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Valuations on residuated lattices

CATALIN BUSNEAG

ABsTRACT. The aim of this paper is to introduce the notions of pseudo-valuation (valuation)
on residuated lattices and to prove some theorems of extension for these (using the model of
Hilbert algebra (see [5])).
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1. Preliminaries

The origin of residuated lattices is in Mathematical Logic without contraction.
They have been investigated by Krull ([13]), Dilworth (]7]), Ward and Dilworth ([18]),
Ward ([17]), Balbes and Dwinger ([1]) and Pavelka ([15]).

In [9], Idziak prove that the class of residuated lattices is equational. These lattices
have been known under many names: BCK- latices in [8], full BCK- algebras in [13],
FLew- algebras in [14], and integral, residuated, commutative I-monoids in [3].

Definition 1.1. A residuated lattice ([2], [16]) is an algebra (A, A,V,©,—,0,1) of
type (2,2,2,2,0,0) equipped with an order < satisfying the following:

(LRy) (A,A,V,0,1) is a bounded lattice,

(LR2) (A,®,1) is a commutative ordered monoid,

(LR3) ® and — form an adjoint pair, i.e. c<a —biff a®c <b for all a,b,c € A.

The relations between the pair of operations ® and — expressed by Definition
1.1 (LR3), is a particular case of the law of residuation ([2]). Namely, let A and B
two posets, and f : A — B a map. Then f is called residuated if there is a map
g: B — A, such that for any a € A and b € B, we have f(a) <biff b < g(a) (this is
also expressed by saying that the pair (f, g) is a residuated pair).

Now setting A a residuated lattice, B = A, and defining, for any a € A, two maps
fasga : A — A, fo(z) = 2 @ a and g4(z) = a — =z, for any x € A, we see that
xOa=fo(x) <y iff £ < go.(y) =a — y for every x,y € A, that is, for every a € A,
(fa, 9a) is a pair of residuation.

The symbols = and < are used for logical implication and logical equivalence.

Proposition 1.1. ([9]) The class RL of residuated lattices is equational.

Example 1.1. Let p be a fized natural number and A = [0,1] the real unit interval.
If for z,y € A, we definex ©®y =1 —min{1,[(1 —z)? + (1 — y)?]"/?} and x — y =
sup{z € [0,1] : z ® z < y}, then (A, max, min, ®, —,0,1) is a residuated lattice.
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Example 1.2. If we preserve the notation from Example 1, and we define for x,y €
A 2Oy = (max{0,2P +y? — 1HYP and v — y = min{1, (1 — 2P + y?)/P}, then
(A, max, min, ®, —,0,1) become a residuated lattice called generalized Lukasiewicz
structure. Forp =1 we obtain the notion of Lukasiewicz structure (x®y = max{0,x+
y—1hz —y=min{l,1 —z+y})

Example 1.3. If on A = [0,1], for x,y € A we define x © y = min{z,y} and
x—y=1iz <y andy otherwise, then (A, max, min,®, —,0,1) is a residuated
lattice (called Gédel structure).

Example 1.4. If consider on A =[0,1], ® to be the usual multiplication of real num-
bers and for x,y € A,x — y =1 if x <y and y/x otherwise, then (A, max, min, ®, —
,0,1) is a residuated lattice (called Products structure or Gaines structure).

Example 1.5. If (A,V,A,/,0,1) is a Boolean algebra, then if we define for x,y €
AxzQy=xzAy andx — y =2’ Vy, then (A,V,\,®,—,0,1) become a residuated
lattice.

Definition 1.2. ([16]) A residuated lattice (A, A, V,®,—,0,1) is called BL-algebra,
if the following two identities hold in A :

(BL1) 20 (x —y)=x Ay;
(BLz) (x—y)V(y—z)=1

(
(
(
(
(
(
(

Remark 1.1. Lukasiewicz structure, Gddel structure and Product structure are BL—
algebras. Not every residuated lattice, however, is a BL-algebra (see [16], p.16).

Remark 1.2. Ifin a BL— algebra A, x** = x for all x € A, and for z,y € A we
denote t @y = (z* @ y*)* then we obtain an algebra (A, ®,*,0) of type (2,1,0) called
MV — algebras (see [16]).

