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Abstract
In this report we propose a simple model for component based real-time systems using duration
automata. A component based real-time system consists of a host which is a general duration
automaton and several components which are duration automata with some restrictions. Components can communicate with the host only. For this model we propose an algorithm for solving
the emptiness problem using black box testing for components with a complexity in the same
complexity class as for solving the emptiness problem for untimed component based systems.
Furthermore, the verification of behavioural real-time properties in this model can be done with
techniques from Duration Calculus.
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Introduction

Component-based systems become popular because of many advantages. The component-based
system development supports software reuse and compositionality, hence can reduce the cost for
the products. In component based software development, the architectural design of the system
plays a key role in achieving the correctness of the system. Architectures include not only the
structure of the system but also the behaviour and non-functional aspects of the system. Many
models for component based systems have been proposed [9, 8]. However those models mainly
support the system specifications and understanding, not the verification.
Very often the embedded systems have a simple structure, but complicated real-time behaviours.
The architectural design for embedded systems often relies on a minimum specification of component interfaces only, without accessing to the internal behaviour of components. We believe
that a model for component-based real-time systems that supports this kind of design is useful.
In this paper we propose a simple model for component based real-time systems using duration
automata. Duration automata were introduced in [3] as a model of real-time systems. A duration
automaton does not have clock variable like timed automata [1], but has a simple upper bound
and lower bound for each transition. It has been shown that many duration properties of realtime system can be verified automatically for this model. We define a component based real-time
system to consist of one host which is a general duration automaton and several components
which are duration automata with some restrictions. Components can communicate with its
host only. For this model we propose an algorithm for solving the emptiness problem using
black-box testing for components with a complexity in the same complexity class as for solving
the emptiness problem for untimed component based systems. In this model, each behaviour
of a system is also a behavior of its host. Hence the verification of many behavioural real-time
properties of the system can be reduced to the one for the host which can be done automatically
with techniques from Duration Calculus as said earlier.
The paper is organised as follows. In the next section, we introduce a model of component based
system using duration automata network and propose an algorithm for checking the emptiness of
a component based system. In Section 3, we discuss about possible applications of the algorithm.
Section 4 devotes to an example for illustrating the use of our technique. The last section is the
conclusion of the report.
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Checking Untimed Properties of Real-time Component-based
Systems

2.1

Duration Interface Automata

Interface automata were introduced in [4] for specifying component interfaces. An interface
automaton has internal, input and output actions. We extend interface automata to interface
duration automata by associating to each action a simple constraint on action duration in the
form of time interval. Formally, interface duration automata are defined as follows. Let R be
the set of non negative real numbers, and Intv be the set of time intervals, Intv =
b {[a, b] | τ1 ∈
R, τ2 ∈ R ∪ {∞}}.
Definition 1 An interface duration automaton is a tuple
M = hS, Σ, ∆, ∇, q, R, F i, where
1. S is a finite set of states,
2. Σ, ∆ and ∇ are pairwise disjoint alphabets of internal, input and output actions respectively,
3. q ∈ Q is initial state of M ,
4. R ⊆ S × (Σ ∪ ∆ ∪ ∇) × Intv × S is timed transition relation, and
5. F ⊆ S is set of final states.

For simplicity, for a duration interface automaton M , we will use S(M ), Σ(M ), ∆(M ), ∇(M ),
R(M ), q(M ) and F (M ) to denote the corresponding components of M as in the above definition. The untimed version of M , denoted by untimed(M ) is the untimed automaton defined in the same way as M except that the transition relation is defined by untimed(R) =
b
{(s, a, s0 ) | (s, a, [l, u], s0 ) ∈ R}. Let A(M ) =
b Σ(M ) ∪ ∆(M ) ∪ ∇(M ). A configuration of M is a
pair (s, d) ∈ S × R. A configuration (s, d) says that M has been in state s for d time units. So,
the initial configuration of M is (q, 0), and an acceptance configuration of M is a configuration
δ

