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Abstract

Theorem proving in undecidable theories has to resort to semi-decision procedures, i.e.
partial computable functions that halt when the input formula is a theorem, but may
not terminate otherwise. Their performance can be improved once heuristic mechan-
isms are introduced to guide search. Heuristic functions, however, sometimes assume
the properties of a particular subclass of formulae to be valid in a larger domain, and
may as a result fail to recognise a theorem due to the loss of completeness.

Efficiency may be also improved when the decidability of subclasses of formulae is
explored. Decision procedures establish, after a finite amount of time and computation,
whether a formula of a class is a theorem or not. Their main advantage is their total
computability, i.e. computation terminates for every formula of the domain. whether
it is a theorem or not. Their reduced scope of application and, in some cases, their
complexity are, nonetheless, the main limitations.

Evidence suggests that the development of efficient mechanical theorem provers re-
quires the integration of both heuristic modules and decision procedures inside hybrid
systems. Integration is achieved through at least three strategies,

(1) juztaposition, where each component of the system operates independently from the
others, and there is no communication between them,
(ii) cooperation, where the behaviour of a component influences others, and commu-
nication is direct, and
(iii) interfacing, where transformation or simplification steps take place before a for-
mula is delivered to a component of the system, in which case communication
amongst modules is mediated.

From the decision procedure viewpoint, the main effect of its integration into a prover
is the enlargement of the decidable domain, whereas, for the heuristic component, there
is a reduction in the number of subproblems it has to address.

Proof planning for normalisation provides a possible basis for the development of re-
write systems for interfacing decision procedures to heuristic provers. It includes a
language for the description of recursive classes of formulae and a set of primitive op-
erators or normalisation tactics for the construction of complex rewriters. Each tactic
performs a specific syntactic task, such as the removal of occurrences of a symbol,
the stratification of occurrences of a symbol over others, or the reorganisation of their
occurrences. Rewrite rules are selected along these guidelines, and additional control
mechanisms ensure that rewriting always terminates. Whenever an effective rewriter
has a decidable subclass as range, the resulting extended class, i.e. the domain of the
rewriter, is decidable. The introduction of new rules deductively strengthens the in-
terface and enlarges the extended class, even though the full language in which the
theory is defined is never encompassed.

Two alternative mechanisms are available under the proof planning approach. A spe-
cialised normaliser may be built by a planner to suit a particular description, given in
terms of properties of a decidable class and its targeted extension. Primitive tactics
are combined based on the partial specification provided by methods. until the de-
sired reduction mechanism is obtained, whenever possible. Another solution involves
the use of general-purpose proof plans. families of normalisers whose parameters are
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instantiated in individual contexts to generate the desired system.

Since the development of interfaces relies entirely on the domain of a decision procedure,
rather than on any of its computational features, the approach is highly modular. It
is also general, given that any theory admits decidable subclasses. Empirical results
concerning the application of general-purpose proof plans to arithmetical verification
conditions indicate that they effectively widen the role of decision procedures in the
verification of program correctness.
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Chapter 1

Introduction

The verification of program correctness is one amongst several applications of mechan-
ical theorem proving to software development. Evidence suggests that efficient provers
for program verification must contain both heuristic modules and decision procedures
integrated inside a unified system. Proof planning for normalisation provides a frame-
work for the creation of interfaces for module connection. It includes a langnage for
the description of recursive classes of formulae and a set of atomic operators for the

construction of complex rewriting interfaces.

Program verification is briefly discussed in section 1.1. Section 1.2 describes the in-
tegration problem for theorem provers, followed by a review of some of its solutions
in section 1.3. Sections 1.4 and 1.5 present the main elements that compose the proof
planning approach to normalisation. An outline of the remaining chapters of the dis-

sertation in section 1.6 concludes the introduction.

1.1 Program Verification

The syntactic correctness of a program depends on the alphabet and the formation
rules of the language in which it is written. Since programs provide a representation for
mathematical objects such as sets, functions or relations, semantic correctness requires
comparing properties of such objects with their representation. Given a set S and a
(linguistic) representation R(S) for it, R(S) is correct if and only if every object that

belongs to R(S) also belongs to S, and is complete if and only if every object of § also



belongs to R(S). Whereas completeness is a desirable property for a representation.
correctness is usually regarded as essential, in the sense that it must be guaranteed

that none of the objects computed by R(S) lies outside S.

Informal correctness proofs frequently rely on the generation of a finite sample by a
program, and the comparison of this sample with the mathematical object the program
represents. For infinite objects, however, this approach is unsatisfactory. Rigorous
correctness proofs require two distinct representations for the same object, the program
itself and a description for the program (also expressed in a formal language), which
are then compared extensionally. In the case of programs that compute functions, a
description for it may have the form of a pair of formulae, (¢, @'), where ¢ establishes
properties of the domain (the preconditions), and @', of the image (the postconditions).
The partial correctness of a program P with respect to this description involves proving
that, whenever an object = satisfies property ¢ and P computes an output y for z, y

satisfies property @', i.e.

(Vz)((@lz] A P(z) =y) D ¢'[y]) (%)

An additional problem involves determining whether P halts for every element of the

domain specified by ¢,

(Vz)(o[z] > (Fy)(P(z) = y)) (%)

When () and (%) are valid, P is correct with respect to (¢, @'): for every input that

satisfies ¢. the program computes an output that satisfies the postconditions®.

Condition (*) can be established from the analysis of the flowchart of P. The input and
output of P are associated with the description formulae, ¢ and @', and intermediate
nodes are linked to formulae that state properties of relevant variables. A verification

condition,

P D 7P;

' A description of the form (¢,¢') actually identifies the family of functions that have {z | ¢(z)} as
domain and {y | ¢'(y)} as image. Therefore, a program P is correct w.r.t. (¢, ¢') if and only if P
computes an element of the family represented by the description. The notion of completeness is
not applicable in this context, since P computes a single function.
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is built for every path of the flowchart that links two nodes identified by formulae 25

and ;. Once all of them have been proved, the correctness of P w.r.t. (¢, @) follows®.

1.2 Decision Procedures & Heuristic Provers

Automated provers are mechanisms that have the set of formulae of a language as
domain and a binary set, {1,0}, as image, where 1 is associated with theorems of a
particular theory. and 0 is reserved for non-theorems. Formal proofs may be derived
as a side effect of the computation. A prover is complete when it identifies all the
theorems of the theory. For undecidable axiomatisable theories, every complete prover
is a semi-decision procedure, i.e. a partial function that halts when the input formula
is a theorem, but may not terminate otherwise. Termination is arbitrarily obtained for

all the domain once time or space constraints are imposed.

The performance of a prover may be improved, with or without loss of completeness.
with the help of heuristic search mechanisms. Heuristic functions generalise partial
information or knowledge available about subclasses of formulae of the domain. They
may nonetheless fail to provide either the shortest proof for a conjecture, or a proof
at all, due to loss of completeness. Empirical results, on the other hand, support the

claim that domain knowledge effectively reduces search in the average case®.

Improvements in efficiency also take place when the decidability of certain classes of
formulae in undecidable theories is explored. Some theories admit effective algorithms
to determine, for instance, whether a quantifier-free formula is a theorem or not. The
main advantage of decision procedures is their total computability, i.e. computation
terminates for all formulae of their domain, whether it is a theorem or not. The
limitations are their reduced scope of application and, sometimes, their inefficiency.
Heuristic functions and decision procedures are both important components in the

construction of efficient provers for undecidable domains.

“Decision procedures, alone or in co-operation with other decision proced-

ures, are fast and predictable but often too limited to be of general use. On

* See [Anderson 79], p. 21-7, 80-2 and [Loeckx & Sieber 84], p. 113-5.
* See [Shapiro 92]. vol. 1, p. 611-15.



the other hand. today’s heuristic theorem provers are capable of producing
-proofs of fairly deep theorems. but are generally so slow and unpredictable
that few users have the patience and knowledge to use them effectively. It is
generally agreed that when practical theorem provers are finally available
they will contain both heuristic components and many decision proced-

ures.” ([Boyer & Moore 88], p. 84)

The effective use of decision procedures, therefore, requires hybrid provers capable of

exploring limited decidable subdomains in as many ways as possible.
1.2.1 Exploring Decision Procedures

Besides the construction of hybrid systems, studies of the application of decision pro-
cedures to theorem proving have been traditionally concentrated in two other areas®.
One of them concerns the complexity of decision procedures, in their full domains
or in particular subclasses of formulae. The search for less complex procedures fol-
lows whenever required by a particular application. Theories targeted by such studies
include Presburger arithmetic (PrA), derived from Peano arithmetic (PA) after the
axioms involving multiplication are eliminated, and strictly multiplicative arithmetic
(SMA), which corresponds to the theory of multiplication of natural numbers, without

SUINn Or Successor.

The second area deals with the recognition of decidable subtheories and special decid-
able classes. It has mainly targeted theories relevant to the representation of programs
and data structures. such as the theory of lists and the theory of arrays. New res-
ults are obtained either through the direct inspection of a theory or subclass, or by
their reduction to another domain already known to be decidable: this is the case, for
instance, for the extension of certain decidable quantifier-free theories by the introduc-
tion of undefined non-logical symbols. Subclasses selected for analysis are essentially
those generated by context-free grammars, with emphasis on prefix classes (i.e. sets of
formulae in prenex normal form whose prefixes satisfy certain restrictions, e.g. absence

of universal quantifiers).

! See [Plaisted 90], p. 304-306.



The most relevant area for the present study, however, concerns the integration of
decision procedures into (complete) theorem provers, which can be achieved through
at least three loosely defined strategies. The plain juaztaposition of a decision procedure
and a heuristic module lacks any form of communication between them, since both
components operate independently. The resulting system checks whether a conjecture
belongs to the decidable domain, directing it either to the corresponding procedure or
to the heuristic module, as indicated in figure 1.1. The limitation of juxtaposition is its
inability to stretch the use of a decision procedure beyond its domain. The application
of theorem proving to program verification shows that this solution is beneficial only
for a reduced number of representative verification conditions which happen to fall in

the original decidable domain®.

In the case of cooperation, the selection of any module in the first place does not
prevent the use of the other in subsequent steps of the process, as shown in figure 1.2.
Communication then is direct. As a result, the process ends up expanding the original
decidable domain: in certain cases, the inference module plays an auxiliary role with

respect to the decision procedures.

Example 1.2.1 Let a hybrid prover contain two decision procedures, respectively for

PrA and SMA. and a sequent calculus-based heuristic prover.

i. Given the conjecture

?xyr=yx(@*xy?) A 2z+s(y+3)<w?xz

since it does not belong to the domain of any of the decision procedures, it is
supplied to the heuristic module. After it is decomposed into two new subproblems

by the (backward) application of the A-right rule,

2xyPP=yx(22xy?) 22+s(y+3)<wixz

the left formula can be reduced by the procedure for SMA to T, thus completing

this branch of the proof. Only one subproblem is left to the inference module; in

® See [Boyer & Moore 88].



this case, the decision procedure has an auziliary role with respect to the heuristic

component of the system.

1. For another conjecture,

g xyP=yx(z?xy?) A 1< 2z+s(y+3)
which does not belong to a decidable domain either, the subproblems derived by
the application of the N-right rule,

&% x i =t xy®) 1< 2z +s(y+3)

can be both reduced to T respectively by the decision procedure for SMA and PrA.
The application of inference rules in this example transforms the conjecture till

it can be entirely handled by the decision procedures. 0

Finally, modules can be connected through interfacing, as in figure 1.3. Interfaces
may perform a range of transformation or simplification steps before a formula is
delivered to any of the components of the system. Communication between modules
therefore is mediated. There is a clear link between the extension of decidable domains
through interfacing and certain decision procedures which first require the reduction

of a conjecture to a given normal form, as in the case of quantifier elimination.

Example 1.2.2 Let the prover of ezample 1.2.1 have a simplifier based on the applic-
ation of rewrite rules, and let
(2)(3y)(2)(w)(e® + (y x 2°) = 2° + w)

be a conjecture. Since it does not belong to the domain of any of the decision procedures,

the simplifier is called, and. in the event that the rewrite rule

v+ v =043 > Uy =03

is available, the conjecture is simplified to

(2)(3y)(2)(w)(y x 2* = w)

6



Decision Heuristic

Procedure Prover

PEX

Once a formula ¢ is supplied to the hybrid system, a test 1s performed to establish
whether it belongs to the decidable class £. When this is the case, ¢ is then
directed to the corresponding decision procedure.

Figure 1.1: Integration of DP & HP (I) — Juxtaposition

which falls in the domain of the procedure for SMA. It is worth noting that no cooper-
ation took place in this solution, since no inference rule of the sequent calculus was

invoked. 0

1.2.2 Extending Decidable Subclasses

From the viewpoint of a decision procedure, the main effect of its integration into a
prover is the enlargement of its domain. From the viewpoint of the heuristic component,
integration reduces the number of subproblems or subtasks it has to address. Both
cooperation and interfacing may therefore lead to the desired expansion of a decidable

domain. Cooperation can also improve the overall efficiency of the resulting system,

e |
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Figure 1.2: Integration of DP & HP (II) — Cooperation
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Figure 1.3: Integration of DP & HP (III) — Interfacing



at the cost of the development of tailor-made links which requires knowledge about
internal components of both heuristic prover and decision procedure. No component
is dealt with as a black box. The approach usually lacks generality, since one solution

is not necessarily translatable to other contexts.

The development of interfaces, on the other hand. depends only on the domain of a
decision procedure, and none of its computational features has to be disclosed. Proced-
ures therefore may be replaced without any effect on the integration mechanism, which
amounts strictly to the extension of decidable classes. The main difference with respect
to other studies of decidable subclass generation lies in the direction of the process:
traditionally, a subclass is first chosen (e.g. the set of quantifier-free formulae, or the
formulae that do not contain a particular function symbol of the underlying language)
and then a procedure for its reduction to a decidable subclass is sought, whereas the
new approach starts with a reduction procedure (e.g. a set of rewrite rules), and the
newly delimited class, which is a fragment of the domain of the procedure, is determ-

ined thereafter.

A decision procedure for the extended class results from the combination of the initial
procedure and the interface that reduces formulae to the original decidable domain.
The approach, therefore, is modular: rather than requiring the complete development
of new procedures, it explores existing ones, even though efficiency may suffer in some
cases. A general solution for the extension of families of classes that satisfy certain

syntactic properties can be formulated in the form of parameterised interfaces.

1.3 Integrated Systems

Various theorem provers operate in association with one or more decision procedures.
Cooperation, for instance, takes place in the Prototype Verification System (PVYS).
GETFOL and the JOVIAL program verifier, on the other hand, have interfaces linking
decision procedures to other modules. A combined approach is present in three other

systems, the Stanford Pascal verifier, Talzelwurm and Nqthm®.

f PVSis a system that operates both with program specification and verification, as described in
[Owre et al 92]. GETFOL, an interactive theorem prover based on Prawitz’s natural deduction,
is discussed in [Giunchiglia & Traverso 91]. The JOVIAL program verifier was developed to prove
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Two decision procedures, for ground equalities and linear inequalities, have mainly
a subsidiary role in the PVS system. As described in section 1.2.1, cooperation can
lead either to the simplification of a conjecture or to its reduction to one or more
decidable subclasses. In GETFOL, an interface based on rewriting is linked to a decision
procedure for a prefix class of the first-order predicate caleulus. A second interface has
the purpose of identifying the propositional form of conjectures, and is connected to a
decision procedure for the propositional calculus. In the JOVIAL program verifier, the
interface is responsible for the expansion of the original conjecture by the introduction
of additional hypotheses, with the purpose of transforming it into an element of a

decidable subclass.

The Stanford Pascal verifier is one of the systems where cooperation and interfacing
coexist. The interface decomposes every input conjecture into subformulae, which are
distributed among a series of decision procedures. Additional links are established
between pairs of decision procedures for the exchange of information, when required.
Cooperation also takes place in Talzelwurm, where decision procedures take part of the
solution of subproblems. It incorporates the interface present in the Stanford Pascal
verifier as well, and the interaction between inference rules and decision procedures is
bidirectional. Ngthm, on the other hand, employs a decision procedure that cooperates
with a simplifier and a rewriter, whereas a complex interface is responsible for the
introduction of additional hypotheses. Individual components of the decision procedure
are linked to individual routines of the rewriter and the simplifier. Since the final
mechanism depends on the chosen procedure both extensionally and intensionally, the

procedure cannot be replaced with any other, even if it applies to the same class.

None of these systems addresses the problem of integration from a global or abstract
perspective. Even the solution incorporated in Ngthm by Boyer and Moore, who presen-
ted the integration problem in a general setting, is particular for a single context, linear

arithmetic and its extensions’, given that it relies on specific properties of these the-

verification conditions for programs implemented in JOVIAL, whereas the Stanford Pascal verifier
is an interactive system for reasoning about Pascal programs: they are respectively mentioned in
[Shostak 79] and [Nelson & Oppen 79]. Talzelwurm, whose main features are briefly examined in
[Kaufl 89], is a prover based on the analytic tableau method. Ngthm, the Boyer and Moore theorem
prover, described in [Boyer & Moore 79], is a heuristic system specialised in inductive proofs.

" Although the solution was initially presented by Shostak, Boyer and Moore were responsible for the
development of strategies to control the search present in Shostak’s proposal.
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ories. Other mechanisms for the extension of decidable subclasses have similar limita-
tions, except for the interface of GETFOL, which could be applied to any theory where
decidable classes have been identified®. The approach, however, lacks the necessary
control structures that guarantee effectiveness and overall efficiency for the resulting

system. since it is based on the exhaustive application of rewrite rules.

1.4 The Proof Planning Approach

Interfaces between mechanical provers and decision procedures can be abstractly mod-
elled as effectively computable total functions whose domain and range are respectively
the expanded and the original decidable classes. Provided that the transformed for-
mula is equivalent to the original one, each of them is a theorem if and only if the
other one is a theorem as well. Considering that the function is effective, the combined
procedure represents a decision procedure for the extended class. The interface oper-
ates as a normaliser, since it transforms a formula into an equivalent expression of a

pre-established class.

As mentioned in section 1.2, decidable subclasses can be extended by the application
of rewrite rules. The construction of rewriting interfaces involves identifying suitable
rules and control mechanisms to ensure termination and improve efficiency. Once
termination is ensured for a finite set of rules, the expanded class (i.e. the domain of
the rewrite system) is decidable. The continuous introduction of rules can deductively
strengthen the interface and enlarge the extended class, even though the full language
in which the theory is defined is never encompassed. Proof plans for normalisation
provide the necessary tools for the construction of rewriting interface or normalisers.
Plans are made up of methods and tactics, originally defined to handle inference rules.

All three notions are examined in the next section.

1.4.1 Tactics

Theorems of axiomatic theories can be generated by the application of inference rules to

axioms. Certain inference systems are both correct and complete for the representation

* See [Armando & Giunchiglia 93], p. 500.
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of theories, i.e.

(i) any formula derived from the axioms is a theorem, and

(ii) every theorem can be generated from the axioms by the application of rules.

When the theory is undecidable, an inference system provides a semi-decision procedure

for it.

Rules can be applied backwards to a conjecture until a list of axioms is obtained,
whenever the formula is a theorem. Both forward and backward deduction may involve
a considerable number of inference steps, which lead to large proof trees. Tactics allow
the performance of arbitrarily large steps composed of primitive rules. Each tactic is a
function that maps a formula ¢ into a list of new formulae, such that the application of
inference rules to them results in ¢. The combination of tactics defines proof structures,
some of which are complete strategies for the recognition of classes of theorems (i.e.
the application of a complete tactic to a formula of the class reduces it to a finite list

of axioms).

The construction of a complete strategy for a conjecture involves search in a set of
tactics. The task of combining them, however, can be lifted to the specification level.
The specification for a tactic provided by methods includes properties of its domain,
under the form of preconditions, and properties of the image, in the postconditions.
Once the task of combining tactics is replaced by the combination of methods, there is,
under certain circumstances, a contraction of the original search space. A composite
method that converts a formula into a list of axioms of a theory represents a proof
plan. Since each method specifies a tactic, a complete tactic is mechanically derivable

from each plan.

1.4.2 Normalisation Planners

Under the proof planning approach, rewriting interfaces or normalisers are built from
the combination of elementary normalisers or primitive normalisation tactics. A spe-
cification language for the description of both primitive and composite tactics simplifies
the task of combining them. Elementary normalisers correspond to the basic operations

that take place in the transformation of the members of a context-free generated class



into members of a similar class. They include elimination operators, capable of remov-
ing occurrences of symbols from the formulae of a class, and reorganisation operators,
which impose restrictions upon relative positions of occurrences of symbols. Each op-
eration requires a special set of rules, selected from the rewrite rule base available to
the system. Remove rules are suitable for the elimination of occurrences of selected
symbols, whereas stratify rules move occurrences of a symbol beneath others. These

and other rules are mechanically recognisable as a result of their syntactic properties”.

The specification language is adequate for the description of context-free generated
classes. Its predicates allow the symbols that can occur in a formula of a class to be
determined, together with the permissible relative positions of their occurrences. The
description for a normaliser is provided by a pair of classes, its domain and image.
Both elementary and composite normalisers are usually only partially specified, in the
sense that their descriptions determine functions only partially defined in the chosen
domain. As a result, any normaliser for the expansion of a decidable subclass ¥ can

be initially described as the partial function

NFmifw-):

where the extended decidable class, ¥’, is a subset of Fml;, the set of formulae of
the underlying language. A planner generates the normaliser through the gradual
transformation of the initial class, Fml., into the target class, £’, by the composition
of elementary normalisers. Given that this problem involves search in a universe of
primitive operators. searching strategies have to be made available to the planner

whenever efficiency has to be taken into account.

The construction of a normaliser, however, does not have to be necessarily handled by a
planner. An alternative solution, still in the scope of proof planning, employs paramet-
erised tactics or general-purpose proof plans, which represent families of normalisers.
A normaliser for a particular extension task can be generated by the instantiation
of parameters of a general-purpose plan, as part of an operation that is considerably
less complex than the entire development of a normaliser by a planner. Given the

description (X;,X,). whereas the problem a planner has to solve is

? See [Bundy 91].
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(IN)(dom(N) C E; & rng(N) = £,)

in the presence of a general-purpose plan AV(v,...,2,), it suffices to find a constructive

proof for

(3v1)...(3v,)(dom(N (v1,...,v,)) C E; & rng(N(vy,s...,7,)) = E3)

The relevance of the second approach derives from its ability to address families of
interfacing problems in a dynamic context. Under certain circumstances, if the set of
function and predicate symbols of the underlying (object) language is expanded, the
rule base has to be extended but no structural change to the plans is required. Even
though other approaches, such as the hypothesis introduction mechanism of Ngthm,
can also handle new symbols, proof plans are more general, sincé they are applicable

to any theory that admits decidable subclasses.

1.5 Applications to Peano arithmetic

One of the families of normalisers defined by means of a general-purpose plan addresses
the normalisation problem defined by a pair (X,,X,) where every formula ¢ in I,

contains at least an occurrence of one of the symbols 5,,...,.5,, i.e.

occ_sym(S1,9) V ... V occ_sym(S,, @)

whereas formulae in ¥, are free from occurrences of such symbols, i.e.

—oce_sym(Sy, @) & ... & —oce_sym(S,, d)

The corresponding general-purpose plan then handles any normalisation problem strictly

based on the elimination of symbols which are absent from the target class X,.

Peano arithmetic is a possible domain of application for this plan, since this theory
admits two decidable subclasses which can be obtained from the original set of formulae
by the removal of deviant symbols. One of the decidable classes, Lp, ., consists of all

formulae ¢ where x is absent, being representable therefore as
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=occ_sym( o, X))

The other class, Lgpr4, consists of formulae 1 in which the successor function and sum

are both absent,

soce_sym(,s) & —oce_sym(, +)

The general-purpose plan implemented for this purpose is a simplifier that operates
as an interface similar to that described in figure 1.3. The simplifier examines the
set of rewrite rules available to the system, selecting those able to eliminate symbols
that are deviant with respect to a chosen decidable subclass. The choice of a target
decidable class is influenced by heuristic functions. For instance, given the arithmetical

conjecture

(2)(3y)(2°y* + 1 = s(zy"))

heuristic measures explore the fact that this formula could be reduced to the first class,
Lp, 4, after the removal of eight occurrences of x, whereas it would require the removal

of only one occurrence of + and one occurrence of s to reduce it to the second class,

"CSMA .
1.6 Dissertation Outline

The systems mentioned in section 1.3 are further examined in two chapters. Chapter 2
presents the properties upon which their integration strategies are built, including
the separate normal form lemma and the additional hypothesis introduction lemma.
Chapter 3 describes how the introduction of additional hypotheses as been incorporated
in Ngthm. Control structures for hypothesis selection are analysed along with their

application to linear arithmetic.

The proof planning approach to normalisation is described in chapter 4, where tactics,
methods and proof plans are defined. After the description of generic normalisation pro-
cesses, the three notions are extended to the domain of expression normalisation. Spe-

cialised normalisers may then be constructed from the composition of tactics, specified
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by methods. Chapter 5 describes two types of proof plans for normalisation, special-
purpose plans, which are complex tactics that perform specific normalisation tasks,
and general-purpose plans, parameterised tactics that delineate families of normalisers.
The representation of two decision procedures by special-purpose plans illustrates the

strength and generality of proof planning.

Proof plans are applied to the extension of decidable subclasses in chapter 6. Attention
is mainly devoted to the control of the extension of decidable sublanguages, i.e. decid-
able classes that correspond to the set of formulae of a sublanguage. Normalisation in
this context is reducible to the removal of deviant symbols. Control structures for this
task include heuristic functions that assist the plan at the stage of selecting decidable

classes and remove rules.

The elimination of disagreements between rewrite rules and conjectures is examined in
chapter 7, which reviews three inference systems for the predicate calculus with equal-
ity: E-resolution, RUFE-resolution and equality graph construction. Properties of these
procedures that are relevant from the point of view of disagreement elimination are
highlighted. Chapter 8 describes the rule generation mechanism (RGM), derived from
the above difference reduction systems, which deals more efficiently with disagreement

elimination in the course of rule matching, with loss of completeness.

Chapter 9 presents a group of general-purpose plans, including two simplifiers, for
the extension of sublanguages. Some of these plans are interfaced to RGM. Specific
features of Peano arithmetic and some of its extensions, particularly those generated
by the introduction of recursive functions, are then examined. Remove rules for the
deviant symbols with respect to two arithmetical decidable sublanguages, Lp, 4. and
Lsama, are incorporated in the arithmetical rule base Rp4.. The termination for the
application of chain-reducing rules is then proven. Some limitative results concerning
the enlargement of the rule base are derived from the essential undecidability of the

theory.

Empirical results related to the application of general-purpose proof plans to arith-
metical conjectures are described in chapter 10. Four series of experiments have been
conducted. The first series assesses the effect of the heuristic components of the plans,

whose performances are compared with rewriters where one or more of such compon-
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ents are absent. The second series determines the relevance of proof planning in the
domain of program verification, based on the application of the simplifiers to a set of
representative verification conditions. The third series involves randomly generated
arithmetical formulae, which can provide a statistical mapping for the expanded de-
cidable classes. Finally, a group of quantifier-free formulae allows the comparison of

the performances of proof planned simplifiers and Ngqthm.

The study ends with a discussion about future work and some conclusions. Chapter 11
describes some of the applications of proof planning that have not been covered in the

present study, including

(i) the introduction of general remove rules, implication rules and remove procedures
in the rule base,

(ii) the construction of general-purpose plans based on operations other than the strict
removal of symbols. and

(iii) the direct cooperation of proof plans with semidecision procedures.

Finally, chapter 12 discusses some of the consequences of the empirical and theoretical

results.

A series of appendices provides auxiliary information about the main text. Appendix A
lists all the symbols used in previous chapters. Appendix B is dedicated to basic
concepts related to the decision problem for first-order theories, including the notion
of effective computability, built upon the theory of recursive functions. The decision
problem for validity is formally introduced after the syntax and semantics of first-
order languages are defined. Methodologies for the establishment of the decidability

of a theory, such as quantifier elimination and model completeness, are also discussed.

Appendix C examines undecidable theories and the existence of recursive classes of
formulae for which decision procedures can be nonetheless exhibited. Three types of
such classes are identified. Appendix D defines a series of additional concepts, such
as rewrite systems and implication rewrite rules, whereas appendix E contains proofs
for some of the results quoted in the main text. Appendices F, G and H respectively
contain the PROLOG code for the general-purpose proof plans, the arithmetical con-

jectures employed in the empirical stage, and the sets of arithmetical remove rules and
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elimination equations employed by the plans.

It has to be emphasised that the reading of the appendices is not a prerequisite for the
understanding of the dissertation. Appendices B to E, in particular, do not contain
any original contribution, and have been included with the sole purpose of sparing the

reader the effort of looking for basic definitions and proofs in the literature.
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Chapter 2

Enlarging Decidable Subclasses

Once a decidable subclass for a theory has been identified, there are mechanisms which
allow its extension. The upper bound for this process, which coincides with the full
set of formulae of the underlying language, is unreachable if the theory is undecidable.
When effectively performed, the extension of decidable domains strengthens the role

of decision procedures in mechanical theorem proving.

The concept of reduction class. which is relevant to the study of decidable subclass
extension, is examined in section 2.1. Section 2.2 describes results upon which extension
mechanisms can be built. Applications of these results include studies by Armando and
Giunchiglia (section 2.3), Nelson and Oppen (section 2.4), Shostak (section 2.5), Kaufl
(section 2.6) and Owre et al (section 2.7). Some of the limitations of these mechanisms

are summarised in section 2.8.

2.1 Reduction Classes

Given a decidable subclass ¥ for an axiomatisable first-order theory 7', it is always
possible to exhibit a proper extension of ¥ that is also decidable for 7. The least
upper bound (with respect to C) for such extension that is also a recursive class is the

set of formulae of the underlying language!.

The extension of a decidable subclass is representable, from a set-theoretical point of

! For a proof of this result, see appendix E. First-order languages, first-order theories, recursive
functions and decision procedures are defined in appendix B. Decidable classes of formulae are
examined in appendix C.
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view, as the union of two sets.

AIUA;;:A

where A, corresponds to the initial class, A, to the extended class, and A, is non-empty.
Given that set union preserves decidability, if A, is decidable, the same applies to A.
A trivial or inessential extension involves a set A, whose decidability is established
independently of any property of A;. As a result, the union of A, and A, does not

vield any additional information.

In another case, the decidability of A, is reduced to the decidability of A;, i.e. only
a conditional proof for A, in terms of A, is exhibited. Under these circumstances,
extending A, by means of the union of both sets generates additional information,
since, given the conditional decidability of A,, if A, is decidable, the same applies to
their union®. Therefore, there are two basic processes related to the use of decidable

subclasses.

i. The identification of new subclasses, an unconditional process where the decid-
ability of a particular formula does not rely upon the establishment of the same

property for any class of formulae, and

ii. The extension of a subclass, which relies essentially on conditional proofs in which

the decidability of a class depends upon others.

This distinction reflects the main approaches to the study of the decision problem for

validity in the predicate calculus, which consist of special and reduction cases®. The

2 A propositional representation to this argument includes an application of modus ponens.

decidable(A; ) & (decidable(A;) D decidable(Az))

decidable(A; ) & decidable(As )
decidable( Ay U Ag)

According to Curry, in the decision problem for validity in the predicate calculus, “two kinds of
results continue to be obtained: first, solutions of special cases (such as the case where only unary
predicates are present or where, in the Skolem normal form, r < 2), and second, reductions of
the general problem to cases where the proposition to be investigated is of a special form”. See
[Curry 76}, p. 358.
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informal notion of reduction of a decision problem is applicable to domains other than

formal theories.

Definition 2.1.1 (Reduction classes)

Let U be a universe set, A and B, two of its subsets, and gy, a Gédel function® for U.

1. A reduction class for U w.r.t. A is a proper subclass U' C U such that there is
a recursive function f where f("UT) C "U'T and, for every w € U, u € A iff
f(l'_u."'l) E T_A‘j’

it. A reduction class for B w.r.t. A (in U) is a proper subclass B’ C B such that
there is a recursive function f where f("B") C "B'" and, for every u € B, u € A

f f(Tu)e"A™.

In both cases, f represents a reduction function for U (or B) w.r.t. A. In the second

case, B is the extended class for B w.r.t. A.

The relevance of reduction classes in the domain of decidability stems from the fact
that, when the decision problem for A w.r.t. a reduction class ' C U has a positive
solution, represented by a recursive function h, the decision problem for A w.r.t. U

also has a positive solution, h’, defined as

R("u™) = h(f("u™))

where f is a reduction function for & w.r.t. A. Similarly, with respect to the second
case, whenever the decision problem for A w.r.t. a reduction B’ in i/ has a positive
solution, represented by a recursive function h, and "B7 is recursive, the decision

problem for A w.r.t. B in U also has a positive solution, defined in the next lemma®.

* Godel functions are defined in appendix B.

® When "B” is not recursive, the decidability of the reduction class alone does not guarantee the
decidability of B for A. For instance, let T be an undecidable theory in L, and let f be a recursive
function such that, for all ¢ € Fmlz, f("¢7) = "T7. Then {T} is a reduction class for T' with respect
to 7" itself, and f is a reduction function for T w.r.t. T, given that
(a) f("T") € {T}", and
(b) forevery 0 € T, ¢ € T iff f("¢7) € "T7 (since f("¢7)="T7).
In spite of the fact that {T} is decidable for T in Fmlz, the same does not apply to 7', since it is
by hypothesis undecidable.
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Lemma 2.1.1 Let A be a subset of U, and let B and B' be two subsets of U such that

B' is a reduction class for B w.r.t. A. Let g;; be a Gédel function for U.

.. If f is a reduction function for B w.r.t. A, then f("B")N"A" = f("Bn A").

ii. If "B™ is recursive, and A is decidable in g;;' f("B™), then A is also decidable in

B.
PROOF.  For notational simplicity, g;;' o f o gz will be represented as f'.

i. v e fl(B)NAiffu' € f/(B) & u' € Aiff thereis u € Bsuch that f'(u) =v' & v € A
iff there is u € BN A such that f'(u) = «' (since v € A iff f'(u) € A) iff
v e{f'(u)|ue BNA}iffu' € f(BNn.A). Hence f'(B)Nn A= f(Bn A).

ii. Let A be a decision procedure for A w.r.t. f/(B).
0 o' ¢ f(B)
(ru')=< 1 v € fi(B)— A
2 vef(B)nA

Since for every u' € f'(B) there is a formula v € B such that «' = f’(u), and

considering that f'(B)N.A = f'(BN.A), then

(0 f'(u) ¢ f'(B)
1L fl(w)e f(B)-A=
= ['(u) € f/(B) = (f(B)NA) =
Mrf(w)) =9 =f(w)ef(B)-f(BNnA)=
= f'(u) € f'(B - A)
2 f(u)ef(B)nA=
= f'(u) € f(BNA)

Given that "B™ is recursive, there is a recursive function [z such that

IMWW={O i

1 otherwise

Considering that f'(u) € f'(B) implies u & B, then

(0 ug BV fi(u)d f(B)=
=udgB
e .-B_ =
fg("ﬂ")x h(rf-'[ﬂ)"l)= 1 ;ii%f_(;) € f( ,A)
2 ueBAf(u)e f(BNA)=
=uebBnA
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Figure 2.1: Reduction Classes w.r.t. Theories

Hence A is decidable in B, and Au(ls("u™) x h(" f'(#)™)) is a decision procedure

for A w.r.t. B. ]

Hence, it suffices to guarantee that A is decidable in f’(B) (and not necessarily in B’)
to ensure that A is also decidable in B. The application of this result to first-order
theories is illustrated in figure 2.1. Some of the mechanisms that can be employed in

the identification of reduction classes are discussed in the next section.

2.2 Reduction Transformations

When applied to the domain of decidable subclasses for theories, definition 2.1.1 unfolds

into two cases. The first one involves reduction classes for Fmil; w.r.t. a theory T, as
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well as reduction functions that generate, for every formula ¢ in Fml.. an element ¢’

of a reduction class such that ¢ and ¢’ are equi-valid in T, i.e.

oeT iff ¢/ €T

In the second case, reduction classes are defined for a given subclass ¥ w.r.t. T, where
Y C Fml;. A reduction function then corresponds to an effective mechanism, in the
form of a recursive function, that generates, for every element ¢ € ¥, an element ¢’ of

a reduction class such that ¢ and ¢’ are also equi-valid in T.

Example 2.2.1 Let U be the set of formulae of a language L.

i. Let TF be a subset A of the universe set.

(a) The class of prenex normal form formulae of L is a reduction class for Fml,
w.r.t. TF, considering that an element of Fml: is valid (i.e. it is an element
of T ) if and only if the corresponding reduced prenex formula is also valid.
Any effective mechanism for generating a prenez normal form formula from

an element of Fml, is a reduction function for Fml: w.r.t. TF.

(b) Let B be the class of prenez formulae of L. Then the set of formulae in
prenex conjunctive normal form is a reduction class for B w.r.t. TE, for a
formula in prenex form is valid (i.e. it belongs to TF) iff the correspond-
ing formula in prenex conjunctive normal form is also valid. Any effective
mechanism for generating a prenex conjunctive normal form formula from

an element of B is a reduction function for B w.r.t. TF.

ii. Given a decidable theory T in L, if T is negation complete, {T, L} is a reduction
class for Stny w.r.t. T, since any sentence of L is T-equivalent to either T or L.

Any decision procedure for T is a reduction function for Stng w.r.t. T. 0

These examples substantiate the claim that anv reduction process in the context of
formal languages is a special case of formula normalisation. They also make clear
that the first reduction case is relevant only for decidable theories. since, once the

decidability of a theory in the reduction class is established, its decidability in the full
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language follows. For undecidable theories, not only there is no effective mechanism
for such a reduction, but moreover there are formulae for which the reduction to a

decidable class is impossible®.

Considering the first reduction case, reduction classes can be exhibited, for instance,
for any theory that admits quantifier elimination”: in particular, if the set of quantifier-
free formulae is decidable for T'. then T is decidable in Fml;. The second case, on the
other hand, has a role in both decidable and undecidable theories: once the reduction
class ¥’ has been proven decidable, the initial class ¥ C Fml: becomes an eztended
decidable class. When reduction and extended classes are decidable, they have the
same type, i.e. they must be both composed either solely of T-theorems, or of T-non-
theorems, or of both theorems and non-theorems. This property can be justified by

the fact that reduction preserves T-validity®.

There are at least two classes of validity-preserving transformations, one based on equi-
valence and the other on strict equi-validity. There are also weaker forms of transforma-
tions which can generate certain reduction classes, provided that additional restrictions

are met.

2.2.1 Equivalence

An effective formula transformation process in a theory T is equivalence-based iff

T E ¢=¢

In this case, ¢ and ¢’ are equi-valid in T'. Quantifier elimination provides once again
an example for this class of transformations, since every formula of the underlying
language of a theory is linked to an equivalent quantifier-free formula. Another process
that falls in this group consists of the application of rewrite rules. Since reduction

functions have to be effective, the chosen set of rules has to be finite, noetherian and

% The connection between normalisation and formula reduction is examined in chapter 4. The exist-
ence of formulae that cannot be reduced into a decidable subclass is established in appendix E.

" Elimination of quantifiersis defined in appendix B.3.2.

If £’ has type II (i.e. it contains both theorems and non-theorems), as it is a subset of £, then T
must also be of type II. If &' has type I or III, all formulae in T are respectively either T-valid or
T-invalid, having therefore type I or 111 as well.
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canonical, as defined below?.

Definition 2.2.1 (Properties of Rewrite Sets)

Let R be a set of rewrite rules, and let €,,. .., €4 be expressions of a language L.

i. € and €; are similar under R iff

R R
(a) €1 = € or €, = €, or

(b) there is an expression €3 such that both pairs, €,,¢;3 and €,, €5, are similar

under R.

it. R us noetherian iff every rewriting sequence for R is finite.
it1. R is canonical iff, whenever ¢; and €3 are normal forms for €;, then €, = €.

tw. R 1s Church-Rosser iff, for every pair of similar expressions, €; and €,, there is

) R R
an expression €3 such that ¢, = €5 and €, = €.

v. R s locally confluent iff, for any two rewriting sequences of the form €, £ e
and €, i €3, where €, # €3 and R, R' € R, there are additional sequences of the

form €, 1 €4 and €3 L €4.

vi. R is confluent iff, for any two rewriting sequences of the form ¢ E € and
R 5 s R
€, = €3, where €, # €3, there are additional sequences of the form e, = ¢, and

R
€3 = €4.

Canonical sets compute a single expression for any element of the domain, and, as a
result, denote (partial) functions. Finite and noetherian sets are guaranteed to halt for
every expression of their domain, being therefore total (i.e. defined for every element
of the domain). Hence a finite, noetherian and canonical set of rewrite rules represents

a total (effective) function.

A final case is based on the expansion of a conjecture by the introduction of a T-valid

antecedent, as justified in the lemma that follows.

? Rewrite rules are defined in appendix D. Properties of rewrite sets are discussed, for instance, in
[Bundy 83], p. 153-5.
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Lemma 2.2.1 (Additional Hypothesis Introduction)

LetT and T' be theories in L such that T' is an extension of T, and let {¢y, ..., ¢,} C T".
If ¥ € Fmig, then

. T E ¢ = (/n\ﬁf’s‘):"i_b

. If T |= (/\ ¢:) D ¢, thenp € T".

|

PROOF.

i. Since ¢; € T", the original problem can be reduced to 7" = ¥ = (T D %), i.e.

T’ = ¢ = %, which is obviously the case.

i. f T | (AL ¢:) D ¥, then, since T C T/, ((Ai=; ¢:) D ¥) € T'. Given that
((AZ; @) DY) =(¢1 D -+ D dn D ), after n applications of modus ponens, it
follows that ¢ € T". 1

Given a theory T" in £, a finite subset ® = {¢,...,¢,} of T’ and a decidable subthe-
ory T' C T", the above lemma provides the justification for the construction of a class

of formulae ¥ that contains T, as follows:

(a) given a formula ¢ € Fml., all the elements of ® are conjoined to form the

antecedent of a transformed formula, ¢,

and

(b) each formula ¢’ is supplied to a decision procedure for T'; those which are elements

of T are collected into ¥, which can then be defined as'®

19 A slightly modified version of the mechanism that builds £ may clarify the principle behind its
construction. Each formula ¢ of £ is first supplied to a decision procedure for T If it is a theorem,
it is added to L, otherwise additional hypotheses are introduced as a new condition. The résulting
formula, ¢', is then submitted to the same decision procedure: if it belongs to T, ¢ is finally included
in I, otherwise it is abandoned, and the process restarts from another element of Fml:. Considering
that T is a subtheory of 7', and in view of lemma 2.2.1, every element of £ is a theorem of T".
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T = Tu{o|((AN=,9)D9) €T}

Let gg be a recursive function that represents the process of appending the conjunction

of the formulae of ® as antecedent to a formula o, i.e.

96("0") = "(Nis1 %) D97

and let h be a decision procedure for 7. Then ¥ can be also represented as

S = {6€ Fml | h("67) = 1V h(ga("¢")) = 1}

It is then possible to show that (i) "X7 is recursive and (ii) 7 is a reduction class for
Y (or X is an extended class for T') w.r.t. T”. Since T is a decidable subtheory of T7,
Y then is a decidable class of type I for 7. A peculiar feature of the extended class
is the fact that not only its decidability, but also its recursiveness (i.e. the fact that
Y7 is a recursive set of formulae of £) depends upon the decidability of T, the initial

class!!.

When @ is an infinite set of 7’-theorems, for each formula ¢ € Fml,, there is an infinite
number of possible transformed formulae, generated by the introduction of every finite
sequence of elements of ® as antecedent. Two alternative definitions for g4 are then

possible:

(a) a selection strategy that takes into account properties of ¢ could choose a finite
subset of ®, and a single transformed formula is obtained, or
(b) a finite set of transformed formulae is generated instead, in which case gg links ¢

to a list, [¢!,...,0™].

As discussed in chapter 3, the second case is more common in applications of this
mechanism to theorem proving. Another use for the additional hypothesis introduction

lemma is examined in section 2.5.

11 Properties (i) and (ii) above are proven in appendix E. It has to be recalled that the possibility
of reduction of a class T to a decidable subclass for a theory T does not necessarily amount to the
decidability of T for T, for it is also necessary to establish that "E" is recursive.
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2.2.2 Equi-validity

There is a group of formula transformation processes that are not equivalence-based but
nonetheless preserve validity. Certain theorems guarantee their existence, particularly

for theories with undefined symbols.

Definition 2.2.2 Given an aziomatisable theory T in L, a non-logical symbol S of L

is undefined in T iff T admits an aziom set A such that S does not occur in A.

Theorem 2.2.1 [Shostak 79] Let T be a theory in L, L', an expansion of L, and T',

an extension of T to L' such that T and T' admit a common aziom set.

i. If ¢ is a quantifier-free formula of L', there is a quantifier-free formula é in L

such that
T'Eo¢ iff T'Eé

w. If T s decidable in the class of quantifier-free formulae of L, then T’ is also

decidable in the class of quantifier-free formulae of L.

PROOF. Let ¢ be a quantifier-free formula of £'.

1. If @ € Fmlg, then, since Fml; C Fml, 5 = ¢.

Otherwise ¢ must contain at least an occurrence of a non-logical symbol that
does not belong to L. It is possible to reduce ¢ to an equi-valid formula of Frml,

as follows.

(a) For each predicate symbol p in ¢ that does not belong to L, let f, be a
function symbol that does not belong to £’. Each atom p(t;,....1,) in @ is

replaced by the equation

where ¢ is a constant symbol of £ (if none is available there. £’ can be

further expanded to include one).
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(b) Let ¢ be the formula freed from occurrences of predicate letters that do
not belong to £. For each function symbol f in ¢ that does not belong to
L, if f is the dominant symbol of n distinct subterms of ¢, n > 1. for each
pair f(ti,...,tm) and f(uy,...,uy) of such distinct subterms, let ¥} be the

formula

](-1=ﬂ.1/\"'/\tm=“.m B} f(tle"'e?’m):f(ula"'aum)

n{n—1)
2

where 1 <i <k k= . Each new formula is appended as antecedent to

@', so generating
ahl Ik 1
Yy D DY D@

(c) If " is the result of the above step, then ¢" is generated from ¢” by the
replacement of each occurrence of a topmost composite termm dominated by
a function symbol not in £ by a variable that does not occur in ¢” (i.e. only
terms and subterms dominated by such function symbols are replaced by
variables). This process is repeated until all the function symbols that do

not belong to £ have been eliminated.

(d) Each constant symbol ¢ in ¢ that does not belong to L is replaced by a

variable that does not occur in ¢".

ii. Since T" and 7" share a common axiom set, according to lemma B.2.3 iii, 7"
is a conservative extension of T'. As a result, if T is decidable in the class of
quantifier-free formulae of £, according to theorem C.5.2, T is also decidable in

the class of quantifier-free formulae of L.

The mechanism described in theorem 2.2.1 above effectively generates, for every
quantifier-free formula ¢ € Fml;:, a formula qfr; € Fml, such that ¢ is valid in 7" iff
¢ is valid in the same theory!?. Then according to lemma 2.1.1, as T" is decidable
in the quantifier-free class of L, it must also be decidable in the quantifier-free

class of L'. 1

12 See [Shostak 79], p. 353-4.
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A reduction function for the class of quantifier-free formulae of £ w.r.t. T’ can be
defined from the above theorem as f("¢7) = @7 If 6 € Fmly is quantifier-free,
then f("¢7) is the Goédel number of a quantifier-free formula of £. Also, ¢ € T" iff

rcgﬂ e,

Example 2.2.2 To illustrate the application of theorem 2.2.1 to Presburger arithmetic
(PrA), let ¢

(p(z)D>2=1)Ag(y)=2+4) DO (flg(y)) = f(3+22)V-p(1))

be a formula of the expanded language Lp,, = {0,1,s,+, f,g9,p}. The generation of

an equi-valid formula in PrA has to follow the steps described above'®.

i. Elimination of new predicate symbols.

(fpr(2)=0D2z=1)Ag(y)=24+4) D (f(9(y)) = f(3+22)V f,(1) #0)

1. Elimination of function symbols

(a) Identification of the new antecedent

z=1 D fp(z) = fp(l}
> fl9(y) = f(38+22)

(b) Introduction of a new antecedent

(z=12 fp(2) = f(1)) A(g(y) = 3+ 22 D f(g(y)) = f(3+22))
)
(fp(2)=0Dz2=1)Ag(y)=2+4) D (f(g9(y)) = f(3+22)V f(1) #0)

(¢) Replacement of composite terms by new variables

(z=1Dzy=2z3)A (23 =34 22D 24 = z5)
2
([‘TI:UDz:1)A$3=2+4)3[$4:$5V$2‘7£U)

0

1* This example has been extracted from [Shostak 79], p. 354. Presburger arithmetic is defined in
appendix B.
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Theorem 2.2.1 guarantees that, for every theory in £ that admits as a decidable subclass
the set of quantifier-free formulae of a sublanguage of £, the decidable subclass can
be expanded to include the undefined constant, function and predicate symbols of
L. Such extended decidable classes play an important role in the theorem prover
examined in section 2.5. Another result that defines a validity-based transformation

for the extension of combination of decidable subclasses is presented in section 2.4.

2.2.3 Weaker Transformations

Given that there are formula transformations where validity is not preserved, the de-
cidability of the reduction class does not guarantee the decidability of the extended
class. Nevertheless, it is still possible to effectively identify a partial extension of
the original decidable subclass, whose boundaries depend on the logical status of the

transformation performed. The notion of weak reduction class covers such cases.

Definition 2.2.3 (Weak reduction classes)

Let U be a universe set, and let A and B be two of its subsets.

i. A weak reduction class for U w.r.t. A is a proper subclass U’ C U such that
there is a recursive function f where f("U7) C "U'" and, for every u € U, if
f(Tu)eT A", then u € A.

it. A weak reduction class for B w.r.t. A (inU) is a proper subclass B' C B such
that there is a recursive function f where f("B7) C "B'" and, for every u € B,

if f("u) € "A", then u € A.
In both cases, f represents a weak reduction function for U (or B) w.r.t. A.
When compared to the definition of reduction classes, its weak counterpart does not
require that every element of A is transformed by the reduction function into another
element of the same set: there is only the guarantee that, if an element u of the universe

is reduced to A, then u must also belong to .A. When A corresponds to a theory T', a
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weak transformation does not preserve validity in 7. If ¢ is the original formula and

¢' is its transformed version, two conditions that do not amount to equi-validity are

L TE¢ D6

ii. T |= ¢ implies T |= ¢

The first case includes transformations based on the application of implication rewrite
rules, and the second one, the use of inference rules'®. The next sections examine five
distinct systems that apply either strong or weak transformation mechanisms to the

extension of decidable classes.

2.3 Subclass Extension in the Predicate Calculus

Armando and Giunchiglia incorporated in GETFOL a rewriting mechanism that ex-
tends the scope of application of decision procedures. GETFOL is an interactive the-
orem prover for the first-order predicate calculus with equality, based on the FOL
system. It operates in any first-order language, using a variation of Prawitz’s natural

deduction as inference mechanism?!®.

The extended decider in GETFOL is composed of a hierarchy of rewriters and decision
procedures for subclasses of the first-order predicate calculus. It includes ptaut, a
propositional decider built upon the principle of partial assignments, and ptauteq,
which deals with the subclass of quantifier-free formulae with equality but without
function syvmbols. Decision procedures for other subclasses are obtained once three
rewriters are used to convert formulae to the domain of ptaut or ptauteq. The first
one, UE-dec, computes the Herbrand expansion of a formula, in three stages. Negations
are stratified over conjunctions and disjunctions by the application of de Morgan’s laws,

followed by the elimination of double negation,

'* Even though property (i) implies property (ii), the converse is not valid. For instance, whereas for
any theory T in Lpa, T =z = 0 implies T |= y = 0, it is not the case that PA Ex =02y =0,
where PA stands for Peano arithmetic, a theory defined in appendix B. The use of implication rules
in the extension of decidable subclasses is discussed in chapter 11. Regarding inference rules, see
sections 2.3 and 2.6.

The integration of decision procedures in GETFOL is described in [Armando & Giunchiglia 93].
FOL has been originally implemented by R. Weyhrauch, whereas GETFOL was developed by F.
Giunchiglia; see [Weyhrauch 77] and [Giunchiglia & Traverso 91].
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“(pAY) = -V
(VYY) = oA
-—¢ = ¢

Existential quantifiers are next removed by means of skolemisation. The final stage
computes the partitioned Herbrand expansion for the class of UE-formulae in canonical
form. The combination of UE-dec and the decision procedures results in a decider for
the UE-subclass, which is made up of formulae where no existential quantifier (3v)
is applied to a subformula where v has a free occurrence in the scope of a universal

quantifier.

Definition 2.3.1 (UE-formulae)

The class of UE-formulae (or formulae in UE-form) of a language L is defined as

follows.

i. Any universal, existential or quantifier-free formula of L is in UE-form.
it. If ¢[#] is in UE-form, then (3v)@[¥] is also in UE-form.

wi. If ¢y and @, are in UE-form, so are =@y, 1V ¢y, &1 A ¢y, ¢1 D @2, b1 = ¢4,
(v)dr.

The second rewriter, tautren, maps a conjecture into its propositional form (mod-
ulo bound variable renaming): the validity of the propositional form then entails the
validity of the conjecture. Finally, reduce applies equivalence-based rewrite rules for
UE-normal forming, thus enlarging the UE-subclass. The domain of reduce, for this
reason, is not the full subjacent language, since the predicate calculus is undecidable.

The interrelation of the five main modules is described in figure 2.2.

The set R of rewrite rules available to reduce is listed in table 2.1. The syntactic con-
ditions imposed upon their application involve the notions of top normalisable, norm-
alised and minimal formula, and guarantee that the set is noetherian and confluent'®.

As a result, the function

16 See [Armando & Giunchiglia 93], p. 493-6. Normalised, top normalisable and minimal formulae are
defined on p. 493.
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Rules Conditions

R, (Qu)p[¥] = ply] s

B, | G0V o] = @08V 300 -

Rs (Vv)(oA¥)[v] = (Vv)oA (Vo) -

Ry |  (3v)(plA]Adlv]) = pl#] A (Fv)d[v -

Ry | ()l AV 8l = AV (0)dlo -

Rs dlv]op[f] = pl¥] o d[v] lhs top normalisable

Ry | (plf]odv])ov[v] = p[#]o(o[v] o ¥[v]) lhs top normalisable

Rs (oVWU)w]Avyv] = (dAy[v])V (¥ Av[v])| lhs top normalisable

R, (o AD)v]VAv] = (6Vy[v])A(¥Vy[v])| lhs top normalisable

Ryo | o[v] A (p[2) A [0]) = p[#] A (]v] A ¥[v]) lhs top normalisable
¢[v] minimal w.r.t. (3, v)

Ryy | o[v] V (p[A]V ¥[v]) = plA]V(o[v] V Y[v]) lhs top normalisable
¢[v] minimal w.r.t. (V,v)

Ry ywlAa(eVY)w] = (y[v]A@)V (y[v]Ap)| lhs top normalisable
¢[v] minimal w.r.t. (3,v)

Riz| v[v]v(eAP)v] = (y[v]Vé)A(y[v]ve)| lhs top normalisable

7[v] minimal w.r.t. (¥, v)

Q Vord
o VorA

Table 2.1: Rewrite Rules for reduce
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reduce 's———  Theorem
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Decision Interface

Procedures

Figure 2.2: Decision Procedures in GETFOL

r if ¢ S ¢' and ¢’ is in UE-form
0 otherwise

f(rdﬂ)={

is recursive. These properties, in conjunction with the fact that the number of rules is

small, make exhaustive rewriting feasible. The class

Y = {o€ Fmi | f("¢") £ 0}

is the extension of the UE-subclass, whereas f is a reduction function for ¥ with respect

to T, considering that

(i) f("E7) is contained in the UE-class, and

(ii) for every ¢ € &, ¢ € TF iff f("¢7) € "T§ 7, given that ¢ and its rewritten version
are logically equivalent.

Since ¥ is recursive, it is a decidable subclass for 7. In general, any noetherian and

canonical set of rewrite rules implicitly defines a (not necessarily proper) extension of

a decidable class.

37




Example 2.3.1

(Fz)(y)(p(z) V q(y))

is not in UE-form, since there is a free occurrence of a variable in the scope of (Vy)
which is existentially quantified in the sentence. After the application of Rs, the new

sentence,

(Fz)(p(z) vV (v)e(y))

is in UE-form, and, as such, can be supplied to the decision procedure for the UE-

subclass. 0

The final enlarged subclass includes all the formulae in which

(a) every predicate symbol is monadic (i.e. has arity 1),
(b) every atom has at most one bound variable, and
(c) each atom either does not contain existentially quantified variables, or has a single

existentially quantified variable but no other bound variable.

Since the integration strategy is based on properties of decidable classes, rather than
on specific procedures or rewriters, it is highly modular: component decision proced-
ures may be replaced and rule bases may be either expanded or contracted, while the
integration mechanism remains unchanged. The same strategy can be applied to the-
ories other than the predicate calculus, provided that suitable rules are added to the
system!”. Also, as T¢ is undecidable, the rule base can be continuously augmented, in

order to further enlarge the decidable domain.

Example 2.3.2

i. The conjecture

(3z)(y)((g(y) Ap(z,¥))V (9(y) A -p(z,y)))

after the successive application of Rg, Ra, Ry3, Ra, R13, Rs, R7 and Ry, is reduced

to

" See [Armando & Giunchiglia 93], p. 492 and 500.
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[31

e e
(32) (y)(a(y) Vv q(y))

A

(3z) ((y)(g(y) VvV ~plz,y)) A ((¥)(P(z.9)V ¢(y) A (y)(p(2,y) V ~p(z,9))))

o i

2

where ¢, and ¢, are both normalised w.r.t. (3z). As no other rule from the
current rule base is applicable to it, the original conjecture cannot be reduced to
the UE-class. However, the introduction of a new rule,
(eAY)V(eA-Y) = ¢

allows the generation of (3z)(y)q(y), which is in UE-form.

1. Formulae containing equality, as for instance (3z)(y)(p(z) A (¢(z,y) Ay = a)),
can also benefit from the introduction of new rules. The application of

olvlAv=u = P[] Av=1u

to the above conjecture reduces it to

(3z)(p(z) A (g(z,a) A (y)(y = a)))

which is in UE-form. 0

A substantial expansion of the rule base, however, would require the introduction of
stronger control structures, since noetherianity may be lost in the process. Even when
termination is ensured, additional control may be relevant to avoid exhaustive rewriting

and improve efficiency.

2.4 Combining Decidable Subclasses

Nelson and Oppen devised a general mechanism for the expansion of subclasses that

are decidable for a combination of theories. It consists of

(i) the transformation of a conjecture of the combined language into a
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Boolean combination of formulae of the original languages.
(ii) the application of the original decision procedures to the new formulae, and
(iii) the use of the equality propagation for the transferral of relevant information about

these formulae among the original decision procedures'®.

Their study is concerned with theories that are decidable for the class of quantifier-
free formulae. While rewrite-based procedures for subclass extension operate with a
single target decidable subclass, their approach reduces a conjecture into a collection

of subformulae that belong to disjoint classes.

2.4.1 Combination of Theories

If £, and L, are languages that do not share non-logical symbols, the process of
combining two theories, T and 75, respectively formulated in £; and L, preserves the

decidability of the quantifier-free class of formulae.

Definition 2.4.1 (Combination of Theories)

Let Ty, ..., T, be theories respectively formulated in the languages Ly, ..., L, .

i. Li,...,L, are mutually disjoint ¢ff Symy 0 Symz =0, fori # j.
1. Th,...,T, are mutually disjoint iff L4,..., L, are mutually disjoint.
wi. If Ty,....T, are mutually disjoint, such that A; is an aziom set for T;, the com-
bination of Ty, ..., T, is a theory T¢ in Lo that admits Ac as aziom set, where

Symg,. = U Symy,  and Ac = U A;.
f==1

i=1

A proof for the fact that the class of quantifier-free formulae of L. is decidable for T
iff the class of quantifier-free formulae of £; is decidable for T}, 1 <i <=, can be based
on the exhibition of a decision procedure for satisfiability (in T¢) w.r.t. the quantifier-
free formulae of Lo (considering that a formula is satisfiable in a theory T iff it is
satisfiable in at least one of the models of T'). The first stage of the procedure, which

puts expressions into separate normal form, consists of the following steps.

'® See [Nelson & Oppen 79].



ii.

. Given a quantifier-free formula ¢ in Lq, it is first replaced by an equivalent

formula ¢’ in disjunctive normal form

(SHV Vg,

where

&

G =Yir A A%ig, 1<i<m

Each non-homogeneous literal v; ; (i.e. a literal in which non-logical symbols of

more than one of the component languages £; occur) is split into a conjunction

of homogeneous literals of the original languages.

(a) If a predicate symbol p“« (i.e. a symbol p that belongs to £,) occurs in the

literal, the rewrite rules
PO = phfo] Av= A1)
~pLe[F2®) ] = —pfefv] Av = FEr(t)
where t is a list of terms, a # b and v does not occur in ¢ (or in any of
its rewritten versions prior to this step), are applied to 7, ; to remove every
symbol f** from the scope of p=. Since all the rules ¢; = ¢, employed at
this and next stage correspond to reverse implication rules, i.e. = € D €,

they cannot be applied to negative occurrences of subexpressions.

If 7, ; is either an equation, or the negation of an equation, and a function
symbol f“« dominates one of the sides of the equality, rules similar to those
described above are applied to 4; ; to move every function symbol g**, a # b,

to another atom

1)‘39 (t2) = fo(t1)avAv=g°(t,)
f‘c“[g (t)/u]qu = ffe[v] auv=gce(t)
ua fra[9 [t};'v] = udaff]Av =g~ (t)

where 4 stands for either = or # and ¢,¢,,¢, denote finite sequences of

terms.

iii. Once each literal in ¢! (including the equalities newly introduced by the applic-

ation of rewrite rules) is transformed into expressions of the original languages,

literals of the same language are attracted, and ¢ is replaced by an expression

1; of the form
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Vit A AR,

where each tb:'; is a conjunction of literals of Fml.,. The formula ¢ = ¥, V-- -V,

is the separate normal form of ¢.

The following lemma provides the justification for the shift of attention from the ori-

ginal conjecture to its separate normal form.

Lemma 2.4.1 Let Lo be a combination of disjoint languages L, ..., L, and let A; be
an aziom set for a theory T; in L;,1<i<n. Let Tc be the combination of Ty,..., T,

in ,Cc.

i. Te is a conservative extension of T;;1 <i<n.

1. Given a quantifier-free formula ¢ in L, if 1 represents its separate normal form,

then ¢ and v are equi-satisfiable, i.e. ¢ is (un)satisfiable iff v is (un)satisfiable.

PROOF.

i. If ¢ € T;, then ¢ € T (since every axiom of T; is also an axiom of T¢) and

¢ € Fmlg, (since T; € Fml., ), hence ¢ € Tc N Fml, ().

If ¢ € Tc N Fml;,, then A¢c |= ¢. Assume that ¢ ¢ T}, i.e. A; E ¢. Then
there is a model 2%+ for T} such that A% = ¢. If Ac is consistent, there is an
expansion A*< of AX: to L such that 2¢< is a model of A, given that none of
the formulae of Ac — A; contains any non-logical symbol of £;. Assuming that
it is possible to build a model for A¢ — A; with the same universe as <, then
%< would be a model of Ax but not of ¢, thus contradicting the hypothesis that

Ac [ ¢. Therefore if ¢ € Tc N Fml,,, then ¢ € T; (*x).

From () and (*x), Tc N Fmle, = T;, and therefore T¢ is a conservative extension

of T;, for all 7, 1 <i < n.
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ii. (Informal) If ¢ is already in disjunctive normal form, the rewrite rules required to
put it into a separate normal form formula are derived from logical equivalences

of the form

1l

Pl Op] = (Fo)(pel] Av = FOL)
(Fv)(=p[v] A v = F(1))
(Fo)(fEe(t1) v A v = g (ts))
(Fo)(fEe[o] au A v = go(t))

(Fo)(ua foefo] Av=g=(t))

~pEe O

fEe(ty) a g (t2)

FE1™ O] au

2 ﬂf‘:" [gﬁ"(t}},rv]

where a # b, adenotes either = or #, and ¢, ¢,, £, denote finite sequences of terms.
After ¢ is rewritten by the exhaustive application of the equivalences above to
(positive) occurrences of literals, existential quantifiers can be collected into a
prefix, provided that each of the newly introduced variables does not occur in ¢
(or in any of its subsequent rewritten versions). The prenex disjunctive normal

form of the final rewritten conjecture ¢' can then be represented as

(Fv1) ... (3v,),

where 1 is a separate normal form for ¢. Since a formula is satisfiable iff its
existential closure is satisfiable, and considering that ¢ and ¢’ are logically equi-
valent, it follows that ¢ is satisfiable iff ¢’ is satisfiable iff [[¢']] is satisfiable iff ¥

is satisfiable. 1

The class

{=% | ¥ € Fmls. & ¥ is in separate normal form}

is a reduction class for the class of quantifier-free formulae of L w.r.t. T¢. It suffices to
consider that, given a quantifier-free formula ¢ € Fml.., ¢ € T¢ iff ~¢ is unsatisfiable

in Te iff ¥ is unsatisfiable in T iff =9’ € T¢, where 1/’ is a separate normal form for
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=¢. The reduction function for the above class w.r.t. T associates each of its formulae
¢ with the separate normal form formula for =¢. To determine the validity in T¢ of

=), or the unsatisfiability in T of 1,

i. Each expression tf)::; must be supplied to the decision procedure for 7. If at
least one of them is unsatisfiable (in 7}), ¥; is unsatisfiable in T¢ (since, if tb;':j
is unsatisfiable in 7}, then -7 is valid in T;, and, by extension, valid in T¢ as

L Y ]
well, for T; C T¢).

ii. As a result, \/;_, -ﬂ-y“)f};, which is equivalent to —1);, is also valid in T, i.e. 1; is
unsatisfiable in Tx. And if every disjunct of 1 is unsatisfiable in T, the same

applies to ¢.

However, in the event that every conjunct 'w::_,’ is satisfiable in T, the same conclu-
sion does not necessarily apply to 1);, since the satisfiability of all the conjuncts does
not amount to the satisfiability of the conjunction. Each decision procedure actually
establishes whether wf; is satisfiable in T} or not; however, since T¢ is a conservative
extension of each component theory Tj, w;‘:;- is satisfiable in T} iff ’(,b::; is satisfiable
in Tc. The last stage of the procedure then examines each 1; which has not been

identified as unsatisfiable in T by the original decision procedures.

2.4.2 Equality Propagation

Considering that a formula is satisfiable iff every formula it entails is also satisfiable,
a possible indirect method for establishing its satisfiability involves examining all of
its entailed expressions (excluding those in which the formula itself occurs as subex-

pression). Let &, be defined as |J'L, &,,, where £, is made up of expressions of the

form
vT=1u (*)
or
'?J']='£LIV"'an=un {**}
such that
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(a) (%) and (#*) (but not the disjuncts of (x*)) are entailed by ;.

(b) each v,u,v;,u; is a variable that occurs in ¥;, and

) Y=P V-V Y.

For combinations of disjoint theories, if ¥’ is in separate normal form, only the entailed

formulae of &£, have to be taken into account. It is possible to prove that v; is unsatis-

fiable iff the conjunction of at least one of the (satisfiable) conjuncts 1,’;::; with all the

formulae in &£, is unsatisfiable. An iterating procedure can then be applied to ¥; to

assess its satisfiability'®.

I

iii.

If 6 is one of the equalities entailed by the conjunct 1,!)::_;' then ¢ is conjoined
to each of the other conjuncts wf;, and the decision procedure for each original
theory is applied to the new conjunctions. If the expanded formula is recognised

as unsatisfiable in T¢, it follows that 1; is unsatisfiable in T as well.

ii. If no atomic entailed equality is left, and no unsatisfiable expression has been

detected, entailed disjunctions of equalities have to be considered. Then 1; is
unsatisfiable iff there exists a formula 6* = é; vV ---V & of the form (**) above
such that ¥ A é” is unsatisfiable, i.e. 9 is unsatisfiable iff for all ;,1 <j <n, YA S
is unsatisfiable. The procedure described above has then to be applied to this

extended expression.

If unsatisfiability is not detected, and no other expression in &;, has been left,

s, as well as 1, is satisfiable.

As &, is finite, the procedure always terminates, and is therefore a decision procedure

for T-satisfiability w.r.t. the class of quantifier-free formulae of L. Figure 2.3 exhibits

the structure of the mechanism, which contains both cooperation of decision procedures

and interfaced connections.

19 A formula ¢ entails & iff = ¢ D 6; ¢ entails 6 in a theory T iff T = ¢ D 6. A proof for the statement
that a formula is satisfiable iff every formula it entails is also satisfiable can be found in appendix E.
Equality propagation is discussed in [Nelson & Oppen 79], p. 253-5.
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DP =P DP’ °p DP”

d,ﬂ'
Normaliser
¢
DP decision procedure
ep equality propagation
fo3 input formula
1,1’,... separate normal form formulae

Figure 2.3: Cooperation of Decision Procedures

2.4.3 Limitations

The mechanism of combination of decidable subclasses has been added to the Stanford
Pascal Verifier, an interactive system for reasoning about Pascal programs. Although
it provides a straightforward procedure for satisfiability, the main limitation is its
inability to deal with most of the extensions of combined theories which are commonly
used in the representation of data structures. For instance, let the combined theory
of arrays and natural numbers be defined by the union of an axiom set for Presburger

arithmetic??,

20 The Stanford Pascal Verifier is also described in [Nelson & Oppen 79]. According to Boyer and
Moore,

“Decidable theories are inadequate for the specification of most programs. The situ-
ation is improved somewhat by the work of Oppen and Nelson (1979) which shows how
one can construct a system of co-operating decision procedures for disjoint theories. But
in our experience most theories of use to program verification are not disjoint. For ex-
ample, the function LEN connects the theory of lists to that of the naturals and DELTA1
connects character strings to naturals.” ([Boyer & Moore 88], p. 122)

The set of axioms for Presburger arithmetic is distinct from that presented in appendix B.2, since
it contains an additional predicate symbol, nat.

46



P nat(0)

P,  nat(z) D (s(z) #0)

Ps  nat(z) D (nat(y) D (s(z) = s(y) Dz = y))
Py nat(y) D(0+y=y)

Ps  nat(z) O (nat(y) D (s(z) +y = s(z +y)))

y
&I

Ps  ¢[0] A (nat(y) D (4ly] D #[s(¥)]))
)

and an axiom set for T A, the theory of arrays?!,

A array([ ])
A, atom(u) D (array(v) D array(uov))
Aj atom(u) D (array(v) Duov # [ ])
Ay atom(u) A atom(t) A array(v) A array(w)
=)
(uov=tow)Dd (u=tAv=w)
As  atom(u) Duo[ ]=u

As ¢l ] A(atom(u) 5 (array(v) O (¢[v] O ¢[u o v])))
)

array(u) D ¢lu],
(if # does not occur free in @[v]),

Since each component theory is decidable in the quantifier-free subclass of their re-
spective languages, which are disjoint, the combined theory is decidable in the class
of quantifier-free formulae of the combined language. Nelson & Oppen’s mechanism
then supplies a decision procedure for it. However, instead of their simple combina-
tion, the theory of arrays of natural numbers, ANN, is more frequently found in the
representation of data structures. ANN is a non-conservative extension of the simple

combination that includes the axiom

N, nat(z) = atom(z)

which restricts the elements of arrays to natural numbers. For this theory, the results

derived by Nelson and Oppen cannot be applied.

Besides such extensions, new functions and predicates can be also added to those
originally available in the combined theory?’. For instance, the functions min and

maz, which respectively identify the minimum and maximum elements of an array of

?! See [Manna & Waldinger 85).
2 See [Boyer & Moore 88], p. 122.
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natural numbers, can be introduced in ANN by means of new axioms, provided that

an order relation over natural numbers has been previously added to the theory.

M, nat(z) D min(zo| |) =z

M, nat(z) D (array(u) D (z < min(uw) D min(zou) = x))

M; nat(z) D (array(u) D m'én(u] <z D min(zou)=min(u)))
M, nat(z) D maz(z o[ |) =

Ms;  nat(z) D (array(u) D (r > maz(u) D maz(zou)=x))

M nat(z) D (array(u) O (maz(u) > & O maz(z o u) = maz(u)))

For this extended theory, then, other mechanisms for decidable subclass extension have

to be sought.

2.5 Introducing Additional Hypotheses

To address the problem of proving certain verification conditions for JOVIAL programs,
Shostak devised a mechanism that explores the decidability of quantifier-free subclasses
for certain theories by means of the introduction of additional hypotheses®®. Let T be
a theory in £ which is decidable in the class of quantifier-free formulae, and £’ be an
expansion of £. If T is an extension of T in L’ for which T represents an axiom set,
then, according to theorem 2.2.1, the class of quantifier-free formulae of £ is decidable
for T" in Fml.. Finally, if T" is a non-conservative extension of 77 in L', whenever
a quantifier-free formula ¢ in £’ is valid in 7", it is also a theorem in T". However,
ifv €T, let ®={¢1,...,0n,...}is a subset of quantifier-free 7"-theorems, some of
which involve undefined symbols of 7'. Then, according to the additional hypothesis

introduction lemma ( 2.2.1), whenever

T'E¢i, D" D¢, DV

where ¢; € @, it follows that v € T".

Example 2.5.1 Since PrA is decidable, the same applies to its subclass of quantifier-
free formulae. If max is an undefined function symbol in an extension PrA" of this
theory, and PrA" is an extension of PrA" where max is defined as the standard binary

mazimum function over natural numbers, in order to prove that

** See [Shostak 79].
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z=y+2D max(z,y) =2z (%)

is a theorem in PrA", new hypotheses, such as

{z = gy Ddmax(z,v)= =z, y 2 z Dmax(z;y) =y}
should be added as antecedents to the formula above, until it could be recognised as a
PrA'-theorem. Thereafter, since
PrA" E z>yDmax(z,y)=z A y >z Dmax(z,y)=y

it follows that (*) is also a theorem of PrA". 0

The hypothesis introduction lemma can be also applied in conjunction with the mech-
anism for the combination of quantifier-free decidable subclasses. In the case of ANN,
discussed in section 2.4, given a conjecture ¢ in the combined language of Presburger
arithmetic and the theory of arrays, if

Nil'/z] > ¢

where N,[!/z] is an instance of the axiom nat(z) = atom(z), can be shown to be valid
in the simple combination of the original theories, then ¢ is a theorem of ANN. The
same mechanism can be used for the new function and predicate symbols of ANN"
as well. A formula ¢’ in L xy+ can be expanded to include additional hypotheses

01,...,0, about the new symbols, and

if ANNE& D---D46, D¢ then ANN o

for é,.....6, are theorems of ANN". As a result, if

NiYz] 26, D--D6, D¢

is valid in the simple combination of PrA and T A, then ANN = ¢.
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The lack of criteria for the selection of additional hypotheses is one of the deficiencies
of the approach. For instance, if PrA” is the extension of Prd to Lpy = {0,1,s,4, x}

in which X is an undefined function symbol, given the conjecture

Ty =25 N o Xs(T))+2a=25+s(z)X23 D Zy=23 (1)

in order to prove that it is a theorem of Peano arithmetic (PA), additional hypotheses
that involve multiplication are required®*. Finite sequences of such theorems should

be tested, up to a pre-established maximum number of tests, until a suitable list, e.g.

{ s(z)) X &y = 8(21) X ©3 D @2 = x3, $(T1) X Ty = T3 X 3(7) }

- is eventually found. Given a set ® of such theorems, there is a search problem that
involves not only testing finite combinations of theorems, but also identifying the ad-
equate instances, since the mechanism applies only to quantifier-free formulae. In the
example above, the first additional hypothesis is the only instance of the arithmetical

theorem

(2)(y)(2)(s(z) x y = s(z) X 2 D y = 2))

that is suitable for conjecture (1). Without control, the introduction of additional
hypotheses may be impractical from the viewpoint of effective mechanical theorem

proving.
2.6 Extending Combined Decidable Subclasses

Tatzelwurm is a first-order theorem prover based on the analytic tableau method,
which consists of the application of the rules of table 2.2 for the generation of semantic
trees. When a formula is unsatisfiable, its tree is finite, and each branch of the tree is
closed. 1.e. it ends in a node that contains a complementary pair of literals. In rules
of type a, the premise is unsatisfiable if either of the derived formulae, oy and as, is
unsatisfiable, hence both derived formulae are kept in the same branch. For rules of

type /3. the premise is unsatisfiable if both derived formulae are unsatisfiable, and so

2% Peano arithmetic is described in appendix B.
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=(3v)d[v] | ~4[%/»] | ~(Iv)o[v]
L & | & | & |
(3v)glv] | 4/ =
—(Vv)o[v] | ~o[?/0] -

Table 2.2: Rules for the Analytic Tableau

an additional derived branch is created. For any first-order language without equality,
the analytic tableau method provides a semi-decision procedure for the set of logically

valid formulae?®.

Example 2.6.1 A refutation for the formula (z)p(z,z) A (3y)-p(y, z) can be obtained

by means of the analytic tableau method as follows.

(z)p(z,2) A (3y)-p(y, z)
|l a
(z)p(z, z), (3y)-p(y, 2)
Ly
p(a,z), (z)p(z, z), (3y)-ply, 2)
| é
p(a,z), (x)p(xaz)a _'P[a-:z)

The above tree has a single branch with four nodes. The fourth node contains a com-
plementary pair of literals, therefore the branch is closed (i.e. there is no structure for
L = {a,p} in which the formulae of the fourth node could be jointly satisfied). Given
the nature of the rules employed in the derivation of a tableau, the root formula is

unsatisfiable as well. 0

#* Tatzelwurm is described in [Kiufl 89]. Concerning the analytic (or semantic) tableau method, a
more detailed description can be found, for instance, in [Ben-Ari 93], p. 33-44, 106-117.
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For a non-conservative extension 7 of 75, formulated in the same language £, the set
of T-unsatisfiable formulae cannot be entirely identified by the tableau, since TF C T,
and the mechanism loses completeness. However, when 7' is obtained from T by
the introduction of axioms for equality, as well as the axiom sets for disjoint theories
T\,....T,, respectively formulated in the disjoint languages (with equality) £,,....L,.
the inclusion of new rules and special procedures in the tableau method enlarges the
class of T-unsatisfiable formulae it can identify. Moreover, if each T} is decidable for
the class of quantifier-free formulae of £;, and if the union of these languages coincides
with L, the class of quantifier-free formulae of £ is decidable for T', as described in

section 2.4, and their decision procedures are also integrated into the extended tableau.

In particular, the theory of pure equality, formulated in any language £/ that contains
only function symbols, can be included in virtually any combined theory. Since it has
no axioms, it is identical to 7" and every non-logical symbol of £/ is undefined in
the theory. The quantifier-free class of formulae of £/ is decidable for T(f!, and a
decision procedure for this class can be built based on the congruence closure of sets
of equations?®. This procedure allows a more efficient handling of equality inside the
combined theory: alternative solutions. based for instance on the introduction of the

rule

ds), s =t,%
o[s], Qﬁ{[r,{.e]], s=1%

which causes an explosive increase in the number of derived nodes, can be therefore

avoided, without any loss of deductive completeness. When the theory of pure equality

is a component of T', the extended tableau method includes

(a) rules for generating literals in separate normal form,

(b) decision procedures for the component theories Ty,...,T, (w.r.t. quantifier-free
subclasses), and

(c) an equality propagation procedure, responsible for generating relevant entailed

equalities from satisfiable sets of homogeneous literals.

The generation of expressions in separate normal form is accomplished by two new

rules, 7 and (. listed in table 2.3. Sets of homogeneous literals are then supplied to

26 See [Nelson & Oppen 80].



P(ti,...,tn) {[/n\'?),'=il'/\P(U1,...,(Un)““ P(il,....!n)

I ¢ ' G | (o ‘
g = sy o i I [ /\ =1 D P(v,,....vn)‘ Pl ea i)
i=1
Conditions
¥1....,U, do not occur in P(ty, ..., t,)
Py t,) is non-homogeneous

[¢] universal closure of ¢
[[#]] existential closure of ¢

Table 2.3: New Rules for the Analytic Tableau

the decision procedure for each theory T; with respect to the quantifier-free class of
formulae. When a set of literals is satisfiable in T}, entailed equalities are generated
and added to the new node of the branch. The definition of a closed branch has to be

expanded to conform to the new method.

Definition 2.6.1 (Closed branch in the extended tableau)

A branch of a tableau is closed iff it has a node ¥ that contains

i. a pair of complementary formulae, or
it. a formula of the form t # t, or

1. two formulae, ¢ and V¥[t,, ..., t,], such that ¢ and ov are complementary, where
o is the replacement {*'/t,,...,""[t,}, such that A |= (s; =t A A s, = 1)

and A C ¥ is a set of equations, or

iv. a subset of formulae T' which belongs to a decidable subclass and is unsatisfiable.

The application of the extended tableau method is informally described in table 2.4. It
seems that the extended tableau represents a semi-decision procedure for 7" w.r.t. the

fully quantified underlying language. The integration of tableau rules with decision

53



procedures ends up extending the boundaries of the decidable subclasses as well. For
instance, due to the application of 7 and é tableau rules, it is possible to derive a
quantifier-free formula ¢ respectively from [¢] and [[¢]]. If ¢ is unsatisfiable in T', the
same then applies to its universal and existential closures, which can then be added to

an extended decidable class.

The extension of the quantifier-free subclass of L is obtained through weak quantifier
elimination. Given a sentence 7 of L, if =7 is the root note of a tableau entirely
generated by the application of logical rules (a, 3,7 and/or ¢), whose terminal nodes,
Iy,...,Tn, where I'; = {7:1,...,7im,}, are all made up of quantifier-free literals, let ¢

be the quantifier-free formula defined as

= ((na A AYm) VeV (e A A Yam,)

Then T |= 1 implies T |= 7, which represents a weak transformation, as described in
section 2.2.3. The extended decidable class includes any quantified formula 7 whose
negation can be transformed into a quantifier-free formula that is identified as unsat-

isfiable by the decision procedure for the combined theory?”.

Since the analytic tableau does not represent a decision procedure, there is no guarantee
that every quantified formula reducible to a quantifier-free formula can be effectively
recognised as such. Effectiveness however is achieved once limits are imposed on the
size of the tableau. Formulae that cannot be proved unsatisfiable by a tableau of
maximum size m, but have been identified as such by the extended tableau, under the
same size constraints, are elements of the extended decidable class. The extended class

can be defined as

Y = {¢€ Fml|-¢ L wW&veT&yis quantifier-free}

27 The identification of the above formula ¥ results from the following process. Let {—=7} be the root
node of a semantic tree, and let T'y,..., T, be all its terminal nodes. Clearly, given the nature
of the tableau rules, if all such sets I'; are T-unsatisfiable, then —r is T-unsatisfiable as well. The
unsatisfiability of a node I't = {7i1,...,7i,m, } (i.e. the joint unsatisfiability of its elements) amounts

to the unsatisfiability of the conjunction 4,1 A -++ A ¥im,. On the other hand, considering that

saty(¢1) or satr(dz) iff  satr(ér V o2)

the unsatisfiability of all branches (i.e. their individual unsatisfiability) then amounts to the unsat-
isfiability of ((vi1 A A¥imy ) VooV (1 A= A nym, )
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Let T'y = {=¢} be the root node of a semantic tableau.

i. If each branch of the tableau is closed (according to definition 2.6.1), then T’ |= ¢

ii. If the terminal node I';, of each open branch of the tableau has only T-satisfiable
homogeneous literals, then T' & ¢

iii. Otherwise let I',, be the terminal node of an open branch.

(a) If I',, contains composite formulae, logical rules are applied and new nodes
Fhg1y.o s Dagm are generated.

(b) If I',, contains non-homogeneous literals, rules  and ¢ are applied to them,
and the transformed expressions are included in a new node I',

(c) If T',, has a subset of homogeneous literals which fall into the domain of a
decidable class, the equality propagation procedure generates the relevant
entailed equations and add them to the new node I',, 4,

Table 2.4: Extended Analytic Tableau Procedure

where ¢ 4 ¢- indicates that a formula equivalent to ¢, can be associated with a
tableau of maximum depth d generated from ¢;. When a maximum depth is given,
there are only finite many cases to be examined for each formula of £. Then there
is an effective procedure to determine whether a formula belongs to ¥ or not. The
corresponding weak reduction function associates ¢ with 1 for all ¢ € X, if its reduced

form v is a T-theorem, then ¢ € T.

2.7 Propositionally Valid Formulae

Decision procedures are also used in the Prototype Verification System (PVS), which
combines a language for writing specifications and an interactive proof checker for
verifying their correctness. The proof checker has access to decision procedures for
ground equalities and linear inequalities, which are called to simplify IF-expressions,

datatype expressions, function definitions and conditions of conditional rewrite rules®®.

The mechanism for the integration of decision procedures in PVS enlarges the class of

propositionally valid formulae®”. Other decidable subclasses for a theory T"in £ can be

2 See [Owre et al 92].
2% As discussed in appendix C.3, this class is decidable for any theory in the corresponding language
L, and has type L.
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explored to extend the propositionally valid set. The extension procedure consists of
the replacement of subformulae of a conjecture with propositional constants, T or L,
whenever such subformulae or their negations are identified as T-theorems by a decision
procedure for 7" w.r.t. a particular subclass. The extended class can be characterised

as

Y ={¢ € Fml. | ¢ is propositionally valid }

where ¢’ is obtained from ¢ by the replacement of T-valid or T-unsatisfiable subfor-
mulae respectively with the propositional constants T or L. The process is analogous
to subformula rewriting, with the proviso that all the rules have the form ¢ = T
or ¢ = L. The procedure that performs this replacement therefore computes the

reduction function for £ w.r.t. T. Also, for all ¢ € £, ¢ € T iff ¢' € T', since

i. If ¢ € ¥ and ¢ € T, then according to the definition of ¥, ¢’ is propositionally
valid. According to lemma C.3.1, ¢' € T.

. If ¢ € £ and ¢ € T, since ¢ is obtained from ¢ by the replacement of T-
valid /unsatisfiable subformulae of ¢ with T/L, and considering that, for any
formula ¥ of L, if T E ¢[¢] and T E ¢’ = ¢”, then T |= ’t,b[["t'”/v.b’]], it follows
that ¢ € T'.

The same approach can be used for formula simplification, where subformulae are re-
placed by propositional constants, as indicated above, but the transformed formula
does not have to be propositionally valid: instead of the original conjecture, its simpli-
fied version can be thereafter supplied to a theorem prover. The example that follows
illustrates the role of the integrated system both in extending the decidable subclass

and simplifying expressions.
Example 2.7.1

1. Given the arithmetical formula ¢,

(32)(w)(2* + w® = 5z2w) D (z)(3y)(z+y = 3z)
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.

as the consequent. (z)(3y)(z + y = 3z), belongs to a decidable class for PA, it is
possible to effectively establish that it is a PA-theorem; as a result, this formula

is equivalent in PA to

() (w)(2+w? =5z2w)D T

whose propositional form, p D T, is valid. Hence, ¢ is also a PA-theorem, and

belongs to the extension of the class of propositionally valid formulae in PA.

Let &' be the formula

(2)3y)(z+y=3z) DO (F2)(w)(z* + w?® = 5zw)

Since its antecedent is a valid formula of a decidable subclass of PA, ¢' can be

replaced by an equivalent propositional constant,

D (I2)(w)(2? + w® = 5zw)

Although its propositional form is not valid, it can nonetheless be replaced by a

propositionally equivalent and syntactically simpler formula,

(32)(w)(2® + w® = Hzw)

which may be supplied to a theorem prover. 0

The second example illustrates the possible use of decision procedures in conditional

rewriting: once an instance o1 of the condition of a rule

— €] = €9
1 2

has been proven, oge; = e, can then be applied to the expression under consideration.

2.8 Conclusions

Several mechanisms for decidable subclass extension have been incorporated in the-

orem provers with the purpose of strengthening the role of decision procedures in the
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System Integration Decision Extension Additional
Mode®* Procedures Validation Applications
for DP
GETFOL Interfacing UE-class Rewrite rules
quantifier-free class —
propositional calculus
PVsS Cooperation | ground equalities Valid subformula Simplification
linear inequalities replacement Conditional rewriting
Tatzelwurm Interfacing & | quantifier-free classes Inference rules Simplification
Cooperation (pure equality & others) | (weak quantifier
elimination)
Stanford Pascal Interfacing & | quantifier-free classes Separate normal
Verifier Cooperation R +,<) forming _—
e arrays, lists, Equality propagation
e pure equality
JOVIAL program | Interfacing quantifier-free classes Additional hypothesis

Verifier

e Pra _
e extensions of PrA

introduction

* Integration modes are described in chapter 1

Table 2.5: Summary - Hybrid Theorem Provers

mechanical recognition of theorems. The main properties of some of these systems are

summarised in table 2.5.

Most of them suffer from the lack of suitable control struec-

tures for a more efficient decidable subclass extension. Two in particular, one based

on the application of rewrite rules, and the other, on the introduction of additional

hypotheses, face efficiency problems in the presence of large sets of rules or theorems.

Under these circumstances, strategies for the identification of rules or additional hypo-

theses can have a positive effect on the overall performance of the mechanisms. Some

guidelines concerning the selection of hypotheses are discussed in the next chapter.
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Chapter 3

Selecting Additional Hypotheses

The procedures for decidable subclass extension examined in the previous chapter rely
basically upon either the application of rewrite and inference rules, or the introduction
of additional hypotheses. In both cases, there is a potential search problem whenever
multiple rules or hypotheses are available. Search control can therefore reduce the

computational complexity of the process’.

Heuristic strategies for the selection of hypotheses are employed in Ngthm, the Boyer
and Moore theorem prover. Section 3.1 describes the main features of this system.
Section 3.2 then presents a mechanism that has been introduced in Ngthm for the choice
of potentially relevant definitions, axioms and theorems which, after instantiation, are

added to the hypothesis set of a conjecture.

3.1 The Boyer and Moore Theorem Prover

Boyer and Moore’s Ngthm is a heuristic theorem prover that employs strategic inform-
ation in the derivation of inductive proofs. As it has been used for the verification of
program correctness, decision procedures for arithmetic and related theories have been
added to the system to improve its efficiency. Such procedures are interfaced to two

modules of the prover, the simplifier and the rewriter.

! Search space and control in the context of theorem proving are discussed in appendix D.
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3.1.1 Basic System

Ngthm operates in the quantifier-free fragment of a first-order language. Many-sorted
axiomatic theories are indirectly represented by means of the shell principle, which re-
quires, whenever a new sort has to be implicitly introduced in the underlying language,
the inclusion of symbols for (i) a constructor function, (ii) a destructor function, (iii) in-
dividual bottom constants, (iv) a well-founded order relation and (v) a sort-recogniser
function (or predicate)?. Natural numbers are introduced through the shell principle
as described in table 3.1. The corresponding axioms are

A; -nat(T) A -nat(L)
Ay nat(0) A (nat(v) D nat(s(v)))

Az s(v)#0

Ay mnat(v)Av #0 Ds(pr(v)) =v

As mnat(v) D pr(s(v)) =

Ag pr(0)=0A —nat(v) D pr(v) =0

A; (nat(u) A nat(v) Av #0) D (u=pr(v)) = pr(v,u)

As [(-nat(v) D ¢[v]) A 6[0] A ((nat(v) A v # 0 A S[P*¥)/]) D 8[v])] D ¢[v]

Three implicit sorts make up the basic theoretical background of Ngthm: natural num-
bers, literal atoms and ordered pairs. The basic language of Ngthm, Ly,, contains the
symbols required by the shell principle for each of these sorts. The basic theory of the
system, T'y,. is defined by the union of the axiom sets for each of the three sorts. Since
every sort in T, admits a well-founded relation, proofs by Noetherian induction are
a priority for the system. Given a quantifier-free conjecture ¢ in conjunctive normal
form. before trying to prove it by induction, it is supplied to a simplifier and a re-
writer, which try to reduce ¢ to a propositional constant, T or L. When the reduction
cannot be accomplished, an inductive proof for the resulting simplified formula or set

of formulae is attempted.

