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This white paper presents the INTERESTED integration of the Esterel Technologies design and code
generation environment SCADE Suite, with the CEA system-level modelling tool Papyrus MDT, real-time
execution platform OASIS and numerical analysis tool FLUCTUAT.

The presentation of the tool flow is done in Section 2 through a theoretical example, a Reservoir Controller,
and it gives details about the various models as they are not confidential.

Within the INTERESTED project, the tool flow has also been applied on a real system, a nuclear Qualified
Display System. This real-life design being confidential, the paper presents mostly in Section 3 the relative
costs benefits of the INTERESTED approach versus previously used methods.

SCADE Suite is widely recognized in the safety-critical control applications domain. It is used for generation
of certifiable code for software elements of safety critical systems.

Integration of the four tools in a common tool-chain around SCADE Suite as a pivotal design environment
allows one to combine their advantages as described below.

SCADE Suite with the system modelling through the coupling with Papyrus MDT, real-time execution through
the coupling with OASIS, and numerical precision through the coupling with FLUCTUAT.

For both Papyrus MDT and OASIS, SCADE Suite provides a powerful tool for modelling the behaviour of
system components with generation of certifiable C code and PsyC wrapper code for OASIS agents. In the
design workflow, this SCADE modelling is situated on an abstraction level in the middle between SysML
blocks and OASIS agents, providing refinement for the former and an additional abstraction layer for the
latter. The resulting workflow is smoother and allows progressive specification of the system by refinement
from the high-level specification down to an implementation on a target platform with a number of manual
design stages being replaced by automatic model or code generation. This has an overall effect of reducing
the frequency of human design error and streamlining the design workflow, thus reducing development and
maintenance costs.

For FLUCTUAT, integration with the SCADE Suite extends the applicability domain to a wide range of
systems and gives access to the SCADE customer base. When a numerical verification is performed on a
SCADE model, the availability of SCADE/FLUCTUAT allows using a more efficient analysis methodology.
With this approach, the numerical reports are more complete and obtained in less time.

SysML
Modelling g‘g’;&‘f

Architecture
s sML’[ AN Documentation
Congfstency SysML Legacy
Check Moclel Models
N
SysML/SCADE generation integrafion Test cases
N OASIS PsyC monitoring
SCADE -
Consistency Application | sCADE
Model :
Check ~_ Numerical \ scADE/
) System FLUCTUAT
Numerical Nuh.. validation
Check Code Component Numerical
Generaf:b\n \‘.feriﬁcation Report
SCADE/
OASIS (PsyC)

Code

In the rest of this section, we present the individual CEA tools and mention some benefits resulting from this
integration. In Section 3, we illustrate the integration on a case study example typical for safety-critical
systems. Section 4 presents some performance metrics obtained in the INTERESTED project through the
development of the CEA industrial validator. Finally, Section 5 summarises this document.

2.1 Papyrus MDT i a Framework for System Modelling

System Modelling Support is a major issue for Safety Oriented Applications development. Overall system
specification and understanding is indeed of major importance when safety mastering is engaged. The
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general system organization and the interactions between software and other sub-systems components must
be clearly stated and closely related to user requirements. Model Driven Engineering is aiming at providing
users with high-level description of systems and appropriate tooling support to help, validate, test, systems at
various stages of development. From these models, code can be generated automatically for software parts.

Such approaches require formalisms and supporting tools to help build, check models, then produce code. In

the CEA Validator wuse case, we have made the choice t
structure and on SCADE formalism to describe detailed behaviours (certifiable code is automatically
generated).

SysML (Object Management Group) is more and more becoming the favourite candidate formalism to
describe overall systems and systems of systems, but also mainly because requirements are tightly coupled
within the modelling process leading to improved traceability. When necessary, more specific formalisms can
be used to describe some safety-critical software parts if required (note however that SysML is a general
purpose formalism that can also describe behaviours).

One of the challenges of the project was to integrate the tools supporting the two formalisms in a consistent
way preserving traceability of models along the development process. During the project (ITBC 2 extension),
the Papyrus SysML editor has been integrated in the Interested tool chain and the gateway enabling SysML
projects export to SCADE has been adapted. Mechanisms for model comparison and user support for model
verification have been implemented.

The CEA Validator exploits Papyrus facilities to describe high-level system specification of the application
and check model regarding SCADE constraints prior to export models towards SCADE design tool.

2.1.1 Papyrus MDT key features

Papyrus MDT (http://www.eclipse.org/modeling/mdt/papyrus/) is a very powerful and open model editor
providing SysML support. CEA LIST is at the origin of this open source Eclipse project aiming at providing an
integrated environment for editing EMF models. It supports UML2 and related modelling languages such as
SysML and MARTE.

Papyrus is a flexible environment offering diagram editors for UML2 and SysML; it is easily customizable to
support domain specific modelling and provides advanced features to implement generic and user oriented
model verification (with user queries and rules).

Diagrams supported:

I UML2 Diagrams currently supported are: Class Diagram, Use Case Diagram, Package Diagram,
Composite Diagram, State machine Diagrams, Activity Diagram, Communication Diagram and
Sequence Diagram.

1 Specific SysML Diagrams supported are: Block Definition Diagram, Internal Block Diagram and
Requirements Diagram.

Advanced profile management:

1 Specific Diagram for profile definition providing: nested profile definition, support for static profile,
support for shape and icons, support for version management.

Customization facilities:

1 Palette customization facilities permit to define domain specific palette; this feature takes into
account profiles and associated shapes and icon. Stereotyped elements can be created directly form
the palette using domain shapes providing user friendly interfaces for business domains.

