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Abstract

In this thesis, we will study the * embedding of classical first-order logic
in first-order S4, which is based on the * translation, originally introduced
in Fitting (1970). The initial, main part is dedicated to a detailed model-
theoretic proof of the soundness of the embedding. This will follow the
proof sketch in Fitting (1970). We will then outline a proof procedure for a
proof-theoretic replication of the soundness result. Afterwards, a potential
proof of faithfulness of the * embedding, read in terms of soundness and
completeness, will be discussed. We will particularly highlight the many
difficulties coming with it. In the final section, we will relate this discussion
to the debate on notational variance in French (2019). We will do this by
showing how a weaker version of French’s notion of ‘expressive equivalence’
conforms to the model-theoretic soundness result. We will then conclude
that the soundness result without completeness might contain rather little

overall insight by relating it to the extensibility of classical logic to S4.
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1 Introduction: embeddings of logics

[T]ruth may be replaced
with provable consistency
(Fitting, 1970, p. 529)

What does Fitting (1970) mean by this quote? What does he mean by truth?
What does he refer to by provable consistency? How should we understand the
may be replaced with relation? We will try to answer these questions and rationally
reconstruct Fitting’s quote in this thesis. As this requires viewing the quote in its
context, we will have to have a close look at the main quest of Fitting (1970): an

embedding of classical logic in S4, the * embedding.

1.1 Embeddings...

What exactly is an embedding of logics, in particular a modal embedding, such as
Fitting’s? The most popular modal embedding might be the embedding of (non-
modal) intuitionistic logic in (modal) S4, tracing back to McKinsey and Tarski
(1948) and Prawitz (1966) (the latter for the first-order case) (see also Fitting
(1970, p. 529), Schiitte (1968, pp. 33-39), and Troelstra and Schwichtenberg
(2000, pp. 288-291)). We will call this the ° embedding. It will serve us as an
example to sketch a general recipe for embeddings. A more detailed discussion of
the * embedding will be worked out in the course of this thesis.

The backbone of any embedding is a translation, i.e. a procedure which converts
formulas of one logical language (here: intuitionistic logic, IL) into formulas of

another one (in this case: S4). So, we define:

Definition 0 (The ° translation)

Be A, B, C formulas, which do not contain any modal symbols, O, <.

) A is atomic = A° 1= 0A,

2) (~B)" = 0- B,
) (BAC) :=0(B°AC°),
) (Bv(C)°:=0(B°v (),



1 INTRODUCTION: EMBEDDINGS OF LOGICS )

(5) (B—0)=0(B" > ("),
(6) (Va(A(2)))° = oVz((A(2))%),
(7) (Fz(A(x)))" = 03z ((A(x))°).

We could also say that applying the ° translation means boxing every sub-formula.
This kind of translation is a rather intuitive procedure, which can be read just as
vocabulary books, the way we know them from foreign language lessons, where
there is a word of one language (above: IL) in the left column and a word of the
other language (above: S4) in the right column (where columns are replaced by

the definitional identity sign, :=).

Table 1: excerpt from a fictional vocabulary book

Deutsch English
Ubersetzung translation
Einbettung embedding
Abschlussarbeit thesis

The application of the ° translation to concrete logics is called a ° embedding,
in this case of IL in S4. As we will see later on, several properties of such an
embedding have been considered of relevance in the literature. However, two
of them are of particular interest: ‘soundness’ and ‘completeness’ (of an embed-
ding). Informally speaking, the ° embedding is sound iff all intuitionistically true
formulas are truths of S4 modulo ° translation. Expressed a bit more formally:
V (non-modal) A :E;;, A =kEg4 A°l. ‘Completeness’ is defined as the converse of
‘soundness’. We will call the conjunction of both properties ‘faithfulness’. We
know that the ° embedding of intuitionistic logic in S4 satisfies this notion of
faithfulness (Troelstra and Schwichtenberg, 2000, pp. 288-291).

!Soundness (and completeness) can be proven semantically or syntactically. Hence, we could
also substitute + for = here.
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1.2 ...and their philosophy

So, we should have acquired some rough grasp on embeddings at this point. Non-
etheless, how does this relate to our initial quote?

Intuitionistic logic was originally developed as a formal framework to capture the
notion of mental constructions (in the context of mathematics). This interpret-
ation can be traced back to Brouwer (1907). Until today, many people would
consider intuitionistic logic a good means to model constructability in mathem-
atics, for instance by serving as the underlying logical language for constructive
mathematics (cf. Moschovakis, 2018). Although there is less consensus in the de-
bate centring around the quest for a logic of provability, S4 is still considered a
good candidate to capture many properties of (absolute and informal) provability
(cf. Verbrugge, 2017). Historically speaking, S4 was also the first proposal of a
logic for modelling provability (cf. Gédel, 1986).

We do not want to get into this debate in more detail for the sake of this thesis.
Nevertheless, if we accept intuitionistic logic as the ‘logic of constructability’ and
S4 as the ‘logic of provability’ (or: ‘provable consistency’), we are able to re-phrase

the result of the ° embedding as follows:
Constructability can be faithfully embedded in provable consistency.

We might be able to see some similarities to our initial quote here. However, the *
embedding does not embed intuitionistic logic in S4 but classical logic, the under-
lying formal framework of which is widely considered to replicate many intuitions
about (mathematical or natural language) truth (Shapiro and Kissel, 2018). If we
want to re-phrase this in a catchy way again, we might want to call classical logic
‘the logic of truth’.

Table 2: logics, their interpretation, and corresponding translations

intuitionistic logic | constructabiliy | o
classical logic truth *
S4 provability o, *
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Therefore, we can tell now what Fitting means by truth, namely the framework for
modelling truth: classical logic. We can also make out what he means by provable
consistency: its modelling framework, which is S4.

Nevertheless, we still have to clarify what is meant by the may be replaced with
relation. This will require closer investigation of the * embedding. The quest for

a notion of it will be the overarching question of this thesis.

1.3 The structure of this thesis

To accomplish finding an answer to this question, we will employ a three step
battle plan.

Firstly, we will spell the model-theoretic proof sketch from Fitting (1970) in full,
and prove the soundness of Fitting’s * embedding. We will thereby fill any gaps if
necessary.

Secondly, we will sketch a procedure to replicate this model-theoretic soundness
result in a proof-theoretic setting. We will then continue the proof-theoretic dis-
cussion by giving a precise notion of ‘faithfulness’. Working our way through some
of the many potential challenges accompanying a completeness proof for the * em-
bedding will lead us to formulate a suspicion that no proof might be possible at
all. This thought will conclude the proof theory section.

In the last part, we will evaluate the preceding work. Here is also where we will
try to give an answer to our initial question by arguing for an explication of the
replaceability relation in terms of a weak version of notational variance, primarily
based on French (2019).

Before each of the main sections, we will give the definitions and notions involved
in the following part in a separate ‘preliminaries’ section. We will start off with

such a section, where we will introduce the languages of classical logic and S4.2

2Before we begin, we want to point at the proof-theoretic (cf. Czermak, 1975) and model-
theoretic (cf. Czermak, 1976) results about the * embedding by Johannes Czermak. Although
we will not discuss them in the course of this thesis, many additional interesting results can be
found there, some of which also relate to our work in this thesis.
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2 Preliminaries 1: Lg4 and Lo

In the following, we will define the language of first-order S4 without identity, Lg4,
and some related concepts, which will be of importance later on. We will not ex-
plicitly state the definitions for its classical first-order counterpart, Lo. However,
these will be the same as for Lg4, with the only difference being that all clauses
referring to modal symbols, O, &, have been deleted. These definitions have partly
been taken from or inspired by Ebbinghaus et al. (2007) and, particularly, Gratzl
(2018a).

We will employ a natural deduction system taken from Leitgeb (2018) and Gratzl
(2018b), combined with the terminology of Gratzl (2018a) (and standard set the-
ory), as our meta-language. We will use A, B as meta-variables for formulas, V, 3
as meta-quantifiers, =, < as meta-implication and meta-equivalence, and English

words to represent the other meta-connectives.

2.1 The alphabet

Definition 1 (The alphabet of the language of first-order S4, Lg,)
The alphabet of the language Lg4 consists of:

1. vg, vy, v9,... (variables),

2. ay,as,as, ... (individual constants, which can also be called ‘parameters’ (cf.
Fitting, 1970, p. 530)),

3. -, AV, >,

4. 4,V

Y

5.,

6. Countably many predicates: PJ*, Py, Py, ... (where, for each n, n > 1),

Y

7. &,0.
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2.2 Terms and formulas
Definition 2 (Terms of Lgy)
1. Each variable is a term of Lgy.
2. Each constant is a term of Lgy.

3. Otherwise, nothing is a term of Lgy.
Definition 3 (Formulas of Lg,)

1. Be ty,...,t, terms of Lg4, Pty,...,t, is a formula of Lgy.
2. Be A a formula of Lg4, —=A is a formula of Lg,.
3. Be A, B formulas of Lg4, (AAB), (Av B), (A— B) be formulas by Lg,.

4. Be A a formula of Lg4 and be x a variable, VA and 3xA are formulas of

Ls.
5. Be A a formula of Lg4 , 0A and G A are formulas of Lgs.

Remark 1 (Atomic formulas)

Formulas of the first type are called ‘atomic formulas’.
Definition 4 (Free variables in a term ¢, fvt(t))
1. tvt(zx) :={z},
2. fvt(c) == @.
Definition 5 (Free variables in a formula A, free(A))
1. free(Pty...t,) = fvt(ty) u---U fvt(t,),
2. free(-A) := free(A),
3. free((A * B)) := free(A) u free(B), for * = A, v, -,

4. free(IzA) := free(A) - {x},
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5. free(VzA) := free(A) - {x},
6. free(DA) := free(A),
7. free(OA) := free(A).

Definition 6 (Closed formula)
A formula A is closed < free(A)= @.

Remark 2 (Closed formula convention)
In the following, the term ‘formula’ will always refer to closed formulas, unless

stated otherwise.

Definition 7 (S4 assignment, agy)

An S4 assignment is a function agy: {v,Jn e N} - D.

Definition 8 (The terms of a predicate, ter(P™(xy,...,Z,)))
The terms of an n-ary predicate ter(P"(t1,...,t,)), where tq,...t,, are terms, is a
set, for which holds:

ter(Pm(t1,...,tn)) ={e|Vagy : Vt € {t1,...,t,}:

1. tis a constant = e =1,
2. t is a variable and t € free(P"(t1, ..., t,)) = Hagy : e = agy(t)}.

Definition 9 (The terms of a formula A, ter(A))

1. ter(P™(ty...t,)), vide supra,

2. ter(=A) := ter(A),

3. ter((A* B)) := ter(A) u ter(B), for * = A, Vv, >,
4. ter(3zA) = ter(A),

5. ter(VzA) := ter(A),

6. ter(OA) := ter(A),

7. ter(OGA) = ter(A).
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3 Preliminaries 2: semantics

As we have just defined our languages, we will now define semantics for Lgy.
Similarly to our definitions of the languages, we will afterwards define validity for
L, exploiting the concepts of Lg4. The notion of a truth set (cf. Smullyan, 1968)
will play a crucial role here, as it does for Fitting (1970). Our definitions are taken
from or inspired by Fitting (1970), Gratzl (2018a), Schiitte (1968), Fitting (1969),
and Kripke (1962).

3.1 S4: frames and models

Definition 10 (S4 frame, Fgy)
An S4 frame Fgy is a pair (W, R), with the properties:

1. W+o,
2. R (W xW) and for R holds:
(a) Ywe W : R(w,w) (reflexivity),

(b) Yw,v,ue W :(R(w,v) and R(v,u)) - R(w,u) (transitivity).

