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Abstract

Justification logic can be seen as an explicit counterpart of modal logic. Instead of saying ,,A
is necessary* ([JA), it is possible to say ,,A is necessarily true because of ¢ (¢ : A), where the
justification term ¢ can even be constructed from more than one justification. The formal way of
studying the connection between modal logic and justification logic is called realization, this is
a procedure that replaces [1’s in a modal formula with terms, to create a justification formula.

Sergei Artemov proved that the modal logic S4 is realizable into the logic of proofs LP,
using a cut-free sequent system for S4. At the moment, it is believed that there exists no cut-free
sequent system for S5. Thus to be able to realize S5 into some justification logic syntactically,
another method had to be searched.

Using different realizations of the negative introspection axiom, S5 has been realized into
some of its justification counterparts by using a hypersequent system or a nested sequent system.
In this thesis it will be shown, using hypersequents, that S5 is realizable into any of the ten
justification counterparts that can be constructed with these different realizations of the negative
introspection axiom and can be found in the literature.

In order to establish the same result using non-modular nested sequents as introduced by
Kai Briinnler, too many similar cases have to be considered and, therefore, only some of the less
standard realizations will be shown. For the complete list of realizations using nested sequents,
the nested sequent calculi introduced by Lutz Stralburger will be employed, these calculi are
better suited for this purpose due to their modular nature. This modularity makes it possible to
realize each rule independent of the other rules and, accordingly, of the justification operations
corresponding to the other rules. Even though the focus lies on the realizations of S5, the
modularity of StraBburger’s calculi ensures that the given proofs imply fully modular realization
theorems for all modal logics in the modal cube between K and S5.






Kurzfassung

Begriindung-Logik kann als das explizite Gegenstiick von Modallogik gesehen werden. Statt zu
sagen ,,A ist notwendig® (C]A), ist es hier moglich, zu sagen ,,A ist notwendigerweise wahr we-
gen t* (t : A), wobei der Begriindungsausdruck ¢ sogar aus mehreren Begriindungen geformt
werden kann. Die formale Verbindung zwischen Modallogik und Begriindung-Logik, ist gege-
ben durch Realisierung. Das ist eine Prozedur, bei der [1’s durch Begriindungsausdriicke ersetzt
werden, wodurch eine Begriindungsformel entsteht.

Sergei Artemov bewies, dass die Modallogik S4 in die Logic of Proofs LP realisiert wer-
den kann, wobei ein schnittfreier Sequenzenkalkiil fiir S4 verwendet wird. Derzeit wird ver-
mutet, dass es keinen schnittfreien Sequenzenkalkiil fiir S5 gibt. Um S5 syntaktisch in eine
Begriindung-Logik zu realisieren, muss eine andere Methode gesucht werden.

S5istin einige seiner Begriindung-Gegenstiicke realisiert worden, wobei ein Hypersequenzen-
System oder ein verschachtelter Sequenzenkalkiil sowie verschiedene Realisierungen des nega-
tiven Introspektionsaxioms verwendet wurden. In dieser Arbeit wird mit Hilfe eines Hyperse-
quenzenkalkiils gezeigt, dass S5 in alle zehn Begriindungs-Logik-Gegenstiicke realisiert werden
kann, die mit diesen verschiedenen Realisierungen des negativen Introspektionsaxioms konstru-
iert werden konnen.

Um das gleiche Resultat zu bekommen, wenn nicht modulare-verschachtelte Sequenzen wie
von Kai Briinnler eingefiihrt verwendet werden, miissen zu viele dhnliche Falle unterschieden
werden, und daher wird das nur fiir einige weniger standard Realisierungen gemacht. Fiir die
komplette Liste mit Realisierungen wobei verschachtelte Sequenzen verwendet werden, wer-
den die verschachtelte Sequenzenkalkiile, eingefithrt von Lutz StraBburger, verwendet, dieses
Kalkiil ist auf grund ihter modularen Nature besser geeignet fiir dieses Ziel. Diese Modulari-
tiat macht es moglich die Regeln unabhiéngig von den anderen Regeln und dementsprechend,
von dem Begriindungsoperationen die mit die anderen Regeln korrespondieren zu realisieren.
Obwohl konzentriert wird auf die Realisierungen von S5, gewihrleistet die Modularitit von
StraBburger’s Kalkiil, dass die gegebenen Beweise vollstindig modulare Realisierungs Sétze fiir
alle Modal-Logiken in des Modalkubus zwischen K und S5 impliziert.
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Introduction

Formal reasoning is a crucial part of artificial intelligence, in order to create intelligent entities,
one has to understand what intelligence is and how to reason in an intelligent manner. Since
human beings assume that they are intelligent, the goal is often to formalize human reasoning.
Logic is such a formal way of reasoning, studied since Ancient Greece. Therefore logic is an
important part of computational intelligence and more general, of computer science.

Classical propositional and first-order logic and modal logic are taught in bachelor and mas-
ter curricula, but these are only a rather small tip of the iceberg. Each logic tries to model a
specific aspect of (human) reasoning in the best possible way.

In modal logics modalities like [ and <) are used. Depending on the modal logic, [1A could
mean for example, “A is known” or “A is necessarily true”. It is however never possible to
change the meaning of this [J once chosen: each occurrence of a [J within that specific logic,
has the same meaning.

In justification logic, instead of these modalities, justifications are used. Let ¢ be a justifi-
cation for A, this is denoted by ¢ : A and could mean “A is known because of ¢”. Part of the
language of justification logic consists of operators on these justifications. As is the case in real
life, one justification to know something is often not enough.

In the literature, justification logic is called an explicit counterpart of modal logic. Instead
of saying “A is necessary” ((JA), it is possible to say “A is necessarily true because of ¢”
(t : A) using justifications and ¢ might even be constructed from more than one justification.
The procedure of replacing [I’s in a modal formula with terms, to create a justification formula,
is called realization. This might suggest a connection between these two kinds of logics, which
is indeed the case.

The logic of proofs, LP as introduced by Sergei Artemov [1}[2]], has such a connection with
the modal logic S4, more formally: S4 is realizable into LP. The proof of this realization as
given by S. Artemov [2], is based on a cut-free sequent system for S4. Since then realization
theorems for other connections between modal logic and justification logic have been proven,
but S5 seems more difficult.

At the moment, it is believed that there does not exist a cut-free sequent system for S5.
Thus to be able to realize S5 into some justification logic syntactically, another method had to
be searched. Over the years, different kinds of these methods are introduced to realize S5 into
different justification logics:

e Using hypersequents, it has been shown by S. Artemov, E. Kazakov and D. Shapiro [4]]
that S5 is realizable into LPS5 and LPS5,., two extensions of the logic LP. Two different



realizations of the negative introspection axiom 5, called A5 and A5, have been used.

e Using nested sequents, it has been shown by R. Goetschi and R. Kuznets [[12] that S5 is
realizable into the justification logic JT45, an extension of LP as well. Another realization
of the negative introspection axiom 5, called j5 was used here.

In addition to the logic JT45, seven other logics were introduced by R. Goeschi and R. Kuznets
[12]: JT5, JTB4, JTBS, JDB4, JDB5, JDB45 and JTB45. The axiom j5 is part of the logics
JT5, JTB5, JDB5, JDB45 and JTB45, but in JTB4 and in JDB4 none of the aforementioned
realizations of 5 are used. The proof of the realization into JT45 applies to the logic JTB45 as
well. For the other six logics a translation method, on top of the syntactical method, was used to
prove the realization of S5 into these remaining logics.

With the three realizations of the 5-axiom above mentioned, there are ten different justi-
fication counterparts of the modal logic S5 that can be found so far in the literature. It has
been proven that S5 is realizable into any of these justification counterparts, but using different
methods. For three of them a syntactic method of realization can be found, one implying the
realization of a forth.

Knowing these results, the goal of the thesis is to use a syntactic method to prove the realiza-
tions of the remaining six justification logics and trying to show that any cut-free proof system
works for every existing realization. This is done by answering the following questions: is it
possible to realize S5 into LPS5 and LPS5, using nested sequents,into JT45, JDB45, JTB45,
JT5, JTB4, JDB4, JDB5 and JTB5 using hypersequents and into any of these ten justification
counterparts using Stral3burger’s modular nested sequents [15]]?

To answer this question hypersequents (in chapter 3), nested sequents (in chapter 4) and
StraBburger’s modular nested sequents (chapter 5) will be considered. Each sequent system
introduces a set of rules that could be used in an S5-derivation. The goal is to prove that,
assuming by induction hypothesis that the premise of a rule can be realized, the conclusion of
the rule can be realized in the justification counterpart of S5. And this for each rule, for each of
these ten justification logics.

The hypersequent system as that was introduced by S. Artemov, E. Kazakov and D. Shapiro
[4] is written in a notation that is no longer used. A definition in the standard notation can
be found in a paper by A. Avron on hypersequents [5]. The definitions, lemmas and proofs
concerning hypersequents will be based on the system that was used to realize S5 but will be
written in the standard notation.

In the first chapter a short introduction will be given on modal logic and justification logic,
stating the axiom systems and logics that will be used in the thesis. The second chapter covers
the general idea of realization theorems and some important notions, such as internalization and
substitution.

The third chapter starts with the definition of the hypersequent system for S5 in the standard
notation. In this chapter the realization of S5 into JT45, JDB45, JTB45, JT5, JTB4, JDB4,
JDB5 and JTB5 using hypersequents is proven. In the forth chapter the nested sequent system
for S5 as used by R. Goetschi and R. Kuznets [12] is given, followed by the proofs of the
realization of S5 into LPS5 and LPS5...
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The nested sequent system of S5 consists in addition to the propositional rules of five modal
rules. To prove the realization of these five rules into LPS5, LPS5,., JDB45, JT5, JTB4, JDB4,
JDB5 and JTB5, forty cases have to be considered. Instead of proving all these cases, the
modular nested sequent system, introduced by S. Marin and L. StraBBburger [[15] will be used.
This is an extension of the nested sequent system as it can be found in R. Goetschi and R.
Kuznets [[12f], there are seven new rules. The use of this system makes it possible to prove the
realization in a modular manner: each of the rules can be realized independently of the others.
Which means that only seven new cases have to be considered, one for each additional rule. The
modularity of the realization method in combination with the modularity of Straburger’s calculi
implies the modularity theorem for all modal logics in the modal cube between K and S5. The
system will be given in chapter five, where the realization of S5 into any of the ten considered
justification counterparts will be proven as well.






CHAPTER

Modal Logic and Justification Logic

1.1 Modal Logic

When reasoning about necessity, knowledge, certainty or always, classical propositional logic
is not enough. This is shown by the following example, as Aristotle pointed out already [9, p.
35-36]:

EXAMPLE 1.1.1. Consider a sea-battle, then there are two possibilities: either it will take place
tomorrow or it will not take place tomorrow:

e [t is necessary that there will be or will not be a sea-battle tomorrow

o It is not necessary that a sea-battle will take place tomorrow

e [t is not necessary that there will not be a sea-battle tomorrow.
Notice that the formulation of these three statements have more or less the same structure. Now,
it is necessary that the sea-battle will take place or that it will not take place, but it is not possible
to predict the future and conclude that it is necessary that the sea-battle will indeed take place or
that it is necessary that the sea-battle will not take place.

In classical propositional logic, it is possible to let atomic formulas denote the three different
statements. But it is not possible to reason why the first statement is valid and why the second
and third statement are not Vali(ﬂ &

Therefore, with classical propositional logic, it is not possible to reason about necessity, or any
other kind of intensional context. Modal logic is a logic that makes it possible to reason with
adverbials, like necessary, known to be, permitted, now etc.

Modal logic extends classical propositional logic, by adding modal operators, called modali-
ties. There are many different modalities that form different kinds of modal logics, here only the
modalities [ and ¢ are considered. Depending on the kind of modal logic these operators have

'The original example is more complex and the discussing of it, by many important logicians throughout the
ages, is far more extensive. However, here this shorter version is sufficient to show that reasoning about necessity
cannot be done in classical propositional logic.




different meanings. Usually, [J means necessary and { means possibly, but when reasoning
about knowledge, (] means if is known that and {) means it is consistent thaf’}

Syntax

The language of modal logic, as considered here, consists of the connectives —, A, V and D, the
operators [] and ¢, propositional variables p,q,r,..., 1, T and (, ). Formulas in modal logic
can be defined with the following grammar, let p be a propositional variable:

A=p|L|T|-A|ANA|AVA|ADA|DA|OA (L.1)

Semantics

In modal logic it is not enough to look at some interpretation, as is done in classical propositional
logic. Kripke models can be used in order to say something about the truth of a modal formula.

Definition 1.1.2. A Kripke frame is a tuple 7 = (W, R). Where W is a non-empty set of
possible worlds and R C (W x W) a binary relation on W, called the accessibility relation, if
vRw then w is accessible from v.

A Kripke model is a tuple M = (W, R, V), such that (W, R) is a Kripke frame and V'
is a valuation, a relation that assigns subsets of possible worlds to propositional variables. A
proposition p is true in a world w € W if w € V(p) and p is false if w ¢ V (p).

The Kripke model M = (W, R, V') is based on the frame F = (W, R). &

Definition 1.1.3. Let M = (W, R, V) and w € W, then the truth of a formula in world w is
defined as follows:

Mow lf L and MawlET

M,wlkp = w e V(p)

M,wlF-A = M,wlf A

M,wl-ANB = M,wlk Aand M,w I+ B

M,wl- AV B = M,wlkAor M,wlF B

M,wl-FADB & M,wlf Aor M,wlF B

M, wl-TOA & M, v I A, for all v such that wRv

M, wlF QA & M, v - A, for some v € W, such that wRwv.

¢

Definition 1.1.4. ( [9]) Let M = (W, R, V) be a Kripke model. A formula A is valid in a
model M if and only if for all possible worlds w € W: M, w IF A. A formula A is valid in a
frame F = (W, R) if and only if A is valid in every modal M that can be based on this frame.
Let L be a collection of frames, a formula A is L-valid if and only if A is valid in every frame
in the collection L. &

2This section is based on First-Order Modal Logic, by M. Fitting and R.L. Mendelsohn [9]



Different Modal Logics

Definition 1.1.5. A formula in the language of classical propositional logic is a tautology if and
only if the formula is true for any interpretation of the propositional variables that it contains.

Definition 1.1.6. A tautology in the language of modal logic is a propositional tautology as
defined in Definition(1.1.5}] where every propositional variable in the tautology can be substituted
by a formula built according to Grammar [I.T] on page [ Within proofs, any instance of a
tautology as defined here, will be called a propositional tautology, since these tautologies are
based on classical propositional tautologies. &

From this definition it follows that, since p D (¢ D p) is true for any interpretation of p and g,
0A D (O(AAOB) D OA) is a tautology in the modal language.

Definition 1.1.7. The axiom system for the basic modal logic (called K) is defined as follows:

e Tautologies in the modal language as defined in Definition[I.1.6]
e AxiomK: (A D B) D (HA > OB)

e Modus Ponens: From A and A O B derive B

e Necessitation: From A derive (JA.

By adding one or more of the following axioms to the system, new modal logics occur:

tOAD A
ddL> L1

:—A D 0O-0A4
:0A D> 0O0OA
:-0A D O-0A.

e o o o
O~ T

o

Based on the axioms that are part of the system, a modal logic has a corresponding accessibility
relation R on its frames.

Definition 1.1.8. Let ML be a modal logic, whose axiom system extents the basic modal logic
K by zero or more of the above defined axioms and let (W, R) be a Kripke frame for ML, then:

e If t is part of the axiom system of ML, then R is reflexive, meaning: for all w € W:
(w,w) € R.
e If dis part of the axiom system of ML, then R is serial, meaning: for all v € W, there is
aw € W such that (v, w) € R.
e If b is part of the axiom system of ML, then R is symmetric, meaning: for all v,w € W,
if (v,w) € Rthen (w,v) € R.
e [f 4 is part of the axiom system of ML, then R is transitive, meaning: for all u,v,w € W,
if (u,v) € Rand (v,w) € R then (u,w) € R.
e [f 5 is part of the axiom system of ML, then R is Euclidean, meaning: for all u,v,w € W,
if (w,u) € Rand (w,v) € R then (u,v) € R.
If the axiom system of ML does not contain any of the additional axioms, meaning ML=K, then
there are no restrictions on the accessibility relation R. Kripke frames that do not have any
restrictions on R, belong to the collection of frames K. &

7
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Figure 1.1: The modal cube

With the Definition|[I.1.4] Definition[I.1.7|and Definition[I.1.8] it is now possible to state sound-
ness and completeness for the basic modal logic K.

Theorem 1.1.9 ( [9]). Consider the basic modal logic K, a formula A is provable in the axiom
system of K if and only if A is K-valid. In other words: the basic modal logic K is sound and
complete.

Based on the five axioms that could be added to the basic modal logic K, 2° = 32 different
axioms systems can be defined. However, not every axiom system yields a different logic. There
are only 15 different modal logics, that are obtained this way. These 15 different modal logics
form the so-called modal cube, (see Figure[I.1] [10]]). The name of a modal logic depends on its
axiom system, almost all the names start with K, denoting the basic modal logic. Depending on
the additional axioms, the name is extended by the name that denotes the additional axiom. For
example, the logic which axiom system extends the axiom system of K with the axioms 4 and 5
has the name K45.

There are two exceptions: the logics S4 and S5, S4 represents two axiom systems and S5
represents thirteen axiom systems:

Definition 1.1.10. The logic S4 has a reflexive, transitive accessibility relation. It is the modal
logic that represents the axiom systems KT4 and KTD4.

The logic S5 has a reflexive, symmetric, transitive accessibility relation. It is the modal logic
that represents the axiom systems KT45, KT5, KTB5, KTB45, KDB5, KDB45, KDB4, KTB4,
KTD5, KTDB4, KTDB5, KTD45 and KTDB45. &

Not every modal logic that can be constructed will be considered in this text. The most important
modal logics are S4 and S5. When a more general notion of a modal logic is used, only the
following well known logics are meant: K, D, T, K4, B, S4 or S5. Using the axioms as defined
above, for each of these seven logics, M. Fitting and R.L. Mendelsohn proved the following
theorem [9]]:

Theorem 1.1.11. Let L be some modal logic. There is a proof of a formula A in the axiom

8



system of L if and only if A is L-valid. This means: the modal logic L is sound and complete.

