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Abstract. We investigate a SAT-based bounded model checking (BMC) method for
EMTLK (the existential fragment of the metric temporal logic with knowledge) that is
interpreted over timed models generated by timed interpreted systems. In particular, we
translate the existential model checking problem for EMTLK to the existential model
checking problem for a variant of linear temporal logic (called HLTLK), and we provide
a SAT-based BMC technique for HLTLK. We evaluated the performance of our BMC
by means of a variant of a timed generic pipeline paradigm scenario and a timed train
controller system.

Keywords: Bounded Model Checking, Timed Interpreted Systems, Metric Temporal Logic
with Knowledge.

1. Introduction

The formalism of interpreted systems (ISs) [9] was designed to model multi-
agent systems (MASs) [21], and to reason about the agents’ epistemic and
temporal properties. The formalism of timed interpreted systems (TISs)
extends ISs to make possible reasoning about real-time aspects of MASs.
The TIS provides a computationally grounded semantics on which it is pos-
sible to interpret time-bounded temporal modalities as well as traditional
epistemic modalities.

The transition system modelling the behaviour of TISs, which we call the
timed model, comprises two kinds of transitions: action transitions that are
labelled with timeless joint actions and that represent the discrete evolutions
of TIS, and time transitions that are labelled with natural numbers and that
correspond to the passage of time. Due to infinity of time, there are infinitely
many time transitions.

The main idea of SAT-based bounded model checking (BMC) methods
[7,19] consists in translating the existential model checking problem for a
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modal language and for a transition system to the satisfiability problem
of a propositional formula, and taking advantage of the power of modern
SAT-solvers. The usefulness of SAT-based BMC for error tracking and com-
plementarity to the BDD-based model checking have already been proven
in several works, e.g. [6,17].

To describe the requirements of MASs various extensions of standard
temporal logics [8] with epistemic [9], doxastic [13], and deontic (to repre-
sent correct functioning behaviour) [14] modalities have been proposed. In
this paper we consider MTLK which is an epistemic extension of Metric
Temporal Logic (MTL) [10] that cannot be translated into LTL (because
of the considered semantics), and which allows for the representation of
the quantitative temporal evolution of epistemic states of the agents. We
interpret MTLK over discrete timed models generated by TISs.

Furthermore, note that both the MTL with discrete-time semantics and
the S5 logic for knowledge have decidable model checking problems, [1] and
[9], respectively. Since timed interpreted systems can be shown to be as
expressive as the MTL-structure in [1], and the fusion between MTL and
S5 for knowledge is a proper extension of MTL (which we call MTLK), it
follows that problem of model checking for the full fusion is also decidable.
This implies that the model checking of the existential fragment of MTLK
(EMTLK) is also decidable, and thus BMC methods are worth exploring.

The original contributions of the paper are as follows. First of all, we
define timed interpreted systems as a model of MASs where agents have
real-time deadlines to achieve intended goals. We assume the synchronous
semantics of TISs, thus the agents over this semantics perform a joint action
at a given time in a global state. Secondly, we introduce two languages:
MTLK and HLTLK—the hard reset linear time temporal epistemic logic.
Finally, we define and implement a SAT-based BMC technique for TIS and
for EMTLK. This BMC method consists of the following two steps, the
formal description of which is provided in Sects. 3 and 4, respectively:

(a) A translation of the existential model checking problem for EMTLK
and for TISs to the existential model checking problem for HLTLK and
for an augmented timed interpreted system (ATIS). This translation is
necessary because of the EMTLK semantics, which we use. Namely, this
semantics is defined with respect to the Kripke model that has been
defined for components having their clocks. The values of these clocks
have an influence on interpretation of intervals associated to the tem-
poral modalities, contrary to the step semantics, in which the interpre-
tation of intervals takes into account only action steps, and thus the
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existential model checking problem for EMTLK can be translated into
the existential model checking problem for LTLK.

(b) A definition of a SAT-based BMC algorithm for HLTLK and for ATIS.

The proposed SAT-based BMC method for EMTLK and for TISs is based
on the BMC method for MTL and for discrete timed automata (DTA)[23].
The main differences between SAT-based BMC for MTL and for DTA, and
the proposed SAT-based BMC for EMTLK and for TIS are the follow-
ing. Firstly, EMTLK is an epistemic extension of MTL, thus the proposed
method handles a more expressive language that allows to reason about not
only temporal properties of MAS but also about the epistemic properties
of MAS. Next, we assume the synchronous semantics of TISs, contrary to
the asynchronous semantics of DTA (only one local or shared action may
be performed by automata (agents) at a given time in a global state).

The rest of the paper is organised as follows. In Sect. 2 we introduce TIS,
the MTLK logic, and its subset EMTLK. In Sect. 3 we show how to translate
the existential model checking problem for EMTLK to the existential model
checking problem for HLTLK. In Sect. 4 we provide a BMC method for
HLTLK and for ATIS. In Sect. 5 we discuss our experimental results, and
finally in Sect. 6 we conclude the paper.

2. Preliminaries

Let us start by fixing some notation used through the paper. IN is the set of
non-negative integers, INy = IN\ {0}, and X is a finite set of non-negative
integer variables, called clocks. A clock valuation is a function v : X — IN
that assigns to each clock 2 € X a non-negative integer value v(z). INI¥1 is
the set of all the clock valuations. For X’ C X, the valuation v = v[X' :=
0] is defined as: Vo € X’,v'(z) = 0 and Vo € X\ X', v'(z) = v(z). For
0 € IN,v + 6 denotes the valuation v" such that Vz € X, v'(z) = v(z) + 0.

Let z € X,c € IN, and ~€ {<,<,=,>,>}. The set C(X) of clock con-
straints over X is defined by the following grammar: ¢ := x ~ ¢ | ¢A¢. Next,
let v be a clock valuation and ¢ € C(X). The satisfaction relation v |= ¢ is
defined inductively with the following rules: v =z ~ ciff v(z) ~ c,v | pAY
iff v = ¢ and v = ¢'. Finally, let v be a clock valuation. The time successor
of v (written succ(v)) is defined as follows: Vo € X, v'(z) = v(z) + 1.

2.1. Timed Interpreted Systems

Let A = {1,...,n} denote the non-empty and finite set of agents, £ be a
special agent that is used to model the environment in which the agents
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operate, and let PV = (J.c, PV U PVe be a set of propositional vari-
ables such that PV., N PV, = 0 for all c¢;,co € A U{E}. The set of
agents A constitute a multi-agent system (MAS). In the paper we use the
timed interpreted system to model MAS. In this formalism, each agent ¢ € A
is modelled using a non-empty and finite set L. of local states, a non-empty
and finite set Acte of possible actions such that the special null action e¢
belongs to Act. (it is assumed that actions are ”"public”), a non-empty and
finite set X of clocks, a protocol function Py : Le — 24¢% that defines
rules according to which actions may be performed in each local state, a
(partial) evolution function te : Le X Le x C(X¢) % 2%¢ x Act — L with
Act = []ep Acte x Actg (each element of Act and of C(X.) is called a joint
action and an enabling condition, respectively) which defines local transi-
tions, a waluation function Ve : Le — 2FYe which assigns to each local state
a set of propositional variables that are assumed to be true at that state,
and an nvariant function Z. : Le — C(X.) which specifies the amount of
time agent ¢ may spend in its local states. We assume that if e € Pe(¢),
then te(le, e, Py X, (a1, ... an,ag)) = Le for ac = €, any ¢ € C(X¢), and
any X € 2%Xe,

Similarly to the other agents, the environment £ is modelled by a non-
empty and finite set Le of local states, a non-empty and finite set Acte of
possible actions, a non-empty and finite set X¢ of clocks, a protocol function
Pe : Lg — 24¢t o (partial) evolution function te : Lg x C(Xg) x 2% x
Act — Lg, a valuation function Ve : Le — 2FV¢e, and an invariant function
Ze : Lg — C(Xg) which specifies the amount of time agent £ may spend
in its local states. It is assumed that local states, actions and clocks for £
are “public”.

For convenience, the symbol S = [].cxeLe X IN/¥<l denotes the
non-empty set of all global states. Next, given a global state s =
((l1,v1), ..., (bn,vp), (Le,ve)) € S, the symbols lc(s) = le and ve(s) = ve
denote, respectively, the local component and the clock valuation of agent
c € AU{&} in the global state s. Finally, given a set of initial global states
¢ C S such that for all c € AU{E} and for all x € X, it holds vc(z) =0, a
set of agents A and an environment &, a timed interpreted system (TIS) as
a tuple I = ({Lc, Acte, Xc, Pe,te, Ve, Zefeeaufeyst)-

For a given time interpreted system I we define a timed model as a tuple
M = (%,.,5,T,V), where ¥ = Act UIN is the set of labels (i.e., joint
actions and natural numbers), S is the set of all possible global states as
defined above, V : S — 2PV is the valuation function defined as V(s) =
Uecen Velle(s)), and T C S x X x S is a transition relation defined by action
and time transitions:
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1. Action transition: for any a € Act,(s,a,s’) € T iff for all ¢ € A,
there exists a local transition t¢(lc(s),le(s), e, X', @) = lc(s) such that
ve(8) E pe NI(le(s)) and v.(s") = ve(s)[X' := 0] and v (s") = Z(l.(s")),
and there exists a local transition tg(lg(s), de, X', a) = lg(s’) such that
ve(s) = peAZ(lg(s)) and ve(s') = ve(s)[ X' := 0] and ve(s') = Z(lg(s")).

2. Time transition: let § € IN, (s,4,s") € T iff for all c € AU {E},lc(s) =
le(s") and ve(s) = Z(le(s)) and v.(s") = ve(s) + 6 and v.(s") = Z(lc(s)).

We assume that the relation T is total, i.e. for any s € S there exists s’ € S
and there exist either a non-empty joint action @ € Act or natural number
0 € IN such that it holds T'(s,a, s’) or T'(s,d, s).

Given a timed interpreted system and an agent ¢ € A, the indistinguisha-
bility relation ~.C S x S is defined as follows: s ~¢ " iff Ic(s") = l(s) and
ve(s") = wve(s). Moreover, hereafter we assume the following definitions of

. . . de de ..
epistemic relations: ~& 2] Ueer ~er~F = (~E)* (the transitive closure of

def
151)7 NIQ = ﬂcep ~e, where I' C A.

~

2.2. Runs and Discrete Paths

: P 80,a

Let M be a timed model generated by TIS. An infinite sequence p = sg 050
51,a S0, . S .

s1 028 sy P28 of global states is called a run originating at sq if there

is a sequence of transitions from sy onwards such that for every i € IN, s; €
S,a; € Act,d; € IN;, and there exists s, € S such that (s;,0,s}) € T and
(st,a,si+1) € T. Notice that the definition of the run does not permit two
consecutive joint actions to be performed one after the other, i.e., between
each two joint actions some time must pass; such a run is called strongly
monotonic.

Let Q¢ = [bo,b1),Q21 = [b1,b2),... be the sequence of pairwise disjoint
intervals, where: bg = 0 and b; = b;_1 + d;—1 if « > 0. For each ¢ € IN,
let idz,(t) denote the unique index i such that t € Q;. A discrete path (or
path) A, corresponding to p is a mapping A, : IN — S such that \,(t) =
((Zﬁ,vi +t— bz), ey (E;,'U}T +t— bz), (gzg,’l)é +t— bl)) =s5;+t— bi, where
i = idx,(t). Given t € IN, the suffix A\ of a path A, at time ¢ is a path
defined as: Vi € IN, A (i) = A, (t + ).

Observe that because of the assumption that the runs are strongly
monotonic, the definition of the discrete path is done in a unique way.

