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Abstract. Timed Statecharts, which can efficiently specify explicit dense time,
is an extension to the visual specification language Statecharts with real-time
constructs. We give a definition of timed Statecharts that specifies explicit tem-
poral behavior as timed automata does. It is very difficult to verify directly
whether timed Statecharts satisfies the required properties. However, by com-
piling it into timed automata, timed Statecharts may be checked using UPPAAL
tool. In the paper, the state of timed Statecharts is represented by inductive
term, and a step semantics of timed Statecharts is briefly described. The transla-
tion rules are shown by a compositional approach for formalizing the timed
Statecharts semantics directly on sequences of micro steps. Timed automata
corresponding to timed Statecharts was also discussed.

1 Introduction

Statecharts [1] is a visual language for specifying the behavior of complex reactive
system. The formalism extends traditional finite state machines with notions of hier-
archy, concurrency, and priority. In short, one can say: Statecharts = state-diagrams +
depth + orthogonality + broadcast-communication. Now there also exists many re-
lated specification formalisms such as Modecharts [2] and RSML [3]. Statecharts is
the most important UML component specifying complex reactive system such as
communication protocol and digital control unit.

Statecharts, a synchronous visual modeling language, adopts fictitious clock model
that only requires the sequence of integer times to be non-decreasing. All components
are driven by common global clocks, called tick clock. However, it is not sufficient to
specify time-critical systems with fictitious clock. Statecharts has to face the problems
that it can’t specify the required temporal behavior as timed automata does. In order
to efficiently specify explicit dense time, Statecharts is extended with real-time con-
structs, including clocks, timed guards and invariants. The advantages of modeling
complex reactive behavior with Statecharts are combined with the advantages of
specifying temporal behavior with timed automata, resulting in the real-time exten-
sion of Statecharts; we call it timed Statecharts.

Model checking [4] is an automatic technique for verifying finite state reactive sys-
tems. In order to verify whether a timed Statecharts model satisfies the required prop-
erties, we present a model checking algorithm for timed Statecharts. Just as verifying
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Statecharts, we first flat timed Statecharts and then apply a model checking tool to
verify the resulting model. The translation rules that compile timed Statecharts into an
equivalence timed automata are discussed by a compositional approach which formal-
izes the timed Statecharts semantics directly on sequences of micro steps and de-
scribes parallel behavior by process algebra.

Relate work. In the past two decades, model checking, which was first introduced for
ordinary finite-state machines in Clarke and Emerson [5], has emerged as a promising
and powerful approach to fully automatic verification of systems. Given a state
transition system and a property, model checking algorithms exhaustively explore the state
space to determine whether the system satisfies the property. The result is either a claim
that the property is true or else a counterexample failing to the property.

It was very successful for the Statecharts language to specify reactive systems by
its intuitive syntax and semantics. Since the original formalism of Harel, the theory of
Statecharts has been under an extensive research and many different semantic ap-
proaches evolved from the academic world [6][7][8][9][10][11]. But for timed State-
charts, only hierarchical timed automata with an operational semantic to analyze
timed Statecharts was discussed in [18][19].

Extended Hierarchical Automata, as the structural basis of Statecharts semantics,
were introduced in [12] for Statemate and in [13] for UML. It translates Statecharts
into PROMELA that is the input language of the SPIN model checker to perform the
verification. Gnesi [14] uses a formal operational semantics for building a labeled
transition system which is then used as a model to be checked against correctness
requirements expressed in the action based temporal logics ACTL. In their reference
verification environment JACK, automata are represented in a standard format, which
facilitates the use of different tools for automatic verification. Pap [15] describes
methods and tools for automated safety analysis of UML Statecharts specifications.
Chan [16] and Schmidt [17] also contribute to mode checking for Statecharts. David
[18] gives a formal verification of UML Statecharts with real-time extensions using
hierarchical timed automata, while our method is to translate directly timed State-
charts to flat timed automata that can be used in UppaAL.

