
The Mars-Rover Case Study Modelled Using INTO-CPS

Sergio Feo-Arenis 1, Marcel Verhoef 1, and Peter Gorm Larsen 2

1 ESA/ESTEC, Keplerlaan 1, PO Box 299 NL-2200 AG Noordwijk, The Netherlands
{Sergio.Feo.Arenis,Marcel.Verhoef}@esa.int
2 Aarhus University, Department of Engineering, Denmark

pgl@eng.au.dk

Abstract. The INTO-CPS project strives to preserve the diversity of disciplines
such as software, mechatronic and control engineering, which have evolved no-
tations and theories that are tailored to their engineering needs. We illustrate the
utility of the proposed engineering approach to manage, track and monitor model
artefacts used in collaborative heterogeneous modelling by applying it to ESA’s
Mars Rover case study, originating from earlier work performed in the DESTECS
project. We describe the transition from the Crescendo technology to an INTO-
CPS setting and report on the results and the challenges of our case study.
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1 Introduction

In the development of Cyber-Physical Systems (CPSs) it is necessary to involve differ-
ent disciplines with different kinds of formalisms and tools together in a heterogeneous
setting [14]. One possible technique to see how such different kinds of models affect
each other, is to use co-simulation [10]. This was for example enabled by the DESTECS
project with the Crescendo tool [9]. However, this solution was fixed to always include
only two models: one Discrete Event (DE) model expressed using the Vienna Devel-
opment Method (VDM) [7] using the Overture tool [13] and one Continous-Time (CT)
model expressed using bond graphs [11] and the 20-sim tool [12]. More recently, the
INTO-CPS project has removed this limitation providing an open tool chain based on
standards such as the Functional Mockup Interface (FMI) [3] and the Open Services for
Lifecycle Collaboration (OSLC) [1].

At the European Space Agency (ESA) many systems fall into the CPS category.
Here, the Mars Rover case study, which was proposed as in industrial challenge in
the DESTECS project, was used as a trial example for the Crescendo technology. In
DESTECS this worked very well, but unfortunately the CT model would have to be
kept confidential. Thus, it was problematic to share this co-model with other parties.
This could only be circumvented by running the co-simulation over the Internet, with
the proprietary constituent CT model running at ESA. While technically feasible, this of
course causes many other problems, such as allowing remote access through corporate
firewalls, poor simulation performance and so on.
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For this issue, FMI and the INTO-CPS technology offer a potential solution since
the Functional Mockup Units (FMUs) produced for each constituent model do not nec-
essarily need to contain the model itself. Thus, it is possible to protect the Intellectual
Property (IP) in this manner. This paper reports on the attempt of migrating the Mars
Rover co-model from Crescendo to the INTO-CPS technology. If this can be possi-
ble and the IP can be secured for the CT constituent model, this would enable openly
sharing of the example with anyone.

The remaining part of this paper starts by introducing the co-simulation technolo-
gies in Section 2. This is followed by Section 3 describing the case study. Afterwards
Section 4 presents the results of using the INTO-CPS co-simulation technology on that
case study. Finally, Section 5 provides a collection of concluding remarks and looks
into the future perspective for using this kind of technology in the space domain.

2 The Co-simulation Technologies

2.1 Crescendo

The Crescendo tool is the outcome of the European Framework 7 project Design Sup-
port and Tooling for Embedded Control Software (DESTECS), www.destecs.org
which ran from early 2010 until 2013, which aim was to develop methods and tools that
combine CT models of systems (in tools such as 20-Sim) with DE controller models de-
veloped using the Vienna Development Method (VDM) through co-simulation [19,17].
The approach was intended to encourage collaborative multidisciplinary modelling, in-
cluding modelling of faults and fault tolerance mechanisms. The Crescendo tool in
combination with Overture and 20-sim provides a platform for co-simulation. The plat-
form only supports two simulators using a variable step size algorithm to progress sim-
ulation time. The intention in the DESTECS project was to have one controller which
typically did not support roll-back and therefore have the plant model being in charge of
providing future synchronization time intervals. In Crescendo the controller models are
described in VDM using the Real-Time dialect which added timing information to the
execution of each expression and statement [18]. The physical plant model was intended
to be modelled using 20-sim in continuous time using bond-graphs, typically organised
as block diagrams. The co-simulation is defined based on a contract which consists of
shared design parameters used for sharing constant parameters between models, mon-
itored variables used for providing inputs to the controller model, controlled variables
which are controller outputs, and finally events which are used like interrupts in the
controller [8,9].

