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Abstract. In this paper, we study the introduction of control into thaspard2 applica-
tion UML metamodel by using the principles of synchronowsctive systems. This allows
to take the change of running mode into account in the casataefghrallel applications,
and to study more general ways of mixing control and datalleh@ocessing. Our study
is applied to a particular context using two different mageixclusively dedicated to the
process of computation or control. The computation pantesgnts the Gaspard2 appli-
cation metamodels based on the Array-OL language whicht&nhafsed to specify the
data dependencies and the potential parallelism in intersgplications treating multidi-
mensional data. The control part is represented by an attonsructure based on the
mode-automata concept which makes it possible to cleagiytify the different modes of
a task and the switching conditions between modes.

The proposed UML metamodel makes it possible to describeahiol automata, the dif-
ferent running modes and the link between control and coatjuut parts. It also allows to
clearly separate the control and data parts, and to redpecbncurrency, the parallelism,
the determinism and the compositionality of the Gaspard@ets

1 Introduction and Motivation

Computation intensive multidimensional data applicatiare more and more present in several
application domains such as image and video processingtecti® systems (radar, sonar,
...). The main characteristics of these applications istley operate in real time conditions
and are generally complex and critical. They are also miutighsional since they manipulate
multidimensional data structured into arrays.

To study intensive signal processing applications, somgocaation models have been pro-
posed to model and implement these systems. Among thesdspedecan find MDSDF (Mul-
tidimensional Synchronous Dataflow) [10] and Array-OL (@yrOriented Language) [11].

In our study, we are interested in modeling parallel apfiliees using theArray-OL model
and one of its development environmer@aspard2. This model allows to easily program
intensive signal processing applications. It is used tcifpehe data parallelismand the
data dependencigsetween tasks. The Gaspard2 environment is a model drivetieyon-
chip co-design environment. The designs are based on a Mogenent model in which, from
two UML? models describing the application and the hardware awthite, the application is
mapped to the hardware architecture in an association mdtel association model is then
projected onto lower level descriptions such as simulatiosynthesis models.

IThttp://www.1lifl.fr/west/gaspard
2http://wuw.uml.org



Signal processing applications modeled in Array-OL candiesidered as purely data flow
based and only represent an intensive data processinguviing reaction or control concepts.
The goal of our work is to introduce, in the Gaspard2 applicetnetamodel, the control con-
cepts and the possibility to change running modes accotdirige execution context of the
studied applications.

The introduction of control into data parallel applicatsorequires the definition of a clear
model and a rigorous semantics allowing to take variousgygfeapplications into account,
mixing control and data parallel processing. This conceggareactivebehavior to the studied
parallel applications. In this case, the systems are not dekcribable by transformational
relations, specifying outputs from inputs, but also by tietas between outputs and inputs via
their possible combinations in time. Consequently, the lwoation of descriptions including
complex sequences of events, actions, conditions anchirafiion flow allows to synthesize the
global behavior of aeactive systerfl].

The complexity of reactive systems comes from the compleradteristics of the reac-
tions to the different occurrences of discrete events [RjsTtomplexity can make it difficult
to model the behavior of such systems and exposes them ts.elrdbecomes necessary to
introduce rigorous design methods and formalisms to spéud behavior of these critical sys-
tems. Among these formalisms, thgnchronous approaatepresents a significant contribution
to this field [3]. It is based on theynchrony hypothesighich considers the execution of a
reactive system as an infinite succession of instantaneagtons.

In this paper, we use the concept of synchronous reactitersgsto introduce the control
parts in the Gaspard2 application metamodel. The basicigegepired by the principles of
mode-automatg4] used in the case of synchronous reactive systems tolgleapress the
different running modes of an application and the condgiofhswitching between modes.

The metamodel that we propose must, on the one hand, clepdyate control and data flow
parts [12], and on the other hand, respect concurrencylleiése, determinism and composi-
tionality. In this model, the computation part represergsteof parallel tasks (signal processing,
image processing, ...) while the control part represergssthitching conditions between the
different running modes of the tasks according to contrtles. These values can be provided
by the environment (pressing a button, temperature changgsor by the computation part
(result of a preceding computation, dependency betweés,tas ).

