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Abstract

We present a method of translating discrete-time Simulink models to Lustre pro-
grams. Our method consists of three steps: type inference, clock inference and hierar-
chical bottom-up translation. In the process, we formalise typing and timing mecha-
nisms of Simulink. The method has been implemented in a prototype tool called S2L.
The tool has been used to translate part of an industrial automotive controller provided
by Audi.!

1 Matlab, Simulink and Stateflow are Registered Trademarks of MathWorks, Inc. SCADE and
Simulink Gateway are Registered Trademarks of Esterel Technologies, SA.
This work has been supported in part by European IST projects “NEXT TTA” under project No
IST-2001-32111 and “RISE” under project No IST-2001-38117.
A shorter version of this report will appear in the proceedings of EMSOFTO03.
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1 Introduction

Model-based design has been established as an important paradigm in the development
of embedded systems today. The main principle of the paradigm is to use models all
along the development cycle, from design to implementation. Using models, rather
than, say, building prototypes, is essential for keeping the development costs man-
ageable. However, models alone are not enough. They need to be accompanied by
powerful reasoning tools: simulation, verification, synthesis, code generation, and so
on. Automation here is the key: high system complexity and short time-to-market
make model reasoning a hopeless task, unless it is largely automatised.

In previous work {] we have proposed a design approach in three layers (Simulink,
Lustre, TTA) and sketched how passing from one layer to another can be automatised.
In this paper, we focus on the first two layers, Simulink and Lustre. We describe in
detail a technique for translating discrete-time Simulink models into Lustre programs.
In the process, we formalise important parts of the semantics of Simulink, such as
typing and timing?

The motivation for using Simulink as a high-level design model comes from the
fact that this language has become a de-facto standard in many application domains,
such as automotive control. We assume that the designer uses Simulink blocks to
design a controller. The designer can benefit from Simulink’s simulator and graphical
capabilities to check the correctness of the controller and measure its performance, in
closed-loop with a plant, also modelled in Simulink.

As the first implementation step, we propose the translation of the Simulink model
into the synchronous language Lust# [There are a number of reasons motivating
this choice. Lustre has been conceived primarily as a programming language, in par-
ticular for critical applications, and has several features desirable in such applications,
such as formal semantics, strong typing and modularity. A number of formal validation
tools exist for Lustre, such as the model-checker Lesgr fhe tester Lurettelld], plus
a number of other tools for simulation, static-analysis and controller synthesis. Re-
garding implementation, a number of techniques and tools exist for generating C code
from Lustre programs. In particular, SCADE, the graphical version of Lustre commer-
cialised by Esterel Technologies, is endowed with a DO178B-level-A code generator
which allows it to be used in highest criticality applications. SCADE has been used
in important European avionic projects (Airbus A340-600, A380, Eurocopter) and is
also becoming a de-facto standard in this field.

Simulink, on the other hand, started purely as a simulation environment and lacks
many desirable features of programming languages. Simulink has a multitude of se-
mantics (depending on user-configurable options), informally and sometimes patrtially
documented. Although commercial code generators exist for Simulink (Real-time
workshop from Mathworks, TargetLink from dSpace) these present major restrictions.

2 It can be claimed that “Simulink has no semantics”. We take a different view, namely, that Simulink
has many semantics (depending on user-configurable options), they are not formal, but can be defined
as “what is given by the simulator” (e.g., what is observed in terms of inputs/outputs).
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For example, TargetLink does not generate code for blocks of the “Discrete” library
of Simulink, but only for blocks of the dSpace library, and currently handles mono-
periodic systems. Another issue not addressed by these tools is the preservation of
semantics. Indeed, the relation between the behaviours of the generated code and
those of the simulated model is unclear. Often, speed and memory optimisation is
given more attention than semantic consistency.

In the rest of the paper, we present our translation method. SeZtommtains
a more technical discussion of the main differences between Simulink and Lustre and
states the main goals and limitations of our translation. In Se8twa give a short de-
scription of Lustre. We assume that the reader is more or less familiar with Simulink
(seewww.mathworks.com Important Simulink features are discussed in the corre-
sponding sections of the paper. Sectidn® and6 present the translation method,
which consists of three steps: type inference, clock inference and hierarchical transla-
tion. The algorithms have been implemented in a prototype tool presented in Séction
The tool has been used to translate an industrial Simulink model, provided by Audi,
presented in Sectiod

Related work

[27] report on an approach to co-simulate discrete controllers modelled in the syn-
chronous language Signat][along with continuous plants modelled in Simulink.

[6] present tools for co-simulation of process dynamics, control task execution and
network communication in a distributed real-time control system] fise a model-
checker to verify a Simulink/Stateflow model from the automotive domain, however,
they translate their model manually to the input language of the model-checker.

