with the
free universal variable y, we would get the tautology (y”=y"), i.e. we would
have proved an invalid formula. In order to prevent this, the §-step has to record
(27, y") in the variable-condition, which disallows the instantiation step.

In order to restrict the possible instantiations as little as possible, we should
keep our variable-conditions as small as possible. While in [1] Wolfgang Bibel is
quite generous in that he lets his variable-conditions become quite big, the vari-
able-conditions of Michaél Kohlhase in [8] are too small for soundness, cf. [10].
Our variable-conditions of Sect. 5.1 do not have these problems.

Note that variable-conditions do not add unnecessary complexity to applica-
tions where Skolemization is no problem and variable-conditions are not needed:
Firstly, if they are superfluous we can work with an empty variable-condition as if
there would be no variable-condition at all. Secondly—and more importantly—
we need the variable-conditions anyway to guarantee that our choice-conditions
do not end up in meaningless (vicious) cycles, cf. Ex.5.11 below.

The above é-step on Vz. =A may be liberalized or not. If it is not liberalized,
the introduced free universal variable is a weak one. If the é-step is liberalized,
however, it introduces a new strong free universal variable say y*° with choice-
condition C(y™®) := A{z—y""}. The advantage of the liberalized version is a
smaller variable-condition which enables additional proofs on the same level of
multiplicity, cf. [10].

4.3 Instantiating Strong Free Universal Variables

We now have to explain how to replace strong free universal variables with
terms that satisfy their choice-condition. Just like the free existential variables,
the strong free universal variables must be substituted globally! While a free
existential variable 2@ can be replaced with nearly everything, the replacement
of a strong free universal variable y™* requires some proof work, and a weak
free universal variable z*% cannot be instantiated at all (unless for lemma or
induction hypothesis application, when the formula becomes a tool instead of
a task). More precisely, a free existential variable 7 may be instantiated with
any term that does not violate the current variable-condition. The instantiation
of a strong free universal variable y™* additionally requires some proof work. In
general, if a substitution o substitutes—possibly among other free existential
and strong free universal variables—the strong free universal variable y»* for
which the choice-condition C(y*%) = Avg. ...Avyi_1. B is given, then we must
prove
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Yvg. ...Yu_1. ( Jy. (B{yv’so—>y}) = B )g
in order to know that the global instantiation with o is a sound proof step.

Example 4.3 Suppose that our domain is natural numbers and that y*° has
the choice-condition C(y™*) = (z*V =y"*+1). Then, before we may replace y**
with p(z™"V), we have to prove Jy. (z*V =y+1) = (z*V =p(z"V)+1), which is
true for the predecessor function p.

Example 4.4 (Canossa 1077) (continuing Ex. 3.1) The situation of Ex.3.1
now reads HolyGhost = z5° A Joseph = 2;* (Ex.4.4.1)
with C(z7°) = Father(z;°, Jesus) and C(27°) = Father(2]", Jesus).

On the one hand, this does not bring the Pope into trouble because we do not
know whether z7* = 2. On the other hand, from knowing (Ex.2.1.2) we can
prove (Ex.4.4.1) by substituting 25" with HolyGhost because this solves C/(z*),
and 2;° with Joseph because this solves C'(z;°).

5 Formal Discussion of the €’s New Indefinite Semantics

We use ‘W’ for the union of disjoint classes and ‘id’ for the identity function. For
classes R, A, and B we define 41R := {(a,b)€R| a€ A}; Rl :={(a,b) €R |
beB}; (A)R := {b | JacA. (a,b)eR}; R(B) := {a | IbeB. (a,b)ER}.
A relation R [on A] is wellfounded if any non-empty class B [CA] has an
R-minimal element, i.e. 3a € B. =3d' € B. d’Ra.

We define a sequent to be a (disjunctive) list of formulas. We assume the
following four sets of symbols to be disjoint: Vs, free existential variables, i.e.
the free variables of [4]; V,, free universal variables, i.e. nullary parameters, our
substitute for Skolem functions; Vpounda, bound variables, i.e. variables for bound
use only; X, constants, i.e. the function and predicate symbols from the signature.
We split the free universal variables V, into weak free universal variables Vi,
and strong free universal variables Vis: Vo = Vi W V5. We define the free
variables by Viee := Vo WV, and the variables by V := Vhound ¥ Viree. For
k being any of these kinds of variables and I" being a term, formula, sequent,
&e., we use Vi, (I")’ to denote the set of variables from Vi, occurring in I'. For a
substitution ¢ we denote with ‘I'¢’ the result of replacing in I" each occurrence
of a variable z € dom(o) with o(z). In default situations, we tacitly assume that
all occurrences of variables from Viounq in terms and formulas on top level and in
the ranges of substitutions are bound occurrences (i.e. that a variable € Voouna
occurs only in the scope of a binder on x) and that each substitution o satisfies
dom(o) C Viee, so that no bound occurrences of variables can be replaced
and no additional variable occurrences can become bound (i.e. captured) when
applying o.

Validity is expected to be given with respect to some X-structure A, as-
signing a non-empty universe (or “carrier” or “object domain”). For X C V
we denote the set of total A-valuations of X (i.e. functions mapping variables
to objects of the universe of A) with X — A and the set of (possibly) par-
tial A-valuations of X with X ~» A. For 7 € X — A we denote with ‘Ad7’
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the extension of A to the variables of X. More precisely, we assume the exis-
tence of some evaluation function ‘eval’ such that eval(AW7) maps any term
whose free occurring symbols are from XWX into the universe of A (respect-
ing types) such that for all x € X: eval(AWT)(x) =7(x). Moreover, eval(AWT)
maps any formula B whose free occurring symbols are from YwX to TRUE or
FALSE, such that B is valid in Awr iff eval(Aw7)(B)=TRUE. We assume
that the Substitution-Lemma (cf. e.g. [4, p. 120]) holds in the sense that, for any
substitution o, X-structure A, valuation 7 € V ~» A, and term or formula B,
if the variables that occur free in Bo belong to dom(r): eval(AwWT)(Bo) =
eval(A W (0 W vidom(s)lid) 0 eval(ALJdT)) (B) Note that we assume the
operator ‘o’ to have higher priority than the operators ‘U” and ‘w’. Finally, we
assume that the value of the evaluation function on a term or formula B does not
depend on the variables that do not occur free in B: For X being the set of the
variables that occur free in B, we require: eval(AWT)(B) =eval(A W x17)(B).
Further properties of validity or evaluation are definitely not needed. Note that
we have left open what our formulas and what our ¥-structures are. All we need
are the above basic requirements. We can assume any classical logic here, esp.
forms of higher-order logic. Moreover, we can even include those modal logics
where the Substitution-Lemma only holds for the substitution of rigid and rigid-
ified (grounded, annotated) terms, although we do not take care of the then
necessary restrictions in this paper.

5.1 Existential Substitutions and Valuations

Several binary relations on free variables will be introduced. The overall idea is
that when (z,y) occurs in such a relation this means something like “z is older
than y” or “the value of y depends on or is described in terms of z”.

Definition 5.1 (Variable-Condition)
A wvariable-condition is a subset of Viree X Viree-

Definition 5.2 (E,, U,)
For a substitution o we define the existential relation to be

E, = {(z%,2) | 27€Vs(o(z)) A z €dom(o) },
and the universal relation to be

U, = { W, 2)| y"eW(o(z)) N xedom(o) }.

Definition 5.3 ([[Quasi-|Existential] R-Substitution)

Let R be a variable-condition, cf. Def. 5.1.

o is an R-substitution if o is a substitution and RU E, U U, is wellfounded.
o is existential if dom(c) C Vi. o is quasi-existential if dom(o) C VoW V.

Note that, regarding syntax, (z,y")€ R is intended to mean that an R-
substitution o may not replace x with a term in which y” occurs, i.e. (y*,z) € U,
must be disallowed, i.e. R U U, must be wellfounded. Note that in practice
w.l.o.g. R, E,, and U, can always be chosen to be finite, so that RU E, UU, is
wellfounded iff it is acyclic.
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After application of an R-substitution o, in case of (z,y") € R, we have to
update our variable-condition R in order to ensure that x is not replaced with 4
via a future application of another R-substitution that replaces a free variable
say u” occurring in o(z) with y”. In this case, the transitive closure of the
updated variable-condition has to contain (u?,y"). But we have u” E, x R y”.
This means that R U FE, must be a subset of the updated variable-condition.
Besides this, we have to add steps with U, again.

Definition 5.4 (c-Update)
Let R be a variable-condition and ¢ be a substitution.
The o-update of Ris RU E, UU,.

Let A be some Y-structure. We now define a semantical counterpart of our exis-
tential R-substitutions, which we will call “existential (A, R)-valuation”. Suppose
that e maps each free existential variable not directly to an object of A, but
can additionally read the values of some free universal variables under an A-
valuation 7 € V, — A, i.e. e gets some 7 € V, ~ A with 7/C7 as a second
argument; short: e: Vy — (V, ~ A) ~ A. Moreover, for each free existential
variable 7, we require the set of read free universal variables (i.e. dom(7’))
to be identical for all 7; i.e. there has to be some “semantical relation”
Se € VyxV5 such that for all 27 € Va: e(2?): (Se{2”}) — A) — A. Note
that, for each e: Vs — (V, ~ A) ~ A, at most one semantical relation exists,
namely Se = { (v",27) | y” € dom(|J(dom(e(z7)))) A 27 € V5 }.

Definition 5.5 (Semantical Relation (S.))
Let e: X — (Y ~ A) ~ A. The semantical relation of e is

S. = { (5.2) | y&dom(U(dom(e(x)))) A € X }.
e is semantical if e(x): (Se{z}) — A) — A forall z € X.

Definition 5.6 (Existential (A, R)-Valuation) Let R be a variable-condi-
tion and A a X-structure. e is an existential (A, R)-valuation if
e: Vi — (Vy,~ A)~ A, eissemantical, and R U S, is wellfounded.

