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Abstract

This deliverable is the user manual for the INTO-CPS tool chain. It is
targeted at those who want to make use of these tools to design and vali-
date cyber-physical systems. As a user manual, this deliverable is concerned
with those aspects of the tool chain relevant to end-users, so it is necessarily
high-level. Other deliverables discuss finer details of individual components,
including theoretical foundations and software design decisions. Readers in-
terested in this perspective on the tool chain should consult deliverables
D4.1b [PBLGI5], D4.1¢ [BQS15|, D4.1d [LLW™15|, D5.1a |[GHJ™15], D5.1b
IMPB15], D5.1¢ [BF15] and D5.1d [HLG™15].
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1 Introduction

This deliverable is the user manual for the INTO-CPS tool chain. This tool
chain is meant to support a model-based development approach for Cyber-
Physical Systems (CPSs). The analysis is primarily based on simulation of
heterogeneous models making use of the Functional-Mockup Interface (FMI)
standard [Blol4] using co-simulation. Other verification features supported
by the tool chain include hardware- and software-in-the-loop simulation and
model-based testing. Verification by model checking is planned for the second
year of the project.

The release process of the complete tool chain is managed at
http://overture.au.dk/into-cps/site

under the category “Download”. In case access to the individual tools is
required, pointers are also provided there and in Appendix [C]

Please note: This user manual assumes that the reader has a good under-
standing of the FMI standard. The reader is therefore strongly encouraged to
become familiar with Section 2 of deliverable 4.1d [LLW 15| for background,
concepts and terminology related to FMI.

The technical content of the manual is structured as follows.

e Section [2| provides an overview of the different features and components
of the INTO-CPS tool chain.

e Section [3| explains the relevant parts of the Modelio SysML modelling
tool.

e Section [4] explains the different features of the main user interface of
the INTO-CPS tool chain, called the INTO-CPS Application.

e Section [5 describes the separate modelling and simulation tools used in
elaborating and verifying the different submodels of a multi-model.

e Design Space Exploration (DSE) for INTO-CPS multi-models is pre-
sented in Section [Gl

e Section [7 describes model-based test automation in the INTO-CPS
context.

e Section [§| provides a short overview of code generation in the INTO-
CPS context.

e The appendices are structured as follows:


http://overture.au.dk/into-cps/site
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— Appendix A lists the acronyms used throughout this document.

— Appendix B gives background information on the individual tools
making up the INTO-CPS tool chain.

— Appendix C describes how the individual tools can be obtained.

— Appendix D gives background information on the various princi-
ples underlying the INTO-CPS tool chain.

2  Overview of the INTO-CPS Tool Chain

The INTO-CPS tool chain consists of several special-purpose tools from a
number of different providers. The constituent tools are dedicated to the
different phases of a co-simulation activity. They are discussed individually
through the course of this manual. An overview of the tool chain is shown
in Figure [1]

Co-sim
config

Co-sim
config

INTO-CPS

® Y Obtain co-sim config
N

Modelio
b=

DSE ‘ COE ‘

Optimal
co-sim

Figure 1: Overview of the structure of the INTO-CPS tool chain.
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The main interface to an INTO-CPS co-simulation activity is the INTO-
CPS Application. This is where the user can design co-simulations from
scratch, assemble them using existing FMUs and configure how simulations
are executed. The result is a co-simulation multi-model.

The design of a multi-model is carried out visually using the Modelio SysML
tool, in accordance with the SysML/INTO-CPS profile [APCBI5|. Here one
can either design a multi-model from scratch by specifying the characteristics
and connection topology of FMUs yet to be developed, or import existing
FMUs so that the connections between them can be laid out visually. The
result is a SysML multi-model of the entire co-simulation, expressed in the
SysML/INTO-CPS profile. In the former case, where no FMUs exist yet, a
number of modelDescription.xml files are generated from this multi-
model which serve as the starting point for model construction inside each
of the individual simulation tools, leading to the eventual FMUs.

Once a multi-model has been designed and populated with concrete FMUs,
the co-simulation orchestration engine (COE) can be invoked to execute the
co-simulation. The COE controls all the individual FMUs in order to carry
out the co-simulation. In the case of tool-wrapper FMUs, the model in-
side each FMU is simulated by its corresponding simulation tool. The tools
involved are Overture, 20-sim and OpenModelica. RT-Tester is not under
the direct control of the COE at co-simulation time, as its purpose is to
carry out testing and model-checking rather than simulation. The user can
control a co-simulation, for instance by running it with different parameter
values and observing the effect of the different values on the co-simulation
outcome.

Alternatively, the user has the option of exploring optimal simulation pa-
rameter values by entering a design space exploration phase. In this mode,
ranges are defined for various parameters which are explored, in an intelli-
gent way, by a design space exploration engine which searches for optimal
parameter values based on defined optimization conditions. This engine in-
teracts directly with the COE and itself controls the conditions under which
the co-simulation is executed.

3 Modelio and SysML for INTO-CPS

The INTO-CPS tool chain supports a model-based approach to the develop-
ment and validation of CPS. The Modelio tool and its SysML/INTO-CPS
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profile extension provide the diagramming starting point. This section de-
scribes the Modelio extension which provides INTO-CPS-specific modelling
functionality to the SysML modelling approach.

The INTO-CPS extension module is based on the Modelio SysML extension
module, and extends it in order to fulfil INTO-CPS modelling requirements
and needs. shows an example of a simple INTO-CPS Architecture
Structure Diagram under Modelio. This diagram shows a System, named
System, composed of two EComponent of kind Subsystem, named SubSys-
tem. This Subsystem have an internal Variable called variable of type String
and exposes two FlowPorts named portln and portOut. The type of data
going throught these ports are respectively defined by In and Out StrtType
type. More details on the SysML/INTO-CPS profile can be found in deliv-

=<lnrarfacas>
<=SmTypa->

Out

+intOut - Int
+ boolOut - Bool
<= Bystem== =<EComponent==
System = SubSystem &
+ variable - Strin
+ subsystem g ™ il ontCutOut
-y
1 2
=<interfaces> portln:ln

<2=25oTypas>
In

+ realin - Real

Figure 2: Example INTO-CPS multi-model.

erable D2.1a [APCBT5].

illustrates the main graphical interface after Modelio and the INTO-
CPS extension have been installed. Of all the panes, the following three are
most useful in the INTO-CPS context.

1. The Modelio model browser, which lists all the elements of your model
in tree form.

2. The diagram editor, which allows you to create INTO-CPS design ar-
chitectures and connection diagrams.

3. The INTO-CPS property page, in which values for properties of INTO-
CPS subsystems are specified.
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ModelTy
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Figure 3: Modelio for INTO-CPS.

In the INTO-CPS Modelling workflow |[FGPP15|, the first step will be to
create, as depicted in a Modelio project for this:

1. Launch Modelio.

2. Click on File — C'reate a project....
3. Enter the name of the project.

4. Enter the description of the project.
5

If it is envisaged that the project will be connected to a Java develop-
ment workflow in the future (unrelated to INTO-CPS), you can choose
to include the Java Designer module by selecting Java Project, other-
wise de-select this option.

6. Click on Create to create and open the project.

Once you succesfully created a Modelio project, you have to install the Mod-
elio extensions required for INTO-CPS modelling, i.e. both Modelio SysML
and INTO-CPS extensions, as described in If both modules
have been correctly installed, you should be able to create, under any pack-
age, an INTO-CPS Architecture Structure Diagram in order to model the
first subsystem of your multi-model. For that, in the Modelio model browser,
right click on a Package element then in the INTO-CPS entry, choose Ar-
chitecture Structure Diagram as shown in [Figure 5| [Figure 6| represents an
empty Architecture Structure Diagram.

10
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@& Modelio 3.0 =N o ==

[Fiie Edit Configuration Views Help

% Create a project... i ?E:
Save project = g l v Informationl = " l
Close project 1 1
5 Creat ject
T4 Import a project... £ ] Create a proje @
Create a project
T Switch workspace... Enter project details

Exit

Project name Training System

Description  This project will manage the information system usedto =
manage all the training courses provided by the university

IT departement. |

° Java project
® °[ Create ] [ Cancel l

Figure 4: Creating a new Modelio project.
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Figure 5: Creating an Architecture Structure diagram.
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Figure 6: Architecture Structure diagram.
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Instead of creating an Architecture diagram from scratch, the INTO-CPS
extension allows the user to create it from an existing modelDescription
.xml file. AmodelDescription.xml fileis an artifact defined in the FMI
standard which specifies, in XML format, the public interface of an FMU. To
import a modelDescription.xml file, right click in the Modelio model
browser on a Package element, then in the INTO-CPS entry choose Import

Model description, as shown in [Figure 7}

?E: Model ESI = O System cennection diagram ESI @ Q Q | 5 &) L E
e d%h ~|J4
4 ' Cascading (= Default & [l
4 [O cascat - L
» @ Create a diagram or a matrix...
3
. [ | % Create element ||:| cirl: Controller F
> O
. O 3 INTO-CPS module v 1] AddFMU
> [ @ Modeler Module P@i‘; Import Model description)
{3 SysML Architect by Modeliosoft 2 Architecture Structure Diagram
- .
%, Add stereotype Connection Diagrarm
EZ Create stereotype...
]
# Delete element Delete
s g PTypel00 Cut element Ctrl+ X
> @] Predefined Copy element TreT System lowerValveActuatorvalves
. &g SIDefinition
Paste element Ctrl+V
I
% Related diagrams... 3
| Macros 2 System.lowerLevelSensorlowerlevel
-ﬁé Patterns * :
¥ Check model
(5 Edit element... il
% AMI k e...| El 5cr...||§| Cha... | y Lin...| B Sy,
B Create a model component — -
L Administration 4 [ ]

Figure 7: Importing an existing model description.

Select the desired modelDescription.xml file in your installation and

click on Import (Figure 8). This import command creates an Architec-
ture Structure Diagram describing the interface of an INTO-CPS block cor-

responding to the modelDescription.xml file imported, cf.