Highly user-friendly interface for improved productivity:
1 Numerous features to help organize the model (alignment, copy/paste, duplicate, etc.),
1 Drag and drop of elements to set composites parts, Show contents to display ports,etc.
1 Undo/Redo.
Validation and queries
T Standard model validation using UML2 rules + Valid

1 Access to queries mechanisms to check model.
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Model comparison

Shared development

2.1.2 Papyrus MDT for INTERESTED

In INTERESTED, the Papyrus MDT SysML editor is used in a restricted way since detailed behaviour is
described using SCADE.

We use mainly the Block Definition Diagram and the Internal Block Diagram.

1 The block Definition diagram is used to list the blocks used in the model. This diagram provides an
overall hierarchy of systems and subsystems.

1 The Internal block diagram provides the actual composition of subsystems, and their
interactions.(For the CEA validation purposes we only used flow ports)

Types are described using SysML, MARTE and/or SCADE types provided as a registered library.

System modelling encompasses two major aspects that comfort such overall vision which is a necessary
condition for building safe systems. Firstly, it allows expressing in a unified formalism, the overall structure of
system as a composition of subsystems. Secondly, it offers a framework to explicitly specify interactions
between subsystems that may be software or any OASIS for Real-time Safety Oriented Applications

2.2 OASIST a Real-time Safety Oriented Execution Platform

OASIS is a framework encompassing models, methodologies and tools for the development of embedded
critical software exhibiting completely deterministic temporal behaviour. This objective is achieved by
adhering to the following two fundamental principles:

1. OASIS systems are based on a time-triggered architecture

2. Communication between agents is non-blocking and time-stamped (including the visibility and
expiry dates of the communicated elements).

The second principle ensures that all the synchronization is limited to that between individual agents and the
kernel, thus guaranteeing that each elementary action executes within the temporal window it is assigned at
the design time. Hence, the actual implementation of a system respects its formal semantics defined by the
OASIS computation model. Consequently, the fact that visibility and expiry dates are explicitly specified for
all communicated elements (messages and values of shared variables) results in complete temporal
determinism of the system behaviour.

OASIS implementation comprises a programming language PsyC (Parallel synchronous C), which is an
extension of C. The extension allows one to define all the OASIS-specific elements, such as clocks, agents,
bodies, temporal variables, message boxes, etc. It also provides constructs to specify temporal constraints
(e.g., keywords advance and before ).

An OASIS system can be executed on a bare-bone target machine (mono-processor, multi-core or
distributed) or on a POSIX platform (real or simulated time). It is driven by a dedicated kernel, consisting of
two layers: Microkernel and System Layer. The former is responsible for low-level operations: supervising
the temporal execution quotas, switching between a finished job and the next one, and setting the timer for
the next synchronization point. The timer is set according to the information provided by the System layer
that manages the execution graphs generated by the PsyC compiler. The System layer also manages inter-
agent communication (temporal variables and message passing).

For safety critical real-time systems, timing constraints must be respected in the worst case. However, in
general, worst-case execution time (WCET) analysis is very complex and difficult to realize precisely. Hence,
implementations with platform sizing determined by the WCET schedulability analysis tend to be highly
resource consuming.

The opposite approach, adopted, among others, in OASIS, is the so-called time-triggered approach. This
consists in implementing the system over an execution kernel running on bare-bone platform. Such an
execution kernel can have a very fine control over the hardware timers (typically of the order of several
milliseconds). Provided the information about the real-time date of the next logical instant, the kernel then
ensures that the action currently being executed does not exceed the duration it is allocated, and triggers the
execution of the next action at the appropriate real time. It is important to notice here that the execution of
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the next action must not start before the real time date of the corresponding logical instant, as this could
compromise data coherence among components, which is guided by the logical time.

Presently, OASIS is a semi-formal framework: on one hand, the language extension for specifying interfaces
of agents and their temporal behaviour is formal and based, in particular, on a calculus of logical clocks; on
the other hand, the functional behaviour of agents is specified in C with all the inherent difficulties of formal
reasoning. Furthermore, since the main application domain of OASIS are safety critical systems, the
specification of the agent interfaces requires a certain level of redundancy necessary to ensure, for instance,
correct memory protection for spatial segregation of agents. In less safety-critical applications, such
redundancy becomes a burden for the application designer. A coupling with SCADE Suite addresses both
these issues. SCADE semantics brings a formal framework for the specification of the functional behaviour.
SCADE Suite graphical editing environment takes care of redundancy issues by tracking the modifications
(e.g. changes of the variable names) throughout the application and, through the SCADE/OASIS coupling,
by automatically generating the agent interfaces.

2.3 FLUCTUAT i1 a Tool for Numerical Precision Analysis

The numerical verification is one part of the validation process for critical systems. It can be considered as a
non functional requirement on the quality of the results delivered by the software. By numerical verification,
we are concerned by validating the range of values, by bounding the deviation between the ideal results of
the model and the real results produced by the generated code, by validating some thresholds that detect
the end of an algorithm for example. For this problem, static analysis based abstract interpretation has
several advantages:
1 It is a sound technique T if it says something bad cannot happen then no test case can
mathematically reach this bad state.
1 It naturally and automatically infers ranges for the domains of values even for non-terminating
programs.
1 It is a parametric technique that covers the spectrum of verification from test to formal proof
verification.

These remarks have conducted the development and the use of the FLUCTUAT static analyzer. Historical
partners of FLUCTUAT are Airbus and IRSN, the French Institute for Radiological Protection and Nuclear
Safety. For numerical validation issues, Airbus uses the tool FLUCTUAT internally on component software
and IRSN uses it or asks the CEA for case studies to validate control-command code in nuclear power
plants.

