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CENTERS OF QUANTUM-WAJSBERG ALGEBRAS

LAvINIA CORINA CIUNGU
Department of Mathematics, St Francis College, New York, USA
lciungu@sfc.edu

Abstract

We define the Wajsberg-center and the OML-center of a quantum-Wajsberg
algebra, and study their structures. We prove that the Wajsberg-center is a
Wajsberg subalgebra of a quantum-Wajsberg algebra, and that it is a distribu-
tive sublattice of its corresponding poset. If the quantum-Wajsberg algebra is
quasi-linear, we show that the Wajsberg-center is a linearly ordered Wajsberg
algebra. We also show that the lattice subreduct of the Wajsberg-center is a
Kleene algebra. Furthermore, we prove that the OML-center is an orthomodu-
lar lattice, and that the orthomodular lattices form a subvariety of the variety
of quantum-Wajsberg algebras.

1 Introduction

In the last decades, the study of algebraic structures related to the logical founda-
tions of quantum mechanics became a central topic of research. Generally known
as quantum structures, these algebras serve as algebraic semantics for the classical
and non-classical logics, as well as for the quantum logics. As algebraic structures
connected with quantum logics we mention the following algebras: bounded involu-
tive lattices, De Morgan algebras, ortholattices, orthomodular lattices, MV algebras,
quantum MV algebras.

The quantum-MV algebras (or QMV algebras) were introduced by R. Giuntini
in [7] as non-lattice generalizations of MV algebras ([3]) and as non-idempotent
generalizations of orthomodular lattices ([1, 26]). These structures were intensively
studied by R. Giuntini ([8, 9, 10, 11, 12]), A. Dvurecenskij and S. Pulmannova ([5]),
R. Giuntini and S. Pulmannové ([13]) and by A. Iorgulescu in [20, 21, 22, 23, 24, 25].
An extensive study on the orthomodular structures as quantum logics can be found

The author is very grateful to the anonymous referees for their useful remarks and suggestions on
the subject that help improve the presentation.
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in [31]. Many algebraic semantics for the classical and non-classical logics studied
so far (pseudo-effect algebras, residuated lattices, pseudo-MV/BL/MTL algebras,
bounded non-commutative R¢-monoids, pseudo-hoops, pseudo-BCK /BCI algebras),
as well as their commutative versions, are quantum-B algebras.

Quantum-B algebras, defined and investigated by W. Rump and Y.C. Yang
([33, 32]), arise from the concept of quantales which was introduced in 1984 as a
framework for quantum mechanics with a view toward non-commutative logic ([29]).
Interesting results on quantum-B algebras have been presented in [34, 35, 15, 16].

We redefined in [4] the quantum-MV algebras starting from involutive BE alge-
bras and we introduced and studied the notion of quantum-Wajsberg algebras (QW
algebras, for short). We proved that any Wajsberg algebra is a quantum-Wajsberg
algebra, and the commutative quantum-Wajsberg algebras are Wajsberg algebras.
It was also shown that the Wajsberg algebras are both quantum-Wajsberg algebras
and commutative quantum-B algebras.

In this paper, we define the Wajsberg-center or the commutative center of a
quantum-Wajsberg algebra X as the set of those elements of X that commute with
all other elements of X. We study certain properties of the Wajsberg-center, and
we prove that the Wajsberg-center is a Wajsberg subalgebra of X, and it is also a
distributive sublattice of its corresponding poset. If the quantum-Wajsberg algebra
is quasi-linear, we show that the Wajsberg-center is a linearly ordered Wajsberg
algebra. We also prove that the lattice subreduct of the Wajsberg-center is a Kleene
algebra. Furthermore, we define the OML-center of a quantum-Wajsberg algebra,
and study its properties. We prove that the OML-center is an orthomodular lattice,
and that the orthomodular lattices form a subvariety of the variety of quantum-
Wajsberg algebras. Additionally, we prove new properties of quantum-Wajsberg
algebras.

2 Preliminaries

In this section, we recall some basic notions and results regarding BCK algebras,
Wajsberg algebras, BE algebras and quantum-Wajsberg algebras that will be used
in the paper. Additionally, we prove new properties of quantum-Wajsberg algebras.
For more details regarding the quantum-Wajsberg algebras we refer the reader to
[4].

Starting from the systems of positive implicational calculus, weak systems of
positive implicational calculus and BCI and BCK systems, in 1966 Y. Imai and K.
Iseki introduced the BCK algebras ([17]). BCK algebras are also used in a dual form,
with an implication — and with one constant element 1, that is the greatest element

680



CENTERS OF QUANTUM-WAJSBERG ALGEBRAS

([28]). A (dual) BCK algebra is an algebra (X, —, 1) of type (2,0) satisfying the fol-
lowing conditions, for all z,y,z € X: (BCK;) (x = y) = ((y = 2) = (z — 2)) = 1;
(BCK3) 1 —z=ux; (BCK3) x -+ 1=1; (BCKy) x - y=1and y - x =1 imply
x = y. In this paper, we use the dual BCK algebras. If (X, —, 1) is a BCK algebra,
for x,y € X we define the relation < by x <y if and only if x -y =1, and < is a
partial order on X.

Wajsberg algebras were introduced in 1984 by Font, Rodriguez and Torrens
in [6] as algebraic model of Ng-valued Lukasiewicz logic. A Wagjsberg algebra is
an algebra (X, —,* 1) of type (2,1,0) satisfying the following conditions for all
Bz € Xo (W) 1o = a5 (Wa) (5 = 2) = (2= @) = (y = 2)) = 1; (Wy)
(x =y »y=(y—z)—z (W) (28 = y*) = (y = z) = 1. Wajsberg algebras
are bounded with 0 = 1*, and they are involutive. It was proved in [6] that Wajsberg
algebras are termwise equivalent to MV algebras.

BE algebras were introduced in [27] as algebras (X, —, 1) of type (2,0) satisfying
the following conditions, for all z,y,z € X: (BE)) x — z =1; (BEy) z — 1 = 1;
(BE3) 1 > x =x; (BEy) v — (y — 2) =y — (x — 2). A relation < is defined
on X by x <y iff x -y = 1. A BE algebra X is bounded if there exists 0 € X
such that 0 < z, for all x € X. In a bounded BE algebra (X,—,0,1) we define
x*=x — 0, for all x € X. A bounded BE algebra X is called involutive if z** = =z,
for any z € X.

A BE algebra X is called commutative if (x — y) - y = (y — ) — =z, for all
xz,y € X. A bounded BE algebra X is called involutive if ™ = z, for any z € X.
Obviously, any BCK algebra is a BE algebra, but the exact connection between BE
algebras and BCK algebras is made in the papers [18, 19]: a BCK algebra is a BE
algebra satisfying (BCKy) (antisymmetry) and (BCK}).

A suplement algebra (S-algebra, for short) is an algebra (X, ®,*,0,1) of type
(2,1,0,0) satisfying the following axioms for all z,y,z € X: (S1) x®y =yDx; (S2)
r®(ydz)=(z®y) Dz (S3) z@z* =1; (S4) 20 = x5 (S5) 2** = z; (S6) 0* = 1;
(S7) x @1 =1 ([14]).

The following additional operations can be defined in a supplement algebra:
rOy=@"0y), zNsy=(0y") Oy, zUsy=(z0y") Dy.

A quantum-MV algebra (QMV algebra, for short) is an S-algebra (X, ®,*,0,1) sat-
isfying the following axiom for all z,y,z € X ([8]):

(QMV) z® ((z* Mg y) Mg (z Mg z*)) = (x B y) Mg (z D 2).

Lemma 2.1. Let (X, —,1) be a BE algebra. The following hold for all x,y,z € X:
(Dz—(y—2z)=1;
2)z<(x—y) —uy.
If X is bounded, then:
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(B)z =y =y—a”

(4) z < x**

If X is involutive, then:

(5) 2" —y=y" =z

(6) 2" > y" =y —

() (z—=y) = 2= (Y = 2)

@)z —=(y—2)=(@—=y) =z

9) @ =y =@ =y =@ =) =Y —y).

Proof. (1)-(6) See [4].

(7) Applying (BEy) we get: (x »y)* v z=2*=>(r —»y)=2z— (2" >y =2 —
(y* = 2).

( ))Usmg (BEs), wehave: v = (y » 2) == 2" =2y ) =2z"—= (z = y") = (z —
Y
( ) Applying twice (7), we get: (z* = y)* — (¥ - y) =2 = (y* — (2" = y)) =
= (= (Y= y) =@ =) = (Y= y) O

In a BE algebra X, we define the additional operation x Uy = (x — y) — y. If
X is involutive, we define the operations x My = ((z* — y*) — y*)* = (z* U y*)¥,
rOy=(x—y")* = (y— 2", and the relation <g by z <g yiff z =z my.

Proposition 2.2. Let X be an involutive BE algebra. Then the following hold for
all x,y,z € X:
(1) 2 <gy impliesz <y, z=yMz andy =z VU y;
(2) <q is reflexive and antisymmetric;
(3) (@my) = z=(y —z) = (y = 2);
4) (zmy) = (y—2)" =y (y = )
() (xm(ymz))* =((z—=z)m(z—=y) =25
(6) z,y <q z and z = x = z = y imply x = y; (cancellation law)
(MzMy=yo(y— ).
Proof. (1) — (3) See [4].
(4) We have:
(@my)” = (y =) = (2" =) = y") = (y =)

(5) Aplying (3), we get:

(z=2)M(z—=y) =2z =((z" = 2)M(y— 2%)) = 2*
= (" = 2") = (&7 = 2") = ((y" = 2") = 27)
=@ = ((y* = 2" —2")) = ((y" = z%) = 2%
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= (2" = (y"Uz")) = (y" U z")
— (2" > (yma)) - (yn2)°
— (zm (ym2)".
(6) Since z,y <g z and z = & = z = y, we have:
r=zxMz=((z*—2") = 2") = ((z = x) > z%)*
e R S
(7) We have y © (y = 2) = (y = (y = 2)")" = ((y = =) = y")" = ((@" = y") =
y ) =xmy. O

A (left-)quantum- Wajsberg algebra (QW algebra, for short) (X,—,*,1) is an
involutive BE algebra (X, —,*,1) satisfying the following condition for all z,y,z €
X:

QW) z = ((zmy)m(zMmx)) = (x — y) M (x — 2).
Condition (QW) is equivalent to the following conditions:
QW) z = (zmy) =z -

QW) z— (ym(zmz)) = (z —y)m(z — 2).

Definition 2.3. (/20]) A (left-)m-BE algebra is an algebra (X,®,*,1) of type
(2,1,0) satisfying the following properties, for all z,y,z € X: (PU) 10z =z = 201;
(Pcomm) z0y=youz; (Pass) 20 (y©2) =(r0y) ®z; (m-L) 20 =0; (m-Re)
x®x* =0, where 0 := 1%,

Note that, according to [25, Cor. 17.1.3], the involutive (left-)BE algebras
(X,—,*,1) are term-equivalent to involutive (left-)m-BE algebras (X, ®,*,1), by
the mutually inverse transformations (20, 25]):

O: z0y:=(r—y")* and V:z—y:=(zOy")".

Definition 2.4. (/24, Def. 3.10]) A (left-)quantum-MV algebra, or a (left-)QMV
algebra for short, is an involutive (left-)m-BE algebra (X, ®,*, 1) verifying the fol-
lowing axiom: for all xz,y,z € X,

(Pqmv) 2 @ (z*Uy) U (zU0z*)) = (zOy) U (z © z).

Proposition 2.5. The (left-)quantum- Wajsberg algebras are term-equivalent to (left-
)quantum-MV algebras.

Proof. We prove that the axioms (Pgmv) and (QW) are equivalent. Using the
transformation ®, from (Pqmv) we get:

zO((z7Uy)U(2Uz7)) = (¢ — ((2"Uy)Y(z0z"))")" = (z = ((emy*) (2" Mz)))"
and

(oYU (o2 =(@=y) U(—=2)" = ((z—=y)m@—2))",
hence (Pqmv) becomes:
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(z = ((my")m (" m2))" = ((z = y")m(z = 29))7,

for all z,y,z € X. Replacing y by y* and z by z*, we get axiom (QW). Similarly

axiom (QW) implies axiom (Pqmv).

O

In what follows, by quantum-MV algebras and quantum-Wajsberg algebras we
understand the left-quantum-MV algebras and left-quantum-Wajsberg algebras, re-

spectively.

Proposition 2.6. ([4/) Let X be a quantum-Wajsberg algebra. The following hold

forall x,y,z € X:
Dz—=(ymz)=xz—yand (x = y) = (yMzx) = x;
(2)z<ga*—yandz <gy— z;
B)z<yiffynr=uz;

4) @—=y)uy—az)=1

If v <g y, then:

(5) y =y U

(6) y* <q 2;
(My—z<gx—zandz—z<g9gz—y;
B)zmz<gyMzand x Uz <gyUz;
9)z202<0y0O=2.

Proposition 2.7. Let X be a quantum-Wajsberg algebra.

all x,y,z € X:

(1) (@my)m(ymz) = (zmy) A z;

(2) <q is transitive;

(3) (2n2) = (yn2) = (z02) > g

(4) z<qy and y < x imply x = y;
(5):C<Qyzmplzesxﬂ(yﬂz)—xﬂz
(6) 20 (5" = 2) 0 (2 = 9) = 20 (2* = p);
(7):1:U(x—>y) = ;
®)z=y—ziffy=2—y

Q) zmy,yMz <gz—y.

Proof. (1) — (3) See [4].

The following hold, for

(4) By Proposition 2.6(3), y < x implies My = y. Since x <g y, we have zMy = z,

hence x = y.

5) Using (1), (zmy)M(yMz) = (zMy) M z. Since x < y implies x My = x, we get
Q

zM(ymz) =xMmez.
(6) It follows by (5), since z <g y* — z;

(7) By Proposition 2.6(2),(5), we have z* <g = — y, so that (x — y)* <g x and
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zVU(z—y)* =u.

(8) Suppose x =y — z, so that y* maz* = (yVWa)* = ((y > z) > 2)" = (z » x)* =
1* = 0. Using (QW1), weget y = (y")*  =y* - 0=9y" = (y" mMz*) =y* — 2" =
x — y. The converse follows similarly.

(9) Using Proposition 2.6(2), we have y <o = — y, so that (x — y)* <g y* <g
(z* = y*) = y* = (zmy)*. Hence zMy <g « — y. Similarly (z — y)* < (z —
y) =" =(y* = 2*) > 2" =(yma)*. Thusymaz <gz —v. O

By Propositions 2.2(2), 2.7(2), in a quantum-Wajsberg algebra X, <g is a partial
order on X.

A quantum-Wajsberg algebra X is called commutative if tWy = yWx, or equivalently
cMy=ymxz for all z,y € X.

Since:

- commutative BE algebras are commutative BCK algebras ([36]]),

- bounded commutative BCK are term-equivalent to MV algebras ([30]) and

- Wajsberg algebras are term-equivalent to MV algebras ([6]),

it follows that bounded commutative BE algebras are bounded commutative BCK
algebras, hence are term-equivalent to MV algebras, hence to Wajsberg algebras.
Hence the commutative quantum-Wajsberg algebras are the Wajsberg algebras.

It was proved in [4] that a quantum-Wajsberg algebra is a bounded commutative
BCK algebra, that is a Wajsberg algebra, if and only if the relations < and <q
coincide.

Proposition 2.8. (/4/) Let (X,—,0,1) be a bounded commutative BCK algebra.
The following hold for all x,y,z € X:

(1) x <gy and x <g z imply x <g y M z;

(2) y<gz and z <g x imply y U z <g x;

(3) x <gy implies x Uz <gyUzand xMz <g yM 2.

3 The Wajsberg-center of quantum-Wajsberg algebras

In this section, we investigate the commutativity property of quantum-Wajsberg
algebras. We define the Wajsberg-center or the commutative center of a quantum-
Wajsberg algebra X as the set of those elements of X that commute with all other
elements of X. We study certain properties of the Wajsberg-center, and prove that
the Wajsberg-center is a Wajsberg subalgebra of X. In what follows, (X, —,* 1)
will be a quantum-Wajsberg algebra, unless otherwise stated.
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Definition 3.1. We say that the elements x,y € X commute, denoted by zCy, if
rMy =yMmx.

Definition 3.2. The commutative center of X is the set Z(X) = {z € X | zCy,
forally € X}.

Obviously 0,1 € Z(X).
Lemma 3.3. If zCy, then x Uy =y U z.