W is called ‘the set of possible worlds’, so to say the possible scenarios in which

S4 formulas can be true (or false). R is a relation between these worlds.

Definition 11 (S4 model, Mg,)
An S4 model, Mgy, is a pair (F, V), where

1. Vis a function V : W — (),

2. (' is the set of all constants,

3. C+g,

4. Vwy,wy € W: R(wy,ws) = V(wy) € V(ws).

Definition 12 (D)

D= V(w)

weW
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So, V' is a function which assigns each world a set of individual constants and
thus outputs the domain of that world. D on the other hand stands for the fused
domain, of which each V is a subset. Def. 11.4 ensures that a subsequent world,
i.e. a world to which a prior world has a relation, also contains all constants of

the prior world.

Strictly speaking, we do not want constants, names of objects, inhabiting our
worlds but the objects themselves since logics are normally applied in order to
model objects (their properties, relations between them, etc.) and not their names.
However, this equivocation of names and objects, as it is also done by Fitting
(1970), does not pose a profound threat to our definitions, stand alone Fitting’s
results, which we will see in the next subsection. This discontent can easily be
fixed by adding a function relative to a w € W, the ‘true domain function’, TrueV,,,
which assigns the set of all names of objects in a world w the objects themselves.
Formally: TrueV, : V(w) - p(0O), where O is the set of all objects in question.

Nevertheless, we will largely ignore this distinction in the following.

Definition 13 (V (w))
Be A a formula:
Vwe W : V(w) = {A]ter(A) cp(V(w))}.

This means that V(w) is the set of all formulas which contain solely terms (or

constants, as the formulas are closed ones) which are in the domain of a world.

Example 1 (V(w))
Be V(wy) = {a1, as,as} (so to say the ‘inhabitants of w;’). All formulas containing

terms from {ay,as,as} are in V(wy), for instance:
1. P(ay) € V(wi)(e D),
2. Yoo P(vy,a1,v1) € V(wl), for aga1(v1) = as,
3. P(ay) € V(wy) if R(wy,ws) (cf. Def. 11.4),

4. P(ay) € V(ws) if R(wy, wy) and R(wa,ws) (cf. Def. 11.4 and Def. 10.2b).
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3.2 S4: satisfaction, validity, and truth

Definition 14 (Satisfaction in an S4 model)
VweW:

1. A¢V(w) = Mgy, wit A

2. A,BeV(w)=>

(8) Mg, wE =A< Mgy, w i A,

(9) Mgy, wE (AAB) < Mgy, wE A and Mgy, w E B,
(10) Mgy, wE (Av B) < Mgy, wE A or Mgy, wE B,
(11) Mgy, wE (A—> B) < Mgy, wH# A or Mgy,wE B,
(12) Mgy, wE VrAr < Mgy, wEeVdeV(w): A(d),
(13) Mg, w E JxAxr < Mgq,w E Hd e V(w) : A(d),
(14) Mgy, wEOA < V' e W, R(w,w*) : Mgy, w" E A,
(15) Mgy, wE CA < Hw* e W, R(w, w*) : Mgy, w* E A.

To shorten our commentary for the proofs, we will sometimes abbreviate for in-
stance ‘Def. 14.2.7" as ‘Def 14.7°.

Definition 15 (Validity in an S4 model)
A formula A is valid in an S4 model, (F, V), if

VweW,AeV(w): Mgy, wE A.

Definition 16 (Logical truth)
Be A a formula:

Ersg A< YMpg: Ais valid in Mpg,

where F'S is a formal system (for example S4).
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Example 2 (Tertium non datur, boxed)
We want to showcase our semantics by a brief example:

?
Egs OAVO-A

(1) Not: FgsO0AvO-A | IP ass.

(2)
Not: Mgy : Vwe W, AeV(w):

Mgy, wEOAVO-A | 1., Def. 16, Def. 14

(3) Not: (Mgy,w = 0A or Mgy, w EO-A) | 2., Def. 14.2.3
(4) Not: Mgy, w EOA and Not: Mgy, w=0O-A) | 3.
(5)

Ho, R(w,v) : Not: Mgy, vE A | 4., Def. 14.2.7
(6) Mgy, v" E -A | 5., EE ass., Def. 14.2.1
(7)

Hu, R(w,u) : Not: Not: Mgy, uEe A | 4., Def. 14.2.1,7

(8) Mgy,u' = A | 7., EE ass.

We have run into a dead end here, as we cannot derive a contradiction from 6.
and 8.. Does this mean that the formula is invalid in some S4 models and it is
thus not S4 true? If we want to show this, we must construct a counter model.
Indeed, the derivation above already gives us one at hand:

M4, comter = (W, R, V'), where

o W ={w,u,v}
e R(w,u), R(w,v)
o V(w) = {0Avo-A}V(u) = {A}; V(v) = {-4}
Why is this a counter model for our formula in question?
(1) Not: Not: Mgy, counter; w = OAVO-A | IP ass.

(2) MS’4, counter, W F OA or ./\/1547 counters W E O-~A | 1., Def. 14.2.3
(3) MS4, counter, W F oA | PC ass. 1
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(4) M4, comters U E A | 3., Def. 14.2.7, UE

(5) Not: Mgy, counter; V £ A | Def. V(v), Def. 14.2.1
(6) C or Not: C | 4.,5., ECQ

(7) Ms4, counter, w F O-A | PC ass. 2

(8) Not: Mgy, counter: U A | 7., Def. 14.2.7,1

(9) M4, counters U E A ‘ Def. V(u)

(10) C or Not: C | 8., 9., ECQ

(11) C or Not: C | 2.-10., PC

(12) Not: Mgu, counter, W F OA vV O-A | 1.-11., 1P

This contradicts Def. 15 and, thus, Def. 16. So, we can conclude: #g4, OA VvV O-A.

Before we will begin with the main proof of this thesis, we have to define some
additional concepts which we will require for the proof.
3.2.1 Trivial models

The first one of them is the model which contains exactly one world:

Definition 17 (Trivial model)
An S4 model is called trivial model, My, if |W]| = 1.

Corollary 1

Be A a formula:

Er A< VMqp: Aids valid in M.

follows from Def. 17 and Def. 16.

3.3 Truth sets

Another concept of interest is the classical truth set, based on Smullyan (1968). It
is effectively a set containing all true (non-modal) formulas of classical logic. We

will use this definition to define validity for classical logic.
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Definition 18 (Par)
Par is a set for which holds:

1. ParcC, and

2. Par + .

Definition 19 (Truth set, Tpq.)
Be A, B formulas, for which holds:

1. A, B do not contain any modal symbols, O, <, and
2. ter(A, B) ¢ Par.

A truth set with respect to Par, Tpa, is a set of formulas, which do not contain

any modal symbols, O, &, for which holds:

(1) (=A) € Tpar <= A ¢ Trar,

(2) (AAB) €Tpy < A€ Tpy and B € Tpy,,
(3) (AV B) € Tpyr < A € Tpar o1 B € Tpar,
(4) (A~ B) € Tpar < A¢ Tpar or B € Tpyr,
(5) (Ve A(z)) € Tpar < Ve e Par: A(c) € Tpar,
(6) (32A(x)) € Tpar < Hc € Par: A(c) € Tpar-

3.3.1 Classical validity

Definition 20 (Classical validity)
Be A a formula, for which holds: A does not contain any modal symbols, O, <.

Be Tpq» a truth set with respect to Par.

Ec A= YVTpy,ter(A) € Par: A€ Tpg,.
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4 The embedding 1: model-theoretically

By defining the necessary semantic concepts, we have now set the stage to ration-
ally reconstruct and elaborate on the brief model-theoretic proof sketch in Fitting
(1970, pp. 531-534). This is a combination of the model-theoretic concept of a
complete sequence (cf. Cohen, 1966) and the basic structure of a Henkin style

completeness proof for classical logic (cf. e.g. Ebbinghaus et al., 2007).

4.1 Theorem 1: a relation of classical and trivial validity

Theorem 1 (A relation of classical and trivial validity)
A be a formula, which does contain modal symbols, O, <.

A# = A, but all occurrences of modal symbols, O, <, have been deleted in A#.

Er A =>Fc A#

Proof

(1) Er A. | CP ass.
(2) o A% | IP ass.

(3) Not : VTpa,, ter(A#) € Par : A% € Tp,,. | 2, Def. 20.
(4) AT par, ter(A*) € Par : A% ¢ Tpg,. | 3.

We define a trivial model:

Mz = {F,V) = (W,R,V), where
W = {Tpar},
R(Tpar, Trar):
V(Tpar) = Par,
VE,E is atomic: E € Tpa < My, Tpar E E.

(5) M, Tper OB | CP ass.
(6) Yw e W, R(Tpar,w) : Mp,w = B | 5., Def. 14.7
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(7)
(8)

Not: MT,’EDM EB
Hw e W, R(Tpar,w) : Not: Mp,wE B

by 7., EL, Def. 17, and Def. 10.2a (w = Tpar).

12
13
14

(
(
(
(15

)
)
)
)

Not: Yw € W, R(Tpar,w) : My, w E B
Mz, Tpar & B
My, Tper EOB =
M, Tpar E B
Moz, Tpar E B
Not: Mr, Tpa EOB
Not: YVw e W, R(Tpar,w) : Mr,wE B
Yw e W, R(Tpar,w) : Mp,wE B

by 12. and the definition of our trivial model.

Mo, Tpor £ OB
Mop, Tpar E B =
My, Tpar 0B
M, Tper E OB <
Moz, Tpar & B
My, Tpar £ OB
Hw e W, R(Tpar,w) : Mp,w E B
Not: My, Tpar E B
Mp,wE B
C and Not: C'
C and Not: C
Mz, Tpar E B
Mz, Tpar E OB =
Mz, Tpar F B

| IP ass.

B
16.,9., ECQ, 7.-9., IP

| 5.-10., CP

| CP ass.

| IP ass.

| 13., Def. 14.7

| 14.,15., ECQ, 13.-15., IP

| 12.-16., CP

| 11., 17., EQI
| CP ass.

| 19., Def. 14.8
| IP ass.

| EE ass.

| 21., 22., ECQ
| 22.-23., EE

| 21.-24., TP

| 19.-25., CP
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(27) Mt Tpor E B | CP ass.
(28) Not: Mz, Tpar E OB | IP ass.
(29) Not: Hw e W, R(Tpar,w) : My, w = B | 28., Def. 14.8
(30) Vw e W, R(Tpar,w) : Not: Mp,wE B | 29.
(31) Not: My, Tpar £ B | 30., Def. 17
(32) Mo, Trar £ OB | 27., 31., ECQ, 28.-31., IP
(33) Mz, Tpar F B =
Mo, Tpar £ OB | 27.-32., CP
(34) My, Tper EOB <
Mz, Trar = B | 26., 33., EQI
(35) Moz, Tper E OB <
Mo, Tpar E OB <=
Mz, Tpar E B.

by 18., 34., and transitivity of <.

(36) VB € V(Tpar) : My, Toar = OB <
Mo, Tpar E OB < Mrp, Tpar E B. | 35., UI
(37) VB, B* € V(Tpar) : Mr, Tpay £ B¥ <
M, Tpar E B. | 36., Def. B
(38) VB# e V(Tpar) :

MT,%GT F B# And B# € 7;3(17”-

by the definition of B#, the definition our trivial model, and Def. 19.

