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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 (TIS). In particular, we translate the ex-
istential 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 illustrate
how TISs can be applied to the analysis of a variant of a Generic Timed
Pipeline Paradigm scenario.

1 Introduction

The formalism of interpreted systems (IS) [5] was designed to model multi-agent
systems (MASs) [13], and to reason about the agents’ epistemic and temporal
properties. The formalism of timed interpreted systems (TIS) extends IS to make
possible reasoning about real-time aspects of MASs. The TIS provides a compu-
tationally grounded semantics on which it is possible to interpret time-bounded
temporal modalities as well as traditional epistemic modalities.

The transition system modelling the behaviour of TIS, which we call the
timed model, comprises two kinds of transitions: action transitions that are la-
belled with timeless joint actions and that represent the discrete evolutions of
TIS, and timed transitions that are labelled with natural numbers and that cor-
respond to the passage of time. Due to infinity of time, there are infinitely many
time transitions. A finite model, which is required by the model checking [3, 13]
algorithms, can be obtained by defining an appropriate equivalence relation in-
ducing a finite number of equivalence classes, and appropriate representation of
equivalence classes that will preserve time and action transitions. In the paper,
we call such a model the abstract model.

The main idea of SAT-based bounded model checking (BMC) methods [2, 12]
consists in translating the existential model checking problem for a modal lan-
guage and for a Kripke model to the satisfiability problem of a propositional for-
mula, and taking advantage of the power of modern SAT-solvers. The usefulness
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of SAT-based BMC for error tracking and complementarity to the BDD-based
model checking have already been proven in several works, e.g. [1, 10].

To describe the requirements of MASs various extensions of standard tem-
poral logics [4] with epistemic [5], doxastic [7], and deontic (to represent correct
functioning behaviour) [9] modalities have been proposed. In this paper we con-
sider MTLK which is an epistemic extension of Metric Temporal Logic (MTL)
[6] 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 timed models generated
by TISs.

The original contributions of the paper are as follows: (1) We define TIS as a
model of MASs with the agents that have real-time deadlines to achieve intended
goals. (2) We introduce two languages: MTLK and HLTLK - hard reset linear-
time temporal epistemic logic. (3) We propose a SAT-based BMC technique
for TIS and for the existential fragment of MTLK (called EMTLK). This BMC
method consists of the following two steps: (1) We translate the EMTLK existen-
tial model checking problem over TIS to the HLTLK existential model checking
problem over an augmented timed interpreted system (ATIS). This translation
is based on [15], where a translation of the existential model checking problem
for MITL and for timed automata to the existential model checking problem for
HLTL and for augmented timed automata has been presented. (2) We define a
SAT-based BMC algorithm for HLTLK and for ATIS1.

The rest of the paper is organised as follows. In Section 2 we introduce
TIS, the MTLK logic, and its subset EMTLK. In Section 3 we show how to
translate the existential model checking problem for EMTLK to the existential
model checking problem for HLTLK. In Section 4 we provide a BMC method for
HLTLK and for ATIS. In Section 5 we apply the BMC technique to an example
close to the multi-agent systems literature: a Generic Timed Pipeline Paradigm
scenario. In the last section we conclude the paper with a short discussion and
an outline of our future work.

2 Preliminaries

Let us start by fixing some notation used through the paper. IN is the set of non-
negative integers, IN+ = IN\{0}, PV is a set of propositional variables, and X is
a finite set of non-negative integers variables, called clocks. A clock valuation is
a function v : X → IN that assigns to each clock x ∈ X a non-negative integer
value v(x). IN|X| is the set of all the clock valuations. For X ′ ⊆ X, the valuation
v′ = v[X ′ := 0] is defined as: ∀x ∈ X ′, v′(x) = 0 and ∀x ∈ X\X ′, v′(x) = v(x).
For δ ∈ IN, v + δ denotes the valuation v′ such that ∀x ∈ X, v′(x) = v(x) + δ.

Let x ∈ X, c ∈ IN, and ∼∈ {≤, <,=, >,≥}. The set C(X) of clock constraints
over X is defined by the following grammar: φ := x ∼ c | φ ∧ φ. Let v be

1 We would like to point out that the presented model checking technique is based
on the BMC method for EMTL and for discrete timed automata that has been
published but only in the informal proceedings of the c&sp 2013 workshop [14].



a clock valuation, and φ ∈ C(X). The satisfaction relation v |= φ is defined
inductively with the following rules: v |= x ∼ c iff v(x) ∼ c, v |= φ ∧ φ′ iff v |= φ

and v |= φ′. Furthermore, let cmax be a constant, and v, v′ ∈ IN|X| two clock
valuations. We say that v ' v′ iff the following conditions holds for all x ∈ X:
(1) v(x) > cmax iff v′(x) > cmax, and (2) if v(x) ≤ cmax and v′(x) ≤ cmax, then
v(x) = v′(x). Finally, by the time successor of v (written succ(v)) we denote
the clock valuation v′ such that v 6= v′ and ∀x ∈ X, if v(x) ≤ cmax, then
v′(x) = v(x) + 1, else v′(x) = cmax + 1.

Timed Interpreted Systems. Let A = {1, . . . , n, E} denote the non-empty
and finite set of agents with E being a special agent that is used to model the
environment in which the agents operate. 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 c ∈ A is modelled using a non-empty set
Lc of local states, a non-empty set ιc ⊆ Lc of initial states, a non-empty set
Actc of possible actions such that the special null action εc belongs to Actc,
a non-empty set Xc of clocks, a protocol function Pc : Lc → 2Actc that defines
rules according to which actions may be performed in each local state, a (partial)
evolution function tc : Lc×C(Xc)×2Xc×Act→ Lc with Act =

∏
c∈AActc (each

element of Act and of C(Xc) is called a joint action and an enabling condition,
respectively) which defines local transitions, a valuation function Vc : Lc → 2PV

which assigns to each local state a set of propositional variables that are assumed
to be true at that state, and an invariant function Ic : Lc → C(Xc) which
specifies the amount of time agent c may spend in its local states. We assume
that if εc ∈ Pc(`c), then tc(`c, φc, X, (a1, . . . , an, aE)) = `c for ac = εc, any
φc ∈ C(Xc), and any X ∈ 2Xc . Further, we assume that local states and clocks
for E are public. Finally, we assume that the sets of clocks are pairwise disjoint.