The remainder of this paper is organized as follows. The next section introduces
timed automata and its operational semantics, and section 3 defines timed Statecharts
and its terms. Section 4 formulates a step semantics. Section 5 formalizes our compo-
sitional semantics and gives our translation rules from timed Statecharts to timed
automata. Finally, section 6 provides our conclusions.

2 Timed Automata

Timed automaton [20] is an extended automaton to model the behavior of real time
system over time. We consider a variant of timed automata without accepting states.
The next subsection gives the operational semantics of the automata.

DeriNiTION 1. (Clock) A clock is a variable ranging over R', the set of non-
negative real numbers.

Let C be a finite set of variables called clocks. A clock valuation is a function that
assigns a non-negative real-value to every clock. The set of valuations of C, denoted
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Ve, is the set [C—R'] of total mappings from C to R". Let ve V¢ and teR”, the clock
valuation v+¢ denotes that every clock is increased by ¢ with respect to valuation v. It
is defined by (v+f)x=v(x)+t for every clock xeC.

DerFmNITION 2. (Clock constraints) For set C of clocks with x, yeC, the set W of
clock constraints over C is defined by

S:u=x=<c|xy=<c| 8|(SAI)

where ceR" and < e {<,<}
Clock constraints are evaluated over clock valuations. For x, ye C, ve V¢ and let «,
pe¥c we have

- v|=x<c iff v(x)<c

-V |= Xy < cC iff v(x)—=v(y)<c
- vEa iff vfa

~ v FanB iff vEaandvEp

DEerFNITION 3. (Timed automaton) A timed automaton is a tuple TA = (S, C, sy, L,
Inv, —) where: S is a finite set of states, C a finite set of time clocks, so€S an initial
state, L a set of labels, Inv: S>¥( a function that associates a timing constraint to
each state, called state invariant, —eSx(Lx¥x2x {true, false})xS a set of transi-
tions, where a transition =(s, e, g, 7, u, s") connects a source state s and a target state
s" with label e, timing constraint guard g, clock resets » and urgency flag u.

The function /nv associates a time constraint to each state s S, i.e., the automaton
can stay in the state only while the current time clock valuation satisfies /nv(s). The
state invariant forces the automaton to translate before it becomes false, so that it
avoids the automaton to get stuck at the state s. when the time constraint g associated
to the edge is satisfied by current values of time clocks, the automaton may perform a
translation.

The transition system underlying timed automaton TA, denoted M(TA), be defined
as (0O, qo, —) where:

- O={(s, v)eSxVc| v=Inv(s)};

- go=(so, vo) where vy(x)=0 for xe C;

— The transition relation of timed automaton reQx(Lx¥x2“x{true, false})xQ,
which describes how to evolve from one state to another, is defined by the follow-
ing rules:

e (sp,V) SN (s, reset R in v) if the following conditions hold:
i t=<s;,E,A,G,R,u,j>
ii. E are satisfied;
iii. vEG;
iv. (reset R in v) |=Inv(sj);
e (s,V) AN (s;, v+d), for positive real d, if the following condition holds:
i. Vd'<d,v+d |=1nv(si);
ii. ‘urgent(s), the urgency flag of transition ¢ is false.
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where clock valuation reset R in v, valuation v with clock x reset, is define by:

. v(y) ifx=y
t =
(reset x in v)(») {0 £ re0

3 Timed Statecharts

In this section we firstly define the formal syntax of timed Statecharts and give a
simple example of a timed Statecharts, and then represent timed Statecharts state not
visually but by terms. A timed Statecharts is in fact a Statecharts equipped with a set
of real-valued clocks. Clocks are used to precisely measure the elapse of time be-
tween events.

3.1 Timed Statecharts Definition

DEeFniTION 4. (Time Statecharts) A timed Statecharts is an eight tuple TS=(N, N, 0,
type, C, I, £, T), where:

1. a finite set N of states.

2. a subset MV of initial states.

