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Abstract. Justification logics are epistemic logics that explicitly include
justifications for agents’ knowledge. We present a multi-agent justifica-
tion logic with evidence terms for individual agents as well as for com-
mon knowledge. A Kripke-style semantics similar to Fitting’s semantics
for the Logic of Proofs LP is defined and soundness and completeness
with respect to it are shown along with the finite model property. Fur-
thermore, we demonstrate that our logic is a conservative extension of
Yavorskaya’s minimal bimodal explicit evidence logic, a two-agent ver-
sion of LP. We discuss the relationship to multi-agent modal logic S4 with
common knowledge. Finally, as an illustration we give a brief analysis of
the problem of coordinated attack in the new language.

1 Introduction

Justification logics [6] are epistemic logics that explicitly include justifications
for agents’ knowledge. The first such logic, the Logic of Proofs LP, was developed
by Artemov [3, 4] to provide the modal logic S4 with provability semantics. The
language of justification logics has also been used to provide a new approach to
the logical omniscience problem [7] and to study self-referential proofs [15].

Instead of statements A is known denoted [JA, justification logics reason
about justifications directly by using the construct [¢{]A to formalize statements
t is a justification for A, where evidence term t can be viewed as an informal
justification or a formal mathematical proof depending on the application. Ev-
idence terms are built by means of operations that correspond to the axioms
of S4 as can be seen from Fig. 1.

Artemov [4] showed that the Logic of Proofs LP is an explicit counterpart of
the modal logic S4 in the following formal sense: each theorem of LP becomes
a theorem of S4 if all terms are replaced with modality [J and, vice versa, each
theorem of S4 can be turned into a theorem of LP by replacing occurrences
of modality with suitable terms. The latter process is called realization, and
the statement of correspondence is called a realization theorem. Although the
operation + introduced by the sum axiom in Fig. 1 does not have a modal
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S4 axioms LP axioms
0(A— B) — (0DA—0OB) t](A — B) — ([s]JA — [t- s|B) (application

[t )
0A— A A — A (reflexivity)
0A —-0O0A [t]JA — [!t][t]A (inspection)

tJAV [s]A — [t + s]A (sum)

Fig. 1. Axioms of 54 and LP

analog, it is an essential part of the proof of the realization theorem in [4].
Explicit counterparts for many normal modal logics between K and S5 have
been developed, see a recent survey in [6] and a uniform proof of realization
theorems for all single-agent justification logics forthcoming in [§].

The notion of common knowledge is essential in the area of multi-agent sys-
tems, where coordination among a set of agents is a central issue. The text-
books [11, 17] provide excellent introductions to epistemic logics in general and
common knowledge in particular. Informally, common knowledge of A is defined
as the infinitary conjunction everybody knows A and everybody knows that every-
body knows A and so on. This is equivalent to saying that common knowledge
of A is the greatest fixed point of

AX.(everybody knows A and everybody knows X) . (1)

Artemov [5] created an explicit counterpart of McCarthy’s any fool knows
common knowledge modality [16], where common knowledge of A is defined as
an arbitrary fixed point of (1). The relationship between the traditional common
knowledge from [11, 17] and McCarthy’s version is studied in [2].

In this paper, we present a multi-agent justification logic with evidence terms
for individual agents as well as for common knowledge, with the intension to
provide an explicit counterpart of the modal logic of traditional common knowl-
edge S45.

To the best of our knowledge, the only existing multi-agent justification logics
with evidence terms for each agent are due to Yavorskaya [20], where the two-
agent case is considered. We will show that in the case of two agents our system
is a conservative extension of Yavorskaya’s minimal bimodal explicit evidence
logic, which is an explicit counterpart of S4,.

An epistemic semantics for LP, F-models, was created by Fitting in [12] by
augmenting Kripke models with an evidence function that specifies which for-
mulae are evidenced by a term at a given world. It is easily extended to the
whole family of single-agent justification logics (for details, see [6]). In [5] Arte-
mov extends F-models to justification terms for McCarthy’s common knowledge
modality in the presence of several ordinary modalities, creating the most general
type of epistemic models, sometimes called A F-models, where common evidence
terms are given their own accessibility relation not directly dependent on the ac-
cessibility relations for individual modalities. Yavorskaya in [20] proves a stronger
completeness theorem with respect to singleton F-models, independently intro-
duced by Mkrtychev [18] and now known as M-models, where the role of the
accessibility relation is completely taken over by the evidence function.