Definition 5.7 (¢) We define the function
e: (X=>Y~vA~vA) ~ YA —-X—- A
by (e: X — (Y ~ A) ~ A being semantical, 7€YY — A, xz€ X))
€(e) (T)(2) i= ()5, oy 7):

We are now going to define R-validity of a set of sequents with free variables, in
terms of validity of a formula.

Definition 5.8 (Validity) Let R be a variable-condition, A a Y-structure,
and G a set of sequents. G is R-valid in A if there is an existential (A, R)-
valuation e such that G is (e, A)-valid. G is (e, A)-valid if G is (7, e, A)-valid
forall eV, — A Gis (1,e, A)-valid if Gisvalidin AWe(e)(r)W 7. Gis
valid in A if I'isvalid in A for all I' € G. A sequent I' is valid in A if there
is some formula listed in I" that is valid in A.
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Example 5.9 (Validity)

For 27 € Vi, y* € V,, the sequent x°=y" is (-valid in any A because we
can choose S, = V,xV; and e(27)(7) := 7(y") for 7€V, — A, resulting in
(Or)) = ela)(s, 2yl7) = elz”)(17) = 7(a").  This means that 0
validity of x7=y" is the same as vahdlty of Vy. dx. x=y. Moreover, note that
e(e)(7) has access to the T-value of 4" just as a raising function f for z in the
raised (i.e. dually Skolemized) version f(y”)=y" of Vy. Jz. x=y.

v

Contrary to this, for R := VixV,, the same formula z7=y” is not

R-valid in general because then the required irreflexivity of S.oR implies
Se=0, and e(z?)(s,qoop17) = e(@)(p]7) = e(2”)(D) cannot depend on
7(y") anymore. This means that (V3xV,)-validity of z=y" is the same as
validity of 3Jx. Vy. xz=y. Moreover, note that e(e)(r) has no access to
the 7-value of y” just as a raising function c¢ for z in the raised version c=y" of
Jx. Vy. x=y.

For a more general example let G = { A;0...4;n,—1 | i€ }, where for
i € I and j<n; the A; ; are formulas with free existential variables from « and
free universal variables from y. Then (V;3xV,)-validity of G means validity of

dx. Vy. Viel. 35 <n;. Al"j

whereas (-validity of G means validity of

5.2 Choice-Conditions

Definition 5.10 (Choice-Condition, Extension)

C'is an R-choice-condition if R isa wellfounded variable-condition, C'is a partial
function from Vg into the set of formulas, and z Rt y** for all ™ € dom(C)
and z € Viree (C(y*%))\{y"*}.

More generally, the values of C' can be formula-valued A-terms where,

for y** € dom(C') and C(y™) = Avg. ... \vy—1. B, B is a formula whose free
occurring variables from Vyound are among {vo,...,v—1} € Vhouna and where,
for vo : ag, ..., vi_1 : a1, we have y*°: a9 — ... — aq;_1 — oy for some
type aq, and any occurrence of y** in B must be of the form y*5(vp) - (vi—1).

(C',R) is an extension of (C,R) if C is an R-choice-condition, C’ is an R'-
choice-condition, CCC’, and RCR'.

Example 5.11 (Choice-Condition) (continuing Ez. 4.1)
On the one hand, if R is a wellfounded variable-condition that satisfies

2P Ry Rz Ray® R zy° Ryy® R z,°,
then the C of Ex.4.1 is an R-choice-condition, indeed.
On the other hand, if some clever person would like to do the complete quantifier-
elimination of Ex. 4.1 by the simpler C’(z;°) = =P(z7%,v5°, 27°), C'(y5°) =
[ EEE T ZS), C'(z7°) = —\P(:U\Is,ygs, 2;°), then he would—among other
things—mneed z;° R y; ® R z;°, which renders R non-wellfounded. Thus, this
C’ cannot be an R—ch01ce—cond1t10n for any R.
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Definition 5.12 (Compatibility)
Let C be an R-choice-condition, A a Y-structure, and e an existential (A, R)-
valuation. 7 is (e, A)-compatible with (C, R) if
1. m: Vs — (Vyw ~ A) ~ A is semantical (cf. Def.5.5) and RU S, U Sy is
wellfounded.
2. For all y** € dom(C) with C(y*°) = Avp. ... A\y_1. B and
7€ Vyw — Aand x € {vo,...,u_1} — A

If, for some n € {y™*} — A,
Bis (Vv,s\{yv’s}1(€(7r)(7')) WnwrWyx, e, .A)—valid,
then B is (e(m)(7) W7 W x, e, A)-valid.

Item 1 of this definition is quite technical and needed for lemma application.
Roughly speaking, it says that the flow of information between variables ex-
pressed in R, e, and 7 is acyclic.

Item 2 of (e, A)-compatibility of 7 with say ({(y*, Avo. ... u_1. B)}, R)
means that a different choice for the e(7)(7)-value of ¥ cannot give rise to a pre-
viously not given validity of the formula Bin AW e(e)(e(r)(m) W) W e(m)(T)W
TWYx, orthat e(m)(7)(y"®) is chosen such that B becomes valid if such a choice
is possible. This is closely related to Hilbert’s e-operator in the sense that y* is
given the value of Avg. ... v_1. ey. (B{y™—y}) for y € Vhouna\V(B).

Since the choice for y*° depends on the other free variables of \vg. ... A\vyj_1. B
(i.e. the free variables of Awg. ...A\v_1. ey. (B{y®*—y}) ), we required the in-
clusion of this dependency into the transitive closure of R in Def. 5.10.

Note that the empty function ) is an R-choice-condition for any wellfounded
(which in the following will always be the case) variable-condition R. Moreover,
any 7: Vs — {0} — A is (e, A)-compatible with (0, R) due to S; =0. Indeed,
a compatible 7 always exists:

Lemma 5.13 Let C' be an R-choice-condition, A a 3-structure, e an ezisten-
tial (A, R)-valuation. Now, there is some 7 that is (e, A)-compatible with (C, R).

Finally, we need means for expressing the requirement on a quasi-existential
substitution that it replaces the strong free universal variables in a way that
goes together well with the compatibility of Def. 5.12(2):

Definition 5.14 (Qc.»)

For a substitution o and an R-choice-condition C, we require Qc, to be a
function from dom(C) N dom(c) into the set of formulas such that for each
y*® € dom(C)Ndom(o) with C(y**) = Avg. ... Av—1. B, we have Q¢ ,(y™*) =
Voo ... Vo—y. ((Fy. (B{y™—y}) = B )o for some y € Vhound \V(C(y™)).

Definition 5.15 (Extended o-Update) Let C be an R-choice-condition and
o a substitution. The extended o-update (C',R’) of (C,R) is given by:
C'" = {(x,Bo)| (#,B)eC AN x¢dom(o) }, R isthe o-update of R.

Lemma 5.16 (Extended o-Update)
Let C be an R-choice-condition, o an R-substitution, and (C', R") the extended
o-update of (C,R). Now: C" is an R'-choice-condition.
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5.3 Strong Validity

Definition 5.17 (Strong Validity)

Let C be an R-choice-condition, A a Y-structure, and G a set of sequents.

G is (C, R)-strongly valid in A if there is an existential (A, R)-valuation e such
that G is (C, R)-strongly (e, A)-valid. G is (C, R)-strongly (e, A)-valid if G is
strongly (m, e, A)-valid for some 7 that is (e,.A)-compatible with (C,R). G is
strongly (m, e, A)-valid if G is (e(m)(7) W T, e, A)-valid for each 7 € V,, — A.
The rest is given by Def. 5.8.

Note that strong validity is called “strong” because it treats the strong free
universal variables properly, whereas (weak) validity of Def. 5.8 does not. It is
generally not the case, however, that strong validity is logically stronger than
weak validity.

It should be pointed out that the “some 7” in the above definition is some-
thing we can play around with, e.g. even “each 7” is possible here.

Example 5.18 In our framework the formula (E2) of Sect. 3.3 looks like

Vz. (AeB) = x;°=z7° for some new strong free universal variables zg®
and 27° with R = Viee(A) X {27} U Viee(B) x{27°} and R-choice-condition C
= {(z5°, A{lz—x°}), (277, B{z—2z7"})}. On the one hand, for the definition via
“some 7", this formula becomes (C, R)-strongly valid because after choosing a
value for z5° we can take the same value for z7° simply because z7* is new and
can read all weak free universal variables. On the other hand, for the definition
via “each 77, this formula only becomes valid when there is a unique solution
for the choice-condition on z7°.

The reason why we prefer “some 7”7 to “each 7" here and in [10] is that the
latter results in more valid formulas (e.g. (E2)) and makes theorem proving
easier. Contrary to “each 7”7 and to all semantics in the literature, the “some 7”
frees us from considering all possible choices: We just have to pick a single one
and fix it in a proof step. As the major notion here and in [10] is not strong
validity but reduction (cf. Def.5.19), where the quantification of 7= must be
universal no matter how we quantify in the notion of strong validity, changing
the quantification of 7 in Def.5.17 would only have very local consequences.
Roughly speaking, only Theor.5.20(a) for the case of O #{) becomes false for
a different choice on the quantification of 7 in Def. 5.17.

5.4 Reduction

Definition 5.19 (Reduction)
Let C' be an R-choice-condition, A a 3-structure, and Go, G1 sets of sequents.
Go (C, R)-reduces to Gy in A if for each existential (A, R)-valuation e and each
7 that is (e, . A)-compatible with (C, R):

if G is strongly (7, e, A)-valid, then Gy is strongly (m, e, A)-valid.
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Theorem 5.20 (Reduction) Let C be an R-choice-condition; A a 3-structure;
Gy and Gy sets of sequents. For a quasi-existential R-substitution o and the ex-
tended o-update (C',R’) of (C,R), and for O, N with O C dom(C)Ndom(c) C
OWN, N Cdom(C)\O, dom(C)N(N)R*CN, NNV(Go,Gi)=0, and
Vys(ran(o)) N (dom(c) UN) =0 :
(a) If Goo U{O)Qc,s is (C', R')-strongly valid in A,

then Gy is (C, R)-strongly valid in A.
(b) If Gy (C, R)-reduces to Gy in A,

then Goo (C', R')-reduces to G1o U (O)Qc,» in A.