(39) A* ¢ Tpar | 4., EE ass., Def. 17
(40) My, Tpar # A* | 39., 38., EQE, MT
(41) Mo, Tpar # A | 37., EQE, 40., MT
(42) VweW,AeV(w):

Mprwe A | 1., Corr. 1, Def. 15
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(43) Moy, Tpar E A | 42., UE

(44) C and Not: C | 41., 43., ECQ
(45) Fo A%, | 2.-44., EEs, 1P
(46) Er A =>Eq AT, | 1.-45., CP

|
This theorem says that if any formula is trivially S4 valid, its non-modal counter-

part is classically valid.

4.2 The centrepiece: the * translation

Now we come to the beating heart of the embedding: Fitting’s * translation, which
bridges the non-modal classical formulas and the modal S4 formulas. It is fairly

simple: we obtain the latter from the former by putting 0¢ in front of it.

Definition 21 (The * translation)
Be A, B, C formulas, which do not contain any modal symbols, O, .

(1) A is atomic = A" =0 A,

(2) (-B)" =00 -B",

(3) (BAC) =00 (B*ACY),
(4) (BvC) =00 (B*vCY),
(5) (B—=C) =00 (B" > ("),
(6) (Vz(A(x)))" =00 Va((A(z))"),
(7) (Fz(A(z)))" =00 3z((A(x))").

Corollary 2 (*, classical and tivial validity)

A be a formula, which does not contain modal symbols, O, <.

Er A* =0 A

This follows as A and A* are identical, except for the modal operators, O, &, that

have been added to A according to Def. 21. However, as all other aspects (vari-
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ables, constants, predicates, logical operators, quantifiers) are identical, Theorem
1 can be applied here.

Definition 22 (A’)
VA: A*=0O A

4.3 Lemma 1: some properties of non-modal S4 formulas

Lemma 1 (Some properties of non-modal S4 formulas)
A be a formula, which does not contain modal symbols, O, <.
VMg : Vwe W : Vw* e W, R(w,w*) : VA e V(w):

(1) Mgy, wE A" = Vw* : Mgy, w* = A”,

(2) Mgy, w it A* = Hw* : Mgy, w* = (=A)%,

(3) Mg, wE (Fz(A(z)))" = Hw* : Ha € V(w*) : Mgyq,w* E (A(a))”,
(4) Mgy, w i (Ve(A(x)))* = Hw* : Ha € V(w*) : Mgg,w* £ (=A(a))*.

We will prove this lemma along the lines of its four cases.

1.

(1) A" begins with an occurance of O. | Def. 21.
So, we define: A*:=0B

(2) Mgy, wE A* | CP ass.
(3) Mgy, wE OB | 1.,2.
(4) Yw Mgy, w* £ OB | Def. 14.7
(5) Vw* Mgq, w* & A* | 1.
(6) Mgy, wE A* = Vw* Mgy, w* = A* | CP

2.

(1) Mgy, w i A* | CP ass.



(22)
(23)
(24) C' and Not: C
(25)

25 Mgy, vEO-A =

| 20.-23., EE, 12.-13., EE
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(2) Mgy, wiEn O A | 1., Def. 22
(3) Not: Vw* : Mgy, w* = OA’ | 2., Def. 14.2.7
(4) Hw* : Not: Mgy, w* £ OA' | 3.
(5) Hw* : Not: Hov, R(w*,v): Mgy, vE A’ | 4., Def. 14.2.8
(6) Hw* : Vo, R(w*,v) : Mgy, v # A’ | 5.
(7) Hw* : Vo, R(w*,v) : Mgy, v = -A | 6., Def. 14.2.1
(8) Hw* : Mgy, w* = 0-A' | 7., Def. 14.2.7
(9) Mgy, vED-A | CP ass.
(10) Not: Mgy, v OO -O0OA" | IP ass.
(11) Hu, R(v,u) : Not: Mgg,uke O-0OA’ | 10., Def. 14.2.7-8
(12) Not: Ht, R(u',t) : Mgy, t E-OOA’ | EE ass., Def. 14.2.8
(13) Vt, R(u',t) : Not: Mgy, tE-OOA | 12.
(14) Not: Not: Mgy, v’ 0O A’
by 13., Def. 10.2a (t = u’), Def. 14.2.1.
(15) Msg,u' EOo A’ | 14.
(16) Vs, R(u', s) Mgy, s £ OA’ | 15., Def. 14.2.7
(17) Mgy, u' = A’ | 16., Def. 10.2a (s=u')
(18) Hr, R(u',r) : Mgyg,m = A’ | 17., Def. 14.2.8
(19) Vq,R(v,q) : Mgy, q = -A’ | 9., Def. 14.2.7
(20) Mgy, " A’ | EE ass.
(21) Mgy, 1" = =A
by 19., Def. 10.2b (R(v,u’), R(u’,r")).
99 Not: Mgy, £ A’ | 21., Def. 14.2.1
23 C and Not: C' | 20., 22., ECQ
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(26)

27
28
29

(
(
(
(30

)
)
)
)

Mgy, vEOO-OOA’
Vo: Mgy, vEO-A" =
Mg, vEOO -OOA
Hw* : Mgg,w* 0O -0O0A'
Hw* : Mgy, w* EO0O A"
Hw* : Mgg,w* E (mA)*
Mg, wi A* =
Hw* : Mgg,w* E (mA)*

| 10.-23., IP, 9.-13., CP

19.-25., Ul

| 8., 26.

| 27., Def. 22

| 28., Def. 21.2

| 1.-29., CP

For the propositional case, we could stop here. However, as we are interested

in the full first-order version (without identity), we will take a look at the

quantifier cases now.

(1)
(2)
(3)
(4)
(5)
(6)

Mg, w e (Fz(A(z)))”
Mgy, wE JzoO(A(x))”

Vo, R(w,v) : Mgg,vE Jx O (A(x))*

My, w e 3z & (A(x))”

| CP ass.

| 1., Def. 21.7

| 2., Def. 14.7

| 3., Def. 10.2a (w =v")

Hw* : Mgy, w* E Jz(A(x))*

Hw* : Ha € V(w*) : Mgg,w* = (A(a))*

(7)

Mg, w e (3z(A(z)))”

Huw* :Ha e V(w*) : Mgs,w* = (Aa))*

My, w i (Va(A(x)))"

| 4., Def. 14.8

| 5., Def. 14.6, EE

=

| 1.-6., CP

| CP ass.

Mgy, w0 O Ve((A(x))*) | 1., Def. 21.6

Not: Vuw* : Mgy, w* £ OV ((A(z))*)
Hw* : Not: Mgq,w* £ OV ((A(z))*)

| 2., Def. 14.7
| 3., Def. 14.7
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()

Hw™ : Not: Hv, R(w*,v) : Mgy,v EVz((A(x))")

(6)

Hw* : Vo, R(w*,v) : Not: Mgy, vE=Vr((A(x))*)

Haw*
Haw*

Haw™

9) Not:

Not:
VaeV(w*):
Ha e V(w*):

Hae V(w*):
Ha e V(w*):

cHa e V(w*):
cHa e V(w*):

cHa e V(w*):

7) Vo, R(w*,v) : Not: Mgy, vE Va((A(x))*)

Mg, w* EVr((A(z))")
Mg, w* = (A(a))*
Mg, w™ # (A(a))”
Msa, w* i ((A(a"))”
Mg, w* & (=(A(a"))"
Mg, w* & (=(A(a))”
Mg, w* = (~(A(a))”
Mg, w* & (=(A(a))”
Mg, w* & (=(A(a))”
Mg, wit (Ve(A(z)))" =
Mg, w* & (=(A(a))”

4.4 Complete sequences

| 4., Def. 14.8

| 5.

| EE ass.

| 7., Ul (v : w”)
| 8., Def. 14.5

| 9.

| EE ass.

| 11., Lemma 1.2
| 12., EI

| 11.-13., EE

| 14., EI

| 7.-15., EE

| 1.-16., CP

24

Cohen (1966) defines the concept of a complete sequence, which Fitting (1970)

strongly relies on for his proof. It is rather difficult to grasp intuitively. However,

we can basically figure it to ourselves as a chain of worlds which only contains

non-modal formulas, and whose order depends on the type of these formulas. We

present a precise definition in the following:
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Definition 23 (Complete sequence, )
Be Mg an S4 model, where w € W.
A complete sequence ¢ in W beginning from w, ¢ = {wy; we; ws; . .. }, is constructed

in the following way:

o Ai; Ag; Asz;... be an enumeration of all formulas which do not contain any

modal symbols.

o W Lw.

e Suppose we have defined w,,. Consider A,: Distinction of cases:
1. YV, R(wy, w?) : A, ¢ V(w0)) = Wpet = Wy
2. Hw?, R(wy,w:) : A, € V(w:) =

2.1
(2.1.1)
(Mgy,w E A: and A, is not of the form Iz A(z) =
Wne1 = W,,),
(2.1.2)
(Mgq,w); £ A and A, is of the form JzA(x) =
Hw:" R(w?,w? ) : Ha e V(w;*) : Mgg,w: E (A(a))*)3 and
Wny1 = U)::),
2.2
(2.2.1)

(Mg, wi # Ar and A, is not of the form VxA(x) =
Aw:  R(w!,w?) : Mgy, w? £ (=A,)* and
Wpt1 = w;*)v
(2.2.2)
(Mg, w: # A: and A, is of the form VzA(z) =

3by lemma 1.3
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Hw! " R(w:,w? ) :Ha e V(w:): Mgg,w; E (~A(a))** and

Wiy = WS ).

Remark 3 (- and ¢)
Hw;, R(wp,wy) : Ay, € f/(w;) and Mgy, w) # AY =

EHU}n+17 R(w:mwnﬂ) : MS47wn+1 = (_‘14n)>€

follows via Def. 23.
Proof:

2.2.1 immediate by EE, CP

2.2.2
(1) Maa, wy & (-A(a))" | EE, CP
(2) Mgy, wl, 0O -00A (a) | 1., Def. 21.2 + 22
(3)  Not: Mgy,w,,; E0OC-00VeoOA (z) | IP ass.
(4) Not: Vv, R(w],q,v) :
Mgy, vEO-0OVzOOA () | 3., Def. 14.7
(5)  Hv, R(w,_4,v) :Not:
Mg, vEO-00VeoOA (x) | 4.
(6) Not: Hu, R(v',u) : Not:
Mgy, v E0O Vo OA () | EE ass., Def. 14.8,1
(7) Mgy, v £ O-OOA (a) | 2., Def. 14.7, UE
(8) Hu, R(v',u) : Not:
Mgy, uend A'(a) | 7., Def. 14.8
(9) Not: Mgy, ' e A'(a) | EE ass.
(10) Mgy, v E0O Vo OA (x) | 6., UE

‘by lemma 1.4
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(11) Ht, R(u',t) : Not:

Mgy, t = OA (a) | 9., Def. 14.7
(12) Not: Mgy, t' = CA'(a) | EE ass.
(13) Hs, R(t', s) :

Mgy, s EVz o OA ()

by 10., Def. 14.7, UE, and Def. 14.8.

(14) Mgy, s EVzo OA () | 13., EE ass.

(15)  VaeV(s'): Mgy, s =00 A'(z) | 14., Def. 14.5

(16) Mgy, " =0 A'(a) | 15., UE

(17)  Vr,R(s',r): Mgy, 7= OA'(a) | 16., Def. 14.7

(18) Mgy, s' = OA (a) | 17., UE, Def. 10.2a+b

For the last step: R(t/,s") and R(s',r) = R(t',r) as well as R(t',t").