Proof. Applying twice Proposition 2.6(1), we have:
zVy=(z—y) —wy=(x—y) — (y—=2)— (zny))
==z = (z—=y = (xny)
=y—a)=>(z—y) = (ynx)=(y—z) >x=yUuzx. O

Lemma 3.4. Let x,y € X. The following are equivalent:
(a) 2Cy;
0) (z—=y) = (znhy) ==

Proof. (a) = (b) By Proposition 2.6(1), we get x = (z — y) — (ymz) = (x > y) —
(zmy).

(b) = (a) Suppose (z — y) — (xMy) = z, and applying Proposition 2.6(1), we
have: (x —» y) = (xMy) = (z — y) — (yMz)(= z). Since by Proposition 2.7(9),
My, yMz <g = — y, by cancellation law (Proposition 2.2(6)), we get My = yMx.
Hence zCy. O

Proposition 3.5. The following hold:

(1) the relation C is reflexive and symmetric;
(2) if e <gy ory <g x, then zCy;

(3) xCy implies x*Cy*;

(4) (M y)*Clz — y)*.

Proof. (2) If  <g y, then x = x My and, by Proposition 2.2(1) we have z = y @ «.
Hence x My = y M z, that is 2Cy, and similarly y <o x implies 2Cy.

(3) Using Lemma 3.3, we have: 2*My* = (xVUy)* = (yVz)* = y*Mz*, hence z*Cy*.
(4) Since My <g y <g © — y, we get (z — y)* <o (zrMy)*. Applying (2), it
follows that (z M y)*C(z — y)*. O

Corollary 3.6. Z(X) is closed under *.

Proof. Let z € Z(X), that is zCz for all z € X. We also have xCz*, and applying
Lemma 3.3 we have z U z* = z* U z. Tt follows that z* Mz = (z W z*)* = (*Uz)* =
zMaz*. Hence z* € Z(X). O
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Proposition 3.7. Ifz,y,z € X such that zCy and xCz, then (xMy)Mz = yM(zMz).

Proof. From x My =y Mz, x Mz = z M x, and applying Proposition 2.7(1),(3), we
get:

(zMy)Mz=(yMx)Mz=(yMx)n(zmz)
=(((ymz)* = (zmz)") = (zMmz)")"
=(((ymz)* = (zmz)*) = (2 Mz)*)*
=(((zMz) = (yM2)) = (2 Mz)*)"
=(((zMz) = y) = (zMx)*)"
=((y* = (zMz)") = (zMz)*)"
=ym(zMz)=ym(zmz) O

Corollary 3.8. If 2Cy, yCz and xCz, then (xMy)Mz=zMm (x My).

Proof. By hypothesis and using Proposition 3.7, we get:
(zmy)Mz=yM(zmz)=ym(zMz)=zm(yMz)=zm(zmy). O

Corollary 3.9. Z(X) is closed under M.

Proof. Let z,y € Z(X) and let z € X. It follows that xCy, yCz, xCz, and by
Corollary 3.8 we get (xMy) Mz =zMm(zMy). Hence zmy € Z(X), that is Z(X) is
closed under M. O

Proposition 3.10. Let x,y,z € X such that yCz. Then x — (yMz) <g (x —
y)m(z — 2).

Proof. From z My <g y, we get + = (zMy) <g * — y, so that (x — y)* <g (z —
(zMmy))* and (z — (zMy))* = (x = 2)* <g (x = y)* = (z — 2)*. It follows that:
() S @A S 02 = 0 (A
Similarly, from yMz <g z we have z — (yMz) <g x — 2, hence (z — (yMz))M(zx —
z) =x — (y M z). Applying Proposition 2.2(5), and taking into consideration that
yCz, we have:
(= (ynz)n(z—y)m@@—z2) =
=((((z=2)=(@—=>(wnz)n((z—=z2) = (= —=y)) = (¢ —2)7)
=((((z = (ymz)) = (x—=2)")m((z = y)" = (z = 2)")) = (z = 2)")"
=((((z=(GEAay) = @=2))m(z—=y)" = (@2 2)")) = (@ 2)")
=(((z = (zAy)" = (x—2)7) =
=(((z = (ym2)" = (z = 2)") = (x = 2)")"
=(@x—=@ymz)m(z—2)=z— (ymz).
Hence z — (yMz) <g (x = y) M (x — 2). O
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Lemma 3.11. If 2Cy, 2Cz, yCz, then ym (z Mx) <o y M 2.

Proof. From zMx = xMz <q z, by Proposition 2.6(8) we get (zMz)My <g zMy =
y M z. Using Corollary 3.8, we get ym (zMx) <o y M 2. O

Proposition 3.12. If xCy, xCz, yCz, then (r = y)M(x = z) < x — (y M 2).

Proof. Applying Proposition 2.2(3) and Lemma 3.11, we get:
(x> y) Az 2) > (@ > (yz) =

=@ —=(ym2) = (= =y " —z)

=@—=Wmz)" = (z =y)"U(z—2)")

=@ = (ym2) = ((z > y)" = (2> 2)) = (= 2))

=((fﬂ—>y)*—> z—z)") = ((z—= (ymz)" = (z - 2)%)

—((z—2) = (@) = (2= 2) - (@ — [y 2)

=(zmz) = y) = ((zAz) = (ymz))

=@mn(znz) = (ymz) =1

It follows that (x = y) M (x — 2) <z — (y M 2). O

Proposition 3.13. If xCy, 2Cz, yCz, then x — (yMz) = (zr = y) M (x — 2).
Proof. 1t follows by Propositions 3.10, 3.12, 2.7(4). O

Corollary 3.14. Ify € Z(X) and z,z € X, then (zmz)" — ((z — z)*My) =
(mx)" = (z—=z))m((zMmx)* — y).

Proof. 1t follows by Propositions 3.5(4) and 3.13, since yC(z m z)* and yC(z —
x)*. O

Corollary 3.15. Ifz,y,z € Z(X), then (zMz)* — y = (y* — z) M (z* = y).

Proof. Since y € Z(X) implies y* € Z(X), applying Proposition 3.13, we get:
zmz)* > y=y*— (zmz)=(y = 2)M(y" = z)=(y* — 2) 0 (z* = y). O

Proposition 3.16. If x,y € Z(X), then 2* — y € Z(X).

Proof. Let z,y € Z(X) and let z € X. Then 2Cz and yC(z — x)*. Applying Lemma
3.4, we get:
z=(z—=2x)=>(zmz)=((z = 2)*)" — (zMx) and
(2 = 2)° = (2 = ) = ) = ((z = ) M y),
respectively. It follows that:
z=((z—=x))" = (zMmz)
={((z=2) =2y = (z—=2)'M )l*

=((z=2)" =y = ((z=2)"Ny)

(zmx)

N
— (#mx)) (by Lemma 2.1(7))
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=((z—=z)" =y) = (mz)" = ((z = z)"My))
) —=y) = ((zmx)* = (z = z)*)m((zmx)* — y)) (by Corollary

=(z=2)=2y) = (zm2)* = (z—=2) )M ((zMx)" —vy))
) = (U (z = 2)") M ((zMz)" — y)) (by Proposition

mz)* — y)) (by Proposition 2.7(7))
z)m (z* — y)) (by Corrolary 3.15)
y)) (by Proposition 2.7(6))
=(z—= (" =5 y)) = (zm(z* = y)) (by Lemma 2.1(7)).
Using Lemma 3.4, we conclude that z* — y € Z(X). O

Corollary 3.17. Ifz,y € Z(X), thenx — y € Z(X).

Proof. Since x € Z(X), by Corollary 3.6 we get * € Z(X). Applying Proposition
3.16, z*,y € Z(X) implies x — y € Z(X). O

Theorem 3.18. (Z(X),—,0,1) is a Wajsberg subalgebra of X .

Proof. Since by Corollary 3.17, z,y € Z(X) implies z — y € Z(X), it follows that
Z(X) is closed under —. Moreover 0,1 € Z(X), hence it is a quantum-Wajsberg
subalgebra of X. Since z,y € Z(X) implies zmMy = ymz, (2(X),—,0,1) is
a commutative quantum-Wajsberg algebra, that is a bounded commutative BCK
subalgebra of X. Hence it is a Wajsberg subalgebra of X. O

Corollary 3.19. A quantum-Wajsberg algebra X is a Wajsberg algebra if and only
if Z(X)=X.

Taking into consideration the above results, the commutative center Z(X) will
be also called the Wajsberg-center of X. Similarly as in [7] for the case of QMV
algebras, we define the notion of a quasi-linear quantum-Wajsberg algebra.

Definition 3.20. A QW algebra X is said to be quasi-linear if, for all z,y € X,
r £¢ y implies y < z.

Proposition 3.21. If X is a quasi-linear QW algebra, then Z(X) is a linearly
ordered Wajsberg algebra.

Proof. According to [4], a quantum-Wajsberg algebra is a Wajsberg algebra if and
only if the relations < and <g coincide. Since Z(X) is a quasi-linear Wajsberg
algebra, x £ y implies y < z, that is Z(X) is linearly ordered. O
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4 The lattice structure of Wajsberg-centers

We study certain lattice properties of the Wajsberg-center of a quantum-Wajsberg
algebra, and prove that the Wajsberg-center of a quantum-Wajsberg algebra X is a
distributive sublattice of the poset (X, <g,0,1). If the quantum-Wajsberg algebra
is quasi-linear, we prove that the Wajsberg-center is a linearly ordered Wajsberg
algebra. Finally, we show that the lattice subreduct of the Wajsberg-center is a
Kleene algebra. In what follows, (X, —,*,1) will be a quantum-Wajsberg algebra,
unless otherwise stated.

Proposition 4.1. The following hold for all z,y,z € Z(X):

(1) z— (ymz) = (x — y)m(x — 2) (distributivity of — over m);
(2)z0 (YVUz)=(xOy)U(z 0O 2) (distributivity of © over U);
B)zm(yVz)=(zMy) VU (xmz) (distributivity of M over W);

4) zU(ymz) = (zUy) M (x WV z) (distributivity of U over m).

Proof. (1) It follows by Proposition 3.13.
(2) Applying (1), we get:

26 (yU2) = (@ - (YU ) = (> (y° 0 2%))"
=(z=y)m(@—2")" = (r—=y) V(-2
=(zOY) U (z0Oz2).

(3) By commutativity we have y,z <g yUz, so that (yUz) =2 <gy — z,2 — .
Applying Propositions 2.6(9) and 2.2(7), we get:

Yo (yUz) - 2)<gy®(y—z)=xmMy and

20 ((yVz) =2 2)<gz0(z = z)=amz.
Using Proposition 2.2(7) and (2), we have:

zM(yUz) = (yUz)o((yVz) = 2) = (O ((yUz) = 2)U(zO((yYz) = x))
<g(zMy) U (zmz).

On the other hand, s My <g y, Mz <g z imply (zMy) VU (zMz) <g y U z, and
zMy <g z, zMz <g x imply (xMy) U (x M z) <g =. Hence by Proposition 2.8,
(zMmy)U(zmz) <g xM(yVz). Since Z(X) is a commutative bounded BCK algebra,
the relation <q is antisymmetric, and we conclude that 2M(yVz) = (zMy)Y(zMz).
(4) Applying (3), we have:

U (ymz) = (z"m(ymz))" = (z"m(y"uvz))"
= ((@"my*) U (2" m2"))" = ((zUy)" U (zU2)")"
=(zVy) m(zUz). O

Lemma 4.2. The following hold for all x,y € Z(X):
(1) z Uy is the least upper bound (l.u.b.) of {x,y};
(2) z My is the greatest lower bound (g.1.b.) of {z,y}.
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Proof. (1) By Corollaries 3.9 and 3.6, Z(X) is closed under m and *. Since z Uy =
(z* my*)* for all z,y € Z(X), it follows that Z(X) is also closed under U. Since by
commutativity =,y <g x Uy, it follows that z Uy is an upper bound of {z,y}. Let z
be another upper bound of {z,y}, so that z,y <g 2, thatisz =azMz and y = yMmz.
Using Proposition 4.1(3), we have (zUy)Mz=zmM(zUy) = (zMz) VU (zMy) =
(zMz) U (yMz) =2 Uy. Hence x Uy <g 2, so that x Uy is the Lu.b. of {z,y}.

(2) By commutativity we also have z My <g z,y, thus 2 My is a lower bound of
{z,y}. Let z be another lower bound of {z,y}, so that z <g x,y, that is z =z Mz
and z = zMy. Using Proposition 3.7 and Corollary 3.8, we have: zm (z My) =
(zmy)Mz=yM(zMz)=yM(=zMz) =yMz=2My =z, that is 2 <g zMy. It
follows that x My is the g.l.b. of {x, y}. O

Theorem 4.3. (Z(X),M,U,0,1) is a distributive sublattice of the poset (X, <q
,0,1).

Proof. It follows by Lemma 4.2, Theorem 3.18 and Proposition 4.1. O

Proposition 4.4. The following hold for all x,y,z € Z(X):

(1) z— (yUz) =(x — y) U (x — 2) (distributivity of — over U);
2)z0 (ymz) = (xoy) M (xV z) (distributivity of © over m);
(3) WUz) = a=(y—z)n(z— )

4) (ymz) 2x=(y—>2)U(z — x).

Proof. (1) Since by commutativity y U z >g y, 2, we have z — (yU 2) >g = —
y,x — z, so that x — (y U z) is an upper bound of {z — y,x — z}. Let u be
another upper bound of {x — y,x — 2z}, that is u > z — y,x — 2. It follows
that u©z > (z = y)Or=asmMyand uOx > (x = 2) ©x = M 2. Hence, by
Proposition 4.1(3), zM (yVUz) = (zMy) U (z M z) <g u® x. Using (QW1), we get
r— (yUz)=z—= (zmM@yVz) <gz = (uoz)=2— (u—=>2") =(@u—2") =
¥ =uUzx* =u (sinceu > x =y > «*). Thus x — (y U z) is the least upper
bound of {z — y,z — z},and so x — (yU z) = (z = y) U (z — 2).

(2) Using (1), we have:

26 (yM2) = (@ - (M) = (@ > (5 U "))"
=(z=y)U(@—2)" =(z0y) YU(r©2))
=(zoOy)N(z0Oz2).

(3) Applying Proposition 4.1(1), we have:

(yuz) mz=2"— (yVUz)* =2" = (y*mz*)

=@ =y )nz* -2z =(y—z)m(z = x).
(4) By (1), we get:

(ymz) mz=2*— (ymz)* =z* - (y* U 2*)

=@ > y)U(z*—=2")=(y—=2)U(z— ). O
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Proposition 4.5. The following hold for all z,y,z € Z(X):
(1) (zVy) = (zUz2) >g 2z U (y — 2);
(2) (zMy) = (zMz) >gzm(y = 2).

Proof. (1) Applying Proposition 4.4, since y — x >¢ = we get:
(zUy) = (zVz2)=(z— (zVz2))M(y — (z U z))
(@ 2) U (= 2) A (g > 2) Uy — 2))
=(1U(@—=2)n((y—2)U(y—2)
=1n((y = 2)U(y — 2))
=y —=z)U(y—2)2qQaU(y—2).
(2) Similarly, using Proposition 4.1 we have:
(zmy) = (zmz)=(z—= (tMz) V(Y — (zM2))
=((z—=z)n(z—2)U(ly—>z)my — 2))
=(1m@—2)U((y—z)n(y —z)
($—>z) ((y = z)m(y — 2))
z2Q (y—a)m(y = z) 29 zM(y — 2). O

Proposition 4.6. The following hold for all z,y € Z(X):
(1) (" oy)m(zoy") =0;

(2) (zmz*) o (ymy*) = 0;

(3) zma* <g yUy*.

Proof. (1) Applying Proposition 2.6(4), we get:
(roy)n(zoy) = (" =y) N>y =y—z) 0@y
=((y—=2)U(z—y) =1"=0.
(2) By distributivity of ® over m and using (1), we have:
(Emz®) o (yny") = ((emz’)oy)m(zmz’)o
=(zoy)m@@* 0y)M(zoy”
OX/] 0

=(xoy)mom(z*©y*) =
(3) Using (2), we get:

(zMa™) = (yUy*) = ((zMz") © (yUy*)")" = ((zmz") © (yMy*))" = 0" = L.
Since <@ and < coincide in Z(X), it follows that z mz* <g y U y*. O

y)
) A (2" ©y*)

Definition 4.7. A Kleene algebra is a structure (L, A, V,*,0,1), where (L, A, V,0,1)
is a bounded distributive lattice and * is a unary operation satisfying the following
conditions for all z,y € L:

(K1) (z7)* = ;

(K32) (zVy)" =z" Ay™

(K3) z A" <yVy"

Theorem 4.8. (Z(X),m, U, * 0,1) is a Kleene algebra.
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Proof. It follows from Theorem 4.3 and Proposition 4.6(3). O

5 The OML-center of quantum-Wajsberg algebras

Given a quantum-Wajsberg algebra X, we define the OML-center O(X) of X, we
study its properties, and show that O(X) is a subalgebra of X. We prove that
O(X) is an orthomodular lattice, and the orthomodular lattices form a subvariety
of the variety of quantum-Wajsberg algebras. In what follows, (X, —,*,1) will be a
quantum-Wajsberg algebra, unless otherwise stated.