Suppose that Gy is a proposition we want to prove and (7 represents the current
state of our proof attempt with variable-condition R and R-choice-condition C'.
Then Gy (C, R)-reduces to G;. E.g., in [10, Sect. 14] Gy is zg(xg™ ) (yg") <
ack(zg"™, yg"™), which says that Ackermann’s function has a lower bound that is to
be determined during the proof, and the current state Gy of the proof attempt re-
duces to a known lemma when we apply the substitution o := {7 — Az. A\y. y}.
Now, setting O := N := (), Theor.5.20(b) says that the instantiated (and A\3-
reduced) theorem y;™ < ack(zg™,ys") (C’, R)-reduces to the instantiated
proof state and thus is (C’, R')-strongly valid.

Let us have a careful look at the assumptions of Theor. 5.20, which is by
far the deepest result in this paper. When strong free universal variables are
replaced besides free existential variables, we cannot set O and N to the empty
set as above. We use the set O to form the set of formulas (O)Qc¢,» (cf. Def. 5.14)
that—as explained around Ex. 4.3—captures the soundness of the substitution o.
The possibility that the set O is a proper subset of the set dom(C) N dom(o)
(of strong free universal variables that are conditioned by C and replaced by o)
is not a sophistication but of practical importance as will be explained later. The
set IV that contains the other variables from dom(C)Ndom(c) should be thought
of as the set of variables that are not relevant for our local context. Thus, these
variables must not occur in Gy and G1. Moreover, N must be closed according
to dom(C) N (N)R* C N, which says that the C-conditioned variables that
depend on the variables of N are in N again, i.e. also not relevant for our local
context. Finally, the assumption of Wg(ran(o)) N (dom(c) UN) = () simply
says that the strong free universal variables that are globally replaced by o are
not at the same time introduced again by o. Now we still have to explain why
we need the set V.

Example 5.21 (continuing Ex. 4.3)

Suppose that Jy. (z"V =y+1) = (z*V =p(z"")+1) is one of our lemmas and
that we want to use this lemma as justification for replacing y** under R-choice-
condition C(y*®) = (2*V=y*+1) globally with p(z®"), which is possible
because it is equal to Q¢ »(y™*) for o := {y*S—p(z*V)}.

The problem we get here is that the lemma is applied globally. Esp. problematic
is the possibility that y»® occurs in the proof of the lemma itself. Unless we
are very careful, the lemma becomes a lemma of itself, which results in a cyclic
lemma application relation of a globally applied lemma. Then our whole proof
work is in vain because no validities can be inferred. Therefore, we either have
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to reintroduce the lemma as an open lemma and prove it again or had better
take a closer look on which of our (possibly open) lemmas L really depend on
the justifying lemma Q¢ »(y™®) after global application of o.

Let us sketch how to do the latter now. Let M be the set of all strong free uni-
versal variables that occur in the lemma L, in its open goals (i.e. its state of proof
attempt), or in the lemmas that have been applied in its proof attempt. Set O :=
dom(C) Ndom(c) N R*(M) and N := dom(C) N ((dom(C) Ndom(o)) \ O)R*.
Now, setting Gy := {L} and G; to the open goals and applied lemmas of the
proof attempt of L, as a consequence of Theor.5.20(b)—provided that
Vs(ran(o)) N (dom(o)UN) = 0; the other conditions on O and N being automat-
ically satisfied—we know that Lo (which now depends on Gyo w.r.t. reduction)
depends on the lemma Qc » (y*°) only if y»* € O. With these refined dependen-
cies we get a smaller lemma application relation that breaks the cycles discussed
in Ex.5.21 for reasonable substitutions o. Detailed and further information on
this can be found in Theor. 10.6 of [10] and its proof.

6 Conclusion

We have proposed a semantics for Hilbert’s ¢ which ...

— is similar to the referential use of the indefinite article in natural languages.

— makes obvious the requirements on a commitment of the choice, cf. Sect.4.1.

— is based on an abstract formal approach that extends a semantics for closed
formulas (satisfying only weak requirements, cf. Sect.5) to a semantics with
several kinds of free variables (universal, existential, e-constrained), which is
esp. designed for developing proofs in the style of a working mathematician.

— makes proof work most simple because we do not have to consider all proper
choices (as in all other approaches) but only a single arbitrary one, which is
fixed in a proof step just as choices are settled in program steps, cf. Sect. 4.
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A Tableau Calculus for Combining Non-disjoint
Theories

Calogero G. Zarba
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Abstract. The Nelson-Oppen combination method combines ground
satisfiability checkers for first-order theories satisfying certain conditions
into a single ground satisfiability checker for the union theory. The most
significant restriction that the combined theories must satisfy, for the
Nelson-Oppen combination method to be applicable, is that they must
have disjoint signatures. Unfortunately, this is a very serious restriction
since many combination problems concern theories over non-disjoint sig-
natures.

In this paper we present a tableau calculus for combining first-order
theories over non-disjoint signatures. The calculus generalizes the Nelson-
Oppen combination method to formulae with quantifiers and to the union
of arbitrary theories over non necessarily disjoint signatures.

1 Introduction

In many areas of computer science such as program verification and problem
solving one often has to reason about mixed constraints over several different
constraint domains. Thus, it is important to build frameworks for combining
into a single general-purpose reasoner the specialized and efficient constraint
reasoners for the several constraint domains.

One of the first and most important results in the field of combination was
obtained in 1979 when Nelson and Oppen presented a method for combining
decision procedures for first-order theories satisfying certain conditions into a
single decision procedure for the union theory [9T5].

Although the Nelson-Oppen combination method is still considered to be
state of the art, it has three major restrictions:

1. it does not support quantifiers;
2. the theories to combine must be stably infinite;
3. the signatures of the theories must be disjoint.

Of the three restrictions, the disjointness one is the most serious, since many
combination problems involve theories over non-disjoint signatures. The disjoint-
ness restriction has also revealed very hard to lift, as witnessed by the fact that,
more than 20 years after Nelson and Oppen’s original work was published, non-
disjoint combination research is still in its infancy.

Indeed, some limited results on non-disjoint combination exist in term rewrit-
ing for rewriting systems sharing constructors [6J10], in unification for equational

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 315-[329 2002.
© Springer-Verlag Berlin Heidelberg 2002
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theories sharing either constant symbols [11] or constructors [2l4], and in con-
straint satisfiability for theories sharing constructors [12]. A recent and extensive
theoretical study on non-disjoint combination can be found in [16].

This paper introduces N-O-tableauz, an extension of Smullyan semantic tab-
leaux [513] which generalize the Nelson-Oppen combination method to formulae
with quantifiers and to the union of arbitrary universal theories, not necessarily
stably infinite and not necessarily over disjoint signatures.

Using as black boxes a ground decision procedure P; for an universal Y-
theory 77 and ground decision procedure P, for an universal YXs-theory 75, N-O-
tableaux provide a sound and complete method that allows to check the (77 U73)-
validity of any (X7 U Xs3)-sentence . No syntactical or semantic restriction is
made over 77 and T2 (except universality), and absolutely no hypothesis is made
over the intersection of the signatures Xy and Y.

The great generality of N-O-tableaux comes however at the price of a very
large and potentially infinite search space. Therefore, in this paper we address
the problem of reducing the search space by recognizing some conditions under
which restrictions can be imposed to the applications of the tableau rules without
losing completeness. At the quantifier-free level, there are cases where we can
even make the search space finite, thus obtaining decidability results.

We also address the problem of making the tableau construction more effi-
cient with the introduction of a residue rule. This rule is inspired by a recent
work of Tinelli [14] in which, using a restricted version of the Craig Interpolation
Lemma, he presented a multi-theory reasoning tableau calculus where the back-
ground reasoners cooperate by exchanging residues over a common signature. It
should be noted, however, that while in Tinelli’s calculus residues are disjunc-
tions of literals, in our N-O-tableaux completeness is not lost even if residues are
restricted to disjunctions of positive literals.

1.1 Other Related Work

Several generalizations of the Nelson-Oppen combination method are present in
literature. Tiwari [I7] generalizes the Nelson-Oppen and Shostak combination
methods into one single framework. Armando, Ranise and Rusinowitch [T] recast
the Nelson-Oppen combination method in a rewriting framework based on a
superposition calculus. Both [I7] and [I] deal only with quantifier-free formulae,
and limit themselves to the combination of stably infinite theories over disjoint
signatures.

Kaufl and Zabel [7] generalize the Nelson-Oppen combination method to
formulae with quantifiers by embedding it into a ground tableau calculus. They
consider only stably infinite theories over disjoint signatures.

A preliminary version of N-O-tableaux first appeared in [I§] for the
quantifier-free case only. This paper greatly generalizes our earlier results in
[15].
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1.2 Organization of the Paper

The paper is organized as follows. In Section[2 we give some preliminary notions
that will be needed in what follows. In Section B]we formally define N-O-tableaux,
and we prove that N-O-tableaux are sound and complete. In Section [ we ad-
dress the problem of reducing the search space. In Section [} we describe how
it is possible to make the tableau construction more efficient by employing a
residue propagation mechanism similar to the one of [14]. Finally, in Section
we conclude the paper by pointing at directions for future research.

2 Preliminaries

2.1 Syntax

A signature X is composed by a set Y€ of constants, a set XF of function
symbols, and a set X of predicate symbols.

Given a set V of variables, we denote with T'(X, V') the set of terms built from
the variables in V' and the symbols in X. An element of T'(X,V) is a X-term.
T(X) stands for T'(X,0).

A Y-atom is either an expression of the form P(ty,... ,t,), where P € XF
and tq,...,t, are X-terms, or an expression of the form s ~ ¢, where = is the
equality logical symbol and s, t are X-terms. X'-formulae are constructed by ap-
plying in the standard way the connectives =, A, V, — and the quantifiers V, 3
to X-atoms. A X-formula is universal if it is in prefix normal form, and its (pos-
sibly empty) quantifier prefix contains only universal quantifiers. X'-Literals are
XY-atoms or their negations. X -Sentences are Y-formulae with no free variables.
A Y-formula is ground if it has no variables.

