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Introduction

The prevailing view in the development of logic up to XX century was that
every proposition is either true or else false. This thesis was, however, al-
ready questioned in antiquity. For example in Aristotle’s De interpretatione
truth values of future contingents matters were discussed, while in medieval
times truth indeterminacy was opposed by theological difficulties about di-
vine foreknowledge (for an historical overview see [102, 80]).

Nevertheless, the beginning of formal many-valued logic is the work [78]
of Jan Lukasiewicz in 1920 studying three valued logic, and the independent
work of Post in 1921 [99]. Few years later, Heyting [70] introduced a three
valued propositional calculus related with intuitionistic logic and Gédel [60]
proposed an infinite hierarchy of finitely-valued systems: his aim is to show
that there is no finitely-valued propositional calculus which is sound and
complete for intuitionistic logic.

In the last few decades many-valued logics have been the object of a
renewed interest: in 1965 Zadeh published the paper [115] where fuzzy sets
are defined and the discipline of Fuzzy Logic began. Nowadays the vari-
ous approaches to many-valued logics found in literature are competing as
natural candidates to offer to the engineering discipline of Fuzzy Logic the
theoretical foundations that have been lacking for several years.

Anyway, a strong condition distinguishes many-valued logic from fuzzy
logic: fuzziness phenomena are not present at the meta-logical level, for
example both the set of axioms and the related set of logical consequences
in many-valued logics are crisp sets (see [95]). Logical and mathematical
analysis on Fuzzy Logics with a fuzzy deduction apparatus can be found for
example in Pavelka [98] and in [57], [62], [93].

The basic property of many-valued logics as studied in this thesis is
the truth-functionality of their connectives: truth value of a formula only
depends on the truth values of its subformulas. In this way we are excluding
other non-classical logics as for example probabilistic [92], possibilistic [47]
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and modal logics.

Triangular norms are the operations that are considered to fit as well as
possible the notion of conjunction. When also continuity is required to con-
nectives then the common fragment of all possible many-valued logics has
been defined by Hajek and called Basic Fuzzy Logic in [67]: it is a propo-
sitional calculus that is sound and complete when formulas are interpreted
in the interval [0,1], conjunction is interpreted as a continuous t-norm and
implication is the corresponding residuum (see Chapter 1).

In this thesis we shall focus on the three main many-valued logics, namely
Lukasiewicz, Godel and Product logic. In particular we are interested in the
truth tables of their formulas: since we suppose that the set of truth values
is the interval [0, 1], then truth tables will be functions from a suitable power
of [0, 1] into [0, 1].

In the first Chapter we shall give all the necessary definitions and nota-
tions. Many-valued logics are defined with a set of truth values in general
different from [0, 1], since in our analysis of Product logic we shall deal with
an isomorphic version taking positive real numbers as truth values.

In the second Chapter we give a characterization of truth tables of the
three main many-valued logics. Results for Lukasiewicz are well known
in literature: McNaughton showed in [82] that truth tables of Lukasiewicz
formulas are continuous piecewise linear functions, where each piece has
integer coefficients. For Godel and Product logic only existed algebraic
descriptions (as in [72, 73] and [35, 36]) and the first explicit description of
truth tables for Godel logic appeared in [52].

One of the main advantages in having a functional representation for
formulas of a given logic, is that we can try to check tautologies in a more
direct way, using analytical and geometrical instruments.

For example, using such instruments, in [86] the satisfiability problem
for Lukasiewicz logic is shown to be NP-complete. Indeed, truth tables of
Lukasiewicz formulas have a very peculiar shape [82] and the information
that they carry can be summarized in a finite number of points. This has
been the starting point of the analysis in [8], where it has been shown that
if we denote by #¢ the number of binary connectives and by n the number
of variables in ¢, a formula ¢ of Lukasiewicz logic is a tautology of infinite-
valued logic if and only if it is a tautology in all finite-valued Lukasiewicz
logics with a number of truth values less or equal to (#¢/n)", if and only
if it is a tautology of the 2#%~1 4 I-valued logic. Very recent investigations
aim to show that if ¢ is a tautology of infinite-valued Lukasiewicz logic then
there exists m < #¢ such that ¢ is a tautology of m-valued Lukasiewicz
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logic.

In the third Chapter we shall extend the above methods also to Godel
and Product logics and we shall use results in the fourth Section where
sequents calculi are introduced for these logics.

Lukasiewicz logic has been the most investigated among t-norm based
logics. This is due both to the continuity of its connectives (and then of
truth tables) and to the deep results regarding its algebraic counterpart,
MV-algebras.

Hence the rest of the thesis is mainly concerned with Lukasiewicz logic:
in Chapter 5 we shall define Rational Lukasiewicz logic, introducing new
unary connectives that allow rational slopes in truth tables [55]. In Chapter
6 we shall illustrate two main examples in which connectives of Lukasiewicz
logic have a natural interpretation. These examples are used to discuss
the probability of fuzzy-events, in particular we shall analyze subjective an
conditional probability.

In the last Chapter a many-valued approach to collaborative filtering
is presented, by using Rational Lukasiewicz logic. The main features are
proposed and a basis for future experimentation is sketched. Result of this
section have been published in [5].
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Chapter 1

Basic Definitions

1.1 Many-valued logics

We shall start giving a very general definition of propositional many valued
logic, not specifying any interpretation for connectives.

Definition 1.1.1 The language for a propositional many-valued logic is

given by a denumerable sequence X1, Xa,... of propositional variables, a
set C' of connectives and a function v : C — N. A connective ¢ € C is n-ary
if v(c) =n.

A many-valued propositional logic is a triple L = (S, D, F), where
e S is a non-empty set of truth-values,
e D C S is the set of designated truth values,

e I is a (finite) non-empty set of functions such that for any ¢ € C
there exists f, € F with f.: S"© — §.

Also if there are interesting examples of many-valued logics in which the set
of truth values is not linearly ordered (for example, Belnap logic in [17]), we
shall focus on logics in which the set S is linearly ordered.

Functions of F' give the truth tables of the connectives of the logic.

Definition 1.1.2 A triple (S, D, F') is an infinite-valued logic if it is a many
valued logic and S is an infinite set. (S, D, F) is a finite-valued logic if S is
a finite set.
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If S is infinite and Sy = {s1,...,sn} is such that D C Sy C S and
is closed with respect to all the functions in F, then the infinite-valued
logic (S, D, F) naturally induces an N-valued logic (Sy, D, F') where each
function in F” is the restriction to Sy of a function in F.

Example 1.1.3 For each integer n > 0, let S,, be the set {0, %, =T Y
With the above notation,

e Boolean logic B can be written down as
B = ({0, 1}, {1}, {/x, /=),
where
falz,y) =min(z,y) and f(z)=1-=.
o Lukasiewicz infinite-valued logic is defined as

Lo = ([0’ 1]’ {1}’ {f@) f—\})

where
f@(xvy) = min(l,x + y)

o Kleene strong three valued logic [76] is defined as

K = ({0,1/2, 1}’{1}’{fﬁ)fV)f4’k})

where
f_|(SC) =1- z, f\/(fﬂ,y) = max(x,y)
and
—p| 0 1/2 1
0 1 1 1
/2 11/2 1/2 1
1 0 1/2 1

o Lukasiewicz (n+1)-valued logic is defined as

b, = (Snv {1}7 {f@v f—\})v



CHAPTER 1. BASIC DEFINITIONS 9

o Godel infinite-valued logic is given by

Goo = ([07 1]7 {1}7 {f/\7 f“G’ f—>G})7

where

1 ifx<y

y ifz>y and  fo,(z) = f-q(2,0).

Feolan) = {

e Product logic is

My = ([07 1]7 {1}7{f'7f_‘G7f—>H})7

where

1 ifx<y
y/x  otherwise.

f(x’y) =y and fHH(SC,y) = {

Definition 1.1.4 The set Form(S, D, F) of propositional formulas of a
logic L = (S, D, F), is inductively defined as follows:

e Fach X €V is a formula.

o Ifx e C,v(x) =k and ¢1,... ¢k are formulas, then xpy--- i s a
formula.

Definition 1.1.5 (Satisfiability and Validity) An assignment for L is
any function v : V. — S. Assignments can be uniquely extended to the set
of formulas as follows:

v(xp1 - or) = fe(v(o1), ..., v(er)).

A formula ¢ is satisfied in £ by an assignment v if v(p) € D. A formula
¢ is valid in L (or a tautology, in symbols =1 @) if ¢ is satisfied by all
assignments, that is, if for every v, v(p) € D.

Analogously, truth tables of connectives are extended to truth tables of
formulas.

Definition 1.1.6 (Truth tables) The truth table of a formula ¢ whose
variables are among Xi,... ,X,, is the function f, : [0,1]" — [0,1] such
that fo(v(X1),... ,v(Xy)) =v(p) for any assignment v.
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Proposition 1.1.7 (Function associated with a formula) Truth
tables of formulas are inductively given by

in(xl,... ,xn) = Iy
f*sol"'si’k(xlv"' 7xk) = f*(fsol(xlv--- 7$n)7"' 7f<pk(x17--- 7$n))7
for any (x1, ..., x,) € S™ and f. € F.

Assignments are canonically identified with points of S™: if v(X;) = z; for
all i € {1,... ,n}, then v(p) = fo(z1,... ,2n).

If % is a binary connective then we write 1 %o to denote xp1po. Further,
from now on, we shall use the same symbol to indicate a connective and its
associated operation.

Definition 1.1.8 (Logical Consequence) Let S be a linearly ordered lat-
tice and D be an upward closed subset of S (i.e., if € D and y > x then
y € D). We say that the finite set of formulas A is a logical consequence of
the finite set of formulas T' (and we write T' |=r A) if

inf v(vy) € D implies supv(d) € D
Vel seA

for any v assignment for L. So, T' =r A if, whenever v is an assignment
satisfying all the formulas of T', then there exists at least one formula in A
that is satisfied by v.

Definition 1.1.9 (Subformulas) For each formula ¢, let Sub(p) be the
set of all subformulas of p. If ¥ € Sub(p) then we write 1» =< . Henceforth,
different occurrences of the same subformula in ¢ shall be considered as
different subformulas. Two occurrences ¢ and v of formulas are disjoint if
neither ¢ < ¥ nor ¥ <X . If ¥ < p and ¥ # © we write P < .

Let £ = (S,D, F) be a logic with only unary and binary connectives.
If ¢ is a formula of £, we shall denote by var(yp) the set of all variables
occurring in ¢. For each X € var(p), let #(X,p), giving the number of
occurrences of X in ¢, be inductively defined as follows:

- If o = X then #(X,p) = 1. If ¢ =Y for some variable Y # X, then
#(X, ) =0.

- If ~ is a unary connective, then #(X,~ ¢) = #(X, ).

- If  is a binary connective, then #(X, ¢ x9) = #(X,¢) + #(X, ).
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Then the total number of occurrences of variables in ¢ is given by:

#)= D #(X ).

Xevar(p)

Since now we have described propositional many valued logic from a
semantical point of view, i.e., by means of truth tables.

The syntactic approach is the same as for propositional classical logic. A
set of formulas called azioms is fixed and the inference rule is modus ponens:
from ¢ and ¢ — 1 we can infer .

Definition 1.1.10 (Proof and provability) IfT is a set of formulas, T
¢ means that T' proves ¢ (or ¢ is provable from T'), that is there exists a
sequence of formulas vi, ...,V such that v, = ¢ and every ; either is an
aziom, or belongs to ' or is obtained from ~;, ,%vi, (i1,i2 < i) by modus
ponens. ¢ is provable (& @) if is provable from the emptyset.

A logic satisfies the completeness theorem if the set of provable formulas
coincides with the set of valid formulas.

1.2 Continuous t-norms and BL-algebras

In the above section we have introduced many-valued logics with truth-
functional connectives: the truth value of the compound formula ¢ * 1) is
determined only by the truth values of ¢ and . In this section we shall
focus our attention on many-valued logics having [0, 1] as set of truth val-
ues and where the only designated truth value is 1. Further, we shall fix
an interpretation of connectives: a good candidate for the truth table of
conjunction of two propositions should be a commutative and associative
operation. It is also natural to assume that the truth degree of the con-
junction of a proposition with a complete falsity should be completely false,
and the conjunction of a proposition with a complete truth should not have
smaller truth degree than the proposition has.

These properties are witnessed by the following operation (for an
overview, see [24]).

Definition 1.2.1 (t-norm) A t-norm is a binary operation * on [0, 1] such
that
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e x is commutative and associative, i.e., for all x,y,z € [0, 1],
TkY = Y*IT
(xxy)xz = zx*x(yx*z),
e x is non-decreasing in both arguments
1 < x9 tmplies x1xy < Tg kY,

Y1 < Y2 Z'mplies T * 1Y < x * Y2

e lxx==xand0*xz =0 for all x € [0,1].

Example 1.2.2 The following are example of t-norms. All are continuous
t-norms, with the exception of (iv).

(i) Lukasiewicz t-norm: r ®y = max(0,z +y — 1).
(ii) Product t-norm: x -y usual product between real numbers.
(11i) Gédel t-norm: x Ay = min(zx,y).

0 if (x,y) € [0, 12

(iv) Drastic t-norm: x *py = { min(z,y)  otherwise.

(v) The family of Frank t-norms [51] is given by:

TOY ifA=0
sy — Ty ifa=1
FY= Y min(z,y) if A =00

log, (1 + W) otherwise.

An element x € [0, 1] is idempotent with respect to a t-norm x, if x*x =
x. For each continuous t-norm *, the set E of all idempotents is a closed
subset of [0,1] and hence its complement is a union of a set Zopen(E) of
countably many non-overlapping open intervals. Let [a,b] € Z(FE) if and
only if (a,b) € Zopen(E). For I € Z(E) let |I the restriction of * to I?.

The following theorem [77, 51] characterizes all continuous t-norms as
ordinal sums of Lukasiewicz, Gédel and product t-norms:

Theorem 1.2.3 If x, E,Z(E) are as above, then

(i) for each I € I(E), *|I is isomorphic either to the Product t-norm or
to Lukasiewicz t-norm.
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(i) If x,y € [0,1] are such that there is no I € IT(E) with z,y € I, then
x *y = min(z,y).

When choosing a continuous t-norm as the truth table for conjunction,
the following proposition enable us to obtain a truth table for implication:

Proposition 1.2.4 (Residuum) Let x be a continuous t-norm. Then, for
every x,y,z € [0,1], the operation

x—,y=max{z | xxz <y}
is the the unique operation satisfying the condition
(xxz2) <y ifand ony if =< (r—,y)
The operation —, is called residuum of the t-norm x.

Example 1.2.5 The following are residua of the three main continuous t-
norms:

‘ ‘ T-norm ‘ Residuum ‘

L |z0oy=max(zx+y—1,0) | xt =g y=min(l,1 —z+y)

y/x  otherwise
1 ifz<y
y  otherwise.

1 f & <
x -y usual product of reals | * —. y = { if v <y

G | z Ay = min(z,y) x—>/\y:{

The problem of finding an appropriate axiomatization of many-valued
logics based on continuous t-norm has been approached by introducing suit-
able classes of algebraic structures. In [71], monoidal logic is introduced and
Héjek in [67] defines Basic (fuzzy) Logic. In the following we shall briefly
describe some important features of Basic Logic.

In the notation of Section 1.1, Basic Fuzzy infinite-valued Logic (BL) is
the triple ([0, 1], {1}, {f«, f—., fo}), where f, is a continuous t-norm, f_,, is
its associates residuum and fj is the function identically equal to 0.

Truth tables of other derived connectives are defined as follows:

x ANy = zx(x —,y) (1.1)
zVy = ((#=«y) = y) Ay =4 1) =4 z) (1.2)

—z = x—40 (1.3)
=y = (z—.y)x(y —s2) (1.4)
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From a syntactic point of view, formulas of Basic Propositional Fuzzy
Logic are built in the usual way from the connectives of conjunctions (),
implication (—), and from the constant 0. An axiom is a formula that can be
written in any one of the following ways, where ¢, ¥ and x denote arbitrary
formulas:

(A1) (p = ¥) = (¥ = x) = (¢ = X))

(A2) (p*9) — ¢

(A3) (p*1) — (¥ * )

(Ad) (px(p =) = (W * (P — )

(ABa) (p — (¥ — x)) — ((p*¥) — x)

(A5D) ((p*9) — x) = (¢ = (¥ — X))

(A6) ((p =) = x) = (W =) = Xx) = X)

(A7) 0 — o.
In order to prove completeness, in [67] the author also introduced BL-
algebras:

Definition 1.2.6 A BL-algebra is an algebra
L= (L,UnN, % —,0,1)

with four binary operations and two constants such that

(i) (L,U,N,0,1) is a lattice with largest element 1 and least element 0
(with respect to the lattice ordering <),

(ii) (L,*,1) is a commutative semigroup with the unit element 1, i.e
% 1is commutative, associative, 1 x x = x for all x (thus L is a residuated
lattice),

(i) the following conditions holds:

(1) 2 < (x —y) if and only if w2 <y, for all z,y,2 € L
(2) zNy=zx*(x —y)

(3) zny=(z—y)—yny—2z)—2)

(4) (@—=y)N(y—z)=1

Example 1.2.7 The unit interval [0, 1] equipped with a continuous t-norm
and the corresponding residuum, is a BL-algebra.

At first step, Hajek showed that a propositional formula is provable in BL
if and only if it is a tautology in any linearly ordered BL-algebra. However,
the completeness theorem of BL with respect to BL-algebras, i.e., that a
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formula is provable in BL if and only if it is a tautology in [0, 1], was left
as an open problem in [67]. In [66] Héjek proved that such completeness
theorem can be obtained provided two new axioms were added to the original
axiomatic system of BL. In [33] the authors showed that these axioms are
redundant, hence the original axiomatic of BL is sound and complete with
respect to the algebraic structure induced by continuous t-norms on [0, 1].

Instead of considering a general continuous t-norm, we shall focus now on
Lukasiewicz, Godel and Product t-norms. In the following sections we shall
define the corresponding logics. In order to prove that axiomatizations of
these three logics exactly describe the truth tables of the corresponding
connectives in the interval [0, 1], the same argument as for BL-algebras can
be applied.

Let £ denote any of Lukasiewicz, Goédel and Product logic. Then a
variety of algebraic structures A% can be defined associated with £ and the
following results can be proved (see for example [63], [67]):

e Examples of algebras in A* are the unit interval [0, 1] with truth func-
tions of connectives of £ as operations and the algebra of classes of
provably equivalent formulas.

e If o € Form(L) is provable then o = 1 is valid in all algebras of A~.

e Each algebra in A” is a subalgebra of the direct product of some
linearly ordered algebra.

o If o = 1 is valid in the algebra [0,1] then it is valid in all linearly
ordered algebras, in particular in the algebra of classes of formulas,
which means that ¢ is a provable formula.

As a consequence of completeness theorem for logic £ with respect to
algebras AL we also have that the algebra of truth value of formulas of £
with n variables is the free algebra in the variety A over n generators.

1.2.1 Lukasiewicz logic and MV-algebras

Lukasiewicz infinite-valued propositional logic L, is the triple

([07 1]7 {1}7 {f@vf—>7 fO})7 where

f@(xvy) = max(07x+y_1)
fo(z) = min(1,1—-z+y)
Jfo = 0.
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Among infinite-valued systems, Lukasiewicz logic is the most extensively
studied. A system of axioms for Lukasiewicz logic is furnished by Axioms
for Basic Logic plus double negation:

T = P,

where negation — is defined in (1.3) and is such that f.(z) =1 — 2. Origi-
nally, in [79] Lukasiewicz infinite-valued logic was axiomatized (using impli-
cation and negation as the basic connectives) by the following schemata:

L) »— (¥ —¢)

L2) (¢ =)= (¥ —0)—(p—10))
L3) ((p—=v) =) = (¥ —¢) = 9)
L4) (mp — ) — (¥ — ¢)

L5) (¢ =) = @ —¢) = (b — ).

Chang [28] and Meredith [83] proved independently that the last axiom
is derivable from the others.

From © and — it is possible to define, in addition to connectives (1.1),
(1.2),(1.4), the connective

such that fg(z,y) = min(1,z + y). Actually, any of the sets
{Q’ _'}’ {@’ _'}’ {_)’ _'}’ {Ga _)}

can be used to define all the other connectives.

In order to prove the completeness of this schemata of axioms with re-
spect to semantics of the interval [0,1], Chang introduced MV-algebras in
[27]. In the following we shall summarize some of the main results for the
theory of MV-algebras. A standard reference is [32].

An MV-algebra is a structure A = (A, ®, —,0, 1) satisfying the following
equations:
TP (Ydz)=(xDYy) ®2

rPy=y>dx
rd0==z
rdl=1
-0=1

-1=0
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ﬁ(ﬁx@y)@yz ﬁ(ﬁy@x)@:c.

As proved by Chang, boolean algebras coincide with MV-algebras sati-
sfying the additional equation = @ z = z (idempotency). Each MV-algebra
contains as a subalgebra the two-element boolean algebra {0,1}. The set
B(A) of all idempotent elements of an MV-algebra A is the largest boolean
algebra contained in A and is called the boolean skeleton of A.

The monoids (4, ®,0) and (A, ®,1) are isomorphic via the map

- X . (1.5)
Further any MV-algebra A is equipped with the order relation
r<y ifandonlyif -zxzdy=1. (1.6)

MV-algebras turn out to coincide with those BL-algebras satisfying the
equation ——z = .

Example 1.2.8 (i) The set [0,1] equipped with operations

r@y=min{l,zr+y}, z0y=max{0,z+y—1}, -z=1—=x.
(1.7)

1s an MV-algebra.
(ii) For each k =1,2,..., the set

1 k—1

L = — ., — 1 1.
k+1 {O’kj’ 3 L ) }) ( 8)

equipped wit operations as in 1.7, is a linearly ordered MV-algebra
(also called MV-chain).

(i1i) If X is any set and A is an MV-algebra, the set of functions f : X — A
obtained by pointwise application of operations in A is an MV-algebra.

(iv) The set of all functions from [0,1]™ into [0,1] that are continuous and
piecewise linear, and such that each linear piece has integer coeffi-
cients, and operations are obtained as pointwise application of oper-
ation in 1.7, is an MV-algebra (actually, the free MV-algebra over n
free generators).

Chang’s Completeness Theorem states:
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Theorem 1.2.9 An equation holds in every MV-algebra if and only if it
holds in the MV-algebra [0, 1] equipped with operations x@®y = min{l,x+y},
rOy=max{0,xr+y—1} and -~z =1—=.

This theorem was proved by Chang using quantifier elimination for totally
ordered divisible abelian groups. There are several alternative proofs in
literature: the syntactic proof by Rose and Rosser [105], the algebraic proof
by Cignoli and Mundici [34] and the geometric proof by Panti [94].

Mundici in [85] constructed an equivalence functor I' from the category of
£-groups with strong unit to the category of MV-algebras:

A lattice-ordered group (¢-group for short) G = (G,0,—,+,A,V) is an
abelian group (G,0,—,+) equipped with a lattice structure (G, A, V) such
that, for every a,b,c € G, ¢+ (aAb) = (c+a) A(c+b). An ¢-group is said to
be totally ordered if the lattice-order is total. An element u € G is a strong
unit of G if for every x € G there exists n € N such that nu > x. If G is
an (-group and wu is a strong unit for G, the MV-algebra I'(G,u) has the
form {z € G| 0 <z < u} and operations are defined by t By =uAx+y
and -z = u — z. If A is an MV-algebra we shall denote by G4 the £-group
corresponding to A via I'.

In [41] the author shows that every MV-algebra is an algebra of functions
taking values in an ultrapower of the interval [0, 1].

1.2.2 Godel Logic and Godel algebras

Godel  infinite-valued  propositional logic G is the triple
([0,1], {1}, {fA, [~ }), where

f/\(xay) = mln(az,y)
1 ifz=0
fral@) = { 0 otherwise.

Finite-valued Goédel propositional logics G,, were introduced in [60] to
prove that intuitionistic propositional logic cannot be viewed as a system of
finite-valued logic. In [48], Dummett proved completeness of such system.
Godel propositional logic can be defined as the fragment of intuitionistic
logic satisfying the axiom (@ — () V (8 — «). Theorems of Godel logic
are exactly those formulas which are valid in every linearly ordered Heyting
algebra, where Heyting algebras are the structure naturally associated with
intuitionistic logic. An analysis of Gddel logic can be found in [110, 14].
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In Héjek framework, Godel logic is obtained adding to axioms of Basic Logic
the axiom

(G1) = (px9p)

stating the idempotency of . Godel algebras are BL-algebras satisfying the
identity = x x = .

1.2.3 Product Logic and PL algebras
Product Logic II is the triple ([0,1], {1}, {f., f~}) where:

f(x’y) = Z-
o = {4

y usual product of reals
ifx=0
otherwise.

In [37] it is shown that Axioms for Product Logic can be obtained by adding

(1) = ((p =@ ) =Y =)

to Axioms of Basic Logic.

Product logic algebras, or PL-algebras for short, were introduced in [68],
where the completeness theorem for Product logic was proved. In [1] au-
thors showed that the class of product algebras is the equivalent algebraic
semantics (in the sense of [20]) of Product logic.

1.3 Notation and Geometrical definitions

In this Section we shall fix some notation and recall some basic notion of
linear algebra, Euclidean geometry and topology that will be useful in the
sequel.

By N, Z, Q and R we denote the set of natural, integer, rational and real
numbers, respectively. Q4 and R, are the set of greater or equal to zero
rational and real numbers, respectively. Further,

1)

Lukasiewicz, Godel and Product infinite-valued logic will be denoted by L,
G and II, respectively. Lukasiewicz and Godel n + 1-valued logic will be
denoted by L,, and G,,, respectively.

If x = (hl/kil, ey hn/k‘n) € R?, with 0 < h; < k; (kﬁl 75 0) inte-
gers and ged(hg, k;) = 1, we denote by den(x) the least common multiple
lem(kq, ..., ky).

n—1

1
S, =1{0,—,...
n {7n7 ) n
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Definition 1.3.1 Ifay/b;...a, /b, are distinct positive rational numbers in
irreducible form, (i.e., ged(a;, b)) =1 and b; > 0), then their Farey mediant
is the rational number

ay+...+ay
bi+...+b,
The Farey mediant of distinct points x1,... ,x, € Q" with m > n+1, is

obtained by coordinatewise application of the Farey mediant to components

of X1,... ,Xp.

Note that the Farey mediant of x1,... ,%, is a proper (i.e., different from
each xi,...,X,) convex combination of such points. Our present definition
of Farey mediant differs from other definitions in the literature (for example
the one given in [32]) since in general the point obtained by coordinatewise
application of the Farey mediant is not in irreducible form. Anyway we are

interested in the fact that for every choice of x1,... ,x,, there always exists
a convex combination of x1,... ,X, having denominator less than or equal
to the denominator of the Farey mediant of xi,... ,x,.

A linear function f : R™ — R is said to be homogeneous if f(0) = 0. We
say that a continuous piecewise linear function is homogeneous if and only
if every linear piece is homogeneous. By E,, we mean the set {ej,... ,e,} of
n-dimensional unit vectors (1,0,...,0),(0,1,...,0),...,(0,0,...,1). We
shall denote by 0 the vector (0, ... ,0) and by 1 the vector (1,...,1). Given
the Euclidean space R", and a subset S C R", dim(.S) denotes the dimension
of S. By definition dim()) = —1.

For any two vectors x = (x1,... ,2,) and y = (y1,...,yn) € R", the
scalar product x -y is, as usual, the real number x1y1 + - - - + ToYp.
The set H~ of solutions x = (z1,...,z,) of an inequality of the form

ax <b,foraecR"” beR,iscalled an (affine) halfspace of R™. The solutions
of the corresponding equation a-x = b form the supporting hyperplane H of
H~.

A polyhedron P is the set-theoretic intersection P = (;,c; H; of a finite
number of halfspaces. Each supporting hyperplane H; (j € I) such that
H; NP # 0 is called a bounding hyperplane of P. Note that P = ({H, :
dim(H; N P) = dim(P) — 1}.

By a facet of P we mean any (dim(P) — 1)-dimensional polyhedron F,
arising as the intersection of P with one of its bounding hyperplanes. The
set of faces of a polyhedron P is defined as follows:

e () and P are faces of P.

e FEach facet of a face of P is a face of P.
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Set-theoretic inclusion makes the set F(P) of faces of P into a lattice
(F(P), ).
A polyhedral complex C is a set of polyhedra such that

o If Aec C then F(A) C C.

e If A B € C then AN B is a face of both A and B, i.e., ANDB €
F(A)NF(B).

Each polyhedron in C is called a cell of C. Let 0 < k < n be integers
such that n is the maximum dimension of cells in C. The set C*) of all
k-dimensional cells of C'is called the k-skeleton of C. Let us denote by F(C)
the set of faces of cells belonging to C.

Finally, we shall deal with topological notions. Every [-dimensional space
will be considered equipped with the topology induced by the Euclidean
metric (which is the same as the natural topology on R!). Let F be an
I-dimensional face of a cell in a polyhedral complex. F' is a closed set in
the [-dimensional space containing F'. By the open [-dimensional face of a
cell we mean the biggest set contained in a face of the cell that is open with
respect to the topology of the [-dimensional space containing such face. In
other words, if F' € F(C) then F \ | J{G € F(C) | G C F and G # F} (the
relative interior of F') is an open face.

See [50],[74] for further references.
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Functional Representation

The aim of this section is to describe the truth tables of Lukasiewicz, Godel
and Product formulas. In the next chapters these results will be used to
analyze different aspects of the above logics.

In Section 2.1 we shall recall well known results for Lukasiewicz logic
and we shall give a description of the free MV-algebra over one variable by
means of discrete functions (following [44]). In Section 2.2 we shall give a
characterization of truth tables of formulas of Gddel logic, while in Section
2.3 we shall focus attention on truth tables of formulas of Product logic.

2.1 Lukasiewicz logic

The work on functional representation of many-valued logics began with
McNaughton [82] in 1951, who described the class of functions associated
with Lukasiewicz logic.

Definition 2.1.1 A McNaughton function f :[0,1]™ — [0,1] is a continu-
ous, piecewise linear function such that each piece has integer coefficients:
that is, there exist finitely many polynomials pi,... ,pm, each p; being of
the form p;(x1,... @) = anx1 + ... + @inTp + by, with a;1 ... , ain, b; inte-
gers, such that, for any x € [0,1]", there exists j € {1,... ,mys} for which
f(x) = pj(x).

Theorem 2.1.2 (McNaughton theorem) A function f :[0,1]" — [0,1]
is a truth table of a Lukasiewicz formula if and only if it is a McNaughton
function.

Mundici [89] was the first to give a constructive proof of McNaughton
Theorem 2.1.2, describing an algorithm that for each continuous piecewise

22
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linear function f finds a formula ¢ such that f is the truth table of ¢. Since
then, different proofs have been given (see for example the ones in [3] and
in [93]).

