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Abstract. In this paper, we present neighborhood semantics for various jus-
tification logics and establish the completeness theorem. We then compare
various possible world semantics of the logic of proofs, including Fitting
models, modular models, subset models, and relational models, with the
neighborhood models. Finally, we present topological semantics for the
logic of proofs and show the completeness theorem.

Keywords: justification logic; possible world semantics; neighborhood se-
mantics; topological semantics

1. Introduction

Justification logics are modal-like logics that provide a framework for
reasoning about epistemic justifications (see [4, 5, 26]). The language of
justification logics extends the language of propositional logic by proof
terms and expressions of the form [t]e, with the intended meaning “¢
is a justification for ¢” or “t is a proof for ¢”. The logic of proofs LP
is the first introduced logic in the family of justification logics due to
Artemov ([1, 2]). The logic of proofs is a justification counterpart of
modal logic S4. Other modal logics have justification counterparts too
(cf. ]9, 10, 15, 17, 20, 32, 39]).

Using Artemov’s Realization Theorem (see [2]), the justification
modalities [-] are translated into O modality in modal logic and vice
versa. Usually, the dual of the justification assertions are not mentioned
in the language of justification logics (exceptions are [12, 18, 23]). One
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way to consider a justification counterpart for the & modality is to define
it as the dual of the justification modalities. This is the way we define (-)
in our definition (t) ¢ := = [t]-¢ (see also [12, 18] for similar definitions).
It is worth remarking that in [23] the authors suggest an independent
treatment of the & modality in justification logics. They present con-
structive justification logics with two distinct justification modalities:
one involving justification terms with expressions of the form ¢ : ¢, where
t is a justification term, as a counterpart of the formula Op (following
our notation ¢ : ¢ is denoted by [t]p); the other involving satisfiers with
expressions of the form p : ¢, where p is a satisfier, as a counterpart of
the formula &. Thus satisfiers realize the intuitionistic & modality and
are not the dual of the justification modalities, i.e., formulas involving
satisfiers are not interdefinable by formulas involving justification terms.
The intended interpretation of ¢ : ¢ and u : ¢ are respectively “t is a
proof of ¢” and “u is a model of ¢.” Since our base logic is the classical
logic, we prefer to define (-) as the dual of []

We now review some works in the literature on semantics of propo-
sitional justification logics. Various possible world semantics have been
proposed for classical justification logics:' Fitting models ([14]), modular
models ([3, 24]), subset models ([27]), relational models ([41, 42, 43]),
topological semantics ([6]), and neighborhood semantics ([12, 18, 38, 44,
46]. We should also mention that there are possible world models for
non-classical justification logics. For instance, some fuzzy, intermediate,
and intuitionistic justification logics are provided with possible world
semantics [16, 29, 30, 35, 36], and in addition relevant justification logic
is accompanied by a semantics based on a combination of Routley-Meyer
possible world models and a suitable evidence function [19, 40, 44, 45, 46].
In this paper, we focus on the following possible world semantics: Fitting
models, modular models, subset models, relational models, topological
models, and neighborhood models. It is worth noting that Mkrtychev,
Fitting, modular, relational, and subset models (or their variants) are
used as the semantics of various justification logics in the literature (we
only cite the original papers here). However, as far as the authors know,
there is no independent presentation of the relational, neighborhood, and
topological models for the classical logic of proofs LP.

L Qutside of the scope of this research are other kinds of semantics: arithmetical
semantics ([2, 25]), Mkrtychev models ([31]), game semantics ([37]), algebraic seman-
tics ([8, 22, 34, 36]), etc.
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We first present neighborhood models for various justification logics
(including the logic of proofs), and we show the completeness theorem
by a canonical model construction using maximal consistent sets. By
introducing a notion of equivalence between possible world semantics,
we compare various possible world semantics of the logic of proofs. This
notion of equivalence enables us to reduce a completeness result from
one class of possible world models to a completeness result for another
class of models. We remark that Fitting models and modular models
are equivalent to each other, as shown in [3, 24], and in addition the
relational models presented in this paper are equivalent to subset mod-
els (indeed, they are notational variants of each other). In fact, the
relational models presented here for the logic of proofs are different from
those originally given in [41, 42, 43].

We finally present topological semantics for the logic of proofs. The
topological semantics is only presented in [6] for a justification logic with
no operations on justifications. Here we extend the topological semantics
to the full language of the logic of proofs. The completeness of LP with
respect to topological models is proved by means of the completeness of
LP with respect to Fitting models.

2. Language

Let Const be a countable set of justification constants, Var a countable set
of justification variables, and Prop a countable set of atomic propositions.

Justification terms and formulas are constructed by the following
mutual grammar:

tu=cla|t-t|t+t| 1|7t ?t,
pu=plLle—el[tle,
where c € Const, x € Var, and p € Prop. The set of justification terms and
the set of formulas are denoted by Tm and Fm respectively. Formulas of
the form [t]y are called justification assertions.
We use the following usual abbreviations:
—p=p =1 Ti==l,
YV i= > Y, YA ==(=p V),
p o= (p=>P)A (P> 9), (t) @ == [t]-p.
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Formulas of the form (t) ¢ are the dual of the justification assertions.
Associativity and precedence of connectives, as well as the corresponding
omission of brackets, are handled in the usual manner.

Justification assertions have several readings depending on the se-
mantics given to them. In general, [t]p says “t is a justification for ¢”,
and in an epistemic reading, it says that “¢ is a reason for believing (or
knowing) ¢”.2 Accordingly, (t) ¢ generally says “t is compatible with ¢”,
and in an epistemic reading it says “the reason ¢ is compatible with the
agent’s belief (or knowledge) in ¢”.

3. Axiomatic systems

We now begin with describing the axiom schemes and rules of justifica-
tion logics. The set of axiom schemes of the basic justification logic J
is PCU{jK,j+}, where PC is a finite set of axiom schemes for classi-
cal propositional calculus, and jK and j+ denote the following axiom
schemes:

JK. [1(e =) > ([slp — [t-s]) (application)
g+ [tle v [sle = [t+s]e. (sum)
The only rule of inference is Modus Ponens
A
=

Other justification logics are obtained by adding any combination of
the following axiom schemes to the basic justification logic J:

(MP).

JT. [tle = ¢ (reflexivity)
jD. -[t]L (consistency)
JD°. [t]le = (t) ¢ (no conflicts)
ja. [tle = [1t][t]e (positive introspection)
iB. ¢ = [7t]-[tle (weak negative introspection)
JB°. o= [7t](t) ¢ (weak negative introspection®)
J5. = [tle = [?t]-[t]e (negative introspection)

2 For an arithmetical semantics see [2, 21], for a game semantics see [37], and for
a deontic reading see [12, 13, 18].
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Jo%. (t)p = [Tt](t) . (negative introspection®)

The name of each justification logic is indicated by the list of its
axioms. For example, the set of axioms of the justification logic JT5°B
is PCU{jK,j+}u{jT,j5° jB}. The logic JT4, with the set of axioms
PCU{jK,j+}u{jT,j4}, is usually called the logic of proofs LP. In what
follows, JL denotes any of the justification logics. Given an axiom jL,
by jL € JL we mean that jL is an axiom scheme of the logic JL.

Note that axioms jB® and j5° are respectively weaker than jB and
45, namely ¢ — [?¢](t) ¢ is derivable in JB and (t) ¢ — [?t](t) ¢ is deriv-
able in J5. Further, in [11, 12] it is shown that axiom jD°® is weaker
than jD.

Given a justification logic JL, let TCS(JL) denote the set of all for-
mulas of the form [¢;,]...[¢;, ¢ such that n > 1, ¢j,,...,¢;, € Const,
and ¢ is an axiom instance of JL. The set TCS(JL) is called the total
constant specification for JL.

A constant specification CS for JL is any subset of TCS(JL) which is
downward closed in the sense that whenever [¢;, |[c;, ] .. [¢j, ]¢ € CS,
for n > 1, then [¢;, ,]...[c;, ]p € CS.

A constant specification CS for JL is aziomatically appropriate pro-
vided for every axiom instance ¢ of JL there is a constant ¢ € Const such
that [c]p € CS, and moreover CS is upward closed: if [¢;, ]...[cj, ]¢ € CS,
then there is a constant ¢ such that [c][c;, |... [¢;, J¢ € CS.

Note that TCS(JL) is obviously an axiomatically appropriate con-
stant specification for JL.

Given a constant specification CS for JL, the justification logic JLcs is
defined as follows. The set of axioms of JLcg consists of the set of axioms
of JL and all formulas of CS, and the only rule of inference is (MP).
Whenever we write JLcs, it means that CS is a constant specification for
JL. By +ji we denote derivability in JLcs. The definition of derivation
from a set of premises T is as follows:

T ke  iff there exist ©1,...,0, € T St Fjiee (V1A Ahy) = .

Next, we aim to show that all justification logics JLcs are consistent. To
this end, we employ the forgetful projection, which is a translation from
the language of justification logic to the language of modal logic obtained
from substituting Oy for all occurrences of [t]y in a justification formula
(see e.g. [2]).

