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Abstract. Statechart Diagrams provide a graphical notation for de-
scribing dynamic aspects of system behaviour within the Unified Model-
ing Langnage (UML). In this paper we present a translation from UML
Statechart Diagrams into PROMELA, the specificaiion language of the
SPIN model checker. SPIN is one of the most advanced analysis and
verification tools available nowadays. Our translation allows for the an-
tomatic verification of UML Statechart Diagrams. The translation is,
simple, proven correct and promising in terms of state space representa-
tion efficiency.

1 Introduction and related work

The Unified Modeling Language {UML) is a graphical modeling language for
object-oriented software and systems [4, 18}. It has been specifically designed
for visualizing, specifying, constructing and documenting several aspects of -
or views on - systems. Different diagrams are used for the description of the
different views. :

In this paper we focus on UML Statechart Diagrams, which are meant for
describing dynamic aspects of system behaviour. In particular we describe a
translation from UML Statechart Diagrams into PROMELA, the specification
language of the SPIN model checker (8, 9].

SPIN is one of the most advanced analysis and verification tools available
nowadays, and an automatic translation from UML Statechart Diagrams to
PROMELA allows for the automatic verification of Statechart Diagrams speci-
fications.

The UML is a semi-formal language, since its syntax and static semantics (the
model elements, their interconnection and well-formedness) are defined precisely,
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but its dynamic semantics are not specified formally [10]. Several approaches
have been proposed in the literature for the definition of a formal semantics of
UML Statechart Diagrams, e.g. {19, 3, 13, 14], and much more has been done for
classical statecharts. The work described in the present paper is based on the
operational semantics we proposed in [13], which follows an approach similar to
the one proposed in [15] for classical statecharts and shares its relative simplicity
in the world of formal approaches to statechart semantics. To our understanding,
transition priorities are dealt with neither in [19], where also state hierarchy is not
allowed, nor in [3], where model checking is addressed. Both transition priorities
and state hierarchy constitute main issues in our work.

In [14] all interesting aspects of UML Statechart Diagrams semantics are cov-
ered. Unfortunately, no correctness result for the proposed semantics is provided.
More emphasis is put on implementation related issues as the work constitutes
a basis for a PROMELA /SPIN based model-checker for UML Statechart Dia-
grams. In [14] "flat” representation of UML Statechart Diagrams is used and
the authors claim that such a representation is better suited for model-checking
purposes than the hierarchical one used in [13]. As we shall show in the present
paper, using a hierarchical representation for UML Statechart Diagrams (syn-
tax), not only has no negative inpact on tools development, but, rather, it helps
very much in carrying on correctness proofs; all interesting results presented in
[13] and in the present paper are proven inductively and such proofs heavily
exploit the hierarchical structure of our representation, which is also the basis
of the structure of our semantics deduction system.

Although in designing our translation we followed the approach of Mikk et
alt. [15, 16}, our work differs substantially from the above mentioned ones. First
of all, in [13, 18] classical statecharts [6, 7] are considered instead of UML ones.
So, the complications induced by the UML transitions priorities and their reverse
relation with the hierarchical structure of the statechart are not present therein.
Moreover, since the UML definition of the external environment is, in our opin-
ion, only partially defined, our semantics definition as well as our transiation
are parametric with respect to the environment. According to classical state-
chart semantics, the environment is instead represented as a set in the above
mentioned work of Mikk et alt. Moreover, due to some simple optimizations, the
code generated by our translator is considerably simpler than that of the transia-
tion proposed in [16]. Also, we do not need to use pre and post variables, so that
the code generated by our translator does not suffer of the memory duplication
problem which in the above mentioned work requires specific optimization tech-
niques. Finally, we are not aware of any correctness result for the work presented

in [16].

The present paper is organized as follows: in Sect. 2 the subset of UML
Statechart Diagrams which we consider in this paper is introduced informally,
together with its translation into the intermediate representation of Hierarchical
Automata. Hierarchical Automata and their operational UML-semantics [13]
are recalled in Sect. 3. The actual translation from Hierarchical Automata to
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PROMELA is defined and proved correct in Sect. 4, where also some simple but
effective optimizations are discussed. Conclusions are drawn in Sect. 5.

2 Basic concepts

UML statechartsis a (object-oriented) variant of classical Harel statecharts [6, 7).
The statecharts formalism itself is an extension of traditional state transition
diagrams. In this section we briefly describe those features of UMI- statechart
diagrams which are of interest for this paper. We describe them by means of the
example of Fig. 1, The detailed description of UML statechart diagrams can be
found in [11] and [10].

~
rsO
( sl b
s4
z rl/al
s6
r2/a2 -
s 58 £ 89 aZfel s3
s -k
N vy J
_

Fig.1. Example of an UML statechart

One of the main notions of statecharts is that of state refinement. In Fig. 1 a
UML Statechart Diagram is shown where state s0 is refined into an automaton
consisting of three states, s1, s2, and s3. State sl is further refined into two
states, namely s4 and s5, each of them refined in turn into a distinct automaton.
The same applies to state 57, States like s0, 51, s4, s5 and s7 are called composile
and in particular sl is a said to be concurrent.

A transition connects a source to a target state. The transition is labeled by
a trigger event, a boolean guard and a sequence of actions. In our example, only
trigger/action pairs are used, where the action consists in generating an (output)
event,




"System states” are modeled by configurations, which are sets of states. For
instance, our system can be in any of the following configurations': {s1, s6, s8},
{51, 56,59}, {1,510, 58}, {51, 511, 58}, {51, 510, 59}, {s1, 511, 59}, {52}, {s3}.

A transition is enabled and can fire if and only if its source state is in the
current configuration, its trigger is offered by the external environment and the
guard is satisfied. In this case, if the transition fires, the source state is left, the
actions are executed, and the target state is entered.

In our example, if event al is given as input to the machine and the current
configuration is {52}, state s2 is left, event 72 is generated and delivered to the
environment and state sl is entered. In particular, s1 being composite, we also
have to say which are the particular sub-states which are reached. In the case
at hand they are the default ones, i.e. the initial states of s4 and s5, namely s6
and s8.

