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Abstract. Reasoning with uncertainty has gained an important role
in computer science, artificial intelligence and cognitive science. These
applications urge for development of formal models which capture rea-
soning of probabilistic features. We propose a formal model for reasoning
about probabilities of simply typed lambda terms. We present its syntax,
Kripke-style semantics and axiomatic system. The main results are the
corresponding soundness and strong completeness, which rely on two key
facts: the completeness of simple type assignment and the existence of
the maximal consistent extension of a consistent set.

1 Introduction

In the last three decades several formal tools have been developed for reasoning
about uncertain knowledge. One of these approaches concerns formalization in
terms of probabilistic logics. Although the idea of probabilistic logic can be traced
back to Leibnitz, Lambert and Boole, the modern development was started by
Nils Nilsson, who tried to provide a logical framework for uncertain reasoning
[22]. After Nilsson, a number of researchers proposed formal systems for prob-
abilistic reasoning, for example [9], [10]. The general lack of compactness for
probabilistic logics causes that one of the main proof-theoretical problems in
this framework is to provide a strongly complete axiomatic system. Several in-
finitary logics have been introduce to deal with that issue, a detailed overview
can be found in [25], [16], and [24]. Note that the term infinitary concerns the
meta language only, i.e. the object language is countable, and formulas are finite,
while only proofs are allowed to be infinite. It turns out that this approach can be
combined, for example, with temporal [7], [23] and intuitionistic reasoning [20].
So, building on our previous experience (e.g. see [17], [24], [26]), we describe a
class of so called measurable models for probabilistic extension of simple type
assignment and give a sound and strongly complete (every consistent set of for-
mulas is satisfiable) infinitary axiomatization.



The A-calculus, proposed by Church in the early 1930s, is a simple formal sys-
tem capable of expressing all effectively computable functions, and equivalent
to Turing machines. Typed A-calculus is a restricted system, where application
is controlled by objects (types) assigned to A-terms. Already Church introduced
the system with simple (functional) types that turned out to represent the com-
putational interpretation of intuitionistic natural deduction as stated by the
well-known Curry-Howard correspondence. A variety of type systems (such as
intersection types, dependent types, polymorphic types, etc...) were proposed
in the last decades, finding application in programming languages for certified
compilers, automated theorem provers and proof assistants, software verification,
computational linguistics, among others. For more details we refer the reader to
[3], [4], [11]. Soundness and completeness of the simple type assignment has been
proved with respect to semantics developed in [13] and [14].

Reasoning with uncertainty has gained an important role in computer sci-
ence, artificial intelligence and cognitive science. These applications urge for
development of formal models which capture reasoning of probabilistic features
[12]. This is our motivation for developing a new formal model for reasoning
about simply typed lambda terms.

Contributions and main results. We introduce in this paper a formal model
PA_, for reasoning about probabilities of simply typed lambda terms which is a
combination of lambda calculus and probabilistic logic. We propose its syntax,
Kripke-style semantics and an infinitary axiomatization.

We first endow the language of typed lambda calculus with a probabilistic
operator P>, and obtain formulas of the form

P-sM:o

to express that the probability that the lambda term M is of type o is equal
to or greater than s. More generally, formulas are of the form P> o, where « is
typed lambda statement M : o or its Boolean combination. We then propose a
semantics of PA_, based on a set of possible worlds, where each possible world
is a lambda model. The set of possible worlds is equipped with a probability
measure u. The set [a] is the set of possible worlds that satisfy the formula «.
Then the probability of « is obtained as u([e]). Finally, we give an infinitary
axiomatization of PA_, and prove the deduction theorem.

The main results are the soundness and strong completeness of PA_, with
respect to the proposed model, where strong completeness means that every
consistent set of formulas is satisfiable. The construction of the canonical model
is crucial for the proof and relays on two key facts. The first one is that the
simple type assignment is complete with respect to the simple semantics and
the second one is the property that every consistent set can be extended to the
maximal consistent set.

Related work In the last decade, several probabilistic extensions of the A-calculus
have been introduced and investigated. They are concerned with introducing
non-determinism and probabilities into the syntax and operational semantics



of the A-calculus in order to formalize computation in the presence of uncer-
tainty rather than with providing a framework that would enable probabilistic
reasoning about typed terms and type assignments.

Audebaud and Paulin-Mohring in [2] gave the axiomatic rules for the estima-
tion of the probability that programs satisfy some given properties. Furthermore,
Dal Lago and Zorzi in [19] considered a non deterministic extension of lambda
calculus, defined small-step and big-step semantics, and proved that calculus
is sound and complete with respect to computable probability distributions,
whereas Bizjak and Birkedal in [5] constructed a step-indexed logical relations
for a probabilistic extension of a certain higher-order programming language
and showed that the relation is sound and complete with respect to the contex-
tual preorder. Ehrhard et al. in [8] study the probabilistic coherent spaces as a
denotational semantics and show soundness of a probabilistic extension of the
untyped A-calculus, which is a quantitative refinement to the soundness of the
untyped A-calculus with respect to the Scott’s model in a probabilistic setting.