In the following sections, and after a brief presentatiothef used concepts, we study the
possibility to take into account the different changes ofdmin a parallel application meta-
model. This concept requires a good definition of the degfeganularity of applications or
the clock signal for which the control values can be takea adcount. Our work is based on
the Gaspard2 application metamodel [17] and proposes s@olfior the modeling of control
automata, running modes and the link between the two in the aba synchronous approach.

In the literature, few works have been proposed to introdiheecontrol into a parallel
computation field. For instance, in 1998, Smarandacheesuaplication co-design using the
Signal relational language and the Alpha functional lamgguid 4]. This approach uses the C
language as a support of communication between the twosl@fepecification and does not
define any specification model allowing the modeling of gatapplications with the control
concepts. Another example can be found in Ptolemy [13] whitiposes a multidimensional
computation model (MDSDF) and an automata model (FSM). kewedhe combination of
these two concepts has never been studied.



2 Context

In this section, we give a brief definition of the conceptsduiseour study. The context of this
study can be classified into two main parts. The first partiégee to intensive signal processing
applications and presents the Array-OL language and itp&e2 environment in particular.
The second part is about synchronous reactive systems amtidde-automata concept. For
both parts, we also study the existing UML devices and catsoshich can be used to model
these kind of applications.

2.1 Intensive Signal Processing

Array-OL. Array-OL (Array Oriented Language) is a specification laage allowing to ex-
press parallel applications by the way of data dependenthds language has mainly been
introduced to model intensive signal processing appbeeti It is based on a multidimensional
model and makes it possible to express the whole potentiallpism of these applications
(data or task parallelism).

In the Array-OL model, the different tasks are connectedacheother using data depen-
dencies. The expression of these dependencies initiddiywsito define a minimal partial order
on the execution of these tasks. The compiler can then caenbiis partial order in an efficient
parallel execution. When a data dependency is expressegdetwo tasks, it means that one
of these two tasks needs whole or part of the data producedkbgther task to be able to per-
form its computations. The compilation of Array-OL modebsHargely been studied by Soula,
Dumont et al. [15, 16].

The Array-OL models can have hierarchical compositionsawesal description levels. In a
hierarchical model, the data dependencies are mainly appative until the lowest level where
these dependencies are completely expressed. The diescoptan application in Array-OL
uses two models. Thglobal model defines the sequence of the different parts of the applica-
tion, in other words, the task parallelism, and tbeal mode] specifies the elementary actions
performed on the table elements and the existing data phsatl of the different tasks.

Theglobal modelis a simple directed acyclic graph where each node represaask and
each edge represents a multidimensional array. The nunfilieeaming or outgoing arrays is
not limited. These multidimensional arrays may have oneitgfidimension that is generally
used to represent time.

At the execution time of each task, the incoming arrays ansgmed and the output arrays
are produced. The number of produced or consumed arraysu@ &g the number of inputs
or outputs edges for each task. The graph relating to theaglolodel thus represents a task
graph and not a data flow graph. There is not implicit repetithf the task graph as in stream
languages. The streams are explicit in the arrays (by theit@fdimension for example). The
model is thus strictly single assignment at the array eldhesel.

Using only the global model of the application, it is possibtd schedule the execution
of the different tasks. However, it is impossible to exprémsdata parallelism present in our
application. For this reason, the introduction of the lavaldel becomes necessary.

Thelocal model allows to express the data parallelism expressed by datdlglanepeti-
tions. In this model is a repetition constructor, where easgetition of the embedded task is
independent. That repeated task is applied to a subset @l¢hgents of each input array to
produce data elements stored in each output array.