For a given set of agents A and a set of propositional variables PV, we define
the timed interpreted system (TIS) as a tuple ({ιc, Lc, Actc, Xc, Pc, tc,Vc, Ic}c∈A).

For a given TIS, S =
∏

c∈A Lc × IN|Xc| defines a set of all possible global states.
Next, if s = ((`1, v1), . . . , (`n, vn), (`E , vE)) ∈ S and c ∈ A, then lc(s) = `c
and vc(s) = vc. Furthermore, for a given TIS we define a timed model as a
tuple M = (ι, S, T,V), where ι =

∏
c∈A ιc × {0}|Xc| is the set of all possible

initial global states, S is the set of all possible global states as defined above,
V : S → 2PV is the valuation function defined as V(s) =

⋃
c∈A Vc(lc(s)), and

T ⊆ S × (Act ∪ IN)× S is a total transition relation defined by action and time
transitions. Namly, for a ∈ Act and δ ∈ IN:

1. Action transition: (s, a, s′) ∈ T iff for all c ∈ A, there exists a local transition
tc(lc(s), φc, X

′, a) = lc(s′) such that vc(s) |= φc ∧ I(lc(s)) and v′c(s′) =
vc(s)[X ′ := 0] and v′c(s′) |= I(lc(s′)).

2. Time transition: (s, δ, s′) ∈ T iff for all c ∈ A, lc(s) = lc(s′) and vc(s) |=
I(lc(s)) and v′c(s′) = vc(s) + δ and v′c(s′) |= I(lc(s)).

Given a TIS one can define the indistinguishability relation ∼c⊆ S × S for
agent c as follows: s ∼c s

′ iff lc(s′) = lc(s) and vc(s′) ' vc(s).



A run of TIS is an infinite sequence ρ = s0
δ0,a0→ s1

δ1,a1→ s2
δ2,a2→ . . . of global

states such that the following conditions hold for all i ∈ IN: si ∈ S, ai ∈ Act,
δi ∈ IN+, and there exists s′i ∈ S such that (si, δ, s

′
i) ∈ T and (s′i, 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.

MTLK. Let p ∈ PV, c ∈ A, Γ ⊆ A, and I be an interval in IN of the form:
[a, b) or [a,∞), for a, b ∈ IN and a 6= b. Metric temporal logic with knowledge
(MTLK) in release positive normal form is defined by the following grammar:

ϕ := > | ⊥ | p | ¬p | ϕ ∧ ϕ | ϕ ∨ ϕ | ϕUIϕ | ϕRIϕ
| Kcϕ | Kcϕ | EΓϕ | EΓϕ | DΓϕ | DΓϕ | CΓϕ | CΓϕ

The temporal modalities UI and RI are named as the bounded until and the
bounded release, respectively. The derived basic temporal modalities for bounded

eventually and bounded globally are defined as follows: FIϕ
def
= >UIϕ and

GIϕ
def
= ⊥RIϕ. Hereafter, if the interval I is of the form [0,∞), then we omit

it for the simplicity of the presentation. The epistemic modalities are named in
the standard manner.

EMTLK is the existential fragment of MTLK, which is defined by the fol-
lowing grammar: ϕ := > | ⊥ | p | ¬p | ϕ ∧ ϕ | ϕ ∨ ϕ | ϕUIϕ | ϕRIϕ | Kcϕ |
EΓϕ | DΓϕ | CΓϕ. Observe that EMTLK is existential only with respect to the
epistemic modalities.

To define the satisfiability relation for MTLK, we define the notion of a dis-
crete path λρ corresponding to run ρ (this can be done in a unique way because
of the assumption that the runs are strongly monotonic), and we assume the

following definitions of epistemic relations: ∼EΓ
def
=
⋃

c∈Γ ∼c, ∼CΓ
def
= (∼EΓ )+ (the

transitive closure of ∼EΓ ), ∼DΓ
def
=
⋂

c∈Γ ∼c, where Γ ⊆ A.
Let ∆0 = [b0, b1), ∆1 = [b1, b2), . . . be the sequence of pairwise disjoint

intervals, where: b0 = 0 and bi = bi−1 + δi−1 if i > 0. For each t ∈ IN,
let idxρ(t) denote the unique index i such that t ∈ ∆i. A discrete path (or
path) λρ corresponding to ρ is a mapping λρ : IN → S such that λρ(t) =
((`i1, v

i
1 + t − bi), . . . , (`

i
n, v

i
n + t − bi), (`

i
E , v

i
E + t − bi)) = si + t − bi, where

i = idxρ(t). Given t ∈ IN, the suffix λtρ of a path λρ at time t is a path defined
as: ∀i ∈ IN, λtρ(i) = λρ(t + i). Π(s) denotes the set of all the paths starting at
s ∈ S, and Π =

⋃
s0∈ιΠ(s0).

Let Y ∈ {D,E,C}. The satisfiability relation |=, which indicates truth of a
MTLK formula in the timed model M along a path λρ at time t, is defined induc-
tively with the classical rules for propositional operators and with the following
rules for the temporal and epistemic modalities:
• M,λtρ |= αUIβ iff (∃i ∈ I)(M,λt+iρ |= β and (∀0 ≤ j < i) M,λt+jρ |= α)

• M,λtρ |= αRIβ iff (∀i ∈ I)(M,λt+iρ |= α or (∃0 ≤ j < i) M,λt+jρ |= β)

• M,λtρ |= Kcα iff (∀π ∈ Π)(∀i ≥ 0)(π(i) ∼c λρ(t) implies M,πi |= α)

• M,λtρ |= Kcα iff (∃π ∈ Π)(∃i ≥ 0)(π(i) ∼c λρ(t) and M,πi |= α)



• M,λtρ |= YΓα iff (∀π ∈ Π)(∀i ≥ 0)(π(i) ∼YΓ λρ(t) implies M,πi |= α)

• M,λtρ |= Y Γα iff (∃π ∈ Π)(∃i ≥ 0)(π(i) ∼YΓ λρ(t) and M,πi |= α)
A MTLK formula ϕ existentially holds in the model M (denoted M |= ϕ) iff

M,λ0ρ |= ϕ for some path λρ ∈ Π. The existential model checking problem asks
whether M |= ϕ.

3 From EMTLK to HLTLK

In this section we show how to translate 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 (ATIS). We start by introducing the notion of ATIS.