A slightly similar approach to ours, that provides a framework for probabilis-
tic reasoning about typed terms, was treated by Cooper et al. in [6], where the
authors proposed a probabilistic type theory in order to formalize computation
with statements of the form “a given type is assigned to a given situation with
probability p”. However, the developed theory was used for analyzing semantic
learning of natural languages in the domain of computational linguistics, and no
soundness or completeness issues were discussed.

We provide a formal model for probabilistic reasoning about typed lambda
terms. Our formal model is developed along the lines of the method that was
used in [18] and [17] to obtain a formal model for probabilistic justification logic.
However, the logic of uncertain justification already existed ([21]), so the authors
have compared in [17] their logic with Milnikel’s logic proposed in [21], whereas,
to the best of our knowledge, the formal model that we propose is the first one.

Outline of the paper. Section 2 revisits basic notions of lambda calculus, simple
type assignment and simple semantics. In Section 3 we present the syntax and
Kripke-style semantics of our probabilistic formal model for reasoning about
simply typed lambda terms. The axiomatic system, together with the soundness
theorem, is given in Section 4. The completeness of the proposed probabilistic
formal model is proved in Section 5.

2 Simple type assignment A_,

In this section, we recall some basic notions of lambda calculus ([3]), simple
types ([14], [4]), lambda models ([3], [14], [15]) and revisit the soundness and
completeness result for the simple type assignment proved in [13].

2.1 Lambda terms and types

We recall now some basic notions of the simply typed lambda calculus.



Let Vo = {x,y,2,...,21,...} be a countable set of A-term variables. Terms
(A-terms) are generated by the following grammar:

M=z | x.M|MM.

The set of all terms is denoted by A and is ranged over by M, N, ..., My,.... The
operator Az is a binder and the set of free variables of a term M is defined as
usual. The a-conversion, the renaming of bound variables, enables to implement
Barendregt’s convention that bound variables are distinct from free variables.

The B-reduction is a rewriting rule (Az.M)N —g M[N/z]. The definition
and main properties of S-reduction (and Sn-reduction) can be found in [3], [14].
The lambda term M is S-equal to the lambda term N (notion M =g N) if and
only if there is a sequence M = Ny, Ny,...,N, = N, where N; =3 N; 41 or
Niy1 —p N, for all i € {0,1,...,n}.

Let Viype = {a,b,c,...} be a denumerable set of propositional variables.
Types (simple types) are generated by the following grammar:

cu=alo—o.

The set of all types is denoted by Type and is ranged over by o, 7,...,01,....

A lambda statement is an expression of the form M : o, where M € A and
o € Type. Moreover, x : o is a basic statement. A basis (context) is a set of basic
statements with distinct term variables (can be infinite).

Definition 1. The simple type assignment, N_,, is defined as follows:

M:0—T N:o
MN : 1

(—E)

[x: o]

M:T
—_— (=
XxM:0—=T (=1)
M:o M= N

N:o
If M : o is derivable by the given rules from a basis I, it is denoted by
' M : 0. In the sequel we work with this simple type assignment a la Curry.

There is an equivalent simple type assignment ¢ la Church, which is out of our
scope.

(eq)

2.2 Lambda models

We assume that the reader is familiar with the notion of the lambda model and
the interpretation of terms in it. Basic notions and definitions can be found in
(3], [13], [14], [15].

Term model M = (D, -, []) is defined as follows:



Definition 2. (i) Domain of a term model is a set of all convertibility-classes of
terms. For M € N, the convertibility-class represented by M will be denoted
by [M], i.e., [M]={N: N =3 M}.
(1t) If p : Va — D is the valuation of term variables in D, then [M], € D is the
interpretation of M € N\ in M wvia p.
(iii) Map - is defined by
[M] - [N] = [MN],

and [ ], is defined by
[M], = [M[Ny,...,Np/x1, ..., 24]],

where x1,...,x, are the free variables of M, and p(x;) = [N;] and [--- /-]
s stmultaneous substitution.
(i) Let & : Vrype — P(D) be a valuation of type variables. The interpretation of
o € Type in M via &, denoted by [o]¢ € P(D), is defined:
- ol = €(a);
-lo—=7le={de D|Vee o], d-ee€[r]e}.
(v) - M,p,&=M:oiff [M], € [o]e;
-MpEET if M, p€lEx: 0 foralle:o€l];
-IT'EM:oiff (M, p, =ET) M, p, =M :o.

