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Abstract

The SMULINK /STATEFLOW toolset is an integrated suite enabling model-based de-
sign and has become popular in the automotive and aeronautics industries. We have
previously developed a translator callsAL from SIMULINK to the synchronous
language WsTRE and we build upon that work by encompassimmp8:FLOw as

well. STATEFLOW is problematical for synchronous languages because of its un-
bounded behaviour so we propose analysis techniques to define a subset®f S
FLow for which we can define a synchronous semantics. We go further and define a
“safe” subset of $SATEFLOW which elides features which are potential sources of er-
rors in STATEFLOW designs. We give an informal presentation of th@&FLow to
LusTREtranslation process and show how our model-checking t&slAR can be

used to verify some of the semantical checks we have proposed. Finally, we present
a small case-study.

Keywords: Model-based Design, Simulink, Stateflow, Lustre, Formal Methods, Safety-critical,
Model-checking.

Reviewers Reviewed by EMSOFTO04 referees

Notes This work has been partially supported by the European Community through IST projects
Next-TTA and Rise. This report presents an extended version of a paper accepted by the Fourth
International Conference on Embedded Software EMSOFTO04

How to cite this report:

@techrepor{ scaife04defining,

title = { Defining and translating a “safe” subset

of Simulink/Stateflow into Lustrg

authors ={ N. Scaife, C. Sofronis, P. Caspi, S. Tripakis and F. Maraninchi
institution ={ Verimag Technical Repot,

number ={TR-2004-1§,

year ={ 2004},

note ={ This is the full version of the paper accepted by EMSOFT}04.

}



Subsets of Simulink/Stateflow N. Scaife, C. Sofronis, P. Caspi, S. Tripakis and F. Maraninchi

Contents
1 Introduction 3
2 A safe subset of Stateflow 5
2.1 Ashort description of Stateflow. . . . . . .. ... ... ... .. 00 L. 5
2.2 Semantical issues with Stateflow. . . . . . .. .. ... ... ... ... . 6
2.2.1 Non-termination and stack overflow. . . . . . . ... ... ...... 6
2.2.2 Backtracking without“undo”. . . . . . .. ... ... ... 7
2.2.3 Dependence of semantics on graphical layout. . . . . ... .. ... 7
2.24 Otherproblems . . . . . . . . . . . .. . 8
3 Simple conditions identifying a “safe” subset of Stateflow 9
4 A Description Language for Stateflow 11
5 Translation into Lustre 11
5.1 Encodingofstates. . . . . . . . . . . . ... . 14
5.2 Compiling transition networks . . . . . . . .. ... L o 17
5.3 Hierarchy and parallel AND states. . . . . ... ... ... ... ....... 19
5.4 Inter-level and innertransitions. . . . . . .. ... ... .. .. ... 22
5.4.1 Inter-leveltransitions . . . . . . . . .. . .. .. e 25
5.4.2 Innertransitions. . . . . . . . . . ... e 27
5.5 Actionlanguagetranslation. . . . . .. ... ... . o 00 28
55.1 Pseudo-lustre . . . . . .. ... L 29
5.5.2 Stateflow arraysto Lustrearrays . . . . . ... .. ... ... .... 29
5.5.3 Temporallogicoperators. . . . . . ... . ... .. .. . o 30
5.6 Eventbroadcasting . . .. ... .. . ... ... 30
5.7 Historyjunctions. . . . . . . . . 33
5.8 Impliciteventkeywords . . . . . . . ... 33
5.9 Translationfidelity . . . . . . . . . .. . ... 34
5.10 The translatable subset of Stateflow. . . . . .. ... ... ... ....... 34
6 Enlarging the “safe” subset by model-checking 34
7 Tool and case study 38

7.1 Prototype implementatian. . . . . . . .. ... L 38

7.2 CaseStudy. . . . . . . e 38
8 Conclusions and further work 41
Verimag Research Report MR-2004-16 1/44



N. Scaife, C. Sofronis, P. Caspi, S. Tripakis and F. MaraninchHsubsets of Simulink/Stateflow

2144 Verimag Research Report MR-2004-16



Subsets of Simulink/Stateflow N. Scaife, C. Sofronis, P. Caspi, S. Tripakis and F. Maraninchi

1 Introduction

Embedded and real-time systems are often safety-critical and require high-quality design and
guaranteed properties. Model-based design has been advocated as the method of choice for
dealing with systems such as these. The design process consists of building models on which the
required system properties are carefully checked and assessed and then deriving implementations
such that these properties are preserved. This allows high quality to be achieved at a lower cost.

SIMULINK /STATEFLOW! is a very popular tool-chain in this setting and is considerel a
factostandard in many domains such as control systems and the automotive and aircraft indus-
tries. SMULINK is a block-diagram based formalism whileASEFLow provides hierarchical
and parallel state machine notations borrowed framr& CHARTS [10]. In many cases, design-
ers need to use both models and a strengthfBINK /STATEFLOW is the integration of these
complementary formalisms within the same tool-chain. However, the tool-chain was originally
designed for simulation purposes and, as such, it lacks many desirable features when it comes
to model-based design, such as static checks, formal semératic associated formal meth-
ods such as formal analysis and synthesis techniques (for example, verification, testing and code
generation).

In previous work {I], we have shown how to translate a subsetiofl8.INK into LUSTRE[7],
a synchronous data-flow language which, as opposedMOLSNK , is formally based and en-
dowed with several formal tools such as thedar model-checker] and the Prover Plug-in
from Prover Technology{17]. Moreover, the industrial version ofusTRE, SCADE, commer-
cialised by Esterel-Technologitis equipped with a DO178-B Level A qualified code generator,
which makes it well-adapted to be used in safety-critical projects. Thus, the intended use of our
translator is quite clear: after a system is designed usimgSNK , the LUSTREtranslation can
be used to guarantee the formal status of the model, formally check properties of this model and,
finally, generate code which preserves the semantics of the original model.

This work aims at extending the previous work by including support fl\r8FLow. This
is compulsory because, as said abovej&INK /STATEFLOW is an integrated tool-chain and
many applications use both complementary tools.

However, SATEFLOW raises many more semantic problems thant& INK and the task of
identifying a “clean” subset of ®\TEFLOW is much harder than it was fonBULINK °. This is
why many SATEFLOW users have guidelines restricting the use of unsafe constrijct3 e
problem with these guidelines is that:

¢ there is no common agreement between the various guidelines in use,

Trademarks of thé/lathWorkscompany

2The semantics of IIULINK /STATEFLOW is precisely but informally described in a several-hundred-pages long
document [ 8]. The MathWorksmplementation is the reference for this behaviour.

Shttp://www.prover.com

4http://www.esterel-technologies.com

5The reason for this state of affairs may come from the fact that the field of hierarchical and parallel state
machines is much younger than that of block-diagrams. Furthermore, the problem of communicating parallel state
machines is an intricate one and, despite several interesting approactigs4] does not seem to have yet reached
a satisfactory solution.
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e in the absence of automated checking tools they may appear too restrictive to designers
and

e many legacy $SATEFLOW models predate the existence of guidelines and bringing them
into conformance with these guidelines would require considerable effort.

The contributions of this paper are two-fold. Firstly, we list the semantic problems associated
with STATEFLOW (Section2) and propose light-weight static checking algorithms which ensure
that a model is free of such problems and can therefore be considered “safe” (Spcfldms

may be useful for designing less restrictive guidelines. Secondly, we show how to translate
STATEFLOW into LUSTRE (Section5) and also show how properties that may not be checked
by the algorithms of Sectio can be checked on theulsTRE translation by means of model-
checking (Sectio®). This allows us to further enhance our notion of a “safe” subset. Finally,
we discuss a prototype implementation and a simple case study (Séktion

Related work

STATEFLOW evolved as the finite state machine component efU&INK and as such must
be viewed principally as a simulator itself. As such its designers have concentrated upon a
user-friendly interface and supporting as many useful features as possible while not impeding
the design process by allowing too many unsafe features. For this purpasersow itself
is equipped with manyun-time error detection features such as stack overflow or consistent
state checking. A formal semantics for such a system is probably not necessary and may even
place too many restrictions upon the tool for use by non-specialists. Howewsrg& ow
has become increasingly used as a design verification tool for which effort can be economised by
using the SMULINK /STATEFLOW itself for code generation. In such an arena a formal semantics
is essential and there have been some recent attempts to define a semanticsHer Sw.
STATECHARTS [1(] are sometimes compared witmA EFLOW since both are visual repre-
sentations of state machines. There has been much work into formalizatioAT# GHARTS
either by translating into a known system such as hierarchical autofridtar [by deriving a se-
mantics for a suitable subsét]. The two systems have a very different semantics, however, for
example SATEFLOW has no notion of true concurrency so work in this area would be difficult
to adapt for SATEFLOW directly.
One attempt includes Tiwari.P] who describes analyses forMBJLINK /STATEFLOW mod-
els by translating into communicating pushdown automata. These automata are represented in
SAL [2] which allows formal methods such as model-checking and theorem proving techniques
to be applied to these models. Essentially, the system is treated as a special hybrid automata and
algebraic loops involving 8A\TEFLOW charts are not considered.
Hamon and Rushby have developed a structural operational semantigafarsow [9] for
which they have an interpreter to allow comparison wittA&FLOw. Their subset of $ATE-
FLOW seems to have been inspired by the Ford guidelifg$dr instance loops are forbidden in
event broadcasting and local events can only be sent to parallel states. They have other restric-
tions as well, such as forbidding transitions out of parallel states but in general support most of
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the STATEFLOW definition including supertransitions. They also have a translator into the SAL
system which allows various model-checking techniques to be applietaeSLow.

Banphawatthanarakt al. describe a translator fromT&TEFLOW into the SMV model
checker []. As for our translator they do not work from a formal semantics foRIEFLOW
and the main issue seems to be the ordering of actions.