3. o: N>2% o(n) gives the sub-states of n which are called sons of n, o defines a

tree structure.

type: A—>{AND, OR, BASIC} is the type function.

a finite set C of clocks.

Inv: N—>¥, a function that assigns to each state an invariant.

A set of transition labels £, partitioned into two disjoint sets £=Lt\ULg, where

L x25x U represents a set of clock constraints label, where U={true, false} is

a set of urgency flag; and LgcEventxCondxAction a set of unclock constraints la-

bel, where Event is a set of event, Cond a set of condition, Action a set of action..

8. T cMxLxNis a set of transition relation, where a transition t=(n, e, c, a, g, v, u, n')
connects two states n and n’, and have a source state n, a target state n', a event e,
a condition ¢, a action a, a guard g, an clock resets » and an urgency flag u.
Properties of o which assure the well-formed tree structure are:

— disjoint super-states: if n# n’ then o(n)No(n')=J;

— no recursion: if n’ € o (n) then ne o(n');

— root has no ancestor: Vne N, root¢ o(n),

— basic nodes are empty: type(n)=BASIC < o(n)= J;

— sub-states of AND are not BASIC: type(n)=AND A n; € o(n)= o( n;)#J,

— if type(n)=AND then there is no n,— n, for all ny, n,€ o(n);

N ank

A traditional Statecharts models the system as being in a number of states that de-
scribe its operations. A state can be considered a point in the computation. States are
denoted by rectangles with rounded corners and transitions as arrows. A state can be
BASIC, AND or OR. If a state is BASIC, it has no sub-states, called BASIC-state. An
OR-state has sub-states and exactly one of them is active at a certain point of time.
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Fig. 1. A simple example of a timed Statecharts Fig. 2. A state hierarchical structure

An AND-state has OR sub-states, and all of them are active if the parent state is ac-
tive.

Figure 1 shows a simple example of a timed Statecharts. The state labeled 7, is
split into two concurrent sub-states 7, and n; by the dashed line through its middle. n,
is called an AND-state because it has these orthogonal components. 7, is decomposed
into sub-states labeled 7, and ns to indicate that the model can be in only one of those
states at any time, so n,1s an OR-state. When a state is not decomposed into AND or
OR-states, it is called a BASIC state. The State n4 has the time invariant x<5, invariant
of the ns is x>1(x denotes clocks), and the two States are connected by transition ¢,. In
the simple case transitions are connected directly with a source and a target state. The
transition ¢; is triggered by event a and timed constraint x>3.

If a state is entered, one direct sub-state is entered in the OR case and all direct
sub-states are entered in the AND case. Exiting a state is analogous. AND, OR and
BASIC states form a tree structure and this hierarchy allows for stepwise refinement
of the behavior of complex systems. All states in the largest rounded corners rectan-
gle come into being a hierarchical structure as a tree that is shown Fig. 2. State n, is
an ancestor of State n, and n3;, while State n, and n3 is an offspring of State n;,

3.2 Statecharts Terms

For description convenience we assume that state and transition name of timed
Statecharts are unique, clock invariants of OR-state and AND-state are always true,
and also ignores interlevel transitions, i.e. transitions crossing borderlines of states.
Timed Statecharts is represent by terms, as done in [6]. Formally, suppose N be a set
of names for timed Statecharts states, T'a set of names for timed Statecharts transi-
tions, IT a countable set of timed Statecharts events, G a set of clocks constraints, ® a
set of clocks resets, an U={true, false} represent a set of urgent flag. Inv is a set of
invariant over timed Statecharts states. With every event ecI1, we associate a negated
counterpart e and " e=g.¢ e as well as ~ E=q; { e |eeE} for ECITU{ e |ecI1}. The set
SC of timed Statecharts terms is then defined by the following inductive rules.
BASIC-state: If ne %, &e Inv, then s=[n,£] is a timed Statecharts term.
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OR-state: Suppose ne %, and that s; sy are timed Statecharts terms for k>0, with
5 =ger (s1,..5%). Also let p =4 {1,....k} and le p, with T Txpx 2™ " x 2™ x GxRx U xp.
Then s = [n:5 ;[;T] is a timed Statecharts term. Here s, sy are the sub-states of s, set
T contains the transitions connecting these states, s, is the default state of s, and s, is
the currently active sub-state of s.