When X' is irrelevant or clear from the context, we will simply write atom,
formula, literal, and sentence in place of Y-atom, X-formula, X-literal, and X-
sentence.

2.2 Semantics

Definition 1. Let X be a signature. A X-STRUCTURE A with domain A is a
map which interprets each constant ¢ € X° as an element ¢* € A, each function
symbol f € X¥ of arity n as a function fA: A" — A, and each predicate symbol
P e X% of arity n as a subset PA of A™.

Let A be a Y-structure with domain A and let V be a set of variables.
For a term ¢ € T(X,V) and an assignment o : V — A, we denote with ¢ the
evaluation of the term ¢ under the interpretation (A, ). Similarly, we denote
with 7 the truth-value of the formula ¢ under the interpretation (A, ). Note

! In this paper we are using the convention that the calligraphic letters A, B, and M
denote structures, and that the corresponding Roman letters denote the domains of
the structures.
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that if ¢ is ground then tA = tg‘, for all substitutions «, 3. Thus, we will simply
write t4 in place of tA when ¢ is ground. We will also write ¢ in place of ¢A
when ¢ is a sentence. If T is a set of ground terms and A is a structure, T4
denotes the set {t :t € T}.

Let 2 be a signature and let A be an {2-structure. For a subset X' of {2, we
denote with A% the Y-structure obtained by restricting A to interpret only the
symbols in .

Definition 2. Let X' be a signature, and let A and B be X-structures. A map
h: A — B is an HOMOMORPHISM of A into B if the following conditions hold:

— h(c*) = cB, for each constant c € X°;

— h(fA(ay,. .. an)) = fB(h(ay),... h(ayn)), for each n-ary function symbol
feX¥ andai,...,a, € A;

— (ay,...,a,) € PA if and only if (h(a1),...,h(a,)) € PB, for each n-ary
predicate symbol P € X and a1, ... ,a, € A.

An 1ISOMORPHISM of A into B is a bijective homomorphism of A into B.

We write A = B to indicate that there exists an isomorphism of A into 5.

2.3 Uniform Notation

In the rest of the paper we will make use of Smullyan’s uniform notation [13].
Accordingly, we divide non-literals into five categories: =—, a, 3, v, and d. More
specifically:

— a formula ¢ is a =—-formula if it is of the form ——Z, for some Z.
— «a- and B-formulae, and their components oy, ag and (31, B2 are defined in
the following way:

a a1 Qo B B Bo
XAY X Y XVvVY |[ X Y
ﬂ(X\/Y) -X Y —|(X/\Y) -X Y
(X >Y)| X -y XY |[-X Y

— - and é-formulae, and their instances vo(z) and do(x), are defined in the
following way:

7 olz) _ 6 |bo(x)
(Vz)p | @ (Fz)p | o
~(Fz)e| ~p ~(Va)p| —o

The following equivalences hold:

a=a; Aag B=p51V Pe v = (Vz)vo(z) d = (Fx)dp(x) .
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2.4 First-Order Theories

Definition 3. Let X be a signature. A Y-THEORY is any set of X-sentences.
Given a theory T, a structure A is a T-MODEL if o evaluates to true, for each
sentence @ in T .

Definition 4. A X-theory T is STABLY INFINITE if every 7T -satisfiable
quantifier-free X -formula ¢ is satisfiable in an infinite T -model.

Definition 5. A X-theory T is CONVEX if for every conjunction ¢ of X-literals
and for every disjunction Y1 V-V ¢y of X-atoms, if TUp E Y1 V- V), then
T U |, for somei € {1,... ,n}.

Given a X-theory 7, a Y-sentence ¢ is

— T -wvalid, if it evaluates to true under all 7-models;
— T -satisfiable, if it evaluates to true under some 7-model;
— T -unsatisfiable, if it evaluates to false under all 7-models;

The notion of T-validity, T-satisfiability and 7 -unsatisfiability naturally extend
to sets of sentences.

In this paper we will consider only universal theories, that is theories whose
sentences are universal. The restriction to universal theories is necessary for
completeness reasons because only for such theories the following Theorem [
holds, a theorem that can be seen as a positive version of the famous Herbrand
Theorem. Note, however, that the restriction is not essential, since existential
quantifiers can be removed by skolemization.

Theorem 1 (Herbrand). Let T be an universal X-theory, and let £C # §).
Then T is satisfiable if and only if there exists a T-model A with domain A =
[T(2).

The following theorem was first proved in [12] and [I5].

Theorem 2. Let Y1 and X5 be two not necessarily disjoint signatures, and let
T; be a X;-theory, for i = 1,2. Then Ty U Tz is satisfiable if and only if there
ezists a Tr-model A and a Tz-model B such that AZ10%2) o B(X10Z2)

3 N-O-Tableaux

For the rest of this section we fix two not necessarily disjoint signatures Y; and
X5, along with an universal X-theory 7; and an universal X5-theory 7s.

We now define a tableau calculus that is sound and complete for the (7;U73)-
validity of any given (X U X5)-sentence ¢.

Definition 6. Let ¢ be a (X1 U Xy)-sentence. An INITIAL N-O-TABLEAU for
p is a tree consisting of one branch whose only node is labeled with ¢. A N-O-
TABLEAU for ¢ is either an initial N-O-tableau for ¢ or is obtained by applying
the rules in Figure[ to an initial N-O-tableau for .
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Propositional rules

-7 « B
Z ay B | P2
Q2
Quantifier rules
gl d
Yo(t) do(p)

Where ¢ is any ground term in 7(X; U X2 U par) and p € par is new.
Abstraction rule
txp
Where ¢ is any ground term in 7°(¥; U X U par) and p € par is new.

Purification rule

olt]
txp
e[p]
Where ¢ is a literal and p € par.
Decomposition rules
prq | pH*q P(pr,...,pn) | =P(p1,... ,pn)

Where p,q,p1,...,pn € par and P € T N X5,

Fig. 1: N-O-tableau rules.

Note that while the formulae to prove are given in the signature X; U X5,
N-O-tableaux are made of formulae in an extended signature 3; U X5 U par,
where par is an enumerable collection of parameters disjoint from X7 U Xs.

We still need to define when a N-O-tableau is closed.

Definition 7. Let B be a (not necessarily finite) branch of a N-O-tableau T.
We say that B is (71, T2)-CLOSED if there exists a finite set 0; of X;-literals such
that 6; C B and 0; is T;-unsatisfiable. A branch which is not (T1,T2)-closed is

(T1, T2)-OPEN.

A N-O-tableau is {T1,7T2)-CLOSED is so are all its branches; otherwise it is

(T1, T2)-OPEN.
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~(Fw)(w < 5(s(0)) A f(a) < fle+w))

1.

2

3. a+b=c
4 <

5 —(s(0) < s(s(0)) A f(a) < f(c+s(0)))

8. a<c+s(0) 12. =(a < ¢+ s(0))

9. ¢+s(0)=p €
10. ~(f(a) < f(p))
11. a<p

€L

Fig. 2: A N-O-tableau.

Note that checking the closure of a branch can be effectively done if we
have available, for each i = 1,2, a decision procedure P; that can decide the
Ti-satisfiability of every conjunction of ground (X; U par)-literals.

Definition 8. A branch B of a N-O-tableau T is SATURATED if no application
of any rule in Figure can add new formulae to B.

Definition 9. Let T be a X-theory, for some signature 3. A branch B of a N-
O-tableau T is T-SATISFIABLE if the collection of its formulae is T -satisfiable.
A N-O-tableau is T-SATISFIABLE if at least one of its branches is T -satisfiable.

3.1 An Example

Let P be the theory of Presburger arithmetic over the signature X = {0, s, 4+, <}.
Formally, P is defined as the collection of universal XY-sentences that are true in
the standard model of arithmetic (N, 0, s, +, <).

Also, let T be the 2-theory

T ={(Vz,y)(z <y — f(zx) < f(v)},

where 2 = {<, f}. Note that X' N 2 # (.
Figure @l shows a (P, T)-closed N-O-tableau that proves the (P U T)-validity
of

(Va,y,2)(x +y = z = (Fw)(w < s(s(0)) A f(2) < fz+w))). (1)

Denoting with ¢; the formula labeling node ¢, the construction of the N-O-
tableau in Figure [2 can be justified as follows:
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— (o is obtained from @7 by means of three applications of the ~y-rule.

— 3 and @4 are obtained from o by means of an application of the a-rule.

— (5 is obtained from ¢4 by means of an application of the J-rule.

— ¢ and @7 are obtained from @5 by means of an application of the (-rule.
Note that the left branch is (P, T)-closed because g is P-unsatisfiable.

— g and 12 are obtained by means of an application of the second decompo-
sition rule. Note that the right branch is (P, T)-closed because {¢3, p12} is
‘P-unsatisfiable.

— (pg is obtained by means of an application of the abstraction rule.

— (10 is obtained from @7 and g by means of an application of the purification
rule.

— (11 is obtained from ¢g and ¢g by means of an application of the purification
rule. Note the branch is (P, T)-closed because {¢10,¢11} is T-unsatisfiable.

3.2 Soundness
N-O-tableaux are clearly sound, as the following theorem states.

Theorem 3 (soundness). Let ¢ be a (X1 U Xa)-sentence. If there exists a
(T1,T2)-closed N-O-tableau for @, then ¢ is (T1 U Tz)-unsatisfiable.

Proof. Let T be a (71, T2)-closed N-O-tableau for ¢, and suppose, for a contra-
diction, that ¢ is (7; UTz)-satisfiable. Since the rules in Figure [[l preserve tableau
(T1 U T3)-satisfiability, it follows that there exists some branch B of T which is
(T1UTz)-satisfiable. But since T is (771, 72)-closed, B must also be (77, T2)-closed,
which is a contradiction because a (77, T3)-closed branch cannot be (73 U T3)-
satisfiable. O

3.3 Completeness
We now prove that N-O-tableaux are complete.

Lemma 1. Let B be a (not necessarily finite) (T1,T2)-open branch of a N-O-
tableau T, and let 0; be the collection of (X; U par)-literals occurring in B, for
1=1,2. Then 0; is T;-satisfiable, for i =1,2.