The size and the shape of the element set associated to giisaira same from a repetition
to another. In the local model, each element set is calleatiern and in order to express hi-



erarchical constructions, the patterns are themselvesdiménsional arrays. The construction
of the different patterns requires a set of information:

O: the origin of the reference pattern

D: the shape of the pattern (size of all the dimensions)

P: a “paving” matrix allowing to describe how the patterns eothe array

F: a “fitting” matrix describing how to fill the pattern with theray elements
M: the shape of the array (size of all the dimensions)

[l First repetition [l Second repetition

D=[3,2] X D=[2,3] x D=[3] x
F=[[1,01,[0,1]] F=[[1,01,[1,1]] F=[1]
P=[[3,0],[0,2]] P=[2,0] P=[[3,01,[0,11]
0=[0,0] 0=[0,0] 0=[2,0]

Fig. 1. Paving examples

The paving matrix P, is composed of a set of paving vectors used to identify tlgror
of each array pattern, one for each repetition, as shown bydid. These pattern origins are
defined by the sefvi € RepetitionSpacéO+ P x i) mod M}.

The fitting matrix is represented by a set of vectors where each vector is assddb a
pattern dimension. The fitting vectors are used to identigy array elements of each pattern
starting from the origin point as shown by figure 2. The pat&lements are defined by the set
{Vj,0<j<D,(O+Pxi+Fxj) modM}.

The modM part of the above formula ensures that all the data eleméntpattern corre-
spond to array elements. The modulo allows to handle casbsastoroidal physical spaces or
the cyclic frequency dimensions obtained after an FFT or &DC

Gaspard?2 Environment. Gaspard2is an under development model driven Integrated Devel-
opment Environment for SoC (System on Chip) visual co-miodelt extends the Array-OL
language and allows modeling, simulation, testing and geaeration of SoC applications and
hardware architectures.

The Gaspard2 environment is mainly dedicated to the spatdit of signal processing ap-
plications. It is based onmodel orientednethodology according to a Y design flow (figure 3).

Shttp://www.1ifl. fr/west/gaspard/



. Reference element

D=[3,2]
F=[10,21,[3,01]

Fig. 2. Fitting examples

In this approach, the concepts and semantics of each desighdre represented indepen-
dently of the execution or simulation platforms.

The starting point in Gaspard2 consists in modeling theiepjibn, the architecture and
the association by using a Gaspard2 UML2.0 profile [17]. €Ehe®dels are then imported
in an Eclipsé plug-in via model transformation to a specific metamodehgslodTrans¥,
and studied by applying mapping and scheduling algorithnms automatic SystenfCcode
generation.

The model definitions of the Gaspard2 environment are baseal component oriented
methodology. This methodology makes it possible to clesglparate the application and the
hardware architecture and facilitate the re-use of exgstimftware and hardware IPs. It also de-
fines an association model that gives directives on the mapyithe application on a particular
architecture.

UML Profile for Modeling Gaspard2 Components. In [18], Arnaud Cuccuru proposes an
UML2.0 profile for modeling the various concepts of Gaspartitiels. This profile is defined
around five packagesomponent,factorization,application,hardwareArchitecture
andassociation as shown by figure 4.

In this profile, we can find the three main concepts of the Y nanesaspard2:ap-
plication, hardwareArchitecture andassociation. Theapplication and thehard-
wareArchitecture packages share the same component definition introducée tvipo-
nent package. Thessociation package introduces concepts giving directives on the map-
ping of the application on a hardware architecture. Faetorization package contains
structural factorization mechanisms inspired by the Atlymodel. These mechanisms make
it possible to express the multidimensional aspect anddla¢éion between the pattern elements
of inputs and outputs arrays of a task.

4http://wuw.eclipse.org
Shttp://www.1lifl.fr/west/modtransf
8 http://wuw.systemc. org
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In this paper, we are only interested in thgplication part. This part allows to model
the data dependencies and the parallelism of applicatiaredon the Array-OL model. In
the application metamodel, thgppComponent concept refines th€omponent concept by
adding an applicative connotation. The application congmtsican be seen as a set of functions.
These functions perform calculations on the input data ogrfriom their external environment
through input ports (provided ports in UML terminology) apbduce results to their environ-
ment through output ports (required ports in UML terminglpdrhese application components
can be mainly described by using three types of componéptflementaryComponent,
AppComponent andAppRepetitiveComponent.

«AppElementaryComponents
A

input [2]
O— 1

integer

output []

boolean

Fig. 5. Example of anippElementaryComponent cCOmponent

TheAppElementaryComponent cOmponent represents a particular component which does
not have any description of structure or behavior. Figurefresents a simple example of an
AppElementaryComponent. This example defines a function taking as input a patterwof t
integer elements and produce as result a pattern of only ooledén element.