AND-state: If ned; if s; s are timed Statecharts terms for k > 0, and § =4
(s1,...5¢), then s = [n:5 ] is a timed Statecharts term, where s; sy are the parallel sub-
states of s.

s1= [ (51, $2)]

5= [12: (84, 55); 15 {1, 1, {a}, {b}, 2}]
s3=[n3: (56, 57); 15 {t3, 1, {b}, {c}, 2}]
s6=[n6: (53, 59); 15 {t2, 1, {a A b}, {c}, 2}]
54= [14,x<5] s5=[ns,x>1] s7=[n7,x>4]
sg=[ng] s9=[n]

Fig. 3. Statecharts terms

Transitions of OR-states [#: 5 ;/;T] are those of the form /=<t, i, E, 4, G, R, u, j>,
where (i) ¢ is the name of 7, name(7 ) =4 ¢, (ii) source(7 ) =4 s; is the source state
of 7, (iii) ev(7) =4 E is the trigger of 7, (iv)act({) =4¢ A is the action of 7,
(v)guard(?) =4 G is the clock constraints of 7, (vi) reset(f) =4 R is the clock re-
sets of 7, (vii) urgent(7 ) =4 u is the urgency flag of 7, and (viii) target(7 ) =4 s; is
the target state of 7 . The timed Statecharts term corresponding to the time Statecharts
depicted in Fig. 1 is term s}, which is defined in Fig. 3.

4 A Step Semantics of Timed Statecharts

The transition relation of timed Statecharts 7 € Txp x 2™ ™ x 2" x GxRx Ux p, which
describes how to evolve from one state to another, is defined by the following rules.

e (suv) SN (s, reset reset (7 ) in v) if the following conditions hold:
i i=<t,i,E, A, G, R, u,j>
ii. ev(7) are satisfied;
iii. guard(?) |=G;
iv. (reset reset (7 )inv) fInv(s);
v. act(7 )are generated.
e (suv) i> (s;, v+d), for positive real d, if the following condition holds:
i. Vd'<d,v+d |=Inv(s,-);
ii. ‘urgent(?), the urgency flag of transition 7 is false.

For BASIC-states of timed Statecharts, the transition relation is similar to the transi-
tion relation of timed automaton. However, in practice, we have to consider other prop-
erty for timed Statecharts, such as hierarchy, concurrency and priority. Before defining
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translation rules for timed Statecharts based on its operational semantics, we discuss
classical Statecharts semantics as proposed by Pnueli and Shalev [7].

We sketch the semantics of timed Statecharts terms adopted in [8], which is a
slight variant of the classical Statecharts operation semantics. A timed Statecharts s
reacts to the arrival of some external events by triggering and clock constraints en-
abled micro steps in a chain-reaction manner. When this chain reaction comes to a
halt, a complete macro step has been performed. More precisely, a macro step com-
prises a maximal set of micro steps, or transitions, that (i) are relevant, (ii) are mutu-
ally consistent, (iii) are triggered by events ECII offered by the environment or gen-
erated by other micro steps, (iv) satisfy clock constraints G g, (v) satisfy invariant of
target state, (vi) are mutually compatible, and (vii) obey the principle of causality.
Finally, we say that transition ¢ is enabled in s—s" with respect to event set £, clock
constraints G and transition set 7, if t€En(s, E, G, T, s"), s'etarget(T), which is de-
fined as follows.