The simplifier accepts only formulae in conjunctive normal form. Since a formula
&1 A oAb, is Ty,-valid iff each conjunct @; is also Ty,-valid, each ¢; is dealt with

independently from the other conjuncts. With the purpose of establishing the validity

2 See [Boyer & Moore 79], chapters I and I11. The original formulation of the theory of Ngthm employs
a functional first-order language. i.e. a langnage in which every formula is an equation. The original
notation has been replaced throughout this text by a language that contains both function and
predicate symbols. Many-sorted theories, on the other hand, are defined in appendix D of this
dissertation.
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Shell element Symbol | Properties/Intended Meaning
constructor s successor function

destructor pr pr(s(v)) = v

bottom constant 0 natural number 0

well-founded relation pr pr(u,v) = v = s(u)
sort-recogniser nat nat(v) iff v is a natural number

Table 3.1: Natural Numbers in Nqthm

of ¢;, each of its literals is simplified in turn, starting with ¢; ;. The simplification of

®ij,1 < j < my, involves putting ¢; in conditional form,

ki

m,

/\"C.f?a'.k DL i

k=1

and replacing it with the sequent ® — {=¢; ;} — ¢;;, where ® = {=¢;; | 1 <k < m.}.
@; ; is thereafter rewritten under the set of assumptions ® — {-¢, ;}. If ¢! ; is the final

rewritten literal, considering that rewrite rules are derived from 7Ty,-equivalences, then

®—{-¢i;} — (;=¢i;) (%)

is valid in T,. If the original notation is restored, considering the distributivity of

conditionals over biconditionals®, it follows from (*) that

(/\ _'¢€,k j d’!:,_f] = (A _'él',k D é:..?)
k=1 k=1

is valid in Ty, ie. Tng E i = (,f),-[[é:d /é:,]. As a result, the original clause is replaced
by the simplified equivalent clause in which ¢; ; substitutes for ¢, ;. If ¢} ; is the pro-
positional constant T, &; is Tiy,-valid (since it is a disjunction), and is then replaced
by T as well. If ¢! ; is the constant L, it is dropped from ¢;, otherwise the conjunct

?; [[qS:'JJ'!Q}x',j]] is preserved. In the last two cases, simplification restarts from literal ¢; ;.

(oD (v =p))=((¢ D) = (6 D p)) is a tautology. Concerning sequents, they are defined in
appendix D.
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The rewriter in Nqthm works at two levels. It first checks the sort of objects present
in a composite term: whenever the corresponding sorts do not satisfy the restrictions

for the expression, it is rewritten to L. For instance, given the equality

t1=t2

if t; and ¢, belong to distinct sorts, the equation is evaluated to L. Ngthm also makes

use of conditional rewrite rules of the form?*

VA AP, — §= 6 (%)

where ¥,,..., %, are the conditions (or hypotheses) of the rule, and é = ¢ is its body.
They are generated from Ty,-valid sequents of the form {¥y,...,%,} — § = ¢’ (formula
rewrite rule) or {#y,...,%,} — 8 = ¢ (term rewrite rule). In its cooperation with the
simplifier, the rewriter works in the presence of a set of assumptions. If ¢ is a formula
to be proven from assumptions ® = {¢,,...,¢,}, and R is a conditional rewrite rule
of form (*), the system first tries to establish whether there is an instance of § that is
syntactically identical to a subexpression é of the conjecture. If that is the case, the
corresponding substitution, o. is applied to the conditions of the rule, which have then
to be established from the set of assumptions. If there is an additional substitution 7

(for the variables still free in the chosen instance of the conditions) such that

® — T(oY)A--AT(OY,)

is valid in the theory, by an application of modus ponens®, ® — oé = ¢é’ is also valid

in Tn,. If ¢’ be the formula generated from ¢ after & has been replaced with ¢é’, then

* This rule is represented in Ngthm as

(IMPLIES (AND hy ... hn)
(EQUAL t; t2))

where each h, is a hypothesis of the rule.
? Or rather of the derived rule
6D (¥ Dp)

oD
éDp
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Inductive Prover

Rewriter Simplifier

o

Figure 3.1: Ngthm: original configuration

® — o= ¢ is Ty,-valid. Whenever ¢ is the constant T, it is possible to conclude

that

TNr; '= Q_'QS

To prove that 7(g1)A---AT(01, ) follows from the set of assumptions @, the rewriter
is recursively called for each conjunct 7(o%;), until each of them is reduced to T under

®, whenever possible.

The links between the three main modules of Ngthm are indicated in figure 3.1.

3.1.2 Linear Arithmetic Procedure

An initial difficulty with respect to the introduction of decision procedures in Ngthm
was the choice of a suitable decidable theory for the examination of arithmetical verific-
ation conditions. Although Peano arithmetic has decidable subtheories (e.g. Presburger
arithmetic and linear arithmetic), due to the complexity of their decision procedures,
the resulting hybrid system that contains them is inefficient, according to Boyer and
Moore. The absence of decision procedures, on the other hand, would mean that
heuristic modules would have to handle inequalities and face the risk of exponential

explosions related to the transitivity axiom for < (or <)°.

f Linear arithmetic (LA) is formulated in the language £14 = {<,+,—2,0,1,2,...,n,...}. For more
comments about the inefficiency of decision procedures for PrA and the difficulties in handling <,
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An alternative solution is the selection of a decidable subclass for linear arithmetic that
admits a less complex decision procedure. One of such subclasses results from model
theoretical properties of DAG. the theory of dense ordered Abelian groups without
endpoints, formulated in Lpse = {0.1.+.<}. Although this theory does not admit
models having natural or integer numbers as universe, according to lemma C.5.1, de-
cision procedures for DAG can be used to delimit a decidable subclass for LA, made
up of universal formulae, and supply the required information for the construction of a
linear procedure (i.e. a decision procedure for LA w.r.t. a quantifier-free subclass). This
application illustrates the beneficial role of decidable subclasses even in the context of

decidable theories.

Instead of DAG. its conservative extension DAG"™, which includes — and < respectively
as new function and predicate symbols, is selected as the reference theory. Possible

definitions for the new symbols in terms of the original language are

(01 < v2) V(91 = 12)
M = U + Vg

™ S Vg

V) — Vs = Vg
The linear procedure based on DAG™ has an intricate structure. It has two slightly
distinct versions, one linked to the simplifier and the other to the rewriter. In the
first case, let ¢ be a (quantifier-free) conjecture in conjunctive normal form. If its
conjunct @;(vy....,v,) belongs to L4, for each free variable v; that occurs in ¢,
a corresponding linearisation hypothesis of the form nat(v;) is added to an initially

empty set of assumptions ®,, where nat(v;) denotes that v; is a natural number. As

a result, considering that, for any formula v of £y 4,

TngE & — % iff LAEY (%)

where @, is the set of linearisation hypotheses for ¥, attention can be shifted from T,
to linear arithmetic. A second group of linearisation hypotheses, ®,, is built as follows:
if the subterm #; — u;, 1 <j < p, occurs in ¢;, then (u; <1;) € &5, where p denotes the

total number of subexpressions in @; dominated by —. Hence

if T3- = ¢ then LAE ®, — o; (*x)

see [Boyer & Moore 88], p. 88 and 85.
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where ¢! = /\;’=,(0 <) D& 3 =(Z,0,1,—y, 4, <, <), and Z is the set of integers".
Conditions of the form 0 < v are necessary to guarantee that variables range only over
natural numbers (which can be linked to the set of non-negative integers). The formula
that is supplied to the decision procedure for DAG™ is derived from the negation of ¢!

by a process that puts it into linear form. It involves

(1) the removal of conditionals and the stratification of negation under other connectives
(based on the application of the de Morgan law for negation over e.g. conjunctions,
as described in [Bundy 91]),

(ii) the elimination of occurrences of =, = and <, which requires an ordered set of

rewrite rules®,

At =1) = L <taVia <t
(t <ty) =ty <t
At <t) = <ty
ti=ts = t, <taAty <t
thh <ty = I +1$t3

(iii) the reordering of terms inside inequalities, which requires

th1 <ty = t -1 <0

(iv) the exhaustive application of rules

ky x (ka xt) = (ky xky)xt
Ex(ti+t) = kxti+kxt,
kx(t;—t) = kxti—kxt,y
th—=(ta+13) = (li—t)—1s

where k. k,, k, denote natural numbers®, and

" Concerning ®;, it has to be recalled that Ngthm works with distinct sorts, and that the linear
procedure derives results only about (natural) numbers. For this reason, sort restrictions have to be
imposed upon all the variables of any formula supplied to this procedure.

¥ As the set of rules is ordered, each of them has to be exhaustively applied before its successor is
considered. Rule #; < #2 = t; + 1 < #2 in particular is invalid in DAG®, given that

DAG* V: {tlﬁtz}E{tlﬂ-lSig}

? With respect to Lpag+. k and k x t respectively represent abbreviations for

Lt freeded fbbicfornetit

. -

k occurrences k occurrences
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| Phase l Action [ Notation ‘

1 Introduction of linearisation nat(v;)
hypotheses (first set)

2 Introduction of linearisation u; < t; (if t; — u; occurs in @)
hypotheses (second set)

3 Restriction of range of variables | 0 < v;
(non-negative integers)

4 Reduction of atoms to ek sk, X, 0
linear form

Table 3.2: Linear Arithmetic Procedure in Ngthm

(v) the collection of summands and subtrahends containing the same variable and the
reduction of this formula to disjunctive normal form, which results in a new for-

mula, ¢!, such that

T3« E ¢ =-¢) (#xx)

¢! is thereafter supplied to the decision procedure for DAG". If it is unsatisfiable in
DAG"™, as a consequence of theorem C.5.1, it is also unsatisfiable in 7'5.. This stems
from the fact that 3™ is a substructure of one of the models of DAG™, and, as a result,
every quantifier-free (and hence universal) formula that is valid in DAG" is also valid
in 3*. From (##%), ¢ is a theorem in T5.. and from (**), LA = ®, — ¢;. Finally,
from (%), Tn, E ®1 U @3 — ¢;. To complete the proof, it is necessary to establish that
¢; follows from the negation of each of the hypotheses in ®, U ®,. When that is the

casell,

Tng E &

The main features of the linear procedure are summarised in table 3.2. The relationship
between DAG"™ and T5. is illustrated in figure 3.2. An example that illustrates all the

phases of the procedure follows.

Example 3.1.1 Let ¢ be the conjecture # < y Ay < z D & = y, whose conjunctive

normal form is

1% See appendix E.



- e -y

DAG™

‘C == {0! 1}_2$+1 <s S}

DAG" Theory of dense ordered Abelian
groups without endpoints

Ts- Theory of 3* = (Z,0,1,—5,+,<, <)
I} Class of universal formulae
T Decidable subclass of type I for T-

Figure 3.2: DAG™ & T5.
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“(z<y) V(y<z) Vae=y

The application of the linear arithmetic procedure involves the following steps.

. Since @ has only two variables, the first set of linearisation hypotheses is

8, = {nat(x), nat(y)}
®,, on the other hand, is empty, since — does not occur in ¢.

1. ¢ is generated from ¢ when restrictions are imposed on the range of its variables,

(0<z)A(0<Y) D (~(z<Ly)V(y<z)Va=y)

11t. @' is linearised to ¢", as follows
—(Ixz)<0AN —(Ixy)<0AN(Ixz)—-(1xy)<0A(1lxy-(1x2z)<0
A
I+4(I1xz)—(I1xy)<0Al4+(1xy)—-(1xz)<0

w. ¢" is supplied to the decision procedure for DAG". Since it is identified as unsat-

isfiable in DAG™, ¢' is a theorem in T3. and ¢ is a theorem in LA, hence

TneE®— 9

v. It is then necessary to show that ¢ can be also derived from the negation of each

of the linearisation hypotheses, as for instance

Tng = ~nat(z) — ¢

However, this is not possible, since T < LA L < T D T = L isnot a Tn,-
theorem''. Therefore Ty, = ¢. 0

11 See [Boyer & Moore 88], p. 89-90.
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The integration of the linear procedure with the rewriter follows similar guidelines. If

(i) Y1 A -+~ At, — é = &' is a conditional rewrite rule,
(ii) @ = {¢1,..., ¢, } is the current set of assumptions, and

(iii) ¥, is a conjunct in the condition of the above rule which belongs to L 4,

then the sequent ®' — 4, where @ is the strictly arithmetical subset of ® (i.e.
&' C Fml;, ), is supplied to the simplifier and dealt with as any conjunct of a con-
jecture: linearisation hypotheses are identified and the non-negative status of all vari-
ables is explicitly added to the formula, which is then negated, linearised and supplied
to the decision procedure'?. If the resulting linearised formula is recognised as Tiy,-

unsatisfiable, then

Tng =@ — o

otherwise no conclusion about the derivability of v; from ® in LA can be taken.

The decision procedure for DAG™ is derived from Hodes’ algorithm, which is based on
quantifier elimination: given a formula of the form (3v)¢, where ¢ is a quantifier-free

conjunction of atoms,

i. if ¢ has the form (v = t[#]) A ¢, the existential quantifier is removed once the

DA G-equivalence
F)v=tANS[P]) = &'/]

is applied.

ii. if ¢ has the form AI_, #;[y] < v or AL, v < t;[9], (3v)é is valid in DAG, and can

be replaced by any DAG-valid atomic sentence, e.g. 0 = 0.

iii. if ¢ has the form AJ_, ;[y] < v A A\JZ, v < u;[], the existential quantifier can be

dropped after the application of the DAG-equivalence

2 A more precise description of this stage of the procedure is presented in section 3.2.
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n 1<j<m

(Fv) [ Ati[Al < v A /"i v < u;[#] N\ i <

i=1 §=1 1<i<n

A specialised procedure for DAG" has to take into account that Ngthm operates only in
the quantifier-free fragment of £p 46+ (and therefore has to eliminate variables only),
that formulae are supplied in disjunctive normal form, and that atoms are represented

in linear form. As a result, there is only one case to be considered,

n

A@GIA] + kiv <0) A K(ﬂj[ﬂ] —liv <0) (%)

i=1
where k;,l; € N. Since this formula is quantifier-free, it is satisfiable iff its existential
closure is also satisfiable. The elimination of quantifiers from the equi-satisfiable for-
mula follows basically the same properties adopted in the case of Hodes’ algorithm,

and (dv)(*) can be replaced with its DAG™-equivalent version,

1

1A

ism
ljt, + k,"[ﬂj S 0

1

1A

i<n

which is unsatisfiable iff (*) is unsatisfiable.

The linear procedure can be extended to deal with an expansion of L, 4 that includes
undefined constant, function and predicate symbols. For the only component that
requires modification, the decision procedure for DAG", two alternative versions are
available. The first one. based on theorem 2.2.1, eliminates undefined symbols of
quantifier-free formulae and generates an equi-valid formula that is supplied to the
algorithm. The second solution, which explores certain properties of the canonical
form to which literals are reduced, amounts to the elimination of composite terms. Let

@ be a conjunction of literals,

/\(u,—[[ﬂ] + kit <0)A /\(-wj[ﬂ] —1;1 <0)
i=1

=1
where t is a term whose dominant symbol is not sum or subtraction. This formula is

equi-satisfiable to



m

(3v) /\(Ui[ﬁ] + kiv <0) A /\(“’j[ﬂ] —ljv<0)

i=1 3=1
where v does not occur in @, to which the algorithm can be applied unchanged. When

there is a single occurrence of an undefined function or predicate symbol in a conjunc-

tion of literals, both solutions above coincide.

In the presence of additional non-logical symbols, the elimination of variables and/or
composite terms takes place according to an order imposed on the set of terms. The
heaviest terms are eliminated in the first place, through the cancellation of terms with

distinct signs (positive or negative) in distinct inequalities.
Definition 3.1.1 Let t, and t, be terms of Ly,.

i. t; is heavier than t, iff

(a) the number of occurrences of variables in t, is greater than in t,, or,

(b) in case of the number of occurrences of variables is equal, the number of

function symbols in t, is greater than in t,, or,

(c) to lexzicographically precedes t,.

1. t, and t, have the same weight iff 1| is not heavier than t, and t, is not heavier

than t,.

An immediate consequence of this definition is that two terms have the same weight
iff they are syntactically identical. The elimination of heaviest terms preserves satis-
fiability: @ is satisfiable iff the set of assumptions generated from ® after the heaviest

terms have been removed is also satisfiable.

3.2 Hypothesis Introduction in Nqgthm

The linear procedure described in the previous section has limitations at two levels: it

does not represent a decision procedure for LA (even though LA is decidable), and,
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as it stands, it cannot deal with extensions of LA, except those containing undefined
non-logical symbols. Both limitations can be partially overcome by the introduction

of additional formulae in the set of assumptions of a conjecture.

3.2.1 Additional Lemmas

The incompleteness of the linear procedure vis-a-vis decision procedures for LA is due

to the existence of 3*-valid quantifier-free formulae, e.g.

Ixz #£2

that cannot be identified as such by the decision procedure for DAG™. Incompleteness
at this level can be reduced by means of ezplicitation of arithmetical hypotheses, a
process that expands quantifier-free formulae which are valid in LA but invalid in
DAG"™ until their validity in LA becomes recognisable. If ¢ is such a formula, the
mechanism of explicitation of arithmetical hypotheses selects a set of quantifier-free
theorems ® in LA, such that DAG™ = ® — ¢ and, as a result, LA = & — ¢. Since
® C LA, then

LAE¢

This mechanism can been successfully applied to some verification conditions.

Example 3.2.1 Let P be a program that searches for objects in a table, i.e. an array
of (even) length d in which odd positions contain keys, while each even position stores
the value associated with the key of the previous odd position'. A verification condition
(v.c.) for this program establishes that, whenever an index i corresponds to a key, then

i+1<d. Ifl and k are variables over natural numbers, this v.c. can be represented as

(O<kAO<IA2k+1<20)D (2k+2<2l) (%)

where 2l = d and 2k + 1 = 1@ (if i identifies a key). () is valid in LA, but invalid in
DAG". Therefore the linear procedure cannot recognise it as a theorem. However, the

inclusion of the formula

1* See [Boyer & Moore 88], p. 90.



(k<!)D(k+1<1)

which represents the property that the difference between two distinct natural numbers
is not smaller than 1, as a new assumption for () transforms it into a DAG" -valid

formula and a recognisable LA-theorem. 0

Arithmetical hypotheses must be invalid in DAG" to contribute towards the identi-
fication of additional arithmetical theorems. For otherwise if ® C DAG", then, as
DAG"™ [ ¢, it must follow that DAG™ = ® — ¢, and once again no conclusion about
the validity of ¢ in LA can be obtained. This mechanism faces serious search problems.
since virtually all arithmetical theorems that are invalid in DAG are suitable candid-
ates for arithmetical hypotheses. Such a solution therefore is not explicitly employed
in Ngthm, and formulae of L; 4 that are invalid in DAG™ are automatically forwarded
to the inductive module'?. The only linearisation stage where arithmetical hypotheses

are implicitly introduced takes place when rule

t;(t:z =>t1+1§t2,

which is invalid in DAG, is applied.

The second deficiency of the linear arithmetic procedure — its inability to deal with
extensions of LA — also has a negative impact on applications to program verifica-
tion. For instance, in the verification of the Euclid algorithm for the greatest common
divider, it is necessary to prove that, whenever z < y and z|z (i.e. =z divides ), then

zly iff z|(y — ), i.e.

(z<yAzlz) D (2]y = z|(y — z))

Also, in the linearisation of bidimensional arrays, one of the conditions to be verified
states that elements occupying distinct positions in a bidimensional array, represented

as (i1,71) and (i,,J»), must be mapped into distinct positions of the corresponding

" This is actually the case of conjecture (*) above; see [Boyer & Moore 88], p. 89-91.



linear array, ¢, +d X j; and iy + d X j,, where d is the rank of the bidimensional array.

1.e.

Both formulae lie outside the domain of the procedure for LA, due to the occurrence
of symbols (| and x) that do not belong to £, 4. Since many verification conditions
involve function and predicate symbols over other sorts, the impossibility of recognising
theorems of this nature reduces substantially the role of the new module inside the

prover'®.

Given that Ngthm operates in the quantifier-free fragment of Ly,, it is possible to
consider the application of the additional hypothesis lemma to overcome the above
limitation. A new module of the system is responsible for the introduction of hy-
potheses, after several consultations of a database of definitions and theorems about
recursive operations and relations. This process makes the interfacing of the simplifier
to the decision procedure more complex than the mere application of Hodes" algorithm

to arithmetical conjectures!®.

The validity of the process of introducing additional hypotheses has been discussed
in section 2.5. It is requested by the system whenever a conjunction of inequalities
that contains undefined symbols is identified as satisfiable by the linear procedure.
The criterion for the selection of theorems, in the form of (conditional) inequalities
(stored by the system), follows the same guideline for the elimination of multiplicands:
a new inequality is added to the formula only if it allows the elimination of the heaviest
multiplicand in that formula, and does not introduce any heavier term. After selection,
they are instantiated and conjoined to the formula, until unsatisfiability is detected,

whenever possible. This guideline is more clearly illustrated in the example that follows.

Example 3.2.2 Let ¢ be the conjecture

I <min(z)AN0O <k D Il <maz(z)+k

'* Comments in this respect are presented in [Boyer & Moore 88], p. 91, 94.

1% See [Boyer & Moore 88], p. 90. '



Once —¢ has been linearised to

[—min(z) <0 A 1-k<0 A maz(z)+k—-1<0 (%)

the resulting formula is supplied to the decision procedure for DAG™. Since it is satis-
fiable, the procedure restarts from the linearised negated conjecture, where the heaviest

multiplicand to be found in any of the atoms is min(z). After consulting a list of stored

lemmas, the theorem'”

min(v) < maz(v)

which can be instantiated and linearised to

min(z) — maz(z) < 0
s selected and conjoined to (*). Since it is suitable for the removal of the heaviest
term, the expanded formula
min(z) —maz(z) <0 A l-min(z) <0 A 1-kE<0 A maz(z)+k—-1<0

s then supplied to the decision procedure: first min(z) is eliminated,

l—maz(z) <0 A 1-k<0A maz(z)+k—-1<0

followed by maz(z),

I+k—1<0A1-k<0

and then the variable k, resulting in 1 < 0, which is unsatisfiable in DAG". Hence ¢
is a DAG™ -theorem. 0

There are cases where the additional hypothesis is a conditional formula. As a result.
besides checking the conjunction of the new hypothesis with the negated conjecture for
unsatisfiability, it is necessary to prove its associated condition from the current set of

hypotheses as well.

' To simplify the presentation, additional conditions limiting the range of variables to non-negative
integers have been omitted.
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Example 3.2.3 Given the following function and predicate symbols, defined over lists,

memb(z,s)  x occurs in a list s
len(s) =1 l is the length of a list s
del(z,s) = s" &' is obtained from a list s after
all occurrences of © have been deleted

let ¢ be the conjecture

memb(z,a)ANw+len(a) < kA0 <v D w+ len(del(z,a)) < k+v

After the linearisation of its negation,

memb(z,a) AN w+len(a)— k<0 A —v<0 A k+v—w-—len(del(z,a)) <0

since unsatisfiability cannot be detected, additional hypotheses for the heaviest multi-

plicand, len(del(z,a)), are sought. A conditional theorem,

memb(v,u) D len(del(v,u)) < len(u)

ts a suitable additional hypothesis, provided that its antecedent can be proved. As in
the case of conditional rewriting, this task is given to the rewriter. Assuming that
memb(z,a) is amongst the current assumptions, the rewriter can derive as valid the

formula

len(del(z,a)) < len(a)

which, after linearisation, is conjoined to the linearised negated conjecture, thus allow-

ing unsatisfiability to be found'®.

1—len(a)+len(del(z,a)) < 0Amemb(z, a)Aw+len(a)—k < 0A—v < OAk+v—w—len(del(z,a)) <0
l1—len(a)+k+v—w < 0Amemb(z,a) ANw+len(a) =k <0A—-v <0
l+k+v—w+w—kEk<0Amemb(z,a) A —v <0
1+v<0Amemb(z,a) A—v <0
1 < 0Amemb(z,a)
1

0

' As in the previous example, restrictions concerning the range of variables have been omitted when
not necessary for the derivation of L.
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Additional Hypothesis

Inductive Prover

Decision Procedure

Linearisation

Simplifier

Rewriter

¢

Figure 3.3: Ngthm & the Linear procedure

The complete integration mechanism is described in table 3.3. A block diagram can

be found in figure 3.3.

3.2.2 Optimisations

Once a disjunction of literals ¢ is supplied to the simplifier of Ngthm, while one of
them is simplified, the remaining literals are negated and added to an assumption set.
When the simplifier operates in conjunction with the linear procedure, the heaviest
multiplicands are eliminated from the chosen literal after the introduction of heurist-
ically selected additional hypotheses, whenever necessary. This operation has to be

repeated, in principle, for each literal in ¢. However, exploring the fact that

ETl—o¢ if ETU{-¢}— ¢

a single assumption set can be defined, containing the complement of every literal in

¢. After the removal of the heaviest multiplicands from this set, the simplification of
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Simplifier. Given a disjunction of literals ¢, V -- -V @,,.

i If (1 V---V&,) & Fml, ,, the simplifier successively supplies the sequents
b — ¢;,1<i<n, to the rewriter.

ii. If @ € Fml;, ,. the simplifier supplies it to the linearisation module.

If all the disjuncts of the simplified formula ¢} vV ---V ¢! are identical to L, or
at least one of them is identical to T, the process halts, otherwise ¢] V ---V ¢,
is supplied to the inductive prover.

Rewriter. Let ® — ¢[¢] be a sequent. If ,...,%,, — 6, = &, is a conditional
rewrite rule, and if there is a substitution o such that ¢é, = €. then the sequents
¢ — oy,...,P — o), are supplied to the simplifier. In the event they are all
reduced to T, ® — & is replaced by & — ¢[7%2/¢].

Linearisation module. If ¢ € Fml., ,, then

(a) a set of linearisation assumptions for ¢ is built,

(b) conditions stating the non-negative status of variables are introduced in ¢,

(c) the extended formula is negated, and its atoms are linearised, and

(d) the resulting formula is put into disjunctive normal form, and then supplied
to the decision procedure for DAG".

If the decision procedure returns L, the linearisation module transforms ¢ into
T and the process is complete. Otherwise ¢ is returned unchanged.

Decision procedure. If ¢, A---A,, is a linearised formula of £; 4 and it is reduced to
L by the decision procedure for DAG", the process halts. Otherwise, if it reduced
to T and at least one of the literals contains deviant symbols, then ¥, A --- A ¥,
is supplied to the additional hypothesis mechanism.

Additional hypothesis mechanism. If @, A --- A %, is a linearised formula whose
heaviest term is ¢, an additional hypothesis 9 involving ¢ is sought. If no suitable
hypothesis is found, the original formula is returned unchanged. Otherwise

1. If{’; is a literal or a conjunction of literals, it is then conjoined to ¥y A- - <A1y,
and the expanded formula is supplied to the decision procedure.

ii. If © is a conditional formula, its consequent is conjoined to ¥y A .- Ay,
and the expanded formula is supplied to the decision procedure. If unsat-
isfiability is detected. the conditions of ¥ are individually supplied to the
simplifier. If they are all reduced to T, ¥, A -+ A 1, is replaced by L.

Table 3.3: Modules of Ngthm



each literal can then be performed!®.

Restrictions have to be observed. however, in the application of conditional rules.
Although the above property allows the inclusion of the complement of a literal ¢; in
its own assumption set, the conditions of a rule cannot be established based on the
complement of ¢;, or on any formula that depends upon the complement of this literal.

The example that follows justifies such restriction.

Example 3.2.4 Let ¢ be the clause

(a+c=b)V-a(at+1<hb)

and let v be its second literal, (a+1 < b). If~y is selected for simplification, the set of as-
sumptions is built with the complement of all literals, i.e. ® = {(a+ ¢ #b),(a+ 1 < b)}.

At the stage of rewriting 7, the following conditional lemma

U](UQ—(’{JI+1<UQEU1+1#1?2)

is selected, since the lhs expression of its body can be matched against a subezpression
of v, by means of substitution o = {%/v1,%/v,}. The corresponding instance of the
condition of this lemma has then to be established from the current set of assumptions

D, ie.

{la+c#b),(a+1<b)}—a<hbh,

has to be proven, a task the decision procedure for DAG™ accomplishes, once the nega-

tion of a < b is conjoined to ®. Hence

DAG* E & — a+l<b=a+1#b
The rule a+1 < b= a+1 # b is then applied to v, and the original clause is rewritten
to a non-equivalent formula,
(a+c=b)V(a+1=0b)

0

'” See [Boyer & Moore 88], p. 97, for a discussion about the selection of multiplicands. The above
property involving the sequents I' — ¢ and I'U {=¢} — ¢ is proved in appendix E.
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An incorrect step in the above rewriting sequence is the final representation of the
transformed clause: since the complement of 4 has been employed in the deduction, it

has to be included in the final clause,

(a+c=b)Vala+1<b) = {a+1<b}—((a+c=b)V(a+1=0))
or, in standard first-order notation,
(a+e=b)Va(a+1l<d) = (a+c=b)V-(a+1<b)V(a+1=5b)

Under this new formulation, equivalence is preserved. However, although sound, the
process could not be regarded as the simplification of the original clause, since it just

adds new literals to it.

To prevent this problem, Boyer and Moore adopted a mechanism that links a formula
to every assumption from which it has been derived. It is possible then to trace back
whether the complement of a literal is involved in a proof or not. For the example

above, it would suffice to consider that

i. The condition of the instantiated rewrite rule is derived from the complement
of the current literal, v, after the decision procedure for DAG™ has been called.

The rule condition should then be represented by the pair

(a<b, [(a+1<b)])

ii. The body of the rewrite rule has been obtained after its condition was proven

from the complement of the current literal. Hence, it could be represented as
(a+1<b=a+1#b, [a<b(a+1<bh)])
iii. The above rule is applied to v, so its rewritten version has to be indicated as

(a+1=b, ["(a=1<b),a+l<b=a+1#b. a<b (a+1<b)])

At least in this example. by simple inspection of the list of assumptions involved in the

transformation. it is clear that the complement of the current literal 4 has been used
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in the transformation of 5. Therefore the resulting formula, (a + 1 = b), is rejected by

the simplifier.

Another aspect to be considered is the requirement that clauses have to be proved
under the complement of each individual linearisation hypothesis, once it has been
established in their presence. To reduce the number of cases, it suffices to determine,
as it has been done in example 3.2.4, which of the linearisation hypotheses are actually

required in the proof of the clause, restricting attention to them thereafter?’.

3.2.3 Proving Verification Conditions

After the optimisations incorporated in the final system, the linear procedure, in con-
junction with the hypothesis introduction module, has been able to prove a class of

verification conditions more efficiently?!.

Example 3.2.5 Let ¢ be the v.c.

0 < ms(a)® + 2 x ms(a)? x ms(b) — ms(a)?,

related lo the termination of an algorithm where a unary function ms establishes a
certain measure over a set of ordered pairs. After ¢ is negated and linearised, resulting

in

ms(a)* + 2 x ms(a)? x ms(b) — ms(a)’* <0

it is supplied to the linear arithmetic procedure, which does not identify it as unsat-
isfiable in LA. Since multiplication is present, the formula does not belong to L4,
and additional hypotheses can be sought. The heaviest multiplicand in the inequality is

ms(a)?; the chosen additional hypothesis,

% Boyer and Moore discuss additional ways of reducing the cases to be proven in [Boyer & Moore 88],
p. 100.

?! This example has been taken from [Boyer & Moore 88], p. 101-3. »" is an abbreviation for

YX e XV
i i
n occurrences of v
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0<v — u<ovxu (1)

is first instantiated, resulting in

0 < ms(a) — ms(a)® < ms(a)
After its condition 0 < ms(a) is reduced to T, the inequality is conjoined to the negated
conjecture and the heaviest term is eliminated. Since the new formula
ms(a)® + 2 x ms(a)* x ms(b) — ms(a)® <0

is not DAG" -unsatisfiable either, the next multiplicand, ms(a)* x ms(b) (which is heav-
ier than ms(a)®, according to the lezicographic order adopted in Nqthm ) is chosen, and

formula (t), or rather its instance

0 < ms(a) — ms(a)x ms(b) < ms(a) x (ms(a) x ms(b))

s chosen as additional hypothesis. Its condition is reduced to T, and the linearised ver-
ston of the inequality is conjoined to the transformed conjecture. After the elimination

of the heaviest multiplicand, the resulting formula,
ms(a)® + 2 x ms(a) x ms(b) — ms(a)’ <0
is not DAG™ -unsatisfiable either. Lemma (1) is used two more times to eliminate both
ms(a)® and ms(a) x ms(b), thus generating
2xms(b) <0

Unsatisfiability in DAG™ is found only after the last multiplicand, ms(b), is eliminated
by the application of lemma 0 < ms(v), which has been successively used in the previous
steps to prove the condition of lemma (1). After its instantiation and linearisation, the

final conjunction,

2xms(b) <OA1—ms(b) <0

83



s reduced to

which is DAG™ -unsatisfiable. 0

The example shows that the introduction of additional hypotheses and the operations
that take place thereafter bear a clear resemblance with conditional rewriting. Firstly,
once a substitution for the variables of the additional hypothesis is found, it is then
necessary to apply this substitution to the conditions of the hypothesis and to prove
the resulting instance. Secondly, when ¢ is the heaviest multiplicand of a conjunction
of literals, assuming that the literal in which it occurs can be put in the form ¢ < u,
a suitable additional hypothesis has the form ¢ D ' < ¢. The introduction of the
consequent of this hypothesis amongst the other literals would then allow the use of
implication rewrite rules®?,

vy SvAv,Sv3 > v SV Av < g

v Sv A <v3 > v S g

derived from the transitivity of <, where the second rule is chosen when the term to
be removed occurs only in two literals*®*. For the multiplicand ¢, the suitable instance
of the second rule is v/ < t At < u = u' < u. This two-step operation, consisting of

the introduction of a hypothesis and the application of a rewrite rule, can be collapsed

into a single rewriting step, based on another implication rule,

P = t<v = ¥ <y

where 1 D u’ <t is valid in the underlying theory. For instance, in example 3.2.5, the

first required implication rule would be

0<ms(a) — ms(a)!<v = ms(a)®<v

2 See appendix D.

#* When the heaviest multiplicand is an existentially quantified variable, the above implication rules
are replaced with an arithmetically valid equivalence,

(Bua)(vi v A <vaA---Ap<v) = mp<van---Av <o,
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The example also reveals that the immediate purpose of the introduction of additional
hypotheses is the removal of chosen terms (the heaviest multiplicands) from a conjunc-
tion of literals. The removal of assigned subexpressions is a syntactic operation that
occurs in other mechanisms related to the extension of decidable subclasses. particu-
larly in the presence of rewrite rules, as described in chapter 4. Moreover, the previous
remarks open the possibility of representation of the whole process present in the linear

procedure of Ngthm as an instance of a more general rewriting process.

3.3 Conclusion

The mechanism of integration of decision procedures in Ngthm involves multiple mod-
ules, one of which controls the introduction of additional hypotheses. The strategy em-
bedded in the system privileges the elimination of syntactically heavier terms, through
the selection of adequate theorems. As the maximum syntactic weight diminishes when
an elimination is successful, the procedure succeeds or fails finitely. The selection of
additional hypotheses, apart from weight restrictions for the removed and the intro-
duced terms (which may have been adopted mainly to guarantee termination), does
not observe any other guideline, and has in principle to rely on exhaustive search in a

database of theorems.

The complexity of the task of interfacing Hodes™ algorithm to the simplifier suggests
that the overall efficiency of the system may increase more significantly when the
interface, rather than the algorithm, is improved. Given the possibility of simulation
of this mechanism by means of (implication) rewrite rules, control structures for rewrite
systems may contribute towards the strengthening of the selection strategies present
in Ngthm. Search problems involving rewrite rules start to be addressed in the next

chapter.



Chapter 4

Tactics and Proof Plans

Since the linear procedure created by Boyer and Moore is restricted to a subclass of
the underlying language, additional mechanisms are needed whenever the decidable
domain has to be enlarged. One of these mechanisms, based on a controlled version of
the hypothesis introduction principle, turned out to be the most complex component

of the extended linear procedure.

Alternative or complementary strategies for extending decidable subclasses include
the use of rewrite rules, which also incur search problems. Proof plans, developed for
the representation of proof structures, provide a suitable framework for the creation of
rewriting control structures. Tactics and methods, upon which proof plans are defined,
are discussed in section 4.1. The links between reduction classes and normalisation, and
the representation of basic syntactic patterns present in normalisation are examined

in section 4.2. Section 4.3 describes plans for normal forming.

4.1 Plans for Theorem Proving

Proof plans have been originally conceived by Bundy to guide inductive proofs. They

are composed of methods, which in turn provide a partial specification for tactics. All

three notions have as common purpose the description of the structure of proof classes!.

! See [Bundy 88].
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4.1.1 Tactics

LCF (Logic for Computable Functions) is an interactive theorem prover provided with
a set of commands for the representation of complex inference steps?. It operates at
two linguistic levels: axioms of formal theories are expressed at the object language,
whereas the corresponding metatheory, including the inference rules, is represented in

ML. Universal instantiation, for example, corresponds to the metatheoretical procedure

instantiate(d,v,t) = ¢’

where ¢, v and t, respectively associated with the metalinguistic sorts form, var and
term, assume as values names for formulae, variables and terms of the object language.
When ¢ is instantiated to a formula of the form (v)w[v], ¢ is 9¥[!/»]. The definition of
the rank of a metalinguistic function or predicate symbol has to take into account not
only the number of arguments, but also their sorts; the rank of instantiate, for instance,
is (form var term form). An additional subsort, thm, contained in form, allows specific

metavariables to range strictly over sets of theorems.

The use of metavariables and metaconstants eliminates any direct contact with the
object language. It also makes redundant the complete description of object level tasks.
For instance, once the required rewrite rules are introduced in the system, a LCF-proof
for (VX )(X = X UX) in Boolean algebra is obtained by exhaustive rewriting, without
any additional instruction®. The representation of proof skeletons and strategies in

LCF captures, to a certain extent, the structure of informal reasoning.

“When one mathematician A asks another B ‘what is your proof of X?" he
often means ‘how do you prove X77; that is, a formal proof, step by step,
will not satisfy him nearly so well as a recipe for proof. (...) The point
is that such recipes — or strategies — appear to be built from combina-

tions of smaller recipes (which we shall call tactics rather than strategies).”

([Gordon et al 77], p. 5)

2 See [Milner 79], p. 3. There are already at least two different implementations of this system, the
Edinburgh LCF and the Cambridge LCF. which later evolved into HOL, developed by Mike Gordon.
In this section, no attention has been paid to possible dissimilarities between them.

* See [Milner 79], p. 7.



Tactics can represent at least two operations,

(i) the application of inference rules and
(ii) the application of rewrite rules, a special case of deduction where the rules are

usually derived from equivalences.

An (inference) tactic is a (partial) function that associates a sequent of a language
L with a pair (A, Val), where A is a finite list of sequents of the same language and
Val is a walidation function of arity (thmlist thm), such that, if

Val([rl = Cbh' sy Fn = én]) = (Fn-l-] = ¢n+1)1 then

Fl o ‘2311---11—‘:1 = Qin
I‘n+1—*(‘lf’n+1

Tactics generate proofs backwards, i.e. when applied to a conjecture or goal, a list of
new sequents, A (called subgoals), is obtained. Valdetermines an object level derivation
of the goal from A such that, when the subgoals are proved, a formal proof for the goal

follows?.

Since formulae are represented as sequents, the inference system in LCF is provided
by the sequent calculus. Each left and right rule for connectives and quantifiers has an

associated primitive inference tactic®. For instance, given the right rule for conjunction,

I'— o ' —
' — oA

the tactic conj consists of the subgoal list [[' — ¢,I' — %] and the validation function

Val,,

Val,(T— ¢,T = %) = (C—¢AY)

When the goal is not a conjunction, the tactic fails. Apart from tactics for inference
rules, there is a special primitive tactic, idtac, that generates as single subgoal the goal

itself. Validation in this case is supplied by the identity function for sequents.

Rewriting tactics, on the other hand, are functions that take as input a goal and a list

of theorems, returning as output either an empty list of sequents, in the event the goal

* See [Paulson 87], p. 209-10.

® The rules for Gentzen sequent systems are described, for instance, in [Gallier 87], p. 187-92.
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is rewritten to T. or a list containing the exhaustively rewritten goal under the rewrite
set derived from the list of theorems, and a validation for the process. Validation is
provided by the sequence of instances of rewrite rules successively applied to the goal,
plus the list of subexpressions of the goal against which rules have been matched®.
Rewriting tactics in LCF differ amongst themselves only in terms of their sets of
theorems. Rewrite rules are classified into four groups, according to the features of the

associated theorem. (I' — ¢): if ¢ has the form

(a) (t; =t3). then ' — t; = {, and I' — t, = t; are term rewrite rules.

(b) (¥y = 1by), then T' — 9y = 9, and [ — 1y, = 9 are formula rewrite rules.

(c) p(ty,....1,). where p does not denote equality, then I' — p(t,....,1,) = T is a
formula rewrite rule.

(d) =p(ty,....1,), then T — p(t,y,...,1,) = L is a formula rewrite rule.

When limited to the domain of primitive inference rules, tactic deductions are essen-
tially identical to their object level images, since every primitive step is explicitly repro-
duced in the metalanguage’. The use of tacticals, functions of arity (tactic" tactic),n €
N, for the generation of composite tactics overcomes this limitation. The five main ex-

amples are then, thenl, try, orelse and repeat.

i. tae, then tac, corresponds to the composition of its component tactics. When
applied to a goal I' — ¢. tac,(I' — @) is first computed, followed by the applic-
ation of tac, to every subgoal generated by tac,. The subgoal list for tac, then
tac, is the concatenation of the lists of subgoals generated from the subgoals of
tac,(I' — ¢). and its validation is the composition of the validation functions for

tac; and tac,.

ii. tac thenl [tac,,...,tac,], is similar to then, except that a specific tactic tac; is
applied to each subgoal I'; — ¥; generated by tac. It fails if the number of such

subgoals is different from n.

iii. try tac extends tac to a total function in the domain of sequents of the underlying

language. For those goals where tac succeeds, try tac (I — ¢) = tac (I' — o).

® See [Paulson 87], p. 248-9.

" Primitive rewrite tactics, on the other hand, may apply several rules in a single step.
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When tac fails, it generates the input sequent as sole subgoal.

iv. tac, orelse tac, partially extends tac; w.r.t. tac,. It either fails, or successfully
applies one and only one of the tactics tac; or tac, to the goal, where tac; has
precedence over tac,. The output contains the subgoal list and the validation

function of the successfully applied tactic.

v. repeat tac exhaustively applies tac to the current goal and subsequent subgoals.
For each subgoal, the process is iterated unless it is already the empty list of
subgoals, or tac is not applicable. The subgoals for which it fails are part of the

output. It can be defined as

(repeat tac)(I' — ¢) = ((tac then repeat tac) orelse idtac) (I' — @)

Composite tactics, i.e. those defined by the application of tacticals to other tactics,
can be seen as families of derived inference rules. For instance, repeat conj represents

the infinite family

o9y Po¢p Ty I'odp To¢s ... I ... T,
F“‘isl/\éf’z r‘é]/\ﬁ)g/\@s [‘—)qﬁl/\/\¢n

where n € N. The introduction of tacticals allows the construction of complete tactics
to represent proof strategies that generate the empty list of sequents for a particular

goal.

4.1.2 Methods

The construction of complete proof strategies requires the organisation of several tactics
into a tree-structured object, where each derived subgoal is transformed until the empty
list of sequents is achieved. The scope of application of each strategy, however, is
usually limited to a subclass of sequents: a complete tactic for putting expressions
into disjunctive normal form in Boolean algebras, for instance, is unsuitable for other
normalisation tasks. To form a more general automated theorem prover, a collection

of strategies is required .
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There are two solutions for the representation of this collection: either the strategies
are explicitly given. or else a mechanism for their generation in the presence of a
particular goal has to be built. The construction of strategies involves the selection of
suitable tactics, and can therefore be simplified once information about the behaviour
of each tactic is taken into account. Properties of the output for a given input could
be obviously obtained from the direct application of a tactic to a conjecture, but the
amount of information generated in most cases exceeds what is essential for devising

a strategy.

An alternative source of information about a tactic is its specification, which describes
its behaviour in terms of properties of the domain and image sets, ignoring the ele-
mentary processes that take place between input and output. Specifications consist
of four elements. The header identifies the name of the function and describes syn-
tactic properties of its arguments and the output, such as their sorts and arity. Names
of parameters given in the header are shared with all the three remaining compon-
ents. Semantic properties of the domain are described under the form of preconditions,
which become superfluous whenever the domain is equal to the underlying universe
(i.e. the specification for a tactic that is applicable to any formula has an empty list of
preconditions). The output names the parameters of the header that are modified by
the function. Postconditions (or effects), on the other hand, describe semantic prop-
erties that apply to the parameters listed in the output, whenever the input satisfies
the preconditions. Assuming that ¢’ is the expression computed by a tactic for an
input formula @, the effects can be represented as a formula F[¢'] of a specification
language. In those cases where F' establishes a functional dependency between ¢ and
@', it provides an alternative procedure for computing the output of a tactic. If the

dependency is not functional, F' determines a class,

{v € Fml, | F[¥]}

to which ¢’ belongs®.

Methods provide a partial specification for tactics. Their representation resorts to the

predicate method/6.

* See [Liskov & Guttag 86), p. 7-8, 42-5 and [Liskov & Berzins 86], p. 3-4.
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method ( name (...Args...),
Input formula.
Preconditions,
Effects,
Output formulae,
tactie(...Args...)

The components of a method are essentially those present in a specification. A method
and its related tactic usually share the same name. The input formula represents
the goal, and the preconditions determine the patterns a goal has to satisfy to allow
the application of the tactic. The effects and the output formulae characterise the
structure of the results generated from the input. The final element of a method is
an implementation for the specified tactic, under the form tactic(...Args...). Methods
also inherit the same classification established for tactics, thus belonging either to the

inference or the rewriting group®.

As the specification is partial, the description of properties may be incomplete (or
possibly incorrect) either for the input or the output formulae. If a tactic is applicable
to a goal, the derived subgoals match the output pattern and satisfy the effects of the
corresponding method. The converse, however, is not necessarily true: when the tactic
is a partial function, it may fail for a goal, no matter if the corresponding method
succeeds. This disadvantage is a consequence of the choice of working with partial
specifications'’. To overcome it, it would be necessary to employ the tactic itself, or

its reproduction in the metatheory.

“One could argue that the preconditions of methods should be strengthened
so that they implied the success of the tactic. However, note that, in prac-
tice, this would amount to running the tactic ‘unofficially’ in the precon-
dition, to see if it succeeded, before running it ‘officially’.” ([Bundy 88], p.

16)

? Methods are defined in [Bundy et al 91). The distinction between inference and rewriting methods
is actually not present in Clam. a proof planning system described in [Van Harmelen & et al 93].

9 See [Bundy 88], p. 7.
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The limitations associated with partial representations, nonetheless, are balanced in

most cases by the fact that search is pruned.

4.1.3 Proof Plans

Planners are systems designed for the mechanical creation of proof strategies from the
composition of methods. A mechanically generated strategy corresponds to a proof
plan. Methods may be implemented in Clam, a proof planning system interfaceable
to interactive theorem provers, including Oyster, which is based on Martin Léf’s intu-

itionistic type theory!®.

Planners have to solve a search problem: given a goal (a conjecture to be proven, a
formula or term to be rewritten), the system has to build a tree of methods, corres-
ponding to a tree of tactics, that, when applicable, reduces the goal to the empty list of
subgoals. At each stage, there may be choices to be made, since more than one tactic
may be applicable to intermediate subgoals. Since the unguided construction of the
planning tree, until a suitable plan is found, is undesirably inefficient in the average
case, planning techniques are necessary. Four search approaches are available in Clam.
each of which features a distinct planner: depth-first, breadth-first, iterative deepening

and the heuristically guided best-first.

“ Each planner takes the theorem to be proved as the initial state and finds
a tree of methods which will transform it into a list of trues. At each cycle it
finds a method that is applicable to the current state by matching that state
to the input pattern of the method and checking the preconditions. The
list of output formulae is then calculated from the output and the effects
of the method. The cycle is repeated for each of these output formulae.”

([Bundy et al 91], p. 7)

In the LCF terminology, instead of a list of trues, a planner has as target the generation

of an empty list of subgoals.

! See [Van Harmelen & et al 93].
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4.2 Rewrite Systems

The role of proof plans in theorem proving is not limited to inferences, since they can
control rewriting processes in general, particularly those related to expression norm-
alisation. The identification of special methods for normal forming is based on the
analysis of the syntactic features of classes of transformations that make up normal-

isation.

Omnce adequate methods have been identified, two main types of plans can be imple-
mented: special-purpose plans, which are devised to represent specific normalisation
tasks, and general-purpose plans, which correspond to families of special-purpose plans

that share certain properties.

4.2.1 Expression Normalisation

From an algebraic point of view, the concept of normal form involves an equivalence
relation defined on a universe set and a subset of the universe that exhibits a pre-

established (in general syntactic) property'?.

Definition 4.2.1 (Normal Forms)

Let A and B be subsets of a universe set U, and let E be an equivalence relation

.

i. Givena € A, an element b € B is a normal form of a (with respect to E and B)
iff E(a,b).
ii. A normaliser for A (with respect to E and B) is a function N: A — B such that,

for alla € A, E(a,N(a)). N(A) is the set of normalised expressions of A w.r.t.

N. N is an effective normaliser iff N is effectively computable.

Hence, the normal form of an element of A with respect to E and B is not necessarily

unique. When there is more than one normal form for at least one element of A.

12 See [Bundy 91], p. 2.
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more than one normaliser can be exhibited. This definition seems to capture all the
distinct uses of the term in mathematical logic, at least for first-order theories. In
the case of prenex normal forming in a language £, for example, the universe, as well
as the subset A of formulae to be normalised, corresponds to Fml.. The equivalence
relation is logical equivalence (=), while the set B of normalised expressions is the
class of prenex normal form formulae. Also, the identification of reduction classes for

a decision problem, as described in definition 2.1.1, is a special case of normalisation.

Lemma 4.2.1 Let A and B be subsets of i, and let B’ be a reduction class for B w.r.t.
AinU. Let N: B — B’ be a reduction function for B w.r.t. A. Then N is a normaliser
for B w.r.t. B'.

PROOF. Let E(b.b) be defined as

be A iff b'eA

Then F is an equivalence relation in U, since it is reflexive, symmetric and transitive.
According to the definition of reduction classes, for every b € B, b € A iff N(b) € A,
i.e. E(b,N(b)). From this result and definition 4.2.1, it follows that N: B — B’ is a

normaliser for B with respect to £ and B’. 1

Definition 4.2.1 can be specialised to the context of reduction problems once the uni-

verse set is replaced with the set of formulae of a language.

Definition 4.2.2 (I'-normaliser)

Let I be a subset of Fmlz, and let "E,7 and "X, be recursive subclasses of Fml.

i. A I'-normaliser for &, w.r.t. &, is a function Nr: £, — I, such that
FEANr(9) f TEO

it. Nr(X,) is the I'-normalised subclass generated by fr from ;.



According to the definition of reduction classes, when ¥, C ¥, a I-normaliser for ¥,
w.r.t. ¥, is also a reduction function for ¥, with respect to the theory that has I' as

axiom set.

As discussed in section 2.2.1, certain normalisers may be implemented as noetherian
and confluent rewrite sets. Even when a rewrite set R does not possess such properties,
it is still possible to generate effective mechanisms through the introduction of control
structures. Given two sets of formulae, ¥, and ¥, R determines a relation 7 in ¥; x X4,

defined as

r(¢,¢) iff ¢ k¢S, &o3¢

whose computation requires the construction of every rewriting sequence for each ele-
ment of ¥;. Any subset of r extensionally represents a subrelatjon for r. Rewrile
systems (or controlled rewrite sets) provide an alternative representation for such sub-
relations. Control in this context amounts to a mechanism for the selection of rewrite
rules and subexpressions of a conjecture ¢, such that the set of rewritten versions of ¢

becomes ordered.

An example of a rewrite system is based on (deterministic) Markov algorithms: a com-
putable function is generated from a rewrite set once its rules are linearly ordered, and
rewriting proceeds e.g. from left to right of the input expression. The resulting func-
tion is effective whenever the rewriting sequence so generated is finite!®. Alternative
control structures are nonetheless required to explore the full potential of rewrite-based

computability.

Definition 4.2.3 (Rewrite systems)

Let R be a rewrite set and £ be a set of expressions such that ¢ € €.

i. A rewriting tree for € and R is a tree of expressions such that each path in the tree
that starts with € is a rewrite sequence for € and R. A rewriting tree is complete
iff each path of the tree is either infinite or ends in a normal form expression

(under R ).

1% See [Dershowitz & Jouannaud 90], p. 245, and [Sommerhalder & Van Westrhenen 88], p. 265-T7.
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. The triple (£, R. CF) is a rewrite system iff CF is a function defined in £ with the

set of all finite lists of R-rewriting sequences as range, such that, for all € € £.

CF(F): ((6161,]1---afl.ﬂlp"')1--'1(615?1,15---gEﬂ,rn,,&'-'>)

CF corresponds to the control function of the rewrite system.

CF determines an order for the generation of the search space (or rather of a fragment
of such space), which is implicit in the order of the rewriting sequences associated with
every element of £. A subrelation " C r, where r is the relation defined by a rewrite

set R and the classes ¥; and ¥,, can be characterised by reference to a rewrite system

(£, R, CF) as follows

(¢, ¢') iff peT, &' €Ty& (¢S &) € CHS)

When CF associates each element of ¥; with at most one rewriting sequence, and if
this sequence is finite, the rewrite system defines a normaliser N': dom(CF) — X,
where dom(CF) C I, is the domain of CF, and N(¢) = ¢' iff #'(¢,¢'). CF then is the
key element in the construction of a normaliser A" based on a set of rewrite rules R,

and the effectiveness of A" depends on the recursiveness of CF.

Besides an effective rewriter, the computational effectiveness of normalisation also
requires a recursive domain. Certain recursive sets of expressions can be represented
as syntactically defined classes, for which the membership relation is defined strictly in
syntactic terms, i.e. an object belongs to a syntactically defined class iff it satisfy certain

syntactic conditions. The definition below tries to capture this informal concept.
Definition 4.2.4 (Syntactically Defined Classes)

Let £ = (L,V.C,F,P) be an effectivised first-order language, and ¥ be a subclass

of E’xp?.

i. ¥ is syntactically defined iff one of the following conditions hold.

(a) "X7 is a recursive subset of TV,
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(b) "X7 is a recursive subset of "C™.

(¢) A C I (base set), and, for every ¢; € A; and € C I, Si(€,...,€6n,.€) € I,
1<k<n, where (1) Sp is a non-logical symbol of E, (2) BB
are syntactically defined classes, and (3) Si(€1,...,€n,,€) is a well-formed
expression of e

(d) ¥ has the form £,UE,, £,NE, or £, —X,, where ¥, and I, are syntactically
defined.

1. ¥ is syntactically definable iff there is a syntactically defined set &' such that
DBj— D

The sets of terms. formulae and expressions of a first-order language are only a few

examples of syntactically definable classes.
Example 4.2.1 Let L be a first-order language.

i. The set of universal formulae of L can be syntactically defined by the productions

¢ff | (var)unv
atm | ~qff | ¢ff A off | affV aff | aff > off | aff = aff

1

unv

aff

I

1. The set of formulae of L whose prenex form are universal can be syntactically

defined as

unv'’ atm | (var)unv' | —ezs' | unv' A unv' | unv' V unv’ | exs’ O unv' | ¢ff = qff
exs’ = atm | (Jvar)exs’ | ~unv' | exs’ Aexs' | exs' Vexs |unv' D exs | qff = ¢ff

where qff denotes a quantifier-free formula of L.

1i. The class of terms £ recursively defined as

(a) Any atomic term of L is an element of £ (base set)

(b) Ift € & and S € Sym,, then S(t,...,t) € &, provided that S5(t,...,t) is a

well-formed term of L

(c) Only the terms defined above are elements of £
is syntactically defined, according to item i(c) of definition 4.2.4. 0
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All syntactically defined classes are recursive. Some of them can be generated by

context-free grammars. as shown by in the above examples, whereas others cannot.

Lemma 4.2.2 There is a syntactically defined class of expressions of a language L

that cannot be generated by a context-free grammar.

PROOF.  Context-free generated classes are not closed under intersection or comple-
mentation. As aresult, there are sets of expressions I'; and ', generated by context-free
grammars such that I'y N[y is not context-free. However, assuming that every context-
free generated class is syntactically definable, then according to definition 4.2.4, T; NT>

is syntactically defined'?. ]

Example 4.2.1iii involves a class that apparently cannot be generated by a context-free
grammar, as argued in appendix E. To describe this and all other syntactically defined
classes, a special many-sorted syntactic metalanguage, containing predicates such as

occ_sym, pos_occ_sym and Ink_occ_sym,

occ_sym(S,e) iff S occur in expression €
pos_occ_sym(S,¢,p) iff S occur in expression € at position p
Ink_occ_sym( Sy, S.,¢) iff S, has an occurrence in the immediate
scope of 5 in expression €

has been devised. In this language, a description for a procedure that links an initial
class ¥; to a final class £, can be formulated in terms of syntactic features of both

classes!®.

Three aspects of the current study on decidable class extension are affected by the
above results. First, the reduction of classes is entirely addressable from the point
of view of normalisation processes. Also, effective procedures for the reduction of

recursive classes into proper subclasses can be expressed by means of rewrite systems

'* See [Lewis & Papadimitrion 81], p. 126

15 A description, therefore, is not the same as a specification for a program, since the former lacks the
syntactic components of the latter, such as the names of input and output variables, or the arity of
function and predicate symbols. The above distinction does not match that established, for instance,
in [Lukey 80], where a description presents what a program does, and a specification determines
what it should do. The restriction of descriptions to the semantic aspects of a specification has been
proposed by R. C. Sanchez (private conversation).
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once suitable control functions are identified. Finally, syntactically definable sets, some
of which are generated by context-free grammars, form suitable normalisation domains,

since they are recursive.

4.2.2 Normalisation Patterns

A class of effective normalisers can be built by means of normalisation tactics, paramet-
erised functions of arity (form formlist form ) that result from the inclusion of special
control functions in a rewrite set'®. Primitive normalisation tactics capture the struc-
ture of normal forming operations present in theories such as the predicate calculus,
Abelian groups and Presburger arithmetic. One group of primitive operations concerns
the elimination of occurrences of symbols, by their complete removal or by a reduction
in their number. Another group involves the reorganisation of occurrences of symbols,
and includes the stratification of occurrences of a symbol over others and the reordering

of occurrences of a single symbol.

Given a syntactically defined set of formulae and a subclass of normalised expressions,
it is in some cases possible to provide a syntactic description of the subclass w.r.t. the
initial set in terms of absent symbols, forbidden linked occurrences of symbols, forbidden
relative positions for occurrences of symbols and similar properties. Properties of both
initial and normalised classes provide a description for the tactic that links them!”.
Each of these operations is a normalisation process in its own right. They can be

schematically described by means of

(i) a pair of sets, one of which is a universe set of expressions, while the other is the
- subset of normalised expressions, whose syntactic form varies according to the
specific transformation performed, and

(i1) a set of rewrite rules that are adequate to perform the transformation.

The construction of the universe set requires a single production,

exp := bas|S\(exp)|...|S.(exp)

6 As discussed in appendix D.7, the arity of many-sorted function and predicate symbols consists of
an ordered list of sorts. Form and formlst are two metalinguistic sorts, respectively made up of
object level formulae and finite lists of such formulae.

17 Primitive operations present in normalisation are described in [Bundy 91}, p. 2-8.
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where exp is a finite sequence of the form ezp,...,ezp. The removal of occurrences of
a symbol S5; demands a normaliser that associates an expression of the universe with

an element of its subclass

!

exp = bas|Sy(exp))|...|Sio1(e2p)|Sisi(e2p)] ... |Su(eap)

by applications of rewrite rules such as

Se(V1yeeeyVm,) = 6{v1y.. .,V }

provided that 6{v;,..., v, } is an expression that does not contain 5.

Example 4.2.2 [f the initial set of expressions is generated by

prp := var|-prp|prp V prplprp A prplprp O prp|prp = prp,

the ezhaustive application of

¢1 D Py = PV Py

removes D and creates a new class,

pry’ := var|=prp/|prp’ V prp/|prp’ A pry'|prp’ = pry/,
which is a strict subclass of the universe. With respect to the normalised class, D is a

deviant symbol. 0

There may also be rules for the reduction of the number of occurrences of S, whose
repeated application does not lead to the complete elimination of S;. Reduce rules

have the form

GIISk(tl)a L Sk(tn)]] = G’IISk(t;)! ae iy Sk(t;_m)]]

where t; and t, are finite lists of terms free from occurrences of S, and m #0. The

rules
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(1 AP2) V(D1 Ad3) = & A(d2V B3)
(v1 X v2) + (vg X v3) = v X (Vo + v3)

respectively cause the reduction of occurrences of conjunction and multiplication, and
the description of the final classes, in each case, would have to acknowledge the residual

presence of either A or x.

For the stratification of symbols, if the occurrences of a function symbol S have to be

moved below occurrences of other symbols of the universe set, the final subclass

exp’ = bas'|...|Si(exp’)|....i#k1<i<n
bas' := bas|Si(bas’),

would be generated by a set of rewrite rules of the form
Sp(V1y 00 o5 Vo198 (Mg )5 Biys vy Omy) =% O{Dhgowes Umys Wy}
for each j,1<j<n,j#k and 7,1 <i< my, such that é{v;,...,v,,,u;} belongs to the

normalised subclass.

Example 4.2.3 If

prp := lit|prp V prp|prp A prp

is the initial set of expressions, the ezhaustive application of rules

V(D2 Ad3) = (61 VPa)A (D1 V P3)
(1 ANP2)V oz = (¢1Vp3)A(d2V 3)

reduces it to

cls|prp’ A prp’
litlels V cls

prp’
els

(

With respect to the normalised class, occurrences of conjunctions in the immediate

scope of disjunctions represent deviantly linked occurrences. 0

Concerning the reordering of symbols, there are classes of expressions where one or
more arguments of a symbol S, range over specific subclasses of expressions that do

not contain a symbol S;. An example of an ordered subclass is
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exp’ = bas|S(expi,...,exp), )|...|Sk(expl,... exp),, _,,bas)|...|Sn(ezp,.. . exp), )

whose generation may require rules of the form
Si(u, Sk(v,w)) = Si(Si(u,v),w)
Example 4.2.4 If the associativity of +,

v+ (vatvs) = (1+v)+vs

is adopted as a rewrite rule, it transforms the class

trm := var|(trm + trm)

into

trm' := var|(trm’ + var)

With respect to the final class, summands with composite right-hand side arguments,

such as © + (y + z), are deviantly ordered expressions. 0
The rules required to perform each of the basic operations may be classified according
to their form. There are at least three different types of rules for the removal of
symbols, including total rules, applicable to any context of occurrence of the related
symbol, and also partial rules, which cover particular contexts only.

Definition 4.2.5 (Remove rules)

Let T be a theory in L, S be a symbol of L, and ¥ be a subset of Exp,, such that

S does not occur in . Let = represent either = or =.

t. If 6 is an element of &, then
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(a) A (conditional) total remove rule for S in T w.r.t. £ has the form

L = S¥pe .ty &6

where I' — S(vy,...,v,) = 6 is T-valid.

(b) A (conditional) partial dominant remove rule for S in T w.r.t. ¥ has the

form

I — S(E],...,Eﬂ)=>(5

where I' — S(€;,....€,) = 6 is T-valid, and either there is a symbol S’ that
occurs in €;, for some j,1<;j<n (i.e. symbols other than variables occur
in the scope of S ), or if all the terms in the scope of S are variables, then
€ = €, for some i # j.

(c) A (conditional) partial non-dominant remove rule for S in T w.r.t. ¥ has

the form
I — ¢S)=4
where € is not dominated by S and I' — €[S] = § is T-valid.

1. A set of remove rules for S w.r.t. ¥ is complete for L iff it either contains a total

remove rule for S, or has partial (dominant or non-dominant) rules,

b1 = b1

rS1/1,1 = ‘Sn,2
such that, for every formula ¢ € Fml; in which S occurs, and for each occurrence
of S in ¢, there is a subexpression of ¢ containing this occurrence which is an

instance of 6; ,, for some 1,1 <i < n.
Partial non-dominant rules for S can be classified as first, ..., n-th degree rules, ac-

cording to the position of occurrence of S in the left-hand side expression of the rule.

Also, a single rule may act as partial remove rule for more than one symbol.
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Example 4.2.5

%

1.

Rule

o=v = (¢DY)A (YD 9)

is total for biconditionals, since = is the dominant symbol of the lhs (left hand
side) expression, and the only expressions that occur in its scope are distinct

variables (over formulae).

Concerning the elimination of existential quantifiers,

Fv)(v=1t) => T

ts a partial dominant rule, since there are symbols other than variables in the

scope of the quantifier. For the removal of negations, rule

~(-¢) = ¢

is also partial dominant, due to the occurrence of the very symbol to be removed

as dominated symbol as well. Finally, rules

v4+v = double(v)
PRY 2

share the same category with the above rules due to the multiple occurrences of a

single variable in the scope of the symbol being removed.

The rule

'EJ}*{"U*_):O = 131:0/\1.?2:0

provides the partial removal of +. Given that + occurs in the immediate scope
of the dominant symbol, =, it is a first degree rule. On the other hand, the

conditional rule

v3#0 — (1 4+v)Xva=v3 = (=0Av,=1)V(v;=1Av,=0)

is a second degree rule, since + occurs in the immediate scope of x, which in
turn s in the tmmediate scope of the dominant symbol, =. The second rule is

also a partial non-dominant remove rule of first degree for multiplication.
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. Given the class of variable-free formulae defined as

vfm = conjlvfmAvfm
conj := atml|conjV atm
atm := 0=0|0<0,

the rules
opVvV(0=0) = 0=0
oV(0<0) = ¢

form a complete set of partial remove rules for disjunction (with respect to the

initial class), as they cover all possible contezts of occurrence of this symbol.

Stratify and reorder rules can also be classified into complete, partial dominant and

partial non-dominant. For instance,

(F)(e[AlAv) = o[ A(Fv)y

is a partial dominant stratify rule for 3 over A. Complete sets of stratify and reorder
rules are defined in a similar way. Since remove is the only group to be examined in
later applications, the formal definitions for the other two groups are not relevant in
the present context. Termination measures for remove rules are discussed in chapter 9.
Primitive normalisation tactics are then definable in terms of the type of rule required

to perform the corresponding transformation.
Definition 4.2.6 (Primitive Normalisation Tactic)

A primitive normalisation tactic is a parameterised function associated with a rewrite
system (€, R, CF), where the control function CF is defined by the restriction of R to its
subset of remove, reduce, stratify, reorder or any other particular type of rules, which
are applied according to the order guidelines established in a (deterministic) Markov

algorithm.

Remove(R, S), for instance, is defined as

remove(R,S) (@)= ¢ iff R'is the subset of R formed by remove
rules for S, and ¢ L @'

106



The corresponding control function depends on the argument (the input formula) and
the parameters of the tactic, which, in the case of remove, are the rewrite set and
(the name of ) a deviant symbol. CF is responsible for the selection of the elements of
R that are remove rules for S, and for their ordered application thereafter. Similar
definitions apply to each of the other tactics. The rewriting sequence computed by a
normalisation tactic provides its validation component, already defined for inference
tactics, and reveals intensional features of the tactic, since it describes the process of
construction of the value of the function for a particular input. When the subset of
rules selected by a normalisation tactic is noetherian, the corresponding function is

effective.

The restrictions embedded in a normalisation tactic can be simulated in a LCF re-
writing tactic once the set of rules is delimited according to the syntactic task to be
performed: for instance, when only remowve rules are available, a rewriting tactic as-
sumes the behaviour of remove. In the proof planning approach, however, there is a
single rule base for all normalisation tactics, and each of them selects those suitable

for the task at stake, instead of applying every rule exhaustively.

4.2.3 Conditional Tacticals

Primitive operations are insufficient to represent complex normalisation tasks, which
may require the combination of several tactics by means of tacticals such as then, orelse,
try and repeat. Complete normalisation tactics are defined similarly to the inference
case: given two syntactically defined subclasses, ¥; and X,, of a language £ and a
theory T in L, a normalisation tactic is complete w.r.t. ¥, and I, iff it represents a
T-normaliser from a subset of ¥, into ¥,. Conjunctive normal forming is an example

of a normalisation task for which a complete tactic can be built.

Example 4.2.6 Let Fml be the quantifier-free class of formulae defined by the rule

fml = atm|=fml|fml = fml|fml D fml|fmlA fml|fmlVv fml

where atm denotes an altomic formula of the underlying language. Let Nrm be the set
of quantifier-free formulae in conjunctive normal form of the same language, defined

by

107



o=
¢DY
(o AD)
(o V)
)
¢V (Y Ap)
(pAY)Vp
¢ A (Y Ap)
¢V (Y Vp)

L R O O R

(@DY)A(¥D o)
-1,@5\{1]{1

=¢ V ¢
¢ A Y

o)

(V)N (oVp)
(6Vp)A(YVp)
(pAD)Ap
(eV)Vp

Table 4.1: Rewrite Rules for Conjunctive Normal Forming

nrm
cyt
lit

cjtlnrm A ejt
litlegt v lit
atm|-atm

A normaliser from Fml into Nrm is supplied by the rewrite set listed in table j.1.

Since it s noetherian and locally confluent, the exhaustive application of its rules to

quantifier-free formulae effectively reduces them to conjunctive normal form, and any

path in the rewriting tree leads to the same normal form. However, if a comparat-

we analysis of both initial and final classes is carried out in advance, their syntactic

features can be explored in the construction of more efficient normalisers.

= Given that the final class, Nrm, does not contain either = or O, remove rules for

these symbols should be applied in the first place. Considering that the remove rule

for biconditionals introduces conditionals, which in turn also have to be removed,

biconditionals are exhaustively eliminated before conditionals. Hence, the subclass

defined by

fml' = atm|=fml'|fml' D fml'|fml' A fml'| fml' v fml’

is obtained before the class

fml" = atm|-fml”|fml” A fml”|fml" v fml"

« In Nrm, negations occur only in the scope of conjunctions and disjunctions,

whereas occurrences of disjunctions are limited to the scope of conjunctions. As a
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result, occurrences of negation have to be moved beneath the remaining symbols,
Jollowed by the stratification of disjunctions over conjunctions. The process is

repeated until the desired strata,

fmfﬂf — Cjt'fmzﬂf l‘\ fml.fh‘
cjt = djt|ejtV ejt
djt = atm|-djt

are generated.

= The removal of negations poses a special problem, since its remove rule is partial
dominant'®. It can be applied to the conjecture at the initial stage, along with
other remove rules, at the stratification stage, and at any stage when another rule
is successfully applied, since any change of the context may make a partial rule

applicable. A negation-free class,

fmzﬂﬂ = cjt|fmlh‘!f A fm:””
cjt = djtlejtV cjt
djt = atm|-atm

1s then eventually obtained.

= The final stage consists of reordering conjuncts and disjuncts in their respective

strata.

The complete normalisation tactic that represents the above normaliser,

try remove(bicond)
then try remove(cond)
then try remove(neg)
then try stratify(neg, [conj,disj]) then try remove(neg)
then try stratify(disj,[conjl) then try remove(neg)
then try reorder(conj)
then try reorder(disj)

'® The stratification rules for negation over conjunction and disjunction,

S(pAY) = —e VY
“(6VY) = gAY

could both in principle be classified as partial non-dominant remowve rules for conjunctions and
disjunctions as well. However, since each of them introduces the other symbol in the rewritten
formula, there is a potential risk of mutual cancellation of intended effects, as in the rewriting
sequence

—(=(pAq)) = ~(=pV —g) = (m—p Aoy

where the first rule replaces A with Vv, and the second one reintroduces A at the expense of V. For
this reason, they are not included in the set of remove rules.
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requires the use of three primitive tactics. 0

Even though the set of tacticals inherited from LCF is suitable for the construction
of a large class of complete normalisers, there are cases where such constructs are
insufficient to provide effective search control, as in the case of normalisation processes
with multiple target classes, described in section 5.3.2. The implementation of richer

search strategies then requires a set of conditional tacticals. They include

if ¥ then tac, else tac,,

of rank ( form tactic tactic tactic ), which applies tac, in the case 1, a formula that

describes properties of the conjecture, is satisfiable, and tac,, otherwise,

if 1 then tac,

of rank ( form tactic tactic ), which applies tac whenever 9 is satisfiable, and

while ¥ do tac,

also of rank ( form tactic tactic ), which applies tac whilst ¢ remains satisfiable. The
last two tacticals are actually derived: ¢f ¥ then tac can be represented as ¢f ¥ then tac
else failtac, whereas while v do tac is equivalent to repeat (if 1 then tac). Conditional
tacticals allow the construction of context-sensitive structures for rule ordering and
selection that are more flexible than the plain application of ordered rewrite sets. In
their presence, the execution of a tactic involves, besides the application of rewrite

rules, the evaluation of conditions.

4.3 Normalisation Plans

Given an equivalence relation, any pair of classes of expressions (X,,X,) defines a
normalisation problem and provides the description for a normaliser, under the form
of a domain, a range and a property that each normalised expression must satisfy (i.e.

input and output expressions must be equivalent). If both £, and X, are syntactically

110



defined, a rewrite-based normaliser N: ¥, — ¥, may be built from the composition of
elementary normalisation tactics, as described in example 4.2.6. After their selection.
it is possible to determine the rewrite set R required to complete the implementation

of N. The task at stake can then be formally defined as

() EN)N C r & dom(N) C Z; & rng(N) = L)
where r is the relation defined by R.

There are, however, alternative ways of specifying A/. If a rewrite set R is given in
place of ¥, a normaliser derived from the description (R, X,) has the form N: £ ~ X,
where £ is the domain of R. The construction of A" then involves the selection of tactics
which gradually reduce some elements of £ into £, and employ. for this purpose, only
those rules available in R. The process therefore requires finding a constructive proof

for

(AN)N C 7 & dom(N) C € & rng(N) = E,)
where 7 is the relation defined by R.

Two final descriptions replace the input class with a particular formula. If ¢ € ¥, it
has then to be established whether there is a rewrite-based normaliser A' such that
N(¢) € U,. Alternatively, if a rewrite set R is also given, it may be relevant to
determine whether there is a normaliser A/ derived from R such that A(¢) € £,. Each

case is respectively representable as

(Ar)EN)N Cr & N(9) € )

and

(NN Cr& N(9) € )

where 7 is the relation defined by R. The description in each case is provided by (¢, X,)

and ((,D. R-‘ Ez) 3

As in the case of proof strategies. the construction of a normaliser for any of the

above descriptions from a set of elementary normalisation tactics faces potential search
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problems. The task of solving these problems is simplified once a (partial) specification

for primitive tactics is given.

4.3.1 Primitive Methods

Partial specifications for normalisation tactics can be provided with increasing degree
of accuracy depending on the amount of knowledge extracted from the corresponding
rule set. As a result, more than one method for a single tactic may be exhibited. A
primitive normalisation method is represented by the predicate norm_method/6, defined

as

norm_mthd ( name (...Args...),
Input class,
Preconditions,
Effects,
Output class,

tactic(...Args...)

The name, preconditions, effects and tactic have the same role as in the definition of a
method. The input class defines syntactic properties of the domain of the corresponding
tactic, whereas the output class refers to the range of the tactic. Let m(wv) be a primitive
normalisation method, where m(wv) is an abbreviation for ATAT” m(I',»,I”) and v is
the list of parameters of m. If {1, ...,%,} is the set of preconditions and {v],...,v¥.}
is the set of effects (or postconditions), then

m(v)(Z, X'

(Hu}(w] {E‘ v, 'U.} A A wﬂ{g- v, '[I.} A wi{zv E!! v, ‘U.} I N 'd):n{gu Ef! v, u’})
is a logical consequence of the underlying specification theory, i.e. the set of precondi-
tions and postconditions are both simultaneously satisfiable for a particular assignment

for v.I and I"'. w is a list of additional variables.

The main difference with respect to inference methods is the presence of classes of

expressions, rather than a single goal or a list of subgoals, in the input and output slots.
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This feature does not exclude applications to specific formulae, though, since classes
may be unitary. Such a representation is particularly relevant for the construction of

normalisers defined in terms of pairs of classes of formulae.

The simplest specification for a normalisation tactic does not take into account any
information about the set of rewrite rules, and assumes that a complete rewrite set is
available for every symbol or lists of symbols of the object language. A conjecture is
abstractly represented by means of a structured list containing its symbols (other than
variables) and their relative positions, which describes a class of formulae that share
the same structure. The use of abstraction functions leads, as in the above case, to
the removal of irrelevant information in the representation of expressions, and is an

important element of program specification'?. The method removel, defined as

norm_mthd (removel1(Sym),
CjtSymLst,
[member (Sym,CjtSymLst),
rem_rul(Sym,_)],
[delete(Sym,CjtSymLst,NewCjtSymLst)],
NewCjtSymLst,
remove(Sym)

).
where

rem_rul(Sym,Rul) iff Rulis a remove rule for Sym

provides minimal information about the tactic remove. CjtSymlLst represents the class
to which the conjecture belongs. Remowvel (Sym) assumes the application of the cor-
responding tactic succeeds whenéver Sym occurs in CjtSymLst and there is at least
one remove rule for this symbol: it does not check, however, whether any of such rules
is actually applicable to the conjecture. The abstract representation of the output
class is obtained from CjtSymLst through the deletion of occurrences of the removed
symbol. Since the rhs (right hand side) expressions of the corresponding rules are not
examined, it is not possible to determine whether new symbols are introduced in the
conjecture as a result of rewriting. The method stratifyl, on the other hand, is defined

as

19 See for instance [Liskov & Guttag 86], p. 56-7.
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norm_mthd(stratify1(Sym,SymLst),
CjtSymLst,
[Ink_occ_sym(Sym,SymLst,CjtSymLst),
str_rul(Sym,_,_)],
[exchange(Sym,SymLst,CjtSymLst,NewCjtSymLst)],
NewCjtSymLst,
stratify(Sym,SymLst)

where

Ink_occ_sym(Sym,SymLst,CjtSymLst) iff there is a symbol of SymlLst
which occurs in the immediate
scope of Sym in the list Cjt-
SymLst

strorul(Sym1,Sym2,Rul) iff  Rul is a stratify rule for Syml
w.r.t. Sym2
exchange(Sym,SymLst, CjtSymLst, NewCjtSymLst) iff NewCjtSymLst is generated
from CjtSymLst by interchan-
ging occurrences of symbols of
SymLst in the scope of Sym
with Sym

Stratifyl (Sym,SymLst) succeeds whenever there is an occurrence of one of the symbols
of SymLst in the immediate scope of Sym. and there is at least one stratification rule
for Sym: as in the case of removel. the applicability of the rule to the conjecture is not
checked. The resulting list of symbols, NewCjtLst, is generated by simple exchange of

Sym with the symbols of SymLst.
Example 4.3.1 The formula

ex(y+z)=y D (exz—2)xX2<y

can be abstractly represented as a list of symbols,

[ 2 [=0 L < D6 [= x0T ]

or a symbolic tree,
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= = M ——

where the order of branches is immaterial. If it is supplied to removel(D), all the

occurrences of O are deleted, thus generating

[[=, D+ < [x = [x100

If the resulting representation is supplied to the method stratifyl(x, [+, —]), the output

list,

[[=: [+ [x]l, <, [= 0%, [N,

does not contain occurrences of either sum or subtraction in the tmmediate scope of

multiplication. 0

The accuracy of the specification provided by each of these methods depends upon
the type of rules available to the tactic. Let ¥; and ¥{ be the domain and range of
a normalisation tactic in a language £, and let ¥, and X/ be the largest classes that
respectively satisfy the preconditions and postconditions of the corresponding method.
In the case of removel, ¥, is syntactically defined as the subclass of all formulae ¢ of

L such that

oce_sym(S, @)

(i.e. those that contain a symbol 5), whereas ¥ is contained in the complement of £,

w.r.t. Fml;, which satisfies
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—oce_sym(S, @)

(i.e. the class of formulae of £ in which § is absent). Remouvel(S) therefore defines a

relation in the domain p(¥;) x p(X4), since any subset of ¥, that contains S satisfies
the preconditions of removel, whereas the corresponding output class must be a subset
of ¥, since it does not contain S. For instance, given Lp,4 = {0, 1,s,+, X}, if + is the

chosen symbol, ¥, can be abstractly represented as

¥, = [+,=]U[+,=,"]U---U[+,=,,AlU---U[+,7,A,V,D,=,3,V, T, L,=,0,1,s,

which is the union of the (disjoint) subclasses of formulae that respectively contain,

as sole non-variable symbols, + and =, 4+, = and -, etc. The removal of 4+ from %,
generates
2 = [Elul=-]u---u[=,7,AlU--U[-,A,Y,D,=,3,V,T,L,=,0,1,s, X]

as output: in particular, ([+,=,-,A],[=,7,A]) € removel(+). Since the method
removel(S') assumes that there is always a total remove rule for S, when such a rule is
actually available to the corresponding tactic, the (largest) input class for removel(.5)
and the domain of the remove(.S) tactic coincide, as shown in figure 4.1. However, if
the set of remove rules for S is incomplete, ¥, is always larger than the domain of
the tactic, ¥;, since there are formulae in ¥, from which no occurrence of S can be
removed. For this reason, removel(.S) provides a partial specification for remove(5),
considering that remove(S) is just a partial function in ¥,. Moreover, the range of the
tactic may not be entirely contained in X, since there are formulae from which only

some occurrences of S can be removed, as it is shown in figure 4.2.

More accurate specifications for a normalisation tactic are obtained once information
about the rule set is taken into account. For instance, the preconditions of removel
can be extended to include a test for the applicability of a rule against each particular
conjecture ¢. The input class, on the other hand, may contain ¢ as sole element. For

the new method,
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tactic remove(§) € X,
method removel(S) C p(Z;) X p(E5)

When a total remove rule for S is available, the (largest) input class for removel(S),
Y, and the domain of the remove(S) tactic, £, coincide.

Figure 4.1: Totally removable symbols
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tactic remove(S) € E;E‘

method removel(S) C (1) X p(Z5)

In the absence of total remove rules (or complete sets of remove rules) for S, the
domain of the tactic remove(S), L1, is just a proper subset of the (largest) input
class for removel(S), o, given that the latter always presupposes the existence
of total rules.

Figure 4.2: Partially removable symbols
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norm_mthd(remove2(Sym),

[cjtl,

[sym(Cjt,CjtSymLst),
occ_sym(Sym,CjtSymLst),

rem_rul (Sym,Rul),
applicable(Rul,Cjt)],
[delete(Sym,CjtSymLst,NewCjtSymLst)],

NewCjtSymLst,

remove(Sym)

%

the largest class ¥, that satisfies the preconditions coincides with the domain of the
tactic remove, ¥,. ¥ and X, however, still do not coincide, since remove2 presupposes
that every occurrence of Sym is removed from every conjecture. A similar version can
be built for stratify2. In the limit, the specification provided by the method entirely

coincides with the tactic, for any set of rewrite rules, both for remove,

norm_mthd(remove(Sym),
[cjtl,
[occ_sym(Sym,Cjt),
rem_rul (Sym,Rul),
applicable(Rul,Cjt)],
[exh_rem(Sym,Cjt,NewCjt)],
[NewCjt],
remove(Sym)

Ys

where

applicable(Rul,Cjt) iff (Cjt has a subexpression against which
Rul can be matched
exh_rem(Sym,Cjt, NewCjt) iff NewCjtis generated from Cjt by the
exhaustive application of remove rules for Sym

and stratify.

norm_mthd(stratify(Sym,SymLst),

[cjtl,
[1nk_occ_sym(Sym,SymLst,Cjt),
str_rul (Sym,0thSym,Rul),
member (OthSym,SymLst),
applicable(Rul,Cjt)],
[exh_str(Sym,SymLst,Cjt,NewCjt)],
[NewCjt],

stratify(Sym,SymLst)

P
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where

exh_str(Sym,SymlLst, Cjt, NewCjt) iff NewCjtis generated from Cjt by the
exhaustive application of stratify rules
for Sym w.r.t. SymlLst

or for any other tactic. Given that both input and output classes are unitary, they are
normally indicated by their single element instead, hence remove is usually denoted as

AGAQ" remove( @, Sym, ¢').

Even when a method exactly describes the domain and image of a tactic, the construc-
tion of strategies with methods does not amount to the same process at the tactic level.
While normalisation tactics apply rules to an expression, methods assess properties of
the input expression in the preconditions before rewriting starts. In the case of remove,
the corresponding tactic is applicable only if the chosen symbol occurs in the current
conjecture; if it does not, the method fails, without any consultation of the rewrite set.
At the tactic level, however, each remove rule for the chosen symbol would have to
be tentatively matched against the conjecture before the inapplicability of the tactic
could be asserted. Preconditions therefore establish an essential distinction between

methods and tactics.

Methods of the last type are relevant to the development of normalisers for descriptions
of the forms (¢, X,) or (¢, R, X,), i.e. those given in terms of a formula (and a rule
set) and a (decidable) class to which this formula does not belong. The development

of normalisers for such descriptions is further examined in chapter 6.

4.3.2 Methodicals

The combination of primitive methods requires the use of methodicals such as then,
orelse, try, repeat, if_then, if_then_else and while_do, which share similar properties with
the homonymous tacticals. Conditional methodicals represent a convenient mechanism
for extending the set of preconditions of a primitive method m: every composite method
of the form (if v then m) could in principle be replaced by a new atomic method
generated from m by the inclusion of ¥ amongst its preconditions. The introduction

of methodicals adds the set of composite methods to the primitive core.
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Definition 4.3.1 (Normalisation Methods)
The set of normalisation methods is recursively defined as follows.

7. idmethod and failmethod are normalisation methods.

1. Primitive normalisation methods (e.g. remove(Sym), stratify(Sym, SymLst) and

reorder(.Sym)) are normalisation methods.

1i. If my and ms are normalisation methods, then (m; then m,), (m; orelse ms),

(try m,) and (repeat m,) are normalisation methods.

iv. If my and m, are normalisation methods and v is a formula of the underlying spe-
cification language, then (if 1 then m,), (if ¥ then m, else m,), (while ¥ do m,)

are normalisation methods.

v. Only the objects that satisfy one of the conditions above are normalisation meth-

ods.

A normalisation method is conditional if ¢t contains a conditional methodical, and

non-conditional otherwise.

Composite methods may be also identified by a name, which is linked to two types
of parameters. Essential parameters are strictly those inherited by a method from its
primitive components, which in turn coincide, by definition, with the parameters of
the corresponding tactic. Inessential parameters are those that occur in the condition

of conditional methodicals.

Definition 4.3.2 (Essential & Inessential Parameters)

Let m(v,v') be a normalisation method, where m(v,v') is an abbreviation for
ASAY m(E,v,v'.Y). The finite sequences of variables v and v' are respectively es-

sential and inessential parameters of m iff one of the following conditions holds.

i. v/ =[] and m(v) is a primitive method.
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i. m(v,v’) has any of the forms

my(wy, uy) then mo(uz, u})
my(wq, u}) orelse mo(ug, u))
repeat m(wq,u))
try my (ug, )

where

(a) wy and u, are the essential parameters of my and m,, and u, Uuy = v

(b) u' and u; are the inessential parameters of m, and m,, and uj U uj, = v’
wi. m(E,v,v',X") has the any of the forms

if Y(Z,w, w') then m(Z,uq,u],Y') else my(E, uz, uy, L)
!

if (X, w,w’) then m (X, uy,u},X')
while (X, w, w') do my (X, uy, uy, L)

where

(a) wy and w, are the essential parameters of m; and m, such that uyUu, = v
(b) wy and ), are the inessential parameters of m, and m,

(c) wCov, wNv=0andv =ujUu,Uw

Example 4.3.2 Let (A Exp A NewExp cond_remove) be a method where cond_remove

is defined as

if [occ_sym(Exp,Sym,Pos)
remove(Exp,Sym,NewExp)
idmethod]

Sym and Pos are respectively its essential and inessential parameters. The instance

cond_remove(<,[]) specifies a tactic whose domain is the set of atomic formulae dom-

inated by <. 0

Concerning the meaning of a composite normalisation method, let m(v), m;(v;) and

ms(vy) be methods and ¥(X,u) be a formula.

(a) If m(v) has the form (m;(v,) then m,(v2)), then
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m(v)(Z,E) = (3T")(my(v1)(E, E") A ma(vz)(E, L))

(b) If m(v) has the form (m,(v,) orelse ms(vsy)), then

m(v)(E,5) = my(v1)(Z,Z) V (ma(v2)(E,Z) A (VE")=my(v1)(Z, Z"))
(c) If m(v) has the form (repeat m’(v)), then

repeat(m/(v))(X,E) = (3T")(m/(v)(E,E") A repeat(m’(v))(Z",Z"))
V
idmethod(X,X") A =(3Z"")m/(v)(Z, Z")

(d) If m(wv) has the form (try m/(v)), then

m(v)(£,%) = m/(v)(E,T) V (idmethod)(Z,T’) A (VE")~m/(v)(Z, =)

(e) If m(v) has the form ALAL" (if (T, w) then my (T, v1,I") else my(I', vz, ")), then
m(v)(E,Y) = (V(Z,u) Amy(v1)(E, X)) V (-9(Z, u) A ma(vz)(E, Z))

A method that specifies a complete normalisation tactic is a proof plan for normalisa-
tion. A plan is special-purpose if it specifies a particular normaliser for a subclass of
formulae, as e.g. in prenex normal forming. A general-purpose proof plan, on the other
hand, represents a family of special-purpose plans that share a common structure’.
Given a decidable class ¥,, an extended syntactically defined class ¥, in a language
L and a rewrite set R of rules valid in a theory 7', a T-normaliser from ¥; into X,
could be implemented from descriptions such as (£, X5), (R, X,), (¢, E2) or (¢, R, E.),

where ¢ belongs to the domain of R. In each case, a tactic is mechanically created in

at least two ways.

i. The description is supplied to a planner, which combines primitive methods by
means of methodicals until a suitable special-purpose plan is completed. The ori-
ginal problem is implicitly decomposed into a series of intermediate syntactically
defined classes, such that each pair of consecutive classes is linked by a primitive

normalisation tactic.

20 See [Bundy 91], p. 8.
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ii. Parameters of a general-purpose plan are instantiated until a tactic that satisfies

the chosen description is obtained.

Hence processes for the construction of a special-purpose proof plan vary along two
dimensions, the type of the description and the nature of the construction. In the first
case, if a description for the extended class is given, then the necessary rewrite rules
have to be sought, otherwise when the rewrite set is supplied with the description,
the extended class has to be built instead. For the second case, if the description is
supplied to a planner, planning techniques must be made available to it, whereas if it
is generated from a general-purpose plan, a suitable set of such plans must be given.
The dynamic generation of special-purpose plans for a description (¥, X,) is discussed

in the next section.
4.3.3 Automated Planning

Planners perform search in a set of methods. Since there are several methods for
each normalisation tactic, the required level of accuracy of the specification has to be
determined before search starts. When the description for a normaliser has the form of
a pair of syntactically defined classes and no rule set is given, methods such as removel,

stratifyl and reorderl are a natural choice.

Example 4.3.3 Let L be a language, and X, C Fml; be the class such that Sy, ..., S,
occur in every one of its elements. Let ¥, be the class of the same language whose
elements have at least an occurrence of one of the above symbols. Finally, let £ be the

class of formulae in which the above symbols are absent. They can be represented as

S, = {¢ € Fml; | occ_sym(, S,) & occ_sym(¢, S») & ... & occ_sym(¢, 5,)} (*)

Yo = {o € Fml: | occ_sym(@,S1) V occesym(b, S,) V ... V occ_sym(d, S,)}

and
Y3 = {¢ € Fml | ~occ_sym(¢, S1) & —~oce_sym(¢, S2) & ... & —~occ_sym(o, S,)}
Let (X,,33) and (., X3) be descriptions for two normalisers.
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i. Once (£,,%E;) 1s supplied to a planner, it looks for a method that is applicable
to X;. Since there is no reference to the relative positions of symbols in this
class, reorganisation methods are ezcluded, leaving only removel and reducel for

consideration.

(a) If it is assumed that a complete set of remove rules for all the menltz'oned
symbols can be found, then there are n methods, or instances of methods,
that can be applied to the mentioned class: removel(S5,), ..., removel(S,).
The preconditions for these methods require the occurrence of S; in the initial
class, which are satisfied by the definition of ¥,. Without loss of generality,
let removel(S;) be the first chosen method. The pre- and postcondition of
the method act as a rewrite rule which is applied to the definition of the

input class, thus introducing —~occ_sym(¢, S,) in expression (*),
- occsym(®, 1) & occsym(¢, S,) & ... & occsym(o, Sy)

thus defining a new class, ¥}. The process is iterated until X3 is eventually
obtained (on the assumption that the removal of S; does not introduce Sj,

1<i<n,j<i). The resulting method is
removel(.S;) then removel(S;) then ... then removel(S,)

(b) In the event not all of the symbols S,,...,S, are expected to have complete
sets of remove rules, the order for the removal of symbols is relevant. A

more complez plan,

removel(S;) then removel(S,) then ... then removel(S,)
orelse
removel(S;) then removel(S;) then ... then removel(S,)
orelse
orelse
removel(S,) then removel(S,_;) then ... then removel(S;)

is then required.

it. For the pair (£,,33), a suitable plan,
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try removel(S;) then try removel(S,) then ... then try removel(S,)

could be similarly bualt. 0

A normalisation planner, therefore, links a description for a normaliser with an imple-
mentation in the form of a tactic. For the above example, once the tactic is defined,

remove rules for 5;,...,5, have to be sought.

