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1. Introduction

In [32], we introduced interval-valued monoidal logic? (IVML). As its name suggests, the intended semantics of this logic
are algebras of intervals. The idea behind interval-valued truth degrees is that they provide a way to express incomplete as well
as graded knowledge (see e.g. [5,9,15,25,26,31,32]). In fact, interval-valued fuzzy sets and truth degrees are a special case of
type-2 fuzzy sets and Z-numbers, which were introduced in [35,36]. It was proven in [32] that IVML is sound and complete
w.rI.t. triangle algebras, and that triangle algebras are equivalent with IVRLs (which are residuated lattices that have intervals
as elements; the precise definition is in Definitions 4 and 5). These intervals can be taken in any residuated lattice. Residuated
lattices form the semantics of Hohle’s monoidal logic (ML) [20], which explains the second part of the name IVML. Numerous
axiomatic extensions of IVML can be defined. All of them are sound and complete w.r.t. the corresponding subvarieties of the
variety of triangle algebras. An interesting example is interval-valued monoidal t-norm based logic® (IVMTL), because it was
proven in [34] that this logic (and its extensions) is pseudo-chain complete. This means that the semantics can be restricted
to IVRLs in which the exact intervals form a chain. This is the analogue of the chain completeness of Esteva and Godo’s MTL
[11]. Jenei and Montagna have proven that MTL is not only chain complete, but also standard complete [23]. In the present pa-
per, we will show that also IVMTL (and some of its extensions) is standard complete. Moreover, we will prove a local deduction
theorem that holds for IVML and its extensions.

In Section 2 we recall the basic definitions and properties of fuzzy logics and their interval-valued counterparts. In Sec-
tion 3 we introduce a number of specific interval-valued logics, corresponding to the commonly used (non-IV) fuzzy logics.
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And in Section 4 we investigate which of these logics are standard complete, and which not. Moreover, we prove a local
deduction theorem. In Section 5 we prove similar results for a specific expansion of IVMTL, IVMTL,L (and its expansions).

2. Preliminaries

IVML is basically monoidal logic (ML) [20] enriched with two unary connectives (J and < (representing ‘necessity’ and
‘possibility’) and a constant i (representing ‘uncertainty’). So the language of IVML consists of countably many propositional
variables (p1,p».. . .), the constants 0 and i, the unary operators [J, <, the binary operators A, V, &, —, and finally the auxiliary
symbols ‘(" and ‘). IVML-formulas are defined inductively: propositional variables, 0 and @ are IVML-formulas; if ¢ and i are
IVML-formulas, then so are (¢ A V), (¢ V), (¢ & ), (¢ — ), (O¢) and (COe).

Remark that the set of ML-formulas is contained in the set of IVML-formulas.

The following notations are used: 1 for 0 — 0, —¢ for ¢ — 0, ¢* for ¢ & ¢, ¢" (with n=3,4,5,...) for (¢" ~ ) & ¢ (more-
over, ¢° is 1 and ¢! is ¢), and ¢ — V for (¢ —» ) A (Y — ), for formulas ¢ and .

The axioms® of IVML are those of ML, i.e.,

(ML.T) (d) V) = (=0 —(¢—= %),
(ML2) ¢ — (¢ V),

(ML3) = (¢ V),

(ML.4) (d) = 1) = (=)= (oV¥) =),
(ML5) (¢nY)— ¢,

(ML6) (pAy)— o,

(ML7) (¢ &) — ¢,

(ML8) (&) — (Y & ¢),

(ML) (¢ =)= ((d—x)— (¢ — W AX)),
(ML10) (¢ — (¥ — x)) — (¢ &) — %),
(ML1T) ((p &) — 1) — (¢ —= (¥ — X)),
(ML12) 0 — ¢,

complemented with

(IVML.1) O — ¢, (IVML.1') ¢ — 0¢,

(IVML2) O¢ — O0¢, (IVML2)) 00 — 0o,

(IVML3) (D¢ ADY) —O(@AY), (VML3) (0hAOW) — O A W),
(IVML4) O(¢ V) — (D¢ vOy), (IVMLA) 0oV i) — (0d VoY),
(IVML5) -0, (IVML5') 0,

(IVML6) 0¢ — [0, (IVML6) 00¢p — Og,

(IVML.7) 0O(¢ — ¢) — (O¢ — Oy),

(IVML.8) (O¢ < Oy) & (0¢ < O¥) — (¢ <= ¥),

(IVML9) (O — Oy) — O(Cp — D).

The deduction rules are modus ponens (MP, from ¢ and ¢ — ¥ infer ), O-necessitation® (G, from ¢ infer (¢) and monoto-
nicity of & (MO, from ¢ —  infer G¢ — O). Proofs and the provability relation Fpyyy are defined in the usual way.

IVML is a logic which has interval-valued structures as its (general) semantics (hence its name). To see this, we recall the
following definitions and results from [32].

ML is sound and complete w.r.t. the variety of residuated lattices® [7], which are structures £ = (L, M, L, +,=,0, 1) in which
M, U, * and = are binary operators on the set L and

e (L,n,u) is a bounded lattice with 0 as smallest and 1 as greatest element,
e x is commutative and associative, with 1 as neutral element, and
exxy<ziffx<y=zforall x,yand z in L (residuation principle).

4 Some of these axioms are referred to by a specific name. In [20], ML.1 is called ‘syllogism law’, while Hajek uses ‘transitivity of implication’ in [18]. Other
names in [18] are ‘commutativity of &-conjunction’ for ML.8, ‘ex falso quodlibet’ for ML.12 and ‘residuation’ for the combination of ML.10 and ML.11 (which are
called ‘importation law’ and ‘exportation law’ in [20]).

5 In [32,34], O-necessitation was called generalization.

6 In the literature (e.g. in [20]), the name residuated lattice is sometimes used for more general structures than what we call residuated lattices. In the most
general terminology, our structures would be called bounded integral commutative residuated lattices.
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ML is the basis for a number of well-known stronger formal fuzzy logics, such as Esteva and Godo’s monoidal t-norm
based logic (MTL) [11], Hajek’s basic logic (BL) [18], Lukasiewicz logic (LL) [24], intuitionistic logic (IL) [19] and Godel logic
(GL) [8,16]. These logics are sound and complete w.r.t. MTL-algebras, BL-algebras, MV-algebras (or, equivalently, Wajsberg
algebras [14]), Heyting-algebras and G-algebras, respectively. Below, we recall the definitions of these concepts, along with
some other important notions. We refer to [4,12,17] for a comprehensive overview of these and other logics.

All these extensions of ML satisfy the following local deduction theorem:

Proposition 1. Let I" U {¢,/} be a set of ML-formulas, and L be an extension of ML.
Then the following are equivalent:

o U{p}rL .
e There is an integer n such that I' -y ¢™ — .

ML and its axiomatic extensions can be expanded with a unary connective A, called Baaz’s Delta [1]. The formulas of these
logics will be called MLa-formulas. The logic ML, is defined as ML extended with the following axioms’ and deduction rule
for A:

(A1) A¢ Vv -Ag,

(A2) Alp Vi) — (AdpV AY),
(A3) A¢p— ¢,

(A5) Alp —¥) — (Ap — AY),

and A-necessitation (N, from ¢ infer Ag).
For ML, and its extensions, we have the following deduction theorem.

Proposition 2. Let I U {¢,} be a set of ML-formulas, and L be an extension of MLa.
Then the following are equivalent:

e I'u{o}rry,
o I'FLAG = V.

