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List of important predicates from
Chapter 5

hpll] [ is a half-plane

afly, o] lines bounding half-planes /; and [/, are coinci-
dent

par(ly, lo] lines bounding half-planes [; and [, are parallel

L[l 1o, 13] lines bounding half-planes /;,l; and /3 meet at a
single point

coorlly, la, 3] lines bounding half-planes /;, l; and /3 form a co-
ordinate frame

<l 15> lines bounding half-planes /; and I, form a gen-

eral line pair

<y, l;3>» =<l3,l>  lines bounding half-planes [y, 15, /3 and [, form
general line pairs that determine the same point

addlly,ly, 3, a,b, c| OA + OB = OC in reference to the coordinate
frame formed by lines bounding half-planes /1, /5
and I3

mult|ly,ls,l3,a,b,c]  OA - OB = OC in reference to the coordinate
frame formed by lines bounding half-planes /, I
and I3

powery[ly, o, I3, a, by] OA" = OB in reference to the coordinate frame
formed by lines bounding half-planes [y, [; and /3

T{RQ) [l1, 12, 13, m] m is fixed with respect to the coordinate frame
formed by lines bounding half-planes /1, ls, I3
B, 1, 1o, 5] the point determined by <[,l;> lies between

the points determined by <I,{;>> and <, [3>

See Chapter 5 for full explanation of the above.




Abstract

A spatial logic is any formal language with geometric interpretation. Re-
search on region-based spatial logics, where variables are set to range over
certain subsets of geometric space, have been investigated recently within
the qualitative spatial reasoning paradigm in AL

Building on the results from [Pra99] on spatial logics with convexity, we ax-
iomatised the theory of (ROQ(R?), conv, <), where ROQ(R?) is the set of reg-
ular open rational polygons of the real plane; conv is the convexity prop-
erty and < is the inclusion relation. We proved soundness and completeness
theorems. We also proved several expressiveness results. Additionally, we
provide a historical and philosophical overview of the topic and present con-
temporary results relating to affine spatial logics.
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Introduction

Introduction This thesis concerns region-based spatial logic with convex-
ity. What is spatial logic? Informally, spatial logic can be viewed as a formal
language with geometrical interpretation, where variables range over geo-
metrical entities and relation and function symbols are interpreted as geo-
metrical relations and functions. In terms of geometry, it encompasses inter
alia Euclidean geometry and topology. As an example consider a language
with two primitive symbols, one denoting a ternary betweenness relation on
points and the other denoting the relation “the distance from point a to point
b is the same as the distance from point c to point d”. This is one of the first
spatial logics, investigated by Alfred Tarski (see [TG99]) and called by him
Elementary Geometry.

Although the name may be an invention of the early twenty-first century,
spatial logics have rich and diverse background. The origins of spatial logic
can be traced to the early developments in formal geometry. The first, and
still the best-known, formalisation of geometry was undertaken in the Ele-
ments by Euclid. It was the development of the tools of model theory and
formal logic in the first half of 20" century that allowed researchers to probe
the inferential and expressive power of geometry. The novelty of this ap-
proach consists in changing the focus from geometry itself to the language
that describes it. This allows one to describe several languages and compare
them in terms of expressivity and tackle the problem of their computational

complexity with mathematically precise tools.

Constructing a spatial logic If we were to custom-build a spatial logic, the
tirst problem we are going to face is the choice of underlying geometric space.
Many approaches have been studied, in most of them however either R" for

KT



some n or some more general topological space is considered. The choice of
R? comes to mind first, due to its proximity to the space of our every-day
experience. It proves a very hard object of study, hence often times R? is
studied in lieu of R*. Obviously, given its use throughout mathematics and
computer science, there are perfectly good reasons to study R? in its own
right.

Having set on the underlying geometric space, say X, we are faced with
another decision. Should the variables range over elements of X or some
subset S C 2X7? In the first case we would be talking about point-based spatial
logics, in the second about region-based spatial logics. There are, obviously,
good reasons to study point-based spatial logics. After all, one can argue
that, since points are “atoms” of most geometric spaces, it seems reasonable,
to construct logical formalisms that mirror the granular nature of geometric
spaces. Also, it would seem that our intuitions about the space we inhabit
and which ultimately serves as a basis for any mathematical interpolation
is inherently point-based. However, many a mathematician has pondered
the ”strange” status of points. For example, points in R" have no dimen-
sion (or are of O-dimension) and yet they serve as the building blocks for all
other many-dimensional geometric entities. After all, in our day-to-day spa-
tial reasoning tasks we do not rely on points as the building blocks of nature.
It is rather regions that we reason with. Ultimately then, it might be the id-
iosyncrasies of Greek mathematical tradition, pinnacle of which was Euclid’s
Elements, enforced by centuries of repetition, that is to blame for our attach-

ment to points.

The development of automated computing that has begun in the last cen-
tury exposed yet more weaknesses of the point-based approach. Point-based
spatial logics are in many cases computationally heavy. One can also argue
that, since point-based approach is often connected with numerical, quanti-
tative approach, data handling processes are much more error-prone. This
led some researches to pursue alternative, region-based approach. This field
of study has become known as qualitative spatial reasoning (QSR). Qualita-
tive in this context means that all the primitive relations and functions are
of non-numerical nature. The hope was above all that this will make spatial
reasoning more tractable from the computational point of view. For example
consider a language with a single relation symbol C' understood as the con-
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tact relation. Intuitively two sets are in contact if their boundaries share at
least one point. This spatial logic was investigated under many guises, most
notably within the qualitative spatial reasoning paradigm.

As we saw, there are compelling reasons to choose region-based approach
over the point-based one. The question arises now as to what sort of regions
should we consider? We could obviously decide to consider all S C 2% for
a given space X. Are there any reasons to consider a special class of regions
rather than give them all an equal footing? One such reason is the admittedly
vague notion of well-behavedness. In what follows we attempt to make this
notion more precise. (More technical treatment of the topic is to be found
in chapter 2 where all the terms used here are given proper mathematical
definitions.)

First of all to smooth out the reasoning with regions, we would like to
weed out as many “special cases” as possible. Assuming we are working
with some topological space, this can be done by considering only regular
subsets of that space as plausible region-candidates. This gets rid of many a
“strange” set e.g. of fractal nature. In the next step we need to decide whether
we consider our regions to contain their boundaries or not. In the first case we
end up with regular closed sets and in the second case with regular open sets.
From a formal point of view, this is not an essential choice. In the remainder
we will consider mainly regular open variants (and everything we say can be
applied mutatis mutandis to the regular closed case). However, in describing
work done in the past we often use regular closed variant as well.

The class of all regular open subsets of some topological space is already
a good choice for the well-behaved regions. Apart from what has been men-
tioned already, by a well-known result the elements of the class of regular
open subsets of some topological space form a Boolean Algebra. That is, op-
erations of sum, product and complement of regular open sets conform to
the laws of Boolean Algebra. We can do better still. We can look inside this
class for some better region-candidates.

Note that in other areas of computer science, the approximation of real
life objects as polygons is nearly universal. The concept of polygons is widely
used in computational geometry. It is also employed in many practical appli-
cations, like virtual reality, computer vision or virtual production.! We single

'We do not deal in detail with these approaches here. For more information please consult
[PS85] for a gentle introduction to computational geometry and [BZ01] for computer vision
and virtual manufacturing applications.

13|



out two classes: (regular open) polygons and (regular open) rational polygons.
The fact that it is countable, makes the second subclass especially interesting
from the point of view of computer science applications.

The choice of geometric space and either point- or region-based approach
dictates the choice of relations and functions that we are presented with.
Within the qualitative spatial reasoning paradigm, non-numerical predicates
on regions are considered, most notably contact and connectedness. Tradi-
tionally spatial logics over languages containing relation and function sym-
bols interpreted as relations and functions invariant under certain geometric
transformations (Euclidean, topological, etc.) are called accordingly as e.g.
Euclidean, topological (spatial) logic. We follow this convention here.? For
example, consider an affine spatial logic constructed in the following manner.
Start with a language with two primitive symbols conv and < let them denote
the following predicates defined on regular open rational polygonal subsets
of R%. The symbol conv(a) is to be understood as “region a is convex” and
the symbol a < b as “region a is a subset of region b”. It is an affine spatial
logic, since convexity is an affine-invariant property. This spatial logic is in
fact one that we are concerned the most with in this thesis.

The last choice made in constructing a spatial logic concerns the syntacti-
cal complexity of the language we want to use. It can be (most likely) first-
order logic, propositional logic or a higher-order system. Also, languages of

non-classical logics are sometimes considered.

Investigating spatial logics Having defined a spatial logic, we would like
to explore its capabilities. We list some of the ways of doing so, summarised
in the form of the following problems.

P1 How can we characterize the valid formulas of the spatial logic? That is,

what is the theory of a given spatial logic?

P2 What is the expressive power of a spatial language? In particular, given a
language, what other geometrical relations can we express in terms of

primitive relations in that language?

2We note, however, a slight ambiguity here. First of all a relation/function invariant un-
der one type of transformation can be nevertheless invariant under many others (e.g. triv-
ially, any relation invariant under affine transformation is also invariant under Euclidean
transformation). Secondly, a spatial logic can contain a combination of primitives invariant
under different transformations.

14|



P3 What is the computational complexity of a given spatial logic? Most first-
order logics are, for obvious reasons, undecidable. However, restrict-
ing attention to certain fragments of those logics, might prove useful in

terms of computational tractability.

All this gives rise to the interesting challenge of finding a spatial system
balanced between expressive power and undecidability (here the prime ex-
ample is Tarski’s elementary geometry). Spatial logics can be interesting from
a viewpoint of formal logic but there are also some more practical motiva-
tions for developing them. Most of the motivations come from computer sci-
ence. The research in the field of qualitative spatial reasoning, developed within
the area of Artificial Intelligence can serve as the first example. One approach
uses a family of region connection calculi in their formalisation of spatial in-
ference processes. Within qualitative paradigm no (numerical) information
is required as to the distance between objects (thought of as regions, rather
than points). Instead, their position is described by providing the qualita-
tive information — for example which region is a part of which other and
which regions are disjoint. We note in passing that Euclid himself does not
make any use of numbers in the description of geometrical properties, thus
his work might be interpreted as non-quantitative, yet point-based, in charac-
ter. The theory of spatial databases provides the second more practical moti-
vation for developing (region-based) spatial logic. In computer applications,
spatial data is frequently stored in the form of polygons or polyhedra (that
is, sets of points definable by Boolean combinations of linear inequalities).
Development in this area of research gave rise to the concept of a constraint
database.

Thesis structure The order of the presentation is as follows.

Chapter 2 contains the necessary mathematical background and notational

conventions.

Chapter 3 presents a historical and philosophical background of logical in-
vestigations of affine geometry.

Chapter 4 is a presentation of more contemporary region-based spatial log-
ics, both topological and affine.

15|



Chapter 5 contains the main contribution of this thesis — an axiom system
for spatial logics with convexity and inclusion predicates (thus deal-
ing with problem P1 regarding the investigations of the properties of a
given spatial logic) together with some expressiveness results (P2).

Chapter 6 concludes the thesis and deals with some open problems (e.g.

connected to P3).

We also include an index of chosen concepts and individuals mentioned

in the thesis.
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Mathematical Background

In this chapter we provide the reader with basic definitions and theorems
used throughout the report. For more details consult [End01] [CK73] or
[Mar01]. The basic notions used within set theory can be found in [Sup74].
When needed, specific references are provided in the respective sections.

We introduce the following notational conventions. We use

(i) boldface capital letters A, B, C etc. to denote points of a given mathemat-

ical space;

(ii) lowercase italicised letters (mostly) from a mid section of the alphabet ,

m, n etc. to denote lines and half-planes of a given mathematical space;

(iii) lowercase italicised letters from the end of the alphabet x, y, z etc. to

denote variables of a given language;

(iv) lowercase italicised letters from the beginning of the alphabet 4, b, c etc.

to denote elements of a given domain;

(v) lowercase Greek letters o, 3, v etc. to denote formulas from a given lan-
guage;

(vi) uppercase Greek letters 3, I', ¥ etc. to denote sets of formulas from a

given language.

All the above can be combined with super- and sub- script notation. We
reserve the right to change some of these conventions and to introduce new

ones as we go.




2.1. LOGIC

2.1 Logic

Let £ be a (first-order) language.

Definition 2.1.1 (Signature). A signature X of L is a set of symbols given by
specifying the following data:

(i) a set of m-placed function symbols F (m > 1);

(ii) a set of n-placed relation symbols R (n > 1);

(iii) a set of constant symbols C.

Note that any or all of the sets 7, R, C might be empty.

We often denote a (first-order) language with the signature X by Ly. We
sometimes refer to certain restrictions of a given first-order language L: the
quantifier-free fragment, the existential fragment (not containing the univer-
sal quantifier — also dubbed constraint language — denoted L5.) and the uni-

versal fragment (not containing the existential quantifier).

Definition 2.1.2 (L-term). The set of L-terms is the smallest set Term such
that:

(i) ¢ € Term for each constant symbol ¢ € C;
(ii) each variable symbol v; € T'erm, fori =1,2,..;

(iii) if t1,...,t, € Termand f € F, then f(ty,...,t,) € Term, where n is the
arity of f.

Definition 2.1.3 (£-formula). We say that ¢ is an atomic £-formula if ¢ is either

(i) t; = t9, where t; and t, are terms, or

(ii) R(ty,...,tn), where R € R,and ty,...,t,, are terms and m is the arity of
R.

The set of L-formulas is the smallest set Formula containing the atomic for-
mulas such that:

(i) if ¢ € Formula, then —¢ is in Formula,




2.1. LOGIC

(ii) if ¢,y € Formula, then ¢ A ¢ and ¢ V ¢ € Formula, and
(iii) if ¢ € Formula, then 3,,¢ € Formula.

By the scope of the quantifier in a formula ¢ we mean the part of ¢ contained
within a pair of brackets, leftmost of which is placed immediately after the
quantifier. We drop the bracketing if it is clear from the context. We say that
a variable v; occurs freely in a formula ¢, or that v; is free in ¢, if it is not
within the scope of any quantifier Jv;, Vv;; otherwise we say that v; is bound.
We write ¢(vy, . .., v,) (often abbreviated to ¢(7) to denote a formula ¢ whose
free variables form a subset of {vy, ..., v,}. We use the letters .y, z, .. ., pos-
sibly with the superscripts, to denote the variables.

We call an £L-formula an L£-sentence if it has no free variables.

Definition 2.1.4 (L-Structure). Let £ be alanguage. An L-structure M is given
by the following data:

(i) anon-empty set Mcalled the universe, domain or underlying set of M;
(ii) afunction fM: M™ — M for each n-ary f € F;

(iii) a set RM C M™ for each m-ary R € R;

(iv) an element c™ € M for each c € C.

We often write
M= (M,fM R M. feF ReR,cel).

We refer to fM, RM, M as the interpretations of the symbols f, R, c. By abus-
ing the notation we will drop the superscript whenever it is clear from the
context that we are talking about interpretations. We will use the notation
A, B, M, N, etc. to refer to the underlying sets of the structures A, B, M, N,
etc.

Definition 2.1.5 (Assignment). Let (z¢, z1, . . .) be an infinite sequence of vari-
ables. An infinite sequence (ag,as,...) of elements of M is called an M-
assignment. Intuitively, we think of elements of an M-assignment as assign-
ing the value a; to the free variable z;. Given a term ¢ and model M, the
interpretation of t in M under the assignment (ao, a1, . . .) is defined in the ob-

vious way.
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2.1. LOGIC

Definition 2.1.6 (Truth in a model). Let ¢ be a formula with free variables
from v = (vj,,...v;,), and leta = (a;,,...,a;,) € M". We inductively define
M = ¢[a] as follows.

() if ¢ is t; = ty, then M = ¢[a] if tM[a] = t1'[a);

(i) if ¢ is R(t1,...,t,), then M |= ¢[a] if (t1[a],. .., t)M[a]) € RM;

(iii) if ¢ is —), then M |= ¢[a] if M £ o[a);

(iv) if ¢ is ¥ A6, then M = ¢[a] if M = [a] and M |= 0[a);

(v) if pist v 0, then M = ¢[a] if M = ¢[a] or M = 0[a);

(vi) if ¢ is Fv;¢(T, v;), then M = ¢[a] if thereis b € M s.t. M = [a, b|;
(vii) if ¢ is Yv;0(7,v;), then M |= ¢[a] if M |= y[a, b] for all b € M.

If M = ¢[a] we say that M satisfies ¢[a] or ¢[a] is true in M.

Definition 2.1.7 (£-Theory). An L-theory T is a set of L-sentences. We say
that a structure M is a model of T or that 7" has a model M and write M =T
if M = ¢ for all sentences ¢ € T. By the theory of M we mean the set
{¢ | M |= ¢}. We often write Th(M) to denote the theory of M.

Definition 2.1.8 (£-Embedding). Suppose that M, N are L-structures with
universes M and N respectively. An £L-embedding n : M — N is an injective
function  : M — N preserving the interpretation of all the symbols of L.

More precisely:

Q) n(fMar, ..., am]) = N(n(ay),. .., n(a,)) forall f € Fand ay,...,a, €
M, where m is the arity of f;

(ii) (a,...,a,) € RMif and only if (n(a,),...,n(a,)) € RN forall R € R
and a4, ...,a, € M and n is the arity of R;

(iii) n(cM) = cN forc e C.

A bijective L-embedding is called an L-isomorphism. If M C N and the inclu-
sion map is an L-embedding, we say either that M is a substructure of N or
that \V is an extension of M.




2.2. BOOLEAN ALGEBRA

Definition 2.1.9 (Elementary Equivalence). We say that two L-structures M
and N are elementarily equivalent and write M = N if M = ¢ if and only if
N = ¢ for all L-sentences ¢.

We have the following result.
Theorem 2.1.1. Suppose that j : M — N is an isomorphism. Then, M = N.

We define all set-theoretic notions in the usual way.

2.2 Boolean Algebra

Definition 2.2.1 (Boolean Algebra). A Boolean Algebra is a structure

B = <Ba+7'7_7071>

with two binary operations + and -, unary operation — and two constants 0
and 1, such that for all z,y, z € B:

T+ —x=1;

z-—x=0;

v (y+2)=(r+y) +z

- (y-2)=(r-y) 2

rT+Yy=y+x;

x4 (z-y) =

r-(r+y) =1




2.3. THEORY OF FIELDS

- (y+z2)=(x y)+(v-2);

v+ (y-2)=(@+y)- (z+2).

A Boolean algebra B with B having only one element is called a trivial Boolean
algebra or a degenerate Boolean algebra.

Definition 2.2.2 (Partially ordered set). The structure P = (P, <), such that P
is a set and < is a partial order is called a partially ordered set or a poset.

We can define a partial order < on a Boolean algebra B by
x <y ifandonlyifz =2y ifandonlyify =z +y.

An atom in a Boolean algebra is a nonzero element = such that there is no ele-
ment y such that 0 < y < x. A Boolean algebra is atomic if every nonzero ele-
ment of the algebra is above an atom. We sometimes represent a Boolean al-
gebra B as a partial order B = (B, <) instead of the standard B = (B, +, -, —,0, 1).

Definition 2.2.3 (Complete Boolean Algebra). A Boolean algebra B = (B, <)
is called complete if for every A C B, inf A and sup A exist.

Definition 2.2.4 (Subalgebra). Let B be a Boolean algebra and A C B. We say
that A is a Boolean subalgebra of B if 4+, —, -, 0, 1 have the same meaning in A
as they do in B. We say that A is a dense subalgebra of B if, for every x € B
with 0 < z, there exists y € Asuch that 0 < y < x.

2.3 Theory of Fields

Definition 2.3.1 (Monoid). A monoid is a structure & = (S, +,0) with + a

binary operation and 0 a constant such that for all z € S the following holds.

v+ (y+2)=(r+y)+ 2

r+0=z, 0+ ==2.
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When + is used to denote the binary relation in a monoid S, it is custom-
ary to refer to S as an additive monoid. We note that sometimes - is used in
stead of +. Then, the monoid is termed multiplicative. This convention carries

over to groups.
Definition 2.3.2 (Group). Let & = (G, +,0) be a monoid. We call & a group if
for all z € G there exists y € G such that the following holds.
(x4+y=0Ay+2=0)
Definition 2.3.3 (Abelian Group). Let & = (G, +, 0) be a group. We call & an
Abelian group if for all z,y € G the following holds.
r+yYy=y—+ox

Definition 2.3.4 (Ring). Let (R, +,0) be an Abelian group and let (R, -,1) be a
monoid. A structure R = (R, +,-,0,1) isaring if for all z,y € R the following
holds.

r-(y+z)=(r-y)+(z-2)

Note that 1 and 0 need not be distinct. A ring is commutative if the multiplica-

tive monoid is.
Definition 2.3.5 (Division Ring). Let R = (R, +, -, 0, 1) be a ring. We say that

R is a division ring if

0£1;

and for all x € R there exists y € R such that

(x-y=1Ay-z=1)
We denote division rings by ID.

Definition 2.3.6 (Field). By a field § we mean a commutative division ring.
By an ordered field we mean a field § together with a total order < on F satis-

tying the following conditions (universal quantification is implied).

r<y—acx+2<y+z
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0<zAN0Ly—0<2x- 9.

Definition 2.3.7 (Real Closed Field). Let § be an ordered field. § is called
Euclidean if every non-negative element in F' is a square. An Euclidean field
is called real closed if every polynomial of an odd degree with coefficients in

F hasazeroin F.

2.4 Topology

For more in-depth study of the field please consult [Kel75].

Definition 2.4.1 (Topological Space). A topological space X is a set, with a spec-
ified family of subsets 7 s.t.:

1. 0,X e,

2. ifU;erforallj € J, then;.,U; €7,

3.UertandV €r,thenUNV € 7.

The specified family of open sets 7 is called the topology on X. A topological
space is sometimes referred to as (X, 7), where X is a set and 7 is a topology
on X. If the topology is clear from the context we refer to the topological

space (X, 7) as X.

Definition 2.4.2 (Continuous Function). Let X,Y be topological spaces. A
function f : X — Y, where X, Y C R", is continuous if and only if for each
open subset V of Y, the subset f~! (V) is open in X.

Let us now introduce some basic concepts used within topology.

Let (X, 7) be a topological space and V' C X. By the complement of V', written

C(V'), we mean the following.

CV)={z|ze X,z gV}

Definition 2.4.3 (Closed Set). Let X be a topological space. A set A C X is
closed if the complement of A is open.

The following is a very important notion from out point of view.
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Definition 2.4.4 (Regular open/closed set). Let X be a topological space. For

every u C X, the set r = (u)~" is called regular open and the set r = (u)"" is

called regular closed.

Definition 2.4.5 (Interior). Let (X, 7) be a topological space and V' C X. We
define the interior of V, written V?, as being the largest open subset of X, or

member of 7, included within V.

Definition 2.4.6 (Closure). Let (X, 7) be a topological space and V' C X. We
define the closure of V, written V—, as the smallest closed subset of X, or

member of set of complements of 7, which includes V.

Remark. The following equivalence holds: V~ = —((=V)?).

Definition 2.4.7 (Boundary). Let (X, 7) be a topological space and V' C X.
The boundary of V, written b(V) is defined as follows:

b(V) =V-n—(VO).

Definition 2.4.8. Let (X, 7) be a topological space. A collection B of open
subsets of X is said to be a basis for the topology 7 if every open set is a union
of members of B.

The separation axioms are additional conditions which may be required to a
topological space in order to ensure that some particular types of sets can be
separated by open sets, thus avoiding certain pathological cases. The follow-
ing lists names and associated conditions for topological spaces, which are

most important from our point of view.

Name Definition

Semi-regular space has a basis of regular open sets
Weakly regular space semi-regular and for any non-empty open set v,
there exists a non-empty open set v with v~ C u

2.5 Affine and Projective Geometry

The very general notion of a mathematical space is notoriously hard to cap-

ture precisely. Very vaguely, a space consists of a set and a construction im-
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posing some structure on that set. We base our description of affine and pro-
jective spaces primarily on [Ben95]. For this section only we adopt the fol-
lowing notational conventions: (A, B) denotes the line through points A, B
and || reads is parallel to (two lines are said to be parallel if their intersection

is empty).

Definition 2.5.1 ([Ben95], p. 123). An affine space 2 is an ordered triple (P, L, E),
where P is a nonempty set whose elements are called points and L and E are
nonempty collections of subsets of P called lines and planes, respectively,
satisfying the following:

1. If P and @ are distinct points, there is a unique line / such that P € [
and Q € [;

2. If P, and R are distinct noncollinear points, there is a unique plane

containing them;

3. If P is a point not contained in a line /, there is a unique line m such that
Pemand mnli=0;

4. If [, m and k are distinct lines with [Nm = ) and mNk = (), then [Nk = (.

Definition 2.5.2. An affine plane 2 is an ordered pair (P, L), where P is a
nonempty set whose elements are called points and L is a nonempty collec-
tion of subsets of P called lines, satisfying the following;:

1. If P and @ are distinct points, there is a unique line / such that P € [
and Q € [;

2. If P is a point not contained in the line [, there is a unique line m such
that Pe mand mnil = (;

3. There are at least two points on each line;

4. There are at least two lines.

Familiar examples of affine planes include R? and the rational coordinate

plane Q2.