(19) C' and Not: C | 12.,18., ECQ
(20) C and Not: C

(21) Mg, w), 0O -00VzoOA (z) | 3-20., IP
(22) Mg, 0!, E (V2 A(z))* | 21., Def. 21.6,2 + 22
(23) Msa, wyi F (=4,)" | 22.,2.2.2
(24)
Hw;, R(wp,w,) : Ay € V(w,) and
Mg, wi it A =
Hewps1, R(W), Wni1) t Wnit E (= AR)" | 1.-24., EI, CP
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4.4.1 9 and other derived concepts

We will now take a look at some derived concepts, which will be of importance
to bring the concept of the complete sequence in workable form. We will need
this because the notion of a complete sequence combined with the idea of a truth
set, as we have seen it earlier, will be major building-blocks of the model-theoretic

proof.

Definition 24 (9)

V= {Alfw, €V : Mgy, w, = A*}.

So, 1 is the set of all formulas, whose * translation is satisfied in at least one world

of the complete sequence 9.

Definition 25 (Relevance to 19)

A formula A is relevant to 9 if

ter(A) ¢ Parg = | V(wy).

Wn €Y

Expressed differently, we call a formula relevant to a ¥ if all of its terms are in the

domain of the complete sequence 9, called Pary.

The goal of the following lemmata is to show that ¥ is a classical truth set with

respect to Pary.

4.5 1 as a truth set

We will now relate the ¥ and the notion of a truth set to one another.

4.5.1 Lemma 2: tertium non datur in ¢

Lemma 2 (Tertium non datur in 9)

Be A, B formulas, which do not contain any modal symbols, O, <.

VA, A is relevant to ¥ : ((Aed or =A e ) and {A4;-A} ¢ ).
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Proof:

Will will prove each conjunct separately.

1. Proof of {A*;-A*} ¢ ¥:

(1) {A*; =A%} ed) | IP ass.
(2) A*ed and ~A* €9 | 1., notation
(3) Hw,, € ¥ : Mgy, w, E A" and
Hw,y, € 0 : Mgy, wy, E (mA)Y | 2., Def. 24

(4) Either R(wy,w,,) or R(wy,,w,) | 3., Def. 23
(5) R(wy, wy,) | PC ass. 1
(6) Mgy, w) = A* | 3., 5., Lemma 1.1, UE
(7) Not: Not: Mgy, w,, =0 A’ | IP ass.
(8) Hwyy, €01 Mgy, wp, E (RA)Y | 3.
(9) Mgy, wy, = (A)* | 8., EE ass.
(10) Msp,wl, E0G-00A | 9., Def. 21.2, Def. 22
(11) Vo, R(w),,v) : Mgg,v £ O-O A’ | 10., Def. 14.7
(12) Mgy, wy, £ O-O QA | 11., Def. 10.2a
(13) Hu, R(wy,,u) : Not:

Msi,uen S Al | 12., Def. 14.8,1
(14) Not: Mgy, ' OO A’ | EE ass.
(15) Ht, R(u',t) : Not:

My, tE OA’ | 14., Def. 14.7
(16) Not: Mgy, t' = OA’ | EE ass.
(17) Vs, R(t',s) : Not:

My, s A’ | 16., Def. 14.8
(18) Mg, w), 0O A’ | 7.
(19)  Vr,R(w,,,r): Mgs,r = OA | 18., Def. 14.7

(20) My, t' = CA | 19., Def. 10.2b
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The last step holds as R(w},,u’') and R(u',t"), so R(w!,,t") by transitivity.

(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)

(36)
(37)

q, R, 1) : Mga, L £ A’
Ms4,l’ A
Not: Mgy, l' = A’

C and Not: C
C and Not: C

Not: Mgy, w,, EOO A
Not: Mgy, w,, = A*

C and Not: C

R(wy,, wy,)
Mgy, w] E (mA)*
Hw,, € ¥: Mgy, w, = A*
Mgy, w), = A
Not: Not: Mgy, w, EQO A’

MS4,U);':D<>—|D<>A,

Vo, R(wy, ) :

M54,Ul=<>—||:|<>14,
MS4,U),’,,Z ': <>ﬂ|:|<>A,

Hu, R(w),,u) : Not:
Mgy, uen o A’
Not: Mgy, u' 0O A’
Ht, R(u',t) : Not:
Mgyt E OA
Not: Mgy, t' E OA’
Vs, R(t', s) : Not:
Mgy, s= A
Mgy, w, Eoo A
Vr, R(w),r) :

| 20., Def. 14.8

| EE ass.

| 17., UE

| 22.,23., ECQ

| 22.-, 16.-, 14, 9.-24., EE
| 7.-25., IP

| 26., Def. 22

| 6., 27., ECQ

| PC ass. 2

| 3., 29., Lemma 1.1, UE
| 3.

| EE ass.

| IP ass.

| 30., Def. 21.2, Def. 22

| 34., Def. 14.7
| 35., Def. 10.2a

| 36., Def. 14.8,1
| EE ass.

| 38., Def. 14.7
| EE ass.

| 40., Def. 14.8
| 33.
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My, = QA | 42., Def. 14.7
(44) Mgyt OA | 43., Def. 10.2b

The last step holds as R(w},,u') and R(u',t"), so R(w},t') by transitivity.

45)  dLRE,1): Ml e A’ | 4., Def. 14.8
(46) Mgy, ' A | EE ass.

(47) Not: Mgy, l' = A’ | 41., UE

(48) C and Not: C | 46.,47., ECQ
(49) C' and Not: C | 46.-, 40.-, 38.-48., EE
(50) Not: Mgy, w), =0 A’ | 33.-49., 1P
(51) Not: Mgy, w), = A* | 50., Def. 22
(52) C and Not: C | 31., 51., ECQ
(53) O and Not: ¢ | 31.-52., ECQ
(54) C' and Not: C | 5.-53., PC
(55) {AT ~A*} ¢ 9 | 1.-53., IP

2. Proof of A* €9 or —=A* € ¥:
(56) At ¢4 | CP ass.

Let A* be A,, for some n.

(57) Not: Hw,, € ¥ : Mgy, w, E A, | 56., Def. 24
(58) Vw, €V : Mgy, w, # A | 57.
(59) Hw; ) R(wy,,w;) : Mgg, w, # A | 58., UE, Def. 23

Since A, is relevant to 1, we can say by 58., Def. 25, EE, and EI that:

(60)  Hwy,, R(w,,wy,) :
A, € ‘A/(w;;) and Mgy, w, # A}
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(61) Huw,,, R(wm w;) sHwnpyt, R(w;, wn+1) :
Mgy, Woys1 E (=AR)* | 60., Remark 3, EE, EI

Asw,, €9 (cf. 58./59.), and since R(wy,, w;,), R(w}, w,1) and thus R(wy,, w,41)
(by Def. 10.2b), we know that:

(62) A1 €0 wy + 1 (=A,)* | 61., Def. 23
(63) -A, €9 | 62., Def. 24
(64) ~A* e | 63., A" = A,
(65) AT ¢ = -A" el | 56.-64., CP

(66) At e or -A" e | 65.

Now, we join our conjuncts and obtain:

(67) VA, A is relevant to 9 :
((Aev or ~Aed) and {A;-A} ¢ ). | 66., 55., CON, Ul

4.5.2 Lemma 3: the connectives and ¥

Lemma 3 (The connectives and ¥)
Be A, B formulas, which do not contain any modal symbols, O, .
VA, A is relevant to 9 : VB, B is relevant to 0 :

(1) (AvB)ed < Aed or Be,
(2) (AAB) et < Aecd and B e,
(3) (A->B)ed <= A¢dor Bed.
Proof:

We will prove 1.-3. separately:
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1. First, we will prove left to right:

(1)
(2)
(3)
(4)
(5)

(13)
(14)

(15)

(A*v B") ed
Not: (A €d or B* €4))
Not: A* €4 and Not: Bt ed
~A* el and -B* €9
Hw,, € ¥ :
Mgy, w, = (=A)* and
Hw,, €V :
Mgy, Wy, E (=B*)*
Either R(wy,,w,,) or
R(wy,, wy,)
Mgy, w! E (-A*)* and
Mgy, wh E (=B*)*
R(wp,,wy)
Mgy, w) = (=A)* and
Msa, wy E (=B*)”
Mgy, w, EQO-OO(AY)
Mgg,w, EOO-OO(BT)
Not:
Mg, w, 0O -0O
(oo (A" voo (BY))
Hv, R(w),,v) : Not:
Mgy, v EO-0O
(0O (A7) voo (BY))
Not:
Mgy, V' EO-OO
(06 (A7) Voo (BY)
Mgy, v EO-OOC(A")

| CP ass.
| IP ass.
| 2.

| 3., Lemma 2

| 4., Def. 24

| 5., Def. 23

| EE ass.
| PC ass. 1

| 7., 8., Lemma 1.1
9., Def. 21.2 + 22
9., Def. 21.2 + 22

| IP ass.

| 12., Def. 14.7

| EE ass.
| 10., Def. 14.7, UE

33
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(16)  Hu, R(v',u) : Not:

Mg, ue 0o (AT | 15., Def. 14.8,1
(17) Not:
Mgy, u' =0 (AT | EE ass.
(18)  Hit, R(u',t) : Not:
M, t £ S(AY) | 17. Def. 14.7
(19) Not:
My, t' = O(AT) | EE ass.
(20) Vs, (v',s): Not: Not:
Mgy, s E 0O
(O0C (AY)' voo (BY)') | 14., Def. 14.8
(21) Mgy, v’ =00
(0o (AY) voo (BY)) |20, UE
(22) Mgy, t' O

(0C (AY) voo (BY)') |21, Def. 14.7, UE
(23)  Hr,R(t',r):

Mgy, r 0O (AY) voo (BY) |22, Def. 14.8
(24) Mgy, 7" E0C (AY) voo (B*) | EE ass.
(25) Mgy, " =E0O (A7) or

Mgy, r" =0 (BY) | 24., Def. 14.3
(26) Mgy, OO (AT | 25., PC ass. 1
(27) Mgy, " = O(ATY | 26., Def. 14.7, Def. 10.2a
(28) I, R(r'1):

Mgy, lE (A" | 27., Def. 14.8
(29) Mgy, I E (AT | 27., Def. 14.8
(30) V4, R(t,j)Not:

My, j = (AT) | 19., Def. 14.8

(31) Not:



4 THE EMBEDDING 1: MODEL-THEORETICALLY 35

Mgy, U= (AY) | EE ass.
(32) C and Not: C | 29., 31., ECQ
(33) C and Not: C 31., 33., EE
(34) Mgy, =0 O (B | 25., PC ass. 2
(35) Mgy, 7' E O-D0O(BYY | 11., Def. 14.7, Def. 10.2b
(36)  Hi, R(r',i) : Not:

Mgy, i =00 (B | 35., Def. 14.8,1
(37) Not:

Mgy, i EOO (BY) | EE ass.
(38) M, W & (B | 34., Def. 14.7, Def. 10.2b
(39) Not:

M, W E (B | 37., Def. 14.7, UE
(40) C and Not: C | 38., 39., ECQ
(41) C and Not: C | 37-40., EE
(42) C and Not: C | 26.-41., PC
(43) C and Not: C

by 24.-, 19.-, 17.-, 14.-42., EE.

