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Preface

This volume contains the proceedings of ARW 2010, the seventeenths Workshop on Automated Reason-
ing (30th-31st March 2010) hosted by the School of Electronics and Computer Science, University of
Westminster, England (UK). Traditionally, this annual workshop which brings together, for a two-day
intensive programme, researchers from different areas of automated reasoning, covers both traditional
and emerging topics, disseminates achieved results or work in progress. During informal discussions at
workshop sessions, the attendees, whether they are established in the Automated Reasoning community
or are only at their early stages of their research career, gain invaluable feedback from colleagues. ARW
always looks at the ways of strengthening links between academia, industry and government; between
theoretical and practical advances. These proceedings contain the abstracts of two invited talks, by Rob
Hierons (Brunel University) entitled ‘Automated Reasoning and testing’ and by Alessio Lomuscio (Im-
perial College) entitled ‘Logic-based specification and verification of multi-agent systems’, and nineteen
extended abstracts contributed by participants of the workshop.

The abstracts cover a wide range of topics including application of temporal logic in network intru-
sion analysis, swarm robots verification, and the analysis of subsymbolic sensory information; applica-
tion of automated reasoning in resolving semantic conflicts and to the analysis of safety and liveness of
component-oriented protocols; development of automated reasoning tools for real-time system specifica-
tion, real arithmetic and experimental mathematics, probabilistic symmetry reduction, study of solvers
for propositional dynamic logic, and an instantiation-based theorem prover with equality; analysis of
multi-agent verification methods; property preserving generation of large size quasi-groups; terminal
complex role inclusion axioms; automatic generation of dynamic investigation problems, reasoning with
equality in a contextualised inference system and the analysis of balanced computations through Auto-
mated Reasoning.

I would like to thank the members of the ARW Organising Committee for their advice and assistance.
I would also like to thank all the colleagues who have helped with the local organisation, namely, Maureen
Walker, Jyoti Varsani, Christopher Marston, Rubyna Hague, Peter Cuffari, and Riccardo Piccoli.

London Alexander Bolotov
March 2010
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Automated Testing and Reasoning

Robert M. Hierons*

*Department of Information Systems and Computing, Brunel University
Uxbridge, Middlesex, UB8 3PH United Kingdom
rob.hierons@brunel.ac.uk

Abstract

Software testing and automated reasoning have traditionally concerned different issues and there has been very little
interaction between the two communities. However, some connections have been established and especially between
automated reasoning and automated test generation. This paper briefly reviews some such relationships.

1 Introduction

Testing and reasoning are often seen as opposites: in reasoning we typically try to determine general properties of a model
while in testing we observe behaviours of a concrete implementation. There are, however, connections between these areas
and in particular if we have a specification or model that has a formal semantics (Hierons et al. (2009)). This paper reviews
some connections and points to potential future developments. Its main focus is on the role of automated reasoning in
testing and in particular in reasoning about test effectiveness and in driving automated test generation.

2 A testing framework

The test framework developed by Gaudel and co-authors (Bouge et al. (1986); Gaudel (1995)) introduced the notion of a
test hypothesis. A test hypothesis is an assumption, about the system under test (SUT), made by the tester. Given a set
of test hypotheses H, there may be a finite test suite 7" that determines correctness relative to H: if the SUT satisfies H
and passes the tests in 7' then it must be correct. Such a test suite is sometimes called a checking experiment. Given a
set of test hypotheses, the process of using testing as part of a proof of correctness can then be divided into the following
parts: proving that the SUT actually does satisfy the test hypotheses, potentially through some method other than testing;
generating a checking experiment; applying the checking experiment; and comparing the behaviours observed with those
in the specification. Three main types of test hypothesis have been identified:

1. Minimality hypotheses, which essentially say that the functionality of the SUT can be expressed in a particular
formalism, usually the one used for describing the specification.

2. Uniformity hypotheses, in which we say that certain values are treated in the same way and so the SUT fails on one
of these values if and only if it fails on all of these values.

3. Regularity hypotheses, in which we assume that if the SUT is faulty then it will fail with an input containing values
with ‘complexity’ at most k for some predetermined value of £ and measure of complexity.

This framework was originally introduced in the context of testing from algebraic specifications. However, it relates
to work on testing from a finite state machine (FSM), an area in which the notion of a checking experiment was first
described by Moore (Moore (1956)). Here the traditional hypotheses used are: the SUT is equivalent to an (unknown)
FSM (a minimality hypothesis); and the SUT is equivalent to an FSM N with at most m states for some predefined m
(like a regularity hypothesis).

It is possible to automatically generate a checking sequence given such hypotheses (Chow (1978); Hennie (1964); Hi-
erons and Ural (2006)). However, these approaches apply to deterministic models and implementations. Nondeterminism
introduces additional issues since we cannot be certain that all possible responses to a test have been observed unless either
the SUT is known to be deterministic or a fairness assumption can be made. If the testers are distributed then there are
further issues since we have a very different definition of conformance (Hierons et al. (2008)).

The work on testing from an FSM has been extended to stream X-machines, which include data. It has been shown
that FSM based techniques can be applied to stream X-machines as long as additional hypotheses are introduced, these
hypotheses being similar to uniformity hypotheses (Holcombe and Ipate (1998).



3 Automated test generation

One of the main roles of automated reasoning in testing is test generation. If there is a formal model then sometimes
a test generation objective such as executing a particular transition can be represented as a problem to which automated
reasoning can be applied (Callahan et al. (1996); Hong et al. (2001)). Typically, a temporal logic property is defined such
that a counter-example provides a test that satisfies the test objective. An alternative approach is to use a constraint solver
(Pretschner et al. (2005)). Here one typically has to initially symbolically evaluate parts of the model and this can be
problematic. Recent work has introduced heuristics that have the potential to produce a path that is likely to be feasible;
the path can then be symbolically evaluated and test data produced to satisfy the path condition (Kalaji et al. (2009)).

4 Conclusions and future directions

While software testing and automated reasoning have traditionally been seen as very different areas, there are now signif-
icant connections between them. These mainly concern how automated reasoning can be used to help automate testing.
There has been much less work regarding how testing can help automated reasoning but there is potential. For example,
we might search for tests that provide counterexamples. Where we wish to apply automated reasoning to a model but are
really interested in the properties of an implementation, we might try to learn properties of the SUT through testing and
use these properties to refine the model or suggest other properties that may hold.
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Logic-based specification and verification of multi-agent
systems

Alessio Lomuscio
Department of Computing
Imperial College London

London, UK
A.Lomuscio@imperial.ac.uk

This presentation reports some of our recent work on validation of multi-agent systems. Firstly, basic
syntax and semantics of specification languages based on temporal-epistemic logic are discussed. Sec-
ondly, labelling algorithms to be used for the verification of systems are introduced together with their
efficient implementation via ordered-binary decision diagrams. Thirdly, a demonstration of MCMAS, an
open-source model checker for the verification of multi-agent systems is given. Lastly, the talk briefly
discusses applications of the methodology in the areas of security protocol analysis, web-services, and
fault-tolerant systems.

The talk covers material from (RLO5; LQR09; BCL09; LQS08; EL09) and related papers.
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A Network Intrusion Detection System Using Temporal Logic and
Stream Processing

Abdulbasit Ahmed, Clare Dixon, and Alexei Lisitsa

Department of Computer Science
University of Liverpool, Ashton Building, Ashton Street Liverpool, L69 3BX , United Kingdom
{Aahmad, CLDixon, Lisitsa}@liverpool.ac.uk

Abstract

Intrusion Detection Systems (IDS) aim to detect the actions that attempt to compromise confidentiality, availability,
and integrity of a resource by monitoring the events occuring in computer systems and networks. Stream data processing
is a database technology applied to flows of data. Temporal Logic is a formalism for representing change over time. In this
work, we combine temporal formalisms for representing protocols and attack patterns with stream processing for intruder
detection.

1 Introduction

Intrusion Detection Systems (IDS) are needed to detect actions that threaten confidentiality, availability, and integrity of
resources. IDS aim to detect intruders who legitimately pass through the firewall. Moreover, intruders who are inside the
firewall (internal users) can only be detected using /DS (Stallings, 2000). There are two main types of /DS : Host-based
Intrusion Detection System (HIDS) in which the IDS reside on a single host and monitor all the events for suspicious
activity. The other type is Network-based Intrusion Detection System (NIDS) which reside on the network, and is designed
to monitor network traffic. The NIDS examines the traffic packet by packet in real time, or close to real time, to attempt to
detect intrusion patterns (Scarfore and Mell, 2007). There are two main approaches in devising IDS: anomaly and misuse
based detection systems. In anomaly based detection methods, intrusions are identified as unusual behaviour that differ
from the normal behaviour of the monitored system (Denning and Neumann, 1985). The second approach for designing
intrusion detection systems is misuse based detection. Attack patterns or signatures are identified and represented in such
a way that the system can match these patterns with the log files or network traffic (Lin et al., 1998). Our proposed system
is a Network based /DS which is capable of detecting intrusions with misuse and anomaly based methods.

2 Temporal Logic and IDS

Temporal Logic (TL) is the extension of classical logic with operators that deal with time. TL is an obvious choice for
representing misuse signatures or normal behaviour as they often involve temporal events. TL has been used for IDS in the
system developed by Naldurg et al. (2004) and is based on Eagle (Barringer et al., 2004). Eagle is a runtime verification
or runtime monitoring system that can use many forms of logic including future and past time temporal logic. Another
developed intrusion system based on TL is Orchids (Olivain and Goubault-Larrecq, 2005).

In this method, the mechanism of detecting that a signature matches against a sequence of events can be viewed as
checking whether a formula representing the signature is satisfied in a model (M). These temporal models are created from
a linear sequence of events (logs or packets). So, typically, the idea in misuse based detection is to check that ¢ (an attack
specification) holds in M (M = ¢). In anomaly based detection, the idea is that the TL Models (the incoming events) are
checked against the protocol specification ¢,, rather than a signature. When an event fails to satisfy the specification of the
protocol an alert for anomalous behaviour is raised (i.e. M [~ ¢.,).

3 Data Stream Processing

Golab and Ozsu (2003) defined a data stream as “a real-time, continuous, ordered (implicitly by arrival time or explicitly
by timestamps) sequence of items”. The fundamental difference between traditional database systems and Data Stream
Management Systems (DSMS) is that the data takes the form of continuous data streams rather than finite stored data
sets. This difference makes DSMS suitable for data-intensive applications where the data model is transient data streams
and not persistent relations. These applications could be capital market, network traffic monitoring, telecommunication



data management, and others. DSMS are designed to handle large volumes of data arriving in rapid, time-varying and
continuous streams. They can handle queries that are issued once and then continuously evaluated over the data (continuous
queries). For example, “write an alert whenever price of X is less than 200”. Another useful feature is the sliding window
query processing. This sliding window can be based on an ordered field (e.g time) or tuple count. With this feature, recently
arrived data is maintained, meaning that old data must be removed as time goes on. It is an approximation technique for
bounded memory that we can use to extract a finite relation from an infinite stream and to compute on-line statistics. These
features are well suited for applications like network monitoring, network traffic analysis, and intrusion detection.

4 Our Research

We are proposing to build NIDS using stream processing technology and temporal logic. This will be a runtime verification
system where the data stream represents the model and either the attack pattern or the protocol specification represents
the property to be checked. The input to the system, the data stream, is the IP packets (headers and payloads). Attack
patterns and simple protocol specifications will be represented in TL. The TL semantics of the attack patterns ¢ or protocol
specifications ¢,, will be translated into the stream query language for checking if ¢ (an attack specification) holds in M
(M = ¢) or if the protocol specification ¢,, is not satisfied in M (M = ¢,,). The main objectives of our work can be
summarized as follows.

Misuse Attacks Use stream base processing techniques and features in handling large volume of data in online
mode. TL will be used to represent known attacks and then translated into the stream base language.

Anomaly Attacks Use stream base processing technique for protocol anomaly detection. TL will be used to write
parts of the protocol specification and detect anomalous deviations from this specification.

Statistical Attacks Use stream base processing techniques and features in handling large volume of data in online
mode to identify attacks based on statistics obtained from the traffic. Currently, we are working on the the first part
and we finished from developing a system to handle simple known attacks (attacks caused by a single packet) and
the work is in progress to handle more complex temporal attacks. The initial results were encouraging.
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Invariant-Free Deduction for CTL*: The Tableau Method !

Alexander Bolotov* * University of Westminster, HA1 3TP-London, UK.
Jose Gaintzarain® * The University of the Basque Country, 48012-Bilbao, Spain.

Paqui LllCiOi ¥ The University of the Basque Country, 20080-San Sebastidn, Spain.

Abstract

We define a classical style, one-pass tableau for the full branching-time logic CTL*. This work extends previously
defined tableau technique for propositional linear-time temporal logic, PLTL, giving a new decision procedure for CTL*.
One of the core features of this method is that unlike any other known deduction for the full branching-time logic, it does
not require any additional structures to deal with eventualities. Consequently the presented tableau method opens prospect
for defining a dual sequent calculus which is cut-free and, in particular, invariant-free. We also hope that this tableau
method could serve as a first-step towards an invariant-free resolution method for CTL*.

Keywords: Temporal Logic, Branching-time Temporal Logic, Full Computation Tree Logic, One-pass Tableaux, Invariant-
Free Temporal Deduction.

