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We introduce new first-order languages for the elementary n-dimensional geometry and elementary
n-dimensional affine geometry (n > 2), based on extending FO(3,=) and FO((3), respectively, with new
function symbols. Here, /3 stands for the betweenness relation and = for the congruence relation. We show that
the associated theories admit effective quantifier elimination.
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1 Introduction

1.1 Origins of the problem

For any fixed natural number n, the elementary n-dimensional Euclidean geometry, &,, is a theory dealing with
the elementary properties of the n-dimensional Euclidean space. In this context, elementary means the portion of
geometry that can be developed within first-order logic without the help of set-theoretic notions. Tarski’s axiom
system for this theory, already presented by him in his course given at the Warsaw University in 192627 and
finally published in [16] and [22], is based on two primitive notions: betweenness and equidistance. The theory &,
is complete but not categorical: its models are, up to isomorphisms, the n-dimensional Cartesian spaces over some
real closed fields [22]. The first axiom system based on these primitive notions was proposed by Veblen [24].

The elementary theory of n-dimensional affine geometry, A,,, is a complete theory as well. Its only primitive
notion is the berweenness relation'. The interested reader can consult [23] and [1, Chapter 7] for more references
and historical remarks on the development of these theories.

For every fixed natural number n, we introduce two new first-order theories, £/ and A/, . These new theories
are extensions by definitions of &, and A,,, respectively, and admit effective quantifier elimination.

There are classical examples of this technique, based on extending the signature of a theory with finitely many
new symbols—expressing properties already definable by quantified formulas in the original language—to obtain
a new theory that admits quantifier elimination and has the same expressive power as the original language. For
instance, by adding the binary relation symbol “<” to the signature (+, x,0, 1), Tarski [21] obtained a theory,
R, for real closed fields that admits quantifier elimination . Another classic example is that of the congruence
relations in Presburger arithmetic (cf. [5]).

* Corresponding author: e-mail: rgrimson@dm.uba.ar
U In her monograph [19], Szmielew showed that this last primitive notion can be replaced by parallelity, leading to a more abstract
development of affine geometry, including representation theorems for subsystems of the axiom system of affine geometry.
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Like in Szczebra and Tarski [18], the detailed discussion will be restricted to the case n = 2, i.e., to the
geometry of the plane. We denote by £ and A the theories £ and Aj, respectively. In Section 7.3, we indicate
how our results can be extended to higher dimensions.

Languages that admit the elimination of quantifiers for elementary algebra and fragments of geometry have
been the subjects of several investigations, but as far as we know, no language for elementary geometry which
allows quantifier elimination has been proposed. In a way, this omission is surprising, because quantifier elimina-
tion is a natural requirement of expressibility for a language.

Quantifier elimination methods have been mainly used to obtain decision procedures. Recently, within the
theory of constraint databases [9], quantifier-elimination techniques have also been used to evaluate queries. In
particular, within the context of spatial databases, the languages FO(3, =) and FO(3) have been proposed [6] as
query languages for geometric databases. The results we present here lead to a query evaluation procedure for
these query languages.

We remark that, sharing some primitive notions, the languages that we obtain are related to the languages
used in constructive geometry [11-13]. One difference is the absence of constant symbols in our language. In the
presence of constant symbols, formulas can define relations that are not invariant under similarity transformations
of the plane. Our languages preserve this basic characteristic of Euclidean geometry.

1.2 Outline and Summary

The paper is organized as follows. In Section 2, we introduce the concepts of affine-invariant and similarity-
invariant relation. We also introduce the theories of real closed fields, R, elementary affine geometry, .4, and
elementary Euclidean geometry, £, with their associated languages FO(+, x,<,0,1), FO(8) and FO(3, =),
respectively. Being all three complete theories, we fix a standard model for each and use the fact that a formula
holds in this model if and only if it is true in the corresponding theory.

We stress the difference between geometric variables and algebraic variables, and introduce the concept of
translation. In particular, we recall the existence of a translation from FO(3, =) (and hence, also from FO(/3)) to
FO(+, x, <, 0,1). This translation is based on the fact that the Euclidean plane can be embedded in the Cartesian
plane by taking coordinates in a fixed coordinate system.

We recall that the theory of real closed fields, R, admits quantifier elimination, and we denote by € a
quantifier-elimination function for this theory. We prove that no finite predicative extension of FO(3) or
FO(3, =) admits quantifier elimination.

In Section 3, we define the basic segment-arithmetic functions, @ and ®, the affine projection function, T,
and for the two basic metric functions, 7 and k (corresponding to the orthogonal projection and the seg-
ment construction function), and expand the signatures of FO(3) and FO(3, =) adding new function symbols
for some of these basic functions, and the O-ary relation symbol T. The interpretation of the new symbols in
the resulting languages, FO(8, T, ®,®, ) and FO(B,=, T,®, ®, 7, k), are given by FO(3)-formulas and
FO(8, =)-formulas respectively. In this way, the resulting theories, A’ and £’ are extensions by definitions of
A and £ respectively. This ensures that the new languages have the same expressive power as the original ones
and also the existence of translations B from FO(3, T, @, ®, 7) to FO() and M from FO(3,=, T, ®, ®, 7+, k)
to FO(3, =).

In Section 4, we define a translation S : FO(+, %, <,0,1)qr.a1 — FO(8, T,®, ®, m)qr, translating any
formula in the affine-invariant quantifier-free fragment of FO(+, x, <, 0, 1) into the quantifier-free fragment of
FO(B3, T,®,®, ) in such a way that, for any affine-invariant quantifier-free FO(+, x, <, 0, 1)-formula ¢, S(¢)
and ¢ define the same relation. The technical difficulty in the construction of this translation is due to the absence
of constant symbols in FO(3, T, @, ®, ) to use as coordinate system and the subsequent need to use some of the
variables already involved in the formula as a reference system.

Analogously, in Section 5, we define a translation 7 : FO(+, x, <,0,1)qrs1 — FO(B,=,T,®,®, 7,
K)QF, translating any formula in the similarity-invariant quantifier-free fragment of FO(+, x, <, 0,1) into the
quantifier-free fragment of FO(3,=, T,®, ®, 71, k).

In Section 6, we define € 4/ := So€goCoB: FO(S, T,®,®,7) — FO(B, T,®, ®, m)qr as the composition
of the translations C, B and S with the quantifier-elimination function €. The map & 4. results to be a quantifier-
elimination function for the theory A’. In this sense, we prove that A’ is a conservative extension of A that admits
quantifier elimination. Analogously, we prove that the map €¢/ := T o Eg o Co M : FO(B, T,8,®,7) —
FO(B, T, ®, ®, m)qr is a quantifier-elimination function for the theory &’.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org
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In the last section we discuss the problem of finding minimal languages for elementary geometry and elemen-
tary affine geometry that admit the elimination of quantifier; this problem is interesting from a metamathematical
viewpoint. Finally, we briefly indicate how, performing only minor changes in the argumentation, analogous
constructions could be carried on for higher-dimensional theories.

For the fluidity of the exposition, we do not prove every geometrical statement in our argumentation. The
missing arguments may be filled in using basic tools from analytic geometry.

2 Preliminaries and definitions

In Tarski’s formalization of elementary geometry [22], points are treated as individuals and represented by first-
order variables. Its only primitive notions, in terms of which all geometrical notions turn to be definable, are the
betweenness and the equidistance relations.

We recall that, being a first-order theory, this formalization does not provide variables to denote geometrical
figures (point sets) nor classes of geometrical figures. However, it is possible to express in the resulting formalism
all the results that form the subject matter of geometry courses as taught in secondary schools and which are for-
mulated in terms of some special classes of geometrical figures such as straight lines, circles, segments, triangles
and, in general, polygons with any fixed number of vertices, as well as certain relations between geometrical
figures in these classes such as congruence and similarity. This possibility is mainly a consequence of the fact
that, in each of these classes, every geometrical figure is determined by a fixed finite number of points.