) 1@ 3,a 2, 3.a
EXAMPLE 2.1. Assume the following run: p = sg -5 §1 -5 Sy -5 83 -+

.... Then, we have: Qy = [0,1),Q; = [1,4),Q2 = [4,6),Q3 = [6,9), . ... Next,
we have: idz,(0) = 0 since 0 € Qq,idx,(1) = 1 since 1 € Qy,idz,(2) =1
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since 2 € Qy,idz,(3) = 1 since 3 € Qy,idz,(4) = 2 since 4 € Qy,idz,(5) = 2
since 5 € Qy,idz,(6) = 3 since 6 € Q3,idx,(7) = 3 since 7 € Q3,idx,(8) =3
since 8 € (13, etc. Finally, we get the following discrete path A, corresponding
to run p: A,(0) = 50, Ap(1) = 51,A,(2) = 51+ 1,2,(3) = 51 +2,0,(4) =
S92, )‘p(S) = S9 + 1, )\p(ﬁ) = S3, )‘p(7) =s3+ 1, )\p(8) = s3 + 2, etc.

The set of all the paths originating from s € S is denoted by II(s).
The set of all the paths originating from all initial states in S is defined as

H:USOGLH(SO)-

2.3. Examples of MASs and Their Models

In the section we present MASs modelled by means of timed interpreted sys-
tems. We utilize the systems to assess the bounded model checking methods
considered in the paper. In what follows we denote by € the joint null action,
i.e., the action composed of the null actions only.

2.3.1. Timed Generic Pipeline Paradigm (TGPP). The TGPP (adapted
from [18]) consists of n 4+ 2 agents: Producer P that is able to pro-
duce data (ProdReady) within certain time interval [a,b] or being inac-
tive (ProdSend), Consumer C' that is able to receive data (ConsReady)
within certain time interval [c,d], to consume data (ConsFree) within cer-
tain time interval [g, h] or being inactive (ConsStart), a chain of n interme-
diate Nodes N; which can be ready for receiving data (Node; Ready) within
certain time interval [c, d|, processing data (INode; Proc) within certain time
interval [e, f], sending data (Node;Send), or being inactive (Node;Start),
and the environment £. The local states, the possible local actions, the local
clocks, the clock constraints, invariants and the local protocol for each agent,
but for the environment £ are shown in Figure 1. Null actions are omitted in
the figure. For environment &, to simplify the presentation, we shall consider
just one local state: Lg = {-}. The set of actions for £ is Actg = {eg}. The
local protocols of € is the following: Pe(-) = Actge. The set of clocks of € is
empty, and the invariant function is Zg(-) = 0.

From Figure 1 we can easily deduce the local evolution functions of each
agent. As an example, we show the definition of the local evolution function
of Producer P. The remaining ones are equally straightforward.

Let state denote a local state of Producer P, and Act = Actpx
[T, Actni x Acte x Actg with Actp = {Produce, Sendy,ep}, Actc =
{Start, 11, Send,+1,Consume,ec}, Acty;, = {Start;, Send;, Send;11, €N,
Proc;}, and Actg = {eg}. Moreover, let a € Act, and actp(a),acty,(a),
acte(a) and actg(a), respectively, denote an action of Producer P, Node
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start Node; Start start Node,, Start start

Starty
x1:=0

Node;Ready
< d Tn
start ProdReady Send, )
2 < b T > ¢ d
x1:=0

Send Consume

Produce Send; Node; Proc Sendy Node,Proc Sendp+1 . ]{ Ti1 > g
. . Tpt1 > € Unt1 =

z0 > a 20 :=0 z < f z1:=0 T, < f 2, =0 " -0 m =0

Tp1 © Tp+1 *

ConsFree
Tpt1 < h

Start,,+1
Tpt1 =0

T\
8y
v a
NN

Procy

ProdSend T > e Ty >
Node; Send Node, Send

Figure 1. A TGPP scenario

PR

e
Vv 8
o

N;, Consumer C' and environment £. The local evaluation function of Pro-
ducer P is the following:

e tp(state, -, true,(),a) = state if @ # € and actp(a) = ep
e itp(ProdReady,-, o > a,0,a) = ProdSend if actp(a) = Produce

e tp(ProdSend,-,true,{zo},a) = ProdReady if actp(a) = Send; and
actyi(a) = Send;

We can define the set of possible global states S for the scenario
as the product (Lp x IN) x [[I";(Ln, x IN) x (Le x IN) x Lg, and
we consider the following set of initial states ¢ = {s°}, where s°
= ((ProdReady,0), (Node;Start,0), ..., (Node,Starts,0), (ConsStart,0),
().

The example can be scaled by adding Nodes, or by changing the length
of intervals (i.e., the parameters a,b,c,d, e, f,g,h) that are used to adjust
the time properties of Producer P, Consumer C, and Nodes N; (i = 1,..,n).

It should be straightforward to infer the timed model that is induced
by the above description of the TGPP scenario. Next, in the timed model
of the scenario we assume the following set of proposition variables: PV =
{ProdSend, ConsReady, ConsFree}, and the following definition of valua-
tion functions for agents the Producer and the Consumer:

e Vp(ProdSend) = ProdSend,
o Vo(ConsReady) = ConsReady,Vc(ConsFree) = ConsFree.

2.3.2. A Timed Train Controller System (TTCS). The TTCS (adapted
from [20]) consists of n (for n > 2) trains 17, ..., T, each one using its own
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Train 1 Train n

n

approach n

approach

approach,

Figure 2. A timed train controller system

circular track for travelling in one direction and containing its own clock
y;, together with controller C' used to coordinate the access of trains to the
tunnel through all trains have to pass at certain point, and the environment
£. Because there is only one track in the tunnel, trains arriving from each
direction cannot use it simultaneously. There are signals on both sides of
the tunnel, which can be either red or green. All trains notify the controller
when they request entry to the tunnel or when they leave the tunnel. The
controller controls the colour of the displayed signal, and the behaviour of
the scenario depends on the values § and A (A > § + 3 makes it incorrect -
the mutual exclusion does not hold).

Figure 2 shows the local states, the possible local actions, the local clocks,
the clock constraints, invariants, and the local protocol for each agent, but
for the environment £. Null actions are omitted in the figure. Being at state
away, train T; may express its will to enter the tunnel, provided that the
value of controller C' is zero (i.e., no other train has already done the same).
It then advances to state try, where it delays for an arbitrary amount of time,
less than A time units, before setting C' to i. From there on, it is ready to
enter the tunnel; however, a minimum amount of time ¢ is necessary for
this. Upon leaving the tunnel, the train sets C' to state 0.

Controller C' has n+ 1 states, denoting that all trains are away (state 0),
and the numbers of trains, i.e., 1,...,n. Controller C' is initially at state 0.
It moves to state i, if it is notified by train 7;. Being at state 7, it can either
move to state 0, or ”jump” to state j when notified by train 7}.
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The action Start; of train T; denotes the passage from state away to the
state where the train wishes to obtain access to the tunnel. As it has been
already said, this is allowed only if controller C' is in state 0. The restriction
is ensured by the fact that train 7} synchronises with controller C' on action
Start;, and the latter is enabled only from state 0 of C'. Similarly, train 7;
synchronizes with controller C' on action approach;, which denotes setting
C to state i, as well as out;, which denotes setting C' to state 0. Finally,
action in; denotes the entering of train 7; into the tunnel.

For environment &£, to simplify the presentation, we shall consider just
one local state: Lg = {-}. The set of actions for £ is Acts = {eg}. The local
protocol of £ is the following: Pg(-) = Acte. The set of clocks of £ is empty,
and the invariant function is Zg(-) = 0.

From Figure 2 we can easily deduce the local evolution functions of each
agent. As an example, we show the definition of the local evolution function
of train T%. The remaining ones are equally straightforward.

Let state denote a local state of train 717, and Act = H?Zl Actr, x Acte X
Actg with Acte = {Start;, approach;,out;,in;,ec | i = 1,..,n}, Acty, =
{Start;, approach;,out;,in;, er;}, and Actg = {eg}. Moreover, let a € Act,
and actr, (@), acto(a) and actg(a), respectively, denote an action of the i—th
train, the controller, and the environment. The local evaluation function of

train 73 is the following:

e tp (state,- true,(),a) = state, if a # € and actr, (a) = er, .
oty (away, -, true,{x1},a) = try, if acty, (a) = actc(a) = Start;.
o ip(try,, 1 < A {x1},@) = wait, if acty, (@) = actc(a) = approach.

o tr (wait,-,x1 > 0,0,a) = tunnel, if acty, (@) = acte(a) = ing.

o~ o~ o~ o~

ety (tunnel, - true,(),a) = away, if acty, (@) = actc(a) = out;.

We can define the set of possible global states S for the scenario as the
product [];_, (L7, x IN) x Le x Lg, and we consider the following set of
initial states 1 = {5}, where s = ((away,0), ..., (away,0),0,").

The example can be scaled by adding trains, or the time-delay constants
6 and A. It should be noted that the preservation of the mutual exclusion
property (i.e., the property ensuring that no two trains are in the tunnel at
the same time) depends on the relative values of the time-delay constants §
and A. In particular, the following holds: ”A timed train controller system
ensures mutual exclusion iff A <6+ 37.

It should be straightforward to infer the timed model that is induced
by the above description of the TTCS scenario. Next, in the timed model
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of the scenario we assume the following set of proposition variables: PV =
{tunnel; | i = 1,..,n}, and the following definition of valuation functions for
trains: Vr, (tunnel) = tunnel;, for i = 1,..,n.

2.4. MTLK

Let p € PV,c € A,T' C A, and I be an interval in IN of the form: [a,b)
or [a,00), for a,b € IN and a # b. Metric temporal logic with knowledge
(MTLK) in negation normal form is defined by the following grammar:

p=T|L|p|l-pleAeleVe|eUrp|Gre
| Kew | Kew | Erg | Erg | Dro | Dre | Cre | Cre

The temporal modalities U; and G; are named as bounded until and
bounded globally, respectively. The derived basic temporal modalities for

bounded eventually and bounded release are defined as follows: F o “ry 1P

and Ry =l YUr(Y A @) V Grip. Hereafter, if the interval I is of the form
[0,00), then we omit it for the simplicity of the presentation. The epistemic
operator K. represents "agent ¢ knows”, while the operator K. is the corre-
sponding dual one representing ”agent c considers possible”. The epistemic
operators Dr , Er and Cr represent distributed knowledge in the group T,
"everyone in I knows”, and common knowledge among agents in I', respec-
tively. The epistemic operators Dr , Er and Cr are the corresponding dual
ones.
EMTLK is the existential fragment of MTLK, defined as:

e=T|LlplplereleVe|eUrp|Gre|Kep|Ere|Dre | Cre

Observe that we assume that MTLK (and so EMTLK) formulae are given
in the negation normal form, in which the negation can be only applied
to propositional variables. Moreover, EMTLK is existential only w.r.t. the
epistemic modalities.

Turning to semantics, MTLK formulae are interpreted on timed models.
Let Y € {D,E, C}. The satisfiability relation |=, which indicates truth of a
MTLK formula in the timed model M along a path A, at time ¢, is defined

inductively with the classical rules for propositional operators and with the
following rules for the temporal and epistemic modalities:

o MM QU Biff (3i € I)(M, A = 8 and (V0 < j < i) M, ALH = )
o MM = Graiff (Vi e I)(M, 7" = «)
o M\ = Keaiff (Vo € IT) (Vi > 0)((i) ~e Ap(t) implies M, 7" = a)
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o M\, = Keaiff (3r € I)(3i > 0)(7(i) ~e Ap(t) and M, 7" |= )
o M\ = Yraiff (Vo € II)(Vi > 0)(m(i) ~§ A,(t) implies M, 7" |= a)
o MM EYraiff (3r € M)(3i > 0)(n(i) ~) Ay(t) and M, 7" |= )
The MTLK formula ¢ holds in the model M (denoted M EY ¢) iff

M, )\2 = ¢ for all paths A, € II. The EMTLK formula ¢ holds in the timed
model M (denoted M = ¢) iff M, )\2 = ¢ for some path A\, € II.