1 Introduction

Temporal logic is important in many areas of computer science providing an ideal tool for specifying and modeling the
behavior of various classes of dynamic systems, such as reactive systems, digital circuits, concurrent programs, etc. When
there is a need for a model for a non-deterministic behaviour, with many possible futures, branching-time logics become
essential. Here, most of the research has concentrated on the development of the specification framework given by the
Computation Tree Logic (CTL) (Clarke and Emerson (1981)) and a number of its extensions. These extensions are due to
the various syntactic restrictions and they culminate in so called Full Computation Tree Logic, CTL* (Emerson and Sistla
(1984)) which does not have any restrictions on the way how the temporal formulae are assembled.

Developing deductive techniques for branching-time logics means at the same time defining the verification techniques
for the corresponding specifications. Referring an interested reader to (Reynolds and Dixon (2005)) and specifically, to
(Gore (1999)), for the survey of tableau methods, the subject of this paper, here, we only note that the traditional tableau
methods for temporal logic, like the one used in (Emerson and Sistla (1984)), generate auxiliary graphs for some given
input which are subsequently checked and possibly pruned. In this paper, we introduce a tableau system for the Full
Computation Tree Logic (CTL*) in a different way. We provide a Branching Tableau Method (BTM) which does not
require auxiliary graphs to decide if a set of well-formed CTL*-formulae is satisfiable. We define a one-pass tableau
system avoiding the construction of auxiliary graph and this second, pruning, phase, and thus giving a new decision
procedure for CTL*. We give the algorithm for the systematic construction of the tableau for any set of CTL* formulae
and established the correctness of these developments. We are not aware of any other one-pass tableau construction for
CTL*. For this expressive logic, which has huge applications, the repository of deductive methods is currently restricted
to only a few, quite recently defined, formalisms, both due to Reynolds, namely the axiomatics (Reynolds (2001)) and
the tableau (Reynolds (2009)). However, we should note that both of these developments are quite complex and we can
see an obvious benefit of our system, first of all, in the transparency of the rules, their intuitive clearness, in providing a
method that efficiently limits the length of branches —a problem that stayed open in (Reynolds (2009)) — and, finally, in the
algorithm of the systematic tableau construction. Of course, the algorithm itself may be subject to a further investigation
into its refinement and this would form part of our future work as well as its implementation.

The results presented in this paper open very good prospect for the development of a corresponding dual cut-free
sequent calculus for CTL* in line with (Gaintzarain et al. (2009)). We can also see a basis for defining an invariant-free
resolution method for the full computation tree logic extending the results in (Gaintzarain et al (2007)) and complementing
the existing clausal resolution method for CTL-type branching time logics, initially set up in (Bolotov and Fisher (1999)).
Finally, noting that in this paper we have not mentioned anything about the complexity issues, relevant complexity study
applied to the tableau algorithm and its refinements will also constitute part of our future work.

IThis work has been partially supported by the Spanish Project TIN2007-66523 and the Basque Project LoRea GIU07/35.
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Verification of Swarm Robots: the Alpha Algorithm

Clare Dixon*, Alan Winfield" and Michael Fisher*
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{CLDixon,MFisher}@liverpool.ac.uk Alan.Winfield@uwe.ac.uk
Abstract

Here we apply model checking to a particular swarm robot algorithm, known as the alpha algorithm.

1 Introduction

A robot swarm is a collection of simple (and usually identical) robots working together to carry out some task Bonabeau
et al. (2001); Beni (2005); Sahin and Winfield (2008). Each robot has a relatively small set of behaviours and is typically
able to interact with other (nearby) robots and with its environment. Robot swarms are particularly appealing in comparison
to one or two more complex robots, in that it may be possible to design a swarm so that the failure of some of the robots
will not jeopardize the overall mission, i.e. the swarm is fault tolerant. Such swarms are also advantageous from a financial
point of view since each robot is very simple and mass production can significantly reduce the fabrication costs.

Despite the advantages of deploying swarms in practice, it is non-trivial for designers to formulate individual robot
behaviours so that the emergent behaviour of the swarm as a whole is guaranteed to achieve the task of the swarm, and
that the swarm does not exhibit any other, undesirable, behaviours Spears et al. (2004). Specifically, it is often difficult
to predict the overall behaviour of the swarm just given the local robot control algorithms. This is, of course, essential if
swarm designers are to be able to effectively and confidently develop reliable swarms.

Currently, the analysis of swarm behaviour is typically carried out by experimenting with real robot swarms or by
simulating robot swarms and testing various scenarios (eg see Stgy (2001); Nembrini (2005)). In both these cases any
errors found will only be relevant to the particular scenarios constructed; neither provides a comprehensive analysis of the
swarm behaviour in a wide range of possible circumstances. Specifically, neither approach can detect a problem where
undesirable behaviour occurs in some untested situation.

In this work we develop the use of temporal verification via model checking for robot swarms in an effort to formally
verify that such swarms do indeed exhibit the required global behaviour.

2 The Alpha Algorithm

As a case study we consider algorithms for robot swarms which make use of local wireless connectivity information alone
to achieve swarm aggregation. Specifically, we examine the simplest (alpha) algorithm described in Nembrini (2005);
Winfield et al. (2008). Each robot has range-limited wireless communication which, for simplicity, we model as covering
a finite distance in all directions from the location of the robot. Beyond this boundary, robots are out of detection range.

The basic alpha algorithm is very simple:

e The default behaviour of a robot is forward motion.

e While moving each robot periodically sends an “Are you there?” message. It will receive “Yes, I am here” messages
only from those robots that are in range, namely its neighbours.

o If the number of a robot’s neighbours should fall below the threshold « then it assumes it is moving out of the swarm
and will execute a 180° turn.

e When the number of neighbours rises above o (when the swarm is regained) the robot then executes a random turn.
This is to avoid the swarm simply collapsing in on itself.

Thus, we assume that each robot has three basic behaviours: move forward (default); avoidance (triggered by the collision
sensor); and coherence (triggered by the number of neighbours falling below «). Avoidance is dealt with as follows. If a
robot is moving in some direction and the square ahead is occupied: move to the right or left; if these are both occupied
move backwards; else stay in the current position. The original direction the robot was moving in is maintained.

10



3 Model Checking Swarm Robots

We apply model checking to prove properties of swarms of robots following the alpha algorithm. In particular we use the
NuSMV Cimatti et al. (2002) model checker. To be able to apply model checking we must make the input model discrete
and finite. To do this we make the following assumptions:-

e the robot arena is divided into a finite grid of n X n squares and a robot will move one grid step up, down, left or
right according to the alpha algorithm;

o that the robots can move in one of four directions (North, South, East, West) rather than allowing any bearing;

o the grid wraps round, i.e. moving off the right (respectively left) hand side of the grid the robot will reappear at the
left (respectively right) hand side and similarly with the top and bottom.

We represent the movement of each robot as a transition system and consider different methods of concurrency, for example
synchrony, strict turn taking, non-strict turn taking or fair asynchrony.

Initially the robots may have any direction but are placed on the grid where they are connected but in different grid
squares. Initially either robot may move first. We set the value of @ = 1 i.e. a robot is connected if it can detect at least
one other robot. At first we assume that the wireless range is one square in all directions. The property we aim to verify,
is that for all robots 4, [ ] Qconi, i.e. each robot stays connected infinitely often.

4 Results and Conclusions

We have applied model checking to the alpha algorithm considering differing modes of concurrency and increasing the
wireless range. For the two robot case we can show that the required property holds for all grid sizes we tried when we
adopt strict turn taking and a wireless range greater than step size. For full details see Dixon et al. (2010). Due to the
number of states generated we have only been able to consider small swarms of two or three robots.

Model checking seems to be a useful way of verifying properties of robots swarms allowing us to improve the design of
swarm algorithms and guarantee their reliability. We have further work to do to improve our abstraction of the alpha algo-
rithm to make it more realistic. Further, due to the well known state explosion problem we need improved representations
to deal with bigger swarms.
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Abstract

This work-in-progress attempts to establish a framework under which partially processed sensory information is rep-
resented within a formal system of logic. The goal is to identify possible learning mechanisms using atomic sensory data
as a starting point. This approach of applying a formal logical system towards learning is motivated by ability of logical
propositions to represent any fact or property describing the world. Additionally, formal logic systems are extremely
well developed, with many years of extensive research in various types of logic, and with established proof searching
mechanisms. We will test our notion that proof search enables such a system to generate its own hypotheses and then
proof-search through the data collected about the world in order to verify or dismiss the hypotheses. We will explore
the hypothesis generation process as either a synthetic or an analytical process, or some combination of both. We will
attempt to identify effective hypotheses generation mechanisms such that they are goal-directed and reliant on real world
information.

Existing learning mechanisms range from application restricted mathematical methods, such as the old architecture
of trained neural networks, for example Carpenter and Grossberg (1988), or the alternative method of support vector
machines, for example Tong and Chang (2001), to high volume heuristics based methods, such as expert systems with
their knowledge acquisition bottlenecks, see Gardiner and McMillan (1990). There has been some research into concept
abstraction mechanisms, however the existing approaches face severe limitations. The anchoring method in Zucker et al.
(2002) relies on prior information provided in the form of labeled images. It also treats the whole image as an input space,
from sets of which it must learn conceptual patterns without knowing what distinct components make up the picture. The
conceptual space based method A. Chella and Saffiotti (2004) for anchoring establishes time dependent links between
symbols and conceptual data, the anchors approximating only a single generalised object description at every point along
the concept space trajectory. Additionally the method applies contraints to trajectories using a priori knowledge. Other
existing methods face similar limitations.

The most common type of sensory input is vision. With fairly robust image analysis mechanisms available today, for
instance see Comaniciu and Meer (2002), Gupta et al. (2009) and Belongie et al. (2002), extracting meaningful regions
from live sensory data is possible. Our goal is to develop an unsupervised concept generation and analysis mechanism
that is reliant only on sensory (in this case visual) observations about the environment, with no assumptions or a priori
knowledge about what is being observed. Moreover, we do not aim to “anchor” concepts. The term anchoring describes a
cognitive bias causing a single characteristic to heavily influence the relative perception of two or more objects. We attempt
to automatically generate symbolic representations of sensory information such that any set of percept data captures the
greatest detail in individual influences of perceived similarity between real world objects, events or even properties.

We treat different regions within images as distinct sources of information separate from the entire image. The various
properties of each region are the observed data. Our approach is a set of learning rules that, when applied to observation
based propositional data, allows a rudimentary identification of patterns and associations not only within the observed
data but also with respect to the state of the system, which is some measure of the well being of the system. By choosing
to monitor desciptions of the world in very physical abstracted terms we raise the chances that important characteristics
of the scene are captured in essence. The challenge then is to ensure the set of monitored physical metrics are at least
representative of the desired capability of the system. Sets of metrics capable of capturing a particular type of property of
one world will do so equally well in all other worlds in which the physical laws do not change.

Any given scenario is composed of interacting parts. We can establish propositional statements describing the com-
ponent parts, their properties, their behaviour, and most importantly relative changes in each of these. Watching a scene
unfold allows us to build up a set of propositional descriptions about what is happening in atomic terms. We may choose
to observe n properties for every object. Thus for a simple scene with 3 interacting objects we get a set of 3*n descriptions
about the world. However, when we start considering inter-object properties, even simple scenes result in a minimum of
3*n + n! descriptions. For large n, this set holds a staggering number of descriptions. However, every element in this set
may not be directly useful for solving problems in specific environments. One of our questions is how do we select an
computationally optimal subset of descriptions without sacrificing information resolution? The answer is dependent on
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the mechanism we decide to use in order to process the descriptions for some useful outcome. Certain schemes will place
more importance on specific kinds of inter-object associations.

If we design the system to specialise in specific circumstances, the next question then becomes how is this different in
principle from other learning frameworks that use training phases to adapt to the problem at hand? This issue is addressed
by the algorithm applied to select the specialisation pathway. This algorithm considers all properties equal but fades the
relevance of those less correlated to the useful outcome and boosts the importance of those taking part directly in the
outcome. When the system is applied unmodified to a different scene, other properties are boosted in with the existing
ones being faded out if unused.

Once we begin capturing properties about the world we can start generating hypotheses about correlations between
the internal state measure and descriptions. Proof searching through collected data validates or negates each hypothesis.
Validated hypotheses are the generated goals, and are logical sentences. Components of hypotheses, if linked to an
effector response, trigger action. The presentation will discuss the mechanics of the framework and some initial results
using synthetic as well as real data.
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Propositional dynamic logic (PDL) is an expressive logicrieasoning about programs and actions (Fischer and Ladner,
1979). Initially intended for program verification, it hamuihd applications in a wide range of areas such as verifitafio
rule-based expert systems, synthesis of composite weltsspand the formalisation of multi-agent systems. Denisi
procedures for the satisfiability problem for PDL were firsdgented by Fischer and Ladner (1979) and Pratt (1980). The
satisfiability problem for PDL is EXPTIME-complete. Alreathe decision procedure of Pratt (1980) was complexity
optimal.

In recent years there has been renewed interest in PDL apayticular, in implementations of theorem provers for
PDL. The Tableau Workbench (TWB) includes an implementatiba double exponential time tableau-based algorithm
for PDL by Abate, Goré, and Widmann (2009HIProver is an implementation of a tableau-based algorithm by Gocdé a
Widmann (2009) that uses caching to achieve complexitymaity. MLSOLVER by Friedmann and Lange (2009) is a
platform for satisfiability checking for various modal fixpblogics, including PDL. Given a formula it generates aityar
game as a product of a tableau for the formula and a detetimiaistomaton recognising ‘bad branches’ in the tableau.
The parity game is then solved by the P@SER system. LOTREC 2.0 (Gasquet et al., 2005) is a generic talilaaed
system for building models of formulae in modal and deswiplogics. It includes a module for PDL, however, it cannot
be used as a ‘black-box’ solver like the other systems andrisequently not included in our comparison.