1.2 Justification Logic

Plato defined knowledge as justified, true belief, until 1963 this was considered to be an adequate
definition of knowledge. This would mean that A knows B if and only if: B is true, A believes
that B and A is justified in believing B. In 1963, E. Gettier published Is Justified True Belief
Knowledge? [11] in which he gives two examples that show that this is not a complete definition
of knowledge.

EXAMPLE 1.2.1. Jones and Smith apply for a job. Suppose that, for several reasons, Smith has
strong evidence that:

(a) Jones is the man who will get the job and Jones has ten coins in his pocket.
From this, Smith concludes that:

(b) The man who will get the job has ten coins in his pocket.
Based on the above observation, Smith is justified in believing that (b) is true. Now suppose
that not Jones, but Smith gets the job and that Smith has ten coins in his pocket as well. The
conclusion that Smith made from (a) is true, Smith believes in it and he is justified in believing
it. But Smith does not know that he has ten coins in his pocket! He bases his belief on the
number of coins in Jones’ pocket. Does Smith still know (b)? &

As was described above, modal logic is suitable for reasoning about necessity, certainty and
knowledge. However, [JA, is always [JA. In the above example it holds then that [J(b) and
hence that (b) is known. In justification logic, it is possible to distinguish between reasons to
know something. For Smith (a) was the reason that he knows (b), but what if (a) is not true
anymore, does he still know (b)?

Instead of always using the same [, justification logic uses terms ¢, such that ¢ : A means: ¢
is a justification for A. There is not just one term, there may be other terms in a derivation or a
formula. By using operators, new terms can be constructecﬂ

Syntax

The language of any justification logic consists of the connectives —, A, V and D, propositional
variables p,q,r, ..., L, T, (,), proof variables =, y, z, . . ., proof constants, a, ¢, . . . and operators
-, + and :. The operator ’ :’ is used such that: term : formula is a formula of the justification
logic. Let x be a proof variable, c a proof constant, a term can be defined using the following
grammar:

t:i=xl|c|t-t|t+t.

Let ¢ be a term as defined above and p a propositional variable, then a formula in justification
logic can be defined with the following grammar:

A=p|L|T|-A|ANA|AVA|ADAI|L: A (1.2)

3This section is based on papers written by S.N. Artemov [2|/3] and by M. Fitting [8]



Semantics

As in modal logic, the semantics of justification logic is defined based on models.

Definition 1.2.2. A justification logic model is a tuple M = (W, R,E, V). W is a nonempty
set of possible worlds, R C (W x W) is an accessibility relation. £ is an evidence function
on (W, R), it is a mapping from terms and formulas to subsets of possible worlds and V' is a
valuation, a relation that assigns subsets of possible worlds to propositional variables, as in the
modal case. &

Definition 1.2.3. Let M = (W, R, £, V) be amodel and w € W, then the truth of a formula in
world w is defined as follows:

M,wl-p & weV(p)

M,wlf L and M,wl-T

M wlF—-A & Mwlf A

M,wlFANB < M,wlkAand M,w - B

MwlFAVB & MwlkAorM,wl-B

MwlFADB & MuwlfAor M,wl- B

MwlFt: A & we&(t,A) and for all v € W such that (w,v) € R: M,v |k A.

¢

The definition above is almost the same as the definition for modal logic. However, since there
is not just one [, but there are different justifications, the evidence function £ is needed. The
condition that w € £(t, A) says that in world w, t is a justification for A, based on the defined
evidence function and (¢, A) C W denotes the set of worlds in which ¢ is a justification for A.
The properties of £ depend on the justification logic.

The following definition is based on the definition of validity in modal models and frames,
Definition [L.T.4

Definition 1.2.4. Let M = (W, R, £, V) be a justification model. A formula A is valid in a
Jjustification model M if and only if for all possible worlds w € W: M, w I+ A. A formula A
is valid in a frame F = (W, R) if and only if A is valid in every justification model M that can
be based on this frame.

Let L be a collection of frames, a formula A is L-valid if and only if A is valid in every frame
in the collection L. &

Different Justification Logics

Definition 1.2.5. A tautology in the language of justification logic is a propositional tautology as
defined in Definition[I.1.5] where every propositional variable in the tautology can be substituted
by a formula built according to Grammar[1.2on page 9] &

From this definition it follows that, since (p A ¢) D p is a classical propositional tautology
according to Definition [1.1.5} the formula (t : AAs: (B D C)) Dt: Ais atautology in the
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language of justification logic. Within proofs, any instance of a tautology as defined here, will
be called a propositional tautology, since these tautologies are based on classical propositional
tautologies.

Definition 1.2.6. The axiom system for the basic justification logic (called J) is defined as fol-

lows:
e taut: Tautologies in the justification language as defined in Definition [I.2.5]
eapp:s:(ADB)D(t:AD(s-t): B)
esum:s:AD(s+t): Aandt: AD(s+t): A
A ADB
e Modus Ponens (MP): B
Axiom A
e Axiom Necessitation (AN): For constants ¢1,...,¢,: ¢p:...:c1: A

By adding one or more of the following axioms to the system, new justification logics occur:

o jit:ADA

e jd:t: 1L DL

o jb: AD7?t: (—t:—A)

o j4:t:ADIt:t: A

e 5 ~t: ADVt: (—t: A)

e AS:t:(AD—s:B)D(AD%:(—~s: B))
e AS5.:—t:ADc:—t: A

%

Notice that the language of a logic containing j4, has an operator ! in addition to the already
defined operators, a term ¢ in this logic can have the form !¢ as well. The language of a logic
containing jb, j5 or A5, has an operator ?, ?’ or ? respectively, in addition to the already defined
operators. A term ¢ in one of these logics can have the form ?¢, 7't or ?¢ respectively as Wel

In accordance with modal logic, the name of a justification logic depends on its axiom sys-
tem. Instead of the K for the basic modal logic, J is used for the basic justification logic. Notice
that maximal one of the axioms j5, A5 or A5, can be part of an axiom system. Traditionally,
there is one exception to this kind of naming, the Logic of Proofs, defined by S.N. Artemov. This
logic is denoted by LP, its axiom system extends that of J by jt and j4. This exception is also
used for the logics LPS5 and LPS5,, to denote the logics with axiom systems extending that of
LP with AS and A5, respectively. The names as they were introduced by S.N. Artemov, E.L.
Kazakov and D. Shapiro in Logic of knowledge with justifications [4] are followed.

With these definitions, the most important justification logics for this text can be defined.
When in general some justification logic is considered, one of the logics in Table|l.1|are meant,
this is denoted by JL. When a (set of) justification logic(s) is/are considered in order to say
something about these specific logics, £ will be used to represent these logics.

*In some papers terms are called proof polynomials and in the paper by S.N. Artemov, E.L. Kazakov and D.
Shapiro [4], they are called extended proof polynomials because of the new 7t form of a term, here they are called
terms, independent of the form they take.

11



Name | Additional axioms | Name | Additional axioms
J None LP jtand j4

LPS5 | jt, j4 and AS LPS5, | jt, j4 and A5,
JT45 | jt, j4 and |5 JT5 jtand j5

JTB5 | jt,jband 5 JTB45 | jt, jb, j4 and j5
JDBS | jd, jb and j5 JDB45 | d, jb, j4 and j5
JDB4 | jd, jb and j4 JTB4 | jt, jband j4

Table 1.1: The justification logics as used here

Evidence Function

Based on the axioms that are part of the axiom system, a justification logic has a corresponding
accessibility relation R as was defined for modal logic in Definition [I.1.8] However, now the
justification axioms jt, jd, jb, j4 and j5 restrict the accessibility relation R. If the axiom jt is
part of the axiom system then R has to be reflexive, the axiom jd means that R has to be serial,
the axiom jb means that R is symmetric, an axiom system including j4 has to have a transitive
accessibility relation R and an axiom system that includes j5 has to have a Euclidean R.

The restriction of the accessibility relation was enough to create Kripke models for modal
logics with the corresponding axioms. This is not the case for justification logics. As was already
suggested in Definition [I.2.2] besides the accessibility relation the evidence function is part of a
justification logic model.

Based on the axiom system of a justification logic, the evidence function £ has different
properties. The following definition states these properties, the properties for app, sum, j4 and
j5 are based on the PhD thesis of R. Kuznets [13]], the properties for jb, A5 and AS. are new.

Definition 1.2.7. Consider a justification model M = (W, R, £, V). A case distinction has to
be made based on the axiom system of the justification logic:
e In every justification logic JL, for all terms s and ¢, for all justification formulas A and B
and for all worlds v,w € W, £ has the following two properties, corresponding to app
and sum respectively:

Application closure: £(s,A D B)NE(t,A) CE(s-t,Q)
Sum closure: E(s, A)UE(t, A) C E(s+t, A).

e A justification logic containing j4 has a transitive accessibility relation and the evidence
function has two additional properties:

Positive introspection closure: £(t, A) C E(1t,t: A)
Monotonicity: If (v,w) € Randv € £(t, A) thenv € E(t, A).

e A justification logic containing j5 has a Euclidean accessibility relation. Let [®]¢ denote
the complement of set ®. The evidence function in such a logic satisfies the following

property:
Negative introspection closure: [£(t, A)]® C E(?'t,—t : A).
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o If the axiom system of a justification logic contains the axiom AS5, the evidence function
has to have the following property:

A5 closure: M, wl- Aandw € E(t,(A D —s: B)) implies w € E(7t, s : B).

e Models for justification logics which axiom systems contain A5, have an evidence func-
tion which has at least the following property:

AS, closure: [E(t, A)]° C E(c,—t = A).

e A justification logic containing jb has a symmetric accessibility relation and the evidence
function has the following property:

Symmetry closure: M, w I A implies w € £(7t, =t : = A).

A model for a justification logic that has at least one of the axioms j5, A5, A5, and/or jb in its
axiom system should satisfy the so called strong evidence property as well, for any term ¢, for
any justification formula A and a world w € W:

If we E(t, A) then M, w I+t : A.

¢

In order to prove that the given properties for the evidence function are the right ones, soundness
and completeness have to be proven:

Theorem 1.2.8. For any justification logic JL a formula A is provable in JL if and only if it is
JL-valid:
JLF A< Ais JL-valid.

The proof of this theorem can be found in AppendixA]
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CHAPTER

Realization Theorems

Before proving realizations of S5 into different justification logics, certain concepts, definitions
and lemma’s require presentation. Furthermore, the general idea of realization will be sketched.
When modal or justification axioms, axiom systems and/or logics are mentioned, only those
defined in the first chapter are meant.

2.1 Forgetful Projection and Realization Theorems

A proof of realization is usually based on some cut-free sequent calculus. The procedure of
transforming a formula from one logic into another is called a realization procedure and can
be carried out in two directions. The direction in which a justification formula is transformed
into a modal formula is the easier direction and is called the forgetful projection: every term is
replaced with the same [J, which means that some information is lost. The direction in which
a modal formula is transformed into a justification formula is more involved, since not all [1’s
should be realized into the same justification term.

Definition 2.1.1. Let Abe a formula in the justification language (possibly also containing unary
term operators *!’, ’7°,’?” and ’?’), a formula A° in the modal language can be constructed by
substitution of [ for every occurrence of a term as follows:
po:p, —|—o:—|—’ (BIABQ)O:BT/\B; (Bl DBQ)OZBloDBgv
1°=1, (-B)° = -B°, (B1V B3)° =B]V Bs, (OB)° =0OB°.

%

For the other direction, from modal logic to justification logic, the notion of a realization function
is needed:

Definition 2.1.2. A realization function on a formula A, is a function that substitutes justifi-
cation terms for occurrences of [J in A. The result is a formula in the justification language,
denoted by A". &

15




Applying first a realization function on a formula from the modal language and then the forgetful
projection on the result, gives the original modal formula again:

REMARK. Let A be a formula of the modal language and let » be a realization function on A,
then A" is a formula in the justification language. Applying the forgetful projection to A", will
give a formula in the modal language again: (A")°, such that: (A")° = A.

Counterparts

In the definitions above the possibility of translating between modal and justification formulas
has been introduced. Taking this into account and looking at the names of different modal and
justification axioms and logics a connection between specific modal and justification axioms and
logics can be suspected. Such a connection can be formalized in terms of counterparts, which
already exists on axiom level:

Definition 2.1.3. Every modal axiom mentioned earlier has at least one justification counterpart
and every justification axiom has one modal counterpart. &

These counterparts can be recognized by their names, for example, the justification counterpart
of the axiom t is the axiom jt and the modal counterpart of the axiom jb is the axiom b.
Furthermore, the relation of being a counterpart of each other can be extended to the logics:

Definition 2.1.4. Let JL be some justification logic. It is said that JL realizes ML, if JL° = ML.
This means: applying the forgetful projection to all of the theorems of JL results in exactly the
set of theorems of ML and for each formula in JL there exists a realization function such that
appyling this realization function to the formula results in a theorem of ML. If JL realizes ML

it is said that ML is the modal counterpart of JL and that JL is a justification counterpart of
ML %

The modal counterpart of a justification logic is unique, a modal logic might have more than
one justification counterpart. Examples of pairs of justification logics and modal logics that
are counterparts of each other are J4 and K4, or J45 and K45, or LP and S4, or any of the
justification logics from the set {LPS5, LPS5,, JT45, JT5, JTB5, JTB45, JDB5, JDB45, JDB4,
JTB4} and the modal logic S5. In order to prove that two logics are counterparts of each other,
a realization theorem has to be proven.

Realization Theorems

Based on the idea described above, S. N. Artemov proved the following theorem for the modal
logic S4 and justification logic LP [2]]:

Theorem 2.1.5 (Realization of S4).
S4+ A & LPE A" for some realization r.

The proof of the “=-"-direction is based on a cut-free sequent calculus for S4. However, such a
calculus is not known for the modal logic S5. In different papers solutions have been suggested,
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using different axiom systems for justification counterparts of S5. The idea is now, to prove the
following theorem, for some of these calculi and axiom systems that are suggested:

Theorem 2.1.6 (Realization of S5).
Let L € {LPS5, LPS5,, JT45, JT5, JTB5, JTB45, JDB5, JDB45, JDB4, JTB4} then:

S5 A & LA,

using a hypersequent calculus based on the calculus from S.N. Artemov, E.L. Kazakov and D.
Shapiro [4], the nested sequent calculi from R. Goetschi and R. Kuznets [ 12|] and modular nested
sequent calculi from S. Marin and L. Straf3burger [15]].

2.2 Internalization, Annotation and Substitution

By annotating or labeling [I’s during the derivation of a formula, these [I’s can be realized by
different terms when required and by the same terms if the [1’s were really the same. In order to
use annotations, some definitions are required. Other lemma’s and definitions that are required
for every calculus that is used to prove realization will be stated here as well.

Internalization

In the proof of the realization theorem of S4 into LP, a lemma called The Lifting Lemma was
proven and used. However, the axiom j4 is needed to prove this lemma. R. Goetschi and R.
Kuznets [12] used a more general lemma, basically stating the same, but the proof only uses
axioms from the axiom system of the basic justification logic J. The lemma is called Internal-
ization. This lemma and a corollary that follows from it, are required to prove the realization of
S5.

Lemma 2.2.1 (Internalization). Let JL be some justification logic. If A1, ..., A, Fy. B then
there is a term t(x1, ..., xy,) such that: s1 : Ay, ..., Sn @ Ap by t(s1,...,8,) @ B, for any
terms Si, ..., Sp.

If there are no premises Ay, . .., An, which means, n = 0, then t does not have any variables

(it is a ground term) and -y, t : B.

Proof. The proof is by induction on the derivation of A1, ..., A, Fy. B, based on the proofs by

S.N. Artemov and R. Goetschi and R. Kuznets [2}/12]]:
e Suppose B is one of the axioms of JL, then -y B. By AN, any constant ccan be chosen.
Lett := ¢, then -y ¢ : B and hence for t(s1,...,8,) =t =c: s1: A1,...,8, 1 Ap FuL

t:B.

e Suppose B is of the form ¢,,—1 : ... : ¢; : C, infered by AN. By using AN again, any
constant ¢, can be chosen. Let t := ¢, then -y ¢ : B and hence for ¢(s1,...,s,) =t =
c:s1:A1, .., 8y Ay FuLt: B.

e Let B be one of the premises A;, then let ¢(x1,...,x,) = x;, from which it follows that

sit A Py t(s1,...,8,) : Bandhence: s1: Ay, ..., 8, Ap byl t(s1,...,5n) @ B.
e Let B be derived by MP from C' D> B and C'. By induction hypotheses, there are terms
ti(x1,...,xy) for C D Band to(xy,...,x,) for B. Now t1(z1,...,2,) : (C D B) D
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(ta(x1,...,2pn) : C D (t1(z1,...,2n) - ta(x1,...,zy)) : B) is an instance of app. By
MP it follows that for t := ¢1(x1,...,x,) - ta(x1,. .., z,) and arbitrary terms sq, . . ., Sy:
s1: AL, sy Ap gL t(s1, ..., 8n) 2 B

Il

As was already suggested by R. Goetschi and R. Kuznets [[12]], the following theorem can be
proven in any justification logic JL, since the tautologies of classical propositional logic and the
rule Modus Ponens are part of the axiom system of JL.

Theorem 2.2.2 (Deduction Theorem). Let JL be some justification logic and let I" be a set of
formulas in the languages of JL, then: I', Ay B ifand only if Ty A D B.

Proof.*“ =" Suppose I', A Fy_ B, the proof is by induction on the derivation of B from I, A:

— Let B be one of the axioms of JL or let B be of the form ¢,, : ...c1 : C, infered
from AN. This means: -y B. Since B D (A D B) is a propositional tautology,
Fo B D (A D B). By Modus Ponens it follows that -y A O B. Therefore,
'~y AD B.

