GODEL JUSTIFICATION LOGICS AND REALIZATION

NICHOLAS PISCHKE

ABSTRACT. We study the topic of realization from classical justification logics in the context of the recently
introduced Goédel justification logics. We show that the standard Godel modal logics of Caicedo and Rodriguez
are not realized by the Godel justification logics and followingly, we study possible extensions of the Godel
justification logics which are strong enough to realize the standard Godel modal logics. On the other hand,
we study the fragments of the standard Goédel modal logics which are realized by the usual Goédel justification
logics. We prove the corresponding Realization Theorem by using Fitting’s merging of realizations as well as
appropriate hypersequent calculi on the modal side, adapting the work of Metcalfe and Olivetti. For these
hypersequent calculi, we also show a cut-elimination theorem. We provide natural semantical characterizations
for all of these newly introduced logics.

1. INTRODUCTION

The study of justification logics began in the ’90s when Artemov introduced the logic of proofs (see [1, 2])
to provide an arithmetical interpretation of the classical modal logic S4 in Peano arithmetic, a possibility
anticipated by Godel in [18] (where he actually introduced the modern Hilbert-style calculus for §4). In
comparison to the usual necessity statements “[J¢” of unexplicit modal logics, the logic of proofs contains
modal formulae of the form “t : ¢”, indexed by so-called proof terms t which encode an explicit reason for
the necessity statement directly in the language. In that way, one can also reason about the dynamics within
these reasons of necessity statements in addition to just reasoning about dynamics between necessity statements.
Artemov provided a complete arithmetical semantics for this logic of proofs, where proof terms are interpreted
by codes of proofs in classical Peano arithmetic, and further embedded S4 into the logic of proofs which, in
combination, yielded the arithmetical completeness result of S4. This embedding is established by the so-called
Realization Theorem: for every modal theorem of §4, the different occurrences of [’s in the theorem can be
replaced by appropriate proof terms to yield a theorem of the logic of proofs.

In the following years, research into the logic of proofs yielded various subsystems and extensions forming the
modern framework of justification logics (see [3] for a survey and the recent textbooks [4, 25]) and the develop-
ment of a corresponding epistemic semantics, spanning this whole framework, prompted that the interpretation
of the proof terms broadened to representing general epistemic justifications, lifting the whole framework into
formal epistemology. While the arithmetical semantics remains a feature confined pretty much to the logic of
proofs, the Realization Theorem extends to these other justification logics together with corresponding, unez-
plicit, modal companions and forms the central relationship between justification logics and unexplicit modal
logics.

In this paper, we investigate this property for fuzzy variants of modal and justification logics, namely for the
standard Godel modal logics as introduced by Caicedo and Rodriguez in [9] and the Godel justification logics as
introduced by Ghari in [15] and by Pischke in [29]. These variants replace the typical boolean base of classical
justification (or modal) logics with [0, 1]-valued Gédel logic, one of the three main t-norm based fuzzy logics
in the sense of Hajek [19] (although it initially originated from an intuitionistic perspective along the lines of
Godel [17], Dummett [11] and Horn [20]).

On the modal side, a first resulting difference to the classical case is that the natural semantic dual of [
in the context of the standard Godel modal logics is not internally definable while the natural semantic dual
operator of O in classical modal logics is (via ¢8 := —0—f). This gives rise to three different types of fuzzy
Godel modal logics: bi-modal versions containing both [J- and ¢ as primitives interpreted by their respective
semantic duals (see [10]) and the respective O and O-fragments (see [9]).

As the justification modality “¢ :”, in its standard (semantical) interpretation (both classically and in the
Godel-case), is a necessity-style operator, we only consider the O-fragments of the standard Godel modal logics
as there is no immediate dual notion of “f :”, neither in the context of the classical nor in the context of the
Godel justification logics.! Therefore, there is also no immediate way of interpreting ¢ in the fuzzy justification
setting.

Key words and phrases. Justification Logic, Modal Logic, Fuzzy Logic, Godel Logic, Realization.
IThere is some work on providing explicit analogues of the {-operator in some settings where it represents a (semantic) dual
which is not internally definable, especially [23] in the context of constructive modal logics.
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In this setup, we find that the standard Goédel modal logics are not realized by the Gédel justification logics.
This gives rise to two natural questions. For one: what are the fragments of the standard Goédel modal logics
which are realized by the standard Godel justification logics? For another: what are feasible extensions of the
standard Godel justification logics which do realize the standard Goédel modal logics? We study both of these
questions in this paper.

For the latter, we introduce extensions of the standard Goédel justification logics, defined over a broadened
language augmented with a new operator on the justification terms, and show that adding a characteristic axiom
for this operator to the previous axiomatic systems suffices to prove an analogue of the classical Realization
Theorem in the many-valued cases with the usual versions of the standard Godel modal logics. We also provide
strongly complete semantics for these extensions based on the Godel-Fitting and Goédel-Mkrtychev models
previously introduced for the usual Gédel justification logics (see [29]).

For the former, we introduce fragments of the standard Gédel modal logics by dropping a specific problematic
axiom in the usual Hilbert-style formulation and show that these fragments are the ones realized by the standard
Godel justification logics. We also devise a semantics for this realized fragment of the standard Godel modal
logics which suitably generalizes the [0, 1]-valued semantics over Godel-Kripke models from [9].

Both realization results are proved constructively using (partly new) hypersequent calculi for which we also
provide a cut-elimination theorem. For this proof of the realization results, we adapt Fitting’s merging of
realizations (see [14]) to the Godel-case.

2. PRELIMINARIES
Throughout the paper, we write © ® y := min{z, y} and x @ y := max{z,y} for z,y € [0, 1].
2.1. Godel justification logics. Syntactically, we define the set of justification terms Jt by
Jt:teo=cla|[t+t]|[t-t] ||

with ¢ € C := {¢; | i € N} (called a justification constant) and z € V := {z; | i € N} (called a justification
variable). The justification constants and variables are used to represent atomic justifications. Together with
the operations +,-,! and 7, the resulting terms are then able to model the dynamics of justifications under
various styles of inference.

The corresponding language of justification logics £ is then given by

Ly:dz=L]T[pl(d—=9)|(0Ad)[(¢VP)|t:0
with ¢ € Jt and p € Var := {p; | i € N} (called a propositional variable). Negation — is introduced as a
syntactical abbreviation via =¢ := (¢ — L). We write var(¢) for the set of propositional variables occurring in
a formula ¢ and jvar(t), jvar(¢) for the sets of justification variables occurring in some term ¢ or some formula
¢, respectively. A term ¢t is called closed if it contains no justification variables, i.e. if jvar(t) = 0. Also, we
write sf(¢) for the set of all subformulae of ¢ (including ¢).

2.1.1. Proof calculi. We define the following proof systems for the Godel justification logics over L, based on
Héjek’s strongly complete Hilbert-style proof calculus for propositional [0, 1]-valued Gédel logic given in [19]:%

Definition 1. The Hilbert-style calculus G 7 is given by the following axiom schemes and rules over L ;:

(A1): (=) = (¥ = x) = (6 = X));
(A2): (o ANY) = ¢;

(A3): (@A) = (Y A );

(A5a): (¢ = (¥ = x)) = (P AY) = x);

(A5D): ((pAY) = x) = (¢ = (¥ = x));

(46): ((¢ = v) = x) = (¥ = &) = X) = X);
(A7): L — ¢

(G4): ¢ — (9N 9);

(T): T+ 1

(V): (9VY) < (0 =) = ) A ((¥ = 0) = ¢);

() t: (6= ) = (s:6— [t-5] : );

(H):t:p—ot+s]:d,s:0—=[t+5]:¢;

(MP): from ¢ — ¢ and ¢, infer 1.

By G, we denote the fragment without the axiom schemes (J) and (4). We then define the following axiomatic
extensions of GJ g over L :

°In Hajek’s work [19], the symbols T and V are not primitives but introduced as abbreviations. The additional axiom schemes
(T) and (V) encode these definitions.
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(1) GI Ty is the extension of GJ by the scheme (F) :t: ¢ — ¢;

(2) GJ4 is the extension of GJ¢ by the scheme (1) :t: ¢ =t :t: ¢;

(3) GLP is the extension of GJ o by the schemes (F) and (!);

(4) GJ45¢ is the extension of GJ¢ by the schemes (!) and (?) : =t : ¢ =7t : =t : ¢;
5) GJT45¢ is the extension of GJ¢ by the scheme (F), (!) and (7).

2.1.2. Constant Specifications. Let GT Ly € {GT0,9TTo0,GT40,GL Py, GT450,GT T450}. A constant specifi-
cation for GJ Ly is a set CS of formulae of the form

Ci,, * "t Cyy :¢a

with n > 1 and where ¢ is an axiom instance of GJ Ly, where ¢;, € C whenever 1 < k < n, and which is
downwards closed, that is

ife;, ity e CS, thene, :---:¢iy 0 €CS

for every k € {1,...,n}.
CS is called axiomatically appropriate for GJ Ly if for every axiom instance ¢ of GJ Ly, there is a constant
c € C such that ¢: ¢ € C'S and if it is upwards closed, that is

ifeg, :ovie, e CS, theney, tc, i ey 1 €CS

n *

for some ¢;,,, € C.
CS is called schematic for GJ Ly if, whenever ¢ and v are instances of the same axiom scheme of G7 Ly,
then

c:peCSif,andonlyifc: ¢ € CS
for any c € C.

Naturally, there is only one total (that is, maximal with respect to C) constant specification C'S for GJ Lo
defined by

e, e CS

for every n > 1, every iy, ...,i, € N and every axiom instance ¢ of GJ L.

Ci

n -

Given a constant specification C'S for GJ Ly, we define the logic GJ Lcg as the extension of GJ Ly by the
corresponding rule

(CS) :from c: ¢ € CS, infer ¢ : ¢.
Provability (under assumptions I' C L) of a formula ¢ € L; in GJ Lcs is defined as it is usually done in
Hilbert-style calculi and is denoted by I' Fg 72,4 ¢.

A distinctive feature of [0, 1]-valued propositional Godel logic, in comparison with other many-valued logics
based on t-norms, is that the classical Deduction Theorem holds for Godel logic, that is the Godel implication
captures the deducibility relation. This carries over to the justification variants:

Lemma 1 (Deduction Theorem). Let
GITLy €{GT0,6TT0,9T40,GLPy,GT450,GT T 450}
and CS be a constant specification for GJT Ly. For any T U{¢, ¢} C Ly, we have
FPU{} Fggees @ i D hggees ¥ — ¢

The proof is a natural generalization of the classical case (see e.g. [25] for the case of LP).

Another important result on the Godel-based systems is the corresponding version of the Lifting Lemma,
analogous to the classical case.

Lemma 2 (Lifting Lemma). Let

ngO € {g\.707 gJTO; gj407 gﬂpo; gj4507 ng450}

and CS be an ariomatically appropriate constant specification for GJ Ly. If
{1, ..., ¥n} Ferces ¢, then for any justification terms t1,...,t, € Jt, there is a justification term t € Jt such
that

{t1 : 91, st Un}t Fogces t: @
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Also here, the proof is a straightforward generalization of the classical case (see e.g. [4]). Note that the
condition {¢1,...,9,} Fgrres ¢ of the Lifting Lemma is equivalent to Fgrr.s Aoy i — ¢ by repeated
applications of the Deduction Theorem and axiom scheme (A5a).?

A direct consequence of the Lifting Lemma is the Internalization Property for Godel justification logics with
an axiomatically appropriate constant specification.

Corollary 1 (Internalization). Let

GI Lo €{GT0,GTT0,GT4%0,GLPo, GT450,GT T 450}

and C'S be an axiomatically appropriate constant specification for GJ Ly. If Fg7..s ¢, then there is a t € Jt
such that Fgrz o t: @

Remark 2. By an examination of the usual proof of the above Lifting Lemma (see again [4] for the classical
case), it can be seen that one can choose the term ¢ such that the justification variables of ¢ are among those of
t1,...,t,. In particular, in the above Internalization Property, ¢ can be chosen to be a closed term.

2.1.3. Semantics. We recap the two main semantics for the Godel justification logics. These many-valued
models, generalizing the fundamental semantics of Fitting and Mkrtychev for the classical justification logics,
were introduced in [16, 29].

We begin with the so-called Goédel-Mkrtychev models, many-valued analogues of the classical Mkrtychev
models. The classical versions were originally introduced by Mkrtychev in [28] for the logic of proofs, by
Kuznets in [21] for some of the other classical justification logics below the logic of proofs and in [24, 32] for the
justification logics containing negative introspection.

Definition 2. A Gddel-Mkrtychev model is a structure I = (£, e) where
(1) £:Jtx Ly —[0,1],
(2) e:Var —[0,1],
and which satisfies
(i) E(t, ¢ =) ©E(s,0) < E(t-s,9),
(ii) E(t,0) @ E(s,9) < E(t +5,9),
for all t,s € Jt and all ¢,y € L.
We denote the class of all Gédel-Mkrtychev models by GM and say that 9t is a GM-model if 9t € GM. We

call a GM-model M = (£, e) crisp if both £ and e only take values in {0,1}.
For a GM-model M = (€, e), we define its evaluation function | - |ogn : £; — [0, 1] by recursion over L:

o [Llon :=0; [T|om := 1;

o |plon := e(p) for p € Var;

o ¢ — Yl = [Plon = []on;
o [pAplon = |dlan © [Y|om;
o [V Yon = |Plon © [¢]om;
o [t:lom:=E(t, 9).

Here, and in the following, we write = for the residuum of the minimum t-norm ©, that is
ifx >y,
=y = 4 y
1 otherwise,
for ,y € [0,1]. For the derived connective —, we obtain the following derived truth function ~:

0 ifx>0;
1 otherwise.

We also write ~2 z for ~~ .

We may extend evaluations to sets of formulae I' C £; by setting |I'|on := infser |¢lon. We write I = ¢ if
|¢|lom = 1 and similarly for sets I

We say that a Godel-Mkrtychev model 9t = (€, €) respects a constant specification C'S' if

E(c,d) =1 for every c: ¢ € CS.

Given a class of Godel-Mkrtychev models C, we denote the subclass of all models respecting C'S by Ccs.
Corresponding to the different additional justification principles, given by the axiom schemes (F), (!) and
(7), we introduce respective model classes capturing them semantically.

3We define the empty conjunction to be T.
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Definition 3. A GM-model M = (€, e) is called a
(1) GMT-model if E(t, ¢) < |p|o for all t € Jt and all ¢ € L; (factivity),
(2) GM4-model if (¢, ¢) < E(t,t: ¢) for all t € Jt and all ¢ € L; (positive introspectivity),
(3) GMLP-model if (1) and (2) hold,
(4) GM45-model if (2) holds and ~ E(¢,¢) < E(Tt,—t : ¢) for all ¢ € Jt and all ¢ € L; (negative introspec-
tivity),
(5) GMT45-model if (1) and (4) hold.

Based on Godel-Mkrtychev models, there are now two different notions of semantic entailment, similarly as
in propositional Godel logic (see [31] for a survey).

Definition 4. For a class C of GM-models and T'U {¢} C L, we say:
(1) T 1-entails ¢ in C, written ' ¢ ¢, if for any 9t € C: 9 =T implies M = ¢;
(2) T entails ¢ in C, written I’ =c< ¢, if for any I € C: |Tlon < |@|on.

The main theorem about Godel justification logics and the corresponding Goédel-Mkrtychev models is the
Completeness Theorem with respect to both semantic entailment relations.

Theorem 3 (Completeness Theorem; GJ Lcg and GMJLcs; [29]). Let
GILy €{GT0,9TT0,GT40,GLPo, GT450,GT T 450}
and CS be a constant specification for GJ Ly. Let
GMJL € {GM, GMT, GM4, GMLP, GM45, GMT45}

be the class of Gidel-Mkrtychev models corresponding to GJ Lo. Then, for all T U {¢} C L, the following are
equivalent:

(1) Trggres @5
(2) T FeMmiLes< 5
(3) T' FemiLes @-

We now turn to the alternative semantics given by Godel-Fitting models, the [0, 1]-valued analogues of the
classical Fitting models. These classical models were introduced by Fitting in [12, 13] for the logic of proofs.
The restrictions and extensions corresponding to other justification principles can be traced back to e.g. [3, 22]
(although they may have appeared earlier).

Definition 5. A Gddel-Fitting model is a quadruple 9 = (W, R, €, e) with
(1) W # 0, the domain of I,
(2) R:W x W — [0,1],
(3) E:W x Jtx Lj —[0,1],
(4) e: W x Var — [0,1],
where &£ satisfies
(i) E(w,t,p = P) ©E(w,s,¢) < E(w,t-s,v),
(i) E(w,t,d) D E(w,s,¢) < E(w,t+ s,0),
for allw e W, all t,s € Jt and all ¢,y € L.

We denote the class of all Gédel-Fitting models by GF and call a structure 9t a GF-model if 9t € GF.
An important notion for Gédel-Fitting models is being accessibility-crisp, that is Godel-Fitting models where
R(w,v) € {0,1} for all w,v € W. For a class C of GF-models, we denote the subclass of all accessibility-crisp
models in C by C.. Given a model M, we also denote its domain by D(9M).

For a GF-model M = (W, R, £, e), we may define a local evaluation | - |, relative to a world w € D(IM),
recursively on the structure of £; as follows:

o | L :=0; | Tl :=1;

o [p|3; :=e(w,p) for p € Var;

o [0 = Yloy = @l = [Vl

o oAl = [dlsn © [¢]n;

o oV Plgy = (Dl D [¢l;

o |t:olin =& (w,t,¢) ©inf,ew (R(w,v) = |P|)-

This extends to sets of formulae, locally, in a similar way as with Goédel-Mkrtychev models by |T'|y;, =
infyer [Pl We again write (I, w) = ¢ if |¢[§; = 1 and similarly for sets I

Following [29], we may define a range of more restrictive classes of Godel-Fitting models in analogy to the
classical cases:
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Definition 6. A Godel-Fitting model 9t = (W, R, £, e) is called a
(1) GFT-model if R(w,w) =1 for all w € W (reflexivity),
(2) GF4-model if
(i) E(w,t,¢) © R(w,v) < E(v,t,¢) (monotonicity),
(i) R(w,v) ® R(v,u) < R(w,u) (min-transitivity),
(iii) E(w,t,¢) < E(w, !, t: ¢) (positive introspectivity),
for all w,v,u € W,allt € Jt and all ¢ € L,
(3) GFLP-model if it is a reflexive GF4-model,
(4) GF45-model if it is a GF4-model satisfying
(i) ~E&(w,t,¢) < E(w,?t, -t : ¢) (negative introspectivity),
(i) E(w,t,¢) < |t: ol (factivity),
forallwe W,allt e Jt and all ¢ € L,
(5) GFT45-model if it is a reflexive GF45-model.

v)
<

In similarity to Goédel-Mkrtychev models, given a constant specification CS, we say that a Godel-Fitting
model MM respects CS if
E(w,c,p)=1forallc:¢p € CS and all w e W.
For a class C of Godel-Fitting models, we denote the subclass of all models respecting a constant specification
CS by Ccs.
Again in analogy to the case of Godel-Mkrtychev models, one obtains two natural notions of semantical
entailment for classes of Godel-Fitting models.