(44) Msg,w, EOS OO
(0O (AY) voo (BY)) | 12.- 43., IP

(45) My, wl = (~(A* v B*))* | 44., Def. 21.4 + 22
(46) Hw,, € 9 :

Maa, wy = (=(A* v B*))* | 45., EI, Def. 25
(47) -(A*v B*)ed | 46., Def. 24
(48) A* VB¢ | 47., Lemma 2
(49) C' and Not: C | 1., 48., ECQ

The second half of the proof by cases which we have begun in 8. is identical

to the first half, except that we substitute all instances of n by m and vice
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versa (only the pedant to 8. ought to be unchanged).

Hence, we can conclude:

(91) C' and Not: C | 8.-90., PC
(92) C' and Not: C | 7.-91., EE
(93) At ed or Bt ed | 2.-92., IP
(94) (A*vBY)ed =

At edor B ed | 1.-93., CP

Now, we will prove the other direction of the equivalence relation. Since the

proof idea is very similar to the other direction, we will shorten this:

(95) At ed or Bt ed | CP ass.
(96) Mgy, w! B (AY)* or
Mgy, w, E (BY)* | 35., Def. 24, UE, PC, Lemma 2.
(97) Mgy, w), =0 (A7) or
M, w! £ 0o (B | 36., Def. 21.1 + 22
(98) Not:
Mgy, wy, E
oo (0O (AY)' voo (BY)) | IP ass.
(99) Not:
Mgy, 0" E
SO (AY)Y voo (B)) | 98., Def. 14.7, EE ass.
(100) Mgy, w, EOC (AY) | PC ass. 1, Def. 22
(101) Mgy, u' = (A7) | 100., Def. 14.7,8, UE, EE ass.
(102) Not:
Mgy, u' E
0o (AY) voo (BT | 99., Def. 14.8, EE ass.

(103) MS4,UI =
—||:|<>(A+),/\—||:|<>(B+), | 102, Def. 14.1
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(104) Mgy o/ =~00(A*) | 103, Def. 14.2

(105) Mgy, t' E=O (AY) | 104., Def. 14.1,7, EE ass.
(106) Mgyt = S(AY | 100., Def. 14.8, Def. 10.2a
(107) ¢ and Not: C | 105., 106., ECQ, EEs

The second half of the proof by cases which we started in 100 is identical

to the first half except that we substitute A for all instances of B and vice

versa.
(116) C and Not: C | 97., 100-115., PC
(117) Mgy, w) E
oo (@O (AT voo (B*Y)) | 98.-116., EE, 1P

(118) My, wl = (A* v BY)* | 117., Def. 21.3, Def. 22
(119) (A*vB*)ed | 118., Def. 24
(120) At edor Bt e =

(A*vB*)ed | 95.-119., CP
(121) (A*vBY) el =

A" ed or B e | 94., 120., EQI

2. We start again left to right:

(1) (A*AB*)ed | CP ass.
(2) Mgy, w;, = (A* A B*)* | 1., Def. 24, EE ass.

We have assumed R(wy,,w,), analogously to case 1. (steps 6 to 8). The
R(w,,w,,) case can also be obtained by the same strategy as in 1. step
50-90.

(3) /\/l54,w7’1 =
0o (0O (AT Ao (BY)) | 2., Def. 21.3 + 22
(4) Not:
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Mg, w, OO (AY) Aoo (BY) | IP ass.
(5) Not:

My, w, E0O (AT) or

Not: Mgy, w), =0 (BY) | 4., Def. 14.2

(6) Not

Mgy, wl EOO (AT | PC ass. 1
(7) Not

Mgy, v = O(AT) | 6., Def. 14.7, EE ass.
(8) Map,v' £ (@O (A A0S (BY)) | 3., Def. 14.7, UE
(9) Mgy, 0O (AY) Ao o (BT | 8., Def. 14.8, EE ass.
(10) Mgy, u' E O(AT) | 9., Def. 14.2,7, Def 9.2a
(1) My u' # (AT | 6., Def. 14.7, Def 9.2b
(12) ¢ and Not: C | 10., 11., ECQ, EEs

The second half of the proof by cases which we started in 6 is identical to the

first half except that we substitute A for all instances of B and vice versa.

(20) Mgy, w), =00 (A7) Aoo (BY) | 5.-19. PC, 4.-19., IP
(21) Mgy, w;, E (A*)* and

Mgy, w! & (BY)* | 20., Def. 21.3, Def. 22
(22) A" ed and BT € | 21., Def. 24
(23)  (A*ABY)ed=>
A* e and BT e? | 2.-22., EE, 1.-22., CP

Now, we proceed right to left:

(24) At ed and AT €9 | CP ass.
(25)  Mgq,w, E (A")* and
My, w!l = (BY)* | 24., Def. 24, EE ass.

(26) Mg, w, =00 (AT)Y A0S (BY) | 25., Def. 21.3, Def. 22
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(30)

Mg, wl EOO (AY)
My, wy, EOO (BY)
Not:
Mgy, w), = OO
(OO (A7) Ao (A))
Not:
Mg, " E O
(00 (AY AT (A7)
Mgy, v' = O(AT)
Mgy, u' = (AT)
Not:
Mgy, u' E
(@O (AY)Y Aoo (BY))
Mgy, v # 0O (AY) or
Mgy, ' # 0O (BY)
Mgy, ' # 0O (AY)
M, u" # O(A")’
Mgy, u' E O(AY)

C and Not: C'
Mgy, v # 0O (BY)
M, u' # O(B)
Mg, u' & O(BY)

C and Not: C

C and Not: C

Mgy, w), = OO

(OO (AY)Y Ao o (A4T))
Mg, wy = (AT AAT)Y)
AT AAT e

| 26., Def.
| 26., Def.

| IP ass.

| 29., Def.
| 30., Def.
| 31., Def.

| 32., Def.

| 33., Def.
| PC ass. 1
| 35., Def.
| 27., Def.

14.2
14.2

14.7, EE ass.

14.7, UE

14.8, EE ass.

14.8, UE

14.2

14.7, EE ass.
14.7, Def. 10.2b

| 36., 37., ECQ, EE
| PC ass. 2

| 39., De.
| 28., Def.

14.7, EE ass.
14.7, Def. 10.2b

| 36., 37., ECQ, EE
| 34.-42., PC

| 29.-42., EEs, IP
| 44., Def. 21.3 + 22
| 45., EI, Def. 24
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(47)

(48)

At e and A" e =
A" AAY €D
A" AAY e &

At e and A" €9

| 24.-46., CP, EE

| 23., 47., EQI

3. For the third case, we will start left to right again:

(12)

(A* - B*) ed
Not: (A* ¢4 or B* € V)
At e and B* ¢ 9
Mgy, w;, = (A*)* and
Not: Mgy, w,,_, = (B*)*
EO0O(AY)
E(-B)*
EO0OC-O0O(BY)
FOO-00
(0O (A7) =00 (BY))
Not: Mgy, w), = O-O0C
(OO (A7) »oo(BY))
Mgy, w;, E OO
(oo (A7) =00 (BY))
Mgy, w) = O
(0O (A7) Do (BY))
Mgy, v E
(OO (A7) =00 (BY))
Not: Mgy, 0" =0 (AT) or
Mgy, v EOO (BY)
Not: Mgy, 0" =0 (AT
Not: Mgy, u' E O(AY)

| CP ass.

| IP ass.

| 2.

| 3., Def. 24, EE ass., UE

| 4., Def. 22.

| 4., Def. 23, Def. 25, Rem. 3
| 6., Def. 21.2, Def. 22

| IP ass.

| 8., Def. 14.7, Def. 10.2a
9., Def. 14.8,1, Def. 10.2a
| 10., Def. 14.7, Def. 10.2a
| 11., Def. 14.8, EE ass.

| 12., Def. 14.4

| PC ass. 1
| 14., Def. 14.7, EE ass.
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(16) My, u' = O(AT) | 5., Def. 14.7, Def. 10.2b
(17) C and Not: C | 15, 16., ECQ, EE
(18) Mgy, v EOO (BY) | PC ass. 2
(19) Mgs,v' E OO O(BY) | 7., Def. 14.7, UE
(20)  Not: Mgy, s EO(B*) | 20., Def. 14.1,8, EE ass.
(21) My, v & O(B*) | 18., Def. 14.7
(22) C and Not: C | 20., 21., ECQ, EE
(23) C and Not: C | 13.-22., PC
(24) Msg,w, E0OC-00
(0O (AT > 0o (BY)) | 8.-23., EE, IP

(25) M, 0, £

(=(A* > B*))* | 24., Def. 21.5 + 22
(26) (-(A* - B")) ed | 25., EL, Def. 24
(27) (A" - B%) ¢9 | 26., Lemma 2
(28) C and Not: C | 1., 27, ECQ
(29) At ¢ or B*ed | 2.-27., EEs, 1P
(30)  (A*>B")ed=

At ¢ or B*ed | 1.-28., CP

Right to left:

(31) AT ¢ or B* e | CP ass.
(32) Not: Mgy, w), = (A*)* or
Mgy, w) = (B*)* | 31., Def. 24, EE ass.

We have assumed R(wp,,w,), analogously to case 1. (steps 6 to 8). The
R(wy,,w,,) case can also be obtained by the same strategy as in 1., steps
50-90.

(33) My, w), E (=A*)* or
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= (BJr)x-

0o (B

F oo

(OO (A7) > oo (BY))
Mgy, w, EOO-OO(A")
Mgy, v EO-OO(AY)
Not: Mgy, u' ETO (AT)
Not: Mgy, u' E
(06 (A >80 (B))
Mgy, v E0C (AT) and
Not: Mgy, v’ OO (BT)
Mgy, ' E0O (AY)
C' and Not: C'
My, w), QO (B
Mgy, ' E0O (AY) and
Not: Mgy, t' E0O (BT
Not: Mgy, t' EQO (BY)
Not: Mgy, t' E O(BY)
Mgy, t' = O(BY)
C' and Not: C'
C and Not: C
Mgy, w), = OO
(OO (A7) > oo (BY))
Mgy, w) = (AY - B*)*
(A* > B*)ed

EOC-O0O(AY) or

| 32, Def. 23. + 25, Rem 3

| 33., Def. 21.2 + 22

| IP ass.

| 35., Def. 14.7, EE ass.

| PC ass. 1

| 37., Def. 14.7, UE

| 38., Def. 14.8,1, EE ass.

| 36., Def. 14.8, UE

| 40., Def. 14.4

| 41.

39., 41., ECQ, EE
| PC ass. 2

| 36., UE, Def. 14.4

| 45.

| 46., Def. 14.7, EE ass.
| Def. 14.7., Def. 10.2b
| 44., 48., ECQ

| 34., 37.-49., EE, PC

| 35.-50., EE, IP
| 51., Def. 21.5 + 22
| 52., EI, Def. 24
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(54) A*¢dor B e =
(A* - B*) ed | 52., EI, Def. 24
(55) (A" > BY) el <
A* ¢V or B*e? | 30.54., EQI

Therefore, by CON and UI:

VA, A is relevant to 9 : VB, B is relevant to 9 :

(1.121.) (AvB)ed = Aed or Be,
(2.48.) (AAB)ed < Aed and B e,
(3.55.) (A->B)ed <= A¢dor Bed.

4.5.3 Lemma 4: the quantifiers and 9

Lemma 4 (the quantifiers and 9)
Be A(z) a formula, which does not contain any modal symbols, O, <, and which

is relevant to 0.

(1) (Vz(A(7))) € ¥ < Vae Parg: A(a) € 9.
(2) (3z(A(2))) € < Ha € Parg: A(a) € 9.
Proof:

We will prove 1. and 2. separately.

1. We will start with the left to right case:

(1) (Va(A(x))) e? | CP ass.