LEMMA 3.1 (Consistency). Each justification logic JLcs is consistent.
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PrOOF. We shall show that each justification logic JLcs is conservative
over a modal logic ML. Given a justification formula ¢, the forgetful
projection of ¢, denoted by ¢°, is a modal formula defined inductively
as follows: (p)°:=p, (1)°:=1, (¢ = )% =" > 9°, ([t]p)° = 0p°. Now
it is easy to show that if Fj . ¢, then Fu (¢)°, where ML is the modal
counterpart of JLcs. 2. Having proved this fact, the consistency of JLcs
follows immediately from that of its modal logic counterpart. -

4. Neighborhood semantics

In this section, we present neighborhood semantics for all of the justifi-
cation logics introduced in Section 3.

DEFINITION 4.1. [Quasi neighborhood model] A quasi neighborhood
model is a tuple M = (W, Wy, N, V) where

1. W and Wy are sets of worlds (or states) and normal worlds, respec-
tively, such that Wy # @ and Wy ¢ W,

2. N: Wy xTm - £(P(W)) is a neighborhood function,

3. V is a valuation function such that V : Wy - (Prop) and
VW Wy - £(Fm).

DEFINITION 4.2. [Truth] Let M = (W, Wy, N, V) be a quasi neighbor-
hood model. We now define when a formula ¢ is true at a pointed model
(M, w) for w e W (if so, we write (M, w) E ). Truth at non-normal
worlds w € W \ Wy are defined as follows:
(M,w)ep iff peV(w).

Truth at normal worlds w € Wiy is inductively defined as follows:

(Mw)# 1L,

(M,w) E piff pe V(w), for pe Prop,

(M,w) E p > iff (M,w) E ¢ implies (M, w) E 1,

(M, w) = [t]e it o] pe N(w, 1),
where [ = {w e W | (M,w) & ¢} is the truth set of ¢ in M.*

3 For example, K, KT4, and KD are the modal counterparts of Jcs, JT4cs, and

JD®cs respectively, and the modal logic KT45 is the modal counterpart of both JT45¢s
and JT45%cs, etc. For more details refer to [15, 17, 20]

4 Usually |¢] o, is interpreted as the proposition expressed by ¢ in M or the
extension of .
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DEFINITION  4.3. [Neighborhood model] A neighborhood model
M = (W, Wy, N, V) for JLcs is a quasi neighborhood model such that the
neighborhood function N : Wy x Tm — £(R(W)) satisfies the following
conditions. For all terms s,t € Tm, all formulas ¢,% € Fm, all worlds
w € WN:

—_

. If [t]p € CS, then [ o€ N(w,t). (constant-specification-N)

2. If o = ] pe N(w,t) and [] p€ N(w, s), then [ y€ N(w,t-s).
(application-IV)

3. N(w,t)uN(w,s)<c N(w,t+s). (sum-N)
4. Case jT € JL:
wenN(w,t). (reflexivity-N)
5. Case jD € JL:
[ L] pg N (w,t). (consistency-N)
6. Case jD° € JL:
if ol o€ N(w, 1), then [ v N(w,t). (noc-N)
7. Case j4 € JL:
if ||o] pg€ N(w,t), then |[t]e] € N(w,!t). (pos-introsp-NN)
8. Case jB € JL:
if w ¢ ||| vp then || =[t]o| \i€ N(w,?t). (weak-neg-introsp-NN)
9. Case jB° € JL: B
if w e || g then [(t) @] \ € N(w,?t). (weak-neg-introsp-N°)
10. Case j5 € JL:
if [|o] pg# N(w,t), then |- [t]eo| v € N(w,?t). (neg-introsp-N)
11. Case j5° € JL:
if |-l o ¢ N(w,t), then |[(t) ¢[ € N(w, 7). (neg-introsp-N*?)

Given a set X ¢ W, the intuitive meaning of X € N(w,t) is that “at
the world w, t is a justification for proposition X.”
It is easy to show that for all worlds w e Wy:

(M, w) E (t) @ iff -] o ¢ N(w,t).
DEFINITION 4.4. Let CS be a constant specification for JL.

1. Given a neighborhood model M = (W, Wy, N, V) for JLcs, a formula
@ is globally true at M, written M k& ¢, if for all w € Wy, we have
(M,w) E .



8 MEGHDAD GHARI, THOMAS STUDER

2. ¢ is valid in Jlcs, written =) ¢, if M & ¢ for all neighborhood
models M for JLcs.

3. Given a set of formulas T and a formula ¢ of JLcs, the (local) conse-
quence relation is defined as follows: T' =) . ¢ iff for all neighborhood
models M = (W, Wy, N, V) for JLcs, for all w e Wy, if (M,w) =1
for all ¢ € T, then (M, w) E .

In the next sections, we also need to consider sub-classes of neigh-
borhood models which satisfy certain conditions, as it is described in the
following definition.

DEFINITION 4.5. Let M = (W, Wy, N, V) be a neighborhood model.

o M contains its core if for each N(w,t) we have NN (w,t) € N(w,t).
e M contains normal worlds if each N(w,t) contains Wy .

o M is closed under supersets if for each N(w,t) and each X ¢ W if
X eN(w,t) and X €Y c W, then Y € N(w,1).

M is closed under finite intersections if for each N(w,t) and each
X1, X0 CW,if X1, ..., Xn € N(w,t), then X1n...nX,, € N(w,t).

The regularity rule

In the neighborhood semantics of modal logic, we have the following
regularity rule:
Fooip

EOp <> Oy
However, the fact that £y ¢ < 1 and the fact that ¢ is justified by
reason t need not imply that 1 is justified by the same reason t. In
other words, justifications are hyperintentional (see [4, 5, 13] for a more
detailed exposition). We show that justification versions of the rule
(RE) are not admissible in the basic justification logic Jcs (the reader
may extend this result to other justification logics).

(RE)

LEMMA 4.1. The regularity rule
P
——— (JRE)
[t]p < [t]Y
is not validity preserving in Jcs, i.e. there exists ¢, € Fm and t € Tm

such that k). ¢ < 1 but ¥, [t]p < [t].

PROOF. Let CS be an arbitrary constant specification for J. Consider
the neighborhood model M = (W, Wy, N, V') as follows:



POSSIBLE WORLD SEMANTICS OF JUSTIFICATION LOGIC 9

o W={w,v},

e Wn-= {w}v

o N(w,z)=N(w,c)={{w}}, for all z € Var and for all ¢ € Const,
N(w,t) =R (W), for all t e Tm \ (Varu Const),

o V(w)={p}, V(v)={pap}

We now show that M is a neighborhood model for Jecs.  For
(constant-specification-N'), suppose that [t]e € CS, for some ¢ € Const.
Then ||| = {w} € N(w,t), as desired. Conditions (application-N') and
(sum-N) hold because N(w,t-s) = N(w,t+s)=R(W) for all t,s € Tm.

Let x € Var be a justification variable. We observe that (M,w) #
[e]p <> [](pAp) and thus 1, [a]p < [£](pAD), but =i p o pAp.

The axioms jB° and j5°

Next, we show that the axiom jB°® is strictly weaker than jB and the
axiom j5° is strictly weaker than j5. The fact that jB® and j5° are
weaker than j B and j5, respectively, is related to the hyperintensionality
and the non-admissibility of the rule (JRE).

LEMMA 4.2. Axiom jB is not valid in JB¢s, i.e. there exists ¢ € Fm and
t € Tm such that g —~p — [?t]ﬁ [t]e.

PROOF. Let CS be an arbitrary constant specification for JB®. Let

p € Prop be a fixed atomic proposition. Consider the neighborhood model
M= (W, Wy, N,V) as follows:

° W={U},U},

e Wn= {w}v

o N(w,x)=N(w,c)={{w}}, for all z € Var and all c € Const,
N(w,t-s)=N(w,t+s)=R(W), for all t,s € Tm,
N(w,?t) = {{v},W}, for all t € Tm,

e V(w)=0,V(v)={ptu{{t)e|teTm,peFm}.

It is easy to show that M is a neighborhood model for JBZs. We only
check the condition (weak-neg-introsp-N°) (the proofs of other conditions
(constant-specification-N'), (application-N), and (sum-N) are similar to
that of Lemma 4.1).

For (weak-neg-introsp-N°), suppose that w € ||¢| . Then, [(t) @]\
is either {v} or W, in either case [(t) |\ € N(w,?t).

From the definition of M, it follows that (M,w) &= -p. Let x € Var
be a fixed justification variable. We observe that |p| = {v} ¢ N(w, ),
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and thus (M,w) £ =[z]p. In addition, since v is a non-normal world
and - [z]p ¢ V(v), we get (M,v) ¥ =[z]p. Hence, |- [z]p| = {w} ¢
N(w,?z), and hence (M, w) # [?z]-[z]p. Therefore, (M,w) # -p -

[513]—| [x]p. -

LEMMA 4.3. Axiom j5 is not valid in J5¢, i.e. there exists p € Fm and
t € Tm such that i )50 - [t]p — [7t]-[t]p.