(s, d) where s ∈ F . A transition of M is either a time transition of the form (s, d) −→ (s, d + δ)
a
(δ ∈ R and δ ≥ 0) or a discrete transition of the form (s, d) −→ (s0 , 0), where a ∈ Σ ∪ ∆ ∪ ∇,
(s, a, [l, u], s0 ) ∈ R and l ≤ d ≤ u. In words, a discrete transition can take place only if the time
it has been enabled, i.e. stayed in the source state, satisfies the time constraint associated to it.
Let M1 , M2 , . . . , Mk be duration interface automata. They are said to be composable iff their
corresponding input/output alphabets are pairwise disjoint, i.e. ∆(Mi ) ∩ ∆(Mj ) = ∇(Mi ) ∩
∇(Mj ) = ∅ for all i 6= j, and their internal actions are local to them, i.e. Σ(Mi ) ∩ A(Mj ) = ∅
for all i 6= j. A finite set of composable duration interface automata S =
b {M1 , M2 , . . . , Mk } is
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called a (real-time) system. The components of S are running in parallel and communicate with
one another synchronously provided their own time constraints are satisfied. The behaviour of
system S is described precisely as follows.
A configuration of system S is a tuple C =
b (c1 , c2 , . . . , ck ), where ci is a configuration of Mi .
The configuration of S in which ci is the initial configuration of Mi for all i ≤ k, is called
initial configuration of S. An acceptance configuration of S is a configuration in which ci is an
acceptance configuration of Mi for all i. For a ∈ ∪ki=1 A(Mi ), let dom(a) =
b {i | a ∈ A(Mi )}.
dom(a) is the set of the indexes of those components which are involved in the action a. We
combine a time transition with a following discrete transition into one and define the transition
(δ,a)

relation of S as: ((s1 , d1 ), . . . , (sk , dk )) −→ ((s01 , d01 ), . . . , (s0k , d0k )) for δ ≥ 0 and a ∈ ∪ki=1 A(Mi )
iff for all i ∈ dom(a) there is an interval [li , ui ] ∈ Intv such that (si , a, [li , ui ], s0i ) ∈ R(Mi ),
di + δ ∈ [li , ui ] and (s0i , d0i ) = (si , 0), and if i 6∈ dom(a) then (s0i , d0i ) = (si , di + δ).
(δi ,ai )

A path p of S is a sequence of consecutive transitions Ci−1 −→ Ci , i = 1, . . . , n. A path such
that C0 is the initial configuration of S is called a behaviour. We denote a behaviour of S by
(δ1 ,a1 )

(δ2 ,a2 )

(δn ,an )

(δ1 ,a1 )

(δ2 ,a2 )

(δn ,an )

σ=
b C0 −→ C1 −→ C2 . . . −→ Cn . Let p be a path C0 −→ C1 −→ C2 . . . −→ Cn . A
configuration C is reachable from C0 in d time units on the path p iff there are i and δ satisfying
P
δ
that i < n ∧ δi+1 ≥ δ ≥ 0 or i = n ∧ δ ≥ 0 such that Ci −→ C and ij=1 δ = d.
For an alphabet A, a timed string (word) over A is a sequence
w =
b (a1 , t1 )(a2 , t2 ) . . . (ak , tk ), where ai ∈ A and ti ∈ R for i ≤ k, and 0 ≤ ti ≤ ti+1 for
1 ≤ i ≤ k − 1. Let B ⊆ A. We expand the projection .|B for strings to a projection for timed
strings .|B as: for a timed string w, w|B is the subsequence of w consisting of those (aj , tj ) for
which aj ∈ B.
For a behaviour σ, let w(σ) be a timed word P
defined by
w(σ) =
b (a1 , t1 )(a2 , t2 ) . . . (an , tn ), where ti =
b ij=1 δj . w(σ) is called timed word of the system
S if the last configuration of σ is an acceptance configuration of S. Let L(S) denote the set of
timed words of the system S.
A subsystem of S is a subset of {M1 , . . . , Mk }.
Theorem 1 Let S0 be a subsystem of S. A timed word w over A(S) is a timed word of S if and
only if w|A(S0 ) is a timed word of S0 and w|A(S−S0 ) is a timed word of S − S0 .
Proof: By direct check using induction on the length of behaviours.

