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Abstract. The concepts of (positive implicative, implicative) pseudo pre-valuations
and strong pseudo pre-valuations are introduced and some related characterizations are
studied. The relationships among positive implicative pseudo pre-valuations, implica-
tive pseudo pre-valuations and pseudo pre-valuations are investigated, and conditions
for a real-valued function to be a pseudo pre-valuation are also discussed. By using a
congruence relation induced via a pseudo valuation, we construct a quotient structure
and prove certain isomorphism theorems.

Keywords: EQ-algebra, pseudo pre-valuation, pseudo-metric space, (positive) implica-
tive pseudo pre-valuation.

1. Introduction

Non-classical logic systems which lay logical foundation for dealing with uncertain
information processing and fuzzy information, are uniquely determined by the
algebraic properties of the structure of their truth values. Residuated lattices have
been proposed as the most generalis algebraic counterparts of residuated systems
with t-norm based semantics, where the conjunction connective is interpreted by a
t-norm and the implication operator by its residuum. Some other logical algebras
such as BL-algebras [10], MTL-algebras [6], lattice implication algebras [18], Ro-
algebras [17] and MV-algebras [4] are considered as particular classes of residuated
lattices. In a residuated lattice, the basic typical operations multiplication and
implication which are closely tied by adjointness property, and the fuzzy equality
(i.e., biresiduum) is derived from the operations meet and implication. Due to
the algebra of truth values is no longer a residuated lattice, a new algebra for
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the fuzzy theory which called an EQ-algebra [16] was proposed by Novék and De
Baets.

EQ-algebras provide a possibility to develop fuzzy logics with the basic con-
nective being a fuzzy equality instead of an implication. In EQ-algebras, there
are three primitive operations—meet, multiplication and a fuzzy equality, and
residuum and multiplication are no more closely tied by the adjunction. The
implication — in EQ-algebras is defined directly from fuzzy equality ~ by the for-
mula z — y = (x Ay) ~ x. Since the equation holds also for the biresiduum, thus
each residuated lattice can be seen as an EQ-algebra but not vice versa. From
these points of view, it is known that the notion of EQ-algebras generalizes that of
commutative residuated lattices, so it is interesting to investigate the properties of
EQ-algebras. El-Zekey [7] introduced the notion of prelinear ordered EQ-algebras
which were proved to be lattice EQ-algebras, and he also characterized the repre-
sentable good EQ-algebras. As a continuation of good EQ-algebras, [8] studied
the prefilters and filters of separated EQ-algebras. Ma and Hu [15] investigated
the compatibility of multiplication w.r.t. the fuzzy equality in an arbitrary EQ-
algebra and characterized compatible EQ-algebras by using special GLE-algebras.
Since EQ-algebras are generalize form of residuated lattices, [14] extended some
notions of residuated lattices to EQ-algebras, then the notions of implicative and
positive implicative prefilters of EQ-algebras were proposed. Moreover, based
on the fuzzy set theory it is meaningful to study the related fuzzy structures of
prefilters in EQ-algebras [19, 1, 11].

Recently, Busneag [2] defined pseudo-valuation on a Hilbert algebra, and
proved that every pseudo-valuation induces a pseudo metric on a Hilbert algebra.
Later he gave the notions of pseudo-valuations (valuations) on residuated lattices,
and proved some theorems of extension for pseudo-valuations [3]. By using a
pseudo-metric induced by a pseudo valuation on BCl-algebra [5], Ghorbani [9]
introduced a congruence relation and defined the quotient algebra. Following
the research of Jun et al. [12, 13], [20] investigated related characterizations
of (implicative) pseudo-valuations on Ry-algebras, and showed that a pseudo-
valuation on Ryp-algebras is Boolean if and only if it is implicative.

In the paper, we discuss a theoretical approach of the algebraic system in
EQ-algebras by using the Busneag’s model. We introduce notions of (positive
implicative, implicative) pseudo pre-valuations and strong pseudo pre-valuations,
then investigate some characterizations of them. A congruence relation on an EQ-
algebra is constructed by using a pseudo-metric induced via a pseudo valuation.
Furthermore, we construct a quotient structure related to the congruence relation
and prove certain isomorphism theorems.

2. Preliminaries

In this section, we give the basic definitions and results of EQ-algebras that are
useful for subsequent discussions.

An algebra (L, A\, ®,~,1) of type (2,2,2,0) is called an EQ-algebra if it sa-
tisfies the following axioms: for all x,y,s,t € L,
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(E1) (L,A,1) is a A-semilattice with top element 1,

(E2) (L,®,1) is a commutative monoid and ® is isotone with respect to <,
where z < y if and only if z Ay = x,

r~x =1,

(xAy)~s)@(E~z)<s~(tAY),

(E3)
(E4)
(E5) (z~y)@(s~1) < (x~s)®(y~1),
(E6) (zAyAs)~x<(xAy)~uz,

(E7)

In what follows, L is an EQ-algebra unless otherwise specified. For any z,y € L,
weput t >y =(xAy)~zxand T =x ~ 1.

Definition 2.1 [16] An EQ-algebra L is called
(1) a good EQ-algebra if & = x for any z € L;
(2) a separated EQ-algebra if © ~ y = 1 implies z = y for any =,y € L;

(3) a residuated EQ-algebra if + @ y < z if and only if z < y — z for any
x,Yy,2 € L;

(4) an involutive EQ-algebra, if L contains a bottom element 0, and ——z = z
holds for any x € L, where -z =2 ~0=2x — 0.

Remark 2.2 Let (L, A,V,®,=,0,1) be aresiduated lattice. For any x,y € L, we
define z ~ y = (x = y) A (y = x), then (L, A\, ®,~, 1) is a residuated EQ-algebra
([16]). In general, a residuated EQ-algebra may not be a residuated lattice ([8]),
however residuated lattices are proper classes of EQ-algebras ([14]).