ExamMPLE 2.2. Consider TTCS described in Sect. 2.3.2 for two trains T}
and T5, A =5 and § = 1 (the mutual exclusion does not hold), the EMTLK
formula ¢ = F[gg)(tunnel; A tunnely), and the run p with the following
prefix:

1,(er, ,Startz,Startz,eg)
—

away, 0), (away, 0), 0, -)

1,(Starty,er,,Start eg)
) (try, O),O,) -

1,(er, ;approachsz,approachs,eg)
—

)
)

2,(6T1 ,in2,i’ﬂ2,€g)
—

1,(approachi ,er, ,approachy,eg)
=

try, 3), (tunnel, 2),2,-)

2,(in1,er,,in1,eg)
=

wait, 0), (tunnel, 3),1, )
(tunnel, 2), (tunnel, 5),1,-) =

The corresponding path A, is constructed as follows. First, we take {1y =
[0, 1), Ql = [17 2), Qg = [2, 3), Qg = [3, 5), Q4 = [5, 6), Q5 = [6, 8), e Next,
we have: idz,(0) = 0 since 0 € Qq,idz,(1) = 1 since 1 € Qy,idz,(2) = 2
since 2 € Qy, idz,(3) = 3 since 3 € Qg3,idz,(4) = 3 since 4 € Q3,idx,(5) =4
since 5 € Qq,idz,(6) = 5 since 6 € Qs,idx,(7) = 5 since 7 € Qs,idx,(8) =6
since 8 € ()5 etc. Finally, we get the following discrete path A, corresponding
to run p:

A, (0) = (away, 0), (away, 0),0,-),A,(1) = ((away, 1), (try,0),0, ),
Ao(2) = ((try, 0), (try, 1),0,-), A, (3) = ((try, 1), (wait, 0),2, ),

Ap(4) = ((try, 2), (wait, 1),2,-), A, (5) = ((try, 3), (tunnel, 2),2,-),
Ap(6) = ((wait, 0), (tunnel, 3),1,-), \,(7) = ((wait, 1), (tunnel, 4),1, ),
Ap(8) = ((tunnel,2), (tunnel, 5), 1, -), etc.

Let M be the timed model of TTCS. Observe that the following is true:
tunnely; € V(X\,(8)) and tunnely € V(X,(8)). Therefore, we have M, 3 =
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tunnel; A tunnels. This implies that M, )\2 = Flo,0) (tunnely A tunnely) is
valid.

Determining whether a MTLK formula ¢ is existentially (resp. univer-
sally) valid in a timed model M is called an ezistential (resp. universal)
model checking problem. In other words, the universal model checking prob-
lem asks whether M =Y ¢ and the existential model checking problem asks
whether M |= .

To solve the universal model checking problem, one can negate the for-
mula and demonstrate that the existential model checking problem for the
negated formula has no solution. Intuitively, we are trying to discover a
counterexample, and if we do not find it, then the formula is universally
valid. Now, since bounded model checking is designed for finding a solution
to an existential model checking problem, in the paper we only consider
the EMTLK properties. This is because looking for a counterexample, for
example, to M =Y Fl0,10)Kcp corresponds to the query whether there exists
a witness M = G[O’IO)KC—'p.

3. From EMTLK to HLTLK

The translation of the existential model checking problem for EMTLK to the
existential model checking problem for HLTLK, a language defined below
and interpreted over an abstract model for an augmented timed interpreted
system is based on [22], where the translation of the existential model check-
ing problem for Metric Interval Temporal Logic (MITL) [2] with a dense-
time and interleaving semantics defined over timed automata to the exis-
tential model checking problem for HLTL with an interleaving semantics
defined over the region graph has been introduced.

The reason for redefining the translation of [22] in the discrete-time con-
text, and for extending it to the full MTL with epistemic components is the
following. First of all the discrete time semantics is interesting by itself. Sec-
ondly, we can take advantage of the finite-state nature of discrete time and
apply techniques which cannot be applied directly to dense time. Namely, in
our case we can apply the BMC technique directly to the proposed abstract
model. In the case of the dense semantics this step is impossible, since we
need to discretise the proposed abstract model before we can apply the BMC
technique. Moreover, the discretisation process requires additional theoreti-
cal background that will show that the used discretisation preserves consid-
ered logic.
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We begin the section by introducing the definitions of the augmented
timed interpreted system, its abstract model, and paths in this model. Then,
we define the HLTLK language. Next, we show how to translate an EMTLK
formula ¢ into a HLTLK formula H(y), and finally we prove the correctness
and completeness of the proposed translation.

3.1. An Augmented Timed Interpreted System

Let I = ({Lc, Acte, Xe, Pe,te, Ve, Lefeeau(e),t) be a timed interpreted sys-
tem, ¢ an EMTLK formula, and m the number of intervals appearing in .
An augmented timed interpreted system (ATIS) is defined as a tuple

]Lp - ({Lca Ica Vc}cGAU{E}a {ACtCa Xc; Pca tC}CEAa ACt:gv Xé, Pé-, tis> L/) with:

o X. = XeUY, where Y = {y1,...,ym} is a set of new clocks that
corresponds to all the time intervals appearing in ¢; one clock y; per
one time interval. Each clock y; measures the passage of time for the
i-th interval.

o Actly = Actg U (2V\{0}).

o Pl:Lg— 24¢te is an extension of the protocol function Pg : Lg — 24¢te
such that (2¥\{0}) C PL(¢) for all £ € Lg.

o 1. : Lg xC(Xf) X 2Xe x Act' — Lg is an extension of t¢ such that
Act' =[], Act; x Act and tf(Le,true, B, (e1,. .., €,, B)) = {g for all
B e 2Y and B # ().

o /CS, (with S, = [[oep Le x IN¥el 5 L x INFel) such that for all
c € A and for all z € X it holds ve(z) = 0, and for all z € X7 it holds
ve(x) = 0.

ExaMPLE 3.1. Consider TTCS described in Sect. 2.3.2. In the TIS model
of the system the environment £ is modelled as follows. The set of local
states is Lg = {-}, the set of local action is Acte = {eg}, the set of clocks
is Xg = (), the local protocol is: Pg(-) = Actg, the local valuation function
is: Ve(-) = 0, the invariant function is: Zg(-) = ), and the local evolution
function is: tg(-, true,0,a) = - if acte(a) = eg, where @ € Act.

In the ATIS model I, of TTCS for an EMTLK formula ¢ with
two intervals (e.g., G[(),OO)(ch = F[O’loo)ch)) the environment & is
modelled as follows: Lg = {-}, Acty = {ec,{vi},{v2}. {v1,92}}, Xt =
{y1,y2}, Pe(-) = Acty,Ve(-) = 0,Z¢(-) = 0, and the local evolution func-
tion is: tg (-, true,0,a) = - if actg(a) = eg, te (-, true,{y1 },a) = - if actg(a) =
{y1},te(- true, {y2},a) = - if actg(@) = {y2}, te(:, true,{y1,y2},a) = - if
acte(@) = {y1,y2}, where @ € [] ., Acte X Act.
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3.2. A Model for ATIS

Let ¢ be an EMTLK formula, m a number of intervals appearing in
0, PV = PV UPY, with PV, = {qyer, | b = 1,....,m}, and I, =
({Le, Acte, Xe, Peyte, Ve, Iefeenu(e),t) be an ATIS. The abstract model for
I, is a tuple M, = (X,,¢,5,, Ty, V,), where

o Y, =ActU{r}, where Act = [[.cpuqey Acte,
o S, = HceAu{S} Le x INXel ig the set of all possible global states,

e V. :5,— 2PV’ is the valuation function such that:

L p € Vy(s) iff p € Ucepuqey Velle(s)) for all p € PV,
2. th,EIh S Vap((<€17v1)a ey (€n7’l)n), (gguvg))) lff Ue(yh) S Ih7

o T,C S, xX, xS, is a transition relation defined by action and time
transitions. Let @ € Act:
1. Action transition: (s,a,s’) € T, iff (Ve € A) (F¢e € C(X,)) (X C
Xe) (te(le(8),le(8), e, XL, @) = lc(s") and ve(s) = pe AZ(lc(s)) and
ve(8') = ve(s)[X¢ = 0] and v¢(s) = Z(le(s"))) and (3¢e € C(Xe))
(3Xe € Xe) (te(le(s), ¢e, Xg,a) = le(s') and ve(s) |= de AL(le(s))
and vz (s") = ve(s)[ XL == 0] and ve(s") = Z(le(s')))
2. Time transition: (s, 7,s") € T, iff (Ve € AU{E})(lc(s) = lc(s’) and
ve(8) E Z(le(s)) and v.(s") = succ(ve(s)) and v.(s") E Z(le(s))).
Note that each transition is followed by a possible reset of new clocks.
This is to ensure that the new clocks can be reset along the evolution of
the system any time it is needed.

Given an ATIS one can define the indistinguishability relation ~.C S, x
S, for agent c as follows: s ~¢ s iff Io(s) = lc(s') and ve(s) = ve(s').

3.3. Paths in M,

Let ¢ be an EMTLK formula, I, an augmented timed interpreted system,
and M, a model for .

DEFINITION 3.2. A path 7 in M, is a sequence m = (sg,s1,...) of states
such that (s, 7,s1) € T,, and for each i > 0, either (s;,a@;,s;i41) € T, or
(si,7,8i41) € Ty, and if (s;,@;,si41) € T, holds, then (s;41,7,si42) € Ty,
holds, and @; € Act for each ¢ > 0.

Observe that the above definition of the path ensures that the first tran-
sition is the time one, and between each two action transitions at least one
time transition appears.
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For a path m, 7(i) denotes the i-th state s; of m, 7" = (s;, s;11, . ..) denotes
the suffix of 7 starting with m(¢),11,(s) denotes the set of all the paths
starting at s € Sy, and I, = [J o, I, (s”) denotes the set of all the paths
originating from all initial states in S,.

Assume that each state of M, has the following form: s; = ((¢},v}),...,
(i, v%), (U, vt)), for all @ > 0. Then, for t € N,y € Y, and a path
T = (s0,81,...) in M, we define the (unique) path T!(r) = (86,5’1,...)
as follows. (Vj € IN) ((Ve € AU{EY) (2 = 43) and (Ve € A)(v'? = vi) and

v, fo<j<t
, ve[{y} = 0], ifj =t | |
U/Jg = succ(vmg 1)’ if j >t and ’Ué _ succ(vé_l)
U/JS I[X = 0], if 7 >t and vé:vg_l[X = 0]

succ(v’gg DX :=0], ifj>¢tand v} = succ(vg_l)[X =0])

ExaMPLE 3.3. Consider TTCS described in Sect. 2.3.2 for two trains 77 and
T5,A =2 and 6 = 1 (the mutual exclusion holds), and an EMTLK formula
 with one interval, and the following path 7

(Startl,ETl JE€€)
—

((away, 0), (away, 0),0, (+,0)) EN ((away, 1), (away, 1),0, (-, 1))
try, ) (awaya 1)> 07 ('7 1)) i> ((tryv 1)? (awaya 2)a Oa ('7 2))

(approachy,er eg)
—

wait, 0), (away, 2),1, (-, 2)) 5 ((wait, 1), (away, 3),1, (+,3)) ER

(in175T17€5) 1
—

((tunnel, 2), (away, 4),1,(-,4)) —

(outy,er ,eg)
—

tunnel, 3), (away, 5), 1, (+,5))

(
(
(
(
(
((away, 3), (away,5),0, (-,5)) = ((away, 4), (away,6),0, (-,6)) = .