The paper is organized as follows. In Sect. 2, we introduce the language
and give the axiomatization of a family of multi-agent justification logics with
common knowledge. In Sect. 3, we prove their basic properties including the in-
ternalization property, which is characteristic of all justification logics. In Sect. 4,
we give a Fitting-style semantics similar to AF-models and prove soundness and
completeness with respect to this semantics as well as with the respect to single-
ton models, thereby demonstrating the finite model property. In Sect. 5, we show
that for the two-agent case our logic is a conservative extension of Yavorskaya’s
minimal bimodal explicit evidence logic. In Sect. 6 we show how our logics are
related to traditional modal logics of common knowledge and discuss the prob-
lem of realization. Finally, in Sect. 7 we provide an analysis of the problem of
coordinated attack in our logic.

2 Syntax

To create an explicit counterpart of modal logic of common knowledge we use
its axiomatization via the induction axiom from [17] rather than via the induc-
tion rule to facilitate the proof of the internalization property for the resulting
justification logic. We supply each agent with its own copy of terms from the
Logic of Proofs, while terms for common and mutual knowledge employ addi-
tional operations. As motivated in [10], a proof of CA can be thought of as an
infinite list of proofs of the conjuncts E™A in the representation of common
knowledge through an infinite conjunction. To generate a finite representation
of this infinite list, we use an explicit counterpart of the induction axiom

ANt)c(A — [s]gA) — [ind(t,s)]cA

with a binary operation ind(-, -). On the other hand, to access the elements of the
list, explicit counterparts of the co-closure axiom provide evidence terms that
can be seen as splitting the infinite list into head and tail,

[t]cA — [ccli(D)]e4 [t]cA — [ccla(D)]e [t]cA

by means of two unary co-closure operations ccly (-) and ccly(+). Evidence terms
for mutual knowledge are represented as tuples of individual agents’ evidence
terms with the standard operation of tupling and h unary projections. While
only two of the three operations on LP terms are adopted for common knowledge
evidence and none for mutual knowledge evidence, it will be shown in Sect. 3 that
most remaining operations are definable with the notable exception of inspection
for mutual knowledge.

We consider a system of h agents. Throughout the whole paper, i always

denotes an element of {1,...,h}, * always denotes an element of {1,...,h, C},
and ® always denotes an element of {1,...,h, E,C}.
Let Consg = {c¥,cy,...} and Varg := {2¥,25,...} be countable sets

of proof constants and proof variables respectively for each ®. The sets Tmy,
..., Tmy, Tmg, and Tmc¢ of evidence terms for individual agents, mutual, and
common knowledge respectively are inductively defined as follows:



Consg C Tmeg;

Varg C Tmeg;

lit € Tm,; for any t € Tmy;;

t+,s€Tm, and t -, s € Tm, for any t,s € Tm,;
(t1,...,tp) € Tmg for any t; € Tmy, ..., tp € Tmy;
m;t € Tm,; for any t € Tmg;

ccly(t) € Tme and cclp(t) € Tme for any ¢ € Tmg;
ind(t,s) € Tmc for any ¢t € Tmc and s € Tmg.
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Tm := Tmy U --- U Tmy U Tmg U Tmc denotes the set of all evidence terms.
The indices of the operations !, +, and - will usually be omitted if they can be
inferred from the context.

Let Prop := {P1, P»,...} be a countable set of propositional variables. For-
mulae are denoted by A, B, C, etc. and defined by the following grammar

A=Py | =A|(ANA) [ (AVA) [ (A— A) | oA |

where t € Tmg. The set of all formulae is denoted by Fm,_pi. We adopt the
following convention: whenever a formula [t]g A is used, it is assumed to be well-
formed, i.e. it is implicitly assumed that term ¢ € Tmg. This enables us to omit
the explicit typification of terms.

The azioms of LPS are

1. all propositional tautologies

2. [t]l«(A — B) — ([s]+A — [t - s].B) (application)
3. tlsA—= [t +slA, [s]lsA—[t+3]A (sum)
4. [t|;,A— A (reflexivity)
5. [t]:A ['t], [t]; A (inspection)
6. [tii AN AltalnA — [{t1, ..., tr)]EA (tupling)
7. [tleA — [ mit]; A (projection)
8. [t]cA — [ccli(B)]ed, [tlcA — [ccla(t)]e [t]cA (co-closure)
9. AA[tlc(A— [S]EA) — [ind(t, s)]cA (induction)

A constant specification CS is any subset

CS C U {[c]®A : ¢ € Consg and A is an axiom of LP%} .
®e{l,...,h,E,C}

A constant specification CS is called C-aziomatically appropriate if, for each
axiom A, there is a proof constant ¢ € Consc such that [c]cA € CS. A constant
specification CS is called pure, if CS C {[c]gA : ¢ € Consg and A is an axiom}
for some fixed ®, i.e. if for all [¢]g A € CS, the constants ¢ are of the same type.