To compare the TWBpdIProver and MLSOLVER, we have used two classes of benchmark formulae originatig-
duced for propositional linear time temporal logic (PLTh)Hustadt and Schmidt (2002), but reformulated for PDL.

The first classCip;,, consists of formulae of the form

[@*{a)T Afa*](Ja] LIV ...V [a]LL) A ... Afa*]([a] LY V...V [a] LL)
Aa*](=p1 V (@*)p2) A fa*)(=p2 V (a*)ps) A ... A [a")(=pn V (a*)p1),
while the second clas63; , consists of formulae of the form
@ )T A VLIV .. VLA A VIEEV . VI A (= Vaqr)
A (=11 V ogn) A fa*] (= V a)r) A la* (=11 V [a]rn) Ao Ala*](—r V [a]r2)
Afa*](=rp V [a]=gn) A ..o Aa*](—r1 V [a]=gn) A [a*](—qr V (a*)s2)
A[a*](ms2 Vg2 V[algn V ... V[a]lgz) A ... Afa*](mgn—1 V {(@*)sp) A [a*](=8n V qn).
TheLi, ..., L} are propositional literals generated by choodirdjstinct variables randomly from a sy, ..., p, } of
n propositional variables and by determining the polaritgach literal with probability. The remainder of each formula
only depends on the parameterIn all experiments, for both classes, the paramétersandp were fixed to3, 5, and
0.5, respectively. For each of the values/dfetweenl and8n we have generated a test set of 100 formulae, which were
tested for satisfiability. Similar to randohSAT formulae, formulae i€}, andC3,;, are likely to be satisfiable if the
numberl is small and likely to be unsatisfiablelifs large.

Most of the observations made in (Hustadt and Schmidt, 2@68ut the corresponding PLTL formulae carry over
to their PDL counterparts. For example, if a formuladfy,;, is satisfiable, then it is satisfiable in a possible worlds
model with justn worlds. If a formula inCp,, is satisfiable, then it is satisfiable in a model with just oreld/and
r1 has to be false at that world. Given these model-theoresiglins about the formulae, their satisfiability is relalve
easy to check, in particular, they are as easy to solve a®gitamal cSAT formulae overn propositional variables. But
the classes are constructed in such a way that PDL satidfjadiieckers, which have to rely on proof-theoretic means,
find them challenging. In the case 6}, each formulap; in it imposes a uniform set of constraints on all worlds
of a model which gives little guidance in the search for aségitig model. Furthermore, if the propositional formula
(LIv ...V L) A...A (LY v... v L) is satisfiable, then potentially every sequence of satigfyiuth assignments
for this formula could be a mode¥1; of ©1. Only when we check whether all eventualities)p; are satisfied within
M will we know that our search for a model has been successfalthl¥s expect that naive tableau-based systems and
systems, which like Pratt's method only perform an evetitjueheck after some exhaustive search for candidate models
will perform poorly. The clas€3,,; is meant to illustrate how quickly a tableau-based systemfical a model for a
formula provided it makes the right choices for disjuncfiwemulae and how efficiently it can recover from making the
wrong choices.
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Figure 1: Performance of the decision procedures

Figure 1 shows the median CPU time graphs for all three prresdonCiy; andC3p; . In each graph the vertical
line indicates the ratid/n at which test sets contain 50% satisfiable and 50% unsatesfiatmulae. The tests have been
performed on PCs with Intel Core 2 Duo E6400 CPU @ 2.13GHz @B main memory using Fedora 11. For each
individual satisfiability test a time-limit of 2000 CPU sewts was used.

As can be seen in Figure T}, separatepdIProver, the only system which uses caching, from the other two.
Caching allows a prover to take advantage of the uniformitthe constraints imposed on the worlds of a model by
formulae inCip;. Thus, the good performance péliProver on this class was predictable. The absence of similar
optimisations in the PDL module of the Tableau Workbenchiad LSOLVER are the most likely explanation for their
poor performance. However, even then one might have exphbctih systems to be able to solve formula€y); with
{/n > 6, which are almost all unsatisfiable and have a very congtdedimd limited search space for models.

ForC3p,; the ideal system has negligible median runtimelfor < 5.7, as up to this point the majority of formulae
is satisfiable and a model for a satisfiable formula can easilfound. OnlypdIProver could be ‘guided’ to behave in
the expected way and to make the right choices in the modsteartion up td/n < 5.4 which is almost ‘optimal’ (by
inputting formulae in the ‘right’ form). In contrast, the RDnodule of the Tableau Workbench and M&S/EeR fail to
show a similar behaviour. For MLEB.VER we also observe a marked difference betw@gg, andC3p; . While forChp;,
MLSOLVER was able to solve the majority of formulae for each rafio, onC3,; the opposite is true and it solved not a
single formula in this class.

Overall, pdIProver shows the best performance on these two classes of PDL faemdihe experiments illustrate
the importance of caching for PDL systems, but also show tthere is still considerable room for improvement. In
addition, the experiments show that the two classes of eadhformulae originally devised for PLTL are also useful fo
'black-box’ performance evaluations of PDL solvers.
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Abstract

Semantically related data across heterogeneousreptsitories may have a number of semantic siitidar
because they model real life concepts which mayehaentical or overlapping meaning. These semantic
similarities may trigger a variety of semantic dmté due to the differences in either the intetatien of
semantically related data in respect to their meim a given context, or the intended use of seicelly related
data within a given context, or the way we have ehed semantically related data in a universe of
disclosure. Semantic conflicts, if not resolvethy become an obstacle for achieving interopetgabéicross
heterogeneous data repositories, which is partigulmportant if we know that semantically relatddta exist
across them.

1 Introduction

We propose an automated reasoning mechanism whslves semantic conflicts though various
ontological layering created by ontological mapgingntology alignment, ontology integration and
ontology merge. Thus ontology alignment, integmatiand merge of ontological concepts are
performed though a set of reasoning rules whictuiin resolve various semantic conflicts at différen
ontological layers.

Ontological reasoning mechanisms are ideal fortwapy the content of heterogeneous
repositories in terms of understanding their seially related data and structuring the semantic
conflicts contained within them. Therefore, the ppwkontological models and the manipulations of
their semantics allow the modelling of ontologinappings between two or more semantically related
concepts according to the type of conflict betwthem.

Using reasoning rules as an extension of ontodd@gpressivity we resolve semantic conflicts by
defining a set of restrictions / conditions thasctée their level of equivalence in terms of thiEgree
of similarity. Furthermore, we use rule chainingaitow the automation of inference / assertion in
terms of transforming semantically related ontatagiconcepts into their equivalent states.

1.1 Automation of Reasoning

We have achieved a high level of automation in $emfi manipulating the semantics stored in
ontologies and inferring ontological individualbus performing reasoning rules chaining through the
software application. We use semantic web teclyyplBrotégé editing tool, OWL ontologies, SWRL
reasoning rules and JESS engine. The software appfic developed with Net beans, which
accommodates the reasoning mechanism, automateantenretrievals across heterogeneous
repositories, which are placed within a pervasigaltiicare domain.

Ontological reasoning is performed through (i) leitmmg OWL 2.0 based ontological constructs
(which includes the manipulation of ‘object’ propies) and (ii) triggering ‘rule chaining’ across
ontological layering in terms of running SWRL rulapon ontological concepts using the Pellet
reasoning engine.

Figure 1 illustrates a software architecture basadGeneric Ontology for Context Aware,
Interoperable and Data Centric (Go-CID) softwarpligations (Kataria et al. 2009), which shows the
environment where automated reasoning has beeorperd. Software applications, requirements
upon them and ontologies with their mapping throughsoning rules are shown in layers and
described in our previous publications (Kataria dadc 2010), (Kataria and Juric 2009) and (Kataria
et al. 2008)
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Abstract

Model checking (2) has been applied to many areas of software and hardware verification; this includes hybrid systems,
which contain both hardware and software components. To model hybrid systems both types of component are included
in a single model. In this research we consider hybrid systems in which multiple agents interact in an environment. An
agent is a simple robot capable of moving, detecting obstacles, and learning to avoid obstacles. The goal of this research is
to discover a practical and standardised way of modelling these systems, and to develop theoretical techniques to measure
performance.

1 Introduction

Model checking involves verifying properties of a system and it can be an important tool for system development. The
importance of model checking is due to the impracticality of running exhaustive testing to verify properties of real physical
systems. Even when exhaustive testing can be used to verify a system’s properties, model checking could be used to verify
the same properties faster and more accurately, through automated exhaustive checking on abstracted system models. The
goal of this research is to avoid system testing by using model checking to apply verifications to multi-agent systems.

The multi-agent systems we are modelling contain two or more identical robots that are learning to avoid each other
and obstacles in a walled environment. These robots have 2 long range “distal” sensors and 2 short range “proximal”
sensors; distal sensors are used to avoid collisions, proximal sensors are used to detect collisions.

1.1 Initial Model Checking

To better understand the problem domain, the modelling of existing multi-agent systems was undertaken. The aim was to
use mainstream model checkers such as PRISM (4) and SPIN (5). These model checkers were chosen to model systems
used in experiments performed at the University of Glasgow (7). We work closely with the developers of these experiments;
this allows us access to new and interesting systems and allows our results to influence their designs.

The explicit state model checker SPIN is well established in the field of model checking, and allows us to verify
properties of systems described in the model specific language Promela (5). Promela is an intuitive language which allows
models to be created quickly and easily. PRISM is a symbolic model checker which allows it to verify much larger state-
spaces than SPIN. It also has the benefit of quantitative analysis and probabilistic weightings. The quantitative analysis can
provide a performance measure for multi-agent systems, which SPIN cannot. However, PRISM has a less comprehensive
modelling language than Promela.

In our models each robot is treated as a process, as is the environment. The environment is aware of the position of
all things within it. The robots are able to communicate to the environment via sensors. The environment is abstracted to
a grid and the robots can move in either of the 8 compass directions !, moving 1 cell at a time. When a robot choses an
adjacent cell to move to, it first uses its sensors to check that the grid cell is vacant.

The physical dimensions of the robots are created to an accurate scale based on the resolution of the environment’s
grid. The environment is represented as a grid with resolution of 22x22 cells, the outer cells form a surrounding wall, and
each robot is 2x2 cells with distal sensor antenna 4 grid cells long and proximal antenna 1 grid cell long.

Instead of static, cell-to-cell movements, the model is designed to better emulate the continuous driving of real robots,
by making small adjustments as they move. Each robot reassesses its direction every time it arrives at a new grid position
and since the resolution of the grid is relatively high each calculation for a new movement is done at small intervals, hence
closely emulating the continuous reassessment of the real system.

The calculations for the robots’ movement are based on the difference between the Manhattan distances (1) of each of
the robots’ distal antenna sensors. Distal sensors are long rods protruding at 45 degrees from the robot and are used for

'In reality it would be possible to measure the direction a robot is facing to exact degrees of accuracy, but having 8 directions allows the robots to
access all adjacent grid cells. This creates an accurate model without overloading the number of directions in which a robot can face.
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avoiding, whilst the proximal sensors are impact sensors which are close to the robot. The distal sensors send signals of
varying strength depending on how close or far away an obstacle is to the robot. This movement calculation emulates the
avoidance behaviour of the real robots.

1.2 Results

Modelling with SPIN allows properties to be checked, such as: is it possible for "Robot1” to collide with "Robot2”, or
other obstacles? This property can be expressed in Linear Time Temporal Logic (LTL) (6), thus:

[1(! (((robolX==robo2X) && (robolY==roboY)) || ((robo1X==0bVal) && (robolY==0bVal)) ) )

Modelling with PRISM allows us to check Probabilistic Computation Tree Logic (PCTL) (6) properties such as, what
is the probability of an erroneous state being reached? Synchronizing on their movements, the Steady-state probability of
the system having two agents occupying the same grid cell is 0.0064. This was verified using the PCTL property:

=? [(robo1X==robo2X) & (robolY==robo2Y)]

To make the PRISM model accurate each robot must be able to move in and out of synchronization with each other
robot. To allow this the PRISM code must specify the probability of the agents synchronizing and not. There is not an
accurate way of selecting this probability, yet the value chosen for it will affect every subsequent validations’ probability.

These types of property are useful, but are based on assumptions. Assumptions are made so models can be abstracted
enough to apply verification. Examples of these assumptions are that sensors were assumed to behave like perfect springs
whenever an obstacle or agent touched a point on one of the sensor antenna. It was assumed that the robots moved and
turned with consistent accuracy. Another assumption is that the discrepancies in the positioning of the sensors relative
to the robots’ facing direction was insignificant —this discrepancy arose from abstracting the environment to a grid. The
relevance of the verification becomes unclear once these assumptions are factored in.

1.3 Future Work

We plan to use Hybrid Modelling Languages such as Hytech (3), to create highly detailed system models. We will also
continue working closely with current experiments involving multi-agent systems in order to expand our knowledge of
how to model such systems. Principally we want to develop various models, classifying the benefits and costs of each
approach. One further aim is to develop a custom-made tool to model these types of multi-agent system.