In the general case, some target substates can be explicitly specified. In our
example, when the current configuration is {s3} and event a2 is offered, the con-
figuration resulting from firing the transition labeled by a2/el will be {s1, 56, 59},
where 59 is explicitly pointed to by the transition. Such a transition is called an
wnterlevel transition and can in general have more than one target in order to
explicitly point to all relevant states (fork transitions).

Symmetrically, also the transition from s6 to s2 and those from s8 to s3 and
from 510 to s3 are interlevel ones. Firing, say, the first one requires the system
to be in a configuration containing s6, regardless of the state in which s5 resides,
and brings it to state 2. Interlevel transitions can also have more than one source
state, the meaning being that all such states must be in the current configuration
for the transition to be enabled (join transitions). Compound transitions can be
either join or fork transitions.

In general, more than one event can be available in the environment. The

. UML semantics assumes a dispatcher which selects one event at a time from

the environment, modeled as a queue, and offers it to the state machine. In
general, more than one transition can be enabled at this point. Some of them
can be in conflict: this happens when the intersection of the sets of states left
by the transitions is not empty. Some conflicts can be resolved using priorities.
Roughly speaking a transition has higher priority than another transition if its
source state is a substate of the source of the other one. For instance, if the
statechart of Fig. 1 is in a configuration containing both sl and s6, and the
event selected by the dispatcher is ¢l then the transition from s6 to s7 will be
fired since it has higher priority than the one to s2. If the conflict cannot be
resolved using priorities, then any of the conflicting enabled transitions may be
fired; this happens for instance when s10 is in the current configuration and e2
is offered by the environment.

Due to concurrent states, it is possible that more than a single transition
is fired as a reaction to a given event. In particular the set of transitions that
will fire is a maximal set of enabled, non-conflicting transitions, such that no

! For simplicity, in the following we will often skip mentioning state s0, s4, s5 and s7
explicitly.



enabled f{ransition outside the set has higher priority than a transition in the
set. When the effects of all such transitions and related actions are complete
a new event is selected by the dispatcher and a new cycle is started. In this
sense the UML semantics does not allow ” chain reactions” within the same step:
events generated as a consequence of firing a step are not available to the machine
during the same step, but they are available for being dispatched to the machine
only from the next step on.

The first phase of our translation is a purely syntactical one and consists in
translating the statechart diagrams into what is usally called a hierarchical au-
tomaton. Hierarchical Automata can be seen as an ebstract syntaz for statechart
diagrams in the sense that they abstract from the purely syntactical/graphical
details and describe only the essential aspects. of the statechart. They are com-. .
posed of simple sequential automata related by a refinement function. A state
is mapped via the refinement function into the set of (parallel) automata which
refine it. Our sample statechart diagram is mapped into the hierarchical automa-
ton of Fig. 2. It is easy to see that the hierarchical automaton of Fig. 2 can be

Fig. 2. Example of a Hierarchical Automaton

taken as an alternative representation for the statechart of Fig. 1. In fact there
is a clear correspondence between the states of the two structures. Initial states
are denoted by thick boxes. The refinement of a state into one or more substates
in the statechart is properly represented by the refinement function p; in our
example we have psl = {Al, A2}, ps7 = {A3} and ps = 0 for any other state s.
In the figure this is represented by dashed arrows.

Non-interlevel transitions are represented in the obvious way. Consider now
the interlevel transition from s6 to s2 in Fig. 1. Such a transition is represented
in the hierarchical automaton by the transition from sl (the highest ancestor of



56 " crossed” by the transition in the statechart) to s2, named ¢1. The indication
of the fact that the real ?origin” of such a transition is state s6 is encoded in the
label of the transition {not shown in the figure). In particular, it is encoded in
what is called the source restriction (SR) of the transition. The source restriction
of t1 is s6. In general, for join transitions the source restriction is a set of states.
The label also contains the event (EV) which triggers the transition and the
corresponding actions (AC) to be performed when the transition is fired. Finalty,
the label of a transition contains the so called target determinator. The target
determinator explicitly lists all the basic (i.e. non refined) states which must
be reached when a transition is fired. For example, the transition from s3 to
s% in Fig. 1 is represented in Fig. 2 by the transition labeled 5, the target
determinator of which is {56, s9}. From the above informal discussion it should
be clear that all kinds of interlevel transitions across compound states in UML
Statechart Diagrams have an adequate and clean representation in Hierarchical
Automata,

The complete information related to the transition labels for the hierarchical
automaton of Fig. 2 is given by Table 1.

Table 1. Transition Labels

t e 2 {t3]t4 |15 [t6  |¢7 £8t9 fe10je11
EVi||rl |al el|r2 |a2 el Fite2|f21e2 |e2
SRt({s6}lp @ [{s8}[0 @ (B 0|0 @ |{s10}
TDHD  |{s6,s8}0 |@ [{s6,s9}{{s10}|0 (0 @ @ (@
AC tifel |2 e ja2 |el f1 |rl|elle |e2 |e2

In the sequel we will be concerned only with Hierarchical Automata since the
translation from statechart diagrams to Hierarchical Automata is conceptually
simple and purely syntactical [13].

As stated in Sect. 1, the semantic model we use in this paper is the one
defined in [13]. This model is defined for a quite restricted subset of UML Stat-
echart Diagrams, still including all the interesting conceptual issues related to
concurrency in the dynamic behaviour, like sequentialization, non-determinism
and paraltelism.

In this paper, we shall refer to the same subset of the notation. More specifi-
cally, we do not consider history, action and activity states; we restrict events to
signal and call ones, without parameters (actually we do not interpret events at
all}); time and change events, object creation and destruction events and deferred
events are not considered as are branch transitions; also variables and data are
not allowed so that actions are required to be just (a sequence of) events. We
also abstract from entry and exit actions of states.

The above restrictions are made essentially for simplicity since, in our opin-
ion, most of them do not have any strong impact on the semantics and transla-
tion at a conceptual level, but dealing with them dramatically complicates the
notation involved.