The study of McNaughton functions gives many insights in Lukasiewicz
logic:

- it allows a representation of Lukasiewicz formulas in normal form, by
means of Schauder hats and unimodular triangulations corresponding tightly
to the branch of algebraic geometry known as desingularization of toric
varieties [12, 4];

- it was a source of inspiration for the geometrical proof of completeness
theorem in [94];

- it was used to show that the satisfiability problem for Lukasiewicz logic
is NP-complete (see [86]);

- it allowed a reduction of infinite-valued Lukasiewicz logic to finite-
valued logic [8].

Further, McNaughton Theorem gives us a concrete geometric representation
of free MV-algebras:

Theorem 2.1.3 The free MV-algebra over n generators is isomorphic to
the MV-algebra M,, obtained by the pointwise application of Lukasiewicz
connectives to McNaughton functions.

2.1.1 A discrete free MV-algebra over one generator

Formulas of Lukasiewicz infinite-valued propositional calculus with only one
variable, have been often investigated (see, for example, [2],[89]) for their
immediate geometrical interpretation.

In this section we construct a set of discrete functions and we equip
it with operations yielding an isomorphism with the set of McNaughton
functions of one variable. Results of this section appeared in [44].

Let M; be the class of McNaughton functions of one variable, i.e., the
class of functions from [0,1] in [0,1] that are continuous, piecewise linear
where each piece has integer coefficients. Let f € M. By Definition 2.1.1
of McNaughton function, for every integer n > 0 and for ¢ = 0,1,... ,n,

f@i/n) € Sy.

Definition 2.1.4 A node for a McNaughton function f is a rational number
r such that f(r) is a point in which f is not differentiable. Further, 0 and
1 are nodes for every function f € M.
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Let K(f) be the set of nodes for f. By Definition 2.1.1, K(f) is a finite
set. By den(r) we denote the minimum denominator of a rational number
r. Let K(f)={r1,... ,rs}. If n =1cm (den(ry),... ,den(rs)), then we set

Discr : f € My v+ Discr(f) € S5n
such that Discr(f) is the restriction of f to S,,. Let us denote by
D = Discr(My) ={g | g = Discer(f) with f € M;}.

The set D is strictly included in the set of all discrete functions obtained
as restrictions of McNaughton functions to a finite domain. Further, D is
disjoint from Mj.

Example 2.1.5 Consider the identity function « € My. The restrictions
1n=1tS1:xe€S -z €S and 1y =1|Sy:x € So — x € Sy are such that
t1 €D and 1o € D.

For every g : S, — S, such that g € D, the integer n will be called the
dimension of g and denoted by dim(g).

To every function g : S, — S, we associate a continuous function Cont(g) :
[0,1] — [0,1] such that:

- Cont(g)(£) = g(%);

- for every z € [£, L],

i
n’> n

Cont(g)(x) = g(g) + (nx —4)(g(

Proposition 2.1.6 Let f € M; and let n > 0. Then:
i) Cont(Discr(f)) = f;
it) There exists g : Sy, — Sy, such that Discr(Cont(g)) # g.
i11) If g € D then Discr(Cont(g)) = g.
Proof.

i) Let n be the least common multiple of the denominators of all elements
in K(f). By definition, Discr(f)(x) = f(x) for every z € S, and
in particular for every node of f. The function Cont(Discr(f)) is
formed by linear interpolation of points (x, Discr(f)(x)) = (x, f(z))
with z € S,,, and so it coincides with f.
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ii) Consider, for example, 1o : x € So — = € So. Then Cont(rz) : z €
[0,1] — x € [0,1] and K(Cont(t2)) = {0,1} so that Discr(Cont(tz)) :
x € 81— x €85y and Discr(Cont(ta)) = 11 # to.

iii) If g = Discr(f), with f € My, then Cont(g) = f and Discr(Cont(g))

Description of the class D

For every function g : S,, — Sy, let

o) = (50,292 = g2 o - ).

n n n n n

Then, for every i € {0,... ,n—1}, y = 7(g)(i) - +0(g)(i) is the equation of

the line between points (%,g(i)) and (%,g(%)) Note that 7 is always

n
a vector of integer numbers.

Definition 2.1.7 If g : S;, — Sy, an element & € S, with v # 0,n, will be
called a node for g, if

r—1 r r+1
g (Y
are not collinear. Elements 0 and 1 are supposed to be nodes of every func-

tion.

As for McNaughton functions, for every function g : S, — S, we will
denote by K(g) the set of nodes of g.

Definition 2.1.8 A function g : S, — S, is a discrete McNaughton func-
tion if:

e o(g) is a vector of integer numbers.

o The least common multiple of nodes denominators is equal to n.

Theorem 2.1.9 The class D = Discr(M1) coincides with the class of dis-
crete McNaughton functions.
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Proof. Let g € D. Then g = Discr(f) where f is a McNaughton function.
Note that K (g) = K(f) and so each linear piece of f is expressed by equation
y = w(g)(i)x + o(g)(i), so that both m(g) and o(g) are integer vectors.
Further, since Cont(g) = Cont(Discr(f)) = f, by definition n is equal to
the least common multiple of denominators of its nodes.

Vice-versa let g : S, — S, be a discrete McNaughton function. Then
Cont(g) is a McNaughton function such that n is the least common multiple
of nodes denominators and so g € D. ]

Let us denote by QD the set of discrete functions g : S,, — S, such that:
e o(g) is a vector of integer numbers.

e The least common multiple of nodes denominators is less or equal to
n.

Clearly D C QD. We will denote by fitt the “fitter” function
fitt : g € QD — fitt(g) € D

such that fitt(g) is the restriction of g : S,, — S, to Sp, where h is the
least common multiple of nodes denominators and hence h divides n and
Sy C Sh.

In other words, if g € D then fitt(g) = g and if g : S,, — S, and the
least common multiple of nodes denominators is h < n, then fitt(g) : x €
Sp — g(x) € Sh.

If k£ is a multiple of m, say k = Im, we can transform a vector u € Z"" into
a vector enl(u, k) € Z* in the following way. For every i = 1,... ,k we set
enl(u,k)(i) = u(h+ 1) if il < i < (h+ 1)l, where h = 0,... ,m — 1. For
example, if u = (1,2,3) € Z* and k = 12, then

enl(u,12) = (1,1,1,1,2,2,2,2,3,3,3,3).

We will now introduce an operation between discrete McNaughton functions.
Given fy, gm € D, let k = lem(n,m). Let

7 = enl(n(fn), k) + enl(7(gm), k) € Z*

and denote by h the least common multiple of absolute value of elements of
m. Further, set [ = lem(h, k).
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For each element 4 € S;, we denote by rn(}) the greatest element of S,
less or equal to 7, and by In(; ) the least element of S, greater or equal to
. Let f! be the extension of fn to elements in 5, that is:

if { =1
n

{m%) | |
(Fain(3)) = Farm()] - (= rn(3) + falrn(}))  otherwise

Analogously we can define g',,. Then we set

f’()

fnwgm:fitt(fri@gfn) (2'1)

where the operation & is the operation in the finite MV-algebra S;. Note that
the dimension of f,, W gy, is less or equal to . Further let 0; : z € {0,1} — 0.

Example 2.1.10 Let

0 =l (1)/3 :é

fo:g 1/2 —1 and g3 : 2/3 1
1 — 0

1 — 1

We have m(f2) = (0,=2), o(f2) = (1,2), m(g3) = (=3,3,0), o(g3) =
(1,-1,1), lem(K(f2)) = 2 and lem(K(g3)) = 3 so fo and g3 are in D.
Then k = 6 and since

enl(n(f2),6) = (0,0,0,—2,—2,—2)
enl(m(g3),6) = (—3,-3,3,3,0,0),

=(-3,-3,3,1,—2,-2) and so l = 6. It is easy to verify thal,

0 — 1 0 — 1
1/6 +—1 1/6 +—1/2
1/3 —1 1/3 —0
fS=¢1/2 —1 and g5 =<{ 1/2 +—1/2
2/3 —2/3 2/3 —1
5/6 —1/3 5/6 — 1
L 1 — 0 L 1 — 1

Then f$ @ g§(z) =1 for every x € Sg and so foWgs:x € {0,1} — 1.
Corollary 2.1.11 If f,g € M1 then
(i) Discr(f)W Discr(g) = Discr(f @ g);
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(i) —(Discr(f)) = Discr(—f);
(#1i) Discr(0) = 05.

Proof.

(i) In the definition of W, we enlarge the domain of Discr(f) and Discr(g)
to S;. What we have to show is that such [ is a multiple of denomina-
tors of new nodes arising in the sum. Let n = dim(f) and m = dim(g),
and let Discr(f) W Discr(g) = fitt(Discr(f)! @ Discr(g)!) where, as
defined in the construction above, | = lem(n,m, 7(1),..., w(k)). If
k = lem(n,m), we have that f(z)+ g(x) = 1 if and only if

(enl(m(fn), k)z+enl(o(fn), k) + (enl(w(gm), k)z+enl(o(gm), k) =1

if and only if

1 (enl(o(fu), b) + enl(o(gm). )
enl(n(f), k) + enl(w(gm), £)

Since K(f ® g) = K(f) U K(g) Ufz € [0,1] | f(z) + g(x) = 1},
the denominator of every node of f @ g divides [. The function fitt
restricts Discr(f)! @ Discr(g)' to exactly the least common multiple
of its nodes denominators and so the dimension of Discr(f)W Discr(g)
is exactly the least common multiple of nodes denominators of f & g.

e (ii),(iii) Note that the negation does not change any denominator of
nodes of a function. The claims follow by definition of Discr.

Theorem 2.1.12 The MV-algebra (M1, ®,—,0) is isomorphic with (D, W,
) 01)

Proof. By Corollary 2.1.11 we know that Discr is an homomorphism
of MV-algebras. By Proposition 2.1.6, the function Cont’ : f € D —
Cont(f) € Mj is the inverse of Discr so Discr is an isomorphism. [ |
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2.2  Godel logic

Linearly ordered Heyting algebras have been called L-algebras by Horn in
[72], where free L-algebras have been examined and described. In this section
we shall describe truth tables of Godel formulas, thus giving a functional
description of free L-algebras. Results of this section have been published
in [52].

Let us start with an example: let ¢ = =Y V (X AY). The truth table
fo(z,y) of ¢ is given by Figure 2.1, and is equal to 1 when y = 0, is equal
to z when x <y and y > 0 and it is equal to y when 0 <y < x.

We hence introduce a subdivision of [0, 1]" taking into account the pos-
sible orders between components of each point x € [0, 1]™.

Let Perm! denote the set of permutations of {1,...,n}. For every
j€{l,...,n} and o € Perm! we consider the set
T =0 e Toiy =0
7 = = 17 o(1) ’ »Lo(j)
CJ {X (:El) ,xn) 6 [0’ ] 0 < xo—(]+1) S 1’ . ’0 < xa(n) S 1

Further let, for every o € Perm?,
Ci=Ch={x=(1,...,2,) €[0,1]" 0 <21 <1,...,0< 2, <1}

The (non disjoint) union of all CY when j =0,... ,n and o is a permu-
tation of {1,...,n}, is the hypercube [0, 1]".

Example 2.2.1 Ifn = 2 there are only two permutations, so that the square
[0,1)? is partitioned as follows:

Co = {(z,y)|x>0andy >0}
c"® = {(z,y) |2 =0 andy >0}
= {(z.y) |y =0 and z > 0}

(

o =cf = {0,

(=)

)}

The different possible strict orders between g(jy1),... ;T and the
number of identical variables determine a further partition of each C’J‘.’ .

Let ¢ be a permutation of {o(j+1),... ,o(n)} andlet k € {j+1,... ,n—
1} and i € {1,... ,n — k}. Consider subsets of C7 defined by

n xg(l):...:xo(j):()
Cio) = |J {x=(21,...,20) €[0,1]"| 0 < Zoro(js1) < .- <
h=j+1 Tolg(h) = - -+ = Lo'g(n) = 1
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Figure 2.1: Truth table of the Gédel formula ¢ = =Y V (X AY)

and

xa(l) = ...= QTU(J) =0

DI ki) = |J {xefoa]| )= Trein < S ety =
J "':xa’a(k+i)<"'<

h=j+1
< ZTolg(h) = -+ = Tolo(n) = 1
We have
n—1 n—k
cy = U cieu | U Do ki)
U/GPerngyjrl) k=j+1 =1
and
N C2(o') N U DY(o’,i,k) =y €{0,1}"
U’EPermZE?_)H) o’GPermZE;:)Ll)
ke{j+1,..., n—1},
where y§ = (y1,... ,yn) is such that
Yo (1) == Yo(4) — 0, (22)
Yo(i+1) = = Yom) =1

Example 2.2.2 In case n = 3 consider the set

0{213):{(1',%2’)‘24:0,0<x§170<2§1}‘
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C’fﬂg) s covered by the following subsets:

CP(13) = {(2,0,2) |0 <z < 2 < 1} U{(2,0,1) |0 < z < 1} U{(1,0,1)}
Cf213)(31) ={(2,0,2) [0 <z <z <1}U{(1,0,2) |0 <z <1}U{(1,0,1)}
D™ ((13),2,1) = {(2,0,2) |0 <z = 2 < 1} U{(1,0,1)}

D#3((31),2,1) = D*'¥((13),2,1).

In case n =7 we have for example,
To(1) = To(z) =0
Dg(al, 9, 1) = (.’El, ce 7515'7) | 0< Toio(3) < Tolo(4) <
To'o(5) = Tolo(6) < To'o(T) = 1

Let C7 = {C7(0"),Dj (0", ki) | o' € Permggﬁrl), k=j+1,...,n, 4=
0,...,n—k} and

c= U o (2.3)
oePerm?

jzl,...,TL

Recall that the projection over the i-th variable is a function ; : [0,1]" —
[0, 1] such that for every x = (z1,... ,2,) € [0,1]?, m;(x) = z;.

Theorem 2.2.3 The restriction of f, on every C € C is either equal to 0
or to 1 or is a projection.

Proof. First note that if f, is linear over a region C then in that region f,
must be identically equal either to 0 or to 1 or to a projection, for there are
not arithmetical operations. The proof follows by induction.

e The case ¢ = X; is trivial.

e If ¢ = ) then by induction hypothesis f, over every C' € C is either
equal to 0 or to 1 or to a projection and for every x € [0, 1]

_ i f(x) =0
folx) = { 0 if fy(x)>1 "
It € € C then there exists C7 such that ¢' C C7. Then for every
x=(r1,...,2,) €C
xg(l) = 0, e ,l’o-(j) =0

0<$J(j+1)§1, ,0<$J(n)§1
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and so the restriction of f, to C is either identically equal to 0 or
is always different from 0, so that the restriction of f, to C' is either
identically equal to 0 or is identically equal to 1.

o If v = )1 A1), trivial.

o If o =11 — 1 then

_ 1 if fy, (%) < fy, (%)
fo(x) _{ Jups (%) othzrwise. ’

and fy,, fy, are 0, 1 or projections on every C € C. Different cases are
possible, depending on whether restrictions of fy,, fy, to C' € C are
identically equal to 0 or to 1 or are projections. In any case, for every
x € C, for every C € C, only one condition between (fy, (x) < fy,(x))
or (fy, (%) > fy,(x) or fy,(x) = fy,(x) = 1) is verified and the claim
holds.

We shall now prove the inverse of the previous theorem, namely that if
f is a function such that, restricted to an element of C is either equal to 0
or to 1 or to a projection, then there exists a Godel formula ¢ such that f
is the truth table of .

For every C7 with j > 0, the Godel formula

7.9? = "X45(1) VANPAN —|Xg(j) A —\—|(X0(j+1) VANPIAN Xa(n))
is such that fg;r is the characteristic function of C7 and
Yo="(X1A...AXp)

is such that fy, is the characteristic function of Cj.
Hence we can independently find formulas Y7 associated with the re-
striction of f to the different C’J‘.’ and then merge them by

76 =\ (fug A for ). (2.4)
7,0
In general it is not possible to find a formula whose truth table is the

characteristic function of C;(J/ ) or D?(J/ ,k,i). In order to cope with this
fact we will introduce a kind of weakly characteristic function of such regions.
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Let

ol = N(X; = X)) = X; (2.5)
jeJ

and
5=\ (Xi— X))
i,5€J
7]
Let f<p“-’ be the function associated to ¢7. Then fopi (x) is equal to 1 if

and only if x = (x1,...,xy) is such that x; is strictly less than x; for all
j€Jorx;=ux;=1for every j € J. Indeed

() — 33) — 7; = 1 if x; <
J ’ 7| z; otherwise.
Let fss be the function associated to 67. Then f5s(x) is equal to 1 if
and only if x = (x1,... ,2,) is such that x; = x; for all 4, j € J. Indeed, for
every 7 and j

(.%'Z' — .%'j) VAN (.%'j — .%'Z) = x, ifx< Tj
z;  ifxy <y

Functions associated to ¢/ and §,; are very similar to characteristic func-
tions of the following sets:

Ag:{xe[o,l]\xi<xj for every j € J}U
{xe0,1] |z; =x;=1 foreveryjeJ}

and
B) ={x€[0,1] | 2; =x; foreveryi,j€ J}

respectively, since, for every x = (z1,... ,x,) € [0,1]",

for(x) =

7

1 ifx e Ai‘]
min{z; }tc; otherwise
1 if x € B’
min{x; }cys  otherwise.

fovt0) = {
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We associate with the region C7(0’) the formula

_ I'+1 In—
XC]('/F(U,) o SOaj’a(j-‘rl) ARERRA s0(7’0(171—1) (26)

where for every h = j+1,... ,n—1, I, = {o’o(h +1),... ,0’c(n)}. By
(2.5),

o if x € CY(0') then ch;?(a/)(X) =1,
o if x € C7\ C7(0’) then there exists i > j + 1 such that

- xa(l) =...=.%'J(j) =0
- 0< To'o(j+1) <. < To'o(i—1)
— the other components have an order different from the order of

components of elements of C7(c”), that is, there exists o permu-
tation of 0’0 (i),...0'c(n) (different from the identity) such that

xa”a’a(i) S e S xa”a’a(n)-
Then fXC;.’(a’) (X) = xa”a"o(i)'

With the region DY (0”, k, ) is associated the formula

_ Ijya Tieti
XD?(U/:kai) - SOaj’a(j-‘,-l) A A s0(7/0(.1<;)/\
N/ a(k),... "o (k-+i)}

Tiyg In1
SOU/U(kI+’i) A A SOa’a(n—l)

where I; = {¢’c(i +1),... ,0'0(n)}. Analogously, f, takes value 1 over
D? (00, k,i) and otherwise is equal to Tgigs(;) Where o is a permutation
of 0'c(i),...o'a(n) (different from the identity) such that z,igrp) < ... <

xo//o/g(n) .

Example 2.2.4 Consider, for n = 3, the set Cy(123) of points (x1,x2,x3)
such that 0 < x1 <zo<a3<lor0<zxzi <zo<az=1or0<xz <x9=
r3=1o0or0<xzy=x9=x3=1. Then

Xco(i23) = (Xo = X1) = Xo A (X3 — X71) — X3

A (Xg —>X2) —>X3.

If x = (z1,29,23) € Co(132) is such that 0 < z1 < g < x2 (and so x &
Co(123)), then fyq, 105 (%) = x3. Note that Cp(123) N Cy(132) = {(x1,1,1) |
O<a < 1}.
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Lemma 2.2.5 Let f : [0,1]" — [0,1] be a function such that for every
cecC

fle =0 or
fle=1or
fle =xn

with h € {1...,n}. Let y] as in Equation (2.2). Then, for every o €
PermY and j =1,... ,n, the function fw; where Y7 is defined by

W=\ (xenflo) (2.7)

cecy

if f(y}’) =1, and by 0 if f(y}’) = 0, is such that f¢;7(x) = f(x) for every
x e 7.
j

Proof. If f(y9) = 0 then f|C§f = 0 and so the claim is true.
Otherwise, let f(y;‘) = 1. Then for every C' € CY, fle > 0. In this

ZE?J)A), k=j41,...,nand ¢ =0,... ,n — k the
restriction of f to C7(o’) and D7 (o’, k,i) cannot be equal to 0, otherwise
the function f would not be well defined.

Let x = (%1,... ,%,) such that z,1) = ... = 25y = 0. As an interme-

diate step we shall prove that, if x € C7(0'),

fles(on(x) = \/ Txe ) A flo(x).
cec?
C£CY (o)

case, for every o’ € Perm

Indeed, suppose by contradiction that there exists C' # C;-’(U’ ) such that,
for x € C7 (o),
Fleg @) < fxe(®) A flo(x) < 1.

o If fyo(x) > flo(x), then let fy. = Zyrg10(5)- By definition of xc,
Tyngio(i) 1S the smallest component of x that does not respect the order
of components of elements of C. Since f,,(x) > f|c(x) > 0, then
Torora(i) > Toto(y) and the intersection CNCY (¢') contains all points of
the form (0,...,0,%5/g(j11)s- -+ »To/g(i=1)s L, .- » 1). Restrictions f|c
and f ]C;;(J/) must coincide over C'N C?(0’), and are different from 0
and 1. So both are equal to one variable among Z,/5(j11), -+ » Tolo(i-1)-
This is a contradiction.

o If fyo(®) < flo(x), then fi (%) A flo(x) = fxeo(x) and so fy.(x) >
f]C]q(U/) > (. Reasoning as above, we again get a contradiction.
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Figure 2.2: Truth table of the Gddel formula ¢ in Example 2.2.7

The same happens for DY (o’, k,4), namely

f’D;(o/,k,i) (x) > \/ fxeX) A flo(x).
cecy
C#D9 (o ki)

So f(x) = \/CeC;’ fxe(x) A fle(x) for every x € Cf and hence f = fpo.

Theorem 2.2.6 The algebra F of functions f : [0,1]" — [0, 1] such that for
every C € C

fle=0 or

fle=1 or

fle =xp with h € {1... n}.

equipped with the pointwise operations of A, V and — is the free L-algebra
over n generators.

Proof. By Lemma 2.2.5 and equations (2.4),(2.6),(2.2), for every function
f € F, there exists a formula ¢ such that f = f,. That is equivalent
to saying that F is the L-algebra generated by the projection functions
m +x € [0,1]" — x; € [0,1]. In [73] it is proved that the variety of L£-
algebras is generated by [0, 1]. Then, from a result of universal algebra (see
[38]) it follows that F is the free algebra generated by the n projections. W
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Example 2.2.7 For n = 2 consider the function in Figure 2.2. In order
to find the formula ¢ having such truth table, we can consider the following
T€GLONS

Co(12) = {(z,y) [0<z<y<1tU{(1,1)}
Co(21) = {(z,y)|0<y<z<1}U{(1,1)}
Dy = {(z,x)| x>0}
1 = {(zy)|y=0}

whose weakly characteristic functions are respectively given by:

1 = Y—-X)=Y w2 = (X—-Y)—=X
§ = (X >Y)A(Y = X) 0 — -v.

Then
p=(Pr1 AX)V (02 AY) VSV (OAX)
and this is equivalent to (X - Y)AN (Y — X))V (=Y A X).

2.2.1 Extending Godel logic

Consider now the logic G + A, obtained adding to Gdédel logic the unary
operator A interpreted by

v(A(p)) = { (1) ioftﬁéfv)vije.l

The connective A was axiomatized in [14]. Functions associated with for-
mulas of G + A are much easier to describe than functions associated with
formulas of Godel logic. For the sake of notation, we shall consider here only
the case of n = 2.

Consider the following regions, where i,j = 1,2 and i # j:

:{(561,562) | ;=0 0<x; <1}
={(z1,22) | =0 2;=1}
={(z1,22) | O0<uz;<z; <1}
D {(x1,22) | 0<xy=m9 <1},

0= {(070)}7 I = {(17 1)}



CHAPTER 2. FUNCTIONAL REPRESENTATION 38

Truth tables of the following formulas are characteristic functions of the
above regions:

;= x N DAT; A oo

Bij = —x; \NAx;

vij = Allwj — @) = xj)) Ao A A
0 = A(lx1 — x2) A(x2 — 21)) A Az A =z A Az A 7
w = —x1A-x9 and = Az AAxy

Then truth tables of formulas of G + A precisely coincide with all functions
such that on every A;;, B;;, Ci;, D, O and I are either equal to 0 or to 1 or
to a projection.

This result can be easily extended to higher dimensions.

2.3 Product Logic

In order to deal with product logic by means of piecewise linear functions,
we shall introduce an infinite-valued logic ¥ whose domain of interpretation
is the set of real positive numbers plus a distinct symbol for infinity, and
connectives are interpreted as sum and difference.

In this section we shall define the following objects, that are needed both
to describe truth tables of product formulas and to prove reducibility results
in the next Chapter:

e Indexes for regions in which the truth tables are linear,
e Regions of linearity,

e Restriction of truth tables functions to regions of linearity (cases of
the functions),

e Equations for boundaries of regions of linearity.

2.3.1 Some Preliminaries

Let ¥ = (R, {0}, {+, —x,~x}) denote a logic in which

e R% =[0,00] is the set of positive real numbers plus a distinct symbol
oo (for infinity) such that for every x € Ry, x < oo;

e x + y is the usual sum of real numbers;
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0 ifz >y

. where co —x =0 if x € Ry;
y —x otherwise, i

.:C—)Zy:{
0, if x =00

® YT =T —y OO0 = .
oo, otherwise.

Each formula of the Product logic Il can be translated in a formula of
> and the map

—1 .
Lz €[0,1] —>{ log(27"), 1fx>(?
00 otherwise.

(where logarithms are taken to the base e) is such that ¢ is a tautology of
I if and only if ¢(p) is a tautology of ¥. Hence in the rest of this Section
and in the following Chapter we shall investigate ¥ instead if Il.

If p is a formula we shall denote by n¢ the formula ¢ + ... + ¢.

—_——

n times
In the Figure 2.3 truth tables of formulas (X — Y?2). (Y — X3) and

(X —x 2Y)+ (Y —x 3X) are represented. Note that in the first graph
there is a discontinuity in the point (0,0) and that in the second graph the
values at points having components equal to co are omitted.

Figure 2.3: Truth table of (X — Y?2)- (Y — X3) and (X —x 2Y) + (Y —x
3X)

In the rest of this section, we shall omit the indexes ¥ and we shall
simply write = and —.

Definition 2.3.1 (Indexes) For every formula @, the set of indexes J(p)
associated with ¢ is the set of strings over the two-element alphabet {A, B}
given by the following inductive stipulation:
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- J(X;) = {€} for every variable X; of ¢ (where € denotes the empty
string).

- J(=p) = J(p).
- J(p+ o) ={o102 | 01 € J(p),02 € J(¥)}.

- J(p — ) ={0109A,0109B | 01 € J(p),02 € J(¥)}.

Definition 2.3.2 (Regions of linearity) For every o € J(y) we induc-
tively define the subset cell, (o) of (R%)™ as follows:

- celly, (e) = (R%)".

- cello,(0) = celly (o).

- cellypy(o102) = cell,(o1) Ncelly (o2).

- cell,_y(0102A) = cell,(01) Ncelly(o2) N {x | fo(x) — fy(x) > 0},

- cell .y (o102B) = celly(01) Neelly(o2) N {x | f,(x) — fy(x) < 0}.

The set C™(¢) is defined by

C™(p) = {cell,(0) | o € J(g), dim(cell,(c))=n}. (2.8)

We shall denote by I(y) the subset of J(¢) whose elements are indexes of
cells in C™)(p).

We further let C(¢) be the set of polyhedra obtained by adding to C' ()
all the faces of polyhedra in C(™)(¢), in symbols,

PeC(p) ifandonlyif there exists A € C™(p) such that P € F(A).
Since (R* )" is a closed hypercube with faces given by

{XZ (xl,... ,xn) S (Ri)n ‘ Ty ZO,.’L‘Z‘2 = oo with 71 € Jy,19 € Jo,
Ji,Ja C{1,...,n} and Jy U Jy # 0},

then every open face F of a cell of C")(y) is either contained in R”, or is
contained in a hyperplane of equation x; = co.



CHAPTER 2. FUNCTIONAL REPRESENTATION 41

Figure 2.4: Regions of linearity and truth table of ¢ in Example 2.3.4

Definition 2.3.3 (Cases of functions) For each o € I(yp), the restric-
tion of f, to celly(o) is called the case of f, on cell,(0) and is denoted by

cp(0).

Example 2.3.4 Consider the formula ¢ = (X — 2Y) + (Y — 3X). Then,

JX)=J(Y) = {9
J2X)=J3Y) = {e
J(X —2Y) = {A B}
J(Y —3X) = {A B}
J(X —2Y)+ (Y - 3X)) = {AA, AB,BA, BB}

cellx oy (4) = {(z,y) [z =2y}
celly oy (B) = {(z,9) |z <2y}
cellysx(A4) = {(z,y) |y =3z}
celly .3x(B) = {(z,y) |y < 3z}
cell,(AA) = 0
cell,(AB) = {(z,y) |z =2y}
cell,(BA) = {(z,y) |y = 3z}
cell,(BB) = {(z,y)|z/2 <y <3z}

Cases of function f, are
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¢o(AB)(z,y) = 3r—y

co(BB)(z,y) = 2z+y
co(BA)(z,y) = 2y—=
See also Example 3.3.2.
Lemma 2.3.5 For each k € {1,... ,n} and for each open k-dimensional

face F' of elements of C(p), f, is linear over F.

Proof. The proof proceeds by induction on the complexity of (= number
of occurrences of connectives in) ¢, as follows:

If o = X; then we are done.

If ¢ = =), let F be any open face of cell,(c) = cell, (o) € O™ (p). By
definition, for every x € F, we can write

0 ifey(o)(x)

oo if ¢y(o)(x) ooi

colo)) = {

VANl

By induction hypothesis, ¢y (o) is linear over F'. If ¢y (o) is constant over
F, say cy(0)(x) = c for all x € F, then either ¢ = 0o or ¢ # oo and, in any
case, c,(0) is linear. Otherwise, the function ¢y (o) is a non-constant linear
function over F and the set {cy(0)(x) | x € F'} is an open set of (R*)",
whence it does not contain the extremal point co. In this case we can write
cp(0)(x) = oo for all x € F. By induction hypothesis, ¢ (o) is a linear
function over F'.

If ¢ = 41 + 1, then let 0 = 0102 and F' be an open face of cell, (o) =
celly, (o1)Ncelly, (02). Then F is contained in the open faces of celly, (o1) and
celly, (02). Precisely one of the identities c,(0)(x) = g7 (cy, (1), Cpy(02)) (%)
and ¢, (0)(x) = g5(cy, (01), ¢y, (02))(x) holds true for all x € F. By induc-
tion hypothesis c, (o) is linear.