Axiomatic extensions of MTL (which is ML extended with the axiom (¢ — /) v ({y — ¢)) are specific kinds of core fuzzy
logics (see [4] for more details). Axiomatic extensions of MTL, are specific kinds of A-core fuzzy logics. In core fuzzy logics
and A-core fuzzy logics, the language is allowed to have more connectives than the ones we use in this paper (but at most a
countable amount).

Definition 3. We will use the notations —x for x = 0, x < y for (x = y) N (y = x) and x" for x = x * - - - * x. Moreover, we
S——_——
assume x°=1. 1 times

e An MTL-algebra [11] is a prelinear residuated lattice, i.e., a residuated lattice in which (x = y)u(y = x)=1 for all x and y
in L.

e ABL-algebra[18]is a divisible MTL-algebra, i.e., an MTL-algebra in which x My = x x (x = y) for all x and y in L. The weaker
property xMy=(x*(x=y))U(y * (¥ = x)) is called weak divisibility [31,32] and holds in all MTL-algebras.

e An MV-algebra [2,3] is a BL-algebra in which the negation is an involution, i.e., (x = 0) = 0=x for all x in L.

o A Heyting-algebra, or pseudo-Boolean algebra [30], is a residuated lattice in which x x x = x for all x in L, or, equivalently, in
which x«y=xny for all x and y in L.

e A G-algebra [18] is a prelinear Heyting-algebra.

e A Boolean algebra is an MV-algebra that is also a Heyting-algebra.

By adding a unary operator A satisfying A1 =1, AxU-Ax =1, A(xUy) < AxUAy, Ax <x and A(x = y) < Ax = Ay, for
all x and y, we can define the ‘A-companions’ of these algebras (e.g. MTLa-algebra, Ga-algebra, ...). If a residuated lattice
satisflesx Uy = ((x=y)=y)N((y = x) = x), for all x and y in L, then it is called u-definable [11,12]. The stronger property
xUy=(x=y)=y is called strong U-definability® [31,32]. Other interesting properties are the law of excluded middle®
(xu-x=1), pseudocomplementation (xr—-x=0), cancellation (-xU((x= (xxy))=y)=1), weak cancellation
(=(x*y)U((x = (x*xy)) =y) = 1) and weak nilpotent minimum (—(x xy) U ((x Ny) = (xxy)) = 1).

7 Note that we left out (A4). In Section 5 we shall show that A¢ — AA¢$ (which is known as (A4)) is provable from ML,.
8 Strong L-definable residuated lattices are exactly MV-algebras [20].
9 Residuated lattices satisfying the law of excluded middle are exactly Boolean algebras.
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Definition 4. Given a lattice £ = (L, M, ), its triangularization T(£) is the structure T(£) = (Int(£),n,||) defined by

o Int(L) = {[x1,%2]|(X1,%2) € L* and x; < x5},
o [x1,%2] M [y1.y2] = [x1 Ny1.x2 N y2],
o [x1,%2] LI [y1.y2] = [¥1 Uy1.x2 U Ya].

The set D, = {[x,x]|x € L} is called the diagonal of T(£).
In particular, the triangularization of ([0,1],min, max) is denoted as £’ = (L',n, ).

Definition 5. An interval-valued residuated lattice (IVRL) is a residuated lattice (Int(£),Mn,||,®,=,[0,0],[1,1]) on the
triangularization T(£) of a bounded lattice £, in which the diagonal D, is closed under ® and =, i.e., [x,X] ® [y,y] € D and
[x,X] =¢ [y,y] € D, for all x, y in L.

Example 6 [6]. If T is a left-continuous t-norm on ([0, 1],min, max), « € [0,1] and the mapping 7, is defined, for x = [x1,X,]
and y =[y;,y-] in L', by the formula

TT‘zx(Xuy) = [T(Xl 7yl)> max(T(oc, T(X27y2))7 T(Xl 7y2)7 T(X27y1))]ﬁ (1)
then (L’, MU, Tr4,Z7,,,0,0],[1,1]) is an IVRL, in which Z7,, is the residual implicator of 77 ,:

Irp,(x,y) = min(Ir(x1,y,), Ir(X2,¥,)), min(Ir(T(x2, %), ¥), Ir(X1,¥,))]
In [32], we introduced the notion of triangle algebra, a structure that serves as an equational representation for an inter-
val-valued residuated lattice. Triangle algebras form the link between IVRLs and IVML.

Definition 7. A triangle algebra is a structure A = (A, N, U, *, =, v, 4, 0,u, 1), in which (A,M,,*,=,0,1) is a residuated lattice,
v and u are unary operators, u a constant, and satisfying the following conditions:

(T.1) vx<x, (T1) x < ux,

(T.2) vx< vvx, (T.2")  pux < ux,

(T.3) vxny)=vxrwy, (T.3) uENY)=pxmpy,
(T4) vixuy)=vxuvy, (T4) pxuUy)=pxuuy,
(T.5) vu=0, (T.5) pu=1,

(T.6) vux = ux, (T.6") uvx =vx,

(T.7) vix=y) <vx=vy,

(T.8) (VX = Vy)* (UX = y) < (X =Y),

(T.9) vx= vy <v(vx=y).

A triangle algebra (A,M, L, % =, v, 1t,04,14,14) is called a standard triangle algebra iff (A,n,L) = £'.

In a standard triangle algebra (L',m,U,%,=,v,1,04,Ua14), 04=[0,0], 14=[1,1], u=[0,1], V[x1,x2]=[x1,x;] and
Ulx1,x2] = [x2,%5] for all [x1,x,] in L. This is a consequence of Propositions 19 and 21 in [32].

In [32], we also established a one-to-one correspondence between interval-valued residuated lattices (IVRLs) and triangle
algebras. The correspondence is shown in Fig. 1. The unary operators v and y correspond with the mappings that map [x1,x,]
to [x1,x1] and [x,,x,] respectively. We call these mappings in IVRLs the vertical and horizontal projection (p, and p;). The con-
stant u corresponds to [0,1]. Theorem 8 gives this connection in more detail:

Theorem 8 [32]. There is a one-to-one correspondence between the class of IVRLs and the class of triangle algebras. Every
extended IVRL'® is a triangle algebra and conversely, every triangle algebra is isomorphic to an extended IVRL.

In [32], it was verified that IVML is sound and complete w.r.t. triangle algebras. Because of Theorem 8, this implies that
IVML is sound and complete w.r.t. extended IVRLs. Axiomatic extensions of IVML are sound and complete w.r.t. the corre-
sponding subclasses of the class of extended IVRLs.

Definition 9 [32]. Let A = (A,MN,U, %, =, v, i,0,u, 1) be a triangle algebra. An element x in A is called exact if vx = x. The set of
exact elements of A is denoted by E(A).

Using the isomorphism in Fig. 1, the set of exact elements of a triangle algebra corresponds to the diagonal of the isomor-
phic (extended) IVRL. In this paper we will sometimes use the term ‘diagonal’ for triangle algebras as well.

It was proven in [32] that E(A) is closed under all the defined operations on A. So (E(A),M, U, *,=>,0,1) is a residuated
lattice, that we will denote as £(A). Every property in Definition 3 (prelinearity, divisibility, ...) can therefore be weakened,
by imposing it on E(A) (instead of A) only. We will denote this with the prefix ‘pseudo’. For example, a triangle algebra is said

10 An extended IVRL is simply an IVRL in which the two mentioned projections are defined and the constant [0,1] is fixed.
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X
A [0,1] [1,1]
1 X(x) = [21, 2]
v T ez, xa] = pa(len, x2)

u ‘

p ‘

T

v (1, 21] = po([z1,22))

0

[0,0]

Isomorphic extended IVRL

Triangle algebra
B (A", %, =", py, pi, 0, 0], 0, 1], [1,1])

(A7 l—‘7 |—|7 *7 :>7 V? lll’/ 07 U‘? 1)
Fig. 1. The isomorphism y from a triangle algebra to an IVRL.

to be pseudo-linear if its set of exact elements is linearly ordered (by the original (restricted) ordering). Another example: a
triangle algebra is pseudo-divisible if vx 11 vy = vx x (vx = vy) for all x and y in A (E(A) consists exactly of the elements of the
form!! vx).