Other limitations, namely the fact that we do net deal with the object-
oriented features of UML statechart diagrams, e.g. sub-behaviours, etc, are more
serious and we leave them for further study, together with extensions like de-
terministic/stochastic time. A basic formal semantics model and related tools,
even for a restricted language, are an essential step for any further extension
with the above mentioned features. The definition of a sound "basic” subset
or kernel of a notation, on which to stress novel semantics concepts as well as
develop mathematical theories, like behavioural preorders or equivalences, and
experiment specific tools, like model-checkers, has already proven a valuable, safe
and fruitful methodology and is now quite standard practice in many fields of
concurrency theory, like process-algebra. Once concepts, theories and tools have

- beerr developed for atestricted notation their extension-to other; important, fea--
tures of the notation can be supported by a safer background. For instance, it
is our opinion that a sound formal semantics for UML Statechart Diagrams is a
necessary condition for extending the considered notation with the inclusion of
object-oriented features like classes and subclasses. In fact the formal semantics
serves as a necessary starting point for the definition of behavioural (ordering)
relations which can play a role in the definition of the notion of sub-behaviour,
connected to the notion of sub-classes {2].

3 Hierarchical Automata

In this section we recall the notion of Hierarchical Automata as defined in [15, 13]
and their UML operational semantics given in [13]. Only the relevant definitions
are given. We refer to [13] for details. The first notion is that of (sequential)

automaton®.

Definition 1 (Sequential Automata). 4 sequential automaton A is a J-tuple
(04,5%, Aa,04) where o4 is a finite set of states with 5% € o4 the initial state,
M4 is a finite set of transition labels and 54 C 04 X A4 X 04 s the transition
relation.

As mentioned in the previous section, the labels in A4 have a particular
structure. For transition ¢ we shall require its label be a 5-tuple (sr, ev, g, ac, td),
where s7 is the source resiriction, ev is the trigger event, g is the guard, ac is
the actions list and td is the target determinaior.

In the sequel we shall use the following functions SRC,TGT, SR, EV, G, AC,TD,
defined in the obvious way; for transition ¢ = (s, (sr, ev, g, ac, td),s"), SRC t =
8, TGTt=5,SRt=sr,EVit=ev,Gt=g,ACt=ac,TD i =1id

Hierarchical Automata are defined as follows:

2 In the following we will freely use a functional-like notation in our definitions where:
{i) currying will be used in function application, i.e. f @1 @z... an will be used in-
stead of f(ay, as,...,a,) and function application will be considered left-associative;
(ii) for function f: X — Yand ZC X, fZ={ye¥Y | € Z y=fz}, rng f
denotes the renge of f and fz is the restriction of f to Z.



Definition 2 (Hierarchical Automata). A hierarchical automaton H is o
4-tuple (F\E,p, A}, where F is a finite set of sequential qutomate with mutually
disjoint sets of states, i.e. VA;, Ay € F. o4, Noa, =0 and E is a finite set of
events; the refinement function p : {J, poa — 27 imposes o tree structure
to F, i.e. (1) there exists a unique root automaton A,ge € F such that Ao ¢
Urng p, (i5) every non-rool automaton has exactly one ancestor state: | Jrng p =
F\{Ayo0t} and VA € F\{Arom}. D15 € UAfeF\{A} oca. A€ (p ) and (i) there
are no cycles: VS C | epoa. Is € 8. SN 4,04 = 8 finally, A= o p Aa.

We say that a state s for which ps = § holds is a basic state. With reference to
the hierarchical automaton presented in Fig. 2 we have: F = {AD, A1, A2, A3},
A0 is the root automaton, psl = {A1, A2}, ps7 = { A3}, and all other states are
basic.

In the sequel we shall implicitly make reference to a generic hierarchical
automaton H = (F, E, p, A).

Every sequential automaton A € F characterizes a hierarchical automaton
in its turn: intuitively, such a hierarchical automaton is composed by all those
sequential automata which lay below A, including A itself, and has a refinement
function p4 which is a proper restriction of p. A is the root automaton.

Definition 3. For A € F the automata, states, labels and transitions under
A are defined respectively as A A = {A} U AAN, S A=
Y {4} (UA,E(USE”(W))( )8

Uscaaoa, AA= UA'EA Aty ond T A= eqadar
The definition of sub-hierarchical automaton follows:

Definition 4 (Sub-Hierarchical Automata). For A € F, (F4,E,pa,Aa},
where Fy = (A A), Ag = (A A), and pp = pys a), 18 the hierarchical automaton
characterized by A.

In the sequel for A € F' we shall refer to A both as a sequential automaton
and as the sub-hierarchical autematon of H it characterizes, the role being clear
from the context. H will be identified with A,,u. Sequential Automata will be
considered a degenerate case of Hierarchical Automata.

Definition 5 (State Precedence). For 5,8’ € S H, s < s’ iff s € S (p s).
Let also = denote the reflexive closure of <.

The notion of conflict bebween transitions needs to be extended in order to
deal with state hierarchy. The interested reader is referred to [13}. When transi-
tions t and ¢’ are in conflict we write t#tt’. Priorities are assigned to transitions
via a function 7 and a partial order © based on state precedence is defined
on them. So, we say that ¢ has lower priority than (the same priority as) ¢’ iff
7t T wt’. A configuration denotes a global state of a hierarchical automaton,
composed of local states of component sequential automata:

Definition 6 (Configurations). 4 configuration of H is e set C C (S H) such
that (i) s €oa . s€Cand (i) Vs,A.scCNAEps=>Ts'e A s el

raot



For A € F the set of all configurations of A is denoted by Conf4. The opera-
tional semantics of an hierarchical automaton is defined as a Kripke Structure,
which is a set of states related by a transition relation. In the context of State-
chart Diagrams, states are called statuses and the transition relation is calied the
STEP relation. Each status is composed of a configuration and the current en-
vironment with which the hierarchical automaton is supposed to interact. While
in classical statecharts the environment is modeled by a set, in the definition
of UML statechart diagrams the particular nature of the environment is not
specified (actually it is stated to be a queue, but the management policy of such
a queue is not defined). We choose not to fix any particular semantics such as
a set, or a multiset or a FIFO queue etc., but to model the environment in a

©X denotes the set of all structures of a certain kind (like FIFO queues, or
multisets, or sets) over X and we assume to have basic operations for inserting
and removing elements from such structures. In particular {add £ e) denotes the
structure obtained by adding e to environment £. Similarly, (join &£ £') denotes
the environment obtained by merging £ with £’. Moreover, by (Sel £ e £') we
mean that £ is the environment resulting from selecting e from £, the selection
policy depending on the choice for the particular semantics of the environment.
Finally, nil is the empty structure and given sequence r € X*, (new r) is the
structure containing the elements of r (again, the existence and nature of any
relation among the elements of (new r) depends on the semantics of the partic-
ular structure). So, for instance, if sets are chosen, then (add £ e) = £ U {e},
(join£EEN) =EUE and, forec &, (Sel e &)= (& =E\{e}).