PRrOOF. Let CS be an arbitrary constant specification for J5°. Let p €
Prop be a fixed atomic proposition. Consider the neighborhood model
M= (W, Wy, N,V) as follows:

o W ={w,v},

« Wn= {w}v

o N(w,z)=N(w,c)={{w}}, for all z € Var and all ¢ € Const,
N(w,t-s)=N(w,t+s)=R(W), for all t,s e Tm,
N(w,?t) ={W}, for all t € Tm,

« V(w)={p}, V(v)={prp}u{{t)p|teTm,peFm}.

It is easy to show that M is a neighborhood model for J5¢5. We only
check the condition (neg-introsp-N°) (the proofs of other conditions are
similar to that of Lemma 4.1).

For (neg-introsp-N°), suppose that |-¢| ¢ N(w,t). Then, we get
(M, w) & (t)p. On the other hand, from (t)p € V(v) we get (M,v) &
(t) . Thus, [{6) ¢l = W € N(w,7%).

Let x € Var. We observe that |pAp|,, =W ¢ N(w,z), and thus
(M,w) E =[z](p A p). In addition, since v is a non-normal world and

~[z](pAp) ¢V (v), we get (M, v) i — [z](pAp). Hence, |- [z](p Ap)|p=
{w} ¢ N(w,?z), and hence (M, w) ¥ [?x]-[z](pAp). Therefore, we have

(M, w) # =[z](pAp) = [?z]=[2z](p A p). -

Completeness of JL with respect to neighborhood models
For the completeness proof, we employ the canonical model construction.

DEFINITION 4.6. The canonical neighborhood model
M = (VV’ WN) N) V)

for JLcs is defined as follows:

1. W:=§(Fm),
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2. WN = MCSJLcsa
3. N(I',t) == {lply | [tlpel}, for I'e Wi,

4. V() :=T, for I'e W\ Wy,
V(T) :=PropnT, for I' e Wy,

where |p|) = {['e W | p €'} is the proof set of ¢, and MCS| is the
set of all maximal JLcs-consistent sets of formulas.

From the consistency of JLcs (Lemma 3.1) it follows that the canon-
ical neighborhood model M is a quasi neighborhood model, and hence
the truth of a formula at a pointed model can be defined as in Definition
4.2.

LEMMA 4.4 (Truth Lemma). Let M = (W, Wy, N,V') be the canonical
neighborhood model for JLcs. Then for any ¢ € Fm
[l ae= 1l

ProoOF. By induction on ¢. For ¢ = p e Prop and I' ¢ W we have
(M,T)Ep iff peV(T) iff pel.

Thus [p| e = Iply o The cases ¢ = L and ¢ = 1 — 2 are standard.
For ¢ = [t]3, by the induction hypothesis we have [[¢] = [¢[ . For
I'e W\~ Wy, we have

(M, T) e[ty iff  [tlpeV(T)=T.
For I e Wy, we have
(M,T) & [ty iff |1p] e N(T,t) iff MJLcs e N(L,t) iff [t]y eT.

Thus [ [t]] o= [[t]Y]5cs -
LEMMA 4.5. The canonical neighborhood model M = (W, Wy, N, V') for
JL¢s is a neighborhood model for JLcs.

PROOF. Given a justification logic JLcs, it suffices to show that the
neighborhood function N of the canonical model M for JLcs satisfies
the conditions of Definition 4.3. Let I' e Wy = MCS .

(constant-specification-N): Suppose that [t]e € CS. Then [t]p € . Thus
|‘10|J|_CS = |l e N(L',2).
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(application-N): Suppose that |¢ - 9| \,€ N(I',t) and |¢| \ € N(T,s).
Since by the truth lemma ¢ — 9| = [0 > ¥[y  and @] o= 0l
we get [t](p > ¢),[s]p €I, and hence [t - s]ip € I'. Therefore |1, =
[l pge N(T,E-5).

(sum-N): Suppose that X € N(I',t)u N(T',s). Then, either X € N(T',t)
or X € N(I', s). In the former case, X = |¢|, ., for some ¢ € Fm such
that [t]e e . Thus, [t +s]e e I'. Therefore X = [p|, e N(T,t+s).
The proof for the case X € N(TI', s) is similar.

(reflexivity-N'): Suppose that jT € JL and X € N(T',t). We want to
show that I' € X. From X e N(I',t) it follows that X = [l , for
some ¢ € Fm, such that [t]o € I'. Since [t]p - p € I, we get @ €I
Therefore, I" € |<,0|J|_CS =X.

(consistency-N): Suppose that jD € JL. Since - [t]L eI, we get [t]L ¢T.
Thus |1, = L] peé N (..

(noc-N): Suppose that jD°® € JL and |¢| \, € N(I',t). By the truth
lemma, |<p|J|_CS e N(I',t), and hence [t]p € T'. Thus, [t]-¢ ¢ I'. There-
fore ’_‘(P‘JLCS = H“‘PHM¢ N(T, ).

(pos-introsp-N'): Suppose that j4 € JL and H@HM e N(T',t). By the truth
lemma, ||y € N(I',t), and hence [t]p € I'. Since [t]p — [!t][t]p e T,
we get [!t][t]p € . Hence, |[t]90|JLC5 = [[tlel pe e N(T, ).

(weak-neg-introsp-N): Suppose that jB € JLand I' ¢ |¢|| \ By the truth
lemma, T' ¢ [¢]y , and hence —p € I'. Since ¢ — [7t]-[t]lp e I, we
get [?t]ﬂ [t]p €. Hence, |- [1t]<,0|JLCs = [=[tle| o e N(T, 78).

(weak-neg-introsp-N°): Suppose that jB® € JL and T € |¢| . By the
truth lemma, I' € ], , and hence ¢ € I'. Since ¢ — [7t](t)p e, we
get [?t](t) p eI'. Hence, |(t) <p|JLCS = [(t) ¢l pee N(I', 7).

(neg-introsp-N): Suppose that j5 € JL and [¢],, ¢ N(T,t). By the
truth lemma, [p[y ¢ N(I',2), and hence ~[t]p € I'. Since - [t]p —
[?t]-[t]p € T, we get [7t]-[t]p € I'. Hence, |~ [t]ely = [=[tle]
N(T,7t).

(neg-introsp-N°): Suppose that j5° € JL and |-p|,, # N(I',t). Then
[t]-¢ ¢ T', and hence —[t]-¢ € I, namely (t)¢ € I'. Since (t)p —

[7t](t)p € T',we get [7t](t)p € T. Hence, [(t) el = [(t)plp €
N(T, 7). ~
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THEOREM 4.1 (Completeness). For each formula ¢ and set of formulas
T,
T Flles ¢ iff T Filcs P-

PROOF. Soundness is straightforward. For completeness, suppose that
T ¥ies o Thus, Tu{-p} is JLcs-consistent. By Lindenbaum’s Lemma,
there is I' € MCSi ., such that T'u {-p} ¢ I". Construct the canonical
neighborhood model M for JLcs. By the Truth Lemma 4.4, T' € |-¢] ,
and I" € [¢| \, for all 1) € T'. Hence, T # . ¢ =

5. Relationship with other semantics

In this section, we study the relationship between some of the possible
world semantics of justification logics (i.e., Fitting, modular, subset, re-
lational, and neighborhood models). All the results in this section are
stated for the logic of proofs LP, but they can be extended to other
justification logics as well. We first give a precise definition for a kind of
equivalence between possible world models.

DEFINITION 5.1. Given a possible world model M = (W,...), let
IM| := W. Let M and M’ be two possible world models, and
S c|M|n|M'|is a non-empty subset. We say that M and M’ are
world-equivalent with respect to S provided that for all w € S and for all
peFm:

(M, w) E @ iff (M',w) E .

In practice, we only consider models M and M’ where either
|IM|=|M |or [IM]|c| M|, and in either case we demonstrate world-
equivalence with respect to | M |n| M|, i.e. we let S to be | M|. Some of
the models we study contains normal worlds in their formulation (subset,
relational, and neighborhood models), and others do not. We usually as-
sume that if either | M |or | M’ |contains normal worlds, then S includes
all normal worlds as well.

The notion of world-equivalence enables us to reduce completeness
with respect to one class of models to completeness with respect to
another class of models. For example, suppose that we have proved
completeness of a logic L with respect to a class of models C, i.e.

Tece onlyif T .
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In order to show the completeness of logic L with respect to another class
of models C’, it suffices to show this claim: for each model
M = (W,...) € C there is a model M’ = (W,...) € C' that is world-
equivalent to M with respect to W (it is also required that W includes
all normal worlds, if either M or M’ contains normal worlds). Having
proved this, the completeness of L with respect to C' can be shown as
follows: from T # ¢ it follows that there is a model M = (W,...) € C
and a (normal) world w € W such that (M,w) # ¢, and hence, by the
above claim, there is a model M’ = (W,...) € C' such that (M’ ,w) # ¢.
Here, for simplicity we assumed that | M |= | M’ |=W.