A number of approaches are based in extending Simulink with libraries of prede-
fined blocks and then using Simulink as a front-end or simulator. The hybrid-system
model-checker CheckMate uses such an approagh/]. [13] extend Simulink with
the capability of expressing designs in the time-triggered language Gibktoarslate
hybrid automata into Simulink and use its advanced numerical integration algorithms
and user interface to perform simulation.

[10] report on translating Simulink to th8P1 model a model of concurrent pro-
cesses communicating with FIFO queues or registers. The focus seems to be the
preservation of value over-writing which can occur in multi-rate systems when a “slower”
node receives input from a “fast” one.

[11] report on MAGICA, a type-inference engine for Matlab. The focus is on
deriving information such as whether variables have real or imaginary values, array
sizes for non-scalars, and so on.

[21] gives a formal semantics to Stateflow models using communicating pushdown

automata. 6] presents the data model of Simulink and Stateflow as a UML class
diagram.


http://www.mathworks.com

2 The goals of the translation

Simulink and Lustre are models manipulatisignalsandsystems Signals are func-
tions of time. Systems take as input signals and produce as output other signals. In
Simulink, which has a graphical language, the signals are the “wires” connecting the
various blocks. In Lustre, the signals are the program variables, détied In
Simulink, the systems are the built-in blocks (e.g., adders, gains, transfer functions)
as well as composite blocks, callsdbsystemdn Lustre, the systems are the various
built-in operators as well as user-defined operators calbekks

In the sequel, we use the following terminology. We use the telmak for a
basic Simulink block (e.g., adder, gain, transfer function) and the seitvsystenfor
a composite Simulink block. We will use the tesystenfor the root subsystem. We
use the ternoperatorfor a basic Lustre operator and the temodefor a Lustre node.

| \ Simulink \ Lustre |
Signals “wires” flows
Systems adder, gain, unit delay, ..., subsystems, pre , when, current , ..., nodes

2.1 Differences of Simulink and Lustre

Both Simulink and Lustre are dataflow-like languag&@hey both allow the represen-
tation ofmulti-periodic sampled systemdowever, despite their similarities, they also
differ in many ways:

e Lustre has a discrete-time semantics, whereas Simulink has a continuous-time
semantics. It is important to note that even thRistrete library’ Simulink
blocks produce piecewise-constant continuous-time signals.

e Lustre has a unique, precise semantics. The semantics of Simulink depends on
the choice of a simulation method. For instance, some models are accepted if
one chooses variable-step integration solver and rejected with a fixed-step solver.

e Lustre is a strongly-typed language with explicit types for each flow. In Simulink,
explicit types are not mandatory, although they can be set (e.g., usitgthe
type converteblock, or an expression such siagle(1.2)or the constant.2 of

typesinglg.

e Lustre is modular in certain aspects, while Simulink is not, in the sense that a
Simulink model may contain implicit inputs (c3.2).

3 The foundations of data-flow models were laid by Kahf][ Various such models are studied

{l ] ]-
4Thus, in general, it is possible to feed the output of a continuous-time block into the input of a
discrete-time block and vice-versa.

in[
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e Hierarchy in Simulink is present both at the definition and at the execution lev-
els. In Lustre, the execution graph is hierarchical (nodes calling other nodes),
whereas the definition of nodes is not.

2.2 Translation goals and limitations

The ultimate objective of the translation is to automatise the implementation of em-
bedded controllers as much as possible. We envisage a tool chain where controllers
are designed in Simulink, translated to Lustre, and implemented on a given platform
using the Lustre C code generator and a C compiler for this platform.

We only translate the discrete-time part of a Simulink model. Concretely, this
means blocks of theDiscret€ library (such as “Unit-delay”, “Zero-order hold”, “Dis-
crete filter” and “Discrete transfer function”), generic mathematical operators such as
sum, gain, logical and relational operators, other useful operators such as switches,
and, finally, subsystems or triggered subsystems. Discrete-time Simulink encompasses
also blocks, like the “Read” and “Write” blocks, which exhibit side effects: their be-
haviour then depends on complex characteristics of the Simulink simulation algorithm
and look poorly deterministic. As their use can be considered quite unsafe, they are
not translated.

Of course, controllers can be modelled in continuous-time as well. This is typi-
cally done in control theory, so that analytic results for the closed-loop system can be
provided (e.g., regarding its stability). Analytical results can also be provided using
the sampled-data control theory.

In any case, the implemented controller must be discrete-time. How to obtain this
controller is a control problem which is clearly beyond the scope of this gaper.

Other goals and limitations of our translation are the following.

(1) We aim at a translation method that preserves the semantics of Simulink. This
means that the original Simulink model and the generated Lustre program should have
the same observable output behaviour, given same inputs, modulo precisely defined
conditions. Since Simulink semantics depends on the simulation method, we restrain
ourselves only to one method, namelgplver: fixed-step, discrétand “mode: auté.

We also assume that the Lustre program is run at the time period the Simulink model
was simulated. Thus, an outcome of the translation must be the period at which the
Lustre progranshall be run (see also Secti&.