Denote O(X) ={z € X | x = 2* — z}. Obviously 0,1 € O(X).

Lemma 5.1. O(X) is closed under * and —.

Proof. If z € O(X), then z = * — z, and by Proposition 2.7(8), we get 2* =z —
¥ = (z*)* — z*, hence z* € O(X). Let z,y € O(X), that is ¢ = z* — 2z and
y = y* — y. By Lemma 2.1(9), we have (z* — y)* — (z* - y) = (2% — 2)* —
(y* = y) = 2" — y, thus 2* — y € O(X). Finally, from z*,y € O(X), we get
r —y € O(X). Hence O(X) is closed under * and —. O

Corollary 5.2. The following hold:

(1) OX) = {z € X |2 =2 — 2°}

(2) (O(X),—,0,1) is a subalgebra of (X,—,0,1);
(3) O(X) is closed under m, U and ©.

Proposition 5.3. O(X)={r e X |[z* Uz =1} ={r e X |z mz = 0}.

Proof. If x € O(X), then x = 2* — x,so that z* Uz = (2* > 2z) 5z =2 —> 2 = 1.
Conversely, if 2* Ux = 1, then (z* — z) — = = 1, that is * — x < z. Since by
Proposition 2.6(2), x <g «* — x, using Proposition 2.7(4) we get x = 2* — x, that
is x € O(X). Similarly O(X) ={z € X | z* mz = 0}. O

Proposition 5.4. The following hold for all x € O(X) andy € X:
Da—(z—y)=z—y

(2) (z = y) = =1

B)(y—z) =y —ux

4) (y—a2)" = @y—a)=y—(y—a).
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Proof. (1) Using Lemma 2.1(7), we get: z — (z = y) = (z = y)* > 2" =2z —
(Y —=a)=y*" > (z—a")=y" w2 =z —uy.

(2) It follows by (1), applying Proposition 2.7(8).

(3) By Lemma 2.1(7), (y w z)* wz =y — (2 > z) =y — =.

(4) Replacing y by y* in Lemma 2.1(9) and taking into consideration that * — = =
x, we get (z* — y*)* — (z* = y*) =2" = (y = y*),so that (y —» z)* = (y = z) =
y — (2" — y*). Hence (y » 2)" = (y > 2) =y — (y — z). O

For any x,y € O(X), define the operations: zUpy =2* — y, xtMpy = x©y and
the relation x <p, y iff * — y = y. One can easily check that z Uy y = (z* Ay y*)*
and z Mg y = (x* U y*)*.

Proposition 5.5. The following hold for all x,y € O(X):
(1) <1==0|0(x)’

(2) :L"Uy<Q:L“ULy (md$ﬂLy<Q:L‘ﬂy,

(3) (zUpy) = z* =2* and (x Mg y)* — = = x;

(4) (xULy)" = y=aWry and (xALy) = y* = (ML y)";
(5) (O(X),mr,Ur,0,1) is a bounded lattice.

Proof. (1) Let z,y € O(X) such that © <g y. It follows that y* <g z* and
¥ =y <o y* — y=1y. On the other hand, y <g 2™ — y, hence 2* — y = y, that
is x <r y. Conversely, if x <r y we have x <g 2* — y =y. Thus <;= <Q|o(x)-
(2) Since z* <g z — y, we have (v = y) >y <gz* =y, thatisz Uy <gz UL y.
Similarly  <¢g * — y* implies (z* = y*) = y* <@ © — y*. Hence (z — y*)* <g
rMy,sothat x Oy <gxzmy, thatisz My <gxMmy.
(3) It follows from Proposition 5.4(2), replacing = by z* and y by y*, respectively.
(4) Since y € O(X), by Proposition 5.4(3) we have (x — y)* -y =z — y. Re-
placing x by z* we get (x Ur y)* — y = z U y, and replacing y by y* we have
(xmpy) = y* = (zmpy)*.
(5) Clearly Uy, and My, are commutative and idempotent. Moreover, using Lemma
2.1(7) we can easily check that Uy, and My, are associative. Finally, applying Propo-
sition 5.4(2), we have:

2V (zMpy) =2 = (= y") =(x—y") >z =r,

g (xUpy) = (z = (2" = y)")" = (2" = y) = 2")" = (@) =z,
for all x,y € O(X), hence Uy, and My, satisfy the absorption laws.
Thus (O(X),Mr,Ur,0,1) is a bounded lattice. O

Corollary 5.6. The following hold for all z,y € O(X):
(1) z<quiffy=yUx;
(2)zVy=(z—y) " Ury.
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Proof. (1) z<quyiffe <pyiffy=2"—>y=y" 2>2x=yUp .
Q) rvy=(—-y 2y=((z—=2y)) 2y=(@-2y" ULy O

In what follows, if z,y € O(X), we will use z <g y instead of x <, y.

Proposition 5.7. For any z,y € O(X), x ULy and x Mg y are the Lu.b. and g.L.b.
of {z,y}, respectively.

Proof. Obviously z,y <g z* — vy, so that x Uy, y is an upper bound of {z,y}. Let
z € O(X) be another upper bound of {z,y} in O(X), that is z,y <g z. It follows
that z* <g ¥, so that 2™ — y <g 2" — 2 <g z* = 2 = 2. Hence 2 U y < 2, that
is xUpy is the Lu.b. of {z,y}. Similarly x©y < z,y, thus Mz y is a lower bound of
{z,y}. Let z € O(X) be another lower bound of {z,y} in O(X), so that z <g z,y.
We get 2%, y* <g z*, so that z* is an upper bound of {z*, y*}, hence z* U y* <g 2%,
that is x — y* <g z*. It follows that z <g (v = y*)* =z Oy =a My, thus Mz y
is the g.1.b. of {z,y}. O

Definition 5.8. (/2/) An algebra (X, A0, 1) with two binary, one unary and
two nullary operations is an ortholattice if it satisfies the following axioms for all
x,y,z € X:

(Q1) (X,A,V,0,1) is a bounded lattice;

(Qo) zAz =0and zVa =1;

(Q3) (xAy) =2 vy and (zVy) =2 Ay

Q1) (&) ==

An orthomodular lattice is an ortholattice satisfying the following axiom:

(Qs) = <y implies z V (' Ay) =y (where z < y iff z =z A y).

Theorem 5.9. (O(X),M,VUr,* 0,1) is an orthomodular lattice called the ortho-
modular center or OML-center of X.

Proof. Let X be a quantum-Wajsberg algebra. Using Propositions 5.5, 5.7, 5.3
we can easily check that (O(X),m,Ur,*,0,1) is an ortholattice. We show that
axiom (Qs) is also satisfied. Let z,y € O(X) such that z <g y, and we have:
UL (" Mpy) =2V (2*0y) =2V (2% -y ) =2V (y = x) =2 = (y =
) =y—z)—sr=yUz =y, since x <g y. O

Theorem 5.10. If (X, A, V, .0, 1) is an orthomodular lattice, then (X,—,0,1) is a
quantum- Wagsberg algebra, where x —y =12 Vy for all z,y € X.

Proof. According to [5, Thm. 2.3.9], every orthomodular lattice (X, A,V,",0,1)
determines a QMV algebra by taking @ as the supremum V and * as the ortho-
complement ', and conversely, if an ortholattice X determines a QMV algebra
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(X,®,%,0,1) taking & = V and * = ', then X is orthomodular. By [4, Thm. 5.3],
any quantum-MYV algebra (X, ®,*,0, 1) is a quantum-Wajsberg algebra (X, —,0, 1),
where z — y = 2* @ y. It follows that every orthomodular lattice (X, A, v, 0, 1)
determines a quantum-Wajsberg algebra (X, —,0,1) withx »y=2*@y=a"Vy
for all x,y € X. O

Corollary 5.11. (X, Mz, Uz, *, 0,1) is an orthomodular lattice if and only if O(X) =
X.

Similarly as [5, Cor. 2.3.13] for the case of QMV algebras, we have the following
result.

Corollary 5.12. The orthomodular lattices form a subvariety of the variety of
quantum- Wajsberg algebras. This subvariety satisfies the condition v = x* — =,
or equivalently, * W x = 1, or equivalently, x* mx = 0.

Proof. The equivalence of conditions x = z* — z, z* Ux = 1 and z* mx = 0 follows
from Proposition 5.3. If a quantum-Wajsberg algebra (X, —, 0, 1) is an orthomodular
lattice with  Vy = 2* — y, than 2 — ¢ = 2 V x = z. Conversely, if X satisfies
condition z* — x = z for any z € X, then O(X) = X, hence X is an orthomodular
lattice. O

Example 5.13. Let X = {0,a,b,c,d,1} and let (X,—,0,1) be the involutive BE
algebra with — and the corresponding operation M given in the following tables:

—10 a b ¢ d 1 M0 a b ¢ d 1
oO(1 1 1 111 00 0 0 0 O

alc 1 1 ¢ 1 1 a|l0 a b 0 d a
b|ld 1 11 d1 b0 a b ¢ 0 b
cla a 1 1 1 1 c|0 0 b ¢ d c
d|lb 1 b 1 11 d|0 a 0 ¢ d d
110 a b ¢ d 1 110 a b ¢ d 1

Then X is a quantum-Wajsberg algebra and Z(X) = {0,1}, O(X) = X. Therefore

(X,Mz,Ur,*,0,1) is an orthomodular lattice with Wy, and My, given below.

Uurp, |0 a b ¢ d 1 mr,|0 a b ¢ d 1
00 a b c d 1 00 0 0 O0ODO
ala a 1 1 1 1 a |0 a 0 0 0 a
b |b 1 b1 11 b |00 b 0 0 b.
clc 1 1 ¢ 1 1 c |0 0 0 ¢ 0 c
d|d 1 11 d1 d |0 0 0 0 d d
1 /1 1 1111 110 a b ¢ d 1
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As we can see in this example, in general, Uy, # U and Mg # M.

Remark 5.14. In general, the lattice (O(X), M, VU, 0,1) is not distributive. Indeed,
in Example 5.13 we have a Uy, (bMgc) =a# 1= (aVULb) My (a YUy, c).

6 Concluding remarks and future work

In this paper, we continued the study of quantum-Wajsberg algebras ([4]). We
defined the Wajsberg-center and the OML-center of a quantum-Wajsberg algebra
(X,—,*,1), proving that the Wajsberg-center is a Wajsberg subalgebra of X, and
that it is a distributive sublattice of the poset (X,<g,0,1) (where 0 = 1*). We
introduced the notion of quasi-linear quantum-Wajsberg algebras, and we proved
that the Wajsberg-center of a quasi-linear quantum-Wajsberg algebra is a linearly
ordered Wajsberg algebra. We also proved that the OML-center is an orthomodu-
lar lattice, and that the orthomodular lattices form a subvariety of the variety of
quantum-Wajsberg algebras.

There are several ways this work can be continued, as follows:

— Introduce and study certain generalizations of quantum-Wajsberg algebras,
such as implicative-orthomodular, pre-Wajsberg and meta-Wajsberg algebras.

— Define the implicative-orthomodular lattices as a special subclass of quantum-
Wajsberg algebras, and study their properties.

— Prove an analogue of Foulis-Holland theorem for implicative-orthomodular
lattices.

— Study the Baer *-semigroup associated to an implicative-orthomodular lattice
X and its relationship with the Sasaki projections defined on X.

— Investigate the central lifting property for implicative-orthomodular lattices.
Another direction of research could be the solving of the following open problem.
Open problem. Is the variety of quasi-linear quantum-Wajsberg algebras axiom-
atizable (in the sense of [9])7?
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Abstract

We investigate a notion of inverse for neutrices inspired by Van den Berg
and Koudjeti’s decomposition of a neutrix as the product of a real number and
an idempotent neutrix. We end up with an algebraic structure that can be
characterized axiomatically and generalizes involutive meadows. The latter are
algebraic structures where the inverse for multiplication is a total operation. As
it turns out, the structures satisfying the axioms of flexible involutive meadows
are of interest beyond nonstandard analysis.

1 Introduction

Neutrices and external numbers (which can be seen as translations of neutrices over
the hyperreal line) were introduced by Van den Berg and Koudjeti in [25] as models
of uncertainties, in the context of nonstandard analysis, and further developed in
[24, 27, 16, 19, 20]. Neutrices were named after and inspired by Van der Corput’s
groups of functions [28] in an attempt to give a mathematically rigorous formulation
to the art of neglecting small quantities — ars negligendi.

One of the long-standing open questions in the theory of external numbers is the
definition of a suitable notion of inverse of a neutrix. For zeroless external numbers,

The authors are grateful to Imme van den Berg for valuable comments on a preliminary version of
this paper, to Jodo Dias for pointing out a typo in one of the axioms, and to the reviewers for many
comments and suggestions that improved the paper.

*Supported by FCT - Fundagdo para a Ciéncia e Tecnologia under the projects:
UIDP/04561/2020 and 10.54499/UIDB/04674/2020, and by the research centers CMAFcIO — Cen-
tro de Matematica, Aplicagdes Fundamentais e Investigacdo Operacional and CIMA — Centro de
Investigacdo em Matematica e Aplicagoes.

Vol. 11 No. 6 2024
Journal of Applied Logics — IfCoLog Journal of Logics and their Applications



BorTAzzl AND DINIS

that is, external numbers that don’t contain 0 and therefore cannot be reduced to a
neutrix, there is a sort of inverse, defined from the Minkowski product between sets
(see Definition 3.4 below), but this cannot work as a proper inverse since in many
instances the result turns out to be the empty set.

A meadow (see Sections 2.1 and 2.2 below for further details) is a sort of commu-
tative ring with a multiplicative identity element and a total multiplicative inverse
operation. The theory of meadows allows for two main options: (i) involutive mead-
ows which define 0~! = 0, resulting into an equational theory closer to that of the
original structure [6], (ii) common meadows which define 0~! as a new error term
that propagates through calculations [5] (see also [7, 15, 8, 9]). For some recent
developments, see [8, 9, 12, 13, 14].

One of the motivations for the study of structures where the inverse of zero is
defined comes from equational theories [23, 26, 6]. For instance, Ono and Komori
introduced such structures motivated from the algebraic study of equational theories
and universal theories of fields, and free algebras over all fields, respectively. A
long-standing result by Birkhoff states that algebraic structures with an equational
axiomatization — namely, whose axioms only involve equality, besides the functions
and constants of the structure itself — are closed under substructures. Algebraic
structures where the inverse is defined only for nonzero elements are not equational,
since they have to use inequalities or quantifiers in their definition of a multiplicative
inverse. Instead, involutive meadows and common meadows which, as mentioned
above, define the inverse of zero as zero or a new error term, respectively, admit
equational axiomatizations.

Equational axiomatizations of meadows based on known algebraic structures,
such as Q and R, are also of interest to computer science. According to Bergstra
and Tucker [6], such equational axiomatizations allow for simple term rewriting
systems and are easier to automate in formal reasoning.

Another motivation for the study of meadows is a philosophical interest in the
definition of an inverse of zero (see e.g. [4, Section 3]), if one wants to assign a
meaning to expressions such as 07! or 1/0 (Bergstra and Middleburg argue that, in
principle, these two operations need to be distinguished [4]).

It turns out that external numbers are particularly suitable for expressing the
kind of concepts involved in the definition of the inverse of zero. The key insight
is that, being convex subgroups of the hyperreal numbers (i.e. the extension of the
real number system which includes nonstandard elements such as infinitesimals),
neutrices are “error” terms in the following sense:

e the sum of a neutrix with itself or with one of its elements is still the same
neutrix;
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o the product of a neutrix by an appreciable (not infinitesimal and not infinitely
large) number is still the same neutrix;

e the product of a neutrix by an external number is a neutrix.

These properties are similar to those of 0, that is neutrices are idempotent for addi-
tion and absorbent for multiplication. Therefore neutrices can be seen as generalized
zeroes and are suitable to build models of meadows.

