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ABSTRACT

We investigate a SAT-based bounded model checking (BMC)

method for EMTLK (the existential fragment of the metric tem-

poral 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 exis-

tential model checking problem for a linear temporal logic (called

HLTLK), and we provide a SAT-based BMC technique for HLTLK.

Categories and Subject Descriptors

D.2.4 [Software/Program Verification]: Model checking
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1. INTRODUCTION
The formalism of interpreted systems (IS) [1] was designed to

model multi-agent systems (MASs) [6], and to reason about the

agents’ epistemic and temporal properties. The formalism of timed

interpreted systems (TIS) extends interpreted systems to make pos-

sible reasoning about soft real-time aspects of MASs. TIS provides

a computationally grounded semantics on which it is possible to

interpret time-bounded temporal modalities as well as traditional

epistemic modalities.

To describe the requirements of MASs various extensions of

temporal logics with epistemic [1], doxastic [3], and deontic [5]

modalities have been proposed. In this paper we consider EMTLK

which is an epistemic extension (only existential modalities) of

Metric Temporal Logic [2]. We interpret EMTLK over timed mod-

els generated by TISs.

The main idea of SAT-based bounded model checking (BMC)

[4] methods consists in translating the existential model checking

problem for a modal language and for a Kripke model to the sat-

isfiability problem (SAT-problem) of a propositional formula, and

taking advantage of the power of modern SAT-solvers.
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The original contributions of the paper are as follows. First, we

define TIS as a model of MASs with the agents that have soft real-

time deadlines to achieve intended goals. Second, we introduce two

languages: EMTLK and HLTLK (hard reset epistemic linear-time

temporal logic). Third, we propose a SAT-based BMC technique

for TIS and for EMTLK, which is based on a translation of the

existential model checking problem from EMTLK to the existential

model checking problem for HLTLK; this translation makes use of

the translation technique described in [8].

2. TIS, EMTLK, HLTLK, TRANSLATION

TIS. Let Ag = {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. We assume knowledge of

standard interpreted systems (IS) due to [1]. The timed interpreted

system (TIS) is a tuple ({ιc, Lc, Actc, Xc, Pc, tc,Vc, Ic}c∈Ag),
where the elements {ιc, Lc, Actc, Pc,Vc}c∈Ag are defined as in

IS,Xc is a non-empty set of non-negative integers variables (called

clocks), tc : Lc×C(Xc)×2Xc ×Act→ Lc is a (partial) evolution

function which defines local transitions (each element of Act =∏
c∈Ag Actc is called a joint action, and each clock constrain [4]

of C(Xc) is called an enabling condition), and Ic : Lc → C(Xc)
is an invariant function which specifies the amount of time agent c

may spent in its local states. We assume that local states and clocks

for E are public. Further, for a given TIS it is possible to define

a timed model M = (ι, S, T,V) with ι =
∏

c∈Ag ιc × {0}|Xc|,

S =
∏

c∈Ag Lc × IN|Xc|, T ⊆ S × (Act ∪ IN)× S being a total

transition relation defined by means of action and time transitions

that take into account local evolution functions, V : S → 2PV

is the valuation function defined as V(s) =
⋃

c∈Ag Vc(lc(s)); if

s = ((ℓ1, v1), . . . , (ℓn, vn), (ℓE , vE)) is a global state and c ∈ Ag,

then lc(s) = ℓc and vc(s) = vc.

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), where ≃ is an equivalence relation on clock valu-

ations. A run of TIS is an infinite sequence ρ = s0, s1, s2, . . . 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 .

EMTLK. Let p ∈ PV , c ∈ Ag, Γ ⊆ Ag, and I be an interval

in IN of the form: [a, b) or [a,∞), for a, b ∈ IN and a 6= b. The

EMTLK formulae are defined by the following grammar: ϕ ::=
true | false | p | ¬p | ϕ ∧ ϕ | ϕ ∨ ϕ | ϕUIϕ | ϕRIϕ |
Kcϕ | EΓϕ | DΓϕ | CΓϕ. The modalities UI and RI are read

as the bounded until and the bounded release, respectively. The

existential epistemic modalities are read as standard.
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The satisfiability relation |=, which indicates truth of a EMTLK

formula in the timed modelM along a discrete path λρ correspond-

ing to run ρ [8] at time t, is defined inductively with the classical

rules for propositional and epistemic operators and with the fol-

lowing rules for the temporal 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). An EMTLK formula ϕ existentially holds in the

model M (denoted M |= ϕ) iff M,λ0
ρ |= ϕ for some path λρ of

M . The existential model checking problem asks whether M |= ϕ.