Once you have created several such blocks, either from scratch or by import-
ing modelDescription.xml files, you must eventually connect instances

14
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B Import ﬁ

Ch\Users\ebrosse\DownloadsitankcontrollerymedelDescriptionxml

| Impot | | Cancel |

Figure 8: Model description selection.

=<lnmerface==

- 25T Types==
==Block===<Physical== Input
tankcontroller
+ level - Real

+ maxlevel - Real

+ minlevel - Real

==interfacess
25T Types==

Output
+ valve - Boal

[ Joutput:Output [‘i_'|input:lnput

Figure 9: Result of Model description import.

of them in an INTO-CPS Connection diagram. To create an INTO-CPS
Connection diagram, as for an INTO-CPS Architecture diagram, right click
on a Package element, then in the INTO-CPS entry choose Connection Di-
agram, as shown in [Figure 10| [Figure 11| shows the result of creating such a
diagram.

15
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Figure 10: Creating a Connection diagram.
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System cennection diagram 3@] @ Q & | 5 E".Il s i
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Eiiilﬁlﬁf = =

_IEEL w 0 wits : WaterTank System @
[} Select
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& Connection & O ctrl: Controller %I
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D Rich Mote

= Free drawing <0
ystem. lowerValveActuator valveState
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Figure 11: Example of connection diagram.
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Figure 12: Connection diagram example.

Once you have created all desired block instances and their ports by using
the dedicated command in the Connection Diagram palette, you will be able

to model their connections ([Figure 13]).

wis : Water [

a ctrl: Controller [

System alvestate

[ tank1 : CascadeWatertank1 [
WeContral

waterQutf

System.upperLevelSensor.upperlevel

=]
{~

wateroute

System.lowerValveActuator valveState

[] tank2 : CascadeWatertank2 [

il

System.lowerLevelSensor.lowerlevel

valveControl

{Wievel

Figure 13: Connection diagram with connection.
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Before simulating your model, you have to associate these block instances
with dedicated FMUs. This is done in two steps:

1. Add an FMU to the project.
2. Associate each block instance to one of these FMUs.

To add an FMU, once again right click on a Package element, then in the
INTO-CPS entry choose Add FMU, as shown in [Figure 14} Select your FMU

(D coscacing - oieio A ™

File Edit Configuration Views Help

Hae X B EBEEEDEEHDE -8 | ufE)E
?E:MOdEIE:gI E@*%«G&?E: VEIE
4 @ Cascading
a |E cascadir=
b w 44 Create a diagram or a matrix...
[ O ¢ "'ﬁ Create element 3
o O C
. [ cl® INTO-CPSmodule »
» O wm Modeler Module b | B Reverse Model description
5}{3 SysML Architect by Modeliosoft 4 Architecture Structure Diagram
fE c -
Q T %,  Add stereotype Connection Diagram
@ T E Create stereotype...
fa w
b PType1.0.02 3 Delete element Delete
> PredefinedTy| = Cut element Ctrl+X
b SIDefinitions 3 Copy element Ctrl+C
Paste element Ctrl+V
% Related diagrams... 3
= Macros 3
-ﬁ' Patterns 2
¥ Check model
7 Edit element..
[y XM >
B8  Create a model component
L Administration L

Figure 14: Add a FMU to the project.

and click on Add, cf. [Figure 15| Then, in the INTO-CPS property page of
each block Instance, |[Figure 16, you will be able to choose which FMU is
related to that instance.

At this point your blocks have been defined, the connections have been set

19
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Property Value
Name ctrl
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FMU controllerfmu -
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Figure 16: Associate Model and FMU.

and FMUs have been associated. The next step would be to simulate your
model. For that you must first generate a configuration file from your Con-
nection diagram. Select the desired Connection diagram, right click on it
and in the INTO-CPS entry choose Generate configuration, as shown in

. Choose a relevant name ([Figure 18|) and click on Generate.

4 The INTO-CPS Application

Built on top of the Modelio tool (Section , the INTO-CPS Application is
the front-end of the INTO-CPS tool chain. Automatically deployed with the
INTO-CPS modelling environment, shows how it looks. Taking

20
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Figure 17: Example INTO-CPS multi-model.

' Configuration generation

izt

configuration|

[ Generme | |

Cancel

Figure 18: Example INTO-CPS multi-model.

Prope

MName
Cwner

as input a configuration generated from an INTO-CPS Connection diagram
such as that in [Figure T1] the INTO-CPS Application allows you to complete,
thanks to a specific editor, the specification of the co-simulation orchestrated
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File Edit Configuration Views Help

5] | X

cascadewatertankd fmu
cascadewatertank2.fmu
controllerfmu

- | afEEEE |

2= Model %DSimu\ation = = O | € Configuration 2 p = 0O|F |
4 [3 Simulation FMU ‘Connection | Parameter Algorithrn| O
4 [ | configs
. . . Path Tool
configuration.config.xml
a || frus : /fmus/cascadewatertankl.fmu

Jffmus/cascadewatertank2.fru

Jfmus/controller.fmu

a [ results
a4 | 2015-11-1811 4538
configuration.configxml

result.csv

Figure 19: The INTO-CPS Application.

by the COE (Section [4.1)). This editor is composed of four tabs:
1. FMU Tab, listing the FMUs used for the simulation.
2. Connection Tab, showing the specified connections.
3. Parameter Tab, where parameter values are initialized.

4. Algorithm Tab, for specifying the algorithm type and its different val-
ues.

Note that the FMU and Connection tabs (Figure 20| and [Figure 21| respec-
tively) can not be modified from this editor. The values specified here come
from an INTO-CPS multi-model created as discussed above.

The Parame-

L) Configuration &2 p = O

Frau | Connection | Parameter | Algorithm|

Path Tool

i ffmus/cascadewatertankl fmu

JSfmus/cascadewatertank2 fmu

JSfmus/controller.fmu

Figure 20: FMUs configuration tab.

ters tab lists all the parameters coming from the model, making
it possible to specify a Value for each. Finally, the Algorithm tab
lists the parameters used for the simulation, including the Algorithm type
(Fized or Variable), the time step, the starting time and the ending time.

Once the co-simulation configuration has been fully specified, it is possible to
run the co-simulation. At the end of the simulation activity, a folder will be
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£ Configuration &2
Connection | Parameter | Algorithm

Source

ankl valveControl

ank2.valveControl

14da879a6-0651-4db4d-bble-72fab16b33a4 | tankl.level {8c4e810f-3df3-4a00-8276-176fa3c9f003}.controller System.upperLevelSensor.upperlevel
{b214bd62-6083-466e-ah2e-28e49fe2dh24 Ltank2 level {8c4e810f-3df3-4a00-8276-176fa3c9f003}. controller. System.lowerl evelSensor.lowerlevel
{4da879a6-0651-4db4-bbIe-72fa616b33a4 | tankd .waterOut.f {b214bd62-608a-466e-ab2e-28e43fe24b24} tank2.p phi
{b214bd62-608a-466e-ab2e-28e40fe24b24 ) tank2 p.p {4da879a6-0651-4dbd-bbe-72fa616b33a4 Ltankl waterQut.e

Figure 21: Connections configuration tab.

£} Configuration 2

|FMU |Connection Parameter | Algorithm

Marne Yalue
{8cdeB10f-3df3-4a00-8276-176fa3 9003} . controller. Controller.maxlevell 20
{8cd eB10f-3df3-4300-8276-176fa3 c9f003} . controller.Controller.minlevell 10
{8cdeB10f-3df3-4a00-8276-176fa3 003} . controller. Controller.maxlevel2 20

| [8cd eB10f-3df3-4a00-8276-176fa3 <0003 }.controller. Controller.minlevel2 1.0

Figure 22: Parameters initialisation tab.

3 Configuration &3 b — O
| FML | Connection | Parameter| Algorithm |_
Type: Fixed| -
Step: 0.01
Start time 0.0
End tirme: 10.01

Figure 23: Algorithm selection tab.

created inside the results container (Figure 24)), containing the co-simulation
configuration and the results, in CSV format.

4.1 The Co-Simulation Orchestration Engine

The heart of the INTO-CPS Application is the Co-Simulation Orchestration
Engine (COE). This is the engine which performs the orchestration of the
various simulation tools (described below), carrying out their respective roles
in the overall co-simulation. It is written in a combination of Java and Scala,
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8- Model %ﬂSimuIatiDn s = O

4 i | Simulation

a configs
configuration
4 frmus
tank.fru
tankcontreller.fmu
4 results
4 151110-1626
configuration
result

Figure 24: Simulation contents browser.

and runs as a stand-alone server hosting the co-simulation API on port 8080.
It is started automatically by the INTO-CPS Application. It may be started
manually for testing purposes by executing:

java —Jjar coe.jar 8082

The COE responds to simple HT'TP requests, which are documented in the
API manual, which is also hosted by the COE. With the COE running, the

API manual can be obtained by executing:
curl -o api.pdf http://localhost:8082/api/pdf

The COE is entirely hidden from the end user of the INTO-CPS Application,
but parts of it are transparently configured through the main interface. The
design of the COE is documented in deliverable D4.1d |[LLW™15].

5 Using the Separate Modelling and Simula-
tion Tools

This section provides a tutorial introduction to the FMI-specific functionality
of each of the modelling and simulation tools. This functionality is centered
on the role of FMUs for each tool. For a high-level description of each tool,
please refer to Appendix [B]
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5.1 Overture

Overture FMU support is implemented as a tool wrapper, meaning that
models exported from Overture require the Overture tool to simulate. This
is implemented such that the VDM Interpreter and its FMI interface are
included in the exported FMU. The Overture tool wrapper FMUs currently
support Win32, Win64, Linux64, Darwin64 and require Java 1.7 to be in-
stalled and available in the PATH environment variable.

FMU export from Overture is currently done manually and supports the
FMI 2.0 standard. This means that the user will have to download the tool
wrapper and assemble the FMU manually.

