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Abstract

This thesis studies the combination of two well known formal systems for knowl-
edge representation: probabilistic logic and justification logic. Our aim is to design
a formal framework that allows the analysis of epistemic situations with incomplete
information. In order to achieve this we introduce two probabilistic justification
logics, which are defined by adding probability operators to the minimal justifi-
cation logic J. We prove soundness and completeness theorems for our logics and
establish decidability procedures. Both our logics rely on an infinitary rule so that
strong completeness can be achieved. One of the most interesting mathematical
results for our logics is the fact that adding only one iteration of the probability
operator to the justification logic J does not increase the computational complexity
of the logic.

il



v



Acknowledgements

First and foremost, I am deeply grateful to Thomas Studer. He has been an
excellent supervisor and at the same time co-author. This thesis is mainly based
on his ideas and without his guidance and support, it would have been impossible
for me to successfully finish it. I am also thankful to Gerhard Jager, since he has
been an excellent teacher and employer. This thesis is also based on many ideas
from Zoran Ognjanovi¢. The interesting discussions I had with him in Dubrovnik
helped me to clarify many issues. I am very thankful to him for his support. I
would like to thank Nebojsa Ikodinovi¢ for carefully reading this thesis and for
providing useful comments that improved the quality of this work substantially.

[ want to thank Stathis Zachos and Roman Kuznets for helping me start my PhD
at the University of Bern. Stathis Zachos is also responsible for making me follow
this area of research. By listening to his talks as an undergraduate student, I was
convinced that theoretical computer science is a very interesting topic. I also want
to thank the members of the Logic and Theory Group for the four wonderful years
I spent working with them.

Last but not least, I want to thank my father, my mother and my older sister.
Without their love and support, it would have been impossible for me to success-
fully complete my studies. This thesis is dedicated to them.



vi



Contents

[Abstract]

[Acknowledgements|

Contents

(I _Introduction|

[2

The Justification Logic J|

2.1 Syntax| . ...

Probabilistic Justification Logics|

[3.1 'The Probabilistic Justification Logic PJ|. . . . . . .. .. ... ...
[3.2  Properties of the Logic PJ| . . . . . ... ... ... ... ... ...
[3.3  The Probabilistic Justification Logic PPJ| . . . . . .. .. .. .. ..
[3.4  Application to the Lottery Paradox| . . . . . . . ... ... ... ..

vii

iii

vii



viii CONTENTS

[4  Soundness and Completeness| 37
41 Soundness . . . . ... 37
[4.2  Strong Completeness for PJ| . . . . .. ... .. ... ... ... 41
[4.3  Strong Completeness for PPJ| . . . .. . ... ... ... ... ... 54

5  Decidability and Complexity| 63
[>.1  Small Model Property for PJ|. . . .. .. ... ... ... ... ... 63
[b.2  Complexity Boundstor PJ| . . . . . . ... .. .. ... ... .... 73
(.3 Decidability for PPJ| . . . . .. .. ... oo oo 76

6 Conclusion and Further Workl 89

[Bibliography| 93

Index] 99



Chapter 1

Introduction

In Sections and we give a short introduction to justification logics and
probabilistic logics. In Section we give an example of a problem which can
be modelled neither in the language of justification logic nor in the language of
probabilistic logic. This explains why a framework for uncertain reasoning in justi-
fication logic should be developed. In Section we also give a small introduction
to our framework for probabilistic justification logic. In Section we compare
our approach for modelling uncertain reasoning in justification logic with other
approaches that were developed at approximately the same time with ours. We
close this chapter by giving a short summary of the thesis in Section

1.1 Justification Logic

The description of knowledge as “justified true belief” is usually attributed to
Plato. While traditional modal epistemic logic [BARVOI1] uses formulas of the
form Oa to express that an agent believes/knows «, the language of justification
logic [AFT5, [Stul2] ‘unfolds’ the [-modality into a family of so-called justifica-
tion terms, which are used to represent evidence for the agent’s belief/knowledge.
Hence, instead of Ua, justification logic includes formulas of the form ¢ : @ meaning

the agent believes « for reason t.

Artemov developed the first justification logic, the Logic of Proofs (usually ab-
breviated to LP), to provide intuitionistic logic with a classical provability seman-
tics [Art95, [Art01l, [KSar]. There, justification evidence terms represent formal
proofs in Peano Arithmetic. However, justification terms can be used to rep-
resent evidence of more informal nature. This more general reading of terms



2 CHAPTER 1. INTRODUCTION

lead to the development of justification logics for various purposes and applica-
tions [BKS11al BKS11bl [KS13, [KS12, BKS14].

Melvin Fitting [Fit05] introduced the use of Kripke models in justification logic.
However, semantics to justification logics can also be given by the so-called basic
modular models. Artemov [Art12] initially proposed these models to provide an
ontologically transparent semantics for justifications. Kuznets and Studer [KS12]
further developed basic modular models so that they can provide semantics to
many different justification logics. Note that basic modular models are math-
ematically equivalent to appropriate adaptations of Mkrtychev models [Mkr97]
which were introduced earlier.

It is interesting that a famous correspondence between modal logics and justifica-
tion logics has been established. Artemov [Art01] proved that any theorem in LP
can be translated into a theorem in modal logic S4 by replacing any justification
term by the modal operator [J and that any theorem in S4 can be translated into
a theorem in LP by replacing any occurrence of a [ by an appropriate justifica-
tion term. So, we say that LP realizes S4, or that LP is the explicit counterpart
of S4. In the same way explicit counterparts for many famous modal logics were
found [Bre(00]. For example, the minimal modal logic K corresponds to basic the
justification logic J.

1.2 Probabilistic Logic

The idea of probabilistic logics was first proposed by Leibnitz and subsequently
discussed by a number of his successors, such as Jacobus Bernoulli, Lambert,
Boole, etc. The modern development of this topic, however, started only in the
late 1970s and was initiated by H. Jerome Keisler in his seminal paper [Kei77],
where he introduced probability quantifiers of the form Pz > r (meaning that the
probability of a set of objects is greater than r), thus providing a model-theoretic
approach to the field. Another important effort came from Nils Nilsson, who tried
to provide a logical framework for uncertain reasoning in [Nil86]. For example, he
was able to formulate a probabilistic generalization of modus ponens as:

if o holds with probability s and S follows from o with probability ¢, then the
probability of 3 is r.

Following Nilsson, a number of logical systems appeared (see [ORMO09] for refer-
ences) that extended the classical language with different probability operators.
The standard semantics for this kind of probability logic is a special kind of Kripke
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models, where the accessibility relation between worlds is replaced with a finitely
additive probability measure. As usual, the main logical problems in the proof-
theoretical framework concern providing a sound and complete axiomatic system
and decidability.

In fact, there are two kinds of completeness theorems: the simple completeness (ev-
ery consistent formula is satisfiable) and the strong completeness theorem (every
consistent set of formulas is satisfiable). In the first paper [FHM90] along the lines
of Nilsson’s research, Fagin, Halpern and Meggido introduced a logic with arith-
metical operations built into the syntax so that Boolean combinations of linear
inequalities of probabilities of formulas can be expressed. A finite axiomatic sys-
tem is given and proved to be simply complete. However, the corresponding strong
completeness does not follow immediately (as in classical logic) because of the lack
of compactness: there are unsatisfiable sets of formulas that are finitely satisfiable.
An example is the set of probabilistic constraints saying that the probability of a
formula is not zero, but that it is less than any positive rational number. Concern-
ing this issue, the main contribution of [OR99, [RO99, [OR00, [SO14] was the intro-
duction of several infinitary inference rules (rules with countably many premises
and one conclusion) that allowed proofs of strong completeness in the correspond-
ing logics. On the other hand, already in Boole’s “Laws of Thought” a procedure
of reducing sets of probabilistic constraints to systems of linear (in)equalities was
provided. The same idea was used to prove decidability for most of proposi-
tional logics with probabilistic operators. Moreover, it was shown in [FHM90]
that the satisfiability problem for the logic with linear combinations of probabili-
ties is NP-complete, that is no worse than the corresponding problem in classical
propositional logic.

1.3 Probabilistic Justification Logic

In Sections [I.1 and [I.2] we described two famous systems that can be used for rea-
soning about knowledge (justification logic) and uncertainty (probabilistic logic).
In everyday life we often have to deal with incomplete evidence which naturally
lead to vague justifications. So, it seems necessary to combine reasoning about
knowledge and uncertainty. Let us consider the following example.

Motivating Example

Peter receives a phone call from Marc. Marc tells Peter that tax rates will
increase. Peter reads in the New York Times that tax rates will increase.
Peter considers the New York Times to be a much more reliable source
than Marc.
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In order to describe the situation in the Motivating Example, Peter needs a frame-
work that allows reasoning about justifications and uncertainty together. Peter
for example needs to say that “The probability of the fact that tax rates will in-
crease, because Marc said so, is 30%” or that “The probability of the fact that
tax rates will increase, because it is written in the New York times, is 80%”. The
languages of justification logic and probabilistic logic does not suffice for express-
ing such statements. However these kind of statements can be nicely expressed in
probabilistic justification logic, which is a framework that allows reasoning about
the probabilities of justified statements.

In this thesis we describe the probabilistic justification logic PJ [KMOS15|, which
is a combination of justification logic and probabilistic logic that makes it possible
to adequately model different degrees of justification. The design of PJ follows that
of LPP, [ORMO09], which is a probablistic logic over classical propositional logic.
The new operators that PJ introduces are the probability operators P~s where s
is a rational number between 0 and 1. So, in the language of PJ statements of the
form “Pssa” can be expressed, meaning that

the probability of truthfulness of the justification formula « is at least s.

Hence we can study, for instance, the formula
Por(u: (@ = B)) = (Pos(v:a) = Popa(u-v: ) (1.1)

which states that the probability of the conclusion of an application axiom is
greater than or equal to the product of the probabilities of its premises. We
will see later that this, of course, only holds in models where the premises are
independent.

The semantics of PJ consists of a set of possible worlds, each a model of justification
logic, and a probability measure pu(-) on sets of possible worlds. We assign a
probability to a formula a of justification logic as follows. We first determine the
set [a] of possible worlds that satisfy a. Then we obtain the probability of «
as u([a]), i.e. by applying the measure function to the set [a]. Hence our logic
relies on the usual model of probability. This makes it possible, e.g., to explore
the role of independence and to investigate formulas like in full generality.

As it was mentioned in Section there is an unpleasant consequence of a finitary
axiomatization (i.e. an axiomatization where the proofs are always finite) in a
language like the one of PJ: there exist consistent sets that are not satisfiable.
This results from the inherent non-compactness of such systems. Consider for
example the set X = {—\P:()CY} U {P<1/na | n € N}. Although it is obvious that
X cannot be satisfied, in a finitaty axiomatization it would be consistent: it is
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impossible to derive falsity from X since every proof from X would contain only a
finite number of X elements. However, if proofs are allowed to be infinite, we can
define an axiomatization in which X would not be consistent. Hence, in order to
achieve strong completeness, our axiomatization of PJ should have an infinitary
rule, i.e. a rule which has countably infinite premises and one conclusion.

The logic PJ does neither support iterations of the probability operators nor jus-
tification operators over probability operators. In this thesis we also present the
logic PPJ [KOS16] that remedies these shortcomings. The axiomatization, seman-
tics, soundness, completeness and decidability procedures for PPJ are obtained by
combining results from the probabilistic logic LPP; [ORMO09| and the justification
logic J [AF15]. Note that these combinations are highly non-trivial due to the
presence of formulas of the form ¢ : P>;A. Moreover, using PPJ we are able to
provide a formal analysis of Kyburg’s famous lottery paradox [Kyb61]. Probabilis-
tic justification logics are intended for comparing different sources of information.
Thus the key idea behind the introduction of logics PJ and PPJ is that:

different kinds of evidence for o
lead to different degrees of belief in a. (1.2)

1.4 Related Work

So far, probabilistic justification logics have not been investigated. Closely re-
lated are Milnikel’s proposal [Mill4] for a system with uncertain justifications,
Ghari’s preprint [Ghal4] introducing fuzzy justification logics and the possibilistic
justification logic, which is an explicit version of a graded modal logic and was
introduced by Fan and Liau in [FLI15].

Milnikel introduces formulas of the form ¢ :; v, which correspond to our Ps, (¢ : «).
However, there are two important differences with our current work.

First, his semantics is completely different from the one we study. Instead of using
a probability space, Milnikel uses a variation of Kripke-Fitting models. In his
models, each triple (w,t,«) (of world, term and formula) is assigned an interval
E(w,t,«) of the form [0,7) or [0,r] where r is a rational number from [0, 1]. Then
the formula ¢ :, o is true at a world w iff ¢ € E(w,t, ) and also « is true in all
worlds accessible from w. Because of this interval semantics, Milnikel can dispense
with infinitary rules.

Second, Milnikel implicitly assumes that various pieces of evidence are indepen-
dent. Hence the formula corresponding to (|1.1)) is an axiom in his system whereas
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(1.1) may or may not hold in a model of our probabilistic justification logics de-
pending on the independence of the premises of (1.1)) in the given model.

Ghari presents various justification logics where he replaces the classical base with
well-known fuzzy logics. In particular, he studies a justification logic RPLJ that is
defined over Pavelka logic, which includes constants for all rational numbers in the
interval [0, 1]. This allows him to express statements of the form t is a justification
for believing o with certainty degree at least r. Ghari shows that all principles of
Milnikel’s logic of uncertain justifications are valid in RPLJ.

The logic of Fan and Liau includes formulas ¢ :. A to express that according to
evidence t, A is believed with certainty at least r. However, the following principle
holds in their logic:

s ANt g A= S inax(rg) A

Hence all justifications for a belief yield the same (strongest) certainty, which is
not in accordance with our guiding idea (|1.2)).

The combination of evidenced-based reasoning and reasoning under uncertainty
has also been studied by Artemov in [Art16] and Schechter in [Sch15]. Schechter
combined features from justification logics and logics of plausibility based beliefs
to build a normal modal logic of explicit beliefs, where each agent can explicitly
state which is their justification for believing in a given sentence. Artemov studied
a justification logic to formalize aggregated probabilistic evidence. His approach
can handle conflicting and inconsistent data and positive and negative evidence
for the same proposition as well.

1.5 Overview of the Thesis

The chapters of the thesis are organized as follows:

In Chapter [2] we recall the the minimal justification logic J. We present the syntax,
semantics and some fundamental results about the logic J.

In Chapter |3| we present the syntax and semantics for the probabilistic justifica-
tion logics PJ and PPJ. We also illustrate the expressive power of probabilistic
justification logic by formalizing Kyburg’s lottery paradox in the language of PPJ.

In Chapter 4| we prove soundness and completeness results for the logics PJ and
PPJ. Since PJ and PPJ make use of an infinitary rule we have to employ the
Archimedean property for the real numbers in order to prove soundness. Com-
pleteness is proved by a canonical model construction.

In Chapter [5| we present decidability and complexity results for the satisfiability



1.5. OVERVIEW OF THE THESIS 7

problem in the logics PJ and PPJ. For both logics we reduce the satisfiability
problem to solving a finite system of linear equations, which implies that the satis-
fiability problem is decidable. In the case of PJ we also establish some complexity
bounds.

We close the thesis with some discussion and ideas for further work in Chapter [6]

This thesis is entirely based on results from [Kok16l [KOS16, [KMOS15].
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Chapter 2

The Justification Logic J

In this section we present the basic justification logic J. We introduce its syntax
and semantics and recall some fundamental properties of J.

2.1 Syntax

The language of justification logic is obtained by extending the language of classical
propositional logic with formulas of the form ¢ : «, which are called justification
assertions. In the formula ¢t : «, t is a justification term, which is usually used
to represent evidence, and « is a justification formula, which is usually used to
represent statements or facts. ¢t : a reads as t is a justification for believing .

Justification terms are built from countably many constants and countably many
variables according to the following grammar:

to=cla|(E-t)]| (E+t) |1

where ¢ is a constant and x is a variable. Tm denotes the set of all terms and Con
denotes the set of all constants. For any term ¢ and any non-negative integer n we
define:

Ot:=¢ and "= 1(").
We assume that ! has greater precedence than -, which has greater precedence than

+. The operators - and + are assumed to be left-associative.

As already mentioned terms are used to provide justifications (or proofs) for formu-
las. Term constants are used as justifications for axioms, whereas term variables
are used as justifications for arbitrary formulas. The operator - can be used by
the agent to apply modus ponens (see axiom (J) in Figure 2.1.1)), the operator +

9
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is used for concatenating proofs (see axiom (+) in Figure [2.1.1) and the operator
l'is used for verifying evidence (see rule (AN!) in Figure 2.1.2)). That is, if the
agent has a justification ¢ for o then he has a justification !c for the fact that c is
a justification for o and so on.

Let Prop denote a countable set of atomic propositions. Formulas of the language
L (justification formulas) are built according to the following grammar:

az=p|-a|lahal|t:a

where t € Tm and p € Prop. In the sequel we will use the Greek letters a, 3,7, ...
for elements of £; and the letter p for elements of Prop all of them possibly primed
or with subscripts. We will also use the symbol N to represent the set of all natural
numbers.

We define the following abbreviations in the standard way:

aV B =-(maA-p);
a— [f=-aVs;
a> == P)NB—a);
1L =aA-a, for some a € L ;

T =aV a, for some a € L .

We assume that : and — have higher precedence than A and V, which have higher
precedence than — and <>. Sometimes we will write aq, ... ,«q, instead of
{a1} U -+ U{a,} as well as T, « instead of T'U {a} and X, Y instead of X UY".

Definition 2.1.1 (Logic). A logic over some language L is a formal system that
consists of a set of axiom schemata and inference rules together with a provability
relation and a satisfiability relation. We will use the symbols L, F and = to
describe a logic, a provability relation and a satisfiability relation respectively. All
the logics we are going to consider will be extensions of classical propositional
logic.

