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Abstract

In this paper we provide a strongly complete axiomatization of a tem-
poral epistemic logic in which non-rigid sets of agents are allowed. Using
this framework, we prove a number of properties of the blockchain proto-
col with respect to the given set of axioms and premises.
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1 Introduction

Study of epistemic and tense logics started, if not earlier, in the 1950s, 1960s
with [20, B5]. Since then, reasoning about knowledge and time has been applied
in many fields. Particularly, it has been proven useful in analyzing message-
passing based protocols in distributed computer networks [15] [16] [I7], where a
suitable semantics was proposed, and modal operators are used to express both
agents’ knowledge and temporal properties of actions in distributed systems.
In this paper, we provide a strongly complete E| Hilbert-style axiomatization
of a temporal epistemic logic with respect to Kripke-like semantics in which the
set of active agents need not be rigid, i.e., an agent may alternately become
active and nonactive. This property of agents implies that knowledge does not
satisfy that everything which is known is true (and in that sense it might be also
called belief [15]), so a knowledge of an agent a is described using the modal
operator K,, that is interpreted with a symmetric and transitive indistinguisha-
bility (accessibility) relation, while the temporal part of the logic is discrete

L«every consistent set of formulas is satisfiable”, in contrast to weakly complete— “every

consistent formula is satisfiable”



linear time (future) LTL logic, where the flow of time is isomorphic to the nat-
ural numbers, and the corresponding part of the formal language contains the
operators Next ((O) and Until (U). The epistemic part is formalized using the
multi-agent modal logic KB4 (since reflexivity is not required) with addition
of axioms and rules for common knowledge (denoted by the operator C), and
for the temporal part we follow the approach presented in [31]. We consider
two variants of our temporal epistemic logic. In the first one, we extend our
formal language so that, if the set of agents is non rigid, it is possible to reason
about knowledge of active agents. In the second logic, we deal with rigid sets
of agents and one of the standard characteristics of knowledge which says that
agents know only true facts. In that case accessibility relations should also be
reflexive. We provide complete axiomatizations for those systems.

We have already mentioned weak and strong completeness that connect the
syntactic and the semantic notions of consistency and satisfiability. Obviously,
weak completeness follows trivially from the strong one, but the opposite direc-
tion is not straightforward. Here the notion of compactness (“a set of formulas
is satisfiable iff every finite subset of it is satisfiable”) plays an important role.
For logics that fulfill compactness for every set of formulas, strong completeness
is a consequence of weak completeness (e.g., in classical logic). However, there
are logics where compactness fails, and there are unsatisfiable sets of formulas
that are finitely satisfiable (“every finite subset is satisfiable”). Actually, both
the temporal logic LTL and the epistemic logic are not compact. In case of
non-compact logics, strong completeness does not follow from the weak one.
Namely, having a finitary (i.e., recursive) sound and weakly complete axiomatic
system, it is not possible to prove inconsistency of an unsatisfiable, but finitely
satisfiable, set F' of formulas, because every finite proof uses only finite number
of formulas from F', every finite subset of F' is satisfiable, and, by soundness,
cannot be proven inconsistent. To avoid that logical obstacle, we provide here
an axiomatization containing infinitary inference rules (with countable many
premises and one consequence), which, because of strong completeness, guaran-
tee that every unsatisfiable set of formulas is inconsistent. We emphasize that in
this paper the term infinitary concerns the meta language only, i.e., the object
language is countable, and formulas are finite, while proofs are allowed to be
infinite.

Nowadays, one of the most popular distributed protocols is the blockchain
protocol [30], which is used, for example, to synchronise copies of the public
ledger in the bitcoin cryptocurrency. In the formal language of our logic we
formulate a theory related to the definition of blockchain and illustrate the
expressiveness of the logic by reasoning about properties of the protocol.

The main contributions of this paper are:

e we present a temporal epistemic logic in which the set of active agents is
allowed to change over time,

e we present the corresponding infinitary axiomatization and prove its strong
completeness with respect to a class of Kripke-like models, and



e to illustrate the expressiveness of the presented formal language, we pro-
vide a description of the synchronous version of the blockchain protocol
as a theory in the logic.

Finally, we note that, although we consider only propositional logic in this
paper, our approach can be extended to the first order case. It is well known that
in case of some first order logics (e.g., first order dynamic logic [I1], first order
LTL [38], first order probability logic [I], etc.), there are no sound and complete
finitary axiomatic systems. However, strongly complete axiomatization can be
obtained by adding infinitary inference rules [12], 3], B3].

1.1 Related work

Temporal and epistemic logics are broadly analyzed in the literature. Here we
will mention some of the relevant papers and books. John Burgess [8] discussed
a propositional temporal language with the operators Since and Until intro-
duced in [22], and presented weak completeness proofs for a number of classes
of temporal models. The ability to describe properties of programs using the
future-time linear discrete temporal logic LTL with the operators () and U
particularly focused research on it [25]. The paper [24] gave a comprehensive
analysis of propositional LTL (also including the past operators Previous and
Since) and provided a weakly complete axiomatization. The paper [37] was the
first proposing an infinitary Prawitz-type natural deduction system for propo-
sitional LTL with the operators () and Always (G). The proposed infinitary
rule

{O"*A © k=0,1,2,...} F O"GA

can be intuitively read as ” (in every future time instant) if A holds, and A holds
in the next time instant, and in the time instant after it, etc., then A always
holds”.

The books [15] 28] gave systematic overviews of the field of epistemic logic.
To characterize properties of knowledge they used finitary axiomatizations based
on modal systems S5 and KD45. In [15] infinitary nature of common knowledge
was captured using finitary Induction inference rule

A—>Eg(B/\A)|—A—>CgB,

where Eg denotes that everyone in the group G knows. In [30] temporal, epis-
temic and dynamic propositional modal logics with infinitary inference rules
were discussed. The logics were given in the form of natural deduction systems
with infinitary sets of premises in inference rules while proof trees remained
finite. The paper also justified the need for such infinitary rules by noting the
above mentioned compactness issue. Completeness proofs for the considered
logics were given. A particular example was the epistemic logic with common
knowledge characterized with the following infinitary rule
{Kag - -Kap_,A : k=0,1,2,..., a;'s are agents } - CA.
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The paper [23] proposed several formal systems to describe combinations of
knowledge, belief and time, but did not find the corresponding classes of models
for which the systems are complete. In [I5] an interaction of knowledge and
time was considered and finitary weakly complete axiomatization was provided.
Finitary axiomatizations for a number of discrete linear time temporal epistemic
logics were given in [19]. The temporal part of the formal language contains O
and U, while the epistemic part covers the cases of a single agent, and of multiple
agents with common knowledge. Several properties of agents were discussed
and, while some of them cannot be recursively axiomatized, finitary axiomatic
systems were given to the other ones using the above mentioned Induction rule.
One of usual assumptions in temporal epistemic framework is that the set of
agents is rigid (all agents are active during any execution of a protocol), but
the paper [I8] considers also sets of agents that are non-rigid, i.e., agents can
temporarily switch from active to inactive and vice versa.

On the other hand, there are not many papers providing formal logical anal-
ysis of the blockchain protocol. In [5] a dynamic logic BCL was introduced to
describe how an agent’s knowledge is changed when a new block that might be
added to the blockchain arrives. The paper [I8] presented a model-theoretic
approach to address the issue of achieving consensus on a public ledger imple-
mented as a blockchain, where it is allowed that some of the agents can enter
and leave the network. The paper used some variants of common knowledge
(i.e., A-, and A-O-common knowledge) that rely on the assumption that agents’
local clocks can be synchronized reasonably closely—with a delay of A time in-
stants. A probabilistic extension of this approach (e.g., “what is the probability
that a transaction is in a ledger?”) is also discussed in [I8].