2

Corollary 1 A timed word w over A(S) is a timed word of S if and only if w|A(Mi ) is a timed
word of Mi for all 1 ≤ i ≤ k.
Theorem 2 The emptiness of the set of timed words of a system S is decidable.
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Proof: Define a timed automaton with k clock variables T (S) by
T (S) = hS1 × . . . × Sk ,
A(S), {x1 , . . . , xk }, E, (q0 , . . . , qk ), F1 × . . . × Fk i
where S1 × . . . × Sk is the state set, {x1 , . . . , xk } is the clock variable set of T (S), E is the
set of transitions, A(S) is the set of transition labels of T (S), (q0 , . . . , qk ) is the initial state,
and F1 × . . . × Fk is the set of final states of T (S). The transition set E is defined as follows.
There is an transition e in E for T (S) with the label a from a state (s1 , . . . , sk ) to a state
(s01 , . . . , s0k ) iff for i ∈ dom(a) there is a transition ei = (si , a, [li , ui ], s0i ) in Ri , and for i 6∈ dom(i)
si = s0i . Transition e has the clock constraint ∧i∈dom(a) li ≤ xi ≤ ui , and resets the clocks in
{xi | i ∈ dom(a)}. By direct check, it follows that a timed word w is accepted by the system
S if and only if it is accepted by the timed automaton T (S). Because the emptiness of T (S) is
decidable, the emptiness of S is also decidable.
2
When converting the emptiness of systems S into the emptiness of timed automata, we have
ignored the simplicity of the time constraints of S comparing with timed automata, and use
the general algorithm for solving the emptiness of timed automata to decide the emptiness of a
system S which involves a large number of regions and hence has very high complexity. We will
see in the next section that with some restrictions that are appropriate for meddling component
based systems, we can solve the problem with much lower complexity.

2.2

A Model Component Based Real-time Systems

We extend the system model in [6] for untimed component based systems to model componentbased real-time systems. The advantage of this model is its simplicity and ability of verifying
some properties of a system with not much information from the used components. In this
model, there is a distinction between the host system and components.
Real-time Components
Real-time components will be modeled by duration interface automata with some restrictions.
The restrictions come from the way the developers are using components. Namely, the details
of a component are hidden to the system developers, in particular its internal actions and
states are hidden. Therefore, its internal actions can be encoded with its states, and hence,
we can assume the absence of the internal actions for the component. We assume that there
is a special input action “reset” which causes the component return to its initial state. If the
component accepts an input at a state s then it is its environment to decide when to send the
input. Therefore we assume that there is no time constraint for input actions, i.e. in any input
transition (s, a, [l, u], s0 ) satisfies that l = 0 and u = ∞. Like for the model in [6], we also assume
the input determinism and output determinism for components for more predictable behaviours.
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Definition 2 A component is a duration automaton
X = hS, Σ, ∆, ∇, q, R, F i that satisfies the following conditions:
1. Σ = ∅ and reset ∈ ∆ (no “explicit” internal action),
2. (s, a, [l, u], s0 ) ∈ R and a ∈ ∆ imply l = 0 and u = ∞,
3. (s, reset, [0, ∞), q) ∈ R for all s ∈ S,
4. (s, a, [l, u], s0 ) ∈ R and a ∈ ∇ imply u = ∞, i.e. when an output is ready, it can be taken
at any time afterward.
5. for a ∈ ∆, (s, a, [0, ∞), s0 ) ∈ R and (s, a, [0, ∞), s00 ) ∈ R imply s00 = s0 (input determinism),
6. for b ∈ ∇ and b0 ∈ ∇ ∪ (∆ \ {reset}), the conditions (s, b, [l, ∞), s0 ) ∈ R and
(s, b0 , [l0 , u0 ], s00 ) ∈ R imply s00 = s0 , l0 = l, u0 = ∞ and b = b0 (output determinism).

Since the final states of components play no role in our model according to the way components
are used, we assume that for any component X, we have F (X) = S(X), i.e. every state of
a component is an acceptance state. The restrictions imposed on components leads to the
following property for them:

Theorem 3 Let X be a component. A timed word w = (a1 , t1 ) . . . (an , tn ) over A(X) is a timed
word of X if and only if its corresponding untimed word a1 a2 . . . an is accepted by the untimed
automaton untimed(X), and for all j = 1, . . . , n, if aj ∈ ∇(X) then tj − tj−1 ≥ uj , where
a1 ...aj
s0 = q(X), t0 =
b 0, s0 −→ sj in the automaton untimed(X), and (sj−1 , aj , [lj , uj ], sj ) ∈ R(X).
Proof: By direct check with induction on the length of w.