The soundness and completeness of type assignment is proved in [13] with
this notion of lambda model. The above semantics is called simple semantics.
The following results are the key for proving strong completeness for the logic
we propose in this paper.

Theorem 1 (Soundness). I'-M:0 = I'=M :o0.

Theorem 2 (Completeness). I'=M:0=1+ M :o0.

3 Probabilistic logical system for simply typed lambda
terms PA_,

The probabilistic logical system for typed lambda terms, PA_,, is a probabilistic
logic over the simple type assignment A_,. In this section, we introduce the
syntax and semantics of PA_,.

3.1 Syntax of PA_,

Let S be the set of rational numbers from [0, 1], i.e., S = [0, 1] N Q. The alphabet
of the logic PA_, consists of

— all symbols needed to define simply typed lambda terms, given in 2.1,
— the classical propositional connectives — and A,
— the list of probability operators P>, for every s € S.

Other propositional connectives =, V, < are defined as usual.



Basic formulas. All lambda statements of the form M : o, where M € Aand o €
Type, or statements of the same form connected with Boolean connectives, will
be called basic formulas. Basic formulas are generated by the following grammar:

Forg ax=M:o0|ahal|a.

The set of all basic formulas is denoted by Forg and will be ranged over by
a, B, ..., possibly indexed.

Probabilistic formulas. If o € Forg and s € S, then a basic probabilistic formula
is any formula of the form P> a. The set of all probabilistic formulas, denoted
by Forp, is the smallest set containing all basic probabilistic formulas which is
closed under Boolean connectives.

Probabilistic formulas are generated by the following grammar:

Forp ¢ = Pssa|d Ao | ¢

The set Forp will be ranged over by ¢, 1, ..., possibly with subscripts.

Formulas of PA_,. The language of PA_, consists of both basic formulas and
probabilistic formulas
FOI’P/\% = Forg U Forp.

The set of formulas Forpa_, will be ranged over by A, Ay, s, .. ..
We use the following abbreviations to introduce other inequalities:

P.;a stands for —P>;a,

P< o stands for P>q_s—a,

Ps ;o stands for —P<;a,

P_,a stands for P>,a A —~Psa.

We also denote both a A =« and ¢ A —¢ by L (and dually for T).
Note that neither mixing of basic formulas and probabilistic formulas, nor
nested probability operators is allowed.
For example, the following two expressions are not (well defined) formulas of
the logic PA_,:
Oz/\PZ%ﬁ, PE%PZ%Q'

The former is not well defined since it is a Boolean combination of a basic formula
and probabilistic formula, whereas the latter is not well defined PA_, formula
because it contains nested probability operators.

3.2 Semantics of PA_,

The semantics for PA_, is a Kripke-style semantics based on the possible-world
approach.

Definition 3 (PA_ -structure). A PA_, -structure is a tuple
M= <VV5 Ps 57 H7 /”'); where:



(i) W is a nonempty set of worlds, where each world is one lambda model, i.e.,
for every w € W, w = (L(W), w, [ Jw);
(i) p:Vp x {w} — L(w), w e W;
(11t) & : Vrype X {w} — P(L(w)), w € W;
(iv) H is an algebra of subsets of W, i.e. H C P(W) such that
-WeH,
-ifU,VeH, then W\U€e€H andUUV € H;
(v) p is a finitely additive probability measure defined on H, i.e.,
- M(W) = 17
-ifUNV =0, then p(UUV) =pu(U) + w(V),
for allU,V € H.

The elements of H are called measurable worlds. We will write p,, (), instead
of p(z,w) and similarly for &.
We say that a lambda statement M : o holds in a world w, notation w = M : o,
if and only if
M) € [o]e.

where [M]} is the interpretation of a term M in a world w via p, and [o]y is
the interpretation of a type o in a world w via €. Also we define that
wEM:oANN:7iffwEM:candwE N:T,

wgE-(M:0)iff wp M :o.

For a given a € Forg and PA_,-structure M, let
lla = {w e W | w k= a}.
We will omit the subscript M when there is no ambiguity from the context.

Definition 4 (Measurable structure). A structure M is measurable if [a]p €
H for every o € Forg. The class of all measurable structures of the logic PN_,
will be denoted by PAMeas.

Definition 5 (Satisfiability relation). The satisfiability relation =C PAMeas x
Forpa_, is defined in the following way:

-MEM:oiffuEM:o, foralweW;
CME Pova iffp(lo)) > 5

- M = 20 iff it is not the case that M = 2;
- /\/llell/\ng ZﬁM ':2[1 and./\/l }:%2

Definition 6 (Formula satisfiability). Let 2 € Forpp_, be a formula and
F C Forpa_,

- A is satisfiable if there is an PAM_model M such that M |= 2;

- A is valid if for every PAMe_model M, M |= 2;

- A set of formulas F is satisfiable if there is a PAM®s-model M such that
M E A for every A € F.