«AppComponents
AB

input [2]
O—

integer

output [2]

boolean

Fig. 6. Example of anippComponent component

The AppComponent component is used to define compound components. For exathple
the result of the elementary tagkpresented in figure 5 is used by another elementary Bask
which produces a pattern of two boolean elements, then tiponentppComponent is used
to group and represent the relation between the two tAsksdB as shown by figure 6.

The AppRepetitiveComponent component allows to describe the repetition of the dif-
ferent tasks modeled in this component. This repetitioatesl to the repetitive concept of the
Array-OL model. Thus, by using a special connecRailetitiveConnector),itis possible to
give information on the origin, the paving and the fitting nies for each input or output array.
Figure 7 gives a simple example on the repetition of AllBtask presented in figure 6. In this
example, the model receives as input an array of two dimess3x * representing an infinity



0=[0,0] P=[(2,01,[6,1]] F=[1,0]B| |0=[G,0,0] P=[10,1,0],(0,0,1]] F=[1,0,0] B|

«<AppRepetitiveComponents
RepetitiveAB

ppComponents
ab:AB output 2,44

Y input[2]
input [8.4] ¥
O—{

integer

boolean
output [2]

Fig. 7.Example of anippRepetitiveComponent cCOmponent

of 8 integer vectors, and produces as result an array of thireensions Z 4 x * representing
an infinity of 2x 4 boolean arrays.

The Gaspard2 application metamodel allows to describe #t@ dependencies and the
potential parallelism present in applications. Howewveis ietamodel does not contain any
representation of the control and the possibility of chaggiunning modes according to the
execution context of the studied applications.

In the following section, we study the introduction of catinto the Gaspard2 application
metamodel in order to take more general parallel applioatimixing control and data process-
ing into account. The introduction of control into a parbipplication can be done by giving
a reactive behavior which has been largely studied in the oathe synchronous reactive sys-
tems.

2.2 Synchronous Reactive Systems

Reactive Systems and Synchronous ApproachReactive Systenae computer systems that
react continuously to their environment, by producing hssat each invocation [1]. These
results depend on data provided by the environment, andeimtérnal state of the system.

Specification of software or hardware reactive systems\ieh& complex. It can lead
to important errors that are difficult to fix. Indeed, suchtsyss are not only described by
transformational relationships, specifying outputs frovputs, but also by the links between
outputs and inputs via their possible combinations in oee.sS¥lodeling reactive systems is
therefore a difficult activity.

In the beginning of the 80’s, the family of synchronous laagges and formalisms has been a
very important contribution to the reactive system ared.[$9nchronous languages have been
introduced to make programming reactive systems easiayy Blne based on thgynchrony
hypothesighat does not take reaction time in consideration. Eachiigctian then be dated on
the discrete time scale. This hypothesis considers thatreaction is instantaneous and atomic.

The synchronous languages, like Lustre [6], Esterel [7] ign&l [8], are devoted to the
design, programming and validation of reactive systemsyTtave a formal semantics and can
be efficiently compiled into C code, for instance. Moreottese formalisms make it possible to
validate and verify formally the behavior of the system.Histfield, we often speak about tools
and approaches for simulation, verification and code g¢ioeréor reactive systems specified
in a synchronous language.

Mode-Automata. Mode-automata have been proposed in [4]. They introdudderdomain-
specific data-flow language Lustre for reactive systemsyaaomstruct devoted to the expres-



sion ofrunning modeslt corresponds to the fact that several definitions (eguadi may exist
for the same output, that should be used at distinct periédsne. This concept allows to
decompose the specification of the system into several tled modesby assigning data
operations to discrete states.