2.2 The Functional Mock-up Interface

The tool independent standard Functional Mock-up Interface (FMI) was developed
within the MODELISAR project3. The standard describes how simulation units are to
be exchanged as ZIP archives called an Functional Mock-up Unit (FMU) and how the

3 See https://itea3.org/project/modelisar.html.

www.destecs.org
https://itea3.org/project/modelisar.html
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model interface is described in an XML file named modelDescription.xml. The func-
tional interface of the model is described as a number of C functions that must be ex-
ported by the library that implements the model inside the FMU. Since the FMU only
contains a binary implementation of the model, it offers some level of IP protection.
The standard lists a number of constraints on how the C functions in FMI can be called
but no explicit algorithm.

2.3 The Integrated Tool Chain for Model-based Design of Cyber-Physical
Systems (INTO-CPS) Technology

Fig. 1. Overview of the INTO-CPS toolsuite.

The vision of the INTO-CPS 4 consortium is that CPS engineers should be able
to deploy a wide range of tools to support model-based design and analysis, rather
than relying on a single “factotum”. The goal of the project is to develop an integrated
“tool chain” that supports multidisciplinary, collaborative modelling of Cyber-Physical
Systemss (CPSs) from requirements, through design, to realisation in hardware and
software, enabling traceability through the development. The project integrates existing
industry-strength baseline tools in their application domains, based centrally around
FMI-compatible co-simulation [2]. The project focuses on the pragmatic integration of
these tools, making extensions in areas where a need has been recognised. The tool
chain is underpinned by well-founded semantic foundations that ensures the results of
analysis can be trusted [20,4].

4 See http://into-cps.au.dk/.

http://into-cps.au.dk/
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The toolchain provides powerful analysis techniques for CPS models, including
generation and static checking of FMI interfaces; model checking; Hardware-in-the-
Loop (HiL) and Software-in-the-Loop (SiL) simulation, supported by code genera-
tion. These features enabled both Test Automation (TA) and Design Space Explo-
ration (DSE) of CPSs.

The INTO-CPS project provides a lightweight application interface for managing
the development of constituent system models for co-simulations and for configuring
and running such co-simulations. The project offers the following FMI enabled mod-
elling tools: Overture, 20-sim, OpenModelica and RT Tester. However, it is an open
toolchain so in general any FMI 2.0 enabled tool can be used. An overview of the com-
ponents of the toolchain is shown in Fig. 1.

The project also provides high-level system design using SysML through the Mod-
elio tool [16]. A co-simulation configuration can be modelled in SysML using block
diagrams and a custom INTO-CPS profile for FMI. The co-simulation in INTO-CPS
supports FMI version 2.0 and the master algorithm supports both fixed and variable
step sizes. The variable step size algorithm is extended with support for the getMax-
StepSize method from [5], it also supports constraints to adjust the step size.

The Overture FMU Extension The Overture tool is extended with a FMU exporter
that supports FMI 2.0. The exporter relies on a VDM FMI library and modelling guide
line. The library consists of a Port class and the following specialisations: BoolPort,
IntPort, RealPort, and StringPort each mapping to the corresponding scalar
variable type in FMI. The tool requires the user to follow a design pattern where an in-
stance of a HardwareInterface is placed in the System class, and a World class
is responsible for blocking the initial thread to ensure infinite execution. This class must
contain all ports and custom annotations to set the type and name of the exported port. In
Listing 1.1 is a small example of three ports exported as a parameter, input and output.�
class HardwareInterface
values
-- @ interface: type = parameter;
public v : RealPort = new RealPort(1.0);

instance variables
-- @ interface: type = input;
public distanceTravelled : RealPort := new RealPort(0.0);
-- @ interface: type = output;
public setAngle : RealPort := new RealPort(0.0);

end HardwareInterface
� �
Listing 1.1. The HardwareInterface class

The FMI integration uses this special HardwareInterface class where parame-
ters, inputs and outputs are modelled through a number of port classes: BoolPort,
IntPort, RealPort, StringPort. These all have getValue and setValue
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methods. Through the explicit modelling of FMI scalar variables as ports it is possi-
ble to generate an FMU without requiring additional user input. A simple mapping
can then be made automatically (from shared design parameters sdp into parameters,
controlled into input on the plant side and monitored output on the controller).
The key difference with Crescendo is, however, the absence of support for events, as
FMI does not support this concept. In FMI there is no ability to trigger data exchanges
asynchronously; they must be emulated by a polling approach.