- Let B= A, then',AF A. As A D A is a propositional tautology, it follows that
Fioo A D A and hence -y A D B. Therefore, I' -y A D B.

—Let B € T, then I" -y B. Since B D (A D B) is a propositional tautology,
I'Hy. B D (A D B). By Modus Ponens it follows that T' -y A D B.

— Assume that I'; A -y B is obtained by applying Modus Ponens toI', Ay C' D B
and I'; A Fy_ C. By induction hypothesis it follows that I' Fy. A D (C D B) and
'y ADC. Since (A D (C D B)) D ((ADC)D(AD B)) is a propositional
tautology, by applying Modus Ponens twice, it follows that I" -y A D B.

“ <" SupposeT' -y A D B. It follows immediately that ', A Fy. A D B and since ', A Fy_
A, by applying Modus Ponens it follows that I'; A -y B.
O

The following corollary is based on Internalization and the Deduction Theorem and can be
proven by using Lemma [2.2.1] and applying the Deduction Theorem.

Corollary 2.2.3. Let JL be some justification logic. If -y A1 D ... D A, D B, then there is a
term t(x1,...,oy) suchthatt-y. s1 : A1 D ... D 8y : Ay D t(s1,...,8n) : B, for any terms
S1y++.+,8n.

Annotation

The annotation of modal formulas is part of the realization procedure when using a (modular)
nested sequent calculus. The idea is to annotate occurrences of [1 and ¢ in a realization, to be
able to assign terms. The definitions, facts and lemmas about annotation and substitution, in this
and the next subsection, are based on those of R. Goetschi and R. Kuznets [[12]].

Definition 2.2.4. Let k,I € N, let p be a proposition. Annotated (modal) formulas can be
defined with the following grammar:

A=p|L|T|-A|AVA|ANA|AD A|Oyp_14| OgA.
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Let A be such an annotated formula and let A’ be the formula A without the indices, then A is
an annotated version of A’. If all the indices are unique, no index occurs more than once, the
formula is called properly annotated. &

Part of the realization procedure, is the pre-realization of the formulas and objects. With the
above definition of annotated formulas, it is possible to define the pre-realization function on
annotated formulas.

Definition 2.2.5. Let r be a function that assigns terms to the natural numbers used to annotate
a formula, then 7 is called a pre-realization function. If the function is defined on all the given
indices, then r is called a pre-realization function on a given annotated formula.

The pre-realization function r is called a realization function if r(2l) = x; whenever r(21)
is defined. ¢

Definition 2.2.6. Let A be an annotated formula, r a pre-realization function on A and p a
proposition. The table [2.1| shows how by induction, the justification formula A" can be defined,
based on the original modal formula A and the function .

(p)" = p (AvB)" = A"VB" (OuA)" = —wr(20): A"
(A" = =(A") (AAB)" = A"AB" (Ox1A) = r(2k—1): A"
1"=1 Tr=T (ADB)y := A DB

Table 2.1: Realization of modal formulas, source: 12

Let B be a justification formula, then there is some properly annotated formula A and a pre-
realization function r on A such that B = A". &

It is possible that there exists more than one annotation for a modal formula. If there is a
realization function on one of these annotated versions, does this mean that there is a realization
function on the other annotated version(s) as well?

Lemma 2.2.7. Let JL be a justification formula. Suppose the modal formula A’ has at least
two properly annotated versions, call the first two A1 and As. Suppose that r1 is a realization

function on Ay, such that -y (A1)"™. Then there is a realization function ro on Ag such that
Fa (AQ)TQ.

The above lemma states that, as long as the formula is really properly annotated, it does not
matter which properly annotated version is chosen: if there is a realization of one of the properly
annotated versions of a formula, there is a realization for any of these versions. The proof of
the lemma is by induction on the structure of the modal formula A’. It does however require the
notion of substitution, which will be introduced in the next subsection.

In order to prove the realization of S5, with a pre-realization based on annotated formulas,
some additional notation is needed:

Definition 2.2.8. Let A be an annotated formula and r a pre-realization function. Let f be a
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partial function then f [ S denotes the restriction of f to the set S N dom(f). Then:

varsy (A) :={xy | Oox occurs in A}

r | A:=r|{i]ioccursin A}.

¢

When realizing S5 using hypersequents, another method of labeling/annotating is used. This
method can be defined after firstly defining the language of the hypersequent calculus LS5.

Substitution

Besides internalization and annotation another important concept that should be discussed before
defining the different sequent calculi is that of substitution. Starting with a general definition of
a substitution.

S.N. Artemov [2] stated already that the substitution lemma holds for the logic LP:
if ['(x, P) FLp B(x, P), then for any term ¢ and any formula F': T'(z/t, P/F) b.p B(z/t, P/F).
This can be generalized for any here considered justification logic JL:

Definition 2.2.9. A substitution as it will be used here, is defined to be a total mapping, from
variables to terms. Let ¢ be some term, the term ¢o can be defined inductively:

e Let c be a constant, then co := c.

e Let x be a variable, then zo := o(z).

e Let * be some unary operation, then (xt)o := *(to).

e Let o be some binary operation, then (¢; o t2)o := (t10) o (t20).
Let A be some justification formula, the formula that is obtained by simultaneously replacing all
the terms ¢ in A by to is denoted by Ao. &

With this definition of substitution, some other basic definitions that are required when proving
something using substitutions can be given:

Definition 2.2.10. The domain of a substitution o, denoted by dom(o), is defined as: dom(o) :=
{z | o(xz) # x}. The variable range of this substitution o, denoted by vrange(o), is defined as
the set of variables in terms that are part of the set {o(x) | € dom(c)}. &

Definition 2.2.11. Three kinds of compositions with substitutions can be defined. Let z be some
variable and o, and o9 be some substitutions, then the composition of o1 and o> is defined as:
(g 001)(x) := o1(x)00.

Let r be some pre-realization function and ¢ a substitution, then (o or)(n) := r(n)o, which
is only defined if r(n) is.

Suppose the substitutions o; and o2 have disjoint domains, the union of these two substitu-
tions is a substitution as well. Let  be some variable, then:

Jl(x) ifx € dom(al)
(c1Uo2)(z) :== 4 o2(x) if z € dom(oy)

T otherwise.
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Definition 2.2.12. Let o be some substitution and A an annotated formula. Then it is said that
o lives on A if dom(o) C varsy(A) and o lives away from A if dom(o) N varsy(A) = 0. O

Lemma 2.2.13. Let JL be any justification logic. If -y A then:
a) by Ao for any substitution o.
b) kg A[P1 — Ba,...,P, — By, where the result of replacing simultaneously all oc-
currences of the propositions Py, ..., P, in A with formulas By, ..., B, is denoted by
APy —,..., P, — By

The following facts are directly taken from the paper on nested sequent systems by R. Goetschi
and R. Kuznets [12] and are used in many proofs for the nested sequent calculus. Let A be an
annotated formula, r a pre-realization function, r’, r1, r9 realization functions and o, o1, o3 be
substitutions, then:

(1) o200 is a substitution with dom(oy 001) € dom(o;) Udom(oy) and vrange(oy001) C
vrange (o) U vrange(o2). Moreover A(og 0 01) = (Aoq)os.

(2) If dom(oq) Ndom(c) = (), then dom(cy U 02) = dom(oq) U dom(og).

(3) If dom(oq) Ndom(c2) = 0 and vrange(o1) N dom(oy) = 0, then o7 U o2 = 09 0 071.

(4) o or is a pre-realization function with dom(o o r) = dom(r).

(5) If r is a pre-realizaiton function on A, then so is o o r and A7°" = A"o.

(6) If r is a (pre-)realization function on A, then sois r | A.

(7) If dom(r1) N'dom(r2) C {n | nis even}, then r; U rq is a realization function.

(8) If 1 U g is a realization function, then dom(r; U r3) = dom(r1) U dom(r2).

(9) o or'is arealization function if and only if x,, ¢ dom(c) whenever r(2n) is defined.
Corollary 2.2.14. Let A be an annotated formula and suppose r is a realization function on it.
If a substitution o lives away from A then o o (r | A) is a realization function on A.
Theorems in Different Logics

Not every justification logic that is considered in Theorem [2.1.6] is an extension of the logic JT.
However, in each of the considered logics, the following is provable: s : A D A. In a similar
way in every of the considered logics, a term negint(z) can be constructed such that for any
justification formula A and any term s, the following is provable: —s : A D negint(s) : (—s : A).
To make proofs short and easy to read, the proofs for these kinds of theorems will be proven here.
For this subsection, assume

L € {LPS5, LPS5,, JT45, JT5, JTB5, JTB45, JDB5, JDB45, JDB4, JTB4}.

First take a look at the jb-axiom, only for the cases in which the axiom system of £ contains
this axiom. Because of the many negations in the jb-axiom, the following lemma will be used in
proofs:
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Lemma 2.2.15. The jb-axiom is defined as follows: A D 7t : —t : = A, if A = =B, an instance
of this axiom can take the following form: —B D 7t : =t : =—B. From propositional logic it
is known that ——B D B. In any justification logic that contains the jb-axiom, there is a term
gm(x) such that for any formula B and arbitrary term s, =B D gm(s) : —s : B is derivable.

Proof. Consider only the logics that have the jb-axiom in their axiom system:

L € {JTB5, JTB45, JDB5, JDB45, JDB4, JTB4}.

0. PO P Propositional tautology
1. z: PDty(x): =—P From 0. by Corollary[2.2.3|
2. ~ty(x): =P D-x:P From 1. by prop. reasoning
3. ?t1(x) : ~ty(z) : =P D ta(Tty(2)) i —x : P From 2. by Corollary
4. =P D 7ti(z) : ~t1(x) : =P Instance of jb
5. =P D> ta(Tti(z)) : 2 : P From 3. and 4. by prop reasoning

Let gm(x) := to(?t1(x)). Notice that gm(x) depends neither on s nor on B. From the Substitu-
tion Lemma |2.2.13| it follows that =B D gm(s) : s : B is derivable in L. O

The following lemma is provable for any of the justification counterparts of the modal logic S5,
but some case distinctions are needed for different logics. The most important case is the part
where B = s : A, this case will often occur in proofs.

Lemma 2.2.16. Ift-y s : A D B there is a term p(x) such that - s : A D p(s) : B.

Proof. The proof is by induction on the derivation of B from s : A in L:

e Suppose B is one of the axioms of £, then - B. By AN, any constant ¢, such that
k2 ¢ : B, can be chosen to be p(s) := ¢, then 2 p(s) : B. From this it follows that
s: Ak p(s) : B and by the Deduction Theorem[2.2.2} b, s : A D p(s) : B.

e Suppose B is of the form ¢,,_1 : ... : ¢1 : C, using AN again, any constant ¢,, such that
Fren i Cp—1 : ... cp : C canbe used to let p(s) := ¢y, then £ p(s) : B. Like in
the case above, it follows that s : A 2 p(s) : B and by the Deduction Theorem [2.2.2}
Fes:ADp(s): B.

e Suppose B is derived by MP from C' © B and C. By induction hypotheses, there are
terms ¢; for (C' D B) and tg forty : C. Now tq : (C D B) D (ta : C D (t1 - t2) : B) is
an instance of app. By MP it follows that for p(s) := t; - t2: s : A k2 p(s) : B, by the
Deduction Theorem [2.2.2]it then can be concluded that -, s : A D p(s) : B.

e Suppose B = s : A, the following case distinctions have to be made:

— Suppose £ € {LPS5, LPS5,, JT45, JTB45, JDB45, JDB4, JTB4} by axiom 4, it
follows thatt, s: A Dls:s: Aandsince s: A= B,F, s: A Dls: B, therefore,
p(z) :=!zand b, s: A D p(s) : B follows.

- Suppose £ € {JTB5, JDB5}, then:

0. ~z1: PDVxy:—-2x1: P Instance of j5
1. =?zy:-x1: PDxy: P From 0. by prop. reasoning
2. q:(=7x1:-x: PDxy: P) From 1. by Lemma/|2.2.1]

3.q:(—|?’iU1:—|:U1:P3331:P) -
D ((Yxy):~Vx oz PO (¢ 7(Vx1)) a1 2 P) Instance of app
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4. 2(?xq1) : =Vwy i mw PO (g7 (V1)) tay i P

5.2 : PD>?2?Yxy): Vw1 a1 : P

From 2. and 3. by MP
Instance of jb

6. x1: P> (q-2(Vx1)) 21 : P From 4. and 5. by prop. reasoning

Let p(x) := (¢ - 7(?"x)), notice that p(x) depends neither on s nor on A. By the
Substitution Lemma [2.2.13] it then can be concluded that . s : A D p(s) : B.

— Let £ = JT5 and consider the following derivation:

0. ~z9: PDVxg:—1w9: P

Instance of j5

1. =?xg:—x9: P Dag: P From 0. by prop. reasoning
2. q: (=?xg:—x9: PDay: P) From 1. by Lemmam
3. q: (=?x9: —wg: P Dag: P)

D (V(Yxe) : ~Vxg : mwe : P D (q:7(Yxa)) : w2 : P)  Instance of app
4. V(Vxg): =g —wy: P D (¢ (Vxg)) i g P From 2. and 3. by MP
5. Vx99 : P D —awg: P Instance of jt
6. 19 : P D —~Vxg: 1wy : P From 5. by prop. reasoning
7. Vg —we : POV (Vwg) : = Vag: —wg: P Instance of j5
8. xg: P DV (Vag): =Vwg: —xg: P From 6. and 7. by prop. reasoning
9. 29: P D (¢7(Vx2)):x9: P From 4. and 8. by prop. reasoning

Let p(x) := (¢-?'(?'z)), notice that p(x) depends neither on s nor on A. By the
Substitution Lemma[2.2.13] it follows that . s : A D p(s) : B.

0

Now the jt-axiom: s : A D A, this axiom is not part of the axiom systems of JDB5, JDB45 and

JDBA4, but it is provable for any L:

Lemma 2.2.17. Consider any of the possibilities for L, then L & s : A D A, for any justification

Sformula A and any term t.

Proof. Two cases have to be considered, the set of logics that are an extension of the modal logic

JT and the logics that do not have the axiom jt in their axiom system:
e Let £ € {LPS5, LPS5,, JT45, JT5, JTB5, JTB45, JTB4}. Since the jt-axiom is part of
the axiom system of £, -, s : A D A follows immediately for any justification formula

A and any term t.

e Now the cases without the jt-axiom. Let £ € {JDB5, JDB45, JDB4}. The proof is based
on the proof that can be found in the paper by R. Goetschi and R. Kuznets [12], there a
case distinction between JDB4 and JDB5 is made, because of the above lemma, this is

not necessary here:

0. P> —=P

z:PDti(r): ~—P

—|t1(ac) :——PD>-z: P

2(ti(x)) : —ti(x) : == P D ta(?(t1(z))) : ~x : P

AN

~z:PDO(zx:P>D1)

Propositional tautology

From 0. by Corollary
From 1. by prop. reasoning

From 2. by Corollary

—ty(?(t1(x))) : 2w : P D =?(t1(x)) : =t1(x) : =P  From 3. by prop. reasoning

Propositional tautology

6. to(?(t1(x))) : z : P D t(t2(?(t1(x)))) : (x: P D> L) From 5. by Corollary[2.2.3]

Let 51 := t2(?7t1(x)) and s := t(t2(?(t1(x)))), then:
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7. (s2-p(x)):LDL Instance of jd
8. s0:(x:PDL)D(p(x):x:PD(s2-plx)): L)
Instance of app
9. p(z):x:PD(s2:(z:PDL)D(s2-p(x)): 1)
From 8. by prop. reasoning
10. p(z):xz:PD(sg:(x:PDL)DL) From 7. and 9. by prop. reas.
1. (sg:(z:PDL)DL)D=sg:(z:PDL)
Propositional tautology
12. =sg:(x:PDL)D=s :—x: P From 6. by prop. reas.
13. (sg:(x:PDL)DL)D-s:-x: P
From 11. and 12. by prop. reasoning

4. p(x):x: PD-sy:—x: P From 10. and 13. by prop. reasoning
15. p(z):z: P D =?(t1(x)) : ~t1(z) : ==P From 4. and 14. by prop. reasoning
16. z: PDOp(x):z: P From Lemma[2.2.16]
17.  : P D> =7(t1(x)) : =ty (z) : =—P From 15. and 16. by prop. reasoning
18. =P D ?(t1(x)) : ~t1(x) : = =P Instance of jb
19. =2(t1(x)) : =t1(x) : =~P D P From 18. by prop. reasoning
20, z: PDP From 17. and 19. by prop. reasoning

The result follows from 20. and the Substitution Lemma|2.2.13t -, s : A D A.
O

Lemma 2.2.18. For each L, there is a term negint(x) such that for any term s and any justifi-
cation formula A: - —s : A D negint(s) : (—s : A).

Proof. Consider every logic separately:
e Start with £ = LPS5:

0. x:PD—-x:P Propositional tautology
l.c:(mx:PD—-x:P) From 0. by Axiom Necessitation
2.¢c:(~x:PD—-x:P)D(~x:P Dl:(—~x:P)) Instance of A5
3. ~x: P D% : (—x: P) From 1. and 2. by Modus Ponens

Let negint(z) :=7c, then indeed, by the Substitution Lemma for any term s and
any justification formula A: F pgs —s : A D negint(s) : (s : A).

e Now let £ =LPS5.. Notice that —x : P D ¢ : =z : P is an instance of the axiom
AS5,, let negint(x) := c, then, by the Substitution Lemma for any term s and any
justification formula A: - pgs, —s : A D negint : (—s : A) follows.

e Let £L € {JT45, JT5, JTB5, JTB45, JDB5, JDB45}, since the axiom j5 is part of the
axiom system of £: -z —x : P D?x : (—z : P). Let negint(x) :=?'x, by the Substitution
Lemma [2.2.13]for any term s and any justification formula A it then follows that -2 —s :
A D negint(s) : (—s: A).

e Suppose £ € JTB4, JDB4, since the jt-axiom and the jd-axiom are not part of the proof,
the proof is the same for both logics.

