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Abstract. First-order modal logics have many applications, e.g. in plan-
ning and program verification. Whereas comprehensive and standardized
problem libraries exist for, e.g., classical (TPTP library) and intuitionis-
tic (ILTP library) logic, nothing comparable is so far available for first-
order modal logics. The aim of the Quantified Modal Logic Theorem
Proving (QMLTP) library is to close this gap by providing a compre-
hensive set of problems for various first-order modal logics. We present
a preliminary version of this library, which includes 200 problems repre-
sented in an extended TPTP syntax. The main purpose of the QMLTP
library is to put the testing and evaluation of automated theorem proving
(ATP) systems for first-order modal logic on a firm basis, make meaning-
ful system evaluations and comparison possible, and to measure practical
progress in ATP for modal logics. We would like to invite all interested
users to submit problems and ATP systems for first-order modal logics.

1 Introduction

Modal logics extend classical logic with the modalities ”it is necessarily true
that” and it is possibly true that” represented by the unary operators [ and ¢,
respectively. The (Kripke) semantics of modal logics is defined by a set of worlds
constituting classical logic interpretations, and a binary accessibility relation on
this set. Then OJF or QF is true in a world w, if F' is true in all worlds accessible
from w or some world accessible from w, respectively. First-order or quantified
modal logics (QMLs) extend propositional modal logics by domains specifying
sets of objects that are associated with each world, and the standard universal
and existential quantifiers [4,13].

Quantified modal logics allow a natural and compact knowledge representa-
tion. The subtle combination of the modal operators and first-order logic enables
specifications on epistemic, dynamic and temporal aspects, and on infinite sets of
objects. For this reason, first-order modal logics have many applications, e.g. in
planning, natural language processing, program verification, querying knowledge
bases, and modeling communication. In these applications, modalities are used
to represent incomplete knowledge, programs, or to contrast different sources of
information.



For example, the planning system PKS [20] constructs conditional plans. It
uses modal operators to represent incomplete knowledge, constant and predi-
cates to describe objects and their properties, and variables and functions to
generate abstract plans, which are instantiated later, when sufficient knowledge
is available. An inference procedure for a restricted quantified modal logic deter-
mines, whether the plan achieves the goal and the preconditions of the actions
hold, and generates the effects of the actions. PKS can be applied to, e.g., dia-
logue planning [27]. The dialogue system Artimis [24] and the sentence-planner
SPUD [29] plan, generate and interpret sentences in a natural language. They
use modalities to distinguish beliefs, intentions, and actions of the system and
the user. First-order logic components represent objects, properties and quan-
tified statements. Variables enable to process abstract instructions that can be
instantiated later, when more information is available [28]. An inference engine
is adopted to plan and interpret the sentences. The systems KIV [22], VSE-II
[1] and KeY [3] are advanced tools for program verification and synthesis. Their
proof components use dynamic and temporal first-order logic which are closely
related to first-order modal logic. The modalities represent programs, whereas
functions, variables and quantifiers characterize attributes, types, and the cre-
ation of objects. Likewise the verification of database update programs [26] and
the integration of UML specification [5] can be described in first-order modal
logic. A first-order modal logic is also used as query language for description logic
knowledge bases [6]. Automated reasoning is required to answer queries and to
verify and optimize integrity conditions. Finally, first-order modal logic is used
to describe communication and cooperation [8,16]. All these applications would
benefit from a higher degree of automation. Consequently there is a real need for
efficient automated theorem proving (ATP) systems for first-order modal logic.

Testing ATP systems using standardized problem sets is a well-established
method for measuring their performance. E.g., for classical logic the TPTP li-
brary [30], and for intuitionistic logic the ILTP library [21] were developed.
These libraries have stimulated the development of more efficient ATP systems
for these logics. There already exist benchmark problems and methods for some
propositional modal logics, e.g. there are some scalable problem classes [2] and
procedures that generate formulas randomly in a normal form [19]. For first-
order modal logics, there are only very small collections of formulas available,
e.g. formulas used for testing the ATP system GQML-Prover [31].

The aim of the Quantified Modal Logic Theorem Proving (QMLTP) library is
to provide a comprehensive set of problems for various first-order modal logics.
This will put the testing and evaluation of ATP systems for quantified modal
logic on a firm basis, make meaningful system evaluations and comparison pos-
sible, and will allow to measure practical progress in the field of automated
theorem proving for first-order modal logic.

This paper introduces the first version of the QMLTP library. The require-
ments of the library are described, as well as its contents, and the suggested
syntax for representing first-order modal formulas. A call for problems and ATP
systems for first-order modal logic is included in the appendix.