To show that numerical requirements are satisfied, FLUCTUAT offers some core functionalities:

1 propagation of the range of variables on the whole code up to reach a fixpoint T the least one if
possible,

1 propagation of rounding errors and numerical errors on the whole code,

1 production of content for numerical reports,

1 production of evolution graphs for the range and the rounding errors

Some additional properties reveal sometimes useful:

I Test case generation that aims to reach a numerical worst case;

1 A symbolic execution mode to deliver under-approximations. Such a mode can be coupled with test
case generation;

9 Identification of the origins of the numerical errors, used to debug some algorithms, to optimize data
format or to obtain sensitivity results between outputs and inputs.

Even though, the FLUCTUAT analysis is fully automatic, it still requires some parameterization. For instance
to prove that a numerical filter converges, the user has to specify a first magic number corresponding to the
number of cycles needed to reach a regular state and a second magic number corresponding to the number
of cycles (= period) guaranteeing improvement in terms of range and numerical error. Such magic numbers
depend on the parameters of the filter and, at present, cannot be set automatically.

When an engineer performs numerical verification with FLUCTUAT, his main work consists in preparing the
analysis 1 annotations in the code, parameters of the analysis i, in launching the analysis, in understanding
the results to report them on the final report and/or to prepare the next analysis.

For numerical validation, components requiring specific parameterization in FLUCTUAT must be identified.
At present, this identification is done iteratively with some dedicated analyses at system level. When analysis
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results do not satisfy the requirements, one has to restrict the input ranges for the subsequent analysis.
When the results satisfy the requirements, the input ranges are extended. The evolution graphs allow
adjusting the parameters of the analysis. At the end of this iterative process, instead of redoing this work for
another input range besides the first one, the user can in one click subdivide a big input range into smaller
ones to apply the accurate analysis whose results previously gave him satisfaction. Hence the validation
requires repeating parameterizations and sometimes some code modification. With FLUCTUAT/SCADE we
expect reduce the number of such round trips between parameterization, analysis and result inspection.
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In this section, the tool integration will be illustrated on a simple case-study inspired by the examples found in
the Systems Design literature. This example involves a control loop, which is a typical application of the
OASIS technology, among others, in the CEA historical application domain that is the Nuclear Energy sector.

3.1 Case Study: Reservoir Control

The case study is a system consisting of a water tank, where water arrives at a variable rate 0-§0) 0
through one pipe and leaves through another one at the rate controlled by a valve (cf. Figure 1). The output
pipe has a maximal throughput capacity 6, and the valve position is given by 0 0(0) 1. Thus, the actual
throughput of the output pipe at the moment 0is 6 - 0(9). The valve is controlled by a sensor measuring the
level & of water in the tank, which aims at keeping this level in a given interval 0,,0, . For simplicity, we
assume that there is always enough water in the tank to saturate the output pipe and that the incoming flow
does notexceedtheout put pi pedsnaxciapadi ty, i.e.

Loy \ T sensor

Figure 1: Tank with regulated valve

The input of the complete system is the incoming flow rate, whereas the output consists of the output flow
rate and the current water level in the tank. This system can be modelled as a composition of three sub-
systems as shown in Figure 2.

Wy W,

Tank

Valve [+ Sensor

Figure 2: Block-diagram representation of the regulated tank
1. The Tank, taking on input current values of the incoming flow 0-qgand the position of the valve U,
and computing the corresponding output flow 0; and water level afrom the equations
Q= 0q 0O,

0g = 8 t0.
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2. The Sensor, taking on input the water level dand computing the corresponding valve position
adjustment Q) from some given equation, e.g.:

N
Q) = sign a 2L

3. The Valve, taking on input the adjustment ‘0 and providing on output the corresponding value 0.

Since OASIS applications are expected to be closed systems, we complement this system by two additional
components: Source and Monitor.

4. The Source does not take any input and generates on output a sinusoidal flow defined by

0q0 = % sin 2¢"® + 1 , where "Qis the frequency and w, is the amplitude of the generated

5. The Monitor, on the contrary, collects the output information from the other system components
and does not produce any output.

For this case study, we also define some numerical properties that the system should verify.

Property 1. For one simulation cycle, the numerical errors have a very weak impact on the results
(<10°)

Property 2. Every component in the system verifies its own numerical properties. The properties
concern the range and the accuracy of the output values.

Property 3. The level of the tank should remain in the interval [0.2, 2.2].

Property 4. The system has a continuous behavior for step i [10™, 10'2]

Property 5. The system keeps its properties if the sensor reads data with a relative error ¢ 10 during
the first 1000 cycles.

Property 6. The system can absorb a punctual relative numerical error of 107

3.2 Papyrus/SCADE/OASIS Integration

Papyrus/SCADE integration brings additional facilities to handle system-level modelling, architectural design
and requirements management and traceability. The tight coupling between the SysML modeller and SCADE
suite allows for efficient propagation to downstream development of subsystems, without loss of information
and with increased traceability. High-level modelling improves significantly maintainability and evolvability of
systems in comparison to pure direct SCADE coding.

Papyrus/SCADE integration covers three main features:
1 A SysML modeller through the integration of Papyrus MDT
1 Support for model validation regarding compatibility with SCADE (preparing for SCADE Export)

1 A SysML/SCADE gateway which implements an export/import facilities from SysML to SCADE
model

In the following sections, we illustrate their use in the development process on a simple tank monitoring
control application presented above. The process described here has been used for the real CEA case study
(see section Error! Reference source not found. for evaluation results).