20-sim FMU Extension The 20-sim tool is extended with FMI support through a
custom code generator template 5 that is able to export a module in a 20-sim model
as a FMU. This solution does not support event detection and external library usage
(Dynamic Link Library (DLL)) which can be used for e.g. event detection. It has support
for the following integration methods: Discrete Time, Euler, Runge Kutta 2, Runge
Kutta 4, CVODE 6, and MeBDFi 7.

This limitation can be overcome by generating a so-called FMI tool wrapper, which
basically bundles the model with all resources needed to execute the FMU on a locally
installed copy of 20-sim. The down side of this approach is that it does not provide the
protection of the intellectual property, as the the source model is shared in its entirety.

3 The Mars Rover Case study

Our case study treats the model-based development of a planetary rover in the context
of INTO-CPS, based on an existing co-simulation model developed by the second co-
author, at that time part of the DESTECS project. Planetary rovers are mobile robots
designed to carry and provide mobility to scientific instruments on the surface of plan-
ets. ESA’s ExoMars mission, due to launch in 2020, includes a rover that will provide
key mission capabilities: surface mobility, subsurface drilling and automatic sample
collection, processing, and distribution to instruments (see Fig. 2).

Of particular interest and complexity is the rover’s ability to navigate with obstacles.
In the past, 20-sim models have been made for two potentially interesting suspension
systems. A novel approach is to use additional tilt drives with steerable shoulders and
beams to allow the rover to wheel-walk. Several types of gaits have been investigated,
each with different influence on aspects like traversal velocity, efficiency, rover stability,
etc. However, it was not possible to combine basic gaits into an actual trajectory to be
followed. In DESTECS, a VDM model was developed of the supervisory controller for
the rover, that allowed to create a co-model to study mission level usage scenarios.

The purpose of the experiment described in this paper is to assess whether the
DESTECS results can be reproduced using INTO-CPS. The actual analysis of the sim-
ulation results obtained is out of scope for this paper, partly because that information is
protected under an NDA allowing us to describe it only in general terms. Nevertheless,

5 The FMU generator template for 20-sim is available at https://github.com/
controllab/fmi-export-20sim/.

6 https://computation.llnl.gov/projects/sundials/cvode
7 http://www.netlib.org/ode/mebdfi.f)

https://github.com/controllab/fmi-export-20sim/
https://github.com/controllab/fmi-export-20sim/
https://computation.llnl.gov/projects/sundials/cvode
 http://www.netlib.org/ode/mebdfi.f)
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Fig. 2. Artist’s impression of the ExoMars 2020 rover. Source: ESA/ATG medialab

we will provide an overview of the model in order for the reader to gain an understand-
ing of the level of detail and complexity of the models that can be dealt with by using
this approach.

3.1 Description of the DESTECS Co-Model

In DESTECS, a co-simulation model was created that integrates the continuous vehicle
dynamics, contained in a 20-sim model, and the discrete controller behavior modelled
using VDM-RT. These are detailed in the following sections.

Continuous-Time Model The physical model includes the rover platform extended
with a suspension system, actuators and sensors, in particular an Inertial Measurement
Unit (IMU) that allows the rover to estimate its attitude.

In order to model the interaction of the rover’s wheels with the ground and other
obstacles that may be placed in the simulation, the model is equipped with 3D power
ports. A power port in 20-sim is a connection point of a model, allowing energetic
interaction between model parts. To allow a fully dynamic interaction, each power port
consists of bi-directional conjugate signals indicating the force between parts and their
differential velocity. This interface has been used to implement the contact model with
the surface and the obstacles, using a dedicated solver.

An overview of the components of the vehicle dynamics model is shown in Fig. 3.
The central component is a description of the geometry of the rover’s mechanical com-
ponents such as the payload platform, the suspension beams, the shoulder joints, the
steering assemblies and the wheels. Contained in that part are also their interaction pa-
rameters, such as deflection limits for articulated connections and force characteristics
of the drive motors. Attached to the geometric model are blocks that represent indi-
vidual actuator controllers, typically PID loops, which receive input signals from the
central controller and effect the drive motors to achieve the vehicle’s motion. Finally,
corresponding blocks to represent sensors are attached to allow observing the simula-
tion’s progress. The same information is used to feed the 3D visualisation, both during
simulation as well as in post-simulation replay mode.
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Fig. 3. Block diagram of the 20-sim rover co-simulation model. The central component is the
dynamics model containing the rover geometry. Around it, simulated drives model the wheel
drive and steering motors and the energy transfer to the ground by means of a contact model.
Observable are the platform angles and the accumulated power usage. There is the possibility of
injecting faults into the left front and middle wheels.