For any x in a triangle algebra, it holds that x = vx U (ux M u) (see [33]). Therefore, x is completely determined by vx and px
(which are elements of E(A)): if vx = vy and px = uy, then x =y.

In [33] we proved that

Theorem 10. In a triangle algebra A = (A, N, U, x,=, v, 1,0, u, 1), the implication = and the product * are completely determined
by their action on E(A) and the value of pu(u = u). More specifically:

e V(x=y)=(vx=vy)N(ux= uy)

o f(x=y)=(px= (u(uxu)=uy))N(vx = uy)

e V(X xy)=VX*VYy,

o Wxxy)= (VX py) U (px s vy) U (px s py + p(u = u)).

Because of Theorem 10, Example 6 gives all standard triangle algebras (i.e., all IVRLs on L').

Proposition 11 [34]. For any residuated lattice £ and o € L, there is a triangle algebra A = (A, 1,1, *,=,v, i,0,u, 1) such that
(up to isomorphism) £(A) is £ and w(u = u) = o.
In the interval-valued setting, evaluations and models are defined in the same way as in the known fuzzy setting.

Definition 12 [32]. Let A = (A, M, U, *,=,v,1,0,u, 1) be a triangle algebra, I'" a theory (i.e., a set of (IVML-)formulas). An A-
evaluation is a mapping e from the set of IVML-formulas to A that satisfies, for each two formulas ¢ and y:
e(p ) =e($)Te(h), e(¢ V) =e(d)Le), e(p &) =e(d) xe(), e(d — ) =e(¢) = e(), e(0) = ve(d), e(0h) = fte(¢), e(0) =0
and e(ut) =u. If an A-evaluation e satisfies e(j) =1 for every y in I, it is called an .A-model for I'.

We write I' =4 ¢ if e(¢) = 1 for all . A-models e for I'.

We conclude this section with the definition of the different kinds of completeness an axiomatic extension of IVML can
enjoy. These are comparable to the different kinds of completeness for fuzzy logics (see, e.g., [4,22]).

Definition 13. Let L be an axiomatic extension of IVML.
An L-algebra is a triangle algebra that satisfies the properties corresponding to the axioms that were added to IVML in
order to obtain L.'?

L is called pseudo-chain complete if the following equivalence holds for all IVML-formulas ¢: . ¢ iff 4 ¢ for all pseudo-
linear L-algebras A.

11 Remark that E(A) also consists exactly of the elements of the form yx. So pseudo-divisibility might as well be expressed by pix M uy = px « (ux = py) or
ux vy = ux * (ux = vy), for all x and y in A. And similarly for other properties (pseudo-prelinearity, pseudo-cancellation, ...), of course.

12 For example, if L is IVML extended with the axiom scheme ——~¢ — ¢, then an L-algebra is a triangle algebra satisfying ——x = x = 1, in other words a triangle
algebra with an involutive negation.
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Table 1

Some axioms in interval-valued fuzzy logics.
Axiom Name
(O¢ - OyY) v (O - O¢) Pseudo-prelinearity (PP)
((O¢ - Oy) - Oy) - (OpvOy) Pseudo-strong Vv-definability (PSV)
¢ v -O¢ Pseudo-law of excluded middle (PLEM)
O¢ — (O¢& Tep) Pseudo-contraction (PCon)
—(0¢ & Oy) Vv (O AOY) — (O¢ & Oy)) Pseudo-weak nilpotent minimum (PWNM)
——0¢ — O¢ Pseudo-involution (PInv)
—(0O¢ A -0O¢) Pseudo-pseudocomplementation (PPC)
—(0¢ & Oy) v ((O¢ — (O¢ & O)) — Oyy) Pseudo-weak cancellation (PWCan)
-0¢ Vv ((O¢ — (O¢ & Oy)) — Oy) Pseudo-cancellation (PCan)
(Oé AOY) - (O &(O¢ - OY)) Pseudo-divisibility (PDiv)

L is called finite strong pseudo-chain complete if the following equivalence holds for all finite sets I" U {¢} of [IVML-for-
mulas: I' by ¢ iff I' =4 ¢ for all pseudo-linear L-algebras A.

L is called strong pseudo-chain complete if the following equivalence holds for all sets I" U {¢} of IVML-formulas: I" -y ¢
iff I' 4 ¢ for all pseudo-linear L-algebras A.

L is called standard complete if the following equivalence holds for all IVML-formulas ¢: -y ¢ iff =4 ¢ for all standard L-
algebras A.

L is called finite strong standard complete if the following equivalence holds for all finite sets I" U {¢} of IVML-formulas:
I'+y ¢ iff I =4 ¢ for all standard L-algebras A.

L is called strong standard complete if the following equivalence holds for all sets I" U {¢} of IVML-formulas: I" - ¢ iff
I' 4 ¢ for all standard L-algebras A.

3. Axiomatic extensions of IVML

Now we introduce some extensions of IVML, by adding well-known'? axiom schemes. They are listed in Tables 1 and 2.
Remark that these axiom schemes are applied to formulas of the form C¢ and not to all formulas (as usual). As the image of
a triangle algebra (A,M,U,*,=,v,1,0,u,1) under v is the set E(A) of exact elements,'* this means that the axioms schemes do
not hold for all truth values, but only for exact truth values. This is not a drawback. On the contrary, it is precisely what we
want because the exact truth values are easier to interpret and handle. Moreover, using Theorem 10, for all axiom schemes
equivalent axiom schemes can be found that only involve formulas of the form C¢ and <.

All these extensions of IVML are sound and (strong) complete w.r.t. their corresponding subvariety of the variety of tri-
angle algebras [32]. For example, IVSBL is sound and complete w.r.t. the variety of triangle algebras satisfying
(vx=vy)u(vy=vx)=1, vx vy < vx*(vx=vy) and (vxr-vx) =0.

Moreover, they are all'® extensions of IVMTL and therefore all these logics are also strong complete w.r.t. their correspond-
ing subclass of the class of pseudo-linear triangle algebras (in other words, they are strong pseudo-chain complete [34]).

For some of these logics, we can use these completeness results and use known algebraic properties of triangle algebras
[34] to derive alternative defining axiom schemes. For example, [VCPC can also be defined as IVML extended with the axiom
scheme (¢ — ) v (y — ¢) (because a triangle algebra satisfies the pseudo-law of excluded middle iff it is prelinear); and
IVBL can also be defined as IVMTL extended with the axiom scheme (¢ A ) — (¢ & (¢ — ¥)) vV (¥ & (Y — ¢))) (because a
pseudo-prelinear triangle algebra is pseudo-divisible iff it is weak divisible).

In the next section we will prove that IVMTL and some of its extensions are strong standard complete and a fortiori also
standard complete. For the other defined extensions we will prove that they are not strong standard complete. We will also
give a local deduction theorem for all these logics.

4. Main results

In [4] it is shown that strong standard completeness of a propositional fuzzy logic is equivalent with the real-chain
embedding property of that logic, and that MTL, G, WNM, IMTL, NM and SMTL satisfy this property. We will use these results
in the next theorem to show that their interval-valued counterparts also satisfy strong standard completeness.

