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Abstract

This thesis proposal outlines a research project on automated ontology
evolution in the physics domain. We argue that intelligent agents must be
able to manipulate their own ontologies autonomously in order to commu-
nicate effectively in an open, heterogeneous environment. Patterns of fault
diagnosis and resolution in reasoning, based on human problem solving
skills in physics, are compiled together to form plans executable by agents.
The physics domain has the advantage that many faulty ontologies, and
the reasoning required to mend them, have been well-documented.

1 Introduction

Epistemology, the study of knowledge, has a long history in philosophy. Initiated
by Descartes and Locke, the work during the early era was based on intuitive,
rationalistic and introspective modes of reasoning. To eliminate subjectivism,
Leibniz proposed a need for a rigorous formalisation of reasoning that would
allow errors to be as easily detected as in arithmetic. Leibniz’s idea of enhanc-
ing the role of mathematics and using a logical structure of reasoning evolved
to become the concept of a universal scientific language, known as Character-
istica Universalis. Other concepts, such as Kant’s system of categories, have
also demonstrated the power of formal representation and logical analysis of
reasoning.

The perspective of a formal approach has been widely accepted and sup-
ported by the contemporary scientific community at large. Such a rigorous
approach can provide analysis of reasoning with precision and reliability; conse-
quently, it can benefit all areas concerned with the role and state of knowledge.
Motivated by various applications in the past couple of decades, significantly
more attention has been drawn from researchers in various fields ranging from
philosophy, economics, and linguistics to theoretical computer science and arti-
ficial intelligence. The research focuses across these fields are generally different,
but it is typically conceded that appropriate representation of knowledge is cru-
cial for effective reasoning, as argued by Pdlya [50].

AT and, more generally, computer science are presently faced with the chal-
lenge that intelligent agents must be able to represent and manipulate their
own knowledge. For an agent to perform reasoning, the conceptualisation of the
entities of an application domain is usually represented in the agent’s knowledge-
base. Unfortunately, the world is not static, so changes in our conceptualisation
of this infinitely-complex domain are necessary [7]. Knowledge-base evolution,
the process of updating a knowledge-base when new information is acquired,
poses significant challenges to the representation of knowledge and the formal-
isation of reasoning by, for example, introducing inconsistency, ambiguity, and
incompleteness into the knowledge-base. There are several types of knowledge-
base evolution, including database schema evolution and, the focus of the pro-
posed project, ontology evolution. Defined by Stojanovic et al. in [60], ontology
evolution is “the timely adaptation of an ontology to the arisen changes and
the consistent propagation of these changes to dependent artefacts”. Although
Stojanovic et al.’s focus is on user-driven approaches, the definition is also ap-
propriate for automated ontology evolution.

The need to reliably handle ontology evolution has been intensified by the
increased demands created by multi-agent systems, for example, the vision of



agents interacting in the Semantic Web. Investigations in ontology evolution
will elucidate new mechanisms for more accurate agent communication and
give a better understanding of the general knowledge-base evolution process. If
autonomous systems are to deal with the ever-changing world, they must be able
to autonomously update their own ontologies. This requires them to be able
to both detect faults in and manipulate their theory of the world. The failure
to update the theory accordingly will usually lead to ineffective or inconsistent
communication, caused by the discrepancy between different conceptualisations
of the world. Such updates must go beyond the ability to change beliefs and
learn new concepts in terms of the old ones, and in these cases the underlying
syntax and semantics of the ontology themselves may also require alterations.
For instance, if sales tax is to be introduced into an inventory system, then
the inventory agent could keep the original signature and include sales tax in
the calculation of an item’s price. However, it would be more appropriate for
the inventory agent to increase the arity and give the predicate representing the
item price an additional argument to indicate the corresponding amount of sales
tax. Interactive manipulation is only useful at design-time and scales up to a
certain complexity, so mechanisms for automated ontology evolution are highly
desirable.

As described in §2.2, there are many types of ontology change: ontology evo-
lution, mapping, morphism, and matching. Ontology evolution is considered to
be the most radical form as it manipulates the profound structure of the ontol-
ogy [13]. As opposed to the other types, ontology evolution implements changes
to both the syntax and the semantics of the ontology. Automated ontology
evolution explores how the theory should evolve given some new conflicting in-
formation and how an agent adapts to the changing world and goals. Typically,
the original theory itself is consistent, but the merge with the newly obtained
information leads to inconsistency. This process may be seen as analogous to
biological evolution because the ontology automatically adapts to its changing
environment. For instance, if the observed value of a function unexpectedly
varies when the theory predicts it to remain constant, then the theory should
be mended to consider the parameter causing the variation as an argument of
the function. There are many other similar reasoning faults that may occur
in problem solving, and they are eventually resolved by the solver’s intelligence
and creativity. Hence, we believe human reasoners’ imagination used in problem
solving can help advance mechanisms for ontology evolution.

In the proposed project, we will explore a) patterns for detecting ontological
contradictions arising from taking into account some new information, and b)
heuristics for resolving the resulting conflicts between concepts — we call the
composition of such patterns ontology repair plans. Repair plans are generic
combinations of diagnosis and repair operations that guide the ontology evo-
lution process. To identify such patterns, we investigate records of ontology
evolution in the history of physics. Some of the most seminal advances in the
development of physics required ontology evolution. Moreover, the evolution-
ary process in physics is generally very well documented. Detailed accounts are
available of: the problems with the prior ontology, e.g., a contradiction between
theory and experiment; the new, consistent ontology; and an account of the
reasoning which lead to it.

Many physics properties are better represented as higher-order objects, so
the repair plans are to be implemented in a higher-order, polymorphic, logic



programming language. For instance, a star’s orbit is more realistically repre-
sented as a function object that returns the 3-D spatial position of the star for
a given time moment. If it is represented as a non-functional object, then much
of the description and expressivity will be lost and the representation will be
similar to that of static, physical entities, e.g., a dog or a house. Moreover, poly-
morphism is crucial to the generality of the implementation, e.g., comparison
operators such as =, < and > need to apply to a variety of types. The imple-
mentation of ontology repair plans and example ontologies will be part of the
Guided Analyses of Logical Inconsistency Lead to Evolved Ontologies (GALILEO)
system.

The aim of this project is to demonstrate that automatic ontology evolution
via repair plans is computationally feasible and can account for the kinds of
ontology evolution that are observed in human problem solving in physics. The
specific hypothesis that will be evaluated in the project is that:

A few generic, ontology repair plans can account for a large number
of historical instances of ontology evolution in the physics domain.

The evaluation of the repair plans will assess to what extent they create a new
ontology that escapes the failures diagnosed in the prior ontology and to what
extent this emulates the historical process of ontology evolution.

In the rest of the proposal, §2 briefly describes existing literature relevant to
the proposed project. §3 presents an outline of the research in more depth and
summarises work done to date. This includes a breakdown of the methodology
into manageable components. §4 outlines possible avenues for future research.
85 presents a work-plan, approximating the effort required to complete each
major component.

2 Literature Survey

Although relatively little research effort has been directed towards automated
ontology evolution, this section briefly outlines a rich literature related to the
aim and the general methodology. §2.1 presents the background behind agent
technology and the concept of ontology. A major problem arising from the
communication of agents in an open environment is ontological heterogeneity;
various techniques used for seeking agreement between semantically incompat-
ible ontologies are described in §2.2. Of the many proposals for mechanisms
to resolve ontological mismatches, §2.3 outlines the Ontology Repair System
in more details. In recent years, greater consensus on the representation of
ontologies has been reached; §2.4 presents an overview of several popular meta-
representation languages and a discussion on their semantics. For a review of
prominent ideas dealing with the related semantics and reasoning, §2.5 focuses
on non-monotonic reasoning and §2.6 describes work done in belief revision.
Finally, §2.7 provides an idea of (semi-) automated scientific reasoning by sum-
marising several successful scientific and theorem discovery systems.

2.1 Agents and Ontologies

Potential problems that arise from communication among heterogeneous agents
in an open environment have stimulated studies on appropriate software paradigms.



The most widely recognised and accepted paradigm is the implementation of
multiagent systems, or simply agents [66]. Interest in the field has been growing
rapidly over the last decade, due to the increased emergence of applications in-
volving vast distributed systems. For example, the realisation of the Semantic
Web vision relies heavily on the success of agent technology [24, 58]. Depend-
ing on the type of problem being confronted, an agent should satisfy a set of
properties that define its basic characteristics. For many researchers, autonomy
is a definitional prerequisite and is useful in distinguishing agents from other
types of intelligent software. This provides agents with the ability to “act with-
out direct intervention from humans and have some control over the agent’s
own actions and internal states” [8]. Agents should also exhibit several other
characteristics, including social ability, reactivity, and proactivity. By these, an
agent is expected to be able to interact with other entities, perceive and analyse
its environment, and exhibit goal-directed behaviour by taking the initiative
[65].

The introduction of agents has spurred research into ontologies: into their
representation, engineering and use in reasoning. To interact with the environ-
ment, agents rely on ontologies which allow them to function by using possible
concepts and the relationships among them. An ontology usually represents
a certain view of a particular domain, in which the concepts are given unam-
biguous and explicit representations. This has led to a definition of ontology
commonly adopted by the knowledge-engineering community. An ontology is
regarded as “an explicit specification of a conceptualisation” [21], which is based
on the formal notion of conceptualisation introduced by Genesereth and Nilsson
in [19] and actually goes back to Tarski.