Remark 1.3. ([16]) A residuated lattice (A, N, V,®,—,0,1) is an MV -algebra iff it
satisfies an additional condition: (x — y) —y = (y — x) — z, for any z,y € A.

In what follows by A we denote a residuated lattice; for x € A and a natural number
n, we define 2* =z — 0, (2*)* = 2**, 2 = 1l and 2" = 2"t © 2 for n > 1.

Theorem 1.1. ([12], [16]) Let z,x1,x2,y,y1,Y2,2 € A. Then we have the following
rules of calculus:

(1) l-z=z,c—-z=lLy<z—oyzr—1=10—-z=1;

(c2) Oy <z,y, hencex Oy <z Ay and z®0=0;

(c3) 2Oy <z —Y;

(ca) z<yiffr —y=1

(c5) r—y=y—ax=1&c=y;

() O —y) <ye<(z—y) =y ((@—=y) —y) 2y=2—y

(¢7) 20 (y—2)<y— (202) < (z0y) - (0 2);

(
(
c

)
)
)
)
)
)
)
co) x <y impliesx ® 2z <yQo z;
)
)
)
) @
)
)
)

cs) 1=y <(x02) = (yoOz)iz—y<(zAz) = (YAz)iz —y < (xVz) = (yV2);
0) 2=y <(z—x)— (2 —y);

cn) =y < (y—z) = (z—2);

c12) <y impliesz—r<z—yy—z<x—zandy* <z"

az) z— (y—2)=(@@0y) —z=y—(z—2);

c1a) 1 = Y1 < (Y2 — 22) — [(y1 — y2) — (21 — 22)].

c15) T O x* *Oandey*()zﬁ:E<y,

cg) <z 2 <z* —
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(c17) 1" =0, 0" =1
(c18) * =y <y* — a*;
(019) 33***255*7(36(931)* =r—-y =y—-at=a"" -y

Theorem 1.2. ([12], [16]) If A is a complete residuated lattice, v € A and (y;)icr a
family of elements of A, then :

(c20) ©© (i\E/I Yi) ZZ_\E/I (z©yi);
(ca1) z© (i/e\l Yi) Si/e\l (x ©y);
(c22) @ — (i/e\l Yi) :/e\z (x — vi);
(c23) (i\e/l yi) — @ :ié\l (yi — ©);
(c24) Z_\g/} (yi = x) < (i/e\j Yi) = ;
(c25) l\g T—oy) <o (z\e/l Yi);
(c26) (i\e/l yi)* Zé\l Y

(cor) (i/e\l vi)* Zi\e/l s

Corollary 1.1. (|6]) If z,2',y,y’, 2z € A then:

(cog) xVy=1 impliesx Oy =1z Ay;

(c20) = (y = 2) = (x — y) = (x = 2);

(c30) xV(y©@2) > (xVy) O (xVz), hence x™ NV y™ > (xVy)™, for any m,n natural
numbers;

(cn) (¢ —9)® (& )

() (&= 9) 0 (& — )

IAIA
w®
<
&\
<
@\

2. Boolean center and deductive systems of a residuated lattice

Let (L,V,A,0,1) be a bounded lattice. Recall that an element a € L is called
complemented if there is an element b € L such that a Vb =1 and a A b = 0; if such
element b exists it is called a complement of a. We will denote b = a’ and the set of all
complemented elements in L by B(L). Complements are generally not unique, unless
the lattice is distributive.

In residuated lattices however, although the underlying lattices need not be dis-
tributive, the complements are unique.

Lemma 2.1. ([12]) Suppose that a € A have a complementb € A. Then, the following
hold:
(1) If ¢ is another complement of a in A, then c = ;
(i) o’ =b and b’ = q;
(iii) a?® = a.

Let B(A) the set of all complemented elements of A.
Lemma 2.2. ([6]) If e € B(A), then €’ = e* and e** =e.