(2) We do not translat&-functionsor Matlab functions Such functions are often
helpful. On the other hand, they can also create side-effects, which is something to be
avoided and contrary to the “functional programming” spirit of Lustre.

(3) As the Simulink models to be translated are in principle controllers embedded in
larger models containing both discrete and continuous parts, we assume that for every
input of the model to be translated (i.e., every input of the controller) the sampling time

5According to classical text-books][ there are two main ways of performing this task: either design
a continuous-time controller and sample it or sample the environment and design a sampled controller.



is explicitly specified. This also helps the user to see the boundaries of the discrete and
the continuous parts in the original model.

(4) In accordance with the first goal, we want the Lustre program produced by the
translator to type check if and only if the original Simulink model “type checks” (i.e.,
is not rejected by Simulink because of type errors). However, the behaviour of the type
checking mechanism of Simulink depends on the simulation method anBdwotgan
logic signal$ flag (BLS). Thus, apart from the simulation method which must be set
as mentioned in (1), we also assume that BLS is on. When set, BLS imposes that
inputs and outputs of logical blocks (and, or, not) be of tpelean Not only this is
good modelling and programming practice, it also makes type inference more precise
(see also Section) and simplifies the verification of the translated Simulink models
using Lustre-based model-checking tools. We also setdlgebraic loog detection
mechanism of Simulink to the strictest degree, which rejects models with such loops.
These loops correspond to cyclic data dependencies in the same instant in Lustre. The
Lustre compiler rejects such programs.

(5) For reasons of traceability, the translation must preserve the hierarchy of the
Simulink model as much as possible. Since Lustre has a textual language and nodes
are declared sequentially rather than nested one inside another, the way to preserve
hierarchy is by suitable naming.

(6) Current limitations of our tool are that it only handles scalar Simulink signals
and does not translateittual blocks such as Mux'.

It should also be noted that Simulink is a product evolving in time. This evolution
has an impact on the semantics of the tool. For instance, earlier versions of Simulink
had weaker type-checking rules. We have developed and tested our translation method
and tool with Simulink 4.1 (Matlab 6 release 12). All examples given in this report
refer to this version as well.

3 A short description of Lustre
A Lustre program essentially defines a set of equations:

rK = fl(ﬂfl, vy L, U, ,’U,m>

Ty = ful@1, ey Ty Uny ooy Upy)

wherex; areinternal or outputvariables, and:; areinput variables. The variables in
Lustre are also callefiows A flow is a partial functiont : N — V., whereN is the
set of natural numbers and is the domain ofc. N modelslogical timg counted in
instantsi =0,1,2, ....

The functionsf; are made up of usual arithmetic operations, control-flow operators
(e.g.,if then else ), plus a few more operators, namefye , ->, when and
current
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pre is used to givanemory(statg to a program. More preciselgre (z) defines
a flow y, such that the value af at instant; is equal to the value of at instanti — 1
(ati = 0, the value ofy is undefined).

-> initialises a flow. Ifz = z-> y, then the value ot is equal to the value of
for i = 0 and equal to the value gffor i > 1. The operator> is typically used to
initialise a flow obtained usingre . For example, a counter is defined by the equation
x =0->(pre (z)+1).

when is used tesamplea flow: x when b, wherez is a flow and is a boolean flow
defined at the same instantsigsdefines a flowy which is defined only at instants
whereb(i) = t (wheret is the boolean value “true” arfds the boolean value “false”).
For these instantg(i) = ().

current  is used to extend the instants where a sampled flaw defined. If
y = x when b andz = current (y) thenz is defined at all instants whereis
defined. At all instants wherey is defined,z(i) = y(i). At instants wherey is
undefined; keeps its previous value.

Structure is given to a Lustre program by declaring and calling Lustre nodes, in
much the same way as, say, C functions are declared and called. Here is an example:

node A(b: bool; i. int; x: real) returns (y: real);
var . int; z: real;

let j = if b then O else i

z = B(j, x);

y = if b then pre(z) else C(2);
tel.

A is a node taking as inputs a boolean flavan integer flowi and a real flowr and
returning a real flowy. A uses internal flowg and > (with usual scope rules). The
body of A is declared between thet andtel keywords.A calls nodeB to compute
z and node”' to computey (conditionally). Nodes3 andC are declared elsewhere.

4 Type inference

A prior step to translation per se is type inference. In this section, we explain the need
for this step and how it is performed. Notice that the type rules for Simulink that are
stated here are with respect to the simulation method and flag options mentioned in
Section2.