The papers [10, [34] considered the blockchain protocol from a cryptographic
perspective. They are interested in possible influences of adversaries to the
protocol consistency. The paper [I0] gave a probabilistic analysis of blockchain
assuming that the number of agents in a network remain fixed and that agents
are synchronized (which can be also understood as the requirement that time
is divided in such a way that messages are always instantly delivered without
delays). It was proved that with a high probability any two honest agents have
a large common prefix, and that in a chain of an honest agent the ratio of
blocks produced by adversaries are small. On the other hand, [34] argued that
synchronicity of a network is an unrealistic assumption, and applied its analysis
to an asynchronous setting. Assuming also a possibility that new agents join
a network while an instance of the blockchain protocol runs, the paper proved
generalization of the properties given in [10]. [34] also noticed that synchronous
protocols can be considered as A-delayed protocols, and that one could restrict
its focus on synchronous protocols as far as crypto-properties (like proof-of-
work) are not discussed.

1.2 Plan of the paper

The rest of the paper is organized as follows. In Section |2f we describe syntax,
semantics and an axiomatic system for the considered temporal epistemic logic.



Section [3] introduces the basics of the blockchain protocol and provides a theory
(a set of proper axioms). Relying on the presented strongly complete axiom-
atization we prove a number of properties of the protocol. Section [4] contains
concluding remarks and directions for further work. In Appendix [A] a proof of
strong completeness of the presented axiomatization is given.

2 Temporal Epistemic Logic

2.1 Syntax

Let N be the set of nonnegative integers, Var a nonempty at most countable
set of propositional letters, and A = {a1,...,a,,}, where m € N, a set of agents.
The set For of all formulas is the smallest superset of Var which is closed under
the following formation rules:

e )+ x1)p where x € {—,(,K,,C}, where a € A,
o (¢, ) — ¢ *1) where x € {A,U}.

The operators = and A represent standard logical negation and conjunction.
The operators () and U are standard temporal operators Next and Until. The
operator K, is read “agent a knows”, while C denotes common knowledge. The-
ories are sets of formulas.

The remaining logical, temporal and knowledge connectives V, ¥V, —, < F,
G, E are defined in the usual way:

® OV =gy ~(=p A ),

® OV ih=ger (OVU)A=(dAY),

® o= 1h =gy OV,

* P =aer (¢ = V) A (Y — @),

Fi) =aef (Y — P)UP,

G =gey “Fp,

O% =gey ¢ and Q" 'y = O O™ 9, n > 0,
E¢ =aos Nyea Kath, and

o E0% =4.r ¢ and E"T1y) = EE"), n > 0.

We also define a sequence of formulas

(7, (05)jen; (Bj)jen)

as k-nested implications based on the sequence of formulas (8;);en in the fol-
lowing recursive way:



o Oo(7,(0;)jen, (Bj)jen) = 0o — T,
o O 1(7,(0))jen, (Bj)jen) = Ory1 — Br®r(7, (05)en, (Bj)jen),

where each By is a (possible empty) sequence of alternating blocks of the oper-
ators of the forms:

° Ol’i and
® Ko -'-Kaik'

For example,

®3(7, (0;)jen, (Bj)jen) = 05 = Koy (62 = O%Ka, O (61 — (0 — 7))).

This definition follows the form of the probabilistic k-nested implications pre-
sented in [29] 39] and also of AF-programs from [2]. Formulas of this form are
used to formulate infinitary inference rules that are essential in the presented
axiomatization. The need of k-nested implications in inference rules comes di-
rectly from our completeness proof where they give a form of deep inference that
is essentially the same as nested sequents [3]. Deep inference refers to deductive
systems in which rules can not only be applied to outermost connectives but
also deep inside formulas.

2.2 Semantics

In this paper we will consider time flow which is isomorphic to the set N.
Since we are dealing with a multi-agent system where agents have to share
knowledge, the obvious choice is to use the logic of time and knowledge, where
models are propositional Kripke structures with possible worlds (i.e., possible
worlds are classical propositional models) that are essentially interpreted sys-
tems from [15].

Definition 1. A model M is any tuple (R, 7, A, K) such that
e R is the set of runs, where:

— every run r is a countably infinite sequence of possible worlds rqg, 1,
ro, ..., and

— every possible world belongs to only one run.
e m={nl:r€ R, icN} isthe set of valuations:

— 7l (q) € {T, L}, for ¢ € Var, associates truth values to propositional
letters of the possible world r;,

e A associates sets of active agents to possible worlds, and

e K = {K, : a € A} is the set of transitive and symmetric accessibility
relations for agents, such that:



— ifa & A(r;), then r;Kqrl, is false for all v € R and all i’ € N.
We denote the class of all models with non rigid sets of agents by Mod,,,.

We will use K,(r;) to denote the set of all possible worlds r, such that
rilCor},. We mentioned above that our aim is to formalize systems in which
sets of active agents need not be rigid, which means that an agent a may be
active in some possible world r; and not active in some other 77/,. This property
is formalized using the function A. Note that, if an agent a is not active in a
world r;, there is no world (including r; itself) accessible from r; by K. In the
terminology of the modal logics community such world is called dead end (wrt.
the agent a). The idea that r;KC,7}, implies that a € A(r;) can be traced back
at least to [I3], where it is explained that ”this restriction is reasonable because
we do not want to ascribe knowledge to an agent at any world where he is not
present”. We will return to this after introducing the satisfiability relation in
Definition

o r 2 3 Ig
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Figure 1: Kripke model

Figure [1] illustrates a model which contains the runs r, ¢, v and w, where r
is the sequence rg, r1, 72, ..., and similarly for the other runs. In this model,
for example, t1/KC173, etc.

2.3 Satisfiability relation

The satisfiability relation |= on possible worlds and formulas is recursively de-
fined as follows:

Definition 2. Let M = (R, 7, A, K) be an Mod,, model. The satisfiability
relation |= satisfies:

1. riEqiffnl(q) =T, for g € Var,
2. i EPLAB iff ri |E P1 and 1y = Ba,
8. ri =B iff notri =B (ri = B),

4. 1i E OB iff ri1 | B,
)

. 1 = B1UBe iff there is an j > 0 such that ri; = B2, and for every k, such
that 0 < k < 1, Titk ): b1,



6. 7 =Ko iff i = B for all vl € Ko(ri), and
7. 1 |= CB iff for everym >0, r; = E". O

A set of formulas is satisfiable if there is a possible world r; of a run r in
a model M such that every formula from the set holds in r;. A formula «
is satisfiable if the set {«} is satisfiable. A formula is valid (E «) if it holds
in every r; in each model. A formula « is a semantic consequence of a set of
formulas F' (F = «) if there is no model M with a possible world r; such that
every formula from F' holds in r; but a does not hold in r;.

Note that r; = E*3 means:

e ifk=0,7 8,
o if k=1,7; = NacaKaf3,

o ifk = 27 T ': /\aEAKaEﬂ7 i'e'7 T ): AaGA/\bEAKaKbﬂ7 i'e'7 T ): /\a,bGAKaKbﬁa
etc.

In other words, EF3 is satisfied in r; iff every formula of the form Kai, - -Kay, B,
for a;, € A, is satisfied in r;. It follows that Cf is satisfied in r; iff for every k
every formula of the form Ko, - Ka, [ is satisfied in ;.

Since we consider models with non rigid sets of active atoms, if a & A(r;),
we have that r; = K./, for every formula . So, it may happen that an agent
knows something that is not true, which implies that the well known property
K,08 — [ is not valid. However, since satisfiability of knowledge of a group is
represented as a conjunction of knowledge of agents from the group, the fact
that non active agents know everything does not affect knowledge of the group.
In other words, a group of agents knows ( if and only if S is known by active
agents.

Following the above definitions, it can be seen that the operators F and G
intuitively mean ”eventually true in the future” and ”always true in the future”,
respectively. Also, note that in this paper we use the reflexive, strong version
of the until operator, so that if «US holds, then 8 must eventually hold, while
”the future includes the present” which means that:

e 7; = FQ iff there is k > 0 such that r;44 E (8, and
e 7, =GO iff for every k > 0, ri4 = B.