2

Host
A host is simply a duration interface automaton M . There is no restriction on hosts since we
want them to be as powerful as possible, and duration interface automata are a restricted model
for hosts already. Each internal action of a host could be a computation step or a communication
step with its environment.
Component Based Real-time Systems
We are ready to define component based real-time systems. We use a simple structure for the
system model so that we can have richer properties, lower complexity for model checking but
still can model many practical systems. In this structure, each component is closed in the sense
that it communicates only with its host.
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Definition 3 A component based real-time system S is a system consisting of one host and
several components
S=
b hM, X1 , . . . , Xk i
where M is a host, and X1 , . . . , Xk are components satisfying A(Xi ) ∩ A(Xj ) = ∅ for i 6= j, and
∆(M ) ∪ ∇(M ) = ∪ki=1 A(Xi ).
In the figures that appear later in this paper, we will use the CSP style to indicate input and
output action. Namely, for an action a of a duration automaton A, the label !a is to indicate
action a with a ∈ ∇(A), and the label ?a is to indicate action a with a ∈ ∆(A).
Since the alphabets of components are included in the alphabet of the host, it follows from
Corollary 1 that a timed word w of a component based system S is also a timed word of the
host M (because w is the projection of itself on A(M )). However, the statement in the reverse
direction does not necessarily hold in general. We can decide if a timed word of M is also a
timed word of the system S by testing if we are given a limited specification of each component
of S.
Let σ be an accepted behaviour of the host M . By the definition of behaviours of a system of
(δ1 ,e1 )

(δn ,en )

one duration interface automaton, σ = (s0 , 0) −→ (s1 , 0) . . . −→ (sn , 0) where si ∈ S(M ),
s0 = q(M ), and ei = (si , ai , [li , ui ], si+1 ) are transitions of M (here, we use the name of transitions
instead of their label in the behaviours without fear of confusion). If we replace δi by any δi0
such that δi0 ∈ [li , ui ], we also get a behaviour of M . Hence, we can replace δi by [li , ui ] in
the behaviour σ to express the set of all behaviors corresponding to the sequence of transitions
of σ, and call the resulting sequence [σ] =
b (a1 , [l1 , u1 ]) . . . (an , [ln , un ]) an accepted sequence of
transitions of M . By Theorem 1, a time word w = (a1 , t1 ) . . . (an , tn ) is a timed word of the
system S if and only if
1. w|A(M ) (= w) is a timed word of M , i.e. t1 , . . . , tn satisfy that t1 ∈ [l1 , u1 ], ti+1 − ti ∈
[li+1 , ui+1 ], and
2. for all i, the timed word w|A(Xi ) is a timed word of Xi , i.e. w|A(Xi ) satisfies the conditions
of Theorem 3.
We formulate this observation in the following theorem which will give a more efficient way to
solve the emptiness of the component based real-time system S.
Theorem 4 A timed word of the component based real-time system S exists if and only if there is
an accepted sequence of transitions of the host M [σ] =
b (a1 , [l1 , u1 ]) . . . (an , [ln , un ]) such that for
its corresponding untimed word w =
b a1 a2 . . . an , w|A (Xi ) is accepted by the untimed automaton
untimed(Xi ) for all i ≤ k, and the linear constraint system C defined below has a solution. C
is defined as
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1. for all j = 1, . . . , n, if aj ∈ ∇(Xi ) for some i then the constraint tj −th ≥ dj is in C, where
a1 ...ah |A(X

)