5.1. Relationship with Fitting models

In this section, we first recall Fitting models for the logic of proofs
(cf. [14]), and then we show that Fitting models are world-equivalent
to neighborhood models.

DEFINITION 5.2 (Fitting model). A Fitting model for LPcs is a tuple
M = (S,R,E,V) where S is a non-empty set of worlds, R ¢ S x S is
a reflexive and transitive relation, V' : S — £(Prop) is a valuation, and
E:SxTm — P(Fm) is an evidence function satisfying the following
conditions. For all terms s,t € Tm, all formulas ¢, € Fm, and all worlds
v,weS:

1. If [t]p € CS, then ¢ € E(w,t). (constant-specification-&)
2. fp > e&(w,t)and g € E(w,s), then ¥ € E(w, t-s). (application-£)
3. E(w,t)u&(w,s) cE(w,s+t). (sum-€)
4. If p e E(w, t), then [t]p e E(w,t). (pos-introsp-£)
5. If wRw, then E(w,t) € E(v,t). (monotonicity-£)

The definition of truth for Boolean connectives is standard (see Definition
4.2). The truth of justification assertions is defined as follows:

(M, w) E [t iff p € E(w,t) and R(w) S @] v (1)

where R(w) := {ve S |wRv} and [¢] = {we S| (M,w) = p}.

Given a set of formulas T" and a formula ¢ of LPcs, T’ ':chs @ iff for
all Fitting models M = (S, R,E,V) for LPcs, for all w € S, if (M, w) = ¢
for all ¢ € T, then (M, w) E .

LEMMA 5.1. Given a neighborhood model MY = (W,Wy,N,V) for
LPcs, there is a Fitting model MY for LPcs which is world-equivalent
to MY with respect to Wy.
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PROOF. Suppose that MY = (W, Wy, N,V) is a neighborhood model
for LPcs. Let M = (Wy, R, E, V) be defined as follows. For all ¢ € Tm,
all ¢ €e Fm, and all w,v e Wy:

o wRw iff for all t € Tm (N (w,t) € N(v,t) & ve N N(w,t)),
o« pe&(w,t) iff o] v e N(w, 1),
o V=V ly, (= the restriction of V to Wy).

It is easy to show that M is a Fitting model for LPcs. The fact that con-
ditions (constant-specification-N'), (application-N), (sum-N), and
(pos-introsp-N) hold for MY immediately yield that conditions
(constant-specification-&), (application-£), (sum-£), and (pos-introsp-£)
hold for MF.

Let us show that M satisfies condition (monotonicity-£). Let wRv
and ¢ € £(w,t). By the definition of £, we have |¢] \ v € N(w,t). From
this and wRv, we conclude that |¢l| v € N(v,t), and thus ¢ € £(v,t).

The reflexivity of R follows easily from the condition (reflexivity-N)
(i.e. wenN(w,t)).

We now show that R is transitive. Suppose that wRv and vRu.
We have to show that wRu. Let ¢ be an arbitrary term. From wRwv
and vRu, it follows that N(w,t) € N(v,t) and N(v,t) € N(u,t), and
hence N(w,t) € N(u,t). It is sufficient to show that uw € NN (w,t). Let
X € N(w,t) be arbitrary. From N(w,t) € N(v,t) and u € NN (v,t), it
follows that u € X, as required.

Next, we show that M¥ is world-equivalent to M” with respect to
Whx. We show that for all ¢ € Fm and for all w € Wy,

(MY w) & @ iff (MF w) & .

This can be proved by induction on ¢, and we only show the case that
¢ is a justification assertion, say ¢ = [t]i.

First, suppose that (M w) & [t]Jy. Thus v € E(w,t) and R(w) €
|1)]| pr- By the definition of £, we have |9~ € N(w,t), and hence
(MN w) & [t]y.

On the other hand, suppose that (M~ ,w) & [t]y. Thus [¢| v €
N(w,t), and hence ¥ € £(w,t). Now we show that R(w) € [¢] \ e
Let v € Wy be an arbitrary world such that v € R(w). Then, by the
definition of R, we have v € NN (w,t), and thus v € ||~ Hence,
(MY ) £ 4. By the induction hypothesis, (M v) £ 1, and thus
v € || \qr, as desired. —
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Completeness of LPcs with respect to neighborhood models (Theo-
rem 4.1) and world-equivalent of neighborhood models to some Fitting
models (Lemma 5.1) give a new proof for the completeness of LPcs with
respect to Fitting models.

THEOREM 5.1 (Completeness). For each formula ¢ and set of formulas
T,

T ':fpcs @ iff T FLPcs P-
PROOF. Soundness is straightforward. Completeness follows from The-
orem 4.1 and Lemma 5.1. -

Next, we aim to show that Fitting models are world-equivalent to
neighborhood models.

DEFINITION 5.3. A Fitting model M = (S, R,E,V) is called congruential
provided that there exists u € S with the property that for all formulas
@, € Fm such that || v = || v, we have that ¢ € E(u,t) iff Y € E(u,t),
for all ¢ € Tm. A Fitting model is called non-congruential if it is not
congruential.

LEMMA 5.2. Given a non-congruential Fitting model M = (S,R,E,V)
for LPcs, there is a congruential Fitting model M’ for LPcs which is
world-equivalent to M with respect to S.

PROOF. The idea is to add a new world, say u, to the set of worlds of
the non-congruential Fitting model M = (S, R,&,V) in such a way that
the new Fitting model is congruential. Define M’ = (S',R',&", V") as
follows:

o S":=Su{u}, where u¢S.

e R:=Ru{(u,u)}.

o V'tgi=V and V'(u) =@.

o &'(w,t) = E(w,t), for all w € S and all ¢t € Tm; and &'(u,t) =
Uiso &i(u,t), where & (u,t) is defined inductively as follows:

Base case:

o(u,t) = {¢ | [t]y e CS}, provided that [t]e € CS for some ¢; and
Eo(u,t) = @, for other terms ¢ (i.e. either ¢ € Const but there is no ¢
such that [t]p € CS, or t ¢ Const).

™

o

Induction step: Let ¢ > 0:
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o

Eoiv1(u,t) = E9i(u,t), for t € Var u Const.

o

Egiv1(u,t-8) =Ex(u,t-s)U{w|p = 1 e Ey(u,t)and p € E(u, s), for some @}.

o

Eriv1(u,s+t) =E(u,s+t) u{p| pe&y(u,s) or pe&y(u,t)}.
521'4.1(&, 't) = Egi(u, 't) ] {[t]g& | @Y € Egi(u, t)}
o &Eaipa(u,t) = Egiwr (u, ) U{W | |¢0] pg = [ 0] pq and @ € Egis1 (u, ), for some @}.

o

It is not difficult to show that & (u,t) € &1 (u,t), for all t € Tm and all
7 > 0. We now show that M’ is a model for LP¢cs. Note that since the
new world u is not related to any worlds from S and since M satisfies
(monotonicity-£), the condition (monotonicity-€) holds trivially for the
M. The proof of other conditions follows from the definition of £’. As
an illustration, we show that M’ satisfies (constant-specification-£) and
(pos-introsp-£&).

For (constant-specification-£), suppose that [t]p € CS. Since M sat-
isfies (constant-specification-&), for all w € S we have ¢ € £(w,t), and
hence ¢ € &' (w,t). In addition, ¢ € Ey(u,t) € £'(u,t). Thus, M’ satisfies
(constant-specification-&).

For (pos-introsp-£), we have to show that for all terms ¢ € Tm, all for-
mulas ¢ € Fm, and all worlds w € S if ¢ € &'(w,t), then
[t]p € &' (w,!t). Note that this condition holds for worlds from S, be-
cause M satisfies (pos-introsp-£). For the new world u, suppose that
v € E'(u,t). Then, from the definition of &', it follows that ¢ € &;(u,t) ¢
Esi(u,t), for some i > 0, and hence [t]p € i1 (u, 1t) € E (u,!t).

We next show that M’ is world-equivalent to M with respect to S.
It suffices to show that for all ¢ € Fm

lellag= el penS.

This can be proved by induction on ¢, and we only show the case that
¢ is a justification assertion, say ¢ = [t]i). Note that for w € S we have
R(w) = R'(w) and &(w,t) = &' (w,t).

Given w € S, (M,w) & [t]y iff ¥ € E(w,t) and R(w) < ] ,, iff
Y e&'(w,t) and R'(w) € [¢| 0 S iff ¥ € £ (w,t) and R'(w) € || r, iff
(M’ w) & [t]e.