Proposition 2.3 [16],[8] Let (L, A, ®, ~, 1) be an EQ-algebra. Then the following
assertions are valid: for any x,y,z € L,

r~y=y~r,r~y<r—y, c<y—z,rQy<cAy;

(z~y)@Yy~2z)<az~z (Y)Y —z2) <z—z;

roy<y—z)—=(r—2),r—2y<(z—2x) = (z—>y);

(1)
(2)
B)z~vy<(@~z)~(y~2), e~y <(@Ahz)~YAz),
(4)
Bb)r—y=c—=>(xANy),z—=y<(xAz2) = (yAz2);
(6)

r < yimpliesr - y=12~y=y >z, y—>2<x — zand
z—=x<z—=y;

(7)) (r—=y)@Hy—z)<z~y.
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Lemma 2.4 [16],[14] Let L be a good EQ-algebra. Then we have, for any
x,y,z€L,

(1) z2<(z—=y) =y < (z~y) ~y,

2)zrz—=yY—2)=y—=>(r—=2)<(zQy) — 2

B) z@(x—y) <z Ay.
Lemma 2.5 [16], [8], [1] Let L be an EQ-algebra. Then the following conditions
are equivalent: x,y,z € L,

(1) L is residuated;

(2) Lisgood andx -y <(z®z) = (y® 2);

(3) L is separated and (x ®@y) — z = — (y — 2).

In what follows, we recall some types of prefilters in EQ-algebras.

Definition 2.6 [8, 14, 19| Let F' be a nonempty subset of L. Then F is called:
(1) a prefilter of L if it satisfies for any x,y € L, (F1) 1 € F; (F2) x € F,
x—y € F implyy € F; if a prefilter F' satisfies (F3) x — y € F implies
(x®2z) > (y®z) € F for any x,y,z € L, then F is called a filter of L.
(2) a positive implicative prefilter of L if F' is a prefilter of L and it satisfies
(Fd)z - (y—2) € Fande —y € Fimplyxr — z € F foranyx,y,z € L.
(3) an implicative prefilter of L if it satisfies (F1) and (F5) z—((x—y)—x)EF
and z € F imply x € F for any x,y,z € L.

Definition 2.7 [8] Let L, L' be EQ-algebras. A function f : L — L’ satisfying
f(1) = 1’ (where 1 and 1’ are the top elements of L and L', respectively) is
called a homomorphism if f(aEb) = f(a) & f(b), where [ € {A\,®,~} in L and
[ e {N,®,~'} in L'. The order is clearly stable under homomorphism because
it is defined by using meet.

3. Pseudo pre-valuations on EQ-algebras

In the section, we introduce the notion of pseudo pre-valuations, and give some
characterizations of a pseudo pre-valuation on EQ-algebras. By discussing the
concept of pseudo-metrics induced by pseudo pre-valuations, we obtain that the
binary operations on EQ-algebras are uniformly continuous.

Definition 3.1 Let ¢ : L — R be a real-valued function, where R is the set of
all real numbers. Then ¢ is called a pseudo pre-valuation on L if it satisfies the
following conditions: for any x,y € L,

(1) (1) =0,
(2) ¢(y) < () + @z — y).
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If a real-valued function ¢ : L—R satisfies conditions (1) and (3) ¢(y) +
o(y—x) = p(x) + p(x—y), then ¢ is said to be a strong pseudo pre-valuation on
L.

Let ¢ be a pseudo pre-valuation on L. ¢ is said to be a pseudo valuation
on Lif p((r®2) = (y® 2)) < o(r — y) for any z,y,z € L. A strong pseudo
pre-valuation ¢ is called a strong pseudo valuation if ¢ is a pseudo valuation. A
pseudo pre-valuation ¢ is called a pre-valuation if p(z) = 0 implies z = 1.

From the definitions of pseudo pre-valuations and strong pseudo pre-valuations,
it is easy to see that a strong pseudo pre-valuation is pseudo pre-valuation, how-
ever the converse is not true in general.

Example 3.2 Let L = {0,a,b,1} be a chain with Cayley tables as follows:

®[0 a b 1 ~|10 a b 1 — 10 a b 1
0/]0 0 0 O 0|1 a 0 O O0/1 1 1 1
a|l0 0 0 a ala 1 a a ala 1 1 1
b0 0 O b b0 a 1 b b|l|0 a 1 1
110 a b 1 0 a b 1 110 a b 1

1
One can check that (L, A, ®, ~, 1) is an EQ-algebra. Define ¢ : L—R by ¢(0)=9,
ola) = 5, p(b) = 2, (1) = 0. Routine calculation shows that ¢ is a pseudo
pre-valuation but ¢ is not a strong pseudo pre-valuation since p(a) + ¢(a — b) =
57# T =¢(b) +¢(b—a)

The following example shows that strong pseudo pre-valuations on EQ-algebras
exist.

Example 3.3 Let L = {0,a,b,¢,d, 1} be a chain with Cayley tables as follows:

®|0 a b ¢ d 1 ~|0 a b ¢ d 1
0/0 0 0 0 0 O 0/1 0 0 0 0 O
al0 0 0 0 0 a al0 1 d d d d
b0 0 a a a b b0 d 1 d d d
c|0 0 a 0 a c c|0 dd 1 d d
d|{0 0 a a a d d|{0 d d d 1 1
110 a b ¢ d 1 110 4d d d 1 1
—10 a b ¢ d 1
0/1 1 1 1 1 1
a |0 1 1 1 1 1
blo d 1 1 1 1
c|0 d d 1 1 1
d|0 d d d 1 1
110 d d d 1 1

Then (L, A\, ®,~,1) is an EQ-algebra. Define a function ¢ : L — R as follows:
©(0) = 3, pla) = ¢(b) = p(c) = p(d) = ¢(1) = 0. One can check that ¢ is a
strong pseudo pre-valuation on L.
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Proposition 3.4 Let ¢ be a real-valued function on L. If ¢ is a pseudo pre-
valuation on L, then the following properties hold: for any x,y € L,

(1) x <y implies that p(y) < p(z);
(2) 0< ()
(3) vl = y) <ey), p(x) =1 = ).
Proof. (1) Let x,y € L such that x <y, then x — y = 1, we obtain that
e(y) < p(x) + (@ = y) = () + o(1) = p(z) + 0 = p().
(2) For any = € L, we have
0=p(1) <@l —1)+p(r) = ().

