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Abstract

We propose a new logic designed for modelling and reasoning about information flow
and information exchange between spatially located (but potentially mobile), intercon-
nected agents witnessing a distributed computation. This is a major problem in the field
of distributed systems, covering many different issues, with potential applications from
Computer Science and Economy to Chemistry and Systems Biology.
Underpinning on the dual algebraical-coalgebraical characteristics of process calculi,
we design a decidable and completely axiomatizad logic that combines the process-algebraical/equational
and the modal/coequational features and is developed for process-algebraical semantics.
The construction is done by mixing operators from dynamic and epistemic logics with
operators from spatial logics for distributed and mobile systems.

1 Introduction

Observation is fast becoming an important topic in computer science. In which manner can
observation (in the broad sense of the word) influence the way of computing? In which way
can the partial information available to an external observer of a computational system be used
in deriving knowledge about the overall complete system? We will approach these problems
by developing a logic designed to handle (partial) information flow and information exchange
between external observers (agents) of a distributed system.

In the context of distributed computation, a concurrent computational system can be thought
of as being composed of a number of modules, i.e. spatially localized and independently ob-
servable units of behavior and computation (e.g. programs or processors running in parallel),
organized in networks of subsystems and being able to interact, collaborate, communicate and
interrupt each other. Moreover, with the development of mobile computation, modules (sub-
systems) are able to move across networks. We shall consider agents - external observers of
the modules. As an external observer, an agent witnesses the global computation and interacts
with the whole system only by means of its module. Thus it derives its knowledge about the
overall system from the observed behavior of its subsystem and from epistemic reasoning on
the knowledge (and reactions) of other agents witnessing the same computational process (pos-
sibly from a different perspective). The mobility of modules allows agents to even “penetrate”



inside other modules, either “legally” (i.e. with the proper authorizations) or “illegally” (by
taking advantage of some security failures).

In this context, one has to face issues concerning control over information and its flow
(specifications of when agents can acquire, communicate and protect truthful, relevant, prefer-
ably exclusive information), and hence issues of privacy, secrecy, belief, trust, authentication
etc; all these in the context of concurrent computation. The general problem approached in
this paper has thus to do with modelling and reasoning about information flow and information
exchange between spatially located (but potentially mobile), interconnected agents. This is
a major problem in the field of distributed systems, covering many different issues, with po-
tential applications: in Secure Communication (checking secrecy and authentication for given
communication protocols), in Debugging and Performance analysis (checking for the cause of
errors or of high computational costs in a system where we can control only some modules), in
Artificial Intelligence (endowing artificial agents with good and flexible tools to reason about
their changing environment and about each other), in designing and improving strategies for
knowledge acquisition over complex networks (such as the Internet), etc.

Lately, in experimental sciences, such as Systems Biology or Bio-Chemistry, the possibility
has been considered to construct tools for analysing and simulating bio-systems in silico. The
approach is based on the partial information we have about the live systems (obtained from
in vivo experiments). We are just external observers of a bio-system and we observe only a
subpart of it (which we consider essential with respect to the problem we want to approach). It
is not realistic to suppose that we will ever have complete information about a live system [?].
From this partial information we want to understand the behavior of the system and to design a
method to control it. Hence, the success of our approach depends on our ability to manipulate
partial information and to extract knowledge from it.

In approaching this problem we have chosen the process-algebraical representation of (mo-
bile) distributed system and we developed a logic of information flow for process-algebraical
semantics. Taking process calculi as semantics is theoretically challenging due to their dual
algebraical/coalgebraical nature. While the algebraical features of processes are naturally ap-
proached in equational fashion (that reflects, on logical level, the program constructors), the
coalgebraical features (intrinsically related to transition systems via the denotational and the
operational semantics of process calculi) ask for a modal/coequational treatment. The modal
approach is also needed for developing the epistemic reasoning.

Consequently, our paper combines two logical paradigms to information flow in distributed
systems: dynamic-epistemic (and doxastic) logics [20, 15, 18], semantically based on epistemic-
doxastic Kripke models; and the spatial logics for concurrency [8, 9, 10], for which the se-
mantics is usually given in terms of process algebra. The intention is to develop and study
a decidable and completely axiomatized process-based multimodal logic able to capture the
complexity of the process-algebraical semantics.

Finally, we are interested in using this tool for the general task of modelling and classifying
various types of information exchanges in distributed settings, and more specifically for the
concrete task of reasoning about, verifying and designing communication protocols in an open,
mobile environment.



2 Using partial information

In this section we will show how, playing with partial information about a system, we can
derive properties of the whole system. For this we reconsider a variant of the muddy children
puzzle [15] adapted for our paradigm.

=,

Figure 1: The system .S Figure 2: The perspective of O,

Consider a computational system S composed by four disjoint modules 51, S5, S5 and Sy
running in parallel (Figure 1). Syntactically, we describe this situation using the parallel oper-
ator S = 571|S2|S53|S4. Each module is characterized by the presence/absence of a “bug” that
might generate undesirable behavior. Suppose, in addition, that the system is analyzed by four
observers, each observer having access to a subpart of S. Thus, observer O; can see the sub-
system S5|.S3|S4, O the subsystem S3|54]S7, O3 can see the subsystem S4|S;|S2 and observer
O, sees S1|53|55. Each observer has a display used for making public announcements.

The observers know that each module of the system S might contain a bug and that the
system contains at least one bug. Each observer tries to compute the exact number of them and
their positions in the system. In doing this the observers do not communicate but they make
public announcements concerning their knowledge about the system. Thus, each observer
displays O until it knows the exact number and positions of the bugs in the system, at which
point it switches to 1. In addition, the observers are synchronized by a clock that counts each
step of computation. After each ’tic the observer has to evaluate its knowledge and to decide
if its display remains on 0 or switches to 1. Thus, each observer computes information about
the whole system by using the partial information it possesses and by evaluating the knowledge
of the other observers (by reading their displays). If an observer is able to decide the correct
number of bugs and their exact positions in the system, then it succeeded to do this with a lower
cost than the cost of fully investigating the system. Hereafter we show that such a deduction is
possible.

Consider that the real state of the system is the one in Figure 1. And suppose that we can
control only the observer O;. As O sees the subsystem S»|S3|9y, it sees a bug in subsystem
S, and no bugs in S5 and S, (Figure ?? represents the perspective of O;). But it does not know
if the system .S; contains a bug or not. For O; both situations are equally possible. Hence, after
the first round of computation the display of O; remains 0. Concerning observer Os, it sees a
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bug in Sy, but it does not know if there is one also in Sy, thus, after the first round, it will show
0 too.

I%Im I-Elm 0" = l?
02

[Abug]
81

. S b

Figure 3: A hypothetical perspective of O, Figure 4: The real perspective of O,

The second round of computation starts. O; has seen that, after the first round, the observer
Os has not succeeded in understanding the situation (as O, shows 0 on its display). If the
system S; does not contain a bug then, in the first round, O, would have seen no bugs (Figure
??). O, also knows that there is at least one bug in the system. Hence, if this was the case, O,
had enough information to decide, in the first round, that the only bug of the system is in .Ss.
Consequently, 1 had to appear on its display. But this was not the case. This means that what
O, observed was the situation presented in Figure ??. Therefore, O; is able to decide that the
real situation of the system is the one with a bug in S and it will display 1. The example works
similarly in more complex situations.

Observe the advantages of this analysis: using only the partial information available to O,
and judging the behavior of the other observers, we were able to compute the real configuration
of the system. The observers do not exchange information about S, but only about their level
of understanding S. The rest can be computed. If each subsystem is very complex then the
complete information about the system can be larger than an observer can store or manipulate.
Note also that the observers do not need a central unit for organizing their information. Each
observer organizes its own information and makes public announcements about its level of
knowledge. They work simultaneously in a distributed network and, only playing with their
partial information about S and with the information about the state of the network, they are
able to derive overall properties of the system.

3 The main problem and alternative approaches

We can consider even more complex examples where the system itself evolves while it is
observed and where the agents can also interact with the system as a response to their level of
knowledge about it. In such a case we can identify two parallel levels of the model. On one
level we have the evolution of the system and, in each state of the system, there is a second



level - the evolution of the knowledge of the agents with respect to the system. As underlined
in [2] it is difficult to collapse the two in one Kripke-style semantics.

There are three kinds of modal logics of relevance to our subject: epistemic/doxastic logics
[20, 15], dynamic logics [18] and spatial logics [9, 8]. The usual semantics for the first two is
in terms of Kripke models, while the third was developed as a logic for concurrent processes,
with semantics given in terms of process calculi.

3.1 Kripke-model based logics

Epistemic/doxastic logics [15] formalize in a direct manner notions of knowledge, or belief,
possessed by an agent, or a group of agents, using modalities like K 4¢ (A knows that ¢)
or [14¢ (A justifiably believes that ¢). In the models of these logics each basic modality is
associated to a binary “accessibility” relation interpreted as an “indistinguishability” relation
é) for each agent A. It expresses the agent’s uncertainty about the current state. The states s’
such that sti‘)s’ are the epistemic alternatives of s to agent A: if the current state is s, A thinks
that any of the alternatives s’ may be the current state. These logics have been extensively
studied and applied to multiagent systems.

Dynamic logics [18] are closer to process calculi, in that they have names for “programs”,
or “actions”, and ways to combine them. Accessibility relations are interpreted as transitions
induced by programs, and a dynamic modality [7]¢ captures the weakest precondition of such
a program w.r.t. a given post-specification ¢. Modalities in a dynamic logic form an alge-
braic structure: programs are built using basic program constructors such as 7.7’ (sequential
composition) or 7* (iteration), etc.

Dynamic Epistemic Logics. By combining the dynamic and epistemic formalisms a class
of logics have been developed [2, 3, 17, 4, 14] for specifying properties of evolving knowledge
and beliefs in dynamic systems. The high level of expressivity reaches here a low complexity
(decidability and complete axiomatizations). Further, all these approaches have been general-
ized by the so called Logics of Epistemic Programs [2, 3]. These are based on the concept of
“epistemic programs” - models for informational changes, providing a representation of the
inherent epistemic features of a program (what is happening, what does each agent “think™ is
happening, what does it think the others think etc). In this approach the uncertainties about the
current action of the system are also modelled as Kripke models. So, an epistemic program
is essentially just an epistemic Kripke model, but whose elements are now interpreted as “ac-
tions”. Each action ¢ has attached a precondition o, telling us when o can be executed. To
see how an epistemic program changes an epistemic situation, [1] proposes a binary operation,
taking “static” models (i.e. epistemic Kripke models of possible input states) and “dynamic”
models (i.e. epistemic programs) and returning other static models (of possible output states).
The operation associates to each pair (s, o) of a state and an action an input state s’, provided
the action’s precondition oy is satisfied by the state s.



3.2 Process logics

In modeling parallel distributed (and mobile) systems process algebra imposes itself as a mal-
leable tool useful in many applications. In this paradigm, typically, one considers various oper-
ations with processes, corresponding to known program constructors: sequential composition
a. P, various notions of parallel composition P|P’ (some of which involve communication),
replication ! P etc. These calculi are also adapted to deal with mobility, i.e. changes affecting
the communication network (redirecting communication channels, creating new ones, send-
ing not just information, but the processes themselves, over channels). Further, for specifying
properties of distributed systems different types of logics have been developed for semantics
based on process calculi.

Process Logics. Process semantics for modal logics can be considered as a special case of
Kripke semantics, since it involves structuring a class of processes as a Kripke model, by en-
dowing it with accessibility relations, and then using the standard clauses of Kripke semantics.
The most obvious accessibility relations on processes are the ones induced by action transitions
a.P, and thus the corresponding (Hennessy- Milner) logic [19] was the first process-based
modal logic that was developed. Later, temporal, mobile and concurrent features have been
added [32, 13, 29].

Spatial logics. A relatively new type of process logics are spatial logics [8, 9, 10], which are
particularly tailored for reasoning about mobility and security, since they capture spatial prop-
erties of processes, i.e. properties which depend on location. Informally, these are properties
such as “the agent has gone away”, “eventually the agent crosses the firewall”, “somewhere
there is a virus” etc. Among the various spatial operators we mention: the parallel operator
¢|v and its adjoint - the guarantee operator ¢ > 1); operators designed for expressing the “new
name features” that are central in security - revelation and hiding operators, inspired by the
Gabbay-Pitts quantifier [16]. In addition, most of these logics include temporal modalities and
quantifiers. Though expressive and useful, most spatial logics proved to be undecidable, even
in the absence of quantifiers.

4 A unified paradigm

In this paper we will collapse the two paradigms and propose a unified one. We give a spatial
interpretation of epistemic modalities in CCS: if we associate to each “agent” A the process
P describing the behavior of the module observed by A, then the agent observing a process
(possibly running in parallel with many other processes) “knows” only the activity and actions
of its own process. “Knowledge” is thus identified with “information (about the overall, global
process) that is locally available (to an agent observing a subprocess)”. In effect, this organizes
any class M of processes (thought of as “states”) as an epistemic Kripke model, with indistin-
A

guishability relations to for each agent A observing the subprocess P, given by: P|P’ tI:‘)P|P”
for any P’, P”. Since these are equivalence relations, we obtain a notion of “(truthful) knowl-
edge”. The resulting Kripke modality, K 4¢, read the agent A knows ¢, holds at a given state
(process) R iff the process P is active (as a subprocess) at R and property ¢ holds in any
context in which P is active.



We capture a very simplified analogue of the above notion of “appearance of an action to
an agent” by stating that an agent A can “see” only the actions of the process P it observes.
To make this precise, we need to keep track of which actions are executed by which mod-

A
ule, by defining “signed” transitions of the form @ to R whenever Q = P|S, R = P’|S and

PtC;)P’ . The corresponding dynamic modalities are of the form [A : ], exhibiting the agent
A doing/witnessing the action a.

The resulting logic is completely axiomatizable and decidable. The Hilbert-style axiomat-
ics we propose for it presents our logic as an authentic dynamic-epistemic logic. The classical
axioms of knowledge will be present in our system.

Unlike in standard dynamic-epistemic logic, our agents are now structured: the process
algebraical structure defined on the modules of the system can be projected on the ontology of
agents. Thus we can have the agent A;|A, which is the agent seeing the process P;|P,, where
the agent A; sees P, and the agent A, sees P». In this way the knowledge of the agent A;|A,
contains the common knowledge of A; and of A, together with all the properties that derive
from the fact that P, and P, runs in parallel. Similarly we might speak of the agent «. A as the
agent seeing the process «.P when A is an agent seeing P. This algebraical structure on the
level of ontology of agents is relevant in many applications and there is no trivial way to mimic
it using classical epistemic logics.

5 On processes

In this section we introduce a fragment of CCS [27] calculus that is representative for process
algebra being “the core” of most of the process calculi. This fragment will be used further as
semantics for our logic. For the proofs of the results presented in this section and for additional
results on the subject, the reader is referred to [25, 23, 24].

5.1 CCS processes

Definition 5.1 (Processes) Let A be a denumerable signature. The syntax of the calculus is
given by a grammar with one non-terminal symbol P and the productions

P:=0|a.P|P|P

where o« € A. We denote by P the language generated by this grammar. We call the elements
of A (basic) actions and the objects in P processes.

Definition 5.2 (Structural congruence) Let =C ‘P X ‘B be the smallest equivalence relation
defined on P such that

1. (P,|,0) is a commutative monoid with respect to =;

2. = is a congruence on the syntax of P, i.e. if P',P" € P such that P = P" then
a.P'=a.P"and P'|P = P"|P forany P € P and o € A.



Definition 5.3 We call a process P guarded iff P = o.Q) for o« € A. We denote P° “I0 and
P* p|.|P.
——

k

Definition 5.4 (Labelled transition system) We consider on ‘B the labelled transition sys-
tem! PtoA x P defined by the next rules.

a.PtoP P=0Q
PtoP' QtoP’ PtoP' P|QtoP'|Q

Definition 5.5 (Extended transition system) We write P Qo P’ whenever P = Q|R, P' =
Q'|R and Q —*~ Q'. We call this composed transition and its label (Q : ) composed action.
We consider the set A* of all basic and complex actions. Hereafter we use a to range over A*,
while o will be used to refer to arbitrary objects of A.

We extend the transition system previously defined to SBtoA* x B that includes the composed
transitions.

Definition 5.6 We call a process P guarded iff P = «a.Q) for a € A.
We introduce the notation P* < P |...| P, and convey to denote P° = 0.
——

k

[Representativeness modulo structural congruence] By definition, = is a congruence (thence
an equivalence relation) over *J3. Consequently, we convey to identify processes up to structural
congruence, because the structural congruence is the ultimate level of expressivity we want for
our logic. Hereafter in the paper, if it is not explicitly otherwise stated, we will speak about
processes up to structural congruence.

5.2 Size of a process

Definition 5.7 We define, inductively, the size P = (h,w) (height and width) of a process P:

1.0% (0,0)

2. P (hw) iff P = (01.Q0)"]...|(0;.Q;)",

for Q; = (hi,w;) and h =14+ max(hy, .., hi,), w = max(ky, .., kj, wy, .., w;).
We convey to write (hy, w1) < (ho,ws) for hy < hy and wy < wy and (hy,wy) < (hs,ws) for
hi < hg and wy < ws.