(
(
(wait, 2), (away, 4), 1, (-,4))
(
(

The path Y} (7) with ¢ = 4 is the following:

(Starty,er, eg)
—

away, 0), (away, 0),0, (+,0)) EN ((away, 1), (away, 1),0, (-, 1))

approachi,er, ,{y1
try,0), (away, 1),0, (-, 1)) ER ((try, 1), (away, 2),0, (-, 2)) (approachier ,{y1})

wait, 0), (away, 2), 1, (+,0)) EN ((wait, 1), (away, 3),1, (-, 1)) 4

(in1,ey reg)
—

((tunnel, 2), (away, 4), 1, (+,2)) X
(outy,ery ,eg)
—

tunnel, 3), (away, 5),1, (+,3))

(
(
(
(
(
((away,3), (away,5),0,(-,3)) = ((away, 4), (away, 6),0, (-, 4)) = .

(
(
(
(wait, 2), (away, 4),1, (-, 2))
(
(
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3.4. The HLTLK Language

Let ¢ be an EMTLK formula, m the number of intervals in ¢,h =
1,...,m,p€ PV, ccA, and I C A. The HLTLK formulae in the negation
normal form are given by the following grammar:

¢:=T|L|p|-ploAd|dV¢|pU"¢|G"¢|Kcp|Erg|Dro|Cro

The symbols U and G” denote the indered until and indexed globally
modalities, respectively. The meaning of until and globally is standard. The
index A denotes the number of a clock that will be set to zero at the start-
ing point of a path along which the until (globally) will be interpreted.
The symbols K¢, Er, Dy, and Cr denote the existential epistemic modalities
as defined in the previous section. In addition, we introduce some useful

derived temporal modalities: chh@Z) 7,Z)Uh(<p AP)V GPp (indexed release),

Fhry = TU"p (indexed eventually).

Turning to semantics, HLTLK formulae are interpreted on abstract mod-
els M,. Let Y € {DEC}t>07rapath in My, and 7 = Y} (7). The
5at1sﬁab1hty relation =, which indicates truth of a HLTLK formula % in the
abstract model M, along a path 7 at time ¢ (in symbols M, 7" = 9) is
defined inductively with the classical rules for propositional operators and
with the following rules for the temporal and epistemic modalities:

o M, 7wt EaUlBiff (3i > t)(M,, 7 | B and (Vt < j < i)M,, 7 = «)
o M, 7wt Graiff (Vi > t)(My, 7 | «)

o M, = Kea iff (I’ € I1,)(Fi > 0)(n' (i) ~e m(t) and M, 7" = a)
o My, wt = Yraiff 3 € ) (Ji > 0)(x' (i) ~¥ w(t) and M, 7" = a)

We use the following notation M, |= 1 iff M, 7° |= 1 for some 7 € IL,. The
existential model checking problem consists in finding out whether M., |= 1.

3.5. Translation and Its Correctness

Let ¢ be an EMTLK formula, p € PV, I an interval, y € Y a clock associated
with the interval I, and h the index of the clock y. We translate the formula
¢ inductively into the HLTLK formula H(y) in the following way:

o H(T)=T,H(L)= L Hp) =p, H(=p) = p,
o H(avp)="H)VHPB),HlanpB) =H) NH(B),

(aUrB) = H(a)U"(H(B) A pyer), H(Gra) = G (mpyer V H(a)),
(Kea) = KcH(a), H(Yra) = Y1rH(a), where Y € {D,E, C}.

Iy

°
g
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Observe that the translation of literals, Boolean connectives, and epistemic
modalities is straightforward. The translation of the U; operator ensures
that: (1) the translation of 4 holds in the interval I, which is expressed by
the requirement H(83) A pyer; (2) the translation of o holds always before
the translation of 3. The translation of the Gy operator ensures that if the
value of the clock y is in interval I, then the translation of « holds.

ExaMPLE 3.4. Consider TTCS described in Sect. 2.3.2 for two trains 77 and
T, and the following EMTLK formula ¢ = FKp(p A Gi5,20)(—q)) with p =
ProdSend,q = ConsFree. Furthermore, assume that y; and y, are clocks
belonging to the set Y, and that correspond to the intervals I; = [0, 00),
and Iy = [5,20), respectively. Then the HLTLK formula H(¢p) is calculated
as follows:

H(p ) F¥ (py,er, NH(Kp(p A Gr,(—9))))
F¥ (py,er, ANKpH(p A Gr,(—q)))
=F"(pyer, NKp(p AH(GL(—9))))
=F¥ (py1€h A KP(p A Gy?(ﬁpygeh vV =q))).

Observe that the length of H () is linear in the length of . Furthermore,
our translation preserves the existential model checking problem, i.e., the
existential model checking of ¢ interpreted over the timed model for TIS
can be reduced to the existential model checking of H(y) interpreted over
the abstract model for ATIS.

LEMMA 3.5. Let I be a timed interpreted system, ¢ an EMTLK formula,
I, an augmented timed interpreted system, and M, the abstract model for L.
For each run p of I there exists a path 7, of M, that is generated by p.

PRrOOF. By the definition of a run, we have that p must be of the following

50,a 51,a 82,a@ _
form: p = 59 5" 51 ' sy 57 ..., where a@; € Act,d; € IN, and s; =

(5, 08), ..., (68,08, (Ce,ve)) € S for all i € IN. Now, consider the following

“augmented” run p* of L,: p* = s S0,50 st b1 s5 62,5 ..., where for all
i € N,@; € Act’,6; € N4, and sf = ((¢},v}),...,(¢h,vh), (4L, vEY)), (Vy €
V)il (y) = 0, and (Vi > 0)(Vz € Xg)vpi(z) = vg( ). By the definition of
the discrete path A - corresponding to run p*, we have that for all ¢ € IN
and i = idx, (), \p=(t) = sF + ¢ — b = (04,0} +t—b;),. (Ejl,vn +t—

bi), (Lz, vE' +t—b;)). Observe that Ap«(t) € [[.cp Le xINX °><Lg><]N =S,.
Thus, 7, = A\« (0), Ap= (1), Ap+(2), ... is a path M. |

LEMMA 3.6. For each path \ of M there exists a path \* of M, that is
generated by .



658 B. Wozna-Szczesniak, A. Zbrzezny

PROOF. Observe that each path A = (A(0), A(1),...) of M is generated by

80,@ 81, 52,3
arun p = S 200 S1 Lot S2 282 of I, where @; € Act,§; € N4, and
si = ((04,0}), ..., (€, v)), (Ue,vE)) € S for all i € IN. By Lemma 3.5, we

have that there exists a path m, of M, that is generated by p. Thus, it is
enough to take \* = 7. [ |

LEMMA 3.7. Let 1 be a timed interpreted system, M the timed model for
I, an EMTLK formula, I, an augmented timed interpreted system, M,
the abstract model for 1,, and p a run of I. For each subformula v of ¢ and
for each t € IN, M, X}, |= 4 implies M, 7}, = H(1).

PROOF. We proceed by induction on the length of formulae.

1. 1 = p, for some p € PV. We have that M, . |= p iff p € V(\,(t)). By
Lemma 3.5 and the construction of the path 7, of M, that is generated
by p we have that p € V,(m,(t)). Thus, for each t € IN, M, \, = o
implies M, 7!, = H(v)).
1) = —p, for some p € PV. The proof is analogous to the case ) = p.

3. ¥ = aVp. By the definition of the satisfiability relation we have M, )\tp =
aV B iff M,\) = a or M, = . Proceeding by induction we have
My, = H(a) or My, w!, = H(B). Thus, it follows that M, ),
H(a) VH(B).

4. 1 = «a A B. The proof is analogous to the case ¢y = a Vv 3.

1 = aU;B. Assume that y € Y is a clock associated with the interval I,
and M, )\tp = . By the definition of the satisfiability relation we have
(Fi e (M, N5 = B and (VO < j < i) M, At |= a). Proceeding by
induction it follows that M, 7, = H(3) and M, 75"/ |= H(a) for all
0 < j <. Consider the unique path 7@ = T} (7,). By the definition of
7 it follows that pyer € V(7 (t +14)). Thus, since My, 75" = H(B), by
the construction of & we have M, 7' = H(B) A pyer. Furthermore,
since My, wit7 |= H(a) for all 0 < j < 4, by the construction of 7, we
have that M, 7'/ = H(a), for all j such that 0 < j < i.

Thus, by the semantics we get that M, m," = H(a)U(H(B) A pyer),
where h is the index of the clock y. Therefore, we can conclude that
My, m," = H(aUB).

6. ¥ = Gra. Assume that M, /\Z = 1. By the definition of the satisfiability
relation we have (Vi € I)(M,\;"" = a). Proceeding by induction it
follows that M, 7t™¢ = H(a) for all i € I. Consider the unique path

¢ Tp
7 = Y} (7,). By the definition of 7 it follows that p,ec; € V(7 (t+1)), for
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all i € I. Thus, since My, 75" |= H(a) for all i € I, by the construction
of © we have M, 7' = pyer A H(a) for all i € I. Therefore, for all
i >t we have M, 7" = —=p,e; V H(a). Thus, by the semantics we get
that M, m," | G"(=pyer V H(a)), where h is the index of the clock y.

Therefore, we can conclude that M, 7," = H(Gra).

7. 1 = Kco. Assume that M, X;, = 1. By the definition of the satisfiability
relation we have that (I € I1)(Ji > 0)(A(i) ~c A, (t) and M, \" E «).
Proceeding by induction it follows that M, 74 = H(«). By Lemmas 3.5
and 3.6 we have that for A\, there exists a path 7, of M, that is gen-
erated by A,. Since A(i) ~¢ A,(t) holds, by the construction of the
paths my and 7, we have that m) (i) ~¢ 7,(t) holds. Therefore, we have
M,,7," E H(Kca).

8. % =Yraand Y € {D,E,C}. The proof is analogous to the case 1) =
K.a. [

LEMMA 3.8. Let I be a timed interpreted system, ¢ an EMTLK formula, I,
an augmented timed interpreted system, M, the abstract model for L.

For each path m of M, there exists a run p of I that is induced by m and
such that for all i > 0,m(i)|x = Ap(i), where X = U,cpuqey Xe and m(i)|x
denotes the state of M, from which the values of auxiliary clocks from Y
have been removed.

Proor. Each path of M, is of the form 7 = (s, 51, ...) with (s, 7,51) € T},
and for each i > 0,5, = ((€i,0}),..., (€5, 0v8),(l5,0vL)), and either
(si,m, 82‘+1) € Tcp or (Si,’T, 5i+1) € T<P’ and if (si,m, 82‘+1) € T<,0 holds, then
(Si+1, T, Si+2) € T, holds, and @; € Act for each @ > 0. This implies that 7

has the following shape:

S S; S; S5 S5 S S
05 , 991 i+1, N , y9F Jj+1 N , y 9k k41,

TOs--+yTi—1 EO T,i+1,...,Tj,1 El Tj+1,...,7’k_1 62

with ¢ > 1,5 > ¢, and £k > j. Thus, we have that the path m is gen-

erated by the following run p* of L,: p* = wq %050 wy L Wa %3
ws... with wg = sp, w1 = Sjy1, w2 = Sj41,wW3 = Sk41, and so on.
Now, assume that w; = ((¢4,0%),..., (¢, v}), (lL,vL)) for all i > 0,
and consider the following run p = rg 60—’?0 1 61—’C>L1 79 62—’?2 r3...
with 7o = ((€9,09),..., (2, v9), (£2,v2|x,)), and for all i > 0,r;

(6, 01), - (6, 07), (L, vE | x. ) and (Ve € AU{E}) (Vo € Xe)(vg () =

vi 1 (x) 4+ 87 ). Observe that p is a valid run of I, and moreover 7 (i)|x =

Ap (%) for all < > 0. |



660 B. Wozna-Szczesniak, A. Zbrzezny

LEMMA 3.9. Let T be a timed interpreted system, M the timed model for 1, ¢
an EMTLK formula, 1, the augmented timed interpreted system, M, the
abstract model for I,,m a path of M, that is induced by a run p of I. Then,
for each subformula v of ¢ and for each t € N, My, 7!, = H(v) implies
M, )\f) = .

