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Abstract

This paper is a contribution to the study of
two distinct kinds of modal logics for mo-
deling uncertainty. Both approaches use lo-
gics with a two-layered syntax, but while one
employs classical logic on both levels [6], the
other involves a suitable system of fuzzy logic
in the upper layer [9]. We take two promi-
nent examples of the former approach, pro-
bability logics Pry;, and Prpy, and build ex-
plicit faithful translations into, respectively,
the two-layered modal fuzzy logics given by
Lukasiewicz logic with A and its expansion
with the product connective. We first prove
the faithfulness of both translations using se-
mantics of all four involved logics. Then, we
use the axiomatization of Pry;, and a hyper-
sequent presentation of the two-layered sy-
stem over Lukasiewicz logic to obtain an al-
ternative syntactical proof.

Keywords: Mathematical Fuzzy Logic, Lo-
gics of uncertainty, Lukasiewicz logic, Proba-
bility logics, Two-layered modal logics.

1 Introduction

In recent years, numerous logical systems have been
introduced to cope with reasoning about uncertain
events. Among them, two of the most prominent
examples are the modal logics introduced in [6] (see
also [11]), which we denote here as Prj;, and Prp.
The atomic statements of these logics express linear
(resp. polynomial) inequalities of probabilities of
classical events and are then combined using classical
connectives. Both logics are introduced semantically
using Kripke frames enriched by a probability mea-
sure, which allows for expressing validity of atomic
statements of these logics on events construed as sets of
worlds described by classical formulas. Despite dealing

with the intrinsically graded notion of probability, the
semantics of these logics remains essentially bivalent.

An alternative approach uses the framework of Mathe-
matical Fuzzy Logic and takes sentences like “p is pro-
bable” at face value, identifying its truth degree with
the probability of ¢; then one combines such formu-
las using connectives of a suitable fuzzy logic. Hence,
this approach shifts the syntactical complexity of the
atomic statements of the previous approach to the se-
mantics of the fuzzy logic in question. Such idea was
proposed in [9,10] and later studied by numerous aut-
hors; see [7] for a thorough survey or [3] for an abstract
treatment. In this paper, we consider three different
fuzzy logics to govern the behavior of modal formu-
las: Lukasiewicz logic L, its expansion Lo with Baaz—
Monteiro operator A, and its further expansion PL.a
by product conjunction. The resulting modal logics
are denoted here as Pry,, Pry ., and Prpy, respecti-
vely.!

We describe some strong formal links between systems
of the two kinds and thus show that both approaches
are much more closely related than it might seem at
first sight. First, in Section 2, we introduce the syntax
and semantics of all the logics under investigation.
Then, in Section 3, we present translations of Pry;,
and Pr,,; into, respectively the logics Pry, . and Prpg,,
with a simple semantical proof of their faithfulness.
Section 4 presents an extension of Pry, into its hyperse-
quent variant HPry, which is then faithfully translated
into a hypersequent calculus HY. of relations for
Lukasiewicz logic [16], thus providing an alternative
proof system for Pry. In Section 5, we use the results
of the previous section to provide a faithful translation
of the logic Pry, into HPry, (and consequently also
into Prg,) without using the crucial results of [6]
showing that an axiomatic system proposed there is

!Let us note that the logics introduced above are known
under different names in the literature of their respective
communities. We have opted here for a uniform but neutral
terminology for ease of reference through the paper.
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an axiomatization of Pry,. We only assume that it
is sound w.r.t. the semantics (which is easy to check)
and actually obtain the fact that it indeed is an axi-
omatization of Pry;, as a corollary of our translation.
Finally, in Section 6 we add some concluding remarks
and hints at future research directions.

2 Classical and Fuzzy logics of
Uncertainty

2.1 Propositional core

In this work we need four propositional logics: (1) clas-
sical logic CL casted in the language with the truth-
constant | and implication —, (2) Lukasiewicz logic
L in the same language, (3) LA, the expansion of L
in the language with an additional unary connective
A known as Baaz—Monteiro projection, and finally (4)
PL A, the expansion of Lo with an additional binary
connective ® (called product conjunction). Next, we
review some of the properties of these logics needed
for the paper; we refer the reader to the corresponding
chapters of [2] for more details and references.