The intuition is that the size of a process is given by the depth of its syntactic tree and by
the maximum number of bisimilar processes that can be found in a node of the syntactic tree.
Observe that, by construction, the size of a process is unique up to structural congruence.

"We did not consider the communication transition as, on the logical level, we can express it as a composition
of dynamic operators.



Example 5.1 The size for some processes:
1.0=1(0,0) 4.«a.0la.0=(1,2)
2.0.0=(1,1) 5 aal0=ap.0=(21)
3..0[5.0=(1,1) 6..(5.0/5.0)=1(2,2)

Definition 5.8 For a set M C P we define* M 24 max{P | P € M}.

5.3 Structural bisimulation

Hereafter we introduce the structural bisimulation, a relation on processes that is an approx-
imation of the structural congruence defined on size. It analyzes the behavior of a process
focusing on a boundary of its syntactic tree. This relation is similar with the pruning relation
proposed in [6] for the syntactic trees of ambient calculus.

Definition 5.9 (Structural bisimulation) Let P, () € P. We define P =}’ () by:
P ~§ Q always
P~y Qiff Vi€ 1.wand Vo € A we have
o if P=a.P|...|a.P|P then Q = a.Qq]...|c.Q;| Q" with P; =} @), for j = 1.1
¢ if Q) = a.Qi]...|0.Q;|Q then P = . Py|...|a.P,| P with Q; =} Pj, for j = 1..i
Example 5.2 Consider the processes
R = a.($.0|5.0|5.0)|a.0.0 and S = «.(5.0|8.0)|a.5.a.0

We can verify the requirements of the definition 5.9 and decide that R ~3 S. But R #2 S
because on the depth 2 R has an action « (in figure 1 marked with a dashed arrow) while S
does not have it (because the height of S is only 2). Also R #3 S because R contains only
2 (bisimilar) copies of 3.0 while S contains 3 (the extra one is marked with a dashed arrow).
Hence, for any weight bigger than 2 this feature will show the two processes as different. But
if we remain on depth I we have R =3 S, as on this deep the two processes have the same
number of bisimilar subprocesses, i.e. any of them can perform « in two ways giving, further,
processes in the relation ~3. Indeed

R = aR/|aR", where R’ = (5.0|3.0|3.0 and R = 5.0
S = a.5a.S", where S' = 5.0/5.0 and 8" = 3.a.0

By definition, R' ~} S’ and R" ~} 5"

We focus further on the properties of the relation ~}’. We start by proving that structural
bisimulation is a congruence relation.

Theorem 5.1 (Equivalence Relation) The relation =} on processes is an equivalence rela-
tion.

2Observe that not any set of processes has a size, as for an infinite set it might be not possible to have the
maximum required. However we accept the definition and we will use it only where it is well-defined.



S = R =

«.(8.0|8.0|8.0)|a.3.0 a.(8.0|8.0)|a.B..0
£.0(8.018.0 ﬁf 3.08.0 ﬁ.cf.o
0 0 NS 0 0 0 a.0

o< - -

Figure 1: Syntactic trees

Proof We verify the reflexivity, symmetry and transitivity directly.

Reflexivity: P ~}’ P - we prove it by induction on h
the case i = 0: we have P ~{ P from the definition 5.9.
the case 1+ 1: suppose that P = «. Py|...|a.. P;| P’ for i € 1..w and some « € A. The inductive
hypotheses gives P; =}’ P; for each j = 1..i. Further we obtain, by the definition 5.9, that
P~y P.

Symmetry: if P =}’ () then ) =}
Suppose that P = «a.Py|...|a.P;| P’ for some i € 1..w and o € A then, by the definition 5.9,
exists Q) = a.(Q1]...|a.Q;|Q" with P; =}, @; for j = 1..i and vice versa. Similarly, if we start
from Q = (.Ry|...|5.Ri| R for k € 1..w and § € A we obtain P = 3.5]...|3.5k|S’ for some
S;, with R; =)', S for j = 1..k and vice versa. Hence ) ~}/ P.

Transitivity: if P ~}’ () and () =} R then P ~}’ R - we prove it by induction on h.
the case i = 0 is trivial, because by the definition 5.9, for any two processes P, R we have
P~y
the case h + 1: suppose that P = «.P|...|a. P;| P’ for some i € 1..w and « € A. Then from
P =~} () we obtain, by the definition 5.9, that ) = «.Q4|...|c.Q;|Q’ with P; =}’ , @), for
j = 1..i and vice versa. Further, because () ~}’ R, we obtain that R = «.R,|...|a.R;| R’ with
Q; ~y_; R; for j = 1..7 and vice versa.

As P; =), Qj and Q; ~}_; R; for j = 1..1, we obtain, using the inductive hypothesis
that P; =~} | R; for j = 1..4.

Hence, for P = a.P,|...|a.P;| P/, somei € 1..wand o € A wehave that R = a. R |...|a. R;| R’
with Q); ~=_; R, for j = 1..t and vice versa. This entails P ~}’ R. O

Theorem 5.2 If P =}’ () and () = R then P =} R.
Proof Suppose that P = «.P,|...|a. P;|P’ forsome i € 1.w and o € A. As P =} ), we

obtain ) = a.Qq...|]a.Q;|Q" with P; =}’ , @), for j = 1..i and vice versa. But () = R, so
R = a.(]...|a.Q;|Q with P; =}’_, @), for j = 1..i and vice versa. Hence P ~}" R. O
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Theorem 5.3 (Antimonotonicity) If P ~ Q and (W, w') < (h,w) then P =¥ Q.

Proof We prove it by induction on h.

The case h = 0 is trivial, as (h',w’) < (0,w) gives i’ = 0 and for any processes P, ) we
have P ~§ Q.

The case i + 1 in the context of the inductive hypothesis:
Suppose that P ~ Nh+1 Q@ and (W, w') < (h+ 1,w).
If A’ = 0 we are, again, in a trivial case as for any two processes P, ) we have P ~{ Q).
If ¥ = h” + 1 then consider any i € 1..w’, and any o € A such that P = «o.P|...|a. ;| P'.
Because 1 < w' < w, and as P =}/, ; @, we have Q = o.Q1]...|0;.Q;|Q" with P; =}’ @Q;, for
j = 1..i. A similar argument can de developed if we start the analysis from ().
But (h”,w’") < (h,w), so we can use the inductive hypothesis that gives P; ~p» ., @; for
j = 1.4. Hence P~ Q, thatis, P ~% Q q.e.d. O

w

Theorem 5.4 (Congruence) =}’ is an equivalence relation on processes having the proper-

ties:

L if P =y Q then a.P =} | a.Q)
2.if P~y Pland Q =) Q' then P|Q =} P'|Q'

Proof 1.: Suppose that P ~}’ (). Because a.P is guarded, it cannot be represented as
P = a.P'|P" for P” # 0. The same about «.(). But this observation, together with P ~}" )
gives, in the light of definition 5.9, a.P ~}/ ; a.Q).

2.: We prove it by induction on h.
If h = 0 then the conclusion is immediate.
For h + 1, suppose that P =}/, ; P’ and ) =~} | '; then consider any ¢ = 1..w, o and R; for
7 = 1..2 such that

P|Q = O{.Rll...|OZ.RZ’|RZ’+1

Suppose, without loss of generality, that R, are ordered in such a way that there exist k € 1..1,
P”. Q" such that

P = a.Ry|...|a.Ry| P"

Q = a.Ryiq|...|a. R;|Q"
Ri+1 = P”’Q”

Because k € 1..w, from P =}/, P’ we have P’ = a.P||...|a.P| P such that R; ~}’ P} for
j=1.k.

Similarly, from @ ~}’,; Q" we have Q" = a.Q},|...|0.Q;|Qo such that Rj ~}’ Q' for j =
(k + 1)..i. Hence, we have

P'Q = a.P||...|a.Pllo.Q) 4] |o.Q) Po| Qo

As R; =~ P;for j = 1.k and R; ~}) Q) for j = (k 4+ 1)..1, and because a similar argument
starting from P’|@' is possible, we proved that P|Q ~}/,, P’ O
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Theorem 5.5 (Inversion) If P'|P" =™ Q then exists Q',Q" such that Q = Q'|Q" and
UJl Ql P// ’lU2 Q//

Proof Let w = w; + wy. We prove the theorem by induction on h:

The case i = 0: is trivial.
The case  + 1: Suppose that P'|P" =}/ | Q.

Consider the following definition: a process P is in (h, w)-normal form if whenever P =
a1.Py|oy.Py|Ps and Py =}’ P, then P, = P,. Note that P =}/, | «;.P;|as.P;|Ps. This shows
that for any P and any (h,w) we can find a P, such that P, is in (h,w)-normal form and
P %%}—i—l F.

Now, we can suppose, without loosing generality, that®:

(ar.P)M .. ] (e )k”
(. P)M || (P
(. Py)"].. |(04n Pn)l

P
P
Q=

For each i € 1..n we split [; = [. 4+ [ in order to obtain a splitting of ). We define the

splitting of /; such that (a;. P)* &1, (i.P)% and (0. P)* =41 0, (0. P)% . We do this
as follows:

o if kj + ki < wi +w, then P'|P" =~ | Q implies [; = k + kI, so we can choose [; = k|
and I/ = k.

o if k) + k! > wy + wy then P'|P" =}’ | Q implies [; > w; + w,. We meet the following
subcases:

- kI > wy and k! > wy. We choose I = wy and I/ = [;—w; (note that as [; > w;+ws,
we have [/ > ws).

- kI < wy, then we must have k! > wy. We choose I} = k! and I/ = [, — k. So
I > wyasl; > wy + wy and [j < wy.

— k! < wy is similar with the previous one. We choose I/ = k7 and I} = I; — k/'.

Now for Q' = (ay.P)"|...|(an.Py)" and Q" = (ay.Py)"|...| (v, P,)™ the theorem is verified
by repeatedly using theorem 5.4. ]

The next theorems point out the relation between the structural bisimulation and the struc-
tural congruence. We will prove that for a well-chosen boundary, which depends on the pro-
cesses involved, the structural bisimulation guarantees the structural congruence. P =}’ ()
entails that if we choose any subprocess of P having the size smaller than (h, w), we will find
a subprocess of () structurally congruent with it, and vice versa. Now, if the size indexing the
structural bisimulation is bigger than the size of the processes, then our relation will describe
structurally congruent processes.

Theorem 5.6 If P < (h,w) and P’ < (h,w) then P =}’ P' iff P = P'.

3Else we can replace P’, P" with (h + 1, w)-related processes having the same (h, w)-normal forms
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Theorem 5.7 If P ~}' Q) and P < (h,w) then P = Q.

The next theorems point out the relation between the structural bisimulation and the struc-
tural congruence. We will prove that for a well-chosen boundary, which depends on the pro-
cesses involved, the structural bisimulation guarantees the structural congruence. P =}’ ()
entails that if we choose any subprocess of P having the size smaller than (h, w), we will find
a subprocess of () structurally congruent with it, and vice versa. Now, if the size indexing the
structural bisimulation is bigger than the size of the processes, then our relation will describe
structurally congruent processes. We also prove that the structural bisimulation is preserved by
transitions with the price of decreasing the size.

Theorem 5.8 If P < (h,w) and P’ < (h,w) then P =}’ P'iff P = P'.

Proof P = P’ implies P ~}' P’, because by reflexivity P ~}' P and then we can apply
theorem 5.2.
We prove further that P =}’ P’ implies P = P’. We’ll do it by induction on h.
The case h = 0: P < (0,w) and P’ < (0, w) means P = 0 and P’ = 0, hence P = P'.
The case h + 1: suppose that P < (h + 1,w), P' < (h + 1,w) and P =}/,, P'. We can
suppose, without loosing generality, that

P = (a1.Q0)" ... (0n.Q)F
P = (al_Ql)l1|...|(Oén-QN)ln

where for ¢ # j, a;.Q); # a;.Q);. Obviously, as P < (h+ 1,w) and P’ < (h + 1, w) we have
k; <wandl; <w.

We show that k; < [;. If k; = 0 then, obviously, k; < [;. If k; # 0 then P = (;.Q;)" | P
and P =~ P’ provides that P = ;.Q1]...c;.Qy. | R with @Q; =~} QF for j = 1.k;. By
construction, @; < ((h+1) —1,w) = (h,w) and Q] < ((h+1) —1,w) = (h,w). So, we can
apply the inductive hypothesis that provides @; = Q7 for j = 1..i. Hence P’ = (i.Q)% R
that gives k; < [;.

With a symmetrical argument we can prove that [; < k; that gives k; = [; and, finally,
P=Pr. O

Theorem 5.9 If P ~}' Q) and P < (h,w) then P = Q.

Proof Suppose that P = (W', w’) and P = (a1.P1)*|...|(cn. Py)* with ;. P; # ;. P; for
i # j. Obviously we have k; < w' < w.
We prove the theorem by induction on h. The first case is h = 1 (because h > h').
The case h = 1: we have i’/ = 0 that gives P = 0. Further 0 =} @ gives ) = 0, because else
Q = a.Q'|Q" asks for 0 = a. P'| P” - impossible. Hence P = ) = 0.
The case h+1: as P = (. P;)"|PT, P ~% Q and k; < w, we obtain that Q = o;.Ry|...|a;. Ry, |RT
with P; =}, R; forany j = 1..k;.
But P, =} , R; allows us to use the inductive hypothesis, because P, < (b’ — 1,w') <
(h—1,w), that gives P, = R, for any j = 1..k;. Hence Q = (. P;)"|R" and this is sustained
for each i = 1..n. As «;. P, # ;. P; for i # j, we derive Q = (ay.Py)*|...| (o, P,) " | R.
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We prove now that R = 0. Suppose that R = («a.R')|R". Then Q = «.R'|R~, and as
P =~} (), we obtain that there is an 4 = 1..n such that &« = o; and R’ ~,_; ,, P;.
Because P, < (b — 1,w') < (h — 1,w), we can use the inductive hypothesis and obtain
R’ = P,. Therefore R = «;.P;|R", that gives further

Q = (Oél.Pl)kl |...(Oéi_1.B_1)k(i_1) |(Oéi..Pi>ki+1‘(Oéi+1..PZ'+1)k(i+1) ’|(Oénpn)k"|R

So, we can consider Q = (a;.P;)*1|QF. Because P ~¥ Qand k; + 1 < w' + 1 < w, we
obtain that P = oy Pj|...|e;. Py, | P' with P; ~) | P forany j = 1..k; + 1.
But P, < (W — L,w') < (h — 1,w), Consequently we can use the inductive hypothesis and
obtain PJ’ = P, forany j = 1..k; + 1.
Hence P = (o;.P;)* ™| P” which is impossible because we supposed that P = (ay.P)*|...|(a,. B, )™
with o;;. P; # o.Pj fori # j.
Concluding, R = 0 and Q = (a1.P)*|...|(an. Py)*, ie. Q = P. O

Theorem 5.10 If P = R|P', P =} Q and R < (h,w) then
Q= R|Q.

Proof Suppose that R = (h/,w') < (h,w). Because P = R|P' and P =}’ @), us-
ing theorem 5.5, we obtain that exists ()1, Q)2 such that Q = Q1]|Q2 and R %}L"/“ ()1 and
P~ Q,. Further, as R ~** Q, and R = (h/,w’) < (h,uw’ + 1) we obtain, by using
theorem 5.9, that ; = R, hence Q R|Q>. O
Theorem 5.11 Let P ~Y Q. If P = a.P'|P" then Q = .Q'|Q" and P'|P" ~~| Q'|Q"

Proof As P =% () and P = a.P'| P”, we obtain that, indeed, ) = «.Q)’'|Q” with P’ ~
h-1
Q. We will prove that P'| P" ~~! ()’|Q". Consider any i = 1..w — 1 and 3 € A such that:

P'|P" = B.Py|...|8.P,|P* (1)

We can suppose, without loos of generality that for some k£ < ¢ we have

= B.Py|...|3.Pe| P*
P" = B.Pysi|...|3.P|P~
P* = P+|P-

Because P’ ~}" ; ¥ and k < i < w — 1, we obtain that Q' = [3.Q1]...|0.Qr|Q" with
P; =}, Q) for j = 1..k. Further we distinguish two cases:

e if o # [ then we have
P = (3.Pyial..|B-Pi|(P~|a.P")
and because P ~}’ (), we obtain
Q = B.Rys1|...|B.Ri|R* with R; =~} | Pjforj =Fk+1..
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But Q = o.Q'|Q" and because o # 3, we obtain Q" = 5.Ry1]...|.R;|R" that gives us
in the end

Q'1Q" = 3.Q1|...|3.Qk|B-Ris1|..-|0-Ri|(RT]|QT)

with P; =~ 2ijorj—l .k (hence P; ~¥~) Q;) and P; ~¥ | R;forj = k + 1..i
(hence P; N“L R;).

e if & = /3 then we have
P = a.Piq|...|a.Pila.P'| P~
and as P ~}’ () and 7 < w — 1, we obtain
Q = a.Rpy1|...|o. Ri|a. R'|R*

with R; =~} | P;for j = k+ 1..iand R’ =}, P’. Because P’ =}’ | )’ and =} is
an equivalence relation, we can suppose that R’ = @’ (Indeed, if «.Q’ is a subprocess
of R* then we can Just substitute R’ with Q’ if . = a.R;, then Q' =} | Ps and as
Q' =~y P'and P' =} | R' wederive R’ =}’ ; P;and Q' =}’_; P’, so we can consider
this correspondence). So

Q = a.Riq|...|a. Ri|a.Q'| R*
that gives
Q" = a.Ryy1]...|a.R;| R*
which entails further

Q,‘Q” = any‘OéQk’OéRkJrl"&RZ’(R*’Q+)
with P; =~} 3 QJ for j = 1..k (hence P; ~Y~, Q;)and P; ~¥ | R;forj = k+ 1..i
(henceP - R)
All these prove that P'|P" ~~! )'|QQ” (as we can develop a symmetric argument starting in

(1) with Q|@"). O

The next theorem proves that the structural bisimulation is preserved by transitions with
the price of decreasing the size.