References

[1] Paul E. Black. Manhattan distance. Dictionary of Algorithms and Data Structures, NIST, 2009.
[2] Jr. Edmund M. Clarke, Orna Grumberg, and Doron A. Peled. Model Checking. The MIT Press, February 2000.
[3] Thomas A. Henzinger, Pei-Hsin Ho, and Howard Wong-Toi. Hytech: a model checker for hybrid systems. 1997.

[4] A. Hinton, M. Kwiatkowska, G. Norman, and D. Parker. Prism: A tool for automatic verification of probabilistic
systems. LNCS, 3920, 2006.

[5] G.J.Holzmann. The SPIN Model Checker: Primer and Reference Manual. Addison-Wesley Pearson Education, 2004.

[6] Michael Huth and Mark Ryan. Logic in Computer Science: Modelling and Reasoning about Systems. Cambridge
University Press, 2 edition, 2004.

[7] P. D. Prodi, B. Porr, and F. Worgotter. Adaptive communication promotes sub-system formation in a multi agent
system. (private communication).

19



Reasoning in Pervasive Computational Spaces

Nigel Koay Preya Syal Radmila Juric
University of Westminster  University of Westminster  University of Westminster
N.Koay@my.wmin.ac.uk  Preya.Syal@my.wmin.ac.uk  Juricr@wmin.ac.uk

Abstract
We briefly describe the process based on automated reasoning which enables us to create pervasive
computational environments across problem domains. Our idea is to model the semantics of pervasive spaces in
ontologies and perform ontological reasoning in order to determine which types of services we want and which
preferences we impose on the environment when requesting such services.

1 Introduction

We create a pervasive ENVIRONMENT suitable for “smart homes” and model it as a set of “safety
and security” SERVICES in terms of “detecting leakage of carbon monoxide, checking if windows are
open and spotting unknown person on premises” etc. We also have preferences of PEOPLE living in
“smart homes” in terms of specifying which devices would deliver such SERVICES: “CCTV cameras
should be visible from the outside smart homes and all devices within the smart home must be
wireless”. Our reasoning mechanism should give us a list of devices which form a special aspect of the
pervasive environment and satisfy our preferences at the same.

The same reasoning mechanism may be performed in a "smart classroom"” where SERVICES are
related to lectures, their topics and learning outcomes; ENVIRONMENT is equivalent to a particular
learning environment, its class, teaching material and technology needed for the class and PEOPLE are
students with their backgrounds (courses and degrees) and preferences (availability; time of lecture etc.)
Our reasoning mechanism should give us a list of the best teaching materials which are essential in
delivering a lecture of a given topic and according to student preferences.

2 The Reasoning Process

The process in Figure 1 consists of 3 steps which actually correspond to three types of ontological
reasoning: Step 1 is illustrated with the ‘circled 1la & 1b’ and Step 2 by the ‘circled 2a & 2b’. They
perform matching between ENVIRONMENT and PEOPLE and between ENVIRONMENT and
SERVICES respectively. In our process, the ontological matching is performed through reasoning rules
thus:

() Rule 1 is used to match the characteristics of ENVIRONMENT with the personal preferences
of PEOPLE (a user) who might be using the ENVIRONMENT

(1) Rule 2 is used to match a purpose of the ENVIRONMENT with the personal preferences of
PEOPLE (user) who might be using the ENVIRONMENT.

(1) Rule 3 identifies the best possible ENVIRONMENT (Pervasive Computing Environment)
because it matches its purpose and characteristics with SERVICEs requested by PEOPLE, which take
into account the PEOPLE's preferences.

Rule 1, 2 and 3 can be automated in terms of running them through a software application built
upon RULE_3 result set (which are ontological concepts). We have implemented our process in a few
problem domains (Koay et al, 2010a), (Syal and Juric, 2010), (Koay et al, 2010b), (Ayim et al, 2009),
(Koay et al, 2009).
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Figure 1: Reasoning Process for Creating Pervasive Computational Spaces
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1 Introduction

Instantiation-based methods are a class of deduction cal-
culi for first-order clausal logic. The common idea is to
instantiate clauses and to employ efficient propositional or
more general ground reasoning methods in order to prove
unsatisfiability or to find a model. Among other important
properties, Instantiation-based methods naturally decide
the first-order logic fragment of effectively propositional
logic (EPR) which has interesting applications (see, e.g.,
Baumgartner (2007) for an overview).

iProver-Eq is an implementation of an instantiation-
based calculus Inst-Gen-Eq which is complete for first-
order logic with equality and decides the EPR fragment
modulo equality. The system is an extension of the suc-
cessful iProver system and preserves the characteristic
feature of combining first-order reasoning with efficient
ground satisfiability checking where the latter is delegated
in a modular way to any state-of-the-art SMT solver, i.e.
a solver for ground satisfiability modulo theories.

In the following we outline the iProver-Eq system and
present its calculus for equational reasoning to generate
instances.

2 System Overview

The basic idea of the Inst-Gen method, introduced in
Ganzinger and Korovin (2003), is as follows. The set of
first-order clauses is abstracted to a set of ground clauses
by mapping all variables to the same ground term. An
SMT solver is harnessed to check if the ground abstrac-
tion of the clauses is unsatisfiable, in which case the set of
first-order clauses is also unsatisfiable. Otherwise, there
is a ground model for the abstraction that is used to guide
an instantiation process. The model is represented as a
set of abstracted literals and an attempt is made to extend
it to a model of the first-order clauses by reasoning on
the first-order literals corresponding to the abstracted lit-
erals in the model. When this fails, new (not necessarily
ground) instances of clauses are generated in a way that
forces the ground solver to refine the model in the next
iteration.

The saturation process in iProver-Eq is outlined in Fig-
ure 1. Two major components there are unit superposition
for equational reasoning on literals and an SMT solver for
ground reasoning, which are both non-trivial processes.
Unit superposition will be described in the next section.
The ground solver is regarded as a black box.
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Figure 1: Saturation process in the iProver-Eq system
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The saturation process is based on a given clause algo-
rithm, which partitions the set of clauses into two disjoint
sets, namely the Inst-Active and the Inst-Passive clauses.
Initially, there are no Inst-Active clauses, all input clauses
are considered to be new instances, their ground abstrac-
tions are passed to the ground solver which is then in-
voked to either return a model of the abstraction or to con-
clude its unsatisfiability. The new clauses are moved to
the Inst-Passive set from where in each step of the process
a clause, called the given clause, is chosen and put into the
Inst-Active set. Using the current model of the ground ab-
straction, one of the literals in the given clause is selected
and passed to the unit superposition calculus. If a subset
of the selected literals is found to be inconsistent by the
unit superposition calculus, then corresponding instances
of clauses are added to the set of new clauses. The process
continues by adding the abstractions of the new clauses to
the SMT solver, running the solver on the extended set of
ground clauses and moving the new clauses to the Inst-
Passive set. The process maintains the invariant that the
ground abstractions of the selected literals in the set of
Inst-Active clauses are consistent and have been passed to
the unit superposition component. iProver-Eq terminates
with a result of unsatisfiable if the ground solver reports
an unsatisfiable abstraction. If the Inst-Passive clause set
is empty and the selected literals are consistent as stated
by the unit superposition component, iProver-Eq termi-
nates with the result satisfiable.

3 The Unit Superposition Calculus

If the set of selected (not necessarily ground) literals is
consistent, a model for the set of Inst-Active clauses ex-



Selection

{C}|D: L
where C' € S and sel(C) = L and D is a constraint on clause C'

Superposition

fl‘D1:l§’r‘ éQ‘DQ:L[l/] (0)
(61 UL2)8 | (D1 A D2)6: L[’I‘]G
where L[I'] = u[l'] ~ vor L[l'] = u[l'] % vand (i) @ = mgu(l,1'),
(i) I is not a variable and (iii) for some grounding substitution g
(ilia) 10p = rOp, (iiib) u[l']0u = vOu and (iiic) p satisfies the con-
straint (D1 A D2)6

Equality Resolution

L|D:l#r
¢: O ®)

where 6 = mgu(l, r) and satisfies the constraint D

Figure 2: Labelled Unit Superposition

ists and it has thus been proved satisfiable. Otherwise,
there is an inconsistent subset of the selected literals. The
clauses that these literals are selected in are instantiated
such that the inconsistency is witnessed by the ground ab-
straction. For non-equational literals it suffices to search
for unifiable complementary literal pairs. However, in
the presence of equations, we apply the unit superposi-
tion calculus in order to find inconsistent literals and to
obtain clause instances.

For simplicity, we only consider pure equational logic
where all atoms are equations, different clauses are as-
sumed to be variable-disjoint. The inference rules of the
unit superposition calculus are shown in Figure 2 and are
similar to the standard superposition calculus, see, e.g.,
Nieuwenhuis and Rubio (1999).

Each literal in the calculus has a label consisting of a
set of clauses and a constraint that is used for redundancy
elimination which we will not describe here. When the
selected literal of the given clause is received, we label
it with the given clause and a constraint. The conclusion
of an inference is labelled with the union of the labels of
its premises where the unifier 6 has been applied to each
clause. The constraint is the conjunction of the constraints
of its premises where again the unifier 6 has been applied.

Ganzinger and Korovin (2004) originally defined the
unit paramodulation calculus and a way to extract instan-
tiating substitutions from proofs. Our addition of labels to
literals replaces their extraction of substitutions. Instead
of having to trace a proof tree to the literals at its leaves
in order to obtain substitutions to be applied to clauses,
our labels directly display the clause instances while still
allowing for constraint notions to eliminate redundancy.

The conditions on applicability of an inference are in-
dependent of labels which are thus merely an annotation
to facilitate the generation of clause instances from sets of
inconsistent literals. Therefore, the same literal with dif-
ferent labels has the same conclusions. Further, it is well
known from paramodulation approaches, that all variants
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of a literal allow the same inferences with conclusions
that are variants of each other. Obviously, one wants to
combine all labels of all variants of a literal in order to
avoid duplicating the search for possible inferences for
each literal. Although it is possible to merge all labels into
one set of clauses, the challenge is to compactly represent
combined labels in a way that preserves the constraint no-
tions.

4 Conclusion

In general, not all optimisations from standard para-
modulation-based calculi can be lifted to the unit super-
position calculus. We have to take care not to omit clause
instances that are required by the ground solver to witness
inconsistency of its model. Nevertheless, our labelled cal-
culus enables simplification by demodulation and there is
a powerful semantic notion of redundancy which can be
used to justify further techniques.

iProver-Eq makes use of state-of-the-art implementa-
tion techniques like term indexing for unification. It is
reasonably efficient on the TPTP benchmark although it
is in an early stage.
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1 Introduction

Quasigroups are simple algebraic structures whose operation has to satisfy only a single axiom, the Latin square property.
Quasigroups are generalisation of groups and in general are non-associative. Consequently there exists a very large number
of different finite quasigroups already for very small orders. This combinatorial explosion makes them ideal candidates
for applications where the generation of a large number of simple structures is necessary such as in cryptography. On the
other hand the number and lack of structure makes them difficult to handle algebraically, in particular to enumerate or to
classify. The aim of our research is to develop methods to automatically generate quasigroups of large size by bootstrapping
structural properties of smaller size quasigroups, instead of exhaustive search. We employ automated discovery techniques
for the construction of generating systems that allow an easier computation of large size structures. This construction will
be property preserving in order to ensure a goal-directed generation of structures. That is, given a set of properties we want
a quasigroup to have, the approach should automatically generate a means to construct a large order quasigroup exhibiting
these properties. The work has applications both in the pure mathematical theory to solve open existence problems for
finite quasigroups and loops, as well as potentially in areas such as the generation of cryptographically strong quasigroups.

Our work builds on previous work by (Sorge et al., 2008) that was concerned with the generation of classification
theorems in quasigroup theory. The procedure incorporated a set of diverse reasoning techniques, including first order
resolution theorem proving, model generation, satisfiability solving and computer algebra methods. We intend to further
exploit these techniques and in particular the concept of generating system introduced in that work for the goal directed
construction of quasigroups.

2 Generating Systems: Generators and Relations

The concept of generating systems for quasigroups was introduced in (Sorge et al., 2008) and can be used to determine a
quasigroup structure of size n using n complex equations rather than n? simple equations of its Caley table. We define a
word of a quasigroup () with binary operation * as the combination of elements a1, ..., a,, € @ under the operation * and
write w(ay, ..., a, ) for short. The concept of generating systems can then be defined as follows:

Definition 2.1. Let Q) be a finite quasigroup with binary operation *, and let q1, ...,q, € Q be the elements of Q. Let
A1,y O € Q where n,m € N and 1 < m < n. Then, we define the generating system G for Q as follows:

G = <{a17 eeey am}‘{Ql = wl(ah ceey CLm), ey n = wn(ah ceey a7n)}>

e The set of elements {ay, ...,am } C Q are called the generators.

o {wi(a1,...,am), .., W (a1, ..., am )} represents a set of words. Every element ¢ € Q can be expressed as a word
which is called a relation or factorisation.

