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Inversions on complete lattices and Girard quantales

Bohumil Smarda

Abstract: We shall introduce inversions on complete lattices and describe some con-
nections with symmetric relations, polarities and quantales. The inversions help us to
characterize some generalization of Girard quantales. Finally, we have an opportunity
to use an inversion instead of linear negation in Girard quantales and describe an
application in linear logic.

Mathematics Subject Classification: 06A23, 06F'99

A fundamental definition of polarity on algebraical structures has been described
by G.Birkhoff (see [1]). Let us recall that if p is a binary relation on a non-empty set
M then a polarof aset X C M is X' = {m € M : mpz for every z € X }.By induction
we can define X™ = (X™™!'), for every natural number n.The set of all polars on M
belonging to p we shall denote by p(M).

It is easy to see that the following assertions are equivalent:

(i) p is symmetric;

(ii) X — X" is a closure operator on M;

(iii) X € X", for every X C M.

From the previous result we can recognize the motivation for the following defini-
tion: A polarity on a non-empty set M is a symmetric binary relation on M.

We can investigate a polarity from the general point of view (see [4]) and charac-
terize the structure of polars as a complete lattice with an inversion.

We shall describe also quantales with inversions. Let us recall that a quantale
(see [3], Def. 2.1.1) is a complete lattice (@, V,A) with an associative binary opera-
tion . which distribute with arbitrary joins (i.e., a.Vb; = V(a.b;) and (Vb;).a = V(b;.a)
hold, for a,b; € Q). The top and bottom elements are denoted 0,I. A frame is a
quantale such that . = A. We can specify our investigations and give an application
of quantales with inversions in linear logic. Linear logic is an important part of the-
oretical computer science and is based on the notion of Girard guantales (see [2] and
[3]). J.Y.Girard constructed linear logic with help of linear negation that enable us to
define basic connectives in linear logic. A Girard quantale is a quantale with an inver-
sion. We can construct a generalization of Girard linear logic which take advantage of
quantales with inversions.
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1. Inversions and polarities

Let us introduce an inversion and describe some connections with symmetric relations,
polarities and quantales.

1.1 Definition We say that an inversion ' is given on a complete lattice (S, V,A) if a
map ' : S — S exists such that a < b < a’ > b’ and " = aq, for every a,b € S.

Remark. An inversion is an involutive dual order automorphism with properties
(Va;)' =-Aa; and (Aa;)' = (Aa}) = (Va})" = Val, for a; € S.

1.2 Proposition 1. If p is a symmetric binary relation on a non-empty set M then the
set p(M) of all’polars is a complete lattice with an inversion.

2. If S is a complete lattice with an inversion then a symmetric binary relation p
ezists on S such that S and p(S) are isomorphic complete lattices.

Proof. 1. If we define AA; = NA; and VA; = (UA;)" for A; € p(M) then (p(M),V,A)
is a complete lattice with an involution given by polars which is antitone.

2. Let us put apb < b < o', for a,b € S. Then p is a symmetric binary relation
onSand AY ={meS: m<d,aeAdl=()Lad =L Nd =L(Ad) =l

a€A a€A a€A
(V a") =l (VA) = {VA}V holds, where A € p(M) and AV denotes a polar A in p,
a€A
while the denotation a’ belongs to the given structure of polars on S.

Let us prove that the map f : S — p(S), defined in the following way f(a) =
{a}vv, is an isomorphisms of complete lattices. From the previous results we have
{a}V =} d’ and f(a) = {a}V)Y = (4 a')V =} a” =| a and therefore f is an injection.
Further, A = (AV)Y = [} (VA)']Y ={ (VA)" =| VA = f(VA) holds for A € p(S) and
therefore f is a surjection. Finally, we have f(Aa;) =| Aa; = N | a; = Af(ai) and
f(Vai) =} Va; =V | ai = Vf(a:).

1.3 Theorem 1. Let (M,.) be a semigroup and p be a symmetric binary relation
on M. Then p(M) is a quantale with an inversion according to operations X *Y =
(X.Y)",VX; = (UX))",AX: = NX; for X,Y,X; € p(M) if and only if the following
condition (Q)
X" YUXY" C(XY)"

holds, for every X, Y C M.

2. Let Q be a quantale with an inversion. Then a symmetric relation p ezists on
Q such that Q and p(Q) are isomorphic quantales.

Proof. 1. = : Tt follows from 1.2 Proposition and [4], 3.1 and 3.2.
<: p(M) is a complete lattice with an inversion (see 1.2,1). A map p :
expM -— p(M), such that p(X) = X" for X C M, is a closure operator with the
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following property X".Y" C (X.Y")" C (X.Y)" = (X.Y)". Then p is a quantic
nucleus (see [3], Definition 3.1.1) and p(M) = (expM), is a quantic quotient belonging
to the quantale homomorphism p : M — p(M) such that p(X) = X" for X C M (see
[3], Theorem 3.1.1). Finally, p(M) is a quantale.