0. z:POgm(lx):—lz:x: P By Lemma2.2.15
l.z:PDlz:x: P Instance of j4
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2. -lz:x:PDO>—-x: P From 1. by prop. reasoning

3.g:(Rlz:z:PD—x:P) From 2. by Lemma [2.2.1]
4. q:(mlz:z:PD—x:P)

O (gm(lx):=lz:x: P D (q-gm(lz)) : ~z: P) Instance of app
5.gm(lz):=lx iz : PD(q-gm(lx)) : —x: P From 3. and 4. by MP
6. "x:PD(q-gm(lx)): ~x: P From 0. and 5. by prop. reasoning

Let negint(x) := (q - gm(!z)), then, by the Substitution Lemma|2.2.13|for any term s and
any justification formula A: 2 —s : A D negint(s) : =s : A for L = JTB4 and for

L = JDB4. Notice that the constructed term negint(x) depends neither on s nor on A.
O
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CHAPTER

Hypersequent Method

To be able to realize S5 into its justification counterparts, a cut-free sequent system is needed.
Such a system is LS5, as was already presented by G. Mints [16] and used by S. N. Artemov,
E.L. Kazakov and D. Shapiro [4]. The system as it was introduced in both papers, is written in
a notation that is no longer used. Therefore, the definitions, rules and theorems concerning the
system LS5 in the next section will be formulated in what is called the standard notation as A.
Avron described this in his paper on hypersequents [5]. Any of the definitions in this chapter
are taken from the paper by S. N. Artemov, E.L. Kazakov and D. Shapiro [4], where necessary
translated into the standard notation.

3.1 The System LS5

The system LS5, as used here, is defined syntactically as follows:

Definition 3.1.1. The language of LS5 contains propositional variables p1, ..., p, . . ., propo-
sitional constant L, connective D, modal operator (] and (, ), |. The system has the following
syntactic objects:

e A formula A of LS5 is constructed using the following grammar:

A=p; | L|AD>A|DA.

Where p; is a propositional variable.
e A sequent exists of two sequences of formulas, separated by “="":

Bl,...,Bm:>A1,...,An.
In general the notation of sequents is shortened to I' = A, with indices when needed. If I

stands for By, ..., By, then (IT" stands for (0B, . ..,[0B,,, in the same way, if A stands
for Aq,..., Ay, then A denotes [(JA4,...,A,.
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e A hypersequent consists of a finite sequence of sequents:
F1:>A1|...|Fk:>Ak.

Each I'; = A, is called a component of the hypersequent, they are sequents as defined
above. Hypersequents are denoted by GG and H, if needed with indices.

o

Definition 3.1.2. A modal translation of a syntactic object X of the system LS5, as defined
above, is a modal formula denoted by X constructed as follows:
e The modal translation of a sequent: (By,..., By = Ay,...,Ay) == BiA...A By D
A1 V...V A,.
e The modal translation of a hypersequent: (I'y = Ay | ... | [y = Ap)t = 0T =
Al)t V...V D(Fk = Ak)t.
¢
With these definitions, it is now possible to define the rules of the system LS5 that were used

by S.N. Artemov, E.L. Kazakov and D. Shapiro [4], in the notation used by A. Avron in his
paper [5]]. See Table[3.1]

Axioms A=A 1=
G|A,A,F:>A|HCL G|IT=AAA|H
Contraction G|AT=A|H G|IT'=AA|H
GIT=A|T=A|H
CE
G| T=A|H
G|IT'=A|H WL GIT'=A|H WR
Weakening G|AT=A|H G|'=AA|lH
G| I'=sA|H WE
GIT=A|I"=A|H
G|A7B,1":>A|HEL G|I'=AAB|H
Exchange G|B,AT=A|H G|I'=A,B,A|H
G|F:>A|F’:A'|HEE
GII'=A|T=A|H
Gl‘F1=>A1,A|H1 GQ‘A,FQ:A2|H2
Cut G1|G2‘F1,F2:>A1,A2|H1|H2
G|IT=AA|H G|BT=A|H N G|AT=AB|H N
Implication G|ADB,T=A|H G| T=AADB|H -
GIAT=A|I"=A"|H - GIT=A|=A|H -
Modal rules GIT=A[OAT = A |[H - GIT=ADA[H

Table 3.1: Rules of the system LS5.

For the system LS5 G. Mints [16] proved already the following two theorems, concerning the
equivalence between S5 and LS5 and cut-elimination.

Theorem 3.1.3. Let G be a hypersequent and let G* be its modal translation constructed ac-
cording to Definition[3.1.2] Then:

FL35 G <:>F35 Gt.
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Theorem 3.1.4. Any derivation in LS5 can be made cut-free: the cut-rule can be eliminated
from it.

Let LS5~ denote the hypersequent system that consists of all of the rules of LS5, but without the
cut-rule. From now on, the system LS5~ will be used, instead of LS5.

3.2 Auwxiliary Definitions

In order to prove the realization theorem, the following more general definitions are needed.

Definition 3.2.1. Two formulas in a rule, one in the premise and one in the conclusion, are
called related, if they occur at the corresponding places of the rule and are denoted by the same
letter. The relation of being related is extended by transitivity.

In a similar way, occurrences of the [] are related if they occur in related formulas at the
corresponding place. The class of related occurrences of the [ is called a family. &

Definition 3.2.2. Every subformula A of a given formula ® has a positive polarity or a negative
polarity. Let B and C be some formulas, then:

e Let A := &, then A has a positive polarity.

e Let A := =B, then B has a positive polarity if A has a negative polarity in ¢ and B has a
negative polarity if A has a positive polarity in .

e Let A:=BACorA:=BVC(,then B and C have a positive polarity if A has a positive
polarity in ® and they have a negative polarity if A has a negative polarity in ®.

e Let A:= B D C, then B has a negative and C has a positive polarity if A has a positive
polarity in ® and if A has a negative polarity in ®, then B has a positive polarity and C'
has a negative polarity.

e Let A :=[JB, then B has positive polarity if A has positive polarity and B has a negative
polarity if A has a negative polarity.

e The polarity of [ is the polarity of the minimal formula that contains this occurrence of
0.

o

Definition 3.2.3. If all [’s in a family have a positive polarity, it is said that the family is
positive. Otherwise the family is called negative.

A family that contains [(J’s introduced by the rule (= 0J) is called essential, such essential
families have a positive polarity. &

REMARK. Every [ in a negative family has a negative polarity, because the cut-rule is not part
of LS5,

To be able to assume that the axioms in a derivation are all atomic, the following lemma has to
be proven.

Lemma 3.2.4. Any non-atomic axiom can be derived from atomic axioms.
Proof. There are two forms of axioms in LS57: A = A and L =, the latter is already atomic.

For A any LS5 -formula as defined in Definition can be substituted. The proof will be by
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induction on the structure of A. Let B and C' be LS5~ -formulas and let p be a propositional
variable, consider the following cases:

e Suppose A =por A= 1,then A = A is already an atomic axiom.

e Suppose A = B D C, consider the following derivation using the LS5 -sequent rules:

B=1B C=°C
B>CcBW"R cB=C gvi
B,(B>C)=C
=5

(BODC)=(BD>C)

By induction hypothesis, the axioms C' = C and B = B can be derived from atomic
axioms.
e Suppose A = B and consider the LS5 -derivation:

B=1B
B=B| = ‘DVE
OB =|= B =
0B = 0B — U

By induction hypothesis, the axiom B =- B can be derived from atomic axioms.
By Definition [3.1.1} these three cases cover all possible LS5~ -formulas. From this it follows
that it can be assumed that the axioms in a derivation are atomic. g

In Chapter 2 on realization in general the definition of a realization function on an annotated
formula has already been introduced in Definition[2.2.6] Here the definition of an annotated for-
mula has to be extended to an annotated hypersequent and it has to be defined what a realization
function on an annotated hypersequent is.

Definition 3.2.5. An annotated hypersequent is a hypersequent in which only annotated formu-
las occur, each occurrence of a [ and each component of a hypersequent is annotated by an odd
index. A hypersequent is properly annotated if no index occurs twice. &

With this definition, it is possible to define a realization function on syntactic objects X of LS5™.
The syntactic objects of LS5~ have been defined in Definition

Definition 3.2.6 ( [4]]). Let X be a properly annotated syntactic object and p a proposition. A
realization function r applied on X results in a justification formula, constructed by induction
according to Table[3.2] &

plo= p (op—1A)" = r(2p—1): A"
o= 1 (A>B) = A"SB
(Bi,...,Bm = A1,..., Ap)" BiAN...ANB;, DATV...VA]
(T1=A)a—1 |- | T = Ar)a—1)" =
P2 —1): (T = A VeV r(20 —1): (Tp = Ag)

Table 3.2: Realization of properly annotated syntactic objects of LS5, source: [4]
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Definition 3.2.7. The realization (D) of an LS5 -derivation D, is the result of applying real-
ization r to the hypersequents of D.

A realization r of an LS5 -derivation D is called normal if all negative occurrences of [J in
in the endsequent of D are realized by distinct proof variables. &

3.3 The Realization of LS5

Theorem 3.3.1. Let
L € {LPS5, LPS5,., JT45, JT5, JTB5, JTB45, JDB5, JDB45, JDB4, JTB4}.

For any LS5 -derivation D, a normal realization v can be constructed, such that for every
hypersequent G of D, the image (G)" of G under r, is derivable in L.

Proof. The idea of the proof is based on the proof given by S. N. Artemov, E. L. Kazakov and D.
Shapiro [4]. The proofs here are written for the standard notation sequents and with the many
lemma’s from chapter 2, the proofs are short and the same for any of the considered logics.

Assume, without loss of generality, that the axioms of D are atomic (this can be assumed
because of Lemma[3.2.4). An L-derivation D’ and a realization 7 will be constructed as follows:

e Every non-essential family (the negative and the non-essential positive) is realized by a
fresh proof variable.

e Let f be an essential family. Enumerate all the occurrences of the rule (= [J) that
introduce [I’s to this family, let k£ be the total number. Realize all the [I’s of f with
u = (u1 + ...+ ug), where the u;’s are fresh proof variables (called provisional vari-
ables).

The derivation D’ and the realization r will be constructed by induction on D. At the start,
D' is empty and r is constructed for families as described. The [(I’s of negative families are
realized by fresh proof variables and the provisional variables will be replaced by terms, during
the construction of 7, from which it follows that r is normal.

During the construction of D" and r an initially empty substitution o is built. This idea is
based on the paper by V. Brezhnev and R. Kuznets [|6]. At the end, o assigns a certain term to
each provisional variable.

To be able to substitute the provisional variables u; by terms %;, it is sufficient to check that the
t;’s are not containing u;’s, for j # 4. Because:

o If the sequents of the premise are annotated by terms that do not contain any u;’s, then the
sequents of the conclusion will be annotated by terms that do not contain any of the u;’s
either. Therefore, all the sequents are annotated by terms that do not contain any of the
ui’s.

e When a term ? is is substituted for some u;’s, ¢ does not contain any u;’s.

Start with proving the realization of the axioms into the basic justification logic J.

Axiom (1): A = A, by Definition the axiom can be translated into the modal formula
A D A. Since it has been assumed that the axioms are atomic, A is a propositional variable or
A = 1. From the Table of realization functions on syntactic LS5 -objects, it is known that
p" := p, for any propositional variable and 1" := L. Hence: (A D A)" := A" D A", for any
realization function  on A = A, translates to A D A, which is a justification tautology as well.
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Axiom (2): 1L =, by Definition the axiom can be translated into the modal formula
1 D 1. From the definition of a realization function on a syntactic LS5~ -object in Table
it follows that (L D 1) = 1" D 1" = 1 D L. Hence (L D _L)" can be realized into the
justification formula L. D L, which is a justification tautology as well.

Now consider the rules contraction, weakening and implication. By Definition [3.1.2] the
premise(s) and the conclusion of each of these rules can be translated into a modal formula.
Assume by induction hypothesis that there is a realization function r, that realizes the premise
of the rule into a formula of the justification logic £. The goal is to prove that the conclusion of
the rule can be realized into £ as well, using the realization of the premise(s).

In general assume that A" = K, B" = L, " = C and A" = D. Now consider each of the
eight rules in turn:

Contraction left (CL): Consider the first contraction rule:

G|AAT=A|H
G|AT=A|H .

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
((KANKAC) D D)V H". It has to be proven that the conclusion of the rule can be realized
into £ as well:

0. G"Vs:(KANKANC)DD)VH" By induction hypothesis
. (KANC)D(KANKAC) Propositional tautology
2. (KANKANC)DD)D ((KANC)DD) From 1. by prop. reasoning
3.s: ((KANKAC)DD)DHt(s): (KAC)DD) From 2. by Corollary[2.2.3|
4. G"Vi(s): (KANC)DD)VH" From 0. and 3. by prop. reasoning.

Let s’ :=t(s),then G" Vs': (K AC) D D)V H" is a realization of the contraction rule to the
left.
Contraction right (CR): Consider the second contraction rule:

G|T=AAA|lH
GIT=AA|H .

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
(C= (DVKVK))V H" It has to be proven that the conclusion of the rule can be realized
into £ as well:

0. G"Vs: (C=(DVKVK))VH" By induction hypothesis
1. ( DVKVK)D (DVK) Propositional tautology
2. (Co(DVKVK))D(C>(DVK)) From 1. by prop. reasoning
3.s: (CO(DVKVK))Dt(s): (CD(DVK)) From 2. by Corollary[2.2.3|
4. G"Vit(s): (CDO(DVK))VH" From 0. and 3. by prop. reasoning.

Let s := t(s), then G" Vs’ : (C D (D V K)) vV H" is a realization of the conclusion of
contraction rule to the right.
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External contraction (CE): Consider the external contraction rule:

GIT=A|T=A|H
G| I'=A|H

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
(CD>D)Vt:(C D D)V H" Ithas to be proven that the conclusion of the rule can be realized
into £ as well:

0. G"Vs: (CO>D)Vt:(C>D)VH" By induction hypothesis
1. s: (C D) D (s+t):(CD>D) Instance of sum
22.t:(C>D)D(s+t): (C>DD) Instance of sum
3. ((s + t) (CO>D)V(s+t): (CDOD))D(s+t):(CDD) Prop. tautology
4. V(s+t): (COD)V(s+t): (CDD)VH"

From 0., 1. and 2. by prop. reasoning
5.G"V(s+t): (CD>D)VH" From 3. and 4. by prop. reasoning.

From this it follows that G" V (s +t) : (C' D D)V H" is a realization of the conclusion of the
external contraction rule.
Weakening left (WL): Consider the first weakening rule:

G| I'=A|H
G|AT=A|H.

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
(C D D)V H". It has to be proven that the conclusion of the rule can be realized into £ as well:

0. G"Vs:(C>D)VH" By induction hypothesis
. (KANC)DC Propositional tautology
2.(CoD)D>((KAC)DD) From 1. by prop. reasoning
3.5s: (CO>D)Dt(s): (KANC)DD) From 2. by Corollary[2.2.3]
4. G"Vit(s): (KNC)DD)VH" From 0. and 3. by prop. reasoning.

Let s’ := t(s), then G" Vs : (K AC) D D)V H" is a realization of the conclusion of the
weakening rule to the left.
Weakening right (WR): Consider the second weakening rule:

G| I'=A|H
G|T=A A|H.

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
(C D D)V H". It has to be proven that the conclusion of the rule can be realized into £ as well:

0. G"Vs:(CD>D)VH" By induction hypothesis
1. DD (DVK) Propositional tautology
2.(C>D)>(C>(DVK)) From 1. by prop. reasoning
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s:(C>D)Dt(s): (CD(DVK)) From 2. by Corollary 2.2.3]
4. G"Vit(s): (CDO(DVK))VH" From 0. and 3. by prop. reasoning.

Let s’ :=t(s),then G" Vs : (C D (DV K))V H" is a realization of the weakening rule to the
right.
External weakening: Consider the external weakening rule:
G|IT=A|H
G|IT=A|I"=A"|H.

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
(C D D)V H". It has to be proven that the conclusion of the rule can be realized into £ as well:

0. G"Vvs:(C>D)VH" By induction hypothesis
s:(C>D)D(s: (C>D)Vvs:(C">D") Propositional tautology
2.G"Vs: (Co>D)vs:(C'">D')VH" From 0. and 1. by prop. reasoning.

From this it follows that G" Vs : (C' D D)V s : (C' D D")V H" is arealization of the external
weakening rule.
Implication to the left (O=>): Consider the rule for implication to the left:

G| '=AA|lH G|BT=A|H
G|ADBT=A|H

By induction hypothesis, there is a realization function r that realizes the premise into £: G" V
s1:(CDO(DVK))Asg:((LAC)D D)V H". It has to be proven that the conclusion of the
rule can be realized into £ as well:

G"Vs1: (CO(DVEK))Asa: ((LANC)DD)VH". By induction hypothesis
(CO(DVEK)ANI(LANC)DD)D(((KD>L)ANC)D D)  Propositional tautology
(CO>(DVK)D(((LANC)DD)D(((K>L)ANC)D D)) From 1. by prop. reas.
51: (CDO(DVK))D(s2:((LANC)D D) Dt(s1,s2): (KD>L)AC)D D))
From 2. by Corollary[2.2.3]
4. 51: (CDO(DVK))As2:((LAC)D D) Dt(s1,s2): (KD>L)ANC)DD)
From 3. by prop. reasoning
5. G"Vit(s1,82): ((KDL)ANC)D D)V H" From 0. and 4. by prop. reasoning

W =o

Let s := t(s1,s2), then G" Vs : (K D L) ANC) D D)V H" is a realization of the rule for
implication to the left.
Implication to the right (=-D): Consider the rule for implication to the right:

G|AT=ADB|H
G|T=A,A>B|H.