Proof. Since B is (T, T2)-open, every finite subset of 8; is Tq-satisfiable. Hence,
every finite subset of 7; U#; is satisfiable. By compactness, 71 U6 is satisfiable,
implying that 6, is T;-satisfiable. Similarly one can show that 5 is Ta-satisfiable.

O

For the rest of this section, let us fix a (77, 7T2)-open and saturated branch B,
and let 6; be the collection of (X; U par)-literals occurring in B, for ¢ = 1, 2.

By Lemmal[l], there exist a 7i-model A satisfying 0; and a 73-model B satis-
fying 5. In addition, since 77 and 73 are universal, by Theorem [land saturation
with respect to the abstraction rule, we can assume without loss of generality
that A = par” and B = par®. Thus, we can fix a function name4 : A — par
such that

[name(a)]* = a, for each a € A.
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The next step of the completeness proof is to merge the structures .4 and B
into a single structure M satisfying 7; U 72 U 61 U 5. Clearly, this goal can be
accomplished by an application of Theorem Blif we can show that A(¥11>2)Upar
and B(*10¥2)Upar are jsomorphic. Accordingly, we define a function h: A — B
by letting

h(a) = [name4(a)]®, foreacha € A.

The following five lemmas show that h is an isomorphism of A(¥11*2)Upar
into B(Elﬁxz)Upar.

Lemma 2. p* = ¢ if and only if p® = ¢5, for every p, q € par.

Proof. By saturation with respect to the first decomposition rule. a

Lemma 3. h(p™) = pB, for every p € par.
Proof. Let p* = a and let name_4(a) = q. Then p* = ¢, which implies p? = ¢®
by Lemma [2l Thus h(pA) = h(a) = [nameA(a)]B = ¢B = pB.

Lemma 4. h is injective.

Proof. Let h(a1) = h(az). Then, by putting name4(a;) = p;, for i = 1,2, it
follows that p& = p5. By Lemma Bl p{' = p3!, which in turn implies a; = ap. O
Lemma 5. h is surjective.

Proof. Let b € B. Then there exists a parameter p € par such that p® = b. By

Lemma[3, h(p?) = p® = b, and therefore h is surjective. O

A(ElﬁZQ)Upar B(Z‘lﬁEg)Upar

Lemma 6. h is an homomorphism of mto

Proof. Lemma [3 implies that h(p?) = pB, for each p € par. On the other hand,
if c € XY N XY, then by saturation with respect to the abstraction rule a literal

of the form ¢ ~ p must occur in B, and therefore h(c?) = h(p?) = pB = cB.
Next, let f € ¥ N XY, and let a = fA(ay,...,a,), where ay,... ,a, € A.
Then there exist parameters pp,...,p, € par such that a; = p;“, for each

i = 1,...,n. By Lemma Bl we have that h(a;) = p?, for each i = 1,... ,n.
Note also that [f(pi,...,pn)]* = [name4(a)]”, which by Lemma Bl yields
[f(p1,-..,pn)]® = [name(a)]B. Thus, we obtain h(f*(ay,...,a,)) = ha) =
[namea(a)l® = [f(p1,-- . pa)] = fPOF, ... ,p7) = fP(M(ar), ... . h(an)).

Next, assume that (ay,...,a,) € P2, where P € X} N XY and a; € A, for
t =1,...,n. Then there exist parameters py,...,p, € par such that a; = p;‘l,
for each i = 1,... ,n. By Lemma [ we have h(a;) = p?, for each i = 1,... ,n.
By saturation with respect to the second decomposition rule, P(p1,...,py) is
in B, so that (p¥,... ,p5) € PB. But this implies (h(a;),...,h(a,)) € P5.

Analogously one can prove that if (h(a1),...,h(a,)) € PB then

(ag,...,an) € PA. O



324 C.G. Zarba

We are now able to apply Theorem P]and obtain the existence of a (7; U73)-
model M satisfying 6; U 6. Indeed, by also appealing to the fact that B is a
saturated branch, we can prove the following stronger result.

Lemma 7. Let B be a (T1,T2)-open and saturated branch of a N-O-tableau T.
Then B is (T U Tz)-satisfiable.

Proof. Let 0; be the collection of (X;Upar)-literals in B, for i = 1,2. By Lemmal[ll
there exists a Ti-model A satisfying 6; and a 7T2-model B satisfying 5. After
letting h(a) = [name4(a)]?, for every a € A, Lemmas [, 5 and [6] imply that
h is an isomorphism of A(¥1N¥2)Upar intg B(¥1N22)Upar Thys we can apply
Theorems [ and [ obtaining the existence of a (7; U T2)-model M satisfying
61 U 0y such that M = [T(X; U X, U par)|M.

By saturation with respect to the purification rule it follows that all literals
in B are true in M, and by saturation with respect to the propositional and
quantifiers rules and the fact that M = [T'(X; U Xy U par)]™ it follows that all
sentences in B are true in M. O

We now have everything we need to finish the proof of completeness of N-O-
tableaux.

Theorem 4 (completeness). Let ¢ be a (X1 U Xs)-sentence. If ¢ is (T1 UTz)-
unsatisfiable, then ¢ has a (T1, T2)-closed N-O-tableau.

Proof. Assume, for a contradiction, that ¢ has no (77, 72)-closed N-O-tableau,
and let T be the initial N-O-tableau for ¢. Using a fair strategy, apply to T the
rules in Figure[D in all possible ways, obtaining a tableau limit T°. Note that,
since ¢ has no (71, T2)-closed N-O-tableau, T must contain a (77, T2)-open and
saturated branch B. By Lemma [T B is (71 U T3)-satisfiable, which implies that
also ¢ is (71 U T)-satisfiable, a contradiction. O

4 Restricting the Search Space

The calculus presented in Section [B] has a very large search space: in order to
implement the « and abstraction rules, a fair enumeration of all ground terms
in T(X; U X5 U par) is needed, which, by traditional methods, is often so blind
that the right instances may appear relatively late.

In literature, the problematic «-rule is handled by either introducing free-
variable tableaux, or by developing sophisticated strategies for ground term se-
lection [3U8], but this is beyond the scope of this paper.

Thus, in this section we turn our attention to the abstraction rule. More
specifically, we identify several conditions under which we can impose restrictions
to the applications of the abstraction rule that lead to a smaller search space
and, in some favorable cases, to decidability results.
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4.1 Stably Infinite Theories over Disjoint Signatures

Let X1 and Y5 be disjoint signatures, and let 7; be a stably infinite X;-theory,
for i = 1, 2. In this case completeness is not lost if the abstraction rule is subject
to the following restriction.

Restriction 1. A literal ¢ = p can be added to a branch B by means of
an application of the abstraction rule only if ¢ is a subterm of an impurdﬂ
literal ¢[t] already occurring in B.

Without entering too much into details, the basic idea of the completeness
argument is as follows. Let B be a (77, 72)-open branch such that no application
of any rule in Figure [1l complying with Restriction 1 can add new formulae to
B. Also, let 6; be the collection of (X; U par)-literals occurring in B, for i =1, 2.
Since X1 N Xy = @, in order to apply Theorem Plto a 7;-model A satisfying 6,
and a Ta-model B satisfying 6o, one has to show that AP2" = BP2T Indeed, the
stable infiniteness of 77 and 73 ensures that |A| = |B|, so that saturation with
respect to the first decomposition rule enforces AP2* = j3par,

Finally, note that we re-obtain Nelson and Oppen’s original decidability result
when the root-formula of the tableau is of the form —(Vxy,...,Vz,)e, with
 quantifier-free, since in this case the tableau construction must eventually
terminate.

4.2 Stably Infinite Theories Sharing Constants

The case in which the theories to combine share constants is not much different
from the disjoint case, since the shared constants can be treated as parameters.

More specifically, assume that X7 N 35 is a set of constants, and let 7; be a
stably infinite X;-theory, for ¢ = 1,2. Then it is easy to see that completeness is
not lost if the abstraction rule is subject to the following restriction.

Restriction 2. A literal ¢ =~ p can be added to a branch B by means of
an application of the abstraction rule only if ¢ is either a subterm of an
impure literal ¢[t] already occurring in B, or a constant in X N X¢.

Note also that completeness is not lost even if one retains Restriction 1, but
extends the first decomposition rule to terms p, ¢ in par U (X N XF).

Finally, note that we obtain a decidability result if X¢ N X is finite and the
root-formula of the tableau is of the form —(Vxy,... ,Vz,)p, with ¢ quantifier-
free, since in this case the tableau construction must eventually terminate.

4.3 Y-Generated Theories
We now consider the case of X'-generated theories.

Definition 10. Let T be an 2-theory, and let X C (2. We say that T is X-
GENERATED if every T -satisfiable collection 6 of ground ({2 U par)-literals is
satisfiable in a T-model A with domain A = [T(X U par)]*.

2 We say that a literal ¢ is impure if it is neither a X;-literal nor a Xs-literal.
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Note that, by Theorem [l any universal }-theory is X-generated.
Let 7; be a X;-generated (2;-theory, for i = 1,2. Then completeness is not
lost if the abstraction rule is subject to the following restriction.

Restriction 3. A literal ¢ =~ p can be added to a branch B by means of
an application of the abstraction rule only if ¢ is either a subterm of an
impure literal ¢[t] already occurring in B, or a term in 7'(X; U Xy Upar).