4.1 Typesin Lustre

Lustre is a strongly typed language, meaning that every variable has a declared type
and operations have precise type signatures. For instance, we cannot add an integer
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Constant : «a,a € SimNum
Adder : ax---xa— a,a € SimNum
Gain : a— a,a€ SimNum
Relation : « x a — booleana € SimNum
Switch : ax (xa— a,a,( € SimNum
Logical Operator : booleanx --- x boolean— boolean
Discrete Transfer Function: double— double
Zero-Order Hold, UnitDelay : a — a,a € SimT
Data Type Converter : § — «,a,3 € SimT

InPort, OutPort : o — a,a € SimT

Table 1: Types of some Simulink blocks.

with a boolean or even an integer with a rédEach flow has a type. Basic types in
Lustre arebool, int andreal.

4.2 Types in Simulink

In Simulink, types need not be explicitly declared. However, Simulink does have
typing rules: some models are rejected because of type errors. The objective of the
type inference step is to find the type of each Simulink signal, which will then be used
as the type of the corresponding Lustre flow.

Basic “data type%in Simulink are: boolean double single int8, uint8, intl6,
uintl6 int32, uint32 Informally, the type system of Simulink can be described as
follows. By default, all signals ardouble except when: (1) the user explicitly sets
the type of a signal to another type (e.g., bipata Type Converteblock or by an
expression such angle(23.4); or (2) a signal is used in an operation which demands
another type (e.g., all inputs and outputd.ofjical Operatorblocks areboolean A
type error occurs when incompatible types are used in an operation (e.g., trying to add
abooleanor trying to input an explicitly defineoht8 into aDiscrete Transfer Function
block).

We can formalise the above type system as follows. First, denaté/h§’ the set
of all Simulink types and lesim Num = SimT — {boolear}. Then, the type system
of Simulink can be seen as a standard type system withctgssegSimT", SimNum,
{boolearn}). Every Simulink block has a (polymorphic) type, given in Table

6 Predefinedtastingoperators such dst2real can be used in the latter case.
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error

//

single -+ uint32

e

double

\
L

boolean

~

Figure 1: The type lattice

Simulink equation Type equations

y = Adder(xy, ..., xg) y! =al = ... =2} = sup(double,y’,x1, ..., x})
y = Constany y! = if yT < a thena elseerror

y = Data Type Convertefz) |y = if y© < a thena elseerror

y = Unit Delay(z) xl =97

y = Zero-Order Holdz) ol =47

y = Transfer Functiof) y! = 2T =if yT < doublethendoubleelseerror
y = Relation(z, z») 2T = 2l = sup(double, zT, 21, 4T = boolean

y = Logical(zy, ..., xx) yI' =2t = ... =2l = boolean

y = Switchz 1, 9, 73) 2l = ot =y = sup(aT, 21, y7)

Table 2: Type inference equations.

4.3 Type inference

The type inference algorithm is a standard fix-point computation on the lattice shown
in Figurel. 1 is the undefined type angror means type error (model rejected).
The fix-point is computed on a set of equations derived according to Pabifethe
table,z, z», ..., y are variables of the Simulink model and, 21, ...,y are their cor-
responding types (which must be inferred by the fix-point computation). For each
Simulink equation, the table gives the corresponding type equations. The<oatef

the sup operator are for the lattice of Figude For exampledouble < single and
sup(double, boolean) = error. In the “Switch” block,z, is the input deciding (based

on a threshold) whether the outpuwill be set tox; or x3. Thus, the type ot does

not influence the types af;, 23, .

The right-hand sides of equations in Tallelefine a monotonic function in the
type lattice. However, we can notice that the equations are not always oriented from
inputs to outputs. Thus, it can be the case that several equations apply to the same
variable, one when the variable acts as an output and some other ones when it acts as
an input. This is not a conventional fix-point system of equations. However we can
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easily turn it to a conventional one; if several equations apply to the same variable:

IT:€1

2 = e,

these equations are replaced by the single one:

' =sup(er,...,en)
Thus a least fix-point exists. Computing it takeén?) time, wheren is the number
of signals in the model. Indeed, there can be at mosuations (one for each basic
block, each block having at least one output signal).ofariables. The fix-point
is reached inD(n) iterations. In each iteration, at mostequations are examined.
Examining each equation takégn) time.

Once the inference of Simulink types is performed, these types are mapped to
Lustre types as followsbooleanis mapped tdool, int8, uint8, intl6, uintl6 int32
anduint32 are mapped tint; singleanddoubleare mapped toeal; L is mapped to
real. The latter case is consistent with the fact that the default type in Simulink is
double Note that the type of some signals may indeed remain undefingedn(il the
end. For example, this is the case of a system consisting of a single “unit-delay” block.

5 Clock inference

5.1 Time in Lustre

As mentioned in Sectiof, Lustre time is logical and is counted in discrete instants.
Logical time means there is no a-priori notion of instant duration or time elapsing
between two instants. Associated with each Lustre flawa boolean flow,,, called
theclockof =, and specifying the instants whens defined:x is defined at instant

iff b,(i) = t. For example, ifc is defined at = 0,2,4, ... thenb, =tftf ---.