Let CS be a constant specification. The deductive system LP$(CS) is the
Hilbert systems given by the axioms of LP% above and rules modus ponens and
axiom necessitation:

A A— B
B 7 [cleA

, where [c]gA € CS.



By LP§ we denote the system LP$(CS) with
CS = {[C]CA : ¢ € Consc and A is an axiom of LP%} . (2)

For an arbitrary CS, we write A Fes A to state that A is derivable from A
in LP$(CS) and omit the mention of CS when working with the constant speci-
fication from (2) by writing A+ A. We use A, A to mean AU {A}.

3 Basic Properties

In this section we show that our logics possess the standard properties expected
of any justification logic. In addition, we show that the operations on terms
introduced in the previous section are sufficient to express the operations of sum
and application for mutual knowledge evidence and the operation of inspection
for common knowledge evidence. This is the reason why +g, -g, and !¢ are not
primitive connectives in the language. It should be noted that no inspection
operation for mutual evidence terms can exist, which follows from Lemma 26 in
Sect. 6 and the fact that EA — EEA is not a valid modal formula.
We begin with the following easy observation.

Lemma 1. For any constant specification CS and any formulae A and B:

1. Fes [tleA — A for allt € Tmg. (E-reflezivity)
2. For any t,s € Tmg there is a term t -g s € Tmg such that

Fes [tle(A — B) — ([s]eA — [t e s]eB). (E-application)
3. For any t,s € Tmg there is a term t +g s € Tmg such that

Fes [tleA — [t+esleA and  tes [s]Jed — [t +E s]eA4. (E-sum)
4. For any t € Tmc and any i € {1,...,h} there is a term | ;t € Tm; such that

Fes [tlcA — [t A. (i-conversion)
5. Fes [tlcA — A for allt € Tmc. (C-reflexivity)

Proof. 1. Immediate by projection and reflexivity axiom.

2. Set t-gs:=(mt-1mS,...,Tpt p THS).

3. Set t +g s := (mit +1 m1S,...,Tht +n THS).

4. Set lzt = 7TZ'CC|1(t).

5. Immediate by 4 and the reflexivity axiom. ad

Unlike the statements from the previous lemma, the ones from the next
lemma require the constant specification CS to be C-axiomatically appropriate.

Lemma 2. Let CS be C-axiomatically appropriate and A be a formula.
1. For any t € Tmc there is a term |ct € Tmc such that

Fes [tlcA — [Ict]c [t]cA. (C-inspection)
2. For any t € Tmc there is a term <&t € Tmc such that
Fes [tlcA — [& tlc [ccli(P)]eA. (C-shift)

Proof. 1. Set !¢t :=ind(c,ccly(t)), where [c]c([t]cA — [ccla(¥)]e [t]cA) € CS.
2. Set &t:=c ¢ (Ict), where [c]c([t]cA — [ccli(t)]eA) € CS. O



The following two theorems are standard in justification logics. Their proofs
can be taken almost word for word from [4] and are, therefore, omitted here.

Lemma 3 (Deduction Theorem). Let CS be a constant specification and
AU{A,B} C Fm,_pi. Then A, Ates B if and only if Abes A — B.

Lemma 4 (Substitution). For any constant specification CS, any proposi-
tional variable P, any AU{A, B} C FmLpi, any x € Varg, and any t € Tmeg,

if Abes A, then A(z/t, P/B) Fest,p ) Alz/t, P/B)

where A(z/t, P/B) denotes the formula obtained by simultaneously replacing all
occurrences of x in A with t and all occurrences of P in A with B, accordingly

for A(z/t, P/B) and CS(x/t, P/B).

The following lemma states an important property, namely that our logic can
internalize its own proofs. It can be shown by induction on the derivation of A.

Lemma 5 (C-lifting). Let CS be a pure C-aziomatically appropriate constant
specification. If
[sl]CBla ey [Sn}CBn, Cla ey Cm '_CS A )

then for each ® there is a term tg(Z1,...,Tn,Y1,---,Ym) € Tmg such that
[s1]cB1,- -, [Sn]cBn, [Y1]@Ch1, - -+ 5 [Um]eCm Fes te (81, -+ Sny Y1y« -+ s Um)]@A
for fresh variables yi,...,ym € Tmeg.

Corollary 6 (Constructive necessitation). Let CS be a pure C-aziomatically
appropriate constant specification. For any formula A, if Fes A, then for each ®
there is a ground term t € Tmg such that Fcs [t]eA.