In Figure we present the axiom schemata for the logic J. Axiom (J) is also
called the application axiom and is the justification logic analogue of the rule
modus ponens. It states that we can combine a justification for « — (5 and a
justification for « to obtain a justification for 5. Axiom (4), which is also called
the monotonicity axiom, states that if v or v is a justification for o then the term
u + v is also a justification for a.
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(P) finite set of axioms schemata axiomatizing classical
propositional logic in the language of L,

J) Fu(a—=p)—=>@wW:a—=u-v:p)

(+) Fu:aVv:a)su+v:a

Figure 2.1.1: Axioms Schemata for the Logic J

Let L be a logic. A constant specification for the logic L is any set CS that satisfies
the following condition:

CS C {(c, Q) ‘ ¢ € Con and « is an instance of some L-axiom scheme} :

As we will see later the constant specification determines some axiom instances
for which the logic provides justifications (without any proof).

A constant specification CS for a logic L will be called:

axiomatically appropriate: if for every instance of an L-axiom scheme, a, there
exists some constant ¢ such that (c,a) € CS, ie. if every axiom of L is
justified by at least one constant.

schematic: if for every constant c the set
{oz ‘ (c,a) € CS}

consists of all instances of several (possibly zero) axiom schemata, i.e. if
every constant specifies certain axiom schemata and only them.

decidable: if the set CS is decidable. In the sequel when we refer to a decidable
CS, we will always imply that CS is decidable in polynomial time.

finite: if CS is a finite set.

total: if for every term constant ¢ and every axiom of L, (¢, ) € CS.

Let CS be any constant specification for the logic J. The deductive system Jcg is
the Hilbert system obtained by adding to the axioms of J the rules modus ponens,
(MP), and axiom necessitation, (AN!), as one can see in Figure [2.1.2] Rule (AN!)
makes the connection between the constant specification and the proofs in Jcg: if
(¢, ) € CS then we can prove that ¢ is justification for «, that !c is a justification
for ¢ : a and so on.
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axiom schemata of J
+
(MP) ifTFaand THa — Sthen THf
(AN!) Flnc:I""le:...ile: ¢, where (¢,a) € CS and n € N

Figure 2.1.2: System Jcs

Let L be a logic. As usual 7' k| « means that the formula « is deducible (or
derivable) from the set of formulas 7" using the rules and axioms of L. When L is
clear from the context, it will be omitted. A formula « is a theorem (F A) if it is
deducible from the empty set.

Let L be a logic over the language £. A set T is said to be L-deductively closed for
L iff for every a € L:
TH a<=acT.

2.2 Semantics

The models for the logic J which we are going to present in this section were in-
troduced by Mkrtychev [Mkr97| for the logic LP. Later Kuznets [Kuz00] adapted
these models for other justification logics (including J) and proved the correspond-
ing soundness and completeness theorems. The key notion about this semantics is
the notion of a CS-evaluation. We use T to represent the truth value “true” and F
to represent the truth value “false”. Let P(WW) denote the powerset of the set W.

Definition 2.2.1 (CS-Evaluation). Let L be a logic over some language L. Let
CS be any constant specification for L. A CS-evaluation, is a function % that maps
atomic propositions to truth values and maps justification terms to subsets of L,
ie.

* : Prop — {T,F} and
x: Tm — P(L) ,

such that for u,v € Tm, for a constant ¢ and o« € L we haveE]:
(1) (oz—>5€u* andaEv*) = fe(u-v)";

(2) wUv* C(ut+wv);

'We will usually write t* and p* instead of *(t) and *(p) respectively.
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(3) if (¢,) € CS then for all n € N we have’}

2edeierae (")t

So, a model for Jcs, or a Jcs-model, is a CS-evaluation.

Remark 2.2.2. As we already mentioned, the justification logic J is the minimal
justification logic. Many justification logics can be defined by adding axioms to
the logic J [AF15]. As we can see in Definition the conditions that a CS-
evaluation should satisfy, correspond only to the axioms of the logic J. Therefore, it
might be more appropriate to use the name Jcs-evaluation instead of the name CS-
evaluation. However, this thesis aims to provide a first study of the combination of
probabilistic logic and justification logic. Therefore, we consider it useful to study
the smallest possible framework. As a consequence, our logics will not contain any
further justification axiomd? than the ones from the basic logic J. Thus, for our
purposes, the evaluation depends only on the constant specification CS.

Now we will define the binary relation |=.

Definition 2.2.3 (Truth under a CS-Evaluation). We define what it means for an
Lj-formula to hold under a CS-evaluation * inductively as follows:
xE=p<=p" =T  forpeProp;
% = <= *x £E
¥ EaAf = (*):&and*):ﬁ) ;
xEt:a<s=act".

Definition 2.2.4 (Satisfiability and Semantical Consequence in J). Let T' C L},
let « € £ and let x be a CS-evaluation.

We say that x satisfies o iff % = a holds.

* |= T means that * satisfies all the members of the set T'.

We write T' =cs « (and read that « is a semantical consequence of T') to
denote that for every CS-evaluation #, % = 7" implies * = a.

a will be called Jcs-satisfiable or CS-satisfiable (or even simply satisfiable, if
there is no danger of confusion) if there is a CS-evaluation that satisfies a.

2We agree to the convention that the formula !"~!c : !"=2¢: ... : lc: ¢ : o represents the
formula « for n = 0.

30f course our logics will contain probabilistic axioms as we will see later.
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We close the section by defining two important decision problems that are related
to the logic J.

Definition 2.2.5 (The Jcs-Satisfiability Problem). Let CS be any constant speci-
fication for the logic J. The Jcs-satisfiability problem or the satisfiability problem
in the logic Jcs is the following decision problem:

for a given a € L is a CS-satisfiable?

Definition 2.2.6 (The Jcs-Derivability Problem). Let CS be any constant spec-
ification for the logic J. The Jcs-derivability problem or the derivability problem
in the logic Jcs is the following decision problem:

for a given o € L, is there a proof for v in Jcg?

2.3 Fundamental Properties

Internalization states that the logic internalizes the notion of its own proof, i.e.
when we have a proof in a logic, then a formula that “encodes” this proof is
provable in the logic. It is well known that internalization holds for the logic J. A
proof of the following theorem can be found in [KS12].

Theorem 2.3.1 (Internalization). Let CS be an axiomatically appropriate constant
specification for the logic J. For any formulas o, (y,...,0, € Ly and terms

tl?"'atru Zf
517 ey ﬁnl_.lcs&

then there exists a term t such that:
ti:f, oot B bt

Observe that the version without premises is an explicit form of the necessitation
rule of modal logic. Theorem is sometimes called constructive necessitation.

The deduction theorem is standard for justification logic [Art01]. Therefore, we
omit its proof here.

Theorem 2.3.2 (Deduction Theorem for J). Let T C Ly and let a, f € Ly. Then
for any Jcs we have:
Taby, = TkF a—f3.

Last but not least, we have soundness and completeness of Jcs with respect to
CS-evaluations [Art12, [KS12].
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Theorem 2.3.3 (Soundness and Completeness of J). Let CS be any constant
specification for the logic J. Let o € Ly. Then we have:

Flee @ <= Fcsa.

We close this chapter by recalling the procedure that decides the satisfiability
problem in the logic Jcs.

The first algorithm for the satisfiability problem in justification logics was pre-
sented by Artemov [Art95] for a finite constant specification in the logic LP. Later
Mkrtychev [Mkr97] extended Artemov’s result for a total constant specification.
Mkrtychev’s result was reproved and generalized for other justification logics (in-
cluding J) by Kuznets [Kuz00]. Note that in [Kuz08] it is pointed out, that the
satisfiability algorithm for the logic J from [Kuz00] also holds for a decidable and
schematic constant specification.

Let CS be a decidable and schematic constant specification for the logic J. Kuznets’
algorithm for the Jcg-satisfiability problem is divided in two parts: the saturation
algorithm and the completion algorithm. Let o € L) be the formula that is tested
for satisfiability.

e The saturation algorithm produces a set of requirements that should be
satisfied by any CS-evaluation that satisfies a. The saturation algorithm
operates in NP-timd]

e The completion algorithm determines whether a CS-evaluation that satisfies
a exists or not. The completion algorithm operates in coNP-time.

If the saturation and the completion algorithm are taken together, then we obtain
a X5-algorithm for the Jcs-satisfiability problem.

The most crucial question in the completion algorithm is to decide whether a
given term ¢t € Tm justifies a formula o € L£;. At a first point it might look
that this problem is undecidable, since a given term may justify infinitely many
formulas. For example some constant ¢ from the constant specification may justify
all the instances of an axiom scheme. This problem is solved by the fact that
we restrict the constant specification to be schematic and by the fact that the
logic J is axiomatized by finitely many axiom schemata. So, if we use schematic
variables for formulas and terms we will have that every term justifies finitely

4A reader unfamiliar with notions of computational complexity theory may consult a textbook
on the field, like [Pap94].
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many (schematic) formulas. Of course, in order to answer the question whether a
given term justifies some formula we need to find a set of formulas that belongs to
two different schemata. This question is naturally answered by finding the most
general unifier of the two schemata.

So, we have the following results.

Theorem 2.3.4. Let CS be a decidable and schematic constant specification for
the logic J. The Jcs-satisfiabilty problem belongs to the complexity class ¥5.

By a result from [Mil07] which was later strengthened in [BK12] and [Ach15] we
have the following theorem:

Theorem 2.3.5. Let CS be a decidable, schematic and axiomatically appropriate
constant specification for the logic J. The Jcs-satisfiabilty problem belongs to the
complexity class L5-hard.

By Theorems [2.3.4] [2.3.5| and [2.3.3] we get the following corollary:

Corollary 2.3.6. Let CS be a decidable, schematic and aziomatically appropriate
constant specification for the logic J. The Jcs-satisfiability problem is ¥5-complete
and the Jcs-derivability problem is N5-complete.



Chapter 3

Probabilistic Justification Logics

In this chapter we present two probabilistic justification logics: the logic PJ that
was introduced in [KMOS15] and the logic PPJ that was introduced in [KOS16].
We present syntax and semantics for these logics and also prove some properties
for them. We also illustrate the expressive power of probabilistic justification logic
by formalizing Kyburg’s famous lottery pardox [Kyb61] in the logic PPJ.

3.1 The Probabilistic Justification Logic PJ

The probabilistic justification logic PJ is a probabilistic logic over the basic jus-
tification logic J. In this section we present the syntax and semantics for this
logic.

Syntax

We will represent the set of all rational numbers with the symbol Q. If X and Y
are sets, we will sometimes write XY instead of X NY. We define S := Q|0, 1].
Thus, according to our notation S[0,¢) denotes the set of all rational numbers
greater than or equal to 0 and strictly less than ¢.

The formulas of the language Lp; (the so called probabilistic formulas) are built
according to the following grammar:

An=Psa | "A|ANA

where s € S, and a € £;. The intended meaning of the the formula Ps o is that
“the probability of truthfulness for the justification formula o is at least s.

17
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We assume the same abbreviations and the same precedence for the propositional
connectives =, A\, V, —, <>, as for the language £;. However, we need to define a
bottom and a top element for the language Lp;. Hence, we define:

1L :=AN-A, for some A € Lp, ;
T:=AV A, for some A € Lp .

It will always be clear from the context whether —, A, T, L, ... refer to formulas
of Ly or Lp,. The operator Ps; is assumed to have greater precedence than all the
propositional connectives. We will also use the following syntactical abbreviations:

P.ja=-Ps0

Pesa = Psy_s—a;
P, o = —~Poja
P_sa=Pssa N Posa .

We will use capital Latin letters like A, B, C, ... for members of Lp; possibly
primed or with subscripts.

The axiom schemata of the logic PJ are presented in Figure [3.1.1] Axiom (PI)
corresponds to the fact that the probability of truthfulness of every justification
formula is at least 0. Observe that by substituting -« for ain (Pl), we have Psq—a,
which by our syntactical abbreviations is P<ja. Hence axiom (PI) also corresponds
to the fact that the probability of truthfulness of every justification formula is at
most 1. Axioms (WE) and (LE) describe some properties of inequalities. Axioms
(DIS) and (UN) correspond to the additivity of probabilities for disjoint events.

(P) finitely many axiom schemata axiomatizing
classical propositional logic in the language Lp,
(Pl) F Py
(WE) F Po,a0 — P_ga, where s > r
(LE) F Posa— P
(DIS) F Psra A PoyB A Psi=(a A B) = Pomin(1,r4s) (0 V )
(UN) F Po,aAPoff— Popis(aV ), where r +s <1

Figure 3.1.1: Axioms Schemata of PJ

It is very important to note the different uses of axiom (P). As an axiom of J, (P)
contains all the propositional tautologies that are members of £;,e.g. t : a — ¢ : «.
As an axiom of PJ, (P) contains all the propositional tautologies that are members
of Lpy, e.g. Pos(t: a) = Psy(t: ).
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For any constant specification CS for the logic J the deductive system Plcs is
the deductive system obtained by adding to the axiom schemata of PJ the rules
(MP), (CE) and (ST) (see Figure[3.1.2). Rule (CE) makes the connection between
justification logic and probabilistic logic possible. It states that if a justification
formula is a validity, then it has probability 1. Rule (CE) can also be considered as
the probabilistic analogue of the necessitation rule for modal logics. The rule (ST)
intuitively states that if the probability of a justification formula is arbitrary close
to s, then it is at least s. Observe that the rule (ST) is infinitary in the sense that
it has an infinite number of premises. It corresponds to the Archimedean property
for the real numbers (see Proposition [4.1.1]).

A proof of an Lpj-formula A from a set T" of Lpj-formulas is a sequence of formulas
Ay indexed by countable ordinal numbers such that the last formula is A, and each
formula in the sequence is an axiom, or a formula from 7', or it is derived from the
preceding formulas by a PJ-rule of inference.

axiom schemata of PJ
+
ifTHFAand THA— BthenTHB
(CE) if Fj o then Fpy Pojav
(ST) ifTHA— P, 1o for every integer k > Tand s >0
then TH A — P>,

—~
<
=

Figure 3.1.2: System PJcs

When we present proofs in a logic we are going to use the following abbreviations:

P.R.: it stands for “propositional reasoning”. E.g. when we have H A — B we
can claim that by P.R. we get - =B — —=A. We can think of P.R. as an
abbreviation of the phrase “by some applications of (P) and (MP)”.

S.E.: it stands for “syntactical equivalence”. E.g. according to our syntactical
conventions the formulas Ps;_¢(a V ) and P<s(—a A =f3) are syntactically
equivalent. We will transform our formulas to syntactically equivalent ones
(using the syntactical abbreviations defined on Sections|2.1|and , in order
to increase readability of our proofs. We have to be very careful when we
apply S.E.. For example the formulas Ps4(—a V 8) and Pss(a — f) are
syntactically equivalent, whereas the formulas P>sa and Ps;——a are not.

i.h.: it stands for inductive hypothesis.
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Semantics

A model for some Plcs is a probability space. The universe of the probability
space is a set of models for the logic Jcs (i.e. a set of CS-evaluations). In order to
determine the probability of a justification formula « in such a probability space
we have to find the measure of the set containing all the CS-evaluations that satisfy
a. The following definitions formalize the notions of a PJcs-model and the notion
of satisfiability in a PJcs-model.

Definition 3.1.1 (Algebra Over a Set). Let W be a non-empty set and let H be
a non-empty subset of P(W). H will be called an algebra over W iff the following
hold:

e WeH;
e UVeH—=—UUVeH,
e Uc H=W\U€eH.

Definition 3.1.2 (Finitely Additive Measure). Let H be an algebra over W and
let p: H — [0,1]. We call p a finitely additive measure iff the following hold:

(1) p(W) =13
(2) forall U,V € H:
UNV=0= pUUV)=pnlU)+puV).
Definition 3.1.3 (Probability Space). A probability space is a triple
Prob = (W, H, ) ,

where:

e I/ is a non-empty set ;
e [ is an algebra over W ;

e 1 : H —[0,1] is a finitely additive measure.

The members of H are called measurable sets.

Definition 3.1.4 (PJcs-Model). Let CS be any constant specification for the logic
J. A model for PJcs or simply a PJcs-model is a structure M = (W, H, u, *) where:

e (W, H,p) is a probability space ;



3.1. THE PROBABILISTIC JUSTIFICATION LOGIC PJ 21

e x is a function from W to the set of all CS-evaluations, i.e. x(w) is a CS-
evaluation for each world w € W. We will usually write *,, instead of *(w).

The notion of independent setsin a model is defined as usual.

Definition 3.1.5 (Independent Sets in a PJcs-Model). Let M = (W, H, p1, %) be
a model for some Plcs and let U,V € H. U and V will be called independent in
M iff the following holds:

pUNV) =pW)-puV) .

In order to determine the probability of a justification formula «, the set of worlds
satisfying o should be measurable. Therefore we need the notion of a measurable
model.

Definition 3.1.6 (Measurable Model). Let M = (W, H, u, *) be a model for some
PJcs and let a € £;. We define the following set:

[y ={w e W [+, |=a} .

We will omit the subscript M, i.e. we will simply write [a], if M is clear from
the context. A Plcs-model M = (W, H, i, %) is measurable iff [a]y € H for every
a € L. The class of measurable PJcs-models will be denoted by PJcs meas-

We have the following standard properties of a finitely additive measure.

Lemma 3.1.7 (Properties of a Finitely Additive Measure). Let H be an algebra
over some set W, let u : H — [0, 1] be a finitely additive measure and let U,V € H.
Then the following hold:

(1) W(UUV)+p(UnV)=pU)+pV) ;
(2) p(U) +p(WA\U)=1;
(8) U2V = pu(U) > pu(V) .