If o = 11 — 19, then let 0 = 0102A. Then

CSO(UlUQA)(X) =0

and the claim is trivial.
If 0 = 01098 then

Cp(0102B) (%) = ¢y, (02) (%) — ¢y, (1) (%)

By induction hypothesis, ¢, (o102 B) is linear over every open face of cell, (o).
|
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2.3.2 Description of functions

For each function f, : (R%)" — R* associated with a formula ¢ of ¥ logic,
we shall study separately its restriction to facets of cells wholly contained in
R? and its restriction to facets of cells with a non-empty intersection with

(RE)™\ (Ry)"™

Note that if ¢ = 1)1 x1by (with x any binary connective) and if o = o’¢”C
with C' € {¢,A, B}, o’ € I(¢1) and ¢” € I(3)2), then celly, (o") D celly(o)
and celly, (0”) D cell (o) and so any open face F of cell (o) is jointly
contained in an open face of celly, (¢') and in an open face of celly, (o).

Proposition 2.3.6 Let o € I(p) and let F' be an open face of cell, (o) such
that F C R’ . Then we have:

(i) either for every x € F, c,(0)(x) is equal to oo,

(ii) or the restriction of c,(o) to F is a linear and homogeneous function,
with integer coefficients, taking values in R .

Proof. The proof easily proceeds by induction on the complexity of . B

Lemma 2.3.7 The restriction of the function f, to R'} is either identically
equal to 0o, or is continuous with respect to the natural topology of Ry .

Proof. Again by induction on the complexity of ¢.
- If ¢ = X; the claim is trivial, since f,(x) = ;.
- If ¢ = =2 then, for all x € R”,

_ 0 iffy(x) =00
Folx) = { oo if fy(x) < oo.

By induction hypothesis, either for all x € R"}, fy(x) = oo and then
fo(x) =0, or fy is continuous in R and then fy,(x) < oo and f,(x) =
00

- If ¢ = 11 + 1. The claim easily follows by induction hypothesis, since

f<ﬁ = f% + wa'
- If o =11 —x 9 then, for every x € R7,
_J 0 iffwz(x)_fdll(x)go
Tolx) = { fun(X) = fyy (x)  otherwise.

The claim follows by induction hypothesis.
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In the following Lemma we shall examine the behavior of functions at
points having some component equal to co.

Lemma 2.3.8 Let F' be an open face of (R} )" such that ' C {x | z; =
oo} € (RE)™\ (R4)™. Then

(i) either for every x € F, f,(x) =00 or f,(x) =0,

(ii) or there exists a formula 9 such that for every x = (x1,... ,x,) € F,

f<p(X) = fﬁ(.%'l’ e 3 Lj—1, .%'Z‘+1, e ,{Bn)
where var(9) C var(p) \ {X;} and #(9) < #(p).

Proof. Let F C {x | ; = oo} and if x = (21,... ,2,) € F, let x' =
(T1,. @1, Tig1, ... ,Ty) € (R%)" 1. The proof proceeds by induction on
the complexity of ¢. Let us consider the case ¢ = 11 —x 3. Since for
every x € F

f<,0 (X) { ng (X) a f1l11 (X) if f1l11 (X) < f1l12 (X)

- otherwise,

it is sufficient to consider only the case in which fy, (x) < fy,(x). Then

o If fy,(x) =0, then f,(x) = fy,(x) and by induction hypothesis the
claim is settled.

o If fy,(x) = oo then if fy, (x) = oo, f,(x) = 0 otherwise f,(x) = oc.

o If fy,(x) = fgl(Xi) and fy,(x) = fo, (x%), with var(d1) C var(y1) \
{Xi}, var(d2) € var(io) \ {Xi}, #(01) < #(¢1) and #(V2) < #(¢2),
then f,(x) = f9,-4v9,(x") with

var(dy —x ¥) C (var(¢n) Uvar(v2)) \ {Xi} = var(p) \ {Xi}
and # (U1 —x 92) < #(p).

The other cases are similar. [ |

Iterated applications of the above theorem yields
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Proposition 2.3.9 Let I be an open face of (R%)" such that every x € F
has ezactly 1 < k < n infinite components, say, ;,,... ,z; = oo. Then
either fo(x) = oo, or else there exists a formula ¥ satisfying the following
two conditions:

b var(ﬁ) = Var(so) \ {Xil’ s ’Xik} and #(19) < #(30);

o for every x € F, letting x> denote the element of Riﬁk obtained
by deleting from x all the iyth,..., ixth components, then f,(x) =
fﬂ(le"”’zk) < 00.

2.3.3 Characterization of functions

Description of truth tables of Product formulas is given by the following
Theorem 2.3.10 Let f: (R} )" — R% be a function such that

(i) The restriction of f to R"} is either identically equal to co, or is contin-
uous with respect to the natural topology of Ry, homogeneous piecewise
linear and such that each linear piece has integer coefficients.

(it) The restriction of f to each open subset F' of (R%)™\ (R4)"™ is ei-
ther equal to oo, or, for every x € F, we have the identity f(x) =
9(xiy, ... ,x;), where z; ... ,x;, are exactly the components of x dif-
ferent from oo and g : (Ry)* — Ry is a continuous, homogeneous,
piecewise linear function such that each linear piece has integer coeffi-
ctents.

Then there exists a formula ¢ of ¥ logic such that f is the truth table of p.

In order to prove Theorem 2.3.10 we shall adapt to our context the same
machinery used in [93] to prove McNaughton Theorem. For more details see
[93] and [52].

We need some preliminary results. For the sake of simplicity, let us call
product function any continuous, homogeneous, piecewise linear function
with integer coefficients. Regions D in which a product function is linear
are union of polyhedral cones, i.e., without loss of generality they can be

expressed as
D={xeR}|A x<0}

where A is an integer (m x n) matrix and < is defined componentwise.
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Consider the restriction to R’} : firstly we shall describe formulas having
homogeneous linear functions as truth tables, then we examine how to glue
different linear functions together.

Fact 1. For every x = (x1,... ,2,) € R, consider the function

g(x1, ... yxp) =a121 + ... +apzy, VO
with a; € Z. Let us suppose, without loss of generality, that a;,,... ,a;, are
positive numbers and a;, 4, ... ,a;, are negative. Then the formula

A= ((=ai, )X,y +ooo+ (=0ai,) Xi,) — (@i, Xy + .00+ a0, X5,)

is such that fy(x) = g(x) for every x € R}.

Fact 2. Suppose that polyhedral cones Dy, Dy C R’} and product functions
g1 and gy are such that D1 = {x | g1(x) = 0} and Dy = {x | g2(x) = 0}.
Let f : R} — Ry be such that both restrictions f|D; and f|Dy coincide
respectively on Di and Dy with product functions h; and he. For every p
and q, let

hP9(x) = (pg1(x) = h1(x)) V (gg2(x) = ha(x)). (2.9)

Clearly h?'? is a product function. We want to prove that there exist p and
g such that the restriction f|D; U Dy is equal to h?? on Dy U Ds.

Since g1, 9o, h1, ho are product functions, it is possible to find regions
Py, ..., P, such that for every ¢ = 1,... ,m each of g1, g2, h1, ho is linear on
P;: it is enough to intersect regions of linearity of each product function.

Let us consider the inequality

((h1(x) = pig1(x)) V 0) — ha(x) < 0. (2.10)

If x € P, N Dy then p; can be chosen (depending on x) so large that the
inequality (2.10) holds true. The dependence on x can be eliminated by
considering that the function ((hi(x) — pig1(x)) V 0) — ha(x) is linear on
P; N Ds.

Let p = maxj<j<m p; where p; satisfy (2.10). Then, for every x € D,

Pg1(x) = hi(x) < ha(x)
and hence, for every natural number ¢ and x € Do,

WP(x) = ((Pgr(x) — hi(x)) V (a92(x) = ha(x)) =
= ((P91(x) = hi(x)) V ha(x) = ha(x) = f(x).
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Analogously, there exists g such that for any x € Dy, h?9(x) = f(x). Then
the restriction f|Dy U Dy of f to Dy U Dy is a product function.

Fact 3. Let D = {x € R} | A-x <0} and ay,... ,a,, be rows of A. By
Fact 1, for every expression a; - x there is a formula 7(i,x) such that the
truth table of 7(i,x) is 0 V (a; - x). Then the formula

ep=7m(l,x)A... A7w(m,x) (2.11)
is such that D = {x | f,,(x) = 0}.

We have now all the necessary tools for proving Theorem 2.3.10:

Proof. Let f : (R7 )" — R% be a function satisfying (i) and (i) of Theorem
2.3.10. Just as for Godel formulas in Section 2.2, for every region I C
(R%)™\ R% such that

r={( ) o= m =

Tijpq <00, Ty < OO
the formula

W ==X, V. VX V(X VeV XG)
is such that fyr(x) = 0 for every x € I and fyr(x) = oo for x ¢ I. Further,
the formula

d=—-(X1V...VX,)

is such that f5(x) = 0 for x € R"} and fs5(x) = oo otherwise.

This fact allows us to find independently formulas of associated with
the restriction of f to the different I and to find the formula 3 associated
to the restriction of f to R, and then to merge them in the following way:

F&) = N\ (for V far) A(faV f5)- (2.12)

1

In this way the problem is reduced to finding the formula 3 corresponding
to the restriction of f to R}.

If f|R% is equal to oo then we can set for example § = X; V -X; and
the claim is settled.

If f|R? is a product function then there exist polyhedral cones D; = {x |
A; - x<0} fori=1,...,u, such that f is linear and homogeneous on each
D;. By Fact 3 there exist formulas ¢p, as in Equation (2.11). Applying
several times Fact 2 we get the conclusion. ]
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Example 2.3.11 Consider regions

Dy =A{(z,y) |2y —x <0}  Dy={(z,y) [z -2y <0}
11:{($,y)‘$<007y200} 12:{(.%',y)‘.%':OO,y<OO}
]3:{($,y)|$200,y200}

and the function f: (R*)? — R* defined by

fIDy =22 — 2y fIDy =z
[l = o0 fllz=1y
f’[g = OQ.
Then
9 =X A=Y W2 =Y A =X
98 = =X A=Y §=-(XVY).

Let pp, = X — 2Y and ¢p, = 2Y — X: the restrictions of f to D1 and
Dy are expressed by formulas x1 = 2Y — 2X and xo = X. Then Equation
(2.9) becomes

X" = (pep, — x1) V (¢pD, — Xx2)

and by direct calculation formula x“? turns out to satisfy Fyre(z,y) =
f(z,y), for every (z,y) € D1 U Dy =R2. Then the formula

e=0WrvXVv-X) A (@W2vY) A @BVXV-X) A (Vv H?)
has f as truth table.
Recall that ¥ is isomorphic to Product Logic via the transformation

log(z71), ifz>0
s otherwise.

L::CG[O,l]—>{

Then description of truth tables of Product logic can be obtained by applying
the inverse of ¢ to functions described in Theorem 2.3.10.



Chapter 3

Finite-valued reductions

The satisfiability problem of infinite-valued Lukasiewicz logic was proved
to be NP-complete by Mundici in [86]. In that paper, the author showed
that the decision problem of infinite-valued propositional Lukasiewicz logic
Lo can be reduced to the decision problem of a suitable set of finite-valued
Lukasiewicz logics. More precisely, a formula ¢ is valid in L., if and only
if, for each i € {1,... ,2(2#(‘F’))2}, ¢ is valid in (i + 1)-valued logic L;. Here,
#(p) denotes the total number of occurrences of variables in .

Strengthening this result, in [8] the authors showed that the tautolo-
gousness of ¢ in Ly can be checked in exactly one (m + 1)-valued logic L,
for m = 2#(¥)—1,

In this Chapter we extend the methods and results of [8] to Gddel and
Product logic, as well as to logics obtained by a combination of Gédel and
Lukasiewicz connectives (resp., Godel and Product connectives). While re-
sults for Godel logic are already known (see [67]), our method is fresh and
the reduction of formulas of Product Logic to finite-valued logics is new
here. As an application, we shall define in Chapter 4 a calculus for all these
infinite-valued logics. The results of this chapter have appeared in [10, 11].

3.1 Introduction

Recall that in Definition 1.1.1 a many-valued propositional logic is defined
as a triple £ = (S, D, F), where

e S is a non-empty set of truth-values,

e D C S is the set of designated truth values,

49
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e Fis a (finite) non-empty set of functions such that for any f € F' and
for any integer v(f) > 0, f : S*/) — S and for every ¢ € C there
exists f. € F.

Definition 3.1.1 (Critical points) If ¢ is a formula of the logic
(S,D,F), a set of critical points for the function f, is a subset C C S"
(where n = |var(y)|) such that

fo(S™) €D ifand only if f,(C) C D.

Definition 3.1.2 (Denominator upper bound) A  function bg
Form(L) — N is a denominator upper bound for the logic L, if for every
formula ¢, there exists a set {x1,... ,x,} of critical points for f, such that

max den(x;) < bz(p).

Our general construction leading to a sequent calculus for a given logic
L has several steps as follows:

e I'ind a formulation of £ where the function f, determined by any
formula ¢ is piecewise linear with integer coefficients.

e By induction on the complexity of ¢, define indexes to keep track of the
building process of ¢ from its subformulas; and correspondingly keep
track of all functions, polyhedral complexes, and bounding hyperplanes
given by these subformulas.

e Given a formula ¢, find a finite set of critical points for ¢.

e From the relationship between bounding hyperplanes and subformulas,
obtain an upper bound on the denominator of critical points, only
depending on the length and on the number of variables of .

e Use continuity arguments, and their generalizations, to reduce the
problem whether ¢ is a tautology in £ to the corresponding problem
for ¢ in a unique, effectively determined, finite-valued logic.

e Use this finite-valued reduction to construct a sequent calculus for the
infinite-valued logic L.

In this section we recall the main ideas of the method given in [8] to
reduce the tautology problem in infinite-valued Lukasiewicz logic to its finite-
valued counterpart.



CHAPTER 3. FINITE-VALUED REDUCTIONS 51

For each McNaughton function (Definition 2.1.1) f : [0,1]" — [0, 1] there
is a polyhedral complex C(f) such that f is linear over each cell of C(f),
UC(f) =10,1]", and each vertex (0-cell) of C(f) is a point of ([0,1] N Q)™.

If  is not a tautology of Lo, and |var(y)| = n, then there exists a point
x € [0,1]™ such that f,(x) < 1. By linearity it follows that there is a vertex
v of C(f,) such that f,(v) < 1, and we have that ¢ is not a tautology of
Lden(v)'

Note that we can obtain v as the solution of a system Mv = b of linear
equations. The rows of the system are the equations of the hyperplanes
whose intersection is v.

We can build the polyhedral complex C(¢) = C(f,) by inductively com-
bining the complexes associated with subformulas of ¢. With any variable
X; of ¢ we associate the complex C(fx,) containing [0, 1]" together with all
its faces. Since negation — does not introduce new subdivisions, we must
only consider the disjunctive connective @. It turns out that the only new
bounding hyperplanes of full-dimensional cells that can be introduced in
the complex associated to a subformula ¥ @ ¥ of ¢, have equations of the
form ¢1(x) + g2(x) = 1, where g; and go are linear polynomials coinciding
respectively with fy and fy on suitably determined cells ¢; € C(fy) and
co €C (fg)

Thus, all the entries in the system matrix M are integers, whence
den(v) < |det(M)|. We are now in a position to give an upper bound
to | det(M)].

The analysis in [8] of subformulas of ¢ yields a matrix M’ such that
| det(M")| = | det(M)| and the sum of the absolute values of the entries in
M’ does not exceed the total number of occurrences of variables in . A
straightforward computation now yields the desired upper bound on den(v),
namely by, = (#(p)/n)", where n is the number of variables of ¢. Therefore,

Fi. e ifandonlyif | ¢ foreach me {1,... b.}.

One further application of the continuity and differentiability properties of
the function associated to ¢ yields the equivalence

EL. ¢ if and only if ):LQ#(W%1 ®.

As a final step, it can be shown that the smallest basis s such that by, < s#(®)
is !/€ where e = 2.71828 ... is the basis of natural logarithms.

Since McNaughton functions are continuous, the set of critical points for
¢ coincides with the set of vertices of C(f,). As we shall see, the continuity
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assumption can be weakened without essential prejudice to the applicability
of our method.

Our method depends on the existence of nice relations between the case
functions ¢, (o) and the elements of D(¢,0). In the following sections, we
shall show what these nice relations are for Goédel logic and for Product
logic.

3.2 Godel Logic

The results proved in this section are already known and can be proved
straightforwardly as is done, for instance, in [67]. Since functions associ-
ated with Godel formulas are geometrically simple, we use Godel logic to
exemplify our method.

Let ¢ be a formula of Godel logic, such that |var(¢)| = n. Then the
truth table f, of ¢ is a (piecewise linear) function from [0,1]" into [0, 1]
described by Lemma 2.2.5. In Section 2.2, the set of regions of linearity
is denoted by C (Equation (2.3)) and elements of C are subspaces of [0, 1]"
limited by hyperplanes of equations z; = z; or x; = 0 or z; = 1.

Hence, vertexes of elements of C are vertexes of the hypercube [0, 1]™.

Corollary 3.2.1 The function f, is identically equal to 1 if and only if
(1) fo(x) =1 for every vertex x of [0,1]", and
(it) fo(x) =1 for at least one point x in every element of C.

Proof. By Lemma 2.2.5 the function f, is linear over every element of C.
Conditions (¢) and (i7) imply that f, is equal to 1 on every C' € C and hence
identically over [0, 1]™. [

The following theorem is a well known consequence of a result in [60].
We give here an alternative proof.

Theorem 3.2.2 For every formula ¢ of Gdédel logic,
where n = |var(y)|.

Proof. By Corollary 3.2.1 the minimal set of critical points for a formula ¢
of Godel logic, consists of vertices of C (i.e., vertices of the hypercube [0, 1]")
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and of one point in each element of C. A point in an n-dimensional element
of C can be obtained as the Farey mediant (Definition 1.3.1) of vertices of
such cell, and hence in this case it has denominator equal to n+ 1. Suppose
that C is an element of C with dimension less than n. Then points in C
either have some of their coordinates equal to 0 or to 1, or have two or
more of their coordinates one equal to another. Let us denote by Jy, Ji the
subsets of {1,...,n} such that, for every x = (z1,... ,z,) € C,

o z;, =0, for every jo € Jo;
o zj, = 1, for every j; € Jp.

Further, denote by Ji,...,Ji subsets of {1,...,n} such that, if r €

(1,....t},

o x;, =z, for every ja, j5 € J3 and ja # j.

Since dim(C) < n then Jo U J; UUL_, J5 # 0.
For every point p € F, let p’ = (p,...,p),) € F' be defined in the following
way:

e for every jo € Jo,j1 € J1, we set pQ-O = 0’17;'1 =1

o for every r = 1,... ,t choose a component p" in each {p; | i € J3}.
Then set, for every ja, jj € J3, pfj, = p;é ="

e in all the other cases set p, = p;.

The denominator of point p’ divides den(p).

So, in every open face there is a point of denominator dividing n + 1, and
hence f, =1 if and only if the restriction of f, to S, 1 is identically equal
to 1. -

3.3 Product Logic

Things for Product Logic are a slight more complicate. Firstly, truth tables
involve more objects in their definition than Goédel formulas do. Further,
no finite subset of [0,1], other than {0,1} and its subsets, is closed under
the product operation, hence there are not finite-valued Product Logics. We
will show that for every formula ¢ of product logic II, one can always define
a finite-valued logic ¥,, = X, (#(p), [var(¢)|) such that ¢ is a tautology in
IT if and only if a suitably transformed formula @ is a tautology in >,,.
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We shall then use the description of truth tables of Theorem 2.3.10,
and the relationship between boundary elements and cases of functions as
defined in Definition 2.3.3. We shall then provide an upper bound for the de-
nominator of critical points. Using a new unary connective that transforms
sums into truncated sums we shall finally give finite-valued approximations
for the tautology problem of formulas in product logic.

The denominator den(p) of a rational point p € (R* )" having i many
components equal to oo, is defined as the denominator of the projection of
p into (R4 )" % along those components. In other words, co is considered as
having denominator equal to 1.

The work in the following subsections is organized as follows:

e In Section 3.3.1 we investigate the relations between boundaries and
subformulas of ¢. Further we show that, in each cell of C(p) the
polynomial associated with ¢ can be described in terms of polynomials
associated with subformulas of .

e In Section 3.3.2 critical points are examined. A critical point of ¢
arises as the solution of a system where the rows are given by suitable
subformulas of ¢. Using Lemmas of Section 3.3.1 we can appropri-
ately manipulate such rows in order to obtain an upper bound on the
denominator of critical points.

e In Section 3.3.3 we reduce the problem of tautologousness to a class
of finite-valued logics.

3.3.1 Subformulas and cell boundaries

Proposition 2.3.9 allows us to reduce the study of the behavior of functions
in faces of the form {x € (R%)" | z;; = ... = x;, = oo} to the study
of functions defined over RT}r_t. Then we can safely limit ourselves to the
study of piecewise linear functions defined over R’} and we can accordingly
consider cells as polyhedral subsets of R’}.

Definition 3.3.1 For every linear polynomial q(x) = ax+-c, we shall denote
by m(q) the vector a. Further, if f,(x) = oo for every x € R, we set
m(cy(0)) = 0 for each o € I(yp).

Example 3.3.2 The Product formula (X —Y) - (X — Z) becomes the ¥
formula ¢ = (X -5 YY)+ (X —x Z). The index set of ¢ is

I(¢) = {AA, AB, BA, BB},
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and the corresponding cells are

cellaa(p) = {(r,9,2) €RY |22 y,0> 2}
cellan(p) = {(1,9,7) €RY 2> y,2 < 2}
cellpa(p) = {(z,y,2) €RY |z <y,x >z}
cellgp(p) = {(z,y,2) €RY |z <y,x <z}

Further cases of functions are given by

co(AA)(z,y,2) =0 and =

(co(AA))
co(AB)(z,y,2) =y—x and 7(cy,(AB))=(-1,1,0)
co(BA)(z,y,2) =z —x and w(c,(BA))=(-1,0,1)

co(BB)(z,y,2) =y —2x+2 and w(c,(BB))=(-2,1,1)

Note also that

ift =00 then fy(x,y,2)=
ify=o00 and x # oo then fo(x,y,2) =00

if z=o00 and z # 00 then f,(x,y,2) = .

Notation. Recall that we have denoted by I(¢) the subset of J(¢) whose
elements are indexes of full dimensional cells in C'(¢) (see Definition 2.3.1).
Let further:

{o102A € I(p) | o1 € I(Y1),02 € I(¥2)} if p =11 =5 1o
Io(p) = {o102 | 01 € Ic(¢1), 02 € Ic(¢¥2)} if o = 1h1 + 1o

Ic(v) if p =
I=(p) = I(p)\lc(p).

The set Ic(p) is the set of indexes of regions in which the function f, is
a constant function. For instance, in the above Example we have Io(p) =
{AA}.

Definition 3.3.3 (Boundaries) For each o € I(y) we inductively define
the set D(p,0) C Z" as follows:

- D(Xj,€) = £(F, x {0,1}).
- If o = and o € 1(v), then D(—¢,0) = D(p,0).

- If ¢ = Y1 + P2 and 0 = 0102, then D(1 + 2, 0102) = D(¢1,01) U
D(t)2,02).
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-If o = Y1 — Yy and 0 = 0109C (C € {A,B}) let Dy, defined as
follows:

If dim(celly, (o1) Ncelly, (02)) < n then Dy o, = 0; otherwise Dy, g, is
the set of all the elements (a,c) such that

— ged(a, ¢) = ged(aq, ... ,an,c) =1, where a = (ay,... ,an);

— for every x € celly, (o1) N celly, (02),
Cpy (01)(X) = €y (02)(x) =0 if and only if a-x=c.

Then D('Lﬂl — 'Lﬂg,UldgA) = D('Lﬂl — 'Lﬂg,dlng) = D(lﬁl,dl) U
D(¢2’0-2) U DO‘10‘2'

Given o € I(p), suppose that the vector (a,c) satisfies ged(a,c) = 1; in
addition suppose that the set {x : a-x = ¢} contains a facet of cell,(¢). Then
(a, ) belongs to the set D(p, o). Accordingly, by a slight abuse of language,
each element of D(p, o) will be called a boundary element of cell, (o).

Each element of D(p, o) represents the equation of a bounding hyper-
plane of cell, (o). If we consider the formula ¢ as inductively built up from
its subformulas then every element of D(p,0) must be “introduced” by
a subformula of . The next Lemma estabilishes some relations between
boundaries and subformulas of (.

Lemma 3.3.4 Let 0 € I(y). If (a,¢) € D(p,0) \ £(Ey x {0,1}), then
-c=0;

- there exists a subformula 9 = 91 —x V9 of ¢ and T = TC € 1(V)
(where C € {A,B}) such that cell (o) C celly(r) and there exists
d € Z such that da = m(cy(m1m2B)).

Proof.
Let (a,c) € D(p,0). We shall proceed by induction on the complexity
of .

e In case ¢ = X, the proof is immediate.

o If o = =51 or ¢ = Y1 + 19 the result follows from Definition 3.3.3 and
from induction.
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o If p = 91 —x 9 and o = 01024 then either (a,c¢) € D(i1,01) U
D(1)9,09) and then the desired result immediately follows by induc-
tion, or else, for every x € celly, (01) N celly, (02), we have

a-x=c ifandonlyif cy,(02)(x)— cy, (01)(x) =0.
Since cy, — g (01028) = ¢y, (02) — ¢y, (01), then
a-x=c ifandonlyif ¢y gy, (01028)(x)=0.

By Propositions 2.3.6 and 2.3.9, ¢ = 0. Since a = (ay,... ,ay) satisfies
the identity ged(aq,... ,a,) = 1, then there exists an integer d such
that da = 7(cy, gy, (01028)).

o If o = 9y —y Y9 and 0 = o109B then one similarly gets da =
W(C¢1H2w2(01023))'

Example 3.3.5 Consider the formula ¢ of Example 3.3.2 and let 0 = BA €
I(p). Then

D(p,BA) = D(X —»xY,B)UD(X —x Z,A) =
= +(B, x{0,1})U{(-1,1,0,0)} U{(~1,0,1,0)}.

Choose (a,c) = (—=1,0,1,0). We have A € I(X —x Z), cell,(BA) C
cellx . z(A) = {(z,y,2) | © > z} and cx_,7z(B) = z — z. Further,
m(ex—yz(B)) = (—1,0,1).

In the following Lemma we shall show how, upon arbitrarily fixing an
index o € I(¢) and a subformula 1) of ¢, it is always possible to decompose
7(cy(0)) in terms of 4 and of others pairwise disjoint occurrences 1, ... , 9,
of subformulas of ¢.

Lemma 3.3.6 Let ¢ = ¢ and o € I(yp). Then there exists T € I(v) with
cell,(0) C celly(7), together with a (possibly empty) set {O1,...,0:} of
patrwise disjoint occurrences of subformulas of ¢ also disjoint from 1, such
that

(1) m(cp(o)) = om(cy(T)) + 22:1 +m(cy, (pr)), where 6 is in {—1,0,1},
pr € Ix(0) is such that cell, (o) C celly, (pr);
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(i)

whenever a is a subformula of ¢ such that there exists k with 9 < «,
then also ¥ < a.

Proof. By structural induction on the complexity of ¢.

If p = X; and o = € the claims are trivial.

If ¢ = —x1), then for every x € cell,(0), we either have c,(0)(x) = 0
or c,(0)(x) = oo and in both cases m(c,(0)) = 0. Condition (i)
trivially holds.

If o =+ and 0 = 0109, with o1 € I(¢) and o9 € I(¥), then
m(cp(0)) = m(cy(o1)) + m(cy(02)). The case ¥ + ¢ is similar.

If ¢ = a1 + ay with 0 = 0109, 01 € (1) and o2 € I(a2), then
m(co(p)) = m(cay (01)) + m(Cay (02)). Since ) is a subformula of either
a1 or aso, then the claim holds by applying the induction hypothesis
to the one among «; and as where 1 occurs.

If p = 0y —x ag and 0 = 01024 then c,(0) = 0 and the claim trivially
follows.

If o =1 —x ¥ and 0 = 0109B with o1 € I(¢)) and oy € I(¥), then
m(cp(0)) = m(cy(o2)) — m(cy(o1)). The case ¢ = —x 9 is similar.

If p = a1 —x ag and 0 = 01098 several different cases are possible.

— If ¥ < a1 and ¢y, (01) > 0 then arguing by induction we have

7(Cay (01)) = 0m(cy (T Z:l:ﬂ' co; (pj))

for suitable 7, {¥;};,{p;};. If there exists o subformula of ¢ and
k with ¥ < « then we also have ¢ < . If ¢4, (02) > 0

7(¢p(0)) = mlcay(02)) = (m(cs(7)) + 3 £m(ea, (py)) -

Otherwise,

m(cp(0)) = —0m(cy(T Z +7(cy; (py))

One argues similarly for ¢ < ag and cq,(02) > 0.

— If ¥ < oq and cq,(01) = 0 then cy(0) = cay(02). 1 does not
occur in the decomposition and then § = 0.
The case ¥ < ag and cq, (02) = 0 is similar.
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The following Lemma is a generalization of the previous one to n disjoint
occurrences 1, ... , ¥, of subformulas of .

Lemma 3.3.7 Letq,... 1, be pairwise disjoint occurrences of subformu-
las of ¢ and let 0 € I(yp). Then there exists J C {1,... ,m} and a unique
7; € I5(v;) for every i € J such that cell, (o) C celly, (7;) and

(cp(0) = Y Emley, (1)) + D £m(co, (or)),
ieJ keK
where
o K ={1,...,t} is a (possibly empty) finite set,

o for every k, k' € K, ¥y, Uy are pairwise disjoint occurrences of sub-
formulas of ¢ also disjoint from each 1, ... , P,

o pi € I(Vy) are such that cell, (o) C celly, ().

Proof. Lemma 3.3.6 yields 71 € I(v¢1), {01,}; pairwise disjoint occurrences
of subformulas of ¢ and {p1; € I(¥1,)}; such that

m(cp(0)) = dim(ey, (1)) + Z Em(cp, i (p1,40));

(2

where §; € {—1,0,1} and whenever « is a subformula of ¢ and k satisfies
Y1 < «, then also 91 < a.