Theorem 14 (Strong standard completeness). For each set of IVML-formulas I' U{¢}, the following four statements are
equivalent:

(1) ¢ can be deduced from I in IVMTL (I Fymm ),
(2) for every pseudo-prelinear triangle algebra A, I =4 ¢ (i.e., for every A-model e of I', e(¢)=1),

13 For a more detailed overview, we refer to [4,12].
14 Note that the image under y is also E(A). All axioms schemes in Table 1 can also be given in an equivalent way by changing (¢ to ©¢ and/or Oy to Ov.
15 Indeed, also in IVt and IVCPC, (O¢ — Oy) v (Oy — O¢) can be proven.
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Table 2
Some axiomatic extensions of IVML obtained by adding the corresponding
axioms.
Logic Additional axioms
IVMTL (PP)
VL (PSv)
IVCPC (PLEM)
IVG (PP) and (PCon)
IVWNM (PP) and (PWNM)
IVIMTL (PP) and (PInv)
IVNM (PP), (PWNM) and (PInv)
IVSMTL (PP) and (PPC)
IVWCMTL (PP) and (PWCan)
IVIIMTL (PP) and (PCan)
IVBL (PP) and (PDiv)
IVIT (PP), (PDiv) and (PCan)
IVSBL (PP), (PPC) and (PDiv)

(3) for every pseudo-linear triangle algebra A, T' =4 ¢,
(4) for every standard triangle algebra A, I =4 ¢.

Proof. The equivalence of the first three statements was already proven in [32,34]. We will now prove that (4) implies (3).
This suffices to prove the theorem, as (3) obviously implies (4).

Suppose (3) does not hold. Thus there exists a pseudo-linear triangle algebra A = (A,M,U, x,=,V, 1t,04,u,14) and an A-
model e of I' such that e(¢) < 14. Clearly, only evaluations of subformulas of I U {¢} are relevant, therefore we can assume,
without loss of generality, that A4 is at most countably generated (as the set of IVML-formulas is countable), and therefore at
most countable. Because £(A) = (D, Mp, Up, *p, =p, 04, 14), in which D = E(A) and rMp, Up, *p and =p are the restrictions of r,
U, * and = to D, is an MTL-chain (i.e., a linearly ordered MTL-algebra), we know from [23] that there exists an embedding i
from £(A) into a standard MTL-algebra ([0, 1], min, max,o,=,0,1).

Now we define a standard triangle algebra A° and a mapping j from A to A in the following way:
A= (L' inf, sup, ®, ~, p,,, by, [0, 0], [0, 1], [1, 1)), with

o inf([X1, %], [y1,y2]) = [min(x,y1), min(x,,y2)],

o sup([xq,X2],[y1,y2]) = [max(xq,y1), max(xz,y2)],

o [X1,X2] © [y1,¥2] = [X1 0 y1,max(Xq o ¥2,X; 0 Y1,X2 0 Y3 o i( u(u * u)))],

o [X1,X2] ~ [y1,¥2] = [Min(xq =, y1,X2 = ¥2), Min(xy = y2, (X2 o i(u(u x u))) =, y2)I,
o pil[x1,X2]) = [x1,X41],

o pu([X1,X2]) = [%2,x,] and

o j(x) = [i(vx),i(px)].

To verify that A’ is indeed a standard triangle algebra, note that ({[x,x]|x € [0,1]},inf,sup,®, ~»,[0,0],[1,1]) is a subalgebra
of A" isomorphic to ([0,1], min, max,o,=.,0,1) and check Example 6 and Theorem 8. Now we show that j is an embedding
from A into A"

J() = [i(vu), i(uu)] = [i(04),i(1a)] = [0,1]
(and similarly for j(04) =[0,0] and j(1,) =[1,1]),
Jxny) =[i(v(xny)),i(uxny)] = [i(vx 1 vy), i(ux 1 uy)] = [{(vxMpVvy), i(Uxrpay)]
= [min(i(vx),i(vy)), min(i(ux), i(py))] = inf([i((vx), i(ux)], [i(vy), i(uy)]) = inf(j(x),j())
(and similarly for x L y),
JOx) = [i(vvx), i(uvx)] = [i(vx), i(vx)] = p,([i(vx), i(ux)]) = p,(i(x))
(and similarly for ux),

i(vx), i(px)] © [i(vy), i(uy)]
ix) 0j),
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jx=y) =[x =1y)),i(ux=1y))]
= [i((vx = vy) N (Ux = 1)), i((vx = uy) 1 ((Ux « f(u = u) = 1y))]
= [i(vx=p vy) Mp (X =p 1)), i((vX =p 1Y) Mp ((Uxxp (U * 1)) =p [y))]
= [min(i(vx)=.i(vy),i(ux) =, i(y)), min(i(vx) =, i({y), (i(pex) o i(p(u * u))) =, i(1y))]
= [i(vx), i(ux)] ~ [i(vy),i(1y)]
=jx) -~ jy)
and

Jx) =j(y) iff (i(vx) = i(vy) and i(ux) = i(py))
iff (vx =vy and ux = py)
iff x=y.

Now remark that e/, defined by e'(y/) = j(e(y)), is an .A’-model of I' such that e'(¢) < 1, which concludes the proof. O

This theorem can also be used, mutatis mutandis, for IVG, IVWNM, IVIMTL, IVNM and IVSMTL, because G, WNM, IMTL,
NM and SMTL satisfy the real-chain embedding property, just like MTL.

Remark 15. Remark that basically what we do in the proof is applying the real-chain embedding property to the diagonal of
a (countable) pseudo-linear triangle algebra, which gives us an embedding of this diagonal in a standard MTL-chain. This
embedding can be extended to an embedding of the whole triangle algebra in a standard triangle algebra. This interval-
valued counterpart of the real-chain embedding property might be called ‘pseudo-real-chain embedding property’ and
enables us to prove the strong standard completeness.

e Theorem 14 does not only hold for IVMTL, IVG, IVWNM, IVIMTL, IVNM and IVSMTL, but for every interval-valued compan-
ion IVL (defined in the same way as the examples in Table 2) of a core fuzzy logic L without extra connectives that satisfies
strong standard completeness (or, equivalently, the real chain embedding property). In short: if a core fuzzy logic L without
extra connectives'® is strong standard complete, then its interval-valued companion IVL is strong standard complete.

In fact, Theorem 14 can be generalized even a bit more. Indeed, also for other kinds of strong completeness (i.e., not
necessarily strong standard completeness), we have a connection between a core fuzzy logic L without extra connectives
and its interval-valued companion IVL: if L is strong complete w.r.t. a class K of L-chains, then IVL is strong complete w.r.t.
the class TA(K) (and vice versa), with TA(K) the class of I[VL-algebras whose subreduct of exact elements is isomorphic to
an L-algebra in K. This is because the connection between the strong standard completeness of a core fuzzy logic L and
the real-chain embedding property is only a particular case of the connection between the strong completeness w.r.t. I of
a core fuzzy logic L and the ‘I<-chain embedding property’. The proof for strong completeness of IVL w.r.t. TA(K) therefore
remains completely similar to the proof for strong standard completeness of IVL.

Remark 16. In the previous remark we noted that for core fuzzy logics there is connection between the strong completeness
w.I.t. a class K of L-chains and the ‘l<-chain embedding property’, which was used to demonstrate the strong completeness
of IVL w.r.t. TA(K) (under the condition that L is strong complete w.r.t. [<). For core fuzzy logics L in a finite language (e.g., all
axiomatic extensions of MTL), we have a similar equivalence between the finite strong completeness w.r.t. a class K of
L-chains and the ‘IK-chain partial-embedding property’. Completely similarly as for strong completeness, we can use this
equivalence to show the finite strong completeness of IVL w.r.t. TA(IK) (under the condition that IVL is the interval-valued
companion of a core fuzzy logic L without extra connectives (and thus in a finite language) which is finite strong complete
w.r.t. K).