The semantics of UML does not specify what happens when a queue is empty.
Our appreach in this paper is to make the system black in such a case: this is
in line with the behaviour of PROMEILA processes when attempting to receive
from an empty queue.

Definition 7 (Operational semantics of Hierarchical Automata). The
operational semantics of an hierarchical automaton H is a Kripke structure k =
(8,8%,—) where (i) S = Confy x (@ E) is the set of statuses of k, (ii) 8° =
{Co,€0) € 8 is the initial status, (i) —C Sx S is the transition relation defined
in the sequel.

A transition of k denotes a maximal set of non-conflicting transitions of the
sequential automata of H which respect priorities. The — relation is defined

‘by means of a deduction system. In this paper we consider only closed systems,

where the environment can interact onty with the hierarchical automaton, and
no external manipulation is allowed on it [13]. The rule follows:

Definition 8 (Closed Systems).
(Sel & e &) (1)

H10:(C,{e}) = (C,&)(2)
(C,&) —+ (C', (join E" £7))

- policy-independent-way:-In- the following-definition-we-assume-that for-set- X, oo i
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In the above rule we make use of an auxiliary relation, namely A T P =z (C,£) N
(C',£"). Such a relation models labeled transitions of the hierarchical automaton:
A, and I is the set containing the transitions of the sequential automata of A

which are selected to fire. We call = the step trausition relation in order to
avoid confusion with transitions of sequential automata. P is a set of transitions.
It represents a consiraint on each of the transitions fired in the step, namely that
it must not be the case that there is a transition in P> with a higher priority.
So, informally, A 1 P = (C, &) -2 (C', €') should be read as " 4, on status (C, &)
can perform L moving to status (C',£'), when required to perform transitions
with priorities not smaller than any in P”. Obviously, no restriction is made on
the priorities for H in Def.8, but set P will be used to record the transitions a
certain automaton can do when considering its sub-automata, More specifically,
for sequential automaton A, P will accumulate (the priority information of) all
transitions which are enabled in the ancestors of A. The deduction system for

4 is shown in Fig. 3 where the following auxiliary functions are used:

Definition 9 (Enabled Transitions). For A € F, set of states C and envi-
ronment £,
(i) the set of all the enabled local transitions of A in (C,&), LE4 C £ is defined
as follows®:

LEACE={t€ds |{(SRCJU(SRCCA(EVE) € EA(CE) =G}

(i) the set of all enabled transitions of A in (C,£) considered as an hierarchical
automaton, i.e. including those of descendents of A, E4 C £ is defined as follows:

Escé= |J LEscCE
A'e{A A)

Moreover, A + P 2 (C,€) L, will stand for: there exists C' and & such that
AT P {CE) £ (C’,€"). Finally, for state s and set § C § (p s}, such
that s = 8" for all 5" € §, the closure of S, (¢ 5 §}, is defined as the set
{¢]3s" €8 s<s =s").

In the operational semantics, the Progress Rule establishes that if there is a
transition of A enabled and the priority of such a transition is *high enough” then
the transition fires and a new status is reached accordingly. The Composition
Rule stipulates how automaton A delegates the execution of transitions to its
sub-automata and these transitions are propagated upwards. Finally, if there is
no transition of A enabled with priority "high enough” and moreover no sub-
automata exist to which the execution of transitions can be delegated, then A
has to "stutter”, as enforced by the Stuttering Rule.

* (C,£) k= g means that guard g is true of status (C, £). Its formalization is immaterial
for the purposes of the present paper. In the deduction rules, we will relax the
requirement C € Confs and we will assume ¢ € Confy. This allows the use of
guards which make reference to non local states.
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select_event_gset (H) def

if
Qe —> Fv = ey Qer =10

tlen — > By = ey Qe =10
i

The PROMELA semantics of the above non-deterministic construct is that
the execution is blocked if none of the guards Qey, ..., Qe, evaluates to 1, oth-
erwise the statements corresponding to any of those evaluating to 1 is executed,

‘after'which the if statement is exited and control is passed to the next state-

ment. By "corresponding” here we mean those statements comprised between
the arrow — > following the guard and the next :: or fi keyword. PROMELA
provides also a special guard else which is satisfied if and only if all the others
of the same if.. fi statement evaluate to 0.

In the case of a multiset, ihe test will obviously be Qe; >= 1 and a decre-

ment Qe; — — will be used. If instead the designer chose to model the queue by
a channel, the following input command is generated:
Q1 Ev

The core of the translation lays in the identification of those transitions
which are candidate for being fired and in selecting among them those which
will actually be fired.

For each transition t; € (T H) = {t1,...,t,} we use a variable Cand; to
which a boolean expression will be assigned which evaluates to 1 if and only
if ¢, is a candidate for being fired. Suppose t; € da, with 4 € F. Such
an assignmnent corresponds to implementing the premisses of the Progress Rule,
with P properly set, on the basis of the enabling situation of the transitions in
the ancestors of A. We represent set P by its characteristic function:

bit Pl,...,P,,

It is worth now recalling the premisses of the Progress Rule where for notational
convenience we have renamed ¢ into t; and we have split condition (2} into two
distinct premisses:

;e LEsCE (1)
At € P.nt; ¢ wt’ (2.1)
At'e By CE. nt; C wt’ (2.2)

Premiss (1) is the enabling condition for t;. Letting SRC t; = 541, SR t; =
{825---s 85}, EV t; = evj and G t; = g;, such a condition can be coded as the
following PROMELA expression, where & denotes logical conjunction:
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Sij1 & ... & Si & (Bv==rcv;) & g;

Notice that all the information on SRC t;, SR t;, EV ¢; and G ; is available
to the translator since it is static information.