Since 9 is disjoint from 11, then ¥; A 19 and so there exists j such
that 1o < ¥J1;. Arguing in the same way for m(cy, ;(p1;)), we get

T(cp(o)) =
517;5% (1)) + 027 (cyy (12)) + 32 Em(co,, (p2,0)) + Doizy Em(co ; (p1,0)-

By similarly handling 3, ... ,%,,, one obtains the desired conclusion. ]

Example 3.3.8 Consider ¢ = (X —x Y)+ (X —x Z) as in Example 3.3.2
and 3.3.5. Let ¢ be the occurrence of X in X —x Y and let 0 = BB € I(y).
Then

w(c,)(BB) = (=2,1,1) = —(1,0,0) + (0,1,0) + (—1,0,1)
= —m(ex(€)) + ey (€) + m(ex—yz(B)).
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3.3.2 Upper bounds for denominators of critical points

By Lemma 2.3.8, the restriction of f, to any open face F' C (R%)™ \ (R4)"
contained in a hyperplane of equation x; = oo is either equal to 0, or is equal
to 0o, or is equal to a function, defined on (Ri)"fl, associated with a formula
9 of length less or equal to #(p), having the additional property that the
variable X; does not occur in 9. If the restriction of f, to F'is 0 or oo, then
a set C' of critical points can be constructed in such a way that C' contains
just one point of F. On the other hand, if for every x € F, f,(x) = fo(x")
and C’ is a set of critical points for fy, then a set C of critical points can be
constructed in such a way that CNF = {x € (R})" | x' € C’ and z; = oo}

Suppose now that the function f, associated with the formula ¢ is not
identically equal to co over R’y. Then by Lemma 2.3.7, the restriction of
fo to R’ is continuous with respect to the natural topology on R.; by
Proposition 2.3.6 and Lemma 3.3.4, the restriction of f, to R’ consists of
homogeneous pieces with homogeneous boundaries. In order to test whether
f is identically equal to 0, it is enough to check that each linear piece [ of
f (defined over an open set) is equal to 0 at just one point x; in the interior
of the cell other than the origin 0. Let Cj be the cell in which f, is equal
to [ and let k be such that the intersection between C; and {x | z; = 1} is
non-empty. Since each linear piece ! is homogeneous, we can choose x; to
be the intersection of (n — 1) many boundaries of C; and the hyperplane of
equation x = 1. Hence, x; is the solution of a system Mx = b where M is
an (n x n)-matrix of integer numbers, where we can safely suppose that the
first row is equal to e; and the other rows 1; are such that (1;,0) € D(p,0),
and where b = ey.

We want to determine an upper bound for the denominator of the solu-
tion of such a system.

By Proposition 2.3.6, if the function f, is not identically equal to oo over
R, then for every o € I(¢) and every open face F' of cell (o) contained in
R, the restriction c, (o) of f, to F'is a linear function. For every x € F' and

d
v € £(F),) one can now consider the directional derivative %(x). Indeed,
v

d

ﬁ(x) exists for all x € R"}, with trivial modifications when x lies on the
\%

border of R’}.

Lemma 3.3.9 For each formula ¢ in the variables X1,... ,X, and each
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df,

point x € R, if v € {e;, —e;} is such that d—(x) exists then
\%

'df% < #(Xip).

. (x)

Proof. We can safely assume that the function f, is not equal to oo on R’}
(for otherwise, since the function is constant, we have |df,/dv(x)| = 0 and
we are done).

For x € R}, there exists o € I(¢) such that f,(x) = c,(0)(x) = as,171+
-+ Gony and€>OSuChthat {x+Av|]0< A< }chll o). By
1nduct10n on the complexity of ¢ we have |aq;| < #(X;, ¢). It follows that
d
12 0] = fawsl < 0% )

Theorem 3.3.10 Let p be a vertex of an n-dimensional cell of C™ () N
[0,1]™. Then there exists an (n — 1) x (n — 1) matriz My whose entries
a;j are integers, satisfying the inequalities sz;ll | aij |< #(p) — 1 and
den(p) < |det(Mp)].

Proof. Observe that p is the solution of a system Mx = b with M an n xn
integer matrix. We can safely suppose that the first row is equal to e; and
b = (1,0,...,0) = e, and the remaining rows ly,... 1, of M satisfy the
condition (l3,0),...,(1,,0) € D(p,0) for suitable o € I(yp). Hence

1

=M b= Mb
P det(M) 7

where each entry of M is an integer. Then den(p) < |det(M)|.
Since (1;,0) € D(p,0) for each i > 2, then, by Lemma 3.3.4, we either
have 1; € +F, or there exists v¢; = w“ =5 Y, =X, TLTLC € I(1y),

1 12

(C € {A,B}) with cell,(¢0) C celly, (7} 7/,C') and d; € Z such that d;l; =

(2 2
7(cy, (7'Z1 7;,B)). We shall now define a matrix M, with the same determinant
as M, in such a way to relate this determinant with the length of the formulas
corresponding to the rows of M,,. For our current purpose of finding an upper
bound of den(p), we may safely assume that each d; is equal to +1.
In case there do not exist in M two distinct rows 1., 15 such that v, < 1,
and there is no row 1; = +e; (for any e; € E,,), then we let My, = (agj) be the

(n—1) x (n—1)-matrix obtained from M = (aj;); j=1,... n by deleting the first
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row and the k-th column. Since v; for i = 2, ... ;n are disjoint occurrences of

subformulas of ¢, then Z#(wi) < #(¢). Further, |det(Mp)| = | det(M)]
=2
and, since |a;j| < #(X;,;) by Lemma 3.3.9, then

I
—

n n

n—1
Slal= D lagl <D0 G — #(Xe, i) < #(p) — L.

1,7=1 1=2,5=1,7#k 7

Il
¥

Otherwise, if the subformulas 1; are not pairwise disjoint or there is a row
I, = t+e,, welet P C {2,...,n} be such that

pe P ifandonlyif 1,¢+E,.

Let further h € P be such that there is no b’ with ¢y, < ¢ps. Let ¥, ... , Vg,
be such that, for every i € {1,... ,u},

- k; € P;
- wk‘z j whﬂ
- there is no other formula vy (k' € P) such that ¢, < g < 1p.

Applying Lemma 3.3.7 to n, Yk, ... , ¥k, and 7, € I(¢,), there exists
J C{k1,... ,ky,} such that for each k; € J there exists a unique w; € Iz(¢x,)
with celly, (7) C celly, (w;) and

(e, (h) = Y Fm(ey, (i) + Y £r(es,(pi)

k‘j eJ 1=
where 94, ... , 95 are pairwise disjoint occurrences of subformulas of vy, also
disjoint from each of the occurrences ., ... ,¥y,, and p; € Iz("9;) with
celly, (1) C celly,(p;) for every i =1,... ,s.

By the elementary properties of determinants, replacing in M the row
L, by >75_; £m(cy,(pj)) we obtain a matrix M’ such that |det(M')] =
| det(M)].

Repeating the above procedure finitely many times, we obtain an n x n
matrix M, such that each row 1; (i € P) of M, has the form

S ey (o))

heH*
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and, for any two distinct rows 1;,1; € M, (i,j € P) we have 19%2, A 19%7_ for
every h; € H' and k; € HI.

Consider now any row 1; € Mp (with I; # 1;) such that |; = +e;, € £E,,.
Then, by subtracting suitable multiples of 1; from the remaining rows, we
get a matrix M;, such that all entries in its ¢-th column are 0, except for the
(i,t)th entry which is +1, while all the other columns and the determinant
are left unchanged. Repeating this procedure for all rows 1; € +F,, except
for the first one, we finally obtain a matrix M), = {m;; € Z : 1 < i,j < n}
with the following property: there exist indexes j, ... ,j; such that in every
row (mij)?zl, elements of columns indexed by 71, . .. , j; coincide respectively
with the jith,...jith elements of the vector ), :tw(cﬁ}-l (p)) where for
every h € H* and i = 1,... ,n, the occurrences 792 are pairwise disjoint
subformulas of ¢. Further, m;; = 0 for j # ji1,... ,js.

Let Mp = (a;;) be the (n — 1) x (n — 1) matrix obtained from M, by
deleting the first row and the kth column.

Then det(Mp) = det(M) and since |my ;| < 3, c i #(X;, 95,

Z jagy| < Z > (#Wh) — #(Xe, 93)) < #(0) -

1,j=1 =2 hecH*

Theorem 3.3.11 Let ¢ be a formula in the variables X1, ... , X, (withn >
2) and let p be a vertex of an n-dimensional cell of C™ (p) N[0,1]". Then

M)”_l

n—1

den(p) < (

If n =1 then den(p) = 1.

Proof.

Let Mp = (I;) be the (n — 1) x (n — 1) matrlx defined in Theorem
3.3.10, with 1; = (a1, .. ,aj(n—1)) such that Z” Laiil < #(p) — 1 and
den(p) < |det(Mp)|. By Hadamard’s inequality, |det(Mp)| < []5 Sl
where [[L;]| = \/a,zz1 +...+ a?(nil) <lai| + ... + |a;p—1)|- Hence,

n—1n—1 . n—1
den(p <H2|a|<1‘[# (#?(lel)

i=1 j=1
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Note that

n—1
<M> _ o= log(#()-1)/(n-1)) _ g#(e)-1

n—1

As in the case of Lukasiewicz logic, the smallest basis s such that ((#(¢) —
1)/(n—1))" 1 < s#@)=1 jg el/e,

Remark. The function f, is homogeneous. So, in our investigation of
denominator upper bounds of f,, we can equivalently restrict our attention
to ([0,1] U {oo})™ or to any ([0,a] U{oco})™ with @ > 1. In the last case, the
bound could be smaller, but the cardinality of the set of critical points (and
then the number of values of the logic which we want to reduce to) remains
the same.

Theorem 3.3.12 If q € (R%)" is such that f,(q) > 0, then there exists
p € (([0,1] N Q) U {oco})™ such that f,(p) >0 and den(p) divides 2#(¥)~1,

Proof. Skipping all trivialities, we can safely suppose that the function f, is
not identically equal to oo over R"}. Thus f, is continuous over R . Suppose
that there exists a point q € R"} at which f, assumes a value strictly greater
than 0. Since f,, consists of linear homogeneous pieces, we can safely suppose
that q is a vertex of C"(p) N[0,1]* € Q". Let g be the component of g
equal to 1. Among all points of the form x = (z1/2#@)=1 g, /2#(@)=1),
let p= (p1...,pn) be the one closest to q (with respect to Euclidean dis-
tance) such that p;, = 1. By way of contradiction, suppose that f,(p) = 0.
Since f,(q) > 1/den(q), by Lemma 3.3.11, we get

n—1
fola) = fo(P) > (#) .

On the other hand, since p is the closest point to q among all points with
denominator equal to 2#(#) =1 then

gl <
|pz Qz| =5 o# -1
where p; and ¢; are the ith coordinates of p and q, respectively. Since
Pr = qr = 1, an application of Lemma 3.3.9 yields

n

fol@) = fo(p) < (Ipi — ail#(Xi,0) = > (Ipi — ail#(Xi, 9)),
i=1

i=1,i#k
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and then

n—1 \"! - 1 1 1 #(p)—1
<#(<P) - 1> = Z.:%;k (5 2#(@)—1#(Xi’<p)> < o#(p)—1 5

whence

#(@3 —1 (#ffl; 1)”_1 > o# (@)1, (3.1)

The desired conclusion now follows by noting that such inequality is never
satisfied for #(p),n = 2,3,.... Indeed, letting g = (#(¢) — 1)/(n — 1), we
have
%gwwl)/g S o#(p)-1
if and only if
logy(#(p) 1) =1 _ g —logyg
#(p) =1 -9
Let log z denote the logarithm of x to the base e. The real-valued function
fi(x) = (logy x — 1)/x reaches its maximum value 1/(2elog2) for x = 2e.
The function fo(z) = (z —logy ) /x attains its minimum value 1 —1/(eln 2)
for x =e.
Noticing that 1/(2elog2) < 1 —1/(elog2) we have obtained a contra-
diction, and the proof is complete (compare with [8]).

There remains to consider the case when the function f, vanishes over
R" and is > 0 over (R%)™\R".. Suppose that F'is an open face of (R% )™ \R"}
contained in the hyperplane x; = co and that there exists q € F' such that
fo(a) > 0. For simplicity, suppose that f is not contained in any hyperplane
z; = oo with j # i. By Lemma 2.3.8, for every x € F, f,(x) = fo(x'),
where var(9) C var(p) \ {X;} and #(9) < #(¢). Hence fy(q') > 0. Since
q’ € Rﬁfl, we can now apply to 9 the result of the first part of this proof. We
obtain a point p = (p1,... ,pn—1) € R’}L_l such that fy(p) > 0 and den(p)
divides 2#(")=1. The point p’ = (p1,... ,Pi—1,00,Pis--- ,Pn—1) € (R})" is
such that den(p’) divides 2#(")=1 whence 2#()~1 and, further,

fo(®') = fo(p) > 0.
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3.3.3 Finite-valued approximations of Product Logic

As already remarked, it is not possible to define a finite-valued Product Logic
by restricting the set of truth values to a finite subset of [0,1]. However,
once a specific function f,, is considered, one can conceivably define a (finite)
set of critical points for f, having the desired closure properties. To this
purpose, we first introduce a new unary operator as follows.

Let R = [0, 00] and

. 1 k-1
Sk—SkU{OO}—{O,E,’T,l’OO}

Let ¢ be a formula of ¥ and let m,l > 0 be integer numbers.

l

Definition 3.3.13 For every z € R we define the unary operator o, :

R*% — R% such that, for all z < oo
l
<>fn(x) = —L z]

lm

and ol (00) = oo.

Let us consider the logic S/, = (S5, {0}, {®, =5, —x,0}), where =5
and —y are obtained by restricting to S; ~the operations given by the
connectives in ¥. Assume further that, for every x,y € S},

e x @y is the truncated sum min(1, z+y) in case z,y < 0o, and zd oo =
00 DYy = 00 P oo = 00;

For every subformula v of ¢ we shall denote by 1; the formula obtained
by replacing every occurrence of a variable X; in ¢ by ¢X; and replacing
every occurrence of + by @. Obviously, ¥ is a formula of an.

For our current purposes it is convenient to separately study the restriction
of fz to (Spm)™ and to (Sf,)" \ (Sim)"-
For every variable X; € var(p) and (z1,... ,2,) € (Sim)" we have
1

Im — m

fOXi(x17 e ,xn)

For any formula ¢, we let m > #(¢); then it is easy to see that, if ¢ is
such that the restriction of f, to (R4)" is different from oo, then m >

maxye(o,1)» fo(x).
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Further, if 1,12 = ¢, and % and {ﬂ\; are the corresponding formulas of
S!,, then, whenever m > #() > #(11) + #(1b2), we have

Ilm

<Y #(Xiyih) - 1_#
i=1

<

1)

fﬁ(xla s ,l’n) < Z#(Xza¢l) :
=1

m m

S, a) < Zil#(th) : % < Zil#(Xi,%) - % — #%2)
and so
fr = Feg < #(%)TZ#(%) <1
hence
fomma, = To T 15 (3.2)
Trivially,
il i L (3.3)

Lemma 3.3.14 For every x € (S))", m > #(¢) and ¢ € {0,1/(Im),
2/(lm), ..., (m—1)/(lm) }" such that x +¢ < 1,

falx+e) = — fo(x)

Proof. If the restriction of f, to (Ry)" is equal to oo the Lemma trivially
holds. Otherwise, we proceed by induction on the complexity of ¢. Let
x =h/l with h € {0,... ,[}".

e Let ¢ = X;. Then ¢ = oX; and
h.

Ilm Ilm

e Let ¢ =11 + 1. Then, by (3.2),
h h h 1 h
Fogan (G T =157+ + (7 +e) = — furre(7):
e Let Y = T,Z)l — 1[)2. Then, by (33),

h h h 1 h
Fimn (T T =157+~ f7(5 +8) = —fuu(7)
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The above Lemma can be easily generalized to x € (S/)". As a matter
of fact, by Proposition 2.3.9, the restriction of f, to (R%)" is either equal to
oo, or it coincides with the function associated with a formula 9 such that
all the variables taking oo do not occur in .

Corollary 3.3.15 For every x € (S/)" and € € {0, 1/(Im), 2/(Im), ...,
(m—=1)/(Im) }"™ such that x +¢ € (S};,)", we have f,(x) = 0 if and only if
f[,g(x +¢e)=0. |

In agreement with our presentation of the logics L,, and G,,, we will introduce

the following map from S} = S, U {c0} to S,, U{L}:
l—-z ifzels,
L if z = oo,

A:xeSnU{oo}H{

where | is a new symbol for a distinguished element strictly less than
all other elements of S,,. The map ~ induces an isomorphism between
St = (S5, {0}, {®, 75, =%, 0}) and &}, = (S U{ L}, {1}, {0, -s, —e, 1}),

where

_ max{0,z +y—1} ifz,y>_1
TOY = { 1 otherwise
min{l,1 +y—=a} ifzx,y>_1
r—osy = L ify=1and z # L
1 ifz=_1.
_ e = 1 ifa=_1
ST T ETTESTUL dfa> L

o - g l0-2)
Im

The operations ® and —g coincide with suitable extensions to L of
Lukasiewicz conjunction and implication, respectively. A formula ¢ is a
tautology of &, if and only if fy(x) = 1 for every x € (Sp,,, U {L})™.

In the following we will consider ¢ as the syntactic translation of a
formula ¢ of ¥ (or, equivalently, of Product logic), obtained by substituting
each occurrence of a variable X; with X, each occurrence of + with ®, each
occurrence of —y with —g and each occurrence of -y with —g. Further,
if x = (x1,...,25) € (S},)" we shall denote by X the vector (Z1,...,Zy).
From the isomorphism between logics Sﬂn and 6£n and from Corollary 3.3.15
it follows that
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Corollary 3.3.16 Assume m > #(p). Then for every x € (S;)" and
e €{0,1/(lm),2/(Im),... ,(m—1)/(Im)}" such that X — e € (S, U{L})",
we have fg(x) = 0 if and only if fg(ﬁ —eg)=1. [ |

Theorem 3.3.17 For every formula ¢ of Product logic we have

b ¢ if and only if e @,

where m = #(p) and | = 2™~ 1.

Proof. By Theorem 3.3.12, ¢ is a tautology of Product logic if and only if
for every x € (S5})", fg(x) = 0. By Corollary 3.3.16 this is equivalent to
saying that fs(X—¢) = 1, for every € such that X—¢ € (Sp,,U{L})". Since for
every y € (Sp, U{L})" there exists X € (S;U{L})" and € < (m —1)/(Im)
such that y = X — ¢, then f5(X —¢) = 1 holds if and only if, for every
Y € (S U{L})"™, fs(y) = 1. This yields the desired conclusion. ]

3.4 Logical consequence in Godel and Product
Logic

When dealing with the lattice connectives A and V, some extra care must
be taken, since both # (¢ A 1) and #(p V ) are in general strictly greater
than #(¢) + #(1). Since, on the other hand, these two connectives play an
important role in the treatment of logical consequence, we are interested in
adding them as primitive connectives, without increasing the denominator
upper bound of the logic. That this is indeed feasible follows from the
observation that the function associated with V is given by

r ify<cz

fv(x,y):{ y ifr<y

in all logics considered in this paper, since their sets of truth values are
linearly ordered. Since f, has the same boundary polynomial (x —y) as f_,,
and since fy does not introduce new polynomials, we can safely incorporate
V among the primitive connectives of our logics. The same applies to A.
The method used to reduce the infinite-valued tautology problem to its
finite-valued counterparts, cannot in general be extended to the problem of
logical consequence. Indeed, in order to prove that a formula of C (with
C € {G,X}) is not a tautology we have used a continuity argument to
find a point where the associated formula takes a value not belonging to
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the set of designated values D(C). On the other hand, for I' =¢ A to be
falsified, one must typically exhibit a point p such that fAr(p) € D(C) and
fyva(p) € D(C). Suppose that for any other q # p, far(q) € D(C). In
this case, the only finite logic that can be used must have as denominator
the denominator of p, because continuity arguments yield nothing here. As
expected, the methods of the previous sections cannot in general be applied
to reduce infinite-valued consequence to its finite-valued counterpart.

Still, our geometrical analysis and our estimates on denominators of
critical points yield the following:

Lemma 3.4.1 Let I' and A be two finite sets of Gédel formulas and let n
be the cardinality of var(T' U A). Then we have:

I' Eq.. A if and only if T \=q,,,, A for all integers 1 < m < n.

Proof. Let ¢ = AT and ¢» = \/ A. Since, as remarked above, we can-
not directly reduce to a unique finite-valued logic, we shall examine the
denominator of all points arising as intersections of boundaries of cells. The
polyhedral complexes C'(¢) and C(1)) can be jointly refined by

Clp, ) ={ANB[AeC(p),BeC(y)}.

al
Vertices of C(p,1) are solutions of systems : x = b, where every

an
a; either belongs to D(p,01) or to D(¢,02). Thus, in order to calculate
denominators of vertices, we can use the same computations as for formulas
@1, where x is any arbitrary binary connective. Theorem 3.2.2 now yields
the desired conclusion. ]

Since, as is well known, the Deduction Theorem holds in Godel logic (see
[67]), we have

Theorem 3.4.2 Let I' and A be two finite sets of Gadel formulas and let
n be the cardinality of var(I' U A). Then

I'Eq.. A if and only if }:GOO/\F—>\/A

if and only if F=a,., /\I‘ — \/A
if and only if T =q, ., A.
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Geometrically, the above result states that, if p is a point such that
Jar(P) = 1, then there exists a rational point q with den(q) a divisor of
n + 1, such that fpr(q) = 1. Indeed, if p belongs to the relative interior
K of some cell of dimension £ < n and far(P) = 1 then, by Corollary 5.4,
far(p) = 1 for every point p € K, whence in particular, for some point
whose denominator divides n + 1.

We now turn to Product logic. If I' = {y1,... , 7} is a set of formulas of
Product logic, let us denote by I' the set {71,... ,Jk}-

Theorem 3.4.3 Let I' and A be two finite sets of formulas of ¥ and let n
be the cardinality of var(T' U A). Then we have:

T = A if and only if T Fet, A

n—1
forall 1< (W) and m = #(A)+ #().

Proof. We argue as in the proof of Lemma 3.4.1, with some extra care
needed to repeat the “normalization” argument therein, in order to get a
finite-valued logic. To this purpose, let ¢ = AT and ¥ = \/ A. Suppose
I' fm., A. Then there exists a point p such that f,(p) =0 and fy(p) > 0.
We can safely suppose that p is a vertex of C(¢, 1) and so, by Lemma 3.3.11,

#(0) + #() - 1)

n—1

den(p) < <

By Corollary 3.3.16, there exists [ = den(p) such that in the logic &,

~

fe(p) =1 and f;(p) <1, whence r e A.

(#(w)ﬁflp%l)”*l such

Conversely, let us suppose that there exists [ <

that T Fet, A. Then there exists a point p such that den(p) = Im and
fz(p) =1 and f@(p) < 1. Since p = q/l — ¢ for some q € {0,...,1}" and € €
{0, &,..., =1} then by Corollary 3.3.16, f,(q/l) =0 and fy(q/l) > 0.

In conclusion, I" ferr. A as desired. [

3.5 Logics combining Product, Godel and Luka-
siewicz connectives
The methods of the previous sections can be generalized to find upper

bounds for denominators of critical points in logics obtained by combin-
ing Product, Godel and Lukasiewicz connectives, as sketched below. In the
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following we shall denote by n the number of variables of a generic formula
©.

o Welet II+G = ([0,1],{1},{:, ¢, —1, —¢}) denote the logic obtained
by combining the connectives of Product and of Godel Logic. Let us
consider the logic ¥ + G = ([0, 0], {0},{+, -5, —%, —xc}), where
—y ¢ is defined by

0 ifxz>y

Tozey= { y  otherwise.

¥+ G and II 4+ G are clearly isomorphic. Moreover ¥ + G satisfies
all the piecewise linear requirements needed to apply our method as
introduced in Section 4.

The construction of the polyhedral complex Cyg(p) associated in
¥ 4+ G with a formula ¢ as defined in Section 4, proceeds as for
the construction of the polyhedral complex Cx () associated with ¢
in ¥, with the only additional stipulation that Cyg(¢¥1 —sa ¥2) =
Csc(¢1 —x 12). Since f_, . has the same boundary polynomial as
f—y, Propositions and Lemmas of Sections 6.1 and 6.2 can be repeated
to describe the function associated with ¢, with the only exception of
Lemma 2.3.7. Indeed f, is in general not continuous, but is linear
and homogeneous over every open face of any cell of Cyg(¢). Repeat-
ing the argument done for Product Logic, we get that this function
must be tested also in the relative interior of each cell. For any for-
mula ¢ with n variables, a denominator upper bound is hence given

by n - (%)n 1. This is so because a point in the relative interior
of any given cell can be chosen as the Farey mediant of vertices of
simplexes of Cxi (@) N[0,1]". Then one can apply the same trick used
to reduce Product Logic to a finite-valued logic.

e We let L+G = ([0,1],{1},{®, =+, 5, 7@, —¢c}) denote the logic ob-
tained by combining the connectives of Lukasiewicz and Gédel Logic.
Analogously to the logic ¥4, since f_, . has the same boundary poly-
nomial as fHL’ the construction of the polyhedral complex Cpg(p)
associated in L+G with a formula ¢, proceeds as for the construction
of the polyhedral complex Ci () associated with ¢ in L, with the only
additional stipulation that Crg (Y1 —ag ¥2) = Coa(¥1 —1 ¥2).

The functions associated with formulas are (possibly discontinuous)
piecewise linear with integer coefficients. These functions must be
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tested also in the relative interior of each cell. A denominator upper
n
bound is (n + 1) - (#) .

e Welet G+ A = ([0,1],{1},{A,~¢,—¢,A}) denote the logic obtained
by adding to connectives of Godel Logic the connective A interpreted
by the function A(x) = 1 if only if x = 1 and A(z) = 0 otherwise
(axiomatized in [14]). Even if the class of functions associated with
G + A strictly contains the class of functions associated with G (see
[52]), Corollary 3.2.1 and Theorem 3.2.2 can be repeated exactly as
for Godel logic. Hence n + 1 is a denominator upper bound.

e When Lukasiewicz connectives are combined with Product connec-
tives, piecewise linearity is lost and our present approach is inadequate.



Chapter 4

Calculi

In this section we will extend to Godel and Product Logics methods and
results of [8] and [9]. We refer to [112] for further background on proof
theory.

In the literature one can find deductive systems for a multitude of finite-
valued logics ([109, 25, 58]). In particular in [64] a signed tableaux system is
presented, where signs are sets of values. The calculi for finite-valued logics
presented in this section, are in a sense a translation of signed tableau: we
shall present them in a form that makes it easy to extend them to calculi
for infinite-valued logics. Indeed, also if some calculi have been defined for
infinite-valued Lukasiewicz logic, they present some drawback, as giving no
hints for proof search ([108, 100]) and involving geometrical and algebraic
computations that shed no light on the real logical structure of formulas
[65]. For an overview see for example [30].

In [8] a calculus for infinite-valued Lukasiewicz logic is described, based
on the fact that the decidability of a Lukasiewicz infinite-valued formula ¢
can be reduced to deciding ¢ in a suitable finite-valued Lukasiewicz logic.

Our calculi depend on the rules reducing the infinite-valued tautology
problem to its finite-valued counterpart. As an example, we shall provide
sequent calculi building on the proof-theoretic machinery of [9]. As in [8],
our calculi in this chapter will stem from very simple operations, such as
doubling the places in a sequent, shifting formulas from one place to another,
and similar “typographical” operations. We shall obtain elementary calculi
whose rules are easy to apply. Since the operations needed to build one
premise of a rule of our calculi only take constant time, as an immediate
consequence we shall give new proofs that the tautology problem for Godel
and Product logics is in co-NP. In the case of Product logic such proof is

74
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alternative to the one in [15].

For the sake of simplicity in our exposition, sometimes the definition of
our rules will involve arithmetical operations. However, in all cases it will
always be possible to rewrite such rules without resorting to any arithmetical
operations.

4.1 Preliminaries

If £, € {L,Gp, 6L (with Im =n—1)}is an (n+1)-valued logic, we denote
by LC,, a sequent calculus in which every sequent consists of n parts. More
precisely, sequents T of LC,, have the form

TiFA | ... |Thk Ay,

where, for every i = 1,... ,n, I'; and A; are finite sets of formulas of £,.
I'; B A, is called the ith component of T. T'; is the premise of the component
Iy B Ay, A; is the conclusion (of the component T'; = A; ).

We shall adopt the following notation. [I' F AJ? denotes the n-
component sequent whose ith component is I' - A, and the remaining ones
are empty. Whenever the number of components of a sequent is clear from
the context, we write [[" = A;. For instance, [~ ]} denotes the sequent - .

Sequents are to be interpreted in the following way:

Definition 4.1.1 A sequent I'y H Ay |[To F Ag| ... | Ty Ay, is valid in L,
if for all interpretations v for L, there exists h € {1,... ,n} such that
—h —h+1
v( /\ ’y) < o or v( \/ 5) > nohEl (4.1)
n n
’Yerh JEAh

Clearly, ' =, A if and only if [I' - A]} is valid in £,,. Intuitively, the
position of a formula in the i-th sequent is a statement about its possible
truth values, in accordance with (4.1). Namely, we represent the boolean
statement “the value of ¢ is > "77”1 ” by putting ¢ in the conclusion of the
i-th component of the n-part sequent. Analogously, the boolean statement
“the value of p is < % ”is represented by an occurrence of ¢ in the premise
of the i-th component of the n-part sequent.

Notation: As usual in sequent calculi notation, we shall always write I, ¢
for T'U {p}.

Further, given m-component sequents Y1, Yo, ... , Ty we let [T1 Ty ---
T} ] denote the m-component sequent Y obtained by the componentwise
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merging of Y1, ..., Tp: that is, for any ¢ € {1,... ,;m}, the ith component
of T will contain as premise the union of premises of ith components of all
T; and as conclusion the union of conclusions of ith components of all T},
for each j € {1,... ,h}.

During the construction of a proof, the set of possible truth values for ¢
(in our notation, the position of ¢) is modified in accordance with a set of
rules that we will introduce later on.

Any (instance of a) rule is determined by a set of sequents called premises
of the rule and a sequent called conclusion of the rule. For every connective
there are n rules, each rule dealing with a fixed component of the sequent.
As in standard sequent calculi, each rule comes in a left and in a right
version, according as the rule modifies the left, or the right hand side of the
sequent. Rules can be logical or structural. Structural rules are divided into
weakening rules and migration rules. A rule is valid when the validity of all
the premises implies the validity of the conclusion. A valid rule is bivalid
when the validity of the conclusion implies the validity of all the premises.

Take a generic sequent Y =Ty F Ay | ...|I', B A,. Suppose we are
applying a rule of the calculus to an occurrence of the formula ¢ in the
premise I'; (resp., conclusion A;) of the i-th sequent I'; = A;. Then this
occurrence of ¢ is called the active (occurrence of ) formula, and we call
context sequent the sequent Y’ obtained from Y by replacing the i-th com-
ponent with I'; \ {¢} F A; (resp., I'; F A; \ {¢}). By using componentwise
merging notation introduced above, we can write down T as

T = [Y[p H] ( resp., ¥ = [Y'[- go]l]) )

In this way we can easily formulate the context part in any sequent under
consideration. Suppose that for instance © contains the active formula.
Then a generic sequent containing © can be written down as [©Y], where
T is a generic context sequent.

For the sake of readability, we shall define rules for £C,, calculi in a
uniform way for every finite-valued logic. For each integer m > 0 the sequent
calculus LC,, is given by:

Axioms. For every 0 < j < m,

[ F ¢l
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Structural Rules. For each i € {1,...,m}, j € {1,...,m — 1} and for
every context sequent T,

T T
@i = A FT (@) = oF Tl
_ [T ekl o= (X IEel]
(m: 05 = ¥ o, ()i = oY e o]

Cut Rules.  For each i,j € {1,...,m} such that ¢ < j and for every
context sequent Y,

[(T[Felil [TleHl
T :

We are now in a position to define logical rules for several finite-valued
logics.