Definition 2.5.3 ([Ben95], p. 144). A projective space *B is an ordered pair
(P, L), where P is a nonempty set whose elements are called points and L

is a nonempty collection of subsets of P called lines satisfying the following:
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1. If P and @) are distinct points, there is a unique line [ such that P € [
and Q € [;

2. If A, B, C'and D are distinct points such that there is a point £ in I(A, B)N
[(C, D), then there is a point F'in I(A, C') N I(B, D) [Pasch’s Axiom];

3. There are at least three points on each line;

4. Not all points are collinear.

Definition 2.5.4. A projective plane B is an ordered pair (P, L), where P is a
nonempty set whose elements are called points and L is a nonempty collec-
tion of subsets of P called lines satisfying the following:

1. If P and @ are distinct points, there is a unique line / such that P € [
and Q) € [;

2. If [ and m are distinct lines in L, then I N m # (;
3. There are at least three points on each line;

4. There are at least two lines.

Two usual examples of projective planes are the Euclidean hemisphere and
the so-called real projective plane, denoted PR? (see [Ben95], p. 42). We now
show how PR? is defined.

Definition 2.5.5. A projective point is a line in R? that passes through the ori-
gin of R3. The real projective plane PR? is the set of all such points.

The expression [a, b, ¢], in which the numbers a, b, ¢ are not all zero, represents
the point P in PR* which consists of the unique line in R? that passes through
(0,0,0) and (a, b, c¢). We refer to [a, b, c| as homogeneous coordinates of P.

Affine and Projective Planes Given an affine plane (P, L) we extend it in
the following way. For each pencil ¢ of parallel lines we define a symbol X
called a point at infinity. Let P’ = P U {X, | ¢ is a pencil of parallel lines in
L} and for each [ € L such that! € ¢, define I’ =1U {X,}. Letl,, = {X, | ¢ is
a pencil of parallel lines in L}. Define L' = {I' |l € L} U {l}.

We have the following two results. [Ben95], p. 43-44.
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Theorem 2.5.1. (P’, L') is a projective plane whenever (P, L) is an affine plane.

The proof is a straightforward check that all the axioms of projective plane
hold in (', L'). Now consider the following construction. Let (', L) be a
projective plane. Choose ! € L' and callit .. Let P = {p|p € P’ Ap & I}
Now for each line !’ different than /., definel = {p|p € ' Ap & | }. Define
L ={l|l' € L'} (note that we have fixed the notation).

Theorem 2.5.2. If (P', L') is a projective plane, then relative to any line I, in L',
(P, L) is an affine plane.

The proof is analogous. This time we are checking that all the axioms of the
affine plane hold in (P, L).

Recall that an n x n matrix A is invertible if there exists a n x n matrix
B with AB = I, where [ is the identity matrix; A is orthogonal if AAT = I,
where A7 is the transpose of A (Cf. [Poo06]).

In the following definitions we confine our attention to the Euclidean plane.

In describing transformations we follow [Tea%94].

Definition 2.5.6. An affine transformation of R? is a function 7 : R? — R? of
the form
T(r) = Az + b,

where A is an invertible 2 x 2 matrix and b € R?.
The following is standard.

Theorem 2.5.3. An affine transformation maps straight lines to straight lines, pre-
serves parallelism and ratios of lengths along parallel straight lines. The set of affine

transformations forms a group under the operation of composition of functions.

We also give an example of more familiar (perhaps) Euclidean transforma-
tion. By an isometry of R? we mean a function from f : R?* — R? preserving
distances. It is a standard result that there are four isometries: a translation,

a rotation, a reflection, and a glide reflection.

Definition 2.5.7. A Euclidean transformation of R? is a function 7 : R* — R? of
the form
7(x) = Uz + b,

where U is an orthogonal 2 x 2 matrix and b € R?.
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Theorem 2.5.4. In R?, every isometry is a Euclidean transformation and every Eu-
clidean transformation is an isometry. The set of all Euclidean transformations forms

a group under the operation of composition of functions.

Obviously, every Euclidean transformation of R? is an affine transforma-
tion of R? (every orthogonal matrix is invertible). Hence affine properties
must be preserved under Euclidean transformations.

We now turn to the definition of a projective transformation. Let [a,b,c] =
{\(a,b,c) | A € R} be apointin PR* and let [A(a, b, c)] = {\(A(a,b,c)) | A € R}

where A is an invertible 3 x 3 matrix.

Definition 2.5.8. A projective transformation of PR* is a function 7 : PR* — PR?
of the form
7([a, b, ¢]) = [Ala, b, c)].

Analogously to the affine and Euclidean cases we have the following the-

orem.

Theorem 2.5.5. Projective transformations preserve collinearity, coincidence and
cross-ratio of points on a line. The set of all projective transformations forms a group
under the operation of composition of functions.

Affine Theorems in Euclidean plane This section lists a few important re-
sults in affine geometry (cf. [Ben95]). Most of these were originally formu-
lated within the context of the Euclidean plane. In our presentation we as-
sume that the underlying affine space is R?. Also, by AB we mean the Eu-
clidean distance between A and B.

Theorem 2.5.6 (Pappus). If lines | and m meet at O, with P,Q), Rin land S,T,U
inm,and if (P, T) || I(Q,U) while [(Q, S) || (R, T) then I(P,S) || l(R,U).

Theorem 2.5.7 (Desargues I). Suppose that A, B, C are distinct noncollinear points
with [(A, A" || (B, B') || I(C,C"), (A, B) || (A", B') and I(A,C) || (A, C").
Then (B, C) || {(B',C").

Theorem 2.5.8 (Desargues II). Suppose that A, B,C are distinct noncollinear
points with [(A, A") (B, B") [(C, C") meeting at a single point O, (A, B) || (A", B)
and [(A,C) || I(A',C"). Then (B, C) || (B, C").
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Figure 2.1: Pappus’ Theorem in R?.

It is useful to view the Euclidean plane as the original example of an affine
space. As the affine properties were abstracted away, it became obvious that
certain desirable properties that held in the Euclidean plane might not hold
for many other affine spaces. We introduce the following convention. If Pap-
pus’ Theorem holds in an affine space it is called Pappian. Similarly, if both
Desargues” Theorems hold in an affine space it is called Arguesian. We note
that Pappus theorem holds in any finite Arguesian plane. Also Pappus theo-

rem implies Desargues’ theorems ([Ben95], p. 66).

Definition 2.5.9. We say that OC is the result of addition of OA and OB and
write OA + OB = OC if and only if the following lines can be found (see Fig.
2.3):

(@) [, ' meeting at a single point O;

(b) m parallel to l’;

(c) l4suchthat iy, !> = A, parallel or coincident with [;

(d) [psuchthat <ip,!"™>= B, and such that [, [, m meet at a single point;

(e) lcsuch that <li¢,"™> = C, parallel or coincident with .
Definition 2.5.10. We say that OC is the result of multiplication of OA and

OB and write OA - OB = OC if and only if the following lines can be found
(see Fig. 2.4):
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\/A /A

(a) Desargues’ Theorem I

(b) Desargues’ Theorem II

Figure 2.2: Two Desargues’ Theorems in R?. In a projective space these merge
into one theorem.

(@) I,ls, 13 bounding a triangle;
(b) 14 suchthat <ly,ls> = A, parallel or coincident with I5;
(c) lpsuchthat <lp, 5> = B, and such that [z, [;, [, meet at a single point;

(d) l¢ such that <l¢, 3> = C, parallel or coincident with [z and such that

le, 14,1, meet at a single point.

The coordinatisation of affine planes forms an important part of the field.

The following sequence of results describes relation between division rings,
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O I \ A B C l3

Figure 2.3: OA + OB = OC.

o) 1\}? B (x ls

Figure 2.4: OA - OB = OC.

affine planes and coordinatisation. We start with the fundamental theorem of

affine geometry, due to Hilbert.

Theorem 2.5.9 (Fundamental theorem). Relative to two fixed points O and I any

line in an Arguesian affine plane is a division ring.

Here, addition and multiplication are defined on the line as in Def. 2.5.9
and Def. 2.5.10 and O and I are the additive and multiplicative identities,
respectively. The following is the strengthening of the fundamental theorem.
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Theorem 2.5.10. Relative to two fixed points O and I any line in a Pappian affine
plane is a field.

The next two theorems describe the specific conditions relating coordinatisa-

tion of affine planes.

Theorem 2.5.11. For every division ring D a coordinate plane D? is an Arguesian
affine plane.

Theorem 2.5.12. Every Arguesian affine plane can be considered as a coordinate
plane upon renaming its points as ordered pairs of (division) ring elements and as-
sociating a linear equation with each line.

In this context we also note the following theorem by Wedderburn.
Theorem 2.5.13. Every finite division ring is a field.

We finish this section with an important construct in affine and projective
geometry. We shall return to the following notions for example in section
3.2.2 while describing the historical development of affine and projective ge-

ometries in Chapter 3.

Definition 2.5.11. Given three collinear points A, B, C'let L be a point not ly-
ing on the line through A, B, C. Let any line through C' meet (L, A), (L, B) at
M, N respectively. If [(A, N) and [(B, M) meet at K and (L, K') meets [(A, B)
at D, then the above construction is called the harmonic ratio of A, B, C, D and
D is called the harmonic conjugate of C' with respect to A and B.

Definition 2.5.12. Let A, B, C, D be four collinear points. The anharmonic ratio

(A, B; C, D) is defined as follows g:g%:g.

The importance of harmonic ratio lies in its non-metrical character. If pro-
jective geometry can be thought of as non-metrical in essence, the harmonic
conjugate is a projective invariant that does not involve any numerical values
in its definition. It can be stated in terms of anharmonic ratio (also called a

cross-ratio) in the following way: (A, B;C, D) = —1.

2.6 Convexity

Definition 2.6.1. A non-empty set S C R? s called convex if, for all
(¢1,(2), (¢1, %) € Sand forall & € [0, 1] we have:

(- G+(1—a) (a-G+(1-a)G) €8
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7A D! B\ C

Figure 2.5: Point D is the harmonic conjugate of C' with respect to A and B.

The empty set is taken to be non-convex.

In other words for any two points a,b in S the straight line segment be-
tween a and b is also in S. That is, for every A, u > 0 with A + ¢ = 1, we have
that \a + ub € S.

(a) Convex set (b) Non-convex set

Figure 2.6: An example of convex and non-convex sets in R?. (Image courtesy
of Wikipedia. Creative Commons License.)

We now list several important properties related to convexity (cf. [Web94],
[Egg58]).

Lemma 2.6.1. Let A C R? be a convex set and let T be an affine transformation.
Then 7(A) is convex.
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Proof. Let \,p > Owith A+ = 1. If 2,y € 7(A) then x = 7(a),y = 7(b)
for some a,b € A. Since A is convex, A\a + ub € A. Since 7 is an affine
transformation (and hence linear) Az + py = A7(a) +p7(b) = 7(Aa+ pb). Thus
Ax 4 py € T(A). O

Definition 2.6.2. Let A C R". By the convex hull of A, denoted ch(A) we mean
the intersection of all convex sets in R™ containing A.

Obviously for any set its convex hull is unique.

Theorem 2.6.1 (Helly). Let A be a finite class of N convex sets in R" such that
N > n+1and each n + 1-element subclass of A has a non-empty intersection. Then
all N elements of A have a non-empty intersection.

Figure 2.7: A very simple example of Helly’s Theorem in R?.

2.7 Spatial Logic

This section contains definitions and basic results related to region-based spa-
tial logics. Roughly speaking, given a language £ an £L—model Minterpreting
the primitives of £ geometrically counts as spatial logic. We choose to refer
to elements of the domain of a region-based spatial logic as regions. We are,
however, interested in ruling out as many degenerate sets (e.g. of fractal na-
ture) as possible. There are two main reasons for doing so. Firstly, we want
regions to model objects of every-day experience. Secondly, good region can-
didates should be characterised by some sort of regularity both in terms of
shape and in terms of their properties. We hope that what follows makes
these abstract criteria more concrete. We recall the definition of a regular open

set.
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Definition 2.7.1 (Regular open/closed set). Let X be a topological space. For
every u C X, the set r = (u)~" is called regular open and the set r = (u)"" is

called regular closed.

So what do we mean by shape regularity? Let us consider the example of
regular open subsets of R?. These, informally speaking, do not have “cracks”
or "pin-holes” that can characterise an arbitrary subset of R? (see 2.8).

(a) regular open sets (b) non-regular open sets

Figure 2.8: Examples of Regular and Non-regular Open Sets of R? (after
[PHO7]).

The following theorem (see [Kop89]) exemplifies what we mean by regularity

in terms of properties.

Theorem 2.7.1. The set of regular open sets in X forms a Boolean algebra RO(X)
with top and bottom defined by 1 = X and 0 = (), and Boolean operations defined by
rry=zNy,z+y=(zUy) and —z = (X \ 2)°.

That is, the behaviour of the members of RO(X) conform to certain rules,
the rules of the Boolean Algebra. Let us consider a specific example. Let
X = R?, then the product of two regular open sets is their set-theoretic inter-
section, the sum of two regular opens is, roughly speaking, the union of the
considered sets with internal boundaries removed. Note that we interpret
partial order as set-theoretic relation C. (The example behaviour of sum in
RO(R?) is shown in Figure 2.9.) We might want to take into consideration
certain types of regular open sets. In what follows we present three main
candidates.
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826
026

Figure 2.9: The behaviour of sum in RO(R?), see [PHO7].

Definition 2.7.2. Consider the language Ly, with ¥ = {<, +, -, 0, 1} with stan-
dard arithmetic interpretation. A set u C R" is called semi-algebraic if there
exists an Ly-formula ¢(z, y) in n + m variables z, y and m-tuple of real num-
bers b such that

u={a € R"| the (n+ m)—tuple satisfies the formula ¢(z,y)}.

We are only interested in certain regular-open semi-algebraic subsets of R”
(the set of all semi-algebraic subsets of R" is denoted by ROS(R")). Observe
that any (n — 1)-dimensional hyperplane of R” cuts it into two regular open
half-spaces. Hence the following is well-defined.

Definition 2.7.3 (Polytope). A basic polytope in R" is the product, in RO(R"),
of finitely many open half-spaces. A polytope in R" is the sum, in RO(R"), of

any finite set of basic polytopes.

We denote the set of polytopes in R” by ROP(R"). We refer to polytopes in
R? as polygons and polytopes in R? as polyhedra. If the lines bounding these
half-spaces have either rational or algebraic coefficients, we end up with two
more region candidates: rational and algebraic polytopes. We denote the set
of rational polytopes in R” by ROQ(R") and the set of algebraic polytopes in
R" by ROA(R™). Observe that ROQ(R™) C ROP(R"), ROA(R") C ROP(R")
and ROP(R") C ROS(R"). It is an easy result that ROS(R") is a Boolean
subalgebra of RO(R"). Hence we have the following result.
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Theorem 2.7.2. ROX (R") is a Boolean subalgebra of RO(R™), where X € {P,Q, A, S}.

We stress that if in the above case we take X = () we obtain RO(R?). In
what follows we mainly focus on spatial logics with the domain ROQ(R?)
and ROA(R?).

We introduce the following convention. By a topological spatial logic we
mean a language that contains primitives interpreted as relations or functions
invariant under topological transformations. Similarly, by an affine spatial
logic we mean a language with primitives interpreted as relations or func-
tions invariant under affine transformations, and so on. If it does not lead to
confusion, we sometimes refer to a given spatial logic using one of its primi-
tive relations or functions. One example is convexity spatial logic, so called,

because it contains a predicate interpreted as convexity.

2.7.1 Convexity logic

This section introduces convexity spatial logics, the subject of investigation
of this thesis. Let L. < be the first-order language with two primitive pred-
icates: binary < and unary conv; and two constant symbols: 0 and 1. First
consider the following structure 9 = (RO(R?), <™ conv™, 0™, 1™) where

the primitives are given the following interpretation.

<M= {{a,b) € RO(R?) x RO(R?) | a C b};

conv™ = {a € RO(R?) | a is convex};

0™ = (;

17 = R?.
We shall not work directly with 9t but with certain substructures of 1.

Definition 2.7.4. We define the model Mty to be a substructure of M with the
domain ROX (R?), where X € {P,Q, A}. Note that in case when X = () we
obtain 91.
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We sometimes refer to Mp, My, M4 as the polygonal, rational and algebraic
model, respectively.




History

3.1 Introduction

This chapter concerns the historical and philosophical background of logi-
cal investigations of affine geometry. For the sake of presentation we have
divided our historical analysis into three periods. The early period, concern-
ing mostly non-logical geometrical or philosophical ideas, covers roughly the
time up until the first decade of the 20thcentury. The transitional period, so-
called because the methods of modern mathematical logic were still being
developed then, spans from the end of the early period to the beginning of
the second half of the 20" century. The modern period covers the time from
the 50s to the 90s of the past century. Obviously this division is only conven-
tional and very imprecise: a lot of work done within the transitional period
can be justly claimed to belong to the modern period in terms of approach.
The end of the 19" century saw a rapid development of foundations of ge-
ometry. Out of the medley collectively refered to as geometria situ three sepa-
rate geometrical theories began to emerge: topology and projective and affine
geometry. The mathematical terminology relating to these theories was not
tixed yet, so the same ideas came in many guises. This arises when one anal-
yses the historical sources. For example, what Russell and Whitehead call
descriptive geometry, is in fact referred to these days as affine geometry. The
name descriptive seems to come from the very fact that within this approach
the quantitative notions are replaced with qualitative ones. To add confusion,
Russell refers to some projective properties by calling them descriptive many
times, see e.g. [Rus97], p. 29. Also, Whitehead describes descriptive geom-
etry as any geometry in which two straight lines do not necessarily intersect
and hence he does not explicitly refer to the notion of descriptive space being
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qualitative in character. In the sequel, we shall give precedence to the term
affine, as the term descriptive is nothing more than a historical curiosity. Obvi-
ously, whenever we do mention the term descriptive geometry” — for reasons
of historical accuracy, say — it is to be read affine as these terms are treated
coextensive. This also applies to any other term which is now known by a
different name to the present day mathematical community.

We should note that since research on topological formalisms is the dom-
inant theme in spatial logics and intertwines closely with research on affine
spatial logics, we decided to give a brief overview of historical development
of topological ideas. However, it is not the main theme of our investigations.
To the best of our knowledge there is no such survey relating affine and pro-
jective ideas in the context of modern formal logic.

We wish to emphasise two main ideas coming out of our historical anal-
ysis. The first is the emergence of point-free, region-based approach to ge-
ometry, most notably in Whitehead’s and Le$niewski’s works. The second,
perhaps more surprisingly, is the emergence of the qualitative approach to
geometry. This we observed in the works of Bertrand Russell and, less ex-

plicitly, in Whitehead’s proposition.

3.2 The Early Period

Euclid’s Elements are usually thought to be the most influential book in the
history of geometry. Euclid’s work set the scene for the development of ge-
ometry for the next centuries to come. Geometry was presented there as
based on a set of assumptions (postulates) and one primitive notion (that
of a point). Arguably the most controversial of these postulates states that,

given a line [ and a point P not on that line there exists exactly one

line m through P which is parallel to [.!

This postulate is variously called, the parallel postulate, Euclid’s axiom or
simply the fifth postulate. We use all of these in our description. This section
presents the developments in geometry and philosophy of mathematics in
the 18™and 19" centuries. Since our interest lies in setting geometric ideas in

the context of logic, we decided to follow Bertrand Russell’s description of

'There are many equivalent formulations of this postulate. Euclid himself chose a differ-
ent one, in terms of right angles.
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this period.?

3.2.1 Idealism vs. Empiricism

Immanuel Kant’s ideas on the philosophy of geometry had a tremendous im-
pact on the whole field, so it is worth rehearsing them here. Philosophy from
that period saw a shift from ontological to epistemological issues. Questions
regarding human knowledge became more and more prominent. One of the
most fundamental questions was the one asking about the origin of human
knowledge. In general, one can recognise two approaches to this problem.
One is that the nature of all human knowledge is empirical. This view, usu-
ally referred to as empiricism was predominant (especially prior to Kant) on
the British Isles and advocated by philosophers such as David Hume or John
Locke. The second possibility is to claim that at least certain knowledge of
the real world is independent of human experience. This was the view held
by Kant and it is usually branded as idealism or realism. Kant is famous for
his somewhat idiosyncratic philosophical jargon. In his main philosophical
works he deals with a combination of two categories of propositions. The
tirst category concerns relation of a predicate and a subject of a proposition,
This divides all propositions into analytic and synthetic. A proposition is an-
alytic if its predicate is contained in its subject (All bachelors are unmarried is a
well-known example); it is synthetic if it is not analytic (e.g. All bachelors are
unhappy). The criterion for a second category concerns conditions of validity
of a proposition. Here Kant divides all propositions into a priori (necessary),
where the truth conditions do not depend on our experience, and a posteri-
ori, where they do. This gives us a fourfold classification of prepositions: a
priori analytic, a priori synthetic, a posteriori analytic and a posteriori syn-
thetic. One of Kant’s greatest contributions to the epistemology is his argu-
ment for the existence of synthetic a priori propositions. As an example he
uses mathematics and specifically, geometry. Kant claims that the properties
of the external world as we perceive it are not independent from us; in fact
we perceive reality through the categories imposed by our intellect. Geome-

try for Kant is a science of space.® There is nothing contingent in this science.

ZRussell’s book Foundations of Geometry — based on his doctoral dissertation — concerns
mainly the period in history of mathematics a few decades after Immanuel Kant, when the
new idea of non-Euclidean geometry was born and developed.

3We note in passing that the influence of Kant on mathematics goes beyond the realm of
geometry. Sir W.R. Hamilton, the discoverer of quaternions, thought of algebra, in Kantian
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The statements of geometry, he says, are necessary (and hence a priori) and
yet they extend our knowledge (and hence are synthetic). For him, space and
time are forms of intellect and do not belong to the external world. This is the
famous ”"Copernican revolution in philosophy”. We should mention that in
his text, Russell clearly distinguishes between logical (epistemological) and
psychological components in Kant’s analysis. Russell states that his interests
lie in the logical part.

3.2.2 Three periods of geometry

Russell follows Klein* in dividing the history of geometry after Kant into
three periods: synthetic, metrical and projective.

The synthetic period

For centuries mathematicians were trying to deduce the fifth postulate from
the others. The early 19"century saw a different approach to the problem.
Instead of trying to prove the fifth postulate mathematicians, most notably
Johann Bolyai and Lobatchevsky, negated the postulate and tried to deduce
contradiction from the resulting system. This however proved impossible
and the obtained systems were shown to be consistent (in a pre-logical sense).
That is how the idea of non-Euclidean geometry obtained a solid mathemati-
cal footing. The period in which foundations of non-Euclidean geometry had
been laid Russell calls synthetic. The name alludes to the fact that all the re-
sults were developed within the axiomatic (also called synthetic) paradigm.®

Gauss is often considered an originator of the modern idea of the non-
Euclidean geometry. He did not publish any mathematical treatise on the
topic; however his ideas influenced Wolfgang Bolyai, a Hungarian mathe-
matician to work on these issues. It was Bolyai’s son, Johann, who in an 1832
publication essentially brought into being the field of non-Euclidean geom-
etry. Working in parallel, or in fact slightly ahead of Bolyai, was a Russian
mathematician N. Lobatchevsky, who presented the following version of the
negation of Euclid’s postulate:

With respect to a given straight line, all others in the same plane,

may be divided into two classes, those which cut the given straight

terms, as a science of fine.
4[Rus97], Preface.
>[Rus97], p. 13.
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line and those who do not cut it; a line which is the limit between
the two classes is called parallel to the given straight line. It fol-
lows that, from any external point two parallels can be drawn, one

in each direction.®

The constructions presented independently by Bolyai and Lobatchevsky
underlie in fact just one type of the non-Euclidean geometries: hyperbolic.
One of the well-known properties of hyperbolic geometries is that the sum
of internal angles in a triangle is less than 7.” According to Russell, the emer-
gence of hyperbolic geometry in the synthetic period is in fact a mere a by-
product of establishing the independence of the fifth postulate from the oth-

ers.®

The metrical period

The main figures in the second period — Riemann and Helmholtz — were
more influenced by Gauss and Herbart, a German philosopher, than by Bolyai
or Lobatchevsky.” This period breaks with the synthetic paradigm. The mo-
tivation for geometers becomes even more philosophical and the main aim
was to show the empirical nature of the accepted axioms.'® The method was to
define space in more general terms and abstracting from intuitions, develop
and apply new mathematical tools to deal with these generalised notions.
The most important innovations were a concept of a manifold, a dimension

and a curvature of a space. Riemann

regarded space as [...] a magnitude, or assemblage of magnitudes,
in which the main problem consists in assigning quantities to the
different elements or points, without regard to the qualitative na-

ture of the qualities assigned.!!

thus justifying the name metrical assigned to this period. In spite of the inten-

tions of Riemann and Helmholtz, Russell tries to show that their method con-

®[Rus97], p. 11.