Proof. Observe that since H is an algebra over W we have that UUV, UNYV,
WA\U,U\V,and V \ U belong to H.

(1) We have:

p(UUV)+p(UnNV) =
p((UAV)UUNV)UVAD) +plNV).
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And since the sets (U \ V), (UNV), (V' \U) are mutually disjoint we get:

pUUV)+pUnV) =
p(UNV)+pUNV)+p(VAU)+pUNV) =
p(UANVIUUNV)+(VANT)UUNV)) =
u(U) + p(V) -

(2) It holds that:

UN(W\U)=0

L= p(W)=pUUW\U)) u(U) + pWAU) .

(3) Assume that U O V. We have that:

U\V) 0

w(U) = (U \VYUV) pUAV) +u(V) .

And since (U \ V') > 0 we get u(U) > u(V). O

Remark 3.1.8. Let M = (W, H, u,*) be a model for some Plcs and let o, § € L.
It holds:

[aVply={weW |*x, FaVvp}={weW |x*x, Eaorx,|=p}=
{weW | FapUfweW |+, =B} =[a]u Ulblu
[aNBly ={weW | x, Eanp}={weW|x*, Eaand *, = [} =
{weW |+ a}n{weW |+, =B} = [a]u N [Blu
[malpu ={w e W [ %y |5 o} = {w e W [ %, £ a} =
WA{w e W |+, | a} =W [a]y

Hence if M € PJcs meas We get by Lemma [3.1.7;

[V Blar) + pllee A Blar) = pl[edar) + p((Blar) ;
n([afar) + p([-afu) =1 .
Definition 3.1.9 (Truth in a PJcs meas-model). Let CS be any constant specifica-

tion for the logic J. Let M = (W, H, i, *) be a PJcs meas-model. We define what it
means for an Lpj-formula to hold in M inductively as follows:

M E Pssa <= u([a]p) > s ;
M):—!AﬁM%A;
MEANB <« (M| Aand M |=B) .
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Definition 3.1.10 (Satisfiability and Semantical Consequence in PJ). Assume
that T' C Lp), let A € Lpy and let M be a PJcs meas-model.

We say that M satisfies A iff M = A holds.

M = T means that that M satisfies all the members of the set T

We write T F=pjeg .. A (and read that A is a semantical consequence of T')
to denote that for every PJcs meas-model M, M = T implies M = A.

A will be called PJcs meas-satisfiable (or simply satisfiable, if there is no dan-
ger of confusion) if there is some PJcs meas-model M that satisfies A.

We now define two important decision problems that are related to the logic PJ.

Definition 3.1.11 (The PJcs meas-Satisfiability Problem). Let CS be any constant
specification for the logic J. The PJcs meas-satisfiability problem or is the following
decision problem:

for a given A € Lp; is A PJcs meas-satisfiable?

Definition 3.1.12 (The PJcs-Derivability Problem). Let CS be any constant spec-
ification for the logic J. The PJcs-derivability problem or the derivability problem
in the logic PJcs is the following decision problem:

for a given A € Lpj, can we have a proof for A in PJcs?

Lemma 3.1.13 (Properties of the Class PJcs meas). Let CS be any constant speci-
fication for the logic J, let M = (W, H, i, *) € PJcsmeas and let o € Ly. Then the
following hold:

(1) M = Pesa <= p([e]) < s ;
(2) M = Poya = p([a]) < s ;
(3) M= Poya == p(fa]) > s ;
(4) M = Poso <= p([a]) = s .

Proof. (1) MEP, 25 MEP, —a Definigion (..
N([_‘Of]) >1—5 Rem&km

1—p(la]) 21 =5 <= p(le]) <s .
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(2) M= Poya 25 M = —Poyo == M £ Poyo PMERELT 0]y < 5
(3) M Posa 2 M | ~Pes = M £ Pesa &L (o)) > 5
(4) ME Poa 25 M= Poya A Poa <

(M | Poyor and M | Pe o) 0o Refntion LS

(lla)) > 5 and p([a) < s) <= plla]) = s 0

3.2 Properties of the Logic PJ

In this section we establish some theorems that prove useful properties for the
logic PJ.

First we have that the deduction theorem holds for the logic PJ.

Theorem 3.2.1 (Deduction Theorem for PJ). Let T C Lp; and assume that
A, B € Lpy. Then for any Plcs we have:

TJA}_PJCS B<:>T}_PJCS A—B.

Proof. (<=): If T Fpj.; A — B then we also have that T, A Fp;., A — B and
trivially 7', A tpy.. A. Thus by a simple application of (MP) we have T\, A Fp). B.

(=): By transfinite induction on the depth of the proof T, A Fp,, B. We
distinguish cases depending on the last rule used to obtain B from T, A:

1. Assume that B = A. Then A — B is an instance of (P). Thus we trivially
have T'tpy.; A — B.

2. Assume that B € T or B is an axiom of PJcs. Then B — (A — B) is an
instance of (P). Thus T Fpy., B — (A — B). We also have that T Fp,. B.
By an application of (MP) we get T"Fp, A — B.

3. Assume that B is the result of an application of the rule (MP). That means
there exists a C' such that:

T, Atpy, C
T7A|_PJCS C—B.
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By the inductive hypothesis we get:

Tl—pJCSA—>C
TFPJCSA%(C—>3>.

And by P.R. we have:
T I_PJCS A—B.

4. Assume that B is the result of an application of (CE). That means there
exists o € £ such that B = P>« and also ;. . Hence we have:

Fies @ (3.1)
S (D). (CE)]  (32)
Fpis Po1av = (A — Psqar) [(P)] 3
Fpis A = Psiox [,,(MP

Thrpys A= B.

5. Assume that B is the result of an application of (ST). That means that
B = C — Pssa and also for some positive s € S:

1
T, Abpy C— P, 1a, for every integer k > — .

VA

Thus we have:

1

Thtpys A= (C— P>s_%oz), for every integer k > — [ih.] (3.4)
z s
1
Thkpys (ANC) — P.,_1a, for every integer k > — ((3-4).,P.R.] (3.5)
=z s
T l_PJCS (A N C) — PESOé [ ( )] (36)
T Fpys A= (C — Ps,a) ((3-6),P.R.] (3.7)
T}_chsA—>B. .SE] [

The following theorem states that if « — [ is a theorem of some Jcs, then Plcg
proves that [ is at least as probable as «. It is interesting to observe that this
property resembles the application axiom in modal and justification logics (and of
course also the rule modus ponens). The theorem also states some monotonicity
properties of inequalities that can be prove in PJcs.

Lemma 3.2.2. For any Plcs the following hold:

(Z) }_PJCS PZl(Oé — 5) — (sta — PZS/B) ;
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(i1) If by a — B then Fpyg Posa — Psyff ;

(1i1) if s > r then Fpy Posa — Ps,a ]

() Fpyeg Porar = Pspar

(v) if r > s then Fpyg Psra — Pssar .

Proof. All items are proved by purely syntactical arguments:

(i)

Fie 7(aA L)

Fpice Po1—(a A L)

Fies (FaA=L)V —-a

Fpics Po1((ma A=L) V =ma)

FPics (P>50z A PsoL A Psi=(a A J_)>
— Psg(aVv 1)

Fpics P>ol

Foses (Post A PogL) = Poy(aV L)

Fpicg Posa = Psg(aV L)

FPJcs (P§173<_‘Oé A=L)A P<s—|—|a)
— Pay((ma A1)V =ma)

Fpics —'—|P21((—|oz AN=l)vV —|—|a)

Fpyes 7 P<1 ((—u A=l)V —|—|04)

FPics —|(P§1_S(—|oz A=L)A P<s—|—|a)

Fpice P<i—s(ma A —L) = = P_—a

Fpics P<i—s(ma A L) = == Psymna

Fpics P<i—s(ma A—L) = Psi—ma

|_|:>_]CS PZS<Oé V J_) — PZS_\_\CY
|_ch5 PZSOé — PZS_\_'O./

FPics ﬁ(le(Oé = B) = (Pssa — P285)> -

P21(Oz—>6)/\PZSOé/\_|P256

Fpics ﬁ(le(Oé =) = (Pesa = PZSBD -

(B11), P.R.
(B17), S.E.

)
)
)
(3-16). 318), P.R.]
(319, P.R]
[(:20),S.E]
[JP'R"]
((-22). S.E
[(3.15), (3.23), P.R.|

[(P)]

3.18

3.19

3.20
3.21
3.22
3.23
3.24

o~~~ o~ o~ o~ o~ o~ o~
~— O S N~ N~ N~

(3.25)
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(iii)

(v) If r = s then we have that P>,a — P>ga is an instance of (P).
have the following:

Poi(a = B) A Pssmma A=Psyf3
FPics ﬂ(le(a — f5) —
Psi(maV B) AN P<i_s—a A\ Pyf
Fpics P<i—sma A PegB — Poi(maV B)
Fpics ~(Por(a — B) =
(Por(=a V B) A Po(-aV 5))
FPJcs ﬁ(le(Oé — ) =
(Por(=aV B) A =Puy(-a v §))
Frics Poi(a = B) = (Posa = Py B)

Fieg 0 = B

Fpics Po1(a — )
Fpics Po1(a — ) —
Fpyes Pssao — P8 .

(PZSCY — stﬁ)

Fpics P<rav — Poga
l_PJCS —|P<Soz — _|P§TO./
Fpicg 7 FPssa — Psa
l_PJCS sta — P>7»Oé .

Fpicg Pera = Py
Fpics " P<ra — =P
l_PJCS P.o.a— _|_|PZTOZ
Fpyes Porav = Pspax .

l_PJCS PZTCY — P>SOé
l_PJCS P>SOé — PESCY
l_PJCS PZTOé — PZsa .

(Pssav — PZSB)) —

(P>sox — stﬁ)) —

(Pssa — stﬁ)) —

27
(329), B25), P-R.] (3.26)
(3:26),S.E.] (3.27)
[((UN)] (3.28)
((3:27), B-28), P.R.] (3.29)
[(3:29),S.E.] (3.30)
[(3-30), P.R.]
(3.31)
[(3:31), (CE)]  (3.32)
[(c)]  (3.33)
((3:32), (3:33), (MP
[(WE)] (3.34)
- P.R.] (3.35)
[(3:35), S.E.] (3.36)
-,P y
[(LE)] (3.37)
(3:37), P.R.] (3.38)
[(3-38), S.E.] (3.39)
(339, P.R.]
If r > s we
|(2id)] (3.40)
Giv)] (3.41)

(3-40), (3:41), P.R.]

Internalization states that the logic internalizes the notion of its own proof, i.e.
when we have a proof in a logic, then a formula that “encodes” this proof is provable
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in the logic. In probabilistic internalization we have the same property, but with
a form of uncertainty in the premises. Many forms of probabilistic internalization
can be proved for the logic PJ. Theorem m states two of them. Item
of Theorem [3.2.3| states that if we have uncertainty for the conjunction of the
premises, this uncertainty is passed to the result, whereas itemof Theoremm
states that uncertainty in a single premise is again passed to the result.

Theorem 3.2.3 (Probabilistic Internalization). Let CS be an aziomatically ap-
propriate constant specification for the logic J. For any «, By, ... ,Bn € Ly,
ti, ... ,t, € Tmand s €S, if:

/817 AR ] /Bnl__]csa
then there exists a term t such that:
(]) st(tl:ﬁl/\ AN tnﬁn) l_PJCS PZS(tIOé) i
(2) for everyie {1,...,n}:
{ Poy(ty : 5;) ‘ J# 1 }7P28(ti 1 Bi) Fpies Pos(t ) .

Proof. By Theorem we find that there exists a term ¢ such that:

B, oot Bubist i
By repeatedly applying Theorem [2.3.2) we get:
}_JCS tliﬁl — ( e — (tn—l Z,Bn_l — (tnzﬁn%t:a))... ) . (342)

So we have:

By statement and P.R. we get:
F s (tlzﬁl/\.../\tn:ﬁn) —t:a.

By Lemma :

Fpics st(h G I ANP Bn) — P23<t : a)
and by Theorem [3.2.T}

st(tl BN N, Bn> FPics st(t : a) )
[@)Let i € {1,...,n} and {j1,...,jn_1} = {1,...,n}\i. By statement and
P.R. we get:

}_Jcstjl:ﬁjlé("' —>(tjn7125]'n71—><tilﬁi—>tia))...).
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By (CE) we get:
|_PJCS PZl(tﬁ : ﬁ]l — ( e = (tjn—l 3ﬁjn71 — (tz : 6@ —t: Oé)))) .

By repeatedly applying Lemma |3.2.2(i){and P.R.. we get:
Fracs Po1(t,  Bjy) = (o = (Poaltysy : Bjasy) = (Pos(ti: i) —
Poy(t:a)))...).
And by repeatedly applying Theorem [3.2.1] we get:
le (tjl . Bj1)7 e ,PZl (tjn71 . ﬁjn71)7PZS(ti . ﬁz) l_PJCS st(t . Oé)
i.e.
{PZI(tj:Bj) ‘]7&@}7P23<tzﬁz> |_PJCS P25<t20é) . ]

Remark 3.2.4. If we consider the formulation of probabilistic internalization with-
out premises, then for an axiomatically appropriate CS we obtain that:

Fis @ implies Fpics P>1(t - a)  for some term ¢.
The above rule contains a combination of constructive and probabilistic necessita-

tion.

We close this section by presenting a semantical characterization of independence
in the system PJ. It seems that a syntactical characterization of independence is
impossible in PJ.

Theorem 3.2.5. Let CS be a constant specification for the logic J. Let u,v € Tm,
let a, 8 € Ly and let M be a PJcs meas-model. Assume that [u : (« — [)]m and
[v:aly are independent in M. Then for any r,s € S we have:

M= Por(u: (0= B) = (Pos(v:a) = Pop(u-v: ) .

Proof. Assume that M = (W, H, ji, ).

Let w € [u: (o = B)]N[v: al. We have that %, = u : (« — ) and that
%, = U . Since %, is a CS-evaluation, by Theorem We get that x,, satisfies
all instances of axiom (J), i.e. %, Fu: (a0 —= §) = (v:a— u-v: ). Hence we
have %, Fu-v: [, ie. w € [u-v:f]. So we proved that [u: (a« — )| N[v:a] C
[u-v:fB]. So by Lemma [3.1.7(3)] we get:

u([u-v:ﬁ]) zu([u:(aéﬁ)]ﬂ[v:a}) :

And since [u : (a« — )] and [v : @] are independent in M we have:

p(lu-v:B) = p(u: (@ B)) - u(v:al). (3.43)

Assume that:
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MEPsi(u:(a— () and M | Psg(v: a), ie.
,u([u o — B)]) > r and ,u([v : a]) > 5.

By inequality (3.43]) we have u([u ‘v ﬂ]) >r-s,ie. M| Psps(u-v: ). Hence
we proved that:

M = Pop(u: (a0 = B)) = (Pos(via) = Porg(u-v: 8)) . 0

3.3 The Probabilistic Justification Logic PPJ

Observe that the language of PJ does neither include justification operators over
probability operators (e.g. t : (P>sA)) nor iterations of the probability operator
(e.g. P>.(P>sA)). In this section, we present a logic over a language that remedies
these shortcomings. The logic PPJ [KOS16] allows formulas of the form ¢ : (P>A)
as well as Ps,(P>sA). This explains the name PPJ: the two P’s refer to iterated
P-operators. Since we can have justification over probabilities it is possible to
extend the notion of constant specification. A constant specification for the logic
PPJ will contain instances of the justification as well as the probabilistic axioms

(see Figure (3.3.1)).

Syntax

The language Lpp; is defined by the following grammar:
Au=p| P>, A| A ANA LA

where t € Tm,s € S and p € Prop. For the language Lpp; we assume the same
abbreviations as for the language Lp;.

The axiom schemata of the logic PPJ are presented in Figure |3.3.1]

Let CS be any constant specification for the logic PPJ. The deductive system
PPJcs is the Hilbert system obtained by adding to the axiom schemata of PPJ the
rules (MP), (CE), (ST) and (AN!) as given in Figure[3.3.2]

As we can see, the axiomatization for PPJcs is simply a combination of the axioma-
tization for PJcs and the axiomatization for Jcs. However, the version of rule (CE)
that is used for the logic PPJ deserves some comment. As the reader can recall,
rule (CE) has also been used in the axiomatization of the logic PJ, with different
condition on the premise: when we have ;. «, then we can prove Fpj. P>io.
The reason why formula a has to be a theorem of Jcg is clear since the premise
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(P) finitely many axiom schemata in the language of Lpp
axiomatizing classical propositional logic

J) Fu:(A—-B)—>(v:A—u-v:B)

(+) (Fu:AVv:A) —utv:A

(Pl)  F PspA
(WE) + P, A— P_ A, where s >r

(LE) F P.sA— P A
(DIS) F PoyAA PoyB A Poy=(AA B) = Popin(irss) (AV B)
(UN) F P, AANP.4sB— P s(AV B), where r +s <1

Figure 3.3.1: Axiom Schemata of PPJ

axiom schemata of PPJ

+
(AN!) F!"c:!I"le:...ilec:c: A where (¢, A) € CSand n € N
(MP) ifTHAandTHA— BthenTF B

(CE) ifF A thenF P51 A

(ST) ifTHA— P.,_1B for every integer k > Tand s >0

then T+ A — P>,B

Figure 3.3.2: System PPJcs

of the rule is proved in a different logic than the result of the rule. In the case
of PPJ one could argue that rule (CE) could be formulated without the condition
that the premise is a theorem, since there is only one logical system (the system
PPJ) involved. However, it turns out the Deduction Theorem (Theorem
cannot be proved without this condition. That is why we have the condition that
the premise of the rule (CE) is a theorem in PPJ.