The representation theorem for elementary geometry [22] states that a necessary and sufficient condition for a
structure to be a model of this theory is that it is isomorphic with the Cartesian space over some real closed field.
In addition, this theory is shown to be complete and decidable.

2.1 Semi-algebraic and geometric relations

Let R be the set of real numbers and let E the universe of a model of Tarski’s elementary plane geometry iso-
morphic to R?. We call E the Euclidean plane and we refer to R? as the Cartesian plane. We fix an Euclidean
coordinate system in [E, that is, we fix an origin O and two points E; and F5 such that the segments OF; and OE,
are orthogonal and congruent. We observe that, not being collinear, the points O, E1, Es define, in particular, an
affine coordinate system. We define Cp g, g, as the function from E to R? that maps points to their coordinates
with respect to the coordinate system O, Ey, Es.

We shall deal with the following two different kinds of relations.

Definition 2.1 A k-ary semi-algebraic relation (k > 1) is a subset of R* that can be described as a boolean
combination of sets of the form

{(]717...,.Tk) GRk |p($1,-~-a$k’) >O}7

where p € Z[X1, ..., X}] is a polynomial with integer coefficients in the variables X1, ..., X}.
A k-ary geometric relation (k > 1) is a subset of E¥ such that its image under C’g B, .E, 1s a semi-algebraic

relation of R2F,

We have allowed only integer coefficients in the definition of semi-algebraic relation for simplicity: as we shall
see, in this way semi-algebraic relations correspond exactly to the relations definable in the language FO(+, X,
<,0,1).

We shall refer to variables ranging over E as geometric variables, whereas variables ranging over R will
be called algebraic variables. Also, for ease of reading, we shall consistently use the letters o, p,q,r, s, u,
v, €e1,€e,P1,P2,-- -, tO represent geometric variables, and a, b, x, y, t, 1, Y1, T2, Yo, - . . , for algebraic variables.
Variables ranging over the natural numbers N will be denoted by ¢, j, k, [, m n. Finally, we differentiate geometric
variables from points in E writing p; and p; respectively. In this way, p; is a geometric variable while p; represents
some fixed point in E. Analogously, we write x; for algebraic variables and x; for fixed elements of R.

2.2 Affine and similarity transformations of the plane

Definition 2.2 An affine transformation of R? is a bijective function f : R> — R2, for which there exist
aii, a2, 021, a22,b1, by € R, with

www.mlq-journal.org (© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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An affine transformation of EE is a bijective function f : E — E, such that C; _IEI g, © foCo g, E, is an affine

transformation of R?.

Since any two affine coordinate systems are equal up to an affine transformation of the plane, the notion of
affine transformation of E is independent of the chosen affine coordinate system O, E;, Es.

In particular, translation, rotation, scaling, and reflection over an axis are affine transformations. We remark
that our definition of affine transformation coincides with what are sometimes called non-degenerate affine trans-
formations.

We denote by | - || : R> — R the norm of points in the Cartesian plane, ||(x,9)|| = /22 + 2.

Definition 2.3 A similarity transformation of R? is a bijective function f : R> — R2, for which there exist
r € R, 7 > 0 such that for all pairs, (21, 1) and (22, %> ), of points in R?, the following holds:

1 f (@1, y) — flze,y2)ll =7 (21, 1) — (22, 92) |-

A similarity transformation of E is a bijective function f : E — I, such that Cj ,1E1 B, °foCoE B, isa
similarity transformation of R?.

Since any two Euclidean coordinate systems are equal up to a similarity transformation of the plane, the notion
of similarity transformation of E is independent of the chosen Euclidean coordinate system O, E, Es.

In particular, translation, rotation, dilatations, and reflection over an axis are similarity transformations. Clearly,
any similarity transformation is an affine transformation but the converse does not hold.

2.3 Affine-invariant and similarity-invariant relations

Now, we define the concept of an affine-invariant relation.

Definition 2.4 A k-ary geometric relation P is called affine invariant if for any tuple (p1, ..., p) in EX and
any affine transformation f of IE, we have that (py, ..., pr) € P implies (f(p1),..., f(px)) € P.
A 2k-ary semi-algebraic relation @ is called affine invariant if for any tuple (x1,y1,..., 2, Y ) in R?* and

any affine transformation f of R?, we have that (x4, Y1, .., Tk, Yy ) implies (f(z1, 1), ..., f(zr,ur)) € Q.

We remark that affine-invariant semi-algebraic relations range over pairs of real numbers while affine-invariant
geometric relations range over points in the plane E. As an example for previous definition, we consider the
geometric relation L C E? consisting of triples (p, ¢,) € E? that are collinear. Since any affine transformation
preserves collinearity, this relation is affine invariant. A finer relation that will play an important role is 3, which
consists of all triples (p, ¢,7) € E? for which ¢ belongs to the closed line segment between p and r. Clearly, 3 is
also affine invariant. Their semi-algebraic counterparts are subsets of R and can be defined algebraically, as will
be shown later.

Certainly, not all geometric relations are affine invariant. For instance, the unary relation {O}, containing the
origin of the coordinate system O, F, Es, is not affine invariant.

Definition 2.5 A k-ary geometric relation P is called similarity invariant if for any tuple (p1, ..., pk ) in EF
and any similarity transformation f of [E, we have that (py,...,px) € P implies (f(p1),. f@))

A 2k-ary semi-algebraic relation @ is called similarity invariant if for any tuple (z1,yi..., ¢, yx ) in RQ’“ and
any similarity transformation f of R?, we have that (21,1 ..., &, yx ) implies (f(z1, 1), .., f(zr, yk)) € Q.

Since similarity transformations are affine transformations, affine-invariant relations are similarity invariant.
In Euclidean geometry there is no notion of unit length. Hence, no intrinsic metric can be defined in the
Euclidean plane. Although, the relation =, consisting of all quadruples (p,7,q,s) € E? such that the segments
Pr and g5 are congruent (i.e., for which the distance between p and r is equal to the distance between ¢ and s), is
a similarity-invariant relatlon It gives an example of a similarity-invariant relations that is not affine invariant.
Further examples of affine-invariant (and thus, similarity-invariant) geometric relations concern parallelism
and equal ratio. Indeed, if four points define two parallel lines, then the results of any affine transformation
applied to them, also define two parallel lines. Also, the ratio of a triple (p,q,r) of collinear points, defined

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org
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system O, E1, I, of E. Therefore, the 6-ary geometric relation equal ratio (p : q : r) = (p' : ¢’ : 1) is affine
invariant.

(when p # r) as and denoted (p : ¢ : r), is independent of the affine coordinate

2.4 The theories R, £, A and their expressive power

We work in first-order logic with equality and suppose that first-order formulas are built using the connectives —
and A and the existential quantifier 3. The symbols V, —, ¥V and # stand for their usual abbreviations.

We introduce now the first-order languages FO(+, x, <,0,1), FO(3,=) and FO(f) together with their stan-
dard interpretations and characterize their expressive power.

Definition 2.6 Suppose that o is a first-order signature, S is a o-structure, and 1) a FO(o)-formula with m
free variables. The relation defined by 1) in S is the set of m-tuples in |.S|™ that satisfy .

If k < mand (sq,...,s;) is a k-tuple of elements in |S|*, we define the relation defined by (s, ..., s;] in
S as the set of (m — k)-tuples (sj11,..., S ) of elements in [S|™ = such that (s1,..., 8, ) satisfy ¢.

Since we consider only one interpretation of each language, we shall use the same symbol for relation/
functional symbols and their interpretations, not to overload the notation. We also refer to the relation defined
by a formula without reference to the structure considered. As we shall see, the theories R, £ and A define
precisely the semi-algebraic, similarity-invariant and affine-invariant geometric relations, respectively.