‘We now give a couple of simple examples in order to clarify the above notions.

Ezample 1. Consider the following model with three worlds, i.e.,let M = (W, p, &, H, 1),
where:

- W= {w17w27w3}7
- H=PW),
— p({w;}) =3%,7=1,2,3,

and p and £ are defined such that

w E(r:o—=71)A(y:0),

wylE (ko —=7)A(y:o1),

w3 = (x:09 = 7) A (y: 02) (Figure 1).

It is obvious that M |= P_i(z:0 = 7), M |z P_1(y : 0) and M |= P—y(ay : 7).
Note that this example shows that in the case of an application of two terms,
the probability of an application can not be smaller than the probability of the
conjunction of its components, but can be any number greater than or equal to
it (and less or equal to 1).

W. W.

1 2
X:6—T w, X:01—T
y:© . y:0i

X.0—™T
y:o:
Fig. 1.

The previous example showed that an application always has a probability
bigger than or equal to the conjuction of its components. On the other hand,
each conjuct can have a probability greater than the application as we will show
in the following example.

Ezample 2. Let M = (W, p, &, H, i), where:

- W= {wlaw27w3}7
- H=PW),
— p({w;}) =3%,7=1,2,3,

and p and £ are defined such that
wE(r:o—=71)A(y:0),



we E(x:0—=7)A(y:01),

wy = (x:o9 = 7)A(y:0).

Now, it is clear that M | P:%(:vy : 7), while M = P:%(x 0 — 1) and
MEP_2(y:0).

The next example shows that we must provide an infinitary axiomatization
in order to obtain strong completeness for our formal model.

Ezxample 3. Consider the set
F={-P_ga}U{P_1a|n is a positive integer}.

Every finite subset of F is clearly PAM2s_satisfiable, but the set F itself is not,
since there is no real number greater than 0 and smaller than all positive rationals
due to the Archimedean property of real numbers 4. Therefore, the compactness
theorem which states that “if every finite subset of F' is satisfiable, then F' is
satisfiable” does not hold for PA_,.

4 The axiomatization Axpp_,

We introduce an axiomatic system for the logic PA_, which will be denoted by
Axpp_, . Inference rules will be divided in two groups, such that inference rules
from the first group can be applied only on lambda statements.

Axiom schemes

(1) all instances of the classical propositional tautologies, (atoms are any PA_,-
formulas),

(2) PZQOé,

(3) P<;a = Pcsa, s>,

(4) Pcsa = P<sa,

(5) (P>ra A P>y APsi(maV =) = Psmin{i,r4s (@ V B),

(6) (PSTa A P<86) = P<T+S(a \ B)a r+s<1,

(7) PZl(Oé = ﬂ) = (PZSQ = PZSB)'

Inference Rules I

(1) MIO']T;Z’T\_]:TNO'(_)E)
[z : 0]
(2~ — (=)

XM :o—T1

4 For any real number e > 0 there exists an n € N such that % < €.
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Inference Rules I1

(1) From 2A; and 21 = 2y infer Ay,
(2) from « infer P> a,
(3) from the set of premises

1
(6= Pouyalh> )

infer ¢ = P>;a.

Axiom 2 announces that every formula is satisfied in a set of worlds whose
measure is at least 0, and we can easily infer (using —a instead of «) that
the upper bound is 1, i.e., P<jo. Axioms 3 and 4 provide the monotonicity of
a measure, Axioms 5 and 6 correspond to the finite additivity of a measure,
whereas Axiom 7 ensures that equivalent formulas have equal measures.

Inference Rules I are the rules that correspond to correct inference of typed
lambda terms.

Inference Rules II:

- Rule II.1 is modus ponens (MP);

- Rule I1.2 is the probability necessitation;

- Rule I1.3 is the only infinitary rule of inference, and states that if probability
is arbitrary close to s then it is at least s.

Definition 7 (Inference relation).
Let T be a set of formulas and A a formula.

1. T 2 means that there exists a sequence g, ..., Axs1 (A is finite or count-
able ordinal) of formulas, such that Ax;1 = 2A and for all i < XN+ 1, A; is
an axiom-instance, or A; € T, or A; can be derived by some inference rule
applied on some previous members of the sequence.