Remark 2.1. ([12]) Ife, f € B(A), thenenf,eV f € B(A). Moreover, (eVf) = e Af’
and (eNf) =€V f'. So,e— f=¢VfeB(A) and
(cs3) e@x=eAuwm, for every x € A.
Corollary 2.1. ([12]) The set B(A) is the universe of a Boolean subalgebra of A,
called the Boolean center of A.
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Proposition 2.1. ([6]) For e € A the following are equivalent:

(i) e € B(A),
(i) ever =1.
Proposition 2.2. ([6]) For e € A we consider the following assertions:
(1) ¢ € B(A),
(2) €2 =€ and e = e**,
(3) e2=cande* —e=ce,
(4) (e = x) = e=e, for every x € A,
(5) ene* =0. Then:
(1) (1) = (2),(3),(4) and (5),
(i) (2) # (1), (3) # (1), (4) % (1), (5) #» (1).
Lemma 2.3. ([6]) Ife, f € B(A) and x,y € A, then:
(c3a) 2@ (x —e)=eNhz,e® (e > x)=€eAx;
(cs5) eV (zOy) = (eVa)©(eVy)
(cs6) eN(zOy)=(enz)O (e Ny);
(ca7) eO(r —y)=eO[e0z) = (cOY)];
(css) 2O (e = f) =z 0[(x0e) = (0O f)];
(c39) e = (x —y) = (e = 2) = (e = y)

Definition 2.1. ([4])Let A and B be residuated lattices. A function f : A — B is
a morphism of residuated lattices if f is morphism of bounded lattices and for every

zy €A flxoy) = f(2) O f(y) and f(x —y) = f(z) = f(y)-

Definition 2.2. ([12], [16]) A non empty subset D C A is called a deductive system
of A, ds for short, if the following conditions are satisfied:
(D1) 1€ D;
(D2) If x,x —y € D, theny € D.

Clearly {1} and A are ds ; a ds D of A is called proper if D # A.

Remark 2.2. ([12], [16]) A nonempty subset DC A is a ds of A iff for allz,y € A :
(D)) If x, y € D, thenx ®y € D;
(DY) IfreD,ye A,z <y, theny € D.

Remark 2.3. Deductive systems are called also congruence filters in literature. To
avoid confusion we reserve, however in this paper, the name filter to lattice filters and
deductive system for implicative congruence filters. From (Ir —c2) and Remark 2.2 we
deduce that every ds of A is a filter for L(A), but filters of L(A) are not, in general,
deductive systems for A (see [16]).

We denote by Ds(A) the set of all deductive systems of A.

3. Valuations on residuated lattices

Throughout this paper, by A we denote a residuated lattice.

Definition 3.1. A real function v: A — R is called a pseudo-valuation on A if
(v1): v(1) = 0;
(v2): v(z — y) > v(y) —v(z), for every z,y € A.
The pseudo-valuation v is said to be a valuation if
(v3): () =0=>a=1 (x € A).
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If we interpret A as an implicational calculus, x — y as the proposition "z = y”
and 1 as truth, the pseudo-valuation on A can be interpret as "falsity-valuation”.

Example 3.1. v: A — R,v(z) = 0, for every x € A is a pseudo-valuation on A
(called trivial).

) 0, ifzeD,
Example 3.2. If D € Ds(A) andr € Ry, then vp : A — R,v(z) = { v ifzd D
is a pseudo-valuation on A and a valuation iff D = {1} and r > 0.

Example 3.3. If M is a finite set with n elements and A = P(M) is the Boolean
lattice of the power set of M, then v: P(M) — R,v(X) =n —n(X) is a valuation
on A (where n(X) is the number of elements of X ).

Lemma 3.1. A pseudo-valuation v on A is a non-negative decreasing function sat-
isfying
(ca0): v(z — 2) <wv(xr —y)+v(y — 2), for every x,y,z € A.

Proof. If in (ve) we put y = 1, we obtain that for every z € A, v(zx — 1) >

v(1) — v(z) L o) > v(1) - v(z) = v(z) > 0.

If <y, then x — y = 1 and by (v2) we deduce that for every z,y € A, v(z —
y) Zo(y) —v(@) & 0=20(1) > v(y) —v(z) & v(z) > v(y).