The language FO(/3) is the first-order language with a signature consisting only of the ternary relation symbol
(. As the standard interpretation for this language, we consider the structure (E, 3), where variables are assumed
to range over the Euclidean plane E and where (p,g,7) € 3 if and only if p, ¢ and r are collinear points and
q belongs to the closed line segment between p and r. In particular, (p,p, q) € S for any p,q € E. We denote
by A the first-order theory resulting from this standard interpretation. The next proposition follows immediately
from [6, Proposition 5.4].

Proposition 2.7 The relations definable in A, correspond exactly to the affine-invariant geometric relations.

The language FO(3, =) is the first-order language with a signature consisting only of the ternary relation
symbol 3 and the quaternary relation symbol =. As the standard interpretation for this language, we consider
the structure (E, 3, =), where variables are assumed to range over the Euclidean plane E, [ is defined as before
and (p,r,q,s) € = if and only if the segments Pr and Gs are congruent. We denote by £ the first-order theory
resulting from this standard interpretation. For the sake of readability and following the tradition, we denote
= (pi, pj, Pk, 21) by pip; = prpi. The next proposition follows immediately from [6, Proposition 5.5].

Proposition 2.8 The relations definable in &, correspond exactly to the similarity-invariant geometric
relations.

Finally, FO(+, x, <, 0, 1) is a first-order language with a signature consisting of the binary function symbols
+ and x; the binary relation symbol <; and the constant symbols 0 and 1. We call this language the language of
real closed fields. As its standard interpretation, we consider the structure (R, +, X, <, 0, 1), that is, the reals with
the well-known functions, relation and constants. We denote by R the theory resulting from this interpretation,
usually called the theory of the real closed fields. The following proposition is an immediate consequence of [3,
Theorem 2.74].

Proposition 2.9 The relations definable in R, correspond exactly to the semi-algebraic relations.

Clearly, not any FO(+, X, <, 0, 1)-formula defines a similarity-invariant relation. The formulaz; = 0Ay; =0
exemplifies this. We shall denote by FO(+, x, <, 0, 1)g; the similarity-invariant fragment of FO(+, x, <,0, 1),
i.e., the set of FO(+, x, <, 0, 1)-formulas defining similarity-invariant semi-algebraic relations. Analogously, we
denote by FO(+, x, <, 0, 1) the affine-invariant fragment of FO(+, x, <, 0, 1).

2.5 Translations

In order to compare relations defined on the Euclidean plane with relations defined on the Cartesian plane, we
introduce the following definitions.

www.mlq-journal.org (© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Let us call the languages with geometric variables (whose standard interpretation is given over E) geomet-
ric languages; FO(B) and FO((, =), as well as the new languages we are going to introduce, are examples of
geometric languages.

Definition 2.10 Let ¢ be a formula in a geometric language defining the m-ary geometric relation G, (m > 0)
and let ¢ be a FO(+, x, <, 0, 1)-formula defining the 2m-ary semi-algebraic relation A,. If, for any points
P1,...,pm in E, with coordinates (z1,y1), ..., (m, ym ) With respect to the coordinate system O, E , Es,

G,(p1,...,pm) holdsifandonlyif Ay (z1,y1,...,%m,Ym) holds,

then ¢ and v are said to define the same relation.

We remark that, since FO(3, =)-formulas define similarity-invariant relations, in the case ¢ € FO(3, =), the
previous definition is independent of the Euclidean coordinate system O, E;, Ey. Analogously, for ¢ € FO(53)
the definition remains invariant if we change O, E, E to any other affine coordinate system.

The following two fundamental examples are basic results in analytic geometry.

Example 2.11 The FO(+, x, <, 0, 1)-formula
equidistance o (T1, Y1, T2, Y2, T3, Y3, T4, Ya) = (21 — 22)° 4+ (31 — 92)? = (v3 — 24)* + (Y3 — v1)*

and the FO((, =)-formula p;ps = p3p4 define the same relation.
Example 2.12 Another important example is given by the FO(+, x, <, 0, 1)-formula

Beoord (Tis Yis Tjiy Yis Ty Y ) = (w0 — ) (ye — y5) = (x1 — ) (yi — y;)]A
(2 = z)(z; =) > 0) V ((z1 — zj)(2; — 2;) = 0)]A
(e —yi) (i —vi) >0)V (v —y;)(y; — vi) = 0)]

and the FO(3)-formula ((p;, pj, px ). They both define the same relation.

Definition 2.13 Given two syntactic fragments £; and £, of two first-order languages with a fixed interpre-
tation, a recursive function M that maps any £;-formula, @, to a £o-formula, M (), defining the same relation
as o will be called a translation between these fragments.

Based on the Examples 2.11 and 2.12, we define a translation C from FO(3,=) to FO(+, x, <, 0, 1)g1. For
any i € N and any point p; in [E, we denote by z; and y; the first and the second coordinates of p; with respect
to our fixed coordinate system O, E1, . Since for all py,ps,p3,ps € E, € = B[p1,p2,ps] if and only if

R & Beoord[T1, Y1, %2, Y2 ,23,y3] and € |= [p1, p2] = [p3, p4] if and only if R [= equidistance,oq[71, y1, T2,
Y2,3,Y3, T4, ya], we immediately obtain a translation, C, defined on the quantifier-free fragment of FO(3, =).

Indeed, C is obtained by translating p; = p; by @; = z; A y; = y; and by defining C(B(p;,p;,pr)) as
Beoord (Tis Yiy T Yjs Ty Ui ), C(Pipj = prpr) as equidistance goq (T, Vi, 5, Y5 Tk, Yk, 21, Y1), and further C(p A
) as C(p) AC(¢0) and C(—¢) as —C(yp). We extend C, by recursion on the quantifier-depth, to the whole language
FO(8, =) defining C(3p; ¢) as Iz; y;C(p).

A direct induction on the structure of the formulas shows that for any FO(3, =)-formula ¢ with m free vari-
ables and for any points pi, ..., py, in E, with coordinates (z1,y1), ..., (Zm , ym ) the following holds:

EFE¢lp1,...,pn] ifandonlyif R EC(o)x1,y1,.- s Tm,Ym]-

We summarize these result in the following proposition.

Proposition 2.14 The function C is a translation from FO((3, =) to FO(+, x, <, 0, 1)gI.
In particular, we obtain the following corollary.

Corollary 2.15 The function C|ro () is a translation from FO(3) to FO(+, x, <,0,1)a1.

2.6 Quantifier elimination for R, £ and A

Definition 2.16 Let S be a first-order theory over a signature o. We say that a theory S has quantifier elimi-
nation if for every formula ¢ € FO(0) there is a quantifier-free formula with the same free-variables ¢ € FO(o)
such that S |= ¢ < 9.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mlq-journal.org
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We remark that if the signature o does not have constant symbols then it has no quantifier-free sentences. Some
authors admit (cf. [10]) that the formula v in the Definition 2.16 may have more free variables than the original
formula ¢ as long as these two formulas are equivalent; in this way, the quantifier-free formula equivalent to a
true sentence may be p = p. Others (cf. [14]) say that a theory S has quantifier elimination if every formula with
at least one free variable is equivalent to a quantifier-free formula with the same free variables. We prefer to use
the notion given by Definition 2.16 and to solve this inconvenience adding to o a new constant predicate symbol
T that holds in the structure S and furnishes a quantifier-free true sentence.

For any first-order signature o, we denote by FO(0)p the quantifier-free fragment of FO(o).

A recursive function €s : FO(0) — FO(0)qy is called a quantifier-elimination function if for any FO(o)-
formula ¢, €5 () is a quantifier-free FO (o )-formula, equivalent to and with the same free-variables as . If such
a function exists, the theory is said to admit effective quantifier elimination.

In the 1930s, Tarski showed that the theory of real closed fields, R, admits effective quantifier elimination
(cf. [21], or [2] for a modern account). In the same article, Tarski used this result and an interpretation of the
Euclidean plane in the Cartesian plane, to give a decision procedure for elementary geometry (cf. [15]). We
denote by € a quantifier-elimination function for the theory of real closed fields.