Let ({ιc, Lc, Actc, Xc, Pc, tc,Vc, Ic}c∈A) be a TIS, ϕ an EMTLK formula,
and m the number of intervals appearing in ϕ. An augmented timed interpreted
system ATIS is defined as a tuple ({ιc, Lc, Ic,Vc}c∈A, {Xc, Actc, Pc, tc}c∈A\{E},
X ′E , Act

′
E , P

′
E , t
′
E) with:

• X ′E = XE ∪Y , where Y = {y1, . . . , ym} is a set of new clocks that corresponds
to all the time intervals appearing in ϕ; one clock yi per one time interval.
Each clock yi measures the passage of time for the i-th interval.
• Act′E = ActE ∪ (2Y \{∅}); Act′ =

∏n
i=1Acti ×Act′E .

• P ′E : LE → 2Act
′
E is an extension of the protocol function PE : LE → 2ActE

such that (2Y \{∅}) ⊆ P ′E(`) for all ` ∈ LE .
• t′E : LE ×C(X ′E)× 2X

′
E ×Act′ → LE is an extension of tE such that t′E(`E , true,

Y, (ε1, . . . , εn,Y)) = `E for all Y ∈ 2Y and Y 6= ∅.
Now we are ready to define the abstract model for ATIS. Let ϕ be an EMTLK

formula, PV ′ = PV ∪ PVy with PVy = {qyh∈Ih | h = 1, . . . ,m} and m being
a number of intervals appearing in ϕ, Dc = {0, . . . , cc + 1} with cc being the
largest constant appearing in any enabling condition or state invariants of agent

c and in intervals appearing in ϕ, and D =
⋃

c∈AD|Xc|
c . The abstract model

for ATIS is a tuple Mϕ = (ιϕ, Sϕ, Tϕ,Vϕ), where ιϕ =
∏

c∈A ιc × {0}|Xc| is

the set of all possible initial global states, Sϕ =
∏

c∈A Lc × D|Xc|
c is the set of

all possible abstract global states, Vϕ : Sϕ → 2PV
′

is the valuation function
such that: (1) p ∈ Vϕ(s) iff p ∈ ⋃c∈A Vc(lc(s)) for all p ∈ PV; (2) qyh∈Ih ∈
Vϕ(((`1, v1), . . . , (`n, vn), (`E , vE))) iff vE(yh) ∈ Ih, and Tϕ ⊆ Sϕ× (Act′′× 2Y )×
Sϕ, where Act′′ = {τ} ∪Act, is a total transition relation defined by action and
time transitions. Let a ∈ Act and Y ∈ 2Y . Then,
1. Action transition: (s, (a,Y), s′) ∈ Tϕ iff (∀c ∈ A\{E}) (∃φc ∈ C(Xc))(∃X ′c ⊆
Xc)(tc(lc(s), φc, X

′
c, a) = lc(s′) and vc(s) |= φc ∧ I(lc(s)) and v′c(s′) =

vc(s)[X ′c := 0] and v′c(s′) |= I(lc(s′))) and (∃φE ∈ C(XE)) (∃X ′E ⊆ XE)
(t′E(lE(s), φE , X

′
E ∪ Y, a) = lE(s

′) and vE(s) |= φE ∧ I(lE(s)) and v′E(s
′) =

vE(s)[X
′
E ∪ Y := 0] and v′E(s

′) |= I(lE(s
′)))

2. Time transition: (s, (τ,Y), s′) ∈ Tϕ iff (∀c ∈ A)(lc(s) = lc(s′) and vc(s) |=
I(lc(s)) and succ(vc(s)) |= I(lc(s))) and (∀c ∈ A\{E}) (v′c(s′) = succ(vc(s)))
and v′E(s

′) = succ(vE(s))[Y := 0].



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⊆ Sϕ × Sϕ
for agent c as follows: s ∼c s

′ iff lc(s′) = lc(s) and vc(s′) = vc(s).
The HLTLK language. Let ϕ be an EMTLK formula, m the number of in-
tervals in ϕ, p ∈ PV ′, h = 1, . . . ,m, c ∈ A and Γ ⊆ A. The HLTLK formulae in
release positive normal form are given by the following grammar:

ϕ := > | ⊥ | p | ¬p | ϕ∧ϕ | ϕ∨ϕ | Hh(ϕUϕ) | Hh(ϕRϕ) | Kcϕ | EΓϕ | DΓϕ | CΓϕ
The symbols U and R denote the until and release modalities, respectively.
The symbols Kc, EΓ , DΓ , and CΓ denote the existential epistemic modalities
as defined in the previous section. The indexed symbol Hh denotes the reset
modality representing setting to zero the clock number h. In addition, we in-

troduce some useful derived temporal modalities: HhGα
def
= Hh(⊥Rα) (always),

HhFα
def
= Hh(>Uα) (eventually).

The HLTLK formulae are interpreted over the abstract model Mϕ. Let si =
((`i1, v

i
1), . . . , (`in, v

i
n), (`iE , v

i
E)) for all i ≥ 0. Then, a path π in Mϕ is a sequence

π = (s0, s1, . . .) of states such that (si, si+1) ∈ Tϕ, for each i ∈ IN. For a path
π, π(i) denotes the i-th state si of π, πi = (si, si+1, . . .) denotes the suffix of
π starting with π(i), Πϕ(s) denotes the set of all the paths starting at s ∈ Sϕ,
and Πϕ =

⋃
s0∈ιϕ Πϕ(s0). Next, for t ∈ IN, y ∈ Y , and π in Mϕ, we define the

(unique) path Υ ty(π) = (s′0, s
′
1, . . .) as follows. (∀j ∈ IN) ((∀c ∈ A) (`′

j
c = `jc) and

(∀c ∈ A\{E})(v′jc = vjc) and

v′
j
E =



vjE , if 0 ≤ j < t

vjE [{y} := 0], if j = t

succ(v′
j−1
E ), if j > t and vjE = succ(vj−1E )

v′
j−1
E [X := 0], if j > t and vjE = vj−1E [X := 0]

succ(v′
j−1
E )[X := 0], if j > t and vjE = succ(vj−1E )[X := 0])