En(s, E, G, T) =4+ relevant(s)nconsistent(s, 7)~( invariant(s)v(invariant(s)

Aurgent(7)))Ninvariant(s')Ntriggered(s,(Eu U, _, act(9))NG)
where:

— relevant(s) is the set of transitions whose source is in the set s;

— consistent(s, 7) is the set of transitions that do not conflict with anything in 7;

— invariant(s) represents that state s satisfy invariant;

— urgent(7) represents that the urgency flag of transition 7 is true;

— triggered(s,(ENG) is the set of transitions whose triggers are satisfied by the
event set £ and clock constraint G. This is where global in consistency is elimi-
nated,;

— act(?) is the set of events generated by transition 7.

Given a time Statecharts term s, a set £ of events, and a set G of clock constraints,
the non-deterministic step-construction function presented in Fig. 4 computes a set 7"
of transitions. By executing the transitions in 7”, timed Statecharts term s may evolve
in the single macro step s —%— s’ to timed Statecharts term s’, producing the events

A4 =U_.act(r) and clock reset R= U _. reset(7). term s’ can be derived from s by

updating the index / in every OR-state [n: 5 ;/;T] of s satisfying te T for some teT.

function step construction(s, E);
var T:=0;
begin
while TcEn(s,E,G,T) do
choose teEn(s,E,G,T)\T;
T := TU{t};
od;
return T
end

Fig. 4. A step-construction function
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5 Model Checking for Timed Statecharts

A macro step of Timed Statecharts comprises a maximal set of micro steps. We di-
rectly define the semantics on sequences of micro steps, and use timed automaton as
the semantics domain. Given a timed Statecharts TS, we translate TS to timed auto-
mata TA by a mapping A: TS—TA, where TA-states model timed Statecharts terms,
TA-labels describe unclock constraints labels Lg(i.e. event/action) of timed State-
charts, TA-clocks denote timed Statecharts clocks, TA-clock constraints express
timed Statecharts clock constraints, TA-state invariants model timed Statecharts in-
variants, and TA-transitions is sequences of timed Statecharts micro steps.

5.1 Translation Rules for Time Statecharts Based on Operational Semantics

For convenience, we define 5, =gt (S1,...,511,8 ,50+15..., Sx) for all 1</<k and s'eSC.

Furthermore, we need function default: SC—SC which sets the default state for
given a Statecharts term s. default([n,&])=4dn,&], default([n: 5 ;I;T]) =q¢ default(s,),

default([7n:5 ]) =ger Ulgigk default(s;). Defining for function 77: SC—»%, 2 SC—Inv,

which sets the state and the invariant for given a Statecharts terms s. (i)
n(n.éd)=nt}, Aln =& () nn: 5 LTD= U {nbog | gien(s)},
Aln: 5 5ETD= U i | mieps)ys (i) n([n: 5 D={{n}o Ueee @i | qien(si)},
Aln:s D={ ﬂlsisk ri| e A}

However, it is practical and important to consider history states in OR-states. For
recording a history state, we additionally define a flag of history state re {none, deep,
shallow}. None means that history states are not considered. Deep means that the old
active state of the or-state and the old active states of all its sub-states are restored.
Shallow means that only the active state of the or-state is restored and that its sub-
states are reinitialized as usual. The modification of function default that just has to
replace function default(s) by function default(z, s) is done by integrated a history
mechanism. The terms default(none, s) and default(deep, s) are simply defined by
default(s) and s, respectively. The definition of default(siallow, s) can be done along
the structure of timed Statecharts terms as follows.

default(shallow, [n,&]) =gt [1,£]
default(shallow, [n:5 ;5T1) Zaer [1 5, gepauny 3571
default(shallow, [n: 5 1) =4r default(shallow, 5)
Transition relation — is defined by using SOS rules by Plotkin [21] as follows.
premise .
name——— premise

conclusion  as well as name

- (side condition)
conclusion

(side condition)

In this subsection, operational semantics of timed Statecharts transition in BASIC-
states, AND-states and OR-states was defined. There are three rules about BASIC-
states: BAS-1 rule describes the execution from one BASIC-state to another, where
source(?)=[n,<&], target(r)=[n',&], if the event ev(¢), the clock constraints guard(¢) of
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teT and the invariants of the target state are satisfied, the transition be enabled, and
the actions act(¢) and the clock reset reset(¢) are done.