Since the theories £ and A do not have constant symbols, they do not admit quantifier elimination. We prove
the following stronger result: it is not possible to obtain a theory that admits quantifier elimination by extending
FO(B) (nor FO(3, =)) with finitely many relation symbols.

For every k € N, consider the semi-algebraic affine-invariant relation P* consisting of the triplets of aligned
points (o, p, s) such that the segment 03 is equal to k times the segment op. Clearly, if k # j then the relations
P* and P’ are different. This implies that there are countably infinite different ternary affine-invariant relations.
By Proposition 2.7, all these ternary relations are definable in FO((3). We denote by v, a FO(3)-formula defining
the relation P*.

Proposition 2.17 Any extension of FO(3) with a finite number of new relation symbols does not admit quan-
tifier elimination.

Proof. We suppose than an extension of FO(/3) with a finite number of new relation symbols is given. If this
extension admitted quantifier elimination, all the different ternary relations P (0,p,q),t € N, would be definable
in this language by quantifier-free formulas. Since there are no constant nor function symbols in the new language,
the only terms that can be built in the extended language using the variables o, p and ¢ are the atomic terms o, p
and g themselves. Thus, the number of different atomic formulas that can be built using only the given variables
is finite. Hence, the number of non-equivalent quantifier-free formulas in this language is finite. Therefore, the
extended language cannot define, without quantifiers, all the infinite different relations defined by the quantified
FO(B)-formulas ¥*, k € N. This concludes the proof. O

The previous proof yields immediately the following corollary.

Corollary 2.18 Any extension of FO(3, =) with a finite number of new relation symbols does not admit quan-
tifier elimination.

3 The new languages

In this section, we extend by definitions the languages of elementary geometry and elementary affine geome-
try obtaining the new languages FO(3,=, T, ®,®, 7+, k) and FO(3, T, ®, ®, 7), respectively. Their associated
theories £’ and A’ will be shown to admit quantifier elimination in the following section.

The new symbols introduced are the two basic segment arithmetic functions, ® and ®, the affine projection
function m, and the two basic metric functions, 7t and k.

First, we show how to define some affine-invariant relations in the language FO(/3), that we need later on to
define these functions.

Collinear: The formula:
L(p,q,7) == B(p.q,7) vV B(p,7,9) vV Blg,p,7)
expresses that the points p, ¢ and r are collinear. We remark that this is a quantifier-free expression.
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Parallel: The formula:

P(p,q,r,s) = (L(p,q,7) AL(p,q,8)) Vr=sVVu(-L(p,q,u)V-L(r s,u))

expresses that the segments pg and 75 are parallel. We remark that the first line expresses that the four
points are aligned or that a segment is just a point, in both cases pg and 7's are considered parallel. The
second line expresses that no point is collinear with p and ¢ and with r and s, at the same time.

We shall also need the following similarity-invariant relation.

Right angle: The FO(3, =)-formula:

R(p,q,r) := —L(p,q,7) A Jo(B(0,p,q) N or =rq A op = pq)
expresses that the points p, ¢ and r form a non-degenerate triangle with a straight angle at p.

Finally, the following formula is used to define the new symbol T.
M Vp(p =p)

3.1 The two basic segment-arithmetic functions

Now, we present the formulas that implicitly define the basic segment-arithmetic functions.

Sum: The relation “the vector 04 is the result of the vector sum of 0_]5 and &}” is, certainly, an affine-
invariant geometric relation. Thus, by Proposition 2.7, there exists a FO(8)-formula Sum(o, p, q, s)
defining it.

Let x1, 9, x3 be three real numbers. Using the coordinates in the fixed coordinate system O, E;, E»
to define points in EE, we consider o = (0,0),p1 = (21,0),p2 = (22,0) and p3 = (3,0). Then, the
relation Sum(o, p1, p2, p3) holds if and only if #; + 3 = 23 as real numbers. This allows us to translate

the semi-algebraic addition into the geometric context.

Equal Ratio: We consider the 5-ary relation: “o, p and g are collinear, o # p, 0o # r and s is the unique
point, collinear with o and , that satisfies (o : p : ¢) = (0 : 7 : s)”. This is an affine-invariant geometric
relation and since FO(/3) is a complete language for these relations, there exists an FO()-formula
EqualRatio(o, p, g, , s) defining it.

Let z1, 22, z3 be three real numbers. Using the coordinates in the fixed coordinate system O, E1, F» to
define points in E, we consider o = (0,0),e1 = (1,0),p1 = (1,0),p2 = (22,0) and p3 = (x3,0). We
have that, for zo # 0, EqualRatio(o, e1,p1, p2,p3) holds if and only if x; - 5 = w3 as real numbers.

This allow us to translate the semi-algebraic product into the geometric context.

Constructions, similar to Sum and EqualRatio, to deal with segment arithmetic can be found already in
Descartes [4], in Hilbert’s book [8] and also in [16] (cf. also [7] for a contemporary account).

We remark that for every o, p, ¢ € E there exists a unique s satisfying Sum(o, p, ¢, s). On the other hand, for
every o, p, ¢, r there exists at most one s satisfying EqualRatio(o, p,q, 1, 8). o

We conclude that the following two FO(3)-formulas define functional relations with respect to their last
variable:

(2) SUm(OvpaQ7S);
@ EqualRatio(0, p, ¢,75) V [(~L(0,p, @) V ~L(o,7,5) Vo = pV o =) A5 = o]

3.2 The affine projection function

We present the formula that defines the affine projection function.

Affine Projection: We want to define the following relation: “the points o, p and ¢ form an affine coor-
dinate system and s is the projection, parallel to og, of r on the line op, or o, p and ¢ are aligned and
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s = 0”. Being an affine-invariant geometric relation, we know that the relation is definable in FO(S3).
Explicitly, we can define it as:

“4) ﬁL(Ovpa q) A [(L(’I“, 0,p)\s= T) v (ﬁL(’I’,O,p) A L(87 Ovp) A P(’I“, 5,0, Q))] v (L(O,p7 Q) Ns= 0)'

We remark that the formula defines a functional relation in s. We call this function the affine projection function
and denote it by 7 : E* — E.

3.3 The two basic metric functions
Now, we present the two formulas that implicitly define the basic metric functions.

Orthogonal Projection: We consider the 4-ary relation defined by

) (L(o,p,q) As =q) V (=L(o,p,q) A L(0,p,5) A (R(s,q,0) VR(s,4,D))).

When o # p, the last formula defines that s is the orthogonal projection of g over the line passing
through o and p. We remark that this formula defines also a functional relation in s.

Segment Construction: The axiom of segment construction states that 3s(3(p,0,s) A os = qr). This
axiom appears in Tarski’s axiomatization of elementary geometry [22] (cf. the first congruence axiom
in Hilbert’s text [8]). We introduce the following FO(3, =)-formula closely related to it:

(6) (o=pAs=o0)V(o#pALB(p,o,8) Aos=qr).

We remark that this relation defined by this formula is functional in s. If 0 # p, the unique s satisfying
it is the point in the ray opposite to g_é such that the segments gT and 0s are congruent.

The functions implicitly defined by these FO(3, =)-formulas with respect to their last variable are called the
basic metric functions and are denoted by k and 7+, respectively.

3.4 The language FO(3, T, &, ®, ) and the theory A’

We extend the theory A by definitions (cf., e.g., [17, Section 4.6]) using the formula (1) to define the 0O-ary relation
symbol T, the formula (2) to define the function symbol &, the formula (3) to define the function symbol ® and
the formula (4) to define the function symbol 7. In this way, we obtain the theory A’ in the extended language
FO(B, T,®,®,m).