For the particular normalisation problem of decidable subclass extension, given a T'-
decidable class ¥ in L, the description of a normaliser for a generic extended class
is based on the full set of formulae of £L. When T is undecidable, no extended class
coincides with the full set of formulae, hence the description (Fml,, ¥) is partial, and

the described normaliser AV is a partial function,

N: Fmly ~ %
This problem can be represented as the search for a constructive proof for the conjecture

(3r)(3r')(Vo1)(Yo2)(r' Cr & U & ((é1 € Fmlc & ¢2 € T & 1'(61,62)) D (T | 61 = ¢2))) (1)

where

(a) r is the binary relation defined by a rewrite set R,
(b) 7' defines a partial function N.: Fml; ~ ¥, and

(c) U, defined as

(Yab1 ) (V22) (Vap3)[(r' (%1, ¥2) & 7' (1, %3)) D (%1 € Fmle & 1, € T & hy = 9h3)]

asserts the (syntactic) unicity of NV,,(¢), for any formula ¢ in the domain of A..

More precisely, the construction of a partial normaliser for (Fmi;, ¥) requires a rewrite
set R from which A is extracted by the introduction of a suitable control function.
The range of N, is X, and for any formula ¢ € dom(N,+), ¢ and N..(¢) are equivalent
in T'. Given that both Fml; and ¥ are syntactically defined, the atoms ¢, € Fml; and
¢, € X can be replaced by formulae Fy(¢,) and Fy(¢,) of the specification language.
Since a planner is limited to the construction of special-purpose plans, (1) may be

simplified to
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(Fp)(3v1) ... (3vn)(p(v1y .- oy ) (21, Z3))

where p is a normalisation plan.

The application of planners to a description is not examined in the present study.
Attention is otherwise concentrated on the generation of normalisers from general-

purpose plans, which involves proving that

(3'1.’1 ) s -(31‘::)(?3(1'11 .. -1”:’111)(31: SE))

where AL} AT, p(I'y, vy, ..., v,,2) is a plan and (X,, X,) is a description. The instanti-

ation of parameters is handled e.g. by a resolution-based first-order theorem prover?!.

4.4 Conclusions

The extension of decidable classes is a special case of formula normalisation. Syntactic-
ally defined sets in general, and context-free grammars in particular, are amongst the
recursive classes for which a specification language has been identified. Normalisers
may be represented by means of rewrite rules, whose exhaustive application nonetheless

usually leads to inefficiency.

Effective procedures for the reduction of a class into a decidable domain are derived
from rewrite sets after the incorporation of control functions for the selection of rules.
Proof plans for normalisation in particular limit the application of rules through the
syntactic analysis of classes of formulae. Given a description for a normaliser, its
generation under the proof planning approach may take place either by the application
of a planner to a set of methods, or by a simpler process of parameter instantiation in
a general-purpose plan. Before such plans are precisely defined. the analysis of a few
special-purpose plans in the next chapter clarifies the nature of the transformations

that take place inside decision procedures.

2! Special and general-purpose plans are formally defined in the next chapter.

127



Chapter 5

Special & General Purpose Proof
Plans

General-purpose plans represent parameterised families of normalisers. Once para-
meters are instantiated. a range of complete normalisation tactics is derived, covering
operators such as decision procedures and reduction functions. Special and general-
purpose plans are formally defined in section 5.1. The structure of two decision proced-
ures based on quantifier-elimination is examined in section 5.2, followed by a tentative

representation for rewrite-based decision procedures in section 5.3.

5.1 Recursive Plans

A proof plan for normalisation is a method that specifies a complete tactic for a nor-
malisation task. The generality of a plan derives from the occurrence of free variables
among its parameters. Some of the parameters identify symbols. or lists of symbols,

present in primitive tactics. For instance, the plan
repeat(try remove(Syml) then try stratify(Sym2,SymLst))
is general-purpose due to the presence of variables in its parameters. Its instance,
repeat(try remove(neg) then try stratify(neg,[conj,disj]))

is a special-purpose plan for the reduction of formulae containing negations, conjunc-

tions and disjunctions as sole logical symbols to the subclass where negations occur
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only in the scope of literals. The family of special-purpose plans associated with a

general-purpose plan is made up of its variable-free (or ground) instances’.

Definition 5.1.1 (Proof plan for normalisation)

i. The set of proof plans for normalisation (ppn) is recursively defined as follows.

(a) Every normalisation method is a ppn.
(b) If py and p, are ppn, then

if v, = []
then py(vi,...;00-1)
else if v, = [¢[v]]
then pzﬂﬁ/aﬁ(vl,. A e 2

p(’u]! T 8 !?‘,!’l—]!vﬂ]

where a is a primitive method and B = p(vy,...,v,_1,v.), is a ppn re-
cursively defined from p, and p;. For 1<i<(n-1), if v; is an essential
parameter of p; and p,, then v; is an essential parameter of p, and if v; is
inessential in both p; and p,, it is inessential in p. v, is essential in p iff it

s essential in p,.

(¢) Only the objects defined above are ppn.

1. A ppn p is conditional if a conditional methodical occurs in p, and non-conditional

otherwise. The set of conditions C of a plan p is recursively defined as follows.

(a) If p is non-conditional, then C = ).

(b) If p is conditional and has the form p, orelse p,, repeat p, or try p;, and C,
and Cy are respectively the sets of conditions of p; and ps, then C' = C,UC,.

(¢) Ifp has the form if 1 then p, else p,, and C, and C, are the sets of conditions
of py and p,, then C = {y}UC, U Cs.

(d) If p s conditional and is recursively defined from p, and p,, then
C =CyU Cs.

! None of the proof plans for normalisation informally described in this section has been actually
implemented.
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1i. An instance of a ppn,

0 (A1 A p(D1, R, vy, ...y Vs sz))

where ¢ = {1/, .. .._i“fvr.} and vy,...,v, are the (essential and inessential)
parameters of p, is a special-purpose ppn iff t; is either variable-free or has ¢,

and/or R as sole variables, for all i,1 <i<n.

w. A ppn is general-purpose iff it is not special-purpose.

Example 5.1.1 The plan multiple_remove/1, which removes the occurrences of the

symbols listed in its argument, SymLst, is recursively defined as

if [SymLst = [ ]

idmethod
if [SymLst = [Sym|Lst]
remove (Sym)

then multiple_remove(Lst)]]
With respect to definition 5.1.1, the component plans p, and p, respectively correspond

to idmethod and remove(Sym) then idmethod: in this case, the replacement required

to generate multiple_.remove/! is multiple remove(Lst) for idmethod. 0
Definition 5.1.1 is correct with respect to the informal notion of special-purpose plan,
since every ground instance of a general-purpose plan is linked to a single normaliser.
Lemma 5.1.1 Every special-purpose plan specifies a unique normaliser.

PROOF. (By induction on the length of p)

Let o(ApA¢s  p(éd, R,v1,....v,,05)) be a special-purpose plan, where

o = {"/v,....,"/v,} and each t; is either variable-free, or contains ¢; and/or R as

sole variables.



Base case. If op is either remove(t,). stratify(t,,[ts,....1,]). reorder(t,) or any other
primitive method, then op defines a unique normaliser. For instance,
AP1A@, remove(py, R, ty, ¢2)

represents a rewrite system composed of remove rules for the symbol associated with ;.
Since t; is either variable-free or contains ¢ and/or R as sole variables, ¢; is uniquely
defined for each input formula ¢ and rewrite set R. The homonymous tactic consists of
the application of a finite set of rewrite rules that yields a unique rewritten expression,

due to the control imposed on their application.

Step case. Let op; and ap, be special-purpose plans that respectively represent norm-

alisers NV, and N.

i. If p has the form p, then p,, considering that

(p1 then po)(01.02) = (303)(p1(d1, D3) A Pa( D3, ¢2))

its instance (op, then op,)(é,, @2) is equivalent to

(363)(N1(01) = é3 A Na(d3) = @)

which can be simplified to (V0N )(¢1) = @5. Therefore op, then op, represents
Ng o J\ir] .

ii. If p has the form p; orelse p,, considering that

(py orelse po)(@d1,02) = pi(@r, @2) V (P2l Py, 2) A (Vo3)p1(01, @3))

then (p; orelse p;)(¢1, ®,) is equivalent to

Ni(1) = 62V (No(01) = & A (Vd3)(Ni(01) # 03))

which amounts to (NV; UNS)(¢,) = ¢», where A denotes the restriction of N,
to the subdomain where A; is not defined. Hence op, orelse op, denotes the

normaliser A} UN;.
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iii.

iv.

If p has the form repeat p;, considering that

repeat pi(91,02) = (383)(p1( 91, &3) A repeat pi (03, d2))
v
zdmethod((bl ) ng) A —'(3(}54 )pl (¢1 y é‘l)

then repeat p,(¢,.®,) is equivalent to

(61 = 2 A (YY) p1(D1,%)) V (P1(B1, d2) A (V) pi(D2, 1)) V
V (303)(p1(D1.93) A pi(D3, ) A (V) pi( P2, ) V ...

The instance repeat op,(d,,@,) can be transformed into

(V) (Ni(d2) # ¥) A (¢’1 = 62 VN1(61) = 62V (383)(N1(01) = ¢3 A N1 (d3) = ¢2) V .. )

and simplified to

(VO)(Ni(2) # V) A\ Ni(d1) = &,

ieN
where NO(¢) = . If N is defined as the restriction of A/ to a subdomain §
such that, for every element e of this subdomain, ﬁ(e) ¢ S, then the normaliser

associated with repeat op, is Ug‘eﬁj\?{.

If p has the form if 1/ then p, else p,, for any instance of p where variables are
replaced by either constants or terms containing ¢, and/or R as sole variables,
1 can be evaluated to either T or L for each input conjecture ¢, in which case p

is reduced to either p, or p,. Therefore the normaliser associated with p can be

defined from A; and ANS.

Let p be recursively defined from p; and p,,

if vy, = []
then py(v1y...,Vn_1)
else if v, = [¢|v}]
then P:e[[ﬁf“]](’”h ceey Un_i, t’n)

p(vh i -*vn—lavn] =

where o is an atomic method and 3 = p(vi....,v,_1,0.). Since op has only
the input formula and R as free variables, once they are both instantiated, the
corresponding definition of op admits op, and op, as basic components. Hence

op can be defined from N and N. 1

132



Variable-free instances of general-purpose plans correspond to intensionally distinct
normalisers, i.e. any two distinct instances of a general-purpose plan are linked to
distinct sequences of atomic operations. There are cases, however, where all such

instances are extensionally identical, as for instance in the case of

remove( Sym, ) then ... then remove(Sym,,)

If S¢,...,5, are symbols for which there is a complete set of remove rules w.r.t. a
; _ p

class ¥ in which S;,..., 5, are absent, any instance of the plan above that involves a

permutation of these symbols amounts to the same normaliser, when defined strictly

in extensional terms (i.e. domain and image).

Given a particular rewrite set R and a formula ¢, the computation of the rewritten
formula ¢' by the complete tactic related to a special-purpose plan requires the follow-
ing steps: the evaluation of parameters, in case they are given in terms of ¢ and R,
the evaluation of conditions, which then leads to non-conditional ground tactics, and

the computation of primitive tactics.

Example 5.1.2 The plan built in example 4.2.6,

try remove(bicond)
then try remove(cond)
then try remove(neg)
then try stratify(neg, [conj,disj]) then try remove(neg)
then try stratify(disj,[conj]) then try remove(neg)
then try reorder(conj)
then try reorder(disj)

is an instance of the general-purpose plan

if [cpl_rem_sym(SymLst1)
multiple_remove(SymLst1)]
then if [prt_rem_sym(SymLst2)
multiple_remove(SymLst2)]
then if [(prt_rem_sym(SymLst3),
non_rem_sym(SymLst4),
append (SymLst3,SymLst4,SymLst5))
multiple_stratify(SymLst5)
then multiple_reorder(SymLst4)]

where multiple_remove(SyvmLst) is defined in example 5.1.1, multiple_stratify(SymLst)

is defined as
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if [SymLst == []

idmethod

if [(member(Sym,SymLst),
delete(Sym,SymLst,SubSymLst),
str_rul(Sym,SubSymLst))
try stratify(Sym,SubSymLst)
then if [prt_rem_sym(OthSymLst)

multiple_remove(OthSymLst)]
then multiple_stratify(SubSymLst)]]

and multiple_reorder(SymLst) as

if [SymLst == []
idmethod
if [SymLst = [Sym|Lst]
try reorder (Sym)
then multiple_reorder(Lst)]]

The essential parameters of the top general plan are SymLstl, ..., SymLst5, plus
the rewrite set, R, which is not ezplicitly indicated. The predicates that make up the

conditions of plans and subplans are

cplorem_sym(SymLst)  iff SymLst are completely removable
(i.e. there are complete sets of remove
rules for every symbol in SymLst )
prt_rem_sym(SymLst) iff SymLst are partially removable
non_rem_sym(SymLst) #ff SymLst are not removable
strrul(Sym.,SymLst) iff there is a stratify rule for Sym w.r.t.
every symbol in the list SymLst

The special-purpose plan of example 4.2.6 is obtained by parameter instantiation and
condition evaluation. The rule set of table 4.1 1s first supplied as argument to the plan,

then the substitution

o = {[E 3]/SymLsﬂ 5 [_']f.b‘ymLstE, [ﬂ]fSymLS.tS, [~ V];'Sym[,sf‘l, = A V];’Sym[;stﬁ}

is applied to it, where [=, D] is the list of completely removable symbols, [-], of partially
removable symbols, and [N, V], of non-removable symbols®. The first call of the recursive

subplan multiple_remove is then equivalent to

2 The plan lacks control elements requiring the removal of biconditionals before conditionals, since
the removal of the former reintroduce the latter. More elaborate conditions that take this case into
account are examined in chapter 9.
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try remove(bicond)
then try remove(cond)

whereas the second call of the same plan can be reduced to

try remove(neg)

The stratification stage is evaluated to

try stratify(neg, [conj,disj]l)
then try remove(neg)
then stratify(disj, [conjl)
then try remove(neg)

and the reordering stage to

try order(conj)
then try order(disj)

After the composition of these fragments, the expected special-purpose plan is obtained.

0

The original plan captures at least part of the reasoning that underlay the construction

of the resulting special-purpose plan.

i. Every symbol that is absent from the final normalised class and for which there
is a complete set of remove rules is completely eliminated from the conjecture in

the first place.

ii. Rules for partially removable symbols are applied after every successful applica-
tion of a remove or stratify rule, since any change of context may turn a previously

inapplicable rule into an applicable one.

iii. Stratification is performed pending on the availability of rules for a given symbol
w.r.t. all the remaining symbols that occur in an expression. The auxiliary plan,
multiple_stratify, recursively stratify one symbol over all the others that have not

been already moved to lower strata.
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iv. Reorder rules are left to the end of the process.

The example illustrates the relevance of general-purpose plans for the definition of
individual normalisers. Their expressiveness may be further enriched through the re-

cognition of additional patterns present in special-purpose plans.

5.2 Special Purpose Plans

A special-purpose plan defines a normaliser for e.g. a pair of syntactically defined
classes. Decision procedures fit into this category, since they have the set of sentences
of the underlying language as domain and a pair of propositional constants as image.
Procedures based on quantifier elimination in particular are a valuable source of general

patterns, some of which absent from the current set of primitive tactics.

5.2.1 Abelian Groups

Hodes’ algorithm, a decision procedure for DAG, operates by eliminating quantifiers

from the following class of formulae

prfm = fm|(3var)prfm|(Yvar)prfm

fm = atom|-~fm|fmV fm|fm A fm|fm D fm|fm= fm
atom = tm = tm|tm < tm|tm > tm|tm < tm|tm > tm

tm := war|rat| — tm|tm + tm|tm — tm|rat x var

var = zl|ylz|zi|y]z]. ..

rat := O0|nat*|rat/nat*| — rat
wat* = 12J3|...

where prfm stands for prefired formula®. It explores theorem i, according to which a
theory T admits quantifier elimination in £ if and only if it admits quantifier elimina-

tion for the set of L-formulae of the form

(Fv)n A Agm) (%)

where each ~; is a literal.

* The algorithm actually deals with the full class of formulae of Lpag. The above subclass has
been chosen to simplify its representation through proof planning. For the original procedure, see
[Hodes 71].
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This and similar procedures are decomposable into three main segments, one for the
reduction of subformulae into expressions of the form (#), another for the elimination
of the existential quantifier from (#), and a final one to recognise valid and invalid
(in T') quantifier-free sentences. The first two stages have to be successively applied
for the complete removal of quantifiers, followed then by the decision procedure for
quantifier-free sentences. Assuming that plan,, plan, and plan, are the special-purpose

plans that respectively model each of these stages, the final plan corresponds to

repeat (planil then repeat plan2)
then plan3

Plan, includes the following sequence of transformations.

(i) the complete removal of universal quantifiers, biconditionals and conditionals, in
this order,

(ii) the stratification of negations with respect to the remaining connectives (conjunc-
tions and disjunctions),

(iil) repeated applications of the remove rule for negations,

(iv) the stratification of conjunctions beneath disjunctions, and

(v) the stratification of existential quantifiers under disjunctions.

It is represented as

try remove(univer) then try remove(neg)
then try remove(bicond)
then try remove(cond) then try remove(neg)
then try stratify(neg,[disj,conj]l) then try remove(neg)
then try stratify(conj, [disj])
then try stratify(exist, [disjl)

which is similar to the plan devised for putting quantifier-free formulae into conjunctive

normal form.

The distinctive components of a normaliser for a decidable theory that admits elimin-
ation of quantifiers are plan, and plan,. Both involve rules that deal with the proper
symbols of the subjacent language. Plan, has to put literals into canonical form to
simplify the elimination of the innermost existential quantifier. Simplification is ac-
complished through the removal of >, > < and negations, by means of the additional

remove rules
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V2V = vy <y

V>0 = Uy <Yy

v <v, = (v <) V(v = o)
(v =) =2 (v <)V (v <y
(v <) = (v =) V(v <vy)

Since the removal of < and negation has as side effect the reintroduction of disjunctions
inside a disjunct, the matrix has to be put back into disjunctive normal form. For
efficiency reasons. a new initial plan, plan’;. has been devised to include the removal

of these additional symbols from the original class.

try remove(univer) then try remove(neg)
then try remove(bicond)
then try remové(cond) then try remove(neg)
then try remove(geq)
then try remove(great)
then try remove(leq)
then try stratify(neg, [disj,conj]) then try remove(neg)
then try stratify(conj, [disj])
then try stratify(exist, [disj])

The removal of negations is performed in three steps: after the removal of universal
quantifiers, the removal of conditionals (both of which introduce new occurrences of
negations), and the stratification of negations over conjunctions and disjunctions. The
stratification step, however, does not render the set of remove rules for negation com-
plete for the resulting class: occurrences of negations in the scope of literals can be all
eliminated, since atoms are dominated by either equality or <, but there may still be
other occurrences in the prefix, introduced by the elimination of universal quantifiers.
In any case, after the third call of remove(neg). no occurrence of this symbol is left
in the matrix. The transformed class can be built in two stages. A somewhat larger

class, defined by the rules,

tfmg = tfmy|=tfm|(Fvar)tfme|-(3var)tfm,
tfmy tfms|tfm, Vifm,

ff?’??ag = ifm-;; |( Fvar )tfm_,
tfmy = atom'|tfms Atfms
atom’ = tm =tmltm < tm

where the set of terms is inherited unchanged from the original class, is initially taken

into account. It includes inadequate formulae, as for instance those where
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(i) negations dominate disjunctions,

“(z=yVz<2z+1)

(ii) negations dominate conjunctions,

S(z<2yAhz < —z+3)

(i) negations dominate atoms,

(¢ = z)

(iv) existential quantifiers dominate disjunctions,

(32)((3y)(z = y) v (32)(z < 2))

To exclude them, additional strata are necessary. The rule

tfm) = (Jvar)tfms|tfm|Vifm|

eliminates the undesirable cases involving negations, since all formulae it generates
have the existential quantifier as dominant symbol. Concerning the case of existential

quantifiers, the rules

tfmj tfmg|(Fvar)t fmy|=(Ivar)t fmy
tfmg = tfma|-tfm

generate a subclass that does not contain any formula that presents a disjunction in the

immediate scope of a quantifier. The desired transformed class can then be represented

as
ft = tfma|tfmd |t}
tfmy = tfmf|(3var)tfmg|-(Jvar)tfm;
tfmg = tfma|-tfm)
tfmy = tfms|tfm, Vitfm,
tfm{ = (Jvar)tfmy|tfm] Vifm|
tfmy = tfms|(3var)tfm,
tfms = atom'|tfms Atfms
atom’ = tm = tm|tm < tm
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The next stage consists of the elimination of the innermost quantifier from prefixed

disjuncts, i.e. formulae of the form

(Fv1) oo F0aYqs Ao Ngm) (%)

where 7, is an atom. All the syntactic operations examined so far were related to
constant symbols of the underlying language, including logical, predicate, function and
individual constant symbols. In the new stage, however, the operations involve mainly
individual variables. Even though the elimination and reorganisation of occurrences of
variables are similar to the operations involving constants, the current set of tactics and
methods is inadequate for such purposes, for two main reasons. First, unlike constant
symbols, individual variables do not admit specific rewrite rules to perform syntactic

operations, since free variables in a rule can be instantiated to any term. For instance,

i. No remove rule can be restricted to perform the removal of a particular individual
variable: whereas v; —v, = v+ (—wv,) is a remove rule for binary — only, vx0 = 0
removes occurrences of x and any term that substitutes for v, e.g. z,y,z,....

Hence, assuming that = (and only z) has to be removed from

rx0=y+(zx0)

this task cannot be accomplished by the tactic remove, since the exhaustive

application of » x 0 = 0 eliminates occurrences of both z and =.
ii. nv 4+ mv = (n+ m)v, where n,m € N, is a reduce rule not only for v, but also
for any term that substitutes for v. Given the formula
(224 5z)+ (3y+5y) = =

if the simplification to be performed is the reduction of occurrences of z, it

would not be achieved by the exhaustive application of the above rule, which

would generate (24 5)z 4+ (3+5)y = =.

The second inadequacy is the inability of the current tactics to restrict the application

of rewrite rules to chosen subexpressions of a conjecture, such as the matrix in the
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Class Symbols
Constants | Variables

Elimination remove collect
reduce

Reorganisation | stratify attract
reorder 1solate

Table 5.1: Methods for Normalisation

scope of an existential quantifier. Transformations involving variables, however, must

be frequently limited in this way.

To overcome the first limitation, rule variables in the second example above have to be
first properly instantiated. and the newly introduced term, z, has to be dealt with as a
new individual constant. to prevent further instantiations. As a result, the ezhaustive

application of nz + ma = (n + m)z to the conjecture results in

(2+5)z + (3y + 5y) = =

For variables, therefore, checking a rule for applicability does not guarantee that
only the required transformation will be performed. Preventing unnecessary or un—.
desirable applications of a rule is an important feature of controlled rewriting. The
above mechanism of controlled variable instantiation is absent from tactics such as
remove, reduce, stratify and reorder. Finally, for the second limitation, it suffices to add

an argument to the tactic, to highlight the target subexpression.

Methods for equation and inequality solving incorporated in the PRESS system satisfy
both additional requirements. Attract applies rules that reduce the distance between
occurrences of a variable inside the symbolic tree that represents the conjecture. Collect
tries to reduce the number of occurrences of a variable. Isolate reorders terms inside an
equation (or inequality). placing the assigned variable as sole symbol in one of its sides.
As indicated in table 5.1, both attract and isolate belong to the class of reorganisation
methods, together with stratify and reorder. Collect, remove and reduce are elimination

methods?.

* PRESS is described in [Bundy & Welham 81].
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The procedure for the removal of (3v,) from (%) has two components. Equations and
inequalities are first reduced to canonical form by means of the removal of subtrac-
tion, the stratification of unary minus over multiplication and sum, the partial removal
of occurrences of unary minus, the stratification of multiplication over sum, and the
reordering of occurrences of summands. The second component is restricted to opera-
tions over variables, starting with the attraction of occurrences of v, inside each atom,

through the application of rules® such as

ti[v] + (to[f] + ts[v]) = (t:[v] +13[v]) + 22
t[v] + (fo] + 5(#]) = (ta[v] +t[v]) + 15
(ti[v] + [ #]) + ta[v] = (t[v] +ts[v]) + 22
(t[A] + t2[v]) + talv] = (fa[v] +22[v]) + 4
For the collection of occurrences of v,, rules
Exv+v = (k+1)x0v
v+kxv = (k4+1)xw
kxv+(-v) = (k+(-1))x0w
(—v)+kxv = (k+(=1))x0v
v+v = 2xX0v
v+(-v) = 0xv
(=v)4+v = 0xwv
(=) +(-v) = (=2)xv
ki xv+ksxv = (kh+k)Xxv

are required. The isolation of v, inside an atom, once the number of occurrences of v,

has been reduced to one in every equation and inequality, needs rules such as

i+t =t = t]=(-t)+1
(mv)=t = v=(-1)
Oxtlv]=u = =u
o]+t <ty = to] <(~t;)+1
b+t <ty = t] < (—t)+1,
(—v)<t = (-t)<w
Oxtv)]<u = 0<u
as well as conditional rules
ki#ky, — kixv+ti=kaxv+ts = v=(k —ky)™ ' xta— (k1 —ka)™" X1,
ki=ky, — kixv+ti=ksxv+ts, = t1 =t
k20 — kxtlvl=uv = to]=(1/k)xu
k>0 — kxt]l<u = to]<(1/k)xu
k<0 — kxtl<u = (1/k)xu<tv]

® In its current implementation, the preconditions of atiractinclude a test which ensures that a variable
v occurs in the terms identified in the rules as t[v], and that it does not occur in the others. Attract
rules therefore represent conditional rules whose conditions remain implicit in the method.
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The next step involves the repeated application of a two-stage process, consisting of

the exhaustive attraction of atoms that contain v,,,

(1[0] A ) A da[v] = (D1[v] A Ba[v]) AW
(A o[v]) Aoa[v] = (@z[v] Ady[v]) AW
O[] A (DA Go[v]) = P A (S1[v] A go[v])
O1[v] A (a[v] A¥) = Y A(S2[v] A 61[v])

and the subsequent collection of their occurrences, by means of

v=t Av =1,
v=15 Av <ty
v=L Al <D
2 < s A=
s <vhv=1
vt Av <,y
h<vAlg<w

v=1% Aty =1,
v=1t ANty <1y
v=1 Nty < 1
v=HH ANl <1y
V=t Aty <ty
v < min(ty,ts)
maz(ty, ts) < v

L4 e el

At this stage, the partial stratification of existential quantifiers over conjunctions re-

quires the application of conditional rules,

(3v)(Sv] A v[#]) = »A(3v)glv]
(Fv) (V[ A d[v]) = YA (Tv)Pv)

Finally, existential quantifiers are removed by a set of six rules,

(Fv)(v=t[g]) = T
(Fv)(v < t[;ﬂ) == T
(Fv)(tfl<v) = T
()G <vAv<ti[f]) = (L <t)
(Fo)(v < [ AtL[F]l <v) = (l2<t)
Jv)yPly] = ¥

Plan, is indicated below.

try remove(subtr)
then try stratify(unaminus,[times,plus]) then try remove(unaminus)
then try stratify(times, [plus])
then reorder(sum)
then try attract(Var,Var:pnat#(_#_))
then try collect(Var,Var:pnat#(_#_))
then try isolate(Var,Var:pnat#(_#_))
then try repeat(attract(Var,Var:pnat#(_#_))
then collect(Var,Var:pnat#(_#_)))
then try stratify(exist, [conj])
then remove(exist)
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After repeated applications of plan, to remove all innermost quantifiers, the first plan
is recalled to generate new prefixed disjuncts, until the prefix of the formula is empty.
Since there are collect rules which introduce two new function symbols, max and min.
plan’; has to be modified to include steps for their complete removal as well. The final
version for the global plan is

repeat (plan’’1 then repeat plan2)
then plan3

The variable-free formulae of the final transformed quantifier-free class are generated

by
fm" = disj'|fm" Vv fm"
disj’ := atom/|disj' A disj'
atom” = tm' =tm'|tm' < tm’

tm' = cstltm’ + tm'|est X tm/
est = rat| —rat

rat’ := 0|nat*|rat/nat”

nat® = 1|2]3]...

The validity of these sentences in DAG is established by a decision procedure for
the set of closed atoms (atom’) and their boolean combinations, which could be also
represented as a special-purpose plan,. The complete plan has been implemented in
Clam, and a few formulae have been supplied to it. Time results are reported in the

next example.
Example 5.2.1

t. The formula

(Fz)(z < OA0 < z)

can be immediately simplified to the atom 0 < 0 by the application of the subplans

plan”, and plan,.

1. The same subplans can convert the formula

3z) I 3)(((((z< zhz<y)Ay<z)Az=y+z)Ay=0)A0< )
to max(0.0) < 0A0<O0AO0=0A0=0 in 92.1 seconds.
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1i. Given the lemma

(B)(D)(mnr)(ma)(I<mnAO< kAmn<mz)DIl<mze+k)

which has been derived from a problem described by Boyer and Moore®, the global

plan, which includes plany, required 742.1 seconds to reduce it to T. 0

The inefficiency of the above special-purpose plan can be illustrated by the fact that, for
the third conjecture of example 5.2.1, Hodes’ algorithm requires less than one second to
identify it as a DAG-theorem”. Efficiency, however, as argued in later chapters, is not
the primary concern of the proof planning approach to normalisation. Some additional

elements may be nevertheless added to the final plan to improve its performance.

i. A numerical evaluator can simplify or evaluate numerical expressions, removing

therefore all the occurrences of +, x and —; from variable-free terms.

ii. Plans could be called after the elimination of each quantifier, to remove closed
atomic formulae. In the absence of this step, closed atoms are propagated to
the whole conjecture when the stratification of conjunctions over disjunctions
takes place, thus increasing the size of rewritten expressions and the number of

occurrences of existential quantifiers. For instance, given the conjecture,

(Fz)3y)~(Fz)((2z < y+3Ay=2-2)Vz2<0)

the elimination of 3z leads to

(Fz)3Fy)((2z < y+3Ay=2-2)VT)

The removal of T would reduce this formula to L, otherwise it would be expanded

to

Bz)3y)(y+3<2zAL)V(3z)3y)y+3=2zA L)
v

(Azx)Fy)Ny<2—-zAL)V(3z)Ty)(2—-z<yAl)

® See [Boyer & Moore 88].

" This test has been conducted with the implementation of Hodes’ algorithm that is embedded in the
linear procedure of the Boyer and Moore prover.
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5.2.2 Closed Fields

The theory of algebraically closed fields (ACF), formulated in Lacp = {0,1,—;. 4, X},
also admits quantifier elimination. Besides the usual axioms for commutative fields,

an axiom of the form

(Fz)(z* + zpy2* '+ -+ 212 + 29 = 0)

has to be added for each k € N.k > 1. Although ACF is not negation complete,
completeness can be achieved with the inclusion of either an axiom of the form p = 0.
or all the axioms of the form p # 0, where p is a prime number®. Given a sentence
of Licp, after it is submitted to plan,, described in section 5.2.1, or any suitable

variation, the elimination of existential quantifiers from a formula of form

(Fvr) . (Fvp) (1 A AYm)  (*)

where v; is an atom, requires a rule for reordering occurrences of terms inside literals,

ty =1t = t; —1t, =0, Iffg;éo
The attraction and collection of negated atoms is achieved by the application of

(U1[~8] A 8) Aba[~8] = (1[-0] A a[-9]) A&
Uo[B] A (V1[~8] A 6) = 6 A (i[-0] A a[-4]), etc
319‘90/\t2¢0 = tlt-_}#ﬂ

where ¢, # t, is an abbreviation for —(¢; = t,). After this step, a matrix originally

with m conjuncts is reduced to either

t]=0/\t2={]/\"'/\tm=(]

or

ti=0Ata=0A Aty =0AL #0,

with 1 <r <m. The attraction. collection and reordering of occurrences of v, inside

each literal converts its left-hand side to the normalised polynomial

® The axioms for commutative fields can be found in [Kreisel & Krivine 67b}, p. 57.
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ts'v:,; R tl'vn ‘+‘tg1

such that v, does not occur in ¢;; stratify and reorder rules might be also necessary at

this stage. A recurrence rule,

(F)(te, v +1' = 0A L2+ =0AG) = [te, =0A (F0)(Ee, v+ = 0AL" =0 A 0)]
Vv
[tsa # 0 A (o) (et — L5, 805152 =0 A
At v +1" =0 A 9)]

for s; > s,, then reduces the rank of v, in each system of equations, where

(a) the degree of a variable v, in a polynomial p is the highest power of v, in p, and

(b) the rank for a variable v, in a system of equations (and inequalities) is the sum of
the degrees of v, in each individual equation and inequality.

The exhaustive application of this rule leaves at most one equation in v, in the scope

of (3v,). The matrix is then reducible to an expression of one of the forms

t{va] = 0 A U[#]
t[ua] # 0 A B[]
ti[vn] = 0 Ata[vn] # 0 A Y[ #,]
The partial stratification of existential quantifiers over conjunctions,

(F0)S] A S[H]) = (Iv)o[v]Av
Fo) B[] = A (F0)g[v]

is followed by the removal of sum by the application of two partial non-dominant rules.

(Fo)(t,v* +t=0) = 1, #£0V (¢t =0A(3v)(t=0))
(o)t +1#£0) = &, #0V (L, =0A(Fv)(t#0))

and the removal of existential quantifiers by the application of
(Fv) () =0At[v]#£0) = p
(Fv)(tv*#£0) = t. #0
=

(Fv)(t,0* = 0)
()] = ¥

where p is a quantifier-free formula in which » does not occur?.

? The construction of p is described in [Kreisel & Krivine 67b], p. 58-9.
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The rule for the reduction of the rank of a system of equations and/or inequalities does
not seem to fit any of the current classes of rules, since it does not remove symbols,
terms or other proper subexpressions, and it is not clear whether any particular strat-
ification or reordering step (for symbols, terms or subexpressions) takes place either.
To allow its use under the proof planning approach, one possible option is the intro-
duction of a new method for the reduction of the complerity of an expression, measured
according to a given parameter, as for instance its rank. The arguments of the new
method would have to specify the chosen measure for each case. The new method

would then be required in the implementation of plan, for ACF.

5.3 General Purpose Plans

The special-purpose plans that represent decision procedures for DAG and ACF con-
firmed the relevance of remove, stratify and reorder, as well as the PRESS methods, in
normalisation. The study of the inner structure of both plans may supply additional
elements for the definition of more abstract plans, from which new normalisers are
generated by parameter instantiation. Particularly important for theorem proving is

the representation of generic decision procedures and reduction functions.

5.3.1 Decision Procedures

Although quantifier elimination could, in principle, be recognised as the deep struc-
ture of Hodes’ algorithm, this procedure is actually an instance of a mechanism that
encompasses an even larger rewrite-based family of normalisers. Since any decision
procedure for a (negation-complete) theory reduces a sentence of the subjacent lan-
guage into a propositional constant. the azis of rewriting is the removal of logical,
predicate and function symbols. All the remaining operations. such as the stratification
and reordering of occurrences of symbols, have a subsidiary role with respect to the
application of partial remove rules. Under this viewpoint, the decision procedure for
DAG is a mechanism that gradually removes all the logical (-, V,A, D,=,V,3), pre-
dicate (=, <. <.>.>) and function symbols (—;, 4, —2, x) from any sentence of Lp 4.
The removal of individual variables and constants happens as a side effect, since they

occur only in the scope of function or predicate symbols.
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A complete set of remove rules for each of these symbols would suffice for the repres-
entation of the decision procedure. Such rules are explicitly available, however, only

for =,D,V.>, >, < and binary —,

o=t = (moVU)A(-YV Q)
¢DOY = VY

(Vo)é = =(Fv)-0

>t = ti=tbVi, <t

ty >t = 1, <1

th<t, = =tV <t
th—t, = t+(-t)

which, as indicated in the rhs expressions of the above rules, are eliminable in terms of
some of the remaining symbols (=, 3, A, V, <,=,+4, X, —;, min and max). The applica-
tion of complete sets of remove rules at the beginning of rewriting allows the following
stages to be entirely concentrated on partially removable symbols, if none of the partial
rules contains totally removable symbols: when this is not the case, total rules have to

be applied to partial rules before rewriting starts.

In the absence of complete sets of remove rules, the simplest rewriting strategy consists
of the application of partial rules, provided that, when no rule is applicable, there is
a mechanism to change the context in which the symbol to be removed occurs. A
strategy of contexzt transformation minimises search when based on backwards reasoning
(i.e. from the set of propositional constants to the initial set of formulae). The partial
remove Tules that have a propositional constant as left-hand side expression are those

for existential quantifiers,

Fv)v=tly]) = T
(Fv)v<tlg]) = T
()l <v) = T
vy = ¥
for conjunctions,
oANL = L
YAT = 2
1A = L1
TAY = P

for disjunctions.
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YVL =
VT = T
Lvy = ¥
TVe = T
for negations.
i R 8
= [ e T

and for predicate symbols,

(0<0) = L
(0=0) = T

where v is a propositional constant and ¢ is a formula of Lp 4. As already mentioned,
the application of a partial rule for a symbol may have as side effect the removal of

others as well: for instance,
(Fv)v=ty]) = T

removes both existential quantifier and equality. This ambiguity is harmless, since in
the end all symbols have to be eliminated. Before partial rules are applied, symbols
usually have to be ordered to avoid the risk of their reintroduction in the course of
rewriting. The above rules introduce only propositional constants, hence any order is

acceptable.

For existential quantifiers, since the lhs expressions of the corresponding rules are
dominated by the quantifier, and the subexpressions it dominates contain either = or
< as main symbol, all the other logical symbols still possibly present in a conjecture
(=.A,V) must be first removed from the scope of existential quantifiers'’. If negation

is chosen in the first place, since there are no stratification rules relating occurrences of

1% Function symbols still present in the current subclass of formulae — +, x, —, min and max — are
allowed in the atoms dominated by the quantifier, since the lhs expression of all rules contains a
variable over terms. To determine which symbols may still occur in the scope of a partially removable
symbol, a normalisation plan has to take into account that
(a) if all partial rules contain variables over formulae, any symbol can occur in the expression to be
rewritten,

(b) if only variables over atomic formulae are present, only predicate and function symbols are
allowed in the expression, whereas

(c¢) variables over terms allow only the occurrence of function and individual constant symbols.



existential quantifiers to occurrences of negations, it is necessary to examine the rules

for their partial removal. Rules

At =1) = ((t <ty)V(t, <1y))
Sl ) = [([fi=ta)V (i < ti))
(m¢) = ¢

allow only three logical and predicate symbols in the immediate scope of a negation:
negation itself, = and <. The remaining logical and predicate symbols that could occur
in the scope of a quantifier, A and V., have to be removed from the scope of negations.
This operation calls for a set of suitable total stratify rules, which are in fact available.
Their application results in a rewritten expression having negations applied just to
either atomic or negated formulae, for which partial remove rules are also available.

As a result, the removal of negations is accomplishable.

Two undesirable logical symbols, disjunctions and conjunctions, still occur in the scope
of existential quantifiers. For the first one, there are also suitable total stratify rules,
but their application does not suffice for the complete removal of disjunctions, since
occurrences of this symbol may take place in the scope of conjunctions. The stratifica-
tion of conjunctions over disjunctions is then required; after that, the stratification of
existential quantifiers over disjunctions is completed!!. For the second symbol, there

are only partial stratification rules,

(v)(o[v] A ¥[H]) = %A (Fv)d[v]
(Bv) (W[ A d[v]) = ¥ A (Fv)e[v]

The restriction for their application, however, is not related to logical, predicate or
function symbols, but to occurrences of variables in the context of atomic formulae,
i.e. equations and inequalities. This case requires an equational procedure based on

methods such as attract, collect and isolate.

The removal of all undesirable logical symbols from the scope of existential quantifi-
ers has been achieved. Quantifier elimination requires a final test to determine, for

instance, that » does not occur in ¢ in the application of the rule

11 It is clear at this stage that a mechanism for checking occurrences of a symbol S inside an expression
after the application of a partial remove rule for S is also necessary. In the event S still occurs in
the expression, and stratification rules are not applicable any more, there are two possible actions:
the removal of symbols that obstruct the application of a remove rule for S, or the stratification of
occurrences of the remaining symbols over 5.
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(Fv)(v=1ty]) = T

Another equational plan is required to handle those cases with undesirable occurrences
of variables in equations and inequalities. Once equational transformations are com-
pleted, remove rules for existential quantifiers are finally emploved. A similar reasoning
applies to A, V,<,= and -, the remaining symbols for which remowve rules with pro-
positional constants as rhs expressions are available. After their removal, since no
other logical or predicate symbol is left, the final expression must be a propositional

constant.

Even though the above description is strictly linked to Hodes’ algorithm, it indicates
nonetheless the main elements for the construction of a general-purpose plan for the
representation of any rewrite-based decision procedure. New guidelines for the selection
of relevant rules have to be included in each stage. As already suggested, complete
sets of remove rules should precede partial remove rules. A mechanism of contert

transformation could be based on the following principles.

i. Total rules have priority over partial rules, since the former do not involve addi-
tional rewriting, unless they introduce additional deviant symbols, in which case

a partial rule may represent a less complex choice.

ii. The preference for total over partial rules has to be qualified in the presence of
stratify, since stratification tends to dramatically increase the size of the rewritten
expression. Partial remove may therefore generate a less complex process than a

total stratify rule.

iii. Whenever more than one type of total (partial) rule is applicable, remove should

have precedence over stratify. and stratify over reorder.

iv. When an order for the removal of a set of symbols fails to be accomplished,
alternative orderings may still achieve the desired goal, and must therefore be

tested.
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5.3.2 Extension of Decidable Classes

The implementation of a general-purpose plan that captures the structure of rewrite-
based decision procedures is no simple task. As informally described in the previous
section. not only the number of operations is very large, but also several additional
mechanisms for the selection of methods and rules are needed at each phase of the
process. The task can be nonetheless broken into simpler components that involve
intermediate classes of formulae. In the particular case of Hodes’ algorithm, one of the
intermediate subclasses is implicitly defined by the set of terminal remowve rules, i.e.

those that have a propositional constant as rhs expression.

fm = sfmlfmA fm|fmV fm

Jm' = atom|(3z;)atom|(Iz;)(2; = tm;)|(Fz;)(z; < tm;)|(3z;)(tm; < z;)
atom := T|L|rat = rat|rat < rat

tm; = wvary|rat| —tm|tm + tm|tm — tm|rat x var; (for each i € N*)
var; = zp|...|zi-1|Tig]... (for each i € N¥)

v = &y|@a|Es] v

rat := O|nat”|rat/nat®

natt = 128w

The remaining rules available to the procedure have to transform each formula of £p 4¢
into an element of the above class. As a result, the first component of the mechanism
is an instance of the standard strategy of subclass reduction into a decidable domain'?.
Remove loses its prominence over the other methods, and the new plan has to take

into account the structures of both initial and intermediate classes, to determine

i. the symbols of the initial class which are absent from the intermediate class, and

the necessary remove rules for them.

ii. the distribution of the remaining symbols amongst the strata in each class, and
the stratify rules required to make the symbol distribution pattern of the initial

class match that of the intermediate class.

iii. the relative position of symbols inside each stratum of the initial and intermediate
class, so that reorganisation rules could be employed until each one matches

against the other'®.

12 See section 2.1.

' Although only three basic methods have been taken into account, it seems that the main arguments
above can be extended to other methods as well.
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Since there may be more than one candidate intermediate subclass, there must also be
guidelines for the choice of the most suitable one. If the intermediate classes ©,,.... %,
are partially ordered according to their sets of logical, predicate and function symbols,
the closer a decidable class ¥; is to the initial class. the simpler the rewriting process to
reach it. Measures other than the simple comparison of alphabets can be also defined,
as long as they effectively reflect the complexity of the rewriting process required to

reach a subclass. A weight assigned to each symbol would take into account

(a) the number of rewriting steps necessary to remove the symbol from an expression,
and

(b) the possible introduction of deviant symbols by the corresponding remouve rules.

For instance, if a total remove rule for S does not introduce deviant symbols, the weight
of S should be minimal, whereas partially removable symbols should be associated with
higher weights. The decidable class with highest global weight is (at least in principle)
the easiest accessible from the initial set of formulae, since it requires the least number

of rewriting steps to be obtained.

A possible application of this normalisation strategy takes place in PA (Peano arith-
metic), which admits two subclasses, respectively linked to PrA (Presburger arith-
metic) and SMA (strictly multiplicative arithmetic), both relevant from the point of
view of formula reduction processes. Since PrA is decidable and negation complete,
PA is one of its conservative extensions. Hence, as established in theorem C.4.3, the

set of formulae of Lp, 4, defined in BNF as

fm' = atom!|=fm!|fm' VvV fm!|fm' A fo!|fm' D fm!|fm’ = fm’|(Yvar) fm’|(var) fm’
atom’ = tm' =tm’
tm' = war|est|s(tm’)[tm’ + tm’
est = 0|1
var = zlylz]|...

represents a decidable subclass of type II for PA. Similar remarks apply to SMA and
Lsnaa. whose formulae are generated by the productions

fm' = atom”|~fm"|fm" Vv fm"|fm" A fm"|fm"” D fm”|fm" = fm"|(Yvar) fm"|(Jvar) fm"

atom tm' = tm"

!

tm” = wvar|est|tm” x tm’
est = 01
var = z|ylz|...

Given that the set of formulae of Lp, corresponds to
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fm = atom|-~fm|fmV fm|fm A fm|fm D fm|fm = fm|(Yvar)fm|(3var)fm

atorn = im = tm
tm = wvar|ests(tm)|tm + tm|tm X tm
est = 0|1
var = z|y|z|...

the comparison of the structure of all three classes shows that Lp,.4 and Lgp 4 are
both strictly definable in terms of Lp4, once a group of absent symbols is identified,

i.e.

Fml,,, = Fml,, —{¢|X occurs in ¢}
Fmle.,,, = Fml,., —{¢|s and/or 4+ occur in ¢}

The reduction of formulae from the initial into any of these decidable classes can be
described in terms of the remowval of occurrences of deviant symbols, {x} or {s,+},
from elements of Lp,. A simplified version of a general-purpose plan, decide, that

supervises this transformation, is described below,

if [(member(Cla),
decidable(Cla,Thr))
dec_pro(Cla,Thr)
if [min_dec_cla(DecCla,DevSymLst,Thr)
multiple_remove(DevSymLst)
then dec_pro(DecCla,Thr)]]

where

decidable(DecCla, Thr) iff DecCla is a decidable subclass for the

theory Thr
min_dec_cla(DecCla, DevSymLst, Thr) iff DecCla is the easiest accessible Thr-

decidable class for the current conjec-
ture, and DevSymLst are the deviant
symbols of the language of Thr w.r.t.
DecCla

and dec_pro(DecCla, Thr) is a special-purpose plan that represents a decision procedure
for Thr w.r.t. DecCla. Decide checks whether a conjecture belongs to a decidable class,
and, in the affirmative case, supplies it to a suitable decision procedure. Otherwise
it identifies the most easily reachable decidable class, DecCla, and the list of symbols
DevSymLst that should be removed from the conjecture, to convert it into an element of

this class. For this purpose, remove is repeatedly called by the subplan multiple_remove
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which, when successful, delivers the transformed conjecture to a decision procedure for

DecCla.

The above simplified description, however, does not indicate, for a given conjecture,
how the easiest reachable decidable class is recognised, how deviant symbols are ordered

before their removal, or how remove rules are selected when there are several available.

5.4 Conclusion

The representation of two decision procedures based on quantifier elimination by means
of special-purpose plans stressed the relevance of primitive methods such as remove,
stratify and reorder for normalisation, and revealed the need for additional methods
to represent the equational components of the procedures. The analysis of one of
the plans provided the necessary elements for the construction of two generic general-

purpose plans from which families of normalisers can be derived.

The first general-purpose plan has been designed to capture patterns common to all
rewrite-based decision procedures. It is built around the remove method, and provides
an instrument for the development of normalisers described as (Stng,{T,L}). Since
its informal description suggests a highly complex structure, a simpler plan has been
obtained to represent individual stages of the process, identifiable by means of inter-
mediate syntactically defined subclasses of formulae. The second plan, therefore, is
suitable for the development of normalisers described by means of pairs of classes,

(¥1,X,), and is important for the study of the extension of decidable subclasses.

A simplified general-purpose proof plan built according to the second guideline can
model, for instance, reduction processes based on the removal of deviant symbols w.r.t.
a reduction class. Theories such as Peano arithmetic, a conservative extension of
two of its decidable subtheories, are potential domains for applications. Before more
elaborate plans can be built, however, other properties of the process of decidable
sublanguage extension must be investigated, to allow the definition of more efficient
strategies concerning the ordering of decidable classes, deviant symbols and remove

rules.



Chapter 6

Extension of Decidable
Sublanguages

Normalisation tactics and methods are built from a combination of elementary syn-
tactic operators. The classification of rewrite rules along guidelines set out by proof
planning represents the first fragment of a strategy for the control of rewriting pro-
cesses in general. Additional control constructs may be provided for each particular

normalisation task. such as the extension of decidable sublanguages.

Section 6.1 presents theoretical results according to which the extension of decidable
sublanguages is reducible to the application of remove rules. Section 6.2 describes
control elements for noetherian sets of remove rules that do not affect the deductive
strength of the system. Heuristic measure functions for the complexity of rewriting are

described in section 6.3.

6.1 Decidable Sublanguages

When a decidable subclass for a theory T in £ coincides with the set of formulae of a
sublanguage L', L' is a decidable sublanguage for T. Their extensions can be generated
by the strict application of remove rules for deviant symbols of £ with respect to L',
i.e. non-logical symbols of £ that are absent from L. A proof for this result first
requires establishing that the reduction of formulae to decidable sublanguages through

rewriting must include remove rules for deviant symbols’.

' Decidable sublanguages are discussed in appendix C.4.3.



Lemma 6.1.1 Let R be a rewrite set. Given the expressions 6[S] and €[ 8], if there

15 a rewriting sequence of the form

b Ra B ey EE

where R; € R. 6y = ¢ and 6, = €. then there is a pair (6;,0;41), 0 < j <n, such that S

occurs only in 6;.
PROOF. (By induction on the length of the rewriting sequence)
Base case. Trivial, for the sequence is reduced to

R
6= ¢

and, by hypothesis é contains 5, whereas ¢ does not.

Step case. Assume that, for any n-step rewriting sequence involving an initial expres-
sion 0 that contains S and a final expression € free from occurrences of that symbol,
there is a pair of contiguous expressions, (5’;,3;_,.1), such that S occurs only in 6:. Let

4 and € be expressions for which the rewritten sequence has n + 1 steps, i.e.

Rn
PRI N - I

Two possible cases may take place. If é, contains S, then (4,,¢€) is the sought pair.
Otherwise, according to the induction hypothesis, there must be a pair of rewritten
expre;ssions (6;,6;41). 1 <1 < n, that satisfies the mentioned condition, since the rewrit-

ing sequence that links é to é,, has length n. 1

Lemma 6.1.2 Let

(i) T be an undecidable theory in L,
(ii) £’ be a decidable sublanguage for T,

(iii) R be a set of T-valid rewrite rules of the form
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B( V15 en W)= 6070 s T)

(i.e. the free variables that occur in the rhs expression of each rule are exactly those
that also occur in its lhs expression), and

(iv) £ be the R-extension of Fmle:.

If ¥ is a proper extension, then R contains a remove rule for a L-deviant symbol (w.r.t.

L)

PROOF. Let ¢ be a formula of £ — Fml.. As ¢ € Fml;,, there must be an occurrence
of a L-deviant symbol § in ¢. Also, since ¥ is the R-extension of Fml:., there is a
formula ¢, € Fml; and a finite rewriting sequence such that

bB o B = %,

where ¢ = ¢,. According to lemma 6.1.1, there must be contiguous formulae ¢; and
¢i41 in this sequence such that ¢; contains S and ¢;,, does not?. Since ¢;., is generated
from ¢; by the application of R;y;. § = &', there is a substitution ¢ such that ¢; and
®i+1 have respectively the forms ¥[oé] and ¥[cé’]. Considering that S occurs in ¢;

but not in ¢;,;, there must be an occurrence of this symbol either in o or in 4.

If § occurs in o, there is a pair /s, € o such that S occurs in ;. Since by hypothesis
each variable that occurs in the lhs expression of R;; also occurs in its rhs expression,
then S also occurs in 06" and ¢;,,, thus contradicting the assumption that ¢;,, does
not contain 5. Hence S must occur in é. Considering that it cannot occur in é’ (for

otherwise it would also occur in ¢;41). R;4; is a remove rule for . [

Even though extensions of decidable sublanguages require the existence of remove
rules for deviant symbols, the existence of such rules does not guarantee that the cor-
responding extension is non-trivial. Proper extensions need that the rhs expression of

at least one remove rule is a well-formed expression of the original sublanguage.

2 General remove rules are described in chapter 11.
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Example 6.1.1 Let L = {S,...., S} be a language, and let L' = {Sg, Sq, S19} be one

of its sublanguages. Given the remove rules

Si(v1,8:) = 52(’”1:_ vy)
52(850,57) = 54(5%)
S3(v1,v2,v2) = Sa(v2,3)

although they refer to symbols that are deviant w.r.t. L', their application to formulae
of L does not lead to a proper extension of Fml.:, considering that the rhs expressions

of all three rules contain deviant symbols as well. 0

Lemma 6.1.2 is required in the proof that the reduction of a formula to a decidable

sublanguage can be limited to the application of remowve rules for deviant symbols.

Lemma 6.1.3 Let T be an undecidable theory in L, L' be a decidable sublanguage for
T and R be a set of T-valid rewrite rules of the form 6(vy,...,v,) = 8'(vy,y...,0,).
If ¥ is the R-extenston of L', then, for any ¢ € (£ — Fml), there are T-valid rules

Ry,....R,,. not necessarily in R, and a formula i € Fml: such that each R; is a

remove rule for one or more deviant symbols of L w.r.t. L', and
. Ry , Rz R

PROOF. Let ¢ be a formula of Fml: — Fml;: whose reduction to a formula % of the
sublanguage L’ involves the rewrite sequence
Rn— ! 1
6B 8.4, By

According to lemma 6.1.2, the sequence must contain R;,,..., R;_ ,1 <m <n, which are
remove rules for £'-deviant symbols. It can then be transformed through the iteration

of the following procedure: given the subsequence

, Rig1 :
O = Oip1 = Gigr

if either R,y or R;is (but not both) is a remove rule for a deviant symbol, then the

o . B . :
subsequence is replaced with ¢; =" ¢;4», where R}, is the most general rule derived
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from R;,; and R,y ,. Otherwise the subsequence is left unchanged. The exhaustive

application of the procedure leads to

i Ri'l ! R:Q R, -1 I R:m |
¢= 0= ... F G v
where each R; is a derived remove rules for one or more deviant symbols. 1

Lemma 6.1.3 has important implications for the proof planning approach to norm-
alisation. As described in section 5.3.2, the reduction of a formula into a decidable
sublanguage involves two tasks. the removal of deviant symbols and. when necessary,
the elimination of fatal disagreements between formulae and remove rules. The second
task involves operations other than the plain removal of symbols, whose modeling
therefore requires more complex plans. The above lemma, however, gnarantees that
sublanguages can be extended by the strict application of remove rules to a conjecture,
and indicates that disagreements may be dealt with strictly at the rule level. As a res-
ult, a.generic plan to control the extension of decidable sublanguages can be entirely

developed upon the method remove or any of its variations.

6.2 Basic Control

A rewrite set R controlled by proof plans is limited in the first place to the exhaust-
ive application of certain classes of rules, such as remove rules, according to a pre-
established order. similarly to the case of normal or deterministic Markov algorithms®.
Effectiveness and improved efficiency, however, usually demand stronger control fea-
tures. In the context of decidable sublanguage extension, at least two of the new
control elements, based on properties of the rewritten formula and R, do not jeopard-

ise completeness with respect to exhaustive rewriting.

The first control guideline consists of checking, after each rewriting step, whether the
resulting expression belongs to a decidable sublanguage, in which case rewriting halts,
independently of the applicability of other rules. This restriction does not prevent any

reducible formula from being identified: if ¢ can be transformed into an element of the

* See [Sommerhalder & Van Westrhenen 88], p. 266.
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sublanguage by exhaustive rewriting, it can be transformed by restricted rewriting as

well.

The second guideline is valid only for confluent and noetherian sets of remove rules.
For these systems, there is no need to consider more than a single path of the rewriting
tree, since any of them leads to the same normalised expression. In the event of failure
for a path (i.e. when the normal form of a conjecture does not belong to a decidable
sublanguage), no other has to be examined. Additional restrictions can be imposed on

non-confluent systems, depending on the properties of the rewrite set.

6.2.1 Non-confluent Sets

When R is noetherian but non-confluent, priority can be given to the application of
total over partial remove rules, without loss of completeness w.r.t. exhaustive rewriting.
Provided that certain conditions are met, rewriting is decomposable into two independ-
ent stages, the first of which has only total rules. One of the conditions involves the

notion of normalisable set of rules.
Definition 6.2.1 (Antecedent Relation for Rules)

Let R = {Ry,....R,}., where R; has the form 6;, = 6;5, be a set of remove rules

for a set of symbols S (i.e. for each S; € S, there is at least one remove rule in R).

i. R is normalised w.r.t. S iff. for every rule R; € R, é;, does not contain any

symbol of S.

1. R is normalisable w.r.t. S iff there is a set

R = {(RLoix=8,) 625 6,1<i<n)
where R' is a sel of remove rules for S that is normalised w.r.t. S.

ii. If R; and R; are total remove rules respectively for S; and S;, R; antecedes R;,

or R; C R;. iff S; occurs in the rhs expression of R;.
w. C is the reflexive and transitive closure of C.
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Example 6.2.1

i. Given the rules,

R]. f('b‘l,?}g) = k(ﬂl,v].[(t’g))
R,. g(vy,v) = Il(vn)

Rs. g(vi (v, v0)) = m("_"h{(v2)-”2)
Ry h(g(vi,v2),9(va,v1)) = 1(k(vy,v5,0,))
Rs. m(vl, 3(1}3), 1?3) = k‘[?);;, V1, Ug)

R, is a remove rule for f, R,, for g, R3, for g and h, R4, also for g and h, and
Rs, for m and l. R, is the only total rule of the group.

(a) R = {Ry, Ry, Rs, R4} is normalised w.r.t. { f,g,h}, for none of these symbols

occurs tn the rhs expression of any rule of R.

(b) R' = RU{Rs} is not normalised w.r.t. {f, g, h,m}, since m occurs in the rhs
expression of Ry. However, since the application of R' to the rhs expression

of R3 generates a normalised rule,

Ré g(vlah(vlavZ)) = k(”?&'vlavz)

R’ is normalisable w.r.t. {f,g,h, m}.

(¢) R' is not normalisable w.r.t. {f,g,h,m,l}, considering that no rule of R’

can remove the occurrences of | from the rhs expressions of R, and Ry,.

it. The total remove rules
Ry f(vi,v2) = h(v1,9(v2,02))
Ry g(vi,v2) = f(h(v2,a),v)
are such that Ry C R, and R, C R,. R = {R,,R,} is not normalised w.r.t.
S = {f,g}, since at least one of these symbols occurs in the rhs expressions of
R, and R,. R is not normalisable w.r.t. S either, considering that the rewriting

sequences for the rhs expressions of both R, and R,,

h(vi, g(va,v2)) S h(vy, f(h(va,a),v2)) S h(vy, h(h(ve,a), g(vs,v2))) =
f(h(va,a),v1) B h(h(va,a),g(v1,v1)) = h(h(va,a), f(h(v1,a),01)) 2

are such that no rewritten ezxpression is free from occurrences of both f and g.

0
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When totally removable deviant symbols are allowed in the rhs expression of a remove
rule, its application must be later followed by the total rules for the newly introduced
symbols. The normalisation of R erases such symbols once and for all from the rule
level. Normalised sets of remove rules therefore prevent the superfluous introduction
of deviant symbols in the course of rewriting. If the subset of total remove rules of a

non-confluent set R is normalisable, the subset is noetherian, as proved below.

Lemma 6.2.1 If R is a normalised set of total remove rules, then R is noetherian.

PROOF. Let & be the set of symbols for which R provides total remove rules, and.
given a formula ¢, let ms(@) be the list of natural numbers that identify the number of
occurrences of elements of § in each layer of this formula®. Termination for rewriting

1s ensured once it is established that

(i) ms decreases (according to the lexicographic order for lists) after the application
of each rule of R, and

(ii) the introduction of new layers in the rewritten formula has an upper bound®.

Concerning (i), since any total remove rule that is normalised w.r.t. § has the form

SV gne s in) O Biycoslin)

where no symbol of § is removable by any element of R, the application of a total
remove tule for S to ¢ replaces an occurrence of S in a certain layer with another
symbol that does not belong to §. thus reducing by one the number of occurrences of S-

symbols in that layer®. Even though new occurrences of S-symbols may be introduced

* The layers of an expression are defined in section 8.1.1.

® The second requirement derives from the fact that there is no minimal element for the lexicographic
order of lists, e.g.

[1] > [0,1] > [0,0.1] > ...

As a result. the reduction of the number of occurrences of a symbol at higher layers does not
guarantee termination for the application of a generic rewrite rule. For instance,

R. flv)= k(f(2))

reduces the number of occurrences of f at the top layer of the rewritten subexpression, but its
exhaustive application does not halt, since the lhs expression is a subexpression of the rhs expression.

® This remark excludes total remove rules for identity and projection functions, which have the forms
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in lower layers (since variables of [normalised] rules may be instantiated to expressions
that contain S-symbols), the removal of a single higher occurrence of a S-symbol
outweighs the introduction of any number of new occurrences below it, according to

the lexicographic order.

Concerning (ii), let

(a) n be total number of occurrences of S-symbols in ¢,
(b) mm be the maximum number of layers in a rhs expression of any rule of R,

(c) L be the total number of layers of ¢.

The removal of each occurrence of S causes the introduction of a maximum number of
(m — 2) new layers in the rewritten formula, as illustrated in figure 6.1. The maximum
expansion for ¢ takes place when all the occurrences of S-symbols in ¢ are nested, with
each occurrence taking place at a distinct layer, with or without other interleaving
symbols: in this case, n x (m — 2) new layers are introduced (i.e. (m — 2) layers for each

occurrence of a S-symbol in the original formula)?.

Since the number of new layers is finite, and since ms decreases after each rule applic-

ation, R is noetherian. 1

A termination measure is obtained from mg once the maximum number of symbols N
that can occur in any layer of the rewritten formula, ¢, is taken into account. Since
the maximum number of layers of ¢’ is L +n x (m —2), where L,n and m have been
defined in the above lemma, N depends on the greatest arity of any symbol that occurs

in {¢} UR. If r is such arity, then

N = TL+rnx(rn—2}-l

fri(vr,...,on) = w

Termination for the application of these rules can be ensured based on the fact that, in both cases,
the rhs expression is a proper subexpression of the lhs expression.

" See appendix E for an inductive proof of this result.
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Figure 6.1: Expansion of rewritten formulae
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If n; is the number of occurrences of totally removable symbols in the layer of depth ¢,

the measure defined as

I
my(@) = D my x NIAnx(m=2)+1~

i=1
assigns a heavier weight to occurrences of S-symbols that take place at higher layers.
Clearly, m, assumes values only in N, and it decreases after the application of any
rule of R. However, since it is guaranteed that the expansion of the rewritten formula
has an upper bound, the original list measure mgs can be adopted instead of its more

complex arithmetical version, as illustrated in the example below.

Example 6.2.2 The atomic formula ¢,

p(g(z.a), f(h(g(y,b),g9(z,y),b)), k(c,z,2),a)

has five layers,

{, P

EZ ng:hza
l3 z,a,h,c,z,2
£4 gag?b

b y,bz,y

If a,g and h are deviant symbols for which total remove rules are available, then
my(®) = [0,3,2,2,0]. If the total remove rule

h(vy,v2,v3) = k(vy,v1, f(v2),v3)
is applied to ¢ for the removal of the occurrence of h that takes place at {3, the rewritten

formula &' is

p(g(z.a), f(k(g(y,b),9(y,b), f(g(z,v)),b)), h(c,z,2),a)

Given the new distribution of symbols amongst its layers,

4 p

ﬁ’l g,f,h,a
l z,a,k,e,z,z
(;'4 gg'fb
65 y'bvyﬁbeg
(g z,y
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it follows that m.(¢') = [0,3.1,2.1,0]. The number of occurrences of totally removable
deviant symbols has been reduced by one in {5, and a new occurrence has been introduced
at £5. Since a reduction in the number of occurrences of totally removable deviant

symbols took place at a higher layer, the measure m has been reduced, i.e.

[0,3,1,2,1,0] < [0,3,2,2,0]

Local confluence for normalised sets of total remove rules is an immediate consequence
of the Knuth and Bendix theorem. Since they are also noetherian, their confluence

then follows®. Sets of partial rermove rules, on the other hand, may be non-confluent.

Example 6.2.3 The set of partial remove rules for +, made up of

R;. v+0 = v

Ry, vi+va=v14+v3 => vy=1;
Rj. V=041 = 0=
R,. nFvs=vy = ve=0

is not confluent, since x = ¢ + 0 has two normal forms,

x = x+0

:% L%

= X=X

Asillustrated in example 6.2.1, not all sets of remove rules are normalisable. A sufficient
condition for normalisability requires the antecedent relation for total rules to be a

partial order.

Lemma 6.2.2 Givenaset R = {R,,..., R,} of total remove rules for a set of symbols

S ={5....,5.}. R is normalisable w.r.t. S provided that (R,C) is a partial order.

® See [Knuth & Bendix 70] for a proof of this theorem. A restricted version of this proof, applied
to normalised sets of rules, can be found in appendix E. For an account on properties of rewrite
systems, see, for instance, [Bundy 83], p. 158-66.
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PROOF. (By induction on the number of remove rules)
Base case. Trivial, since R = {R,} is normalised w.r.t. § = {5,}.

Step case. Assume that R = {R;,...,R,} is normalisable w.r.t. §. As a result,
there is a set R = {R},.... R} } that is normalised w.r.t. S. Let R,;; be a total
remove rule for a symbol 5,4, such that (RU{R,,;,},C) is a partial order. Two cases

have to be considered.

i. R,4 is minimal®. If S,;, does not occur in any element of R', let R, , be
derived from R, ., by the exhaustive application of R’ to its rhs expression.
According to lemma 6.2.1, the generation of R, , is effective, and R; ., is free
from occurrences of symbols from §. Hence R' U {R; ,} is normalised w.r.t.

SU{Sn41}. and R U {R, 41} is normalisable w.r.t. S U {S,41}.

ii. R,1 is not minimal. If S,4, occurs in rules of R/, let R” = {R; ,..., R} }
contain all of such rules (and no other), hence Rﬁ}. C Ruy1, 1 <j<m (and also
Ri C R4, given that C is a subrelation of C). Since (R U {R.4+.},C) is a
partial order, the same applies to (R’ U {Rn4.},E). Since R C R4y, 1<j<m,
it follows that R4, Z R; , hence R,y Z R;, and S;,,...,5;, do not occur in
Ronyi. Let R ., be derived from R, ., by the exhaustive application of R'—R" to
its rhs expression. Since R’ is normalised w.r.t. §, the same applies to R’ — R".
Again, according to lemma 6.2.1, R;, _, is effectively generated, and is free from
any occurrence of symbols of SU {$,4:}. Let R}...., R be generated from
R; ..., R} by the exhaustive application of R}, to their rhs expressions. As

a result,

(":Q'lr - R”) U {R:‘ 2 '?R:L!R:1+l}

is normalised w.r.t. SU{S, 41}, and RU{R, 4} is normalisable w.r.t. SU{S, 4}

? Given a partially ordered set (A, C), an element a € A is minimal w.r.t. C iff there is no element
be A, b#a, such that b C a.
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Based on lemma 6.2.1. it is possible to guarantee that the extension provided by a

normalised set of total remove rules is also a decidable sublanguage.

Lemma 6.2.3 Let T be an undecidable theory in L, and let L' be a decidable sub-
language for T. If R is a finite and normalised set of total remove rules for deviant

symbols of L w.r.t. L', the domain of R is a decidable sublanguage for T'.

PROOF. Let §5,,...,5, be L-symbols for which R provides total remove rules. The
domain of R is the set of all formulae of £ that contain at least one occurrence of
Si, 1<i<n. If L£" is defined as the language whose set of non-logical symbols is

Sym,, U {S,.....5,}, the domain of R can be defined as

Y= Fm{,:u = meci

Considering that

(i) any rewriting sequence under R is finite, since R is noetherian, and

(ii) R is finite (and therefore determining the existence of an applicable rule in R to
an expression is effective),

it follows that the computation of the normal form of any expression under R is ef-

fective. Hence L" is a decidable sublanguage for T'. i

This lemma can be extended to sets of rules containing complete sets of remove rules
as well. The possibility of decomposing rewriting into two independent stages follows

from the results obtained so far.

Lemma 6.2.4 Lel R be a set of total remove rules for S and R' be a set of partial
remove rules for 8, such that R and R' are normalised w.r.t. §. Given any expression

€ and a rewriting sequence under R U R’ of the form

RUR'’ 3
€ == &

there are (possibly empty) rewriting sequences under R and R’ and an expression €”

such that
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PROOF. (By induction on the length of the rewriting sequence)

RUR' . i il
If e = ¢, there is a finite rewriting sequence of the form

R, R R R,
e2 3. Ble_ 3¢

from which a sequence of the desired form can be derived, for any n € N.

RUR' - ..
Base case. ¢ => € (empty rewriting sequence). Trivial.

Step case. Assume that, for any rewriting sequence of length =, there is a sequence of

the desired form. Let then

R Ra .
Bl B e (v

be a sequence of length n+ 1. If K,,, € R’, according to the induction hypothesis,

; Rn
c& e B % ¢ can be reduced to a sequence € of the desired form, and € =" ¢
is the new sequence for (*). On the other hand, if R,4; € R, let € 8 .5 €, be

s ; id R, x
replaced by a rewriting sequence of the desired form, € = ... =¥ ¢,, where p € N. Given

the subsequence

R R
- P n4l g
€po1 = €, = €

since R, 4 is applicable to ¢,. it must be also applicable to €,_,, considering that

(a) Ry is normalised w.r.t. § and does not introduce any occurrences of totally
removable symbols, and

(b) the applicability of R, 4, to ¢, means that S,,; occurs in ¢,.

From (a) and (b), it follows that there is an occurrence of 5,4, in €, which has not
been introduced by the application of R} to €n-1, hence S,.; must occur in €,_;. If
€, is the expression generated by the application of R, to €,_,, there are yet again

two cases to be taken into account.
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i. If R}, has been previously matched against a subexpression of €,_; that does not

contain S,4, € S, where R, is a total remove rule for S, ,;, then R; can be

matched against an identical subexpression of €,.

. Otherwise let R, have the form 6, , = 0, . As R} is normalised w.r.t. S, é, , is

matchable against a subexpression §,_; of €,_; that contains 5,4, iff there is a

substitution such that

{h/t’la'-'asn‘i-lu)"r”----1tn/t’ﬂ}6n.l = Bn-1
for some i,1 <i<n. Then it is also possible to match 4, against B,, where
R,
Bro1 =" B,. by means of the substitution
[ 5]
such that 5,4 ,u = 6, , is an instance of R, 4;. 1

Example 6.2.4 Let S = {5} and 8’ = {x}, and let R and R’ be unitary sets respect-

wely composed of the following rewrite rules,

R,. s(v) = v+1
Ry, vx0 = 0

The conjecture

(s(z+9¥?)) x0< z

can be rewritten under R UR' as follows.

(s(z+9%))x0< = R <z

It can be also successively rewritten under R, then R', in two alternative ways,

and

(s(z+y?)) x0< = E (z+9)+1)x0<z E 0<:z

(s(z+32))x0<z B (s(e+y?))x0<z B 0<z

and the same rewritten formula is obtained in all three cases. It is worth noting that,

in the third sequence, the rewriting sequence under R is empty. 0
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The removal of deviant symbols can therefore be first limited to totally removable
symbols, which is then followed by the application of partial rules. For the first group
of symbols, assuming that the set of total rules R is normalised, no additional control
guideline is in principle necessary, due to the confluence of the set. As shown in
figure 6.2, given an initial language £ and a decidable sublanguage L', R defines
an intermediate sublanguage, £”. to which any formula of £ can be reduced. The
restriction of the second rewriting stage to the application of partial rules contracts

the search space. thus improving efficiency.
6.2.2 Non-noetherian Sets

Termination is not an intrinsic property of sets of remove rules. Given a set of partial

rules respectively for the removal of f, g and 4,

R,. flz,a) = h(g(z,b),z)
Ry. h(g(z.y).2) = i(a,h(z,y),2)
Rs. e.y.a) = fla,a)

where @ and b are individual constants, rewriting does not halt e.g. for f(a,a), since

fla,a) & h(g(a.b).a) & i(a,h(a,b),a) B f(a,a)

Termination can be imposed upon non-noetherian sets by means of special control
devices, at the expense of completeness. There are at least three restrictions for the
selection of remove rules, each of which integrates a distinct strategy for cycle preven-

tion: given a conjecture ¢, a rule é; = 6, would be selected for application iff

(1) no deviant symbol occurs in 4., or
(ii) no deviant symbol absent from ¢ occurs in é,, or

(iii) no deviant symbol previously removed from ¢ occurs in 6,.

Criteria (i) and (ii) are too strong, and would cause the exclusion of otherwise accept-
able rules. Criterion (iii). in conjunction with a termination measure for the removal
of each individual deviant symbol, ensures that the global process halts. An irreflexive

relation for deviant symbols helps in the construction of an adequate ordering.
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L  Original language
(initial stage)
6,9 € Fml;
L"” Intermediate sublanguage
(second stage — application of total remove rules)
éﬂ’wﬁ e Fm!ﬁ“
L' Decidable sublanguage
(final stage — application of partial remove rules)
Qy € me‘;:, ‘l,{)’ g meca
Y  Extended decidable subclass
PEL, YL

Figure 6.2: Two-phased Removal of Deviant Symbols
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Definition 6.2.2 (Irreflexive Relation for Symbols)

Let S be a set of symbols and R be a set of remove rules for S.
i. Given 5,5, € S,

S < S,

iff there is a remove rule for S, in R whose rhs expression contains an occurrence

Of 52.

1. < is the transitive closure of <.

From the definition of remove rules, it follows that < is irreflexive. If R; and R,
are total remove rules respectively for S; and S, such that R, C R,, then S; < .55,
A sufficient condition for the existence of a termination ordering for a set of deviant
symbols & is that (S, :<) is well-founded. Omnce a well-founded order is found, a total

order can be always exhibited.

Theorem 6.2.1 Let R be a set of remove rules for a set of symbols S = {S1,...,5,}
which are deviant w.r.t. a decidable sublanguage L'. Let R;, the subset of R that
contains all the remove rules for S;, be noetherian, for each i,1 <i<n. If (S, :<) is
well-founded, then any extension of X to a total order is a termination ordering for

the removal of deviant symbols of S.
PROOF. (By strong induction on the number of deviant symbols)

Assume that, for any set S with up to n deviant symbols, any extension of (S, <)
to a total order ensures termination for the rewriting process. Let then S,,; be a
deviant symbol for which there is a noetherian set of remove rules, R, ;. such that

(S U{Sn41},<) is well-founded. Let also

S] = {ng (< S I S;‘ < Lgn-}-l}
& = 4% e8| By =9}
8 = {5 e8| 5 £ Sere & Sii £58)
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be a partition for §. Clearly, no remove rule for a symbol of S, introduces any of the
symbols of S, for otherwise there would be S; € S, and Sy € Sy such that S; < 5.
From the definitions of S, and Q, it would then follow that S, 4 < Sy, in contradiction
with the definition of S3. Also, no remove rule for a symbol of S, introduces any of the
symbols of §;, for otherwise there would be §; € S, and S; € &, such that §; < S;.
From the definitions of &, and <, it would then follow that S < S;, in contradic-
tion with the definition of S; and the asymmetry of < (given that < is a well-founded

relation and, therefore, an (irreflexive) partial order!'?).

As a result, no remove rule for 5,4, introduces any symbol of §; U 83, and no remove
rule for any symbol of S, introduces a symbol of §; US3U{S,+1}. Hence, the removal
of 8§ U 83 may precede {5,411}, which in turn may precede S;. From the induction
hypothesis, given that #(S; U S3) < n and #(S,) < n, there is a termination ordering
for the removal of symbols from both sets. Let S’ and S” denote possible total ordering

respectively for §; U S3 and §,. Then

(5", Sp41,8")

is a termination ordering for the removal of symbols of S U {S,41}. ]

To sum it up, given

(a) an undecidable theory 7" in L,
(b) a set of deviant symbols S U S’ w.r.t. a decidable sublanguage L',
(c) a set of total remove rules R for S, such that R is normalised w.r.t. &, and

(d) a set of partial remove rules R’ for §’, such that R’ is normalised w.r.t. S,

rewriting control for the reduction of a formula ¢ € Fml; into £’ starts with the set of

totally removable symbols. Since R is normalised w.r.t. S, the exhaustive application

19 The ordered pair (A, <) is an irreflerive partial order iff

(i) (v)=(v < v) (irreflexivity)
(ii) (v1)(v2)(va)((v1 < w2 A vz < wa) D vy < va) (transitivity)

From (i) and (ii), it follows that < is also asymmetric, i.e.

(n)(v2)(v1 < vz D —=(v2 < 01))
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of its rules effectively reduces @ to a formula ¢' € Fml.», where Sym;» = Sym, — §.
The order for the removal of symbols of S is immaterial, since R is confluent. Once a
total ordering for the symbols of &’ is built on top of a well-founded relation <, ¢’ is
further rewritten by the ordered application of rules from R’, provided that each subset
R for S; € S’ is noetherian'!. If all occurrences of each deviant symbol are removed,
or if the complete removal of any deviant symbol according to the pre-established order
fails, the process halts. There may be cases where more than one total ordering for &’
can be built from <, in which case additional guidelines for the selection of an ordering

become relevant.

When the set R of total remove rules is normalised (w.r.t. §), and none of its elements
introduces any of the partially removable deviant symbols of &', the order for the
removal of deviant symbols can be reversed. Partially removable symbols would then
come first, and totally removable symbols would be taken into account only if all
symbols of the first group were successfully eliminated from a conjecture. The desired
reduction would be always accomplishable once the first stage is completed, given that
total rules are always applicable, provided that the corresponding symbols occur in the
expression. Hence, in the event the removal of symbols of §’ fails, no effort is wasted

in the elimination of symbols of S.

6.3 Additional Control Features

The control guidelines for noetherian rule sets examined in the previous sections cause
no deductive losses vis-a-vis exhaustive rewriting. Further constraints, based on heur-
istic functions and measures, can be introduced, even though completeness may be
affected. There are at least three new aspects to be explored: the selection of a decid-
able sublanguage. the choice of an ordering for partially removable symbols, and the

choice of remove rules for these symbols.

Concerning decidable sublanguages, the number of deviant symbols present in a conjec-
ture and the type of the remove rules (total, partial dominant or partial non-dominant)

available for them have to be taken into account. The total number of steps required

" Noetherian sets of partial rules are examined in chapter 9.



to reduce a formula to a sublanguage can be estimated as the linear combination of

the complexity measures for the removal of each deviant symbol.

Orderings for partially removable deviant symbols of a particular decidable subclass
can then be identified, when more than one is permissible: properties of the partial
rules have a decisive role at this stage. Thereafter, partial remove rules for each
deviant symbol have to be organised, whenever there is more than one such rule. Their
types (dominant or non-dominant) and the new symbols introduced in the rewritten
conjecture are determinant factors. No additional loss of completeness occurs at any

of these two stages when all possible orderings are examined!?.

Specific solutions regarding the above parameters can be based on a heuristic function

that assesses the complexity for the removal of a symbol, once a rule set is given.

6.3.1 Complexity Measure Functions

The complexity of a computation can be measured from the viewpoint of either time
or space properties. Time complexity determines the number of all atomic operations,
or the number of repetitions of a particular operation or group of operations, that take
place in a process. Space complexity assesses the sizes of the data structures involved

in such operations!®.

Given a syntactic size function s: Dom — N, defined in the domain Dom of a procedure
P. and a component operation ¢ of P whose execution is to be counted, there are two

measures for time complexity. Worst case complezity (wce) for a size z establishes the

L]

maximum number of times ¢ is executed when any object o € Dom with size s(0) =

is supplied to P,

wee(z) = maz({(#q, P(o))), for all o € Dom | s(0) = =

The average case complexity (acc) for z requires a probability distribution function p

for Dom (i.e. a function p: Dom — [0, 1] such that Z p(o) = 1). The measure for z
o€ Dom
is the weighted sum of the complexity measures for every object o € Dom of size z,

2 There may already be a loss of completeness, however, when there is more than one occurrence of
at least one of the deviant symbols in the conjecture. See example 6.3.4.

' See [Sommerhalder & Van Westrhenen 88], p. 198-201,
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acc(z) = Z p(o) x (#q. P(0))
s(o)=z
Complexity measures for the removal of deviant symbols are the primary element in the
construction of measures for decidable classes and remove rules. Their main purpose
is to determine the average (rather than the maximum) number of rewriting steps
expected to take place in each particular task, e.g. the removal of a disagreement, the
transformation of a conjecture into an element of a decidable subclass or the complete
normalisation of an expression. These functions can be entirely based upon syntactic
properties of the relevant objects (formulae, rules, or classes of formulae), and no

rewriting step has to be performed for their evaluation.

Concerning the removal of symbols, the type of the rule directly influences the size
of the transformation tree. Total rules require just one rewriting step to eliminate
an occurrence of a symbol, whereas partial rules may also involve the elimination
of disagreements, whenever the rule is not applicable and a context transformation
mechanism is interfaced to the system. An initial estimate for a dominant rule could
assume that one additional elimination step is required on the average (to cover one
disagreement ), whereas two additional steps would suffice for a non-dominant rule (to
adjust both the expression in which the symbol occurs and the expression it dominates).

The function m,.

1 if R is total
m.(S. R) =< 2 if Ris partial dominant
3 if R is partial non-dominant

then provides an estimate for the average-case time complexity for formulae where 5
occurs only once, provided that R is a remove rule’*. When more than one remove

rule for S is available, a new function, m,, takes into account their average effect,

m.(S) = %Zme(.ﬁ',Ri)

i=1

" The values for dominant and non-dominant remouve rules should reflect the average number of steps
involved in the tentative application of R to a formula that contains a single occurrence of S. Both
estimated values could be replaced by a more accurate measure based on a suitable probability
distribution function, which counld take experimental data into account.
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where R,..... R, are the remove rules for §.

Both m, and m, are purely concerned with the removal of an occurrence of a symbol,
without any assessment of possible side effects. When a decidable sublanguage and,
as a result, a specific set of deviant symbols are determined, the removal of S must
also take into account the new occurrences of deviant symbols introduced through
rewriting, and the additional steps required for their later removal. In the case of
partial rules, another factor is the additional deviant symbols that may be removed as

part of a single rewriting step. The function m,, defined as

mq(S) = gi m.(S, R;) —n.(Ri)+ > ma(S;)

i=1 S5;€8;
= m(S)+ 1> | D ma(S;) - ne(Rs)
i=1 \S;€S,
where
Hij gty remove rules for §
n.(R;) number of additional occurrences of deviant symbols removed by R;

S; multiset of deviant symbols introduced by R;
assesses all these factors.

For formulae of size greater than one (i.e. those containing more than one occurrence
of §), a simplified average-case complexity function, indicative of the average number
of transformation steps (including those for raising disagreements) involved in the
complete removal of 5, could be defined as n x m4(5). The underlying assumption is
that the removal of n occurrences of S amounts to solving n problems where only one

occurrence of S takes place!®.

6.3.2 Order Relations

One of the possible measures for the reduction of a formula ¢ into a decidable sub-
language L’ is defined in terms of the occurrences of deviant symbols in ¢ and the

complexity measure for the removal of these symbols,

> Ideally, the number of transformation steps predicted by a measure function should apply not ouly
to those cases where the removal of a symbol is possible, but also to those in which failure has to
be eventunally acknowledged.
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m.(o, L") = Znixmd(si)

S,eS

where S denotes the set of deviant symbols of the original language w.r.t. £, and n;,
the number of occurrences of S; in ¢, for each S; € §. Classes are then put in an

increasing order, according to their respective measures.
Example 6.3.1 Let ¢ be the arithmetical conjecture,

(2)(y)(32)Fw)(z X (y+w)=zXzD2xy=2zXw)

As it contains both + and x, it does not belong to either Lp.4 = {0,1,s,+} or
Lsya = {0,1,x}, both of which are decidable for PA. The options for its reduc-

tion are

(i) the removal of x, with Lp,4 as target sublanguage, or

(ii) the removal of +, for the generation of an expression of Lspra.

Assuming that there are two rewrite rules

Rl. ?)1)((1?3"'1?3} v Xy = 1}1=0V’¢?
R,. Vi X V=0 X3 = 1 =0Vv=13

where v is the formula'®

5(3(92)32(’04)) 3{3(1«’3)32(1’4)) = 3(-‘3(3(’02)3(1’3))5((-‘52(1’4))2))

it could then be taken into account that

(i) both Ry and R, are immediately applicable to the conjecture,

(ii) there are four occurrences of X against only one of +, and the complete removal
of + requires only one rewriting step,

(iii) the remove rule for sum, R, introduces a new Lgpy 4-deviant symbol, s, whereas
the rule for x does not introduce any new deviant symbol, and

(iv) there is no remove rule for s in the rule base.

1% See [Boolos & Jeffrey 89], p. 219.
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Therefore. although both + and x can be completely eliminated from ¢. due to the lack
of remove rules for s, the measure my(s) is 0o, and, as a result, the measure m, for

Lpa is lower. 0

Once a decidable sublanguage is chosen, only remove rules for the corresponding de-
viant symbols are eligible for application. An additional loss of completeness w.r.t.

exhaustive rewriting results then from the exclusion of rules for non-deviant symbols.

Example 6.3.2 Let R be the following set of remove rules.

R1 M XVa=1 = 'U;ZOV’L’9=1
Rg TJ]""UQ:O = T}}ZDATJ'Q:O
Ry v1+v=1 = (n=1Ava=0)V(vy=0Av,=1)

Given the formula ¢,

(2* +y*) x (2" +w) = 2 +¢°

it could be reduced to Lspya by the application of a remove rule for x, R;, followed by

two remove rules for +, R, and Rj, resulting in

(Z°=0A=0)V((Z*=1Aw=0)V(L=0Aw=1))

However, since the application of remove rules is restricted to the deviant symbols w.r.1.
either Lspyra or Lp,4 (i.€. to the removal of either + or x, but not both), ¢ cannot be

reduced under R to any of these sublanguages'”. 0

After the choice of a subclass, a total order for partially removable deviant symbols
must be built, based for instance on the termination arguments associated with the-
orem 6.2.1. When there is more than one possible ordering, preference should be given
to those where the first symbols to be removed have rules that minimise the expansion
of the rewritten formula, since the proliferation of subexpressions at the first rewrit-

ing stages may exaggerately multiply the number of occurrences of deviant symbols.

' One of the roles of disagreement elimination mechanisms is to compensate for this deductive loss.
In this example, ¢ could still be reduced to Lzas4 by the strict application of remove rules for +,
provided that a modified version of R, is employed as elimination equation (rather than as a remove
rule) to raise the disagreement between ¢ and Ri. See section 8.1.1.
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Sensitive symbols (i.e. those for which only a reduced number of partial rules is avail-
able) should also have priority: in the presence of multiple rules, it is more likely that
a symbol can be removed at various stages of the process, whereas when just a few

contexts are covered, any transformation may prevent a removal.

Example 6.3.3 Let T be a theory in L = {a, f,g,h, P}, and ¢ be the conjecture

P(z. f(y.z)) A Pla,2) A P(y,9(y,2)) A P(g(y,2),h(z,y))

If £ = {a,h, P} is a decidable sublanguage for T, then f and g are the only deviant

symbols w.r.t. L' that occur in ¢. Assuming that the rule set R contains

R, P(vy, f(va,v3)) = P(vy,9(v3,v3))
Rs P(g(vy,v9),v3) =  P(f(vy,02),03)
Rs  P(v;,9(va,v3)) A P(g(v2,v3),v4) = P(vy,74)

then

(i) there are two rules, R, and Ra, which are immediately applicable to ¢ and respect-
wely remove all the occurrences of f and g,

(ii) Ry s also applicable, but it can remove just one of the occurrences of g, introducing
an occurrence of f as side effect,

(iii) R, removes f at the ezpense of introducing another occurrence of g, already present
in the conjecture, and

(iv) Rz does not introduce any symbol in the rewritten formula.

The main element in the current strategy for ordering deviant symbols is the require-
ment that a rule cannot reintroduce a deviant symbol previously removed from the
conjecture. For the above rule set, both f < g and g < f, in which case (R, :<) is not
well-founded. For this reason, R, should be dropped from R, and f should be removed
before g. 0

Since alternate removals are not allowed by the ordering mechanism and all the occur-
rences of a symbol must be completely erased before others are considered, there may
be a loss of completeness when there are multiple occurrences of at least one of the

deviant symbols of a formula.

183



Example 6.3.4 Let o

2y B
gV Lyxz=yXz2
be an arithmetical conjecture, and let

Ry vi4+v=v, = v =0
Ry v+v2=0 = v,=0Av,=0
R4 17°=0 = vy =0Av#0

be the elements of the rule set R. With respect to Lsyra, ¢ has two deviant symbols, +
and exp. In the absence of a disagreement elimination mechanism, none of the possible
orderings for this pair of symbols allows the successful conversion of ¢ under R to a
formula of Lsya. However, if the removal of occurrences of + could be interleaved

with exp, the above rules would suffice for the reduction, considering that

:L'!"""‘":""‘xz:yxz & xy2+23+1]=0 &
B o=0A-((#*+2*F1=0) B z=0n-@[F}*=0A1=0) B

B 2=0A-(12=0Az*=0A1=0)

Finally, with respect to partial remove rules for deviant symbols, a possible measure
for the complexity of the application of a rule R is based on the deviant symbols

introduced by its rhs expression. A new function, m,., is defined as

m(R) = ) ma(S;) = ne(R)

S,eS
where S denotes the multiset of deviant symbols introduced by R, n,(R) represents the
number of occurrences of additional deviant symbols that R eliminates as side effect,
and my, is the measure for deviant symbols defined in section 6.3.1. The set of rules

for each symbol is then put in increasing order, according to m,..

Example 6.3.5 Given the rule set of ezample 6.3.3 and the conjecture
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there are two applicable rules,

R, P(g(vi,v2),v3) = P(f(v1,v2),03)

Ry P(vi,9(va,v3)) A P(g(v2,v3),v4) = P(vy,04)
The first one removes a single occurrence of g, at the cost of introducing an occurrence
of another deviant symbol, f. The second rule removes two occurrences of the same

deviant symbol without introducing any other, being therefore the preferred choice.

One of the guidelines concerning the ordering of symbols, which involves selecting
those whose rules generate the smallest possible expansion in the course of rewriting,
is also relevant from the point of view of rule selection. The expansion caused by a
rule can be estimated based on the number of occurrences of variables in its lhs and

rhs expressions.

Example 6.3.6 Let ¢ be the formula

F9+((}+[0+-"+(0+ya)"‘}l =l

n occurrences of + £ n — 1 occurrences of 0

and let

R,. 0+v = v
Rg. vl-i-v;):{) = 'UIIO/\UQ:U
Ry, mi+va=1 = (y=1Av=0)V(ry,=0Av,=1)

be a set of partial remove rules for +. Both R, and R3 are applicable to ¢. As a matter

of fact, given additional propositional and atomic rewrite rules, such as

0=0 = T 0=1 = L 1=0 = 1 1=1 = L
TAY == ¢ Tvy = T LAY = L LVYy = ¢

the extended rewrite set is confluent and noetherian, and, as a result, any rewriting
path leads to the same normalised formula. The size of each path, however, may vary
drastically. If R, is chosen in the first place, it is possible to reduce ¢ to Lspra by n—1
applications of this rule, followed by a single application of Rs. However, if Ry is first

chosen, followed by applications of R, and Rj, the total number of rewriting steps is

n(n+1)
2
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since

Base case. :.':2+y3=l%[':1:3=l/\y3:0)\/(953=0;‘\y3=1), and

Step case. Given an atom where + has n+ 1 occurrences, the rewriting sequence has

the form
n+1 occurrences of +
22 (04 (044 (0+3%)...) =1
URs
(@2 =1A0+0O0+-4+0+%*)..)=0)V(E*=0A0+0+---+0+2%)...))=1)

The first disjunct requires n additional applications of R, till all occurrences of + are

eliminated, whereas, for the second disjunct, it is assumed as inductive hypothesis that

@ steps are required. The total number of steps in the presence of n + 1 occurrences
of + then is
oL n(n+1) _ 2(n+1)+n(n+1) (n+2)(n+1) (n+1)((n+1)+1)

2 2 2 2
Hence, for the first path, the number of steps varies linearly with n, whereas for the

second path, it depends on n®. 0

In the above example, R, and R, both preserve variables and their number of occur-
rences, while the rhs expression of R; has twice as many occurrences of variables as
its Ihs. Any increase in the number of occurrences of variables indicates the potential
introduction of new occurrences of deviant symbols during rewriting, a factor that,
according to the definition of the measure function m,, should be also taken into ac-
count. This. however, would require the inspection of the conjecture itself, and the
establishment of which variables of the rule must be instantiated to terms that contain
deviant symbols. The additional matching step could be justified on the grounds that

a shorter rewriting path may be eventually identified.
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6.3.3 Decidable Sub-subclasses

From a strictly logical point of view, given a recursive extension ¥ of a decidable
sublanguage £’ for an undecidable theory T in L, any decision procedure for the
decidable subtheory T'N F'mli.: suffices to decide a formula of the extended subclass. once
it has been rewritten into £’. Decision procedures in this context are only extensionally
relevant, and the actual process of reducing a sentence to a propositional constant is
immaterial. For this reason, attention has been entirely focused on decidable subclasses

rather than on possible procedures for them.

