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A Proven Translation from a UML State
Machine Subset to Timed Automata

Florent Peres and Mohamed Ghazel

Abstract

Although UML state machines constitute a convenient modeling formalism that is widely used in many
applications, the lack of formal semantics impedes carrying out some automatic processing such as formal verification
for instance. In this paper, we aim to achieve a proven translation from a subset of UML state machines to timed
automata. A generic abstract syntax is defined for state machines, which allows us to specify state machines as a
tree-like structure, thus explicitly illustrating the hierarchical relationships within the model. Based on this syntax, a
formal asynchronous semantics for state machines and systems of state machines is established. Additionally, the
semantics of timed automata is specified. Then, a translation relation from the considered set of state machines to
timed automata is defined and a strong equivalence relation, namely a timed bisimulation between the source and
target models, is formally proven. The proof is carried out inductively while considering continuous (time) and discrete
transitions separately. Such a proof allows us to feature a strong similitude between these models.

Index Terms

Model Transformation, UML State machines, Timed Automata, Bisimulation Equivalence.

+

1 INTRODUCTION

ODEL transformation is a research domain that has garnered a lot of interest from the academic commu-

nity over the last decade. It consists in generating target models from source models according to some
translation rules. From a practical point of view, transforming models may serve as a support for specifications
interoperability. It can also be useful when some specific mature tools with their own specific input language
are targeted within the system engineering process, thus avoiding the tedious task of developing ad-hoc tools
which will take years to achieve an acceptable level of efficiency. On the other hand, model transformation
can theoretically be used to make comparisons between different notations, syntactically or semantically.

In this paper, we carry out a transformation from UML (Unified modeling Language) State Machines
(SM) |36] to Timed Automata (TA) |2]. SM are a state/transition language that offers a view of the different
states in which a given system can be, as well as the transitions between states, while expressing the causes
and effects of each transition. SM notation allows an explicit representation of hierarchy, which helps model
compactness and readability. Moreover, like the various UML diagrams, SM have good expressiveness capac-
ities and remain quite intuitive, which explains their wide use in both academia and industrial communities.
The SM syntax considered here offers some extensions to the standard one |36], namely through time guards
and transition labels, while it does not consider the whole features in the specifications. In our work, we adopt
the SM semantics proposed in [15], as will be explained later in the paper.

In the literature, several works propose model transformation between dynamic models, such as in [13], [24],
|28], [30], |40]. However, most of them do not prove their transformation to be sound, or only demonstrate
weak equivalence relations between the source and target models. As for UML diagrams which constitute a
set of standard notations quite appropriate for design, documentation and communication between various
stakeholders for system engineering |18], several works have tried to develop means allowing the integration
of these diagrams with formal techniques, particularly for the design and verification of embedded systems
as in [3], [7], 110], |22], [32], [34].

The main contribution of the present work is that the translation we establish from state machines to Timed
Automata (TA) is formally proven through a strong equivalence relation, namely a timed bisimulation. In
fact, one of the challenges to be addressed when it comes to defining a semantics for hierarchical languages,
such as state machines, is to determine how the system status swiches from one state to another. In the
present work, we firstly define an abstract syntax for state machines, while making explicit the various features

e F Peres and M. Ghazel are with the University Gustave Eiffel - IFSTTAR, COSYS/ESTAS team, 59666 Villeneuve d’Ascq, France (contact:
mohamed.ghazel@univ-eiffel fr).
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considered. This syntax is based on a tree-like structure where the successive levels denote alternation between
the SM regions and nodes, while featuring hierarchical relations within the SM structure. In particular, the
tree-like structure derived from the state machine abstract syntax has been advantageously used to explicitly
illustrate the impact of transition triggering. It is worth noting that most of the artifacts defined within
the proposed abstract syntax are generic enough to be easily adapted, or even used directly for several
other state/transition hierarchical notations. Contrarily to the work in |28] where both synchronous and
asynchronous communications are considered, in our work we consider an asynchronous semantics that we
formally define for SMs and SM systems (sets of interconnected SMs). One argument in favour of using
asynchronous semantics is that the synchrony hypothesis, stating that any system action takes more time than
the minimal time grain, does not need to be considered. As a common point with existing works dealing with
SM transformation, the present work also considers a SM subset for which a formal semantics is proposed.
Besides, it is worth noting here that there does not exist a single “standard” semantics of the whole UML
SMs at least for the time being |7], |16], [19], |35]. In fact, the lack of formal semantics was an incentive for
the UML user community to propose its own formal semantics that resulted in many formalisms more or less
conforming to the original state machine specification, depending on what the authors wanted to achieve. |9]
reports 25 semantics proposals for UML state machines. However, only few works have considered providing
an actual formal semantics, i.e., which relies on formal notations, such as in |28] or in |10]. We should also
mention that we also extend the SM subset we consider with timing features and labels. Regarding timing
features, one can recall here that the MARTE UML profile allows an explicit specification of time in real time
applications [31], and a language named CCSL (Clock Constraint Specification Language) has been elaborated
in order to specifically express clock constraints [4]. MARTE profile offers good expressiveness and flexibility,
but on the other side it is not appropriate for formal verification without significant restriction. In [10], Damm
et al. develop a formal semantics for concurrency and communication hile considering a subset of UML called
krtUML.

From a theoretical point of view, proving a time bisimilarity equivalence between asynchronous state
machines and timed automata allows us to demonstrate a strong similarity between both languages. An
additional aim motivating this work is to be able to use theorem provers to validate our transformation
process. With this goal being overly ambitious, the aim of the present work is then to soundly formalize
the translation and to manually prove its correctness. This work is then a first step toward providing all the
necessary ingredients to state the problem using theorem prover theories, since our formalization entirely uses
set theory (theorem provers can all handle set theory).

The remainder of the paper is organized as follows. In section 2| we establish an abstract syntax for SMs
as bipartite arborescence, before introducing a formal semantics for the considered SMs and for systems of
SMs systems in section [3] Systems of TA are presented in section [§] where the syntax and semantics of such
systems are formally discussed. The translation from the subset of SM systems to TA is detailed in section
while the proof of bisimulation between both models is established in section|§| Finally, section recalls the
main contributions of the present work and outlines relevant future works.

2 STATE MACHINE: ABSTRACT SYNTAX

Prior to formally giving the semantics of state machines, we need to define their abstract syntax. Indeed, the
main challenge of defining a semantics for UML state machines is related to the hierachical tree-like structure
of the states and the corresponding modifications by taking a transition. In this section, we will mainly focus
on the state structure while disregarding the transitions between nodes and regions, which will be discussed
later on in Section [3] Namely, the abstract syntax will be given as a tree-like structure, more precisely as a
bipartite arborescence, which will be defined in the sequel. In fact, the various definitions that will be given in
the remainder of this section will allow us to explicitely represent the hierachical structure of SM states.

A state-machine is composed of two types of elements : nodes and regions which fit inside one another. This
is translated into graph theory by a partition of the vertices along with the obligation for each vertex type
to be alternated: the successor (in the hierarchical structure) of a node is a region and the successor (in the
hierarchical structure) of a region is a node. Any graph possessing this feature is called bipartite (Petri nets are
another example of bipartite graphs). The successor relation of the bipartite arborescence representation of a
state machine actually gives a member relationship between its elements. However, we will prefer the term
father (and its opposite, child) to state that an element belongs to another element. All these concepts will be
formalized below.

Before that, we will define the notion of tuple that will be used in the sequel to introduce various relevant
artifacts in a clear and precise way. We will also define the notion of reachability, which will be helpful when
it comes to extracting and giving valid paths (realizable paths) over trees.
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2.1 Generalized Cartesian Product and Tuples

In the sequel, we will heavily rely on the generalized Cartesian product. This is why clear and concise
definitions are needed to handle tuples. In particular, the notations introduced in the following definition
will be used in the remainder of this paper.

Definition 1 (Tuple). Let X be a given set of n elements, n € N, and a set of sets S < 2% such that § = {s; <
X,i =1...m}. Then let O be a surjective mapping from [1,n] to S (ie., Vs; € §,3j € [1,n] such that O(j) = s;,
thus Card(S) = m < n). We can define the generalized Cartesian product of sets s; w.r.t. O as the relation P =
UL, ({i} x O(i)) that can be written X', O(i) or [ S. A tuple t can therefore be seen as a relation, namely as a

map from [1,n] to U2 {s;}. As such, we can write t < P.

This definition is quite complex as it defines tuples as maps; however, it is very convenient since it allows us
to use functional notations to handle the components of a tuple, in a rigorous way, without defining specific
ad-hoc notations. For example, if ¢ is a tuple then #(i) is the i’" component of z.

Note that we require the simple binary Cartesian product to be defined. A binary relation can be defined as
a subset of a Cartesian product. {i} x O(i) is just a binary relation relating i with each element of the set O(i).
If we take Q(i) = {aq,...,ax}, then {i} x O(i) = {(i,a1),...(i,ar)}. If we make the union of this relation for
each i, we obtain P which is in fact the generalized Cartesian product of all the sets O(7). Recall that a map
is a particular relation, for which every element of the domain set is mapped to one value in the co-domain.
This means that any relation + whose properties are to be simultaneously a mapping and a subset of P, is of
the form ¢ = {(1,a1)...., (n,a,)}, which is a functional representation of the tuple (a1, ..., an).

When we write X, 5;, we implicitly specify the mapping O as O(i) = s;, and in that case O is a bijective
mapping and can be thought of as an ordering (or a permutation) of the sets s; (under the condition that
(Vi, ))(i # j = s; # 5;)). In the sequel, we will assume that all the implicit O mappings are bijective.

2.2 Reachability of a relation

Definition 2 (Reachability of a relation). Let ¥ be a set of a-tuples (i.e., tuples of dimension «, F is also called
an a-ary relation, or a relation of arity @) such that « > 2. Let ¥* be the set of words obtained by concatenating the
elements of F. The reachability of the relation F is given by:

Flo={s | s€ F* A s'(1) = root A (Vj € [1,]s] = 1])(s () = 5™ (1))} (1)
where for a given word s, s/ is a function returning the j'"

length of s.

letter (which is actually a tuple) of s and |s| denotes the

This operator is general and can be applied to any e-ary relation as long as this relation is at least a binary
one. Indeed, it is a generalization of the “join” operator used on binary elements (pairs) to tuples (i.e. to any
a-ary relation with @ > 2). It can be used for instance to give actual execution paths in a transition system,
but in our case it will be useful for extracting any branch starting from a given root element, that is any path
in a given transition system, which is in general a graph. Indeed, in graph theory, vertices in V are linked by
a relation # < V x V. Hence, any pair in # can be considered as a single letter, and #* then indicates the
various successions of edges. However, as those edges may not actually be connected by a common vertex,
not all strings of ¥* (which are also strings of pairs i.e., elements of (V x V)*) are actual paths of the graph
(V,¥). Finally, if root € V, then ﬁiﬂt allows us to actually give all the paths starting from the root element,
since it gives all the words of ¥* using ¥ in a connected manner from the root vertex.

Example 1. Let F be a set holding four a-tuples: p1, p2, p3 and pa.

A pi(a) pa(1) m(a)
F={(root ,...." a ), " a ...., b ),
. P2
(1) @) pa(l) pi(@)
—— N VN ——
(b ,....7 ¢ ), (Ca ,..., d )}
03 P

By definition, we have ?—"r(lm = { p1, p1-p2: P1-P2-P3. P1-py }. It is the set of words starting from root, whose letters are

“connectable” by F. It is plain that FrocFH

root

Finally, we want to be able to transform the words in Tel into words of X*, where ¢ is an element of
n m

L, F=UX X;’ while the X,f" represent the components of the tuples in # as stated in Definition |2| and
i=1 =1
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n
Y =J X! U X" with X! and X being respectively the sets of the first and last components of the tuples. In
i=1

other words, we want to transform a “connectible” word of %, into a “connected” one (belonging to £*). As
an example, let us take p1.p2.p3 in the previous example. We want to be able to transform it into the string
“root.a.b.c”.