(2) Mgy, wl B (Vo(A(x)))* | 1., Def. 24

(3) Mgy, w, 0O V(0O A'(z)) | 2., Def. 21.6 + 22
(4) Not: Mgy, w, =0 A'(a’) | IP ass.
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(5) Not: Mgy, v" = OA'(a’) | 4., Def. 14.7, EE ass.
(6) Mgy, v = OVa(o O A'(x)) | 3., Def. 14.7, UE
(7) Mgy, v EVz (OO A'(x)) | 6., Def. 14.8, EE ass.
8) Mg, u' O Ald) | 7., Def. 14.5, UE
9) Mgy, u' E OA'(a") | 8., Def. 14.7, Def. 10.2a
(10) Mgy, t' = A'(a") | 8., Def. 14.8, EE ass.
(11) Not: Mgy, t' = A'(d') | 5., Def. 14.8, Def. 10.2b
(12) C and Not: C | 10., 11., ECQ
(13) M, w0 A'(d) | 4.-12., EEs, IP
(14) Mg, w), = (A(a"))* | 13., Def. 22
(15) A(a') e | 14., Def. 24
(16) Vae Pary:A(a) e | 15., Def. 25, UI
(17) (Vz(A(z))) €9 =

Va € Pary: A(a) €9 | 1.-16., CP

Now, we will consider the right to left case in the following:

(18) Va € Pary: A(a) €9 | CP ass.
(19) (Vz(A(x))) ¢V | IP ass.

Let Yx(A(z)) be A, for some n.

(20) Not: Mgq,w;, = (A,)* | 19., Def. 24, EE ass.
(21) Not: Mgy, w), = (Yo(A(z)))* | 20.
(22) Huwy oy, R(wy, wy ) sHa € V(wy,,q) :

Maa, ', = (~(A(a))* | 21., Def. 23.2.2.2.

(=(A(d)

(A(a")) €

(23) HaeV(wl,,):(~(A(a)) e | 22., Def. 24
(24) )ed | EE ass.
(25) (A(a")) ¢ | 24., Lemma 2
(26) )ed | 18., UE
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(27) C and Not: C | 25., 26., ECQ
(28) (Vz(A(x))) e | 19.-27., EEs, 1P
(29) Va e Parg: A(a) e =

(Vz(A(z))) € ¥ | 18.-28., CP
(30) (Vz(A(7))) €V <

Va € Parg: A(a) €9 | 17.,29., EQI
2. Now, we will prove 2., starting left to right.

(1) (3z(A(x))) € | CP ass.
Let 3x(A(z)) be A, for some n.
(2) Not: Mgy, w;, = A | IP ass.
(3) Not: Mgy, w), = (Fx(A(x)))” | 2.
(4) Hw! i Mgy, wh g E (=3z(A(x)))* | 3., Def. 23.2.2.1
(5) (=32(A(x))) €9 | 4., Def. 24
(6) (3z(A(x))) ¢ | 5., Lemma 2
(7) My, w), & (Jz(A(z)))* | 1., 6., ECQ, 2.-6., TP
(8) ﬂw7,1+1 Ha e V(w:Hl) :

My, w), & (A(a))* | 7., Def. 23.2.1.2
9) HaeV(w,,):(A(a)) e | 8., EE, EI, Def. 24
(10)  Hae Pary: (A(a)) €9 | 9., Def. 23 + 25 + 13
(11) (3z(A(z))) €V =

Ha € Pary: (A(a)) € | 1.-11., CP

Finally, we will prove the right to left case:
(12) Ha € Parg: A(a) €9 | CP ass.

(13) Mgy, w), & (A(a'))* | 12., EE ass.s, Def. 24
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(14) Mg, w!, £ 0o Ad) | 13., Def. 22
(15) Not: Mgy, w), =0 Jx(oO A'(x)) | IP ass.
(16) Not: Mgy, v" = Oz (0O A'(x)) | 15., Def. 14.7, EE ass.
(17) Not: Mgy, v' = Jx(0O A'(x)) | 16., Def. 14.8, Def. 10.2a
(18) Not: Mgy, v" =0 A'(a’) | 17., Def. 14.6, EE ass.
(19) Not: Mgy, u' = OA'(a") | 18., Def. 14.7, EE ass.
(20) Mgy, v’ = SA'(a)) | 14., Def. 14.7, Def. 10.2b
(21) C and Not: C | 19., 20., ECQ
(22) Mg, w' 0O Ix(@o A'(x)) | 15.-21., EEs, IP
(23) Mgy, w), & (Fz(A(x))* | 22., Def. 21.7 + 22
(24) (Fz(A(z)) €V | 23., EI, Def. 24
(25) dae€ Parg: A(a) €l =
(Fz(A(x)) €V | 12.-24., EEs, IP
(26) (3z(A(7))) €V =
Ha € Parg: (A(a)) € ¥ | 11., 25., EQI
Hence:
A(x) is relevant to ¥ =
(1.30.) (Vz(A(x))) €d < Vae Pary: A(a) € 9.
(2.26.) (32(A(x))) € ¥ < Ha € PargA(a) € 9.

Observation 1 (9 as a classical truth set)

Let us briefly recapitulate what we have just proven. All formulas which are used
in Lemma 2-4 do not contain any modal symbols, 0O, <, and are relevant to o.
The latter, however, means by Def. 25 that the set of terms of these formulas is
a subset of the set of all terms of all ¥ worlds. Consider Def. 19. We can see
that both pre-conditions 1. and 2. (where Par = Pary) are satisfied by all of

the lemmata. Furthermore, Lemma 2 satisfies Def. 19.1, Lemma 3 satisfies Def.
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19.2-4, and Lemma 4 satisfies Def. 19.5+6, for Par = Parg and 9 = Tp,,. Hence,

if follows from Lemma 2-4 that 1) is a truth set with respect to Par;.

4.6 Theorem 2: the semantic embedding

Theorem 2 (Soundness of the * embedding, semantically)

VA, A does not contain any modal symbols, O, < :

Fco A =>kEgq A",

Proof:
(1) Fc A | CP ass.
(2) Not: kg4 A* | IP ass.
(3) Not: VMgy: Vwe W, A* € V(w):
My, wE A* | 2., Def. 16 +15
(4) AMgy : Hw e W, A* € V(w):
Mgy, w i A* | 3.
(5) Hw* : My, w* = (mA)* | 4., Lemma 1.2, EEs, UE, EI

Consider a complete sequence, 9, beginning from w*, constructed according to
Def. 23.

(6) (=A) e | 5., Def. 1 Def. 24
(7) A¢d | 6., Lemma 2
(8) o A

follows from Def. 23 + Def. 25 (the fact that ter(A) c Parg), Observation 1 +
Lemma 2-4 (the fact that 9 is a truth set with respect to Pary), and Def. 20.

(9) gy A* | 1.-7., ECQ, EE, IP
(10) o A=Eg A | 1.-8., CP
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|
This theorem says that all non-modal formulas are classically valid only if their *
translation is valid in S4.
By this we conclude our reconstruction of Melvin Fitting’s proof of a model-
theoretic embedding of classical logic into S4, using the * translation and the
notion of complete sequences from Cohen (1966). Now, we will proceed to the

proof-theoretic part of this thesis.
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5 Preliminaries 3: syntax

According to Fitting (1970, p. 530), a proof-theoretic proof of his embedding is
possible. However, Fitting does not provide such a proof. Now, it will be our task
to fill this gap. However, we will not be able to provide a spelled-out proof in this
thesis due to space constraints. We will nonetheless try to investigate two prop-
erties in particular, (proof-theoretic) soundness and faithfulness of the embedding
(cf. Troelstra and Schwichtenberg, 2000, pp. 288-291). We want to argue that a
proof-theoretic soundness proof will work well for the * embedding. Nonetheless,
we will raise doubts about whether a proof for faithfulness can be provided at all.
This concern will be related to the modest resources of S4 to deal with the &
operator, the limited distributivity of the underlying translation, and a problem,

which could be referred to as ‘meta-sklemisation’, as we will see.

However, before we can start to prove, we will first proceed to set up the de-
ductive systems involved.

Here, our definitions will proceed the other way around than in the semantics
section. We will first introduce a Gentzen-style sequent calculus for classical logic
and we will then add rules for the modal operators to obtain full S4.

The (standard) notion of a sequent (not to be mistaken with the concept of a
complete sequence as we used it earlier) is taken from on Negri and von Plato

(2001, pp. 13-15), where => will serve as our symbol for the sequent arrow.

5.1 Derivations and proofs

We define, inspired by Gratzl (2018a):

Definition 26 (Derivation)
Let @, ¥ be sets of formulas of L.
Derivability of ¥ from ®, ® g3 V, is defined as follows:

OV HAeV:HUBy,...,B,€®:By,...,B, = A can be derived in G3c.
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Or, expressed differently:
PV < ANBe® =>\/AecVU

is derivable in G3c.

Remark 4 (Proof)

We will write G3c¢ + ®5 as an abbreviation for @ +gs. .

We can easily obtain the respective definition for S4 if we substitute ‘S4’ for ‘C’
and ‘G3s’ for ‘G3c’.

5.2 G3c

What exactly is G3c? It is a classical Gentzen system, in which weakening and
contraction have been implemented implicitly into the system (unlike for example
G1 systems, where they are explicit rules) (cf. Negri and von Plato, 2001, p. 28).
We have imported the following definitions from Troelstra and Schwichtenberg
(2000, p. 77). We will use the notation and definitions for substitution from Gratzl
(2018a, pp. 44-50), where A[t/x] stands for the formula which is identical to A
except that we have uniformly substituted the therm t for all free occurrences of
the variable z. Technically speaking, we also need to change our languages slightly
by adding the 1 symbol to them, which will represent a contradictory formula. An
example for the necessary changes our definitions need to undergo due to that
modification can be found in Negri and von Plato (2001, pp. 61-67). We also need
to add the following (rather unsurprising) case to our * translation: 1*:= 1.

Having this in mind, we can start defining:
Definition 27 (G3c)

Be A, B formulas and I', A sets of formulas.

The axioms:
Ax A is atomic = A, I'=>A A Li11, ' =>A

®We can express this verbally as ‘G3c proves ®’ or ‘® is provable in G3c’.
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The logical rules:

L A, B, T'=>A '=>AA I'=A,B
N AAB T oA RA TS A A,B
AT =A B,T'=>A I'=A,A B
Av B, I'=A Rv I'=>AAvB
I'=>AA B,T=A AT=>AB
G = N R>—"TAA-B
Ve A, Alt/x], T =>A C T=>A, Aly/x]
ViA T =A RY' T oA vaa
- Aly/x], T =>A C=>A A[t/z], Iz A
L3 —5AT=A RITLA 324

In the ' cases, the additional constraint that VD, D is a formula below the inference

line: y ¢ free(D) must be respected.

5.3 G3s

Now, we can easily introduce a proof system for S4. Our presentation is based on
Troelstra and Schwichtenberg (2000, p. 287).

Definition 28 (G3s)

G3s = G3c +

L A oA=A ol =>A, OA

H I''oA=A RO [, o' =>0A, A
ol', A=>0A ['=ACA A

LO T or cAmoA A ROTSSAA

In both systems, G3c and G3s, weakening, contraction, and cut are permissible
but eliminable. This means that, although they can be proven within the systems,
they are not necessary for any of the proofs in these systems (cf. Troelstra and
Schwichtenberg, 2000, pp. 66-85, 284-288). We will state these redundant rules in
the following:
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I'=>A I'=>A
WA T=A RWTaA
o AAT=A (DA AA
LC—AT%A RCTLA A
c '=AA AT =A
ut AEETWN

Both systems also allow for permutations on any side of the sequent arrow.