We now show that M’ is congruential. Given arbitrary formulas
¢, € Fm and arbitrary ¢ € Tm such that ||| . = |9 v and ¢ € E'(u,t),
we have to show that v € £'(u,t). From |p| . = [9] v it follows that
el penS =[] ppnS, and hence || s = |1 o On the other hand,
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¢ € &'(u,t) implies that there is ¢ > 0 such that ¢ € &(u,t), and thus
clearly ¢ € &y;41(u,t). From the inductive construction of £ it follows
that ¢ € E9;42(u,t), and therefore ¥ € £'(u,t), as required. The proof of
the other direction, i.e. ¥ € £'(u,t) implies ¢ € £'(u,t), is similar. ~

LEMMA 5.3. Given a Fitting model M* = (S,R,&,V) for LPcs, there is
a neighborhood model MY for LPcs which is world-equivalent to MY
with respect to S.

PROOF. Suppose that MF = (S,R,E,V) is a Fitting model for LPcs.
If M¥ is non-congruential, by Lemma 5.2, we find a congruential Fit-
ting model that is world-equivalent to M* with respect to S. Thus,

without loss of generality we assume that M* is congruential. Define
MY = (8, Wy, N, V) as follows:

e Let Wy denote the set of all w € S such that for all ¢,1 € Fm and
for all t € Tm, if ||| \sr = [¥|| \(r, then we have that ¢ € E(w,t) iff
Y e E(w,t). Since M¥ is congruential, Wy is non-empty.

o N(w,t) i= ([l i | 9 € E(w,8) and R(w) € 9] pgel, for all w e Wy
and all ¢t € Tm.

o VN(w):=V(w), for all w e Wy; and VY (w) := {p | (MF,w) E ¢},
for all we S~ Why.

Note that the requirement of congruentiality of M¥ implies that the
neighborhood function IV is well-defined.

In order to prove that MY and M¥" are world-equivalent with respect
to S, we show that for all ¢ € Fm:

HSOHMNz H‘PHMF (2)

This can be shown by induction on ¢, and we only show the case
that ¢ is a justification assertion, say ¢ = [t]y. The proof is as follows:

Case w € S\ Wx: (MY, w) & [ty iff [t]y € VN (w) iff (MF w) &
[t]0.

Case w e Wy: (MF,w) & [t]y iff o € E(w,t) and R(w) € || pgr iff
4] e € N (w, ) HE (by TH) 6] 0 € Nw, ) i (MY, w) & [¢]6

It is easy to show that MY is a neighborhood model. As an illustra-
tion, we show that MY satisfies (application-N).

Suppose that [¢ = 9|\~ € N(w,t) and @]\~ € N(w,s). By (2)
we have |¢ = ¥| r € N(w,t) and |¢| e € N(w,s). Thus, we get
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p > Y e&(wt), pe&(w,s), Rw) < o] e and R(w) € [ >0 v
By (application-£), we obtain 1 € E(w,t-s). Moreover, since ||¢| 7N
lp = bl e € (9] pgrs we get R(w) € 4] pqr- Hence 4] pgr € N(w, t-5),
and therefore by (2) we get || v € N(w,t-s), as required. =

Remark 5.1. The proof of Lemma 5.3 gives a world-equivalent neigh-
borhood model that has the same set of worlds as the original Fitting
model. This comes at a price. Namely, many of these worlds will be non-
normal worlds in the neighborhood model. It would also be possible to
construct a neighborhood model where all worlds of the Fitting model
are normal worlds. To achieve this, however, one would have to add
many additional non-normal worlds (like in the canonical model, where
we have a world for each set of formulas).

In the literature of justification logic, evidence functions are usually
interpreted as functions that determine only admissible pieces of evi-
dence that may or may not justify a given proposition. In this case,
¢ € E(w,t) reads as “at the world w, ¢ is an admissible reason (not
necessarily a decisive evidence) why ¢ is known.” If evidence functions
are interpreted in this way, then the truth condition for justification as-
sertions in Definition 5.2 suffers from a problem (cf. [7]). If ¢ is known
for an agent in the sense of Kripke’s semantics of the standard modal
logic, i.e. R(w) < |¢| o4, then any reason, say t, that is admissible for ¢,
ie. pe&(w,t), is a reason of why ¢ is known for the agent. Thus, an
admissible reason t for a known formula ¢ always provides a reason for
that formula. In particular, the semantics does not allow us to have two
different pieces of reasons ¢ and s, both admissible for why ¢ is known
for the agent, and yet just one of these pieces of reasons is the agent’s
decisive reason.

Remark 5.2 (Modular models). Modular models are introduced in [3]
(cf. also [24]). We briefly compare them with Fitting models here.

A modular model M = (S,R,E,V) for LPcs is a Fitting model for
LPcs in which the condition (monotonicity-£) is dropped. In addition,

modular models should satisfy the following condition, called Justifica-
tion Yields Belief (JYB): for all terms t € Tm, and for all worlds w € S

E(w,t) € Oy, (JYB)
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where O, := {¢ € Fm | R(w) < | ¢| »,}. Truth of justification assertions is
defined as follows:

(M, w) E [t]p iff p € E(w,t). (3)

It is easy to show that Fitting models and modular models are world-
equivalent (see [3, 24]). By the truth condition (1) in a Fitting model,
a formula [t]p is true at a world w iff ¢ is a justification for ¢ at w
(expressed by ¢ € E(w,t)) and ¢ is believed at w (expressed by R(w) ¢
lel v). Thus, in a Fitting model the formula [t]p can be read “t is
a reason for believing ¢”. A good feature of modular models is that
they separate the justification part from the belief part. By the truth
condition (3) in a modular model, a formula [t]y is true at a world w
iff ¢ is a justification for ¢ at w (expressed by ¢ € E(w,t)). Thus, in
a modular model the formula [t]¢ can be read “t is a justification for
¢”. Then, the condition Justification Yields Belief (JYB) says that if the
agent has a justification for a sentence, then she believes it. Thus, by
(JYB), the truth of [¢]¢ implies that the agent believes that ¢ is true.

However, it seems that (JYB) also suffers from some problems. For
instance, an individual might have justification for believing in the ex-
istence of God but has not yet come to hold that belief. For another
example, imagine a person grieving the loss of someone she holds dear
and refusing to accept the reality of her loved one’s death. Despite having
justifications to acknowledge the passing, she does not believe it to be
true.

One way to justify the condition (JYB) is to change the meaning
of the evidence function £ in modular models. As Artemov mentioned
in [3, page 23|, in modular models £(w,t) reflects ‘believing for a reason
t’ Using this reading, (JYB) is plausible, since believing in a proposition
for a reason t trivially yields believing in that proposition. However, this
reading of £ would violate the aforementioned separation of justification
from belief which is assumed as a foundational reason for considering
modular models by Artemov [3, page 27].

Finally, as it is mentioned in [24], a Fitting model for LPcs (in which
the truth condition for justification assertions is defined by (1)) is a
modular model that satisfies the condition (monotonicity-£). Thus, in
this sense, modular models are more general than Fitting models.
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5.2. Relationship with subset models

In this section, we first recall subset models for the logic of proofs (cf. [27,
28]), and then we show that subset models are world-equivalent to some
neighborhood models.

DEFINITION 5.4 (Subset model). A subset model M = (W, Wy, E,V)
for LPcs is defined by:

1. W and Wy are non-empty sets of worlds and normal worlds, respec-
tively, such that Wy ¢ W.

2. V: W - @(Fm) is a valuation function that satisfies the following
conditions (we denote ¢ € V(w) by (M,w) E ¢). For all normal
worlds w € Wy

(M, w) i L,
(M, w) @ = ¢ iff (M,w) # ¢ or (M,w) v,
(M, w) & [t]g iff B(w,t) € @] o

3. E:WxTm — R(W) is an evidence function that meets the following
conditions. For all w e Wy, and all s,t € Tm:

o If [t]p € CS, then E(w,t) < || e

o E(w,t-s) < ||APP(t,8)| vp
where
APP,(t,s) == {1 € Fm | 3p € Fm s.t. E(w,t) € | = 9|, and
E(w,s) ¢ o] o and [T p:={w e W | (M,w) E ¢ for all p T}
for any set of formulas I'.

o E(w,t+s)< E(w,t)nE(w,s).

e we E(w,t).

o E(w,lt)c{veW|VpeFm ([t]JpeV(w) = [tlpeV(v))}.

Given a set of formulas T" and a formula ¢ of LPcg, T |=ch5 o iff for all
subset models M = (W, Wy, E, V) for LPcs, for all w e Wy, if (M,w) E
¥ for all ¢ € T, then (M, w) & ¢.

LEMMA 5.4. Given a neighborhood model M~ = (W, Wy, N,V) for
LPcs such that MY contains its core and is closed under supersets, then
there is a subset model M?® for LPcs which is world-equivalent to MY
with respect to W.

PROOF. Suppose that MY = (W, Wy, N,V) is a neighborhood model
for LPcs such that each N(w,t) contains its core and is closed under
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supersets. Let M® = (W, Wy, E,V?) be defined as follows. For all
teTm, all p e Fm, and all we W:

o E(w,t):=NN(w,t), if weWpy;and E(w,t) =g, if we W\ Wy,
o peVS(w) iff we |p| pn-

In order to prove that MY and M?* are world-equivalent with respect
to W, we show that for all ¢ € Fm:

[l = Il s (4)

This can be shown by induction on ¢, and we only show the case
¢ = [t]ep. The proof is as follows:

Case w e W\ Wyt (MY, w) & [ty iff [ty e V(w) iff w e |[t]Y]|
iff [t]op € VI (w) iff (M®, w) & [t]y.