Now we can now give two finitely satisfiable sets of formulas that are unsat-
isfiable [36, B7] (p € Var):

o F1 ={-Gp}U{QO"p : n €N}, and
o Fo ={-Cp}U{E"p : ne€ N}

For example, the set Fj intuitively says that p holds in every particular future
time instant, yet p does not always hold in the future. It follows from our
completeness theorem that these sets are inconsistent wrt. our proof system.
As we mentioned above, inconsistency of these sets cannot be proved wrt. any
finitary proof systems.



2.4 Other classes of models

It is well known that the class Mod,,, of models characterizes a weaker form
of knowledge—belief. So, to reason about knowledge of agents we will also
consider two other classes of models. The first class corresponds to situations
in which everything that agents know is true:

Definition 3. The class Mod,. of models contains all Mod,,,.-models which satis-
fies that the set of active agents is rigid and that all K, are equivalence relations,
i.e., that:

o A(r;) = A, for every possible world r;, and

o K ={K,:a€ A} is the set of reflexive, transitive and symmetric acces-
sibility relations.

In the second case, we have first to introduce a set of new propositional
letters: Ag, for every a € A, with the intended meaning that an A, holds in a
possible world iff the agent a is active in that world:

e if r; is a possible world in a model M, r; = A, iff a € A(r;).

The second class consists of Mod,,.-models that satisfy an additional condi-
tion. We denote this class by Mod,,,.+ and define it as follows.

Definition 4. The class Mod,,-+ of models contains all Mod,,,.-models that sat-

e ifa e A(r;), then riKqr;.

It is well known that in models from the class Mod, everything that agents
know is true. Note that the same holds in Mod,,,-models for active agents.
Also, note that for Mod,,+-models the following holds: if r; = A, and r;/Cor},
then r, = A,. Otherwise, if v}, F& A,, then it is not 7}, K,r;, which contradicts
our assumption about symmetry of /Cg.

The satisfiability relation for the new classes of models can be defined in
the same way as above. In the rest of the paper, if the context is not clear,
we will use the subscripts so that =, Fnr+ and =, denote the corresponding
satisfiability relations.

Models from the class Mod,,,+ will be used to describe the blockchain protocol
in Section

2.5 Axiomatization

The axiomatic system Ax,,. contains the following axiom schemata (AT and
AK for axioms about time and knowledge, respectively):

A all the axioms of the classical propositional logic

ATL ~Of < O~p



AT2 O(B1 = B2) = (OB = OB2)
AT3 B1UBs > Bo V (B1 A O(B1UB2))
AT4 B1UBs — Ffy

AK1 (KufB1 AKo(B1 — B2)) — KafB2
AK3 K.B8 — KK 8

AK4 K, — KK, 3

AK5 CB — EFp, for every k >0

and inference rules (RTN and RKN for necessitation for time and knowledge, re-
spectively; RIU and RIC denote the infinitary rules related to until and common
knowledge):

MP from f; and 37 — (2 infer S5
RTN from g infer Of
RKN from g infer X,
RIU from @4 (O~ ((AiZs O'B1) A O Ba), (8;)jen, (B;)jen) for all i >0
infer @ (O~ (81UB2), (6;)jen, (Bj)jen)
(
(

RIC from &, (O%E'B, (0;)en, (Bj)jen) for all i >0
infer ¢, (O*Cp, (ej)]GNa( j)jen)-

[AT1-AT4] are axioms of LTL (see [24]), while [AK1, AK3, AK4, AK5] are
the usual modal axioms used for reasoning about knowledge (see [15]) in the
case of non-rigid set of agents (the set of agents that are active may change). If
the set of agents is rigid, we should include an additional, so-called Knowledge
axiom:

AK2 K.8 — 3

which implies reflexivity of the accessibility relations K,. It is also possible to
talk about knowledge of an agent a (non)active in a possible world using the
following axioms that generalize [AK2]:

AK2 A, — (K.8 — B),
AK2” A, — K, A,, and
AK2” —A, — K, L.

We will show that, in the presence of [AK2’], [AK2”] and [AK2'”], the accessi-
bility relation K, satisfies that if a € A(r;), then r;K,r;. Note that, we have as
a consequence of [AK2’] and [AK2"”] that K, A, holds.

The rule [MP] is modus ponens, [RTN] and [RKN] resemble necessitation,
while [RIU] and [RIC] are infinitary inference rules that characterize the Until
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operator, and the common knowledge operator, respectively. These rules are
given in terms of k-nested implications, similarly as in [29] [39]. The structure
of [RIU] and [RIC] stems from our completeness proof and is more-or-less the
same as the structures of the rule of intersection [2], and of the infinitary nested
sequent rules for common knowledge in [6] and greatest fixed points in [7]. In
our present paper, deep inference is needed to obtain strong completeness in
the context of knowledge and time whereas in [6] and [7] deep inference was
essential to achieve syntactic cut-elimination for modal fixed point logics. In
cases when every 0; is p V —p, every B; is an empty sequence of operators, and
s = 0, the infinitary rules have the following simpler forms:

RIU’ from —((Ai—s O'81) A OBy), for all i > 0, infer —(5,U5s)
RIC’ from E!3, for all i > 0, infer CB.

For example, [RIU’] intuitively means that if there is no future time instant in
which B3 holds, such that 81 holds in all time instants between the current time
instant and the one in which s holds, then 81UfBs does not hold in the current
time instant. Similarly, [RIC’] says that we if have E‘3 for all i, then we can
deduce that 8 is common knowledge.

We will use:

e Ax,,.; to denote Ax,,.+ Axioms [AK2’) AK2”, AK2], and

e Ax, to denote Ax,,.+ Axiom [AK2].

2.6 Soundness and Completeness

In this part we will state that our systems are sound and complete with
respect to the corresponding classes of models. Informally speaking, sound-
ness means that we cannot prove anything that is false, and (so-called weak)
completeness means that we can prove everything that is true. However, in
the sequel we will prove a stronger version of completeness, so-called strong
completeness, which says that every consistent set is satisfiable (or equivalently
that every semantic consequences of set of formula can be deduced from that
set using the above axioms and inference rules). As it was mentioned in the
Introduction, all proofs of the theorems from this section will be given in Ap-
pendix [A] Similarly as above, we will use subscripts nr, nr+ and r to clarify
the context, if necessary.

The inference relation - is defined as follows:

Definition 5. We say that (8 is syntactical consequence of a set of formulas
F (or that B is deducible or derivable from F') and write F' & B iff there is a
sequence Bo, ..., Bay1 (where X is a finite or countable ordinal) such that:

® Bar1 =0, and

o cvery B;, i < A+ 1, is an axiom-instance, or B; € F, or 3; is derived by
an inference rule applied on some previous members of the sequence.

11



A formula B is a theorem (&= ) if it is deducible from the empty set. The rules
[RTN] and [RKN] can be applied only to theorems. A proof for 8 from F is the
corresponding sequence of formulas.

Note that the length of a proof is a countable successor ordinal.

Definition 6. A set F is inconsistent iff F = 1, otherwise it is consistent. A
set F' of formulas is maximal if for every formula B either f € F or =g € F.
A set F is deductively closed if for every formula 8, if F '+ 3, then € F.

Theorem 1. [Soundness for Axp,] b,y B implies =, 5.

Theorem 2. Every Ax,.-consistent set of formulas F can be extended to a
mazimal Ax,,-consistent set F™*.

Theorem 3. [Strong completeness for Ax,,.] Every Ax,,-consistent set of for-
mulas has a Mod,,,--model.

Theorem 4. F =, f < F t,, (.

Theorem 5. [Soundness and Strong completeness for Axp,4 and Ax,] The az-
tomatic system Ax,,4 is sound and strongly complete wrt. the class of Mod,,, 4 -
models.

The axiomatic system Ax, is sound and strongly complete wrt. the class of
Mod,.-models.

In the proofs of the completeness theorems we follow the Henkin procedure:
we first prove the deduction theorem, some auxiliary statements, and Linden-
baum’s theorem (which guarantees that every consistent set of formulas can be
extended to a maximal consistent set), and then demonstrate how a canonical
model can be obtained using maximal consistent sets of formulas. Finally, we
show that the considered consistent set of formulas is satisfied in the canonical
model.