Corollary 7 (Internalized induction rule). Let CS be a pure C-aziomatical-
ly appropriate constant specification. For any formula A, iftcs A — [s]gA, there
is a term t € Tmc such that Fes A — [ind(t, s)]cA.

4 Soundness and Completeness

Definition 8. An AF-model meeting a constant specification CS is a structure
M = (W,R,E,v), where (W,R,v) is a Kripke model for S4;, with a set of
possible worlds W # @, a function R : {1,...,h} — P(W x W) that assigns a
reflexive and transitive accessibility relation on W to each agenti € {1,...,h},
and o truth valuation v : Prop — P(W). We always write R; instead of R(i)
and define the accessibility relations for mutual and common knowledge in the
standard way: Rg := Ry U---U Ry, and Rc :=J,—,(Re)™.

An evidence function £: W x Tm — P (Fm,_p%) determines the formulae

evidenced by a term at a world. We define Eg := € | (W x Tmg). Note that
whenever A € Eg(w,t), it follows that t € Tmg. The evidence function & must
satisfy the following closure conditions: for any worlds w,v € W,



1. &E(w,t) C E.(v,t) whenever (w,v) € R,. (monotonicity)
2. If [c ]®A €CS, then A € Eg(w, ). (constant specification)
3. If (A— B) € E(w,t) and A € E(w, s), then B € E.(w,t-s). (application)
4. Ex(w,s) U & (w ,t)gé'*(w,s—&—t). (sum)
5. If A€ &(w,t), then [t];A € & (w,t). (inspection)
6. If A€ &(w,t;) for all1 <i < h, then A € Eg(w, (t1,...,tn)). (tupling)
7. If A € E(w,t), then A € &;(w,m;t). (projection)
8. If A€ &c(w,t), then A € Ee(w, ccli(t)) and [t]cA € Ee(w, ccla(t)) (co-closure)
9. If A€ &(w,s) and (A — [s]eA) € Ec(w,t),

then A € Ec(w,ind(t,s)). (induction)
When the model is clear from the context, we will directly refer to Ry,..., Ry,

RE, RQ 51,. . .,gh, 5E7 gc, W, and v.

Definition 9. A ternary relation M,w |- A for formula A being satisfied at a

world w € W in an AF-model M = (W, R,E,v) is defined by induction on the

structure of the formula A:

1. M,wlk P if and only if w € v(P);

2. |k respects the propositional connectives;

3. M,w - [tleA if and only if 1) A € Eg(w,t) and 2) M,v - A for allv e W
with (w,v) € Rg.

We write M I+ A if Myw I+ A for all w € W. We write lFecs A and say that

the formula A is valid with respect to CS if M Ik A for all AF-models M

meeting CS.

Lemma 10 (Soundness). Provable formulae are valid: Fes A implies IFes A.

Proof. Let M = (W, R,&,v) be an AF-model meeting CS and let w € W. We
show soundness by induction on the derivation of A. The cases for propositional
tautologies, for the application, sum, reflexivity, and inspection axioms, and for
modus ponens and axiom necessitation rules are the same as for the single agent
case in [12] and are, therefore, omitted. Of the remaining four axioms we show
two representative cases:

(co-closure) Assume M,w IF [t]cA. Then 1) M,v I+ A for all v € W with
(w,v) € Rc and 2) A € Ec(w,t). It follows from 1) that, for all v' € W with
(w,v") € Rg, we have M, v’ |- A since Rg C Rc; also, due to the monotonic-
ity closure condition, M, v’ IF [t]cA since Rg o Rc C Rc. From 2), by the
co-closure closure condition, A € Ee(w,cclyi(t)) and [t]cA € Ee(w,ccla(t)).
Hence, M, w IF [ccli(¢)]eA and M, w IF [ccla(t)]E [t]cA.

(induction) Assume M, w IF A and M, w IF [t]c(A — [s]gA). From the second
assumption and the reflexivity of Rc we get M,w IF A — [s]gA, thus,
M, w Ik [s]gA by the first assumption. So A € & (w, s) and, by the second
assumption, A — [s]gA € Ec(w,t). By the induction closure condition, we
have A € Ec(w,ind(t,s)). It remains to prove M,v I A for all v € W
with (w,v) € Rc. This can easily be done by showing M, v IF A for all
v € W with (w,v) € (Rg)™ by induction on n € N. Finally, we conclude that
M, w IF [ind(t, s)]cA. O



Definition 11. Let CS be a constant specification. A set @ of formulae is called
CS-consistent if @ Fes ¢ for some formula ¢. A set @ is called maximal CS-
consistent if it is CS-consistent but has no CS-consistent proper extensions.