FMU Layout The FMU has the layout shown in |Listing 1]

binaries

linuxo64

<FMU name>.so
darwiné4

<FMU name>.dylib
win32

<FMU name>.d1l1l
win64

<FMU name>.dll

sources
*.vdmrt
resources
config.txt
crescendo—-fmi-2.0.7-SNAPSHOT-jar-with-dependencies. jar
modelDescription.xml

Listing 1: FMU Layout.

The VDM Tool wrapper includes the folders binaries and resources
and a modelDescription.xml file that can be used as a template.

Export Procedure The export procedure currently consists of the follow-
ing tasks that the user must perform:

1. Download the VDM tool wrapper (link shown above).

2. Extract it and create the directory structure as shown above.

3. Rename the binaries (*.so/*.d11/+.dylib) such that they match
the FMU name e.g: watertank. so.
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4. Copy the VDM source files (x . vdmrt) into the sources directory.
5. Update the model description (example shown below).

6. Compress the directories binaries, sources, resources and the
modelDescription.xml file into a zip archive named <FMU name>
. fmu using the compression method defiate.

The VDM language dialect which supports FMU export is object-oriented
and thus does not have blocks with defined inputs and outputs. Therefore,
a custom mapping of the internal system state to the scalar variables of
FMI must be created manually. To illustrate how such a mapping can be
made, the Watertank example from the Crescendo tool [IPGT12| is used.
The Watertank is a simple model of a controller that adjusts the level in a
tank with a constant in-flow. It keeps the water level between a low and
high mark by opening and closing a valve. The system model consists of a

level sensor [Listing 3] valve actuator [Listing 4], the controller and
a system configuration [Listing 2]

system System

instance variables

public static controller : [Controller] := nil;
levelSensor : LevelSensor;
valveActuator : ValveActuator;

end System

Listing 2: The Watertank system.

class LevelSensor class ValveActuator
instance variables instance variables
level : real := 0.0; valveState : real := 0.0;
end LevelSensor end ValveActuator
Listing 3: Level Sensor. Listing 4: Valve Actuator.

class Controller

values
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public minlLevel : real =

0.0; —— {m}
public maxLevel : real = 0

0;
.0; — {m}

end Controller

Listing 5: The Watertank controller.

The mapping between VDM values (constants), instance variables, and FMI
scalar variables, is shown in [Table I The mapping includes the VDM value
maxLevel and the instance variables 1evel and valveState. This il-
lustration only shows how basic, unstructured VDM values and instance
variables can be mapped to FMI. Not all types of instance variable can be
exported, since it must be possible to express a path to the variable from
the system class using dots to separate fields, and the final element in the
path may not be more than just the name of a variable. This means that
instance variables and values may not come in the from of arrays, lists, sets
etc., as accessing leaf values stored in such variables would require the use
of the corresponding accessor mechanism (array index for arrays, head el-
ement retrieval for lists etc.)ﬂ. The name mapping for is given in

The scalar variables must be mapped to the internal state of the VDM model
as described above. This can be done using the model description element
Overture illustrated in [Table 1| where the scalar variable value reference
is linked to the corresponding path inside the System class of the VDM
model.
<Overture>

<link valueReference="0" name="Controller.maxLevel"/>

<link valueReference="3" name="System.levelSensor.level"/>

<link valueReference="4" name="System.valveActuator.

valveState"/>
</Overture>

Listing 6: Name mapping for the variables in [Table 1

IThe restriction on accessor mechanisms is due to a limitation of the current imple-
mentation and not the language.
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Table 1: VDM to FMI mapping.

VDM

FMI 2

class Controller

—— Parameter
values
maxLevel: real = 5;

end Controller

<ScalarVariable
name="maxLevel"
valueReference="0"
causality="parameter"
variability="fixed"
initial="exact">

<Real start="5"/>
</ScalarVariable>

class LevelSensor

-— input
instance variables
level real :=

end LevelSensor

0.0;

<ScalarVariable
name="level"
valueReference="3"
causality="input"
variability="continuous">
<Real start="0"/>
</ScalarVariable>

class ValveActuator

—— output
instance variables
valveState real

end ValveActuator

0.

0;

<ScalarVariable
name="valveState"
valueReference="4"
causality="output"
variability="discrete"
initial="calculated">

<Real/>
</ScalarVariable>
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5.2 20-sim

The current 20-sim version (version 4.5) does not yet include the necessary
FMU export feature for INTO-CPS by defauhﬂ It can be downloaded sepa-
rately from https://github.com/controllab/fmi-export-20sim.
Note that to automatically compile the FMU, you will need the Microsoft
VC++ 2010, 2013 or 2015 compiler installed (Express or Community edition
is fine). To install the FMU export extension:

20-sim General Properties .

- 22

|Editcr IPIcts | Falders IScripting Interfacel
_9)_

|

i
T .
@) [ ClodeFolders || _@
[ —
g e .
Folders =
Label Falder m
Crode C:\Program Files [x8E6]%20-zim 4.5\Ccode
Delet
20zim4C C:\Program Files [86]%20-zim 4C 2.1\source’\20-zim
StandaloneFML_E:terchgithubheontrollabhfmi-export-20simtStandalonef Ml
1 1 3 Drawin

Figure 25: Add the FMU export template.

1. Download the code generation template using the Download ZIP but-
ton on the above mentioned Github website.

2. Extract the zip file.

@

PC with 20-sim.

N otk

Open 20-sim.

Copy the just extracted folder StandaloneFMU to a location on your

From the main menu, choose Tools — Options.
Choose Folders.
Choose C-Code Folders.

2Note that 20-sim is only supported on the Windows platform.
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8. Add the folder you copied in step 3 (see also [Figure 25|).

-
w 20-sim Simulator - o ' . . , . ’ .l . -
File View Properties Simulation Help
— A : el <
He © ¢ = P E £ @
ﬁ Plot Windows 15 Time Domain Toolbox 3
4 @ Controller - Plots Frequency Domain Toobox  *
3 controller 9 Fam |
Real Time Toolbox H
. plant 1 \_) @) C-Code Generation
Animation Toolbox 3
-
05 Matlab C-Code Generation @
' Calculator
Target List: Description
Options — I - This C-code generation template
0 = Sl 208"_‘" Dynamic. DIl . generates a standalone co-simulation —
20-zim submodel for ArduinodahW R FMU from a 20-sim submodel

(== C-Code for 20-gim submodel

(== C++ class for 20-sim submodel

15 @ Simulink 5-Function

(== Stand-Alone C-Code

(=) 20-5im 4 2.1

2% FMU 1.0 expart for 20-sim submode

1 @pﬁ FMU 2.0 expart for 20-sim submade! |
05
Subrmadel
0 ; Controller_Discrete 9 (-
Output Directary: -
c‘\femp\?SU;MDDEL NAME% Ol
0 2 = -Canc:el
P P—T— Converted Dutput Directory Mame:
i c:\emp\Cantroller_Discrete

Qutput

Figure 26: Export an FMU from 20-sim.

To export a 20-sim submodel as a standalone FMU, make sure that the part
of the model that you want to export as an FMU is contained in a submodel
and simulate your model to confirm that it behaves as wanted.

Next, follow these steps (see also :
1. In the Simulator window, choose from the menu: Tools.
Select Real Time Toolbox.
Click C-Code Generation.
Select the FMU 2.0 export for 20-sim submodel target.

BT R

Select the submodel to export as an FMU.
6. Click OK to generate the FMU. This will pop-up a blue window.

If 20-sim can find one of the supported VC++ compilers, it will start the
compilation and report where you can find the freshly generated FMU.
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Please note that currently only a subset of the supported 20-sim modeling
language elements can be exported as code. The original goal for the 20-
sim code generator was to export control systems into ANSI-C code to run
the control system under a real-time operating system. As a consequence,
20-sim currently only allows code generation for discrete time submodels or
continuous time submodels using a fixed step integration method. Other lan-
guage features that are not, or are only partly supported for code generation,
are:

File I/0.
Calls to external code (DLLs, Matlab etc.)
e Variable delay blocks.

e Fvent functions.

Full support for all 20-sim features is only possible through the toolwrap-
per FMU approach. Support for this is planned for the second year of the
project.

5.3 OpenModelica

Currently all FMUs exported from OpenModelica are standalone. There are
two ways to export an FMU:

e From a command line.

e From OMEdit (OpenModelica Connection Editor).

FMU export from a command line To export an FMU for co-simulation
or model exchange from a Modelica model in OpenModelica, you can use a

Modelica script file generateFMU.mos containing the following calls to the
OMC compiler:

// ——— start file generateFMU.mos

// load Modelica library

loadModel (Modelica); getErrorString();

// load other libraries if needed

// loadModel (OtherLibrary); getErrorString();

// generate the FMU: PathTo.MyModel.fmu

translateModelFMU (PathTo.MyModel, "2.0", "cs"); getErrorString

()
// ——— end file generateFMU.mos
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Then, the OMC compiler must be invoked on the generateFMU.mos script:

// on Linux and Mac OS

> path/to/omc generateFMU.mos

// on Windows

> $OPENMODELICAHOMES%\bin\omc generateFMU.mos

FMU export from OMEdit One can also use OMEdit (the OpenMod-
elica Connection Editor) to export an FMU as detailed in the figures be-
low.

Open OMEdit: see
Load the Modelica Model in OMEdit: see [Figure 28|

Open the Modelica model in OMEdit: see [Figure 29
Export the FMU via the menu: see [Figure 30
e The FMU is now generated: see

file Edit View Smulation FMI Export Tocols Help

Lh:.;m Exi
:il.cwx
lTI@]Modeica

JTI © ModelcaReference

Recent Files

B Fifdev/IntoCPS/W

# [ Modeicaservices
Cl}IE OpenModelica

ﬁ) F:/dev [OpenModelica/
B F:jOpenModelical.9.3-
B F:/Openiodelical.
B) F:/devMODRIO_y
BP C:/Users/adrpo/AppData/Local Temp/Openiodl

B C:fusers/adrp

B> F:/dev/OpenModelica/Exampl

Latest News
P September 8, 2015: OpenMod
> luly 10, 2015: SIMS 2015 reg

P lune 18, 2015: New version s

EP May 13, 2015: Openl
B> March 17, 2015: Openo
[> February 02, 2015: OpenModedic:

B> Program OpenModelica A

1.9.1released

T

M |
Clear Recent Files Reload For mor ebsite www.openmodelica.org
e Hoceihtrry e

Plotting

2

Figure 27: Open OMEdit.