2. A symmetric binary relation p exists on Q such that Q and p(Q) are isomorphic
complete lattices (see 1.2,2). With regard to the proof of 1.2,2 we have to prove that
the map f : Q — p(Q) such that f(a) = {a}"V is a semigroup homomorphism: The
fact {a}VV =| a implies f(a) * f(b) = ({a}VV.{B}VV)VV = {a.b}"VY = f(a.b), for
a,beq.

2. Girard quantales and inversions

In the second part we shall describe some algebraic properties of Girard quantales
from point of view of inversions. Let us recall that e Girard quantale is a quantale Q
which has so called a cyclic dualizing element d. If we denote V(t € Q : a.t <b) =
a = bV(t € Q:ta<b)=a—bthen "cyclic’ means that a =, d = a —; d for
every a € Q and if we denote a =, d = a =; d = a* then ”dualizing” means that
a** = a for every a € Q. The operator L is called a linear negation in the Girard

linear logic (see [2] and [3], Chapter 6).

2.1 Proposition A Girard quantale Q is a quantale with an inversion ~. The cyclic
dualizing element d is uniquely determined by the formula d = V(a.a*Vat.a:a € Q).

Proof. * is an inversion on Q.

Now, let us compute the element d. We have a* = V(t € Q : t.a < d) = V(t €
Q :at < d) and thus a.a’ = V(a.t: at <d) <d, a*.a <dhold. If z € Q such that
z>a.at Vat.afor every a € Q then z > d.d* vV dt.d = d holds because d* is a unit
in Q (see [3], p. 140, Corollary). Together d = V(a.a* Vat.a:a € Q) holds.
Remark. If we have the other inversion ": Q@ — Q such that d' is a unit in Q and
a.a Va'.a<dholds then o’ < a?, for a € Q.

Example. If (G,+) is a lattice ordered group and apb < |a| A |b] = 0, where |a| =
a V —a, then we have the classical polarity on l-groups. The binary relation p is
symmetric on the positive cone Gt. (G*,+) is a semigroup and let us prove that
(A" +B)U(A+ B") C(A+ B)" holds for every A,BC G* :

If z € GV is an element such that xp(a+b) for all a € A,b € B then zA(a+b) =0
and thustAa=zAb=0.Ifc€ B then cAd =0 ford € G such that bAd =0
for every b € B. We have z Ac =0 and £ A a = 0. That facts imply z A (a +¢) =0
because 0 =z Ac=zA[(zAa)+c]=zA(z+c)A(a+c)=xA(a+c).

We obtain (A+ B)' C (A+B"),ie., (A+B)" D (A+B")’" D A+ B". Similarly
we can prove that (A+B)" D A"+ B. Proposition 1.3 implies that p(G™) is a quantale
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with an inversion regarding to the operations XY = (X+Y)",VX; = (UX;)", AX; =
NX; for X,Y, X; € p(GT). That quantale is not a Girard quantale because polars from
p(G™) are not defined consistently with the definition of Girard quantales.

2.2 Proposition A Girard quantale Q) is a Boolean algebra if and only if Q is an
idempotent quantale with a cyclic dualizing element d = 0.

Proof. =: We have a.a’™ =a*.a =aAat =0, for every a € Q and thus d = 0.

<: For every z,y € Q there holds z.y < z.1 = z,2.y < 1.y = y because d* =1
is a unit. Further, z Ay = (z Ay).(z Ay) < z.y. Finally, z.y = z Ay holds, i.e., Q is a
frame and a,a’ are complementary elements.

2.3 Corollary Let L be a frame. Then the following assertions are equivalent:
1. L s a Girard quantale.
2. L is a Boolean algebra.
3. L is a quantale with an inversion anda’ =V(t € L:tAa=0) fora € L.

Proof. 1 = 2 follows from 2.2.

2 = 3 : The map that every element from L maps in its complement is an
inversion.

3= 1:0is a cyclic dualizing element and a* = a' for a € L.

2.4 Theorem Let Q be a unital quantale with a unit e. Then the following assertions
are equivalent:

1. @ ts a Girard quantale.

2. Q is a quantale with an inversion and a' = a — ¢ = a —, €', for every
a€QqQ.

3. Q is a quantale with an inversion and for every a,b,t € Q it holds t.a <V &
bt<a'.

Proof. 1 = 3 : If Q is a Girard quantale then the linear negation L on Q is an
inversion and a —; b* = b —, at, for a,b € Q (see [3], Proposition 6.1.2,(6)). We
haveta<b* o t<a bt =b—,at & bt<at

3 = 2 : The fact t.a < ¢ & t < o’ implies a —; ¢’ < a’ and the fact a.t <
e © t < a implies a =, ¢ < a’. Further, a’.a < ¢’ and a.a’ < €’ hold and thus
o/ <a-eanda <a-—,e.