"We note in passing that there are several models of hyperbolic geometry and the so-
called inversive geometry serves as one of these. It is sometimes presented as a close relative
of the projective geometry. It is interesting to observe that Russell makes no mention of the
inversive geometry.We do not intend to introduce this notion here. For an introduction to
inversive geometry see [Cox71].

8[Rus97], p. 12.

[Rus97], p. 13.

10[Rus97], p. 13.
1My italics. [Rus97], p. 15.
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tains a non-empirical component. He points out that implicit in the system
are three a priori axioms: the axiom of free mobility, the axiom stating that the
number of dimensions is finite and is an integer and the axiom stating that
two points are in a unique relation — distance.'> Russell regards Helmholtz
as more important philosophically than mathematically for the development
of metrical period.” (Note that Helmholtz was a scientist working in many
tields and his empirical approach to geometry stems from his physiological
studies.) Helmholtz gives a list of axioms, empirical in nature, from which
all the main results of Riemann follow. This is however harshly criticised by
Russell. The last metrical mathematician mentioned by him is Beltrami. His
work is more important mathematically (he deals with the notion of negative

curvature of space) than philosophically.™*

The projective period

The last period distinguished by Russell does away with the notion of dis-
tance altogether. It is dubbed projective and is by far the most important ac-

cording to Russell.”

He complains that this period did not have a philosoph-
ical exponent comparable to Riemann or Helmholtz. As we indicated, in his
book Russell does not clearly distinguish between what we now call projec-
tive and affine geometries. Since at the time topology as a separate branch
of mathematics had not yet been clearly defined, Russell makes no mention
of it either (even though he is clearly conversant with homeomorphism-like
transformation — see [Rus97], p.18). In one of his later texts he does dis-
tinguish between projective and affine geometries but notes that there is not
much of a difference between these two.1® It is not quite clear to which of the
three mentioned branches of geometry his remarks could be applied more
accurately.

Arthur Cayley is usually credited as the initiator of a modern approach to
the projective geometry. A staunch supporter of Euclidean geometry, he saw
his goal in establishing the notion of distance using purely descriptive terms.

2[Rus97], p. 22.

13[Rus97], p. 23.

4[Rus97], p. 25-27.

15[Rus97], Preface; also various comments throughout the text.

16Russell was a prolific author. He wrote several books touching on the foundations of
mathematics, all of them with confusingly similar titles (perhaps that is where he also follows
Kant’s example). In this case we mean his Principles of Mathematics.
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His importance lies in showing how “metrical is only a part of projective”.'”

Russell devotes a considerable amount of time and energy to explaining how
the quantitative notions used in projective geometry are merely notational
conventions, and that there is no real meaningful connexion, under the threat
of vicious circularity, between them and the notion of distance as known in
ordinary metrical geometry. In his explanation Russell refers to the use of
the notion of an anharmonic ratio as an invariant in projective geometry.'®
Problems of that nature pushed mathematicians to search for a non-metrical
projective invariant. Finally, the notion of harmonic ratio was introduced
(cf. our Definition 2.5.11)."" In projective geometry one cannot distinguish
between a collection of fewer than four points from any other on the same
line.?® We note that as a result, Russell considers the now standard construc-
tion relating the Euclidean space with projective geometry by means of the
line at infinity as a purely technical result, with no philosophical significance.

We note that Russell argues against the first of Kantian distinctions of
propositions: on analytic and synthetic. Kant developed his ideas in times
when logic was synonymous with Aristotelian syllogistics, says Russell, and
syllogistics had a big disadvantage when compared to modern logic: it con-
cerned only the propositions of the form S x P, where S, P are the subject and
the object and x represents the copula, possibly with the addition of negation.
Since formal logic is able to represent more complicated sentence structure,
the Kantian distinction cannot apply. As regards the distinction between a
priori and a posteriori, according to Russell, the three implicit axioms men-
tioned in the section describing the metrical period form a basis of any geom-
etry. Since projective geometry is logically prior to metrical, Russell rephrases
these axioms in projective terms. He claims that these axioms are logically
necessary and independent from any experience and hence fall into category

of a priori propositions.?

7[Rus97], p. 29.
18[Rus97], p. 31-32.
Y[Rus97], p. 35.
20[Rus97], p. 36.
2[Rus97], p. 52.
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3.3 The Transitional Period

From our perspective it is important not only how the ideas underpinning
affine geometry were developed. Since our research concerns region-based
logics, it is interesting to observe how and when the region-based paradigm
had begun to emerge. That is why we further separate the description of the
transitional and the modern period into point-related and region-related.

3.3.1 Point-related research

Whitehead and the foundations of affine geometry

We emphasise that Whitehead’s exposition is, for the most part, not stated
in the formalised language of today’s mathematics. Also, even though he
is rightly thought of as one of the forefathers of formal logic, it should be
remembered that his approach predates model theory. Whitehead mentions
three axiom systems for affine geometry: Russell’s, Peano’s and Veblen’s and

describes the last two of these in some detail.

Peano’s axioms The first system described by Whitehead is the one pro-
posed by G. Peano and based on Pasch’s considerations. It uses one primitive
relation — betweenness. The axiom system comprises three parts containing
axioms for the line, the plane and the three-dimensional space, respectively.
In short, the axioms for the line state that: there is at least one point; for any
two distinct points there exists a point between these; if a point lies between
two other points A and B, it also lies between B and A, provided it is distinct
from both A and B. There are also axioms securing “technical” properties of
line segments.”? Regarding the axioms for the plane, the first of these state
that for a given line, there exists at least one point not on that line. The mean-
ing of the other two axioms together is that in any triangle a line / containing
one of the triangle vertices intersects a line containing another vertex if and
only if [ intersects the opposite side of the triangle. Finally, there are three
axioms for the three-dimensional space. The first of these says that given a
plane there always exists a point which external to it. The second, again, is

22By a “technical” property we mean (subjectively) a property that is not easily explained
in simple terms and is most cases required in proving that some other, more natural property
holds.
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an axiom securing certain “technical” property. Whitehead (p. 2-3) claims

that the axioms

[...] secure the ordinary properties of a straight line with respect
to the order of parts on it, and also with respect to the division of
a line into three parts by any two points on it and into two parts

by any single point.

The second axiom system mentioned in the book is due to O. Veblen. Its
primitive is a three-place relation denoted by Whitehead as order. For the de-
scription of this system consult [Whi07] or [Veb03]. According to Whitehead
Veblen’s axiom system is equivalent to the axiom system of Peano. Also (p.
9)

both Peano and Veblen give an axiom securing the Dedekind’s
property. Also Veblen gives an axiom securing [...] Euclid[’s ax-

iom].
Here, the Dedekind’s property is the following:

If all points on a straight line fall into two classes such that every
point of the first class lies to the left of every point of the second
class, then there exists one and only one point which produces this
division of all points into two classes, this severing of the straight

line into two portions.

We note that this property is not first-order expressible. Tarski and col-
leagues use a version of this property in their respective axiomatisations in a

form of an axiom schema.?

Relation between affine and projective spaces Whitehead devotes a sub-
stantial part of his book to as he puts it “enunciation of relations between
[affine] and projective spaces”.?*

Whitehead defines projective space as a non-empty set P, elements of which
satisfy certain axioms. The first group of axioms he calls “axioms of classifica-
tion”. These involve points, lines and relations between points and lines. Ac-

cording to Whitehead all these hold both in descriptive and projective space.

BSee for example [TG99].
2'We note that Szczerba and Tarski’s paper (cf. [ST79]) is influenced by Whitehead'’s con-
structions. See also section 3.4 for the description of [ST79].
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The only axiom from this group distinctive of projective space is the one stat-
ing that if A and B are non-collinear points, and A’ is a point on the line BC'
distinct from B and C, and B’ is a point on the line AC, distinct from A and
C, then the lines AA’ and BB’ have a point in common.

Next Whitehead gives an axioms he calls Fano’s axiom, stating that if the
point D is the harmonic conjugate® of the point C' with respect to the points
Aand B, then C and D are distinct.*® We note that Whitehead also gives “ax-
ioms of dimension” similar to those used by Tarski (cf. Section 3.4) to limit
the dimension of a considered space. The last group of axioms are called by
Whitehead the “axioms of order”. Here, the harmonic conjugate is used to
define ordering of points on a line.

Whitehead defines a convex subset of a projective space as follows. Let P be
a projective space and let S C P. We say that S is convex if (i) S does not
include any straight line; (ii) given any two points in S, S contains one of
the two segments between them. Then he shows that points and lines be-
longing to a convex subset of a projective space can be shown to satisfy the
axioms of affine space.”” Whitehead also shows how to find a convex subset
of a projective space, where the Euclidean axiom holds true. He then shows
the independence of Dedekind’s axiom by considering convex region whose
elements are points with algebraic coordinates.?®

Whitehead also describes a method for constructing a projective space,
given an affine space. This has become a standard method and is described
by us in Chapter 2 (also cf. [Ben95], p. 41-46). Historically, it was Klein, after
von Staudt, who developed it in the 1870s. In this context, Whitehead also
acknowledges work done by Pasch.?? Whitehead shows that the axioms of
projective geometry hold for projective points, lines and planes, as defined by
him.*® As a concluding remark Whitehead states:

Thus all the axioms for projective geometry including [...] the
Dedekind property are satisfied by the projective points and the

projective lines. Furthermore the proper projective points evi-

ZFor the definition of harmonic conjugate see Definition 2.5.11
26[Whil3], p. 24.

#The construction is somehow involved, please consult [Whi07], p. 14.
[Whi07], p. 14.

»[Whi07], p. 15.

9[Whi07], p. 28.
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dently form a convex region in the projective space formed by the
projective points. Also the geometry of this convex region [...] cor-
responds step by step with the geometry of the original descrip-
tive space. Thus the geometry of descriptive space can always
be investigated by considering it as convex region in a projective

space.’!

Russell and the foundations of geometry

It is a widely held view that, after the emergence of non-Euclidean geome-
tries Kant’s ideas in regard to the philosophy of mathematics lost much of
their validity. As we signalled earlier Russell’s original goal was to critically
analyse approaches to the philosophy of geometry after Kant, and propose
his reinterpretation of that philosophy. He proposes a more fine-grained ap-
proach, where he modifies Kant’s ideas and in his view saves some of Kant’s
original insights. In [Rus97] Russell claims that even if one cannot claim any-
more that Euclidean geometry is a priori, there still is a part of geometry
which should be considered to be so. Russell’s idea is the following. He
refers to the distinction (presented by us above) on synthetic, metrical and
projective periods in the history of geometry and focuses on the metrical and
projective approaches. He introduces two sets of statements, which he calls
the axioms of projective and metrical (parts of) geometry respectively. The

axioms of projective geometry according to Russell are as follows:

I We can distinguish different parts of space, but all parts are
qualitatively similar, and are distinguished only by the im-
mediate fact that they lie outside one another.

IT Space is continuous and infinitely divisible; the result of infi-

nite division, the zero of extension, is called a point.

III Any two points determine a unique figure, called a straight
line, any three in general determine a unique figure, the plane.
Any four determine a corresponding figure of three dimen-
sions, and for aught that appears to the contrary, the same
may be true of any number of points. But this process comes
to an end, sooner or later, with some number of points which

determine the whole of space.*?

31[Whi07], p. 32-33.
$2[Rus97], p. 132.
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Russell adds some vague remarks regarding the accuracy of these axioms:

This statement of the axioms is not intended to have any exclu-
sive precision [...]. [It] includes, if I am not mistaken, everything
essential to projective geometry, and everything required to prove

the principle of projective transformation.*

Russell considers the non-quantitative projective approach to be superior
to the metrical one. Both projective and metrical axioms are, claims Russell,
a priori. He also claims that the axioms of projective geometry are equivalent

to the axioms of metrical geometry:

I’ the axiom of free mobility, replacing the axiom of homogeneity [I], in
his own words: Spatial magnitudes can be moved from place to place

without distortion.

II" the axiom of dimensions: space must have a finite integral number of

dimensions.?*

III’ the axiom of distance, replacing axiom [III]: every point must have to
every other point one, and only one, relation independent of the rest of

space. This relation is the distance between the two points.

The main difference is that the latter are stated in a way that incorporates the
notion of distance. However, there is a part of metrical geometry which is
not a priori. We need axioms allowing us to distinguish between Euclidean
and non-Euclidean geometry. And these axioms are of empirical nature.®
Hence the above can be thought of as the a priori metrical part of Euclidean
and non-Euclidean geometry alike.?

Later, Russell considerably changes his views on the foundations of ge-

ometry. For example, he does not defend Kant any more. Also, he does not

3[Rus97], p. 132.
3 Perhaps a counterpart of the axiom [II]?
%[Rus97], p. 148. Cf. also (p. 6):

[The axioms of] projective geometry [...] [are] completely a priori. In metrical
geometry [...] the axioms will fall into two classes: (1) those common to Eu-
clidean and non-Euclidean spaces. [...] [These are found to be] a priori. (2)
Those axioms which distinguish Euclidean from non-Euclidean spaces. These
will be regarded as wholly empirical.

36[Rus97], p. 149, 150-177.
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divide the philosophy of geometry into non-Euclidean, metrical and projec-
tive periods anymore (nor does he make any mention of his earlier work
on the topic!). He does now distinguish between projective and affine ge-
ometries (which he calls descriptive) but he also says that the differences are

minuscule and inessential.?”

He introduces a new threefold categorisation of
the development of geometry. First, he says, came the non-Euclideans, then
the ideas developed by Cantor and Dedekind on the nature of continuity, and
lastly the study of order is distinguished.?®

Perhaps influenced by the distinctively logical approach of the Italian ge-
ometers like Pieri or Peano, Russell’s treatment of geometry is now phrased
more in the spirit of formal logic. Every geometry, he says, begins with the
notion of point as undefinable. Projective geometry adds the notion of a
straight line and a symmetrical relation between two points; in descriptive
geometry this relation is asymmetrical (thus allowing ordering of the points
on the line); metrical geometry adds a third relation between points - dis-
tance. This way of thinking about geometries can be found in later, much
more technical, logical works of Tarski and colleagues,® where one develops
geometrical theories with strong emphasis on the language in which to de-
scribe them. Russell goes on to define harmonic conjugate and thus introduce
order in projective geometry (cf. paragraphs relating Whitehead’s approach
described in this chapter). He adds then Pieri’s order axioms and his formu-
lation of Dedekind’s continuity property.** Finally Russell adds a dimension
axiom.*!

Descriptive geometry* begins with the notion of point and a relation of
betweenness. A description of the semi-axiomatised properties of between-
ness is given, after Peano and Vailati. Then the dimension and continuity

axioms are added.*®* The treatment of descriptive geometry ends with the

%[Rus56], p.393-394.

3[Rus56], p. 381-383. It seems like these ideas were around at the time of [Rus97]. Is it
possible that Russell, definitely a man of great sagacity, was simply ignorant of these?

¥Curiously, Russell treats betweenness as a two-placed relation. For Tarski’s works cf.
[Tar56], [Tar59], [ST79] and many others.

“For Dedekind’s property see the paragraph in this section on Whitehead and the foun-
dations of affine geometry. For Pieri’s work on the foundations of geometry cf. our remarks
relating the axiomatisation of the geometry of solids in section 3.4.2.

41Ct. [Rus56], p- 386-388. Nota bene, formalised versions of these axioms are used later by
Tarski e.g. in [Tar56]. Cf. also our earlier remarks on the Peano’s axiom system.

2 Also called by him a geometry of position, which echoes common origin of, nascent at the
time of writing of [Rus56], topology and affine geometry.

B[Rus56], p. 394-399.
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(standard) analysis of the relation of projective and descriptive geometries.

Russell begins his treatment of metrical geometry with a preliminary anal-
ysis of Euclid’s work on geometry (which he calls elementary geometry). He
then remarks

[...] enough has been said to show that Euclid is not faultless, and

that his explicit axioms are very insufficient.*

and moves on to describe his approach to metrical geometry. Russell lists
some of the properties of the new primitive notion: distance.*® Russell goes
on to report on alternative approach by taking motion as an indefinable notion
(as developed by Pieri). This section finishes with a description of methods
of defining straight line, angle and order in metrical geometry; and the dif-
ferences in two- and three-dimensional cases.*

In one sense at least, Russell’s views did not change considerably. In
[Rus56] as in [Rus97] he strongly emphasises the difference between quali-
tative and non-qualitative geometries, and sees the former as the true basis
of any geometric enquiry.*’ As it was mentioned, he treats projective and
descriptive geometries as essentially the same and non-qualitative in nature.
Also, the introduction of the notion of distance in projective and descriptive

geometries is, according to Russell, entirely superficial.*®

Hilbert

Hilbert’s Foundations of Geometry is perhaps the most important work on Eu-
clidean geometry since the Elements. The book contains a number of axioms
grouped into five categories ([Hil50], p. 2-16.). The first group, the axioms of

connection, contains for example the following axiom.

If two points A and B of a straight line a lie in a plane «, then

every point of a lies in a.

The second group, the axioms of order, is later used by Tarski in his formali-

).49

sation (see Section 3.4).*” For example

#Perhaps alluding to the fact that for example Pasch’s axiom is independent from Euclid’s
postulates, is used in the Elements but is missing from the list of axioms. Cf. [Rus56], p. 407.

BCf. [Rus56], p. 407-408.

46[Rus56], p. 410-415, 416-417.

7Cf. [Rus56], p. 419-428.

Frivolous is the word he uses. Cf. [Rus56], p. 425.

#Hilbert credits Pasch for the axioms in this group, [Hil50], p. 3.
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If A, B, C are points of a straight line and B lies between A and C,
then B lies also between C and A.

Next is the axiom of parallels (Euclid’s axiom). Then Hilbert distinguishes
the axioms of congruence. These relate to axioms of the equidistance relation

used by Tarski. For example

If a segment AB is congruent to the segment A’B” and to the seg-
ment A”B” then the segment A’B’ is also congruent to the segment
A’IBII.

Lastly Hilbert presents the axiom of continuity (also called Archimedean ax-

iom®) and the axiom of completeness, which has a rather interesting form:

To a system of points, straight lines, and planes, it is impossible to
add other elements in such a manner that the system thus gener-
alized shall form a new geometry obeying all of the five groups of
axioms. In other words, the elements of geometry form a system
which is not susceptible to extension, if we regard the five groups

of axioms as valid.

It seems like what Hilbert tries to secure axiomatically here is precisely a
subject of Tarski’s intense research culminating in the representation theorem
(see Section 3.4).

There is no doubt that Hilbert’s book is a major stepping stone in the
quest of logically strict analysis of the axiom system of Euclidean geome-
try. Hilbert makes an effort to formally analyse his axiom system in terms
of its consistency and independence of the axioms ([Hil50], p. 17-23). Even
though not fully formalised in the modern sense, the axioms and their con-
sequences are presented with high degree of mathematical rigour. There are
major caveats with that statement, however. For example the axiom of com-
pleteness, notwithstanding its special and very curious status, is formed with
no regard to the underlying language of description, hence if we were to
formalise this axiom system today, its formulation would surpass the limits
of first-order language. Hence it seems justifiable to conclude that Hilbert’s
work was an important step towards, rather than an example of, what we

would call today a logical analysis of an axiom system.

We do not wish to state this axiom here. We note in passing that it is distinct from but
related to the Archimedean property in the context of the theory of fields.
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3.3.2 Region-related research

Whitehead, Regions and Topology

Whitehead is widely credited with the advancing of the region-based ap-
proach. The theory of what he calls a relation of extensive connection forms
a part of his multifarious philosophical treatise Process and Reality. An Essay
in Cosmology. As he himself admits, he has no intention of analysing the no-
tion of extensive connection from a more formal point of view ([Whi29], p.
416.) Whitehead starts with a relation of connection, left undefined and then

introduces a host of new relations.

Definition 3.3.1. Two regions A and B are said to be medially connected if there

exists a region C such that both A and B are connected to C'.

Definition 3.3.2 (de Laguna). A region A is said to include a region B if every
region connected with B is also connected with A.

Definition 3.3.3. A region A is said to overlap with a region B if there exists a
region C' such that both A and B include C.

He then lists a number of properties that these new relations should sat-
isfy and after defining several other notions finally introduces the notion of
external connection.

Definition 3.3.4. Two regions A and B are externally connected if A and B are
connected and do not overlap.

By means of external connection he is now able to introduce two more
relations: tangential and non-tangential inclusion.

Whitehead credits de Laguna with influence over his earlier ideas, which
eventually led to the adoption of the notion of external connection as the cen-
tral one ([Whi29], p. 420). He goes on to construct a theory of sets based on
his definition of inclusion ([Whi29], p. 421-426.) We do not attempt to elab-
orate on the role of the theory of external connection in Whitehead’s deeply
nuanced philosophical views. We only note that in Process and Reality he deals
with a broad spectrum of problems, including relation of an organism to an
environment, the theory of feelings and the nature of God. As we pointed
out so many times already;, it is important to remember that the apparatus of
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topology and modern formal logic was not in place at the time of publica-
tion of his book, also these mathematical ideas are entangled in his intricate
philosophical system and are not presented with the terseness normally en-
countered in mathematics. Perhaps that is why his work remained within
the realm of philosophical investigations and it took another half a century
to revive these ideas in a more formalised, strict setting. One clearly sees
how Whitehead’s topological ideas influenced modern spatial formalisms to
come. As we will outline in the next section his intuitions were formalised
and analysed by others in the after-war period. Whitehead’s theory of sets
is often compared to another alternative set theory developed by a reclusive
Polish logician Stanistaw Le$niewski. His proposition is dealt with in the

following section.

Mereology

Lesniewski wrote little, and most of what we know about his work comes
from his students. The theory of sets he was dealing with is dubbed mereo-
logy (from Greek: the theory of parts). Le$niewski presented his system in
a mixture of idiomatic Polish and German and formalisms related to nota-
tional conventions of Principia Mathematica. His major publications come in
the decade following the publication of Process and Reality, that is from the
1930s onwards. It was a time when formal logic was coming of age and the
Polish logical school was at its best. All this and the fact that his results were
analysed, extended and presented by a new generation of Polish logicians,
made his work relatively better developed than that of Whitehead.

In essence, Lesniewski tried to formalize the notion of a collective set (as
opposed to, considered as standard in modern set theory, distributive set). Let
X be a collective set. We think of X as a certain whole, consisting of some
parts, called the elements of X. For example, a book can be thought of as a
collective set of pages, a library as a collective set of books etc.

Lesniewski used his system to analyze the parthood relation (in a col-
lective sense). In his times the predominant way of formalising one’s intu-
itions was by axiomatizing them. In a standard approach to mereology, the
parthood relation (C) is axiomatised as a partial ordering. We can introduce
some additional mereological relations defined via the T, describing situa-
tion where sets overlap, underlap, one is a proper part of another etc. Fol-
lowing [Var96] we define mereology as follows.
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Definition 3.3.5 (Mereology). Consider L. Let O(z1,23) = 32(z T 2y A 2 C
xg) (O(z1, z2) reads z; overlaps z,) and let ¢(z) be a formula in which x occurs
free. A theory of general mereology consists of the following axioms.

zCx reflexivity

rCyANyCrz—ax=y antisymmetry

rCyANyCz—zxCx transitivity

tZy— 32(2 CxA-0(z,y)) (supplement axiom)

Jzp(x) — F2Vy(O(y, 2) <« ¢(x) A O(y,x)) fusion axiom

Tarski proved that every model of (atomic) general mereology is isomorphic
to an atomic complete quasi-Boolean algebra (that is a Boolean algebra with
the bottom element removed). He also proved that a model of atomless gen-
eral mereology is given by a complete quasi-Boolean algebra on the set of
regular open subsets of the Euclidean space. For more results on mereology
please consult [Grz55], [Pie00] and [Gor03].

Summary

Clearly, one can divide the development of Russell’s geometric ideas into
two periods: the first, more philosophical, influenced by Kant, and the sec-
ond, more logical in spirit, influenced by works of Cantor, Dedekind, Pieri
or Peano. In the first period, axioms given by Russell are not really fit for
use in axiomatisation of any geometrical space in question. Russell does not
really look at the issue from a logical point of view. Obviously, the notion of
interpretation had not been developed at that time, but Russell seems to be
indifferent to the precise definition of the language in which to express the
axiomatisation. It is not at all clear in what sense these axioms are sound and
complete in respect to the considered spaces, especially in view of Russell’s
comments that the projective and metric axioms are essentially the same.
The second period, on the contrary, is much more logical in spirit. He does
care about the language in which to phrase the axioms, for instance. This is

more of an achievement of the mathematicians that Russell is referring to in

il
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[Rus56] but perhaps Russell should be credited at least with bringing these
ideas together in an unified description of these developments. This in turn,
served as a basis of more formal analysis in the following decades. We em-
phasise once more the superiority of non-quantitative part of geometry over
the metrical part.