In particular, for a finite strong standard complete core fuzzy logic L without extra connectives, we find that its interval-
valued companion IVL is finite strong standard complete. Because £, WCMTL, IIMTL, BL, IT and SBL are all finite strong
standard complete core fuzzy logics in a finite language (see [4,18,21,22,28]), IVL, IVWCMTL, IVIIMTL, IVBL, IVIT and IVSBL
are all finite strong standard complete (and therefore also standard complete). This makes that all logics in Table 2, apart
from IVCPC (and IVML), are finite strong standard complete.

As witnessed in [10], it can occur that a core fuzzy logic L is complete w.r.t. a class K of L-chains, but not finite strong
complete w.r.t. K. In this case we do not know of a suitable characterization of completeness (in terms of a kind of
embedding property). For such a core fuzzy logic L, the completeness of IVL remains an open problem.

For ML, £, CPC, WCMTL, TIMTL, BL, IT and SBL it is known [4,18,21,22,28] that they are not strong standard complete. The
next proposition implies that their interval-valued counterparts cannot be strong standard complete either. First we mention
some notations that will be used.

16 For core fuzzy logics with extra connectives, this remains an open problem. But not for A-core fuzzy logics, see Section 5.
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Suppose KK is a class of residuated lattices. Recall from Remark 15 that we defined the class TA(KK) of triangle algebras as
follows: a triangle algebra A is an element of TA(K) iff £(A) is isomorphic to a residuated lattice in K. Because of Proposition
11, TA(K) is not empty if K is not empty.

Furthermore, for every ML-formula ¢, we define the IVML-formula ¢’ as follows: ¢'(p; ,...,p;,) = ¢(Op;,, ..., Op;,), where
Di,,---,D;, are the propositional variables occurring in ¢. For example, if ¢ is the ML-formula ((ps V p3) — p12) & (p; — 0),
then ¢’ is the IVML-formula ((Opg vV Op3) — Opy,) & (Op; — 0).

Also, if y is an ML-formula, we denote the function corresponding to y in an expansion B of a residuated lattice by ff. For
example, if y is the ML-formula (p, — p4) A p2 (which we denote by y(p2,p4)) and A = (A,M, U, x,=,v, 1,0,u, 1) is a triangle
algebra, then f{‘ is the binary function in A defined by f;‘(x,y) = (x=y)nx, for all x and y in A.

Proposition 17. Suppose I U {¢} is a set of ML-formulas and K is a class of residuated lattices. Then I' = ¢ iff I qac) ¢', where
={Xlx el

Proof. Suppose I rau) ¢'. Now take any residuated lattice £ in K and £-model v of I'. We want to prove that v(¢) = 1. Take
any triangle algebra A in TA(K) such that £(A) is isomorphic to £. Because of Proposition 11 such a triangle algebra always
exists. Let i be the mapping from £ to .A that maps £ isomorphically on £(A). Then the values i(v (p1)), i(tv (p2)), i(v (p3)), -

are well-defined, and we can extend this mapping of propositional variables in .A to an .4-evaluation v’ of all IVML- formulas,
in a unique way. So v' (p;) = i(v (p;)) for all propositional variables p;. Remark now that v' (') =i(v ()) for all ML-formulas

x- Indeed, if p;,...,p; are the propositional variables occurring in y, then we find v(X (P> p,n)) =
V((Opyys - 0p)) = F 0V D), v () = FViDy,), - i) = FAE@P)), - i) = 07 (@0;),
v(p;,))) = ( (P55 p;,)))-In partlcular for alllﬁm]’ we have v’(lﬁ i(v(¥))=i(1)=1.0ur assumptlonFU{q&} ensures

that v'(¢’) = 1. We conclude 1 = ¢/(¢') = i(v (¢)), which implies v (¢)=1.
Now suppose I' =i ¢, and take any triangle algebra A in TA(K) and .4-model v’ of I'". We want to prove that v/(¢’) = 1.
Therefore we consider the £(A)-evaluation v determined by v (p;) = ¥(Op;), for all propositional variables p;. Then for all ML-

formulas y, we have v (yx)=¢(yx'). Indeed, 1f p,1 ...,p;, are the propositional variables occurring in x, then we find
Vi Py) =5 @) v(py) = 5@ Opy), - v (Opy) = £ Opy), - v (Opy) = ¥ (0(Opy -, Opy)) =
v'(x'(pi,,---,Dbi,)) In particular, for all Yy in I", we have v (/) = ¥(y’) = 1. Our assumption ensures that (¢) = 1. We conclude

1=v(¢)=v(¢). O

Proposition 17 enables us to show some negative completeness results for extensions of [VML.

For example, if we choose K to be the class of all BL-algebras, then TA(K) is the class of all triangle algebras .A for which
£(A) is a BL-algebra. In other words, TA(K) is the class of all triangle algebras A = (A,N, U, *,=, v, i, 04,u, 14) satisfying
(vx=vy)U(vy=vx)=1and vx vy =vxx* (vx = vy) for all x and y in A. So TA(K) is the class of all IVBL-algebras. The cor-
responding logic is IVBL: IVML extended with the axiom schemes (O0¢ — O) v (Oy — O¢) and (O¢p A OY) — (O & (O
— Oy)). It is known that BL is not strong standard complete, so there exists a set of formulas I" U {¢} such that I' &, ¢
for every standard BL-algebra £, but not for every BL-algebra £. Proposition 17 then allows us to deduce that I =, ¢’ for
every pseudo-divisible standard triangle algebra 4, but not for every pseudo-divisible pseudo-prelinear triangle algebra
A. Because IVBL is sound and complete w.r.t. pseudo-divisible pseudo-prelinear triangle algebras, this means exactly that
this logic is not strong standard complete.

Because ML, £, CPC, WCMTL, I[IMTL, IT (and every schematic extension between [IMTL and IT) and SBL are not strong stan-
dard complete [4], we can reason in the same way as for BL and conclude that IVML, IVL, IVCPC, IVWCMTL, IVIIMTL, IVIT and
IVSBL are not strong standard complete either. We give an overview of the completeness results in Table 3. Between brackets
are the known completeness results for the non-IV counterparts. We note that for a core fuzzy logic L that is standard com-

Table 3

Completeness of several extensions of [VML.
Logic Standard complete Finite strong standard complete Strong standard complete
IVML No (No) No (No) No (No)
IVMTL Yes (Yes) Yes (Yes) Yes (Yes)
IVL Yes (Yes) Yes (Yes) No (No)
IVCPC No (No) No (No) No (No)
IVG Yes (Yes) Yes (Yes) Yes (Yes)
IVWNM Yes (Yes) Yes (Yes) Yes (Yes)
IVIMTL Yes (Yes) Yes (Yes) Yes (Yes)
IVNM Yes (Yes) Yes (Yes) Yes (Yes)
IVSMTL Yes (Yes) Yes (Yes) Yes (Yes)
IVWCMTL Yes (Yes) Yes (Yes) No (No)
IVIIMTL Yes (Yes) Yes (Yes) No (No)
IVBL Yes (Yes) Yes (Yes) No (No)
IVIT Yes (Yes) Yes (Yes) No (No)
IVSBL Yes (Yes) Yes (Yes) No (No)
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plete but not finite strong standard complete, the result for IVL would be “Unknown No No” (for standard, finite strong stan-
dard and strong standard completeness, respectively).