Finally, Reactive Systems IncL{] have a tool called RACTIS for automated test generation
for SIMULINK /STATEFLOW models.

Our work differs from these in that the generatedSTRE program can be used not only
for model-checking but also and primarily for C code generation while preserving the original
semantics. Also, we provide a set of simple static checks which are much “lighter” than model-
checking.

2 A safe subset of Stateflow

Before we can attempt to define which features oA1&FLOwW are suitable for translation into
Lustre, we have to illustrate some of the semantical issues witTeS-Low, which are also

likely to cause problems with our translator. These issues range from “serious” ones, such as non-
termination of a simulation step or stack overflow, to more “minor” ones, such as dependence
of the semantics upon the positions of objects in tmaT&FLow diagram. First, we briefly
describe the 8ATEFLOW language and informally explain its semantics (for a formal semantics,
see P]).

2.1 A short description of Stateflow

STATEFLOW is a graphical language resembling Statecharip [The semantics of ®\TEFLOW
are embodied in the interpretation algorithm of theaBeFLow simulator, documented in a
900-page long User’'s Guide.§] (terminology is borrowed from that guide). ATSTEFLOW
chart has a hierarchical structure, where states can be refined into extlesive (OR}ptates
connected with transitions garallel (AND)states, which are not connecteéigure 14 shows
an exampleA andB are parallel states (witparentthe root state), while all theghild states are
exclusive. A transition can be a complex (possibly cyclic) flow graph madegmentgining
connectivgunctions Each segment can bear a complex label with the following syntax (all fields
are optional):

E[CH A} /A

where E is anevent C is the condition(i.e., guard),A. is the condition actionand 4, is the
transition action A. and A; are written in theaction languageof STATEFLOW, which contains
assignments, emissions of events, and so on. Actions written in the action language can also
annotate states. A state can havesatry action aduring action anexit actionandon eventt

actions whereF is an event.

6 Notice that parallel states are not executed concurrently, but sequentially.
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The interpretation algorithm is triggered every time an event arrives frofoISNK or from
within the STATEFLow model itself’ The algorithm then executes the following steps:

Search for active states:this search is performed hierarchically, from top to bottom. At each
level of hierarchy, when there are parallel states, the search ordegragphical two di-
mensional one: states are searched from top to bottom and from left tq nigbtder to
impose determinism upon the & EFLOW semantics.

Search for valid transitions: once an active state is found, its transitions are searched based on
several enabledness criteria: the event of the transition must be present and its condition
must be true. The goal is to find a transition whickadid all the way from the source state
to the destination state. In particular, when the transition is multi-segment, the condition
actions of each segment are executed while searching and traversing the transition graph.
The search order is again deterministic: transitions are searched accordinfj2mtbleck
rule.®

Execute a valid transition: once a valid transition is found,T&TEFLOW follows these steps:
execute the exit action of the source state, set the source state to inactive, execute the
transition actions of the transition path, set the destination state to active and finally execute
the entry action of the destination state.

Idling: when an active state has no valid output transitions an active state performs its during
action and the state remains active.

Termination: occurs when there are no active states.

It should be emphasized that each of the executrans to completiorand this makes the be-
haviour of the overall algorithm very complex. In particulahen any of the actions consists

of broadcasting an event, the interpretation algorithm for that event is also run to completion
before execution proceed$his means that the interpretation algorithm is recursive and uses a
stack However, as we will see, the stack does not store the full state, which leads to problems of
side effect (Sectio.2.2). Also, without care, the stack may overflow (SectibB.]).

2.2 Semantical issues with Stateflow
2.2.1 Non-termination and stack overflow

As already mentioned, a transition im&EFLOW can be multi-segment and the segment graph
can have cycles. Such a cycle can lead to non-termination of the interpretation algorithm during
the search for valid transition step.

Another source of potential problems is the run-to-completion semantics of event broadcast.
Every time an event is emitted the interpretation algorithm is called recursively, runs to com-
pletion, then execution resumes from the action statement immediately after the emission of the

” The SMULINK event is often a SMULINK trigger, although it can also be the simulation step of the global
SIMULINK -STATEFLOW model.

8Notice that this is considered harmful even in the 8 FLow documentation, where it is stated: “Do not design
your Stateflow diagram based on the expected execution order of transitions.”
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event. This can lead, semantically, to infinite recursion and in practice (i.e., during simulation)
to stack overflow.

E{E} B
' E T~

Figure 1: Stack overflow

A model resulting in stack overflow is shown in FigureWhen the default staté is entered
eventFE is emitted in the entry action ofl. E results in a recursive call of the interpretation
algorithm and sincel is active its outgoing transition is tested. Since the current évenatches
the transition event (and because of the absence of condition) the condition action is executed,
emitting £ again. This results in a new call of the interpretation algorithm which repeats the
same sequence of steps until stack overflow.

2.2.2 Backtracking without “undo”

While searching for a valid transition,TBTEFLOW explores the segment/junction graph, until
a destination state is reached. If, during this search, a junction is reached without any enabled
outgoing segments, the search backtracks to the previous junction (or state) and looks for another
segment. This backtrack, however, does not restore the values of variables which might have been
modified by a condition action. Thus, the search for valid transitions can have side effects on the
values of variables.

An example of such a behavior is generated by the model shown in Figiitee final value
of variablea when state” is entered will be 1011 and not 1001 as might be expected. This is
because when the segment with condition “false” is reached, the algorithm backtracks without
“undoing” the action “a+=10".

2.2.3 Dependence of semantics on graphical layout

In order to enforce determinism in the search order for active states and valid transitions (thus
ensuring that the interpretation algorithm is deterministicd1&FLOW uses two rules: the “top-
to-bottom, left-to-right” rule for states and the “12 o’clock” rule for transitions. These rules
imply that the semantics of a model depend on its graphical layout. For example, as the model

9 This is recognized in the official documentatiéBroadcasting an event in the action language is most useful
as a means of synchronization among AND (parallel) states. Recursive event broadcasts can lead to definition of
cyclic behavior. Cyclic behavior can be detected only during simulation.”
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~___ [false] {a+=100}
{a=0} A

1B
=1
[/trueﬁtﬁg}/\ [true] {a+=10} j

N

r

[true] {a+ 1000}

Figure 2. Example of backtracking

is drawn in Figures, parallel stated will be explored before3 because it is to its left. But i3
was drawn slightly higher, then it would be explored first. (Notice thetTEFLow annotates
parallel states with numbers indicating their execution order, e.g., as shown in Bigure

The order of exploration is important since it may lead to different results. In the case of “12
o’clock” rule, for example, if the top-most transition of the model of Figdremanated from
the 11 o’clock position instead of the 1 o’clock position, then the final valueveduld be 1001
instead of 1011.

Exploration order also influences the semantics in the case of parallel states, even in the
absence of variables and assignments. An example is given by the model of &iguend B
are parallel states. When evdhit arrives, if A is explored first, thert, will be emitted and the
final global state will bg A,, Bs). But if B is explored first then the final global state will be
(As, By). Thus, parallel states inT&TEFLOW do not enjoy the property afonfluence

2.2.4 Other problems

Due to lack of space, we cannot cover all semantical issues withesLow. We end this part

by briefly mentioning two more potential problems. The first is the possibility of having so-called
super-transitiongrossing different levels of the state hierarchy. This is a feature of Statecharts
as well, but is generally considered harmful in the Statecharts commuinjtyNlany proposals
disallow such transitions for the sake of simpler semantick [

The second problem is termedrly return logicin the STATEFLOw manual. This problem is
illustrated in Figurel. When event is emitted, the interpretation algorithm is called recursively.
Parent statel is active, thus, its outgoing transition is explored and, since evasipresent, the
transition is taken. This makesinactive, andB active. When the stack is popped and execution
of the previous instance of the interpretation algorithm resumes, 4tatenot active anymore,
since its parent is no longer active.

8/44 Verimag Research Report mR-2004-16
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A Bl

1Al .

E
E1{E2} B

V

lé

Figure 3: Example of non-confluence

v

.
I

Figure 4. “Early return logic” problem

~

3 Simple conditions identifying a “safe” subset of Stateflow

In this section we present a sufficient number of simple conditions for avoiding error-prone mod-
els such as those discussed previously. The conditions can be statically checked using mostly
light-weight techniques. The conditions identify a preliminary, albeit strict, “safe” subset of
STATEFLOW. A larger subset can be identified through “heavier” checks such as model-checking,
as discussed in Secti@n

Absence of multi-segment loops: If no graph of junctions and transition segments contains
a loop (a condition which can easily be checked statically) then the model will not suffer from
non-termination problems referred to in Secti@.1 This condition is quite strict, however, it

is hard to loosen, since termination is undecidable for programs with counters and loops.

Verimag Research Report mR-2004-16 9/44
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Acyclicity in the graph of triggering and emitted events: An eventFE is said to bdriggering

a states if the state has a “on eveiit: A” action or an outgoing transition which can be triggered

by E (i.e., E appears in the event field of the transition label or the event field is enmfptig)said

to beemittedin s if it appears in the entry, during, exit or on-event action,adr in the condition

or transition actiotf of one of the outgoing transitions of Given a SATEFLOW model, we
construct the following graph. Nodes of the graph are all states in the model. For each pair of
nodesv andv’, we add an edge — ¢’ iff the following two conditions hold:

1. There is an event’ which is emitted irv and triggering.’.
2. Eitherv = v’ or the first common parent statewfndv’ is a parallel state.

The idea is that can emit evenE which can then trigger’, but only if v andv’ can be active at
the same time. If the graph above has no directed cycle then the model will not suffer from stack
overflow problems.

Absence of assignments in intermediate segmentsin order to avoid side effects due to lack

of “undo”, we can simply check that all variable assignments in a multi-segment transition appear
either in transition actions (which are executed only once a destination state has been reached) or
in the condition action of the last segment (whose destination is a state and not a junction). This
ensures that even in case the algorithm backtracks, no variable has been modified. An alternative
is to avoid backtracking altogether, as is done with the following check.