Note, that the generating system for quasigroups is different from the one for groups in that every Q1 ‘ S b ¢
single element is explicitly defined. For example the quasigroup 1 on the right is determined by S a ;
the generating system Gy = ({a}[{b =a xa,c = (a*xa) * (a xa)}). c 2 tC) a

3 Using Automated Discovery and Reasoning Techniques

We will use automated discovery and reasoning techniques during the construction of generating systems for larger order
quasigroups. In particular, we will employ concept formation to automatically construct extended generating systems for
larger order quasigroups and we are currently extending the machine learning system HR (Colton et al., 1999) accordingly.
HR uses production rules to transform the input data table of a concept into the resulting data table that represents a novel
concept. We are currently experimenting with HR by both exploiting existing production rules and introducing novel,
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bespoke ones for extending generating systems. For example, the above quasigroup ()1 has an additional property that it
is commutative. If we want to generate an Abelian quasigroup Q- of order 4, we can extend the generating system G to
a generating system G by adding a further relation:
Go={a}{b=axa,c=(axa)*xa,c=ax(axa),d= ((axa)*a)x((axa)*xa)})
2
|

Q[a b ¢ d G, fixes four elements in Qs Caley table (given on the left) and the Q|a b c d
E tc) ¢ remainder of the table can be filled in using the Latin square property, ]z Z 3 g
c d which yields the full table given on the right. (), is again commutative, A b d o
d which is obvious from both the Caley table and the construction of Ga. dld a ¢ b

In addition to a production rule adding relations to an existing generating system using the original generators, we can also
define one that extends the number of generators employed. During the execution of a production rule, HR already uses
theorem proving and model generation to ensure consistency and usefulness of novel concepts. For production rules adding
relations and generators we have additional proof problems to consider, for which we will employ theorem provers, model
generators and SAT solvers for the following abstract proof problems:

1. Does a new relation indeed yield a new element and not one of the elements already present in the generating system?

2. Will the expanded generating system, indeed preserve the property of the smaller order quasigroup?

We will use symbolic computation techniques to construct the skeleton Caley tables for the quasigroups. Constraint
solving techniques will then be used in order to fill the remaining missing elements in the skeleton Caley table of the
quasigroups generated by the generating system. We are interesting in using implied constraints that logically follow from
the initial model of a constraint satisfaction problem. The addition of implied constraints can greatly improve efficiency and
is an important step in solving difficult problems. Constraint solving techniques have been previously used by (Charnley
et al., 2006), where the theorems generated by HR are used as constraints to reformulate the basic constraint satisfaction
model for finding examples of quasigroups. We intend to further explore this method in our research which would be novel
as implied constraints have never been used before for solving problems involving large size quasigroups.

4 Open Quasigroup Existence Problems

As one application we will work towards solving some of the open problems in quasigroup theory that are concerned
with the existence of quasigroups of a particular size exhibiting particular properties. For example, when considering
quasigroup (@, *) with associated left division \, where a\c = b < a x b = ¢ for every a, b, ¢ € ), an operation o can be
defined on Q by x oy = x * (y\x). It is currently an open problem if there exist quasigroups of order ¢ = 14, 18, 26 or 42
such that (@, o) is a quasigroup. For instance, the following example of order 4 shows that the operation o does in general
not form a quasigroup operation as the Latin square property does not hold:

*11 2 3 4 \[1 2 3 4 o1 2 3 4
12 3 1 4 13 1 2 4 11 3 4 2
204 1 3 2 202 4 3 1 214 2 3 1
303 4 2 1 314 3 1 2 304 2 3 1
411 2 4 3 411 2 4 3 413 1 2 4

Previously, some open problems in quasigroup theory have been solved by (Fujita et al., 1993; Zhang and Hsiang, 1994)
where model generation techniques were used to solve existence problems for small quasigroups. However, the goal-
directed generation of large size quasigroups is still out of the scope of current Automated Reasoning technologies.

References

J. Charnley, S. Colton, and I. Miguel. Automatic generation of implied constraints. In Proc. of ECAI 2006 conference,
pages 73-77. 10S Press, Netherlands, 2006.

S. Colton, A. Bundy, and T. Walsh. Automatic concept formation in pure mathematics. In Proc. of IJCAI’99, pages
786-791. Morgan Kaufmann, USA, 1999.

M. Fujita, J. Slaney, and F. Bennett. Automatic generation of some results in finite algebra. In Proc. of IJCAI’93, pages
52-57. Morgan Kaufmann, USA, 1993.

V. Sorge, S. Colton, R. McCasland, and A. Meier. Classification results in quasigroup and loop theory via a combination
of automated reasoning tools. Commentationes Mathematicae Universitatis Carolinae, 49(2):319-339, 2008.

H. Zhang and J. Hsiang. Solving open quasigroup problems by propositional reasoning. In Proc. of International Computer
Symp, 1994.

25



Terminal Complex Role Inclusion Axioms

Nenad KrdZavac*' Milneko Mosurovié'
*University of Belgrade, Serbia tUniversity of Montenegro, Montenegro
nenadkr@tesla.rcub.bg.ac.rs milenko@ac.me
Abstract

The paper defines an extension of complex role inclusion axioms (RIAs) in SROZQ description logic (DL) with
terminal complex RIAs.

1 Introduction

Strict partial order on the set of role names in SROZQ (3) DL, as logical basis for OWL 2 language (1), does not allow
cyclic dependencies among role names in RIAs (3). Extending the regularity conditions on the set of roles, Kazakov proved
that the OWL 2 ontology with role hierarchy, where RIAs induces regular languages, is decidable (4). A tableau-based
procedure for SROTQ logic does not use syntactic restrictions directly (4). As an input, it uses finite automata for RIAs
(3) (4). Some restrictions have been used for automata construction (4). One can use the same tableu-based procedure (3)
for any RIAs for which finite non-deterministic automata can be constructed (4).

Let’s consider role RIA of the form PQ C R. By the semantics of RIA (3), for every pair (7, y) € (PQ)? implies (z,y) €
RT. Again, by the semantics one cannot define other individuals such that (3z1,v1)(z1,71) € (PQ)T A (21,vy1) ¢ RT.
To address this problem we proposed RIAs of the form R = pg (5), where pg is a regular expression which corresponds
to the role name R. We also defined additional restrictions on the set of RIAs to regain decidability of defined logic. We
extended the solution (5) by defining terminal roles in complex RIAs. Such solution has next properties:

1. The existing OWL 2 (SROZQ) (3) language is a special case of this language,

2. one can use existing tableau procedure for SROZQ DL (3) to check the satisfiability of the ontology O defined in
this paper,

3. for the role hierarchy which does not generate regular languages, one can define some roles as terminal. It is useful
in case of incomplete reasoning,

4. one can extend this method to define terminal role at an arbitrary "level” (for example level 2).

2  Terminal Roles

Definition 1 RIA with terminal roles is an expression of the form RiRa -+ R;|R;y1 -+ R, T R, where R;| denotes that
R; in composition Ry --- R;R;+1 - - - Ry, is a terminal role with respect to role R.

Intuitively, R; is a terminal role if it is not a composition of roles with appearing role R in that composition.

Definition 2 An array of states sq, s1,- - -, Sk, is a path in the model I for p = Ry --- Ry, if (sj_1,5;) € RJZ. Removing a
path for p would change the interpretation of a role R; for R;\{(s;_1, s;)}.

Definition 3 7 is a model for RIA of the form RiRy -+ R;|R;41--- R, C Rif
1. (a:,y) c (R1R2 v Rn)z,

2. There exists a path x = sg,S1,- -+, S, = Yy in the model L for p = Ry -- - R, such that for every word of the form
piRp2, (sj-1,5;) ¢ (p1Rp2)E, when in the interpretation T removes path so, 81, , Sp.

Then (z,y) € RZ.

Theorem 1 SROZQ ontology with terminal roles is undecidable.
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Proof. The proof follows from the proof of theorem 6 defined in (2).

In order to have decidable language we introduce restrictions on RIAs, as defined in (3), based on strict partial order.
Suppose that < is partial order on the set of roles such that, if R < T then R~ < 7T~. Wedenote R ~ T if R < T and
T<R,butif R<TanditisnotT < Rthen R < T.

Definition 4 Allowed RIAs (necessary for decidability) with respect to < are expressions of the form
1. RiRy-- R, C Rand R; < R, forall1 <i <n,
2. RRiRy-- R, C Rand R; < R, forall1 <i<n,
3. RiRy---R,RC Rand R; < R, forall1 <i <n,
4 RTCR,
5. RRC R,
6. RiRy-- Ri|Riy1--- Ry C Rwhere R; ~ Rand R; < R, forall j # i.

Suppose that there exists partial order < on the set of roles in the ontology O, such that all RIAs in O are allowed with
respect to <.

Definition 5 Let T be a minimal relation among arrays of roles and arbitrary role names which satisfy the following
conditions:

1. RCo R
2. pCo RAp1Rps Co R1 € O — pipp1 Eo Ry
3. pCoRApiRIp2 Co RiAp+#p Rip’ — pippr Co R
Definition 6 Language Lo(R) = {w|w Ep R} corresponds to role R in ontology O.
Theorem 2 For every role R in O, language Lo (R) is regular and one can construct finite automaton for Lo (R).

Proof.(Sketch) One can construct an automaton inductively over the relation < as defined in (3). One case, where R; ~ R,
with R; a terminal role with respect to role R, is an exception. The construction of the automaton for a terminal role is
independent of the construction of the automaton for role R.

Theorem 3 Ontology O is decidable.

Proof.(Sketch) The proof follows from theorem 2 and from the observation that the tableau-based procedure (3) accepts
finite automata for given RIAs.

Example 1 Suppose that ontology O has RIAs of the form: P Co P~; PQ| Co R; PR| Co Q. Language Lo(R) =
{R, PQ} is finite. In (4) authors considered such kind of RIAs but without terminal roles. Intuitively, new defined semantics
of complex roles in this paper (definition 3) ignores multiple repeating of role P in the front of role Q. It means that without
terminal roles, any model T for ontology O satisfies that (x,y) € (PPPQ)* implies that (z,y) € RZ. With terminal
roles the last conclusion is not true. Also, without terminal roles the language Lo (R) is infinite. Note also that such kind
of RIAs are not allowed in SROZQ DL (3).
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Abstract

Agent interaction in realistic applications is subject to many forms of uniogyta includinginformation and network
uncertainty, trust of and conflicts with other participants, lack of stability inealdand risks about agreements and
commitmentsHowever, one of the most common forms of uncertainty occurs wigrnowap has divergent beliefs about
the interaction they are engaged in — some agents believe an agreemédmenareached, while others believe it has
been rejected or that they are still bargaining. Such misunderstandingsise because of loss of network performance,
spurious connections, message loss or delays, or the other party is\géilyed in its decision making. In our work,
we aim to facilitate a group of agents to attain the same beliefs about an interautiependent of the reliability of the
underlying communication layePrevious work on bilateral synchronisation between agents will be @ateto consider
the possibility of attaining reliable multilateral interactions between more thanistribdited agent systems.

1 Introduction

Social interactions, such as cooperation, coordinati@hreagotiation, are a fundamental feature of multi-agentesys.
They are enacted through a variety of interaction prototwise regarded as the public rules or norms for communitatio
of the participants of a group when carrying out some sociebenter. In this context, the protocol ensures that aligro
participants following it can expect certain responsemfaihers and can coordinate meaningfully towards a goal. But
in many cases it is not always clear what it means for a grouggehts to follow a protocol. In particular, issues arise
when unexpected events occur, for example agents do notlgevith or misunderstand the interaction protocol, or the
communication is faulty. To deal with such issues and theasgics of agent communications, we regard an interaction
as a joint process between agents. The steps in such a joiceg® progress by virtue of the propositions believed by
the group. For the purpose of reasoning about the beliefsgobap of agents, we consider the state of an interaction as
entailed from the propositions believed by all the agentiathat interaction and derivable from an interaction gcot.

For example, let a common protod®| for a joint negotiation between two agetsandY, specify that after agen has
browsed a catalogue, it may make an offer which should bev@t by an agreement or a rejection frodfnA state of
negotiation such asfferedmeans that both agents believe an actifiar has been made and on reaching an agreement the
state changes fromwifferedto agreed In our work, we view common beliefs as relating to the sharelgefs of a group of
agents about each other, and joint beliefs as deriving fl@uhion of all the individual beliefs of agents in a group.

In this paper, we give and overview of previous work on synoigation of interactions between agent systems. In
current work, we are considering what should be the assomgptnd requirements for reliable multi-lateral inter@csi
between distributed agents to ensure the safe progressibeioconversation through a number of identifiable stated
termination in a consistent manner.

2 Synchronisation Protocols

In Paurobally et al. [2] we propose that agents’ beliefs rdigg the protocol state could be synchronised by adding a
synchronisation layer, which includes protocols that fyanise the agents’ beliefs as shown in figure 1. We proved tha
under certain assumptions, it is possible to achieve fdeliaberaction between two agents.

2.1 Shared Bdliefs

We usebelief, instead oknowledgebecause the property kitowledgéeingtrue makes it is far harder to attain than belief
in a practical context. Whereas knowledge must be true,feadi@ly require consistency. For example, an agéntay
believe an agreement has been reached with ageriten in fact it has misunderstood or mis-implemented théopm,

or there has been a security breach with a malicious agergrgupatingY. When these uncertainties are compounded
with network unreliability, it is easier for an agent to l@®k some state than to know that state.
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Interaction Protocols
Speech-act like messages

Synchronisation Protocols
Knowledge-based protocols for message exchange and belief re

Communication Protocols
Session, TCP/IP layers

Figure 1: Layers of Protocols

While an interaction protocol may be considered as commaefliala group of agents, the participants’ individual
beliefs about the progress of a particular interaction iatgé to differ between the time a message is sent and reteive
For example, a sender has added beliefs about the message @osnpared to another agent which has not received
that message. Therefore, some degree of common belief, amgistency in joint beliefs about the interaction state,
are necessary to safely progress in an interaction and id aeatradictions and any confusion that may arise from a
participant persisting with differing belief about theardction state. This issue of consistency is an importastilpm
because unreliable communication is the norm in the comeatioh networks and infrastructures in which agents are
most likely to be deployed. The key issue here is that theant®n must not continue without ensuring that all agents
believe the same state at some point. For example, if mesaagtost in an interaction following the proto®introduced
above, then one agent may believe the state agoeedwhile another believes it to Herowsed Such discrepancies may
lead to disputes worsened when monetary, time or safeigalrinformation are involved.