Now we will show a local deduction theorem for IVML and its extensions. Let L be an extension of IVML.

From the definition of a proof of I" - ¢, we immediately obtain the following property (which is actually a property of all
logical systems).

Lemma 18. Let I'; U I'; U {¢,/} be a set of IVML-formulas, and L be an extension of IVML.
Ifr; FL ¢ and rgu{qﬁ})—]_lp, then I Urgl—]_lp.

Proof. Observe that putting the proof of I', U {¢} - Y after the proof of I'y . ¢, gives a proof of I'Ty U I F . O
Proposition 19. Let I" U {¢} be a set of IVML-formulas, and L be an extension of IVML. Then I' -y ¢ iff I' - O¢.

Proof. On the one hand, we can apply Lemma 18 with I'; = ¢ and y = O¢, because {¢} F O¢ (application of the OJ-neces-
sitation rule).
On the other hand, we can apply Lemma 18 to I' - O¢ and {¢} -y ¢ (application of the modus ponens to IVML.1). O

In a similar way we can prove the following proposition.

Proposition 20. Let I" U{$,} be a set of IVML-formulas, and L be an extension of IVML. Then I' U{¢} . if and only if
ru{d¢} L.

Proof. In one direction, apply Lemma 18 to {¢} . O¢ and I" U {O0¢} F . In the other direction, apply the lemma to {T¢
Yrepand Fu{p}Ly. O

Now we prove a so-called local deduction theorem for IVML (and its extensions), which gives a connection between
and —.

Proposition 21. Let I" U {¢,} be a set of IVTML-formulas, and L be an extension of IVML.
Then the following are equivalent:

o U {Dd)} L l//,
e There is an integer n such that I' -y (O¢)" — .

Proof. Suppose I' - (O¢)" — Y, whichis equivalentwith I' - ¢ — ((0¢)" ~ ' — 1) because of ML.11. Then by an application
of modus ponens we obtain I" U {{¢} . (C¢)* ~ ! — . Proceeding like this, we get I' U {d¢} = I' U {O¢} U {0} F (Oh)" ~ 2 -
Y, ...and finally I' U {TO¢} - O¢ — ¥ and I' U {0} F .

Now suppose I' U {J¢}. This means that there is a proof of 1, in which every line is an axiom, an element of I" U {{1¢},
or an application of modus ponens, (J-necessitation or monotonicity of < to previous lines in the proof. We will show by
induction that for all the formulas y in the proof, there exists an integer n such that I - (O ¢)" — 9. This will imply I" - (O¢
)" —  for some integer n, as y is the last line of the proof. Remark that we can use soundness and completeness of IVML
w.r.t. triangle algebras. So we know that ;¢ if ¢ holds in every triangle algebra.

We have to consider the following possibilities:

y is an axiom or an element of I'". Then we have I" -, 7y, which is equivalent with I' Fy (0¢)° — 7.

y is O¢. In this case, we have I' - (O¢) — 7.

y is the result of an application of modus ponens. So there are two formulas o and o — 7y earlier in the proof. By induction
hypothesis, we know that there are integers k and I such that I' by (0¢)* - « and I' b (O¢) — (o — 7). Combining these,
we find I' by (O¢)* > (a0 & (o0 — 7)). As we also have k(& (o — 7)) — 7, we obtain I' by (g )< - 7.

y is the result of an application of O-necessitation. This means y is of the form Oo, where « is a formula occuring earlier in
the proof. So by induction hypothesis, there is an integer k such that I" -y (O¢) — «. Applying O-necessitation, IVML.7
and modus ponens, we get I" - O((0¢)¥) » O This is equivalent with I' Fy (O¢) — Oa.

v is the result of an application of monotonicity of <. This means v is of the form ¢o — B, with o — p a formula earlier in
the proof. The induction hypothesis assures that there is an integer k such that I' -y (O¢)¥ — (a — B). Then similarly as for
O-necessitation, we find I' - (0¢)¢ —» O(x — B). Because by Theorem 10 we also know Hp O(o — ) — (Oo — OB),
T (@) - (o - Op). O
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Summarizing the previous propositions, we see that all of the following statements are equivalent.

e There is an integer n such that I' -y (O¢)" — ¥,
o Nu{gp}ry,

o FU{p} Oy,

e there is an integer n such that I" - (O¢)" — 0y,
o FU{d¢} - Oy,

o 'U{O¢} L l//

Remark that in IVG O¢ and (O¢)" (n > 1) are provably equivalent, so for IVG and its extensions we have a stronger deduc-
tion theorem: I' U {¢} Fp Y iff I' - O — .

5. The expansion of IVML and its axiomatic extensions with Baaz’s Delta

In this section we introduce IVML, and show that the deduction theorem holds for this logic and its extensions. For
IVMTL, and its extensions, we argue that similar completeness results hold as in Section 4.
We start by proving that (A4) is superfluous.

Proposition 22. Let (LM, L, =, A,0,1) be an MLs-algebra.'” Then AAx = Ax and A(x xy) = Ax x Ay = Ax 11 Ay = A(x Ny), for all
xandyin L.

Proof. On one hand, we have AAx < Ax. On the other hand, we have 1 = A1 = A(Ax L -Ax) < AAx U A-Ax < AAx U -Ax, and
therefore Ax = Ax x 1 = Ax x (AAXx LI —=AX) = Ax x AAx U Ax x =Ax = Ax * AAx U0 < AAX. To prove A(x*Yy)=Ax* Ay=Axn
Ay = A(xy), we first note that it is already known (see e.g. [18]) that Ax x Ax = Ax and Ax x Ay = A(x xy) are valid for
all x and y in L. Using these properties, we find A(xMy)=A(xMy)*A(xMNy) < AxxAy < AXMAy = (AxNAY) « (AyU-Ay) =
((AxTTAY) * Ay) U ((AXTTAY) * —Ay) < Ax« AyU0=A(x+y) < A(xmny). O

Because the implicative logic (in the sense of Rasiowa [29], which can be verified easily) ML, is sound w.r.t. the variety of
MLj-algebras, it is also strong complete w.r.t. it [13]. Therefore Proposition 22 implies that -y, Ap — AA¢.

Definition 23. Let L be an axiomatic expansion of ML,. Then we define its interval-valued companion IVL as the logic
with the following axioms and deduction rules: the union of the axioms of IVML and the axioms of ML, and the union
of the deduction rules of IVML and the deduction rules of ML, (in other words, MP, G, M< and N), plus the ‘box
translations’’® of all extra!® axioms of L, plus two axioms f{O¢s,...,0¢n) » OfO¢1,...,0¢,) and A((¢1 - 1) &--- &
(pn > Yn)) = 1, -, dn) « 1, ., y)) for every extra n-ary connective fin L.

L-algebras and IVL-algebras are defined in the usual way.

In particular, an IVMLx-algebra is an algebra (A,r,u,*,=,v,1,A,0,u,1) in which (A,m,u,*,=,v,14,0,u,1) is a triangle
algebra and the unary operator A satisfies A1 =1, AxU-Ax =1, A(xUy) < AxU Ay, Ax < xand A(x = y) < Ax = Ay, for all
xand yin L.

Note that IVMTL, is IVML, + pseudoprelinearity, IVBL, is IVMTLA + pseudodivisibility, ... (similarly as for IVBL, IVMTL,
IVML, ...), and IVMTL4-algebra are pseudo-prelinear IVML,-algebras, IVBLA-algebras are pseudo-divisible pseudo-prelinear
IVML,-algebras, . ..