The ontologies used in this project are formulated as generic logical theories,
not restricted to ontologies in Description Logics, KIF or other logics in which
ontologies have been traditionally formalised. As logical theories, ontologies
here consist of two key parts: the signature, which declares the functions and
their types, and the theory, which is the set of theorems, defined recursively via
the axioms and the rules of inference over the signature.

Finally, there are various types of ontologies, depending on the ontology’s
level of abstraction. Defined in philosophy as a theory of existence, top-level on-
tologies typically contain fundamental knowledge and describe the most general
concepts that are assumed to form common-sense. Hayes’ ontology for naive
physics [23] is one of the earliest works that concentrate on the formalisation of
the ontological features of the world. Other prominent examples of top-level on-
tologies include cYC’s ontology [33], DOLCE [16], Sowa’s top-level ontology [59],
and sUMO [43]. Next in line are core ontologies covering fields of practice, e.g.,
LKIF-Core for law [25] and UMLS for medicine [4]. Domain ontologies contain
more specialised knowledge, e.g., Gene Ontology [2] for describing genes.

2.2 Ontology Dynamics

As the world inevitably evolves over time, it is unrealistic to assume static
knowledge and information. A common source of errors in knowledge-bases is
due to changes in the application domain and user needs [61]. This often arises in
database systems, where much work has been done to allow the schema to evolve
in databases [37, 54, 63]. Causes of ontological heterogeneity include changes
in the perspective [46] or in the conceptualisation [49] of the world. To address



these issues, automated repair mechanisms to resolve logical inconsistencies and
to improve repair efficiency are required.

There are various types of approaches to ontological heterogeneity resolu-
tion. One type is to relate the signature of one ontology to another that shares
the same domain of discourse by means of a function — this is known as on-
tology mapping [26]. It is somewhat different from ontology morphism [26, 35],
which also includes mappings between axioms. A relatively more popular ap-
proach for ensuring semantic agreement between ontologies is ontology matching.
Most matching techniques compute semantic distances between concepts in or-
der to discover relationships between the signatures belonging to the ontologies.
WordNet, machine learning and probabilistic techniques are popular methods
to improve the quality of the output alignment. For instance, [11] exploits infor-
mation in the taxonomical structure of the ontology and utilises a probabilistic
model to combine the results of a set of learners to find relationships. For more
complex matching, [20] grounds the concepts in an ontology in WordNet terms
and formulates the task to become a constraint-satisfaction problem.

Interactive ontology evolution, which requires users to explicitly guide the
evolution process, constitutes most research activity in ontology evolution. In
[60], a six-phase evolution cyclic process is introduced, which systematically
verifies the consequences of the major operations: change capturing, change
representation, semantics of change, change implementation and change prop-
agation. The implementation has been made within the KAON framework [5].
There is also related work on repairing inconsistencies in OWL ontologies: for
instance [27], which focuses on strategies for removing inconsistent axioms and
for identifying syntactical modelling errors in OWL ontologies to assist users to
rewrite faulty axioms. [22] addresses ontology evolution by presenting algo-
rithms for debugging inconsistent ontologies. To maintain consistency in the
resulting ontology, some axioms in the original are removed. As pointed out
in [18], the operations adopted to keep the resulting ontology consistent in fact
resemble those in belief revision and contraction.

While extensive work has been done in handling ontological heterogeneity,
automated ontology evolution uncovers a new area of research problems. The
general goal of alignment techniques, e.g., ontology mapping, morphism, and
matching, is to find semantic relationships between the ontological concepts de-
fined in the signatures of two different ontologies. In automated ontology evolu-
tion, the main goal is not to find relationships between signatures automatically,
but to make persistent changes to the signature itself. A major challenge is to
investigate the range of possible conflicts arising from the heterogeneity and the
ontological changes required to resolve the inconsistency.

2.3 The Ontology Repair System

The Ontology Repair System (ORS) [41] addresses the problem of ontology align-
ment in a multi-agent planning environment: a problem which must be solved in
order to realise the vision of the Semantic Web. In the ORS environment, some
agents offer services and others require these services. Each agent represents
these services with STRIPS-like planning action rules with preconditions and ef-
fects written in a restricted version of KIF. It is inevitable with any sufficiently
large agent community that there will be differences between their ontologies,
even when there have been attempts to standardise them. The purpose of ORS



is to identify and repair these ontological mismatches at run time, since compile-
time alignment is unrealistic in this scenario. Moreover, this had to be done
without full access to the other agents’ ontologies, since full access is also unre-
alistic. ORS’s ontology repair differed from the more common ontology matching
in being aimed at identifying and correcting errors in a single ontology rather
than constructing a mapping between two ontologies. Ontology repair is also
done automatically, dynamically and without access to the ontologies of other
agents, whereas typically ontology matching has some manual element, is done
statically and with full access to both ontologies.

The ORS ontology repair operations consist mostly of syntactic manipulations
of the underlying logical representation. For instance, (a) the number or order
of the arguments of a function may be changed; (b) a function may be divided
into two or more, or two or more may be merged into one.

Such manipulations are similar to those envisaged for our work; however, we
also expect to investigate more complex conceptual faults commonly occurred
in problem solving.

2.4 Ontology Languages

Another aspect of ontology research and development is the language used for
authoring ontologies. The ontology language sets the degree of expressiveness
and tractability of the representation. Although the overall development is still
at its early stage, ontology languages have significantly evolved to provide better
support to ontology integration and interoperability.

Languages based on a markup scheme, e.g., XML, have been recommended
as standard languages for the Semantic Web. Since the beginning, the stan-
dard language has been constantly evolving — from RDF to OWL. The Resource
Description Framework (RDF) [36] is extended from XML, such that relation-
ships between resources, i.e. subjects, predicates and objects, are expressed as
triples. Such representation allows easier extraction of the subjects and objects
in question, without the need to refer to a schema. However, RDF does not
offer mechanisms for describing the attributes of or the relationships between
resources. RDF Schema (RDFS) [6], a semantic extension of RDF, is a language
for describing RDF vocabulary and structuring resources in an object-oriented
manner. RDFS is still limited in various aspects, e.g., it cannot express useful
constraints on predicates, such as those concerning cardinality and existence.
That said, one cannot express that prime numbers are natural numbers that
have exactly two divisors. The Web Ontology Language (OWL) [40] supports
such constraints, uses RDF syntax, and with three variants, two of which are
based upon description logics [3].

Description Logic (DL) is a knowledge representation paradigm for repre-
senting concepts and their hierarchies. Classes of instances are called concepts,
which are interpreted as sets. Properties and relationships between concepts are
represented as binary predicates called roles, e.g. has_child(x,y). DL knowledge-
bases comprise two components: TBox, which introduces terminology and de-
fines the vocabulary, and ABox, which contains assertions over the terms in
the TBox. DL implements open-world semantics, under which, as long as a fact
is not proven to be inconsistent with the knowledge base, it is assumed to be
unknown. Conventional relational databases employ the closed-world seman-
tics, which assumes the knowledge-base contains all relevant facts and if a fact



cannot be derived, it is assumed to be false. In contrast, it makes more sense
to use open-world semantics for representing ontologies in the Semantic Web,
due to the enormous and partially capturable World Wide Web. A deductive
reasoner for the Web, therefore, should not assume a statement to be true or
false on the basis of a failure to prove or disprove it.

2.5 Non-monotonic Reasoning

Incomplete information prevails in our everyday reasoning as it is unrealistic
to assume that conclusions can be drawn based on all relevant information.
Further, it is unreasonable to assume that knowledge is static and that updates
are not required. Classical logic systems typically are monotonic, i.e. if a
sentence p follows from a set of propositions A, then p also follows from a set
B, where A C B. Monotonicity does not allow the system to make inferences
which may later be retracted when further information is added. Given two
premises “birds fly” and “Tweety is a bird”, an agent can infer that “Tweety
flies”. In the light of additional information that “Tweety is a kiwi”, monotonic
systems cannot retract theorems even when they should.

The closed-world assumption (Cwa), proposed by Reiter [52], is the earliest
well known non-monotonic reasoning scheme. The idea is to assume all facts
not specified to be false, so a system employing the CwWA does not require ex-
plicit representations of negative facts in order to derive negative inferences.
Being the basis of database theory, a flight database, for instance, only needs
to contain details of all known flights to answer queries concerning both exist-
ing and non-existing flights. Clearly, the expressivity of CWA is very limited,
as the underlying assumption is very strict, in the sense that all non-provable
propositions are assumed false.

A more flexible formalism is Reiter’s Default Logic [51], which allows vari-
ables to be assigned values under “normal circumstances”. Default statements,
or defaults, are treated as inference rules, rather than formulae. Defaults are in
the form £2%  which captures the intuition that if the prerequisite, ¢, holds
and the justification, M1, can be consistently assumed, then the conclusion,
1, can be inferred. In the Tweety example, M1 is inconsistent with what is

known because kiwis cannot fly. The set of defaults for the Tweety example

bird(x):M fly(z)
fly(x)

of known facts containing, e.g., bird(tweety) for expressing that Tweety is a

bird, to become a default theory.

McCarthy’s circumscription approach is another way of formalising non-
monotonic reasoning; note that it is not a non-monotonic logic but a non-
monotonic reasoning based upon first-order logic [38]. The underlying moti-
vation is to let the tuples that satisfy the predicate be only those that follow
from the sentence. From a model-theoretic viewpoint, the sentences yielded
are true in all those models with the least number of tuples satisfied. This is
a general formalisation of the CwA, as what is not specified is assumed false.
Circumscription and Default Logic differ in several ways: for example, circum-
scription works with minimal models while Default Logic works with arbitrary
models. McCarthy also introduced the concept of an abnormality predicate,
denoted as ab(x) [39], which can be used to represent that the proposition does
not hold in normal circumstances. For instance, for the Tweety example, one

may contain, e.g., the default . Defaults can be paired with a set



could express that birds normally fly with Vz. bird(x) A —ab(z) — fly(z) [53].