At the end the FMU will be present in: $TEMP%\OpenModelica\OMEdit.
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OMEdit - OpenModelica Connection Editor =] ]

&Eﬁlhmﬁmmwlbﬂkﬂﬁ

I los CI|[EBl0 @00

Libraries Browser
Libraries

D compiex
77 Modelica

o ModelicaReference

> (] veodekcaservies Recent Files Latest News
T‘ @ Opentodelica B [F:/dev/IntoCPS/WP3/T3_S_Piot_Studies/Line Fo B> September 8, 2015: OpenModelica 1.9.3 released
= |E LineFolower B} F:/dev/OpenModelcaftestsuite fopenmos B> July 10, 2015: SIMS 2015 registration open

B> June 18, 2015 New version scheme for nightly builds

B May 13, 2015: OpenModelica migrated from Subversion to GIT

€ March 17, 2015: OpenModelica 1.9.2 d

B> February 02, 2015: OpenModelica 1.9.2 Betal released

B> Program OpenModelica Annual Workshop 2015

ﬁ) October 25, 2014: OpenModelica 1.9.1 released

Reload For more detalls visit our website www.openmodelica.org

CretzNen Hodeka s
L welcome Modelng Pottng |

Figure 28: Load the Modelica model in OMEdit.

OMEdit - OpenModelica Connection Editor =] ]
Edit yim snlahm Fu[ Export Tools Help

lon OB N\ONOTH<E09S 59 |-
o4  UneFolowerExamples.TestSensor [0
I 'l'I_E Li] |Wﬂ'ﬂ*|"hﬂlmﬁw F:.ﬁtvmmﬂ’sﬂﬂzslsumm‘u-:)\,m:u‘ﬁ‘

ﬂ

B
e —
= =

Description:
Location: F: ,'de\r,'!nmms,'\w:!,’rz_s_ﬁnl_shnﬁsﬂ_ne Folow

Robot/fmu_ _modelica_f olower,
Path: LnanlnwarEXﬂll)lES TestSensor

K| | _'ILI

ix:-]ss.m I‘r:an.‘m rt“"d“"" o4 Modeing I}F’hﬁm l A

Figure 29: Open the Modelica model in OMEdit.
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OMEdit - OpenModelica Connection Editor - Dlﬂ

Fie Edit View Smulation Export Tools Help
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o | |
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Figure 30: Export the FMU via the menu.

‘OMEdit - OpenModelica Connection Editor =[3l x|
File Edit View gmjatm FMI Export Tools Help

[ B l‘]u.-.| \QIOTIII—\ < EQ0Q- |89 |-

Libraries Browser ot UneFolowerExamples TestSensor [

Lh. | -ﬁrEolwlmlmagmm F.mm,,ﬂswm‘m:gm:n‘ﬁ‘
c: Complex -
# [72) modeica =l

= @) wodelicareference =
C: E] ModelicaServices E— -
o ——

= IE LineFollower EI—
= (] Examples El“

= [B] conponers < | o
[Messages Browser & x

[1]10:13:53 Scripting Notification
The FMU LineFollower.Examples. TestSensor. fmu is generated at C: /Users/adrpo/AppData L ocal [Temp /OpenM

odelicafOMEdit

#(:63.37 I\':n.ss nwm oA Modeling I__’Pkmm|4

Figure 31: The FMU is generated
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5.4 RT-Tester / RTT-MBT

The RTT-MBT component caters to FMI/FMU through a specialised feature
release. This feature makes it possible to treat model exports from the INTO-
CPS tool chain as behavioural entities that come attached with annotations
that reflect functional and time-related requirements - also known as test
models.

Some of these annotations are implicit (like states and transitions) and can
always be used to compose a test goal, i.e., a number of situations that shall
be reached in an execution, cf. Figure 32} Often used strategies—like state

0 RTTUI3 - 3.8.1-1 {Release) - turn-indication

File Edit Project Perspectives Help
= & & O “ 3 nh n 2z & TestProcedures/TP-BCS ¢ LA oa W OW T sTRT mo»
Project View & x| @ Test contest P-acicont [ |
B inc -
. B logs Model Requirements Test Cases Goals Solver
© @ model 4 M SystemUnderTest - oOrdered Goals
4 By RTT_TestProcedures E 4 M FLASH_CTRL Unordered Goals
8 Simulation “ A EA_statetahinel 3 T G
s TP-BCS Iniiel @ TCTurnIndicationContraller-UD- EIEIEIZ
- B scripts \IMR.SystemUnderTest.FLASH_CTRL.EA_StateMachme1‘Imt\al \ iGenerate camputation satishying For
- B specs EMER_ON Finally ([{{{{EMER_ACTIVE &&(Turn[ndLvr =) B {1
B stub: 4 [® Referenced Test Cases o TC TurnIndicationController-UD-0005
stubs N erate computation satishying Formula
B sut @ TC-TurnIndicationController-UD-0001 Fmally ([((((&ngft) &&(\r\g?’vt))&&(ttr « 3)) & (flold
4 B TestProcedures @ TCTurnindicationController-D-0002 —* (i(v... [BCS) [BCSPAIRE | [G0AL
< e : 0 1C TumIn\:hcatmnCUntruller UD-0003 0 EME GOAL
— < S - ] 3 1 I 3
Fiter = | Findi fil= name

Console Yiew & X

## copy Tile 'C: opt/exampl es MTUrn-indicationRTT TestProcedures ssimulationsspecs/fmizretinterface, ree’ 2122
&% copy Tile 'C:fopt/examples/fturn-indication/RTT_TestProcedures/Simulation/specs/operations.rts’ 2123
## copy Tile 'Cijopr/examples/sturn-indicacionRTT_ TestPr‘ocedures/smu'laU0n/5pe:5/r‘tt51gna‘lchecker‘ res' 2124
&% copy Tile 'C:fopt/examples/turn-indication/RTT_ TestPr‘ocaduras/S1mu1at1on/5pacs/st1mu1atur‘ rts’ 21z%
## copy Tile 'C:fopr/examples/turn-indicacionRTT_TestProcedures/ssimulation/specs/test.res’ 2126
— [## copy file 'C:/opt/examples/turn-indication/RTT_TestProcedurses,/Simulationsspecs/_ora _FLASH_CTRL.rts' 21z7
=||## copy Tile 'C:fopt/examples/Turn-indicarianRTT_TestProcedures Simulationsspecs,/_ora _OUTPUT_CTRL.PTS' 2128
—|## copy with replacement : RTTcontext_private.h 2129
L[ copy with replacement : RTTContext.h 2130
## copy with replacement : RTTcontext.c 2131
## Artemprt a compile 2132
## Attempt a link 2133
Execution of rtt-mbt-tcgen.exe took 0:00:00.234000 2134
Created FMU 'C:fopty/examples,/turn-indicatiom\RTT_TestProcedures,/simulationyTurnIndicationZontroller_simulation. fimu' 2135
@ | fopt/rtt-mht/hin/rtt-mbht-finizgen-sim. hy TestFroceduresSimulation Command ended with exit code 2138
3

Figure 32: Example of a RTT-MBT configuration.

coverage—are activated by clicking on them. Specific reachability goals can
be added via drag-and-drop of model elements, and more complex goals can
be textually supplemented by an LTL formula.

Based on a test goal, a sequence of stimulations (i.e., timed inputs) is then
generated by a SAT solving technique. The RT-Tester testing back-end serves
as the execution engine for this sequence by means of a test procedure, which
is then automatically cast into an FMI-compliant FMU. That “test” FMU
can then be run against one or more system components (also provided as
FMUs) and use the reporting mechanisms of the test tool to record and trace
the results.
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5.4.1 Setup RT-Tester User Interface

When the RT-Tester User Interface (RTTUI) is first started, a few configu-
ration settings have to be made.

1. User name and company name (Figure 33al).

2. Location of Bash shell (Figure 33bf): You can safely skip this step by
clicking Next.

3. Path to Python 2.7 executable (Figure 33c|): Click Detect and then

Installation Path for auto-detection, or Browse to select manually.

4. Location of RT-Tester : Click Browse to select the direc-
tory of your RT-Tester installation. Note that if you did not specify the
Bash shell location in step [2] the version number might not be properly
detected.

o

Step 2 of 4: Bash Configuration
Step 1 of 4: User Configuration Please provide the path to the bash
Flease enter your basic user information

Bash

User Information
Pt [ ][ et || rome

Mame | Florian Lapschies ‘

Parameter: | Set Default

Company |V\eriﬁed Systems International GmbH ‘

Version:

< Back Cancel

(a) Configuration of user. (b) Configuration of Bash.

Step 3 of 4: Python Configuration Step 4 of 4: RT-Tester Configuration
Please provide the path to python 2.7 Flease provide the path to the RT-Tester installation
Python 2.7 RT-Tester 6
Path: C:\Python27\\python exe Detect - Browse Path: Detect ~ Browse
Version: 2.7.10 Version: Mo valid RTTester found!
< Back Mext = Cancel < Badk Finish Cancel
(c) Configuration of Python. (d) Configuration of RT-Tester.

Figure 33: RT-Tester: GUI Configuration.
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5.4.2 First Steps Using the Example Project

This section provides instructions for taking the first model based testing
steps with RT-Tester using a small toy project. In this toy project a simpli-
fied turn indicator model is controlling the flashing lights of a car. We will
learn how to generate FMUs for existing test procedures and how to create
FMUs for simulation of a system under test. More details on how to specify
additional test procedures can be obtained from the RT-Tester Model-Based
Test Case and Test Data Generator Manual [Ver15b].

To open the project click File — Open — Project — Local RT-Tester Project
and select the directory containing the turn indicator project (see|Figure 34).