3 Blockchain Protocol

In this section we will present a theory (a set of proper axioms) of our temporal
epistemic logic to describe (a simplified version of) the blockchain protocol [4 10,
30, [34]. The protocol is used to achieve consensus in distributed environments,
for example as the base for bitcoin protocol, or some other cryptocurrency
protocol, Byzantine agreement, the notion of a public transaction ledger, smart
contracts, etc.

The following properties particularly contribute to the popularity of the
blockchain protocol:

e [t is managed autonomously, without third authority.

12



e It removes the possibility of infinite reproducibility from a digital asset,
i.e., it confirms that each unit of value was transferred only once, solving
the long-standing problem of double spending.

e It can assign title rights because, when properly set up to detail the ex-
change agreement, it provides a record that compels offer and acceptance.

3.1 Overview of the Blockchain Protocol

The blockchain protocol can be seen as a value-exchange protocol. It allows per-
manent recording of verifiable transactions in a distributed network. A trans-
action describes a transfer of the ownership of a property from one owner to
another one. Upon executing transactions, the corresponding (time stamped)
transactions’ data organized in blocks are added in a change-sensitive manner
at the end of a decentralized, distributed and public digital ledger (also called
blockchain, or chain). To achieve consensus about the accepted blocks, the
nodes in the network create so-called proofs-of-work, i.e., they try to solve the
unique (hard to answer, but easy to verify) hash puzzle of a new block. The
first node with a valid solution (accepted by the majority of nodes) is the win-
ner and its block is added. The ledger represents the complete history of all
approved transactions. It is immutable and ordered, and records cannot be
altered retroactively, without the alteration of all subsequent blocks and the
consensus of the network. Hashing is used to store transaction data, so that
nodes compare hash values instead of pieces of their copies of the ledger, which
allows nodes to verify and check transactions inexpensively and easily.

The blockchain protocol was introduced in the following way (quotation from
301):

1. New transactions are broadcast to all nodes.

2. Each node collects new transactions into a block.

3. Each node works on finding a difficult proof-of-work for its
block.

4. When a node finds a proof-of-work, it broadcasts the block to
all nodes.

5. Nodes accept the block only if all transactions in it are valid
and not already spent.

6. Nodes express their acceptance of the block by working on cre-
ating the next block in the chain, using the hash of the accepted
block as the previous hash.

Nodes always consider the longest chain, i.e., the one containing the
most proofs-of-work, to be the correct one and will keep working on
extending it. If two nodes broadcast different versions of the next
block simultaneously, some nodes may receive one or the other first.
In that case, they work on the first one they received, but save the
other branch in case it becomes longer. The tie will be broken when

13



the next proof-of-work is found and one branch becomes longer; the
nodes that were working on the other branch will then switch to the
longer one.

The above described steps (1 - 6) of the protocol execution form a round. At
any round, each node attempts to increase the length of its own chain by mining
for a new block: upon receiving some record m, it picks a random string and
checks whether the string is a valid proof-of-work (aka “cryptographic puzzle”)
with respect to m and a pointer to the last block of its current chain. If so, the
node extends its own local chain and broadcast it to the all the other nodes.
It is possible that several chains arrive approximately simultaneously in a run
of the protocol. In that case, each node chooses one of them, and works on it
(approximately half choose the first one, and the other half the second one),
keeping the other chains. This situation is called a fork. Forks are resolved
in later rounds when a new proof-of-work is found and one branch becomes
longer; the nodes that were working on the other (now shorter) branches will
then switch to the longer one.

We consider the blockchain protocol that runs in a synchronous setting. We
do not consider cryptographic properties of the protocol, and we assume that all
nodes in the network are perfectly honest and reasonable, and that there are no
dishonest nodes trying to exploit cryptographic vulnerabilities of the protocol
to gain benefits.

3.2 Temporal Epistemic Blockchain Logic

In this section we will use previously introduced notions and results related to
strongly complete axiomatization of the class of Mod,,,;-models. We start with
some notational conventions. In the rest of this section we will use the word
agent (more frequently used in the logic community) instead of node. The set
of agents need not to be rigid, i.e., agents are allowed to switch from active to
inactive and vice versa. A situation in which different subgroups of agents add
different blocks to the ledger and continue to work with them will be called fork,
while the word history will serve instead of ledger.

In our model we describe a run of the blockchain protocol by a linear time
logic-model with the set of time instants isomorphic to the set of non-negative
integers. However, the meaning of time instants ¢, ¢ + 1, etc. is "the ith round”,
”the i + 1st round of an execution of the protocol”, etc. A round involves the
following steps performed by active agents:

e agents try to find a proof-of-work for the next block,
e agents broadcast their solutions (blocks) to other agents,

e agents receive those messages, each agent accepts one of the proposed
blocks and add it to its chain.

Note that in real applications the lengths of rounds of an execution of the
protocol might vary, but we abstract this and only require that rounds are
linearly ordered.
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In this paper we assume several constraints to the original execution scenario
of the protocol, since we consider blockchain protocol that runs in a synchronous
setting:

1. Blocks are sent across the network much faster than they are created.
Every new block is received by agents in the round in which the block is
produced.

2. While some messages may get lost, in every round every active agent
receives at least one new block.

3. If an agent produces a new block, it adds that block to its chain.
4. Forks will be resolved after some fixed number of rounds.

The assumption that broadcasting is much faster than creating new proof-
of-work does hold for the Bitcoin protocol [30]. The average time until an
agent receives a new block is 6.5 seconds whereas the next block will be only
produced after 10 minutes (on average) [9]. Therefore, in our model, in one
round at least one (but maybe several) proof-of-work are produced, they are
immediately broadcasted, and each agent accepts one of them. Then the next
round starts and next proofs-of-work are computed. The assumption that forks
will be resolved after some fixed number of rounds is a simplification of actual
blockchain implementations. In the Bitcoin protocol, we only have the following,
see [14}, 30]:

e Let z be the number of blocks validated by the honest agents and let P(2)
be the probability that an attacker will win a double spend race (i.e., to

succeed to spend the same money more than once) to replace the blocks
of the blockchain.

e Then P(z) tends exponentially to 0 as z increases.

Hence, in practice, we only have that forks will be resolved with some (high)
probability.

The assumption of synchronicity of the considered networks is used in [I0].
The paper [18] discusses networks with a A-bounded delays, but [34] explains
that every synchronous protocol can be seen as a A-delayed (i.e., agents are
required to wait certain period). So, in case when all agents are considered
honest, and there are no adversaries to benefit from A-times increasing of their
computational power, the assumption about asynchronicity can be neglected.

We will now introduce a formal theory for our blockchain model. Since we
want to reason about knowledge of agents that can alternately become active
and nonactive, as the base logic we will use the one axiomatized by Ax,,,,, and
we consider models from the class of Mod,,-y .

We define:

e POW = {pow, ;la € A,i € N} is a set of atomic propositions, with the
intended meaning of pow, ; that the agent a produces a proof-of-work for
round 4, and
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e ACC = {accypila,b € A,i € N} is a set of atomic propositions, with the
intended meaning of acc,p; that the agent a accepts the proof-of-work
produced for round ¢ by the agent b.

We set

€qi = /\ (Ap — accpq,i)
beA

The formulas e, ; mean that every active agent accepts the proof-of-work pro-
duced for round ¢ by agent a.
Further we set

echy; = \/ accyq,i
acA

The formula ech, ; means that agent b accepts some proof-of-work produced for
round 3.

We will use z € N for the fixed number of rounds after which forks are
resolved.