En((n, &} . G.T,[n',&)
(1. 1o ey 161

name(t)

BAS-1

t € T,source(t) =[n,&],
target(t) =[n', &',
(reset reset(¢) in v) |= &'

BAS-2 rule describes the execution from one BASIC-state to one AND-state
which is its brother. As noted above, for all super states (i.e. OR-state and AND-
state), their state invariants are always true, but when an OR-state is entered, one
direct sub-state is entered, and until a BASIC-state. So we need to consider state
invariant which can get from function y. BAS-2 rule defines as follows.

En([n, &), E,G,T,[n":5;1,T))

ev(t),guard(?) : < R .
[nn g] act(t),reset () name(7) [}’l S[/—)detault(r,s, )]°

BAS-2
LT]
t € T,source(t) =[n, <],
target(t) =[n':5;5,T],
(reset reset(z) in v) |= y([n':5;1;,T])
BAS-3 rule demonstrate the delay of BASIC-states, where v+d stands for the cur-
rent clock assignment plus the delay for all the clocks, we have
(v+d)|= Inv([n,&]) A —urgent(t)
([n,¢1,v)——=(n,&],v+d)
(Vd'<d,v+d'|= Inv([n,£]))

BAS-3

There are also three rules about OR-states: one rules describes the execution of a
timed Statecharts transition e 7 of an OR-state [n: 5 ;i;7]. It defines that the OR-state
with currently active sub-state s; may change to OR-state [n: 5 L;T] with

I—>default(z,s))] 5
currently active sub-state s, as rule OR-1.
En(n:s;i;T),E,G,T,[n:s;1;T])

e (t),guard(t) .g .7
(7850 T ] — e > [n: S[[—)default(r,s,)]’l’T]

act(t),reset(t) name(7)

OR-1

t e T,source(t)=[n:5;i;T],
target(t) =[n':5;1;T],
(reset reset(z) in v) |= y([n':5;1;T])

Other rule that describes from the OR-state [n:5 ;/;T] to BASIC-state, is not dis-
cussed particularly due to similar to BAS-1 rule. Another rule describes that the OR-
state [n:5 ;/;T] with currently active sub-state s, may change with same label to the
OR-state [7n: 5, ;/;T] with currently active sub-state s; as rule OR-2.
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EG '
Si—ar 5
OR-2

[n:5

[—s]

[n:E;l;T]“j—:ﬁ)L 1T

It is indispensable for transition rule of Statecharts AND-states to consider many
enabled transitions to execute in parallel as rule AND. For AND-state’s parallel de-
scription, we firstly introduce process algebra. Process algebra [22] is a powerful
formal method for depicting algebra structure and analyzing parallel system. Basic
process algebra (BPA) is a core in all process algebra theory. Basic process terms are
built from atomic actions, alternative composition and sequential composition.

— An atomic action represents indivisible behavior, including event and action.

— The symbol - denotes sequential composition. The process term p-g executes p,
and upon successful termination proceeds to execute g;

— The symbol + denotes alternative composition. The process term p+g executes
behavior of either p or ¢.

By appending merge ||, left merge | and communication merge |, BPA is extended
to express process communication in parallel system. The merge || executes the two
process terms in its arguments in parallel, the left merge | executes an initial transi-
tion of its first argument, and the communication merge | executes a communication
between initial transitions of its arguments. The process term p||g executes p and ¢ in
parallel; analogously, qu executes restrictedly p in an initial transition; p|g executes a
communication p and g.

AND-state of Statecharts specifies the parallel behavior of reactive system. In Fig.
1, the AND-state n; comprises two concurrent sub-states 7, and n;. Suppose the state
configuration is currently in n4 and ng, if the event a and b occurs, the transition ¢, and
t; is enabled. Because transitions can be taken in the sub-states of an AND-state si-
multaneously, the transition #; and #; is executed in parallel, as written ¢#||;. Based on
parallel axiom of process algebra, merge #, || ;= (, Ltst 13 |_t1) + 1] .