2.6 Belief Revision

An example non-monotonic form of reasoning is the process of changing an
agent’s beliefs to accommodate new information, possibly inconsistent with ex-
isting beliefs. The major focus of research here is to investigate possible models
of belief change, known as belief revision operators, and demonstrate that they
exhibit properties that resemble intuitive rationality. Rational belief revision
operators must adopt reasonable, coherent revision.

Although there are many variations to the definition of rationality, almost
all of them incorporate the principle of minimal change, which governs the
need to preserve as much of earlier beliefs as possible. Unfortunately both in
philosophy and in artificial intelligence, there is no single answer to achieving
minimal change. The best known attempt to characterise minimal change is
perhaps the AGM model [1], which has considered three forms of belief change:
expansion, for adding a new belief to the belief set without regard to consistency;
revision, for adding a new belief to the belief set and removing beliefs to maintain
consistency; and contraction, for removing a belief from the belief set. The
postulates for a single-round of revision, which is the most trivial belief revision
strategy, are as follows:

(R1) K # « is a belief set. Revising K with « gives a belief set.
(R2) a € K x . Revising K with « gives a set containing .

(R3) K * o C Closure(K U{a}). The belief set revised with a new belief
contains only beliefs implied by the combinations of the old beliefs with the
new belief.

(R4) If ~a ¢ K, then Closure(K U {a}) C K * «. If the new belief is
consistent, then the beliefs implied by the combination of the old beliefs
and the new belief make up the revised belief set.

(R5) K x o = Closure(false) if and only if b —«. The revised belief set is
inconsistent if and only if the new belief is inconsistent.

(R6) If @ «= (3, then K *x o« = K * 3 The revised revision process abides
by the principle of Irrelevance of Syntazx, i.e. not to be affected by the
syntactical forms of the new belief.

(R7) K % (a A B) C Closure((K * a) U {8}). The belief set revised with
a B contains only beliefs implied by the combination of the beliefs revised
with o and (3.

(R8) If =8 ¢ K * o then Closure((K x a) U{8}) C K x (aAB). If B is
consistent with the belief set revised with «, then the beliefs implied by the
combination of the beliefs revised with a.

where K is a belief set and « and (3 are formulas. In [28], Katsuno and Mendel-
zon revised the AGM postulates to restrict a state of belief to a propositional
formula. A revision operator * on knowledge sets (theories) satisfies R1 to R6
iff a corresponding revision operator o on beliefs satisfies KM1 to KM4:

10



KM1) 9 oy implies p [= R2]

(KM1)
(KM2) If 9 A p is satisfiable, then 9oy = A p [= R3 and R4]
(KM3) If  is satisfiable, then 1 o 41 is also satisfiable [= R5]
(KM4) If 91 =19 and g = pe, then 11 o g = b9 0 ug [= RE],

where 1 is a propositional formula representing a knowledge-base and p is a
sentence respectively.

The semantic model of the AGM postulates is a partial pre-order of inter-
pretations for expressing the plausibility, or the epistemic entrenchment, of in-
terpretations [17]. The interpretation with the highest degree of epistemic en-
trenchment is given the highest rank and is designed to be the most preferred.
Ideally, the most epistemically entrenched interpretation is the one that is the
most appropriate after revising the knowledge-base with the new information,
while maintaining rationality in the process. However, there is no unique solu-
tion to the assignment of ranks.

Both the notation and the semantics of the AGM theory have been criticised.
Friedman and Halpern [15] consider the functional form of % as problematic, as
it suggests that the agent would have an ordering on epistemic entrenchments
even when the epistemic state is given as a collection of formulae. Languages
such as propositional and first-order logics would not be expressive enough to
describe the ordering. If the entrenchment information is implicit in the revision
operator x, then we cannot assume the same * will be used in each iteration
when performing iterated revision, since the relative entrenchment of beliefs is
not necessarily maintained after each iteration.

Since the AGM theory is designed for mere one-step revision, it is too weak
and not adept for handling iterated revision, which is the process of revising
beliefs with new information iteratively. Iterative belief revision is closely con-
nected to conditional beliefs, i.e. beliefs depending on earlier beliefs. Darwiche
and Pearl [10] have proposed additional postulates which are designed for pre-
serving the coherence of both conditional and unconditional beliefs, and for
achieving absolute minimal change in conditional beliefs. Similarly, Freud and
Lehmann [14] have described an additional postulate ensuring that if the new
information is inconsistent, none of the previous beliefs is to be retained. Many
other postulates have been proposed, but all behave well only in a specific prob-
lem setting.

None of the work in this area considers syntactical changes, so the represen-
tation of the world is assumed to be static. This assumption contradicts that
underpinning ontology evolution, because the conceptualisation of the world is
expected to change; therefore, the signature of an ontology is also expected to be
updated. Furthermore, although the AGM postulates formalise the set-theoretic
properties of the revision process, belief revision techniques are typically stud-
ied by assuming the underlying language is propositional logic. In contrast, the
complex descriptions of physics objects and properties will require a much more
expressive language, e.g., higher-order logic. However, the philosophical issues
that belief revision confronts are somewhat similar to those faced by ontology
evolution, e.g., rationality and minimal change. To develop a theory of ontology
evolution, we might want postulates in a similar style as the AGM.

11



2.7 Scientific & Mathematical Discovery

As widely agreed by AI researchers, intelligence involves creativity. Progress
towards more intelligent machines has motivated attempts at tackling problems
known to be seemingly solvable only by human creativity [55]. A prime example
problem is scientific and mathematical discovery, which requires the researcher
to apply creative reasoning in order to invent new theories [31]. Due to the
enormous search space, most work in this area focuses on formalising human
reasoning abilities using heuristics.

One of the earliest heuristic-based machine discovery systems is Lenat’s Au-
tomated Mathematician (AM) program. It discovers mathematical concepts by
performing concept formation and conjecture making in number theory [32]. It
starts with about 110 elementary concepts, where each concept is represented
by a set of slots. Each slot contains information regarding, e.g., definition, ex-
amples, generalisations/specialisations and worth. To fill these initially blank
slots, AM looks through a database containing about 250 heuristics. Four types
of heuristics were used: fill rules, for filling the slots; check rules, for validat-
ing the entries; suggest rules, for generating new concepts and new tasks; and
interest rules, for measuring the interestingness of the concept. It is important
to note that AM is designed to be interactive and the user has a crucial role in
shaping the search process. The user can, for example, judge the interestingness
of the theorems formulated so far. Some interesting results include the discovery
of addition, multiplication, primes, and Goldbach’s conjecture.

Another system guided by heuristics is found in the BACON series of pro-
grams [30]. These programs are purely data-driven, i.e. generate theories from
empirical data only. The heuristics help formulate regularities, such as con-
stancies, trends, common divisors, and constant differences, hidden in the input
data. One heuristic is that if the absolute values of a variable X increases as the
absolute values of a variable Y increases without these values being linearly re-
lated, then their ratio should be considered. This heuristic was used to deduce
Kepler’s laws as the data about planetary coordinates and trajectories show
that the distance D increased with the period P, but the two are not linearly
related; thus to get the % form. These heuristics, therefore, can be seen as
ad-hoc patterns for curve-fitting.

Pease, Smaill, Colton & Lee have used ideas from Lakatos to evolve math-
ematical theories [48]. For instance, they have automated the repair of faulty
conjectures using computational versions of Lakatos’s Proofs and Refutations
methods [29]. The proposed methods for fixing faulty conjectures in the light
of counterexamples include: monster-barring, for modifying the definition to
exclude unwanted counterexamples; piecemeal exclusion, for restricting the con-
jecture to those examples that do not exhibit properties of the counterexample;
and strategic withdrawl, for restricting the conjecture to those examples for
which it is known to hold. Their approach has contrasted with that proposed
here by focusing on adding and changing definitions and conjectures within a
signature that is changed only by definitional extensions. Our work also em-
ploys definitional extension, but is principally focused on more radical signature
changes.

The proposed GALILEO system is also guided by heuristics, which formalise
the methodology a problem solver adopts to reduce the search space. Both
GALILEO and BACON target at the physics domain, but the two systems are
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strategically different. For example, BACON can be seen as a curve-fitting pro-
gram, whereas GALILEO attempts to make representational changes in order to
repair faults in reasoning.

3 Proposal

Many key advances in physics have arisen from physicists’ revision of their view
of the world. Such change can be seen as ontology evolution, because those
physicists must have updated their incorrect theories to adapt to the changing
environment and goals. Human solvers can often efficiently resolve inconsisten-
cies by revising existing theories with narrow search scopes. To formulate the
reasoning patterns a creative human solver may use, a diverse range of historical
records in physics will be studied. We are interested in analysing cases in which
the experimental findings contradicts with some current theoretical predictions.
An interesting aspect is that the theory itself is consistent, but contradicts with
some new information. We provide an analysis and a formalisation of each of
the case studies in an effort to help design and implement ontology repair plans.