Our theory of the blockchain protocol consists of the following proper axioms
(let @, b and ¢ denote agents from A):

AB1 V, A,
AB2 accpq,i — pow, ;
AB3 accy,q,; — Kpaccp g
AB4 accy,q,; — —accy c,i, for each ¢ # a
AB5 accq . j A Oaccyq,i — Qaccy,c,j, for j < i
AB6 Ay AV, pow, ; — echy;
ABT7 ech,; — A,
ABS8 echg i1 — echg;
AB9 echy; — OV, Pow, ;11
AB10 —ech,; — = O pow, ;14
AB11 echg i+, Aaccep; — €

The theory of the blockchain protocol not only contains the above axioms,
but also their ()- and E-closures, i.e., we can prefix the formulas with any
number of ()- and E-operators. That basically means the formulas always hold
and they are common knowledge among the participants of the blockchain.

Let us briefly discuss the meaning of the above axioms.

AB1 There is always at least one agent active.

AB2 One can only accept proof-of-work that has been produced.
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AB3 The agents know if they accept some proof-of-work.
AB4 An agent accepts at most one proof-of-work for a given round.

ABS5 If a accepts ¢’s proof of work for round j and (in the next step) b accepts a’s
proof-of-work for a later round, then b must also accept ¢’s proof-of-work
for round j. This essentially means that if b accepts a’s proof-of-work,
then b accepts the whole history of a.

ABG6 If proofs-of-work for some round are produced, then each active agent
must accept one of them. Note that we do not have any assumption on
how an agent accepts a proof.

AB7 Only active agents can accept proofs-of-work.

AB8 If an agent accepts some proof-of-work for round i+ 1, then the agent also
accepts some proof-of-work for round 1.

AB9 If an agent accepts some proof-of-work for round 4, then in the next round
a proof-of-work for round 7 + 1 must be available.

AB10 Only an agent that has accepted a proof-of-work for round 7 can create
(in the next step) a proof-of-work for round ¢ 4+ 1. This models the fact
that a proof-of-work depends on the previously accepted history.

AB11 This says that possible forks are resolved at least after z rounds. Note
that we do not have any assumption on how this consensus is achieved.
This formalizes the common prefiz property from [10].

Let us now briefly discuss the relationship between time instants (from the
linear time logic part) and rounds (referenced in the atomic propositions in
POW and ACC).

We start at time instant ¢ and assume that agent b accepts some proof of
work for round 4, that means agent b accepts a blockchain of length i. Because
of [AB9], at time instant ¢ + 1 some agent a will produce a proof-of-work for
round ¢ + 1. By [AB1] at least one agent, say agent ¢, will be active at time
instant ¢t + 1. By [AB6] agent ¢ at time instant ¢ 4+ 1 accepts some proof of work
for round i + 1, that means a blockchain of length 7 + 1. Hence with every time
instant, the accepted blockchain grows by one block.

However, we do not require that all proof-of-work for round 7+ 1 is generated
at time instant ¢ + 1. It is possible that some proof-of-work for round 7 4+ 1 is
produced at a later time instant.

Lemma 1. The set of Blockchain Axioms is satisfiable.

Proof. Construction of the model. Let A = {a}, R = {r}, Ka(r;) = {ri},
a € A(r;), for i >0,z=1 and

o 7 = pow, ;. iff 0 <k <,
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o 1 l=accyqi—k iff 0 <k <,
e T; ': —aCCq,q,i’ iff i < i
This model satisfies the Blockchain axioms. O

A trivial consequence of [AB4] is that there cannot be an agreement of
acceptance of two different proofs-of-work.

Lemma 2. We have e, ; — —ep; for b # a.

Now we show that the common history persists, i.e., agreements cannot be
undone.

Lemma 3. We have e, ; = Oeq.;-

Proof. Assume e, ;. We first show for any agents b and c that
O accp,c it1 — aCCe g - (1)

Assume Qaccy ¢ i+1- By [AB2] we get Opow,,; ;. By [AB10] we obtain ech, ;.
Since we assume e, ;, this yields acc. q,; by [AB7]. Hence is established.
Next we show for any agent b

\/ Oaccp e it1 — Oaccy,q,i- (2)
C

Because of we find that \/, Qaccp ¢ i+1 implies

V (acce,ai A Oaceyc,ira)

c

From [AB5] we have

\/(accc,a’i A Qaccpeit1) = Oaccp g,

[

Thus we conclude (Daccy q,; and is established
From e, ; and [AB1] we get \/, accy o Then [AB9] yields OV, pow, ;-
Thus from [AB6] we get

\(OA, = Oechy ).

b

Observe that Oechy ;41 is equivalent to \/, Oaccy c i+1. Hence by we find

/\(QAb — Qaccpq),

b

which is equivalent to Qe ;. O
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The next lemma says that if any of the agents has a choice in a round, then
each active agent has its own choice in the same round.

Lemma 4. We have Ay A ech,; — echy ;.

Proof. From ech, ; we obtain by [AB2] that \/_ pow, ;. This together with A;
implies by [AB6] that ech; ; holds. O

Theorem [f] states sufficient conditions that guarantee that common knowl-
edge can be obtained.

Theorem 6. We have
echq 4z Nacce s — Cep g
Proof. Let ¢ be an arbitrary agent. Using [AB3] we find
eche iy, — Keeche i1,

and
acCep,; — Keaccep i

Hence by the E closure of [AB11] we find
eche itz ANaccepi — Keep s
Using Lemma [4 we get
Ac Nechg i, Naccep i — Keep i
We have that A. A ey s — accep . Thus we obtain
AcNechg ivy Aey; — Keep i

We have that =A. — K.L. Hence we have

echg itz A ey — Keep .
Since ¢ was arbitrary, this gives us

echg iy Aepi — Eep ;.

We even have
k
E (eChaﬂ'JrZ Nep; — Eeb’i)

for all £ € N since all our assumptions are E-closed. Thus we obtain
echqits A epi — Erey;
for all k € N. Using [AB11] and [RIC] we finally conclude

echg 4z Aaccepi — Cep ;. O
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As a corollary we get the following result.

Corollary 1. The active agents have unique common history up to the last z
rounds:

echg it, — /\ (accab.kc — Cep k).
k=0
Proof. Let 0 < k < 4. From ech,;y, we find by [AB8] that ech, x4,. By
Theorem [6] we find
acCqy bk — Cep i,

which yields the desired result. O

This property can be compared with the persistence property of [10]—a
transaction that goes more than k blocks “deep” into the blockchain of one hon-
est player will be included in every honest player’s blockchain with overwhelming
probability, and it will be assigned a permanent position in the ledger. So, The-
orem [I] corresponds to [10, Theorem 15], [I8, Theorem 5.2] and [34, Claim 6.2].
In our opinion, beside differences related to our proof-theoretic approach and
the approach from [I8] which is model-theoretic, the assumptions about the pro-
tocol formalized by the above given axioms are somehow more primitive than
the ones given in [I8]. That is why we can express, for example, how ledgers
are changed in each round and how acceptance (by an agent) of a proof-of-work
produced by another agent affects the ledger of the former agent, while [1§]
mostly discuss how a consensus between all agents can be achieved.

[AB11] states that forks will be resolved after a fixed number of rounds.
Another possibility how forks can be resolved is when in a round only one
proof-of-work is available. In that case, everyone has to accept the unique
proof-of-work, i.e., everyone agrees on it.

Lemma 5. The following is common knowledge: pow,, ; A /\C# “POW,. ; —* €p ;-

Proof. Suppose towards a contradiction that —acc,p s for some a with A,.
From pow,, ; and A, we get by [AB6] that ech, ;. Because of —acc, ;s we have
V 4 @CCa,a,i- Hence by [AB2] we conclude \/,_;, pow, ;, which contradicts the
assumption A\, —pow, ;. Thus

pow;, ; A /\ —pow,. ; —> €p; (3)
c#b

is established. Since our theory includes the E-closure of [AB6] and [AB2],
we also have the E-closure of and by [RIC] finally also common knowledge

of . O

In Theorem [6] we showed that after a fixed number of rounds, we not only
have an agreement, but also that this agreement is common knowledge. In the
case of the previous lemma, we also get an agreement, but there, the agreement
is not common knowledge. To obtain common knowledge of a unique proof-of-
work, we need an additional assumption about the blockchain protocol.
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AB12 —pow, ; — E-pow, ;

[AB12] states that if agent a does not produce a proof-of-work in the round 4,
then everybody knows that. From [AB1]-[AB11] it follows that in each round
each agent receives at least one of the generated proofs-of-work. [AB12] requires
that each agent receives all generated proofs-of-work. Note that this means that
all messages will not be delayed or lost, which is a stronger assumption than the
one used so far (“while some messages may get lost, in every round every active
agent receives at least one new block”). Under this additional assumption,
we can show that a unique proof-of-work leads to common knowledge. This
property can be compared to liveness property in [10]: every transaction is
eventually executed and every participant includes it in their own ledger.