Whenever safe, we do not mention the constant specification and only talk about
consistent and maximal consistent sets. It can be easily shown that maximal
consistent sets contain all axioms of LP,CL and are closed under modus ponens.

Definition 12. For a set @ of formulae we define
&/®:={A : there is at € Tmg such that [t]eA € P} .

Definition 13. Let CS be a constant specification. The canonical AF-model
M = (W,R,E,v) meeting CS is defined as follows:

1. Wi={wC Fmipc : wisa mazximal CS-consistent set};

2. R :={(w,v) e WxW : w/i Cv};

3. Eg(w,t) :=={A€Fmpc : [tloA € w};

4. v(P,)={weW : P, € w}.

Lemma 14. Let CS be a constant specification. The canonical AF-model meet-
ing CS is an AF-model meeting CS.

Proof. The proof of reflexivity and transitivity of each R; as well as the ar-
gument for the constant specification, application, sum, and inspection closure
conditions is the same as in the single-agent case (see [12]). Of the remaining
five closure conditions we show two representative cases:

(induction) Assume A € & (w,s) and (A — [s]gA) € Ec(w,t). Then we have
[sleAd € w and [t]c(A — [s]ed) € w. From Fes [s]|eA — A (Lemma 1.1)
and the induction axiom it follows by maximal consistency that A € w and
[ind(t, s)]cA € w. Therefore, A € Ec(w,ind(t, s)).

(monotonicity) We show only the case of x = C since the other cases are the
same as in [12]. It is sufficient to prove by induction on n € N that

if [t]cA € w and (w,v) € (Rg)", then [tjcA € v . (3)

Base case n = 1. Assume (w,v) € RE, i.e. w/i C v for some i. As [t|cA € w,
[miccla(t)]: [tlcA € w by maximal consistency, and hence [t]cA € w/i C v.
The argument for the induction step is similar.

Now assume (w,v) € Rc = J,—,(Re)" and A € Ec(w,t), i.e. [t]cA € w. As
shown above, [t]cA € v. Thus, A € Ec(v,1). O

Remark 15. Let R denote the binary relation on W given by
(w,v) € R¢ if and only if w/CCuw .

An argument similar to the one just used for monotonicity shows that Rc C Re¢.
However, the converse does not hold for any pure C-axiomatically appropriate
constant specification, which we show by adapting an example from [17]. Let

G :={[sp)e...[s1]eP : n€N,s1,...,8, E Tmg}U{=[t]cP : t € Tmc} .



This set is consistent for any P € Prop because it is easy to construct a model
for each finite subset of @. Thus, there is a maximal consistent set w 2O ®.
Set ¥ := {—=P} U (w/C). ¥ is also consistent, otherwise, by Corollary 6, there
would have existed a term s such that [s]cP € w, which would contradict the
consistency of w. Let v be a maximal consistent set that contains ¥, i.e. v O V.

Clearly, w/C C v, i.e. (w,v) € R, but (w,v) ¢ Rc because that would imply
P € v, which cannot happen. It follows that Rc C Re.

Similarly, we could define R¢ by (w,v) € Rg if and only if w/E C v. However,

t = Re for any C-axiomatically appropriate constant specification.

Lemma 16 (Truth Lemma). Let CS be a constant specification and M be the
canonical AF-model meeting CS. For all formulae A and all worlds w € W,

A cw if and only if Mywl- A .

Proof. The proof is by induction on the structure of A. The cases for proposi-
tional variables and propositional connectives are immediate by the definition
of IF and the maximal consistency of w. We check the remaining cases:
Case A is [t];B. Assume A € w. Then B € w/i and B € &;(w,t). Consider
any v such that (w,v) € R;. Since w/i C v, it follows that B € v and thus, by
induction hypothesis, M, v |- B. From this M, w IF A immediately follows.

For the converse, assume M, w I [t]; B. By definition of I+ we get B € &;(w, t),
from which [t]; B € w immediately follows by definition of &;.
Case A is [t|gB. Assume A € w and consider any v such that (w,v) € Rg.
Then (w,v) € R; for some 1 <4 < h, i.e. w/i C v. By definition of & we get
B € &(w,t). By maximal consistency of w, it follows that [m;t];B € w, and
thus B € w/i C v. Since, by induction hypothesis, M, v I+ B, we conclude that
M,w IF A. The argument for the converse repeats the one from the previous
case.
Case A is [t|cB. Assume A € w and consider any v such that (w,v) € Rc,
ie. (w,v) € (Rg)™ for some n € N. As in the previous cases, B € Ec(w,t) by
definition of &c. By (3) we find A € v and thus, by C-reflexivity and maximal
consistency, also B € v. Hence, by the induction hypothesis M, v IF B. Now
M, w IF A immediately follows. The argument for the converse repeats the one
from the previous cases. O

Note that the converse directions in the proof above are far from trivial in
the modal case, see e.g. [17]. The last case, in particular, usually requires more
sophisticated methods that guarantee the finiteness of the model.