Case w € Wy First, suppose that (MY, w) k& [t]¢. Thus [¢] von €
N(w,t). Since E(w,t) = NN(w,t) € ||~ = 1] pgs We obtain
(M?® w) & [t]e, as desired.

On the other hand, suppose that (M®,w) £ [t]y. Thus, E(w,t) =
NN (w,t) € 1] pgs- Since N(w,t) contains its core, we have NN (w,t) €
N(w,t). Since N(w,t) is closed under supersets, || s € N(w,t). By
the induction hypothesis, || v~ € N(w,t), and hence (M, w) & [t]y,
as desired.

It is easy to prove that M?® is a subset model. We only show that

E(w,t-s)c |[|APP(t,5)| p4-

Suppose that v € E(w,t-s) and 1) € APP,(t,s). We have to show that
v € [|Yp] pgs. From 1) € APP,,(t,s) it follows that there exists ¢ € Fm such
that E(w,t) € [¢ = Y| \ysand E(w, s) € @] \4s. Since both N (w, s) and
N(w,t) contain their cores, we have E(w,s) = NN (w,s) € N(w,s) and
E(w,t) = NN(w,t) € N(w,t). Since N(w,s) and N(w,t) are closed
under supersets, [¢ = [ s € N(w,t) and ||¢] s € N(w,s). By the
induction hypothesis, [¢ = 1| v € N(w,t) and || v € N(w,s). By
(application-N), we get [[¢] \~ € N(w,t-5s). From this and the fact
that v e E(w,t-s) = NN (w,t-s) we get v € ||\ ~. By the induction
hypothesis, we get v € [9)] \,s, as required. =

LEMMA 5.5. Given a subset model M*® = (W, Wy, E,V) for LPcs, there
is a neighborhood model MY = (W, W, N, V™) for LPcs which is world-
equivalent to M?® with respect to W.



POSSIBLE WORLD SEMANTICS OF JUSTIFICATION LOGIC 23

PROOF. Suppose that M® = (W, Wy, E,V) is a subset model for LPcs.
Let MY = (W, Wx, N,V¥) be defined as follows:

o N(w,t):={]¢|pms| E(w,t) € || s}, forallt € Tm, and all w e Wy,

o pe VN (w) iff pe V(w), for all p € Prop, and all w € Wi,
o e VN(w) iff p € V(w), for all p € Fm, and all we W \ Wy.

In order to prove that MY and M* are world-equivalent with respect
to W, we show that for all ¢ € Fm:

[l pex = Il asgs - (5)

This can be shown by induction on ¢, and we only show the case
¢ = [t]e. The proof is as follows:

Case we W\ Wy: (MY w) e [t] iff [t]y e VN (w) iff [ty € V(w)
iff (M, w) & [t]i.

Case w € Wy: (MM, w) & [ty iff [¢] yn € N(w,t) iff 1] vs €
N(w,t) iff E(w,t) < ] s iff (M5, 0) & [t]p.

It is easy to prove that MY is a neighborhood model. As an illus-
tration, we show that M® satisfies (application-IN).

Suppose || = ||\ v € N(w,t) and || v € N(w,s). By (5) we have
lo = | s € N(w,t) and |¢| s € N(w,s). Thus, we get E(w,s) ¢
o] pqs and E(w,t) € || = | \ys. Thus, ¢ € APP,,(t,s). We now show
that E(w,t-s) ¢ || s Let ve E(w,t-s) be an arbitrary world. Since
E(w,t-s) ¢ |APP(t,s)| \sswe have v € |APP,(t,5)| 4s. Therefore,
v € |9 \qs- Hence, E(w,s-t) € |9 s Thus, [1] s € N(w,t-s), and
hence || \ v € N(w,t-s), as required. .

Completeness of LPcs with respect to its subset models is proved
in [27], and so the proof is omitted here.

THEOREM 5.2 (Completeness). For each formula ¢ and set of formulas
T

?

T ':fPCS @ iff T FLPcs -

5.3. Relationship with relational models

Purely relational models are first introduced in [43] for the justification
logic Jrcs(y)- We modify these models and present relational models for
LPcs, for an arbitrary constant specification CS.
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DEFINITION 5.5. A quasi relational model for LPcs is a tuple
M= (W, Wx, R, V) tetm where

1. W and Wy are non-empty sets of worlds and normal worlds, respec-
tively, such that Wy c W,

2. R'c W x W are binary relations,

3. V is a valuation function such that V : Wy - #(Prop) and
V:W\Wy — R(Fm).

Intuitively, wR'v reads as “at the world w, v is a possible world
according to reason t.”

DEFINITION 5.6. Let M = (W, Wy, R",V)ietm be a quasi relational
model. For w e W\ Wy, let (M,w) & ¢ if ¢ € V(w). Truth of jus-
tification assertions at worlds w € Wy is defined as follows:

(M, w) E [t] iff (M,v) & o, for all worlds v e W such that wR™v.
Let || o = {w e W [ (M,w) E ¢} be the truth set of ¢, and let
R'(w) = {veW |wR'v}.

Now, the truth condition of justification assertions can be expressed as
follows:
(M, w) E [tlp iff RN (w) € ] o -

The truth condition of the dual of justification assertions would be
as follows:

(M, w) & (t) o iff (M,v) E ¢, for some world v e W such that wR"v.
DEFINITION 5.7 (Relational model). A relational model
M = (W7 WN7 Rt7 V)t&Tm

for LPcs is a quasi relational model such that the relations R? satisfy the
following conditions. For all terms s,t € Tm, and all w € Wy:

1. RY(w) < || pp for [t]p € CS. (constant-specification-R)
2. R™*(w) < {ve W | Vo, ¢ e Fm(w € |[t](¢ > )| 0 I[s] el pg = v €

11003 (application-R)
3. R"™*(w) € RY(w) n R%(w). (sum-R)

4. wR'w. (reflexivity-R)
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5. R(w) c{veWVpeFm (we|[tlo] = ve|[tleln)}-
(pos-introsp-R)

Given a set of formulas 7" and a formula ¢ of LPcs, T’ ':FPcs @ iff for all
relational models M = (W, Wx, RY,V)etm for LPcs, for all w € Wy, if
(M,w) e for all ¢ € T, then (M, w) E .

Since the purely relational models of [43] developed for the logic
Jrcsy, the conditions (constant-specification-R) and (pos-introsp-R)
cannot be found there. Moreover, we omit the requirement of irreflex-
ivity of R’ which is specified in [43]. Instead, we require that each R’
satisfies (reflexivity-R), which correspond to the axiom j7T of LP.

LEMMA 5.6. Given a subset model M*® = (W, Wy, E,V) for LPcs, there
is a relational model M® = (W, Wy, R',V)e1m for LPcs which is world-
equivalent to M*® with respect to W, and vice versa.

PROOF. Suppose that MT = (W, Wy, R", V) etm is a relational model
and M*® = (W, Wy, E, V) is a subset model such that the following holds

wR'v iff  wve E(w,t). (6)

It is obvious that R*(w) = E(w,t), and hence MF and M?® are world-
equivalent with respect to W. ~

In fact, (6) suggests that relational models and subset models are
notational variants of each other. Next, we prove the completeness of
LPcs with respect to relational models.

THEOREM 5.3 (Completeness). For each formula ¢ and set of formulas
T,
Tefp. o iff Tripe .

PROOF. Soundness is straightforward. Completeness follows from The-
orem 5.2 and Lemma 5.6. —

6. Topological models for LP

Artemov and Nogina [6] presented topological semantics for various jus-
tification logics based on modal logic S4. The systems studied in [6]
have no operations on justifications, and so only variables are used as
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justification terms. In this section, we extend their results to the logic
of proofs and present topological semantics for LPcs.

In [6], the authors interpret justification variables as tests, and jus-
tification assertions [t]e are read as “test ¢ confirms ¢”. Given a topo-
logical space (S, T), they used a test function M : Tmx Fm — £(S) with
the following meaning: M (¢,¢) € S represents a “potentially accessible
(reachable) region of S associated with ¢ and ¢” or “the set of possible
outcomes of a test t of a property ¢”. Instead of this test function, we use
a function M : Sx Tm — £(Fm) that acts similar to evidence functions of
Fitting models. Here, ¢ € M(w,t) says that “test ¢ confirms ¢ at point
w” or “the point w is a possible outcome of the test ¢ of the property .

DEFINITION 6.1 (Topological model). A quasi topological model for LP¢g
is a tuple M = (S,7,M,V) where S is a non-empty set of worlds (or
points), (S,7T) is a topological space where T < £(S5), V : S — R(Prop)
is a valuation and M : .S x Tm — £(Fm) is a test function.