By induction hypothesis, there is a realization function r that realizes the premise into £: G" Vs :
((KANC)D (DVL))V H" It has to be proven that the conclusion of the rule can be realized
into £ as well:
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0. G"Vs:((KNC)D(DVL)VH" By induction hypothesis
I. (KANC)D(DVL)D(CD>(DV(KDL))) Propositional tautology
2.s:((KANC)D (D VL)) Dt(s): (CD(DV(K DL))) From 1. by Corollary[2.2.3]
3. G"Vi(s): (CDO(DV(KDL)))VH" From 0. and 2. by prop. reasoning.

Let s’ :=t(s),then G" Vs : (C D (DV (K D L)))V H" is a realization of the conclusion of
implication to the right rule.
Modal rule (= [J): Consider the first modal rule:

GIT=A|=A|H

G|I'=AUOA|H.

Assume that this is the j-th introduction of a (J using the (= [J)-rule into this family of [1’s and
suppose that the [J in [JA has been annotated with (v; + ... 4 vy ), as described at the beginning
of the proof. Possibly some of the v;’s, (i # j) are already substituted in an earlier stage of the
construction of the derivation, therefore, instead of considering (v; + ... + vy), the annotation
(vi0,...,v,0) will be considered. However, v; is definitely a provisional variable. In the entire
derivation v; has to be replaced with ss.

By induction hypothesis, the premise of the rule can be realized into the justification logic
L:G"V sy (CD D)\/SQ : KV H". Letﬂzvla+...+vj_1a+52+vj+1a—|—...+vka.

0. G"Vs:(CDODD)Vsy: KVH" By induction hypothesis
1. D> (DVv:K) Propositional tautology
2. (Co>D)>(Co>(DVr:K) From 1. by prop. reasoning
3.51:(CD>D)DH(s1): (CDODVY: K) By Corollary 2.2.3|
4. s9: KDv: K Several times sum
5. (DVsy: K)D(DVv:K) From 4. by prop. reasoning
6. s9: K D (CDDVsy:K) Propositional tautology
7. D(CD>DVwy:K) From 5. and 6. by prop. reasoning
8. s2: K Dpas2) : (CODVY:K) From 7. by Lemma[2.2.16|
9. /(51): (CDODDVU:K)Vpa(s2): (CDODVY:K)

D (t(s1) + p2(s2)) : (C D DVv:K) From3. and 8. by sum and prop. reasoning
10. GV (t'(s1) + p2(s2)) : (CDODDVU: K)VH" From 0. and 9. by prop. reason.

Lett(s1, s2) := (t'(s1) +p2(s2)), then G" Vt(s1,s2) : (C D DVv: K)V H" is arealization of
the conclusion of the first modal rule. Since Lemma[2.2.16 has been proven for all possibilities
of L, the proof of the realization for this rule holds for any of the logics that are considered here.

It is left to prove that so does not contain any of the v;’s (the provisional variables), where
1 # j. Since sg is part of the realization of the premise, by induction hypothesis so does not
contain any of the provisional variables v;, ¢ # j.

From this it follows that v; can be replaced with sy in the entire derivation and o := o U
{Uj — 52}.
Modal rule (L1 =): Consider the second modal rule:

GI|AT=A|T"=A'|H
G|T=A|0AT = A"|H.
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As described at the beginning of the proof, the [J in [JA has to be realized by a fresh proof
variable. Assume without loss of generality, that ¢ is such a fresh proof variable.

By induction hypothesis, the premise of the rule can be realized into the justification logic £
as the following formula: G" V s1 : (K AC) D D)V sy : (C' D D')V H". It is left to prove
that the conclusion of the (O =)-rule is realizable into £ as well.

0. G"Vs1:((KANC)DD)Vsy: (C'D>D')VH" By induction hypothesis
. (KANC)DD)D (K> (C>D)) Propositional tautology
2.51: ((KANC)DD)Dt(s1): (KD (CDD)) From 1. by Corollary[2.2.3]
3. t(s1) : (KD (CD>D))D(¢g: K D (t(s1)-q): (CD>D)) Instance of app
4. =q: KD (~q: KV (C'"D> D)) Propositional tautology
5. (~¢: KV (C">D"))D>((¢g: KANC") D D) Propositional tautology
6. p1:(—q: KD ((¢q: KAC') D> D')) From4. and 5. by Lemma[2.2.1]and prop. reas.
7. =q: K D negint(q) : ~q : K By Lemma[2.2.18]
8. p1:(—q: KD ((g: KNC'") D> D")

D (negint(q) : —q : K D (p1 - negint(q)) : ((¢: K ANC") D D")) Instance of app
9. =q : K D (p1 - negint(q)) : ((¢ : K ANC") D D')From 6., 7. and 8. by MP and prop. reas.

10. D' > (D'V—q:K) Propositional tautology
11. (C">D") > (C'D>(D'V—g:K)) From 10. by prop. reasoning
12. s9: (C" D> D) Dt'(s2) : (C"DD'V—q:K) From 11. By Corollary[2.2.3]
13. t/(s2) : (C" > D'V —q:K)

Dpa(s2): ((g: KAC) D D) By prop. reasoning and Corollary [2.2.3]

14. (p1 - negint(q)) : ((¢: KAC") D D) Vpa(s2): ((g: KANC") D D)
D ((p1 - negint(q)) + pa(s2)) : ((q: KAC') D D)
From 9. and 13. by sum and prop. reason.

From these derivations it follows that:

e 51:(KNC)DD)D(q: KD (t(s1)-¢q): (C DD))

e 55:(C"DD)Dpya(s2): ((¢g: KANC") D D)
Since ¢ : KV —q : K is a propositional tautology and —q : K D (p; - negint(q)) : ((q :
K A C") D D'), it can be derived that:

LF(s1:(KAC)DD)Vsy:(C'"D>D))D
(t(s1) - q) : (C D D)V (p1 - negint(q)) : ((g: KANC') D D")Vps(se): ((g: KAC') D D).

Letty := (t(s1)-q) and ty := ((p1 - negint(q)) + pa(s2)), then from 0., 14. and the above result,
by propositional reasoning it follows that: G" Vit : (C D D)Vite: ((¢: KAC') D D)V H".
This is a realization of the conclusion of the modal rule that introduces a [J to the left.

Now that it has been proven that any of the rules of LS57is realizable into L, it can be
concluded that for any LS5~ -derivation D, a normal realization r can be constructed such that
for every hypersequent GG of D, the image (G)" of G under 7 is derivable in £, where:

L € {LPS5, LPS5,, JT45, JT5, JTB5, JTB45, JDB5, JDB45, JDB4, JTB4}.
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Based on this theorem, Theorem [3.1.3] and Theorem [3.1.4] the following corollary states the
realization of S5 into its justification counterparts.

Corollary 3.3.2.

Let L € {LPS5, LPS5., JT45, JT5, JTB5, JTB45, JDB5, JDB45, JDB4, JTB4}. Let A be a
modal formula, if there exists an S5-derivation of A, a normal derivation r can be constructed,
such that L = A". This means: S5 is realizable into any of the ten considered justification
logics, using hypersequents.
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CHAPTER

Nested Sequents Method

In this chapter a cut-free nested sequent system, that was used by R. Goetschi and R. Kuznets
in their paper on realization [[12]] and introduced by Kai Briinnler [7], is considered. With this
nested sequent system the realization of many modal logics into their justification counterparts
can be proven, as was done by R. Goetschi and R. Kuznets [|12].

However, here only the realization of S5 into justification logic is considered. In the paper,
the realization of S5 into JT45 was directly proven using nested sequents. The realization of
S5 into JT5, JTB5, JDB5, JDB4, JTB4, JTB45 and JDB45 was proven by using in addition
to nested sequents the notions of embedding and operation translation. This method requires
additional restrictions on the axiom system of the justification logic. Here the interest lies in a
direct realization of S5 into its justification counterparts using nested sequents.

Because of the direct realization of S5 into JT45 using nested sequents, it follows that S5
is directly realizable into JTB45 using nested sequents as well. Below the realization of S5 into
LPS5 and LPS5, will be discussed. For the direct realization of S5 into the logics JT5, JTB5,
JTB4, JDB5, JDB4 and JDB45, another system will be considered, which can be found the next
chapter.

4.1 A Nested Sequent System

The nested sequents as used here, are based on the paper by R. Goetschi and R. Kuznets [12].
Unless stated otherwise, the definitions, facts, lemmas and theorem, for this and the next section,
are taken from this paper as well. The proofs can be found there.

Definition 4.1.1. A nested sequent can be defined inductively:
e (), the empty sequence, is a nested sequent
e I', Aand T, [A] are nested sequents, where I" and A are nested sequents and A is a modal

formula
The comma denotes concatenation, the brackets in [A] are called structural box. (Nested) se-
quents will be denoted by Greek uppercase letters. &
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Definition 4.1.2. The corresponding formula of a sequent I', denoted by I' can inductively be
defined as follows:

0:=1; I'A: I, [A] =

_{FVA if T # 0

A otherwise

TvOA ifT#0
OA otherwise

%

Because of an ambiguous grammar in the definition of a context in the papers by K. Briinnler [7]]
and R. Goetschi and R. Kuznets [12], the following definition will be used here and can be found
in the paper by R. Kuznets and M. Fitting [[14].

Definition 4.1.3. A (sequent) context, is a sequent with exactly one hole: the occurrence of {}.
These contexts are denoted by I'{}. Let A be some sequent and let 3{} be a context, a context
can inductively be defined as follows:

e A {}isacontext
e [X{}] and X{}, A are contexts.

Let I'{} be a context and IT a sequent, then I'{IT} can be defined based on the above cases:
o IfI'{} = A, {}, then T{IT} = A, IL
o If I'{} = [X{}], then I{IT} = [E{II}].
o IfI{} = X{}, A, then T{IT} = X{IT}, A.

¢

Definition 4.1.4. A nested sequent-rule, denoted by p, is a set of instances that have the follow-
I ... T,

ing form T ,forn > 0, where I',T'y,..., T, are sequents. I'y, ..., I, is the premise of

rule p and I is the conclusion of p.

A nested sequent-rule p may be context-preserving, this means that p is a set of instances
r{s:} ... I{S,}
of the following form: r{s} , for n > 0 and some set of tuples of sequents
(S1,...,5n,5). Here I'{} is an arbitrary context that is common for all premises and for the
conclusion of p.

Instances of context-preserving nested sequent-rules have a shallow version, denoted with
sh-p, for rule p. This is the same instance of the rule, but with an empty common context:
I'{} = {}. Let S, S1,..., S, be sequents, for n > 0, then:

{S} ... I{S,} ) Sy ... S
r{s} S

sh-p

¢

With these definitions, it is now possible to define the nested sequent rules, as they will be used
here.
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Definition 4.1.5.

. I'{A, B} r{A} I{B}
Maa 9 T{avey Y T{AA B}
KAy o DA D{A) | I{4A)
r{4y " Tz Ay ¥ r{oa) T{0A, [A]}
L{[A]} I{A} I{[A], A} I{[0A, Al}

r{oA} I{oA} I'{[A, 0AJ} I'{0A, [A]}

N((A,04} _ T{ALILOAY DA [IL.04])
N(a.04} (A 0ALM} 7 T{A. 04[]}

Notice that each of these rules is context-preserving, from which it follows that, for each of these
rules a shallow version exists. &

4.2 Auxiliary Definitions and Lemma’s

Definition 4.2.1. A subsequent of a sequent I is any sequent A, such that I' = 3{A} and X{}
is some context. &

Definition 4.2.2. An annotated sequent (context) is a sequent (context) with only annotated
formulas, all the structural boxes are annotated by odd indices, a sequent (context) is properly
annotated if no index occurs twice. The corresponding formula of an annotated sequent is
defined above in Definition[4.1.2] except for the last case, which is defined as:

S [A = SVOA X A0
2k O.A otherwise

Let I" be some annotated sequent, if the sequent I' is obtained by removing all indices, it is
said that I" is an annotated version of I”. This idea also holds for a context: let I'{} be some
annotated context, if the context I'{} is obtained by removing all indices, it is said that I'{} is
an annotated version of the context I{}. &

Definition 4.2.3. Given an instance of a nested rule, with common context I'V{}:

'{A} ... T'{A}}
I"{A'"}

An annotated version of this rule-instance, has the form:

T{A;} ... D{A,}
{A}
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Where I'{}, A1, ..., Ay, A are annotated versions of I"{}, A},..., A], A respectively. The se-
quents T'{A1},..., T'{A,},T'{A} are properly annotated and no index occurs in both A; and
Aj forany 1 < ¢ < j < n. The annotated context I'{} is the same for all premises and the
conclusion. &

The definition of a realization function on an annotated formula can be found in Definition
The realization function on an annotated nested sequent is defined as the realization function on
the corresponding formula, as defined in Definition[4.2.2] Taking into account that a rule consists
of sequents, the realization of a nested sequent-rule into a justification logic JL can be defined.

REMARK. If 7 is a realization function on an annotated sequent I'{ A}, then r is a realization
function on the subsequent A as well.

Definition 4.2.4. A rule is called realizable in a justification logic JL if all the instances of the
rule are realizable in JL.
e An instance (AT}

JL, if there is an annotated version

of a O-premise nested rule is called realizable in a justification logic

of it and a realization function r on its conclusion

I'{A}
I'{A} such that I'{A}" is provable in JL.

e An instance of a context-preserving n-premise nested rule, with n > 0 and with common
context I {}:

I'{A}} ... T/{AL}
I"{A'}
is called realizable in a justification logic JL if there exists an annotated version:

T{A1} ... T{A,}

I{A}
of this rule, such that for any realization functions r1, . .., r, on the premises I'{A1}, ...,
I'{A,} respectively, there exists a realization function r on the conclusion I'{A} and a
substitution o that lives on each of the I'{A;}, 7 = 1,...,n such that

JLET{A1}'o D ... DT{A,} "0 D T{A}".
O

Lemma 4.2.5. For any nested rule p, if its shallow version sh-p is realizable in a justification
logic JL, then p itself is realizable into JL.

Theorem 4.2.6. Let S be a system of nested rules, whose shallow versions are realizable in
a justification logic JL. Then, for every sequent I that is provable in S, there is a properly
annotated version I of it and a realization function r on this I, such that I'" is provable in JL.

Using this theorem, the realization of S5 into LPS5 and LPS5,. can be proven, by proving that
sh-p, for p € {id, Vv, A, ctr, exch, [J, k, t, 4, 5a, 5b, 5c}, is provable in LPS5 and LPS5... Most
of the axioms in LPS5 and LPS5,, are the same as those of JT45. That is why the proof of the
following two lemma’s, is completely based on the proof that is given by R. Goetschi and R.
Kuznets [[12]]:

42



Lemma 4.2.7. Let p € {id,V/, A\, ctr, exch, O, k, t, 4}. The shallow version of p is realizable in
LPS5 and in LPS5..

Proof. Consider three cases, based on the justification logic into which the shallow version of p
is provable:
e Letp € {id, v, A, ctr, exch, [J, k}. By R. Goetschi and R. Kuznets [|12] it has been proven
that sh-p is provable into the based justification logic J.
e Let p =1, it has been proven by R. Goetschi and R. Kuznets [[12f], that sh-p is realizable
into JT and therefore into any extension of JT as well.
e Let p = 4, in the same paper, it has been proven that sh-p is realizable into J4 and hence
into any of the justification logics that extend J4.
Since LPS5 and LPS5, are extensions of J, JT and of J4, it follows that sh-p is realizable into
LPS5 and LPS5,, for any of the considered rules. O

It is left to prove for both LPS5 and LPS5,. that the rules 5a, 5b and 5c are realizable.

4.3 Realization into LPS5 and LPS5, using Nested Sequents

In the realization into LPS5 an axiom that can be derived from A5 will be used, instead of the
axiom AS5 itself. Therefore the proofs of the realization of the shallow versions of 5a, 5b and
5c are very similar for LPS5 and LPS5.. In the paper by R. Goetschi and R. Kuznets [12]
some auxiliary lemma’s were needed to prove the realization of these three shallow versions
into J5. The axiom systems of LPS5 and LPS5,. contain, in addition to the axioms A5 and A5,
respectively, the axioms jt and j4. Because of these two lateer axioms the auxiliary lemma’s are
not needed here.

Realization into LPS5

The axiom system of LPS5 consists of propositional tautologies, jt, app, sum, j4 and AS: ¢ :
(AD-s:B)D(AD?: (—s: B)). To prove the realization of the shallow versions of 5a, 5b
and 5c¢, another version of A5 is considered, call it A5’: =t : A D7c : -t : A, where c is some
constant. This axiom can be derived from A5 as follows:

0. «t:AD—t: A Propositional tautology
l.c:(mt:AD—t: A) From 0. by Axiom Necessitation
2.c:(-t:ADt:A)D(~t: AD%:—t: A) Instance of A5
3. t:AD%:—t: A From 1. and 2. by Modus Ponens

Notice that a similar proof was given for Lemma [2.2.18] but to keep as close as possible to the
logic LPS5, the axiom A5’ will be used here, instead of the more general theorem that was
introduced by Lemma [2.2.18]

With this new axiom AS5’, the realization of 5a, 5b and 5¢ can be proven for the logic LPS5.

Lemma 4.3.1. Let p € {5a, 5b, 5¢}. The shallow version of p is realizable in LPS5.
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Proof. Consider an arbitrary instance of sh-p for each rule p in turn:
[AT], 04
Case p = 5a: Let [A’, 0 A'] be an arbitrary instance of sh-5a, let [A]g, O2mA and [A, Qo Al
[Alg, O2m A
be properly annotated versions of its premise and conclusion respectively. Then [A, (2, A
is an annotated version of this instance. Consider an arbitrary realization function 7 on the
premise, then:

0. A™ DA™V =gy, 1 2A™ Propositional tautology
1. ri(k) : A™ D ty(ri(k)) : (A™ V =y, 1 2A™) From 0. by Corollary[2.2.3]
2. Xyt 2A™T D (AT —xyy, - 0 AT Propositional tautology
3. 7c: w2 AT D ta(?e) (AT mzpy, 1 2 AT From 2. by Corollary[2.2.3]
4, —x,, : mA™ DT —xy, AT Instance of A5’
5. %yt AT D ta(7c) 1 (AT V 1 2AT) From 3. and 4. by prop. reasoning
6. ri(k) : ATV mxpy, 2 A" D (t1(r1(k)) 4+ t2(?c)) : (AT V iy, 1 AT

From 1. and 5. by sum and prop. reasoning
Let ¢t := (t1(r1(k)) + t2(7c)), then it follows that
LPS5 F (k) : A™ V =y, : 2A™ Dt (A" V gy, 1 2A™).