Definition 3 (Connector Operator [w]). Let 7 be an a-ary relation, with a > 2 and e an element of the sets used
as components in the tuples of ¥ (i.e., e € X as stated in the previous paragraph). To any word w of 7!, [w] =m is
a word of length |m| = |w| + 1, where (Vi € [1, |w|])(m' = wi(1)) and m"*1 = wIWl(@). This operator can be extended
to sets: [Fo'] = { [w] | we F* }.

Intuitively, ?}l can be viewed as the set of accessible paths of the transition relation 7, starting from e.
Traditionally, a transition relation will be allowed to hold much more information than just the source and
target states. This is not the case here, as we deploy it on graph structures using the simplest transition relation
possible: ¥ € V x V. In a transition relation, one expects that each transition is encoded by a tuple whose
extremum components are the source and target states (for example, R € Q x £ x Q can give a transition
relation whose states are in Q and each transition bears a label in X). This is the way transition relations are
defined traditionally.

The connector operator [w] operates on a path w € 7. Still, using the previous intuition, it will allow us
to remove any information that is not related to states. We already mentioned that we consider “meaningful”
states to be at the tuple extremums, which is exactly what we do here with the connector operator: we only
keep those states. For example, if w = (go,a,q1).(q1, b, g2).(g2. c. g3), then [w] = go.g1.92.93. 1t effectively
“connects” the extremums to obtain a state path.

Another similar operator will also be introduced below, which will be used to decompose a word into the
set of its symbols.

Definition 4 (Decomposition Operator (o). Let o be a word of *, the set containing all the symbols in o (called
decomposition of o), and written (o)), is (o) = {1 € Z | () (o’ = 1)}

For example, for a, b, c € %, (abc) = {a, b, c}.

2.3 Bipartite Arborescence

Definition 5. A bipartite arborescence A = (N, R, H, root) is a tuple in which:
« N and R are two disjoint sets of vertices, N n R = (7,
o (N R, H) is a directed graph,
« H< (N x R) v (R x N) is the hierarchy relation. The pairs of H are specified as 2-tuples using the generalized
Cartesian product,
« root € N designates the root node of the arborescence.
It must also respect both the following constraints:

1) (WweNuUR)A' pe Hiom)(p”"@) =v). This constraint states that for all vertices v, there exists a unique path
(remark the ! in 3!) from root to v.

2) (Vpe Hrlom) (Vie [Llpl—1D) (7] € N = [p]"* € R A [p]' € R = [p]™*" € N). This constraint ensures
alternation between nodes and regions.

A bipartite arborescence is a tree-shaped graph. As such, it contains no cycles. Every bipartite arborescence
is also a directed acyclic graph (but the converse is not true).

2.4 Arborescence Specific Notations

In this section, we will introduce some new operators and functions together with relevant notations which
will be useful in the sequel to allow for a concise definition of state machines semantics and for establishing
the translation into timed automata.

Let A = (N, R, H,root) be a bipartite arborescence. All of the following definitions will operate on A. N
stands for Nodes, while R refers to Regions. In order to illustrate the various concepts that will be introduced
successively, let us consider the SM in Fig. (1} and its corresponding arborescenc that is given in Fig. [2 In
this latter, the elements of R are the ones named r;, while the other elements are in N. Moreover, the direction
of the hierarchy relation is bottom-up. In particular the roof node is the one that is at the highest level of the
hierarchy.

1. The reader should ignore the black tokens tagging some of the nodes of the arborescence in Fig. for the moment. This tagging
will be used later in the paper
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root

Fig. 1. A state machine example

ool bbb

Fig. 2. The corresponding bipartite arborescence

Definition 6. Lef n,m € N u R, we write n —> m lo express that m is a son (or child) of n in the arborescence (and,
thus, n is the father of m) : n — m < (n,m) € H.

Definition 7. The transitive closure of — will be represented by the infix operator >. This means that for any n,m €
N O R, n > m expresses that n is an ancestor of m, i.e., there is a sequence p € H,ﬁ, such that pPl(2) = m. Or
equivalently, but in a recursive form: (n > m) iff ((n — m) v (3g e N U R, ((n — g) ~ (g > m))))

Definition 8. Two regions rq,r2 € R are orthogonal (denoted as riLrz) iff =((r1 > r2) v(ra > r)) A(dne N((n —
r1) A (n — r2))).

For instance, by referring to the arborescence of Fig.[2| r1; and r» are two orthogonal regions.

Definition 9. Two nodes ni,ny € N are orthogonal (denoted nilnz) iff (3r1,r2 € R)((r1 — m) ~ (r2 —
n2) ~ (r1lra)), ie., n1 and ny respectively belong to two orthogonal regions r1 and ra.

As an example, in Figure A and C are two orthogonal nodes.
Definition 10. The sibling nodes of a node n form a set: Siblings(n) = {s | (3f € R)((f — n) A (f — 5) A (s £n))}.
Example 2. By referring to Fig.|2| Siblings(H) = {1, Ny}.
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Definition 11. The strict descendants of a node n are given by the set D*(n) = {m € N| n > m}. The non-strict version
is defined as D = D*(n) U {n}. Using a star (x) is an abuse of notation, which is inspired from the use of I* = N\{0}
w.r.t. N, to denote he set of strict positive integers.

Example 3. In the arborescence of Fig. |2l D*(Ng) = {M,N, O, P} and D(Ny) = {Ng, M,N, O, P}.

Definition 12. The set of common ancestors for a set SC N of nodes is defined as:
CA(S) = iDS{e ENUR|e>i}.
Example 4. If we refer to Fig. |2} then CA({R, S, T, I}) = {N2, r1, rool}.
Definition 13. Let x, y, w be three words, w.x nw.y = w iff xl #yl
In other words, the intersection of two words returns the longest common prefix of both words.
Property 1. (VS N)(CA(S) =@ v (Al pe Hmt)((][p]][) = CA(S))

This property states that for a subset of nodes §, either they have no common ancestor, or all the common
ancestors of S belong to a single path, and thus the set of the elements along that path is the set of the common
ancestors of S. To prove this, we will introduce a new intersection operation on words. For that, we will reuse
the set intersection symbol .

Proof of Propertyl When root € S, CA(S) = &. When root ¢ S, let us suppose that § = {e1,...,e,}.
Each element e; is reachable by a path p,, € H ‘' we then have ([pe 1) = {nln > e;}. This means that

root?

CA(S) = (”7 ([pe; 1). Now, because H is tree-shaped, each path p,., must have a different ending (or else they

all become a same path), or stated differently, as soon as two paths begin to differ, they will continue to differ

(and the associated elements will not be included in CA(S)). This means that CA(S) = (N[ pe:]l)- As H is a
i=1

tree, there can only be one path p., associated with each word [ p., ], which means that ['HT [7e] = |[(n7 Pe ]l

This is also true for the intersection of words ﬁl[ Pe;]|. Let us suppose that ﬁl[ Pe;| = pr, we then have
=1
CA(S) = ([N, 2e; 1) = ([ 1), which concludes the proof. O

Definition 14 (Min and Max). The minimum of a set S © N U R is the subset formed by the elements in § which
are located deepest in the arborescence. In other words, a node x is a minimum of S iff for any node y in S, either y is
an ancestor of x, or y is x itself, or v is orthogonal fo x.

Formally, Min(S) ={x | xe S A (Vye S)(—~(x > y))}.

In a dual way, we have : Max(S) ={x | xe S A (¥Yye S)(—(y > x))}.

Example 5. By referring to Fig. |2} we have:

. Min({]\@, 1.0, M, U, S,C,r111}) = {O,M,U, S,C.rim}, and
o Max({Ny,r211,0,M,U,S,C,rin1}) ={Ns,U,S,C,rin1 }.

Definition 15. The Least Common Ancestor of a set S is the minimum set of the common ancestors of S. Formally:
LCA(S) = Min(CA(S) n (R w {root})).

Example 6. In Figure LCA({N,O,Ns,L}) ={r}.
Property 2. (V5)(Card(LCA(S)) =1)

Proof of Property This property comes from the fact that, by Property 1, all the common ancestors of

a given node belong to a single path p originating from root. It is then clear that there is only one element
which is minimal in (p).

a

Remark 1. When none of the elements in s corresponds to rool, it is straightforward that LCA(S) is necessarily a
region (€ R).

Definition 16 (Path). A path between s and t, denoted P, is the set of nodes appearing on the path from s to r.
Formally, P! ={ne N | s < n < t}. In the sequel, we will write [s,t] to denote P! and [s,t| to denote PI\{t} (ie.,
[s.t[={neN|s<n<t})

Here < and < are, respectively, the dual operators of > and = defined earlier.

Example 7. In Fig. ?g’m ={n e N|G < n < root} = {G, N3, Ny, root}.
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2.5 State Machines as Bipartite Arborescences

As we have mentioned earlier, we do not consider the whole SM features w.r.t the specifications |36] or the
more recent ones. For instance, we do not consider final states, History pseudo-states, entry/exit/do behaviors,
forks/joins. Our goal through the present contribution is not to formalize the whole SM specifications. Instead,
we aim to show how such a formalization can be defined on a SM subset, and to set the necessary artefacts to
achieve a sound translation to a target formal notation. Naturally, the present contribution can serve as a basis
for extensions to cope with further SM syntactical and/or semantic aspects. Another aspect which is worth
mentioning in our work, is that the various syntactical choices we have made are guided by our primary
objective stated above. Namely, some choices in terms of syntax representation may be deemed as complex.
nevertheless, such choices can be explained by the fact that we essentially seek for facilitating the translation
step and more importantly enabling to conduct the proof of the bisimilation relation between the source and
the target models.

Now that all the necessary ingredients to present the abstract syntax of state machines have been introduced,
we can give the definition of the subset of SM that we consider, while putting in light a number of extensions
that we include.

Definition 17 (State Machine). A state machine is a 12-tuple § = (N, R, H,Tr, 1, O, C, root, Default, UpB, Z, L) such
that:

o Nis a set of nodes

« Ris a set of regions

« root € N is the root node

« (N.R.H.root) forms a bipartite arborescence,

« I is the set of input events,

« O is the set of output events,

« CCBxNx((NxB)u{(w,T)}) is the sel of time guards. Here B = {T, L} is the Boolean set, where T stands
for true and L for false. In fact, a guard is an interval whose bounds (N U {o0}) and strictness (T: bound excluded
and |: bound included) are given as a 4-tuple in C.

o Trc N x 2l x C %29 x N is the sel of transitions,

o Default € N is the set of default nodes, which correspond to the nodes that are target of a transition the source of
which is an initial pseudo-state. While defining the Default nodes in a SM, the following must be fulfilled:

((Vr e RY(Am)((r — n) A (n e Default))) ~ (root € Default). Here (3!n) means “there exists a unique n”.

o UpB: N — (N x B) u {(o0, T)} assigns an upper bound delay (possibly infinite) to each node,

« I is a sel of symbols containing the empty letter €,

o L:Tr — X assigns a label to each transition,

« Finally, each region of S must contain at least one node:

(V(s,0) e Hn (N x R))(Jue N)((t,u) € Hn (R x N)).

A transition holds a lot of information: the source and target nodes, the input and output events, and the
clock guard which induces some implicit corresponding clocks. The input events will be required to be present
in the environment to enable the transition. As the transition fires, each input is consumed and each output
is produced. The precise semantics will be given shortly.