We expect the reader to be familiar with the notion
of formula (over an arbitrary propositional language)
and the notion of evaluation in classical logic. In the
case of L, LA, and PLa, (standard) evaluations are
functions from the corresponding set of formulas into
the real unit interval [0,1], such that e(L) = 0 and

el = ¢) =min{l, 1 —e(p) +e(y)}

1 ife(p)=1
A =
(L) { 0 otherwise

e(p O ) = e(p) - e(¢)

Whenever necessary to avoid confusions, we use
subscript ¥, to mark the corresponding connectives and
distinguish them from the classical ones.

Let L be any of these four logics. We say that a for-
mula ¢ is the semantical consequence of a set of formu-
las T of L, in symbols I =, ¢, if for each evaluation
e such that e(y) =1 for each v € T we have e(p) = 1.

We expect the reader to be familiar with the notion of
derivability in a Hilbert-style axiomatic system F4x;
we say that AX is an axiomatization of a logic L if for
each finite set I' U {¢} of formulas, we have: T' =p, ¢
iff ' Fax . It is well known that there are numerous
axiomatizations of both the classical logic (where the
equivalence holds even for infinite sets of premises) and
the three fuzzy logics considered here. We write -,
when an axiomatization of a logic L is fixed or known
from the context.

Let us conclude this subsection by recalling additional

definable connectives of L. together with their defini-
tion and standard semantics:

- p— 1 1—z

VY (p—1) = max{z,y}

oAy =(mpV ) min{z,y}

pDY =Y min{l, z + y}
eR1Y (- ) max{0,z +y — 1}
poy —(p—1) max{0,z — y}.

2.2 Five two-layered modal languages

We start by recalling the language £LF™ of the logic
Pry;,. It is a two-layered modal language: first, in a
lower layer, we have the non-modal formulas which are
simply those of classical propositional logic. We have
then basic inequality formulas of the form

i a; P(p;) > ¢
i=1

for ¢;s being non-modal formulas and ¢ and a; being
constants for integers (real numbers are used in a si-
milar system presented in [11], rationals in [5]). The
linear combination on the left-hand side of the inequa-
lity is called basic inequality term. The formulas of the
upper layer of £FP™n called modal formulas, are then
obtained from basic inequality formulas via the usual
connectives of classical logic. Obvious abbreviations
apply; in particular, we use the following:

=i aiP(pi) for 300 —aiP(ps)
P(p) = P(y) for P(p)—P(¥) 20
t<c for —t>-—c
t<c for =(t>c)
t=c for (t>c)A(t<e).

The language LF™°! is obtained by using again the
language of classical logic for the lower layer, and allo-
wing any polynomial basic inequality terms in the up-
per layer, i.e., the basic inequality formulas of £FP™»
have the general form

> aiP(p}) - P(p) > c.
=1

Complex formulas of the upper layer are built as for
LFPrin  combining basic inequality formulas by the con-
nectives of classical logic. Note that in L£F' one
can express fundamental probabilistic notions, e.g.
independence of events using formulas of the kind

Plen) = P(p) - P(¢).

Let us now turn our attention to the fuzzy approach
towards logics of probability. We introduce three lan-
guages, LF™ (resp. L2 or L7742, where, as be-
fore, the lower-layer formulas are those of classical lo-
gic, but instead of basic inequality formulas combined
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by connectives of classical logic, the modal formulas
are built from simple atomic modal formulas of the
form P(y) (for ¢ being classical formula) using the
connectives of the corresponding logic.

Remark 1. Note that a basic inequality formula
S aiP(pi) > ¢ of LFMin can be seen as an atomic
modal formula obtained by applying an n-ary modality
Oas,....an,e; 0n 1 classical formulas o1,...,¢pn. In this
way, one can see LPrin as an instance of an abstract
two-layered modal language in the sense of [3]. The
same is true for LYo but here the set of used moda-
lities is even more complex. Thus, the five languages
can be summarized in the following table:

Language Lower l. Modalities Upper 1.