The index 7 does not occur in either A or Qo A4, since [A, Qo A]; is properly annotated. Hence:
the realization r, formulated as 7 := (71 [ A, 02, A) U {i — t} is a realization function on
[A, Oam Al;. For the identity substitution o and 7:

LPS5 - ([A]k, OQmA)TlU D ([A, OQmA}Z‘)T.

[AT], I, OA']
Case p = 5b: Let [A/, O A'], [II] be an arbitrary instance of sh-5b, let [Al, [II, 02, A]; and
[A, O2m Al [IT]; be properly annotated version of the premise respectively conclusion. Then
[A]g, [T, Q2 Al;
the following is an annotated version of this instance: [A, 2., A];, [II];. Consider an arbitrary
realization function r; on the premise, then:

0. z,, : ~A™ Dl 1y 1 2A™ Instance of j4
1. =lzy, i@y 0 2A™ D gy 0 AT From 0. by prop. reasoning
2. e AlEy, @yt AT Dt (Te) ¢ oy, 1 AT From 1. by Corollary[2.2.3|
3. Alay, s w2 A™ D¢ Ay, a0 AT Instance of A5’
4, Ay 2 Ty AT Dty (7¢) L gy, 2 AT From 2. and 3. by prop. reasoning
5. &yt AT DIV gy, c 2 AT DI Prop. tautology
6. Ty Tyt 2A™ D ory(i) 2 (T V gy, 2 2 A™) D to(logy,, r1(4)) : I

From 5. by Corollary [2.2.3]
7. r1(2) : (TT™V =gy, 2 2 A™) D =lagy, a2 A Vb1, r(2)) - T
From 6. by prop. reasoning
8. (i) : (II" V =y, : =A™) D ty(7¢) 1 mxyy 2 7A™ V to (1, r1(7)) : TI™
From 4. and 7. by prop. reasoning
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9. =&y, : DA™ D ATV gy, 1 AT Propositioanl tautology
10. ¢1(7¢) : @y, 1 2A™ D t3(t1(7¢)) : (A™ V =z, : mA™)  From 9, by Corollary 2.2.3|
L1 ry(2)  (IT™ V —zpy, - 2 A™) D t3(t1(7¢)) 0 (AT V =y, - 2 A™) Vo to (g, 1 (k) - T

From 8. and 10. by prop. reasoning

12. A™ DA™YV =gy, - AT Propositional tautology
13. 71 (k) : A™ D ta(ri(k)) : (A" V 2zyy, : 2A™) From 12. by Corollary [2.2.3]

14. t3(t1 (70)) : (A“ V Xy, - —|Ar1) V t4(7’1(k)) : (Arl V T - —\Am)
D (t3(t1(7c)) 4+ ta(r1(k))) : (A™ V —xy, : 7 A™) By prop. reasoning and sum

Let s := ta(lxpm,r1(7)) and ¢ := t3(t1(?¢)) + t4(r1(k)), then from 11., 13. and 14, by proposi-
tional reasoning it follows that:

LPS5F ry(k) : A" V(i) : (IT™ V =gy - mA™) Dt (AT V —zyy, : 2A™) Vs T

The indices ! and j do not occur in A, II or $2,, A, since [A, Oam Alj, [II]; is properly anno-
tated. Therefore r := (r; | A, Qo A, II) U{l — t,j — s} is a realization on the conclusion
(A, Oam A, [1T]. For the identity substitution ¢ and r it follows that:

LPS5 &= ([Alk, [IL, O2m Ali) " o D ([A, Q2mAlr, [1]5)"

(A7, [IT, O A]]
Case p = 5c: Let [A’, QA [II]] be an arbitrary instance of sh-5¢ and let [A, [II, Q2 Ak
and [A, 02, A, [II];]; be properly annotated versions of the premise respectively conclusion.
(A, [TL, O Al
Then [A, Q2m A, [1I];]; is an annotated version of this instance. Consider an arbitrary realization
function r; on the premise, as in the case of p = 5b, the following is derivable:

r1(7) : (1" V 2@y, : 2A™) D t1(%¢) : mxyy - A" Vit (Mg, r1(2)) < TIM.

Notice that this is the same as 8. in the proof of case p = 5b. From here the proof of p = 5¢
differs. Let s := to(!z, r1(7)), by propositional reasoning it follows that:

LPS5 - A™ Vry(i) : (II" V =z, - 2A™) DA™ Vi (7¢) @ mxy, : 2A™ Vs 1T
By Corollary[2.2.3] there is a term ¢5(z5) such that:

LPS5 F ri(k) :(A™ Vri(i) : (II" V =z, - 2A™))
D ts(ri(k)) : (A" V1 (?e) : ma 1 mA™ Vst 1)

Call this Result A. Since t1(7¢) : =@y, : 7A™ D —xyy, @ 7A™ is an instance of the jt-axiom, by
Axiom Necessitation it follows that, for any constant ¢’

LPS5 ¢ : (t1(7¢) : =y 1 =A™ D —zyy 1 AT,
Consider the following propositional tautology:
LPS5 F(t1(7¢) : =@y, : 2A™ D iy, 1 2A™)
D (A" Vit (?¢) : mmpy i mA™ Vs II) D (AT V =y, : 2A™ Vs ITT)).
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By Corollary 2.2.3] there is a term tg(zg, 22) such that:

LPS5 ¢ :(t1(7¢) : =@y : mA™ D iz, 1 AT
Dts(ri(k)) : (A" Vit (?¢) : mxy : mA™ Vs 1T
Dtg(c t5(ri(k))) : (AT V =xpy, : 2 ATV s ).

Applying Modus Ponens gives:

LPS5 F t5(r1(k)) :(A™ Vt1(?¢) : mxyy : mA™ Vs T
D) t6(0/7t5(7“1(k))) : (Arl V =&y, ATV s Hrl).

Define t := t¢(c/, t5(r1(k))), then from Result A, the above result and propositional reasoning
it then follows that:

LPS5t ri(k) : (A" V(i) : (IT™ V =gy : mA™)) Dt (AT V —zyy : mA™ Vs T

Since [A, Q2 A, [I1]]; is properly annotated, the indices { and j do not occur in A, IT or $g,, A.
Therefore, 7 := (11 | A, Qo A, II) U{j — s,1 — t} is a realization function on the conclusion
[A, Oam A[I];];. For the identity substitution o and r it follows that

LPS5 F ([A, [IL, O2m Alilk) ™ o D ([A, O2m A, [TT]5]1)"

Realization into LPS5,

The proofs for p € {5a, 5b, 5c} are almost the same in LPS5,. as in LPS5. The idea is basically
to substitute c for all occurrences of 7c in the proof of Lemma}.3.1]

Lemma 4.3.2. Let p € {5a, 5b, 5¢c}. The shallow version of p is realizable in LPS5,.
Proof. Consider an arbitrary instance of sh-p for each rule p in turn:
[AT], 04
Case p = 5a: Let [A’, 0 A'] be an arbitrary instance of sh-5a, let [A]g, O2mA and [A, Qo Al
[A]Im <>2mA

be properly annotated versions of its premise and conclusion respectively Then [A, $o,, Al; is
an annotated version of this instance.

By a derivation analogous to the derivation of case p = 5a in Lemma [.3.T]a term ¢ :=
(t1(r1(k)) + t2(c)) can be constructed sucht that:

LPS5. - ri(k) : A"V =y, 1 =A™ Dt (A" gy, AT,

The index ¢ does not occur in either A or {9, A, since [A, Oo,,, A]; is properly annotated. Hence:
the realization r, formulated as r := (r1 | A, 02, A) U {i +— t} is a realization function on
[A, OamAl;. For the identity substitution o and 7

LPS5. F ([Alk, O2mA) ™ 0 D ([A, OamAli)".
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[A'], [IT', O A']
Case p = 5b: Let [A/, 0 A'], [II] be an arbitrary instance of sh-5b, let [A]y, [II, 2., A]; and
(A, Oam Al [IT]; be properly annotated versions of the premise respectively conclusion. Then
[A]g, [T, O2m Al;
the following is an annotated version of this instance [A, $o,, A]y, [I];.
A derivation analogous to the derivation in Lemma [{.3.1] can be given, where terms s :=
to(lxm, r1(2)) and ¢ := t3(t1(c)) + t4(r1(k)) are constructed such that:

LPS5. F ri(k) : A" V(i) : (I V =@y : mA™) Dt (AT V —zyy, : 2A™) Vst T

The indices ! and j do not occur in A, II or $2,, A, since [A, Q2 Alj, [II]; is properly anno-
tated. Therefore r := (r1 [ A, Q2 A, II) U {l — t,j — s} is a realization on the conclusion
(A, Oam Al [IT]. For the identity substitution o and r it follows that:

LPS5. F ([A]k, [IL, O2mAli) o O ([A, Gam A, [IT];)".
[A', [IT, O AT]]
Case p = 5¢: Let [A’, Q A, [I']] be an arbitrary instance of sh-5¢ and let [A, [II, 2., A];] and
(A, Oam A, [I1];]; be properly annotated versions of the premise respectively conclusion. Then
[A, [H7 OZmA]z]k
[A, Oam A, [II];]; is an annotated version of this instance.
Based on part of the derivation of case p = 5b and analogous to the derivation of case

p = 5¢in Lemma{.3.1} terms s := ta(!@y,, r1(i)) and t := t¢(c’, t5(r1(k))) can be constructed
such that:

LPS5. F ri(k) : (A™ V(i) : (I V =@y, : 2A™)) Dt (A" V nzyy, c 2A™ Vs I

Since [A, O2m A, [I1]]; is properly annotated, the indices [ and j do not occur in A, IT or (2., A.
Therefore, r := (11 [ A, Q2 A, II) U{j — s, — t} is a realization function on the conclusion
(A, Oam A, [11];];. For the identity substitution o and r it follows that

LPS5C [ ([A, [H, QQmA]i]k)rla' D) ([A, <>2mA, [H]j]l)r.

4.4 The Realization of S5

To be able to prove the realization of S5, the following theorem is required:

Theorem 4.4.1. The nested sequent system that belongs to the modal logic S5 is sound and
complete with respect to S5.

R. Goetschi and R. Kuznets [12]] have proven that S5 is realizable into JT45, using the realization
of the 5-axiom j5. Therefore, S5 is realizable into JTB45 as well. In the section above it has
been proven that the shallow versions of the nested sequent rules 5a, 5b and 5c are realizable
into the logics LPS5 and LPS5,.. With these proofs it is possible to prove the following theorem,
a slightly changed version of the realization theorem of S5 into JT45:
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Theorem 4.4.2. Let L € {LPS5, LPS5.}, then L° = S5. Moreover, for each A’ € S5, there
exists a properly annotated version A of it and a realization function r on A such that L+ A",

Proof. As often, to be able to prove the equality £° = S5, two inclusions will be proven.

The inclusion £° C S5 is the easiest inclusion to prove, it is based on the forgetful projection
of the rules in L. Since it is possible to derive the forgetful projection of any of the axioms of £
and the forgetful projections of all the rules of £ are derivable in S5, it follows that £° C S5.

The other inclusion, £° O S5, is harder to prove, as was already mentioned in Chapter
2 on realizations, since here the [1’s have to be realized by terms that may be different from
each other. From Lemma it follows that for p € {id,V, A, ctr, exch, (J, k, t, 4}, sh-p
is realizable in LPS5 and LPS5.. If £ = LPS5, then it follows from Lemma that for
p € {5a, 5b, 5c}, sh-p is realizable in £. In the same way for £ = LPS5,, from Lemma4.3.2]
for p € {5a, 5b, 5¢}, it follows that sh-p is realizable in L. Therefore, the shallow versions of
all the rules of the nested sequent system of S5 are realizable in L.

Now let A’ € S5 be some modal formula, then S5 = A’. By Theorem (completeness)
it follows that there is a derivation of A’ in the nested sequent calculus that belongs to the
modal logic S5. Then, by Theorem there is a properly annotated version A of A’ and a
realization function r on this A such that £ - A". Notice that (A")° = A’, from which it follows
that A’ € L°. O
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CHAPTER

StraBlburger’s Modular Nested
Sequents Method

The nested sequent calculus, as it was presented in the previous chapter, is sufficient to prove
the realization of S5 into JT45 and hence into JTB45, as was proven by R. Goetschi and R.
Kuznets [12] and into LPS5 and LPS5,. In addition S5 is also realizable into other justification
logics, for example when taking into account the sequent calculi that were presented by S. Marin
and L. StraBburger [15].

The logic S5 has different axiom systems, it can be obtained by adding axioms b and 4 or
by adding axioms t and 5 to the basic modal logic K. The modular nested sequent calculi that are
presented by S. Marin and L. StraBburger [[15]] and will be used here, are such that for any axiom
system for modal logic S5, the corresponding calculus is cut-free. With this modular system, it
is possible to realize S5 into JT5, JTB5, JTB4, JDB5, JDB4 and JDB45, the proof of which
will be discussed here. The definitions given in this chapter are based on the definitions in the
original paper by S. Marin and L. Stra3burger [15].

5.1 Modular Nested Sequent System

In the system that was presented in the previous chapter (chapter 4), only unary contexts were
used. The depth of such unary contexts can be defined as follows:

Definition 5.1.1. The depth of a unary context can be defined inductively as:
e depth(A,{}) =0
e depth(I'{ }, A) = depth(I'{ })
e depth([I'{ }]) = depth(T'{ }) + 1.
¢

Now the 5-rule consists of a binary context in its premise and conclusion. In this case, there are
exactly two holes.
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EXAMPLE 5.1.2 ([15]). LetT'{}{} = A, [B,{}, [{}], C]. for any sequents A; and Ay it follows
that: T{A;}{As} = A, [B, A1, [As], C]. And if one of the sequents is the empty sequent then:
I'{0}{A2} = A, [B,[Ag],Cland T{A1 }{0} = A, [B, Ay, [0], C].

The depth can be computed as follows: depth(I'{}{A}) = 1 and depth(T'{A}{}) =2. &

Nested Sequents

Taking into account the definitions from the chapter on the nested sequents method, the system
NK can be defined as follows:

Definition 5.1.3.
g SAB) M4 B}
T{a,a} © T{AVB} T{A A B}
A4} o DAS) o T{A) | T{A.A)
DA} I{s, A} roay U oA, [A)
Notice that this system is the same as the first seven rules defined in Definition &

REMARK. The system NK as that was defined by S. Marin and L. Straburger [[15]] did not
contain the exch-rule. However, since nested sequents are defined using sequences, the system
had to be modified analogous to the modifications that R. Goetschi and R. Kuznets [12] made to
the system of K. Briinnler [7] for the same purpose.

The modal (-rules for axioms d, t, b, 4 and 5 are defined as follows:
Definition 5.1.4.

) o T4y T{AL4)
rfoay @ T{oay U T{[a.04])

(o]

{04, Ay T{0HOA}
FoAiall ¥ Toa O deph{HO =1
Except for the rule for axiom 5°, the rules are the same as the rules defined in Definition 4.1.
The names have been changed, to avoid confusion with the rules that are defined in the next
section. Therefore, it follows from the paper by R. Goetschi and R. Kuznets [12], that for any
of these rules (except 5°), its shallow version is realizable into the justification logics containing
its corresponding axiom. For example, the here defined rule t° is realizable into the justification
logic JT.

Let X C {d, t, b, 4, 5}, then X°® denotes the corresponding subset of the here defined rules:
{d°, t°, b®, 4°,5°}. ¢
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Structural Modal Rules

Besides the above given nested sequent rules, structural modal rules are defined below, to give a
system that is cut-free for any of the axiomatizations of S5 and eventually to prove the realization
into justification logics.

Definition 5.1.5.

I ()} PA} T [A]
ry @ Tay U Ay Y
r{AL 5]} I {[A]}0)

i el 1§ DUAIOE
r{[[A], %]} 4l rior{[a]y 2 depth(T{H[AlD =1

Let X C {d, t, b, 4,5}, then XU denotes the corresponding subset of the here defined rules:
{d“, tl, oll, 40, 5[]}' &

Theorem 5.1.6. ( [15]) Let X C {d,t,b,4,5}. A formula A is a theorem of K+X if and only if
there is a derivation of A in the nested sequent system NKU X° U XU,

The proof of this theorem can be found in the paper by S. Marin and L. Straburger [15]].

5.2 Auxiliary Lemma’s

Lemma 5.2.1. ( [7)]) The following three rules are each subrules of the rule 5°, in terms of
instances:

I{[A], 0A} I'{[A], [I, 0 A} I{[A, [IT, O A]}}

I{[A, 0A]} 5a° I{[A, QA], [H]} 5b° I{[A, OA, [TI]]} 5¢°

R. Goetschi and R. Kuznets have shown that these three rules are realizable into any justification
logic containing the j5 axiom [12]]. From chapter 4 on the nested sequents method it follows that
these rules are also realizable into the justification logics LPS5 and LPS5,.

Lemma 5.2.2. ( [|15]]) The following three rules are each subrules of the rule 5, in terms of
instances:

I (Al LI [A]], 3]} T{IL [A], [5]]}
r{[], [A]} 5&! L{[], [[A], 5]} 56! C{[IL, [[A], S]]} 5¢!

As was already suggested above, for p € {id, V, A, ctr, O, k, d°, t°, b®, 4°, 5a°, 5b°, 5¢°}, its
shallow version sh-p is realizable into the justification logic, which has the corresponding axiom
in its system. By Lemma[4.2.5]it then follows that p is realizable into the justification logic as
well. What about the structural modal rules?