3.2.1 SysML Modelling with Papyrus MDT

In the INTERESTED approach, we use only two main SysML diagrams: the Block Definition Diagram
(BDD) and the Internal Block Diagram (IBD), since we are mostly concerned by the specification of
structure and interactions at high-level modelling. Note that Parametric Diagrams are not yet implemented,
but this is a minor inconvenient at the moment, since we rapidly concentrate on software blocks whose
behaviour is described within SCADE.
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3.2.1.1 Structural Modelling of Application Using Block Definition Diagrams

The tank system is first described in a SysML Block Definition Diagram. This diagram represents the

overall system architecture. The basic element of this diagram, the ibl ock d can represent
subsystem, a logical or physical unit, software or hardware. The BDD permits to determine the system
decomposition into blocks. Composite associations specify parts involved in a block. Once this diagram is

achieved we get a complete vision of block decomposition into parts for the model. Moreover, thanks to
semantics integration between graphical views and model, model elements have been updated with
properties corresponding to association ends defined in the BDD (properties of App can be seen in the

browser on the left in Figure 3).

& Papyrus - Interested/Tank2/0ASIS_Demo.di - Eclipse =101

File Edit Diagram Papyrus Window Help
MR Do Zlle =B 7 [A &g =B | [0% den2BE BB E W
B ModelE 32 [ vm]ecq = B[~ *0asIS_Demo.di 5
B Q& e ’g =
B <glock» sensor =l
B «slodks Tank 2pp
B <locks Applictxt r =
& | «lodo app 5| Block
-4, ownedattribute (5) = Part
v

3 FlowPort {IN)
+tank_out: real [1] 58 FlowPort (OUT)
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o Port
(=) Comment
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- Edges £
& Connector
> Comment/

Constraint link

Ew” app_sensor 0 =l
8z outine 22 -o
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E—Iil— +valve_cmd_delayed: real [1]

=l =

4]
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I Progerties 52 . [£. Problems | @] Error Log| T

Bl <<block>> <Class> App

UML Name: [app

SysHL

Frofile 1s Abstract: O true @ fakse Is Active: O true ® false
Appearance IsEncapsulated: O <Unset> O true @ fase Is Leaf: O true ® false
Advanced

Visibility: [ pubiic =

| o |

Figure 3 SysMI Block Definition Diagram of the Tank application using Papyrus MDT.

In this BDD, we define an application system, the block App composed of four subsystems (blocks): a
Source, a Tank, a Sensor and a Valve. This application system is observed by a monitor. The assembly of
the application System and the monitor form the application context named AppliCtxt.

The screenshot gives an overview of the Papyrus MDT SysML modeller. On the left, a browser displays
model elements and diagrams. On the graphic panel we can see a BDD of the model. The model is defined
graphically by drag and drop of model elements from the palette (SysML palette on the right) into the graphic
panel. The browser and the graphical view are synchronized. A properties view in the right bottom side
provides input/outputs facilities to set additional information. It contains four tabs: the SysML tab helps
entering element properties, the profile tab helps specify profile and/or stereotype application and setting, the
appearance tab as one can figure out helps setting shapes colours and also setting which stereotypes
attributes are to be displayed on the diagram; finally, the advanced tab shows all properties (direct and
inherited) of the model element. The property view is also synchronized with model and graphics.

3.2.1.2 Interactions Modelling Using Internal Block Definition Diagrams

Interaction modelling is achieved by the construction of IBDs that describe internal composition of parts and
specify their interactions (in the sense of communication needs). The main concepts used at this level are:
parts, ports and connectors.
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Parts are properties of the containing block as previously defined within the BDD. In the IBD, they appear as
internal boxes within the composite block. (We will see hereunder, that Papyrus offers powerful mechanisms
to help build consistent models in a very efficient way by using rich drag and drop facilities).

Ports indicate communication points between parts and/or blocks, they have a direction property that can

take the value in, out or inout ( we donodt use inout .dn oueexample onlyiatomict hi s

Flowports are used, this corresponds to the main application cases developed in SCADE and facilitates
generation of OASIS PsyC code. Though Flow specification concept is supported by Papyrus, we use only
basic Data Flows in our models. Ports are typed by Data Types defined in the SysML model.

Connectors relate ports of communicating components (blocks or parts). Connectors can be delegation
connectors or assembly connectors. Delegation connectors connect an external port of the composite
block with a port of one of its internal parts, while Assembly connectors connect ports of internal parts
together. Of course, constraints apply on type compatibility between two connected ports as well as direction
compatibility; i. e. delegation connectors must relate two ports having the same direction attribute in, out or
inout while assembly connectors must relate an out port with an in port.

In order to define an IBD, several steps must be followed: 1) build an IBD from the block element; 2) drag
and drop its parts properties in the diagram from the browser; then 3) on each part (and for the block itself

al so) , create ports if they donét exist already
ports; 5) create connectors and set assembly or delegation property.
—loix
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Figure 4 Building Internal Block Diagrams with Papyrus MDT

In Figure 4, the top level IBD of the Tank application is displayed. The AppliCtxt is composed of two parts:
the application and the monitor that observes it. In Figure 5, the same procedure is applied to the definition
of the application system itself, then we get four blocks and we define interactions between them using
flowports and connectors.

Papyrus brings major productivity enhancement for the building of such diagrams along with increased
model consistency at early building stages alleviating further model correction burden.

Parts are properties defined automatically in the BDD by the composition relations. This means in our
example that the Type ApplCtxt has two properties app and monitor. When we define the IBD, these two
properties are seen as parts and can be dropped from the browser into the AppliCtxt block. This greatly

or

di

C
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eases the drawing of models and above all reduces considerably typing errors. Consistency of model is
directly insured, and further changes in naming are automatically propagated in model and in all diagrams.