LPriin CL {t>c:tlin} CL
LPrpol CL {t >c:t poly} CL
LPre CL {P} L
s CL {P} Ea
L£rrra CL {P} PLA

2.3 One semantics and five logics

The semantical picture for all five languages is based
on Kripke models enriched by (finitely additive) pro-
bability measures. A (probabilistic) Kripke model is a
triple M = (W, (€4 )wew, i), where

e W is a non-empty set of worlds,
e ¢, are classical propositional evaluations,

e ;i is a finitely additive measure over a Boolean
subalgebra of the powerset algebra of W such that

M ={w:ew(p) =1}

is a measurable set for any classical formula ¢.

Clearly, M allows us to define the truth values of non-
modal formulas in each of its worlds. The assignment
of truth values of modal formulas depends on the lan-
guage in question, but in all cases we evaluate modal
formulas only at the level of the whole model.

For the basic inequality formulas of £P™» we define:
1> aiP(e) > ellm =1 iff > ap(e:M) > .
i=1 i=1

The truth values of basic inequality formulas of £Fre!
are defined analogously, and truth values of complex
modal formulas in both languages are then defined
using the truth-functions of classical connectives.

We recall that £F™=, £Pa  and £F™™ 2 share the
same atomic modal formulas and define their truth
values simply as:

1P(@)llm = p(e™).

Then, clearly, we always have [|P(¢)|lm € [0,1], and
so we can compute the truth values of more complex
modal formulas using truth functions for connectives
of the corresponding logic.

For each of the five languages we have introduced, we
can define a consequence relation on the corresponding
set of modal formulas as preservation of the truth value
1 over all Kripke models; for instance, for each set
I'U{¢} of modal £LF"informulas, we define:

T Epy,, @ it ||o|lm = 1 for each Kripke model M
where ||y||nt = 1 for each v € T

Analogously, we define the consequence relations

':Prpol 5 ):Prhv ):PI‘LA ) and ):PI‘PLA .

2.4 Axiomatization results

An axiomatization for Pry;, has been presented in [6].
It consists of: (1) any axiomatization of classical lo-
gic for both modal and non-modal formulas, (2) the
following axioms

(QU1) P(¢) >0

(QU2) P(T)=1

(QU3) P(o A1) + Plp A=) = P(p)
(QUGEN) From ¢ < 1 infer P(p) = P(v)

and (3) the axioms to manipulate linear inequalities,
meant to be instantiated with any basic inequality for-
mulas Zle a; P(p;) > ¢, integers d’ < cand d > 0 and
permutations o:

(LQ1) P(p) = P(¢)
k

(LQ2) éaiP(%) >c ¢ ;aip(%) +0P(p) > ¢

M=

(LOB) - Plpi) 2 ¢ X oty Plowy) 2 ¢
k k
(LQY) ¥ aPle) 2 e A YL bP(e) 2 ¢ -
N 'kl(ai +bi)P(gi) > e+ ¢
109 £ wpp) > ¢ o 3 (o) i
(LQ6) zzk:l a; P(p;) >cV izé:laip(cpi) <c
10D $ () 2 e ¥ aPlo) > d

1

Il
-

% %

The proof that this axiomatic systems is indeed an
axiomatization of Pry;, relies essentially on linear pro-
gramming methods. Let us note that there is no axio-
matization provided for Pr,,; in [6], though it is shown
to be PSPACE-complete via a reduction to real closed
field theory.
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In contrast, the axiomatizations of Pry, Prps,., and
Prpg,,, are much simpler (see [3,7,8]). They use any ax-
iomatization of classical logic for non-modal formulas,
any axiomatization of & (or La or PL A respectively)
for modal formulas and just three additional axioms
and one rule:

(A1) (Po oL P(p = ¢)) =1 Py

(AQ) Pﬂcp e ? —‘L.Pip

(A3)  PleVv) o [(Peor Pl AY)) &r Pyl
(Nec) From g infer Pep.