Let ns now assume that, for generic transition ¢, P, evaluates to 1 if and
only if the enabling condition for ¢, holds - this is achieved by an assignment
similar to the above one, but relative to ¢,. Let furthermore {t;1,...,t;s} be the
set of all those transitions t;; such that t;; € (T H)\ (T A) and m &; T 7wtji;
again, notice that = ¢; T tj; is static information. Then, premiss (2.1} is coded
as follows:

Py & ... & |Pj,

where | denotes logical negation in PROMELA.
Finally, let {t;1,...,¢;m} be the'set of those transitions ¢;; such that:

- SRC ti; = SRC t; or SRC t;; € S (p(SRC tj)), and
— mi; Cwly;

Tt is easy to see that premiss (2.2) corresponds to the conjunction of the
negations of the enabling conditions for such transitions tj;:

sz'l & e & Sji.'c,- & (E‘U == evj,-) & gji

where, as before, we have: SRC t;; = s8;1, SR i = {8jizy- .1 850k, } and
EV ty; = evy and G t;; = gj;.

This brings us to the complete fragment of PROMELA code relative to the
assignment to Cand);: ‘
candidate_designate(t;) &f
C’andj = Sj; & ... & Sjk & (EU == evj) &:gj &
WP & ... &P &

!(Sju & ... & Sjl.h & (E’U == evjl) & g_.,-l) &

!(S_-,'ml & ... & Sjmkm & (E’U == evjm} & g‘jm)

As a concrete example of the above description the assignments for Candl,
Cand3 and Cand7 are given below®:

Candl = S1 & 86 & (Ev==ri)

Cand3 = S1 & (Ev==el) &

1(81 & 56 & (Ev==rl) } & /* relative to ti #/
1(S1 & S8 & (Ev==r2) } & /* relative to t4 */

® Werecall here that # t3 C m tl, 7 t3 C w #d, 7 t3 C w 6,w t3 C w &7, m 13
Tt8, T3 C w9, w3 w10, m t3 T £11, 7 27 C w £10, 7 t7 C 7 £11 and rtoat
does not hold otherwise.
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1{86 & (Ev==g1) } & /% relative to t6 */
1(S7 & (Bv==f1) )} & /* relative to t7 */
1(58 & (Ev==e2) } % /¥ relative to t8 */
1(59 & (Ev==£f2) } & /* relative to t9 =*/
1 (810 & (Ev==e2) ) & /* relative to t10 =/
1(S1 & S10 & (Ev==e2) ) /* relative to til #*/
Cand7? = S7 & (Ev==f1) &

P11 &

{510 & (Ev==e2) ) & /* relative to t1Q */

‘The complete code for the candidate transitior
sequencing of candidate_designate(t;) for j = 1,...,v.

In order to complete the description of the candidates designation step, we
have to describe how variables P; are set. In the operational semantics, set P is
initialized to @ by Def. 8 and it is then "pumped up” with the enabled transitions
of the automata visited when the step relation is deduced for the children of the
refined states of such automata, via the Composition Rule. This results in P
containing all and only the enabled transitions of the ancestors of A € F when
applying the Progress Rule {or the Stuttering Rule}to it, i.e. when testing the
enabling condition for an arbitrary transition t of A. Notice moreover that the
only transitions of interest, among those in P, are those with a higher priority
than t, as it can be seen from (2.1) of the Progress Rule.

In the PROMELA coding of premiss (2.1), on the other hand, we consider
set {t;1,...,t;s} which indeed can only contain transitions of ancestors of A.
In fact it cannot contain transitions of A or descendants of A (they would be
elements of 7 A4), but also it cannot contain transitions of automata which run
in parallel with A or an ancestor of A (these transitions cannot have higher pri-
ority than #'s since such priorities are unrelated in the priority partial order, see
[13] Lemma 4). So, we just need to set Pj; to the enabling condition for ¢;;, for
tji € {tj1,...,t5:} as above. Moreover, since the value of P;; depends only on
the values of the state variables Sy,... S, and variable Ev and since these values
are not changed during the computation of the candidate transitions, the above
assignments can be safely done for all the transitions in 7 H at the beginning
of the cycle. More specifically, at the beginning of the cycle, just after variable
Ewv has been assigned a new value in the gelect.event (H) code, the set _P(t;)
code below is generated in sequence for j = 1,...,¥

set_P(t;) o
Pj‘—:SJ’] & ... &Sjk & (E‘U‘:—: evj) &g_,‘

In our current example we have:

Pi= S1 & S6 & (Ev==r1); P2= S2 & (Ev==al); P3= 51 & (Ev==el);
P4= S1 & S8 & (Ev==r2); Pb= 83 & (Ev==a2); P6= 56 & (Ev==el};

designation amGiits to ghe T T
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P7= 87 & (Ev==f1); P3= S8 & (Ev==e2); P9= 89 k (Ev==£2);
P10=510% (Ev==e2}; P11=81 & 510& (Ev==e2)

This concludes the description of the candidate designation phase. Notice
that this phase computes the set of all transitions which are enabled and which
respect the priority constraints. Among these transitions, there are some which
are in conflict and therefore cannot be fired in the same step. The actual tran-
sition selection phase takes care of resolving conflicts and selecting the tran-
sitions which will be eventually fired. This is done by assigning the value 1 to a
second set of bit variables for the transitions, Sel;, and exploits the PROMELA
non-deterministic construct where the guard for assignment to Sel; is obviously
Cand;. The code for such assignments is generated recursively according to the
tree structure of the hierarchical automaton.