HLTLK. Let ϕ be an EMTLK formula,m the number of intervals

in ϕ, Y = {y1, . . . , ym} a set of new clocks that corresponds to all

the time intervals appearing in ϕ, p ∈ PV ′ = PV∪{qyh∈Ih | h =
1, . . . ,m}, c ∈ Ag and Γ ⊆ Ag. The HLTLK formulae are given

by the following grammar: ψ ::= true | false | p | ¬p | ψ ∧ ψ |
ψ ∨ ψ | Hh(ψUψ) | Hh(ψRψ) | Kcψ | EΓψ | DΓψ | CΓψ.

The meaning of temporal and epistemic symbols is standard. The

indexed symbol Hh denotes the reset modality representing setting

to zero the clock number h that belongs to Y .

We assume a definition of an augmented timed interpreted sys-

tems (ATIS) that is like TIS, but we extend the set of original clocks

of the environment E , and we modify accordingly the set of ac-

tions, the local protocol and the local evolution function of E . Fur-

ther, let 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∈Ag D
|Xc|
c . The

HLTLK formulae are interpreted over the abstract model Mϕ =
(ιϕ, Sϕ, Tϕ,Vϕ) for an ATIS, where ιϕ = ι, Sϕ =

∏
c∈Ag Lc ×

D
|Xc|
c , Tϕ ⊆ Sϕ × (({τ} ∪ Act) × 2Y ) × Sϕ is a total transi-

tion relation defined by means of action and time transitions such

that each transition is followed by a possible rest of new clocks

from Y , Vϕ : Sϕ → 2PV′

is the valuation function such that

(1) p ∈ Vϕ(s) iff p ∈
⋃

c∈Ag Vc(lc(s)) for all p ∈ PV; (2)

qyh∈Ih ∈ Vϕ(((ℓ1, v1), . . . , (ℓn, vn), (ℓE , vE))) iff vE(yh) ∈ Ih.

Given the abstract model Mϕ, one can define the indistinguisha-

bility relation ∼c⊆ Sϕ × Sϕ for agent c as follows: s ∼c s
′ iff

lc(s
′) = lc(s) and vc(s

′) = vc(s).
In this short paper we do not provide the semantics for the HLTLK

formulae ψ, we only say that Mϕ |= ψ iff Mϕ, π |= ψ for some

path π of Mϕ that start at an initial state. The existential model

checking problem consists in finding out whether Mϕ |= ψ.

From EMTLK to HLTLK. Having defined EMTLK and HLTLK,

we can now introduce a translation (”connection”) of the EMTLK

formula ϕ into an HLTLK formula ψ = H(ϕ). Formally, let

ϕ be an EMTLK formula and p ∈ PV ′. We translate the for-

mula ϕ inductively into the HLTLK formula H(ϕ) in the follow-

ing way: H(true) = true, H(false) = false, 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}.

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).

3. SAT-BASED BMC FOR HLTLK
We assume knowledge of basic SAT-based BMC techniques for

temporal and epistemic logics, and knowledge of the paper [7]. Let

ϕ be an EMTLK formula, ψ = H(ϕ) a corresponding HLTLK

formula, Mϕ an abstract model, and k ≥ 0 a bound. The BMC

problem consists in finding out whether there exists a bound k ∈ IN
such that Mϕ |=k ψ. We can show that the following equivalence

holds: Mϕ |= ψ iff there exists k ≥ 0 such thatMϕ |=k ψ, i.e., the

existential model checking problem can be reduced to the bounded

model checking problem.

The presented propositional encoding of the BMC problem for

HLTLK is based on the BMC encoding of [9], and it relies on defin-

ing 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 the states, the joint ac-

tions (also these representing clock actions) of Mϕ, are encoded

symbolically, which is possible, since both the set of states and

the set of joint actions are finite. Thus, let 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 1 ≤

j ≤ f̂k(ϕ). The formula [M
ψ,ιϕ
ϕ ]k, which encodes the unfold-

ing of the transition relation of Mϕ f̂k(ψ)-times to the depth k,

is defined as follows:
∨
s∈ιϕ

Is(w0,0) ∧
∨f̂k(ψ)
j=1 H(w0,0,w0,j) ∧

∧f̂k(ψ)
j=1

∨k

l=0 N
=
l (uj)∧

∧f̂k(ψ)
j=1

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

where f̂k(ψ) is the function which specifies the number of k-paths

ofMϕ that are sufficient to validate ψ, the formulae Is,H , and N=
l

can be defined as in [9], and the formula T encodes the transition

relation of Mϕ.

The definition of [ψ]Mϕ,k, which is not presented here because

of the space limit, defines an encoding of the bounded semantics of

ψ along a set of k-paths of Mϕ.

The following theorem guarantees that the BMC problem for

HLTLK and for ATIS can be reduced to the SAT-problem.

THEOREM 2. Let Mϕ be an abstract model, and ψ a HLTLK

formula. For every k ∈ IN, Mϕ |=k ψ if, and only if, the proposi-

tional formula [Mϕ, ψ]k is satisfiable.
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