When the complexity of the overall decision process is taken into account. however,
specific features of each procedure have to be examined before a class is selected. The
complexity of a class £ can be included in the measure function m, under the form
of an estimate for the complexity of the most efficient procedure available for £. The
new measure then determines the expected number of transformation steps for the
reduction of a sentence into a propositional constant, rather than just into an element

of a chosen class.

Besides influencing the choice of a decidable subclass, efficiency constraints can affect
the number of such classes and the selection of remove rules as well. For instance,
whenever a subclass &’ of a decidable class ¥ admits more efficient procedures than £
itself, ¥’ may be included as an independent choice amongst the other classes. This
is the case of certain decidable theories where it is simpler to assess the validity of
a quantifier-free formula than of any other formula of the underlying language. Con-
cerning remowve rules, whenever the number of occurrences of quantifiers in a formula
affects the complexity of the decision process, the introduction of quantifiers is a source
of inefficiency. For such cases, priority must be given to rules whose rhs expressions

are free from quantifiers.

The complexity of a procedure therefore interferes in three ways with the selection
mechanisms described in the previous sections. Firstly, the measure function m, has
to be modified to take into account the complexity of the most efficient procedure for
each subclass. Secondly, the number of decidable subclasses available to the system

may increase due to the inclusion of sub-subclasses for which less complex procedures
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are available. In the case of PA, it would then be possible to distinguish between
reducing a formula to Lp, 4 or to the quantifier-free class of this sublanguage; for the
new subclass. two logical symbols. V and 3, become deviant. Finally, the measure
function for remove rules, m,, has also to take into account the efficiency loss that
results from the introduction of new occurrences of quantifiers in the rewritten formula,
even when quantifiers do not represent deviant symbols w.r.t. the chosen class. The
impact of the introduction of other symbols upon efficiency could be also examined for

each particular theory's.

6.4 Conclusions

In the course of the reduction of a formula into a decidable sublanguage, the removal of
deviant symbols has to be performed at the conjecture level, and can be restricted to
the application of remove rules for deviant symbols. The elimination of disagreements
between rules and formulae. on the other hand, may be entirely addressed at the
rule level. As a result, general-purpose proof plans for the extension of decidable

sublanguages can be built exclusively upon the method remove and its various versions.

Normalisation plans can impose certain constraints upon the application of rewrite
rules to prevent exhaustive rewriting: rules are first classified according to the syn-
tactic operation they perform, and their application is then determined by a particular
sequence of tasks specified by the plan. Other constraints, involving aspects such as
the selection of decidable sublanguages, the ordering of deviant symbols and the order-
ing of remove rules, can be added to the initial control setting by means of heuristic

functions.

The only missing element that still prevents general-purpose plans from being built
is a generic mechanism of context transformation that eliminates fatal disagreements
and supports the use of partial remove rules. This question is addressed in the coming

two chapters.

'* Nomne of these three aspects has been fully addressed by the currently implemented heuristic func-
tions. Chapter 9 though examines the complexity of decision procedures for arithmetical sublan-
guages and its effect on the selection of subclasses. These topics are further discussed in chapter 11.
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Chapter 7

Difference Reduction Procedures

Special-purpose proof plans that reproduce decision procedures for theories such as
DAG incorporate two major operations, the elimination of disagreements between
conjectures and remove rules, and the removal of deviant symbols w.r.t. a particu-
lar decidable subclass. Although a specific procedure to eliminate disagreements has
been built from the composition of primitive normalisation tactics, it is not suitable

for a proof plan that represents a generic reduction function for symbol removal.

General disagreement elimination mechanisms can be built on top of any difference
reduction procedure, which provides control for the application of paramodulation and
other rules involving equality. F-resolution is described in section 7.1, followed by
RUE-resolution in section 7.2 and FCOP in section 7.3. In section 7.4, E-resolution,
RUE-resolution and ECOP are compared from the point of view of completeness and

efficiency.

7.1 E-resolution

Paramodulation usually involves a large search space when employed in conjunction
with resolution and factoring. To reduce the number of possible applications of the
paramodulation rule, E-resolution restricts its domain of usage to pairs of potentially
complementary literals’. Let {2 be a set of clauses to which two potentially resolvable

elements,

! E-resolution is described in [Morris 69]. Paramodulation is defined in appendix D.1.
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p(ﬁl,....t")\/f’] ﬁp(é‘il,....-\sn)V(jg

belong. If they are unifiable and o is their most general unifier (mgu), the corresponding
E-resolvent coincides with an ordinary resolvent, o'y V 0C'y. Otherwise there are only
partial unifiers for them, i.e. given any substitution o’, ¢'t; # o's;, for some i. A
disagreement set D = {(uj,u}),..., (Um,u,,)} for {o'p(t1,.... ), 0 (=p(S1y...58n)))

can then be formed, and the expression

a'CiVa'CoV \/(u; # u})

F=1
is supplied to a side module of the mechanism, the equality tree generator®. No form
of search control is available in this module, which relies on the exhaustive application

of inference rules. If it solves all disagreements, the E-resolvent, defined as

o'(eCy)V a'(aCy) V \/6;[
k

includes the residual literals 6, introduced by paramodulation (whenever conditional
equations have been employed) and the compound substitution ¢’ generated in the
course of the removal of inequalities. As it prevents the indiscriminate introduction
of paramodulated clauses in the refutation tree, the mechanism avoids unnecessarily

expanding the derived clause set.

To ensure that the generation of equality trees halts, an upper bound for their depth,
which is not sensitive to the input clause set, is determined in advance. If any disagree-
ment is still left after the maximum tree size is reached, no E-resolvent is generated.
Further restrictions may be imposed on other parameters as well. For instance, the
restricted form of E-resolution takes into account only the left most general partial
unifier (mgpu) for complementary literals, and the innermost disagreement set. Such

restrictions, however, make the mechanism incomplete®.

? Partial unifiers and disagreement sets are defined in appendix D. An overview of the difference
reduction strategy is given in appendix D.1.

* See [Anderson 70].
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Example 7.1.1 Let ¢ be the conjecture

a=bAd= c/\(y]p(a,f(b-_f),y)
=

(3z)p(z, f(z,d),€)

A constructive proof for the validity of ¢ must identify an instance of p(z, f(z,d),e€)
which 1s a logical consequence of the hypotheses {a = b,d = ¢, (y)p(a, f(b,c),y)}, given

that, for any finite set of sentences 71, ..., 7,,

iz(TlA"'Tn)D’d’ Eﬂ {7’1,...,7'”} |=?‘5

For this purpose, the negation of ¢ is first put into clausal form, and a set of clauses,

= {a =b,d= C1p(a-. f[b,c),y),—-p(m, f(mvd)!e)}

1s obtained. Since p(a, f(b,c¢),y) and —p(z, f(z,d),e) are the only complementary lit-
erals in §, they represent a candidate pair for the possible derivation of an E-resolvent.
If the restricted version of the mechanism is chosen, given that the candidate pair is
not unifiable, its left mgpu, o = {*/z,%/y}, is applied, and the innermost disagreement

set,

D= {(bea)a (C!d)}

is obtained. An E-resolvent is derived as follows.

p(a, f(b,(.‘),y) —-p(x,f(x,d),e)
b#aVce#d a=1b
b#bVe#d z=2z
c#d d=e
c#e w=w

(]

Since all the inequalities have been raised, the resulting clause, O, is an E-resolvent for

the pair of complementary literals. All the intermediate steps are then erased. 0

In summary, E-resolution has three main advantages with respect to the plain applic-

ation of paramodulation.

(i) paramodulation is used only with the purpose of eliminating fatal disagreement
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between complementary literals.

(ii) paramodulated clauses obtained in the course of the derivation of an E-resolvent are
not all included in the main refutation tree, thus reducing the number of derived
clauses, and

(iii) an additional rule present in E-resolution dispenses with the introduction of any
equality axioms in the clause set.

The reduction of differences between terms, therefore, takes place only under the form

of complete disagreement elimination.

7.2 Resolution by Unification and Equality

Even though inference steps in E-resolution require the complete elimination of dis-
agreements between complementary literals, other procedures for the reduction of dif-
ferences allow the introduction of intermediate resolvents as well. For instance, given
a clause set ) that contains p(ty,...,%,) V C; and =p(8;,...,8,)V Cs, it is sound to

introduce an intermediate resolvent,

(et =081 A ... A ot, =05,) D (6Cy V aCy)

or, in clausal form,

oty £os; V ...V ot, #0s, V aC, V aCy (%)

in the refutation tree, where o is a partial unifier (not necessarily a mgpu) for the pair
of literals. The desired resolvent, oC; V ¢C3 V D, may or may not be later generated,
depending on whether conditional equalities D; V (ot; = os;) are derivable from clauses
of © and resolved against (x). D = (D, V ---V D,) is the residue clause generated in

the course of the elimination of inequalities.

The presence of intermediate resolvents is one of the main features of resolution by
unification and equality (RUE-resolution). Two new inference rules replace binary
resolution and paramodulation. There are three versions for the procedure, each of

which incorporates increasingly stronger control constructs®.

* See [Digricoli & Harrison 86], p. 258 - 262.
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7.2.1 Weak Version

Due to the presence of equality in a theory, resolvents may include the disjunction
of inequalities obtained as a side effect of a resolution step. Inequalities may later
be decomposed into subproblems, according to a chosen disagreement set. The NRF
and RUE rules of inference respectively cover these cases. Additional concepts such as
RUF factors are required to insert other properties of equality, e.g. symmetry, in the

inference system.

Definition 7.2.1 (RUE factor)

Let £i(ty,....t,) V Ly(8y,....8,) V C be a clause where {,,{, are literals that contain

the same predicate symbol and have the same sign.

i. If £1.0s are non-equational literals, a RUE factor for the above clause has the
form
L(ty,...,ty)VC VD ®

where D is a disjunction of inequalities generated from a disagreement set D for

the pair (€1(t1y..«ytn), £2(815++ -4 8n)).

u. If {,,L, are equational literals, e.g. t; = t, and s; = s, a RUE factor for

ty =1ty Vs, = 8oV C is any clause of one of the forms

t1=t3VCVt1;£31Vt3;£3-
t1=thCVtz¢31Vt1¢s

Definition 7.2.2 (RUE/NRF Rules of Inference — Open Form)

i. A RUE resolvent for the clauses p(t,,...,t,)V Cy and =p(sy,...,s,)V Cs, where

p is not equality, is a clause

0C1 \% G'C-Yg v D

where o is a substitution for the free variables of both clauses, and D is a dis-

junction of inequalities generated from a disagreement set for the complementary

pair lopliisassitalsmoB(brye vl ))s
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it. A RUE resolvent for the clauses (t;, = t3)V C, and (s, # s5)V Cy is either of the

formulae,

tI#S]Vt}??‘ESQVCIVCQ
taFsi Vi #5, VO VEC,

itt. A NRF (negative reflective function) resolvent for the clause (t # s) vV C is a

clause

cC Vv D

where o is a substitution for the free variables of (t # s) V C, and D is a

disjunction of inequalities generated from a disagreement set for the pair (ot,os).

w. A RUE resolvent for p(t,,....t,) V Cy and =p(s;,...,8,) V Cy is minimal iff

the associated substitution o minimises the number of disagreements between

plty,....1,) and p(sy,...,8,).

v. A NRF resolvent for (t # s)V C is minimal iff the associated substitution o

minimises the number of disagreements between t and s.

The NRF rule makes redundant the inclusion of the reflexive axiom for equality in the

clause set. For instance, when it is applied to the clause

t#1

since, for any substitution o, the only disagreement set for (ot,ot) is the empty set,

the NRF resolvent is the empty clause, hence

t#1

a

From the viewpoint of difference reduction, the NRF rule has the purpose of lowering
disagreement sets. Hence, if the topmost disagreement set for a pair of complementary
literals is chosen in the first place, any other disagreement set can be subsequently
accessed by its application. This rule, as well as the RUE rule, is in open form given
that the substitution o and the disagreement set D are left unspecified. Both rules can

be integrated into a complete inference system for the predicate calculus with equality.
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Definition 7.2.3 (RUE-NRF Deduction)
i. Given a pair of clauses, C'y and C,, an extended RUE-resolvent of C, and C, is
a RUE-resolvent of C{ and C%,, where C! is either C; or one of its RUFE factors.

1. An extended NRF-resolvent of a clause C' is a NRF resolvent of C or of one of

its factors.

1. Given a set of clauses 1, a RUE-NRF deduction of a clause C' from Q is a finite

sequence of clauses

Gl

in which C; is either an element of Q, or an extended RUFE resolvent of a pair of
preceding clauses in the sequence, or an extended NRF resolvent of a preceding

clause, for 1 <i<(n—1), and C,, = C.

Theorem 7.2.1 [Digricoli & Harrison 86] If Q is an unsatisfiable set of clauses in the
predicate calculus with equality, there is a RUE-NRF deduction of the empty clause
from Q.

7.2.2 Strong Version

There are guidelines for the selection of partial unifiers, disagreement sets and elim-
ination equalities (i.e. those used to raise fatal disagreements between semantically
or §-unifiable terms) which do not affect the completeness of the original inference

system. They are based on a few additional concepts, which are introduced next®.
Definition 7.2.4 (Viable disagreement set)

Let Q) be a set of (conditional) equalities of a first-order language L.

® Semantic unification is discussed in [Dershowitz & Jouannaud 90], p. 282-4.



%

1.

A disagreeing pair of terms® (t,,t5) is potentially eliminable w.r.t. Q iff either
t, and t, are unifiable, or there are (conditional) equations ¢, V s; = s, and
@2V s3 = s4 in Q and there are pairs (t,,s;) and (t2, si), for some j k1 < j,k < 4,

j # k, each of which satisfies one of the conditions

(a) t; unifies with s;, or

(b) t; = S(ury....un), & = S(uy,...,u,), and there is a viable disagreement

set for each pair (u;,u}).

If €, and ¢, are two L-expressions that do not share variables, and D is a dis-
agreement set for (€, €,), D is viable w.r.t. Q iff each element of D is potentially

eliminable w.r.t. 1.

Example 7.2.1 Let

{ f(g(a,b))= f(b), h(z)=¢, g(f(a),y)= f(c)}

be a set of equations where a,b, ¢ are individual constants.

i.

2.

The disagreement pair (h(z), f(w)) is potentially eliminable, since each term of
the pair is unifiable with either the rhs or lhs expression of one the equations

above.

The pair (f(f(2)),g(w,a)) is also potentially eliminable, for although f(f(z)) is
not unifiable with any of the dominant terms in the equations above, it has the

same dominant symbol as the term f(c), and {f(z),c) is potentially eliminable.

O

Considering that, for any pair of expressions, more than one disagreement set may be

viable. the strong form of RUE-resolution selects the topmost viable set. There is a

reduction in the search space, therefore, whenever the topmost disagreement set for

a pair of expressions is not viable. When a clause set contains either a clause of the

form C' V v; = v,, or a pair of clauses of the form C; V v; = t;, i € {1,2}, where v; is a

® Disagreeing pairs are defined in appendix D.
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variable. any disagreement set is viable. In such cases, the selection criterion has no

effect over the search space.

Concerning substitutions, the choice falls on the RUFE-unifier, which is built from a
mgpu o = {“/v1,...,"" /v, } for a pair of expressions (€;,€;) by the deletion of all
components " /v;, whenever v; occurs in a viable disagreement set for (¢, €,). For the
selection of elimination equations, the equality restriction, which states that a RUE-

resolvent can be generated from a pair of clauses

(s1 #82VCy, t1=1VC,)

iff s; and t; share the same dominant symbol, for some i,j € {1,2}, must be followed.
The purpose of this restriction is to guarantee the generation of subproblems by a

subsequent application of the NRF rule.
Example 7.2.2

1. Gwen the set of clauses

Q = {p(f(2))Vq(z), ~p(f(a)), b= c, f(a) = f(b)}

once the pair (p(f(z))Vaq(z),-p(f(a))) ts selected, its left mgpu is 0 = {*/z} and

the disagreement sets for the pair, prior to partial unification, are

Dy = {(f(2),f(a))}
D, = {(z,a)}

Both sets are viable: each element of the disagreeing pair in D, can be unified
with a distinct argument of an equation in Q, whereas the disagreeing pair in D,
is unifiable. Since the variable © occurs in a viable disagreement set, it has to be
dropped from the mentioned substitution to generate the RUFE-unifier, which in

this case is empty.

1. For the clause set
Q = {f(z,a) #b, g(y) = h(y,d). a = f(b.c)}
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the only pair of clauses eligible for the application of the RUE-rule, according to
the equality restriction, is (f(z,a) # b,a = f(b,c)), since at least one argument
of one of the complementary literals shares its dominant symbol with an argument

of the other literal. 0

All three notions have been incorporated in a stronger version of the RUE and NRF

inference rules.

Definition 7.2.5 (RUE/NRF Rules of Inference — Strong Form)

i

.

The strong RUE resolvent for the clauses p(t,,...,1,)VC; and =p(s;,...,8,)VC>

is the clause

O'Cl V G"Cg Y _D

where o is the RUE unifier of p(t,,...,1,) and p(sy,...,8,), and D is the dis-

junction of inequalities generated from the topmost viable disagreement set for

(Jp(th €4 -:t‘n)!ﬂ {Tp{t].,. ¥ --:zn))-

The strong NRF (negative reflective function) resolvent for (t # s) vV C is the

clause

oC Vv D

where o is the RUE unifier of t and s, and D 1is the disjunction of inequalities

generated from the topmost viable disagreement set for the pair (ot,os).

The topmost viable disagreement set and the equality restriction preserve the complete-

ness of the open form of RUE resolution. The effect of the RUE unifier on completeness

has not been formally established yet”.

7 See [Digricoli & Harrison 86], p. 277.
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7.2.83 Heuristic Version

Further improvements in efficiency can be obtained at the expense of completeness.
Heuristic control can be introduced at all three levels in which search is present, i.e. at
the selection of partial unifiers, disagreement sets and elimination equalities. Concern-
ing partial unifiers, a mgpu is chosen in the first place, although not necessarily the
left mgpu®. When compared to the RUE-unifier, which does not exclude any viable
disagreement set in order to preserve completeness, the heuristic choice may lead to a

more compact refutation tree. For instance, given the pair of terms

(f(:v,g(c._ h’(aﬁr]))e f(bsq(y }L(C.d))))

assuming that the RUE unifier for this pair w.r.t. a set of clauses € is the empty

substitution, the innermost disagreement set is

{{2,8). (e,9).(a.c), (2, d)}

If the left mgpu is chosen instead, the new set,

{(a,c),(b.d)}

can be reached from the first one after two applications of the NRF rule, which poten-

tially increase the size of the first refutation tree.

The choice of a disagreement set favours the lowest one that does not contain an
irreducible inequality, instead of the topmost viable. Irreducible inequalities are those
whose negations (or rather instances of their negations) cannot be proven from the
equality base, as for instance inequalities entirely formed of Skolem constants. Finally,
the selection of elimination equations depends on the syntactic difference between

terms.

Definition 7.2.6 (Degree of Unification)

Let o be the left mgpu for (t, # t») and the elimination equation u, = u,.

# See [Digricoli & Harrison 86), p. 283.
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i. The degree of unification w between the above inequality and elimination equation

is defined as

w(h ;é o, w1 = 1:2) = w(h, Uy = nz] -+ w(fq, wn = -ug)

it. The degree of unification between a term t; of the above inequality, i € {1,2}, and

the elimination equation is defined as follows.

(a) If there is a term u;, j € {1,2} and a substitution o such that ot; = ou;, then
w(t, uy = uz) = 5H0.

(b) If t; has the form S(1},...,t.) and there is a term u;, j € {1,2}, of the form
S(uy, ... uy), then w(ti, w1 =w2) = 20+ 30 X 2, where m is the number of
syntactically identical pairs (1}, u},).

(c) If neither w, nor u, has the same dominant symbol as t;, then

w(t,ug =uz) = 0.

The measure 100 is obtained if and only if the complementary literals are unifiable,
whereas 0 is obtained when the equality restriction for the selection of elimination

equations has not been observed.

Example 7.2.3 Assume it has to be proven that

a* x a*® + (a*b + a’c) = a*(a® + (¢ + b))
is a logical consequence of the commutativity of + and the distributivity of X over +.
The negation of the corresponding conjecture in clausal form is
Q = {ay+zz=(z(y+2), u+w=w+u, a® x a®+ (a®b+ a?c) # a®(a®* + (c + b))}

The equality restriction is satisfied e.q. for the pair

(a® x a® + (a*b + d*c) # d*(a®* 4 (¢ + b)), 2y + 22 = (2(y + 2)) )

since a® x a* + (a?b + a*c) and zy + zz share the same dominant symbol. A RUE-
derivation of the empty clause from €, both under the strong and the heuristic forms

of RUE-resolution. is indicated in figure 7.1. 0
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a? x a? + (a?b+ a%c) # a*(a®* + (c+b)) zy+zz==a(y+2)

a?x a’+ (a’b+a’c) Fay+zzVa(a+(c+0) #z(y+2)

a’ x a* + (a’b+a’c) #zy+zzVa* #FaVa* #yVe+b#z

a* x a® + (a®b + a’c) # a’ x a® + a*(c + b)
a?b+ a’c # a*(c + b) 'y + 2’2 =2 (Y + 2)

a*b+a’c# 2’y +2'2'Vai(e+b) £2'(y +2)

a?£ 2" Vb#yVal£zVe#zVai#FazVe+bF#y+z

c+b#b+e ut+w=w-+u

c+tbFut+twVb+cFw+tu
cFuVbFwVbFwVe#u

m]
Strong Form
a? x a® + (a®b+ a’c) # a*(a®> + (c+b)) zy+zz=z(y+2z) (o1)
(o2) a*b+a‘c# a*(c+b) o'y +2'7 =2 (y + 2)
(03) c+b#b+c utw=w+u
O

Heuristic Form

o {azlz,“zf’y.(c+b)ﬁ}
oy {% /2"y, /2"
o3 {Cftr.,b,r'w}

RUE rule
NRF rule

=~

Figure 7.1: An Application of RUE-resolution
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7.3 Equality Graphs

Planning in the context of equality reasoning can benefit from the usage of graphs for
the representation of inference steps. In its pure form, an equality graph involves a pair

of terms, (¢, u), which is linked by means of equations,

1 — {?'IJ: 81) — (?'3 = ... = ‘Su—l) ——F (?‘n = :Sn) —_— 3_£
oy T Tn 0:1-1

where each 7; = s; belongs to a set of hypotheses and o; is a unifier for each underbraced
pair of terms. For notational simplicity, graphs are linearly represented as chains,

whenever possible®.

The existence of a local unifier for pairs of adjacent terms in a graph does not guarantee
the existence of a substitution for the A-umnification of (¢,u), where A is a set of

hypotheses. For instance, given the chain

flab) — (f(z,y) = 9(y.2)) — (g(a,2) = 2) — ¢

= "

-
Ty T3 a3

even though each underbraced pair of terms can be respectively unified by

gy = {a;’!xz bfry}
o = {%y}
oz = {°z}

there is no common unifier for all three pairs. The chain, therefore, is incompatible.

Compatible graphs correspond to executable sequences of paramodulation steps, and

may lead to the resolution of non-unifiable complementary literals. There are three

necessary (but not sufficient) conditions which characterise compatibility,

(a) all the component unifiers associated with each paramodulation link have to fuse
into a most general unifier.

(b) access depths of terms must coincide.

(c) a graph that contains incompatible subgraphs is also incompatible!®.

? Bquality reasoningdesignates any inference system for theories that contain equality; see appendix D.

' The access depth for a term is defined in [Blasius 87]. The incompatibility of a graph containing
incompatible subgraphs is mentioned in [Blisius & Siekmann 88], p. 403.
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In order to link the terminologies of RUE-resolution and ECOP, it is worth mentioning
that viable disagreement sets. defined in section 7.2.2, and compatible graphs do not
necessarily come together. Although the existence of a compatible graph linking terms
t; and t, implies that (t,,¢,) has a viable disagreement set, the converse is not neces-
sarily true. as indicated by the above example. Incompatible equality graphs, on the
other hand, do not imply the existence of a viable disagreement set. Selecting viable
disagreement sets and exhibiting equality graphs are two distinct strategies for the
establishment of the A-unifiability of two terms: the first one proceeds in width, and
actually indicates at least the first two steps of a compatible equality graph, whereas

the second one operates in depth.

The equality graph construction procedure (ECOP ) employs equality graphs to establish
the unsatisfiability of sets of clauses containing equality. Unlike E- or RUE-resolution,
no partial unifier is applied to the initial pair of complementary literals, and each
original subproblem is solved independently from the others. Individual substitutions

are checked for compatibility only at the end of the process.

Example 7.3.1 Given the set S that contains the clauses

P(g(a,w),z)  ~P(f(e),b)
g(z,z) = h(z,b) h(u,v)= h(v,u) h(b,a)= f(b)

b=-c¢ c=¢e

the pair of complementary literals, (P(g(a,w),z),=P(f(e),b)), determine two equalities
subproblems, represented by its innermost (and sole) disagreement set,

D = {{g(a,w), f(e)), (z,b)}

While the second disagreement is solvable, the first one requires the construction of a

chain,

where the dotted line indicates that the graph is incomplete''. The innermost disagree-

ment sel for these terms is simply represented as {(g. f}}. Equations taken from ()

11 See [Blasius & Siekmann 88], p. 404-406.
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are inserted in the chain with the purpose of eliminating disagreements. Amongst the

possible potential graphs for (g(a,w), f(e)),

gla,w)------ g9(z,2) = h(z,b)------ h(b,a) = f(b)------ f(e)

is the shortest one, and is therefore the first to be examined. Three new subproblems,

(9(a,w),g9(z,z))
(h(z,b), h(b,a))
(f(b), f(e))

are generated, and the same procedure has to be applied to each of them. In the particu-
lar case of (h(x,b),h(b,a)), the pairs of the innermost disagreement set, {(z,b), (b,a)},
cannot be linked by equations of ). However, a new link can be inserted in the initial

graph by the introduction of a new equation between h(z,b) and h(b, a),

g(a,w) """ g(x,:.':): h(:c,b) """ h’(ur”): h(v,u) """ h(baa):f(b) """ f(l‘.’)

the process is restarted for the extended version. Since subproblems are solved independ-
ently, none of the partial solutions have to be discarded. All the derived subproblems
of the new chain admit a local solution. as indicated in the final graph (figure 7.2). As
local unifiers can be composed into a global unifier, ¢ = {*/z,%w, %, /v}, the graph

1s compatible. Hence

Q F (og(a,w)=o0f(e))
A RUE-refutation from Q that corresponds to the above equality graph is

P(g(a,w),2) =P(f(e),b) RUE
gla, w) # fle)vVz#>b NRF oy
gla,w) £ f(e) glz,z) = h(z,b) RUE o3
h(a,b) # f(e) h(u,v) = h(v,u) RUE o3

h(b,a) # f(e) h(b,a) = f(b) RUE

f(e) NRF

€ b= RUE

cFe c=e RUE
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where oy = {*/:}, 04 = {*/z,%w} and o5 = {%/u,b/v}.

One difficulty at the planning level is related to those pairs whose innermost disagree-
ment set cannot be solved, as in the case of (h(z,D), h(b,a)) of the above example. Such
cases require the expansion of the original graph by the introduction of new links and
equations. It seems that their introduction can be limited in principle to the level of the
immediate dominant symbol, in order to minimise the effect over other subproblems.

For instance, given the disagreeing pair of terms

fla,h(b, g(d)))

f(b, h(z, g(e)))

whose innermost disagreement set is D = {{a, b), (b, z), (d, €)},if (d, €) cannot be raised,
the set of subproblems identified by D has to be abandoned. ECOP would then suggest
the closest alternative set. {(a,b), (b,z),(g(d).g(e))}. For the last pair, before global

planning is resumed. new links between ¢(d) and g(e),

...... Fnlth, ..., 30 ) =g(t)

have to be introduced. For each subproblem, the lowest set of disagreement pairs would

be chosen and solved, whenever possible.

The unrestricted search for compatible graphs in ECOP has an order of magnitude
similar to the search present in E- and RUE-resolution. One of the main problems in
all of these approaches is the possibility of unifying variables with any term of an equal-
ity. Besides targeting variables or limiting search to the innermost disagreement set in

the first instance, more complex problems may require additional heuristics, concerning

Weights and Limits. Time and size constraints upon the reduction of differences may

be established by means of measures defined for the terms being transformed (e.g.
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number of occurrences of certain symbols. nesting depth of their occurrences, etc).
The decision of continuing or stopping the generation of a given graph is then based

on the behaviour of such parameters.

Difference Measure. Additional measures may be defined to assess the level of differ-
ence between two terms. Such measures can be applied to the selection of equations,

to determine whether their application reduces differences efficiently.

Conflict Solving. The global instantiation of multiply occurring variables may be pre-
vented by incompatible local substitutions. Incompatibilities between partial unifiers

may nonetheless be overcome by the construction of additional equality graphs.

7.4 Comparative Analysis

E-resolution, RUE-resolution and ECOP provide complete inference systems able to
determine whether two expressions, or any of their instances, are equal under a set of
hypotheses. All of them substitute semantic equality for syntactic identity at the stage
of unifying expressions. From the point of view of proof strategies, they gradually

eliminate disagreeing pairs (i.e. reduce differences) between non-unifiable expressions.

Search control in equality reasoning is provided along at least four lines. At the level
of global planning, equality connection graphs supply ECOP with a mechanism for
decomposing conjectures into subproblems, while E- and RUE-resolution seem to lack
any similar structure. After decomposition, each subproblem is solved independently
of the others, and no substitution adequate for a subproblem is propagated to any
other until a solution for each of them is found. The preservation of partial solutions
is one of the main advantages of ECOP over the two other procedures'?. For partial
unification, as already indicated, ECOP resorts to the empty substitution at the global
level, and operates with most general unifiers locally, whenever the original problem
does not allow full unification. The choice of a unifier in RUE-resolution, on the other
hand, depends on the topmost viable disagreement set, while E-resolution may employ

the left mgpu with loss of completeness.

12 gee [Blisius & Siekmann 88], p. 408-9.
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g(a,w)

=

g2(x.x) =h(x,b)

f(e)

Figure 7.2: Compatible Equality Graph



(open form)

Procedure Variable Disagreement Elimination Other
Instantiation | Set Selection Equality Selection Features

E-resolution (left) mgpu innermost = Incomplete

(restricted version) Controlled use of
paramodulation

E-resolution Complete

(full version) — — — Controlled use of
paramodulation

RUE-resolution Complete

RUE & NRF rules of
inference (open form)

RUE-resolution RUE-unifier | topmost viable | equality restriction Possibly complete
(strong form) RUE & NRF rules of
inference (strong form)
RUE-resolution mgpu lowest minimally disagreeing | Incomplete
(heuristic form) adequate equality
ECOP local innermost minimally disagreeing | Independent solution
mgu equality for subproblems

Complete
Global search control

Table 7.1: Difference Reduction Procedures — Comparative Assessment

Disagreement sets in RUE-resolution are initially restricted to the topmost viable set,

which is lowered by the application of the NRF rule, when necessary. ECOP starts

with the lowest set, moving upwards only if required. The advantage of operating at

a lower level is the comparatively smaller search space opened by the set. Concerning

elimination equalities, there are two criteria for their selection in RUE-resolution, the

equality restriction and the degree of unification, the second of which has apparently

been borrowed by ECOP. These and other main properties of all three mechanisms are

summarised in table 7.1.
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7.5 Conclusions

The process of enlarging decidable subclasses is strengthened when mechanisms for
the elimination of disagreements cooperate with the application of rewrite rules. A
restricted form of disagreement elimination can be built as a special case of A-matching,
a semantic process that involves determining whether there is an instance of a term

that is equal to another one, under a set A of hypotheses'®.

Difference reduction procedures, on the other hand, are suitable for solving A-unification
problems, which concern the existence of instances of an equation that are logical con-
sequences of a set of formulae A. Guidance for the derivation of a refutation tree is
provided along four dimensions: global planning, partial unification, disagreement set
selection and elimination equation ordering. Procedures such as E-resolution, RUE-
resolution and ECOP gradually remove disagreements between terms until syntactic-
ally identical expressions are obtained, whenever possible. All three approaches are
complete, i.e. a proof for a A-unification problem (or rather a refutation for its neg-
ation) is eventually found if it is actually solvable. Termination and efficiency are
affected as a result: given that the predicate calculus with equality is semidecidable,

there are formulae for which the above procedures do not halt.

As even heuristic versions for these mechanisms involve a considerable amount of search
in the average case, stronger control structures are required for the effective removal
of disagreements in the context of rewriting. Additional control and the use of A-

unification mechanisms for A-matching are discussed in the next chapter.

' The links between disagreement elimination and A-matching are examined in appendix D.4.
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Chapter 8

The Rule Generation Mechanism

A generic mechanism for disagreement elimination can be derived from a difference
reduction procedure once A-matching is recognised as a special case of A-unification.
The rule generation mechanism (RGM ), described in this chapter, addresses the specific
problems related to formula rewriting. Section 8.1 describes the core of the mechan-
ism and the guidelines it follows for the selection of elimination equations and partial
unifiers. Section 8.2 presents a stronger version of RGM that provides a closer repres-
entation for the context transformation mechanism devised for DAG. A comparison

between RGM and other difference reduction procedures follows in section 8.3.

8.1 Rule Generation

The inference systems examined in the previous chapter deal strictly with the unific-
ation of terms in the context of paramodulation or related rules. Nonetheless, similar
procedures can be devised for expression matching as well. Fatal disagreements occur
in rewriting if, given a rewrite rule é = ¢’ and an expression ¢, where § and ¢ do not
share variables. 4 cannot be syntactically matched against any subexpression of €, i.e.
there is no substitution ¢ or subexpression ¢ such that 06 = ¢. In the presence of a

set of conditional equations A, these expressions may be A-matched, that is

|= [G)| 2 €11 = €'g_.]] A A [‘f)n i) €1n = fgln] B (31}1)...(31},,1)(6 - 6{'!.’1,....?},,1}) (*)

where (¢; D ¢, = €,;) € A.1<i<n. When the variables of ¢ are implicitly replaced
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with individual constants, rule matching becomes an instance of unification'.

Lemma 8.1.1 Lete€(vy,...,v,) be a L-expression, and let a,, .. .,a, be individual con-
stants that do not belong to L. If R. §, = é, is a rewrite rule that does not share

variables with €. then

If R is applicable to ¢, there must be a substitution 7 and a subexpression € of ¢

such that 76, = €. Then

o€ = o(1t6) = (o71)by,

where 0 = {*'/v;,...,%"/v,}. Hence there is a substitution, o7, which matches R

: g ; : R R
against o€, a subexpression of oe. Since € = ¢ and ¢ = e[[féz/“é]], then oe = oé€'.

If R is applicable to oe, there is a substitution 7 and a subexpression o€ of e such
that o€ = 76,. Considering that none of the new constants a; occurs in €(vy,...,v,),
€ is syntactically derivable from o€ through the replacement of each occurrence of a;

with v;, an operation that can be applied to 7 as well. Then

€ = (06" = (7&) = 1,
where 6* is the expression that results from 4 after the application of the replacement

operation described above. Therefore R is also applicable to e. 1

Disagreement elimination procedures built on top of a difference reduction mechanism

have to take two additional elements into account, (i) the selection of a subexpression

! Expression (#) above is actually a special case of the equational conjecture described in appendix D.1,
provided that variables that occur in ¢ are regarded as new individual constant symbols.
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from the conjecture and (ii) syntactic type checking for the selected subexpression. In
the context of resolution, inference rules (with the exception of the NRF rule) apply
only to complementary pairs of literals, and unification is limited to the corresponding
pairs of arguments. The application of a rewrite rule, on the other hand, requires ex-
amining all subexpressions of an expression against which it has to be matched, hence
an additional search component is present. Also, whereas resolution in first-order lan-
guages involves only the unification of terms, rewriting may involve either terms or
formulae. Its representation in a resolution-based framework requires either the in-
troduction of syntactic sorts such as terms and formulae, or the identification of two

distinct processes, term and formula rewriting.

The rule generation mechanism (RGM), derived from both RUE-resolution and ECOP,
addresses these and other specific requirements of A-matching, where A is a set of
(conditional) equations. Besides matching a rule R against a conjecture, it also extracts
from the rewriting process the most general applicable rule, which is A-equivalent to
an instance of R. Also, in face of the inefficiency of complete mechanisms for difference
reduction, even in the presence of the heuristic components, new control features have
been added to prune the search tree even further’. Besides selecting disagreement sets,
elimination equations and partial unifiers, RGM also chooses fatal disagreeing pairs for

each disagreement set. Variable instantiation is restricted to three cases,

(a) multiply occurring variables,
(b) explicit introduction of disagreement pair in the elimination equation, and

(c) unification of elimination equations.

Finally. selected elimination equations have to preserve the upper context of a rule and

cannot reintroduce previously eliminated disagreements.

8.1.1 Equation Selection

RGM adopts as a general guideline for the selection of elimination equations the re-
quirement that a fatal disagreement has to be removed in each transformation step. It

deals with both term and formula rewriting, applying therefore oriented equations and

? Search problems faced by difference reduction procedures are briefly described in
[Cleve & Hutter 93], p. 1.
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equivalences. The term elimination equation refers then to both types of expressions.

which may be uniformly denoted as

where = represents either the equality or the biconditional symbol, depending on the
syntactic type of 6;. Given a disagreement pair and a disagreeing pair of expressions,
an adequate elimination equation has to meet requirements that include its partial

applicability.

Definition 8.1.1 (Upper Context)

Let € be an expression where a symbol S occurs at position p.

i. The list A(S, p,€) of upper symbols for the occurrence of S at p in € is recursively

defined as follows.

A(S,[],95)
A(S,[],S(t1,---510))
A(S, [i|p], $'(e1s .- -1 €1))

[]
[]
[S‘[A( S'.! p’& Ei)]

it. The depth of the occurrence of S at p in € is the number of elements of A(S, p, €)
increased by one. The depth of a subexpression € at position p in € is defined as

the depth of its dominant symbol in €.

15i. The layer of depth d in €, denoted as {(€,d), is the ordered (from left to right)

list of symbols at depth d in €.

w. If S occurs at depth d in €, the upper context of S in € us the initial fragment of

€ containing all its symbols of depth less than d.

Example 8.1.1 The term t,

flg(f(b.g(c.b)),a), h(b(g(f(b,b),c) h(a,a.b))))

can be also represented as a tree of symbols.
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2 /\ 3
g f ca a
/}119 5 6
c ‘ b
. Asindicated in the above tree, there are sixz occurrences of the individual constant

symbol b in t, each of which has a specific list of upper symbols.

occurrence upper symbol list depth

1 [f, k] 3
2 (f,9, ] 4
3 [f,h,h] 4
4 [f,9,f.9] 5
5 [f’h’g?f] 5
6 [f!h’g’f] 5

1. The upper context for the second occurrence of b int is

/f\h
f/\ ™

Definition 8.1.2 (Adequate Elimination Equation)

Let (€;,€;) be a disagreement pair, where €, is variable-free, and let (Si(u1), So(uz))

be a fatal disagreeing pair between them.

i. An equation 8, = 8, is an adequate elimination equation for (€, €;) with respect

to S1 and Sg ?Jf
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(a) 6, is partially applicable to ¢; w.r.t. S;.
(b) Sy has an occurrence in 6, at the same position as S- in 6.
(c) the upper context of Sy in 6, is identical to the upper context of S, in §,.

(d) if ¢, has a suberpression S(ti,...,t,) at position p, such that S was in-
troduced as a result of a fatal disagreement elimination, then &, has an
occurrence of S atl position p (i.e. symbols at positions corresponding to

previously eliminated disagreements are not changed).

i1. An equation 6, = d, is partially applicable to an expression € w.r.t. a symbol S
ilf
(a) S has an occurrence in € at the same position it occurs in 6.

(b) there is an instance 8] of &, such that S has the same upper context in both

€ and 0.

In particular, if S is the dominant symbol of both ; and ¢, then 6, = 4, is partially

applicable to € w.r.t. 5. Also, any equation of the form

Biltizinate) &= Slssnt)

is an adequate elimination equation w.r.t. .S, and S, for any pair of expressions of the
form (S;(wu1), Sa(wz)). Finally, whenever é; is partially applicable to € w.r.t. S, but é,
and € are not unifiable, fatal disagreements are restricted to symbols of depth equal or

greater than the depth of § in e.

When an adequate elimination equation 8, = 6, is applicable to an expression ¢, the
disagreeing occurrence of .9, in € can be effectively replaced with S,. Since upper
contexts are preserved. there is no risk of introduction of higher disagreements in the
course of such replacement. Also, as no disagreement can be introduced at a position
from which another has already been eliminated, the search for new ones can be directed

strictly to the same or lower layers w.r.t. the replaced occurrence of 5,.

Equation selection in RGM can be summarised as follows. Given a pair of disagreeing

expressions. (6.1), a list {E)..... E,} of adequate elimination equations is built, and
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one of them. E;. is selected for the removal of a fatal disagreement. If (the lhs or
rhs expression of) E; is unifiable with é, é is rewritten to ¢’ and a disagreeing pair is
consequently removed. §' is then checked for matchability w.r.t. ¢, and, in the negative
case, a new subproblem, (é’,?), has to be tackled. The restrictions established for

equation selection prevent the reintroduction of previously removed disagreements.

Example 8.1.2 Let ¢ be the arithmetical conjecture

a 20 3 JSEX;L'?(x'“’xy-l-:r?xy):zxx

R be the following remove rule for +,

n+v=1 = (y=1Av,=0)V(y=0Av,=1)

and A be the set that contains the equations

W XV=9 = v=1 (v # 0)
v X (va+v3) = v Xvy+ v XUy
V1 XV = Py XU

('Ul X Ug) X Vs m X ('02 * 'b‘s}

Since R cannot remove the marked occurrence of + in ¢, there is a fatal disagreement
between its lhs expression, 6, and every subexpression of ¢ of the same syntactic type
as 8, i.e. ¢ itself and 1, defined as z° x z® + (2®> x y+ 2% x y) =  x «. With respect

to the second formula, the disagreement sets are

D, = {{(zxz’+ (2’ xy+a2?xy)=zxXz,0+ vy = 1)}
Dy = {(2®x2?+ (2?2 xy+ 22X y),v + ), (z X z,1)}
Dy = ({e¥% Pyg), Ry 1 0 Xy, (E%E 1))

The innermost disagreement set, Dj, is chosen in the first place. The only fatal dis-
agreeing pair is (x X ¢, 1), hence the mechanism tries to establish the equality z x ¢ = 1
from A. Given that variables of ¢ are dealt with as individual constants, they cannot
be instantiated to reduce differences, and z x * = 1 cannot be proven from the set of
equations. D, is excluded for the same reasons, and the topmost disagreement set, D,,
has to be selected instead. Although (x x x,1) still is the only fatal disagreeing pair,

the subproblem to be tackled is
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A E (@u)Fv)((e*x2?+ (@ xy+2’xy)=zx2)= (v + v, =1))

which can be schematically represented as

é. (8 + Ua =

Y. | (2*x2?) + (e®Xxy+2’Xy)

Il
8
g

The (conditional) equivalence 6, = b,

(V3 XVg) XV3=V3XVy = vs5=1 (vaxvy#0)

which is in fact an instance of an element of A,

M XV =1 = 'Ug:l (UI%O)

satisfies the conditions for elimination equations, since

(a) &, is partially applicable to & w.r.t. the marked occurrence of 1 in é, as 1 occurs in
the same position in both ¢ and é,, and the upper contezt for each of these occur-
rences, formed by a single symbol (=), is the same,

(b) the function symbol x occurs in 6, at the same position as the constant 1 occurs
in b4, and

(c) x is in the immediate scope of an equality in é,, and the same applies to the occur-
rence of 1 in 65, therefore the upper contexts are identical, as illustrated in fig-

ure 8.1.

Hence, if the equivalence above becomes applicable to 6, the marked occurrence of 1 is
replaced with x, and the fatal disagreeing pair between § and v is raised. Since é and 6,
can be syntactically unified. with mgu o, = {(" +“2)}-u5}, 6 is replaced with §' = 0,6,,
thus generating a new rule,

R, Vg X V4 # 0 — [U3 X TL;}X (1)1 +'D2) = V3 X V4 =
= (yy=1Av,=0)V (v;=0ADv,=1)



% ¥ Vs 1
/ \ / \
X Vs Vs V4
/ \
U3 V4 | it |

' upper context

5 disagreeing symbol

Figure 8.1: Example of an adequate elimination equation

¢’ is still not matchable against v, therefore there must be a fatal disagreement between

them. The same process has to be applied to the new pair of expressions.

6. | (v3 X vg) (v1 + v2)
Y. | (2? x 2?) (F¥xy+2*xy) = 2 X 2

Vg X V4

The innermost disagreement set,

D = {(x:a X xg + (372 X y+ 3:2 X y]a(’”:! X U‘!) X (ﬂ‘l i vE))! (xzv vz X 1’4)}

has a sole fatal disagreeing pair, (2% x 2> + (2® X y+ 2® X y), (va X v4) X (v +v2)). The

elimination equation 6, = 6,

Vg X U7+ V6 X Vg = Vg X (V74 vs)
is adequate for this pair, since
(a) 6, is partially applicable to § w.r.t. x, where & is the term (v3 X vq) X (v1 + v2).

as X dominates both 6, and &, and

(b) 4, and é, are respectively dominated by + and x.

A new substitution, oy = {"* * " /v, " Jvr, "2 vs }, unifies §, and &', hence §", defined

as 0,8'[*1 /8], integrates a new rule,

218



R". wv3Xvg#0 — (v3X0g) X0+ (v3X04)XV3=03X03 =
=> (n=1Av,=0)V (,=0Av,=1)

A final fatal disagreement can be detected between 6" and .

l

Vg X U4

a7 (1)3 X 1‘4) X v + (1.?3 X 'U4) Vs

. z? X 22 4+ 2¥*xy XYy = W

The innermost disagreement set,

D = {{(z,v3), {(z,vq), (2% 0), (2? X y+ 2? X y,(v3 X v4) X v2)}

admits (z* X y+2* X y,(vs X v4) X v5) as fatal disagreeing pair. This disagreement can

be in principle eliminated by a previously employed equation, with renamed variables,

Vg X (Vig + v11) = Vg X V1g + V11 X V2,

Once established that g5 = {10+ V11 /4, Y3 X ¥ 14, ) js the mgu for the disagreeing subez-

pression of 6" and the left-hand side of the elimination equation, the third new rule,

V3 X U4 #0
¥ ('U;j X 'UQ) XM -+ (('U;j X TL;)X U10+ ['U';j X 1)4) X 7)11) = 3 X V4
=
(m=1A((wo+v11)=0) V (11 =0A(vio+v11)=1)

is derived. For the subproblem (8", 1),

8" | (vaxvs) X v + ((v3xXvg) XV + (vsXvg)XV) = vz Xy

. z? x z* 4+ z? Xy - z? Xy = zXz

the innermost disagreement set

D = {{z,vs), (z,v4), (x%, v7), (¥, 10)s (¥> V11) }

has no fatal disagreements. D itself represents a substitution that matches 6" against ¥,

and R" is the desired new rewrite rule. The full generation process can be represented
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= H(x(2,2), +(x(x(2:2),3), X(x(2,2), ), X (,2))

a3 )

a5

+(x(v1,v2), X(v1,v3)) = X(v1,+(ve, v3))

a9

+( X (v4yv5), X (va,06)) = r(94s+(”5=”6))

04
= (x(vr,vs),v7) == (vs, 1)

-

— (-i-(?“g, Ul[l)! 1)

Tg

Figure 8.2: An Equality Graph for RGM

by the ordered list of intermediate expressions, the corresponding elimination equations
and the unifiers, as indicated on page 221. Figure 8.2 presents the equality graph that

describes the generation of 6. 0

Termination is guaranteed for two reasons,

(i) the number of stages is finite. since v is a finite expression, and the procedure
either eliminates a fatal disagreement or fails: the maximum height of the disagree-
ment between é and 1 therefore decreases, and

(ii) the set of elimination equations selected at each stage of the process is finite.

Due to the requirement that the dominant symbols of a fatal disagreeing pair must
respectively occur in the lhs and rhs of the equation, adequate elimination equations

may have to be derived from the equation base by instantiation. For instance, in the
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Rule Elimination Equation Substitution
5. vy + vy = Vs = _H_ = (va %X va) X Vs =vaxvy | oy = {"HV204)
o V3 X Va _ﬂ (v + v3) = vy X oW = (ve x v7)F(ve x ) T2 = ¥ XV, Vg, Vg )
¥ [(vaxva) x w + (va x v4) V2 Z vy X w <q!<a +vi1) = (voxvio)F(ve x vin) | o3 = {5 X Ve, Mot Vi )
O N (vaxvs) x vi F ((vaxva)xvipe + (vaixw)xwvn) = vy X v
. x4 x x2 4+ xIxy + x? xy = x x x

- Disagreeing symbol § Expected symbol € Selected subexpression

Successful generation of

a new rule
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problem examined above, the adequate elimination equation displayed in figure 8.1 is

actually an instance of

™M x V9 = = = 1 ('UI ?f {})

which is not adequate for the disagreement pair in question. A special case of this
principle involves fatal disagreeing pairs which include variables of a conjecture ¢.
According to the initial assumption in the construction of RGM, variables in ¢ have
to be dealt with as new individual constants; as a result, any disagreeing pair of the
form (t,v), where t is a composite term or individual constant, and v is a variable that
occurs in ¢, is fatal. Their removal also has to observe the guidelines for the selection
of adequate elimination equations, and therefore v has to occur explicitly in the rhs

expression of any adequate elimination equation for (¢,v). Given the pair

0. ('uu) + v
i + (y+z)

since the disagreeing variable  must be dealt with as a new individual constant, x,

the equation

(v1 4+ v2) + v3

vy + (02 + v3)

has to be instantiated to

x4+ (va+v3) = (X+v2)+ 03

to become adequate.

8.1.2 Variable Instantiation

When variables do not have multiple occurrences in an expression 6 that has to be
matched against ¢, RGM deals with each fatal disagreeing pair of a disagreement set on
an individual basis. Multiply occurring variables, however, may prevent the derivation

of a global substitution. even when individual disagreements are eliminable. In such
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cases, all the distinct expressions {€;....,¢,} that should replace different occurrences
of a variable u have to be taken into account, and new subproblems are generated by the
substitution of each ¢ for u in 6. (é,€) is then replaced with a series of new problems,
(61 /u], €)....,(8[*"/u],€), such that a positive solution to any of them amounts to a

solution for the original problem as well.

Example 8.1.3 Let A be the set of equations described in example 8.1.2. Given the

€Tpressions

é. X v + [u]xw

e |[|[(zxe)| x ¥y + [=]xz

their innermost disagreement set is

D = {{u,x x.&);{v,9), {u;2),{w,z)}

Each element of D is solvable, but it is not possible to derive from it a substitution that
matches é against €, since there are two terms, x X z and z, that have to substitute for

w. Two new problems have to be ezamined, involving ¢ and

The innermost disagreement set for (delta',€) s

D' = {{v,y),{z x z,2), (w, 2)}

for which no solution can be obtained from A; neither can it be found for any higher
disagreement set, such as {((z x z) X v,(zx z) X y),((z X ¢) x w,x X z)}. The second

subproblem, (8", €), involves the innermost disagreement set

D" = {(z,z x z),{v,¥), (w, z)}

No solution can be provided here either. However, moving to a higher disagreement

set,
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D" ={{zxv,(zxz)Xy)(rxwzXz)}

the subproblem

o, X v 4+ [z]xw

e |[[(zx2)| x ¥y + [=]x=z

can be solved by the application of an equation of A. (v; X vs) X v3 = v; X (V9 X v3), OF

rather its instance,

(2 X v3) X 13 =2 X (13 X v3)

which successfully eliminates the disagreement between 6" and e. 0

When the list of conflicting terms consists of variables wu,,...,u, of the conjecture.
instances of all the available equations, generated by the replacement of free variables
by uy,....u,. have to be tested. Adequate instances, as defined in section 8.1.1, are
checked against the conjecture, and additional fatal disagreements may have to be
lifted to generate applicability. Since the disagreeing pairs have the form (u;, u;), i # j,
a high number of adequate equations is expected, and may substantially increase the
complexity of the elimination task. To control the search, at first equations are selected
only when they are applicable to a subexpression that contains the occurrence of u; to

be eliminated, i.e. secondary disagreement elimination is discouraged.

Example 8.1.4 Given the pair of terms.

5.><1:-|—><w
e[zl x v + [7] x =

two instances of 6 must be examnined.

., zxv+exw
8. zxv+zxw
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If attention is restricted to &', elimination equations for the replacement of z with z
maust be identified. Equation uxv = vxu, in particular, is applicable to a subexpression

of ¢,

. &2 x v 4+ |[z]xw

hence it can be checked for adequacy. For this example, its instance

ZXT = T AZ

has all the properties of an adequate elimination equation. 0

The variable strategy completes the core of RGM. Table 8.1 has a summary of the

algorithm?.

8.1.3 Subexpression Selection

When a rule R is not applicable to a conjecture, if a disagreement elimination mechan-
ism is available, a subexpression against which R could be semantically matched must
be selected in the first place, as already stressed in section 8.1. The basic version of
RGM described above, however, does not provide any guideline for ordering candidate
expressions. Choices may be determined, for instance, by the agreement depth between

rule and subexpression.

* The seventh step of the algorithm requires the notion of RGM-unifiability of a pair of expressions
(6, ¢), which is defined similarly to RGM-matchability, with the proviso that variable instantiation
and subexpression replacement may take place in both & and e. For this reason, termination is
not ensured. For instance. given the expressions t and t x 1, where t denotes a generic term of
the underlying langnage, and the elimination equation E. » = (v x 1) x 1, the following infinite
RGM-unification sequence,

= (fxJy =1 (t]x1) x1
<) [t]x1 £ (f[xJ1) x 1) x 1
where disagreeing svmbols are indicated inside boxes, can be built. Additional restrictions can be

nonetheless imposed to guarantee termination. The current implementation of RGM achieves it
by operating with standard unification. which may be seen as a special case of RGM-unification in

which the set A of equations is empty.
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Let A be a set of (conditional) equations, (6, €) be a pair of expressions where ¢ is
variable-free, and D be the set of all disagreement sets for (6, €).

ii

1ii

iv.

vi.

Vii.

(A.6,¢€) is RGM-matchable iff (A, 6, ¢, D) is RGM-matchable.
(A, 6,¢, D) is RGM-matchable iff D has the form [D|D’], and

(a) (A,é,¢e,D)is RGM-matchable, or
(b) (A,é,¢, D) is RGM-matchable.

(A,é,6,D) is RGM-matchable iff (A, é,¢,D;) is RGM-matchable, for all
i,1<i<n, where D = {D,,...,D,} is a disagreement set for (6, ¢).

(A, 6.€, D;) is RGM-matchable iff (A, 4, ¢, D;,d; ;) is RGM-matchable, for each
j:1 <j < m., where D; is a disagreement pair for (6, ¢) and {d;,...,d; n,} is the
set of fatal disagreeing pairs of D;.

(A,d.€,D;,d; ;) is RGM-matchable iff (A, 6,¢,D;,d;;, & ;) is RGM-matchable,
where &; ; is the set of all adequate elimination equations, obtained from A, for
a fatal disagreeing pair d; ;.

(A, 6,€,D;,d; ;,& ;) is RGM-matchable iff £ ; has the form [F|£'] and

(a) (A,é,¢,D;,d; ;, E) is RGM-matchable, or
(b) (A,b.€,D;,d;;, &) is RGM-matchable.

(A,b,€,(6',€),d; j,e1 =e2) is RGM-matchable iff

(a) 6’ and e, are unifiable, with o as mgu, and (A, 06[¢2/¢'], €, (o€2, €)) is RGM-
matchable, or

(b) ¢ and e; are RGM-unifiable, with ¢’ as most general RGM-unifier, and
(A, 0'é[%2/8']. ¢, {(0"€es, €)) is RGM-matchable,

where ¢, = ¢, is an adequate elimination equation for a fatal disagreeing pair d; ;
taken from a disagreement pair (¢’ ¢') for (4. ¢).

Table 8.1: An algorithm for RGM
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Definition 8.1.3 (Agreement & Disagreement Depth)

Let ¢ be a formula in which a symbol S occurs at position p, and let ¢,,... €, be
all the subexzpressions of ¢ that contain the mentioned occurrence of S. Let Ry, ..., R,,

be remove rules for S.

i. For each syntactically compatible pair (6;,¢;) (i.e. 6; and €; have identical syn-
tactic types), where &; is the lhs expression of R;, its agreement depth is the
depth d of the lowest layer of €;, such that each layer of depth up to d of €; is
syntactically identical to the corresponding layer of od;, for some partial unifier

a.

ii. The disagreement depth for (é;,¢;) is the difference between the number of layers

of €; and the agreement depth for (6;,¢;).

From a heuristic viewpoint, the greater the disagreement depth, the larger the trans-
formation process required to eliminate disagreements. For this reason, candidate
disagreeing pairs are ordered according to this parameter. Provided that all possible
pairs are checked, their ordering does not pose any additional threat to completeness.
There is a similarity between this heuristic ordering and the degree of unification in
RUE-resolution, defined in section 7.2.3, which, nonetheless, assesses essentially the

agreement and ignores the disagreement depth.
Example 8.1.5

i. Let ¢ be the conjecture

c=0AyXx(z+2)=2°

If + has to be removed from il, the list of candidate subexpressions consists of

2

2%, and ¢ itself. Given a set of remove rules for

r+z.yxX(z+z), yxX(z+z2)
+i

3]

R] 0O+2v =
Ry vi4+veo=v4+vs = v3=103
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the list of compatible pairs has four elements,

(0+v, 242)

(04v, yx(z4+2))
(1’1+'3’2='U1+??3. y X (:.i’.‘+2)222>
(vi+ve=v+v;, 2=0Ayx(z+2)=2")

The agreement depths for these pairs are respectively 1,0,1 and 0, whereas the
disagreement depths are 1,3,3 and 5, which then define the order according to
which the rule generation mechanism (RGM) will try to semantically match a

rule against the conjecture.

1. Let ¢ be the formula

2+ +2)=1+0
and let the rule base contain the following remove rules for +,

R] 'U1+U-_):1 = (U1=1/\'U2=0)V(T)1=U/\'Ug=l)
R, m+v=0 = v1,=0Av,=0
Ry vi+va=v4+v3 = v =0,

Only one compatible pair can be identified for each rule.

(v +va=1 22+ (¥’ +2*)=1+40)
(v1+?.}'_;:U, $2+(y’2+32):1+0)
(vi+va=v 403 224+ (y*+2*)=140)

The agreement depths are respectively 1, 1 and 2, whereas the disagreement depths
are 4, 4 and 3. The last pair therefore is the first chosen, even though the first

is the only one that contains a raisable disagreement pair, (1,1 + 0). 0

When a proof plan for normalisation is interfaced to RGM, a new heuristic measure for
remove tules, m,., takes into account both the complexity of disagreement elimination

and the introduction of new occurrences of deviant symbols. It is defined as

me(R,e) = m.(R)+d(d,¢)

where € is a subexpression of the conjecture, R. § = é' is a remove rule, d(9, €) is the
disagreement depth for the pair (6, €). and m, is the measure function for remove rules.
defined in section 6.3.2. There is an underlying assumption that each disagreeing layer

requires one additional transformation step.
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8.1.4 Most General Derived Rule

As already illustrated in a series of examples, RGM deals with rewriting problems where
a quantifier-free rule R. §, = 6, is not applicable to a formula ¢, in which case there
must be a disagreement pair (€, €,) between é; and ¢. Given an adequate elimination
equation E;. 7; = 7, for (€;,€;) w.r.t. a disagreeing pair of symbols, (5;,.55), in the
event 7, and ¢; admit a mgu o, a new valid rule, R'. 06,[2/e;] = 046,, which does not

contain the disagreeing pair (57, 55), is eventually obtained.

Lemma 8.1.2 Let E,. v, = 7, and E,. §, = §, be quantifier-free valid equations of
the same syntactic type (i.e. they are both derived from equations or equivalences) that

do not share variables. If o is a unifier for v, and 6, then

E.ov, = gé,

is also a quantifier-free valid equation.

PROOF. Since 4; = 73 and é; = é, are valid, any of their instances, e.g. oy, = 07
and oé; = oé, are valid as well. From the symmetry and transitivity of =, and since

E, and E, have the same syntactic type, it follows that oy, = ¢d, is valid. 0

If 7, and ¢, are not unifiable, disagreeing pairs may still be eliminable from (v, ¢€;).
Their successful elimination, whenever possible, allows the construction of the desired
new rule. In the case only most general unifiers are used in the process, the most

general composite rule is derived.

Definition 8.1.4 (Composite Rules)

Let R. 6, = é, be a rewrite rule, & = (E,,...,E,) be an ordered set of equations,
such that E; has the form 6;1 = 6;, and P = {py,...,p,} be a set of finite lists of

natural numbers.

i. R'. 8 = &, is a composite rule derived from R, £ and P iff there erists a

unification chain
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AT S |
such that

(a) 71 = & and yn4y = 6,

(b) Yitr = Yil(0:6; 2,79:, p:)], where o; is a unifier for 6;, and 7;, the subexpres-
ston of ; at position p; (i.e. vy, 1s generated from v; when its subexpression
at position p; is replaced with 0,6, ,), and

(c) 8, = b5, where 0 = 0, 0---00;.

1. R' is the most general composite rule for R, £ and P iff every composite rule R"”

derived from R, & and P is an instance of R'.

Equations, therefore, are not used as rewrite rules in the course of rule composition,
since, rather than being matched against a selected rule R, they are unified with

subexpressions of R, as illustrated below.
Example 8.1.6 Let R. §; = 6, be the arithmetical remove rule,

Uy XV =1 XV3 = =0V =u;

and let

E = (1)4X1)5=‘05X'U4, 1.?5)((1.?74-‘08):’{36?(1)7-1"06?(138)

be an ordered set of equations. Given the unification chain,

Ty

1

M XV =1 X3
ik, . — m v2
Vg X Vs — Vs X U4 ap = { Jv4, ,u"'t’s}
Vg XV =1V X V3

Vg X (U'; + Ug) = Vg X V7 + Vg X Vg Tp = {vlfva,v7+vﬁfv:\}

Vg X V1 =01 X U7 + v X vg

5
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where the underlined subexpressions are unifiable with the rhs expression of an equation
of £, the global substitution, o = 040 0y, is
{"/06, "7 ¥ ¥ v, V1 [y, V2 [vs}

Hence, the rule 6] = od,,

Ve XV =1 X040 Xvg = vy =0Vuv,=1v4+vg

is a composite rule derived from R, £ and P = {[1],[2]}. 0

Theorem 8.1.1 Given a rule R. 6§, = &, and an ordered set of equations
& = (By,...,E,), where each E; has the form é;, = 6é;,, 1<i<n, and does not
share variables with any other equation of £, a rule R'. §] = 6{; s the most general
composite rule derived from R and & iff §; = 06,5 and 8y = 0é,, where o is the most

general unifier for the pairs

(61161,‘.)1 (61,21‘52,1>: (62,2-. 63,1)1 e (63',2:6174-1,1): ey (én—-l,?)& 611,1)

PROOF.

(=)
As R'. 6] = 6, is a composite rule derived from R and &, there must be formulae

Yis-+-sYns1 and substitutions oy, ..., 0, such that 9; = §, and

c"1‘51,1
0205
03'53,1

o164
02(0151.2)
0'3(0'2'52_.2)

Y2
T3
Ya

= (l= =
= Al= []=

dnﬁn,l
8

Un(gn-—l‘jn—l,‘z)
Unéﬂ,?

Tn
Tn+1

[]= |]= -«
[l= |]= «e-

Since the equations of & do not share variables, the composite substitution
o0 = 0,0---007,is a common unifier for each pair (é; 2,0;411), 1 <1 <n. R, therefore,
has the form ¢é, , = ¢é,. If o were not the most general unifier for these pairs, there

would be substitutions ¢’ and 7 such that

231



og=T100c (1)

where 7 is a non-trivial substitution and ¢’ is also a unifier for (é; 5, 6;41,1). Therefore

R”, defined as

0';(51“,3 = U!(Sz, (1}

would be also a composite rule for R and £. From (), (1) and the definition of R/, it
follows that R’ = T7R”, in conflict with the assumption that R’ is the most general com-

posite rule derived from R and £. Hence o is the mgu for the above pairs of expressions.

(#)
If o is the mgu for (é;,6;411),1<i<mn, there is an associated composite rule,
R'. 06,5, = 0d,. If R’ were not the most general composite rule for R and &, there

would be substitutions ¢’ and 7 and another rule, R”, defined as

0!61,1 = JF&R,? (T)

such that

RX7R" (1)

From (1), (1) and the definition of R’, it follows that o = 70’. As o’ is also a unifier

for (é; 5,6;41.1). it is not the mgu for them, in contradiction with the hypothesis. ]

This result does not guarantee that a rule derived from R and (F,,..., E,) is the
most general rule for the full equation base from which each E; has been taken. An
additional condition for the rule base as a whole is the selection of adequate elimination

equations which subsume other equally adequate options.

Example 8.1.7 Let § and e,

(5- ™ Vo = (] —+ Vg
e | 22 (y+2w) = 2%y + (z+2)
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be a pair of expressions such that § has to be A-matched against ¢, where A is the

equation base. Assuming that A contains E, and E-,

FE, Vg X Vs + 04 X0 = 4 X (v5+v5)
Ey (vaxv5) X v6+ (vaXvs) X0z = (v4X05)X (v6+ vr)

two transformed expressions, §' and §",

é'. 'UqX('U5+‘Us) = Vs X U5+ V3
6”. ('Uq Xﬂ5] X (US+U7) = ('04 X'U5) X vs‘l"'!)s

can be generated. Since E, is an instance of E,, ¢" is an instance of §' as well, in
which case the most general rule for A requires the selection of the most general of the

available adequate elimination equations, E,. 0

The selection of a most general adequate equation is relevant only in the context of rule
generation and A-matching. For A-unification, with which RUE-resolution and ECOP
are concerned, both solutions above are equally acceptable, since the lhs expression of
both E, and F, are unifiable with a subexpression of 6, and their rhs expressions are

unifiable with a subexpression of e.

8.2 Extensions of RGM

At least two aspects of RGM are responsible for the incompleteness of the mechanism
with respect to the exhaustive scrutiny of the full equational tree. First, since elimin-
ation rules have to contain the disagreeing pair split between the left and right-hand
side expressions, in the event the equation is or becomes applicable to the conjecture,
the disagreeing symbol is removed in a single rewriting step. When more than one
equation would be necessary to achieve this effect, the mechanism fails. Also, due to
the restriction concerning the reintroduction of disagreements, once a fatal disagreeing
pair between a remove rule and a conjecture is identified, the current strategy does
not allow either the introduction of any new higher disagreement, or the reintroduc-
tion of a disagreement at a position from which a disagreement has been previously
removed. This requirement also affects the completeness of this mechanism w.r.t. the

full rewriting tree.
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Completeness is relevant in this context only if achieved under well-defined control
guidelines. and it is usually necessary to find a compromise between completeness and
efficiency. Nonetheless, it is also important to examine extensions of the mechanism
which could reduce its incompleteness through the enlargement of the set of solvable
A-matching problems (6.) under A. Possible extensions include the elimination of
disagreements along several steps, the introduction of additional subproblems and the

enlargement of context for disagreement elimination.

8.2.1 Multiple-Step Rewriting

Fatal disagreeing pairs which cannot be eliminated by the application of a single equa-
tion may however be efficiently raised through planning strategies such as that available
in ECOP, where an equality connection graph is built to link disagreeing subexpres-

sions. For instance, if the disagreeing symbol + in the conjecture

*xa’+atxy+a’xy=ax+yx0

has to be replaced by 0, and the set of equations is limited to

E. vy Xvpa+v3xXv = (v 4 v3) X 0g

E,. %0 = 0
the desired replacement cannot be completed, due to the absence of adequate elimina-
tion equations: no equation (or instance of equation) exhibits the dominant symbols of
the disagreeing pair split between the left and right-hand side expressions, at the same
positions. The connection graph in figure 8.3 shows however that the introduction of

a single additional step in the process allows the elimination of the disagreeing pair.

The inclusion of this additional feature in RGM could be done in two alternative ways.
The definition of adequate elimination equation could be replaced by the notion of
adequate elimination graph, made up of equations taken from the equality base. Al-
ternatively, the current definition of adequate elimination equation could be preserved.
with the introduction of a parallel mechanism for the generation of new equations and

their aggregation to the equation base.
In the second case. some of the new rules would be generated through the transitive
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+(x(2,0), x(3,0))

F—/

+(X(v1,v2), X(v3,v2)) = X(+(v1,v3),v2)

x(v,0) = 0

Figure 8.3: Multiple-Step Disagreement Elimination

closure of an equation base £, i.e. a new set £, £ C £’ such that, whenever F,, E, € £,

1) 2} ¢ and ¢’ = @", there exists a rule F5 € £’ such that

Ea

o= ¢

Another solution would be the implementation of an additional mechanism for the
generation of composite elimination equations, whenever a fatal disagreeing pair cannot
be dealt with by the equational base. The first proposal generates an unmanageable
amount of explicit information, which can make the system inefficient. The second
solution keeps the necessary information implicit in the rule base and reveals it only
when necessary. The effects of the second alternative on the performance of the system,

however, are as yet unknown.
8.2.2 Intermediate Subproblems

The introduction of elimination equality graphs, as-defined in the previous section,
does not eradicate incompleteness from RGM. Even when a disagreeing pair does not
admit an adequate graph, a solution may still be obtained after the introduction of

intermediate equations and the generation of new subproblems.

Example 8.2.1 Let A be a set made up of the following equations,
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vy =1 (v # 0)
V1 X Vg4 v X Vg
(’UIXUQ}XU;;

vatta

L

P X V=1
vy X (vg + v3)
v X (v2 X v3)

v)? X v®

i

and let ¢ be the formula

z¥+e #0D x(y+w)+3zy2 4 ¥ty = gvte

which is equivalent (in PA) to 2¥** # 0 D a¥*"(2%2y* + y) = 2¥**. It can therefore
be rewritten to z¥+* # 0 D 232y% + y = 1, from which it is possible to remove the only

occurrence of sum by the application of

n+v=1 = (1=1Av=0)V(ry=0Av,=1) (%)

To establish whether a rule for the elimination of + from ¢ can be generated by RGM
from (%), (1, 8), where § is the lhs expression of () and v is the consequent of ¢, is

selected to be A-matched. Given its innermost disagreement set,

Dy = {(thizy?+ty=2¥t, v + v, = 1)}

where t, and t, respectively denote the terms tW+*)*% and 2¥+°, and the fatal disagree-

ing pair, (a¥*¥, 1),

Y. | thzy’+y = @ (y+z)
d. vy + Vg =

there is an adequate elimination equation for i,

(vzexpuvg) X vs = vzexpvy = vs =1 (vzexpvg #0)
which is an instance of v3 # 0 — v3 X v4 = v3 = vy = 1. [ts application to 6 generates

8,

(vasexpwg) X (vy + v3) = vzexp vy
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For the second subproblem, (1, 68'), given the disagreement set

Dy = {(tizy® + tay, (vsexpv4) X (v; + 2)), (2, vs), (¥ + 2, v4)}

and the fatal disagreeing pair (t,zy° + toy, (vaexpvy) X (v; + v2)),

. t1zy° oy = z exp (y+2)

8. | (v3 exp vq) (vi+v3) = vz exp V4

equation vy X (vs + v7) = v5 X Vs + Vs X v; is adequate for its elimination. The new

expression, 8,

((vzexpvg) X v1) + ((vsexpvg) X v2) = vz €XP vy

introduces a third subproblem, (1, 8"), whose innermost disagreement set represents an

incompatible substitution,

D3 = {(3’3,?}3), ((y'l' $) + 3334):' (zyga vl)a (2?,?)3), (y + z, 'Ué)a (ya 'UE)'.' (xa 1"3>'.| (y+ T, 94)}

since y + « and (y + z) + 3 are both assigned to vy. Two new subproblemns can be
derived from this disagreement set, the first of which is (¥, {¥* %/v,}6"). Some of the

corresponding disagreement sets are

D4,1 = {($=v3)‘(y+$1 y>1(31x)" (zyz-.!”l)':(ysv?)}

Dyp = {{z,v3),((y+2) +3,y+ z), (2% 1), (¥, v2) }

Dys = {(WH 3 o) (202, 01), (4, va), (2, v3) }

Dys = {(z@+)H3(2y%), 0§ v1), (y, v2), (2, vs) }

Dys = {{(zWHI+3(292) 4 a¥t2y, v 0, + 0] T0,), (2, v3)}

Dys = {(W3(2y%) 4 a¥*oy = 294, 0§ 0, + 0§70, = v§77)}

None of them has a solution under the current restrictions imposed on RGM, not even
if elimination graphs are allowed. A solution under ECOP, on the other hand, starts
examining disagreements from the innermost set, moving up when no compatible graph
can be buill. As indicated in figure 8./, the first three sets do not admit solution for the
current set of equations, A. The fourth disagreement set, however, admits a solution,
represented in figure 8.5. This graph suggests an extension of RGM which can address
this and similar equality problems. It requires the introduction of an intermediate

equation,



exp exp

% 3
L9

z exp (((y[+]})|+3) x (237
Das 5

vy exp (+$) X

¢ exp |((y+2)[+P)| x (237
Da, :

V3 exp (y) X v

afexpl(y+2)+3)| x (297
Dy :

vslexp [y + =) X v

Figure 8.4: A-unsolvable links
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gWHa) 43| 5 22 4 g¥tey = gyte

]

U;a+'us = ’U;B % U;«_"Q

() X vg =|vyg X (U5 X Us) (intermediate equation)

yt+z y+z,  __  ytz
vy X v |+ vy vy = vy

Figure 8.5: The ECOP solution

TJ4X(T}5XT}5)=(’U4X05)X?}6

which creates a new subproblem, (zW+o)*22y? 4 t,y = t,, (V3 05 )ve + V3T v, = 031,

Given the disagreement set

DE’ = {(x(y+r)+3‘ v§+x X US)! <zy21 UG)= (ys 'Uz)., (E, t’3)}

and the disagreement pair (223 o3ty

¥ | # (y+2)+3) x 2zy* + ¥ty = a¥t*

+z +z
&, | vite Vg X wg + vITv, = v

the adequate elimination equation, vy* x v¥* = v¥**"*, finally allows the generation of

e
6",

,v:(’y+rl+vs y+z

x v + V3T x vy = v}

which can be matched against 1, as indicated in figure 8.6. 0
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Rule Elimination Equation | Substitution
vz exp (y+ ) X n vy X (vs X vg) = (v4 X v5) X vg oy
(vg'H: X vs) x wvg |(vrexpug) X (vrexpuvg) = wrexp(vs+ vg) o

v3 exp ((y+z)+vg) x v
r exp (y+o)+3) x =
€
(51:62
a
g2

selected subexpression
intermediate equation

{157 o, 2 v jn)

{7 /01, ¥+ %0y, 7" [05 }

Figure 8.6: Intermediate Subproblems in RGM
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The elimination of the fatal disagreeing pair (4, y) with the preservation of the upper
contert, represented in figure 8.7, has been achieved only after the application of an
intermediate equation, which actually changed the context. The introduction of in-
termediate subproblems does not amount to multiple-step disagreement elimination,
described in section 8.2.1, since the latter involves the construction of a chain where
the original disagreeing pair of symbols. (5;.52). is linked e.g. by a series of equations

of the form

N S(Siuy) = S(Siwj)-eeee S(S;u;) = S(Squz) - S(Sats)

Intermediate subproblems, on the other hand, may break the sequence by the intro-

duction of new disagreements at a higher level, e.g.

In the above sequence, the disagreeing pair of symbols of the last equality link, (S’. ),
occurs at a higher layer that the pair initially selected, (S, 5,). With respect to this
pair, the equation S(S;u;) = S'(Sruz) neither preserves upper symbolic layers nor
contains the desired symbol, S5, in the expected position. Intermediate subproblems
require additional control structures, since intermediate equations may not have any

relevant syntactic links with other expressions in the rewrite sequence.

8.2.3 Widened Rules

A-matching a rule against a subexpression of a formula ¢ is just a special case of the
more general problem of matching a rule against subexpressions of formulae that are

A-equivalent to ¢.

Definition 8.2.1 (Strong semantic matching)

Given a sel of equations A\, an expression € and a rewrite rule R. 6, = 6, that does not
share variables with €, R is strongly A-matchable against ¢ iff there is a substitution

o and an expression € such that



exp Ve
AN
s
N\
:
Y T Y T

disagreeing symbol
expected symbol
upper context

‘0o

Figure 8.7: Extended Disagreement Elimination

& . .
and o6, = €', where €' is a subezpression of €.

Strong A-matchability is more general than standard A-matchability.

Lemma 8.2.1 Let A be a set of (conditional) equations of L, and let € and & be
expressions of L that do not share variables. If § is A-matchable against €, then § is

also strongly A-matchable against e.

PROOF. Let € be a subexpression of € such that A |= (¢é6 = ¢€), for some substitu-

tion 0. Then A = (e = €[?%/¢']) and 6 (syntactically) matches 06. Hence § strongly

A-matches e. 1

Example 8.2.2 The rule R. (a = b) = p(c), where a,b and ¢ are individual constants,

cannot be (-matched against any of the subexpressions of ¢,
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z2=bAa=1

given that
(z=bAa=2z) = (a=0b)
(z=0) = (a=0b)
(a=2) = (a=0)
are all invalid. However, given an equivalent version of ¢,
r=bAha=0b
it s possible to match R against the second conjunct. 1]

The strong version of A-matching can be partially incorporated to RGM through an
extension of the definition of adequate elimination equation. Given the pair (6, €),
where 6 has to be A-matched against the subexpression ¢ of a conjecture, the selection
of elimination equations does not have to be restricted to those applicable to e. It
would be also possible to consider equations which match higher layers of the formula
from which € has been taken. For this to take place, it becomes necessary to widen ¢

accordingly.
Definition 8.2.2 (Widened rewrite rule)

Let R. §; = 6, be a rule and € be an ezpression where the subexpression € has a

single occurrence.

i. A generalised version for € w.r.t. € is an expression €' defined as follows.

(a) If each term that occurs in € but outside € 1is either an individual variable

or a composite term that contains € (in the event € is a term), then ¢/ = e.

(b) If p(ty,...,t,) occurs in € and lies outside € (in the event € is a formula),
and t;,,....t; .i, € {1,...,n}, are composite terms that do not contain ¢ (if
€' is a term), then €’ = (e[ /tys -, U/t )Y, where vy, . .. v,y are variables

that do not occur in €.
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ii. R'.€e[%/e] = €[*2/¢] is the primitive widened rule for R w.r.t. € and €.
iti. R". e[%/¢'] = €[%/¢'] is a most general widened rule for R w.r.t. e[¢'] iff €@ is

a generalised version for ¢ w.r.t. €.

Lemma 8.2.2 Let R. 6, = 6, be a valid rule and A be a set of equations. Let ¢ be a

formula in which the expression € has a single occurrence.

i. Both primitive and most general widened rules for R w.r.t. ¢ and ¢ are valid,
provided that € and 8, have the same syntactic type.

it. If a most general widened rule for R w.r.t. ¢[e] is A-matchable against ¢, then
R is strongly A-matchable against ¢.

PROOF.

i. If §; = 6, is valid, then @[% /] = #[%2/¢] is valid as well, for any formula ¢[e].

ii. If #?[% /¢] can be A-matched to &, there is a substitution ¢ such that

A E o¢'[f/] =6

Since é§; can be matched against a subexpression of o‘qbgﬂél,fc]] (namely, 0é,), R is

A-matchable to @. 1

The next example illustrates how extended elimination equations cover some of the
cases where an expression can be A-matched against a proper subexpression of a trans-

formed (A-equivalent) version of the conjecture, but not to any relevant subexpression

of the conjecture itself.

Example 8.2.3

i. Given the arithmetical conjecture @,

0=z A Y +zxw’ =1,
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and a set of equations. A,

M +v = v+
VXV = Uy XU
M =V A V3=1 = V=0 N V3=1g

the rule R. vy + v, = 0 = (v, = 0 A vy = 0) cannot be A-matched against either
@ or its subformula y* 4+ z X w? = z: for the last case, given the disagreement set

D ={(y*+ z x w* = z,v; + v, = 0)}, the disagreeing pair (0,z),

¥ + zxw? = [z]

cannot be raised due to the nonezistence of adequate elimination equations. However,

=
iy
+
=
3
|

if a wider contezt, e.g. the full conjecture, is taken into account, the equivalence
(v3 = va Avs = v3) = (v3 = vg A Vs = V4), or rather its instance
0=z Avs=0) = (0=2z A vs=2) (1)

can be adopted as an adequate elimination equation for (0,z). After the primitive

widened rule for R w.r.t. ¢,

0=z Avy+v2=0 = 0=z A (1=0Av, =0)
is generated, the disagreeing pair is eliminated: the lhs expression of equation (1),
0=z A vs =0, is unified with the lhs of the widened remove rule, and the final
rule,

0=z Avy+ve=2 = 0=z A (v;=0Av,=0)
1s applicable to the conjecture.

ii. As described in example 8.2.2, the rule R. (a = b) = p(c) cannot be O-matched
against any of the subexpressions of ¢,
zr=bAa==z

This situation does not change even in the presence of the unitary set A contain-

ing the logically valid equivalence®

* It suffices to consider that, given a set of logically valid formulae I' and a formula ¥, I |= ¢ iff |= .
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E. (?Jl = Vs A " = ‘U3) = (1)3 =1y A m = ‘Us)

Let then

R. a=bha=z = p(c)ha==<

be the primitive widened rule for R w.r.t. ¢ and its left conjunct. For the disagree-
ing pair (a,z) between R’ and ¢, an instance of F,
(a =vwANa==2c) = (¢ =v,Aa = z), provides an adequate elimination

equation. The rule R" generated after the application of the above equivalence,

Y. z=bla=2 = ple)he=

is then applicable to ¢. O

Standard and extended elimination equations can be jointly used in the generation of

rules.

Example 8.2.4 Rule

R. 1);"'3:1 = 1?1:1\/1}'2:0

is not (syntactically) matchable to ¢,

YR w=z%w Nz=1

To generate a new rule for this formula, the pair (z¥ X w = z X w,v{? = 1) is chosen in
the first place. The topmost disagreement set admits (z¥ X w,vy?) as fatal disagreeing

pair,

Il
Ba

5. ™ ]
P. | ¥ w = zXwW
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Given the set of conditional equations A, containing

Vg X Vg = Vs X Uy
Vs = Vg X U7 A\ Vg = Ug

vy #0 — V3 = Vg
Vs = Vg X U7 A Vg = vg

1]

an instance of one of its elements,

Ve' = Vs = Vg X034 =75 X4 (v4#0)

is unifiable with §, and oy = {¥1/vs, ¥2/v7,/vs} is the mgu. For the new rule, R’,

U;WXT}‘;:IXU;; = 1}]=1V1}2=0 ('[.?4?50)

no adequate standard elimination equation is available for any of the subsequent sub-
problems, hence ertended adequate elimination equations can be sought. Given the

disagreement pair,

6’. ’L'-';IEXTM, = X Uy
Y. | ¥ xw = X w

the lhs expression of (vs = v X v; Avg = v5) = (vs = Vg X v7 A vg = vg), or rather
a subezpression of it, can be unified with §', by means of o, = {"rg X V4 1y 0, ¥4 /0r ),

and a widened rule R",

VIPXvy =XV Avg=1 = (n=1Vry=0)Avg=1 (v4#0)

is obtained. The final subproblem

I
&
X
£
>
=4
]
Il
[

6". | vi?* X vy

o. | #¥xaw = Z ¥ ow A O 2=1

admits a disagreement set which represents a substitution that matches 6" against ¢.

0
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8.3 RUE-resolution, ECOP & RGM

As in the case of other difference reduction procedures, RGM operates under the prin-
ciple that syntactically distinct expressions can be proved (semantically) equal through
the gradual elimination of disagreeing pairs. RGM nonetheless is specialised to dealing
with rule matching and. unlike RUE-resolution and ECOP, it handles both terms and
formulae. From the strategic viewpoint, it can be regarded as a restricted version of

ECOP with a series of additional constraints to improve efficiency.

The restrictions imposed upon the selection of elimination equations substantially re-
duce the search space and reinforce the difference reduction principle. Each disagreeing
pair has to be eliminated in a single transformation step, i.e. the disagreeing pair of
symbols have to be split between lhs and rhs expressions of the equation. There is
a similarity in this respect between RGM and E-resolution, since the latter allows
the generation of a resolvent only when all differences between complementary literals
are raised. At the level of equality tree generation, however, which establishes the
A-unifiability of terms, paramodulation is applied exhaustively, irrespectively of the
possible effect on difference reduction. E-resolution. therefore, provides effective differ-
ence reduction only at one stage of the process, whereas RGM sticks to this guideline

permanently.

Elimination equations must also unify with the expression being rewritten and match at
least the upper context of occurrence of the expected symbol in the reference expression.
As a result. the degree of unification for an elimination equation, as defined in the
heuristic version of RUE-resolution, must necessarily be at least 70. This condition is
not sufficient for adequacy though, since an equation may have measure 70 without

actually unifying with any term of the inequality.

As in the case of ECOP, the innermost disagreement set is usually selected in the first
place. This choice however is also influenced by the set of elimination equalities. The
existence of a single adequate equation determines a disagreement set, or at least the
disagreement pair that contains the disagreeing symbol, considering that one of the
sides of the equation has to be unified with a subexpression of the expression being

rewritten. In such cases. the choice of a disagreement set ceases to be an independent
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parameter.

A substitution (not necessarily a partial unifier) still has to be chosen for those cases in
which there are multiply occurring variables, when the mechanism examines all possible
partial unifiers restricted to such variables. The rewriting tree is also pruned as a
result of the requirement that, once a disagreement has been eliminated, no alternative
solution for that pair is songht. This restriction is deductively harmless in those cases
where there is a single way of carrying out the replacement of a symbol with another

one.

Completeness is incorporated to RGM when the decomposition of disagreement elim-
ination into a series of subproblems is allowed. Extended versions of RGM may be
based on bounded subproblem decompositions, according to a pre-established number
of intermediate steps. A higher number of intermediate elimination equations would be
also required to accommodate the introduction of elimination equality graphs. Heur-
istic elements present in ECOP, particularly the context-sensitive functions based on

various syntactic measures, could be then employed to reduce the search space®.

Both ECOP and RGM have the ability to preserve solutions for subproblems, respect-
ively under the form of equality graphs and derived rules. A most general derived
rule represents the solution for a family of subproblems, which can be retrieved from
a rulebase, when required, instead of being repeatedly generated by the mechanism.
This feature is particularly relevant in extended versions of RGM, where multiple-step
disagreement elimination increases the number of subproblems. The storage of solu-
tions under the form of rules rather than graphs is particularly advantageous in the

context of A-matching, where variables are instantiated in one of the expressions only.

The restriction of disagreement elimination to the rule level makes RGM suitable to
cooperate with proof plans for normalisation, given that plans limit transformations at
the conjecture level to specific syntactic tasks, e.g. the removal of symbols, whereas the
removal of disagreements involves a more complex sequence of operations, as discussed

in chapter 5. The main properties of RGM are summarised in table 8.2.

® See [Blisius & Siekmann 88], p. 410-1.
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Variable Disagreement Elimination Other
Instantiation Set Selection Equality Selection Features
mgpu equality-base | minimally disagreeing | linked solution
(multiply occurring sensitive equality for subproblems
variables)
incomplete

Table 8.2: RGM - Main properties

8.4 Conclusions

RGM is a procedure for equality reasoning where each equality link potentially elim-
inates a fatal disagreeing pair of subexpressions. It provides a substantial reduction of
the search space, under the strict observance of the difference reduction principle. Stra-
tegic control is mainly centered around the selection of adequate elimination equations,

which, in certain cases, determines the choice of a disagreement set as well.

Given the evidence that complete difference reduction mechanisms are too inefficient
for general use, RGM is then preferable to RUE-resolution or ECOP for applications
such as A-matching. Since RGM is suitable for representing certain weak forms of
disagreement elimination, it can cooperate with generic proof plans in the extension of

decidable classes of formulae.
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Chapter 9

Decidable Classes for Peano
Arithmetic

Heuristic functions and the rule generation mechanism may be incorporated in general-
purpose plans to enhance their deductive strength and performance. Peano arithmetic
and its extensions are relevant domains for the application of the resulting plans, due

to the role of these theories in the representation of verification conditions.

A series of plans for the extension of decidable sublanguages is examined in section 9.1.
Before they can be applied to PA, remove rules and elimination equations have to be
selected. A list of recursive functions and relations frequently found in verification
conditions is introduced in section 9.2. Remove rules for deviant symbols follow in
section 9.3. To ensure the effectiveness of the process of subclass enlargement, the
halting problem for sets of partial remove rules is discussed in section 9.4. Limitations
for the extension of arithmetical decidable subclasses and sets of remove rules are
examined in section 9.5, whereas the computation of members of extended classes is

discussed in section 9.6.

9.1 General Purpose Plans

Complexity measure functions and order relations defined for decidable subclasses,
deviant symbols and remove rules provide heuristic gunidance for the extension of de-
cidable sublanguages. Conditional methodicals allow the inclusion of these functions

and order relations among the preconditions of primitive normalisation methods, whose



original definition is then kept unchanged. General-purpose plans are defined below

from the composition of such constructs.

9.1.1 The Deciders

Decidel/1 contains the core strategy for the extension of decidable sublanguages.
Whenever more than one decidable sublanguage is known, the function m, is called to
organise them into decreasing order of preference. The subplan red_dec_cla/2 then tries
to perform the reduction. If it succeeds, the rewritten conjecture is eventually sup-
plied to the corresponding decision procedure. Additional subplans are responsible for
calling the function m,; and ordering deviant symbols with respect to the chosen sub-
language. The subplans rem_dev_sym/3-5 in particular control the removal of symbols
and the elimination of disagreements, employing for this purpose the rule generation

mechanism’.

A second plan, decide2/1, has the same search control as decidel/1 for the selection of
decidable sublanguages. the hierarchisation of the deviant symbols and the choice of
remove rules. It is interfaced to a stronger version of RGM that explores conjecture
subexpressions other than the particular one directly involved in semantic matching,
as described in section 8.2.3. Thanks to this extension, given the conjecture

(z)(y)(2)(z=0Ay*+2=2z)

and the rule R.v; + v, =0= v, = 0A v, =0, a new rule,

R U3:0A1}1+'D2=’03 = v3=01’\'f,’}=0/\1}2=0

can be generated to convert the conjecture into

I
L=
>
e

I

&

(z)(y)(2)(z=0Ay?

which belongs to Lspra-

! The Prolog code for this plan and all others described in this chapter is listed in appendix F.
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9.1.2 The Simplifiers

Some of the decision procedures integrated into theorem provers have been extended to
perform additional transformation tasks. In the Stanford Pascal Verifier, the decision
procedure for the quantifier-free subclass of Presburger arithmetic behaves as a sim-
plifier: given an expression € of the domain, it returns true if € is a theorem, false if it
is unsatisfiable, and a normalised expression if it is either a satisfiable invalid formula
or a term. In Ngthm, the domain of the simplifier is also larger than the domain of
its core decision procedure: if the input clause belongs to the decidable subclass, it is
reduced to a boolean value, otherwise the resulting transformed formula is supplied to

an inductive prover?.

Neither decidel/1 nor decide2/1 has this ability, since, when a formula cannot be
rewritten into a propositional constant, no output is generated. Another plan, sim-
plify/1, on the other hand, explores the fact that, even if a formula is not reducible
to a decidable sublanguage, the rewriting process simplifies it, in the sense that the
number of occurrences of deviant symbols (or another measure for such symbols, as
the one described in lemma 6.2.1) decreases. When the reduction fails, the output of
stmplify/1 consists of the initial formula and one simplified formula for each sublan-
guage, corresponding to the failed reduction attempts. Since these expressions are all
equivalent to each other, they can be supplied to an alternative proving strategy, e.g.
induction. The choice of a potentially most adequate version of the conjecture has to
suit the requirements of the new proving strategy, and may be based on length, number

of occurrences of quantifiers, etc.