The proof of Lemma [4.2.5] as that was given by R. Goetschi and R. Kuznets in their paper
on nested sequents [12]], is based on the inductive definition of a context, Definition 4.1.3] This
definition does not change for the structural modal nested rules. Therefore, the proof still holds
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for the structural modal nested rules with one hole and for the rules 5&1“, 5bll and 5cll. The
following lemma can be stated for any of the rules as defined in Definitions [5.1.3] [5.1.4] and
5.1.5]

Lemma 5.2.3. For any nested rule p, if its shallow version sh-p is realizable in a justification
logic JL, then p itself is also realizable in JL.

In the paper by R. Goetschi and R. Kuznets some lemma’s were necessary to keep the realization
of the 5-rules short. Those lemma’s are used here as well, for the same reason. Notice that due
to the presence of the axioms jt and j4 in the logics LPS5 and LPS5,, these lemma’s were not
required in the proofs of the realizations into LPS5 and LPS5.. The realization of the rules of
Lemma [5.2.2] has to be proven for each of the three realizations of the modal 5-axiom: j5, A5
and A5..

Instead of considering each of these realizations, Lemma [2.2.18| will be used. The proof of
this Lemma, for logics containing j5, A5 or A5, is based only on the basic justification logic
J and the realization of the 5-axiom. This means, if the realization of the shallow versions of
the rules of Lemma [5.2.2] can be accomplished by considering only axioms and rules of J and
Lemma[2.2.18] then the rules are realizable into J + j5, J + A5 and J + AS...

Let £ € {J+j5,J + A5,J + AS5.}, consider the following lemma’s

Lemma 5.2.4 (Syllogism, [12]). There exists a term syl(x1,x2) such that for arbitrary terms
t1 and to and for arbitrary justification formulas A, B and C':

JEt1: (ADB)Dty: (BDC)Dsyl(ti,ta) : (ADC).

Lemma 5.2.5 (Internalized Factivity). There exists a term fact(x) such that for any term s and
any justification formula A:

L fact(s): (s: AD A).

Proof.

0. PODx:PDP Propositional tautology
l.z:PDty(x): (x: PDP) From 0. by Corollary[2.2.3|
2. z:P>x:PDP Propositional tautology
3. negint(x) : —~x : P D to(negint(z)) : (x: P D P) From 2. by Corollary[2.2.3
4. =z : P D negint(z) : —x : P By Lemma2.2.18
5. mx : P D ty(negint(z)) : (x : P D P) From 3. and 4. by prop. reasoning
6. x: PV —x:P D (ti(x) + ta(negint(x))) : (x: P D P)

From 1. and 5., using sum and prop reasoning

Let fact(x) := (t1(z) + t2(negint(z))), then by propositional reasoning and the Substitution
Lemma|2.2.13|the result follows. Notice that fact(x) does neither depend on s nor on A. g

Lemma 5.2.6 (Inverse to Negative Introspection, Internalized). There exists a term invnegint(x)
such that, for arbitrary terms s and t and for any justification formula A:

Lt s:—negint(t) : =t : A D invnegint(s) : t : A.
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Proof.

0. (—xg : P1 D negint(xg) : ~xo : P1) D —negint(x2) : o : P; D x9 : Py Prop. tautology
1. ¢: ((—mxe : Py D negint(xe) : ~xo : P1) D —negint(xa) : ~xo: P D x9: Pp)

From 0. by AN
2. =g : Py D negint(xg) : o : P By Lemma@
3. p:(—me : Py D negint(xa) : —xa : Py) From 2. by Lemma[2.2.]]
4. (c-p): (—negint(xg) : ~xo : Py D xo: Pp) From 1. and 3. by app and MP
5. x1: —negint(za) : —xe : PL D (¢ p-x1) a2 Py From 4. by app and MP
6. s: —negint(t): ~t: AD (c-p-s):t: A  From5. by the Substitution Lemma [2.2.13]

Let invnegint(x) = (c- p - x), then the result follows from substituting invnegint(z). Notice that
the constructed term invnegint(x) does neither depend on s, nor on ¢, nor on A. U

Lemma 5.2.7 (Internalized Positive Introspection). There exist terms posint(x1) and t\(x1)
such that for any term s and any justification formula A:

L F posint(s) : (s: ADti(s):s: A).
Proof. Start with proving that there is a term s(z) such that

LFs(xy): (P D negint(xy) : —xy - —Pyp) -

0. fact(z1) : (x1 : ~P1 D —P)) Instance of Lemma|5.2.5
l.p:((z1: =Py D —P)) D P D—xy:P)) From prop. reasoning and Lemma|[2.2.1
2. (p-fact(xy)) : (P1 D —xy: —Pp) From 0. and 1. by app and MP
3. t1: (—xq : P D negint(zy) : —xy 2 0 Py) By Lernmaand Lemma|2.2.1
4. syl(p - fact(z1),t1) : (Py D negint(x1) : ~xq : —Pp) From 2. and 3. by Lemma|5.2.4

Let s(x1) := syl(p - fact(x1),t1), then s(x1) : (P1 D negint(x1) : —x1 : —~Py) follows. With
this term s(x1), the proof is then:

5. negint(negint(x)) : —negint(x) : —x : P D invnegint(negint(negint(x))) : « : P
Instance of Lemma[5.2.6
6. p: (negint(negint(x)) : —negint(x) : —x : P D invnegint(negint(negint(x))) : = : P)
From 5. by Lemma[2.2.1]
7. s(negint(x)) : (x : P D negint(negint(x)) : —negint(x) : -z : P) By derivation above
8. syl(s(negint(x)),p) : (x : P D invnegint(negint(negint(x))) : x : P)
From 1. and 2. by Lemma[5.2.4]

Let posint(x) := syl(s(negint(x)),p) and t|(x) := invnegint(negint(negint(x))), the result fol-
lows by the Substitution Lemma [2.2.13] The constructed terms posint(x) and ¢;(x) neither
depend on s nor on A. O
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Proof of Shallow Versions

From the paper by R. Goetschi and R. Kuznets [[12] it is known that the rules of Definition[5.1.3|
are realizable into the basic justification logic J. From the same paper it is known that the rules
of Definition [5.1.4] are realizable into justification logics, of which the axiom systems contain
the axiom corresponding to the rule. Instead of realizing the 5° rule, the rules as stated in
Lemma|5.2.T] are realized, using the j5-axiom. In chapter 4 it was proven that the same rules can
be realized into the logics LPS5 and LPS5, as well.

It is left to prove that the rules as stated in Definition[5.1.5|can be realized into justification
logics, of which the axiom systems contain the axiom that corresponds to the rule. Instead of the
50 rule, the three rules as given in Lemmawill be realized, for each of the three realizations
of the 5 axiom: j5, A5 and A5.. In the realization of these three rules the Lemma’s[2.2.18] [5.2.5]
and[5.2.71 will be used.

Lemma 5.2.8. Let p € { dl, d, bl 40, 530 5pl 5cY. The shallow version of p is realizable in
Jp, by Jd the Jjustification logic JD is meant and by Jp for p € {53[], 5bl, SCH} the logics J5, J
+ A5 and J + A5, are meant.

Proof. Consider an arbitrary instance for each rule p in turn.
[0
Case p = dl: Let 0 bean arbitrary instance of sh-dl, let [0] be a properly annotated version
0]
of the premise. Then () isan annotated version of this instance. Let ;1 be a realization function
on the premise. Notice that )" = L for any realization r*. Then 71 (k) : )"* D ()" is an instance
of jd and r := ] is a realization on the conclusion. For the identity substitution ¢ and 7:

JDF ([0]x) o D (0)".

[A]
Case p = tl: Let A’ be an arbitrary instance of sh-tl, let

Alx and A be properly annotated

—
—

D‘E
ol

versions of the premise and conclusion respectively. Then is an annotated version of this
instance. Let ] be a realization function on the premise.
Consider the jt-instance 71 (k) : A™ D A"™. Then, r := 7y is a realization on the conclusion.

For the identity substitution ¢ and 7:
JTE ([Al)" e D (A)".

X', (A7)
Case p = bl: Let [¥'], A’ be an arbitrary instance of sh-bl, let [, [A];]; and [Z];, A be
%, [Alilk
properly annotated versions of the premise and conclusion respectively. Then [X];, A is an
annotated version of this instance. Let r; be a realization function on the premise.

0. X" V(i) : A™ D =ry(i) : A" D X" Propositional tautology
Lor(k): (B V(i) : A™) D
gm(ri(i)) : —r1(i) : A™ D t(r1(k), gm(r1(3))) : ¥ From 0. by Corollary 2.2.3]
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2. (k) (B V() A™) D (=(gm(r1(3)) : —ri(i) : A™) V E(r1(k), gm(ri(i))) : ™)
From 1. by prop. reasoning

3. 2A™ D gm(ri(7)) : —r () : A™ By Lemma2.2.15
4. =gm(ry(3)) : —r1(i) : A™ DO A™ From 3. by prop reasoning
5. (k) (™ V(i) - A™)

(t(r1(k),gm(ri(i))) : B v A™) From 2. and 4. by prop. reasoning
Let s := t(r1(k),gm(r1(i))), then it follows that
JBEri(k): (X" Vri(i): A™) D (s: XV A™).

The index [ does not occur in either 3 or A, since [X];, A is properly annotated. Hence, the
realization r, formulated as r := (r; [ ¥,A) U {l — s} is a realization on [X];, A. For the
identity substitution ¢ and r:

JBF ([, [Ali]x)e D ([Z]i, A)".
(AT, [¥]
Case p = 40: Let [[A], Y] be an arbitrary instance of sh-40, let [A];, [Z]x and [[A};, X]; b
[Afi; ]k
properly annotated versions of the premise and conclusion respectively. Then [[A];, X]; is an
annotated version of this instance. Let r; be a realization function on the premise.

0. r1(7) : A™ Dry(i) : AT v ¥ Propositional tautology
Lodrp(@) srp(i)  A™ Dt (Iri (7)) = (r1(3) - AT v 2 From 0. by Corollary[2.2.3]
2. r1(i) : A™ Dlry(d) 1 () : A™ Instance of j4
3. () s A™ D t(r(4)) = (ra(e) s ATHV X From 1. and 2. by prop. reasoning
4. 3™ Dry(i) : AT v X Propositional tautology
5. (k) : X" Dta(ri(k)) : (r(d) : A™ vV E™) From 4. by Corollary[2.2.3]
6. m1(7) : A"V ri(k) : ™ D (t(Mr1(2)) 4+ ta(ri(k))) = (ri(d) « AT v X

From 3. and 5., using sum and prop. reasoning
Lett := (t1(!r1(4)) 4 t2(r1(k))). Then it follows that:
Ja4 + 7“1( ) AT Vrl(k) XM DOt (Tl(i) ATV 27“1)'

The indices ¢ and [ do not occur in either [A]; or ¥ since [[A];, X]; is properly annotated. Hence:
the realization r, formulated as r := (r; | [A];, X) U {l — ¢} is a realization on [[A];, X];. For
the identity substitution o and 7:

Ja+ ([Alg, [Elk)" o 2 ([[Ali, )"
For the last three cases let £ € {J +j5,J + AS5,J + A5.}.
I, (A
Case p = 5all : Let [IT'], [A’] be an arbitrary instance of sh-5all, let [IT, [A];], and [IT];, [A]; be
[IL, [Alilk

properly annotated versions of the premise and conclusion respectively. Then [II];, [A]; is an
annotated version of this instance. Let 71 be a realization function on the premise.
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0. (II" vV ry(z) : A™) D (=ry(i) : A™ D II™) Propositional tautology

Lori(k) - (I Vory(i) : A™) D negint(ri(7)) : —r1(3) : A™
D t(ri(k), negint(r1(i))) : 11" From 0. by Corollary[2.2.3|
2. ri(k) - (IT™ V(i)  A™) D (—(negint(ri(i)) : —ri(7) : A™)
V t(ri(k), negint(r1(7))) : II"')  From 1. by prop. reasoning
3. —ri(i) : A™ D negint(ri(7)) : —r1(3) : A™ By Lemma[2.2.1§]
4. —negint(ri(i)) : —r1(i) : A™ Dry(i) : A™ From 3. by prop. reasoning
5. (—negint(r1(i)) : —ri(i) : A™ V t(r1(k), negint(r1(3))) : II")

D (r1(i) : A™ V t(r1(k), negint(ri(z))) : II') From 4. by prop. reasoning
6. ri(k) : (II" VvV ry(3) - A™)
D (r1(i) : A™ V t(ry(k),negint(r1(¢))) : II"')  From 2. and 5. by prop. reasoning

Let s := t(r1(k), negint(r1(i))). Then it follows that:
LEri(k): (I Vvri(i) : A™) D (ri(i) : A" v s IIM).

The index [ does not occur in either [A]; or I, since [II];, [A]; is properly annotated. This means,
the realization r: r := (ry | II, [A];) U {l — s} is a realization on [II];, [A];. For the identity
substitution o and 7
L+ (0L [Ali]x)" o O (], [A]:)"

[T, [AT), [&]
Case p = 5bl : Let [IT], [[A’], X' be an arbitrary instance of sh-5bll, let [IT, [A],];, [%]; and
[k, [[A]i, X]; be properly annotated versions of the premise and conclusion respectively. Then
(1L, [Alilj, [X]n
[k, [[A]i, X]; is an annotated version of this instance. Let r; be a realization function on the
premise.

0. =ri(3) : A™ D negint(r1(3)) : —ri(i) : A™ By Lemma[2.2.18]
1. —negint(ri(i)) : —ri(i) : A™ D —=rq(i) : A™ From 0. by prop. reasoning
2. —=rp(i) t AT D orq(d) s AT Propositional tautology
3. —negint(ri(2)) : —ri(i) : A™ D (i) : A™ From 1. and 2. by prop. reasoning
4. p: (—negint(r1(3)) : —ri(i) : A™ Dry(i) : A™) From 3. by Lemma[2.2.1|
5. —negint(r1(i)) : —r1(2) : A™ D negint(negint(ri(7))) : ~negint(ri(i)) : —r1(i) : A™

By Lemma [2.2.1§]
6. negint(negint(r1(2))) : ~negint(r1(i)) : —r1(i) : A™
D p - negint(negint(ri(i))) : r1(i) : A™ From 4. by app and Modus Ponens
7. —negint(ri(i)) : —r1(i) : A™ D p - negint(negint(r1(2))) : r1(2) : A™
From 5. and 6. by prop. reasoning

8. —ry(d) : AT DII™ Vory(z) : A™ D II™ Propositional tautology
9. negint(ri(z)) : —r1(3) : A™ Dri(y) : (II" Vry(3) : A™)
D ta(negint(r1(i)),r1(j)) : 1™ From 8. by Corollary

10. 71(j) : (II"™ Vory(i) « A™)
D —negint(ry(i)) : —ri(i) : A™ V ts(negint(r1(i)),r1(j)) : 1™ From 9. by pr. reas.
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Let s’ := p - negint(negint(r1(3))) and s := t3(negint(ri(i)),r1(j)), then:

1Lor(f) s V(i) : A™) D s cry(i) : AT Vs I

From 7. and 10. by prop. reasoning
12. 71(3) : A™ D (ri(i) : ATV X™) Propositional tautology
13. 8" i (d) : A™ D tg(s') = (ri(d) : A™ v ™) From 12. by Corollary 2.2.3]

14, m(j) : (™ V(i) : A™) D tq(s') : (r(i) : ATV E™) Vs 1T
From 11. and 13. by prop. reasoning

15. 3™ D (r(i) : A™ v X) Propositional tautology
16. r1(h) : X" D ta(ri(h)) : (r1(3d) : AT v E™) From 15. by Corollary 2.2.3]
17. r1(3) : (I Vore(é) : A™)Vorp(h) : ™ D s I Vit (s) @ (ri(d) : AT vV E?)V

ta(ri(h)) : (rei(i) : AT v 3™ From 14. and 16. by prop. reasoning
18. t1(s) : (r1(i) : A"V E™) Vita(ri(h)) : (ri(i) : A™ VvV X™)

)
D (t1(s') + t2(ru(h))) = (re (i) : A

19. r1(7) : (M Vr(3) : A™)Vri(h) : 2
D s : "V (t1(8) +ta(ri(h))) ( () A V3" )From 17. and 18. by prop. reas.

1 \/ ) By sum and prop. reasoning

Lett := (t1(s’) 4 t2(r1(h))), then, from 19. and this substitution:
LEri(g): "M Vvri(i) : A")Vri(h) : 5™ D s I ViE: (r(d) : A" VE™).