Conditions of outgoing junction segments form a cover: In order to ensure absence of back-
tracking when multi-segment transitions are explored, we can check that for each junction, the
disjunction of all conditions in outgoing segments is the conditroe. If segments also carry
triggering events, we must ensure that all possible emitted events are covered as well.

Conditions of outgoing junction segments are disjoint: In order to ensure that theTSre-
FLow model does not depend on the 12 o’clock rule, we must check that for each state or junc-
tion, the conditions of its outgoing transitions are pair-wise disjoint. This implies at most one
transition is enabled at any given time. In the presence of triggering events, we can relax this by
performing the check for each group of transitions associated with a single B@nthaving
no triggering event).

It should be noted that checking whethamn$eFLow conditions are disjoint or form a cover
is an undecidable problem, because of the generality of these conditions. FrommerSOw
design, we can extract very easily the logical properties expressing that a set of conditions are
disjoint and form a cover. These logical properties can be transmitted as a proof obligation to
some external tool such as a theorem prover. However, for most practical cases, recognizing
common sub-expressions is sufficient for establishing that some conditions are disjoint and form
a cover.

101 fact, transition action events can probably be omitted from the set of emitted eventesiilting in a less
strict check. We are currently investigating the correctness of this modification.
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Checks for confluence: In order to ensure that the semantics of a givart&FLow model

does not depend on the order of exploring two parallel statmsd B, we must check two things.

First, thatA and B do not access the same variabl¢both writex or one reads and the other
writesx). But this is not sufficient, as shown in Secti®r2.3 because event broadcasting alone
can cause problems. A simple solution is to check that in the aforementioned graph of triggering
and emitted events, there is no edge> v’ such that belongs toA andv’ to B or vice-versa.

Checks for “early return logic”:  To ensure that our model is free of “early return logic” prob-
lems, we can check that for every statand each of its outgoing transitions having a triggering
event, this event is not emitted somewhera.ifNote that if a transition has no triggering event
then this transition is enabled for any event, thus, we must check that no event is emitted in

4 A Description Language for Stateflow

Figure5 defines a simple language in which we express our inpat §-Low and describe
the analysis and translation. We use the convention that capital letters represent lists of syntactic
objects, for instanc®l stands forly | n.N . This language essentially defines the data struc-
ture in the SATEFLOW model files but with some additional elements synthesized to make the
analysis simpler. For example, Figut@and7 show a simple SATEFLOW chart and its trans-
lation into our language. Our language defines a graph structure with subgrapnsrSOw
states and junctions are nodes in the graph, transitions are the vertices of the graph. Note that
we actually translate the enclosingMBILINK into the graph so the top-level syntactic object
sf is actually a subgraph. Subgraphs have no physical representation imaherSow model
file so we synthesize new subgraphs as the model file is parsed. Similarly, the source for de-
fault transitions has no associated object TnS&FLOW so we generate a default point node
(14, _point) inits place.

This is only a partial representation of the fulf&EerFLow model. For example, we do
not represent the action language here, of which only a subset can sensibly be translated into
LUSTRE However, we can represent the fult & EFLow definition in our language, including
such features d@aner , outer andinter-level transitions.

5 Translation into Lustre

The checks on a®TEFLOW model described in Secticdhdefine a subset which is much more
likely to be correct according to the system designer’s intentions than using theAuik8_ow
definition. It is restrictive, however, since it disallows some oRS:FLOW'S programming
features which designers have become used to. We would therefore like to extend our subset
by employing analysis with sound theoretical underpinnings. One such framework is model-
checking and we have access to the well-established model-checker cabiea [5] which

takes LUSTRE as its input. A translation of &TEFLOW into LUSTRE therefore opens up the
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Graphs
Stateflow sf = (id, N, L, dd)
Graph g = (id,N,L)
Nodes
Node n = (id, nt)
Node type nt = plj|s|sg
Point p
Junction ]
State s = SA
Subgraph sg = (SA ao, Q)
And/Or ao = AND|OR
State action sa = (sn,a)(on,et, a)

State action name sn = entry |during |exit
Transitions

Transition | = (ui,sn,dn,et,c,ca,ta)

Source node sn = n

Destination node| dn n

Condition action | ca = a

Transition action| ta = a

Event or Temp et = 0u|e|t|etor e

Temp t = (tn,int ,e)

Temporalname | tn = after |before |at |every
Actions

Condition c = (.| <condition code-

Action a = {,| <actioncode-

Data

Data dictionary | dd = (E, D)

Event e = (ui,nm, sc)

Data d = (ui, nm, sc, ty, init)

Scope sc = INPUT|OUTPUT LOCAL| TEMP| CONST
Identifiers

Identifier id = (ui, 0s)

Unique integer ui = uniqueint

Optional string os = “|string

Name nm = non-emptystring

Figure 5: A language defining a subset aASEFLOW

12/44
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Set/cnt++
offf | _(on/ N

~ — en:switchoff=1 en:switchon=1

ex:switchoff=0 ex:switchon=0
=

\ J \_ )
Reset/cnt++

Figure 6: A simple SATEFLOW chart

sf=(id=(13,Switch2),
N=[(id=(3,0ff),
nt=s(SA=[(exit,<switchoff=0>), (entry,<switchoff=1>)])),
(id=(4,0n),
nt=s(SA=[(exit,<switchon=0>), (entry,<switchon=1>)])),
(id=(14,_point), nt=p)],

L=[(ui=5, sn=3, dn=4, et=Set, c= 0c, ca= 0,, ta=<cnt++>),
(Uui=6, sn=4, dn=3, et=Reset, c= 0., ca= (,, ta=<cnt++>),
(ui=7, sn=14, dn=3, et= Oet, = 0., ca= 04, ta= 0,)],
dd=(E=[(ui=8, nm=Set, sc=INPUT), (ui=9, nm=Reset, sc=INPUT)],
D=[(ui=11, nm=switchoff, sc=OUTPUT, ty=int, init= Dexp),
(ui=10, nm=switchon, sc=OUTPUT, ty=int, init= Deap),
(Ui=12, nm=cnt, sc=OUTPUT, ty=int, init= Deap)]))

Figure 7. The simple chart in the language
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possibility of allowing some of the “unsafe” features ofASEFLOW to be used with confidence
provided we can verify the intended properties of the model usiegpaRr.

We have to be clear, however, about the difference between the subsetreFsSow which
is “safe” in the sense of the previous discussion and that which is translatable UstoRE
We can copy the behaviour ofifSTEFLOW as precisely as required (given sufficient effort in
building the translator) and can even implement loops and recuypsisided we can prove that
the behaviour is bounded he generated program, however, does not have any guaranteed safety
properties since all the previous discussion about the semantical problemsTaitBFSow
are carried over into the USTRE translation. This is where model-checking and other formal
methods can be applied. In this section we describe the translation process informally and in
Section6 we show how some of the previously mentioned properties can be verified and our
subset extended using th& AR model-checker.

Needless to say, the goal of the translation is not simply to provide a way to model-check
Stateflow models. Itis also to allow for semantic-preserving code generation and implementation
on uni-processor or multi-processor architecturgs [

LUSTREIs a synchronous language where variableglaves i.e. a notionally infinite stream
of values. Each value of a flow is its instantaneous value in a particedationand for each
time instantpoutputscan only depend on current or previdaputs The previous value of a flow
is accessed by there operator and initialisation is performed by the “followed by” operator
-> . In the translator these are the only temporal operators used. In particularhémeand
current LUSTREOperators are not used, becausei&FLow models aresingle-clock

5.1 Encoding of states

The most obvious method of encoding states inGLREIS to represent each state as a boolean
variable and a section of code to update that variable according to the validity of the input and
output transitions. For example, one can envisage a very simple and elegant encoding of the
boolean component (i.ewithoutthe entry actions) of the example in Figusen the LUSTRE
code depicted in Figur®. Here a state becomes true if any of its predecessor states are true and
there is a valid transition chain from that state. It becomes false if it is currently true and there is
a valid transition chain to any of its successor states. Otherwise it remains in the same state. The
initial values of the states are defined by the validity of the default transitions.

This code is semantically correct for a system consisting only of states but it is difficult to
incorporate the imperative actions attached to both states and transitionsreFsow. For ex-
ample, if the above code had included the entry actions in the states then all the values referenced
by the action code would have to be updated in each branch of the if-then tree. This causes two
problems. Firstly, for even quite small charts the number of values being updated can become
large and this has to be multiplied by the complexity introduced by the network of transitions
each state participates in. Secondly, the action language is an imperative language for which it
would be difficult to compile a single expression for each sequence of actions. Note also that if
more than one state updates the same value then causality loops and multiple definitions could
arise.

A more practical approach, therefore, is to split the above equations into their components
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node Set Reset O(Set, Reset: bool)
returns (sOf, sOn: bool);
| et
sOFf = true ->
if pre sOOf and Set then false
else if (pre sOn and Reset) then true
el se pre sOf;
sOn = false ->
if pre sOn and Reset then fal se
else if (pre sOf and Set) then true
el se pre sOn;
tel.

Figure 8: Simple WsTREencoding of the example

and use explicit dependencies to force their order of evaluation. Inspecting the code in&igure
the state update equation for each state consists of:

e An initialization value computed from default transitioisie  for sOff ),
e avalue for each outgoing transitioB€t for sOff ),

e an exit clause(pre sOff and Set) for sOff ),

e an entry clause(pre sOn and Reset) for sOff ) and

e ano-change valugfe sOff ).