The new plan has two separate rewriting modules, as represented in figure 9.1. Sim-
plify1/2 is not interfaced to any difference reduction procedure and is much faster and
deductively less powerful as a result. When a formula cannot be transformed into a
decidable sublanguage by this subplan, both this formula and its simplified version
are supplied to simplify2/2, which chooses the best (i.e. simplest according to certain
heuristic criteria) candidate for the final rewriting stage, where RGM is called. As

one of the criteria concerns the number of occurrences of deviant symbols, the sim-

? See [Nelson & Oppen 79], p. 246-7, and [Boyer & Moore 88].
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plified formula is usually chosen. Rewriting halts whenever an element of a decidable

sublanguage is obtained, or no decidable sublanguage is left.

A second simplifier, weak_simplify/1, imposes additional restrictions on the selection
of equations from equality bases for the elimination of disagreements. It prevents the

application of any equation of the form

v=¢%t or il=wv

where v is a variable. The presence of such equalities in difference reduction procedures
increases the search space dramatically, due to the fact that individual variables can

be unified with any term in the course of disagreement elimination®.

9.1.3 The Rewriters

The effect of each of the three control factors described in section 6.3 — ordering
sublanguages, deviant symbols and remove rules — over efficiency can be empirically
assessed by means of rewriters specially devised for this purpose. Two groups have been
built according to the presence or absence of a difference reduction mechanism, and,
in each group. six distinct cases have been classified according to their main control

features.

Rewritel/4 exhaustively applies all the remove rules available to the system, until the
input expression is reduced to one of the decidable sublanguages, whenever possible.
Rules are applied in the order in which they are stored in the rule base. Each rule is

exhaustively applied before the next one is called.

Rewrite2/5 is an extension of rewritel/4 that includes RGM to raise disagreements.
As a result, whenever a rule is not applicable to a subexpression of a conjecture, the
system tries to eliminate the disagreements before considering the application of the

following rule.

Rewrite3/5. another extension of rewritel/4, selects a decidable sublanguage before
starting to apply rules, and, once it is selected, only remove rules for its deviant

symbols are tested. No heuristic measures are available though for the selection of

* See [Blisius & Siekmann 88], p. 403.
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simplify/1

Heuristic
Prover

simplify2 RGM

(25?

simplifyl

Figure 9.1: Plan simplify/1



sublanguages or rules. If the system fails to reduce a conjecture ¢ to a particular
sublanguage, the next one is chosen and the process is repeated, until either ¢ is
eventually reduced, or no decidable sublanguage is left. Since just one of the possible
orderings for the removal of deviant symbols is examined, it is deductively less powerful
than the rewriters that examine all of such orderings. Rewrite3/5, as well as the systems

that follow, is interfaced to a difference reduction procedure.

Rewrite4/5 additionally restricts the application of remove rules to deviant subformu-
lae, i.e. those containing a deviant symbol. Although it may look irrelevant at first,
this criterion implicitly recognises the syntactic role of remove rules and prevents their
use for any other purpose. Such a feature is not present in standard rewrite systems,
where rules are not distinguished along syntactic lines and are tentatively applied to
any subexpression of a conjecture. Since rewrite//5 works in connection with RGM,
when a subexpression of ¢ does not contain a deviant symbol, the application of the
corresponding rule is not tried, and the mechanism of rule generation is not called
either, thus considerably cutting down the time allocated to unfruitful disagreement
elimination attempts. Rewrite4/5 examines every permissible ordering for the removal
of deviant symbols that occur in a conjecture. As in the case of rewrite3/5, no heuristic
criterion is used in the selection of a sublanguage: they are retrieved according to a

fixed order.

Rewrite5/5, besides inheriting all the features of rewrite4/5, heuristically orders de-
cidable sublanguages before rewriting starts. Decidable sublanguages are organised
in decreasing order of complexity w.r.t. the conjecture. All the permissible permuta-
tions of deviant symbols that occur in the conjecture are tested, until the reduction is

completed, whenever possible.

Finally, rewrite6/5 has all the features of rewrite5/5 and heuristically orders deviant

symbols w.r.t. the selected decidable sublanguage.

The next system in this hierarchy includes heuristic functions to guide the selection
of decidable sublanguages, deviant symbols and remove rules. and corresponds to the
general-purpose proof plan decidel/1. All the rewriters, excluding rewrite!/4, have in
principle the same deductive power as this plan. since they have access to the same

rule base and are linked to RGM. Table 9.1 has a summary of the main features of the
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Control Features Disagreement Elimination
absence |  presence

1. Strict application of remove rules rewritel /4 | rewrite2/5
2. Decidable-class oriented rewriting = rewrite3/5
3. Deviant subexpression selection — rewrite4/5
4. Heuristically ordered decidable sublanguages — rewrites/5
5. Heuristically ordered deviant symbols — rewrite6/5
6. Heuristically ordered remove rules — decide/ 1

Table 9.1: Rewrite Systems & Proof Plans for Normalisation

rewriters.

9.2 Subtheories & Extensions of PA

Since general-purpose plans capture the common structure of families of normalisers,
they are applicable to more than a single theory. Plans devised for enlarging decidable
sublanguages can be equally applied, therefore, to both PA and its conservative exten-
sions. Among these extensions are those obtained by the introduction of new recursive
functions and relations, which include user-defined operations. Before describing them,

the complexity of specific decision procedures for arithmetical subtheories is examined.

9.2.1 Decidable Subtheories

A simple extension of PA is obtained when the symbol < is added to the subjacent
language to represent the standard (irreflexive) order relation over natural numbers.
When the same symbol is added to the language of Presburger arithmetic, resulting
in Lp,a4- = {0,1,s,+,<}, a new decidable theory, PrA™, is obtained. Any decision
procedure for PrA. PrA™ or SMA is respectively adequate for any recursive subclass

of formulae of Lpya, Lprar oF Lsyra. Nevertheless, from the point of view of time and
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space complexity. procedures valid for the same class may differ radically.

The most efficient known procedure for PrA, Cooper’s algorithm, has deterministic
time complexity of the order of 22° for the worst case, where n denotes the length of
the input formula. A more acceptable behaviour can be observed in certain subsets
of formulae of Lp, 4. The decision process leads to the combinatorial expansion of the
input formula, and depends on the number of alternate quantifiers in the prefix, among

other factors.

Concerning PrA”, the quantifier-free class of formulae of Lp, 4. admits a decision pro-
cedure based on the SUP-INF method, whose complexity is not worse than 2", n being
the length of the formula. Even if restricted to this class, Cooper’s algorithm seems to
be less efficient than the SUP-INF based procedure, due to additional parameters that

affect formula expansion®.

For SMA, although there seems to be no study about its decision procedures or their
complexity, there are at least two proofs for its decidability, one based on quantifier
elimination and the other on the fundamental theorem of arithmetic. It is likely that
a procedure directly obtained from the first proof is more complex than Cooper’s

algorithm?®.

Complexity considerations may influence the choice of both decidable subclasses and
remove rules. Given the decidability of PrA™ and the availability of an efficient pro-
cedure for its quantifier-free subclass, the choice of Lp, 4+ instead of Lp,4 as decidable
sublanguage eliminates < from the list of deviant symbols. Moreover, for quantifier-

free formulae involving <, given the options

(a) the reduction to Lp, 4 through the removal of < by the application of a total remove

rule,

vy < vy = (Jug)(vs #OA v +v3 = 13)

* Cooper’s algorithm is described in [Cooper 72]. Some remarks on the efficiency of this algorithm
and of the SUP-INF procedure can be found in [Shostak 77], p. 530.

® None of the texts quoted in this dissertation makes any reference to decision procedures for SMA.
Also, the decidability of SMA is seldom mentioned in the literature; amongst the few exceptions
are [Boolos & Jeffrey 89], p. 219 and [Epstein & Carnielli 89], p. 202. Proofs for the decidability of
SMA can be found in [Skolem 70] and [Mostowski 52].
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which nonetheless introduces occurrences of quantifiers in the rewritten formula,
and

(b) the reduction to Lp, 4., in which case < does not have to be eliminated,

the first solution excludes the use of the SUP-INF procedure for the decision of the
resulting quantified formula, whereas the second solution is still compatible with it.

As a result. Lp, 4. and Lgp 4 become the new pair of decidable sublanguages.

Concerning remove rules, as already discussed in section 6.3.3, the use of those that
introduce quantifiers in the course of rewriting should be discouraged, both w.r.t. PrA®
and SMA, due to the effect of quantifiers on complexity. For PrA~, the presence of
quantifiers excludes the use of decision procedures for its quantifier-free class. For SMA,
which seems to require the use of procedures directly based on quantifier elimination,

the number of quantifiers in a formula directly influences the size of its expansion.

9.2.2 Definitional Extensions

A number theoretic function (of arity m) is any function that has N™ as domain and
N as range. A number theoretic relation (of arity m) is any subset of N”. Number
theoretic functions and relations form in principle the universe from which extensions
of PA are derived. Some of these functions and relations are nonetheless representable

in PA.

Definition 9.2.1 (Weak & Strong Representability)

Let L' 4 be the expansion of Lp, generated by the inclusion of infinitely many individual
constant, function and predicate symbols of each arity, and let M’ be a structure which

ezpands N = (N,0,1,s+,x) to Lp,. Let T be a theory in Lpy.

i. A number-theoretic relation p™ (of arity j) is weakly representable in T iff there

is a formula &(vy,...,v;) in Lpy such that

3 (ol (. vj)la] iff T o(s"'(0),...,8"7(0))
for any assignment & = {™ Jor,...,™ /v, }, with ny,...,n; € N.
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it. A number-theoretic relation p™ (of arity j) is representable in T iff there is a

formula ¢(vy,...,v;) in Lpy such that

if N Ep(or,...,v;)[a] then T |= ¢(s"(0),...,s"(0))
if N Ep(v,...,v5)a] then T = -¢(s™(0),...,5"(0))

for any assignment a = {" /vy,...," /v, }, with ny,...,n; € N.

. A number-theoretic function f% (of arity j) is representable in T iff there is a

Jormula &(vy,...,v;41) in Lpy such that, if M E f(vy,...,vj)[e] = vj41[a], then
T 4(s(0),...,8M(0),v341) = (v41 = 741(0))
for any assignment o = {™ [vy,...,"*1 Ju,11}, with ny, ..., nj4; € N.

iv. A number-theoretic function f® (of arity j) is strongly representable in T iff

there is a formula ¢(vy, . ..,vj41) in Lps such that, if N = f(vy,...,v;)[a] = vj4+1[a],
then

T E é(s"(0),...,¢ s+ (0))
and T |= (3|vj41)0(v1, ..., vj,vi41), for any assignment a = {™ fv1,...,"%1 Ju,41},

with ny,...,nj4 € N.

If p™ is representable in PA by a formula &é(v1,...,v;), then, according to defini-
tion B.2.4, ¢ is a possible definition for p in PA. A definitional extension of PA is
obtained after the introduction of
p(vl-.“-zvj) = é(?}h---}vj)
as a new axiom. Let f%, on the other hand, be strongly representable by a formula
¥(v1,....v541). Given that ¥ must satisfy the condition
Y(V1ye 03 V1) AY(Vy,000, 05,2 ui40) D Vigg = Vjgo

which ensures the unicity of the represented function for a given input v, ..., v;, then,
also according to definition ii. ¥ is a possible definition for f in PA. A definitional

extension of PA follows from the introduction of a new axiom,
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Floisee ) =04 = @ DhpvesyViga)

Since definitional extensions are conservative, all the decidable subclasses for PA, ac-
cording to theorem C.5.2, preserve their decidability and type when representable func-
tions and relations are introduced. Moreover, any representable function or relation

admits a complete set of rules for their removal in terms of Lpy4.

Lemma 9.2.1 Let T be a theory in Lp,. If f7V is strongly representable in T, and

p™ is representable in T, then there are T-valid complete sets of remove rules for f

and p w.r.t. Lpy.

PROOF.  Since p”' is representable in 7', its defining axiom is the source of a total
remove tule, p(vy,...,v;) = @(v1,...,v;), where ¢(v,,...,v;) belongs to Lp4. In the

case of a function f%, given a possible definition

where 1 is also a formula of Lp4, a complete remove rule scheme for f has the form

plf(vry..osv)] = (3v)(%(v1,...,05,0) A p[P/f(o1,...,25)])

where v does not occur in p. ]

For function symbols, whenever a possible definition ¢(v,,...,v;4,) is an equation of

the form v;,; = t. where ¢ is a term of Lp,4, then

corresponds to a total remove rule for f. Given that

(i) every recursive relation is representable in PA, and

(ii) every recursive function is strongly representable in PA,
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it follows from the above lemma that the removal of symbols that stand for new recurs-
ive functions and relations can be, at least in principle, entirely dealt with by complete

sets of rules®.

9.2.3 Recursive Functions and Relations

Subtraction, exponentiation and division are some of the recursive functions that fre-
quently occur in verification conditions. A similar remark applies to recursive pre-
dicates such as order relations. The complete list of new symbols added to Lp,, as
well as their intended meaning, is given in tables 9.2 and 9.3. The resulting expanded

language. Lp 4., has two individual constant symbols, 0 and 1, fifteen function symbols,

s. +, X. —, pr, exp, /, double, Sum,,, half, ged, gfc, rmdr, min,, max,

and nine predicate symbols,

<, <, >, 2, |, even, prime, prime,, =,

PA”™ is obtained as the definitional extension of PA in which the above symbols are
defined by the Lp,s-formulae that represent in PA the corresponding functions and

relations. Order relations, for instance, require quantified formulae,

va = (Jvz)(vs #OA v +v3=13)

v <

vy <vp = (Jvz)(v) + vz = V)

M >V = [31.’3)(?)3 # OAvy +v3 = ?)1)
2

™" Vs = (31)3}('02 + Vg = ‘U])

and the same applies to the other predicate symbols”,

® Recursive functions and relations are also representable in Richard arithmetic, which is weaker
than PA. See for instance [Monk 76], p. 248. Also, a function is representable iff it is strongly
representable, as mentioned in [Mendelson 87], p. 130.

" To simplify the presentation of these definitions, some of the newly introduced symbols are adopted
as abbreviations for £p4 expressions. as for instance the symbol for divisibility in the definition of
prime,, a relation defined in [Boyer & Moore 79]. Also, (v1 £ v2) is an abbreviation for =(v; < v2).
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vilva = v # 0A (3vg)(vy X v3 = v3)
V1 =p v2 = (Jug)(Fva)(Fvs)(vi=nxvg+uvsAve =n xvg+vs), forallneN
even(vy) = (Jvg)(v1 = va+ va)
prime(vi) = v #0A (v2)(va)(vy =vex vz D ((v2a=1Avg=v1)V (v2=v Avg=1)))

prime, (vy, va) va # 0 A (va)((valvi A1 < vg) D (ve < v3))

Il

Some of the new functions can be represented by means of equations,

double(v;) = vy v+ v = v

Sum,(vy,..., %) =Vpyy = Upgy =0 +---+v,, foralneN

whereas others require composite formulae,

v—va=v3 = (va<vyAvy=va+v3)V(vag vy Avg=0)
pr(vi)=v2 = (1<viAvy=s(v2))V(1£viAvy=0)
half(vi) =v2e = vy =va+va Vo = s(ve+vs)
ming (v1,...,0) = V41 = ALy (v £ vag1) AVjoi(vng1 =), foralln €N
maxn(vy,...,p) = vpp1 = Ny (vi 7ftrn+1)/\v;.'=t(vn+1 =wv;), forallmneN

For some of the functions, the representation in Lp4 involves a considerable enlarge-
ment of the original formula, even when some of the new symbols are adopted as

abbreviations for Lp, expressions.

valvy A valva A (vg)((va]vr A valva) D va|vs)

ged(vy, v2) = vs
vyfva=vz = ((va=0Vuv <wva)Awvz=0)

V(va #0A v £ va A(Jug)(vg < va Avz X v+ v4 =11))

((v1 <1V prime(v)) Avz = v1)

V (valvi A (v4)((va]vr A va < w3) D vg < v3))

(vo=0Avs=v1)V(va #0Av3 < vy A(Jug)(vy = vg X v2 + v3))

1l

gfe(vy, va) = v3

Il

rmdr(vy, v2) = vs

The only function symbol of Lp,. still missing in the above list, exp, requires the
equation
v =v3 = vz = 6(e(vy,v2), 1)

where
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e(vy,v2) = pvs[d(vs,0) = 1A (Vog)(vg < v2 D (6(vs. 04+ 1) = 8(v3,v4) X v1))]
o(v1,v2) = B(K(vy), L(vy),v9)

K(vi) = pos[(3vs)(vs < vy A J(v3,03) = v1)]

L(vy) = pws[(3vs)(vs < vy A J(v5.02) = vy)]
J(v1,v2) = H((vp+ ) X (v + 024 1))+ v

H(vy) = poafvy < vy 4 vy)

and g is the minimalisation operator. (3(v;, vs, v3) denotes the Godel 3-function, which

is strongly representable in PA by the formula

(Jvs) (1 = (L + (v3+ 1) X v3) X 5+ va Avg <14 (v3+1) X v3)

Once formulae that strongly represent the functions K, L, H and p are introduced
in the equation that defines exponentiation, the resulting Lp, expression is highly

complex from the syntactic viewpoint (i.e. length)®.

9.3 Arithmetical remove rules

When efficiency is ignored, given that there are complete sets of remowve rules for every
new predicate and function symbol of Lp4- in terms of Lp,, the reduction problem
for both Lp4 and its expansion are essentially identical. Provided that the set of total
and complete rules is normalised, all the new symbols can be eliminated in a first
rewriting stage, where no search control is required. As control matters only after a
formula of Lp, is obtained. there would be no reason to examine conjectures outside
this language. In the set of formulae of Lp,, on the other hand, partial rules have an
essential role from the deductive point of view, since the undecidability of PA means

that deviant symbols cannot be removed from all contexts.

If the complexity of the rewriting mechanism is taken into account, there are cases

where, to prevent the introduction of quantifiers, additional deviant symbols or heavily

® The representation of exponentiation in PA is examined in [Enderton 72], p. 245 - 249. As discussed
in chapter 11, future extensions of the rule base may include implication rules as well, as for instance

=2 = (y=0Az=1)V(y=lAz=z)V]1<y

264



Symbol | Well-formed Intended meaning
term
exp " iterated product of u by itself (v iterations)
double | double(v) double of v
half half(v) arithmetical half of v
/ v/u arithmetical quotient of v and u
rmdr rmdr(v, u) remainder of the quotient of v and u
ged ged(v.u) greatest common divider of v and u
- vV —u arithmetical difference between v and u
pr pr(v) predecessor of v
gfc gfe(u, v) greatest factor of u less than or equal to v
min,, min,(vy,...,v,) | minimum element of the n-tuple
max, max,(vy,...,0,) | maximum element of the n-tuple
Sum,, Sum,, (vy,...,v,) | sum of the n-tuple
Table 9.2: Recursive Functions
Symbol | Well-formed | Intended meaning
formula
< u<v u is less than v
< u<w u is less than or equal to v
= uU>v u is greater than v
> Uw> v u is greater than or equal to v
| ulv v is divisible by u
even even(v) v is a natural even number
prime prime(v) v is a natural prime number
prime, | prime,(u,v) |  has no non-unitary divisor less
than or equal to v
=, U=, v u and v are equivalent modulo n
Table 9.3: Recursive Relations
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expanded rewritten formulae. partial rules for completely removable symbols have to be
given preference. One of the most typical examples concerns exponentiation, which,
besides the total rule derived from its explicit definition, also admits partial rules

derived e.g. from the base equation of its recursive definition,

,Ul] — 1

) = px o

As a result, the transformation of formulae of Lp4. cannot be restricted to the study

Of JCPA.

9.3.1 Totally Removable Symbols

Proof plans can be used for the extension of decidable subclasses only after a set of
remove tules has been selected. The definitions for the new symbols of Lp4. in terms
of Lpa, described in section 9.2.3, are the primary source for such rules. The symbols

for which a total remowve rule is available are

<. >, <. >. even, prime, prime,, |, s, double, pr

Given the current rewriting strategy, according to which the removal of symbols is
divided into two blocks, made up of totally and partially removable symbols, the ap-
plication of total rules has to come first, since at least some of them introduce partially
removable symbols that are deviant w.r.t. one of the decidable sublanguages. For in-
stance, the rule for | introduces x. which is deviant w.r.t. Lp, 4-, and the rule for even

introduces +. which is deviant w.r.t. Lgp4.

‘<" is the only totally removable symbol for which additional partial rules are available
in the rule base. Given that it belongs to one of the decidable sublanguages, the rules
for the other order relation symbols have not been derived from their definitions in PA,

but rather from

™ SUE = (Ulzvg)\/(?}l <1)2)
v 20 = (v=v)V(va< 1)
M > = e <1

which have the advantage of being quantifier-free. Once all total rules are normalised,

Lpa- is replaced with
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Lpa-- =10,1,+, X, exp, —, half, /, gfc, rindr, ged, min,,, max,,, <}

where < is the only predicate symbol left. The new sets of deviant symbols
are {X,exp,—,half, /, gfc,rmdr, gcd, min,, max, } (with respect to Lp,4.) and
{+,exp, —, half, /, gfc, rmdr, ged, min,,, max,, <} (with respect to L5y 4). Apart from

its total rule.

M <y = (3'1)3)(1)3 74 0Av +v3 = 1)3)

three additional quantifier-free partial rules for <,

0<0 = L
0<v = v#0
l<v = (v£0)A(v#1)

have been selected. Since < is not deviant w.r.t. Lp, 4+, these rules are used only when
Lspa is the target decidable sublanguage. When the total rule for < is applied in

the first place, the introduction of occurrences of + may prevent a formula from being

reduced to SMA.

Example 9.3.1 Given the conjecture 2> x y # z° A1 < x X y, the application of the

total remove rule for < generates

Pxy# 22 A Qu)(w#0Al+w=2zXxy)

which cannot be reduced to either Lp, 4« or Lspyra by the current set of remove rules. If

a partial rule that does not introduce new occurrences of deviant symbols or quantifiers,

l<v = (v#0Av#1)

is chosen instead, the resulting rewritten formula,

?xy# Nexy£0 A axy#l
now belongs to Lspra. 0
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| Symbol | Rule J

= vi—v2=v3 = (vw<uAv=vatus)V(agviAvz=0)
vy —ve <vzg = (va<viAv <ve+v3)V(va £ vy Avg F£0)
V1 < Vg — Vs = vg < Ug AUy 4+ vz < Vg
vi+(va—v3)=v4 = (v3<vaAvi+va=v3a+v4)V(vs L vaAv)=1y4)
vi=vo+(vs—vy) = (u<vaAvi+vg=uvy+uv3)V(vaLvzAv = vy)
vi = (va—v3)+vs = (va<vaAvi+v3=1va+vg)V(vs L vaAvy = vy)
vi+(va—v3) <vg =  (va<wvaAvy+vo<uvgtuvg)V(vzL va Avy < vg)
v < vy + (1)3 — Vy) = ('04 <vgAvy +vg < vy + 1,'3) v ('U4 ﬁ vz A < 'Uz)
exp v12=0 = vy =0Av#0
v)’=1 => v=1Vv,=0
v)’=1m = v =1Vu=1V(yy=0Av;#0)
vi=vy = wvy=1Avy=1
i<y = va=0Av;#0Av #1
i<y = (n=0Av2#£0)V(vi=1Ava#0Av2#1)
v <v? = (1 =0Ava=0)V(ryZ0Avi #F1Ava #0A v # 1)
vy <12 = e =0V (v #F0Av; #1)

Table 9.4: Partial rules for Subtraction and Exponentiation

For this reason, in the particular case of <, total and partial rules coexist in the rule

base. For subtraction, to avoid the existential quantifier of the remove rule-scheme,

oflvy —v2] = (Fvz)(((v2a < vy Avy = v3+ v2)V
V(va £ vi Aoz =0)) A $[*/(v1 = 2)])
an incomplete set of quantifier-free partial rules has been chosen instead, the first
of which is the definition of — in Lp4.. Eight distinct contexts are covered. For
exponentiation, the selected partial rules avoid the main disadvantage of its total rule,
i.e. the size of the expanded formula. Both groups of rules are listed in table 9.4.
Quantified rules have been allowed for the remaining function symbols, partly due to
the fact that their possible definitions in Lp, already contain quantifiers. They are

actually instances of the corresponding remove rule schemes. ged, for instance, includes

ged(vy,v2) = v3 = v3|v1 A vs|va A (vg)((va]vr A va]v2) D v4|v3)

ged(vy,v0) < vg = (Fvg)(ve < v3 A vg|vg A va|va A (05)((V5]01 A v5|v2) D v5]|v4))

The complete arithmetical rule set, Rpy-, can be found in appendix H.
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9.3.2 Partially Removable Symbols

Both + and x have only partial rules in the rule base Rp4.. All of the chosen rules
are quantifier-free. Most of them do not introduce deviant symbols, and only a few
contain < in their rhs expressions. They can be classified in three main groups. First,
there are those that simplify expressions, through their reduction either to proper

subexpressions,
v+0 = v
vx1l = v
or to shorter expressions, unrelated to the original ones,
s(0) = 1
gt = 1
There are also those which decompose atomic formulae into boolean combinations of

simpler atoms, where the arguments in the new subformulae are subterms of the argu-

ments of the original atom, or individual constants of the underlying language, e.g.

mFrv=0 = vy=0Av,=0
TJ1<1+1?2 = v =0V <
VXV =0 XUz => v =0Vv,=1;

A final group has rules which replace formulae by propositional constants, such as

vp+uve<0 = L

In spite of deductive limitations, partial rules play a major role when it comes to effi-
ciency, due to the absence of explicit occurrences of any predicate or function symbols
(other than = or <) in their rhs expressions, and the limited expansion of the rewritten
formula., when compared to some of the total rules. The set of partial rules is also listed

in appendix H.

9.3.3 The Equality Base

The application of remove rules becomes blocked in the presence of fatal disagreements.

To eliminate them, difference reduction procedures such as RGM (the rule generation
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mechanism) employ equations in the construction of equality graphs, where neighbour-
ing expressions are unifiable or matchable. Since decidel/1, decide2/1, simplify/1 and
weak_simplify/1 are interfaced to RGM, a set of equations must then be available to
these plans®. The algebraic properties of some of the symbols, specially their commut-
ativity, associativity and distributivity w.r.t. other symbols, are the primary source of
equations. The set of remove rules itself is an additional source, since they are derived
from either equalities or equivalences. Besides the absence of certain symbols in their

rhs expressions, they can also raise disagreements, as for instance one of the rules for

+,

1}1+?)2:1J'1 = ngo

whose instance

v1+5(t11"'7tﬂ):1"] = S(tl:“'atﬂ]zo
is an elimination equation for the pair (+,5), where S is any function symbol.

A substantial reduction in the search space is obtained when rules whose lhs expressions
are terms are excluded from the generation of new rules, since terms are potentially
matchable to any subterm of the conjecture that contains the relevant deviant symbol.
Also, for equality bases such as £p4+, where the sides of each equation are either both
terms or both atoms, the selection of disagreement sets between remove rules and
conjectures can be limited to atomic subformulae of the conjecture, given that, under
these circumstances, semantic matching takes place only between atoms or terms. The

effects of both restrictions are examined in the next example.

Example 9.3.2 Suppose the conjecture

yxz2<e N ex(g+z)=yxz

has to be reduced to Lsyra, and that the available remove rules for + are

* RGM is described in chapter 8. The complete set of arithmetical equations £p 4+ can be found in
appendix H.
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R, v4+0 = v

Rg 0+v = w

Ry vi4+v:=0 = v,=0Av,=0
Ry vy+va=v, = v,=0

R, and R, are matchable to terms, whereas Ry and R4 are matchable to atoms. Since
none of them is applicable to the conjecture, elimination equations have to be selected
to try to raise disagreements. Fach rule has to be examined in turn. R, and R, are

each linked to a pair of disagreement sets, all of which are made up of terms,

(zx(y+2), v+0) (Ry)
(y+2z, v+0) (R))
(zx(y+2), 04+v) (Ry)
(y+2: 0+?}) (Rﬂ)

where the solution of any of them leads to a solution for the original problem. As
heuristic eriteria discourage the generation of new rules applicable to terms, the four

pairs above are ignored.
For each of the other two remove rules, whose lhs expressions are formulae, there are

also two disagreement sets. R4, for instance, involves

1?1)
v;)

(yxz?<zhzx(y+z)=yxz, 1y4+0;=
(ex(y+z)=yxz, vi+v=

However, since all equations of Ep 4., listed in appendiz H, consist of formulae whose
rhs and lhs expressions are both atoms or both terms, the first of the above pairs is
unsolvable, for no equality chain can link a composite to an atomic formula if there
18 no equation where one of the sides is an atom and the other one is a composite
formula. Hence, from eight disagreement sets, siz have been disregarded: four of them

were composed of terms, and two contained composite formulae. Only two then are

left,

(zx(y+2z)=yxz, v+v2=0) (Rs)
(zx(y+z)=yxz, v +v2=7v) (Rs)
A new applicable remove rule is eventually obtained from Ry. 0
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9.4 Termination

The effective enlargement of a subclass requires that the process of removal of deviant
symbols halts. Termination has to be ensured both locally, w.r.t. the application of

rules for each symbol, and globally, for the elimination of all deviant symbols.

The existence of a well-founded relation for deviant symbols, as described in sec-
tion 6.2.2, satisfies the requirements from the global point of view. Figure 9.2 presents
a well-founded order for deviant symbols with respect to Lp, 4. and Lsp4. Total or-
ders can be generated once certain restrictions are observed. Unconnected symbols
can be removed at any stage of rewriting: this is the case, for instance, of exp and —
with respect to Lp,4.. Bottom elements of chains, on the other hand, must be placed
towards the end of the total order. In the case of Ly 4, < can be succeeded only by
exp, which is also minimal: for all the other symbols, since each of them has at least
one rule containing < in its rhs expression, their removal must antecede <. Global
termination can then be guaranteed on the following grounds: given a total ordering

(S1,...,5,) for a finite set of deviant symbols,

i. If S; is the first symbol of this ordering that occurs in a conjecture ¢, remove

rules for §; are exhaustively applied to a conjecture ¢.

ii. If S; is completely removed, the next symbol in the ordering is selected and the

process is repeated from start. When no symbol is left, the process is complete.

iii. If it is not possible to remove all occurrences of S; from ¢, the process fails.

Given that no rule for a symbol in this ordering, due to its construction, introduces
any previously removed symbol, no deviant symbol is left in the rewritten conjecture
after the removal of 9, in which case an element of the chosen decidable subclass must
have been obtained. Local termination. on the other hand, is ensured only after the

set of remove rules for each deviant symbol is examined.
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PrA*

/ gfc half  rmdr gcd

X exp - min, maxyp

SMA

min, max, gfc gcd - / rmdr  half

< Cxp

Intermediate language Lp4.-
Decidable sublanguages Lp,4- and Lspra

Deviant symbols  x,exp, —, half, /, gfc, rmdr, ged,
min,, max, (w.r.t. Lp,4-)
+.exp, —, half, /, gfc, rmdr, ged,
mi'ﬂ,-“ max,, < (Wl't. £SMA)

Figure 9.2: Well-founded Orders for Deviant Symbols

273




9.4.1 Chain-reducing Rules

The application of partial dominant rules always halts, given that the measure for total

rules of lemma 6.2.1 is also valid in this case: any rule of the form

S,'(fl.,. ..,ln) = Sj(ul, —

where §; # S;, reduces the number of occurrences of S; in a layer of depth d in a
conjecture ¢, and possibly increases the number of such occurrences at lower layers.
Since the expansion of the rewritten formula in the course of rewriting is finite, a

non-negative decreasing measure can be defined as a result.

This measure, however, does not necessarily decrease for partial non-dominant rules.

For instance, when

v+ vy =1X(vy4+v3) = va=wv3 (*)

is applied toz + (y+ z) = 1 x (¢ + (w + 3)), which has one occurrence of + at depth
2, the resulting formula, y + z = w + 3, has two occurrences of + at this depth. Each
group of non-dominant remove rules may require therefore a distinct measure. The
simplest case involves a reduction in the total number of occurrences of the deviant
symbol in the conjecture. For function symbols, this happens only when the number
of occurrences of each variable in the rhs expression of a rule is less than or equal to
the number of occurrences of the same variable in the lhs expression, as in
v?2=0 => v =0Av#0
VI XUy =03 XV3 = vVa=0Vuv =v;
or even in (). For predicate symbols, the number of occurrences always diminishes,

provided that the lhs expression of the rule is an atom.

Lemma 9.4.1 Any finite and normalised set of atomic remove rules'® for predicate

symbols is noetherian.

PROOF. Let R be a normalised set of atomic remove rules for predicate symbols

S = {p1,....pn}. Let msr(e) be defined as the number of occurrences of p;,...,pn

10 A rule is atomic iff its lhs expression is an atom.
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in an expression ¢. The application of any rule R of R to a formula ¢ then reduces

msr( @), given that R must have the form

pi(ti,...oti) = plur, ... un)
such that p ¢ §. Hence, since any instance of the rhs expression of a rule of R has

fewer occurrences of symbols of § than its lhs expression, msris a termination measure

for this rewrite set!!. i

The above lemma applies to the set of selected partial rules for <, since they are
all atomic. For the remaining symbols, however, other results must be sought. Two
distinct types of partial rules are examined after the introduction of the notion of chain

reduction.

Definition 9.4.1 (S-chains)

Let € be an expression of L, and R. §, = 6, be a partial remove rule for a symbol S of

L.

1. A symbol chain S of € is any finite non-empty sequence of symbols that satisfies

one of the conditions.

(a) S =(S') and S" occurs in €, or
(b) S = (Sy,...,5,), € has a subezpression of the form S,(€,...,€y,), and

(Sa,...5,) is a symbol chain for €;, for some i,1 <i < m.

ii. A S-chain (S,,...,S,) for € is a symbol chain for € such that S; = S, = S. The

length of a S-chain is the number of occurrences of S in the chain.

iti. R is chain-reducing w.r.t. S iff, for every substitution o for the free variables of
0y, the longest S-chain of 0d, has fewer occurrences of S than the longest S-chain

of oé;.

' For non-atomic rules, occurrences of the deviant predicate symbol may actually increase, as in the
case of the (rather artificial) remove rule for <,

(nn < v2) D = (vi=v2 A d)] V(v < v J’\qﬁ) Vv <
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w. R is chain-preserving w.r.t. S iff there is a substitution o for the free variables
of 6, such that the longest S-chain of 06, has the same number of occurrences of

S as the longest S-chain of 06, .
Example 9.4.1
. Figure 9.3 shows three examples of S-chains, one with length 2 and two with

length 1.

12. The rule

VM +Vo=v;+vV3 = Vg =3

is chain-reducing w.r.t. + , since, given any substitution o = {h/‘!?],tz/‘ﬂQ, t”/va},
if the longest +-chains of t,,t, and t3 have respectively lengths n,,n, and ns, then
the longest +-chain of (t, + t, = t; + t3) has length maz(n, + 1,n, + 1,n3 + 1),

whereas the longest +-chain of (1, = t3) has length maz(n,, na).

11. The rule

n<l4+vy, = ('U;:'vg\/‘vl<'vg)

is chain-preserving w.r.t. +, for, given the substitution o = {1+ (E+¥)/y, 0/},
the longest +-chain of both rhs and lhs expressions of the rule, after the applica-

tion of o, has length 2.

Chain-reducing rules may be redefined in terms of occurrences of variables in their rhs

and lhs expressions.

Lemma 9.4.2 Let R. 6;(vy,...,v,) = 62{v1,...,v,} be a partial remove rule for S
such that vy,...,v;, j <n, are the variables shared by 6, and é;. R is chain-reducing
w.r.t. S iff all the occurrences of vy,...,v; in 8, lie in the scope of occurrences of 5.

PROOF.  If each occurrence of v;, 1 <i<j, in §; takes place in the scope of occur-

rences of S, then, for any substitution ¢ = {"1/v,,...,"/v,}, the longest S-chain of
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Figure 9.3: Examples of S-chains

06, has at least length / + 1, where [ is the length of the longest S-chain of ,,...,¢;.

Since 5 does not occur in é,. the longest S-chain of ¢é, has length [.

If there is an occurrence of a variable v;, 1<i<j, in é; that takes place outwith
the scope of an occurrence of S, let o = {"/v;,...,'/v,} be a substitution such that ¢
has a S-chain of length [, which is also the length of the longest S-chain in ¢é;. Since
by hypothesis v; also occurs in é,, the longest S-chain of both ¢é, and ¢é, has length

[. Thus R is not chain-reducing. ]

Clearly, every total and partial dominant remove rule is chain-reducing. Termination

can be guaranteed for any set of chain-reducing rules for a symbol S.

Lemma 9.4.3 [f R is a finite set of chain-reducing partial remove rules for S, then

R is noetherian.
PROOF. (By transfinite induction on the length & number of occurrences of S-chains)

R is noetherian iff. for every formula ¢ of the underlying language, any R-rewriting
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sequence for ¢ is finite. Let then the set of formulae of the underlying language be

partitioned in subclasses defined by a pair of parameters, (n,m), such that

i. nis the length of the longest S-chain of every element of the subclass, and

ii. m is the number of occurrences of S-chains of length = (i.e. the longest S-chain)

in every element of the subclass.

Clearly, every formula of the underlying language belongs to one and only one element
of the above partition. As a result, R is noetherian iff, for every (n, m) € N?, rewriting
halts for each formula of the subclass defined by (n,m). Since (N? C) is well-ordered,

where C is the lexicographic order for N?, transfinite induction is applicable.

For any well-ordered set (X, <), the principle of transfinite induction asserts that

(w)(ue X D ((v)((ve X Av<u)DY(v))DdY(u)))

0
(u)(w e X D (u))

where ¥ is a wf formula of the underlying language!?. Taking (N?,C) as the well-

ordered set for the present lemma, the above principle can be instantiated to

(V{(n,m))((n,m) € N* D ((¥(n',m"))(((n', m') € N°A{n,m) € (n,m)) D $((n’,m))) D ¥((n,m))))
o)
(¥ {n,m))({n,m) € N* D ¢((n,m)))

After a few manipulations, the induction hypothesis unfolds into a pair of hypotheses,

as schematically indicated below,

(n,m) C (n,m) D o¥((n',m'))
(" <nV(n=nAm' <m)) D ¥((n',m'))
(' <nDo((n,m))) A ((n'=nAm <m)DP(((n,m)))

whereas 1((n,m)) remains as induction conclusion.

Let the induction hypotheses and conclusion be represented as

12 See for instance [Mendelson 87], p. 8.
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(I H,) Rewriting halts for every formula where S-chains have length less than n

(IH,) Rewriting halts for every formula whose longest S-chain has length n and
which contains fewer than m occurrences of S-chains of this length

(IC)  Rewriting halts for every formula where the longest S-chain has length n and
which has m occurrences of S-chains of this length

and let ¢y be an element of the subclass defined by the pair (n,m).

Case (1) If no rule in R is applicable to ¢y, then the only possible rewriting sequence

for ¢ is empty.
Case (2) If there is a rule in R which is applicable to ¢y, then let

, B1 , Ra R R,
@n=$d)1=>...=>"¢5p =§1 (*)

be a rewriting sequence for ¢,. As indicated in figure 9.4, three cases must be con-

sidered.

i. If there is a rule R. é; = 6, which is applicable to a subexpression € of ¢, that
has a S-chain of length n. let o be the substitution such that € = ¢d;. Since each
rule of R is chain-reducing w.r.t. S, the longest S-chain of € is shorter than the
longest S-chain of ¢d,. Since € by hypothesis has a S-chain of length n, it must
be the longest S-chain of the expression (otherwise n would not be the length of
the longest S-chain of ¢y). As a result, the longest S-chain of ¢é, has length less
than n and ég[[“‘s?fc]] has fewer than m S-chains of length n. Then, according to

I H,, rewriting halts.

ii. If thereis arule R. §; = 6, that is applicable to a subexpression € of ¢, such that
€ contains a proper fragment of a S-chain of length n, then the longest S-chain
that occurs in € must have length »’ < n (for otherwise ¢ would have a S-chain
of length greater than n, as it can be inferred from figure 9.4, case 2 ii). Since R
is chain-reducing, and since there is a substitution o such that o6; = €, then d,
must have S-chains of length less than n’. Hence, q:')gﬂ"ﬁ?;'e]] has at most (m —1)

S-chains of length n. Again. according to I H,, rewriting halts.

iii. If no rule in the sequence is applied to a subexpression of ¢, containing a frag-

ment (proper or not) of a S-chain of length n, then the sequence must be finite.
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Case 21i Case 2 ii Case 2 iii

S-chain of length n

— subexpression €

Figure 9.4: Fragments of S-chains

Otherwise, for every p € N, there would be a rewriting sequence of the form

6B BB

where ¢! is obtained from ¢; through the replacement of the terminal subexpres-
sion S(uy,...,u,) of every S-chain of length n with an expression ¢ in which §
does not occur'®. However, since by construction ¢, has only S-chains of length
less than n, it follows from (/H,) that ¢, has a normal form ¢/, for some ¢ € N,

in contradiction with the assumption that (*#) could be arbitrarily enlarged.
Since rewriting halts for every element of the partition, R is noetherian. ]

The group of chain-reducing rules is not contained in any of the two classes for which
halting measures (the reduction in the number of occurrences of a deviant symbol 5,

and the function m, defined in lemma 6.2.1) have been exhibited, i.e.

(i) there is a chain-reducing rule that does not reduce the number of occurrences of

'* See lemma E.5.1 in appendix E.
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the corresponding deviant symbol, and
(ii) there is a chain-reducing rule that does not reduce the number of occurrences of

the deviant symbol in the highest layers of the rewritten expression.

An example is given next.

Example 9.4.2 The partial remove rule for f,

R h(f(v1,vs), h(vs, f(v1,v3))) = h(vz,v3)

does not necessarily reduce the total number of occurrences of f in an expression, since,

in the sequence

h(f(a, f(f(a,¢),b).h(e, f(a,€))) = h(f(f(asc),b), f(f(asc),b))

the initial and final number of occurrences of f is 4. The measure m, is not necessarily

decreased either, considering that, in the sequence

h(f(a, f(b,b)), hic, fla,c))) & h(f(b,b), f(b,b))

b @ O

the number of occurrences of f in the second layer increases. Nonetheless, according

to lemma 9.4.2, R is chain reducing and, as a result, its application always halts. g

9.4.2 Chain-preserving Rules

Lemma 9.4.3 cannot be extended to chain-preserving partial rules, given that some of

them generate infinite rewriting sequences.
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Example 9.4.3

i. Let R be a set of remove rules for g that contains the rule

R. f(g(v,),v2) = f(va,v5). R then is not noetherian, since

f(g(a).g9(a)) 3 flg(a),g(a)) =
15 infinite.
i1. Given the remove rules for f,

R, 9(f(vi.v2)) = g(e)

Ry h(f(vi,v2),9(€),va) = h(va,g(va),va)
where Ry s chain-reducing and R, is chain-preserving, the set {R,, R,} is not
noetherian, given that the sequence

h(f(a,b),g(f(a,b)), f(a,b)) B h(f(a,b),g(e), f(a,b)) =

Ry

& h(f(a,b),9(f(a,b)), f(a,b)) 2

1s cyclical. 0

Under certain circumstances, however, it is possible to guarantee termination for a set
R composed of both chain-reducing and chain-preserving rules. For any fragment of a

rewriting sequence of the form

R , R R '
T S SR O S ST S
where R and R’ are chain-preserving and R,, ..., R, are chain-reducing, the number of
rewriting steps involving chain-reducing rules must be finite, since any finite (sub)set
of such rules is noetherian. As a result, the subsequence can be collapsed into a series

of composite rules of the form

- SN Y S

where R” is derived from the composition of ﬁl ..... En and R’. Since the resulting

composite rule can be either chain-reducing or chain-preserving, the same procedure
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can be repeatedly applied until either all chain-preserving or chain-reducing rules are
eliminated from the sequence. R is non-halting only when there is a formula that
admits an infinite rewriting sequence entirely composed of (primitive or derived) chain-
preserving rules. Therefore, given a set R containing chain-preserving and chain-

reducing remove rules, if it is possible to guarantee that

(1) there is no infinite rewriting sequence generated by chain-preserving rules of R, and
(i) all rules obtained from R by the composition of chain-reducing and chain-preserving

elements are chain-reducing,

then R is noetherian.

Concerning the rule generation mechanism, provided that the original set R is noeth-
erian, the same applies to the derived rules. This can be informally justified on the
grounds that the transformation that leads to the new rule can be reversed and applied
to the conjecture, since disagreements may be dealt with both at the rule and the con-
jecture levels, and there is a one-to-one correspondence between both processes. Given
that rewriting halts at the conjecture level, because the removal of disagreements by
RGM involves a finite number of steps and R is noetherian, the transformation at the

rule level must also terminate.

9.5 Limitative Results

Even though the expansion of the rule base Rp,. is always possible, the undecidability
of PA sets several constraints for such expansions and virtually excludes certain classes
of candidate rules. Similar remarks apply to possible extensions of any arithmetical

decidable subclass.

9.5.1 Expansions of Rp4-

Several candidate remove rules can be discarded as invalid as a direct consequence of
the essential undecidability of PA. All three types of rules (total, partial dominant and

partial non-dominant) are affected.
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Lemma 9.5.1 (Total rules)
There is no valid total remove rule for +,s or < w.r.t. Lspra.

PROOF. Once occurrences of successor are eliminated in favour of +, a total remove
rule for this symbol would eliminate all its occurrences from any formula of Lpa,
effectively reducing it to an equivalent formula of Lgpr 4, which is decidable, thus con-
tradicting the undecidability of arithmetic. The non-existence of total rules for either

s or < follows from results reported in [Robinson 49]. t

Lemma 9.5.2 (Partial dominant rules)

1. No valid partial dominant remove rule for + has any of the forms

R, v+v = 6{v}
R, v+1 = 62{’!‘)}
Rs v+ (v24+v3) = 63{v1,vs,03}
Ry v+ (1’2 X 'U3) = 64{‘01,1’)2, 1)3}

where 6; is a term of Lspra.

1. No valid partial dominant remove rule for X has any of the forms

61{v}
b62{v}
53{’01 s U2,y 'Us}
54{’”1 s Uz, 'U:s}

Rs VXV
Rg vx1
R: vy x (02 x 1)3)
Rs vy X (vy 4 v3)

SRR

where 6; is a term of Lp, 4.

PROOF.

i. The first two rules, if valid, would have to have originated from an equation of

one of the forms

v+v
’U+l = 1

|
—_
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where ¢, and t, are terms of Ls3;4. Since terms of Lspr4 can be effectively put

in one of the following normal forms

G, I; O R K oo gl

the above equations are reducible to

v4+v = 0 v+ 1

v+v = 1 v+1 =

Y = TN TP v pn v+1 = v XU X XU
which are PA-invalid, for all n,m, my,....,m, € N.

Concerning R3 and Ry, it has to be taken into account that any term of Lp,
in which + occurs can be effectively converted into expressions of the forms

ty + (to +t3) and ¢, + (5 X t3). A procedure for the first pattern has five steps,

(a) Occurrences of successor are totally eliminated by the rule s(v) = v + 1.
(b) Stratification rules,
vy X (Ve +v3) = v X Vs 4 v X U3
(v) +v2) X v3 = v X v3+ vy X ¥3
transform the term until it assumes the form t; + ¢.
(c) If 4+ occurs in t,, the same stratification rules are applied to it, and an ex-
pression of the desired form, ¢; + (13 + t4). results.
(d) If + occurs only in ¢;, it is first reduced to (¢; + t4), then the original term is
put into the desired form by the application of (v; +v2) +v3 = v; + (v2 + v3).

(e) If + occurs neither in t; nor in 1., £, is replaced with £, + 0.

A procedure for the second pattern adopts steps (a) and (b), plus an additional

one,
(c?) If x is not the dominant symbol of t,, it is replaced with , x 1.

Hence any term could be effectively stripped of all the occurrences of + by the
exhaustive application of either R3 or Ry, interleaved with calls to the above
procedures. Since both rules are chain-reducing and the procedures always ter-

minate, any formula of £p4 would be reducible to Lgspr4.

ii. Similar to the above proof. t
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Lemma 9.5.3 (Partial non-dominant rules)

i. No valid remove rule for + has any of

V) + Vg =
™ + Ua Vg
v+ V2
v X Uy

V3
+ 4
X V4
U4

Uy

+ v3

where each ¢; is a formula of Lspra.

1. No valid remove rule for x

V1 X V2 = 3
M X Vg = V3 X Wy
Uy X Uy = Uz + Uy

V1 X V3 + vz = vy

where each ¢; is a formula of Lp, 4.
141,

v; X vy = §(v3)

the forms

= é1{v1, 00,03}

= ¢o{v1, V2, V3, 4}
= ¢3{vls TJQ.,TJ;;,?M}
= Pa{vy1, V2, V3, 04}

has any of the forms

P5{v1, v2, ”3}

6?56{?"1,1-’2,1-’311?4}
65?{1-’11 Vg, V3, 1’4}
ds{v1, Vo, V3, 4}

b4 el

There is no remove rule for s of the form

= ¢{v1, v, v3}

where ¢ is a formula of Lspra. Also, there is no remove rule for x of the above

form, where ¢ belongs to Lp, 4.

PROOF.

i. The validity in PA of (v; + v, = v3) =

rule scheme for +,

'{.!')IITJ] + 1?2]] =

could be defined, thus contradicting the

applies to the other

¢1{v1,v2,v3} would mean that a remove

(3vs)(L[" /(01 + v2)] A {1, v2,03})

undecidability of PA. A similar argument

three cases. considering that

Vit =03 = vi+v=v3+0 = Go{vy,v2,v3,"/va}
Vi+va=v3 = v +v=v3x1l = a{vi, 5,03, us}
v+vs3=v = (W X1)+v3=0vy = @4{91»1!‘”2,@311’4}

and, again, a complete set of remove

obtained.
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ii. If (vy X vy = v3) = @s{v1, v, v3} is valid in PA, then

Y[ve X va] = (3vs) (D[ /(1 x v2)] A d5{v1, v, v3})

represents a remove rule scheme for x in terms of Lp, 4, also contradicting the
undecidability of PA. A similar argument applies to the other three cases, con-
sidering that

(;?56{1)11 Vo, Uz, 1/”4}

@7{v1, V2, Vs, vaq}
4353{“1 y Va, 0/1’3 3 ’04}

UV X Uy =3 X1
v X U9 = v+ 0
(1 X v2)+ 0 =14

VX Vg = Uy
P X Vg = Vg
V1 X Vg = Uy

e
e

iii. Assume

Vg X Vg = S('U:j) = Qﬁ{vlav?:v‘?} (*J

is valid in PA. If ¢{v;,v2,v3} is a formula of Lsyr4, considering that v x 1 = v,

then, from a rewritten instance of (*),

vy =s(v3) = ¢5{’U1s1/02, v3}
a complete set of remove rules for s w.r.t. Lspr4 could be obtained.
If {v,,vs,v3} belonged to Lp, 4 instead, since

M XVe=04 = (v4=0Vuvg#0)A (v X0y =104)
= (va=0Av xXvy=0)V (Jvz)(ve =s(v3) Avy X vy =5(v3))
= (4=0A(vy =0V, =0))V (Fvs)(vg = s(v3) A ¢{vy, v, v3})

there would then be a Lp,s-formula equivalent to v; X vo = w4, from which a

complete set of remove rules for x in terms of Lp, 4 could be derived. ]

None of these negative results, however, excludes the existence of other partial non-

dominant rules for either sum or multiplication.

9.5.2 Extended Classes

The recursive axiomatisability of PA ensures that any of its decidable subclasses is

expandable. The undecidability of PA, on the other hand, prevents any recursive
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extension of such classes from embracing Lp,. Another limitation is the absence of

undecidable formulae in extended classes of type I1.1

Since both PrA™ and SMA are negation complete, and since the generation of expan-
sions of Lp, 4. and Lspra by means of proof plans is currently based on rules originated
from equations and equivalences, no arithmetical undecidable formula can be incorpor-

ated in the enlarged subclasses.

9.6 Recognising the Elements of the Extended Class

Theorem proving for recursively axiomatisable and undecidable theories has to resort
to heuristically guided semidecision procedures whenever a conjecture lies outside the
identified decidable domain. For this reason, the complexity of the process of com-
puting the membership relation for decidable subclasses affects the overall efficiency
of hybrid systems. For the extended class ¥ p4. generated by Rpy., there is no mech-
anism that establishes whether a formula ¢ belongs to it other than the application of
rewrite rules controlled by proof plans (or any equivalent procedure), until an element

of a decidable sublanguage £’ is obtained, i.e.

b€ Spae iff (F)(d 28 ¥ & € Fmie))

In the event the reduction process fails, the conjecture has then to be supplied to
a semidecision procedure. In such cases, if a proof is found, the total time for its
computation has to include the failed attempt involving the decision procedure. Hence,
since rewriting is in some cases very time consuming, particularly in the presence of
difference reduction procedures, the time performance of the integrated system suffers

as a result.

Ideally, given any formula of the underlying language, it should be possible to determ-

ine whether it belongs to a decidable domain without any rewritten formula being

' A proof for these two limitations can be found in appendix E. It is worth noting that they are not
equivalent. On one hand, a theory is undecidable iff none of its decidable classes can be extended
to the full set of formulae of the underlying language. On the other hand, the impossibility of
introducing undecidable formulae in a negation-complete decidable subclass as it is expanded by the
inclusion of (T)-equivalent formulae is not restricted to undecidable theories. This is due to the fact
that there are decidable consistent theories for which the set of undecidable sentences is not empty
(i.e. the theory is not negation complete). For such theories, lemma E.5.2 applies as well.
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generated as a side effect. in which case rewriting could be confined to the decision
process. Sublanguages, for instance, are classes where the computation of the mem-
bership relation involves simply the search for deviant symbols in a conjecture ¢: if
dev_sym(¢€, L) denotes the set of deviant symbols of an expression € with respect to a

decidable sublanguage £’, then

¢ € Fmler iff ¢ € Fmly & dev_sym(¢,L') = 0

For other context-free generated classes, elements may be also identified based on the
strict inspection of syntactic properties of formulae or terms. For decidable classes
extended by the application of rewrite rules, rewriting may be avoided once certain

properties of the rule base are taken into account.

Example 9.6.1 Let ¥ be the class of terms of Lps- defined by the productions

tm = attm | double(tm)
attm = 0]1]|var
var = % || e

and let ¥’ be the extended class generated from ¥ by the application of the rule

R. v+v = double(v)

which can be represented as

W o= {IETTm,:;PA_ ¢ & t’&t’eE}

Given that X' is recursively definable as

t ZCE

i. Ift € X', then double(t) € ¥’ and (t +1t) € &'

it is then possible to determine whether a term t of Lpa. belongs to X' by means of
a syntactic test that checks whether the symbols that occur in t are only variables,
0, 1,4+ and double, and that. for each occurrence of +, both left and right subterms are

syntactically identical. 0
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Another solution is the identification of proper subsets of the extended class for which
a definition based on syntactic properties of the formulae can be given. There are some

simple examples involving Rp4-.

Example 9.6.2 Let

5 us {(;’) € Atme,, | (31)(30s) (4:2\1 by 2B g gy € Fm:,:m)}
be a subset of the decidable class generated by Rpa-, such that

Rl M XM= = TJIZOVT}z:].
R:g ?Jl‘l"Ug:O = ﬂ]z{]/\?}g:u
R3 v+v=1 = (1)1:1/\‘1?2=O]V(’01=0/\?)g=1)

Since R, is applicable to every atom ¢ of X, ¢ must have the form
t, Xty = 1

where t; and t, are terms of Lp,. After the application of Ry, ¢ is transformed into

t1=UVt2=l

By induction on the length of the rewriting sequence, it can be proved that t, and 1,

are elements of the class ©, defined by the productions'®

pol := sum|pol + pol
sum = 0|l|var|sum x sum
var = z|y|z|e. ..

Therefore, every element of ¥ has the form

-Pl(vl ..... 'Unl)xPQ{UI.,...,'UHZ)=Pl(vl,...,vnl)

where Pi(vy,...,v,,) is a polynomial of ©. No rewritten formula is derived in this

process'®. 0

5 See appendix E.

16 A similar approach has been adopted by Armando and Giunchiglia in their study of extensions of
the UE-form subclass. As described in [Armando & Giunchiglia 93], p. 498-9, certain syntactically
defined subsets of the extended class have been revealed after the formal analysis of the set of rules.
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The direct computation of the membership relation may be avoided once equivalent
but possibly simpler problems are identified. There are cases, for instance, in which a
formula ¢ belongs to an extended class if and only if canonical versions of ¢ share the
same property. For Rp,-. since every (primitive or derived) remove rule available to

the system is applicable either to a term or an atomic formula, then

¢ € Spa iff 60 €Tpae iff P €38, (1)

where ¢ is the prenex disjunctive normal form (PDNF) of ¢, and £8,. is the inter-
section of ¥p4- with the PDNF class of Lp4-. The domain of the original relation can
therefore be limited to PDNF formulae!”. No similar result applies to the atom level
though. Due to the incompleteness of the rule generation mechanism and the limited
deductive power of Rp4., an atom may not be reducible into a decidable sublanguage
even when its canonical form (or other PA-equivalent atoms) is. For instance, the

conjecture

?xe? 4+ (eixy+zixy) = =z

is equivalent (in PA) to other atoms, e.g.

g% % z* + (yxa2* + yxz?) = =z (i)
z* 4 (yxz? + yxz?) = =z? (ii)
zX(z?xz) + (x2xy + 22:Xxy) = =z (iii)
(z?xz)xz + (yxz* + yxz?) = 22 (iv)
z¥x a® + ((exy)xe + z*xy) = =z° (v)

Nevertheless. only the original atom and formulae (i) - (iii) are reducible to Lp,
by the controlled application of Rpy., on the assumption that Eps. is the set of

equations available for disagreement elimination. The assessment of the boundaries

T See lemma E.5.4 in appendix E. When the rules are not conditional, each atom of ¢ can be dealt
with as an independent expression, since

n

6eX iff /\(4:€X)

=1

where ¢1,..., ¢ are all the distinct atomic formulae that occur in ¢.
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of the enlarged decidable sublanguage cannot therefore be limited to the study of the

class of formulae containing atoms in e.g. polynomial form?®.

Finally, once a partition p = { Py, ..., P,} for the universe set is given, the recognition

of members of an extended class ¥ can be decomposed into a series of subtasks,

b€ if (JETNP)V ...V ($€ZNP,)

A possible partition for the PDNF class of Lp4 has two elements, 2;, made up of

formulae whose disjuncts contain just a single literal,

(Ql’f’l) .. .(anﬂ)[fl Ve Vi)

where (; is a literal, and the complementary class, 2,. Various strategies may be
conceived for the approximate and empirical characterisation of each subclass X p4.N€2;.
The use of representative formulae of each element of the partition and of randomly

generated formulae is described in the next chapter.

9.7 Conclusions

Two groups of general-purpose proof plans, made up respectively of deciders and simpli-
fiers, have been implemented to control the application of rewrite rules in the extension
of decidable sublanguages. The simplifiers mimic some of the features of other systems
that contain decision procedures, such as the Stanford Pascal Verifier and Nqthm.
Since these plans are applicable to any theory that admits decidable sublanguages,

they are suitable for Peano arithmetic and its extensions.

Extensions of PA obtained by the introduction of recursive functions and relations
are such that complete sets of remove rules can be provided for all the new symbols.
Complexity considerations, however, discourage the use of such rules whenever they
either introduce new occurrences of quantifiers and /or deviant symbols, or substantially
increase the size of a conjecture. In such cases, partial rules become an additional asset

for systems that convert formulae of the expanded language into a decidable domain.

' Moreover. even when an atom and its canonical (polynomial) normal form are both reducible to a
decidable subclass by means of Rpa-, time performance may vary significantly in each case.
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The effectiveness of rewriting requires Rp4« to be noetherian. Termination for this
rule set is guaranteed by the existence of a total ordering for deviant symbols, based
on a well-founded relation, and the noetherianity of certain subsets of partial remove
rules. The essential undecidability of PA rules out the introduction of total rules for
some symbols and affects the set of partial rules as well, particularly those matchable
to terms or atoms. It also prevents any extension of a decidable sublanguage from
embracing Lp4. The boundaries of certain subsets of extended classes, on the other
hand, can be assessed by mechanisms which do not require the direct application of

rewrite rules.

An experiment involving arithmetical conjectures has been conducted to evaluate the
role of Rp,. in extending both Lp, 4+ and Lspr4, as well as the efficiency of plans such

as decidel/1 and simplify/1. Results are reported in the next chapter.
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Chapter 10

Empirical Results

Four groups of formulae have been supplied to the general-purpose plans described in
chapter 9 to assess their complexity and effect on the extension of decidable sublan-
guages. The first group, examined in sections 10.1 and 10.2, shows that the control
mechanisms embedded in these plans have a positive impact on efficiency, at least for
a subdomain of Lps-. The second group, described in section 10.3, is made up of
arithmetical lemmas related to a set of representative verification conditions. A set
of randomly generated formulae then provides a statistical mapping for the extended
decidable classes, as described in section 10.4. The final group, composed of quantifier-
free conjectures, has been checked by Nqthm's simplifier and by the the plans simplify/1

and weak_simplify/1, as described in section 10.5.

10.1 Controlled Rewriters

The six rewriters defined in the previous chapter are ordered according to the scope of

their control structures, which impose restrictions upon the choice of decidable classes,

disagreement pairs or remove rules.

i. rewritel/4 exhaustively applies all the remouve rules available to the system, until
the input expression is reduced to one of the decidable sublanguages. whenever

possible.

ii. rewrite2/5 is an extension of rewritel/4 that includes RGM (the rule generation

mechanism) to raise disagreements.
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ili. rewrite3/5 selects a decidable sublanguage before starting to apply rules, and,

once it is selected, only remove rules for its deviant symbols are tested.

iv. rewritef/5 additionally restricts the application of remove rules to deviant sub-

formulae, i.e. those containing deviant symbols.
v. rewrite5/5 heuristically orders decidable sublanguages before rewriting starts.

vi. rewrite6/5 heuristically orders the symbols that are deviant w.r.t. the selected

decidable sublanguage.

The plan decideil/1 is placed at the end of this order, since, besides all the control
elements of its predecessors, it also heuristically organises rules. RGM is interfaced
to all but the first system. Further reductions in the search space for disagreement
elimination have been obtained after both non-matchable remove rules applicable to

terms and disagreement pairs containing composite formulae have been discarded’.

Even though the control structures would be intuitively expected to have a cumulative
positive effect on the performance of the rewriters, that is not always the case, as shown
by the experiments conducted with a set of arithmetical formulae®. Omne of them is
derived from a verification condition proposed by Boyer and Moore, whose reduction

to a decidable sublanguage by decidel/1 is detailed below.

Example 10.1.1 Let ¢ be the formula

z2#0 DO z?xz’+(2?xy+2¥xy)<a? (%)

Once 1t is supplied to decidel /1, a decidable sublanguage is first chosen. With respect
to Lpya-. @ has nine occurrences of deviant symbols (eight of x and one of <) and only
three with respect to Lgpya (two occurrences of + and one of <). Given the measures

for these symbols,

’”'&d(+-£sM,1) = 2.44
ma( X, Lpras) = 2.33
mq(<, Lspya) = 3.00
ma(<, Lprar) = 1.00

! The effect of these restrictions is discussed in section 9.3.3.

2 The set of conjectures is listed in table G.1.
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and the measures for the sublanguages.

?ﬂ’ﬂ((‘ﬁ? ‘CP"A') = 8X m‘d(xa‘CPrﬁ‘) . i nld(Saf’PrA')

mc(‘i’w ‘CPrA’] = 19.64

m.(d, Lspa) = 2Xma(+,Lsma) + ma(<,Lspa)

7.88

m.(&, Lsyra)

twenty rewriting steps are therefore expected to take place in the reduction of ¢ to
Lpyas, if it is possible, whilst eight steps would suffice for Lsp 4, which is then chosen.
Given that < is totally removable and has only a single remove rule in the rule base,
(<. +) is the only total order for the set of deviant symbols that has to be considered.

After the removal of <, given the rewritten formula, ¢',

z#0 DO (x4 (2?xy+2?xy)=22 V 2?x2?+ (2 xy+2?xy)<z?)

since none of the nine remove rules for + in Rp 4+ is applicable to ¢', the rule generation
mechanism is invoked. Only seven rules are left though, because remove rules for terms
are not currently admitted by this mechanism. For the first disjunct of ¢', the first

choice is

MN+v=v = v.=0

given that the disagreement pair formed by an instance of its lhs expression®,

T X+ vy =2 Xz, and the first disjunct of (1) has the lowest disagreement depth,

X + v, = B
(e[xf) x (axf) + (e*xy+ea’xy)

* A variable in a rule has to be instantiated in the course of disagreement elimination only when it has
multiple occurrences, and each occurrence is supposed to match syntactically distinct subexpressions
of the conjecture. For the above example, there are two candidates for the replacement of vz, 2 and
z? x 22, the first of which has been chosen. This guideline has already been examined in chapter 8.

T Xz
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After failed attempts to erase the disagreements of this pair, the next choice involves
two rules with equal disagreement depths,

n+vo=1 = (=1Av,=0)V(r;,=0Av,=1)

'U}‘l"UQZU = ('E?]=DA’L’2:O]

For the first rule, the first disagreement, which occurs in the second layer,

I
[=]

) = Uy
A=

is eliminable, and a suitable applicable new rule is then generated, as described in sec-

(22 xz?) + (22xy+2?xy)

tion 8.1.1. The same procedure is repeated until all the occurrences of + are eliminated,

and (1) is successfully rewritten to ¢",

e
R

r# 02 ((g*=1Ay=0Ay=0)V (
V(z*=0A((y=1Ay=0)V(y=0Ay=1))V(z’=0Ay=0Ay=0)))

which belongs to the chosen decidable sublanguage. 0

Two variants of @,

e+ (2* x y+2* xy) = 2?
zx(e®xz)+ (2 xy+2°xy)=2°
have also been successfully reduced to Lspa by decidel/1. Experimental results?
involving these and other conjectures are listed in table G.2. Table G.3 and figure 10.1

show that decidel/1 required on the average less than one third of the time consumed

by rewrite5/5, the second fastest of the systems interfaced to RGM. Moreover,

= The performance of decidel/1 was superior to the performances of the rewriters
for 57% of the conjectures that required the intervention of RGM. Even when
the full sample is taken into account, decidel/1 is still the system that has the

highest joint rate of best or second best performances (76%)°.

* Experiments have been conducted on a SunOS 4.1.2 workstation, with the exception of those
involving the verification conditions of section 10.3, which were run on a Solbourne 6/702 (100
mips/cpu at 33MHz). All the times indicated have been obtained as a result of a single run.

* The conjectures of table G.1 for which decide!/1 consumed more time than at least one of the
rewriters are ¢io01, @104, @105, @107, @108, G110 tO G113, D115, D120, C121, G123, D125, Pr27, P02, D204,
¢a02 and ¢aoa.

297



= The gradual introduction of new control features, starting from rewrite2/5 till
the decider is reached, has in the end a positive effect on time performance for
50% to 80% of those conjectures whose reduction into a decidable sublanguage
has been accomplished, as shown in table G.4. When the conjectures solved by
rewritel/5 (without the help of RGM, therefore) are excluded, these numbers
raise to 64% and 100%. Significative improvements have been also observed
in the transitions from rewrite2/5 to rewrite5/5, rewrite2/5 to rewrite6/5 and

rewrite3/5 to rewrite/5.

= Rewrite4/5 in particular outperformed rewrite3/5 in almost all examples, with
the exception of @p6, @205 and ¢gp,. These cases are accounted for by the fact
that rewrite3/5 allows semantic matching to take place between remove rules and
subexpressions of the conjecture that do not contain the corresponding deviant
symbols, whereas rewrite//5 does not allow such attempts. Although they will
usually lead to failure, thus increasing the time required for a successful reduction,
there are exceptions where a shorter rewriting path is unveiled, as in the case of

the above three conjectures®.

= Rewrite5/5 and rewrite6/5 had similar performances, when it comes to the time
consumed for the average conjecture, and can be jointly regarded as the most
efficient systems after the decider. Decidel/5 outperformed both rewriters in
all but one of the cases where rewrite!/4 failed (¢,,;). Both rewrite5/5 and
rewrite6/5 showed a better performance than rewrite2/5 on 70% of the sample.
They also led to a cut of at least 78% of the average running time consumed by

rewrite3/5 and rewrite]/5.

Since the control structures are mainly heuristic, their effect on efficiency is not uniform
over the domain of application of the plans. Decidel/1 has a poor performance in
some of the cases where the set of primitive rules alone can reduce the conjecture

to a decidable subclass. The heuristic measures it has to determine before rewriting

& Previous experiments showed that rewrite3/5 fails to reduce ¢20a and ¢ao1 when the order in which
the deviant symbols are stored by the system is changed. Unlike rewritef/5, rewrite3/5 does not
examine every permissible total order for deviant symbols and, for these particular conjectures, if
< is not removed in the first place, no other deviant symbol can be eliminated.
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starts can consume more time than the exhaustive application of primitive rules, as is

probably the case in conjectures @5 and ¢1;3. Also,

= Decidel/1 performs even more poorly w.r.t. rewritel/4 when the guideline that
only remove rules for deviant symbols should be applied precludes the discovery of
shorter rewriting paths. Rewritel/4, on the other hand, exhaustively applies all
remove rules of Rp 4., independently of the corresponding symbols being deviant
or not, and may benefit from such lack of constraints. This is the case for

conjectures @ig1, G204 and ozpo.

« Rewrite2/5 exhibited a better performance than rewrite3/5 and rewritef/5 in ten
cases (27.8% of the formulae where the reduction was successful), which suggests
that the non-heuristic selection of a decidable subclass without additional control
strategies can cause a considerable deviation from the shortest rewriting path.
In the worst case examined, @493, the quotient between the times consumed

respectively by rewrite3/5 and rewrite2/5 was 73.5.

= Amongst those problems where rewrite/4 failed but the reduction was possible,
rewrite4/5 exhibited a better performance than decidel/1 in 35.7% of the cases.
This can be explained by the fact that decidel/1 may choose an unreachable de-
cidable subclass in the first place, thus delaying the conclusion of rewriting. Such

examples are inevitable, since the choice of decidable sublanguages is heuristic.

» When considered individually, some heuristic control features do not have any
significant effect on efficiency for certain contexts. For instance, when ordering
mechanisms for both decidable classes and deviant symbols are added to re-
write3/5, the performance improves in 38.9% of cases, but worsens for the same
percentage of the sample. The improvement therefore is entirely cancelled out if

mean time is not taken into account.

Another evidence about the damaging effect that narrow control structures may have
on performance is illustrated in the cases of rewrite3/5 and rewrite/5. For both
systems, rewriting is oriented towards a decidable class, but classes are not heuristically

selected, i.e. they are always tested according to a pre-established order. As a result,
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there were examples where only more elaborate rewriters have been able to identify
beforehand an accessible decible subclass. For instance, in the cases of conjectures @;g2.
@109, @114 and @3, all of which are reducible to L4 by the current set of remove
rules and elimination equations, rewrite3/5 and rewrite4/5 first tried to convert them
to Lpya+. As a result, for @95, @100, @114, both rewriters consumed about tenfold the
time required by rewrites/5, rewrite6/5 and decidel/1, whereas, for ¢.g3, this factor
increased to 100. These results account for the fact that, although rewrite4/5 had
the highest percentage of best time performances (due to several of the cases where
a conjecture could be reduced to Lp, 4. ), it also exhibited the the second worst mean

time (due to the conjectures that could not be reduced to this subclass).

Four main conclusions can be derived from this experiment. Firstly, there is a domain
in which the mechanisms present in decidel/1 effectively reduce the rewriting search
space generated in the presence of RGM. Secondly, the combination of the strategic
elements of decidel/1 seems to prevent cases where limited search guidance locally
damages the performance of the system. Also, RGM makes a significant contribution
to the inference resources of all systems, since rewritel/5, which is not interfaced to
it, proved to be efficient but deductively weak: its success rate of 21.1% compares
unfavourably with more than 90% for the other systems. Finally, for some of the cases
where Rp 4. suffices for the reduction of formulae to a sublanguage, decidel/5 proved

to be fairly inadequate, from the viewpoint of time performance.

10.2 Weak Simplification

The same set of formulae used to test the rewriters has been supplied to the plans

decidel/1, decide2/1, simplify/1 and weak_simplify/1.

i. decide2/1 has the same search control as decidel/1 for the selection of decid-
able sublanguages, the hierarchisation of the deviant symbols and the choice of
remove rules, but is interfaced to a stronger version of RGM that explores conjec-
ture subexpressions other than the particular one directly involved in semantic

matching.
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Decidel/1 was the most efficient of all six systems that have access to RGM.

Figure 10.1: Rewriters and decide1/1 (1)

ii. simplify/1 explores the fact that, even if a formula is not reducible to a decidable
sublanguage, the rewriting process simplifies it, in the sense that the number
of occurrences of deviant symbols usually decreases. When the reduction fails,
its output consists of the initial formula and one simplified formula for each

sublanguage, corresponding to the failed reduction attempts.

iti. weak_simplify/1 imposes additional restrictions on the selection of equations for

the elimination of disagreements”.

In the particular case of £p 4., weak_simplify/1 excludes two of its equations, v x 1 = v
and v! = v. The results presented in table G.6 reveal that, on the average, the

simplifiers performed better than the deciders. In particular,

= The performance of simplify/1 remained close to decidel/1 in most cases, and
improved considerably for some of the problems where the primitive rules suffice

for normalisation. As a result, a reduction of 7% in the mean time consumed

" The set of conjectures is listed in table G.1. The above plans have already been described in
chapter 9.
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Decidel/1 was either the fastest or the second fastest system to complete a success-
ful reduction into a decidable sublanguage in about % of the sample (top graph).
Moreover, it was not associated with any of the cases of worst time performance
(bottom graph).

Figure 10.2: Rewriters and decidel/1 (II)
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dec2  decide2/1
smp simplify/1
wsmp weak_simplify/1

The weak simplifier exhibited the lowest average running time of all four plans in
this sample.

Figure 10.3: Deciders and Simplifiers (I)
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decl  decidel/1
dec2  decide2/1
smp simplify/1
wsmp weak_simplify/1

Both simplifiers and decidel/1 showed a similar performance from the viewpoint
of running time. They all had a combined rate of best or second best performances
of at least 60%, and worst performance of 5% or less. Decide2/1, on the other
hand, was associated with most of the cases of worst performance.

Figure 10.4: Deciders and Simplifiers (II)
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by decide1/5 has been observed for the simplifier, as indicated in table G.7 and

figure 10.3.

= Decidel/1 had a better performance than simplify/1 in 55.6% of the 36 conjec-
tures in which both plans succeeded, as shown in table G.8. Time increments
brought about by the simplifier for these cases, however, have been relatively

small.

= Amongst the cases where simplify/1 outperformed decidel/1 (44.4%), there are
examples of substantial time reduction, e.g. 92.9% for ¢,,4 and 94.3% for conjec-
ture @g05. The disadvantage of decidel/1 with respect to rewritel/4 is overcome
in both simplifiers, considering that their initial module, which is absent from

the deciders, is limited to the application of primitive rules.

= The time consumed by the exhaustive application of the rules of Rp,. proved to
be confined to the order of seconds, and, as a result, even in the event of failure,
the amount of time spent in the process has no significant effect on the time

required by disagreement elimination (order of minutes).

With respect to the two extreme cases in the deductive scale — weak_simplify/1 and

decide2/1 — the gain in efficiency seems to have outweighed deductive losses.

= Decide2/1, which operates with a more powerful disagreement elimination mech-
anism, generates a larger decidable subclass than the other plans. The trans-
formation of conjectures @404 and @495 into a decidable sublanguage has been

possible only under the control of this plan.

« Decidel/1 outperformed decide2/1 in 91.7% of the cases where both succeeded
(36 conjectures). The increase in running time has been significant, reaching a

factor of 50 for conjecture ¢,q3.

« Weak_simplify/1. in spite of deductive losses caused by restrictions on disagree-
ment elimination, exhibited the best performance of all four plans, consuming
less than half the time required by the second fastest plan, simplify/1, in the

average case. When attention is restricted to those conjectures for which it suc-

305



ceeded, a reduction in processing time w.r.t. decidel/1 has been observed in all

but two cases (conjectures @,z and ¢yq).

In summary, the use of the simplifiers seems to be more advantageous than the deciders,
for two reasons: they always deliver a rewritten formula, even when the deciders fail,
and they provide a significant time improvement in those cases where context trans-
formation is superfluous. Decide?2/2, on the other hand, has a very poor performance
w.r.t. the plans that operate with the standard disagreement elimination mechanism.
Its use could therefore be confined to those cases where other plans fail. The results also
suggest that equations having a variable for rhs or lhs expression should be excluded
from the first disagreement elimination attempt, thus confirming the outcome of sim-
ilar experiments described in section 9.1.2. As a result, in the course of simplification.
the application of plans should start with weak_simplify/1, followed by simplify/1, in
the event of failure, and finally decide2/1. Since the simplifiers always deliver a trans-
formed formula, the output of a plan can be the input of a subsequent one. The search
space for the combined plan, however, would have to be first examined, to determine

how to minimise the negative effects when it fails.

10.3 Verification Conditions

The role of proof plans in the verification of program correctness depends not only
on their efficiency, but also on the amount of verification conditions (v.c.) that fall
in the extended decidable classes. Verification conditions for implemented programs,
in contrast with those for theoretically computable functions, have to be empirically
surveyed. Since tests must be limited to finite samples, certain criteria have to be met
if results are to be generalised to larger domains. Bundy suggested three guidelines
for the selection of conjectures in general, the first of which recommends the use of
dissimilar examples®. In the domain of normalisation, it could be translated along two

lines,

(a) the partition of the universe of formulae into finitely many disjoint subclasses, and

# Personal communication from Alan Bundy (Blue Book note 863).
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(b) the uniform selection of conjectures from all subclasses”.

Independently supplied conjectures, identified as representative by researchers in the
area, according to their own perception and experience, form a second sample. Finally,
challenging ezamples may be also added, although verification conditions are usually
trivial problems. from the mathematical viewpoint!®. Concerning the second guideline,

according to Boyer and Moore,

“Perhaps more realistic data is that obtained during the proof of the veri-
fication conditions for the FORTRAN version for our fast string searching
algorithm. We regard this set of 53 lemmas and verification conditions to

be quite representative of the verification of practical programs.”

([Boyer & Moore 88], p. 121)!!

The set of v.c. for this program contains seven formulae which concern properties of
strings and therefore do not belong to the language of arithmetic. However, related
arithmetical theorems, listed in tables G.9 and G.10, have to be proved in the process!'?.
These lemmas have been supplied to weak_simplify/1, the most efficient of the four plans
already built. An additional test has been conducted with its first subplan, simplify1/2,
which does not eliminate disagreements, to determine the effect of RGM in deductively
strengthening the weak simplifier. Remove rules for the new deviant symbols with
respect to both Lp, 4. and Lgyr4 are listed in appendix H. The time performances of
simplifyl/2 and weak_simplifyl/1 are described in tables G.12 and G.13. With respect

to these results,

« Simplify1/2 has been successful in the reduction of more than half of all lemmas

(56.8%). The inclusion of the rule generation mechanism, embedded in sim-

plify2/2, the second subplan of weak_simplify/1, increases the success rate to 2

? This guideline has been partially followed in the test of the rewriters, as it can be observed in
appendix G, since the conjectures have been taken from three disjoint classes. Even though they do
not cover the full set of formulae of Lp 4+, a relevant domain for program verification is nonetheless

included.
19 See [Kaufl 89).
"' Emphasis has been added to the original text.

12 See [Boyer & Moore 79], p. 291-304 (for the set of verification conditions) and the first appendix of
the same book (for the additional arithmetical lemmas).
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of the sample'?.

« The time consumed on the average for a successful reduction was 524s for the
weak simplifier and only 3s for simplify1/2. If lemmas 227 and 306 are excluded,
the first result falls to 25s. Besides, weak_simplify/1 completed 39 reductions

(72.2% of all successful cases) in less than 5s, as indicated in tables 10.1 and 10.2.

= 48.1% of the sample has been reduced to Lp, 4+, and 18.5%, to Lspra. In spite
of the prominence of Lp, 4+, Lspa is nonetheless a relevant component of the
process, and the ability to explore several decidable subclasses allows proof plans

to discover shorter rewriting paths for certain expressions.

« In the case of failure, the average times consumed respectively by the plan and
its subplan were of 4.5min and 20s, which suggest that their use as interfaces to
an heuristic prover would not cause any significant damage to the efficiency of

the resulting system.

« All the lemmas which weak_simplify/1 failed to reduce to a decidable sublanguage

have nonetheless been successfully simplified into Lpy.

= Concerning the final simplified formulae, since remove rules for rmdr, ged, / and
gfc tend to considerably increase the size of the rewritten formulae, the reduction
of lemmas containing these symbols, such as lemmas 227 and 306, was more time

consuming.

The expanded formulae in these last two cases may not provide the best option for the
establishment of their validity, due to the global complexity of the reduction process
and the number of quantifiers introduced for the removal of deviant symbols. Such
cases confirm previous expectations that the use of total remove rules, although feasible
in principle, may turn out to be inadequate, on certain occasions, from the point of
view of global efficiency. The inclusion of additional partial remove rules for totally

removable symbols could. for this reason, improve the performance of the simplifiers.

'* Three lemmas (186, 187 and 305) are already members of a decidable sublanguage. If they are
excluded from the sample, the success rates for simplify1/2 and weak_simplify/1 drops respectively
to 55.1% and 65.4%.
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Plan Sample | Success Decidable Time Range
Size Rate [ Sublanguage (%) | (% of successfully reduced lemmas)
% Lpea| Lsma|0-5s[5-10s[10-100s | +100s
simplifyl/2 81 56.8 | 44.4 12.3 82.6 10.9 6.5 0.0
weak_simplify/1 81 66.7 | 48.1 18.5 72.2 11.1 9.3 7.4
For more than 70% of the successful reductions of verification conditions, both the
weak simplifier and its subplan simplify!/2 completed each reduction in 5s or less.
Table 10.1: Success Rates — Simplifiers
Plan Sample | Success Success Failure
Size* Rate Mean Deviation Mean Deviation
% (s) () (s) (s)
simplify1/2 78 55.1 3.1070 3.5113 | 20.6086 19.8180
weak _simplify/1 78 65.4 | 524.0705 | 2,496.7334 | 270.7111 | 151.6404
*

lemmas 186, 187 & 305 excluded

The higher success rate of the weak simplifier with respect to its subplan sim-

plify1/2 was achieved at the expense of processing time, whose increase can be

attributed to RGM.

Table 10.2: Statistical Data — Simplifiers
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10.4 Randomly Generated Formulae

The boundaries of a decidable subclass extended by a simplifier can be statistically
delineated once a partition for the underlying language is given, as mentioned in sec-
tion 9.6. Given a random generator of formulae, if it is employed as a source of conjec-
tures for the simplifier, a probability rate that reflects the proportion of elements that

belong to the extended class is then assigned to each element of the partition!®.

The resulting statistical map allows the task of determining whether a formula belongs
or not to the extended class to be decomposed into two operations. The element P of
the partition to which the formula belongs is identified in the first place. The prob-
ability associated with P then determines whether the conjecture should be supplied
to the simplifier or not. A low concentration of elements of a decidable subclass in P
would suggest that a distinct proving strategy should be sought for expressions of that

domain.

Experiments with a random generator of formulae for the language

{0,1,s,+, x,exp, <, <}

have been conducted with simplify/1. The set of formulae of this language has been
decomposed into subsets according to the formula depth, and eight of such disjoint
subclasses have been examined. Since formulae are random, they lack any particu-
lar mathematical interest. Results are listed in tables G.17 and G.18, and also in

figures 10.5 and 10.6. A few comments follow.

= The proportion of formulae reduced to a decidable sublanguage by the simplifier
decreases as the formula depth increases. For the final subclass (depth 10), the
success rate of & suggests that an enlarged set of remove rules or stronger versions

of RGM should be considered instead.

« For formulae up to depth 8. on the other hand, the global success rate of at

least 2 indicates that the current rewrite rule set, in association with RGM, is a

" This approach is based on Monte Carlo methods, which employ modelling techniques, em-
pirical simulation and sampling to evaluate e.g. functions and definite integrals. See
[Hammersley & Handscomb 64].
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relevant tool for the simplification of arithmetical expressions.

= The role of Lgp4 is substantially less significant than the role of Lp, 4+, both
from the point of view of efficiency and relative size of the extended subclasses

generated from it.

= A linearised representation for the logarithm of mean time versus formula depth,
indicated in figure 10.6, reveals a gradient of 0.48, 1.41 and 0.22 respectively
for the reduction of formulae to L£p.4-, to Lsyra and for undecided formulae.
As a result, the average time for each of such cases is supposed to increase
respectively by a factor of 1.6 (= €"*®%), 4.1 and 1.3, whenever the depth of a
formula increases by 1. Once again, this result indicates the greater complexity

of the task of converting a formula into an element of Lsp4.

Additional experiments could provide statistical descriptions of the extended classes

from the viewpoint of other syntactic parameters, such as

(i) number of occurrences of a particular (deviant) symbol in the formula,

(ii) maximum depth of atoms that occur in the formula (instead of the depth of the
formula itself),

(iii) the ratio of the number of occurrences of variables to the number of occurrences

of individual constants, etc.

Such measures would collectively provide more accurate guidance to a theorem prover

faced with the choice of attempting simplification or not.

10.5 Comparative Assessment

Given that both weak_simplify/1 and the linear procedure of Ngthm have been applied
to a common sample of arithmetical v.c., their strengths and deficiencies in this par-
ticular domain may be compared. Although the success rate of Ngthm in this sample
was 100%. its simplifier, as indicated in table G.11, was able to decide only 67.9% of
all verification conditions, while the remaining lemmas required the use of the induct-
ive prover. Both simplifiers therefore showed essentially the same performance in this

representative set, given that the result for weak_simplify/1 was 66.7%. When the role
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Distribution

% of sample

L : : i
i : : ) =
3 4 & 6 T, 8 a 10

formula depth

Ypra- extension of Lp, 4.

- :

Ysma extension of Lspa

A Epras UZsma

B (Ep,-A-—I:PrA')U(ESMA_‘CSMA)
¢ Zpras — Lpra-
D

ESMA - »CSMA

Up to formula depth 9, more than 50% of the sample belongs to the global extended
decidable class, which includes successfully reduced formulae plus those originally
inside the decidable sublanguages (graph A). The amount of formulae actually
reduced into a decidable sublanguage (graph B) was in the range of 50% to 75%,
again up to formula depth 9. Most of the successfully reduced formulae were
converted into Lpr4- (graph C), whereas Lsar4 had a comparatively marginal
role in the experiment (graph D).

Figure 10.5: Randomly generated formulae (I)
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Mean Time

In time:
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formula depth

Mean Time (linearised)
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In time

1 l
3 4 5 6 7 8 8 10
formula depth

-2 | 1 I

Ypras extension of Lp, 4.
Ysma extension of Lgpry

a undecided formulae
b Esma—Lsma
5

~PrA* — ‘CPrA‘

-~

The time performance of the weak simplifier is influenced by the depth of the input
formula (top graph). Of the two decidable sublanguages studied, Lspra showed
the highest rate of time increase with formula depth. Lesser time increases were
observed for formulae outside the extended decidable class (bottom graph).

Figure 10.6: Randomly generated formulae (II)
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of the decision procedures is taken into account, Ngthm’s simplifier exhibited however
a poorer result, considering that, of the 55 v.c. that it was able to simplify to a propos-
itional constant, only 37 (or 45.7% of the sample) actually required the intervention of

the linear arithmetic procedure®®.

In spite of the almost identical performances of both simplifiers, the subsets of v.c.
decided by each of them did not coincide. Some of them have been successfully trans-

formed only by weak_simplify/1, as indicated below.

Example 10.5.1 Lemma no. 180,

rmdr(y,1) = 0
requires the application of a remove rule for rmdr,

rmdr(vy;,vy) =v3 = (v, =0Av3=1;)V
V {U2 # 0A (H'U4)(1}1 = V4 X Uy *}— Ty A vy < 'Uz))

and the resulting formula,

(1=0A0=y) V (1£0A(F)(y=vax1+0A0<1))

can be reduced to an element of the decidable sublanguage PrA™,

(1=0A0=y) vV 1#0A(Fv)(y=va+0A0< 1))

by a remove rule for x, 1 x v = v. This problem is handled by the initial module of

weak _simplify /1, since there is no disagreement to be eliminated. 0

Ngthm, on the other hand, required induction to prove the above lemma. The strength
of proof planning in this context, as well as of any other rewrite-based interface, derives
from its ability to deal with quantifiers, which the linear procedure of Ngthm lacks.
As a result, several of the total remove rules listed in table H.1 have no use in the

Boyer and Moore prover. Even in the absence of quantifiers, given a particular set

15 All the experiments involving the Boyer & Moore prover reported in this chapter have been con-
ducted with Ngthm-1992, the latest publicly available version of the system. Its main features are
described in [Boyer & Moore 93].
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of quantifier-free additional lemmas (or rewrite rules), there are conjectures which are
successfully decided by the proof-plan-based simplifiers but not by the linear procedure,

as indicated below.

Example 10.5.2 Let ¢ be a formula in conjunctive normal form,

z+e<l Ve<eX(z+2)

and let E be an arithmetical lemma,
<y Xv = (FOAL< V)
i. If o is supplied to Nqthm, the required linearisation hypothesis is first added to

it,

0<z D (z+z<1lVz<zXx(z+z))
then it is normalised tox < 0 V 2+2 < 1V z < 2 x(z+z). Since the linearised
form of its negation,

0—2z<0 A 1-22<0 AN zx(z+2)—2<0 (*)

is DAG" -satisfiable, additional hypotheses have to be sought'®. For the heaviest
multiplicand of (%), z X (z+z), lemma E, or rather its restricted conditional form,
(v #0A1 < vy) D (v < vy X vy), provides a suitable additional hypothesis, once

il 1s instantiated to

(B 0AL1228) D <z xieE+E) ()

The linearised consequent of (**) can then be conjoined to (*),

0—z<0 A 1-20<0 A zx(z+2)—2<0 A l+z—-zx(z4+2)<0

and once again supplied to the decision procedure for DAG". After the removal

of the heaviest multiplicand, the resulting formula,

16 The term = x (r + z) can be dealt with as a new individual variable, since x is not a symbol of

Lpag-.
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0—z<0A1-22<0A1<ZL0

is found to be unsatisfiable in DAG™. It remains to be proved that the condition
of (¥x), ¢ # OA1 < 2z, follows from the current (empty) set of assumptions, i.e.

that LA |= 2 # 0 A 1 < 2z. The linear procedure is called once again, as follows.

(a) non-negative status of variables. 0 <z D (z #0A1< 2z)

(b) negation of resulting formula. 0z A lz=0YV 22 1)

(c) linearisation of atoms. 0—2<0A((0-2<0A2<0)V 2r—1<0)
(d) disjunctive normal forming. 0—z<0A0—-2<0AZz<0)V

V0—2z<0A20-1<0)

When the last formula is supplied to the decision procedure, it is reduced to

0<0VO0<1

which is valid. Hence the original condition, * # 0 A 1 < 2z, is invalid in LA,
and as a result the proof of unsatisfiability of (*) has to be discarded. Given the
absence of other deviant multiplicands or other additional lemmas, no alternative
transformation can be carried out, hence the simplifier fails to reduce the original

conjecture to a propositional constant'’.

it. If ¢ is supplied to the general-purpose plan simplify /1, given that ¢ has a single

occurrence of a deviant symbol w.r.t. Lp, 4+, a remove rule for X derived from E,

M <M XV = (T)]?éDA1<U2)
s applied to the conjecture, which is then reduced to a formula of Lp, 4+,
z+zrz<lV(z#0A1l<z+2)

0

' Ngthm-1992 can actually prove the above conjecture by induction, both with and without the
intervention of £ as an additional lemma. On the other hand, when the lemmas

vy 0D X £ vz
vy % (v2 +va) = (v x v2) + (v1 x va)

are available, its simplifier alone is able to reduce the conjecture to T.
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This example also indicates that there is a subdomain of Lp 4. where the proof planning
approach is more efficient than the simplifier of the Boyer and Moore prover. The
linear procedure required the generation of linearisation hypotheses, followed by the
linearisation of atoms, the normalisation of the negated conjecture, two calls to the
decision procedure, and the selection of an additional hypothesis. Simplify/1, on the
other hand, applied a single rewrite rule, followed by a call to the decision procedure

for quantifier-free Presburger arithmetic.

Concerning the verification conditions that the proof plan was unable to reduce into
a decidable subclass, its failure can be justified upon formal limitations of the current

rewriting approach.

= Seven cases include a subformula of the form v; = v, X v3 + v4 and four cases
include a subformula of the form v, +v, = v3 X v; where vy, vo, v3 and v4 represent
distinct individual variables. As established in lemma 9.5.3, there is no valid
atomic rule in PA which could reduce any of these atoms to a formula of either

Lprar or Lspra.

« Two cases include atoms of the form v, X vy = s(v3) or v; X vo = v3+ 1, neither of

which, according to lemma 9.5.3, could be reduced to a decidable sublanguage.