Let Mϕ be the abstract model for ATIS, ψ a HLTL formula ”connected” to ϕ,
π a path in Mϕ and t ≥ 0. The satisfiability relation |=, which indicates truth of
ψ in Mϕ along a path π at time t (in symbols Mϕ, π

t |= ψ), is defined inductively
with the classical rules for propositional operators and with the following rules
for the temporal and epistemic modalities (we omit the model Mϕ for simplicity):
• πt |= Hh(αUβ) iff (∃i ≥ t)(π̃i |= β and (∀t ≤j< i) π̃j |= α), where π̃ = Υ tyh(π),

• πt |= Hh(αRβ) iff (∀i ≥ t)(π̃i |= α or (∃t ≤ j < i)π̃j |= β), where π̃ = Υ tyh(π),

• πt |= Kcα iff (∃π′ ∈ Πϕ)(∃i ≥ 0)(π′(i) ∼c π(t) and M,π′
i |= α),

• πt |= Y Γα iff (∃π′ ∈ Πϕ)(∃i ≥ 0)(π′(i) ∼YΓ π(t) and M,π′
i |= α), where

Y ∈ {D,E,C}.
We use the following notation Mϕ |= ψ iff Mϕ, π

0 |= ψ for some π ∈ Πϕ. The
existential model checking problem consists in finding out whether Mϕ |= ψ.
Translation. Having defined the HLTLK language, we can now introduce a
translation (”connection”) of the EMTLK formula ϕ into an HLTLK formula



ψ = H(ϕ). This translation preserves the existential model checking problem,
i.e., the existential model checking of ϕ over the timed model for TIS can be
reduced to the existential model checking of ψ over the abstract model for ATIS.

Formally, let ϕ be a EMTLK formula and p ∈ PV. We translate the formula
ϕ inductively into the HLTLK formula H(ϕ) in the following way: H(>) =
>, H(⊥) = ⊥, H(p) = p, H(¬p) = ¬p, H(α ∨ β) = H(α) ∨ H(β), H(α ∧
β) = H(α) ∧ H(β), H(αUIhβ) = Hh(H(α)U(H(β) ∧ pyh∈Ih)), H(αRIhβ) =
Hh(H(α)R(¬pyh∈Ih ∨ H(β))), H(Kcα) = KcH(α), H(Y Γα) = Y ΓH(α), where
Y ∈ {D,E,C}. Observe that the translation of literals, Boolean connectives,
and epistemic modalities is straightforward. The translation of the UIh operator
ensures that: (1) the translation of β holds in the interval Ih, which is expressed
by the requirement H(β) ∧ pyh∈Ih ; (2) the translation of α holds always before
the translation of β. The translation of the RIh operator ensures that: (1) if the
value of the clock yh is in interval Ih, then the translation of β holds; (2) the
translation of α does not have to become true in the interval Ih, but it may
become true before the beginning of Ih.

The main theorem of the section states that existential validity of the EMTLK
formula ϕ over the timed model for TIS is equivalent to the existential validity of
the corresponding HLTLK formula H(ϕ) over the abstract model for ATIS. The
proof of the theorem can be completed by induction on the length of formula ϕ.

Theorem 1. Let M be a timed model for TIS, ϕ an EMTLK formula, and Mϕ

the abstract model for ATIS. Then, M |= ϕ iff Mϕ |= H(ϕ).

4 A SAT-based BMC method for HLTLK

Bounded semantics. Let Mϕ = (ιϕ, Sϕ, Tϕ,Vϕ) be an abstract model for
ATIS, k ∈ IN, and 0 ≤ l ≤ k. A k-path πl is a pair (π, l), where π is a finite
sequence π = (s0, . . . , sk) of states such that (sj , sj+1) ∈ Tϕ for each 0 ≤ j < k.
Next, let π(i) = ((`i1, v

i
1), . . . , (`in, v

i
n), (`iE , v

i
E)) for all i ≤ k. Then, a k-path

πl is a loop if l < k and (∀c ∈ A)(`kc = `lc) and (∀c ∈ A\{E})(vkc = vlc) and
vkE↓ XE = vlE↓ XE , where ↓ XE denoted the projection of the clock valuation
vE : XE ∪ Y → D on the clock valuation v′E : XE → D. Further, Πk(s) is the set
of all the k-paths πl with π(0) = s, and Πk =

⋃
s0∈ιϕ Πk(s0).

Further, let πl = ((s0, . . . , sk), l) be a k-path, t ≤ k a natural number, and
y ∈ Y a new clock. If either πl is not a loop or πl is a loop with l ≥ t, then
(Φt,ky (π), l) = ((s′0, . . . , s

′
k), l) is the k-path defined as follows. (∀0 ≤ j ≤ k)((∀c ∈

A)(`′
j
c = `jc) and (∀c ∈ A\{E})(v′jc = vjc) and

v′
j
E =



vjE , if 0 ≤ j < t

vjE [{y} := 0], if j = t

succ(v′
j−1
E ), if t < j ≤ k and vjE = succ(vj−1E )

v′
j−1
E [X := 0], if t < j ≤ k and vjE = vj−1E [X := 0]

succ(v′
j−1
E )[X := 0], if t < j ≤ k and vjE = succ(vj−1E )[X := 0])



If πl is a loop with l < t, then (Ψ t,ky (π), l) = ((s′0, . . . , s
′
k), l) is the k-path defined

as follows. (∀0 ≤ j ≤ k)((∀c ∈ A)(`′
j
c = `jc) and (∀c ∈ A\{E})(v′jc = vjc) and

v′
j
E =



vjE , if 0 ≤ j < l

vjE [{y} := 0], if j = t

succ(v′
j−1
E ), if t < j ≤ k and vjE = succ(vj−1E )

v′
j−1
E [X := 0], if t < j ≤ k and vjE = vj−1E [X := 0]

succ(v′
j−1
E )[X := 0], if t < j ≤ k and vjE = succ(vj−1E )[X := 0]

v′
k
E , if j = l

succ(v′
j−1
E ), if l < j < t and vjE = succ(vj−1E )

v′
j−1
E [X := 0], if l < j < t and vjE = vj−1E [X := 0]

succ(v′
j−1
E )[X := 0], if l < j < t and vjE = succ(vj−1E )[X := 0]