2 A Problem Library for First-Order Modal Logic

In the following the objectives, requirements, and contents of the QMLTP library
are described, before the syntax and presentation of formulas for first-order or
quantified modal logic (QML) are specified.

2.1 Objectives and Requirements
The main objectives of the QMLTP problem library are as follows:

— to put the evaluation of ATP systems for QML onto a firm basis,

— to stimulate the development of novel, more efficient calculi for QML,
to help finding out if an ATP system for QML is incorrect,

to measure the progress in ATP for QML, and

— to provide information about available ATP systems for QML.

In order to achieve these objectives the QMLTP library needs to satisfy the
following requirements, which are already used for the TPTP library [30] and
the ILTP library [21].

1. It is easy to obtain and provides guidelines for its use in evaluating ATP
systems.

2. It is well structured, documented, and provides statistics about the library
as a whole.

3. It is easy to use; the problems are provided in an easy to understand format
and conversion tools to other known syntax formats are included.

4. Tt is large enough for statistically significant testing; the long term goal is to
include at least 1000 problems.

5. It contains problems of varying difficulty, i.e. it includes simple as well as
unsolved/open problems.

6. It contains problems from diverse domains, e.g. problems from areas such as
planning, natural language processing, and program verification.

7. It assigns each problem a unique name and provides status and difficulty
rating for each problem.

All these requirements, except for number four, are already met by the first
version of the QMLTP library described in the following. Requirement number
four will be fulfilled in subsequent more comprehensive versions of the QMLTP
library.

2.2 Obtaining and Using the Library

The QMLTP library is available at http://www.iltp.de/qmltp. When pre-
senting results based on the QMLTP library the release number of the library
and of the tested ATP system (including all settings) has to be stated. No part
of the problems may be modified, e.g. by reordering of axioms, and the header
information of the problems may not be exploited; each problem should be re-
ferred to by its unique name. It is a good practice to make the executable (or
binary) of the tested ATP system available, in order to allow the verification of
the published performance data.



2.3 Contents

The first release v0.2 of the QMLTP library includes 200 problems: 190 first-
order (i.e. non-propositional) and 10 propositional problems. These 200 problems
are divided into seven problem domains. These domains are APM (applications
mixed), GAL/GLC/GSE/GSV/GSY (Gédel’s embedding for algebra, logic cal-
culi, set theory, software verification, and syntactic problems, respectively), and
SYM (syntactic modal):

1. APM - applications mized.
10 problems from planning, natural language processing and communication,
querying databases, and software verification [25,9, 5, 6,23, 28].

2. GAL/GLC/GSE/GSV/GSY — Gdidel’s embedding.
130 problems are generated by using Godel’s embedding of intuitionistic
logic into the modal logic S4 [15]. The original problems were taken from the
TPTP library [30] and derived from problems in the domains ALG (general
algebra), LCL (logic calculi), SET (set theory), SWV (software verification),
and SYN (syntactic), respectively.

3. SYM - syntactic modal.
60 problems from different sources on calculi, procedures and ATP systems
for first-order modal logic [11,12,14,10,7,31,17]. These problems have no
obvious semantic interpretation.

As already done in the TPTP and ILTP library, each problem is assigned
a status and a rating. The rating determines the difficulty of a problem with
respect to current state-of-the-art ATP systems. It is the ratio of state-of-the-
art ATP systems which are not able to solve a problem within a given time limit.
For example a rating of 0.3 indicates that 30% of the state-of-the-art systems
do not solve the problem; a problem with rating of 1.0 cannot be solved by any
state-of-the-art system. A state-of-the-art system is an ATP system whose set
of solved problems is not subsumed by any another ATP system.

Each problem is assigned a modal status. This status is either Theorem,
Non-Theorem, Unsolved or Open. Problems with Unsolved status have not been
solved by any state-of-the-art ATP system, but it is known whether they are
theorems or not; for problems with Open status it is unknown if they are theorems
or not, i.e. the abstract problem has not been solved so far. The status is specified
with respect to a particular modal logic, e.g. S4, K, K4, D, D4, T, and a particular
domain (condition), i.e. constant, cumulative, or varying domains.! For the first
version of the QMLTP library all rating and status information is with respect
to the modal logic S4 with cumulative domains. Future versions of the library
will consider other modal logics and domains as well.

! Depending on whether the domains for the (Kripke) worlds stay constant, increase
or vary arbitrarily when moving from a world to other accessible worlds we speak of
constant, cumulative, and varying domains [13].