A clock guard is in fact an interval, representing the relative time instants between which the transition can
trigger. These time intervals are specified using a tuple of B x N x {(I¥ x B) v {(2c, T)}}. The two Booleans
represent the strictness of the bounds. The first bound (the lower bound) is given by a natural number, while
the second one is either a natural number or «. The latter is a bit special, as it is not influenced by strictness,
as we will see in details in the semantics description section.

The root element is a node, as UML specifications authorize many regions at the highest level. More precisely,
a state machine is defined by the regions it contains, and those regions must hold some nodes which in turn
can hold some regions, and so on. This means that the upper item defining the state machine must be a node
in the data structure which we set up to represent the abstract syntax. The root node is initially activated
(root € Default)) and will always, in any circumstances, remain so.

Each region contains one and only one default son node. Each time the region is entered by a transition,
such that no particular node of this region (or a sub-region) is explicitly targeted, its default node is activated.

Each node can have an upper bound sejourn delay, which is an upper-bound condition on time elapsing that
must not be violated. The time counting starts as the node is activated (relative time), and time elapsing is
limited to the constraint in UpB, provided that the node is continuously activated.

The triggering of a transition is tracked using a label. Those labels do not constrain the behavior of the
machine, but will be useful when it comes to stating some properties about its behavior. One particular
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property which will be considered here is bisimulation equivalence. Bisimulation does not intrinsically require
transitions to be labelled. Besides, it was originally defined on KRIPKE structures, but this labelling will
strengthen the equivalence. Indeed, due to the duality between states and transitions, if an event-based bisim-
ulation equivalence exists between two structures, then the corresponding underlying state based bisimulation
also holds. It is worth mentioning that this mechanism is not specified by the UML specification, but as we
have already taken some liberties regarding this specification (notably through time guards), and because this
is a harmless extension, it should not be regarded as problematic.

The last constraint is related to the bipartite arborescence data structure. As a data structure, it allows for
any kind of alternation between nodes and regions. But in the context of SMs, nodes and regions are not
strictly equal objects. Indeed, only nodes have a substantial existence in SMs. Namely, nodes can be viewed
as containers, while regions are only used to split those containers. Hence, there is no sense in splitting if
there is no container to be split, but also (and maybe more importantly) if there is no true object inside the
space that would be created by the split. The constraint then requires that no leaf in the arborescence can be
a I'eglOI'l.

Finally, we should mention that, in the literature, there exist various formalizations of hierarchy. As an
example, in |29] the authors also use a tree-like structure to develop a formalization for hierarchical models.

3 STATE MACHINE SEMANTICS
3.1 Toward Semantics: Impact of transitions

One of the most important aspects regarding the semantics of hierarchical languages, such as state machines,
is to know which states are exited and and which ones are entered upon a transition firing. When both the
source and the target nodes of a transition belong to the same region, the expected behavior is straightforward:
the source node is deactivated, and the target node is activated. However, this is only true if both nodes are
leaves in the SM arborescence. More noticeably, this does not hold when the transition exits from one region
and enters another one. In those cases, knowing which nodes are deactivated and which are activated is not
straightforward any more.

We will solve this problem by defining, for each transition, what we will call impacts. There are two sorts
of impacts: the source impact and the target impact. The source impact is the set of all the nodes which will be
deactivated upon the transition firing, while the target impact represents the set of all the nodes which will
be activated as a consequence of the transition firing.

To be more detailed, a state of a SM is given by its activated nodes, the value of its clocks and the events
waiting to be consumed. The part of the state corresponding to the set of activated nodes will be called nodal
configuration. When a transition triggers, its source (resp. target) impact will be removed (resp. added) from
(resp. to) the current nodal configuration.

In order to illustrate the source impact, let us consider the state machine in Fig. |1} and its corresponding
arborescence structure in Fig. Also, recall that the nodes tagged with a black token correspond to the default
nodes.

In order to establish the formal definition of the source and target impacts, let us introduce the following
definition.

Definition 18 (Default Activated Nodes (DAN)).
Let n be a node in the state machine, we define DAN(n) as:

DAN(n) = U pl) A N

peH; ~(vie[L|p| ) ([p]ie({n}uDefault UR))}

DAN(n) is in fact the set of nodes that belong to any path in the state machine arborescence, starting in n and
going through regions and default nodes only.

Example 8. In the state machine in Fig. and while referring to its corresponding arborescence in Fig. if we consider
node Ny we can state that:

HILV.; = {Ny.ro11.-M, Na.ro11.N, Na.r12.0, Ny.ro12. P}

From H }\,4 we keep only paths of which all the elements are either regions (€ R), or default nodes (e Default), or equal
to Ny. Thus, we obtain the set of two paths {Ny.ra;1.M, Ny.ry2.0}. Then the decomposition operator (.) is applied on
these two paths, giving the set {Ny, 11, M, rp12, O}. Finally, we keep only nodes (nN): DAN(Ny) = {N4, M, O}.
Similarly, we obtain DAN(N) = {N2. H, N5, R.T}.

Definition 19 (Source Impact).
Let 51 and s2 be two nodes, and {hg} = Max([s1, LCA({s1, s2})[). It is clear here that Max returns a singleton, since
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all the elements of [s1, LCA({s1,52})[ belong to the same path. The source impact of a transition going from sy to s2
corresponds to the set of nodes to be deactivated as result of the firing of the transition, and is given by:
‘I =D{hGH\ U D(Siblings(i))
ie[s1, {32}

The source impact first concerns every node in [s;, LCA({sy,s2})[. If neither s; nor s> corresponds to the
root, LCA({s1.52}) is the lowest region of the common ancestors of s; and s, that is not impacted by the
transition firing. In other words, the transition from s; to s, takes place entirely within LCA({s1, s2}). We say
that LCA({s1.s2}) is the scope of the transition. This also means that {/;} is the highest node which has to be
deactivated upon the firing. Moreover, each node which is a descendant of a node in [s1, LCA({s1, s2})[ must
also be deactivated. Each node in [s1, LCA({s1.52})[ is also a descendant of Ay, which implies that all the
nodes that have to be deactivated belong to D({h;’}). However, in fact, not all the nodes in D({h}) are to
be deactivated. Namely, the siblings of the nodes in [s1, LCA({s1,s2}[ do not need to be deactivated, for the
simple reason that it is not possible that they are currently activated. Nevertheless, deactivating a deactivated
node would not be a problem for the semantics, but this would cause problems with respect to the translation
to timed automata. Indeed, we will rely on both impacts in the translation, and one important hypothesis is
that only nodes which could be activated (and then would have to be deactivated) must belong to the source
impact.

gne can also notice that, as a consequence of the above definition, orthogonal regions of a deactivated node
are left simultaneously, which is consistent with the OMG specifications |36].

As a side note, we use a strict upper bound for [s1, {hg }[ since Siblings({h3}) n D({h5}) = &. It is then
useless to remove the descendents of the siblings of {hy’} from D({/ }).

By referring to Fig.[1} let us consider the transition from node A to node N;. Looking at the corresponding
arborescence in Fig. 2| we can determine all the components in the 'I;‘N“ formula:

o LCA({A, Ng}) = r1, [A,LCA({A, Ng})[= {A, N1}, then Al = Ny

« D(h\*) =D(N1) ={A.N3,E,F,G.C.D}.

« On the other hand [A, hf[: {A}, thus 1) D(Siblings(i)) = D(Siblings(A)) = D(N3) = {N3,E, F,G}.
ie[ AL

. Finally, *7"* = {A,N3,E,F,G,C,D\{N3,E,F,G} = {A,C,D}.

Definition 20 (Target impact).
Let s1 and sy be two nodes, and let p = [s2, LCA({s1,52})[. The target impact of a transition going from s1 to s>
corresponds to the set of nodes to be activated as result of the firing of the transition, and is given by:

Z7°3 = U DAN() \ U D(Siblings(i))

iep iep

Using a symmetrical argument to the one used for the source impact, every node in p = [s2. LCA({s1, 52})[
must be activated upon the triggering of the transition. In each node i in p, we must activate all the nodes
in the set DAN(i) corresponding to its default activated nodes. Recall that DAN(i) contains i itself and all
the sub-nodes of i which have to be activated as soon as i is activated. However, there are exceptions for
that, namely we need to ensure that two sibling nodes cannot be simultaneously active, hence for all nodes
i € p, we have to prevent the activation of their siblings, and obviously the descendants of these latter as well
(\ U D(Siblings(i)))-

iep
One can also notice that, as a consequence of the above definition, orthogonal regions of an activated node

are entered simultaneously, which is consistent with the OMG specifications |36].
To illustrate the concept of target impact, let us again consider the transition from node A to node Ny in the
state machine of Fig.|1| While referring to its corresponding arborescence given in Fig.[2| we obtain:

o LCA({A, N4}) =r1, p = [N, LCA({A, Ns})[= {Ny, N2}
o DAN(Nyg) = {Ny, M, 0}, DAN(N;) = {N2, H, N5, R, T}
« |JDAN() = {N4, M,0,N», H,N5,R, T}
iEp
o | D(Siblings(i)) = D(Siblings(Ny)) v D(Siblings(N2)) = {H,1} v {N1,A,N3,E,F,G,C,D}

iEp
= {H.I.N\,A,Ns.E.F,G,C, D}
. Finally, 7*7* = {Ns, M.O, N2, N5,R.T}
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3.2 State Machine Semantics

Our work is based on the semantics proposed in [15]. This choice is justified by the fact that this semantics
proposes at the same time a somewhat sound formalisation using an extension of labelled Kripke structures
(namely, Clocked Labelled Kripke Structure, or CLKS), but also includes most of the concepts of the state
machine syntax. As will be discussed in the sequel, some aspects of the aforementioned semantics will not be
included in our semantics, while some others will be different, like the synchronization mechanism and the
fact that no difference will be made between stable and unstable states.

We have made the choice of asynchronous communication since our goal is to achieve a translation into
timed automata, which can natively manipulate real-time information and can serve as a model for automatic
formal verification. The other widely known formalism in that category is Time Petri nets (TPN) [33]. The
choice between the two notations is more a matter of taste and tools availability than anything else. Indeed, we
could have used the TPN formalism without much difficulty (see |6] regarding the transformation of Timed
Automata into a Time Petri nets, or [8] which makes a structural translation from Time Petri nets to Timed
Automata). One of the key issues here would be the composition of Time Petri nets, which can mostly be
resolved using forbid/allow Petri nets as demonstrated in a previous work [37].

As mentioned earlier, no difference is made in the present work between unstable and stable states, since
this simplifies the semantics of state machines and, as a consequence, the translation to timed automata is
simpler (along with the proof of the preservation of the bisimulation equivalence).

3.2.1 Semantics: Informal Presentation

A state machine may be an open or a closed system. A closed system does not require another machine to work,
while an open machine should be linked to at least one other machine, maybe waiting for some inputs, or
just sending some outputs, or even both. This openness requirement is not explicitly expressed by the syntax:
each machine is able to interact with another one through the use of a global set of events E. An open machine
does know that an event was generated by another one, but cannot determine which one (except, of course,
if the events are partitioned according to each machine). In the case of a closed system, a machine is in fact
linked with itself, namely it is the only one that can read and wrife in E.

The set E can equivalently be viewed as a set of 1-bounded queues of events. The queue model behavior is
such that each arrival of an event is stored in a separate queue for each event, with the size of the queue being
arbitrarily fixed either by the semantics or by the specifications. This point of view is equivalently represented
by a set when each queue has a size of 1, meaning that a queue only stores one instance of an event (the first
one of a series). In a more abstract view, E is the medium of asynchronous communications, using 1-bounded
buffers. This mechanism is quite similar to the token game of Petri nets: to be equivalent, we would only
have to generalize the set E to a multi-set [14]. In fact, state machine formalisms (among which UML SMs)
obey to the run-to-completion paradigm (RTC), assuming that a SM completes the processing of each event
before it can start processing the next event. In other terms, events are processed in a discrete manner in RTC
models, through “indivisible” steps. In other terms, new incoming events cannot interrupt the processing of
the current event and must be stored (typically in an event queue) until the state machine becomes idle again.
although we consider different queues for event handling, this should not impact the behavior of the SM w.r.t.
the RTC paradigm.