@ RTTUIZ - 20.0-1 (Release) - O x
File Edit Project Perspectives Help

New ' -~/

2151 4 Project 4 Test Management System Project
& save cirl4s Recent Projects > Local RT-Tester Project % F
& savens Test Suite RTT-EXTA Praject

% SaveAl =

W oud
©  Rreload = Fo an RTTester test management system server to work
Print Cirl+P

Close Cirl+F4
Close Al

© aut
Recently opened projects

ect, Open 3n existing Project

1. no recent projects

» Local RT-Tester Projects

» RTT-EXTA Projects

Figure 34: RT-Tester: Open Project.

We now have to setup the License Management for that specific project.
Click Project — Project Settings, select Local Environment and change the
Variable USER to your Windows user name (see [Figure 35). The user name
can be obtained by typing echo %username$% into the Windows Command
Prompt. Then click on the Project Action called START (see [Figure 30).

Next, import the model by clicking Project — Model-based Testing — Import
Model — Import from File. Select the xmi file in the model directory of
the test project.

After importing the project and the model, the Project View can be found
on the left side (see . Of special importance is a sub-folder called
TestProcedures containing the so called Test Procedure Generation Con-
text. Here the test-engineer specifies the desired test procedures in an ab-
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& Global Project Settings 7 4
Project  Local Environment  Project Actions
Variable value Add
Path C:foptfgee-4.8-nin32/bin; %PATH% Remove

RTT_OP_KEY TMS:1999%:FMI

USER

Show =

Note: Al settings here only affect the local environment and have no influence on remotely executed
commands

Al highlighted table entries are project environment variables shadowing predefined system environment
variables.

Configuration: |Global Project Settings Cancel

Figure 35: RT-Tester: Set user name.

@ RTTUE - 3.9.0-1 (Release) - turn-indication

-

File Edit Project Perspectves Help
NDm @ 8§02 + 5 M M F | F R TestroceduresfPacs | P £ O % W ||5™RT cenfusv (g genfmuTEST DOC. EXTRA.
Project View B % @ Test Context TP-BCS\conf I Cutine & X
v B RTT_TestProcedures
T Model  Requirements ~ TestCases Goals  Solver
5, Simulation
Basic Control State Coverage ~ Ordered Goals Add LTL
i 1 unordered Goals sy || Project Actions
UncerTest. FLA! =
Test Procedure o AL BCSPAIRS | |GOAL| [HITR| [MeDC] [TR
Execution Context |udetenma EoiElElEn &) =
Jopt/examples/utils/start_lic...
v B Tés‘?fmd“'“ Cawar basic conwrel state TMR SysemUndarTest FLA! 3 Pracess started
@l P1 @ TC itroller BCS-0004 e - ~
@) Smuistion \ neerTes FLA s S ke
v @) TPacs || Test Procedure los
v e v Generation Context préeTefa
< > 5
< > < >
Console View @ x
## copy JTurn-indication/RTT_TestProcedures /TP-BCS/5pecs,/rttsignal ha:kar’ rts’ 8708 A
2 copy /turn-indication/RTT_TestProcedures,/TP-i a(s/specs/smmumcm rt 8709
## copy .am /turn-indication/RTT_TestProcedures/TP-BCS/specs/test.ris’ 8710
#2 copy JTurn-indication/RTT_TestProcedures /TP-| ECS/SpEcS/_m’a_FLASH CTRL.rTs’ 8711
## copy /turn-indication/RTT_ TES[PrU(EdurEs/TP -BCS/specs/ ora OUTPUT_CTRL.rts’ 8712
## copy .am /turn-indication/specs/fmiz2adapter.r 8713
## copy JTurn- nmcamun/specs/fmzr[un(errace rts’ 8714
## copy with replacement : RTTcontext_private.h 8715
M |44 copy with replacement : RTTcontext.h 8716
#2 copy with replacement : RTTCOMTeXT.c 8717
## Attempt a compile 8rig
## ATTEmpT a 8719
RT-Tester M8T for FMI2.0 (v1.0.0) 8720
Created FMU DDt/examﬂes/turn indication\RTT_TestProcedures/TP-BCS\TurnIndi :atlwn\:wntru]l=r fmu* 8721
‘opt/rtt-mbt, t-mbt-fmi2gen. p JestProcedures/TP-BCS Command ended with exit 8722
>

License Daemon stopped

Figure 36: RT-Tester: Overview.
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stract way. When commanded to generate the concrete procedure meeting
the configured test objective, RT-Tester places the selected concrete test pro-
cedure in a separate folder named RTT_TestProcedures. This folder is
the so called Test Procedure Fxecution Context containing test procedures
that can be compiled to an FMU which drives the system under test through
the specified test scenario.

The abstract test procedure TP-BCS has already been preconfigured with
the test obligation to reach all basic control states in the test model. In
order to have RT-Tester generate a concrete test procedure that provides
concrete timed inputs that will steer the system under test to the desired
states, select the test procedure and click on the SOLVE Project Action and
then on OK. To view any newly generated folders hit the F5-key. The folder
RTT TestProcedures should now contain a folder TP-BCS with the gener-
ated test procedure. In order to create an FMU for it, select the test proce-
dure in the Project View and execute the Project Action gen-FMU-TEST.
This should generate an FMU named TurnIndicationController. fmu.

RT-Tester is also able to generate a simulation from the test model which can
serve as a replacement for the system under test. To create such an FMU,
select the abstract test procedure Simulation and then execute the Project
Action gen-fmu-SIM. This will generate the simulation FMU named
TurnIndicationController_simulation.fmu.

6 Design Space Exploration for INTO-CPS

This section provides a description of tool support for design space explo-
ration developed as part of the INTO-CPS project.

The DSE module [GHJ™15| at this time exists as a pair command line Python
scripts, and this section describes how the current version is used and what it
does. It is important to note that these scripts have been built with Python
version 2.7 in mind and may not be compatible with other versions. The DSE
scripts also only support open-loop exhaustive search at this pointﬂ

The assumptions of the scripts are that they are placed in a folder along
with the config. json file which describes the multi-model the DSE will
be based upon, as shown in [Figure 371 The DSE scripts themselves are found
in the archive DSE . zip that comes as part of the INTO-CPS release bundle.

3There are updates planned by first quarter of 2016 to implement closed loop DSE.
This is described in more detail in deliverable D5.1a |[GHJ™15|
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o0 e v1.0

< g =[o (= #v A O By Q
) cot handersy  ©

c Dropb config.js (]

ropoox ) DSE_exhaustive.py °

& All My Files

& iCloud Drive

@) Airbrop

73 Applications

[ Desktop

M Documents

Figure 37: The contents of a folder at the start of a DSE.

Create a folder in which the DSE results are to be stored and extract the
scripts from DSE.zip into it. Please note that the name of the folder is
not important. Next, it is necessary to copy the simulation configuration
file (config. json) that describes the model of the system into this folder.
The scripts also assume that the COE is running and that the required
FMUs are in the location defined in the config. json file. The script is
launched in the same way in both Mac OSX and Windows using the command
python DSE_exhaustive.py, as on the top line of (OSX) and
Figure 39 (Windows), and pressing return (the following examples are all
taken from OSX, but their output in Windows is identical). A final comment
is that the script is not yet tolerant of user input mistakes and does not allow
the user to return to alter information entered earlier, so if a mistake is made
or if the user wishes to change an earlier value, it is suggested that the script
be escaped by using the <ctrl>-<c> key sequence.

Once launched, the first action of the script is to extract the parameters de-
fined in the simulation configuration. Each of these parameters defines the
value of some part of the model and it is these parameter values that the
script will vary during the DSE. In [Figure 38| the script has found two pa-
rameters, .controller.minLevel and .controller.maxLevel and
the user has been asked to enter a set of values for each. For each parameter
the script expects the user to enter a sequence of integers (e.g. 1 5 500)
or decimal numbers (e.g. 0.1 15.7 200.0) or a combination of these (e.g.
1 2.7 100) separated by spaces. In this case the user entered 1 and 2 for
.controller.minLevel, then pressed return and entered 3 and 4 for
.controller.maxLevel. As we will see later, in this exhaustive model
of DSE the simulation will be run with all four combinations of these param-
eters. There is no upper limit on the maximum number of values one may
enter for each parameter, but each parameter must have at least one.

Pressing return after entering the parameter values moves the script to
prompt the user to enter the start and end times for the simulations,
lure 40} Here the user should enter a value for the start time, press return

40



D4.1a - INTO-CPS Tool Chain User Manual (Public) INTO-CPS =2

@ ® Terminal — python DSE_exhaustive.py — 80x24

bash-3.2$ python DSE_exhaustive.py

DSE Exhaustive launch v 1.0 starting

Darwin detected

Opening config.json

Please enter a list of values for each parameter
.controller.minLevel: 1 2
.controller.maxLevel: 3 4

Figure 38: Simulation parameter values entered (OSX).

s\Userssncjg5iDrophoxUork\Into—cpsiI3.2_dsesre leasewl.B¥python DSE_exhaustive]

Yy
DSE Exhaustive launch v 1.8 starting
i detect
Opening config.json
Please enter a list of values for cach parameter
_contwoller.minLevel: 1 2
“controller.maxLevel: 3 4

Figure 39: Simulation parameter values entered (Windows).