The fact that one is using hyperreals (or other non-archimedean field extensions
of the real numbers) is crucial, because the real numbers only have two convex
subgroups: {0} and R, while in the context of the hyperreals there are countably
infinitely many, e.g. the set of all infinitesimals — denoted ©® — and the set of all limited
numbers — denoted £ (see the examples after Definition 3.1). In turn, external
numbers are of the form a+ A, where a is an hyperreal number and A is a neutrix and
can therefore be seen as translations of neutrices. According to the interpretation of
neutrices as error terms or generalized zeroes, external numbers can be interpreted
as expressing a quantity with a degree of uncertainty.

By introducing an alternative way to define the inverse of a neutrix, inspired
by a result of Van den Berg and Koudjeti [25] stating that every neutrix can be
decomposed as the product of an hyperreal number and an idempotent neutrix,
we end up with an algebraic structure that can be characterized axiomatically and
generalizes involutive meadows. Since the new class of structures involves error
terms, we call it the class of flexible involutive meadow, in the spirit of [22].

In summary, the contributions of the paper are the following.

o We answer a question about the inverse of a neutrix.

e We connect the inverse of a neutrix to meadows, specifically involutive mead-
OWS.

o Inspired by the properties of the inverse of a neutrix, we propose a new al-
gebraic structure that generalises involutive meadows in a simple way, called
flexible involutive meadows, and we provide an axiomatization of such struc-
tures.

o We give some models of flexible involutive meadows.

We start in Section 2 by recalling the axioms of common meadows and of involu-
tive meadows. We also recall some notions and results concerning external numbers
in Section 3. In Section 4 we introduce flexible involutive meadows and prove that
the external numbers are a flexible involutive meadow. We also derive some proper-
ties of flexible involutive meadows and relate them with varieties and von Neumann
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regular rings. Then, in Section 5, we present additional models for meadows relying
on the external numbers. Some final remarks and open questions are mentioned in
Section 6.

2 Preliminary notions

In this section we recall the axioms of common meadows and involutive meadows.
We also provide some motivation for the study of structures where division by zero
is possible.

2.1 Involutive meadows

The axioms of involutive meadows are listed in Figure 1 (see also [2, 4]).

(x+y)+z=x+(y+2)
r+y=y+zx
r+0==x
z+(—x)=0

TY=y-x
l-z=x
r-(y+z2)=x-y+x-2
(zH =2

I10) r-(z-27 ) =2

(1)

(I2)

(Is)

(I1)

(Is) (x-y)-z=z-(y-2)
(Is)

(I7)

(Is)

(Io)

(

Figure 1: Axioms for involutive meadows

The term involutive refers to the fact that taking inverses is an involution, as
postulated by axiom (Ig). With the exception of axiom (I19), the remaining axioms
are quite standard, as they postulate the existence of operations of addition +
and multiplication - which are associative, commutative, admit a neutral element
(denoted 0 and 1 respectively). Furthermore, there is an inverse for addition, and
multiplication is distributive with respect to addition. Axioms (Ig) and (I;g) entail
that 07! = 0 (see [6, Theorem 2.2]). Axiom (I19) replaces the more usual z-z~! = 1,
which is false for x = 0 (otherwise, 0 = 0-0 = 0-0~! = 1). This hints at the fact
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that, in general, one should not define ! as the element satisfying «-2~! = 1. This
also ties in with rejecting division as the “inverse” of multiplication, as discussed in
[4].

2.2 Common meadows

The axioms of common meadows are listed in Figure 2 (see also [5]).

=

1 (T+y)+z=2+(y+2)

=

)
2) r+y=y+=zx
M3) r+0=z
My) r+(—z)=0-z
M;) (z-y)-z=2-(y-2)

)

)

)

)

Mg Y=y
l-z=2
r-(y+z2)=x-y+x-2

—(—z)==x

(
(
(
(
(
(
(
(
(
(
(
(
(
(

Mip) z-xl=140-271
M) (z-y)t=a"t oyt
Mi2) (14+0-2)"'=1+0-2
M;3) 0" l=a

Mi4) r+a=a

Figure 2: Axioms for common meadows

As with involutive meadows, some of the axioms are quite standard (namely
(My) — (M3s), (Ms) — (M7), (Mg), (My), and (M11)), as they postulate the existence
of operations of addition 4+ and multiplication - which are associative, commutative
and admit a neutral element (denoted 0 and 1 respectively). Note that, in involutive
meadows, the equations of axioms (Mg) and (Mj;) can be derived from the other
axioms (as discussed in [6]). Furthermore, there is an inverse for addition, multipli-
cation is distributive with respect to addition, and the inverse of the product of two
elements is the product of the inverses.

Axiom (My) postulates the existence of a sort of additive inverse for every element
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x but with the caveat that the result of operating an element with its inverse is not
the neutral element 0 but 0 - z.

Axioms (Mjg) and (Mj2) concern further properties of the inverse for multipli-
cation. The novelty, compared with more familiar settings, is that they have “error”
terms in the form of the product of an element z, (respectively, its inverse z~1) by 0.

Axiom (M;i3) defines 07! as an “error” term a (some authors denote this error
term by L) that does not belong to the initial structure. Due to the presence of this
error term, the result of 2 - x7! is defined as 1 +0 -2~ If  # 0 and = # a, then
0.2~ =0 (see [5, Proposition 2.3.1]) and we recover the usual result that holds in
a field. If z = 0 or « = a, then the additional term 0 - z~! is equal to a.

Axiom (M;j2) has a similar motivation: if x # a, then we recover that the inverse
of 1is 1. If x = a, then we get that the inverse of a is a itself.

3 Hyperreal numbers and external numbers

Let us recall some definitions and results about neutrices and external numbers. We
will use *R to denote an elementary equivalent extension of the real number system
that includes nonstandard elements — such as infinitesimals — [21], and R to denote
the usual set of real numbers.!

A number z is infinitesimal if |x| < r for every positive r € R and it is infinite if
|z| > r for every r € R. We use the notation = ~ 0 to say that z is infinitesimal. We
will also write « ~ y, and say that x is infinitely close to y, if £ —y ~ 0. A number
is said to be finite if it is not infinite, and appreciable if it is neither infinitesimal nor
infinite.

Crucially, the hyperreals admit nontrivial convex subgroups for addition (for
instance: the set of infinitesimals @, the set of finite numbers £).

This property is shared by other non-archimedean field extensions of R. We will
discuss this matter further in Section 4.4.

3.1 External numbers

Definition 3.1 (Neutrices). A neutriz is a convex subset of *R that is a subgroup
for addition.

Some simple examples of neutrices are:

e 0={ze*R:2~0}

'Note that this notation differs from the usual presentations of external numbers, according to
which R already contains nonstandard elements.
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o £={x€*R:xis finite};
o ife~0,ef ={ze*R:Zis finite}.

Definition 3.2 (External numbers). An external number « is the sum of an hyper-
real number a and a neutrix A in the following sense:

a=a+A={a+r:reA}

An external number o« = a + A that is not reduced to a neutrix (equivalently,
such that 0 ¢ «) is said to be zeroless.

The sum and product of external numbers is introduced in the following defini-
tion. We refer to [25, 16, 20] for their properties.

Definition 3.3. For a,b € *R and A, B C *R (not necessarily neutrices), we define
the Minkowski sum and product

(a+A)+(b+B)=(a+b)+(A+ B)
(a+A)-(b+ B)=ab+aB +bA+ AB,

where

A+B={z+y:v € ANy€ B}
aB = {ay:y € B}
AB={xy:x € ANy € B}.

It is also possible to define a notion of division between subsets of hyperreal
numbers, even if they contain 0.

Definition 3.4. For A, B C *R (not necessarily neutrices), we define

A-B'={z:2B C A}

Usually, for neutrices, A - B~! is written as %. Here we chose the inverse no-
tation since we are investigating structures related to meadows, whose axioms are
commonly stated in terms of the inverse operation. For further discussion on the
use of these operations we refer to [4].

Notice that Definition 3.4 doesn’t allow us to obtain a proper inverse of a neutrix.
In fact, if A = {1} and B is a neutrix, A - B~! is empty, since for no = we have
0-x € A. This example motivated us to look for alternative definitions of inverses

of a neutrix.
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Let us finish this section by recalling some results on external numbers which
will be useful later on.

If £ = a + A is zeroless, then a=! - A C A, and therefore a™' - A+ A = A. In
fact, a=!- A C 0.

The Taylor formula for (a + A)~! allows to obtain the following expression for
the inverse of zeroless external numbers.

Proposition 3.5 ([25, p. 151],[20, Theorem 1.4.2]). Let x = a + A be a zeroless
external number. Then

sl=@+A)  =at4+a2 A

We conclude with a list of basic algebraic properties of external numbers. Proper-
ties (3) and (4) are a consequence of the fact that, for a neutrix A, A+A = A-A = A.
Property (7) replaces the usual distributivity formula, taking into account how er-
ror terms propagate (for further details on the distributivity formula for external
numbers, see [16, Section 5]).

Proposition 3.6. Let x,y, z be external numbers such that x = a + A. Then
Lz4+(y+z2)=@+y) +z;
2. x+y=y+uz;
3. x+A=ux;
4. x4+ (—x)=A;
5

< >
8
<
|
<
8

r-yt+oe-z=x-(y+2)+A-y+A4- -z

8 (x~H =z

4 Flexible involutive meadows

A neutrix [ is said to be idempotent if I -1 = I. As showed by Van den Berg and
Koudjeti in [25] (see also [17]) every neutrix is a multiple of an idempotent neutrix.

Theorem 4.1 ([25, Theorem 7.4.2]). Let N be a neutriz. Then, there exists an
hyperreal number r and a unique idempotent neutriz I such that N =r - 1.
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We use the previous result to define inverses for neutrices.

Definition 4.2. Let x = a + A, where A = r - I, for some hyperreal number r and
idempotent neutrix I. We define the inverse of x, denoted !, as follows:

€T =

_1 al+a? A ifa#0
reloT otherwise.

The idempotent neutrices I can be seen as a generalized zeroes, since they share
with 0 the properties I+ I =1Tand I -1 = 1. Also, I~ = I, similarly to 0~! =0 in
involutive meadows.

In the decomposition N = r - I of Theorem 4.1, the idempotent neutrix I is
uniquely determined, but the number r is not. Nevertheless, the inverse given in
Definition 4.2 is uniquely defined, as a consequence of the next proposition.

Proposition 4.3. If r,s € *R and r # s satisfy N = r-1 = s -1, then also
-1 -1
r—-I=s""-1.

Proof. We may assume, without loss of generality that 0 < r < s, which implies
that s~' < r~!. Suppose towards a contradiction that r='-I # s~!.I. By our
assumptions over r and s, this implies s™' - I C r~! . I. Then, there exists some
i € I such that ¢ -7~ & s~ . I. If we multiply by r, we obtain

igst(r-I)=s1t-(s-I)=1,

which contradicts the assumption that i € I. Hence r=! - = s~ 1. 1. O

We show that the external numbers equipped with the inverse defined in Def-
inition 4.2 satisfy the axioms given in Figure 3, where N(z) denotes the neutrix
part of the external number z. As such, one can also think of N(x) as an error
term, or a generalized zero, such that every x decomposes uniquely as z = r + N(x)
with N(r) = 0. We call any structure satisfying the axioms in Figure 3 a flexible
involutive meadow.
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(FI;) (x+y)+z=2+ (y+2)

(Fly) r+y=y+zx

(FI3) x4+ N(z)==x

(FLy) z+ (—z) = N(z)

(Fls) (@-y)z=z(y-2)

(Fl) Ty=y-x

(FI7) (1+N(@)-z7Y) z2=2

(FIs) zyt+z-z=z-(y+2)+N(@) - y+N(@) 2
(Fly) (z ) =2

(

Flyp) r-(z- a7l =2

Figure 3: Axioms for flexible involutive meadows

The axioms of flexible involutive meadows generalize the axioms of involutive
meadows given in Figure 1 by replacing 0 with generalized zeroes N(z), 1 with
generalized ones (i.e. 1 plus an error term of the form N(z)), and distributivity by
a generalized form of distributivity which holds for the external numbers. Notice
that, in the context of the external numbers, the generalized zeroes take the form
of neutrices.

Axiom (FI7) is the flexible counterpart to (I7), but replaces 1 with 1+ N (z)-z~ !,
and not simply with 1 + N(x). In the setting of external numbers, this is necessary
because if N(x) 2 £, then 1+ N(z) = N(x) would be a generalized zero. Axiom
(FIg) is a generalized distributivity axiom. In the setting of external numbers, the
term N(z) -y + N(x) - z is a neutrix, so the error term in (FIg) is once again a
neutrix. In fact, if one interprets N(z) as being 0 for all z, then one recovers the
axioms for involutive meadows. The proof is straightforward.

Lemma 4.4. Let M be an involutive meadow. Then, if one defines N(x) = 0 for
all x € M, the resulting structure is a flexible involutive meadow.

In order to prove that the external numbers satisfy the axioms for flexible invo-
lutive meadows, we will use the following properties of the inverse of a neutrix.

Lemma 4.5. Let x = N(z) =r-I, withr € *R and I an idempotent neutriz. Then:

1. A4z-z7 Y o=21;
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2. (x )t =ua;
Sz (v a7t =um.
Proof. 1. We have that x-2~! = N(z) -2~ = I. Hence
A+z-z Y z2=0Q+D)-(r-D)=r-T+r-I*=r-T=u.
2. We have
(e H =0t =Y T =rT =2

3. We have

e-(x-aN=rl-(rI-r ' I)=rl-T=rl=uz. O

As proved below, the external numbers satisfy an additional property related to
the following Inverse Law of involutive meadows:

r#0=z-z =1

Involutive meadows that satisfy the Inverse Law are called cancellation meadows and
are of particular interest. In fact, in [1] it is proved that every involutive meadow is
a subdirect product of cancellation meadows.

In the setting of flexible involutive meadows, the inverse law is more suitably
expressed by its flexible counterpart:

rt#N@)=z-27=1+e, (4.1)

where e is a generalized zero (in the sense that e + e = e) such that 1 + e is not a
generalized zero.

Moreover, by part 3 and part 4 of Proposition 3.6, the external numbers satisfy
the following properties that generalize the properties of arithmetical meadows [4]:

(A1) 2+ (—2) = N(z)
(Ag) x4+ N(x) =z

Notice that (Ag) is axiom (FI3) of flexible involutive meadows.

Theorem 4.6. The external numbers with the usual addition and multiplication and
with the inverse introduced in Definition 4.2 satisfy the axioms for flexible involutive
meadows plus the Flexible Inverse Law given by (4.1) and the properties (A1) and

(A2).
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Proof. By Proposition 3.6, in order to show that the external numbers are a flexible
involutive meadow we only need to verify (FI7) and (FIio). If  is a neutrix, both
axioms hold due to Lemma 4.5. Assume that £ = a+ A is zeroless. Then, using the
algebraic properties of the external numbers one derives

(1+N@) 2™ o= (1+A4(a7 +a72 4)) (a+ 4)
=(1+ (a7 A+ a2 A7) (a+ 4)

—a+A+a AP+ A+a A3
=a+ A==

Hence (FI7) holds. As regarding (FI;p) one has

z(z-z71) = (a+ A) (1—|—a_1-A) —a+A+A+al A2=a+ A=z

Hence (FIjg) also holds and therefore the external numbers are a flexible involutive
meadow.

We now show the Flexible Inverse Law. Let x = a + A be a zeroless external
number. Then

zorxt=14+a' Atat A+a? - A2=1+a' A
Since z is zeroless, a~!' - A C @, so the Flexible Inverse Law is satisfied. O

Corollary 4.7. The azioms for flexible involutive meadows are consistent.

4.1 Some properties of flexible involutive meadows

We now prove some basic properties of flexible involutive meadows. We start by
showing an additive cancellation law and that N(-) is idempotent for addition.

Proposition 4.8. Let M be a flexible involutive meadow and let x,y,z € M. Then
1. x4+y=x+zif and only if N(z) +y = N(z) + z;
2. N(z)+ N(z) = N(z).
Proof. 1. Suppose firstly that x +y = x + 2. Then
Nz)+y=—cs+or+y=—-—c+x+2=N(x)+=z
Suppose secondly that N(x) +y = N(x) + z. Then

r+y=x+N@)+y=xz+N(z)+z=2+=z
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2. This follows from applying part (1) to axiom (FI3). O

In order to prove other basic properties that allow one to operate with the N(-)
function and with additive inverses one needs to assume the following two extra
axioms

(N1)  N(z+y)=N(2)VN(@+y)=Ny);
(No)  N(—z) = N(z).