Let ϕ be an EMTLK formula, ψ = H(ϕ) a corresponding HLTLK formula,
Mϕ an abstract model, k ≥ 0 a bound, 0 ≤ t ≤ k, and right(h) denote the right
end of the h-th interval appearing in ϕ. The bounded satisfiability relation |=k,
which indicates truth of ψ in Mϕ along the k-path πl at time t (denoted πtl ), is
defined inductively with the classical rules for propositional operators and with
the following rules for the temporal and epistemic modalities:
• πtl |=k Hh(αUβ) iff [π̃ = Φt,kyh (π) and (∃t ≤ i ≤ k)(π̃l

i |=k β and (∀t ≤ j < i)

π̃l
j |=k α)] or [πl is a loop with l < t and π̃ = Ψ t,kyh (π) and (∃l < i < t)(π̃l

i |=k β

and (∀l ≤ j < i) π̃l
j |=k α) and (∀t ≤ j ≤ k) π̃l

j |=k α],
• πtl |=k Hh(αRβ) iff [π̃ = Φt,kyh (π) and (∃t ≤ i ≤ k) (π̃l

i |=k α and (∀t ≤ j ≤ i)
π̃l
j |=k β)] or [πl is a loop with l < t and π̃ = Ψ t,kyh (π) and (∃l < i < t) (π̃l

i |=k

α and (∀l ≤ j ≤ i) π̃lj |=k β) and (∀t ≤ j ≤ k) π̃l
j |=k β] or [π̃ = Φt,kyh (π)

and right(h) ≤ v′
k
E(yh) and (∀t ≤ i ≤ k) π̃l

i |=k β] or [right(h) > v′
k
E(yh)

and πl is a loop with t ≤ l < k and π̃ = Φt,kyh (π) and (∀t ≤ i ≤ k)π̃l
i |=k β]

or [right(h) > v′
k
E(yh) and πl is a loop with l < t and π̃ = Ψ t,kyh (π) and

(∀t ≤ i ≤ k) π̃l
i |=k β and (∀l < i < t) π̃l

i |=k β],

• πtl |= Kcα iff (∃π′l′ ∈ Πk)(∃0 ≤ i ≤ k)(π′(i) ∼c π(t) and M,π′
i
l′ |= α),

• πtl |= Y Γα iff (∃π′l′ ∈ Πk)(∃0 ≤ i ≤ k)(π′(i) ∼YΓ π(t) and M,π′
i
l′ |= α), where

Y ∈ {D,E,C}.
We use the following notation Mϕ |=k ψ iff Mϕ, π

0
l |=k ψ for some πl ∈ Πk.

The bounded model checking problem consists in finding out whether there exists
k ∈ IN such that Mϕ |=k ψ.

The following theorem shows that for some particular bound the bounded and
unbounded semantics are equivalent. The theorem can be proven by induction
on the length of the formula ψ.

Theorem 2. Let ϕ be an EMTLK formula, Mϕ an abstract model, and ψ =
H(ϕ) a HLTLK formula. Then, the following equivalence holds: Mϕ |= ψ iff
there exists k ≥ 0 such that Mϕ |=k ψ.

Translation to SAT. Let Mϕ be an abstract model, ψ a HLTLK formula,
and k ≥ 0 a bound. The presented propositional encoding of the BMC problem



for HLTLK is based on the BMC encoding of [16], and it relies on defining the

propositional formula [Mϕ, ψ]k := [M
ψ,ιϕ
ϕ ]k ∧ [ψ]Mϕ,k, which is satisfiable if and

only if Mϕ |=k ψ holds.

The definition of [M
ψ,ιϕ
ϕ ]k assumes that both the states and the joint ac-

tions of Mϕ are encoded symbolically. This is possible, since both the set of
states and the set of joint actions are finite; we recall that the set D of clock
valuations is finite. Formally, let c ∈ A. Then, each state s ∈ Sϕ is repre-
sented by a vector w = ((w1, v1) . . . , (wn, vn), (wE , vE)) (called a symbolic state)
of symbolic local states, where each symbolic local state (wc, vc) is a pair of
vectors of propositional variables; the first element encodes local states of Lc

and the second element encodes the clock valuations over Dc. Next, each ac-
tion a ∈ Act ∪ {τ} is represented by a vector a = (a1, . . . , an, aE) (called a
symbolic action) of symbolic local actions, where each symbolic local action ac
is a vector of propositional variables. Moreover, each action a ∈ Act′ \Act is
represented by a vector y = (y1, . . . , yr) of propositional variables (called a sym-
bolic clock action), whose length r = max(1, dlog2(|2Y |)e). Further, in order

to define [M
ψ,ιϕ
ϕ ]k we need to specify the number of k-paths of Mϕ that are

sufficient to validate ψ. To calculate the number, we define the following aux-
iliary function fk : HLTLK → IN: fk(>) = fk(⊥) = fk(p) = fk(¬p) = 0,
where p ∈ PV ′; fk(α ∧ β) = fk(α) + fk(β); fk(α ∨ β) = max{fk(α), fk(β)};
fk(Hh(αUβ)) = k ·fk(α)+fk(β)+1 ; fk(Hh(αRβ)) = (k+1) ·fk(β)+fk(α)+1;
fk(CΓα) = fk(α) + k; fk(Y α) = fk(α) + 1 for Y ∈ {Kc,DΓ ,EΓ }. Now, since in
the BMC method we deal with the existential validity, the number of k-paths
sufficient to validate ψ is given by the function f̂k : HLTLK → IN that is defined
as f̂k(ψ) = fk(ψ) + 1.

Further, we need to represent k-paths πl in a symbolic way. We call this rep-
resentation a j-th symbolic k-path πj and define it as a pair ((w0,j ,a0,j ,y0,j , . . . ,
wk,j ,ak,j ,yk,j),uj), where wi,j , ai,j , yi,j are symbolic states, symbolic actions,
symbolic clock actions, respectively, and uj is a symbolic number, for 0 ≤ j <

f̂k(ψ) and 0 ≤ i ≤ k. The symbolic number uj is a vector uj = (u1,j , . . . , ut,j) of
propositional variables, whose length t equals to max(1, dlog2(k + 1)e).

Let w and w′ be two different symbolic states, a a symbolic action, y a sym-
bolic clock action, and u a symbolic number. Moreover, let Ixc (Vxc) denote the
set of indices of propositional variables that encodes local states (clock valua-
tions) of agent c. We assume definitions of the following auxiliary propositional
formulae:

• p(w) - encodes the set of states of Mϕ in which p ∈ PV holds.
• Is(w) - encodes the state s of Mϕ.
• Hc(w,w′) =

∧
i∈Ixc

wc[i]⇔ w′c[i] ∧∧i∈Vxc
vc[i]⇔ v′c[i] - encodes the equiv-

alence of two local states and two local clock valuations of agent c ∈ A.
• H(w,w′) :=

∧
c∈AHc(w,w′) - encodes equality of two global states.