We use an axiomatic belief system for consistency and ipéct#on and assume that each agent in a group has such a
system of beliefs and is aware that others do.

In [2], we showed that shared beliefs (if everyone beliebesdtaterr and believes that everyone believes so too -
(Eca A EZa)) can bring about reliable interaction and agreement betvt@o agents, under certain assumptions about
an imperfect underlying communication layer.

2.2 Joint Conversations

Later work aimed at providing reliable interaction in theeaf more than two agent systems, to ensure that all thesagent
commit to belief update for the progression of an interawtibhus in [3], we examined the synchronisation problem from
the point of view of committing to a joint conversation. Weyaed that a proper theoretical treatment of conversations
cannot be simply derived compositionally from the semamitindividual Communicative Acts (CAs). Accordingly, we
developed a theory of joint conversations that is independéits constituent CAs by treating the process of a group
following an interaction protocol as a persistent joint coumicative action (JCA) by the group. We proposed a theory
for representing and reasoning about joint conversatiefined compliance in a joint conversation and we proveesali
properties of joint conversations.

Dunn-Davies et al. [1] argue that synchronisation betweerenthan two agents is not possible - that multi-lateral
synchronisation is an insoluble problem. Nonetheless wenderested in how to counter that argument by investigatin
what assumptions and requirements are to be made to acligsfastory synchronisation in multi-agent systems. tFirs
given that we are using a belief system, it may be viable foagent to commit itself to a belief update in order to start
a belief update revision with the rest of the agents. We adsarae that the underlying communication layer e.g. TCP/IP
will deal with message duplication, re-ordering, mutatom phantom messages.
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Abstract

Interaction in both agent-based and component-based architectures is facilitated by sharable, verified and unambiguous
protocols with desirable properties. An interaction protocol may be expressed as a logical theory e.g. dynamic logic, joint
intention theory or event calculus, thereby enabling the proof of its properties and its correctness. This paper focuses on
new joint work in specifying and proving properties such as safety and liveness, of interaction protocols, in component-
based frameworks. A safe and sound interaction allows no unpredictable states and transitions, and states allowed for the
behaviour are only those that are defined by the protocol. Other properties such as termination, soundness, completeness,
stability and fairness can be specified and verified for such protocols.

1 Introduction

Setting up an automated negotiation involves deciding on a common language, ontology and choosing a common nego-
tiation protocol. Since the protocols are shared by participants, their properties have to be validated for stable and fair
negotiations. In component-based models and corresponding methodologies [4], the higher level of complexity involves
a wider range of requirements and resources, which in turn requires dynamic intelligent properties and flexibility resem-
bling. These similarities make it interesting to bring the study of agent oriented interactions into the component-based
framework.

It thus becomes necessary to define and prove safety and liveness properties in such large-scale component-oriented
architectures. For example, because of the large number and complexity of the interactions between the components in
service composition, we need to ensure a certain stability and fairness in the provision of services in service-oriented
distributed frameworks and infrastructures.

2 Safety and Liveness Properties in Component-Based Frameworks

Given the sophisticated and complex interactions typically occurring in extreme scale component oriented frameworks, it
is desirable to use formalisms with support for concurrency and verification for the service composition.

Safety and liveness properties were first introduced by Lamport [3] and have since then been extensively studied in
the verification of concurrent programs. The liveness property would normally assert that a process eventually enters a
desirable state and that there are no deadlocks while the safety property would assert that ‘nothing bad’ happens. There
is a need, however, to adapt the standard notions of liveness, termination and soundness to the interaction/ composition
protocols. In the component-based framework we would speak about the liveness of the processes involved into this
interaction as well as about the liveness of the system as whole.

In order to achieve the required level of abstraction we need to use high level specification languages capable of
tackling both the nature of the desired properties and the dynamism of the overall system and its environment. We will
utilise the experience of invoking the specification languages of rich branching-time logics CTL and its extensions, in the
framework of component-based systems [1]. This will enable the application of the deductive verification techniques for
proving properties of the protocols.

In order to prove safety, liveness, and termination, the behaviour of an execution and possible sequences of actions in a
component-based protocol are examined. The interaction terminates if it can be proved that all paths in a protocol lead to
a terminal state without getting stuck in an infinite loop. A safe and sound interaction allows no unpredictable states and
transitions, and states allowed for the behaviour are only those that are defined by the protocol. Liveness and termination
properties cover the absence of deadlock and livelock.

However, a corresponding monitoring mechanism, one of the core parts of the proposed architecture which would feed
the specification with the required data, should be developed. Indeed, proving that a component-based protocol satisfies
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a property may not always be feasible by only monitoring the executions of an interaction for violations of the property.
While it is possible to monitor an interaction for violations of safety properties, this is not so easy for liveness properties.
In addition, the problem is intensified by the extreme-scale nature of the distributed services computing framework.

Another avenue of future work is to analyse the game theoretic properties of the protocol. These include Pareto
efficiency, stability, possible equilibrium, deception-free and conflict resolution [5].
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Abstract

We present a technique for the automated detection of potential structural and data symmetries from a probabilistic
specification language. This approach involves the construction of an extended static channel diagram, a graphical repre-
sentation of channel-based communication and global variable accesses from a specification defined in our custom made
language SPS. This graph is used to compute potential symmetries whose validity is verified against the probabilistic
specification. Unlike previous approaches this method can detect arbitrary structural and data symmetries.

1 Introduction

As software becomes more complex the need for development techniques capable of uncovering errors at design time is
critical. A model checker accepts two inputs: a specification P, described in a high level formalism and a set of testable
properties, ¢. A model checker generates and exhaustively searches a finite state model M (P) to confirm if a property
holds, or conversely, report a violation of the system specification. The intuition is that, bugs found in the model will reveal
bugs in the system design. However, the application of model checking is limited as the state- space of even moderately
sized concurrent systems can be too large for state-of-the art machines to exhaustively search.

Although verification algorithms have a linear run time complexity, this is offset as the number of states in a model
grows exponentially as parameters are added. Consequently, research often focuses on techniques to reduce the impact of
the state-space explosion. In the probabilistic domain, research into alleviating the state space explosion problem is still
in its infancy. Only two techniques in the form of symbolic state storage [5] and partial order reduction [2] have been
comprehensively investigated, and recently steps have been taken in the application of symmetry reduction to symbolic
storage schemes [6]. This research is of importance due to the additional overhead required by probabilistic verification
algorithms. To this end, we are investigating the application of symmetry reduction in the area of probabilistic explicit
state model checking.

2 Symmetry Reduction for Probabilistic Model Checking

In model checking, symmetry reduction involves replacing sets of symmetrically equivalent states in a model M by a
single representative, rep(s), from each equivalence class. The resulting structure M’ is called a quotient structure. For
highly symmetric systems, exploring the quotient structure only, can result in a reduction factor exponential to the number
of system components. In the probabilistic domain a commonly used structure is a Discrete Time Markov Chain (DTMC).

For a DTMC, D = (S, sg, P), a permutation « : S — S that preserves the transition relation and set of initial states is
termed an automorphism of D. The set of all automorphisms of D forms a group where the operator is a mapping and is
denoted Aut(D). For G < Aut(D), the orbits of S under G can be used to construct a quotient DTMC Dg. Let D be a
DTMC, and G an automorphism group of D. The quotient structure Dg = (Sg, s%, P¢) is defined as:

e Sg = {repg(s) : s € S}, where repg (s) is a unique representative of s¢
o 5% =repa(so)
o Po(repa(s),repa(t)) = 3 pcie Plrepa(s), @)

For a model D and its quotient model D¢ with respect to a group G, D, s | ¢ < Dg,repa(s) = ¢ for every
symmetric PCTL formula. It follows that D |= ¢ < Dg = ¢ [7]. By choosing a suitable symmetry group G, model
checking can be performed over D¢ instead of D, often resulting in considerable savings in memory and verication time. If
automorphisms can be identified in advance, then a quotient structure can be incrementally constructed even if the original
structure is intractable.
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3 Automated Symmetry Detection

It has been establish [4] that there is a correspondence between symmetries in a specification’s underlying communication
structure and those in the model. To determine the symmetry present in a system, a structure called a static channel dia-
gram [4], a graphical representation of potential communication within the system, can be generated directly from a model
specification. As with most other automated symmetry detection techniques static channel diagrams relate to structural
symmetry. However, another form of symmetry, namely data symmetry, can be exploited to increase the effectiveness of
model checking.

Specifications often contain large data structures that can be populated by numerous potential values. To capture
potential data symmetries in a specification we have extended the definition of a static channel diagram to include nodes
for global variables and edges between process identifiers and global variables. An edge between process identifiers and
global variable nodes is included if a process can potentially update the variable, and an edge from a global variable node
to a process identifier is included if the result of an update may be affected by the value of the variable.

To test our extension a suitable specification language was required. The language would need to be able to define a
wide range of probabilistic models, be compatible with existing approaches to automated symmetry detection and have
formally defined semantics. To our knowledge the only probabilistic specification language potentially compatible with
with existing techniques is ProbMela [1]. However, ProbMela [1] is a language with many constructs, making it infesable
to rigourously prove implemented reduction techniques are sound. Therefore, we elected to define our own smaller prob-
abilistic channel based language called, Symmetric Probabilistic Specification (SPS). SPS is tailored to meet all the above
criteria and has a fully defined grammar and type system, in addition to providing precise DTMC structure semantics for
a specification.

We have created a tool that implements these static channel diagram extensions. An SPS specification is taken as input
and its abstract syntax tree constructed. In turn the tree is used to type-check the specification ensuring that variables
are used appropriately. If deemed correct the static channel diagram C'(P) is generated and saucy [3] used to compute a
set of generators for Aut(C(P)). Each of the generators is checked for validity against the specification. These checks
are generally conditions on assignments to process id sensitive variables and can be efficiently checked. For an element
a € Aut(C(P)), we say that « is valid (for P) if a(P) =P .

The complexity of deriving C'(P) from P is linear in the size of P but no polynomial time algorithm is known for
the calculation of generators for Aut(C(P)). However, saucy [3] was specifically designed to calculate automorphisms of
sparse graphs and C'(P) tends to be relatively sparse. The performance of the tool is generally very good and a set of valid
specification automorphisms can be calculated in under a second.

In current work we are proving the following correspondence theorem. Let P be a channel based probabilistic speci-
fication with extended static channel diagram C(P) and associated DTMC structure D. Let o € C(P). If «v is valid for
P then o* € Aut(D)). This theorem will prove the basis for the sound implementation of the first on the fly probabilistic
model checker that utilises symmetry reduction to manage the state space.
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1 Introduction and Motivation

One of the ultimate goals of Al computer programs is to solve real world problems as efficiently, or even better than
people; sometimes to even solve problems that cannot be solved by people. Imagine a crime case with many suspects
involved, where each of the suspects has various motivations for the murder which makes the case fairly complicated. For
instance the amount of information may be too large for a detective to process. Considering that the knowledge about
the crime may not even be sufficient for the detective to deduce the murderer, he/she may refer to previously solved cases
which bear resemblance to the current one, hoping to find information that can be generalized to the present problem.
Employing this new information may lead to identifying the murderer or to at least making it easier by excluding some of
the suspects. We call such problems investigation problems, (IPs). These may exhibit ambiguity and complexity but Al
problem solving techniques such as machine learning, constraint solving and automated theorem proving are considered
as powerful tools for solving such problems. In this paper we present a formalization of IPs and a way of generating them.
Furthermore, we will discuss an experiment in which different scenarios of a certain IP is generated and is solved by a
Constraint Satisfaction Problem (CSP) solving approach.

2 Definition of Dynamic Investigation Problems (DIP)

Before defining IPs, it is essential to know the 1-connectedness definition: (Colton and Muggleton, 2006)
Suppose C'is a clause of the form:  P;(X1,...,Xm) : — Pi(Yi1,...,Y10,),.-., Bi(Yn,- .., Y, ) where each X; is
a variable and each Y;; may be a variable or a ground term. Then the variable V" which is a literal in a body of C is said to
be 1_connected if it satisfies below conditions:

e V=X o0r
e Ji,j,k st j#k Y; =V and Y, =X, or
e Ji,j,k st j#k, Y;; =V and Yj, = X, isal- connected variable

We consider investigation problems as being similar to CSPs with a finite set of variables, each associated with a finite
domain and a set of constraints; the difference is that the background knowledge of an IP contains information about past
cases, in addition to the current case description. Such close shady information may contain the same set of constraints and
variables as in the current case, partially or completely. Past cases contain hypotheses that can be interpreted as embedded
constraints and these constraints can become explicit using machine learning techniques.

Let X € {x1,29, +,2,} = D, where D, is the domain of X and y1,---,y, are domain values. In a general
CSP problem with one variable, the task is to assign a value from domain D, to X such that all the constraints (see
below) are satisfied simultaneously. However, for an IP, the problem is to identify an ordered list of domain values for
X. Let [g1,65, - -,9,] € Dy, where each g, € D, and carries a likelihood degree. The likelihood degree of g =

Number of constraints satisfied by g, . . . ’ . .
Tol number of consrainis - L D€ constraints being satisfied by g; are either from problem constraints or from the past

cases’ embedded constraints. The more constraints each domain value satisfies, the higher the likelihood it has for being
the correct answer, thus the answers are prioritized.