Definition 7. Let C be a class of GF-models and T'U {¢} C L ;. Then, we say:
(1) T 1-entails ¢ in C, written I" =c ¢ if for any 9 € C and any w € D(9IM): (M, w) |= T implies (M, w) = ¢;
(2) T entails ¢ in C, written I' =c< ¢ if for any Mt € C and any w € D(OMN): T3 < |65

One now obtains a respective Completeness Theorem for the Godel-Fitting semantics. A surprising addition,
however, is that the models used in the Completeness Theorem can be restricted to be accessibility-crisp. This
is similar to the Completeness Theorem of the O-fragment of the standard Godel modal logics in [9] with respect
to their possible world models (see section 2.2.2 for more detail).

Theorem 4 (Completeness Theorem; GJ Los and GFJLcs; [29]). Let
GITLy € {GT0,GTT0,9T40,GLPy,GT450,GT T450},
C'S be a constant specification for GJ Ly and let
GFJL € {GF, GFT, GF4, GFLP, GF45, GFT45}

be the class of Gddel-Fitting models corresponding to GJ Lo. For allTU{¢} C L, the following are equivalent:

(1) Trgares @5
(2) T Ecrites< ¢;
(3) T FcriLes @5
(4) T FcFiLes, ¢-

2.2. Standard Go6del modal logics. On the modal side, we fix a necessity-based modal language L4 by

Lo:¢pz=L|T[pl[(@—=9)|(6Ad)](oV )]s
We again write sf(¢) for the set of all subformulae of ¢ (including ¢).
In the later sections, in particular in the context of hypersequent calculi, we will need the notion of complexity
c(¢) of a modal formula ¢. This is defined, recursively over £, as follows:
e ¢(L):=¢(T):=c(p) :=0;
o c(¢d x ) :=1+c(d) +c(yp) for xe {A,V,—};
e o(06) = 1+c(9).

2.2.1. Proof calculi. The standard Godel modal logics, as defined by Caicedo and Rodriguez in [9], have the
following proof-theoretic descriptions via Hilbert-style calculi over L.

Definition 8. GK is given by the following axiom schemes and rules:
(G): the axiom schemes of the calculus G in Lr;

(K): O(¢ — 1) — (0o — Oy);
(Z): =—0¢ — O=—¢;

(MP): from ¢ — 1 and ¢, infer );
(NO): from + ¢, infer - .
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We define the following axiomatic extensions of GKq:

(1) GTo is the extension of GK by the axiom scheme (T') : Q¢ — ¢;
(2) GKA4p is the extension of GKg by the axiom scheme (4) : O¢ — O0¢;
(3) G840 is the extension of GKq by the axiom schemes (T) and (4).

Again, provability (under assumptions I' C £) of a formula ¢ € L in GM Ly € {GK0,GT o, GK40, GS40}
is defined as it is usually done in Hilbert-style calculi and is denoted by I' Fg ey ¢.

As before, the Deduction Theorem transfers from the propositional Gédel logic to the standard Godel modal
logics:

Lemma 5 (Deduction Theorem; [9]). Let GMLp € {GKn,GT o, GK40,6840} and T' U {¢, v} C L. Then
Fu{¢} bomen ¥ iff Thgmen ¢ — .

The following lemma will later be generalized to fragments of the standard Gédel modal logics and is funda-
mental for a rule in the corresponding hypersequent calculi.

Lemma 6 ([9]). Let GMLp € {GKn,GT0,6K40,684n} and T'U {¢} C L. Then
I'Fgamey ¢ implies O Fgaqcy D¢
where O := {0y | v € T'}.
Indeed, using the axiom scheme (Z), we find another admissible rule of the standard Goédel modal logics
which is also of importance in the corresponding formulations using hypersequent calculi, later on.
Lemma 7. Let GMLn € {GKn,GTo,6K40,G540} and T U{¢} C L. Then
—=ILT Fgamey ¢ tmplies ~=UIL O Fg oy O,
Proof. Lemma 6 applied to ==IL, ' Fgaqey ¢ yields
O-—IL 00 Fg e O
and using the axiom scheme (Z), we obtain
——0IL O Fg e Do
from this. 0

Remark 3. Note that

~ILT Fopmey ¢ iff Foamen (/\ ﬁﬂr—u> VI Av—=e

well ~yeTl

The proof of this equivalence is similar to the proof given later for Lemma 55 regarding a similar statement for
the Godel justification logics.

2.2.2. Semantics. In [9], Caicedo and Rodriguez obtained a Completeness Theorem for these logics with respect
to a natural semantics defined over model classes of [0, 1]-valued generalization of the classical modal Kripke
models, called Gédel-Kripke models:

Definition 9. A Gddel-Kripke model is a triple 9 = (W, R, e) where
(1) W #0,
(2) R: W xW —[0,1],
(3) e: W x Var — [0,1].

We denote the class of all Gédel-Kripke models by GK and say that 971 is a GK-model if 9t € GK. GK-models
capture the base logic GKg. Again, given a class C of GK-models, we denote its subclass of all accessibility-crisp
models (defined as with the Gédel-Fitting models) by Ce.

In similarity to Goédel-Fitting models, there is a natural extension of the function e to the set of formulae £
via the function | - |§; : Lo — [0,1], parameterized by worlds w € W, which is (recursively) defined as follows:
| Llgw = 05 [Tlgp =15
Ip|$; = e(w,p) for p € Var;

o = Ylay = [lsn = [¥lgn;

& A Plin == |dlon © [¥]an;

|9V Ylgn == |dlon & [¥]a;

IO6|gy = infoew (R(w, v) = [d]y)-
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By |T'|§; := infyer|vl3n, we again extend the evaluation function to sets of formulae I' C Lg and write
(M, w) [= ¢ for |p|y;, =1 and similarly for sets.

Following [9], we may define natural refinements of the class of Gédel-Kripke models to capture the other
proof-calculi extending GK.

Definition 10. Let 9t = (W, R, ¢) be a GK-model. We say that 9t is a

(1) GT-model if R(w,w) =1 for all w € W (reflexivity),
(2) GK4-model if R(w,v) ® R(v,u) < R(w,w) for all w,v,u € W (min-transitivity),
(3) GS4-model if its both a GT- and GK4-model.

As before with the Gddel justification logics, we have two natural forms of semantic consequence over model
classes.

Definition 11. Let C be a class of GK-models and T'U {¢} C L. We write

() TEcoifvMe C:Vwe W : (M w) =T implies (M, w) = ¢,
(2) T ':CS ¢ if VO € C:VU)GW:|F|% < ‘¢|%

Caicedo and Rodriguez then obtained the following Completeness Theorem for the various model classes and
proof systems where, as commented on in the context of the Completeness Theorem for Godel-Fitting models,
accessibility-crisp models suffice.

Theorem 8 (Completeness Theorem; GM Lo and GML; [9]). Let
GMLn € {GKo, 6T, GK4n, GS4n}

and let
GML € {GK, GT, GK4, GS4}

be the corresponding class of GK-models. Then, for any T U{¢} C L, the following are equivalent:

(1) r l_gM[:D Qﬁ,’
(2) T Eami< ¢;
(3) T FemL ¢;
(4) T EomL. ¢-

2.3. Forgetful projection. A natural projection from the explicit modal language L£; to the unexplicit lan-
guage L0 is the function which replaces every explicit modality “¢ :” by [J. We define this so-called forgetful
projection v : Lj — L4 formally by recursion on the structure of £; as follows:

p+— p for p € Var,
1= 1, T—T;
¢ x P ¥ o P for xe {A,V,—=};
t:¢— Uo”.
We may extend v to sets of formulae I' C £y via IV := {¢” | ¢ € T'}.
We use v in difference to the commonly used o to denote the forgetful projection as we use o for function
composition later on.

Remark 4. For the various axioms of Gdodel justification logics, we obtain the following forgetful projections:
(t:(@—=9Y) = (s:d—=[t-s]: ) =0(" = ¢¥) = (O¢¥ — OyY);

(2) (t:p—=[t+s]:0) =0¢" = 0O¢"; (s: ¢ — [t+ 8] : )Y =0¢” — O

(t:¢— @) =0¢" — ¢

(t:¢ =t t: o) =0¢" — Ode".

Note that the cases in (2) are instances of a propositional tautology, while (1), (3) and (4) are instances of
the various axioms of the standard Godel modal logics, all in the language of £. This results in the following
theorem.

Theorem 9. Let GT Ly € {GT0,GTT0,GT40,GLPy}, CS be a constant specification for GT Ly and GMLY €
{GK0,GT o, GK40,G84n} be the corresponding standard Gédel modal logic. Then, for all T U {¢} C L;:

T nggcs ¢ implies v }_QM»CD gb”.

The proof of the theorem is a straightforward induction on the length of the proof.
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3. REALIZATION FAILS WITHOUT FACTIVITY

In the following, let TC'S be the total constant specification for G745 and z € [0, 1]. We define the structure
M, := (Ex, ex) by ex(p) := z for any p € Var and

1 if Fgrasres @ and Fgrasres t: @,
gx(t7¢) = {x else TCS TCS

for any ¢t € Jt and any ¢ € L;. It is easy to see that, given ¢ € L, we have |dlop, € {0,2,1}.
Now, M, is indeed a well-defined Godel-Mkrtychev model (for certain x):

Lemma 10. If x € (0,1], then M, is a GM45tcs-model.

Proof. We verify the conditions for “being a GM45tcs-model” from Definition 2 and 3 for 9,:

(a) We show that 91, respects TC'S. We have g 745,05 ¢ : ¢ whenever we have ¢ : ¢ € TCS. By definition,
¢ is either an axiom instance or ¢ = ¢’ : 3 for some ¢’ € C' and some formula ¥ with ¢ € TCS by
downward closure. Either way g 745,05 ¢ and thus we have &,(c, ¢) = 1 for any such ¢ : ¢.

(b) We show that 91, satisfies condition (ii) from Definition 2. Let ¢ € L; and t,s € Jt. If E,(t,¢) B
Ex(s,¢) = x, then (ii) is immediately satisfied. Thus suppose E;(t, ) ® E4(s, ¢) = 1, i.e. per definition
E:(t,9) = 1or&,(s,¢) = 1. Ineither case Fg 745,05 ¢ and additionally Fg 745,05 t 1 @ Or Fgras5r0s S .
Either way, by the axiom scheme (+) and the rule (M P), we have g 745,.5 [t + S| : ¢, and therefore
E:(t+s,0) =1.

(¢) We show that 9, satisfies condition (i) from Definition 2. Fix ¢,¢ € L; and t,s € Jt. If E,.(¢t,¢ —
)&, (s, @) = z, then the condition is immediately satisfied. Thus, suppose £, (t,¢ — ¥)©E,(s, ¢) = 1,
ie. Ey(t, 0 = ¥) = Ex(s,0) = 1 and therefore Fg 745,05 @ = ¥ and Fgrasres t: (6 — ) as well as
Forasres @ and Fggapres St ¢. By (MP) and the axiom scheme (J), we have g 745,04 % as well as
Fogasros [t 8]t 1, le. Ex(t-s,9) = 1.

(d) We show that 9, satisfies condition (4) from Definition 3. For this, we first show condition (2) from
Definition 3. Let ¢ € L; and t € Jt be arbitrary. If £,(t,¢) = z, then we immediately obtain
Ex(t,9) < Ex(t,t : ¢). Thus, suppose E;(t,¢) = 1, then Fgras,0s ¢ and Fggaspes t: ¢. The latter
implies Fg 745,05t 1 t 1 ¢ by the axiom scheme (!) and (M P), which yields &£,(t,t : ¢) = 1. Thus, M,
satisfies condition (2) from Definition 3.

For the latter part of condition (4), note that we always have £,(t,¢) € {x,1}, i.e. as x > 0 we have
~ E;(t,¢) = 0 and thus, for any ¢ € L; and any t € Jt, we have ~ E,(t,¢) < E,(?t,—t : ¢). Hence M,
satisfies condition (4) from Definition 3.

O
M, now serves as a counter model for realization instances of the modal axiom (Z).
Lemma 11. For any ¢ € L such that /g 745,05 =@ and any t,s € Ji:
76745005 7t P = 5170

Proof. Suppose Vg ra5,05 7@ for ¢ € L and let t,s € Jt as well as € (0,1). As E,(t,¢) > 0, we have
| ==t : ¢|sm, = 1 by the semantical evaluation of = by ~. However, we also have
|s: ==plom, = Ex(s, 7)) =2 <1
as g 745,05 7¢. Thus, we get
[t ¢ — s |, =2 < 1.
By Lemma 10, 90t is a GM451cs-model. Per definition, this leads to

FGMasrcs 7t 1 ¢ — 51 00,
from which we obtain

Vogasrcs 7t ¢ — 800
by Theorem 3. (]

By this lemma, there is no valid (realized) formula structured like the (Z)-axiom where the instantiating
formula is such that its double-negation projection is not provable (or valid). As, e.g., the double negation of
any propositional variable p is never provable, there is no realization of ——p — O-—-p. This results in the
following two theorems. Here, and in the following, we write Ths := {¢ € L | s ¢} for the set of theorems of
a given proof system S over a language L.

Theorem 12. For any constant specification CS for GTo: (Thgz,s)" S Thgiy-
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Theorem 13. For any constant specification C'S for GT4o: (Thgracs)” S Thokag -

In fact, GJ4¢s does not even realize GK, as the problem with the axiom scheme (Z) remains.

It is also important to note that, in the proof of Lemma 11, it is crucial that Gédel-Mkrtychev models are
many-valued as = € (0,1) is necessary. Making 9, crisp by moving = to 1 makes any instance of ==t : ¢ —
s : =g valid in 9. With moving = to 0, we obtain that 9, is only a GM4-model. But even in this case, at
least some instance of ==t : ¢ — s : =—¢ is valid in My (for any ¢): crisp Godel-Mkrtychev models correspond
to classical Mkrtychev models, and in the classical modal logics we have that

is, of course, valid. Thus, =—¢ — [O-—¢ has a classical realization and this realization is valid in all classical
Mkrtychev models and hence valid in all crisp Godel-Mkrtychev models, in particular in 9.

In Lemma 11, the condition t/g 745, ——¢ is necessary, as if Fg 745, =, then by Internalization (Corol-
lary 1, as T'C'S is axiomatically appropriate), we have Fg745,.4 § : ¢ for some s € Jt and then by proposi-
tional reasoning in G J7457¢s, we would obtain

'_9‘7457"05 -t (]5 — S _\_|¢

for any t.

4. REALIZATION FAILS WITH FACTIVITY

Using the same model construction, we can also show that GJ7T s and GLPcs do not realize GT o and
GS40. However, we need another Completeness Theorem for this. This is because the factivity condition
E(t,p) < |¢p|am from Definition 3 fails for M,: per definition, &,(t, ) > 0 for any ¢ € Jt and any ¢ € L, hence
also E;(¢t, L) > 0=|L|m,.

We thus resort to an alternative definition of semantical evaluations (and, induced from this, to an alternative
definition of (semantic) consequence) in Goédel-Mkrtychev models. Mkrtychev, in his paper [28], called the
corresponding classical concept pre-models and our situation is quite similar to the one in Kuznets’ works
[21, 22] where he also resorts to pre-models to provide counter-model constructions in the presence of the axiom
scheme (F') (in investigations into computational complexity, however).

4.1. An alternative Completeness Theorem. For a Gdédel-Mkrtychev model 9 = (£, ¢), we define the
alternative evaluation function |- |3, as follows:

| Ll := 05 [T [5p := 15

|pl3n == e(p) for p € Var;

¢ = Pl = |Dlsn = [ l5n;

¢ A Ylan = [Pl © |Plans

0V Plan = |Plimn © [¢ln;

It Plaw == E(t: 0) © [Plan-

We extend this evaluation to sets of formulae I in the same way as before by setting |I'|3;, = infger |@|5,;. Again,
we write M =* ¢ if |¢|;; = 1 and similarly for sets I". The corresponding definition of semantical (1-)entailment
then follows naturally:

Definition 12. Let C be a class of GM-models and T'U{¢} C L;. We write I' |=¢ ¢ if for any M € C: M =*T
implies M =" ¢.

The following two lemmas now establish the equivalence between =¢, and [=¢ for C being one of the classes
GMT or GMLP and C’ being the class C without requiring the factivity condition (i.e. GM or GM4, respectively).
The lemmas and proofs are fuzzy replicas of analogous classical results found in [21, 28].

Lemma 14. For every MM € GMT (or M € GMLP), there is an 91 € GM (or M € GMA4, respectively) such that
|plon = |@|35; for every ¢ € L.

Proof. Let M = (£,e) € GMT (or GMLP) and set 91 := 9. Then naturally 9t € GM (or GM4). We show the
claim by induction on £;. The propositional cases are clear, so let ¢ € L£; be such that |¢lon = |¢[5; and let
t € Jt be arbitrary. We have

[t: ¢l = (L, 6) © |l5
=E&(t,¢) © [dlon
=£&(t,9)
= [t: dlom
where the third equality follows from the definition of GMT (or GMLP) which requires E(t, ¢) < |P|omn. O
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Lemma 15. For every 91 € GM (or 91 € GM4), there is an MM € GMT (or M € GMLP, respectively) such that
|95 = |Plom for every ¢ € L.

Proof. Suppose M = (€, e) € GM (or GM4) and define M := (£’, e) through &'(t, ¢) := E(t, ) © |¢[5;. We first
show @], = |¢|on for every ¢ € L; by induction on L£;. Again, the propositional cases are clear. So let ¢
satisfy the claim and let t € Jt be arbitrary. By definition, we have

[t: gl =E'(t,¢) = E(t,¢) O oI5 = [t : ¢35
It remains to show that 9t € GMT (or GMLP). For this, we first note that
E't,o =) ©E (s, 9) (t,¢ = ¥) 0o = Yln) © (E(s,0) © |l5n)
(t,¢ = ¥)©E(s,0) © (I¢ = Yn ©ldlxn)
(t-s5,0) 0 |l
"(t-s,9)

= (&
= (€
<&
=&
as well as
E(t,0) @ E'(5,9) = (E(t,8) O 9l) & (E(5,0) © [6]3)
= (Mt 9) & E(s,0)) O [l
<E(t+5,6) 0 |0l
=&'(t+s,9).
For the factivity condition, we naturally have

E'(t,¢) =E(t,0) @ ol < 0[5 = [l
where the last equality follows from the before proved adequacy of I for M. If D is a GM4-model, then also
E(t,p) < E(It,t: ¢) and therefore

't ¢) = E(t,¢) © |¢ln
<En 60 ol
=& (It,t: )
where the inequality follows from the fact that £(¢,¢) © |¢]5 < E(1t,t: @) as well as E(t,9) O@|5; = [t : @[5 O

Note that the previous definition regarding whether a model 9t = (£, e) respects a constant specification C'S
(i.e., that E(c,¢) = 1 for ¢ : ¢ € CS) is still feasible as a definition for respecting a constant specification in this
context of the new consequence relation =*. With feasible, we mean that the defining equivalence

M respects C'S iff M E CS

extends to the satisfaction relation =* under certain conditions: let GTLy € {GTTo,GLPo} and GMIL €
{GM, GM4} be the corresponding class of non-factive GM-models, respectively. Also, let C'S be a constant
specification for GJ Ly. Then, for a GMJL-model 9, it holds that 91 respects C'S iff M =* CS.