• HX(w,w′) =
∧

c∈A\{E}Hc(w,w′)∧∧i∈IxE
wE [i]⇔ w′E [i] ∧

∧
i∈Vxc↓XE

vE [i]⇔
v′E [i] - encodes equality of two global states on local states and values of the
original clocks.



• Hh=0(w,w′) - encodes equality of two global states on local states and values
of the original clocks (i.e., clocks from

⋃
c∈AXc), and the equality of values

of the new clocks (i.e., clocks from Y ) but the value of clock yh.
• H 6=h(w,w′) - encodes equality of two global states on local states and and

on values of the original clocks, and on the values of the new clocks with the
potential exception of clock yh. For clock yh the formula guarantees that its
value in the 2nd global state is greater than zero.
• N∼

j (u) - encodes that the value j is in the arithmetic relation ∼∈ {<, 6, =
, >, >} with the value represented by the symbolic number u.
• Llk(πn) := N=

l (un) ∧HX(wk,n,wl,n).
• T (w, (a,y),w′) - encodes the transition relation of Mϕ.

Let Fk(ψ) = {j ∈ IN | 1 ≤ j ≤ f̂k(ψ)}, wi,j , ai,j , yi,j and uj be, respectively,
symbolic states, symbolic actions, symbolic clock actions, and symbolic numbers,

for 0 ≤ i ≤ k and j ∈ Fk(ψ). The formula [M
ψ,ιϕ
ϕ ]k, which encodes the unfolding

of the transition relation of Mϕ f̂k(ψ)-times to the depth k, is defined as follows:

[M
ψ,ιϕ
ϕ ]k :=

∨
s∈ιϕ Is(w0,0) ∧∨f̂k(ψ)j=1 H(w0,0,w0,j) ∧

∧f̂k(ψ)
j=1

∨k
l=0N=

l (uj) ∧∧f̂k(ψ)
j=1

∧k−1
i=0 T (wi,j , (ai,j ,yi,j),wi+1,j)

The next step is a translation of a HLTLK formula ψ to a propositional formula

[ψ]Mϕ,k := [ψ]
[0,1,Fk(ψ)]
k , where [α]

[m,n,A]
k denotes the translation of α along the

n-th symbolic path πmn with the starting point m by using the set A ⊆ Fk(ψ).

To define [ψ]
[0,1,Fk(ψ)]
k , we have to know how to divide the set Fk(ψ) into subsets

needed for translating the subformulae of ψ. To accomplish this goal we use some
auxiliary functions (gl, gr, gs, h

U
k , hRk ) that were defined in [16].

Let Mϕ be an abstract model, ψ a HLTLK formula, and k ≥ 0 a bound.
Moreover, let cl(vE , h) denote the fragment of the local symbolic state (wE , vE)
of E that encodes the h-th clock from the set Y . We define inductively the trans-
lation of ψ over a path number n ∈ Fk(ψ) starting at the symbolic state wm,n

as shown below, where A ⊆ Fk(ψ), n′ = min(A), and hUk = hUk (gs(A), fk(β)),
and hRk = hRk (gs(A), fk(α)); the translation of propositional operators is as in
[16], so, we omit it.

• [Hh(αUβ)]
[m,n,A]
k :=

∧m−1
j=0 H(wj,n,wj,n′) ∧Hh=0(wm,n,wm,n′)∧ ∧kj=m+1

H 6=h(wj,n,wj,n′) ∧ (
∨k
j=m([β]

[j,n′,hU
k (k)]

k ∧ ∧j−1i=m[α]
[i,n′,hU

k (i)]
k )

)
∨ ∧kj=m+1

H 6=h(wj,n,wj,n′)∧Hh=0(wm,n,wm,n′)∧
(∨m−1

l=0 (Llk(πn′)∧∧l−1j=0H(wj,n,wj,n′)

∧H(wl,n′ ,wk,n′)∧∧m−1j=l+1H 6=h(wj,n,wj,n′))
)
∧
(∨m−1

j=0 (N>
j (un′)∧ [β]

[j,n′,hU
k (k)]

k

∧∧j−1i=0 (N>
i (un′)→ [α]

[i,n′,hU
k (i)]

k ))
)
∧∧ki=m[α]

[i,n′,hU
k (i)]

k ,

• [Hh(αRβ)]
[m,n,A]
k :=

[∧m−1
j=0 H(wj,n,wj,n′) ∧Hh=0(wm,n,wm,n′) ∧∧kj=m+1

H 6=h(wj,n,wj,n′) ∧
(∨k

j=m([α]
[j,n′,hR

k (k)]
k ∧ ∧ji=m[β]

[i,n′,hR
k (i)]

k )
)]
∨
[∧k

j=m+1

H 6=h(wj,n,wj,n′)∧Hh=0(wm,n,wm,n′)∧
(∨m−1

l=0 (Llk(πn′)∧∧l−1j=0H(wj,n,wj,n′)

∧H(wl,n′ ,wk,n′)∧∧m−1j=l+1H6=h(wj,n,wj,n′))
)
∧
(∨m−1

j=0 (N>
j (un′)∧[α]

[j,n′,hR
k (k)]

k



∧∧ji=0(N>
i (un′)→ [β]

[i,n′,hR
k (i)]

k ))
)
∧∧ki=m[β]

[i,n′,hR
k (i)]

k

]
∨
[∧m−1

j=0 H(wj,n,wj,n′)

∧Hh=0(wm,n,wm,n′)∧∧kj=m+1H6=h(wj,n,wj,n′)∧N≤right(h)(cl(v
k,n′

E , h))∧∧kj=m
[β]

[j,n′,hR
k (j)]

k

]
∨
[∧m−1

j=0 H(wj,n,wj,n′)∧ Hh=0(wm,n,wm,n′)∧ ∧kj=m+1

H 6=h(wj,n,wj,n′)∧N>
right(h)(cl(v

k,n′

E , h))∧ (
∨k−1
l=m(Llk(πn′))∧∧kj=m[β]