Semantics

A PPJcs-model is a combination of a PJcs-model and a Jcs-model. It consists of
a probability space, where to every possible world a CS- evaluation as well as a
probability space is assigned. This way we can deal with iterated probabilities and
justifications over probabilities.

We proceed by formally defining the notion of a PPJcs-model and the notion of
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satisfiability in PPJcs-models.

Definition 3.3.1 (PPJcs-Model). Let CS be a constant specification for the logic
PPJ. A PPJcs-model is a quintuple M = (U, W, H, u, %) where:

1. U is a non-empty set of objects called worlds;

2. W, H,u and % are functions, which have U as their domain, such that for
every w € U:

o (W(w), H(w), p(w)) is a probability space with W (w) C U ;
e x, is a CS-evaluation[]

The ternary satisfaction relation |= is defined between models, worlds, and formu-
las.

Definition 3.3.2 (Truth in a PPJcs-model). Let CS be a constant specification
for the logic PPJ and let M = (U, W, H, i, *) be a PPJcs-model. We define what it
means for an Lppj-formula to hold in M at a world w € U inductively as follows:

M,wlEp <= p,=T forpeProp;
Mwlh PoB < ([B]MM € H(w) and p(w)([Blaw) > s)

where [Bly = {z € W(w) | M,z = B} ;
M,wkE-B < MwlpB,;
M,wlEBANC <~ (M,w):BandM,wFC);
M,wlEt:B <= Bet) .

Measurable models are defined as expected.
Definition 3.3.3 (Measurable Model). Let CS be a constant specification for the
logic PPJ and let M = (U, W, H, u, %) be a PPJcs-model. M is called measurable
iff for every w € U and for every A € Lppy:

[Alpw € H(w) .

PPJcs meas denotes the class of PPJcs-measurable models.

'We will usually write #,, instead of *(w).
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Remark 3.3.4. In Definition [3.3.2] the condition for the truth of P-,B may have
some “strange” consequences. For example, we may have M,w | —Ps,B when
[Blamw ¢ H(w). However, this condition becomes “normal” for measurable models,
i.e. for a measurable model M = (U, W, H, j1, *) we have:

M,w |= P>sB < y(w)([B]Mﬂ,,) >s.

Since we are going to use only measurable models, the “strange” consequences of
Definition will not be important for us.

Definition 3.3.5 (Semantical Consequence and Satisfiability in PPJ). Let T" be
a subset of Lppy, let A € Lppy and let M = (U, W, H, j1, %) be a PPJcs meas-model.

o We say that A is satisfied in the world w € U iff M, w = A.

e We say that A is satisfied in the model M iff there is a world w € U, such
that M,w = A.

o We say that A is PPJcs meas-satisfiable (or simply satisfiable, if there is no
danger of confusion) iff there exists a PPJcs meas-model where A is satisfied.

e We write M, w [= T if and only if:

(VA€ T)[Mw = A].

e We say that A is a semantical consequence of T (we write T [=ppycs e A)
iff for every PPJcs meas-model M and for for every world w of M:

MuwET= MuwEA.

Remark 3.3.6. Let T' C PPJ, let A € PPJ and let M be some PPJcs meas-model.
The notion of semantical consequence defined in Definition is usually called
local semantical consequence, since it is required that A holds in some world of M
if T" holds in the same world of M. A notion of global semantical consequence can
also be defined, where, given some model M, A has to hold in all worlds of M, if
T holds in all worlds of M. However, in this thesis we will use only the notion of
local semantical consequence.

We now define two important decision problems that are related to the logic PJ.

Definition 3.3.7 (The PPJcs meas-Satisfiability Problem). Let CS be any con-
stant specification for the logic PPJ. The PPJcs meas-satisfiability problem is the
following decision problem:



34 CHAPTER 3. PROBABILISTIC JUSTIFICATION LOGICS

for a given A € Lpp, is A PPJcs meas-satisfiable?

Definition 3.3.8 (The PPJcs-Derivability Problem). Let CS be any constant spec-
ification for the logic PPJ. The PPJcs-derivability problem or the derivability
problem in the logic Jcs is the following decision problem:

for a given A € Lppy, is there a proof for A in PPJ¢s?

Finally we have the deduction theorem for PPJ. Its proof is almost identical with
the proof of the deduction theorem for the logic PJ. The only modifications concern
the justification axioms and the rule (AN!) that belong to the axiomatics of PPJ
and not to the axiomatics of PJ. However, these modifications are trivial, thus we
present the deduction theorem for PPJ without a proof.

Theorem 3.3.9 (Deduction Theorem for PPJ). Let T C Lppy and A, B € Lpp;.
For any PPJcs we have:

T,Al—ppJCSB s T}_pchsA—>B.

3.4 Application to the Lottery Paradox

Kyburg’s famous lottery paradox [Kyb61] goes as follows. Consider a fair lottery
with 1000 tickets that has exactly one winning ticket. Now assume a proposition
is believed if and only if its degree of belief is greater than 0.99. In this setting
it is rational to believe that ticket 1 does not win, it is rational to believe that
ticket 2 does not win, and so on. However, this entails that it is rational to believe
that no ticket wins because rational belief is closed under conjunction. Hence it is
rational to believe that no ticket wins and that one ticket wins.

PPJcs makes the following analysis of the lottery paradox possible. First we need
a principle to move from degrees of belief to rational belief (this formalizes what
Foley [Fol09] calls the Lockean thesis): we suppose that for each term ¢, there
exists a term pb(t) such that:

t:(Popgod) — pb(t): A. (3.44)

Let w; be the proposition ticket i wins. For each 1 < ¢ < 1000, there is a term ¢;
such that ¢; : (P: o9 ﬁwi) holds. Hence by statement (3.44]) we get

pb(t;) : ~w;  for each 1 <1 < 1000. (3.45)
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Now if CS is an axiomatically appropriate constant specification for PPJ, then
s1: ANsy: B — con(sy,s2): (AN B) (3.46)

is a valid principle (for a suitable term con(si, sz)) in the semantics of PPJcs.

Hence by statement (3.45) we conclude that
there exists a term ¢ with ¢ : (-wy A -+ A —wigeo) (3.47)

which leads to a paradoxical situation since it is also believed that one of the
tickets wins.

In PPJcs we can resolve this problem by restricting the constant specification such
that is valid only if con(sy, s2) does not contain two different subterms of
the form pb(¢). Then the step from to is no longer possible and we
can avoid the paradoxical belief.

This analysis is inspired by Leitgeb’s [Leild] solution to the lottery paradox and
his Stability Theory of Belief according to which it is not permissible to apply
the conjunction rule for beliefs across different contexts. Our proposed restriction
of is one way to achieve this in a formal system. A related and very interest-
ing question is whether one can interpret the above justifications ¢; as stable sets
in Leitgeb’s sense. Of course, our discussion of the lottery paradox is very sketchy
but we think that probabilistic justification logic provides a promising approach
to it that is worth further investigations.
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Chapter 4

Soundness and Completeness

In this chapter we present soundness and strong completeness theorems for the
logics PJ and PPJ. The soundness theorems (in Section are proved by a
transfinite induction on the depth of the proof. The strong completeness theorems
(in Sections and are obtained by applying the standard Henkin procedure.

4.1 Soundness

In order to prove the soundness theorems we need the Archimedean property for
the real numbers.

Proposition 4.1.1 (Archimedean Property for the Real Numbers). For any real
number € > 0 there exists an n € N such that % < €.

The following theorem states that any PJcs is sound with respect to the class
PJCS,Meas'

Theorem 4.1.2 (Soundness for PJ). Let T'C Lpy and let A € Lpy. Then for any
constant specification CS for the logic J we have:

Thpys A=T ):PJCS,Meas A
Proof. Let T' C Lp; and let A € Lp;. We prove the claim by transfinite induction
on the depth of the derivation T' Fpjy A. Let M = (W, H, 1, %) € PJcs meas- We
assume that M |=T. We distinguish the following cases:
(1) AeT. Then M satisfies A by assumption.

37
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(2) A is an instance of (P). Then obviously M satisfies A.
(3) A is an instance of (PI). This means:

A:PZ()CY‘

Since p : H — [0,1] and [o] € H we have u([a]) > 0, i.e. M = Psoa, ie.

M E A.
(4) A is an instance of (WE). That means:

A= Poa — Pojo, with s > 7.

We have:
MEA =
(M E Poya = M E P.ya) P B2

(n(la)) < r = pu(lo]) < 5)
The last statement is true since r < s. Thus M |= A.
(5) Ais an instance of (LE). Similar to case [(4)]
(6) A is an instance of (DIS). Then we have:
A= (Pora A PsoB A Por=(a A B)) = Pominira(@V ) -
It holds:
MEA =
M = (PZra A PssB A Psi—(a A 5)) = Pomin(,r4s) (0 V B) 25
M = (Popa A Poyf8 A Peg(a A B)) = Poinrrss) (@ V ) -
By Lemma the last statement is equivalent to:

(u(la]) = r and p([B]) > s and p(la A B]) < 0) =
p([a Vv B]) > min(1,r +s) .

Let u([a]) > r, p([B]) > s and p(Ja A B]) < 0. By Remark we have:
plla v B]) = u([e]) + p([B]) — plla A B]) 2 7+ s. Since p([aV B]) <1 we
have pu([a Vv 8]) > min(1,r + s). Thus, the last of the above statements is
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A is an instance of (UN). Then we have:
A= (Pea APoB) = PoiaVp), r+s<1.
We have:

MEA =
(M = (Pgra A P<sﬂ) — Popps(aV 6)) tempa G LI

() < 7 and () < 5) = u(la v B) <7 +5)

Assume that u([a]) < r and p([5]) < s. By Remark we have that
pllevp]) = p([a])+p((8]) —pl[anp]) < r+s—p([anpb]). Since p(lans]) =

we have p([a V B]) < r+ s. Thus, the last of the above statements is true
so M = A.

A is obtained by an application of the rule (MP). Thus, there exists some
B € Lpy such that T' Fpy., B and T py, B — A. By the inductive
hypothesis we have that M = B and M = B — A. Thus M = A.

A is obtained by an application of the rule (CE). That means A = P>« and
also ). a for some o € £). By Theorem we have =cs a, which implies
that (Vw € W)[*, = o], i.e. [of = W. Thus p([a]) =1, i.e. M = Psia.

A is obtained by an application of (ST). That means A = B — Psf for
s >0andalsoT Fp, B — PES*%ﬂ for every integer k > % By the inductive

. . 1
hypothesis we have that M = B — P, 1 f3 for every integer k > <.

Assume that M = B. This implies that for every integer k& > % we have
M ): PZS_%/B, i.e.

—_

1
w([p]) > s — % for every integer k > —. (4.1)
Assume that p([5]) < s, i.e. s — p([5]) > 0. By the Archimedean property
for the real numbers we know that there exists some integer n such that

L < s — p([A]), which 1mphes n> — u([ﬁ]) > L since s > p([f]) > 0. Hence,

there exists some n > % with u([8]) < s — £, which contradicts (4.1). Thus
w([5]) > s, i.e. M |= Psgf3. So, we proved that M |= B implies M = P>,0.
As a consequence we have that M = A. ]

»

In a very similar way we can prove that any PPJcs is sound with respect to the
class PPJcs Meas-
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Theorem 4.1.3 (Soundness for PPJ). Let CS be any constant specification for the
logic PPJ. Then the following holds:

(VA € EPPJ)(VT C £PPJ) {T I_PPJCS A = T |:PPJCS A} :

Proof. Let A € Lppy. Then our goal is to show the following statement:
(VT C Lppy) {T Fppics A =T Fppics A} :

The proof is done by transfinite induction on the depth of the PPJcs-derivation
for A. Since the cases for the probabilistic axioms and rules are similar to the ones
from Theorem [.1.2], here we show only the cases for the justification axioms and
rules plus the case for the rule (CE) which is slightly different:

e A is an instance of (J). That means:
A=u:(B—-C)—» (w:B—u-v:C).

Let
M = (U W, H, u,x*) € PPJcs Meas

and let w € U be such that M, w = T. Our goal is to show that M,w = A.
The following statements are equivalent:

M,wlE A
MwkEu:(B—-C)—=(v:B—u-v:C)
[(M,w):u:B%C) and (M,w):v:B)} — MwEu-v:C
<B—>C’€uj;) and (BEU;Z) = C € (u-v),
The last statement is true according to Definition , hence M, w = A.
e A is an instance of (+). This means
A=w:BVv:B)—u+v:B.

Let
M = <U, W, H, M, *> S PPJCS,Meas

and let w € U be such that M, w = T. Our goal is to show that M, w = A.
The following statements are equivalent:

MwpE A
(M,w):u:BorM,w):v:B>:>M,w):(u—|—v):B

(Beuj,or BEv,) = Be (utv),.
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The last statement is true according to Definition hence

M,wEA.

e A is an instance of (AN!). This means:
A=1"c:"1c:...:lc:c: B
where (¢, A) € CS and n € N. Let
M = (U W, H, u,*) € PPJcs Meas

and let w € U be such that M, w = T. Our goal is to show that M,w = A.
We know that x,, is a CS-evaluation, thus according to Definition we

get:

"=ler oostleie: Be (o)
Le.

*p Ec: " e s e B
Thus M,w = A.

e A is obtained by an application of (CE). That means A = P> B and also
|_PPJCS B. Let
M = <U, VV, H, M, *> S PPJCS,Meas

and let w € U be such that M,w = T. Our goal is to show that M,w = A.
By i.h. we have that 0 = B, i.e. (VM')(Va)[M',z = B]. In particular we
have that for all z € U, M,z = B. So

[Blyw ={zxe W) | M,z =B} =W(w) ,
since W(w) C U. Thus p(w)([Blmw) =1, i.e. M,w |= P>1B, ie.

M,wE A . O

4.2 Strong Completeness for PJ

In this section constant specifications are always assumed to be constant specifi-
cations for the logic J.

In this section we present a strong completeness theorem for the logic PJ, which
is obtained by the standard Henkin procedure, i.e. by a canonical model con-
struction. As we mentioned in the introduction, our logic would not be strongly



42 CHAPTER 4. SOUNDNESS AND COMPLETENESS

complete without the infinitary rule (ST), since the probabilistic language lacks
compactness.

As a first step, we define the notion of consistent sets.

Definition 4.2.1 (L-Consistent Sets). Let L be a logic over the language £ and
let T C L:

e T'is L-consistent iff T' ¥4 L. Otherwise T is said to be L-inconsistent.
e T is L-mazximal iff for every A € L either A€ T or —A e T.

o T is maximal L-consistent iff it is L-maximal and L-consistent.

Equivalently we can say that T is L-consistent iff there exists some A € L such
that T’ J’ZL A.

Before proving completeness for PJ we need to prove some auxiliary lemmata and
theorems.

Lemma 4.2.2 (Properties of PJcs-Consistent Sets). Let CS be any constant spec-
ification for the logic J and let T' be a Plcs-consistent set.

(1) For any formula A € Lpy at least one of the sets T, A and T,—A is PJcs-
consistent.

(2) If 7(A — Ps,8) € T for s >0, then there is some integer n > 1 such that
T,~(A — P, 1f) is Plcs-consistent.

Proof. Assume that T, A and T,—-A are both PJcs-inconsistent, i.e. that
T,A bFpye L and T,-A Fpy, L. Then by P.R. and Theorem we get
T Fpys L, which contradicts the fact that 7" is PJcs-consistent. Hence at least
one of the sets T, A and T', = A is PJcs-consistent.

Assume that for every integer n > 1 the set T,—(A — P.,_1f) is PJcs-
inconsistent. Then we have the following: "’

1

T, —|<A — st_lﬂ) l_PJcs J_, Vn > ; (42)

1
Thpys (A= Poy 1f)— L, VYn>- [Thm. B2.1 @2)]  (43)

= s

1

Thrpys A= Poy 13, Vn > B [(4.3), P.R.] (4.4)
Thpys A— PssfB [(4-4), (ST)] (4.5)
T I_PJCS _\(A — PZS/B) (46)
T I_PJCS L. [7 7P'R'] (47)
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Statement (4.7)) contradicts the fact that T is PJcs-consistent. Thus there exists
some n > L such that T, —(A — P.,_1/3) is PJcs-consistent. O

Lemma establishes some properties of maximal consistent sets. Items|(1)}
are standard, whereas item @ is special for our system.

Lemma 4.2.3 (Properties of Maximal PJcs-Consistent Sets). Let CS be any con-
stant specification for the logic J and let T be a mazimal PJcs-consistent set. Then
the following hold:

(1) For any formula A € Lp,, exactly one member of {A,—A} is in T.

(2) For any formula A € Lp:

Tl_pJCSA<:>A€T.

(3) For all formulas A, B € Lppy we have:

AVBeT < AcT orBeT .

(4) For all formulas A, B € Lp; we have:

ANBeT = {AB}CT.

(5) For all formulas A, B € Lpy we have:

{A,A—-B}CT = BeT.

(6) Let v € L), let X ={s | Pssaw € T} and let t = sup(X). Then:

(i) For all r € S[0,t) we have that Ps,ac € T ;
(i) For all v € S[0,t) we have that Ps,ac € T ;
(iii) Ift €S then Psyqa € T

(iv) For any r € S:
t>r<= Ps,acT.

Proof. (1) By Definition[4.2.1] we know that at least one member of {4, = A} be-
longs to 7. If both members of { A, = A} belong to T then we can easily con-
clude that 7 tpj., L, which contradicts the fact that 7 is PJcs-consistent.
Thus, exactly one member of {A, =A} belongs to T .
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(2) The direction (<=) is obvious. We prove the direction (=) by contrapo-
sition. Assume that A ¢ 7. By we have that =A € 7. So, by the
consistency of T, we cannot have 7 tp;.. A. Thus we have T Fp, A.