As usual, a sequent I' is said to be provable in the LC,,, calculus, if there
is a tree of sequents, rooted in I', such that every leaf is an axiom and every
inner node is obtained from its parent nodes by an application of a rule.
Such proof tree is said to be closed.

(cut)ij =

Lemma 4.1.2 If LC,, is a sequent calculus for an (n + 1)-valued logic L,
such that every logical rule is bivalid, then every sequent wvalid in L, is
provable in LC, without using the cut rule.

Proof. Let T be a sequent valid in £,,. Starting from T we construct a tree
by applying logical rules of £C,, in the inverse direction. Since each premise
of a logical rule contains fewer connectives than the conclusion, the process
must terminate. After a finite number of steps we obtain a tree whose
leaves only contain sequents where every formula is a variable. Since, by
hypothesis, all the logical rules are bivalid, all these leaves must be valid in
L. It is easy to see that a sequent whose components contain only variables
is valid in £, if and only if it has the form [Y’ [X +];[- X]i ] for some j, k
such that 0 < j < k < n. Thus, using the weakening and the migration
rules we get a proof of T in LC,,. ]

For all logics G, L, and &!, (with n = Im) we have the following rules
for V and A, where the sequents are supposed to have n components and T
is a context sequent:

[Tl [T[¢H]i]
[T [pVyF]

[T [F o, ¢li]

0= RIGErTN

(\/, T)i =
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[T [Feli] [YT[FY]]
[T [ At F]i] .

(A0 = T Fondl]

(/\, T)i =

4.2 Logical rules for Godel Logics G,

The logical rules of GC,, for the connective A are as above. The others are
as follows, where all sequents must be considered as having n components
and T is, as usual, a context sequent.

N € (20 Y P € 8 (a1
T = o gell O T et
(—g, 1) = {[Y eyl d=14,... ,n}
. (T [F ¢ —a Y]
(—a,l); = (ClEel] YlH] X FellHinl:i=d...,n-1}
o X [p —c ¥ i -
Remark. Consider the rule
p_ TPyl

— = .
Comh = i o=
From the Deduction theorem it follows that, when T = ) (i.e., when the
context is empty), this rule holds. Indeed we are going to show that if a
closed proof tree for [p F 9]; exists, then there exist closed proof trees of
[p F ];, for every i =1,... ,n.

As a matter of fact, let us suppose that there exists a proof tree P for
[¢ F 9]1 such that every leaf is an axiom and every internal node is obtained
from its parent nodes by an application of a rule. For every [p F 1]; we shall
construct a proof tree P; in the following way:

Let p; be the first rule applied to [¢ F ¢]; in P. We apply p; to each of
[¢ F 1]; in such a way that

o ifeither p = (A, r) or p = (A, 1) then we add the corresponding sequents
in position ¢ in the proof tree P;;

e ifeither p = (—,7) or p = (—,1) then we add the corresponding sequents
in position n in the proof tree P;;

e if either p = (—,r) or p = (—,l) then we add the corresponding
sequents in position 4,7 + 1,... ,n in the proof tree P;.
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This completes the description of the first step in our proof. In the
second step we apply the second rule of P with obvious modifications, and
so on. In each of the proof trees P; thus obtained, none of the sequents is in
position j < i. The leaves of P, are axioms. Indeed, every P; is a copy of P,
with the possible exception given by branches occurring in P and missing in
P;, because the rules for implication applied in P; generally introduce less
sequents than the corresponding rules when applied in P.

So, when T = () the rule (—,r)} can be applied instead of (—,r);. On
the other hand, if the context Y is non-empty, the rule (—, )] is no longer
sound and hence the rule (—,r) must be considered. For example, consider
the formula (X — YY)V (X vV =Y). This is not a tautology in 4-valued Godel
logic Gs. A proof tree for (X —Y)V (X VYY) is

XFX|F|F FIFYFRY

XFY,X|H|YF  FX|XFY|YF  FX|FIX,YFY
XFY,X,-Y|F|F FX-Y|XFY|[F FX-Y|[F[XFY
F(X—-Y)X,-Y|F|F
FX—=Y)V(XVaY)|kH|F

_))T)l

and this is not closed. On the other hand, if we used the rule (—, )] we

would get
XHEXI|H|F

XFY,X|F|YF

XFY,X,-Y|F|F
F(X DY) X Y|
(X S Y)V(XV-Y)[F |-

and this is closed.
Lemma 4.2.1 For each integer n > 0, all logical rules of GC,, are bivalid.

Proof. By direct inspection, as an immediate consequence of the definition
of validity for the sequents under consideration. ]

The following theorem is a consequence of Lemma 4.2.1.

Theorem 4.2.2 A sequent is valid in G, if and only if it is provable in
GC,,. [ ]
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4.3 Logical rules for &! Logics

In order to write rules for &!,, where ml = n, first of all let us label by

the symbol L the (n 4+ 1)th position in any sequent. Thus the sequent I'; F
Ap|ToFAg| ... [Ty FA,|ITL F AL is valid in 6£n if for all interpretations
v, either there exists h € {1,... ,n} such that (4.1) holds, or else

v(vé 'y)J_ or v(ée\i 5) > 0.

The logical rules of I1C,, are as follows, where all sequents are considered
as having n components and Y is intended as the context sequent:

(Y [-pla] [Y[-9]4] [T [p,9 F]1]
[T [Feoy]1] [T [ © 9 H]4]

(T [Feli] [Tl {[YFelilEdle]:d+k=i}
[T [- ¢ © )]
{(YlpHjWHkl:d+k=i+1}
[T [ ® 9 F]i

(1)L =

(Q’ l)L =

(@,T)Z‘ =

(®7 l)l =

[T [p -]
[T [F ¢ —s )]
{(YlpH;Folkl:k—j=i-1}

(Y [F ¢ —x ]
[Tl [T ]
{{Y-olj k] k—j=1i}t [Y[F elniv1 B F]L]
[Tl —x ¢ Hi

[T [-eli] [T [HL]
T [p—s ¢ F]L]
[T [ F 9]4]

(—=w,7r)L = (==, )L =

(—x,1) =

(_>Eal)i =

(ms,7)i = [[T ol

(h’ T)l =
(8,7)i<t =

(5, 7)isi41 =

Lemma 4.3.1 For each integer n > 0, all logical rules of 11C,, are bivalid.

T [ —sepli]

(_'2’ l)l =

(X [ ¢lul

[T [ ] L]

(X [F @lmi]

[T [ bpli]
[ IFeli]
[T [ bepli]

[T [-sp Fi

(T - olul

[T [ Hi]

[T [t H] 1]
[T [‘P l_]mz]
[T [8p ]
_ [YlpHL]
(8, Dizi1 = T HL@']

(h’ l)L =

(8, Di<t =

also for 1 = L.
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Proof. By direct inspection, as an immediate consequence of the definition
of validity for the sequents under consideration. [ |

Theorem 4.3.2 A sequent is valid in &L, if and only if it is provable in
11Cy,, . |

4.4 Calculi for infinite-valued logics

Using the results of Sections 3.2 and 3.3 one can transform every formula
¢ of the infinite-valued calculus of Lo € {Goo, 0}, into a formula ¢ of a
suitable finite-valued logic £}, such that =, ¢ if and only if =7/ @, and
then check the tautologousness of ¢ working on @ in L.

We must still provide rules enabling us to automatically associate to the
formula ¢ the integer n such that =, ¢ if and only if =7/ @.

To this purpose we consider labelled sequents of the form

(z): ™

where T is a sequent of the £LC,, calculus, for some integer m > 0, and X is
a (possibly empty) finite set or multiset of formulas of L, called label. The
empty label is denoted by e.

We shall first define a “partial” calculus LT, that will only find use
in proving that a formula is a tautology. We shall then give the rules for
a sequent calculus L£Cy, taking into account the fact that infinite-valued
logical consequence cannot generally be reduced to a single finite-valued logic
(Theorem 3.4.3). Rules are divided into sequent and label rules. Axioms and
sequent rules are the same as for £C,,, calculi, for every m, with the proviso
that the label € is added to every sequent. As an example, for every integer
m >0 and 0 < j < m, our axioms are given by

() : [AF A"

Label rules of LT, are used to find, for every formula ¢, the integer
n allowing us to apply to ¢ a calculus for £LC,. Accordingly, using the
abbreviations bg(p) = |var(p)| + 1 and by br(p) = 2##) =14 (), the label
rules of GT,, must transform the initial sequent - ¢ into a sequent having
bc () components, and the label rules of IIT,, must transform the initial
sequent F ¢ into a sequent having bry(¢) components. On the other hand,
the label rules of GCy (respectively, the label rules of IIC4,) must reduce
the calculus for I' = A to its counterpart for all m-valued logics, where
m < bg(AT VV A) (respectively, m < bg(AT VVA) ).
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4.4.1 Godel label rules

Labels are pairs whose first component is a multiset (which is used to dis-
assemble the formula) and whose second component is a set (used to count
variables). More precisely, for any set  of formulas, multiset © of formulas
and connective * € {A, —¢}, the label rules of GT, are given by

((©,90,9),Q) : [I' - A" ((©,9),9Q) : '+ Al
((67@*w)79) : [F = AH’L ((@WGW’Q) : [F = A]T

(©),Qu{x}):[CFA]"  ((,2\{X}): [+ A"
((©,X),Q) - [+ Al ((), QU{X}): [I'F A

where X is a variable. Label rules are devised to keep track of the number of
different variables occurring in the sequent to be proved. It is clear that, if
¢ is a formula of Godel logic, starting from ((¢), () :F ¢ and applying Godel
label rules in the inverse direction, we obtain the sequent (¢) : [~ |7 where
n = |var(y)|. In particular, the multiset © will contain the subformulas of ¢,
while the set Q will eventually coincide with the set var(y). For each element
of 2 we increase by one the number of components of sequents in the proof.
We can then apply sequent rules GC,,; for the finite (n + 2)-valued Godel

logic.

Definition 4.4.1 A formula ¢ is provable in GTy, if there is a tree of la-
belled sequents, rooted in ((¢), ) :+ ¢, such that every leaf is an axiom and
every internal node is obtained from its parent nodes by an application of a
rule.

Theorem 4.4.2 A formula is a tautology in G if and only if it is provable
mn GTs.

Proof. If ¢ is a tautology of G then ¢ is a tautology of Gy, where
bg = |var(¢)| + 1. By Theorem 4.2.2, the sequent [ gp]ll’c is provable in
GCp,,. It follows that each leaf of the tree rooted in ((¢),0) :F ¢ such that
every internal node is obtained from its parent nodes by an application of a
rule of GT4, must be an axiom.

Vice-versa, if ¢ is provable in G714, then all the sequents in the proof
tree with the empty label are a proof of ¢ in GCy,,, and so, by Theorem
4.2.2, ¢ is a tautology in Gy, whence it is a tautology in G-

|
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Since the deduction theorem holds for Godel logic, from the remark
before Theorem 4.2.2, we see that the calculus G'1, can be also considered
a calculus for G

Theorem 4.4.3 Let T and A be finite sets of formulas of Goo. ThenT g,
A if and only if the sequent (' UA),0) : T F A is provable in GT. [

4.4.2 Product label rules

For each formula ¢ of I, let @ be the formula obtained by substituting every
occurrence of - with ®, every occurrence of —11 with —%;, every occurrence
of -1 with =y, and every variable X; with §X;. Let us agree to say that @
is the translation of ¢. Let I' and A be sets of translated formulas, © be a
multiset of translated formulas and x € {®, —4}. Our labels shall consist
of two distinct parts: the first one will be used to disassemble the formula
©, the second one will count the number of binary connectives. They are
defined by:

~ o~

(0.5,9).2): AL (©.5).): [P+ Al

0,7,
(@ 9*0).7): [CFAL  ((8,-x¢),j): [CF Al;

((©).0): [T A CrAy
((©,8X),5) : [ FA) ((6),4) - [T - A
For every formula ¢ of Product logic, starting from ((¢),1) :+ ¢ and

applying Product label rules in the inverse direction, we obtain the sequent
- @@

1
Then, we can apply rules of ¥;" to this sequent.

Definition 4.4.4 A formula ¢ is provable in the 1T, calculus if there is
a tree of labelled sequents, rooted in ((),1) :+ @, such that every leaf
is an axiom and every internal node is obtained from its parent nodes by
application either of a product label rule, or of a 7" rule.

Theorem 4.4.5 A formula is a tautology in s if and only if it is provable
mn 1T .

Proof. Similar to the Proof of Theorem 4.4.2. [ |

By slightly modifying the 1T, calculus in the light of Theorem 3.4.3 we
obtain a calculus IIC, for Il as follows.
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Axioms and rules are those of IIT,,. Let T and A be sets of translated
formulas, © be any multiset of such formulas and * € {®, —%}. Then:
((©),5) : [ A

<<@@ ) r L - Ay

A sequent T = (0, k) : T+ A is said to be provable in the IIC, calculus
if there is a tree of labelled sequents, rooted in T, such that every leaf is
an axiom and every internal node is obtained from its parent nodes by an
application of a rule.

Theorem 4.4.6 LetI and A be finite sets of formulas of . Then T’ Er.
A if and only if the sequent (AT,\/ A),1) : T+ A is provable in IICx

Proof. An easy induction on k shows that ( (/\F Vv A1) : T F Ais
provable in TIC, if and only if all the sequents [F = A re provable in
X, for m = #(I') + #(A) and for every 1 <[ < o# (I H#( )1 Now apply
Theorems 4.3.2 and 3.4.3. ]

Similar calculi can be described for all logics considered in Section 3.5.

Theorem 4.4.7 The tautology problem for logics 1+ G, £+ G and G+ A
s in co-NP.

Proof. Let us consider a branch of a proof tree for ¢. It consists of
polynomially many occurrences of subformulas of ¢. Its length is linearly
bounded by #(¢). Checking whether any two adjacent sequents Y;, T;41 in
the branch are such that T; is a premise of a rule yielding Y;;; just takes
constant time in the length of T; and T,41. By keeping track only of the po-
sitions of nonempty components of sequents in the branch, we immediately
get the desired conclusion. ]



Chapter 5

Rational Lukasiewicz Logic
and DMV-algebras

By McNaughton theorem [82], the functions associated with formulas of Lu-
kasiewicz logic are the totality of continuous, piecewise linear functions in
which every piece has integer coefficients: it seems natural to weaken the
restriction of integer coefficients, and consider instead rational coefficients.

To this purpose different approaches have been proposed in the litera-
ture. The authors of [13] introduced Lukasiewicz propositional logic with
one quantified propositional variable JL. In [45] Riesz MV-algebras are de-
fined as a special class of MV-algebras with a family of unary operators,
and are shown to be the MV-algebraic counterpart of vector lattices over
real numbers. In [71] root (in fact, division) operators are introduced and
in [16] Lukasiewicz logic plus root operators is shown to correspond to con-
tinuous piecewise linear functions with rational coefficients and to have the
interpolation property.

In [55] we collected all these results and we gave an equational defini-
tion of root operators, defining the variety of DM V-algebras (divisible MV-
algebras). Such structures maintain some basic properties of MV-algebras,
and are intervals of lattice-ordered vector spaces over the rationals just as
MV-algebras are intervals of lattice-ordered abelian groups [32].

In this chapter we extend to DMV-algebras some results holding for
MV-algebras, like the representation theorem and the correspondence with
divisible ¢-groups. We further give a direct proof that the variety of DMV-
algebras is generated by [0, 1]. Rational Lukasiewicz logic is then introduced
and is shown to be an extension of Rational Pavelka logic: the tautology
problem for Rational Lukasiewicz logic is shown to be co-NP-complete.

85
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The last section is devoted to the introduction of rational numbers into
MV-algebras, via the construction of weakly divisible hulls.

5.1 DMV-algebras

In Section 1.2.1 we cited some results on MV-algebras. It turns out that
both the completeness theorem in [29] and the representation theorem in [41]
are based on results for the theory of ¢-groups. In particular the authors
use the result that every totally ordered group can be embedded in a totally
ordered divisible group, and that quantifier elimination holds for totally
ordered divisible groups. We shall study here algebraic structures that are
more directly connected with divisible groups.

Notation: If A is an MV-algebra, x € A and n € N we denote by n.x
the element of A inductively defined by 0.z = 0, (n—1).z = n.x®z. Further,
we denote by nz the element of G4 defined by Oz = 0 and (n—1)z = nx+=.
If w is a strong unit of G 4 such that I'(G,u) = A, it follows that n.x = nzAu.

Definition 5.1.1 (Mundici) A DMV-algebra A = (A, ®, =, {dn}nen,0,1)
is an algebraic structure such that A* = (A, ®,—,0,1) is an MV-algebra and
the following hold for every x € A and n € N:

(DIn) n.opx = x
(D2n) 6p,x ® (n—1).0,x =0

The MV-algebra A* is the MV-reduct of the DMV-algebra A. If A is a
DMV-algebra, then the ¢-group G with strong unit u such that A* = I'(G, u)
satisfies the condition of divisibility, i.e., for every n € N and for every x € GG
there exists y € G such that ny = x.

Example 5.1.2 For each k =1,2,..., the set

1 k—1
L1 ={0,—,...,— 1},
w1 =10, 2 o1
equipped with the operations
z@y=min{l,z+y}, zOy=max{0,z+y—1}, z=1-=z

is a linearly ordered MV-algebra (also called MV-chain), but cannot be en-
riched to a DMV-algebra. The set of all rationals between 0 and 1 where
each &, is interpreted as division by n, is a DMV-algebra that we shall de-
note by (I'(Q,1),6,). In this case, Axioms (D1n) and (D2n) state that the
sum of n copies of x/n coincides with x.
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Proposition 5.1.3 Let A be a DMV-algebra, let A* be its MV-reduct and
let (G,u) be the unique £-group with strong unit u such that I'(G,u) = A*.
Then, for every x € A,

(i) mopx =2x

(7i) Omx is the unique element of A satisfying axioms (D1) and (D2).
Proof.

(i) If x € A, equations (D1) and (D2) become

momx AN u = x (5.1)
(Omx 4+ ((m —1)0pmx Au) —u) V0O =0

whence 6,z + ((m — 1)0x A u) < w and, by definition of ¢-group,
MOpx A (U + 0px) < u. Since d,xz > 0, then u + §,z > u and

mémz Au < mopz A (u+ dpz) <u
and hence, from (5.1), mo,,x = x.

ii) For ever € A C @G satisfying (D1) and (D2), my A u = z and
(i) Yy ying y
(y+ ((m =1y Au) —u) VO = 0. Repeating the same argument as
above, my = x = md,,x and then y = d,,x.

Chang’s distance function d : A x A — A is defined by
d(z,y) = (x © ~y) & (y © —z).
Proposition 5.1.4 Let A be a DMV-algebra and let z,y € A.
(i) If t ©®y = 0 then 6,(z B y) = 6,z D dpy
(ii) dpd(z,y) = d(dpz,0ny)

Proof. We shall give the proof for the case n = 2. This can be generalized
to every n > 0.
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(i) Ifz,y € A,
(62 @ 02y) © (027 @ d2y) = (027 © 22) D (d2y ® d2y) = Dy

Further note that in every MV-algebra, if a ®©b = 0,a ® a = 0 and
b®b =0 then (a®b)®(a®b) = (a®a)® (bd®b). Thus, since
dor © oy <z Oy =0,

(02x @ d2y) ® (doz @ doy) = x ©y = 0.
Therefore, d2(z @ y) = dox B Joy

(ii) Let a,b elements of [0, 1] such that a®b = 0. In [0, 1] we have d(a,b) =
|a — b| and hence

d(a,b) ®d(a,b) =]a—bl®|a—b =2la—b—1VO0.

If a <bthen2a—-b—-1V0=2a—5b)—-1V0=2a—-2b—1V0
and since 2a — 1 = 0 then d(a,b) ® d(a,b) = 0. Analogously the same
conclusion can be drawn in case a > b.

By the Chang representation theorem it follows that if dox © dox = 0,
d(02x,02y) © d(daz, doy) = 0.
Further,
d(dax,02y) @ d(daz, d2y) = d(202z,202y) = d(z,y)
whence the claim follows.

Note that by Condition (i) of Proposition 5.1.4 and using notation and
results of [84] and [93], we can say that ¢,, operators fit Lukasiewicz equiv-
alence.

Definition 5.1.5 If A and B are DMV-algebras, a function f: A — B is
a homomorphism of DM V-algebras if f is a MV-homomorphism from A* to
B* and for every x € A,

Definition 5.1.6 A subset J of a DM V-algebra A is said to be a DMV-ideal
of A if it is an ideal of the MV-reduct A*, that is:
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e 0ecJ
o foreveryxeJ andy <x thenyeJ

o Ife,ye JthenxdyeJ

Note that if J is an ideal and x € J then also o,z € J for every n. A
DMV-ideal J is a prime ideal iff it is not trivial and for every x,y € A, either
rO-yeJory®xeJ.

Proposition 5.1.7 Let I be an ideal of A. The binary relation =; on A
defined by x =1 y if and only if d(z,y) € I is a congruence relation.

Proof. Indeed =; is a congruence on the MV-reduct A*. Further, ifz,y € A
and = =; y then, by Proposition 5.1.4, d(6,x,dny) = dpd(z,y) < d(z,y),
hence d(é,x,0,y) € I and 4,z = 4,y. [}

Let I be a DMV-ideal of A and let 7 : * € A — [z]; € A/I. Then
Ker(r) ={x € A | [z]r = [0];} = {x € A| d(z,0) € I} = I. Vice-versa,
if f is a DMV-homomorphism, then Ker(f) = {z € A | f(z) = 0} is a
DMV-ideal. We get

Proposition 5.1.8 [ is a DMV-ideal of A if and only if there exists a
DMV-homomorphism f such that I = Ker(f).

By Proposition 5.1.7, if I is an DMV-ideal of A, then setting
e i@yl =[xyl

o —fz]r = [~z

e Oylz]r = [0nz]r,

the structure (A/1,®,—,{0,},[0]r) is a DMV-algebra. Further, the quotient
A/I is totally ordered iff I is a prime ideal. The proof of the following
Proposition is the same as for MV-algebras:

Proposition 5.1.9 Let A be a DMV-algebra and I an ideal of A. If z & 1
then there exists a prime ideal P of A such that [ C P and z & P.

Then we can extend to DMV-algebras the Chang Representation theo-
rem.

Theorem 5.1.10 Every DMV-algebra is the subdirect product of linear
DMV-algebras.
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The functor I' induces a correspondence between DMV-algebras and
divisible ¢-groups:

Definition 5.1.11 ([85]) A good sequence of a DMV-algebra A is a se-
quence (a1, ..., ap) of elements of A such that for everyi =1,... ,n—1,
a; O a1 = a;.

If A is linear then every good sequence has the form (17,a) = (1,... ,1,a)
——
p times
with a € A. Further, if (aq,...,a,) is a good sequence of A then also
(a1,...,an,0) is a good sequence.

Proposition 5.1.12 Let A be a totally ordered DMV-algebra. Then there
exists a totally ordered divisible group G together with a strong unit u such
that A={x € G |0 <z <u}.

Proof. If A is a totally ordered DMV-algebra, then the MV-reduct A* is a
MV-chain and A* is isomorphic with I'(G 4+, (1,0)) (see [85]). Let u = (1,0).
For every n € N and for every z € [0,u] there exists y € [0,u] such that
ny = x. Since u is a strong unit and G is linear, for every x € G there exists
an integer number n, such that nyu <z < (ny + u. Let 2/ =2 —n,u €
[0,u]. Then let y’ such that ny’ = 2’ and let v’ such that nu’ = u. Then the
element n,u’ + ¢ is such that n(n,u’ + ') = z, hence the totally ordered
group G x~ is divisible. ]

Theorem 5.1.13 Let A be a DMV-algebra. Then there exists a unique
divisible (-group G together with a strong unit u for G such that A = {z €
G|0<z<u}.

Proof. By Theorem 5.1.10, A is a subdirect product of totally ordered
DMV-algebras (A;);er and every A; is equal to I'(G;,w;) with G; totally
ordered divisible group (Proposition 5.1.12), hence

Ac]A4 c]]éGs (5.3)
JjeJ JjeJ
Let u = (u;)jes. By [85], if G is the group generated by A in [[;.; G; and
if
GT={a1+...+an|(a,...,a,) good sequence of A}

then G = GT -G, uis a strong unit of G and I'(G,u) = A*. There remains
to show that G is divisible, i.e. if m € N, for every xz € G there exists y € G
such that my = z. It is enough to restrict to x € G™.
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Let ay,... ,a, be a good sequence of A (a, #0) and z =a; +...+a, €
G*T. Then 6,a;, € AC G for every i = 1,... ,r. Let

Yy =0pa1+ ...+ 0na, € G.
By Proposition 5.1.3(i) we have ny = x. [

Since for divisible, totally ordered abelian groups the quantifier elimina-
tion theorem holds, then a universal sentence x is satisfied by every divisible
totally ordered abelian group if and only if it is satisfied by Q.

Definition 5.1.14 A DMYV-equation in the variables X1,... , X, is an ex-
pression T = o, where T and o are terms over the alphabet {®,—,0,1} U
{0n }nen with variables among X1, ... , X, (DMV-terms). A DMV-equation
T = o is satisfied by a DMV-algebra A if, for every n-tuple (ai,...,a,) €

A", 1(a1,... ,ay) = o(ay,...,a,), where 7(ay,...,a,) and o(ay,... ,a,)
are elements of A obtained by substituting Xq,... , X, by a1,... ,an in T
and o.

Repeating the same argument as for MV-algebras ([29]), we have

Theorem 5.1.15 A DMV-equation is satisfied by every MV-algebra if and
only if it is satisfied by the DMV-algebra (I'(Q, 1), 6,,).

5.1.1 Varieties and quasi-varieties of DMV-algebras

Since DMV-algebras have an equational definition, the class of all DMV-
algebras is a variety. By Theorem 5.1.15 we have

Theorem 5.1.16 The variety of DMV-algebras is generated by [0,1] N Q.

It is possible to give an alternative proof of this theorem, by translating
any equation of DMV-algebras in a quasi-equation of MV-algebras.

Indeed, suppose that 7 = 1 is a DMV-equation and let 7 be the parsing
tree of 7, that is, 7 is a tree which nodes are subformulas of 7 and such
that each node has as children its direct subformulas. Leaves of 7 are all
the occurrences of variables occurring in 7.

Let us display the occurrences of variables x1,... ,x, in any formula ¢
by writing ¢(z1,... ,x,). Suppose that §;, 7, ... ,d;, 7, is an enumeration
of all nodes of T' that begin with a symbol ¢. Each of these nodes §;,7;; has
a unique child 7;,. Let us introduce m new variables in order to eliminate



CHAPTER 5. RATIONAL LUKASIEWICZ LOGIC 92

the occurrences of §: if 7 = 7(x1,...,2zy), let 75(x1,... ,Tp,21,... ,2m) be
the formula obtained by substituting every subformula 6;;7;; by z;.
If 7;; is disjoint from any other subformula in {7;,,... , 7, } \ {7} then

we denote by o1(zj) the MV-equation {ij.z; = 7;;} and by o2(z;) the
MV-equation {z; ® (i; — 1)z; = 0}. Otherwise, suppose that there ex-
ists h1,...,hy € {i1,... ,im} such that 74,,... 7, are subformulas of 7;;.
By induction, let TZ?; be obtained by substituting each 75, by z,, and let
o1(7;) be the MV-equation {i;.z;; = 7} and o2(7i;) be the MV-equation
{Zij O) (ij - 1).2’@"7. = 0}.

The equation 7 = 1 holds in a DMV-algebra A if and only if the quasi-
equation
O1Ti— 1 AND 02T — 1
IF ; THEN 7 =1 (5.4)
AND O1Ti— 1 AND 02T, — 1

holds in the MV-reduct A*. Since the quasi-varieties of MV-algebras is
generated by QN [0, 1], quasi-equation (5.4) fails in an MV-algebra if and
only if it fails in Q N [0, 1].

In [41] it is shown that every MV-algebra is an algebra of functions over
an ultrapower of [0,1]. This is equivalent to saying that the quasi-variety
generated by [0,1] is the whole variety of MV-algebras. The proof of this
theorem can be adapted to DMV-algebras in the following way:

Let A be a DMV-algebra. Then A is a subdirect product of totally
ordered DMV-algebras A; = I'(G;,u;). Since each G; is a totally ordered
divisible group, then it is elementarly equivalent to the additive group R of
real numbers with natural order. Then I'(G;,u;) is elementarly equivalent
to the MV-algebra [0, 1] and hence, by Frayne’s theorem (see for example
[26]), it is elementarly embeddable in a suitable ultrapower [0, 1]*¢ of [0, 1].
Therefore, since

Ac T4 < [[TGu) < [T~
jed jed jed
and applying the joint embedding property of first-order logic, there exists
an ultrapower of [0, 1]* of [0,1] only depending on A such that A C [0, 1]*.

5.2 Rational Lukasiewicz logic

Formulas of Rational Lukasiewicz calculus are built from the connectives of
negation (—), implication (—), and division (d,,) in the usual way. An axiom
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is a formula that can be written in any one of the following ways, where ¢,
1 and 7 denote arbitrary formulas:

Al) o= (¥ — o)

A2) (p =) = (¥ =) = (¢ — 7))

A3) ((p—=¥) —=¢) = (v = ») = ¢)

Ad) (mp— ) — (P — o)

plus, writing ¢ @® 1 as an abbreviation of —¢ — 1),
AD) 0pp @ ... B — @

n times

A6) 0 = 0@ ... DI

n times

AT) 26,0 @ = (Onp @ ... D o).

n—1 times

We shall denote by 1 the formula X — (X — X) where the variable X is
fixed once and for all. Proofs and provability are as usual; if I" is a set of
formulas, T' + ¢ means that ' proves ¢ (or ¢ is provable from I'), that is
there exists a sequence of formulas vy, ... ,7, such that v, = ¢ and every
~; either is an axiom of rational Lukasiewicz logic, or belongs to I' or is
obtained from ~;,,7, (i1,42 < ¢) by modus ponens. ¢ is provable (- ) if is
provable from the emptyset.

Let Form be the set of Rational Lukasiewicz formulas and let = be the
binary relation over Form defined by ¢ = v if and only if ¢ — ¢ and ¢ — ¢
are provable. Then = is an equivalence relation and if ¢ and v are provable
formulas then ¢ = .

Proposition 5.2.1 (Lindenbaum algebra) The set L = Form/ =
equipped with the operations

_‘[(P]E = [_“P]EQ [‘P]E S [w]z = [‘P S2) 1”5? 5n[‘P]E = [5n90]5

is a DMV-algebra where 1 = {[p]= | ¢ is provable} = [1]=.