Theorem 5.12 (Behavioral simulation) Let P =~
1. If P =5 P’ then it exzsts a transition ) —— Q’ such that P~ Q.

2.If R < (h,w) and P 259 P! then it exists a transition Q % Q’ such that P' =~ Q.

Proof If P % P'then P = . R'|R" and P’ = R'|R". But P ~ Q gives, using theorem
5.11 that Q = .5'|S” and R'|R" ~~] S'|S". And because Q — S’|S”, we can take
Q/ = S/|S//. 0
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5.4 Bound pruning processes

In this subsection we prove the bound pruning theorem, stating that for a given process P and a
given size (h, w), we can always find a process () having the size at most equal with (h, w) such
that P ~}’ (). Moreover, in the proof of the theorem we will present a method for constructing
such a process from P, by pruning its syntactic tree to the given size.

Theorem 5.13 (Bound pruning theorem) For any process P € P and any (h,w) exists a
process ) € Pwith P~} Q and Q < (h,w).

Proof We construct * () inductivelly on h.

Case h = 0: wetake Q = 0, as P =% @ and 0 = (0, 0).

Case h + 1: suppose P = ay.Py|...|a,. P,.
Let P! be the result of pruning P, by (h,w) (the inductive step of construction) and P’ =
ay.P|...la,.P). As for any i = 1..n we have P, =}’ P! (by the inductive hypothesis),
we obtain, using Theorem 5.4, that o;. P, ~}’,, «;.F;, hence P =}, P'. Consider now
P = (81.Q)"|...|(Bm-Qm)*. Let I; = min(k;,w) for i = 1..m. Further we define
Q = (81.Q1)"]...|(B-Qum)'. Obviously @ ~%,, P'andas P ~¢,, P, we obtain P =~ ; Q.
By construction, Q) < (h + 1, w). O

Definition 5.10 For a process P and a tuple (h,w) we denote by Py, .,y the process obtained
by pruning P to the size (h,w) by the method described in the proof of theorem 5.13.

Theorem 5.14 If P = Q) then P}, ) = Qhw)-

Proof Because a process is unique up to structural congruence, the result can be derived
trivially, following the construction in the proof of theorem 5.13. O

Theorem 5.15 P < (h,w) iff P w) = P.

Proof (=) If P < (h,w), then, by construction, P, .,y < (h,w) and P =}/ P, .,), We can
use theorem 5.8 and obtain P, ,,) = P.

(<) Suppose that P,y = P. Suppose, in addition that P > (h,w). By construction,
Pihwy < (h,w), hence P,y < (h,w) < P,i.e. Py, # P. But this is impossible, because
the size of a process is unique up to structural congruence, see remark ??. a

Example 5.3 Consider the process P = o.( 3.(7.0/7.07.0) | 5.7.0) | a.3.7.0.

Observe that P = (3,3), hence Pz3y = P. For constructing P ) we have to prune the
syntactic tree of P such that to not exist, in any node, more than two bisimilar branches. Hence
Py = a.( 8.(7.07.0) | 8.7.0) | a.8.7.0

If we want to prune P on the size (3,1), we have to prune its syntactic tree such that, in any
node, there are no bisimilar branches. The result is P31y = «.[3.7.0.

For pruning P on the size (2,2), we have to prune all the nodes on depth 2 and in the new
tree we have to let, in any node, a maximum of two bisimilar branches. As a result of these
modifications, we obtain P32y = «.(3.0|/6.0) | a.0.0. Going further we obtain the smaller
processes Py =0, P11y = a.0, P2 = a.0|a.0, P21y = a.p.0.

4This construction is not necessarily unique.
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5.5 Substitutions

For the future constructs is also useful to introduce the substitutions of actions in a process.

Definition 5.11 (The set of actions of a process) We define inductively, for any process P,
its set of actions Act(P) C A:

1. Act(0) & 9 2. Act(a.P) ™ {a)} U Act(P) 3. Act(P|Q) Y Act(P) U Act(Q)
For M C P we define Act(M) = = Upeas Act(P).
Definition 5.12 Let A C A. We define
Bl = {PeP|Act(P) C A, P < (h,w)}
Theorem 5.16 If A C A lsﬁmte, then ’B(h,w) is finite®.

Proof We will prove more, that if we denote by n = (w + 1)), then

1 if h =0
card(PBjw) = § 0" ifh 40
h

We prove this by induction on h.
The case i = 0: we have Q = (0, w) iff Q = 0, so B, = {0} and card(P ) = 1.
The case hh = 1: let Q € PB(1,.,). Then

Q = (01.Q1)"]...|(s.Qs)* with Q; € ‘Bz‘aw) and o;.Q; # «;.Q; fori # j.
But Q; € P, means Q; = 0, hence
Q = (a1.0)%]...|(vs.0)*s

Since (@ < (1, w) we obtain that k; < w. The number of guarded processes .0 with « € A is
card(A) and since k; € 0..w, the number of processes in ‘B(ALUJ) is (w + 1)card(4) !

=nl.
The case h + 1: let Q € P} (h+1.0)- Then
Q = (01.Q1)"|...[(as.Q5)" with Q; € B,y and @;.Q; # ;.Q; for i # j.

Since ) < (h+1,w) we obtain that k; < w. The number of guarded processes . R witha € A

and R € ‘B(}L,w) is card(A) x card( ) and since k; € 0..w, the number of processes in

;B,(A}H_l " is (w + 1)card(A)><card m(h w) — (( )card(A))card(‘B(hyw)) _ ncard(‘}j(h,w)). But the

inductive hypothesis gives card(‘B hay) =0, 80 card(’l? i) =0 a
h h+1

Definition 5.13 (Action substitution) We call action substitution any mapping o : AtoA. We
extend it, syntactically, to processes, o : PtolP, by

1.o(0)% o 7(PlQ)Y o(P)o(Q)  3.0(a.P) ™ o(a).o(P)

For M C Pleto(M) éf o(P)| P € M}. Wealso use M?, P° for denoting o(M) and o (P).

The set of actions of o, act(o), is defined as act(o) et {a, b eA]a#p, ola) =0}

SWe count the processes up to structural congruence.
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6 Maximal consistency

Anticipating the logic, in this section we define some special sets of processes that will play
an essential role in proving the finite model property. Due to their logical properties that will
be reveal later, we call these sets maximal consistent sets of processes. Intuitively, a maximal
consistent set of processes is a set that whenever contains a process contains also any future
state of the process (i.e. all the unfolding) and the ’point of view” of any observer of this pro-
cess (we recall that an observer can see a subprocess). Syntactically this means that whenever
we have a process in a maximal consistent set, we will also have all the processes that can be
obtained by arbitrarily pruning the syntactic tree of our process.

Definition 6.1 For M, N C P and o € A we define:
def{aPyPeM} MIN? {P|Q | Pe M,Q e N}

We associate to each process P the set 7w(P) of all processes obtained by arbitrarily pruning
the syntactic tree of P.

Definition 6.2 For P € P we define n(P) C P inductively by:
7(0) 2 {0} 2.w(@.P) ¥ {0} Uan(P) 3.7(PIQ) Y (P)r(Q)

We extend the definition of T to sets of processes M C IF’ by

(M) E | n(P).

PeM

Theorem 6.1 The next assertions hold:
1. P e n(P) 2.0 en(P) 3. P e n(P|Q) 4. Py € T(P)

Proof 1. We prove it by induction on P
e if P=0thenn(P)={0}50=P

o if P = «.QQ then 7(P) = {0} U a.7(Q). But the inductive hypothesis gives Q) € 7(Q),
hence a.Q) € a.m(Q) C 7(P).

e if P = Q|R then 7(P) = 7(Q)|n(R). The inductive hypothesis provide ) € () and
R e m(R),hence P = Q|R € 7(Q)|m(R) = 7(P).

2. We prove it by induction on P.
e if P = 0 we have, by definition, 7(P) = {0} 3 0
o if P=a.Qthenn(P)={0}Uanr(Q)>0

e if P = Q|R then 7(P) = n(Q)|m(R). The inductive hypothesis provide 0 € 7(Q) and
0 € m(R), hence 0 = 0|0 € 7(Q)|7(R) = w(P).
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3. We have 7(P|Q) = 7(P)|7(Q). But P € 7(P) and 0 € 7(Q), hence P = P|0 €
m(P)|7(Q) = m(P|Q).

4. We prove the theorem by induction on the structure of P.
e if P = 0: we have P, ,) =0 € {0} = n(P) for any (h, w).

e if P = a.Q): we distinguish two more cases:
if w = 0 then P, 0y =0 € 7(P)
if w # 0 then (Q-Q)(h,w) = a.Q(n-1,w) by the construction of the adjusted processes. If
we apply the inductive hypothesis we obtain that Q(,—1.,) € m(Q), hence (a.Q)nw) €
a.m(Q) C n(P).

o if P = (a.Q)*: we have P, ) = (@.Qn_1.))" Where | = min(k,w), by the construc-
tion of the adjusted processes. The inductive hypothesis gives Q(,—1.,) € 7(Q), hence
@.Q(h-1,w) € a.7(Q) C 7(a.Q). But because 0 € 7(a.Q)) and

P(h,w) = ?-Q(h—l,w)‘---’a-Q(h—l,w)l‘ 0"0

l k—1

we obtain
Pihwy € m(a.Q)]...|m(a.Q) = 7(P)

-~

k

o if P = (a1.P)"|...|(cn.Pp)* with n > 2: we split it in two subprocesses @ =
(ar.P)* .. | (. P)* and R = (iy1.Pig1)%*...|(n.P,)k». By the way we split the
process I? we will have P, .y = Q) |R(h,w) and using the inductive hypothesis on ()
and R we derive P, ) = Qh,uw)|Rhw) € m(Q)|7(R) = m(P).

a

Theorem 6.2 [. Act(n(P)) C Act(P) 2. If PtoQ then Act(Q) C Act(P).

Proof 1. We prove it by induction on P.
if P = 0 then Act(7(P)) = Act(0) = 0 C Act(P).
if P = a.Q then Act(n(P)) = Act({0} U a.7(Q)) = Act(a.n(Q)) = {a} U Act(7(Q)). By
inductive hypothesis, Act(m(Q)) C Act(Q), hence Act(w(P)) C {a} U Act(Q) = Act(P).
if P = Q|R then Act(n(P)) = Act(m(Q)|7(R)) = Act(n(Q)) U Act(r(R)). Using the
inductive hypothesis, Act(m(Q)) C Act(Q) and Act(n(R)) C Act(R), hence Act(m(P)) C
Act(Q) U Act(R) = Act(Q|R) = Act(P).
2. If Pto@ then P = a.Q1|Q2 and Q = Q1|Q2. Then Act(Q) = Act(Q1) U Act(Q2) C
{a} U Act(Q1) U Act(Q2) = Act(P). O

Theorem 6.3 7 (7w (P)) = 7(P).
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Proof We prove it by induction on P.

The case P = 0: 7(7w(0)) = 7 ({0}) = m(0)

The case P = a.Q: w(7m(a.Q)) = 1({0} Ua.n(Q)) = 71(0)Un(a.m(Q)) = {0} Ua.m(7(Q)).
Now we can use the inductive hypothesis and we obtain (7 (Q)) = 7(Q). Hence 7 (7 (c.Q))) =
{0} Uan(Q) =7(a.Q) =n(P).

The case P = Q|R: n(n(P)) = n(7(Q|R)) = n(7n(Q)|7(R)) = n(7(Q))|r(w(R)). Now we
cez ar;ply the inductive hypothesis on @) and R and obtain (7 (P)) = 7(Q)|7(R) = 7(Q|R) =
m(P). O

Theorem 6.4 If ) € 7(P) then w(Q) C w(P).

Proof () € w(P) implies 7(Q) C w(w(P)), and applying the theorem 6.3, we obtain
m(Q) C m(P). =

Theorem 6.5 If o is a substitution, then (o (P)) = o(m(P)).

Proof We prove it by induction on P.
The case P = 0: (0 (P)) = n(0) = {0} = c({0}) = o(7(P)).
The case P = a.Q: 7(o(P)) = 7(o(a).0(Q)) = {0} Uo(a).m(c(Q)). But the inductive
hypothesis gives m(c(Q)) = o(7(Q)), hence

m(a(P)) = {0} Uo(a).o(n(Q))

from the other side, o(7(P)) = c({0} U a.7(Q)) = {0} Uo(a).o(7(Q)).

The case P = Q|R: 7(c(Q|R)) = w(0(Q)|o(R)) = n(sigma(Q))|m(c(R)). But the in-
ductive hypothesis gives m(0(Q)) = o(n(Q)) and 7(c(R)) = o(n(R)). Hence w(c(P)) =
o(n(Q))|o(m(R)) = o(x(Q)|r(R)) = o (x(P)). O

Definition 6.3 A set of processes M C P is maximal consistent if it satisfies the conditions
l.ifPe Mand P — P’ then P’ ¢ M 2. if P € M then n(P) C M.

Theorem 6.6 If M is a maximal consistent set of processes and o is a substitution, then M?°
is maximal consistent.

Proof Let P € M?. Then it exists a process () € M such that 0(Q)) = P. Then
m(P) = 7(0(Q)), and using theorem 6.5 we derive 7(P) = o(7(Q)). But Q € M implies
m(Q) C M, thus o(7(Q)) C M. Then 7(P) C M.

Let P € M and PtoP’. Then it exists () € M such that ¢(Q)) = P. Suppose that

Q = Oél.Q1|...|Oék.Qk

then
P

0(Q) = o(a1).0(Q)l-|o(cw).0(Qx)
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But then PtoP’ gives that it exists ¢ = 1..k such that

P'=o(an).0(Q1)l-o(ai).0(Qic1) | 0(Qi) | o(cisr).0(Qita)]--|o(on).o(Q)

and if we define
Ql = 041-Q1|.--|%—1-Qz‘—1 | Qi | CYz‘+1-Qi+1|---|Oék-Qk
we obtain Qto()’ (i.e. Q' € M) and o(Q)’) = P'. Hence P’ € M°. a

Now we introduce a structural bisimulation-like relation on maximal consistent sets of
processes.

Definition 6.4 Let M, N C P be maximal consistent sets of processes. We write M =}’
iff

1. for any P € M there exists Q € N with P =} Q)

2. for any Q € N there exists P € M with P =} Q)
We write (M, P) =} (N, Q) for the case when P € M, Q € N, P =~ Q and M =~/

Theorem 6.7 (Antimonotonicity over contexts) If M =¥ N and (h',w') < (h,w) then
M = N

Proof For any process P € M there exists a process @) € N such that P ~}’ () and using
theorem 5.3 we obtain P %}f,’ (. And the same if we start from a process () € N. These
proves that M = N O

Definition 6.5 (System of generators) We say that M C P is a system of generators for M
if . M is the smallest maximal consistent set of processes that contains M. We denote this by

M = M.

Definition 6.6 For any maximal consistent set of processes M and any (h,w) we define

def

M(h,w) = {P(h,w) | Pe M}

hM.

w

Theorem 6.8 For any context M, and any size (h,w) we have M, .,y =~

Definition 6.7 Let A C A. We denote by SDTZ‘}W) the set of all maximal consistent sets gener-
ated by the systems of generators with the size at most (h,w) and with the actions in A:

MY, E (M CP| Act(M) C A, M < (h,w)}.

Theorem 6.9 If A C A is a finite set of actions, then the following hold:
1. If M € imél w) then M is a finite maximal consistent set of processes.

2. E)ﬁf}mﬂ) is finite.
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Proof 1.. If M € 9, then M = M, M < (h,w) and Act(M) C A. Thus M C
‘B(h w)- But ‘B ) is finite, by theorem 5.16. Thus M = M is a finite maximal consistent set.

2.0 As ‘13 1s finite by theorem 5.16, the set of its subsets is finite, and as all the elements
of ’,ITZ ) are generated by subsets of ‘,]3A , we obtain that EITIA 1s finite. ]

The previous theorem shows that for a given finite signature A and for a given dimension
(h,w) there exists only a finite set of maximal consistent sets of processes. Further we will
prove even more: that having a maximal consistent set M with actions from A and a dimension
(h,w) we can always find, in the finite set Sﬁz‘)l’w), a maximal consistent set A structural
bisimilar with M at the dimension (%, w). This result will be further used for proving the finite
model property for our logic.

Theorem 6.10 For any maximal consistent set M, and any size (h,w) we have M, .,y ="

M.

Proof Denote by
M = {P(h,w) | P e M}

Let P € M. Then it exists a process ) € M, ), more exactly ) = F;, ) such that P ~h Q.
Let Q € M ). Since M is the smallest maximal consistent set containing M, and because,
by construction, M C M we derive that M C M. Hence, for any process € M there is a
process P € M, more exactly P = @ such that P ~" Q (since P = Q implies P ~" Q). O

Theorem 6.11 For any maximal consistent set M and any size (h, w) we have Act(M g, ) C
Act(M).