A mode-automaton is an input/output automaton. It has afmitmber of states, that are
calledmodesAt each moment, itis in one (and only one) mode. It may chésgeode when an
event occurs. For each mode, a transfer function deterntfireeglues of output flows from the
values of input flows. Mode automata can be combined in oaldesign hierarchical models.
They generalize both bounded Petri nets and block diagrahes structure of mode-automta
allows to clearly specify where the modes differ and the d@ms for changing modes which
makes it possible to better understand the behavior of tsiesy

X=pre(X) +1 X=preX) -1

Fig. 8. Mode-automaton: simple example

Figure 8 represents a simple example of mode-automatoasltio states, and equations
attached to them. The transitions are labeled by conditionX. The important point is that
X and its memory arglobal to both states. The only thing that changes when the autemato
switches its state is the transition function; the memopreserved.

Synchronous Behavior and Automaton Structure UML Modeling. The UML modeling of
the synchronous behavior and its concepts are an integestgearch subject. For example,
in [20], R. De Simone and C. André propose a UML subprofilengs synchronous version
of state and activity diagrams, to express the synchroreadive behavior. Their proposition
gives a synchronous solution to the UML state machine litioites by allowing the description
of the absence and the simultaneous events.

In this paper, we limit our study to the discrete events of Udtate machines. For this case,
we propose to model the control automaton structure by a Ukdte€harts model [9].

The UML StateCharts specify a set of concepts used for magldiscrete behavior through
finite state-transition systems. They are an object-baaednt of Harel StateCharts [5]. The
semantics of the UML StateCharts are described in termseobgterations of the hypothetical
machine that implements a state machine specification.igrsthte machine, states represent
the existence conditions of the class they define, and thsitians are represented by directed
arcs with named event triggers optionally followed by agtioFigure 9 gives a small example
of an UML StateCharts.

The main characteristic of the UML StateCharts is that thayeharun-to-completiorse-
mantics which imposes that no other event can be taken imtimuat before the processing of
the previous event is fully completed. This assumption §ifirep the transition function since
concurrency conflicts are avoided during the processingefits. Moreover, the absence of an



init

event [x>10]

event [x<10]

[x<10]
event

Fig. 9. Simple example of a StateChart

event instance cannot be taken into account in the UML Stae€which makes it difficult to
express highly reactive system behavior.

The only reason for which we have chosen to use the UML Statg€model is the sim-
plicity of this model which has a well defined semantics. Hegveit is always possible to
model the control part by using a more sophisticated UML meidel for the specification of
the automaton structures as for example the UML subprofitediuced in [20].

3 Degrees of Granularity for the Control of Parallel Applications

The introduction of the control into data parallelism apations requires the definition of a
degree of granularitjor these applications. This concept allows to delimit tifeedent execu-
tion cycles orclock signalsn which it becomes possible to take the control values aad the
various changes in the running modes into account.

According to the studied application and the selected sdozaseveral definitions of the
degree of granularity are possible. In this section, weytgarticular approach allowing to
define the various moments at which it becomes possible ® ttadk changes of modes into
account. This approach, which we cafihchronous approackupposes that the data and control
values are available at the same time and follow the same tlagk. In this context, the control
model produces mode tablevhich is used by the application to determine the executioden
for the different repetitions. In other words, the mode ¢admly represents an input data like all
other input computation data.

The proposed model can have a first very simplistic impresdiowever, this approach
imposes a good choice of the degree of granularity to be aléke the data values into account
at the same time as the control values by respecting the semamd the behavior of the
application.

To define the degree of granularity in the Gaspard2 apptinathetamodel, we need to
modify the granularity of input and output patterns, andsamuently, to modify paving and
fitting matrices. This approach can also be seendetaorientecapproach since it depends on
the input data and just takes the necessary set of data tarpeafcontrollable computation.

For a better understanding of this concept, we considerithpls example of an Array-OL
model represented by figure 10. In this model, the systenstakenput a three dimensional
array of 4x 4 x x and returns as output a three dimensional array »f24x x. The executed
taskT is a parallel and repetitive one. For each repetition, atairee of the componed tasiB
processes an input pattern of two elements to produces antqdttern of one element.