As we have the proof systems we need at hand, we can now sketch a syntactic
proof of the embedding theorem. We will only do this in a rather rough manner
and leave a more detailed presentation to another paper. Some of the main ideas
for the proof have been inspired by the discussion of the ° embedding in Troelstra

and Schwichtenberg (2000, pp. 288-291).
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6 The embedding 2: proof-theoretically (sketch)

6.1 Soundness

The first question, in which we are interested, is whether the * embedding is sound,

i.e. deducability-preserving.

Definition 29 (Soundness of an ¢ embedding)
An ¢ embedding, based on an ¢ translation, which translates each set of formulas,
I', A, of a language £ into a set of formulas, I'¢, A¢, of the language L5, is sound

<
PS1+T == A= PS2+T1°¢ => Ace

holds for the corresponding proof systems PS1 and PS2.

If we apply this to our concrete case, we obtain the following, which is the proof-

theoretic counterpart to our model-theoretic Theorem 2.

Theorem 3 (Soundness of the * embedding, proof-theoretically)

The * embedding is sound =

G3c-T' = A= G3s 1" => A*.

Proof sketch

How shall we prove this? We will employ an induction on the length of a derivation
in G3c. The induction start is the * translation of the axiom. The inductive
hypothesis can be formulated as follows: ‘If the * translation of a sequent with n
steps can be derived from the translated axiom, such a sequent will also hold for
the n + 1% step’. As the inductive step, we will now need to prove for each G3c
rule that the * translation of its conclusion can be derived from the * translation

of its premises, in G3s.

Example 3 (Two cases of the induction step)

We want to give exemplary derivations for two typical cases of the induction step,
L— and R—, in order to illustrate the procedure.

L—:
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[ =>A* A* B T =pA*

DA > B A ”
O(A" > B*),00 (A" > B4), [ A"
0G (A" = BY),T" oA
R—:
[*, A* = B*, A* Ro. RW

[* =>4 — B*,0(A* > B*), A"
T* >0 (A" > B*), A
" =A%, 00 (A* > BY)

RO

Ro

6.2 Faithfulness

Thus, we have seen that the * embedding is sound. However, is it also faithful?

6.2.1 A notion of faithfulness

There is some variance in regards to the notion of faithfulness in the literature.
Some define it in terms of model stability over conservative model extensions, such
as de Bruijn et al. (cf. 2011, p. 304) or Wagner (cf. 1998, p. 9), some in terms
of consistency over language extensions, such as Schwarz (cf. 1996, p. 357) or
de Brujin et al. (cf. 2008, p. 488), some in terms of soundness and completeness
and proof-theoretic property preservation, such as Troelstra and Schwichtenberg
(cf. 2000, pp. 289-291), and some in terms of mere soundness and completeness,
such as Benzmiiller et al. (cf. 2018, p. 9). The latter notion seems to be the most
modest concept of faithfulness as it is a necessary condition in all of the other
conceptions. Under this interpretation, it resembles the notion of adequacy of
formal systems (cf. Ebbinghaus et al., 2007, p. 85). We will use this notion in the

following. Hence, we define:

Definition 30 (Completeness of an ¢ embedding)
An ¢ embedding, based on an ¢ translation, which translates each set of formulas,
I', A, of a language L into a set of formulas, I'¢, A¢, of the language L», is complete

<
PS2+T¢e s Ace=PS1+1 = A

holds for the corresponding proof systems PS1 and PS2.
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Definition 31 (Faithfulness of an ¢ embedding)
An ¢ embedding, based on an ¢ translation, which translates each set of formulas,
I', A, of a language £, into a set of formulas, I'*, A¢, of the language L, is faithful

i —
PS1+-T == A< PS2+T1°¢ = A

holds for the corresponding proof systems PS1 and PS2.

This means, that completeness is the converse of soundness. The conjunction of
both properties is what we call faithfulness. Consequently, in the case of the *

translation, we get: if the * embedding is correct (faithful) then

G3s I 22 A*= (<) G3c+T' = A.

6.2.2 Deliberations on faithfulness: ° vs. *

If we substituted G3i, the intuitionistic version of a G3 system, for G3c, this result
would surely hold (cf. Schiitte, 1968, pp. 33-43). But is this also true for our case?
We want to consider this by comparing the * embedding to the ° embedding (see
Def. 0) in the following.

Multi vs. single conclusion Indeed, it seems to be an easier endeavour to
prove the classical case than proving the intuitionistic one at first glace: a lot of
the difficulty accompanying the latter is related to G3s being a multi-conclusion
system, i.e. 0 < |A|, whereas G3i only allows for at most single conclusion suc-
cedents, 0 < |A| <1 (cf. Troelstra and Schwichtenberg, 2000, pp. 289-291). Since

G3c is multi-conclusion permissive, this problem should not occur.

Boxing and unboxing Nonetheless, there is a different and possibly more grave
problem: a proof of completeness of a modal embedding requires a back transla-
tion from the modal to the non-modal realm. In the intuitionistic case, where
the ° translation is employed, this is comparably straightforward. The ° forth-
translation consists in putting O in front of every non-modal formula. In S4,

boxing and unboxing formulas is made trivial by the conditions on the relation
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(cf. Def. 10.2). Expressed syntactically, and utilising an axiomatic, Hilbert-style
formulation of the system, we can see this easily by taking a look at the two axioms
normally added to K in order to obtain full S4 (cf. Troelstra and Schwichtenberg,
2000, p. 284):

(T) g4 oA—- A
(4) rsy0A—>D0ODA

Employing (T), every formula lead by a O operator can directly be transformed
into a non-modal formula. In the case of the * translation, however, a we will not
achieve our goal as easily. The resources of S4 to deal with the & operator, as it
becomes introduced by the * translation, in particular its elimination, are more

limited. This, hence, complicates the proof.
Extracting the modal

Distributivity There is a second aspect to the task of proving faithfulness.
Before we can employ the axioms or rules of S4 to transform modal into non-modal
formulas, we need to extract the modal content from it. This means, we need to
bring our S4 candidate formula for back-translation into the following form: oC'
(or & C for the * case), where C' does not contain any modal symbols 0, <. Here
again, ° has the edge over *: as Fitting (1970, pp. 529-530) states correctly, the °
translation is fully distributable over A, v, 3, whereas the * translation is only over
A, complicating the proof procedure. This will lead to more proof diversions in

the * case.

Fuzz with the meta-quantifiers An additional problem for obtaining the
desired form is a problem with the order of O, in the * translation. By taking
a look at the corresponding semantic clauses in Def. 14.2.7-8, we can see that we
cannot directly invert the order of the initial operators in the * translated formu-
las. We can see this as VA: HB : C tppp HB: VA : C in our classical, first-order
meta-language LPL (Leitgeb, 2018, p. 226). This again complicates matters since
we cannot easily get the ¢s to the front of the modal formulas which we need to

back-translate.
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Additionally to extracting them, we need to eliminate the existential meta-quantifiers,
i.e. (modulo Def. 14.2.7) the ¢s. This is a related problem to that of ‘Skolemisa-
tion’ (Troelstra and Schwichtenberg (cf. 2000, p. 246) and Bimbé (cf. 2015, pp.
288-289). We could frame this problem as skolemising on two levels, the object
and the meta level. Due to its &-less formulation, such a concern cannot arise for

the ° case.

6.2.3 The unfaithfulness of *?7

We have just seen that, although the multi-conclusion formulation of G3c might
help to simplify matters slightly, the problem of extracting the modal operators
and eliminating them by the means of S4 will be a notably greater challenge for
the completeness proof of the * embedding than for its ° counterpart. Giving the
proof a hands on attempt may lead one to suspect that the proof is altogether

impossible.

Suspicion 1 (Unfaithfulness)
We suspect that

G3s 1" = A* = («¢) G3c 1" => A,

Of course, validating this suspicion will require more investigation and thorough
proof as we are able to provide in this thesis. This is due to space constraints and
the expository nature of this section. Nevertheless, we hope that our deliberations
are able to shed some light on possible obstacles a completeness proof for the *
embedding would need to surpass.

Notwithstanding the above, both our model-theoretic and our proof-theoretic
study clearly show that Fitting’s * embedding can be regarded sound. It allows us
to bridge the classical realm and the modal realm of S4.

In the following, final section of this thesis we want so ask: ‘What does this mean?’.
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7 Evaluation: the * embedding as notational vari-

arce

In this concluding section, we want to take stock and evaluate our results. We
will do this by rationally reconstructing the quote from our introduction, [T/ruth
may be replaced by provable consistency (Fitting, 1970, p. 529), based on what
has been shown and discussed in this thesis in regards to the * embedding.

As we have seen in the beginning, ‘truth’ refers to (one possible philosophical read-
ing of) classical logic, whereas ‘provable consistency’ relates to S4 (or a philosoph-
ical interpretation thereof). Hence, the part of the quote still requiring explication
is what is meant by ‘may be replaced by’. We want to offer a possible reading of
replaceability in terms of notational variance and show that, consequently, we can

spell out Fitting’s quote as Classical logic is a (one-way) notational variant of S4.

However, what takes it to be a ‘notational variant’? We want to base our follow-
ing deliberations about this on French (2019), where one can find a comprehensive
survey of the literature on the topic. We will introduce two® modified conceptions
offered in French’s paper, a syntactic and a semantic one, and evaluate them in
the light of the * embedding.

7.1 Syntactic equivalence

We will start by giving the syntactic notion from French (cf. 2019, p. 325). We
have changed the definition to fit our terminology (for instance, our concept of a
faithful embedding) and our notation. We will also adapt it to our specific case

right away without introducing a generalised version beforehand.

Definition 32 (Syntactic equivalence)
Be * a (forth-)translation, which translates the formulas of G3c into formulas

of G3s, and be *c its converse, i.e. the (back-)translation, which translates the

5Tt would also be interesting to take a look at French’s notion of definitional equivalence in
this context. Unfortunately, the account has not yet been fully developed for first order languages
but only for the propositional case (cf. French, 2019, p. 329).
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formulas of G3s into formulas of G3c.

G3c and G3s are systactically equivalent :<
1. H*, *e: the *(*<) embedding faithfully embeds G3c(s) in G3s(c),

2. the following ‘inverse’ conditions hold:

We cannot say that this definition holds, i.e. that the * embedding establishes
syntactic equivalence between classical logic and S4, based on our prior invest-
igations. Although we have been able to show the soundness of the embedding
syntactically, we still need to prove its completeness, the possibility of which we
have doubted. We might also need some additional proofs to satisfy the ‘inverse’
conditions.

This and the fact that Fitting’s proof sketch was for the soundness direction of a
semantic embedding leads us to dismiss the thesis that replaceability in Fitting’s

quote should be analysed as syntactic equivalence.

7.2 Expressive equivalence

A second, more semantic notion of notational variance offered in French (cf. 2019,
p. 326) is that of expressive equivalence. We will introduce the definition now,

again modifying it to fit our notation.

Definition 33 (Expressive equivalence)
Be Modg, Modgs classes of Kripke models.

Ec and Eg4 are expressively equivalent :<
1. VAe Lo:HB e Lsy: VMg e Mode : Mg Ec A< g(Mc) Esy B,

2. VBeLgy:HA€e Lo: VMo e Mode: Mg Ec A< g(Mc) Esa B,
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where ¢ is a bijection between Modc and Modgy: AV’ : g((W, R, V)) = (W, R, V).