3 The translations

Now we are ready to show that the classical probability
logic Prj;;, can be faithfully translated into the modal
fuzzy logic Pry, .. Let ¢ > ¢ be a basic inequality for-
mula in £ where t stands for Y- | a;P(p;), and
consider the linear polynomial with integer coefficients

flze, ... zy) = Zaixi —c+1.
i=1

By the well-known McNaughton Theorem (see e.g. [1,
Lemma 2.1.21]), one can algorithmically build a for-
mula v of ¥, over variables pi,...,p,, such that for
any standard evaluation e of . we have

e(y) = max{0, min{1, f(e(p1), ..., e(pn))}}-

By (t > ¢)* we denote the formula resulting from A~y
by replacing each variable p; in v by P(;).

Clearly, (t > ¢)® is a formula of £"™4 . We can easily
extend it to a translation of all modal formulas from
LPrin by setting 1® = Ly and (v — §)® = v* =y, 0°.
Let us denote by I'* the set resulting from applying
the translation to each formula in T

Theorem 1. Let T'U {4} be a set of modal formulas
of LF*in . Then, T |=py,,, 6 iff T'® Fpr,, 0°.

Proof. 1t is easy to see that all we need to prove is that,
for each Kripke model M and each modal formula x
of LFTin we have: ||x||m = 1 iff [|x*||m = 1.

We prove the claim by induction over the complex-
ity of x. Assume that x is a basic inequality for-
mula >.1  a;P(p;) > c¢. Then, we can write the

following sequence of equivalences: ||x|lm = 1 iff
Yy aip(e™) > e iff 3T ail|Plei)llm > c iff
max{0, min{1,>"" ; a;||P(¢i)[lm — ¢ + 1}} = 1 iff

Iy*llm = 1.

To prove the induction step, we only need to note
that (1) for a basic inequality formula y we have that
(thanks to the semantics of A) ||[x*|lm < 1 implies
[Ix®|lm = 0 and (2) the Lukasiewicz implication beha-
ves on values 0 and 1 as the classical one. O

Now we extend the translation to Prp, and Prpg,.
Recall that no axiomatization of Pry, is provided in
[6,11] and so, thanks to the known axiomatization of
Prpy, ., this translation can be seen as a first, though
indirect, axiomatization of Prpy. Let ¢ > ¢ be a basic
inequality formula in £F*»e! of the form:

> aiP(ep) - Ple]") > ¢
i=1
As before, we consider the linear polynomial:
flz,. .. xn) = Zaixi —c+1,
i=1

and the corresponding formula + of L. over propositio-
nal variables p1,...,pn, such that

6(7) = max{ovmin{la f(e(pl)v ERR e(pn))}}

Let us by (t > ¢)® denote the formula resulting from
A by replacing each propositional variable p; in ¢ by
P(pi) - P(g™).

Theorem 2. Let TU{8} be a set of formula of Lot
Then, T Epr,,, 8 iff T* Epeyy, 0°.

4 An alternative proof system for Pry,

In this section we extend Pry, into a hypersequent va-
riant HPry, which we faithfully translate into a hyper-
sequent calculus HY, of relations for Lukasiewicz lo-
gic [16]. Therefore HL can be seen as an alternative
proof system for Pry,.

A sequent of relations is a syntactic object of the kind
I' ©« A where I, A are multisets of formulas, and <
stands for either the symbol < or <. A hypersequent
G is a finite multiset of sequents of relations, denoted
as 1 <1 Ay |-+ | Ty, <, A, where each sequent of
relation I'; <i; A; belonging to G is called a component
of the hypersequent. We refer to hypersequents contai-
ning only formulas in the language of Lukasiewicz logic
as L-hypersequents, and to hypersequents containing
formulas in the language of Pry, as Pry,-hypersequents.
Henceforth, we denote by [y]™ the multiset composed
of n occurrences of ~.