Let A € F a hierarchical automaton with 64 = {f1,.::,t;}: If py s = @ for
all s € g4, ie. if A is sequential, then the code for the selection phase for A,
select.transitions (4}, is simply:

select_transitions(A)Ds
if
2 Candy, — > Sel; =1

i Condy — > Sel, =1

iz else skip

fi

Ifinstead Uy ,, ,, X = {A1,..., Ar} # 0 then, letting 34, = {tj1,... ,tjq, } for

j=1,...,r, the code for the selection phase for 4, select_transitions(4) is
recursively the following, where || denotes logical disjunction in PROMELA:

select.transitions (A)%
if

Cand; — > 8Sel;j =1

Cand, —> Sel;=1
Candyy || ... || Candig, || ... || Cond,s |} ... || Candrg, — >
select.transitions(A;);

select _transitions(A.)
:: else skip
fi

From the above translation schema. it is clear that a selection is made non-
deterministically between those transitions (which are enabled, respect priority
constraints and) are in conflict, whereas transitions which are not in conflict
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may have their Sel; variable set to 1 at the same time, after the execution of
the code generated by select_transitions(A) (this is due to the sequencing
of the code select _transitions(4;),...select _transitions (4;)). Stuttering
corresponds to the else skip branches. The code generated for our example
follows:

if

::Cand1->8ell=1
::Cand2->8el2=1
::Cand3->Sel13=1
::Cand4~>Seld=1

::Candil~>8elll=1
::{Cand6 | [Cand7| |Cand8]||Cand9| |Cand10)}->
if
1 :Candé6->Sel6=1
::Cand7->Sel7=1
::Candi0->
if
::Cand10->Selil
:telse->skip
fi
::else->skip
£i;
if
1 :CandB8->5el8=1
::Cand9->Sel9=1
::else->gkip
fi
:relse->skip
fi

So, if both Candé and Cand8 evaluate to 1, then both t6 and 8 will be selected
for firing.

Finally, the actual firing of the selected transitions can eccur. The code for
firing a single transition t; is self explanatory; below we for simplicity assume
the event quene modeled by a set and an action consisting of generating one
single output event:

fire_transition(tj)déf

if

i Selj— > 85 =0;...;855 =0, 55541 = 1;...3 5 = L ej =1
i else skip

fi

where UAep(SRCt,-)(‘S AYU (SRC t;) = {Sj,..-,85s}, AC ¢; = e, and
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c (T'GT t;) (TD t;) = {S;s41,...,5in}; of course the statement Qe; = 11is
generated only if AC t; is nonempty.
For instance, for 1 of our example we have:

if
::8el1->81=0;82=1;53=0;56=0;57=0;58=0;59=0;510=0;511=0;Qal=1
trelse->skip

fi

In the case of an environment represented by a set or a multiset, the order in
which transitions are fired is irrelevant since no trace of the event delivery order
will be kept in the environment. In this case the code to be generated is an
arbitrary sequence of firing statements like the above one. In the case of a FIFO
‘queue, instead, the code must take into consideration that parallel trarsitiotis
can be fired in any order and then the resuiting queues will be different. This can
be easily done by running separate parallel PROMELA processes, each executing
a statement like the above one or simulating this parallelism with a repetitive
command and proper guards.

The last statements before ending a cycle and starting the next one are those
for cleaning-up the auxiliary structures: all P;, Cand; and Sel; variables are set
to 0.

The PROMELA model is composed of a process, the STEP process, which
is essentially a loop performing the above phases. Process STEP is run after all
variables have been properly initialized in order to model the initial status. The
schema of the translation function, assuming a set for environment is summarized
in Fig.4 where the translation functions calls are underlined in order to aveid
confusion with actual PROMELA code. Moreaver, those (other) pieces of syntax
depending on the input hierarchical automaton H are printed in emphasized
mode. In the case of a multiset or a FIFO queue the schema is quite similar.

4.2 Correctness of the translation

In this section we shall proof the correctness of our translation function relative
to the operational semantics of Sect 3. Although the proofs are rigorous, they
are not fully formalized given the low level of notational complexity we intend
to keep in this paper,

It should be clear to the reader that the key issue is the correctness of the
PROMELA code generated for modeling the single step, and in particular the
candidaie designation and the transitions selection, since the correctness of the
code generated for the event selection and for the actual firing of transitions is
trivial to establish.

In the following, for hierarchical automaton H we shall let C,q stand for the
sequence of PROMELA statements for candidate designation in the translation
of H generated by the following fragment of the translation function:

set P(1);




translate (H) qef

#Hdefinee; 1

Ftdefine e, n
bit Qela" LN Qeﬂ;
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Bt SyTTUS
int Eu;

bit Cand,,...,Cand,;
bit Sely,...,Sel,;
bit Fi,..., P,;
process STEP{)

{

do

:atomic

{

select_event (H):
set P(t1);

set P{¢,);

candidate_designate(f;);

candidate_designate(s,);

select transitions (H);
fire.transition(t;);

fire.transition(t,);
cleanup (H) ;

}

od

}

init

{initialize(H); run STEP()

}

Fig. 4. Schema of the translation from generic hierarchical automaton H to PROMELA




get.P(t,);
candidate_designate(t);

candidate_designate(f,);

Similarly, let C,; be the code generated by gelect transitiomns(H). Further-
more we et C stand for C.g; Cs;. Before proving the correctness result we need
some terminology related to PROMELA semantics. A state vector for a PRO-
MELA model is composed by all the variables declared in the model, including
the channels, plus a program counter for each process instantiation. A state is
an assignment of values to the elements of the state vector. An erecution ¥
of a piece of code M starting from a state a is -a pessibly infinite sequence of -
states ov,...,a, where a; = o and o4y, is obtained from «; by applying the
operational semantics rules of PROMELA to the statements corresponding to
the values of the program counters in o;.

In general more than one single execution is allowed for the same code M from
the same state a because the PROMELA semantics is based on the interleaving
model of computation and the language includes non-deterministic statements.

It is worth noting here that the only source of non-determinism for code C
above comes from C,; since C.g is completely deterministic so, for given initiai
conditions, there exist only one execution for the latter. Moreover, it is easy to
see that every execution of C always terminates.

We can now prove the following lemmata which, together, establish the cor-
rectness of the modeling of the step by the code generated by the translation
function.

Lemma 1. Let A€ F, P,L C (T H), C € Confy, € € E, state o such that (i)
P contains only enabled transitions of ancestors of A; (i) for j = 1,...,2 §;
evaluates to 1 in o if and only if the corresponding state s; belongs to C; (i) Ev
evaluates to e in «; (iy) for j =1,...,v Cand; and Sel; evaluate to 0 in « and

gj evaluates to 1 in « if and only if (C,{e}) = gj. Then AT Pz (C,{e})
implies that there ezists a finite ezecution X of C startmg from a such f.hat in
its last state Sel; evaluates to 1 for all t; € L.