This proposal for a concept of notational variance is a notably better candidate
for the analysis of Fitting’s replaceability relation, standalone for its semantic
formulation. However, due to its use of equivalence and its branching into two

cases, it is still stronger than our and, thus, Fitting’s result.

7.3 Expressive implication

We want to use a simple fix for this: let us reduce expressive equivalence to
expressive implication. Expressed differently, we want to constrain notational
variance to a one-way case.

We will also use Def. 21 as a replacement for the g-bijection and the existence
claim for B as they express the same (the former, the * translation, positioning
the lever at a language level, whereas the latter does so at our models). We will

also apply Def. 16. Hence, we obtain:

Definition 34 (Expressive implication)

Ec expressively implies Fgy <> VA€ Lg:
Fo A =>Fg4 A*.

This version of expressive equivalence, reduced to an implication, finally meets all
of the criteria for the analysis of Fitting’s replaceability claim.

In fact, this definition of expressive implication is identical to our main result in
section 4: Theorem 2, the semantic embedding theorem. As it happens, this is
also the result which Fitting’s proof sketch arrives at.

Hence, we can hold that what Fitting means, when he writes [T/ruth may be

replaced by provable consistency, is indeed (modulo translation):
Eo expressively implies Egy.

If we consider expressive equivalence the right analysis of (full) notational variance,

we can also say (modulo translation):

Classical logic is a one-way notational variant of S4.
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or
Classical logic is a partial notational variant of S4.

If we express this more philosophically, also using the discussion from French (2019,
cf. p. 321), we could re-phrase this as follows: the classical truths only trivially
vary from the S4 truths, which are won by extending the former to the latter via

the * translation.

7.3.1 Replaceability as extensibility

We have seen that classical logic can be considered a one-way or partial notational
variant of S4, if we accept ‘expressive equivalence’ in the sense of Fitting as the
right notion of notational variance. We have also seen that this can give us a
conclusive explication of our initial quote.

We want to add one final thought: is this anything new? Indeed, this result
was already foreshadowed in an earlier section of this thesis. When we defined
our proof systems, we obtained G3s by adding rules for the modal operators to
G3c. In other words, we obtained S4 by extending classical logic. This sounds
suspiciously similar to our final result in the discussion of the embedding in the
light of notational variance.

Therefore, we might want to conclude this thesis with an old insight: classical
logic can be extended to S4 (cf. Troelstra and Schwichtenberg, 2000, p. 283).
Nevertheless, the * translation could still offer richer insights: if our suspicion is
false and the * embedding is indeed faithful, this might change our view on this

matter. This, however, needs to be investigated in another paper.



REFERENCES 62

References

Christoph Benzmiiller, Ali Farjami, and Xavier Parent. Faithful semantical em-

bedding of a dyadic deontic logic in HOL. CoRR, abs/180.08454, 2018.

Katalin Bimbé. Proof Theory. Sequent Calculi and Related Formalisms. Discrete
Mathematics and its Applications. Taylor and Francis, 2015.

Luitzen Egbertus Jan Brouwer. Over de grondslagen der wiskunde. Academisch

proefschrift. phdthesis, Universiteit van Amsterdam, 1907.
Paul J. Cohen. Set Theory and the Continuum Hypothesis. W. A. Benjamin, 1966.

Johannes Czermak. Embeddings of Classical Logic in S4. Studia Logica, XXXIV
(1):87100, 1975.

Johannes Czermak. Embeddings of Classical Logic in S4. Part II. Studia Logica,
XXXV(3):2, 1976.

Jos de Bruijn, Thomas Eiter, Axel Polleres, and Hans Tompits. Embedding non-
ground logic programs into autoepistemic logic for knowledge-base combination.
ACM Transactions on Computational Logic (TOCL), 12,3(20):304-309, May
2011.

Jos de Brujin, Thomas Eiter, and Hans Tompits. Embedding Approaches to Com-
bining Rules and Ontologies into Autoepistemic Logic. In Proceedings, Eleventh
International Conference on Principles of Knowledge Representation and Reas-
oning, pages 485-495, 2008.

Heinz-Dieter Ebbinghaus, Jorg Flum, and Wolfgang Thomas. FEinfihrung in die
mathematische Logik. Springer, 5th edition, 2007.

Melvin Fitting. Intuitionistic Model Theory and Forcing. Studies in Logic and the
Foundations of Mathematics. North-Holland, 1969.

Melvin Fitting. An Embedding of Classical Logic in S4. The Journal of Symbolic
Logic, 35(4):529-534, December 1970.



REFERENCES 63

Rohan French. Notational Variance and its Variants. Topoi, (38):321-331, 2019.

Kurt Godel. Eine Interpretation des intuitionistischen Aussagenkalkiils. In So-
lomon Feferman, John Dawson, Stephen Kleene, George Moore, Robert Solovay,
and Jean van Heijenoort, editors, Collected Works, volume 1, pages 300-302.
Oxford, 1986.

Norbert Gratzl. Formal Methods I. Foundations, January 2018a.

Norbert Gratzl. Logik II. Einfiihrung in die Metatheorie der Aussagen- und
Pradikatenlogik, July 2018b.

Saul A. Kripke. Semantical Considerations on Modal Logic. In Proceeddings of
a Colloquium on Modal and Many-valued Logics, number XVI in Acta Philo-
sophica Fennica, pages 83-94. Societas Philosophica Fennica, Akateeminen Kir-

jakauppa Helsinki, August 1962.

Hannes Leitgeb. Logik I. Eine FEinfihrung in die klassische Aussagen- und
Prddikatenlogik. January 2018.

John Charles Chenoweth McKinsey and Alfred Tarski. Some theorems about the
sential calculi of Lewis and Heyting. The Journal of Symbolic Logic, 13:1-15,
1948.

Joan Moschovakis. Intuitionistic Logic. In Edward N. Zalta, editor, The Stanford
Encyclopedia of Philosophy. Winter 2018 edition, 2018.

Sara Negri and Jan von Plato. Structural Proof Theory. Cambridge, 2001.

Dag Prawitz. An interpretation of intuitionistic predicate logic in modal logic. In
Contributions to mathematical logic, Proceedings of the logic colloguium, Han-
over, 1966.

Kurt Schiitte. Vollstandige Systeme modaler und intuitionistischer Logik. Num-

ber 42 in Ergebnisse der Mathematik und ihrer Grenzgebiete. Springer, 1968.

Grigori Schwarz. On embedding default logic into Moore’s autoepistemic logic.

Artificial Intelligence, (80):349-359, 1996.



REFERENCES 64
Stewart Shapiro and Teresa Kouri Kissel. Classical Logic. In Edward N. Zalta,
editor, The Stanford Encyclopedia of Philosophy. Spring 2018 edition, 2018.

Raymond M. Smullyan. First-Order Logic. Number 43 in Ergebnisse der Math-
ematik und ihrer Grenzgebiete. Springer, 1968.

Anne Troelstra and Helmut Schwichtenberg. Basic Proof Theory. Cambridge,
second edition, 2000.

Rineke Verbrugge. Provability Logic. In Edward N. Zalta, editor, The Stanford
Encyclopedia of Philosophy. Fall 2017 edition, 2017.

Gerd Wagner. Negation in fuzzy and possibilistic logic programs. Uncertainty
Theory in Artificial Intelligence Series, pages 113-128, 1998.



LIST OF DEFINITIONS AND REMARKS 65

Appendix

List of definitions and remarks

© 00 1 N O Ot e =W NN RO

N N W N NN NN H o s s s e s s
(2 SEEN W N P O © 0 J O Ot == W N = O

Definition (The °© translation) . ... ... ... ... ... ... .... 4
Definition (The alphabet of the language of first-order S4, Lg4) . . . 8
Definition (Terms of Lgy4) . . . . . . oo oo oo 9
Definition (Formulas of Lg4) . . . . . . ..o oo oL 9
Remark (Atomic formulas) . . . ... ... ... o 0oL 9
Definition (Free variables in a term ¢, fvt(t)) .. ... ... ... ... 9
Definition (Free variables in a formula A, free(4)) . . ... ... ... 9
Definition (Closed formula) . . . ... ... ... ... ... . ... 10
Remark (Closed formula convention) . . . .. ... ... ... ..... 10
Definition (S4 assignment, ags) . . . . . . ..o 10
Definition (The terms of a predicate, ter(P*(z1,...,2,))) « . . . . . . 10
Definition (The terms of a formula A, ter(A4)). . . ... ... .. ... 10
Definition (5S4 frame, Fgq) . . . . . o oo o 11
Definition (S4 model, Mgy) . . . . . ..o 11
Definition (D). . . . . .. .. 11
Definition (V(w)) . . . . . o 12
Definition (Satisfaction in an S4 model) . . .. ... ... ... . ... 13
Definition (Validity in an S4 model) . . ... ... ... ... .. ... 13
Definition (Logical truth) . . . ... .. ... ... .. .. 13
Definition (Trivial model) . . . . ... ... ... .. o L 15
Definition (Par) . . . .. .. 16
Definition (Truth set, Tpar) . - - o o o o o oo oo 16
Definition (Classical validity) . . . . ... ... ... ... .. .. ... 16
Definition (The * translation) . ... ... ... ... ... .. .. ... 20
Definition (A”) . . . ... 21
Definition (Complete sequence, ¥) . . . . . .. ... ... ... ... 25
Remark (mand ) . ... ... ... L 26
Definition (9) . . . . .. ... 28

Definition (Relevance to d) . . . . . ... ... .. ... ... ... .. 28



LIST OF THEOREMS, LEMMATA, OBSERVATIONS, AND SUSPICIONS 66

26
4

27
28
29
30
31
32
33
34

Definition (Derivation) . .. .. ... ... ... ... .. ... . ..., 49
Remark (Proof) . . . . .. ... 50
Definition (G3c) . . . .. .. .. ... 50
Definition (G3s) . . .. . ... . 51
Definition (Soundness of an ¢ embedding) . . . .. ... ... .. ... 53
Definition (Completeness of an ¢ embedding) . . . .. ... ... ... 54
Definition (Faithfulness of an ¢ embedding) . . .. ... ... .. ... 55
Definition (Syntactic equivalence) . . . . . ... ... ... ... . ... 58
Definition (Expressive equivalence) . . . .. ... ... ... ... ... 59
Definition (Expressive implication) . . . ... ... ... ... .. ... 60

List of theorems, lemmata, observations, and sus-

picions
1 Theorem (A relation of classical and trivial validity) . . . . .. .. .. 17
1 Lemma (Some properties of non-modal S4 formulas) . ... ... .. 21
2 Lemma (Tertium non daturin d) . ... ................. 28
3 Lemma (The connectives and 9) . . . . ... ............... 32
4 Lemma (the quantifiers and ) . . . . .. ... ... ... ... ... .. 43
1 Observation (¥ as a classical truth set) . . . .. ... .......... 46
2 Theorem (Soundness of the * embedding, semantically) . . . . . . .. 47
3 Theorem (Soundness of the * embedding, proof-theoretically) . . .. 53
1 Suspicion (Unfaithfulness) . . ... ........ .. .......... 57

List of examples

1
2
3

Example (V(w)) . . . .o 12
Example (Tertium non datur, boxed) . . . . . ... ... ... .. ... 14

Example (Two cases of the induction step) . . ... .......... 53



LIST OF TABLES

List of Tables

1 excerpt from a fictional vocabulary book . . . . . ... ... ... ...

2 logics, their interpretation, and corresponding translations . . . . . .

67