Explicitly separating these components allows us to insert the action code at the correct point
in the computation of a reaction. This results in the rather dense encoding shown in &igure
Here, the code has been split into several sections.

e Initial values. These are the intial values for all variablésse for states and the initial
value from the data dictionary forf&TEFLOW variables.

e Transition validity. In this section the values for the transitions are computed. For con-
venience in the translator these are actually calls to predefined nodes generated in advance
from the transitions’ events and actions. Note that the test for the activity of the source
state is included in the transition’s validity test.

e State exits. Any states which ar¢rue and have a valid outgoing transition are set to
false

e Exit actions. The code for any exiting state’s exit actions is computed. This section also
includes during actions for states which remain active@ndctions also for active states.

e Transition actions. The code for the transition actions is executed. Note that the exiting
state’s value isalse  while this occurs.
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e State entries.Any states which artalse and have a valid incoming transition are set to
true

e Entry actions. Entering states action code is executed with the state’s variablérnew.

This sequence corresponds to the sequence of eventeairES.OW’s interpretation algo-
rithm. Note that by “transition valid” we do not mean that the transition is valid with respect
to the current context but that this is a transition which will be traversed in the current reaction.
Thus the arbitration between competing outgoing transitions has to be resolved by the transition
valid computation.

There are some additional complications in the code shown in Fiijdos instance the use
of theinit andterm flags which are used to control initialization and termination of subgraphs
but these are discussed in the later sections.

node SetReset1(Set, Reset, init, term bool)

returns (sOf, sOn: bool; switchon, switchoff, cnt: int);

var sOf_ 1, sOf 2, sOn_1, sOn_2, Iv5, 1v6, Iv7: bool;
switchon_1, switchon_2, switchoff_1, switchoff_2,
cnt_1, cnt_2: int;

| et
-- initial values
sOFf_1 = false -> pre sOf;
sOn_1 = false -> pre sOn;
switchon_.1 =0 -> pre swtchon;
switchoff _1 =0 -> pre switchoff;
cnt_1 =0 -> pre cnt;
-- link validity
Ivb = if sOf_1 then Set el se fal se;
Ive = if sOn_1 then Reset else fal se;
Iv7 = if init and not (sOf_1 or sOn_1) then true el se fal se;

-- state exits

sOf 2 =if sOf_1 and (Iv5 or tern) then false else sOf _1;
sOn_2 =if sOh.1 and (lve or ternm then false else sOn_1;
-- exit actions

switchoff 2 = if not sOf and sOf_1 then 0 el se switchoff 1;

switchon_2 = if not sOn and sOn_1 then O else switchon_1;
-- transition actions

cnt_2 =if Iv5 then cnt_1+1 el se cnt_1;

cnt =if Ive then cnt_2+1 else cnt_2;

-- state entries

sOf = if not sOf_2 and (lv7 or Iv6) then true else sOf_2;

sOn = if not sOn_2 and Iv5 then true el se sOn_2;

-- entry actions

switchoff = if sOf and not sOf_1 then 1 else switchoff_2;

switchon =if sOn and not sOn_1 then 1 else switchon_2;
tel.

Figure 9: Alternative WSTREencoding of the example
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5.2 Compiling transition networks

x<>0Hy++} » . [x<2] B

[x==0]fy—-} *

Figure 10: A SATEFLOW chart with a junction

Figurel0shows a $SATEFLOW chart with a junction. Junctions inT&TEFLOW do not have a
physical state and can be thought of as nodes ifridi@n  tree. This is thus the most sensible
encoding of junctions. One problem, however, is that junction networks can be sourced from
more than one state and a single state can have more than one output to the same junction. These
can be handled quite easily if one allows a certain amount of code duplication, the common
subnetwork for two joining outgoing transitions being compiled twice.

We could devise a very natural scheme fardTREto handle this but again it becomes dif-
ficult to insert the condition and transition actions into ththen  tree in LUSTRE Figure
11 shows the actual code generafedrhe functionscv{678}  not shown compute the con-
dition code for their respective transitions. Note how ¢k8 _ call is duplicated betweeln6 _
andlv7 _. Essentially, the junction tree is turned into a flattened representation with two flags,
“end” which signifies the termination of the tree (either a destination state or a terminal junction)
and “exit " which is true if the terminal was a state. One slight inefficiency is the use of these
flags to defeat further computation after the termination point is reacheddthend clauses).

These two flags correspond to tBed, No andFire transition values in9], the semantics of
our junction processing is identical to the semantics described therein.

There is also a slight problem with the “transition valid” section in the code shown in Figure
9. For the example shown there can only ever be one transition validrflag at each instant
but when a state has (potentially competing) outgoing transitions there has to be some kind of
arbitration between them, hopefully using the same arbitratiormmasesLow itself. In fact the
statements are chained together with a common flag which indicates when a valid transition has
been found. This is called thek variable and a revised transition validity computation section
is shown in Figurel2. In fact we need a separad& flag for each subgraphthis is explained
later when inter-level transitions are discussed.

A more serious problem is that junction networks can have loops which results in unbounded
recursion and therefore a loss of synchronous semantics. Figsleows a simpldor -loop.

There are a number of possibilities for handling this.

11 Our code examples have been condensed for brevity and use abbreviated variablenamesns “condition
valid”, v “transition valid”,ca “condition action” andsu “state update”
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-- link id=7 nane=[ x<>0]{y++}
node Iv7_(x, y: int; ok, lv7, Iv8: bool)
returns(yo: int; oko, lIv7o, Iv8o: bool);
var cv7, cv8, end, end 1, end 2, ok _1: bool;
| et
end_1 = fal se
ok 1, cv7, end 2 =
if (not (end_1 or ok)) then cv7_(x) else (ok, false, end_1);
yo = if cv7 then ca7(y) else (y);
oko, cv8, end =
if ((not end_2) and cv7) then cv8 (x) else (ok_1, false, end_2);
Iv7o, Iv8o = if (cv8 and end) then (true, true) else (Iv7, 1v8);
tel

-- link id=6 nane=[ x==0]{y--}
node Iv6 (x, y: int; ok, lv6, Iv8: bool)
returns(yo: int; oko, |Iv6o, |v8o: bool);
var cv6, cv8, end, end_ 1, end 2, ok _1: bool;
| et
end_1 = fal se
ok 1, cv6, end 2 =
if (not (end_1 or ok)) then cv6_(x) else (ok, false, end_1);
yo = if cv6 then ca6(y) else (y);
oko, cv8, end =
if ((not end_2) and cv6) then cv8 (x) else (ok_1, false, end_ 2);
Iveo, Iv8o = if (cv8 and end) then (true, true) else (lv6, |1v8);
tel

-- node id=3 nane=A
node suAlv(x, y: int; ok, sA trm ini: bool)
returns(yo: int; oko, Iv6, Iv7, 1v8: bool);
var 1v8_1, ok_1: bool; y_1: int;
| et
y 1, ok 1, lv6, Iv8 1 =1v6 (x, y, ok, false, false);
yo, oko, Iv7, Iv8 = 1v7_(x, y_1, ok_1, false, 1v8_1);
te

Figure 11: Code generated for the junctions example

ok 1 = false;

Iv5, ok 2 =if not ok 1 and sOf_1 then (Set, Set) el se (fal se, ok _1);
Ive, ok_ 3 =if not ok 2 and sOn_1 then (Reset, Reset) else (false, ok _2);
Iv7, ok = if not ok 3 and init and not (sOf_1 or sOn_1)

then (init. init) else (false. ok 3):

Figure 12: Chaining together transition valid computations
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Junctions as states. An easy solution would be to give junctions a physical state in the exe-
cuting LUSTRE program. This effectively moves the non-termination problem outward into the
code calling the $aTEFLOW model but also moves the burden of the proof of non-termination to
the client code. This has been implemented in our translator where we also provide an additional
status flag calledvalid " as an output which isrue only if the current state is not a junction.

In theory, the client code could loop over theaSEFLow code until this flag becomdrie at

which point the other outputs are also valid.

Loop unrolling with external proof obligations.  This is unsatisfactory from the point of view

of using the translator as a development tool. We would prefer to simply impose a synchronous
semantics upon B TEFLOW and outlaw such constructs if they cannot be proven to be bounded.
Given a synchronous semantics foraSerFLow we have to outlaw such constructs in the gen-
eral case. It is possible, however, to unroll such loops (Fig@ralso shows the expansion of

the simple loop) without loss of generality, provided bounds can be proven on the number of
iterations. This means we can generate proof obligations for external tools such as Nb#Hc [

a bound exists and is feasible we can unroll loops individually as required. This requires further
investigation. Currently, we detect all junction loops and reject models which have them.

A [x<3]{x++} (B
N{ {x=0}

A =0} ) {xre) {x+) B

A OO0

Figure 13: Afor -loop implemented in 8ATEFLOW junctions and its expansion

5.3 Hierarchy and parallel AND states

We initially make the assumption that supertransitions are not allowed. This restriction could be
removed in future since there is no reason why they could not be implemented but the analysis
of hierarchical and parallel states is greatly simplified by this assumption. In fact the entire
hierarchy boils down to simple function calls of nested states, the only complication being the
initialization and termination of the nested states.
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COERER N C I
Bla B2a
H
N
G/E G/E F/E F/IE
<7
B1b H B2b
\_ J \ )

Figure 14: A model with parallel (AND) and exclusive (OR) decompositions

For example, Figuré4 illustrates a simple model with both parallel and exclusive substates.
For both types of substate we insert the function calls to the substates after computation of the
local state variables, theUsTRE nodes generated for the top-level state (parallel) and Btate
(exclusive) for this model are depicted in Figure

Initialization and termination are controlled by two variablegjt* ” and “term ” which
are passed down the hierarchy. This is a standard method for implementing state machines in
synchronous language$s. One way of viewing thenit  value is as gseudo-statevhich
the model is in prior to execution and in fact this plays télke rof the state variable for default
transitions. For parallel states the local state variable depends only onitthe andterm
variables, as do the flags for entry, exit and during actions. These are computed as irlBigure
(s is the local state variable) and are embodied in auxiliary nodes (for example the state variable
is computed by the nod&s in Figurelb).