Theorem 17 (Completeness). LP$(CS) is sound and complete with respect
to the class of AF-models meeting CS, i.e. for all formulae A € FmLP}c

Fes A if and only if Fes A .

Proof. Soundness has already been shown in Lemma 10. For completeness let
M Dbe the canonical AF-model meeting CS and assume ¥¢s A. Then {—A} is
CS-consistent and hence contained in some maximal CS-consistent set w € W.
So, by Lemma 16, M, w IF =A and hence, by Lemma 14, ¥¢s A. O



M-models were introduced as semantics for LP by Mkrtychev [18]. They form a
subclass of F-models (see [12]).

Definition 18. An M-model is a singleton AF-model.

Theorem 19 (Completeness with respect to M-models). LP$(CS) is also
sound and complete with respect to the class of M-models meeting CS.

Proof. Soundness follows immediately from Lemma 10. Now assume that ¥¢s A,
then {—A} is CS-consistent and hence M, w IF —=A for some world wy € W in
the canonical AF-model M = (W, R, &, v) meeting CS.

Let M' = (W', R',&',V') be the restriction of M to {wp}, i.e. W' := {wo},
Ry = {(wo,wp)} for any ®, & :=E [ (W' x Tm), and v'(P,) := v(P,) N W',

Since M’ is clearly an M-model meeting CS, it remains to demonstrate that
M’ wg Ik B if and only if M, wy IF B for all formulae B. We proceed by induction
on the structure of B. The cases where either B is a propositional variable or
its primary connective is propositional are trivial. Therefore, we only show the
case of B = [t]gC. First, observe that

M, wo Ik [t]eC if and only if C' € £ (wo,t) . (4)

Indeed, by Lemma 16, M,wq I [t]eC if and only if [t]eC € wy which, by
definition of the canonical AF-model, is equivalent to C' € Eg (w0, t) = £ (wo, t).
If M,wp IF [t]eC, then M,wp IF C since Rg is reflexive. By induction
hypothesis, M’, wq IF C. By (4) we have C' € £ (wo, t) and thus M’, wq I [t]gC.
If M, wo ¥ [t]eC, then by (4) we have C' ¢ £/ (w,t) and thus M’, wo ¥ [t]gC.

O

Corollary 20 (Finite model property). LP%(CS) enjoys the finite model
property with respect to AF-models.

5 Conservativity

Yavorskaya in [20] introduced a 2-agent version of LP, which we extend to an
arbitrary h in the natural way:

Definition 21. The language of LPy, is obtained from that of LP% by restricting
the set of operations to -;, +;, and!; and dropping all terms from Tmg and Tmc.
The axioms are restricted to application, sum, reflexivity, and inspection for
each i. The definition of constant specification is changed accordingly.

We show that LP% is conservative over LP;, by adapting a technique from [13].

Definition 22. The mapping X : Fm,_p% — Fmyp, is defined as follows:

1. P* = P for propositional variables P € Prop;
2. X commutes with propositional connectives;

3. ([tleA)™ = {

A* if t contains a subterm s € Tmg U Tmc,
[tl@ A*  otherwise.



Theorem 23. Let CS be a constant specification for LP%. For an arbitrary for-
mula A € Fmyp, , if LPS(CS) F A then LP,(CS™) - A.

Proof. Since A* = A for any A € Fmyp,, it suffices to demonstrate that for any
formula D € Fm, pc, if LP$(CS) F D, then LP,(CS*) F D*, which can be done
by induction on the derivation of D.

Case when D is an instance of the application axiom

[t].(B — C) — ([s].B — [t - 5.C).

We distinguish the following possibilities:

1. Both ¢ and s contain a subterm from Tmg U Tmec. Then D* has the form
(B* — C*) — (B* — C*), which is a tautology and, thus, an axiom of LP,.

2. Neither ¢ nor s contains a subterm from TmgUTmc. Then D* is an instance
of the application axiom of LPy,.

3. Term t contains a subterm from Tmg U Tm¢ while s does not. Then D* is
(B* — C*) — ([s];B* — C*), which can be derived in LP;(CS™) from
the reflexivity axiom [s];B* — B* by propositional reasoning. In this case,
X does not map an axiom of LP% to an axiom of LPy,.