(3) Since y <z — y, thus p(z — y) < ¢(y). Obviously, p(1 — x) < p(z). Notice
¢ is a pseudo pre-valuation on L, we have p(z) < ¢(1) + ¢(1 = ) = ¢(1 — x),
thus p(1 — z) = p(z) n

Proposition 3.5 Let L be an EQ-algebra with a bottom element O and ¢ a real-
valued function on L. If ¢ is a strong pseudo pre-valuation on L, then we have:
for any x,y € L,

(1) = <y implies that p(x ~y) = p(y — x) = p(z) — ¥(y),
(2) p(z) + w(=7) = ©(0),
(3) p(—x) = p(x) = p(T).

Proof. (1) Assume that z <y, then x — y = 1, and so ¢(x — y) = 0, therefore

ey = ) = p(z) —p(y) + vl = y) = p(z) — (y). Notice that y — z =2 ~y,
thus (1) holds.

(2) Since ~z = = ~ 0, then p(—x) = p(0) — p(x), and thus ¢(z) + ¢(—x) = ©(0).

(3) w(=—z) = ¢(x) is immediately from (2). Consider that & = x ~ 1, we get

that ¢(z) = ¢(x) — p(1) = @(z), thus (3) is valid. .
For any real-valued function ¢ on L, we consider the following set

.= {x € Llp(x) = 0}.

Theorem 3.6 Let ¢ be a pseudo pre-valuation on L. Then the set o, is a prefilter
of L which is called the prefilter induced by the pseudo pre-valuation ¢. If L is a
residuated EQ-algebra, then o, is a filter.
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Proof. From (1) = 0, it follows that 1 € ¢,. Suppose that z,y € L such
that z,x — y € ¢., then we get p(z) = 0 and p(z — y) = 0. Since ¢(y) <
o(x) + p(r — y) = 0, therefore p(y) = 0, and so y € .. Thus ¢, is a prefilter
of L. Now let L be a residuated EQ-algebra and x — y € ¢,, then we get
that z - y < (x ® 2) = (y ® 2) for any z,y,2 € L by Lemma 2.5, and so
o((x®z2) = (y® z)) = 0. Consequently, (z ® z) = (y ® 2) € @, and therefore
v, 1s a filter. "

The following example shows that the converse of Theorem 3.6 may not be

true, that is, there exist a EQ-algebra L and a real-valued function ¢ : L — R
such that ¢, is a prefilter of L but ¢ is not a pseudo pre-valuation on L.

Example 3.7 Let L = {0,a,b,1} be a chain with Cayley tables as follows:

®|0 a b 1 ~10 a b 1 — 10 a b 1
0]0 0 0 O 0|1 0 0 O Of1 1 1 1
a|l0 a a a a|l0 1 a a a |0 1 1 1
b0 a b b b0 a 1 1 b|0 a 1 1
10 a b 1 110 a 1 1 110 a 1 1

It is easy to see that (L, A\, ®, ~, 1) is an EQ-algebra. Define a real-valued function
v : L = Rby ¢0) =2 ¢a) = —1, ¢(b) = p(1) = 0. Then ¢, = {b,1} is a
prefilter of L, but ¢ is not a pseudo pre-valuation since

p(b) =0 £ p(a) + o(a — b) = —1.

Proposition 3.8 Let F' be a prefilter of L and t a positive element of R. Define

0, x € F,
pf(z) = {
t, x & F,

then ©f is a pseudo pre-valuation on L which is called the pseudo pre-valuation
induced by the prefilter F. Moreover, (o), = F.

Proof. It is obvious that ¢! is a pseudo pre-valuation on L.
() ={z e Ll (x)=0}={r € Llr€ F} =F. .

In the following, we provide some conditions under which a real-valued func-
tion on L becomes to a pseudo pre-valuation.

0. Then ¢ is a

Theorem 3.9 Let ¢ be a real-valued function on L with o(1)
< (@) +¢(y) for any

pseudo pre-valuation if and only if v < y — z implies @(z)
x,y,z € L.
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Proof. Assume that ¢ is a pseudo pre-valuation and x < y — 2. It follows that

ey = 2) < ¢(x), and so o(2) < p(y) + ¢y = 2) < (x) + o(y).
Conversely, since z — y < z — y, thus p(y) < ¢(x — y) + ¢(x), and so ¢ is
a pseudo pre-valuation. n

An interesting application of Theorem 3.9 is to some proofs of the following
important results.

Proposition 3.10 If ¢ is a pseudo pre-valuation on L, then for any x,y, z,s,t € L,

p(r Ay) < o) + (),

r—2) <o —y)+ oy —2);

(xAs)~ (yAt)) <oz Ay)+e(s ~1);

(1) «(

(2) «(

(3) plz~2z)<plz~y)+oly~z);

(4) «(

(5) ez —=s)~(y = 1) <plz~y)+epls~1),

Proof. (1) For any =,y € L, we have z <y — =z =y — (z A y) by Proposition
2.3. Using Theorem 3.9, we can get p(z Ay) < p(z) + ¢(y).

(2) Notice that x — y < (y — z) — (z — 2), we have p(x — 2) < p((y = 2) —
(z = 2)) + 9y = 2) <ol = y)+ ey = 2).

(3) According to Proposition 2.3, we obtain that z ~y < (y ~ 2) ~ (z ~ z) <
(y ~ z) = (x ~ z), therefore p(z ~ z) < p(x ~ y) + ¢(y ~ z) by Theorem 3.9.

(4) For any z,y,s,t € L, we have x ~ y < (x As) ~ (yAs)and s ~ ¢t <
(y As) ~ (y At) by Proposition 2.3. From (3) and Proposition 3.4, it follows that
plany)+els ~ 1) = p((zAs) ~ (yAs))+o((yAs) ~ (yAL) = ((xAs) ~ (yAl)).
(5

) It follows immediately by the definition of — and items (3) and (4). n

Let L be a residuated EQ-algebra. Since x®y < z if and only if x <y — 2 for
any z,vy, z € L, then the following proposition is a consequence of Theorem 3.9.