Let C = {C1,C5,---,Cy,} be a set of constraints declared in the problem definition such that each constraint C;
contains predicates and variables. Define Pred_C; to be a set of all predicate names appearing in the constraint C; and
every Cj is in the form:

Cl(X) . Pﬂ(Yll, “ee 7}/1»”), sy Pia(Yala “ee 7Yal) where:

e a,l,n are arbitrary finite values
e The arguments in F;; may each be a variable or a ground term.
oV P st 1<j<a,P;;shouldhave avariable V which is 1-connected.

Let Const_C; be the set of all constants appearing in C;. Let E = {E, Es,---, E,} be a set of past cases. We define
every past case F; as a set of {p1,pa,---,pn} Where each p; is a ground predicate. There are embedded constraints in
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every F; which will become explicit. Let Pred_FE; be the set of all predicate names appearing in the past case F;. Let
Const_E; be the set of all constants appearing in the past case E;. Let Pred_Cr be the union of all the predicates present
in each constraint, C'onst_Cr be the union of all the constants present in each constraint and Pred_Er be the union of
all the predicates present in each of the past cases.
2.1 Conditions for being an IP
(i) Vj(3S C Pred_.E; st S C PredCr)
There should be an overlap between the predicates present in every past case and the overall predicates appearing in
the constraints. The commonality confirms the relevance between a past case and constraints.

(i) Vj3S" CConst.E; AN (IM:5 — (DyUConstCr)) st
((35 €S, 3Ixe (D, UConst_Cr)) st M) = (N

Note that M is a mapping function. This condition implies that at least one constant in a past case can be mapped
to a value in the problem domain.

A dynamic investigation problem is similar to an IP. The only difference is an additional time aspect in the problem.
The background knowledge keeps changing over time due to addition or extraction of constraints and past cases at different
instances. With change in time, constraints, past cases and the domain of the variable can be modified. Let 7" be a finite
set s.t T = {t1,ta, - ,t,} where n > 2 represent time instances. At each time instances the conditions of an IP should
be satisfied. Over time, constraints and past cases can be completely altered, however, assuming D1, to be the domain of
X attime T' = t1 and D5, to be the domain of X at time 7" = ¢2, the following condition should be always satisfied:
Jy € D1, such that y € Do,.

3 DIP Constraints Generation

To show that an investigation problem can be defined in a DIP form and is ultimately amenable to a constraint solving
approach, we considered a board game known as Cluedo. In this game, the player moves around a mansion with nine
rooms where the murder can take place and collects clues to infer which suspect has murdered the victim. In the classic
single player cluedo game, the player tries to determine the identity of the murder by searching every single room. The
information gathered by the player at each step provides the constraints and the information about a DIP at time 7. We
wrote a program using Prolog to randomly generate different scenarios for a Cluedo game. The program outputs a limited
set of constraints and predicates at each time slot, making it similar to the real game in which the player can only collect
few clues at every room. However, it is worth pointing out that we only focused on the current case of a DIP, therefore,
random generation of the previous cases has not yet been taken into consideration.

To make the game more interesting, the amount of information being generated at each step is also varied. Hence the

player may find more evidence in a room and less in another. In addition, we increased the complexity of the problem by
adding constraints and predicates about the suspects and the murder case in general. For instance “the murderer should be
tall and quick” or “the murderer should be angry with something” are added as constraints. The added predicates could
be complementary to the constraints, like “Professor Plum is tall” or “Scarlett is short”. Below is the partial output of the
DIP Cluedo generator:
atTimeT = 4 : is_angry(scarlett). was-found(revolver, patio). murderer(X) : —is_tall(X).
To show that the DIP is amenable to a constraint solving approach, we wrote a CSP in the syntax of Sicstus CLPFD
(Carlsson et al., 1997). At each step, we fed the output of the DIP to the CSP and showed that the solver can not come up
with a single solution only until the last stage. This means that all the constraints and background information are needed
for the program to infer the murderer, murder scene and murder weapon. The output of the final stage depending on the
scenario being generated might be: “Scarlett committed the murder in the Kitchen using a Candlestick”. However, the
program at each stage, depending on the available information, can assign a likelihood degree to each suspect. In addition,
if the generated data is not sufficient to solve the mystery even at the final stage, using the previously solved cases could
help us to learn a set of rules that can replace the missing information (Ramezani and Colton, 2009) and we intend to
pursue this in the future.
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Abstract

The aim of the work reported here is to support the kind of tepiéc planning and plan recognition required for
generating and interpreting goal-driven linguistic asio Planning with linguistic actions poses a number of motd
that do not arise in most other areas where planning is reduifhese are compounded when the conversation involves
reasoning about whether two terms refer to the same entitg. clirrent paper addresses the problem of reasoning about
equality across contexts.

1 Planning with linguistic actions

The work described here is aimed at the task of choosing apipte linguistic actions for influencing your hearer'sians,

and of recognising intentions behind the speaker’s lintguétions. This is a well-known task (Allen and Perrau@30;
Cohen and Levesque, 1980; Appelt, 1985), but there are a ewaflpitfalls that are under-estimated in the early work
in this area. The key problem is that the range of easily mistishable action schemas is very limited (in English, for
instance, there are four recognisably different actioresgstatements, commands, polar questions and WH-qusstion
each of which can be instantiated in a very wide range of wape. effect of a given instantiation of one of the schemas
depends almost entirely on how it is instantiated (so theceff stating that there is a pile of wet washing to be hung
up will be very different from the effect of stating that | leakiung up the washing) and on the beliefs of the participants
in the dialogue (so telling you that there is a pile of washimépe hung up in a situation where you have asked me what
jobs there are will be very different from doing the same ¢hima situation where you already know that this is true) (see
(Bunt, 2000) for further discussion of this problem).

The effects of linguistic actions are thus very unpredilgabo that choosing an action to achieve a given goal is
much more difficult than is the case for actions in most otlwndins. In particular, static analysis of the problem space
(Kambhampati, 1997; Nguyen and Kambhampati, 2001) is isiptes since you cannot tell whether the effects of one
action will entail the preconditions of another unless yoow a great deal about the context. The obvious way to get you
to believe some propositioR, for instance, is to tell you that it is true. Unfortunatetlyis will only work if you regard
me as a trustworthy source of information in the domairPoflt may therefore be more effective to tell you about some
other proposition?’, where | believe that your beliefs would enable you to defdMeom P/, and where | believe that you
would view me as a reliable source of information abBUt

We have described elsewhere a combined inference enginplamder where actions are chosen by the planner by
checking whether their direct effectsitail the desired goals (Field and Ramsay, 2004b; Ramsay and E@éb), and
we have shown how this can be used to reason about complendiigactivities such as lying, telling jokes and being
sarcastic (Field and Ramsay, 2004a; Ramsay and Field, 2Q@0688). The essence of this planner is that we allow
hypothetical reasoning, where the gaps in a proof are dellieand used to instantiate the linguistic actions. Supgose
instance, that | wanted you to belief® and | believed that you believegdl — P. Since my goal is for you to believg,
my first step would be to see whether | thought you alread\ebied it (since if that were true, there would be no need for
me to do anything). So | would try to provel(you, P). This proofwould havesucceeded if | had found th&i!(you, P’)
was true. So this would be recorded as a hypothesis, and weuddcandidate for something that | might tell you. If | felt
that you would be more likely to trust me as a sourcefdithan for P itself, telling youP’ would be a better idea than
telling you P.

2 Contextsaslabels

There have been numerous attempts to mix epistemic reagsanith reasoning about change (Moore, 1984; Chapman,
1987). The majority of these follow Hintikka (1962) in tréeg epistemic logic as a form of modal logic, and then
assuming a possible worlds semantics for modal logic. Welethat this is fundamentally the wrong approach, since it
inevitably and inextricably leads to logical blindnessRifand P’ are equivalent an&” currently believes® thenX must
alsocurrentlybelieve P’) and logical omniscience (X believesP’ — P and X currently believes”’ thenX must also
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currentlybelieveP). Of course, no actual implementation of an inference emfpnmodal logic has these consequences,
because all such inference engines are resource-boundeéthiless, to take a fundamentally incorrect theory aébel
and then to rely on the fact that your implementation of thabty is incomplete to get you to a more acceptable situation
does not seem to be the best way to go.

We therefore take an intrinsically proof theoretic view @libf. Belief is something yodo, not something yohave
In that case, if | want to reason about whether you believesshimg | should think about what | would do if | were you. If
| have a set of propositions and axioms that | believe ardablaito you, then | should see what | would be able to do with
those propositions and axioms if | were you (which might irmeausing a different set of inference rules from the ones |
would use myself, if | thought for instance that you were jgaitrly gullible). This is the approach taken by Konolige
(1986), which we believe is more appropriate for reasoningua belief than treating it as a modal logic and explicitly
reasoning about sets of possible worlds. We implement thim by including the context in which a proposition or
axiom is available as an element of its label (Gabbay, 1998 details of the inference engine, and its extension to
the untyped intensional logic ‘property theory’ (Turne®8lr), are given in (Ramsay, 2001), and the linkage betwesn th
inference engine and the planner are given in (Ramsay ardi 2206b).

3 Equality in alternate contexts

We need to allow for reasoning about equality in this framéwal'he information that is conveyed in dialogue oftens
concerns the fact that two descriptors denote the sameidtudil

A: Who is the president of the ICCL?
B: Martin Kay.

Clearly, at the start of this dialogue A's model of the wordhtains a representation of the president of the ICCL.
Equally clearly, B believes that As model of the world cantaa representation of an individual called Martin Kay, er h
would not think that it was appropriate to use the ndMartin Kay’ as a descriptor. The function of B’s utterance is to
inform A that these two entities are the same—to tell him thay are equal. After this, when A thinks about the president
of the ICCL he can deploy all the facts that he has about M&éin (e.g. he will be able to answer the questilsithe
president of the ICCL a man or a womah?’

The kind of reasoning required here is not complex. Mostegtualities we are concerned with arise as a consequence
of simple statements of identity, rather than as a resuka$oning with sets of rewrite rules. Thus in some ways olrisas
easier than the task tackled by theorem provers whose prigtaal is to obtain identities on the basis of the rules of some
branch of mathematics. At the same time, we have to cope hatiact that different identity statements are available
in different contexts (e.g. to different people, as in thalaljue above). We therefore include chains of equivalences
annotated with the contexts in which they are availablehélabel associated with a branch of a proof. When we want to
unify two terms, we invoke the equivalences that are avhilabthe current context to rewrite each term dynamically to
the canonical form in the current context. This allows usealdvith situations where one person believes fhiand X’
are different entities and another believes that they ars#me, simply by interfering with unification algorithm.
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Abstract

The penetration of a wide variety of networking ideg, wireless networks, personal digital assistas@nsors,
actuators, and numerous other mobile embedded efeinto the field of computing, together with thisicreased
deployment by users, have all led to 'ubiquitousmating' (Weiser, 1993) as a reality. We have maeedards an
‘unnoticeable’ computing environment, which serpeple in their everyday life, necessitates ‘smant’
‘intelligent’ spaces.

1 Introduction

The type of computation required in such spacedll@in2006) is diverse and semantically rich. We
have developed a software application which enschech spaces in terms of automating reasoning
mechanisms for facilitating decision making. To atee such a semantically rich computing
environment we have accommodated the power of simnaeb standards, tools and technologies.
Situations in such spaces change constantly hemncdymamic decision making depends on a number
of variables, value of which have to be acquire@ hgve to pay attention on how these variables are
defined. They may be basic facts, “sensed”, gieemmferred. They may be a consequence of running
a “rule”, which in turn may be based on a numberotifer axioms. They are all being used and
manipulated in the architecture to determine thsability, ubiquity, and scalability of the solutio

2 Reasoning in Software Application

We have used the architecture shown in Figuredifierent ways to get closer to our desire towads
consensus on what computation is in semantic emviemts, how much we depend on automated
reasoning and how crucial is to make correct detsion what exactly data and computations are in
pervasive spaces.

The core of this architecture is based on Ontologyhe domain of interest, and an Inference
Mechanism. This core is utilised in a pervasive cotimg environment by applications designed for
the smart environment to dynamically respond to ¢batext changes in various situations. The
Inference Mechanism is responsible for reasonir@nuhe ‘context’ using predefined set of rules. The
Context layer is responsible for collecting anceipteting data derived from sensors. The Ontology
needs this informatioto make provision for the reasoning mechanism wppatrticular situation.

We have designed the ontology, defined the rules developed the application in three
different ways to define the consensus of what agatpon is in semantic spaces.

1. we use the ontology as a hierarchy of classes mitlimal use of ontological restrictions.
This has led to extensive use of reasoning rulesidmitthe ontology and therefore the
application is heavily overloaded. In this approacim-ontological rules are used to reason
automatically at different levels.

2. we “normalize”, i.e. 'normalised’ ontology (Rect@002) has been developed with as much
necessary restrictions as possible. The purposetavasnimise dependency of the solution
given by reasoning rules and reduce the level tfraated reasoning at the application level.