The basic idea of the completeness argument is as follows. Let B be a (77, T2)-
open branch such that no application of any rule in Figure [I complying with
Restriction 3 can add new formulae to B. Also, let 6; be the collection of (£2; U
par)-literals occurring in B, for ¢ = 1,2. Then, given a T;-model A satisfying
0, and a T>-model satisfying 65, saturation with respect to the abstraction rule,
even if subject to Restriction 3, ensures that A = par” and B = par®. From
here, the completeness proof continues exactly as in Section 331

5 Residue Propagation in N-O-Tableaux

N-O-tableaux are essentially a total multi-theory reasoning calculus where the
foreground reasoner decides what tableau rules to apply, and the two background
reasoners—the ground decision procedures for 7; and 7o—are in charge of de-
tecting branch closure. The cooperation of the two background reasoners is done
with the decomposition rules. The decomposition rules are, however, inherently
nondeterministic, and a blind search performed by the foreground reasoner is un-
likely to find the applications of the decomposition rules that lead to the shorter
proofs.

The problem is that the foreground reasoner has no knowledge of the fea-
tures of the theories to combine. The background reasoners, with their better
domain-specific knowledge, are more qualified to direct the search toward the
“best” applications of the decomposition rules. Our goal is therefore to devise
a mechanism to make the background reasoners help the foreground reasoner
make the tableau construction more efficient and less nondeterministic.

Following an idea of Tinelli [I4], this can be done in a partial multi-theory
reasoning setting, by allowing the background reasoners to return residues. More
precisely, we define a residue version of N-O-tableaux by replacing the decom-
position rules with the residue rule shown in Figure B]

It should be noted, however, that in Tinelli’s calculus residues are disjunctions
of literals, whereas in our calculus residues are restricted to disjunctions of atoms.

The residue rule in Figure[3 helps making the exploration of the search space
more efficient. In addition, the rule effectively reduces the search space in the
presence of convex theories. In fact, while in general residues are disjunctions of
atoms, when 7; is convex the residues returned by the background reasoner for
T; are restricted to atoms.

5.1 An Example

Let P and T be the theories defined in Section Bl Figure M shows an N-O-
tableau with residues that proves the (P U T )-validity of (IJ).
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Residue rule

©n
(CE T IR %
Provided there is an index ¢ € {1, 2} such that:
— if 7; is convex, then k = 1;
— ©Y1,...,pn are X;-literals;
— for each j=1,... ,k, v; is either of the form p~gq or of the form

P(p1,...,pn), with p,q,p1,... ,pn € par and P e XF nxy;
= Tiu{er, . ot EY1V - Vb,

Fig. 3: The residue rule.

L =(Va,y,2)(z +y = 2z = (Gw)(w < s(s(0)) A f(z) < f(z +w)))
2 ~(a+b=c— (Fw)(w <s(s(0) A fla) < fle+w)))

3. a+b=c

1 (0 < 00) 10 < e )

5 —(s(0) < s(s(0)) A f(a) < f(c+ s(0)))

/

6. =(s(0) < s(s(0))) 7. (f(a) < f(c+5(0)))
1 8. a < c+ s(0)
9. c+s(0)=p
10.  =(f(a) < f(p))
11. a<p
1

Fig. 4: A N-O-tableau.

Note that while in Figure 2] the literal a < ¢ + s(0) was added by means of
an application of the second decomposition rule, in Figure [ the same literal is
added by means of an application of the residue rule

5.2 Soundness and Completeness

Soundness of the residue version of N-O-tableaux immediately follows by inspec-
tion of the residue rule, whereas completeness is a consequence of the following
theorem.

Theorem 5. Let B be a (71, T2)-open branch, and assume that no application
of any propositional, quantifier, abstraction, purification, and residue rule can
add new formulae to B. Then B is (T1 U Tz)-satisfiable.

3 Exploiting the fact that PU{a +b=c} = a < ¢+ s(0).
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Proof. Consider the set B' = BU {—1) : ¢ is an atom and ¢ ¢ B}. Clearly,
B’ is saturated (with respect to Definition B]). Therefore, if we show that B’ is
(T1, T2)-open, by Lemma [Tl we obtain that B is (77 U 72)-satisfiable.

Thus, assume, for a contradiction, that B’ is (77, T2)-closed. Then there exists
an index ¢ € {1,2} and a finite set 6; of X;-literals such that §; C B’ and 6; is
Ti-unsatisfiable. Without loss of generality, let 6; = {¢1,... ,¢n, "1, ... , " Pi},
where ¢1,...,@p occur in B and 11, ... , ¥y are atoms not occurring in B. Note
that, since B is (771, 72)-open, we must have k > 0. Moreover, T;,U{¢1,... ,on} E
Y1 V- V. In addition, if 7; is convex, then 7; U {p1,... ,¢n} = 1), for some
j€{1,...,k}. But then, by saturation with respect to the residue rule, it follows
that {t1,... ¥} N B # 0, a contradiction. O

6 Conclusion

We presented a tableau calculus for combining decision procedures for arbitrary
universal theories over non necessarily disjoint signatures. Since our tableau cal-
culus can be seen as a generalization of the Nelson-Oppen combination method
to the case of non-disjoint signatures, we gave the name of N-O-tableaux to the
tableaux constructed with our calculus.

We then recognized several cases in which restrictions can be imposed to the
applications of the tableau rules in such a way to reduce the search space. We
also provided a residue propagation mechanism that can make the exploration
of the search space more efficient.

We plan to continue our research on N-O-tableaux by lifting the results of this
paper to the free-variable level, and by recognizing more cases where efficiency
can be achieved by restricting the tableau rules.

Acknowledgments. We thank Cesare Tinelli and the anonymous reviewers for
useful comments.

This research was supported in part by NSF(ITR) grant CCR-01-21403,
by NSF grant CCR-99-00984-001, by ARO grant DAAD19-01-1-0723, and by
ARPA/AF contracts F33615-00-C-1693 and F33615-99-C-3014.

References

1. Alessandro Armando, Silvio Ranise, and Michaél Rusinowitch. Uniform derivation
of decision procedures by superposition. In Laurent Fribourg, editor, Computer
Science Logic, volume 2142 of Lecture Notes in Computer Science, pages 513-527.
Springer, 2001.

2. Franz Baader and Cesare Tinelli. Combining decision procedures for positive the-
ories sharing constructors. In Sophie Tison, editor, Rewriting Techniques and Ap-
plications, Lecture Notes in Computer Science. Springer, 2002.

3. Jean-Paul Billon. The disconnection method. A confluent integration of unification
in the analytic framework. In Pierangelo Miglioli, Ugo Moscato, Daniele Mundici,
and Mario Ornaghi, editors, Theorem Proving with Analytic Tableaur and Related
Methods, volume 1071 of Lecture Notes in Artificial Intelligence, pages 110-126.
Springer, 1996.



10.

11.

12.

13.
14.

15.

16.

17.

18.

A Tableau Calculus for Combining Non-disjoint Theories 329

Eric Domenjoud, Francis Klay, and Christophe Ringeissen. Combination tech-
niques for non-disjoint equational theories. In Alan Bundy, editor, Automated De-
duction — CADE-12, volume 814 of Lecture Notes in Artificial Intelligence, pages
267-281. Springer, 1994.

Melvin C. Fitting. First-Order Logic and Automated Theorem Proving. Graduate
Texts in Computer Science. Springer, 2nd edition, 1996.

Bernhard Gramlich. On termination and confluence properties of disjoint and
constructor-sharing conditional rewrite systems. Theoretical Computer Science,
165(1):97-131, 1996.

Thomas Kaufl and Nicolas Zabel. Cooperation of decision procedures in a tableau-
based theorem prover. Reveu d’Intelligence Artificielle, 4(3):99-126, 1990.

. Shie-Jue Lee and David A. Plaisted. Eliminating duplication with the hyper-linking

strategy. Journal of Automated Reasoning, 9(1):25-42, 1992.

Greg Nelson and Derek C. Oppen. Simplification by cooperating decision proce-
dures. ACM Transactions on Programming Languages and Systems, 1(2):245-257,
1979.

Enno Ohlebusch. Modular properties of composable term rewriting systems. Jour-
nal of Symbolic Computation, 20(1):1-41, 1995.

Christophe Ringeissen. Unification in a combination of equational theories with
shared constants and its application to primal algebras. In Andrei Vonronkov,
editor, Logic Programming and Automated Reasoning, volume 624 of Lecture Notes
in Artificial Intelligence, pages 261-272. Springer, 1992.

Christophe Ringeissen. Cooperation of decision procedures for the satisfiability
problem. In Franz Baader and Klaus U. Schulz, editors, Frontiers of Combin-
ing Systems, volume 3 of Applied Logic Series, pages 121-140. Kluwer Academic
Publishers, 1996.

Raymond M. Smullyan. First-Order Logic. Springer, 1968.

Cesare Tinelli. Cooperation of background reasoners in theory reasoning by residue
sharing. Technical Report 02-03, Department of Computer Science, University of
Towa, 2002.

Cesare Tinelli and Mehdi T. Harandi. A new correctness proof of the Nelson-Oppen
combination procedure. In Franz Baader and Klaus U. Schulz, editors, Frontiers
of Combining Systems, volume 3 of Applied Logic Series, pages 103—120. Kluwer
Academic Publishers, 1996.

Cesare Tinelli and Christophe Ringeissen. Unions of non-disjoint theories and
combinations of satisfiability procedures. Technical Report 01-02, Department of
Computer Science, University of lowa, 2001.

Ashish Tiwari. Decision Procedures in Automated Deduction. PhD thesis, State
University of New York at Stony Brook, 2000.

Calogero G. Zarba. Combining non-disjoint theories. In Rajeev Goré, Alexander
Leitsch, and Tobias Nipkow, editors, International Joint Conference on Automated
Reasoning (Short Papers), Technical Report DII 11/01, pages 180-189. University
of Siena, Italy, 2001.