2=1:Factsa' = a = ¢ =a —, ¢ and a”’ = a implies that ¢’ is a cyclic
dualizing element and Q is a Girard quantale with the linear negation '.

Now, we can investigate unital quantales with inversions similar to Girard quan-
tales. J.Y.Girard in [2] constructs foundation of linear logic on Girard quantales with
help of linear negation, multiplicative and additive connectives.
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Let us generalize that conception and use an inversion instead of linear negation.
We have an opportunity to give a foundation of generalized linear logic on unital
quantales with inversions. We shall describe multiplicative and additive connectives
on arbitrary semigroup with a symmetric binary relation that has the property (Q)
from Theorem 1.3.

If (M,.) is a semigroup and p is a symmetric binary relation on M then we can
suppose the condition (Q) from Theorem 1.3 and construct a quantale p(M) of polars
on M regarding to p with operations X *Y = (X.Y)",VX; = (UX;)",AX; = NX;, for
X, Y, X; € p(M).

Now, we can investigate also additive connectives on p(M) in the form X AY =
XUY and X VY = (X NY)". Additive connectives are exactly lattice operations in
a quantale with an inversion (see [2], def 1.11).

2.5 Definition Let @Q be a quantale with an inversion '. Then we define multiplicative
connectives on Q:

a) Paralelization: aUb = (a'.b')".

b) Linear implication: a — b= (a.b’)".

2.6 Proposition Multiplicative connectives have the following properties:
1.a)(De Morgan principles) (aUb) =a'.b,(a.b) =a’ UV,
b)ab=(a—b),alb=a —b.
2.a) (aUb)Uc=alU(bUc),
b) (ab) > c=a— (b—c),
c)a— (bUc)=(a—b)Uc.
3. If Q is a commutative quantale then aUb=>bUa anda — b=10b" — a’ hold.
4. If Q is a unital quantale with a unit e then alUe' = ¢’ Ua = a,e = a = a,
a— e’ =a' hold.

Proof. 1. The formulas follows from definitions immediately.

2.a) aU(bUc) = (a'.(bUc)") = (a’.(b'.c")) = ((a'.b').c)" = ((alb)'.c')" = (alb)Uec,

b) (a.b) = ¢ = ((a.b).c) = (a.(b.c)) = ((a.(b.c))") =a = (bc) =a —
(b o),

c)a = (bUec) = (a.(dbUc)) = (a.(¥'.)") = (a.(t'.c") = ((ab).c) =
((ad)".c") = ((a = b)'.c') =(a—=b)Uc

3. and 4. follows from definitions.

2.7 Proposition If Q is a quantale with an inversioen and a,b,ceQ then the following
formulas hold:

a)a—(bAc)=(a—=b)A(a—c),

b) (avb) o> c=(a—c)A(b—c),

¢) (aUb)A(aUc)=aU(bVec),
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d) (aUb)V(alc)<al(bVc),
e)(@—=b)V(c—b)<(aAc)—b,
f)la—=bVva—c)<a—(bVe) .

Proof. a) a = (bAc) = (a.(bAc)) = (a.(b' V') = (ab Va.c') = (ab) Afal) =
(a—=b)A(a—c),

b) (aVb) = c=((aVb).c') =(a.c' Vb.c) = (a.c') Ab.c) =(a—=c)A(b—=c),

c) (@aub)A(alc) = (@Y) A@L) = ((ab)V(dd) = (@@ V) =
(@’.(bAc)) =aU(bAc),

d) (aub)V(alc) = (a'b') v(a'.c') = (a’b'Ad'.c') < (a'.(b'A)) = (a’.(bVe)')
alU(bVeo),

e)(@a—=b)V(c—ob)=(ab) V(ch) =(ad Act) <((anc)b) =(aAc)—b,

f) (a =2 b)V(a—c) = (ab') V(a.cd) = (ab Aa.c) < (a.(b'A)) = (a.(bVe)') =
a— (bVc).

Multiplicative and additive connectives have similar properties like on Girard
quantales.

Il

2.8 Corollary Let (Q,.,V,A) be a quantale with an inversion . Then (Q,A,U) is a
lattice if and only if x.y =x Ay, for allz,y € Q.

Proof. < : WehavezUz = (z' Az') =2" =z, sUy = (' AY) = (W' A') =yUz,
zU(yUz) = (zUy)Uz, (see 2.6,2.a)), zA(zUy) = o’ A(Z'AY') = (2'V(z'AY)) =2" =z
andzU(zAy) =@ A(zAy)) =@ A VY)) =z =z for z,y,2 € Q.
=: Wehavez.z = (¢".2")' = (2’ U2’) =2 =2, 2y = (2"9")' = (2" Uy') =
Yuz') =@'2") =yz,z=2"=(z'00) =(2".0) ==z.1, for z,y € Q.
Further, z Ay = (z Ay).(zAy) <zyandzy < z.lAly==zAy, ie,zAy =zy,
for z,y € Q.
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