(3) («<=) : Assume that A € T. We have:

THA (4.8)
THAVEB. [(4.8), P.R.]

By the last statement and by we have AV B € T. If B € T we prove
the claim similarly.

(=) : Assume that AV B € T and that both A and B do not belong in 7.
By |(1)| we have that {—=A, =B} C T. Hence we have:

TF-A (4.9)
T+ -B (4.10)
T+ —(AV B) [(4.9), (.10), P.R.]

THAVB.

The last two statements contradict the fact that 7 is PJcs-consistent. Thus,
at least one of A, B belong to 7.

(4) («<=) : We have:

T e A (4.11)
T bpi B (4.12)
T FPics ANB [7 " ) P'R']

By the last statement and by we have ANB € T.

(=) : We have that 7 Fpy.; AN B. By P.R. we get that 7 Fpj A and
T tFpies B. By [(2)] we have that A, B € T.

(5) We have:
T Fpis A (4.13)
T '_PJCS A— B (414)
T Fries B [(4.13), (4.14), (MP)] (4.15)
BeT. [(4.15)(2)]

(6) We have:
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(i)

(i)

(iif)

(iv)

Let r € S[0,t). Assume that Ps,a ¢ 7. Then assume that for some
r" € S(r,1] we have P>, € T. Since " > r by Lemma we
have that T tpy P = Ps.a. By we have Pspoo = Ps,a € T
and by we have P.,a € T which is absurd since we assumed that
P..a ¢ T. Thus, for all v’ € S(r, 1] we have P>, ¢ T. Thus r is an
upper bound of X, which is again absurd since r < t and t = sup(X).
Hence we conclude that P.,a € T.

Let r € S[0,t). By |(i)| we have that Ps,a € 7. By Lemma

and the maximal consistency of 7 we have P.,a — Ps,.a € T and by
(5)| we get Psra € T. -

If ¢ = 0 then by (Pl) we have that T Fpj., P>oa. Thus by [(2)| we have
that P>, € T.

Let t > 0. By we have that for all n > %, PZF%OA € T. So by the
rule (ST) and the maximal consistency of T we get Psia € T

Let r € S.
Assume that Ps,.a € T. Then obviously ¢ = sup,{P>sa € T} > r.

Assume that ¢t > r. If t = r then by we get P>, AeT. Ift>r
then by we get P>, A€ T. O

Now we can prove the well known Lindenbaum Lemma for the logic PJ.

Lemma 4.2.4 (Lindenbaum). Let CS be any constant specification for the logic J

and let T

be a Plcs-consistent set. Then there exists a mazimal PJcs-consistent

set T, such that T CT.

Proof. Let T be a PJcs-consistent set. Let Ag, Ay, A, ... be an enumeration of
all the formulas in Lp;. We define a sequence of sets {T;};en such that:

(1) Ty :=T;

(2) for every i > 0:

(a)
(b)

(c)

if T; U{A;} is PJcs-consistent, then we set T;,; := T; U {A;}, otherwise

it A; is of the form B — P54, for s > 0, then we choose some integer
n > 1 such that T; U {—A4;,~(B — P.,_17)} is PJcs—consistentlj and
we set Tiq = T; U{-A;, ~(B — P5, 17)}, otherwise

we set Tjq :=T; U{-A;};

"'We will show in the case below that such an n always exists.
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(3) T = U?io T;.

By induction on ¢ we will prove that T; is PJcs-consistent for every i € N.

(i) The consistency of Tj follows from that of T.

(ii) Let ¢ > 0. Assuming that T; is PJcs-consistent, we will prove that T;,; is
PJcs-consistent. We have the following cases:

o If T}, is constructed using the case |(2)[(a)| above, then it is obviously
PJcs-consistent.

o If T, is constructed using the case |(2)(b)| above then we know that
T;, A; is PJcs-inconsistent, thus according to Lemma [4.2.2(1)[ we have
that T}, 1 A; is PJcs-consistent. We also have that A; = B — P57y for
5 > 0. So, according to Lemma we know that there exists some
n > % such that T}, —A;, (B — P, _17) is PJcs-consistent, thus 7,
is PJcs-consistent. 0

o If T;,, is constructed using the case |(2)[c)| above then we know that

T;, A; is PJcs-inconsistent, thus according to Lemma [4.2.2(1)[ we have
that T;, = A; is PJcs-consistent, i.e. T; ;1 is PJcs-consistent.

Now we will show that 7 is a maximal PJcs-consistent set.

We have that for every A € Lpy either A € T or =A € T. Thus according to
Definition [1.2.1] the set T is Lp;-maximal.

It remains to show that 7T is PJcs-consistent. We will first show that 7 does
not contain all Lp,-formulas (see below) and then that 7T is PJcs-deductively
closed for Lp; (see below). The fact that 7 is PJcs-consistent follows easily

from and .

(A) Assume that for some A € Lp; both A and —A belong to 7. That means
there are 4, j such that A € T; and —=A € T}. Since

IhCTh Iy, C...

we have that {A, 7A} C Thax(,j), which implies that the set Tiyax( ;) is PJcs-
inconsistent, a contradiction. Thus, 7 does not contain all members of Lp;.

(B) We show that T is PJcs-deductively closed for Lp;-formulas.

Assume that for some A € Lp; we have that 7 Fp;; A. We will prove by
transfinite induction on the depth of the derivation 7 Fp;. A that A € T.
We distinguish cases depending on the last rule or axiom used to obtain A
from T.
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(1) If A € T then we are done.

(2) Assume that A is an instance of some PJ-axiom. We know that there
exists some k such that A = Aj. Assume that —A; € Tr,1. Then we
have that Tyy1 Fpye Ak and Typq Fpyeg Ak (since Ay is an axiom),
which contradicts the fact that Ty, is PJcs-consistent. Hence, A; €
Tiiq, i.e. AeT.

(3) If A is obtained from 7 by an application of the rule (MP), then by
the inductive hypothesis we have that all the premises of the rule are
contained in 7. So there must exist some [ such that 7; contains all
the premises of the rule. So, T} Fpy, A. There exists also some k
such that A = A;. Assume that =A € Tiax(k)+1- This implies that
Tax(ke)+1 Frics A and Thaxk,+1 Fpies A, which contradicts the fact
that Tax(k,)+1 s PJcs-consistent. Thus we have that A € Tiax(k)+1,

ie. AeT.

(4) Assume that A is obtained by 7 by an application of the rule (CE).
This means that A = P>y« and that . a for some o € £;. We know
that there exists some k such that A = A,. Using the same arguments

with case we can prove that A € Ty, ie. A€ T.

(5) Assume that A is obtained from 7 by the rule (ST). That means that
A =B — Psyy for s > 0 and also that for every integer k > % we
have T Fpyg B = P, 17. Assume that A does not belong to T, thus
—~AeT,ie =(B— P>sy) € T. Let m be such that A,, = B — P47.
We find that =(B — P>47v) € T,,+1 and by the construction of T, there
exists some [ > 1 such that —(B — P>57%’y) € Tyi1. However, we
also find that the formula B — P, 1 is a premise of (ST), thus by the
inductive hypothesis B — P, 1 € 7. So, there exists an m’ such that

B — P, 1 € T,y. Thus

{—|(B — st—l)’ B — PZS_%} C Tmax(m-i—l,m’) )

7
which contradicts the fact that Tiax@m+1,m) 15 PJcs-consistent. Thus
AeT.

Now we can prove that 7 is PJcs-consistent.

Assume that 7 is not PJcs-consistent. Then we have the following:
T Fpyes L (4.16)
(VA € Lp))|T Fpses L — 4] [(P)] (4.17)
(VA € Lpy) [T Fpys A] ([E16), (E17). (MP)] (4.18)
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(VA€ Lp)[AeT]|. [([E18)[(B)] (4.19)

Statement (4.19)) contradicts |(A)| thus 7T is PJcs-consistent.

So, we proved that 7 is a maximal PJcs-consistent set that contains the PJcs-
consistent set 7. ]

Remark 4.2.5. Since in the logic PJ the proofs may have infinite depth, the usual
method for proving the Lindenbaum lemma (i.e. the one used for finitary log-
ics) cannot be applied here. In finitary systems the consistency of the set 7 (in
the proof of Lemma is obtained by the consistency of the sets T;. Since
T = U;enT; the consistency of 7, in a finitary system, would simply follow by
contradiction:

Assume that 7 F L. Then there should exist some finite 7" C T such that
T'+ L. But then T" C T; for some ¢, which contradicts the consistency of T;.

However, such an argument cannot be used for an infinitary system. Therefore, we
have to change the construction of the sets T; (in the way we did in Lemma [4.2.4))
in order to obtain consistency for 7.

Now we will define a canonical model for any maximal PJcs-consistent set of for-
mulas.

Definition 4.2.6 (Canonical Model for PJ). Let CS be any constant specification
for the logic J and let 7 be a maximal PJcs-consistent set of Lpj-formulas. The
canonical model for T is the quadruple M7 = (W, H, u1, %), defined as follows:

o W = {w ’ w is a CS—evaluation} ;
o H:{[a]MT‘&EﬁJ}§

e for every a € L}, /L([OJ]MT) = sup, {PZsa € T} ;
o forevery w e W, %, =w .

Remark 4.2.7. In Deﬁnitionthe canonical model M7 = (W, H, j1, %) is defined.
Observe that in the definition of H we use the set [a]yz,. This is not a problem since
by Definition we have that [a]y, depends only on *, W, and the justification
formula «, which do not depend on H. The same holds for . Thus, the canonical
model is well-defined.

Now we establish the most difficult part of the completeness proof, which is to
show that the canonical model is a measurable model.
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Lemma 4.2.8. Let CS be any constant specification for the logic J and let T be a
mazimal PJcs-consistent set. The canonical model for T, M, is a PJcs meas-model.

Proof. Let My = (W, H, ju,%). Observe that according to Definition 4.2.6, for
every o € L we have:

v, = {w eWw ‘ ke = a} = {w ’ w is a CS-evaluation and w = a} :

In order for My to be a PJcs meas-model we have to prove the following:

(1) W is a non-empty set:

(2)

(3)

We know that there exists a CS-evaluation, thus W # (0.

H is an algebra over W:

It holds that [T] = W. Thus W € H. Hence H # (). Let [a] € H. It holds
that [o] C W. Thus H C P(W).

Let o, 8 € L, and assume that [o], [5] € H. We have that —a,aV § € L,
and by Remark [3.1.8| [o] U [8] = [V 8] € H and W \ [o] = [-a] € H.

So, according to Definition [3.1.1] H is an algebra over W.

p is a function from H to [0, 1]:

We have to prove the following:

()

(b)

the domain of p is H and the codomain of p is [0, 1]:

Let [a] € H for some a € L£j. We have that Psoa is an axiom of PJ,
thus P>oar € T. Hence, the set {s € S | P>;a € T} is not empty, which
means that it has a supremum. We have that p([a]) = sup,{ P>sa € T }.
Thus, p is defined for all members of H, i.e. the domain of p is H. In
sup,{P>sa« € T} we have by definition that s € S, i.e. s < 1. By
a previous argument it also holds that sup,{P>sac € T} > 0. Thus
0 <sup{Pssa € T} <1, ie 0<p([a]) <1. So the codomain of  is
[0, 1].

for every U € H, p(U) is unique:

Let U € H and assume that U = [a] = [3] for some «, 5 € £;. We will
prove that u([a]) = u([f]). Of course it suffices to prove that:

(o] € [B8] = p(le]) < u(lB]) - (4.20)
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We have:

[a] €[] implies
(Vw € W) {w €la] =we [6]} implies
(Vw € W) {w Foa=wkE 5} implies
(Vw e W) {w Ea— ﬂ} implies
Fcs a—f implies by
Theorem
Fies — 3 implies by
Lemma
(Vs € S){ Fpics Posa — stﬁ} implies by
Lemma
(Vs €5) [sta — P>,8 € 7'} implies by
Lemma
(Vs €5) {PZSOC €T = Ps,p¢ T} implies
{seS | PssaeT}C{seS | P>,feT} implies
sgp{PZsa €T} < Slslp{PZS/B €T} ie.

p(lal) < p([B]) -

Hence (4.20]) holds, which proves that w(U) is unique.

(4) p is a finitely additive measure:

Before proving that p is a finitely additive measure we need to prove the
following statement:

u([a]) + p([-a]) < 1. (4.21)
Let:

X:{S|PZSOCGT};
Y:{S | PZS_MXGT},
= p(la]) = sup(X) ;
ry = p([ma]) = sup(Y') .
Let s € Y. It holds that Pss—a € 7. If 1 —s < ry then by Lemma [4.2.3(6)|(1)

we would have P.;_sa € T. By S.E. we get -P<;_sa € T and by S.E. again
we get = Ps,—a € T which contradicts the fact that 7 is PJcs-consistent.
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Thus 1 —s > ry,ie. 1 —r; > s, ie. 1 —ry is an upper bound of Y, hence

1—ry >y ie. rm +19 <1, ie. (4.21) holds.

Now in order to prove that y is a finitely additive measure we need to prove
the following:

) p(W) =1.
We have that ;. T. By the rule (CE) we get Fpy, P>1T. By
Lemma [4.2.3(2)| we get P>1 T € 7. It holds that W = [T]. Thus
p(W) = u([T]) = sup{P>s T € T} > 1, ie. u(W) = 1.

(ii) [l N [8] = 0 = p([a] U [B]) = p(lad) + n((8]) -
Let o, 8 € L such that:

[N [B]=0;

r=u([a]) = sup {s ‘ Pssa € T} ;
s=p(B) =sup{r| P> SETY:

to = p([aV p]) = S%P{Pzt@‘ vVB)eT} .

Our aim is to show that:
to=1r-+s5.

It holds [5] C [-a]. By we have p([5]) < p([—a]) and by

we have:

u([B]) <1 = p(le])
ie.s<1l-—r
ie.r+s<1. (4.22)

We also have that
p(l=(an B)]) = (WA ([a] N A])) = w(W) =
Thus 1 = sup,{P>;—(a A 3) € T}. So, by Lemma [4.2.3(6)[(iii)| we find

We distinguish the following cases:
e Suppose that r > 0 and s > 0. By Lemma [4.2.3(6 ){(ii)| we have that
for every v € S[0,7) and every s € S[0,s), Py, Psg8 € T. It
holds that " + ¢ < r + s and by (4.22)) we get ' + s’ < 1. Thus
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by (4.23) and by axiom (DIS) we get Ps,yo(aV 3) € T. Hence
to=sup{Ps(aVPB) €T}t Zr+s.

If r + s =1 then we have that {5 =1, i.e. tg =7+ s.

If r+ s < 1 then since r,s > 0 we have that r,s < 1. Assume that

r+s < to. By Lemma |4.2.3(6){(ii)| for every ¢’ € S(r+ s, ty) we have

Psy(a Vv B) € T. We choose rational numbers r” and s” such that
t'=7r"+s"and " > r and " > s. If we had Ps,vo, Psgn3 € T
this would imply that

u([a]) =sup{s | Pssa € T} =1r>1"

and
p((8) = supfr | PoB € Th=s> 8",

which is absurd since " > r and s” > s. Thus we have:
—Popna €T, 2PsB €T
and by S.E. we get:
PowaeT, P.aBeT.
By Axiom (LE) we get:
PowaeT,PeagBeT.
It holds that 7" + s” =t <ty < 1. Thus by Axiom (UN) we get:
Ponysr(aV B) € T and by S.E. =Psyo(aV 3) €T, ie.
“Pop(avp)eT,
which is a contradiction since Psy(aV ) € T and T is PJcs-
consistent. Thus r + s = .

e Assume that at least one of r, s is equal to 0. Then we can reason
as in the above case with the only exception that ' =0 or s’ =0
(depending on whether r = 0 or s = 0 respectively).

(5) for all w € W, x,, is a CS-evaluation.
It holds by the construction of M.

(6) for all a € Ly, [a]nm, € H.

It holds by the construction of M. O

Now we prove that the model for a maximal consistent set 7 satisfies all the
formulas in 7.
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Lemma 4.2.9 (Truth Lemma for PJ). Let CS be a constant specification. Let
T be a mazximal Plcs-consistent set of Lpy-formulas and let My be the canonical

model for T. We have:

(VAG,CPJ)[AGT<:>MT |:A] .

Proof. We prove the claim by induction on the structure of A € Lp;. We distin-
guish the following cases:

A = P> o The following statements are equivalent:

MrEA
MT ): PZSOé
p(lodaey) = s
sup {Pzra € 7'} > s [Definition [4.2.6]
PssaeT [Lemma [4.2.3|(6 }(iv)|
AeT.

A = —B: The following statements are equivalent:

AeT
-BeT

B¢T [Lemma [4.2.3(1)]
My - B [i.h.]
M+ l;é —-A
MrEA.

A = B A C: The following statements are equivalent:

AeT
BANCeT
BeTand CeT [Lemma [4.2.3[(4)]
Mr = B and My = C [i.h.]
My EBAC
MrEA. O

And finally we can establish strong completeness for PJ.
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Theorem 4.2.10 (Strong Completeness for PJ). Let CS be any constant specifi-
cation for the logic J, let T C Lpy and let A € Lpy. Then we have:

T IZPJCS,Meas A=T I_F’Jcs A

Proof. The direction <= follows from Theorem [£.1.2]

We prove the direction == by contraposition. Assume that 7" ¥p;.. A. This means
that T' ¥p,., (mA) — L. By Theoremwe get T, A Fp,, L, ie theset T,-A
is PJcs-cosistent. By Lemma there exists a maximal PJcs-consistent set T
such that 7 O T'U{~A}. By Lemma [4.2.9 we have that M7 = T and My |= —A.
By Lemma we have that M7 € PJcs meas Hence T' Ep e s A O

4.3 Strong Completeness for PPJ

In this section constant specifications are always assumed to be constant specifi-
cations for the logic PPJ.