Proof. Since a similar result holds for Lukasiewicz logic, we have to prove
that £ satisfies D1n and D2n. Indeed for every [p|= € L, by Axioms A5
and A6,

n.0n[el= = [n.bnpl= = [#]=
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and by Axiom A7,

onlel= © (n—1).0n[pl= = —(=0n[p]l= & ~(n —1).00[0]=) =
—[20np & —(n — 1)dppl= = —1.

Interpretation of connectives of Rational Lukasiewicz logic is given by

Definition 5.2.2 An assignment is a function v : Form — [0,1] such that
o v(mp) = 1—-v(p)
o v(p =) = min(l —v(p) +v(¥),1)

o v(dpp) = v(;f).
Every function ¢ from the set of variables to [0, 1] is uniquely extendible to
an assignment v*. For each point x = (x1,...,2,) € [0,1]" let 1x be the

function mapping each variable X; into z;. Fix n. Then each formula ¢
with |var(p)| < n is associated with the function

fo:x€[0,1]" — v™*(¢p) €0,1]

by means of the following stipulations:

o fx,(z1,...,2y) = x; = the ith projection.
o fro=1—f,

® flo—y) =min(l,1— f,+ fy)

o fou) =

A formula ¢ with |var(¢)| < n is satisfiable iff there exists x € [0,1]"”
such that f,(x) = 1. ¢ is a tautology iff for every x € [0,1]", f,(x) = 1. An
assignment v is a model of a set of formulas I if for every 7 € T, v(7) = 1.

Theorem 5.2.3 (Completeness) ¢ is a tautology of Rational Lukasiewicz
calculus if and only if © is provable.

Proof. Axioms Al1-A7 are tautolgies and modus ponens preserves tauto-
logicity, so every provable formula is a tautology.

Suppose that ¢ is not provable. Then the equation ¢ = 1 is not true in
the Lindenbaum DMV-algebra £ of Proposition 5.2.1, and so by Theorem
5.1.15, ¢ # 1 in (I'(Q, 1), d,,). This means that there exists y € [0, 1]" such
that f,(y) < 1, hence ¢ is not a tautology. [ |

Then, ¢ = ¢ if and only if - ¢ — ¢ and - ¢ — ¥, if and only if, for
every assignment v, v(p) = v(¢), if and only if f, = fy.
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5.2.1 Free DMV-algebras

The Lindenbaum algebra of Proposition 5.2.1 is the free DM V-algebra Free,
over a denumerable set of generators. In this section we shall describe the
free DM V-algebra over a finite number of generators in terms of continuous
piecewise linear functions.

A direct inspection shows that every function f, is a continuous piecewise
linear function, where each piece has rational coefficients.

McNaughton theorem ([82] and [89] for a constructive proof) states that
a function is associated with a Lukasiewicz formula if and only if it is a con-
tinuous piecewise linear function, each piece having integer coefficients. In
[16], the authors showed that for every continuous piecewise linear function
f with rational coefficients there exists a Lukasiewicz formula 7 with division
operators such that f = f.. The proof can be summarized as follows:

Let f :[0,1]™ — [0,1] be a continuous piecewise linear function, such
that each piece has rational coefficients. Further, let s be an integer such
that s- f: x € [0,1]" — s- f(x) € [0, 5] is a continuous function with integer
coefficients (for example s is the least common multiple of the denominators
of the coefficients of pieces of f).

For every i =0,... ,s — 1, let

fiixe[0,1]"— ((s- f(x)—i) A1) VO e01].

For every x € [0,1]" such that f(x) € [i,7 + 1], we have s- f(x) =i+ fi(z).
Since f; are continuous functions with integer coefficients there exist MV-
terms v; such that f; = fy,. If g : [0,1]" — [0,1] is any function, let us
define

Supp(g) = {x€[0,1]" [ g(x) > 0}
Supp<t(g) = {x€[0,1]"[0<g(x) <1},
We have, for every i =1,... ,5s — 1,

Supp='(fi) C Supp(f;) C Supp(fi-1).
Indeed
Supp(f;) ={x € [0,1]" | s- f(x) > i} C{x€[0,1]" [ s- f(x) >i—1}.

Further, for any i # j, Supp<'(fi;) N Supp=<t(f;) = 0.
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Proposition 5.2.4 In accordance with the previous mnotation, if f
[0,1]" — [0,1] is a continuous piecewise linear function with rational co-
efficients, then for every x € [0,1]",

s—1
F(x) = fo(x) where o = @ ds¢i.
=1

Proof. Suppose that x € [0,1]" and f(x) = 0. Then for every i =0,... ,s,
fi(x) = 0 whence fy, =0 and f, = 0.

If f(x) =1 then for every i =0... ,s — 1 fy, = 1 whence fs., = 1/s
and f, = 1.

Suppose now that there exists i € {0,... ,s— 1} such that i < s- f(x) <
i+ 1. Then x € Supp(f;) and f(x) = fi(x) +i/s. For every j > i+ 1, we
have s- f(x) —j <s- f(x) —i—1 < 0 whence f;(x) = 0. Further, for every
j<i—1,wehaves- f(x)—j>s-f(x)—i+1>1whence f;(x)=1.

The last case to consider is when 0 < s- f(x) =i < 1. Then for every
J <, fj(x) =0 and for every k > 1, fr(x) = 1.

|

Theorem 5.2.5 The free DMV-algebra over n generators is the algebra of
all functions from [0,1]™ to [0,1] that are continuous, piecewise linear and
such that each linear piece has rational coefficients.

Proof. Let RM,, denote the set of continuous piecewise linear function
with rational coefficients over n variables and let X = {x1,... ,z,} the set
of variables. By identifying each variable x; with the i-th projection, X is
included in RM,,. If A is any DMV-algebra and h is a map from X to A,
then, for every f, € RM,, the map

Br(fo(x1, ... ,xn)) = fo(h(x1),... ,h(zn))

is a DMV-homomorphism such that fj(z;) = h(z;) for every z; € X. If
v : RM, — Ais any DMV-homomorphism such that v(z;) = h(z;), then

Vfe(@r, o san)) = fo(y(21), .. y(wn)) =
= f¢(h($1), N ,h((L‘n)) = ﬁh(fgo(xla . ,{Bn)

hence v = 3. ]
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5.2.2 Pavelka-style Completeness

In [98] the author, starting from the notion of many valued rules of inference,
defined a class of complete residuated lattice-valued propositional calculi and
introduced degrees of provability and degrees of validity. Then he proved
that in Lukasiewicz propositional calculus, enriched by a denumerable set
of rational constants (what in [67] is called Rational Pavelka Logic), the
degree of provability of each formula coincides with the degree of validity
(Pavelka-style completeness).

We shall show that Rational Lukasiewicz logic is a proper extension of
Rational Pavelka logic. Indeed every formula of Rational Pavelka logic can
be expressed in Rational Lukasiewicz language, and, after defining the degree
of provability and the degree of truth, we shall prove that the completeness
with respect to this degrees still holds. We shall adapt to our context the
arguments in [32, 67].

Definition 5.2.6 An RL-theoryT is a set of Rational Lukasiewicz formulas
such that

o All axioms belong to T';

o I[fo—ypeT andpeT thenyp €T.

If T is an RE-theory, let us denote by [T the set {[p]= | ¢ € T'}. Then
T is an RL-theory if and only if —[T] = {[-¢]= | ¢ € T'} is an ideal of the
Lindenbaum algebra in Proposition 5.2.1. If X is any set of formulas, then
the REL-theory Th(X) generated by X is the smallest RE-theory containing
X.

An RLE-theory T is consistent if there exists a formula ¢ such that ¢ ¢ T'.
Following [91], an RE-theory is prime if it is consistent and for every pair of
formulas ¢ and v, either p =y €T or p — p € T.

By Proposition 5.1.9, if T" is a consistent RE-theory then there exists a
prime RE-theory T’ such that 77 D T.

Definition 5.2.7 LetT" be an RE-theory and ¢ a Rational Lukasiewicz for-
mula. For every r < s € N\ {0}, the formula r.(6s1) will be denoted by the
rational number r/s. Then,
- the truth degree of ¢ over I' is ||¢||r = inf{v(p) | v is a model of T'};
- the provability degree of ¢ over I is |p|p =sup{r |r — ¢ € T'}.

Note that if ¢ € " then by Axiom Al, 1 — ¢ € I". Hence |¢|r = 1.
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In order to prove the completeness theorem, we note that the follow-
ing results holding for Rational Pavelka logic can be easily generalized for
Rational Lukasiewicz logic.

Lemma 5.2.8 Let T be an REL-theory.

(a) If T does not contain (r — @) then the RE-theory Th(T U {y — r})
generated by T U {p — r} is consistent.

(b) If T is prime, for each ¢
lolr =sup{r|r— ¢ eT}=inf{s| p — s €T}
Theorem 5.2.9 IfT is a prime RL-theory, the function e : ¢ € Form —
le|lr € [0,1] is an assignment. That is,

elr
~plr =1~ lelr. o — wlr =lolr — [Wlr. [ouglr = T

hence e is a model of T.

Proof. Since the theorem holds for Rational Pavelka logic, we only have to

prove |8l = 5 - |@lr.

Since & (t — dp) — (nt — @),

1 inf{s| ¢ —-s€T}

—-lolr =

n n

= inf{ﬁ|go—>8€T}:inf{t|g0—>nt€T}§
n
< inf{t| o —teT}=0ny|
Conversely,
10| = sup{t|t— opp €T} <sup{t|nt—peT}

= sup{%]s—upeT}

sup{s|s—oeT
_ p{!nw }:MMT_

|
Theorem 5.2.10 (Pavelka-style Completeness) For any RL-theory T

lelr = llellT-
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Proof. Soundness (i.e., |¢|r < ||¢||r) easily follows from definition:

lolr = sup{r|r <e(p) with e model of T'}
< inf{e(p) | e model of T'} = ||¢p||7.

Suppose without loss of generality that T is a consistent RL-theory.
Then there exists a prime extension 7" O T'. By Theorem 5.2.9, the function
e:p € Form — |¢|r € [0,1] is a model of 77, and |p|r = e(¢) > ||¢||r. W

5.3 Complexity Issues

In [86] the SAT problem for Lukasiewicz logic is proved to be NP-complete.
In this section we shall prove that the tautology problem for Rational
Lukasiewicz logic is in co-NP and since tautology problem of Lukasiewicz
formulas can be reduced to tautology problem of Rational Lukasiewicz for-
mulas as a subset, then the latter is co-NP-complete. Such result will be a
byproduct of the fact that if I is a finite set of Lukasiewicz formulas and ¢
is a Lukasiewicz formula, then the problem to establish if I' F ¢ is in co-NP
(see, for example, [3], [8]). By [114], in this case I" F ¢ if and only if for
every assignment v satisfying every formula of T', v(p) = 1.

Let us consider an alphabet containing ¢ and a symbol | in such a way
that 6 ||...| stands for d,.
~——

n times
Let 7 be a formula of Rational Lukasiewicz logic, with variables among

{X1, ..., X»}. Using the same notation as in Subsection 5.1.1, let
0iyTiyy - -+ 504, Ti,, denote all nodes of the parsing tree of subformulas of 7
that begin with the symbol §.

Let 7*(X1,... ,Xn, Z1,... , Zp) be the formula obtained by substituting
every subformula d;;7;; by the new variable Z;.

Let I" be the set of Lukasiewicz formulas defined by

m
I = U{ij'Zij — T;;, _|Zij © (ij - 1)’Zij}’
j=1

where T;; has been obtained as 7*, accordingly substituting occurrences of
On, by new variables Zj,. Then the formula 7 is satisfiable in Rational
Lukasiewicz logic if and only if I' = 7* holds. Since this last problem is in
co-NP, we have to give an estimation of lengths of I' and A in terms of the
length of 7.
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Definition 5.3.1 The length of a formula of Rational Lukasiewicz logic is
inductively defined as follows:

(i) For every variable X;, #X; = 1
(i) #(p ® V) = #o + #¢
(i) #(~p) = #¢
(iv) #(0np) =n+#¢

Since this definition is an extension of the definition of length for
Lukasiewicz formulas, we shall use the notation #¢ also when ¢ is a
Lukasiewicz formula. We set, without loss of generality, #(p < ) =
2(#p + #9). If A is a finite set of formulas then

#A =D #\
A€A
If 6;,7y, ..., 0i,, 7, are all subformulas of 7 involving a connective 9,
we have
m
HTT<HT =Y i+ m < #, (5.5)
j=1

because 7* is obtained from 7 by removing all occurrences of d;;. The first
inequality in (5.5) holds because not every new variable Z;, appears in 7*.
The second inequality holds since ZTzl im > M.

In T there is a pair of formulas 4;.7;, < 7-;;, —Zi; © (ij — 1).Z;; for every
d;;7i; occurring in 7. Since

#(5ij7—i]’) - /L_] + #Tij
and

#(i5. Ziy = 7)) = 2005+ #(77)) < 2(i5 + #(7;))
#(=Zi, © (ij — 1).Z;,) 14— 1,

then

4T =

NE

(#(Z]ZZ] — 7’;;) + #(_‘Zij O) (ij — 1)Zz])) <

<.
I
-

M

(2 + #(7,)) +1i5) < 23#(5%7%)
1 =1
.

IN
LW =
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Putting together Equations (5.6) and (5.5) we get the desired conclusion.

We shall now show that the complexity of the tautology problem for
Rational Lukasiewicz logic does not change if the index n of §,, is written in
binary notation.

Then let, in Definition 5.3.1, #d,¢ = logs n + #. If §,7, occur in 7 let
mq > ... > my > 0 be integer numbers (depending on n) such that

n=2m 4. . 42",

We introduce m; new variables Y7, ... ,Y,,, and new formulas
U(l,n) = Y161,
om —1n) = Y -10Yn 1< Y,
o(l,n) = Y10Y; <0
O'/(ml — 1,n) = Yn,-10Y,,-1<0

7—* = TnH<2Ym1@2Ym2®@{2Ymh lfmh>0>

Yy, ifmy =0

We have 2(m; — 1) < 2logyn formulas o(i,n) and ¢’(i,n) of constant
length and further #7* = 2(#7 + 2(my + ... + myp)) < 2(#7 + 2logy n).
Since #(0,7) = #7 + logy n, then #7* < 4#(0,,7).

If 6;, 7, ,0i, T, are all subformulas of 7 that begin with a symbol J,
then for any d;;7;; we suitably introduce formulas o, o', 7* and thus reduce
the problem of tautology to the problem of deciding if a Lukasiewicz formula
is consequence of a finite set of formulas. The latter is co-NP in the length
of 7.

5.4 Weakly divisible MV-algebras

Divisible MV-algebra are reducts of DMV-algebras. Divisibility implies that
an algebra contain the nth divisor of every of its elements. This notion can
be weakened by requiring that the algebra contains just the nth divisor of
1 [49]. In [31] we shown how to construct the weakly divisible hull of any
MV-algebra.

Let A be an MV-algebra and let (G, u) be the f-group associated with
A (A=T(G,u)).
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Definition 5.4.1 A is said to be n-weakly divisible if there exists x € A
such that
nc=zr+...+x=1.
—_——

n times
An MV-algebra A is weakly divisible if it is n-weakly divisible for every
integer n > 1.

Note that if £ exists in A such that £ + £ = 1, then trivially =& = £ (such &
is said a selfcomplemented element).

The set nA = {nx | v € A} is an MV-subalgebra of I'(G, nu) equipped
with the operations of I'(G, nu), i.e.,

x@py = inf{zx+y,nu}
T = nu—ZI.
Every element = + ...+ x € nA will be denoted by nx. Further, consider
the operation
TOnY = sup{x - Y 0} = _‘n(_‘nx Dn y)
Proposition 5.4.2 The subalgebra (nA,u) of I'(G,nu) generated by nA
and u is given by
{nz,ru @y nx,ruSpne |z € A,r=1,... ,n} CI(G,nu)
equipped with the operations of I'(G,nu).
Proof. Since every abelian ¢-group is a subdirect power of linearly ordered
abelian groups, arguing componentwise we get that equations holding for
linearly ordered abelian groups are still valid for any abelian ¢-group. Let

T = {kzx,ru @ kx,rucrkx |z € A,r =1,... ;k—1}. T equipped with the
operation of I'(G, ku) is an MV-algebra. Indeed the following holds:

o kxy @) (ru @k kxa) = ru Ok k(x1 G4 x2) € T, since, if x1 + z2 > u
then k(z1 @4 z2) > ku;

kxq if ru; — ks <0

o kxy @ (mu oy (kxg)) = { riu @k k(r1 O x2)  otherwise.

o (ru @y kx1) @ (rou O ko) =

ru Py ko if rou —kzo <0
ku if mu-+ kx> ku
(r1 ® ro)u @ k(r1 Ok x2)  otherwise.



CHAPTER 5. RATIONAL LUKASIEWICZ LOGIC 103

o (riu Sk kxy) @ (rou O kxe) =

ru Sy kxy if rou —kzo <0
rou Oy ko if mu—Fkx1 <0
(r1 @ m2)u O k(1 ® v2)  otherwise.

Hence T is the MV-subalgebra of I'(G, ku) generated by kA = {kx | z € A}
and {ru|r=1,... k—1} ]

Definition 5.4.3 Given MV-algebras A, B and C' and homomorphism f :
A— Candg: B — C, C is the direct sum or coproduct A[[ B of A and B
if for every MV-algebra N and homomorphism f*: A — N and g*: B— N
there exists a unique homomorphism h : C — N such that the following

diagram commutes:
A —f ¢ —9 B

N S
N

Proposition 5.4.4 Let A be an MV-algebra, S,, ={0,1/n,... 1}, ¢z €
A nzenA and 6 : S, — {0,u,2u,...nu} such that 6(0) = 0,6(1/n) =
U,...,0(1) = nu. Then (nA,u) is the coproduct of (A, ) and (Sp,0).

Proof. We must show that for every MV-algebra (D,®p,—p,0p) and
homomorphism v : A — D and vy : Ly — D, there exists a unique homo-
morphism h : (24, u) — D such that v; = ph and ve = 6h.
A —¥ (nA u) —9 I,
N o
D

Indeed, the function h can be defined on elements of (nA, u) in the following
way:

h(nz) = wvi(x)
h(ru @, nr) = wva(r/n) ®p vi(x)
h(ru©en,nx) = wva(r/n)op (n1(z)).

Proposition 5.4.5 If A is not n-weakly divisible (i.e., there does not exist
x € A such that nz = 1), then, ifr <n,r <n, z,2’ € A and ru®,nx < nu,

/ / / /
rud,nr=rud,nr < r=r andzr==x.
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Proof. Suppose that ru®,nz = r'u®,nz’ and r # r’. Note that ru®,nr <
nu if and only if # < u. Indeed, if ru + nz > nu then ru > n(u — z) and
since r < m then it must be u = x. So, let z,2’ < u so that ru ®, nx =
r’'u®, nz’ < nu and hence ru+nx = r'u+na’. If A=T(G,u), in the group
G such equation is equivalent to

(r —r"u=n(2"—z).
Note that u >y =x — 2’ € A, and, since r —r' # 0, in A

ny=y>d1...01y=1u
N———’

n times

This is a contradiction since A is not n-weakly divisible. ]

Proposition 5.4.6 If A is not n-weakly divisible then, if r < n, ' < n,
z,7' € A and ru©, nx > 0,

/ / / /
ruS,nr=ruS,nr < r=r andzr==1z.

Proof. The proof is analogous to the previous one. Note that ru S, nz =0
if and only if ru — nz = 0 if and only if nz = ru if and only if z =0 (A is
not n-w.d.). Then ru —nx = r'u — nz’ if and only if (r — r")u = n(z — ') if
and only if r =7/ and = = 2’ [

Suppose now that the MV-algebra A is not weakly divisible.

Definition 5.4.7 A direct family of algebras A is defined to be a triplet of
the following objects:

o A directed partially ordered set (I;<);
e algebras A; of the same type, for each i € I;
e homomorphisms @;; for all i < j, between A; and Aj;, such that
Pij ik = Pik if 1<j<k
and @;; is the identity mapping for all i € I.

For a direct family of algebras A consider the set U{A; | i € I} (or, if A;
are not pairwise disjoint, consider the disjoint union). Define on it a binary
relation = by = = y if and only if z € A;, y € A;, for some ¢,j € I and
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there exists a z € Ay, such that i <k, j <k, gi(z) = 2 = ¢ji(y). It is an
equivalence relation.
The set of equivalence classes is called direct limit of the direct family of

algebras A, and it is denoted by llingl A;. Operations over lin}l A; are suitable
1€ 1€

defined in such a way that hIIIl A; is an MV-algebra.
1€

Example of direct family of algebras. Consider the partially ordered
set (N, <) of natural numbers, where n < m if and only if there exists k € N
such that m = nk. Then the family {S,, | n € N} with homomorphism ¢,
where n < m defined by @pm(i/n) = (ik/m) is a direct family. Further,
the direct limit of this family is constituted by the equivalence classes [i/n]
where j/m € [i/n] if and only if nj = mi. Such direct limit can be shown
to be isomorphic to Q N[0, 1].

Denote by u,, the element u € AJ[S,. We want now to describe the limit
of the direct family ((N, =), A[]Sn,yi;), where, for every i < j (j = li),
wij t A[1L; — AJ] L; is an homomorphism such that

pij(ir) = ju
ij(ru; @ix) = lruj @; jx
ij(ru; ©;ix) = lruj ©; jx

It is a direct family since if h = mj = mli then

ein(pij(iz)) = pjn(jz) = hr = pp(jz)
©in(wij(ru; ®;ix)) = @jn(lru; ®; je) = miruy, ©p hae = @i (ru; ®; i)
©in(wij(ru; ©;ix)) = pin(lru; ©; jx) = miruy ©p kx = @i (ru; ®; ix)

Over such direct family, let us see what the relation = becomes for v €
AllL; and w € A[]L;: it must exists z € A[[ Ly such that i <k, j <k
and ;i (v) = 2 = @jp(w). If we take k = ij, then v = w if and only if one
of the following cases hold:

e if v =iz and w = jzg then ijx1 = ijx2, and hence 1 = x9;

o if v =riu; ®;ixy and w = jwo then 7 ju;; ®;jijr = ijre. Since A is
not weakly divisible then it holds if and only if 1 = 0 and 1 = x».
The case is analogous for v = iz and w = rou; ®; jr;

o if v = rju; ®;ix1 and w = rouj B; jxo then riju;; ®ijijrr = rofug; i)
ijro. Hence

[ru; @;ix1] = {rou; @j jag | rg =11 and z9 = 21}
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° [rlui O; ixl] = {Tzu]' @j jCCQ | ro =11 and To = 561}
Suppose now to consider maps

: A lim A
prx € H[kx]enlé% HS”

and .
o — n[0,1] — l'mA”Sn
1 . e Qnlo,1] [rug] enleN

Proposition 5.4.8 1in§]AHSn is the coproduct of A and QN |0, 1].
ne

Proof. Let D be any MV-algebra and hy : A — D and hg = QN [0,1] — D
homomorphism. We must define a homomorphism h : linI%]AHSn — D
ne

such that the diagram commutes:

A —¥ limA|]S, «—% QnJo,1]
neN

N\ Ih vz
D

It is enough to define h over elements:
[kx] = {hx | h € N}
[ru; @ iz] = {riuj &; jz1 | rj =rii and @ = 21}
[ru; ©; ix) = {riu; ©; jo1 | rj =rii and . = 21}
Let
(k) = )
hrw @ial) = he (%) @p (@)

ho (g) ©p hi(x)

h([ruy ©; ix))

In order to prove that h is well defined, let 7'u; ®; ja’ € [ru; @;iz]. Then
rj=r"1and x = 2’. So
h([r'u; &5 j2']) = ha(r'/j) &p hi(2')
= ho(r/i) ®p hi(z) = h([ru; ®; iz])
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Definition 5.4.9 The weakly divisible hull of an  MV-algebra
(A, ®a,74,0,u) is the smallest (w.r.t. the set inclusion) MV-algebra
containing A that is weakly divisible.

Theorem 5.4.10 Given a not weakly divisible MV-algebra A, AJ[(Q N
[0,1]) is the weakly divisible hull of A.

Proof. We must show that
(i) ATT(QnN]0,1]) is weakly divisible;
(ii) ATJ(QnN0,1]) contains A;

(iii) if (B,®p,—B,0,u) is a weakly divisible MV-algebra such that A is a
subalgebra of B, then A[[(QN0,1]) C B.

i) By Proposition 5.4.8 we know that AH(Qﬂ [0,1]) = llgier%AHLk.

The unit element of ]lginj\ll A H Ly, is [u]. For every n > 0 the equation nlz] =
€
[u] is equivalent to [nz] = [u] and so it has always solution in A [[(QN]0, 1]).
ii) A can be embedded in Ilﬂirrﬁl{ A H Ly, considering the immersion 7 : x €
€

A lim A || L.
H[x]ekler% H k

iii) if A < B and B is weakly divisible, then B contains solutions x of
equation nx = u for every n > 0. Let us denote by u/n such a solution.

Consider the map i : EH&AL{L/g — B such that i([hx]) = =z, i([ru ®n
€
hz]) =r(u/h) ®p x and i([ru ©p hx]) = r(u/h) ©p x. It is an embedding of

lim A | | Ly into B. [ ]
kler{l\] H L into



Chapter 6

Probability of Fuzzy events

In this chapter we shall study probabilities over MV-algebras, as introduced
in [90] under the name of states. In the first part we shall use the game
of multiple bets [54] in order to give a subjective interpretation of states
on MV-algebras, following the work in [39]. In the second part we shall
investigate conditional states corresponding to conditional probability and
we shall describe a probabilistic approach to Ulam game [53, 113, 87, 88|.

6.1 States and conditional states

Let L be a finite MV-chain:
1 k—1
L—Sk—{O,E,... ,T,l}.

For any set X, an L-subset of X is a function d : X — L. The class L
of all L-subsets inherits from L the structure of an MV-algebra: operations
are obtained by pointwise application of the Lukasiewicz operations and are
called Lukasiewicz union, intersection and complement. Identifying subsets
of X with their characteristic functions, the powerset 2% of X then coincides
with the boolean skeleton of LX.

We say that two L-subsets p and v are ®-disjoint if 4 © v = 0, that they
are A-disjoint if u Av = 0.

An L-singleton is an L-subset p whose support Supp(u) = {x € X |
wu(x) # 0} is a singleton. If A € L—{0} and = € X, then we denote by (x, \)
the L-singleton defined by

A ify=ux,

(2, A)(y) = { 0, otherwise. (6.1)

108
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Every g € L* — {0} can be written as the sum

PB (@ 9()),

reX
9(@)#0
of pairwise A-disjoint L-singletons (z, g(x)).

Let L = Sigyq. For each x € X let 0, : X — L be the L-singleton
(x,1/(k+1)). It is immediate that these L-singletons are pairwise ®-disjoint
and that every g € LX — {0} is a linear combination of the d,’s with non-
negative integer coefficients g(x)(k + 1)

P &+ 1)g(x)s..

zeX
g(z)#0

The classical notion of (finitely additive) probability measure on boolean
algebras was generalized to MV-algebras in [90] as follows:

Definition 6.1.1 By a state of an MV-algebra A we mean a function s :
A — [0,1] satisfying the following conditions:

(1) 5(0) = 0;

(ii) s(1) = 1
(i1i) whenever a,b € A and a ® b= 0, then s(a)+ s(b) = s(a ®b).
A state is called faithful if for every nonzero a € A, s(a) > 0.

As observed in [90], a state is a monotone functions and a faithful state
s is a valuation, i.e., s(a ® b) + s(a ® b) = s(a) + s(b).

The following natural example of state in L was furnished by Zadeh in
[116]. As usual, given a set X, a probability p : 2X — [0,1] and z € X, we
write p(z) instead of p({z}).

Proposition 6.1.2 Let X be a finite set and p : 2% — [0,1] an arbitrary
probability measure. Let the function p? : LX — [0,1] be defined by stipulat-
ing that, for every p € L~

P(p) =Y p(z)p(z). (6.2)

zeX

Then p* is a state of L.
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Proof. Trivially, p?(0) = 0. Further, pf(1) = > zex P(z) = 1. Now assume
p,v € LX and p ® v = 0; it follows that u(z) @ v(x) = p(z) +v(z) < 1,
whence

Plven) =Y wep) ()p) =Y v+ (@)p()

reX zeX

=S v@p(@) + 3 nl@)p(z) = o) + ' (u).

zeX zeX

The following proposition is a consequence of a general result in [42].
For reader’s convenience we give here the proof.

Proposition 6.1.3 The map p — p°, where p' is given by (6.2), is a one-
one correspondence between probability measures on the boolean algebra 2%
and states on the MV-algebra L. The inverse of this map is obtained by
restricting each state to the boolean skeleton 2X.

Proof. Let L = Si. Skipping all trivialities, we have only to prove that
the state p? is the unique state on LX extending p. Now, it is immediate
that, by definition, every state is determined by its values on the atoms d,.
Suppose that ¢ is a state such that ¢ # p?. Then for some z € X we have
p%(62) # q(3,). Since kd, € 2%, and p* extends p, then p*(ké,) = kp*(d,) =
p(z), whence, p*(5,) = p(z)/k. In case q(6,) < p(x)/k then q(ké,) < p(x),
and ¢ does not extend p. On the other hand, in the case ¢(8,) > p?(d,), we
have q(kd,) = p*(0,;) > p(z), and again, ¢ does not extend p. [ |

Notice that, in particular, given any state s, for every u in L¥,

s(p) = s(x)p(x).

zeX

6.2 Multiple bets and subjective states

In this section we shall use MV-algebra operations to describe multiple bets.
Two players, A and B, agree on a finite set {2 of elementary events. A subset
X C Q will be called an event. They also fix an integer k& > 0. Player A
buys from Player B (the Bank) a sequence of events u = X;...X,, (that we
will call multiple bet), for a price, say s(u)$, fixed by Player B. Then, an
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elementary event x € Q is extracted and Player B pays 1$ to Player A for
each distinct X; among Xi,... , X,, containing x. Further, we suppose that
Player B cannot give to Player A more than k$. By a suitable normalization
we can suppose that the maximum winning is 1$ and that Player A wins %$
if x is belongs to h many distinct elements among Xy,... , X,,.

Different sequences of events can be considered equivalent whenever they
lead to the same winnings for Player A.

The set of equivalence classes of multiple bets can be equipped with a
structure of MV-algebras and turns out to be isomorphic to the boolean
power of the MV-chain of k£ elements.

As we shall see in Section 6.2.3, states over the MV-algebras of equiva-
lence classes of multiple bets are rates given by Player A in such a way that
the betting system is fair.

In Section 6.2.4 such results are extended to DMV-algebras.

6.2.1 Identifying bets

Let B = (B,V,A,0,1) be a boolean algebra. We will denote by B* the free
semigroup on the domain B of B. Then, BT is the set of words X7 --- X,
with X; € B, equipped with the operation of juxtaposition. In the sequel
we shall not make distinctions between B and B.

