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Background

A number of very expressive ontologies of space and time have
been developed (at Leeds and elsewhere). These characterise
space and time in terms of basic geometrical and ordering
primitives.

From a theoretical point of view it seems that such formalisms
should provide an adequate basis to define more specific features
of the world, such as particular types of physical object or process.

However, little progress has been made in this direction.
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Difficulties

There are perhaps two main reasons for the lack of progress:

A large number of highly complex definitions are required.

The resulting system would almost certainly be useless as a
basis for automated reasoning, because of its intractability.
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Research Goal

To develop a large highly expressive ontology based on a
semantic model of space, time and matter.

The design incorporates several more basic theories of space and
time.

Whereas previous versions existed only on paper (and in minds),
the current development is in terms of machine processable
representations.

Current version is in Otter format (1st-order logic).
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A Conceptual Reference Ontology

Because of its wide scope and expressivity, the theory is highly
intractable.

However, ...
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A Conceptual Reference Ontology

Because of its wide scope and expressivity, the theory is highly
intractable.

However, ...

The ontology is not itself intended a vehicle for automated
reasoning.

Rather it is intended as a Conceptual Reference Ontology used
to:

Rigorously define concepts relative to a well-defined
semantics.

Provide authoritative validation for inference rules used in
more practical, reasoning-oriented representations.
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Constituents of the Formalism

A theory of spatial regions.
A theory of time and change.
A theory of matter.

A formalisation of events.

A formalisation of count nouns.
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The HoldsAt Predicate

The formalism incorporates both a temporal and a modal logic.
But these are represented using a standard 1st-order notation.

The basic form for asserting a (contingent) fact is as by
predications of the form:
HAC P, h, t)

Meaning that proposition P holds in history h at time t.

Logical structure of P is captured by axiomatising the HA predicate:

all pht ( HA(C -p, h,t) <-> -HA( p, h,t) ).

all pqht (HAC p & q, h,t) <-> (HAC p, h,t) & HA(C g, h,t)) ).
all pgqht (HACp | g, h,t) <-> (HAC p, h,t) | HAC g, h,t)) ).
all pqht ( HAC p -> q, h,t) <-> (-HA( p, h,t) | HAC g, h,t)) ).
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Time and Temporal Operators
A temporal ordering relation t1 < t2 can be used to compare
time points. This is axiomatised as a (dense) linear order.
Using this ordering, tense operators are easy to define:

all p h t ( HAC Future(p), h, t)

<=>
(exists t1 ( t < t1
&
HAC p, h, t1 )
)
)
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The Necessity Modality

If a proposition is necessarily true, it is true in all histories at all
times:

all p ( Necessarily( p )
<=>
(all h t ( HAC p, h, t )))
) .

Subtler modalities, such as inevitability can also be defined.
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Branching Time
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Individuals in Time

Because propositions are relativised to a time and a history, | also
relativise the denotations of individual constants in the same way.

Thus the spatial extension of an individual is represented by:
ext(a,h,t)

The value of ext(a,h,t) is a fixed region (independent of time
and history).

Thus we can reason about spatial extensions using static spatial
theory.
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Spatial Theories

A number of different region-based spatial theories could be
employed to reason about spatial extensions:

Tarski’'s extensional Mereology (theory of the Part relation)
Region Based Geometry (a categorical region-based geometry)

Boolean Connection Algebra (a derivative of the 1st-order RCC
theory).
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Boolean Connection Algebra

%/hls BCA O
all x (-C(x, 0)).

%h’%h BCA 1 (Reflexivity)
all x { -(x = 0) -> C(x,x) 1.

%%% BCA 2 (Symmetry)
all x y (C(x,y) -> C(y,x)).

%/ BCA 3
(all x vy z { (C(x,y) & ((y+z) = z)) -> C(x,z) 1}).

%%/ BCA 4
(all x y z { C(x, (y + z)) > (C(x,y) | C(x,z)) B).

%/t BCA 5 (Extensionality)
(all x y {(all z {C(z,x) —> C(z,y)}) —> ((x+y) = y)}).