As a slightly more complex example, consider the axiomatic expansion L; of ML, with a new connective ~ and the axioms
(p=>Y)V (Y - ¢), ~~d — ¢ and A(¢ - ) - A(~ —» ~¢). Then IVL, is determined by the axioms and deduction rules
of IVML,, plus (O¢ — OY) v (OY — O¢), ~~O¢ — O¢ and A(O¢ — OY) - A(~OyY — ~O¢), plus ~O¢ — O~O¢ and
A(¢p < ) = (~p« ~ify) (for the new connective ~).

An L;-algebra is an algebra (L,Mn,U,*,=,A,~,0,1) in which (L,n,u,*,=,A,0,1) is an MLxy-algebra and such that
(x=y)u(y=x)=1,~~x=x=1and A(x=y)= A(~y = ~x)=1 hold for all x and y in L.

An IVL;-algebra is an algebra (A, M, U, ,=, v, it, A, ~,0,u,1) in which (A,n,U,*,=,v, i1, A,0,u,1) is an IVML,-algebra and such
that (vx=vy)U(vy=vx) =1, ~~vx=vx=1, A(VXx = V)= A(~Vy = ~VX)=1, ~vXx=Vv~vx=1 and A(X=Y) = (~X <=
~y) =1 hold for all x and y in A.

Similarly as for IVML (see [32]) we can show that interval-valued companions of axiomatic expansions of ML, are impli-
cative logics and conclude that such a logic is sound and strong complete w.r.t. the variety of the corresponding algebras. The
part of the proof not yet considered in [32] is I' - A¢ < Ay if I't- ¢ <y (which is proven exactly as for (J) and, for every

17 We mean that (L,M,U,=>,0,1) is a residuated lattice and that A satisfies A1 =1, AxU-Ax =1, A(x Uy) < AxUAy, Ax <xand A(x = y) < Ax = Ay, for all
xand y in L.

18 Similarly as in Table 2. For example, the box translation of prelinearity is pseudo-prelinearity, the box translation of divisibility is pseudo-divisibility, and so
on.

19 With extra axioms of L, we mean the axioms of L that are different from those in MLa.
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extra (n-ary) connective f, I' b fl¢p1, ..., ¢n) = fOh1,. .., W) i I ¢y = Wy, ...and I = ¢, <> Y, (which is proven using A-neces-
sitation, the axiom A((¢1 <> Y1) & -+ & (¢ < Y1) = A p1s- - » Pn) < f(Y1,. .., p)), and modus ponens).

Proposition 24. Let (A nN,U*=,v,1,A0u1) be an IVMLj-algebra. Then AAx=Ax, A(xUYy)=AxUAYy,
AXxy)=Axx Ay=AxN Ay =A(x1y), Ax* Ax=AXx, Ax < VX, VAX=Ax=Avx and A(Xx =Y) = A(vX = V¥)x A(UX = Wy)
for all x and y in A.

Proof. The first four properties hold in each MLa-algebra and thus a fortiori also in each IVMLx-algebra. Now we prove that
Ax < vAx. First note that 1=v1=v(AxL —-Ax) = vAx L v-Ax < VAXx U —-Ax. Therefore Ax = Axx1 = Axx (VAxL -Ax) =
Ax x VAX U Ax x =Ax = Ax « vAx U0 < vAx. As the converse inequality holds as well, Ax = vAx. We also find Ax = vAx < vx,
and Ax = AAx < Avx (which implies Ax = Avx because Avx < Ax).

Furthermore A(X<=Y)=A((x=y)Ny=x)=AX=Y)«xAY=X)=AvxX=Y)*Av(y =X)=A((vX=Vy) N (ux = uy))=*
A((vy = vx) M (Uy = ux)) = A(vx = vy) « A(ux = 1) « A(vy = vX) & A(Uy = UX) = A(VX <= vy) « A(Ux = uy). O

As a corollary, the image of an element x under A is always an exact element. In particular, the subset of exact elements of
an IVMLx-algebra is closed under A. For each IVMLj-algebra A= (A,Mn,u,x,=,v,1,A0,u,1), the subreduct
(E(A),m,U, x,=,A,0,1) is an MLx-algebra. Moreover, because Ax = Avx, the action of A on the IVML,-algebra is determined
by its action on the subset of exact elements.

As another corollary, in the definition of a pseudo-linear [VL-algebra A (with L an axiomatic expansion of ML,), the
conditions A((X1 <= ¥1) * -+ x (X <= Y,)) = (F(X1,..., %) <= f(¥1,...,¥n)) = 1 (for every extra n-ary connective f in .A) are
automatically fulfilled (if all other conditions do hold, of course). Indeed, if x; =y;,...and x,=y, then
fGa, . xn) = fVq,..,¥n) =1, thus A((x1 <= yq) %% Xn <= Y,)) = (f(X1,.. ., %) = f(V1,-.-,¥n)) = 1. If x; # y; for some i
in {1,...,n}, then vx; # vy; or ux; # wy; and thus vx; <= vy; # 1 or ux; < py; # 1. Because vx; <= vy; and ux; < (Ly; are exact
elements (which are linearly ordered by assumption), we find*® A(vx; < vy;) =0 or A(ux; < uy;) =0 and therefore
Al <= Y;) = A(VX; <= Vy;) « A(ux; < uy;) = 0. Thus also in this case, A((x1 < Yy;)*-* Xp=Y,)) = F(X1,...,%) =
f(y17"':yn)) =1

Now we can prove the deduction theorem for IVMLA and its axiomatic expansions.

Proposition 25. Let L be an axiomatic expansion of IVMLa and I" U {¢,/} a set of formulas in the language of L. Then the
following are equivalent:

o I'u{g}rry,
o I'FLAG - V.

Proof. Suppose I" -y A¢ — . Because {¢} - A¢, by an application of modus ponens we obtain I" U {¢} Fy .

Now suppose I U {¢} - . This means that there is a proof of y, in which every line is an axiom, an element of I" U {¢}, or
an application of modus ponens, [J-necessitation, monotonicity of < or A-necessitation to previous lines in the proof. We
will show by induction that for all the formulas y in the proof, I' -y A¢ — y. This will imply I" -y A¢ — , as i is the last line
of the proof. Remark that we can use soundness and completeness of IVMLA w.r.t. IVMLy-algebras. So we know that ¢ if ¢
holds in every IVMLx-algebra.

We have to consider the following possibilities:

y is an axiom or an element of I'. Then we have I' -y y, which implies I' - A¢ — 7.

y is ¢. In this case, we have I' L A¢ — y.

y is the result of an application of modus ponens. So there are two formulas o and o — 7y earlier in the proof. By induction
hypothesis, we know that I" - A¢ — ocand I' - A¢ — (o — ). Combining these, we find I' b (A¢ & Ag) — (& (o0 — 7).
As we also have - (& (¢ — 7)) — 7 and A¢ & A¢ is equivalent with A¢, we obtain I' - A¢p — 7.

y is the result of an application of [(I-necessitation. This means 7 is of the form Ou, where « is a formula occuring earlier in
the proof. So by induction hypothesis, I - A¢ — «. Applying [O-necessitation, IVML.7 and modus ponens, we get
I' L OA¢ — Oo. This is equivalent with I' -y A¢ — Oa (because CJA¢ is equivalent with Ag).

y is the result of an application of monotonicity of <. This means 7 is of the form ¢a — <, with o — 8 a formula earlier in
the proof. The induction hypothesis assures that I' -y A¢ — (o — ). Then similarly as for O-necessitation, we find
I'L A¢p — O(oe — B). Because by Theorem 10 we also know F (o — B) = (Co - OB), I’ FL Ad — (Co — OB).