LINK: A Proof Environment Based on Proof
Nets

L. Habert*, J.-M. Notin, and D. Galmiche

LORIA-Université Henri Poincaré
Campus Scientifique, BP 239
Vandceuvre-les-Nancy, France

1 Introduction

LINK is a proof environment including proof nets-based provers for multiplica-
tive linear logics: mixed linear logic, or recently called non-commutative logic
(MNL) [I], commutative linear logic (MLL) and non-commutative (or cyclic)
linear logic (MCyLL). Its main characteristic is the provability analysis through
automatic proof nets construction. A proof net is a particular graph-theoretic
representation of proofs that appears appropriate for proof-search in MLL and
MCyLL [45]. It is a powerful alternative to deal with proof search and its pro-
blems about non-permutability and resource management [3]. In the context of
system verification, such a semantical and graphical representation of proof can
be useful from a software engineering point of view. It allows to analyse prov-
ability (through proof nets) or non-provability (through proof structures that
can be seen as counter-models).

The LINK proof engine is based on one specific algorithm dedicated to MLL [§]
that has been adapted to deal with non-commutative connectives (MCyLL) and
also with both commutative and non-commutative connectives (MNL). This first
version of LINK includes provers that can be also seen as implementations of new
connection methods for these linear logic fragments [4]. Further work, in addition
to standard improvements, will concern the development of this proof technology
for other substructural logics and of tools dedicated to the analysis of related se-
mantic structures. LINK illustrates that proof nets-based theorem proving is an
appropriate and promising proof-theoretical but also proof-engineering approach
of proof search in linear logic fragments.

2 Basic Principles of LINK

LINK is a proof environment that includes provers for three multiplicative linear
logics, but each of them is based on the same initial principles presented for MLL
in [8] and refined in [b]. Let us summarize its underlying concepts and principles.
A proof structure for a sequent I' is composed of its decomposition tree and
axiom-links between leaves, labelled with dual atomic formulac X and Xt

* Ecole Normale Supérieure Ulm, Paris, France, in a training period at LORIA.

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 330-[334] 2002.
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Fig.1. A MLL proof structure

Figure [l shows a proof structure of a MLL sequent + (4 ® B)®C, A+, C+ ® B™.
Among proof structures, there are some corresponding to a proof in the sequent
calculus. Such a proof structure is called a proof net and there are criteria
characterizing a proof structure that is a proof net. Our approach is based on
an inductive definition of proof nets leading to an automatic construction of
proof nets from the decomposition tree and thus to an automatic search of
appropriate axiom-links. For instance, the inductive definition of MLL proof
nets is the following: 1) an axiom (X, X"), where X is a atom, is a proof
net; 2) let IT; and I1s be disjoint proof nets, with conclusions I', A and B, A
respectively, then the extension of ITy and I1s, from A and B, with a conjunctive
link (®) between A and B is a proof net I1, with conclusions I, A® B, A; 3) let
II, be a proof net with conclusions I') A, B, then the extension of II, from A
and B, with a disjunctive link (%) is a proof net IT, with conclusions I', A% B.
Let us summarize the principles of construction for MLL. The algorithm starts
with the decomposition tree of the sequent, that is a frame guiding the proof net
search. The main idea is to build, step by step but automatically, axiom-links
that are elementary proof nets and to link and extend them in order to have
new sub-proof nets (further called subnets) and finally a proof net that “covers”
the decomposition tree. Coming back to our example, from figure [, we can
first build the axiom-links (A4, A*) and (B, B+) that are two elementary proof
nets and connect and extend them with a conjunctive link (®). Then, this new
proof net and the axiom-link (C,C+) can be connected and extended with a
conjunctive link (®), providing a new proof net. Finally, as A ® B and C are
conclusions of the same proof net, we can extend it with a disjunctive link (%)
and we have a proof net with (A® B)®C, A+ and C+ ® B~ as conclusions, that
covers the initial decomposition tree. A main and necessary principle is to deal
with conjunctive links before additive links. More details about the algorithm
can be found in [418].

A major problem arising in such proof nets construction is the choice of
appropriate axiom-links. If we replace, in our example, B and C by A, B+ and
C* by A, we need to detect the right axiom-links among all the possible (A,
A1), Some automatic choices are wrong choices, w.r.t. provability, and thus
backtracking is necessary at some points. Our algorithm includes strategies to
detect most of the failure cases: for instance, when two premises of a conjunctive
link (resp. disjunctive link) are (resp. cannot be) in the same subnet. The
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impact of the strategies is significant and the backtracking is then strongly
reduced. Let us mention that this approach, compared to bottom-up proof
search in a sequent calculus, is often very efficient to detect and analyse the
non-provability of a sequent.

3 The LINK Prover

The LINK prover is written in the OCam[! language. The program and its
sources are available at http://www.loria.fr/"notin/LINK with information
about how to install and use LINK. Thanks to the module system of OCaml,
most part of the code is shared between the different provers (for MLL, MCyLL
and MNL). Therefore, LINK proposes a single command line interface allowing
the user to choose the logic, and to enter the formula to prove. Figure 2] shows
a typical session of LINK. If the display mode is available, the proof net in
construction is drawn in a graphic window. The user can also choose to have a
step by step proof net construction in this window; this mode is very useful to
understand the basic principles of the provers, as it shows the main stages like
creation of axiom-links or extension of subnets by conjunctive and disjunctive
links.

$mnld We choose to work in MNL, using dependencies.
((axb)<c) la~|(c~@b™) We enter a first formula.

F = ((((a*b)<c)|a™) | (c"@b™))

Disproved in 0.00 seconds The formula is not provable.

((a@b)<c) |a~ | (c~@b™) We enter a second formula.

F = ((((a@b)<c)|a™) [ (c"@b™))

Proved in 0.00 seconds This one is provable.

(* represents ®, @ represents ©, | represents %% and < represents <1)

Fig. 2. A session example

LINK is composed of four main modules: Select (for the choice of literals), CC
(Connected Components - to handle subnets already built) and PW (Par Waiting
- to handle disjunctive links, the premises of which do not belong to the same
subnet). The fourth module, Build, is common to all provers and contains the
procedures that implement the basic proof nets construction algorithm.

The algorithm for MLL is implemented from the basic principles we previously
mentioned. Following [5], MCyLL proof nets can be seen as particular MLL
proof nets such that there is no crossing between axiom-links. Then, to build a
prover for MCyLL, we only have to modify the Select module in order to have
a choice of literals in accordance with this restriction. The design of a prover
for MNL is more complicated because this logic combines both commutative
(®,%) and non-commutative (©, <) connectives [I]. The underlying idea is to
apply the previous principles with ® and ® as conjunctive links and % and <
as disjunctive links and to capture the actual interactions between connectives
during proof search with an appropriate semantic structure (based on labels or
dependencies) that is built in parallel with the partial proof nets. Following [7],

! OCaml is available at http://caml.inria.fr/ocaml
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in which we provide a new definition of MNL proof nets based on dependency
relations, a first prover builds, step by step, partial proof nets like in MLL, but
also in parallel dependency graphs on which one has to verify some conditions
when a non-commutative disjunction (<) link must be extended. Therefore, the
CC and PW modules have to be adapted to deal with such dependency graphs
associated to subnets. In particular, the procedures performing the extension
of subnets by disjunctive and conjunctive links (included in the CC module)
include the computation of the dependency set associated to the new subnet.

]
L /N
Y I | D=c At
A®B C ct Bt \ /
\/ \/ A®B
(A®B)<C At ctoB*t

Fig. 3. A step of MNL proof net construction

Figure Blshows, for the MNL sequent - (A® B) <C, A+, C+ ® B*, a partial MNL
proof net (in bold) and the associated dependency set D. The algorithm has
extended axiom-links by A ® B and then by C+ ® B*. Then, it has to check
a condition on the dependency graph, related to the < connective. When, like
here, the condition is not verified then the extension of the < link is impossible.
As there is no other choice for axiom-links, the algorithm cannot perform any
backtracking and the construction fails. In such a case of non-provability, the
partial proof net (in bold) and the dependency graph in LINK are displayed.
Then, such a graph is an essential semantic tool to analyse the provability in
MNL. If A ® B is replaced by A ® B then the condition is verified and a final
proof net is built. The MLL strategies are extended to MNL and are very ef-
ficient to reduce backtracking when many choices are possible for axiom-links
construction. LINK also includes two other MINL provers that are based on other
semantic structures. One, following [6], with labels that are propagated in partial
proof structures (decomposition tree plus axiom-links already built) during the
proof net search. Another, following [IT], with implementations of a contractibil-
ity criterion with a particular graph (a seaweed) and contraction rules applied
on the associated structure.

Further work will be devoted to refinements on the first MNL prover, focus-
ing on the analysis and manipulation of dependency graphs. The performances
of LINK provers have been tested on various examples, of provable and non-
provable formulae and the results are good. They illustrate the efficiency of the
based-on proof net theorem proving, mainly in case of non-provability. With our
algorithms, we can directly build, in parallel, a sequent proof for I', each link
extension corresponding to a sequent rule application. Depending on the strat-
egy, we can obtain a sequent proof in various canonical forms (for instance with
focusing [2]). Moreover, these provers are implementations of new connection
methods for linear logics [4/10], with automatic generation of connections and
parallel construction of sequent proofs.
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4 Conclusion and Perspectives

LINK is a proof environment based on an original and alternative concept, w.r.t.
proof-search, namely proof net. It illustrates the actual interest of this concept,
completed with semantic structures, to provide proof search and proof analy-
sis in some linear logic fragments. The main prover of LINK deals with MNL,
that appears appropriate to specify particular programming concepts or system
properties [9] and for which no automatic prover has been designed before. The
LINK provers are efficient, especially for non-provability, and also provide se-
mantic structures that can be analysed in this case. Further developments of
this version will include refinements of strategies, parallel construction of the
sequent proof and graphical representations of semantic structures like depen-
dency graphs. Tools for the manipulation and the analysis of these structures
will be studied, with a software engineering and users point of view. We aim to
use the LINK environment and their further extensions (with additives, quanti-
fiers) for the verification and analysis of system properties [9], focusing on the
failure analysis from the graph-theoretical proof representation.
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Abstract. We describe version 1.2 of the theorem prover DCTP, which
is an implementation of the disconnection calculus. The disconnection
calculus is a confluent tableau method using non-rigid variables. This
current version of DCTP has been extended and enhanced significantly
since its participation in the IJCAR system competition in 2001. We
briefly sketch the underlying calculus and the proof procedure and de-
scribe some of its refinements and new features. We also present the
results of some experiments regarding these new features.