. Em’GHi
(VmeM :s, —pp—> . s
A(Vi, jeM :(—ev(t)) Nact(t,) = D)
AND _ ’ J
- (lgi(E,\!]act(t/ )))/\[L{IG, Y .
[n:s]l——5-0x ) RS P
meM meM

MK ={l.k}, H={L..| M|},
source(L, ) =s,,,target(L, ) =s,

When AND-state includes & OR sub-states, an execution of k transitions in parallel
need be considered. As above-mentioned, we can define AND rule, which an execu-
tion of |M| transitions in parallel in all sub-states s, of AND-state [n:5 ] may be
specified to [n: 5 ]||...||[n: 5, ] by merge of process algebra.

M|
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5.2 Macro Step

The above rules realize a compositional semantics of timed Statecharts on sequences
of the micro steps. However, we consider even more the classical macro-step seman-
tics of timed Statecharts. Let s, s'eSC, E, AC[], GG and RC®, we write s=s’ and
say s may perform a macro step with input £, output 4, clock constraints G and clock
reset R to ', if 3sy,...,5,€SC, IE,,....E, c[TUTL, 34,,....4, I, 3G,....Gn S G,

3Ry,...,Rn < R, such that (i) s LG5 22 5 e g ¢ (ii) U2, E.CE and

ARy Ay Ry Ay R,
Uz, AnE=3, (iii) A=act(s,,)NI 1, (iv) U7, GG, (v) (reset R; in v) |=§,, 0<i<m, (vi) A

Sm+1s Em+1, Am+la Gm+la Rm+la SmM) Sm+1, where EmHQE and Am+lmE:®' If

A1 R
timed Statecharts term s satisfies event E, clock constraints G, We may say, s may
evolve in the single macro step s —%— s’ to timed Statecharts term s’, generate ac-

tion 4 and reset clock R.

5.3 Translate Time Statecharts into Timed Automata

Given timed Statecharts, it can be translated into timed automata by a mapping A:
TS—TA. To define the mapping function A, we firstly suppose a timed Statecharts p
by terms,, and define the entities S(p), C(p), L(p),—>, and Inv(p), which mean respec-
tively the states set, the clock set, the label set, the set of transition relation and the
state invariant function of TA A(p), where:

— S(p) is a set of state configurations of Statecharts term p. The definition of S(p)
can be done as follows.

L S([n,eD={{n([n,cD}={{n}}
11. S([n s ;l;ﬂ):U1S[§k {{77([” s ;Z;T])}U% | qiES(Si)}
iii. S([n: 5 D={H{m(n: s DIoU g qi | g€ S(si)}

— C(p)=C a set of the timed Statecharts clocks;

— L(p)=2"""""x2" represents the set of timed Statecharts event and action, written
event/action;

- —=,SS(P)XL(p)* GxRxS(p) that operation rules have already been discussed in the
above, represent the sequence macro step of Statecharts. Assume a translation
e=(s, L, G, R, s') connects two states s and s’, describes s—jijg—ml—jz;ﬁ
ﬁ—%) Sp—>s', where L=EAE .. AEJANVAN .. VA, G=GAGA... NGy,
R=R\VR,v...VR,;

— Inv(p): S(p)—>Y, a function that assigns to each state an invariant, where
([, A=, &), In((n: § 3i:T1) =H[n: 5 3T, Inv(([n: 5 Dy=x([n:5 1)

— ¢( p) expresses the initial term set of timed Statecharts. We may define

o([n.eD={n}, o(ln:5 55, Th={n} s, o([n:5 D={n}oU .o s:.