For exclusive substates tit andterm flags are computed solely from the local state
variable (nit = s and not pre s andterm = not pre s and s ). The compli-
cation is that we need the value of the state variable at the end of the reaction without actually
setting the variable itself because the nested states have to be executed using the input value. This
is why we call the state entry computation beforehasgi8 Blen for example) but save the
value in a temporary variable@8 _B1t ) and then update the actual value at the end of the com-
putation. The temporary value then stands for the new value and the input sgl8B(in )
for the previous one. Actually, for the code presented here this is unnecessary but when event
broadcasting is enabled (Sectibrb) the value of the state variable can be updated by actions.
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-- State B (OR [B1, B2])
node sf_7(F, G H, E: event; okB2, okBl1, okSubgraph36, sB2ai n, sB2bi n, sBlai n,
sBlbi n, sgB2i n, sgBlin,sgB,trm ini: bool)
r et urns( okB2o0, okBlo, okSubgr aph360, sB2a, sB2b, sBla, sBlb, sgB2, sgB1: bool;
Eo: event);
| et

sgBlt sguBlen( okSubgraph360, | v16,1v18,sgBl _ 1,trmini);
sgB2t = sguB2en(okSubgraph360,1v17,sgB2_1,trmini);
okBlo, sBla, sBlb,E 1 =
sf _8( G E, okB1, okSubgraph360, | v17, sBlai n, sBlbi n, sgB1t
((not sgBlt) and sgBlin), (sgBlt and (not sgBlin)));
okB2o0, sB2a, sB2b, Eo =
sf _11(F, E_1, okB2, okSubgr aph360, | v18, sB2ai n, sB2bi n, sgB2t,
((not sgB2t) and sgB2in), (sgB2t and (not sgB2in)));

t el

-- Topl evel graph (AND, [A B])
node sf_2(F, G H event) returns(l,J: event);
| et

sgA = sfs(ini,trm;
J, 1, 0kA sAl,sA2 = sf_4(E 1,1_1,J 1,0kA 1,sAl 1,sA2 1,sgA trmini);
sgB = sfs(ini,trm;
okB2, okB1, okSubgr aph36, sB2a, sB2b, sBla, sBlb, sgB2, sgBl, E =
sf_7(F, G H E_1, 0kB2_1, okB1_1, okSubgraph36_1, sB2a_1, sB2b_1, sBla_1,
sBlb_1,sgB2 1,sgBl 1,sgB,trmini);

t el

Figure 15: WWsTREcode fragments for parallel and hierarchical states

state || (init and not term) ->

(init or pre s) and (not term)

entry || init -> s and not pre s

exit || (init and term) ->

((pre s or ((not pre s) and init)) and (not s))
during || false -> s and pre s

Figure 16: Computation of parallel state variables
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Note also that for the top-level call we seit  to true->false andterm to false

5.4 Inter-level and inner transitions

The methods described so far work in a natural way foxt& FLow charts which are structured

as trees, which allows theUsTRE code also to be structured as a tree. One consequence of
this is that we can map states ont@dTRE nodes and still retain the same action sequences

as SATEFLOW. STATEFLOW, however, allows inter-level transitions, ie. between states not

at the same level of the node hierarchy which means that the model becomes a more general
graph structure rather than a tree. This in itself does not break any of the characteristics of
a synchronous implementation but it does greatly complicate the translation. As such, early
versions of the translator simply outlawed transitions of this type in favour of a much simpler
analysis. A large amount of legacyf & EFLOW code uses inter-level transitions, however, so a
preliminary version of our translator which can handle inter-level transitions has been developed.

x==0] /g A

E Bl

[x<>0] %7 E
B2

E
- J

Figure 17: A model with inter-level transitions

Figurel7illustrates a simple Sr\TEFLOW chart with an inter-level transition network, from
Ato B andB2. Figurel8 shows the different kinds of inner transitions that can be used. The
top transition[x==0] is an inner transition which terminates in the parent séatgansitions
[x==1] and[x==2] show inner transitions to and from a substat& ahd transitiorjx==3]
terminates in a junction (this style of inner transition is known d®wachartin STATEFLOW
terminology).

These charts show a number of problems with inter-level transitions:

e The inter-level transition from the junction 82 in Figure 17 actsin lieu of a default
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/A [x==0] \

[X::]-] Al [X::Z]

B J A2
[x==3] -0 v‘{
N /

Figure 18: A model with inner transitions

transition when it is taken so any default transition in the states traversed by the path have
to be ignored.

e Any transition which traverses a state inwards results in activation of that state and likewise
any transition which traverses outwards results in deactivation of the state.

and inner transitions:

e The semantics of inner transitions mean that, for example, trangiioril] in Figure
18 acts as a default transition for stakewvhen this transition results in termination of a
currently active substate but not when stétés entered from outsideThe other three
transitions do not have this property since none of them terminate in an internal state.

e StateAneither exits nor enters when an inner transition is taken andditeg actions are
executedbeforethe inner transitions are taken. Thus, if either of the transitjgas0]
or [x==2] are taken stat@2 is reached. Note, however, thatAfll is the active substate
and transitiorfx==3] is taken then statAl remains active.

e Note that transitiongx==0] , [x==1] and[x==3] are considered to emanate from
the same source and thus require arbitration and are subjeacatE& ow’s check for
multiple valid transitions. They also take precedence over default transitions when an
inner transition is taken.

e Only one inner transition can be taken at a time so that if sAdteexits on transition
[x==2] it cannot return on transitiopx==1]
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e Flowchart transitions are taken, if valid, each time the state is active and a higher priority
transition is not valid. Inner transitions are pritoritized according to the 12 o’clock rule so
that they are checked in the ordes=0] ,[x==3] then[x==1] . Inner transitions from
the parent state take precedence over those emanating from substates. They do not result
in a change of state and are evaluated purely for their side-effects.

In addition, a transition network can Imeixedie. has paths through it which can be inter-
level, inner, flowchart or normal paths, or an arbitrary combination of all of them. Note also
that both inner and inter-level transitions can lead to inconsistent states if not implemented prop-
erly. This results in a highly complex semantics foraBerFLow transitions which would be
extremely difficult to emulate precisely. The semanticsOjfdllows STATEFLOW'S interpreta-
tion algorithm very closely but is essentially an imperative method which would be difficult to
adapt to LUSTRES synchronous semantics.

We have, instead, implemented a compromise solution which behaves in a very similar man-
ner to SATEFLOW with some distortions on the state, condition and transition actions. This
solution is based on splitting transition networks into sepgratesand associating them with
the outermostpoint traversed by any transition in the path. Evaluation then proceeds top-down
as before but computing transition validity when the transitions come into scope. The results of
this computation can then be passed down the hierarchy. For instance, the transitionsHabeled
andF in Figure19 are computed at the top level of the hierarchy and then flags corresponding
to their validity are passed as arguments to the nodes generated foAstai@B. StatesA1 and
B1 then include these additional parameters in their entry and exit clauses.

A ~ 5 ~
[
Al A E B1
1
- Y, " Y,

Figure 19: Inter-level transitions with action order distortion

The problem then arises as to how to ensure that the sequence of exit action followed by
transition action followed by entry action is in the correct order. If substates are checked in a
fixed order then at least one of transitidhsr F must be evaluated in reverse, ie. the entry and
exit actions will be executed in the wrong order. Several solutions are possible:

¢ We could dynamically order the calls to the nodesAandB according to which transi-
tions have been computed as valid.
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¢ We could move the entry, transition and exit actions to either the source for the transition
path, the outermost scope of the transition path or the destination of the transition path.

e We could lift all the actions to the top-level node in the hierarchy and impose an order on
the actions based upon some abtraction {T& FLOW's interpretation algorithm.

All of these options would result in other more subtle distortions in the actions as compared
to STATEFLOW. They also have the additional complexity of computing all the entry and exit
actions for states along the paths traversed.

Currently, none of these options are implemented so we can guarantee the correct order of
action execution only fofor non-inter-level transitions We can, however, guarantee that all
actions which would have been executed within a singlstRE reaction will get executed in
some order.

5.4.1 Inter-level transitions

The basic scheme, however, is relatively easy to implement for inter-level transitions provided
we are careful to compute the correct arguments (transitions) to the substate nodes.

The only major complication is the computation of thle value for inter-level transitions.
Because of the presence of default transitions we neexk dfag for each substate because the
computation of transition validity is disjoint for each default transition taken within the hierarchy.
We also need a separaik flag for each parallel state because transition computations are also
disjoint between parallel states. LuckilyT&EFLOW outlaws inter-level transitions between
parallel states but we still need a flag for each subgraph because of default transitions. This
means that we need to associat@knvalue with each transition (in fact we associate it with the
flag for itssourcegraph) so that the transition is only valid if both its validity flag and associated
ok flag are true.