To ensure that the repair plans to be developed are sufficiently generic and
can account for a large number of historical records of ontology evolution in
physics, our methodology will be a combination of

e Development of ontology repair plans. (§3.1)

The repair plans are compound, possibly hierarchical, systems of ontology
repair operations, with associated preconditions and effects. The precon-
ditions must be satisfied in order to execute the associated plan, and the
effect defines the result of execution. These plans will be targeted at solv-
ing the theoretical /experimental contradictions and related trigger events
arising in our case studies. Each plan will be generalised so that it can
address a wide range of diverse situations. The composition of operations
into plans will avoid the combinatorial explosions arising from a naive
exhaustive search among atomic repair operations.

o Analysis and formalisation of case studies of ontological evolution. (§3.2)

Physics is a convenient domain for the search for case studies of ontology
evolution due to the abundance of historical records of fault diagnosis and
repair that lead to seminal advances. By analysing historical records, we
identify patterns in the conceptual reasoning that physicists adopt to re-
vise physical laws and theories in the light of inconsistent observations.
The methodology physicists adopt to revise faulty concepts is fundamen-
tal to the design of repair plans, which essentially are composed of such
patterns. Our sources will include investigations by historians, sociolo-
gists and philosophers of science. The case studies will be divided into a
development and a test set.

e Manual development of higher-order physical ontologies. (§3.2)

As the main source of case studies is texts in, e.g., history and philosophy
of science, we must translate the examples described in the texts to formal
representations that are sufficiently expressive, i.e. preserving as much of
the original information as possible. This may entail the development
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of a new representational language. The ontologies will need to capture
the historical knowledge and the higher-order physics concepts, e.g., star
orbits and fluid flow. In particular, formalising the inference required
to trigger ontological repair — typically deriving a contradiction between
theory and experiment.

e Development of a theory of ontology evolution. (§4.2)

We will isolate and generalise the atomic ontology repair operations arising
in our case studies. The theory provides a framework for the development
of repair plans and defines properties that a repair plan should satisfy in
order to be considered reasonable. For example, since repairs need to be
minimal in order to avoid unmotivated and unnecessary repairs, then a
suitable concept of minimality needs to be defined and our repairs shown
to be minimal with respect to it. Much of the theory may be rationally
reconstructed, based on the repair plans developed.

e Implementation of mechanisms of inference, fault diagnosis and ontology
repair. (§3.3)

We will use a typed, polymorphic, higher-order, logic-programming lan-
guage, as that seems best to represent both the physics domain and the
diagnosis and repair processes. The language of implementation is higher-
order, due to the many higher-order physics concepts. Moreover, many of
the functions only make sense when applied to objects of certain types,
e.g., the function representing gas pressure can only take a volume of gas
as input.

o FEwaluation of the repaired ontologies. (§3.4)

It is important to demonstrate the generality and the explanatory power
of the repair plans, as it is undesirable to design mechanisms that are
tailored to just a few similar examples. So, the repairs will be analysed
with respect to the historical record of ontological evolution in our diverse
range of case studies. Since we expect the size of the test set for each
repair plan to be measured in tens rather than hundreds or thousands,
a quantitative or statistical analysis will be inappropriate. Rather, our
evaluation methodology will be based on discursive analysis.

3.1 Development of Ontology Repair Plans

Based on the analysis of the examples identified for the development set, we
identify reasoning patterns that physicists use to revise theories that are incon-
sistent with observations. Such patterns define the function of the repair plans,
the diagnosis triggers, and the repair operations. Described in this section are
two example repair plans developed so far.

3.1.1 The “Where’s my stuff?” Ontology Repair Plan

Suppose we have an ontology O; representing the current state of a physical
theory and an ontology O; representing some sensory information arising from
an experiment. Suppose these two ontologies disagree over the value of some
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function stuff! when it is applied to a vector of arguments 3 of type 7. stuff (3)
might, for instance, be the heat content of a block of ice or the orbit of a planet.

Trigger: If stuff(5) has two different values in O; and Oy then the following
formula will be triggered, identifying a potential contradiction between
theory and experiment.

O b stuff (5) = v1, Og b stuff(5) = va, Oil vy # vg (1)

where O - ¢ means that formula ¢ is a theorem of ontology O. Below we
deal with the case where v; > vs. The other case is symmetric, with the
roles of O; and Og reversed.

Split Stuff: The repair is to split stuff into three new functions: visible stuff,
invisible stuff and total stuff, recycling the original name for total stuff.
Then we create a definition of invisible stuff in terms of total and visible
stuff.

V§iT. Stuﬁginvis(g) n= Stuﬁ(g) - Stuﬁavis(;) (2)

Here, 0,;s and 0;,4:s are replacements. These resemble higher-order sub-
stitutions, except that constants, as well as variables, may be replaced
with terms. When stuff is a constant then o,;s just replaces it with new
constant standing for the visible stuff; when stuff is compound the re-
placement is more complex, but still automatable. Similar remarks hold
for Oinvis-

Create New Axioms: Let v(0;) and v(O;) be the repaired ontologies. We
calculate the axioms of the new ontologies in terms of those of the old as

follows:
Az(v(Oy)) = {VET. stuff oinwis(8) == stuff (5) — stuff 0.,:5(8)} U
Ax(Ot)
Ax(v(0y)) == {P{stuff /stuffovis} | ¢ € Ax(O;)}

i.e. the axioms of v(O;) are the same as for O; except for the addition of
the new definition; the axioms of v(O,) are the same as for O, except for
the renaming of the original stuff to the visible stuff.

After the creation of the new axioms, the contradiction disappears. However,
the theorems of the two ontologies are preserved up to renaming and the logical
consequences arising from adding the new stuff definition (2). Note that slight
errors in the sensory data are accommodated by the use of ~ to indicate that
stuff (8) is approzimately equal to vy in (1). If = was used, then the empirical
evidence must be exactly equivalent to the prediction in order to trigger the
repair plan. This can be excessively strong since small empirical errors are
typically acceptable in science. Note also, that =, ~, > and — have to be
polymorphic, i.e. apply to a variety of types.

Having hypothesised the existence of some hitherto invisible (i.e. not de-
tectable by current instruments) stuff, then a natural next question is to try to
develop an instrument that can detect it, even if indirectly.

Lstuff is a polymorphic, higher-order variable ranging over functions in physics.
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3.1.2 The Inconstancy Ontology Repair Plan

Suppose we have an ontology O; representing the current state of a physical
theory and some ontologies O, representing sensory information arising from
experiments, such that different sensory ontologies give distinct values for func-
tion stuff(5;) in different circumstances. Suppose function V(s;,b;) of the it
sensory ontology, where b_; contains variables distinguishing among these cir-
cumstances, returns distinct values in each of these circumstances, but is not
one of the parameters in §, i.e. stuff(5;) does not depend on V (s}, b;). We will
call stuff(s;) the inconstancy and V (s3, b_;) the variad. The Inconstancy repair
plan establishes a relationship between the variad V (s;, b_;) and the inconstancy
stuff (s;). The inconstancy might, for instance, be the gravitational constant G
and the variad might be the acceleration of an orbiting star due to the gravity,
which is suggested by MOdified Newtonian Dynamics (MOND).

Trigger: If stuff(s;) is measured to take different values in different circum-
stances, then the following trigger formulae will be matched.

Os(V(si,01) =v1...) b stuff(si) = e
3)

stuff (53) ~ e

Os(V(s5,bp) =vp...) F
Oy +  stuff (%) == c(F) (4)
Fi#J. 00 b stuff (57) — ei # stuff (s7) — ¢

where & can be instantiated to §; for 1 < i <n, O4(V (s}, b_;) = v;) is the
sensory ontology containing observations made under the condition that
V($;,b;) = v; and V($;,b;) is not an existing argument of stuff(s;), i.e.
V(5.5) ¢ 5.

Add Variad: The repair is to change the signature of all the ontologies to

—

relate the inconstancy, stuff (Z), to the variad, V(Z, §)
v(stuff) == g, Z. F(c(Z), V(Z,7)) (5)
where F' is a new function, whose value we will seek to determine by curve

fitting against the data from the sensory ontologies.

Create New Axioms: We calculate the axioms of the new ontologies in terms
of those of the old as follows:

Az(v(04(V (53,b;) =
v ) = {o{stuff [u(stuff)B)} | 6 € Az(O(
V(si bi) =)}
Az(v(0y)) == A{o{stuff /v(stuff)()} | & € Az(O) \
{stuff (Z) == (@)} } U {v(stuff) == Ay, 2.
F(c(),V(Z,9))}
i.e. the axioms of V(Qt) and the v(05(V (5,b;) = v;)) are the same as
for Oy and O4(V(8;,b;) = v;...) except for the replacement of the old

stuff with v(stuff) and the replacement of the definition of stuff(Z) by
the definition of v(stuff (%)) in v(Oy).
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3.2 Analysis of Case Studies and Development of Ontolo-
gies

In this section, five case studies are presented: discovery of Latent Heat §3.2.1,
discovery of dark matter §3.2.2, Modified Newtonian Dynamics §3.2.3, measure-
ment of travel-time of light §3.2.4, and discovery of atmospheric pressure §3.2.5.
For the first three cases, a formalisation of the ontologies and brief analyses of
the conflicts that give rise to and the reasoning behind the evolution of ontolo-
gies are provided. A detailed informal analysis instead of a formalisation of the
ontologies is presented for the last case.