Proof As P, .,) € m(P) forany process P € M and any (h, w), by theorem 6.1, we obtain,
by applying theorem 6.2, Act( P, .)) € Act(M), hence Act({Ppw) | P € M}) C Act(M).
Further applying again theorem 6.2, we trivially derive the desired result. O

Theorem 6.12 (Bound pruning theorem) Letr M be a maximal consistent set of processes.
Then for any (h,w) there is a maximal consistent set N € E)ﬁéfﬁgw) such that M =~

Proof The maximal consistent set ' = My, ., fulfills the requirements of the theorem, by
construction. Indeed, it is maximal consistent, and it is generated by the set N = {P(;W) | P €
M}. Moreover N < (h,w) and, by theorem 6.11, Act(M ) € Act(M). Hence N €

Act(M)
E)Jt(h,w) ) O

7 The Logic L3

In this section we introduce the logic multimodal logic £3 with modal operators indexed by
an “epistemic” signature 2 and a “dynamic” signature A. On 2l we will have defined an
algebraical structure homomorphic with CCS.
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7.1 Epistemic Agents

Definition 7.1 Consider a set A and its extension A" generated by the next grammar for
a €A
A=aecA|la.A|AlA

Suppose, in addition, that on A" it is defined the smallest congruence relation = for which
| is commutative and associative. We call the =-equivalence classes of A" epistemic agents
and we call atomic agents the classes corresponding to elements of A. Hereafter we will use
A, A’ Ay, ... to denote arbitrary epistemic agents.

Definition 7.2 We call society of epistemic agents any set A C AT, closed to =, satisfying
the conditions

1. if Aj|Ay € Athen A1, Ay € AU 2. ifa.A e Athen A e

7.2 Syntax of L%

Definition 7.3 Let 2 be a society of epistemic agents defined for the set A of actions. We
define the language F2 of L, for A € A and o € A, by:

¢:=0[T[=0[oAG[¢]|()p|(A:a)p| Kad.

Definition 7.4 (Derived operators) In addition to the classical boolean operators, we intro-

duce some derived operators®:
1 5((20) | (-0))
o)y & ((a)y) A1
alo < ~((@)(~¢))
Kagp ™ Ky,
We convey that the precedence order of the operators in the syntax of L3 is =, Ka, {a), |, A,V ,—

where — has precedence over all the other operators.

7.3 Process semantics

A formula of F2 will be evaluated to processes in a given maximal consistent set of processes,
by mean of a satisfaction relation M, P |= ¢.

Definition 7.5 (Models and satisfaction) A model of LY is a couple (M, I) where M is a
maximal consistent set of processes and I : (2, |, a.)to(M, |, a.) a homomorphism’ of struc-

tures such that I(A) = 0 iff A € A.

I(A):« A
We convey to denote P to () by Pto ().
We define the satisfaction relation, for P € M, by:
M, P =T always

®We recall that we use a to range over A*, while « is used to refer to arbitrary objects of A.
"The function I associates to each agent the process it observes. An atomic agent sees always the process 0.
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=0iff P =0

=G iff M, P¥ ¢

= O AGIff M, P ¢and M, P 4
EQSWU?‘P QIR and M,Q = 6, M, R |= ¢
):

)

)

()¢ iff there exists a transition P —— P’ such that M, P’ |= ¢

, (A : a)¢ iff there exists a transition P A% P! such that M, P’ =50
M, P ):KAquﬁ‘P_I( )| R and for all I(A)|R' € M we have M, I(A)|R' |= ¢

)

M, P
M, P
M, P
M, P
M, P
M, P

The semantics of the derived operators will be:

M, P = [a]¢ iff for any transition P —~ P’ (if any) we have M, P’ |= ¢

M,PET1iff P=0or P = a.Q

M, P E (la)piff P=a.Qand M,Q = ¢

M, P = K 4¢iff either P # [(A)|R for any R, or 31(A)|S € M such that M, I(A)|S =
¢

Remark the interesting semantics of the operators K 4 and K afor A e I710):
M, P |E K¢ iff VQ € M we have M,Q = ¢

M, P |= K 46 iff 3Q € M such that M, Q = ¢

Hence K 4¢ and K 4¢ for an atomic agent A encode, in syntax, the validity and the satisfiability
with respect to a given model.

7.4 Bounded finite model property

Definition 7.6 (Size of a formula) We define the sizes of a formula, ¢ (height and width),
w.r.t. the homomorphism I, inductively on the structure of formula. Suppose that ¢ = (h,w),

= (h,w)and I(A) = (ha,wa).
1.0=T% 0,0 5@) (1+h,1+w)
2. —¢p = = o 6. (A:a)p = (1 +max(h,ha), 1 + mazx(w,w,))
3.0NY et (maz(h,h'), max(w,w")) 7. K9 = xf (1 +maz(h,ha), 1 +maz(w,wy))
4. |l wf (max(h,h'),w+w')

def

The next theorem states that ¢ is “sensitive” via satisfaction only up to size ¢. In other words,
the relation M, P |= ¢ is conserved by substituting the couple (A, P) with any other couple
(N, P) structurally bisimilar to it at the size ¢.

Theorem 7.1 If ¢ = (h,w), M, P | ¢ and (M, P) =¥ (N, Q) then N, Q = ¢.

Proof We prove it by induction on the syntactical structure of ¢.

e Thecase p =0: ¢ = (1,1).
M, P )inmpliesP_O
As P =~} @Q we should have Q = 0 as well, because else Q = a.Q’'|Q" asks for P =
a.P'|P" for some P’, P”, but this is impossible because P = 0.
SoQ=0¢ Nandwe have NV, Q E 0, g.e.d.
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e The case ¢ = T: isatrivial case as N/, Q = T always.

e The case ¢ = ¢; A ¢t denote by (h;, w;) = ¢; fori = 1,2. Then we have ¢ =
(max(hy, he), mazx(wy,ws)).
M, P |= ¢ is equivalent with M, P |= ¢; and M, P |= ¢,.
Because (M, P) &) (Af ()} we obtain, by using theorem 6.7, that (M, P) ~

“maz(hi,he)

(N, Q) and (M, P) =2 (N Q).

Now (M, P) =" (N, Q) and M, P = ¢ give, by inductive hypothesis, N, Q = ¢1,
while (M, P) ~ “’2 (N, Q) and M, P = ¢, give, by inductive hypothesis NV, Q = ¢».
Hence NV, Q = ¢1 N ¢2, q.e.d.

e The case ¢ = —¢': ¢ = ¢ = (h,w).
We have M, P |= =¢/ and (M, P) =% (N, Q).

IfN,Q £ —¢,then N, Q = ——¢',ie. N,Q = ¢'.
Because (M, P) =¥ (N, Q) and N, Q = ¢/, the inductive hypothesis gives that M, P |=
¢, which combined with M, P |= —¢’ gives M, P |= L - impossible. Hence N/, Q |=
—.

e The case ¢ = ¢;|¢po: suppose that ¢; = (h;, w;) fori = 1,2. Then ¢ = (max(hy, ha), w1+
’LUQ).
Further, M, P |= ¢1|¢o requires P = P;| P, with M, P; = ¢ and M, Py = ¢.
As (M, P) ~rtiwe (N, Q) we obtain P ~“'**> (. Than, from P = P,|P;,

~max(hi,h2) ~maz( hl h2)

using theorem 5.5, we obtaln Q = @1|Q2 and P, Nmaa: (h1.ha) Q; for i = 1,2. Hence,
using theorem 6.7,
(M, P) &0 o) (N, Q;). Further, using again theorem 6.7, we obtain (M, P;) ="
(N, Q;), and using the inductive hypothesis,
N,Q1 E ¢ and N, Qs = ¢o. Hence N, Q = ¢.

o The case ¢ = (a)¢': suppose that ¢’ = (h',w’). We have (a)¢' = (1 + 1/, 1 +w').
M, P |= (a)¢' means that P -+ P' and M, P' = ¢'.
Now (M, P) =14 (N, Q) gives P ~1T% @, and using theorem 5.12, we obtain that
Q- @ and P' =~ Q.
But (M, P) zii}b", (N, Q) gives also M~ N, so using theorem 6.7, M~/
Hence (M, P') = (N, Q).
Now from M, P’ |= ¢' and (M, P’) Nh/ (N, Q’), we obtain, by using the inductive
hypothesis, that N, Q" |= ¢/, and as Q —— @', we obtain further that A, Q |= ¢.

o The case ¢ = Kr¢' with R € G: suppose that ¢’ = (h',w’) and R = (hg, wg).
Then Kr¢' = (1 + max(h/, hg),1 + maz(w', wg)).
Now M, P |= Kr¢' gives P = R|P’ and for any R|S € M we have M, R|S = ¢'.
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As (M, P) %11222&”;:5) (N, Q) then P %Hzgigs,/:g @ and because P = R|P’ and

R = (hg,wgr) < (1 +max(h', hg),1 + max(w',wg)), we obtain, using theorem 5.9,

that Q = R|Q'.
Let R|S” € N be an arbitrary process. Because M Nizz;gj W If N we obtain that ex-

ists a process P” € M such that P’ Nﬁ%i% ;L”R)) R|S". But R < (1+maz(h', hg), 1+

mazx(w',wg)), so, using theorem 5.9, P = R|S".
Then M, R|S" |= ¢/, as M, R|S |= ¢' for any R|S € M.
From the other side, (M, P) ﬂzgi(z ,i“RR (N, Q) gives, using theorem 6.7, (M, P) =,

(N, Q) where from we obtain M % N
Also R|S" adtmarlwwr) pi6r oives R|S” ~% R|Sie. (M, R|S") =Y (N, R|S).

~1+max(h’',hR)
Now M, R|S" |= ¢ and (M, R|S") =~ (N, R|S’) give, using the inductive hypothesis,
that V', R|S" = ¢'.

Concluding, we obtained that Q = R|Q’ and for any R|S’” € N we have N, R|S" |= ¢'.
These two give N, Q = Kro' q.e.d.

|

Using this theorem, we conclude that if a process satisfies ¢ w.r.t. a given maximal consistent
set of processes, then by pruning the process and the maximal consistent set on the size ¢, we
preserve the satisfiability for ¢. Indeed the theorems 5.13 and 6.10 prove that if ¢ = (h, w)
then (M, P) =" (M, P;). Hence M, P |= ¢ implies My, Py |= ¢.

Theorem 7.2 If M, P |= ¢ then M, Py = ¢.

Proof Let ¢ = (h,w). By theorem 6.12, we have M ~" M, . By process pruning
theorem 5.13, we have P A Py and Py, ) € M) Hence (M, P) " (Mnwys Pinw))-
Further lemma 7.1 establishes M, ), Pn,uw) E ¢ q.e.d. O

Definition 7.7 We define the set of actions of a formula ¢, act(¢) C A, inductively by:

1. act(0) = act(T) < ¢ 4. act(p A1) = act(ol) E act(¢) U act(v)
2. actE(a)) ) X {(o% U act(¢) 5. act({(A: a)¢) = act(Ka¢) 2 Act(I(A)) U act(¢)
3. act =

The next result states that a formula ¢ does not reflect properties that involves more then
the actions in its syntax. Thus if M, P |= ¢ then any substitution ¢ having the elements of
act(¢) as fix points preserves the satisfaction relation, i.e. M, P7 = ¢.

Theorem 7.3 If M, P |= ¢ and o is a substitution with act(o) () act(¢) = () then M?, P° =
0.

Proof We prove, simultaneously, by induction on ¢, that
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1. if M, P = ¢theno(M),o(P) = ¢
2. if M, P £ ¢ then o(M),o(P) £ ¢
The case ¢ = 0:
. M,PE0iff P=0. Theno(P) =0and 0(M),c(0) = 0q.e.d.
2. M,PE0iff P#£0,iff o(P) # 0. Hence (M), o(P) |~ 0.
The case ¢ = T:

. M,P |= T implies 0(M),o(P) = T, because this is happening for any context and
process.

2. M, P}~ T is an impossible case.
The case ¢ = 1 A o2

1. M, P |= 11 A, implies that M, P |= ¢y and M, P |= 1),. Because act(o)Nact(¢) = 0
we derive that act(o) N act(y1) = O and act(o) N act(y2) = 0. Further, applying
the inductive hypothesis, we obtain M7, P? = ¢y and M7, P? |= 1), that implies
M07PU ):’le/\’gbg

2. M, P = 1 A1y implies that M, P [~ 1 or M, P [~ 1)5. But, as argued before,
act(o) Nact(ypy) = 0 and act(o) N act(ip2) = 0, hence we can apply the inductive
hypothesis that entails M7, P7 [~ 1)y or M, P? [~ 1by. Thus M7, P7 [~ 1y A 1s.

The case ¢ = —):

1. M,P E —) is equivalent with M, P }~ 1 and because act(c) N act(¢) = @) guar-
antees that act(o) N act(y) = 0, we ca apply the inductive hypothesis and we obtain
(M), o(P) £ 1 which is equivalent with o(M), o(P) &= —).

2. M,P [~ — is equivalent with M, P = ¢ and applying the inductive hypothesis,
(M), 0(P) = 1, i.e. o(M), o(P) i 0.
The case ¢ = 1 |1)q:

1. M, P | 9|1y implies that P = Q|R, M,Q = ¢ and M, R |= 3. As act(o) N
act(¢) = 0 we have act(o) Nact(p1) = O and act(o) N act(ye) = (. Then we can
apply the inductive hypothesis and obtain (M), 0 (Q) = 11 and 0(M),0(R) | 1s.

But o(P) = o(Q)|o (1), hence (M), o (P) |= ¢.

2. M, P £~ 1]y, implies that for any decomposition P = Q| R we have either M, Q [~ 1
or M, R [~ 1by. But, as before, from act(c) N act(¢) = () guarantees that act(o) N
act(v1) = 0 and act(o) N act(s) = (. Hence, we can apply the inductive hypothesis
and consequently, for any decomposition P = @)|R we have either o(M), 0(Q) = 1
or g(M),o(R) % s.

Consider any arbitrary decomposition o(P) = P'|P”. By theorem ??, there exists P =
Q|R such that 0(Q) = P" and 6(R) = P”. Thus either c(M), P" £ 1, or 6(M), P" [~

. Hence 0(M), o (P) [~ 11 |¢a.
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The case ¢ = (7)¢:

1. M, P [= (7)1 means that there is a transition PtLQ and M, Q) = 1. Because act(o) N
act({)y) = 0 implies act(c) N act(1)) = . We can apply the inductive hypothesis and

derive 0(M),0(Q) = 1. As PtZ)Q we have P = +.P'|P” and Q = P'|P”. This mean
that o (P) = o(7).0(P")|o(P"). Now act(c) Nact({y)y) = 0 ensures that () = 7. So

o(P) = ~.0(P')|o(P") and 0(Q) = o(P’)|o(P”). Hence O'(P)tW()O'(Q). Now because
o(M),0(Q) = ¥, we derive (M), o(P) = (7)¢.

2. M, P [~ (y)y implies one of two cases: either there is no transition of P by +, or there

is such a transition and for any transition PtZ)Q we have M, Q £ 1.

If there is no transition of P by v then P = ay.P;|...|ax. P, with a; # -~ for each
i # 1.k. Because o(P) = o(aq).0(P)|...|o(ax).0(FPy), and because v # «;, and
v & act(o), we can state that v # o (), hence o(P) cannot perform a transition by ~.

Thus o(M), o(P) = (7).

-
If there are transitions of P by ~, and for any such a transition PtoQ) we have M, Q) F~ v:
then, because from act(o) N act({y)1)) = O we can derive act(c) N act(y)) = 0, the
inductive hypothesis can be applied and we obtain o(M),o(Q) (= 1. But because

v & act(o) we obtain o(y) =y and a(P)&)a(Q). Hence o(M), o(P) B (7).
The case ¢ = Ky

1. M, P |= Kgty implies P = R|S and for any R|S" € M we have M, R|S’ |= 4. From
act(o)Nact(¢) = O we derive act(o)Nact(y)) = @ and act(o)NAct(R) = 0. So, we can
apply the inductive hypothesis that gives M7, o(R|S’) = v and, because o(R) = R,
M?, R|o(S") = 1.

Consider an arbitrary process R|S” € M?. There exists a process () € M such that
o(Q) = R|S". Thus, by theorem ??, Q = R'|S” with ¢(R') = R and 0(5") = S".
But Act(R) Nact(o) = () implies Act(R) Nobj(c) = (), so applying the theorem ??, we
derive R = R'. Thus Q = R|S” and because M, R|o(S") = 1 for any S’, we derive
M R|S" = .

Because R|S” € M? was arbitrarily chosen, and because o(P) = o(R|S) = R|o(S),
we obtain M7, P? = Kg).