Theorem 7. Assume our blockchain theory also includes (the E-closure of)
[AB12]. Then we have pow, ; A A\, =pow, ; — Cey ;.

Proof. We first show
powy, ; A /\ —pow, ; — Epow, ; A Eep ;. (4)
c#b

Assume pow,, ; A /\C# —pow, ;. By Lemma 5 we get e;,. For any a with A,
we get acc,p; and by [AB3] also Ksacc, p ;- Thus, by [AB2] K,pow, ;. Since a
was arbitrary (and by -4, = K,.l), we get Epow, ;. Further [AB12] yields
Nesp EmPow, ;. Thus by Lemma |5 we find Ee,; and is established.

Since our theory includes the E-closure of [AB2], [AB3], and [AB12], we not
only have but also its E-closure, i.e.

Ek(powbyi A /\ —pow, ; — Epow, ; AEe;;) for all k€ N. (5)
c#b

Now observe that by the the E-closure of [AB12]
—pow,, ; — Ekﬂpoww— for all k € N.

Therefore, using we find

pow,, ; A /\ —pow, ; — Efe,,; for all k € N.
c#b

By [RIC], we finally conclude

powy, ; A /\ —pow, ; — Cep,;. O
c#b

4 Conclusion

In this paper, we provide a strongly complete axiomatization of three related
temporal epistemic logics which differ in the approach to the ability of agents to
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join or leave the system. We employ this framework for an axiomatic approach
to study the blockchain protocol in a synchronous setting in which agents are
allowed to enter/leave the network. We investigate which assumptions about a
blockchain protocol entail which properties of the protocol. In particular, we
show how blockchains can be used to achieve common knowledge among a set
of agents.

In this paper we use the notion “proof-of-work” to denote production of a
solution of a problem related to a set of transactions, without considering what
a transaction represents (it can be a transfer of bitcoins, or a smart contract,
etc.), or what is the procedure to obtain a solution (it can be proof-of-work used
for bitcoins, but also proof-of-memory, proof-of-authority, proof-of-stake, etc.).
Also, we do not assume any specific way to achieve consensus between agents
(it can be acceptance of fastest solution, Byzantine agreement, etc.).

We plan to extend our formal framework to support a more general modeling
of blockchains. One of possible directions is to add probability operators to the
formal language, so that we can express statements like: “Older transactions
have a higher probability of not being reversed”. Another challenge will be to
use our approach in automated reasoning about the blockchain protocol (using
proof assistants like, e.g., Coq or Isabelle/HOL).
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Proofs

Theorem 1. [Soundness for Axp, [ bn, B implies |En, 5.

Proof. Validity of the axioms and rules [MP], [RTN] and [RKN] can be proved
in a standard way (see [26, 311, 32]).

RIU From @5 (O™~ (( f;é O'B1) AO'B2), (05)jen, (Bj)jen), for all i > 0, infer

(O™ =(81UB2), (05) jen; (Bj)jen)
We will show by induction that [RIU] produces valid formulas from valid
sets of premises.

Suppose that
1—1
re = (O™ ((\ O'B1) AO'B), (6))jen. (B;)jen), for i > 0.
=0

Induction base. Let k£ = 0.

If rs = 0p — O™—(1UB2) then
s =00 A O™ (81UB2) iff

rs |E 0y and ry | O™ (B1UBs) iff
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rs = 00, Tstmtio = B2, and rspmir = f1, for some ig > 0, and 0 <

On the other hand, r, = 6y — O™ ((AjZg O'B1) AQ'Bz) for all i >
foralli>0

rs = 0y or Tsimayi & B2 O Tspmar & B1, 0 <1<

which contradicts (6]).
Inductive step. Let

i—1
re | @1 (O™ (A O'B1) A O'B2), (6;) jen, (Bj) jen)

=0
for all i > 0, i.e.,

Ts | Ok+1 — Bp@r (O™ —( /\ O'B1) AO'B2), (6;) jens (Bj)jen)

1=0
for all i > 0.

Let us assume the opposite:

rs = Cpp1 (O™ (B1UB2), (65) en, (Bj)jen), iee.,

7s [ Oky1 A =B @ (O™ =(81UB2), (65)jen; (Bj)jen)-
From and @ we have:

7s [ B @i (O™ ( /\ O'B1) A O'B2), (6;) jen (Bj) jen)

1=0
for all 4 > 0, and

7s = Be®p (O™ (B1UB2), (0;)jen, (Bj)jen)-

I <1
(6)
0 iff

(7)

Assume now that By is empty. Then, by the induction hypothesis from

re | (O™ ( /\ O'B1) AO'B2), (6;) jen (B))jen)

=0

for all i > 0, we infer

rs = @k(O™(61UB2), (05) en, (Bj)jen)-

Next, assume that B, = (OB’y and that the statement can be proved for

B’;. Then we have:
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rs  OBk®u(O™((AjZg O'B1) A O'Be). (6;)jen, (Bj)jen), for all

i>0,iff

rsr1 B Bu@i(O™=((AZo O'B1) A OB2), (8;)jen (Bj)jen), for all
i >0, iff

by I.H. Ts41 ': B/kq)k(om_'(ﬂlUBQ)a (6j)j€N7 (Bj)jGN) iff
rs = OB k@, (O™ (B1UB2), (0;)jen, (Bj)jen)-

v

Finally, let By, = K.B';. Then, for every 1/, € K.(rs) we have that:

i—1
vl E B@k (O™ =((\ O'81) A OBa), (05) e (Bj)jen)

=0

for all ¢ > 0, and by the induction hypothesis

r? E B 1@ (O (81UB2), (0;)en, (Bj) jen).
Therefore:

7s = KB 1 ®p (O™ =(81UB2), (05)en, (B))jen)

which is a contradiction.

RIC can be proved similarly.

Theorem 8 (Deduction theorem). T'U {p} F ¢ implies T = ¢ — 1.

Proof. If ¢ is an axiom or ¢ € T, then T F 1, so since T F ¥ — (p — ¥)
(Axiom [A]), by [MP] T+ ¢ — 4. If o =1 then T+ ¢ — ¢ by Axiom [A].

If ¢ is a theorem then, - (O. By weakening T F O, so T F ¢ — O.
Similarly for [RKN] rule.

Let us assume that ¢ is obtained from T'U {¢} using [RIU] rule, i.e. ¢ =
Py (~(B1UB2), (6;)jen; (Bj)jen). Then we have:

T, F @ (O™ =((AiZo O'B1) A O'Ba), () en, (B;) jen) for all i > 0,

T+ = (O™ ((AiZy O'B1) A O'2). (6))jex, (Bj) jen), by induction
hypothesis,

T+ ¢ = (0 = Bro1@r—1 (O™ ((A1Zg O'B1) AO'B2), (6;) jen, (Bj)jen)),
by the definition of &y

T F (¢ Abk) = Bro1@u_1 (O™ ((A1Zg O'B1) A O'Ba), (0)jen: (B;) jen),
by propositional tautology (p — (¢ = 7)) <> ((p A q) = 7).

If (0;)jen denotes the sequence which coincides everywhere with (6;);en
for j # k, with the exception that 0y = ¢ A 0 we get that:
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TH O = B 1051 (O™ (N2 O'B1) A O'B2), (6)) jen),
T+ 2x(O™ (A= O'1) A O'Bz). (8)jen) for all i >0,
T F ®,(O™~(81UBz), (8;)jen) by [RIU]
T+ (o AOx) = Bio1Pr—1(O™(B1UB2), (6;) jen)
T+ ¢ = (0 = Bi—1Pr-1(O™(B1UB2), (05) jen, (B))jen))
TE ¢ = (O™ =(B1UB2), (05)en, (Bj)jen))
THe—=1.