In the same manner, ports elements can also be automatically reused from previous steps of the modelling.
Papyrus offers a specific facility: the show/hide content action. When called on a block or a part, it displays
the list of the selected element parts and ports. If we select a port (or any number of them), it is automatically
graphically dropped in the diagram, on the selected element (block or part). Furthermore, if the port was
already typed, the typing is preserved. This tip is very attractive and provides a great gain in productivity and
improved correctness of models.

Typing is normally achieved using SysML/UML primitive types or user defined Data Types. Papyrus provides
the possibility to define registered libraries (MARTE library is one of them). In the INTERESTED context of
utilization, we want to produce SCADE models, so, it is greatly recommended to use the SCADE registered

Types Library that comes withthetool. | n t he exampl e, ports are typed
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Figure 5 The tank system Internal Block Diagram

3.2.2 Model Validation and Verification Support

The second important feature of the ITBC2 developments relates to model validation and verification
support. This facility objective is to help to create SACDE-ready SysML models

Extensions have been provided to take benefit of Eclipse Modelling project new features to integrate model
comparison, contextual verification facilities permitting standard model validation but also user specific rules
definition for dedicated verification. This later customization mechanism is used primarily to check that basic
prerequisites are respected before exporting model to SCADE. At the moment only a few rules have been
written to demonstrate this new feature and the facility is not integrated in SCADE toolset.

Wi
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Figure 6 Model verification facilities activation in Papyrus

The checker can be activated manually or set on line. Verifications can be done on a model element or on
the overall model. Results of checking are displayed in a problem view but also in the model explorer and in
the diagram. In the example hereunder, ws_out port of Source Block is not set, this has been detected and
the diagram is decorated. An explanation is provided as well. In the problem view all errors detected are
listed.
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Figure 7 Result of model verification by Papyrus: errors are shown in diagram, in model explorer and in problems view

This framework supports OCL and Java rules which may either be verified as batch (on user demand) or live
(on model changes) actions. Errors are visualized in a specific view and on the model (decorators put on
erroneous items in the model explorer and diagrams) as well.

3.2.3 SCADE Model Creation and Synchronization

The third feature of SysML/SCADE integration is an export/import mechanism that permits to populate a
SCADE model from the export of a SysML model. The SysML model is then used to set up the overall
architecture of the SCADE model, blocks and parts are converted into SCADE blocks and ports and
connectorsare used to define input and outputs. What 6s
used to draw automatically SCADE nodes internal diagrams.

The export mechanism follows three steps after having created (or imported) and validated the SysML
model: 1) create a new SCADE project; 2) export the SysML model entities in an export.uml file; 3)import
model elements in the SCADE project from this export file. Steps 2 and 3 can then be reapplied
incrementally, synchronization of models is maintained.

mor e
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Figure 8 Exporting SysML models to SCADE: Stepl SCADE model creation

The export is achieved using specific menu actions export and import. The export can be achieved for the
overall model or for subsystems only.
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Figure 9 Exporting SysML models to SCADE step 2 and 3: export from SysML and import into SCADE

The result of these operations, if the original model was correct, is a new SCADE model skeleton were we
can find the various blocks as defined in SysML and SCADE internal diagrams for nodes corresponding to
IBDs.
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Figure 10 Resulting SCADE model after import from SysML

At this stage, operators are defined in the SCADE model; interfaces are inherited from ports specification in
SysML model. If the types were defined using SCADE types in the SysML model, they are preserved in the
generated model. At the moment, the only other primitive types correctly handled by the generator are UML
Boolean and Int. This is a limitation that should be alleviated in the future. It should be possible to define
registered Libraries of user Types.

The new SCADE model can be checked.

The next step consists in defining the internal behaviours of operators using SCADE formalism. This can be
done in the normal SCADE way and is not detailed here. Note that if we make changes in the original SysML
model and re-export these changes, they are propagated in the SCADE model without braking internal
behaviour diagrams. Changing ports names for instance, will simply change input or output name in the
corresponding interface and consequently in the SCADE diagram(s) were it is used.

In the use case studied we have investigated another issue which is of interest for many end-users: legacy
management. We tested how to reuse previously defined SCADE models in the detailed design stage. We
call it here model reconciliation, and it is described in the following section.

3.2.4 Legacy Management: Model Reconciliation

SysML/SCADE integration provides new high-level modelling facilities that are of great interest for the
improvement of the overall development, maintenance and assessment of safety-critical systems. However,
it is important that legacy systems already developed and certified can be reused in this new context without
heavy costs and/or large overheads. Moreover, highly skilled SCADE developers should not have to spend
time on tricky mitigation solutions to maintain new and old projects.

The export/import and models synchronization features described in the previous section are a very good
step in the right direction. Models architecture can be rapidly and relatively easily reconstructed in SysML
and regenerated. The resulted SCADE model skeleton is quite similar to the old architecture. In this new
model, information related to detailed design such as constants, variables and indeed detailed diagrams is
still missing. But this information can be re-imported from the previous project.



INTERESTED Page 17/32

The main steps to do so are: 1) constants and variables import; 2) copy/paste of internal behaviours; 3) types
management. These different steps are almost straightforward for leaves nodes. For the tank system, it took
half an hour to do so from a previous SCADE model. The result can be seen in Figure 11.
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Figure 11. Detailed design in SCADE: legacy management

Some more delicate points are to be considered cautiously 1) types implementation check, 2) operators
initially defined can be transformed in function in the detailed design and even be defined as imported from a
user library. Check that connections with input/outputs are correct.