Let now 2,y,z € A; by (cn1) [z =y < (y = 2) = (2 = 2)] = v(z —y) <v[(y —
z) = (x—2)]>v(r—z)—v(ly—z2) =

v —2) <v(xz—oy) +viy—2).0

Lemma 3.2. Ifxy,...,x, € A and v: A — R is a pseudo-valuation on A, then
n

n
(cq1): v( ® x;) <> v(x;), so (since & <A x;) then v( A z;) <> v(xy).
=1 i=1 i=1 i=1 =1 i=1

Proof. Mathematical induction relative to n; for n = 2 we have 7 — (x2 —

(c13)

(210x2)) =" (210x2) — (£10x2) = 1, hence 0 = v(1) > v(zg — (x10z2))—v(21) >
v(x1 © z2) —v(z2) —v(x1) = V(X1 © 22) < V(X1) + V(22).M

Lemma 3.3. Let v : A — R a pseudo-valuation (valuation) on A. If we define
dy : Ax A— R,dy(z,y) =v(z = y) +v(y — x), for (x,y) € A x A, then (A,d,) is
a pseudo-metric (metric) space satisfying for any x,y,z € A :

(ca2): max{d,(x — z,y — 2),dy(z = x,2 = y)} < dy(x,y);

(caz): dy(z N2,y A 2) < dy(,y);
(caq): dp(zV 2,y V 2) < dy(z,y);
<C45): dv(x ©z,y0O Z) < dv(xa y);

Proof. Let x,y,z € A; clearly, d,(z,y) = dy(y,z) > 0, while d,(z,2) = v(z —
z)+v(z — x) =v(l)+v(l) =040 = 0. Also, dy(x,y) +dy(y,2) = [v(z — y) +v(y —

C40

D]+ oy — 2)+0(z — 9)] = [o(z = 9)+o(y — D+l — g +oly — 2)] > oz —
z) +v(z — z) = dy(x, 2), hence d, is a pseudo-metric on A. Suppose v is a valuation
on A and let z,y € A such that d,(x,y) = 0. Then v(x — y) = v(y — x) = 0, hence
r—y=y—x=1= =y, that is, d, is a metric on A.

Suppose d, is a metric on A and let z € A such that v(z) = 0.

Since dy(z,1) =v(x — 1) +v(l — ) =v(1) + v(x) =0+ 0 =0, then x = 1, that
is, v is a valuation on A.

(ca2). We have dy,(z — 2,y — 2) =v((z — 2) — (y — 2))+v((y — 2) — (x — 2)).
Since by (c11), 2 =y < (y — 2) = (x —m 2)and y — z < (x — 2) — (y — z) we
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deduce that v(z — y) > v[(y — 2z) — (z — 2)] and v(y — z) > v[(x — 2) — (y —
2)], hence dy(z,y) =v(z - y)+v(y — z) > v[(ly — 2) = (x — 2)] +v[(z — 2) —
(y = 2)] =do(z — 2,y — 2).

Since by (cio), 7 — y < (2 — ) — (z = y) and y — 7 < (2 — y) = (2 = 2),
analogously as above we deduce that d,(z,y) > d,(z — z,z — y).

SO, max{dv(x — 5y = Z)adv(z — T2 = y)} S dv(l’,y).

(ca3). We have d,(z A z,y A z) =v[(x Az) — (y A z)] +v[(y A z) — (x A z)]; since
by (cg), z —my<(xAhz)—(yAz)and y — = < (y A z) — (z A z) we deduce that
v —y) >v[(xAz) = (yAz)] and v(y — x) > v[(yAz) — (2 A2)], hence d,(z,y) =
vie—y)+o(ly—z) >vj(xnz) = (YAz)]+ollynz) = (Az)] =dy(zAz,yA2).

(caq) — (ca5). Analogously (see (cq3)). B

Corollary 3.1. Letv: A — R a valuation. In the metric space (A,d,), the functions
AV, —,©: Ax A— R are uniformly continuous.