The strong completeness theorem for the logic PPJ is obtained by a canonical
model construction. Most of the lemmata and theorems needed for the proof are
proved very similarly to the ones for the logic PJ. However, in order to deal with
iterated probabilities and with justifications over probabilities we need to employ
some ideas from the completeness proof for the probabilistic logic LPP; [ORMO09]
and from the completeness proof for the justification logic J [Art12) [KS12].

It is straightforward to show that Remark and Lemmata [3.1.13], [3.2.2] [£.2.2]
14.2.3] and |4.2.4] also hold for the logic PPJ. So, in order to complete the complete-
ness proof we have to define the canonical model for PPJcs and show that it is a
measurable PPJcs-model.

Definition 4.3.1 (Canonical Model for PPJ). Let CS be a constant specification
for the logic PPJ. The canonical model for PPJcs is the quintuple

M = (UW, H,p, %) ,

defined as follows:

o U = {w ‘ w 1s a maximal PPJcs-consistent set of Lpp J—formulas};

e for every w € U the probability space (W (w), H(w),u(w)) is defined as
follows:
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(i) W(w) =1U;
(i) H(w) = {(A)ar | A€ Lops} where (A)yr = {2 | 2 € U, A€ a}if]
(iii) for all A € Lppy, u(w)((A)M) =sup, {P>sA € w};
e for every w € W the CS-evaluation x,, is defined as follows:

1. for all p € Prop:

. T Jifpew;
F ,if-pew,;

2. forall t € Tm:
t,={A|t: Acw}.
We now prove some properties of the set (A),y.

Lemma 4.3.2. Let M = (U, W, H, i, *) be the canonical model for some PPJcs
and let A, B € Lppy. Then the following hold:

(i) (A =UN\ (A
(ii) (A)y OV (B)w = (AAB)y ;

(7i7) (A)pr U (B)y = (AV B)y .
Proof. (i) We have:

(mA) ={z |z eU-Acux}
Lemma: {3; | reUA §§ ,CE}

— U\ (A4).

(ii) We have:

(A)N(B)={z|zecUAcz}n{z |z €UDB €z}
={zr|ze€U A€z and B €z}
Lemma B200 ¢ 0 U AN B € 1)

=(ANB) .

2If M is clear from the context, we may simply write (A) instead of (A)xs.
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(iii) We have:

(A)U(B)={z |z €U Acz}U{z |z €U B € x}
={x|zeUAczorBEeux}

Lemma:{x ‘ ng’A\/BEl’}
=(AVB). -

Now we will prove that the canonical model for PPJcs is a PPJcs-model.

Lemma 4.3.3. Let CS be a constant specification for PPJ. The canonical model
for PPJcs is a PPJcs-model.

Proof. Let M = (U, W, H, i, *) be the canonical model for PPJcs. In order for M
to be a PPJcs-model we have to prove the following:

U is a non-empty set:
There exists a PPJcs-maximal consistent set. Thus U # ().
For every w € U the triple (W (w), H(w), u(w)) is a probability space:
We have to prove the following:
(1) W(w) is a non-empty subset of U:
It is obvious since W (w) = U and U # ().
(2) H(w) is an algebra over W (w):
It holds that:
(Mu={z|zecUTecz}=U=W(w).
Thus W(w) € H(

Let (A)py € H(w) for some A € Lppy. It holds that:
(

w).

Ay={x|zecUAcz} CU=W(w).

Thus H(w) C P(W(w)).

Let (A),(B) € H(w) for some A, B € Lppy. By Lemma [4.3.2] we have that
W(w)\(A) =U\(A) = (-A4) € H( ) and that (A)U(B) = (AVB) € H(w).
So, according to Definition H(w) is an algebra over W (w).

(3) p(w) is a function from H(w) to [0, 1]:

We have to prove the following:
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(a)

(b)

The domain of p(w) is H(w) and the codomain of pu(w) is
[0,1]:

Let (A) € H(w). We have that P>¢A is an axiom of PPJ, thus P>oA €
w. Hence the set {s € S | Ps;A € w} is not empty which means that
it has a supremum. So p(w)((A)) is defined. Thus the domain of p(w)
is H(w).

Let (A) € H(w). By a previous argument we have that

pw)((A)) = sup{P>sA € w} 2 0.

In sup,{P>sA € w} we have by definition that s € S, i.e. s < 1. Thus
sup {P>sA € w} < 1, ie. u(w)((A)) < 1. So the codomain of u(w) is
[0, 1].

For every V € H(w), p(w)(V) is unique:

Let V € H(w) and assume that V = (A) = (B) for some A, B € Lpp,.

We will prove that u(w)((A)) = p(w) ((B)) Of course, it suffices to
prove that:

(A) C (B) = u(w)((4)) < p(w)((B)) - (4.24)
We have:
(A) C (B) implies
(Vz € )|z e (A) ==z € (B)} implies
(Vz e U) [A crxr= B¢ x} implies
(Vz e U) A ¢ xor Be x} implies by
Lemma
(Vz e U) ~A€zorBe x} implies by
Lemma
(Vz e U) AV BEe [E} implies by S.E.
(V) [:c is a maximal PPJcs-consistent set (4.25)

:>A—>B€x}.

Assume that ¥ A — B. By P.R. we get ¥ -(A — B) — L. By
Theorem we get =(A — B) ¥ L, which implies that the set
{=(A — B)} is PPJcs-consistent. By Lemma we have that there
exists a maximal PPJcs-cosistent set 7 such that

T2{-(A— B)}.
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However by statement (4.25)) we have that A — B € T which contra-
dicts the fact that 7 is PPJcs-consistent. Thus H A — B. Therefore,

by Lemma [3.2.2(ii)| we have that (Vs € S)[ - Ps A — PZSB}. Hence,
since w is a maximal PPJcs-consistent set, we get the following:

(Vs €9) [PZSA — Ps,B € w} implies by L.

(Vs €S) {PZSA cw=— P>;B¢€ w} implies
{seS|PssAcw} C{seS| P>sB € w} implies
sup{P>sA € w} < sup{P>,B € w} ie.

p(w)((4)) < u(w)((B)) -
Hence statement (4.24]) holds, which proves that p(w)(V') is unique.

(4) p(w) is a finitely additive measure:
The proof for this claim is identical to the proof for the analogue claim in

Theorem that is why it is omitted.

For every w € W, x,, is a CS-evaluation:

According to Definition [£.3.1] *,, maps every atomic proposition to a truth value
and every term to a set of Lppj-formulas. Now we need to show that x, satisfies
the properties of a CS-evaluation according to Definition [2.2.1

Let A, B € Lppy, let ¢ € Con and let u,v € Tm. We need to show that:

(a) (A—)BEufDandAEv;):>B€(u-'v)z):

Let A € vf and let A — B € uf. By Definition we have that
u:(A— B) €w and that v : A € w. By axiom (J), by (MP) and by
the fact that w is a maximal PPJcs-consistent set we get that u-v : B € w.
By Definition we have that B € (u-v).

(b) ul, Ul C (ut )], :

Let B € u}, Uv}. Assume that B € u}. This means that v : B € w. By (+)
and (MP) we get that wu +v : B € w, i.e. B € (u+v)}. If B € v}, then we
proceed similarly.

(c) For (¢, A) € CS and for all n € N we have that:

o™ 2¢c: ... ileic: A € ("), .
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Assume that (¢, A) € CS. Then by rule (AN!) we get that for all n € N:

Fppies e A le e en A
By Lemma {4.2.3(2)| we have that for all n € N:
Me:I"teiilerer Aew .

By Definition [4.3.1| we have that for all n € N:
"len2e e er Ae (M) . O
Before proving that the canonical model is a PPJcs meas-model we need the follow-

ing auxiliary lemma.

Lemma 4.3.4. Let M = (U, W, H, i, *) be the canonical model for some PPJcs.
Then we have:

(VA € Lppy)(Vw € U) |[Alrw = (A)u].

Proof. Let w € U and let A € Lpp;. We will prove the claim by induction on the
structure of A. We distinguish the following cases:

1. A= p € Prop. It holds that:
(Al = Pluw ={z € W(w) | Mz Epy ={z €U |p, =T}

={zelUlpez}=(pu=(A)u .

2. A=t B. It holds that:

Alpyw =t : Blyw={reWw) | M,x =t:B}={xecU | Bet,}

={zeU|t:Bex}=0t:By=(A)un.

3. A= P-,B. By the inductive hypothesis we have that for all z € U,

[Blsta = (B)ar -

And of course it holds that [B]y, € H(x), since (B)y € H(x). Thus, we
have:

[Alprw = [PZSB]M,w ={r e W(w) | M,z = P>;B}
={z € W(w) | p()([Blus) = s}
—{w € W(w) | p(@)((B)u) = s}
={z €U | sup{P>.B € z} > s} .

By Lemma 4.2.3|(6 |(iv)| we get:
[PZSB]M;LU = {JI elU | stB S J,’} = (stB)M = (A)M .
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4. A= B A C. It holds that:

(At = [BAClasw = [Blarw N [Clarw 2 (B)arw N (C)ar

Lemma L3AT By )10 = (A)as .

5. A = -DB. It holds that:

[Alrra = [7Blaraw = W(w) \ [Blaraw = U\ (B)ara
Lomma ISADN gy (A) O

From Lemma [4.3.4] we get the following corollary.

Corollary 4.3.5. The canonical model for any PPJcs is a PPJcs meas-model.

Proof. Let M = (U,W, H, u,*) be the canonical model for some PPJcs and let
A € Lppy. For any w € U, by Lemma {4.3.4] we have that [A]y ., = (A)m € H(w).
Thus, M € PPJCS,Meas- ]

Making use of the properties of maximal consistent sets, we can establish the Truth
Lemma for the logic PPJ.

Lemma 4.3.6 (Truth Lemma for PPJ). Let CS be some constant specification for
the logic PPJ and let M = (U, W, H, u,*) be the canonical model for PPJcs. For
every A € Lppy and any w € U we have:

Acw <= MuwEA.

Proof. We prove the claim by induction on the structure of A. We distinguish the
following cases:

A = p € Prop. It holds:

M,wEA =
M,wkEp =
p;ku . Deﬁnitiog E3T
pew <

Acw.
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A =t:B. It holds:
M,wE A
M,wEt:B
Bet,
t:Becw
Acw.

A= P.,B. Tt holds:
MwpE A
M,w = Po,B
uw(w)([Blaw) = s
pw(w)((B)u) = s
sup{P>,B € w} > s
' P-sB cw

Acw.

A = —B: It holds:
MwpE A
M,w):—'B
M,w |~ B
B ¢ w
-B cw
Acw.

A= BAC: It holds:
M,wE A
M,wlE BAC
M,w = B and M,w = C
Bewand C ew

BANCew
Acw.

—

<
Deﬁnitiog E31

—

—
—

Lem&@

Deﬁnitiog E31

—
<~
i.h
Lemma [4.2.3(1)]
<~
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Finally, we get the strong completeness theorem for the logic PPJ.

Theorem 4.3.7 (Strong Completeness for PPJ). Let T'C Lpp, and let A € Lpp,.
Then, for any PPJcs we have:

Thepis A = T FpPicspes A -

Proof. We prove the two directions of the equivalence separately:
=—: It follows from Theorem 1.3

<=: Let CS be any constant specification for the logic PPJ. We prove the claim
by contraposition. Assume that 7" ¥pp, A. This means that T F¥pp)., (—A) — L.
By Theorem [3.3.9 we get T, A Fppy s L, i.e. the set TU{-A} is PPJcs-cosistent.
By Lemma there exists a maximal PPJcs-consistent set of formulas w such
that w O T"U{—=A}. Let M be the canonical model for PPJcs. By Corollary
we have that M € PPJcsmes: By Lemma we have that M,w | T and
M,w = =A. Hence T' [£Eppjcg yens A O



Chapter 5

Decidability and Complexity

In this chapter we present decidability procedures for the probabilistic justification
logics PJ and PPJ. Our algorithms are combinations of decidability algorithms
for the logic J [Kuz00, [Kuz08] and decidability algorithms for probabilistic log-
ics [FHM90L, [ORMO9]. Note that in the case of PPJ these combinations are not
trivial, due to the presence of formulas of the form ¢ : P>;A. Our decidability
procedures make use of well known results from the theory of linear programming.
In the case of PJ we also establish upper and lower complexity bounds.

The results for this chapter are drawn from [Kok16, KOST6].

5.1 Small Model Property for PJ

The goal of this section is to prove a small model property for the logic PJ. The
small model property will be the most important tool for establishing the upper
bound for the complexity of the satisfiability problem in the logic PJ.

In this section constant specifications are always assumed to be constant specifi-
cations for the logic J.

Definition 5.1.1 (Subformulas). The set subf(-) is defined recursively as follows:
For Lj-formulas:

subf(p) := {p} ;

subf(t: ) := {t : a} Usubf(a) ;

subf(—a) := {—a} Usubf(a) ;

subf(a A B) := {a A B} Usubf(a) Usubf(3) .

63
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For Lp,-formulas:

o subf(Ps,a) := {P>sa} Usubf(a) ;

e subf(—=A) := {—A} Usubf(A) ;

o subf(AA B) :={AA B} Usubf(A) Usubf(B) .
Observe that for A € Lp; we have that subf(A) C Lpy U L;.

Definition 5.1.2 (Atoms). Let A be an Lpj- or an L-formula. Let X be the set
that contains all the atomic propositions and the justification assertions from the
set subf(A). An atom of A is any formula of the following form:

A B,

BeX

where =B denotes either B or =B. We will use the lowercase Latin letter a for
atoms, possibly with subscripts.

Let A that of the form A; B; or of the form \/; B;. Then C' € A means that for
some i, B; = C.

Definition 5.1.3 (Sizes). The size function | - | is defined as follows:
For Lp,-formulas: (recursively)

o |Posal =2

o [FA]==1+ 4]

o |[ANB|:=|Al+1+|B].
For sets:
Let W be a set. |W]| is the cardinal number of .
For non-negative integers:

Let r be an non-negative integer. We define the size of r to be equal to the length
of r written in binary, i.e.:

] 1 , 7 =0;
r| =
[logy(r) +1] , r=1,

where | -] is the function that returns the greatest integer that is less than or equal
to its argument.

For non-negative rational numbers:

Let r = 2L where s; and s, are relatively prime non-negative integers with so # 0,

82
be a non-negative rational number. We define:

|7 = [sul + |sal -
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Let A € Lp; we define:

1A]] := max {|s| | Psoor € subf(A)} .

A proof for Theorem can be found in [Chv83, p. 145].

Theorem 5.1.4. Let S be a system of r linear equalities. Assume that the vectmﬂ
x is a solution of S such that all of ’s entries are non-negative. Then there is a
vector x* such that:

(1) x* is a solution of S;
(2) all the entries of x* are non-negative;

(3) at most r entries of * are positive.

Theorem [5.1.5| establishes some properties for the solutions of a linear system.

Theorem 5.1.5. Let S be a linear system of n variables and of r linear equalities
and/or inequalities with integer coefficients each of size at most . Assume that the
vector € = x1,...,T, 1S a solution of S such that for alli € {1,...,n}, x; > 0.
Then there is a vector x* = z7,...,x} with the following properties:

(1) x* is a solution of S;
(2) for alli, xf is a non-negative rational number with size bounded by

2-(T-l+r-log2(r)+1).

(3) at most r entries of * are positive;

(4) for alli € {1,...,n}, if xf > 0 then x; > 0;

Proof. In S we replace the variables that correspond to the entries of @ that are
equal to zero (if any) with zeros. This way we obtain a new linear system Sy, with
r linear equalities and/or inequalities and m < n variables. @ is a solutionﬂ of Sp.
It also holds that any solution of Sy is a solutionP| of S.

'We will always use bold font for vectors.
2In the proof of Theoremall vectors have n entries. The entries of the vectors are assumed
to be in one to one correspondence with the variables that appear in the original system S.
Let y be a solution of a linear system 7. If y has more entries than the variables of T we
imply that entries of y that correspond to variables that appear in T compose a solution of 7.
3 Assume that system 7 has less variables than system 7. When we say that any solution of
T is a solution of 7’ we imply that the missing variables are set to 0.



66 CHAPTER 5. DECIDABILITY AND COMPLEXITY

Assume that the system Sy contains an inequality of the form
by-yi+ ...+ bmym O cC (5.1)

for 0 € {<,<,>,>} where yi,...,y,, are variables of S and by,..., b,,c are
constants that appear in S. @ is a solution of (5.1)). We replace the inequality
(5.1) in Sy with the following equality:

We repeat this procedure for every inequality of Sy. This way we obtain a system
of linear equalities which we call S;. It is easy to see that @ is a solution of S; and
that any solution of &; is also a solution of Sy and thus of S.

Now we will transform &; to another linear system by applying the following
algorithm.

Algorithm:

Weseti=1,e; =7, v, =m, £ = and we execute the following steps:

(i) If e; = v; then go to step . Otherwise go to step .

)
(i) If the determinant of S; is non-zero then stop. Otherwise go to step |(v)!
(iii) If e; < v; then go to step , else go to step .

(iv) We know that the vector ' is a non-negative solution for the system S;.
From Theorem we obtain a solution x*! for the system S; which has
at most e; entries positive. In S; we replace the variables that correspond to
zero entries of the solution x*+! with zeros. We obtain a new system which
we call ;1 with e;;; equalities and v;,; variables. **! is a solution of S;,;

and any solution of §;;; is a solution of S;. We set i :== ¢ + 1 and we go to

step

(v) From any set of equalities that are linearly dependent we keep only one
equation. We obtain a new system which we call S;;; with e;;; equalities
and v;,; variables. We set i := i + 1 and ‘! := x*. We go to step .