Considering our example of timed Statecharts of Fig. 1, its translation TA of timed
Statecharts is depicted in Figure 5.
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Without loss of generality, we wish to consider interlevel transitions and clock in-
variants of OR-state and AND-state for timed Statecharts. Harel considers interlevel
transitions as important concept of the language [1]: ““...as our methods does not
necessarily advocate layer-by-layer development; it is more flexible and encourages
interlevel connections too, whenever appropriate.” Hence we can not rule them out.
This intricacy is mainly caused by interlevel transitions, but we wish to describe inter-
level transitions but have simple operational semantics. It is feasible and practical to
change from interlevel transitions to non-interlevel transitions. Our approach that is
similar to [12] is lift interlevel transitions to the uppermost states that are exited and
entered when transitions is taken. Let s#(?) (called source restriction) is a set of states
which were the original states of the transition ¢, and #d(f) (called target determinator)
is a set of states that were entered originally.

ny,ng,X<5) = )];>3 »(ns,ng,x>1)
,C c
(ng,n7,4<x<5) - (n5,n7,>4) dab
b, x>4 a, b, x> 5 b, x>4
¢ b,c
(4,n9,X<5) 3 E>3 (15, ny,x>1)

Fig. 5. Translation Timed Automata for timed Statecharts in Fig. 1

By transition label extensions added sr(f) and td(f), interlevel transitions can be
compiled into non-interlevel transitions.

In the following, we will describe how to eliminate clock invariants for super state
of timed Statecharts. Assume that two state of timed Statecharts n;, n,e9, n; be a
super state, i.e. type(n;)=AND or type(n;)=OR, and n, may be a arbitrary type, in-
cluding AND, OR and BASIC, and let n,ec(n;). According to the priority of transi-
tions for timed Statecharts, we define the priority of state invariant that if sub-state n,
invariant is satisfied but father-state n; invariant is not, then the current state configu-
ration can not be in n,, i.e. clock invariant of state #; is prior to clock invariant of sub-
state n,. In order to let that clock invariants of OR-state and AND-state always are
true, only clock invariant of sub-states n, need be updated such as
Inv(ny)=Inv(ny)Alnv(n;). More precisely, we define formally as follows.
— Vned, and type(n)=AND or type(n)=OR, Inv(n)=true;
—  VneN, ne d(root), type(n)=BASIC, Inv(n)=Inv(n) A U,..., o”(n).
where root is a unique root state and has no ancestor. o (root)=o(*'(root)), o' that
gives the father-state is a inverse of o, and o *(n)= o'(c *"(n)).

5.4 Model Checking Timed Statecharts

Given a timed Statecharts TS, and TCTL formulae ¢, the model checking timed
Statecharts problem that we are interested in is to check whether TS satisfies ¢, ab-
breviated TS |=¢. According to the last translation rules, the equivalence model TA
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that results from timed Statecharts TS is called its timed automata. Thus, roughly
speaking, model checking timed Statecharts against a TCTL-formula amounts to
model checking its timed automata against a TCTL-formula. Formally, for any timed
Statecharts TS, we have:

TS |=¢ if and only if TA |=¢

In summary we obtain the scheme for model checking the TCTL-formula ¢ over
the timed Statecharts TS:

1. Construct the flat timed automata model TA =(S, C, sy, L, Inv, —);
2. The model checking problem for TCTL, deciding whether TA, s¢|=¢, can be
solved by constructing the region automaton R(TA) under the time equivalence

classes under ~;
3. Apply the CTL model checking procedure on R(TA).

Actually, the problem for model checking timed Statecharts can be converted to the
classical problem for model checking timed automata [23][24].

6 Conclusion

Timed Statecharts is an extension of the visual specification language Statecharts
with real-time constructs, and can efficiently specify explicit dense time. The timed
Statecharts serves better the modeling of complex reactive real-time systems. The
paper presented a new approach for formalizing timed Statecharts semantics, which is
centered on the compositional principle. Based on timed Statecharts term syntax and
formal operational semantics, and description of parallel behavior by process algebra,
each timed Statecharts is mapped to a timed automaton. This makes it possible to
translate our hierarchical structure to a flat one and thus provide a framework for
formal verification of a real-time extension of Statecharts.
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