Figure 20 shows the code produced for Figuté This is a direct implementation of the
scheme described above. Points to note about this code include:

e transitions 8 default for A ), 9 (A to junction ), 10 (B2 to A), 12
(unction to B ) and 13 function to B2 ) are all computed at the top-level, of
which 9, 10 and 13 are passed to the node for subgBaph

e the node for statB augments these with the transitions BL(to B2 ) and 14 (efault
for B1 ),

e the complex predicate for the default transition to sBitdnas to take into account whether
stateB is being entered by inter-level transition 13 or normal transition 12,

¢ the distortions in the actions (stadeenters befor®2 exits if transition 10 is taken) and

¢ the computation of thek flags, for example, transition 12 usglsTop whereas transition
10 usekB.
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-- link id=8 name= point -> A

-- link id=9 nane=E A -> junction
-- link id=10 name=E B2 -> A

-- link id=11 nane=E Bl -> B2

-- link id=12 name=[x==0] junction -> B
-- link id=13 nane=[x<>0] junction -> B2
-- link id=14 name= point -> Bl

-- graph id=17 nane=B, NONTOP
node sf_ 4(E: event; okB, okTop,|v9,1v10,1v13, sBlin, sB2in,sgB,trmini:bool)
ret urns(okBo, sB1, sB2: bool ) ;
var lv1l,1v1l 1,1v14,1v14 1,0kB 1,sB1 _1,sB2 1: bool
| et
[vil 1,1v14_1=(fal se, fal se);
okB 1,1v1l=if sBlin then suBllv(E, okB,sBlin,trmini) else (okB,Iv1ll 1);
okBo, | v14=if not ((okTop and |v13) and (okTop and Iv9))) and
(ini and (not (sB2in or sBlin))
then iniul9__pointlv(okB_1,trmini) else (okB_1,1v14_1);
sB2_1=if sB2in then suB2ex(okBo,|v10,sB2in,trmini) else (sB2in);
sBl1_1=if sBlin then suBlex(okBo,lv11,sBlin,trmini) else (sBlin);
sB2=suB2en( okBo, okTop, | v11,1v9,1v13,sB2 1,trmini);
sBl=suBlen(okBo, | v14,sBl_1,trmini);
tel

-- graph id=18 nane=Top, GCTOP
node sf 2(E: event; x:int) returns(sBl, sB2, sgB, sA: bool);
var ini,lv10,1v10_1,1v12,1v12 1,1v13,1v13 1,1v8,1v8 1,1v9,1v9 1, okB, okB 1
okB 2, okTop, okTop_1, okTop_2, okTop_3,sA 1,sA 2,sAt,sBl1 _1,sB2 1,
sgB 1, sgB 2, sgBt, trm bool
| et
SA 1=false -> pre sA; sgB 1=false -> pre sgB
sB2_1=fal se -> pre sB2; sBl_1=false -> pre sBI,;
okTop_1, okB_1=(f al se, fal se);
[v10_1,1v9 1,1v12 1,1v13 1,1v8 1=(false,false,false, false,false);
okB_2, okTop_2,1v10=
if sB2_1 then suB2lv(E, okB_1, okTop_1,sB2_1,trmini)
el se (okB 1, okTop_1,1v10_1);
okTop_3,1v9,1v12,1v13=
if sA 1 then suAlv(E, x,okTop_2,sA 1,trmi ni)
el se (okTop_2,1v9 _1,1v12 1,1v13 1);
okTop, | v8=
if ini and not (sA 1 or sgB 1)
then iniu20__pointlv(okTop_3,trmini) else (okTop_3,1v8_1);
sA 2=if sA 1 then suAex(okTop,Iv9,1v12,1v13,sA 1, trmini) else (sA 1);
sgB 2=if sgB_ 1 then sguBex(okB_2,1v10,sgB 1,trmini) else (sgB 1);
sA=suAen(okB_2, okTop, | v8,1v10,sA 2, trmini);
sgB=sguBen(okTop, | v9,1v12,1v13,sgB 2, trmini);
okB, sB1, sB2=sf 4(E, okB_2, okTop, | v9,1v10,1v13,sBl1_1,sB2 1, sgB
sgB and trm-> (not sgB) and (pre sgB)
sgB -> sgB and not (pre sgB));
tel.

Figure 20: lLUSTREcode fragments for inter-level transitions
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5.4.2 Inner transitions

Although we have treated inter-level and inner transitions separately here, they are intimately
interlinked due to the possibility of a single path through a transition network having transitions
of both types. It is even possible for a single transition to be of both types. In some ways, inner
transitions are simpler than inter-level transitions since they are nearly local (only involving the
immediate parent state) but are more complicated in the way they interact with other transitions
at the same level.

-- link id=7 nanme=[x==0] A -> A
-- link id=8 name=[x==1] A -> Al
-- link id=9 name=[x==2] Al -> A
-- link id=10 name=[x==3] A->j6
-- link id=11 name= pl7 -> A
-- link id=12 name= plé -> A2

-- node id=3 nane=A
node sguAl v(x:int; okA sgA trmini:bool) returns(okAo,lv7,1v8,1v10: bool);
var okA 1, okA 2: bool;
| et
okA 1,1v7=lv7_(x, okA false);
okA 2,1v8=Iv8_ (x,0kA 1,false);
okAo, | v10=I v10_(x, okA 2,fal se);
tel

-- graph id=14 nane=A, NONTOP
node sf_3(x:int; okA sAlin, sA2in,sgA trmini:bool)
ret urns(okAo, sAl, sA2: bool ) ;
var inner,lv10,Iv10 _1,I1v12,1v12 1,1v7,1v7_1,1v8,
Iv8 1,1v9,1v9 1,0kA 1, 0kA 2,sAl 1,sA2 1: bool
| et
Ivo 1,1v7_1,1v8 1,1v10 1,1v12 1=(fal se, false, false, fal se,false);
okA 1,1v9=if sAlin then suAll v(x, okA, sAlin,trmini) else (okA Iv9_ 1);
okA 2,1v7,1v8,1v10=if sgA and (not ini)
t hen sguAl v(x, okA 1,sgA trmini)
el se (okA 1,1v7_1,1v8 1,1v10_1);
i nner=((okA_2 and Iv9) or (okA 2 and lIv7)) and
(not ((okA_2 and Iv10) or (okA 2 and Iv8)));
okAo,lv12 =if inner or (ini and (not (sA2in or sAlin)))
then iniul6__pointlv(okA 2,inner,trmini)
el se (okA 2,1v12_1);
SA2_1=if sA2in
then suA2ex(okAo, |l v7,1v8,1v10,sA2in,trmini) else sA2in;
SAl_1=if sAlin
then suAlex(okAo,lv7,1v8,1v9,1v10,sAlin,trmini) else sAlin
sA2=suA2en( okAo,  v12,sA2_1,trmini);
sAl=suAlen(okAo, I v8,sAl 1,trmini);
tel.

Figure 21: WUsTREcode fragments for inner transitions

Figure21 shows the code produced for Figur®& Only the node for staté is shown since
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all inner transition activity is computed at this level. The main problem is to arrange the priorities
of the transitions in the correct order. This is achieved with the aid of an additional flag, called
inner , which istrue when an inner transition is about to be taken which terminates in the
parent state. This is needed to control the default transition (transition 12 toAptdf an
inner transition terminates in the parent state (transitioig=%0] and 9,[x==2] ) then the
default transition is traversed. Inner transitions which terminate in either substates (transition 8,
[x==1] ) orjunctions (transition 1(Jx==3] ) result in the default transition being overridden.
This results in the complex boolean condition fimner in Figure2l.

The remainder of the computation of transition validity is relatively simple given this flag:

e Transition 9 is computed as an ordinary transition between substates since its source is the
substateAl.

e Theinner transitions 7, 8 and 10 should be prioritized according tothessLow model.
Unfortunately, we have so far been unable to deduce this order fronTatE 8 ow model
file so they are current computed in arbitrary order.

e Once all the inner transitions are computeditiveer  flag can be generated.

e Once theinner flag is produced the default transitions can be computed if either the
normal default transition conditions exist or theer flag istrue . Note that thenner
flag is passed to the function which computes the default transition’s validity.

e The rest of the code is same as if there were no inner transitions.

This behaviour is fairly accurate with respect to executionstfr&FLow charts with some
very subtle departures, for example we do not handle inner transitions to history junctions cor-
rectly.

5.5 Action language translation

There are two basic options for translating the simple imperative language implemented by
STATEFLOW into the synchronous language)&TRE. One possibility would be to generate C

code from the action code and use the external function call facilityysflRE to call the action

code. This has appeal since this translation would be essentially a one-to-one correspondence
between semantic objects. However, the model-checking and other verification tools are unable
to work with embedded C code and we lose expressive power for our system. The alternative,
and harder, approach is to translate the action code in®rkRe The problem here is that we

need to impose a sequential order on the generated REstatements which matches the execu-

tion order in the SATEFLOW. We also have efficiency problems since any values in the context
not referenced by the action code have to be copied across but we are not concerned with the
efficiency of the generatedUsTRE code at this point.
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5.5.1 Pseudo-lustre

To ease this translation we have defined a simple sequential subsesoRE characterised by
the following properties:

e LUSTREStatements are considered to be evaluated from top to bottom.

Any inputs which are updated have an output value created for'them

Any outputs referenced before their first definition have inputs created for them.

Values referenced withipre statements are not considered as instances.

Values on the left hand side of the equations are made unique.

References to sequenced values on the right hand side are transformed to refer to the most
recent instance.

--a) Untransforned -- b) Transforned
node test(x: int) node test(x, y_in: int)
returns(y: int); returns(y, x_out: int);
| et var x_1: int;

X =X +Y; | et

X = x + 1; x_ 1 =x_in+y_in;

y =y + 1, x_out = x_1 + 1;
tel. y out =y in + 1;

tel.

Figure 22: Transformation of pseudasETRE

For example, Figur@2 shows the transformation of a simple test node. This transformation
allows us to virtually transliterate the action code directly intesitRE with minimal alteration.
In fact, this style of lUSTREIs also useful for code generated elsewhere and is used ubiquitously
in the translator.

5.5.2 Stateflow arrays to Lustre arrays

The only significant complication is arrays for which we synthesize access code which allows
them to behave as variables. For example, the actionxj@ltfe+ , wherex has typant™3 s
translated into:

xo = asetl i(3, 0, agetl i(3, 0, x) + 1, X);

We synthesize a functiora(get|set|fill)<n>_<ts> " for each<n>-dimensional ar-
ray value of type<ts> . Note that each time an array value is accessed or updated the entire
array is searched or copied resulting in very inefficient code.