Let us define the semantics of L-hypersequents and
the corresponding consequence relation. First, we ex-
tend an evaluation e to multisets of formulas by let-
ting e(T') = >-_cr(e(p) — 1) and e() = 0, then we
say that e satisfies an L-hypersquent G if there is a
component I' < A of G such that e¢(I') < e(A). By
G1,...,G, Fur, G we mean that any evaluation e,
satisfying G1,..., Gy, satisfies G as well. Note that
Fur 0 < ¢ iff &=, ¢ (indeed, e(0) < e(p) — 1, iff
0<e(p)—1,iff 1 <e(p), that is = ¢).
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G|F17F2 SALAQ
G|IT1 <A1|T2 < Ay

(split<)

G|F1<1A1 G|F2<]A2
G|F1,F2 <]A1,A2

(miz)

GI'aA

=2
GIT,Il< A (1wl)

GID,6<av,Aly<ds GIT<A|§<y
Gy —=d<A

(=1

77y (id)

(L)

1Ly

G|H|H

GIH (ec)

G|, T2 < Ay Ay
G|F1§A1‘F2<A2

(splity.)

GIT<A
GITL<a ()
GIT<A G|T,y<§,Aly<6
Gl <vy—4,A

=)

Table 1: Hypersequent calculus of relations HL for L

For Prg-hypersequents we proceed analogously: Given
a Kripke model M and a multiset ' of formulas of
Pry,, welet [|T|m = > cr(l[vllm —1) and say that M
satisfies a Pry-hypersequent G if ||T||m < ||A]|nm for
some component I' << A of G; the consequence relation
G1,...,G, Enpr, G is then defined as expected. As
in the case of =ng, we have Egpy, 0 < ¢ iff Epyy 0,
i.e., HPry, naturally contains the logic Pry,.

The hypersequent calculus of relations HE is displayed
in Table 1. Recall that a derivation of a hypersequent
G from hypersequents Gy, ...,G, in such calculus is
just a labeled tree, where the root is GG, each node is
labelled by the application of a rule of HE and the
leaves are either axioms or one of Gi,...,G,. By
G1,...,G, Fgp, G we mean that there exists a de-
rivation of G from Gy,...,G, in HL.

Now we are ready to define the translation. It can be
seen as a hypersequent variant of the translation of
Pry, into L., which is at the core of various proofs of
completeness of Pry, (the original idea is due to Hdjek
[8] and is further developed in subsequent works; see
e.g. [3,7]). First, for any classical formula ¢ we define:

o] ={¢: FceL ¥ < ¢}

Now, for any atomic modal formula P(p), we let
P(p)* = piy), where py, is a fresh propositional vari-
able in the language of ¥., and for complex modal for-
mulas, we let (y1 =5 72)* =71 =1 75 and L] = L1g.
We also extend the translation to multisets of formu-
las in an expected way, i.e. [y1,..., 7] = [¥],---, 7]
For a hypersequent G =T <11 Ay | -+ | Ty < Ay
we then define G* =T7 <1 A} |-+ | T}, <, Af.

Finally, we need to include a translation of the axioms
and the rule of Prg, into a hypersequent of HE.. In order
to keep the translation finite we need to make it rela-
tive to a given finite set V' of propositional variables.
Let us define the hypersequent AX7, as the smallest
multiset containing all the hypersequents from the fol-
lowing four sets (by V,, we denote the set of variables
occurring in ¢):

RV = {p[sﬂ] <(Z) : Vga g V7 l_CL SO}

Ay = {pp)s L <Pl Ploou) ¢ Ve Vo SV
AL = {pg)s o) < LI L <ppgpsppe) 2 Ve SV
Ay = {Piovy]s Plony) < Ple)s Py |

Plovas]s Plomy] < Plels Pyl = Vi Vo SV}

Note that the hypersequents above are meant to ex-
press the negation of properties of probability. The
reason for this will be clear in the following lemma.

Lemma 1. For any Pry,-hypersequent G in variables
from a set V, we have: Eppy, G iff Fur G*| AXY,
iff Fur G* | AXY,.