The indices k and [ do not occur in II, [A]; or ¥, since [I1]x, [[A];, 3]; is properly annotated. This
means, the realization 7 := (r [ II, [A];, ¥)U{k — s,l — t} is arealization on [II], [[A];, X];.
For the identity substitution ¢ and r:

L= (ML [Afy, [Bln)™ o S ([, [Ali, 3)"

(I, [A], [&1]
Case p = 5¢ll : Let [IT', [[A’], 2] be an arbitrary instance of sh-5¢cll, let [IT, [A];, [Z];]1, and
[T, | ]; be properly annotated versions of the premise and conclusion respectively. Then

[Ali, Sk
[, [, [5]3]s
[IL, [[Ai, X

]; is an annotated version of this instance. Let r; be a realization function on the

premise.
0. ¥ Dry(z) : AT v XM Propositional tautology
Lor(g) : X" D ti(ri(y)) = (ra(d) : A" v X)) From 0. by Corollary [2.2.3
2. posint(ri(i)) : (r1(7) : A™ D ty(r1(i)) : m1(3) : A™) By Lemma|5.2.7
3. m1(i) : A™ Drq(d) : ATV X Propositional tautology
4. ty(r1(3)) : 1(0)  A™ D ta(ti(r1(4))) : (r1(é) : A™ vV X™)  From 3. by Corollary2.2.3]
5. (r1(@) : A™ D h(ri(2)) - (i) - A™)

D (ri(i) - A™ D ta(ti(r1(2))) = (ri(i) - ATV X)) From 4. by prop. reasoning
6. posint(ri(i)) : (r1(i) : A™ D t)(r1(2)) : (i) : A™) D ts(posint(ri(i))) : (r1(i) :
A D ty(ti(r1(2))) = (r1(i) - AT v X)) From 5. by Corollary 2.2.3|

7. ts(posint(ri(i))) : (r1(i) : A™ D ta(ti(ri(i))) : (r1(d) : A™ VX))
From 2. and 6. by MP
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8. (r1(i) : A™ D ty(tr(r1(2))) : (ri(d) : A"V E™)) D (II™ Vri(3) : A" Vri(5) : 8™ D
7 Vg (t(ri(9))) = (ra(d) - A VE™) VE(ri(5)) = (r(@) : A™ V™))
Propositional tautology, from 1.
) ATV SV 4 () £ (m(0) s ATV ST
)+ t1(r1(4))) = (ri(d) : A™ v X By sum and prop. reasoning
(@) (m(0) s ATV ST)) D (TP Y (i) ATV () 5 57 5
"V (b (8 (r1(2))) + t1(r1(4))) = (ri(i) : A™ Vv 3™ ))From 8. and 9. by prop. reasoning
L. ta(posint( (1)) : (r1(3) : A™ > ta(t(r () : (1)
D te(ts(posint(r1(2)))) : (II" V re(d) : A™ Vre(g) : X" D (1T vV
(ta(tr(r1(2))) + t1(r1(4))) = (r1(é) : A™ v E™)))  From 10. by Corollary 2.2.3|
12. tg(ts(posint(r1(2)))) : (T Vri(i) : A" Vri(f) : ™ D V(4 (t(r1(2)))+t1(r1(5))) =

9. ta(ti(r1(2))) + (ri(
D (ta(ti(r1(3))

10. (r() : A™ D ta(t
)

DALY S

(ri(i) : ATV X)) From 7. and 11. by MP
13. ri(h) : (IT" V(i) : A"V ri(j) : ™) D (te(ts(posint(ri(i)))) - r1(h)) = (I Vv
(ta(ti(r1(2))) + t1(r1(4))) = (ri(d) - A™ V™)) From 12. by app and MP

Let s := t4(ti(r1(2))) + t1(r1(j)) and t := tg(t5(posint(ri(i)))) - r1(h), from 13. and these
substitutions it then follows that:

LEri(h): (I Vri(i): A" Vri(g) : X)) Dt (I Vs (r(i) : A" Vv E™M)).

The indices k£ and [ do not occur in II, [A]; or X, since [II, [[A];, X]x]; is properly annotated.
The realization r, defined as: r := (ry | II, [A];, ¥) U {k — s,l — t}, is a realization on the
conclusion: [II, [[A];, ¥]g];. For the identity substitution ¢ and r:

L+ (L [AL, [E]5]a)™ o O (I [[Al, Ekli)"

This concludes the proof that the shallow versions of the rules of Definition[5.1.5]are realizable
into the justification logics containing the corresponding axiom. g

The following two corollaries are based this lemma. The first uses Lemma[5.2.3] as well. The
second combines the lemma above with the results that can be found in the paper by R. Goetschi
and R. Kuznets [[12] and in Chapter 4.

Corollary 5.2.9. Any of the rules that can be found in Definition can be realized into the
Justification logics whose axiom systems contain the corresponding axiom(s).

Corollary 5.2.10.

o Any of the shallow versions of the rules from Definition[5.1.3|can be realized into the basic
Jjustification logic J.

o Any of the shallow versions of the rules from Definition[5.1.4|can be realized into the justi-
fication logic of which the axiom system contains the corresponding axiom. Furthermore,
the 5°-rule is also realizable into LPS5 and LPS5.,.

o Any of the shallow versions of the rules from Definition[5.1.5|can be realized into the justi-
fication logic of which the axiom system contains the corresponding axiom. Furthermore,
the rule 5! is realizable into (any extensions of) J+j5, J+AS and J + AS...
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5.3 The Realization Theorem

Based on Theorem and Corollary)5.2.10] the realization of S5 into any of the ten considered
justification counterparts can be proven. The proof is very similar to the proof of Theorem4.4.2]

Theorem 5.3.1. Ler L € {LPS5 LPS5. JT45 JT5 JTB4, JDB4, JDB5 JTB5, JTB45,
JDB45}, then L° = S5. Moreover, for each A’ € S5 there exists a properly annotated ver-
sion A of it and a realization function r on A such that L+ A".

Proof. Since it is known that any of the considered sets K+X is an axiomatization of S5 and by
Theorem it follows that each of the considered modular nested sequent systems NKUX°UX!
is complete for S5.

As often, to be able to prove the equality £L° = S5, two inclusions will be proven. The
inclusion £° C S5 is the easiest inclusion to prove, it is based on the forgetful projection of the
rules in £. Since it is possible to derive the forgetful projection of any of the axioms of £ and
the forgetful projections of all the rules of £ are derivable in S5, it follows that £° C S5.

Now let A’ € S5 be some modal formula, then S5 + A’. By the above mentioned com-
pleteness, it follows that there is a derivation of A’ in the modular nested sequent calculus
NKUX°UXU that belongs to the corresponding axiomatization of the modal logic S5. Then,
by Corollary and Theorem there is a properly annotated version A of A’ and a re-
alization function 7 on this A such that £ = A”. Notice that (A")° = A’, from which it follows
that A" € L°.

Therefore, for any £L € {LPS5, LPS5., JT45, JT5, JTB4, JDB4, JDB5, JTB5, JTB45,
JDB45}, S5 is realizable into L. O

Based on the proofs that can be found in the paper by R. Goetschi and R. Kuznets [12]] and in
this chapter a more general theorem can be proven as well.

Theorem 5.3.2. Any modal logic that can be found in the modal cube, can be realized into
its justification counterpart(s) using Strafiburger’s modular nested sequent calculi. Moreover,
there is a direct and constructive method to realize any modal axiomatization into any potential
Jjustification counterpart.

The proof is based on the combination of the Completeness Theorem [5.1.6] Theorem §.2.6] and
the fact that the shallow version of any of the rules that are part of Straburger’s modular nested
sequent calculi, are realizable into any justification logic of which the axiom system contains the
corresponding axiom.
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Conclusion

In the main part of this thesis ten justification logics were considered: LPS5, LPS5., JT45, JT5,
JTB4, JTB5, JDB4, JDB5, JTB45 and JDB45 and three different realizations of the negative
introspection axiom. In different papers, using different syntactic methods, it was already shown
that S5 is realizable into four of these logics. Part of the goal of the thesis, as stated in the
introduction, was to use a syntactic method to prove the realization of S5 into the remaining
six justification logics. As was already expected, the following theorem has been proven in this
thesis:

Theorem Let A be a formula and let r be a realization function on A, then:
SS5FAs LEA

by:
o using the cut-free hypersequent system LS5, for each L € {LPS5, LPS5., JT45, JT5,
JTB4, JTB5, JDB4, JDB5, JTB45, JDB45};
e using nested sequent systems, for L € {LPS5, LSP5,., JT45, JTB45};
e using StrafSburger’s modular nested sequents, for each L € { LPS5, LPS5., JT45, JT5,
JTB4, JTB5, JDB4, JDB5, JTB45, JDB45}.

In fact, not only this theorem has been proven, but the realization into some other justification
logics as well. Let 5 € {j5, A5, A5.} then, because of the proof of Lemma using
the hypersequent system LS5 and Stralburger’s modular nested sequents, S5 is realizable into
logics with one of the following axiom systems: J+jt+j4+5%, J+jt+5%, J+jt+jb+j4, J+jt+jb+5%,
J+jd+jb+j4, J+jd+jb+5%, J+jt+jb+j4+5" and J+jd+jb+j4+5*. This means that, using these two
methods, S5 can be realized into twenty justification counterparts.

Another goal of the thesis was showing that any cut-free proof system works for every ex-
isting realization. This part of the goal has not been achieved. As was already described in the
introduction, to be able to prove realization into any of the ten considered justification logics us-
ing the nested sequent calculi that were used by R. Goetschi and R. Kuznets [12], the realization
of each of the five modal rules into each of the ten logics has to be proven. For two logics this
is already done, but that still left forty cases to prove. Because a similar amount of cases had
to be proven for the realization proof using the hypersequent system LS5, only the logics with
another realization of the modal axiom 5 were considered. We are confident that applying this
method to the realization into the other justification counterparts is straightforward.

61



On the other hand, the rules of the nested sequent calculi of Chapter 4 have been used in
StraBburger’s modular nested sequent calculi. With these calculi a modular realization of S5 into
any of the ten considered justification logics could be proven, something that was not possible
before.

Even more can be concluded, the fully modular realization using Straburger’s calculi in
Chapter 5, completes the project of realizing modal logics from the modal cube. A direct and
constructive method of realizing any axiomatization into any potential justification counterpart
has been provided this way.

REMARK. Although it is not truly related to realization, the first chapter of the thesis includes
the first semantics for justification logics that contain the jb axiom. Soundness and completeness
have been established in the appendix.
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APPENDIX

Soundness and Completeness

For the whole appendix, assume that JL is one of the considered logics in Table|I.1

Theorem 1.2.8. For any justification logic JL a formula A is provable in JL if and only if it is
JL-valid:
JLF A< Ais JL-valid.

A proof of this theorem for J and for justification logics that extend J with one or more of
the axioms jt, jd, j4 and j5 can be found in the PhD thesis of R. Kuznets [13]]. The soundness
and completeness for these logics will be assumed and only the axioms jb, AS and A5, will be
considered. The proof will follow the structure of the proof in [[13|] and will sometimes omit
details and proofs of smaller lemma’s and theorems, that can be found there.

A.1 Auxiliary Definitions and Lemma’s

To prove completeness some auxiliary definitions and lemma’s based on the PhD thesis of R.
Kuznets [13]], are required. Proofs of lemma’s that are not proven here, can be found in the same
thesis. One of the important notions in this proof is that of consistency:

Theorem A.1.1. Any of the considered logics JL is consistent.

The proof of this theorem requires the realization of modal logic into JL. Since this is being
established syntactically for any of the not yet considered JL’s in this thesis, the proof as given
by R. Kuznets [13] applies here as well.

Definition A.1.2. A set of justification formulas I' is called JL-consistent if, for any finite subset
{A1,.. A} CT, (A1 N...NA,) ¢ JL.

Such a set I is called maximal JL-consistent if I" is JL-consistent and there is no set A such
that A DT &

Some properties of maximal consistent sets that are important in proving the completeness are
listed in the following lemma:
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Lemma A.1.3. Let I be an arbitrary maximal JL-consistent set.
1. For any formula A, exactly one of the formulas A and —A is part of T.
2. The set I is closed under Modus Ponens.
3. JLCT.
4. If A ¢ JL, then the set {—A} is JL-consistent.
5. For each JL-consistent set A\, there exists a maximal JL-consistent set ' sucht that A’ DO

A.

Definition A.1.4. Let I" be a set of justification formulas, then:

I'# = {A|t:AcT for some term t}.

With this definition the canonical justification model can be defined:

Definition A.1.5. As with a justification model, the canonical justification model is defined
as a tuple M = (W, R,E,V). Let " and A be sets of justification formulas, the canonical
justification model has the following properties:

W = {T" | " is a maximal JL-consistent set}

I'RA if and only if % C A

Vip)={leW|pel}

Et,A)={TeW|t:AecT}

¢

The following lemma can be proven for any justification logic, therefore, the proof is omitted
here.

Lemma A.1.6. [Truth Lemma] In canonical justification models as defined above in defini-
tion[A.1.5] the following holds for any world w € W and any justification formula A:

M,w - Aifand only if A € w.

It has to be proven that the constructed canonical justification model is a justification model, this
is done in the proof of the following lemma:

Lemma A.1.7. The canonical justification model as defined in Definition|A.1.5]is a justification
model as defined in Definition[I.2.2]for JL.

The proof of the lemma consists of many cases each of which proves some property of the model.
Most of these cases are already considered by R. Kuznets [13]]. Here it will only be proven that
the accessibility relation R, as defined in Definition is symmetric in the presence of the
jb axiom and that &, as defined in the same definition, is an evidence function when one or more
of the axioms jb, A5 and A5, are part of the axiom system.
Proof. Let M = (W, R, £, V) be a canonical justification model.

First it has to be proven that the accessibility relation R as defined in Definition [A.1.3] is
symmetric in the presence of the jb-axiom. This means: if I'RA, then AR as well for any
maximal JL-consistent sets I and A.
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Assume without loss of generality that ' RA and assume towards a contradiction that A |+
t: A, but that T' - = A. The, by the Truth LemmalA.1.6 it follows thatt : A € Aand ~A € T.
By propositional reasoning and Corollary it follows that there is a term ¢’ such that: JL
t:ADt :-—A. Since A is maximal JL-consistent it follows thatt : A D ¢ : =—A € A and
by the Modus Ponens closure as stated in Lemma[A.1.3} ¢/ : =—A4 € A.

Since the jb-axiom is present, it follows that JL |- =A D ?¢ : =t : =—A for any term ¢,
thus also for the term ¢’. By Lemm —A DM =t —=A €T, since ~A €T, by the
Modus Ponens closure by Lemma 2. =t . =—A € T. Since I'* C A, it follows that
—t' : == A € A, which is in contradiction with the maximal JL-consistency of A and the above
established result that ¢’ : =——A € A. From which it follows that A € T" and hence that ART" as
well.

For each of the new defined properties on the evidence function £ it has to be proven that &,
as defined in Definition[A.T.5] is indeed an evidence function.

e The AS closure property: M, w |- Aand w € £(t,(A D —s: B)) impliesw € £(7t, s :

B).

LetI' IF Aand " € £(t,A D —s : B), then by the Truth Lemma it follows that
A € T and by Definition it follows that ¢ : (A D —s : B) € I'. The axiom
AS is part of any logic for which this property is considered, hence by Lemma
t:(AD=-s:B)D(AD?:—s: B)eI. Applying twice that I is closed by Modus
Ponens (Lemma[A.1.3), it follows that 7t : —s : B € T'. From Definition it then
follows that I" € £(7t, —s : B).

e The A5, closure property: [E(t, A)]° C E(c, it : A).

Assume I' ¢ £(t, A). Then by Definition it follows that t : A ¢ T and since T’
is maximal JL-consistent, by Lemma[A.T.3} —¢ : A € I'. Because the axiom A5, is part
of the axiom system of any of the logics for which this property of the evidence function
applies, it follows by Lemma [A.T3|that -t : A D ¢ : =t : A € . Applying Modus
Ponens, by Lemma it follows that ¢ : =t : A € T'. By Definition it can then
be concluded that " € E(c, —t : A).

e The symmetry closure property: M, w I- A implies w € £(7t, —t : = A).

Assume I' | A, then by the Truth Lemma it follows that A € T. Since the ax-
iom jb is part of the axiom system of any logic for which this property is considered, by
Lemmal|A.13, A D 7t : =t : =A € T for any term ¢t. Applying Modus Ponens (by
Lemma [A.1.3), it follows that 7t : =t : =A € T'. By Definition it follows that
[ e &(?t,—t:—A).
That the strong evidence property holds for any canonical justification model has been proven
by R. Kuznets [13]]. O

A.2 Proof of Theorem

With these lemma’s, soundness and completeness (Theorem[I.2.8) can be proven:

Proof. Without loss of generality, assume M = (W, R, £, V) is a justification model. Both
directions of the theorem statement have to be considered.
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= Soundness can be proven by induction on the derivation in the logic JL. From the PhD
thesis of R. Kuznets [13] it can already be concluded that each of the axioms of the basic
justification logic J and the axioms jt, jd, j4 and j5 are valid for the justification logics
whose axiom systems contain the corresponding axioms and that the Modus Ponens and
Axiom Necessitation rules are admissible in any justification logic JL. It is left to prove
that the axioms A5, AS. and jb are valid in justification logics which axiom systems
contain these axioms:

— The axiom AS. To prove validity of the AS axiom, assume M, w I A and M, w I+
t: (A D —s: B),toshow that M, w IF?t : =s : B. Any model for the logics
of which the axiom system contains the A5 axiom, satisfies the A5 closure property
and the strong evidence property.

From the assumption and Definition it follows that M, w I A and w €
E(t,(A D —s : B)). By the A5 closure property: w € £(7t,—s : B). Using
the strong evidence property it follows that M, w -7t : =s : B.

— The axiom AS5.. Let M, w I —t : A, this means that M, w If ¢ : A. It has to be
shown that M, w I ¢ : =t : A. Any model for the logics of which the axiom system
contains the A5, axiom, satisfies the A5, closure property and the strong evidence
property.

By the strong evidence property it follows from the assumption that w ¢ £(¢, A).
By the A5, closure property: w € E(c, —t : A). Using the strong evidence property
again it follows that M, w IF ¢ : =t : A.

— The axiom jb. Let M, w I- A, to show validity, it has to be shown that M, w IF 7 :

=t : = A, for any term t. Any model for the logics of which the axiom system con-
tains the jb axiom, satisfies the symmetry closure property and the strong evidence
property.
By symmetry it follows that for any v € W such that wRv: M, v |- =t : = A, for
any term {. By the symmetry closure property it follows, from the assumption, that
w € E(7t,—t : ~A). Since for all v € W such that wRv it holds that M, v IF
—t: ~Aand w € E(?t,—t : ~A) for any term ¢, it follows by Definition that
M,wlk?t: —t: —A.

< The canonical justification model M = (W, R, £, V) as constructed in Definition
for logic JL is sufficient to refute all justification formulas A such that JL I/ A. From
Lemma|[A.1.7)it is known that M is a justification model for JL.

Consider any justification formula A such that JL t/ A. By Theorem [A.1.1]it follows that
JL is consistent. Then by Lemma[A.1.3] it follows that the set {=A} is JL-consistent. By
Lemma it follows that this set can be extended to a maximal JL-consistent set A,
such that =4 € A. Then by the Truth Lemma[A.1.6; M, A |F = A and hence M, A I} A.

Both directions have been proven, from which it follows that Theorem [I.2.8] has been proven.
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