To determine rating and status of the problems in the first version of the
QMLTP library, the ATP systems GQML-Prover v1.2 and MleanTAP v1.0 were
used.? GQML-Prover [31] is based on a free-variable tableau calculus using
annotated tableau nodes and function symbols; it is implemented in OCaml.
MleanTAP implements an analytic free-variable tableau using prefixes and a
prefix unification algorithm; it is written in Prolog and is an adaption of the
ileanTAP [18] system for intuitionistic logic.?

2.4 Naming, Syntax and Presentation

Similar to the TPTP library, each problem is given an unambiguous name. The
problem name has the form DDD.NNN+V[.SSS].p consisting of the mnemonic
DDD of its domain, the number NNN of the problem, its version number V, and
an optional parameter SSS indicating the size of the instance. For example
SYM002+1.p is (the first version of) the second problem in the domain SYM.

For the syntaz of the problems the Prolog syntax of the TPTP library [30]
is extended by the modal operators. We use the two Prolog atoms ”box” and
”dia” for representing (1 and ¢, respectively. The formulas OOF and O F are then
represented by "box:F” and "dia:F”, respectively (see also Figure 1). For future
extensions to multi-modal logic these atoms can, e.g., be used in Prolog terms
of the form "box(i)”/”’dia(i)” in which the index ”i” is an arbitrary atom.

A header with useful information is added to the presentation of each prob-
lem. It is adapted from the TPTP library and includes information about the
file name, the problem description, the (modal) status and the (modal) difficulty
rating. An example file of a problem is given in Figure 1.

3 Conclusion

A first version of a problem library for first-order modal logic was presented. Like
the TPTP library for classical logic and the ILTP library for intuitionistic logic,
the objective of the QMLTP library is to put the testing and evaluation of ATP
systems for first-order modal logic onto a firm basis. It will make meaningful
systems evaluations and comparisons possible and help to ensure that published
results reflect the actual performance of an ATP system. Experiences with ex-
isting libraries have shown that they stimulate the development of novel, more
efficient calculi and implementations. Future works include adding more prob-
lems that are used within applications and the extension to, e.g., some first-order
multi-modal logics.

Like other problem libraries the QMLTP library is an ongoing project. We
invite all interested users to submit problems and ATP systems that use first-
order modal logics (see call for problems and ATP systems in Appendix A).

2 At the time of writing no other published ATP system for first-order modal logic
could be found.

3 All systems were run on a 3.4 GHz Xeon system using Linux, OCaml 3.10.0, and
ECLiPSe Prolog 5.8. The time limit for all proof attempts was set to 600 seconds.



h

% File : SYMOO2+1 : QMLTP vO0.2

% Domain : Syntactic (modal)

% Problem : Instance of converse Barcan scheme

% Version : Especial.

% English : Everything that exists in the actual world exists in every
% world accessible to the actual world (monotonicity)

yA

% Refs : [Brc46] [1] R. C. Barcan. A functional calculus of first
yA order based on strict implication. Journal of Symbolic
yA Logic 11, 1-16, 1946.

% Source : [Brc46]

% Names : Converse Barcan scheme

% Status: S4 cumulative : Theorem

% Rating: S4 cumulative : 0.00 v0.2

% Comments :

fof (con,conjecture,
(CVPIXT : Cbox : (£(x) ) ) ) =>(box : (! [X]: (£ )))
).

Fig. 1. The presentation of the modal problem SYM002+1.p
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Appendix

A Call for Problems and Automated Theorem Proving
Systems using First-Order Modal Logic

The Quantified Modal Logic Theorem Proving (QMLTP) library aims to provide
a comprehensive and useful selection of problems in first-order modal logics. All
kind of problems in a first-order (multi-)modal logic are of interest.

— Do you have an application that uses a first-order modal logic?
— Does your application generate problems in a first-order modal logic?
— Do you need to know if a formula in a first-order modal logic is valid?

Please submit your problems to the email address given on the QMLTP
website (see below for details). By submitting your problems you can ensure
that developers of ATP systems for modal logic will consider your problems
when optimizing their system.

Currently available ATP systems are used to evaluate the difficulty of the
problems in the library. The QMLTP library will also contain a list with currently
available ATP systems for (first-order) modal logic.

— Do you have developed an ATP system for some first-order modal logic?
— Do you want to let other people know about your ATP system?
— Do you want to know how your system performs?

We would like to list your ATP system on the QMLTP website and consider
it for evaluating the difficulty of problems in the library. Please submit details
of your system to the email address given on the QMLTP website (see below).

We also appreciate any general feedback and suggestions. The website of the
QMLTP library can be found at http://www.iltp.de/qmltp.