= Five cases contain pairs of atoms of the forms v; X vo = v3 and vy < v, and,
therefore, cannot be reduced to either Lp, 4- or L5y 4 by the strict use of atomic
remove tules, since this would require either the eliminability of x in terms of

Lpyra-. or the eliminability of < in terms of Lgps4-

= Lemmas 210 and 216 could not be solved due to the incompleteness of the rule
generation mechanism, whereas lemma 292 would require the introduction of an

ad hoc atomic remove rule, with lhs expression identical to the lemma itself.

=~ Lemmas 301 and 308 both involve expressions of the forms v; X v, = v3 and
vy < 1+ v;, and while the first atom cannot be replaced with an equivalent
formula of Lp,4. as shown in lemma 9.5.3, the second atom cannot be replaced

with a formula of Leppa.



=~ Lemma 318 involves the atom v, X v, < w4, which cannot be reduced to either

Lpra or Lspra.

The inclusion of implication rewrite rules, discussed in section 3.2.3, and remove rules
for composite formulae in Rp4- would certainly increase the success rate of proof
planning, but it would be first necessary to assess the size of the new search space and

to determine additional search strategies.

The comparison of performances of the simplifiers cannot be restricted to the verific-
ation conditions selected by Bover and Moore, since, to a certain extent, they may be
regarded as a development sample to which the linear procedure of Ngthm has been
tuned. A new series of experiments has, for this reason, been conducted with a random
generator of arithmetical conjectures similar to the one described in section 10.4. As
indicated in section G.4, the new sample has 80 formulae equally distributed amongst
formula depths ranging from 3 to 10. All of them are quantifier-free, since the linear

arithmetic procedure cannot handle quantifiers.

Given that Ngthm operates with a many-sorted universe, each conjecture must have
its variables restricted to the set of natural numbers, to guarantee that the formulae
have the same meaning for both simplifiers. In the language of the Boyer and Moore

prover, each conjecture ¢(v;,....v,) is then represented as

Ni=y numberp(v;) D &(vi,....va) (¥)
where numberp(v) indicates that v € N. In order to fully explore the deductive strength
of the Ngthm simplifier, an additional formula,

Nz numberp(v;) D —@(vy,..., ) (*%*)

is supplied to the prover jointly with each conjecture of the form (*). Whenever one
of the elements of the pair ((*),(**)) is LA-valid, the other is LA-invalid. The set of

all 80 pairs of such formulae constitutes the extended random sample'®.

1% See lemma E.6.1. The reason for the introduction of an additional formula for each conjecture is
the fact that there are at least two cases in which the Ngthm simplifier can identify one of them as
LA-valid, but not the other as LA-invalid.
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Four experiments have been conducted with the quantifier-free random sample. Two

of them involved the plans simplify/1 and weak_simplify/1. The other two required the

extended sample and have been conducted with Ngthm, one with the set of lemmas

described in the appendix A of [Boyer & Moore 79] available for use as additional

hypotheses (or rewrite lemmas), and the other in the absence of this set. The results

are detailed in tables G.19 and G.20, and also in figure 10.7. Both proof plans exhibited

a better performance than Ngthm in this sample.

£

The success rate of the weak simplifier for this sample (65.0%) remained approx-
imately the same as for the set of v.c. described in section 10.3, whereas, for the
Ngthm simplifier, in the absence of the set of arithmetical lemmas, it was limited

to 43.8% of the (extended) sample.

Even when the set of lemmas of [Boyer & Moore 79] is made available to Ngthm,

its success rate for the extended sample increases only to 47.5%.

For the original sample, the Ngthm simplifier was able to reduce only 17 conjec-

tures (21.3% of the random sample) into a propositional constant.

Of the 43.8% of the (extended) sample where the Ngthm simplifier was success-
ful, only 15 cases (or 18.8% of the total sample) required the use of the linear
arithmetic procedure. The number of cases that required the intervention of this

procedure remained the same when the set of additional arithmetical lemmas was

loaded'®.

i. Given a conjecture of the form (%) above, if ¢(v1,...,vn) can be reduced to T by the rewriter,
the same applies to (#). If, on the other hand, ¢(v;,...,v,) is simplifiable to L, (*) is reducible
to

ii.

\/ —numberp(v;)

=1

which is invalid but satisfiable in PA, and therefore cannot be reduced to a propositional
constant. For such cases, =¢(vy,...,v,) could be rewritten to T, and then, according to
lemma E.6.1, the original conjecture (#) could be recognised as LA-invalid.

As discussed in chapter 3, when the decision procedure for DAG identifies a quantifier-free
formula ¢ as valid, it follows that ¢ is also valid in LA. However, if it is identified as invalid by
the procedure, the same conclusion cannot be extended to linear arithmetic. For such cases, it
is then possible to determine whether =¢ is DAG-valid, in which case ¢ is DA G-unsatisfiable
and (#) is unsatisfiable in the underlying theory.

' Even though the share of conjectures successfully decided by the Ngthm simplifier that required the
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= The performance of the Ngthm simplifier does not seem to be sensitive to the
depth of a formula, since the success rates for both experiments involving this
prover fluctuated around the average rate of about 45% for all the examined

depths.

= The success rates for both plans, weak_simplify/1 and simplify/1, was identical.
Table G.20 shows that only in a single case (depth 7) there has been a distinct
distribution of successfully reduced conjectures. This case actually concerns con-
Jjecture qtf0704. which has been reduced to Lp, 4. by simplify/1 and to Lgpr4 by
the weak simplifier. Weak_simplify/1 actually consumed twice as much time as
the other simplifier to achieve this result, since it explored a distinct path of the

rewriting tree.

For formulae of depths ranging between 3 and 7, proof planning exhibited a clear
advantage over Ngthm, from the viewpoint of success rate. Depths 8 and 9 correspond
to a region where both approaches showed a similar performance. Ngthm had a visible
lead only for depth 10, which could be explained by the fact that the current rewriting
approach embedded in simplify/1 and weak_simplify/1 is limited to the reduction of
atoms. Syntactically more complex conjectures require the transformation of composite
subformulae, which involves additional search problems, as already mentioned in a

previous paragraph.

10.6 Conclusions

Empirical results indicate that proof plans for normalisation are effective in domains
where complete sets of syntactically simple (from the point of view of length and oc-
currences of quantifiers) remove rules are available. A representative sample of arith-
metical verification conditions showed that explicitly defined functions are abundant in
this area, and that therefore general-purpose plans can play a relevant role in program

verification. When complete sets of remove rules are not available or are too complex,

intervention of the linear procedure was rather limited. the role of the linear procedure is by no
means restricted to the simplification module of the prover, since it can be called in the course of

inductive proofs as well.,
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A Simplify/1 and weak_simplify/1
B Ngthm simplifier (with arithmetical lemmas)
C Ngthm simplifier

Both plans showed a high success rate (70% to 100%) in the region of formula depth
3 - 7 (graph A). The success rate for the Ngthm simplifier oscillated around 47%
for the whole sample (graph B). The set of additional lemmas had no significant
impact on Ngthm’s performance (graph C).

Figure 10.7: Success rates - Ngthm and Proof Planning
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disagreement elimination procedures increase the strength of the approach through the

coverage of additional contexts.

Proof plans also showed their adequacy in addressing extensions of theories. As a
result, they represent a solution for one of the core problems in the integration of
decision procedures and theorem provers, namely the ability to handle user-defined
functions and relations, originally absent from the language of a decision procedure.
The flexibility of proof planning was confirmed in the course of its application to
formulae of Lp4-, an expansion of Lp,4 that has been dealt with by the introduction of
remove rules for the new deviant symbols, without any structural change to the original
plans. This application has been possible due to the fact that recursive functions and
relations are representable in PA, and, since the new extensions are conservative, the

use of remove rules suffices for the expansion of the original decidable sublanguages.

With respect to the simplifier incorporated in Ngthm, the simplifiers represented by
means of general-purpose proof plans exhibited an overall superior performance from
the point of view of success rate. Firstly, for the sample of representative arith-
metical verification conditions, to which Ngthm has been apparently tuned, both
weak_simplify/1 and the Nqthm simplifier showed essentially the same results. Secondly,
for a sample of quantifier-free random conjectures, about 2 of the sample was success-
fully handled by proof plans, whereas less than half was successfully decided by the
simplifier of Ngthm. Finally, since the Ngthm simplifier includes a linear procedure that
is defined only in the quantifier-free fragment of the underlying language, it cannot be
applied quantified formulae, whereas the proof planning approach does not share the

same limitation.

An additional positive feature of proof plans was their ability to effectively explore two
decidable sublanguages of PA™, Lp,4. and Lgsy 4, whereas other approaches tend to

concentrate exclusively on the first sublanguage.
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Chapter 11

Further Work

Several questions related to the use of proof planning in normalisation require ad-
ditional investigation. Concerning the efficiency and deductive strength of currently
implemented plans, they may be improved through parameter changes affecting, for
instance, the rule set and one or more heuristic functions. As described in section 11.1,
the arithmetical rule base may be extended to include, among others, general remove
rules, implication rules and remove procedures. Also, the heuristic function that or-
ders decidable classes could be redefined to take into account the complexity of the

corresponding decision procedures.

Concerning new applications, tasks other than the removal of symbols still have to be
examined. A tentative description for reorganisation plans and for a general-purpose
disagreement elimination plan can be found in section 11.2. Concerning alternative
architectures, systems where proof plans are not limited to the role of interfaces are

described in section 11.3.

11.1 Modified Parameters

The parameters of a proof plan for normalisation are distributed in two groups. FEs-
sential parameters are inherited from the component primitive normalisation methods,
and denote therefore the rule set and one or more lists of symbols to which a partic-
ular syntactic operation is targeted. Inessential parameters, on the other hand, are

introduced by conditional methodicals. and include all the heuristic functions that
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provide additional guidance for a complex plan'. New rewrite systems result from any

adjustments to these parameters.
11.1.1 Remowve Procedures

The current plans can be deductively strengthened by the inclusion of new remove
rules in the arithmetical rule set. In particular, composite remove rules (i.e. rules
whose lhs expressions are composite formulae), currently absent from Rp,-, might be
a valuable alternative to the use of the extended disagreement elimination mechanism,
incorporated in the plan decide2/1, which, according to the experiments conducted so
far, seems to be rather inefficient. They would probably allow a more adequate handling
of long conditional formulae, as those frequently found in program verification?. New
rules could be considered even for totally removable symbols. Given that total rules
for e.g. rmdr, ged. / and gfe tend to considerably increase the size of the rewritten
formula, (quantifier-free) partial rules would improve the performance of the plan in

certain subdomains.

Another change involves the enlargement of the concept of remove rule, to include a
variety of elements that may assist in formula transformation. A first extension takes

into account the existence of general remove rules, which have the form

Fwipessa) = 4050 o)

where the set of free variables of the rhs expression is properly contained in the set of
variables of the lhs expression. Their generality follows from the fact that any term
that replaces a variable v; that is missing in the rhs expression is removed in the course

of rewriting. For instance, given the partial remove rule for x,

vx0 =0

its instances

(v +v2)x0 = 0
1*x0 = 0
(v —va)x0 = 0

! Essential and inessential parameters are defined in chapters 4 and 5.

? See for instance [Polak 81]. p. 207 - 210.
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are respectively partial remove rules for +. exp and — as well. A general rule, therefore,

is a family of partial rules.

Apart from rules obtained from equalities and equivalences, rewrite rules derived from
strict implications can also deductively enhance the proof planning strategy, even
though their application must observe certain restrictions®. Non-arithmetical func-
tion symbols are amongst those which can benefit from this second extension of the

remove class.

Example 11.1.1 Let

y+y<s(z) ANO0<z4+w A z<min(ly) A max(/;) < min(l,) A max(ly) <y

be an arithmetical conjecture, where min(l) and max(l) respectively denote the min-
tmum and mazimum elements of a list of natural numbers . With respect to the
decidable sublanguage Lp,q- = {0,1.s,+,<}, there are two deviant function symbols,

min and max. Let R be a set that contains two rules derived from implications,

R;. v < min(l) = v < max(l)
Ro. vy <vmAvy<vy = v <13

R, in particular is a general rule, whose instantiation originates specific remove rules,

such as
R,. v <min({) Amin({)<vs = v < v
RY. vy <max(l)Amax(l)<vy = v <y

Given that the current strategy for ordering deviant symbols requires that a rule does
not reintroduce a deviant symbol previously removed from the conjecture, the removal

of min should antecede max, as follows.

* Implicational rewrite systems and some of their properties are discussed in appendix D.
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y+ty<s(z) AO0O<z+w A z <min(l;) A max(l;) < min(l3) A max(ly) <y

U?XR]

yty<s(z) AN0<z+w A z<max(l;) A max(l;) < max(l,) A max(ly) <y

I Ry

y+y<s(z) AN O<z4+w A z<max(ly) A max(ly) <y

VR
y+y<s(z) AO<z4+w A z<y

where the occurrence of each rewritten subexpression is positive. Since the resulting
formula belongs to Lp, 4+, it is then supplied to the corresponding decision procedure.

Given that it is unsatisfiable in PA, the same applies to the original conjecture. 0

A final extension introduces remove procedures, which may achieve the combined effect

of various remove rules more effectively.
Example 11.1.2 Let P be a procedure that can be informally described as

If a summand ¢ occurs at least n times in each side of an equality (or
inequality), then n occurrences of the summand ¢ may be deleted from

each side of the equality (or inequality).

and let R, and R, be the remove rules

Rl. 'U1+T}2='U3+v2 = ™M =g
Ry, vi+va=v+v3 = v3=13

Given the equation

((z42w)+w x ¥*) + (((x 4+ 2w) + 32) + (z + 2w)) = 2° + ((z + 2w) + (22 + (z + 2w)) + (2 + (z + 2w))))

a single application of P suffices for the removal of all underlined summands, thus

generating
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wxXy*+3z2=2*+32

One application of Ry (or another call of P) suffices then for its conversion to a formula
of Lopa- In the absence of P, however, several applications of R, and R, interleaved
with calls to a disagreement elimination mechanism for reordering occurrences of sum-

mands, would be needed. 0

Deductively more powerful procedures are obtained when semantic identity is taken

into account. For the above example, a related procedure could be defined as

If a summand t. which occurs at least n times in one side of an equality (or
imequality), and a summand t', which occurs at least n times in the other
side of the equality (or inequality), can be proved to be equal (in a theory
T'), then n occurrences of t and/or t' may be respectively dropped from each

side of the equality (or inequality).
11.1.2 Expansion of the Equality Base

Specialised procedures may be also added to the equality base £p4- to speed up the
elimination of disagreements. The disagreeing pair of symbols (+, x), for instance, is
particularly relevant in the study of arithmetical conjectures, but £p4+ has only two

explicitly adequate elimination equations for it,
(v X vg)+ (v Xv3) = v X (v2+ v3)
(v Xv3)+(v2Xw3) = (v1+712) X703

A procedure that computes a family of additional equations specialised in handling
terms in polynomial form in one variable could then be taken into account, whenever
the above disagreeing pair requires the transformation of a polynomial into a product.

Assuming it is given in canonical form,

Gngp?" P+ o+ av+ag (%)

the procedure would factorise () into polynomials of lower degrees, e.g.
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(bn¥™ + -+ -+ b1v + bo) X (v + -+ + c1v 4 o) ()

an operation that includes solving a system of equations of the form*

Gntp = bucy
bncp—l = bn—icp

Qn4p-1

iti=k
ap, = E b,‘(fj
i<n,j<p
g = b[}C(}

Given that the family of equations of the form (%) = (**) is infinite (since there is
at least one equation for each (n + p) € N), additional constraints must be imposed on
their selection in the course of disagreement elimination. A possible strategy would
identify the instance of (*) that is relevant for the context, i.e. the instance that can
be syntactically matched against a subexpression of the conjecture, as illustrated in

the next example.

Example 11.1.3 Let ¢ be the formula

P 4at=z+41

As part of an attempt to reduce it to Lspr 4, a remove rule for +,

V+v=1 = (1=1Av=0)V(v;=0Avy,=1)

15 selected, and a fatal disagreement,

fﬁI. U;+'U:} =
¢, |23+ 22 = :r:l

is found. As vy # 0 — (v4 =1 = vz X v4 = v3), or rather its instance

* These polynomials belong to an expansion of Lp4 to which infinite many individual constant symbols
representing natural numbers have been added.
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'U5+?.‘5-',£0 — L‘4=1 == (.1.?5+'U5)XU4:'05+U$

is the only adequate equation available in Ep 4+ for the elimination of this disagreement,

its lhs expression is unified with é,, thus generating
vs+vs #0 — (vs+vs)X(vi+va)=vs+vs = (M=1Ava=0)V(ry=0Avy=1)

The next disagreement to be tackled involves the pair (+, X).

1. | (vs + vs) (vi+v2) = vs+ v
. @* z?

The equation v; X (vg+vs) = (V7 X vs) + (v7 X vg) is then selected, and further disagree-

x4+ 1

1l

ments have to be solved thereafter. As indicated in figure 11.1, some of the attempts will
lead to failure. The successful generation of a new rule is accomplished once equations
applicable to terms. such as

v+0 = v

I Xv = W
take part of disagreement elimination, as shown in figure 11.2. The use of equations
applicable to atoms, however, considerably expand the search space, as already men-
tioned in chapter 9. Concerning the unsuccessful trial, it did not explore an tmportant
feature of the conjecture, namely, that it is in canonical polynomial form, since the

final derived expression, 67", is not in this form.

This deficiency could be overcome if the elimination procedure for the decomposition
of polynomials is chosen for the disagreeing pair (+,x), since it would supply the
relevant options and avoid inadequate paths. For the disagreeing pair of expressions,
((vs+vs) X (v)+vs), 2°+2%), the selection of an elimination equation would observe the
additional restriction that its rhs expression is matchable to the subexpression of the
conjecture. As a result. the elimination procedure has to decompose a single polynomial,
viy + vis, as follows

01z X (Vi3 + v13)

vig X (Vi3 + 1)

(vis 4 v13) X V13
(v13+ 1) x 1*’123

329



Rule Elim Subst
Equation

01 vy - V3 E, o1
61 (vs + ve) (v1 + v2) vs + Us E, o2
o7 vs X (v1 + v2) + X (v1 +v3) vs  + - o3
84 vs X (v1[+]Jva) + 1 x (v; + vg) vs + 1 Es o4
67" | vs x (vio % (v11 +v12))  + X (v1p X v11 + V10 X V12) vs + 1
(] 2 x(zxe2) + T X r + 1

disagreeing symbol

E;. va=1 = (vs+uvs)Xve=vs+vs (vs+vg#0)

E,. (v7+vg) xvg = w7 X vg+ v X g

Es. v x v11 +v10 X v12

. )

v10 X (V11 + v12)

oy {vsfvy,“fvs,[v‘ +'”?)fvg}

o3 {1/vs}

04 {[‘Ulo > 'Ull]ffvh (10 x 012)"!”2}

An unremovable disagreeing pair, (x, 1), was found between 67" and ¢

Figure 11.1: Rule generation: a failed attemnpt
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Rule Elimination | Substitution
Equation

61 ™" + Ug = El [*8]
h (vs + ve) (v1 + v2) = vs + v E, 02
68| vsx(vi+tv) + [vg|x(nitw) = v + - o3
6? vs X ('UlL?g) + 1 x (vy + va) = v -+ 1 Es o4
6? Vs X [U;()X 'UII) -+ X(t?m ><‘U11) = v =+ 1 E4 05
6 | vs x (vio x v11)  + V1o X V11 = vs + 1
@ z X (z xx) - Xz = =z + 1

disagreeing symbol

El- va=1 = (vs+vs) X vg=105+7s (‘U5+‘Ua#0)

E,. (vi+vg)xve = wv7Xuvg+uvsXvg

Es;. (vioxvi)+0 Vio X 11

Es. 1 x (vi2 x v13) vi2 X 13

G 1}2);"?’4}

a2 {%/vr, % ve, (M1 02 0}

T3 {]fvs}

04 {{t’w X 1’11];1,1?0‘,!,,2}

Ts {1'10f012¢v11f013}

Figure 11.2: Rule generation: successful reduction
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The above decompositions cover all cases, in view of the requirement that all polyno-
mials are in canonical form®. When the fourth equality, (v, + v,) = (vi3 + 1) X vi,, is
selected, it can be RGM-unified with &, after the application of the equation

(v14 X v15) + 0 = v14 X vy5, and the final remove rule,

vis+1#0 — v +vii=v3+1 = (vi3=1A0=0)V(v3=0A0=1)

or its version free from ground atoms,

3 2 _ 2 _
vigtvz=v3+l = viz=1

1s obtained. 0
11.1.3 Selection of Decision Procedures

The measure function m, for decidable subclasses, defined in section 6.3.2, does not
take into account the complexity of the available decision procedures. Neither does it
consider that decision procedures of lower degrees of complexity may exist for proper
fragments of a class. When this is the case, such subsets should be regarded as new
independent entries in the list of decidable classes. For some of them, the reduc-
tion process has to include logical symbols as deviant, e.g. quantifiers in the case of
quantifier-free classes. The degree of complexity of each class would then have to be

evaluated and incorporated in the measure function®.

Complexity issues that affect the heuristic choice of remove rules also require further
investigation. The consequences of the introduction of quantifiers during rewriting still
have to be measured. Moreover, increases in the number of occurrences of variables in

the rhs expression of a rule should discourage its selection, as discussed in section 6.3.2.

11.2 New Proof Plans

Although the current plans have been applied only to arithmetical conjectures, they are

in principle adequate for any theory that admits a decidable sublanguage. Particularly

® The two missing options, (v + viz) x 1 and 1 x (vjs + via), are already covered by the equations
»x 1 =wvand v X V2= X V.

® See section 6.3.3.
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relevant to the study of verification conditions are theories for data structures such as
lists, arrays, trees and finite sets. No structural change affecting the plans is required
for this purpose: only the sets of rewrite rules and elimination equations must be

adjusted to each context”.

Extending decidable classes other than sublanguages requires distinct plans, as for

instance those involving the reorganisation of occurrences of symbols.

11.2.1 Reorganisation Plans

Normalisation processes such as conjunctive or disjunctive normal forming cannot be
reduced to the use of remove rules. Given the class of formulae defined by the produc-
tion

fm = atom|~fm|fm A fm|fmV fm

and its conjunctive normal form subclass,

fm' = conj|fm'A fm'
conj := literal|conjV conj
literal := atom|-atom

the main syntactic task is the stratification of occurrences of connectives. A specific
strategy for this case has elements that are absent from the process of removal of

deviant symbols. For instance, given a conjecture generated by fm,

((pVg)A-r)
once it is compared to the aimed normalised class, two actions have to be considered,

(i) the stratification of negations beneath conjunctions,

(ii) the removal of occurrences of double negations.

As the remove rule for (double) negation is immediately applicable and does not in-
troduce any new occurrence of a symbol in the conjecture, it should be preferred over

stratify rules®. Moreover. the removal of negations, unlike their stratification under

" For many-sorted theories. however, variable instantiation has to take into account whether a variable
and an expression that is supposed to replace it belong to the same sort.

® Although negations are not deviant symbols w.r.t. the final subclass, nested occurrences of this
symbol are not allowed.
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other connectives, promotes a desirable reduction in the number of logical symbols of

the rewritten conjecture. The above formula would then be rewritten to

(pVag)A-r

which already belongs to the normalised class.

Besides representing normal forming procedures, reorganisation plans (i.e. proof plans
that include the application of reorganisation rules) may also play a role in the extension
of prefix decidable classes of the predicate calculus. This is the case of the set of

IT,-formulae. defined by

fm = exfm|(Yv)fm
exfm = qffm|(3v)exfm
affm = atom|=qffm|qffm A qffm|qffm Vv qffm|qffm > qffm|qffm = qffm,

which is decidable for the predicate calculus without function symbols, as well as for

some other first-order theories. A reorder rule such as

(Fo)(v2)(S[A]A U[#]) = (v2)(F0i)(SA D)

could then be employed in the reduction of non-II;-formulae into this subclass.

The GETFOL mechanism for the extension of the UE-class could be also modelled as a
reorganisation plan. The elements of its rule base are all classifiable according to the
categories devised to represent normalisation processes in general’. The remove rules

employed by this system include

(Qu)p[F] = plA

There are also stratify,

(6 VA[0]) A%V A[v])
(y[v]A @)V [v]/\?”
( [v] v )Mw[]

? The rule base of GETFOL can be found in figure 2.1.

(6 A $)[o] v 1[1)
v[v] A (& V ¥)[v]
y[v] v (0 A ¥)[v]

(Fv) oV ¥)[v] = (Fv)oV (v)y
(Vo) (o Av)v] = (Vv)oA (Vo)
(3v)(p[A] A o[v]) = p[A]A (3v)d[v]
(Vo)(p[AlV @lv]) = plA]V (Yv)d[v]
(eV )] Ay[v] = (6Ay[v])V (¥ AA[v])
=
=
—
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and reorder rules.

¢[v]op[#] = pl¥]od[v]

(plA)o 9le]) o vfo] = p[H]o (6[u] 0 vlo))

O[] A (p[f] A Y[0]) = p[A] A (S[v] A P[]

o]V (p[AIV e[v]) = p[A]V (d[v] V ¥[])
where o represents either A or V. A proof plan for UE-normal forming would have to
remove occurrences of existentially bounded variables from the scope of universal quan-
tifiers. A very simple mechanism for this task would apply remove rules to eliminate
undesirable occurrences of existentially bounded variables. Other plans would attempt
to reorganise occurrences of such variables, by means of stratify and reorder rules, until

they do not take place in forbidden positions. Strategies of increasing complexity could

be built up from the combination of elementary plans.

The use of proof plans for UE-normal forming would overcome potential difficulties re-
lated to the extension of the rule base, such as the non-termination and the inefficiency
of exhaustive rewriting. Also, the guidelines for the classification of rules would allow
the automatic selection of new rules, thus incorporating dynamicity to the system.
For instance, the expansion of the rule base suggested in section 2.3 could take place

strictly according to the above classification: the new rules

(AV)V(OAY) = ¢
(VU)A(oV ) = ¢
oN-0p = L
oV=-p = T

would then be added to the remove set.

11.2.2 Disagreement Elimination

The extension of decidable sublanguages requires two operations, the removal of devi-
ant symbols and the elimination of disagreements between rules and formulae, when
necessary. The currently implemented general-purpose plans deal with each of these
operations separately. Deviant symbols are removed at the conjecture level, where
rewrite rules are controlled by proof plans. Disagreements, on the other hand, are
eliminated at the rule level by a difference reduction procedure specialised in semantic

(rule) matching. without the participation of plans.
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For theories that admit quantifier elimination, both processes are in principle repres-
entable as special-purpose proof plans'’. In the extension of sublanguages, however,
even though the removal of deviant symbols is immediately captured by a relatively
simple general-purpose plan. the elimination of disagreements is outside the scope of
any elementary representation. Virtually all the basic normalisation operations, such
as the removal, stratification and reordering of symbols, as well as similar operations

restricted to the domain of individual variables, are involved in this task.

A general-purpose plan for disagreement elimination, therefore, has to start being built
from a broad outline for its main components. The elimination of a disagreeing occur-
rence of a symbol could be described as either its removal from the expression or its
moving to another position, followed by its replacement with a different symbol. At
least the first two operations can be more immediately represented by means of proof

plans, and some of the guidelines to be considered in their construction include

(i) priority of total over partial rules,

(i1) priority of remove rules over stratify rules, and of stratify over reorder rules'!.

Further studies, however, are needed to refine this description in terms of more ele-

mentary operations.
11.2.3 Combination of Subclasses

Proof plans can also represent, at least partially, the Nelson and Oppen mechanism
for the combination of decision procedures'?. The rules necessary for putting formulae

into separate normal form could be included either in a reorder set, as for example

o (ty) aghe(ty) = fC(t) avAv=go(ty)

or in a stratify set.

1% See chapter 5.

1! See section 5.3.1.

12 The combination of decision procedures is described in section 2.4.
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pee[fee(t)]
—pLe[for(t)]
fee g (t)] au
uq fCgc(t))

prev] Av = fo(t)
—pSelu] Av = f5(t)
foelv] aunv=go(t)
ua fofv] Av=go(t)

¢4 8l

where < stands for either = or #. Given a language L, obtained from the combination

of languages L,, ..., L,, its original class of terms,

tmce = ﬂar|con3‘:'|...]cons‘c“|f{c‘(tm’:c)[...|frﬁi(tm‘cc)|f{:’(tm£c)|...lf,f‘:(tmﬁ")

would then be transformed into n separate layers'?,

tm = war|cons“~|ff"(tm*")|...|f5 (tm )

tmc = war|cons“|f{ (tm“)].. SR ()

by a suitable separate normal forming plan.

Concerning the last stage of the procedure, the equality propagaiion mechanism, which
erpands a conjecture by the inclusion of entailed expressions as new conjuncts, it would

be necessary to adopt rules of the form

¢ = (6A6) (1)
YAy = L
vZv = L1

where ¢ is in separate normal form and § is an entailed equality (that does not occur
in ¢)'. Rules of type (1) do not seem to fit in any of the classes presently available
in the proof planning framework, even though the process they represent can be easily
described as the ezpansion of an expression by the introduction of new conjuncts.
Although it is still not clear how common is this process in the context of normalisation,
a method for expanding expressions could be created, provided that the expansion

would allow e.g. a later application of remove or stratify rules.

1* In other stratification processes, as for instance the transformation of formulae containing just =, A
and V into conjunctive or disjunctive normal form expressions, the resulting class consists of a
hierarchy of layers, each of which provides the base set for the next class. In the present case,
however, the base class is the same for all of the new layers, and none of them is contained in any
of the others.

'* The last requirement is necessary to guarantee termination for the application of such rules.
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11.2.4 Weaker Forms of Equality Propagation

A modified version of the Nelson and Oppen procedure could be used even when decid-
able sublanguages share non-logical symbols. If £, and £, are non-disjoint decidable
sublanguages, T is an undecidable theory in the combined language £~ obtained from
Ly and L, and ¢ is a quantifier-free formula of L, ¢ would first have to be put into

disjunctive normal form, thus assuming the form

O V-V oy

&

where @; = (7; 1A+ *A%im, ). Each disjunct would then be converted into a conjunction

of formulae of each decidable sublanguage, as follows!®.

i. If non-logical symbols of £, and (L, — £}), a # b,a,b € {1,2}, occur in v, ;, it is
put into separate normal form with respect to £, and (£, — £;). Every disjunct

¢; can then be reduced to a conjunction 1¥; of the form
A Y

il. Asa consequence of lemma 2.4.1, ¢ is unsatisfiable iff every 1), is also unsatisfiable.
The decision procedure for TN Fmli;, would then be applied to each conjunct

i,ir:”J to verify its satisfiability.

iii. In the event both ¥} and /2 are satisfiable, atomic formulae involving symbols
of £, N L, and entailed by one conjunct are added to the other one, and the
decision procedure for satisfiability is applied again. If the extended conjuncts
remain satisfiable after a pre-established finite number of iterations of the process,

no conclusion about the satisfiability of the conjunction can be derived.

Equality propagation therefore has to include terms other than just variables. Moreover,

as the original theory is undecidable, the new mechanism is a simplifier (i.e. a rewrite

'* Rigorously speaking. the resulting expression is not in separate normal form, for, according to the
original definition, languages (and therefore the decidable classes of formulae, with equality left
aside) must be disjoint.
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system that reduces a formula to either a propositional constant or a simplified expres-
sion) rather than a decision procedure. It could be applied to Peano arithmetic and

its extensions to solve some classes of problems.

Example 11.2.1 Let

H]X$1+“'+RHX3},,=U A t1+"'+tm<I,‘ A U1§£0 P waa AN un;él]

be a formula where u; is a term containing only 0, s and variables, t; has X as only
function symbol, and z; € {x,...,z,}. Since Rpa. can eliminate + only from the first
equation, the standard reduction strategy does not work in this case. The formula then
s put into ‘separate’ normal form w.r.t. Lp.a« and Lspyr4, which share two constant

symbols, 0 and 1, as shown below.

Loma Lpra
Z1 = Y X 3y Y = Uy (SNF)
Zn = Yn X Ty Yn = Un
w, =t u #0
Wiy = tm U # 0

SNF and PFE respectively denote ‘separate’ normal form and propagated expressions.
Given that the formulae present in the top part of each column are satisfiable in their
respective subtheories, equalities and disjunction of equalities entailed by each of them
have to be propagated and conjoined to the other formula. In the above example, the
atom z; = 0 is first derived from the right column and added to the left column. There-
after the disjunction y; = 0V z; = 0 can be obtained and propagated back to the
right column, thus allowing the derivation of L. Hence, the original conjecture is PA-

unsatisfiable. 0
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The example shows that this procedure can effectively handle certain arbitrarily large
conjunctions of literals, being as a result valuable in the domain of program verification.
One of its limitations is the potentially infinite number of entailed atomic formulae in
the presence of shared function and/or constant symbols. For this reason, criteria for

guiding their selection would have to be sought.

Proof plans could adopt this methodology as an alternative approach to the reduction
of conjectures into a single decidable class. Whenever this target cannot be achieved,
a second trial would consist of splitting ¢ between distinct decidable sublanguages.
The list of deviant symbols would then be defined w.r.t. the combination of all such
languages, rather than w.r.t. each particular decidable class. Remove rules would
be necessary only for symbols absent from all such classes. Their removal would be

followed by ‘separate’ normal forming and calls to the necessary decision procedures.

To sum it up, in the context of proof planning and rewriting, the procedure developed

by Nelson and Oppen could be employed in two different ways.

i. As a source of decision procedures for the combination of theories in which veri-
fication conditions are commonly expressed. Proof plans would then control the
process of rewriting conjectures into the decidable class delimited by this proced-

ure.

ii. As the source of an alternative approach to the present strategy of rewriting
a conjecture into a single decidable class. Rewrite rules would be needed for
removing only certain deviant symbols and for decomposing a conjecture into

expressions of the decidable sublanguages.

11.3 Cooperation with Other Modules

The integration of proof plans inside hybrid provers has so far been limited to the pre-
processing of conjectures before they are delivered to other modules of the system, as
in the case of the simplifiers'®. Other roles involve, for instance, solving subproblems

generated by semidecision procedures.

Y% This feature can be observed in figure 9.1, which describes the structure of the plan simplify/1.
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11.3.1 Subexpression reduction

There are cases where the reduction of a conjecture to a single decidable subclass can-
not be accomplished by a particular rewrite set R, even though distinct subexpressions
may be reduced to distinct decidable subclasses. A procedure for the decomposition
of a conjecture ¢ into a list of subformulae, such that ¢ results from their proposi-
tional combination, could be particularly useful for a quantifier-free conjecture, since
its atomic components always constitute a valid propositional partition. Once this list

is obtained, the decision procedures are employed as follows.

i. Given a subformula 4, if it is reducible to a formula %’ of a decidable sublan-
guage, ¢ is supplied to the corresponding decision procedure. If it is valid, each

occurrence of ¥ in the original conjecture ¢ is replaced with T.

ii. If ¥ is found invalid, but -’ is valid, then % is unsatisfiable, being therefore

replaceable with L in o.

iii. If both ¥ and =%’ are invalid, @ is not replaced with any propositional constant.

Example 11.3.1 Given the rules
R]. th XV <V = 1?1750/\’03<0

Rg. X =0 = 1?1:0\’1}2:0
Rg- v +Ug = U2+ﬂ3 = M = V3

and the conjecture
2x (s(y)+2)<z? V z*xy?+yx22=yx 22+ (yxz?)?

each disjunct can be reduced to a distinct decidable subclass: the lhs disjunct is reducible

to Lp,a-, by the application of Ry and R,

-(z=0vz=0)A(s(y)+2<0)

and the rhs disjunct, to Lspa, by a single application of Rs,

2t xy? = (ux 2?)
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Given that the first subformula is found PA-unsatisfiable, it can be replaced with the
propositional constant L. The second one is PA-valid, being therefore replaceable with
T. A propositional decider then suffices to establish that the original conjecture is

PA-valid. 0

Under these circumstances, a proof plan would be connected to an initial module that
decomposes input formulae into lists of (atomic) subformulae. As in the PVS system,
decision procedures are then employed as complex rewrite procedures. PVS, however,
does not have a rewriting interface for the reduction of subformulae into a decidable

subclass!?.

11.3.2 IInferred Formula Reduction

Another possible link can be established between proof plans and semidecision proced-
ures. A simplifier could tackle subproblems obtained in the course of the construction
of a proof or a refutation for a conjecture. The resulting proof (or refutation) tree

would then involve the use of both rewrite and inference rules.
Example 11.3.2 Let ¢

(FAz)(y)2)(z#O0Az*xy+ 2 =2 +yx2?) A (2)BFw)(*+wx><wxz+5)

be a conjecture. Given'the a-rule for conjunctions,

&1 N @y
1, @2

@ 1s first transformed into the pair
Az)y)(z)Nz#0A2? xy+ =23 +yxz?), () (Iw)(z*+wx22<wxz+5)

whose lhs formula is rewritten by simplify /1 for the elimination of occurrences of +,

as follows

1T PVSis described in chapter 2. The above process does not amount to the cooperation of procedures
mentioned in the previous section. The decomposition that takes place in the context of cooperation
requires ‘separate’ normal forming, which is absent in the above case.
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(32)(¥)(z)(z £ OA2? X y + 2* = 2° 4 y X 2?)
)
(32)(¥)(2)(z # 0 A 2* = 2°)

which requires the generation of a new remove rule,

('{‘J; ng)—l—v3=v4+(’vg><’u1) = Uz = V4

The rewritten formula belongs to Lspya and is SMA-unsatisfiable. Therefore, the
only branch of the above semantic tree is closed, and the original formula, ¢, is PA-

unsatisfiable. 0

Tatzelwurm already operates with a tableau-based inference system that is interfaced
to several decision procedures. The above example illustrates, however, that proof

plans can add as a new ingredient their capability of handling deviant symbols!®.

11.4 Conclusions

Some of the applications of proof planning to normalisation that have been overlooked
in previous chapters require minor changes to the parameters of currently implemented
general-purpose plans. Other applications require the implementation of new plans
and the construction of control structures to improve their performance. Any of these
plans may have alternative uses inside a complex system, such as their cooperation

with semidecision procedures.

' Tatzelwurm is described in chapter 2.
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Chapter 12

Conclusions

Proof plans may be used to effectively integrate decision procedures inside heuristic
theorem provers. Several problems arose in the course of the development of suitable
plans for this task, particularly in the domain of Peano arithmetic. Their solution
represents the contribution of this study to the fields of mechanical theorem proving

and the mechanical verification of program correctness.

The analysis of a series of provers that employ one or more decision procedures revealed
that, in most cases. the role of such procedures inside each system could be enlarged.
The reduction of formulae into a decidable domain suggests an additional strategy
from which almost any system could benefit. Proof plans for normalisation, devised
by Bundy for the control of rewriting processes, provide a suitable framework for
exploring this strategy'. It involves the use of normalisation tactics and methods, as
well as special sets of rewrite rules. A language in which syntactic properties of classes
of formulae may be expressed allows the description of normalisers. Methods may be

then combined by a planner to generate a plan that meets a description.

Two types of plans defined by Bundy. special and general-purpose plans, have been
investigated. A special-purpose plan has been implemented to represent Hodes’ al-
gorithm, a decision procedure based on quantifier elimination. The study of two famil-
ies of normalisation processes, quantifier elimination and decidable subclass extension,

revealed the main elements required for their implementation as general-purpose plans.

' See [Bundy 91].
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Decidable sublanguages in particular can be extended by general-purpose plans devised
for the removal of deviant symbols. A detailed study of remove rules disclosed a set of
sufficient conditions for the termination of rewriting for certain classes of such rules.
The performance of the resulting normalisers improved after various heuristic func-
tions were added to them. Heuristic guidance is provided for the selection of a target
decidable sublanguage, for ordering the removal of deviant symbols, and for selecting
remove rules. RGM, a difference reduction procedure specialised in the generation of

new rules, has been interfaced to these plans to enlarge their range of application.

Plan performance has been empirically assessed by means of a set of representative
arithmetical v.c. and a sample of randomly generated conjectures. The results showed

that

i. the approach has an adequate performance in an important domain for program

verification,
ii. the combined use of the heuristic functions increased the efficiency of the plans,

iii. two arithmetical decidable sublanguages have been effectively explored in the
experiment, one of which, Ly 4, is usually neglected in the study of arithmetical

decision procedures,

iv. proof planning provides a higher success rate than the mechanism of additional

hyvpothesis introduction present in the simplifier of Ngthm.

To further support the claim that proof planning is an original strategy for the devel-
opment of normalisers, section 12.1 compares normalisation plans to other controlled
rewrite systems. Section 12.2 then examines the relevance of proof planning in view of

its flexibility.

12.1 Controlled Application of Rules

Rewrite rules have been traditionally used in theorem proving for simplification, sym-

bolic evaluation and canonical normal forming®. At least some of the successfully

? See [Bundy 83], p. 150-153.



reduced conjectures may suggest that proof plans for normalisation perform just a
standard combination of these tasks. without adding any new relevant element to

them. For instance. the formula

(@) y)(2)(w)z#0Dzxy+zXxw=zXz+a?),

has been simplified by the plan decidei/1 to

(2)(¥)(2)(w)(z#0Dy+w=2z+z)

whereas other cases are simple examples of equation solving, e.g.

(Fz)3y)32)z#0D(y#0)D(exy)x(z+y)+(zxy) X (y+2)=2xY)

which has been transformed by the same plan into

(F2)Fy) 32Nz # 0Dy # 0D (((z=1Ay=0)V(z=0Ay=1)Ay=0A2z=0)V

Vi(z=0Ay=0)A(y=1Az=0))V(y=0Az=1)))))

All the remove rules for + and x present in Rp4- are classifiable along the three cat-
egories above. Hence, any possible effective reduction of a conjecture into a decidable

class is an instance of simplification, evaluation or canonical normal forming.

The new ingredient introduced by proof plans in the development of rewrite systems,
however, does not take appear at the conjecture level, but in the control of the applic-
ation of rules. The reduction of a formula to a decidable class by means of a proof plan
cannot be identified with standard expression simplification, since exhaustive rewriting
is excluded. An arithmetical formula such as

(2)(y)(2)(w)(z#£ 0Dz x(zxyxz2)+zx(wxy® xa®)=2)

would be transformed by the decider into

(z)y)2)w)z# 0D ((zxyxz=1Aw?xy*xz*=0)V
Viexyxz=0Aw?xy?xz?=1)))
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which is an element of Lgy4, and rewriting would then stop, in spite of the fact that
other rules of Rp4. are still matchable to it. The arithmetical validity of the resulting
formula can then be determined by a decision procedure, which is more efficient than
a generic rewrite system. One of the guidelines of the proof planning approach asserts
that rules should be applied only while necessary for a particular purpose, and not

exhaustively.

Another important aspect of planned rewriting is its ability to effectively employ vir-
tually any set of rules, given that its control structures prevent non-termination. Plans
are able, therefore, to perform tasks that lie beyond the domain of exhaustive rewriting,

which is limited to the use of noetherian sets.

Two forms of search control may be embedded in a proof plan®. Firstly, the search space
of a problem can be reduced by the formal establishment of specific properties of parts
of its domain., which are then strictly explored inside such subdomains. This is the case
of certain results obtained about the extension of decidable sublanguages, which have
been used in the construction of plans that strictly apply remove rules for this task,
without completeness losses. Secondly, heuristic strategies may be added to a system
to improve its performance, possibly at the expense of completeness. This is the case,
for instance, of the mechanism of selection of decidable subclasses based on heuristic
measures for the complexity of the removal of deviant symbols: the prohibition of the
joint use of remove rules for deviant and non-deviant symbols actually prevents certain

formulae from being reduced into a decidable sublanguage.

Control mechanisms are not an exclusive element of rewrite systems built through
proof planning though. In ordered rewriting, the domain of the system is ordered,
and.rules may be applied in either direction, provided that the rewritten expression
antecedes the original one according to the pre-established order. Conditional rewriting
requires a conjecture to satisfv certain conditions before a rule is applied. Finally. in
priority rewriting, a partial order is defined in the set of rules, as in the case of Markov

algorithms®.

* Search control is discussed in appendix D.6.

* Conditional rewriting is defined in appendix D. Ordered and priority rewriting are briefly discussed
in [Dershowitz & Jouannaud 90]. p. 259, 306-8.
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In both ordered and conditional rewriting, the application of rewrite rules is sensitive to
the conjecture alone, whereas proof plans check the properties of the underlying theory
as well, such as the existence of decidable classes and the complexity of their decision
procedures. Proof plans. on the other hand, have some similarities with priority rewrite
systems, to the extent that rules are selected and ordered before their application starts.
Since the order is sensitive to the input formula, each plan may then be regarded as a

collection of priority rewriters.

Proof Plans & GETFOL

GETFOL is another system that makes use of rewrite rules to enlarge decidable do-
mains, as for instance the class of UE-formulae. Special control structures ensure that
its rule set is noetherian. A first attempt to generalise these results suggests that the

same mechanism could be adopted in other domains as well.

“The integration of the reduce procedures with GETFOL general-purpose
rewriter is also under study. Such integration should allow to meet one
of the most promising advantages in designing procedures relying on the
notion of reducibility. Since the GETFOL rewriter accepts as input both
the formula to rewrite and the set of rewriting rules, decision procedures
for new classes of formulae can be obtained by simply changing the set of

rewriting rules” ([Armando & Giunchiglia 93], p. 500)

The concrete assessment of the effects of such generalisation on termination and ef-
ficiency is, however, lacking. The plain expansion and/or change of a rule set does
not necessarily generate a new decision procedure, since rewrite systems may be non-
terminating. Also, the exhaustive application of rewrite rules, even when the system
is noetherian. is not necessarily the most effective way of extending a class. The use
of proof plans, which can apparently represent the GETFOL rewriter, as discussed in

chapter 11, could overcome these deficiencies.
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12.2 Flexibility versus Efficiency

Several theories admit mechanisms for the reduction of conjectures into a decidable
subclass that are more efficient than proof plans. Such mechanisms may consist of
several stages of canonical normal forming and simplification, not necessarily based on
rewriting. The representation of Hodes’ algorithm as a special purpose plan showed
that, although some of its steps can be efficiently performed by rewrite rules, the same
does not apply to the equational component. Efficiency, however, is not the main
concern of the proof planning approach to normalisation: its first purpose is to achieve

generality and flexibility.

“The hypothesis we are trying to test is that proof plans will provide a
modular representation of decision procedures that will facilitate their syn-
thesis and modification and their interaction with the theorem provers in
which they are embedded. The cost may be some inefficiency in the im-
plementation of the decision procedures, but the Boyer-Moore experience
seems to suggest that this cost is not significant within the context of the

complete system.” ([Bundy 91], p. 2)

Arithmetical procedures may take into account the commutativity and associativity of
sum and multiplication to improve their efficiency. Such properties, however, may not
apply to other operations or theories. General procedures, as a result, cannot explore

the properties of specific domains, otherwise generality is lost®.

The advantage of general but less efficient procedures can be observed in domains where
new operators are frequently introduced. Explicitly defined functions and predicates do
not seem to pose any real problem for a specialised procedure, since they can be usually
eliminated in terms of the original language before the procedure is called. There are
cases., however, in which the elimination is not possible or the explicit definitions of
the new symbols are too complex from the syntactic viewpoint. When the available
procedures are highly efficient but specific, they will fail to cope with such cases, and

either new extended and efficient versions have to be devised for them, or a more

® Specialised procedures can be nonetheless incorporated in the proof planning approach under the
form of remove or disagreement elimination procedures, as considered in chapter 11,
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general approach must be sought. General-purpose procedures have an advantage over
their special-purpose counterparts whenever the development of the latter cannot keep

the pace of a rapidly changing theoretical background.

“But what makes it hardest to apply the work on decision procedures to
program verification is the presence of user defined functions. ( ... ) Such
functions are introduced not by the designer of the theorem prover but
by the user when he is confronted with the need to specify a given pro-
gram. Since decision procedures for these extended theories are not gener-
ally available, one must have more powerful proof techniques or be forced
to assume the more doubtful conjectures behind a program’s correctness.”

([Boyer & Moore 88]. p. 122)

Given the nature of general-purpose proof plans, it is possible to claim that they
provide a general solution to the problem of integrating decision procedures into the-
orem provers. Integration mechanisms present in some provers can be actually mod-

elled as proof plans.

Proof Plans & Ngthm

All the above arguments about flexibility and efficiency can be in principle applied to
the comparison between proof planned interfaces and the linear procedure present in
Ngthm. The extension mechanism chosen by Boyer and Moore, based on the introduc-
tion of additional hypotheses, is less flexible than the strategy available under proof
planning, since the former requires the core quantifier-free theory to be decidable, and
the extension of this theory to any expansion of the original language (without any
change to the axiom set) to be decidable as well. The principles that underlie proof
planning. on the other hand. are applicable to any theory. since they only require the

availability of decidable classes and adequate rewrite rules.

Concerning success rates, proof plans outperformed the Ngthm simplifier in a sample of
randomly generated formulae, and exhibited approximately the same rate as this prover

in a set of representative verification conditions. The proof planning approach could be

350



even further strengthened by the introduction of new rules and the widening of scope of
disagreement elimination, currently limited to atoms. Concerning time performances,
the present implementation of the general-purpose plans compares unfavourably with
the Boyer and Moore prover, not only because the latter is a well-developed system,
but also in view of the specificity of its linear procedure, which is destined to be
more efficient than a general-purpose mechanism, at least inside its limited domain
of application. It has to be added, though, that, when the number of transformation
steps alone is taken into account, there is a subdomain of formulae of Lp4. where

general-purpose proof plans outperform the Nqthm simplifier®.

The linear procedure of Ngthm, on the other hand, has two deficiencies. Firstly, it
cannot deal with quantified formulae (other than universal formulae, which are valid iff
their matrixes are valid as well). Secondly, it operates with a weak reduction function
that ultimately relies on the use of implication rules. As a result, even when all
undefined symbols are eliminated, there is no guarantee that the transformed formula
belongs to the extended decidable subclass, since it is still necessary to check its validity
(or rather the unsatisfiability of its negation) in the target subtheory. When the formula
is not valid, the whole transformation attempt fails, and this failure does not point to
any alternative solution: the only additional action is to blindly start adding other

hypotheses until an unsatisfiable formula is obtained, whenever possible.

Since the introduction of additional hypotheses ends up removing undefined symbols
from a conjecture, proof plans could possibly model the procedure adopted by Boyer
and Moore”. It seems to be necessary though to take into account rewrite rules derived
from implications. Once the properties of implicational rewrite systems have been
further investigated and suitable search strategies have been integrated to them, proof
planning could even improve the performance of the heuristic mechanisms present in
Ngthm: the selection of additional hypotheses is presently conditioned by the heaviest
multiplicand of a conjecture (to ensure termination), whereas a plan makes use of
context-sensitive functions that may point to an alternative ordering for the removal

of symbols and lead to a shorter transformation. Even if implication remove rules

€ See example 10.5.2 and section 10.5.

" See example 10.5.2.



are added to proof plans. this would not prevent the joint use of equivalence and
implication rules, where the former would always have priority over the latter, thus

avoiding, under certain circumstances, the disadvantages of implicational rewriting.

The fact that proof plans can handle and introduce quantifiers in the rewritten conjec-
ture carries as disadvantage the need to employ the more complex decision procedures
for quantified classes. Short formulae, however, such as most of those selected as rep-
resentative by Boyer and Moore, stay within limits where decision procedures for e.g.
Presburger arithmetic have a reasonable performance, given that one of the major
causes for formula expansion, the size of the prefix, has little effect in such cases. Also,
in spite of the absence of quantified formulae in the list of representative problems,
they can nonetheless occur in the domain of program verification, or any other domain
of application for mechanical provers: the ability to handle quantifiers is significant
in itself, independently of the complexity of related decision procedures. Finally, the
complexity of a decision procedure does not seem to be as determining a factor for the
final performance of the extended procedure as the chosen integration mechanism®. For
several of the selected problems, proof plans provided a straightforward and efficient
reduction mechanism. This aspect compensates for any disadvantage related to the

use of less efficient decision procedures, at least in certain domains.

12.3 Summary

Several attempts have been made to integrate decision procedures in (heuristic) the-
orem provers. Most of them are too limited in scope. Proof plans provide a more
adequate and general framework to solve this integration problem, based on the reduc-
tion of formulae into a decidable domain. They seem to capture the structure of at

least two integration mechanisms, present in Ngthm and GETFOL.

Even though the reduction of formulae into decidable subclasses apparently amounts

. . 2
" Once again according to Boyer and Moore,

. an instantaneous oracle for deciding linear arithmetic problems [ ... ] would increase
the speed of our theorem prover on typical program verification problems by less than
3%.” ([Boyer & Moore 88], p. 90)
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to a standard application of rewrite rules for expression simplification, the originality
of proof planning in the domain of normalisation stems from its control devices that
prevent exhaustive rewriting and ensure termination. Moreover, even though simpli-
fication processes performed by general-purpose plans are less efficient than specialised

procedures, the relevance of proof plans for normalisation derives from their generality

and flexibility.
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Appendix A

List of Symbols

Sets and Functions

Symbol

p(A)
ffA—B
ffA~B
f(A)
dom(f)
rng(f)
im(f)
fog

N
Z
Q
R
Fe

fTA

e

poi(R(vy, ...

#A

+Vn))

Meaning

parts of a set A

total function

partial function

image of f restricted to A
domain of a function f
range of a function f
image of a function f
composition of functions
set of natural numbers
set of integers

set of rationals

set of reals

Godel number

restricted function
minimalisation operator
cardinal number of A

360

368
368
368
368
368
368
368
368
368
419
377
377
380
368
370
368



First-order Logic

Syntax

Symbol

HF MU 1 <>Wo<<Ww | e

&3
&

(9]
i)

'—o¢
FrVan o)
r€_|

Ar
&

Meaning

(first-order) language
effectivised (first-order) language
set of symbols of a language
set of proper symbols of a language
set of formulae of a language
set of sentences of a language
set of terms of a language

set of expressions of a language
not equal

equality predicate

existential quantifier
universal quantifier

universal quantifier

unitary existential quantifier
conjunction

disjunction

negation

conditional

biconditional

equality or biconditional
contradiction

tautology

predicate calculus for £
universal closure

existential closure

syntactic identify

sequent

list of free-variables

Godel number

axiom set for a theory T
metatheoretical conjunction

361

371
380
372
372
372
374
372
373
382
372
371
371
373
371
371
371
371
371
371
213
371
371
381
374
374
375
439
373
380
381
387



First-order Logic

Substitutions & Replacements

Symbol
e{vy,...,vn}
€ Yy 43 V)
€lviy ... vn)
6[[61, ey 611]]

Gﬂ(él}pl  ELTEILE (6'11}01'1)]]

€S, -, 8]

6[[(*911?31)1 ¥R <5rl:pn>]]

e[ /]

e[ A1

e[ 4]

[51/51,...,57/54]

€[(S1, S1:P1)s - -+ {5y Sns P}l
e[%1/61,. .., 5/84]
(81,81, 0)s - (8 b )]
{t‘;’v], _— i”;’rln}

Semantics
Symbol

|

Fé
Ao

A ¢le]
I'Eo
saty(P)
sat(o)
saty(T')
sat(T')

Meaning

list of free-variables

list of free-variables

list of free-variables

list of subexpressions

list of subexpressions

list of occurring symbols

list of occurring symbols
non-occurring (free) variable
non-occurring symbol
Nnon-occurring expression
replacement of symbols
replacement of symbols
replacement of subexpressions
replacement of subexpressions
variable substitution

Meaning

universe of a structure
valid formula
model of a formula

variable assignment in a structure
I'-validity (or logical consequence)
satisfiability of a formula in a structure

satisfiability of a formula

satisfiability of a set of formulae in a structure
satisfiability of a set of formulae

theory of a structure
(N.0,1,s,4)
(N,0.1, %)

variable assignment

362

373
373
373
375
375
375
375
376
376
376
376
376
376
376
374

377
379
379
378
379
378
378
379
379
381
397
377
394
378



First-order Theories

Symbol

SMA,
SMA
PA,
PA
PA"
PT‘AQ
PrA
PrA”
LA
DAG
DAG™
Loy

Lis
Lo

Lpase
»‘CPrAr_.
EP!‘A
‘CPfA'
Lsma
Jf-:DAG'
‘CDAG'

Meaning

Basic Strictly Multiplicative Arithmetic
Strictly Multiplicative Arithmetic

Basic Peano Arithmetic

Peano Arithmetic

Extended Peano Arithmetic

Basic Presburger Arithmetic

Presburger Arithmetic

Extended Presburger Arithmetic

Linear Arithmetic

Densely Ordered Abelian Groups
Extended Densely Ordered Abelian Groups
{0,s,+, x}

{0,1,s,+, x}

{0,1,s,+, x, —, pr,exp, /, double, Sum,,, half, ged, gfc,

rmdr, min, , max,, <, >, >, |, even, prime, prime,, =, }

{0,s,+}
{0,1,s,4}
{0,1,s,+.<}
{0,1, x}
{0,1,+,<}

{0! 1, +} - <, S}

363

385
398
382
397
262
382
398
257

64
372

65
372
372
262

266
372
372
257
372
372

65



Miscellaneous
Symbol

R. 61 => tjg
R.¢— 6, = b,
€6 = 6

€1 §> €9

iff

mgu
mgpu

pu

O

rhs

lIhs

My

m{’

m,

Mg

m,

me

Mpe

R
Epas
v.c.

Meaning

rewrite rule
conditional rewrite rule

application of a rewrite rule

application of a rewrite rule set

if and only if

most general unifier

most general partial unifier

partial unifier

empty clause

right hand side (expression)

left hand side (expression)

termination measure for total remowve rules
measure function for rewrite rules

measure function for symbols

measure function for deviant symbols
measure function for decidable classes
measure function for remove rules
measure function for remowve rules

(in the presence of disagreement elimination)
arithmetical rule base

arithmetical equality base

verification condition

364

426
427

426

426
370
423
435
435
424
113
105
167
179
179
180
180
184
228

268
270
73



Arithmetic

Symbol

+

prime

Meaning

sum
subtraction

arithmetical subtraction
multiplication
arithmetical division
successor

exponentiation

greatest common divider
prime natural number

less than

greater than

less than or equal to
greater than or equal to
predecessor
equivalence modulo n
sum of a n-tuple
divisibility

even natural number
double

remainder

greatest factor
arithmetical half

not less than

minimum element of n-tuple

pP.

382
395
265
382
265
369
265
265
265
265
265
265
265
265
265
265
265
265
265
265
265
265
265
262
265

maximum element of n-tuple 265
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Metatheoretical many-sorted alphabet

Metavariables

S symbols (of a first-order language)
v, w individual variables
t.u terms

v, £ literals

b, formulae

T, P sentences

0, € expressions

C,D clauses

E equations

R rewrite rules

o substitutions

a variable assignments
N normaliser

CF control function
A,B.C,D sets

AVOSPMMMT IS KL
Ve
P
=

universe sets

set of symbols

set of logical symbols (of £)

set of individual constants (of £)
set of function symbols (of £)
set of predicate symbols (of L)
set of individual variables (of £)
sets of formulae

set of expressions (equations)
(decidable) subclasses of formulae
set of sequents

set of clauses

disagreement sets

sets of rewrite rules
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Appendix B

The Decision Problem for
First-Order Theories

Decision procedures can be informally described as computable mechanisms that pro-
cess finite amounts of information, generate results and halt after a finite amount of
time and computation. In the context of a formal theory, a decision procedure has to
establish, for each formula of the underlying language, whether it is a theorem or not.
Theories which admit decision procedures for the recognition of theorems are decidable.

Basic notions related to the decision problem for first-order theories are introduced
in section B.1, including recursive functions (upon which recursive computability is
built) and first-order languages. Section B.2 defines formal theories and presents two
classes of decision problems, one related to the recognition of wvalid, and the other
to the recognition of satisfiable formulae. Section B.3 examines two methodologies for
establishing the decidability of a theory, quantifier elimination and model completeness,
and includes a proof for the decidability of Presburger arithmetic based on elimination
of quantifiers.

B.1 Preliminary Concepts

The informal definition of decision procedures as effectively computable mechanisms is
too imprecise to receive mathematical treatment, which is particularly relevant when it
comes to the establishment of the undecidability of a problem: proving the nonexistence
of a decision procedure requires determining exactly what such a procedure is in the
first place. The notion of recursive decidability, built upon the theory of recursive
functions. provides one of the possible mathematical models for this informal concept.

When a decision problem involves the recognition of theorems, informal theories them-
selves have to be replaced by a more rigorous concept. Processes such as formula
construction or deduction then become objects of mathematical treatment as well. In
the present context. first-order languages and theories are suitable substitutes for their
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informal counterparts’.

Concerning the notation for recursive functions and sets, f: A — B and g: A ~ B
respectively denote a total and a partial function with domain A and range B. A
function g is partial in a domain A when there exists an element a € A such that g(a)
may not be defined: as a result, every total function is also partial. dom(f),rng(f)
and 1m(f) respectively denote the domain, range and image of a function f. f(.A)
represents the set {f(a) | a € A}, and fog represents the composition of f and g, such
that (f o g)(n) = f(g(n)). Given a function f: A — B and a subset A’ C A, f 1 A
denotes the restriction of f to A’. Finally, #.4 stands for the cardinal of a set A, and
p(A) is the set of all subsets of A.

B.1.1 Recursive Functions

A (partial) function [ is computable in a domain D if and only if there is an algorithm
which, given d € D. either generates f(d) after a finite amount of time and compu-
tation. when f is defined for d, or may not halt otherwise. An algorithm is a set of
instructions that satisfv four properties:

(i) it must be fixed, and cannot be modified or adjusted to the input data,

(ii) it must be finite,

(iii) it must be ordered (although the order may be context-sensitive), and

(iv) the instructions are unambiguous, and invariably yield the same results for the
same input.

The input data supplied at a particular instant must also be finite. If the computation
terminates for every element of D, f is effectively computable in D.

There are several mathematical formalisms for the representation of computable func-
tions: Turing machines., Herbrand-Godel-Kleene computable functions, Markov al-
gorithms and partial recursive functions, among others. The classes of functions defined
by these formalisms are essentially equivalent”. Nonetheless, recursive functions are
more frequently used in the analysis of decision problems for first-order theories. Par-
tial recursive functions are generated from an initial group of elementary functions by
the application of certain operations. which include definition by recursion.

Definition B.1.1 (Generation of functions)
Let N be the set of natural numbers.

i. Given the functions f: N™ — N and g; : N* — N, 1<i<m, the function
h: N" — N. defined as

Bl sy ) = Pl % oo Baten o fml@1s csap @)

s dertved from f,q,...., 9, by substitution.

! This section has been mainly based on [Monk 76], parts [ and II, and [Mendelson 87], chapter 5.
Other texts consulted include [Gallier 87] and [Malitz 79].

2 See [Monk 76], p. 12.
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it. Given the functions f: N* — N and g: N**? — N, the function h: N**! — N,
defined as

B BonD) = FlBPwwenli)
h(.’.‘;‘]. R s(y)) = 9{331, cees T Y, h(xla EERER L y))
is derived from f and g by recursion.
Total recursive functions provide a mathematical representation for effective computab-
ility, since their computation terminates for every n-tuple of natural numbers. Amongst

total functions. the primitive recursive class contains all those which have an ‘accept-
able’ degree of complexity®.

Definition B.1.2 (Total recursive functions)

i. A function is primitive recursive if and only if it belongs to the class defined as
follows.

(a) The constant function z: N — {0}, the successor function s: N — N* and
the projection functions q' : N* — N, 1<i<n, n€N*, which satisfy the

properties
z(z) = 0
s(z) = z+1
Gy a @) = T (1<i<n)

are primitive recursive.

(b) If f: N™ — N and g;: N* — N, 1 <i <m, are primitive recursive, the func-
tion h: N* — N derived from f,gy,...,9n by substitution is also primitive
recursive.

(¢) If f: N© — N and g: N"*? — N are primitive recursive, the function
h: N**! — N derived from f and g by recursion is also primitive recursive.

(d) Only the functions defined above are primitive recursive.
2. A function is total recursive if and only if it belongs to the class defined as follows.

(a) Every primitive recursive function is total recursive.

(b) If f: N — N and g;: N* — N. 1<i<m, are total recursive, the function
h: N* — N derived from f.g,,..., g, by substitution is also total recursive.

(c) If f: N* — N and g: N"*? — N are total recursive, the function h: N**!' — N,
derived from f and g by recursion. is also total recursive.

(d) If f: N*"*!' — N is total recursive, the function g: N* — N that satisfies the
condition

Yl osln) =  BUFBes 0 Bra) = 0),

* See [Gallier 87], p. 370-1.
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where pr;(R(zy, ... .25 ..., Z)) = min{z; € N| B2y, 8550005 8) )5 18
total recursive, provided that

(1) (2a)(3Y)(f(z1,- . 20, y) = 0)

is arithmetically valid.

(e) Only the functions defined above are total recursive.

The final extension of the class of recursively computable functions includes those which
may not be defined for all the elements of their respective domains. Partial functions
are obtained when the p-operator is used without the restrictions originally present in
the definition of total functions.

Definition B.1.3 (Partial Recursive Functions)

A function is partial recursive if and only if it belongs to the class defined below.

©. Every total recursive function is partial recursive.

w. If f: N™ ~ N and g;: N" ~ N, 1 <i<m, are partial recursive, the function
h: N" ~ N derived from f,q,...., g, by substitution is also partial recursive.

iti. If f: N" ~ N and g: N**? ~ N are partial recursive, the function h: N"*! ~ N,
derived from f and g by recursion, is also partial recursive.

iv. If f: N**t! ~s N is partial recursive, the function g: N* ~ N, defined as

O ByyeieyBy) = @Y (B B y)=10)
is partial recursive.

v. Only the functions defined above are partial recursive.

Partial recursive functions satisfy the informal criteria that define computable func-
tions, whereas total recursive functions meet the more strict conditions set for effect-
ively computable functions. Hence. recursiveness provides a sound representation for
informal computability. To avoid discussions about the completeness of the recursive
representation (i.e. whether every (effectively) computable function has a (total) par-
tial recursive counterpart), effectively computable and computable can be respectively
replaced by total and partial recursive in all domains restricted to natural numbers®.

Recursive functions can be emploved in the identification of recursive and semi-recursive
sets of natural numbers. A subset A C N is recursive iff there exists a total recursive
function f: N — {0, 1} such that

* The completeness of the recursive representation follows from Church’s thesis, which states that a
number-theoretic function is effectively computable if and only if the function is (total) recursive:
see for instance [Mendelson 87], p. 165.
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(Ve e N)(z € Aiff f(z) =1 and = &€ Aiff f(z) =0)

[ can be schematically represented as

f(”’]:{(ll, zeA

otherwise

A subset A C N is semi-recursive (or recursively enumerable) iff there exists a partial
recursive function f: N~- {0,1} such that

f[:c):{l T e A

0 or undefined otherwise

Any recursive set is also recursively enumerable. The membership relation is comput-
able for recursively enumerable sets, and effectively computable for recursive sets: it is
possible to determine in a finite amount of time whether a particular natural number
belongs to a recursive subset of N or not.

B.1.2 Syntax of First-Order Languages

The construction of a mechanism for the recognition of theorems of a particular theory
starts with the definition of the expressions of the language of the theory. Symbols,
expressions and sequences of expressions of certain formal languages — first-order
languages amongst them — can then be mapped into N. Processes in these and other
arithmetisable domains become thereafter representable in terms of recursive functions.

Definition B.1.4 (First-order languages)

i. A pure first-order language is a quintuple L = ({,V,C, F,P) where £,V,C,F and
P are pairwise disjoint countable sets such that

(a) £ ={T,L,~, A, V.D,=,V,3} is the set of logical symbols® of L.
(b) V is the infinite set of individual variables of L.
(c) C C{cr,....h ...}, n €N, is the set of individual constants of L.

(d) FCF U---UF,U....,mé¢€ N, s the set of function symbols of L. Fach
F: C{fiiveoes fiin- -}, J € Nis the subset of function symbols of arity 7.

(e) PCPyU---UP,U...,q €N, is the set of predicate symbols of L. FEach
P: CA{prji----sPjis--- 1+ J € Nis the subset of predicate symbols of arity i.

® An additional symbol, 3|. which represents the existence of a single object that satisfies a property,
may be useful in certain contexts. The expression (3|v)$[v] can be also regarded as an abbreviation

for

(For)é[v1) A (v2)(va)((["2/0:] A 6["* [01]) D w2 = va)
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ii. A first-order language with equality (or first-order language for short) is a pure
first-order language to whose set of logical symbols the symbol for equality, (=),
has been added.

1i. The set of symbols of L is defined as

Sym, ={UVUCUFUP,

while Sym, = CUF UP (or (C,F,P)) represents the non-logical symbols (i.e.
individual constant, function and predicate symbols) of L.

. If L' =, V,C',F'P') and L = ({,V.C,F,P) be first-order languages, L' is an
expansion of L iff C CC',\F C F' and P C P'.

Basic Peano arithmetic (PAg), (first-order) Peano arithmetic (PA), basic Presbur-
ger arithmetic ( PrA,), Presburger arithmetic ( PrA), strictly multiplicative arithmetic
(SMA) and the theory of dense ordered Abelian groups without endpoints ( DAG) are
some of the theories to be examined in this appendix and in the main text. Since
they can all be formulated in languages that share the same set of logical symbols
and variables, their languages are unequivocally defined by means of their non-logical
symbols.

£PA0 = {U,S,+,X}
£p_4 - {0._1.5,*}-._ X}
ﬁPrAn. = {U.‘;.+}
JCP”; — {011:S,+}
Lsma = {0,1,x}
»CDAG = {0, l,+,<}

Symbols of a first-order language can be combined to form expressions. Sequences
of symbols that satisfy certain restrictions are called well-formed ezpressions, which
include terms and formulae.

Definition B.1.5 (Expressions of a first-order language)

i. The set of (well formed) terms Trm, of a first-order language L is recursively
defined as follows.

(a) An individual variable or an individual constant is a term (called atomic).

(b) If fi; is a function symbol of arity j in L, and t,,...,t; are terms, then
3 112 IR t;) is a term (called composite ).

(c) Only the expressions defined above are terms of L.

ii. The set of (well formed) formulae Fml: of a first-order language L is recursively
defined as follows.

(a) T and L are (atomic) formulae of L.
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(b) If pi; is a predicate symbol of arity j in L, and t,,....t; are terms, then
pij(ti,....1;) is an (atomic) formula of L. In particular, an atom of the
form t,=t, is also called an equation or equality.

(¢) If o, % are formulae of L and v is an individual variable, then

~h, BN, GV, 6D, d=1v, (Y0)o [or (v)d], (Fv)o

are formulae of L (called composite ).

(d) Only the expressions defined above are formulae of L.

1i. The set Frp, of (well formed) expressions of L is defined as
Ezp, = Pml: U Trm,

Ezp, can be partitioned into disjoint subsets, called syntactic sorts or types. The set
of formulae and the set of terms constitute syntactic types for any set of expressions of
a first-order language. Atomic and composite terms are syntactic subtypes of Trm,,
whereas atoms and composite formulae are syntactic subtypes of Fml:. Subclasses of
terms and formulae may be defined by means of syntactic restrictions imposed on their
structure, e.g. type of logical connective and/or their relative positions of occurrences.

Definition B.1.6 (Boolean Combination)

LetT' = {¢1,...,0n,...} be a set of formulae of a language L. A Boolean combination
of formulae of T' 7s any formula 1 that satisfies one of the conditions.

t. ¥ 1s an element of T'.

1. ¥ has any of the forms (1 ANy), (V1 V)s) or (=1by), where 1, and 1, are Boolean
combinations of formulae of T.

B.1.3 Variable Substitution

An occurrence of a variable v in a formula ¢ is free if it does not take place in the
scope of a quantifier (Vv) or (3v), and is bound otherwise. A formula that has free
occurrences of variables is open. whereas if all occurrences of variables are bound, it
is closed. If FrVan¢) denotes the set of all variables that have a free occurrence in a
formula ¢. the notation

gb['?"]? b T | U”]

indicates that {v;,.... v, } is a subset of the set of variables that have free occurrences
in ¢ (i.e. {vy,...,v,} C FrVan(¢)), while in

w5 a5 0)
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{vi,....v,} corresponds to all the variables that occur free in o (i.e.
FrVar(¢) = {v1,....v,}). Finally,

{1y v}
indicates that the free variables of ¢ are amongst those in {v;,...,v,} (i.e.
FrVar(o) C {v,.... vnt). A formula whose set of free variables is empty is a sen-

tence. The set of sentences of a language L is denoted by Stn,. Subsets of quantified
formulae can be delimited based on the position of occurrence of quantifiers in the
formula, as well as on the pattern of such occurrences.

Definition B.1.7 (Universal & Existential Closures)

Let ¢(vy.....v,) be a formula in a first-order language L.

1. ¢ is in prenex form ff it has the form

(@1v1) .. (QmVm )¢

where (); is either a universal or existential quantifier, and v is a quantifier-free
formula. (Qivy)...(Qmv,) is the prefix of ¢, and 1 is its matrix.

1. @ is universal iff it is in prenex form and its prefiz is composed entirely of uni-
versal quantifiers: similarly. it is existential iff only existential quantifiers occur
in its prefir.

11i. The universal closure of ¢ is the sentence (vy)...(v,)@(vy,...,v,), usually de-
noted by [¢).

w. The existential closure of ¢ is the sentence (3vy)...(3v,)@(vy,...,v,), rEpresen-

ted as [[¢]].

New expressions can be syntactically derived from open expressions by the application
of substitutions. A substitution for free variables of an expression €[v;,...,v,]in Lis a

function o: V. — Trm,. where {v;,..., v,} C V, and, if o(v;) = ¢;, {; does not contain
any of the variables in {v,,...,v,}. A finite substitution is extensionally represented
as

g = {hrfv], ot .._t“fvn}

¢, and is denoted as o€[vy, ..., v,] or ("' /o1, ..., /v.]. When the names of the variables
being substituted for are not relevant, the resulting expression is simply represented
as €fty,.... t,]. Similar notation applies to expressions of the forms €(vy,...,v,) and
E{ Dy gy Uy b

New expressions can be also generated by means of the replacement of subexpressions
or symbols. An occurrence of a subexpression can be singled out once the position of
occurrence of its dominant symbol has been identified.
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Definition B.1.8 (Occurrences of Symbols and Expressions)

Let € be an expression of a language L.

i. The dominant symbol SP of € is defined as follows®.

(a) If € is an atomic term or a propositional constant, then SP = ¢.
(b) If € is a composite expression of the form S(ey,....€,), then S? = .
(c) If € is a formula of the form (Qv)o, where Q is a quantifier, then S = Qv.

1. A symbol S has an occurrence at position p in €, i.e.

e[(S,p)l

where p is a finite list of natural numbers, iff

(a) € is an individual variable, individual constant or propositional constant,
S=eandp=]], or

(b) € has the form S(€....,€,) and p =[], or

(c) € has the form S'(€y,....€,....€y,), S has an occurrence at position p' in
i, and p = [ilp).

When the position of occurrence of S in € is immaterial, the above notation can

be simplified to €[ S].

iti. An ezpression § is a subexpression of ¢, i.e. €[d] iff

(a) 6 =€, or
(b) € = S(€y.....€,) and 6 is a subexpression of €, for some i, 1 <i<n, or
(c) € = (Qu)od, where Q is a quantifier, and § is a subezpression of ¢.

€l61,....6,,] indicates that é,....,0,, are subexpressions of €.

w. An expression & dominated by a symbol 5 has an occurrence at position p in €,
ice. dl(6.9)] if
(a) S occurs at position p in €, and
(b) the occurrence of S at p dominates a subezpression of € that is syntactically
identical to 6.
If the expressions é,....,6,, have occurrences in an expression € respectively at
PoSitions py.....pm. this fact can be denoted as €[(8y,p1), ... (6, Pm)]-

The notation introduced so far covers four distinct contexts involving variables and
expressions:
(i) €[v] denotes that there is an occurrence (free or bound) of v in e,

(ii) €[v] indicates that v has a free occurrence in e,
(iii) €(v) means that v is the only variable that occurs free in €, and

® The symbol = denotes syntactic equality.



(iv) e{v} means that v may occur free in e.

Finally. the additional metatheoretical expressions

€[] e[ 5] e[/]
respectively indicate that

(i) v does not have any free occurrence in e,
(ii) the symbol .S does not occur in €, and
(iii) the expression ¢ does not occur in e.

An expression € can be generated from €[ S] through the replacement of each occurrence
of S with a symbol §’, provided that S and S’ have the same syntactic type and arity,
in which case the resulting expression has the form E[[S';‘SI[. The replacement can be
also restricted to a particular occurrence of S at position p in €. i.e. €[(5’, 5, p)]. When
multiple replacements take place, they are either exhaustive,

51751, ., 5)5,]

or restricted to specific occurrences of symbols, as in €[(S5],51,p1)s ... (S%, Sn,pa)]-
The same syntactic operations may be extended to the domain of subexpressions:

e[ /61, . .., 5n/64]

represents the exhaustive replacement of subexpressions é,,...,6, with 8,..., 4], whereas
in €[(65,é1.p1), ..., (6.,0,,pn)] particular occurrences of subexpressions are selected
before replacements take place.

B.1.4 Semantics of First-Order Languages

Model-theoretic properties of theories are commonly invoked in the establishment of
their decidability. The semantics of first-order languages concerns their relationship
with algebraic structures. Once structures for first-order languages have been defined,
meaning can be attributed to their expressions”.

Definition B.1.9 (Structures for first-order languages)
i. A structure for a first-order language L = (C,F,P) is a quadruple A = (A, C, F, P)

where A # () is the domain (or universe) of the structure, and C,F,P are func-
tions such that dom(C) = C.dom(F) = F.dom(P) =P, and

" Model theoretical concepts have been given precedence over proof theoretical notions, since studies
on decidability are mainly concerned with identifying valid formulae in a theory rather than with
the exhibition of proofs. According to Church,

“The writer once proposed the name ‘deducibility problem’ for what is here called
the decision problem for provability, the intention being to reserve the name ‘decision
problem’ either for the semantical decision problem or for what is called (...) the decision
problem for validity.” ([Church 56], p. 100)
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((1’) C(C{) € A.
(b) F(f;;) € A* . where j is the arity of f; ;.
(c) P(p;;) C A?, where j is the arity of p; ;.

C(c:), F(fi;) and P(p; ;) are respectively denoted by ¢, % and p};, whereas A
can be also indicated as |2].

. IfA=(A,C,F,P) and B = (B,C’, F’, P’} are structures for L such that
(a) BC A,
(b) Cle;) = Cei),

(e) F(fiz) T B = Ffis)
(d) P(p;;)NB = Pp;;).

then B is a substructure of A, and A is an extension of B.

wi. Let L' = (C',F', P') be an expansion of L. A structure ' for L' is an expansion
of A (or AU is the restriction of A to L) iff (a) |A| = |A’| and (b) for every
non-logical symbol S of L,

S":'.l = SQJ.'
Example B.1.1
i. Lspa =A{0,1,x} admits the following structures

My = (N, 07 1T XmM)
DM = (Q~ UQM, IDM‘ XDM)
Ru= (IR, 07, 1T, HRar)
where N, Q and R are respectively the sets of natural, rational and real numbers.

. Mas 1s a substructure of both Qu and Ry, since

(a) they are all structures of the same language,

(b) NCQCR,
(c) 0™ = 0™ = MM, [T = 19 = 1B™ gnd
(d) ™ T N? = xB8n T N3 = T, 0

The attribution of meaning to terms involves associating individual variables with
elements of the universe of a structure. Truth values can be assigned to formulae
thereafter.
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Definition B.1.10 (Variable Assignments)

©. An assignment is a function a defined over the set of individual variables of L
into the universe of a structure A for L, which is usually represented as

a = {a"/vl....._a"r.!'u,,,...}

The value (or denotation) of a term t of L in A for an assignment o is an element
t*[a) € || defined as follows.

(a) v}[a] = a(v;), if v; is an individual variable.
(b) cla] = e?, if ¢; is an individual constant.

(e} Jiiillise sty o] =1 s',_;'(t‘l"i[“]:”-‘t?[ﬂ'])

it. An assignment « in a structure A for a language L satisfies a formula ¢ of L
(i.e. A = o[a]) iff one of the following conditions is verified.

(a) ¢ is an atomic formula of the form (t,=ty) and t¥[a] = t2[a]

(b) & is an atomic formula of the form p; ;(t,....t;) and ( t}[a],. .., t_:‘-"[a] ) € p?fj

(c) & = (=), and o does not satisfy 1

(d) & = (i Ay), and a satisfies both 1, and b,.

(e) ¢ = (

(f) &= (¥1 D ¥y), and a satisfies ~1; V 1y

(9) ¢ = ("'11’?1 = 1y), and « satisfies (= V ) A (22 V ¢y)

(h) & = (Yv;), where v; is an individual variable of £, and every assignment
o' in U of the form (a — {*/v.})U {a!‘f'u.'} satisfies ¥

(1) & = (3v;), where v; is an individual variable of L, and at least one assign-
ment o' in A of the form (a — {%/v,})U {% /v;} satisfies 1

1
Y, V 1), and o satisfies at least one of the disjuncts 11,1,

Satisfiability and validity are both related to the meaning of formulae. A formula
is satisfiable when there is an assignment for its variables which turn it into a true
statement in a structure. A formula is valid when it becomes a true statement for every
assignment in a structure. Each notion defines a modality of the decision problem
for formal languages. the decision problem for validity and the decision problem for
satisfiability.

Definition B.1.11 (Satisfiability and Validity)

i. Let ¢ be a formula in a first-order language L.

(a) ¢ is satisfiable in a structure A for L, i.e. saly(d), iff there is an assignment
o in A such that o satisfies o.

(b) ¢ is satisfiable, v.e. sal(®), iff there exists a structure for L in which ¢ is

satisfiable.
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(c) ¢ is valid in A, i.e. A = o, iff it is satisfied by every assignment in A; the
structure 2 in this case represents a model for ¢.

(d) & is valid (or universally valid). i.e. = ¢, iff it is valid in every structure
for L.

(e) T and (~L) are valid.

w. Let I' be a set of formulae in a first-order language L.

(a) T is satisfiable in a structure A for L, i.e. saty(T), iff there is an assignment
a in A such that o satisfies each formula of T.

(b) T is satisfiable, i.e. sat(T'), iff there exists a structure for L in which it is
satisfiable.

(c) I' is valid in A, i.e. A = T, iff each element of T' is satisfied by every
assignment in A; the structure A in this case represents a model for I.

(d) T is valid (or universally valid), i.e. |= T, iff it is valid in every structure of
£

1i. A formula o of L is a logical consequence of a set of formulae ' in L (or ¢ is

[-valid ), i.e.

FEoe

iff every model of T is also a model of ¢. ¢ is ['-satisfiable iff there is a model of
I' in which ¢ is satisfiable.

Validity and satisfiability are linked in the next lemma.
Lemma B.1.1 ¢ is '-valid iff =¢ is T-unsatisfiable.

PROOF. ¢ is I'-valid iff for every model 2 for I' and every assignment a in 2,
2 = ¢[a], iff for every model 2 and assignment a, % £ —¢[a], iff there is no model for
I' where —¢ is satisfiable iff ~¢ is I'-unsatisfiable. [

B.2 First-Order Theories

First-order theories are sets of formulae that meet certain requirements. Under this
viewpoint, the recognition of theorems becomes a special case of the problem of identi-
fying the elements of a set. When formulae are mapped into the set of natural num-
bers, recursive functions assume a special role in the classification of theories. From an
initially broad definition, a first proper group is then defined based on semi-recursive
sets, which lead to the aziomatisable theories. Further restrictions lead to the decidable
theories. which are based on recursive sets.
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B.2.1 Effectivised Languages

Any countable set of symbols is translatable into the set of natural numbers. In ef-
fectivised languages, it is possible to effectively determine which symbols are function,
predicate or individual constant symbols. The possibility of construction of effective
procedures for the recognition of well-formed expressions is then open in such lan-
guages. An effective mechanism for the recognition of symbols, expressions and finite
sequences of formulae of a language is provided by Gédel functions.

Definition B.2.1 (Gdédel Functions)

Let L = (L, V,C,F,P) be a first-order language.

i. go: Sym, — N is a Godel function for the symbols of £ iff it is bijective, and
9:(V).9:(C).g,(F) and g.(P) are recursive sets.

it. g.: Exp, — N is a Godel function for the expressions of £ (w.r.t. g,) iff, given
an expression ¢ composed of the L-symbols Sy, ..., 5,, in this order,

9:(9) = [ prm(i)+e-C>
i=1
where prm(i) represents the i-th natural prime number®.

1. g..: LstFmls — N is a Godel function for the finite sequences of formulae of £
(w.r.t. gi) iff. for any sequence of formulae ¢,,...,¢,,

Goe((B1, .- -1 8n)) = [ prm(s)'+o-(#)
i=1
where prm(i) represents the i-th natural prime number.
. L = ((,V.C,F.P.g.) is an effectivised first-order language.
The natural numbers g,(s).g.(®) and g..((¢1,....¢,)) can be respectively denoted as

7,767 and "(dy....,0,)7. If T is a set of expressions of L, "I denotes the set of
Godel numbers for each element of T'.

Lemma B.2.1 Both g. and g.. are injective.

PROOF. Let g.(&) = g.(¢'). Applying the definition of g. to the hypothesis, it is
possible to derive that

n n'
HPT“)H;H.HI — Hpr(z')-""")“
i=1 i=1

® It would be actually necessary to include delimiters e.g. parentheses among the logical symbols of
L, otherwise a list of symbols would not necessarily represent a single formula.
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According to the fundamental theorem of arithmetic, every natural number greater
than 1 has a single decomposition into prime numbers (modulo ordering of prime
factors). Since all the exponents in both sides of the equality are non-null, and since
all the prime factors are in increasing order. it follows that n = n’ and, for each
i,1<i<n,

gs(si) = gs(é‘:’}

Since g, is bijective, then s; = &/ and s,,.... B =8 e 8l 18 = @
A similar proof applies to g... |

As a result. given that the images of g. | V. g, | C. g, | F and g, | P are recursive,
and that terms and formulae of a first-order language are recursively defined, it only
takes a finite amount of computation to determine whether a sequence of symbols of
L is a well-formed expression or not.

B.2.2 Axiomatisable Theories

A first-order theory is any set of formulae that is closed with respect to the logical
consequence relation. Some theories can be generated from proper recursive subsets,
whose elements are their azioms.

Definition B.2.2 (Axiom Sets)

Let £ be an effectivised first-order language.

i. A theory T in L is a subset of Fmlz such that ¢ € T iff T |= ¢. Each element of

T is a theorem of T' (or T-theorem ). L is the underlying (or subjacent ) language
of T.

it. An aziom set for T is a subset Ay C T such that ¢ € T iff Ar = o¢.

ii. T is finitely aziomatisable iff T admits a finite set of azioms. T is recursively
aziomatisable iff T admits a set of avioms Ay such that "Ar™ is recursive.

w. The theory Ty of a structure U for L is the set of all the formulae ¢ of L that
are valid in 2.

v. TOE is the set of all universally valid formulae of L (also called the (first-order)
predicate calculus for £).

Definition B.2.3 (Properties of First-order theories)

Let T be a theory in L.
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i. T is consistent ¢ff it is not the case that both T and -1 belong to T, for any
T € Stng.

. T is maximal consistent if, whenever T |& 7, then T U {7} is inconsistent.

ii. T 1s (negation) complete if, given any sentence v € Stn,, eithert € T or -7 € T.

Lemma B.2.2 If T is a consistent theory in L, then there is no formula ¢ in Fml,
such that both ¢ and —¢ are elements of T'.

PROOF. If ¢ € Stng, the lemma is obviously true. Let then ¢ be an open such that
both it and its negation belong to 7. Then [¢] must also belong to T', and so

[(ell €T, (%)

since = (v)w D (Jv). Also, as o is a T-theorem, the same applies to its universal
closure, [—¢]. Hence

Pl eT  (+)

From (#) and (#x*), it follows that 7' is inconsistent, in contradiction with the hypo-
thesis. ]

Example B.2.1 PA, (basic Peano arithmetic) and PrA, (basic Presburger arith-
metic), respectively formulated in Lpy, and Lp,4,, are two ezamples of aziomatisable
theories. An aziom set for PAg is listed below.

(PAy) 0 # s(z)

(PA;) ST = P = g

(PA}) z+40==z

(PAy) =+ s(y)=s(z+y)

(PA}) ax0=0

(PAE) rXx sy =zx+zxy

(PAg)  (2[0] A (2)(8[z] D ¢[s(x)])) D (z)dlz]

This set of azioms is not finite due to the presence of ariom-scheme PAj.
{PA}. ..., PA}} U{PA}} represents an axiom set for PrA,. Both PA, and PrA, are

consistent’. 0

Whereas languages can be expanded by means of the introduction of new non-logical
symbols, theories can be extended through the insertion of new formulae, taken either
from the original or an expanded language. An extension of a theory is conservative
iff none of its new elements belongs to the original underlying language. Definitional
extensions concern those cases where new symbols are introduced for notational con-
venience: thev can be always expressed in terms of the original symbols.

? t # u stands for =({ = u).
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Definition B.2.4 (Conservative and Definitional Extensions)

i. Let L' be an expansion of L, and let T' and T respectively be theories in L' and

y i

(a) T' is an extension of T' (and T is a subtheory of T') iff T C T".

(b) T" is a conservative extension of T' iff T" is an extension of T and
T"nFml, =T

i1. £et L' = (C',F',P') be an ezpansion of L = (C,F,P), such that C = C' - C,
F=F —F and P = P' — P are non-empty sets, and let T and T' be theories
respectively in L and L'.

(a) A possible definition for an individual constant symbol ¢; of C over T is any
formula ¢. {v} of L that satisfies the following properties of existence and
UNIGUENESS

(Fv)o. {v}
(0)(v)(8s,{v} A 6., {* [0} D v =)
(b) A possible definition for a function symbol f;; of arity j over T, where
fij € F. is any formula ¢y, {v1,...,v;41} of L that satisfies the following
properties of existence and uniqueness

(v1) -+ - () (Fvj41)85, ;{015 - -, V4 }

(01) (Vi 42)(Ds, {015+ V1) A Bp {01,505, 2 0500} D V41 = Vjg2)

(c) A possible definition for a predicate symbol p; ; of arity j over T, where
fij € P. is any formula ¢,, {vi,...,v;} of L.

(d) T' is a definitional extension of T' if and only if, for every symbol S; in
CU F UP. there is a possible definition ¢s, over T such that

T' = Stng 04| TU{Ss s r...} ¥}

where ¢, is one of the sentences

(vV)(@e, = (ei=P))
(T.‘] ) P {'vj_,,, )((Df” = (f,',_,'( Vigeons Uy )='L‘J'+1))
(01) (05 ) @p,, = Prg(vry-0595))
depending on whether Sy = ¢;, or Sp = fi;. or Sp = pi;.
Extensions of theories have an important role in the study of decidable theories. Partic-

ularly relevant are the properties concerning (a) negation complete theories and their
extensions, and (b) definitional and conservative extensions.
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Lemma B.2.3 Let L' be an expansion of L. and let T and T’ respectively be theories
in L and L'.

i. T is an extension of TE.
ir. The restriction of T' to L (i.e. T' N Fml;) is a theory.

wi. If Ar is an aziom set for both T and T', then T' is a conservative extension of

48

w. If T is negation complete and T' is a consistent extension of T, then T’ is a
conservative extension of T.

v. If T' is a definitional extension of T, it is also a conservative extension of T.

PROOF.

i. If T is a theory in L, then ¢ € T iff T |= ¢, for all ¢ € Fmli.. Since all universally
valid formulae are valid in the models of T', it follows that T,F C T.

ii. Let @ € Fmil.. If (T'"0NFml;) = ¢, then T' |= ¢. Since T” is a theory, then ¢ € T”,
hence 0 € T' N Fml,.

iili. (a) If & € T, then ¢ € Fml; and Ay = @. Since L' is an expansion of L,
@ € Fml; as well, hence o € T' N Fml,.

(b)If o € Frnl: NT', i.e. ® € Fml, is a theorem of T, then Ay = ¢. As T is a
theory in £ for which Az is an axiom set, it follows that ¢ € T'.

From (a) and (b), Fmi: nNT' =T.

iv. Assume 7' N Fml; # T; then there is a formula ¢ € Fml; such that ¢ € T’ but
¢ € T. Given that T |= ¢ iff T |= [¢] and that T is negation complete, then
=[¢] € T. Since T' C T', =[d] € T' as well. Therefore [¢] and —[¢] are theorems
of T’. which must then be inconsistent.

v. See [Monk 76]. p. 210. !

The relationship between PAy, PrA, and SMA, can be expressed in terms of the new
concepts.