Whitehead and Russell’s contribution to the formalisation of affine and
projective spaces is that of compilers rather than authors. By providing a
comprehensive overview of known results they made these accessible to the
wider mathematical and philosophical audience. Thus, these publications
paved the way of the research to come. In the modern period these ideas
were developed within a framework of modern mathematical logic. Neither
Russell nor Whitehead published more extensively on these topics later on.
This might explain why their work, especially on the foundations of affine
and projective geometry, is relatively less known. Whitehead is widely cred-
ited as being one of the first mathematicians to focus on region-based theo-
ries. It has to be said that his work on region-based theories is riddled with
philosophy and lacks mathematical rigour.

Hilbert’s work was a major influence on the next generation of mathe-
maticians. This includes Tarski and his co-workers who developed tools of
model theory and formal logic allowing proper analysis of a given axiom sys-
tem. Hilbert’s influence lies also in the method. As we pointed out he was
one of the first mathematicians to analyse the axioms he proposed in what we
would now call a logical manner. It should be stressed that Hilbert’s Founda-
tions of Geometry is far more rigorous mathematically than any other source
we discussed in this section.

3.4 The Modern Period

In the description of the modern period we also found it important to bring
out the emerging two approaches. Hence the modern period is also sub-
divided into point-related and region-related research.
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3.4.1 Point-related research

Elementary geometry

In his classic paper [Tar59] Tarski considered system called by him elementary
geometry. By this he understood (informally) a part of Euclidean geometry
that can be formulated without using any set-theoretic notions, and hence
devoid of variables of higher orders. As we pointed out, Hilbert’s influence
on Tarski’s work is obvious here. For the most part it seems like Tarski’s ele-
mentary geometry is the first-order part of formalisation proposed by Hilbert
in his Foundations.® Consider the first-order language L. Tarski proposed
the following axiom system stated in the language £3 s (universal quantifiers
omitted).

Bz, y,2) >z =y)

(B(z,y,u) A By, z,u) — B(z,y,2)) @ransitivity for @

(B(x,y,2) A Blx,y,w) Nx #y — [z, z,w) V B(z,w, 2)) [connectivity for @

Sz, y,y, ) [reflexivity for 5]

(0(x,y,2,2) = x=1y) identity for ¢

(0(x,y, z,u) Nd(z,y,v,w) — I(z,u,v,w)) @ransitivity for (5)

Fo(B(z, t,u) A By, u, 2) — B(z,v,y) A B(z,t,v)) (Pasch’s Axiom)

Fvw(B(z,u, t) A By, u, 2) Nx #y —

Bz, z,v) A Bz, y,w) A B(v,t,w)) CEUCIid’S Axiom)

SIHilbert’s axiom system was, in effect, expressed in second-order language.
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(6(z,y, 2,y )Ny, 2,9, 2 YN0 (2, w, ) W YN (y, w, o, u )ANB(, y, 2)AB(a' Y 2 )N # y —

8(z,u, 2’ u')) [Five Segment Axiom)

32(B(x,y,2) A S(y, 2, u,w)) (Axiom of Segment Construction)

ryz(—B(x,y,2) A—B(y,z,x) A—B(z,z,y))  (Lower Dimension Axiom)

(0(x,u,z,v) AN(y,u,y,v) Nd(z,u, z,v) ANu #v) —

(B(x,y,2) V By, z,z) V B(2,2,9)) (Upper Dimension Axiom]

All sentences of the form

IpVy(p A — B(p,z,y)) — IpVay(d A — B(z,p,y)),

where p, y do not occur free in ¢ and p, z do not occur free in ¢ (Continuity
Schema).

Intuitive meanings of the above can be find in [TG99]. The continuity schema
asserts that any two sets X and Y such that the elements of X precede the el-
ements of Y with respect to some point a are separated by a point b, where
XY are first-order definable.”> We also note that the upper dimension ax-
iom asserts that for any three points equidistant from each of two distinct
points have to be collinear. This fails in dimensions greater than two (hence
the name). Coupled with the lower dimension axiom this pinpoints the di-
mension. Up until this point Tarski’s approach seems to be very similar to
the one observed in Whitehead or Russell. The first difference is in precisely
defining what is elementary geometry. Namely, it is defined as the smallest
set of sentences (a theory) containing the above axioms and closed under the
logical rules of inference.”® A part of the problem with the previous attempts

was that the language in which to state formalisms was not strictly defined.

52Gee [TG99].
>*Hence, with that reading, elementary geometry and the theory of elementary geometry
mean the same.
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Tarski used well-defined first-order language with just two primitives. How-
ever, Tarski’s greatest contribution is setting the problem within the context
of model theory. This added precision to the question of “meaning” of the
above axioms. With Whitehead and Russell the meaning was assumed to be
known but never defined precisely. Rephrasing the problem by asking what
is a model for the theory of elementary geometry, together with the full techni-
cal apparatus of model theory at our disposal, meant we could investigate
the problem with far greater precision. We start with defining a candidate
interpretation.

Definition 3.4.1. Let § = (F), -, +, <) be a real closed field. Consider a struc-
ture
¢ = <O7 /80:’ 5€>7

where C = F' x F' and

5¢ = {<<5U1,5172>> <yl7y2>, <2172’2>> | T1, T2, Y1,Y2, 21,22 € F
and (z1 — 1) - (Y2 — 22) = (22 — y2) - (11 — 21)
and 0 < (z1 — 1) - (y1 — 21)

and 0 < (z2 —ya) - (y2 — 22) }

6¢ = {<<1’17372>, <y1,y2>, <21, 29, ><U17U2>> ’ X1, T2, Y1, Y2, 21, 22, U1, Uy € F

and (21 —y1)* + (2 — 12)* = (21 — 1) + (22 — w2)?}.

we call € a (two dimensional) Cartesian space over §.

(In particular, if we set § to have values from R, we obtain the ordinary two
dimensional Euclidean space.)

This allows us to attach precise meanings to the symbols of L3 s. Informally
variables are set to range over points of the vector space over a field; 3(x, y, 2)
reads “y lies between x and z” (z = x or z = y not excluded) and §(z, y, z, u)
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reads "z is as distant from y as z is from ©”. And only now can we say what
the axioms can be thought to express. However, there is still no particular
reason why we should pay more attention to the above interpretation, rather
than to any other we choose to think of. That is why Tarski proves this,

remarkable, theorem.

Theorem 3.4.1 (Representation Theorem). For 91 to be a model of the theory of
elementary geometry it is necessary and sufficient that 9 be isomorphic with the
Cartesian space over some real closed field §.

Proof. See [Tar59]. O

Tarski calls it the representation theorem for the theory of elementary ge-
ometry as it answers the question of characterising all models of the theory.
Observe that now not only is the problem of “meaning” settled in a formally
satisfying manner. The representation theorem gives a precise answer to the
question of the standard interpretation of elementary geometry. We can also
ask other important questions regarding the theory of elementary geome-
try. One very interesting question relates the decidability of the satisfiability

problem. And the answer is quite surprising.

Theorem 3.4.2. The theory of elementary geometry is decidable but not finitely ax-
iomatisable.

Proof. See [Tar59]. ]

The fact that elementary geometry is not finitely axiomatisable means any
other axiom system proposed must contain either axiom schema(ta) or infini-
tary rule(s) of inference. In fact, later on Tarski’s axiomatisation was refined
by others; obviously none of these axiomatisations were finite (see for exam-
ple [TG99]).

General Affine Geometry

Tarski in [Tar59] was able to formalise large part of Euclidean geometry us-
ing a language with only two primitives: betweenness () and equidistance
(0). This paper started off a bigger research program of formalising other
parts of geometry. The paper [ST79] is a part of that research program. It is

concerned with logical analysis of what is termed as general affine geometry.
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Unfortunately the situation here is much more complex than in the case of
elementary geometry. In particular the question of the representation theo-
rem turns out to be much more elusive. The main result of [ST79] is a near-
representation theorem for the general affine geometry of two dimensions.
We also note that despite the similarities in method the results in this paper
are obtained using far more sophisticated and difficult techniques than those
used in [Tar59].

Definition 3.4.2. Consider £5. By general affine geometry we mean a theory
based on the following axioms (universal quantification omitted):

(B(z,y,z) =z =y)

((B(x,y,2) A By, 2,w) Ay # 2) — Bz, y,w))

(B(z,y,2) A Bz, y,w) A #y — Bz, z,w) vV B(z,w, 2))  (Connectivity

Jz(B(x, z,y) Nz # y) CExtension Axiom)

Fo(B(z, t,u) A By, u, z) — Bz, v,9) A B(z,t,0v)) (PaSCh’S Axiom]

(Bp, @, 2) A Bp,y, y') A B(p,2,2) A By, 2") A B,y 2") A By, 2, 2")A

By, 2 ") N B(x, z,y") A B, 2 y") AN =B(p,z,y) A—B(x,y,p) A =By, p, a)A
—'ﬁ(p,%z) A _'B(;%Zap) A _'6(27]97 y) A _'ﬁ<p7 va> A _'6(2,1',]9) A —ﬂ(x,p, Z) -

By, 2")) (Desargues’ Axiom)

Jryz(—0(z,y,2) AN =By, z,x) AN —B(z,2,9)) CLower DimensiorD

| 63 |



3.4. THE MODERN PERIOD

3q(B(y,q,2) N (B(z,q,p) V B(g, p,x) V B(p, ,q))V
(B(z,q,2) N (B(y,a,p) V B(g,p,y) V By, q))

\/(ﬁ(l’, q, y) A (ﬁ(za Q7p) \% B(Cbpv Z) \% ﬁ(p7 2 Q>> {Upper DimenSion)

All sentences of the form

IpVay(p A — B(p,z,y)) — IpVay(d A — B(z,p,y)),

where p, y do not occur free in ¢ and p, xz do not occur free in ¢ (Continuity
Schema).

As acknowledged by the authors, this axiom system (as well as certain tech-
nical results within the paper) was influenced by Whitehead’s considerations
on affine geometry. We note also the similarities between this axiom system

and the axiom system for elementary geometry ([Tar59]).

Definition 3.4.3. Let § = (F,+, -, <) be an ordered field. Consider the two-
dimensional linear space over §, that is the set F' x F' and two operations
(r,y) @ (@) =(r+2",y+y)and (z,y) ® 2 = (z- 2,9 - 2).

By the affine plane over § we mean the following structure

A(S) = (A5, Bz),

where Az = F'x F'and Bj is a ternary relation on Az defined by the following
stipulation: for any three points a,b,c € Az, Bz(a,b,c) if, for some =z € F,
0<z<landb=[a® (1l —2)]® (c®x).

We can clearly see the parallels between this and the original Tarski’s pa-
per now. Also, Whitehead’s way of defining an affine space as a convex sub-
set of a projective space is used in [ST79] within the model theoretic setting.
A natural definition of convexity in terms of betweenness is given: a (non-
linear) set S is convex if for all points a, ¢ € S if a point b is such that Bg(a, b, ¢),
thenb € S. A setis weakly convex if for every four points a, b, ¢, d € 5, if there
exists a point p such that Bz(a, p,b) and Bg(c,p,d) thenp € S.

Definition 3.4.4. Let S be any subset of A;z. The structure formed by the set
S and the relation Bj restricted to the points of S, denoted 2(F, 5), is called
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the S-restricted affine plane over §.

Coordinatisation We pointed out in Section 2.5 that a coordinatisation of
an affine space is an important result in affine geometry. It is not surprising
then that the paper [ST79] uses coordinatisation of affine general geometry
in their formalisation. It is done so by first of all showing how to define a
real-closed field.

Let A = (A, B) be a model of general affine geometry. We define
o= (H =[eo,x),0 =€0,1 =€1,+,, <),

where ¢y, e+, € are distinct elements of A satisfying certain conditions.”* We
further define
Gy = (H x H,{0,0),(1,1),8,®, <),

where (p,q) ® (r,s) = (p+71r,q+ s); (p,q) @ (r,s) =(p-r+q-s,p-s+q-r);
(p.q) < (rs)ifp+s<q+r).

We define the equivalence relation in the following way: (p, ¢) = (r, s) if and
only if p+s = g+r. Finally we construct the corresponding quotient structure:

8"21 = <FQ[70717+7'7§> = 6‘2(/2

We have the following theorem.

Theorem 3.4.3. If A is a model of general affine geometry then Fy is a field; {x :
0 < z} is a subuniverse of Fo and $Hy is isomorphic to the subalgebra of Fo induced
by {z:0 <z}

Now we want to show how facts about g and §g can be expressed in the
language of 2. In order to do that we define a mapping

Hfﬁg%m

such that

Do = dlvo, .., v,] if and only if A = H(¢)[eo, €1, €w, €co, Vo, - - - Un).

>#Since the construction is somewhat involved we do not wish to present the details here.
For our purposes it suffices to say that a coordinate system is defined using eg, e, ¢; and
few other points. Cf. [ST79].
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We also define a mapping
HF : o — Ha

such that

%2[ ): ¢[<$07 yO)) ER) <l‘n, yn>] lf and Only lf
A= HF(9)[eo, €1, €ws €oos T0s Yo - - - s Ty Yn)-

We have the following theorem.

Theorem 3.4.4. If 2 is a model of general affine geometry, then §q is a real-closed
field.

Proof. The proof uses the above mappings and a fact that §y is a model of all
formulas of the form of axiom 9 and then it is shown that multiplication is

commutative. L]

Szczerba and Tarski aim to solve the representation problem for general
affine geometry as in the case of elementary geometry. The first theorem
shows that every model of affine geometry is isomorphic to some S-restricted
affine plane induced by that model.

Theorem 3.4.5. If A is a model of general affine geometry then there is a set S,

non-linear and convex in A(Fy) and such that A is isomorphic to A(Fx, S).

The next result shows that the converse of the above theorem is only true in

certain cases and fails in general.

Theorem 3.4.6. Every S-restricted affine space over R is a model of general affine
geometry, provided that S is convex in 2A(R). If a real-closed ordered field § is not
isomorphic to R, then there is a convex set S in 2A(F) such that A(F,S) is not a
model of general affine geometry.

So the situation is much more complex than in the case of elementary
geometry. We recall that elementary geometry was showed to be decidable.

Here, again the situation is much worse.

Theorem 3.4.7. The theory of general affine geometry is undecidable and not finitely
axiomatisable.

An extended analysis of some problems raised in [ST79] were subsequently
considered in [PS79]. Observe that in terms of the Russellian distinctions pre-

sented in Section 3.3.1 Tarski and Szczerba are looking at the non-metrical
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(for Russell a priori) part of geometry. In our research, we are interested in
essentially the same part of geometry but viewed from a region-based point
of view.”

3.4.2 Region-related research

In this section we describe early region-based spatial logics. We focus on two
important examples. The first is Tarski’s geometry of solids and the second
is Clarke’s calculus of individuals. We note that there is a marked difference
between these two in terms of approach. Tarski develops ideas of his super-
visor Lesniewski. However, the geometry of solids is presented in a manner
similar to elementary geometry or general affine geometry, described in the
previous section. Clarke’s develops Whitehead’s ideas. It has to be pointed
out that his system is also much in the spirit of Whitehead’s pre-model theo-

retic considerations.

The Geometry of solids

This is one of the very first examples of region-based theory from the litera-
ture. The language of the geometry of solids is many-sorted. There are two
types of variables over which quantification is allowed. First-order variables
denoted z1,...,x,, and second-order variables, denoted X1,..., X,. There
are two primitive relation symbols — binary C and unary ~. Informally, the
variables are set to range over subsets of R* and sets of subsets of R?, respec-
tively. Primitives are to be read in the following way. The relation symbol C
is interpreted as the set theoretic inclusion and the predicate symbol v as the
property of being a sphere.

The following are the auxiliary relations defined in terms of C. Since we
have not introduced the semantics yet, from a formal point of view these
should be viewed as nothing more than formulas for which we chose to as-
sign convenient name tags to guide our intuition.

1. We say that z is disconnected from y and write D(z,y) if and only if
—Jz(zCxAzLCy),

2. We say that z is a proper part of y and write PP(x,y) if and only if
rEyhzFy,

»See Chapter 5. Of course, we deal with more specific example of affine space, the real
plane.

67|



3.4. THE MODERN PERIOD

3. We say that z is a sum of all elements of X and write S(x, X) if and only
ifVylye X —yCa)A-TVy(zCax Ay e X AD(zy))

At this point further notational conventions are introduced using C, D, PP
and S.

1. We say that x is internally tangent to y and write IT(z,y) if and only if
Vo Voo (y(x) Ay(y) A PP(z,y) Avy(z) Ay(z) Az Cxy Az Cag Aay C
yAza Cy — 2 Cag Vi ),

2. We say that x is externally tangent to y and write ET'(z,y) if and only if
Vi Voo (y(z) Ay(y) AD(x, y) Ay(z1) Ay(xe) Ax E xy Az E 2o AD(x1,y) A
D(z2,y) = 21 C 2o V2o T 2q),

3. We say that z, y are internally diametrical to z and write I D(z,y, z) if and
only if V1 Vo (y(x) Ay(y) Ay(2) AT (x,2) NT(y,z) ANy(x1) Ay(xe) A
D(z1,2) AN D(xg,2) N ET(x,21) N ET(y, 22) — D(x1,23)),

4. We say that =,y are externally diametrical to z and write ED(x,y, z) if
and only if V1V (y(z) A y(y) A v(2) A ET(z,2) N ET(y, 2) A y(x1) A
Y(xo) A D(x1,2) N D(x9,2) Nz T2y Ay C 29 — D(x1,29)).

Definition 3.4.5. We say that two spheres x, y are concentric and write con(z, y)
if and only if one of the following conditions holds:
G ==y,
(ii) Vo Voo (PP(x,y) Avy(z1) Avy(z2) A ED(21, 29, 2) N IT (21, 22,7)
- ID(:Bh L2, y))’

(iii) Vo Vao(PP(y,z) A y(x1) Ay(z2) A ED(21, 22,y) AN IT (21, 22, 2)
— ID(xy,x9,7)).

We are getting closer to the axiom system proposed by Tarski for the geome-
try of solids. The following definitions are used in the axiomatisation of the
the geometry of solids. Firstly, let us note that a point is defined as a set of

balls concentric with a given ball.

Definition 3.4.6. We say that points X, Y are equidistant from point Z and
write equid(X,Y, Z) if and only if

X=Y=2ZV3z(zeZ)NTAz-TAx(z € ZAN((x € XVz €Y)ANz C zAD(z,1))).
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We note that it is possible now to include the postulates of elementary the

geometry of three dimensions, by applying results from [Tar59].
Definition 3.4.7. We say that « is a solid and write sol(x) if and only if
IXVy(y € X A S(z, X)).

Definition 3.4.8. We say that a point X is interior to a solid = and write
int(X,x) if and only if

Jyly e X ANy Ex)

Axiomatisation The theory of the geometry of solids has the following ax-

iomatisation.

1. C is transitive;

2. for every non-empty X there exists exactly one  which is a sum of all
elements of X;

3. Pieri’s axioms of the Euclidean Geometry of R3;

4. if z is a solid, the class of all interior points of z is a non-empty regular

open set;

5. if the class of points is a non-empty regular open set, there exists a solid
x such that X is the class of all its interior points;

6. if x and y are solids, and all the interior points of = are at the same time

interior to x, then x is a part of .

Semantics Tarski presented the following results concerning the interpreta-
tions of the theory of the geometry of solids. Consider a structure 91 where
the first-order variables range over regular open subsets of R? (regions) and
second-order variables range over sets of regions and where primitives are
interpreted as a binary inclusion relation (C) and the unary property of being
a sphere (7).

*We were not able to locate an English (or Italian for that matter) version of Pieri’s works
containing this mentioned axiomatisation. For an informal description see [Smil0], p. 479-
483. We note that Pieri’s axiom system involved just the equidistance relation. The paper
[Smil0] claims (p. 483) that Tarski preferred Pieri’s system to the one of Hilbert.

| 69 |



3.4. THE MODERN PERIOD

Theorem 3.4.8. The structure My is a model of the theory of the geometry of solids.

So only now do the name tags attached previously to formulas have be-
come meaningful. Next, Tarski was able to prove a very strong representation
theorem that allows us to regard M, the standard model for the theory of the

geometry of solids.

Theorem 3.4.9. The theory of the geometry of solids is categorical, that is it has only
one model up to isomorphism.

We note the difference between the geometry of solids and elementary
geometry. This representation theorem is much stronger. It says that every
model of the geometry of solids is isomorphic to M. Observe that the the-
ory of elementary geometry is not categorical. Tarski also showed that even
though the geometry of solids has a region-based interpretation, it is possible
to construct points from regions and simulate statements about points using
statements about regions. Tarski’s paper is somehow sketchy, in particular
many proofs are merely outlined. The interested reader is referred to the

article [PG] containing an exhaustive analysis of Tarski’s geometry of solids.

Calculus of Individuals

According to [Cla81] the drawback of Whitehead’s approach is not only that
it is far from being strictly formalized: it is also contradictory. One of the
axioms of the original system states that no region is connected to itself,
whereas the opposite can be inferred from the other axioms. Clarke’s goals
were to present a strict formalization of Whitehead’s ideas and to avoid the
contradiction.

Even though calculus of individuals is presented with no intended inter-
pretation, it is hinted that, following Whitehead, variables can be thought
of as ranging over regions and the only primitive relation C(x,y) can be in-
terpreted as z shares a common point with y. Auxiliary relations < and O
interpreted as inclusion and overlaps relation (two regions overlap if their in-
teriors share a common point), respectively. Axiomatisation of this first-order
theory is presented in [Cla81] and analyzed in [BG91]. In Clarke’s calculus

the weak contact relation is axiomatised as follows.

Definition 3.4.9 (Weak Contact Relation). We say that a binary relation C' is
a weak contact relation if it satisfies the following.
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3.4. THE MODERN PERIOD

1. Va C(z, ),
2. Vavy C(x,y) — C(y, x),
3. VaVyVz(C(z,z) < C(z,y)) — x =y.

Note in particular the first axiom which stands in disagreement with White-
head’s original assumption. Using C' numerous other relations can be “de-
fined” (we emphasise that definitions are only possible with the notion of

interpretation clearly defined first).

1. DC(z,y) if and only if =C'(x,y) (disconnected);

2. x <yifand only if Vz(C(z,z) — C(z,y)) (part);

3. v <yifandonly if v <y A -~y < x (proper part);

4. O(z,y) if and only if 32(z < x A z < y) (overlaps);

5. DR(z,y) if and only if =O(z, y) (discrete);

6. EC(z,y) if and only if C(z,y) A ~O(x,y) (externally connected);

7. TP(z,y)ifand only if x < y AJz(EC(2,2) N EC(z,y)) (tangential part);
8. NTP(z,y)ifand onlyifz < yA—=3z(EC(z,2) \NEC(z,y)) (nontangential

part).

Semantics As one of advantages of his system Clarke states the possibility
of distinguishing between contact and overlap relations. The paper [BG91] is
devoted to the quest for a model of Clarke’s axiom system. In this paper the
pair (R, C'), where R is a nonempty set and C'is a contact relation axiomatised
as above is called a connection structure. It is shown that a connection struc-
ture enhanced with the rest of Clarke’s axioms is isomorphic to the atomless

Boolean algebra. As a result the following is proved.

Theorem 3.4.10. The class of regular open subsets of the Euclidean space is a model
of Clarke’s system.

Proof. See [BGI1]. H

It is also shown that contact and overlap relations in fact coincide, making

the calculus of individuals less useful — for example EC relation defined by
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3.5. SUMMARY

Clarke is not satisfied by any pair of regions and N7T'P and TP relations are

both equivalent to < relation.

3.5 Summary

The modern period was characterised by the rise of new paradigm in for-
mal logic. The greatest achievement of Tarski and others is the novelty of the
method they used rather than anything else. The axioms in [Tar59] and [ST79]
come for the most part either from Hilbert or Whitehead. On the other hand,
Clarke’s investigations belong more to the previous period. True, he has im-
proved on Whitehead vague remarks, it was however another generation of
researches that took the notion of interpretation of the calculus of individuals

more seriously.