Proof. We prove the first equivalence only; the second
one follows from the axiomatization of HL, see e.g. [16].
We prove the right-to-left direction counterpositively.
Assume that pp,, G, i.e., there is a Kripke model
M such that, for each I' < A € G, we have ||[T'||m 4
[|Allm. Let now é be an evaluation of Lukasiewicz
logic such that é(pj,)) = [|[P(p)|Im for each ¢ (it is
well defined because if p,) = pjy), then Fcr ¢ < ¥
and so ||P(¢)|lm = ||P(¥)|Im). Tt is straightforward
to check that é does not satisfy any of the components
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of G*| AXY,, ie., 1 G*| AX} (note that here we
have crucially used the fact that components of AX7,
are defined in a ‘negative’ fashion).

For the left-to-right direction, assume that ¢ is a coun-
termodel of G*| AX7,, i.e. é(I'*) 4 é(A*) for each
component I < A* € G* and é is a countermo-
del of AX},. The latter means that, for each ¢,
with Vi, Vi, € Vi (1) é(pry)) > ([m)+€@wﬁm)
(2) é(pl-g)) = 1 = e(pry))s 3) ePpvy)) + EPpny]) =
e(pl)) + é(pry)) and (4) pry = 1.

Let W be the set of classical evaluations and consider
the subset of the powerset of W defined as:

By = {{w : w(p) =1} : ¢ a formula and V,, C V'}.

Clearly, By is the domain of a Boolean subalgebra
By of the powerset algebra of W. Then, we de-
fine the function p': By — [0,1] as p/({w : w(p) =
1}) =é( <p]) Due to the properties (1)—(4) above, we
know that p is a finitely additive probability measure
on By and so, by Horn-Tarski theorem [13] (see as
well [14, Theorem 6]), we know that there is a finitely
additive probability measure p on the powerset alge-
bra of W such that p(X) = p/(X) for each X € By.
Then, M = (W, (w)yew, i) is a Kripke model (the
measurability condition is trivial as all subsets of W
are p-measurable) and we only need to check that M
is a countermodel for G. This is a routine check, since
[[P(v)|lm = é(py,)) and hence ||T'||p = é(I') for each
multiset I' of modal formulas occurring in G. O

5 Translation of Pry, into HPry,

In this section, we show a faithful translation of the lo-
gic Pry;p, into HPry, (and consequently also into Pry, . )
without using the fact that the proof system presented
in Subsection 2.4 is an axiomatization of Pry,,. We
only assume the soundness of this axiomatic system
w.r.t. the semantics of Pry;,, i.e., if there is a proof of
¢ from premises T', then T =p,,, ¢, which is easy to
check. We actually obtain the converse direction (i.e.,
the fact that it indeed is an axiomatization of Pr;,)
as a corollary of our translation.

We use the fact that any modal formula of Pry;, is
equivalent to a conjunction of clauses (i.e., disjuncti-
ons of literals, in our case basic inequality formulas
and their negations) and define the translation (-) of
clauses of Pry;, into Prg-hypersequents.

Let us start by basic inequality formulas. Note that
an inequality ¢ > ¢ for ¢t = ", a; P(p;) can be equi-
valently replaced (modulo a suitable permutation) by

Zaz (p) < > aiP(g

1=m-+1

where all the a;s are positive. Thus we can define:

Lize = [P(p1)]™, ..., [P(om)]*"
At>c = [P<me+l)]am+l BN} [P(SDTL)]GH

ZGZ Z a; +c

1=1 1=m-+1

3

s(t>c)=

Tise < Apse, [L]7029)

Dise, [L]7°0#29) < As.  otherwise.

its(t>c)>0

UZ@Hz{

Analogously, we rewrite the inequality
ZaiP(goi) < Z a; P(p;) + ¢
i=1

1=m-+1
so that all a;s are positive; we define 't and A,
as before, and let

—(t > ¢) as

(=(t > )" = if s(t<e) >0

Tice < Ajce, [L]30E<9)
| P [J_]_S(KC) < A¢<. otherwise.