Example B.2.2
i. PAgy is an extension of PrA,, since

(a) Lpa, = {0,s.4.x} is an expansion of Lp, 4, = {0,s +}, and
(b) PrA, admits an aziom set which is a subset of the aziom set for PA,.
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ii. A simple definitional extension PA; of basiec Peano arithmetic can be generated
in Lpy ={0,1,s+, X}, with the introduction of a new aziom,

(PA®) 1=5(0)

The formula s(0)=v in Lp4, is a possible definition of 1 in PAy; moreover,

PAy = Stng,, N{¥ | PA, U {(v)((s(0)=v) = (1=2))} E ¢}
i2. Basic strictly multiplicative arithmetic (SMA,) can be defined as

SMA, = PA:} N leﬂs.w.q

where Lsyra = {0, 1, x}, and PA] is the definitional extension of PA, described
above. PAj therefore is a conservative extension of SMA,. 0

B.2.3 Decidable Theories

Decision problems are present in various domains, including algebraic theories (e.g.
word problems) and mathematical logic. Many of them can be abstractly represented
as the problem of effectively identifving subsets of a particular universe, as well as their
complements. Whenever the universe can be mapped into the set of natural numbers
by means of a Gdédel function, recursive functions provide the means for the effective
recognition of decidable subsets!®.

Definition B.2.5 (Decision Procedures)

Let A be a subset of a countable universe set U, and let g, be a Gédel function for U
(i.e. an effective bijective mapping from U into N).

1. A decision procedure for A w.r.t. U is a total recursive function f such that,
whenever u € U,

1 fu
f(Tu™) = ks
0 otherwise
1. A semi-decision procedure for A w.r.t. U is a partial recursive function f such
that. whenever v € U.

f(ru“)={ 1 s

0 or undefined otherwise

19 See [Shoenfield 67], p. 106-7. The term decidable has a different meaning when applied to formulae:
a formula is decidable in a {consistent) theory T iff either it or its negation (but not both) belongs
to T. The existence of undecidable formulae in a theory does not prevent this theory from being
decidable.
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iti. A is (recursively) decidable in U iff there exists a decision procedure for A w.r.t.
U. A s (recursively) semi-decidable in U iff there exists a semi-decision procedure
for A w.r.t. Y.

Clearly, A is (recursively) decidable if and only if A" is recursive; otherwise it is
(recursively) undecidable (or unsolvable). If A is undecidable, it is (recursively) semi-
decidable if and only if " A7 is semi-recursive (or recursively enumerable)!'!.

According to definition B.2.5. any pair (i{,.A), where U is a countable universe and
A C U, determines a decision problem. In the context of a first-order language £, the
first option for a universe is the set Sgn, of finite sequences of symbols of £. Given
a Godel function for sequences of L-symbols g: Sgn, — N. a decision procedure for a
subset A C Sgn, is a recursive function f: "Sgn,." — N such that

: if s

0 otherwise

Even when A is a subset of well-formed formulae, the universe cannot be restricted to
Fml, if L is not effectivised. since in this case Fml; is not a decidable subset of Sqn,.
and there is no effective way of establishing whether a finite sequence of symbols is a
formula or not. When L is effectivised. on the other hand, a decision procedure for A
can be built as follows:

(i) given a finite sequence of symbols s € Sgn,. it is first supplied to a recogniser for
wif of £: if it is not a wff, it cannot belong to A either, and the process halts;
(i) if s is a wff, it is supplied to the decision procedure for A.

As a result, in the context of effectivised languages, it suffices to exhibit a recursive
function f whose restriction to " Fl. " satisfies the condition

1 ifee A
0 otherwise

f(r®1)={

for every ¢ € Fml,.

Once the universe and a corresponding Godel function are defined, a subset of formulae
A may be delimited by a property expressed in a (meta)language. In particular, there is
a class of logical decision problems where the definition of A involves either the notion of
validity or the notion of satisfiability. Given a set of L-structures A = {2;,.... %, ...},
the decision problem for validity in A concerns the existence of an effective mechanism
for the identification of the formulae of £ that are valid in all the structures in A; when
A contains every structure of L, it corresponds to the decision problem for validity in
L. A in this case can be defined as

pe A iff (VA (Ae€ADUAE )

The decision problem for satisfiability in A involves finding an effective mechanism to
determine whether a formula of £ is satisfiable in at least one structure in A. A then
corresponds to

1 See section B.1.1.
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oe A iff (FU)™A € A& saty(9))

Both problems are closely linked. It is actually possible to restrict the study of logical
decision problems to the case of validity!?.

Lemma B.2.4 Let A = {%,,....U;,...} be a set of L-structures. The decision prob-

lem for validity in A has a positive solution iff there is a solution for the decision
problem for satisfiability in A.

PROOF. If the decision problem for validity in A has a positive solution, there exists
a recursive function f such that, for all ¢ € Fml.,

)1 if2A o, forall U € A
el = { 0 otherwise

Since the validity of ¢ implies the unsatisfiability of ~¢ (and vice versa), it follows that

F(ro) = 1 if -saty (-¢), forall U; € A
0 if  saty (—¢), for some®; € A

If h is defined as h("¢7) = 1 — f("—¢7). h then is a decision procedure for satisfiability
in A.

A similar proof can be provided for the case where there is a positive solution to
the decision problem for satisfiability in A. 1

When a decision problem for validity involves the set of models for a theory T, since
the set of formulae that are valid in all its models coincides with T itself, this is also
called the decision problem for T (w.r.t. Fml;). Hence T is (recursively) decidable if
and only if there is a total recursive function f such that, for every formula ¢ of L,

P
f(‘b)_{o if g T

where f represents a decision procedure for T (w.r.t. Fml:). Alternatively, T is (re-
cursively) semi-decidable if and only if there is a partial recursive function h such that,
for every formula ¢ of L,

1 ifoeT
P 5 i g
er) = { 0 or undefined ifogT

12 Asit is discussed in appendix C, this property may not hold for decision problems where the universe
is a proper subclass of Fmlz. Also, the symbol & denotes metatheoretical conjunction.
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where h corresponds to a semi-decision procedure for T w.r.t. Fml:. Any decision pro-
cedure is also a semi-decision procedure for 7" w.r.t. Fml:. Both cases are summarised
in the next definition®?.

Definition B.2.6 (Recursive Decidability)

Let T be a theory in an effectivised language £

t. T is (recursively) decidable (in Fmlz) iff "T" is a recursive set.

. T s (recursively) semi-decidable (in Fmiz) iff "T7 is a recursively enumerable
set.

Presburger arithmetic (PrA) and Peano arithmetic (PA), defined in section B.3.2,
are respectively examples of a decidable and a semi-decidable theory. Given that all
the languages to be considered in this study are both first-order and effectivised, the
adjectives will be normally omitted.

B.3 Decidability Proofs

There are two approaches for the solution of the decision problem for theories. Given
that the existence of decision procedures is at stake, the direct or constructive approach
consists of exhibiting one for each decidable theory, or else presenting a method for its
construction. The indirect approach, on the other hand, searches for metatheoretical
properties of a theory which ensure its decidability. An indirect proof may under certain

circumstances lead to the identification of a generic but usually inefficient procedure!*.

B.3.1 Indirect Approach

Decidability is linked with metatheoretical properties such as negation completeness
and recursive axiomatisability. Semidecision procedures, on the other hand, can be
always built for recursively axiomatisable theories.

Theorem B.3.1 [Monk 76] If T is a recursively aziomatisable theory in L, then "T"
1s recursively enumerable.

13 Decidable theories do not necessarily have to be defined in effectivised languages. In a non-
effectivisable language. since the definition of a Godel function g cannot be effectively restricted
to the set of well-formed formulae of £, a decision procedure for a theory T' must have Sqn, as
universe. In this case, when a sequence is not identified as a theorem, it is not always possible to
determine whether it is a non-theorem (i.e. a well-formed formula of £ that does not belong to T')
or a non-expression (i.e. a sequence of symbols of £ that does not represent a well-formed formula).

' This section has been mainly based on [Shoenfield 67], [Monk 76], [Chang & Keisler 73],
[Kreisel & Krivine 67a] and [Enderton 72]. Indirect proofs of decidability could be also called clas-
stcal, in the sense that a classical proof for an existential statement may simply establish the im-
possibility of nonexistence of a particular object.
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PROOF. Let f be a recursive function that enumerates the axioms of T', and let g be
a recursive function that enumerates Fml:. A procedure P(n) that generates all the
elements of 7" can be informally defined as follows.

i. P(0) = {f(0)} (i.e. the first element of T is its first axiom, according to the
enumeration provided by f).

ii. For each n € N,n > 0, let § be the set of all sequences of maximum length n,
made up of formulae of £ taken from the set {g(0)....,¢g(n)},and let {s;,...,s,,}
be the sequences of § that correspond to proofs in T in which the premisses are
only formulae already generated by f or P. Then P(n) is defined as the set of
all the last elements of the sequences s;,...,s,, (i.e. the theorems whose proofs
have length less than or equal to n, and did not occur at a previous stage of the
process).

From P it is possible to define a recursive function A that enumerates 7. 1

Theorem B.3.2 Let T be a theory in L. If T is negation complete, then T is decidable
if and only if T is recursively axiomatisable.

PROOF. If T is negation complete and decidable, "7 is recursive. Since any theory
represents an axiom set for itself, it follows that T is recursively axiomatisable.

If T" is negation complete and recursively axiomatisable, there are two cases to be taken
into account.

i. T is inconsistent. Then it is trivially decidable (since, in this case, T = Fml;).

ii. T is consistent. Let then ¢ € Fml: and 7 = [¢]. Since T is negation complete,
either 7 € T or =7 € T. Since T is recursively axiomatisable, "7 is recursively
enumerable: there is a recursive function fr such that fr(n) € {"77,"=77}, for
some n € N. Hence the function g7, defined as

(Fr7) = 1 if (In € N)(fr(n)="77)
gr ~ 1 0 if(3n € N)(fr(n) ="-77)

is recursive, for (In € N)(fr(n) = "7V fr(n) = "=77) is decidable. ]

There are various results relating the decidability of a theory to the decidability of
its extensions. Certain theories that admit finite models have consistent decidable
extensions, as for instance in the case of the theory of groups and its extension DAG.
Some processes of extension, on the other hand, preserve the decidability of the original

theory.
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Theorem B.3.3 Let T be a theory in L and T' be a theory in L', where L' is an
expansion of L. If T' is a decidable conservative extension of T, then T is decidable.

PROOF. Let f7: be a decision procedure for 7' w.r.t. Fml., and let g be the recursive
function

o [ 1 if g€ Fmil
9C¢ ]~{ 0 otherwise

The recursive function hr("¢7) = g("¢") X fr:("¢") can be also represented as

hp(T67) = { [l] ifoe Fml,.nNT

otherwise

Since T" is a conservative extension of 7', Fml; NT" = T, hence hy is a decision pro-
cedure for 7" w.r.t. F'ml.:: a decision procedure for 7" w.r.t. Fml; can be immediately
generated from hr. (]

Before examining other results about extensions of theories, a few preliminary lemmas
are required.

Lemma B.3.1 Let (i) T be a theory in L. (ii) L' be an expansion of L, and (iii) U be
a L-structure that is a model for T. Then any L'-ezpansion of 2 is also a model for
T

PROOF. Let 1" be a L'-expansion of %A. If ¢ € T, then A = ¢, i.e. for every
assignment « in 2,

A = ola]

From the definition of an expansion of a structure, it follows that

A = dla]

since || = |2| and S = 52, for every S € Sym,. Hence, for any ¢ € T, 2’ |= ¢, i.e.
AT '

Lemma B.3.2 Let L' = (C'.F,P,qg.) be an effective expansion of a language L =
(C,F,P.,g.) such that C C C' (i.e. L' is generated from L by the introduction of new
individual constants only). Let T and T' respectively be theories in L and L' such that
T’ is the extension of T defined as {¢ € Fmile | T = ¢}. Let ¢fey, ... cn] € Fmlg,
where {c;,....cp,} CC'—C. Then

T flers. e iff T E O er,. ., ea] (+)

whenever vy, ....v, are variables that do not occur in ijrﬂcl,...,r:ﬂ]].
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PROOF.

T = ¥["/er,...."/ea], any instance of ¥["/e1,...,""/c,] is also T'-valid, hence

T Eablley, «oie5):

If T" |= ¥[ey,....c,], then, from the definition of T, T |= ¥[ey,...,c,]. As a result,
for any L'-structure 2 that is a model for T',

% Yler,..veal (%)

If T = ¥[" fery. ... " [ea], since T C T, it follows that T & ¥["/c1,. .., ""/ca]. Hence
there must be a L-structure B that is a model for 7' in which ¥[" /e, ..., ""/c,] is
invalid, i.e. there is an assignment 8 = {"/v,,...,%/v,} in B, with b;,...,b, € |B],
such that

B £ Y[ /ery ..., " /ean][B)

Let B’ be a L'-expansion of B such that ¢® = b;,1<i<n. Then

‘.B!V—"‘,()[[Cl-.---acn]] (**)

From lemma B.3.1, B’ is a £-model for T. From this result and (*), it follows that
B’ = ¥[ey, ..., ¢,], thus contradicting (##). Hence T' = ¥["/c1y. .., " /en]. ]

Theorem B.3.4 Let T and T' respectively be theories in L and L'.

i. If T is consistent and decidable, then there is a mazimal consistent decidable
extension of T'.

. If T' is an effective definitional extension of T, then T is decidable iff T' is
decidable.

. If L' = (C'.F,P.qg.) is an effective expansion of L = (C,F, P, g.) such thatC C C’
(i.e. L' is generated from L by the introduction of new individual constants only),
and if T" is an extension of T such that

T'={¢ € Fml.. | T | ¢}
then T is decidable iff T' is decidable'®.

PROOF.

i. See [Monk 76].

'* This lemma has been proposed as a problem in [Monk 76], p. 277.
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ii. See [Monk 76].

iii. Since T is an axiom set for 7", according to lemma B.2.3, 7" is a conservative
extension of T, i.e. 7" N Fml, = T.

If T is decidable, let > be a formula of £'.

(a) If v € Fmlz, since T is a conservative extension of 7', it follows that
veT iff veT' (x)

(b) If » & Fml:, then % must have the form ¢[e;,...,c,], where
{Cisntny © C—€. [From lemma. B.3:2, ¢ = e, -..sca] iff
T E ¥[*/e1y...,""/en], where vy,...,v, are variables that do not occur
in ¥fey,...,e,]. Since ¥["/cr,...,""/en] € Fml:, and again considering

that 7" is a conservative extension of T, it follows that
veT iff T,I)‘II”‘{CI e ..““;’cn]] €T (*x)

(*) and (%) guarantee that a decision procedure for 7' can be derived from any
decision procedure for 7.

If T' is decidable, then. since it is a conservative extension of T, it follows from
theorem B.3.3 that T is decidable as well. 1

The last two results will be further examined in chapter 2, as part of the study of
theories extended by the introduction of defined and undefined non-logical symbols.

In spite of the generality of the decision procedure described in theorems B.3.2 and B.3.1
— it can be applied to all negation complete decidable theories, provided that a re-
cursive function that enumerates their axioms is given — it is too inefficient for any
conceivable application to mechanical theorem proving. Specialised procedures, there-
fore, have to be sought for each individual theory.

B.3.2 Elimination of Quantifiers

Two of the standard methods for proving the decidability of a theory involve reducing
the set of formulae of the subjacent language into a particular subclass for which
the theory is known to be decidable. Quantifier elimination. as the name suggests,
transforms sentences into quantifier-free formulae. It admits two alternative definitions.

the first of which is more directly related to the intuitive meaning of the expression’®.

Definition B.3.1 (Quantifier Elimination — First Version)

Let T be a theory in L.

' For sentences, the elimination of quantifiers amounts to the complete removal of variables as well. For
this reason, some authors adopt the name variable elimination instead; see for instance [Shostak 79],

p. 352.
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i. T admits elimination of quantifiers in L for a formula ¢(v,,....v,) € Fml. if
and only if there is a quantifier-free formula ¥(v,,....v,) in L such that

T B d(viyeeayvn) = ¥(v1y...,0,)

it. T admits elimination of quantifiers in L if and only if it admits elimination of
quantifiers for every formula of L.

The relevance of this property to the study of decidability stems from the following
theorem.

Theorem B.3.5 Let T be a consistent and recursively aziomatisable theory in L such
that

t. T admits elimination of quantifiers (first version) in L,
i. L contains at least one individual constant ¢, and
wi. T is negation complete w.r.t. the class ¥ of variable-free formulae of L
(i.e. for any ¢ € X, either 9 € T or ~¢ € T).

Then T is decidable and negation-complete.

PROOF. As T admits elimination of quantifiers in £, for every sentence 7 € Stn,,
there is a quantifier-free sentence 7’ in the same language such that (r = 7') € T.
Since T is recursively axiomatisable, all of its elements can be effectively enumerated
by a recursive function f. Hence there is a n € N such that f(n) = "7 = 77, for
some 7' € Fml;. Once 7' is identified, since it is variable-free, either it or its negation
belongs to 7"; f can then be used to enumerate the elements of T until one of these
sentences is derived. ]

A direct proof that a theory T admits elimination of quantifiers in £, by the ex-
hibition of a mechanism that generates a quantifier-free formula for each element of
Fml. . yields a decision procedure for T, whenever there is a decision procedure for T
w.r.t. the class of quantifier-free formulae!”.

In the second version of quantifier elimination, the number of occurrences of quantifiers
is reduced rather than altogether eliminated. and the final formula is expressed in terms
of a Boolean combination of basic formulae. The definition of basic formula is relative
to each theory. When they constitute a decidable class'®, the decidability of the theory
in the full language follows.

Definition B.3.2 (Quantifier Elimination — Second version)

Let T be a theory in L. T admits elimination of quantifiers in L if and only if there is

17 Some cases of indirect proofs for quantifier elimination are examined in [Shoenfield 67], p. 85-6.

'® Decidable subclasses of formulae are further discussed in appendix C.
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a recursive class A C Fml;, formed by basic formulae of T in L. such that, for every
formula ¢{v,..... vy} in L. there is a Boolean combination v{v,....,v,} of basic for-
mulae such that

T | of{viy....v.} = 0{vr, ... 00}

All theories that admit quantifier elimination in the first sense also admit it in the
second sense: it suffices to take the class of atomic formulae as basic set. The converse,
however, is not always true. For instance, the theory of equality (with one constant
symbol, 0) is consistent, negation incomplete and decidable, and is negation complete
w.r.t. the class of variable-free formulae (i.e. all the Boolean combinations of {0 = 0}).
Hence, according to theorem B.3.5. it does not admit quantifier elimination, first ver-
sion, even though it is possible to show that it admits this property in the second

version'?.

Proofs of quantifier elimination can be simplified in view of the fact that it suffices to
consider the elimination of existential quantifiers from formulae in disjunctive normal
form.

Theorem B.3.6 Let T be a theory in L.

t. T admits elimination of quantifiers (first sense) in L iff it admits quantifier
elimination for each formula of the form

(Fv)hA---AL)

where l; is either an atomic formula or the negation of an atomic formula.

1. T admits elimination of quantifiers (second sense) in L iff it admits quantifier
elimination for each formula of the form (3v)¢, where ¢ is a Boolean combination
of basic formulae for T.

To illustrate how this property may lead to the construction of specialised decision
procedures, the cases of the theories of the structures 9z and 9, are next examined.

Theorem B.3.7 The theory Ty, of the structure Mp = (N, 0,8+, <,=2,....=n,...)
admits elimination of quantifiers (first version) in Lr,, _.

PROOF?’.  Let L, , be the expansion of Lp, 4, generated by the introduction of the
binary predicate symbols < and, for each i € N, =;. The new relations can be defined
in the original language as

19 See [Monk 76], p. 240-2.
20 Based on [Enderton 72], p. 188-92.
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v <vy = (Jus)(vs #OA v+ vg = w,)
V (Fuy)(Fua)(y =i XUy + jAVs =i X up + 3)

0<j<i

<
A
i
{3
]
1

for each i € N,i > 2. The elimination of existential quantifiers takes place in two stages,
one for putting formulae into canonical form, and the second one for the removal of
the innermost existential quantifier from canonical formulae. Given a formula ¢,

(Fv)lhA--AL) (%)

the reduction to canonical form requires four steps.

i. Elimination of negation, by the application of the equivalences

S(t=t) = (h<ty))V(ta<ty)
“(ti<t) = (h=t)V(ts<ty)
Al =it) = \/ (th =i b2+ )

0<jgi
ii. Reduction of the resulting formula to a disjunction of formulae of the form

(Fo)lLA---AL) (#%)

where !’ is an atomic expression of one of the forms

t(v) o u[f] .
tv) o w[p]-us(y]
Cuff] < t(v)
u[fl-uwlf] < o)

and > € {=,<,=,,...} and ¢(v) is either v or kv. The expression v = u—t is an
abbreviation for v + 1 = w.

iii. Uniformisation of coefficients of v, which requires

(a) finding the least common multiplier k of all coefficients k; of v in (*x),

(b) for each atom where v occurs, defining the multiplier k! = k/k;, where k! € N,
and

(c) with the help of the following equivalences

t| = f-:g = k’tl = k’tg
1<ty = k’tl < k’tg
th =ty = Kty =, Kty

replacing (##+) with a new formula (3v)@” where all the coefficients of v are
equal to k.
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iv.

Bound variable renaming. which requires

(a) identifying a variable v" that does not occur in (3v)@”. and
(b) replacing occurrences of subexpressions kv with the new variable, which can
be justified by the equivalence

(Fo)plkv] = (') (Y[ ko] A v’ = 0)

In the end, (*) has been reduced to a disjunction of formulae of the form

()1 A Aay)

where «; is an atom of one of the forms

v <ty
Y] < o

v o= 1]

v =m ]

Once it is reorganised to

5 7 B )
(3v') /\-v’:tt-/\/\uj<-v’/\/r\’”’<wk/\/\/\’”;Emz’ (1)
i=1 i=1 ¥l g

I=1m=

the elimination of the existential quantifier has to take three cases into account.

i.

ii.

p > 0 (presence of equations). If v’ = t; is one of such equations, the elimination
of the quantifier is achieved by the application of the substitution o = {*/+'} to
the matrix of (1). An additional condition, 0 < t,, has to be introduced in those
cases where t; has the form t; ; —t; . The resulting formula is

ooy A~ ANoa, A0 < {;

p = 0 and s = 0 (absence of equalities and equivalences). Since no equality or
equivalence of anv module occurs in (1), the problem is reduced to the search for
a natural number which satisfies the lower and upper bounds established by the
inequalities. The formula can then be replaced by the equivalent quantifier-free
formula

t" ™
/\ /r\s(u_,-]<wk/\ /\0(1{4
j=1k=1

k=1

which is obtained by exhaustive elimination of v" from all pairs of inequalities
(u < v'.v < w). based on the PA-equivalence

(Bo)(u[f) <vAv<t[f]) = s(u)<t
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iii. p=0and s > 0 (absence of equalities and presence of equivalences modulo m).
Let M be the least common multiplier of all moduli of equivalence symbols that
occur in (f). Intuitively, if there is a solution for v" in N for a conjunction of such
equivalences, it can be found by the inspection of any consecutive list of natural
numbers with M elements. In the event ¢ > 0 and » > 0, it is also necessary
to take into account the lower and upper bounds set by the inequalities. The
elimination of the existential quantifier is accomplished with the introduction of
the quantifier-free formula

1 9
v /\ u; < s {uJ /\ (ujr) < wi A /\ /\ (u;0) =m 2

=] ji=1 Nj=1 k=1 I=1 m=1

Lemma B.3.3 Ty, and Ty, where My = (N,0,1,s +), are decidable.

PROOF.  Since Ty, admits quantifier elimination, any sentence 7 of L%,, can be
converted into a quantifier-free sentence, which can be represented as a Boolean com-
bination of atoms of the form

s*(0) = s7(0)
s(0) < s7(0)
s(0) =, s'(0)

where p,q,m € N. Since each of these atoms is decidable, 7T is reducible to a propos-
ition. As a result, T, is decidable. Also. since it is a conservative extension of the
theory of the structure (N, 0.s, +), according to theorem B.3.3, the theory of (N, 0,s, +)
is decidable. As Ty, is a definitional extension of the theory of (N,0,s,+), according
to theorem B.3.4, Ty, is decidable as well. 5

The theory Ty,, of the structure My, = (N,0,1, x), on the other hand, admits elim-
ination of quantifiers (first version) in Lgar4. Since Ty, is negation complete w.r.t.
the class of quantifier-free sentences of the underlying language, Ty,, is decidable?!. A
new arithmetical theory can then be built as an extension of PA,, Ty, and Ty,,.

Lemma B.3.4 Let Peano arithmetic (PA) be the theory in Lpy = {0,1, 8,4+, X } which
admits the following aziom set
Apy = AP,-!... U ATW:A U AT‘?:M

Then, provided that PA, is consistent., PA 1s consistent, recursively ariomatisable and
incomplete.

2! See [Mostowski 52], p. 20-3. The original proof of the decidability of this theory, based on an
application of the fundamental theorem of arithmetic, can be found in [Skolem 70].
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PROOF.

Consistency. Each axiom in Ap, is valid in M = (N, 0, 1,s, 4, x), since

(a) My and Ny are restrictions of M. and every formula that is
valid in a structure is valid in any expansion of this structure as well, and

(b) the axioms of PA, are valid in 91, an assumption that amounts to the consistency
of PA,.

Hence M is a model of PA, and therefore PA is consistent??.

Aziomatisability. PA, is recursively axiomatisable, and any decidable theory is recurs-
ively axiomatisable (for any theory is an axiom set for itself, and decidable theories
are recursive sets of formulae). Since the union of recursive sets is recursive, Ap, is
recursive as well.

Incompleteness. Since PA is a recursively axiomatisable and consistent extension of
PAg, Godel’s first incompleteness theorem is applicable. 1

Ty, and Ty,, will be respectively denoted as PrA (Presburger arithmetic) and SMA

(strictly multiplicative arithmetic).

B.3.3 Model Completeness

Model completeness is another concept that can be linked to the reduction of formulae
of a language into a particular subclass; in this case, the class of universal formulae.
Its definition is based on the notion of elementary extension of a structure.

Definition B.3.3 (Model Completeness)

Let A and B be structures of a language L, and let T be a theory in L.

i. B is an elementary extension of 2 iff

(a) |2 € [B].

(b) For every formula ¢ € L, if a is an assignment in 2, then

Ul dla] iff B E dla)

1. T is model complete iff, for any two models A, B of T, if A is a substructure of
B, then B is an elementary extension of A.

Real-closed fields. Abelian groups and Boolean algebras are examples of model-complete
theories. Amongst the consequences of the above definition is a theorem that provides
an alternative definition for model completeness.

22 An informal proof for the fact that formulae that are valid in a structure are also valid in the
expansions of this structure can be found in [Shoenfield 67], p. 43-4. The remark that 9 is a model
for PAg is usually justified on set theoretical grounds; see for instance [Mendelson 87], p. 121.
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Lemma B.3.5 IfB is an elementary extension of AU, then, for every sentence 7 in L.

A=7 iff BET

(i.e. A and B are elementary equivalent).

Theorem B.3.8 For any consistent theory T in L, T is model complete iff for any
formula ¢ in L there ezists a universal formula 1 in the same language such that both
contain the same set of free variables and T = ¢ = 1.

Theorem B.3.8 assigns a role for model completeness in the recognition of decidable
theories: any model complete theory in a language £ which is decidable in the class of
universal formulae is also decidable in Fml:. As in the case of quantifier elimination,
a decision procedure for the corresponding theory can be built whenever a decision
procedure for the theory w.r.t. the class of universal sentences is known.

B.4 Conclusions

Total recursive functions provide a mathematical model for the informal notion of
effective computability. Decision problems are abstractly characterised by means of a
pair of sets (U.A), such that I is countable and A C . The decision problem for
a first-order theory T in L is defined as (Fml:,T). Once first-order languages and
theories are formalised and the mechanism of Godel numbering is introduced, decision
procedures for first-order theories can be represented by means of recursive functions.
Indirect proofs of decidability are based on the inspection of metatheoretical properties
of a theory, whereas direct proofs, such as those derived from (constructive proofs of)
quantifier elimination and model completeness, lead to the construction of specific
decision procedures.
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Appendix C

Decidable Subclasses for
Undecidable Theories

Due to the existence of undecidable theories, mechanical theorem proving cannot be
limited to the study of decision procedures and their computational complexity. Non-
etheless, the existence of decidable subclasses of formulae for any first-order theory
provides a role for decision procedures even in undecidable domains. Decidable theor-
ies, particularly those that admit only highly complex procedures, also benefit from the
study of decidable subclasses. since restricted but less complex procedures are relevant
from the point of view of efficiency!.

Decidable subclasses, as well as some of the mechanisms for their exhibition, are in-
vestigated in this appendix. Section C.l discusses two possible roles for decision pro-
cedures in undecidable theories and introduces the notion of essential undecidability.
Section C.2 defines the concept of decidable subclass and describes some general res-
ults concerning their presence in undecidable domains. Some of the classes that are
universally present in first-order theories are described in section C.3. Section C.4 ex-
amines three special cases of context-free generated decidable subclasses, represented
by variable-free atoms, prefix classes and sublanguages. Other special classes, involving
the intersection and extension of theories, are surveyed in section C.5.

C.1 Esse‘ntially Undecidable Theories

There are two possible levels at which a decision procedure can operate with respect
to an undecidable theory T in L: at a decidable extension of T, if there is one, or
at a decidable subclass of £. The first option has advantages over the second one:
even though the process of extension inevitably introduces as new theorems formulae
that do not belong to T, there is a guarantee that all the original theorems can be
effectively recognised in the extended theory. Moreover, whenever 7" has an intended
model 2, which is usually more relevant than any particular axiomatic representation

! There is an application of this nature, for instance, in Ngthm, the Boyer and Moore theorem prover,
which is examined in chapter 3.
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that partially captures it, extending T" does not cause any loss of relevant information,
provided that % remains a model for the decidable extension.

For this reason, before searching for decidable subclasses of formulae, it is important
to rule out the existence of decidable extensions for 7. A consistent theory T is
essentially undecidable iff each one of its consistent extensions is undecidable. Essential
undecidability is linked to the inseparability of a theory, which in turn is based on the
notion of effective inseparability of subsets of natural numbers.

Definition C.1.1 (Recursive and Effective Inseparability)

t. Let Ay and Ay be subsets of N, and let

WhsennaWias o
be an enumeration of all recursively enumerable subsets of N.

(a) Ay and A, are recursively separable iff there is a recursive set Ay C N such

that ./'-11 Q .A:-] and /—13 Q N- .Ag.

(b) A, and A, are recursively inseparable iff A; N A, = () and A, and A, are
not recursively separable.

(¢) Ay and A, are effectively inseparable iff A, N A, = 0 and, for every pair
(W,.W,) of recursively enumerable sets such that W, N W, = 0, A, C W,
and Ay, C W,, there is a total recursive function f: N? — N such that
f(p.q) g W, UW,.

u. A theory T in L s inseparable iff "T" and TT7 are effectively inseparable, where
T s the set of all sentences of L of the form =7, such that T € T.

Effective inseparability is stronger than recursive inseparability, in the sense that every
pair of effectively inseparable sets is also recursively inseparable, whereas the converse
is not always true?.

Given an undecidable, consistent and recursively axiomatisable theory 7" in L, the
search for a consistent and decidable extension can be informally described as a process
of gradual expansion of both 7 and 7. "T7 and 77, which are disjoint and recursively
enumerable, have to be enlarged in a way that their three essential properties,

(a) T is a theory.
(b) "T7" and "T7 are recursively enumerable, and
(c) T and T are disjoint

are preserved. In the end. whenever possible, the extensions of "7 and "7 embrace
N. Since both final sets are recursivelv enumerable. and one is the complement of
the other w.r.t. N, the extended theory obtained is decidable. When T is inseparable,
however, the process cannot be carried out, since, according to the definition of effective
inseparability, no disjoint pair of recursively enumerable sets containing respectively
"T7 and "T7 covers N, as it is indicated in figure C.1.

? See [Monk 76], p. 100,
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Figure C.1: Inseparable Theory
Theorem C.1.1 Any inseparable theory is essentially undecidable.

PROOF. Since "T7 and "7 are effectively inseparable, T NT = () and, as a result,
T must be consistent. Assume that there is a consistent decidable extension 7" of T'.
Then "77"7 must be recursive. as well its complement, N — "7""., Since T" is consistent
and T C T', then T NT' = (. As a result, there are disjoint recursively enumerable
sets, "T"7 and its complement, such that "77C "T"7" and "T7 C N—"T"7, in conflict
with the inseparability of 7. Hence T has no consistent decidable extension, and is
essentially undecidable. 1

For inseparable theories, therefore. it is meaningless to search for decidable extensions,
and the possible role of decision procedures is limited to subclasses of formulae of L.
Peano arithmetic is just one example of such theories®.

? The inseparability of PA follows from Godel’s first incompleteness theorem, considering that, for
every recursively axiomatisable extension of PA, if it is consistent, it is possible to effectively exhibit
a sentence that is undecidable in the extended theory.
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C.2 Decidable Subclasses of Formulae

From an informal viewpoint, a decidable subclass for a theory T in £ is a set of
formulae ¥ C F'mli, such that there is an effective mechanism for determining whether
an element of ¥ is a theorem of T or not. An important element, however, is missing:
L itself must be effective, i.e. the recognition of its elements must be performed within
a finite amount of time and computation®.

C.2.1 A Taxonomy for Decidable Subclasses

The decidability of a theory T in a class of formulae other than the full (effectivised)
language where it is defined therefore requires

(i) an effective procedure for determining whether an element of Fml: belongs to the
subclass (i.e. the subclass must be decidable in Fmi.), and
(ii) an effective procedure for discerning theorems from non-theorems in this subclass®.

Definition B.2.5, which introduces the notion of decidable subsets, is not adequate for
the current purposes. since it does not take into account both procedures required for
the characterisation of a subclass that is decidable for a theory. A generalised definition
for the decidability of a set avoids these difficulties.

Definition C.2.1 (Decidable Subclass)

Let A, and A, be subsets of a universe U, and let g, be a Gédel function for U.
A, is (recursively) decidable for A, in U (or A, is decidable in A,) iff there exists a
recursive function f4, such that

0 ofudgA A
fa(gu(w) =2 1 ifuec A — A,
2 fue A NA,

where uw € U. f4, then is a decision procedure for A, w.r.t. A,.
In the context of the decision problem for a theory 7', A, corresponds to T, while U is

the set of formulae of the underlying language®. The function fy4, effectively recognises
three disjoint subsets of Fml.:

* Otherwise, given any theory T. since T is a subset of Fmlic, it could be chosen as a ‘decidable
subclass’ for itself. since there is a recursive function for the effective recognition of theorems in
this class, the constant function f("¢7) = 1. which simply indicates that every element of T is a
T-theorem. However, there is no effective way of determining whether an element of Fmls belongs
to this class or not in the case of undecidable theories.

¥ See [Church 56], p. 246.

% To see how this definition generalises definition B.2.5, it suffices to consider that a set A; is decidable
in i (according to definition B.2.5) iffl A, is decidable for I in U (according to definition C.2.1 above).
Both definitions. however, will be used throughout this study.
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(a) the formulae that do not belong to the decidable subclass .A; (in which case
fa,("97) =0),

(b) the formulae of A, that are not T-theorems (f4,("¢") = 1), and

(c) the formulae of A, that are theorems of T (f4,("¢7) = 2).

Example C.2.1 Let TF be the predicate calculus in L.

i

.

211.

The subclass formed by every equality containing syntactically identical terms,
5.8

Ty ={¢ € Fmi | ¢ = (t=t)}
is decidable for Ty in Fml:. since every element of 1 is a theorem in TE.

The subclass

E” = lef.

where L* is the sublanguage of L obtained by the removal of all non-logical sym-
bols, is decidable for TE in Fml,, since the theory of pure equality is decidable.

Since L admits structures of any finite (non-nil) cardinality, the sentences

1 () (v2)(vy = v2)
7y (3v)(Fva)(vs)(vy # v2 A (V3 =11 V V3 = v3))

' i£] n
Tn (301)...(an](vn+1)( /\ Vi #vj N VU,-H_l = ’-'J,')
1<(,j)<n i=1

each of which states that the number of distinct elements in the universe of the
structure is 1,2,...,n,.... are undecidable in Tf. Given that, when a sentence
ts undecidable in a theory, neither it nor its negation belongs to the theory, it
follows that the subclass

Efff = {Tl-e_‘Tl'!TQs_'T?-e- s Tny Ty e s '}

is decidable for Tf in Fml.. 0

These examples illustrate the existence of three distinct types of decidable subclasses.

Typ(—.‘ | E; i T EI
Type I1 E” NI - E”
Type I11 E”; A = @'

T Also, T is a conservative extension of the theory of pure equality; section C.5.1 discusses the role
of subtheories as decidable subclasses.
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Figure C.2: Types of Decidable Subclasses

Each of them is represented by a Venn diagram in figure C.2. Subclasses of type
I are entirely made up of theorems, type III classes contain only non-theorems. In
both cases, there is a trivial decision procedure for the recognition of theorems and
non-theorems: for ¥;,

fe:(TeM) =2xg("¢7) ()

where ¢ is a decision procedure for ¥; w.r.t. Fml;. whereas for £;;s

fei (") =g(To7)  (+%)

where g is a decision procedure for £;;; w.r.t. Fml.. Concerning classes of type II, the
proof of decidability of T in a subset ¥;; may be broken into two parts, concerning

(i) the decidability of £;; in Fml., and
(ii) the decidability of TN X, in Xy,

If g is a decision procedure for £;; w.r.t. Fml;, and h is a decision procedure for T'NX;;
w.r.t. ¥;;. a decision procedure fy,, for T w.r.t. ;s can be defined as

fl‘.”{roj)=g[r¢—‘}+h(ré-') (#*%)

The next lemma guarantees that these three procedures satisfy definition C.2.1.
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Lemma C.2.1 Functions fs,. fs,, and fs,,, defined above are decision procedures for
T w.r.t. E;.E” and E”‘:.

PROOF.

i. Considering that ¢ is a decision procedure for ¥; in Fml;, from (%) it follows

iii.

that fy, can be represented as

0 ifodx,
fe,("¢M)=q 1 ifded=(,-T)
2 fuel; =X, nT

Hence, according to definition C.2.1, fy, is a decision procedure for 7' w.r.t. X;.

. If g 1s a decision procedure for ¥y w.r.t. Fmle and h is a decision procedure for

(T N Zpp) wort. 44, from (*x) it follows that

0 ifog€ X and ¢ & (TNXZy)
1 foeXyand o g (TNEy)

or ¢ € Xy and ¢ € (TN Zyyp)
2 lf@e ”anddﬁe(TﬂE”)

feu (") =

which can be simplified to

0 ifedXyuU(TNZy)=Zy
e, (o) =49 1 foe(Ep-(TNE)UO=(Zy—-T)
2 foelun(TnZy)=(TnXy)

Therefore fy,, is a decision procedure for T w.r.t. £j;.

If g is a decision procedure for ¥;;; in Fml., from (*##) it follows that

0 ifdd Xy
fei(ToM =<1 ifoeZy=(En-T)
2 feed=(Z;NnT)

and therefore fy,,, is a decision procedure for T w.r.t. ;. )

Under certain circumstances, classes of type I and III can be expanded into classes of
type I1 by the operation of closure with respect to negation.

i. If T is consistent, any class of type I can be expanded into one of type Il, since

the negation of a theorem is a non-theorem.

ii. A class ¥;;; of type III can be expanded at least in two cases:

(a) when T is negation complete, in which case the negation of every formula in
¥ must be an element of T, and
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(b) when all the elements of £;;; are T-unsatisfiable, in which case thieir negations
must be T-valid. i.e. elements of the theory®.

Decidable subclasses can be classified along other lines as well, as for instance the
complexity of the mechanisms required for their generation. Grammars provide a
suitable framework for the introduction of three groups of effectively computable sets.

C.2.2 The Chomsky Hierarchy

Recursive functions can operate both as recognisers and generators for the elements
of computable sets, given that the image of any total recursive function is recursively
enumerable. Since recursive functions are only one amongst several mathematical
models for informal computability. set generation can be based on alternative concepts,
one of which corresponds to the notion of grammar.

Grammars operate with a set of symbols or alphabet, which are used in the construction
of finite sequences of symbols or strings. The transformation of a string into a new one
is achieved through the application of rules. Distinct types of grammars are delimited
once restrictions are imposed upon the form of their rules®.

Definition C.2.2 (Grammars)

i. A grammar is a quadruple G = (V, X, R, S) such that V 1is the set of variables,
Y is the alphabet, S € V' is the start variable, and R is a finite set of rules. ¥~
and (X U V)" respectively denote the set of all finite strings (including the empty
string) made up of elements of ¥ and S UV. A rule is any pair of strings of the
form (s,vsy, s3), where $;,5,,83 € (SUV)", andv € V.

it. A string s € X° is generated by G iff there is a finite sequence of strings of
(22 LLV)",

S1y---25n,

such that s, is the start variable S, s, is the generated string s, and for, each
string s; in the sequence, 1 <1< n, there is a rule (s',s") in R such that &' is a
substring of s;. and s;,, is obtained from s; by the replacement of an occurrence
of s with s".

ii. Let G = (V.E.R.S) be a grammar.

(a) G is context-sensitive iff. for every rule (s,s") € R. the length of s is less
than or equal to the length of s', where the length of a string is the number
of symbols that occur in it.

" If, on the other hand, T is negation incomplete, there is a formula that is undecidable in T (i.e.
neither it nor its negation is a T-theorem): as a result, it is not possible to guarantee that the
negation of a formula of ;75 occurs in 7. Also, if £;;; contains a formula that is T-satisfiable, its
negation, which is T-invalid, does not occur in T either.

? See [Lewis & Papadimitriou 81], p. 224-7, [Manna 74], p. 41-3 and [Hopcroft & Ullman 79], p. 79-
82,217.
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(b) G is context-free iff, for every rule (s.s') € R, s€ V (and s € (ZUV)*).

(¢) G is regular iff. for every rule (s.s') € R, s € V, and either s € £ or &
has the form s|s,, where s} € L* and s, € V.

The subset of strings of ¥* generated by a grammar G is the class of strings (or
expressions) generated by G. When the universe of all classes generated by each type
of grammar is taken into account, the Chomsky hierarchy is established.

regular generated classes

|

context-free generated classes

|

context-sensitive generated classes

l

effectively computable classes

Each group is properly contained in its successor; all classes generated by any of these
three types of grammars are therefore effectively computable. An important property
of the hierarchy is that the typical procedure that computes a class in one group is less
complex than the typical procedure for computing a class in any of its successors'’.
Context-free grammars have a particular interest in the study of decision problems,
since they can generate most of the targeted subclasses of formulae.

Example C.2.2 Let G = (V,X. R, S) be a grammar such that

{ fml. atm, trm, cte, var }
{(:)'vea!_'r/\-evaD-E-;:-'X:{]slex]ax%"':xns---}
= {fmi)

and R is the set of rules'!

I

thh 14 <

fml = atm|(Yvar)fml|(3var)fml=fml| fmlA fml|fmlV fml|fml D fml|fml= fml

atm (trm = trm)

trm = war|cte|trm X trm
cte = 0|1
var 5= Silts] .. el

Since each of the above rules belongs to V. x (SUV)*, G is contezt-free. Two examples
of strings generated by G are indicated below.

fml, atm. (trm=1trm), (var=trm), (var=cte), (var=1), (z4=1)

¢ See [Hoperoft & Ullman 79], p. 285.

11 Backus Naur notation, described e.g. in [Sommerhalder & Van Westrhenen 88], p. 38-40, has been
chosen due to its simplicity.
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fml,  (3var)fml. (3zz)fml. (Jzz)-fmi, (Jzz)-atm, (Izz3)-(trm = trm),
(3z3)-(trm = var), (3Jzz)-(var =var), (3zz)-(var =var), (Izz)-(x10 = var),

(dxg)=(z10 = 35)

It is possible to prove that G generates the set of formulae of Lsyra = {0,1, X}. 0

Since context-free generated classes cover just a fraction of effectively computable do-
mains, a stronger universe of classes is examined in chapter 4.

C.3 General Decidable Subclasses

Axiomatisable first-order theories admit both logical decidable subclasses, entirely com-
posed of logically valid formulae, as well as non-logical subclasses, which also contain
proper non-logical theorems. Concerning the second group, if 7" is a recursively ax-
iomatisable theory in L, there is a set A of axioms for T" which is decidable for T" in
Fml. ., considering that

(i) A C T (type I), and

(ii) "A™ is recursive, for some A.

With respect to the first group, since any theory includes all the valid formulae of its
underlying language (i.e. Tf C T'). some of the decidable subclasses for T in Fml; can
be used to identify decidable subclasses for any theory of the same language. Certain
prefix classes are known to be decidable for T)*. as for instance the classes of

i. Universal formulae, which can be generated by a context-free grammar having
the following rules

unv, := miz|(Yvar)unv,
mtz = atm|-mtz|mtz V mtz|miz A miz|mtz D mtz|mtz = mizx
atm = (trm=trm)|p; ( t:f'm]| dpi j(trmy, .o trmy)] .
trm = wvar|cte|fi (trm)|...|fi;(trmy, ... trm;)] ...
gle = ylues|glues
var = v|...|v...

ii. Formulae of the form

(v1) ... (va)(3wy) ... (Fupm)d

n.m > 0. where the matrix ¢ is free from occurrences of function symbols,
individual constant symbols and equality. The rules required in this case are

unv, = ext|(Yvar)unv,

ext := miz|(Jvar)ext

miz = nhn|—lmf'.-*|-mta* % mt;r|mh: A mitz|mtz D mtz|mtz = mtz
atm := py(var)|...|p;;(vary, ... var;) ...

var := t!||...]r.',|...
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ili. Formulae of the form

(v1) -+ (0n) () (Fua)(w1) . . . (Wi )@

n,m > (0. where the matrix ¢ is free from occurrences of function symbols,
individual constant symbols and equality, which can be generated by the rules

unvy = (Jvar)(Ivar)unvs|(Yvar)unv,
unvy = miz|(Vvar)unvs
mtx = atm|-~mtz|mtz V mtz|mte A mtz|miz DO miz|mtz = mtzx
atm = pyg{var)|...|pii(vary,...;var;)| .
var = v|...|v...

A proof for the decidability of the class of universal formulae can be derived from the
decidability of the same class in an equational theory. The decidability of the other
two classes follows from the fact that they share the finite model property, according
to which a set of formulae is satisfiable iff it is satisfiable in a finite structure. Other
prefix decidable subclasses for T are defined by restrictions imposed on the form of
the matrix, as for instance the arity of predicate symbols!'?.

For each of the three logical decidable subclasses A above, let g, denote a decision

procedure for 7F w.r.t. A. The derived function

0 otherwise

fv (r‘@".) — { g;\(r.@_‘) lf even(g‘,\{‘_é_‘))

then represents a decision procedure for any theory T in Fml; w.r.t. a decidable sub-
class ¥; of type I, where ¥; contains only the logically valid formulae of A: although
valid formulae are theorems in any theory of the same language, invalid formulae (i.e.
those for which g, returns 1) do not have to correspond to non-theorems of T, since
T is a non-conservative extension of 7. Theories and their extensions are further

examined in section C.5.2.

Another example of logical subclass that is decidable for any first-order theory is com-
posed of propositionally valid formulae. The propositional form of a formula is gen-
erated through the replacement of its propositional components with propositional
symbols.

Definition C.3.1 (Propositional Form)
Let & be a formulae of L.

i. The set @ of the propositional components of ¢ is recursively defined as follows.

(a) If @ is atomic, or if it has the form Qui, where @ is a quantifier, then
¢ = {o}.

2 See [Ben-Ari 93], p. 142-145. Details about other prefix classes can be found for instance in
[Dreben & Goldfarb 79] and [Gabbay & Shehtman 93], p. 800-1.
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(b) If & has the form =t and ®' is the set of propositional components of ¥,
then & = @',

(c) If & has the form oy A s, ¥y V ¥s, ¥y D ¥y or ¥y = ¥y and @, and
d., are respectively the sets of propositional components of ¥, and 1, then
q) = (I)'g U @2.

If ® = {0,,....0,} is the set of propositional components of ¢, then its proposi-
tional form & is the proposition

éﬂplx‘fél! L -epn/¢]nﬂ

where py,...,p, are distinet propositional symbols.

iii. ¢ is propositionally valid iff ¢¥ is valid.

The class of propositionally valid formulae of £ is decidable for any theory of L.

Theorem C.3.1 Let T be a theory in L, and let ¥ be the set of all propositionally
valid formulae of L. Then

(i) L CT (type 1), and

(ii) &

ii.

is decidable for T in Fml.

PROOF.
i. Let ¢(v;,....v,) be a (logically) invalid formula of £ such that ¢ is proposition-
ally valid. Then there is a structure 2 for £ and an assignment
o={"v,...,"v,} such that

A K o(vyy..., 0[]

Let £' = LU{ey,....¢c,}, and let A’ be a structure for £’ that expands 2 such
that

A’

c; =a;, 1<i<n

Then ' £ &', where ¢ = &(!/v1,...,°"/v,) is a sentence. Let ' = {¢},...,¢}.}
be the set of propositional components of ¢, and let F: ® — {T, L} be such that
F(¢{) = T if A E ¢, and F(¢) = L1 otherwise. Clearly,
@’[[F(‘P';),:‘@l ..... F(d’;)m,.]] is also invalid in 21’. As ¢ and ¢’ share the same pro-
positional form. the propositional assignment {F{‘b:— ), .. .,FWL);’@R} must turn
of into L. in contradiction with the hypothesis. Hence, each formula in ¥ must
be (logically) valid and, for this reason, also an element of 7'.

Both the construction of propositional forms and the establishment of validity
for propositions are effective. If g is a recursive function that generates the
propositional form & for each formula @ in £, and h is a decision procedure for
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validity in the propositional calculus. then h o g represents a decision procedure
for £ w.r.t. Fml:. According to lemma C.2.1, the function fs such that

fe("07) =2x h(g("9™))

is a decision procedure for " w.r.t. ¥, which has type L. ]

A stronger result (i.e. a larger decidable subclass) is obtained if the set of propositional
components of a formula is limited to distinct subformulae modulo bound variable
renaming: formulae such as (3z)o(z) vV ~(Jy)o(y) could then be identified as proposi-
tionally valid.

C.4 Context-free Generated Classes

Apart from general subclasses. there are also those whose decidability is restricted to
theories that satisfy certain conditions. The class of variable-free atoms, some prefix
classes and the set of formulae of a sublanguage are just a few examples.

C.4.1 Atomic Sentences

For some theories. the class of variable-free atomic formulae admits a decision procedure
entirely based on syntactic properties of atoms. This is the case, for instance, of the
theory of groups, defined in the language L5 = {0,—,+}, which admits a set of five
axioms.

v+ (va+v3) = (v +v2)+vs
v4+0 = v
0O+v = v
v+ (—-v) = 0
(=v)+v = 0

Any variable-free term is effectively reducible in this theory to the constant symbol 0,
making therefore any variable-free atom reducible to 0 = 0, which is logically valid.

Variable-free atoms are also decidable for PA: given an atomic formula in Lp,4, each
variable-free term can be effectively reduced to the form s"(0), where s°(0) = 0 and
s"*1(0) = s(s"(0)), by the application of the axioms for sum and multiplication as
rewrite rules. Any atom in this class is then equivalent to

s"(0) = s™(0)

where n.m € N. The above atom is valid in PA iff n = m.
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C.4.2 Prefix Classes

As already discussed in section C.3, decidable prefix classes of type II for Tf provide
prefix classes of type I for any theory in the same language. Under certain circum-
stances, theories other than T also admit prefix classes of type II. For instance, the
validity of a universal formula can be effectively decided in certain finitely axiomatis-
able theories.

Theorem C.4.1 Let L™ be a pure first-order language that does not contain function
or individual constant symbols. If T is a finitely aziomatisable theory in L* that ad-
mits a set of quantifier-free avioms, then the class of quantifier-free formulae of L* is
decidable for T in Fmlg-.

PROOF. Let v € Fml;. be quantifier-free, and let A = {é;,...,6,} be a set of
quantifier-free axioms for 7'. From the definitions of logical consequence and validity
in a structure,

(81,8, =¥ iff {[81]),....[6a]} E [¥]

and, by iterated applications of the deduction theorem,

(0], [6a] E [¥] iff E[6]D -2 [6.] O [¥]

Hence, the set

{vr € Fmls- | A = & ¥ is quantifier-free}

is decidable for 7" in Fml.. iff

{reStne. |T=[6]D---D[6.] D [¥]}

is also decidable for T"in Fml.. Without loss of generality, if FrVar(¢) = {v1,...,v,}
and FrVar(A) = {u,..., u;}, it is possible to assume that FrVar(¥)NFrVar(A) =0

(i.e. ¥ does not share any variable with the axioms of T'), otherwise bound variables (in
[¥],[61], .- ..[¢,]) can be renamed. Given the sequence of logically equivalent sentences,
[61] D +-- D [6a] D [¥]

([=6]] v - v [[éa]] V [¥]
(V1) o ())(((3wq) ... (T ) (26 V - - -V 28,)) V )
(1) oo (vm)(3uy) .. .(3w)(6; D --- D 6 D P),

it follows that

Akv iff E(v)...(vn)3uw)...(3w)(é DD b DY)
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As the prefix of the final expression above defines a decidable class for T, it follows
that the class of universal formulae is decidable for T in Fml,.. |

Another result guarantees the decidability of the class of universal formulae for other
theories.

Theorem C.4.2 Let T be a theory in L, such that the class of all formulae of Fml,
of the form

‘}'1V"‘V“I’,,

where v; is a literal (i.e. an atomic formula or the negation of an atomic formula), is
decidable for T. Then the class of quantifier-free formulae of L is also decidable for T.

PROOF. Let @ be a quantifier-free formula of £. and let §,...., 3, be its atomic
subformulae. ¢ is T-valid iff, for every model A of T', A |= ¢, i.e. for every assignment
ain A, /A |= ¢[a]. The validity of ¢[a] in 2 can be established in two stages.

i. for each f3, it is first determined whether 2 = 3;[a]. When this is the case,
each occurrence of 3; in ¢[a] can be replaced with the propositional constant T;
otherwise ¢[a] is replaced with L.

ii. the validity of the proposition generated from ¢[a]in (i) can be effectively assessed
by a decision procedure for the propositional calculus.

Step (i) therefore results from a variable assignment in 2, whereas step (ii) is a con-
sequence of a propositional assignment to the atomic components of ¢[a]. The above
process has to be repeated for every assignment o in 2. However, in spite of the fact
that there may be infinite many assignments, considering that ¢ has only n atoms,
there are only 2" propositions derivable from ¢. Whenever it is possible to determine
which are all the compatible propositional assignments derivable from any variable
assignment in 2, the validity of ¢ in 2 can be reduced to a propositional problem,
represented by the second step!s.

Since the original problem involves every model of T, it is necessary to determine all
compatible  propositional  assignments  generated from  them. Let
Vi {B1,....0,} — {T.L} represent a possible propositional assignment to the atomic
formulae in ¢. Assume v; is a conjunction of literals

'* Not all of the possible propositional assignments have to be compatible, i.e. derivable from a variable
assignment. For instance, given the formula
T=yhy==zx

even though there are two distinct component atoms, for any assignment to the variables of this
formula, in any possible structure of the subjacent language, there are only two compatible derived
propositional assignments, (T, T) and (L.L): the other two possible pairs are excluded, since no
assignment in any structure could reduce the above formula to either of them.
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By izl Ba

such that ,33-.2- = B, if V;(8:;) = T, and le,- = —f3;, otherwise. If there is a model 2 for
T in which v; is satisfiable, then V; represents a compatible propositional assignment
for By,.... 3,. Given that

(a) ¥, is satisfiable in 7" iff its negation, which has the form 131,3- V- ‘V_‘Bn_j. is invalid
in T, and
(b) according to the hypothesis, the class of disjunction of literals is decidable for T,

it is always possible to effectively determine whether V; represents a compatible pro-
positional assignment for the atomic components of ¢. After the process has been
repeated for every V;, 1< ; <2" let f be the function
: 1 if T [E - (ie. ¥; is T-satisfiable)
(V) = )
0 otherwise

If f(V;) = 0. since v; is T-unsatisfiable, there is no variable assignment a in any model
2l for T such that. for all i.1 <i < n,

A Bl = Vi(8)

Let ® = {0;0 | a; = {¥2(B)y8,,... . VsBn)/3,} & f(V;) = 1}. ¢ is valid in T iff every
possible derived propositional assignment for the atomic components of ¢ generates a
logically valid proposition. This is the case iff the set of propositions ® is proposition-
ally valid. Since the validity of ® can be effectively determined and ¢ is quantifier-free,

the set of quantifier-free formulae of £ is decidable for T in Fml,. 1

As a result, for any theory that satisfies the conditions set by the theorem, the validity
of a quantifier-free formula can be established by a decision procedure for the pro-
positional calculus. such as the method of partial assignments or truth tables. If ¢ is
quantifier-free, its truth value for a particular variable assignment a in a model for
T can be propositionally determined from the truth value of its atomic constituents.
Given a propositional assignment to the atoms of a quantifier-free formula ¢, it suf-
fices to consider whether such assignment is compatible in T, i.e. if there is a variable
assignment a in a model for 7" in which the atoms assume the truth values set by the
propositional assignment. Once all compatible propositional assignments have been
identified. the validity of @ is reduced to a propositional problem'*.

C.4.3 Sublanguages

Given that the set of formulae of any first-order language can be generated by a context-
free grammar. sublanguages represent natural candidates in the search for decidable

' This result is used in GETFOL to provide a decision procedure for the class of quantifier-
free formulae of the predicate calculus with equality but without function symbols; see
[Armando & Giunchiglia 93], p. 483-4.
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subclasses. If T'is a theory in a language £ that is an expansion of L', L' is a decidable
sublanguage for T iff T is decidable in Fml:. Given that the intersection of a theory
with a sublanguage is a theory, if 7 admits a decidable sublanguage, then it has a
decidable subtheory!®.

Theorem C.4.3 Let T be a consistent decidable theory in L, L', an expansion of L,
and T', a conservative extension of T in L'. Then Fml; represents a decidable class
of type I for T" in Fmlz.. Moreover, if fr is a decision procedure for T w.r.t. Fml,
the function h;;.

0 if & € (Fmle — Fmly)
1+ fr("¢7) otherwise

hir(To7) = {
1s a decision procedure for T' w.r.t. Fml,.

PROOF.  hyy is clearly recursive, since (Fmls — Fml;) is an effectively computable
set!®. Since fr is a decision procedure for T w.r.t. Fml:, h;; can be represented as

hi("éM) =< 1 ifé€ Fml — T
2 foeT

As T" is a conservative extension of T. then

|
~

T’ ] leg
Fml, =T’

I

Fmil. - T

Hence

0 if 6 ¢ Fml
h‘r;(r_@—t) = 1 IféE F'Hﬁf—T’
2 ifoeT n Fmli;

From definition C.2.1, it follows that 7" is decidable in Fml;. Since T’ is a conservative
extension of a consistent theory. it must also be consistent. Fml; therefore contains
both theorems and non-theorems of 7, and has type II. 1

Once again Venn diagrams provide a suitable representation for such classes, as illus-
trated in figure C.3. Examples of decidable sublanguages are examined in chapter 9.

' Hence, the study of possible applications of decision procedures in undecidable theories starts with
the search for decidable extensions, as described in section C.1, and can then be followed by the
search for decidable subtheories.

1% If g is a decision procedure for (Fmlg — Fmlc)in Fmlg, hpp can be represented as

hir("e7) = (1 —g("e™)(1 + fr:("07))

which is recursive.
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Figure C.3: Conservative Extensions of Decidable Theories
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C.5 Other Decidable Subclasses

The previous section targeted a particular group of classes which have as common
structural feature the fact that their construction is based on context-free grammars.
Among the classes that do not share this property are those derived from decidable
theories. Given an undecidable theory T in L. any decidable theory T in the same
language is a potential source of decidable subclasses for T', provided that the logical
links between both theories can be unveiled. There are two elementary cases in this
respect. If 77 is a subtheory of 7. then 7" is a decidable subclass of type I for T in
Fml, since T' C T. On the other hand, whenever TN T’ = (), T’ provides a subclass
of type III for T'.

Apart from decidable theories, decidable classes for other theories in £ may also be
relevant in the identification of decidable subclasses for T'. This potential has already
been explored in the case of Tf. and can be extended to any other theory in the same
language, whenever certain restrictions are met.

C.5.1 Intersection of Theories

When two theories have a non-empty intersection, but none of them is entirely con-
tained in the other., model theoretic results can assist in assigning a role to each of
them with respect to the identification of a decidable domain.

Theorem C.5.1 Let T, and T, be theories in L which respectively admat 2, and U,
as models. If A, is a substructure of A, then

i. If T, is negation complete, every existential sentence that is a Ty-theorem is also
a T, -theorem.

it. If T, 1is negation complete. every universal formula that is a T,-theorem is also a
Ty-theorem.

PROOF.

i. Let 7 = (3v;)...(3v,)6(vy,....v,) be an existential sentence. If 7 is a theorem
in T5,. it is valid in %,. Hence there is an assignment a in 2, such that 2, = ¢[a].
Since U, is a substructure of 2. a is also an assignment in A;, so A, E ¢[al,
i.e. Ay = (3vy)...(3v,)0. Since T is negation complete, 7 has to be amongst its
theorems (otherwise =7 € T,. and 2, |= =7).

ii. Let v = (v1)...(v,)&(V1y....Vpev . Vpgm) be a universal formula. Assum-
ing that it is a theorem of T, then, for every assignment o« to the variables
T Upam i1 2y, ;= 0[a]. Since A, is a substructure of A,, any assignment
@ O by ey Ungm i Uy is also an assignment in 2y; therefore, for every assign-
ment o in As. Uy | dla]. ie. s = (v1) .. (00)O(V1, .o s Vs ooy Vg ). Since Ty
is negation complete. v € T5. I
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T, decidable consistent theory
T, megation complete consistent theory
I'  class of universal formulae
20, model for T;
2, model for T,

(where 2, is a substructure of 2,)
Y1 decidable subclass of type I for T,

Figure C.4: Theories & Substructures

This result can be applied in particular to 75 and DAG, the theory of densely ordered
Abelian groups!”. Figure C.4 illustrates an application of the above theorem in the
delimitation of a decidable subclass.

C.5.2 Extension of Theories

Theories inherit some of the decidable subclasses for their subtheories. If 7" and 7" are
theories such that 7" is an extension of T'. then

17 1t suffices to consider that 3 = (Z.0,1,+, <), where Z is the set of integers, is a substructure of
0 = (@,0,1,4, <), which in turn is a model for DAG. Although both theories are decidable, this
result allows the use of decision procedures for DAG, which are less complex than those currently
known for T3, to recognise theorems of T3 in a subclass of the subjacent language. See chapter 3.
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= a decidable subclass ¥; of type I for T is also a decidable subclass of type I for
T sinceX; cTCT.

= a decidable subclass of type III for T" is also a decidable subclass of type III for
T,since S;p;NT =0 and T C T

Other types of subclasses, however, may not be preserved under extension, unless it is
conservative.

Theorem C.5.2 Let T be a theory in L, and let T' be a conservative extension of T to
L'. Then every decidable subclass & of type j for T in L is also a decidable subclass of
type 7 for T' in L'. Moreover, if fs is a decision procedure for T w.r.t. ¥, the function
h’Er

0 if o€ (Fmley — Fml)
fs  otherwise

hs(T0™) = {
s a decision procedure for T w.r.t. L.

PROOF.
i.d=F
Trivial, since ¥ C T C T'. Let fg be a decision procedure for T" w.r.t. .

| 0 if6gS (ie 6 € (Fml - ))
R o i, Ve
fS(q’)_{Q féoeSNT =X

Then hx above is equivalent to

0 if 6 € (Fmly — %)
}*ﬂ(r‘bj):{:z if 6 € SAT =¥

considering that (Fmle — Fmlg) U (Fml; — £) = (Fmlz — ). Hence hg is a
decision procedure for 7° w.r.t. £ in Fml..

i, j=IIT

Trivial, since T’ is a conservative extension of T: in this case, X NT = 0 iff
YNT' =0, hence ¥ is a decidable subclass of type III for 7" in L. Let fx be a
decision procedure for T w.r.t. ¥ in Fml,.

H v 1 —
s § B ety

Then hy is equivalent to

0 if@E{Fﬂliﬁf—E
| i o B T
el @ ’*{ | foeS-T' =3

Hence hy is a decision procedure for 7" w.r.t. ¥ in Fml..

420



i, j=1II

Y can be decomposed into two disjoint subsets, ¥; and X;;;, which respect-
ively represent decidable subclasses of types I and III for 7' in Fml:. According
to the first two cases of this proof. both ¥; and £;;; are decidable subclasses
respectively of types I and III for 77 in Fml. Hence © = ;U is a decidable
class of type II for 7" in Fml..

Moreover. let hy, and hg,,, be decision procedures for 7’ w.r.t. the disjoint
subclasses.
i 0 iféoe (Fml — %
hs, (T67) = i JE( e 1)
2 ]'f@EE;nT:E;
S il — 5
hEI“{ré_lJ _ 0 lf@ € (F‘THIL ; ”1)
1 foely—T =%
Considering that X; U X = Y and X; N Iy = 0,

hs = (hs, | "E;7) U (hg,,, | "E,7) is a function such that

0 if(}')E(meﬂ—E)
hs(FdMN =4 1 fPpeZiyy-T'=8-T"
2 fge,nT'=2nNnT

Hence hy is a decision procedure for T7* w.r.t. ¥ in £'. ]

Corollary C.5.1 Let T be a theory in L, and let T' be a definitional extension of T
to L'. Then every decidable subclass ¥ of type j for T in L is also a decidable subclass
of type j for T' in L'.

PROOF. According to lemma B.2.3 v, every definitional extension of a theory is also
conservative, ]

The main properties of the subclasses examined in this appendix are schematically
described in table C.1.

C.6 Conclusions

Any essentially undecidable theory admits decidable subclasses of formulae. They may
either be common to all the theories of a particular language, or may result from special
properties of the theory. The identification of decidable subclasses relies on the study
of other theories formulated in related languages, or on the inspection of effectively
computable classes. particularly those generated by context-free grammars. The role
of decision procedures, however, does not have to be restricted to such classes, since
they can be expanded.
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Subclass Subclass Theory
Description Type Features
Logical Prefix Classes I .
Propositionally valid formulae I =
Non-logical | Axiom set I recursively axiomatisable
Decidable subtheory [ b
Subset of universal formulae I negation complete
extension as model for decidable theory
Decidable sublanguage 11 conservative extension of subtheory
Universal formulae I1 finitely axiomatisable
function-symbol-free language
Variable-free atoms 11 —

Table C.1: Decidable Subclasses for First-order Theories
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Appendix D

Additional Concepts

Several of the basic concepts involved in this study come from the area of equality
reasoning, introduced in section D.1. Rewrite rules. which are obtained from oriented
equations or equivalences, and. under certain circumstances, also from implications,
are defined in sections D.2 and D.3. The application of rewrite rules under a set of
assumptions is described in section D.4, and section D.5 is dedicated to disagreement
sets.

Control, a fundamental notion in computational processes in general, and in theorem
proving in particular, specially in the presence of large proof and rewrite trees, is
discussed in section D.6. Sorts correspond to subsets of the universe of a structure
for a (first-order) language. which allow the definition of operations and relations with
restricted domains. They are frequently required in the representation of statements
about computer programs that deal with objects of distinct nature, such as natural
numbers, arrays. lists, finite sets, etc. Sequents provide an alternative representation
(w.r.t. the standard syntax described in appendix B) for formulae in general, and
conditional statements in particular. which is convenient for conditional rewriting.
The last two concepts are examined in sections D.7 and D.8.

D.1 Equality Reasoning

Resolution provides the basis for the construction of a complete inference system for
the pure predicate calculus'. Binary resolution is the rule

})(1],....1"}\!('] —'p{.fil ..... S"JVC"Q
oCiVoC,
where p(t;,.... t,) V. Cy and p(s;,....s,) V Cy are clauses that do not share
variables, and ¢ is the mgu (most general unifier) for the complementary pair
(p(il, ci saln )i plsin: sousn ) ) Le: ot = os;. for all 1,1 <1< n.

! More precisely. the resolution rule of inference suffices for the identification of unsatisfiable formulae
in the class of clausal form sentences (where a clanse is the universal closure of a disjunction of
literals). See [Gallier 87], p. 404.
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If equality is added to the underlying language, this rule alone does not guarantee
deductive completeness to the system. It can be nonetheless strengthened by the
replacement of syntactic identify with semantic equality in the second condition above:
given a set of clauses €2 to which p(t,,....¢,) v C; and —p(s1,...,s,) V C; belong, if

Q ': (-‘.’Tf?' = O'S,;)

for all i,1 <i <, where o is a partial unifier for p(¢,,...,t,) and p(s;,...,s,), then the
above rule remains correct. Semantic equalities, however, are more complex to verify
than their syntactic counterparts, due to their undecidability in the general case.

A possible way of restoring completeness to resolution in the presence of equality is
the explicit introduction of equality axioms in every set of clauses. As this approach
faces search problems, alternative solutions have to resort to more powerful inference
rules which implicitly represent properties of equality. One of such rules,

o[t] vVt =1) (*)
[ /1] V ot

involves a quantifier-free formula, ¢[t], a conditional equation, ¥ V (t; = t,), that
does not share variables with @[t], and a substitution ¢ such that ot, = ¢ (i.e. ¢; is
matchable against ). Since transformation is limited to a subexpression of ¢, it follows
that ¢t] = ¢[7%/¢]. A second rule,

at] YV (t =ty) (xx)
oo/t V ov

where ot, = ot (i.e. t; and t are unifiable), is such that variables may be instantiated
outwith subexpression t as well. Thus, the resulting formula, o¢['2/t], is not necessarily
equivalent to ¢[t]. Inference rules of type () are used for demodulation or term rewrit-
ing, as already examined in section D.2. Rules of type (**) include paramodulation,
usually represented as

(] v ¢, u=1uVC,
al[“ /] VaCyVaC,

where £ is a literal, (', and (', are clauses and ¢ is the mgu of £ and . In conjunction
with resolution. paramodulation provides the basis for a complete inference system for
the class of clausal form sentences of first-order languages with equality. In this sense,
paramodulation is deductively stronger than demodulation®.

Theorem D.1.1 [Peterson 83] Let Q be a (finite) set of clauses of a language L (with
equality). ) is unsatisfiable iff the empty clause, O, is derivable from

QU {v=v}

2 Demodulation provides a complete inference system for quantifier-free equational theories, as dis-
cussed in [Gallier 87], p. 285-7.

424



Difference reduction procedures have been devised to control the application of para-
modulation and other rules involving equality. Given a conjecture of the form

['f;.'| Dh=w]A---Al, Dt, = u,] O [[t = u]]

whose negation can be expressed in clausal form as

(i Vb =w)A A0 Vi, =u,) A (L # u)

where 1; is a conjunction of literals, any of such procedures gradually instantiates
variables in ¢ and u and applies conditional equations taken from the hypothesis set as
rewrite rules, until two syntactically identical terms are obtained. As a result, at least
some of the intermediate pairs of terms (¢, u') generated in the process must exhibit
a lower amount of disagreement according to some measure, which justifies the name
chosen for these mechanisms.

According to the dual form of the Herbrand theorem, a clausal sentence is unsatisfiable
if and only if there exists a finite set of variable-free instances of its clauses whose
conjunction is unsatisfiable. Since difference reduction procedures explore Herbrand
theorem, they not only provide a refutation for the sentence above, in the event it is
unsatisfiable, but also exhibit a substitution for its variables®.

Control of the elimination of differences is provided both globally and locally. At the
global level. a path in the search tree may be selected based on a description that in-
cludes the initial state. (f = u.{ }). intermediate stages. and the final state, (' = «’, o),
where o is the final substitution. At the local level, guidance has to be provided along
three dimensions. for the selection of (i) partial unifiers, (ii) disagreement sets and (iii)
elimination equalities. Partial unifiers reduce the differences between expressions by
the removal of solvable disagreements. Since there may exist several partial unifiers
for a single pair of non-unifiable expressions, it is necessary to choose amongst the
available options. Choices cannot be limited to mgpus (most general partial unifiers),
since they do not preserve completeness.

Once a unifier is chosen, there may be several possible disagreement sets between
the resulting partiallv unified expressions. Each set represents a list of decomposed
subproblems whose solution amounts to a solution for the original problem as well.
Finally. conditional equations for the elimination of disagreements also have to be
chosen. Each choice may introduce new difference reduction subproblems (in the event
neither of the sides of the equality can be unified with the chosen subterm), hence the
whole process has to be recursively applied to them.

D.2 Rewrite Rules

A first-order language is equational iff its set of predicate symbols is empty. A theory
is equational whenever it is formulated in an equational language. As a result, atomic

* Since the Herbrand theorem applies to the pure predicate calculus, the presence of equality in
the subjacent language requires the introduction of all equality axioms in the assumption set of a
conjecture.



formulae in equational theories are all equations. A particular class of problems in an
equational context has the form

{tl =U1..‘.._tn='ﬂ.n} }= tn+1 = Up41

where t;, u;,1 <7 < n+ 1, are terms of an equational language. The equation ¢, = Un4:
is a logical consequence of the set of equational axioms {t; = uy,...,t, = u,} iff it can
be obtained from the axioms by the use of two inference rules, (equation) instantiation
and replacement of subterms by equal terms®. Alternative formalisms include those
based on the selection and application of rewrite rules, which are oriented equations
used for subexpression replacement. The equality ¢, 4, = u,4, is established whenever
the application of rewrite rules derived from equational axioms, or other equations
that are logical consequences of axioms, to each of t,,4, and u,4, leads to a pair of

syntactically identical terms. A collection of such rules forms a term rewriting set.

This formalism can be generalised to contexts other than equational theories and lan-
guages. Rules may be also derived from equivalences, thus opening the possibility of
both formula and term transformation. Additional applications of rewrite rules include
simplification (where redundant semantic information is eliminated, and expressions
are replaced by proper subexpressions), symbolic evaluation, and the reduction of ex-
pressions to canonical form?®.

Definition D.2.1 (Rewrite rules)

Let T be a theory in L.

i. A (T-valid) rewrite rule is an expression of the form

0y = 0,

where 6, = 6, is T-valid (if é; and é, are terms) or &, = 6, is T-valid (if 6; and
0, are formulae). A rewrite set is any set of rewrite rules.

1. Given a rewrite rule R. 6; = 6, and an ezxpression €, € is a rewritten expression
generated from € by the application of R. i.e.

B .y
€= €

iff € has a subezpression € and there is a substitution o such that (a) 0é; = € and
(b) ¢ = e[ /7].

i1i. A rewriting sequence for an expression € and a rewrite set R is a sequence

* See [Bachmair 91], p. 2.
® See [Bundy 83], p. 150-3.
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] y i i P
such that € = ¢y and €; = €;4,,1 € N, where R; € R. An ezpression € represents
a rewritten version of € under R,

R
€ = €

iff there is a finite rewriting sequence for € and R whose last element is €. In
particular, ¢ E ¢ (empty rewriting sequence).

w. Given a finite rewriting sequence

R, R. R
€S T 6y

€, is a normal form for € iff no rule of R is applicable to e, .

v. A (T-valid) conditional rewrite rule is an expression of the form

(PI —¥ 61:>62

where either ¢ D 6, = 0, (if 6; and 6, are terms) or ¢ D (6, = 6,) (if 6, and &,
are formulae) is T-valid.

vi. Given a formula ¥, D Py, ¥, D 1, is its rewritten version generated by the
application of a conditional rewrite rule ¢ — 8, = 65, provided that 1, has a
subezpression € and there is a substitution o such that

(a) 06 = ¢,
(b) ¥, is identical to ,[?%/¢], and
()T E %1 Dood.

Example D.2.1

i. Gwen the formula
z+0<1xy°
it can be simplified to = < y° by the application of rules

v+0 = v
1o = =

whereas the subterm y° can be evaluated to 1 by the application of

" = 1
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1. The equation

(2’ +24+3)x2=0

is transformed into the canonical form equation z®+ z* + 3z = 0 (where 2* is an
abbreviation for (z X x) X z) by two applications of

(v +v2) Xv3 = (v X v3)+ (vy X v3)
wi. The arithmetical formula

yXxw#0 D ¥Yxw=1xw

can be first simplified to y x w # 0 D a¥ = 1 by a conditional rule,

'UI%U — Uy X V] = U3 XU = Uy = Uy

or rather its instance.

w#0 — ¥xw=1lxw = 2z2¥=1

given that (y x w # 0) D (w # 0) s arithmetically valid. Then it can be put into
canonical form (which in this case is represented as a conditional set of equations
in polynomial form), y x w # 0 D (2 =1V y=0), after the application of

=1 = 4 =INg=0

The role of rewrite rules in the extension of classes of formulae is discussed in section 2.3.

D.3 Implicational Rewrite Systems

The definition of rewrite systems may be extended once rules are distinguished between
those derived from equivalences and those derived from implications.

Definition D.3.1 (Implicational Rewrite Systems - IRS)

Let T be a theory in L and let R. ¢, = v be a rewrite rule.

i. R is an equivalence rule (in T ) iff

T E v1=1
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7. R is an implication rule (in T') iff

TE (W DY) and T (2 D )

ii. A rewrite system R for T is implicational if and only if it contains implication
rewrite rules (in T ). R is strictly implicational iff all its rules are derived from
(T -valid) strict implications.

No strictly implicational system therefore can be exhibited for an inconsistent theory.
Neither has any of such systems a rule of the form

b= 1,

since, for every v € Fml, , if T|=1¥ D L, then T ¢ = L.

Lemma D.3.1 Fvery consistent theory T in L admits a strictly implicational rewrite
system.

PROOF. The set of rules

R = 4 2 Toihy = T}
where ; € Fml, and T £ ¥;, 1 <i<n(e.g. 9A—o,since T is consistent), constitutes
a rewrite system for 7', considering that, for any formula ¢, = ¢ D T, and that any

logical theorem of £ is also a T-theorem. As none of the rules is an equivalence rule,
R is a strictly implicational rewrite system for T'. ]

The use of implication rules has to be restricted, in principle, to the positive occurrences
of subformulae of a conjecture.

Definition D.3.2 (Subformula Polarity)

Let ¢ and ¢ be formulae of a language L.

i. 1 has a positive occurrence in ¢ iff
(a) ¢ has any of the forms
U, VY, YV, pAY, YAY, Y DY, (v)y, (Fu)Y

for some ' € Fml:. or

(b) ¥ has a positive (negative) occurrence in ¢', which in turn has a positive
(negative ) occurrence in @, for some proper subformula ¢' of ¢.
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1. 1 has a negative occurrence in ¢ iff
(a) @ has any of the forms
P, DY, p=¢ P =9

for some ' € Fmle, or

(b) ¥ has a positive (negative) occurrence in ¢’ and ¢’ has a negative (positive)
occurrence in @, for some proper subformula @' of o.

Lemma D.3.2 Let ¢[¢)] be a formula of L.

i If ¥’ is obtained from 1 by the application of a T-valid equivalence rule, then

T E ow]= e[ /4]

1. If all the occurrences of ¥ in ¢ are positive, and V' is obtained from ¢ by the
application of a T-valid implication rule, then

T E ¢[v] 2 [¥/v]
PROOF.  The proof for a related result can be found in [Loveland 78], p. 40-1. [

As a consequence of lemma D.3.2, IRSs can be viewed as refutational procedures,
representing therefore mechanisms for the recognition of unsatisfiable sentences. Con-
cerning subexpression replacement, whenever a subformula ¥ is rewritten to L, since
it necessarily follows that T |= ¢» = L, there is no restriction about the polarity of its
occurrences. Implication rules may then take part of a rewriting sequence that starts
with (a negative occurrence of) v, as in the example below.

Example D.3.1 Let ¢ be the formula

(k < min(ly) Amax(ly) < k) D (min(l,)+p < k)

~

u":
and let
Ry v < min(l) = v < max({)
Rg M < AV <3 = v < U3
R;; v<v = L

be a set of tmplication and equivalence rewrite rules. The subezpression v can then be
rewritten to L by the successive application of Ry, R, and Rs. As a result, in spite of
the fact that ¥ has a negative occurrence in ¢. the conjecture can be rewritten to

L D (min(ly)+p< k)

which is reducible to T. 0
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D.4 A-Matching & Decidable Sublanguages

Certain undecidable theories, Peano arithmetic among them, admit decidable classes
that delimit sublanguages of the underlying language £. As a result, some of the non-
logical symbols of £ are deviant with respect to these subclasses. Any set R of remove
rules for deviant symbols defines an extension of a decidable sublanguage £’, by the
application of elements of R to formulae of £. The extended subclass, ¥', is recursively
defined as

(1) If @ € Fmlg.. then o € ¥'.
(ii) If ¢[7%2/¢] € T’ and

€ é (}'61

where (R. §; = §,) € R and o is a substitution (i.e. ® matches a subexpression of
@), then ¢ € ¥/,
(iii) Only the formulae that satisfy one of the above conditions belong to X'.

It consists, therefore, of the formulae of £’ plus those of (Fml: — Fml:.) from which
deviant symbols are completely removable by the application of R. Whenever R is
noetherian, ¥’ is recursive®.

Y’ is further enlarged when the more general notion of semantic or T-matching, which
operates with equivalence or equality (in a theory T') instead of syntactic identity, is
adopted. A rule is semantically applicable to ¢ if and only if the lhs expression of the
rule has an instance that is equivalent (or equal) to a subexpression of ¢.

Definition D.4.1 (A-matching)

Let A be a set of formulae of a language L (with equality), and let € and § be ezx-
pressions of L that do not share variables.
i. & strictly A-matches ¢ iff there is a substitution o such that A |= (e = 04).

it. & A-matches € iff there is a substitution o and a subexpression € of €, such that

A E (¢ = a6).

iti. A rewrite rule 6, = 6, (strictly) A-matches € iff 6; (strictly) A-matches e.

When A represents a theory in L, theory-matching is obtained as a special case of
A-matching.

Example D.4.1 Let 6 be the erpression (z 4 0), and let €, €, and €3 respectively be
the expressions

(yxz)+0
(y* x 0) +y x 2*
v +2y <1

6 -
See section 2.2.1.
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i. 0 matches ¢, with substitution oy = {¥Y* “/z}.

. 6 strictly PA-matches e, with substitution e.qg. 0y = {""1 XYz}, considering that

(z*xy)+0 = 0+(yxzY) = (¥x0)+yx 2z
i PA.

1i. 0 is PA-matchable against numerous suberpressions of €3, €.g.
(a) 2, with substitution o5 = {¥" /x}.
(b) y* + 2y, with substitution o}, = {*¥+ yz/x} and
(c) 1, with substitution off = {1/z}. 0

Definition D.4.1 is relevant for the construction of semantic extensions of subclasses.
Given an undecidable theory T in L. a decidable sublanguage £’ for T" and a set R
of remove rules for deviant symbols, the semantically extended class Il is defined as
follows.

(i) If ¢ € Fmle:, then ¢ € 11
(ii) If #[7%/¢] € Il and

T k£ e=a6 (%)

where (R. 8, = é,) € R. o is a substitution (i.e. R T-matches a subexpression of
¢) and = denotes either the equality or the biconditional symbol, then ¢ € II.
(iii) Only the formulae that satisfv one of the above conditions belong to II.

Since (*) is generally undecidable, II is not always recursive’.

The task of proving equivalences or equalities in 7" can be in principle replaced with
the less ambitious task of proving, from a finite set of T-valid hypotheses, A, that a
subexpression of a conjecture is equivalent or equal to an instance of the lhs expression
of a remove rule. However. since A-matching a rule against an expression can be
undecidable even if A is finite, the new subclass, II’, is not recursive in general either.
A feasible alternative is the construction of recursive subclasses of I’ which include
' as proper subsets. with the help of mechanisms that define weaker versions of A-
matching and ensure the recursiveness of the extended class, £. With respect to the
continuous enlargement of ¥. there are two possible strategies,

(a) the introduction of new (independent) remove rules in R, which enlarges the core

T Semantic unification is discussed, for instance, in [Dershowitz & Jouannaud 90], p. 282-4. Concern-
ing (*), when both ¢ and 4, are formulae and (#) is decidable, two derived problems,

(JuT E o8
{eb}uT E ¢

must be decidable as well. In particular, when o6, is a theorem of T, then
TEe

As ¢ can be virtually anv formula of Fmls — Fmls . T would have to be decidable, in contradiction

with the original hypothesis.
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class ¥', and

(b) the inclusion of new hypotheses in A, which does not have any effect on ¥’ but only
on ¥—Y' (since ¥’ results from the initial decidable class by the syntactic application
of remove rules, a process in which A has no role).

The relationship between all the classes described above is represented in figure D.1.

A-matching subsumes a restricted version of disagreement elimination. Let ¢ be a
conjecture that contains a deviant symbol 5. R be a remove rule for S which is not ap-
plicable to @, and ¢ be a subexpression of ® that contains S and has the same syntactic
type as the lhs expression of R. If the application of additional rules for disagreement
elimination is confined to ¢, a T-equivalent expression, €, is then generated, given that
rewrite rules in the current context are all derived from equivalences valid in a theory T’
as well. In the event that R can be (syntactically) matched against €, then, according
to definition D.4.1. R is A-matchable against ¢, where A is the set of additional rules.

When confined to the scope of a subexpression of the conjecture, disagreement elimina-
tion is deductively weaker than A-matching, for disagreement elimination is limited to
the application of oriented equations (i.e. rewrite rules), whereas A-matching requires
a complete inference apparatus. On the other hand, unrestricted disagreement elimin-
ation is not reducible to a special case of A-matchability, given that additional rules
can be applied to subexpressions other the one against which a remove rule is eventu-
ally matched. Such cases require a stronger notion of matching, which is examined in
section 8.2.3.

Since the enlargement of decidable classes has to preserve their recursiveness, the
extension of a decidable sublanguage has to target classes such as X, as described in
figure D.1. A possible strategy for their construction can be based on procedures that
generate extensions such as classes Il or II' in the first place, upon which restrictions
may then be imposed until recursive extensions are obtained. Such procedures include
RUE-resolution, ECOP and other difference reduction mechanisms.

D.5 Disagreement Sets

Theorem provers for theories that contain equality tend to be rather complex in their
formulation, involving the terminology inherited from resolution and a new set of
proper concepts. such as partial unifiers and disagreement sets.

Definition D.5.1 (Partial unifiers)

Let €, and ¢, be syntactically distinct expressions that do not share variables.

1. €, and €, disagree at position p iff

(a) € is an individual variable, individual constant or propositional constant,
for some i€ {1,2}, and p=[], or
(b) €, and e, have respectively the forms S\(6y ... .. él»nl) and S5(8a,y5 .. -162,, ),

S, # S, andp=1[]. or
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Initial decidable sublanguage
Recursive extension of Fml..
Syntactic application of remove rules
(syntactic matching)
Recursive extension of ¥’
Controlled semantic application (with
respect to A) of remove rules
(controlled A-matching)
Non-recursive extension of ¥
Semantic application (with respect to A)
of remove rules
(A-matching)
Non-recursive extension of II’
Semantic application of remove rules
(T-matching)

Figure D.1: Extension of Decidable Sublanguages
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(c) € and €, have respectively the forms S(6,..... 0,) and S(87,...,6.), 6; and
6; disagree at position p'. and p = [i|]p'].

Whenever €, and ¢, disagree at position p, (€,€,) is a disagreement pair and
(€}, €,)" represents a disagreeing pair for ¢; and €,, where €, and €, occurs re-
spectively in €; and €, at position p.

'3

it. A disagreeing pair (€}, €,)’ between €, and €, is solvable iff at least one of the
elements of the pair is a variable, and is fatal otherwise.

1i. A partial unifier (pu) for ¢, and €, is a substitution o that eliminates all solvable
disagreements between €, and e-.

. A most general partial unifier (mgpu) for €, and €, is a substitution o such that

(a) o is a pu for ¢; and €,, and

(b) given a pu o' for €, and e,, if there is a substitution ¢ such that o = ¢"0d’,
then o" is a variable-pure substitution.

Definition D.5.2 (Disagreement Sets)

i. A disagreement set D for a pair of terms (t.s) is any set of pairs of subterms
that satisfies one of the following conditions.

(a) D=4}, ft=s.
(6) D=A{{t;8)}, ift 75 s (origin disagreement set).

(C) D= {(f.]._S]}}....._.(tn.Sn}}. E'ft é f(tl‘\"'?trl+p)! S é f('sl'!"‘!sﬂ+p)} ﬂﬂd
t; ;é sj. for 1 <j <= only (topmost disagreement set).

(d) If D is a disagreement set for (t,s) such that (t',s') € D, and D' is a
disagreement set for (t'.s'), then D*, defined as

(P-{{t,sHHuD'
is also a disagreement set for (t,s).

it. A disagreement set for complementary literals (p(ty,... . t,),"p(S1,...,8,)) is
defined as :

D= OD,-

=]

where D; is a disagreement set for the pair (1;,s;).

A pair of expressions may admit more than one mgpu when a variable has multiple
occurrences in at least one of the expressions®.

® The left mgpu for a pair of expressions can be obtained by the same algorithm presented e.g. in
[Gallier 87] for the computation of the most general unifier, with the proviso that it does not fail when
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Example D.5.1

i. Given the pair

(9(z.2,y,y), g(a, h(z), h(w),b))

where a,b are individual constants, oy = {%/z, }"{“’)[y} and oy = {"2)/z, by} are
both mgpu for it, while o5 = {%/z,"Y/y.b/w} and oy = {#(0) )2, b1y, %2} are pu
but not mgpu, since o3 = {b;’w}al and 04 = {*/z} 0.

ii. The disagreement sets for the pair (f(g(a,z,h(b,y))), f(g(b,h(b,c),h(b,c)))) are

D; {(f(g(a.z.h(b.y))). f(g(b,h(b,c), h(b,c))))}
D, = {{g(a.z,h(b.y)).g(b.h(b,c).h(b,c)))}

Dy = {(a,b), (z,h(b,c)), (h(b,y),h(b,c))}

D, = {{a.b). (z, h(b.c)). (y.c)}

Each one of these disagreement sets has three disagreeing pairs, one fatal, (a,b),
and two solvable, (z.h(b.c)) and (y,c). 0

Each disagreement set represents a possible decomposition of an equality problem into
simpler subproblems. as justified by the following lemma.

Lemma D.5.1 If D = {(t;.u).....(t1,u1)} is a disagreement set for a pair of terms
(t,u), then

E (@#Fu) D ((hFw)V - V(th #un))

PROOF. Immediate consequence of the substitution axioms for function symbols and
the definition of disagreement set. ]

D.6 Search Control

Given a set of instructions (or actions). an algorithm is defined only when an order for
their application is determined. Such ordering represents the control of a computation.

a fatal disagreement is found. An algorithm for the generation of all mgpus for a pair of expressions,
on the other hand. can be derived from any left mgpu algorithm, provided it is amended to include
the following condition.

Given a pair of terms {(f(th..... tn). f(s1....,8:)), any mgpu for the pair
{F(paysvatprnn )i FlSacapse e Spn))}. where p: {1,..., n} — {1...., n} is a permuta-
tion function, is also a mgpu for (f(t1..... tn), f(51....,80)).
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Either a unique order for every possible input data is chosen, or else a context-sensitive
ordering that takes into account features of both input data and intermediate results
has to be determined.

In mechanical theorem proving. instructions or actions include the application of infer-
ence or rewrite rules. and the inclusion of additional hypotheses in a conjecture ¢. The
process of recognition of theorems can be modelled as a succession of states that starts
with ¢, where derived states are obtained from previous ones after a (legal) action takes
place. The universe of all possible states associated with ¢ forms the search space for
¢. Control, under these circumstances, determines an order for the generation of this
space.

In the context of decidable subclass extension, a rewrite rule set or a list of potential
additional hypotheses implicitly define an extension for a decidable class. Given a
formula ¢ of the underlying language, the process of determining whether ¢ is a member
of the extended class or not defines a search space for ¢. It has then to be scrutinised
until a transformed formula that belongs to the original decidable (or reduction) class
is found.

Formula rewriting is usually associated with the ezhaustive application of the rules
of a set R. Control mechanisms, even though necessary, are immaterial from the
extensional point of view: provided that the rewriting tree is finite, and that every
path leads to an expression in normal form. any strategy (e.g. depth first, breadth first
or iterative deepening) generates the same results. In the presence of infinite or large
search spaces. however, exhaustive uniform search may be replaced by context-sensitive
mechanisms.

The formal analysis of subdomains may reveal properties which can lead to the creation
of specific search strategies for them. Also. properties that are known to be valid for
some elements of a domain can be generalised to others. even if no formal validation for
such generalisation is actually available, as part of the heuristic approach to problem
solving. Statistical criteria are then invoked to assess the merits of such generalisations.
Both formal analysis and heuristic approaches affect the search space; in the heuristic
case, the completeness of a representation may be lost, since guidelines can exclude
solutions®.

D.7 Many-sorted Theories

From the semantic viewpoint. many-sorted (first-order) languages differ from their
standard counterparts due to the presence of a collection of non-empty universes in
their structures. At the syntactic level. the alphabet of a many-sorted language L£*
reflects the fact that individual objects may belong to distinct universes. The set
of non-logical svmbols of L™ includes a subset of sorts § = {s;,...,8,,...}, and an
infinite enumerable set of individual variables {v{'...., v}, ...} is assigned to each sort
s;. Individual constant symbols. if present. are also assigned a sort. The arity (or rank)
of a function or a predicate symbol, instead of a natural number, is a finite ordered

? The use of heuristics in problem solving is considered, for instance. in [Luger & Stubblefield 89], p.
38.
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list of sorts. For predicate symbols. each element in its rank identifies the sort of the
corresponding argument. In the case of a function symbol f, the last element of the
rank identifies the sort of the object denoted by a f-dominated term!°.