@® [ ) Terminal — python DSE_exhaustive.py — 80x24

bash-3.2$ python DSE_exhaustive.py

DSE Exhaustive launch v 1.0 starting

Darwin detected

Opening config.json

Please enter a list of values for each parameter
.controller.minLevel: 1 2
.controller.maxLevel: 3 4

Please enter the start and stop times for the simulation
Start: @
End: 20

Figure 40: Simulation start and end time entered.
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[ JOX J Terminal — bash — 80x37

bash-3.2$ python DSE_exhaustive.py

DSE Exhaustive launch v 1.0 starting

Darwin detected

Opening config.json

Please enter a list of values for each parameter
.controller.minLevel: 1 2
.controller.maxLevel: 3 4

Please enter the start and stop times for the simulation
Start: @

End: 20
Starting the DSE...
using params 1-3
results directory created
config created
initiliasing simulation
launching simulation
fetching results
using params 2-3
results directory created
config created
initiliasing simulation
launching simulation
fetching results
using params 1-4
results directory created
config created
initiliasing simulation
launching simulation
fetching results
using params 2-4
results directory created
config created
initiliasing simulation
launching simulation
fetching results
DSE complete.
bash-3.2$ JI

Figure 41: The complete terminal output from the DSE script for a small
DSE run.

and then enter a value for the end time, where the values may be integers,
decimals or a mixture, representing the time in seconds. These times will
be used for all simulations in the DSE. Pressing enter once both values
are entered will start the simulation phase of the DSE. After the script has
reported that it is starting the DSE, it provides some simple information
about the progress of the DSE as shown in [Figure 41] Here we see that DSE
begins by using parameter values 1 and 3, and with these parameters it first
creates a suitably named folder to store the launch configuration and simu-
lation results. The script then proceeds to interact with the COE following
the standard pattern of first initialising the simulation, then launching the
simulation. Once the simulation is complete, it fetches the results and places
them in a file called results.csv in the folder for that simulation. This
process is repeated until all combinations of the simulation parameters have
been exhausted, at which point the script reports that DSE is complete and
terminates.

After the DSE script terminates, the original folder will now contain one
new subfolder for each simulation run during the DSE, where each folder is
named with the values of the parameters used in the simulation it represents,
Figure 42| Each subfolder contains two files, a config. json file containing
the configuration used for that simulation, including its specific parameter

42



D4.1a - INTO-CPS Tool Chain User Manual (Public) INTO-CPS =2

o0 e 1-3

< g =[o (= #v & O B Q
Favorites v1.0 o KT config.json ©
c Dropb 1-4 (-4 results.csv (]
ropbox 23 o
& All My Files 2-4 o
°
& iCloud Drive =) COE_handler.py @
config.json o
@) Airbrop ) DSE_exhaustive.py °
73 Applications
[ Desktop

M Documents

Figure 42: The contents of the DSE folder when the script and simulations
have completed.

values, and a results.csv file containing all the values logged by the COE
during the simulation.

This is where the DSE script support ends. In the current version, the
process of analysing each results.csv to obtain the objective values for
that simulation and the subsequent processing of the objective values for
all simulations to rank the results to reveal the best performers is not yet
implemented.

talk about this functionalisty being includd in teh into app, as in
d7.3, and the time scales it will occur on

These scripts do not represent the final vision for DSE support within INTO-
CPS and features to support closed loop DSE and the presentation of the
findings are currently under development. An outline plan for the devel-
opment of these features, which are driven by the case studies and user
requirements, may be found in D5.1a |[GHJT15].

7 Test Automation for INTO-CPS

This section discusses how test automation can be used in the context of
INTO-CPS. The key idea of test automation is to express the desired be-
haviour of an INTO-CPS system multi-model by means of a separate testing
model. This model, which ideally reflects the specification of the system be-
haviour, is then used to automatically generate test stimulations and/or test
oracles. The stimulations serve as inputs to the tests, whereas the oracles
examine whether the observed system behaviour coincides with the desired
behaviour. It is important to stress that these two functionalities, if gener-
ated using the RT-Tester Model-Based Test Case Generator (RTT-MBT),
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are entirely independent’] It is thus possible, for example, to combine hand-
written test inputs with auto-generated test oracles.

By default, RTT-MBT takes as input one single test model and treats this
model as the system specification. The setting in INTO-CPS is different
because the system is composed of a number of connected components, some
of which may have no corresponding model. As an example, a component
may actually be a real hardware controller. However, a commonality among
all components is that they are integrated as FMUs and thus exhibit input
and output interfaces, which form the basis for the connections between
the components. The FMUs define which variables become visible to the
outside, and the ranges of these variables. It is thus possible to treat FMUs
that do not come with a model as black boxes, the internal behaviour of
which is unknown. Such black boxes too induce a transition relation, though
with some form of nondeterminism, that can be used by RTT-MBT for test
generation.

The RTT-MBT approach to model-based testing of simple systems can thus
be lifted to a co-simulation environment for cyber-physical systems by includ-
ing the FMU specification in the transition relation used for test generation.
These FMUs are treated as part of the environment and impose constraints
on input and output variables. Further details are given in [MPB15].

8 (Code Generation for INTO-CPS

Each of the tools described in Section [5] has the ability to translate models
into platform-independent C source code. Currently, Overture can translate
VDM models written in the executable subset of VDM++ [LLBI1I1] to Java
code, while translation to C is under development. The purpose of translat-
ing models into source code is twofold. First, the source code can be compiled
and wrapped as standalone FMUs for co-simulation, such that the source tool
is not required. Second, with the aid of existing C compilers, the automat-
ically generated source code can be compiled for specific hardware targets.
The INTO-CPS approach here is to use 20-sim 4C to compile and deploy the
code to hardware targets, since the tool incorporates the requisite knowledge

4RT-Tester is a test system that is based on tests written in a dedicated C-like pro-
gramming language called Real-Time Test Language (RTTL). Such tests can be compiled,
executed and documented using RT-Tester. RT'T-MBT is an upgrade for RT-Tester, which
adds model-based testing functionality to the RT-Tester system. The tests are thus gen-
erated as RTTL source code and can be turned into executable tests using RT-Tester.
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regarding compilers, target configuration etc. This is usually done for control
software modelled in one of the high-level modelling notations, after valida-
tion through the INTO-CPS tool chain. Deployment to target hardware is
also used for Sil and MiL validation and prototyping.

For each of the modelling and simulation tools of the INTO-CPS tool chain,
code generation is a standalone activity. As such, the reader should refer to
the tool-specific documentation referenced in Appendix [B| for guidance on
code generation. Deliverable D5.1d [HLGT15| contains the details of how
each tool approaches code generation.

9 Conclusions

This deliverable is the user manual for the INTO-CPS tool chain after the
first year of the project. The tool chain supports model-based design and
validation of CPSs, with an emphasis on multi-model co-simulation. Several
independent simulation tools are orchestrated by a custom co-simulation or-
chestration engine, which implements both fixed and variable step size co-
simulation semantics. A multi-model thus co-simulated can be further ver-
ified through automated model-based testing. Following the manual should
give a new user of the INTO-CPS tool chain an understanding of all the
elements of the INTO-CPS vision for co-simulation.

There are still gaps in the tool chain where fully automated connectivity is
not yet achieved. For instance, model checking of multi-models is planned
for the second year of the project. However, significant progress has been
made and it is felt that the foundations and the procedures are in place to
achieve a fully connected chain of tools later in the INTO-CPS project.
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A List of Acronyms

20-sim
API
AST

AU

CLE
CLP
COE
CORBA
CPS

cT

DE
DESTECS
DSE
FMI
FMI-Co
FMI-ME
FMU
HiL
HMI
HW
ICT
IDE
LTL
M&S
MARTE
MBD
MBT
MC/DC
MDE
MiL
MIWG
OMG
oS

PID
PROV-N
RPC
RTT

SiL

Software package for modelling and simulation of dynamic systems
Application Programming Interface

Abstract Syntax Tree

Aarhus University

ClearSy

Controllab Products B.V.

Co-simulation Orchestration Engine

Common Object Request Broker Architecture
Cyber-Physical Systems

Continuous-Time

Discrete Event

Design Support and Tooling for Embedded Control Software
Design Space Exploration

Functional Mockup Interface

Functional Mockup Interface — for Co-simulation
Functional Mockup Interface — Model Exchange
Functional Mockup Unit

Hardware-in-the-Loop

Human Machine Interface

Hardware

Information Communication Technology
Integrated Design Environment

Linear Temporal Logic

Modelling and Simulation

Modeling and Analysis of Real-Time and Embedded Systems
Model-based Design

Model-based Testing

Modified Decision/Condition Coverage

Model Driven Engineering

Model-in-the-Loop

Model Interchange Working Group

Object Management Group

Operating System

Proportional Integral Derivative

The Provenance Notation

Remote Procedure Call

Real-Time Tester

Software-in-the Loop
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SMT
ST
SUT
SVN
SysML
TA

TE
TRL
TWT
UML
UNEW
UTP
UTRC
(904
VDM
VSI
WP
XML

Satisfiability Modulo Theories
Softeam

System Under Test

Subversion

Systems Modelling Language

Test Automation

Test Environment

Technology Readiness Level

TWT GmbH Science & Innovation
Unified Modelling Language
University of Newcastle upon Tyne
Unifying Theories of Programming
United Technologies Research Center
University of York

Vienna Development Method
Verified Systems International
Work Package

Extensible Markup Language
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B Background on the Individual Tools

This appendix provides background information on each of the independent
tools of the INTO-CPS tool chain.

B.1 Modelio

Modelio is a comprehensive MDE [Fav(05] workbench tool which supports
the UML2.x standard. Modelio adds modern Eclipse-based graphical envi-
ronment to the solid modelling and generation know-how obtained with the
earlier Softeam MDE workbench, Objecteering, which has been on the mar-
ket since 1991. Modelio provides a central repository for the local model,
which allows various languages (UML profiles) to be combined in the same
model, abstraction layers to be managed and traceability between different
model elements to be established. Modelio makes use of extension modules,
enabling the customization of this MDE environment for different purposes
and stakeholders. The XMI module allows models to be exchanged between
different UML modelling tools. Modelio supports the most popular XMI
UML2 flavors, namely EMF UML2 and OMG UML 2.3. Modelio is one of
the leaders in the OMG Model Interchange Working Group (MIWG), due to
continuous work on XMI exchange improvements.

Among the extension modules, some are dedicated to I'T system architects.
For system engineering, SysML or MARTE modules can be used. They
provide dedicated modelling support for dealing with general, software and
hardware aspects of embedded or cyber physical systems. In addition, sev-
eral utility modules are available, such as the Document Publisher which
provides comprehensive support for the generation of different types of doc-
ument.