In the following, we introduce a control module which makegadssible to change the
running modes of the elementary taskSince the mode table is produced by the control module



0=[0,0,0] 0=[0,0,0]
P=[[2,0,0],[0,1,0],[0,06,1]] P=[[1,0,0],[0,1,0],[0,0,1]]
F=[1,0,0] F=[1

«AppRepetitiveComponent»
T

«AppComponent:

ab :AB
output [2,4,4]

input [4,4.%] H «fippElementaryComponent «AppElementaryComponents

g
@] g ; . : —C
InlegerT;eEj\[ in 2] ah out[] b:B out[] : IntegerType
in[]

input [2] output []

Fig. 10.Simple example of an Array-OL model

at the beginning of the application, the definition of thedarction rate of the mode values
always depend on the behavior of the studied application.

The first case is the simplest case for which we considerhieathange of mode refers to the
whole output image (figure 11.(a)). In this model, the systakes as input an infinity of 4 4
images and a control array, and produces as output an infihity 2 images. In this example,
only one control value corresponds to each4input image. An instance of the repetitive task
limageis performed for each input image. It takes as input a paérmwo elements and a
control value to produce as output a pattern of one elemest@ained by figure 11.(b). In this
case, the same control value is used for all patterns of tine gaage. The degree of granularity
chosen for this application thus corresponds to the caiom&f a complete image.

Another possible situation consists in authorizing dégfgrrunning modes for each point of
the outputimage. To do that, we modify the input and outpta law to adapt them to the con-
trol flow as shown by figure 12.(a). In this case, each inpuepabf two elements corresponds
to one control value. The different patterns of the same & have different control values
as explained by figure 12.(b) . The degree of granularityesgonds to the calculation of only
one point of the output image. It is also possible to condideichange of modes for only one
line of the output image, several lines, a column, severaloos, and so on. ..

The definition of the degree of granularity for an applicatman also depend on the im-
plementation or on the mapping of this application on a paldir architecture. For example,
if we know that our system is able to process two images inlighrave can consider that the
application consumes and produces an infinity of two imalethis particular case, we have
considered the same control value for each of the outputésmadowever, it is also possible to
have different control values for each point of the outpudadm. In this case, the modes table
has a multidimensional structure.

The introduction of the degree of granularity concept infzagallel model allows to define
the clock signal in which it becomes possible to take intmaot the various changes of modes
in a parallel application. Our approach is a synchronousagh in which the mode tables
are regarded as a simple input data, and the choice of the@efgranularity depends on the
behavior of the studied application. Using this approacers have a total freedom to define
the degree of granularity for their applications accordimthe required behavior.



0=[0,6,0] P=[0,0,1] 0=[0,0] P=[[2,0],[0,1]] 0=[0,0] P=[[1,0],[6,1]] 0=[0,0,0] P=[0,0,1]
F=[[1,0,0],[0,1,0]] F=[1,0] F=[1] F=[[1,0,0],[0,1,0]]

<AppRepetitiveComponent»
T

8 '," <hppRepetitiveComponents
input [4,4,4] ' ,," img :limage
O— 1. input [44] ArrComnes
IntegerType  linput[2] T

«AppElementaryComponents K% output [2.4] ;

output[]

output [2,4,%]

control [¥]

o—

ModeType

IntegerType

N 5
0=[0] P=[1] F=[] 0=[1 P=[[1,[1] F=[1]

(a) UML model

— —>
-:: Input pattern

Input image i - . _) _)

Output pattern

= Input Data

Output image
— . — . — Output Data

Control Control value Control value

(b) Global view

Fig. 11.Example of a control introduction for the whole output image



0=[0,0,0] 0=[0,0,0]
p=[[2,0,0],[0,1,0],[0,0,1]] p=[[1,0,0],[0,1,0],[0,0,1]]
F=[1,0,0] F=[1

«AppRepetitiveComponent»
T

«AppComponent»
ab :AB

input [84,*] «AppElementaryComponents “““ lellgj}:]t
IntegerType in [2] aih out[] “'- 1
. «AppElementaryComponents ]/[
control [ ] b:B output []
in[] out []

control [*]
O+ T

ModeType control []

[o-to1 =111, 11,111 F=11 ]

(a) UML model

|| Input pattern
Input Data

oo

|

Output pattern

Output Data

/>

Control Control value

(b) Global view

Fig. 12. Example of a control introduction for one point of the outpnage



«ControlComponents
Control

event []

O mode []

current_mode [ ]

Fig. 13.Example of &fontrolComponent component

4 Introducing Control in the Gaspard2 Data-Parallel Metamodel

In this section, we study the introduction of the control ralsdnto the Gaspard2 application
metamodel. To do that, it is necessary to define a modelingegrfor the control parts, the
different running modes and the link between control an@lemrocessing.