3. we decide to exploit 1 and 2 above and create thihrd way”, which is somewhere between
the first two. We advocate a moderate use of réaganles, i.e. they are defined and run only
when they have to complement the ontology. Theeefautomated reasoning at the
application level, which is generally easy to inmpént, exists only when consequent running
of the ontology, for classification of its concegtsone particular “situation”, is necessary.
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We try to bring more balanced computational powstmieen the Core and the Application itself.
We would like to see how much computation (reasgijicould be removed from the Application and
placed within the Core in order to exploit the poved semantic technologies. We do not see
application as the only means of building inteligespaces and performing automated reasoning
through semantic technology. The purpose of oukw®rto illustrate the amount and the type of
computational code based on automated reasonirghvugrelevant for managing ontological concepts
and consequently delivering appropriate serviceshabitant of smart spaces (Shojanoori et al, 2010

We have used Protégé-OWL to develop ontology, Pediesoner to classify ontology and infer
new knowledge, and SWRL language for rules to cempht OWL-DL where it falls short of
expressing the environment. The application is amitin Java and communicates with the ontology
using OWL-API.

[ Appllcatlons -
ASeCS
ASeCS
OWL-API
C
Inference Mechanism
(0]
Ontoloev
[ Context Layer ]

Figure 1: Smart Space Example Architecture
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1 Introduction

Over the last decade several environments and formalisnteéacombination and integration of mathematical software
systems have been proposed. Many of these systems aim ditetral automated theorem proving approach, in which
a given conjecture is to be proved or refuted by the coopmraif different reasoning engines. However, they offer lit-
tle support for experimental mathematics in which new ccitujees are constructed by an interleaved process of model
computation, model inspection, property conjecture aniigation using state-of-the-art symbolic reasoning syst For
example, Bertoli et al. (1999) presented the OMRS/OMSC&émmork which provides a theoretical approach to combine
theorem proving and symbolic computation tools, that hagittawback that a system integration according to this frame
work requires the re-implementation of the systems to belined. On the other hand, Zimmer and Kohlhase (2002)
MathWeb Software Bus allows more readily to integrate @éxissystems but is still primarily geared towards suppartin
single proof problems only. More recently, Charnley (20@8yeloped the GC toolkit which provides a framework for
developing combined reasoning systems based on the cagttittory of Global Workspaces. The tool allows users to
integrate systems with their own bespoke reasoning algustusing a graphical user interface. But since GC’s primary
aim is the distribution of reasoning via competing processeffers limited control of how systems collaborate and re
quires a relatively high user knowledge of the integratedoaing systems. Both are essential drawbacks for expetdéine
mathematics, which often requires tight process contr@msépecifying an experiment as well should allow the user to
focus on the mathematical problem at hand rather then therlyinlg logic of the systems involved.

The goal of our work is therefore to develop and implement stesy that allows a user to easily experiment with
the combination of symbolic reasoning systems in diffeagylication scenarios. This is best achieved in a visual pro
gramming environment that enables the combination an@nebination of systems in a plug and play fashion. Once the
experiments have yielded a desirable combination of reagaomponents it should be possible (1) to encapsulate and
characterise the combination as a new component withinrthiecenment for duplication and reuse and (2) to generate an
efficient stand-alone system from the specification. Weenuly develop a system as an extension of Simulink — Karris
(2006) — within the Matlab environment. Simulink is an irstetive and customisable graphical environment which serve
us as a robust basis providing all the basic features we aiarig for. This frees us to concentrate on the scientifical
problems of how plug-and-play interaction between syntb@asoning systems can be achieved without requiring the
user to have detailed knowledge of the underlying processes

2 Combining Systemsfor Experimental M athematics

The following is a list of symbolic reasoning systems we wanintegrate together with a brief description of some of
their non-standard usage we envision.

Model Generators find examples or counter examples for first order formulasctvban be further processed and passed
to other reasoning systems. They can also purely be usedesisdépending on whether or not some model exists.

Finite Domain Solvers SAT, SMT, and Constraint Solvers can be used to both find elesygnd prove conjectures in
finite domains as well as perform filter functionality.

Automated Theorem Provers can be exploited to provide proofs as artefacts in their oghtrand to filter first order
conjectures wrt. their validity.

Symbolic Computation Engines Computer Algebra or bespoke user algorithms can be employednipulate and solve
equations, rewrite expressions, or reduce the complekityeoproblem to make them amenable by other systems.

Machine Learning Systems can be used for concept or automated theory formation andirie and learn from data
accumulated during experiments.

Data Stores act as data sources and sinks to collect and collate results.
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3 Case Studies

We will develop our framework by drawing on the experience@feral case studies
for the integration of heterogeneous reasoning systemsasétpently, one measure

Generate Equations
(LisP)

for our success will be that one can easily re-build thos&esys in our framework.
For example, Sorge et al. (2006) describes the implementafia system which com- S
bines mathematical object generation, transformationfidbedng, conjecture gener-
ation, proving and disproving for mathematical discoveryon-associative algebra.

While the system has generated novel, fully verified thestehreir construction in- ~ —= 77— 47"
volved a lot of ad hoc communication between disparate syste-urthermore the
system consists of a number of sub-systems for bespokettsatkare not only com-
binations of various systems, but are also interestingeir thwn right.

The diagram on the right depicts one of these sub-systenhidiused to generate
one particular type of algebraic invariant that can be usethé overall discovery
process. Without presenting any of the mathematical dethé idea of the setup
is as follows: (a) We systematically generate universallgrgified equations, and =~ | s | | s | coeeees
(b) check whether some have valid models for our algebrainaio using model
generation. (c) Those equations that indeed have a modedariten to an extended
form, (d) and checked whether or not they can be used as émtany employing
first order theorem provers. (e) Valid invariants are cdtélcand (f) filtered again
depending via model generation to determine whether theybeaemployed during
one particular discovery step.

Setof
Isotopy
Invariants

Isotopy
Invariants

to attempt

Bootstrapping Algorithm

4 A Graphical Environment for Specifying Combinations

We will develop our system as an extension of Simulink witthie@ Matlab environment. Simulink provides an interactive
graphical environment and a customisable and extensiblefd#ock libraries. It has full access to Matlab’s featyres
including its programming language and its ability to irretg@ code in other languages such as C and Java. In particular
we can embed various systems via Matlab S-functions and asals object oriented facilties to implement the datatyp
required by the symbolic reasoning systems as classes. Waadel state-based behaviour of the embedded systems using
the Stateflow Toolbox and we can exploit symbolic computetazilities in the computer algebra system MuPad via the
Symbolic Math Toolbox. Furthermore, Simulink can not orkgeute the symbolic reasoning process in the environment
itself but also automatically generate runnable C code fitoenblock diagrams to provide efficient stand-alone systems
Thus we have a robust and well-maintained bases on whichilibdur system that provides all the basic features we are
looking for and thus frees us to concentrate on the scieatifimblems that need to be solved.

In this environment the case study example can be modell#dthe following data flow diagram below. While
this schematic depiction omits the necessary backgroumddiisations, we currently distinguish three languagelev
in the system: (1) The inter-system communication langué®ethe language for describing computations, objects of
communications as well as the theory environment a paatidulbck is embedded in, (3) and the specification language
for mathematical formulations via the user interface. Fmirt formalisation we aim to exploit biform theories sinmila
to Carette et al. (2007).

I
Generat Find — | [Rewrite ‘ ‘Prove ‘ Yes: ‘Store ‘ ‘ Find Ves
Equation NO’C“I”IV'a' Equation‘ ‘ Invariant‘ ‘ Invariant‘ Model
Mode

‘ of size
Source Filter Transformation Filter

Sink/Source Filter
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Abstract

Diagrams often complement sentential proofs in mathematics. However, diagrams are rarely used as standalone rea-
soning tools. Thus we propose to integrate diagrammatic reasoning with an existing sentential theorem prover, thus
enabling so-called heterogeneous reasoning, particularly in real arithmetic. We will study a set of diagrammatic proof
examples from which we will construct a diagrammatic language, inference rules and communication procedures between
the diagrammatic and sentential reasoners. The resulting framework will allow the use of diagrammatic proof steps in the
same way as the sentential ones, all within the same attempt to construct a proof.

1 Introduction

Most diagrammatic reasoning approaches are strictly informal (e.g., sketches or specific illustrations of a general problem).
This lead to numerous diagrammatic formalisation efforts (Hammer, 1994; Howse and Stapleton, 2008; Jamnik et al.,
1999). However, proofs “on paper” rarely consist exclusively of drawings. Diagrams are often accompanied by sentential
formulae. This motivated some to investigate heterogeneous reasoning (Barker-Plummer and Etchemendy, 2007).

Our goal is to introduce diagrammatic reasoning techniques into an existing sentential theorem prover, thus devising
a heterogeneous reasoner. We first study heterogeneous proof examples' in real arithmetic, from which we will then con-
struct diagrammatic inference rules and language. Finally we will integrate the two modes of reasoning — the diagrammatic
logic into the sentential prover.

One of our goals is to show whether heterogeneous reasoning can improve proof intuitiveness in sentential provers. We
also believe that heterogeneous methods can provide better or entirely novel proof hints. Hints in homogeneous sentential

(Ireland et al., 1999) systems are provided in residual statements of an unsuccess- : 5 5
. (a+0)* 4 (a—b) 2, 52
ful proof attempt. The unresolved statements can be inspected for clues on how : 5 ‘=a”+b
to proce.ec.l. Howevep such hints are often not easily d%scern.ible even for experts. switch to DR
Additionally, naive general inferences from specific diagrams can result in a+b a+ (=b)
incorrect conclusions.” It is thus essential to provide a suitable diagrammatic a ab a -(ab)
formalism. Our aims can be broken down into several sub-goals: n
Heterogeneous formalisation. Introduce diagrammatic inference rules for b| 8 -b 3
our logic, check soundness and ensure that the language is powerful enough to '
cover a sufficiently large subset of problems in the target domain. This will pro- | —subtract identical but opposite areas—
vide a formal connection between the diagrammatic and sentential logics.
Diagrammatic reasoner. Construct a diagrammatic reasoner that can either +
prove a goal or produce a transformed one, which can again be used in the sen-
tential reasoner or act as a hint. L
. L . . - switch to SR
Integration. We have to establish a bidirectional translation between the a2 4 a1
. . . . . a’ 0 ta’ +07 o b2
two modes of reasoning and integrate the diagrammatic reasoner into the chosen 9 =a" +
sentential theorem prover. The truth of all statements must be preserved during
the translation. Also, integration must allow not only diagrammatic proof steps, Figure 1. Diagrammatic statement
but also conversion of theorems and statements between the two realms. rewrite. Gray denotes the opposite
sign of the area — same size areas of
2 Heterogeneous Reasoning opposite sign can cancel each-other

We examine heterogeneous proof examples to identify the types of diagrammatic/sentential interactions:

'Examples were taken from Nelsen’s Proofs without words (Nelsen, 1997).
2 An example is Cauchy’s erroneous proof of the Euler characteristic for all polyhedra (Lakatos, 1976). This “proof” was unchallenged for decades.
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1.) Statement transform. Diagrammatic transformations are used to rewrite a sentential statement into some other
equivalent statement (Fig. 1).

2.) Introduction of new goals. Diagrammatic transformations introduce a set of new sentential statements or lemmas
(Fig. 2).

3.) Proving lemmas. Entire lemmas can

be proved with diagrammatic methods. For- ath Vn e N : 1 + Z l =1
mula lim,, o Y1 37 = 1 is an example > Vab a,b>0 n =
of this type. Fig. 3 illustrates a diagrammat- 2 2
ically proved lemma for this theorem. Af- (a+8)" 2 iaﬁ to DR
terwards we use the sentential reasoner to a+b swieh o b 1 A
prove lim, .o 3= = 0. This last senten-
tial rule is then used to eliminate B = 5 in < > dx a out A into 1
the diagrammatic proof. S {
Our target domain is the field of real !
arithmetic, that is formulae from the ordered — fitsquareat+b—o7y 1| A1 B | BtAi=1
field [R,+,-,0,1,<]. Numbers and vari- . a 1
ables are represented as edges and rectangu- . b (a —b)? ‘ i B into L
lar areas. Areas also act as multiplication of : > D . °
edges. Summation is represented by multi- i B |i 5
ple areas and connected edges that extend in ' switch to SR 1] Ay b---- B+ZA1; =1
the same direction. Also, we use gray to de- | gyp5041 1: (a +b)? = 4ab + (a — b)? i A, =t
note the sign of objects. Universal quantifi- 9 : )
Subgoal 2: (a —b)* >0 —— repeat cut (n — 2)-times —

cation is implicit in the diagram for all vari-

ables.
Figure 2. Diagrammatic introduction | Figure 3.  Diagrammatic

of new sub-goals. proof of a lemma.

3 Methodology

In order to devise a framework with which we can construct heterogeneous proofs as the ones described above, we need
to complete the following tasks:

e Define a precise description of the diagrammatic language and its formal inference rules. We will study several
examples to determine the required features of the language and the set of inference rules.

e The next step will entail a study of the reasoning and theory formalisms in the sentential reasoner. With this, we will
determine how the logic of the reasoner influences our diagrammatic language. We chose Isabelle (Wenzel et al., 2008) as
the underlying sentential theorem prover.

o In the last phase, we will design a link between the diagrammatic and symbolic representations. We have chosen a
heterogeneous framework architecture where the diagrammatic tactics and statements represent extensions to the built-in
native symbolic set of instructions in Isabelle. This will require translation or reuse of internal structures of Isabelle.

In summary, there are many ways in which heterogeneous reasoning can complement sentential approaches, e.g.: more
intuitive proofs and proof hints, novel proof tactics, and greater expressive power. We believe that extending a sentential
theorem prover with diagrammatic reasoning is viable and advantageous.
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