Proposition 4.9. Let M be a flexible involutive meadow satisfying also (N1) and
(Ng2), and let x,y,z € M. Then

1. N(z+y) = N(z)+ N(y);
2. N(N(x)) = N(x);
3. Ifz =N (y), then z = N (2);
4. —(—z) =a;
5. —(x+y)=—w—vy;
6. N(z) = —N(z).
Proof. 1. One has
r+y+N@)+Ny)=xz+N@)+y+ Ny =x+y.
Then by part (1) of Proposition 4.8

N(z+y)+ N(x)+ N(y) = N(z + y). (4.2)

By (Ni) one has N(z +y) = N(x) or N(x +y) = N(y). Suppose that
N(z +y) = N(z). Then by (4.2) and Proposition 4.8,

N(z+y) = N(z)+ N(z) + N(y) = N(z) + N(y).
If N(xz+y) = N(y) the proof is analogous.
2. Using Proposition 4.8 and part 1 we have

N(N(z)) = N(x —x) = N(z) + N(—z) = N(z) + N(z) = N(x).
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3. Using part 2 we derive that N(xz) = N(N(y)) = N(y) = «.
4. We have that

Hence

—(—z) = —(—z)+ N(—(-2)) = —(—z)—z+x=N(—z)+x = N(z)+z = x.
5. By part 1

—(x+y)+z+y=N(@z+y)=N@)+N(y) = —s+z—y+y=—cr—y+z+y.

Then by Proposition 4.8

—(z4+y)+N@+y)=—-2—-—y+NEx+y).
Again using part 1 one obtains
—(@+y)+N(=(z+y)) = —z—y+N(=2)+ N(-y) = —z+N(-2) —y+N(-y).

Hence —(z +y) = —z —y.
6. By part 4 we have

N@)=—-z2+4+2z=-2—(—2)=—(x —x) = =N (2). O

4.2 Flexible involutive meadows are varieties

In [1], Bergstra and Bethke studied the relations between involutive meadows and
varieties. One of their results is that involutive meadows are varieties. We prove
that flexible involutive meadows are also varieties.

Let us start by recalling the definition of varieties in this context, following [10].

Definition 4.10. If F is a signature, then an algebra A of type F is defined as
an ordered pair (A, F'), where A is a nonempty set and F is a family of finitary
operations on A in the language of F such that, for each n-ary function symbol f
in F, there is an n-ary operation f4 on A.

Definition 4.11. A nonempty class K of algebras of the same signature is called a
variety if it is closed under subalgebras, homomorphic images, and direct products.

A result by Birkhoff entails that K is a variety if and only if it can be axiomatized
by identities.
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Definition 4.12. Let X be a set of identities over the signature F; and define M (¥)
to be the class of algebras A satisfying Y. A class K of algebras is an equational
class if there is a set of identities 3 such that K = M (X). In this case we say that
K is defined, or axiomatized, by .

Theorem 4.13. K is a variety if and only if it is an equational class.

The class K of flexible involutive meadows is axiomatized by the identities in
Figure 3 over the signature ¥ = {+,-,—, 71,0,1, N()}, where N is a unary function
that, when interpreted with the external numbers, corresponds to the neutrix part
of a number x. As a consequence of Birkhoff’s theorem, we have the following result.

Corollary 4.14. Flexible involutive meadows are varieties.

4.3 Flexible involutive meadows and commutative von Neumann
regular rings

In the investigation of meadows, the relation with commutative von Neumann reg-
ular rings with a multiplicative identity element seems to be of particular interest
3, 4].

We recall that a semigroup (5, ) is said to be Von Neumann regular if

Vee Sdye S(x-z-y=ux).

A commutative von Neumann regular ring with a multiplicative identity is a Von
Neumann regular commutative semigroup for both addition and multiplication.

Flexible involutive meadows are also commutative von Neumann regular rings
with a multiplicative identity element.

Proposition 4.15. Let M be a flexible involutive meadow. Then M is a Von
Neumann reqular commutative semigroup for both addition and multiplication.

Proof. This is a simple consequence of associativity together with axioms (FI4) and
(Fl;p). O

In [3, Lemma 2.11] it was shown that commutative von Neumann regular rings
can be expanded in a unique way to an involutive meadow. Since involutive meadows
are also flexible involutive meadows, von Neumann regular rings can be expanded
to flexible involutive meadows. The expansion to flexible involutive meadows might
not be unique, though, due to the presence of different error terms.

Further research on the connection between commutative von Neumann regular
rings and flexible involutive meadows goes beyond the scope of this paper.
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4.4 Solids are flexible involutive meadows

We finish this section by showing that instead of working with the external numbers,
one can use a purely algebraic approach by working with a structure called a solid.
A solid is a generalization of the notion of field in which there are generalized neutral
elements for both addition and multiplication (e and u, respectively), and generalized
inverses (s and d). For a full list of the solid axioms and for the definitions of the
functions e, u, s and d we refer to the appendix in [18] or [19].

The following proposition compiles some results from [19, Propositions 2.12, 4.8
and Theorem 2.16] and [16, Proposition 4.12], which we use to show that solids are
flexible involutive meadows.

Proposition 4.16. Let S be a solid and let z,y,z € S.
1. If x = e(x), then e(zy) = e(x)y;

3. z(z+e(y)
4 ot

Theorem 4.17. Every solid is a flexible involutive meadow.

)
2. If x # e(x), then u(x)e(x) = ze(u(z)) = e(x);
) = xz + we(y);

)

, then d(d(x)) = z.

Proof. Let S be a solid. Most of the axioms of flexible involutive meadows are also
axioms of solids, by considering N(z) = e(z), —x = s(z), 27! = d(z), and 1 = u.
The only non-obvious cases are the cases of axioms (FI7), (Flg) and (FIjg).

For axiom (FI7), if  # e(x), using the solid axioms and Proposition 4.16 we
obtain

(1+N(z)-z7Y) z=z+e(@)d@)r =z +el@)u(z) =z + e(z) = z.

If x = e(x), the result follows from Lemma 4.5(1).

Axiom (Flg) follows from Lemma 4.5(2), if + = e(x) and from Proposition
4.16(4).

Finally, axiom (FI;jo) follows easily from the solid axioms if  # e(z) and from
Lemma 4.5(3) if x = e(x). O

As it turns out, and as mentioned above, one is not forced to work in a nonstan-
dard setting. Indeed, any non-archimedean ordered field yields a model of flexible
involutive meadows.

Let F be a non-archimedean ordered field. Let C be the set of all convex sub-
groups for addition of F and @ be the set of all cosets with respect to the elements
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of C. In [18] the elements of C were called magnitudes and Q) was called the quotient
class of F with respect to C. In the same paper it was also shown that the quotient
class of a non-archimedean field is a solid. Hence we have following corollary.

Corollary 4.18. The quotient class of a non-archimedean ordered field is a flexible
nvolutive meadow.

5 Further models for meadows using external numbers

In the introduction we claimed that the external numbers are particularly suitable
for expressing the kind of concepts involved in the definition of the inverse of zero.
In order to support that claim, we explore further models for meadows inspired by
the external numbers. We start by building a model for flexible involutive meadows
over a finite field F and proceed by constructing a model for common meadows over
*R.

5.1 Finite models of flexible involutive meadows

In this subsection we show that any finite field can be extended to a finite model of
a flexible involutive meadow.

Recall that a finite field is isomorphic to F,m, with p a prime number and m
a positive integer. As a consequence, without loss of generality we assume that
elements of the finite field, which we will simply denote F from here on, are of the
form a mod p™ with a € N, so we can identify elements of F with natural numbers
between 0 and p™ — 1.

Definition 5.1. Let (F,+,-) be a finite field. Without loss of generality, we may
think that the elements of F are natural numbers between 0 and |F| — 1. We define
(F,®,®) as follows.

« For every a € F, we define the external number @ = a4+ and F = {@ : a € F}.

« For every nonzero a € F, we set (a)~! = a1

o (0)~' = 0 (this definition is motivated by, and indeed coincides with the one
in Definition 4.2).

e The sum @ and product ® over F are defined as:

—

a®b=a-+b
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and
a®b=ab
where sums and product on the right hand side are the sums and product in F.

Theorem 5.2. Let F be a finite field. Then F satisfies the axioms for flexible
involutive meadows.

Proof. If x # 0, the axioms are satisfied since F is a field and the operations in F
are compatible with the ones in F.

If z = 0, axioms (I;) — (Ig) follow from the fact that F is a field.

As for axiom (Ig), if z =0, then 0 ' =0, so that (0 ~1)~1 =0 "' =0.

Finally, for axiom (Ijg), if 2 =0, then 0-0 ~! = 0. O

Remark 5.3. Similar models for involutive meadows can be obtained without recur-
ring to infinitesimals, as one could define the alternative model F by requiring the
existence of an element £ ¢ F and defining, for each a € F the element @ = a + FE
and the set F := {a : a € F} with the operations

adb=(a+E)+(b+E)=(a+b)+E,
(note that, in particular E@ E=(0+E)+ (0+FE)=(0+0)+E=0+FE=E),

a0b=(a+E)-b+E)=(a-b)+E

and

and, finally,

5.2 A model for common meadows based on R

In this section we introduce a model R for the axioms of common meadows given
in Figure 2. In our model, we consider the elements of R plus an error term in the
form of a neutrix. In order to make things concrete, we choose to use the neutrix @
but, in principle, any neutrix included in @ can be used.

Elements of R will be represented by external numbers of the form r + @ with
r € R, while *R will act as an inverse of the neutrix @, which is the representative
of 0. We can interpret @' = *R as the smallest neutrix collecting all the inverses
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of the elements of @. The fact that the inverse of 0 has, in a sense, the maximum
possible uncertainty is in good accord with both the intuition that division by 0
introduces an error term, and to the common practice of having the inverse of 0 not
being a member of the original field [5].

The inverse of *R is again *R. This choice can be justified in two ways. We
can again interpret *R~! as the smallest neutrix collecting all the inverses of the
elements of *R or, alternatively, since @ C *R, the inverse of *R should also be
maximal.

Definition 5.4. We define the set R as follows:
e For every r € R, we set F=r+oek.
¢« *R e I@

« For every nonzero r € R, we set 7!, with the quotient introduced in Definition
3.4 (see also Proposition 3.5).

« We define (0)~! = *R and *R~" = *R (so *R acts like the error term a in the
definition of common meadow).

e The sum and product over R are the Minkowski operations introduced in
Definition 3.3.

In the definition of real numbers as limits of Cauchy sequences, real numbers can
be seen as being determined up to “infinitesimals”, which have an interpretation in
terms of sequences converging to 0. In the model of common meadows introduced in
the previous definition, this idea is expressed by the representation of r as ¥ = r+@.

An immediate consequence of the previous definition is that for every x € R we
have

z+O) =0 +z=2-0)=0)" -z ="R. (5.1)

In the next lemma, we establish that the operations in R are compatible with
those in R.

Lemma 5.5. For every r,s € R,

—
e r+s=r+s;

¢« 7-8=T7-35.

Moreover, for every nonzeror € R, =1,
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Proof. The first two properties are a consequence of the following equalities
rts=r+s+0=(r+0)+(s+0)=7+8.

and, taking into account that r and s are real numbers,

~

rs=r-s+0=(r+0) (s+0)=r-3.
As for the inverse, if r # 0, 1= % + @, whereas, by Proposition 3.5,

_ PR 1
Fl=to) =4 o= 1o O

Corollary 5.6. For everyr € R,
1. ifr#0, then7-7 1 =1;

2
3
4. T+ R="R+7r="Rand7-*R="R-r="R;
5 "R+"R=*R-*R="*R.*R ="R.

Equalities (1)—(3) in Corollary 5.6 can be obtained from the corresponding equal-
ities for real numbers by repeated use of Lemma 5.5.

Theorem 5.7. R is a model of azioms (M1)—~(M14) of common meadows.

Proof. We start by showing that axiom (M) is satisfied. If z,y and z are different
from *R, then this is a consequence of Lemma 5.5. If at least one of z,y and z is
equal to *R, then both sides of the equality evaluate to *R by Corollary 5.6. The
proof follows similar steps for axioms (Mz) — (Mg). Note that, for axiom (Mg), we
use also the fact that we have only one order of magnitude besides *R.

Let us show that axiom (M) is satisfied. If z = 0:

0.0 =*"R=1+0-"R.
If z = *R: as a consequence of the definition of *R™!, we have
RARP=*R=1+0-"R=1+0-*R™%.

We now turn to axiom (M;i;). If x,y are not equal to 0 nor to *R, the axiom
holds as a consequence of Lemma 5.5. Otherwise, due to the definition of the inverse,
both sides are equal to *R.
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For axiom (Mj2), if z = 7 for some r € R, the axiom holds as a consequence of
Corollary 5.6 (3). If x = *R, then

A+0- "R '=1+"R)'="R!="R=1T+"R=1+0-"R.

Axiom (Mi3) is satisfied as a consequence of the definition of (0)~'. Finally,

axiom (My4) is satisfied as a consequence of (5.1). O

6 Final remarks and open questions

In this paper we have introduced the notion of flexible involutive meadow, by means
of an equational axiomatization, and constructed some models based on the external
numbers and non-archimedean fields. We have also shown a model for common
meadows based on the real numbers and of involutive meadows based on finite
fields. We would like to point out that, with similar techniques, one could also
obtain meadows based on rational numbers.

The model for common meadows developed in Section 5.2 suggests that it is
possible to study a flexible version of common meadows, in the spirit of what has
been done in Section 4 for involutive meadows. In order to do so, it is possible to
adapt the axioms by replacing 0 with N(x), where N(x) is an error term analogous
to that of flexible involutive meadows.

In the context of external numbers, where N(z) is the neutrix part of x, and
for zeroless z, one has the inclusion N(x) C x - @. This grounds the interpretation
of the flexible counterparts of axioms (My), (Myg) and (M;j2). Moreover, as in the
model discussed in Section 5.2, the element a can be taken as *R.

Section 4.4 unveils a connection between the two apparently very different alge-
braic structures of solids and flexible involutive meadows. This connection is in line
with other works connecting algebraic structures related with meadows and struc-
tures arising in the context of nonstandard analysis (see [11, 15]). We believe that
this line of research is worth exploring in future work.

To conclude, we mention some other possible directions of future work.

We would like to study related variants of meadows as well as their algebraic
properties. For example, the study of flexible cancellation meadows, i.e. meadows in
which the multiplicative cancellation axiom

r#0Nzx-y=x-2=>y=z2

or its flexible counterpart (where we substitute 0 by an error term e) holds; or flexible
arithmetical meadows in the sense of [4]; or flexible meadows of rational numbers
(see e.g. [6]). Are flexible arithmetical meadows, i.e. flexible meadows satisfying
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(A1) and (Ag) (necessarily) connected with nonstandard models of arithmetic? As
for the flexible meadows of rational numbers, are they a minimal algebra? If so,
that might provide a connection with data types.
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1 Introduction

In [12] we have shown that full cut elimination holds for the extension of Gentzen’s
sequent calculi obtained by adding the Reflexivity Axiom = t = ¢, and the left
introduction rules for =:

I'= A, Flz/r] L= A, Flz/r]
r=s, I' = A, Flz/s] s=r, I'= A Flx/s]

where F' is a formula; F[xz/r] and Flz/s], as in [16], denote the result of the re-
placement in F' of all free occurrences of x by r or s and I';, A are finite multisets of
formulae, with |A| = 0 in the intuitionistic case.

These rules correspond directly to the natural deduction rules for equality: in
particular =1 and =4 are the left introduction rules corresponding to the two, equally
natural, elimination rules for =. For that reason we consider the result of adding
them to LK and LJ to be the basic sequent calculi for first order logic with equality,
against which any other should be compared. Thus, the adequacy of calculi free of
structural rules requires that they be admissible in the system.