4.1 Modeling of the Control Part

The control part represents an automaton structure baseédeomode-automata concept. It
allows to clearly specify the various running modes of th&teg and the switching conditions
between modes. For modeling this part and introducing @ the Gaspard?2 profile, we define
a particular component stereotyp@ehtrolComponent. This component produces a running
mode table, possibly multidimensional, depending on thitrevents and its current mode
(figure 13). To eaclControlComponent component is associated the transition function of
the control automaton. In other words,géerforms one stepf the automaton. In our UML
metamodel, this can be represented byaitivity diagram[9].

AN AN
0=[0] P=[1] F=[] 0=[0] P=[1] F=[]

«AppRepetitiveComponents
ModeAutomata

«ControlComponents

ctl :Control
execution_mode [

event[f] event[]

execution_mode []

current_mode []

AN
InitialMode=model P=[1]

Fig. 14.Representation of the control repetition

Modeling the repetition of the control component, when thematorrepeatedly performs
steps consists in introducing dependency relatiohetween the various instances of the tran-
sition function. In this case, the mode-automaton strgctam be represented by a transition
and acontrol dependendyetween the different instances as shown by figure 14. Imtbidel,



an additional informatiorinitialMode is introduced on the control dependency relation to
specify the initial mode of the controlled task.

In the case of a more complex control automata, it is difficultnderstand the control model
if we represent the automaton structure lpatrolComponent component and a dependency
relation, and its behavior by an activity diagram. For d¢lareasons, it is preferable to represent
the control part by an explicit automaton structure in teohstates and transitions.

For these reasons, we propose to introduce, in the applicatetamodel, a particular com-
ponent stereotypelitomatonComponent. This component receives as input one or more event
tables and produces as output a mode table. To keep the fseerantics of a reactive con-
trol automaton, the input and output tables of e omatonComponent are regarded adata
flows This hypothesis gives to this component a different seiogfrom that of the Gaspard2
applications.

«hAutomatonComponents
Automaton

event [*] execution_mode [*]

1 I

(a) AutomatonComponent

(b) Behavior of AutomatonComponent

Fig. 15. Representation of the control automata by StateChart

In the Gaspard?2 application metamodel, the dimensionsddittays represent indifferently
time or space. The order of execution is only constrainedneydefines data dependencies.
However, in the control automaton structure, the introgucof the control dependency be-
tween the different instances of the transition functiopdases the introduction of the flow
concept to the input and output arrays of an automaton coergoifihis dependency relation
makes it possible to memorize the preceding states of ttmaibn and then to respect the
general semantics of a control automaton. In our metamadelwhen the control part is de-
scribed by an automaton structure, we consider that the ftowept is implicitly described for
the different input and output arrays of the automaton camept. To model the behavior of the
control automaton in our metamodel, we propose to use the StdteCharts [9] structure as
shown by figure 15.

4.2 Modeling of the different Running Modes

The controlled application, which can be replaced by déferunning modes, is represented
by a particular component stereotyplggsbControlledComponent. This component consists



«AppControlledComponents
A

execution_mode []

O—rL

out[]

Fig. 16.Representation of the different running modes

of several running modes, each mode being representedpaytaelating to the predefined
Gaspard2 components. The different parts in the sigp@ontrolledComponent component
must have the same interface and are not connected betweman At each moment, one and
only one part is activated at the same time according to thdenmdformation available on the
Mode port. Figure 16 represents the modeling of two running mddethe elementary task
presented in the example of figure 11.

Receive
execution_mode

model ode2

Activate "A1" Activate "A2"

Fig. 17.Behavior of thedppControlledComponent component A

As shown by figure 16, the componeiipControledComponent has a particular port
stereotypediode. This port makes it possible to specify the running mode tadivated, it is
never connected and is only used by an activity diagram &sgsolcto theAppControledCom-
ponent component to express its behavior (figure 17).