In addition, the state machine formalisation we propose associates one clock with each node and allows any
transition to be constrained (using clock guards) according to these clocks. Instead of using the timed automata
approach which explicitly references clocks, a transition will only be able to be constrained (in terms of time
constraints) by the clock associated with its source node, thus mimicking the time constraints of time Petri
nets in that regard. The values of each clock at a given instant constitute what we call the clock configuration
of the state machine at that instant.

From what has been presented so far, the reader should have a fairly clear impression of how the nodal
part will behave. Initially, only the nodes in the default paths will be activated. When a transition triggers, it
deactivates each active node in its source impact, and activates all those in its target impact. At any time, there
can only be one node activated in each region. The activated nodes at a given time form the nodal configuration
of the state machine. The nodal configuration can evolve upon transition firing. Namely, a transition is able
to fire if and only if the following holds:

« its source node belongs to the current nodal configuration,

+ its time guard respects the clock configuration,

« and finally if its event requirements are all included in the current state of the set E of global events.
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3.2.2 Temporal Guards

Traditionally, state machines specify time constraints using two basic mechanisms: after and when. These two
keywords state how much time has elapsed since some given reference time (ex. date of activation of a
node) using after, or considering an absolute date since the start of the machine using when. Moreover, UML
provides the opportunity to add some constraints using OCL (Object Constraint Language) |38]. However, this
mechanism is either too powerful if we consider that clocks can be manipulated by OCL constraints, or too
restrictive if we do not consider the existence of clocks. One easy, yet powerful, way of dealing with this issue
is to completely redefine what clock constraints can be. In addition, as we already sketched it out, blackwe
use a similar representation to that of Time Petri nets, where unbounded time intervals can be assigned to
transitions.

3.2.3 State machine systems

A state machine system (SMS) composed of n SMs is a pair (S, E), where:
o S=JL,{s:} is a set of state machines, with s; = (N;, R;, H;, Tri, I;, O;, Ci, root;, D;, UpB;, X;, L;),
« E=UJ,0; U I; is the global set of events

The state of a machine is given by the triple (a, b, ¢), in which:

« ac >n<(2N"\{ @Y}) is the nodal configuration holding all of the local nodal configurations, i.e., the active nodes

i=1
of each state machine. When referring explicitly to a machine, as in “the nodal configuration of SM s;”,
si, 1 <1< n, we mean the local nodal configuration of s;, i.e., a non-empty subset of N;. We require every
local configuration to be non empty. An element of 2V\{f} is then a set of nodes, that are active in the
machine s;.
n
e« be X ]RLN" I with Ry = [0, [, is the time configuration, holding all the local time configurations, i.e., the

Clocf( éaluations for each machine. A local time configuration is a mapping assigning to each node in N;
a non-negative real value. For a given nodal configuration, a time configuration b is a tuple of size n.
In turn, each i"" component in this tuple is a tuple of size |N;|, holding a non-negative real value that
corresponds to the value of the local clocks associated with each of the nodes of s;.

« ¢ € 28 is the event configuration: it is a global set which holds the events that are required by some transition
to trigger, which are present.

In the sequel, when we write s; (or nj € N;), we implicitly specify that s; is the machine associated with

index i, i.e., there exists a mapping O(i) = s;.

3.3 Semantics of a State Machine System

To define the semantics of our system of state machines, we will use the standard formalism for languages
manipulating dense time, namely Timed Transition Systems.

Definition 21. A Timed Transition System (denoted TTS in the sequel) is a tuple (Q, qo, —,X), in which:

« O is a sel of states,

e gp is the initial state,

e —=D U C, where:
- D < Q x (X u{e}) x Q is the underlying discrete transition relation
- C< Q xRy x Q is the underlying continuous ftransition relation

o X is an alphabet of actions, it does not contain the silent action €.

As usual, a discrete transition (g.a, q’) e— is also denoted ¢ = ¢'.
As for continuous transitions, they obey the following rules. Let 6,6' € R*:
0 /
o null delay: g - ¢’ < qg=gq
s b r 0 o+6' 4
o additivity: g > g' A q¢' — q" = qg——¢q
« continuity: g B ¢ = (3¢") (gL g A g" L )
St o ! d " ! "
o temporal determinism: q — q¢' n g — q" = q' = ¢
As one may guess, the transition relation will be the major part of the semantics. This is why we split the
definition into two distinct parts: one will present the state (and events) related properties of the TTs, and the
other will be devoted to giving the transition relation separately.
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ack

(C,y, ) — (C".y, ) =
(3! s; € 8)(3re Try)

t = (ng,i,c,o,ny) =
Li(t)=a A ey
ng € C(j) A (2)
(s, us € BY(3p € N)(Jup e N U {a0})

c=(lp, s, up,us) =

Is=T = y(k)y>=1l ~» (3)

=L = y(Nk) =l ~ A

uy =1 = y()k)<up ~

ug =1L = y(j)(k) <up
ica A 4)
V=N vo A (5)
C'(J)=(CDH\TR) v (T A (6)
(¥ € T (4 () (p) = 0) A

7
(Vnp & 745 (' () (P) = ¥(i) (p)) }( )
Fig. 3. Swms: Action transition semantics

3.3.1 States and Events

Let S = (S,E) be a state machine system in which § = [JI,{s;} with:

s; = (N, R, H;, Tr;, I;, O;, Ci, voot;, D;, UpB;, %, L;). Recall that E is the global set of input and output events
The semantics of an SMs is given by the timed transition system T, = (Qgm, g s —sm» Zsm), Where:

e Osm C (>n< 2N\ {(@#}) x (>”< RMily x (28) is the set of states that are reachable from ¢? by the transition
i=1 i=1
relahon —
o g = (><{A } ><{{O}‘N' I}, @) is the initial configuration of S, where X{A } is the initial nodal configura-

=1
tion, where the initial local configuration A; of state machine s; is defmed as follows:
A; = DAN(root)) 2

In fact, we consider one (local) clock per node; this will be useful to perform the translation and explain the
bisimilation relation later on in the paper. Finally, ¢ is the initial event configuration. We can emphasize
that the local configuration is similar to the target impact of a transition with root as a target node (such
a transition is in principle possible).

o« Zom = L_ler

3.3.2 Transition Relation

Defining the semantics of (dense) time formalism is often accomplished in two parts: the untimed behav-
ior (related to discrete action transitions) on one hand, and the timed aspects (related to continuous time
transitions) on the other hand. We will not derogate from this good practice.

3.3.2.1 Action Transitions: this first type of transition is untimed, and can also be referred to as discrete
transitions. It is labelled with an action (also called event, but to avoid confusion with state machine events,
we prefer the term action) which is considered visible (or accessible) to the user.

Let t € -, and a = L(1) with a € Z,. The transition 1, labelled by a, can trigger from a TTS state
corresponding to configuration (C,y, 1), to a state (C’,y’, A’), iff it respects the formula given by Fig.

We should notice that TTs states and state machines configurations are in fact similar, but we will reserve
the term configuration for the context of state machine systems (i.e., when talking about their semantics), and
instead use the term sfate for more technical, TTs-level details.

The initial configuration (C,y,1) is composed of a nodal configuration C, a time configuration y and of an
event configuration A. From this configuration, a transition 7, matching the tuple (1.1, c, 0,n;) and belongs to
machine s;, can trigger if and only if all the following seven conditions hold:

e (1) 1 is labelled by a;

e (2) the source node of ¢, namely ni, belongs to the nodal configuration of s;;

e (3) the clock guard ¢, defines the time interval in which 7 can fire. /; and uy respectively define the strictness
of the bounds, i.e., whether the bound is included in the interval. Recall that a bound is strict when it is true

(7).
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As stated earlier, to each node of the SMs, we asssign a clock which serves as a counter for the time that has
elapsed since the last activation of that node. The value of a clock associated with a node ny is stored in y, the
global clock configuration of the system. To get the local clock configuration of the system s; (1 < j < n) we
need to project y on its j* dimension, i.e., y(j). This local clock configuration holds the value of each clock
associated with every node of the state machine s;. The value of the clock associated with the node n; can
then be retrieved, as it is stored in the k" component of the local clock configuration y(j), that is the value
of the clock associated with ny is given by y(;)(k).

The last important remark about that part of the definition, is related to the manipulation of «. Indeed, u; can
be unbounded, which can be expressed simply by y(j)(k) < cc. Moreover, there is an equally unconstrained
form for the lower bound, namely if /Iy = L and I, =0, then 0 < y(;)(k), which is always true for any clock.
Hence, clock constraint (1,0, 0, T) can be used to set no constraint on the transition;
¢ (4) the input event set i must be a subset of the current event configuration A.

e (5) the resulting event configuration A’, after the firing of 7, is A in which all the input events have been
removed (A\i), which emulates their consumption (or reception, if the events are viewed as communication
messages) by the transition; and the output events in o are added to the remaining set of events, emulating
their generation (or emission, from a communication point of view) by the transition ¢ ((1\i) U o). Note that if
on (A\i) =5 #  (ie, at least one of the generated events is already in the set of events, even after removing
the inputs), then the effect of any event in s is lost. This emulates the fact that we try to send a message in a
buffer which is already full;
» (6) the nodal configuration C() of machine s; is transformed into the nodal configuration C’(j) by removing
all the nodes of the source impact of 7 (i.e., *7}!) and by adding every node of the target impact of ¢ (i.e,
)
. (73 finally, the clocks associated with the nodes n,, in the target impact of ¢ are reinitialized (y'(j)(p) = 0),
while the other clocks remain unchanged.

3.3.2.2 Time Transitions: Similarly to the case of discrete transitions, we will show the condition for a
continuous transition 7 to trigger. This transition ¢ transits from the configuration (or TTS state) (C,y, 1) to the
configuration (C’,y’, ), after a positive delay # € R} =]0, w0[.

P
(Coy, ) 2255 (€79, ) < (Vs; € 5)

c'=c A
/l.' =1 A
(Ynj € N)(y'()(j) = (D) () + 6) S

(Vnj e CN(IHup,us) € (N x B} v {{oo} x T})
UpB(n;) = (up,us) =
us=T = Y@O()<up »
us=L = Yy (O() <up

The transition is taken after the time delay has elapsed. The nodal configurations C and the event config-

uration A stay unaffected by this continuous transition (C’ = C and A = A’), as a continuous transition in the
TTs is not related to any transition of any state machine.
The only state machine feature which actually influences time elapsing is the node upper bound delays (UpB).
Indeed, time elapsing influences every clock y(i)(j) of every node n; € N; (activated or not) in every state
machine s; € S. The clocks are shifted according to the value of 6 (i.e., ¥'(i)(j) = y(i)(j) + 8), which means that
time elapsing is not absolute w.r.t the start of the system. It is instead related to the last elapsing of time.

An arguably cleaner way of handling clock elapsing would have been to only advance the clocks of the
activated nodes, i.c., nodes in C, but this would also mean adding another condition on clocks of inactivated
nodes (their values stay unchanged). Simply shifting every single clock, without caring about the activation
of their associated node, will make things easier when it comes to the translation and its proof (see Section@.
Using this “trick” is not a problem because the clocks associated with the target impact nodes of an action
transition — those that become activated — are reset by the transition anyway (cf. first line of condition (7)
in Figure .