Let I be the final value of ¢ after the execution of the algorithm. Since the only
way for our algorithm to terminate is through step it holds that system S;
is an ey x ey system of linear equalities with non-zero determinant (for e; < 7).
System &7 is obtained from system S; by possibly replacing some variables that
correspond to zero entries of the solution with zeros and by possibly removing some
linearly dependent equalities. So, any solution of S; is also a solution of system
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S and thus a solution of S. From the algorithm we have that z! is a solution of
S;. Since S has a non-zero determinant Cramer’s rule can be applied. Hence, the
vector o' is the unique solution of system S;. Let x! be an entry of !, z! will
be equal to the following rational number

a1 e Aleg
Aep1 -+ Qejeg
b11 c. ble;
be,i oo bege,

where all the a;; and b;; are integers that appear in the original system S. By
properties of the determinant we know that the numerator and the denominator

of the above rational number will each be at most equal to r!- (2 — 1)". So we

have that:
@l <2 (logy(r! - (2 = 1)) +1)
x| < 2- (logz(r’" 22Ty 4 1)
lzf] < 2- (r~log2(r)+l-r+1) :

—
—

As we already mentioned the final vector ! is a solution of the original linear

system S. We also have that all the entries of ! are non-negative, at most r of its
entries are positive and the size of each entry of ! is bounded by 2 - (r - log, r +
r -1+ 1). Furthermore, since the variables that correspond to zero entries of the
original vector & were replaced by zeros, we have that for every i, if the i-th entry
of ! is positive then the i-th entry of « is positive too. So, x! is the requested
vector x*. O

Theorem is an adaptation of the small model theorem from [FHM90]. Similar
techniques have also been used in [ORMO09] to obtain decidability for the logic
LPP,. Observe, that the small model obtained in Theorem is not only small
in terms of possible worlds, it is also small in terms of the probabilities and the CS-
evaluations that are assigned to each world. Otherwise decidability for PJ would
not follow from the small model property.

Theorem 5.1.6 (Small Model Property for PJ). Let CS be any constant specifica-
tion for the logic J and let A € Lpy. If A is PJcs meas-satisfiable then it is satisfiable
in a PJcs meas-model M = (W, H, pu, %) such that:

(1) [W] < |A].
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(2) H=PW) .
(3) For every w € W, p({w}) is a rational number with size at most

2 (|A] - [|A]| + |A] - logy(|A]) + 1) .

(4) For everyV € H
p(V) = > p{w}) .

wevV

(5) For every atom of A, a, there exists at most one w € W such that *,, = a.

Proof. Let CS be any constant specification for the logic J and let A € Lp;. Let
aip,...,a, be all the atoms of A. By propositional reasoning (in the logic PJcs) we

can prove that:
K 1

PJCS HA« \/ /\ POijSij(/Bij>

i=1j=1
where all the Py, . (57) appear in A and ¢;; € {>, <}.

By using propositional reasoning again (but this time in the logic Jcs) we can
prove that each 3% is equivalent to a disjunction of some atoms of A. So, by using

Lemma |3.2.2(ii)| we have that:
PJCS FA<w \/ /\ poijsij (CY”)
i=1j=1

where each a¥ is a disjunction of some atoms of A. By Theorem 4.2.10| we have
that for any M € PJcs meas:

K I;

MEAe ME\ A Py, (0”) . (5.2)

i=1j=1

Assume that A is satisfiable. By Eq. (5.2) there must exist some ¢ such that
/\ PQijSij (al])
j=1

is satisfiable. Let M’ = (W', H', i/, %) be a PJcs meas-model such that:

M’ ): /\ PQijSij(aij) : (53)

Jj=1
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For every k € {1,...,n} we define:
ox = p (laxlar) (54)

In every world of M’ some atom of A must hold. Thus, we have:

n

W/ == kL_J [ak]M/ .

And since p/(W') =1 we get:
M’( U [ak]M/> . (5.5)

k=1

The a;’s are atoms of the same formula, so we have:
k 35 F = [ak]M/ N [ak/]M/ =0. (56)

By Egs. (5.5)), (5.6) and the fact that p’ is a finitely additive measure we get:

n

> i (Jar]r) =1

k=1
and by Eq. (5.4):
k=1
Let j € {1,...,l;}. From Eq. (5.3) we get:
M’ ): POijSij (Oéij)'

This implies that p/([a]yr) Oij sij, 1.

M/([ \/ ak] )Oz‘j Sij
ap€Eaii M/

which by Remark implies that

,u’( U [%]M/) <>ij Sij -

apEtd

By Eq. (5.6) and the additivity of x4’ we have that:
> H(law]ar) O sy

ag caii
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and by Eq. (5.4):

Z T <>ij Sij -
ap €l
So we have that
for everyj € {1, co ,li}, Z Tk <>ij Sij - (58)
ap€atd

Let S be the following linear system:

n
sz =1
k=1
Z 2k Qi1 Sit
ap€ai!
Z 2k Qil,- Sil;
akEaili
where the variables of the system are z1,...,2,. We have the following:

(i) By Egs. (5.7) and (p.8) the vector & = x4, ..., 2, is a solution of S.
(ii) By Eq. (5.4) every zj is non-negative.
(iii) Every s;; is a rational number with size at most || A||.

(iv) System S has at most |A| equalities and inequalities.

From |(i)| and Theorem we have that there exists a vector

Y=Y,--- Yn

such that:

(I) y is a solution of S.

(IT) Every y; is a non-negative rational number with size at most
2+ (141 [|AIl + A] - logy(|A]) +1) -

(TII) At most |A| entries of y are positive.

(IV) For all 4, if y; > 0 then x; > 0.
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Without loss of generality we assume that yy,...,yy are the positive entries of vy,
where
0<N<|A]. (5.9)
We define the quadruple M = (W, H, u, *) as follows:
(a) W =Awy,...,wx}, for some wy, ..., wy.
(b) H="PW).

(c) Forall V € H:
(V)= > u.

wieV

(d) Leti e {1,...,N}. We define %, to be some CS-evaluation that satisfies the
atom a;. Since y; is positive, by |[(IV), z; is positive too, i.e. p/([a;]pr) > 0,
which means that [a;]y # 0, i.e. that the atom a; is CS-satisfiable.

It holds:
M(W) = Z Yk

wreW
n

= Z Yk
k=1

o,

Let U,V € H such that U NV = (). It hods:

p(UUV) = Z Yk

wreUUV

:Zyk+zyk

wieU wi eV

— j(U) + (V) |

Thus p is a finitely additive measure. By Definitions [3.1.4] and [3.1.6] we have that
M e PJCS,Meas-

We will now prove the following statement:

(V1 <k <n) [wk €[]y <= a; € ozij] : (5.10)
Let k€ {1, ... , n}. We prove the two directions of Eq. ([5.10) separately.

(=>:) Assume that wy € [@*]. This means that *,, = o”. Assume that a; & o.
Then, since o/ is a disjunction of some atoms of A, there must exist some a € a¥,
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with k # k', such that x,, = ap. However, by definition we have that *,, = ax.
But this is a contradiction, since a;, and a; are different atoms of the same formula,
which means that they cannot be satisfied by the same CS-evaluation. Hence,
a, € a¥.

(<=:) Assume that a; € a*. We know that *,, [= aj, which implies that

o, =0 e wy €[]

Hence, Eq. (5.10) holds. Now, we will prove the following statement:

(V1<) <U)[ME Pye,07] . (5.11)

Let 7 € {1,...,1;}. It holds
w([a1ar) Oij sij
Z Yk <>ij Sij

wkE[Ocij]]u

Z Yk <>ij Sij -

ap €l
The last statement holds because of [T)] Thus, Eq. (5.11]) holds.
By Eq. (5.11)) we have that M |= Ay Py, (a?), which implies that

!

Ko ..
M ): \/ /\ PQijSij(aU)7

i=1j=1
which, by Eq. (5.2), implies that M = A.
Let w;, € W. It holds:

pwed) = > vi=uk- (5.12)

w; €{wg }

Now we will show that conditions |[(1)H(5)|in the theorem’s statement hold.

e Condition [(1)| holds because of [(a)] and Eq. (5.9).
e Condition holds because of [(b)]

e Condition holds because of Eq. (5.12) and [(II)}
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e For every V € H, because of Eq. (5.12)), we have:
p(V)= > we= > n({w}) .

wreV wi eV

Hence condition holds.

e By [(d)] every world of M satisfies a unique atom of . Thus condition
holds.

So, M is the model in question. n

5.2 Complexity Bounds for PJ

In this section constant specifications are always assumed to be constant specifi-
cations for the logic J.

Lemmall5.2.1|states that if two CS-evaluations agree on some atom of a justification
formula then they agree on the formula itself.

Lemma 5.2.1. Let CS be any constant specification. Let o € L and let a be an
atom of a.. Let %1, %9 be two CS-evaluations and assume that

1 Ea<=*x Ea.

Then we have:
K Ea <= % FEa.

Proof. We prove the claim by induction on the structure of a.

e Assume that « is an atomic proposition or a justification assertion. Then it
must be either a € a or ~a € a. Thus, since *; and *5 agree on a they must
also agree on q, i.e. xy = a <= % = a.

e [f the top connective of o is = or A then the claim follows easily by the
inductive hypothesis. O]

Lemma 5.2.2. Let o € L) and let a be an atom of a. Let x be a CS-evaluation
and assume that * = a. The decision problem

does x satisfy o?

belongs to the complexity class P.
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Proof. We prove the claim by induction on the structure of a.

e Assume that « is an atomic proposition or a justification assertion. Then it
must be either o € a or —a € a. If a € a then we have * =« and if ~a € a
then x ¥ . Obviously this check can be done in polynomial time.

e [f the top connective of o is = or A then the claim follows easily by the
inductive hypothesis. O]

Recall that in Section [2.3| we pointed out that Kuznets’ algorithm [Kuz00] for the
Jcs-satisfiability problem is divided in two parts: the saturation algorithm and
the completion algorithm. A complexity evaluation for the completion algorithm
(using our notation) is stated in Theorem [5.2.3|

Theorem 5.2.3. Let CS be a decidable and schematic constant specification. Let
a be an atom of some Lj-formula. The decision problem

is a Jes-satisfiable?
belongs to the complexity class coNP.

Now we are ready to prove the upper bound for the complexity of the PJcs meas-
satisfiability problem.

Theorem 5.2.4. Let CS be a decidable and schematic constant specification. The
PJcs Meas-satisfiability problem belongs to the complexity class 5.

Proof. First we will describe an algorithm that decides the problem in question
and we will explain its correctness. Then we will evaluate the complexity of the
algorithm.

Algorithm:

Let A € Lp,. It suffices to guess a small PJcs meassmodel M = (W, H, i, *) that
satisfies A and also satisfies the conditions (5)| that appear in the statement of
Theorem[5.1.6] We guess M as follows: we guess n atoms of A, call them ay, ..., ay,
and we also choose n worlds, wy, ..., w,, for n < |A|. Applying Theorem we
verify that for each i € {1,...,n} there exists a CS-evaluation *; such that *; = a;.
We define W = {wy,...,w,}. For every i € {1,...,n} we set *,, = *;. Since we
are only interested in the satisfiability of justification formulas that appear in A,
by Lemma , the choice of the %, is not important (as long as *,,, satisfies a;).

We assign to every p({w;}) a rational number with size at most:

2 (JA] - [|A]| + |A] - logy(|A]) +1) .
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We set H = P(W). For every V € H we set:

p(V)= > p({w}) .

w; EV

It is then straightforward to see that conditions (5)| that appear in the state-
ment of Theorem [B.1.6] hold.

Now we have to verify that our guess is correct, i.e. that M = A. Assume that
P o appears in A. In order to see whether Ps a holds we need to calculate the
measure of the set [a]y in the model M. The set [a]y will contain every w; € W
such that %, = «. Since %, satisfies an atom of A it also satisfies an atom of a.
So, by Lemma [5.2.2] we can check whether *,, satisfies a in polynomial time. If
Swiclaly M({wi}) > s then we replace P> a in A with the truth value T, otherwise
with the truth value F. We repeat the above procedure for every formula of the
form Psga that appears in A. At the end we have a formula that is constructed
only from the connectives =, A and the truth constants T and F. Obviously, we

can verify in polynomial time that the formula is true. This, of course, implies
that M = A.

Complexity Evaluation:

All the objects that are guessed in our algorithm have size that is polynomial on
A. Also the verification phase of our algorithm can be made in polynomial time.
Furthermore the application of Theorem is possible with an NP-oracle (an
NP-oracle can obviously decide coNP problems too). Thus our algorithm is an
NPNP algorithm and since ¥5 = NPN? the claim of the theorem follows. O

The lower complexity bound for the PJcs meas-satisfiability problem can be proved
much easier.

Theorem 5.2.5. Let CS be a decidable, schematic and axiomatically appropriate
constant specification. The Plcs meas-satisfiability problem is X5-hard.

Proof. We can prove that the Jcs-satisfiability problem can be reduced to the
PJcs meas-satisfiability problem as follows:

Let a € L. We will prove that:
a is Jes-satisfiable <= P> is PJcs meas-satisfiable.

For the direction =:
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Assume that there exists a CS-evalution *, such that * = «. Then we can construct
the quadruple M = (W, H, i, ') with

W ={w};
H={0,{w}};
(@) =0;
p({w}) =1;

w

It is then straightforward to show that M € PJcs meas and that M = P>y« Thus
Psia is Plcs meas-satisfiable.

For the direction <—:

Assume that there exists a PJcs meas-model M = (W, H, u, %) such that
M | Psia, e p(laja) > 1.

If [a]ps = O then it should be p([a] ) = 0 which contradicts the fact that u([a]y) >
1. Hence, there is a w € W such that %, = . Thus, « is Jcs-satisfiable.

So, we proved that the Jcs-satisfiability problem can be reduced to the PJcs meas-
satisfiability problem. By Theorem the Jcs-satisfiability problem is ¥5-hard.
Hence, the PJcs meas-satisfiability problem is 35-hard too. O

From Theorems [£.2.10] [5.2.4] and [5.2.5] we can get the following corollary.

Corollary 5.2.6. Let CS be any decidable, schematic and aziomatically appropri-
ate constant specification. The PJcs meas-satisfiability problem is ¥5-complete and
the Plcs-derivability problem is N5-complete.

Remark 5.2.7. Let CS be any decidable, schematic and axiomatically appropri-
ate constant specification. By Corollary we have that the Jcs-derivability
problem belongs to the class II5-complete. By Corollary we have that the
PJcs-derivability problem belongs to the class IT5-complete too. So, adding proba-
bility operators to the justification logic J does not increase the complexity of the
logic, although it makes the language more expressive.

5.3 Decidability for PPJ

In this section constant specifications are always assumed to be constant specifi-
cations for the logic PPJ.
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Assume that we want to test some A € Lpp, for satisfiability. The test is divided
in two parts: first we test whether the “justification and classical constraints” that
appear in A are satisfiable and then we test whether the “probabilistic constraints”
that appear in A are satisfiable. Of course we have to make sure that both kinds
of constraints are satisfied in the same PPJcs meas-model. The satisfiability testing
for the “justification and classical constraints” will be done using an adaptation
of the satisfiability algorithm for the logic J, whereas the satisfiability testing for
the “probabilistic constraints” will be done using similar ideas as the ones used
for the satisfiability testing in the logic PJ. In order to formally present our
satisfiability algorithm we will first explain what is meant under “satisfiability
testing for justification and classical constraints”, then what is formally meant
under “satisfiability testing for probabilistic constraints” and finally how both
kind of constraints can be satisfied at the same model.

By testing satisfiability of “justification and classical constraints” that appear in
an Lppy-formula we mean that we test whether a CS-evaluation satisfies an Lpp;-
formula. In order to formally define the sentence “a CS-evaluation satisfies an
Lpp,-formula” we have to extend the definition of a CS-evaluation.

Definition 5.3.1 (Extended CS-Evaluation). Let CS be any constant specification.
An extended CS-evaluation, is a function % that maps atomic propositions and
Lppj-formulas of the form P> A to truth values and maps justification terms to
sets of Lpp,-formulas such that the conditions of Definition [2.2.1] are satisfied.
That is for p € Prop, u,v € Tm, ¢ € Con, A, B € Lppy and s € S we have:

(1) (P>sA)* € {T,F}, p* € {T,F} and u* C Lppy ;
(2) (A—>B€u* andAEv*) — B € (u-v)";
(3) wrUv™ C (utw);

(4) if (¢, A) € CS then for all n € N we have:

e In2edeie Ae (Me) .

Satisfiability under an extended CS-evaluation can be defined in the following way:

Definition 5.3.2 (Satisfiability under an Extended CS-evaluation). Let CS be a
constant specification and let * be some extended CS-evaluation. We define what
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it means for an Lpp;-formula to hold in * as follows:

xE=p <= p'=T forpeProp;
sE P B = (P.B) =T;
x =B <= %} B;
xEBANC <+ (*):Band*):C);
xEt:B < Bet".

When we say that some A € Lpp, is CS-satisfiable, we mean that there exists an
extended CS-evaluation that satisfies A.

According to Definition the satisfiability of an Lpp; formula under an ex-
tended CS-evaluation is similar to the satisfiability of an £;-formula under a CS-
evaluation. Therefore, it makes sense to use an extension of the usual decision
procedure for the basic justification logic J (see Section to decide whether an
Lpp,-formula is CS-satisfiable.

Lemma 5.3.3. Let CS be a decidable schematic constant specification. For any
formula A € Lppy, it is decidable whether A is CS-satisfiable.

Proof. As mentioned earlier we can test whether an Lppj-formula is CS-satisfiable
by extending the decidability algorithm for justification logic J. Most of the al-
gorithm can be easily adapted to our probabilistic setting. The only part of the
algorithm that needs major adaptations is the representation of schematic formulas
and therefore the unification algorithm.