h is the largest index less than j such that ah ∈ A(Xi ) ∪ {²}, and q(Xi )
−→ i s0 holds
in the automaton untimed(Xi ), and (s0 , aj , [dj , ∞), s00 ) ∈ R(Xi ) (the unique output action
of Xi at state s0 with label aj ), by our convention, a0 = ² (the empty word) and t0 = 0.
2. t0 ≤ t1 ≤ . . . ≤ tn , and lj ≤ tj − tj−1 ≤ uj for 1 ≤ j ≤ n − 1 are in C
3. (No other constraints are in C).
In the definition of C the size of the linear constraint system C (i.e. the number of constraints)
is proportional to the length of w. Since the set of acceptance sequences of M is infinite in
general, we cannot test all of them for the conditions of Theorem 4 to decide the emptiness of
system S. In the following, we show that we can find a number P such that we have to test only
the acceptance sequences of M with length bounded by a fix number P to decide the emptiness
of system S.
For the untimed component based model [6], the number P is r ∗ mk , where r is the number of
states of M , k is the number of components in S, and m is the maximal number of states of
components Xj , j ≤ k. For real-time component based model P cannot be defined like that.
Let r be the number of states of M , and m is the maximal number of states of components Xj ,
j ≤ k. Let
untimed(S) =
b M × untimed(X1 ) × . . . × untimed(Xk ) be the synchronised product of the
untimed automata corresponding to the host M and the components Xj ’s. The number of
states of untimed(S) is bounded by r ∗ mk , and from the definition of the synchronised products
it follows that each transition in untimed(S) is a parallel execution of a communication transition
in M and a transition in a component with the same label, or an internal transition in M . Hence,
each accepted sequence of transitions of the host M that satisfies the conditions of Theorem 4
corresponds to exactly one accepted path in the graph representing untimed(S). For convenience
we label transitions in untimed(S) by their corresponding transition in M .
Recall that we can use the delay variables δiPinstead of real-time variable ti in behaviour (path
in untimed(S)) σ by the substitution ti = ij=1 δj . Then the constraints in C in Theorem 4
become
• δj + . . . + δh+1 ≥ dj for j, h and dj as in the item 1 of Theorem 4, and
• lj ≤ δj ≤ uj for all j.
This constraint system has a solution if and only if
uj + . . . + uh+1 ≥ dj for j, h and dj as in Item 1 of Theorem 4.
Here we use the familiar conventions a + ∞ = ∞ and ∞ ≥ a for any a ≥ 0 or a = ∞.
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By simplifying if necessary, we can assume that all states in untimed(S) are reachable from the
initial state. For a constraint T as above, if there is a cycle c in untimed(S) on the subpath ρ
between transitions eh+1 and ej−1 on the path σ in which ul > 0 for some l satisfying h + 1 ≤
l ≤ j − 1 (called positive cycle), then the constraint T (uj + . . . + uh+1 ≥ dj ), if it has not been
satisfied already, can be satisfied by repeating this path for an appropriate number of times. It
is interesting to note here that each repetition may add a constraint that has been in C already,
and hence, does not add any new constraint into our constraint system. It is so because that a
constraint is on uj ’s and dj ’s, not on tj ’s. So, we can remove constraint T if we know there is a
positive cycle in untimed(S) on the path from eh+1 and ej−1 of σ. Since the number of states
of untimed(S) is bounded by r ∗ mk , there must be a cycle on the subpath ρ of σ connecting
eh+1 and ej−1 if the length |ρ| of ρ is greater than r ∗ mk .
Based on this observation, we have the following criterion for the emptiness of real-time component based systems in our model. Let P be the length of the longest path (number of transitions)
from the initial state to an acceptance state of M in which any cycle is not repeated more than
r ∗ mk times for each time it is entered.
Theorem 5 The set of timed words of the real-time component based system S is not empty if
and only if there is an accepted sequence of transitions of the host M [σ] = (a1 , [l1 , u1 ]) . . . (an , [ln , un ])
with the length n ≤ P such that for its corresponding untimed word w =
b a1 a2 . . . an the word
w|A (Xi ) is accepted by untimed(Xi ) for all i ≤ k and for all j = 1, . . . , n, if aj ∈ ∇(Xi ) for some
i then either uj + . . . + uh+1 ≥ dj or there is a positive cycle on the path from h + 1 to j − 1 with
the length not greater than r ∗ mk , where h is the largest index less than j such that ah ∈ A(Xi ),
a1 ...ah |A(X

)

and q(Xi )
−→ i s0 holds in the automaton untimed(Xi ), and dj is the minimum delay of
the unique output action of Xi at state s0 with label aj , i.e. (s0 , aj , [dj , ∞), s00 ) ∈ R(Xi ).
Proof:
(a) We have to prove the “only if” part only since the “if” part follows from the above observation. From Theorem 4, we can assume that there is an accepted sequence of transitions of
M [σ] =
b (a1 , [l1 , u1 ]) . . . (an , [ln , un ]) such that its corresponding untimed word w =
b a1 a2 . . . an
satisfies that the projection w|A (Xi ) is accepted by untimed Xi for all i ≤ k, and such that
for all j = 1, . . . , n, if aj ∈ ∇(Xi ) for some i then uj + . . . + uh+1 ≥ dj (1), where h is the
a1 ...ah |A(X

)