The definition of truth for Boolean connectives is standard (see Def-
inition 4.2). The truth of justification assertions is defined as follows:

(M, w) E [t]y iff ¢ e M(w,t) and there is O € T,, such that O < [¢] \4

where T, :={0 €T |w e O}, and ||| \,:= {we S| (M,w) E ¢}.

A topological model M = (S, T,M, V) for LPcs is a quasi topological
model such that the test function M satisfies the following conditions.
For all terms s,t € Tm, all formulas ¢, € Fm, and all worlds v,w € S:

—_

. If [t]p € CS, then ¢ € M(w,t). (constant-specification-M)
2. If ¢ > 1 e M(w,t) and ¢ € M(w, s), then ¢ e M(w,t-s).
(application-M)

3. M(w,t) uM(w,s) cM(w,t+s). (sum-M)
4. If p e M(w, t), then [t]p e M(w,!t). (pos-introsp-M)
5. If there exists O € Ty, such that O ¢ ¢, and w € |[t]¢[ s then

there exists O € T,, such that O ¢ ||[t]¢] . (monotonicity-M)

Given a set of formulas 7" and a formula ¢ of LPcs, T ':EFPcs  iff for all
topological models M = (S, 7T,M, V) for LPcs, for all w € S, if (M,w) E
¥ for all 1 € T, then (M, w) & ¢.

Given a test function M : S x Tm — R(Fm), define My : Tm x Fm —
£(S) as follows:

My(t,p) :={weS|peM(w,t)}.
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The function My is similar to the original test function used in [6]. It is
easy to show that

[l v =Tl pg) 0 Maa(t, ),

where I denotes the interior function, i.e. for each X ¢ S, I(X) gives
the interior of the set X in the topological space (S,7). Thus, [t]e
represents the interior of the proposition ¢, which is confirmed by the
test ¢.

We now show that LPcs is sound and complete with respect to its
topological models. To this end, we use the completeness of LPcg with
respect to Fitting models.

LEMMA 6.1. Given a Fitting model M¥ = (S, R,&,V) for LPcs, there is a
topological model MT = (S, T,M, V) for LPcs which is world-equivalent
to M¥ with respect to S.

PROOF. Suppose that M¥ = (S,R,E,V) is a Fitting model for LPcs.
Define the topological model MT = (S,7,M,V) as follows. For all
teTm, and all we S:

o T:={0cS|(VueO)(if uRv, then veO)},
o M(w,t):=E(w,t).

It is easy to show that (S,7) is a topological space. In order to prove
that MT and M7 are world-equivalent with respect to S, we show that
for all ¢ € Fm:

[l e = el pgr- (7)

This can be shown by induction on ¢, and we only show the case
¢ = [t]Y. The proof is as follows. Suppose that w € S.

Suppose that (M7 w) & [t]i). Then, ¢ € M(w,t) and there exists
O € T, such that O ¢ [[¢] . Hence, ¢ € E(w,t). Let v € S be an
arbitrary world such that wRv. From wRv and w e O € T, we get v € O.
Thus, (MT,v) &1, and hence by the induction hypothesis (M, v) 1.
Therefore, (M, w) & [t]y.

Conversely, suppose that (M w) & [t]y. Then, 1 € £(w,t), and
hence ¢ € M(w,t). Let

O = [[t]9] pyr-

It is obvious that w € O. On the other hand, if v € O be an arbitrary
world, then by the reflexivity of R we get v € || \4». By the induction
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hypothesis, v € || v r. Thus, O ¢ [¢] \r. We now show that O € T.
Suppose that u € O and uRv. Then, (MF u) & [t]i. By the transitivity
of R and (monotonicity-£), we get (M¥,v) & [t]y. Thus, v € O, as
required.

It is easy to show that M’ is a topological model. Conditions
(constant-specification-M), (application-M), (sum-M), and
(pos-introsp-M)  follows  immediately = from  the  conditions
(constant-specification-&), (application-£), (sum-£), and (pos-introsp-£)
respectively. Next, we show that M” satisfies (monotonicity-M).

Suppose that there exists O e T, such that O ¢ |[¢],r and
w € [[t]p|pgr- We have to show that there is an open set O" € Ty,
such that O’ ¢ |[t]e| \r- Let

0" = [[t]o] pyr-

It is obvious that w € O and O ¢ |[t]¢| \r- It is enough to show
that O’ € T. Suppose that u € O" and uRv. Then, (M7T u) & [t]e,
and hence by (7), we get (M* u) & [t]e. By the transitivity of R and
(monotonicity-£), we get (M¥,v) & [t]p. By (7), we get (ML, v) E [t]e.
Thus, v € O’, as required. —

THEOREM 6.1 (Completeness). For each formula ¢ and set of formulas
T,
T ':TPCS @ iff T FLPcs -

PROOF. Soundness is straightforward. Completeness follows from The-
orem 5.1 and Lemma 6.1. -

In the rest of this section, we aim to determine which class of neigh-
borhood models are world-equivalent to topological models, and vice
versa.

LEMMA 6.2. Given a neighborhood model MY = (W,Wyx,N,V) for
LPcs such that MY contains normal worlds and is closed under finite
intersections and supersets, then there is a topological model M for
LPcs which is world-equivalent to M” with respect to W

PROOF. Suppose that MY = (W, Wy, N,V) is a neighborhood model
for LPcs such that each N(w,t) satisfies the conditions stated in the
statement of the lemma. Let

T[N]={OcWn|(VveO)O € UsermN(v,3)}.
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It is easy to show that @, Wy € T[N]. Since each N(w,t) is closed
under finite intersections, 7[NN] is also closed under finite intersections.
Since each N(w,t) is closed under supersets, T[N] is also closed under
arbitrary unions. Therefore, (Wy,T[N]) is a topological space.

Let MT = (Wy, T[N],M,VT) be defined as follows. For all ¢t € Tm,
and all we Wy:

o peM(w,t) iff [ yv € N(w,t),
. VT :=VFWN.

In order to prove that MY and M7 are world-equivalent with respect
to Wy, we show that for all ¢ € Fm:

[l px W =[] gz (8)

This can be shown by induction on ¢, and we only show the case
¢ = [t]Y. The proof is as follows. Suppose that w e Wy.

Suppose that (M7, w) & [t]i. Then, we get 1) € M(w,t), and hence
|¥] pqw € N(w,t). Thus, (MY, w) E [t].

Conversely, suppose that (M~ ,w) & [t]¢. Then, [¢] .~ € N(w,t),
and hence ¢ € M(w,t). Let

O =[] pv 0 Wi = {v e Wn | [¢] pyv € N (v, 8)}- (9)

It is obvious that w € O. On the other hand, if v € O is an arbitrary world,
then by (reflexivity-N) we get v € [ v By (8), v € |- Thus,
O < ||| pyr- We now show that O € T[N]. Suppose that v € O. Then,
¢ pqn € N(v,t). By (pos-introsp-N), we have ||[t]¢] \ v € N(v,!t). On
the other hand, Wy € N(v,!t). Since N(v,!t) is closed under finite
intersection, O = |[t]Y| ,(vNWx € N(v,!t). Thus, O € T[N], as desired.
Therefore, (MT,w) & [t]i).

It is easy to show that M7 is a topological model. As an illustration,
we show that M7 satisfies (monotonicity-M). Suppose that there exists
O € T[N] such that w € O, O < ||| \4r, and w € |[[t]p] \r- We have to
show that there is an open set O’ € Ty, such that O’ ¢ |[t]¢] 4z Let

O == [[[t]o] pyr-

It is obvious that w € O" and O’
that O" € T[N]. Suppose that v
hence ¢ € M(v,t). Thus, @]y

I[t]e| pqr- It is enough to show
O'. Then, (MT,v) £ [t]yp, and
N(v,t). By (pos-introsp-N), we

m m N
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have ||[t]¢| \v € N(v,!t). On the other hand, Wy € N(v,!t). Hence,
1[t]e] ppv 0 Wi € N(v,!t). From (8) it follows that O' = [[t]e| \r €
N(v,'t). Thus, O € UsermN (v, s), and so O’ € T[N], as desired. -

Finally, we aim to show that topological models are world-equivalent
to neighborhood models.

DEFINITION 6.2. A topological model M = (S,7,M,V) is called con-
gruential provided that there exists u € S with the property that for all
formulas ¢, € Fm such that ¢ = [ v, We have that ¢ € M(u,t) iff
1 € M(u,t), for allt € Tm. A topological model is called non-congruential
if it is not congruential.

We next show that non-congruential topological models can be con-
verted to world-equivalent congruential topological models.

LEMMA  6.3. Given a non-congruential topological model
M = (S, T,M,V) for LPcs, there is a congruential topological model
M for LPcs which is world-equivalent to M with respect to S.