LOG
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Additional BCA Axioms

%hte BCA 6 (dense nesting, aka interpolation)
(all x y { NTPP(x,y) & ->
(exists z {NTPP(x,z) & NTPP(y,z)})
by
) .

%%% BCA 7 Connecteness
(all x { x=0) | x=1) | C(x, -(x)) ).

LOG
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Equational Axioms for Boolean Algebra

(x+ (y +2z)) = (x+7y)+2).
(x +y) = (y + x).
(x + (x *x y)) = x.
(x+ (y xz)) = (x+y) x (x+ 2z2)).
(x + (-x)) = 1.

((x *x (y * 2)) = ((x *xy) x z)).
(x * y) = (y * x).
(x *x (x + y)) = x.
(x * (y +2)) = ((x *xy) + (x *x z))
(x * (-x)) = 0.
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The Definitional Approach

The plan is to develop the ontology primarily by definitional
means: building up from basic primitives, to specifications of

concepts suitable for describing objects and processes in the
physical world.
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The Definitional Approach

The plan is to develop the ontology primarily by definitional
means: building up from basic primitives, to specifications of
concepts suitable for describing objects and processes in the
physical world.

In order to achieve this, it is envisioned that definitions will be build
up in layers.

The key to this will be the construction of an expressive mid-
level ontology of concepts that are defined from the primitives
and oriented towards defining more specific real world objects,
situations and processes.
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Elements of the Mid-Level Ontology

The mid-level ontology will deal with general characteristics of the
structure and behaviour of material objects:

Individuation of objects from arrangements of matter.
|dentity of objects through time.

Spatio-Temporal Continuity.

Kinematics (and Dynamics?).

Basic types of event and change.
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A Challenging Test Problem

In order to focus the development | am working towards giving
direct (automated) proofs of certain types of high-level inference
derived only from the fundamental theories.
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A Challenging Test Problem

In order to focus the development | am working towards giving
direct (automated) proofs of certain types of high-level inference
derived only from the fundamental theories.

The particular problem | have chosen is to demonstrate that if a
solid object is located in a cavity within a solid container. It cannot
move outside that cavity (as long as the container remains intact).
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Containment lllustration
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Self-Connectedness

The condition that in most circumstances, physical objects for a
self-connected whole if fundamental to much reasoning about the
physical world.

Self-Connectedness can be defined from the binary Connection
relation as follows:

(all x ( CON(x) <=>
(allyz ( ( (x=(y +2)) & -(y=0) & -(z=0) )
->
C(y,z)
) ) ) ) .

Unfortunately this definition is rather hard to reason with.
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Continuity

The spatio-temporal logic is expressive enough to enable direct
definition of the continuity condition satisfied by most physical
objects.
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Continuity

The spatio-temporal logic is expressive enough to enable direct
definition of the continuity condition satisfied by most physical
objects.

If = IS continuous then:

Every region which part of (discrete from) the extension of «
at time ¢ has a sub-part which is part of (discrete from ) the
extension of x throughout an open time interval, including time
L.

(The reverse implication requires a couple of other more trivial
conditions.)
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Continuity lllustration
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Planned Proof of Containment Principle

The proof can be broken down into two parts:

Show that the region of space swept out by a self-connected
continuous region, between any two time points of its existence,
must be self connected.
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Planned Proof of Containment Principle

The proof can be broken down into two parts:

Show that the region of space swept out by a self-connected
continuous region, between any two time points of its existence,
must be self connected.

Show that if region r is topologically inside a (containing) region
c and r’ is topologically outside ¢, then no self-connected region
which includes both » and »” as parts can be discrete from c.
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Progress So Far

Reasoning using the temporal theory has turned out to be
surprisingly effective. A wide range of temporal theorems have
been proved.
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Progress So Far

Reasoning using the temporal theory has turned out to be
surprisingly effective. A wide range of temporal theorems have
been proved.

Reasoning using the spatial theory has turned to be surprisingly
ineffective. Basic spatial theorems involving self-connectedness
have been very difficult to prove.

LOG 24