In [12] the above cut-elimination result is extended to other well motivated calculi
with rules where F'[x/r] and F[z/s] occur in the antecedent of the premiss and of the
conclusion. The purpose of this work is to establish the adequacy of corresponding
systems free of structural rules, some of which, in the classical case, are of particular
interest in connection with the semantic tableau method for first order logic with
equality. For that we have to refer to systems of that sort as far as logic is concerned
such as the multisuccedent systems for minimal, intuitionistic and classical logic
originated with Dragalin’s [7] and denoted by m-G3[mic] in [16], that we will adopt
as our logical systems. Since we will be dealing exclusively with such multisuccedent
systems, as remarked in [16] (pg. 83), the prefix m- is redundant and we will drop it.
Thus G3i will denote the multisuccedent G3 calculus for intuitionistic logic, G3m
the analogous calculus for minimal logic, G3c the classical calculus and G3[mic]| any
of such three calculi. We then adopt the Reflexivity Axiom in the form I' = ¢t = ¢,
to be denoted by Ref; restrict the formula F in =; and =, to be atomic and note
that it sufficient, as well as necessary, to repeat the principal formula r = s in
the antecedent of the premiss of the rule to obtain what may be considered a most
natural sequent calculus with equality free of structural rules. Actually such rules are
particular cases of those introduced in the classical case and shown, taken together
with the reflexivity axiom, to be semantically complete by H.-Wang in [18]. We will
denote with Rep] and Repj the rules so obtained, namely:

726



KANGER-WANG-TYPE SEQUENT CALCULI WITH EQUALITY

r=s1= A, Plx/r]
r=sT= A Plz/s]

s=rT'= A, Plz/r]
s=rT= A, Plz/s]

Rep] Reph

where P is atomic (possibly an equality), called the contexrt formula, while r = s
(s = r) is called the operating equality, r (s) the input (output) term and P[z/r]
(P[x/s]) the input (output) formula. In the classical case, the well known connection
between such kind of calculi and the semantic tableau method for first order logic
with equality developed for example in [9] and [8], add motivations to those in [12],
for the rules:

r=s,Plz/r],I'= A l s=rPlz/r],l = A l
r=s,Plx/s], = A Repy s=rPlx/s],T = A Rep

Replz corresponds to branch expansions in which strictness is required, namely the
formula P[z/s| in which the term replacement is operated in is checked out. When
strictness, as in [8], is not required, adopting for Rep the notation in [16], the
corresponding rules are:

r= s, Plafs], Pla/r].T = A
r=s,Plz/s],I' = A

s=r, Plx/s], Plz/r],T = A
s=r, Plz/s],T = A

Rep’

Rep

Rep corresponds to the Tableau Replacement Rule used in [8] pg. 289 together with
the Tableau Reflexivity Rule that allows the expansion of a branch by the addition
of any identity ¢t = ¢.

Our results will be based on the following fact that follows from the main result in
[13]: for any set R of atomic rules for equality that we will consider, if the structural
rules are admissible in R, identified with the calculus that consists of the initial
sequents, including 1,I’ = A in the intuitionistic and classical case, and the rules
in R, then they are admissible also in the calculus G3[mic]R obtained by adding
the rules in R to G3[mic].

2 Preliminaries on the logical calculi and Equality Rules
and Systems

The sequent calculus denoted by G3c in [16] (pg 83), has the following initial se-
quents and rules, where P is an atomic formula and A, B stand for any formula in a
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first order language (function symbols included) with bound variables distinct from
the free ones, and I and A are finite multisets of formulae:

Initial sequents
Logical rules

A B T'= A
AANB,I'= A

ATlT=A BTI'=A

AvVvBTI=A
'=AA BI'=A

A— B T'=A

1, I'=A

Alz/t],VzA, T = A

PT = AP

r=AA I'=A,B
I'=AANB

LA RA

I'=AAB
'=AAVB

Al'=AB
I'=AA—>B

Rv

R —

L1

I'= A, Alz/al

LY RY

VAT = A

Alz/a],T = A
JxA, T = A

I'= A, VzA

T = A, JzA, Alz/1]

L3 '=A,dzA

RS

In G3i the rules L —, R — and RV are replaced by:

A—-BTI'=AA BT=A

Al'=10B

A—BTI=A

L' — FrsAASB B
I' = Alz/al ;
T=A,vea BY

Finally G3m is obtained from G3i by replacing L1 by the initial sequents

1L, I'= A, L.

In all such systems a is a free variable that does not occur in the conclusion of

L3 and RV.
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G3[mic| denotes any of the systems G3m, G3i or G3c.

The left and right weakening rules, LW and RW have the form:

= A r—=A
AT=>A W T= A A

The left and right contraction rules, LC and RC have the form:

RwW

AAT = A

= AAA
ATl = A

LC T=A A

RC

LCT is the rule LC in which the contracted formula A is an equality.
The cut rule has the form:

r=AA AA=06
A= A0

Cut

Weakening, contraction and cut are the structural rules whose admissibility we
are going to investigate.

In consequence of the more general result concerning the addition of atomic rules
to the above sequent calculi established in [13], for any set R of the equality rules
in the Introduction and the further single premiss equality rules to be introduced in
the sequel we have the following:

Theorem 1. [Theorem 1 in [13]] If the structural rules are admissible in R, then
they are admissible in G3[mic]™ as well.

that will be instrumental for the present work.

A further rule that will play an important auxiliary role is the following congru-
ence rule:
I'=A,r=s Iy = Ay, Plz/r]
Fl,FQ = Al,AQ,P[l‘/S]

CNG

Note The rule CNG is among those used in the extension of the system CERES
in [1], pg.170.

2.1 Equality rules and systems

For easier reading of the paper we collect the rules in the Introduction as well as
those to be introduced in the sequel:
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r=s,I= A, Plx/r| s=rT = A, Plx/r]

r=sT= A Plz/s] Repy s=rT= A, Plx/s] Rep;
r=s,Plz/r],I = A . s=rPlz/r],T = A .
r=s,Plz/s], [ = A Rep) s=r,Plz/s], = A Repy
r=s,Plx/s],Plx/r],] = A , s=r, Plz/s],Plx/r],T = A
r=s,Plz/s], [ = A Rep s=r, Plz/s],'= A Rep

o Rep; " and Rep; " are Rep] and Rep) subject to the restriction that when
the context formula is an equality only its right-handside is modified.

. Repq/ ~ and Repg/ ~ are Rep] and Rep} restricted to context formulae that are
equalities.

. Repll/ =) and RepZQ/ =) are Repll and Repé restricted to context formulae that
are not equalities.

. Repll+ and ReplzJr are Repll and Replz extended with the rules:

s=rElz/s], Elx/r],T = A and r=s, Elx/s], Elx/r],T = A
s=rElz/s],T = A r=s, Elz/s],T = A

where F is an equality.

The notation of the various systems to be considered are going to reflect directly
the rules that they contain. For instance:

12 = {Ref, Rep], Repj}
R, = {Ref, Rep{, Repj, Rep|, Reph}
Ry = {Ref, Rep}, Reph }
R = {Ref, Rep;~"Rep; ™"}

T\’,Ié:’l/(:) = {Ref, Repg/:, Rep;/:, Repll/(:), Repzl/(:)}
Rij = {Ref, Repf, Rep}, Rep}, Reph}
Ry = {Ref, Repj, Rep}"}
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3 Basic results concerning the equality rules

3.1 Admissibility of Weakening and Right Contraction

The weakening rules are clearly height preserving admissible in the systems consist-
ing of Ref and some of the equality rules. The single premiss equality rules modify
at most one formula in the succedent of their premiss. Furthermore the initial se-
quents and those in Ref remain initial sequents or in Ref if all the formulae in their
succedent, except the principal one, are eliminated. By a straightforward induction
on the height of derivations it follows that if I' = A has a derivation in the systems
we are considering, then there is a formula A in A such that I' = A has a deriva-
tion of the same height. That is the case also for the two premisses rule CNG that
eliminates a formula from the succedent of its first premiss and modifies a single
formula of the succedent of the second. As a consequence the right contraction rule
is height-preserving admissible in all the systems we are going to deal with.

3.2 Basic equivalence property

A basic tool for our investigation is provided by the following proposition, where by
an equality rule we mean any of the rules presented in the introduction other than
Ref:

Proposition 2. All the equality rules are equivalent in {Ref, Cut, LC}.

Proof We first show that if we add any one of the equality rules to {Ref, Cut,
LC}, then the following rule of Left Symmetry becomes derivable:

r=sI=A S
s=r,I'= A ymm

Case 1.1. The rule added is Rep]. Then we have the following derivation of Symm:

s=r=s=s
s=r=r=s r=s1=A
s=rI'=A

Cut

Case 1.2. The rule added is Repj. Similar to Case 1.1
Case 2.1. The rule added is Repll. Then we have the following derivation:
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r=sI'=A

r=s, r=r,I'=A LWl

r=s, s=r,'=A Repll

=r=r r=r s=nr=A Rep}
s=r,I'=A Cut

Case 2.2. The rule added is Repl. Then the derivation is the same as for case
2.1, except that LW introduces s = s and Repé is used instead of Repll.
Case 3.1. The rule added is Rep. Then we have the following derivation:

=s,I'= A
r=s1=4a LW
r=s,s=s,s=r,I'= A R
=S5=35 s=s,s=r,'= A Cel:t)
s=r,I'=A v

Case 3.2 The rule added is Rep’. Similar to Case 3..
Case 4. The rule added is CNG. Then we have the following derivation:

s=r=s=r =8=3§
s=r=r=s r=s I =A
s=r,I'=A

Cut

Clearly the derivability of Symm makes equivalent the rules of the same type with
index 1 and 2. Thus it suffices to verify the equivalence (that does not depend on
the availability of Symm) between Rep’ and Replz; Repll and Rep; Rep] and CNG.
We leave the easy details to the reader. O.

Corollary 3. All the systems G3[mic]R, for R that consists of Ref and of some
of the equality rules and such that the structural rules are admissible in R, are
equivalent.

4 Admissibility of the structural rules

4.1 Necessity of the repetition of the operating equalities in the
premiss of the equality rules

We show that, as stated in the introduction, the addition of Ref, =; and =, to
G3[mic]| is not sufficient to yield appropriate extensions free of structural rules.
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Actually even if, beside Ref, =; and =, also the Cut rule is added, in the resulting
system the left contraction rule remains not admissible.

Let R = {Ref,=1, =5, Cut}. We will prove that LC is not admisssible in G3c™
by showing that the following sequent:

whose expansion a = f(a),a = f(a) = a = f(f(a)) is immediately derivable by
means of an =s-inference applied to a = f(a) = a = f(a), is not derivable in
R. In fact if *) were derivable in G3c® (as for Proposition 7 in [13]) %) would
have a derivation in which no logical inference different from L1 precedes a =i,
=9 or Cut-inference. As a consequence ) would be derivable in R itself, which is
impossible.

In order to show that x) is not derivable in R, we first note that if a sequent
I' = r = s is derivable in R, then the sequent ' = r = s, where I'— denotes
the multiset of equalities in I', has a derivation in R that involves only equalities.
An easy induction on the height of such derivations shows that if I' is a multiset of
identities i..e equalities of the form r = r and I' = r = s is derivable in R then r = s
is itself an identity (r = s). That being noted, we prove the following:

Proposition 4. If T' is a multiset of identities and E,T" = E' is derivable in R,
where E' coincides with a = f(f(a)) or with f(f(a)) = a, then also E has one of
such two forms. Hence a = f(a) = a = f(f(a)) is not derivable in R.

Proof We proceed by induction on the height of a derivation D in R of E,I" =
£

If h(D) =0, then E,T' = E’ must be an initial sequent and E coincides with E’
so that the claim is trivial.

If (D) > 0 and D ends with an =; inference that introduces E in the antecedent,
then D has the form:

Dy
I'=sr=s
ET'=FE

By the previous remark r = s is an identity » = r and we note that the only
possibilities of obtaining E’ by a substitution applied to » = r is that r coincides
with a or with f(f(a)) in which cases E is necessarily a = f(f(a)) or f(f(a)) = a.

The same argument applies if D ends with an =s-inference introducing E.

If D ends with an =; or =s-inference introducing a formula in I, which is there-
fore an identity, the conclusion is a trivial consequence of the induction hypothesis.
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If D ends with a Cut, we have two cases.
Casel. D has the form:

Do Dy
=4 A,E,F2:>El
E,Fl,rg = F

In this case, looking at Dy we have that A is itself an identity so that it suffices
to apply the induction hypothesis to D; to conclude that E is a = f(f(a)) or

f(f(a)) = a.
Case 2 D has the form:

Dy Dy
ETi = A A,F2:>E/
E.T1, T = E'

By the induction hypothesis applied to D; A has one of the two forms a = f(f(a))
or f(f(a)) = a so that it suffices to apply the induction hypothesis to Dy to conclude
that the same holds for E.

That a = f(a) = a = f(f(a)) is not derivable in R follows by letting I' be the
empty set and E’ the equality a = f(f(a)). O

4.2 Sufficiency of the repetition of the operating equalities in the
premiss

We now prove that the repetition of the operating equalities in the premiss of the
=1 and =y-rules, which yields the Rep] and Rep; rules, suffices to yield a system,
indeed a very natural one, for which the structural rules are admissible.

Theorem 5. For R}, = {Ref, Rep}, Reph}, the structural rules are admissible in
G3[mic|*12,

Proof By Theorem 1 it suffices to show that the structural rules are admissible
in RY,. The admissibility of LC is straightforward, since the rules of Rf, do not
change the antecedent of their premiss. For the admissibility of Cut we transform
a given derivation D in R}, + Cut into a derivation D’ in {Ref, LC,CNG, Cut} by
using the following derivation of Rep] from CNG and LC™:

r=s=r=s r=s1=A Plz/r|
r=s,r=s1= A Plx/s]
r=s,I = A, Plx/s]

CNG
LC™
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and the derivation of Repj from CNG and LC™ that can be obtained from that of
Rep’ thanks to the derivation of Symm from CNG shown in Case 4. of the proof of
Proposition 2.

From D’ we eliminate the applications of the Cut rule in order to obtain a
derivation D” in {Ref, LC,CNG}. To show that this is possible, because of the
presence of the rule LC, we have to show that the following more general rule:

'=AA A" A=0
INA= A0

where A™ denotes the multiset that contains A n times and nothing else, is admissible
in {Ref, LC,CNG}. That is shown by a straightforward induction on the height of
the derivation of A" A = ©.

Then to obtain, from D”, the desired cut-free derivation in R, of the endsequent
of D, it suffices to exploit the admissibility of LC and CNG in R},. The admissibility
of CNG in R, + LC, hence in Rf,, can be proved by induction on the height of
the derivation of its first premiss (see [12] for the analogous result for the sequent
calculi with structural rules). In fact let D be of the form:

Dy D,
I'=s A;r=s A= 0,Pz/r|
I''A= A,0,Plz/s]

where Dy and D; are derivations in Rf, + LC. We have to show that also the
conclusion of D is derivable in Rjy + LC. If r and s coincide, then the conclusion
is obtained by weakening the conclusion of D;. Assuming r is distinct from s, we
proceed by induction on the height h(Dy) of Dy.

If h(Dp) = 0 and Dy is an initial sequent with principal formula common to I'
and A, then the conclusion of D is also an initial sequent and the given of CNG-
inference can be eliminated, while if it is of the form r = s,IV = A,r = s, then D,
namely

CNG

Dy
r=s,I"=Ar=s A= 0,Plz/r]
r=sT" A=A 0,Plz/s]

is transformed into:

D
A= ©,P[z/r|
r=s, I'A=A0,Px/r] LWT
Rep]

r=sI" A= A 0,P[z/s]
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If h(Dy) > 0 and Dy ends with an Rep]- inference and the principal formula occurs in
A then the derivation of the conclusion is obtained as a straightforward consequence
of the induction hypothesis. On the other hand if the principal formula is r = s of
the form r°[z/q] = s°[z/q], with D of the form:

Doo
p=q, "= A r°[z/p] = s°[x/p] Dy
p=g¢1"= A, r[z/q = s°[x/q] A= ©,Plx/r’[z/q]]

p=¢q,I",A= A, 0,Plz/s°[z/q]]

D can be transformed into:

Dy
A= ©,Plz/r°[z/q]] LW
Do p=¢,A= 0O, Plx/ro[z/q]] Ren?.
p=aT' = Arle/pl=la/p]  p=¢, A= 0 Plefrlefp] o
p=a, p=q U,A= A6 Pla/sx/p] R
p=4q, p=q, I", A= A6, Plz/s°[z/q]] Lclil

p=gq, I'A=A0,Plz/s°[x/q]]

where ind means that, by induction hypothesis, the given derivations in R, + LC
of the sequents above the line can be transformed into a derivation in R, + LC of
the sequent below the line. If the premiss is obtained by an Reps the argument is
the same except that in the transformed derivation we use Rep] in place of Repj
and conversely. The case in which the first premiss is obtained by means of an
LC-inference is straightforward. O

Corollary 6. R, = {Ref, Rep!, Repb, Rep’, Reph} and
Ry are equivalent systems over which the structural rules are admissible.