The same holds for [RIC].

Definition 7. For a given set of formulas T,
T = {ralaeT), «(T)={alxaeT)
for x € {K,,C, O, }. U
For example, K, }(T) = {a[K,a € T'}.
Lemma 6. Let o, 8 be formulas:
LF1 FGS + BAQOGS,
LF2 FGO B+ OGB,
LF3 (OB — OB2) = O(B1 — B2),
LF4 (OB AOPB2) <+ O(B1 A B2),
LF5 (OB1V OPB2) < O(B1 V B2),
LF6 GB+ OB, i >0,
LF7 if b B then - GB,
LF8 if T+ 3, where T is a set of formulas, then OT + Op,
LF9 for j 20, O/ B2, O°B1,.... O/ ' B k= B1UBe,
LK if T+, where T is a set of formulas, then XK. T F Kery.
Proof. LF1 -GS < S AQOGS

F=(TUu=8) < ~(=8V(TAQO(TU=S))) (by definition of G and [AT3])
F=(TU=8) < S A (LVO~(Tu=8)) (by [ATI])

F—=(TU-p) < 8AO~(TU—S) (property of V)

FGB <> B A QOGP (by definition of G)
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LF2-LF7 The proofs are the consequences of the temporal part of the above
axiomatization.
LF8 if T+ 8, where T is a set of formulas, then OT F Op
We will prove this by the induction on the length of the proof of  from
T. Suppose that S is obtained by the inference rule [MP] from S — 1
and Bs. Then we have:
OT F O(B2 = p1) (induction hypothesis)
OT F OBz = B1) = (Of2 — OBf1) [AT2]
OT = Op2 = Op1 [MP]
OT F Op: (induction hypothesis)
OT = Op1 [MP]

Similarly we can prove the cases when [ is obtained using [RTN] and
[RKN]. Suppose that

B = @, (O*=(B1UB2), (0)jen, (B))jen)
= 0k = Br_1Px—1(O°~(B1UB2), (0;) jen, (Bj)jen)

is obtained by the inference rule [RIU]. Recall that By is a sequence of
alternating blocks of the operators () and K,. Then:

OT F O®k(O*~((A1Zg O'B1) A O'Ba), (0;)jen (B;)jen), for i > 0,
by the induction hypothesis
OT F Ok = Br—1®@5—1(O*~((A1Zg O'B1)AD Ba), (85) jen, (Bj)jer)),

fort>0

OT+0O (9k = B 181 (O~ (A1 Zg O'B1) A O'B2), (6;) jerv, (Bj)jeN)) -
(Oek — OBi—1@5—1(O*=((A1Zo O'B1) A O'Ba), (8;)jen, (B )jEN))

for i > 0, by [AT2]

OT + Ok = OBe—1Pk—1(O*~((A1Zg O'B1)AD Ba), (6;) jen, (Bj) jen);
for i > 0, by [MP]

OT F (Obr — OBg—1P1-1(O°~(B1Up2), (05) e, (Bj)jen)), by [RIU]

OT F (O — OBr—1Px-1(O°~(81UB2), (05) jen, (Bj)jen)) —
(OO = Br-1Px—1(O°*~(51UB2), (0 )JENv(B )geN))) by (LF3)

OT F OOk — Br—1P—1(O°~(81UB2), (05) jen; (Bj)jen)), by [MP]
OT = OPr(O*~(81UB2), (05)jen; (Bj) jen)-

The proof which concerns the rule [RIC] is similar.
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LF9 for j >0, OB, O°B1,...,O? 161+ B1UB:

By propositional reasoning we can obtain:

O B2, OBy, OB EB2 V (B AOB2 V(OB A (...
(O B2 V(OB A (D BV
(OB AT (B1UB2)))))) - - )

Since

= BV(aA(OBV(OaA(... (O BV an(OY BY(O! anO?H (aup)))))) - - ) — U

can be gained using [AT3], we have
O B2, O%B1, .., O B k= B1UBs.

LK if T+ 8, where T is a set of formulas, then K. T + K.[5.

We use the transfinite induction on the length of the proof T+ 8. Suppose
that T+  where § = ®,(O°~(51UB2), (5)en, (Bj)jen)) is obtained using
[RIU].Then:

T+ (O =((AiZg O'B1) A O Ba), (8;)en, (Bj)jen), for all i > 0

KT = K@ (O = ((A1Zg O'81) A OB2), (05)jenv: (Bj) jen), for all i >
0, by the induction hypothesis

KT T = K@ (O (A2 O'81) A OBa), (65)jen (B))jen), for
all 4 > 0, by propositional reasoning

KT F @iy (OS-((NiZ O'B1) A O'B2), (8;)jen), where (0;)jen is a
nested k 4 1-sequence such that 0x 11 = T, 0 = K 0, and otherwise
coincides with (K.0;);en

KeT F q)k+1(Os_'(/61U62)7 (éj)jEN)>7 by [RIU]
KT T = K®r(O*=(61UB2), (6;)en))
K. T FK.(5.

The case for the rule [RIC] is similar.
O

Theorem 2. Fvery Ax,,.-consistent set of formulas F can be extended to a
mazimal Ax,,-consistent set F™*.

Proof. Let us assume that For = {f;|i > 0} is the set of all formulas. The
maximally consistent set T* is defined recursively, as follows:

1. Ty=T,
2. If B; is consistent with T; then T;11 = T; U {5;},
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3. If B; is not consistent with T; and has the form ®(Q*—~(3'U8"), (0)jen, (Bj)jen))

then
io—1
Tip1 =T U{=8i, ~2x(O°=(( /\ O'BYNO"B"), (6))jen (B;)jen)}
1=0

where 7 is a nonnegative integer such that T;; is consistent,

4. If B; is not consistent with T; and has the form ®4(CS, (6;);en, (B;) en)
then

Tiv1 =T, U {=8;, =@, (O°E™ B, (0;) jen, (Bj)jen) }

where 7 is a nonnegative integer such that 7}, is consistent,
5. Otherwise T = T;,
6. T" = U0 Tn-

The sets obtained by the steps 2 or 5 are obviously consistent. Let us consider
the step 3. If

n—1

~®x(O*=((\ O'B)AO"B"), (0;)jen, (B))jen)

=0

is not consistent with 7; for every n > 0 then by Deduction theorem,

T ay(~(O (N O'F) A O"8"), (6;)5e10 (85 )en)

=0

for every n > 0, and by [RIU] we have

T; F @(O*=(8'UB"), (8;)jen, (Bj)jen))

which contradicts the assumption. Thus, the set T; obtained by the step 3 is also
consistent. In a similar way we can prove that the step 4 produces consistent
sets.

Since the construction guarantees that for each B € For, either g € T*
or —\ﬁ, € T, it follows that T is maximal. T* does not contain all formulas
because it is not possible that both §; and 8; = —3; belong to T {max{i j}-

Finally, to prove that T* is deductively closed, it is sufficient to prove that
it is closed under the inference rules. We will only prove closeness under the
inference rule [RIU], and the other cases follow similarly.

Suppose that

0,(O°~(BUB"), (0)jen, (Bj)jen)) ¢ T
while

(O ~(( N\ OB A O"B"). (6;)em. (B))er) € T°

=0
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for every n > 0. By maximality of 7%,
~®(O*=(BUB"), (0;)jen. (Bj)jen) € T*.

If B; = ®, (O~ (8'UB"), (6;) e, (Bj)jen)), then, by the construction of T* there
is ig such that

io—1

~x(O-(( \ O'B)YAO"B"), (0)jer, (Bj)jen) € T
1=0
which contradicts the fact that

B(=((\ O'8) A OB, (O)scu, (B)sex) € T*

1=0
for every n > 0. O

Canonical structure.