The direction from right to left is immediate and for the direction from left to right, note that by definition
every formula in C'S is of the form ¢;, : --- : ¢;; : ¢ where ¢ is an axiom instance of GJ L. By Lemma 15, ¢
is valid in 9t with respect to =*. Thus, by E(c;,,¢) = 1 (as M respects CS), we have M =* ¢;, : ¢. Iterating
this argument gives

ME ¢, ¢yt 0
We therefore have the following additional information on the two previous lemmas:
e in Lemma 14, if 9T respects C'S, then N respects C'S;
e in Lemma 15, if 91 respects C'S, then 9N respects C'S.

Using these observations and the above lemmas, we can derive the following Completeness Theorem.

Theorem 16. Let GTLy € {GTTo,GLPo} and GMIL € {GM,GM4} be the respective class of non-factive
GM-models. For any ' U{¢} C L;: T Egmue ¢ L Fogces ¢-

Proof. By the standard Completeness Theorem, Theorem 3, it suffices to show the equivalence of Egmyits and
':EMJLCS where GMJLT € {GMT,GMLP} is the class of factive GM-models corresponding to G.J L.

Suppose I' gy ¢ ie. for every 9 € GMILcs, if M =* T, then M =* ¢. By Lemma 14, for every
N € GMJILTcs, we have M =T, then N = ¢. Thus, we get T' =emittes ¢-

For the reverse, suppose I' [=emittes @, 1.e. for every 9 € GMILTcs, if M =T, then M = ¢. Again, now by
Lemma 15, for every 9 € GMJLcs, we have 91 =" T, then M |=* ¢. Hence, we have I' =gy ¢
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Note, for both directions, the above discussion on whether the models respect the constant specification

CS. O

4.2. GITcs and GLP g do not realize GT o and GS4. Here, let TC'S be the total constant specification
for GLPy. Again, with = € [0, 1], we define the model M’ := (€. e,) with e, as before and

g/ (t ¢) — 1 if l—gcprcs ¢ and }—gﬁpTcs t: d),
e T else,

for any ¢t € Jt and any ¢ € L;. Again, we get the following lemma, however now for T'C'S being the total
constant specification for GLPy.

Lemma 17. Ifz € (0,1), then M., is a GM4rcs-model.

The proof is almost identical to the one of Lemma 10 and thus omitted.

With a slightly changed proof, modified for the alternative semantics, we also obtain the next lemma in
analogy to Lemma 11. Here, however, we have to restrict ourselves to propositional variables in Ly, as it is
relatively hard to control the truth value of compound statements containing justifications in the new semantics.

Lemma 18. For any p € Var and any t,s € Jt:

Vorpros =t p—> s 2.
Proof. Let p € Var and t,s € Jt as well as « € (0,1). Then, naturally grpres P and Forproe —-p. Thus,
[t plow, = EL(t,p) © [plsy, = EL(t,p) @ ex(p) =z @2 =12 € (0,1).
As x> 0, we have |-t : p[5y, = 1 as before. However, we get
|5+ = plin, = Ex(s,77p) © [=plin, = Ex(s, 7 p)O ~ e(p) =201 =2 <1

2 e;(p) = 1. Thus, we obtain

as grpres 7p and ez (p) =z > 0, L.e. ~
|mtip— st ol =2 <1
By Lemma 17, M, is a GM4tcs-model and thus, we have
FeMares "t p— 81 0p

by definition. Thus, Theorem 16 implies

Vorpres 7t D — 51 —p.

As before, we obtain the following two theorems.
Theorem 19. For any constant specification C'S of GTTo: (ThggTos)” S Thory-
Theorem 20. For any constant specification C'S of GLPy: (Thgrpos)” S Thgsag-

As with GJ4, also GJ T cs and GLP s do not even realize GK.

The main focus of the rest of the paper will be to modify the right- and left-hand sides of the strict inclusions
in the Theorems 12, 13, 19 and 20 to induce equalities: on the one hand, we study the fragments of the various
standard Godel modal logics which are realized by the standard Godel justification logics; on the other hand, we
study extensions of the standard Gddel justification logics which are strong enough to realize the usual standard
Godel modal logics.

5. POSITIVE JUSTIFICATION LOGICS

To model explicit epistemic inference in the style of the modal axiom scheme (Z), we introduce a new operator
¥ into the language of justification terms. That is, we define the augmented set of justification terms
Jtg:to=x|c|[t-t]|[t+¢ |||Vt
and, correspondingly, the following extended language of propositional justification logics with 1, that is

Loj:du=L|T[pl(@Ad)|(@VP)|(d—9)|t:0
where now ¢t € Jty and p € Var as before. The functions var, jvar and sf of course naturally extend to these
languages.
Now, to proof-theoretically model explicit inference in the style of (Z), we extend the previous proof systems
by a new axiom scheme defining the operator ¢. For this, let GT Ly € {GT0,GT To,GT40,GLPo, GT450,GTT450}.
We define PGJ Ly as the expansion of GJ Ly (in the new language Ly ;) by the axiom scheme

(P):—=t: ¢ — It : .
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The concept of a constant specification naturally generalizes to these logics over the language Ly; and follow-
ingly, for a constant specification C'S for PGJ Ly, we write PGJ Lcs for the extension of PGJ Ly with the
corresponding rule (C'S) as before.

Remark 5. Naturally, these positive Godel justification logics also enjoy corresponding analogues of the classical
Deduction Theorem as well as of the Lifting Lemma (and, consequently, of the Internalization Property) for
axiomatically appropriate constant specifications.

It is clear that the forgetful projection (lifted to Ly; and which we still denote by v) of an instance of
the axiom scheme (P) is an instance of the axiom scheme (Z). We thus have the following theorem by a
straightforward induction on the length of the proof as a generalization of Lemma 33.

Lemma 21. Let PGT Ly € {PGT 0, PGTTo, PGT40, PGLPy}, CS be a constant specification for PGT Ly and
GMLG € {GKn,GTo,6K40,GS40} be the corresponding Gédel modal logic. Then, for all T U {¢} C Lyy:
U'btpgrces ¢ implies ' Fgamey 9.

5.1. Semantics. Next, we introduce specific kinds of Gédel-Mkrtychev and Gédel-Fitting models for which the
above positive variants are strongly complete. For this, note that the original definitions of Godel-Mkrtychev
or Godel-Fitting models depend on the set of justification terms Jt and the corresponding language £ ;. Their
definition can however be lifted directly to the new set of justification terms Jty and the corresponding language
Lyy. Thus, if we write Godel-Mkrtychev or Godel-Fitting model in the following, we shall understand it as
defined over the extended set of terms and formulae.

Definition 13. We call a GF-model (W, R, &, e) positive if for all w € W, all t € Jty and all ¢ € Ly:
E(w,t,¢) > 0 implies & (w, Vt, ~—¢) = 1.
Likewise, we call a Godel-Mkrtychev model (€, e) positive if for any t € Jty and all ¢ € Ly ;:
E(t, ) > 0 implies E(It, ~—¢) = 1.
For a class C of Godel-Mkrtychev or Godel-Fitting models, we denote the subclass of all positive models by PC.

Remark 6. (1) The other refinements of Godel-Mkrtychev or Godel-Fitting models, that is the classes
introduced in Definition 3 or Definition 6, respectively, naturally carry over to the new language and we
use the same jargon and notation for the corresponding model classes in the context of L£y; whenever
there is no confusion.

(2) Definitions 4 and 7 naturally extend to this setting, now with T' U {¢} C Ly; and where C is a class
of GM- or GF-models over Ly;, respectively. We continue to write =c or =c< for the respective
consequence relations in these cases.

5.2. Soundness and Completeness. We now turn to completeness of the positive variants with respect to the
provided model classes. Let PGJ Ly be one of the aforementioned logics and C'S be a constant specification for
it. Let GMJL and GFJL be the classes of Gédel-Mkrtychev and Gédel-Fitting models corresponding to G.J Ly,
respectively. The completeness proof is along the lines of [29] which in turn is motivated by the approach to
completeness in [9] for the standard Goédel modal logics.

We begin with (strong) soundness:

Lemma 22. For any TU{¢} C Ly

(1) T'bpgrres ¢ implies I' FporiLes< @5
(2) Lrpggees ¢ implies I =pemiLes< ¢-
Proof. At first, note that strong soundness follows directly, using the Deduction Theorem, from weak soundness
(that is, the above claim instantiated with T' = §)) which in turn can be established by an induction on the
length of the proof. In that way, the proof is an easy generalization of the soundness result for GJ Ly (see [29]).
Therefore, we only show the validity of the scheme (P) in the class of positive Godel-Fitting models. From the
conditions on the evidence function, it trivially follows that the scheme is also valid in positive Godel-Mkrtychev
models.
To show validity of (P) in PGFJLcg, let 9 = (W, R, £, e) be any positive Godel-Fitting model, w € W, ¢ be
a formula and ¢ a justification term. If £(w,t, ¢) = 0, then |-t : ¢|§; = 0 and thus naturally
|[-=t: ¢ — Ut —dlgp = 1.
If on the other hand &(w,t,¢) > 0, then ~% £(w,t,¢) = 1 and thus we have
[t : Gl =~ E(w,1,6)0 ~* if{R(w,v) = |6} | v € W}
=~? inf{R(w,v) = |4 | v € W}.
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As 9 is positive, £(w,t, ¢) > 0 implies £(w, ¥t, 7—¢) = 1. Hence,
9t ol = inf{R(w, v) = |l | v € W}
and therefore to establish validity of (P) in this case, it suffices to show
~ inf{R(w,v) = |6l | v € W} < inf{R(w,v) = |~—¢|% | v € W}.
This is, essentially, what Caicedo and Rodriguez proved to establish the validity of the scheme (Z) (in the
Godel-Kripke models from [9], however). Suppose
inf{R(w,v) = |ploy | v € W} > 0.

Then, for all v € W, we have R(w,v) = 0 or |¢|§; > 0. Therefore, we have R(w,v) = 0 or |[-—¢|3; = 1 for any
v € W and thus we get R(w,v) = |-—¢|g; = 1 for all v € W. Hence, we have inf{R(w,v) = [-=¢[§; | v €
W)= 1. O

For proving the other direction of completeness, we define an auxiliary propositional language into which we
convert statements containing modalities. In that way, one can reduce completeness of the Godel justification
logics to the propositional completeness results of Godel logic. This method was employed by Caicedo and
Rodriguez in [9] for approaching the completeness of the standard Godel modal logics and adapted in [29] to
the Godel justification logics. For this, we define

Lo(X):¢u=L|T[pl(@—=0)|(6AD)| (V)
where p € X and X is a countably infinite set of variables (possibly different from Var). We may see the
calculus G from Section 2 as being defined over Lo(X).

This calculus G is then strongly complete with respect to a [0, 1]-valued truth-functional semantics, defined
using evaluations v : X — [0, 1], and which we will detail in the following. At first, any of these evaluations can
get extended, recursively, to a function v : Lo(X) — [0, 1] as follows:

e v(L):=0;0(T):=1;

* V(P AY) = 0(9) ©v(¥);

* v(o V) :=v(¢) Bo(¥);

o v(d =) = v(d) = v(¥).
We denote the set of all such (extended) evaluations over the language L£o(X) by Ev(Lo(X)). Again, these
evaluations extend further to sets of formulae I' C L(X) by setting v(T") := infyer v(¢). Also, they naturally
induce an associated consequence relation, denoted here by =, and which is defined by

I E ¢ if, and only if Vo € Ev(Ly(X)) : v(T') = 1 implies v(¢) =1
for T U {¢} C Lo(X). The Completeness Theorem for G with respect to = was first proven by Dummett in
[11].* We however refer to Héjek’s proof from [19], as we use his calculus and the related t-norm semantics.
Theorem 23 (Completeness Theorem; G and |=; [19]). For any I'U{¢} C Lo(X), we have I't¢g ¢ iff T = ¢.
We now set L§ := Lo(Var*) where
Var* :=VarU{¢: |t € Jty, ¢ € Ly}

and then define the translation % : L35 — L§, recursively, through the following clauses:

ep—p L L T—=T;

o (¢ ox ) = (¢ o ¥*) for e {A,V, =}

e t: ¢ — ¢t-
* extends naturally to sets of formulae I by [I']* := {y* | v € T'}. In analogy to the completeness proof of the

standard Godel justification logics in [29], we get the following lemma which relates the calculi PGJ Log with
G (over L}) using *.

Lemma 24. For any T'U{¢} C Ly;:
' pogres ¢ if, and only if [F]* U [Thpgjgcs]* Fg .

The proof is omitted here as it amounts to two straightforward inductions on the length of the proof. See
[29] for a proof of the analogous result for GJ Les.

The completeness proof culminates with the following canonical model constructions for the Godel-Fitting
and Godel-Mkrtychev models.

Definition 14 (Canonical GF-model for PGJ Lcs). We define M (PGT Log) := (W€, RS, E¢, e°) as follows:

4Actually Dummett considered a different calculus and a slightly different semantics; both are equivalent to the ones presented
here.
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We = {v e Bv(Lg) [ o([Thpggres]™) = 1}
1 ifVte Jty Vo € Lyy:v(d) < w(d);
0 otherwise;
£°(v,t,¢) := v(¢n);
e“(v,p) == v(p)-
Definition 15 (Canonical GM-model for PGJ Lcs). Let v € Ev(L§) such that we have v([Thpgrr.s]*) = 1.
We define MEM (PGT Les) := (E€, €°) as follows:
o £, ¢) = v(e);
o ¢(p) == v(p).
Lemma 25. Let v € Ev(L}) such that v([Thpgrces)*) = 1. Then the model MEM (PGT Les) is a well-defined
PGMJLcs-model.

Proof. We show that MM (PGJ Les) is positive. For the other properties of the respective model classes
associated with (F'), (!) or (?), depending on the choice of GJ Ly, see, e.g., the proof of the analogous result in
the context of the standard Godel justification logics in [29].

Suppose (¢, ¢) > 0 for some t € Jty and some ¢ € Ly;. Per definition, we have v(¢;) > 0, i.e. v(——¢;) =1
and thus by the axiom scheme (P), and as v([Thpgrces)”) = 1, we have v((——¢)g;) = 1, i.e. per definition
this yields £¢(9¢t, =—¢) = 1. O

Re(v,w) :=

Similarly, one obtains the following result.
Lemma 26. M (PGT Les) is a well-defined PGFJLcs-model.

We obtain the following two truth lemmas, for both the canonical Godel-Fitting and the canonical Godel-
Mkrtychev model, respectively.

Lemma 27 (Truth Lemma; M (PGJT Lcs)). Consider the canonical Gidel-Fitting model MY (PGT Los) =
(W€ Re,E% €°). For anyv € W and any ¢ € Ly:

|¢‘gﬁC>F(PgJECS) =v(¢").

Lemma 28 (Truth Lemma; MM (PGT Les)). Consider v € Ev(Ly) such that v([Thpgrres]*) = 1 and
MM (PGT Log) = (E¢,e°). For any ¢ € Lyy:

[Dloms 1 (pg g L0s) = V(S7)-
Both lemmas can be proved with simple inductions over the structure of Ly ;. Alternatively, the proof from
[29] for the analogous results in the context of the standard Godel justification logics can be carried over.
Using these Truth Lemmas, one obtains the following two Completeness Theorems. We again find that, in
the case of Godel-Fitting models, only accessibility-crisp models matter for the semantic consequence (since the
canonical Godel-Fitting model is itself accessibility-crisp).

Theorem 29 (Completeness Theorem; PGJ Lcos and PGFJLcs). For any set TU{¢} C Ly s, the following are
equivalent:

(1) T Fpgrees ¢;

(2) T EpcFiLes< @5

(3) T =pGFiLes @5

(4) T E=pcFiLes, @-
Theorem 30 (Completeness Theorem; PGJ Los and PGMJLcs). For any set TU{¢} C Ly, the following are
equivalent:

(1) Trpgrres ¢;
(2) T EpeMiLes< @5
(3) T EpeMiLes ¢-

A proof is omitted but can be obtained by replicating the respective arguments from [29] for the Godel-
Mkrtychev or Godel-Fitting models and the standard Godel justification logics.

6. WEAK STANDARD GODEL MODAL LOGICS

As we will later show, the positive Godel justification logics are strong enough to realize the standard Godel
modal logics. In this section, we address the dual question from the beginning and introduce fragments of the
standard Godel modal logics which are realized by the standard Godel justification logics.

For GMLp € {GK,GTn,6K40,GS40}, we define GML as its reduct without the axiom scheme (Z). A

first immediate observation is that, still, all instances of GM L7 satisfy the classical Deduction Theorem:
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Lemma 31 (Deduction Theorem). For any I'U{¢,¢} C Lg: T'U{¢} '_gmzza Y iff T '_g/vma o — .

We also obtain the following lemma akin to the standard Gédel modal logics (see Lemma 6).
. C Lpo:i _ 0o,
Lemma 32. For any TU{¢} C L: ifT '_QMLD ¢, then AT '_g/vlﬁ,j Oo

A proof of this again amounts to a straightforward induction on the length of the proof.
Utilizing that the forgetful projections of the axioms of the non-positive Godel justification logics are, in
particular, also theorems of the respective weak Godel modal logics, we obtain the following lemma:

Lemma 33. Let GTLy € {GT0,GTTo,GT40,GLPo}, CS be a constant specification for GJT Ly and GML €
{GK5,GT5,6K45,G844} be the corresponding weak Gddel modal logic. Then for allTU{¢} C Lj: T kgrres ¢
implies T'V '_QML[E Y.

The particular instance of the above lemma associated with setting I' = () can again be phrased in terms of
sets of theorems as follows:

Corollary 7. For GJ Lcs and GMLS as before, we have (Thgrr.s)” € TthLa.

One of the main objectives of this paper is now to show that the above inclusions are actually equalities, i.e.
to show that these weak Godel modal logics GM L exactly represent the forgetful projection of the standard
Godel justifications logics GJ Leg (for appropriate CS).

6.1. Semantics. Godel-Kripke models appear in full generality in the semantics of the standard Gédel modal
logics and of course satisfy (Z). So, the question stands as of how the weak Gdédel modal logics may be
semantically captured. Any such semantics has to falsify the axiom scheme (Z): ——-060 — O-—6 (for non-
provable =—0).