3.2.1 Discovery of Latent Heat

Joseph Black discovered the concept of latent heat around 1750. Wiser and
Carey [64] discuss a period when heat and temperature were conflated, which
presented a conceptual barrier that Black had to overcome before he could for-
mulate the concept of latent heat. This conflation creates a paradox: as water
is frozen it is predicted to lose heat, but its heat, as measured by tempera-
ture, remains constant. Black had to split the concept of heat into energy and
temperature.
The paradox faced by Black can be formalised as follows:

O, F Heat(H20, Start(Freeze)) = Heat(H20, Start(Freeze))  (6)
Os +  Heat(H>0, Start(Freeze)) =~ Heat(H20, End(Freeze)) (7)
O; F Heat(H20, Start(Freeze)) # Heat(H20, End(Freeze)) (8)

where HO is the water being frozen, Freeze is the time interval during which
the freezing takes place, Start returns the first moment of this period and End
the last. (6) comes from the reflexive law of equality, (7) comes from the ob-
served constant temperature during freezing and (8) is deduced from the then
current physical theory that heat decreases strictly monotonically when objects
are cooled. One problem with this representation is that the proper representa-
tion of Heat, or specific heat, should actually depend on the specific heat capacity
of the object, the mass of the object, and the temperature difference. That said,
the two arguments in this representation, the object and the time, should be
further repaired by refinement to uncover the specific dependencies. The second
argument, T'ime, will still be a dependency of the three mentioned dependencies,
although Heat itself will not depend on it. In other words, Start(Freeze) or
End(Freeze) should not be an argument of the function Heat, but an argument
of each of the functions representing the three dependencies to be uncovered.
This is be a promising avenue for future work.

3.2.2 Discovery of Dark Matter

The evidence for dark matter arises from various sources, for instance, from
an anomaly in the orbital velocities of stars in spiral galaxies identified by Ru-
bin [56]. Given the observed distribution of mass in these galaxies, we can use
Newtonian Mechanics to predict that the orbital velocity of each star should be
inversely proportional to the square root of its distance from the galactic centre
(called its radius). However, observation of these stars show their orbital veloci-
ties to be roughly constant and independent of their radius. Figure 1 illustrates
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This diagram is taken from http://en. wikipedia. org/wiki/
Galazy_rotation_problem. The x-axis is the radii of the stars
and the y-axis is their orbital velocities. The dotted line represents
the predicted graph and the solid line is the actual graph that is ob-
served.

Figure 1: Predicted vs Observed Stellar Orbital Velocities

the predicted and actual graphs. In order to account for this discrepancy, it is
hypothesised that galaxies also contain a halo of, so called, dark matter, which
is invisible to our radiation detectors, such as telescopes, because it does not
radiate, so can only be measured indirectly.

We can formalise the situation with the following formulae:

O; F As e Spiral. (Rad(s),Orb_-Vel(s)) = Graph,, (9)
Os F  As € Spiral. (Rad(s),Orb_Vel(s)) ~ Graph, (10)
O: F  Graphy, # Graph, (11)

where Orb_Vel(s) is the orbital velocity of star s, Rad(s) is the radius of s from
the centre of its galaxy and Spiral is a particular spiral galaxy, represented as
the set of stars it contains. Formula (9) shows the predicted graph, Graph,: the
orbital velocity decreases roughly inversely with the square root of the radius
(see Figure 1). This graph is deduced by Newtonian Mechanics from the ob-
served distribution of the visible stars in the spiral galaxy. Formula (10) shows
the actual observed orbital velocity graph, Graph,: it is almost a constant func-
tion over most of the values of s (see Figure 1). Note the use of higher-order
logic to make function objects, such as Graph,, and the use of A abstraction in
(9) and (10) to create graph objects as unary functions. These two graphs are
unequal (11), within the range of legitimate experimental variation.

3.2.3 Modified Newtonian Dynamics

Another explanation of the anomaly in orbital velocities of stars in spiral galax-
ies depicted in Figure 1 is provided by MOdified Newtonian Dynamics (MOND),
proposed by Moti Milgrom in 1981 as an alternative to the dark matter ex-
planation. Essentially, MOND suggests that the gravitational constant is not a
constant, but depends on the acceleration between the objects on which it is
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acting?. It is constant until the acceleration becomes very small and then it de-
pends on this acceleration, which is the case for stars in spiral galaxies. So, the
gravitational constant G can be repaired by giving it an additional argument
to become G(Acc(s)), where Acc(s) is the acceleration of a star s due to the
gravitational attraction between the star and the galaxy in which it belongs.

We know from the law of universal gravitation that the square of the radius is
inversely proportional to the acceleration of the orbiting star due to gravity, with
the product of the gravitational constant and the mass of the galaxy being the
constant of proportionality, i.e. Rad(S;)? = Aﬁj(g), where G, M, and Acc(S;)
denote the gravitational constant, the mass of the galaxy, and the acceleration
of the star w.r.t. the galaxy in which it belongs. So, we need to collect evidence
for a variety of stars: S; for 1 < i < n, where Acc(S;) varies from large, i.e. S;
is near the centre of the galaxy, to small, i.e. .S; is on the periphery of the spiral
galaxy.

The formulae below describe the example:

Os(Acc(S1) = A1...) F G=M20V~1(OV(S)), Mass(Sy),
As € Spiral \ {S1}. (Posn(s), Mass(s)))

(= G1)
: : (12)
Os(Acc(S,) = A, ...) F G=M20V~HOV(S,), Mass(S,),
As € Spiral \ {Sn}. (Posn(s), Mass(s)))
(~ Gyn)
O, F G:=667x10"1" (13)
Ji#5.0, v G-G,#G—-G;j (14)

where M20V ~! is the inverse of M20V, which takes the value of G, the mass
of a star s Mass(s) and the mass distribution of all the remaining stars in
the spiral galaxy based on their positions Posn(s), and calculates the orbital
velocity of s. M20V ~!, therefore, takes the observed orbital velocity of a star
s OV(s), the mass of s and the mass distribution of all the remaining stars
in the galaxy and calculates what value of G would account for the observed
orbital velocity of s. (12) shows the different values of G observed for stars with
different accelerations. These accelerations should be very small, as speculated
by Milgrom. (13) gives Newton’s gravitational constant, which is of course fixed
and is not expected to be influenced by a change in any parameter. (14) shows
a variation in at least two of the observed values of G.

3.2.4 Measurement of the Travel Time of Light

One of the earliest recorded discussions of the speed of light was by Aristotle,
who believed that light travelled instantaneously and rejected theories about
finite speeds of light. In 1676, a Danish astronomer, Ole Roemer, measured the
travel time of light by studying lo, one of Jupiter’s moons, which was known
to be eclipsed by Jupiter at regular intervals [12]. Roemer discovered that the
eclipses increasingly lagged behind the predicted times, but then started to pick

21t can also be presented as breaking of the equivalence of inertial and gravitational mass,
but the varying gravity story fits our purposes better.
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up again. This discovery helped him come up with the theory that when Jupiter
and Earth were further apart, there was more distance for light reflecting off To
to travel to Earth and therefore it took longer to reach his telescope.

Let Time(Light) be the time required for light to travel. By Aristotle’s
theory, the time light requires to travel over any distance is zero because it is
instantaneous, i.e. Time(Light) ::= 0, which is asserted in the original theoreti-
cal ontology, O;. Let O4(Dist(p1,p2) = d...) be the sensory ontology describing
the situation in which the distance light travels between points p; and ps is d;
in this example, D is the distance between Io and the Earth. We would like to
collect observations over a reasonable range of such distances between a series
of two points, P; and P;41, where 1 < ¢ < n such that Dist(P;, P;y1) varies
within the range.

Aristotle’s original theory and Roemer’s theory can be represented as the
following:

Os(Dist(Py,P2) =Dy ...) F Time(Light) = T}

. . (15)
Oy(Dist(Py_1,Py) = Dy ...) + Time(Light) ~ T},
O; F  Time(Light) == 0 (16)
Ji#4. 0 b Time(Light) — T; # Time(Light)
—Tj (17)

where O; and Oy represent Aristotle’s theory and Roemer’s observations re-
spectively; Dist(P;, P;) returns the straight line distance between points P; and
P;; Time(Light) gives the travel time of light, treating light as an object. (15)
comes from Roemer’s observations of the different travel of times of light in dif-
ferent occasions, such that in each of these occasions the straight line distance
between the Earth and Io were different, ranging from D; to D,. (16) comes
from Aristotle’s original theory that light travels instantaneously, thus light has
a travel time of 0s. (17) shows a variation in the travel times observed.

3.2.5 Discovery of Atmospheric Pressure

In Aristotelian physics, a vacuum was believed to be impossible to produce. It
was believed that pumping of water was a consequence of water immediately
replacing the removed matter, because there could be no vacuum. Galileo chal-
lenged this idea and insisted that vacuum is in fact possible to produce, but
concluded wrongly that the pumping of water was a consequence of a “force” or
a “resistance” exerted by the vacuum alone. The experiment performed to sup-
port this explanation was to uncompress an water-filled apparatus, similar to a
syringe with the needle end blocked. By Galileo’s theory, the uncompression is
resisted by the vacuum alone, i.e. that only the amount of stuff in a vacuum
inside the barometer causes the mercury level to vary. Evangelista Torricelli,
a follower of Galileo and generally credited for the invention of the barometer,
noticed the level of the fluid in his experimental setup changed slightly each
day. Torricelli’s observations contradicted Galileo’s theory because the level of
the fluid changed even when the vacuum space, which Galileo believed to be
the sole cause, was not disturbed. Torricelli’s key to the correct explanation is
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the discovery of a changing atmospheric pressure and its effect on the fluid, of
which Galileo was not aware.

Galileo’s explanation is not wrong but is a partial explanation, because he
assumed a constant atmospheric pressure. Torricelli’s explanation is clearly
more acceptable because it is more general, thus more informative. These are
examples of contextual causal statements, in which causes and effects can be
seen as differences to some background conditions, or the normality [34]. If the
background conditions are different, the causal explanations may be different.
In perspective, each of Galileo’s and Torricelli’s interpretations of the problem
has different background conditions: Galileo assumed a constant atmospheric
pressure, whereas Torricelli did not. As a result, the background conditions
influenced the causal explanations in such a way that Torricelli concluded the
cause to be both the vacuum and the atmospheric pressure, whereas Galileo
concluded it to be the vacuum alone as he believed the atmospheric pressure
cannot change.