Proof Obviously R}, is a subsystem of R},. The converse holds by the pre-
vious Theorem and the equivalence of the equality rules over systems containing
{ Ref, Cut, LC} established in Proposition 2. O

5 Restricting the Equality Rules

Theorem 5 can be strengthened by requiring that, when the context formula is an
r=r

equality, the rules Rep] and Rep) change only its right-hand side. Let Rep] " and
Rep, " be the restrictions of Rep] and Repj obtained in that way.
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Theorem 7. The system Ry;" = {Ref, Rep]™", Repy "} is equivalent to Ry, hence
the structural rules are admissible in GS[mic]RET.

Proof It suffices to show that if a sequent of the form I' = p = ¢ is derivable in
Riy, then it is derivable in R75" as well. Given a derivation D in Ry of I' = p = ¢
we proceed by induction on the number of Rep] or Reps -inferences that act on an
equality but are not Rep]~" or Rep, ™" -inferences, to be called undesired inferences.
If there are none we are done. Otherwise we select the topmost one call it J. Let
us assume that it is of the form:

r=sT"=p°z/rl=¢
r=sI" =p°x/s]=¢

Rep]

Since an initial sequent of the form ¢t =/, I' = ¢t = t’ is derivable from ¢t = ¢/, =
t =t by means of a Rep]™ "-inference, we may assume that the initial sequent of D
has the form

r=sT" = p°lx/r] =p°x/r]

If we replace the initial sequent of D by:

r=sT" = p°x/s] =p°lz/s]
r=s1T" =p°x/s] =p°lz/r]

Rep, ™"

and the successive left-hand sides p’°[x/r] of the right equalities of D down to the
premiss of J by p°[x/s] we obtain the conclusion of J that therefore can be elimi-
nated from the given derivation of I' = p = ¢ thus obtaining a derivation that has
one less undesired inference than D. If J is an Reps the argument is the same except
that the new initial inference is a Rep]™"-inference rather than a Reps~ "-inference.
|

Let Repg/ ~ and Repg/ ~ be the rules Rep|™" and Rep, " restricted to context

formulae that are equalities and Repll/ & and ReplQ/ &) be the rules Repll and Repé

restricted to context formulae that are not equalities.

Theorem 8. Let Rgé:’l/(:) be {Ref, Repq/:,Rep;/:,Repll/(:),Rele/(:)}_
R;éz’l/(:) is equivalent to Ry, therefore the structural rules are admissible in
r/=

G3[mic]~ /.
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Proof By Corollary 6 every sequent derivable in RT/ (=) s derivable in Ria
as well. For the converse we note that if I' = A is derivable in Rf,, then there
is a formula A in A such that I' = A is also derivable in that system. If A is an
equality, then the derivation of I' = A can use only Repq/ ~ and Repg/ ~, so that it
belongs to R;é:’l/ =) 1f A is not an equality we proceed by induction on the height
of the derivation D in Rf, of I' = A to show that it can be transformed into a
derivation (of the same height) in R} /=) e h(D) = 0, then I" = A is an initial
sequent and the conclusion is obv10us. If h(D) =n+ 1, then D ends either with an
Repi-inference or with an Repj-inference. Let us assume, for example, that D ends
with a Rep!-inference. Then D has the form:

Pl,l“l = P1
Dy
r=s,Iy= Pylx/r]
r=s,Iy = P,[z/s]

By induction hypothesis there is a derivation D} in R}, r/=1/(=) (of height n) of r =
$,I'y, = P,[z/r]. D} has the form:

r=s,Pylz/r],A = Pu[z/r]
T:S,A/jpn[x/’r]

r=s,I'y= P,x/r]

In fact Repll/ ) and Repé/ =) do not introduce any new equality in their conclusion,
so that all the equalities in the endsequent of Dy, in particular r = s, are present in
the antecedent of every sequent in Dj. If we replace all the occurrences of P, [z /7]
1/(=)_
=)

in the succedents of the sequents of Dy by P[z/s] and introduce an initial Rep

inference replacing s by r in P,[z/r] we obtain the desired derivation D’ in R} / Y
(of height n + 1), namely:

r=s Pplr/s], A = Pylx/s]
r =8, Pofz/r], A = Pylz/s]
r=s,\N = n[ﬂc/s]

r=s,Iy = P,jz/s]
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/ /

Clearly the proof goes through without any change if Rep;’ and Repsy~ are re-
stricted to Repq/ " and Repg/ ~" that change only the right-hand side of the equality
that they transform.

Thus, letting R;é:“l/(:) = {Ref, Repll/(:), Rele/(:), Repg/zr, RepQT/:T}, we

have the following stregthened form of the previous Theorem:

Theorem 9. R;éz“l/(:) is equivalent to Ry, therefore the structural rules are ad-
missible in G3R;£=r’l/(=)

Interpreted in terms of the alternate tableau system in [8], pg. 294 where a
branch can be closed if the negation of an identity —t = ¢ appears on it, and left-
right and right-left replacement of equals can be applied to atomic formulae and
to negation of equalities, this result, in the classical case, means that, strictness
can be imposed (i.e. the formulae in which a replacement is performed are checked
out) and the replacement rule can be applied only to atomic formula that are not
equalities and to the right-hand side of negation of equalities. Note that in the same
framework, by Theorem 5 strictness can be imposed and replacement of equals can
be limited to negations of atomic formulae, whether equalities or not.

5.1 Orienting replacement in languages without function symbols

We prove that for languages without function symbols the structural rules are ad-
missible in R5 = {Ref, Reph, Reph} by showing that for such languages Rgl is in
fact equivalent to Rf,. The same holds, with the same proofs, for R}’

Notation In the following a,b, ¢ will stand for constants or free variables and
a ~ b may denote either one of a = b or b = a.

Definition 10. A chain of equalities connecting a and b denoted by ~y(a,b) is a
multiset of equalities that can be arranged into a sequence of the form a ~ ay,a1 ~
as,...,an_1 ~b. The empty set is a chain that connects any term with itself.

Lemma 11. Given a chain v(a,b) and an atomic formula A with at most one
occurrence of

a) v(a,b) = a = b is derivable in RY
b) Alz/al,y(a,b) = Alz/b] is derivable in RY

Proof In both cases we proceed by induction on the length n of a ~ a1,a; =
a2, ..., ap-2 & Ap—1,0n-1 = b.
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a) For n = 0, v(a,b) = 0 and a = b so that vy(a,b) = a = b is the instance
= a = a of Ref. For n = 1, «(a,b) is either a = b or b = a. In the former case
v(a,b) = a = b is the initial sequent a = b = a = b, while in the latter case it has
the following derivation in RA:

b=a=a=a -
b=a=a=5b Reps
Assume n > 1. If a1 =~ b is a,—1 = b, by induction hypothesis:

A= al,...,dp 9~ b=>a=1b

has a derivation in R4 from which we obtain the desired derivation in R4 by the
admissibility of LW that allows for the introduction of a,,—1 = band a Replz—inference
using a,—1 = b as operating equality, namely:

a4 a,...,0p_2cb=>a=2»

LW
AR a1, ..., ap—2 b, ap_1 =b=>a=0>b

Rep!
AR A1, .. 0y " An_1, Gn_1 =b=>a=1> 2

If a,—1 = bis b= a,_1, by induction hypothesis:

axal,...,0p—2 " Ap—1 = A = Ap—1

has a derivation D in R% from which we obtain the desired derivation in R4 by the
admissibility of LW that allows for the introduction of b = a,,—; and a Repj-inference
using b = a,—1, namely:

AR Aly...,0p—2 " UAp—1 = A = Ap—1
) ) n n mn LW
aray,...,0p- 2~ ap1, b=0an_1=>a=a, 1 r
~ ~ — _ Rep;
A~ al,...,0p9 " ayp_1, b=an_1=a=2>b

b) For n =0, A[z/a],~v(a,b) = Alzx/b]) reduces to the initial sequent
Alxz/a] = Alz/a]. For n = 1 we have the following derivations, depending on
whether a = bisa=0bor b=a:

Alz/b], a =b= Alz/b] l Alz/al,b=a= Alx/a)
Alz/a), a=b= Alz/b] ReP2 Alz/a], b=a = A[z/b

Rep

For n > 1 the argument is similar to that in a). If a,,—1 ~ b is a,,—1 = b, we note
that by induction hypothesis we have a derivation in R4 of

Alz/al,a = ay,...,an—o =~ b= Alzx/b]
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from which the desired derivation is obtained by a weakening introducing a,,_1 = b
followed by a Repé-inference transforming a,_o ~ b into a,_9 = an_1.
If a,—1 =~ bis b = a,_1, by induction hypothesis we have a derivation in R’Q"l of

Alz/al,a = ay,...,an—9 = an—1 = Alz/a,_1]

from which the desired derivation is obtained by a weakening introducing b = a,—1
and a Repj-inference transforming A[x/a,—1] into A[z/b]. O

Lemma 12. Given an atomic formula A, m variables x1,..., T, having at most
one occurrence in A and m chains v1(a1,01), ..., Ym(am, by) the sequent:

Alzi/ar, ..., xm/am],11(a1,01), ..y Ym(am, bm) = Alx1/b1, ..., Tm/bm]
is derivable in R

Proof We proceed by a principal induction on m and a secondary induction on
the length of v, (am, by). For m = 1 the claim reduces to the previous lemma part
b). Assuming it holds for m — 1 we have

1) A[«Tl/ala ) xm—l/am—lu xm/am)”)/l(al’ bl), cee )’Ym—l(am—lv bm—l) =
= A[azl/bl, .. .,xm,l/bmfl,xm/am]
as well as
2) A[l’l/al, “e a$m—1/am—1,$m/bm]a%(al, bl)a o 77m71(am71a bmfl) =
= A[xl/bla s 7xm—1/bm—17xm/bm]

are derivable in R%'. Then we can proceed by induction on the length [ of 7y, (am, by
to show that also

A[ﬂj]_/a]_, e 7xm/am]a’yl(alabl)7' . a’Ym(am’bm) :> A[xl/bl7 s 7$m/bm]

is derivable in Rgl. If { = 0 then a,, = b, and the conclusion is immediate. If
I = 1 then vy, (am,by,) is either a,, = by, or by, = an. In the first case we
weaken the sequent 2) by adding a,, = by, and then apply a Repé—inference to
tranform A[zi/a1,...,Tm—1/0m-1,Tm/by] in the antecedent of 2) into A[xi/aj,
vy T—1,Tm/ap].  Similarly if v, (am,by) is by = am, we add by, = an, to
the antecedent of 1) and then apply a Repj-inference to transform Afzxy /by, ...,
ZTim—1/bm—1, Tm/am] in the consequent of 2) into A[x1/by, ..., Tm—1/bm-1,Tm/bm].
For | > 1 let Y(am,bm) be am ~ al,al ~ da2,...,a>% ~ al>t al>! =~ by, If
al~1 = by, is b, = al-! we note that by induction hypothesis:
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Alzi/ar, ..., Tm—1/am-1, Tm/am],v1(a1,01), - s Ym—1(@m-1,bm-1),
am ~ak,al ~a2, ... a2 ~adst = Az /by, 21 /b1, T fal Y]

is derivable in R4. Then it suffices to weaken the antecedent by adding b, =
al~1 and apply a Repj-inference to transform A[x1/b1, ..., Tm—1/bm—1,Tm/ak ] into
[xl/bl, ey T—1/bm—1, Tm/bm] to obtain the desired derivation in R4 of

*) A[ml/ala-~'aJ:mfl/amflal‘m/am]»r}/l(alvbl) ~-7’7m71(am 17bm71)7
amza;l,ain%afn,...,aifwal ! bm:al !
éA[xl/bl,...,xm_l/bm_l,xm/bm]

On the other hand if a>! ~ b,, is al>! = b, we note that by induction hypothesis
there is a derivation in 72” of

Alzi/at, ..., Tm—1/0m—1,Tm/am],v1(a1,b1), ..., Ym—1,
am, %a}n,a}n %afn,...,aﬁ;2 ~ by,
= A[.Il/bl, e ,xmfl/bmfl,xm/bm]

=1 — ¢ in the antecedent to be used

l 1
A,

that can be weakened by the addition of a;,
to transform, by means of a Rep2 inference, a
obtain a derivation of ) in R4. O

-

2 = by, into al~ in order to

Lemma 13. ) IfI' = a = b is derivable in Ry, then I includes a chain v(a,b).

b) If A is not an equality and ' = A is derivable in RY,, then for some m

there are two m-tuples a1, ..., am and by, ..., by, such that A has the form
A°[x1/b1, ..., Tm/by] and T contains A°[x1/a1, ..., Tm/am] as well as m
chains y1(a1,b1), ..., Ym(@m,bm).

Proof By Theorem 7 we can proceed by induction on the height of a derivation
DinRi;"of'=a=bor'= A
a) If h(D) = 0 then T' = a = b is an instance of Ref i.e. a = b and we can
let v(a,b) = 0 or it is an initial sequent, i.e. a = b occurs in I' and we can let
v(a,b) = {a=b}.

If h(D) > 0 and D ends with a Rep] ™ "-inference, i.e it is of the form:

Dy
a=bI"=c=a
a=bT"=c=b
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by induction hypothesis we have that a = b,I'" is of the form ~/(¢,a), I~ ". If a & b
does not belong to 7/(c,a) it suffices to let vy(a,b) = v'(¢,a) U {a = b}. Otherwise,
since 7/(¢, a) can be represented as

cCRal,...,0; X a,a = b b~ ajs,...,an_1 = a

we can let y(c,b) = {c =~ aj,...,a; = a,a = b}. The same argument applies if D
ends with a Reps ™ "-inference.

b) If (D) = 0 then A occurs in I' and the claim holds with m = 0.

If h(D) > 0 and D ends with a Repj-inference, assuming, for the sake of nota-
tional simplicity, that the induction hypothesis holds with m’ = 2, the last inference
of D has one of the following three forms:

i) b1 =0b, A°[x1/a1,x2/a9],v1(a1,b1),75(az2,02), I = A°[x1/b1, x2/bo]
by = b, A°[x1/ar, x2/as], ) (a1,b1),v5(az,ba), I'~ = A°[x1/b, x2/bs]

it)  by=0b, A°[xz1/a1,m2/as],vi(a1,b1),75(az,ba), I~ = A°[x1 /b1, 22/bo]
by = b, A°[x1/ay,x2/as], 71 (a1, b1),v5(az,b2), T~ = A°[x1 /b1, x2/b]

iti) a =0b,A%x1/a1,x2/az, x/al, ¥ (a1,b1),v4(az,ba), I~ = A°[x1/b1, x2/b2, x/a]
a = b, A°[x1/a1,x2/a2,x/a],Vi(a1,b1),v3(az, b2), I'™ = A°[x1/b1, x2/b2, /0]

In case @), if by &~ b does not belong to 7} (a1,b1) it suffices to let v (a1,b) =
v (a1,b1) U {by = b} while if by = b does belong to v{(a1,b1), as in the similar case
concerning a), we have that ] (a1, b1) already contains a chain connecting a; and b
that can be taken as v1(a1,b). In both cases we let 75 = ~4 so that m = m/'.

Case 1i7) is entirely similar to Case 7).

Finally in Case #ii) it suffices to let v1 =+, 72 = 7% and 3 = {a = b} so that
m=3. 0

As an immediate consequence of the two previous lemmas and the admissibility
of left weakening we have the following:

Proposition 14. For languages without function symbols, a sequent derivable in
Ry is derivable also in RE.

Theorem 15. For languages without function symbols, Rgl is equivalent to R,
hence the structural rules are admissible in G3[mic]R£l.
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Proof By Corollary 6 R is a subsystem of R}, and the converse holds by the
previous Proposition. O

In the classical case, interpreted in terms of the tableau system introduced in [9],
which deals with languages without function symbols, this results is a remarkable
improvement of the result in 5.1 of [9], since it means that not only strictness can
be required, in contrast with the author’s emphasized warning "Don’t check either
premiss" (pg.77), but also that replacement can be restricted to left-right replace-
ment.

5.2 Orienting replacement in languages with function symbols

Let Repll+ and Repé+ be the rules Repll and Repé whose instances concerning equal-
ities (E) are replaced by:

s=rElz/s], Elx/r],T = A and r=s, Elx/s], Elx/r],I' = A
s=mrElz/s],T = A r=s, Elz/s],T = A
respectively.