2. M, P = Kgy implies that either P # R|S for any S, or P = R|S for some S and there
exists a process R|S" € M such that M, R|S" [~ 1.
If P # R|P’, because act(o) N Act(R) = () implies obj(c) N Act(R) = () we derive, by
theorem ??, that o(P) # R|S for any S. Hence, we can state that M7, P7 (= Kgi).
If P = R|S for some S and there exists a process R|S" € M such that M, R|S" [~ 1,
then the inductive hypothesis gives M7, o(R)|c(S’) = ¢. But o(R)|o(S") = R|o(5'),
and o(P) = R|o(S) thus o(M), R|o(S’) £ 1 implies 0(M), o (P) [~ Kri.
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We suppose to have defined on A a lexicographical order <. So, for a finite set A C A we
can identify a maximal element that is unique. Hence the successor of this element is unique as
well. We convey to denote by A, the set obtained by adding to A the successor of its maximal
element.

Theorem 7.4 (Finite model property) If M, P = ¢ then IN € zm;“(d)” and Q € N such
that N', Q = ¢.

Proof Consider the substitution o that maps all the actions a € A\ act(¢) in the successor
of the maximum element of act(¢) (it exists as act(¢) is finite). Obviously act(c)Nact(¢) = 0,

hence, using theorem 7.3 we obtain M7, P° |= ¢. Further we take N = M?h,w) € Qﬁ?,:tq(j;ﬁ

and Q = P, € M?}iﬁﬁ, and theorem 7.1 proves the finite model property. 0
Because act(¢) is finite, implying act(¢) finite, Theorem 6.9 proves that ?)ﬁjft(‘b)* is finite
act(@)

and any maximal consistent set M € 9T is finite as well. Thus we obtain the finite model
property for our logic. A consequence of theorem 7.4 is the decidability for satisfiability,
validity and model checking against the process semantics.

Theorem 7.5 (Decidability) For L% validity, satisfiability and model checking are decidable
against the process semantics.

7.5 Characteristic formulas

In this subsection we use the peculiarities of the dynamic and epistemic operators to define
characteristic formulas for processes and finite maximal consistent sets of processes. Such for-
mulas will be useful in providing an appropriate axiomatic system for our logic and, eventually,
for proving its completeness.

Definition 7.8 (Characteristic formulas for processes) We define a class of logical formulas

(fp) pep, indexed by (=-equivalence classes of) processes, inductively by:

LA Eo 2 e felfe 3 fur € (la)fp

We denote by Fyp this class. Obviously Fp C F}.

We will prove latter that fp is a characteristic formula for P. Similarly, we can characterize
the agents by the process they can see.

Definition 7.9 (Characteristic formulas for agents) Similarly we introduce a class of logi-
cal formulas (f) aca, on epistemic agents
de . de de
1. fa e/ 0 for atomic agents A € A 2. fa)A =] farlfa, 3. fan =) (la) fa
We denote by Fy this class. Obviously Fo C F}.

Definition 7.10 (Characteristic formulas for finite sets of processes) Let ® C F* be a fi-
nite set of formulas and A € 2 an atomic agent. We define the derived operator

A0 KA\ 6) A () Kad)

pcd Pped
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Observe that M, P = A® iff for any () € M there exists ¢ € ® such that M,Q | ¢ and
for any ¢ € ® there exists ) € M such that M, Q = ¢. Observe also that it is irrelevant
which atomic agent A we choose to define A, as the epistemic operators of any atomic agent
can encode validity and satisfiability.

Further we exploit the semantics of this operator for defining characteristic formulas for
finite maximal consistent sets of processes.

Definition 7.11 (Characteristic formulas for finite maximal consistent sets) If M is a fi-
nite maximal consistent set of processes, we define f = A{fp| P € M}

8 Axiomatic system

Consider the subset of logical formulas introduced by the next syntax and defined for o € A

=)0 [ {la)f | fIf

We denote the class of these formulas by F. By construction, 7 C F7. Hereafter we use
f, g, h for denoting arbitrary formulas from F, while ¢, ), p will be used for formulas in F}.

Theorem 8.1 F U {0} = Fp.

Hereafter is proposed a Hilbert-style axiomatic system for £3. We assume the axioms and
the rules of propositional logic. In addition we will have a set of spatial axioms and rules, of
dynamic axioms and rules and of epistemic axioms and rules. We will also have a class of
mixed axioms and rules that combine different operators.

Spatial axioms

FT|L— L
Fo|0 «— ¢
= ol — o
= (@lY)lp — ol (¥]p)
= ol(¥V p) = (¢l) v (¢]p)
F(fAQI) = Visgnlg Ad)(hAY)

Spatial rules

If- ¢ — ¢ thent ¢|lp — Y|p
Axiom E8 states the propagation of the inconsistency from a subsystem to the upper system.

Axioms E8, E8 and E8 depict the structure of abelian monoid projected by the parallel
operator on the class of processes.

Concerning axiom E8, observe that the disjunction involved has a finite number of terms,
as we considered the processes up to structural congruence level. The theorem states that if
system has a property expressed by parallel composition of specifications, then it must have
two parallel complementary subsystems, each of them satisfying one of the specifications.

Rule Ez8 states a monotony property for the parallel operator.
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Dynamic axioms

=)oy — (a)(d])
= la](¢ — ¢) — ([a]o — [a]y)
FOV(la)T — [B]L, fora # 3
= ()¢ — [a]¢

Dynamic rules

If - ¢ then - [o]¢

IfF ¢ — [a]¢/ and ¢ — [a]¢/ then - $v — [a] (/] V O|4).

The first dynamic axiom, axiom E8, presents a domain extrusion property for the dynamic
operator. It expresses the fact that if an active subsystem of a bigger system performs the action
a, then the bigger system performs it as a whole.

Axiom ES8 is just the (K)-axiom for the dynamic operator.

Axiom ES8 states that an inactive system cannot perform any action.

Given a complex process that can be exhaustively decomposed in n parallel subprocesses,
each of them being able to perform one action only, «;, for ¢ = 1..n, axiom E8.2 ensures us
that the entire system, as a whole, cannot perform another action 3 # «; fori = 1..n.

Recalling that the operator (la) describes processes guarded by «, axiom ES8 states that a
system described by a guarded process can perform one and only one action, the guarding one.

Rule Ex8 is the classic necessity rule used for the dynamic operator.

Rule Ex8 is, in a sense, a counterpart of axiom E8 establishing the action of the operator
[a] in relation to the parallel operator.

Epistemic axioms

l_KATHfAH—
FKA¢AKA(¢—>¢) — K
FKap— ¢
FKa¢p — KaKa9.
l_KAT—> (—\KA¢—>KA_\KA¢)

Axioms involving atomic agents

If A’ is an atomic agent and A is any agent then
l_ KAQZ5<—> (KAT/\KA/(KAT — QZS))
FEKx¢ ANYlp— (Kag A)[(Kad A p)
F KA/¢ — [G]KA/¢
FEKap— (KAT—> KAKA/(b)

Epistemic rules

If- ¢ then - KT — K.
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Axiom ES8 is the classical (K)-axiom stating that our epistemic operator is a normal one.
This is an expected axiom as all the epistemic logics have it.

The same remark on axiom E8 which is just the axiom (T) - necessity axiom, for the
epistemic operator.

Also axiom E8 is well known in epistemic logics. It states that our epistemic agents satisfy
the positive introspection property, i.e. if A knows something then it knows that it knows that
thing.

Axiom ES8 states a variant of the negative introspection, saying that if an agent A is active
and if it doesn’t know ¢, then it knows that it doesn’t know ¢. The novelty in our axiom is the
precondition /4 T of the negative introspection. This precondition guarantees that the agent
really exists, i.e. it is active. Such a precondition does not appear in the other epistemic logics
for the reason that, in those cases, the agents exists always and they knows, always, at least the
tautologies.

Axiom ES8 provides a full description of the knowledge of any agent A based on the knowl-
edge of any atomic agent.

Axioms E8, E8 and E8 present K 4/¢ as a syntactic encryption of validity.

Rule Eg8 states that any active agent knows all the tautologies. As in the case of the
negative introspection, we deal with a well known epistemic rule, widely spread in epistemic
logics, but our rules work under the assumption that the agent is active.

Mixed axioms

F(A:a)T — KaT.

= fa— ((a)¢ < (A:a)9)
F(A:a)p AN(AJA )T — (A|A )

Mixed rules

If + \/Memzct(¢)+ fam — ¢ then | ¢.

Rule ER8 comes as a consequence of the finite model property and provides a rule that
characterizes, in a finite manner, the validity of a formula. Observe that the disjunction in the
first part of the rule has a finite number of terms.

Theorem 8.2 If 3 # «; fori = 1.n then = (lay) T|...|(la,) T — [B]L
Theorem 8.3 If M > P is a finite context and = cpq N\ cp — Ko¢ thent= cpg — .
sectionSoundness of the system L3
In this section we will motivate the choice of the axioms by proving the soundness of our
system with respect to process semantics. In this way we will prove that everything expressed
by our axioms and rules about the process semantics is correct and, in conclusion, using our

system, we can derive only theorems that can be meaningfully interpreted.

Theorem 8.4 (Soundness) The system L3 is sound w.r.t. process semantics.
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Proof The soundness of £ will be sustained by the soundness of all spatial, dynamic and
epistemic axioms and rules. O

Soundness of the spatial axioms and rules

We start with proving the soundness of the spatial axioms and rules.

[Soundness of axiom E8] = T|L — L

Proof Suppose that it exists a maximal consistent set M and a process P € M such that
M,P = T|L. Then P = Q|R with M,Q = T and M,R = L;ie. M,R [# T. But
this is not possible. Hence, there is no maximal consistent set M and process P € M such
that M, P = T|L, i.e. for any maximal consistent set M and any process P € M we have
M,PE-(T|L),iee. M,PET|L— L. |

[Soundness of axiom E8] = ¢|0 < ¢.

Proof M, P |= ¢|0iff P = Q|R, M,Q |= ¢ and M, R = 0. Then R = 0, so P = (@,
hence M, P = ¢.
If M, P |= ¢, because M,0 |= 0 and P = P|0 € M we obtain that M, P |= ¢|0. O

[Soundness of axiom E8] = ¢|i) — |¢.
Proof M, P |= ¢[i) means that P = Q|R, M,Q = ¢ and M, R |= ¢. But P = R|Q €
M, hence M, P |= 1)|¢. O

[Soundness of axiom E8] = (¢|v)|p — ¢|(¥|p).

Proof M, P | (¢|)|p implies that P = Q|R, M,Q [ ¢| and M, R = p. Then
O = S|V with M, S |= ¢ and M,V = 4. But P = (S|V)|R = S|(V|R), where M, S = ¢
and M,V |R = 1|p. Hence M, P |= ¢|(¢|p). O

[Soundness of axiom E8] |= ¢|(v V p) — (d]1) V (¢|p)
Proof M, P = ¢|(¢) V p) means that P = Q|R, M,P = ¢ and M, R = ¢ V p, i.e.
M, R = ¢ or M, R |= p. Hence M, P |= gl or M, P = dlp. So M, P [= (8[6) V (6]p).
O

Now we prove that the formulas fp defined before are characteristic formulas.
Theorem 8.5 If P € M, then M, P |= fp.

Proof We prove it by induction on the structure of the process P.
The case P = 0: M, 0 |= fo, because 0 € M, fo = 0and M, 0 [ 0.
The case P = Q|R: we have (), R € M and fp = fg|fr. By the inductive hypothesis
M. Q = foand M, R = fr,s0 M, Q|R = fo|fr. Hence M, P |= fp.
The case P = «.Q: we have P —— (), hence ) € M. Moreover, fp = (a)fg A 1. By the
inductive hypothesis M, Q = fq. Because P —— (@), we obtain M, P |= (a) f, and because
P = «.Q) is a guarded process, we have also M, P |= 1. Hence M, P |= fp. O

33



Theorem 8.6 M, P = fo iff P = Q.

Proof (<) We prove it by verifying that M, P |= f, for any P, () involved in the equiva-
lence rules.

if P = R|S and @ = S|R, we have M, R|S |= fr|fs and using the soundness of axiom
E8, we obtain M, R|S = fs|fr,i.e. M, P = fo

if P = (R|S)|U and Q = R|(S|U) we have M, P |= (fr|fs)|fu. Using the soundness
of axiom E8, we obtain M, P |= fg. Similarly M,Q | fp, using the soundness of
axioms E8 and ES.

if P = Q|0 then M, P |= f5]0, i.e., by using the soundness of axiom E8, M, P |= fo.
Similarly reverse, form M, Q) = fo we derive, by using the soundness of axiom E8,

M,Q [ fol0.ie. M.Q = fr.

if P=P'|Rand Q = Q'|R with P’ = Q' and M, P’ |= fg, because M, R |= fr, we
obtain that M, P |= fo/|fr,1.e. M, P = fo.

if P=a.P' and Q = a.Q)’ with P’ = Q" and M, P’ |= fo1,as P — P',then M, P |=
() for. But M, P |= 1, because P is a guarded process, hence M, P = (a) for A 1, i.e.

(=) We prove the implication in this sense by induction on the structure of ().

if Q =0, then M, P |= fy, means M, P = 0. Hence P = 0.

if @ = R|S then M, P = fq is equivalent with M, P = fgr|fs. So P = U|V,
M, U = frand M,V | fs. By the inductive hypothesis we obtain that U = R and
V = 5. Hence P = Q).

if Q = a.R, then M, P |= fq is equivalent with M, P |= (a) fr A 1. So P - P’ with
M, P' = fr. By the inductive hypothesis, P’ = R. And because M, P |= 1 we obtain
that P = a.R,i.e. P = Q.

|

[Soundness of axiom E8] = (f A ¢|v) — V(9 A @)[(h A )

Proof Suppose that M, S |= f A ¢|i). Then there exists a process P such that f = fp.
Hence S = P (by theorem 8.6) and S = 51|S; with M, S; = ¢ and M, Sy |= 9.
But M, S; = fs, and M, Sy |= fs,, by theorem 8.5.
Hence M, S; E ¢ A fs, and M, Sy =9 A fg,.
And because P = S = 51|52, we obtain M, P = (¢ A fs,)|(¥ A fs,), hence M, P |=
(fAQlY) — Vng\h(g A @)[(h A1), q.ed. U

[Soundness of rule ER8] If |= ¢ — v then = ¢|p — ¢|p
Proof If M, P |= ¢|pthen P = Q|R, M, Q = ¢ and M, R |= p. But from the hypothesis,

M, Q F ¢ — 1, hence M, Q |= . Then M, P = |, so |= 6|p — |p. O
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Soundness of the dynamic axioms and rules

We prove now the soundness for the class of dynamic axioms and rules.

[Soundness of axiom E8] = (a)o|y — (a)(o]v).

Proof If M, P |= (a)¢|¢), then P = R|S, M, R = {a)¢ and M, S |= 9. So IR —— R’
and M, R' = ¢. So 3P = R|S -% P' = R'|S and M, P’ = ¢|¢). Hence M, P = (a)(¢|v).

[Soundness of axiom E8] = [a](¢ — ¢) — ([a]p — [a]v))

Proof Let M, P |= [a](¢ — ¢) and M, P = [a]é. If there is no P’ such that P —* P/,
then M, P |= [a]i). Suppose that exists such P’. Then for any such P’ we have M, P’ = ¢ —
¢ and M, P' = ¢. Hence M, P’ |= ¢, i.e. M, P [= [a]i). O

[Soundness of axiom E8] For o # (3 we have

EOoV {(la)T — [B]L.

Proof If M, P = 0 then P = 0 and there is no transition 0 2, P', hence M, P ()T,
ie. M, P = [f]L.
Suppose that M, P |= (la) T. Then necessarily P = «.P;. But if a # (3, there is no transition

a.p 5P
Hence M, P [~ (6)T,ie. M, P = [G]L. O

[Soundness of axiom E8] = (la)o — [a]¢
Proof Suppose that M, P = (la) ¢, then M, P |= 1 and M, P |= («)¢. Then necessarily
P = «.P' and M, P' |= ¢. But there is only one reduction that P can do, P -2, P'. So, for
any reduction P -~ P” (because there is only one), we have M, P" |= ¢, i.e. M, P |= [a]¢
O

[Soundness of rule E8] If |= ¢ then = [a].

Proof Let M be a maximal consistent set and P € M a process. If there is no P’ such
that P -~ P’, then M, P |= [a]¢. Suppose that exists such P’ (obviously P’ € M). Then for
any such P’ we have M, P’ |= ¢, due to the hypothesis = ¢. Hence M, P |= [a]¢. O

[Soundness of rule E;8]

If = ¢ — [a)¢' and 1 — [a]t then = o[y — [a](@'| V o)

Proof Suppose that M, P = ¢|¢, then P = Q|R, M,Q = ¢ and M, R |= 1. Because
E ¢ — [a]¢’ and = ¥ — [a]y)/, we derive M, Q = [a]¢’ and M, R = [a]y)’. We analyze

SOme cascs:
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e if P cannot perform a transition by a, then M, P |= [a] L, and using the soundness of
axiom E8 and rule Ex8 we derive

= [a]L — [d(¢| v ¢l¢)
hence, we obtain in the end M, P |= [a](¢'|¢) V ¢|¢)).

o if Qt(:)Q’ and R cannot perform a transition by a, then Q|thé)Q’ |R and the transitions of
P = Q|R by a have always this form.
But M, @ |= [a]¢, so for any such Q" we have M, Q' |= ¢/, thus M, Q'|R | ¢'|¢, i.e.
M, QR = (¢'[vV ol).
Hence for any transition PtoP’ we have M, P = (¢'|vVoly'). In conclusion, M, P =
[a](¢'[¥ Vv @|¢).

a
e if () cannot perform a transition by a and RtoR’, similarly as in the previous case, we

can derive M, P |= [a](¢'|1) V o|0)).

o if Qt(:)Q’ and RtoR’ then PtoP’ has either the form Q|th(l)Q’ |R or Q|Rt%Q|R’ . But
M, QIR | ¢/, hence M,Q|R = (#| v o|¢/) and M, QR = 6]¢, hence
M, QIR = (¢'|Y V ¢|¢'). Thus, for any transition PtoP’ we have M, P = (¢'|v Vv
O, ie. M, P = [a(¢'[9 V o).