In the following, we present a semantics for the weak Gddel modal logics GM L through natural generaliza-
tions of the Godel-Kripke models and prove a corresponding Completeness Theorem. This semantics is again
based on particular possible world models and is natural in the sense that it properly extends Godel-Kripke
models and locally respects the usual semantic evaluation of the basic propositional connectives, as Godel-Kripke
models do as well.

Definition 16. A Quasi-Gddel-Kripke model is a tuple 9 = (W, R, C, e) such that

(1) W # 0, the domain of 9 (written D(IN)),

(2) R: W xW —[0,1],

(3) C:W x Lo —[0,1],

(4) e: W x Var — [0,1],

where we require that the so called application principle holds: for all w € W and all ¢, ¢ € L, we have

Cw,¢) © C(w, ¢ = ¥) < Cl(w,v) (Appl.).
We call C the controller of 9. The class of all Quasi-Gdédel-Kripke models is denoted by QGK. Given a
QGK-model M = (W, R,C,e) and a world w € D(IM), we define the evaluation function |- [, : Lo — [0, 1]
recursively as follows:

|play == e(w,p) for p € Var;

Ll == 05 [Tl := 15

|6 A lay = [dlgn © vl

¢ = Yloy = |dlon = [¥loy;

6 Ul 1= 0l © [0l

I0¢l5n = C(w, ¢) © infyew (R(w, v) = [@|y).

This extends naturally to sets of formulae I' by setting ||y, := infyer |¢]; as before. We write (M, w) = ¢ if

|¢|%; = 1 and similarly for sets. Also, we write M |= ¢ if (M, w) |= ¢ for all w € D(M), and similarly for sets.
The application principle imposed on the controller is chosen in such a way, that every QGK-model validates

the axiom scheme (K):

Lemma 34. Let M = (W, R,C,¢e) be a QGK-model. For every ¢,v € Lo and any w € W: (M, w) E O(p —

¥) = (O¢ — ).

Proof. Let ¢,1 € Lo and w € W for some QGK-model M = (W, R, C, e). Now, we have for any v € W:

inf (R(w,w) = [8l3) © inf (R(w,0) = |6 = i)
< (R(w,0) = [8fin) © (R(w,0) = |6 = vl3)
0) = (16l © 16 = ¥lin)
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By taking the infimum over v, we thus have
inf u inf m < inf u
inf (R(w,u) = |6l) © inf (R(w,u) = |6 = vli) < inf (R(w,u) = [9l3)
Hence, we have
[O¢lsn © [O(¢ — ¢) o

- (C(mqs) © inf (R(w,u) = |¢I“m)) O

(Cw o0 jut (Bl =16 i)
< C(w.0)© inf (Rlw.u) = [V]5)
~ D

using the Application Principle for the controller which gives the result by laws of the t-norm ® and its residuum
=. (]

Over QGK-models, there are two natural notions of semantical consequence akin to those of the GK-models.

Definition 17. Let T'U {¢} C L and C be a class of QGK-models. We then say:
(1) T entails ¢ in C, written I' =c< ¢, if VOt € C: Yw € D) : T3 < |Plans
(2) T 1-entails ¢, written I' |=¢ ¢, if VOt € C: Vw € D(IN) : (M, w) =T implies (M, w) = .
We have to adapt QGK-models further if we want them to actually characterize any of the logics represented
by GMLG. More precisely, we at least have to avoid that the controller falsifies tautologies, as this would

contradict the necessitation rule while aiming for a Completeness Theorem. It will turn out that preserving
global truth in the model is already sufficient. We thus introduce the following notion.

Definition 18. We call a QGK-model 9 = (W, R, C, e) regular if for any ¢ € L:
If M = ¢, then C(w, ) =1 for any w € W.
If C is a class of QGK-models, we denote the subclass of regular models in C by RC.

Any GK-model 91 = (W, R, e) has a natural, semantically equivalent, RQGK-model 9 := (W, R,C,¢e) by
setting C(w, @) := 1 for any w € W and any ¢ € L. We call it the standard conversion of N.

Lemma 35. Let M be a RQGK-model. If M = ¢, then M = Oo.

Proof. Suppose (M, w) = ¢, i.e. |¢|f =1, for any w € D(M). Then, as M is regular, we have C(w, $) = 1 and
hence
Ol = Cw, 6) © inf (R(w,v) = lolg) = 1

for any w € W. Thus, M | O¢. |
As a corollary, we have that ¢ ¢ implies =c O¢ for any class C of RQGK-models.

In similarity to the Goédel-Kripke models, we may also introduce a range of other (more restrictive) model
classes, corresponding to the various extensions of G by the axiom schemes (T°) or (4).

Definition 19. Let 9 = (W, R, C, e) be a QGK-model. We call 9 a

(1) QGT-model if R(w,w) =1 for all w € W (reflexivity),
(2) QGK4-model if

(a) R(w,v)® R(v,u) < R(w,u) (min-transitivity),

(b) C(w,¢) < C(w,0¢) (introspectivity),

(¢) C(w,¢) ® R(w,v) < C(v,¢) (monotonicity),

for all w,v,u € W and all ¢ € L,

(3) QGS4-model if M is both a QGT- and a QGK4-model.

Lemma 36. For any ¢ € Lo and any QGK-model I :
(1) if M is a QGT-model, then M = Od — ¢;
(2) if M is a QGK4-model, then M = ¢ — O0.
As before, we let GMLH € {GK5,GT 5,GK45,GS45} and now assume RQGML to be the corresponding

class of regular Quasi-Godel-Kripke models.
It is straightforward to obtain the following soundness result.
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Lemma 37. For anyT'U{¢} C Lg: T l_g/\’wli ¢ implies I =rqemL< ¢.

Proof. The proof can be carried over from the soundness proof for the standard Gédel modal logics with respect
to GK-models from [9].

Note that the Necessitation Rule is valid in any class of regular models by Lemma 35 and that the modal
axioms are valid in their respective classes by Lemmas 34 and 36. ]

6.2. Completeness. We approach the Completeness Theorem in a similar way as Caicedo and Rodriguez

do in [9] regarding the standard Goédel modal logics and, in particular, as before with the positive Godel

justification logics: we translate modal statements into an augmented propositional language and then use the

strong completeness of propositional Gddel logic with respect to the corresponding evaluation-based semantics.
For this, let Var® := Var U{¢g | ¢ € Lo} and set L§ := Lo(Var®). We then define the translation

o : Lo — L§ recursively through the following clauses:

p+— p for p € Var;

L= 1 T—T,;

(¢ o) = (¢° o ¢p°) for ox€ {A,V, =}

Lo — ¢p.

Similarly to x, also ¢ extends to sets of formulae I' by [I']° := {v° | ¥ € I'}. Asin [9] (and in similarity to Lemma

24), one can obtain the following lemma by induction on the length of the proof for each direction, linking G

over L§ with GML7 via ¢.

Lemma 38. For any I'U{¢} C Lo: T FQMCE ¢ iff [I]°U [Tthﬁa}o Fg ¢°.

Again, the rest of the proof relies on a particular canonical model construction:
Definition 20 (Canonical RQGK-model for GML). We define the canonical model M (GMLA) := (W, R, C°, e°)
as follows:
(1) We:={v e Bv(LY) | v([Thg e 1) = 135
1 if Vo € Lo :v(¢n) < w(9°);
0 else;
(3) C(v, ) :==v(¢n);
(4) e“(v,p) == v(p).
It should be noted that W€ is not empty. Through [9], we have tgyme, L, ie. also VgMLa L. Thus by
Lemma 38, we get [TthCE]O t/g L, i.e. by strong completeness of G, there exists a v € Ev(L{) such that
v([Tthﬁa]o) =1 (and naturally v(L) = 0). Hence, v € W* for this v and thus W€ # ().

(2) Re(v,w) :=

The following version of the Truth Lemma now holds for this canonical model. We give a proof of this
result here as we want to emphasize that it is considerably easier to prove than the corresponding result for the
canonical model of the standard Gédel modal logics in [9].

Lemma 39. (Truth Lemma; M (GMLS)) For any ¢ € Lo and any v € We: |§|! (GMES) = v(¢°).
0

Proof. The proof is by induction on the structure of £5. The atomic and propositional cases are clear. Thus,
suppose the claim holds for some fixed ¢ € £ and any w € W€, For an arbitrary v € W€, it then suffices to
show

W(60) = C*(,0) © int (R(v,w) = w(¢°))
as |¢|me(gM£_) = w(¢®) by the induction hypothesis. As R is crisp and as C¢(v,¢) = v(¢ng), the above is
&
equivalent to

v(6m) = v(6m) @ inf{w(@®) |w € WS, R (v, w) = 1}.
By the laws of ® = min, it therefore suffices to show that
v(én) < inf{w(4®) | w e W, R(v,w) = 1}.

This, however, follows immediately from the definition of R¢: if w € W€ such that R(v,w) = 1, then per
definition v(¢g) < w(¢®). O

Lemma 40. IMM(GMLY) is a well-defined RQGML-model.
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Proof. First, we note that C¢ fulfills the application condition: for any ¢,% € L, we have '_QMLE, O(¢ —
1) — (¢ — Oy) by axiom (K) and hence

(¢ —Y)o — (¢o — Yo) € [Thg/\/taa]°~
So, for any v € W€, as v([TthLa]o) =1, we obtain

v((¢ = ¥)o) ©v(en) < v(Yo)

by the laws of t-norms and their residua. This immediately gives the result as C°(v, ¢) = v(¢n).

Further, we note that 9M*(GMLS) is regular. Suppose |¢| = 1 for all v € W¢. By the Truth

Lemma, we have

v
Me(GMLE)

Yo e We:u(¢®) =1.
By definition of W€ together with the Completeness Theorem of G, this yields [Thg M La]o Fg ¢°. By Lemma
38, we have FQMLS ¢ and hence FgMﬁa (¢ by necessitation. It follows that ¢ € [Tthﬁa}o and so, for all
v e W€, we get v(¢g) = 1. By definition, C¢(v, ¢) =1 for all v € We.

Now, if GML contains the axiom scheme (T'), then ¢g — ¢° € [TthLEI]o for any ¢ € L, i.e. we have
v(pn) < v(¢°) for any v € W€. By definition, this means R°(v,v) =1 for all v € W*€.

Suppose on the other hand that GM L7 contains the axiom scheme (4). Then, by similar reasoning as before,
we have v(¢n) < v((O¢)p) for any v € W€ and any formula ¢. Thus C°(v, ¢) = v(¢n) < v((H¢)g) = C°(v,0¢).
Further, for any w,v,u € W€, we get that either

(1) R¢(v,w)® R°(w,u) =0 < R°(w,u), or

(2) R°(v,w) ® R*(w,u) =1,
by crispness of R°. For the latter, we then derive R°(v,w) = R°(w,u) = 1, i.e. we have v(¢g) < w(¢®) and
w(¢n) < u(¢®) for all ¢. Thus, for any ¢ € L, we have

v(¢n) < o((@e)a) < w(dn) < u(e?)
for all ¢ and therefore R°(v,u) = 1. Lastly, for monotonicity, suppose that we have R°(v,w) = 1. Then we in
particular have
C(v,¢) = v(¢n) < v((@d)n) < w(¢n) = C(w, @)

as above. O

Theorem 41 (Completeness Theorem; GML and RQGML). Let I' U {¢} € Ln. Then, the following are
equivalent:

(1) r '_gmca ¢;
(2) T FracmL< ¢;
(3) T' ErqomL ¢;
(4) T' EraomL. ¢-

Proof. “(1) implies (2)” follows from soundness (Lemma 37) and “(2) implies (3)” as well as “(3) implies (4)”
are immediate by definition. We show “(4) implies (1)” by contraposition. Suppose I' I, s ¢. By Lemma
38, we have [I']° U [Tthﬁi]o t/g ¢°. Thus, by strong completeness of Godel logic, there is a v € Ev(L§) such

that v([[]°) = 1, v € W and v(¢°) < 1. By the Truth Lemma, |F|v£me(g/vw*) =1 as well as |¢[? come=) < 1
o o

and thus T" FErqemi, ¢ as M€ is accessibility-crisp.. U

”

6.3. (Z) and the weak Go6del Modal Logics. Using this semantics and the corresponding Completeness
Theorem, we can give a model-theoretical proof of the non-derivability for certain instances of the axiom
scheme (Z) in the systems GML. For this, consider the Quasi-Godel-Kripke model 9t = ({a, b}, R, C, e) with
R(z,y)=1iff x = y for 2,y € {a,b} as well as e(a,p) := 1 and e(b,p) := 0 for all p € Var. We set C(b,¢) =1
for all ¢ € L and construct C(a,-) by recursion on £ through:

e C(a,1):=1/2=:C(a,p) for all p € Var;
e C(a,T):=1;

hd C(CL, N w) = O(a’ d)) © C(a’¢);

e C(a,¢ V1) :=Cla,¢) & Cla,);

o Cla,¢ = ) :=Cla,9) = C(a,);

e C(a,0¢) :=C(a, 9).



20 NICHOLAS PISCHKE

Then, we have that 91 is a well-defined RQGS4-model. For this, it suffices to consider the following propositions:

(1) C(a,¢) ® Cla,¢ — ) < C(a,v) for all ¢, € L;
(2) M = ¢ implies C(a,¢) =1 for all ¢ € L.

This is because naturally R(a,a) = R(b,b) = 1 by definition and R is trivially min-transitive. Also, C(b,-)
naturally satisfies the application principle by definition. Further, both C(a,-) and C(b, -) are introspective, that
is we have C(a, ¢) < C(a,0¢) and C(b, ¢) < C(b,0¢) by definition. We also immediately obtain monotonicity
since R(z,y) =1iff z = y.

For item (1), we have

Cla,¢) © Cla,¢ = 1) = C(a,¢) © (C(a, ¢) = C(a,1))
< C(a,9)

where the equality follows from the definition of C'(a, -) and the inequality follows from the residuation property
of = with respect to ©.

Item (2) is enough to show regularity as C(b, ¢) = 1 holds for all ¢ by definition. To show item (2), we first
prove the following intermediate claim. Here, let + be bounded addition in [0, 1], that is for =,y € [0,1]:

_ z+y ifx+y<lI;
Tty =
1 else.

Then, we have:

Claim: For any ¢ € L: C(a, ¢) = |5y +1/2.

Proof: We prove the claim by syntactic induction on £. The claim is obvious for 1, T and p € Var. For the
induction step, let ¢, be such that

Cla,¢) = |9lsx +1/2 and C(a,v) =[]y +1/2
The only interesting cases which we consider are those of ¢ — ¢ and O¢. For the former, we have
Cla, ¢ = ¢) = Cla,¢) = C(a, 1)
= (Il +1/2) = ([¢lm +1/2) (by (IH))
= (Iglsn = |vlm) +1/2

where we use that (rt+a = y+a) = (r = y)+a for any x,y,a € [0,1]. To see this, suppose first that = < y.
Then, clearly also z+a < y+ a and the equality is satisfied. Now, suppose > y. Then, (x = y)+a=y+a
and x + a > y + a where equality occurs only if y +a = 1. This gives the equality as well.

For the case of ¢, we in particular have

Bl = C(b,0) © |8l
as R(b,a) =0 and R(b,b) =1, and hence

C(a,0¢) = C(a, ¢) (by definition)
= |¢lon +1/2 (by (IH))
= (C(b,;9) © [dloy) +1/2 (as C(b,¢) = 1)
= |0¢lb: +1/2.

|
Note that we thus have that |¢|3;, = 1 implies C(a, ) = |¢|5y +1/2 = 1. As M |= ¢ especially implies |p|5; = 1,
we obtain that 91 is regular.
Now, we have by definition that |Op|g, = C(a,p) © e(a,p) = 1/2 as R(a,a) = 1 and R(a,b) = 0, and thus
|-—Opl|g; = 1. However, through ~—p = (p - L) — L, we get that
C(aa _'_‘p) = (C(a,p) = C(CL, J—)) = C(a’ J—)
=((1/2=1/2) = 1/2)
=(1=1/2)
=1/2
and hence
[O==plsy = C(a,~=p) © |[=-ploy
=1/201=1/2.
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Thus, we have |[-—Op — O-—p|g; =1 =1/2 =1/2 < 1 and therefore

for all p € Var through Theorem 41.

6.4. Positive Quasi-Godel-Kripke models. In similarity to the positive Gédel-Fitting models, we can iden-
tify positive Quasi-Godel-Kripke models 9t = (W, R, C, e) as those satisfying

C(w, ¢) > 0 implies C(w,~—¢) =1

for all w € W and ¢ € L. For a class of QGK-models C, we denote the subclass of all positive models in C by
PC.

Lemma 42. Let M € PQGK and let w € D(IM). Then, for all ¢ € L, we have (M, w) = -—O¢p — O-—¢.
Proof. The proof of
~2 inf{R(w,v) = |d|5; | v € W} < inf{R(w,v) = |~—¢[4y | v € W}

is similar to the one presented in the proof of Lemma 22 for an analogous statement regarding the axiom scheme
(P) in the context of the positive Godel justification logics together with (positive) Godel-Fitting models which
in turn is a replication of the proof of validity for the axiom scheme (Z) over Gédel-Kripke models in Caicedo’s
and Rodriguez’ paper [9]. Further, we immediately have

~? C(w’ (b) < C(wa ﬁﬁqﬁ)

in positive models as if C'(w,¢) > 0, then C(w,——¢) = 1 by definition of positivity. Thus, using the equality
~2 (x ®y) =~%? 2 ® ~?y, we obtain the result by monotonicity of ®. a

Indeed, we find that the positive regular Quasi-Godel-Kripke models, semantically, exactly classify the stan-
dard Godel modal logics. More precisely, we obtain the following theorem:

Theorem 43 (Completeness Theorem; GM Lo and PRQGML). Let

and let PRQGML be the corresponding class of positive reqular Quasi-Géddel-Kripke models. Then, for any
U {¢} C Lo, the following are equivalent:

(1) r l_gMCD gb;
(2) T EproemL< @5
(3) T =prqemL @5
(4) T =praomL. -

Proof. “(1) implies (2)” follows from Lemma 42 in the same vein as the other soundness results (see e.g. Lemma
37). “(2) implies (3)” and “(3) implies (4)” are natural consequences of the definition of the consequence relation
and the various classes.

For “(4) implies (1)”, suppose I' /gaicy ¢. By Theorem 8 there is an accessibility-crisp GML-model 90t
and a world w € D(9M) such that (M, w) E T but (M, w) £ ¢. Taking this M = (W, R, e), construct its
standard conversion 91 = (W, R, C, e) with C(w,¢) = 1 for all w,¢. Then, it is straightforward to verify that
N € PRQGML. and that |¢[§; = |¢|y; for all w € W and all ¢ € L. The latter follows from a straightforward
induction on the structure of £. Thus, we have (91, w) =T but (9, w) ~ ¢ and so I' eprqemL. ¢- O

7. HYPERSEQUENT CALCULI

Most constructive proofs of realization results in the context of classical justification logics (and beyond)
rely on appropriate cut-free structural calculi for the modal logic in question, like cut-free sequent calculi or
analytic tableau calculi and their siblings (see [4, 25] for comprehensive treatments of constructive realization
in the classical case).