Contemporary Spatial Formalisms

4.1 Introduction

This chapter focuses on recent developments in region-based spatial logics.
As mentioned in the previous chapter, Tarski’s original contribution was to
initiate a research program on logical analysis of geometry within the model-
theoretic approach. That allowed mathematically precise investigation of
a number of spatial formalisms. There are two important observations we
wish to make here. Firstly, the model-theoretic approach was mostly applied
to point-based spatial logics, like elementary geometry. There has not been
much interest in region-based spatial logics until relatively recently, when the
so-called qualitative spatial reasoning research program began emerging within
the artificial intelligence community. It was developed initially without much
emphasis on the notion of interpretation — these logics were developed ax-
iomatically. The turn of the century saw a gradual change from axiomatic to
model-theoretic approach in the context of region-based spatial logics. The
second point we wish to make is that there is a slight but important difference
between Tarski’s and the modern approach to defining logics. Both elemen-
tary geometry and general affine geometry were constructed starting from a
set of axioms to which the (mathematically precise) notion of interpretation
was applied. These days the order is reversed - one starts with a model, giv-
ing us the interpretation of primitives of a considered language and proceeds
to investigate the properties of this model and its theory. Now, if we so wish,
we might try to axiomatise the theory in an attempt to fathom its properties.
And there is no requirement for these axioms to be “natural” or intuitive in

any way.! What we are looking for is a sound and complete (if not entirely

More on that topic in the context of spatial logics can be found in [PHO1].
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4.2. THE AXIOMATIC APPROACH

elegant) axiom system. Hence, the axiomatic method becomes subservient to
the model-theoretic one.

We divided this chapter into two parts. The first part concerns the initial
stage of research, which we chose to call the axiomatic approach, whereas the
second part concerns the results within the model-theoretic approach. Within
both parts we differentiate between affine and topological spatial logics and

present their development in parallel.

4.2 The Axiomatic approach

4.2.1 Topological Spatial Logics

In [Var96] Region Connection Calculus (RCC) is described as an extension
of a sub-theory of general mereology by the axioms of the contact relation
C. The axioms proposed were a modified version of those investigated by
Clarke (cf. [CBGGY7]). Historically, RCC was intended as a correction of
Clarke’s calculus of individuals. The language of RC'C comprises two binary
relation symbols C' and <. The paper [CBGG97] states explicitly that RCC
should be interpreted topologically. However, the question of interpretation

of RCC was answered in a satisfying way in [DWO03].

Definition 4.2.1 (Boolean Contact Algebra). Let BA be the theory of Boolean
Algebras and let £ be an extension of the language of Boolean algebras by the
binary relation symbol C, then the theory extending BA with the following
axioms is called the theory of Boolean Contact Algebras.

1. C(z,y) =z #0Ay #0,

2. 2#0—C(z,x),

3. Clz,y) = Cly,x),

4. C(z,y) Ny <z—C(x,2),

5 C(x,y+2) — C(z,y) VCl(z, 2),
We are also interested in the following properties.
(Ext) (C(z,2) = C(y,2)) =z <y,

(Con) x #A#0ANy#0ANx+y=1— C(x,y).
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We call C' a contact relation. The following theorem achieves a similar goal

to Tarski’s representation theorem in the case of Elementary Geometry.

Theorem 4.2.1 (Representation Theorem). Each BCA B is isomorphic to a struc-
ture (B, C') where B is a dense substructure of reqular closed algebra RC(X) over
some weakly-regular Ti-space X and C'is the contact relation on RC(X).

Proof. See [DWO03]. H

The following two theorems are, in effect, completeness and soundness
theorems for RCC.

Theorem 4.2.2. If X is a weakly reqular 1y-space and (B, C') is a dense substructure
of the regqular closed algebra RC(X) and C'is the contact relation on RC(X), then
(B, C) is a Boolean Contact Algebra.

As we already noted the axioms of RCC' are the modified version of those
presented by Clarke (cf. [CBGGY7]). These are, essentially, the axioms of
BC A presented above. This brings us to the following result.

Theorem 4.2.3. Each RCC-model is isomorphic to a substructure of the regular
closed sets of a connected weakly reqular 1 -space.

We now turn our attention to a particular example of an RC'C-related for-
malism, winning much of the attention of the researchers, called RCCS8. It
was originally presented as defined within RCC' but has been since sepa-
rated and is nowadays presented in a way in which the contact relation is not
explicitly used (see e.g. [RCC92]).

RCC8 RC(C8 is defined as the constraint language over the signature com-
prising the following binary relation symbols: DC' (disconnected), EC' (ex-
ternally connected), PO (partially overlaps), E(Q) (equals), TPP (tangential
proper part), TPP~! (reverse tangential proper part), NT PP (nontangential
proper part), NT PP~ (reverse nontangential proper part). As in the case of
RCC the question of formally defining the interpretation had been left open
for a long time. The authors of [RCC92] write:

The [...] primitives [of RC'C8] include physical objects, regions
and other sets of entities [p. 3]
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and later add that “a spatial interpretation is assumed in a pictorial model”
similar to our Figure 4.1 which shows a graphical interpretation of the basic
RCC8-relations if we take variables to range over regular closed subsets of
R?.

L ® & @

DC(X,Y) PO(X.Y) EC(X,Y) EQ(X,Y)
TPP(X,Y) TPP(X,Y) NTPP(X,Y) NTPP(X,Y)

Figure 4.1: Basic RCCS relations for variables ranging over regular closed
subsets of R*.

4.2.2 Affine Spatial Logics

Convexity has played an important role in the development of qualitative
spatial reasoning from the very beginning. It seems to be the case however
that the research on convexity formalisms was treated as secondary to the
research on the topological qualitative spatial reasoning. In [RCC92], which
deals with RCC-type formalisms, a section is devoted to an extension of these
formalisms with a function convexhull(z) having the obvious interpretation.
“An axiomatisation” of this new function is proposed (DR|[a,b] reads: a is
discrete from b).2

1. Vz(P(x, convexhull(z)))
2. Vz(P(convexhull(convexhull(z)), convexhull(z)))

3. Vazyz((P(z,convexhull(y)) A (P(y,convexhull(z)))) —
(P(x,convexhull(z))))

That is a and b can only share boundary points. See [RCC92], p. 3-4.
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4. Vay((P(z,convexhull(y)) A (P(y,convexhull(z)))) — O(x,y))

5. Vzy((DR(z,convexhull(y)) A (DR(y, convexhull(z)))) —
D R(convexhull(z), convexhull(y)))

The introduction of this new primitive is motivated by inexpressiveness
of topological spatial logics in terms of describing certain everyday geometric
relations (see [RC92]). As an example consider a relation of being inside a
region, without being part of it (e.g. water in a bottle). This can be formalised
as follows. A region r is said to be inside region s if r is a part of a convex
hull of s but not part of s itself. The convex hull function is used to define

this and other related properties.
INSIDE(z, y) := DR(z, y) A P(z, convexhull(y))
P-INSIDE(z, y) := DR(z,y) A PO(z, convexhull(y))

OUTSIDE(z, y) := DR(z, convexhull(y))

with obvious interpretations (P-INSIDE stands for partially inside). In-
verse relations are defined accordingly.
The paper [Coh95] contains another attempt at capturing the properties

of the convex hull function axiomatically.

1. Vz(convexhull(convexhull(z))) = convexhull(x))

2. Vz(z # convexhull(x) — T'PP(z,convexhull(z)))

3. Vzy(P(z,y) — P(convexhull(x),convexhull(y)))

4. VayP(convexhull(z) 4+ convexhull(y), convexhull(z + y))
5. Vzy(convexhull(z) = convexhull(y) — C(x,y))

6. Vzy(convexhull(z) - convexhull(y) =
convexhull(convexhull(z) - convexhull(y)))

7. Yxy(DC(z,y) — —conv(z + y))
8. Vzy(NTPP(z,y) — —conv(y + (—x)))
9. Vay(conv(x) A conv(y) — conv(x - y))

10. Vzyz(EC(z,y) Aconv(z+y) NEC(y, 2) Aconv(y+2z) ADC(z, z) — conv(y))
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where conv(z) := convexhull(z) = x.
This is then used to investigate further the expressive power of the thus ex-
tended RCCS.

Yet another attempt at axiomatising the convex hull function are pre-
sented in [Ben94].

1. Vz(TP(z, convexhull(x)));
2. Vz(convexhull(convexhull(x)) = convexhull(z));
3. Vzy(P(z,y) — P(convexhull(x), convexhull(y)));

4. Vzy(convexhull(x) = convexhull(y) — C(z,y).

Also, [Ben96] tries to give a modal interpretation of the convex hull func-
tion in the spirit of Tarski and McKinsey’s work on relation between the S4
modal operator and the topological interior operator (see [TM44]). Bennett
proposes the following translation of the above axioms (here o is the convex-
ity operator; O is the interior operator and M is S5 modal operator).

1. B(X — oX)A-B(X — ORX)

2. 00X < oX

3. M(oX < oY) — -EM~(X AY)

4. WX —Y)— (0X — oY)

Additionally, a new axiom is also considered

5. Vzy(convexhull(x) - convexhull(y) =

convexhull(convexhull(z) - convexhull(y)))
and translated in the following way

5 o(0X AoY) « (o X AoY)
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4.3 The Model-theoretic approach

Recall the early topological spatial logics described in the previous section:
RCC and RCC8. We mentioned that RCCS8 was first defined within RCC.
With the topological interpretation in place one can now ask the question:
what does it really mean that the primitives of RCCS8 are definable in RCC?
It was soon realised that the answer to this question depends heavily on the
underlying topological space. It turns out that RCCS8 primitives are indeed
definable in the language of RC'C' over many of the topological spaces of in-
terest. If that space is weakly regular 71 and connected we take the contact
relation to be interpreted as follows (s and ¢ are regular closed sets): C|s, t] if
and only if s Nt # () and the RC'CS primitives are given the following inter-

pretation.

DCs,t] if and only if s Nt = 0;

EC|s,t] ifand only if sNt # 0 and (5)° N (¢)* = 0;

POl[s,t] ifand only if ° Ns® £ Pand t N —s # Q and —t N s # 0;

EQ]s,t] ifand only if s = ¢;

TPP[s,t] if and only if s C ¢ and b(s) N b(t) # 0;

TPP'[s,t] ifand only if TPP(t, s);

NTPP|s,t] if and only if s C t and b(s) N b(t) = (;

NTPP~![s,t] ifand only if NTPP(t,s).
From a purely formal point of view then, there are good reasons to focus on
the more expressive language of RCC'. (Recall that this is the first-order lan-
guage over the signature {+,-, —,0,1,C'}.) With the intended interpretation
in mind we view it as the Boolean Algebra together with the (topological)

contact relation. Hence the language can be divided into two parts: algebraic
and topological. At this point we might want to consider other languages
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where the topological part is being replaced or appended with other topolog-
ical relations or functions. We adopt this line of thinking here. The following
sections describe a selection of languages designed according to that pattern.
We divided our description into two parts. The first concerns first-order lan-

guages and the second part deals with constraint languages.

Recall that 9tp denotes the polygonal model and 91, the rational model.

4.3.1 Topological Spatial Logics

First-order languages We note that, given the intended interpretation, we
can replace +, -, — with the order relation < (cf. Section 2.7). We adopt this

convention here. Consider the following signatures:

21 - {§70}7
22 - {Sac}v
23 = {S,C,C}.

We consider the first-order languages over these signatures, denoted in the
usual way. These languages are interpreted over a specific topological space,
the real plane. We now have to choose a plausible region-candidate for the
variables to range over. For the reasons outlined above we wish to consider
subalgebras of the set of regular open/closed subsets of R2.3 We limit our-
selves to the the following list of region-candidates (using the notation intro-
duced in Section 2.7): RO(R?), ROP(R?) and ROQ(RR?). Finally we give the
following interpretation to the primitives: let s, ¢ be regions

C|s, t] if and only if (s)° N (¢)° # 0;
c[s] iff s is a connected set;
s < tiff s C t.
We first turn to the task of showing how sensitive different languages are to

changes in the domain. What we refer to as topological logics were histori-
cally often called mereotopologies and were viewed as a combination of mere-

3The choice between regular open or closed subsets is arbitrary.
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4.3. THE MODEL-THEORETIC APPROACH

ological and topological ideas. There is, however, a more technical definition
of mereotopology. For example, Pratt-Hartmann (e.g. [PHO7]) defines it as
certain type of Boolean Algebra. We introduce this technical notion here as it

is used in the results we wish to present.

Definition 4.3.1 (Mereotopology). Let X be a topological space. A mereotopo-
logy over X is a Boolean sub-algebra A of RO(X) such that, if o is an open
subset of X and p € o, there exists r € M such thatp € » C o.

Definition 4.3.2. A mereotopology M is finitely decomposable if every region
in M is the sum of finitely many connected regions in M.

All the regular open algebras of interest are in fact mereotopologies (con-
sult [PHO7] for proofs), hence we often refer to a topological logic as mereo-
topology and by specifying its domain (e.g. RO(R?), ROQ(R?)).

Consider L< ¢ .. The following example outlines the difference between the
theory of the mereotopology over RO(R?) and the theories of the mereotopo-
logies over ROP(R?) and ROQ(R?). Consider the following L< ¢ -sentence.

VaVy(Cl(x,y) — Jz(c(z) ANz <y A C(x, 2))).

It “says” that, if a region contacts another region, then it contacts some
connected part of it. This sentence is satisfied by any finitely decomposable
mereotopology (such as RO P(RR?)); it is not however satisfiable over RO(RR?)
(for details see [PHO7]). Let us consider yet another example — L< .. It turns
out that also here different domains determine different theories. The fol-
lowing shows that the mereotopologies RO(R?) and and ROP(R?), ROQ(R?)

have different £ -theories. Consider the following L« .-sentence.
Vo VaoVas(e(x) A c(zg) A c(zs) A ez + 22+ x3) — (c(z1 + 22) V c(x1 + 23))).

It “says” that if three connected regions have a connected sum, then the first
must form a connected sum with one of the other two. [PH07] shows that
this sentence is true not only in ROP(R?) but also in ROQ(R?), whereas it
is not true in RO(R?). Figure 4.2 shows a RO(R?)-construction consisting of

regions r, s, t defined as follows.

r={(z,y)| —1<z2<0; -l—z<y<y<l+az};
s={(z,y)|0<z<1; -1—z<y<sin(l/x)}
t={(z,y) |0<z<1; sin(l/z) <y <14z}
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It is clear that the sum of r, s, ¢ is the large triangle (as depicted in the Figure

4.2) and so the sum of , s, t is connected but neither r+ s nor r+t is connected.

Figure 4.2: Three connected regions in R?, see [PH07]

One can also try and compare the expressive power of different topolog-
ical languages. What we essentially do is to fix the interpretation and, given
two languages, see if one language’s primitives are expressible in the other.
For example say we wish to compare languages L£< ¢ and L< . interpreted
geometrically. The first result shows that in fact instead of considering £< ¢
we could confine our attention to Lc.

Theorem 4.3.1 ([PHO7]). Let M be a mereotopology over a weakly regular space X,
and let ry,ry € M. Then ry < ry if and only if M = ¢<[r1, 2], where ¢ (x1, x2) is
the Lc-formula

Vz(C(xq, 2) — C(xg, 2)).

Proof. See [PHO7]. ]

A mereotopology M is said to respect components if every component of
every region in M is also in M. Most of the mereotopologies discussed in this
section respect components.

Theorem 4.3.2 ([PHO7]). Let M be a mereotopology over a regular topological space
X such that M respects components, and let r € M. Then r is connected if and only
if M = ¢.|r], where ¢.(z) is the Lo-formula
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Ve Voo (xy > 0Axe > 0Axy - 20 =0A 2 + 20 = — J2)Fab (2] <ap Axfy <

Proof. see [PHO7]. H

The two presented results ensure that for mereotopologies over regular
topological spaces which respect components L. is at least as expressive as
L< .. The converse is true for some well-behaved mereotopologies (we refer
the reader to [PHO07]).

We note that one can also investigate expressiveness results of a more
absolute character. Given a topological logic and homeomorphic tuples of
regions, we might ask, do these tuples satisfy the same formulas? And con-
versely, can we find a formula satisfiable only by homeomorphic regions? We
do not investigate this problem here (cf. [PH07]). However we do provide
similar sort of results for convexity logic in Section 5.3.

One might wonder how the axiomatisation attempts described above fit
into model-theoretic approach to spatial logics. As we mentioned earlier,
there is a place for axiomatisation here. Constructing an axiom system is
one of the ways of exploring the properties of a given theory. Take L,
where variables range over regular open polygonal subsets of R?. The paper
[PHS98] axiomatises the L< -theory of ROP(R?), which was later refined in
[PHO7]. It includes the axioms of the non-trivial Boolean Algebra together
with axioms expressing certain topological properties (not chosen for their
intuitiveness). Among others these axioms include: an axiom ensuring that
two connected regions with a non-empty intersection have a connected sum;
an axiom schema stating that if connected regions form a connected sum,
then at least one of these regions is such that its removal from the sum leaves
out another connected sum. There are also axioms securing certain “techni-
cal” properties, aiding the construction of the completeness proof. Impor-
tantly, an infinite inference rule is used.

{Va(Pn(x) — 6(x))[n = 1}
Vad(z) ’

where for each n > 1, ¢,,(z) stands for a formula

Fzr .3z (N elz) A=) z).

1<i<n 1<<n

8
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Intuitively, this rule states that every region is a sum of connected regions.
Please consult [PHO7] for a detailed description of the system and soundness
and completeness results. We note that we have taken up a similar approach

to axiomatising convexity logic, presented in the next chapter.

The constraint topological languages Since most of the first-order logics
are undecidable,* it is reasonable to try and restrict the languages in hope to
restore decidability. In what follows we describe several constraint languages
with emphasis on complexity results. Recall the signatures ¥, = {<, ¢} and
Y3 = {<,C, ¢} from the previous section. We introduce two more, closely re-
lated, signatures ¥}, = {<,c¢"} and ¥} = {<,C, ¢ }. This section concerns
the complexity results relating the constraint languages over these signa-
tures with topological interpretation. The paper [KPHZ10] deals with much
greater selection of interpretations; we however focus on the situation where
these constraint languages are interpreted over the real plane. The only new

symbol ¢~ [r] is interpreted as: r has a connected closure.

Theorem 4.3.3. The satisfiability problem for L
and ROP(R?) is EXPTZIME-hard.

LS . and LS o over RO(R?)

7

Proof. See [KPHWZ10] O
Thus we are left with just one language LS ., dealt with in the following

theorem.

Theorem 4.3.4. The satisfiability problem for LS . over ROP(R?) is EXPTIME-
hard.

By a graph model we mean a pair & = (G, o), where G = (V, E) is a graph
and o is a function mapping LS -variables to a subset of V. The relation
symbol < is interpreted as the inclusion relation on the power set of V' and
c is interpreted as (graph-theoretic) connectedness. The proof proceeds as
follows. First it is shown that an £¢ , -formula is satisfiable over ROP(R?)
if and only if it is true in a connected planar graph model. Then, using the
techniques developed in [KPHWZ10] it is shown that it is EXPTZME-hard
to decide whether an £  -formula is true in a planar graph model.

We wish to mention complexity results for two other constraint languages.”

The satisfiability of RCCS8 over regular closed subsets of any topological

4For the discussion of the first-order undecidability of RCC and BC'A cf. [Gri08], p. 47—
52, and [CBGGY97].
SFor other complexity results please consult [KPHZ10], [KPHWZ10] and [PHO02].
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space X is shown to be N'P-complete. The complexity does not change if
we take X = R? (see [KPHZ10]). Note that RCC8 was modelled after Allen’s
interval algebra (see [AllI83] for the survey) and it was hoped that similar
techniques used in tackling problems from Allen’s algebra would prove use-
ful in case of RCCS. In particular, [RN97] presents an algorithm for solving
instances of RCC8 satisfiability problem — it is translated as a constraint
satisfaction problem. A composition function, mapping RCC8-relations to
RCC8-terms, is introduced (defined as a composition table look-up). For the
details of the construction the reader is referred to [RN97]. This approach
did not prove to be as fruitful as in the case of Allen’s algebra, since RCCS-
terms enhanced with the composition function do not form a relation alge-
bra.b A particular modification of RCCS, called BRCCS, is of special interest
here. In [WZ00] the RC'C8-relation symbols were enhanced with Boolean re-
gion terms: binary +,- and unary —. The resulting system—BRCC8—has
the following interpretation. Variables range over regular closed sets: RC(X);
RCC8-relation symbols are interpreted as above ; s 4t interpreted s Ut; s - ¢
interpreted (s Nt)? and —¢ if and only if (X/¢)°. Formulas are defined anal-
ogously to the RCCS case, the only difference is that now the basic relations
can hold between sums, products and complements of regions. If we take the
topological space X = R", for any n > 1 the satisfiability problem turns out
to be PSPACE-complete.

4.3.2 Affine Spatial Logics

This section deals primarily with affine convexity spatial logics. We introduce
four signatures containing conv and some choice of “topological” symbols.

¥y = {conv} U{R | R is an RCCS8 relation symbol},
Yo = {conv, EC, PP},
Y3 = {conv, C},

¥y = {conv, <}.

We denote the constraint languages over the signatures 3; and X, by

Lono rocs and L, po pp and the first-order languages over X3 and 34 by

®For a more detailed treatment of RCC8 and related systems reader is referred to [RN07],
[Ren02] and [Gri08].
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Leonv,c and Lo,y <. These languages are interpreted over the real plane with
variables ranging over the elements of RO(R?) (in some, indicated, cases we
restrict our attention to ROP(R?) and ROQ(R?)). All RCCS8 relation symbols
are interpreted in the standard way; EC|a, b] iff a and b are externally con-
nected; PP|a, b] iff a is a proper part of b; C is the contact relation; conv is the
convexity property. We recall that £,,,, < is the language we introduced in
Section 2.7.

The paper [DGC99] is one of the first within the QSR paradigm to deal pri-
marily with convexity logic. There, the languages L5, ., rocs and £, gc.pp
are investigated. Two main results are presented there. The first is a com-
plexity result for L5, rocs- A procedure is described such that given a set
of constraints S in L, rocs (@ssuming the above interpretation), this pro-
cedure generates a set of constraints S’ such that S is satisfiable by a tuple
of regular open subsets of R? if S’ is satisfiable by a tuple of regular open
polygons of R? with a boundable number of vertices. Hence the satisfiabil-
ity problem for L{,,, rccs interpreted over RO(R?) is reduced to the satis-
fiability problem for L, rocs interpreted over RCP(R?). S’ in turn can
be reduced in a similar fashion to the set S” of formulas in the language of
fields reconstructed in L5, rocs (using the fact that one can “talk” about co-
ordinatisation in £¢,,, rocs — We discuss coordinatisation when describing
L:,n0 po.pp)- Decidability — as well as the complexity bounds - then follows
from Tarski’s well known work ([Tar48]).”

We now give a brief overview of the procedure. Let 7, s be regions related
by one of the L, rocs primitive relations.® In essence, the procedure con-
sists of selecting witness triangular subregions ' C r and s’ C s in a way
specific to the primitive relation involved. Consider a constraint expressing a
fact that r is related to other regions by n primitive relations. The procedure
will then select n witness regions for 7. We now map r to a new region 7’
which is the convex hull of the sum of all n witness regions involved. Re-

peating the procedure for every region in the considered constraint, we end

7And the satisfiablity problem for the theory of fields is known to be at least doubly
exponential. See [DHS88].

8We note that the paper [BC99] proposes a model building algorithm for determining
consistency of RCC8-relations and shows how to extend this procedure to incorporate con-
vexity. This procedure is related to that of [DGC99] but it is claimed to be less computation-
ally heavy (p. 3). In the case of convexity [BC99] uses the property that for a convex region
r and a point p not in that region, p lies outside any triangular region whose vertices are
contained in 7 (by convexity this triangular region is also contained in r). For the details of
the construction please consult [BC99].
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up with a new set of polygonal regions. We refer the reader to the full expla-
nation of the procedure to the original paper.

The second result of [DGC99] relates to the language L¢,,, zc pp- A cru-
cial step, as in the case of Lf,,, rccs is to show that L5, pc pp is expressive
enough to allow talking about coordinatisation. This is indeed the case: it
is shown that statements about points and lines can be simulated with state-
ments about regions. This includes the properties of collinearity and non-
collinearity and the betweenness relation (by the formula containing three
n-sequences of variables bet(z, 7, z), [DGC99], p. 251-254).We have the fol-

lowing theorem.

Theorem 4.3.5. If a region s is an affine transformation of region r, then for any
L oo 5o, ppformula ¢ we have that RC(R?) |= ¢[r] if and only if RC(R?) k= ¢[s].

An analogous theorem, relating the language L., < is proved in [Pra99].
The main results in this paper concern three interpretations, where variables
are set to range over RO(R?), ROP(R?) or ROQ(R?).

The paper [Pra99] extends the results from [DGC99] by investigating if the
converse of Theorem 4.3.5 holds. In the case of 9, the converse theorem is

shown to be true.

Theorem 4.3.6. Every n-tuple in ROQ(IR?) satisfies an L .on, <-formula o with the
following property: any two n-tuples satisfying  are affine-equivalent.

The proof relies on constructing certain formulas that allow us to “talk”
about rational polygons and fixing of their bounding lines in certain manner.
We use these, appropriately called, fixing formulas in our own construction in
Chapter 5. However, the converse of Theorem 4.3.5 is false in the case of Mip.