Being an extension by definitions, the expressive power of the expanded language is the same as that of
the original one and there exists (cf. [17]) a translation B : FO(5, T,®,®,7) — FO(3) in the sense of
Definition 2.13. If ¢ € FO(f3, T,®,®, ) happens to be a FO(3)-formula, then B(y) is just . Essentially,
via this map, a formula in FO(3, T, ®, ®, ) is translated to an FO(()-formula replacing each occurrence of a
new symbol, by its defining formula in FO(3). This is summarized in the following proposition.

Proposition 3.1 The map
B:FO(B,T,®,®,m) — FO(S)

is a translation.

For the sake of legibility, we shall use the following suggestive notation for terms in the language FO(3, T,
@, ®, ). We write p @, g for &(0,p, q); ¢ Q. 1 for ®(o, p, q,7); and 7,,,(r) for m(o,p, q,r).

The next lemma follows directly from the definitions.

Lemma 3.2 We consider x1,z2 € R and three affine-independent points o,e1, es € E. We further denote
p1 = (21,0) and py = (x2 ,F),where the coordinates are taken with respect to the affine coordinate system
;ﬂ ,€2. Then, the standard interpretation of the term py &, ps is the point with coordinates (x1 + x2,0), and
the standard interpretation of p1 ¢, p2 has coordinates (ﬂiﬂ ,0).
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We further define the following abbreviations:

AfFCoord(lwl o (p) := To.e,.e, (P); and
AffCoordgﬁelﬂez (P) = To,e1,e1 (D) ®o,e, €1

When the points o,e;,es form an affine coordinate system, it follows immediately that the term
AfFCoord;E,l ¢, () can be interpreted geometrically as the projection, in the direction of oe, of the point p

over the lineZE. Under the same hypothesis and denoting by p’ the projection parallel to oe; of the point
p over the line oe;, the term AfFCoordi(3 .., (p) represents the unique point ¢ on the line oey that satisfies

(0:e1:9)=(0:ex:p). )

We state this result for further reference.

Lemma 3.3 We suppose that the points o, €1, ea form an affine coordinate system and that the point p has
. p

coordinates (x,y) in this coordinate system. Then, the term AffCoord, ., ., (p) is naturally interpreted as the

point with coordinates (z,0) and the term AfFCoordiﬂﬂ(Q) as the point with coordinates (y,0), always with
respect to the same coordinate system.

3.5 Thelanguage FO(3,=, T,®, ®, 7', k) and the theory £’

As we did with the theory A, we extend the theory £ by definitions using the formula (1) to define the O-ary
relation symbol T, the formula (2) to define the function symbol &, the formula (3) to define the function symbol
®, the formula (5) to define the function symbol 71 and the formula (6) to define the function symbol . In this
way, we obtain the theory £ in the extended language FO(T, ®, ®, 7, k).

Being an extension by definitions, the expressive power of the expanded language is the same as that of the
original one and there exists a translation M : FO(3,=, T, ®,®, 7+, k) — FO(S3, =). Essentially, via this map, a
formula in FO(T,®, ®, 71, k) is translated to an FO(/3, =)-formula replacing each occurrence of a new symbol,
by its defining formula in FO(3, =).

Proposition 3.4 The map
M :FO(B, T, &, ®,m) — FO(B)

is a translation.

We shall use the notation previously introduce for the symbols @ and ® and we denote by wg;, (¢) the FO(p,
= T,0,®,75, k)-term 7 (0, p, q).

We further define the following abbreviations:

EuCoord! (p) := 7, (p);

0,e1,e: 0,€e
2 L .
Eucoordo,e. ,€2 (p) =T ey (p) Ko,es €13 and

5(0,17» (J) = ’{(Oa o @—ﬂ,}p (q) 95 O7p)‘

The following result follows immediately from the definitions.
Lemma 3.5 We suppose that the points o, e1, e3 form an Euclidean coordinate system and that the point p

has coordinates (x,y) in this coordinate system. Then, the term EuCoordi81 -, (p) is naturally interpreted as the

point with coordinates (z,0) and the term EuCoordz’el.62 (p) as the point with coordinates (y,0), always with
respect to the same coordinate system.
Lemma 3.6 If the points o, e1, ez form an affine coordinate system, then the points o, e1, (0, €1, e2) form an

Euclidean coordinate system.

Proof. Let us suppose that the three points are affine independent. The segments oe; and oe(o, €1, €2) and
congruent by construction (cf. the definition of ). Since the point £(o, €1, €2) belongs to the line o(q — 75, (q))

that is perpendicular to the line op, the three points form an Euclidean coordinate system. O
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4 The translation S of FO(4, X, <, 0, 1)qr,a1-formulas to
FO(3, T, ®, ®, 7)qr-formulas

In the present section, we define a translation from the quantifier-free affine-invariant fragment of FO(+, x, <,
0, 1) into the quantifier-free fragment of FO(3, T, ®, ®, 7).
The main result of the present section is the following theorem.

Theorem 4.1 There exists a translation

S: FO(+> X, < 07 1)QF,AI - Fo(ﬁa T7 @7 ®7 ﬂ—)QF

4.1 A translation given an affine coordinate system for £

We assume that the variables used in FO(+, x, <, 0, 1)-formulas are 1, y1, &2, y2, . . . and we define a map (not
a translation)

80781 eq - FO(+7 X, <, Oa 1)QF,AI - Fo(ﬁa Ta @7 ®7 7T)QF

The image, S, ¢, ¢, (), of an FO(+, x, <, 0, 1)-formula ¢ in the variables 1, Y1, . . . , T , Ym , involves the vari-

ables 0,€1,€2,P1,P25---5Pm-
First, we define it for FO(+, x, <, 0, 1)-terms, by induction on structure of the term, as follows:

Soser,e0(0) =
Soer,es (1) 1= €1
So.er .o (i) := Af FCoordé er.en (Pi)
So.er.e2 (i) := AffCoord; ., (1),
Soserer (t1 H12) 1= Spe1 65 (t1) B0 Sore e, (t2) and
So.er,es (B X t2) 1= 8o ¢1 e (1) @o.e, Soey e, (t2) where ¢1 and ¢y are FO(+, X, <, 0, 1)-terms.

We remark that the image of an FO(+, X, <, 0, 1)-term involving the variables x1,¥y1, ..., Zn, Ym, through
the map S, ¢, ,,1s an FO(3, T, @, ®, 7)-term in the variables o, €1, €2 and py, ..., p,,. Themap S, ¢, ., allows
us to translate the two basic semi-algebraic operations (+ and X ) to the geometric setting, as is proved in the next
proposition.

Proposition 4.2 Ler us assume that o, e, e5 are three affine-independent points. Let t be a FO(+, x, <, 0,

1)-term in the variables 1,1, . .., Ty , Yy and consider points pi, ..., pn in E, with coordinates (x1,y1), . ..,
(@m , Ym ) With respect to the coordinate system o, e1, €. o o o

Then, Sp.c, e, (t)[0, €1,€2, D1, - ., Pm] has coordinates (t[x1,y1, ..., Tm,Ym],0) in the affine coordinate sys-
tem o, ey, €y. o o o o

Proof. We prove the proposition by induction in length of the term ¢. If it is an atomic term, the conclusion
follows directly from Lemma 3.3. It remains to prove the cases t = r+ s and ¢ = 7 X s, where r and s are shorter
FO(+, x, <, 0, 1)-terms. But these cases are direct consequence of Lemma 3.2. O

Now, we define the translation of atomic formulas. The case of the relation symbol “<” is based in a case
analysis. We define S, ¢, ¢, (f1 = ©2) a8 Sp.eq.00 (£1) = Soey.e5 (£2); and Sy ey e, (t1 < t2) aS (Spoey ey (t1) #
So,el Jen (tg)) A\ (‘Pl V2 V (pg), where

12:5( 0,e1, 62(t2) )/\
P2 = ﬁ(O 61780 ,€1,€2 (tQ)) A
@3 1= B(0,8s.¢, e, (t2),€1) A

/8(80,61,62 (tl) So ,€1,€2 (tQ) );
(6(80,61 ,€2 (tl) 0, 61) \ 6( 0 ,€1,€2 (t1)7 80ﬁ61,82 (tQ))); and
(B(SO,Cl ,€2 (tl) o, 61) \% ﬂ( 0 J€1,€2 (t1)7 Soﬁm €2 (tZ)))

Finally, we extend the map S, ¢, ., to the whole quantifier-free fragment of FO(+, x, <,0,1) in the natural
way, simply translating the conjunctions as conjunctions and negations as negations. The resulting formula always
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has o, e;, ey as extra free variables and one geometric variable for each couple of coordinate-variables in the
original formula.