2. Instead of O = 2A we write = A. Any formula A such that = A will be called a
theorem.

3. T is consistent if

- there is at least a formula o € Forg and a formula ¢ € Forp that are not
deducible from T and
- let {x;,| i € I} be the set of all free variables of lambda terms that appear
as a (sub)formulas in T. Then all basic statements of the form x; : ;
(for appropriate types ;) are also in T.
Otherwise, T is inconsistent.
4. T is a mazximally consistent set if it is consistent and:
(1) for every o € Forg, if T+ o, then a € T and P>1a € T,
(2) for every ¢ € Forp, either ¢ € T or ¢ € T.
5. T is deductively closed if for every A € Forpp_,, if T H A, then A €T.



11

Note that it is not required that for every « € Forg, either o or —a belongs
to a maximal consistent set (as it is done for formulas from Forp). It can be
proved that, otherwise, in our canonical model, for each o we would have P_;«
or P_ga, so the probability operator would not make sense.

Theorem 3 (Deduction theorem). Let T be a set of formulas and ¢, €
Forp. If TU{¢} -4 then T+ ¢ = 4.

Theorem 4 (Soundness). The aziomatic system Axpp_, is sound with respect
to the class of PAM¥s_models.

5 Completeness

In order to prove the completeness theorem we start with some auxiliary state-
ments. After that, we show how to extend a consistent set of formulas T to a
maximal consistent set of formulas 7. Finally, we construct the canonical model
using the set T* such that My« =2 iff A € T™.

Lemma 1. Let T be a consistent set of formulas.

(1) For any formula ¢ € Forp, either T U {¢} is consistent or T U {—¢} is
consistent.

(2) If =(¢ = P>sa) € T, then there is some n > % such that T U {¢p =
—\P>57%a} is consistent.

Lemma 2. Let T be a maximal consistent set of formulas.

(1) ¥ € Forp, if T 1, thenp € T.
(2) For any formula o, if t = sup{s | Pssa € T}, andt € S, then P>;a € T

Theorem 5. Every consistent set can be extended to a maximal consistent set.

Proof. Consider a consistent set T'. By Cng(7") we will denote the consistent
set of all basic formulas that are consequences of T'. Let ¢q, ¢1,... be an enumer-
ation of all formulas from Forp. We define a sequence of sets T;, i = 0,1,2, ...
as follows:

(1) Ty =T UCng(T)U{P>1a | a € Cng(T)},
(2) for every i >0,
(a) if T; U{¢;} is consistent, then T; 1 = T; U {¢;}, otherwise
(b) if ¢; is of the form ¢ = Ps,f, then
Tiv1 = T; U{~¢;,¢p = =P~ ,_1[}, for some positive integer n, so that
T;,1 is consistent, otherwise, "
(¢) Tiv1 =T; U{~di},
(3) T* =2, Ts.
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The set Tj is obviously consistent. Note that the existence of the natural number
(n) from the step 2(b) of the construction is provided by Lemma 1.(2), and each
T; is consistent.

It still remains to show that T* is the maximal consistent set. The steps (1)
and (2) of the above construction ensure that T* is maximal.

T* obviously does not contain all formulas. If a@ € Forg, by the construction
of Ty, @ and —« can not be both in T. For a formula ¢ € Forp, the set T™ does
not contain both ¢ = ¢; and —¢ = ¢;, because the set Tax(s,j)+1 1S consistent.

Let us prove that T* is deductively closed. If a formula « € Forg and T' F «,
then by the construction of Ty, a € T* and P>1a € T™. Let ¢ € Forp. It can
be easily proved (induction on the length of the inference) that if T* ¢, then
¢ € T*. Note the fact that if ¢ = ¢; and T} - ¢ it has to be ¢ € T™* because
Timax{i,j}+1 is consistent. Suppose that the sequence ¢1, ¢2, ..., ¢ is the proof of
¢ from T*. If the mentioned sequence is finite, there must be some set T; such
that T; F ¢, and ¢ € T*. Therefore, suppose that the sequence is countably
infinite. We can show that, for every 1, if ¢; is obtained by an application of an
arbitrary inference rule, and all the premises belong to 7™, then, also ¢; € T™.
If the inference rule is a finitary one, then there must be a set T; which contains
all the premises and T} - ¢;. So, we conclude that ¢; € T*. Now, consider the
infinitary Rule I1.3. Let ¢; = ¢ = P>;a be obtained from the set of premises
{¢F =1 = P>, | sp € S}. By the induction hypothesis, we have that ¢ € T*,
for every k. If ¢; ¢ T, by step (2)(b) of the construction, there are some ! and j
so that =(¢ = P>a), ¥ = Py, 1a €T Thus, we have that for some j' > j:

- Y ANPssa €Ty,

- 11)67}/7

- ﬁPZsi%OéETj/,

- PZS_%a € T Ind. Hyp.