Proposition 3.11 Let L be a residuated EQ-algebra and ¢ a real-valued function
on L with (1) = 0. Then ¢ is a pseudo pre-valuation if and only if t @y < z
implies p(2) < p(x) + p(y) for any x,y,z € L.

Proposition 3.12 Let L be a residuated EQ-algebra and ¢ a pseudo pre-valuation.
Then for any x,y € L, we have:

(1) ez y) <o)+ ey);
(2) ol Ay) <o) +ey);

(3) oz = y) = 2) <plr = (y— 2)).
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Proof. (1) Since r®y < x®vy, then p(z®y) < p(z)+ ¢(y) by Proposition 3.11.

(2) Notice that L is a residuated EQ-algebra, we get x ® (z — y) < x Ay by
Lemma 2.4 and Lemma 2.5. From Proposition 3.4 and Proposition 3.11, it follows

that o(z Ay) < o) + p(z = y) < o) + p(y).

(3)Since z@y <x~y <z —=y,then(x - y) > 2 < (2Qy) > z=2— (y — 2)
by Lemma 2.5. Thus p(z — (v — 2)) < o((x = y) — 2). .

Proposition 3.13 Let L be a good EQ-algebra and ¢ a real-valued function on
L with ¢(1) = 0. If ¢ satisfies the condition: p(z — (r — z)) < p(z — y)
+p(x — (y — 2)) for any z,y,z € L, then ¢ is a pseudo pre-valuation.

Proof. Notice that L is a good EQ-algebra, we obtain that 1 - x =1~z =
x ~ 1 =z for any € L. For any z,y € L, we get ¢o(z) + ¢(x — y) =
ol 5 2)+ (1l = (x = y) > ¢l - (1 = y)) = ¢(y). Hence ¢ is a pseudo
pre-valuation. n

Proposition 3.14 Let ¢ be a real-valued function on L. Then the following state-
ments are equivalent: for any x,y € L,

(1) ¢ is a strong pseudo pre-valuation,
(2) @ <y implies that p(y — x) = p(x) —(y),
(3) ¢y = x) =plzAy) - o(y).

Proof. (1) = (2) The proof follows immediately from Proposition 3.5.

(2) = (3) Observe that x Ay < y, we get that oy — x) = p(y = (z Ay)) =
pleAy) —ey).

(3) = (1) Suppose that (3) holds, then ¢(1) = p(z — z) = p(x A x) — @(x) = 0.
For any z,y € L, we have p(z)+¢(z = y) = o(x) +p(x Ay) —p(z) = p(zAy) =
o(y)+o(xAy)—p(y) = o(y)+e(y — x), thus ¢ is a strong pseudo pre-valuation. s

Let (M, d) be an ordered pair, where M is a nonempty set and d : M xM — R
is a positive function. If d satisfies the following conditions: for any z,y,z € M,

(1) d(z,z) =0,
(2) d(z,y) =d(y, ),
(3) d(z,2) < d(z,y) +d(y,2),

then (M, d) is called a pseudo-metric space. Moreover, if d(z,y) = 0 implies z = v,
then (M, d) is called a metric space.

Theorem 3.15 Let ¢ be a pseudo pre-valuation on L. Define a real-valued func-
tion ondy,: LxXL — R by d,(z,y) = o(x = y)+¢(y = x) for any x,y € L, then
(M,d,) is a pseudo-metric space, where dy, is called the pseudo-metric induced by
the pseudo pre-valuation .
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Proof. It is obvious that d,(z,y) > 0, dy(z,z) = 0 and dy,(z,y) = dy(y,x)
for any =,y € L. According to Proposition 3.10, we have d,(z,y) + d,(y, z) =
(p(z = y) + oy = 2)) + (p(y = 2) +¢(z = y) = (p(z = y) + oy — 2))
+(plz = y)+oly =) > ¢z —=2)+p(z = x) =dy(x, 2). Hence (M,d,) is a
pseudo-metric space. -

Proposition 3.16 Let ¢ be a pseudo pre-valuation on L and d, the pseudo-metric
induced by ¢. Then the following inequalities hold: for any z,y, z,w,v € L,

1) max{d,(x = 2,y = 2),d,(z = z,2 = y)} < d,(z,y),

2) dy(x = y,w = v) <dy(x = y,w = y) +dy(w = y,w — v),

(@A 2y A 2) <dy(x,y),

4) if ¢ is a pseudo valuation, then dy,(z @ 2,y ® z) < d,(x,y),

(
(
(3
(
(5

) d
) d
)
) do(z ~ 2,y ~ 2) < dy(z,y).

Proof. (1) For any z,y,z € L, we have y — = < (z — 2) — (y — 2) and
r—=>y<(y—2) = (x—2),thus ply = z) > p((zr — 2) - (y = 2)) and
p(x = y) > o((y = 2) = (x = 2)). And so dy(z,y) = ¢(y = =) + ¢(x = y)
>z = 2) = (y = 2) +elly = 2) = (& = 2) =do(z = 2,y = 2).
Analogously, d,(z,y) > dy,(2 — x,z — y). Hence max{d,(x — z,y — 2),
do(z =z, 2z = y)} < dy(z,y).

(2) It is trivial since d,, is the pseudo-metric induced by ¢.

(3) For any z,y, z € L, we obtain d,(x Az, yAz) = p((xAz) = (yAz2))+p((yAz) —
(x A z)). Notice that z >y < (zAz2) > (yAz)andy w2 < (yAz) = (z Az
we get p(z = y) > (A 2) = (y A 2)) and p(y — ) > @((y A 2) = (2 A 2)
and so dy(z,y) = oz = y)+ oy = x) > p((xAz) = (YAN2)+o(yAz) =
(N z)=dy(xNzyN=z).

Y

),
)

(4) Since ¢ is a pseudo valuation, then we have p((r ® 2) = (y® 2)) < p(x — y)
and o((y ® 2) = (r ® 2)) < ¢(y — ) for any z,y,z € L. And thus dy(z,y) =
plz = y)+ely = 1) = p((2®2) = (y©2))+e((y92) = (282)) = dy (282, y®2).