largest index less than j such that ah ∈ A(Xi ), and q(Xi )
−→ i s0 holds in the automaton
untimed(Xi ), and (s0 , aj , [dj , ∞), s00 ) ∈ R(Xi ) is the unique output action at state s0 of Xi .
From the observation mentioned above, [σ] corresponds to exactly one accepted path pσ of the
untimed product automaton untimed(S), and satisfies the conditions in Theorem 5 except for
the condition n ≤ P .
If n ≤ P is satisfied, then the proof is done. Otherwise, we will prove that we can find a shorter
accepted sequence of M that satisfies all the conditions in Theorem 5 but maybe the condition
n ≤ P . For simplicity, we say “a sequence has the property (A)” for “a sequence satisfies all the
conditions in Theorem 5 but maybe the condition n ≤ P ”. By repeating this process several
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times, at last we find an accepted sequence of M that satisfies all the conditions in Theorem 5.
Assume that n > P . By the definition of P , pσ must consist of more than mk times of repetition
of a cycle c in M . There are following cases:
(a) If c does not include any communication action of M then it is also a cycle in untimed(S).
If c is not a positive cycle, by removing the path formed by the repetitions of c, we get a shorter
accepted sequence for which has the property (A).
If c is a positive cycle, by removing all repetitions of c, we get an accepted sequence which has
the property (A)..
(b) If c includes an communication action of M , then some other components should be involved
in the actions in c. Since c is a cycle in M and is repeated more than mk times, the path formed
by this repetition should include at least a repetition a cycle c0 in untimed(S).
If c is not a positive cycle, by removing the path formed by one repetition the repetitions of c0 ,
we get a shorter accepted sequence which has the property (A).
If c is a positive cycle, by removing the path formed by one repetition the repetitions of c0 , we
get a shorter accepted sequence which has the property (A).
2
Hence, a more efficient algorithm for deciding the emptiness of a component based real-time
system than the general algorithm for timed automata can be constructed by searching a the
acceptance sequence of the host M with the length not longer than P that satisfies the conditions
of Theorem 5. Note that these conditions can be verified by black box testing as presented in
the next subsection.

2.3

Unspecified Components and Black-box Testing

From the definition of unspecified components in the previous subsection, a component is regarded as a black box, and its behaviour can only be determined by observing its input/output
sequence with a clock. From Theorem 3, in a real-time behaviour (a1 , t1 ) . . . (am , tm ), the time
elements tj are relevant only for testing whether the constraints on the output are satisfied.
Hence we assume that when the output action is tested, the lower bound for the delay of the
transition is also reported in the result.
Hence, our assumptions for black box testing real-time component X are:
1. Whenever X is sent an input symbol in ∆(X), it immediately outputs a special symbol
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BlackboxTest(X,w)
send “reset” to X;
for(j := 0, j < |w|, j + +)
if wj is an input symbol
if send(X,wj ) = “no”;
return “no”;
j
if w is an output symbol
if send(X,”prob”) = (b, d)
if wj 6= b
return “no”;
if wj = b
dX := d;
if send(X,”prob”) = “no”
return “no”;
return “yes”
Figure 1: Black Box Test with Timed Constraint

(not in ∇) “yes” or “no” to indicate whether the input is accepted or not.
2. X has a special input symbol (not in ∆(X)) “prob” that always makes X, when its current
state is s, execute a unique output transition (s, b, [d, ∞), s0 ) if such action exists (i.e. b
and d are observable), and “no” if otherwise. So, send(X,”prob”) returns “no” if output
transition (s, b, [d, ∞), s0 ) does not exist, and (b, d) otherwise.
The algorithm in Fig. 1 describes our black box testing procedure. Let X be a component,
w ∈ A(X)∗ , let wj denote the jth element of w. We also assume that a variable dX records
the value of the minimal delay d of the last output symbol b in w when the black box test on
w is successful (dX is introduced just for serving the purpose of the algorithm for checking the
emptiness of component based system presented below).
Hence, the emptiness of a component based real-time system in our model can be solved by the
the following testing procedure. Let for a sequence of transition w, label(w) denote the sequence
of the labels corresponding to the sequence w.
Input: Component based system S =
b hM, X1 , . . . , Xk i
Output: “Yes” if the set of the timed words of S is not empty, “No” otherwise.
Method:
1. Compute P , the length of the longest path (number of transitions) from the initial
state to an acceptance state of M in which any cycle is not repeated more than r ∗ mk
times for each time it is entered, by using a searching technique in the graph of M .
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2. Generate all acceptance sequences of transitions of M with length P in a systematic
way (e.g. by breadth first searching);
3. Checking on-the-fly whether any prefix of a generated sequence satisfies the conditions
of Theorem 5. This can be done by:
(a) For each prefix of a generated sequence w = e1 e2 . . . en , for each i ≤ n let ei =
(si−1 , aj , [li , ui ], si ). For j ≤ k let mj (w) be the largest index of w such
amj ∈
Pthat
n
A(Xj ) if it exists, otherwise, let mj (w) = 0. Let deadlinej (w) be h=mj +1 uh
(mj (w) and deadlinej (w) can be maintained properly).
(b) If the label a of en+1 belongs to ∆(Xj), then if
BlackboxTest(Xj , label(w)|A(Xj ) ) = “no”, wen+1 does not satisfy the conditions
of Theorem 5. Otherwise, update w := wen+1 , mj (w) := n+1, deadlinej (w) := 0.
(c) If the label a of en+1 belongs to ∇(Xj).
If BlackboxTest(Xj , label(w)|A(Xj ) ) = “yes”, let d be the value of dXj .
i. If deadlinej (w) + un+1 < d: Verify if there is a positive allowable cyclic
path between mj (w) + 1 and n. If such path does not exit, then wen+1 does
not satisfy the conditions of Theorem 5. Otherwise, update w := wen+1 ,
mj (w) := n + 1, deadlinej (w) := 0.
ii. If deadlinej (w)+un+1 ≥ d: The conditions of Theorem 5 are satisfied; update
w := wen+1 , mj (w) := n + 1,
deadlinej (w) := 0, deadlinej 0 (w) := deadlinej 0 (w) + un+1 for j 0 6= j.
If BlackboxTest(Xj , label(w)|A(Xj ) ) = “no”, the conditions of Theorem 5 are
not satisfied.
(d) If the label a of en+1 does not belong to ∪j≤k A(Xj), update w := wen+1 ,
deadlinej (w) := deadlinej (w) + un+1 for j ≤ k.
4. If a generated sequence satisfying the conditions of Theorem 5 is found, returns with
“Yes”. Otherwise, return with “No”.
The time complexity for the worst cases of this algorithm is of O(P 2 ∗ |A(S)|P +1 ), where
|A(S)| is the size of the alphabet of the system S. This time complexity does not depend
on the size of the constants occurring in the constraints for the transitions. It is interesting
that this complexity is in the same class with the complexity for checking the emptiness
of untimed component based systems [6] which is much lower than the complexity of the
general algorithm for checking the emptiness of timed automata.