Contradiction with the consistency of a set T}.
Thus, T™ is a deductively closed set which does not contain all formulas, so
it is consistent. O

Definition 8. If T* is the mazimally consistent set of formulas, then a tuple
Mo = (W, p, &, H, 1) is defined:

-W ={w = (L), w, [ Juw) | wE Cnp(T)} contains all term models that
satisfy the set Cnp(T),

= pu(@) = 2],

= &wla) ={[M] € L(w) |w |= M : a},

- H={[a] | @ € Forg}, where [o] ={w e W | w = a},

- p([a]) = sup{s | P>yor € T*}.

Lemma 3. (1) H is an algebra of subsets of W,
(2) If [a] = [B], then p([a]) = u([B]),

(3) w(la]) = 0

(4) p(W) =1, u(0) =0,
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(5) w([a]) =1 — pu([~a]),
(6) u([e] UIB]) = ulled) + u((B)), for [a] N [B] = 0.

Consequence of this Lemma is that My« is well defined.

Lemma 4. Let T* be a maximal consistent set of formulas. Then, My« €
PAMeas

Proof. Directly from the construction of M. O

We are now ready to prove the main result of this paper.

Theorem 6 (Strong completeness). Every consistent set of formulas T is
PAMeas_sqtisfiable.

Proof. We construct P/\Mfas-model M+ and show that for every 2 € Forpa_,
M« E A iff A € T*. We use the induction on the complexity of the formula.

- 1) 2 is a lambda statement, A = M : 0. If 2 € Cng(T'), then by definition
of Mp« we have Mp+ |= 2. Conversely, suppose M« = 2, that is, for
all worlds w € Mr«, w = M : 0, ie., [M]}) € [o]¢. Let B be the set of
all basic statements that are in Cng(7T'), i.e. B is basis and B C Cng(T).
First, let us consider the case when there is an infinite number of variables
that are not in B. We extend B to a set, BT, of statements in which
each type is assigned to an infinite number of variables and no variable is
subject of more than one statement and no variables in B\ B occurs in
M (construction of a set BT can be found in [13]). Since no variable from
B+ \ B appears in the set Cng(T'), there is a world, wy, in which only
consequences of B hold. Let us show that &,,(a) = {[N] | BT F N :a}
holds, i.e.,

{[N] | wo = N : a} = {[N] | B+ F N a}.

(C) Suppose that [N] € {[N] | B+ F N : a}, that is B+ ¥ N : a. Using
Theorem 2, we obtain BT [~ N : a. Hence, wy = N : a and therefore
[N] & {IN] | wo = N : a).

(D) If [N] € {[N] | BT F N : a}, we have that BT + N : a. Now,
by Theorem 1, we have B+ | N : a. Since, wy = BT, we obtain
wo = N :aand [N] € {[N]|wo E N :a}.

Furthermore, [N] € [o]{° < B+ F N : o (the proof can be found in

[13]). Since M : o holds in every world, whence in wq as well, we obtain

B+ - M : 0. Now, the fact that M does not contain any variable from

BT\ B, gives us that B+ M : o, and so Cng(T) + M : o, which means

that M : 0 € T*.

The case when there is a finite number of variables that are not in B

can be proved using the same idea as in [13].

2) 20 is a Boolean combination of lambda statements. If 2 € Cng(T'), then,
again, by definition of My« we have My« = 2. Conversely, let My« =
2. The goal is to show that 2 € T*, i.e. it is enough to show that T"F 2.
The Axiom 1 and Modus Ponens give us that 2 can be proved from T
because of the completeness of classical propositional calculus.
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- Next, consider the case A = P> a. If P>;a € T, then sup{r | P>,a € T*} =
u([a]) > s, and so My« = P>sa. Conversely, suppose that My« = P>, ie.
sup{r | P>ra € T*} > s. If p([a]) > s, then by the properties of supremum
and monotonicity of y, we have P> a € T*. If pu([er]) = s, then, from Lemma
2, we have that P>z;a € T™.

- Further, let 2 = —¢ € Forp. Then My« = —) iff it is not the case that
My =y iff o ¢ T iff —p € T,

- Finally, let 24 = ¢ A ¢ € Forp. Then, Mrp« E ¢ A iff My |E ¢ and
Moy = iff ¢, € T* iff ¢ A € T*. O

6 Conclusion

In this paper, we introduced the logic PA_, for reasoning about probabilities of
simply typed lambda terms. The language of this logic is obtained by adding
the operators for probabilities and Boolean connectives to simple type assign-
ment. An axiomatization for the logic is proposed and proved strongly complete.
Since this logic is not compact, the axiomatization contains one infinitary rule
of inference.