(5) is similar to the proof of (3). n

Proposition 3.17 Let d, be the pseudo-metric induced by a pseudo pre-valuation
¢. Then (L x L,d}) is a pseudo-metric space, where

d*tp((x’ y)7 (w> V)) = max{d@(x,w), dw(ya V)};
for any (x,y), (w,v) € L X L.

Proof. Consider that d, is a pseudo-metric on L, we have d;((v,y), (z,y)) =
max{dy (z, 7). dp(y.y)} = 0 and d3((z.y). (7)) = max{dy(r,w).dyly )} =
max{d¢(w,$),d¢(y, y)} = d((w, 1/), (:U,y)). Now, let (z,9), (a,b), (w,v) € L x L,
we get
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di((2,9), (a,b)) + d((a,0), (w, v))

)
= max{d,(z,a),d,(y,b)} + max{d,(a,w),d,(b,v)}
> max{d,(z,a) + dy(a,w),d,(y,b) + d,(b,v)}
> max{d,(z,w),dy(y,v)}
= dy((z,y), (w,v)).
Consequently, (L x L, d}) is a pseudo-metric space. .

Theorem 3.18 Let ¢ be a pre-valuation on L and d, the pseudo-metric induced
by . Then the operations A\, ®,~,—: L X L — L are uniformly continuous.

Proof. Here we only prove A : Lx L—L is uniformly continuous, other cases can
be proved in a similar way. For any z,y,w,v€ Land e > 0,if d}((z,y), (w,v)) < §,
then d (z,w) < § and d,(y,v) < 5. According to Proposition 3.16, we get
do(x Ay, wAV) < dy(xAy,wAYy)+dy(WAY, wAV) < dy(z,w)+dy(y,v) < 5+5 =¢.

Hence the operation A : L x L — L is uniformly continuous. u

4. Quotient structures induced by pseudo valuations

In the section, we will construct a quotient EQ-algebra related to a pseudo valua-
tion, and investigate some isomorphism theorems.

Lemma 4.1 Let ¢ be a pseudo valuation on L. A relation =, on L is defined as
follows: for any x,y € L,

r =,y if and only if (v — y) = ¢y — =) =0,

Then =, is a congruence relation on L. We denote the quotient set L /¢ = {[z], |
x € L} induced via @, where [z], is the equivalence class of x with respect to ~.,.

Proof. The proof follows immediately from Proposition 3.16. u

Let ¢ be a pre-valuation on L. It is easy to verify that (L/p, A, ®,~,[1],)
is an EQ-algebra which is called a quotient EQ-algebra induced by the pseudo
valuation ¢, where the operation A on L/ is defined by [z], A [y], = [z A Y]y,
and similarly for other operations. The partial order on L/F is [z], < [y], if and

only if [z], = [z], A [yl

Lemma 4.2 Let ¢ be a pre-valuation on L. Then [z], < [y], if and only if
ol = y)=0.

Proof. Using z — y = — (z Ay), it follows that [z], < [y, if and only if
[z], = [z], A [yl if and only if p(z — y) = 0 by Lemma 4.1. .
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Proposition 4.3 Let L be a residuated EQ-algebra with a bottom element 0 and
¢ a strong pseudo valuation on L. Then L/ is an involutive EQ-algebra.

Proof. Obviously, L/¢ is an EQ-algebra, moreover L/p is a separated EQ-
algebra. Indeed, let [z], ~ [y],=[1],, then [z ~ y|,=[1],, and so max{p(z — v),
el =y} <z ~y)=p(l = (r~y)=0 Thus p(z = y) = p(z = y) =0,
and so [z, = [yl,, consequently L/¢ is a separated EQ-algebra. Next, we will
show that ——[z], = [z], for any x € L.

Observe that x < ——z, we get o(—-—x — x) = ¢(x) — p(——x). Due to the
fact that p(——z) + (-2 = z) = ¢(z) + ¢(z — —~—x) and p(z) = p(-—w), it
follows that ¢(—~—z — z) = ¢(z — —-—x) = 0. Thus ~[z], = [~—z], = [z],, and
so L/ is an involutive EQ-algebra. n

As an immediate consequence of the above proposition together with Lemma
4.2, we record here the following result.

Proposition 4.4 Let L be a residuated EQ-algebra with a bottom element 0, and
¢ a strong pseudo valuation on L. Then in the involutive EQ-algebra L/, we
have:

(1) [z]y < [yly if and only if (z — y) = 0 if and only if p(x) = e(z N y);

(2) [z], = [yly if and only if p(z — y) = ¢(y — x) = 0 if and only if
p(x) = ¢(y) = p(z Ay).

Moreover, the mapping ¢ : L/ — R defined by ¢([x],) = p(x) is a strong pseudo
valuation on L/¢.

Proposition 4.5 Let ¢ be a pseudo valuation on L and J be a prefilter of L such
that ¢, C J. Denote J/p = {[z],|x € J}, then we have:

(1) = € J if and only if [x], € J/¢ for any x € L;
(2) J/p is a prefiter of L/ .

Proof. (1) Suppose that [z], € J/p, then there exists y € J such that [z], = [y],.
Using Lemma 4.2, we get p(y — ) = 0, and so y — = € ¢, C J. Since J is a
prefilter of L, then x € J. The converse is obviously.

(2) Obviously, [1], C J/¢. Suppose that [z],, [z], — [y], € J/p, then we get
z,x — y € J. Hence y € J, and so [y|, € J/p. Consequently, J/p is a prefiter
of L/p. .