[j,n′,hR
k (j)]

k

]
∨[

N>
right(h)(cl(v

k,n′

E , h))∧ Hh=0(wm,n,wm,n′)∧ ∧kj=m+1H6=h(wj,n,wj,n′)∧∧k
j=m[β]

[j,n′,hR
k (j)]

k ∧
(∨m−1

l=0 (Llk(πn′)∧∧l−1j=0H(wj,n,wj,n′)∧H(wl,n′ ,wk,n′)∧∧m−1
j=l+1H 6=h(wj,n,wj,n′) ∧∧m−1j=l+1[β]

[j,n′,hR
k (j)]

k )
)]

,

• [Kcα]
[m,n,A]

k :=
∨
s∈ιϕ Is(w0,n′) ∧∨kj=0([α]

[j,n′,gs(A)]
k ∧Hc(wm,n,wj,n′)),

• [DΓα]
[m,n,A]

k :=
∨
s∈ιϕ Is(w0,n′)∧∨kj=0([α]

[j,n′,gs(A)]
k ∧∧c∈Γ Hc(wm,n,wj,n′)),

• [EΓα]
[m,n,A]

k :=
∨
s∈ιϕ Is(w0,n′)∧∨kj=0([α]

[j,n′,gs(A)]
k ∧∨c∈Γ Hc(wm,n,wj,n′)),

• [CΓα]
[m,n,A]

k := [
∨k
j=1(EΓ )jα]

[m,n,A]
k .

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 ψ.

Theorem 3. Let Mϕ be an abstract model, and ψ a HLTLK formula. For every
k ∈ IN, Mϕ |=k ψ if, and only if, the propositional formula [Mϕ, ψ]k is satisfiable.

Our encoding of the HLTLK formulae is defined recursively over: (1) the
structure of a HLTLK formula ψ; (2) the current position m of the n-th sym-
bolic k-path; (3) the set A of symbolic k-paths, which is initially equal to Fk(ψ).
Further, our encoding does not translate looping and non-looping witnesses sep-
arately, but it combines both of them. Next, it is parameterised by the bound
k ∈ IN, the set A of symbolic k-paths, and closely follows the bounded seman-
tics. Therefore, for fixed n, m, k and A, each subformula α of ψ requires the
constraints of size O(k·fk(ψ)) using the encoding of α at various positions. More-
over, since the encoding of a subformula α is only dependent on m, n, k, and A,
and, multiple occurrences of the encoding of α over the same set of parameters
can be shared, the overall size can be bounded by O(|ψ| · k · fk(ψ)). Further the
size of the formula [Mϕ, ψ]k is bounded by O(|T | · k · fk(ψ) + |ψ| · k · fk(ψ)).

5 Example

We adapted the scenario of a generic pipeline paradigm [11], and we called it
the generic timed pipeline paradigm (GTPP). The GTPP involves n+ 2 agents:
the Producer that is able to produce data (ProdReady) within certain time
interval ([a, b]) or being inactive, the Consumer that is able to receive data
(ConsReady) within certain time interval ([c, d]) or being inactive within certain
time interval ([g, h]), and a chain of n intermediate Nodes which can be ready for
receiving data (NodeiReady) within certain time interval ([c, d]), processing data
(NodeiProc) within certain time interval ([e, f ]), or sending data (NodeiSend),
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x1 := 0

Node1Send

Proc1
x1 ≥ e

Send2
x1 := 0

· · ·

NodenStartstart

NodenReady
xn ≤ d

Startn
xn := 0

NodenProc
xn ≤ f

Sendn
xn ≥ c
xn := 0

NodenSend

Procn
xn ≥ e

Sendn+1

xn := 0

ConsStartstart

ConsReady
xn+1 ≤ d

Startn+1

xn+1 := 0

ConsFree
xn+1 ≤ h

Consume
xn+1 ≥ g
xn+1 := 0

Sendn+1

xn+1 ≥ c
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Fig. 1. A Generic Timed Pipeline Paradigm Scenario

communicating over a possibly faulty communication channel (the environment).
The example can be scaled by adding intermediate 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, Consumer, and of the intermediate Nodes.

Fig. 1 shows the local states, the possible actions, the local clocks, the clock
constraints, invariants, and the protocol for each agent, but for the environment
E . Null actions are omitted in the figure. Further, we assume that the following
local states ProdReady, NodeiStart, and ConsStart are initial, respectively, for
Producer, Node i, and Consumer; hereafter, let P , C, and Ni denote, respec-
tively, Producer, Consumer, and the i-th Node.

For the environment E , to simplify the presentation, we shall consider just one
local state: LE = {·} = ιE . Thus, we can define the set of possible global states S
for the scenario as the product (LP×IN)×∏n

i=1(LNi
×IN)×(LC×IN)×LE , and we

consider the following set of initial states ι = {s0}, where s0 = ((ProdReady, 0),
(Node1Start, 0), . . ., (NodenStarts, 0), (ConsStart, 0), (·)).

The actions for E correspond to the transmission of data between agents
on the unreliable communication channel. The set of actions for E is ActE =
{↔,−}, where ↔ represents the action in which the channel transmits any
data successfully trough the channel, and − represents the action in which the
channel loses data. Thus, the set Act = ActP ×

∏n
i=1ActNi ×ActC ×ActE with

ActP = {Produce, Send1, εP }, ActC = {Startn+1, Sendn+1, Consume, εC}, and
ActNi = {Starti, Sendi, Sendi+1, P roci, εNi} defines the set of joint actions for
the scenario. Moreover, the local protocols of E is the following: PE(·) = ActE .

Let state denote a local state of an agent, â ∈ Act, and actP (â), actNi(â),
and actC(â), respectively, denote an action of Producer, Node i, and Consumer.
In the TIS model of the GTPP scenario we assume the following local evaluation
functions (we provide definitions for Producer and Consumer, the remaining
ones are equally straightforward):
• tP (state, true, ∅, â) = state, if â 6= ε and actP (â) = εP
• tP (ProdReady, x0 ≥ a, ∅, â) = ProdSend, if actP (â) = Produce
• tP (ProdSend, true, {x0}, â) = ProdReady, if actP (â) = Send1 and actN1(â) =
Send1



• tC(state, true, ∅, â) = state, if actC(â) = εC
• tC(ConsStart, true, {xn+1}, â) = ConsReady, if actC(â) = Startn+1

• tC(ConsReady, xn+1 ≥ c, {xn+1}, â) = ConsFree, if actC(â) = Sendn+1 and
actNn(â) = Sendn+1

• tC(ConsFree, xn+1 ≥ g, {xn+1}, â) = ConsReady, if actC(â) = Consume

It should be straightforward to infer the timed model that is induced by the
informal description of the GTPP scenario together with the local states, actions,
clocks, protocols, and local evolution functions defined above. Next, in the timed
model of the scenario we assume the following set of proposition variables: PV =
{ProdSend,ConsReady, ConsFree} with the following interpretation:

• (M, s) |= ProdSend if lProducer(s) = ProdSend,
• (M, s) |= ConsReady if lConsumer(s) = ConsReady,
• (M, s) |= ConsFree if lConsumer(s) = ConsFree.