Based on the idea of contrasting a restricted set of events bounded according
to the context, Cheng and Novick introduce the notion of focal sets in [9].
The focal set for a contrast is the contextually determined set of events that
a reasoner selects as being relevant to the given causal event. The focal set is
typically a subset of the universal set, which contains all the events of which the
reasoner is aware. Cheng and Novick define a cause to be a factor that noticeably
increases the likelihood of the effect. Clearly, the theory of focal sets assumes
probabilistic causation [47]. At this stage, however, our particular interest is not
on the details of probabilistic causation, so we only look for covariation between
a factor and the effect in question based on a particular focal set. Fortunately for
this example, even if probabilities are not explicitly taken into consideration,
little faithfulness to the underlying history and accuracy of the focal sets of
Galileo and Torricelli are lost.

Galileo’s and Torcelli’s focal sets are depicted in Figure 2, where the events
highlighted in bold represent those producing the effect that the level of the mer-
cury holds at some marked level h at a time moment T, i.e. Height(Hg,T) = h.
As Galileo was not aware of the possibility of having different atmospheric pres-
sures, his focal set contains only those events where the atmospheric pressure
is fixed, i.e. AtmospP(T) = p. Given a fixed volume of fluid, he believed
the only way for the fluid to reach height h is to let the amount of vacuum
be v, i.e. Height(Hg,T) = h only if Vacuum(T) = v. Based on this setup,
Vacuum(T) = v should be perceived as a cause of the effect because it covaries
with the effect within Galileo’s focal set. As for AtmospP(T'), it should not be
perceived as a cause given the focal set because its values are constant through-
out the set, thus it does not covary with the effect. On the contrary, Torricelli
believed that the atmospheric pressure can vary and observed a variation in the
level of the fluid without altering the amount of vacuum. So, his focal set con-
tains the events where the level of the fluid changes when the atmospheric pres-
sure is not p and the amount of vacuum is maintained, i.e. Height(Hg,T) # h
when AtmospP(T) # p and Vacuum(T) = v. Galileo’s focal set is a subset of
Torricelli’s because Torricelli agreed with Galileo that the amount of vacuum
can cause a change in the fluid level. For Torricelli’s focal set, the values of
AtmospP(T) are not constant, so both AtmospP(T) = p and Vacuum(T) = v
are jointly sufficient for the occurrence of the effect.

The formalisation of this example is still work to be done. The key elements

21



Galileo’s focal set

/<Vacuum(Tw) #v, AtmospP(T1) = p, Height(Hg, T1) # h>\ \
| <Vacuum(Tz) # v, AtmospP(Tz) = p, Height(Hg, T2)# h ...> |
| <Vacuum(Ts) # v, AtmospP(Tz) = p, Height(Hg, T3) #h ...>

<Vacuum(T:) = v, AtmospP(T4) = p, Height(Hg, T«)=h ...>
<Vacuum(Ts) = v, AtmospP(Ts) = p, Height(Hg, Ts)=h ..>
\<Vacuum(Ts) = v, AtmospP(Ts) = p, Height(Hg, Ts) = h _>/
<Vacuum(T7) = v, AtmospP(T+) # p, Height(Hg, T-) # h >
<Vacuum(Ts) = v, AtmospP(Ts) # p, Height(Hg, Ts) #h ...>
\<Vacuum(Tg) = v, AtmospP(Ts) # p, Height(Hg, Ts) # h .. j

Torricelli's focal set

Figure 2: Galileo’s (dashed) and Torricelli’s (solid) focal sets for explaining the
“force” exerted on the mercury in a barometer, with events producing the effect
Height(Hg) = h highlighted in bold.

to be represented are the discrepancies in the background knowledge that led
Galileo and Torricelli to different conclusions. So, the idea of focal sets will be
further investigated in order to illustrate the influence of contextual knowledge
on causal statements.

3.3 Implementation

Many physical concepts are essentially higher-order, for instance, the orbit of a
star, which can be represented as a function object returning the 3-dimensional
position in space for a given time moment. Of course, it can be argued that
an orbit can be treated as a first-order object, represented as the set of all
coordinates for all time moments. Such representation would be unnecessarily
complex and undescriptive. Moreover, many of the functions only make sense
when applied to objects of certain types, e.g., the function representing air
pressure can only be applied to a volume of gas.

Given the higher-order requirements, we have chosen AProlog [42] as our
implementation language because it provides a polymorphic, higher-order logic.
This is well suited to the representation of the higher-order functions that occur
in both the object-level domain of physics and the meta-level formulae of the
repair plans. It provides higher-order unification to support matching of the
meta-level triggers of the repair plans to the object-level triggering formulae in
the case studies. It facilitates the representation of polymorphic functions such
as —, <, ~ and =. These features combined to support rapid prototyping of
the repair plans and their application to the development case studies.

To illustrate the implementation, here is the main clause® of the wMs plan.

repair 01 02 NA1 NA2 :-

3Confusingly, AProlog uses the convention that words representing variables start with
upper-case letters and constants with lower-case, which is the inverse of the standard mathe-
matical convention we have used for our mathematical formula.
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% Repair triggered. Find stuff, args and parity
wms_trigger 01 02 S L P,

% Pick replaced stuff from S or L

choose S L Tot,

% Calculate total, visible and invisible stuff
newstuff S L Tot STot SVis SInvis,

% Get original axioms

axioms 01 A1,

% of both ontologies

axioms 02 A2,

% Flip to find opposite parity

flip P FP,

% Change both sets of axioms

change P 01 Al STot SVis SInvis NA1,

change FP 02 A2 STot SVis SInvis NA2.

01 and 02 are the input initial theoretical and experimental ontologies (but
which is which depends on the parity P). NA1 and NA2 are their output repaired
axioms. wms_trigger checks that the triggering formula (1) is matched and
returns the instantiations of stuff, its list of arguments and a parity according
to whether v; > vy or v; < vs. choose picks a candidate Tot to be replaced
in 045 and 0,5, and newstuff uses these replacements to calculate the new
total, visible and invisible stuff. The old axioms are then found by axioms and
repaired into the new axioms by change.

We are currently experimenting with Terzo and Teyjus implementations of
AProlog. We have experimented with Twelf, but unfortunately it had insufficient
support for polymorphism, which is vital to our work. We continue to investigate
other potential platforms to identify one that both provides the functionality
we require and is well maintained. A possible alternative to implementing in
AProlog is to use Isabelle [44], which is a generic framework for proving higher-
order theorems. However, Isabelle uses a procedural proof style, which may
make coding the repair plans more difficult.

3.4 Evaluation of Repaired Ontologies

We will be looking specifically for generality and explanatory power from our
repair plans. To this end, we will seek diversity in our test set and emergent
abstraction from the uniform processing of apparently diverse case studies. Each
example will be manually identified, represented and encoded, so the test set will
likely contain only multiples of tens of examples. To demonstrate the proposed
method for evaluation of repaired ontologies, the four examples described in
§3.2.1, §3.2.2, §3.2.3 and §3.2.4 are to be applied to the wMS and Inconstancy
repair plans in this section.

3.4.1 Application of wMs to the Discovery of Latent Heat

The formulae (6), (7) and (8) match the WMS repair plan trigger (1) in §3.1.1
with the following substitution:

{Heat/stuff, (H20, Start(Freeze))/s, Heat(H0, Start(Freeze)) /vy,
Heat(H20, End(Freeze))/vs}
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To effect the repair we will define o,;s = {Temp/stuff } and oipnyis = { Lhf /stuff },
respectively, in anticipation of their intended meanings, where Lhf can be read
as the latent heat of fusion. These choices instantiate (2) in Appendix 3.1.1 to:

Yo:obj, t:mom. Lhf(o,t) == Heat(o,t) — Temp(o,t)

which is not quite what is required, but is along the right lines. Some further
indirect observations of Lhf are required to witness its behaviour under different
states of o0 so that it can be further repaired, e.g., the removal of its ¢ argument.
The Temp part of the new definition needs to be further refined so that its
contribution of energy depends both on temperature and mass. These further
refinements will be the subject of future ontology repair plans.

In the repaired ontologies, since Heat(H20, Start(Freeze)) is greater than
Heat(H20, End(Freeze)), the repaired triggering formulae are transformed to

v(0:) + Heat(H30, Start(Freeze)) = Heat(H20, Start(Freeze))
v(Os) F Temp(H20, Start(Freeze)) = Temp(H20, End(Freeze))

which breaks the derivation of the detected contradiction, as required.