For propositional Godel logics, there is no sequent calculi formulation available. The most common structural
proof-theory approach (see [6]) uses so-called hypersequent calculi which generalize sequent calculi by allowing
to work on multiple sequents in parallel and have these sequents “exchange information”. These hypersequent
calculi were introduced in [5, 30], noting especially Avron’s [5] where these calculi were applied, in particular,
to propositional Godel logic.

In [27], Metcalfe and Olivetti provided a hypersequent calculus for the standard Gédel modal logic GK from
[9] together with a corresponding Cut-Elimination Theorem and which extends Avron’s hypersequent calculus
for [0, 1]-valued propositional Godel logic from [5]. In the following, we now introduce fragments of the calculus
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of Metcalfe and Olivetti and some extensions, show cut-elimination, and that these calculi characterize the
previously introduced Hilbert-style proof systems represented by GML and GMLy.

We refer to an ordered pair (I, A) of finite multisets of formulae, where A contains at most one formula,
as a sequent and write I' > A. We use > instead of the common = as a sequent delimiter to avoid confusion

with the semantical Godel implication which is denoted by = in this paper. We also write [¢1, ..., ¢,] (or even
“b1,...,0,” in the context of >>) for denoting the multiset containing (the not necessarily distinct) formulae
@1, ..., b, and write [¢]™ for the multiset containing ¢ exactly n times. For " or A being empty, we also write
>A or ',
respectively, and T' 1> ¢ for T' > [¢]. With “T", A”, we denote the multiset-union of I' and A.
We call a multiset of finitely many sequents T'; > A; (for i = 1,...,n) a hypersequent and write
F11>A1 ‘ ‘FnDAn or [FiDAi]?:l

as representations for that multiset.

For a multiset of formulae T, we write AT or \/T for the conjunction or disjunction of all members of T,
respectively, including repetitions. We set A := T and \/ 0 := L.

With every hypersequent G, we then associate its canonical interpretation Z(G) into the language of its
formulae which we define for a single sequent I' > A as

IT>A):=AT-\/A

and for a hypersequent I'y > Ay | -+ | T, > A, by
Iy > Ay | [ To s Ay) = \/ Z(D > Ay).
i=1

The range of constituting rules of the various hypersequent calculi can be seen in Fig. 7. We refer with

(1) HGKg to all initial, structural and logical rules with the modal rule (O),

(2) HGTn to HGK g extended with the rule (O >),

(3) HGK4g to all initial, structural and logical rules with the modal rule (&>0)q,

(4) HGS4n to all initial, structural and logical rules with the modal rules (O >) and (> 0),.
For HGMLp being one of the above systems, we refer with HGML to the version where the rule (O) is
replaced by (O7), the rule (>0); by (>07); and the rule (>>0)g by (> 07 ), respectively, if any of them are
contained in HGMLH. Given a hypersequent G, a hypersequent calculus S and a tree of hypersequents v, we
write v sy G if 7y is a proof of G in 8o (as usually defined for (hyper-)sequent calculi) and s, G if there is
such a proof.

As said before, the particular system HGKp was (in some way) already considered by Metcalfe and Olivetti
in [27]. Originally however, Metcalfe and Olivetti considered a hypersequent calculus where the rules (IDV),
(L") and (>T") were replaced by the following strong versions:
—— (ID); = (L>); o= (>T).
G\QSDQZ)( ) G|F,J_>A( ) G|F>T( )
However, these rules are derivable using the weak versions in the calculi presented here. Some useful derived rules
(following [27]) are the following regarding the introduction and removal of negation (as a derived connective):

G|IT>¢ G|T, o>
oo () S (o)
G|T,—-¢> G|T>-—¢
It is quite obvious that the rule (O ©>) suffices (in the context of the initial, structural and logical rules) to prove
the hypersequent variant of the axiom scheme (T') by

(ID)

o>
e
>O¢ — ¢.

A similar argument shows this for the axiom scheme (4) and the rule (>07); as follows:
(ID)

(WL)

(|> D_)l

(> =)

O¢ > 0¢
O, ¢ > 0o
0¢ > 006
>0 — 006,
Note that in general the rule (07) is derivable in HGKg (and its extensions) by



GODEL JUSTIFICATION LOGICS AND REALIZATION 23

Initial Hypersequents

— (ID%¥ — (LY — (T
p>p( ppe€Var (1> — (>T")
Structural Rules
G G|H|H G|F1,H1>A1 G|F2,H2I>A2
—— (EW —— (E M
G H( ) G‘H (C) G|F1,FQI>A1|H1,HQI>A2 (CO )
G|T>A G|T> G|T,9,01>A
— (WL —— (WR — " (CL
G|F,¢>A( ) G|F>¢( ) G|F,¢I>A( )
Logical Rules
G|F1>¢ G|F2/¢1>A G|F7¢I>¢
GIihiTo—oovsa P GTeese &
G|T,¢> A G|T,¢yp>A
GITorosd "™ Gronrosa ')
G|T>¢ G| G|T.¢>A G|T, A
GilToong &N GiToveosa V)
G|Tr>¢ G|T>vy
GiToove OV GToave PV2
Modal rules
I'> ¢ _ e | T ¢ G| T'>A
DF>D¢(D) DH>|DF>D¢(D) G|D¢7F>A(D>)
I,00 > ¢ O ¢

orsoe TP areog CU )

H,DH>|F,DF>¢>(I> ) DHD\DFDgf)(
Ol > | O > O ' O0s |OreO¢

> D)Q

Cut rule
G|F1,¢DA G|F2l>¢)
G‘F17F2|>A

(CUT)

FIGURE 1. The various hypersequent rules.

I'>¢
' |T'>¢
Ores | O >0¢
Or >0¢ | OT > 0¢
ar o Og.
Also note that (>>0)y, (> 07 )1 suffice to derive (O), (O7), respectively, and that (> 0), (> 07 )9, in the pres-
ence of (O>>), suffice to derive (>0)1, (> 07 )1, respectively. Given a multiset of formulae I' and some proof
calculus S over the same language, we write I' g ¢ if I'Fs ¢ where I is the set corresponding to I'.

(EW)

(0)
(WR)
(EQ).

Theorem 44 (Weak Completeness Theorem; QMC% and Hg./\/lﬁé + (CUT)). Let

GMLE € {GK5,GT 5, GKAT, G845, 6K, 6Ta, GK4n, GS4n}.

Then, for every ¢ € L:

Fomes O W Fagacs +cur) > 9
Proof. For the direction from left to right, we show the claim by induction on the length of the proof. Naturally,
for every axiom instance ¢ of g/\/lﬁé, > ¢ is derivable in Hg/\/lﬁé + (CUT). This is clear for the propositional
axioms. For the modal axioms (7T'), (4), this was indicated above and, naturally, (K) can be derived using ((07)
and consequently also using (). The axiom scheme (Z) can be derived using ([J) as shown in [27].

Now, suppose the formula ¢ was obtained by modus ponens with Fg/vu:é 1 and FQML% 1 — ¢. By induction

hypothesis, we get '_HgML§+(CUT) > as well as }_’Hg/\/lﬁéJr(CUT) > — ¢ and therefore we obtain
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(ID) (ID)
(Assm.)

(=>) ———
s A AT —— (Asm)
= (CUT)

Yy o> ¢
Vb= o> 9

as a proof of > ¢ in HGMLE + (CUT).

For the direction from right to left, we actually show that FHQM£§+(CUT) G implies FgMﬁfD: Z(G) for any
hypersequent G. This is again proved by induction on the length of the proof. Note that the translations of
the initial hypersequents are naturally theorems of GMLZE. See [27] for the validity (or admissibility) of the
structural and logical rules.

The admissibility of () with respect to the corresponding calculi is shown in Lemma 7 (see also Remark 3),
the admissibility of (07) in Lemma 32 and Lemma 6. The admissibility of the rules (> 0)1, (> 0)g, (>07 )1
and (>>07), follows from a straightforward use of the axiom schemes (T") and (4) together with Lemma 7 and

Lemma 32 O

We now present a Cut-Elimination Theorem for the various hypersequent calculi introduced before. The
method of the proof is due to Avron [5] and is used in [27] to prove cut-elimination of HGKg. A survey about
this (in the non-modal propositional case) can be found in [6]. We don’t get into the issues of dealing with
(internal or external) contraction and the consequent introduction of a hypersequent version of the multicut (or
mix) rule of Gentzen. Instead, we focus on the modal rules.

For this, note that the following multi-rules of (O), (>0); and (1> )y are derivable in the respective systems
(where m € N\ {0}):

M| | Oy | T>e

O > - [0, 5 [ r e 0 ")

0,0 > |- | O, Oy [ DOCD 6y
Oy > | - | OILy, > | O > 0o !
Oy o> | -+ - | U1, I >

1> [ [BUD 0,
O > |- | O, > | OF > O
An example derivation of 2(t>[0); goes as follows: we obtain

0,000, & | I, Ol > | T, 00 > ¢ WO

Iy, Oy, OTy, Oy o> | Iy, T, OI0,, Oy > | T, 00 > ¢

(EO)
Hl,Hg,Dﬂl,DHQD |F,|:|Fl>(i) ([>|:|)
OIl,, Ol & | O & Og !
from the assumption.® Using this twice, for both arguments of (COM), we get:
UIL, Ol > | O >0 UILL, Uil > | O > O
1 2D | ¢ 1 2 D> | ¢ (COM)

010, O, > | O, Ol > | OF > 06
OI0, > | O,y > | O > 0.

For a similar derivation of 2([J) see [27]; a derivation of 2(>> ), may be obtained in the same way. The general
instances m(J), m(>0); and m(>>0); can be derived by natural generalizations.

(cLy”

Theorem 45 (Cut Elimination). Let
’Hg/\/lﬁé € {HGKg, HGT 5, HGKAL, HGS4q, HGK o, HGT o, HGK 4o, HGS4n}.
Then, for every hypersequent G:
'_HQML§+(CUT) G iff "Hg/vwﬁ G.

Proof. We sketch the proof. The general structure is similar to those of the proofs of cut-elimination from

[6, 27]. Similarly, it suffices to prove the following claim where we write T' =Ty,...,T';:
If '_?-Lg/\/wé G=G|Ti>¢]| - |T,>¢and
()9 Fagmez Hi=Hi | 30, (0] > [+ | Ty, [9]" & ¢,
then '_’HQM,Cé Gy ‘ H, | F,Zl l>¢1 | | F,Zk Dwk-

5Here, and in the following, we write (R)* for multiple applications of a rule (R) in the proof tree.
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It suffices to establish (x) for the cut-elimination theorem: if we have Faom £E4+(cuT) I for some hypersequent

I with exactly one application of (CUT), then the premises of the cut are provable in ’HQ/\/ME. Therefore, (*)
applies and the (CUT)-application can be replaced by the (CUT)-free proof from the conclusion of (x). The full
statement now follows by induction over the number of cuts.%

Let 7,7 be proofs for G and H respectively. The claim (x) is proven by induction on the lexicographically
ordered pair (c(¢),|y| + |n]) where c¢(¢) is the complexity of ¢ (see Section 2.2) and |v| is the height of the
derivation v as a tree (similarly for |n|). We refer to ¢ as the cut-formula.

There, it is sufficient to consider the following cases:

(1) G or H are initial hypersequents;

(2) v or i end by an application of a structural rule;

(3) v and 7 end in a logical (or modal) rule.
This division is sufficient as all combinations of initial, structural and logical (or modal) rules in which v and 7
can end are covered.

Case (1) is almost trivial as the cut formula is either p € Var or L or T as one (or both) of G, H have
been obtain by an initial rule. For case (2) see e.g. [27] or [6] for relevant instances where the corresponding
arguments translate directly to the systems considered here. See especially [6] regarding arguments for (COM)
or (EC) and [27] for arguments regarding (COM) in combination with (O).

We thus only consider interesting instances of item (3) involving the rules (O), (O>), (>0); and (>0)s.
Cases involving the weak versions (O7), (>07); and (> 07 )3 can be seen as special cases of those.

Of course there are a multitude of cases to consider, but the harder (or more interesting) cases which we
want to focus on, involving these modal rules, are:”

(i) v and 7 end with (>0)q;

(ii) v and n end with (> 0)s;

(iii) v ends with (>0)2 and 7 ends with (O >);

(iv) v ends with (O) and n ends with (O >);
(v) ~ and n end with (O).
Case (v) was discussed in [27] and the same argument applies here. Case (ii) is very similar to case (i) and in
the same way, case (iv) is very similar to case (iii). Thus, we only discuss case (i) and case (iii) explicitly as a
straightforward adaption of the arguments for (i),(iii) also solves (ii),(iv), respectively.

(i) v and 5 end with (>0);. By assumption, we have that v ends in

0,00, > | T,00 > ¢
O, > | Or > 06

(>0)1

and that n ends in

H2, DH2a [¢]n7 [D¢]n > | Z? DZ: [¢]m7 [D(b]m > '(/) (l> |:|)
Ol [Og¢]" > | O%, [O¢]™ > Oy. !
Applying the induction hypothesis to O¢ and the last line of v together with the second-to-last line of
7 (as the sum of the heights of those proof-trees is smaller than || + |7|), we obtain

cut free
OII, o> | O, I, Oy, [¢]* > | O, X, 0%, [¢]™ > 4.
Using this and the second-to-last line of v in the induction hypothesis (as |¢| < |O¢|), we then have:

. cut free
1,01, > | O, > | O, o, O, T, 0T > | O, X, 0%, T, 00 > ¢ (cLy*
IT,, 01, > | O, > | O, T, 00, T | O, X, 08, T > ¢ (WL)*
IT,, 0O, > | 11, 000 > | O, I, 00, T | O, X, 08, T > ¢ (EC)

I, 0I0, > | O, I, O, T > | O, %, 08, T > 4
011, > | Or, Ol > | O, O > O

2(I> D)l

60f course, the statement (*) contains multiple cut-sequents with multiple cuts inside them which are eliminated at the same
time. For the simple statement of cut-elimination in the theorem we prove, this is of course oversaturated but needed in order to
deal with contraction. Note our comment after the previous weak Completeness Theorem on that we don’t get into the surrounding
details.

"In all cases, [J¢ is the cut-formula.



26 NICHOLAS PISCHKE

(iii) v ends with (>0)2 and n ends with (O ). By assumption, v ends in

Ol |00 > ¢

Ol | OF > O (>0
and 7 ends in
G |3 [0¢" 9> ¢ O>)

G |3, [0 >
By the induction hypothesis applied to ¢ and the last line of « together with the second to last line
of n, we obtain:

cut free
G |0l | O, %, ¢ > 4.
Applying the induction hypothesis again to ¢ from the above and the second-to-last line of v, we derive:

cut free
G| Ol | O | Or,0Or, X s ¢ (EC)
G| Ol | Or,ar, X >

G |0l | O, 2 4.

8. ANNOTATIONS AND REALIZATIONS

To provide a formal footing for the Realization Theorem and its proof, we introduce annotated modal formulae,
following e.g. [7, 8, 14].

Definition 21. We define the language L by
g/ u=L|T[p|(¢ = ¢) (@ N)](¢Ve)]|D0:id
where p € Var and i € N.

The function sf naturally extends to £{;. There is a natural projection from L} to £g by just mapping
every [J; to [J, preserving the propositional part of the formula as it is. We call this projection e. An annotated
formula ¢ € L{; is called an annotation of a formula ¢ € Lo if (¢')® = 4.

A central notion in the context of realizations, in particular for constructing realizations later on, is the sign
of a modal operator. In the following, let P(X) be the power set of a set X. We define L : L — P(N) to
be the function which collects all labels occurring at [J-symbols inside an annotated formula. Precisely, we set
recursively:

o L(p):=L(L):=L(T) := 0 where p € Var;

o L(¢' AY') = L(¢/ = ') := L(¢/ V') := L(¢') U L(¢");

o L(Or¢') := L(¢') U {k}.
For all annotated formulae ¢’, we now define, recursively, the family of functions sgny : N — P({£1}). The
function sgn, (k) collects the polarities of O in ¢, for every index k. For this, we set for every k € N:

o sgn, (k) := sgn, (k) := sgn (k) := 0;

o sgn 0 (k) 1= 8804y () i= sgny (k) Usgny, (k);

o sgn (k) :=sgn,, (k) U (=1) - sgny (k);

sgn (k) ifk#1;

sgng (k) U{+1} else;

where for X € P({£1}), we set (—=1)- X := {(=1) -z | z € X}. For negation — as a derived connective, this
yields:

e sgnp (k) ==

SgN_ (k) = Sgn(;s'—u(k) =sgn, (k) U(-1) ~sgn¢,(k‘) =(-1)- SgN (k)
for every k € N as sgn | (k) = 0.
We call an annotated formula ¢’ properly annotated (p.a., for short) if every [J-index occurs at most once in
it and if & € L(¢') is even iff sgn, (k) = {—1}. Note that in this case, sgn (k) is indeed a singleton for every
k € L(¢'). Note also that being properly annotated is a property inherited by subformulae.
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For some formula ¢ and two properly annotated versions ¢, ¢"” (that is (¢')® = (¢”)® = ¢), there is a
canonical bijection between L(¢’) and L(¢”) by mapping every index in ¢’ to the corresponding indez of the
same [J-occurrence in ¢":

Definition 22. We define the functions Ly ¢~ : L(¢') — L(¢") recursively on ¢ as follows:
e foro=1,¢=Tor¢ec Var: L¢/7¢// = (Z);
o for ¢ =) xx x with xe {A,V,—}: Ly g0 = Ly g0 U Lys o where ¢ =" x x' and ¢" =" < x;
o for ¢ = D'Q/J L¢/1¢” = Lw/,w// U (k v j) where ¢’ = Dk'(// and gi)” = Dj'@[)”.

Here we write (k +— j) for the partial function with domain {k} and codomain {j} which maps k to j.

As ¢’ and ¢ are properly annotated, all these functions are well-defined and total on L(¢') as well as bijective
to L(¢").

We now formally introduce the concept of a realization of an annotated modal formula.

Definition 23. A realization is a partial mapping r : N — Jty (or r : N — Jt). A realization r is called
a realization for an annotated formula ¢’ € Lf; if all indices of O’s from ¢’ are assigned under r, that is if
L(¢") C dom(r).

A realization r is called normal if for every i € N:

if 2¢ € dom(r), then r(2i) = x;.