To lighten the notation, we write S, ¢, ., (¢) for S, ¢, , (¢)[0, €1, €2].

Proposition 4.3 Let us assume that o, ey, ea € I form an affine coordinate system, and that ¢ is a quantifier-
free FO(+, x, <, 0, 1)-formula in the variables x1,y1, . . ., Ty , Ym - Consider points py , . . ., py, in E, with coordi-
nates (£1,Y1); - - -, (Tm , Ym ) With respect to the coordinate system o, €1, €. Then, A= 52;52 (©)p1s--- 0wl

ifand only if R |= o[T1,y1,- -, Zu s Y |- o

Proof. Itis sufficient to prove the proposition for atomic formulas. The case of a formula of the form t; = ¢
is a consequence of Proposition 4.2. Let us assume that ¢ is of the form ¢; < t5.

Let us denote by ¢; the real number ¢ [21,¥1,- .., Zm, Ymn], and by t, the real number t3[z1, Y1, ..., Tm, Ym]-

Then, the points Sy ¢, e, (t1)[P15 - -, Pm] and Sp ¢, e, (£2)[p1, - - -, P | have, respectively, by Proposition 4.2,
coordinates (t;,0) and (£, 0) in the coordinate system o, e}, €.

We can assume, with out loss of generality, that £ # t,. Now, we claim that t; < 5 holds if and only if
(01 V2 V3)[p1,--.,Pn) holds. Let us assume that 0 < ¢, < 1, the remaining cases (tz = 0,1y = 1,1, <0
and ¢, > 1) can be handled analogously.

Clearly, since 0 < t3 < 1, (1 V @2)[p1, - .., pm] is false. Since, under the above hypothesis, ¢; is less than

ty if and only if “0 is between ¢; and 1, or ¢, is between 0 and t5”, @3[p1, ..., P, ] holds if and only if ¢; < £y

holds. Hence, we have proved the claim and?ompleted the proof of the proposition. O

4.2 Finding a basis

The map S, ., ¢, is not a translation because it adds the three new free variables o, e; and e;. We show how to
use the variables py, .. ., p,, already involved in the formula, considering three different situations:

(1) when all the variables represent the same point;

(2) when all the variables represent points that are aligned and two are different; and

(3) when there are three variables representing affine-independent points.

To distinguish these cases, we define the three FO(3, T, @, ®, 7)-formulas AffBasis, Aligned” and Equal™,
and their FO(+, x, <, 0, 1)-counterparts. First, we define

AffBasis(p1, pa, ps) := —L(p1, p2,ps) and
AffBasiscoord (T1, Y1, T2, Y2, 3, Y3) == (2 — 1) X (Y3 — 1) — (y2 —y1) X (¥3 — 1) # 0.
We remark that these are quantifier-free formulas. Both formulas define the same affine-invariant relation: that
the three points form an affine coordinate system. That the second formula defines this relation is a consequence
of the fact that the oriented area of the parallelogram with vertices at (0,0), (a,b), (a + ¢, b + d), and (¢, d), is
given by the determinant of the matrix ( ‘Cl Z )

Further on, we consider, for m € N, m > 3, the formulas

Aligned::ré.ord (xl yYly -5 T Ym ) = /\ —AffBasiscoord (x’h Yi s TjyYjs Ty yk);
1<i<j<k<m
Aligned” (p1,...,pm) =\ —AffBasis(pi, p;, pi);
1<i<j<k<m

Equalfseg (@1, U1 T, ym) ==\ (21 =2:) A (31 = i), and
Equalm(pl,...,pm) = /\ (pl :pi)~
2<i<m

We remark that these four formulas define affine-invariant relations. The first two define the same relation,
namely, that the points are aligned. The last two also define the same relation, namely, that all the points are the
same.
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For the remainder of this section, let us assume that (1,41, ..., Zm, Yn ) is a quantifier-free FO(4, x, <, 0,
1)-formula defining an affine-invariant relation. For 4, j, k € N such that 1 < i < j < k < m, let us denote by
©{7:F) the formula

Aﬂ:BaSiScoord(Z‘i; Yiy TjyYjs Ty yk’) A (p('rlvyla ceey Ty ym)~

We remark that {/:¥) defines an affine-invariant relation.
Lemma 4.4 The formula o\"3-%) and AffBasis(pi, pj, Pk ) N Sp, p; pi. () define the same relation.

Proof. For any pi,...,p, € E we consider (z1,1),...,(Zm,¥Ym) to be their coordinates in some fixed
affine coordinate system. We prove that

RE AffBasiscoord[&,&,ﬁ,&,xl,yl] ANo[T1, Y1, Ty Y |-

if and only if
A = AfFBasis[&,&,&} /\SILJQ:&(@)[&’ e Dml
On the one hand, if Pi, Pj, Pk are affine dependent, then both formulas are clearly false. On the other hand, if
pi, pj, Pk are affine independent, since ¢ is affine invariant, Proposition 4.3 implies that @[21,y1,. .., Zm, Ym]
holds if and only if S, . p, (¢)[p1, - - -, pm] holds.
Hence, "/'F) and AffBasis(p;, pj, pi) A Sp, p; p () define the same relation. O

Let us denote by ¢*) the FO(+, x, <, 0, 1)-formula

Equalg(l)ord(lj?yla v 7mm7ym) A 80(3317y17 el a$m7y7n)~
Lemma 4.5 The formula ¢'*) defines the same relation as Equal™ (pi, ..., pm ) or as —~T, and which of the
two is the case is decidable.

Proof. Since the theory of real closed fields is recursively decidable (cf., e.g., [3]), it is, in particular, effec-
tively decidable whether ¢ (*) is satisfiable or not. If it is unsatisfiable, it defines the same relation as = T

Suppose, on the other hand, that it its satisfiable. We prove that, under this assumption, {*) defines the same
relation as Equal”™ . Clearly, if a tuple of pairs of coordinates satisfies ¢ (*), then all the pairs are equal. But since
©*) defines an affine-invariant relation, its truth value is invariant under translations. Hence, it is satisfied by
all m-tuples of equal pairs of coordinates. Whence, ¢*) defines the same relation as Equal™, and the proof is
complete. O

To take care of those cases where all the points are aligned and two are different, we define a new map S, ., ,
differing from S, ., ., only in the third and fourth rules in the definition of the term-translation. We remark that
the these rules are the only ones where the map S,, ., ., involves e;. So, we have

For i < m, let us denote by ¢{") the formula

Alignedgéord($17yla R 7$m7ym) A ((1’1 7é {172) V (yl 7é yl)) A Sﬂ(l‘hylv R 7xm7ym)-
Arguing as in the proofs of Proposition 4.2 and Lemma 4.4, we obtain the following result.
Lemma 4.6 The formulas, ¢\ and

Aligned™ (p1, ..., pm) A (D1 # i) A Spy . (©) (D15 -+ D)

define the same relation.
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The three previous lemmas motivate the following definitions. Consider the formulas

am = N (@ =) Al =) V(21 =) Ay = 9:);
2<i<m

B = N\ (AffBasiscoora(i, yir T, Yj T, i) V ~AFBaSiscoora (T, Yis T, Yj T, Ui))-
1<i<j<k<m

Clearly, a,, and 3, are logically valid.