Lemma 4.6 Let L, L' be EQ-algebras, ¢ be a pseudo pre-valuation on L and
f: L — L' be an epimorphism. Then f(y) : L — R is a pseudo pre-valuation
on I, where [() is defined by f(¢)(y) = nt{p(y)|f(y) = o'y € L} for any
y € L'. Moreover, f(¢.) C (f(¥))«-
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Proof. Due to the fact that ¢ is a pseudo pre-valuation on L and f is an epi-
morphism from L to L', it follows that f(¢)(1") = inf{p(x)|f(z) = 1",z € L} =
P(1) = 0. For any o',y € L'y f()(w') + F(@)la’ = o) = int{p(a)|f(2) = o
v Ly +inflp()lf(2) = o =,z € L} > inf{ila) + pla — y)f(a) =
2, f(y) = vy € L} > nf{p(y)f(y) = vy € L} = f@)y), thus f(p) is
a pseudo pre-valuation on L. Now let z € ¢,, then we get ¢(z) = 0. Since
F(@)(f(x)) = inf{p(t)[f(t) = f(x),t € L} < p(x) = 0, therefore f(p)(f(x)) =0,
that is = € (f())«, and so f(¢.) € (f())s: -

Lemma 4.7 Let L, L' be EQ-algebras, p a pseudo valuation on L' and f : L — L'
a homomorphism. Then f~(¢) : L' — R is a pseudo pre-valuation on L, where
flp) is defined by f~1(p)(z) = o(f(x)) for any x € L. Moreover, f~'(p,) =
(f 7))

Proof. The proof is straightforward. .

Filters are important tools to study logical algebras, and closely related to
congruence relations with which we can associate quotient algebras.

Let F' be a filter in EQ-algebra L. Define a relation = on L as: z = y if and
only if z ~ y € F, then = is a congruence relation on L. Let L/F denote the
quotient algebra induced by F, and [z]" denote the equivalence class of x with
respect to =, then the quotient algebra L/F is a separated EQ-algebra [16].

Proposition 4.8 Let ¢ be a pseudo valuation on L. Then L/ ~ L/p,.

Proof. Define a function ® : L/p — L/, by ®([z],) = [z]?*. We only need to
prove that ® is an isomorphism. Suppose that [z],, [y], € L/¢. It is not difficult
to prove that [z], = [y, if and only if p(z — y) = ¢(y — z) = 0 if and only

[z]?* = [y]?*, which implies that ® is an one-to-one function. Obviously, ® is
subjective. Now we prove that ® is a homomorphism. Indeed, ®([1],) = [1]#*
and @([z], A [yl,) = [2]#* A [y]#; similarly for ® and ~. .

For the purpose of investigating homomorphism theorems of EQ-algebras
based on pseudo valuations, we introduce the following notion.

Definition 4.9 Let L, L' be EQ-algebras, ¢ a pseudo valuation on L and f :
L — L’ an epimorphism. ¢ is called an invariant pseudo valuation with respect
to fif f(x1) = f(x2) implies ¢(x1) = @(x9), for any 1,z € L.

Proposition 4.10 Let L, L' be EQ-algebras, f : L — L' an epimorphism and ¢
an invariant pseudo valuation with respect to f. Then L/ ~ L'/ f(p).

Proof. It is known that L/ and L'/f(p) are EQ-algebras. Define a function
b Lo — L'/ f(e) by ¥(lale) = [f(@)lf)- (1) Suppose that [z],, [y, € L/¢
such that [z], = [y],, then ¢(z — y) = ¢(y — z) = 0. Since f is an epimorphism,
then [(9)(/(x) — 7)) = mi{p(2)|f(2) = f(x) > f(5) = flx — ),z € L} <
p(e —y) =0, that is f()(f(x) = f(y)) = 0. Similarly, f(9)(f(y) = f(x)) =0,
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and so [z]5() = (Y. Consequently ¢ is well defined. (2) Now we show that 1
is a homomorphism. Due to the fact that f is a homomorphism, it follows that
() = FWlse) = Wser ¥(2Byle) = [f (@B p) = I (@)1 T 1 (W) 50
where [ € {A,®,~} in L and [ € {N,®',~'} in L’. (3) It is obvious that ¢
is subjective. (4) Suppose that ¥ ([z],) = ¥ ([yle), that is, [f(2)] 1) = [f (@)
then f(p)(f(z) = f(y) = f(P)(flz = y)) = fle)(fly = z)) = fle)(fy) —

f(x)) = 0. Moreover, f(¢)(f(z = y)) = nf{p(2)[f(2) = f(x = y),z € L} =
o(r — y) = 0, similarly for p(y — z) = 0, thus [z], = [y],, and so ¢ is an
one-to-one function. Therefore L/p ~ L'/ f(p). n

Proposition 4.11 Let L, L' be EQ-algebras, ¢ a pseudo valuation on L' and
f:L— L' an epimorphism. Then L/f~Y(p) ~ L'/p.

Proof. Let @1, 29 € L such that f(z1) = f(z2). From f~'(p)(z1) = p(f(z1)) =
o(f(x9)) = fH¢)(xa), it follows that f~!(p) is an invariant pseudo valuation
with respect to f. Notice that f is a subjective function, it is not difficult to prove
that f(f~1(¢)) = ¢. According to Proposition 4.10, we have L/f~1(p) ~ L'/¢. m

5. Some special pseudo pre-valuations on EQ-algebras

In the section, we introduce the concepts of implicative pseudo pre-valuations
and positive implicative pseudo pre-valuations, and investigate their relationships.

5.1. Positive implicative pseudo pre-valuations

Definition 5.1 rm Let ¢ : L — R be a pseudo valuation. If ¢ satisfies: o(x — z)
<l = (y = 2) +ple — y) for any x,y,z € L, then ¢ is called a positive
implicative pseudo pre-valuation on L.

The following example shows that positive implicative pseudo pre-valuations
exist.

Example 5.2 rm Let L be the EQ-algebra defined in Fxample 3.7. Define a real-
valued function ¢ : L — R by ¢(0) = 2, p(a) =1, ¢(b) = ¢(1) =0, then ¢ is a
positive implicative pseudo pre-valuation on L.

It is obvious that every positive implicative pseudo pre-valuation on an EQ-
algebra is a pseudo pre-valuation, while the converse is not true in general. In fact,
let ¢ be a pseudo valuation on L in Example 3.2, however ¢ is not a positive im-
plicative pseudo pre-valuation since p(a—0) =5 > ¢(a—(a—0))+p(a—a) = 0.

In the following, we provide some characterizations of positive implicative
pseudo pre-valuations.

Theorem 5.3 Let p: L — R be a pseudo pre-valuation on L. Then the following
conditions are equivalent:
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(1) ¢ is a positive implicative pseudo pre-valuation,
(2) e((zA(z—y) =y)=0 foranyx,y € L;
(3) vl —y) =pl@— (x—y)) for any z,y € L.