12Created output variables are suffixed with the stringut ” (or simply “o” in abbreviated form) and created
inputs are suffixed with_in ”. Unique variables are suffixed by an integer.
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5.5.3 Temporal logic operators

-- Counter function for tenporal events
node sfcnts(s, E bool) returns(a: bool; cnt: int);
var inc: int;
| et
a=s ->s and not pre s;
inc if aand Ethen 1 else O;
cnt inc ->
if athen inc
elseif s and E
then (pre cnt) + 1
el se pre cnt;

t el

-- after function for tenporal events
node sfaft(n: int; s, E bool) returns(flg: bool);
var a: bool; cnt: int;
| et
a, cnt = sfcnts(s, E)
flg =n>= 0 and s and (cnt >= n);
tel

Figure 23: Counter function for temporal logic

A similar complication arises for temporal logic code, for which we synthesize auxiliary
LusTREroutines. Figur&3 shows the synthesized code for tifter temporal operator. The
main issue is that the counter is only incremented when the state is active so we have to pass the
associated state variable to the counter function. The code shown here simply tests if the current
count €nt ) is greater than the required number of coumts the code fotbefore , at and
every being similar.

5.6 Event broadcasting

One of the most difficult aspects offSrEFLOW to translate is the generation of eventishin
the STATEFLOW mode| these are calletbcal events in SATEFLOW terminology. The prob-
lem is that SATEFLOW implements these by running the interpretation algorithm to completion
on each transmitted local event which implies the possibility of unbounded behaviour (since
transmission of one event can trigger the transmission of another). On the other bame e
provides a bounded (and known at compile time) recursion mechanism. Therefore, if we can
prove (or assume) that the implicit recursion is bounded by a constahén we can translate
the STATEFLOW model into a lLUSTRE program with recursion bounded by

Up to now, nothing we have described implies any kind of recursive behaviour in the trans-
lator, we could simply generate the code by preserving the hierarchy in the origumet . ow
model. Now, however, we have to know the arguments to the top-level call when we implement
a broadcast event. We could either make the translator a fix-point computation where the argu-
ments to previously generated graphs are updated when event broadcasts happen, we could use
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a two-pass method where the first pass computes the nodes and arguments and the second gen-
erates the code or, since thely recursion point is the top-level call we could simply predict the
arguments to this node and use that for the broadcasts. Currently, we use the last (and simplest)
option but if, for example, we were to implement tbend function as a function call to the
relevant node we would require a more general analysis.

Another slight complication is that LSTRE will not accept a constant value for the top-
level node. Bounded recursion requires the presence of a recursion variables which have to be
statically evaluated. We thus generate a proxy node for the top-level call and seed this with
the value of the recursion variable. We implement bounded recursion by creatingsa 12
recursion variable for event broadcasts which we call the “event stack size”. We can then call
the top-level node at the point where an event is broadcast, reducing this constant by one. This
allows emulation of the recursive nature afASEFLOW'’s interpretation algorithnup to a finite
limit set by the event stack sizdé we have a proof of the bound on event broadcast recursion
then our behaviour will be the same asaSEFLOW'S.

A/ i B/ '
en: E; on E: F;

Figure 24: A model with non-confluent parallel states requiring event broadcasting

In Figure 24 the two state\ andB are evaluated in the ord@& thenA but A emits event
E whereasB receives it. Figure5 shows the relevant parts of the generated code. The event
broadcast routines simply call the recursion posit 2ca). At the point of call, all events are
cleared €Ir ) and the event being broadcast is set. The recursion point & ti#za node and
the top-level functiongf _2) is simply a wrapper fosf _2ca replacing the recursion variable
(const n ) with the event stack size. This is needed becaus&TrRE will not accept aconst
value as an input to the top-level node.

Within this scheme it is possible to implememaSEFLOW's “early return logic” which is in-
tended to reduce the possibility of inconsistent states arising from the misuse of event broadcasts.
It results, however, in messy and inefficient code since virtually all activity after the potential pro-
cessing of an event has to be guarded with a check of the parent or source state. This has been
partially implemented in our translator, for example, in the above code, if Atatas within
another state, sail, then the call to the entry action for stadewvould actually be something
like:

if (sgA1 and enA) then enaAl(...);

13A const value in LUSTREIs not actually a constant. It refers to a value which can be statically evaluated at
compilation time.
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-- entry action for node id=3 name=A
node enaA(F, E: event; sB,sA terminit: bool;
const n: int)
returns(Fo: event; sBo, sAo: bool; Eo: event);
| et
Fo, sBo, sAo, Eo=

with n=0 then (F, sB, sA E)

el se sf _2ca(clr,set,sB,sA terminit,n-1);
tel

-- graph i d=7 name=Parall el 5, cal

node sf_2ca(F, E: event; sB,sA terminit: bool;
const n: int)

returns(Fo: event; sBo,sAo: bool; Eo: event);

-- graph id=7 name=Parallel5,top
node sf_2(dummy_i nput: bool) returns(F:. event);
| et

F, sB, sA E=sf 2ca(F 1,E 1,sB 1,sA 1, terminit,1);
te

Figure 25: Code showing event stack

This static recursion technique allows us, in theory, to emulate the behaviountf S ow
charts which exhibit bounded-stack behaviour. In practice, there is a heavy penalty to pay for
static recursion since the recursion encompasses practically the entire program. This means that
each event broadcast point results in expansion of the whole program at that point, down to the
level of the event stack. Practical experience with the translator shows that an event stack size of
4 is about the greatest that can be accomodated in reasonable space and time.

Finally, we can easily accomodata/SEFLow’s send facility which allows sending of
an event to a named state. One possibility is to view this as a function call of the target state
[9], however, this would require generalization of the recursion mechanism to allow calls to
intermediate nodes. A simpler solution is to simply treat events as integers and use the convention
that O is an inactive event, 1 is a broadcast event and events with other integer values are targetted
at the state with that identity number. For this purpose we abstraevire type and provide
constants for event testing:

type event = int;
const set = 1; clr = O;

Theon action for statéB (id number 4) would thus become guarded by:

if (E = set) or (E = 4)) then ...
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5.7 History junctions

History junctions are a B\TEFLOW feature which allow states to “remember” their previous
configuration in between activations. This is easily handled by our translator by keeping local
variables within each node corresponding to a state with a history junction. The only complica-
tion is how to trigger storage and restoring of the history values. Luckilyinihe andterm

flags correspond almost exactly to the semantics of history junctions, we only need to store them
whenterm istrue and restore them whenit istrue . Figure26shows the relevant code.

node sf_ 3(sAin,sBin, sgTOP, terminit: bool)
returns(sA sB: bool);
var sAh,sBh,...: bool;
| et
sB 1,sA 1=(fal se,false) ->
if init then (pre sBh,pre sAh) else (sBin,sAin);

sBh, sAh=(fal se, fal se) ->
if termthen (sBin,sAin) else (pre sBh,pre sAh);
tel

Figure 26: Saving and restoring history values

There is also a slight complication with entry actions since the normal entry action flag com-
putation does not take into account the fact that a state may become active by being “remem-
bered” rather than entered via a transition. A simple fix for this is to augment the flag with a test
for external activation of the state. For example, in Figeigeif stateA had an entry action we
would add the following linafter the state entry predicate:

enA = enA or ((not sgAin) and sgAt);

WheresgAin is the initial value of the state arsjAt is the final value of the state (which
does take into account the possibility of activation by memory). The exit actions have no such
problems.

5.8 Implicit event keywords

This is a feature of 8ATEFLOW which allows an event to be generated upon some specific condi-
tions; a state entering, a state exiting, data changing or upon every time itistan{ (e. every

time the chart wakes up. The most obvious method of implementing these is to actually generate

a physical event for these occurrences. The problem here is that their existence needs to be known
in advance. Thus for each implicit event encountered during parsing of the model we build a table

of these events. This can then be used to generate an event when the relevant code is encountered,
for example when a state enters or exits or when data changes. We have defined a naming con-
vention for such events, for example the state entry eversisite name>_enter_event :

and these events are generated in the state’s entry action (one is created if the state has no entry
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action). This has also been implemented for statements in condition, transition and state actions
for changing data. Thieck keyword is easily handled by defining thek _event event at
the toplevel and setting this event each time the chart is entered.

5.9 Translation fidelity

It is not possible to formally verify the equivalence of ASEFLOW's and our translator’s be-
haviours, principally because of a lack of a formal definition fan=FLow. Our translator
was developed, however, directly from theaSeFLow documentation and its description of the
intepretation algorithm which, as far as possible, we have encoded UgoRE We have also
manually verified the equivalence of the two systems on a substantial set of examptESOw
models based around the subset oAS&FLOwW which we currently support. From our point of
view, however, the primary reference for the behaviour of the translated code iUBTERE
translation. In a real-world example we would perform tests and validation uponub&RE
code and not upon theT&TEFLoOw model directly.

This also applies to our link with 8 STATE MACHINES (SSM) byEsterel Technologies,
Inc.. SSM, like SATEFLOW, is also a graphical interface to a finite state machine system but,
unlike STATEFLOW, is based on a sound formal semantics and there exists a formal translation
path into languages such as £TRE. The question exists, however, as to how to translate legacy
STATEFLOW code into SSM and the issues embodied in our translator also apply to translation
from STATEFLOW into SSM. Our translator can, however, be used as a reference semantics for
this translation since its output should, in theory, have the same semantics as the output from
STATEFLOW — SSM — LUSTRE

5.10 The translatable subset of Stateflow

Currently, we can translate hierarchical and parallel AND states assuringer-level tran-
sitions. We can implement event broadcasting provided the broadcasting recursion is bounded
by a reasonably small value. State entry, exit, during and on-actions as well as condition and
transition actions for transitions are all supported. Only part of the action language is translat-
able but we can implement array processing and so-ctlegoral logic operatorsThis gives

basic functionality. In addition, however, we can implement sending of events to specific states,
history junctions and inner transitions.