Last, but not least, comes the core of the constraints on time elapsing regarding upper bounds. namely, for
each active node n; in every machine (i.e., all nodes of the current nodal configuration (written Vn; € C(i),
where i ranges over all machines), the upper bound delay of n; restricts the advance of time, as it requires that
the time shift ¢ does not make the new clock value (remember that the new clock value y'(j)(k) = y(i)(j) +6,
see the third line in the semantics of time transitions above) exceed the upper bound delay u, (strictly or not,
depending on u).
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4 TIMED AUTOMATA

Timed automata have been proposed for the first time by Alur and Dill [1]| in 1990. Those automata have been
extended with location invariants by Henzinger (et al.) |20|. Invariants are very helpful for a formalism like
Timed Automata, because they allow urgency of actions. Indeed, the original semantics of timed automata
proposes a so-called wesk semantics of time, in the sense that in the basic definition, time can indefinitely
elapse by any amount in any location. This means that timed automata could not easily specify important
features of real-time systems like deadlines of transitions.

Moreover, we will use broadcast channels, to model the hierarchy of state machines [21], |27]. More specifi-
cally, we will use the UPPAAL |27] semantics of broadcast communication channels. Finally, we use variables
151, 123], [25], |26], to specify asynchronous communication. Variables would not have been mandatory if
we did not want to use the semantics of timed automata as defined by UPPAAL. Indeed, to model message
generation and consumption, we would also require synchronization channels. However, atomically, only one
message can be received/sent at some given time, due to the communication semantics of UPPAAL. Therefore,
not using variables would leave us only two alternatives: either to redefine our own communication semantics,
or to use interleaving to model communication.

Interleaving would be theoretically possible but is pragmatically out of the question. Indeed, one of the
goals of the transformation is to allow verification of state machines. Using an interleaving of actions to
model an atomic transition would add many more states (and transitions). As model-checking already suffers
from state explosion, using such a solution would then contribute to render the verification of our generated
timed automata even more difficult.

On the other hand, defining our own communication semantics would not be a trivial work. Doing multiple
way communication with broadcast in a single step is actually hard to manage in a general way. So, we would
have certainly fallen back to a simpler ad-hoc communication semantics, more specific to our problem. That
would be only the easy part. In fact, to actually verify our Timed Automata, we would have to implement
a tool like UPPAAL, which is definitely not a simple task (and would decidedly go against one of our goals:
using powerful mature tools).

Finally, in terms of verification, targeting UPPAAL TA allows us to take advantage of the various facilities
offered by this mature tool, such as model-checking, simulation, etc.

4.1 Systems of Timed Automata Extended with Boolean Variables and Broadcast Synchronization

A timed automata system with Boolean variables, synchronizable using broadcast communication channels is
a tuple (4, C,V), in which:
o A=[JL,{A;} is the set of communicating timed automata, where:
Ai = (Lf1 f(l]’ Xl" Ti’ IYIU;‘, Gf’ Ci’ Rh Ti’ IF!" Synh Ei)r

« C is the set of communication channels,

« V is a set of Boolean variables.

A timed automaton is a tuple A = (L, &, X,T,Inv,G,C, R, T,F, Sync, Z), in which:

« L is a finite set of locations,

« {p € L is the initial location,

« X is a finite set of clocks,

« TC LxZXx L is the set of transitions, (£,a,£') € T is also written ¢ -> ¢/,

o Inv: L — 2Xx{<shxR* maps an invariant (possibly empty) to each location,

T — 20 (=522 1% maps a set of clock guards possibly empty to each transition,

: T — 27 maps a Boolean condition (possibly empty) to each transition,

: T — 2% maps a set of clocks (possibly empty) to be reset, to each transition,

: T — 2" maps a set of variables possibly empty that must be set to true, to each transition,

: T — 2V maps a set of variables (possibly empty) that must be set to false, to each transition, with
T n F = . Intersection is used here since mappings (T and F here) are also relations, thereby sets,

o Syn:T — (Cx{,?}) u {} maps a synchronization label (possibly empty) to each transition,

«+ X is a finite alphabet of actions.

A clock guard assigned to a clock ¢ is, in fact, a triple (¢, 0, v), where ¢ is a clock variable, 0 € {<, <, =2, >}
is a comparison operator and v a non-negative real value. For example, expression “c < 3”, stating that the
clock ¢ must be lower than or equal to 3, is formally written as the triple (¢, <,3). It works in the same way
for invariants except that, for the latter, guards are mapped to locations, and use a restricted set of comparison
operators (only < and <).

Mappings C, R, T and F all work in the same way: they map to a transition a set of Boolean variables or
clocks. In the case of C, the variables associated with a transition r must all be true for  to be able to trigger.

TH R OQ
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As for R, when 1 triggers, every clock in R is reset. Finally, T and F respectively specify which Boolean variable
must be set to true, and which ones to false.

Synchronization labels are of two sorts. Those ending with a specify a sending (or master) transition
which initiates the communication. As it is a broadcast communication, it does not expect any listener to be
ready to listen, which means that a master transition can always fire, provided that the other firing conditions
are fulfilled. The transition holding a synchronization label ending with “?” are receiving (or slave) transitions.
A slave transition is blocked until a master transition sending on the same channel is ready to fire. When a
master and some slaves are ready to fire, they are all taken synchronouslyi.e., they all fire in a single step
(atomically). No slave ready to fire can be left out of the synchronous step when a master on the same channel
fires.

[

4.2 Semantics of Timed Automata Systems
The semantics of a Timed Automata System (A, C, V) is the Timed Transition System (Q, go, —, X), in which:

n .
o A=U{ (Li, 6, X, Ti, Invi, Gi, Ci, R, Ty, By, Syni, i)},
=1

.« 0C (>n< Li) X (>n< RLX") x 27,
i=1

=il
. 0= (_><1{fa'}, ><1{{0}X-"},®),
e Z= Ler %; is the alphabet of actions,

« — ElQ x (£ wR¥) x @ is the transition relation.

This semantics uses the same internal TTS representation: it is a triple, whose first component holds
the current location of each automaton (X!, L;), the second component holds the clock valuation of each
algomaton (Xi, erxfl) and the third one holds the subset of the Boolean variables that are true in the state
2%).

( Iglitially, the location control is set to each of the initial locations of all the automata (<. 1{6’6}), all the clocks
are set to zero (X', {{0}%i1}) and no Boolean variable is true (&).

As before, we will split the definition of the timed automata semantics into discrete and continuous parts.

4.2.1 Discrete Transition

A discrete step concerns the actual firing of one automaton transition or one synchronous set of transitions.
We will first define some useful functions regarding enabledness and synchronizations.

Definition 22 (Enabledness). A transition t is said to be enabled w.r.t a configuration (2,C,V) of a system (A, C, V),
if it is firable without taking synchronizations into account:
enabled(r, 8,C,V) = (3i, A; € A)(3C, € € L;)(3a e %)

teT;

=35 ¢

€= 2(i)

C(i) = Gi(1)
C(i) |= Inv;(£)
CGncVv

The above definition refers to local firings, i.e., to transitions that are fired by a single TA. In fact, the
definition states that transition r is enabled if its source location ¢ is active, ie., £ = 2(i). Here, the “|="
operator is defined as follows:

Definition 23. Let Ce RXI, G € X x {<,<,=,2,>} xR*, then C |= G = (Vg€ G)(g = (ci,0,v) = C(i) o v).
This means that every guard g € G must be satisfied by the clock valuation vector C. To check that, we extract the value
C (i) of clock c; and apply it to the comparison operator o. Here, “C(i) o v" must be understood as the application of
the infix operator o to its operands C(i) and v. For example, if C(i) = 1.2, v = 3 and o = <, then this amounts to
checking whether 1.2 < 3”.

> > > > >

Returning to the definition, we check that the current clock values respect the guard of 7, G;(¢) and the
invariant of ¢, Inv;({).

Finally, the Boolean guard of 1, stated as a set C;(r) must be included in V', as it means that all the variables
in C;(t) are currently true.



ACM TRANSACTIONS ON EMBEDDED COMPUTING SYSTEMS, VOL. XX, NO. YY, MONTH YEAR 16

Semantics 1[Timed Automata System|

(8,C,V) E(2,C', V) &
(Ji,A; e A)Fre T)(3C, ¢ € L) 3ac %))

r=¢5 ¢ A
£=2(i) A
¢ = /(i) N (1)
Enabled(t) A
BceC@ye X SYNT9)
AESYNAY t(2)
Syn; (1) = (¢,)) A
SYNAY # & A
(VA; € SYNAY)
=0 D=2 =0r()=b A (3)
(VXk € XJ,) P
( xx € Rj(y(j)) = C'(j)(k)=0 )
xk € Ri(y(j)) = C'()(k)=C(j)(k)
(VA; € A\SYNAY) v (4)
( LN =20 A ) R
C()=C'(j)
V= [V U _Fj(y(j))) v Fi(1) ) v
A ESYNAY }(5)
U _Tj(Y(j))) v Ti(z)
A ESYNAY
Syn;(t) = & v (6)
( (Syni(7) = (c.!) A SYNAS = ) ) " 7)
(Vxx € Xj)
( xx € Ri(1) = C'(i)(k) =0 A 1 (8)
xk € Ri(1) = C'(i)(k) = C(i) (k) ) "
Am * A,‘ =
(VA € A)( ( L(m)=2'(m) ~» ) ) A L(9)
C(m) =C'(m)
V' =(V\Fir) u T

Definition 24 (Synchronization sets). Let (A, C,V) be a timed automata system. The set of transitions of automaton
A; which are synchronizable on the channel ¢ with a transition t € T; of automaton A; at the state (£,C,V), with
Syn;i(t) = (¢,!), is given by:
SYNTJ‘,.'(SE, C,V)={reT; | enabled(t,2,C,V) A Syn;(t) = (¢,?)}.

The set of automata which do not participate in the synchronization on channel ¢ with transition t at state (£,C,V),
is given by the set NOSYN“(L,C, V) ={A; € A | (Vt € Tj)(Syn;(t) = (c.?) = —(enabled(1,8,C,V)))}.

The set of automata participating in the synchronization on the channel ¢ with the transition t € T; of automalon A;
at the state (£,C,V) is given by the set SYNA{(L2,C,V) = A\{NOSYN“(L£,C,V) u {A;}}.

In the following, the state context will be omitted when it is clear from the context. In particular, in the
definition below, all the synchronization sets and the enabledness will obviously be stated with regard to the
source state (£,C,V). We will then write Enabled(t), SYNA{, SYNTY.

Semantics [1|defined below may be hard to read at a first glance. The reader should consider firstly reading
the subsequent comments and getting a better idea as to how the definition is structured, and secondly
checking, along the reading, the formal definition as soon as what is being defined is understood.

Semantics [1| can be interpreted as follows. In the Timed Transition System, a step labelled with a must
originate from a transition r labelled with a. Transition r must be enabled and when it fires, it gives the
control to the target location ¢'. This is specified by ¢ = 2/({) which can be read as “the next location of
automaton A; is ¢'” (cf. condition (1) in Semantics .

We then arrive at a point from which we check if there will be a set of transitions or only one transition (r)
to trigger. In any case, ¢ is either a master transition (whether or not any other slave transition fires with it),
or it bears no synchronization label.

In the first case, a channel ¢ serves as the synchronization medium (this is specified as Syn;(¢) = (c,!), which
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means that r is labelled by the synchronization label (c,!), which in turn specifies the channel that is used,
here ¢, and the direction of the communication, here “!” specifies a broadcast emission), which means that
there is at least one slave transition which has to be synchronized with ¢ on ¢, and this last fact is given by
SYNAY # & (cf. condition (2) in Semantics [1).

Then, product X 4 esynas SYNT| gives the possibilities in terms of synchronization. Indeed, only one tran-
sition per automaton can be synchronized with r (c¢f. UPPAAL’s semantics). This means that when there are
more of them in the same automaton, there will be a non-deterministic choice of the synchronized transitions.
The product ranges over automata A; which participate as slaves, i.e., for which at least one slave transition
is synchronizable with r.