So, in any case M, P |= [a](¢|¢ V ¢|)'), that concludes the proof. O

Soundness of the epistemic axioms and rules

Hereafter we prove the soundness for the epistemic axioms and rules.

[Soundness of axiom E8] = fa|T « K4T

Proof If M, P = f4|T then P = R|S, with M, S = fs. Then P = I(A)|R. And
because for any /(A)|R' € M we have M, I(A)|R' |= T, we derive M, P = K4T.
Suppose now the reverse, i.e. that M, P = K4 T. Then P = I(A)|R. But M, P |= fp, hence

M7 P ): fA|fR'
Because = f4 — T, using the soundness of rule Ex8, we derive = fa|fr — fa|T from
where we conclude that M, P |= f4|T. O

[Soundness of axiom E8] = K¢ A Ka(¢ — ©) — Kat

Proof Suppose that M, P = K4¢ and that M, P = Ka(¢ — 7). Then P = I(A)|R
and for any S such that S|I(A) € M we have M, S|I(A) = ¢ and M, I(A)|S = ¢ — .
Hence for any such /(A)|S we have M, I(A)|S |= v and because P = I(A)|R we obtain that
M, P ): K. O

[Soundness of axiom E8] = K¢ — ¢.
Proof If M, P |= K¢ then P = I(A)|Rand forany [(A)|S € M wehave M, I(A)|S |=
o, ie. MU I(A)|R = ¢,s0 M, P = ¢. a
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[Soundness of axiom E8] = K¢ — KaK4¢.

Proof Suppose that M, P |= K¢, then P = I(A)|R and for any I(A)|S € M we have
M,I(A)|S = ¢. Let I(A)|S"” € M be arbitrarily chosen. As for any /(A)|S € M we have
M, I(A)|S | ¢, we derive that M, [(A)|S" = Ka¢. But I(A)|S’ has been arbitrarily chosen,
so for any /(A)|S € M we have M, I(A)|S = Ka¢, and because P = I(A)|R we obtain
M, P ): KaK 0. O

[Soundness of axiom E8] = Ko T — (- K¢ — Ks—K4¢)

Proof Suppose that M, P = K, T and M, P |= =K 4¢. Then P = I(A)|R and 3S such
that M, S|I(A) = —¢. But then for any U such that U|I(A) € M we have M,U|I(A) =
- K 4¢. Hence M, P |= K4—K 4¢. O

In the next lemmas of this subsection we will denote by A’ an atomic agent.
[Soundness of axiom ES8]

):KAQSH (KAT/\KA/(KATHQS))

Proof Suppose that M, P = K4¢. Then P = I(A)|R and for any I(A)|S € M we have
M, I(A)|S = ¢. From P = I(A)|R, because for any I(A)|S € M we have M, [(A)|S = T,
we derive M, P = K4 T. Consider now an arbitrary process S € M. If M, S [~ K4T, then
M, S EKuT — ¢
If M, S = K4T we derive that S = I(A)|S’, hence M, S |= ¢.

So, for an arbitrarily chosen S € M we have M, S |E KT — ¢.

Because P = P|0 and for any process S = S|0 € M we have

M, S |E KaT — ¢, we derive that M, P = K4(K4T — ¢). Hence = Ka¢p — (K4T A
Ka(KaT — 9)).

Suppose now that M, P = K T A Ky (KoT — ¢). From M, P = K,T we derive
P = I(A)|R.

Because M, P = K4 (KA T — ¢), we obtain that for any process S € M we have M, S |=
KAoT — ¢. Hence, for any process S|/[(A) € M we have M, S|I(A) | ¢ (because
M, S|I(A) E K4T). And because P = I(A)|R, we derive M, P = K4¢. O

[Soundness of axiom E8]

= EKad Aplp = (Kag ANY)[(Kard A p).

Proof Suppose that M, P = K4 ¢ A |pthen M, P = K¢ and M, P = ¢|p.
M, P |= K 4 ¢ gives that for any R € M we have M, R |= ¢.
M, P = 1|p gives that P = P'|P” and M, P' |= ¢, M, P" |= p. Because P, P" € M and
because for any R € M, M, R |= ¢ we derive that M, P’ = K¢ and M, P" |= K 4 ¢.
Hence M, P’ = ¢ AN Kay¢p and M, P" = p A Ka¢. As P = P'|P”, we obtain further
M, P = (Kad AN)(Kard A p). .

[Soundness of axiom E8] = K4 ¢ — [a]| K¢
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Proof Suppose that M, P = K 4 ¢, then for any R € M we have M, R |= ¢.
If P cannot perform a transition by a, we have M, P |= [a] K 4/ ¢.

If P can perform such transitions, then for any Pt%P’ we have
M, P = K¢ (as for any R € M we have M, R |= ¢). This means M, P = [a]|Ky¢. O

[Soundness of axiom E8] = K4 ¢ — (K4T — KaKa¢)

Proof Suppose that M, P = Ka¢pand M, P |= K4T.
M, P = K 4 ¢ gives that for any R € M we have M, R |= ¢.
M, P = KT means that P = I(A)|S. Because for any R € M we have M, R & ¢, we
obtain that for any /(A)[S" € M we have M, [(A)|S" = K4 ¢, and because P = (A)|S we
obtain M, P ): KiK. O

[Soundness of rule ER8] If |= ¢ then = K4 T — K¢

Proof If = ¢ then for any maximal consistent set M and any process P € M we have
M, P = ¢. Suppose now that M, P = K,T. Then P = I(A)|R. Because M,S | ¢
for each S € M, we derive that for any S|I/(A) € M we have M, S|I(A) = ¢. Hence
M, P = K4¢. O

Soundness of the mixed axioms and rules

[Soundness of axiom E* 8]
E(A:a)T — KT

Proof Suppose that M, P |= (A : )T then there exists a reduction

A
Pto P’, hence P = I(A)|R. Now, because for any I(A)|S € M we have M, I(A)|S = T
we derive that M, P |= K4T. O

[Soundness of axiom E*8]

= fa— ()¢ < (A:a)9)

Proof If M, P = faN{a)pthen P = I(A) and M, I(A) = (a)@. So, there is a transition

« o A
I(A)toR with M, R |= ¢. But I(A)toR is equivalent with /(A) to R. Hence M, P = (A :
a)o.
Reverse, if M, P |= fa A (A : a)pthen P = [(A) and M,I(A) = (A : a)¢. So, there

A A a
is a transition I(A) to R with M, R = ¢. But I(A)to R is equivalent with /(A)toR. Hence
M, P = (a)o. O

[Soundness of axiom E* 8]

E (A a)p A (A1]As : ) T — (A1]As : a)o
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Proof Suppose that M, R |= (A : a)p A (A1|As ) T.
Then M, R = (A :a)pand M, R |= (A1|As : o) T.
A

But M,R |= (A; : a)¢ means that it exists the reduction R to R’ and M, R’ = ¢, i..
R=I(A)|S, I(A))toP and R’ = P|S.
M, R E (A1|Ay : @) T means that R = I(A1)|I(Ay)|V,ie. S = 1(Ay)|V.

A Aq|Az:« Aj)Az:a
But 7(A;) to P gives I(A1)|I(Ay) to P|I(Ay), hence R to R and M, R’ E ¢, that
means M, R = (A;]|As : ). O

[Soundness of rule ER8] If = \//Vtegmacz(@+ fam — ¢ then = ¢.
(4
Proof Suppose that = \/ Mempet@+ Ja — ¢ butitexists a model A and a process Q € N/
o

with V', Q £ ¢. Then N, Q = —¢.

Further, using the finite model property, theorem 7.4, we obtain that it exists a maximal con-
sistent set N/ € sz;“(“‘)* and a process R € N/ with N/, R = —¢.
act(¢)+

But ¢ = —¢, and act(p) = act(=¢) so it exists a maximal consistent set N’ € 9
and a process R € N’ with N/, R | —¢. Because N',R = fn+, we derive N', R |=

vMESﬁ;Ct(@‘L fM'
But = \//\/[emj;t(¢>>+ fam — ¢ implies N7, R = \/Memzct<¢>+ fm — ¢, hence NV, R = ¢.

As we also have N, R |= —¢, we obtain N/, R |= L - impossible!
Then, for any model A and any process P € N we have N, P = ¢, i.e. = ¢. O

9 Some theorems
Theorem 9.1 If P # () then = fp — — fo.

Proof We prove it by induction on P.

e the case P = (0: as P # () we obtain that ) = «.R|S. So fo = (a)fr N 1|fs
that implies, using theorem 9.10, - fo — () fr|fs, and applying axiom E8, - fo —

(@)(frlfs)-
But - fg|fs — T and applying theorem 9.13, we obtain

= (a)(frlfs) = (a)T.
Hence, - fo — () T. ThenF —=(a) T — —fg.
Axiom E8 gives - 0 — —(a) T hence, in the end, - 0 — —fg, i.e. - fp — = fo.

e the case P = P'|P": we have fp = fp/|fpr. Because P # (), we obtain that for any
decomposition ) = Q'|Q" we have either P’ # Q" or P” # @"”. Using the inductive
hypothesis, we derive that either = for — —fp or = for — —fps. Because this is
happening for any decomposition of (), we can apply theorem 9.12 and we obtain

= fo — —(fp|fpr),ie. = fo — —fp. Hence F fp — = fq.
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e thecase P = a.P': fp =1A{(a)fp,s0F fp — 1A {(a)T.
But axiom E8.2 gives - (a) T A1 — —(8)T for any 5 # a.
Hence, for any 5 # a we have - fp — —(3)T.

- if @ = 0 we already proved that = fo — —fp (because P # 0), so - fp — —fo

- if Q@ = 5.Q'|Q" for some 5 # «, thent fo — (B) T, hence - =(5) T — —fg. But
we proved that - fp — —(5)T. Hence - fp — —fg.

-if Q = a.(Q4]...]|a.Qy for k > 1, then - fo — —0[-0 (as - 0 — —f, o, and
FO— _‘fa.Q2|...|a.Qk)- Then + fQ — —\1, i.e.
F1— —fo. But fp — 1. Hence - fp — —fo.

- if Q = aQ)': then P Z () gives P’ # ('. For this case we can use the inductive
hypothesis and we obtain - fo — — fps. Further, applying theorem 9.14, we obtain
= ol fer — [a]=fg, ie.

F o] fpr — —(a) for that gives, because fo = 1 A () for,

= lalfp — ~fo
Now, using axiom E8, - 1 A («) fpr — [a]fpr, so - fp — [&] fpr, and, combining
it with the previous result, we derive - fp — —fq.

Theorem 9.2 If P = () then = fp < fo.

Proof We prove it verifying the congruence rules:

o if P = R|Sand Q = S|Rthent fg|fs < fs|fr from theorem 9.7, 1.e. F fp < fo

if P = (R|S)|U and Q = R|(S|U) then theorem 9.8 we have
= (frlfs)lfo < frl(fslfv).ie = fp < fq

if P = Q|0 then axiom E8 gives - fp|0 < fg,ie. F fp < fo.

if P = P/|R and Q = Q,|R with P/ = Q/ and F fP’ “— fQ’ then rule ERS giVes
= fp|fr < forlfr- Hence F fp < fo.

o if P=ca.P and Q = o.QQ' with P = Q" and - fp: < fo then theorem 9.13 gives
- <C¥>fp/ — <CY>fQ/, so (<a>fp/ A 1) — ((a>fQ/ AN 1). Hence fp — fQ.

|

We prove now that the intuition behind the definition of characteristic formulas for finite
maximal consistent sets is correct and, indeed, f can be used to characterize M.

Theorem 9.3 If M is a finite maximal consistent set and P € M then M, P |= f.
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Proof Obviously M, P |= fp, hence M, P = \/ 5\ fo
Similarly, for any R € M we have M, R = \/,c\( fo, and because R = R|0 and P = P
we derive M, P = Ko(V e fQ)-
As forany R € M there exists a process U € M (more exactly U = R) such that M, U = fg,
we obtain that for each R € M we have _

/\/l,P):[}OfR,henceM,P):/\QeMKon. O

0,

If M is a finite maximal consistent set and P € M then

M’P):fM/\fP-

Theorem 9.4 If M, P = fy then N = M.

Proof Suppose that M, P = fy, then M, P |= KO(VQeN fo), ie. forany R € M
we have M, R = \/c\ fq- Hence, for any R € M there exists a process () € N with
M, R = fo, or equivalently, R = Q.

Now M, P |= \cp Kofq gives that for any @ € N we have

M, P = Kyfg, i.e. there exists a process R € M such that M, R |= f, or equivalently,
R=Q.

Hence, we proved that for any R € M there exists ) € A such that R = (), and for any
Q € N there exists R € M such that R = (). Because we identify processes up to structural
congruence, we decide that M = N. O

Spatial results

We start with the results that can be proved on the basis of the spatial theorems and rules only.
They reflect the behavior of the parallel operator in relation to the operators of the classical
logic.

Theorem 9.5 + T|T < T

Proof Obviously - T|T — T. Ask 0 — T, using rule Ex8, we obtain - T|0 — T|T.
Further axiom E8 givesus = T — T|T. O

Theorem 9.6 If+ ¢ thent-0|p — ¢|p

Proof Because - ¢ implies - § — ¢, using rule Ez8 we obtain the result. a

Theorem 9.7 - ¢|v) < ¥|¢

Proof We use axiom ES in both directions. O
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Theorem 9.8 - (¢|Y)[p < ¢[(¢[p)

Proof We use axiom E8 and theorem 9.7. |

Theorem 9.9 + |(1V p) < (9]0) V (6]p)

Proof + ¢ — 1V p so, using rule Ex8, F ¢|1) — ¢[(¢)V p). Similarly, - ¢|p — ¢|(¥V p).
Hence - (¢|Y) V (¢]p) — ¢|(¥ V p). The other direction is stated by axiom E8. O

Theorem 9.10 - ¢|(¢) A p) — (d[10) A (8]p)

Proof Because - ¢ A\ p — 1), by applying rule Eg8, we have - ¢[(1) A p) — ¢|). Similarly
= o[( A p) — olp. O

The next result proves a strong version of monotonicity of the parallel composition.

Theorem 9.11 If- ¢ — pandt 1 — 0 then = ¢l — p|o.

Proof If - ¢ — p then rule Eg8 gives us - ¢|tp — plip. If F b — 0, then the same rule
gives F p|i) — p|O. Hence - ¢|i) — p|6. O

The next result speaks about the negative parallel decomposition of a specification. It states
that, given two specifications, ¢ and v, if considering any parallel decomposition of our system
(process) P = Q| R, we obtain that either () doesn’t satisfy ¢ or R doesn’t satisfy ¢, then our
system P does not satisfy the parallel composition of the two specifications, ¢|1).

Theorem 9.12 If for any decomposition P = Q|R we have - fo — —¢ or = fr — —) then
= fp — = (oY)

Proof ~ fo — —¢ is equivalent with = fo A ¢ — L and because = fr A — T, we
obtain, by theorem 9.11 = (fo A ¢)|(fr A %) — L|T. And using axiom E8, we derive

F(fa AON(fRAY) — L

Similarly, from - fzr — — we can derive

F(fa NON(frRAY) — L

Hence, the hypothesis of the theorem says that for any decomposition P = (Q|R we have

F(fo ANO)|(frRAY) — L, ie.
Ve Adl(fany) — L

P=Q|R
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But axiom E8 gives

(e Adl) =\ (faAd)I(frAY)

P=Q|R

hence
E(fenolY) — L, de = fp— (o))

|

Related to the same topic of the relation between negation and the parallel operator, observe
that the negation is not distributive with respect to parallel. This is the reason why, in the
previous theorem, we had to ask in the premises that the condition - fo — =g ork- fr — =
be fulfilled by all the possible decompositions of P. If only a decomposition P = Q|R exists
such that = fo — —¢ or - fr — —), this is not enough to derive M, P |= —(¢|¢). Indeed
suppose that M, Q = ¢ but M, Q = ¢ and M, R |= ¢ but M, R [~ ¢. Then from M, Q = ¢
and M, R |= 1) we derive M, P |= ¢|1. It is not the case that, from the additional information
M, Q Y and M, R = ¢, M, P = —(¢[1)) to be derived. All we can derive from the unused
information is that M, P = —¢|—1), which does not contradict M, P = ¢|i.

9.1 Dynamic results

Now we focus of the theorems that derive from the class of dynamic axioms and rules. Remark
the modal behaviors of the dynamic operators.
The next result states the monotonicity of the diamond operator.

Theorem 9.13 (Monotonicity) If+- ¢ — v thent (a)¢ — (a)1).