PROOF. We proceed by induction on the length of formulae.

1. ¢ = p, for some p € PV. We have that My, 7, | H(y) iff p €
Vy(m,(t)). By Lemma 3.8 we have that p € V(A,(t)). Thus, for each
t € IN, My, 7, = H(¢) implies M, X} |= o).

2. 1) = —p, for some p € PV. The proof is analogous to the case 1) = p.

3. Y = «aV (. By the definition of the function H and the satisfiability
relation we have My, ! = H(a Vv 3) ifft My, 7! = H(a) or My, 7, =
H(f3). Proceeding by induction we have M, \!, |= a or M, A}, |= (3. Thus,
it follows that M, A, = a Vv 3.

4. 1 = a AN B. The proof is analogous to the case ¥ = a V [.

1 = aUjfB. Assume that a clock y € Y is associated with the inter-

val I, h is the index associated to the clock y, and M, 7}, = H(1)).

By the definition of the function H we have My, 7}, = H(a)U"(H(3) A
pyer). By the definition of the satisfiability relation we have (Ji >
t)(My, 7 = H(B) A pyer and (Vt < j < i)M,, 7 | H(a)), where
T = T;(w). Observe that by the definition of the path 7, and by the
construction of the run p of I given in the proof of Lemma 3.8, we
have that the run p is also induced by the path 7. Moreover, since
M, 7" = pyer holds, we have pyer € Vy(7(i)). Thus we have i — t €
I. Furthermore, by induction, we have M, )\f) E B and (Vt < j <

i)M, N, = . Therefore, we conclude that M, = aU; .

6. 1 = Gra. Assume that a clock y € Y is associated with the interval I, h
is the index associated to the clock y, and Mw,wf) E H(v). By the
definition of the function H we have My, 7}, = G"(H(a) V =pyer). By
the definition of the satisfiability relation we have (Vi > t)(M,, 7" =
H() V =pyer), where T = T} (7). Observe that by the definition of the
path 7, and by the construction of the run p of I given in the proof
of Lemma 3.8, we have that the run p is also induced by the path 7.
Thus, if My, 7 = pyer holds, then we have pyer € V(7 (7)), and thus

we have ¢ —t € I. Therefore, we have that (Vi > ¢)(i —t € I implies
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My, 7" = H(a)). By induction, we have that (Vi € I)(M, ;" = a).
Therefore, we have M, X! = Gra.

7. ¢ = Kca. Assume that M,, 7}, | H(1). By the definition of the
satisflability relation we have (37" € II,)(Fi > 0)(7'(i) ~c (%)
and M@,w’i = H(a)). By Lemma 3.8 we have that there exists a
run p’ of TIS that is induced by #’. Thus, by induction, we have
(3N, € M)(3i > 0)(M,)\," | «). Further, by the construction of
the run of I in Lemma 3.8 we have that A, (i) ~¢ A,(t). Thus, we can

conclude that M, X! = Keo.

8. ¢ =YraandY € {D,E,C}. The proof is analogous to the case 1) =
K.a. n

The main theorem of the section states that existential validity of the
EMTLK formula ¢ over the timed model for TIS is equivalent to the existen-
tial validity of the HLTLK formula H(p) over the abstract model for ATIS.

THEOREM 3.10. Let M be the timed model, ¢ an EMTLK formula, and M,
the abstract model. Then, M |= ¢ iff M, = H(p).

PROOF. The proof of the theorem follows from Lemmas 3.7 and 3.9. [ |

The construction of the augmented timed interpreted system for the
timed interpreted system and an EMTLK formula ¢ involves an exponential
blow-up, the reduction of ¢ into H(y) involves only a linear blow-up, and
the HLTLK language can be viewed as an existential LTLK; notice that
LTLK is a multi-dimensional logic obtained by the fusion (or independent
join) [5] of LTL with S5”, where n is the number of distinct epistemic modal-
ities. Since, the (symbolic) model checking problem for LTLK is PSPACE
[12], Theorem 3.10 suggests a PSPACE model checking algorithm for the
existential model checking problem of EMTLK.

4. A SAT-Based BMC Method for HLTLK

In this section we present a SAT-based BMC method for HLTLK. In SAT-
based BMC we construct a propositional formula that is satisfiable if and
only if there exists a finite set of prefixes of paths of the underlying model
that is a solution to the existential model checking problem. To construct the
propositional formula, first of all we need to define the bounded semantics
for the underlying logic (i.e., in our case for HLTLK), then to encode the
semantics by means of a propositional formula, and finally to represent a
part of the model by a propositional formula.
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We begin the section by introducing the definition of the bounded seman-
tics for HLTLK and proving that the bounded and unbounded semantics are
equivalent. Then, we define a translation of the existential model checking
problem for HLTLK to the propositional satisfiability problem, and we for-
mulate the theorem about the correctness and completeness of the proposed
translation.

4.1. Bounded Semantics

Let My, = (ty, S, Ty, V,) be an abstract model, k € IN, and 0 <1 < k.

DEFINITION 4.1. A k-path 7 is a pair (m,1), where 7 is a finite sequence

= (s0,...,sy) of states such that (so,7,s1) € T, and for each 0 < i < k,
either (s;,a;,8,11) € T, or (s;,7,8i41) € Ty, and if (s;,@;, si41) € Ty, holds,
then (s;41,7, siv2) € T, holds, and @; € Act for each 0 < < k.
DEFINITION 4.2. Let 7(i) = ((¢4, %), ..., (€}, v}), (Ce,ve)) for all i < k. A k-
path 7 is a loop if | < k and (Vc € A U {EV)(F = 4L) and (Ve € A)(vE =
vl) and vlngS = UéLXg’ where | X¢ denoted the projection of the clock
valuation ve : Xg UY — IN on the clock valuation vg : Xg — IN.

The set of all the k-paths m; with 7(0) = s is denoted by II(s), and
Hk: = USOGLV, Hk(so).

ExAMPLE 4.3. To illustrate the notion of k-paths and loops let us consider
the TTCS scenario described in Sect. 2.3.2 for two trains 7} and 75, A = 2
and § = 0, and an EMTLK formula ¢ with one interval. Assume that we
have the following states:

so = ((away, 0), (away, 0), (0), (-, 0)), s1 =((away, 1), (away, 1), (0), (-, 1)),
s2 = ((away, 2), (away, 2), (0), (-, 2)), ss=((away, 3), (away, 3), (0), (-, 3)),
s4 = ((try,0), (away, 3), (0), (-, 3)), s5=((try, 1), (away, 4), (0), (-,4)),
s¢ = ((wait,0), (away, 4), (1), (,4)), s7=((wait, 1), (away, 5), (1), (-, 5)),
sg = ((tunnel,1), (away,5), (1), (+,5)), so=((tunnel,2), (away,6), (1), (+,6)),
s10 = ((away,2), (away,6), (0), (+,6)), s11 =((away,3), (away,7), (0), (-, 7)),
s12 = ((away, 3), (try,0), (0), (+, 7)), s1s=((away, 4), (try, 1), (0), (-, 8)),
s14 = ((away, 4), (wait, 0), (2), (+,8)), s15=((away, 5), (wait, 1), (2), (+,9)),
s16 = ((away,5),(tunnel,1),(2),(-,9)), si7=((away,6),(tunnel,2),(2),(-,10)),
s18 = ((away,6),(away,2), (0),(-,10)), s19=((away,7),(away,3), (0),(-,11)),
s20 = ((try,0), (away, 3), (0), (+,11)), and observe that the pairs:
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7o = ((S0, 51, 52, 83, 54, S5, 56, 57, 58, 59, 510, 511, 512, 513, 514,
515,516, 517, 518, 519, 520),0), - - -,
Ty = ((So, S1, 82, 83, 54, S5, S6, 57, 58, 59,
310,811,812,8137814,3157816,8177818,819,320)74), )
20 = ((807 51,82, 83, 54, 55, 56, 57, 58, 59, S10, 511, 512,

513,814, 515, 516, 517 518, 519, 520), 20) are k-paths for k£ = 20.

Moreover, only 74 is loop.

Further, let m; = ((so,...,Sk),l) be a k-path, ¢ < k a natural number,
and y € Y a new clock. If either m; is not a loop or m; is a loop with
I > t, then (®}F(m),1) = ((s0s---+83),1) is the k-path defined as follows.
(V0 <j<k)((Vee AU{EN WL =¢) and (Ve € A)(v"? = vl) and

P

Vg, if0<j<t
et =0 i) =1
”ms = SUCC(UUg_l)a ift<j<kand vg = SUCC(Ug_l)
v X = 0], ift<j<kand vl =0l [X = 0]
suce(v'’t [X :=0], ift<j<kand vk = suce(vl M[X = 0]).

ExXAMPLE 4.4. To illustrate the notion of k-path (@Z’k(w), l) let us consider
the 20-path w9 = ((s0, s1, 52, 53, 54, S5, S6, 57, 58, 59, 510, 511, 512, 513, 514, 515,
S16,517),9) which we have described in Example 4.3, and which is not loop.
The 20-path (@Z’QO(W),Q) with ¢ = 11 is the following: ((so, $1, $2, S3, S4, S5,
56,57, 58,59, 810, STI? 51‘27 5;37 5T4a 5;57 ST6’ 5;77 518, 819, 520)7 9)? where
STI = ((awaya 3)7 (awaya 7)a (0)7 (’7 0))7 5{2 = ((awayv 3)’ (t’l“y, O)a (0)’ (’7 O))a
away, 4), (try,1),(0), (-, 1)), s74 = ((away,4), (wait,0), (2), (-, 1)),
away, 5), (wait, 1), (2), (+,2)), s1¢= ((away, 5), (tunnel, 1), (2), (-, 2)),
ST7: (away, 6)7 (tunnelv 2)7 (2> ('7 3))7 STB = ((awayv 6)7 (CL"LUCLy, 2)7 (0)7 ('7 3))7

SIQ = ((away, 7)7 (awayv 3)7 (0)7 ('7 4))7 S;O = ((tT’y, 0)7 (awayv 3)7 (0)7 ('7 4))

If 7r; is a loop with [ < ¢, then (\Ifty7k(7r),l) = ((sq,...,5%),1) is the k-path

defined as follows. (V0 < j < k)((Vec € AU{EN) (L = ¢i) and (Ve € A) (v =
vl) and
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(v} if0<j<l
vel{y}:=0], if j =t . '
supc(v’%_l), ift <j<kanduvg= sycc(vé_l)
' v’jg_l[X := 0], if t <j<kanduvl=uvl"[X:=0

0% = { succ(E [X :=0], ift<j<kand vl =succvl ")[X =0
Ve, ifj=1
supc(v’é_l), ifl<j<tanduvg = succ(véfl)
v’jg_l[X = 0], ifl <j<tand vl =0vl'[X:=0]
succ(v't )X :=0], ifl<j<tand vl = succ(vd ")[X = 0]

ExAMPLE 4.5. To illustrate the notion of k-path (®5%(m), ) let us consider
the 20_pa‘th T4 = ((807 S1, 82, 83, S4, S5, 86, S7, S8, 59, S10, S11, S12, 513, S14, 515,
516, 517, S18, S19, S20),4) which we have described in Example 4.3, and

which is loop.