Then we take a tuple y of the product a. This means we make a choice amongst all the possible firing
combinations. This tuple is of size Card(SYNAY), and each of its components contains a synchronizable slave
transition.

For each automaton A; participating in the synchronization, the transition y(j) = {1 — £ has been chosen
to synchronize on channel ¢, and the new current location of automaton A; is given by £/(j) = £2. The clocks
associated with the reset set R; of the slave transition y(j) are all reset to zero (C'(/)(k) = 0). The values of
the other clocks are kept unchanged upon the firing (cf. condition (3) in Semantics .

For each automaton A; not participating in the synchronization, the locations and clock values are kept
unchanged (cf. condition (4) in Semantics .

Finally, the new set of true variables is computed as follows: we remove all the variables which must be
set to false. This means the union of the sets Fi(r) and F;(y(/)), i being the rank of automaton A;, the one
holding 7, and j the rank of A;, ranging on all the synchronizable automata. Likewise, we add the sets of
variables that must be set to true, i.e., the union of T;(r) and T,(y(j)), for all the A; that participate in the
synchronization (cf. condition (5) in Semantics .

The other case is when transition ¢ fires alone. There are two alternatives for which r fires alone. The first one
is simply because it does not hold any synchronization label (Syn;(r) = &) condition (6). The other possibility,
is that even if 7 is a master transition, there is no slave transition which is enabled (SYNA{ = () (cf. condition
7))

In any case, all the clocks in R;(r) must be reset, and all the other clocks are left unchanged (cf. condition
(8)). Moreover, because only 7 fires, the values related to the other automaton A; # A; are also left unchanged
(location-wise £(m) = &'(m) and clock-wise C(m) = C'(m)) (cf. condition (9)).

4.2.2 Time Transition

When time elapses, no location, nor any variable modification occurs (£ = £ and V =V’). The only constraint
is that of the invariants of the active locations. This is stated as follows: time can elapse by an amount of
units of time, as long as the resulting clock valuation C’ respects the invariants of the active locations £(i) of
each automaton A;.

e *
(2,C,V) "= (2,0, V) =
=g A
Y = A
(VA; € A)

(Vxe X)(C'(DH(x) =C)(x)+8) A
C'(i) |= Inv;(£(7))

5 FROM STATE MACHINES SYSTEMS TO TIMED AUTOMATA SYSTEMS

Let (S, E) be a System of State Machines, with |S| = n. We aim to translate the SMs (S, E) into a Timed Automata
System (A, C, V). Also, let us denote by m = |4].

Let § = U {Sl’} and Si = (N,',Rf,Hf, T.",‘, I;’,Oi, Cl', ."GOf,Df, UpB;—,E;-,.E,-).
i=1

m
Let A = U {A,} and Ai = (Li,f(]i, X,',Tg,IHUi, G,‘, Bi,Z;,Ti,]Fi,S_VH;,Q,').

i=1
(A,C,V) is the timed automata system obtained by applying our transformation 7, that will be detailed in
the sequel, to (S, E). But first, let us define some mappings between elements of state machines and of timed
automata.
n m
« NtoL: (U Ni) — (U Li) be a mapping which associates each state machine node with a timed automaton
i=1

i=1
location,
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Semantics 2 From a State Machine System to a Timed Automata System

(A CYV)=T( (S,B) )=

(\n €S)(Vre R)(FAL € A)

= (L, 6L, X\, T, GL, BL, Invt, ZL, TE FL, Syni, Q1) }(1)
Li ={f| (3x e N;)(r — x A NtoL(x) = £)} u {RtoL(r)}

X ={c| (3x € N;)(r — x A NtoX(x) = c)}

(3ne {x|r — x})(ne A;) = &L = NtoL(n)

(Yne {x|r — x})(n & A;) = &' = RtoL(r)

(Vne {x[r - x})(3(up,us) e N x B u {oc} x T)

( UpB;(n) = (ub,us) = ) ) r(4)

> > > > >
—_——
—~
)

us =1 = Invl.(NtoL(n)) = NtoX(n) < up,
us =1 = Invl(NtoL(n)) = NtoX(n) < up
T; =
T =10L(x) 5 toL(y)
tre Tr;

>

|
A tr=(sre,in, ¢, out, tgt)
5= 'I;’z N A{nlr — n} A= I'Qfé N {nlr — n}
s=d=x=r A SED=XES
I=@=y=r AN tED=yETL
t# = Z(1) = {NtoX(y)} A —(x=y=r)
X # src =
@=¢€ A
Gi()=Ci(n) =Ti() =Fi( =g A
Syni(t) = (Ibl(1r),?) roA
x=src= (A(lp, s, up,us) ENx B x {NxBu {0} x T})
a = Li(tr) A Synf.('r) = (Ibl(tn,H A ©)
Bi(t)=F.(1)=in ~ T.(1)=out A
¢ = (s, lp,up,us) = (3)(Ip)
ly, = T = A=NtoX(n) > 1
I, =1 = A=NtoX(n) =1
uy = T = pu=NtoX(n) < up
uy = L = upu=NtoX(n) <u
Gi(r) = (4}
Q ={a|teT At=(5} (8)

14

(%)

> > > > >

>

1 (7)

> > > >

n m
RtoL: (U R[-) — (U L,-) be a mapping associating each state machine region with a timed automaton
i=1 =

location,

« toL = NtoL u RtoL is a bijective mapping between (CJ N,-) U (CJ R,—) and G L;.
i=1 i=1 i=1

n
U Tr;| — C is a bijective mapping assigning a channel to each transition of the state machine.
i=1

NtoX: (U N; ) — (U X; ) is a bijective mapping associating each state machine node to a clock of the
i=1
Timed Automata System.

Moreover, we will use an implicit bijective mapping between regions and automata. This means that a timed
automaton A’ will give the behavior of the region r € R; of the state machine s;.

Definition 25. A stafe machine system (S,E) is transformed into the semantically equivalent (A, T, V), by using the
previous mappings, according to transformation T, that is defined by Semantics

The transformation is done one region at a time: each region r € R; will be translated to an automaton
Al (cf. condition (1) in Semantics . As one can guess from the mappings’ definitions, the set of locations is
given in two parts: each node of a state machine will correspond to a location, but we will also use an extra
location for each region, which, when active, will indicate that all the active nodes are outside the region, i.e.,
no node of the region is actually active.

We can see this mechanism in more detail for a given location set LL. We see that each location set L! is made
of the location RtoL(r) which is associated with the region r, as well as the set of locations that are associated
with the nodes x which are the direct sons of r (r — x). The same mechanism is applied to give the clock set
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X!: each direct sub-node of the region r is mapped to a clock NtoX(x) (cf. condition (2) in Semantics|2).

The next step is to specify which state machine element, the initial location £ is associated with. This is
done using a simple pattern (C < A) A (—=C < B) (cf. condition (3) in Semantics.

On the one hand, if there exists a node n in the current region r such that n belongs to the initial nodal
configuration A;, then the initial location £y, is associated with this node by the mapping NtoL (and conversely).
Because n € A;, this means that node # is initially activated in the state machine s;, and thus, the corresponding
location NtoL(n) has also to be initially activated in automaton AL. On the other hand, if no node belongs to
the initial nodal configuration in the current region r, then the initial location is the one associated with the
region r by the mapping RfoL (and conversely). The location RfoL(r) is a special location specifying that no
node of the region is active, which is precisely the case initially when no node of the region belongs to the
initial nodal configuration A;.

The next clause concerns the translation of the upper bound delay constraint of every node n that belongs
to r. An upper bound delay serves as a validity time interval: it defines how long a node can be continuously
activated. When the upper bound delay is reached, time cannot elapse any more, unless the node is deactivated.
The upper bound UpB;(n) of node n, is given by a pair (up,u;) in which u;, (possible infinite) specifies the
amount of time limit by which the node must be deactivated, and u; defines whether the value u, is comprised
in the validity time interval. If u; = T, meaning that u; is true, then the time interval is strict and uy, is not
comprised in the validity interval (cf. condition (4) in Semantics .

We then arrive to the major part: the specification of the set of timed automata transitions (cf. conditions
(5) in Semantics . The set 7] is composed of two parts: the first one will actually create the timed automata
transitions, whereas the second part will fill all the mappings whose domain is 7;. It may seem awkward to
include all that information in the conditions for the creation of the set T, but this is actually the better place
for it to be defined, as in there, we know that the translation link between timed automata and state machine
transitions (i.e., T translates tr).

The transition set 7' is then the set of transitions T = foL(x) <> foL(y). This expression tells us much
information: « is an action label, toL(x) and foL(y) are two automaton locations, and x and y may either be
nodes or regions in the source state machine s;. Let us see what are the conditions on x and y for them to be
used as generators of transitions 7. First, we pick a transition fr from the state machine transition set Tr;. A
state machine transition is in fact a 5-tuple tr = (src, in, ¢, out, tgt), where src is the source node, tgt the target
node, in is the set of events that must have been — somehow — previously generated, since all events in in
are consumed as tr triggers; ¢ is the time interval in which tr can fire, relatively to the last activation of src;
and finally out is the set of events generated by the firing of fr.

We then create two sets s and ¢, which respectively hold the source impact (*1 8y and the target impact
(I*5!) of tr, restricted to the son nodes of the region r (i.e., intersected with the set {n|r — n}).

When s (resp. r) is empty, this means that the source node src (resp. target node fgf) of tr is orthogonal to
the elements of s (resp. r). This means that fr is actually entering (resp. leaving) region r. The fact that the
source (resp. target) node is outside the region r is specified by setting x (resp. ¥) to r, as the mapping toL(r)
gives a special location which does not correspond to any node in r, and thus can be used to specify that
no node of r is deactivated (resp. activated). If both s and r are empty, then fr has no effect on the region r,
which means that there can be no transition 7 translating ¢r in the region r, thus the condition —(x =y =r).

When s (resp. r) is not empty, it holds the nodes of region r which could be impacted by the firing of tr,
provided they are active when tr is triggering. In fact, s (resp. t) is inevitably a singleton when considering a
region above src (resp. tgt), and may only be a bigger set when r is lower in the hierarchy than src (resp. fgf).

This concludes the first part concerning how 7 is generated. Then comes the part regarding the mappings
using 77 as a domain: G%, C!, TL, F, and Syn!.

In the timed automata obtained using translation 77, a transition is either a master or a slave transition (which
means that there will be no transition ¢ such that sync(r) = &), according to which synchronization label it holds.
In our translation, all the information regarding the source SM transition will be held by master transitions,
and master transitions will only be the timed automata transitions whose source location corresponds to the
source node of the SM transition it translates, i.e., a timed automaton transition is a master one if x = src.

If x # src, ie., if tr is translated into a slave timed automaton transition, then obviously, Syni(t) = (Ibl(tr),?):
we put the slave synchronization label (Ibl(tr),?), where [bl(tr) gives the channel which will be used to simulate
the triggering of fr. The action label « is set to the silent action €, and t bears no clock guard, no variable
guard, no setting to true and no setting to false. In fact, the only effect of t is to pass the activation token
from toL(x) to toL(y).

If x = src, ie, if T is a master transition, then its action label is copied from that of tr, L;(tr). The master
synchronization label (/bl(tr),!) is associated with 7, which means that when t happens, it forces every enabled
slave transition using the same channel /bl(tr) to synchronously and atomically trigger with it. As a requirement
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to trigger the SM transition tr, it must respect its event guard and clock guard. Let us keep clocks aside for
now.