Input variables are by definition defined at every instant: their clock is called the
basicclock, represented by the boolean flemwe = t t ---. “Slower” clocks are
obtained from the basic clock using thwaen operator. For example, ifi is an input
then the flowr defined only at even instants can be generated by the following Lustre
code:

cll 2 = true -> not pre(cll_2) ;
X = in when cl1_2 ;

Clocks can be seen as extra typing information. The compiler ensures that the Lus-
tre program satisfies a set of constraints on clocks, otherwise the program is rejected.
For example, in the expressiant- y,  andy must have the same clock, which is also
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expressiore clock (e) constraints
input x basic
Tty clock () clock (z)=clock (y)
pre (x) clock (z)
x when b b clock (z) = clock (b), bboolean
current (x) | clock (clock (x))

Table 3: Clock calculus of Lustre.

the clock of the resulting flow. The set of these constraints and how to calculate clocks
is calledclock calculus A simplified version of this calculus is shown in Talde

It is worth mentioning that the Lustre compiler checks clock correctnessym-a
tactic, not semanticnanner. Indeed, finding whether two boolean flows are seman-
tically equivalent is an undecidable problem. Therefore, in an expression such as
(x when b) + (y when '), b andb’ must be identical for the expression to clock-
check.

5.2 Time in Simulink

Discrete-time Simulink signals are in fact piecewise-constant continuous-time signals.

These signals can have associated timing information, caflachfle tim&éand con-

sisting of aperiod and an initialphase Sample times may be set in blocks such as

input ports, unit-delay, zero-order hold or discrete transfer functions. The sample time

of a signal is derived from the block producing the signal and specifies when the signal

is updated. A signat with period7 and initial phasé is updated only at timesr + 6,

fork =0,1,2,..., thatis, it remains constant during the intenjals+0, (k+1)7+6).

Sample times also serve as an extra type system in Simulink: some models are rejected

because of timing errors. An interesting example is shown in Figuréhe sample

times of inputs “In1” and “In2” are set to 2 and 3, respectivelhis model is rejected

by Simulink. However, if the “Gain” block (a simple multiplication by 1) is removed,

then the model is accepted! The explanation is given at the end of this s&ction.
Another timing mechanism of Simulink is by means ¢rfiggers’. Only subsys-

tems (not basic blocks) can be triggered. A subsystecan be triggered by a signal

x (of any type) in three ways, namely;ising, falling” or “either’, which specify the

time the trigger occurs depending on the direction with whiclerosses” zero. The

sample time of blocks inside a triggered subsystem cannot be set by the user: it is

“inherited’ from the sample timé&" of the triggering signal. The sample times of the

input signals must be all equal i@ The sample time of all outputs 8. Thus, in the

’Unless otherwise mentioned, we assume that all phases are 0.

8Despite some Reviewers’ remarks, the same anomaly persists when using Matlab Version
6.5.0.180913a Release 13 and Simulink version 5.0.1 (R13) dated 19-Sep-2002. But it only happens
when setting simulation parameters to “fixed step”, “auto”.
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Figure 2: A Simulink model producing a strange error.

x1

x2

Figure 3: A triggered subsystem.

example shown in Figurg, the sample times of, z1, z, andy are all equal.

Timing in Simulink is not as modular as in Lustre, in the following sense. Lustre
nodes do not have their own time: they are only activated at instants where their inputs
are active. Consequently, a nodkecalled by a noded cannot be active at instants
when A is not active. This is true for triggered subsystems in Simulink as well. How-
ever, Simulink allows a block inside a (non-triggered) subsystem to have any sample
time, possibly smaller than the parent subsystem. Thus, the block can be active while
its parent system is inactive. This can be considered a useful mechanism which allows
so-called “oversampling”. However, when used in conjunction with the “enabling”
mechanism, it can give birth to real monsters whose behaviour is hardly understand-
able. The basic reason is that an extra, implicit input: the “absolute simulation time”
— appears to flow through every block (but the triggered ones), even when this block
is not enabled. We consider this a non-modular feature of Simélink.

Another difference lies in how changes of timing are performed in the two lan-
guages. In Lustre, this can only be done usingwwhen andcurrent  operators. In
Simulink, the sample time of a signal can be changed using the “unit-delay” block or
the “zero-order hold” block. In order to do this, however, the following rules must be

9 Still, we are able to translate such models in Lustre, by calling the parent node with the “faster”
clock (on which the child block will run) and passing as parameter the “slower” clock as well.
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obeyed:°

1. “When transitioning from a slow to fast rate, a Unit Delay running at the slow
rate must be inserted between the two blocks. When transitioning from a fast to a
slow rate, a Zero Order Hold running at the slow rate must be inserted between
the two blocks”

2. “lllegal rate transition found involving Unit Delay block ... When using this
block to transition rates, the input must be connected to the slow sample time
and the output must be connected to the fast sample time. The Unit Delay must
have a sample time equal to the slow sample time and the slow sample time must
be a multiple of the fast sample time. Also, the sample times of all destination
blocks must be the same value.”