The 20-path (®4?°(w),4) with ¢t = 11 is the following:

* * * * * * * * * * * * * * * *
((307 81, 82, 83,84, 55, 565 575, 58, 895 S10> S115 5125 5135 S145 S155 S165 5177 5185 5195

$50),4), where

s3 = ((try, 0), (away, 3), (0), (-, 4)).
s5 = ((try, 1), (away, 4), (0), (-, 5)).
s¢ = ((wait,0), (away, 4), (1), (-,5)),
s7 = ((wait, 1), (away, 5), (1), (+,6)),
s = ((tunnel, 1), (away, 5), (1), (-, 6)),
sy = ((tunnel, 2), (away, 6), (1), (-, 7)),
s10 = ((away, 2), (away, 6), (0), (-, 7)),
s11 = ((away, 3), (away, 7), (0), (-, 0)),
s12 = ((away, 3), (try,0), (0), (-, 0)),
s13 = ((away, 4), (try, 1), (0), (-, 1)),
s14 = ((away, 4), (wait, 0), (2), (-, 1)),
s15 = ((away, 5), (wait, 1), (2), (-, 2)),
s16 = ((away, 5), (tunnel, 1), (2), (+,2)),
s17 = ((away, 6), (tunnel, 2), (2), (-, 3)),
s1s = ((away, 6), (away, 2), (0), (-, 3)),
s1o = ((away, 7), (away, 3), (0), (-, 4)),
s30 = ((try, 0), (away, 3), (0), (+,4))
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Let ¢ be an EMTLK formula, ¢ = H(y) the HLTLK formula, M, an
abstract model, k¥ > 0 a bound, and 0 < ¢ < k. The bounded satisfiability
relation |=j, which indicates truth of ¢ in M, along the k-path m; at time
t (denoted ), is defined inductively with the classical rules for proposi-
tional operators and with the following rules for the temporal and epistemic
modalities:

) = @UPBff [T = OpF(m) and (3t < i < k)(7' "= B and (Vt < j <)
7 @)] or [m is a loop with | < ¢ and & = WF ()
and (3l <i < t)(7" |=x Band (VI < j < i) 7 |:k;oz)
and (Vt < j < k) 7 i o,

7t |k Gla iff [ is a loop with ¢ <l <k and 7= ®Lk(7) and

(Vt <i < k)& =5 o] or [m is a loop with [ <t and
ﬂ;@éf( m) and (Vt <i < k)7 =k a and (VI < i < t)
™' ko, .

iff (3n’p € 10y)(30 < i < k)(7/(i) ~e m(t) and M, 7'}, E «),

iff (3n'y € I,,)(30 < i < k)(x' (i) ~¥ 7(t) and M, 7'}, = a),

where Y € {D,E, C}.

“<1\ N\

™
™

We use the following notation M, =y, ¢ iff M, 70 =y 1 for some m €
II;. The bounded model checking problem consists in finding out whether
there exists k € IN such that M, = .

4.2. Equivalence of Bounded and Unbounded Semantics

LEMMA 4.6. Let My, an abstract model, 1 = H(yp) an HLTLK formula,
k>0 a bound, m a k‘-path in My, and 0 <t < k. The following implication
holds: M, =} =i ¢ implies

e if m is not a loop, then Mso,ﬂ',t = v for each path ' in M, such that
k-prefiz of ' is equal to .
e if m is a loop, then Mwﬁ’t = ¢, where 7’ is the path generated by the

loop .

PROOF. We proceed by induction on the length of formulae . The lemma
follows directly for the propositional variables and their negations. Consider
the following cases:
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e IfYp=aVp|aApf, then the proof is straightforward.
e Let ¢y = Kca | Yra. By induction hypothesis - see Lemma 2 of [17]

e ¢y =aU"Band M,,n} | 1. By the definition of the bounded semantics
we have that either

(1)[F = ®LF(w) and (3t < i < k)(M,, 7' |=, B and
(Vt<j< i)Mw,ﬁlj Er a)] or (11)[m is a loop with [ < tand
7=UlF(r) and (3 < i < t)(M,, 7' =4 B and
(VI < j <)My, 7 Ex a)
and (Vt < j < k)M, 7 Ex al.
Assume that (f) holds and that m; is a loop. By the definition of
(®L¥ (), 1) we have [ > t. By induction and fact that 7/ is generated by

7, we have (3@ > 75)(M¢,7?/Z = [ and (Vt < j <1) MSO,;’] = «). Thus,
we conclude that M, 7't = aU"S.
Assume now that (f) holds and that 7 is not a loop. By the definition of

(I)Z:f(ﬂ') and by induction we have (i > t)(M,, 7' = Band (Vt < j <)
M,, " = «) for each 7 in M, such that k-prefix of 7 is equal to 7.
Thus, we have M, 7't = aU"B.

Assume now that (ft) holds. Since m; is a loop, by the definition of
(\IJZ}{“ (),1) we have | < . By induction and fact that 7/ is generated by
m wehave (3k < i < k+t—1)(M,, 7 |=x Band (VE < j < i)M,, 7 4
). Thus, we have M, " = aU"3.

e ¢ =Glaand M, w} =y 1. By the definition of the bounded semantics
we have

(f)[m is a loop with t <[ < k and 7 = @Zf(w)
and (Vt <i < k)M,,7," Ex a] or
(11)[m is a loop with | < ¢ and 7 = \IJZf () and
(Vt <i < k)M, 7" =x o and (VI < i < )My, 7" =, af.
Assume that () holds. Since m is a loop, by the definition of (®%F(m), )

we have ¢t <[ < k. By induction and fact that T is generated by m; we
have (Vi > t)M,, 7' = . Thus, we have M,, 7't = Ga.
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Assume that (1) holds. Since 7 is a loop, by the definition of (\IJZf (m),1)
we have [ < ¢. By induction and fact that T is generated by m; we have
(Vi > t)M¢,7?’Z = a. Thus, we have M, 7't = Ga. n

LEMMA 4.7. Let M, be an abstract model, o« an HLTL formula, ™ a path
of M. The following implication holds: M,,m = « implies that for some
k>0 and0 <1<k, M, m = o with m being the k-prefix of .

PRrROOF. The proof can be completed by the similar arguments as in the
proof of Theorem 3.1 of [4]. |

LEMMA 4.8. Let M, be an abstract model, o an HLTL formula, Y €
{K¢,Dr,Er,Cr}, and 7 a path of M. The following implication holds:
M, 7 =Y a implies that for some k>0 and 0 <1 < k, My, m =, Yo with
m being the k-prefiz of m.

PRrROOF. The proof follows from Lemma 4.7 and Lemma 4 of [17]. |

LEMMA 4.9. Let M, be an abstract model, 1) = H(p) an HLTLK formula,
and 7 a path. The following implication holds: My, 7 |= 1 implies that for
some k>0 and 0 <1 <k, My, m = ¢ with m; being the k-prefiz of .

PROOF. We proceed by induction on the length of formulae ¢. The lemma
follows directly for the propositional variables and their negations. Assume
that the hypothesis holds for all the proper subformulae of ¢ and consider
© to be of the following form:

1. o=aVvp|anp|aUs | Gra. Straightforward by the induction
hypothesis and Lemma 4.7.

2. Let ¢ = Ya, and Y,Y1,...,Y,,Z € {K.,Dr,Er,Cr}. Moreover, let
Yiaq, ..., Y,a, be the list of all “top level” proper Y-subformulae of «
(i.e., each Y;a; is a subformula of Y, but it is not a subformula of any
subformula Z§ of Y«, where Z§ is different from Y« and from Yoy
fori=1,...,n).

If this list is empty, then « is a “pure” HLTL formula with no nested
epistemic modalities. Hence, by Lemma 4.8 we have M, 7 |= v implies
that for some k& > 0 and 0 < I < k,M,m = ¢ with m being the
k-prefix of .

Otherwise, introduce for each Y;«a; a new proposition ¢;, where i =
1,...,n. By Lemma 1 of [17], we can augment with ¢; the labelling
of each state s of M initialising some path along which the epistemic
formula Y;a; holds, and then translate the formula « to the formula o/,
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which instead of each subformula Y;a; contains adequate propositions
q;- Therefore, we obtain “pure” HLTL formula. Hence, by Lemma 4.8
we have M, 7 |= ¢ implies that for some &k > 0and 0 <[ < k, M, m =
 with m; being the k-prefix of «. [

The following theorem shows that for some particular bound the bounded
and unbounded semantics are equivalent. A proof of the theorem follows
from Lemmas 4.6 and 4.9.

THEOREM 4.10. Let ¢ be an EMTLK formula, M, an abstract model, and
Y = H(yp) the HLTLK formula. The following equivalence holds: M, = 9
iff there exists k > 0 such that My =y 1.

4.3. Translation to SAT

Let M, be an abstract model, ¢ a HLTLK formula, and £ > 0 a bound. The
presented propositional encoding of the BMC problem for HLTLK is based
on the BMC encoding of [24], and it relies on defining the propositional
formula [My, ¢]x := [MY$]x A [¢]nr,,k, which is satisfiable if and only if
M, =i ¢ holds.

The definition of [M,], assumes that both the states and the joint
actions of M, are encoded symbolically. This is possible, since both the
sets of agents’ states and the set of joint actions are finite. Also, since we
work with a set of k-paths, we can bound the clocks valuation to the set
D ={0,...,c+1} with ¢ being the largest constant appearing in any enabling
condition or state invariants of all the agents and in intervals appearing
in . Moreover, this definition assumes knowledge of the number of k-paths
of M, that are sufficient to validate ¢. To this aim, as usually, we define
the auxiliary function ﬁ : HLTLK — NN as ﬁ:(w) = fr(¥) + 1, where
the function f;, : HLTLK — IN is defined as follows. Let p € PV’. Then,
Ju(T) = fu(L) = fup) = fe(=p) = 0, fu(a A B) = fula) + fr(B); fulaV
B) = maz{fi(a), fu(B)}; fr(@U"B) = k- fula) + fu(B) + 1 ; fu(Gha) =
(k+1) - fula) + 15 fe(Cra) = fu(a) +k; fr(Ya) = fu(a) +1 for YV €
{K¢,Dr, Er}.

Let us formally define the first conjunct of [My, 9]y (i.e., [MY']x). We
start by introducing the fundamental notation. First of all we assume that
each state s € S, is represented by a vector w = ((wi,v1),..., (Wp,Vy),
(wg,ve)) (called a symbolic state) of symbolic local states. Each symbolic
local state (we,vc) is a pair of vectors of propositional variables; the first
vector we encodes elements of L., and the second vector v. encodes the
clock valuations of agent ¢ € A U {E} over D. Secondly, we assume that
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each joint action @ = (aq,...,an,ag) € Act is represented by a vector
a=(ay,...,an,ag) (called a symbolic action) of symbolic local actions, where
each symbolic local action a¢ is a vector of propositional variables. Next, we
assume that the time action 7 is represented by a proposition variable g,
and we consider the vector u = (uy, ..., u;), which we call the symbolic num-
ber. It consists of propositional variables (called natural variables) of length
t = max(1, [loga2(k + 1)]). Finally, we assume a symbolic representation of
a k-path 7, the number of which is j, and we caAll it the j-th symbolic k-
path m; = ((Woj,...,Wg,;),u;), where 0 < j < fr(¥),0 <i < k,w;; is a
symbolic state, and u; is a symbolic number.

Let w and w’ be two different symbolic states, a a symbolic action,
and u a symbolic number. We assume definitions of the following auxiliary
propositional formulae:

e p(w) - encodes the set of states of M, in which p € PV holds.
e [ (w) - encodes the state s of M.

e H.(w,w’) - encodes the equality of two local states and two local clock
valuations of agent ¢ € A.

o H(w,w):= A\,cp He(w,w’) - encodes equality of two global states.

e Hj_o(w,w’) - encodes equality of two global states on local states and
values of the original clocks, and the equality of values of the new clocks
(i.e., clocks from Y) but the value of clock yj.

o Hyp(w,w') - encodes equality of two global states on local states
and on values of the original clocks, and on the values of the new
clocks with the potential exception of clock y;. For clock y; the for-
mula guarantees that its value in the 2nd global state is greater than
Z€ero.