The specifications we may be interested in checking, for the described bench-
mark are given in the universal form, for which we verify the EMTLK formulae
that are negated and interpreted existentially. Let n be the number of nodes.
Then:

ϕ1 = G(KP (ProdSend⇒ F[2n+1,2n+2)ConsFree)). It expresses that Producer
knows that each time Producer produces data, then Consumer receives this
data in 2n+ 1 time units.

ϕ2 = G(KP (ProdSend⇒ F[2n+1,2n+2)(ConsFree ∧ F[1,2)ConsReady))). It ex-
presses that Producer knows that each time Producer produces data, then
Consumer receives this data in 2n+ 1 time units and one unit after that it
will be ready to receive another data.

To apply the BMC method for the above scenario and, e.g, for formula ϕ1,
we first have to define an augmented TIS for the given TIS and for the negation
of ϕ1. 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 E by taking
into account the intervals appearing in ϕ1. Now, since there are two intervals in
ϕ1 (i.e., I1 = [0,∞) and I2 = [2n+ 1, 2n+ 2)) and the set XE is empty, the new
set X ′E is equal to {y1, y2}. Moreover, the set of actions is of the form Act′E =
ActE ∪ {{y1}, {y2}, {y1, y2}}, and the protocol is defined as P ′E(·) = Act′E = {↔
,−, {y1}, {y2}, {y1, y2}}. Finally, the local evolution function is defined as follows:
t′E(·, true,Y, â) = ·, if â 6= ε and actE(â) = Y and Y ∈ {{y1}, {y2}, {y1, y2}}.

Having defined the ATIS for the GTPP scenario and for ϕ1, it should be
straightforward to infer the abstract model Mϕ1

. Further, we need to translate
the negation of ϕ1, denoted ϕ′1, (which is in EMTLK) into the HLTLK for-
mula H(ϕ′1). Namely, let p = ProdSend, q = ConsFree, and ϕ′1 = FKP (p ∧
G[2n+1,2n+2)(¬q)), we haveH(FKP (p∧G[2n+1,2n+2)(¬q))) = Hy1F(py1∈I1∧H(KP (p∧
G[2n+1,2n+2) (¬q)))) = Hy1F(py1∈I1∧KPH(p∧G[2n+1,2n+2)(¬q))) = Hy1F(py1∈I1∧
KP (p ∧H(G[2n+1,2n+2)(¬q)))) = Hy1F(py1∈I1 ∧KP (p ∧Hy2G(¬py2∈I2 ∨ ¬q))).

Next, we need to apply the BMC method for the HLTLK formula H(ϕ′1) and
for the abstract model Mϕ1

. Thus, we have to encode the local states of agents,
the clock valuations, the joint actions, and the new clock actions in the in bi-
nary form. Since the Producer can be in 2 different local states and it has one



clock with the maximal value equal to b, we shall need 1 bit to encode its local
states and cP = dlog2(m1)e with m1 = max(b, 2n+ 2) bits to encode the clock
valuations. Since the Consumer can be in 3 different local states and it has one
clock with the maximal value equal to max(d, h), we shall need 2 bits to encode
its local states and cC = dlog2(m2)e with m2 = max(max(d, h), 2n+ 2) bits to
encode the clock valuations. Since the Nodes can be in 4 different local states
and they have one clock with the maximal value equal to max(d, f), we shall
need 2 bits to encode local states of each Node and cNi = dlog2(m3)e with m2 =
max(max(d, f), 2n + 2) bits to encode the clock valuations of each Node. The
modelling of the environment E requires only one bit to encode the local state,
and since E has two clocks with the maximal value equal to 2n+ 3 we shall need
cE = 2·dlog2(2n+3)e bits to encode the clock valuations. Having the fixed values
of a, b, c, d, e, f, g, h and n, it should be straightforward to calculate the number
of bits/propositional variables, say t, that model/represents a global state of
the GTPP system; it should be of the following form ((wP [0], vP [0], . . . , vP [cP ]),
(wN1[0],wN1[1], vN1[0], . . . , vN1[cN1]), . . ., (wNn[0],wNn[1], vNn[0], . . . , vNn[cNn]),
(wC [0],wC [1], vC [0], . . . , vC [cC ]), (wE [0], vE [0], . . . , vE [cE ])). Now, we can assume
that the initial state of GTPP is represented by the tuple of t-zeros. Thus the
propositional encoding of initial states is the following: Is0(w0,0) =

∧t
i=1 ¬w0,0[i].

Now we can encode the model of the example up to the depth k ∈ IN, but we do
not do it here. The translation of the propositions used in our formula is the fol-
lowing: ProdSend(w) := wP [0] (this means that ProdSend holds at all the global
states with the first local state of the agent Producer equal to 1); ConsFree(w)
:= wC [0] ∧ ¬wC [1] (this means that ConsFree holds at all the global states
with the local state of the agent Consumer equal to (1, 0)); ConsReady(w) :=
¬wC [0] ∧ wC [1] (this means that Consready holds at all the global states with
the local state of the agent Consumer equal to (0, 1)).

Having the above encoding and definitions of the auxiliary propositional for-
mulae, we can easily infer propositional formulae that encode all the properties
mentioned above. Further, checking that the GTPP satisfies the properties ϕ1

and ϕ2 can now be done by feeding a SAT solver with the propositional formulae
generated in the way explained above.

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 introduced 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.

Our future work include an implementation of the presented BMC method,
a careful evaluation of experimental results to be obtained, and a comparison of
the OBDD-, SMT-, and SAT-based BMC method for TISs. Further, in [8] a for-



malism 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 governance (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 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.
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