Note that, thanks to the admissibility of left weakening, Repl1+ and Repl;r are
strengthening of Repll and Replg respectively. On the other hand, it is straightfor-
ward that Proposition 2 extends to such rules as well.

Proposition 16. The rule Rep| is admissible in Ry = {Ref, Rep,", Reph}. The
same holds with 1 and 2 exchanged.

Proof We may assume that all the rules under consideration replace exactly one
occurrence of a term by another (see [12] and [14]). Then we proceed by induction
on the height h(D) of a derivation D in {Ref, Rep], Rep12+, Reps} that ends with
an Rep]-inference and contains no other Rep’-inference, to show that D can be
transformed into a derivation D’ in R4 of the same endsequent. If 2(D) = 1, then
D has the form:

r=sT= A Plz/r|
r=s1I= A, Plz/s]

where r = s,I' = A, P[z/r] is either an initial sequent or an instance of Ref. Case
1. r=s,I'= A, Plz/r] is an initial sequent. Then we have the following subcases:
Case 1.1. (r =s,T)NA # 0, then r = s,I' = A, P[z/s] is also an initial sequent.
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Case 1.2. r = s,I' = A, Plz/r] is of the form r = s, Plz/r], T' = A, Plz/r].
Then D can be transformed into:

=s, Plz/s],I" = A, Plx/s] l
=5, Plz/r],' = A, Plz/s] Repy

Case 1.3. r = s,I' = A, P[z/r] is of the form r = s,T' = A, r = s.
Case 1.3.1.P = x = s, hence D has the form:

r=s, I'= A, (x=s)z/r]
r=s, I'=A (x=s)x/s]

then the conclusion of D is an instance of Ref, that can be taken as D’.
Case 1.3.2. P = s°, with s°[x/r] = s, hence D has the form:

r=slz/r],T = A, r=s[z/r]
r=sz/r,I'= A, r=s[z/s°[x/r]]

Then D can be transformed into:

r=slz/r], [ = A, s°[z/s°[z/r]] = s°[x/s°[x/r]]
r=sz/r, T' = A, s°[a/r] = s°[z/s°[x/r]]
r=s[z/r], T = A, r=s[x/s°[z/r]]

Rep
Repj

Case 2. r = s,I' = A, P[z/r] is an instance of Ref. Then we have the following
subcases:

Case 2.1. The principal formula is in A. Then r = s,I' = A, P[z/s] is also an
instance of Ref.

Case 2.2. The principal formula is P[z/r]. Then P[z/r| has the form ¢ = ¢,
hence P has the form t° = ¢, or t = t° with t = t°[x /7]

Case 2.2.1. P =1t° =t. Then D is transformed into:

r=s,I'= At°[x/s] =t°[x/s]
r= S,F = A,tO[IE/S] =1

Repj

Case 2.2.2. P =t =1°. Then D is transformed into:

r=s,IT = Atx/s] =t°[x/s]
r=s1=At=tz/s

Rep5
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If h(D) > 0 we distinguish the following cases:
Case 3. The last inference of the immediate subderivation of D is an Repj-
inference.

Case 3.1.
qg=mp, r=Ss, I'= A/7 Q[y/pL P[x/r] Repr
g=p, r=s T =N, Qly/q, Plz/r] 2
gq=p, r=s, T =A Qly/q, Plz/s]
is transformed into:
q=p, r=s I'= A, Qly/p|, Plz/r| nd
g=p, r=s5T=A Qly/p|, Plz/s] Rep?,
q:p7T:S>F:>Ala Q[y/Q]7 P[x/s] 2
Case 3.2.
q:p,T’:S,F:>A, P[y/p,m/r] Rep”.
q=p, r=s5 TI=APly/qz/r] P2
g=p, r=s, T =A, Ply/q,z/s]
is transformed into:
gq=p, r=35 1= A Ply/p,z/s] 1;{1 .
q=p, r=s5 T =A, Ply/qz/s| P2
Case 3.3.
qo[y/r]:pv r=s, F:>A7 P[l'/p] Repr
2

¢°ly/rl=p, r=5,T=A, Plx/¢[y/r]]
ly/rl=p, r=s T =A, Plx/q°ly/s]]

is transformed into:

¢ly/rl=p, r=5, = A, Plz/p]

Cly/rl=p, ¢ly/sl=p, r=5 T = A, Plz/p] E;Vr
Cly/rI=p, °ly/s|=p, r=3s, T = A, Plz/q[y/s]] 2
/T =p. r=5 T = A, Pl/¢ly/s] Repy

Case 3.4.
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g=p, r’lz/q=s, I'= A, Plz/r°ly/p]]
q=p, °lz/q=s, I'= A, Plz/r°ly/q]]
qg=mp, r°[x/q)=s, I' = A, Plz/s]

Repj

is transformed into:

qg=p, r°[z/ql =s, I'= A, Pla/r°[y/p]]

g=p, r°le/qd =s, r°lz/pl =5, T = A, Pla/r[y/pl] EIV(‘;
q=mp, r°[x/q) =s, r°[z/p] =s, I'= A, Plz/s] "
q=p, °[z/q)=s, [ = A, Plz/s] Rep,

Case 4. The last inference of the immediate subderivation of D is an Repl;“—inference
acting on a formula ) that is not an equality, namely an Repé—inference.

q=2Dp, TZS,Q[y/p],FléA,P[ZL’/T} 1
G=p, r=s50Qly/qd. I = A, Plajr]  Rep:

q=p, T=S5, Q[y/Q],P/jA,P[IE/S]

is transformed into:

q=p,7=5,Q[y/p], " = A, Plz/r]
q:p,r:s,Q[y/p],F’:>A,P[$/S] l
¢=pr=5Q/d, " = A, Plzfs]  Rep

ind

Case 5. The last inference of the immediate subderivation of D is a Reph'-
inference acting on an equality E. In this case we can proceed as in Case 4, by
first inverting the last Rep]- inference with the preceding Repl;'—inference and then
applying the induction hypothesis. O

Theorem 17. The systems Riy and RQH are equivalent, hence the structural rules
ri+ -
are admissible in G3[mic|™2 . The same holds for R} = {Ref, Rep'™, Rep}}.

Proof Since, by the previous Proposition, Rep] is admissible in RQH, R, is a
subsystem of Rg”. By Theorem 5 and Proposition 2 we have the converse inclusion.
O

Let R and Ry be { Ref, Rep), Rep}} and {Ref, Rep), Rep}} respectively.
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Proposition 18. R’i” and Rg” are equivalent to R} +LCT and R + LC™ re-
spectively.

Proof RepllJr and RepéJr are immediately derivable by means of LC™ from Rep!
and Rep), respectively. On the other hand LC™ is admissible in both Rt and R4
by the previous Theorem. O

This naturally leads to what we consider a quite significant problem left open
by our investigations:

Question Is it possible to extend Theorem 15 to languages endowed with func-
tion symbols, namely to replace Rg”’ by R4 in Theorem 17?

In the classical case, Proposition 17 yields that in the alternate tableau sys-
tem in [8] pg.294 it is possible to impose strictness, except that on equalities (and
~-formulae of course), and at the same time restrict replacement to left-right re-
placement, provided it is allowed on all atomic and negation of atomic formulae.
In that framework the above question amounts to asking whether strictness can be
imposed also on equalities. It amounts also to asking whether in (=) in [6], namely:

r~ s, Ulz/r] = Alz/r]
r=s,lx/s] = Alz/s]

~ can be replaced by =.

Remark In the semantic tableau method mentioned in the Introduction, in
which one can add identities at will and replacement is restricted to left-right re-
placement on atomic formule, it follows from the result in [14], that strictness can
be imposed on equalities as well.

6 Counterexamples

Since the weakening rules and the right contraction rule are admissible in all the
systems consisting of Ref and some of the equality rules, we will concentrate on the
possible failure of the left contraction LC and/or the Cut rule. By Proposition 2
and Theorem 5, all the axioms and rules for equality that we have considered are
admissible in R7,. Thus, by Corollary 3, to show that at least one among LC and
Cut is not admissible in a system S it suffices to find a sequent derivable in R,
but not in S. A case of this kind in which LC is present, thus obviously admissible,
and, therefore, Cut is not admissible, is provided by S; = {Ref, LC,Rep?,Rep{}.
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In fact for a,b and ¢ distinct, the sequent a = ¢,b = ¢ = a = b, which is derivable
in R7i,, is not derivable in S;1. As a matter of fact no sequent of the form

x) a=c¢,...a=cb=c,....b=c,c=c,....c=c=>a=0D

is derivable in Sj, since it can be the conclusion of LC, Repl;r or Rep]-inference
only if its premiss has already the form ) and no initial sequent or instance of
Ref has that form. Clearly the same holds if in Sy, Repé+ is replaced by the more
extended rule Rep. A similar argument applies to Sy = {Rief,LC,Replf,Repg}
with respect to the sequent ¢ = b, ¢ = @ = a = b which is derivable in R,
but not in Sy and to the system obtained by replacing Repll+ by Rep’. While for
the above systems it is the admissibility of Cut that fails, {Ref, Cut,=1,=2} is a
system in which it is the admissibility of LC, actually of LC™, that fails, since,
a = f(a),a = f(a) = a = f(f(a)) is derivable, but a = f(a) = a = f(f(a))
is not. Another example of the same sort is provided by {Ref, Cut, CNG}, which
is easily seen to be equivalent to {Ref, Cut,=1,=2}. Although in general it may
happen for a rule not to be admissible in a system but admissible in a weaker one,
for the system we are considering, since the failure of the admissibility of some
of the structural rules is witnessed by the underivability of some sequent, which is
obviously preserved by weakening a system, if they are not all admissible in S and S’
is a subsystem of S, then they are not all admissible in S’ either. For example, since
{Ref, CNG} is a subsystem {Ref, Cut, CNG}, LC and Cut are not both admissible
also in {Ref, CNG}. Actually that is still a case in which it is LC to be not admissible,
since Cut remains admissible as it can be easily verified proceeding by induction on
the height of the derivation in {Ref, CNG} of its second premiss. But note that, by
4) in Proposition 2 and the analogue for Rep, in the proof of Theorem 5, it suffices
to add to {Ref, CNG} the left contraction rule restricted to equalities LC™ to obtain
a system equivalent to R, and, therefore, the admissibility of both LC and Cut.

7 Semishortening derivations

Let us recall from [12] the following definition:

Definition 19. Let < be any antisymmetric relation on terms. An application of
an equality rule with input term r and output term s is said to be nonlengthening
if s A r and shorthening if r < s. A derivation is said to be semishortening if all

its equality inferences with index 2 are nonlengthening and those with index 1 are
shortening.
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For languages without function symbols, the results in [12] apply to the present
context as well. In fact an easy modification of the proof of Lemma 11 and Lemma
12 combined with Lemma 13 establishes the following result:

Proposition 20. For languages without function symbols, if I' = A is derivable in
R%y, then T' = A has a semishortening derivation in RY.

We check in detail only part a) of the extension of Lemma 11 leaving the rest to
the reader.

Lemma 21. If~y(a,b) is a chain, then vy(a,b) = a = b has a semishortening deriva-
tion in RY}.

Proof As in the proof of Lemma 11. assuming 7y(a,b) is a =~ a1, a1 =~ ag, ...,
Up—2 & Gp_1, Gn—1 =~ b. we proceed by induction on its length n. For n = 0, the
only change occurs if y(a,b) = {b = a}. If so, we distinguish two cases displaying
the corresponding semishortening derivation claimed to exist:

Case 1 b <a.
b=a=b= ,
b=a=a=0> Rep]

Case 2 b 4 a.
b=a=a=a ,
Rep5

As for the induction step, let us assume that |y(a,b)| = n > 1 so that y(a,b) is
of the form:

AR al,...,0n-2 X Ap1,0p-1 ~ b
If an—1 = b is a1 = b we distinguish two cases:

Case 1 a,_1 < b. By induction hypothesis in R, there is a semishortening
derivation D of:

AR AL, .., A2 X Ap—] = G = Gp_1

Then the following is a semishortening derivation of v(a,b) = a = b:

D
Namalw"?a:j—Qman—l:a:an—l LW
AR AL,y Uy N Ap_1,0p-1 =b=a = a,_1 ,
~ ~ —b —b Rep}
a=ai,...,ap—2 X ap—-1,0p—1 = 0= a =
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Case 2 a,_1 # b. By induction hypothesis in R}, there is a semishortening
derivation D of:

A= Al,...,0p 9o b=>a=0b

Then the following is a semishortening derivation of v(a,b) = a = b:

D
AR AL, ...,0n_ 2 b=>a=0b
LW
G%al,.--,an_Q;Ub,an_l:b:>a:b r
Rep;
4R ALy, Uy N Ap_1,0p_1=b=>a=0>

If a1 =~ b is b = a,_1 the proof is analogous. O

On the other hand, for languages with function symbols, the result holds provided
RY, is strengthened into RILF.
Proposition 22. IfI' = A is derivable in R,, then I' = A has a semishortening

derivation in Ri5".

Proof It suffices to show that Rep] and Rep) are admissible in the calculus

71"122, namely R’{lj with the applications of Replfr and Rep] required to be short-

ening, denoted by Replf_r< and Rep’ ., and the applications of Repl;r and Rep5 to be
nonlengthening, denoted by Repl;; and Repj_.

We proceed by induction on the height of a derivation in qu;; of the premiss of
a non shortening Rep’-inference or of a lenghtening Reps-inference.

As for a non shortening Repj-inference, if the derivation of the premiss is an
initial sequent or an instance of Ref or ends with a Rep}_ or a Replgi we apply the
same transformations used in the proof of Proposition 16. Inspection of the various
cases reveals that in the transformed derivation, the given non shortening Rep!-
inference is replaced by a Replz—inference that, having the same operating equality,
turns out to be non lenghtening. Furthermore if the derivation of the premiss ends
with a Repi_ or a Replf;—inference we can perform similar tranformations leading
to a derivation in R{é‘: of the conclusion. The case of a lengthening Repj-inference
is dealt with in a similar way. We leave the details to the reader. O

Theorem 23. The systems Riy and R’{l;; are equivalent, hence the structural rules

C g . TRTLE
are admissible in G3[mic]“12<.

Proof By the previous Proposition, R, is a subsystem of Rg”. The conclusion
follows by Theorem 5 and Proposition 2 O
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The proof of Proposition 22 uses the strengthened form Repl1+, RepéJr of the rules
Repll, Repé. However we have no counterexample, i.e. no particular <, showing that
Proposition 22 does not hold for R% <, in particular, according to the problem at
the end of Section 7, since R’i% amounts to the same as Rg”, we do not have one
for <= 0.

Note In case < is the relation induced by rank-comparison i.e. if r < s if and
only if the height (of the formation tree) of 7 is smaller than that of s, the derivability
in R7,_ is closely related to the notion of a sequent being directly demonstrable as
defined in [10], pg.90.

8 Conclusion

We have shown how the Gentzen’s sequent calculi for first order logic with equal-
ity studied in [12] naturally evolve into their structural free counterparts based on
Dragalin’s multisuccedent calculi for minimal, intuitionistic and classical logic. We
have shown that various restrictions limiting the scope of the replacement in the
equality rules are possible. In the classical case all such results ensure the pos-
sibility of placing corresponding restrictions on the semantic tableau method for
first order logic with equality. A particularly significant result is the possibility of
imposing strictness as well as orientation of the replacement of equals in case the
language lacks function symbols. On the way of extending this orientability with
strictness result to general languages we have shown its reducibility to the admissi-
bility of the Left Contraction Rule for equalities. Whether or not orientability can
be obtained without adding such a contraction rule remains an open problem to be
settled. Furthermore we have discussed to what extent the results in [12] concerning
semishortening derivations can be extended to the present context leaving open a
problem that includes the previous one as a particular case. While for languages
with function symbols the question of the orientability of the replacement, the lack of
which is a cause inefficiency of the tableau method for first order logic with equality,
remains open, the refinements including strictness that we have provided naturally
calls for their implementation. For that, to start with one can follow the lines of [8]
which uses the free- variable tableau method to deal with the v and §- reductions.
In that direction it would be interesting to investigate whether one can put more
severe restrictions than the usual one adopted in [10] for the choice of terms to be
used in the y-expansions. Once such implementation are defined the comparison
with other approaches such as those in [15], [4], [2] and [5] is naturally in order.
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Of special interest should be the investigation of the result we have obtained in the
intuitionistic case, expecially in connection with the treatment in [17]. The present
work sets the theoretical ground for further more computationally oriented work
along such lines.
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