Proof. (Proof of Theorem 4.1.) Given ¢(z1,%1,-.-,Tm,Ym ), @ quantifier-free FO(+, X, <, 0, 1)-formula
defining an affine-invariant relation, we define ¢ as the result of a first distribution of the conjunctions over the
disjunctions in ¢ A ay,, A 3, . We remark that, since «,, and (3, are logically valid, ¢ is equivalent to ¢. It is also
quantifier-free and affine invariant. To clarify the meaning of previous distribution, we remark that any disjunct
in ¢ contains, for any 1 < ¢ < j < k < m, AffBasiscoord (T, ¥i, Tj, Yj, Tk, Y ) or ~AffBasiscoord (4, Ui, 25,
Yj, Tk, Yr) as a conjunct and for any 1 < ¢ < m, it also contains ((z1 = ;) A (y1 = y;)) or ((z1 # ;) V (1 #
;) as a conjunct.

We define the translation S(¢) as the disjunction of the translation of each disjunct «y in . Each disjunct is
translated using the Lemmas 4.4, 4.5 and 4.6.

First, we consider the case where, for some 7, j, k € N, +y contains the formula AffBasiscoord (i, ¥i, Tj, Y5, Tk,
Y ) as a conjunct. Let us assume that «y is of the form AffBasiscoord (i, ¥is 25, ¥j, Tk, Yx) A 0, Where (4, j, k) is
the first triple, in the lexicographical order, such that AffBasiscoord (2, ¥i» %, ¥;, Tk, Y& ) is a conjunct of ~. Then,
we define

S(’Y) = AffBaSiS(pi,pj,pk) A Sp«, »Pj Pk (6) (pla cee apm)

By Lemma 4.4, S() defines the same relation as .

Now, we assume now that -y contains no conjunct of the form AffBasiscoord (i, i, Tj, Yj, Tk, Yx ). Hence, v
contains Aligneds .4 (1, Y1, - - -, Tm, Ym ) as a conjunct. If it contains, for some 1 < i < m, =((z; = ;) A (11 =
y;)) as a conjunct, let us write v = AlignedZs 4 (1, Y15+ -+ s Ty Ym ) A (21 = ;) A (y1 = y;) A 0 for the first
1 with this property, and define

S(y) := Aligned(pi, ..., pm) A (P1 # pi) A Spyp () (D1, Dm)-

By Lemma 4.6, S(7y) defines the same relation as ~.

Finally, we assume that « contains no conjunct of the form —((z1 = ;) A (y1 = y;)). Then, it contains
Equalled(T1,91, -« T, Y ) as a conjunct. We define S(y) := =T or S(v) := Equal” (p1, ..., pn ), in order
to obtain a FO(8, T, @, ®, 7)-formula defining the same relation, what is possible by Lemma 4.5.

We finally define

S =\ 80
~ disjunct in @

Clearly, S(¢) is quantifier free and defines the same relation as . Whence, S : FO(+, x, <,0,1)qr a1 —
FO(B, T, ®, ®, m)qr is atranslation, and the proof is completed. O

5 The translation 7 of FO(+, X, <, 0, 1)qr si-formulas to
FO(3,=,T,®,®, 7", k)qr-formulas

We define a translation from the quantifier-free similarity-invariant fragment of FO(+, x,<,0,1) into the
quantifier-free fragment of FO(3,=, T, ®, ®, 71, k).
The main result of the present section is the following theorem.

Theorem 5.1 There exists a translation
T: FO(+; X, < Oa 1)QF,SI - Fo(ﬁa = Ta @a ®7 Wl? KJ)QF
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As in the last section, we assume that the variables used in FO(+, x, <, 0, 1)-formulas are x1,y1, 2, Y2, . - .
and we define a map (not a translation)

/To.el ey - FO(+a X, <, 07 1)QF,AI - Fo(ﬂv T) @7 ®7 Tr)QF

The image, 7, ¢, ¢, (¢), of an FO(+, X, <, 0, 1)-formula ¢ in the variables 1, y1, . . ., T , Y » involves the vari-
ables 0,€1,€2,P1,P25--+,Pm-
First, we define it for FO(+, x, <, 0, 1)-terms, by induction in structure of the term, as follows:
,]:J,euez (O) =0,

Toer .00 (1) 1=e1,
Torerer (i) 1= EuCoord}wl o2 (Pi);
Toer.en (Yi) == Eu(:oordzﬁel’e2 (pi),
Toerer(tt +12) :==T5 ey 0, (t1) Po Toey e, (t2), and
Toreres(t1 X t2) :=T5e1 e, (t1) Qoey Torey e, (t2), where 1 and to are FO(+, x, <, 0, 1)-terms.

The next proposition is the Euclidean analogous to Proposition 4.2. Its proof is completely analogous to that
of Proposition 4.2, using Lemma 3.5 instead of Lemma 3.3.

Proposition 5.2 Let us assume that o, e1, ey form an Euclidean coordinate system. Let t be a FO(+, x, <, 0,

1)-term in the variables x1,%1, . .., Ty, Yn and consider points py, ..., py in I, with coordinates (x1,y1), ...,
(@m, Ym ) With respect to the coordinate system o, e, €.
Then, Ty ¢, ., (t)[0, €1,€2,p1,- .., pn| has coordinates (t[x1, Y1, - - ., Tm, Ym],0) in the Euclidean coordinate

system o, ey, €s.

The map 7, , ., is defined on atomic formulas and extended to the whole quantifier-free fragment of FO(+,
x,<,0,1) in an analogous way as S, ., ., was defined. Also, we write 7, ., ., (¢) for 7 ¢, ., (¢)[0, €1, €2].

The next proposition and its proof are the Euclidean analogous to Proposition 4.3.

Proposition 5.3 Let us assume that 0,e1,ea € K form an Euclidean coordinate system, and that ¢ is a
quantifier-free FO(+, x, <, 0, 1)-formula in the variables x1,yi, ..., %y, Ym. Consider points py, .. .,py inE,
with coordinates (21,Y1),- -, (Zm,Ym ) with respect to the coordinate system o, e, es. Then, &' |= T, ¢, ¢, ()
[Py Pm] ifand only if R |= @[z1, Y1, s T s Y |-

The map 7, ., ., is not a translation because it adds the three new free variables o, e; and e;. We use the same
strategy as in the case of S, ¢, ¢, to use the variables py,...,p,, already involved in the formula. That is, we
considering the three different situations:

(1) when all the variables represent the same point;

(2) when all the variables represent points that are aligned and two are different; and

(3) when there are three variables representing affine-independent points.

Since the Euclidean relations among aligned points coincide with the affine relation among these points, Cases
(1) and (2) are translated exactly as in the affine case. The next lemma show how to manage the third case.

Let us assume that (21, Y1, - - -, Tm, Ym ) is a quantifier-free FO(+, x, <, 0, 1)-formula defining a similarity-

invariant relation. We recall that for i, j,k € Nsuchthat 1 < i < j < k < m, we denote by (/%) the
formula

AfFBaSiscoord(mivyiaxj7yjaxk>yk) A @(x17y17 cee 7xm7ym)~

We remark that {7:¥) defines a similarity-invariant relation.

Lemma 5.4 The formulas ©‘7"*) and AffBasis(p;, PisPk) ATy ps (pi o) (P) define the same relation.

Proof. For any py,...,p, € E we consider (1,%1),...,(Zm,¥Ym) to be their coordinates in some fixed
Euclidean coordinate system. We prove that

R E AffBasiscoord[ﬁ,&,ﬁ,&,%,yl] ANo[T1, Y1, Ty Y |-
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if and only if

£ 1= AfBasis[pi. b1 1] A Ty, ) (s ) ()DL -+ ]

On the one hand, if p;, p;, p. are affine dependent, then both formulas are clearly false. On the other hand,
if p;, pj, pi are affine in&:pendent, Lemma 3.6 implies that p;, p;, 5(& ' Dj» Pk ) form an Euclidean coordinate
system.