Recall that a model & is prime if for any model B such that B is elemen-
tarily equivalent to 2, the model 2 can be elementarily embedded in ‘B. It is
shown that the model My, is prime and that the models M, N, Mp all have
different theories.

The paper [Dav06] deals with the language Lo, c. It is shown that a num-
ber of topological relations are L., c-definable: P (part of) , PP (proper
part of), c (connectedness), O (overlap), EC (externally connect) with obvi-
ous interpretations. As an example, consider the formula ¢(z) defined to be
VyV2Yw((C(w, z) < Clw,y) V C(w, z)) — C(y, z)). The formula ¢ says that
if a region is a sum of two others, then these two have to contact each other.
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Hence, ¢[r] is satisfied if and only if r is connected. Consider the following

lemma.

Lemma 4.3.1. If a and b are convex solids such that a is in contact with b, then a
and b meet in a single point if and only if the following holds: for all regions c,d € U,
ifc C aand d C b, bis in contact with ¢ and a is in contact with d, then c is in
contact with d.

This lemma is used to show that there exists an L., c-formula ) such
that 1 is satisfiable by two regions if and only if these regions meet at a single
point. Using this fact and some related definitions it is shown that an affine
coordinate system is also L., c-definable. Then using standard techniques
(not dissimilar to those utilised by [ST79]) real addition and multiplication
are defined relative to a given affine coordinate system. All this is needed to

prove the following theorems.

Theorem 4.3.7. Let U be a class of closed regions in the plane that includes all
simple polygons. Let ¢(x1,...,x,) be an analytical and affine-invariant relation
over U. Then ¢ is first-order definable in the structure (U, C, Convex).

Theorem 4.3.8. Let ¢ be as in Theorem 4.3.7. Then ¢ is first-order definable in
(RC(R?), C, Convex) if and only if ¢ an analytical and affine-invariant relation over
RC(R?).

(Analogous results hold when U is the set of all rational regular closed poly-
gons, cf. [Dav06]).

An analytical relation is one that can be defined in the structure & =
(NUN¥ +,-[]), where N“ is the set of infinite sequences of natural num-
bers and given a sequence 5 and a number p; s[p] means “p'"element of 5”.
In order to prove the results, it is shown that infinite sequences of points, the
indexing function on such sequences and the closure function (mapping an

infinite sequence of points to a region) can all be defined in Lo, ¢

On a final note we wish to observe that the language L., < turns out to be
the most expressive — to a certain extent — of all those considered in this

section.

Theorem 4.3.9. The relations C(z,y) and EC(z,y) are L oy <-definable in My
and Mp.
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It follows that all the RC'CS8 relations are L., <-definable over these do-
mains. It follows that the expressiveness results from [DGC99] and [Dav06]
carry over to L., <. This theorem is also used to prove the undecidability of
M p and M. From this undecidability of Mt follows easily.

4.4 The Modal approach

In this section we gather interesting results on modal affine and projective
spatial logics. We note that the results presented here are only tangentially

related to our investigations.

Venema The paper [Ven99] deals with projective spatial logic. In this pa-
per a modal language is introduced for talking about projective planes. Let
Y = {Op,Or}. Take VARp and VAR, be two countably infinite disjoint sets
elements of which are called point and line variables respectively. Next we
define FORp and FOR,. The set FORp is the smallest set satisfying the fol-
lowing conditions: (i) every p € VARp is in FORp; (ii) if p € FORp, then
—p € FORp; (iii) if p1, po € FORp then p; Apy € FORp; (iv) if | € FOR}, then
Opl € FORp. Analogously, the set FORy, is the smallest set satisfying the
following conditions: (i) every | € VAR isin FORy; (i) if | € FOR,, then
-l € FORy,; (iii) if I1,l; € FOR then [y Aly € FORy; (iv) if p € FORp then
Op € FORy,.

Note that to avoid notational clutter we do not sort the logical connec-
tives.

Hence L is a two-sorted modal language, where we distinguish between
point and line formulas. In order to define semantics for this language we

need to introduce a few more notions.

Definition 4.4.1. A two-sorted frame is a two-sorted structure F = (P, L, I)
such that PN L = 0 and I C P x L. Elements of P and L are called points
and lines respectively; [ is called the incidence relation.

A projective plane is thought of as a two-sorted frame F = (P, L, I) satisfying
the following properties.

1. Each pair of distinct points is connected by exactly one line;

2. each pair of distinct lines intersects in exactly one point;
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3. there are at least four points such that no three of them are incident with

one and the same line.

We let PP denote the class of projective planes. According to [Ven99] we

obtain an equivalent definition of a projective plane if we replace (3) with

(3) there are at least four lines such that no three of them are incident with

one and the same point.

Finally, we can define semantics for L.

Definition 4.4.2. Let 7 = (P, L, I) be some frame. A valuation on F is a map
assigning subsets of P to point variables and subsets of L to line variables.
A (two-sorted) model is a pair M = (F, V) such that F is a frame and V is a

valuation. Given a model M we define the notion of truth as follows:

M, s E=pifs € V(p);

M,k = Lifk e V(D)

M,z = —¢ifnot M,z = ¢,

M,z EpANYif M,z |=¢dand M,z = 9;

M, s = OplL if there is some k with s [ kand M,k = L;
M, k = O P if there is some s with s I kand M, s = P,

wheres € P, k€ L,pe VARp,l € VAR, x is either in P or L.

The expressiveness of this language is explored to some degree. For ex-
ample, it is shown that the theorem of Pappus is expressible (Theorem 2.5.6
in Chapter 2).” More precisely:

Lemma 4.4.1. Let F be a projective plane. Then there exists a formula 1) such that
the Pappus theorem holds in F if and only if F |= 1.

Next, Venema proposes the projective calculus AX P consisting the fol-

lowing axioms and rules of inference.

1. all classical tautologies;

9Cf. [Ven99], p. 6-8
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2. Op(ly — ly) — (Oply — Oply);

3. Op(p1 — p2) — (Brp1 — Orpa);
4. p— OpSpp;

5.1 — DLOPZ}

8. OuCup — Cp;
9. <>b<>bl — Ol

Here, 0;¢ = ~0;m¢p and Cpp = OpOro, Opp = O Opoh.

(MP) Modus Ponens: ¢ — 1, ¢ / 1.

(N) Necessitation for Op and O;: ¢ / Opg;p / Opyp, where ¢ is a point for-
mula and ¢ is a line formula.

(SUB) Substitution uniformly replacing in any formula ¢ some propositional
variable by some formula of the same sort: ¢ / s(¢).

The meaning of axioms 1-3 is obvious. Informally, axioms 4-5 form the
modal way of stating that the accessibility relations connected to the dia-
monds ¢p and < are each other’s converse. The axiom 6 states that each
point is incident with at least one line. The axiom 8 is the transitivity axiom
for ¢. The axioms 5 and 7 are the obvious duals of 6 and 8 (cf. [Ven99], p.

13). This projective calculus determines the consequence relation 4 x p.

Theorem 4.4.1. The calculus AX P is strongly sound and complete with respect to
the class PP of projective planes. That is, for any set ® of formulas and any formula
¢ (of the same sort) we have

O Faxp ¢ifand only if & =pp ¢.

It turns out the P P-satisfiability problem (PP-SAT) for Ly, that is the
problem of determining for a given Ls-formula ¢ if ¢ is satisfiable in some
projective plane is decidable. The paper [Ven99] also explores the computa-
tional complexity of PP-SAT and obtains the following result.

o1 |
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Theorem 4.4.2. PP-SAT is NEXPTIME-complete.

Proof. See [Ven99]. H

Hodkinson One reason why [Ven99] is important for our purposes is that
Hodkinson et al model their ideas on this paper and use similar framework
to talk about affine modal logic.

Definition 4.4.3. Let ¥ = {0Op,0,,0p.} and let syntax be defined as in
[Ven99] with the obvious modifications and with the following addition. We
extend the definition of FFOR, with the following condition: (v) if p € FOR,
then Op;p € FORy,.

Definition 4.4.4. A two-sorted affine frame is a two-sorted structure F' = (P, L, €, ||
ysuchthat PN L =0,¢e C Px L,and ||[C L x L. Elements of P and L are
called points and lines, respectively; € is called the incidence relation and || is
called the parallel relation.

A model and valuation are defined as in [Ven99]. The definition of truth in
a model differs in the case of modalities in the following way.

Definition 4.4.5. Lets € Pand ! € L
M, s = OpLif M,m = L for every m € L with sem;
M, =0.,Pif M,t |= P forevery t € P with tel;
M, = OpLif M,m = L for every m € L with [ || m.
The definitions of validity and satisfiability are standard.

Next [HHO8] defines an affine plane.

Definition 4.4.6. A (two-sorted) affine frame A = (P, L, ¢, ||) is said to be an
affine plane if:
1 For any two distinct points s,¢ € P, there is exactly one line [ € L such

that sel and tel.

2 Foralll,m € L,wehavel || miff | = m or there isno s € P with sel and

SEM.

3 Forany ! € L and s € P, there is exactly one line m € L such that sem
and m || .
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4 There are distinct s,t,u € P such that for no ! € L do we have se¢l, tel,

and wel.

The logic of affine planes is defined to be the set of all point and line
formulas that are valid in every affine plane. We note that Hodkinson et
al. also gives a translation of the modal formulas into first-order logic (see
[HHOS8], p. 949). Next [HHO8] defines a formula v such that —) is valid in
every affine plane. Certain properties of this formula are used in the proof of
the following, main theorem of the paper (cf. [HHO8], p. 950-951).

Theorem 4.4.3. The modal logic of affine planes is not finitely axiomatisable.

The chapter [BGKV07] is a very good source on standard results in affine
logics. It refers, inter alia, to the results presented in [ST79], [Tar59] and more
indirectly to [Whi07] and [Rus97], [Rus56]. After rehearsing basic concepts in
affine and projective geometries, including coordinatisation of affine spaces,
the first-order theories are considered where [ST79] is reviewed. From our
point of view, the important contribution of [BGKV07] is the description of
two-sorted modal logic for plane affine geometry, but mainly because we are
also interested in — a specific example of — plane affine geometry (cf. [HHO8]).

Definition 4.4.7. A two sorted frame F = (P, L, I) is affine if the following
are satisfied.

1. VXVy3z( X1z ANy || 2);

2. VaVyVz(z ||y Ay ||z — x| 2),

where X € P, x,y,z € Land x || yiff for all Z € P if ZIx and ZIy, then
x = y. We call || a parallelism relation. We also define a strong parallelism
relation, denoted ||,: z ||; y iff for all Z € P not ZIx or not ZIy. We append
the definitions in [HHO8] in the following way. Let ¥ = {Op, 0y, [||s]} and
let syntax be defined as in [Ven99] with the following addition. We extend
the definition of FOR;, with the following condition: (v) if p € FOR, then
Oprl € FORy. The semantics is analogous to the one in [HHO8]. The main
difference is the interpretation of [||]: M,z = [||s]a iff for all y € L such that

zlsy M,y a.

The main result is the following theorem.
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Theorem 4.4.4. The satisfiability problem for M is NEXPTIME-hard.

Proof. See [BG02]. H

4.5 Summary

The main theme of this chapter was the model-theoretic approach to spatial
formalisms. Historically it was the research on the qualitative spatial reason-
ing that revived the interest in the topological work of Whitehead and Clarke.
Initially, the research was carried out with the notion of interpretation being
only vaguely defined. It was soon realized, that in order to meaningfully in-
vestigate region-based spatial logics the tools developed in model theory are
required. We mentioned that within the model-theoretic approach axioma-
tisation is an important way of fathoming the properties of a given theory.
However, since the axiom system is no longer a starting point, it does not
really matter if it contains any “intuitively” valid assertions. We gave an ex-
ample of such an axiom system in the case of topological spatial logic. The
next chapter presents, among others, the main contribution of this thesis: an

axiom system for an affine spatial logic.




Axiomatisation

5.1 Introduction

Recall that 9y denotes the structure (ROX (R?), conv, <), with X € {P,Q, A}.
If X = () we obtain 9 = (RO(R?), conv, <). This chapter contains the main
contribution of this thesis — the axiom system for the L., <-theory of 9.
It is divided into two parts. The first part contains expressiveness results re-
lating to the rational model (and often generalising to other domains). The
second part describes the proposed axiom system and provides proofs of the

soundness and completeness theorems.

5.2 Expressiveness

5.2.1 Basic Expressiveness

Most of the results from this section are either directly taken from, or are
built on, the results presented in [Pra99]. We present an account of this work
in Chapter 4.

Lemma 5.2.1. Let [ € ROX (R?). Then Mx |= hp[l] if and only if l is a half-plane,
where hp(x) is the formula:
conv(x) A conv(—x).

Proof. It is enough to observe that for any convex region [ its complement —{
is also convex if and only if [ is a half-plane. See Figure 5.2.1 O
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(@) conv(a) but ~conv(—a) (b) conv(a) and conv(—a)

Figure 5.1: Using convexity to define a half-plane in R2.

We use letters [, m, n etc. (possibly with subscripts) to denote half-planes
but sometimes we use the same symbols to denote the lines bounding these
half-planes. We hope no confusion arises.!

Lemma 5.2.2. Let l1,l; € ROX(R?). Then I, and ly are half-planes with lines
bounding them being coincident if and only if

MX }: Oé[ll, lg],

where oz, x2) is the formula:

hp(x1) A hp(z2) A (21 = 22 V 11 = —19).

Proof. Clearly, two lines are coincident just in case they bound the same half-
planes. O

It is easy to see (cf. Figure 5.2) that for any two half-planes [, l5, their
bounding lines are parallel or coextensive if and only if at least one of [; - [; =
0,1, -=ly =0, -ly =0, —1; - =1y = 0 holds. This observation allows us to
talk about parallel lines in 9.

Lemma 5.2.3. Let Iy, 1y, € ROX(R?). Then there exists a formula par(zy, x2) such
that Mx = par|ly, 5] if and only if |, and [y are half-planes and lines bounding them
are parallel.

1Obviously, with each line there are two half-planes associated.
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Figure 5.2: Lines bounding [, and [, are parallel: half-planes —/; and [/, have
an empty intersection.

Proof. Consider the formula: par(zy, xs) :=
hp(.%’l)Ahp(Ig)/\Il # :i:I'Q/\(LUl'JZQ = OVIl'—IQ = O\/—I‘l'l'g = 0\/—.%1'—372 = 0)

O

Definition 5.2.1. Let [, m,n be any non-parallel, non-coincident lines with
INm=0,lNn =TIand mNn = J. We say that [, m,n form a coordinate system
or a coordinate frame and call [ the abscissa, m the ordinata and refer to point O
as the origin and to segments OI and OJ as the units of measurement on the
lines they belong to.

Given n variables z1, ..., z, and their complements there are 2" possible n-

element products of £z, for 1 < i < n. We denote them by:

(1) (2")

H :l:]]i,..., H :l:Z'Z

1<i<n 1<i<n

The index set of the set of all possible n-element products of +x; is denoted
by P,. Note that in this case phrases like complement and product are used
informally to denote respective function symbols in the language.

Lemma 5.2.4. There exist formulas coor(xy,xs,x3) and I'(xq, xq, x3) such that

A
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() (b)
Figure 5.3: Example coordinate systems.

Myx = Uly, o, 3] if and only if 11,15, I3 are half-planes such that lines bounding
them meet at a single point; and Mx = coorlly,ls, 13| if and only if 1y, 15,15 are
half-planes such that lines bounding them form a coordinate system.

Proof. Consider the formula

n(xy, g, x3) == /\ hp(z;) A /\ —par(z;, ;).

1<i<3 1<i<j<3

Now put

(@) (4)
coord(xy, xe,x3) 1= n(xy1, Te, T2) A 7 \/ ( H +2, =0A H +a5, =0)

1<i<j<8 1<k<3 1<k<3

and

(4) (9)
[(x1, 29, x3) := n(x1, T2, 22) A \/ ( H +x, =0A H +x;, = 0).

1<i<5<8 1<k<3 1<k<3

()
Observe that [y, [3, [5 satisfy coord just in case no two products H =+,
1<k<3
(4)
H +!;, are empty. Similarily, {1, [, 3 satisfy I just in case there are (at least)
1<k<3
(@) (4)
two empty products H +1;., H +l,. This, together with the fact that
1<k<3 1<k<3
three non-parallel lines can only divide the plane into 6 or 7 regions depend-
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ing on whether these lines meet pairwise at three distinct points or meet at a

single point yields the result (see also Fig. 5.4). O

(a) (b)
Figure 5.4: Examples of I'[l1, I, I3] and Ally, I3, I3] respectively.

Given Mx = coord|l,m,n] we adopt the convention that the line bounding
the first half-plane is the ordinata and the line bounding the third half-plane
is the abscissa. In general this will be represented by the numbering of the
elements, like so: Mx = coord|ly, l2, I3] but occasionally we purposefully dis-
rupt the numbering and write, for example, My = coord|ly, I3, l).

We now present a number of expressiveness results extending [Pra99].

Definition 5.2.2. Let [,m € ROX(R?) be half-planes. We say that the lines
bounding them form a general line pair if the lines intersect at the unique point
P.

Lemma 5.2.5. Let I, 1, € ROX (R?). There exists a formula <xy,xy> such that
Mx =<y, 1> ifand only if 1, l; are half-planes and lines bounding them form a
general line pair.

Proof. Consider the formula (see Figure 5.5): <1, 29> = hp(x1) A hp(xs) A
:t])l. + i) 7é 0. ]

Lemma 5.2.6. Let Iy, 13,13,l, € ROX (R?). There exists a formula <1, 19> =<
x3,x4>> such that Mx =<y, 1> =<3,14> if and only if 11,1y and 13,14 are
half planes such that lines bounding them form general line pairs which determine
the same point.

Proof. Consider the following formula:

L1, To> = LT3, Ty>> = F(ZL‘l, X9, 173) A F(ZL'l, X9, 1'4).
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—ly

Figure 5.5: The line bounding [, intersects the line bounding [, at a point P.
Observe that all half-planes bounded by these lines have non-empty inter-
sections.

O
Recall the definitions of addition (Def. 2.5.9) and multiplication (Def. 2.5.10

in an affine plane, presented in Section 2.5).

Definition 5.2.3 ([Ben95]). We say that OC is the result of addition of OA and
OB and write OA + OB = OC if and only if the following lines can be found
(see Fig. 2.3):

(@) [, !’ meeting at a single point O;

(b) m parallel to I’;

(c) l4suchthat iy, "> = A, parallel or coincident with [;

(d) [psuchthat <ip,!"™>= B, and such that [, [, m meet at a single point;

(e) lc such that <l¢, "> = C, parallel or coincident with /.

Definition 5.2.4 ([Ben95]). We say that OC is the result of multiplication of
OA and OB and write OA - OB = OC if and only if the following lines can
be found (see Fig. 2.4):

(@) [,ls, 13 bounding a triangle;
(b) 14 suchthat <ly,I5> = A, parallel or coincident with I5;

(c) Ipsuchthat <lp, 3> = B, and such that [z, [;, [, meet at a single point;

100



5.2. EXPRESSIVENESS

(d) l¢ such that <li¢, 3> = C, parallel or coincident with [z and such that
lc,la,l; meet at a single point.

We now show that addition and multiplication are definable in relation to a

given coordinate frame.

Lemma 5.2.7. There exists a formula
add(l'l, X2, T3, Tg, Tp, I’c)

such that
My E add[ly, 12,13, a,b, c|
if and only if the following conditions all hold:

(i) 1,12, 5 are half-planes such that lines bounding them form a coordinate system
with 15 the abscissa and [, the ordinata;

(ii) a is a half-plane such that the line bounding it intersects the line bounding I3
at some point A;

(iii) b is a half-plane such that the line bounding it intersects the line bounding I3
at some point B;

(iv) c is a half-plane such that the line bounding it intersects the line bounding I
at some point C;

(v) OA+ OB = OC.

Proof. The following shows that the construction from Definition 2.5.9 is ex-

pressible in L., <. Consider the following formula

y (coord(zy1, x2, x3) A (par(xq, x1) V a(xa, 1)) AT (2, 21, 9) N LT3, >
N(par(zy, z.) V a(zy, x.)) ATy, x4, ).

Lemma 5.2.8. There exists a formula

mult(ﬁl, T2, T3, Lq, Ty, ch)

such that
Mx E multlly, s, 13, a,b, c|

if and only if the following conditions all hold:
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(i) L, 12,15 are half-planes such that lines bounding them form a coordinate sys-
tem, with l5 the abscissa and 1, the ordinata;

(ii) a is a half-plane such that the line bounding it intersects the line bounding I3
at some point A;

(iii) b is a half-plane such that the line bounding it intersects the line bounding I3

at some point B;

(iv) c is a half-plane such that the line bounding it intersects the line bounding l5

at some point C;

(v) OA-OB = 0OC.

Proof. The following shows that the construction from Definition 2.5.10 is ex-
pressible in L., <. Consider the following formula:

coord(xy, x2,x3) N (par(zq, x2) V a(xq, 2)) AT (21, 22, 1)\ L3, Tp>>
N (e, Tay 1) A (par(ze, zp) V a(ze, Tp)).

We obtain an easy consequence of Lemma 5.2.8.

Lemma 5.2.9. For each natural number n there exists a formula
powern(xl, L2,23, T, Zn)

such that
Mx ): pOweTn[lh la, 13, a, bn]

if and only if the following conditions hold:

(i) 11,12, 15 are half-planes such that lines bounding them form a coordinate sys-
tem, with all the intersection points defined as above;

(ii) a is a half-plane such that the line bounding it intersects the line bounding I3
at some point A;

(iii) b is a half-plane such that the line bounding it intersects the line bounding I3
at some point B;

102



5.2. EXPRESSIVENESS

(iv) OA" = OB.
Proof. An easy application of the multiplication formula:

2y .. Tz (muldt(zq, 29, k3, 2,2, 21) A /\ mult(xy, o, T3, T, 2i-1,2;))
2<i<n

Rational Fixing Formulas We now describe a series of results, most of them
directly used in the axiomatisation. The most important of these results is the
existence of formulas allowing us to fix every rational half-plane. Our main

contribution here is that we spell out many of the proofs in [Pra99].

Lemma 5.2.10. Let [y, [y, I3 be rational lines forming a coordinate system with points
0,1, J as in Definition 5.2.1. Let my, ma, mg be rational lines such that the following
conditions all hold (see Figure 5.6 for an example):

my

\
Y
\

L/ 0 i\ Q- ls

Figure 5.6: Coordinate frame with OI = IQ.

e for each l; and m;: l; || m;,
e mNmeNms =S,
e [NlbNms=1J,

o l2ﬂlgﬂm1:I,

103



5.2. EXPRESSIVENESS

o [3Nmy=Q,

then OI = 1IQ.
Proof. See [Pra99].

Lemma 5.2.11. Assume ly,ls,l3,m € ROQ(R?) are half-planes and let 1y, 15, 3
form a coordinate frame. There exists a formula ¢,,(x1, o, x3,y) such that for any
rational line m intersecting the line bounding l3 at a point K, Mq |= ¢,[l1, 12, I3, m]
if and only if OK = nOI, where n is an integer.

Proof. Construction from Lemma 5.2.10 is expressible in L< .., (see 5.6 and
[Pra99]). We obtain the desired result by repeating this construction several
times (see Figure 3 for an example). Let ¢,,(u1, ..., u,, k, m) be the following

formula:

N par(u ) n N par(ug,ugps)A
1<j<n-2, 1<j<n—2,
jodd jeven

N <wyms=<ums AN\ <y k> =< k>

1<j<n—1, 1<j<n—1,
jodd j even

now put ¢, (x1, x2, x3,y) := Juy ... Ju,IM
(coor(xq,x9,x3) A par(m,x3) Aup = xq Aus = TN

Un(Ury ey Up,y Ty, MIN LUy, T3> = <KLy, T3> N KM, 15> = KMy, 5> ).

Lemma 5.2.12. Lemma Assume ly,ly,l3,m € ROQ(R?) are half-planes and let
l1,12, 15 form a coordinate frame. There exists a formula ¢,(z1, x2, x3,y) such that
for any rational line m intersecting the line bounding I3 at a point K, Mg =
Gyl la, I3, m] if and only if OK = qOL, where q is a rational number.

Proof. Assuming the terminology from the previous lemma, we are required

to show that there exists a formula satisfied in the rational model if and only
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I3

Figure 5.7: An example configuration: OQ = 301
e
if OK = —OI, hence
m _
mOK = nOL.

The last equation holds if and only if we can find some I' such that

K =n0OT

o

and

I =mOr

as then we obtain
mOK = mnOT = nmOT = nOL.

The following shows that there exists a formula expressing the above condi-
tion (see also Figure 5.8). Let ¢ (21, 79, 73,v) :=

EIZ(Cbm(.Tl, Z, T3, x?) A qbn(xl? Z,T3, U))
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{
T\ \
,
Y ;N !
' \ N !
1 \ / \ /
B N N
o/ 1\ /. =~
Co c I
:
A
,
v ) N \
’ N N
’ ’ \
,

(a) OT — 40T

O/ I

Figure 5.8: A rational case.