The checking facilities of SCADE tool suite identify such inconsistencies and can produce reports.

A more difficult problem comes when the detailed design of non terminal blocks introduces specific SCADE
operators. Two typical cases can be exhibited: control operators (if, when, loop, etc.) and history
management (used at initialization and in feedback loops).

In the current implementation of SysML/SCADE synchronization, there is no reverse mapping from SCADE
to SysML available. The INTERESTED approach insists on the fact that all behaviour must be described
within SCADE and not in the SysML diagrams. So we cannot benefit from other SysML diagrams such as
State Machines and/or activity diagrams to express such kind of specification. So, we recommend the
introduction in the SysML design of a dummy control or synchronization block that will encapsulate the
SCADE operator.

In the Tank model, we have introduced a synchronization block to take into account a FBY SCADE operator
used in the detailed design to implement a control feedback. In the SysML model we impose a different
appearance (here it appears in blue to remind the typical colour of SCADE specific operators to distinguish
this kind of SCADE abstraction block from other blocks. The same principle can be adopted for control
oriented blocks.
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Figure 12 SysML and SCADE model reconciliation

3.2.5 SCADE Model Checking and PsyC Code Generation

Once the model is build, we check it with the SCADE verification facility. If no errors are detected, the code
generation to PsyC can be launched (see Figure 13). In parallel (see section 3.3), we can check with
SCADE/FLUCTUAT that the system verifies the numerical requirements.
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Figure 13 Check model and launch PsyC code generation
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The result of the generation involves C code generation using SCADE KCG tool and PsyC files generation.
In Figure 14, we see the result of the generation in the Messages view. If we expand the OASIS wrapper
generated files section, we can see the list of PsyC files generated.
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Figure 14 Result of PsyC code generation

Generation of the PsyC code form SCADE models is implemented as a SCADE Suite adaptor. An adaptor is

a software component that can be added to the SCADE Suite environment and that is called when
generating code from a SCADE Suite model, or when building an application from a SCADE Suite model.

This mechanism is generi c, a meatatec totleotava specificeobjdctive. Foba d apt o
instance, given a model, the user can generate C code from it, plus specific wrapping code for a dedicated

os.

Considering SCADE Suite/OASIS prototype, the adaptor provides proper encapsulation in PsyC of the C
functions generated from the SCADE Suite model. Two modes are possible: single and multiple.

In the single mode, only the selected operator in the SCADE Suite model is encapsulated. The operator, and
its hierarchy if any, is normally translated into a set of C files. The adaptor provides a specific PsyC agent,
and a template agent for input/output connections.

In the multiple mode, the input model is considered as a hierarchical model, connecting operators, down-to
operators with actual behaviour, and no more interconnections. At any level of hierarchy Scade 6 fby delay
operators are allowed. C code is normally generated for all SCADE Suite operators. The adaptor analyses
the hierarchical model to extract a representation of the network of operators. PsyC code is generated only
for those operators that have an actual behaviour and are not intermediate connection levels. Dedicated
agents are also generated for the fby operators found in the network. The interconnection of the PsyC
agents is equivalent to the initial network.

In the multiple mode, it is expected that inputs and outputs of the model are connected to some fake
operators, designed as imported operators. The reason is that a PsyC description uses specific agent for
input/output interconnection to the environment. Providing these fake operators allows the user to finally
replace them with the actual agents that are target dependant.

A few steps have yet to be done manually to compile PsyC code and run it in the OASIS simulator, but all the
main development steps are integrated in the tool chain so that further changes in the model can
automatically be propagated downward to the PsyC code.
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Figure 15 Example of PsyC code generated

3.2.6 Evaluation of the Papyrus/SCADE/OASIS integration

The main strength of the INTERESTED approach comes from a higher modelling level and the merge in an
integrated environment of several complementary frameworks: high level System modelling support with
Papyrus MDT; detailed design for safety critical systems and certified C code generation with SCADE; and
OASIS framework to produce target applications on a deterministic platform. The integration of these
environments provides for the first time the possibility to follow a complete development flow from high-level
design to target implementation for safety critical embedded systems.

The current implementation has satisfactory proven that it is a viable solution, however, further developments
can be recommended to support even more efficiently the development process.

For instance, SysML support in SCADE should be extended to enhance the reusability of user defined types.
A mechanism of registered libraries could be provided. The use of MARTE libraries in the SysML modelling
should be exploited in the SCADE export so that types can be converted or reused in SCADE.

Similarly, the SCADE/OASIS coupling was developed as a proof of concept. Hence, several extensions
should be realised in order to optimise the integration of the two frameworks. In particular, a natural
representation of OASIS clocks should be introduced in SCADE, e.g. through the declaration of Boolean
signals as clocks in SCADE models. Also, the transformation should allow using Safe State Machines to
define agent bodies for OASIS applications.

Below, we comment and evaluate on a scale of 1 to 5 the SysML/SCADE coupling according to some
qualitative criteria.

3.2.6.1 Improvement of the development process
In order to evaluate the improvement of the development process we use the following qualitative criteria:

Integrated Modelling environment
Checking facility at early stage
User Interface friendliness

)l
il
il
1 Automated code and documentation generation
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Integrated modelling environment is the most important achievement in this group of criteria. It enables the
development of large systems for which it is possible to describe precisely subsystems with the SCADE
models synchronized with SysML models. This is particularly important for systems including critical
subsystems that must be developed under strict regulation norms.

The second important improvement is the ability to support early checking facility before generating system
architecture of SCADE blocks. This facility is very interesting but does not encompass yet all rules that would
be necessary. Nevertheless it is a very valuable feature that should be further developed in the future.