Let W be the family of all maximal consistent sets. For every W € W we
consider the following sequence of sets of formulas Wy = W, and W, = {§ :
Op € Ws_1}, s > 0. We can prove that every set in that sequence is maximal
and consistent.

Lemma 7. Every Wy is a maximal consistent set.

Proof. The proof is by induction on s. By the assumption every W is maximal
and consistent. Let s > 0 and W, be maximal and consistent.

Suppose that W1 is not maximal. There is a formula 8 such that {8, -8} N
Wsi1 = @. Consequently, {Of, O—}NW, = &, which is in contradiction with
maximality of Wi.

Suppose that Wy is not consistent, i.e., Wsy1 = 8 A —f, for any formula
B. By [LF8], OWst1 F O(8 A —B) and Wi = O(8 A —p). By [LF4] and [AT1]
we can show that Wy = OB A= B, which is in contradiction with consistency
of Wi. O

Next, we define a special, so called canonical structure
M* = (R,m, A, K)
such that:

e for every W € W, a run is the sequence r'V' = (Wy, Wy, ...), where W =
Wy, and R is a set of runs,

e for every propositional letter g, 7w/ v (q) =T iff g e W,

e for an agent a, a € A(r;) iff there is no formula 8 such that K,8A K, €
W;
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o TV, Wit KN (W) € W

Note that, if a € A(r}V), i.e., there is a formula 3 such that K,8A K,~38 € W;,
then 8 A =B € K;1(W;). Since every W/, is consistent there is no W/, such that
K;L(W;) € W/, and K, (r!V) is empty. Furthermore, if there is a formula 3 such
that K,8AK,~3 € W; and a € A(r}V), then since - 1 — v and - K,(3A-03) +
K,B N K,—3, we have that from for every formula v, K,y A K,—~y € W;.

The axioms AK3 and AK4 guarantee that every K, is transitive and sym-

metric.

Theorem 3. [Strong completeness for Ax,,] Every Ax,,-consistent set of for-
mulas has a Mod,,,.-model.

Proof. Let M* = (R, 7, A, K) be the above defined canonical structure. We will
prove that 8 € W; iff 7!V |= 8 by induction on the rank of 3 where the rank
function rk(-) is defined such that

1. rk(71) < rk(7y) if 1 is a proper subformula of ~;
2. rk(E'y) < rk(Cv) for every i.

This may be achieved by assigning ordinal ranks to formulas, in particular
setting rk(Cy) := w + rk(y). A detailed discussion of such a rank function is
given in [6].

We distinguish the following cases for 5:

e if 3 is a propositional letter, the statement is an immediate consequence
of the definition of WZ?'W.

e The proof in the cases when [ is a negation or a conjunction is standard.

e 8=0p.
TZI‘/V ': Oﬁl iff TXVH ): 51 if ﬂl S W¢+1 if Oﬂl c W;.
o 3= [1Ups.

Suppose that 7!V = $1UBs. There is some k > 0 such that r;, = 32 and
for every [, 0 < I < k, ;4 = $1. By the induction hypothesis, 82 € Wk,
for kK > 0, and 81 € W;4y, for 0 < [ < k. By the construction of M*, we
have that:

— OFpBy € W;, for some k > 0, and

— OB eW;, for 0 <1 < k.

Thus, by Lemma@[LFQ], we have that 5,UBs € W,.

For the other direction, assume that $;U8; € W;. By Axiom AT4, F(; €
W;. Thus, G832 ¢ W;. By the definition of G and the construction of M* it
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means that —(TU=32) € W;, and T — O—(TU=B;) € Wy. Furthermore,
by Theorem [2] for some ko,

ko—1
- (T = (O"=((A\ O'T)A Qk°52))> € Wo.
=0

It follows that for some ko, Q%0 3, € Wy.

Let k) = min{ky : Q%0 By € Wy}. If k) = 0, it means that 3, € W;, so
by the induction hypothesis 7}V = fa, and 7V |= 3,UB2. Next, let kf) > 0.
Then, we have that =8, € W;, ..., Witk —1- Since, by Axiom AT3

B2V (B1 A(OB2V (OB A . A(OR 1 B v (OF LB AOM (B1UB) -...) € Wi

we have that S € Wy, ..., Wiy 1, B2 € Wiiy,, and by the induction
hypothesis r}V = 81, ..., Tivky—1 = B1s Tivky = B2. Thus, rV E B1UBs.

ﬁ = Kaﬁl-

Suppose that K, 81 € W;. If i ¢ A(r}V), then K, (r)V) is empty, and trivially
W =K., So, let i € A(r!V). Then 8; € K;'(W;), and for every r}V"’
such that 7V /C,r¥" (by the definition of relation K,) 8; € W/. By the
induction hypothesis we have that r}’ ' E B (for every r}lV " such that
YV arl"), and 7}V = K, B

Conversely, let 'V = K,B1. If i & A(r}Y), then obviously, K,51 € W;.
So, suppose that i € A(r}V) and K,3; ¢ WJ. Then XK;1(W;) U {=81} is
consistent. Otherwise, by Deduction theorem we have K, (W;) I 1, and
since W; D K, (K; 1(W;)) F K. 31, by Lemma @[LK] and maximality of W,
it follows that K, 81 € Wj;, which is a contradiction. Thus, K;l(Wi)U{ﬂﬁl}
can be extended to a maximal consistent set W}, such that r}VC,r}V".
Since -1 € W/, then by the induction hypothesis 7‘2‘-//‘// E B, and r}V (£
K./31, which is a contradiction.

B =Cpi.
Suppose that CB; € W;. By Axiom AKS5, for every i > 0, EF5, € W,
which means that every formula of the form K, ...Kg, 51 belongs to W;,

and by the previous case, it is satisfied in r}V. Thus, r}V = E¥3, for every
k, and rV |= CB;.

For the other direction, let r/¥ |= CB;. Suppose that C3; ¢ W, and
OZCﬂl g Wo, i.e.,

Do (OCh1, (T)jen, (Bj)jen) & Wo.
Since !V | EFf,, for every i, we have that:

— every formula of the form K,, ...K,,3; is satisfied in r}" and, by the
previous case, belongs to W,
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— every formula of the form (%K, ...K,, 31 belongs to Wy, and
— for every i, O'EFB; € Wy.

On the other hand, since ®o(O'CB1, (T)jen, (Bj)jen) & Wo, by the con-
struction of M* we have that

=®o(O'E™ b1, (T)jen, (Bj)jen)} € Wo

for some i, i.e.,

~O'E" By € W,
a contradiction. It follows that C8; € W;.

O

Theorem 5. [Soundness and Strong completeness for Axp,4+ and Ax,] The az-
tomatic system Ax,,+ is sound and strongly complete wrt. the class of Mod,,+ -
models.

The axiomatic system Ax, is sound and strongly complete wrt. the class of
Mod,.-models.

Proof. We give a sketch of the proof of this statement. First, it is well known
that if Axiom [AK?2] is added to Ax,,, all accessibility relations become equiva-
lence relations, hence, from Theorem [3] it follows that Ax, is sound and strongly
complete wrt. the class of Mod,-models. Regarding Ax,,;, we first slightly
change the definition of the above defined canonical structure M*:

e for an agent a, a € A(r}V) iff A, belongs to the corresponding W;.

Axiom [AK?2’] guarantees that, if A, € W;, then K;1(W;) C W}, i.e., for the cor-
responding possible world r/V, r/VIC,r}V. Furthermore, Axiom [AK2'”’] implies
that, if A, € W, then L € K;1(W;), i.e., K; 1(W;) is inconsistent, and there is
no consistent set of formulas which contains it. Hence, in that case Ky (r;) = 0.
Finally, from Axiom [AK2”] we obtain that, if A, € W;, then A, € K;}(W,).
It means that for every r}’ " accessible by K, from rV', A, belongs to the corre-
sponding W/,, and that K, L & W/,. Thus, K;*(W},) is not inconsistent, which
in combination with Axiom [AK4] guarantees symmetry of K,. It follows that
Ax,,, is sound and strongly complete wrt. the class of Mod,,,-models. O
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