For any boolean algebra B and for any n-tupla v = X;---X,, € BT,
let us denote by B, the (finite) boolean subalgebra of B generated by
X1,...,X,. The set of atoms of B, will be denoted by at(B,,).

Let £ > 0 be a natural number. For every u = X;---X,, € B™ and
X € B the quantity

min{k, card({i | X < X;})}

is called the frequency (up to k) of X in u. Note cx(X,u) € Sk41.

Lemma 6.2.1 Let u,v € BT, X € at(By,) and Z € at(B,), Z' € at(By)
such that Z N Z' # 0. Then:

(7’) Ck(Xa ’U/U) = Ck(X’ u) ©® Ck(X,’U).
(it) cx(ZNZ' uv) =cp(ZNZ'u) @ e(ZNZv) =cp(Z,u) ® (2, v).
(i1i) cp(Y,u) = cx(Z,u) for every Y € B such that Y < Z.

(iv) at(Bu) = {7 NZ' | Z € at(Bn),Z € at(B,),Z N7 # o} .
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Definition 6.2.2 Given v = X;---X,, and v = Yy ---Y,, in BT, we set
u < v if and only if, for every X € at(Buyy),

(X, u) < cp(X,v). (6.4)

Intuitively, © <; v means that the winning obtainable by playing v is less
than the winning of playing v.

The relation =< is a pre-order, i.e., a reflexive and transitive relation.
Then we can associate <; with an equivalence relation as usual:

Definition 6.2.3 Two elements u,v € BT are k-equivalent, and we write
U= v, ifu 2pv and v < u.

Consider the quotient BT/ = of BT modulo =. Then it is easy to see
that the relation <j given by

[u] <k [v] & u=pv (6.5)

is a partial order relation over B*/=;. Further, = is a congruence in the
semigroup Bt. We can then consider the operation @ in B*/= induced by
the operation in BT as follows:

(X1 X Y1 Y] =Xt X, Y- Yy (6.6)

Further let us denote by O the element [0*] = [0*7!] = ... = [0]. The
resulting structure (B*/=,®,0) is a monoid. We shall denote by 1 the
element [1¥], where 1 is the unit element of B.

Proposition 6.2.4 If XY € B, then
(i) XY =, YX
(ii) XY =, (X VY)(XAY)
(i) Xkl =, XF
(iv) X0 =, X
(v) XY =, (X -Y)(Y - X)(XAY)?.
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Proof. We will prove (ii). Proofs of the other conditions are similar.

We must compare the words v = XY and v = (X VY)(X AY). If
k = 1,2 then the result trivially holds. Suppose that k& > 2. For every
Z € at(Byy) possible cases are:

-cx(Zyu)=0;then ZL X and Z LY, 80 ZLXVY, ZLXANY and
ck(Z,v) = 0;

- ¢x(Z,u) = 1; then we can assume that Z < X and Z € Y so that
Z<XVY,ZLXANY and ¢(Z,v) = 1;

- cx(Z,u) =2;then Z < X and Z <Y,sothat Z < XAY,Z<XVY
and ¢ (Z,v) = 2.

So cp(Z,u) = cx(Z,v) and u =g v.
|

Proposition 6.2.4 suggests a rewriting system that enables us to choose in
an effective way a particular element as the representative of an equivalence
class (for an overview of rewriting systems see [40]).

Definition 6.2.5 A word on B can be transformed into another element of
BT applying the following rewriting rules:

(a) If X NY #0 then X"Y™ — (X —Y)"(Y — X)™(X AY)T™;
(b) if X AY =0 then X"Y™ — (X VY)";

(c) if n < m then Y™ X" — X"Y™;

(d) if h >k then X" — Xk,

This rule system is terminating, i.e., after a finite number of applications
of rules to a word w over B it is not possible to apply other rules. The

expression resulting from such a derivation is called normal form of w and
will be denoted by N (w).

Proposition 6.2.6 A word w is in normal form if and only if it has the
form X" ... X7 where X; are non-zero pairwise disjoint elements of B
and (mz)lzln s a strictly increasing sequence of positive integers < k. B

Proposition 6.2.7 For every w € BT, N(w) is unique.
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Proof. We give here only a sketch of the proof. Using the above nota-
tions, we have to prove that our rule system is locally confluent, i.e, if two
expressions wy and wo are deducible from the expression w, then wy and w9
have the same normal form. Since the system is terminating, this property
assures the uniqueness of the normal form (See [40]). We will prove that
if wy and w9 are different words deducible from w, then a finite number of
application of rules to w; and wsy yields to the same word (i.e., there is w’
such that wy —* w’ and wy —* w’ where —* is the transitive closure of —).

- If wy and wo are obtained from w applying rules to two different dis-
joint sub-words of w, then applying the rules again in the opposite
order, we obtain the same word w’ and then the same normal form.

- Otherwise, suppose that w; and ws are obtained from w using respec-
tively rules h and k (where h,k € {(a), (D), (c),(d)}), applied to the
same sub-word XY™ of w. Then surely {h,k} # {(a),(b)} and ap-
plying h and k respectively to ws and wy, we obtain the same word
w’. In symbols:

w2 wy B! (6.7)
w w2, (6.8)

Proposition 6.2.8 Ifu is obtained from v using rules (a), (b), (c), (d), then
U=k v. |

An immediate consequence is that every word over B is equivalent to its
normal form.

We will refer to an element o = [X{"* --- X"»] written in normal form
as the generic element of the quotient Bt/=.
Using the operation @ and the order relation <j, we can introduce the
complement —[u] of an element [u] of BT/=y, as the least element [z] € B*/=
such that [u] @ [z] = [1¥].
Taking normal forms as representatives of equivalence classes, we are able
to describe the complement of an element of BT/=j, in a simple way and, at
the same time, to prove its existence. Indeed if [w] is in normal form, say
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[w] = [X{" -+ X7, it is easy to prove that
. (XEXF™ Xk i my, £ ks
—\[w] = —\[X{’Ll .. XVT ] — { [ijlekiml 3 .X%—mn,l] ” mn i
0-“*1 n—1 ) n —
(6.9)

n
where XO =1- \/ Xz
i=1

Lemma 6.2.9 For any [u] € BY/=y, the identity [v] = —[u] holds if and
only if for every X € at(By), cp(X,v) = —ep(X, u). [

Within the above algebraic context, we can formalize multiple bets de-
scribed in the introduction. To this purpose let us fix a finite set 2 (space
of events) and let

B(k;) = ((29)+/Ek7 @, W)k]v [Qk]) (6.10)

Then an element of (29)%/=;, will be called multiple bet. If Player A buys
from the Bank (Player B) the multiple bet o = [u] = [X; --- X,,] paying
s(a), the winning given by elementary event x €  is the frequency c(z, u)
of z in u. The total gain is given by the difference c(z,u) — s(«).

The relation <, over (2)* is such that X;--- X, < Yi---Y,, if and
only if for every x € 2,

min{k, card{i | v € X;}} < min{k, card{j | z € Yj}}. (6.11)

We say that a multiple bet X7 - - - X, is smaller than Y7 - - - Y,,, provided that,
whenever the elementary event x happens, the winning resulting from the
first is less than the winning resulting from the second. Consequently, two
multiple bets are equivalent if they led to the same winning.

A normal form for an element of (29)* has the form X" ... X with
X; C Q and it represents a multiple bet such that if an elementary event
x € 2 happens then Player A wins m; if z € X;, for a suitable i, otherwise
he wins 0. The complement of a multiple bet « is the least bet § such that
if a player plays on « and [ then the total winning is exactly 1.

More generally, for any boolean algebra (B,V,A,—,0,1), the structure
By = (BT/ =k, ®,—,0,1) will be called the algebra of k-bets. We will
denote by B, = B*/=y, the underlying set of B(1). The boolean algebra



CHAPTER 6. PROBABILITY OF FUZZY EVENTS 116

B = (B,V,A,—,0,1) can be easily embedded in such a structure by consid-
ering the function

i:XeB—[X¥eBt=,. (6.12)
Moreover for k = 1, B, is isomorphic to B.
Definition 6.2.10 For every u,v € B the conjunction ® is defined by
[u] © [v] = =(=[u] ® =[v]). (6.13)

From Lemmas 6.2.1(1) and 6.2.9 it follows that if [u] ® [v] = [w] then for
every X € By,

(X, w) = e (X, u) © (X, v). (6.14)

In the next subsection, using boolean powers, we will demonstrate that By,
is an MV-algebra.

6.2.2 Boolean powers

Let us recall the definition of boolean power of an MV-algebra (see also [23],
[46] and references therein):

Definition 6.2.11 Let B be a boolean algebra and A a finite MV-algebra.
The boolean power A[B| = (A[B],®,—,0,1) is defined in the following way:

A[Bl ={f € B*| f(a1) A f(ag) = 0 if a1 # ag and \/ f(a) =1}
acA
(feg(@) =\ fh) rgk

h®k=z
~f(z) = f(-x)
(6.15)

and where 0 is the characteristic function of {0} and 1 is the characteristic
function of {1}, i.e.,

(1 ifz=0 (1 =1
0@”‘{0 ife#0 1@y_{0 ifo#1. (6.16)

The boolean power of an MV-algebra is an MV-algebra. Further, if the
boolean algebra is supposed to be complete then it is possible to define
boolean powers for infinite MV-algebras.

Using the following theorem we will show that every algebra By of k-bets
is an MV-algebra and that every boolean power of the form Sy1[B] where
Sk+1 = {0, %, . ,%, 1}, can be interpreted as an algebra of k-bets.
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Theorem 6.2.12 The algebra of k-bets By is isomorphic to the MV-
algebra (Sg+1[B],®,-,0,1). Thus, in particular, By is an MV-algebra.

Proof. We will construct an isomorphism
F': By — Sk+1[B] (6.17)

starting from a homomorphism of semigroups G : Bt — Sy, 1[B].
For every u € BT we define the function 1, € Sg41[B] such that for every
r € Sgi1:

pu(r) = \/{X € at(B.) | cx(X,u) =r}. (6.18)
In case v = X" --- X is in normal form, then 1, becomes
Xi7 if r = %
¢u(7‘) = XO =1- \/;le Xi, ifr=20 (619)
0, otherwise.

In the interpretation of multiple bets, 1, (r) is the set of elementary events
for which Player A wins r.

Fact 1. ¢, € Sg+1[B].
Indeed, if r # s € Si+1 we have

Yo (1) Ny (s) = (6.20)
VX € at(By) | cp(X,u) =r} A\{Y € at(B) | cx(Y,u) = s} = (6.21)

\/(X ANY | XY € at(By),cx(X,u) =r,cx(Y,u) = s}) = 0. (6.22)

since different atoms of B, are always disjoint.
Further, \/ Yy (r) = 1, because

T’ES}H_l

V v =V (VX eatB) |aXuy=r)= |/ X=1

’I"ESk+1 ’I"ESk+1 XGat(Bu)
(6.23)

Fact 2. The function G : u € BT — 4, € Sy41[B] is an epimorphism of
semigroups.
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Indeed, if u,v € BT then for every r € Si.1,

(% S?) wv)(r) = \/ (¢u(2) A Q;Z)v(J)) = (6'24)
iPj=r
\/ (\/{X | X € at(By) and ci(X,u) =i} A (6.25)
iDj=r
VY | Y €at(B,) and o (Y,0) = j}) = (6.26)

\V VIXAY | X €at(B.),Y € at(B,), ce(X,u) = i, cr(Y,v) = j}.
= (6.27)

If i and j are integers such that i®j = r, and X € at(B,) and Y € at(B,)
are such that XAY # 0, ¢(X,u) =1, ¢(Y,v) = j, then Z = XAY is an atom
of By, such that (by Lemma 6.2.1(ii)), cx(Z,uwv) = cx(Z,u) & cx(Z,v) = r.

Conversely, let Z be an atom in B,,, such that c¢;(Z,uv) = r. Then (by
Lemma 6.2.1(iv)), there exist X € at(B,),Y € at(B,) such that X AY = Z.
By setting i = ¢(X,u) and j = ¢(Y,v) we have

r=cp(Z,w) = cp(Z,u) & ck(Z,v) = cp(X,u) B cp(Y,v) =idj. (6.28)
Thus,
(thy, ® Py (r) = \/{Z € at(Buy) | ck(Z,uv) =1} =y (r). (6.29)

In order to show that G is surjective, let f : Sx11 — B be an element of
the boolean power Sy 1[B]. Then the element

w=FICY . JEHEDf)k € BY (6:30)

satisfies the identity f = 1, = G(u).
Fact 3. The congruence =g associated to G, defined by u =g v if and only

if G(u) = G(v), coincides with the congruence =j.
Indeed, let u =g v, i.e., for every r € Ski1, ¥y (1) = 1y (r). Then

VX € at(By) | ex(X,u) =r} = \/[{Y € at(B,) | cx(YV,v) =r}.  (6.31)
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Let Z be an atom of By, such that cx(Z,u) = r. Then there exists
X € at(B,) such that Z < X and cx(X,u) =r. By (6.31)

Z < \/{Y € at(By) | cx(Y,v) =r} (6.32)

whence there exists Y € at(B,) such that Z <Y and ¢(Y,v) = r. Conse-
quently, cx(Z,v) =1 = ¢x(Z,u) and this proves that u = v .

Vice-versa assume that for every atom Z of B,, we have c(Z,u) =
ck(Z,v). Then,

\/{X € at(By) | ep(X,u) =7} = \/{Z € at(Bw) | ci(Z,u) =71} =
(6.33)

\A{Z € at(Buw) | ex(Z,v) =7} = \/[{Y € at(B,) | cx(Y,v) =r}. (6.34)
This proves that u =g v.

Fact 4. The map F : [w] € BT/=y— G(w) € Sk1[B] is an isomorphism of
MV-algebras.

Indeed, since =, and =g coincide, it follows that F' is an isomorphism
of semigroups. We have F(0) = G(0¥) = 1, where

Yor(r) = \/{X € at(Bye) | ex(X,0%) =r}. (6.35)

Since Byx = {0, 1} then gy is the characteristic function of 0.
Let us denote —[w] by [z]. We then have

F(-[u]) = F(12]) = G(2) = ¥.. (6.36)

By Lemma 6.2.9, for every r € Siy1[B] we get

po(r) = \/{X € at(B.) | c(X,2) =1} = (6.37)
VAX € at(By) | (X, w) = -1} = (). (6.38)
|

From Definition 6.2.10 it follows that the operation ® is the Lukasiewicz
conjunction in the MV-algebra B(;y. From (6.14) we have

U] @] =0 < cp(X,u)®cp(X,v) =0 (6.39)

for every X € at(Byy).
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6.2.3 Subjective states

De Finetti in [39] used the idea of fair betting system as a foundation for the
theory of probability (see also [75, 97]). A betting system is a set of events
and rates fixed by the bank. A player bet over events and win in accordance
with rates. The betting system is said to be unfair if, no matter which event
occurs, the player always wins or always looses. If the distribution of rates
satisfies the probability rules, then there does not exist any set of bets for
which the player or the bank always wins (Dutch book theorem), and the
game is fair.

In [96], the author generalizes the classical Dutch Book argument to
probability functions for various non-standard propositional logics for ex-
ample modal, intuitionistic and paraconsistent logics. In [54] we extend this
argument to finite-valued Lukasiewicz logic, while the problem for infinite-
valued logic is still matter of investigation.

Let us consider the MV-algebra of k-bets over the finite boolean algebra
28

By = (B = 2")Y/=p, @, -, [07, [QF]). (6.40)

An element of By has the form [X*" --- X['#] with X; C Q disjoint events
and (m;);es strictly increasing sequence of positive integers < k.

Definition 6.2.13 A subjective quotation in a multiple bets game over the
space of events ), is a function over the MV-algebra By of k-bets

Definition 6.2.14 A favourable (resp., unfavourable) Dutch book for a sub-
jective MV-quotation s, is a set of multiple bets T (that is, a subset of B(k))
such that for every x € )

Z s(w) — cg(z,w) <0 ( resp., >0). (6.42)
weT

In other words, a favourable (resp., unfavourable) Dutch book T for a
quotation s is a set of bets such that whatever elementary events x in €2
occurs, Player A wins more (resp., less) than he has paid.

A subjective quotation for which it is not possible to construct a Dutch
book, will be called a coherent quotation.

Theorem 6.2.15 Any coherent quotation satisfies axioms (i), (ii) and (iii)
in the definition of states and is therefore a state.
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Proof. Let s be a coherent quotation. First of all note that if s([0¥]) > 0
then {[0*¥]} would be a favourable Dutch book for s, since

s([0F])) — ex(z, 0%) = s([0*]) — 0 > 0. (6.43)
So we have
s([0") = 0. (6.44)
Consider a multiple bet o = [u] and its complement —a = [w]. If s([u]) +
s(Jw]) < 1 then from Lemma 6.2.9 and from (6.9), we get, for every z € S,
ck(x,u) =1 — ¢x(x,w) and hence
s([u]) — (@, u) + s([w]) — er(2,w) = s([u]) + s([w]) =1 <0. (6.45)
Symmetrically, if s([u]) + s([w]) > 1 we are similarly led to an unfavourable
Dutch book. So for a coherent quotation we have

s(a) + s(—a) = 1. (6.46)

Further, s(1) = s([Q¥]) = s(=[0%]) = 1.
Let us consider the case of two disjoint bets av = [u] and 3 = [v], and let
a® B = [w] and —(a @ 3) = [w']. By Definition 6.2.10, for every = € Q

cr(z,u) @ cx(z,v) = cp(z, 0%) = 0 (6.47)
whence
cp(m,u) ® cp(x,v) = cp(x,u) + cx(z,v). (6.48)
Suppose
s([u]) + s([v]) + s([w']) < 1. (6.49)

From equation (6.48) and Lemmas 6.2.1(i), 6.2.9, for every = € 2 we have
cp(z,w') =1 — (cp(x,u) & cp(z,w)) =1 — cp(x,u) — cx(x,v), (6.50)
hence
s([u]) + s([v]) + s([w']) — ex(z,u) — cx(x,v) — cp(z,w') < 0. (6.51)

So in case s([u]) + s([v]) + s([w']) < 1, {[u], [v], [w']} would be a Dutch book.
Symmetrically we get

s(a) 4+ s(8) + s(=(a® p)) = 1. (6.52)
Thus, using (6.46),
s(a) + s(5) = s(a & ). (6.53)
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6.2.4 States on DMV-algebras

The machinery of the previous sections can be used also when considering
DMV-algebras instead of MV-algebras [56]. Indeed if A is a DMV-algebra,
then a state of A is a function s : A — [0,1] such that s is a state of the
MV-algebra A*. One can prove that for every x € A

s(0px) = w (6.54)

n
Then the set of bets can be constructed in the following way: let us
denote by B the set
B= U B"™ x Q™.
neN
Let k£ > 0 be a natural number. For every u = ((X1 -+ X,,), (r1,... ,r,)) € B

and x € Q) let
min{k, ZmEXi i}
P .
Note that ci(z,u) is an element of the DMV-algebra QN [0, 1].

ck(z,u) =

Definition 6.2.16 Two elements u,v € B are k-equivalent ( and we write
u =g v) if for every x € Q, cp(z,u) = cp(z,v).

Elements of B/=j are said multiple bets. If Player A buys from Player
B the multiple bet a = [u] paying s(a), cgx(z,u) is the winning (given by
elementary event x € ), of x in u. The total gain is given by the difference
ck(x,u) — s(a). Two multiple bets are equivalent if they led to the same
winning.

The following operations in B/= are well defined. Let

uw o= (X1, Xn),(r1,... 7))
= ((Yi,...,Yn),(s1,... ,50))

belong to B. Then we set
o [ul @] =[((X1,..., Xn, Y1, ..., Y0), (r1, ooy Ty S1, o+ 4, Sn))]

e —[u] = [w] where w is an element of B such that for every x € Q,
Ck(wi) =1- Ck(.’IJ,U)

e dplul = [z] where z is an element of B such that for every z € Q,
Ck(-’L',U)

Ck(-’L',Z) - n



CHAPTER 6. PROBABILITY OF FUZZY EVENTS 123

Let 0= [((0,...,0), (r1,-.., 7)) = [(X1,...,Xn), (0,...,0))] and

k times k times

Clearly, for every x € Q, ¢x(x,0) = 0 and cx(z, 1) = 1. Further, if [w] = [u]®
[v] then, for every = € Q, ci(z,w) = cx(z,u) ® cx(x,v) and if [u] © [v] = [w]
then for every = € Q, cx(z,w) = ci(x,u) © cx(z,v).

The structure By = (B/=k, ®, 7, {0n nen, 0, 1) is the algebra of k-bets.

Following the same guidelines as in [54] one can prove that B is
isomorphic to the Boolean power (Q N [0,1])[B] ([23, 46]) and so it is
a DMV-algebra. Indeed, recall that the boolean power (QNI0,1])[B] =
((QnJo,1)[B],®,—,0,1) is the set of all function f: QN [0,1] — B such
that

flar) A flag) =0if ay #azand \/  f(a) =

a€QN[0,1]
equipped with operations
(feg(r) = \/ k)i =f(x) = f(-a),

Pk=x
Q ifx=0

0(z) = { 0 ifx#£0
Q ifx=1

o) = {@ itz £ 1.

The boolean power of a DMV-algebra is a DMV-algebra. Then the
function VU : [u] € B/=;— ¥(u) € (Q N[0, 1])[B] such that

(u):r€QN0,1] = {z € Q| ep(z,u) =1}

is an isomorphism between the algebra of k-bets and the boolean power
(@n 1o, 1))[B].

Again it is possible to prove that states on B are coherent quotation and
further it is also possible to check directly that any coherent quotation has
to satisfy (6.54). Indeed if otherwise s is a coherent quotation such that
$(0n[u]) > s([u])/n and [w] = &, [u], then one can prove that the multiset
formed by [u] and by n repetition of [w] is a unfavorable Dutch book, and,
symmetrically, if s(d,,[u]) < s([u])/n the same multiset is an favorable Dutch
book.
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6.3 Conditioning a state given an MV-event

We extend the notion of conditional states proposed in [43] in light of [101].
For any MV-algebra A we say that B C A is an MV-bunchif 1 € B,0 ¢ B
and B is closed under @ operation. A typical example of MV-bunch is
obtained by considering the set B = By = {z € A | s(z) # 0} where s
is any state: in this case we will say that B is the MV-bunch of s. For
instance the MV-bunch of the state p? of Proposition 6.1.2, is given by

By = {p € L | 3z € Supp(n), p(x) # 0}= {u € LX | p*(p) # 0}.

Definition 6.3.1 A conditional state s(x | y) of an MV-algebra A is a
function s : A x B — [0,1], where B C A is an MV-bunch, satisfying the
following conditions:

(i) s(—|y) is a state on A for everyy € B, ;
(ii) s(y|y) =1 for every y € B(A) N B;

(iii) s(x ©y | z) = sy | 2)s(x | y©z2); for any v € A, y € B(A),
z € B(A) N B such that y ® z € B then

(iv) sz | y)s(y | 1) = s(y | 2)s(z | 1), for any 2,y € B.

In this section we shall address the following problem: given a state s
and events p and v, what is the conditional state s(p|v)? Troughout this
section we set L = Sg41.

Let s be a state on LX and let u be an element in the MV-bunch of s,
i.e. s(u) # 0. We define the state s, on the MV-algebra L* by setting

_ N\ s@v(@)p(e)
S”(V)_z;( PR (6.55)

for all v € LX. In other words, in accordance with Proposition 6.1.2, Su

is the state extending the probability whose distribution is % By
Proposition 6.1.3, such extension is unique.

Proposition 6.3.2 Let B be the MV-bunch of a state s and define s : L x
B — [0,1] by setting s(v,p) = s,(v). Then s(— | —) is a conditional state
of LX.
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Proof. First of all, as we have seen above, for every p € B, s(_| u) = s, is
a state. Further,

s 1) = 3L )

reX
and so s(_, 1) is a state. Secondly, if X € B(LX) N B then
_ X(x)s(z) _ sz) _ s(X)
=2 T T 4am T am

zeX zeX

Thirdly, whenever u € LX, X € B(LX)=2%X, Zc2XNnB,and X0 Z =
X NZ e B, then

(X © n)(a) = min{X(0) + ) — 1,0p = { 42X

Furthermore, we have the identities

s(XoplZz)= 2{:()(()ﬁ0( )éziilg) 2{: ple ,Z)

reX zeXNZ

and

XﬂZ ,u
S(X | Z)s(u| X © Z) = P> an

Then s(X Op|Z2)=s(X | Z)s(p| X © Z).
To conclude the proof, if u,n € B then we can write

s(u|n)-sn|1) = Z“ (@) Zn

zel zel

= ulz)n(x)s(z)

z€el
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s(n [ p) - s(p|1) = Zn 4l) Z“

el el

= > nz)p(@)s(z)

zel

Thus, s(u | n)-s(n|1) =sn|p)-s(u|1) L

A basic property of the classical conditioning for a probability p is the
iteration rule
pxNyl=2)

p(y | 2)
for every set x, y and z. This identity is an immediate consequence of the
definition p(z | y) = p(paz(;)y).

By contrast, since condition (iii) of Definition 6.3.1 holds for all y and z
in the boolean skeleton of the MV-algebra, the same rule does not hold for
conditional states, in general. A counterexample is given by the conditional
state defined in (6.55). So, given a state s, in accordance with the classical
case, one might try to define the state conditioned by an MV-event u by
setting

p(z|ynz) =

)

) = s(v O p)

il s(n)

: (6.56)

with v in LX. Due to the associativity of ®, such function satisfies the
iteration rule. But (6.56) is not a conditional state, since ® is not distributive
with respect to &. We weaken the definition of state and hence of conditional
state:

Definition 6.3.3 A quasi-state on a MV-algebra A, is a function q : A —
[0,1] such that:

(g-i) q is monotone;
(g-1i) q(0) = 0;
(g-1ii) q(1) = 1;
(g-iv) whenever a,b € A and a ANb =0, then g(a ®b) = q(a) + q(b).
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Since a A b = 0 implies a ® b = 0, every state is a quasi-state. Further the
restriction of a quasi-state to the boolean skeleton of A is a probability.

A quasi-state can be canonically constructed starting from a distribution
on the set of L-singletons, as in classical probability theory. By a ¢-s-
distribution we mean a function ¢° defined on the L-singletons such that

i) ¢° is monotone;

i) ¢ ((e,1) = 1.

zeX

Theorem 6.3.4 A function q : L* — [0,1] is a quasi-state if and only if
q(0) = 0 and there exists a g-s-distribution ¢° such that, whenever p # 0,

a(p) =Y d°({x, u(2))).

rzeX

Proof. Let ¢ be a quasi-state. Then its restriction ¢° to L-singletons is a -
s-distribution. Since, for every p € LY, p =@,y (z, u(x)) and (z, u(x)) A
(y, u(y))y = 0 for every x,y € X, x # y, we have

a(w) = ¢ ((z, u()))

reX

Conversely, let ¢° be a g-s-distribution and define ¢ by setting ¢(0) = 0 and,
for pp # 0, q(n) = > ,ex ¢©((z, u(x))). We claim that ¢ is a quasi state.
Indeed, (q-ii) and (q-iii) are immediate. Moreover,

(q-i) if @, B € LX and o < 3, then (x, a(x)) < (z, B(x)) for every z € X,
and so (for (i)):

a(@) = Y ((z.a(@) < Y ¢°((z, B(x)) = a(B),

zeX zeX

(q-iv) if a, 8 € L¥ such that a A 3 = 0 then, denoting by X, and Xz
the support of o and f respectively, we have X, N X3 = . In conclusion

gla®p)= Y ¢°((zr,a@) + Y ¢°((z.8x)) = q(a) + q(B)-

reEXy CEEXﬂ
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In particular, if p is a probability on X, then by setting

¢*({z, p(x))) = p(x) - p(x)

we obtain the state s defined in [116].

Notice that the restriction of a g-s-distribution to the L-singletons of
the form (x,1) defines a distribution of probability. Moreover, different
g-s-distributions can define the same probability and this shows that the
uniqueness proved for states in Proposition 6.1.3 cannot be extended to the
quasi states.

Analogously with Definition 6.3.1 we give the following:

Definition 6.3.5 A conditional quasi-state q(x | y) of an MV-algebra A is
a function q : A x B — [0,1], where B C A is an MV-bunch, satisfying the
following conditions:

(i) q(—|y) is a quasi-state on A, for everyy € B;
(ii) aly | y) =1 for every y € B(A) N B;

(i) q(x Oy | 2)=q(y| 2)q(z |y ©z) for any x € A and y,z € B(A), such
that y © z € B;

() ¢z [y)g(y [ 1) = q(y | z)q(z | 1), for any z,y € B.

Note that in condition (iii) the operation ® involves always a boolean
element.

An interesting class of conditional quasi-states is given by the following
Proposition whose proof is routine.

Proposition 6.3.6 Let g be a quasi-state on X, ® a t-norm (see Definition
1.2.1) and (B an element in the MV-bunch of q. Then the function q?ﬁ)
defined by:
q({z, B(z) ® A))

qa(B)
18 a g-s-distribution. Moreover, let q? be the quasi-state associated with qfﬁ),
and define the function ¢®(— | —) by setting ¢®(u | B) = q?(,u). Then q® is

a conditional quasi-state on L and

Y eex 4z, B(x) @ p(x)))
q(B) '

GGy (@, N) =

¢* (| B) =
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|

Remark. If ¢ is a state and the t-norm is the usual product, then
q®(_]-) coincides with the conditional state defined in (6.55). Notice that,
by defining in an obvious way the ®-intersection of two L-subsets, we have

a5 () = %. (6.57)
As a consequence,

(45)7 = iy
and therefore the iteration rule always holds for ¢® provided that we refer
to ®-intersections.

6.3.1 Conditional states and Dempster’s rule

Let ® be a t-norm, p a probability and 8 an L-subset. Then by setting s
equal to p? as in Proposition 6.1.2, we can consider the quasi-state s?. Also,
for any state s and t-norm ®, the conditional quasi-state s? has the same
restriction to the boolean skeleton of L¥ as the conditional state defined in

(6.55). Such restriction is the probability given by the distribution

D(x) = M. (6.58)

This gives a way to compose a probability p with a possibility 8 thus
obtaining a probability. In this section we examine the relationship between
such probability and the Dempster composition rule in the theory of the
belief functions [106].

Let  be a set. A function m : 2% — [0, 1] such that

(1) Xxcom(X) =1
(2) m(9) =0,

is called a mass distribution on the frame € and the subsets X of € such
that m(X) > 0 are called focal events of m. The function Bel : 2 — [0, 1]
defined by setting for any F C

Bel(E) = > m(X)

XCE
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is called belief function (or lower probability) associated with m. The func-
tion Bel* defined by
Bel*(E) = Y m(X)
XNE#)

is called upper probability of m. If m is a mass such that its focal events are
singletons of 2, then the functions Bel and Bel* coincide with the proba-
bility whose distribution is m.