Proof + ¢ — ¢ implies - —1) — —¢. Using rule Ez8 we obtain
- [a](—% — —¢) and axiom E8 gives - [a] =) — [a]—¢. This is equivalent with - —(a)y) —
—(a)p,i.e. F (a)p — (a)i. O
Theorem 9.14 If - ¢ — 1) then &= [a]— — [a]—¢.

Proof If - ¢ — 1 then, by theorem 9.13, - (a)¢ — (a)1), hence
F —(a)y) — —(a)o, that gives - [a] ) — [a]—¢. O

The next theorems confirm the intuition that the formulas fp, in their interrelations, mimic
the transitions of the processes (the dynamic operators mimic the transition labeled by the
action it has as index).

Theorem 9.15 If P cannot do any transition by o then b fp — [a] L.
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Proof We prove it by induction on the structure of P.
The case P = 0: axiom E8 implies - 0 — [a]L which proves this case, because fy = 0.
The case P = «;.P|...|a,.P,: as P cannot perform « we have o # «; fori = 1.n. We
have fp = ((a1)fp, A 1)|...|({cn) fp, A 1). From = fp. — T we derive, using theorem 9.13,
F ({a;) fp, A1) — ({a;) T A 1). Further, we apply theorem 9.11 and obtain F fp — ({aq) T A
)...|({a) T A'1). Axiom E8.2 gives that for o # a;, = ({(a1) T A 1)]...|({a) T A1) — [o L.
Hence - fp — [a] L. O

Theorem 9.16 + fp — [a] \/{fo | P - Q}

Proof We prove it by induction on P.

The case P # «.P'|P” for some P’, P”: then P cannot preform a transition by «, hence,
by theorem 9.15,  fp — [a].L. But
F=\{fo| P —= Q} — T, and using theorem 9.14, we derive

-l L = o] \/{fel P Q}
Combining this with - fp — [a] L, we derive
= I = o]\ {fe| P Q}

The case P = a.P': then {fg | P —— Q} = {fp'} and fp = () fp A 1. Applying axiom
E8 we obtain - fp — [« fp. Hence

= fp— o] \/{fo| P -5 Q}

The case P = «.P'|P” with P” # 0: we apply the inductive hypothesis to «.P" and P”
respectively, and we obtain

- fur = 0\ (o | 0P = Q)

and
= fer = [0\ {for | P = Q")
We apply rule Ez8 and obtain

= fp = [ (for| \{for | P" =5 Qv \[{fo | a.P" =5 Q'} frr)

Using theorem 9.9, we obtain this result equivalent with

=t = \{fo | P -5 Q)

Theorem 9.17 If-\/{fo | P —— Q} — ¢ thent fp — [a]¢
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Proof If - \/{fo | P — Q} — ¢ then rule Ep8 gives
Flal(\V{fe | P = Q= 0)

and further axiom E8 gives - [a] \/{fo | P —— Q} — [a]#. But theorem 9.16 gives I fp —
0] V{fq | P — Q}. hence - fp — [a]o. O

Theorem 9.18 (A : )T < f4|T.

Epistemic results

We begin by stating that an atomic agent is always active: it always performs its “inactivity”
expressed by 0. Hereafter, in this section, we use A’ to denote an arbitrary atomic agent, even
if this it will not be specified.

Theorem 9.19 + K4/ T.

Proof Trivial consequence of axiom E8 and axiom ES. O

The next result states that an agent knows something only if it is active.
Theorem 9.20 - K, ¢ — K4T.

Proof Trivial consequence of axiom ES. O

Further we prove another obvious property of knowledge: if A knows ¢ and A knows ), this
is equivalent with A knows ¢ A 1.

Theorem 9.21 + K 0 A Kb — Ka(p A1)
Proof - ¢ — (¢ — (¢ A ¢)). Using rule ER8, we obtain
FKAT = Kalp — (0 — (6 A9))]
We apply axiom E8 twice, and obtain
F KT — [Kad — (Kat — Ka(o A1)))]

1.e.
EEKaT ANKad — [Ka — Ka(o At))]
But KAgb — K 4T, hence - KA¢ — [KA’QD — KA((b N w)], 1.€.

F Kap AN Ky — Ka(op AY)

Reverse, we apply rule Ex8 to = ¢ A 90 — 1 and then axiom ES8, and obtain - K4 T —
(Ka(¢p AN) — Kag). Butk Ka(p AN1p) — K4 T,hence - Ka(p A1) — Kag.
Similarly F K4(¢p A 1Y) — Kat). O

The knowledge is redundant and introspective: if () knows ¢ this is equivalent with the fact
that () knows that () knows ¢.
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Theorem 9.22 - K K ¢ < K 4¢.

Proof Axiom E8 gives - K ¢ — K4 K¢, and axiom E8 gives - K4K ¢ — Ka¢. O

Theorem 9.23 (Monotonicity of knowledge)
If ¢ —Ythen - Ky o — Kyt

Proof Because - ¢ — 1, we can use rule Ez8 and obtain
FKasT — Ka(¢ — ). But theorem 9.20 gives - Ka¢p — K4 T, hence - Ka¢p — Ka(¢ —
1) where from we derive
F Kap — (Kap A Ka(¢ — ¥))

This entails, using axiom E8, = K ¢ — K41). O

The existence of an agent entails the existence of its active sub-agents, as proved further.
This is a knowledge-like description of the ontological topology of agents. It relies on fo be is
to know.

Theorem 9.24 = K4 4, T — Ky, T.

Proof Axiom E8 gives = K 4,4, T < fa,|fa,| T and = K4, T < fa |T.Butk fu, — T
and applying rule Ex8, we obtain = fa,[fa,|T — fa,|T. Hence b K14, T — Ka, T. a

The knowledge of an agent is consistent: if it knows —¢ (it knows that ¢ is false) then it
cannot know ¢ as well. This is proved in the next two theorems.

Theorem 9.25 - K,—¢ — =K 5¢.

Proof Axiom E8 gives - K4—¢ — —¢ and = K4 ¢ — ¢. The last is equivalent with
F —=¢ — —K 40, and combined with the first entails - K ,—¢ — =K 4¢. O

Theorem 9.26 (Consistency theorem) - K¢ — K 4—¢.

Proof By using the negative form of theorem 9.25 ]

Theorem 9.27 - K ¢ — (K4 T — Ka9)
Proof Axioms E8 gives - K¢ — ¢ and applying the monotonicity of knowledge,
KaKy9 — Kad.

Now axiom E8 provides - Ky o AN K4 T — KyKa¢. Thusk= Ky AN Kx T — K¢, that is
equivalent with = K q¢p — (KA T — Ku0). O

Theorem 9.28 + [N( wd — Ku }N( yue
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Proof By definition, we have - IN( o — —Kq—¢, and because - K4 T, we derive
F KA/¢ — (ﬁKA/_!Qﬁ A KA/T).
But axiom ES8 entails (—\KA/—\¢ VAN KA/T) — Ko~ Kp—o,ie.
+ (_‘KA’_‘¢ VAN KA/T) — KA/IN(Algb
Hence [}Algb — KA/I}A/Qﬁ.
We have also = K4 K o1 — K /¢, by applying axiom ES8. O
Theorem 9.29 — K 46 A tlp — (Kt A0)|(Kwd A p)

Proof Axiom ES instantiated with ¢ = ]N( A'Q gives

F KA/KA/QS/\w’p — (KA/KA/¢/\'¢)’(KA/KA/¢/\p)

Further, using theorem 9.28, we obtain the wanted result. O

Theorem 9.30 - K A — o K 2o
Proof Axiom ES instantiated with ¢ = [N( A gives

F KA/KA/gb — [O./]KA/KA/gb

Further, using theorem 9.28, we obtain the wanted result. O

Theorem 9.31 + K 46 — (KaT — KaK a6)
Proof Axiom ES instantiated with ¢ = [N( A gives

FRuKad — (KaT — KaKaK 40)

Further, using theorem 9.28, we obtain the wanted result. |
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Theorems referring to maximal consistent sets

In this section we focus on results that involve the characteristic formulas of finite maximal
consistent sets. We try to show, in this way, how sensitive our system is with respect to maximal
consistent sets. Further, these results will be used in proving the completeness.

Theorem 9.32 [f M is a finite maximal consistent set and R ¢ M thent= fy; — = fr.

Proof Because far = Ka(\ pepg fP) A (N\per IN(A/fP) we derive that

== K\ fp)

PeM
But from axiom E8 = K4/ (\/ pc s fP) = Vperd fP> 50 fax — V perq fr- Further theorem
9.1givest fp — —fr(as R ¢ Mand P € M implies R # P) which implies - \/p_,, fp —
= fr. But we proved that = faq — \/pc, fp. Hence & fry — = fr. a
Theorem 9.33 If M is a finite maximal consistent set then

F(fm A DlY) = (fam A (fm AY)

Proof Observe that, by applying axiom E8, we obtain

l_ (KA/Hl /\ KA/eg /\ KA/G?)) /\ ¢|Z/} — (KA/GQ /\ KA/eg) /\ (KA/91 /\ ¢)’(KA’91 /\ ’Lp) (2)
If, further, we apply theorem 9.29 once, we obtain

l‘ (KA/93N/\ KA/92> N (KA/Gl /\N(b)|(KA/91 VAN Zﬂ) —
K 405 A\ (KAIQQ A K40, N ¢)|(KA/92 A K40, N 2/})

Hence
[ (KA/(91 A K 41605 N KA/Gg) A ¢’w — K 4035 N (KA/92 A K a6, A ¢)|(KA/92 A K a0 A Qﬂ)
If we apply again theorem 9.29 we obtain

= IN(A/GS A\ ([N(A/(gg A K40 A ¢>’([}A/92 A K40 A Q/J) —
(KA/93 AN K 405 N\ K 200 N\ (b)‘(KA/Qg AN K 405 N\ K 40, N w)

hence

- (KA/€1 A }N(A/02 A }}A’Q?)) A QbW) -
(K a3 A K aba N Kby A O)[(Karls N K alo NKaby A1)
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Because far = Kar(Vgem fo) N (Agem IN(A/fQ), we can use the same idea, applying
theorem 9.29 once for each process in M (being finite) and we obtain

= (fm A DIY) — (fam A (fam AY)

O
Theorem 9.34 If M is a finite maximal consistent set then - (faq A ¢|10) — (far A )|t
Proof From the previous theorem, 9.33, we have
= (faa A ol) = (fma A O(fan A )
Theorem 9.10 gives
(fm ADIfs A) = ((Faa A D) fa) A ((fama A D))
Hence = (fam A 0[Y) — (fm A )| O

Theorem 9.35 If M is a finite maximal consistent set then & frg — [a] fag
Proof Observe that, by applying axiom E8, we obtain
F Ky A K a0 A K 03 — (K 405 A K 403) A [a] K 406,
If, further, we apply theorem 9.30 once, we obtain
F (K als A K a6) A [0] Ky — K by A [o] K a6 A [0] K a1, e

F (IN(A/«%, N fN(A/QQ) VAN [Oé}KA/(gl — [N(Aleg A [CM]([N(A/QQ VAN KA/(91)
Hence N N N N
H (KA/91 A KA/QQ VAN KA/03) — KA/93 AN [Oé](KAleg AN KA/91)

If we apply again theorem 9.30 we obtain
F IN(A/OS N [a](}}A/QQ N KA/01) — [a](I}Axﬁg VAN IN(A/GQ A KA/91)

hence N N N N
H (KA/01 A KA/QQ VAN KA/93) - [Of](KAleg A KAIQQ VAN KA/€1)

As frm = Ka(Vgeam fo) N (Ngenm IN(A/fQ), we can use the same idea, applying theorem
9.30 once for each process in M (being finite) and we obtain

= fm = [a] fa
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Theorem 9.36 If M is a finite maximal consistent set then t fyg — (KaT — Kafum)
Proof Observe that, by applying axiom E8, we obtain
F Kalh A K abs A K aifly — (K 4By A K 485) A (KaT — KaK )
If, further, we apply theorem 9.31 once, we obtain

I— ([N(A/Qg N IN(A/QQ) A (KAT d KAKA/91) —
KA/(93 A (KAT — KAKA/QQ) A (KAT — KAKA/Hl), i.€.

F (K s A K o) A (KaT — KaKabh) — Kby A (KaT — (KaK a6 A KoK a61))
i.e., using 9.21,
F (K 403 A K i) A (KaT — KaKabh) — K A (KaT — Ka(Ka A K1)
Hence
F (Kalh A K ails A K 183) — Kl A (KaT — Ka(Kal A K1)

If we apply again the theorems 9.31 and 9.21 we obtain

H [IN(A/03 A (KAT — KA(}}A/QQ VAN KAlgl))] — [KAT — KA<fN(A/93 VAN %A/QQ A KA/91>]
hence

F (KA/01 VAN IN(A/GQ A ;(A/Qg) — [KAT — KA(;(AIQP, A ]N(A/QQ VAN KA/Ql)]

Because far = Kar(Vgem fo) N (Agem [N(A/fQ), we can use the same idea, applying
theorem 9.31 once for each process in M (being finite) and we obtain

Ffm— (KaT — Kafam)

Theorem 9.37 If M is a finite maximal consistent set and = fry — (¢ — ) then b fr —

(¢lp — lp).

Proof - foy — (¢ — @) implies - (fa A ¢) — 1 where we apply rule Ex8 and obtain
F (fam A @)|lp — ©|p. But theorem 9.34 gives - (faq A @|p) — (fam A ¢)]p. Combining these
two results we obtain

= (fam A 9lp) — dlp,ie. = far — (9lp — ¢[p). 0
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Theorem 9.38 If for a finite maximal consistent set M > P and any decomposition P = Q|R
we have

= fm— (fg— —9)or = fam — (fr — =) then & fa — (fp — —(0[)).

Proof If - fu — (fo — —¢) then we have, equivalently, - fa A fo — ¢, ie.

= fo — (fm — —¢), hence = fo — =(fm A ¢).
Similarly & far — (fr — =) gives - fr — =(fa A ).

Hence the hypothesis of the theorem can be rewritten as: for any decomposition P = Q|R
we have

= fo = ~(fmAQ)or F fr— =(fm AY).

Then we can apply theorem 9.12 and we obtain

= fp = ~((fm AO)(fam AY)) 3)

But theorem 9.33 entails = fo APy — (FmAD)|(fmAY), hence = =((FruAD)|(fmAY)) —
=(fam A @|1), and applying this result to (3), we obtain

F fp— =(fm A @|Y) that is equivalent with = far — (fp — —(0]Y))

Further we prove a maximal consistent set-sensitive version of rule Eg8.

Theorem 9.39 Ift- fo — ¢ thent fr — [

Proof If we apply rule Ex8 to - fiy — ¢ we obtain b [o](fax — ¢). But axiom E8
gives F [a](fm — @) — ([a]fm — [@]¢), hence = [a] far — [a]¢. Theorem 9.35 proves that
F fam — [a] fam which gives further = fo — [a]o. O

The next result is a maximal consistent set-sensitive variant of rule EgS8.

Theorem 9.40 If- foy — ¢ thent fao — (KaAT — Ka0).
Proof If we apply rule E;8 to = foq — ¢, we obtain
KT — Ko(fm — ¢)

But axiom E8 gives further - Kq(fym — ¢) — (Kgfm — Ko¢). Hence - Ko T AKgfm —
K¢ that is equivalent with

= Kofm — (KoT — Kqo)

Now, theorem 9.36 ensures that = fyg — (KA T — Ko fum).
Hence - fo — (KAT — Kad). O

51



Theorem 9.41 If+ fao — (KoY — ¢) thent far — (KoY — Kgo).

Proof We apply theorem 9.40 to - fo — (K1 — ¢) and we obtain
Ffm— (KT — Ko(Kqv — ¢)).ie. b (fu ANKqT) — Ko(Kqv — 9).
But axiom E8 gives - Kq (KoY — ¢) — (KoK — Kg¢). Now if we use theorem 9.22
we obtain further

F Ko(Koy — ¢) — (Kot — Kq¢)

All these proved that - (fy A Ko T) — (Kgyp — Kgo¢), i.e.
Ffm = (KT — (Koy — Kq9))

which is equivalent with = foy — (Ko T A KoYy — Kg¢).
Theorem 9.20 proved that = Kgi — KT, result which, combined with the previous one,
gives further - fo — (KoY — Kqo). O

Theorem 9.42 If Q|R € M thent fyi — (folfr — @) impliest fa — —Kgo.

Proof Because - fr — T, rule Ex8 gives - fo|fr — fo|T that gives further - f —
(folfr — fo|T). Combining this result with the hypothesis of the theorem, - fu —

(folfr — —¢), we obtain
F(fm A folfr) = (fol T A=), ie. F fa — (folfr — (fol T A—9))
Butk (fo|T A =¢) < =(fo|T — ¢), hence

Efm— (folfr = —(fol T — ¢)) “4)

Axiom E8 ensure that = Ko(fo| T — ¢) — (fo|T — ¢) or, equivalently, - =(fo|T — ¢) —
—Ko(fo|T — ¢), that, used in (4) gives

= fm = (folfr = = Ko(fol T — ) (5)
But theorem 9.19 gives - K T, that can be used in (5) providing

= (folfr = (Ko T A=Ko(fo|T — ¢))) (6)

The negative introspection, axiom ES, infers

(Ko T A=Ko(folT — ¢)) — Ko=Ko(fo|T — ¢) (7)
Combining (6) and (7) we obtain

F fam = (folfr = Ko Ko(fol T — ¢)) €))

But (8) is equivalent with = (faq A folfr) — Ko Ko(fo|T — ¢), and because Q|R € M,
we can apply rule Ez8.3 and obtain
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F v — " Ko(KoT — ¢) )
But from axiom E8 we derive - K¢ — Ko(KoT — ¢), hence

FoKo(KQT — ¢) = ~Kq¢ (10)
Combining (9) with (10) we obtain - fy — ~Kg¢, q.e.d. O
The next result is a maximal consistent set-sensitive version of theorem 9.11.
Theorem 9.43 If - fo — (¢ — ) and F foy — (p — 0) then = far — (P|p — 1|0).