6 Enlarging the “safe” subset by model-checking

For future work we intend to provide a separate semantical analysigafeBLow models

which should either transform the model into a semantically equivalent model which conforms
to a specified subset which we can implement or reject the model with reasons as to why it does
not conform. For now, however, the existence of a translation froaTS-Low into LUSTRE

allows us to immediately apply the existing model-checking tools festREto STATEFLOW
models.
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Observer
{prop=sOn && (~sOff) || (~sOn) && sOff;}

. >

Figure 27: Simple observer in Stateflow

For example, Figur@7 shows a simple observe implemented irn&FLow for the model
in Figure6. Here the property is a trivial mutual exclusion of states aBdAR verifies this
property without consuming any significant time or memory.

In this section we demonstrate two useful properties that can be model-checkearier S
FLOW models, i.e. confluence of parallel states and boundedness of event broadcasting. Our
translator is able to generate auxiliaryw£TRE nodes which are observers for properties sup-
plied to the translator. Currently, these aredTREexpressions but it should be possible to allow
these expressions to be supplied by tha1&FLow model in the form of graphical functions or
some other form of annotation. This would obviate the necessity of the user leatn8TRES
syntax and semantics. In this section we simply demonstrate two useful properties that can be
model-checked in \TEFLOW models, i.e. confluence of parallel states and boundedness of
event broadcasting.

Figure28 shows a set of parallel statés StatesN1 andN2 (executed in the orde¥1 then
N2) and state®l3 andN4 (executed\N4 thenN3) form two versions of the same simple machine
except for the order of parallel execution. The figure also shows an observer which directly
compares equivalent state variables between the two machines. Rumsng &n the generated
LusTREcode results in @RUEvalue so we can deduce that the order of execution of parallel
states in the maching1/N2 (or N3/N4) is irrelevant.

Figure 29 shows a SATEFLOW chart which requires either parallel state confluence or the
use of an event stack. Stafl®Plgenerates a local eveBtupon receiving input ever@. Event
E is received by stat€§ OP2which then emits output eveht To allow detection of event stack
overflow the translator generates an additional local vareot ” which is set if there is an
attempt to broadcast an event when the event stack counter is zero. The broadcast statement for
eventF is show in Figure30.

If TOP2is executed beford OP1we need event broadcasts to all@to be received by
TOP2 Furthermore, if output everft is to be broadcast we need a minimum event stack of 2
which is verified by LESAR. Model-checking using therror  property gives &ALSEproperty
for an event stack depth of 1 butfT®RUEproperty if the event stack is set to 2. Finally, if we
reverse the order of execution of stal@SP1and TOP2we can get a&RUEproperty with an
event stack size of zero.

14The state variable names are accessible in our translas®®soefers to the variable for th@n state. These
pseudo-variablebave to be included inTEFLOW's data dictionary.
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Observer 5}

{prop=(sgN1==sgN3 && sgN2==sgN4 && ...
SA==sSkE && sC==sG && sB==sF && sD==sH);}

Figure 28: An observer for parallel state confluence
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- TOP1 >  TOP2
/A N /C N

o— = o
\_ J o T %
GIE; G/E; E/F; E/F:
B ) D Y ™
\_ / ‘ \_ )

Observer =~ : >
Y . {prop error,}DO

Figure 29: An observer for event stack overflow

pr opo, Fo, sAo, sBo, sCo, sDo, sgCbser ver o, sgTOPlo, sgTOP20,
erroro, Eo =
with n =20
then (prop, F, sA sB, sC, sD, sglbser ver,
sgTOPL, sgTOP2, true, E)
el se sf _2ca(clr,clr,set, prop, sA sB, sC, sD,
sgObserver, sgTOP1, sgTOP2, error,
terminit.n-1):

Figure 30: Code for event broadcast with error detection
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Although these examples are trivial the analysis itself can be extended to models of com-
plexity. We envisage using the model-checking not just for verification of safety properties but
also as a means of enhancing the subsetmfrSFLow which we are able to implement. A
designer can use model-checking to spot where his design does not conform and where to fix the
model to bring it into conformance.

7 Tool and case study

7.1 Prototype implementation

We have developed a prototype translator o & INK /STATEFLOW to LUSTRE, calledss2Lus.

The tool integrates and extends the existimg8.INK -to-LUSTREtranslators2L [5] with a new
module, calledsF2Lus. All examples shown in the paper have been translated automatically
with the tool.

Ss2L andsr2LUs interface in a “clean” manner: whenev&L finds a SATEFLOW block, it
submits it tosF2LUS which translates it into a USTRE hode and returns this node (body plus
type signature) back te2L. Type and clock inference, which have been major issuein
are much easier with1@TEFLOW. Types of variables are explicitly declared imASEFLOW, SO
they need not be inferred. In fact, type checking is required by the translator but this is solely for
constant and operator resolution and it suffices to typecheck the generateecode. The
STATEFLOW block is triggered by a MULINK signal and uses a single clock, thus, no clock
inference is needed either.

What we have, therefore, is a development tool fam8 INK /STATEFLOW which allows,
firstly, verification of subset inclusion for our various subsets odt&FLOwW, secondly, verifi-
cation of application-specific model properties using model-checking and finally, an alternative
means of code-generation fonBJLINK /STATEFLOW models via the variousW.STREcompilers
and interpreters. To demonstrate this tool’s applicability, we present a simple case study.

7.2 Case Study

Figure 31 shows a hypothetical alarm monitoring system for a car. This contains two parallel
states,Speedometer which adjusts thespeed variable according to input events a@er
which is hierarchical, the outer layengine _on monitoring the engine status and the next
inner layer monitoring the car’s speed. The innermost level has two parallel $telteswhich
monitors the seatbelt status and generatebelte _alarm alarm if the seatbelts are not on and
the speed is greater than 10, dadks which monitors the door lock switch and controls the
locks.

LEsARonly has limited support for numerical values, and does not handigpised vari-
able very well. Since we now have aJETRE program, we could use the tool Nbacl], which
is based on abstract interpretation techniques, to handkpterd variable. However, the only
role of this variable in the model is in boolean tests so we can abstract this variable and use an
equivalent set of boolean flags. This chart is shown in Fi§@rddere, theSpeedometer state
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Speedometer time_tic { speed = 0} road_tic { speed ++ } 1

. >O .

Cal ﬁgine_on \< K

toggle_engine

[speed ==0]

" locks

locks_on/
en: locks_down

toggle_engine [ speed > 20]

Figure 31: An alarm controller for a car
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outputs flags according to whether the speed is zero, non-zero or greater than 10 or 20. The rest
of the model has been suitably transformed. The observer for this model states that there should
be no alarms when the engine is off and that the door locks should always be on when the speed

is greater than 20. Furthermore, the belt alarm should be on if the speed is greater than 10 and
thebelt status is off.

[speed_eq_O]{speed_eq_0=false;}

Speedometer w =) 1
road_tic
° - Ispeed_eq_0
time_tic { >O ['speed_eq_0] ['speed_gt_10]{speed_gt_10=true;}
speed_eq_0=true; :
speed_gt_10=false; [speed_gt_10}{speed_gt_20=true;}

speed_gt_20=false;}

ey ﬁngine_on ! [speed_eq_0] \ 2

toggle_engine [!speed_eq_0]

[ speed_eq_0]

l ['speed_eq_0]

running - belt | pelt && speed_gt_10] { belt_alarm } 1 \
. =0

engine_off
2

locks_on/
en: locks_down

[ speed_gt 20]

toggle_engine [speed_gt_20]

Observer {prop=((sgengine_on&&(('speed_gt_20)||(speed_gt_20&&slocks_on)) 3
&&((!srunning)||(srunning&&((belt)||(!belt&&speed_gt_10&&belt_alarm)))))
||(sengine_off&&('belt_alarm&&!locks_down)));}

Figure 32: Abstracted and corrected version of the alarm controller

Running LESAR on the original model results inBALSE property with the following coun-
terexample:

--- TRANSITION 1 ---
road_tic
--- TRANSITION 2 ---

toggle_engine and not time_tic and road_tic
--- TRANSITION 3 ---

not toggle engine and not time_tic and road_tic
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What the model-checker has spotted is that if the engine is switched on while the car is mov-
ing (not an impossibility by any means) then it is possible to reach a state where the speed
is greater than 20 and not be in thexks _on state. The solution is simple, split up the
default transitions in thengine _on andlocks states (for examplgspeed_eq_0] and
[lspeed_eq_0] ) so that the correct state is reached depending upon the initial conditions
when these states are entered. These additional default transitions are shown iBEigure
new model gives aRUEL ESAR property with the observer shown.

This model is perhaps not a realistic application but even with such a simple model the prop-
erties verified by ESAR are not intuitively obvious. It is also not very well-writtermr & EFLOW
since the use of conditions on default transitions is warned against imgt&E 8 ow documen-
tation. The point, however, is that given suitable observers and verification by model-checking,
even badly written SATEFLOW can be used with confidence.

8 Conclusions and further work

The success of IBULINK /STATEFLOW lies partly in the integration of heterogeneous model-

ing styles, namely, dataflow and automata based. In this paper, we have extended our previous
work on translating discrete-timaMULINK to LUSTREDY incorporating a large part off8TE-

FLow. Our method and tool, although still incomplete (we cannot handle arbitrary for-loops,
for instance), translates most of 8 EFLOW, including features which may be considered “un-
safe” (e.g., backtracking and dependence on graphical layout). This is important for reasons of
legacy. Still, realizing the importance of identifying a “safe” subset ofi&FLow and perhaps
developing standard guidelines which restrict engineers to this subset, we have also provided
a number of light-weight static checks which guarantee absence of most semantic problems of
STATEFLOW. In the case where a model fails these checks, the generatetRIE program can

be model-checked instead. Finally, the4dTRE program can be used for C code generation,
which is guaranteed to preserve the semantics.

We are currently working on extending the capabilities of the translator and experimenting
with more case studies. We are also studying ways to make the static checks less strict. Finally,
we are examining the limits of preserving the structure of ther8FLow model in the generated
LUSTRE program. This is useful, among other reasons, for debugging purposes, in particular,
when mapping the model-checker diagnostics back to the origimalesLow model.
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