Event guards and manipulations are performed as follows: the event configuration, i.e., the set of present
events, must contain every event in in, which are required to be consumed over the triggering of tr. This
behavior is translated by setting C.(7) and F. to in. Indeed, CL(7) = in means that we require every Boolean
variables in in to be true. Moreover, F. = in, means that all the variables in in are set to false (or, more precisely,
are removed from the set of true variables, as they are “consumed”). Finally, the set out of events that must
be generated when fr triggers, is simply translated as the set of variables to be set to true on the triggering
of 7: Ti(7) = out (cf. condition (6) in Semantics .

Finally, the clock guard c¢ specifies the interval of time instants at which the transition can trigger. An
interval is translated into two timed automata clock guards: one specifying the lower bound and the other
specifying the upper bound. The clock guard ¢ = (I, {5, up, uy) is decomposable into its lower bound (/;, )
and its upper bound (up, us), which will respectively be converted into two clock guards A and u. The lower
(resp. upper) bound clock guard A (resp. u) is then equal to the equation NtoX(n) > [, or to NtoX(n) = I}
(resp. NtoX(n) < up or NtoX(n) < up) depending on the strictness given by /s (resp. us). We finally put both
clock guards A and u inside a common set which will stand for the clock guard of 1, G%(7) (cf. condition (7)
in Semantics[2). .

The action alphabet Q! of automaton Al is the set of action labels used by the transitions in 7}, i.e., the
transitions of the timed automaton A. (cf. condition (8) in Semantics . In this form, the definition hides a
few characteristics. As we will see, the transitions in 7] either hold an observable label or the silent action e.
However, only the master transitions are labelled by an observable action (but they still can be labelled using
€). This sort of transition is also special because bearing an observable action means that the state machine
transition they translate has its source node directly inside the region r. As a last remark, Q! is a subset of %;.

It is worth noting that an alternative way to translating SM systems into TA might be to first translate the
state machine system to Hierarchical Timed Automata (HTA), then to use flattening on HTA |11]. However,
this would have required to fit with the HTA semantics defined and to perform flattening afterwards. Here, we
rather chose to carry out a complete translation process while proving a strong equivalence relation between
the source and target models, as will be proven in the following section.

6 BISIMULATION PRESERVATION PROOF OF THE TRANSFORMATION

There exist many mathematical means which can be used to compare two formalisms, or more basically two
graph-based structures. One example is isomorphism, which requires a very strong correspondence between
two graphs, as their structure must be exactly the same: there must exist a bijective mapping between states
and transitions respectively. A useful intuition behind isomorphism, although not quite exact, is that the
structure must be the same except for their naming,.

One major drawback of isomorphism is that it is often too strong when considering problems like imple-
mentation of a specification. Programmers know that there are (infinitely) many ways to implement a given
problem/specification. However, if a programmer would have to compare two implementations only with
isomorphism, then he/she would be forced to declare that an implementation is different as soon as it does
not exactly possess the same internal representation, or at least as soon as a bijection cannot be provided
between the internal representations.

Another equivalence was then needed to make comparisons more useful: this is where the notion of
simulation comes into play. With simulation, we make a partition of states and transitions of the source
structure, and if a mapping exists between the elements from the partition and the target structure, then
we can say that the target structure simulates the source one.

But simulation suffers from the opposite drawback to isomorphism: when considering a mapping, this
means that the target structure may comprise unwanted behavior, i.e., states and transitions which have no
correspondence with the source structure.

One way to get the best of both worlds is to apply simulation in both directions. We then have a bisimulation.
A bisimulation stipulates that there exists a bijective mapping between partitions of states and transitions
of both compared structures. With bisimilar transition systems, we get the same apparent effect, but in
many different ways. The accepted differences between them can be defined as the equivalence classes of
the state/transition partitions.

Definition 26. Lef 5 = (Ql,qg’,—q,f.l) and Sy = (Qz,qg,—q,zz) be two timed transition systems and let ~ C
(01 x Q2) be an equivalence relation. We say that S1 and Sa are strongly time bisimilar iff:
0 L 49 and
. ql qZ an
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e (WaeZiuZuRY)
g1 =1 g A qr~ g = Gapqa Sa gy Aqy~ay) A
G S2q5 ~qr~ g = (3q}) (g1 1 4] A q) ~q})
Theorem 1. Let (S,E) be a state machine system and (&, C,V) a timed automata system. If T((S,E)) = (A, C,V),
then their semantics are strongly time bisimilar.

Proof

For two semantics (i.e., Timed Transition Systems) to be strongly time bisimilar, there must exist at least one
relation R between their respective states, and that relation must be a strong time bisimulation. Our first step
will then be to define this relation in a general way, i.e., in a way that can apply on any two systems which
are related by a given translation relation 7.

For our next step, we will need to prove that the initial states of both semantics are related by R (induction
base case). Then (induction step) that for each pair in R, one can fire exactly the same set of transitions,
and that the target states also form a pair in R. As always, transitions will be separated according to their
discreteness.

First, we need some definitions, mainly that of R. Let (S, E) be a state machine system and (A, C, V) a timed
automata system, where:

- T((5,B)) = (A,C,V), ie (5,B) is translated into (4,C, V),

L S = U {Sf} and §i = (Ni! Ri! Hi! Tf’f: If! Ois Cl‘!?OOff’Di! uprs Eis £i)/
i=1

1

o A=U{A ) and A} = (L;. § . X;.T;. Inv,, G, B, . Z,, T, . F,., Syn, . Q}), where i serves as an ordering (index)

r>tre r er
i=1
of automaton A’ and r is the region of (S, E) that A’ implements (we changed the notation a bit: previously,
i was the index of the state machine s;, such that r was a region of R;).
Let T° = (S8, 50, —sm» Zsm) and T = (Q, g0, —ar, Zar) be the respective (TTs) semantics of (S, E) and (4, C, V).
Let R < § x O be the relation defined as follows:

s=(N,y, 1) ~
g=(Ly ) A

(s,q) eR=| N=L A
y=y A
A=A

(VI € LX)(NtoL(n) =1 = L(k) =1) A
(V1 € L¥)(NtoL(n) # 1) = L (k) = RtoL(r)

and y =y’ < (Vs; € S)(Yng € Ni)(VAF € A)(Yxp € XX)(NtoX(na) = xp = y(i)(a) = y' (k) (b))

where N = £ < (Vs; € S)(Vn e N(i))(VAX € A)

The definition of R (obviously) comes from the definition of the transformation 7. It states that two states
s € S and ¢ € Q are linked by R, meaning that they are to be considered “bisimilarly equivalent”. Let us
review how this is done:

« each active node n € N (i) of a state machine system is translated to a unique location / € Lk according to
the mapping NtoL, and each of these locations are active in their corresponding automata AX: £(k) = 1.
Notice that N (i) is a set, while £(k) is a single location. Indeed, while each state machine can have
multiple nodes activated simultaneously, only one location can be activated within a single automaton.
From the point of view of the timed automata system, the set of locations which are the translation of a
node, bijectively maps the set of active nodes N(i).

« whenever no location in L¥ of an automaton A¥ corresponds to an active node (i.e., a node in N(i)), then
the active location £ (k) of A¥ is given by RtoL(r), where r is the region that the automaton translates.

The part describing the correspondence between y and y’ is straightforward: all the clocks associated with

the nodes are always active, and so are the translated clocks of the timed automata. The mapping between
the two is accomplished through NfoX: if the clock of node n, is translated into a clock x;, using mapping
NtoX then the node clock node y(i)(a) must be equal to the clock value y'(k)(b).

The event part 1 = A’ is even easier, as we use the same representation, we will then consider the two as

equal. Indeed, both A and A" hold the set of present events.

Proof Scheme
To prove that the relation R is a bisimulation, we will proceed by induction:
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« the base case will prove that the pair of initial states is in R, i.e., (50, go) € R. This implies that (g, so) € R!
and thus {(so.g0), (g0.50)} < R;

« the first induction step will prove that any step in a state machine has an equivalent step in a timed

acTuR¥F

+

automaton, i.e., given (s, ¢) € R denoted by sRq and s ———,,, s’ we have ¢ Lt ¢’ and s'Rq’;
« the reverse induction step will prove that any timed automaton step has its equivalent step in a state

acZuR¥

machine, i.e., given sRg and ¢ ——,; ¢’ we have s 4 om s’ and s'Rq’.

Base Induction Case

Let so = (Co, y0, ) and go = (Lo, ho, &).

» We have to prove that the two initial states form a bisimilar pair, i.e., (s0,go) € R, or, more shortly, soRqo.

The initial nodal configuration Co, is such that (Vs; € §)(Co(i) = A;). From the translation, we have:

(Vs; € S)(Vr e R)(3AL € A)(@n e {x|r - x})((n € A}) < fo] = NtoL(n)),

which can rewritten as: _ _

(Vs; € $)(Vn e A)(Vr € Ri)(3AL € £)(r - n <= € = NtoL(n)).

This means that for any initial node n, there exists one and only one corresponding initial location in
automaton A’. The reverse is not true, because we have some regions that contain no initial nodes, for that
case the translation states the following: _

(Vs; € S)(Vr € R)(AAL € A)((Vn e {x|r — x})(n € A;) < & = RioL(r)).

This means that whenever a region has no initial node, then the translation of this region is the initial
location of the corresponding automaton.

Both cases state that for each automaton, the initial location either comes from an initially active node, or
from an initially inactive region (i.e., all the nodes of the region are initially inactive); which is exactly the
definition of bisimilar equivalence of nodes and locations, then Cy = L.

Every clock is initially set to zero in both semantics, therefore:

(Vs € ) (Yna € Ni) (VAL € &) (Yxp € X)) (NtoX(n) = xp = y0(i)(a) = ho(j)(b) = 0). And then yo = h.

In addition, 4p = 4; = & and finally, soRqq.

6.1 Induction Step

Hypothesis: we suppose that up to a certain point, we have sRg and that s <, s'. We need to prove that
g% g and s'Rq'.

o First, let us suppose that a € %, i.e., that s = s’ is a discrete transition. Moreover, let us suppose that
s= (N ), 8" =Ny ), g=(LhV) and ¢’ = (LK, V).

From the semantics of state machines, we know that there exists a transition e = (n, in, ¢, out,n’) in a state
machine s; € §, such that (let us just concentrate on the node point of view for the moment):

« the source node of e belongs to the current local nodal configuration of s;, i.e., n € N (i)

« the target node of ¢ belongs to the next local nodal configuration of s;: n' € N'(i).

The nodal configuration N will be changed into N’ according to the source and target impact of e. We know
that e is translated into at least one master transition ¢ (only master transitions bear an action label, here a).
Our objectives are to prove that:

« triggering 1 is possible w.r.t the nodal part
« triggering r does not break bisimilarity w.r.t the nodal part.

6.1.1 Triggering t is possible w.r.t. the nodal part.

We know that r must exist, because the source state n of ¢ has to be in the source impact of e. We also know
that each region corresponds to an automaton which yields its behavior. Let us suppose that n belongs to r, i.e.,
r — n. This means that automaton A/ € A, the one that gives the behavior of region r, necessarily has a location
¢ which is the translation of n, i.e., NtoL(n) = £. From the translation, we also know that there exists a transition
T = toL(x) 5 toL(y) for which x = n, and this transition is a master one (x = n = Syni (1) = (Ibl(e),")). T is
then the transition 1 we are looking for. As sRq and because n € N(i) then L(j) = NtoL(n) = {. When only
considering the nodal configuration, ¢ is then allowed to trigger; or stated differently, if ¢ is not able to be
taken, it is because of another type of constraint.
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6.1.2 Triggering t does not break bisimilarity w.r.t. the nodal part.

Put more formally, we have to prove s'Rq’. We already know how s’ is built: s’ = (s\*Z7"") uT*"". The step from
s to 5" is done by a single transition ¢ on the state machine side, while it is accomplished by one transition
in each of the impacted automata, i.e., the automata translating the regions having nodes in *7 " or 7*7. We
have to examine each transition individually, which means that we have to examine the source and target
impact for each region. In the following cases, we suppose that region r is translated into automaton A] and
we denote by p = {n|r — n} the set of nodes directly in r.