An annotated formula ¢" € £ has a natural image in Ly (or £;) under some realization r for ¢', written

(¢')", which we define recursively by the following clauses:

eif¢g =por¢’ =_Lor¢’ =T, then (¢)" := ¢;

o if ¢ =4 x X/, then (¢')" := (¢')" o (x/)" for x€ {A,V,—};

o if ¢/ =iy, then (¢")" :=r(k) : ().
All these previous concepts naturally generalize to hypersequents in the language £, that is annotated hy-
persequents. The maps Z, e naturally carry over by similar definitions in the annotated language. We define
L(G") :== L(Z(G")), sgng := sghg () as well as (G')" := (Z(G"))" and call an annotated hypersequent properly
annotated if Z(G’) is properly annotated. For two proper annotations G’, G” of some hypersequent G, we also
introduce the label-bijections Lgr g := Lz(ar),z(g) following Definition 22.

8.1. Substitutions. In the next subsection, we introduce the previous hypersequent calculi in annotated ver-
sions which are then used to constructively provide a realization for a given theorem by induction on the proof.
To handle branching rules later on, we use the so-called merging of realizations, a technique introduced by
Fitting in [14] and applied e.g. by Briinnler, Goetschi and Kuznets in [8] to prove a Realization Theorem for
the classical justification logics using a nested sequent calculus.

For this technique, the notion of a substitution of justification variables is necessary. We introduce this notion
and present some immediate observations about these substitutions in this subsection.

Definition 24. We call any map o : V — Jty a (justification) substitution. o naturally extends to two functions
mapping terms to terms or formulae to formulae by simultaneously replacing all occurring justification variables
by their respective images under . We identify these extensions with ¢ and thus write o for any such extension
as well.

We also write to or ¢o for the images of terms ¢ or formulae ¢ under o (or more precisely, under the extensions
identified with o), respectively.
Given a substitution o, we write dom(o) := {x € V' | o(z) # x}. Given two substitutions o, ¢’, we write oo’
for the map
z— o(x)o’ = o'(o(x)).
Given a proof calculus for a justification logic, it is natural to require that being a theorem is invariant under
substitutions, especially in the context of the Realization Theorem. For this, let

gjLO S {gj()a ng07gj403 gLPO}

and Sy be either G T Ly or PGJ Ly. Now, if Scg F ¢ for some axiomatically appropriate constant specification
CS for Sy, then for some substitution o we in general only have Scg, b ¢o where CSo :={c: ¢o | c: ¢ € CS}
(see [25] regarding this statement in the classical case). So, for closure under substitutions, we need the constant
specification to be closed under substitutions itself. One way to enforce this is by requiring that the constant
specification in question is schematic (see Section 2):
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Lemma 46 (Substitution Lemma). Let C'S be a schematic constant specification for Sy. Let ¢ € Ly (¢ € L)
such that Fs.g ¢. Then, for any substitution o: Fs.q ¢o.

The proof is a straightforward induction on the length of the proof and can be obtained through an easy
generalization of the proof for the classical case (see [14]).

The following remark collects some important facts on substitutions and realizations which we will need for
handling annotated rules later on.

Remark 8. Let 0,0’ be substitutions, r be a realization and ¢’ € L{; be p.a. such that r is a realization for ¢'.

(1) o or is a realization (for ¢');
(2) oorisnormal iff Vk € N : z, € dom(o) implies 2k ¢ dom(r);
8 o=
(1) if

(i) o|p = ¢'|p for D := dom(o) Ndom(c’), and

(i) jvar(o(x))Ujvar(o’(z)) C{z} for all z € V,

then oo’ = o'0.
To see item (4), note that o(o’(z)) = o'(o(x)) is trivial for z ¢ dom(c) U dom(c”).
If z € dom(o) \ dom(o”’), then we have

o'(0(z)) = o(z) = 0(0'(2))
by (ii), as jvar(o(z)) C {z} and as o’(z) = z by assumption. A similar argument can be used to show
o(o'(x)) = o'(o(x)) for z € dom(o) \ dom(o’).
Lastly, if z € D, then o(z) = o/(x) by (i). Thus

o'(0(x)) = o' (0" () = o (0’ (2))
where the second equality follows again through o(x) = ¢/(z) from (i) and through jvar(c(z)) C {z} from (ii).

We can now state and prove the theorem on merging of realizations. This result gives us the possibility to
combine two realizations into one in various ways, depending on the sign of subformulae in some underlying
context formula. For this, we restrict ourselves to schematic and axiomatically appropriate constant specification
to be able to use substitutions and the Internalization Property. The requirement of being axiomatically
appropriate is no real drawback while aiming for a Realization Theorem either, as by the modal inference rule
(NO), in all of the weak or standard Godel modal logics, (18 is a theorem for every theorem 6. Thus, any
candidate Godel justification logic for realizing a corresponding (weak or standard) Goédel modal logic has to
have the Internalization Property.

Theorem 47 (Realization Merging Theorem). Let C'S be a schematic and axiomatically appropriate constant
specification for So. Let ¢' € L be p.a. and r1, ro be normal realizations for ¢'. Then, there is a normal
realization v for ¢’ and a substitution o such that:
(1) Vz € V :jvar(o(x)) C {z};
(2) dom(o) C {x, | 2n € L(¢)};
(8) for each subformula ¢’ of ¢':
(a) if Y is a positive subformula of ¢', then Fs., (W')io — (W),
(b) if Y is a negative subformula of ¢, then bs.q (Y — (¥')i0,
where 1 =1, 2.

Proof. At first, we assume that r; and ry are (using Fitting’s terminology from [14]) non-self-referential on
variables over ¢, that is we require that

o’ € sf(¢) implies x,, & jvar((¢')"7)

for j = 1,2. Assuming this, we construct realization/substitution pairs (7, 0y ) for the subformulae ¢’ € sf(¢’)
by recursion on the structure of ¢’ such that ry is normal and:
(1) Vo € V :jvar(oy (z)) C {z};
(2) dom(ey) C {an | 20 € L(u")};
(3) for all x" € sf(y)’):
(a) if x' is a positive subformula of ¢, then s ¢ (X/)" oy — (x/)™ fori=1,2;
(b) if X’ is a negative subformula of ¢’, then Fs.¢ (/)™ — (x/)" oy for i =1,2.

8Here, and in the following, we write o for the composition of functions. Note that as before, o is representative for its extension
to a function from terms to terms.
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For the recursion base, we may set ry/ := () and oy := idy for ¢’ being an atomic subformula of ¢’. Clearly
these (rys, 0y ) satisfy the conditions (1)-(3) and 7y is normal.

Now, suppose that o/, 8’ are subformulae of ¢" and that together with realization/substitution pairs (ro/, 04/), (rgr, 0p7)
they satisfy (1)-(3) and that r,/, g are normal. Then, we have the following case-distinctions:

o If ) = o/ A B is a subformula of ¢’, we define

ro(n)og if n € L(a),
Ty (n) = o ,
rg(n)oy if n e L(F),
and oy := o4 0p. Note first, that as ¢’ is properly annotated and as ¢’ = o’ A 8’ is a subformula of
@', we have L(a/) N L(B") = 0. Thus, as we have
dom(cy) C {zy | 2n € L(a’)} and dom(op) C {z,, | 2n € L(B')}

by induction hypothesis, we obtain dom(oy) N dom(og) = 0 and by item (4) of Remark 8, we get
Oy = Oq0g = 0g0y. Naturally, the conditions (1) and (2) are satisfied for oy. Also, by the
above, it is straightforward to see that ry. is normal: 7,/,75 are normal by induction hypothesis. Let
2n € dom(ry), i.e. 2n € L(a/) U L(F'). If 2n € L(a/), then 7o/ (2n) = z, as ry is normal. As
L(a/)NL(B") = 0, we have 2n ¢ L(B’). By condition (2) applied to og, we have og (z,) = zp.
Therefore, we have 74/ (2n) = ro/(2n)og = x,. We similarly get this for 2n € L(f). Therefore, ry is
normal.

For (3), let x' € sf(¢'), i.e. X' € sf(a’) Ust(B) or x’ = ¢'. Suppose the former and that x’ € sf(a).
The case of x’ € sf(8’) follows analogously. We divide again between the following two cases:

— If / is negative in ¢, then

F505 (X/)Tal — (X/)Tjaou, j=12.

By the Substitution Lemma, we have
'_Scs (X/)TQIUB’ - (Xl)rjo'oc’o-ﬂ'v j=12
Per definition of rys and oy, this amounts exactly to
Fses () = () oy, j=1.2

— If X’ is positive in ¢’, then similarly as before

Ta!

Fses () 00 = (X)) 5=12,
and therefore by using the substitution o/ again, we also obtain
Fses (X) oy — (X)
for j =1,2.

Now suppose x’ = 1’. Then, we again divide between 1)’ being positive or negative in ¢'.
— Suppose 1)’ is negative in ¢'. Then, o/ and 8’ are negative in ¢’ and thus we have, as above, that

Fses (&)™ = (o) Yoy and ke (B) = (8) oy
for j = 1,2. Therefore, we get
Fses (@) AB)Y) = (@) op AB) oy)  (1=1,2)
and hence
Fscs (O/ A ﬂ/ywl - (O/ N ﬂ/)rj(jl/"
for j = 1,2, which is the claim.
— If ¢/ is positive in ¢’. We similarly have
Fses (@) 7oy — (o)™ and Fsog (B)7 oy — (87)
for 7 = 1,2 and therefore
Fses (&) ap A(B) o) = (@)™ A (B)™)
for j =1,2.
o If ¢y =o' Vv ' is a subformula of ¢ we again define
ror(n)og  ifn e L(d),
ry(n) = - ,
rg(n)oy ifne L(f),

and oy = o 0p as in the case of o/ A /. Note that again 0,03 = 0g0n. Then, the properties
(1)-(3) and normality of 7y follow as in the previous case for o’ A §’. In particular, the case of x' = ¢’
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for item (3) can be obtained by following the same line of reasoning from the A-case, while using the
following theorem of G (and thus of S¢g):

l_Scs ((91 — 92) A (93 — 94)) — ((91 V 93) — (92 V 94)) .

If ' = o/ — (' is a subformula of ¢/, then we again set oy := 040 (also here commutativity applies)
as well as
ror(n) = {ra/ (n)og ?f n € L(d'),
rg(n)oy if n e L(F).
The properties (1) and (2) for oy follow as in the two previous cases. This ry can be shown to be
normal by similar reasoning as in the ' = o/ A 3’-case. So we only focus on the instance x’ = 9’ of
item (3). This case differs (a little) from the A(or V)-case and we thus give some details.
If ¢’ is negative in ¢', then o’ is positive and 3’ is negative in ¢’. Thus, we have by construction of
(rys, o) that
Fses (@) 7oy — (o)™ and o (B) = (B) oy
for j = 1,2 by similar reasoning as in the A(or V)-case. By propositional reasoning this yields
Fses (@)™ = (B)") = (@) 7oy = (8)70y) (1 =1,2)
which is exactly Fs.g (¥/)™" — (@) 7oy for j =1,2.
If otherwise 1)’ is positive in ¢’, then o’ is negative and 3’ is positive in ¢’ and the argument is similar
to the above with the roles of o/ and 3’ reversed.
If ¢/ = O;a’, we now already divide in the construction over whether v’ is a positive or a negative
subformula of ¢':
— if ¢’ is a positive subformula, then o’ is also a positive subformula and thus by assumption

Tl

Fses (@) 700 — (&)

for j = 1,2 where then, by Internalization in S¢g, there are closed justification terms ¢1,ts such
that

I_Scs tj : ((O/)Tja'a' — (a/)ra/)

for j = 1,2. We remind on Remark 2 (which also applies to the positive versions) that the terms
t1,t2 indeed can be chosen to be closed. We set oy := 0,/ and

rye(n) = {[[h (D)o ] + [ta - ra(i)oy]]  if n =4,
rar(n) ifn e La).

This 7y is normal: 7o/ is normal by induction hypothesis and ¢ is odd since v’ is positive in ¢’
and ¢’ is properly annotated, i.e. in particular sgn,, (i) = {+1}. Items (1) and (2) follow directly
from the definition of o by the induction hypothesis applied to o and o,,. We again focus on
(3) where we only consider the case of x' = 1’ as before. The other cases are immediate as ry
respects r, on L(a’). Using (), we obtain

T/

'_SCS Tj(i)da/ : (O/)T’UO/ — [tj -Tj(’i)(fo/] : (Oé/) *
for j = 1,2 and thus
Fsos 7(1)0ar : ()7 00 — [[t1 - 11(0) 0] + [tz - 2(i)oar]] : (&)
by the axiom schemes (J) and (+) in Scs where the latter is exactly Fs, o (0;&) 0o — (O;a)™
for j =1,2.
— if 4’ is a negative subformula, then o/ is also a negative subformula of ¢’ and thus by assumption

Tal

o

Fses (@) = () 0

for j = 1,2 where again, by the Internalization Property, we deduce that there are closed terms
S1, S such that

Fses si 1 (@) = (o) ow)

Tk if n =1,
m,/(n) = {

ror(n) ifn e L(a),

for j =1,2. We take

and

Oy (Tn) = {[[51 I

O (Tn) otherwise,
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where k := /2. Note that i has to be even as sgn, (i) = {—1}, following the assumption that ¢’
is negative in ¢’. Naturally, ry/ is normal as r,s is by induction hypothesis and as ry (2k) = zy.
For item (1), note that the terms si, so are assumed to be closed.

This oy also naturally satisfies item (2): if x € dom(oy), then either z € dom(oy/) or x = .
For the former, (2) follows from the induction hypothesis applied to o’. For the latter, clearly
2k =1 € L(¢') and thus zy € {x, | 2n € L(y')}.

We verify item (3) for x’ = ¢'. Again, as ¢ is even, we have r;(i) = z5. By (1), we then derive the
following for j = 1,2 using the axiom scheme (+):

I_Scs [51 + 32} : ((a/>7‘a

Using this and the axiom scheme (J), we then obtain

’

— (&) 04 .

To!

Fses n : () = [[s1 + 2] - 2] : (&) 00
for j = 1,2. Note that it holds that [[s; + so] - @] : (o/)7 00 = (21 : (/)7) oy as we have
(&/)iog = (&) oy . To see the latter, suppose (o/)oy # (&) oy . Then, as oy and o, are
equal on everything but zj, we have to have xy € jvar((«/)"7). But as Ogra’ = 0,0 = ¢ € sf(¢),
this is impossible as r1, 79 are assumed to be non-self-referential on variables over ¢’. Therefore
the last derivation translates to

"505 (DZ‘O(/)TW — (DiO/)rjO'w/
for j =1,2.
If r; and ro were non-self-referential on variables over ¢', then the desired realization/substitution pair is
given by (rg/,04) = (r,0).
If 71 and 7y failed to be non-self-referential on variables over ¢’, then we construct two new realizations 71,
72 as follows: let j = 1,2 and define
P;:={neN|3keN: Oy €sf(¢'),n e L),z € jvar(rj(n))}.

These n € P; are the indices where non-self-referentiality fails in ;. We will temporarily replace those by new
justification variables and for this, we define

Vp, = {xp(lj),...,xpl(%} cVv
with pgj ) < pgi)l and where
(Vp, UVp,) N (jvar((¢')™) Ujvar((¢')™?)) = 0 and Vp, N Vp, = 0.

Essentially, this last line just says that all these variables contained in Vp, U Vp, are distinct and not occurring
in (¢/)" for j = 1,2 (which is what we meant with new in the above). But this precise notation makes the
following definitions more succinct.

Now, for P; = {ngj), ont) } with ngj) < n(j)17 we define

R it
75 ("Ej)) = Tp6)
for i € {1,...,|P;|} and 7;(n) = r;j(n) for n & P;. Note that these 7*; are both normal as r; is normal and every

n € P; has to be odd: if n is even, say n = 2m, then r;(n) = x,, and if Og¢)" € sf(¢’) with n € L(¢)’), then
k # m as ¢’ is properly annotated. Therefore x) ¢ jvar(r;(n)).

These 7; are now non-self-referential on variables over ¢’ by construction. Using these temporarily modified
versions of the original r;, we construct a realization/substitution pair (74,64 ) for ¢’ with respect to 71,72 by
the recursive process from the first part of the proof.

Using this resulting (74, 64/), we then define two substitutions ¢’,¢” via

o’ (xPE])) =7 (ngj)) 64 and o (fpij)) =7 (ngj))
for 0 € Vp, UVp, and via o'(z) = 0”(z) = x for x € Vp, U Vp,. Both of these substitutions are well-defined
as Vp, NVp, = 0. We define r := ¢’ o 7 as well as o := 64 and the desired realization substitution pair is now
given by (r,0). ¢ serves to undo the previous introduction of new variables. To see that (r,c) is the desired
realization/substitution pair corresponding to the original 71,9, we verify the respective properties (1) - (3) for
(r,0) over ¢’ with respect to r1,79.
By construction of (74,64 ), 0 = 64 satisfies (1) and (2). For (3), we first show two properties of o’ and ¢”":

(l) U”é}zﬂ = 5’¢/O’l;
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(11) (T// ij = 7"j.

Item (ii) is quite immediate: as all variables from Vp, U Vp, are new, we obtain, since dom(o”) C Vp, U Vp,,
that 7;(n)o” = rj(n)o” = r;(n) for any n ¢ P; U P» by definition of #;. For n € P; for j =1 or j = 2, say

o (@) _ _ (@)
7 (nij ) o' =ao" (xpgj)) =r (nij )
by definition.
For item (i), note that, by definition, we have

A G 5  _ _ -
() 00 =1 ()30 = (1) = () "

Here, everything but the last equality follows directly from the definitions. For this last equality, note that o4
fulfills item (2) of the Realization Merging Theorem by construction, that is we have

n=nl, we have

dom(64) C {xy | 2n € L(¢')}.

So, as T G) is a new variable, we in particular have &4 (Ipm) =Z,6 which gives the last equality.

Now, we want to establish item (3) for the pair (r, o) with respect to the original 71, 7. We at first have
Fses (¥)7a = ()

from (3) applied to (Fg,64) and 71,72 (as 0 = G4 ) for ¢’ being a positive subformula of ¢’. We apply the
substitution ¢’ to obtain

Fsos ()00 = (1) o'

By item (i) and (ii), we have (1) 00’ = (¢')" 0”0 = ()')"7 o and therefore, as (1')"+' ¢’ = (¢)')"¢' by definition,
we obtain

FScs (1/1/)”0’ - (w/)%, .

The argument is similar if v/’ is a negative subformula of ¢'. O

The above theorem was obtained, for the classical justification logic LP, by Fitting in [14]. Briinnler, Goetschi
and Kuznets state it without proof in [8] for the other common classical justification logics. The proof presented
here is a simplified version of that of Fitting from [14], adapted to the case of the Godel justification logics.
However, one may note that the pre-linearity scheme is not needed in the proof and it thus stays valid in the
context of the intuitionistic justification logics as defined in [26].

We decided to follow this approach of Fitting towards realization as for one, the Realization Merging Theorem
can be used to provide further constructive insights into the justification logics in questions (see [14]) and, for
another, the proof of the Realization Theorem via the Realization Merging Theorem is modular in a way which
nicely accommodates the multitude of systems considered by us.