User interface has been improved with the introduction of Papyrus SysML support. Nice features such as
drag and drop of properties to draw composites in internal block diagrams, nice short cuts for presentation
options and hide/show filters to reuse model elements in graphics. Ports management is greatly facilitated
and productivity is really increased. Besides the new possibility of having a SysML editor, the SCADE model
generator (restricted to SysMLC SCADE way) is quite impressive though still limited to blocks and inputs-
outputs. This provides a major gain in productivity to build large models. The synchronization feature is
working appropriately and enables further model changes. Improvements could be made to support type
libraries management and conversion or reuse.

Automated documentation is not provided for SysML model, and is unchanged for SCADE models it provides
facilities to produce model documentation and error reports. Documentation of SysML architecture should be
provided in the future

3.2.6.2 Improvement of reusability

In order to evaluate the improvement of reusability we use the following qualitative criteria:

1 Synchronization of models
1 Reuse of SCADE operators in new models
T Types management

Synchronization
of models
4
3
——Before Interested
N —\With Interested
Types Reuse of Scade
management Operators

As already mentioned in the previous section, the SCADE model generation and above all, the
synchronization facility is a very valuable benefit of the INTRESTED tool chain. Thanks to this facility it has
been possible to redesign the QDS Application model and reuse existing SCADE design from the previous
implementation directly designed in SCADE in the basic scenario. This facility permits to reorganize quite
rapidly the overall system and reuse operators from previous models. The important thing is that such reuse
is not lost when SysML changes are made.

This is a major positive result of the project since building a new system from raw blocks directly in SCADE is
rather tedious and error prone.
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Management of types is well handled for SCADE types or user types defined from SCADE types. It would be
interesting to have the possibility to import user defined type libraries. Moreover at least UML basic primitive
types should be converted during the export to SCADE model. This is the case for Integer and Boolean but
has to be done manually for other types. This is rather tedious since ports correctly typed in the SysML
model have to be reset in the SCADE model.

3.2.6.3 Improvement of communication between stakeholders

In order to evaluate the improvement of communication between stakeholders we use the following
qualitative criteria:

1 Conformance to standards (SysML)
1 Integrated view of System
1 Documentation, traceability

standards

(SysML)
4

3

Before Interested
= With Interested

Integrated view
of System

Documentation,
traceability

Improvement of the communication with stakeholders is of great importance especially in the early stages of
process development to make sure there is no misunderstanding and also to help define tests sets for the
V&V stages. The conformance to SysML is a great advantage that was absolutely not present before
Interested in the tool suite. In the same range of preoccupations the presence of the MARTE profile within
the environment permits to set real-time annotations on the model in a standardized way exploitable by other
tools. The integration is estimated very satisfying even though only part of SysML is available since SCADE
is used to specify detailed design and behaviour. (However, it is possible to build a more complete SysML
model using Papyrus MDT if application requires it).

The use of SysML and of the Papyrus MDT modeller makes it quite easy to present a global view of the
system. This is a great benefit of the integrated tool-chain, even for redesigning previously existing SCADE
applications. The overall architecture of a system with a few tens of blocks can be drawn within a few hours
for a known application with papyrus MDT.

Documentation and traceability issues are important for the improvement of communication. On this point,
the improvement is less impressive than on other criteria since SysML documentation generation is not yet
available (coming soon). However the improvement of traceability between high level system design and
detailed design is improved by the model synchronization facility. SCADE documentation is still available.

3.3 FLUCTUAT/SCADE Integration

In this section, we detail the numerical validation of the model. This verification can occur before the OASIS
code generation if the user expects to adjust the model. For validation issues, it is done in parallel with the
PsyC code generation.

We expect to be more efficient with FLUCTUAT/SCADE with respect to FLUCTUAT applied on SCADE
generated code. We especially expect to gain in the round trips with an easier parameterization of the first
analysis and of the next ones. By working at the SCADE level we also expect to look more efficiently for
components of the system likely to disrupt the analysis results.

In fact, the availability of the coupling conducts to a different validation process than the one we use with
FLUCTUAT. With FLUCTUAT we start the first analysis at system level because it requires less knowledge
in the software. With FLUCTUAT/SCADE since the first analysis requires far less parameterization and since
the systemdbs components are easily identifiabl e,

we
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approach enables to early set local parameterization and so contributes to improve the future analyses at
system level. Often we obtain finer ranges with this approach.

The numerical verification is scarcely exhaustive and so the engineers usually have a time slot to do it. With
more integrated tools and with tools that require less expertise, the validation process should set stronger
numerical requirements and it should also better control what the software does.

FLUCTAT/SCADE integrates the core functionalities of FLUCTUAT. The user accesses to the
FLUCTUAT/ SCADE analysis with the fAgeneratedo button

© 8 | FLUCTUAT v &

i [ e}

When the user selects a component, asub-syst em or a whole system and when |
button, he automatically gets a numerical report on 10 cycles available through the button.

il

The integration is rather non intrusive at this level for the user.

For a closed system, a 10 ¢ y c | aealysis corresponds to a simulation that provides the accumulated
numerical errors. For an open system, a subsystem or a component, such an analysis delivers the domains
of the output values. By default, the results are valid for integer entries in the range [-2*, 2%"-1] and for real
entries in the range [-1.7977x10°%, 1.7977x10°%]. Such entry domains are often too large for a numerical
analysis and the tool invites the user to define adequate ranges for inputs.