Proof. For A :let z,2',y,y/ € Aand 0 < e € R.Ifd, : Ax A — R is the
natural metric on A x A (defined by d,((x,), (2',y")) = max{d,(z,2"),d,(y,v")},
then if d, ((z,v), (z/,y)) < € and d,(z,2'),d,(y,y') < £/2, we have d,(z Ay, 2’ Ny') <
dy(@ Ny, 2 ANy) +dyp (2" ANy, 2" NyY') < dy(x,2")+dy(y,y') <e/2+¢/2 =¢, that is, A
is uniformly continuous. Analogously for functions V, —,® (see (cq4) and (cg5)). B

4. Theorem of extension for pseudo-valuations

Let A, B two residuated lattices such that A is a residuated sublattice of B. We
have the following theorem of extension:

Theorem 4.1. For every pseudo-valuation (valuation) v : A — R there exists a
pseudo-valuation v’ : B — R such that UIIA =.

Proof. Let v : A — R a pseudo-valuation. For z € B we define v/ : B —
R,V (z) = 1nf{z v(x;) i x1, ey € Aand 21 @ ... Oz, <

Since 1 € Aand 1 < 1= v'(1) <v(1) =0, hence v'(1) = 0. Let now z,y € B and
L1y ey Ty Y1y -, Ym € A such that 21 © ... Oz, <z and y1 © .. @ym<a:—>y Then

210 .. Ox Oy O .. @ymeG(wHy)§y7henC€v()<Z v(z )+Z v(y;) =
=1

v'(y) < mf{z v(wi)} +1nf{2 v(yi)} = v'(z) + v'(z — y), hence v'(z — y) =
v'(y) — v (x ) IfxEA s1ncem<x:v( ) < v(x).

(C41 n

Let now 1, ..., 2, € Asuch that 21 ©®...0x, <z = v(z) <v(r1®...0x,) < E

v(xi) = ()<lnf{E v(zi)} = v'(2) = v'(z) = v(@) = vy =v.B

We recall (see [6]) that a subset S C A is called a A—closed system if 1 € S and
z,y € S impliesz Ay € S.

We denote by S(A) the set of all A—closed systems of A (clearly {1}, A € S(A)).

For S € S(A), on A we consider the relation 6g defined by (z,y) € g iff there is
e € SN B(A) such that x Ae =y Ae.

Lemma 4.1. The relation g is a congruence on A.

For x € A we denote by x/S the equivalence class of x relative to §g and by A[S] =
A/0s. By pg : A — A[S] we denote the canonical mapping defined by pg(z) = /S, for
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every € A. Clearly A[S] become a residuated lattice, where 0 = 0/5,1 = 1/5 and for

every z,y € A, (x/S) A(y/S) = (xAy)/S, (x/S)V (y/SF) = (xVy)/S, (x/5) O (y/S) =
l(x(Dy)/S and (z/S) — (y/S) = (x — y)/S. So, ps is an onto morphism of residuated
attices.

Theorem 4.2. If S € S(A) and v : A — R is a pseudo-valuation on A, then the
following are equivalent:
(i): There exists a pseudo-valuation v’ : A[S] — R such that the diagram

A 25 ALl
g
R

is commutative (i.e. v o pg =v);
(#i): v(s) =0 for every s € SN B(A).

Proof. (i) = (). Let v' : A[S] — R a valuation such that v’ o pg = v and
s € SNB(A). Since s A s = s A1 we deduce that (s,1) € g, so ps(s) = ps(1), hence
v(s) = (¢/ 0 ps)(s) = ' (ps(s)) = v/ (ps(1)) = (v/ 0 ps)(1) = o(1) =0,

(i4) = (). For x € A we define v'(2/S) = v(z). If z,y € S and /S = y/S then
there exists s € S N B(A) such that s Ax = s Ay. Since s Az < x, we deduce

v(z) < v(sAz) = v(sAy) (5) v(y) +v(s) = v(y) + 0 = v(y) and analogously
v(y) < v(z), hence v(x) = v(y), that is, v’ is correctly defined.

We have v/(1/S) = v(1) = 0 and for z,y € A, V'(¢/S — y/S) =V ((z — y)/S) =
v(z —y) > v(y) —v(z) =v'(y/S) —v'(x/S), hence v is a pseudo-valuation on A. If
v is a valuation, then v’ is a valuation because v'(x/S) = 0, for « € A, then v(x) =0,
hence z =1and z/S=1. &
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