The expression of the repetitive factor around the compbagpControledComponent
just consists in using the Gaspard2 predefined repetitimgpoment stereotypetbpRepeti-
tiveComponent as shown by figure 18.

4.3 Modeling the Link between the Control Part and the Different Running Modes

At each computation time, one and only one running mode isaet! according to the in-
formation provided by the control part. This informatiomcle the name of the mode to be
activated or any other index allowing to distinguish the @®h a clear and single way. In our
metamodel, we suppose that the control part provides todhgatation part an information
on the name of the mode to activate. According to this infdioma the computation part can
activate or not the various modes of the system. The appicaf these concepts for the ex-
ample of figure 12 is represented by the model of figure 19. imakample, the control and
the controllable parts are represented in the same reetiimponent. It is also possible to
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Fig. 18.Representation of the repetition of thgpControledComponent component

separately represent the repetitive part of the controltaatiof the computation as it is shown
by figure 20.
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App Hementary Components
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Fig. 19. Representation of the control part and the running modebkésaime repetitive component

Figures 19 and 20 represent the case where the control parbvdeled by a component
of typeControlComponent. This representation completely respects the semantitedbas-
pard2 application metamodel. However, if we want to repneee control part by an automaton
structure modeled by a StateChart, it is necessary to représe two parts, the automaton and
the repetitive computation, in a separated way as it is sHowfigure 21.

The introduction of control into the Gaspard2 applicaticgtamodel supposes that the con-
trol values (mode table) must be present with the data vatuksinch the calculation model.
The control part must also follow the arrival rate of the egesince a control dependency
is defined on the various repetitions of the control automaidis approach imposes the in-
troduction of theflow concept in the Gaspard2 application metamodel which caakhitee
assumption of thenified space-time specificatitny imposing a partial order on the execution
of the different parallel tasks. This unification is one af thain characteristic of the Gaspard2
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Fig. 20. Representation of the control part and the running modesffarént repetitive components
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Fig. 21. Representation of the control part and the running modesgian automaton structure



metamodel and can be useful for modeling more general atjgits. However, the introduc-
tion of theflow concept into the metamodel can facilitate the understanafinhe model and
makes it more realistic since the input values, either abmtr data, are mainly generated by
sensors and thus represent a control or a data flow strudtime=over, the logical division of
time between discrete instants allows to properly defineheratitical models and operational
semantics. Our approach also strictly respects the phsatl@and concurrency of the model. It
is deterministic, compositional and can easily be intratlimto Gaspard2 application meta-
model.

5 Conclusion and Future Work

In this paper, we have studied the introduction of the cdrtmacepts into the Gaspard2 appli-
cation metamodel. Our idea is mainly inspired by the syncbus reactive systems domain and
in particular by the concept of mode-automata. The proposethmodel is based on a clear
separation between control and data parallel parts. leasghe concurrency, the parallelism,
the determinism and the compositionality.

We have shown that the introduction of control into a datalpeirdomain requires to define
the different instances allowing to take the various chargfenodes into account. To do that,
we have proposed to introduce the notion of degree of graitwla the parallel applications
and the control dependency relation between the differesitinces of the control automata.
The studied approach is a synchronous one, which suppasedata and control values must
be present to be able to execute a computation function.

The main goal of our work consists in proposing a UML solufionthe modeling of control
automata, the different running modes of an applicationthadink between the control and the
data parallel parts. Our metamodel allows to study moregéparallel systems mixing control
and data processing, and gives users more freedom to expedsshavior of their applications.

In future work, we will propose the introduction of the casitconcepts into architecture
and association Gaspard2 metamodels allowing to take tifegcoability concept into account
for the architecture models and a better use of the mappidgemeduling algorithms. We will
study the relation between the parallel and hierarchicaipasition of the application model
and the parallel and hierarchical automata, in particidawérification processes.

We also want to transform or compile our control/data patathetamodel into a syn-
chronous language (like Lustre). This would make it possibltake advantage of the various
existing tools for simulation, verification and automatade generation. Thus, it can be in-
teresting to compare the analysis results and the generatixs obtained using the Gaspard2
environment and those obtained using the correspondinghsynous model.
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