3

Model-Checking Untimed and Timed Properties

It is well-known that the reachability and safety problem can be reduced to the emptiness
problem, and hence can be solved with the technique in the previous section. Even the LTL
model checking problem is also reducible to the emptiness problem, but we need to define the
Büchi acceptance for a system which is not in the scope of this paper. Let S =
b hM, X1 , . . . , Xk i
be a component based real-time system. Let Bad be a subset of the state set of M . We have
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to check if states in Bad are not reachable. Let M 0 be M with the set of final states being
replaced by Bad. States in Bad are not reachable in S iff the set of timed word of the system
S0 = hM 0 , X1 , . . . , Xk i is empty.
The host M of a system S =
b hM, X1 , . . . , Xk i is designed to satisfy some real-time requirements.
Because M is just a duration interface automaton, it is much easier to verify if M satisfies a
real-time property than to verify if a timed automaton satisfies the same property. In order
to achieve its functionality, M uses services from components Xj , j ≤ k. However, if the
time performance of Xj is low, then S may not be implementable. Therefore, the emptiness
testing algorithm presented above can be used to decide whether the time performance of Xj ’s
is acceptable for S. For components X and X 0 , we define X ≤per X 0 iff all of their components
are the same except for their transition sets, and for all e = (s, a, [l, ∞), s0 ) ∈ E(X) there exists
e = (s, a, [l0 , ∞), s0 ) ∈ E(X 0 ) for which l ≤ l0 , and reversely, for all e0 = (s, a, [l0 , ∞), s0 ) ∈ E(X 0 )
there exists e = (s, a, [l, ∞), s0 ) ∈ E(X) for which l ≤ l0 . It is obvious from the Theorem 5:
Proposition 1 Let Xj ≤per Xj0 , j ≤ k, and S0 =
b hM, X10 , . . . , Xk0 i. Then L(S) ⊆ L(S0 ) ⊆
L(M ).
This proposition says that we can replace a component in a component based system in our model
with a component with higher performance without violating the feasibility of the system, and
any behavioural property (i.e. not depending on the system structure) of M is preserved.
A property written as a Timed CTL (see, e.g. [2]) is not a behavioral property since its satisfaction depends on the structure of automata. Linear Duration Invariants [3] are behavioural
properties.
Linear Duration Invariants form a class of important properties of real-time systems. They can
be formalised
Rby a class of simple chop-free Duration Calculus formulas of the form A ≤ ` ≤
P
B ⇒ s∈Q cs s ≤ T , where A, B, T and cs are rationals, B could be ∞. This class was first
introduced with the name linear duration invariants and investigated in
R [3].R The duration of
a state s is a mapping from time intervals to reals and is denoted by s. s, when applied
to an observation time interval [b, e] is the accumulated time for the presence of state s over
[b, e]; and the term ` when applied to an observation time interval
P [b, e]R returns the length
e − b of the interval. A linear duration invariant A ≤ ` ≤ B ⇒ s∈Q cs s ≤ T simply says
that for any observation time interval [b, e], if the length ` of the interval satisfies the constraint
A
P≤ ` ≤ RB then the durations of the system states over that interval should satisfy the constraint
s∈Q cs s ≤ T .
(δ1 ,a1 )