7 is the result of an application of A-necessitation. This means y is of the form A«, where o is a formula occuring earlier in
the proof. So by induction hypothesis, I" - A¢ — o. Applying A-necessitation, (A5) and modus ponens, we get I" - AA¢
— Ao. This is equivalent with I' - A¢ — Ao (because AA¢ is equivalent with A¢). O

20 Here we use Ax = 0 if x < 1, which holds in linear MLA-algebras.
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Let L be an axiomatic expansion of IVMTL4 (for example, an interval-valued companion of a A-core fuzzy logic). Similarly
as in [34], we can use filters to show that every L-algebra is isomorphic to a subalgebra of the direct product of a system of
pseudo-linear L-algebras. The idea behind the approach is the same as in [34], but there are some practical differences (com-
parable to the differences between BL and BL4 in [18]), which we mention here.

o A filter of an L-algebra is a non-empty subset F that is upward closed, and closed under * and A. To show that the cor-
responding relation ~p is a congruence on an L-algebra, the properties (one for each new connective)
A((X1 = y) %% Xn=Yn) = FX1,...,X0) = f(Vy,.-.,¥,)) = 1 are needed.

e The smallest filter of an L-algebra 4 containing a given filter F and a given element z is {v € A|(3w € F)(w x Az < v)}. The
proof is straightforward and similar to the proof in [34] and the proof of Theorem 2.4.12 in [18].

e The proof that wyxw,<a if wixA(vx=vy)<a and w,xA(vy=vx)<a, is as follows: w;xw,=w;xw, *
A((vx = vy) U (vy = VX)) = W1 x Wo * (A(vX = vy) UA(VY = VX)) = W1 % Wo = A(VX = Vy) U Wy % Wy « A(VY = VX) < Wy *
Avx=vy)Uw, x A(vy = vX)<aua=a.

This decomposition theorem for IVMTLA-algebras allows us to strengthen the (general) strong completeness of [IVMTLA
(and its axiomatic extensions) to pseudo-chain strong completeness.

For several interval-valued companions of A-core fuzzy logics, we can prove strong standard completeness in an analo-
gous way as explained in Theorem 14 and Remark 15.

Theorem 26. Let L be a A-core fuzzy logic (with?! k extra connectives fi,. .., f) that is strong complete w.r.t. a class K of L-chains.
Then its interval-valued companion IVL is strong complete w.r.t. TA(K) (as defined in Remark 15).
Note that the case of strong standard completeness is obtained by choosing I as the class of standard L-chains.

Proof. Suppose I" U {¢} is a set of formulas in the language of IVL, and I" t/;y; ¢. We need to prove that there exists an IVL-
algebra C in TA(K) and a C-model e of I" such that e(¢) < 1.

By the strong pseudo-chain completeness of IVL, we already know there exists a pseudo-linear [VL-algebra .4 in TA(K) and
an A-model e of I" such that e(¢) < 14. Similarly as in Theorem 14, we can assume it is at most countably generated. The
subreduct £(A) consisting of the exact elements of A is a linear L-algebra (here, the properties f{¢q,...,0¢,) —
Of(Aé¢y,...,0¢,) are used). Because L is a A-core fuzzy logic that is strong complete w.r.t. a class [, a countably generated
linear L-algebra is embeddable in an L-chain from K. Let i denote an embedding from the reduct &£(A)=
(D,Mp,Up, *p, =D, Ap, fip, - - -, fkp, 04, 14), in which D = E(A), in the L-chain B = (B, min, max, o, =, A, f],...,f;,0,1) from K.

Now we define an IVL-algebra C in TA(K) and a mapping j from A to C in the following way:
C := (C,inf,sup, ®,~»,p,, Pn, Ac, fic, - - - fre» [0, 01, [0, 1], [1, 1]), with

e C=1Int(B)

o inf([x1,%2],[y1,2]) = [min(x,,y1), min(x3,y2)],

o sup([x1,X2],[y1,¥2]) = [max(x1,y1), max(xz,y>)],

o [X1,%2] © [y1,¥2] = [%1 0 y1,max(X; o ¥2,%2 0 y1,X3 0 yo o i( p(u + u)))],

o [X1,X2] ~> [y1,¥2] = [Min(X1 =, y1,X2 =, Y2), Min(X1 = y2,(X2 o i(p(u * u))) = y2)],

o pl[x1,%2]) = [X1,%1],

o pu([X1,%2]) = [%2,%2],

o Ad[x1,x2]) = [Apx1, Apx1],

o j(x) = [i(vx),i(ux)], and

 ficG(X1),...,j(Xn,)) =j(fi(x1,...,Xy,)) for elements in the image of j (for other elements in C, there are two possibilities:
fie(x1, 1], -, Xny Xn]) = [fl (%1, ., Xn)) . f{ (X1, ..., Xq))]; for I-tuples not of this form, the value can be chosen freely).

Similarly as in Theorem 14, we can prove that j is injective and that it is an homomorphism for inf, sup, ®, ~», p, and pp.
Now we show that it is also a homomorphism for A and the extra connectives. Indeed, j(AXx) = [i(vAX),i(uAX)] = [i(Ave
(Ax) = [i(vAX),i(tAX)] = [i(Avx),i(Avx)] = [Agi(vX), Agi(vx)] = A([i(vx),i(px)]) = Adj(x)). For the extra connectives, j is a
homomorphism by definition. Remark that C is an IVL-algebra even though the image of some elements was chosen
freely. This is because in a pseudo-linear IVL-algebra, the conditions on the extra connectives involve only elements on the
diagonal.

Now remark that e/, defined by e'(y/) = j(e(y)), is a C-model of I" such that e'(¢) < 1, which concludes the proof. O

With a completely similar proof, we can also show the following theorem.

Theorem 27. Let L be a A-core fuzzy logic (with?? k extra connectives fi, .. .,fi) that is finite strong complete w.r.t. a class K of L-
chains. Then its interval-valued companion IVL is finite strong complete w.r.t. TA(K) (as defined in Remark 15).

21 The number of extra connectives can also be infinite (but countable). The proof is exactly the same.
22 The number of extra connectives cannot be infinite in this case, because the language has to be finite.
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We can prove Proposition 17 also in the case for axiomatic expansions of ML.

Proposition 28. Let L be an axiomatic expansion of MLa, I' U{¢} a set of formulas in the language of L and K is a class of L-
algebras. Then I' = ¢ iff I' Fera) ¢, where I ={ /| € I'} (where ¢' is defined as before Proposition 17).

From Theorem 26 and Proposition 28, and using the fact that a core fuzzy logic is (finite) strong complete iff its A-expan-
sion is (finite) strong complete [4], we can conclude that Table 3 can be copied for the A-expansions of the included logics.

6. Conclusion and future work

In this paper, we have shown that the strong and finite strong standard completeness of MTL can be transferred succes-
fully to their interval-valued counterparts. More generally, if an axiomatic extension of MTL is (finite) strong standard com-
plete, then its interval-valued counterpart is also (finite) strong standard complete. Just like the classical standard
completeness theorems stress the importance of fuzzy logics on the unit interval, our results reveal that the triangularization
of the unit interval plays a similar role for interval-valued fuzzy logics, and can be endowed with analogous properties.

We also gave a local deduction theorem for IVML and its extensions.

In Section 5 we proved similar completeness results and a deduction theorem for interval-valued fuzzy logics expanded
with Baaz’s Delta.

An open problem for future work is to prove or disprove the standard completeness of the interval-valued counterparts of
core fuzzy logics that are standard complete but not finite strong standard complete. A possible approach may be to use gen-
eral methods like those in [27] and try to adapt them such that they can be used for interval-valued logics.
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