1If 'I" AN(@GE) np = {a} and I'” ~p = {b}, we have: a € N(i) and b € N'(i) and L(j) = NtoL(a) and
L'(j) = NtoL(b), which locally respects bisimilarity.

If*7" AN()np={a} and T*" = &, we have a € N (i) and (Vx € N;)(r — x = x ¢ N'(i)) and L(j) = NioL(a)
and £'( j) RtoL(r), which locally respects bisimilarity.

If 'I” NN np=¢ and I*} = {b}, we have (Vx € N))(r - x = x ¢ N(i)) and b € N'(i) and
L(j) = RtoL(r) and £'(j) = NfoL(b), Wthh locally respects bisimilarity.

Each of the previous cases represents a transition in automaton A;, and we saw that in each case the firing
of that transition locally preserves bisimilarity.

The regions/nodes not impacted by the triggering of ¢ remain unchanged, and the transitions using the
same synchronization label /bl(e) only come from the previous case, then N’ = L'

On the automaton side, only master transitions hold the clock/event constraints. We will now concentrate
on them and forget about slave transitions.

6.1.3 Events
The transition e = (n.in, ¢, out,n’) holds two event information:
« the set in tests whether the events in it were previously generated (and not yet consumed); if it is the
case and that e does trigger, then the in events are removed from the event configuration A.
« the set out gives the events to be generated (i.e., to be added to the event configuration) upon the triggering
of e.

This can be shortly and formally written as: in € A A ' = (A\in) U out.

We know that sRg, then 1=V, _

We know from the translation that C}(#) = in. From the timed automata semantics, ¢ respects its constraints
w.r.t. in events, when C](¢) < V. The transition e can fire, meaning that in < 4, and then Cl(r) € <V is also
true (and r is not prevented to fire by the event configuration).

We also know, from the timed automata semantics, that V/ = ((V\F“' () u T (t) when 7 € T! is a master
transition of AJ. And finally we know, from the translation, that F/(r) = in and TJ(r) = out. This means that
V=21.

6.1.4 Clocks
Firing e = (ng,in, c,out, ”:!) means that it respects its clock constraint ¢. This clock constraint ¢ is a 4-tuple:
¢ = (I, lp, up, uy), where I, and u;, are respectively the lower and upper bounds, and /; and u, respectively
state whether these bounds are excluded (T if excluded, | otherwise). To make the subsequent proof more
concise, we will use the two following notations: | =“ =", T=“>", T =“<”and T =“ < ”, that is we
convert the strictness flag into its corresponding comparison operator.

Let us suppose that the clock associated with n is the k" component of the clock vector of system s;. In
order to fulfil constraint ¢, clock configuration y must respect: y(i)(k) Is I and y(i)(k) s up.

Because sRq, we have NtoX(ny) = x,,, = y(i)(k) = h(j)(m). This means that i(j)(m) I, I, and h(j)(m) uy up.

From the translation, constraint ¢ is translated to set G;f(r) = {NtoX(ny) l; lp, NtoX(ng) us up}, which is
exactly what is respected by the current clock value h(j)(m). -

Consequently, the firing of 7 is not prevented by its guard G/ (r).

The only manipulation done to state machine clocks is to reset those whose node is in the target impact:
(Vna € T*30) (¥ (i)(a) = 0).

The translat10n specifies that any transition leading to a location translating a node n has to reset the
associated clock NtoX(n). Formally, t =1 ‘:fc n{nlr — n}, and t # & = Z.(7) = {NtoX(y)}, where y € t.

nd every n n , where r — n,, produces a transition in automaton n in that ca
And eve ode n, I‘,,’L here a, produces a transitio tomato A" Indeed, that case

I ':’; ~ {nlr — n} # &, which is sufficient to have a transition in Al as it respects y #r (c.f. “—~(x =y =r)"in
the translation).
This means (Vn, € T*)! )(VA" € A)(r — ng ~ NtoX(ng) = xp = ¥/ (i)(a) =0 = h'(j)(b)). This means that this

set of node/clock pairs respects bisimilarity in the new configuration. The Other nodes / clocks which do not
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respect r — n, » NtoX(n,) = x; are kept unchanged, and because they were respecting bisimilarity: sRq, they
still do. We can then conclude: y' = h'.

6.1.5 Discrete step equivalence
Let s = (N, y.4), s = (N',v'. A), g = (L. h,V)and ¢’ = (L, I,V'). We proved that, if sRg A s L gtheng S g
and N' = £’ and y' = k' and 2’ =V’. This means that s'Rq’, which concludes this part of the proof.

6.1.6 Continuous Transitions: Satisfaction of the upper bound constraint

* *®
We suppose here that s OB oA sRq. We need to prove that ¢ Ll e q" A s'Rq’. Again, let s = (N, v, 1),
s'= (N Y, ), = (L hV) and ¢’ = (L1, V).

The only way to change the nodal or event (resp. location or variable) configuration is to trigger a transition.
But no transition triggering can result in a time lapse at the TTS level. This means that no transition triggered
and consequently N = N’ and A =’ (resp. £L = L' and V =V’).

The only mechanism that can constrain the advance of time are the upper bound delays which are assigned
to nodes on the state machine side, and the location invariants on timed automata side.

Being allowed to let the time elapse for an amount of # units of time, means we have: (Vs; € §)(Vny €
N(@) (UpBi(np) = (s, up) = y()(K) +6 T ub). |

Because sRq, we have (Vs; € S)(Vng € N;)) (VAL € A)(Vx; € X])(NtoX(ng) = x; = y(i) (k) + 8 = h(j)(1) + 6,
which means that s'Rg’.

We proved that, if we can let time advance by an amount of 6 time units from s and ¢, then the resulting

. . . - - . OerF
states are bisimilar. There remains to prove that we can indeed let # time units elapse from g, i.e., ¢ = g

From the translation, we have: UpB,(ny) = (up,uy) = Inv)(NtoL(ny)) = NtoX(nk) uy up, which semantically

means UpB;(ny) = (up,us) ~ x; = NtoX(ng) = h(j)(l) + 0 u; up. And we already saw that this is true. Then

ek ¥
g — ¢'. And the proof is then complete.

6.2 Reverse simulation

In this section, we will prove the opposite simulation: each transition of T* has a corresponding (bi-)similar
transition in 7°. Formally, (Vg,¢' € 0)(¢ = ¢’ As ~ g = (35" € S)(s = s’ A5 ~ ¢')). We use the same notations
as previously.

From the semantics, we know that there must exist a transition ¢ labelled with ¢ which generates the
transition ¢ = ¢’ in T*. We need to prove that it is possible to fire a state machine transition e, such that the
configuration s’ after the firing of ¢ is bisimilar to the configuration ¢’ obtained after the firing of r.

6.2.1 Triggering e is possible w.r.t. the nodal part.

The main point is to observe that each translated transition is either a slave or a master transition. This implies
that whenever a transition takes place in 7%, the step is triggered by a master transition (let us call it 7, and
let t = ¢ 5 '), possibly with many slave transitions. This implies that there exists a transition e in a state
machine, with e = (ng,in, c,out,n;) and NtoL(n) = £. Because sRq, the node n is then necessarily active and
there exists a state machine s; so that n € N(i). Consequently, e is firable if we only consider the nodal part
of the semantics.

6.2.2 Firing & Bisimulation preservation.

Preserving that the resulting configurations of ¢ and e are bisimilar actually uses the same argumentation
as for the opposite simulation. We just proved that ¢ corresponds to (or translates) ¢ and there remains to
prove that both transitions lead to bisimilar configurations. There is no precedence in that latter part, and
having ¢ that simulates e instead of the contrary is not relevant. Nodes, clocks and events are all handled by
transitions. Then, as soon as we know which timed automaton master transition translates which state machine
transition, we can reuse/apply the same arguments. We must add that it is true because timed automaton
master transitions and state machine transitions can be bijectively related (to one state machine transition
correspond one and only one timed automaton master transition).

6.2.3 Continuous Transitions: Invariants Satisfaction.

As in the previous discrete part, we will be able to reuse the same argument as that of the opposite simulation.
Indeed, there exists a clear bijective mapping between nodes and locations (NtoL), and nodes and clocks (NtoX).
This means that to each location ¢, there corresponds a node n, so that NioL(n) = € (or a region r, so that
RtoL(r) = ¢, but in that case, the location holds no invariant). As a result, the simulation side has no influence
on the rest of the previous argumentation.



ACM TRANSACTIONS ON EMBEDDED COMPUTING SYSTEMS, VOL. XX, NO. YY, MONTH YEAR 25

7 CONCLUSION

The main objective of this work was to provide a translation from a subset of UML state machines augmented
with some features to timed automata, that was guaranteed to preserve the semantics of the source language. To
achieve a sufficient level of confidence about the semantics preservation, it was necessary to give a completely
formal abstract syntax and semantics for both formalisms, as well as the translation itself.

The main contribution of the technique discussed in the present paper, consisted in providing a formal
semantics for the considered subset of SM, and proving the soundness of the translation w.rt. a widely
recognized equivalence relation: strong timed bisimulation. The proof has been conducted by induction while
considering discrete and continuous transitions separately. This formal proof constitutes, indeed, a main feature
that differentiates this work from a number of similar existing approaches. From a theoretical point a view,
let us recall that carrying out such a proven translation between state machines and timed automata allowed
us to highlight the semantic similarity between these models, at least unidirectionally: SM — TA. We should
also point out the usefulness of the abstract syntax that we have defined for state machines. This syntax is
indeed convenient to outline hierarchy relations in these models. Furthermore, we believe that the genericity
offered by the defined syntax makes it possible to deal with other state/transition formalisms. We can also
mention that such a genericity is ensured at the cost of a certain abstraction degree. In practice, the work
discussed here is fully in line with the increasing willingness of bringing UML diagrams, and more generally
model-driven techniques, into play for the design and development of safety critical systems [17]. We believe
that, although we considered a restricted subset of UML state machines, the developed contribution sets a
sound framework to consider further aspects regarding the transformation of SMs.

We should recall that the primary goal of the present work is to formally prove a strong preservation of
the dynamics along the translation we make on the considred subset of UML SMs. This work should be seen
as a first step towards a wider formalization of UML diagrams. As perspectives for this work, we want to
extend our source model (SM) to take into account additional features that are not considered so far in our
translation, such as final states, History pseudo-states, entry/exit/do behaviors and forks/joins. We also wish
to minimize the number of timed automata clocks generated through our translation |12]. A possible way
is to create clocks dynamically as in time Petri Nets, or Stateful Timed CSP [39]. We should also mention
that in the current study, we mainly focused on the soundness of the translation and the timed bisimulation
preservation. This explains some choices such as, for instance, regarding the syntax statement, to help us
derive our proof. Nevetheless, some abstraction should be possible regarding the way the utilized syntaxes
are stated. Moreover, to be able to conduct our translation and prove the equivalence, we had to fix several
choices in terms of syntax and semantics in both the source and target models. Yet, regarding the possibility
to adopt different choices and/or extend the subset of the UML SM specifications to consider, we believe that
the present contribution can serve as a relevant basis.

Moreover, after having manually demonstrated the existence of a bisimulation relation between SMs and
TA, we are paving the way for validating our translation process by theorem provers. Indeed, by bringing a
completely (manual) formal translation, that is entirely based on set theory, we have shown that the translation
is perfectly encodable using theorem prover tools. What may prove to be harder, nevertheless, is the handling
of bisimulation and its proof. We believe that, if a support to our translation is set by means of a theorem
prover, for instance, this would greatly simplify coping with different choices and/or extensions regarding
the considered subset of UML SMs.
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