Let 3 be an L-subset of 2 and let C'(5,\) = {z € Q | f(x) > A}. Then
the function mg : 2% — [0,1] such that:

S i X =C(6,\)
_ ) = ! )
ms(X) { 0, otherwise

is a mass. In this case the upper probability is given by

()= Y w(C) =X { iy w2 A} -

C(BMNNXA£D reX

_ supex B@)(k+1) _
i k+1 _Eg?ﬁ(x)’

Both the L-subset § and the related upper probability Bel* will be called
possibility. The following Dempster composition rule enable us to combine
two masses:

Definition 6.3.7 Let my and ms be two masses on the same frame §,
with focal events Aq,...,A, and B1,...,B; respectively and suppose that
(compatibility condition)

A;NB;=0

Then the function m : 2 — [0,1] defined by m(0) = 0 and

2o ainBy=a M (Ai)ma(B;)
L= 4,nB,—0 m1(Ai)ma(B;)

for all non-empty A C Q is called Dempster composition of my and mo.

m(A) =

Note that the Dempster composition of two masses is a mass. The
Dempster composition of (the distribution of) a probability p and another
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mass me, for which the compatibility condition holds, is still a probability.
Indeed, if the compatibility condition holds:

> {zpnB—a P(i)ma(B;)
L= > (z:3nB,=0 P(xi)m2(Bj)

m(A) =

so m is different from zero only on singletons. More precisely, writing m(z)
instead of m({x}) we have

Zzij p(x)ma(B;)
1= o, P@)ma(B;)’

Proposition 6.3.8 Let p be a probability on 2, ® be a t-norm, q a quasi-
state extending p, and 3 a possibility belonging to the MV-bunch of q. Then
the restriction of ¢®(—, 3) to the skeleton of L is the Dempster composition
of the probability p and the possibility 3.

m(z) =

Proof. First of all we have to prove that condition (6.59) is satisfied. Let us
denote by z; with i = 1,...,n the focal events of p, and by C; = C(8, 317)
with j =1, ...,k the focal events of the mass mg. Then (6.59) becomes

plT;
> plamcy)= Y P o
{{L‘i}ﬂCjzw CE»L€C]
and hence
—Z(%i > 0.
z;€Cj +
On the other hand,
p(ri) _ )
k+1 ~ k+1
J:iEC]- J

Noting that in }; p(Cj) every p(z) is repeated exactly 3(x) - (k + 1) times
we get

k+1 Zp k+f+1) > p(x)B(x) > 0.

J €

Then the desired composition is given by

Yec, P@m(Cy) e ) (+)1

L=, g0, p@)m(Cy) — Sp@)B(z)
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(k)X p@)B)  (k+1) X p(r)B(x)

>, p(Cy) p(z)B(x)(k +1)
k

Thus, all conditional quasi-states given by Definition 6.3.6 are compatible
with the Dempster composition rule.

6.3.2 Ulam game

In his book “Adventures of a Mathematician” [113], Ulam describes the
following game between two players A and B: Player B chooses a secret
number z in a finite set X, and Player A must guess x by a suitable sequence
of questions to which B can only answer yes or no — being allowed to lie in at
most k of these answers. Here, by a question (), we understand a subset of X.
The problem is to find strategies for A that minimize the number of questions
in the worst cases, i.e. whatever is the initial choice of the secret number
and whatever is the behavior of B (see [88] and references therein). In
case all questions are asked independently of the answers, optimal searching
strategies in this game are the same as optimal k-error-correcting coding
strategies (see [18]). Now, in the particular case when k& = 0 (corresponding
to the familiar game of Twenty Questions) all that Player A knows about
x is represented by the conjunction in the classical propositional calculus of
all the pieces of information obtained from the answers of Player B. In case
k > 0 classical logic no longer yields a natural formalization of the answers.
As shown in [88] (and references therein) one may more conveniently use
the (k + 2)-valued sentential calculus of Lukasiewicz [79], [32]. In fact,
Player A can record the current knowledge of the secret number by taking
the Lukasiewicz conjunction of the pieces of information contained in the
answers of B.

More precisely, let L = Siy1. For every question () C X, the positive
L-answer to @ is the L-set Q¥ : X — L given by

yes _ L, ifyeQ;
Q (y) { kiﬂ’ if y & Q.

Elements y € X such that Q¥**(y) = 1 are said to satisfy L-answer QY¢*,
the remaining elements falsify the answer.

The negative L-answer Q™ to @ is the same as the positive answer to
the opposite question Q = X — @Q, in symbols,

Qno — @yes )
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The dependence of Q¥** and Q™ on the actual value of k is tacitly un-
derstood. By definition, the L-subset u: X — L of possible numbers result-
ing after a sequence of questions )1, ... ,Q, with their respective answers
bi,... by (b; € {yes,no}), is the Lukasiewicz intersection

Mn: 11®...®Q?Ln_

By definition the L-subset resulting after the empty sequence of questions
is the function constantly equal to 1 over X. As we will show in the next
proposition, we can interpret u as the L-subset of possible numbers. Initially
all numbers are possible and have maximum “truth value” 1 (we have no in-
formation), in the final step only one number is possible (we have maximum
information). The following Proposition is routine (see [32]).

Proposition 6.3.9 Let x € X and let pu, be the L-subset of possible
numbers resulting after the questions Q1,...,Qy and the answers by,... , b,

(b; € {yes,no}). Then:

(@) = 1-— k;%-l’ if x falsifies precisely i < k+ 1 of the Qll’l, vy an
n .
0 otherwise.

|

Needless to say, the game terminates when the L-subset p of possible

numbers becomes an L-singleton. More precisely let pu,, be the L-subset of

possible numbers resulting after a sequence of questions and related answers,

and assume that p, is an L-singleton, namely that Supp(u,) = {x}. Then
x is the secret number.

6.3.3 Probabilistic Ulam game

In this section we suppose that player B cannot arbitrarily choose the secret
element x € X but that x is chosen in a random way in accordance with a
probability distribution p on X. Also, we assume that such a distribution
is known by Player A. This variant of Ulam’s game naturally arises when
one considers the problem of efficient transmission in a noisy channel with
feedback [18].

At first we will examine the case with no lies, where, as is well known,
optimal strategies use balanced questions that minimize the expected value
of entropy.

In an attempt to extend this result to the case k > 0, we shall develop a
notion of entropy of a conditioned quasi-state.
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Entropy and strategies: the case with no lies

Assume that the secret number x is defined in a random way in accordance
with a probability measure pg : 2% — [0,1] and that no lie is admitted. In
this case no choice is possible for Player B, and the game can be considered
as a one-person game. Then, we can consider the entropy of pg

H(po) = = > po() - log po(x),
zeX

where we admit the usual convention that 0log 0 = 0. If such an entropy is
equal to zero, then, as is well known, pg is nonzero for precisely one x € X
and we can conclude that x is the secret number. Otherwise, a question @
exists such that both po(Q) and po(Q) are nonzero. Set Q1 = @ and assume
that by € {yes,no} is the answer to the question (). In this case we have
to consider the conditional probability py = po(—, Q"), where Q¥** = @Q and
Q™ = @, since no lie is admitted. If the entropy of p; is zero, then we are
done, since there is only an element z such that p;(x) # 0 and this is the
secret number. Otherwise, we consider a question ()2 such that both p1(Q2)
and p;(Q,) are nonzero. More generally, assume that at the i*" step of this
process questions @1, ..., ); have been asked and b1, ..., b; are their respective
answers. Then the knowledge about x available to Player A is represented
by the set M; = Q?l N...N Q;’i of possible numbers and by the conditional
probability p; = p;_1(—, Q%). An application of the conditioning iteration
rule, yields that p; = po(—, M;). Now, entropy minimization suggests to
us how the next question ;41 should be chosen. Indeed, given a question
@ and a probability distribution p, let E(H) be the expected value of the
entropy of p after ), in symbols,

E(H) = p(Q¥) - H(pques) + p(Q™) - H(pgro).
As is well known, we must choose a question () that minimizes the value of
Let @ be a question. Then the entropy of the scheme

(i i)

Hg = —p(QY%*) log p(Q¥**) — p(Q"?) log p(Q"°).

The proof of the following result is routine.

is given by
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Proposition 6.3.10 Given a probability p on X and a question @), we have:

From this proposition it follows that, in order to minimize E(H) we have
to maximize Hg and therefore to choose a question @) that is balanced, i.e.,

p(Q) is as close as possible to p(Q).

Entropy and strategies: the case with £ lies

Let us consider Ulam game with k£ > 0 lies on the search space X, on which
a probability distribution pg is defined. Suppose that after i questions the
game is described by the L-set 1 and by a probability p;. We can canonically
extend probabilities py and p; respectively to states sg = pg and s; = plh- as
in Proposition 6.1.2. If a new question @ is asked, and answer b is given,

there are at least three different ways to define the updated state s;11:

(1) Letting

Y pex si(@)a(2)Q (z)
5:(QY) '

In other words, sj,; is the state result of conditioning s; by the L-
subset Q°. This conditional state is always different from zero since
for every question @ and answer b, Q" is different from zero. If we
adopt this definition, it may happen that discarded elements have a
nonzero probability.

sip1(a) =si(a | Q") =

(2) Letting

Y pex So(@)a(z)(n © Q°)(x)
so(p © QY) ’

i.e., si,, is the state result of conditioning so by p ® Qb.

sivi(a) = sola | no Q") =

(3) Letting

. b b

i.e., s;y 1 is the quasi-state obtained conditioning s; by QY that is equiv-
alent to consider the quasi-state obtained conditioning sy by p ® Q°.
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In the following we shall adopt this last approach. Note that the restriction
of s to the boolean skeleton of LX is a probability equal to the probability
obtained by the restriction of s”.

In the case of a game with no-lies equipped with an initial distribution of
probability, Player B must answer in the right way. So it makes no sense to
consider a game in which Player B gives the answers in a malicious way. We
can suppose that the expected value of the entropy is calculated considering
that the probability to have a positive (negative) answer to the question @ is

p(QY¢*) = p(Q) (respectively p(Q™°) = p(Q)). So the rate between positive
and negative answers is L yne: ).
By contrast, when the number of lies is different from zero then Player B
can decide whether or not to give a false answer, in order to minimize the
amount of information given to A. We have a typical two persons game and,
in accordance, A can adopt a minimax strategy. More precisely:

in searching strategies with a malicious Player B, Player A must choose
at the it step a question Q minimizing the quantity

max {H (si(—, Q¥*)), H(s;(—,Q")} .

Random lies

A different case is when Player B gives the answer in a random way, equiv-
alently when lies are randomly generated. In this case it makes sense to
apply a minimization of the expected value of entropy with respect to the
probability distribution on answers yes and no. In order to have a complete
analogy with Section 6.3.3, we suppose that, given the quasi-state s = s;, at
the ¥ step of the game, the ratio between positive and negative answers is

% , and hence

. iy (@Y%)
probability (positive answer to Q) = 6.60
( ORI B
and
probability (negative answer to Q) = 5(Q") . (6.61)
Q) +5(@)

Accordingly , we stipulate that the expected value of the entropy of the
quasi-state s after the question @, is given by

(@)
(@) +5(@")

$(@")
(@) +5(@Q")

B(H.Q) = - H(5(-1Q"*))+- H(s(-1Q").
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The entropy of the scheme
< des Qno >
s(Qv%)  s(Q™)

S@) s
o)
S(QU) + (@) 5(QV) + 5(Q™)
Q) s(Q)

— 0 .

S(des) + S(Qno) g S(des) + S(Qno)
We denote by v the normalization factor s(Q¥*)+s(Q"°). Denoting by ﬁ
the L-subset constantly equal to kiﬂ, it is immediate to prove that

is given by

Ho=-—

v=1+s(

).

So v does not depend on Q. Also, we denote by E (ki) the entropy of =7 +1,
ie.,

k k k
E(——)=— 1 .
(o) = = 30 st o (st ) )
xeX
Now, we can prove the following extension of Proposition 6.3.10.
Proposition 6.3.11 Adopt the above notation. For any quasi-state s and
question () we have the identity

k

B(H,Q) = H(s) — Ho — B(—

)-
Proof. By definition

E(H,Q) = s(Q"")H (s(—, Q") + s(Q")H(s(—, Q")

des X ( Z Sdes log Sdes( )) +

zeX

s(Q"°) - (— Z sgno(z) log sQno(x)> .

zeX

From
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s((z, QU%*(x)))

() — s((r, @"(x)))
@ (@) |

and  sgno(x) = Q™)

it follows that

v-E(H,Q)=— Z s({z, Q¥ (z))) log (M)

(@)

SRt o (22700

By direct verification we got

v-B(H,Q) = =) s((z,Q"(x)))log s((z, Q" («)))

reX
+ ) s((x,QU°%)) log s(QU**)
reX
= s((2,Q"(x))) log s({x, Q"))(x)
reX
+ > s((2,Q™(x))) log s(Q™).
reX

By definitions of Q¥* and Q"°,
v-B(H,Q) = s(Q¥*)log s(Q¥*) + s(Q"°) log s(Q")

- Z ) log s( Z s(z)log s(x)+

TEQ ¢ Q
k k
- 3o s (s<<w, )+
G CC )

= 5(Q"%) log s(Q”") + s(Q"°) log s(Q") + H (s)




CHAPTER 6. PROBABILITY OF FUZZY EVENTS 139

As in the case no lies, the questions that (in the average) give more
information are balanced in the appropriate sense:

Proposition 6.3.12 For any quasi-state s and question @,

s(QY) — s(Q") = 5(Q) — s(Q) + s(

).

k+1

Consequently, the minimum of the expected value of the entropy E(H, Q) is
achieved asking balanced questions, in the sense that s(Q) has to be as close
as possible to s(Q).

Proof. Since

Q") ~ 5(Q") =

= 3 (@, Q@) - Y s((. Q™) =

— Zg(x)—Zs(x)—l—Zs((x,kk 1>)—Z (( aki1>)
TEQ z¢Q z¢Q z
= 5(Q) 5@ + Y slle ),
zeX

the first part of the proposition is proved. Moreover, by Proposition 6.3.11,
the minimum value of E(H, Q) is achieved in correspondence of the max-
imum value of Hg, i.e., s(Q¥*) has to be as close as possible to s(Q"°).

|

Thus if Player A knows that for every question () the probability of a
positive or a negative answer is given by (6.60),(6.61), then the strategy of
balanced question is such that the higher the probability of x, the smaller
the number of questions to find it.



Chapter 7

An application: fuzzy
collaborative filtering

Recommendation systems [104, 61, 107] are nowadays attracting growing
attention as successful web applications. They are of special interest for
web sites devoted to electronic commerce, and they are widely used to sup-
port user choices for virtually any kind of goods or services. In general, a
recommendation system deals with a finite set of users U and a finite set of
items I. The task is to give an estimate, for each u € U and for each i € I,
of the degree of preference d(u,i) of user u for item 1.

Recommendation systems can be classified in two categories according to
the kind of information they use in order to accomplish their task: content-
based methods and collaborative filtering methods.

The more conventional content-based methods require a description of
each item ¢ € I and, possibly, of each user u € U. Usually, these descriptions
are given in terms of a feature space: each item i € I is associated with an
n-tuple (fi1,..., fin) of features (or, attributes), where each f;; belongs to
the set Fj of all possible values of the jth feature. Analogously, a user may
be represented by an m-tuple of features in some set G; X Ga X -+ X Gp,.
Relying upon these descriptions, a content-based method gives an estimate
d(u,1) for each pair (u,i) € U x I for which w still has not given any explicit
value for her/his preference for the item i. Often, similarity measures are
computed between any pair (u,u’) € U? and any pair (i,i') € I?, and the
estimated value for d(u, ) is computed in terms of these similarities.

On the other hand, collaborative filtering techniques [61, 107] are helpful
when a feature space representation of items (and users) is not available,
or gives unreliable or insufficient information. In these cases, to formulate

140
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an estimate for d(u,i), collaborative systems only rely on the collection
W C U x I of pairs (u/,i") for which user u' has already given an explicit
value for her/his degree of preference for the item #’. No other information
is used. Usually, the information available in the function d : W — [0,1] is
used to compute similarities between the users in terms of the preferences
they have shown so far. Those similarities then play the role of weighting
factors in some suitably defined aggregate measure, which in turns gives the
estimate for d(u,i) for each i € I.

Collaborative filtering techniques are particularly useful in web applica-
tions where in many real cases users of a service want to remain anonymous:
then any feature-based representation of users is unreliable or even impossi-
ble to get. At the same time, feature-based representation of items is often
difficult to design, or inaccurate for the task to be accomplished.

The typical example of a recommendation system based on collaborative
filtering techniques is concerned with movies [19, 81, 22]: in the standard
interaction between the user and the recommendation system user u asks
suggestions for the next movie to see. The system will suggest a film among
those still not seen by u which has been graded well by the users which
in the past have shown preferences similar to those expressed by u. The
movie scenario can be dealt with content-based techniques as well, as it is
not difficult to design a feature space for movies. Collaborative methods
have been proved to be competitive here [22].

In some domains — a notable example being music [107, 69, 6, 7] — the
identification of a feature space related to the subjective tastes of users is
intrinsically very difficult. Moreover, there are domains where the feature-
based approach is questionable, as for instance in judging the relevance of
an article [103] for a user on a certain topic just by looking at the number
of occurrences of certain associated keywords: it makes more sense to base
the relevance estimation upon the judgment of previous readers of the same
article. In all those cases, collaborative filtering techniques are to be consid-
ered as an alternative to content-based methods. Hybrid approaches mixing
collaborative and content-based techniques are also interesting.

7.1 The standard collaborative filtering algorithm

In spite of the growing demand for recommendation systems based on col-
laborative filtering techniques, only a few different algorithms have been
proposed in the literature.

Most of the algorithms for collaborative filtering are variants of the fol-
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lowing schema.

Without loss of generality, throughout this section the degree d(u,i) is
defined on W C U x I. The value d(u,i) is an element of [0,1] expressing
the preference of user u for item i. A value in [0,1/2) means that u dislikes
i, while a value in (1/2, 1] represents a positive judgment. The value 1/2 is
taken as a neutral judgment.

Definition 7.1.1 (Standard collaborative filtering) For each u € U
let I, = {i € I | (u,i) € W} # 0 be the set of items i such that user
u has explicitly expressed degree of preference d(u,i) for item i and let
d(u) = > ;cr, d(u,i)/|1,| be the average degree of preference of user u. For
each (u,i) € U x I, the predicted value p(u,i) for d(u,i) is given by

o Sen pusld(v,i) )
ple) = dlu) =

where U; is the subset of U containing all users v that have given an explicit
value d(v,i) for item i, while p(u,v) is the Pearson correlation coefficient
between u and v:

2 jes(du, ) — d(w))(d(v, j) — d(v))

—d —d
Ve, ) = dw)? e, (d(v,j) - d(v))?

The Pearson coefficient takes values in [—1,1] and measures linear correla-
tion of the functions d(u,.),d(v,.) : J — [0,1], where (I,N1,) C J is a subset
of I computed according to some fixed criteria. The Pearson coefficient is
used as a weighting factor in the weighted mean giving the predicted value
p(u,1). That is, the more the preference profiles between user u and user v
are linearly correlated, the better is the advice that v gives to u about 1.

Variants on this schema compute the weighting coefficients p(u,v) using
other similarity measures, as the Spearman coefficient, or the vector simi-
larity coefficient (see [22]). An alternative algorithm, in which collaborative
filtering is regarded as a classification problem and is tackled by applying
singular value decomposition techniques to the matrix {d(u,?)}yev,icr, is
presented in [19]. Attempts to conjugate collaborative filtering with other
learning paradigms are found in, for instance, [6, 7, 69].

p(u,v) =

7.2 Fuzzy collaborative filtering

We introduce collaborative filtering in the context of fuzziness and many-
valued logic. We describe an infinite-valued logical framework in which the



CHAPTER 7. FUZZY COLLABORATIVE FILTERING 143

collaborative approach is formalized. This framework yields an alternative
algorithm to the ones introduced above. We further consider some exten-
sions to the basic schema. We introduce in our algorithm the use of a
measure of confidence on the predicted values for d(u, 7). Many-valued logic
is shown to be flexible enough to allow the realization of hybrid systems
combining the collaborative and the content-based perspectives.

Definition 7.2.1 A fuzzy similarity [117] on a set A with respect to a t-
norm x is a function s : A x A — [0,1] satisfying, for every z,y,z € A,

- reflexive property: s(z,x) =1;

- symmetric property: s(x,y) = s(y,);

- transitivity property: s(x,y) * s(y,z) < s(x, z).

Example 7.2.2 If z,y € [0,1], the relation x < y is a similarity relation
on [0, 1] with respect to the Lukasiewicz conjunction ©.

Description of the system

A collaborative decision problem is characterized by a finite set of users U
and a finite set of items I. Besides the preference function d defined on
a subset W of U x I, in our approach the system contains two functions
p (the predicted value for the degree of preference) and c (the confidence
degree about the predicted value) assigning to each pair (u,i) € U x I a
value in [0, 1]. As in the standard approach, values of p'(u,) in [0,1/2) are
considered negative (that is, u dislikes 7). Values in (1/2,1] are positive (u
likes 7). 1/2 is considered a neutral judgment.

The meaning of ¢ and p is that the greater is c(u,i), the better the
system trust p(u, i) as a good estimate of d(u, ). If for a pair (u,i) € U x I,
c(u,i) =1 then p(u,i) = d(u,1).

Functions d, p and c evolve in time. We shall denote by d*, ¢! and p
confidence and predicted value functions at time ¢, for 0 <t € Z.

We assume that at time ¢t = 0 the function ¢ takes values in {0,1}. We
start from a situation where the degrees p®(u,i) such that ¢(u,i) = 1 have
been explicitly given by users. On the other hand, we assume no confidence
on values p°(u,i) such that ¢”(u,i) = 0. Then we set p°(u,i) = 1/2 when
A (u,i) = 0.

The system acquires new knowledge every time a user v rates a new item
i (we assume that users never retract any of her/his previous judgments, even
though the system still can work if this is allowed to happen).
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When a new value d*(u,i) is given to the system, the internal state of
knowledge evolves from time ¢ to ¢ + 1, and new values of p'T! and c/*! are
computed. The function b’ : U x I — {0, 1} gives value 1 to pairs (u, i) such
that at time ¢ user u gave an explicit preference degree for i.

There is no loss of generality in assuming a fixed size for U and I: we
are considering evolution of the system from time ¢ = 0 to time 7" where the
system exactly contained |U| users and |I| items. Then t < T := |U||I| —

{(u, i) | b(u, i) = 1}].

7.2.1 The logical formulation

In this section, the functions ¢!, p' and b’ and the user inputs d' will be
described as propositional variables or propositional formulas of Rational
Lukasiewicz calculus as in Chapter 5.

Definition 7.2.3 An influence function is a function < : [0,1]? — [0, 1] such
that, for every x,y,z € [0,1],

-0y =1/2, l«y=y, x<1/2=1/2;

-Ify1 <y2 thenx<ys <w<Qys ;

-Ify €10,1/2) and 1 < mg then x1 <y > x2 <y, if y € (1/2,1] and
1 < o9 then x1 <y < xo <4 y.

The second variable y of an influence function < is meant to be a degree
of preference, thus having 1/2 as neutral judgment. The intended meaning
of < is weighting y by means of . When x = 0 then x <y is constantly 1/2
for all y € [0, 1]. The greater the value of z, the closer to y the value of z<y.

Example 7.2.4 The following are formulas whose truth-table is an influ-
ence function (see Figure 7.1 for their graphs):

x <y = ba(—x V 2y) ® dax A y?)

vy =0z —y)V2y) & ooy Ay?)

r <3y = bz — 2y) ® da(x © y?).

Note that <3 is the most “restrictive” influence function among those in
Example 7.2.4: indeed x <3y =y only if z =1 or y = 1/2.

For any pair (u,i) € U x I and 0 < t < T, d*(u,i) and b'(u,i) are
propositional variables. We shall consider only legal assignments. A legal
assignment v : Form — [0,1] (cf. Definition 1.1.5) must be such that all
the following formulas

(A1) b'(u,i) < (bt (u,i) ® bt (u,i))
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Figure 7.1: From left to right, the graphs of truth-table functions resp.
associated with: <, <9, <3.

(A2) \/ b (u, i) A /\ (=b'(u,i) vV =bl(v,5)) forany 0<t<T
(u,i)eUxI (u,2)#(v,7)

(A3) b'(u,i) — [\ ~b"(u,i)
t1#t

evaluate to 1 under v. (A1) asserts that under any evaluation b*(u,i) takes
values in {0, 1}. (A2) guarantees that at each ¢ > 0 only one user u inputs a
new judgment for an item . (A3) asserts that a judgment is never retracted.
We define the following sets of formulas:

A(u,i) = b(u,1)

POu,1) = (du,) © B(u,i) ) & (4 © ~6(u,1) ).
At time t a weighted similarity among users is computed by the formula

s'(u,0) = Ik = ¢ (u,1) © (k — ¢ (v,1)] = ("(u,8) = p'(v,4) (T.1)
iel
The meaning of (7.1) is that users u and v are similar if, for every item

i, whenever the confidence of u and v about ¢ is high then their degree of
preference for item ¢ is about the same.

Proposition 7.2.5 The function st is symmetric and reflexvive. Further, if
v € U is such that for any i € I, c'(v,i) > k, then s'(u,v) ® s'(v,w) <
st (u, w).

Proof. Symmetry follows from definition. For every w € U and i € I,
P (u,) > pH{uyi) = 1 hence [(k — c(u,)) ® (k — c(u,i))] — (p!(u,3) o
p'(u,i)) = 1 and s(u,u) = 1. Whence s is reflexive. By definition, for every
i1 €1,

(((k = c'(w,9) © (k = ¢'(v,1)) = ('(u,1) < p'(v,1)) ©
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© (((k = c'(v,1)) © (k — c"(w, 1)) = (' (v,i) < p'(w, 1)) <
(k— c(u,1) © (k — (v,i) © (k — ! (v,1) © (k — t(w,7))) — (7.2)

— (' (u,7) = p'(v,9) © (P'(v,7) = p'(w,i)))

Supposing than for every i € I the confidence degree c!(v,i) is greater than
k, recalling Example 7.2.2, we have

(7.2) < ((k = ' (u,4)) © (k = " (w,4))) = ((#' (1) = p'(w, 1))
Then st(u,v) ® st(v,w) < st (u,w). [

Observe that the higher is the confidence of the system about user v, the
higher is the truth value of s(u,v) ® st(v,w) — s'(u,w).

Let n = |U| and < be an influence connective. The (aggregate) advice of
user u for item 4 at time ¢ is the formula

=@ 6n (( — ' (v,) < (s'(u,v) 9p(v,1))) . (7.3)

velU

The use of the derived connective < is justified by the fact that, in order to
join ¢, s* and p' one must take into account that values of p’ less than 1/2
are considered as negative judgments. Then equation (7.3) says that the
predicted value of the preference of user u for item i is given by considering
the average value, for every user v having a high confidence about i, of the

preference of v for 4 suitably weighted by the similarity between v and wv.

Proposition 7.2.6 The formula ¢ = (302c® (c<x)) & (3d2—c ® (mc<y))
is such that for any assignment v:

v(c) = 0 implies v(p) = v(y);

v(c) =1 implies v(p) = v(z);

v(c) = 1/2 implies v(p) = (v(z) +v(y))/2.

Suppose that at time ¢+ 1 user u* expresses an explicit preference degree
d* 1 (u*,i*) for item *. Then b'*!(u*,4*) is 1 and predicted preference and
confidence degrees become:

(O (uy i) Ad (uyd)) v (b (u, ) A
p T (u,i) = ((3520t(u,2) ® (ct(u, 2) apt(u,i))) (7.4)
B (3d2c" (u, 1) © (e ( i)<a(u,i)))))
1

i) = 0 (i) v (pf(u, ) < pP T (u, 1)) (7.5)
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Proposition 7.2.7 If t < t' and b'(u,i) = 1 then ¢ (u,i) = 1 and
o ) = p(u,) = d'(u ),

Proof. If b'(u,i) = 1, by (7.4) p (u i) = d'(u,i) and by (7.5), ct(u,i) = 1.
Since by (A3), for every t' > t, b" (u,i) = 0, then by (7.4) and Proposition
7.2.6, p'*ti(u,4) = pt(u,i) and by (7.5) *1(u,i) = 1. Hence for every t' > t,
¢ (u,i) = 1 and p” (u, 1) = p'(u, i) = d'(u, ). u

The set of formulas described in this section provides an algorithm for
collaborative filtering:

Definition 7.2.8 For any 0 < t < T, let v be an assignment to the
propositional variables d'(i,u) and b'(i,u) satisfying (A1),(A2),(A3), and
let p'(u,i) and c'(u,i) be defined by (7.4) and (7.5). Then, the predicted
degree of preference of user u for item i at time t is the value v(p*(u,i)).

Since truth-table functions of Rational Lukasiewicz logic are piecewise
linear, Definition 7.2.8 immediately yields an effective procedure to compute
the predicted values pt(u,i).

7.3 Combining content-based and collaborative
filtering

Suppose we have associated with each item ¢ € I an n-tuple of features
(fi1y---, fin) belonging to a feature space Fy X Fy X --- x F,. Assume also
that we have defined a fuzzy similarity measure p; : F j2 — [0,1] on each
component F} of the feature space. For any items i1,i2 € I, we define the
content-based similarity between i1 and io as

11,22 @N] fu]afm])

A purely content-based method can be described by defining the content-
based prediction on (u,i) at time ¢t + 1 by the formula

i) = @D Sy (eslirg) aept(u, ),
JeN{i}

where an average on the set I\ {i} weighted by similarity of items is taken
as the predicted degree of preference of user u for item 1.
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We propose two ways of designing hybrid methods combining content-
based and collaborative filtering techniques.

The external combination simply runs the content-based and the collab-
orative methods independently, then takes a combination of the two predic-
tions, giving, for the pair (u,7) € U x I the prediction (where v € [0,1] is a
parameter of the system):

hp' (u,4) = vp'(u,i) © —vep' (u, ).

The internal combination mixes content-based and collaborative aspects
at a deeper level. Here we show how the content-based similarity cs can
reinforce the measure of the aggregate advice a’ in the collaborative filtering
algorithm of Definition 7.2.8: this is obtained by setting n = 2|U|, m =
2(|/I| — 1) and by replacing the definition (7.3) of formula a’(u, i) by:

a'(u,i) = Dpep ok — (v,9)) < (s'(u,v) < p(v,i)) &
@je]\{i} 5m((k - Ct(uv.j)) < (Cs(ivj) th(u’j)))_

At present we are developing tests to measure the performance of our
algorithms compared to the standard (see Definition 7.1.1) algorithm and
some of its variants. We base our tests upon the dataset EachMovie [81]
publicly available at DEC Systems Research Center web site.

Future directions will consider how to use more actively feedback from
users (a formula for errors can be defined as e!(u,i) = —(p'(u,i) « d(u,i)),
assuming that at time ¢ user u expresses his degree d'(u,i) for item 7).
Also, an interesting direction is in the research of selection criteria of the
underlying infinite-valued logic and of the influence functions.
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