Modelio is highly extendable and can be used as a platform for building
new MDE features. The tool enables users to build UML2 Profiles, and to
combine them with a rich graphical interface for dedicated diagrams, model
element property editors and action command controls. Users can use several
extension mechanisms: light Python scripts or a rich Java API, both of which
provide access to Modelio‘s model repository and graphical interface.
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B.2 Overture

The Overture platform [LBET10] is an Eclipse-based integrated development
environment (IDE) for the development and validation of system specifica-
tions in three dialects of the specification language of the Vienna Develop-
ment Method. Overture is distributed with a suite of examples and step-by-
step tutorials which demonstrate the features of the three dialects. A user
manual for the platform itself is also provided |[LLJT13|. Although certain
features of Overture are relevant only to the development of software systems,
VDM itself can be used for the specification and validation of any system
with distinct states, known as discrete-event systems, such as physical plants,
protocols, controllers (both mechanical and software) etc., and Overture can
be used to aid in validation activities in each case.

Overture supports the following activities:

e The definition and elaboration of syntactically correct specifications in
any of the three dialects, via automatic syntax and type validation.

e The inspection and assay of automatically generated proof obligations
which ensure correctness in those aspects of specification validation
which can not be automated.

e Direct interaction with a specification via an execution engine which
can be used on those elements of the specification written in an exe-
cutable subset of the language.

e Automated testing of specifications via a custom test suite definition
language and execution engine.

e Visualization of test coverage information gathered from automated
testing.

e Visualization of timing behaviours for specifications incorporating tim-
ing information.

e Translation to/from UML system representations.

e For specifications written in the special executable subset of the lan-
guage, obtaining Java implementations of the specified system auto-
matically.

For more information and tutorials, please refer to the documentation dis-
tributed with Overture.
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The following is a brief introduction to the features of the three dialects of
the VDM specification language.

VDM-SL This is the foundation of the other two dialects. It supports the
development of monolithic state-based specifications with state transition
operations. Central to a VDM-SL specification is a definition of the state
of the system under development. The meaning of the system and how it
operates is conveyed by means of changes to the state. The nature of the
changes is captured by state-modifying operations. These may make use of
auxiliary functions which do not modify state. The language has the usual
provisions for arithmetic, new dependent types, invariants, pre- and post-
conditions etc. Examples can be found in the VDM-SL tutorials distributed
with Overture.

VDM+4+ The VDM+-+ dialect supports a specification style inspired by
object-oriented programming. In this specification paradigm, a system is
understood as being composed of entities which encapsulate both state and
behaviour, and which interact with each other. Entities are defined via tem-
plates known as classes. A complete system is defined by specifying instances
of the various classes. The instances are independent of each other, and they
may or may not interact with other instances. As in object-oriented program-
ming, the ability of one component to act directly on any other is specified
in the corresponding class as a state element. Interaction is naturally carried
out via precisely defined interfaces. Usually a single class is defined which
represents the entire system, and it has one instance, but this is only a con-
vention. This class may have additional state elements of its own. Whereas a
system in VDM-SL has a central state which is modified throughout the life-
time of the system, the state of a VDM+-+ system is distributed among all of
its components. Examples can be found in the VDM tutorials distributed
with Overture.

VDM-RT VDM-RT is a small extension to VDM++ which adds two pri-

mary features:

e The ability to define how the specified system is envisioned to be allo-
cated on a distributed execution platform, together with the commu-
nication topology.

e The ability to specify the timing behaviours of individual components,
as well as whether certain behaviours are meant to be cyclical.
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Finer details can be specified, such as execution synchronization and mu-
tual exclusion on shared resources. A VDM-RT specification has the same
structure as a VDM++ specification, only the conventional system class of
VDM-++ is mandatory in VDM-RT. Examples can be found in the VDM-RT
tutorials distributed with Overture.

B.3 20-sim

20-sim [Conl3l Bro97] is a commercial modelling and simulation software
package for mechatronic systems. With 20-sim, models can be created graph-
ically, similar to drawing an engineering scheme. With these models, the
behaviour of dynamic systems can be analysed and control systems can be
designed. 20-sim models can be exported as C-code to be run on hardware
for rapid prototyping and Hil-simulation. 20-sim includes tools that allow
an engineer to create models quickly and intuitively. Models can be cre-
ated using equations, block diagrams, physical components and bond graphs
IKR6S|. Various tools give support during the model building and simulation.
Other toolboxes help to analyse models, build control systems and improve
system performance. Figure [43] shows 20-sim with a model of a controlled
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Figure 43: Example of a hexapod model in 20-sim.

hexapod. The mechanism is generated with the 3D Mechanics Toolbox and
connected with standard actuator and sensor models from the mechanics li-
brary. The hexapod is controlled by PID controllers which are tuned in the
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frequency domain. Everything that is required to build and simulate this
model and generate the controller code for the real system is included inside
the package.

The 20-sim Getting Started manual [KG15] contains examples and step-by-
step tutorials that demonstrate the features of 20-sim. More information on
20-sim can be found at http://www.20sim.com and in the user manual
at http://www.20sim.com/webhelp [CKDI15|. The integration of 20-
sim into the INTO-CPS tool-chain is realized via the FMI standard.

B.4 OpenModelica

OpenModelica [ETi04] is an open-source Modelica-based modelling and sim-
ulation environment. Modelica [FE98] is an object-oriented, equation based
language to conveniently model complex physical systems containing, e.g.,
mechanical, electrical, electronic, hydraulic, thermal, control, electric power
or process-oriented subcomponents. The Modelica language (and OpenMod-
elica) supports continuous, discrete and hybrid time simulations. OpenMod-
elica already compiles Modelica models into FMU, C or C++ code for sim-
ulation. Several integration solvers, both fixed step and variable step size,
are available in OpenModelica: euler, rungekutta, dassl (default), radaub,
radau3, radaul.

OpenModelica can be interfaced to other tools in serveral ways as described
in the OpenModelica user’s manual [Ope]:

e via command line invocation of the omc compiler

e via C API calls to the omc compiler dynamic library
e via the CORBA interface

e via OMPython interface [GFR™12|

OpenModelica has its own scripting language, Modelica script (mos files),
which can be used to perform actions via the compiler API, such as load-
ing, compilation, simulation of models or plotting of results. OpenModelica
supports Windows, Linux and Mac Os X.

The integration of OpenModelica into the INTO-CPS tool chain is realized
via compliance with the FMI standard, and is described in deliverable D4.1b
[PBLG15].
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B.5 RT-Tester

The RT-Tester [Verlbal is a test automation tool for automatic test gener-
ation, test execution and real-time test evaluation. Key features include a
strong C/C++-based test script language, high performance multi-threading,
and hard real-time capability. The tool has been successfully applied in avion-
ics, rail automation, and automotive test projects. In the INTO-CPS tool
chain, RT-Tester is responsible for model-based testing, as well as for model
checking. This section gives some background information on the tool from
these two perspectives.

B.5.1 Model-based Testing

On top of this, the RT-Tester Model Based Test Case and Test Data Gen-
erator (RTT-MBT) [Verl5b| supports model-based testing (MBT), that is,
automated generation of test cases, test data, and test procedures from UML
/SysML models. A number of common modelling tools can be used as front-
ends for this. The most important technical challenge in model-based test
automation is the extraction of test cases from test models. RT'T-MBT com-
bines an SMT solver with a technique akin to bounded model checking so as
to extract finite paths through the test model according to some predefined
criterion. This criterion can, for instance, be MC/DC coverage, or it can
be requirements coverage (if the requirements are specified as temporal logic
formulae within the model). A further aspect is that the environment can be
modelled within the test model. For example, the test model may contain
a constraint such that a certain input to the system-under-test remains in
a predefined range. This aspect becomes important once test automation is
lifted from single test models to multi-model cyber-physical systems. The
derived test procedures use the RT-Tester Core as a back-end, allowing the
system under test to be provided on real hardware, software only, or even
just simulation to aid test model development.

Further, RTT-MBT includes requirement tracing from test models down to
test executions and allows for powerful status reporting in large scale testing
projects.

B.5.2 Model Checking of Timed State Charts

RTT-MBT applies model checking to behavioural models that are specified
as timed state charts in UML and SysML, respectively. From these models,
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a transition relation is extracted and represented as an SMT formula in bit-
vector theory [KSO0§|, which is then checked against LTL formulae [Pnu77]
using the algorithm of Biere et al. [BHJT06|. The standard setting of RTT-
MBT is to apply model checking to a single test model, which consists of the
system specification and an environment.

e A component called TestModel that is annotated with stereotype TF.

e A component called SystemUnderTest that is annotated with stereo-
type SUT.

RTT-MBT uses the stereotypes to infer the role of each component. The in-
teraction between these two parts is implemented via input and output inter-
faces that specify the accessibility of variables using UML stereotypes.

e A variable that is annotated with stereotype SUT2TE is written by
the system model and readable by the environment.

e A variable that is annotated with stereotype TE2SUT is written by
the environment and read by the system model as an input.

A simple example is depicted in [Figure 44] which shows a simple composite
structure diagram in Modelio for a turn indication system. The purpose
of the system is to control the lamps of a turn indication system in a car.
Further details are given in [Verl3]. The test model consists of the two
aforementioned components and two interfaces:

e Interfacel is annotated with stereotype TE2SUT and contains three
variables voltage, TurnIndLvr and EmerSwitch. These variables
are controlled by the environment and fed to the system under test as
inputs.

e Interface2 is annotated with stereotype SUT2TFE and contains two
variables LampsLeft and LampsRight. These variables are con-
trolled by the system under test and can be read by the environment.

Observe that the two variables LampsLeft and LampsRight have type
int, but should only hold values 0 or 1 to indicate states on or off. A
straightforward system property that could be verified would thus be that
LampsLeft and LampsRight indeed are only assigned O or 1, which could
be expressed by the following LTL specification:

G(0 < LampsLeft < 1 A0 < LampsRight < 1)

A thorough introduction with more details is given in the RTT-MBT user
manual [Ver13].
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Figure 44: Simple model that highlights interfaces between the environment

and the system-under-test.
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C Obtaining the Individual Tools

If required, the individual components of the INTO-CPS tool chain can be
obtained as follows.