In the setting of the Realization Merging Theorem, we also say that the realization/substitution pair (r,0)
hereditarily merges 71 and ro on ¢'.

8.2. Annotated calculi. In the following, let
HGMLE € (HGKa, HGT 0, HGKAD, HGSAn, HGK S, HGT o, HGKAS, HGSAT).

We may define ’HQML% in an annotated version over the language L{;, denoted by Hg./\/lﬁél, which results
from the same rules as HQME% (in the language £(;), but with the rules (OJ), (O7), (O>), (>07)1, (>07)q,
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(>>0); and (>>0)s respectively replaced by corresponding annotated versions:
P A [ I > 4 oy
I I A I P T/ I e T o W ’
Vi Y > ¢ @)
I P I PR VA S I X ’
G |¢,T'> A
G| Okg!, TV > A’
Vi Yo B s -+ Oiy v > ¢
Onyts .-, 00,90 > Ok’
Onv, -0 v > o v
/ ( U )27
e C PR N P A e W
e (A PR /I I N AU A AU I P % I PR G -
P O I o o N P %/ I P T I
Dlerll, ey Djmﬂgn > | Di17i7 - ,Din’yg > (b/
Oy, m, ..., 0,7, o | O, O vs > Oge?

Jm “m

O);

(>07)%;

(>0

(>0)5.

We present these annotated modal rules by expanding the internal multisets into their constituting formulae.
We do this, as we want (and need) the freedom to index every formula in a multiset, counting multiplicities, by
a different annotated instance of O (as in Fitting’s [14]).

There is a natural notion of proof over these annotated calculi, this time defined via annotated trees of
annotated hypersequents. We use the same notation as in the context of the unannotated calculi.

We obtain the following lemma via an induction over the length of the proof:

Lemma 48. Let G’ be an annotated hypersequent. If ' FHQML%' G', then v'* F?—LQML% G'*.

Of particular interest however is the reversal of the above statement.
Lemma 49. If v }_'Hg/vl.cé G, then for any annotation G' of G, there is an annotated proof v such that
~' '_HQMLE' G' and v'* =~.

Proof. We fix an annotation G’ of G and propagate upwards through the proof tree, annotating the intermediate
sequents in the proof. The annotation of the premise hypersequents are always uniquely determined by the
annotation of the conclusion, as we do not consider the cut-rule. O

Note that the condition 7'®* = v especially implies that the proofs have the same length. This will be of
importance in the proof of the Realization Theorem later on.

9. THE REALIZATION RESULTS

In this section, we prove the Realization Theorem by recursively constructing realizations over proofs in the
annotated calculi. For this, the following lemmas first provide results on how the Go6del justification logics
realize inference in the style of the various hypersequent rules.

Thus, in this section (if not stated otherwise) let

SO € {QJO, QJT(L gu740a gACPO,ngO;ngTO,ng4O,Pg£PO}

and C'S be a schematic and axiomatically appropriate and constant specification for Sy. We only consider the
more complicated rules, i.e. those where either merging or modal reasoning is required in constructing the
realization.

9.1. Structural rules. Regarding the structural rules, we only consider the (COM)-rule. Not only does it
require the Realization Merging Theorem but the rule is actually a hypersequent counterpart to the pre-linearity
scheme (¢ — ¥) V (¢ — ¢) in propositional Godel logic. This scheme is of greater importance as it actually is
the only axiom needed in addition to some formulation of the intuitionistic propositional calculus to axiomatize
[0, 1]-valued propositional Gédel logics.

Besides the approach over t-norm based semantics and Hajek’s basic logic BL, this is the other main seman-
tical access point to Godel many-valued logics.

Lemma 50 ((COM)-case). Let H := G’ | T, Ty > Ay | I}, 15 > Al be a p.a. hypersequent and suppose there
are normal realizations v and s for G' | T, 11} > A} and G’ | T, 11, > Al respectively, such that

Fses (G| T > A and Fsos (G| Th, I > AY)®.

Then, there is a normal realization t for H' such that Fs.s (H')*.
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Proof. By the Realization Merging Theorem, there exists a normal realization u for G’ together with a substi-
tution o such that u and ¢ hereditarily merge r and s on G’. In particular, we have

Fsos (G')o— (G and Fs.q (G')°0 — (G')™.
We set
r(k)o if ke LT}, 1) > AY),
t(k) == s(k)o if ke L(Th, 115 > AY),
u(k) if ke L(G),
and then obtain
l_Scs (G/ | F/17Hl1 > All)r A (Gl | 1—‘/271_1/2 > AIQ)Sv
that is
Fses (G)"V(G)* Vv (T, 11 > A" A (5,115 > AY)).
By Lemma 46, we derive
Fses (GN)'o vV (G) o v (T, 1) > AY)7°7 A (T, 1T > A5)7°%).
Thus, we get (by definition of t) that
|_Scs (Gl)t v ((F/DH,l > All)t A (F/Qa H/Z > A/Q)t)v
and hence, by propositional reasoning in G, we derive
Fses (GN)'V (T, Ty > AY) v (IT, I > AY)*
as, again by propositional reasoning in G, we have

Fses (A1 A1 — x1) A (d2 Aha — x2))
= ((¢1 A2 = x1) V (1 A b2 — x2))

as a theorem (even of G) using the axiom scheme (¢ — ) V (¢ — ¢).

The reasoning for normality of ¢ is similar to the normality proofs occurring in the proof of the Realization
Merging Theorem: let 2k € L(H') = dom(t). Then naturally t(2k) = u(2k) = xzy if 2k € L(G’) as u is
normal. Suppose 2k € L(I'},II} > A}). Then r(2k) = zj, as r is normal. Further, we have 2k ¢ L(G’) as H' is
properly annotated and by item (2) of the Realization Merging Theorem for (u, o) we have o(zy) = x. Thus
t(2k) = r(2k)o = xy. If we assume 2k € L(T'), T, > A}), we get this result using similar reasoning. O

9.2. Logical rules. The only logical rules which we consider explicitly are the branching rules, i.e. those rules
which have multiple assumptions, as the handling of them makes essential use of the merging of realizations (as
before with (COM)).

Lemma 51 ((— >)-case). Let H' := G’ | T},T%, ¢ — ' > A’ be a p.a. hypersequent and suppose there are
normal realizations r and s for G' | T} > ¢' and G' | T4, 9" > A/, respectively, such that

Fses (G| T > ¢') and Fsog (G'| Th,¢" > A').
Then, there is a normal realization t for H' such that bs.q (H').

Proof. Suppose that Fs,q (G' | T] > ¢')" and Fs.q (G' | Th, 9" > A')*. By the Realization Merging Theorem,
we obtain that there exists a normal realization u for G’ and a substitution ¢ such that v and o hereditarily
merge 7 and s on G’. In particular, we again have

(t) Fsos (G)'o = (G)" and ks (G)'0 — (G7)"
By propositional reasoning, we thus derive
Fses (G)" V(G V(T > )" A (T, 9" > A')?)
and by the Substitution Lemma, we get
Fses (G)'o V(G) o v (T > ¢')7°" A (T, 9" > A')7%%).
Propositionally, with (1), this implies

Fses (G (AT A (ATE) T A@)™ = @) - (Va) 7).
Dol by r(k)o if ke LT} > ¢),
t(k) = { s(k)o if k € L(Th, ' > A),
w(k) if ke L(G).

then results in s, (H’)". Now, ¢ can be shown to be normal by similar reasoning as with the rule (COM). O
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Lemma 52 ((>A)-case). Let H := G' | TV > ¢ A be a p.a. hypersequent and suppose there are normal
realizations v and s for G' | T/ > ¢ and G' | T' >/, respectively, such that

Fses (G T > @) and Fs.q (G| T/ >9")°.
Then, there is a normal realization t for H' such that Fs.s (H').

Proof. Suppose Fs,o (G |T">¢")" and s, (G' | TV >)%. Then, by the Realization Merging Theorem, there
exists a normal realization u for G’ | IV > and a substitution o which hereditarily merge r, s on G’ | TV t>. That
is, we in particular have:

(*) '_Scs (G/)TU - (G/)u;
Fses (G")*0 — (G")Y
oy [Fses (AT = (AT 0
l_Scs (/\ F/)u - (/\ F/)S g
Therefore, by propositional reasoning, we obtain the following implications:
Fses (G)"V(G)*V ((F/ > )" A (T DW)S)
implies kg, (G (( ) )7 A (/\F) o—( "OS) by ()
implies ks, (G')"V <( ’) )7 A (/\I‘) = ( ”OS) by (#x)
implies Fs., (G")"V (( F’) — ()7 A (Y )‘TOS> .
Again, we define ¢t by
r(k)o ifke L(¢),
t(k) =< rk)o ifke L@,
u(k) ifkeL(G|T">),
and then derive ks, (H’)!. As before, normality of ¢ follows as with the (COM)-rule. O
Lemma 53 ((Vi>)-case). Let H :=G' | TV, ¢’ V' > A’ be a p.a. hypersequent and suppose there are normal
realizations v and s for G' | I, ¢' > A" and G' | T4 > A, respectively, such that
Fses (G| T, ¢" > AN and Fs.q (G| T4 > A)°.
Then, there is a normal realization t for H' such that s.s (H')*.
Proof. Suppose Fs.q (G' | T7,¢' > A" and Fs.g (G' | TV,9¢' > A')*. By the Realization Merging Theorem,

there is a normal realization u for G’ | IV > A’ together with a substitution o which hereditarily merge 7, s on
G' | TV > A’. That is, we again in particular have

Fses (G')"o = (G')", Fses (G')0 — (G)",
Fses (AT) = (AT) o, Fses (NT) = (AT) o,
FSes (\/ A’)TJ = (\/ A’)“, F S (\/ A')Scr N (\/ A’)u

As before, using propositional reasoning over G, we get
Fsos (G V(G V (T, ¢ > A" AT, > A')%)

by the assumptions and therefore, using the Substitution Lemma, this yields

Fses (@Y ((AT) A @) v @) = (Va)").

with additional propositional reasoning and together with the above implications from the Realization Merging
Theorem.
We define t by

r(k)o if ke L(¢'),
t(k) = s(k)o if ke L(¥'),
u(k) ifkeL(G|T>A),
and obtain Fg,4 (H')" from the last line. Normality of ¢ can again be established by similar reasoning as with
the rule (COM). O
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9.3. Modal rules. At last, we consider the various modal rules. As they require reasoning using actual
principles of justifications in the Godel justification calculi, we give full proofs in each case.

Lemma 54 ((O7)-case). Let G' :=~},...,v,>¢', H := 0,7, ...,0;, v, >0r¢" be p.a. and let r be a normal
realization for G' such that bFs,q (G')". Then, there is a normal realization s for H' such that Fs., (H')®.

Proof. Let G’ and H' be given as required where Fg., (G')" for a normal realization r for G’. We thus have
(1) Fses NG = (@)
j=1
We set s(m) := r(m) for all m € L(G’). As H' is properly annotated, we get i; ¢ L(G’) for all 1 < j <n. We
hence set s(i;) := z(;,) /2 for all j € {1,...,n} which results in a well-defined and normal realization (so far) as
H' is properly annotated and (thus) all 4; are even.
Now, by the Lifting Lemma (see also Remark 5), we have by (f) that there is a term ¢ € Jt such that
n

Fses /\ S(Z]) : (Vé‘y —t: (¢/)T'

j=1

Thus, by setting s(k) := t, we then immediately obtain that s is a normal realization for H' with s, (H')®
as s rL(G/): r [L(G/)~9 O

Before moving on to the rule (O), we give the following preliminary lemma.
For this, let S be the class of Godel-Mkrtychev models with respect to which completeness was proved for
So-

Lemma 55. Let I'; A be finite sets of justification formulae (in the appropriate language for Sp) and ¢ be a
formula. Let C'S be any constant specification for Sg. We have

Fses (/\ 5—>L>v /\7—>qb
sea ~ver
if, and only if
-—A T Fs,q ¢
where =A== {==d | § € A}.

Proof. By the Completeness Theorem for Scs-models, Theorem 3, we have

I—SOS</\6—>J_>\/ Nv—o ifflzscs</\6—>L>\/ Nv—o

dEA yel dEA ~yel

and, by additionally using the Deduction Theorem, we obtain

AT hses ¢ if =AFs.s \ 7= ¢iff A s \v— o
yel’ yel’

IWe write f Iy for the restriction of a function f: X — Z to a subdomain Y C X.
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We get the following equivalences:

Fses (/\ 5%L>V Nr—o

dEA yel

if VO € Ses s max{ | A 6 — Lo, | \ 7=l p =1

dEA yel’
iff VO € Scs < | /\ Sl =0 or | A vlon < |dlan
JEA ~yel
iff VOt € Scs ¢ | /\ Olom > 0 implies | /\ Yo < |Plom
dEA yel’
iff VO € Scs ¢ | /\ ——dlam = 1 implies | /\ vl < [¢lom
dEA ~yel
iff VOO € Scs : |7 Alon = 1 implies | /\ Yom < |@]om
yel

iff ~=A s \ 7= 6.

yel

O

Lemma 56 ((O)-case). Assume Sy € {PGT 0, PGIT o, PGT40, PGLPy} and let CS be a schematic and az-
tomatically appropriate constant specification for Sg. Let

H = Dj17T/17 ey Djmﬂ—'/m > | Dil’}/i, ceey D’Ln’%/z > Dk¢l
be a p.a. hypersequent and let r be a normal realization for

G/ ::71—17"'77r471> ‘71""77’:’LI>¢)/
such that Fs.g (G')". Then, there is a normal realization s for H' such that s, (H')®.

Proof. By hypothesis, we have ks (G')", i.e. spelled out we have
Fses (/\(Wz’)r - l) v </\(%’)T - (¢')T> :
1=1 1=1
By Lemma 55, this implies
(T) ﬂ_‘(7"-1)7’7 ) _‘_'(Tr;n)Ta (’Yi)ra R (’Y;L)T Fses ((b/)r'

We set s(h) := r(h) for h € L(G’) and s(i;) := x(;,)/2 as well as s(ji) := x(j,)/2 which is again (so far) well-
defined and normal as H' is properly annotated and (therefore) the 4;, j; are even. Now we have, by the Lifting
Lemma (Remark 5) and by (t), that

Ds(j1) : ==(m1)" - 98(im) + ()" s(in) = (1) 8(in) 1 (1) Fses £ (6)"
for some t € Jty. We then set s(k) := ¢ and by the axiom scheme (P), we derive
Fses ~ms(n) 2 ()" — Ds(di) + o (m)”
for all I = 1,..., m which implies
=s(f1) = (1) 28 (m) 2 ()" s(i1) = (V)7 s(in) 2 (1) Fses 2 ()"
using propositional reasoning. Again by Lemma 55, this yields

(1) Fses (/\ s(i) : ()" — J_> Vi (

=1

=

s(i) : ()" — t: (¢’)T>

l

1

It is straightforward to see that () is equivalent with ks, (H')® and as r is normal, s is normal by construction.
O
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Lemma 57 ((O)-case). Assume So € {GIT0,GLPo, PGIT0o, PGLPo} and let CS be a schematic and
aziomatically appropriate constant specification for Sy. Let G' | Or¢',T" > A’ be a p.a. hypersequent and
suppose there is a normal realization v for G' | ¢/,T' > A’ such that

Fses (G'| ¢/, TV > A')".
Then, there is a normal realization s for G' | Og¢’, T > A’ such that
|_SCS (G/ | Dkqb’,l“’ > A/)S.

Proof. Set H' := G’ | ¢/, T > A’ and I' := G' | Oy, I" > A’. Then, by assumption, we have s, (H')" for a
normal realization r. This translates to

Fses GV (@A (AT) ) = (V) ).
We set s(i) := r(i) for i € L(H') and s(k) := x3,/, (note that k is even as it is a negative index in I’ and 1" is

p.a.).
Asbsoq t: (¢ — (¢')", by axiom (F'), for all ¢, we have by propositional reasoning in S¢g that

Fses (@) (s @) A (AT) ) = (Va)).
Clearly s is normal by construction as r is normal and also s, (H')®. O

Lemma 58 ((>07)j-case). Assume Sy € {GJT40,GLPo, PGT 40, PGLPy} and let CS be a schematic and
axiomatically appropriate constant specification for Sy. Let

H = Dil’}/i, ceey Dln’)/;l > Dk¢/
be a p.a. hypersequent. Let r be a normal realization for
G = 717 s 77413 Di1’y£7 RN} Di,x}’; > (b/

such that Fs,q (G")". Then, there is a normal realization s for H' such that Fs.o (H')®.
Proof. ts.g (G')" translates to

n n
() Fsos NODTA N i = ()7 = (@)

=1 =1

as 1 is normal and where r(4;) = x;,. By the Lifting Lemma, there is a term ¢ such that
n n
Fses /\ zj, + ()" A /\!Ijz vz ()" =t ()"
1=1 1=1
and using the axiom scheme (1), we derive

Fses %j, ()" —lay, g, ()"

Thus, the above implies
Fses N\ : ()" =t (&)
1=1

which gives the claim if we set

) r(m) ifme L(G"),
s(m) = {t if m=k,

for m € L(H') using the respective t, as then Fg., (H')® and s is clearly normal. O

Lemma 59 ((>>07)s-case). Assume Sy € {GT40,GLPo, PGT4o, PGLPy} and let CS be a schematic and
aziomatically appropriate constant specification for Sg. Let

H = Dil’yi, ey Din’)/’il > Dk¢/
be a p.a. hypersequent. Let r be a normal realization for
G =070, > ¢

such that Fs.y (G')". Then, there is a normal realization s for H' such that Fs.q (H')®.
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Proof. Spelled out, s, (G')" is exactly
Fses N\ @i ()" = (&)
=1

with r(¢;) = x;,. By propositional reasoning, we obtain

Fses </\(7lI)T A /\ Tjy + (7{)70) - (QS/)T'
=1 I=1
For I' :==~4,..., v, 00, -, 0 v, > ¢, that is exactly Fs.s (I7)" and Lemma 58 gives the result. O
Lemma 60 ((>0)-case). Assume Sy € {PGT40, PGLPy} and let CS be a schematic and axiomatically

appropriate constant specification for Sy. Let
H :=0;7,...,0 7, > | Ouvt, o Oy > Okg!
be a p.a. hypersequent. Let r be a normal realization for
G i=nl,..om, O, O m S VsV Oty - -5 Oiy v > ¢
such that Fs,q (G")". Then, there is a normal realization s for H' such that Fs.o (H')®.

Proof. Suppose that there is an r such that Fgs., (G')". Then, by unwinding the realization and applying
Lemma 55, we obtain

m

/\ ﬁ_'(71—l/)ra
=1
By the Lifting Lemma, there is a term ¢t € Jt such that

N\ G = ==(m)s N\ Ot Go) = == (i) = ()"
=1

=1

(i) ( " Tv /\ r(i |_Scs (¢/)T~

=1

>3
i
W>:

Il
s

==
=
S

(T) 7l)r7 /\!T(il) : r(il) : ('Vl/)r Fses Ut ((b/)r'
=1

=1

By the axiom scheme (), we obtain

n

l_Scs /\ /\'T Zl lyl) .