3. “lllegal rate transition found involving Zero Order Hold block ... When using
this block to transition rates, the input must be connected to the fast sample time
and the output must be connected to the slow sample time. The Zero Order Hold
must have a sample time equal to slow sample time and the slow sample time
must be a multiple of the fast sample time. Also, the sample times of all source
blocks must be the same valdé”

The second rule explains why the model of Fig@rs rejected when the “Gain”
block is present and accepted otherwise. Indeed, after computing the sample times
according to the method described in the following section, we find that the output of
“Unit Delay 2" has sample time 3. This output is “fed” to the “Gain” block, which
also has sample time 3, and to the left-most “Adder” block, which has sample time 1
(the GCD of 2 and 3). This violates the second rule above.

5.3 Clock inference

The objective of clock inference is to compute the period and phase of each Simulink
signal and use this information (1) when creating the corresponding Lustre flows and
(2) for defining the period at which the Lustre program must be run.

The clock inference algorithm is based on a fix-point computation on a lattice rep-
resenting the sample times. The lattice is defined t8 Be= (Q x Q) U{.L}, whereQ
is the set of non-negative rational numbers (of finite precision). A(paft) represents
the sample time with period and initial phasé. | represents the undefined sample
time. The order in this lattice is defined as follows:

(71'1,91) S (71'2,92> = El/i.ﬂ'l = KTy N\ (91 = 92 V ((92 =0A EI)\91 = )\71'2)) (1)

10 These rules are quoted from error messages produced by the Simulink tool.

11 The third rule may seem strange since it implies that a zero-order hold block can have more than
one inputs. In fact, this happens when the input to this block comes from a “Mux” block, thus, encoding
a vector of signals.
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Simulink equation Sample time equations

y = Adder(zy, ..., xx) y© = sup(2¢, ..., %)

(y1,...,y) = Triggered s, x1, ..., x3) | s =y = =9y =af = ... = af
y = DTLy(x) y© = if st = —1thenz® elsest

Table 4. Clock inference equations.

The formula is slightly complicated because of the phases. If both phases are zero, then
the order reduces to, being a multiple ofr, (x and\ are integers). Naturally, we also
setl < (m,0), forall (m,0) € ST. For example(8,2) < (4,2) < (2,0) < (1,0), but

(4,1) and(2,0) are incomparable.

The order< formalises the term “multiple” in the three Simulink rules quoted in
Section5.2 Thus, sample time; is a “multiple” of sample times; meanss; < s,.

Thesup operator in this lattice corresponds essentially @®GD (greatest common
divisor) operation, complicated by the presence of phases. The precise definition is
given in the lemma below.

Let (m;,0;) € ST, fori = 1,2. Then(w,0) = sup((my,0:), (72, 6,)) exists and is
equal to:

. ng(?Tl,’]Tg), if 91 :92 0 — 91, if 91 :92
| ged(my, ma,01,0), otherwise 1 0, otherwise
For example,
sup((2,0),(3,0)) = (1,0) sup((12,3),(6,3)) = (6,3)
sup((12,6), (12,0)) = (6,0)  sup((12,3), (12,4)) = (1,0)

The fix-point is computed on a set of equations derived according to faldle
the tabler,, z, ... are variables of the Simulink model anél, 2§, ... are their corre-
sponding sample-times. The equation farijgered refers to the out-most triggered
subsystem: we do not need to infer sample times inside a triggered subsystem, since
they are all of type “inherited”. The equation foDTL” refers to blocks of the “Dis-
crete” library. The user can set the sample time of such blocks, desiethe table.
The default value oft is —1, meaning the sample time is “inherited” from the input.

Monotonicity ensures existence of a least fix-point. Althoufjh is an infinite
lattice, the fix-point computation terminates. This is because there is a finite number
of sample times in a given model. If the smallest fractional part among these sample
times is107* then it can be shown that the sample titi6~*, 0) is above all others
according to the ordex defined above, thus acts as a “top” element for the given
model.

Once the sample times are calculated, a number of rules need to be verified. First,
we must verify a strange restriction of Simulink, which forbids sample ti(ne8)



16 6 TRANSLATION

with § > x. If such a sample time is produced during the inference procedure,
Simulink seems to apply the following procedure: (1yifnod 7 = 0 (wheremod

is the modulo operator) then chan@eo ¢ mod 7 (note that this preserves the
order); (2) otherwise, reject the model.

Then, the three Simulink rules given in Secti®2 are checked. This can be done
following the structure of the model. For example, in a bldckwith input z and
outputy, if z¢ < 4 (i.e.,z is “slower” thany), we must verify that: is the output of
a unit-delay block, according to the first rule. In the opposite case, witere 2, F
must be a zero-order hold block, according to the same rule.