PROOF. The proof is similar to that of Lemma 5.2, so we omit the details
here. Given a non-congruential topological model M = (S,7,M, V) for
LPcs, define M = (5", 7", M', V") as follows:

o S":=Su{u}, where u ¢ S.
o« T':=Tu{S}.

o V'lgi=V and V'(u) = 2.
The test function M’ for worlds from S is defined as M, i.e. M'(w, t) :=
M(w,t), for all w e S and all ¢t € Tm. For the new world u we define
test functions M; inductively as follows.

Base case:

o Mo(u,t) = {¢ | [t]yp € CS}, provided that [t]p € CS for some ¢; and
Mo (u,t) = @, for other terms ¢ (i.e. either ¢ € Const but there is no ¢
such that [t]p € CS, or t ¢ Const).

Induction step: Let ¢ > 0:

o Mo;i1(u,t) = My, (u,t), for t € Varu Const.

0 Mg (u,t-8)=May(u, £ - 5)U{t | — ¥ € Migi (u, £) and o € Mgz (u, ), for some @}
o Majp1(u,s+1t) =Mo;(u,s+t)U{p]|peMy(u,s) or e My;(u,t)}.
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o M2i+1(u, 't) = Mzi(u, 't) @] {[t]g& | @ € Mg,(u,t)}
o Majia(u,t) = Maieq (u, ) U{0] [ (= [ 0] o and @ € Migiy1 (u,t), for some ¢}.

Note that M;(u,t) € M;,1(u,t), for all t € Tm and all ¢ > 0. Let
Conf(t) = NesM(w,t). The set Conf(t) contains all formulas that
confirms by the test ¢ at all points of the model M. Finally, let

M (u,t) := Conf(t) n |JM;(u,t).

i0
The proofs of the following facts are easy:
If o e M'(u,t), then ¢ € M(w,t), for all w e S.
If o > ¢ eConf(t) and ¢ € Conf(s), then ¥ € Conf(t-s).

Conf(t) cConf(t+s)nConf(s+t).
If p e Conf(t), then [t]p € Conf(!t).

- W=

It is obvious that (S’,7") is a topological space, and hence M’ is
a quasi topological model for LPcs. We now show that M’ is world-
equivalent to M with respect to S. It suffices to show that for all ¢ € Fm

lelpe= el penS. (10)

This can be proved by induction on ¢, and we only show the case that
¢ is a justification assertion, say ¢ = [t]i). First, we show that for all
w € S and all ¢ € Fm, we have

30 €Ty s.t. O € || pg iff FO € Ty st O < [ oy (11)

The left-to-right direction follows from the fact that 7 < 7'. For the
right-to-left direction, we have two cases: O’ € T or O’ = S’. In the for-
mer case, the proof is obvious. In the latter case, note that if
S" ¢ |lolrp then S ¢ || s and since S € Ty, we get 30 € T, such
that O ¢ |¢] s

Next, we show that (10) holds for ¢ = [t]ip. Given w € S, (M, w) &
[t]y iff ¢ € M(w,t) and 3O € T, s.t. O € |9 o, iff (by the definition
of M" and (11)) ¥ € M'(w,t) and 30" € T, s.t. O" ¢ |[¢] ,, iff (by IH)
e M'(w,t) and 30" € T, s.t. O € ¥ oy iff (M, w) E [t]0).

Next, we show that M’ is a topological model for LPcs. We only
check the details for the conditions (application-M) and (monotonicity-M)
(the proof of other conditions follows from the construction of M’ and
Facts 3-4).
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For (application-M), we have to show that for all terms s,t € Tm,
all formulas o, € Fm, and all worlds w € S": if ¢ - ¢ € M'(w,t) and
v € M'(w,s), then ¢» € M'(w,t-s). Since M satisfies (application-M),
this condition holds for worlds from S. For the new world u, suppose
that ¢ - ¢ € M'(u,t) and ¢ € M'(u,s). Then, ¢ - b € Conf(t) and
v € Conf(s). From Fact (2) it follows that ¢ € Conf(t-s). From the
definition of M, it follows that ¢ — 1 € M;(u,t) and ¢ € My;(u, s), for
some i >0, and hence ¢ € Mg;,1(u,t-s) € M'(u,t-s).

We first prove (monotonicity-M) for worlds from S. Given an arbi-
trary world w € S, suppose that there exists O € 7, such that O ¢ |¢]
and w € |[t]o[ » We distinguish two cases: O € T or O = S’ In the
former case, since O ¢ S, we get O € [¢| NS = [¢[ e On the other
hand, by (10), we have w € ||[t]¢] 14 Since M satisfies (monotonicity-M),
there exists O’ € T, such that O’ ¢ |[t]¢] . Hence, we have O’ € T, and
by (10), O" ¢ [[t]¢| v(» as desired. In the latter case, from S’ < [l v it
follows that S ¢ [¢] - The rest of the proof is similar to the first case.

We now prove (monotonicity-M) for u. Note that the only open set
containing u is S’. So suppose that S’ ¢ [¢|| ., and w € [[t]p] - We
shall show that S ¢ ||[t]e] s~ Since w € |[[t]p] oy it is sufficient to show
that S ¢ |[t]¢[ s Assume that w € S is an arbitrary world. From
u € |[t]e] opn it follows that ¢ € M'(u,t). Fact (1) immediately yields
¢ € M'(w,t). On the other hand, S" € T, and S’ ¢ |¢| \,. Therefore,
(M, w) E [t]e, and hence w € |[t]p| v as required.

The proof of the congruentiality of M’ is similar to that given in the
proof of Lemma 5.2. Thus, we omit the details here. -

In the next lemma, we will modify the notion of neighborhood system
from [33, p. 23] as a neighborhood function induced by a topology.

LEMMA 6.4. Given a topological model M = (S,7,M,V), there is a
neighborhood model MY for LP¢s which is world-equivalent to M* with
respect to S.

PROOF. Suppose that M = (S, 7,M,V) is a topological model for
LPcs. Without loss of generality we assume that M7 is congruential.
Define MY = (S, Wy, Npr, V) as follows.

e Wy is the set of all w € S such that for all ¢, € Fm and for all £ € Tm,
if |¢| pqr = [¥] pgr then we have that ¢ € M(w,t) iff ¢ € M(w,t).
Since M7T is congruential, Wy is non-empty.
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o The neighborhood function Ny : Wy x Tm — R(£(W)) is defined
as follows. For all we Wy and all £t € Tm:

Npr(w,t) = {[|¢| pr | ¢ € M(w,t) and 3O € Ty, s.t. O € ||| pq7)-

The neighborhood function N r can be viewed as a neighborhood
system induced by a topology and a test function.

o VN(w) =V (w), for all w € Wy; and VY (w) := {¢ | (MT,w) & ¢},
for all we S~ Wy.

In order to prove that M and M7 are world-equivalent with respect
to S, we show that for all ¢ € Fm:

lell par = ol - (12)

This can be shown by induction on ¢, and we only show the case
¢ = [t]Y. The proof is as follows:

Case w € S~ Wy: (MM, w) & [t iff [t]y € VN (w) iff (MT,w)
(116

Case w € Wy: (MY, w) & [t] iff [¢] v € Nagr (w,t) iff |9 vpr €
Npr(w,t) iff ¢ € M(w,t) and 30 € Ty, s.t. O € || ppr iff (M7, w) =
(119

It is easy to show that MY is a neighborhood model. As an illustra-
tion, we show that MY satisfies (application-N).

Suppose that |¢ = | \ v € Nyr(w,t) and ||| y v € Nygr (w,s). By
(12) we have [¢ = )| ;v € Nyr(w,t) and || y v € Nagr(w, s). Thus,
we get ¢ — 1 e M(w,t), p e M(w,s), 301 € Ty, s.t. Oy € | = 1| o r, and
302 € Tyst. O € |[¢f gz By (application-M), we obtain
Y € M(w,t-s). Moreover, since ||y |0 = ¥| pqr € |¢0] pgr, We get
O1n0O;3 € ||| gz Since T is a topology, we have O1n O3 € Ty,. Therefore
|9 pyr € Npqr (w, t - 5), and [|[¢] yyn € Npqr (w, t - s) as required. ~

7. Discussion

In this article, we compare various possible world semantics of justifi-
cation logics, including neighborhood models, Fitting models, modular
models, subset models, relational models, and topological models. Our
presentation of the neighborhood models, relational models, and topo-
logical models for the logic of proof LP is novel.
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We develop a notion of equivalence, called world-equivalence, for pos-
sible world models, which helps to reduce a completeness result from one
class of possible world models to a completeness result for another class
of models. We observe that Fitting models and modular models are
world-equivalent to each other, and our relational models and subset
models are notational variants of each other.

Furthermore, we demonstrate the completeness theorem of justifi-
cation logics with respect to the neighborhood models by a canonical
model construction using maximal consistent sets. Whereas, the com-
pleteness of LP with respect to relational models is established through
the completeness of LP with respect to subset models, and further the
completeness of LP with respect to topological models is established
through the completeness of LP with respect to Fitting models. We
leave a direct proof of the completeness of LP with respect to topological
models to possible future work.
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