(δ2 ,a2 )

Each path p of M starting from any reachable configuration (s0 , 0) (s0 , 0) −→ (s1 , 0) −→
(δn ,an )

C2 . . . −→P(sn , 0) represents an observation
of M P
for which the length of the observation
R
n
interval is
δ
,
and
duration
q
of
state
q
is
j=1 j
sj =q δj . M is said to satisfy a linear
R
P
duration invariant D =
b A ≤ ` ≤ B ⇒ s∈Q cs s ≤ T iff any path p starting from a reachable
configuration corresponds to an observation for which D is satisfied (in fact, we need to modify
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M a bit so that any observation should correspond to a path, but we ignore it here for simplicity,
see [3] for more details).
It has been shown in [3, 5] that we can verify if a duration automaton satisfies a linear duration
invariant with linear programming techniques with the complexity lower than doing the same
for timed automata.
Hence, a model checking technique for checking a linear duration invariant D of S can be as:
1. Checking if L(S) is empty using the algorithm in the previous section. If L(S) is empty,
stop with the output “the system is infeasible”
2. Checking if D is satisfied by M using the algorithm in [3]. If D is satisfied, stop with the
output “D is satisfied by S”. Otherwise, stop with the output “Not sure”

4

Example: Car Navigation System

A Car Navigation System [7] assists the driver of a car to navigate through an area. It has
a host (control program) that receives a destination dn from the driver, and then displays a
map with route rm on the screen. The system uses three components GPS, Route database and
Display (see Fig 2). The component GP S (global position system) receives a request qy, and
then, if is not reset, will give the current location lo after exactly 4 time units (with support
from a satellite). The component Route database, if not be reset during its execution, receives
a (current) location f lo, and a destination tdn in that order, and gives a map mr with route
from f lo to tdn after exactly 7 time units. The component Display receives a command dc for
clearing the screen and then a command drm to display the map with route given as the result.
In Fig 2, a transition with no time-interval label does not have time constraint, i.e. it corresponds
to the interval [0, ∞].
If we take as the set of final states of the host the set {F } (to express that there is a useful
computation), then from the procedure in the previous sections, it can be seen that the set of
timed words of the system is not empty. However, if for example, the component Route database
is too slow, says the transition corresponding to the action !mr has the time constraint [9, ∞]
(instead of [7, ∞]) then the set of timed words of the system is empty, which is not feasible.
Now we want to check a real-time property of the CNS written as a linear duration invariant.
We want to express the fact that the time from when the driver give a destination dn to the
system, i.e. when the transition ?dn takes place, to the time that the system displays a route
to dn, i.e. when the transition !dmr takes place, is not more then 15 time unites. There is only
one path in the host M from the transition ?dn to the transition !dmr, and the states occurring
on
b ` > 15 ⇒
R the Rpath are
R S2 , S3 , S5 , S6 , S7 , S9 and F . The linear duration
R
Rinvariant
R D =
S1 + S4 + S8 > 0 expresses this fact. Indeed, D says that S1 + S4 + S8 = 0 ⇒ ` ≤ 15,
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[0,1]

F

?mr
[0,8]

?dmr

?rsrdb
?tdn
!mr

?rsrdb

Display
component

[7,~]
Host (control program)

Route database
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Figure 2: Duration Automata model for CNS

which means that a path in which only states S2 , S3 , S5 , S6 , S7 , S9 and F can occur corresponds
to an observation with the length not longer than 15 time units. Checking if the host M (the
control program) satisfies D can be done by a model checker implementing the algorithm in [3].

5

Conclusion

We have presented a model for component-based real-time systems which has some advantages
over the models in the literature. The main advantage is that it supports the black box testing
for checking the emptiness with nearly the same cost as for untimed component-based systems.
Actually, from the simplicity of the proposed architecture of systems we can have a lower complexity, but this would need a more complicated analysis. We also propose a simple technique
for the verification of Real-time properties written as a formula in some real-time logic for our
model.
We believe that though our model is simple, but it is good for modelling and verification of
many embedded real-time systems in practice. In our future work, we will enrich our model
with some abilities to express the urgency of transitions and to introduce the concurrency and
scheduler in the host to increase the expressive power of the model but still can preserve the low
complexity.
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