-V, in LPTn | we
H
|-

Finally, given any clause 6 = '71 V-
let 67 be the hypersequent 7 | -

Lemma 2. Let 6§ be a clause in LF™in such that
':Pr“n 6. Then ':HPrL 1)

Proof. We show that any model M of 4 is a model of
0", Let § = 71 V --- V 7, with ; literals, be of the
form Y730, i P(pir) > i or ~(340L, aii Ppir) > ¢i)
and let vy, = p(pM). Recall the definition of the trans-
lation (-)f: for each literal ~;, the sequent v/ is either
of the form

F%‘ < A"/i’ [J-]S(%) or F'Yi’
where Iy, = [P(pia)]*, ..., [P(@im,;)]%™ and A,, =

[P(im )]0, [P(@in, )]0

Assume that v; := >3, aix P(ir) > ¢; and hence v
is of the first form above, with < in place of <. We
have that M is a model of (7;)# if and only if

[J_]_S(’Yi) < A’\/i )

+ Qim; (N(‘PmJ -1<
1)+ + ain, (ﬂ(@%) o

ain (o) = 1) + -

@im, 1 (1(Pomy ) — 1) = s(m)

which in turn holds iff

> ainl(eim,) Zam < Z ainp(oi) = Y @i
k=1 k=m;+1 k=m;+1
Z Qi — Z aix + ¢
k=m;+1
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It is now easl\}//I to check that the latter holds iff
Sorigai(pin) > ¢, e |lyllm = 1. Other cases
are similar.

By classical reasoning, since M is a model of ~; if and
only if it is a model of 71, the same will hold for
Y1 VoV, and 4| ... |4H. This concludes the
proof. O

Lemma 3. Let § be a clause in LP™n such that
|:HPrL §H. Then "Pr“n d.

Proof. Let V' be the set of variables in §. Hence, due
to Lemma 1, Fgp (67)*| AX],. Note that, by the
definition of the translations (-)f and (-)*, and of the
set AX7{,, the hypersequent (§7)* | AX{, only contains
propositional variables.

Hence we can find, for both (§7)* and AX7,, an anti-
image of the (composition of the) translations (-) and
(-)*. For (6)* this is obviously the formula d, while
for AX73,, we let a be the clause in Prj;, such that
(o) = AX7T,.

We now prove that, for each hypersequent occurring
in a derivation of (6%)*| AX}, in HE, the anti-image
of the (composition of the) translations (-)* and (-)#
is derivable in Pry;,,. When applied to the root of the
derivation, this shows Fp,,, d V a. We proceed by
induction on the length of the derivation.

The case of axioms is easy. For the rules (ew), (ec),
derivations in classical logic suffice. Let us consider
the case where the last applied rule is (split<), with
premise G |T'1,I's < Aj,As and conclusion G [T} <
Ap|Ty < Ay Let v and €12 be formulas such that
(Y1) = G and (efly)* = T'1,Ty < Ay, Ay. By in-
duction hypothesis, Fpy,,, vV e1,2.

Without loss of generality, let 1 := (31, a; P(p;) >
c1) be such that (eff)* = '} < Ay, and ey :=
(3272, 114 P(pj) > ca) such that (e5')* =Ty < A,.
We have then &1 := (312, a;P(pi) > ¢1 + ¢2) . We
want to prove that Fp,,,, vV er Ves. First, we need
to show that

ni n2
'_Przm ZaiP(goi) >c1 A Z ajP(goj) > Ccy —
i=1 j=ni1+1
no
— Zalp(gal) > c1 + Co.
i=1

This follows by suitable applications of (LQ6), (LQT),
(LQ4). The derivation of Fp,,, vV ey Ve is then
obtained by classical reasoning.

For the other structural rules we proceed similarly.
Note that we do not need to check the case of logi-
cal rules, since they cannot occur in a derivation of
(6H)*| AX3,. Indeed, the latter hypersequent only

contains propositional variables, and all the rules in
HY. are analytic, i.e. their premises can only contain
subformulas of the conclusion.