Thus, since ¢ is similarity invariant, Proposition 5.3 implies that the sentence @[z1, 1, ..., Zm , Yn] holds if
and only if 7y, ,, <(p..p, .p1) (©)[p1, ., pm] holds.

Hence, ¢\ and AffBasis(p;, pj, pi) A Ty, p, . () define the same relation, what completes the proof. [

Proof. (Proof of Theorem 5.1.) Given p(z1,41,-.-,Tm,Ym ), @ quantifier-free FO(+, X, <, 0, 1)-formula
defining a similarity-invariant relation, we define ¢ as in the proof of Theorem 4.1. We define the transla-
tion 7 () as the disjunction of the translation of each disjunct « in . Each disjunct is translated using the
Lemmas 5.4, 4.5 and 4.6.

Let y be a disjunct in the disjunction ¢ of the form AffBasiscoord (i, Yis €, Yj, Tk, Yr) A 0, where (4, j, k) is
the first triple, in the lexicographical order, such that AffBasiscoord (%4, i, %, Yj, Tk, Yk ) is a conjunct of ~. Then,
we define

T (v) = AffBasis(pi, pj, pr) N 7,, 0ise(pispj J)Ic)(6)<pla ooy D)

By Lemma 5.4, 7 () defines the same relation as +.

The other two cases (y contains AlignedZy 4 A (p1 7 p;) for some ¢ € N or «y contains Equal,,q as conjuncts)
are treated in a way completely analogous to the affine case. Since affine and Euclidean relation among aligned
points coincide, the map

T)= \V T

~ disjunct in @

obtained in this way 7 : FO(+, x, <,0, 1)qr st — FO(B,=, T,®,®, 7, k)qr is a translation, and the proof is
completed. O

6 Quantifier elimination for the theories A’ and &’

Theorem 6.1 The theory A’ defines exactly the affine-invariant geometric relations and admits effective quan-
tifier elimination.

Proof. We prove that
SO G'R OCOB : FO(65T7@7®77T) - Fo(ﬂ7—|—a@a®7ﬂ')QF

is an effective quantifier-elimination function.

Since S, €x, C and B are recursive functions, their composition is recursive.

Let p be a FO(8, T, ®, ®, 7)-formula. By Corollary 2.15 and Proposition 3.1, the FO(+, x, <, 0, 1)-formula
¥ = C(B(yp)) defines the same relation as ¢. In particular, it defines an affine-invariant relation. We recall from
Section 2.6, that €% (¢) is a quantifier-free FO(4, X, <, 0, 1)-formula, equivalent to . In particular, it defines
the same relation as . Thus, by Theorem 4.1, S(€x (1)) is a quantifier-free FO(3, T, @, ®, 7)-formula defining
the same relation as ¢.

Being an extension by definitions of a complete theory, A’ is complete. Thus, two FO(8, T, &, ®, 7)-formulas
define the same relation (under the standard interpretation) if and only if they are equivalent in A’.

Hence, for any FO(3, T, ®, ®, 7)-formula ¢, S(Ex(C(B(p)))) € FO(B, T,®,®, ) is quantifier free and
equivalent to ¢.

Whence, A’ admits effective quantifier elimination. O

In an analogous way, we obtain the following result.
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Theorem 6.2 The theory &' defines exactly the similarity-invariant geometric relations and admits effective
quantifier elimination.

Proof. Arguing as in the previous proof, using Theorem 5.1 instead of Theorem 4.1, and Theorem 3.4 instead
of 3.1 we conclude that

7o ¢r oCoM: FO(ﬁ,E,T,@,@,WL,H) - FO(ﬂ,E,T,@,@,’/TJ',KJ)QF

is an effective quantifier-elimination function for £’. O

7 Final remarks

7.1 Discussion on the primitive notions

Elementary Euclidean and affine geometry do not admit quantifier elimination in their respective original lan-
guages. We have added new symbols to the underlying signature to allow quantifier-elimination. We now discuss
the minimality of the resulting signatures.

Fixed a language £ and an interpretation, we shall say that a symbol in the underlying signature is dispensable
if any property definable in £ can be also defined by a quantifier-free formula not involving that symbol. We
remark that, since we require the formula to be quantifier-free, this notion is more subtle than what is usually
understood by independence of the primitive notions.

We briefly argue that T and ® are indispensable in both extended signatures.

The case of T is immediate. Since FO(3, T, ®, ®, ) and FO ([3, =T,8,Q,7t, /<;) have no constant symbols,
no quantifier free sentence can be constructed with out it. Hence, it is indispensable.

To prove that ® is indispensable in FO(3, T, ®, ®, 7), consider the formula z # oA o®, 0 = r®, ,r, defining
that the three points are collinear and that the ratio (z : o : r) is equal to £+/2. [20, Theorem 2] implies that this
cannot be defined only with 5 and @; since the function 7 does not add expressive power on collinear points, we
conclude that ® is indispensable in FO(3, T, ®, ®, 7). The proof that ® is indispensable in FO(8,=, T, ®, ®,
7+, k) is completely analogous. The dispensability of the symbols 3,7 and @ in FO(3, T, ®, ®, 7) remains an
open problem.

Consider the two FO(3,=, T,®, ®, 7+, x)-formulas

E(Oap7Qar)HO@PO:K(07p7Q7T) and ﬁ(p7QaT)H(p:H(Q7r7qap)\/q:r)'

The truth of both formulas in £’ is easy to verify. Hence, the symbols 3 and = can be replaced in any FO(8,=, T,
@, ®, 7+, k)-formula by the right side of these formulas®. Thus, 3 and = are dispensable in the language FO(8,
=,T,8,®,7", k). We conclude that the language FO(T,®, ®, 71, k) defines exactly the similarity-invariant
properties of the Euclidean plane and admits the elimination of quantifiers. The dispensability of the symbols
@, m+ and k in FO(T,®, ®, 7+, k) remains an open problem.

7.2 Axiom systems for the new languages FO(3, T, ®, ®, ) and FO(T,®, ®, 7+, k)

Tarski’s complete axiom system for elementary Euclidean geometry can be transformed to a complete axiom
system for the theory £’ in the language FO(3,=, T,®, ®, 7", k) adjoining the axiom T and the implicit defi-
nitions of the new function symbols (replacing in formulas given in Section 3 the variable s by the corresponding
instantiated function symbol). Finally, replacing in the resulting axiom system, each occurrence of 5 and = by
the equivalent FO (T, ®,®, 7, /€) -formulas recently introduced, we obtain an axiom system in the language
FO (T, ®,Q,Tt, Ii) for the corresponding theory. We remark that an analogous procedure can be followed to
axiomatize the affine case. The resulting axioms are all universal (also called, quantifier-free) with the exception
of the lower-dimensional axiom and the continuity axiom-schema. A natural question remains open: Is it possible
to extend our signature with finitely many new functions to obtains a purely universal axiomatization in the line
of constructive analysis?

2 The second formula is analogous to the abbreviation (3) in [12].
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7.3 Extension to higher dimensions

Our results can easily be extended to n-dimensional spaces for n > 2. We briefly indicate how.
In the affine case, we replace the projection function symbol 7 by 7" whose interpretation is defined as follows.

7Tn(p70761762a"'36n)

is the projection, parallel to the affine hull of o,e9,...¢e,, of p over o€y, if p belongs to the affine hull of
0,e1,e6s,...¢, and o otherwise. A direct generalization of our proofs (using 7" to coordinate the space) shows
that the language FO(8, T, ®, ®, "), interpreted over the n-dimensional Euclidean space, defines exactly the
affine-invariant relations on the n-dimensional Euclidean space and admits quantifier elimination.

On the other hand, a straightforward generalization to dimension n of our proofs shows that the language
FO(T,®,®, 7", k), interpreted over the n-dimensional Euclidean space (where 7 is, as before, interpreted as
the orthogonal projection over a line), defines exactly the similarity-invariant relations and admits the elimination
of quantifiers.
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