1 Introduction

In this paper we present the latest version of the theorem prover DCTP, which is
based on the disconnection tableau calculus [3]. The calculus provides a natural
decision procedure for the Bernays-Schonfinkel class unlike most resolution and
rigid-variable tableau calculi and it is proof confluent, so that it can be used
for model generation. The extraction of a model from a saturated branch is one
of the main motivations and advantages of the traditional semantic tableau ap-
proach. It is important to emphasise that this advantage is lost in contemporary
free-variable tableau calculi like connection tableaux or model elimination [5] or
certain confluent variants of tableaux [1] or hyper tableaux [2], in which free vari-
ables are treated in a rigid manner. DCTP 1.2 is an extension of the prototypical
prover first presented in [6] and has been enhanced significantly since its original
inception. After briefly describing the underlying calculus, we give an overview
of the new features that were included in DCTP 1.2. We also describe some key
issues of the implementation. We conclude with the results of an experimental
evaluation that show both the progress achieved over the previous version and
a comparison with other first-order provers.

2 The Disconnection Tableau Calculus

Essentially, the disconnection tableau calculus can be viewed as an integration
of Plaisted’s clause linking method [4] into a tableau control structure. For a
description of the proof method see [67]. The disconnection tableau calculus
consists of a single complex inference rule, the so-called linking rule that extends

U. Egly and C.G. Fermiiller (Eds.): TABLEAUX 2002, LNATI 2381, pp. 335-[339 2002.
© Springer-Verlag Berlin Heidelberg 2002
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the tableau by renamed instances of the input clauses. The link selection is
restricted to links occurring on the current active path (i.e. tableau branch).
Branches are closed by V-complementary pairs of literals, i.e. literals that become
complementary when all their variables are identified (P(z,y) and —P(v,v) are
V-complementary). No variables are instantiated by closing branches and no
hidden form of Smullyan’s + rule is used in the calculus.

3 Design and Proof Search

The disconnection calculus employed by DCTP is proof confluent. This means
that only a single tableau is constructed. This single tree is processed in a
backtracking-driven manner, since even though all inferences performed on a
closed branch remain fixed, we still need to solve all remaining open subgoals
in the tableau. In order to save space, closed tableau branches are discarded.
A confluent calculus invariably places many redundant clauses on the tableau.
To avoid the repeated solution of redundant subgoals we use the techniques of
tableau pruning similar to [8].

The actual tableau proof search is preceded by a formula preprocessing as
described in the next section. Then an initial active path is selected from the
input clauses. Starting with the links occurring on the initial active path, a
tableau is constructed below the last subgoal of the initial path to solve that
subgoal. First, a linking step is executed, extending the tableau by new subgoals.
These new subgoals then are themselves solved in a depth-first manner by adding
their new links and by applying linking steps. The evaluation of this main loop is
continued until either no open subgoals are left or the available links on a branch
are exhausted. The main loop of the tableau construction comprises two forms
of non-determinism, the selection of the next open branch and the selection of
a link on the branch for tableau expansion. The former represents a don’t-care
non-determinism, while the latter has to respect some form of fairness condition,
i.e. it must be guaranteed that every link on an open branch must eventually be
selected. Both of these selections are heuristically guided, some of the heuristics
used are described in Section Bl An important part of the proof search is the
integration of a unit theory: unit clauses (or lemmas) are dynamically generated
and used for subsuming new clauses or simplifying open subgoals.

4 New Refinements

For the version 1.2 of DCTP, a number of new refinements were added to the
calculus to enhance the prover performance, which we will briefly describe now.
Equality handling. The most significant improvement of the system over its pre-
vious version concerns the handling of the equality predicate. Equality is now
treated by means of an integrated theory. Several methods of equality handling
were incorporated in DCTP. The most successful of these is ordered eq-linking,
an adaption of ordered paramodulation to a tableau framework. Unfortunately,
eq-linking is incompatible with the powerful regularity restriction. In addition
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DCTP uses destructive term rewriting based on a Knuth-Bendix ordering to
normalise subgoals. Term rewriting is currently used in a restricted form only,
where each new selected subgoal is normalised w.r.t. the unit equations on the
path before it is solved.

Input preprocessing. DCTP also permits to perform a large number of satisfia-
bility preserving transformations on the input clause set before actually starting
the tableau proof. Among these are the elimination of isolated connections, the
deletion of clauses with pure literals and tautological clauses, a certain form of
demodulation and static clause splitting. Additionally, existing techniques like
unit subsumption and unit simplification are used.

Variant subsumption. Full subsumption between non-unit clauses is not allowed
in the disconnection calculus. However, we employ a stronger version of the clause
variant pruning described in [6] that we call variant subsumption. A clause c is
variant subsumed if a subclause of ¢ is a variant of a clause on the current path.
Clause splitting. In addition to the static splitting performed during preprocess-
ing, DCTP can also apply dynamic splitting to new clause instances that can
be divided into several subclauses with disjoint variable sets. A minimum size
for the new subclauses can be defined. These subclauses are connected via new
propositional splitting literals.

t-closedness. In contrast to the use of V-closure, where all variables on the path
are mapped to a new constant symbol, an arbitrary but fixed term can also
be selected for the mapping of the path variables. The term ¢ is automatically
selected from the set of constants in the input clauses.

Factoring. Clause factoring is a standard resolution technique for obtaining
shorter clauses. For the disconnection calculus, dynamic clause factoring dur-
ing the proof search turned out to be unfeasible. However, good results could be
obtained by integrating factoring together with full subsumption into the formula
preprocessing. For example, the problem called Andrew’s challenge that could
not be solved previously due to the enormous branching factor of the tableau
could be easily solved after the factorisation of the input set.

5 Implementation Issues

The subgoals of the initial active path are selected in the same way as the next
open subgoal to be solved during the proof search, preferring subgoals that are
maximal in their clause with respect to either their degree of instantiation or
their term complexity. The generation of new links is performed by checking the
new open subgoal against the list of potentially linked path literals. For each link
a link weight is computed according to a mixed weighing scheme that is based
upon the number of new non-simplifiable subgoals created by an application
of each link and the maximum weighted term complexity of the new subgoals.
Additional factors take the involvement of units or relevance information into
account. Basically, linking steps introducing short and simple clauses are pre-
ferred. All links are bucket sorted into link lists according to their link weight.
For each linking step, the newest link of the lowest link weight available is cho-
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sen. The inclusion of the maximum complexity of new terms into the link weight
computation guarantees the fairness of the proof procedure. DCTP alternates
its link selection in a user controllable way. Two types of alternation occur. The
first one is between non-equality links and equality links, because it is hard to
define a uniform link weight measure suitable for both types of links. By default,
standard links and eq-links are chosen in relation to the number of non-equality
and equality literals in the input. The second type of alternation is for each of the
former types between the links of lowest weight and the oldest links, a successful
heuristic also used in a variety of other provers. Unit subsumption and simplifi-
cation are performed by matching each new subgoal against discrimination tree
indexes of the unit lemmas available. Additional indexes for storing path literals
and clause instances are used when checking for V-closedness or clause variants,
resp. The theorem prover DCTP is implemented in the Scheme dialect bigloo.
The system can be obtained from the author.

6 Future Extensions

Model extraction. As mentioned above, the disconnection calculus allows the ex-
traction of models from failed proof attempts. The theory of model extraction
for the non-equality case has been discussed in [7]. However an implementation
of this has yet to be done.

Rewriting. After the successful implementation of equality handling a number of
improvements still remain. These are mostly concerned with rewriting. In order
to improve the performance for equality problems the use of a rewrite index is
vital. Furthermore, currently each tableau subgoal is normalised only once just
before it is solved. An incremental normalisation also of path subgoals by new
unit equations is needed. Also, to obtain better guidance for the proof search it
would be necessary to normalise all potential new clauses before computing the
weights of their respective links. Unfortunately, this is hard to integrate into the
inference mechanism of DCTP, but may be important for improving the perfor-
mance of DCTP in the domain of unit equality problems.

Universal variables. Universal variables, i.e. variables that are implicitly univer-
sally quantified w.r.t a single literal instead of a clause can be used to extend
some of the techniques for unit lemmas to non-unit clauses. Branch-local vari-
ables, an easily detectable subset of universal variables shall be used for non-unit
subsumption and simplification.

7 Evaluation

In order to demonstrate the performance gain that the improvements described
in this paper have caused, we present a comparison of the evaluations of DCTP
0.1 and DCTP 1.2 (denoted as DCTP in the table below) over the problems
contained in the TPTP library version 2.4.1[] The first set of columns shows

! The largest and most comprehensive problem library available.
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the results for all 4419 clause problems, the second one shows the results for the
2894 equality problems among those. The time limit for all tests was 300 seconds
per problem on Sun Ultra 60 machines with 300 MHz processors and 384 MB of
main memory. Currently, DCTP can solve about 20 problems that could not be
solved by other provers before.

TPTP TPTP-Eq CASC-JC MIX CASC-JC SAT
System|pCTP[DCTP 0.1[[DCTP[DCTP 0.1[[DCTPe-SETHEO|Otter|[ DCTP[Gandalf| MACE
Proofs | 1714] _ 1138] 953 468 42 03[ 31 - - -
Models| 356 278|128 45 - - - 50 48] 25

For the problems of the CASC-JC system competition, DCTP 1.2 gives de-
cent to very good results. All new experiments were conducted under competition
conditions. The third set of columns in the table above shows the results for the
MIX class of the competition with 120 problems, which was won by e-SETHEO
and VampireJCE While still being far behind the really successful systems in
this category, DCTP with eg-linking performs better than some other well known
systems. The fourth set of columns gives the results for SAT category of CASC-
JC with 90 problems. In this category, the new DCTP 1.2 is very successful and
even outperforms the winner GandalfSat.
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