Lemma 5.2.13. Let ly,lo, I3, m be half-planes in ROQ(R?), such that
Mo k= coord|ly, s, 13)].

Then there exists a formula satisfied in the rational model by the tuple 11,13, l5,m
such that for any rational half-plane m/' the tuple 1y, 15, I3, m' satisfies this formula if
and only if lines bounding m and m' are coincident.

Proof. Let m be any half plane. Observe that for the line bounding m one of

these cases holds (see Figure 5.9):
1. the line bounding m is parallel or coincident with the line bounding [s;
2. the line bounding m is parallel or coincident with the line bounding ;;

3. the line bounding m intersects [, and /3 at the same point O and is par-

allel to the line bounding I5;
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4. the line bounding m intersects /; and /3 at the same point O and inter-

sects the line bounding [, at some point P;

5. the line bounding m intersects the lines bounding /; and /; at some ra-
tional points P and Q respectively;

m

/ o I Iy

(a) The third case. (b) The fourth case.

3

Iy O I Q I3
(c) The fifth case.

Figure 5.9: Building rational fixing formulas. The last three cases.

What is left, is to show that these cases are expressible in our language.

Consider the following formulas.
1. F2(pg(xs, 2, 1, 22) A (23, 2, 21, w)) A (par(w, z3) V a(w, x3));
2. 32(py(21, 2, 23, 22) A Or(1, 2,23, w)) A (par(w, x1) V a(w, x1));

3" ¢0(x17 X2,T3, 'l,U) A pa?“(w, x2)l
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4. Fz(py(x3, 2, w9, 1) A Pr (23, 2, T, W) )N KW, T3> = <KW, T3> ;
5. 32(¢q(x1,2,x3,$2)A(br<x1,Z,xg,U)))/\HZ(¢S(ZIZ3,Z,$1,I2)/\¢t<ﬂf3,Z,xl,U)>)-

It is easy to see that [y, 5, [3, m satisfy one of the formulas (1’-5) if and only if
the corresponding case (1-5) holds. In each of these cases the line bounding
m is uniquely determined in a sense that there is no other line bounding a
half-plane m' and satisfying exactly the conditions specified for line bound-

ing m, which is not coincident with m. O

We see that we can fix the line bounding a half-plane with reference to a
given coordinate frame. Note however that for each line there exist two half-
planes (each being the complement of the other). In order to pin-point one
of the two half-planes we introduce the following notational shorthand. Let
H+(x1,3:2,x3,x) = x1.09.23.¢ # 0and [[ (21, 22, 3, 7) := x1.29.73.2 = 0 and
let j € {4, —}. Now, the idea is to extend the formulas (1’-5") with formulas
of the form [[* or [~ indicating one of the sides of the considered line. For
example, let /1, [5, I3 be rational half-planes forming a coordinate frame and
let m be a half-plane bounded by the line coincident with the line bounding
l;. Hence we have that M, = al;, m] (recall that o “says” that [y and m are
coincident). This allows us to fix the line bounding m, but m itself can lie on
either side of that line. In order to tell m and its complement apart we add
an extra information with the help of []/ j € {+, —}. We specify a region
contained in m but not contained in its complement. Most cases it will be the
region [; - Iy - I3.Note however that in cases when m intersects [; - l5 - I3 we
specify [, - Iy - n in [ instead, where 7 is a half-plane bounded by line that
together with [, I3 serves as an ”auxilliary” coordinate frame (as in Lemma
5.2.12, see also Fig. 5.10). Hence assuming that m does contain /; - /5 - I3 we end
up with a(z1,2) AT[" (21, 29, 73, 2) # 0. The full list of the amended formulas

is as follows (assuming variable names are not changed).
(i) if ¢ is of the form (1’-3") then ¢’ := ¢ A Hj (21, T2, T3, W);
(ii) if ¢ is of the form (4') then ¢/ := ¢ A [] (23, 2, 22, w);
(iii) if ¢ is of the form (5) then ¢/ := ¢ A [T’ (x1, 2, o3, w).

We call formulas (i)-(iii) the rational fixing formulas. All the above considera-

tions allow us to prove the following result easily.
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m

O/ T P 1 I3

Figure 5.10: Lines [, I3 and n form an auxilliary coordinate frame.

Lemma 5.2.14. Let ly, lo, I3, m be half-planes in ROQ(R?), such that
Mg [= coord|ly, 1y, 13).

Then there exists a formula satisfied in the rational model by the tuple 1,15, 13, m
such that for any half-plane m' the tuple 11, 15, l5, m' satisfies this formula if and only
ifm=m'

Note that Theorem 4.3.6, presented in Chapter 4 is an immediate consequence
of the above.

As we are going to make extensive use of the rational fixing formulas, we
introduce a notational convention for them. Let M, = T(]'P,Q) [l1,12,13,m] be a
formula of the form (i)—(iii) expressing the following: m is fixed with respect
to the coordinate frame formed by l1,l5,l;5. The parameter j (j € {+,—})
is a flag to say which side of the line bounding m we are interested in (ex-
pressed by a subformula of the form []’). The parameters P, Q are members
of QU{oo}. If P, () € Q and neither P nor () equals 0, we think of them as the
rational points at which m intersects /3 and [, respectively. This property is
expressed by a subformula of the form (5"). If one of this parameters equals
zero, then the line bounding m passes through the origin of the coordinate
frame and, depending on the value of the other parameter, the line bound-
ing m either intersects I, (if this other parameter is a rational number) or is
parallel to [/, (if this parameter equals oo). This property is expressed by a
subformula of the type (3’) or (4"). If P = oo then m is parallel to or coincides
with [3; and if ) = oo, then m is parallel to or coincides with [;. This property
corresponds to a subformula of the type (1’) or (2’). Note that we can neither
have both P and () equal 0, nor both P, () = cc.
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Let 71, 73, . . . be enumeration of the rational fixing formulas.

5.2.2 Other Expressiveness results
This section presents our original contribution in terms of expressivness of

Econv,g

Betweenness We repeatedly discussed the notion of betweenness in this
thesis. Most importantly betweenness is featured in papers by Tarski and
colleagues ([Tar56],[ST79] see also Section 3.4).

There are many related axiomatic approaches to the topic (standard text-
books include [BS55] and [Szm81]).

Definition 5.2.5. Let G be a non-empty set and let B C G x G x G. Relation

B is a betweenness relation if for all a, b, ¢ € G-
(A) B(a,b,c)V B(b,c,a)V B(c,a,b);

(B) B(a,b,a) —a=1;

(©) B(a,b,c) — B(c,b,a);

(D) B(a,b,c) A B(a,c,d) — B(b,c,d);

(E) Bf(a,b,c) AN B(b,c,d) Nb+# ¢ — B(a,c,d).

In this section we show that betweenness — in the above sense — can be

defined in our language, without relativising to any coordinate frame.

Lemma 5.2.15. Let A, B and C be any points in R? and let m, 1,1, 1, I3 be any line
such that m parallel to | and let bet(A,B,C) be defined in a following manner (see
Figure 5.11):

(i) A= <y, I>,B= <y, > and C = <3, >>;
(i) 11,12, I3 meet m at a single point;

(iii) either (a) lines ly, ls, I3 are pairwise coincident or (b) 1y, 2, I3 bound a triangle
T,1,1y,l3 bound a triangle Ty C T and 1, 15,15 bound a triangle T, C T.

Then bet(A,B,C) is a betweenness relation.
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Proof. To see that the condition (A) is satisfied, consider a point D not on the
line containing A, B and C. Clearly, the lines connecting D to A, B and C
form a configuration satisfying (i)-(iii). The condition (B) is satisfied by (ii).
Conditions (C), (D) and (E) follow easily. O

\

Figure 5.11: Point C lies between points A and B.

We obtain the following easily.

Theorem 5.2.1. Let 1,1y, 1o, 3 be half-planes in ROX (R?). There exists a formula
B(x, x1, 29, x3) such that Mx = B[l 11, lo, 3] just in case the point determined by
<, ly>> lies between the points determined by <, 1> and <, 13> .

Proof. Clearly, all the conditions mentioned in Lemma 5.2.15 are expressible

in the language L.ony <. l

We note that it seems possible to show that the conditions (i)-(iii) capture the
betweenness relation in the sense of [Tar56], [ST79] or [BS55].

As a consequence of the above lemma we obtain a series of results regarding
Ma.

Algebraic fixing formulas We now focus on results that follow from the ex-
pressiveness results presented above. Observe that what we have established
allows us to talk about polynomials of any degree with rational coefficients,
relative to a coordinate system. We do so by combining formulas add, mult,

power,, and rational fixing formulas.
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For example consider the formula ¢(z) := Jy3z3v
(powe’rQ(Ilv Z2,T3,T, y)/\T(—ZOO) (xla T2, T3, Z)/\mUZt(xl) Z9,X3,2,Y, 1))/\7—(—5700) (Ib T2, T3, U))

This formula is satisfied by « if and only if, intuitively speaking, a is a half-
plane bounded by a line crossing the abscissa of the coordinate system deter-
mined by [y, l, I3 at some point z that is a solution to the equation 4z* = 2.

Lemma 5.2.16. Assume ly,ls, l3,m € ROA(R?) be half-planes and let 11,5, I3 form

a coordinate frame. There exists a formula

‘PP(iUh T2,T3, y),

where P is a polynomial with rational coefficients a,,, an—1, . . ., ao, such that for any
algebraic line m intersecting the line bounding l5 at a point K,

MQ ): @P[lh l27 l37 m]

if and only if
O =a,0K" +a, ;0K R ap,

where a,,, a,_1, ..., aq are rational numbers.

g o ——n ———n—1
Proof. Asindicated above, the condition O = 4, OK" +a,_1OK" +---+ay,
where a,,a,_1, ..., ap are rational, is expressible in £.,,, < using a combina-

tion of the rational fixing formulas and formulas mult, add and power,. [

Lemma 5.2.17. Let ly, Iy, I3, m be half-planes in RO A(R?), such that
M4 E coord[ly, 1o, 13].

Then there exists a formula satisfied in the algebraic model by the tuple 11,15, l5,m
such that for any half-plane m' the tuple ly, 15, I, m/ satisfies this formula if and only
if lines bounding m and m’ are coincident.

Proof. This is very similar to Lemma 5.2.13. Observe that Lemma 5.2.16 gives
us way to fix an algebraic line if its intersection with the abscissa is a solution
to a given polynomial with rational coefficients. In general such a polyno-

mial has more than one solution, hence we are not able to pinpoint a single
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algebraic line. However, since for any pair of algebraic numbers there ex-
ists a rational number separating them, given a list of algebraic numbers we
can separate them all with rational numbers and refer to any algebraic num-
ber from the list uniquely by determining between which rational numbers it
lies. The main difference between this lemma and Lemma 5.2.13 is that we
need to show that this is expressible (observe that if M4 = (I3, a,b,c] and
My E Tepoos|li, lo,l3,a] and My = Teg.oos[l1s 12, 13, ¢, then P < Q). But this
is simple. By Lemma 5.2.16 m satisfies some ¢p (1, x3, 3, y). To obtain the
desired result, we need to extend this formula with

T(P,oo)(9€1,9€2737373/1) A T(Q,oo)(ﬂfhﬂl?z,l'&yz) A

ﬁ(x?nylay)yQ) A (@P(xl,[[‘g,fﬁg,y,) - _'ﬁ(wgay17y,7y2))'

In a manner similar to Lemma 5.2.14 we obtain the following result.

Lemma 5.2.18. Let Iy, ls, I3, m be half-planes in RO A(R?), such that
My = coord|[ly, ls, I5].

Then there exists a formula satisfied in the algebraic model by the tuple 1,15, 15, m
such that for any half-plane m' the tuple l,, 15, I, m/ satisfies this formula if and only
ifm=m'.

Trivially, since Q C A, we have that Th(ROQ(R?)) # Th(ROA(R?)). This
is shown by constructing a sentence true in ROA(R?) but false in ROQ(R?),

which is an easy exercise (see also [Pra99]).

Another consequence of the above is that the primitive relations of elemen-
tary geometry: equidistance and betweenness are expressible in the rational
model relative to a given coordinate system. In order to achieve that we need
to coordinatise M. In the process, we extend the results of Lemma 5.2.12 to
any line parallel to the abscissa (see Figure 5.2.2 for an example). Let [y, l5, 3
be rational lines forming a coordinate frame as in Definition 5.2.1. Let s be a

line parallel to /3 and let m be a rational line intersecting s at a point S.

(i) take the line parallel to /; and containing I and mark its intersection

with s as Ig;
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(ii) take the line parallel to /; and containing Is and mark its intersection

with [; as Jg;

(iii) perform the operations described in Lemma 5.2.12 treating s as the ab-
scissa and Ig and Jg as the respective units of measurement, obtaining

a formula ¢, for some rational number Q.

Figure 5.12: Extending Lemma 5.2.14.

Obviously, for any given rational point we can find a rational line containing
it, which is not parallel to the abscissa in a given coordinate frame. This
means that the following is a well defined notion.

Definition 5.2.6. Let [, l5, I3 be rational lines forming a coordinate frame. Let
m be any rational line. We define a coordinate function p assigning pairs of
rational numbers (P, Q) to any point of intersection M of m with a given
rational line as follows.

(1) if M € I3, then p(M) = (P,0), where ¢p|ly, I, 3, m] is the corresponding

formula from Lemma 5.2.14;

(2) if M € [y, then p(M) = (0, P), where ¢p|ls, l2, 1, m] is the corresponding

formula from Lemma 5.2.14;

(3) if M € mgq, where my, is the line parallel to /5 and intersecting [, at the
point @, then p(M) = (P,Q), where ¢p|l, 2,15, m| is the correspond-
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ing formula from Lemma 5.2.14 and ¢g[l1, 1}, l5, m] is the formula ob-
tained by extending the results of Lemma 5.2.14 in a manner described
in points (i)-(iii) above.

By using the fixing formulas involved in the definition of a coordinate func-
tion we can explicitly use definitions of betweenness and equidistance in a
sense of Tarski (see Section 3.4) with a reference to a given coordinate frame, as

all the above is expressible in ;. The details are routine.

We observe that with some modifications it should be possible to define a
coordinate function for M 4.

Models Finally we show that convexity spatial logics of Euclidean spaces
of different dimensionality have different theories. To this end we use the
Helly’s theorem presented in Section 2.6. Consider the following formula

¢($1,...,$N) =

/\Ha:i;é()/\ /\ conv(z;) — H z; #0,

1C28 i€l 1<j<N 1<j<N

where S = {1,...,N}.

This formula says in ROX (R?) that regions ry, ...,y have non-empty inter-
section if each r; is convex and for every subset of {ry,...,ry}, its elements

have a non-empty intersection.

Theorem 5.2.2. For a given n there exists a set of formulas ®,, expressing the Helly’s
theorem in ROX (R™).

Proof. Consider ¢ :=Vzy...Vend(xy,...,xx), where ¢(z1, ..., zy)is defined
as above. We define ®,, = {¢n5 | N > n+ 1and |I| = n + 1}. Note that the
constraint |/| = n + 1 refers to the condition in Helly’s theorem that each
n + l-element collection of sets indexed by S has a non-empty intersection,
where n denotes the dimensionality. O

Let M?% denote (ROX (R"), conv, <).
Theorem 5.2.3. Th(M?%) # Th(M') for all n.
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Proof. Observe that, by the virtue of Helly’s theorem, for some ¢n € ®,, we
have M%) = ¢y but M |~ . O

Let us consider a specific example of the cases of R* and R3. Take the real
plane first. By Helly’s theorem, for every collection of at least three convex
sets such that each three of those have a non-empty intersection, we know
that all members of the considered collection have a non-empty intersection.
However, in R? Helly’s theorem holds for a collection of at least four convex
sets such that each four of those have a non-empty intersection. Hence, it is
contingent that, say, some five element collection of convex sets each three
of which have a non-empty intersection, will turn out to have the property
posited by Helly’s theorem. It is necessarily true in R%. The above example
is expressed in both cases by the same L., <-formula, which is satisfied in
two-dimensional and not in three-dimensional model.

5.3 Axioms

In this section we propose an axiom system for the theory of 9, denoted
Th("Mg).? Recall that 71, 7, . . . is an enumeration of the fixing formulas.

Let S = {1,...,n}, fix P C 29 such that for every i € S there exists [ € P
such that ¢ € I. Lety = be(xy,...,x,) be any formula of the form y =

Z H x;. We call y = be(xyq, ..., x,) a Boolean combination formula and bc a

IePiecl
Boolean term.

Let K # 0,5 € {+,—}and let P,Q € QU {oo}. We propose the following
axiomatisation of Th(9Mg):
1. axioms of non-trivial Boolean Algebra;

2. dxyJweTzscoord(xy, xo, x3);

3. —conv(0);

2A version of this axiom system has been reported in [Try10].
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4. Vry .. Ve, Yy(( /\ hp(z;) Ny = be(xq, ..., 2,)) — (conv(y) <
ies
\/ H zr = y)), where y = bc(zy,...,z,) is a Boolean combination
KCSkeK
formula;

5. VaVao VoV .. Vym( \ 7ilwr, 22, 25,0) — [ vi=0),

1<i<m 1<i<m

where any element of ROQ(RR?) bounded by the half-planes fixed by 7;

in reference to any coordinate system is empty;

6. V$1\V/$2v373vy(7'(j137@) (511'1, Xo, T3, y) - _‘T(J‘J;/Q/) (xla Tg, X3, y))/
where P # P’ or Q # Q' orj # j';

7. Vxngng‘v’y(T(JéQ)(xl, T, X3,Y) A T(lelyQ,)(JJh T2, 23,Y) —y=1y),
where P = P and Q = Q' and j = j/;

8. Va VaoVas(coord(xy, xa, x3) — Jy(mi(x1, 22, 23,Y)));

(R1):
{VyVa,VeoVas(coord(xy, o, x3) A hp(y) A 7(x1, 22, 23,Y)) —
01,22, 73,9))) | 7 a fixing formula}
VyVaVeoVas(coord(xy, xe, 23) A hp(y) — (1, 22, 23, 9))-
(R2):

{(Vy@zr .. 3z N () Ay =be(z, ... 20) = b(y)) In €Ny =
1<i<n
be(xy, ..., x,) a Boolean combination formula}

Vy((y))-

Our axiom system comprises two parts:
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1. axioms and rules of inference of classical predicate calculus;

2. non-logical axioms (1-8) and rules of inference (R1) and (R2) above.

On an intuitive level, assuming our standard interpretation, the meaning
of the above axioms is as follows. Axioms 1 make sure that the structure is
a Boolean Algebra. Axiom 2 asserts that there are at least three regions such
that lines bounding them form a coordinate frame. Axiom 3 states that 0 is
not convex. Axiom 4 states that if a convex region is a Boolean combination of
half-planes, then it has to be a product of some of these half-planes. Axioms
5 ensures that if 7; fix half-planes (in ROQ(R?)) with an empty product, then
elements fixed by 7; interpreted in any model of the proposed axiom system,
are forced to have a product equal to 0. Axioms 6 say that no half-plane can be
tixed by two formulas 7 and 7’ differing on any of their parameters. Axioms
7 say that if two half-planes a and ' say, have fixing formulas with the same
parameters, then @« = o’. Axiom schema 8 ensures that, given a coordinate
system and a fixing formula, there is a half-plane fixed by this formula in
reference to this coordinate system. Infinitary rule R1 states that every half-
plane can be fixed in reference to a given coordinate system. Finally R2 states
that every region is a Boolean combination of some half-planes.

Let @ be a set of L., <-sentences. A proof in the above axiom system
is a sequence of L., <-formulas {¢,}a<p for some (not necessarily finite)
ordinal 3 such that every ¢, is either an element of ®; an axiom; or the result
of applying a rule of inference to some formulas ¢, with v < a. If ¥ is the last
line of such proof we write ® - ¢. If ® = {¢} we write ¢ I ¢ and if & = () we
write - ¢ and call ¢ a theorem. Denote the set of theorems by 7'(Ax).

Theorem 5.3.1 (Deduction Theorem). Let ¢ be an L., <-sentence and 1) an
L conv,<-formula such that ¢ t= ). Then = ¢ — ).

Proof. By assumption, there is a proof with premises {¢} and the last line v
and each formula §3 is either an axiom or a result of applying a rule of infer-

ence to earlier lines in the proof. There are two interesting cases:

(i) B = YyVaVaoVas(coord(zy, x2, x3) A hp(y) — ¥(x1, 29, x3)) is derived from

formulas

VyVa VaoVas(coord(xy, xe, x3) A hp(y) A 7(x1, T2, 23,Y)) — Y(21, T2, T3,Y))
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for all fixing formulas 7 by R1;

(ii) B = Vy(¢(y)) is derived from formulas

Vy(3xy ... o, ( /\ hp(z;) Ny = be(xy, ..., x,) — Y(y))

1<i<n

for all n € N and all be-formulas by R2. The first case: by the inductive
hypothesis we have

F ¢ — VYyVaVaoVas(coord(zy, xo, x3) A hp(y) A T(x1, 22, 23,Y))

- ¢($1,$27$3;y))

for each 7 and so
F VyVa VaoVas(coord(xy, xo, x3) A hp(y) A T(x1, 22, 23, 7))

— (¢ — Y(21,72,23,7)))-
By R1

F VyVa,VaoVas(coord(xy, xo, x3) A hp(y) — (¢ — (a1, 29, 73)))
and so

F ¢ — YyVaVasVas(coord(xy, xa, x3) A hp(y) — (a1, 22, x3)).
The second case: by the inductive hypothesis we have

F o — Yy(Fzy ... Fz,( /\ hp(z;) Ny = be(xy, ..., x,) — ¥(y)))

1<i<n

for each n € N and each bce-formula. Whence

FVy(3xy ... Jz,( /\ hp(x;)) Ny = be(xy, ..., x,) — ¢ — Y(y))

1<i<n

and so by R2 - Vy(¢ — ¢(y)). Hence - ¢ — Yyi)(y)). O
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5.3.1 Soundness

In this section we prove the soundness theorem for our axiom system.

Definition 5.3.1. Let L be a (non-empty) set of half-planes and let A be any
region. We say that A is a product from L if and only if A = H l;, where for

1<i<m
all [; either [; € L or —I; € L. If in addition foralll € L,l = [; or | = —; for

some i, then A is a total product from L.

We take all products to be non-empty and distinct.

Definition 5.3.2. Let A be a convex set. A line [ is internal to A if and only if
A has a non-empty intersection with both half-planes bounded by .

Definition 5.3.3. Let A be a convex set. A line [ is external to A if [ is not a

bounding line of A and A is a subset of one and only one of the half-planes
bounded by .

Lemma 5.3.1. Let A be a convex sum of products from a set L of half-planes. Let
be a half-plane bounded by a line internal to A. Then for every P;, a product from
A having | as a bounding half-plane, there exists exactly one P; from A such that
P; < —l and P; has the same segment of the line bounding 1 as its bounding line
segment. We say that P; and P; form a matching pair (in A) from 1.

Proof. First of all observe that P; has to belong to A. Since the line bounding
—lis internal to A we know that there exists P, < —I such that P, is a product
from A. Assume P, # P; (othewise trivial). By convexity, all points lying on
a straight line segment between P, and F,. have to belong to A.

Since A is a sum of products from L and all the non-empty products from L
partition the plane, P; is the only product from L containing this line segment

and P; has to belong to A. O
Lemma 5.3.2. Let A be a convex sum of products from a set L of half-planes. If
Po=1blL-...-lyy-land P; =1} -...- l;n(j) - —l are products from A such that
B, P; form a matching pair, then F; = by - ... Ly - Uy - .- L5 - Land Py =
R A R

Proof. For every line m external to P, (P;), either (a) m is a bounding line of P;
(P;) or (b) m is external to P; (F;). Assume (b) and that P, and P; donot belong
to the same half-plane bounded by m. Since F; and P; share a bounding line

segment s, and since two product can only share one bounding line segment,

120



5.3. AXIOMS

m separates P, and P; and F; and P; can only meet at one point at m. This
is a contradiction. By a similar reckoning we obtain the conclusion assuming
(a). ]

Lemma 5.3.3. Let A be a convex sum of products from a set L of half-planes. Let
P; and P; form a matching pair in A. Then P; 4+ P; is a product from L' = L \ {l},
where 1 is a line internal to A containing the bounding line segment common to P,
and P;.

Proof. By Lemma 532 P =1y - ... - lyuy - 11 -...-1 )~lande:ll«...~ln(,»)‘

/
m(j

l/l'...'l:,n(j)'_l.

Let us denote H Ik - H [ by C. We then obtain: P, = [-C and
1<k<n(4) 1<k<m(j)
P; = —1 - C. Now, consider

Pi+P=1-C+~1-C
by the distributive law for Boolean algebras we obtain
[-CH+—-1-C=C-(1+-I)
and finally

C-(l+-)=C-1=C.