4. Term s contains a subterm from Tmg U Tmc while ¢ does not. Then D* is
[t];(B* — C*) — (B* — C*), an instance of the reflexivity axiom of LPy,.

Cases of other axioms are similar and, thus, omitted here. The only other sit-

uation when an axiom is not mapped to an axiom is an instance of the tupling

axiom [t1]1B A -+ A [tp]nB — [(t1,...,tn)]e B with none of ¢;’s containing any
subterms from Tmg U Tmc.

Case when D is [c|gB € CS. Then D* is either B* or [c[;B*. In the former

case, B is an axiom of LP$ and hence B* is derivable in LP,(CS™) as shown

above; in the latter case, [c];B* € CS*. Case of modus ponens is trivial. O

Remark 24. Note that CS™ need not, in general, be a constant specification
for LP;, because, as noted above, for an axiom D of LP% its image D* is not
always an axiom of LPj;. To ensure that CS™ is a proper constant specification
(A — B) — ([s]iA — B) and [t1]1A A -+ A [tp]nA — A have to be made
axioms of LPj,. Another option is to use Fitting’s concept of embedding one
justification logic into another, which involves replacing constants in D with
more complicated terms in D> (see [13] for details).

6 Forgetful Projection and a Word on Realization

Most justification logics are introduced as explicit counterparts to particular
modal logics in the strict sense described in Sect. 1. Although the realization
theorem for LP% remains an open problem, in this section we prove that each
theorem of our logic LP% states a valid modal fact if all terms are replaced with
the corresponding modalities, which is one direction of the realization theorem.
We also discuss approaches to the harder opposite direction.



We start with recalling the modal language of common knowledge. Modal
formulae are defined by the following grammar

Au=Pj | —A|(ANA) | (AVA)|(A— A) | ;A |EA|CA |

where P; € Prop. The set of all modal formulae is denoted by Frns4}c1 .

The Hilbert system S45 [17] is given by the modal axioms of $4 for individual
agents, necessitation rule for (Jy, ..., 0, and C, modus ponens and the axioms

C(A— B) — (CA— CB), CA— A, EA—OAN---ANORA,
ANC(A — EA) — CA, CA — E(AANCA).

Definition 25 (Forgetful projection). The mapping o : Fmpe — Fmgye is
defined as follows:

1. P° = P for propositional variables P € Prop;

2. o commutes with propositional connectives;

3. ([t]iA)o = DZ‘AO;

4. ([tJeA)° = EA°;

5. ([t]jcA)° = CA°.

Lemma 26. Let CS be any constant specification. For any formula A € FmLP% ,
if LPS(CS) - A, then S4% F A°.

Proof. The proof is by an induction on the derivation of A. a0

Definition 27 (Realization). A realization is a mapping r : Fm54% — Fm,_p%
such that (r(A))° = A. We usually write A" instead of r(A).

‘We can think of a realization as a function that replaces occurrences of modal
operators (including E and C) by evidence terms of the corresponding type. The
problem of realization for a given pure C-axiomatically appropriate constant
specification CS can be stated as follows:

Is there a realization r such that LP§(CS) - A" for any theorem A of S4%7?

A positive answer to this question constitutes the harder direction of the realiza-
tion theorem, which is often demonstrated using induction on a cut-free sequent
proof of the modal formula.

Cut-free systems for S4% are presented in [1] and [9]. They are based on an
infinitary w-rule of the form

EmA, " forallm>1 ()
CA T w)-

However, realization of such a rule meets with serious difficulties in reaching
uniformity among the realizations of the approximants E"A.

A finitary cut-free system is obtained in [14] by finitizing this w-rule via
the finite model property. Unfortunately, the “somewhat unusual” structural



properties of the resulting system (see discussion in [14]) make it hard to use for
realization.

The non-constructive, semantical realization method from [12] cannot be
applied directly because of the non-standard behavior of the canonical model,
see Remark 15.

Perhaps the infinitary system presented in [10], which is finitely branching
but admits infinite branches, can help in proving the realization theorem for LP%.
For now this remains work in progress.

7 Coordinated attack

To illustrate our logic we will now analyze the problem of coordinated attack
along the lines of [11], where also additional references can be found. Let us
briefly recall this classical problem. Suppose two divisions of an army, located
at distinct places, are about to attack an enemy. They have some means of com-
munication, but these may be unreliable, and the only way to secure a victory
is to attack simultaneously. How should generals G and H who command the
two divisions coordinate their attacks? Of course, general G could send a mes-
sage m§ with the time of attack to general H. Let us use the proposition del
to denote the fact that the message with the time of attack has been delivered.
If the generals trust the authenticity of the message, say because of a signature,
the message itself can be taken as an evidence that it has been delivered. So
general H, upon receiving the message, knows the time of attack, i.e. [mf] mdel.
However, since communication is unreliable, G considers it possible that his mes-
sage was not delivered. But if general H sends an acknowledgment m’, he in
turn cannot be sure whether the acknowledgement reached G prompting yet
another acknowledgement mg; by general G and so on.