=1

Further, by axiom scheme (P), we have

m

Fses \ =G s (/)7 = N Or(i) s ()"
=1

=1

as well as
m

Fsos [\ @) cr@) : (m)" = N OrG) s =) < (x)"
1=1 1=1
Using the axiom scheme (!) as well as the propositional theorem

FSCS (¢ - 11[}) - (_'_‘¢ - _‘ﬁw)v

we get
m

FScs /\ _'_'T(jl) : (ﬂ{)r -

=1 l

=l () s (i) = ()"

>3

I
-

Hence, (}) reduces to

r’ /\ Tt I_Scs : ((b/)r'

1 =1

>3

)

l

The desired realization s can be given through

o {r) TR E L@,
Y =k

where h € L(H'). Then, (}) is exactly Fs., (H’). This s can also easily be seen to be normal. O
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Lemma 61 ((>0)s-case). Assume Sy € {PGT40, PGLPy} and let CS be a schematic and axiomatically
appropriate constant specification for Sy. Let

H = Djlﬂ'll,...,D‘ o> | Di171)'~-7[|in’7;z [>|:’k¢l

Jm 'm

be a p.a. hypersequent. Let r be a normal realization for
G = Djlﬂ-i7 EERX} Djmﬂ-;n > | Dil’%a BERE) Din’}/?/’b > ¢/
such that Fs.y (G')". Then, there is a normal realization s for H' such that s, (H')®.

Proof. As in the proof of Lemma 59, we have

Fsos (/\ ()« (m)" — i) v (/\ r(in) ()" — (¢’)r>
1=1 1=1
from Fs.. (G')" and, by propositional reasoning, we derive
Fses (/\(ﬂi)r ANNTG) () — l) v (/\(%’)r AN rG) ()" = (¢’)’">
1=1 1=1 1=1 1=1
/

After setting I’ := 7, ... 7, 070, ..., 0, 7. > | Y, 70 DY, -+, O, v, > ¢, that amounts to Fs g

» tmo Jm "m

(I")" and thus the result follows by Lemma 60. O
We now turn to the main result.
Theorem 62 (Realization Theorem). Let
GILy €{GT0,GTT0,GT40,GLPo}

and

gMED S {gKDa ng:I, gIC4D7 g84|:|}
be the respective corresponding modal logic. Let CS,CS’ be schematic and aziomatically appropriate constant
specifications for GJ Lo, PGT Ly, respectively. Then

ThQMLEl = (ThgjLCS)V and Tth[;D = (Thpgj[;cs,)u.

Proof. The inclusions from right to left come from Lemma 21 and Lemma 33. Let g./\/lﬁé be the modal calculus
and Sy be the (maybe positive) justification calculus. Further, let C'S be a schematic and axiomatically appro-
priate constant specification for Sy. Corresponding to Q/\/lﬁé, let HQML% be the corresponding hypersequent

calculus and ’Hg/\/lﬁé/ be its annotated version as before.
To establish the theorem, we first show the following claim:

Claim: If F?—Lg MLE G' where G’ is properly annotated, then there is a normal realization r for G’ such that
l_Scs (G/)T'

Proof: By induction on the length of the proof in ’Hg/\/lﬁél. For the initial hypersequents (ID%), (>T%), (L>"),
the empty realization suffices which is also, naturally, normal.

For the induction step, suppose the claim holds for all properly annotated hypersequents H' with a proof of
length < k and let G’ have a proof of length k + 1.

Now, if G’ is an initial hypersequent, then the empty realization suffices again. If G’ is obtained by any of the
rules but (EC), (CL), (>07)7 and (> 0)}, the premise(s) are properly annotated. By the induction hypothesis,
as the proof(s) are shorter, there are normal realizations for them. For most of the rules, it simply suffices to
carry over these previous realizations to the conclusion G'. We thus only mention the following interesting cases
(where more is needed).

For the branching rules (COM), (— ), (> A) and (V>), the required realization for G’ can be obtained
through the Lemmas 50, 51, 52 and 53, respectively.

For the modal rules (O7)/, (O), (O)’, (>07)5 and (> 0)5, the required realization for G’ can be obtained
through the Lemmas 54, 56, 57, 59 and 61, respectively.

Now, if G’ is obtained by either (1) (EC), (2) (CL), (3) (>0)] or (4) (> O7)], then the premise is not properly
annotated so we handle these cases explicitly.

(1) We have G" = H] | Hj with properly annotated hypersequents Hy, Hj. We write H; = (H})® for j = 1, 2.

As G’ was obtained by (EC), the annotated hypersequent Hj | H} | H}, although not properly annotated

anymore, is provable with a shorter proof. However, we may consider a different properly annotated

hypersequent HY with (HY)* = Hs such that, additionally, H; | HS | HY is properly annotated. By
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Lemma 49, this reannotation of Hj | H} | Hj has a proof of the same length. By the induction
hypothesis, there is a normal realization function s for Hj | H} | HY such that Fs., (H | HS | HY)®.

We set s1:= s [L(my) and s := (s fL(Hg)) o Ly ny. Note, that also s is a realization with domain
L(HY)) (see Definition 22). However, due to the change of labels in ss, it may not be normal anymore.
To reobtain normality, we introduce the following substitution o’:

o () = {xn if Lpy my(2n) = 2m where 2m € L(HJ),

T,, otherwise.

Note that o’ is well-defined as Ly yy is a bijection and that dom(o’) = {,, | 2m € L(Hj)}. Now,
o' 051 and ¢’ o sp are both normal. For the former, as dom(o’) = {z,, | 2m € L(HY)}, we have that
Ty € dom(c)" implies 2m ¢ L(H)) = dom(sy) as Hy | H | HY is properly annotated. Thus o’ o s;
is normal. For the latter, let 2n € L(H3) and let m be such that Ly gy (2n) = 2m. Then we have
s2(2n) = s(2m) = z,,, by normality of s and thus (¢’ 0s2)(2n) = 2,0’ = ,,. Therefore 0’ 0 s5 is normal.
By the Realization Merging Theorem, we obtain that there is a normal realization ¢ for H) together
with a substitution o which hereditarily merge o’ o s; and ¢’ o s, on Hj. In particular, this implies

FScs (Hé)a/OSiU - (Hé)q
for i = 1,2. We therefore have

Fses (H1)V (Hp)" Vv (Hy)" implies Fsqy (H1)*V (Hy)* v (Hp)™

(H)* V (Hy)* V (Hy)*)o'o
H{)*o'o v (H})" °* oV (H})" 20
implies Fs..; (H{)7 7%V (Hj)

implies Fs.¢

implies Fs.¢

(
(
(
(

We take the desired realization to be

r(n) == (c’cos)(n) ifne L(HY),
q(n) if n € L(HY).

This 7 is normal: if 2n € dom(r), then either 2n € L(H}) and thus r(2n) = ¢(2n) = x,, as ¢ is normal or
we have 2n € L(H{). Then, as s is normal we have s(2n) = x,,. As H{ | H} | HY is properly annotated,
we have 2n ¢ L(HY) and thus ¢’(x,) = x,. Further, we also have 2n ¢ L(H}). Now, by property (2)
of the Realization Merging Theorem and as o and ¢ hereditarily merge o’ o s1 and ¢’ o s5 on H}, we
have z,, € dom(o) and thus r(2n) = s(2n)o’c = x,,.

If G’ was obtained by (CL), then G’ = H' | T",¢' > A’. As before, we properly annotate H | T, ¢, ¢ > A
by H' |TV,¢',¢" > A’ (a reannotation of H' | T”,¢’, ¢’ > A’ in the sense of before) and by the induction
hypothesis there is now a normal realization s for it such that

'_SCS (H/ ‘ F/7¢/,¢/I[>AI)S.

Now, we define s; := s [(4») and s3 = (s [L(d,uD)) o Ligr),(¢>)- Again, sa fails to be normal due to
the change of labels. Thus, we again introduce a substitution ¢’ defined by

() Ty if Ligs), 470y (2n) = 2m where 2m € L(¢">),
o () = i
T,, Ootherwise.

Again, we have that o’ is well-defined as L4/ (¢ is a bijection and we obtain that dom(o”) = {2, |
2m € L(¢"t>)}. Similarly as with the rule (EC), one can show that both o’ o s1 and o’ o so are normal.

Using the Realization Merging Theorem again, there is a realization ¢ for “¢'>” together with a
substitution ¢ which hereditarily merge o’ 0 s; and o’ 0 s3 on “¢/>". Thus, as the (¢/)7 °% are negative
subformulae of (¢’ D)"losi for ¢ = 1, 2, respectively, this yields

Fses (@)1= (¢)7 %0



42

NICHOLAS PISCHKE

for i = 1,2. Hence, we have

Fses (H' [TV, ¢/, ¢" > A")
implies Fsuq ((H’)S v ((/\F') A (D)™ A ()% = (\/ A’)S)) oo
implies Fs., (H')’0'cV ((/\F ) oo A (@)% A (¢)7 020 — (\/ A’)S 0'0)

implies bg,q (H ‘7 oos ((/\I‘ )UUOS A @) (vA/)a’aos)

and get the desired realization from the last line by

r(n) = q(n) if n € L(¢),
© | (d'oos)(n) ifne L(G")\ L(¢').
By similar reasoning as with the rule (EC), this r can be shown to be normal.
If G’ was obtained by (>>0)], then
Gl:Dlerj/Lv" D]'rn mD | DH’YI""vDin’V;LDDk(bI

and H’ defined by

H :=nl,. .m0 w0 T B 1Yo DYy -+ Oiys, > ¢
is provable with a shorter proof. We properly reannotate H' as H” with

H' =7 . an,0ur, .05 7, > 1o Oavy - Oiyyn > ¢

and by Lemma 49, H” is provable with a shorter proof than G’. Therefore, by the induction hypothesis,
there is a normal realization s for H” such that

FScs (H”)S'

Define
H{:=0;7,....0;,m, > and HY :=0;77,...,0;, m > .

Jm 'm Jm 'm
and construct s1,s2 by s1:=s [rn;) and s2 = (s TL(H;’)) oLy my- Similarly as with the two previous
rules, we introduce a substitution o} given via

o (@m) = x, if Ly gy (2n) = 2m where 2m € L(HY),
T, otherwise,

to make s; normal again after the change of labels. It can again be easily seen that o} is well-defined
and that dom(o}) = {@sm, | 2m € L(H{)}. From this, normality of o] o s; and o} o sy follows as before.

From the Realization Merging Theorem, we obtain that there is a normal realization ¢; for H; and
a substitution oy such that they hereditarily merge o o s; and o} o s3 on H{. This in particular (by
considering the definitions of s1, s2) implies

’
0108

FSCS (7Tl/)q1 - (7Tl//)

’
}_SCS (Djlﬂl/)ql — (Djl,ﬂ—l/)alosala

01,

as (m)*2 = (n]')®. Similarly, we may define
H) =07, .,0,7, > and HY =07, ..., 0,70 >
as well as ¢ := s [r(my) and &2 := (s TL(H;’)) o Ly py. For ta, we introduce a substitution oh similar
to o via
, vy if Ly py(2n) = 2m where 2m € L(Hy),
2(Tm) = .
T, otherwise.

One can again show that o} is well-defined and that dom(o}) = {z,, | 2m € L(HY)}. Normality of
o4 oty and o} o to follows as before. So, again using the Realization Merging Theorem, one obtains a
normal realization ¢s for H) and a substitution oy such that they hereditarily merge o/ o ¢; and o) oty
on H). In particular, considering the definition of ¢y, s, we have

Fses ('Yl/)qz - ('YIH)U;OSU%
l_Scs (Diz’yl/)qz — (Diz’yl/)azoSUQ'
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Note that ooy and o409 commute in the sense of Remark 8 by properties (1) and (2) of the Realization
Merging Theorem. Using Fs.o (H")®, we obtain b, (H")*c{0o10502 by the Substitution Lemma and
therefore

m
l_Scs ((/\(ﬂ_;/)a 10108 /0_ A /\ Djlﬂ' 0101050_120_2> - J.)
=1 =1
n n
’ <</\(%ﬁ)0202080/101 A /\(Diﬂz')UQUQO‘“aial) - (¢/)‘7101020208>

1=1 =1
Therefore, by the properties of ¢; and ¢g» from above, we obtain

m m
'_Scs <</\(7Tl/)gl2020q1 A /\(Djlﬂ'l/)géa2oql> — J_>

=1 =1

v ((/\(7{)0;010(12 /\ D '7 ‘71UIOQ2> N (d)/)aialaéogos)

=1

If we define
(choa0q1)(n) if n e L(Oj, 7}, ..., 05, 7, >),
r'(n) := ¢ (0lo1 0 q2)(n) ifne L(Dil'yl, e i),
(ofo10ho208)(n) if n e L(¢).

then we obtain that Fs. (H')T/. Again, by similar reasoning as before, this 7’ is normal. The desired
realization r for G’ is then given by Lemma 60.
(4) If G’ was obtained by (> [07)}, then this case can be handled in a similar way as the (> 0)}-case, using
Lemma 58.
|
We then obtain the Realization Theorem as follows: if -5 ck ¢, then by Theorem 44 and Theorem 45 we have

FHQML% > ¢. Now, for some proper annotation ¢’ of ¢, we have that I_HQMLE’ > ¢’ with an annotated proof
by Lemma 49. By the above claim, there is a realization r for ¢’ such that kg, (¢')". O

10. DISCUSSION

We have shown that the four Godel justification logics GT cs, GI T cs, GT4cs, GLPcs from [29] do not
realize the standard Godel modal logics GKn, GT o, GK4g and GS4g from [9] and by this answered one of the
open problems from [29] (and, implicitly, from [15]) negatively. In fact, all of them as well as GJ45¢s do not
even realize GK since the problem lies with the axiom scheme (Z).

We didn’t consider the Godel justification logic GJ T 45¢ s (for some constant specification C'S) as the methods
which were employed to show non-realization for the other logics do not extend to this case. In particular, the
model 9, is not a GMT45-model, as the factivity condition

Et, 0) < |glm

is not satisfied in 91, (which actually prompted the alternative semantics from Subsection 4.1). However, the
alternative consequence relation for Gédel-Mkrtychev models is sound but not complete with respect to the
proof calculus GJT45¢¢, a phenomenon already occurring in the classical case (see [32]). One might wonder
if a suitable Godel-Fitting model can be found to witness non-realization. However, the idea behind the model
M, also does not straightforwardly translate to Godel-Fitting models, as the GJT45-models have to validate
the condition

E(w,t,0) < |t: Py
in similarity to the above factivity condition which is not straightforward to satisfy in combination with the
conditions for the operators ? and !. It shall be interesting to consider GJ7T 45¢c¢ in future work and we con-
jecture that these non-realizability phenomenons also occur there.

Realization is the core connection between justification logics and modal logics. It is thus feasible to ask,
as the Godel justification logics do not realize the standard Godel modal logics, as of how the standard Godel
justification logics and not their positive variants are of primary interest. There are, however, reasons for interest
in the non-positive versions: the standard Goédel justifications logics can be seen as natural generalizations of
the classical justification logics in many ways. Firstly, they arise from natural many-valued generalizations of
the classical Fitting or Mkrtychev models over the same language. Secondly, they arise by replacing the boolean
base of the usual Hilbert-style calculi for the classical justification logics by a calculus for propositional Godel
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logic. Further, as we have shown in this paper, they do realize certain Gédel modal logics, the weak Goédel modal
logics introduced in this paper. These weak Godel modal logics, as will be argued in the following subsection,
also have a certain natural appeal which makes them an interesting fragment of the standard Gédel modal
logics from [9] in their own right. Lastly, the positivity operator introduced into the language of justification
terms, to realize the standard Godel modal logics, does not have such a natural appeal as it is not needed in
the classical case.

These considerations are arguments for the point that they are not “the wrong” Godel justification logics
but that there is an effective gap between the standard Godel justification logics, as natural generalizations of
the classical case, and the standard Godel modal logics, as natural semantical generalizations of the classical
case. And further, this gap seems to be inherent to the many-valuedness of the base logic, as the semantical
approaches to non-realizability in the first part and the origins of the problematic (Z) axiom scheme show.
The latter will be discussed in more detail, in combination with the above emphasis on the word semantical,
later on. Before moving on, we want to note that it will be interesting to see if generalizations of classical
justification logics using other t-norm based many-valued logics as base logics share the same results with their
corresponding many-valued modal counterparts.

10.1. Weak Gdodel modal logics. Regarding the weak Godel modal logics, we first want to acknowledge the
similarity of the given semantics over Quasi-Godel-Kripke models and the definition of Gédel-Fitting models
for the Godel justification logics. Indeed, the controller may be seen as a many-valued evidence function £
restricted to one “justification term” which is represented by [I.

Further, we want to mention the merit of the weak Godel modal logics from a proof-theoretic perspective.
The weak Godel modal logics arise in their Hilbert-style formulation by taking classical Hilbert-style calculi of
modal logics and replacing their boolean base by a calculus for Godel logic. So, in some way, they are faithful
proof-theoretical generalizations of the classical cases and not semantical ones like the standard Godel modal
logics which arise by axiomatizing the theory of the Godel-Kripke models which are [0, 1]-valued generalizations
of the classical Kripke structures. As these weak Godel modal logics diverge from the standard Goédel modal
logics from [9], this is also a prime example of how proof-theoretical and semantical generalizations of classical
systems may diverge in the context of t-norm based many-valued logics (or intermediate logics) with modal
operators.

So, in a way, the (Z) axiom scheme is a product of the chosen approach to many-valued modal logics using
[0, 1]-valued Kripke models and is debatable from other semantical and proof-theoretical perspectives on modal
logics and their generalizations.

10.2. Positive Gddel justification logics. The approach to handle the axiom scheme (Z) by the specifically
designated new operator ¥ on terms and a corresponding axiom scheme is debatable. There may be other
ways of giving an explicit account of (Z), but the motivation for the J-operator comes from the following
considerations: the scheme ¢ — ——¢ is a tautology in the systems based on Goédel logic and thus, for any term
t, there is a term s such that ¢ : ¢ — s : =—¢ is a tautology (utilizing a strong enough constant specification).
Now, the version ==t : ¢ — s : =—¢ with a doubly negated premise is valid in the context of the law of excluded
middle but in general fails to be a tautology as the term s is, by the validity of ¢ : ¢ — s : =—¢, only guaranteed
to be a justification of =—¢ to the degree of t being a justification for ¢, not more. But if ¢ : ¢ is evaluated to
be positive, then =—t : ¢ is evaluated to be 1.

So the intuition for ¥t is to represent such a full justification s for =—¢ if ¢ is, at any positive degree, a
justification for ¢. The semantics of ¥t reflects this intuition and it shall be interesting to see as to how one can
give a different meaning to the positivity operator.
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