6 Translation

The type and clock inference steps are independent and can be performed in any or-
der. Once this is done, the translation itself is performed, in a hierarchical manner.
The Simulink model is organised as a tree, where the children of a subsystem (or
system) are the subsystems (or blocks) directly appearing in it. The translation is per-
formed following this hierarchy in a bottom-up fashion (i.e., starting from the basic
blocks). Since the Lustre node declarations are not hierarchical, in order to preserve
the Simulink hierarchy, we name each Lustre node with the corresponding path of
names in the Simulink tree. For example, if a subsysteoontained in a subsystem

A will be translated to a Lustre node called&meofA_B’ where “NameofA” is the

name of the Lustre node fot.

Simple Simulink blocks (e.g., adders, multipliers, thieansfer function) are trans-
lated into basic Lustre operators. For example, an adder is simply translatedantb
Z is translated to the Lustre expressionit ->pre x where init is the ini-
tial value specified in the dialog box of the unit delay.

More complex Simulink blocks (e.g., discrete filters) are translated into Lustre
nodes. For example, the discrete transfer func{g’ﬁ@i—l Is translated into the Lustre
node??
node Transfer_Function_3(E: real) returns(S: real);

var Em_1, Em_2, Sm_1, Sm_2: real;
let S = 1.0*Em_1+2.0*Em_2-3.0*Sm_1-1.0*Sm_2 ;

Em_1 = 0.0 -> pre(E) ;
Em 2 = 0.0 -> pre(Em_1) ;
Sm_1 = 0.0 -> pre(S) ;
Sm_ 2 = 0.0 -> pre(Sm_1) ;

tel.

A Simulink subsystem is translated into a Lustre node, possibly containing calls to
other nodes. The Lustre node has the same inputs and outputs as the Simulink sub-
system, plus, sometimes, the clock of some of its inputs (this is done for modularity).

12This translation comes very directly from the translation of thexpression, by usual algebraic
manipulations.



17

Ts

Zero_Order
Hold

Figure 4. A Zero-Order-Hold block modifying the period of its input.

Here is an example of such a translation. Consider the Simulink model shown in Fig-
ure 5, with subsystems! and B. The Lustre code generated for this example is as
shown below:

node A(A_inl, A in2, A_in3 : real) returns (A _outl, A out2 : real);
let A_outl = B(A_inl , A_in2);

A out2 = ..
tel.

node B(B_inl, B in2 : real) returns (B_out : real);

An example where it is necessary to pass clock information as input to the Lustre node
is given in Sectior8.

Simulink signals are mapped into Lustre flows. When a block changes the sample
time of a signal, the appropriatehen andcurrent  operations need to be applied.
This must also be done for triggered subsystems, as well as in cases where a subsystem
receives input signals with different sample times.

For example, consider the Simulink model of Figdrand assume that the sample
time of inputz is 1 and the sample time set to the zero-order hold block is 2. Then, the
sample time of the outputis also 2 and the generated Lustre code is as follows:

cll 2 = true -> not pre(cll_2) ;
y = x when cll_2 ;

As another example, consider the triggered subsystem of FRjufessume that
s andy are of typedoubleand that the Lustre node corresponding to the triggered
subsystem is called. Then, the generated Lustre code for calling this subsystem is
as follows:

s_rise = false -> (s>0 and not pre(s>0)) ;
yl A(x1 when s rise, x2 when s_rise) ;
y if s_rise then current(yl) else (0.0 -> pre(y)) ;

The boolean flovs rise is true wheneves crosse$) (“rising edge” trigger) and
serves as the basic clock fdr. Since the outpuyl of this node also has the same
clock, it has to be transformed to a flgnwhaving the same clock (i.e., sample time) as
x1 andx2. Obtainingy from y1l from y1l is slightly more complicated than simply
writing y = current  (y;) because this would leayeundefined until the first time
rises. The definition shown above solves this problem by initialigitag0.
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B.Int

A_Inl B_out —p( 1)
B_In2 A_Outl
A_In2

A_In3 A_Out2

Figure 5: Simulink systeml with subsystens.

XML data trandation constraints code
Simulink model mdlParser ! generation | | ustre File
mdl /_\ repre%ntan on : type inference
: xml clock inference lus

ToL ustre package

Figure 6: S2L architecture.

7 Implementation: the tool S2L

We implemented the algorithms described above in a prototype tool, called S2L. The
tool is written in Java. It takes as input a Simulink model (*.mdl” file) and produces a
Lustre program (*“.lus” file) or an error message in case the input model contains type
or timing errors. S2L uses an intermediate representation of the Simulink model, in
XML. This is done to facilitate evolution of the tool as the syntax of the “.mdl” file
changes.

All the above are implemented by a tool nans&li— Simulink to Lustre, in Ver-
imag. This tool uses the algorithms described throughout the this paper to generate
a faithful translation of a simulink modek2| provides a layered approach using the
X M L technology as intermediate level of data. The tool s architecture is depicted in
the Figures6.