The definition of well-formed atomic formulae has to take into account the sort of the
arguments of a predicate symbol. If p has rank (s;,.... Sn ). the expression p(t,,...,1,)
is a well-formed atomic formula iff ¢; is a term of sort s;, 1 <i < n. For equations, t; = t,
is well-formed iff ¢; and ¢, have the same sort. Composite formulae are defined in the
same way as in standard first-order languages. It is possible to translate formulae of a
many-sorted language £* into a standard language £ as follows.

i. Excluding the symbols for sorts, all the non-logical symbols of £L* are also non-
logical symbols of £, with the proviso that, if f is a function symbol of rank
(8grmmngd $,41) in L7, it has rank n in £, and if p is a predicate symbol of rank
(815....8,)in L7, p has rank n in L.

ii. For each sort s; in £*, a new unary predicate letter, p,, is introduced in L.

iii. Only the above symbols are non-logical symbols of L.

Given a formula ¢ in £~, its translated version ¢' in L is defined as follows:

(i) if ¢ is quantifier-free. then ¢ = o,

(i) if ¢ = (Yo*)o, then &' = (Vov)(p.(v) D ¢*). and

(iii) if ¢ = (3v*)¥, then &' = (3v)(p.(v) A ¥Y).

Intuitively. the introduction of p.(v) for each quantifier (Qv) has the purpose of sim-
ulating the existence of multiple universes in the structures for £*: each universe in a
many-sorted structure corresponds to the subset of the universe for a structure of £

that satisfies the predicate p,.

A structure 2 for £ can be built from a structure 2* of L*, provided that

(i) the universe of 2l is the union of the universes for 2*, and
(ii) the operations and relations in 2 are extensions of the corresponding operations
and relations in 2A~.

9 then is a model for the set of L-sentences
(Fv)pe,(v), 1<i<(n+1)

n
(1) .- (Vng1) (/\ Pei(¥i) D Py (f(015. . .,'v,,)))

i=1
where f has rank (sy.....8,41) in £7. The first condition reflects the fact that each
universe in 2A* is non-empty, and the second one is related to the fact that composite
terms in £° denote objects of specific sorts. A many-sorted theory T is a theory
defined over a many-sorted language L£*, i.e. T* C Fmle. and ¢ € T* iff T* = ¢.
The translation mechanism for many-sorted languages also allows the reduction of
many-sorted into standard first-order theories.

19 See [Monk 76], p. 483-5.
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This translation mechanism is used in the Boyver and Moore theorem prover for the
implicit representation of sorts, as discussed in section 3.1. The predicate symbols p,,
are the recognisers of the prover, thus reflecting their role in establishing a partition
for the universe of a structure.

D.8 Sequents

Sequents provide an alternative representation for conditional formulae in (first-order)

languages. Given two finite sets of formulae, Ty = {v,1,...,71..} and
I's = {y2.1.-+Y2.m}, in a language L, the sequent
I' =T,

is a metatheoretical abbreviation for

Vg Voo Ve VT2 VooV Yom

if Iy UTl, # 0, or for L, otherwise. When both I'; and I'; are non-empty, the above
representation can be converted to conditional form,

(Yia A Avin) D (2o V- Vr.m)

Sequents are notationally convenient, amongst other cases, when it is not relevant to

(1) explicitly include connectives in either the antecedent or the consequent of condi-
tional formulae,
(ii) indicate an order for conjuncts and disjuncts, or
(iii) indicate the number of occurrences of each formula v, ; or 7, ; in either I'; or '
(since they are both sets, the number of occurrences of an element is immaterial).

Whenever I';, has a single element, it is replaced in the sequent by this element, hence

I‘_'T-)'r)1

where 1 is a formula. is also a well-formed sequent.
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Appendix E

Additional Theorems and
Lemmas

The proofs for some of the auxiliary results required in previous chapters have been
gathered in this appendix. Given their elementary nature, none of them should be
regarded as original and, as a result, they are not to be taken as part of the contribution
of this dissertation.

E.1

Chapter 2

Lemma E.1.1 Let T be a recursively arziomatisable undecidable theory in L.

.

If ¥ is a decidable subclass for T, then there is a subclass &' in Fml; such that
¥ C ¥ and X' is also decidable for T.

u. F'ml; is the least recursive upper bound (with respect to C) for the process of

extension of any decidable subclass for T'.

PROOF.

Since T is recursively axiomatisable, there is a recursive function f that effect-
ively enumerates its elements. Since T is undecidable, there is a formula ¢ € T
such that ¢ € £. Formulae of T — T can be effectively exhibited through the enu-
meration of all the elements of T by f until n € N is found such that f(n) = "¢"
and @ € ¥. As ¥ is a decidable class for T'. there is an effective procedure for
determining whether ¢ is its element or not; as a result, the identification of such
formula consumes a finite amount of computation. If ¥’ is defined as ¥ U {¢},
then it is also a decidable subclass for T'.

. Since T is undecidable, Fml; is a recursive upper bound for the process of ex-

tension of any decidable subclass ¥ for T. Let ¥’ be a proper recursive class of
F'ml; that contains ¥ as proper subset.
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If T ¢ Y. there is a formula © € T such that ¢ € Fml; — £'. Since T is
axiomatisable and X’ is recursive. the same procedure described in the above
lemma can be used to effectively exhibit such formula. Hence ¥ U {¢} is also a
decidable subclass for T, and X U {¢} ¢ ¥'.

If T C Y. since ¥’ is recursive, Fml; — ¥’ is a decidable subclass of type III
for T' (since the complement of a recursive class is also recursive). Consequently
LU (Fml — X') is a decidable subclass for T that is not a subset of ¥’.

Since no recursive subclass of Finl: is an upper bound for the extension of I,
Fml; is the least upper bound for this process. ]

Lemma E.1.2 Let T be a recursively ariomatisable and undecidable theory T in L,
and let A be a subclass of Fml; that is decidable for T in Fml.. Then there ezxists a
formula ¢ € Fml; — A such that. for every formula 1 € A,

T £ o=

PROOF. Assume otherwise that, for every ¢ € Fml; — A, there is a formula 1 € A
such that T = ¢ = «. Considering that T is recursively axiomatisable, there is an
effective procedure for the exhibition of ¥, for each ¢ € Fml; — A, consisting of the
recursive enumeration of all the elements of T, until a formula of the form ¢ = 1, with
¥ € A, is found. As any T-theorem, according to such enumeration, has only finitely
many predecessors. and as the existence of such a theorem is guaranteed by hypothesis,
the search is finite.

Let h be a recursive function that represents the procedure for the recognition of
1, and let f be a decision procedure for T w.r.t. A in Fml.. Then h o f is a decision
procedure for T w.r.t. Fml.. which contradicts the undecidability of T'. ]

Lemma E.1.3 Let

(i) T" be a theory in L.

(ii) T be a decidable subtheory of T',

(ili) @ = {oy..... o} be a subset of T'. and
(iv) ¥ be the class of formulae defined as

Y = {¢eFml: |M(T¢7)=1Vh(gs("¢M)) =1}

where h is a decision procedure for T and g4 1s defined as

go("07) = T(AL; i) D@7

Then ¥ is an extended recursive class for T w.r.t. T'.
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PROOF.  From the definition of X. it follows that ¥ is recursive. Let f then be the
recursive function defined as

o if A(Fg7) =1
f(ToM) = ¢ ga("07) if h("67) + h(ga("¢7)) =1
0 otherwise
Given that
i. TC¥X, and

ii. fis a reduction function for ¥ w.r.t. 7. since

(a) f(S)C T, and

(b) If ¢is aformulaof ENT”, then f("¢7) € "T7 C "T'7. Also, if f("¢") e "T'",
then ¢ € ¥ C T'. Hence ¢ € T' iff f("¢7) € "T'".

¥ then is an extended class for T w.r.t. T”. 1

Lemma E.1.4 If ¢ is a formula of L. the following statements are equivalent.

i. ¢ is satisfiable.
1. Fvery formula entailed by ¢ is satisfiable.

1i. Fach of the formulae entailed by ¢ that does not contain ¢ as subexpression is
satisfiable.

PROOF. (i — ii — 445 — 1)

i. If ¢ is satisfiable, then ¢ cannot entail an unsatisfiable formula, otherwise
= ¢ D L,ie [ -0, and therefore ¢ is unsatisfiable.

ii. Trivial.

iii. Case (a) ¢ does not entail any unsatisfiable formula. Then [£ ¢ D L, i.e. £ -9,
hence o is satisfiable.
Case (b) ¢ entails an unsatisfiable formula . Then, according to the third
clause above, ¥» must contain ¢ as subexpression. Since ¥[¢] is unsatisfiable and
E ¢ D v[¢], given that = ¥[¢] = L. then = ¢ D L, thus contradicting the
hypothesis. Therefore, ¢ does not entail any unsatisfiable formula, and, from
case (a), ¢ is satisfiable. 1
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E.2 Chapter 3

Lemma E.2.1 Let T be a theory in a language L, and let ® — ¢ be a sequent of L,
where ® = {&y,...,0,}. Then T = o iff

TE®—9¢ & TE-¢,—¢ & ... & TE-¢,—¢
PROOF.
(=)
Trivial, since, whenever T = ¢, then T |= ® — ¢, for any finite set of formulae ®.
(<)

Given the standard syntactic representation for the above formulae,

Ad’13€b1 _'d)qul)a wie ey _";bn Dé

i=]

it follows that

T E (/n\qf)gjq'))/\(—wgb} DP)A-A(=¢n D )

i=1

which can be simplified to

T|=(¢>v
T k6

<=

ﬂcb.-) A(S1VS)A---A(¢aV D)

1

Lemma E.2.2 Let T be a first-order theory. Then T |=T' U {-¢} — ¢ if and only if
ETL — o

PROOF. LetT = {y;.....7,}. The sequent 'U{-¢} — ¢ corresponds to the formula
(91 A -+ An A m0) D @. from which the following list of logically equivalent formulae
can be derived,

MV Vo VoV e
VeV, Ve
(MA-AYa)D ¢

Since the last formula above corresponds to the sequent I' — ¢, it follows that, for any
theory T, TETU{-0} —o0iff TET — 6. [

443



E.3 Chapter 4
Conjecture E.3.1 The class of terms £, recursively defined as

i. Any atomic term of L is an element of £

i. Ifte & and S € Sym,, then S(t,....t) € €, provided that S(t,...,t) is a well-
formed term of L

t1i. Only the terms defined above are elements of £
cannot be generated by a context-free grammar.

EVIDENCE.  Assume otherwise that there is a context-free grammar that generates
the above mentioned class. Then there must be a production of the form

ey = S{atini,. o 08

where variables atm,., .. ..atm, denote atomic terms of L. Given that, for each expres-
sion of &. if it is dominated by S, then each of its arguments is syntactically identical
to the other arguments. it is necessary to gnarantee that (i) a single variable atm has
n occurrences in the scope of S in the above production (otherwise terms in the scope
of 5 would belong to distinct subclasses and, as a result, would be syntactically dis-
tinct) and (ii) the set of expressions generated by the productions associated with atm
is unitary (otherwise atm would denote more than a particular term, and the above
production would generate S-dominated terms with syntactically distinct arguments).
Hence, it would be necessary to have productions of the form

atm! = t;
atm™ = i
where 2;,.... ty.... are atomic terms of £. Since £ has infinite many atomic terms,

there would be infinite many of such productions, thus contradicting definition C.2.2,
which states that the number of rules of a grammar is finite. Therefore £ cannot be
defined by a context-free grammar.

E.4 Chapter 6

Lemma E.4.1 Let R. S(vy.....v,) = 6 be a total remove rule and let m denote the
length of the longest symbolic chain of 6. Then. for any substitution o, the mazimum
difference between the longest symbolic chain of aS(vy. ..., v,) and ab is m — 2.
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PROOF.  Let ¢ = {“//v;....."7/u,} be a substitution such that ¢ has the longest
symbolic chain. for all :,1 <i<p. Let n denote the length of the longest symbolic
chain of ¢. If v; has an innermost occurrence' in é, then the longest symbolic chain
of o6 has length m + n —1 (since an occurrence of v; is deleted before ¢; is introduced
in its place). Otherwise the longest symbolic chain has length at least equal to m
(since variable instantiation does not reduce chain length), and less than m+n — 1.
Considering that the length of the longest chain of S(e;....,¢€,) is n+ 1, the difference
between the lengths of the longest chains of S(¢€;,....¢,) and 06 has a maximum value
of (m+n—-1)—(n+1)=(m-2). 1

Lemma E.4.2 Let ¢ be a formula that has n occurrences of a symbol S, and let
R. S(vy.....v,) = ¢ be a total remove rule such that the longest symbolic chain of §
has length m. If @' is obtained from ¢ after the exhaustive application of R, then the dif-
ference between the longest symbolic chains of ¢' and ¢ is not greater than n x (m — 2).

PROOF. (By induction on the number of occurrences of S)

Base case. If S has a single occurrence in ¢, let S(¢,...,¢,) be the S-dominated
subexpression of ¢. According to lemma E.4.1, the maximum difference between

the longest symbolic chains of S(€;,...,¢,) and §(“'/vy,...,?/v,) is m —2. Hence,
if S(€;,...,€,) has an innermost occurrence in ¢, the replacement of S(¢,,...,¢,) with
6(vry-.., ‘r/v,) causes an increase in the length of the longest chain of the rewritten

formula ¢’ of m — 2 as well. Otherwise, the variation in the length of the longest chain
of ¢ w.r.t. ¢ lies between 0 and m — 2.

Step case. Assume that, for any formula that has n occurrences of S, the max-
imum expansion of the longest symbolic chain, after the exhaustive application of
R, is n x (m—2). Let ¢ then be a formula where 5 has n+ 1 occurrences, and let ¢
be a S-dominated subexpression of ¢ where S occurs only once. If € has the form
S(ery s v56); then §( vy i ‘r/v,) has no occurrences of 5.

As a result, the replacement of € with 6('/vy....."?/v,) in ¢ reduces the number of
occurrences of S in the rewritten formula ¢’ to n. Also, the length of the longest chain
of ¢' suffers a maximum expansion of m — 2 w.r.t. @. Since ¢’ has n occurrences of 5,
according to the induction hypothesis. the exhaustive removal of § causes an maximum
expansion of the rewritten formula of n x (m —2) w.r.t. ¢, or (n+1) x (m—2) w.r.t.
0. 1

Lemma E.4.3 [fR is a normalised set of total remove rules, R is locally confluent.

' A symbol S has an innermost occurrence in an expression ¢ iff S occurs in the lowest layer of
€. Clearly, the only svmbols that can have innermost occurrences in a well-formed expression are
variables, individual constants and propositional constants. An expression ¢ has an innermost
occurrence in ¢ iff the dominant symbol of ¢’ has an innermost occurrence in .
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PROOF. Let R be a set of normalised total remove rules that includes the rules

B Giltsscenli) 28 B0 F
Rj Sj(in‘.l,....'{tn)) = (55{151,...,?1,“.‘.}

where vy, 1, 1 <k <n;,1<I0<mn,, are variables. All critical pairs have the form

<6£ {Ul\_. . .gvkns‘?(‘ul ..... Iuﬂj}/vk'l-lf i -tvﬂ.} "gﬂl (I"l‘ v -11’#163{“1‘”l,nnj}:‘f”k‘l'l'!' L '!vﬂ.)>

The first element of the pair can be rewritten to

Gl Uiscos Ul s e Sy usens i)

by the application of R; to its subexpression S;(u,,...,u,,). The second element of
the pair can be transformed into the same expression by an application of R;. Since
this result applies to all possible critical pairs for R, R is locally confluent. ]

E.5 Chapter 9
Lemma E.5.1 Let

1. € be an expression whose longest S-chain has length m.
1. R be a set of remove rules for S.

1i. the rewriting sequence

Ry R R
€= & = uni =€y

be such that no S-chain of length m, or fragment of such chain, occurs in the
scope of the subexpression to which R; is applied, where R; € R, 1< i< n.

1. €. be the expression in which the longest S-chain has mazimum length m — 1
generated from €;, 1 <i < n, as follows: if S(u,,...,u,) is the terminal ezpression

of a S-chain of length m in €;, it is replaced with an ezpression €' which is free
from occurrences of 5.

Then
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PROOF. (By strong induction on the length of the rewriting sequence)

Assume by hypothesis that, for any rewriting sequence of length n, ¢, B B
it follows that

R ;& i
€, T =P 6 (F)

Let

egei & ...%6,, Rl €nt1

be a rewriting sequence for ¢, with length n + 1, and let €, be the subexpression of ¢,
to which R, 4, is applied. According to the lemma’s hypothesis, R, ., is not applied
to a subexpression of ¢, that contains either a S-chain of length m, or a fragment of
such chain: €, cannot therefore contain any terminal subexpression S(u,,...,u,) of a
S-chain of length m. Also. €, cannot be a proper subexpression of S(u,,...,u,), since
R, 41 is a remove rule for S and each u; is free from occurrences of 5. Therefore, &,
must also occur in €, and, as a result, R,y is applicable to €, as well.

Let € denote the expression that results from ¢, after the application of R, ;. Consid-
ering that

i. € is obtained from ¢, by the replacement of terminal subexpressions of S-chains

n

of length n with a S-free subexpression.

ii. €, isobtained from ¢, by the application of R, ,, which generates ¢, ., followed
by the operation of replacement of terminal subexpression of S-chains of length
n.

iii. The application of R,,; and the above operation of terminal subexpression re-
placement target distint non-overlapping subexpressions of €, being therefore

interchangeable.
it follows that € = €, ,,. Therefore
! Rv-+l !
F"i'r = €:fi-l—l

can be appended to sequence (*), thus generating

.FRl

R Ry
€ =g} =

ci.=> €

Lemma E.5.2 Let T be an undecidable and recursively axiomatisable theory in L. Let
IT be the set of sentences of £ which are undecidable in T'. and ¥ be a decidable subclass

for T. Then
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. TII7 is not recursive

¢ TNI#T
wi. If T is negation complete w.r.i. ¥ (i.e. if the sentences 7 and =7 belong to T,
thent € T or =7 € T), and ¥’ is a recursive extension of ¥ such that
¥ = {7eStn: | (Ar)(reL&TE=r1)}
thenT'NII =10
PROOF.

1

iii.

Assume otherwise that "II7 is recursive. Then there is a recursive function fr
such that

0 if rgll
Jnl7) = { 1 othefwise
Also, "Stns; — II" must be recursive, and 7' must be negation complete w.r.t.
this class (otherwise there would be an undecidable sentence in Stn, — II). Since
T is recursively axiomatisable, according to theorem B.3.1, there is a recursive
function gr that recursively enumerates all its elements. Given 7 € Sitng, a
decision procedure for T' could then be built as follows.

(a) if fu(7)=1(i.e.7 €1l), then 7 & T.
) =

(b) if fu(r 0. then 7 € Stn, — Il. As a result, there is n € N such that
gr(n) = "t or gr(n) = "=77. In the first case, it follows that 7 € T, and
in the second one, that 7 ¢ T'.

Hence T would be decidable, in contradiction with the hypothesis.

ii. Since II is the set of all T-undecidable sentences of £, and II C X, then any

sentence 7 that does not belong to ¥ is T-decidable, i.e. either 7 € T or =7 € T.
Given the recursive axiomatisability of 7" and the recursiveness of ¥, for any sen-
tence 7 € Stng. it is always possible to determine whether 7 € ¥ or
T € Stng; —X. In the second case, since T is negation complete w.r.t. this subclass,
there is an effective mechanism that establishes, for any sentence 7 € Stn, — &,
whether it is a T-theorem or not, based on the recursive enumeration of all for-
mulae of 7" until either 7 or its negation is obtained. As a result, 7" would be
decidable in both ¥ and Stn; — ¥. i.e. T would be a decidable theory.

If 7/ € ' N 11, then, according to the definition of ¥’, there is a sentence 7 € £
such that 7' |= (7' = 7). Clearly, neither 7 nor =7 can be an element of T, for
otherwise either 7 or =7 would be a T-theorem as well, in conflict with the
undecidability of the elements of II. Hence T is not negation complete w.r.t. ¥.

1
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Lemma E.5.3 Let ¥ be the class of all formulae of Lps of the form t, = 0V it, =1
which can be rewritten into a formula of Lsya by the strict application of the rules

'U]:O/\Ug:{]

R, i+v.=0 =
1. == ('Ul:lA'UQZ{])V(?h:U/\Ug:l]

Ry vy+v=

Then t; and t, must be members of the class of terms © defined as

pol = sum|pol + pol
sum = 0|l|var|sum x sum
var = zi|y|zil|zs] .-
PROOF. (By induction on the length of the rewriting sequence)

Base case. If ¢’ belongs to Lsp4 (empty rewriting sequence), it already satisfies the
conditions of the definition of £. As a result, #; and ¢, are terms of Ls)r4 and, there-
fore, belong to ©. since Trm,_,,, C O.

Step case. Assume that, for every formula (t;, = 0V, = 1) in Lp,, if there is a
rewriting sequence of the form

(thh=0vi,=1)2 . By

where v is a formula of Lsy 4 and R; € {R,. Ry}, then ¢, and %, belong to ©. Let
(t, =0V, =1) be a formula for which there is a rewriting sequence of length n + 1,

R R R
(ti=0viy=1)3..2¢ ' 9" (¥
such that ¥” is a formula of Lsy, and R} € {R,, Ry}. Then ¥’ does not belong to
Lsua. for otherwise the above sequence could be reduced to length n. Two cases must
be taken into account.

If ¥’ Zs ", there must be an occurrence of an atom of the form u; + up = 0 in
1’ such that wu,,u, are terms of Lsp 4. Given that, for any element of the sequence
(%), all the atoms have the form T=0o0ortf=1.wheretis a summand contained in
either | or t,, u; + u, must be a subexpression of either t{ or t,.

Without loss of generality. let u; + u, be a summand of t]. Let a new rewriting
sequence be built from (%) by the replacement of the chosen occurrence of u; 4+ u, in
1 with a term u of Lsp4. The resulting sequence.

1 RE
U"]ﬂ”f[m + ;.-2}]] =0V ff_, =1) gt' o [ ﬂ"f(tq +‘H2]]]
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has length n» and a formula of Lgyr4 as final expression. According to the induction
hypothesis, t{[*/(u1 + u2)] and #, belong to ©. Since u is a summand of #[*/(u1 + w2)],
| is also an element of ©.

e . o R ,
A similar proof applies to the case where ¢/ = v, 0

Lemma E.5.4 Let L be a first-order language, and L' be one of its sublanguages. Let
R be a set of non-conditional remove rules for the deviant symbols of L w.r.t. L', such
that the lhs expressions of all its rules are either terms or atomic formulae, and T be
the R-extension of L'. If ¢ is a formula of L, then

bex iff oV eX
where o~ is the prenexr disjunctive normal form of ¢.
PROOF. Let & be the set of atomic subformulae of ¢. Since the rules of R are
applicable only to atoms or terms, ¢ is R-reducible to £’ iff each of the elements of ¢
is also R-reducible to £'. Given that the process of prenex disjunctive normal forming

does not alter any of the atomic components of a formula, ® is also the set of atomic
components of ¢". As a result. ¢ is R-reducible to £’ iff ¢V is R-reducible to £'. 1

E.6 Chapter 10

Lemma E.6.1 Let ¥, and v, respectively be the formulae
(AL, numberp(vi)) D S(vy,-..,vn)
(A2, numberp(v;)) D & (vy,....0n)
where ¢~ is the complement of ¢. If ¥, is LA-valid, then 1, is LA-invalid.
PROOF. Since the antecedent of 1, is LA-satisfiable, there is an assignment « such
that A, numberp(v;)[a] is valid in LA. If ¥, is LA-valid, then ¢ is LA-valid for the

same assingment. ¢ then is LA-invalid for a and, v,[a] is invalid in LA as a result.
Therefore 1, is LA-invalid. 8
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Appendix F

Some General Purpose Plans

Decidel/1 is a general-purpose proof plan that incorporates the strategy for the exten-
sion of decidable sublanguages described in the main text. Whenever more than one
decidable sublanguage is known, the function m. is called to organise them into decreas-
ing order of preference. The subplan red_dec_cla/2 then tries to perform the reduction.
If it succeeds. the rewritten conjecture is eventually supplied to the corresponding
decision procedure. Additional subplans are responsible for calling the function my
and ordering deviant symbols with respect to the chosen sublanguage. The subplans
rem_dev_sym/3-5 in particular control the removal of symbols and the elimination of
disagreements. employing for this purpose the rule generation mechanism.

Decide2/1 has the same search control as decidel/1 for the selection of decidable sub-
languages, the hierarchisation of the deviant symbols and the choice of remove rules.
It is however interfaced to a stronger version of RGM that explores conjecture subex-
pressions other than the particular one directly involved in semantic matching.

Simplify/1 explores the fact that, even if a formula is not reducible to a decidable
sublanguage. the rewriting process simplifies it, in the sense that the number of occur-
rences of deviant symbols usually decreases. When the reduction fails, the output of
simplify/1 consists of the initial formula and one simplified formula for each sublan-
guage, corresponding to the failed reduction attempts. Since these expressions are all
equivalent to each other, they can be supplied to an alternative proving strategy, e.g.
induction.

An implementation for all three plans and their component subplans follows.



/*
* Plan decidei/1
* /

plan(decidel(Thr),
if_then_else[mem_dec_cla(DecCla,Thr),
dec_pro(DecCla,Thr),
if_then[(dec_cla_lst(DecClalLst,Thr),
ord_dec_cla(0OrdDecClaLst,DecClaLst,Thr)),
red_dec_cla(0rdDecClaLst,Thr)
then dec_pro(DecCla,Thr)]]).

plan(red_dec_cla(OrdDecClalLst,Thr),
if_then_else[0OrdDecClalst == [],
fail,
if_then[([DecCla|DecClaLst] = OrdDecClalLst,
psb_ord_dev_sym(PsbOrdDevSymPailst,DecCla,Thr)),
red_dec_cla(DecCla,Thr,PsbOrdDevSymPailLst)
or red_dec_cla(DecClaLst,Thr)]]).

plan(red_dec_cla(DecCla,Thr,PsbOrdDevSymPailst),
if _then_else[PsbOrdDevSymPailst == [],
fail,
if _then[[0rdDevSymPai|OrdDevSymPailLst] = PsbOrdDevSymPailst,
rem_dev_sym(0rdDevSymPai,DecCla,Thr)
or red_dec_cla(DecCla,Thr,0rdDevSymPailst)]]).

plan(rem_dev_sym(OrdDevSymPai,DecCla,Thr),
if_then_else[0OrdDevSymPai == [],
idmethod,
if _then[([[DevSym,Ari] |DevSymPailst] = OrdDevSymPai,
pos_sym_exp(DevSym,Ari,PosDevSym),
ord_rem_rul (DevSym,Ari,PosDevSym,DecCla,
Thr,RemRullst)),
rem_dev_sym(DevSym,Ari,PosDevSym,RemRulLst,Thr)
then
if_then_else[mem_dec_cla(DecCla,Thr),
dec_pro(DecCla,Thr),
if_then_else[
pos_sym_exp(DevSym,Ari,_ ),
rem_dev_sym(OrdDevSymPai,DecCla,Thr),
rem_dev_sym(DevSymPailst,
DecCla,Thr)]111]).
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plan(rem_dev_sym(DevSym,Ari,PosDevSym,RemRulLst,Thr),
if_then_else[RemRullst == [],
fail,
if_then[[RemRul |RulLst] = RemRulLst,
partial_remove(PosDevSym,RemRul) orelse
(gen_rem_rul (RemRul,DevSym,Ari,PosDevSym)
orelse rem_dev_sym(DevSym,Ari,PosDevSym,
RulLst,Thr))]1]).

plan(gen_rem_rul (RemRul,DevSym,Ari,PosDevSym),
if_then[spc_trv_mat_cbl,rul(DevSym,Ari,PosDevSym,RemRul,NeuRemRul),
partial_remove(PosDevSym,NewRemRul)]).

/*
* Plan decide2/1
x/

plan(decide2(Thr),
if_then_else[mem_dec_cla(DecCla,Thr),
dec_pro(DecCla,Thr),
if_then[(dec_cla_lst(DecClaLst,Thr),
ord_dec_cla(0OrdDecClaLst,DecClaLst,Thr)),
red_dec_cla2(0rdDecClalLst,Thr)
then dec_pro(DecCla,Thr)]]).

plan(red_dec_cla2(0rdDecClalLst,Thr),
if_then_else[(0rdDecClalst == []),
fail,
if_then[([DecCla|DecClaLst] = OrdDecClalst,
psb_ord_dev_sym(PsbOrdDevSymPailst ,DecCla,Thr)),
red_dec_cla2(DecCla,Thr,PsbOrdDevSymPailst)
or red_dec_cla2(DecClaLst,Thr)]]).

plan(red_dec_cla2(DecCla,Thr,PsbOrdDevSymPailst),
if_then_else[(PsbOrdDevSymPailst == []),
fail,
if _then[[0rdDevSymPai|OrdDevSymPailst] = PsbOrdDevSymPailst,
rem_dev_sym2(0rdDevSymPai,DecCla,Thr)
or red_dec_cla2(DecCla,Thr,0rdDevSymPailst)]]).
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plan(rem_dev_sym2(0rdDevSymPai,DecCla,Thr),
if_then_else[(OrdDevSymPai == []),
idmethod,
if _then[([[DevSym,Ari] |DevSymPailst] = OrdDevSymPai,
pos_sym_exp(DevSym,Ari,PosDevSym),
ord_rem_rul(DevSym,Ari,PosDevSym,DecCla,
Thr,RemRullst)),
rem_dev_sym2(DevSym,Ari,PosDevSym,RemRulLst,Thr)
then
if_then_else[mem_dec_cla(DecCla,Thr),
dec_pro(DecCla,Thr),
if _then_else[
pos_sym_exp(DevSym,Ari,_ ),
rem_dev_sym2(0rdDevSymPai,DecCla,Thr),
rem_dev_sym2(DevSymPailLst,
DecCla,Thr)]]1]).

plan(rem_dev_sym?(DevSym,Ari,PosDevSym,RemRulLst,Thr),
if_then_else[(RemRullst == []),
fail,
if_then[[RemRul |RulLst] = RemRulLst,
partial_remove(PosDevSym,RemRul) orelse
(if _then[can_sub_exp_lst2(RemRul ,PosDevSym,
OrdPosSubExpLst),
gen_rem_rul2(RemRul ,PosDevSym,0rdPosSubExpLst)
orelse rem_dev_sym2(DevSym,Ari,PosDevSym,
RulLst,Thr)]1)1]).

plan(gen_rem_rul2(RemRul,PosDevSym,0rdPosSubExpLst),
if_then_else[(0OrdPosSubExpLst == []),
fail,
if_then[[[PosSubExp,_] |PosSubExpLst] = OrdPosSubExpLst,
if_then_else[trv_mat_cbl_rul2(PosSubExp,RemRul,
NewRemRul) ,
partial_remove(PosDevSym,NewRemRul),
gen_rem_rul2(RemRul,PosDevSym,
PosSubExpLst)]]]).



/*
* Plan simplify/1
*/

plan(simplify(Thr),
if [mem_dec_cla_lst(_,DecCla,Thr),
dec_pro(Pos,DecCla,Thr),
if[(dec_cla_lst(DecClaLst,Thr),
ord_dec_cla_1lst(_,0rdDecClaLst,DecClaLst,Thr)),
simplify1(0rdDecClaLst,Thr)
thn (if[mem_dec_cla_lst(_,DecCla,Thr),
dec_pro(Pos,DecCla,Thr),
simplify2(0rdDecClalst,Thr)
thn (if [mem_dec_cla_1st(_,DecCla,Thr),
dec_pro(Pos,DecCla,Thr),
idmthlst])])]1]).

plan(simplify1(OrdDecClaLst,Thr),
if[0rdDecClaLst == [],
synsmp,
if [([DecCla|DecClaLst] = OrdDecClalst,
dec_cla(DecCla,Thr,DevSymLst),
ord_exp_lst_cla(DecCla,Thr,[Pos|_]1)),
duplicate(Pos)
thn (((rpeat random_remove2(Pos,DevSymLst,Thr))
orels idmthlst)
thn (if[mem_dec_cla_lst(Pos,DecCla,Thr),
synsmp,
simplifyi(DecClaLst,Thr)]))1]).

plan(simplify2(0rdDecClaLst,Thr),

synsmp
thn (if[0rdDecClalLst == [],
idmthlst,
if [mem_dec_cla_1lst(_,DecCla,Thr),
idmthlst,

if [([DecClal|_] = OrdDecClalLst,
ord_exp_lst_cla(DecCla,Thr, [Pos|_])),
duplicate(Pos)
thn spf_dec_cla(Pos,0rdDecClaLst,Thr)]]])).

plan(spf_dec_cla(Pos,0rdDecClaLst,Thr),

if[([DecCla|DecClaLst] = OrdDecClalst,
dec_cla(DecCla,Thr,DevSymLst)),
spf_dec_cla(Pos,DecCla,Thr,DevSymLst)
thn simplify2(DecClaLst,Thr)]).



plan(spf_dec_cla(Pos,DecCla,Thr,DevSymLst),
if [DevSymLst == [],

idmthlst,

if[(DevSymLst = [[DevSym,Ari] |SymLst],

occ_sym_exp_lst(Pos,DevSym,Ari, [PosDevSym|_])),
(rem_dev_sym(Pos,DevSym,Ari,PosDevSym,DecCla, Thr)
thn (if [mem_dec_cla_lst(Pos,_,Thr),
idmthlst,
spf_dec_cla(Pos,DecCla,Thr,DevSymLst)

orels spf_dec_cla(Pos,DecCla,Thr,SymLst)]))
orels idmthlst,

if [DevSymLst = [_|SymLst],
spf_dec_cla(Pos,DecCla,Thr,SymLst)]]]).

plan(rem_dev_sym(Pos,DevSym,Ari,PosDevSym,DecCla,Thr),

if[ord_rem_rul_lst(Pos,DevSym,Ari,PosDevSym,DecCla,Thr,RemRullst),
rem_dev_sym2(Pos,DevSym,Ari,PosDevSym,RemRulLst,Thr)]).

plan(rem_dev_sym2(Pos,DevSym,Ari,PosDevSym,RemRullLst,Thr),
if[RemRulLst == [],

faillst,
if [[RemRul |RulLst] = RemRulLst,
prt_remove(Pos,PosDevSym,RemRul)

orels (gen_rem_rul_lst(Pos,RemRul,DevSym,Ari,PosDevSym)
orels rem_dev_sym2(Pos,DevSym,Ari,PosDevSym,RulLst,Thr))]]).

plan(gen_rem_rul_lst(Pos,RemRul,DevSym,Ari,PosDevSym),

if[trv_mat_cbl_rul_lst(Pos,DevSym,Ari,PosDevSym,RemRul ,NewRemRul),
prt_remove (Pos,PosDevSym,NewRemRul)]) .

plan(random_remove2(Pos, [[Sym,Ari] |SymLst] ,Thr),
if[(cjt_1ss(Citlst);

mem_at(Cjt,CjtLst,Pos),

occ_sym_exp(Cjt,Sym,Ari,[_1_])),
remove_(Pos,Sym,Ari,Thr)

orels random_remove2(Pos,SymLst,Thr),
random_remove2(Pos,SymLst,Thr)]) .
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Appendix G

Arithmetical Conjectures

Four main experiments have been conducted in the course of the development and
testing of the general-purpose plans described in chapter 9. Section G.1 lists the con-
jectures emploved in the measurement of the effect on efficiency of several control
features available in proof plans such as decide/1. Section G.2 presents the complete
set of arithmetical lemmas described as representative of the domain of verification
conditions by Bover and Moore. Section G.3 has some of the randomly generated con-
jectures used to assess the performance of the proof plans for simplification in subsets
of formulae of various degrees of syntactic complexity. Finally, section G.4 presents
the complete set of quantifier-free formulae employed in the comparative assessment
of the performances of Ngthm’s simplifier, simplify/1 and weak_simplify/1.

G.1 Development Sample

The formulae listed in table G.1 have been supplied to the general-purpose proof plans
and the rewriters described in chapter 9 with the purpose of comparing their perform-
ances. All formulae belong to the language

{0,1,s,+, x,exp, <, <}

Natural numbers (other than 0 and 1) are employed in the mentioned table as abbrevi-
ations. The sample has been partitioned in three groups: series 100 contains conditional
equations, series 200. conditional inequalities, and series 300, conditional systems of
equations and/or inequalities. In the first series, formula ¢y, has been derived from a
problem proposed by Bover and Moore'. Formulae ¢4 and ¢4 are variations of this
problem, obtained by the application of the associativity of multiplication.

Experimental results concerning the rewriters and decide/1 are shown in tables G.2, G.3. G.4
and G.5. Additional results for the deciders and simplifiers are presented in tables G.6, G.7
and G.8.

! See [Boyer & Moore 88]. p. 102.



I No. Conjecture

$11 ()WY= z#0Dx x{y+ z) = x)

B102 (iﬂ)(y)(t?fUD& X 2% 4 222 X y = a?)

®103 (2)y)z)w)z#0Dax(exyXz)+zx(w?xy® xz?)=12)

droa  (2)(y)(z#0Dz*=zx1+1lxz+yxz)

105 (@) y) )Nz #0D 240Dz XYyXyXz+TXyX2=2X71)

S0 (Z)(Y)(=)(w)(s(z)xy=azXy+2XzXw)

$r107  (2)(y)(x#0D2*+22° x y = 2*)

Pios (EJ(y)(:(?L](a-l—J(IA”XEU‘UDT +yi+ 224+ wi=1)

®109 (2)(y)(= # 0D 2% + 22% x y = 2?)

$uo (@)W #0D(y#0) D (exy)x(e+y)+(xy) X (y+2) =2z xy)

P11 (2)g)z# 0 D>a we® + 22 xy=12%

®112 (z)(y)(z)(z#0D = #UDIXyny +;r><y><z=:r><z)

D113 (x)(y](:)(tr,'}(af'-l-y(lf\ Xxw=z?Dz*+y*+22+w?=1)

D114 () y)(z# 0Dz x (2? xz)+22° x y=2?)

P115 ()P #F0Dy# 0Dz XxyXy+TXyxz=aXxXy)

116 (W y#0Dy* +3=3+2y)

o117 (@) y)(=)(w)z#0Dy#0D= ;E{}Dyx4+yxzxz=yx{zx(w+x)))

o118 (z)(y)(2)w)(y# 0D+ y° X"‘“J X z+z)

dne  (@)YENYy#F0D 2 +y* =y° + 1)

®120 () )(2)(z#0Dy# 0Dz Xxyxy+TsXzXy=aXy)

P121 (x)(y}(ﬁ) w)(z£0DzXy+rXw=2X2+2%)

D122 (2Nz#0D2#0D2%+(1+2)=2x(z+1))

D123 $)(J](T#UDT (t+z)+yxe)

D124 () yz)w)(zZ0Daex(zxyx2)+ex(wxyxyXeXz)=21)

b1 (z)(y)z#0D2*=(zx1l4+zx1)+yxa)

d126  (2)(Y)(2)Nz#0Dzx(yx(z+y))+ex(Zx(z+y))=2z)

127 ()Y #0Dy#0Dax(y+2)xy=aXy)

dr2s (2)(y)(2)(w)(z#0D 2+ (yxa*+zx2?)=a?x(y+2)+wX2)

201 ()W) (220D (z+y)#0Dex(yx(z+y))+zx (P x(z+y)) <zx(z+Yy))

®202 (z)(y)(z)(z+y < z)

203 (z)(y)(z # 0Dz x (= X'n"')'i'?-'f xy<z?)

204 (z)(y)(2)((z # 0) D (z x y* +%* = z))

®3205 (@) y)(w)(w#0Dz¥ xw=1Xxw)

D301 () ) (2)w)y#0D2z#0D(z=2y AN ¥’ +3=3+2y A 2<1+2w)D
D(2z4+3y=2 A 2<2%)

b2 (D)W #0)D(y#0)D(zx(y+2)=axy Ay’ xw=2"))

®303 ()(¥)(=)(z#0)D(zx(y+2)=z Xy A y+w=3z2))

304 (z)(W)(=)0=2 A ¥+ 22X 0w’ =1)

@305 ()y)(z)z=0 A y°+z=2)

Series 100 - (Conditional) equations
Series 200 - (Conditional) inequalities
Series 300 - (Conditional) systems of equations

and/or inequalities

Table G.1: Arithmetical conjectures - Development stage
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Conjecture Execution Time (in s)

rewritel/4 | rewrite2/5 | rewrite3/5 | rewrite4/5 [ rewriteb/5 [ rewrite6/5 | decidel/l
101 2.5 2.5 2.5 2.5 2.5 2.5 77.1
P102 o 728.3 7,764.0 5,645.8 652.9 684.6 425.6
P103 m] 883.0 4,322.8 3.598.7 406.7 426.0 288.1
P104 O 1,271.4 358.6 280.5 827.3 873.9 472.8
105 a 3.514.4 1,323.8 961.5 2,113.4 2,201.5 1,218.3
D108 O 969.2 1,234.0 1,822.9 1,131.1 565.2 38.0
¢107 5.7 5.7 5.7 5.7 5.7 5.7 10.6
®108 45.1 45.1 45.1 45.1 45.1 45.1 90.9
P109 o 747.9 7,916.5 5,788.9 656.4 681.2 430.6
110 0 1,168.0 426.7 3052 | 1,629 |  1,624.1 506.4
111 O 1,162.9 6,284.3 4,661.2 812.0 844.9 819.9
D112 0 3,560.3 1,318.2 959.9 2,129.3 2,205.7 1,186.1
113 46.0 46.0 46.0 46.0 46.0 46.0 90.3
D114 O 753.8 11,762.7 8,428.7 671.0 700.9 428.8
o115 (] 956.5 310.3 259.4 578.9 598.8 527.3
D116 O 2.547.1 1,477.9 1.399.6 1,401.9 1,461.9 117.7
d117 O 6.793.1 2,575.7 2,026.7 3,496.3 3,630.8 1,259.8
D118 a 989.7 672.6 585.2 522.3 539.3 16.8
¢119 a 796.6 296.0 234.5 4248 436.9 14.4
D120 a 3,117.5 1,013.7 724.8 1,628.9 1,688.0 775.6
d191 o 2,403.3 704.3 619.5 1,876.5 1,957.5 1,113.8
D109 O 2,969.3 1,447.0 1,254.3 1,253.2 1,302.9 1,059.5
D123 m] 1,236.4 358.1 277.1 816.7 859.6 481.7
D124 O 878.3 3.959.0 3,253.7 410.9 429.3 270.4
125 = 1,273.2 353.6 276.6 831.4 861.8 471.2
D126 o 761.9 9,264.2 4.801.6 1,450.7 1,509.3 527.0
D127 | 2,848.4 988.5 728.2 2,141.9 2,232.8 1,210.4
d108 a 8,313.9 5,879.7 5,796.7 7,687.1 8,019.4 1,820.3
: o 5057 | 58014 3,833.0 913.7 7928 77.0
D202 0.4 0.4 0.4 0.4 0.4 0.4 0.8
$203 O 3,576.0 | 262,849.3 | 190,698.7 1,569.4 1,634.7 612.2
@204 15.2 15.2 15.2 15.2 15.2 15.2 306.6
da05 a 1,801.4 177.9 615.2 155.3 161.2 89.0
D301 QO 22,186.3 9.731.3 18,231.6 18,206.1 18,965.3 521.9
D302 11.2 11.2 11.2 11.2 11.2 112 345.3
@303 5.1 5.1 5.1 5.1 5.1 5.1 9.7
B304 o 0 o o a) o o
$305 ] a ] ] m] m] o

Series
Series
Series

100
200
300

-~ (Conditional) equations
- (Conditional) inequalities

and/or inequalities

failure

(Conditional) systems of equations

Table (G.2: Time Performances — Rewriters & decidel/1
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Table G.4: Cumulative Effect — Rewriters & decidel/1
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Time Performance (sample size - 38)
rewritel /4 | rewrite2/5 | rewrite3/5 | rewrited/5 | rewrite5/5 | rewrite6/5 | decidel/1
MT (s) 16.4 2,192.9 9,741.7 7,450.0 1,548.9 1,596.0 492.0
SD (s) 18.9 3,889.4 43.515.7 31,608.6 3,176.7 3,313.4 456.3
SR (%) 21.1 94.7 94.7 94.7 94.7 94.7 94.7
BP (%) 21.1 21.1 21.1 474 23.7 21:1 44.7
SP (%) 0.0 2.6 21.1 10.5 26.3 2.6 31.6
WP (%) 0.0 44.7 23.7 2.6 0.0 2.6 0.0
MT mean time
SD  sample standard deviation
SR success rate
BP  best time performance
SP  second best time performance
WP  worst time performance
Table G.3: Success Rates — Rewriters & decidel/1
From To Sample Time Variation (% of sample)
Size | Reduction | Increase | Unchanged
rewrite2/5 | rewrite3/5 36 50.0 27.8 22.2
rewrite2/5 | rewrited /5 36 50.0 27.8 22.2
rewrite2/5 | rewrite5/5 36 69.4 8.3 22.2
rewrite2/5 | rewrite6/5 36 2.2 5.6 22.2
rewrite2/5 | decidel/5 36 77.8 22.2 0.0
rewrite3/5 | rewrited/5 36 69.4 8.3 222
rewrite3/5 | rewrite5/5 36 38.9 38.9 22.2
rewrite3/5 | rewrite6/5 36 38.9 38.9 22.2
rewrite3/5 | decidel/5 36 58.3 41.7 0.0
rewrited /5 | rewrite5/5 36 38.9 38.9 22.2
rewrited /5 | rewrite6/5 36 33.3 44.4 22.2
rewrited4 /5 | decidel/1 36 50.0 50.0 0.0
rewrite5/5 | rewrite6/5 36 2.8 75.0 22.2
rewrite5/5 | decidel/1 36 75.0 25.0 0.0
rewrite6/5H | decidel/] 36 77.8 22.2 0.0




Conjecture Time | Conjecture Tim
Fraction (%) Fraction (%)
Droz 65.2 129 84.5
D103 70.8 P124 65.8
D6 6.7 P126 69.2
@109 65.6 D128 31.4
Ay14 63.9 201 36.0
116 8.4 D203 39.0
(.-'51 17 62.2 ®205 873
D118 3.2 @301 5.4
o110 6.1
Time fraction = time consumed by decidel/1 x 100%

time consumed by the 2nd fastest system

The above conjectures are all those for which decidel/1 exhibited the best time
performance. The percentages indicate the fraction of the running time consumed
by the second fastest system (which may vary from one conjecture to another)
that was required by decidel/1. The average fraction for this subsample (43.6%)
shows that the decider provided a substantial time reduction in the average.

Table G.5: Decide1/1 x Second best performance
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Conjecture Execution Time (in s)
decidel/1 | decide2/1 | simplify/1 weak_

simplify /1
D101 77.1 222.2 < | 3.1
D102 425.6 1,482.4 435.5 334.1
D103 288.1 14,372.5 298.1 63.7
D104 472.8 2,851.2 487.1 (m}
o105 1,218.3 4,464 .4 1,180.4 m]
D106 38.0 36.6 21.2 20.6
D107 10.6 10.9 3.1 3l
&108 90.9 88.0 20.7 215
@109 430.6 1,272.0 432.2 340.7
D110 506.4 1,912.2 478.9 292.3
D111 819.9 16,930.8 816.1 345.1
D112 1,186.1 4,482.3 1,190.9 m}
0113 90.3 91.8 21.9 22.3
G114 428.8 1,320.3 444.7 3560.0
@115 527.3 1,808.0 535.8 292.9
D116 117.7 363.0 121.8 m]
o117 1,259.8 13,596.2 1,273.6 m]
0118 16.8 18.2 23.1 22.2
d1a 14.4 14.8 19.0 19.0
o120 775.6 2,535.0 785.4 532.1
121 1,113.8 21,078.9 1,120.8 513.6
D1o9 1,059.5 10,502.3 1,077.0 O
D193 481.7 2,841.7 485.7 ]
D124 270.4 7,.917.6 275.7 64.2
D195 471.2 2,897.5 490.7 m]
D126 527.0 4,316.6 535.0 348 .4
D127 1,210.4 8,346.0 1,210.3 661.6
0128 1,820.3 21,651.2 1,830.8 870.4
D907 77.0 113.1 80.4 73.4
On02 0.8 0.8 0.7 0.7
dags 61.2:2 1.856.6 576.7 466.7
D904 306.6 854.7 21.7 22.3
@aps 89.0 H68.2 57.7 50.4
@301 521.9 21565 272.1 O
D302 345.3 2,277.3 19.5 18.7
D303 9.7 9.8 2.8 2.8
D304 O 1,173.5 m} O
D305 a 3,352.6 (] O

Series 100
Series 200
Series 300

a

- (Conditional) equations

(Conditional) inequalities
(Conditional) systems of equations

and /or inequalities
- failure

462

Table G.6: Time Performances — Deciders & Simplifiers




Time Performance (sample size - 38)
decidel/5 | decide2/5 | simplify/1 weak .
simplify/1

MT (s) 492.0 4,204.9 456.5 213.2
SD (s) 456.3 5,907.5 463.9 241.3
SR (%) 94.7 100.0 94.7 Tl
BP (%) 23.7 5.3 23.7 57.9
SP (%) 44.7 7.9 36.8 7.9
WP (%) 5.3 81.6 5.3 2.6

MT mean time

SD  sample standard deviation

SR success rate

BP  best time performance

SP  second best time performance

WP  worst time performance

Table G.7: Success Rates — Deciders & Simplifiers

From To Sample Time Variation (% of sample)
Size | Reduction | Increase | Unchanged
decidel/5 | decide2/5 36 5.6 91.7 2.8
decidel/5 | simplify/1 36 44.4 55.6 0.0
decidel /5 | weak_simplify/1 27 92.6 7.4 0.0
decide2/5 | simplify/1 36 94.4 5.6 0.0
decide2/5 | weaksimplify/1 27 92.6 7.4 0.0
simplify/1 | weak_simplify/1 27 70.4 11.1 18.5

Table G.8: Cumulative Effect — Deciders & Simplifiers
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G.2 Verification Conditions

The arithmetical lemmas listed in tables G.9 and G.10 have been taken from appendix
A of [Boyver & Moore 79]. Their original enumeration has been preserved in the above
mentioned tables. Lemmas 317 and 368 have been broken into respectively two and
three new lemmas. due to the fact that they were originally conjunctions of formulaeZ.
Table G.11 describes the role of each of the two main modules of Ngthm in the process
of proving these lemmas. Tables G.12 and .13 describe the time performances of the
plan weak_simplify/1 and the subplan simplify1/2 for the above set of lemmas.

G.3 Randomly Generated Conjectures

One randomly generated formula for each of the depths examined in the experiment
has been included in tables G.15 and G.16. All formulae belong to the first-order
language described in section G.1. and have been represented according to the syntax
detailed in table (G.14. The experiments have been conducted with the general-purpose
proof plan simplify/1. In the entry for each depth. Cjt indicates the randomly gener-
ated conjecture. whereas RewCjt is the resulting simplified formula. Strict_sum and
strictmultiplication respectively denote the decidable sublanguages Lp, 4. and
Lsyra. Each new remove rule generated in the process is represented as a list of three
elements, the lhs expression. the rhs expression and a condition. The results for the
whole random saniple are described in tables G.17 and G.18.

G.4 Quantifier-free Conjectures

Ten quantifier-free conjectures for each depth ranging from 3 to 10 have been randomly
generated and supplied to Ngthm and to two proof plans for simplification. They belong
to the same first-order language defined in section G.1, as it can be observed below.

Depth 3

qtf0301 2z < 1A 2a <0
qtf0302 (29 <1 =0 < x5)
qtf0303 (23 <1 =ua5 <0)
qtf0304 0<12 L
qtf03056 1 <1V 1<ay
qtf0306 25 <OV 1 <1
qtf0307 1<12 L
qtf0308 x5 < a7 O L
qtf0309 lexpl < a3y
qtf0310 (2o <0=1< x5)

2 1t has to be taken into account that

TeEond: il TEé andT b
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No. [ Theorem

37 r#£0Dz—-1<uz

100 even(double(z))

102 half(double(z)) = «

103 even(x) D double(half(z)) = 2

109 2¥t: = g¥ x z?

110 L G

113 (z<yV(y<La)

120 half(a) < x

168 r<ydy—sz)<y—=x

169 (r—y<az)=(x#0ny#0)

170 r#0Ay#0De—y<z

179 r <4 (r—y)

180 rmdr(y,1) =0

182 (rmdr(z.y) <y) = (y #0)

183 (ytae)Da—y=0

184 rmdr(z, z) =0

185 y# 0D rmdr(z,y) + {u x (z/y)) =2

186 (z4+y=0)=(x /\ =0)

187 (a’+y:z)§ =

188 s 0NyE0D < 2 +(y><::)

189 fa/y<a:—(.r#(}/\(y—UVy;£1))

190 (rmdr(a, yy<z)=(zZ0Ay#0Az £ y)

191 & U/\.r)'#(}Ay#lDa,/y(:c

197 y<zrD-(z<Ly)

198 ged(z,y) = ged(y, x)

202 yZ0Ay<zDrmdr(z,y) <z

208 (z+y)—z=1y

209 (z+y)—(z+z)=y—2

210 (yxz)—(wxez)=(rx(y—w))

212 rmdr(z x z,2) =0

213 (y+(z+2)—z=(y+2)

215 s(y+2)—z=s(y)

216 y#0Ay#1Drmde(s(x xy),y)#0

217 rmdr(z,z) = 0 A rmdr(y,z) =0 D rmdr(z + y,2) =0
218 rmdr(z.z) = 0 A rmdre(y. z) # 0D rmdr(z + y,2) # 0
219 rmdr(z, z) = 0 D (rmdr(x + y,z) = 0) = (rmdr(y, z) = 0)
220 ridr(z.z) = 0 2 (rmde(y + @, 2) = 0) = (rmdr(y, 2) = 0)
221 (z—y=0)=(y£x)

222 r<yde+(y—ax)=y)

225 | ridr(xz.2) = 0D (rmdr(y — 2. 2) = 0) = (z < y D rmdr(y, z) = 0)
226 (zx z <y xXz)=(2# 0 Az < y)

227 ged(a x 2,y x z) = z x ged(z, y)

228 (rmmdr(z, ged(z,y)) = 0) = (rmdr(y, ged(z, y)) =

Table G.9: Arithmetical lemmas proved by Ngthm (I)
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No. | Theorem

229 (£ 0Ay#0Az|lzAz|ly) D (2 < ged(z,y))

237 (2 #0AYyZ0Az#0)D(y< (zxy)+(zx2))

279 | (y < x A—-primey(z,y)Ae#£0Aac# 1Ay #£0) D (gie(z,y) < z)

280 (y <z A=-prime(z,y) Ae#£0Az#£1Ay#£0)D

O (rmdr(z, gfe(z, y)) = 0)

283 (gfe(z,y)=0)=((y=0Vy=1)Az=0)

284 (gfe(z,y)=1)=(x2=1)

292 @20/l o (e x (1/2) = 9)

293 (@ Z0Az <y) > W/ £0)

299 (rmdr(s(x), z) = 0A z # s(&) A —prime;(s(z), (2 — z) + 2)) D
D (—prime,; (s(z), x))

300 [ (=# 1Az #s(x)Armdr(s(x),z) = 0) D (-primey(s(z), z + w))

301 (z#1Az# 2 Az|e)D (-prime (z,pr(z)))

302 (ged(z,z) = y) D (rmdr(z,y) = 0)

303 (rmdr(z,z) # 0) D (ged(z,z) # )

304 (#=2xy)D (rmdr(z,2) =0)

305 I=1De=gxy

306 (y=zx2z)D(ged(y,w x ) = 2 x ged(w, 2))

307 (z fJyhy=ged(z xy,zxy)) D(wxa#zxz)

308 (z fy A prime,;(z,pr(z))) D (ged(y,z) = 1)

309 (prime(x) A x ,{: Az fy) D(zxw# yxz)

310 (# x y/x #y) D (rmdr(y, z) #0)

311 (prime(x) Ay # 1 Az #y) D (rmdr(z, y) # 0)

314 rmdr(y x z,y) =0

3T7a W=0 (W x2)/y=0)

317b (¥y#0) D ((yxz)/y==x)

318 (x#0Az2|w) D (yx w/e=(y x w)/z)

321 (:#ﬂ/\z}r):}(:xy#x]

323 # 0Azxz=y)D(2=y/z)

324 {rxu__l z#0Ay#F0Apr(z)=0Apr(y) =0)

345 y+ 2z £ pr(z)

368a (x=0)D(z+(y—rpr(z)) =y)

3685 (2 0Ay <pr(z)) D c+(y—pr z)) = z))

368¢ ((x #0Ay £ pr(z)) D (z+ (y— pr(x)) = s(y)))

372 (r <y) D (pry) £ z)

37 | (W=0Az=010(=Z0)A((yZ0) D prm) <)) =
=(prly+z)<z+=z)

397 (x<y)D(x—y=0)

398 (pr(pr(z)) <z) = (z #0)

400 (pr(pr(z )]4 +U )=(#0Vy#0)

401 ((x<y)D(priz)<z))A((zLyAnz=0)D(zF#0))A

(rLyA=#20)D (L) =(pr(z+(z—-y)) <=z
402 r+y < pr(x)
403 (r LyneFy) D(pr(z) £y)

Table G.10: Arithmetical lemmas proved by Ngthm (II)
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Lemma | Simplifier | IP | Lemma | Simplifier | IP
core | LP core | LP
37 ° 229 o
100 o 237 )
102 ) 279 o
103 ) 280 o
113 o 283 o
120 o 284 )
168 o 292
169 o 293
170 o 299
179 °© 300 o
180 o 301 o
182 o 302 o
183 o 303 0
184 o 304 o
185 o 305 o
186 o 306 o
187 ) 307 o
188 o 308 o
189 o 309 o
190 ° 310 o
191 o 311 o
197 o 314 o
198 o 317a
202 o 317
208 o 318 o
209 o 321
210 o 323
212 o 324 o
213 o 345 o
215 o 368a o
216 ° 3686 o
217 © J68¢ o
2138 o 372 o
219 o 375 o
220 o 397 o
221 o 398 o
| 222 o 400 o
225 o 401 o
220 o 402 o
227 o 403 o
228

IP  inductive prover
LP linear arithmetic procedure

Table G.11: Arithmetical lemmas - Ngthm’s performance
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Lemma simplifyl /2 weak_stmplify/1
Time (s) | Sublanguage | Time (s) | Sublanguage
a7 0.7 Lpyae 2.1 *
100 0.3 Lpyas 0.4 *
102 0.5 Lpyas 0.7 -
103 0.7 Lpra+ 1.0 *
113 0.5 Lpras 0.8 *
120 0.7 Lpras 1.0 *
168 3.9 Lpra- 4.5 *
169 0.8 Lpras 1.3 *
170 1.2 Lpyas 1.7 *
179 0.6 Lpyas 0.9 *
180 1.8 Lpras 21 *
182 5.6 a 138.5 a
183 0.9 Lpyas 1.4 *
184 4.3 Lsara 4.6 *
185 39 O 478.1 O
1861 0.0 Lpyas 0.0 *
1871 0.0 Lpras 0.0 *
188 3.0 (m] 14.1 Lpras
189 10.7 0 271.8 m]
190 6.8 o 146.0 0O
191 11.4 O 272.2 0
197 0.5 Lpra» 0.8 *
198 29.2 O 513.0 Lsaa
202 6.1 O 142.3 o
208 0.7 Lpyae 1.1 *
209 4.1 Lppas 4.9 *
210 16.1 O 420.1 O
212 4.7 Lsama 2.9 .
213 0.9 Lpras 1.5 *
215 0.8 Lpras 1.3 *
216 10.4 a 317.3 o
217 22.0 (m] 396.3 0O
218 22.0 ] 392.9 0O
219 21.7 O 391.6 o
220 21.5 O 391.5 a
221 0.7 Lpra- 1:2 #*
222 1.2 Lprigs 1.6 *
225 53.9 m| 339.2 0O
226 2.3 ] 25.8 Lpras
227 31 O 13,039.4 Lsaa
T member of decidable

a

sublanguage

same sublanguage
as for simplify1/2

failure

Table (G.12: Time Performances — Simplifiers (I)

468




Lemma simplifyl]2 weak_simplify/1
time (s) | sublanguage | time (s) | sublanguage
228 76.7 O 512.4 Lswma
229 6.5 m} 72.0 O
237 8.6 (] 149.0 |
279 14.8 o 267.8 o
280 61.7 O 508.5 m]
283 L1:7 O 146.4 ]
284 10.8 0 147.2 O
292 3.5 m} 88.3 O
293 0.7 Lpra- 1.1 *
299 75.2 ] 669.6 o
300 24.2 o 195.9 =]
301 25.6 O 149.9 a
302 13.3 Es}.,r,; 8.3 *
303 14.5 Lsara 5.9 *
304 5.2 Lsara 3.9 *
3051 0.0 Lsara 0.0 *
306 32.9 O 12,455.4 Lsnma
307 4.1 i 16.7 Lsaa
308 44.0 o 295.2 |
309 6.1 f,sf,fA 2T *
310 18.5 o 322.8 o
311 9.2 Lsya 6.3 *
314 4.7 Lsnra 2.8 *
47a 1.2 Lpras 2.2 *
317 9.0 (] 24.7 Lpra-
318 13.7 ] 106.4 ]
421 2.8 Lspra 1.3 N
323 2.5 O 92.4 O
424 43| Lppas 5.0 *
345 0.7 Lpa- 0.9 *
368a 3.5 Lpyae 4.2 *
368b 5.5 Lpya 6.3 *
368¢e 5.8 Lpyas 6.6 *
372 1.0 Lpyas 1.4 *
375 T oll (R 5.2 *
397 0.8 Lpyas 1.2 *
398 2.6 Lpya- 3.0 *
400 2.9 Lpras 4.5 *
101 12.2 Lpras 12.8 *
402 0.7 Lpras 0.9 *
403 1.3 Lpyae 1.8 *
i  member of decidable
sublanguage
*  same sublanguage
as for simplify1/2
0O failure

Table G.13: Time Performances — Simplifiers (1I)
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| Symbol | Meaning
# conjunction
disjunction
= conditional
<=> biconditional
void contradiction
_:pnat=>_ universal quantifier (in N)
_:pnat#_ existential quantifier (in N)

_ = _ in pnat | equality (in N)

< less than relation

=< less than or equal to relation
* multiplication

- exponentiation

s successor

+ sum

Table G.14: Object-level syntax

Depth 4

qtf0401 (0<O0VO<LI)A0<0D L

qtf0402 (26 <02 L=1=1A0<z5)

qtf0403 141 < s04+ 249

qtf0404 ((1<as;=0<a5)D 1)

qtf0405 (23 <1A(0<a23=0<1))

qtf0406 ((0<z4=1<1)Dag<z5Das=1)
qtf0407 (22 <0=1<0D1<1)

qth408 0+$4=1A$1[]=$8/\]SU

qtf0409 ((1<0=0<25)D20<1D 1)
qtf0410 1x (1 x0) <0

Depth 5

qtf0501 (1 <z D2 (1 <2 p=1<1))V(0<0Dza<)Va1p=0A1=1)
qtf0502  (((0 § )"'I< NV0=2sA1<1)D(z;€0DL=0<1D1))
qtf0503 ((x2 ‘=02 L=(0<2yD23<0)V1I<0D L)

qtf0504 1><:.'.~xl§(1+lexpl/\0><1:80/\1§$53£7§0
qtf0505 (002 1<) Vas<asexpl)Asl=0x1Azgx1=040
qtf0506 (zzexp 0)exp(1+0)<O0A (21 <1 Ve n<0)D L

qtf0507 (zzexpO)exp(l+0)<O0A(z10<1VEp<0)D L

qtf0508 ((1<0ver; <1)DL=1<2s2(1<1=1<0))

qtf0509 ((z2 < 0D a5 <a3)Vae<1DL)D L

qtf0510 ((z2 € 0D a5 <a5)Vaea <12 L)D 1L
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Depth of conjecture. 3
Cjt. 0=0"x10 in pnat
*¥¥kkkkkk* Successfully reduced to strict_sum
RewCjt. 0=0 in pnat#x10=0 in pnat=>void
New remove rules.
[0=v1i~v2 in pnat,v1=0 in pnat#v2=0 in pnat=>void,void=>void]
Time = 13650

Depth of conjecture. 4
Cjt. O0=<x1x (1+x4)
*dkckkokkkkkk Successfully reduced to strict_multiplication
RewCjt. ((x1*1=0 in pnat#x1*x4=0 in pnat)=>void)\x1%1=0 in
pnat#x1*x4=0 in pnat
New remove rules.
[v4ax (v5+v3)=0 in pnat,v4*v5=0 in pnat#v4%v3=0 in pnat,void=>void]
[0=v4* (v5+v3)in pnat,v4*v5=0 in pnat#v4*v3=0 in pnat,void=>void]
Time = 69033

Depth of conjecture. §

Cjt. s (x8*x7)+171%*x8=<1

¥dkkkdkokkkk Successfully reduced to strict_multiplication

RewCjt. ((x8+%x7=0 in pnat#1=0 in pnat)#1%x8=0 in pnat)\ (((x8*x7=1 in
pnat#1=0 in pnat)\x8%x7=0 in pnat#1=1 in pnat)#1*x8=0 in pnat)\
(x8%x7=0 in pnat#1=0 in pnat)#1%x8=1 in pnat

Time = 4250

Depth of conjecture. 6

Cjt. s (x4+1°0)+x4* (0+1)*x7=0 in pnat

*kkkkkkdkdkk Successfully reduced to strict_multiplication

RewCjt. ((x4=0 in pnat#1=0 in pnat)#1=0 in pnat)#x4*1%x7=0 in pnat
Time = 2117

Depth of conjecture. 7
Cjt. ((x171%1°x10=< (x6°0)"s O# (0=1 in pnat#1=0 in pnat)\0=0"x10 in
pnat)\x5:pnat=>x3=1"x4 in pnat=>0+x8=<x2)=>void
$fkkxxxkkkk Successfully reduced to strict_sum
RewCjt. (((x1<1\x1=1 in pnat)# (0=1 in pnat#1=0 in pnat)\0=0 in
pnat#x10=0 in pnat=>void)\x5:pnat=>x3=1 in pnat=>x8<x2\x8=x2 in
pnat)=>void
New remove rules.

[0=v1i~v2 in pnat,v1=0 in pnat#v2=0 in pnat=>void,void=>void]
Time = 12233

Table G.15: Sample of Randomly generated formulae (1)
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Depth of conjecture. 8
Cjt. ((x3:pnat=>x10:pnat#1~1=<x9)#x6% (1+x7)=<s (0%*1)=>void<=>0" (1+
(1+040))=1 in pnat)=>x8:pnat#s x7°0=1 in pnat
*kkdkkkkkkkx Successfully reduced to strict_multiplication
RewCjt. ((x3:pnat=>x10:pnat# ((x9=0 in pnat=>void)#x9=1 in
pnat=>void)\1=x9 in pnat)# ((x6*1=0 in pnat#x6*x7=0 in pnat)\ (x6*1=1
in pnat#x6*x7=0 in pnat)\x6%1=0 in pnat#x6*x7=1 in pnat)=>void<=>0=1
in pnat\1=0 in pnat# (1=0 in pnat#0=0 in pnat)#0=0 in pnat)=>x8:pnat#
((x7=1 in pnat#1=0 in pnat)\x7=0 in pnat#1=1 in pnat)\0=0 in pnat
New remove rules.
[v4*x (v5+v3)<1,v4*v5=0 in pnat#v4*v3=0 in pnat,void=>void]
[v4* (v5+v3)=1 in pnat, (v4*v5=1 in pnat#v4*v3=0 in pnat)\v4*v5=0 in
pnat#v4xv3=1 in pnat,void=>void]
Time = 107667

Depth of conjecture. 9
Cjt. x2:pnat=>x7:pnat#0=<x1* (1~ (x4"x6)*1+ (s (x4+1)+0))
*¥kkkkkk%%k Successfully reduced to strict_multiplication
RewCjt. x2:pnat=>x7:pnat# ((x1* (1%1)=0 in pnat# (x1%x4=0 in
pnat#x1%1=0 in pnat)#x1*1=0 in pnat)=>void)\x1* (1%1)=0 in pnat#
(x1*x4=0 in pnat#x1*1=0 in pnat)#x1%1=0 in pnat
New remove rules.
[0=v4* (v5+v3)in pnat,v4*v5=0 in pnat#v4*v3=0 in pnat,void=>void]
[v4ax (v5+v3)=0 in pnat,v4*v5=0 in pnat#v4*v3=0 in pnat,void=>void]
Time = 162967

Depth of conjecture. 10

Cjt. ((x2:pnat=>0=1 in pnat=>void)=>void)\ ((((0=0 in pnat#x3=x1 in
pnat=>1<0<=>x9:pnat=>1=<x4=>void)=> (x9*1<1+x9<=>x1=<x3=>0=<1)=>void)\
(0=0+ (1+x7)in pnat=>x9"1<1*x4)\ (x2<s (070)<=>1=x6 in pnat))# (s
0%1=1%x5 in pnat=> (x6:pnat=>0=x6 in pnat=>1=<1)=>void<=>
(x4:pnat#1=<0<=> (071+1)"1=1 in pnat))<=>0=<0%0~ (s x8%170))
sorkoockdkkokkk Successfully reduced to strict_sum

RewCjt. ((x2:pnat=>0=1 in pnat=>void)=>void)\ ((((0=0 in pnat#x3=x1
in pnat=>1<0<=>x9:pnat=> (1<x4\1=x4 in pnat)=>void)=> (x9<1+x9<=>
(x1<x3\x1=x3 in pnat)=>0<1\0=1 in pnat)=>void)\ (0=0+ (1+x7)in
pnat=>x9<x4)\ (x2<s 1<=>1=x6 in pnat))# (s 0=x5 in pnat=>
(x6:pnat=>0=x6 in pnat=>1<1\1=1 in pnat)=>void<=> (x4:pnat#1<0\1=0 in
pnat<=>0+1=1 in pnat\1=0 in pnat))<=>0<0\0=0 in pnat)

Time = 35300

Table G.16: Sample of Randomly generated formulae (IT)



Formula | Sample Distribution (%)
DEPth Size ,Cp,.A- | EgMA | E"P”‘. E:‘SMA ] UF

3 300 44 2 50 2 1
4 300 33 0 57 5 5
5 300 12 0 73 3 12
6 300 T 0 70 5 18
7 300 1 0 64 3 32
8 300 4 0 59 3 34
9 300 0 0 45 7 48
10 300 0 0 33 0 67

Ypra- extension of Lp, 4.

Ysma extension of Lopra

B Biids <Ly

Ysma Ssma—Lsma

UF undecided formulae

Table G.17: Distribution - Randomly generated formulae

Formula | Sample Subclass
Depth Size Yipr A — Lpras Yoma—Lspa Undecided Formulae
Mean (s) | Deviation (s) | Mean (s) | Deviation (s) | Mean (s) | Deviation (s)
3 300 0.5 1.6 0.3 0.0 78.9 26.6
4 300 1.9 12.1 5.6 18.3 84.9 35.3
5 300 0.9 1.0 14.2 23.1 118.3 132.5
6 300 4.1 12.7 21.2 41.3 118.3 146.0
7 300 7.5 12.5 42.7 42.8 148.0 103.3
8 300 9.1 10.8 53.7 52.8 375.3 458.6
9 300 12.3 18.5 1,441.7 2,071.8 229.0 160.8
10 300 14.9 20.4 — — 381.2 273.1
Y pras extension of Lp,4-
Yoma extension of Lgpra

Table G.18: Time Performance - Randomly generated formulae

473




Depth 6

qtf0601 (sz7+ (zs+0)+ 0 < (224 0)exp(0 + 0) = (23 < szg D
21<0V1I<LI)Vsl<0D(1<0=27=1))

qtf0602 (lexpl <s0 D (23 <z D0 ==2zy0) Vsl <lexp0=
=0<(z5+0)exp(l +0) + 27)

qtf0603 (((z6 <1Vaz;<1)DLl=(2e<0D
20L0)Vaer<23v0<1)Ds(s(0+1))=1lexpl)

qtf0604 0 x 23=0x(04+0x 23) D1< 1D zs < szgexpsl

qtfo605 ((((1 <122 <1)V0<1D0<z10)VD L)V
V((ISOVOS.‘L‘&)3.LE(US1:)1‘1055':3)\/0S£33150)]

qtf0606 (((z1<s1D1<z2DL)Vas<I)A((0<z23V0<1)D L=
=50 x (z10+0) < s(z4exp0)))

qtf0607 (zg x z10expl <1 x (0x 24) D0=51)V(0x 20<0D
D0=0A2<0)(0<0V0==a19)D L

qtf0608 1 x ((zs+ 1427 x0) x0) = 24

qtf0609 ((1+(1+41)<1Dz2s<slexpl)V((0<1V0<0)D L=
=(za<2sV1<0)D1))

qtf0610 0 x (zgexpl+ x10) + 0 < 1+ s(szg + x4 exp0)

Depth 7

qtf0701 ((((z10<0D1<27)V1I<a29+0)DL=((z1 €0D0<L 25)V
vi<0)D>1l)>l)

qtf0702 (((1 <0O0expl D1<z; D1<1)Viexp0 < lexp(zgexpl))D L)V
V0 x s(z7 X z9) = lexp(zzexp 0+ sz3)

qtf0703 ((s(0x 1) < 0D 1+ (ze+26) <210)VO<1Ixz7x14+0x(0+4+0))D L

qtf0704 0 < s(0 x lexpxzg)exp((0exp(0 + z2))exps(lexp 1)) A ((sz5 < 0exp0 D
Drg=2x7A23=1210)V]1=1exp(0x z4)) DL

qtf0705 (((0 < sza X zaexp0 D23 =1A0<1VI<z)V(1<z4V1<as)D L=
=0expro<O0xzrDl=23A27<25))D0x(0x0)<1+42z7)

qtf0706 x5 = (Lexp(z2 x 0+ s1))exp(l x (1 x zgexpz2)) + (s0exp(z3 + s0) + x3)

qtf0707 s1 x 0 < s(0exp s((1exp0)exp s0))

qtf0708 =zjexpszio+ lexp(zrexp(l+0)) +s(lexpl x (1 x z) +0) < z7

qtf0709 (0=s(0+ x4+ sz5) Azg < zzexpry xz7 D (0<20V1I<0)D L=
=(s(sz7) <23 D1<lexplDag<z10D0<1)V((0<1D1<1)Vsl<1)D1)

qtf0710 ((sx4 =0Az; < (0+ z4)exp(z7+0) D s(sz10) =0x 2g) V(((0<0D0<L 1)V
V(US:CIUE15::1]):)_I_Esx5+1:1+.7:5/\(15ID_LEleg:).L)))
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Depth 8
qtf0801

qtf0802

qtf0803

qtf0804

qtf0805

qtf0806

qtf0807
qtf0808

qtf0809
qtf0810

Depth 9
qtf0901

qtf0902

qtf0903

qtf0904
qtf0905

qtf0906

qtf0907

qtf0908
qtf0909

qtf0910

((s(s(l x a7)) +s(0 x (1 4+1)))exp(0exp(l+(1+0+0))))expl =

= ((sz7rexp0)expl)exp z7

((1x0exp0< 0D (23 <24DL=0x1=2z))V

Vszr X 29 <(s0+1)x 1) D L=(((140)exp(l+1)<2z7D
D(1<0Vl<azz)DLl)Veg<0)Dl)

((0 x (I x(14a3))exp(szg+24)<0D1+0<0exps(slexpl))Vv
V(1<1xlexplx(z;41)Dszy <s(s0))V

Vi< (ziexpzi+(14+0))exp(0x1xsl)D((za <0VO=24)D L=
= sw7 X swyg < sw5))
((((s1<z7D27<2120<L0)V(z3<1D L=
=1<0D01L)DL=(1+1x1)exps(1+0)<1D1<0)>D1)

0 < s(((0 x zg)expas)exp0+1) x 0
(0<OV(Ix04+(14+0+2zzexpry) <s(Ilx0xs0)D((1<z7V1I<0)DL=
=(2e<1V0<zy)DL))V((zaexprs <1D
Deza=1A24<0)V(0<1V1<0)DL)DL)
0<zsexplx(lexpO+(1+ zgexpag)) x (0 x(1xs1)+040)
((xz=0expl Azyg x s(s(0exp0)) < s(z2 x (1 x (23 x x2))))V

V((zax 0+ lexpzs) x 24 <0D (00D 1< 2g)V

Ve <0v0<0) O L)Vv({((1<0D0<1)v0<lol)ol=
=((1<1v0<0)DL=1xmz2<slx0expzy)))
s(1x0)4+0=14s(s((0 x z7)exp0)) + 4
((zgs=0A(0<1Da1exp0+0<1)V(zz<z;+1D1=1A1<0)V
Vszip < 1)\/((.‘.‘07503(15 1D l=zg <2 Vaz=u23))V
VI<0D0x(0+1)<szrx1)DL)

zeexpl < 1429 x0x (1+4+0)Azg+ s((lexp0)exp(zg x x3)) + s(s(sl)) < sxq D

D s0=s(z; x s(0 x 1)expzig)

((((1 < (zs x 1)exp(zsexp0) D (1 < 1D 1L 1)V

Vezg < zg)Vs(zgxz7)+ lexpl x2g<1)D L= ((zg <0exp(ze+0)D

D25 =04+1A0x0<ag)V0<1lexp0+s0D(26<0DL=1=1A0<25))DL)D1)
((L<szs D(0<az5Vea<1)DL)V((0<zaV0<])D L=

=(0+z4) x(041)<sl x(zg+a5))) DL=szy=sa; Azyx 0=2;A
AM=0xs0Alx1=a24A04+24=1)D 1)

s(zio+2s+ (04 1)exps0) +0exp0+1=0+1+27D L
(0=2;20<25x1D(0+s(s1)<(1x1)exp0+0D>D
Dag+s0<1IxlexpzipD(1<z1pDL=1<1Vv0<0))V

V(zoexpl)expay < 219+ (0+ sl)exp 1)
((0€<0Ds1<1xs(0xas)+(sl+1)exps(lexp0))VO+asx1=0x1A
AM(z2€1D20=0)V0<a2gVa3<0)DL=((1<0D1<0)V

Vzyexpzs < 1) D 1)) D z7 = z5)

((s1+27x1)x (04 slexp(l+1)) x 2o < (04 s((lexp0)exp(zz X zg)) + sz7) x (0 x 0)A
AMO<sOD(((1<1Day<azs)V0<IDL)Dl=

Al <zgexpl D (024 =23<0))V(0<0OV210<1)D L)) Vaio<0)

0x ((x2+ s(zaexpl)) x (s(0+ 1)+ (x5 + (z10+ 24)))) + 26 + 0 < 22 x (0 x x6)

(x5 < ((1exp(lexpzg x (1 x 26)))exp(lexpsl + s1))exp((1 x 0)exp(0 x (sz2a+0x1))) D
Drs=s(re+rzexl+as)Axr=1lexpOx 1Az7+25+0+0=(x0+0)exp(0+0)=
=(rz<szgD(l+s0<z3D1x1<szoD0=2zxrexpl)V

V< z7expl)V(lexpl <s0D(sz3<zex0D1<1V0<a;)VO+(14+0)<zr) VI <0)
(27 <s(1x1)D2e<0D(((0L0Da7<ag) Vs <lexp0)D L=
=s(0xl4+lexpl)<Oxa3x(0x0)x(0xa3)))VI<I1Durs<szgexpsl)
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Depth 10

qtf1001  ((((1 < s(s1 + s(zgexpz;)) D((0<s1 D(0 L zy0=
=1<0)V(0<2zgD0<1)Vap<z3dL)Dd L)V
VO < zgexp((s1+50) x (0 x (21 x1)))D((sl1 <z2+1D
D1=1A0<23)V(0<L1VO0<zi190D L)DL)D L)V
V(((sz4 <0 x (szg+x0expl) DsOx x4 =0Asl < sl)v
Vs(0expayg) x 0x s1 <0Oexps((0+0)xs0))DL=0=0A
AMOx0+1<(0xz10)expsl D(0<1Ver<0)D L)Vasg<zg) D L))
qtfl002 (14 (1+1)expzi+2z1+s(sl x1)=s(1+24+0)A0<1x0=
=0< s0exps(l x (s(zzexpze+ 22) x (Oexp 1 x 0))))
qtfl1003 0 x (s(zo + 1)expaio+ 0) + (1 + s(s(s(zg x x4) + (0 + xg) X Oexpza) + x10)) <
< 0exp((z10+ (1 + (sz7exp 1) expl x (zgexp s0 + (21 x 0)exp1)))exp
exp(s((Oexp(zs x 1)+ 0)exp(0+ (1exp 1)exp(Oexp1)))exp0))
qtfl004 (2, =0A(1 <1 D lexp0 < lexp(((ws x 1)exps0)exp s(z7 x x9)))V
V1 < 2zexp 04 sz3) V ((s((0Oexp 1)exp0 x s(1+ zg)) < s(s(sx6)) + 210 D
D0<Ixarx1x(0x(0+40))+s0)Vs(0x(lexpag)exp(0exp0)) = zaA
A(l x 1)expl < Oexps(s(zs+0))) DL
qtfl005 zoexp(we + 27) < Oexps(zz + 210 x (1 x 1exp(s0 x z4exp 0)))
qtfl006 =10 < s(@2exp((x2 x s(0 % z1))expzz) x 1) x (0+ (s0 + 1))
qtf1007  ((((s((0+27) x (1 +23)) <0D a7+ 25+ 0exp0+0 < 14 27)V
V((1422<s0D01<120<z3)Vaz=1exp0AQexpl =0exp0)D L)D L=
=xrexpszio+ lexp(zrexp(sl+(04+1))+(1+1xas)<0)A0=s0exp0A x5 <0)
qtf1008 ((((z1 <27 D ((0<210D1<0)Var<azzVv1<1)DL)V
V(ze x (£10x0)<1D(0<1VI<1)DL)Vvs(sl)<l)DLl=
=g < szq) Az < ((0 x z4)exp(z7 +0) x g+ s(z10 % (0 % z5)))exp0 D
D((0x(0x0)<zyD1=s(0expzs))Vrigexpsl =21 +1+z5 x 1A
Al <a6) D L)V((((1 x 1)expag < szg D g X (L+a7) =s(0 x 1))v
ADexp(14(140)) <0) D L= ((szrexp0)expl)expz; = lexp(l x (1+0))))
qtf1009  (((1 x Oexp((0 + 0) exp(0 + 24)) < s(zy exp(zg x 0))expl D
D(szrxaee<(04+1)x1D(1<0V1<ar)D L)V
V(1<0D1<a3)Vaeg<0)D L)VO< 2gexp0+1D
DO0exp(lexplx (0xa;))+1< 25 x(0x (1l x1)expas)) D L=
= s(zg x 24) < 0)
qtfl010 s(slexpl) <Oexpl+ 1 x lexp(s(sl)exp(z; +1)) x 24 D
D s(s0) x (I x (zrexpe; 4+ (s1+0x0))expl+ s(s(sl))) =
= 5(1 x s(s(((ze x 0)exp0)exp1)))

The performance of Ngthm for this sample is described in table G.19. The results for
the simplifiers follow in table G.20.
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Nqthm

Formula | Sample | Success rate (%) Role of LP (%)
Depth Size Original | Extended | Original | Extended
sample sample | sample sample
3 10 40 40 20 20
4 10 30 50 10 20
5 10 10 80 0 40
6 10 20 30 20 20
T 10 20 50 10 20
8 10 20 40 10 20
9 10 20 20 0 0
10 10 10 40 0 10
Average results 21.3 43.8 8.8 18.8

Ngthm with arithmetical lemmas

Formula | Sample | Success rate (%) Role of LP (%)

Depth Size Original | Extended | Original | Extended
sample sample | sample sample

3 10 40 40 20 20

4 10 30 50 10 20

5 10 10 80 0 40

6 10 20 30 20 20

7 10 20 60 10 20

8 10 30 50 | 10 10

9 10 20 30 10 10
10 10 10 40 0 10
Average results 22.5 47.5 10.0 18.8

LP linear arithmetic procedure

Table G.19: Success Rates - Randomly generated quantifier-free formulae (I)

477



Weak_simplify/1

Formula | Sample Distribution (%)

Depth Size Lprar | Lsaa l 2'}3”‘. l ETSMA ‘ UF
3 10 0 0 100 0 0
4 10 10 0 90 0 0
5 10 0 0 100 0 0
6 10 0 0 70 0 30
7 10 0 0 50 20 30
8 10 0 0 40 0 60
9 10 0 0 30 0 70
10 10 0 0 10 0 90

Simplify/1

Formula | Sample Distribution (%)

Depth Size | Lpras | Lsma | ppae | Espra | UF
3 10 0 0 100 0 0
4 10 10 0 90 0 0
5 10 0 0 100 0 0
6 10 0 0 70 0 30
7 10 0 0 60 10 30
8 10 0 0 40 0 60
9 10 0 0 30 0 70
10 10 0 0 10 0 90

E"Pr,q- EPr‘A' - »CPrA‘
Yorma Zsma—Lsma
Yprae extension of Lp, 4.
Ysma extension of Lopra
UF undecided formulae

Table G.20: Success Rates - Randomly generated quantifier-free formulae (II)
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Appendix H

Arithmetical Remove Rules

The arithmetical rule base Rp4- contains remove rules for all the symbols of PA”
that are deviant with respect to Lp,4. and/or Lsp4. Table H.1 and H.2 respectively
have the total rules and the rule schemes, all of which derived from the definitions
of the corresponding symbols. Partial rules are distributed amongst three tables, H.3
(quantifier-free rules), H.4 (rules applicable to terms) and H.5 (quantifier-introducing
rules). A last table, H.6, exhibits the elements of the arithmetical equality base £py-,
which provides equations for the elimination of disagreements.
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| Symbol [ Rules
> v > Vs = v < Vg
< v < Uy = (v) < va) V(v = 1)
> v 20 = (v <o) V(v =v)
even even(v) = (Ju)(v=1u+u)
prime prime(v;) =  (v2)(v2|lvy D (va =1V vy = vy))
prime, prime,(v;,v2) = 2 # 0A (v3)((vs|vy A1l < w3) D (w2 < v3))
s s(v) = ov+1
double double(v) = v+
Sumn Sumn(vl,...,vn)=1}n+1 = Vn41 =?.1'1+"'+'Un
I 'Ull?.}g = (2} 3é 0A (31}3](@1 X 3 = ‘Ug)
pr pr(v) = wv-1
Intermediate Sublanguage
L' ={0,1,+, x,exp, —, half, /, gfc, rmdr, ged, rr}!in, max, <}
Table H.1: Total remove rules
| Symbol | Rules ]
- dlvy —v] = (Fua)(((v2< vy Avy =3+ v3) V (v2 £ 0y Avg =0)) A
A Blos/ (01 = 0)])
half | ¢lhalf(v,)] = (Gu)((vi=v2a+v2Voy =va+va+1)A
A @[va/half(v,)])

Table H.2: Remove rules schemes
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[ Symbol | Rules
= 00N s S
< e T
< =g = L1
+ n+va<0 = L
o v+v2=0 = (v =0Avs=0)
+ vy +ve <1 = (vi =0A vy =0)
4 vy +uve=1 = (U]ZII\UQ“——O)V[UIZU/\IJQZI)
+ v +v2 =1 = vy =0
=+ Mtve=v1+vz = Uz =U3
- vy <14 wvs = wvi=v3Vp <
X v e =00 =5 =100 =10)
X vy Xvp=1 = =tk = 1)
X VU1 X U9 = g = 1 =0Vu=1
X V1 X Vs =) X U3 = v =0V v =3
X V] X Uz = ¥3 X Us = va =0Vu =3
X v X vg < Uy = 1 FOAv =0
X v] X vy < ¥z X Vg = v F0Av < vg
X v X va+ 1= vz X v = vo=1Av;+1=uws
* v < Vs X U]+ U3 = (‘U1=U/\‘U3#U)V
V(v Z0A (v <wvgV (1l <wva+wv3Ave #0)))
X vy < v2 X (v1 + v3) = (v1 <vaAvy+v3#0)V
Vivm=vaAvy #F0A1 < vy +w3)V
V(va<vi Alva=1A(v3# 0V 1<)
exp vt = = u=0Av2#0
exp 2= = =N = 0
exp 1:‘1’2:‘01 = vy =1Vuoo=1V(vy=0Ave £Z0Avs #1)
exp V)2 = v = wvuu=1Av=1
exp <o 0= B =0RAnEIRGE]
exp v <v]? = (1 =0Av=0VW #Z0Avi Z1Ava#0Ava #1)
exp Vi2<vy = (n=0Av#0)V(ry=1Ava#0Av#1)
exp va <2 => v=0V(v#O0Av #1)
— v — Vg = VU3 = ('Uz(U]Avl=U3+v3)V{Ug5f’Ul/\v3=U)
- vy — o < U3 = (va < vy Avy <va+v3)V(va < vy Avg #0)
- v < Vg — U3 = vz <vo Avy +v3 < v
- v + (va —v3) < v4 = (v3 <va Avy +vo <vz+vyg) V(v £ vaAvy < v4)
= vy < vo + (v3 — v4) = (va <vzAvy+vs<va+v3)V(va £ vsAv <)
= v+ (va—v3)=v4 = (va<vaAvi+va=v3+v4)V(vzaLvaAvy=w4)
— vy = vy + (va — vg) = (va <wvaAvy+vea=1v2+v3)V(v4 £ v3AV = 12)
= vy = (v9 —v3) + v4 = (v3 <wvo AV +v3=vo+vg)V(v3 £ Vs Avy = 1g)
/ vy fve =0 = ve =0V < v
half half(vy) + half(vy) = v = (vo = vy +v1) V (ve =s(vy) +5s(v1))

Table H.3: Partial quantifier-free remove rules for atoms
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I Symbol ‘ Rules ]

s ST
+ v4+0 = v
+ 0+v = v
X Sro e I == B
X I ¥ = v
X v X1 = v
X Qg =0
X v x 0 = 0
exp 1% == 1
exp i Tl
exp T
— v — 0 = 0

Table H.4: Partial remove rules for terms

| Symbol | Rules
min, | ming(vy,..,00) = a1 > AL (0 £ vng1) AV (Vag = v5)
maX, | maxa(vi,...,n)=vas1 > AW £ vas1) AV (Va1 =)
/ vifra=vz = ((v2=0Vwv <va)Avg=0)V (v2a #F0Av £ v2A
A(Fvg)(vg < va Avg X v3 +vg = v1))
/ vy /vy < v3 =  ((v2=0Vuy <va) A0<w3)V(va #0Av £ v2A

A(Tvg)(vs)(vs < va Avs X V2 +v4 = v1 Avg < v3))

gfc gfe(vy, va) = v3 =5 ((1 £ vy V prime(vy)) Avs = 1)V
' V(va|vg A (va)((valvr Ava £ v4) D va £ v4))
gfc gfe(vy,v) < vg == (va)(vs < v3 A(1 £ vy Vprime(vy)) A vy = v1)V

V(valvi A (vs)((vs]vr Ava £ v5) D vg £ vs))

half half(v) =« = wv=utuVv=utu+l
half half(v) <u = v<u+4u
rmdr rmdr(vy,v2) =vs = (va=0Av3=uv)V
V(va # 0A (vg)(v) = va X va+v3 Avg < v2))
rmdr rmdr(vy,v2) <vs =  (va=0Av <wv3)V(va #0A
A(Jvg)(Fvs)(v) = v X v+ v5 Avs < va Avg < v3))
ged ged(vi,v2) =vs = wvalvg Avalva A (va)((va]vr A valvz) D valua)
ged ged(vi,ve) <vs = (3va)(vg < vs Avalvy Avalug A (vs)((vs]v1 A vs|vg) D vs|va))

Table H.5: Partial quantified remove rules for atoms
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Equation

‘ Condition |

v + Us

Vs + U3

(v1 4+ v2) + v3

vy + (V2 + v3)

U] X (v-_: X 1}3)

(Ul X ‘Ug) X Vs

M XUV = Vg XU =
el = B -
vt = 1 -

’Dl = P =

M X (’-‘)2 + 1)3)

('Ul X vg)-]' (vl X Vs

(v + v2) X v

(v1 X v3) 4+ (v2 X v3

vy X (V2 — v3)

(‘Ul x ?Jg] — (_'Ul X Vs

(v; —v3) X v

v X ged(va, v3)

ged(vy X v2, v X V3

ged(vy, v2) X v3

)
)
)
(vy X v3) — (v2 X v3)
)
)

ng(‘Ul X V3,V3 X Uz

(v X vq)¥2 i g -
V] = Us Uy = ¥ -
thtr=v = v,=0 -
M+ V=04V = V9= v3 —
vy X V3= vy =1 v #0
VX<t = v3<1 v #0
VM XVs=0; XUz = Up=7s v #0
VM XVp=vV3 XV = UV =73 'Ug-‘,’éo

Table H.6: Elimination equations
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