Proof. (1) = (2) Observe that (zA(z—y))—z = 1 and (zA(z—y))—(z—y) = 1,
we get that ¢((z A (z — 3)) = y) < @((z A (& = ) — 2) + p((z A (= 9) -
(x — y)) = 0 by hypothesis, and so ¢((x A (x — y)) = y) = 0.

(2) = (3) From z — y < 2z — (z — y), we get that p(z — (v — y)) <
o(z — y) by Proposition 3.4. For the inverse inequality, consider that x —
(x = y) =2 = (zAN(xr = y)) and p((z A (z = y)) — y) = 0, we get that
el = (x—=y)=pl@—=(@Al@—=y)+el(zAlz—y) >y > el —y),
consequently (3) is valid.

(3) = (1) Suppose that (3) hold, together with z — (y — 2) < ((y — 2) —
(x—2))—=(r—(x—2)) and z—y < (y—2)—(x—2), we obtain that p(z—(y—2))+
pli—y) > p(((y=2)>(502) S a— (522)) + pl(y—2)—(a—2)) > plo -
(x — 2)) = p(x — 2). Hence ¢ is a positive implicative pseudo pre-valuation. =

In the following, we will investigate some characterizations of positive im-
plicative pseudo pre-valuations in some special types of EQ-algebras.

Theorem 5.4 Let L be a residuated EQ-algebra and ¢ : L — R a pseudo pre-
valuation on L. Then the following conditions are equivalent: for any x,y,z € L,

Proof. (1) = (2) p((z ANy) = 2) > ¢((zr ® y) — 2) follows from (z Ay) —

On the other hand, since L is a residuated EQ-algebra,
<z = (y— 2 < (zAy) — (yA(y = 2)), therefore
ollz@y) — 2) > e((xANy) = (yA (y = z))). According to Theorem 5.3, we
get that o((y A (y — 2)) — 2) = 0, and thus p((z @ y) — 2) > p((x Ay) —
WAy = 2)+elyAly = 2) = 2) = e((x Ay) — z). Consequently
) = ez Ay) = 2).

2
(2) = (3) For any z,y € L, we obtain that p((xAy) = (z®y)) = p((z®y) —

(r®y)) = 0.

(3) = (4) Since z ® (z—y) < x Ay, then (z A (z—y))—(z @ (zvy)) <
(x A(z — y)) = (¢ Ay). Combination with the hypothesis, we obtain that
0=9¢(zAr —=y) = @@ —=y) =elzA@—=y) = (@Ay)
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Hence p((z A (z — y)) = (x Ay)) = 0. According to Proposition 3.5, we have

(A (z = y)) = (20y)) < o((zA(z = y)) = (2AY)+e((zAy) = (2@y)) = 0.
Hence po((z A (z = y)) = (x®y)) = 0.

(4) = (5) Taking y = x, it is easy to obtain (5) from (4).

(5) = (1) It follows immediately from Proposition 3.5 and hypothesis that
pl—2) <plr = (20r) +o((r@r) = 2) = p((r@r) = 2) <p((rr) =
ey —2)) <el@er) = (oY) +e((z®y) = (y® (Y — 2))). Obverse
that L is a residuated EQ-algebra, we have ¢((z ® z) = (x ®@ y)) < ¢(x — y)
and p((z®@y) = (y® (y — 2))) < ¢(r — (y — 2)) by Lemma 2.5. Thus
olx = z2) < plx = (y = 2)) + ¢z — y), and so ¢ is a positive implicative
pseudo pre-valuation. .

Theorem 5.5 Let L be a good EQ-algebra and ¢ a pseudo pre-valuation on L.
Then ¢ is a positive implicative pseudo pre-valuation if and only if o((x — y) —
(x = 2) <px = (y— 2)) for any x,y,z € L.

Proof. Since L is a good EQ-algebra, then p((z — y) — (v — 2)) = p(z —
(x = y) = 2)) < p((xr = y) — 2) by Lemma 2.4 and Proposition 3.4.
Conversely, we have p(z—(y—2)) +¢(x—y) > p((z—=y)—=(x—2)) + p(z—Yy)
> ¢o(x — z) for any z,y,z € L, thus ¢ is a positive implicative pseudo pre-
valuation. .

5.2. Implicative pseudo pre-valuations

We now proceed to investigate particular classes of pseudo pre-valuations. For
this purpose, we introduce the concept of implicative pseudo pre-valuations as
follows.

Definition 5.6 Let ¢ : L — R be a real-valued function. If ¢ satisfies the
following conditions: for any x,y, 2 € L,

(2) w(z) <plz = (2 = y) = 2)) +¢(2),

then ¢ is called an implicative pseudo pre-valuation on L.

Example 5.7 Let L = {0,a,b,1} be a chain with Cayley tables as follows:

®|0 a b 1 ~10 a b 1 — 10 a b 1
0/0 0 0 O 0/1 0 0 O 01 1 1 1
a|l0 a a a al0 1 b a a |0 1 1 1
b0 a a b b0 b 1 b b|0 b 1 1
110 a b 1 110 a b 1 110 a b 1
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Routine calculation shows that (L, A, ®,~, 1) is an EQ-algebra. Define a real-
valued function ¢ : L — R by ¢(0) = 3, ¢(a) = ¢(b) = ¢(1) = 0. Then ¢ is an
implicative pseudo pre-valuation.

Proposition 5.8 Fvery implicative pseudo pre-valuation is a pseudo pre-valuation,
moreover every implicative pseudo pre-valuation is a positive implicative pseudo
pre-valuation.