Observe that, since we eliminated the line bounding [ and —!, C' is a product
of half-planes from some L' = L\ {l}. O

Lemma 5.3.4. Let A be a convex sum of products from a set L of half-planes. Con-
sider a line l internal to A. Let P be a product from A such that no half-plane bounded
by [ is a bounding half-plane of P. If Q) is a product from L such that ) < X and
P = Q- \, where \ is either of the half-planes bounded by [, then P = Q).

Proof. Trivially, Q = @ - A. ]

Theorem 5.3.2. Let A be a convex k-element (k > 1) sum of total products from a
set L of half-planes with |L| = n (n > 0). Then A is a k'-element (k' < k) sum of
products from a set L' C L with |L'| =n — 1.

Proof. Since k > 1 and all the total products are distinct, there exists at least
one line [ internal to A. If n = 1, then A = [ + -] = 1. By definition
1= H(Z) = A If n > 1, fix [; from a set of [1,..., [ internal lines of A. By
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Lemma 5.3.3, for all matching pairs P, ) from [; there exists P’ = P + () from
L' c L\ {l}. By Lemma 5.3.4, for every S = my - ...-m, - Asuch that A =,
or A = —[; and S does not belong to any matching pair from /; we have that
S =my -...-m,. Thatis S equals some S’ from L' C L\ {l}. O

Essentially Theorem 5.3.2 allows us to eliminate an internal line (see Fig.
5.13). Observe that given a region A which is a convex k-element sum (k > 1)
of total products from some set L, we can apply Theorem 5.3.2 until A is a 1-
element sum of total products from some L' C L. That is, A is a product from
L: we can assume that all the remaining half-planes in L are the bounding
half-planes for A. (If [ is not such a half-plane then I > A and hence A can be

thought of as a product of some half-planes not including .)

Figure 5.13: (a)-(b): Eliminating an internal line [ from A, (c): A after all
internal lines have been eliminated.

We have the following theorem.

Theorem 5.3.3. Let A € ROX (R?) be any convex set and let hy, hy, . . ., h,, be half-
planes in ROX (R?). A is expressible as a sum of products of hy, hy, ..., h, if and
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only if A = HhiforsomeK C{1,...,n}

i€k
Proof. We just need to show that A can be thought of as a sum of total prod-
ucts from H = {hy, ho, ..., h,} but this is easy (see Fig. 5.14 for an example).
If A is a one-element sum, the result is instantaneous. Otherwise the result
follows by Theorem 5.3.2. The only if direction is trivial. O

‘A

(a) (b)

e

(©

‘

Figure 5.14: Making A = P, + P, + P5 + P, into the sum of total products
Q1—Q1o0-

Theorem 5.3.4. The inference rules are truth-preserving.

Proof. R1: Observe that given any coordinate system and a half-plane £, the
position of h in reference to this coordinate system falls into five categories
mentioned in the outline of the proof of Lemma 5.2.14. Since the intersection
point of two non-parallel rational lines is a point with rational coordinates,
clearly any such an arrangement is expressible by some fixing formula 7. The
result then follows.

R2: The result is obvious, as every r € ROQ(R?) is a rational polygon

and so it is a Boolean combination of some rational half-planes. [
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We are ready to state the main result of this section.

Theorem 5.3.5 (Soundness Theorem). Let v be an L., <-sentence. If ¢ €
T(Ax) then Mg = .

Proof. We are required to show that all the axioms are true in 9, and that
the inference rules are truth preserving. It should be clear why Axioms 2, 5-8
are true in M. Since ROQ(RR?) is a Boolean Algebra, Axioms 1 hold. Since
by definition 0 is non-convex, axiom 3 holds. Axioms 4 is true by virtue of
Theorem 5.3.3 and rules R1 and R2 by Theorem 5.3.4. O]

5.3.2 Completeness

In this section we prove the completeness theorem for our axiom system. We
make extensive use of the following, classical results. Let X(Z) be a set of
formulas in a language £ with free variables in . An L-structure 2 is said
to realise ¥(z) if there exists a tuple a from A satisfying every o(z) € X(z).
We say that 2 omits ¥(z) if 2 does not realise ¥(z). An L-theory T is said to
locally realise ¥(z) if there is a formula ¢(z) such that ¢(z) is consistent with
T and forall o(z) € X(z), T = Vz (¢(z) — o(z)). We say that T locally omits
¥(z) if T does not locally realise ¥(z). In other words, 7" locally omits ¥(z) if
for every formula ¢(Z) consistent with 7" there exists 0(z) € ¥(z) such that
T Yz (¢(1) — o(1)).

We modify these standard notions as follows.

Definition 5.3.4. A theory T is said to locally realise ¥(z) given a formula o ()
if there exists ¢(z) such that ¢(z) A«(Z) is consistent with 7"and for all o(z) €
%(z),

T EVZ(p(Z) Na(z) — o(T)).
Otherwise ¢(z) locally omits ¥(z) given a(z) in T
We have the following theorem.

Theorem 5.3.6 (Conditional Omitting Types Theorem). Let L be a countable
language and let T be a consistent L-theory and o(z) an L-formula. Let 3,(z) be a
set of L-formulas in the same variables as «(z) and ¥4 (x) be a set of L-formulas in a
single variable x.

IfT
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(i) locally omits ¥, (Z) given o(z), and
(ii) locally omits 35(y),
then T has a countable model omitting {a(z) A o(Z) : 0(Z) € X1(z)} and Xo(z).

Proof. Let C = ¢y, cy,..., be a countable set of individual constants, and let
®0, 1, . .. be the enumeration of all the sentences of the language formed by
adding the constants C to £. We define a sequence of consistent theories
To CTy C ... with T = Tj. Suppose T,,, = TU{¥y,..., Ug} has been defined,
we show how to define 7,,,;,. Start by setting 7,11 = T,,. Let U = UyA.. AUg
and let ¢ = ¢y, ..., ¢, be the constants appearing in ¥, zZ = 2, .., z, be fresh
variables and W(Z) the result of replacing z for ¢ in V. Note that ¥(Z) is con-
sistent with 7.

(1) Let w be any tuple of the same arity as 7, formed from variables z, z,,
(repetitions allowed). Note that z,, may or may not be one of the variables
in z. There are finitely many such tuples, say wy, ws, . .., Ws. Letdy,...,d; be
the corresponding tuples chosen from the constants ¢, c,,. We construct a se-
quence of formulas 7, ..., 7, as follows. Consider the formula ¥(2) A «(w)
and prefix it with quantifiers of the form 3z;, where z; is a variable occurring
in z but not in w;, denoted 3*'(V(z) A a(w;)). If this is consistent with 7T,
choose 01(z) € ¥;(Z) (using the fact that 7" locally omits 3, (Z) given «(Z))
such that 3“1 (¥(2) A a(w;)) A —oi(w;) is consistent with 7. Otherwise set
op :=L. Then m := I (¥(2)) A —oy(w;) is consistent with 7. Suppose
mi—1 has been defined, we show how to define 7;. First, remove any ex-
istential quantification from 7;_; and replace it by 3z;, where z; is a vari-
able occurring in Z but not occurring in w; (if it exists) to obtain a formula
of the form 3*i(V(z) A —oy(wy1) A ... A —0;_1(w;_1)). Consider the formula
FU(W(2) A —oq(wr) A ... A=oi—q(wi—1) A a(w;)). If this is consistent with T', by
the fact that 7" locally omits ¥, (z) given «(Z), choose 0;(Z) € ¥,(Z) such that
(W (Z) Aoy (W) A. . Ao (wi—1) Aa(w;)) A—oi(w;). Otherwise set o; :=_1.
Then m; := 3 (V(2) Aoy (w1)A. . .A=0;—1(W;—1)) A—o;(w;) is consistent with 7.

(2) Finally we arrive at the formula 7,. Remove any existential quantifica-
tion from 7, and prefix the resulting formula with 3z;, k # m. Note that this
formula, denoted 7,(z,,) is also consistent with 7". By the fact that 7" locally

omits X, choose 7(x) € ¥o(x) such that 74(z,,) A =7(2,,) is consistent with 7'.
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Add _'Ul(dl), ceey _\O'S(d;), _\T(Cm) to Tm+1.

If ¢, is consistent with 7,,,,; add ¢,, to T,,.1, add —¢,, otherwise. If ¢,, :=
In(¥(n)) pick the first unused constant ¢ of C and add ¥(cq) to 7,,+1. Thus
T,+1 is a consistent theory.

Let T* = T,,. Then T* is a complete theory consistent with «(z) which
% y
m>0

defines a model N |= 7™ in the obvious way (see [CK73] p. 81).

Note that the construction from section (1) gives us that for each ¢(z), if p(Z)A
a(x) is consistent with 7" we obtain ¢(z) A a(Z) A —o(z), for some o € ¥;.
And we set 0 :=_1 if (%) A a(Z) is not consistent with 7. Hence we have

T J2(p(x A (ma(7) V =0 (2)))),
for some o € X;. We obtain:
T =V (p(x) — (aZ) A o(2)))),

for some o € X;.
Hence 9t omits the type {a(z) Ao (Z) | o(z) € £;}. Thatis, Mt omits 3 given a.

It follows that 91 omits 3, by a similar but more standard argument (see
[CK73], p. 95-97). O

We are now ready to state the main theorem of this section:

Theorem 5.3.7 (Completeness Theorem). Let o) be an L< .,n,-sentence. If Mg =
Y then ¢ € T(Ax).

Proof. Let ¢ be an L< .,n,-sentence such that ¢ ¢ T'(Ax). We are required to
show that M F~ 1. Now let

T=A{¢: vk ¢}

By the deduction theorem 7' is consistent. Consider the following sets of

formulas:
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1. 3y (21, 9, 23, y) = {coord(zy, 2, x3) A hp(y) A =7(x1, 22, 23, y) : T a fixing

formula},

2. So(x) = {~Jyr ... =3y \ hp(y) Ao =be(yr,....gn)) :n €N, z =
1<i<n
be(yi, - .., yn) a Boolean combination formula}.

Suppose O(z1, z2, z3,y) is a formula such that
O(z1, 9, x3,y) A coord(xy, x2,x3) N hp(y)
is consistent with 7. We then have
T VyVe VeoVes—(0(xy, 29, x3,y) A coord(xy, x2, x3) A hp(y))
and
T - VyVa VeoVas (coord(xy, o, x3) A hp(y) — —O(x1, 2, 23,7)),

so by R1:

T = YyVa Vo Vas((coord(zy, o, x3) A hp(y) A 7(21, 22, 23,Y))
- _'@(xh T2, T3, y>>7

for some 7.3

Hence O(z1, x2, x3,y) A coord(xy, xa, x3) A hp(y) consistent with 7" implies

T B VyVo VeV (O(xy, 29, x3,y) A (coord(xy, xa, x3) A hp(y)

- _'T(xly T, T3, y))7

for some 7.

3Since if T |= VyVaVooVas((coord(z1, x2, 3) Ahp(y)AT (21, 20, 73,7y)) — —O (21, T2, 23,Y))
for all 7, then by R1T' |= VyVaz1VaoVrs (coord(xt, x2, x3) A hp(y) — —O(z1, 2, T3,Y)).
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In other words, T locally omits X(x1, xo, x3,y) = {—-7(21, 22, 23,y) : T a fixing

formula} given coord(z, xa, x3) A hp(y).

Now suppose O(x) is any formula consistent with 7. We then have
T = Vr—-0(x)
and by R2: T' & Vy(3x; . .. Jz,( /\ hp(x;) Ny = be(x, ..., x,)) — —O(y)) for

1<i<n
some n € N and some bc, so ©(x) consistent with 7" implies

T W Vy(O(y) — =Gy .. Jza( N\ (i) Ay =be(ay, ... 2,))

1<i<n

for some n € N and some bc. In other words, 7" locally omits ¥, (y).

By the conditional omitting types theorem there exists a countable model
2 of T omitting > (x1, 22, x3,y) and Xa(y) .

A more intuitive way of saying that 2 omits £; and X is that for ev-

ery element a of A and any /y,l5,l3 € A forming a coordinate frame, a can

be expressed as a Boolean combination of some b,...,b; € A such that
Ak N hplbland2 =\ 7l o, I3, bi], where 7 is a fixing formula for b;.
1<i<k 1<i<k

Since the carrier set of 2 is countable we can enumerate its elements :

A= {Cll,ag,ag, .. }

We fix this notation for the remainder of this section. Assume WLOG that
|A| > 2 and that, by Axiom 2, a4, ay, a3 are such that

A | coord|ay, as, as).
By the fact that A omits Y5, for each a; € A we have that

A b= a; = be(by. - - b))
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for some bgf,)(l), ..., by € Asuch that

A= N holb)

1<G<N (i)

Since 2 omits ¥, for each j € {1,...,N(i)} there exists a fixing formula 7
such that 2 = 7[ay, as, as, b;].

We now proceed to define a mapping e : A — ROQ(R?).

Fix hy, ho, hs € ROQ(R?) such that

Mg = coordlhy, ha, hs).

We start by defining a mapping e for each initial segment ay, ..., a; of
elements of A. By the above considerations, let a; = bc(bgi), e bgf,)(i)) for each

i€{l,...,k}, wedefine e®(a;) = h;, i € {1,2,3}.

Note that by Lemma 5.2.14 there exists a unique half-plane h;i) € ROQ(R?)
such that
Mo | 717 [, hay b, 1Y),

We define e®) (b§i)) = hg-i) and extend e*¥) homomorphically to all elements of

the subalgebra generated by ay, ..., ay.

By saying that (a half-plane) b is involved in a construction of (a region) a we
mean that 2 = a = belby, ..., by_1,b,bp11, ..., b,) forsome k,n € N, k <nt

Lemma 5.3.5. Let ay, . . ., a, be some initial segment of A. Then the mapping e is
well defined.

Proof. Firstly note that for each half-plane b; involved in a construction of
any of ay, ..., ay it follows from Axiom 6 that if 2 = T(P,Q) la1, as, as, b;] and
Ak T(/PCQ’)[alu ay,as, b;|,then P = P and Q = Q'

Now let b and V' be two half-planes involved in a construction of some a
and a’ respectively, such that A |= 7[a;, as, as, b], A = 7'[a1, az, a3, V'] and b = b'.

“Obviously we use terms like “a half-plane” or “a region” in relation to 2 just to guide
intuition.
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By the definition of ¢*), b and ¥’ are mapped to some h and #’, respectively.
We are required to show that h = A'. But this follows from the fact that
A k= 7'[ay, as, as, b] (and so the respective conditions, as described above, are

satisfied) and Lemma 5.2.14. O
Lemma 5.3.6. Let ay, . .., aj, be some initial segment of A. Then the mapping e is
injective.

Proof. Let b and b’ be two half-planes involved in a construction of any of
ai,...,ax. We need to show that if e*)(b) = h and e®)(¥') = I/ are such that
h=h'thenb =10 Let E)JIQ ): T(P,Q) [hl, hg, hg, h] and EIRQ }Z T(/P’,Q’)[h’h hg, h3, h/]
By Lemma 5.2.14 it follows that for these fixing formulas P = P’ and @ = Q'
The result then follows from Axiom 7. O

Since we fixed hy, ho, h3 € ROQ(R?), for any b, b such that e®)(b) = h and
e®) (V) = B with b = b we have that h = k’. This follows by reckoning
analogous to the one presented in the proof of Lemma 5.3.5.

Lemma 5.3.7. For any initial segment ay, ..., a; € A the mapping e is Boolean

algebra isomorphism.

Proof. 1t follows from axiom 5 that ¢ is a monomorphism. It is onto by

definition. n
Lemma 5.3.8. For any initial segment ay, ...,a; € A the mapping e is an em-
bedding.

Proof. By Lemma 5.3.7 ¢ is a Boolean Algebra isomorphism. We are re-
quired to show that the following holds:

e 2 |= conv[a;] if and only if Mg = conv[e® (a;)] where 1 < i < k;

Since each q; is a Boolean combination of some b1, ..., by(;) we need to
show that
A = convlbe(by, ..., byg))]

if and only if

M = convbe(e® (), ..., e™ (bnay)))-

Suppose A = conv(a;], by Axiom 3 a; # 0 and by Axiom 4 we have
A = a; =[], ¢ by, for some I C {1,...,N(i)}. Therefore e*)(a;) # 0
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(Lemma 5.3.7) and by definition

e®(a;) = H e®) (b;).

i€l
Since ¢¥)(b;) are half-planes (and as such convex)

Mo k= convle® (a;)].

Conversely, suppose Mg = conv|e® (q;)], then (by theorem 15)

W)= [ ey

1<GSN(4)

for some selection of half-planes ¢(b;),...,e"* (by(;). Therefore, since

e®) is a Boolean algebra homomorphism

MCIL = 11 Moy

1<j<N (i) 1<j<N(i)

and since it is injective a; = [ [, ., bi, a; # 0 with

R AN (%)
1<j<N(i)
Hence, by Axioms 3 and 4, we have 2 = conv|a;]. O
Lemma 5.3.9. Let ¢ : A — ROQ(R?) be defined as e = Ue(i). Then e is an

i=1

embedding.

Proof. We need to show that e is injective. But this is obvious in view of
Lemma 5.3.8. =

Lemma 5.3.10. The mapping e : A — ROQ(R?) is an isomorphism.
Proof. By Axiom 8 for any P, ) € Q we can find an element a € A such that

2 = 1(pg)lai, az, as, a] and so e is onto. O

It follows that 2 is isomorphic to M and so A |= ¢ if and only if My = ¢ for
all L., <-sentences ¢.
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Recall the way 2 is constructed. It follows that 20 = —¢ but then also M, |=
-1 and so M, K~ ¢, which concludes the completeness proof. O

5.4 Summary

The language L., < over the considered spatial domains is very expressive.
One can simulate statements about points and straight lines with statements
about regions. This in turn allows the introduction of a coordinate frame and
eventually, the rational fixing formulas. Taking this idea a bit further we saw
that the algebraic fixing formulas can be defined in a similar manner. This
allows one to distinguish between the rational and algebraic models. The
fact that the Helly’s theorem is “expressible” in M x allows one to show that
Lconv,< is sensitive enough to detect changes in dimensionality. The fixing
formulas are also crucial in axiomatising the theory of the rational model. We
proposed an axiom system making a heavy use of the rational fixing formulas
and containing two infinitary rules of inference. We also conjectured that
with the use of similar techniques applied to the algebraic fixing formulas, it

would be possible to axiomatise the algebraic model.
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Conclusions and Further Work

We presented an axiom system for an affine spatial logic with convexity pred-
icate and variables ranging over polygonal subsets of the real plane. Chapter
3 gave the historical and philosophical background of logical investigations
of affine geometry. We described early attempts at the axiomatic characteri-
sation of affine geometry by Whitehead and Russell. Russell’s work is more
philosophical in spirit. He starts with a Kantian view of mathematics and
sees affine geometry as the a priori part of geometry. His views do evolve;
what does not change is his conviction of the importance of non-qualitative
notions in geometry. Whitehead’s contribution is more technical, yet, as we
pointed out, it comes prior to major developments in model theory. White-
head is widely credited as the proponent (together with Lesniewski) of the
region-based approach to geometry. Even though David Hilbert’s contribu-
tion is much more in spirit of modern formal logic — he proposed an axiom
system for Euclidean geometry — even his work cannot fully qualify as a
spatial logic. From our perspective it is important that this early work on
the foundations of geometry served as a major influence on the next gen-
eration of logicians. Alfred Tarski took Hilbert’s ideas on axiomatisation of
Euclidean geometry, extended them and presented them in a framework of
modern logic. Tarski’s major contribution is the change of emphasis from
the geometry itself to the language that describes it. This allowed posing
precise mathematical questions and obtaining precise answers. His work on
Euclidean geometry was extended in his joint work with Lestaw Szczerba
on affine geometry. This work in turn is heavily influenced by Whitehead’s
considerations. Adopting the early Russellian approach, it can be said that
Szczerba and Tarski axiomatised the a priori part of geometry, while Tarski’s
solo work concerned the a posteriori part. Regarding the region-based ap-
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proach, we have Tarski’s work (again!) on the one hand and Clarke’s inves-
tigations on the other. The former was building on Le$niewski’s ideas and
proposed one of the first region-based spatial logics, the geometry of solids.
The latter was extending Whitehead’s topological ideas and constructed the
calculus of individuals. Chapter 4 describes how the ideas of spatial logic
were developed more recently. One can distinguish two approaches here.
The first, we chose to call axiomatic, stems from the work of Whitehead and
Clarke; the second, we called model-theoretic, owes more to Tarski. Both ap-
proaches are developed within, or in close proximity to, the qualitative spa-
tial reasoning paradigm. The idea, most notably put forward by Randell Cui
and Cohn in their seminal paper, is that non-quantitative analysis might be
less error prone and more computationally robust than the standard numeri-
cal approach. Also, it is claimed that qualitative region-based reasoning is, in
some sense, more fundamental (an example of human cognitive procedures
is usually given). We should like to stress that despite the similarity, Rus-
sell’s ideas do not seem to be a conscious influence here. The dominance of
topological spatial logics in both axiomatic and model-theoretic approaches
is evident. In terms of affine spatial logics we should mention Bennett and
Cohn in the axiomatic approach and Davis and Pratt-Hartmann in the model-
theoretic one. Chapter 5 describes our own contribution. We place ourselves
within the model-theoretic approach and build on work by Davis and Pratt-
Hartmann. In Russellian terms, we work — like Szczerba and Tarski — on
the a priori fragment of geometry, but from a region-based perspective. In
that sense we reach back to Whitehead’s ideas and trough Clarke’s work
place ourselves within the qualitative spatial reasoning paradigm. Adopt-
ing the model-theoretic approach, one starts not with the syntactic notion of
an axiom system, but rather with the semantic notion of an interpretation.
Axiomatisation is treated secondary as a means of finding out more about
the investigated logic. Make no mistake, this does not mean axiomatisation
is unimportant; it merely indicates that it is viewed as one of many ways to

explore a given logic and its theory.

Thesis contribution We started the thesis with a list of three groups of prob-

lems:

P1 How can we characterize the valid formulas of the spatial logic? That is,

what is a theory of a given spatial logic? In many cases, it also makes
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sense to ask which sentences of the considered language are true in all

structures of that class.

P2 What is the expressive power of a spatial language? In particular, given a
language, what other geometrical relations can we express in terms of

primitive relations in that language?

P3 What is the computational complexity of a given spatial logic? Most first
order logics are, for obvious reasons, undecidable. However, restrict-
ing attention to certain fragments of those logics, might prove useful in

terms of computational tractability.

In terms of these we have dealt with some success with the problems P1
and P2. Our main contribution is as follows. We axiomatised the theory of
(ROQ(R?), conv, <), where ROQ(IR?) is the set of regular open rational poly-
gons of the real plane; conv is the convexity property and < is the inclusion
relation. We proved soundness and completeness for our axiom system (P1).
We have also proved several expressiveness results (P2). We showed that
the betweenness and equidistance relations are definable in our logic in ref-
erence to a given coordinate frame. We also showed that betweenness can
be defined without any reference to a coordinate frame. We showed that,
roughly speaking, the property of being a root of a polynomial with rational
coefficients can be defined in reference to a given coordinate frame. We also
showed that Helly’s theorem can be “expressed” in our logic. As a conse-
quence we showed that models of different dimensions have different theo-
ries. We also presented explicit (not difficult) proofs of several expressiveness
results from [Pra99] (Section 5.2).

Future Work Several natural extensions of our work suggest themselves at
this point. We would like to investigate the possibility of axiomatising other
affine spatial logics over the real plane. The most promising case is the one
where ROQ(R?) is replaced with ROA(R?). We are strongly convinced that,
given our expressiveness results, this axiomatisation is a straightforward ap-
plication of the techniques used in axiomatising ROQ(R?) (especially those
utilised in the proof of the completeness theorem). The cases of other do-
mains of interest remain somehow elusive, with RO(R?) being perhaps the
most difficult. Another way of extending our results would be to consider di-
mensions other than 2. Again, the cases of ROQ(R"™) and ROA(R"™) for n > 2
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seem very promising. In terms of expressiveness we would like to investi-
gate the possibility of defining other topological relations in our logic or in
the indicated alternatives. Most notably we think that it should be possible to
define the contact relation in the case of RO(R?) (recall that [Pra99] defined
the contact relation for the domains ROP(R?) and ROQ(R?)). In terms of
the above list of problems, P3 proved to be the most elusive. The first-order
theory of our convexity logic is undecidable and the existential fragment’s
complexity reduces to the result which is very hard to improve. Exploring
the computational complexity of convexity spatial logics of different dimen-
sions is one option here. Also, we might want to restrict ourselves even fur-
ther and consider only special types of formulas (like Horn clauses) to see
if there is any improvement in terms of computational complexity. Last but
not least, it might prove useful to try and axiomatise these mentioned frag-
ments of our convexity logic. This might be very helpful in implementing it
in some programming language in a form of spatial reasoner, even despite its

computational intractability.
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