8 Case study: Audi’'s warning processing system
In this section we describe the translation of a Simulink model provided by the auto-

motive constructor Audi. The model defines a warning processing system and is part
of a larger controller used by Audi in production vehicles. The controller is itself part
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<warning_1>

<warning_2>

<no_warning>

<warning_1_amp:

<warning_2_amp:

cancel_warning

Figure 7: Cancel Warning subsystem.

of a larger steer-by-wire application. The model has been given to Verimag in the
context of the European IST project “NEXT TTA".

Due to intellectual property restrictions, we only present parts of the entire model
here. The entire model has a hierarchy depth of 6 layers (including the top-level sys-
tem). It contains 20 subsystems and a total of 113 components (subsystems and basic
Simulink blocks).

The objective of the system is to recognize if a car is moving towards its physical
limits and to generate a warning to the driver. However, at several cases it is not
necessary to generate this warning, because the car is not in a dangerous situation.
This is decided by the main subsystem, cattadcelwarningand shown in Figuré.

Thecancelwarningsubsystem has ten inputs and five outputs. Inpaising 1.in
andwarning 2_in are generated on the same Control Unit and are sampled with a rate
of 20 ms. Each warning is a boolean, representing an a-priori need to issue a warn-
ing. The input signalsvarning 1 ampin andwarning 2_ampin are the amplitudes
of the warnings. They are 8 bit signals sampled with a rate of 20 ms. The rest of
the input signalsgignal 1, signal 2, ...) are used to compute the warning permission
no.warningand they have a sampling rate of 4ms. The outputs of the main subsystem
are the warning signals and their amplitudes (with the sampling rate of 20ms) as long
as the warning permission (with the sampling rate of 4ms).

The cancelwarningsubsystem is itself composed of a number of subsystems and
basic blocks, as shown in Figuge The subsystemo_warning conditionsis supposed
to check a number of conditions which cancel the warning. Depending on the this
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Figure 8: Cancel Warning subsystem contents.

output, the subsystemliminatewarning filters the warning. The subsystewarn-
ing_filter blocks one of the warning signals if the other one is already active. The
subsystenmwarning duration ensures that a warning which has been issued will be
sustained long enough in order to be perceived by the user.

Translating the entire Simulink model to Lustre using the S2L tool takes less than
a second. The resulting Lustre program is 718 lines long. A small part of the program
is shown in Figur®. It contains the signature of the Lustre node corresponding to the
subsystentancelwarning This node is not the main node of the Lustre program, but
is called from the main node. The assumption is that the Lustre program will be run
periodically every 4 ms, which corresponds to a basic clock of the same period. For
the inputs sampled at 20 ms, a slower clock is defined (in the main node): the boolean
flow cll 5, equaltot f f fftff --.. This clock is passed as an input to node
cancel _warning . Notice that inputs and outputs having a clock different than the
basic clock of the node declare this information explicitly in their type.

9 Conclusions

We have presented a method for translating a discrete-time subset of Simulink models
into Lustre programs. The translation is done in three steps: type and clock inference,
followed by a hierarchical bottom-up translation. We have implemented the method in
a tool called S2L and applied it to a controller used in Audi cars. The interest of our
tool is that it opens the way to the use of formal and certified verification and imple-
mentation tools attached to the Lustre tool chain. Also, in the process of translation,
we formalised (for the first time, to our knowledge) the typing and timing mechanisms
of Simulink.
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node cancel_warning( cll_5:bool;
warning_1_in:bool when cll1_5;
warning_2_in:bool when cl1_5;
warning_1_amp_in:real when cll1_5;
warning_2_amp_in:real when cl1_5;
signal_1:real;
signal_2_n:bool;
signal_3:bool;
signal_4:real,
signal_5:real;
signal_6:real )
returns ( warning_1 out:bool when cll_5;
warning_2_out:bool when cl1_5;
no_warning:bool,
warning_1_amp_out:real when cl1_5;
warning_2_amp_out:real when cl1_5 );

Figure 9: Cancel Warning signature in Lustre program.

Perhaps the most significant drawback of our approach is its dependency on syn-
tax and semantics of Simulink models. New versions of Simulink appear as often
as every six months and sometimes major changes are made with respect to previ-
ous versions. This situation seems difficult to avoid given the relative “monopoly” of
Simulink/Stateflow in the control design landscape. Another weakness of our tool is
its incompleteness: several unsafe constructs of Simulink are not translated. Yet this
can be seen as the price to pay for having a sound translation.

We are currently enhancing the capabilities of S2L. Features such as “masked”
subsystems are already handled. We are now studying the translation of some “virtual”
blocks such as “Mux”. We are also currently studying the translation of Stateflow.
Stateflow presents a number of semantic problems, such as behaviour depending on
how the model is graphically drawn, or non-termination of a simulation step. Our first
goal is to identify a subset of Stateflow avoiding these problems.
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