= {3 distance General
=3 Interface Declaration Names: X Value
» X G
s Ekxk rangel  Static Range " |[;- 05
o omment Max: 105
i Note
> d KCG
- Traceabiity

If the user requires a proof for a numerical property, he has to specify an analysis with an undefined number
of cycles. He does this by giving | TOmReteisn t he box AfAmai

Extended optiong FLUCTUAT
nbexecheforejoin: 10 wideningthrezhold: 2

rnawiter: 1 infthreshold: B0

Main range: ITOP |1 [RscFie| [Edt Fie|

In presence of computations with real numbers, the rounding errors often accumulate cycle by cycle. At the
end, the results tend to become very imprecise after 10" cycles for n big enough and only few systems like
the convergent numerical filters can absorb the numerical errors. FLUCTUAT/SCADE provides a viewer
component to see the evolution of domain and errors. This viewer is very practical to observe such a
numerical drift, to update the analysis parameters and to observe the numerical impact of a particular event.
The evolution graphs are often integrated in the final numerical validation report.

For our practical case study we compare both approaches to produce a numerical report on the numerical
properties expressed in section 3.1. For both approaches, the validation of the properties 1, 3, 4, 5, 6 has
required the definition of 16 analysis scenario at system level; among them are 2 new scenarios and 14
variant scenarios. The validation of the property 2 has required 24 analysis scenarios; among them are 10
new scenarios and 14 variant scenarios.

3.3.1 Numerical verification methodology before INTERESTED

With FLUCTUAT alone to do the numerical verification, the analysis scenarios for the property 2 have
required a great amount of time to isolate the source files associated to each component and for the
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elaboration of the scenarios. For this reason, we have first tested the properties 1, 3, 4, 5, 6 before testing
the property 2.

In practice, the verification methodology with FLUCTUAT starts with the easier analysis scenario to set up
and often it is verification at system level. We can imagine that verifying components first would enable to set
annotations in the model that would be useful after for the validation at system level.

The definition of the analysis scenario for property 2 has been time consuming, although such definition is
rather done in a systematic way. If defining a new scenario for a component requires 10 minutes against 2
minutes for a variant definition, then you need to devote 128 minutes only for the scenario definition of
property 2 instead of 48 minuntes if the first definition is automatic. For small/medium systems it may be
acceptable, but for bigger systems, the numerical verification is only done in practice at system level.

With FLUCTUAT, the user has access to various functionalities like subdividing an interval in smaller ones.
The evolution graphs then show in parallel the behavior of every analysis on each subdivision. In some
cases, this functionality is very useful to validate continuous properties. We especially think at the property 4
fiThe system has a continuous behavior for step | [10'4, 10'2]() .

3.3.2 Numerical verification methodology with INTERESTED

Taking advantage of FLUCTUAT/SCADE we have started our validation process with the components of the
system. This new validation process reveals more efficient and is possible since SCADE exposes the
components of a system. In the case of our system, we exhibit different properties for each component.

The more intersecting point with FLUCTUAT/SCADE is the ability to do an analysis at component level in
two clicks, one for selecting the component and one for launching the analysis. The created scenario is a first
base that is likely to evolve depending on the property we focus on.

For the source component for step = 0.01, we prove that the output domain is in [0,5] and that the output
forms a sinusoid (at least for the 4000 first cycles). The numerical error linearly grows with respect to the
cycle number.
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=
Mn: [t Min [
Max:  [a000 Max 000 [
Draw again Reset Draw again Reset
102612
Min : L i 1 Lo
Max 1 [ 1
Draw again Reset Draw again Reset It |
2 e (1
Display Dy
¥ Fioating point value I™ Fioating point value Lps | LT L
I™ Exact value ™ Exact value
I™ Emror ngase IV Error [itsase
I™ Relative error I~ Relative error
21 5.3e-13
s bitmap As bitmap
s GiUplot file 315 As GUplot file 102212
Print Print
42 13612

We also prove that the accumulated accuracy errors provide only from the representation of step which is not
exactly represented in a computer. If we choose the value 1/128 = 0.0078125, we prove that the output
forms a perfect sinusoid (for all cycles) and that the numerical error is bound by [-4310™°, 33107 (for all
cycles T no error accumulation). For the proof, the tool has done an automatic induction proof on 512 cycles.
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4.2

To obtain the results we spend 8 mins for creating 4 analysis scenarios, 8 mins for analyzing the results and
for modifying the analysis parameters, 2 mins for copy/pasting the numerical annotations in the model and
the results in a numerical report in word (+ 12mins of computer/time analysis). With FLUCTUAT alone, the
equivalent time was 19mins for the selection of the good source files and for creating the scenarios, 8 mins
for analyzing the results and for modifying the analysis parameters, 5 mins for copying/pasting and
explaining the numerical annotations in the source code. For this component, the productivity gain for the
engineer is almost 80% with an analysis more accessible.

For the sensor component, the numerical analysis is simpler. With a specification of level in the interval [0.2,
2.2], we prove that valve_cmdisin { -1, 0, 1}.

As for the source component, the valve component requires several analyses. We start numerical analysis
with a blocked valve. After some round-trips between the parameters, the annotations in the model and the
analysis reports, we prove that the output of the valve is in [0, 1] for all cycles and that the numerical errors
linearly grow (about 5.5x10™ after 1000 cycles).

For the tank component, we prove that the domain for ws_out is in [0, 10]. But the specification of the input
ranges ws_in | [0, 5] is not sufficient to prove that level remains in [0.2, 2.2]. In fact, you need to know the
context induced by the system to verify such specification. The numerical errors are nominal for tank and
also grow linearly.

We have performed several analyses at system level (step = 0.01, step = 0.0001), in order to validate the
numerical requirements (properties 1, 3, 4, 5, 6).
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