In the setting of PPJ we need three kinds of schematic variables: for terms, formulas
and rational numbers. Because of the side conditions that come with the axioms
(WE) and (UN) our schematic formulas should be paired with systems of linear
inequalities. For example, the scheme (WE) should be represented by the schematic
formula P<,A — P. A (with the schematic variables r, s, and A) together with
the inequality r < s, whereas a scheme that is obtained by a conjunction of the
schemata (WE) and (UN) should be represented as

(P§r1A1 — P<51A1) A (PSTQAQ AN P<8232 — P<r2+52 (AQ V BQ))
together with the inequalities
{7‘1 < 81,79+ 89 < 1} .

We should not forget that the rational variables belong to S. So we have to add
constraints like 0 < r < 1.
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Hence in addition to constructing a substitution, the unification algorithm also has
to take care of the linear constraints. For instance, in order to unify the schemata
P-,.A and Ps,B the algorithm has to unify A and B, and to equate r and s, i.e. it
adds r = s to the linear system. In the end, the constructed substitution only is a
most general unifier if the linear system is satisfiable. This implies decidability of
the PPJcs meas-satisfiability problem since it is well known that satisfiability testing
for systems of linear equations is decidable (see e.g. [Lue73]).

Another complication are constraints of the form
[ =min(1,r +s) (5.13)

that originate from the scheme (DIS). Obviously, Eq. (5.13) is not linear. However,
for a linear system C', we find that

CU{l=min(1,r + s)}
has a solution if and only if
Cu{l=r+sr+s<lforCU{l=1,r+s>1}

has a solution. Thus we can reduce solving a system involving Eq. ((5.13)) to solving
several linear systems. O

Lemma [5.3.3]is enough for testing whether “justification and classical constraints”
can be satisfied. Now we proceed with definitions and lemmata that are needed
for testing the satisfiability of “probabilistic constraints”.

Definition 5.3.4 (Subformulas and Atoms). The set of subformulas, subf(-), of
an Lppj-formula is recursively defined by:

subf(p) := {p} for p € Prop ;

subf(Ps,A) == { P>, A} Usubf(A) ;
subf(~A) := {~A} U'subf(A) ;
subf(AA B) := {A A B} Usubf(A) Usubf(B) ;
)

subf(t: A) := {t: A} Usubf(A) .
Assume that subf(A) = {Ay,..., Ag} for some A € Lpp;. A formula of the form
A NN TAL

where £A; is either A; or —A;, will be called an atomﬁ of A. The set atoms(A)
contains all atoms of A.

4Recall that atoms for Lpj- and Lpp,-formulas are defined differently.
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Lemma 5.3.5. Let M = (U, W, H, i, %) € PPJcs meas and let A € Lppy. Further,
let B € subf(A), let C' € atoms(A) and let w € U. Assume that M,w |= C. Then

we have:
M,wkEB <= BeClC.

Proof. We prove the two directions of the lemma separately:
<=: From B € C and M,w |= C we immediately get M,w = B.

—: Since B is a subformula of A, we have either B € C or =B € C. If =B € C,
then we would have M, w = =B, i.e. M,w [~ B, which contradicts the fact that
M, w |= B. Thus, we conclude B € C. O

The next lemma is the key for proving decidability of PPJcs. It completes the algo-
rithm that we described from the beginning of the section by formally explaining
how “justification and classical constraints” and “probabilistic constraints” can
be satisfied in the same model. As it will be clear from the proof, the lemma
practically states a small model property.

Lemma 5.3.6. Let CS be a constant specification and let A be an Lppy-formula.
A is PPJcs meas-satisfiable if and only if there exists a non-empty set

Y ={By, ..., B,} Catoms(A)

such that all of the following conditions hold:

1. for somei € {l, ... , n}, A€ B,.
2. for every 1 < i < n, there exists an extended CS-evaluation that satisfies B;.

3. for every 1 < @ < n, there are some x;; with 1 < j < n, that satisfy the
following linear equalities and inequalities:

n
>z =1
=1

(V1 <J< 71) [%‘j > 0}
for every Ps,C € B;, Y 1 >'s
{ilCeB;}

for every - Ps,C € B;, Z Tij < S .
{j|CEBj}
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Proof. Let CS be a constant specification and let A € Lpp;. We prove the two
directions of the lemma separately:

= Let M = (U, W, H, i1, %) € PPJcs meas- Assume that A is satisfiable in some
world of M.

Let &~ denote a binary relation over U such that for all w,x € U we have:
w =z if and only if (VB € subf(A)) {M,w EBe M= B}.

It is easy to see that ~ is an equivalence relation. Let K, ..., K, be the equivalence
classes of ~ over U. For every i € {1,...,n} we choose some w; € K;. For every
i € {1,...,n} some subformulas of A hold in the world w; and some do not. So,
without loss of generality, we assume that for every ¢ € {1,...,n} there exists a
B, € atoms(A) such that M, w; = B;. For i # j we have B; # B; since w; and w;
belong to different equivalence classes. Let Y = {By,..., B,}. Since A holds in
some w;, Y is non-empty. It remains to show that the conditions in the statement
of the lemma hold:

1. Let w € U be such that M, w = A. The world w belongs to some equivalence
class of &~ that is represented by w;. Thus M, w; = A. By Lemma we
find A € B;, i.e. condition [I] holds.

2. Let i € {1, ... , n}. It holds that M,w; = B;. We define the extended
CS-evaluation x*; as follows (the fact that *; is an extended CS-evaluation
immediately follows from the fact that *,, is a CS-evaluation):

e for every p € Prop:

o for every P> B € Lppy:

T ,if M,w; = P~,B
(PZSB)*Z':{ AE Mwi = Py

F ,1fM,wa&PZSB,
o for every t € Tm:

w; °

The following statement can be shown by straightforward induction on the
complexity of the formula.

(VB € subf(B:))[M,w; | B <= *; = B] (5.14)

Since, B; € subf(B;) and M,w; = B;, by statement we get *; = B;.
And of course this holds for every 1 < i < n. Therefore, condition [2] holds.
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3. Let i € {1,...,n}. We set

Yij = p(w;)(K; N W(w;)), forevery 1 <j<mn. (5.15)

We are going to do some calculations to show that these values y;; satisfy
the linear system in condition [3]

First of all we have

EEZ Yij =

1<j<n
the K;’s are mutually disjoint
> alwi) (K N W (w;)) =
1<j<n
U?:l i=U
1<j<n

(i) (W (w,)) -

And since p(w;) is a finitely additive measure over W (w;) we get:

Yoy=1. (5.16)

1<j<n
By Eq. (5.15) we also have:
(V1<j<n)|yy>0]. (5.17)

Let P>,C € B;. Since M, w; |= B; it also holds that M, w; = PssC, i.e.

p(wi)([Claw) = s - (5.18)

We will prove that:

U U | (55 W (w)) = [Clar, - (5.19)

Let w € [C)arw,- We have w € W(w;) and M, w = C. w must belong to some
K;. We also have that M, w; = C and M, w; = B;, which by Lemma
implies C' € B;. Thus, we proved that there exists some j such that C' € B;
and w € K; N W(w;). Thus

we J (Kj ﬂW(wi)) :
{ilceB;}
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On the other hand let w € Ugjices,;) (Kj N W(wz)> So, there exists some j,
such that C' € B; and w € K; N W (w;). It holds that M, w; |= B; and since
w € K; we have that M,w |= B; which implies that M, w = C. So, since
w € W(w;), we have that w € [C]as.u,-

Therefore Eq. (5.19)) holds.
By Eq. (5.18) and Eq. (5.19) we get:

,u(wi)( U (Kj N W(wz))> >s.

{ilceB;}

Since the K;’s are mutually disjoint and p(w;) is a finitely additive measure
we have:

> ) (KN W (w) > s

{jlCeB;}
and by Eq. (5.15):
Z Yij = S .
{jlCeB;}
So we proved that
for every P>,C € B;, >y >s. (5.20)

{ilceB;}

By a similar reasoning we can prove that

for every = Ps,C € B;, Z Vi < S . (5.21)
{jlCeB;}

By Egs. (5.16), (5.17), (5.20) and (5.21) we have that the y;;’s satisfy the

linear system in condition [3]

<=: Assume that there exists some Y = {By,...,B,} C atoms(A) such that
conditions in the lemma’s statement hold. For every 1 < i < n, let %; be an
extended CS-evaluation such that *; = B; (by condition [2| we know that such an
extended CS-evaluation exists). Let z;;, for 7,57 € {1, ..., n}, be numbers that
satisfy the linear system in condition [3

We define the quintuple M = (U, W, H, j1, *) as follows:

o U=A{wy,...,w,} for some wy, ..., w,.
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e Forall 1 <37 <n we set:
3. for every V € H(w;):

p(w;) (V) = Z Tij 5

{ilw;eV}
4. for every p € Prop:
P, = Pi
and for every t € Tm:
o=t

First we show that M € PPJcs meas- Since Y is non-empty, n is positive thus U is
non-empty too. Let 1 <7 < n. It holds that:

(i) H(w;) is an algebra over W (w;), since H(w;) is the powerset of W (w;).
(ii) For every A € Lpp; we have that [A]y,, € P(W(w;)), i.e. [Alpw, € H(w;).

(iii) p(w;) is defined for all V' € H(w;) and by the first two lines of the linear
system in condition [3| it holds that the codomain of p(w;) is [0, 1].

We also have that:

p(wi)(W(wi)) = plw)(U) = > wij= Y, x=1.

{j|wj6U} 1<i<n

Let U,V € H(w;) such that U NV = (. It holds

plu)UUV) = > ay
{jlw €UV}
= Z Lij + Z Lij
{jlw; €U} {jlw; €V}

= wwi)(U) + p(wi)(V) -
Thus, p(w;) is a finitely additive measure over H (w;).

(iv) The fact that *; is an extended CS-evaluation immediately implies that s,
is a CS-evaluation.



5.3. DECIDABILITY FOR PPJ 85

From @ - we conclude that M € PPJcs meas- It remains to show M, w; = A

for some 1.

First we have to show the following statement:
(VD € subf(A))(V1 < i <n)[D € B; = M,w; = D] . (5.22)

Let D € B;. We will prove statement (5.22)) by induction on the structure of D.
Let 1 < i <n. We distinguish the following cases:

D = p € Prop: It holds:

D € B;
pEDB;
*i =P
pr=T
Pu, =T
M,w; Ep
M,w; =D .

1rrteee

D =1t¢:C: We have:

D € B;
t:CebB;
* =t:C
Cet"
C ety
M,w, =t:C
M,w; =D .

rreeey

D = P>,C . We prove the two directions of the claim separately.

=>: Assume that D € B;, i.e. P>;C € B;. By the third line of the linear
system in condition [3| we have:

Z IijZS.

{ilceB;}

By the inductive hypothesis we have:

{]|M7w7':C}
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It holds that
[Clarw, = {w; € W(wi) | Myw; = C} =A{w; | Myw; = C}. (5.24)
By the definition of M we have:

(15.24)

p(w)([Clyw,) = > wy = > T
{5lw; €[CT a1, } {iIM,w;=C}
And by (5.23) we have that
(wi)([Clarw,) =
i.e.
M, W; ): PZSC
i.e.
M, w; ’: D .
<: Let M,w; = D. Assume that D ¢ B;, i.e. =D € B, that is:
-P-,C e B, .

By the last line of the linear system in condition [3] we have that
Z Tij < §.
jZCEBj

By using a similar argument as before we can prove that

p(w)([Clarw,) < s
i.e.
M, Ww; l?é D
which is absurd. Therefore D € B;.

D = D; AN Dy: Here D € B; means
DiNDy€B;. (5.25)

We know that ; = B;. Assume that Dy ¢ B; or Dy ¢ B;. Then it should
be =Dy € B; or =Dy € B;, i.e. x; ¥ Dy or x; ¥ Dy. But this is absurd since
we have that *; = D1 A Dy. So, both Dy and D; belong to B;. Hence (5.25))
is equivalent to the following statements.

D € B; and Dy € B;
M, w; = Dy and M, w; = D,
M, w; = Dy A Dy

M,w; =D .

1TF
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D = -D': We have:
D e B;
ﬁD/GBZ‘
D' ¢ B;
M,wi %D/
M,wi ):_|DI
M,QUZ' ):D

1TELY

We conclude that statement ((5.22)) holds.
We have A € subf(A). Thus, by statement ([5.22]) we find:

(VI<i<n)|A€ B = Muw = A] .

By condition [}, there exists an i such that A € B;. Thus, there exists an ¢ such
that M, w; = A. Hence, A is PPJcs meas-satisfiable. O

In the proof of Lemma we construct a model with at most 25> ()l worlds that
satisfies A. Hence a corollary of Lemma is that any A € Lpp; is PPJcs Meas-
satisfiable if and only if it is satisfiable in a PPJcs peas-model with at most 2/s4bf(4)l
worlds. In other words, Lemma [5.3.6] implies a small model property for PPJcs.
Moreover, Lemma [5.3.6] dictates a procedure to decide the satisfiability problem
for PPJcs.

Theorem 5.3.7. Let CS be a decidable and schematic constant specification. The
PPJcs Meas-satisfiability problem is decidable.

Proof. Let CS be a decidable almost schematic constant specification and let A €
Lppy. The formula A is satisfiable if and only if for some Y C atoms(A) all
conditions in the statement of Lemma hold. Since atoms(A) is finite, it
suffices to show that for every Y C atoms(A) the conditions in the statement
of Lemma [5.3.6| can be effectively checked:

e Decidability of condition [I] is trivial.
e Decidability of condition 2] follows from Lemma [5.3.3]

e In condition |3| we have to check for the satisfiability of a set of linear inequal-
ities. There are several decision procedures available for this problem (see,
for example, [Lue73]).

We conclude that the PPJcs meas-satisfiability problem is decidable. O
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Chapter 6

Conclusion and Further Work

This thesis provides a first extensive study of uncertain reasoning in justification
logic. We investigated how probabilistic logic and justification logic can be com-
bined in order to obtain probabilistic justification logics that allow the analysis
of epistemic situations with incomplete information. The language of our logics
is defined by adding probability operators to the language of justification logic.
Syntax of our logics consists of the usual axioms for probability combined with
the axioms for justification logic. In order to give semantics to our logics we com-
bined the standard model for probability with ontological models for justification
logics in what turned out to be a Kripke-style semantics for our logics. Note that
we had to rely on an infinitary rule in order to obtain strong completeness. We
proved decidability results for our logics and in the case where no iterations of the
probability operators are allowed we proved that the computational complexity
of the probabilistic justification logic remains the same as the complexity of the
underlying justification logic.

The main directions for further research can be divided in two categories:

A. Extending the logical framework for probabilistic reasoning in justi-
fication logics.

As the reader has noticed, in this thesis we only studied the enrichment of the basic
justification logic J with probabily operators. The main reason for this restriction
is that in the first study of the probabilistic extension of justification logic we
wanted to focus on the simplest possible framework. However the probabilistic
extension of more complicated justification logics than J is also worth studying.

For example the factivity axiom

t:A— A

89
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or the positive introspection axiom
t: A=ttt A

can be added to the logic PPJ, so that we can have a probabilistic version of the
famous Logic of Proofs (LP).

Another idea for extending the logics presented in this thesis is to study multi-
agent systems. Consider again the Motivating Example from Chapter [I} In the
example there are three agents:

agent i: Peter
agent j: Marc

agent k: the New York Times

Assume also that ¢ stands for “Marc said so” and A stands for “the tax rates will
increase”.

So far we considered only single-agent probabilistic justification logics. However,
we can describe the situation in the Motivating Example more precisely, using
formulas of the form: P, >,(¢ :; A) meaning that agent ¢ puts probability at least
s to the fact that agent j considers ¢ as evidence for statement A. Naturally this
requires building a multi-agent probabilistic justification logic, where each agent
is able to use their own machinery for constructing evidence and determining
probabilities. It is also interesting to allow the agents the ability to interact and
to use different kind of reasoning methods, that is to let them use different logical
systems.

A further extension would be to investigate some cases where statistical evidence
can serve as justifications. For instance, if we know that the conditional probability
of B given A is s, it seems natural to use A (or, better, a justification term h(A)
that is obtained from the formula A) as a justification for B with probability
s. Thus, it would be interesting to study a system that has an axiom like the
following:

sz(B’A) - st(h(A) : B) :

B. Studying the computational complexity of (probabilistic) justifica-
tion logics

Although we have decision procedures for the logic PPJ, we have not established
complexity bounds for this logic yet. We already know that one iteration of the
probability operator does not increase the computational complexity of the logic,
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since the complexity of PJ remains the same as the complexity of the underlying
logic J. However, it has been proved in the literature that arbitrary iterations
of the probability operator lead to combinatorial explosion in the complexity of
the logic. For example, the satisfiability problem for the logic LPP; [ORMO09],
which is a probabilistic logic with the same design as that of PPJ, is in PSPACE.
Furthermore in [FH94] it is proved that the satisfiability problem of a logic similar
to PPJ, that allows iterations of knowledge and probability operators, is PSPACE-
complete. For the above reasons we conjecture that satisfiability testing for the
logic PPJ should also be PSPACE-complete.

Traditional computational complexity theory attempts to characterize the com-
plexity of a problem as a function of the input size n. Parameterized complexity
theory [DF99, [FGO6] requires for every problem the definition of a structural pa-
rameter k, which attempts to capture the aspect of the problem which causes its
intractability. One of the central notions in this theory is called fixed-parameter
tractability (FPT): an algorithm is called FPT if it runs in time O(f(k)-n¢), where
f is any computable function and ¢ a constant. The design of FPT-algorithms for
justification logics and probabilistic justification logics can lead to better under-
standing of the reasons that cause the combinatorial explosion of the satisfiability
problem in these logics.
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