° /\f]-N(u) - encodes that the value j is in the arithmetic relation ~€ {<,

<, =, >, >} with the value represented by the symbolic number u.
o Tu.(w,a,w’) - encodes the action transition relation of M,,.
o T.(w,pr, W) - encodes the time transition relation of M.,,.

e Hx(w,w’) - encodes equality of two global states on local states and
values of the original clocks.

o L!(m;):=N7(u;)ANHx(Wg;, W), where ; is a jth symbolic k-path.

Having introduced the fundamental auxiliary propositional formulae, we
can formally define the propositional formula [Mff "]k, which encodes the
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unfolding of the transition relation of the abstract model M, fi(¢)-times
to the depth k. Specifically, let w; ;,a; j, and u; be, respectively, symbolic
states, symbolic actions, and symbolic numbers, for 0 <¢ < k and 0 < j <
ﬁ(w) The formula [M:f ]k, is defined as follows:

f?(«m Lk
Mw L \/ I W() 0 /\ \/ '/\[l uj
sEL 7j=0 =0
Fr(y)—1 k—1
N /\ WO,]? 075 Wl,]) A /\ (Z'(Wi,ﬁ 07 WH—LJ')
=1

\/TAct(Wi 505, Wit1j)))
A /\ Wz]vpﬁwz-i-l])\/T(WZ‘HJ’pT’wZ"‘QJ))

Let us now formally define the second conjunct of [M,, ] (i.e., [¢]ar, k),
which encodes the bounded semantics of the HLTL formula ¢. In the
definition of [¢]y, x Wwe assume the same fundamental notation and the
same crucial ancillary propositional formulae which have been introduced
above. Additionally, we assume knowledge of auxiliary functions that are
defined in [24]. Their purpose is to divide the set A C IN; of num-
bers of k-paths such that |A| = fi(¢) into subsets needed for translat-
ing the subformulae of . Their names and arguments are the follow-
ing: gi(A,m),g-(A,m), gs(A) = A\ {min(A)}, hy (A, m),h$ (A, m), where
A C INy is a finite non-empty set and m < |A|. Finally, let Fy(¢) =
(G eN|0<j< fu)}[a ]Efm’n’A] denotes the translation of « along
the n-th symbohc path 77" with the starting point m by using the set A C

Fk(¢)’n/ = mln(A)’hg = hU(gs( ) fk(ﬂ))v and hg = hg(gs(A)v fk(a))
[0,0,F% (v)]

The propositional formula [¢)]ys, x is defined as [¢ , where
k
[T][Egm’n:}‘] =T, [ AL 7 1, y
[p]kmm7 A = p(Wm ) ) [ﬁp]kmn = ;p(wm n)
[aAﬁ]Lm’m |- [a]ggmngz( SN [ﬁ][mngr( fk(ﬁ))]
[a V ﬂ]gﬁm,n,A] — [a]km,n,gz(A JSr(a)] v m] [m,n,g1 (A, fk(,B))]
m—1
m,n,A
[aUhﬂ]L J = H(Wj,n, Wj7n/) N Hh:O(Wsz; Wm,n’)/\
j=0
k

k
U
N Hen(Wjn, win) A\ (8 e
. .
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j—1 o k
/\ [a]z,n ,hk( )])) \Vi /\ Hyéh(wj,n?wj,nl)/\

m—1 -1

Hh:O(Wm,na Wm,n’) A ( \/ (‘Ci:(ﬂn’)/\ /\ H(Wj,”’ ij')/\
1=0 Jj=0
m—1

H(Wlm/,Wk’n/)/\ /\ H;éh(wj,mwj,n’)))/\
j=1+1

_ j—1
\/ N> (W) }[J,n ,hg(/f)}/\ A(M>(un'>—>

=0

k
mm“”“m»>A/\mmm”“m,

_ k
b 7A
[Gha]Lmn - [ /\ H(Wj 5, Win) A /\ Hp—0(Winns Wi n/ )A
7=0 j=m+1
\/ A RS G)]
H;zéh(wj,n7Wj,n/)/\( ﬁl 7Tn /\ /\ [J’n7 k :|\/
l=m j=m
k
|:Hh:0(wm,nvwm,n’)/\ /\ H?fh(wjﬂ’wjv“/)/\
j=m+1
k h m—1 -1
/\ [j " (]) ( \/ (E%C(ﬂ'n/) AN /\ H(Wj,nawj,n/)/\
j=m =0 7=0
m—1
H(Wl,n’7wk,n’) A /\ H;éh(w‘j’n,w‘j’n/)/\
j=l+1
N0
A )],
j=l+1
. (1 50+(A)]
T m,n, N ,Ggs
Ko, =\ Lwon) A\ (el "N He(Wi 0, wiin)),
S€Ly 7=0
k
. [m,n,A] in’,gs (A
Draly™" ™ =\ Liwou) A N (0l AN He(Win s Wi00)),
SELy 7=0 cel
k
— m,n,A i, gs
Eral,"" ™=\ Lwo) A\ (@l AN/ Ho(Won, wi)),
SELy 7=0 cel
k
[ ) 7A} e m,n,A
Cral"™ " = [\/ (Er)a]"""
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First of all, observe that in the translation of aU” ﬁ the propositional for-
mula /\;”:_01 H(Wjn, Win ) ANHp—0(Win, Winn )/\/\] i1 Htn (Wi, Wiinr)
encodes the k-path (@Zf( m),l). Next, the propositional formula

\/k ([ﬂ][j’nl’hg(k)]/\ /\j*1 [a}[i’n/’hg(i)]) encodes the t of the bounded
j=m k i=m k part o ¢ bounde
semantics where we look for 8 on a k-path which is not a loop or

the looping state is after the state t. Further, the propositional for-

mula /\;C 1 Hyn(Wjin, Wjin) N Hp= O(Wmn,wmn ) A \/m_l( 2(71'”/) A

/\l ! o H(Wjin, Wjn) N H(Wipn, W) A /\] 141 Htn (Wi, Wjpr)) encodes

the k-path (\lit k( ), 1), which is a loop with | < ¢. Next, the propositional
~(un

formula \/ ( ANB ][J’n i (k) A /\i:0 (N7 (upy) — [OZ]E:” il )}))) N

/\f:m[a]g’n h @ )], encodes the part of the bounded semantics where we look
for B on a k-path which is a loop with [ < ¢t. Thus, § must hold at some
state j that is between states [ and m, and o must hold at all the states

form m to k, and from [ to j — 1.

Next, observe that in the translation of G"« the propositional formula
- k
/\;'n:o1 H(Wjpn, Win )\ Hp=o(Wim,ns Winn) A /\j:m+1 Hoh (W, W )A
(V, rl “ (L (mr0)) encodes k-path (®4F(),1), and it ensures that it is a loop
. .Gy
with [ > ¢. Further, the propositional formula A" i m[a]gg’n MG encodes
the part of the bounded semantics where we ensure that « holds at all

the states between the states m and k. Further, the propositional for-
k —1

mula Hp—0(Win, Wi n/) A /\j:erl Hopy(Wjn, Winr) A ( ITZO (£§€(7rn/)/\
-1 -1

Nimo HWjny Win) AH (Wi, Win) A NS Hen (Wi, Win) A &)

encodes the k-path (\IIZ:L“ (m),1), which is a loop with I < ¢t. Next, the nested
. .Gy

propositional formula & := /\;n:_lil[a]gjn D encodes the part of the

bounded semantics where we ensure that a holds bet\éveen states [ + 1 and

m — 1. Lastly, the propositional formula /\;?:m[a]ggm O] encodes the part

of the bounded semantics where we ensure that « holds between states m

and k.

Finally, observe that in the translation of Ko the propositional formula
Ve, 1s(Wo,n/) ensures that we look for a new k-path that starts at an initial

state. Next, the propositional formula \/] 0([04]%’”,795(’4)} ANHe(Wi s Wins))
encodes the part of the bounded semantics where we ensure that o holds at
some state j on the new initial k-path and that this state is in the epistemic
relation with the state encoded by the symbolic state w,, ,; the translation
of other epistemic modalities follows from the translation of Kcor.
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The following theorem guarantees that the BMC problem for HLTLK and
for ATIS can be reduced to the SAT-problem. The theorem can be proven
by induction on the length of the formula . Moreover, the scheme of the
proof follows closely the proof of Theorem 2 of [17].

THEOREM 4.11. Let M, be an abstract model, and 1 a HLTLK formula. For
every k € IN, M, = ¢ if, and only if, the propositional formula [My, ] is
satisfiable.

5. Experimental Results

5.1. The Timed Generic Pipeline Protocol (TGPP)

The specifications we checked for TGPP are given in the universal form,
for which we verify the EMTLK formulae that are negated and interpreted
existentially. For every specification given, there exists a counterexample in
the model of the benchmark. Let n be the number of nodes. Then:

o1 = G(Kp(ProdSend = F[ 2,42)ConsFree)). It expresses that Producer
knows that each time Producer produces data, then Consumer receives
this data not later than in 2n + 1 time units.

@2 = Gpo,2n+3)(ConsFree = Kp(F(ProdSend \ConsFree))). It expresses
that always in the interval [0,2n + 3) if Consumer receives data, then
Producer knows that eventually it will produce data again and Con-
sumer will keep the old data.

03 = Gap—2.2n+2)(ConsReady = Kp(F[g o) (ConsFree))). It expresses
that always in the interval [2n — 2,2n + 2) if Consumer is ready to
receive data, then Producer knows that no later than one unit after
that Consumer will receive data.

To apply the BMC method for the TGPP scenario and, e.g., for formula
@1, first, we have to define the ATIS for the given TIS and for the negation of
1. To this aim, it is enough to extend the set of clocks, the set of actions, the
protocol function, and the evolution function of the environment £ by taking
into account the intervals appearing in ;. Since there are two intervals in
1 (ie., I = [0,00) and Is = [2n — 2,2n + 2)) and the set Xg is empty,
the new set X7 is equal to {y1,y2}. The set Act’s of actions is of the form
Acte U{{y1},{y2}.{v1,y2}}, and the protocol is defined as Pi(-) = Act'c =
{es, {1}, {y2}, {y1,9=2}}. Finally, the local evolution function is defined as
follows: t% (-, true, B,a) = -, if either acts(a) = ez and B = ) or actg(a) = B
and B € {{w1},{y2},{v1,v2}}. Having defined the ATIS for TIS and for
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¢1, it should be straightforward to infer the model M, . Further, we need
to translate the negation of ¢, denoted ¢}, (which is in EMTLK) into
the HLTLK formula H(¢}). Let p = ProdSend,q = ConsFree, and ¢} =
EKP(p/\GIQ ("Q))H(Q@’l) =k (pyl EIﬂH(KP(p/\GIQ (_'Q)))) =Fu (pyléh A
EPH(p A GIz(_'q))> = (pyl€fl A KP(p A H(G[2(_‘Q)>)) = kv (pylell A
Kp(p A G¥2(=py,er, V 79))).

Finally, we apply the BMC method for the HLTLK formula H(¢}) (sim-
ilarly for H(y5) and H(y%)) and for the model My, (resp. for My, and
M, ). Checking that the TGPP does not satisfy the properties ¢1, @2, and
3 can now be done by feeding a SAT solver with the propositional formulae
generated in the way explained above.

5.2. The Timed Train Controller System (TTCS)

The specifications we checked for TTCS are given in the universal form,
for which we verify the EMTLK formulae that are negated and interpreted
existentially. Moreover, for every specification given, there exists a coun-
terexample in the model of the benchmark.

n—1 n
w1 = Gio2647)( /\ /\ (—~tunnel; V —tunnel;)). It expresses that the sys-
i=1 j=i+1

tem satisfies mutual exclusion property.

n
o5 = Gio,254+7) (tunnel; = KTI(G[OM)(/\ —tunnel;))). It expresses that
j=2
always at time in the interval [0,20 + 7) if the Train; enters its critical
section, then it knows that always in the future no other train will enter
its critical section.