As a topic for a further research, we will work towards simplification of the
semantics in order to achieve compactness using finite sets of probability values
for those logics. Another goal is to provide finitary axiomatizations for those
logics. Also, for a further research we want to consider a case where Axiom 1 is
replaced by an Axiom that states that all intuitionistic propositional tautologies
hold, thus to work in an intuitionistic setting. Furthermore, we want to develop
a first order extension of the logic PA_,. Note that such a logic would extend
classical first order logic, so the set of all valid formulas is not recursively enumer-
able [1] and no complete finitary axiomatization is possible in that undecidable
framework.

Another line of research is to develop probabilistic reasoning in other type
disciplines such as polymorphic, intersection and higher-order types.

Acknowledgements. This work was supported by the SNSF project 200021165549
Justifications and non-classical reasoning, and by the Serbian Ministry of Edu-
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Appendix Proofs

Proof of Theorem 3. Suppose that T'U {¢} F 1. We use transfinite induction
on the length of a proof.
If the length of a proof is equal to 1, then ¢ is either an axiom or ¢ € TU{¢}.

a) If ¢ is an axiom:
-TkHY Ax
-THY = (=) Ax
-TrHé=1v MP,
b) If ¢ € T
-TF+y  Hyp
-THY = (6=1) Ax
-Tré=1v MP,
¢) If y € {o}:
-THo=¢ Ax.

Now, suppose that the length of a proof is k£ > 1. Formula ¥ can belong to the
set TU{¢}, but then the proof is the same as above. Therefore, suppose that the
formula 1) is obtained by an application of some inference rule from the Inference
Rules II.

First, if ¢ is obtained by an application of Rule II.1 from T,¢ F 7 and

T, = ¢

-ThHo= U Ind. Hyp.

Trk¢= (Yr=1) Ind. Hyp.
TH(p=W1=v)= (¢=11)=(p=1))  Taut.
TH(p=v1)=(¢=17¢) MP

-THo=v MP

Next, let us consider the case ¢ = P>i« is obtained from T'U {¢} by an
application of Rule I1.2. In that case:

ST, ¢F a,
- T,¢+ Psia by IR IL2.

However, since a € Forg and ¢ € Forp (otherwise, ¢ = P>1a would not make
sense), ¢ cannot affect the proof of « from T'U {¢}, and we have:

(1) Tka Hyp.

(2) TH Psicx IR I1.2

(3) Tk Psia= (¢ = P>10) Taut.
(4) THé= Psia MP.

Finally, let us consider the case ¢ = ¢¥1 = P>, is obtained from T'U {¢} by an
application of Rule II.3. Then:

1) T,o b1 = st_%oz, for all k > % Hyp.
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2)THo= (1= st_%a) Ind.Hyp.

(B) TH(pAY) = Poo_1a Taut.

(4) TH(pAY1) = Psea IRIL3

(5) T+ ¢ = ¢ Taut. O

Proof of Theorem 4. Our goal is to show that every instance of an axiom
scheme holds in every model and that the inference rules preserve the valid-
ity. The Axiom 1 holds in every model because of the completeness of classical
propositional logic.

By the Definition of the finitely additive probability measure we have that
p([e]) > 0 for all @ € Forg. Hence, M |= P>qa, for every model M and the
Axiom 2 is valid.

Let us consider the Axiom 3. Suppose that P<,« holds in model M = (W, p, &, H, 1)
and s > r. It means that u([a]) < r. Since s > r, we obtain pu([a]) < s, that is
M = P

Similarly, for the Axiom 4, suppose that M |= P a. Then, we have u([a]) < s,
that implies p([a]) < s. Thus, M = P<;a.

Next, let us consider Axiom 5. Suppose that in a model M = (W, p, &, H, 1),

PZraa stﬂ and PZl—‘(OZ V ﬁ)

hold. Then, u([a]) > r, u([B]) > s and [a] and [3] are disjoint sets. Since u is a
finitely additive measure, we have that

p(le] U [B]) = plla Vv B]) = p(lel) + w((B])-

Thus, M = Psing1,r4s3 (@ V (), so Axiom 5 holds in the model M.
Now, let us consider the Axiom 6. Suppose that P<,«, P<,8 hold in a model
M = (W, p, &, H, ). Then, p([a]) < r and p([8]) < 5. From

[ = ([d] n (W [B])) U [ A 5],

follows that
p(lal) = pla] 0 (WA [B]).
Since [a V 8] = ([a] N (W '\ [A])) U [5], we have that

pla v B]) < p([ad) + p((B]) <7+

Therefore, M | Pepis(aV B).

Finally, for the Axiom 7, suppose that P>i(a = () holds in a model M =
(W, p, &, H, ). Then, the set of all worlds in which « holds, but 8 does not hold
has the measure 0, i.e., u([a] N (W \ [a = B])) = 0. From

(o] = (o] " (W \ [a = B])) U (la] N]a = B])

follows that pu([a]) = p(la] N[ = B]) and, since [o] N [a = 5] C [B], we have
that p([a]) < u([8]). Thus, M = Pssa = P>¢f8 and Axiom 7 holds in M.
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The proof that Inference Rules I are sound can be found in [13].