Thus, we have proved Fpy,;, §V a. If we show that
Fpr,,,, 0, the proof is finished. Let us recall the struc-
ture of a. Some of its disjuncts correspond to sequents
in Ry, hence they are formulas of the kind P(p) < 1,
where ¢ is a classical tautology. Their negation, i.e.
P(p) > 1, can be proved in Pry;,, since ¢ <> T, by
(QU2) P(T) = 1 and by (QUGEN) P(p) = P(T).
The remaining disjuncts come from the hypersequents
in (A},)—(A3,), hence they are formulas of the kind:

a1 1= P(Y) < P(p) + P(p — )

az 1= (1< P(p) + P(=p)) V (P(p) + P(—yp) < 1)

az = (P(p) + P(¥) < P(p Vo) + P(p A))V
V(P(pV )+ Plp Ap) < P(p) + P(y))

The negation of each one of such formulas corresponds
to a basic fact about probability, which is derivable in
Prj;,: in particular showing —aq amounts to showing
a derivation of the formula P (1) > P(p)+ P(—p V1)),
showing —ay amounts to P(—p) + P(p) = 1 and —ag
to P(p V1) + P(p AY) = P(p) + P(¥).

Let us sketch the proof of the last formula as an ex-
ample. By the axiom (QU3), we have P((p V) Ap)+
P((p V) A=) = P(p V1), which is equivalent to
P(p) + P(—p A¢p) = P(p V). On the other hand,
again by (QU3), we have P(¢)) = P(YA—p)+P(pA).
The derivation of -3 then follows from the last two
formulas we derived and a simple manipulation of
equalities. O

Using the last two lemmata we can formulate the fol-
lowing faithful translation of Pry;, into HPr;, and the
promised alternative proof of axiomatization of Pry;,.

Theorem 3. Let T'U {0} be a finite set of formulas
of LP™in and §1 \--- A, a conjunctive normal form
of (/\'yel“ v) = 0. Then, T Fpy,, 0 iff T Epy,, 0 iff
Enpy, 07 for each i.

Proof. The first implication is just soundness. The se-
cond one follows from Lemma 2 (as I' |=py,,,, ¢ clearly
implies Epy,,, 0; for each 7). The final one follows
from Lemma 3 and the fact that Fp,,, J; for each i,
we obtain I' Fp,,, 0 using a classical reasoning. O

Finally, we can use our last result to provide the pro-
mised alternative translation from Pr;, into Pry, ..
The key is to interpret any Prp-hypersequent G
(using again essentially McNaughton theorem, adap-
ting from [16]) as a formula I(G) of Pry,,. such that
Eupr, G if and only if ):prLA I(G). The rest of the

proof is a simple application of the previous theorem.
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Theorem 4. Let T'U {6} be a finite set of formulas
of LP™n and §; A--- A6y, a conjunctive normal form
of (Ayerv) — 6. Then, ' =py,, 6 if and only if
Fpr, L(07) A AI(67).

6 Conclusion

We have presented several faithful translations bet-
ween logics of uncertainty. Namely, we have transla-
ted Pry, into HPry, and (in two different ways) into
Pr1. ., and we have translated Pry, into Prpy,, .

The translations we have presented showcase the po-
wer of the many-valued semantics. The logic Pry;,
has indeed a complex syntax (with many constants for
numbers) to express inequalities involving probabili-
ties of events, and needs explicit axioms to manipu-
late such linear inequalities, while Pry,, can instead
directly express such inequalities thanks to its seman-
tics. Note that our second syntactic translation provi-
des, as an interesting corollary, an alternative proof of
completeness for the logic Pry;,. Moreover, our trans-
lation of Pry,; has given it an indirect axiomatization.

We believe that translations of other logics of uncer-
tainty are likely to bring similar benefits. Let us in-
dicate some concrete directions for further research.
First, we will study in our framework the systems in-
troduced in [4,12], which allow for modal formulas
like P>,¢ standing for “the probability of ¢ is at le-
ast 7 where 7 is a constant for a rational number
and binary modalities expressing that a formula pro-
vides probabilistic confirmation or disconfirmation for
another. Another important research direction is to
provide analytic calculi for logics of uncertainty in the
literature, where so far little is known (see e.g. [15]).
Indeed, we plan to suitably extend the hypersequent
calculus HY discussed here, to obtain an analytic sy-
stem for the logic Pry,, and investigate whether such
framework can be extended and applied to other logics
of uncertainty.
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