Proof By induction on the length d of the derivation for A1 P (C,€) L
(¢',E") for some ', &' (17}

Base case (d = 1}:

If the derivation has length 1, then only the Progress Rule or the Stuttering
Rule could have been applied. Suppose the Progress Rule has been applied. We
first notice that for t; in L Cand; will evalnate to 1 at the end of the execution
of Ceq. This follows directly from the definition of candidate.designate(t;),
the hypothesis and the fact that premisses (1), {2.1) and (2.2) of the Progress
Rule hold. Moreover, due to the semantics of the PROMELA non-deterministic
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command, there exists an execution of s at the end of which Sel; will eval-
uate to 1. Then there exists an execution of Cea; Cis at the end of which Sel ;
evaluates to 1. If instead the Stuttering Rule has been applied, then the assert
trivially holds from the fact that there always exists an execution for €' under
the hypothesis of the lemma.

Induction step (d > 1):

In this case the Composition Rule must have been applied in the last step of
the derivation. From the Composition Rule we see that each L; belongs to a
step-transition which has been proven by a sub-derivation of length strictly less
than d, so, by the Induction Hypothesis, there exist executions Xiyeo, Xn of C

such that, for i = 1,...,n we have that Sely-evaluates-to-1-for-all t;-& Ly at

the end of J;. From the definition of Sselect_transitions{(H), and in particular
from the fact that the code it generates contains the sequencing of the transition
selection code for each 4;, it follows that there must be an execution X of C
such that Sel; evaluates to 1 for each ¢; € U, Li = L. o

Lemma 2. Let state o« be such that, for j = 1,...,v Cand; = 1 if and only if
t; € da, for A € F is enabled. Then for the end state o of each ezecution of
Cis the set {t; | Sel; evaluatesto 1 in o } is a mazimal set of non-conflicting
transitions.

Proof The assert can be proved by induction on the structure of A.

Base case (UXEPA oa X =0):

In the base case, namely if A is sequential, the assert follows directly from the
definition of select transitions(4). In fact from such a definition it follows
that Sel; will evaluate to 1 for just one transition t; and {t;} is obviously a
maximal set for a sequential automaton.

Induction step (y¢,, ,, X # 0):

If Ais not sequential, lettmg { A, . .., Ar} =Uxep, o, X we have, by the induc-
tion hypothesis, that each fragment select transitions(A;), fori = 1,...,r,
computes a maximal set and again from the definition of select_transitions(4)
we get that at the end of an execution for Cis either Sel; evaluates to 1 for a
transition of A, or the set {t; | Sel;evaluatesto 1 in o’} is the union of the sets
computed by select_transitions(A;) during the execution, and so it is maxi-
mal as well. (]

Lemma 3. Let C € Confy, e € E, state a such that (i) for =1,...,2 8
evaluates to 1 in o if and only if the corresponding state s; belongs to C; (ii)
Ev evaluates to e in o ; (ii) for j = 1,...,v Cand; and Sel; evaluate to
0 4n o and and g; evaluates to 1 in o if and only if {C,{e}) E g;- Suppose
there ezists an evecution ¥ of C which starts from o and stops in o, and let

L ={tj | Sel; evaluates to 1 in an}. Then H 19 (C,{e}) L3 holds.
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Proof The argument here is simply observing the fact that, under the as-
sumptions of the hypothesis, at the end of the execution of Cy, variables Cand;
characterize the set of ell enabled transitions which respect priorities. Then the
assert follows from Lemma 2 and Theorem 1. O

Theorem 2. For hierarchicel automaton H, C € Confy, e € E, state ov such
that (i) for j = 1,...,z 8; evaluates to 1 if and only if the corresponding state
s; belongs to C; (ii) Ev evaluates to e; (iit) for j = 1,...,v Cand; and Sel;
evaluate to O we have that H 0 :: {C,{e}) Ly holds if and only if there exists
a finite execution X of C starting from a and such that in its last state Sel;
evaluates to 1 for all t; € L.

Proof The assert follows directly from Lemmataland 3 .o

4.3 Preliminary optimizations

By taking a look at the code generated following the rules described above, it
is clear that variables C'and; and P; are just temporary variables whose only
purpose is to collect a value which is then immediately used. So they can be
eliminated and their use be replaced by the expressions which are assigned to
them. .

A similar reasoning applies to the Sel; variables: they can be eliminated and
the code corresponding to the actual firing of transition ¢; can be moved inside
the nested if ... fi transition selection statement, where Sel; was set to 1.

On the basis of the above consideration a reduced version of PROMELA
code can be generated which is much simnpler than that presented in the previous
sections and uses fewer variables: the only variables are tholse representing the
configurations and the environment, namely the status.

The result of the optimized translation of our running example is given below
where the macros Cand; are used only for readability purposes and could be
eliminated:

#define atl
#define a2
#define el
#define e2
#define £1
#define £2
#tdefine rl
#define r2

00~ W W Ry e

bit 81, 82, S§3, 86, S7, 58, 89, S10, S5ii1;
bit Qal, Qa2, Qel, Qe2, Qfl, Qf2, Qri, Qr2;
int Ev;



#define
#define
#define

#define..

#define
#define
#define

#define
#define
#define
#define

Candl (S1 & S6 & {Ev==x1})
Cand2 (52 & (Ev==al))
Cand3 (81 & (Ev==el) & \
(81 & 386 & (Ev==r1) Y& \

1(S1 & S8 & (Ev==r2) )& \
(51 & S10 & (Ev==e2))& \
t(86 & (Ev==el) )& \
1(S7 & (Ev==Ff1) )& \
1(88 & (Ev==e2) )& \
1(89 & (Ev==£2) )& \

1(810 & (Ev==e2)))
Gand4. (S1.&.88.&-(Ev==x2))
Cand5 (83 & (Ev==a2))
Cand6 (S6 & (Ev==e1))
Cand7 (S7 & (Ev==f1) & \
1(81 & S10 & (Ev==e2)) &\
'(310 & (Ev==e2)))
Cand8 (S8 & (Ev==e2))
Cand9 (39 & (Ev==£2))
Cand1Q (8510 & (Ev==e2))
Candil (81 & 810 & (Ev==e2))

proctypa STEP()