Proof Tol fy — (¢ — 1) we can apply theorem 9.37 and we obtain - fr — (¢|p —
v|p),ie. F (fam A @|p) — 1|p which implies

= (fmAdlp) = (fa AYlp) (an
The same theorem 9.37 can be applied to - foy — (p — ) giving b far — (¥]p — ¥]0), i.e.

= (frm A Ylp) — )0 (12)
Further, combining (11) and (12) we derive - (fa A ¢|Y0) — 9]0, hence - fa — (oY —
¥10). D

Theorem 9.44 Ift- foq — (¢ — ) thent= far — ((@)p — (a)1)).
Proof - fo — (¢ — 1) implies - fry — (—Y — —¢) where, applying theorem 9.39, we
obtain - fy — [a](—1) — —¢). But axiom E8 gives - [a|(—¢ — —¢) — ([a] ¢ — [a]—9¢).

Hence - fu — ([a]=Y — [a]=9¢), ie. F fay — (={a)y — —(a)¢). Concluding, - fu —
() — ()). O

The next result is a variant of theorem 9.17, but sensitive to the maximal consistent set.

Theorem 9.45
I+ fvu— \{fo| P Q) — o) then + fr— (fr — [a)¢)

Proof If - fu — (\V{fo | P —— Q} — ¢) then theorem 9.39 gives - fr —
[@](V{fo | P — Q} — ¢) and further axiom E8 gives

= v = ([0 \/{fe | P - Q} — [a]¢)

But theorem 9.16 gives

=t — o \{fo | P -5 Q)
hence - fu A fp — [a]g, e fu — (fp — [a]9). O
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10

Completeness of £% against process semantics

Further we state the completeness of £3 with respect to process semantics. The intuition is
that, because fp and f, are characteristic formulas, we should have an equivalence between
M, P E ¢andt fo A fp — ¢ (of course for finite maximal consistent sets) as both can be
read as the process P € M has the property ¢.

The completeness ensures that everything that can be derived in the semantics can be proved
in the syntax. In this way we have the possibility to syntactically verify (prove) properties of
processes.

If M is a finite maximal consistent set then M, P |= ¢ iff = fy A fp — .

Proof (=) We prove it by induction on the syntactical structure of ¢.

The case ¢ = 0: M, P | 0 implies P = 0. But f4 = 0 and - 0 — 0, hence
FOA far — 0. This gives = fa( A fp — o.

The case ¢ = T: we have always M, P |= T and - fpA foq — T,hence fpA far —
0.

The case ¢ = ¢1 A\ ¢t M, P = ¢ iff M, P |= ¢y and M, P |= ¢s.
Further, using the inductive hypothesis, we obtain - fA A fp — ¢ and = fu A fp — ¢o.
Hence - faq A fp — (o1 A @), ie. = fay A fp— ¢

The case ¢ = ¢1|po: M, P = ¢iff P = Q|R, M,Q | ¢ and M, R = ¢.

Using the inductive hypothesis,

M A fo— ¢rand b fa A fr— o, ie.

= fam— (fq — ¢1) and = fag — (fr — ¢2).

Hence, using theorem 9.43 we obtain - far — (fo|fr — ¢1|¢2),ie. = faru A fp— ¢.

The case ¢ = K4 T: M, P = KT iff P = I(A)|R, iff fr = fa|fr.
Using rule Ex8 we obtain & f4|fr — fa| T, further using axiom E8 - fa|fr — KaT,
ie. fp — K4 T.Hencel fy A fp— o.

The case ¢ = Kq10: M, P |= K41, and because - K41 — K4 T (by theorem 9.20),
using the soundness, we obtain that M, P = K, T. Now, we apply the previous case

that gives
FfMm A fp— KaT (13)

M, P = K, is equivalent with P = I(A)|R and for any I(A)|S € M we have
M, I(A)|S = 1. Then the inductive hypothesis gives

for any 1(A)|S € M wehave F (fa A falfs) — ¥ (14)

Consider now a process I(A)|S ¢ M. Because M is finite, we apply theorem 9.32 and
obtain - fy; — —(fal|fs) or equivalent,
F fm A (falfs) — L. Butk L — 4, hence

for any /(A)|S ¢ M wehave F (fa A falfs) — ¥ (15)
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Now (14) and (15) together give

for any S € M we have b+ (fa A falfs) — ¥ (16)
i.e., using theorem 9.9,
F (A fal ) fs) =0 (17)
SeM

But
I_KA/(\/ fs)—> \/ fs, hence l_fMH \/ fs

Sem Sem Sem
Now, we can apply rule Ez8 and obtain

E falfam = fal \ fs. hence = (falfau A fa) = (Fal ) s A )

Sem Sem

In this point, using (17) we obtain
= (falfm A fa) — (18)

We have b fo — (T — fum) and - far — (fa — fa) where from, applying theorem
9.37, we can derive - fag — (fa|T — falfm)sie. b fur A fa| T — fa|fa and further

(e A falT) = (fm A falfm)

Using this result together with (18), we obtain further

(A falT) =, e = fr — (fal T — ¢)

where we can apply axiom E8 that gives

Ffm = (KaT — 9)
applying theorem 9.41, we obtain

Ffm — (KAT — Kat), de. = (fmu AKAT) — Kat (19)

But (13) gives
Ffm A fp— KasT where from F (fu A fp) = (fmuAKAT)
and using this in (19),

F (fM A fp) — KAw i.e. F (f/\/l A fp) — ¢
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e The case ¢ = (a)y: M, P |= (a)y means that exists P’ € M such that P - P’ and
M, P’ |= 1. Then the inductive hypothesis gives

Efm A fr =

P %5 P'means that P = o.R|S and P’ = R|S, so fr = ((a)fr A 1)|fs and fp =
frlfs- SoF fm A frlfs — . ie. = far — (fr]fs — 1) and using theorem 9.44

= fa = (@) (frlfs) = (@)y) (20)
theorem 9.10 gives = fp — (a) fr|fs A 1|fs, hence
= fp— {a) frlfs 21

Axiom E8 gives

= () frlfs — {a)(frlfs) (22)
Hence, from (20), (21) and (22) we derive

= fam = (fp = (@)), ie. = (fm A fp) = ()¢

e The case ¢ = (A: a)i: M, P = (A : a)i ensures us that « is active.

— the subcase v = T: M, P |= (A : )T gives P = I(A)|R, hence fp = fal|fr.
But - fr — T and, using rule E}:8, - fa|fr — fa|T. Now using theorem 9.18
we obtain

Ffp— (A:a)T, hence b fu N fp— (A:a)T

— the subcase ¢) # T: M, P = (A : o)y implies P = I(A)|R, exists Q € M such
that I(A) — @ and M, Q|R k= +. Using the inductive hypothesis we obtain

EIMA for — ¥

But /(A) - Q meansthat [(A) = .Q’|S and Q = Q'|S. Then - fmAfor — ¥
means = fa A for| fs|fr — ¥, ie.

= fam = (forlfslfr — )
Further we obtain
F i = (eQ" o) (forlfs|fr) = (@@ a))
while axiom E*8 gives
= (a.Q": ) fol fslfr — (.Q" ) (forl fs| fr),

hence

Ffum = ((a.Q": o) forl fsl fr — (a.Q": a))
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and because - fp — (a.Q)" : a) for| fs| fr, due to axiom E*8, we derive further
= fam = (fp = (@.Q o)) (23)

But M, P |= (A : a)y gives M, P |= (A : «)T (because from - ¢y — T we
derive - (A : )y — (A : ) T). But, from the previous case, M, P = (A:a)T
is equivalent with = faq A fp — (A : ) T. Hence

= fam = (fp = (@S a)T) (24)

Axiom E*8 gives

F{a.Q ) AMa.Q'|S:a)T — (a.Q'|S : a)i)
and as (23) and (24) give

F v — (fp = (a.Q ) A{aQ'S : ) T)

we obtain further
FfuAfp— (A:a)y

e The case ¢ = —): we argue by induction on the syntactical structure of ).

— the subcase ¢y = 0: M, P = =0 means that P # 0. Then we can apply theorem
9.1 and obtain F fp — —0.
SO"fM/\fp—>_'0.

— the subcase ¢ = T: is an impossible one as we cannot have M, P = L.
— the subcase ¢ = ¢y A ot M, P | —(11 A 1)s) is equivalent with M, P |=

—y V =y, ie. M, P = =y or M, P |= —)s. By the inductive hypothesis,
FfuA fp— —ork far A fp — —1by, where from we obtain = fag A fp — ¢

— the subcase v = —): M, P | — is equivalent with M, P = ——)y, i.e.
M, P |= 1), where we can use the inductive hypothesis - fis A fp — 11 which is
equivalent with = fa A fp — ¢.

— the subcase ¢y = ¥[i9: M, P |= =(11|1)2) means that for any parallel decom-
position of P = Q|R, M,Q = —, or M, R = —),. These imply, using the
inductive hypothesis, that for any decomposition P = Q)| R we have

= fm = (fg = =) or = faa — (fr — —t2)
then we can apply theorem 9.38 that gives
MmN fp— .

— the subcase ¢ = K 49y, A’ is atomic agent: M, P = —~K 41, means IR € M
such that M, R |= —);. Using the inductive hypothesis,
Ffm A frR — g, ie. B ofu — (frlfo — —1). Now theorem 9.42 gives
F fm — 2K, hence B fa A fp — = Katds.
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— the subcase 1) = K 41, A is not atomic agent: we distinguish two cases

« the sub-subcase ) = T: M, P = =K, T implies that I(A) is not a subpro-
cess of P. Then for any R € M we have P # I(A)|R. Then theorem 9.1
gives us - f4|fr — —fp. From here we can infer

= fal ) fs = —fp (25)
SeMm

But
I—KA/(\/ fs) — \/ fs, hence F fy — \/ fs

Sem Sem Sem
Now, we can apply rule Ez8 and obtain

= falfm = fal ) s

Sem

In this point, using (25) we obtain

E falfm — —fp (26)

We have - fo — (T — fum) and = far — (fa — fa) where from, applying
theorem 9.37, we can derive - fag — (fa|T — falfm), ie. B fau A fa] T —
falfa Using this result together with (26), we obtain further

E(fu A falT) = —fp, dec B fur A fp— =(falT)

and axiom E8 gives
FfuANfp— KaT.
« the sub-subcase ¢); # T: we distinguish two more cases M, P = = K7T
and M, P |= K4T.
- if M, P |= =Kyt and M, P = -K,T, we have
F fm A fp — = KAT (proved before). Moreover, because - K 41, —
K 4T (theorem 9.20) we have
F KA T — Ky which gives = fa A fp — ~ K1)
if M, P = -Kapyand M, P = K, T,31(A)|S € Mwith M, I(A)|Q E
—)1. Using the inductive hypothesis we obtain - fyy — (fs|fa — =)
and from theorem 9.42 that - f, — —K4v¢;. Hence - fy A fp —
K11
— the subcase ¢ = (a)1);: M, P = —(a)v is equivalent with M, P = [a]—1;.
If there is a process Q € M such that P — (), then for any ) € M such that
P - @ we have M, Q = —;. Using the inductive hypothesis we obtain that for
any ) € M such that P — Q we have - fa( A fg — by, ie.

=i A\{fo | P = QY — =
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or equivalently
= — (V{fo | P Q} — =)
Using theorem 9.45, we obtain F fu A fp — [a] ).

If there is no process () € M such that Pt(z)Q then theorem 9.15 gives - fp —
[a] L. ButF ¢ — T, hence F [a] L — [a]—7;. So, also in this case we have

= fm A fp = lal =

(<) LetF fp A fp — ¢. Suppose that M, P [~ ¢. Then M, P |= —¢. Using the reversed
implication we obtain - fi A fp — —¢, thus

= fm A fp — L. But from corollary 9 we have M, P |= fy A fp which, using the soundness,
gives M, P = | impossible!

Hence M, P = ¢. O

We recall the definitions of provability, consistency, satisfiability and validity.

Definition 10.1 (Provability and consistency) We say that a formula ¢ € F7 is provable in
L2 (or L3-provable for short), if ¢ can be derived, as a theorem, using the axioms and the
rules of L3. We denote this by = ¢.

We say that a formula ¢ € F} is consistent in L3 (or L¥-consistent for short) if ¢ is not
L3-provable.

Definition 10.2 (Satisfiability and validity) We call a formula ¢ € F}' satisfiable if there
exists a maximal consistent set M and a process P € M such that M, P |= ¢.

We call a formula ¢ € F} validity if for any maximal consistent set M and any process
P € M we have M, P |= ¢. In such a situation we write = ¢.

Given a maximal consistent set M, we denote by M |= ¢ the situation when for any P € M
we have M, P |= ¢.

¢ is satisfiable iff —¢ is not a validity, and vice versa, ¢ is a validity iff —¢ is not satisfiable.

If ¢ is L£¥-consistent then exists a maximal consistent set M and a process P € M such
that M, P = ¢.

Proof Suppose that for any maximal consistent set M and any process P € M we do not
have M, P = ¢, i.e. we have M, P |= —¢. Hence, for any finite maximal consistent set M
and any process P € M we have M, P |= —¢. Using lemma 10, we obtain - fy A fp — —¢.
Hence = fo( A\ pep fp — —¢. Butk fy — \/ po o, fp Which, combined with the previous
result, implies - fr; — —¢.

Thus for each finite maximal consistent set M we have - fy, — —¢. But then for each
maximal consistent set M € IM“'9% we have - fa — —¢. As ﬂﬁﬁ(w” is finite, we

¢
can infer further - \/ fam — —¢. Now, applying rule Ez8, we obtain - —¢. This

act(—d)
Mem
—¢
contradicts with the hypothesis of consistency of ¢. Hence, it exists a maximal consistent set
M and a process P € M such that M, P = ¢. O

Theorem 10.1 (Completeness) The L3 system is complete with respect to process semantics.
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Proof Suppose that ¢ is a valid formula with respect to our semantics, but ¢ is not provable
in the system Ci‘. Then neither is =—¢, so, by definition, —¢ is Li‘—consistent. It follows, from
lemma 10, that —¢ is satisfiable with respect to process semantics, contradicting the validity of

®. O

11 Concluding remarks

In this paper we developed a special type of dynamic-epistemic logic, £2, designed for se-
mantics built on process calculi. This logic is meant to be used for expressing properties of
multiagent distributed systems. In this respect the society of agents 2l came with an alge-
braical structure that depicts the distribution of the modules of a system which are observed
by the epistemic agents. In expressing this we used operators from spatial logics together with
operators characteristic for dynamic-epistemic logics.

Our logic is expressive enough for describing the two levels of evolution of the multiagent
systems, i.e. it can express the evolution of the system as well as the evolution of the epistemic
status of the agents. Validity and satisfiability in a model can be expressed in our syntax,
and this feature, combined with the possibility to characterize processes and finite maximal
consistent sets argue on utility of our logic.

In the context of decidability, our sound and complete axiomatic system provides a power-
ful tool for making predictions on the evolution of the concurrent distributed systems.

With respect to dynamic-epistemic logics, our logic came with the expressivity given by the
algebraical semantics. Also the ontology of the agents is more complex than in the classical
approaches. We can speak about the knowledge of agents A’, A” but also about the knowledge
of the agent A’|A” which subsumes the knowledge of A’, of A”, and the knowledge derived
from the fact that what A’ and A” see are modules running in parallel as parts of the same
system. Similarly the knowledge of . A is the knowledge of an agent that, in a future moment,
might became the agent A. All these aspects are new for epistemic logics and important in
applications.

With respect to the logics of processes, our logic can be seen as an extension of Hennessy-
Milner logic with the parallel operator and with epistemic operators. The lasts can be also used
to express global properties over unknown contexts. In this respect the epistemic operators
can be considered as alternative to the guarantee operator of the classical spatial logics that
eventually produces a logic adequately expressive and decidable. In spatial logic the guarantee
operator is introduced, as the adjoint of parallel operator, by the following semantics

M, P E ¢ iff for any P € M such that M, P" = ¢ and P|P’ € M we have

M, P|P' 1.
Our logic is more expressive than guarantee-free dynamic spatial logic, as the first can express
global properties, but less expressive than the classic spatial logic. Indeed, using the guarantee
operator and the characteristic formulas, we can express our epistemic operators in classic
spatial logic, while guarantee operator cannot be expressed by using our logic:

Kad ™ fAITA (S(falT = @) b L).
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Our approach has also a theoretical relevance on the direction of introduction a class of
equational-coequational logics for process algebraical semantics. As underlined before, such
logics would be able to encode properties involving the program constructors as well as prop-
erties concerning the transition systems or observational equivalences. All these are directly
related with important applications of distributed systems.
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