Modelio: The Modelio modelling tool can be obtained from

https://www.modelio.org/downloads/
download-modelio.html

INTO-CPS Application: The Modelio SysML extension can be obtained

as an extension to Modelio from
http://forge.modelio.org/projects/sysml-modelio34/
files

INTO-CPS Application: The INTO-CPS Application can be obtained as

an extension to Modelio from
http://forge.modelio.org/projects/
intocps—-modelio34/files

To be able to use the INTO-CPS/SysML and INTO-CPS Application exten-
sions in Modelio, you have to first add the SysML and INTO-CPS Modelio
modules to the Modelio module catalog, as shown in [Figure 45|

99


https://www.modelio.org/downloads/download-modelio.html
https://www.modelio.org/downloads/download-modelio.html
http://forge.modelio.org/projects/sysml-modelio34/files
http://forge.modelio.org/projects/sysml-modelio34/files
http://forge.modelio.org/projects/intocps-modelio34/files
http://forge.modelio.org/projects/intocps-modelio34/files

D4.1a - INTO-CPS Tool Chain User Manual (Public)

INTO-CPS =2

cl Training System - Modelio 3.0

File Edit
A&

El
. o

Configuration

Views Help

?E: Model

D @8 e

H "'l:

Work models...
Libraries...
Modules...
Audit...

Modules catalog...

Macros catalog..

Preferences...

Diagram styleg

Themes

| Medules catalog
Meodules catalog

Modules catalog management

Modules Modelio version  Cornpatibility

m HibernateDesigner 3.0.01
m JavaDesigner 3.0.01

offt ModelerModule 8.1.10
.[h PatternDesigner 3.0.01
.[& PersistentProfile 2.0.01
oft SoaMLDesigner 3.0.01
offt SysMLArchitect 3.0.01
offt TogafArchitect 3.0.01
offt WSDLDesigner 3.0.01
.[& WebMeodelPublisher 4.0.01
Jfft XSDDesigner 3.0.01

how only latest versions
Show only compatible versions

[ @Add a module to the catalog...

®

3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible
3.0.00 Compatible

Remove module from the catalog [

@ Check for new versions...

Close

Figure 45: Modelio module catalog.
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Follow these steps:
1. Run the Configuration — & Modules catalog... command.

2. To add the extension module, click on Add a module to the cata-
log... and use the file browser to select the INTO-CPS module file
INTOCPS_X.X.X.jmdac from its download location.

3. To check whether a new version of the module exists, and to install it
in the catalog, click on Check for new versions... .

Next, install the INTO-CPS extension module into each INTO-CPS project,
as shown in Follow these steps.

X Project configuration @

Project configuration
Project properties

|Information | Waork modelsl Libraries| Modules ‘Audit | URLs |

+ Project’s modules
Modules installed in the project. Expand modules cataleg to add modules to the project.

Enable Scope MName Version Status
User (@ Modeler Module 81109015 Started

=@

7| Project configuration @

Project configuration
Project properties

|Information | Work modelsl Libraries| Modules ‘Audit | URLs |

 Project’s modules
Meodules installed in the project. Expand modules catalog to add modules to the project.

Enohlc) iScons) iame esion) (Statu Modules Modelio version  Compatibility
User @ Modeler Module 81108015 Started 3 i .mJavaDesignerB.ﬂ.ﬂl 3.4.00 Compatible
aft ModelerModule 8.1.10 3.4.00 Compatible
mWEbMUdEWUb“ShEr“.0.0l 34.00 Compatible
Jft INTOCPS 1,016 3401 Compatible
4 [ | »
Show only latest versions
e ; -
[7] Show enly compatible versions

Figure 46: Modelio module installation.

1. Open the project configuration.
2. Click on #% to expand the Modules catalog.
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3. In the Modules catalog, select the INTO-CPS module.
4. Click on =¥ to install the module in the project.
The INTO-CPS Application is now ready for use inside Modelio.

OpenModelica: Distributions of OpenModelica in several flavours, includ-
ing a virtual machine image, can be downloaded from

http://www.openmodelica.org

20-sim: The 20-sim modelling and simulation tool can be obtained for Win-
dows from:

http://www.20sim.com/download.html

Overture: The Overture platform can be obtained for various platforms
from:

http://overturetool.org

RT-Tester: RT-Tester can only be obtained as part of the INTO-CPS com-
plete bundle from:

http://overture.au.dk/into-cps/site/download
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D Underlying Principles

The INTO-CPS tool chain facilitates the design and validation of CPSs
through its implementation of results from a number of underlying principles.
These principles are co-simulation, design space exploration, model-based
test automation and code generation. This appendix provides an introduc-
tion to these concepts.

D.1 Co-simulation

Co-simulation refers to the simultaneous simulation of individual models
which together make up a larger system of interest, for the purpose of ob-
taining a simulation of the larger system. A co-simulation is performed by a
co-simulation orchestration engine. This engine is responsible for initializing
the individual simulations as needed; for selecting correct time step sizes such
that each constituent model can be simulated successfully for that duration,
thus preventing drift between the constituent simulations; for asking each
individual simulation to perform a simulation step; and for passing informa-
tion between models as needed after each step. The result of one such round
of simulations is a single simulation step for the complete multi-model of the
system of interest.

As an example, consider a very abstract model of a nuclear power plant. This
consists of a nuclear reactor core, a controller for the reactor, a water and
steam distribution system, a steam-driven turbine and a standard electrical
generator. All these individual components can be modelled separately and
simulated, but when assembled into a model of a nuclear power plant, the
outputs of some become the inputs of others. In a co-simulation, outputs
are matched to inputs and each component is simulated one step at a time
in such a way that when each model has performed its simulation step, the
overall result is a simulation step of the complete power plant model. Once
the correct information is exchanged between the constituent sub-models,
the process repeats.

D.2 Design Space Exploration
During the process of developing a CPS, either starting from a completely

blank canvas or constructing a new system from models of existing compo-
nents, the architects will encounter many deign decisions that shape the final
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product. The activity of investigating and gathering data about the merits of
the different choices available is termed Design Space Exploration. Some of
the choices the designer will face could be described as being the selection of
parameters for specific components of the design, such as the exact position
of a sensor, the diameter of wheels or the parameters affecting a control algo-
rithm. Such parameters are variable to some degree and the selection of their
value will affect the values of objectives by which a design will be measured.
In these cases it is desirable to explore the different values each parameter
may take and also different combinations of these parameter values if there
are more than one parameter, to find a set of designs that best meets its
objectives. However, since the size of the design space is the product of the
number of parameters and the number of values each may adopt, it is often
impractical to consider performing simulations of all parameter combinations
or to manually assess each design.

The purpose of an automated DSE tool is to help manage the exploration
of the design space, and it separates this problem into three distinct parts:
the search algorithm, obtaining objective values and ranking the designs
according to those objectives. The simplest of all search algorithms is the
exhaustive search, and this algorithm will methodically move through each
design, performing a simulation using each and every one. This is termed
an open loop method, as the simulation results are not considered by the
algorithm at all. Other algorithms, such as a genetic search, where an initial
set of randomly generated individuals are bred to produce increasingly good
results, are closed loop methods. This means that the choice of next design
to be simulated is driven by the results of previous simulations.

Once a simulation has been performed, there are two steps required to close
the loop. The first is to analyse the raw results output by the simulation to
determine the value for each of the objectives by which the simulations are
to be judged. Such objective values could simply be the maximum power
consumed by a component or the total distance travelled by an object, but
they could also be more complex measures, such as the proportion of time
a device was operating in the correct mode given some conditions. As well
as numerical objectives, there can also be constraints on the system that
are either passed or failed. Such constraints could be numeric, such as the
maximum power that a substation must never exceed, or they could be based
on temporal logic to check that undesirable events do not occur, such as all
the lights at a road junction not being green at the same time.

The final step in a closed loop is to rank the designs according to how well
each performs. The ranking may be trivial, such as in a search for a design
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that minimises the total amount of energy used, or it may be more complex
if there are multiple objectives to optimise and trade off. Such ranking func-
tions can take the form of an equation that returns a score for each design,
where the designs with the highest/lowest scores are considered the best.
Alternatively, if the relationship between the desired objectives is not well
understood, then a Pareto approach can be taken to ranking, where designs
are allocated to ranks of designs that are indistinguishable from each other, in
that each represents an optimum, but there exist different tradeoffs between
the objective values.

D.3 Model-Based Test Automation

The core fragment of test automation activities is a model of the desired
system behaviour, which can be expressed in SysML. This test model in-
duces a transition relation, which describes a collection of execution paths
through the system, where a path is considered a sequence of timed data
vectors (containing internal data, inputs and outputs). The purpose of a test
automation tool is to extract a subset of these paths from the test model
and turn these paths into test cases, respectively test procedures. The test
procedures then compare the behaviour of the actual system-under-test to
the path, and produce warnings once discrepancies are observed.

D.4 Code Generation

Code generation refers to the translation of a modelling language to a com-
mon programming language. Code generation is commonly employed in con-
trol engineering, where a controller is modelled and validated using a tool
such as 20-sim, and finally translated into source code to be compiled for
some embedded execution platform, which is its final destination.

The relationship that must be maintained between the source model and
translated program must be one of refinement, in the sense that the trans-
lated program must not do anything that is not allowed by the original model.
This must be considered when translating models written in high-level spec-
ification languages, such as VDM. The purpose of such languages is to allow
the specification of several equivalent implementations. When a model writ-
ten in such a language is translated to code, one such implementation is
essentially chosen. In the process, any non-determinism in the specification,
the specification technique that allows a choice of implementations, must be
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resolved. Usually this choice is made very simple by restricting the mod-
elling language to an executable subset, such that no such non-determinism
is allowed in the model. This restricts the choice of implementations to one,
which is the one into which the model is translated via code generation.
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