Proof. From y < 1 — y, it follows that x -y <2 — (1 — y). If x <y, then
l=x— 1=y =2—=(y—=y —y) andsopy) < ez (y =y —
y)) + ¢(x) = p(z), that is, < y implies that ¢(y) < ¢(z). Now let x,y € L,
since ¢(z) + ¢(z = y) = o(z) + oz = (1 = y)) = o(z) + oz = ((y = 1) =
y)) > ¢(y), thus ¢ is a pseudo pre-valuation. Since ¢ is an implicative pseudo pre-
valuation on L, then ¢(z — y) < ¢(1 = (((x = y) = y) = (x = y))) + ¢(1) =
o(((zx > y) > y) - (x — y)) for any z,y € L. On one hand, due to the fact
that © = (z = y) < ((r = y) = y) — (z = y), we have o(((z — y) = y) —
(x = y) <z — (x = y)), and so p(zr — y) < p(z — (r — y)). On the
other hand, using Proposition 3.4, we get that p(x — (z — y)) < p(x — y), thus
o(x = (x = y)) = ¢(x — y). By Theorem 5.3, ¢ is a positive implicative pseudo
pre-valuation. n

A positive implicative pseudo pre-valuation is not an implicative pseudo pre-
valuation in general. In fact, Let L be the EQ-algebra defined in Example 3.7
and ¢ : L — R a positive implicative pseudo pre-valuation defined in Example
5.2, while ¢ is not an implicative pseudo pre-valuation, since p(a) =1 > ¢(1 —
((a—0) —a))+e(l)=0.

The above discussing also displays that a pseudo pre-valuation is not an
implicative pseudo pre-valuation in general. Nextly, we give some conditions for
a pseudo pre-valuation to be an implicative pseudo pre-valuation.

Theorem 5.9 Let ¢ : L — R be a real-valued function. If ¢ is a pseudo pre-
valuation on L, then ¢ is an implicative pseudo pre-valuation if and only if p((x —
y) = x) = ¢(x) for any x,y € L.

Proof. Assume that ¢ is an implicative pseudo pre-valuation, then we get that
ez =) = a) = = ((z = y) = 2) + (1) = p(z) for any z,y € L.
To obtain the reverse inequality, notice that x < (z — y) — x, we have p(z) >
o((z — y) — x), and thus p((z — y) = =) = p(x).

Conversely, suppose that o((z—y)—x) = ¢(x) for any x,y € L. Consider
that ¢ is a pseudo pre-valuation on L, we get that p(z—((z—y)—x)) + ¢(z) >
o((z—y)—x). From ¢((z—y)—z) = ¢(x), it follows that ¢(z—((z—y)—z)) +
©(z) > p(z). Consequently, ¢ is an implicative pseudo pre-valuation. .

An interesting application of Theorem 5.9 is to a proof of the following im-
portant result.
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Theorem 5.10 Let L be an EQ-algebra with a bottom element 0 and ¢ a pseudo
pre-valuation on L, then @ is an implicative pseudo pre-valuation if and only if
o(-z — ) = p(x) for any x € L.

Proof. Suppose that ¢ is an implicative pseudo pre-valuation, then we have
o(x) =¢((x = 0) = z) = p(—x — x) for any € L by Theorem 5.9.
Conversely, due to the fact that (x—y)—z < ~x—x, we have p((z—y)—zx) >
p(—x—x) = p(x). As for the reverse inequality, observe that z < (zr—y)—x, we
get p(z) > p((r—y)—x), and thus p(z) = p((r—y)—x). Therefore ¢ is an
implicative pseudo pre-valuation. .

Let ¢ be a pre-valuation on L. If p(x — (y — 2)) = ¢(y — (z — 2)) for any
x,y,z € L, then we say that ¢ has the weak exchange principle.

Theorem 5.11 Let L be an EQ-algebra with a bottom element 0, and ¢ a pseudo
pre-valuation on L with the weak exchange principle. Then the following state-
ments are equivalent:

(1) ¢ is an implicative pseudo pre-valuation;
(2) e(z = (2 = y)) + oy = 2) > p(x = 2) for any x,y,z € L;

(3) plr = (mz— 2)) = p(xr = 2) for any x,z € L.

Proof. (1) = (2) From y — z < (x — y) — (r — z), we get that p(z —
(2 = y)+oly = 2) 200z = (@ =2 y)+ellz =y = (@ —2) >

o(-z = (r — z)) as ¢ has the weak exchange principle. Notice that -z —
(x — 2) < =(x — z) = (¢ — 2), together with Theorem 5.10, we obtain
that p(=(x — 2) = (x — 2)) = p(x — z) < p(-z — (z — 2)). Therefore
ol = (mz = y) + oy = 2) = oz = 2).

(2) = (3) By hypothesis, we have p(x — 2)<p(x — (-2 = 2))+p(z — 2)
= p(z — (—z — z)) for any z,z € L. To obtain the reverse inequality, obverse
that © — 2z < 2 — (-z — 2), we get p(x — (-2 — 2)) < p(r — z). Thus
olx = (72 = 2)) = p(x — 2).

(3) = (1) Using the hypothesis, together with Proposition 3.4, we have
o) = p(l = 2) = p(l = (mx — z)) = p(—~z — x). By Theorem 5.10, ¢
is an implicative pseudo pre-valuation. .

Next, we further find the conditions under which a positive implicative pseudo
pre-valuation is equivalent to an implicative pseudo pre-valuation.

Theorem 5.12 Let L be an EQ-algebra with a bottom element 0, and ¢ a positive
implicative pseudo pre-valuation on L. Then ¢ is an implicative pseudo pre-
valuation if and only if p(x) < p(——z) for any x € L.
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Proof. Assume that ¢ is an implicative pseudo pre-valuation, from ——z = —z —
0 < -z — x, it follows that p(—z — z) < p(——x). According to Theorem 5.10,
we get (z) = p(~w — 1) < P(a).

Conversely, since -z — = < (x = 0) = (-z = 0) = -z — (—z — 0),
then p(—x — (-2 — 0)) < p(—x — z). It follows immediately from Theorem
5.3 and Proposition 3.4 that ¢(——z) = p(-z — 0) < (- — z) < @(x).
Using hypothesis, we obtain that o(—x — x) = ¢(z). By Theorem 5.10, ¢ is an
implicative pseudo pre-valuation. .

As a consequence of Theorem 5.12 together with Lemma 2.4, we have the
following result.

Corollary 5.13 Let L be a good EQ-algebra with a bottom element 0, and ¢ a
positive implicative pseudo pre-valuation on L. Then ¢ is an implicative pseudo
pre-valuation if and only if p(x) = @(——x) for any x € L.
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