Inference Rules II:

Rule I1.1 is validity-preserving for the same reason as in classical logic.

Rule II.2: suppose that « holds in M = (W, p, &, H, u), then [o] = W, and
therefore p([a]) =1, so M | Psqa.

Rule I1.3: Suppose that M E ¢ = PZS,%a whenever k > % If M £ ¢,
then obviously M = ¢ = Pssa. Otherwise M |= P51« for every k > |, so
M = P>, a because of the Archimedean properties of the set of reals (Footnote
1 on page 5). O

Proof of Lemma 1.

(1) f TU{¢} F L, and T U {—¢} F L, then by Deduction theorem we have
TF —¢ and T+ ¢. Contradiction.
(2) Suppose that for all n > %:

T,p= ~Psg_1ak L.
Therefore, by Deduction theorem and propositional reasoning, we have
T '7 ¢ = PZS_LOL,

and by an application of Rule II.3 we obtain T'F ¢ = P>, . Contradiction
with the fact that =(¢ = P>;a) € T O

Proof of Lemma 2.
(1) Consequence of Definition 7.4.
(2) Let t = sup{s | P>sa € T} € S. By the monotonicity of a measure, for each
s€ S8, s<t, TkF P>sa. Using Inference rule 3, we obtain

T+ Psio.
T is a maximal consistent set of formulas, so, from (1), we have that

PZtOé eT.

Proof of Lemma 3.

(1) The prove that H is an algebra is straightforward using that W = [a V —a],
[0] = [-a] and [o] U[8] = [aV B].

(2) Tt suffices to prove that [a] C [8] implies u([a]) < u([f]). According to the
completeness of the propositional logic, we have that [o] C [3] means that
a = f € Cng(T), and then also P>1(a = ) € T*. By axiom 7, we obtain
that for each s € S, P>sa = P>s8 € T, so u([a]) < u([F])-

(3) P>oa is an axiom, so u([a]) > 0.
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For any o € T, we have that a vV —a € Cng(T) and P>qi(a V —a) € T,
therefore, we obtain that W = [a V —a] and p(W) = 1. Since

Psq(aV-a) = P>1_g(aV-a) = P<g—(aV-a) = P<o(~aAa) = 7Pso(naA
a),

using that P>ia = Pssa, for t > s, we obtain that

sup{s | P>s(-~aAa) € T*} =0,

and p(0) = 0.

Let p([e]) = sup{s | P>sa € T*} = r. If r = 1, then from Lemma ??
we obtain Ps>ja € T*. Therefore, -Pso—a € T*. Again, using the fact
that P>, = Psga, for t > s, we obtain that u([-«]) = 0. Now, suppose
that » < 1. Then, for each rational number ' € (r,1], "P>pa = P €
T*. By Axiom 4, we obtain that P<, a, P>1_—a € T*. If there is some
rational number r” € [0,r) such that P>y_,»—a € T*, then =Ps,vav € T*,
contradiction. Thus,

sup{s | P>s—a € T*} =1 —sup{s | P>s;a € T*},

ie., u([a]) = 1 - p([al).
Let [o] N [8] = 0, and let u([a]) = r and p([B]) = s. From the fact that
[8] C [~a], using steps (2) and (5), we obtain that r +s <r+ (1 —7) = 1.
Suppose that both » > 0 and s > 0. Using properties of the supremum,
for every rational number ' € [0,7), and for every rational number s’ €
[0,s), we have that P>, «a, P>y € T*. By the Axiom 5, we know that
Pspiyg(aV B) € T*. Therefore, r +s < tg = sup{t | P>i(aV g € T*)}.
In the case that r + s = 1, the statement holds obviously, so suppose that
r+s <1 Ifr+s < tp, then for every rational number ¢’ € (r + s,to) we
have P>y (a Vv 3) € T*. There exists rational numbers " > r adn s’ > s,
such that:
‘\PZTNOQP<THO( c T ,‘!PZSHOQP<SHO{ (S T*,

and
T//+S//:t/ <1.

By Axiom 4, we obtain P<,~» € T*. Using Axiom 6, we get
PST”+S” (a V 5) S T*, _‘PZT//+S/,(Oé \ B) € T*3
and
—\PZt/(OL V 5) erT”.

Contradiction. Hence, r 4+ s = ¢; and we obtain that u([a] U [8]) = n([a]) +
u([B]). Finally, if we suppose that » = 0 or s = 0, we can reason as above,
where ' =0 or s = 0.

O