{

do
atomic{
if

:: Gal->Ev=al;Qai=0
:: Qa2->Ev=a2;Qa2=0
:: Qel->Ev=el;Qel=0
11 Qe2->Ev=e2;je2=0
11 QEi->Ev=f1;Qfi=0
11 QE2->Ev=£2;Qf2=0
1t Qrl->Ev=ri;qQri=0
t1 Qr2->Ev=x2;Qr2=0

fi

if

::Cand1~>81=0;52=1;SG=0;S7=0;58=0;SQ=0;510=0;511=0;Qai=1
:iCand2->81=1;52=0;53=0;56=1; $8=1; Jr2=1
::Cand3—>51=0;32=1;Sﬁ=0;57=0;58=0;89=0;SIO=0;511=0
::Cand4->31=0;SS=1;56=0;ST=0;SS=0;89=0;510=0;511=0;Qa2=1
::Candb->51=1;83=0;86=1;59=1; Qel=1
::Cand11->Sl=O;S3=1;SS=0;ST=0;SB=0;59=0;810=0;511=0;Qe2=1
::(CandslICandTIICandBIICandQlfCanle)->

if

::Cand6—>56=0;57=1;510=1;Qf1=1
::Cand?->56=1;S7=0;510=0;811=0;Qr1=1
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; :Cand1i0->
if
1 Cand10->510=0;511=1;0e1=1
:1else->skip
fi
1 1else->skip
fi;
if
1 :Cand8->88=0;59=1;Qel=1
: :Cand9->58=1;59=0
:relse->skip
fi
;relse~>skip
fi

'}

od
}

init

{

atomic{
51=1;582=0;53=0;56=1;37=0;58=1;89=0;510=0;511=0;
Qal=0;0a2=0;Qel=0;Qe2=1;Qf1=0;0f2=0;0ri=0;{r2=0;
Y

run STEP()

}

Of course, also in this case, if a FIFQ queue is used for modeling the environ-
ment, then the inner if...fi statements must be replaced by parallel processes,
or proper code simulating the behaviour of such processes.

It should also be noticed that further standard cede optimizations are pos-
sible. For instance the if...fi statement where only Cand10 is tested could be
replaced by $10=0;S11=1;Qel=1.

5 Conclusions

In this paper we have shown a translation from UML Statechart Diagrams into
PROMFELA. We have defined a base translation, proved it correct and discussed
some, preliminary, optimizations which substantially improve the resulting code.

Two implementations of the base translation exist: one has been developed
in CNUCE and is written in Standard ML. The other is running at the Technical
University of Budapest and uses database technology [1].

The second version of the PROMELA maodel is simpler, shorter, and uses
less variables than the previous one. Its size grows linearly with the size of the
input hierarchical automaton, in particular with the number of transitions.

In any case, our model, both in the base and in the optimized version, despite
it has been automatically generated, results quite efficient in terms of number
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of states. The Kripke Structure of our simple example has 7 statuses while the
PROMELA models both have 10 states (the base one having also a wider state
vector than the reduced one). The presence of the 3 extra states can easily be
explained. They are a consequence of the nested if statements that are executed
"one at a time”, thus generating an intermediate state whereas in the Kripke
Structure the execution of the transitions of parallel automata {or their stut-
tering steps) happen at the same time”. This brings to a state-space overhead
which grows linearly with the size of the hierarchical automaton. The above
conjecture needs further study and experimentation; nevertheless our first ex-
periments are quite encouraging,.

Further optimizations are possible. Configurations can be represented using

P

states. Such a number can then be further reduced to its base 2 logarithm by
using proper encodings. Moreover, the use of PROMELA d_step could help
reducing the number of states. A d_step takes a list of statements and collapses
the sequence of transitions resulting from their execution into a single one, so
removing all intermediate states,

In this paper we considered a subset of UML, which essentially covers the
aspects related to concurrency and state refinement. Issues of object-orientation
need further, foundational research. Other features like variables, history states
or structured events can be included without drastic conceptual changes. For
instance, completion transitions, which are a basic notion in the context of UML
Statechart Diagrams can be dealt with in a clean and modular way by defining
a second deduction system for modeling completion steps. The structure of such
a deduction system will be the same as that of the step-transition one (Fig. 3),
and the two systems will be very much similar indeed. The final complete step-
transition will be modeled by means of two further simple rules which merge
step-transitions with completion runs, giving priority to the latter.

We consider the work presented in this paper as an essential first step towards
a more complete model-checker for statecharts.

It is worth pointing out here that our current semantic model and translation
do not allow more than one statechart and one queue. On the other hand, it
seems that the general idea of the UML designers is to associate a distinct
statechart to each class or object and then let such statecharts communicate via
(FIFO?) queues. We have doubts about the methodological soundness of such an
approach. Statechart Diagrams already allow to describe concurrent behaviours
by means of concurrent states, which act as a kind of ”parallel composition
operator” of the notation. The proposed approach adds to that an inter-object
communication that uses concepts that lay outside the primitive composition
operators. This does not follow common orthogonality principles of language
design. In our opinion it would be better to have distinct statecharts modeling
the behaviour of different objects within a system glued together into a single,
parallel, statechart representing the system. If the interaction model which has
been chosen for the interaction with the environment and, via the environment,
between submachines of the statechart, namely the queue plus the dispatcher,
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turns out not to be expressive enouch for modeling sub-machine interaction,
then the issue is finding ways to enrich such interaction model in order to make
it satisfactory.

Nevertheless, should the UML designer stick to the first approach, it is easy
to adapt our semantics as well as our translation. As far as the semantics is
concerned we just need to add an extra (set of ) rule(s) in order to deduce changes
in a global status composed by the current configuration of each sub-machine
and the current value of each queue, using the deduction system for the step
transition we have been using in this paper, after proper addressing/naming
conventions have been set and formalized. As far as the translation is concerned,
it is almost trivial to change it in such a way that several STEP processes
are generated, one per statechart diagram, and such processes communicate via
FIFO channels or shared variables representing sets or multisets.

" Finally, we want to point out that we canuse the work presented in this paper

as a starting point for the development of translations to enriched models such
as timed-automata or stochastic-automata, for enriched versions of Statechart
Diagrams with the aim of timed-model-checking or discrete event simulation.
Of course, this will make sense only after a formal semantics for those enriched
versions of Statechart Diagrams have been defined, which is one of our next areas
for further study.
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