3.4.2 Application of wmMs to Dark Matter

The formulae (9), (10), and (11) instantiate the wmstrigger preconditions (1)
with the following substitution:

{As € g. (Rad(s), Orb_Vel(s))/stuff, (Spiral)/s, Graphy/v1,
Grapha/va)}

Note that the repair plan works perfectly well with higher-order objects as
the values v; and vy, provided that polymorphic — and # can be defined as
having meaning over this data-type: in this case a piecewise subtraction over
the individual values for each star and a fuzzy, negated equality (%) between
graphs.
To effect the repair we will define o;5 = {Spiralyis/g} and oipyis = {Spiralingis/g},
so the instantiation of definition (2) suggested by this triggering is:
As € Spiralinyis. (Rad(s),Orb_-Vel(s))
n= As € Spiral. (Rad(s),Orb_-Vel(s)) —
As € Spiralys. (Rad(s),Orb_Vel(s))
where Spiral,;s is the visible part of the galaxy, that can be detected from its
radiation, and Spiral;,.s is its dark matter part.
In the repaired ontologies, since Graph, < Graph,, the repaired triggering
formulae are:
v(0y) F  As € Spiralys. (Rad(s), Orb_-Vel(s)) = Graph,,
v(Os) B s € Spiral. (Rad(s),Orb_Vel(s)) = Graph,
which breaks the previous derivation of a contradiction, as required. Note that,
unlike the latent heat case study, it is the repaired theoretical ontology that
formalises the visible stuff and it is the repaired experimental ontology that

formalises the total stuff. This is because Graph, is based on the visible mass
in the spiral and is, therefore, smaller than Graph,,.
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3.4.3 Application of Inconstancy to Modified Newtonian Dynamics

The formulae (12), (13) and (14) match the Inconstancy repair plan trigger (3),
(4), and (5) in §3.1.2 with the following substitution:

Os(Ace(Sy) =

Ay..) B G=M20V~HOV(S)), Mass(S),
s € Spiral \ {S1}. (Posn(s), Mass(s)))
(=G)

Os(Acc(Sy)

s
3
N

T

G = M20V YOV (S,), Mass(S,),
As € Spiral \ {Sy,}. (Posn(s), Mass(s)))
(=Gn)
O, F G:=667x10"1"
Ji#5.0, v G-G;#G -G

The formulae above triggers the plan with the following substitution:

{G/stuff, ()/5i, (/5. ()/%, 6.67x 107" /e,
Ace/V, (S;)/bi, G1/e1, Gn/ent

Since G is a constant, $;, s; and & are simply empty vectors.
Following the instructions for repair, the variad is given to the inconstancy
by:
V(@) = As.F(6.67 x 107 Acc(s))

and the repaired triggering formulae are therefore:

v(Og(Acc( (18)
S))=A1..) F v(G)(S1) = M20V~HOV(Sy),
Mass(S1), As € Spiral \ {S1}.
(Posn(s), Mass(s))) (= G1)

Sy)=A4A,...)) F v(G)(S,) = M2V HOV(S,),
Mass(Sy), As € Spiral \ {Sn}.
(Posn(s), Mass(s))) (= Gy)
v(0)) F v(G) = \s.F(6.67 x 1071 Ace(s))

which breaks the derivation of the detected contradiction, as required.

The function F' can be determined by finding the best-fit curve for the whole
dataset, in which each data point represents an observed (; made under a
particular condition Ace(S;) = A;. F is a reasonable approximation only if a
fairly large number of observations of G; for a wide range of accelerations of stars
Acc(S;) are analysed. If F' is a correct and complete approximation of v(G),
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then F'(6.67 x 10711, Acc(s)) returns the unrepaired value 6.67 x 10711 if a star s
has an acceleration much greater than 1.2x 1071%ms~2 (close to the centre of the
galaxy). If s has an acceleration that is much less than 1.2 x 1071%ns~2 (near
the periphery of the galaxy), the value returned will be greater than 6.67 x 107!
and proportional to Acc(s)? x Rad(s)?, where Rad(s) is the radius of the star’s
orbit.

Clearly, the repair performed to give (18) and (19) is very different from that
performed to give the dark matter theory — respectively, the acceleration of a
star becomes a dependent variable of the repaired definition of the Gravitational
Constant and the applicability of the repaired Newtonian theory is limited to
only the observable part of the galaxy.

3.4.4 Application of Inconstancy to the Travel Time of Light

The discrepancy that arise between Aristotle’s theory and Roemer’s observa-
tions (§3.2.4) is also another example of Inconstancy, as Roemer’s observed
times unexpectedly varied when the Aristotle’s theory expected them to remain
constant. The formulae (15), (16), and (17) instantiate the trigger formulae
with the following substitution:

{Time(Light)/stuff, ()/$i, ()/s3, ()/%, 0/c,
Dist/V, (P;, Pii1)/bi, Ti/c1,Tn/cn}

To insert the variad, Dist(Light,T;), into the new definition, we follow (5)
to get:
v(T'ime(Light)) := Ap1, p2. F'(0, Dist(p1,p2))

The repaired ontologies are therefore:

v(O4(Dist( Py,
P)=Di..) b (u(Time(Light))(P))(Py) = Dy

V(Os(Dist(Pn_l;
P,)=D,...) b (w(Time(Light))(Pn-1))(Fy)
- D,
v(O¢) F v(Time(Light)) ::= Ap1,p2. F(0, Dist(p1,p2))

which together resolve the detected contradiction. The new definition of Time( Light),
v(Time(Light)), is what is required by the general definition of time of travel,
which can be put simply that if an object, including a stream of photons,
travels at a finite speed, then the time of travel depends on the distance, i.e.
Time < Distance.

3.5 Contribution to Knowledge

When agents communicate or exchange information between each other, the
prerequisite is that a consensus on the ontological concepts involved has to be
reached between them. Unfortunately, agents in a vast distributed environment,
such as the Semantic Web, tend to capture different parts of the world, or the
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same part differently. This results in inconsistent representations in their on-
tologies, partly caused by the lack of a controlled or centralised design scheme.
Such a design scheme is commonly conceded to be extremely difficult, or at
least highly undesirable, to enforce in a large, heterogeneous environment. It
is therefore extremely useful to enable agents to autonomously repair their own
ontologies in the light of external conflicting information. Proper and reliable
communication can be achieved only if agents themselves are capable of up-
dating their own ontologies in a sound fashion. Humans can detect faults in
theories and revise faulty theories with ease when necessary. In order for ma-
chines to perform a similar task, our approach is to design ontology repair plans
that imitate a human’s ability to revise theories and repair conceptual faults.
Repair plans aim at detecting inconsistencies between an agent’s current on-
tology and the newly obtained information. If inconsistency is detected, repair
plans guide the manipulation process so that the inconsistency is resolved. We
are interested in designing generic repair mechanisms, which are not tailored for
any particular ontological representation language.

A formal theory of ontology evolution will define desirable properties that a
reasonable repair plan should satisfy. Such a theory will prevent us from tacking
the problem in an ad-hoc manner. The theory serves a similar purpose to that
of the AGM postulates, which define what constitutes rational belief revision.
The formal theory could help the overall development in ontology evolution re-
search as the AGM framework has in belief revision. Moreover, the patterns
that compose the diagnosis and repair operations are based on historical cases
of ontology evolution in physics. So, the identification of such patterns requires
detailed analyses of the theory revision skills physicists have applied throughout
history. This compilation of ontology evolutions in physics will illuminate our
understanding of theory revision and aid future research in automated concep-
tual reasoning, and in other disciplines, e.g., cognitive science and philosophy
of science.

4 Future Direction

4.1 Overview

We envision a collection of additional repair plans that focus on resolving other
faults in conceptual reasoning. For instance, scientists often apply causal rea-
soning when defining processes as mathematical functions. Physics formulas
do not explicitly describe causal relationships among variables, because each
variable only represents a sufficient condition. Some philosophers, e.g., Rus-
sell [57], have argued that fundamental sciences, e.g., gravitational astronomy,
do not talk of causes, but causal notions are widely believed to still be a best
way to help physicists conceive the world. Norton [45] agrees with Russell and
argues that there is no central principle of causality in fundamental sciences,
but he urges that qualitative causal conceptions provide a convenient way to
understand otherwise opaque processes. An example ontology evolution is the
discovery of atmospheric pressure, in which Galileo and Torricelli set the causal
question in different contexts by making different assumptions about the at-
mosphere (§3.2.5). Consequently, the different contexts resulted in inconsistent
causal explanations.

27



Another interesting focus is to design a repair plan to handle analogical
reasoning to help explain new scientific discoveries and derive new theories [62].
Essentially, an analogical consideration typically involves determining whether
two seemingly unrelated concepts are isomorphic. The main challenge here
is to discover interesting properties and determine their interestingness, and
to formalise the (pseudo-) isomorphism. In mathematics, an example is the
translation of theorems in geometry into Cartesian algebra. An instance from
the physics domain could be Galileo’s and, again, Roemer’s measurement of the
travel time of light. Roemer’s measurements can be seen as a successful attempt
of Galileo’s initial experiment, which involved two shutter lanterns across two
hilltops. Roemer’s attempt is a close analogical version of Galileo’s since both
involved measuring light’s travel time between two points, except Roemer used
Jupiter as the shutter and Io as the light source over a far greater distance.

Just as the AGM framework is important to the research in belief revision
operators, a formal theory of ontology evolution is vital to the progress of devel-
opment of ontology evolution mechanisms. Such a theory will define properties
that an operation of ontology repair should satisfy in order to be sound, sim-
ilar to how the AGM postulates describe those that a belief revision operators
should satisfy in order to be rational. The postulates described in §4.2 appear to
be incompatible with ontology evolution, but the underlying spirit can become
the basis of parts of the theory of ontology evolution. Furthermore, the foun-
dation of the theory can be built on discussions in philosophy of science and
investigations in scientific reasoning. The fruitful literature in belief revision
can also be helpful, as other issues that arise in belief revision might be closely
connected to those potentially faced by ontology evolution. Philosophy of belief
revision could therefore be helpful for us to identify potential issues and the
corresponding challenges to overcome.

4.2 Development of a Theory for Ontology Evolution

Ontology evolution presents exciting theoretical challenges. For instance, to
define a concept of minimal repair we are experimenting with extending conser-
vative extension to changes of signature, namely:

peL(O) = WO)Fv(¢) < Ot 9) (20)

where ¢ € L(O) means that ¢ is a formula in the language of ontology O and
v(¢) is the repaired ¢ in repaired ontology v(O). In the repair plan in §3.1.1 both
v(0;) and v(O;) are conservative in this extended sense. Their combination, of
course, is not, since the purpose of the repair is to prevent a contradiction being
derived in the repaired combination.