In fact, common knowledge of del is a necessary condition for the attack.
Indeed, it is reasonable to assume it to be common knowledge among the generals
that they should only attack simultaneously or not attack at all, i.e. that they
attack only if both know that they attack: [t]c(att — [s]gatt) for some terms s
and t. So by the induction axiom we get att — [ind(t, s)]catt. Another reasonable
assumption is that it is common knowledge that neither general attacks unless
the message with the time of attack has been delivered: [r]c(att — del) for some
term r. Using the application axiom, we obtain att — [r - ind(%, s)]cdel.

We now show that common knowledge of del cannot be achieved and, there-
fore, no attack will take place, no matter how many messages and acknowledge-
ments m§, mi, mg;, ...are sent by the generals even in the case all messages
are successfully delivered.

In the classical modeling without evidence, the reason is that the sender of
the last message always considers the possibility that his last message, say mgc,
has not been delivered. To give a flavor of the argument carried out in de-
tail in [11], we provide a countermodel where mil is the last message, it has
been delivered, but H is unsure of that, i.e. [m{]pdel, [m&]q[m§]udel, but
= [slg [m# | [m{ ] mdel for all terms s. Indeed, consider the model M with



W = {0,1,2,3}, v(del) := {0,1,2}, Rg being the reflexive closure of {(1,2)},
Ry being the reflexive closure of {(0,1),(2,3)}, and any evidence function &£
such that del € Ex(0,mf) and [mf|pgdel € E(0,mi). Then, whatever &
is, M,0 ¥ [s]g [m¥]|[m{] ndel and M,0 I [t]cdel for any s and t because
M, 3 del.

In our models with explicit evidence there is an alternative possibility for the
lack of knowledge: the absence of an acceptable evidence. To give an example,
G may receive the acknowledgment mi! but not consider it to be an admissible
evidence for [mﬂ g del because the signature of H is missing.

We now demonstrate that common knowledge of the time of attack cannot
emerge, basing the argument solely on the lack of admissible common knowledge
evidence. A corresponding M-model M = (W, R, E,v) is obtained as follows:
W = {w}, R; = {(w,w)}, v(del) := {w}, and & is the minimal evidence
functions such that del € Ey(w, m§) and [m{'] gdel € Eq(w, mi). In this model
M, w F¥ [t]cdel for any evidence term ¢ because del ¢ Ec(w,t) for any ¢. To show
the latter statement, note that for any term ¢, by Lemma 26,

¥ [m§ mdel A [mi ] g [m§] del — [t]cdel (5)

because 542 ¥ OgdelA\OgOg del — Cdel, which is easy to show. Thus, the nega-
tion of the formula from (5) is satisfiable, and for each ¢ there is a world w; in the
canonical AF-model with evidence function £°® such that del € £&"(w;, m§)
and [mf] g del € EE7(wy, mil), but by the Truth Lemma 16, del ¢ & (wy, t).
Since £°" | ({w;} x Tm) satisfies all the closure conditions, minimality of £
implies that Ec(w,s) C E&" (wy, s) for any term s. In particular, del ¢ Ec(w,t)
for any term t.

8 Conclusions

We presented an explicit evidence system LP% with common knowledge, which is
a conservative extension of the minimal multi-agent explicit evidence logic. The
major open problem at the moment remains proving the realization theorem,
one direction of which we have demonstrated.

Our analysis of the problem of coordinated attack in the language of LP%
shows that the access to explicit evidence creates more alternatives than the
classical modal approach. In particular, the lack of knowledge can occur either
because messages are not delivered or because evidence of authenticity is missing.

We mostly concentrated on the study of C-axiomatically appropriate con-
stant specifications. For modeling distributed systems with different reasoning
capabilities of agents, it is also interesting to consider i-axiomatic appropriate,
E-axiomatic appropriate, and mixed constant specification, where only certain
aspects of reasoning are common knowledge.

We established soundness and completeness with respect to AF-models and
singleton M-models. Can other semantics for justification logics such as (arith-
metical) provability semantics [3, 4] and game semantics [19] be adapted to LP?



There are further interesting questions: Is LP% decidable and, if yes, what is

its complexity compared to that of S4;CL? How robust is our treatment of common
knowledge if the individual modalities are taken to be of type K, K5, etc.?
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