Analogously as for TGPP we apply the BMC method for the HLTLK
formulae H(—¢4) and H(—s5), and for the models M., and M, respec-
tively. Checking that the TTCP does not satisfy the properties ¢4 and s
is done by feeding a SAT solver with the propositional formulae generated
in the way explained in Sect. 4.6.

5.3. Performance Evaluation

For the tests we used a computer with 17-3770 processor, 32 GB of RAM,
and running Arch Linux 3.19.3. We set the CPU time limit to 3600 sec-
onds. Moreover, we used PicoSAT [3] in version 957 to test the satisfiabil-
ity of the propositional formulae generated by our SAT-based BMC encod-
ing. We did not compare our results with other model checkers for MASs,
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e.g. MCMAS [16] or MCK [11], simply because they do not support EMTLK
and TIS.

5.3.1. Timed Generic Pipeline Paradigm. The number of considered k-
paths for all the tested properties is equal to 4. The length of the counterex-
ample for formula ¢ is is equal to 4n+ 7. The length of the counterexample
for formula 5 is equal to 12 if n = 1, and 4n + 10 if n > 1. The length of
the counterexample for formula 3 is equal to n + 1 if n € {1,2},2n — 1 if
n € {3,4}, and 2n if n > 4.

5.3.2. Timed Train Controller System. The number of considered k-paths
for the formula ¢4 is equal to 2 and for the formula 5 is equal to 3. The
length of the counterexample for both the formulae ¢4 and 5 depends on §
and is equal to 2§ 4+ 12. We tested both of the formulae by scaling separately
the number of trains and the value of the constant delta.

5.3.3. Performance Evaluation Summary. As one can see from the line
charts in Figures 3, 4, and 5 showing the total time and the memory con-
sumption for all the tested properties, the experimental results confirm that
our new SAT-based BMC for TIS and for EMTLK is indeed feasible. More-
over, we can observe that as in the case of other known SAT-based BMC
methods, this new method is also sensitive on the size of the counterexam-
ple, where the size of the counterexample is defined as the length of the
k-path in the counterexample (i.e., the value k) multiplied by the number
of k-paths (i.e., the value of the function ﬁ;) The high efficiency of our
method in the case of the formula (3 results from the shorter length of the
counterexample.

Total time usage for TGPP Memory usage for TGPP
3500 T T T T 300 T T T T
. 3000 m 250
§ 2500 E 200
2000 =
£ 2 150
2 1500 2
= 1000 g 100
500 50
0 R - ob
0 10 15 20 25

Number of nodes Number of nodes

Figure 3. SAT-based BMC. TGPP with n nodes. All properties
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Total time usage for TTCS Memory usage for TTCS
4000 T T T T T T T 1000 T T T T T T T
3500 | 91 —H— $ o oo e - A ]
s 3000 | %2 1 £ 8w — ]
o] 700 -
© 2500 - £ 600 i
S 2000 | - g 500 -
E 1500 F - £ 400 b
[ 300 g
L - =
1000 200 |
500 - Ap b 100 b 4
O h A e T 1 1 1 1 1 0 atet
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Number of trains Number of trains

Figure 4. SAT-based BMC. TTCS with n trains, 6 = 1 and A = 5. Both properties

Total time usage for TTCS Memory usage for TTCS

3500 T T T T T T 50 T T T T T T
o1 —F— 45 | 01— 37— E
) 3000 | ¢,—a— 7] m 40 | Po—a—o .
§ 2500 E E 35 -
© 2000 i < gg i

2 1500 1 8

£ £ 20 i
F 1000 1 =15 ]
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The value of delta The value of delta

Figure 5. SAT-based BMC. TTCS with 2 trains. Scaling 6. A = ¢ + 4.
Both properties

6. Conclusions

We have proposed TISs as a new formalism to model MASs with the agents
that have real-time deadlines to achieve intended goals, and that possess
their private clocks. Further, we have defined, implemented, and experimen-
tally evaluated a SAT-based BMC for TISs and for properties expressed
in EMTLK. The method is based on a translation of the existential model
checking problem for EMTLK to the existential model checking problem
for HLTLK, and then on the translation of the existential model checking
problem for HLTLK to the SAT-problem.

In [15] a formalism of Real Time Interpreted Systems has been defined
to model MASs with hard real-time deadlines. However, the agents of this
model do not enjoy having access to the private clocks, namely, all the
clocks are public. This constraint, in our opinion, violates the self gov-
ernance (autonomy) of agents. Therefore, we plan to extend the TIS to
a formalism that is able to model MASs with the agents that have hard
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real-time deadlines, and to define SAT-based BMC for this new formalism
and for both the branching and the linear real time epistemic logics.

Open Access. This article is distributed under the terms of the Creative Commons Attribu-
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which per-
mits unrestricted use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

[1] ALUR, R., and T. A. HENZINGER, Real-time logics: complexity and expressiveness,
Information and Computation 104:390-401, 1993.

[2] ALUR, R., T. FEDER, and T. HENZINGER, The benefits of relaxing punctuality, Jour-
nal of the ACM 43(1):116-146, 1996.

[3] BIERE, A., Picosat essentials, Journal on Satisfiability, Boolean Modeling and Com-
putation (JSAT) 4:75-97, 2008.

[4] BIERE, A., K. HELJANKO, T. JUNTTILA, T. LATVALA, and V. SCHUPPAN, Lin-
ear encodings of bounded Itl model checking, Logical Methods in Computer Science
2(5:5):1-64, 2006.

[5] BLACKBURN, P.; M. DE RUKE, and Y. VENEMA, Modal Logic, vol. 53 of Cambridge
Tracts in Theoretical Computer Science, Cambridge University Press, Cambridge,
2001.

[6] CaBoDI, G., P. CAMURATI, and S. QUER, Can BDDs compete with SAT solvers
on bounded model checking?, in Proceedings of the 39th Annual Design Automation
Conference (DAC’2002), ACM, New York, 2002, pp. 117-122.

[7] CLARKE, E.; A. BIERE, R. RamvI, and Y. ZHU, Bounded model checking using sat-
isfiability solving, Formal Methods in System Design 19(1):7-34, 2001.

[8] EMERSON, E. A., Temporal and modal logic, in J. van Leeuwen, (ed.), Handbook of
Theoretical Computer Science, vol. B, Chap. 16, Elsevier Science Publishers, 1990,
pp. 996-1071.

[9] FAGIN, R., J. Y. HALPERN, Y. MOSES, and M. Y. VARDI, Reasoning about Knowledge,
MIT Press, Cambridge, 1995.

[10] Furia, C. A., and P. SPOLETINI, Tomorrow and all our yesterdays: MTL satis-
fiability over the integers, in Proceedings of the Theoretical Aspects of Computing
(ICTAC’2008), vol. 5160 of LNCS. Springer-Verlag, New York, 2008, pp. 253-264.

[11] GaMMIE, P., and R. VAN DER MEYDEN, MCK: Model checking the logic of knowl-
edge, in Proceedings of 16th International Conference on Computer Aided Verification
(CAV’04), vol. 3114 of LNCS, Springer-Verlag, New York, 2004, pp. 479-483.

[12] HuAaNG, X., and R. VAN DER MEYDEN, The complexity of epistemic model checking:
Clock semantics and branching time, in Proceedings of the 2010 Conference on ECAI
2010: 19th European Conference on Artificial Intelligence, I0S Press, Amsterdam,
2010, pp. 549-554.

[13] LEVESQUE, H., A logic of implicit and explicit belief, in Proceedings of the 6th National
Conference of the AAAI Morgan Kaufman, Palo Alto, 1984, pp. 198-202.


http://creativecommons.org/licenses/by/4.0/

678 B. Wozna-Szczesniak, A. Zbrzezny

[14] Lomusclo, A., and M. SERGOT, Deontic interpreted systems, Studia Logica 75(1):63—
92, 2003.

[15] Lomuscio, A., W. PENCZEK, and B. WoZNA, Bounded model checking for knowledge
and real time, Artificial Intelligence 171:1011-1038, 2007.

[16] Lomuscio, A., H. Qu, and F. RAIMONDI, Mcmas: A model checker for the verifica-
tion of multi-agent systems, in Proceedings of the 21st International Conference on
Computer Aided Verification (CAV 2009), vol. 5643 of LNCS, Springer-Verlag, New
York, 2009, pp. 682-68S.

[17] MEskI, A., W. PENCZEK, M. SZRETER, B. WOZNA-SZCZESNIAK, and A. ZBRZEZNY,
BDD- versus SAT-based bounded model checking for the existential fragment of linear
temporal logic with knowledge: algorithms and their performance, Autonomous Agents
and Multi-Agent Systems 28(4):558-604, 2014.

[18] PELED, D., All from one, one for all: On model checking using representatives,
in Proceedings of the 5th International Conference on Computer Aided Verification
(CAV’93), vol. 697 of LNCS, Springer-Verlag, New York, 1993, pp. 409-423.

[19] PENCZEK, W., and A. LoMUsCIO, Verifying epistemic properties of multi-agent sys-
tems via bounded model checking, Fundamenta Informaticae 55(2):167-185, 2003.

[20] TRIPAKIS, S., Minimization of timed systems. http://verimag.imag.fr/~tripakis/dea.
ps.gz, 1998.

[21] WOOLDRIDGE, M., An introduction to multi-agent systems, Wiley, Chichester, 2002.

[22] W0ZNA-SzCczESNIAK, B., and A. ZBRZEZNY, A translation of the existential model
checking problem from MITL to HLTL, Fundamenta Informaticae 122(4):401-420,
2013.

[23] WoZNA-SzCzZESNIAK, B., and A. ZBRzEZNY, Checking MTL properties of discrete
timed automata via bounded model checking, Fundamenta Informaticae 135(4):553—
568, 2014.

[24] ZBRZEZNY, A., A new translation from ECTL" to SAT, Fundamenta Informaticae
120(3-4):377-397, 2012.

B. WOZNA-SZCZESNIAK, A. ZBRZEZNY
Institute of Mathematics and Computer Science
Jan Dlugosz University

Al Armii Krajowej 13/15

42-200 Czestochowa

Poland

bwozna@gmail.com; b.wozna@ajd.czest.pl

A. ZBRZEZNY
a.zbrzezny@ajd.czest.pl


http://verimag.imag.fr/~tripakis/dea.ps.gz
http://verimag.imag.fr/~tripakis/dea.ps.gz

	Checking EMTLK  Properties of Timed  Interpreted Systems Via  Bounded Model Checking
	Abstract
	1. Introduction
	2. Preliminaries
	2.1. Timed Interpreted Systems
	2.2. Runs and Discrete Paths
	2.3. Examples of MASs and Their Models
	2.3.1. Timed Generic Pipeline Paradigm (TGPP)
	2.3.2. A Timed Train Controller System (TTCS)

	2.4. MTLK

	3. From EMTLK to HLTLK
	3.1. An Augmented Timed Interpreted System
	3.2. A Model for ATIS
	3.3. Paths in M
	3.4. The HLTLK Language
	3.5. Translation and Its Correctness

	4. A SAT-Based BMC Method for HLTLK
	4.1. Bounded Semantics
	4.2. Equivalence of Bounded and Unbounded Semantics
	4.3. Translation to SAT

	5. Experimental Results
	5.1. The Timed Generic Pipeline Protocol (TGPP)
	5.2. The Timed Train Controller System (TTCS)
	5.3. Performance Evaluation
	5.3.1. Timed Generic Pipeline Paradigm
	5.3.2. Timed Train Controller System
	5.3.3. Performance Evaluation Summary


	6. Conclusions
	References