The theory for ontology evolution may draw ideas from that for belief revi-
sion, e.g., the AGM framework. Of course, the proposed approach of ontology
repair is not an example of contraction, i.e. the removal of a belief from an
ontology. Thus, the AGM contraction postulates obviously cannot be adopted
wholesale. Even for AGM revision, the fundamentals between belief revision and
ontology evolution can be very different. In the rest of this section, we provide a
crude attempt at a reformulation of the KM postulates for the ontology context.

The KM postulates, outlined in §2.6, are based on the representation K =
{é | ¥ F ¢}, where 1 is a propositional formula representing a knowledge-base
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and ¢ is a sentence. In the context of ontology repairs, we can simply treat the
ontology Oy as 1 and the sensory ontology Oy as u, because repairing O, in the
light of Oy takes into account the new information provided by O, in a somewhat
similar way to belief revision. For a more intuitive comparison, we use a simpler
syntax: Instead of using v, here e is used to represent an ontology merge operator
merging two ontologies together, possibly partially. The outputs of v and e are
intended to be the same, i.e. a repaired ontology which has accommodated
some new information. The function of the ontology merge operator e can be
seen as being similar to that of a belief operator o, which merges an existing
knowledge-base with some newly acquired information resulting in a change of
beliefs. Below are the KM postulates reformulated in terms of ontologies O, and
O, and the ontology merge operator e below; this is an attempt to share much
of the spirits of KM:

(KM-O1) Oy F ¢ = O, ¢ O, = ¢. All new sensory knowledge is retained.

(KM-02) O, UOs ¥ L = (O, O, = O, U Oy) Merge the ontologies
nawely whenever such an ontology is consistent.

(KM-03) O; ¥ LANOg ¥ L = Oy 004 ¥ 1. The repair plan should
resolve any inconsistency arising in the merge and not introduce unwar-
ranted inconsistency.

(KM-04) [0, = O, A Oy, = Og,] = [O1, ¢ O5, = Oy, @ Og,]. The repair
plan should abide by the principle of Irrelevance of Syntaz.

Since KM1 is equivalent to R2 and K xp = {¢ | v(O) F ¢}, p € K *p if and
only if every theorem of Oy is in the theory of v(O;). However, KM-O1 is not
desirable because the aim of repair plans is to repair inconsistent ontologies so
that inconsistencies can be resolved and not necessarily to learn from sensory
information. Further, experimental evidence is often questionable, so it may not
be desirable to retain everything observed. Overall, KM-O1 enforces that the
knowledge represented in the current ontology should be at least as updated as
the sensed. With this in mind, KM-O1 can be revised:

(KM-01") ¢ € L(O) = [¥(O) F v(¢) <= O F ¢]

Clearly, KM-O1’ exploits the definition of conservative extension (20). KM-O1/
shares a similar spirit to that behind KM-O1 and KM1, i.e. to govern the sort
of theorems the repaired ontologies/knowledge-base could contain. It enforces
that v(O) must be a conservative extension of O. However, confining all repaired
ontologies to those that are conservative extensions of their originals can often
be excessively strong. We believe it should be reasonable to repair ontologies
without extending the original signature, and so more work is required to revise
KM-0O1'.

KM-0O2 follows the intuition that the obvious path is taken if there is no
conflict. In belief revision, such a path is to take the conjunction of the existing
belief and the new. In ontology repair, it would be unnecessary to add and learn
all new concepts. Therefore, a reasonable repair plan should allow an ontology
to retain all concepts that are not false:

(KM-02) O¥F 1L = v(0)=0
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Clearly, KM-02' is adapted from KM-02, which is a direct translation of KM2.
KM-02’ tries to share the same underlying spirit of KM-02, i.e. that the trivial
path is taken if there is no conflict. With the repair plans so far developed
(83.1), it may be safe to assume to impose no change to consistent ontologies,
i.e. the repaired version of a consistent ontology is equivalent to itself. However,
we may want to design repair plans to not eliminate inconsistency, but to,
e.g., repair unexpected regularities and merging/splitting representations. It
may appear that there may not be a trivial path since the repair plans are
envisioned to resolve a wide variety of faults, ranging from those arising from
logical inconsistency to inefficiency in inference. If we give a classification of
repair plans, then a trivial path for each class may become more appropriate
and obvious.

As in belief revision operators, the key problem in repair plans is main-
taining consistency; both belief revision operators and repair plans should not
introduce any unwarranted inconsistency. However, the criteria for maintaining
consistency are different for belief revision and ontology evolution; therefore,
KM-03 would need to be radically revised. For example, a repaired ontology is
not always guaranteed to be consistent because only one type of inconsistency,
the type for which the repair plan is designed, would have been eliminated.

Finally, KM-O4 can be represented in terms of v as:

(KM-04') [0; = O;] = [v(0:) = v(0;)]

However, ontology evolution considers signature evolution as well, so that
the representation can change. Unlike in belief revision, syntactical form is not
irrelevant in ontology evolution.

Although the AGM postulates (and the reformulations) do not seem to fit
the repair operations we want, these along with other formalisations of related
issues in belief change are worth further exploration.

5 Programme of Work

Our discussions of previous work (§2), central ideas (§3) and future directions
(84) have provided much of the detail of our programme of work, so they will
not be repeated. Instead, we give only an outline of our workplan by dividing
it into a series of iterative, interdependent workpackages, which will be carried
out in parallel. The Gantt Chart is shown in Figure 3.

WP 1. Analysis and Formalisation of Examples of Ontology Evolution
The objective of WP 1 is to discover examples from the history of physics and
to formalise them in higher-order logic. More specifically, this workpackage will
focus on identifying and formalising candidate case studies from the history of
physics. More details are described in §3.2.

Duration: 4 months spread over 24 months. Deliverables: Analysis on
and formalisations of examples of contradictory prior ontologies. Dependen-
cies: None.

WP 2. Design of Repair Plans Based on the analysis and the formalisa-
tions of the development set of examples of ontology evolution to be delivered in
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WP 1, we will design up to 10 generic repair plans. More details are described
in §3.1.

Duration: 12 months spread over 24 months. Deliverables: Up to 10
repair plans. Dependencies: Formulation of development set in WP 1 and
analysis of the ontology evolution illustrated by these examples.

WP 3. Implementation of Repair Plans The various repair plans and
example ontologies will be implemented in a higher-order, logic-programming
language. The repair plans will be tested on the development set delivered in
WP 1 until they are performing dependably to specification. More details are
described in §3.3.

Duration: 8 months spread over 24 months. Deliverables: An imple-
mented system of repair plans and example ontologies. Dependencies: WPs
1, 2 and 4.

WP 4. Theory of Ontology Evolution This workpackage will involve the
development of a theory addressing the fundamental issues of ontology evolution,
including rationality and consistency maintenance.

Duration: 3 months spread over 12 months. Deliverables: A theory of
ontology evolution. Dependencies: WPs 1, 2 and 3.

WP 5. Evaluation of Plans The aim of this workpackage is to evaluate
the repair plans by their generality and explanatory power, to examine the
correctness of our theory and to explore new application domains.

Duration: 11 months spread over 30 months. Deliverables: Analysis and
formalisation of example repaired ontologies. Dependencies: WPs 1, 2, 3 and
4.

WP 6. Write-Up The publication of the results of the research will be
spread over the second half of the whole period, while a PhD thesis will be the
focus over the final 6 months.

Duration: 10 months spread over 18 months. Deliverables: PhD Thesis,
various conference and journal papers. Dependencies: All other workpack-
ages.

5.1 Potential Risks

Because this project is novel, ambitious and adventurous basic research, it is
inevitable that it will not proceed exactly to plan. We have, therefore, not
proposed the kind of detailed, tightly-organised workplan that is required in a
development project. Rather, we have proposed ambitious goals within a broad-
brush workplan, and expect to dynamically replan this as our research reveals
more clearly the difficulties and opportunities we face.

The major risk faced by the project is that nearly all ontology evolution
in physics is found to be too diverse to be emulated by a small set of generic
and widely applicable repair plans. Our initial investigations are promising,
but if this risk materialises then we will focus our efforts on the areas of the
domain on which our techniques are most effective and will try to characterise
both those successful areas and those on which our techniques are unsuccessful
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with the intention of gaining a deeper understanding of the forces at work.
We will also use our theory of ontology evolution to apply sequences of atomic
repair operations in situations where repair plans are unobtainable. We will
seek alternative heuristics to control the resulting combinatorial explosion.

If we cannot identify an ideal implementation language, we will err on the
side of a well-maintained language and augment it with any missing functionality
ourselves.

6 Conclusion

Further progress in handling ontology evolution is now urgent, due to the de-
mand created by multi-agent systems. We argue that agents must be able
to update their own ontologies to resolve inconsistencies in order for proper
communication in a distributed, heterogeneous environment. By analysing the
abundant historical records of ontology evolution in physics, we design diagnosis
and repair operations based on the method adopted by physicists for revising
theories and resolving experimental contradictions. The atomic operations are
then composed together to achieve greater explanatory power. A formal the-
ory of ontology evolution will connect the repair plans together by defining
desirable properties that should hold, e.g., soundness. This project, therefore,
represents an important step toward equipping agents with automated ontol-
ogy repair mechanisms and formalising the criteria of correct, reasonable repair
operations.
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