Discrete Event Model In VDM-RT, a simple model was created that reflects the struc-
ture of the physical components using the object-oriented features of the language. So,
the Mars rover model in VDM-RT consists of six so-called DriveTrain objects, which
are each composed of a Wheel, Beam and Steering object (see Fig. 5 for an overview).
The Wheel object is used to control the setpoint of the wheel rotation, the Beam object
is to control the setpoint of the shoulder movement and finally the Steering object is
used to rotate the beam along its longitudinal axis.

The knowledge of how to set a particular gait mode is simplified to setting proper-
ties to the top-level DriveTrain objects, which will delegate this task to the underlying
component objects. A trajectory can be composed by construction of a plan, which con-
tains basic movements such as stop, wait, move forward, perform point turn, perform
Ackermann turn, and so on. This simplifies the model enormously when compared to
an implementation in 20-sim directly, which, among other benefits, provides model-
ing flexibility. Additionally, the DE model is extended with an independent supervisory
control mechanism, a “safety monitor” that checks whether the roll angle of the ve-
hicle remains within a specified range and initiates emergency countermeasures when
the range is exceeded in order to guarantee the safety of the rover platform, preventing
it from tumbling over. In case the safety monitor triggers, the current plan is aborted,
the rover reverses the last two performed steps, rotates left 15 degrees and resumes the
original plan.

Furthermore, the consistency mechanisms available in VDM-RT, such as pre- and
post conditions, are used to ensure the integrity of the gait model during simulation. This
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implies that the simulation is immediately stopped, such that the state of the model can
be analysed in order to determine the root cause of the trapped inconsistency.

The main goal of this case study is the migration of the co-simulation developed by
the DESTECS project to work with the INTO-CPS Framework in order to evaluate the
benefits and challenges of the new toolchain.

3.2 Moving Towards the INTO-CPS Multi-Model

In order to adapt the existing multi-model to work with the INTO-CPS toolsuite, it
was initially necessary to modify both the Continous-Time (CT) and Discrete Event
(DE) models to enable the generation of a FMU. After generating FMUs, they were
imported into the SysML architectural editor in order to create the specification of the
data exchange between models. Finally, the results were integrated into a co-simulation
configuration that can be executed by the Co-simulation Orchestration Engine (COE)
to obtain simulation results. We provide additional details for those activities.

Modifications for FMU Generation In order to accommodate the particularities of the
FMI specification, and of the specific tool extensions to support it (see Sect. 2.3), ad-
ditional modelling of an interface (the “hardware interface”) that encapsulates the data
items exchanged between the co-simulation components, together with the direction of
said exchange (input or output).

CT Model
Vehicle Dynamics

Attitude

Actual Steering

DE Model
Vehicle Controller

Wheel Velocity

Steering

Beam Velocity

R3

R6

R6

R6

R6

Fig. 4. Overview of the information exchange in the co-simulation model.

In Fig. 4, we show the data ownership and the direction of information exchange be-
tween the models. The CT model owns (i.e., controls and outputs) the data items related
to the vehicle’s attitude (3 real numbers representing the roll, pitch and yaw angles) and
the actual steering positions of the individual wheel assemblies (6 real numbers rep-
resenting the rotation angles for each wheel). The CT model also receives as input all
the setpoint values output by the controller, represented by the DE model. Conversely,
the DE model receives as input the values owned by the CT model, and owns the data
pertaining the setpoints of the rover hardware: individual wheel velocity values (6 reals
representing the commanded speed for each wheel), steering values (6 reals represent-
ing the required wheel steering angles), and beam velocity values (6 reals representing
the commanded angular velocity of the shoulder joints).
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Listing 1.2. Excerpt of the interface declaration of the CT model in 20-sim
externals
// External variables
real global export Actual_Steering_1;
real global export Actual_Steering_2;
real global export Actual_Steering_3;
...
real global import steering_1;
real global import steering_2;
real global import steering_3;
...

equations
...

The custom FMU generator integrated into 20-sim (see Sect. 2.3) relies on the de-
claration of external variables, belonging to the exchange interface with other models.
External variables are labeled with either the import or export keywords to indicate
the direction of the exchange. A snippet of the corresponding declarations is shown in
Listing 1.2.

Note that although the models effectively exchange vectors, all vector components
must be declared explicitly, with individual variable names. This is due to a fundamental
limitation of the FMI specification: only basic types (integer, boolean, floating point and
string) are allowed [3].

We fitted the model with the necessary external variable declarations. Additionally,
we took the opportunity to perform an upgrade of the collision detection library used
for simulation. The model was refactored to target a newer, improved version of the
Bullet Physics Engine8. Finally, we obtained a packaged tool wrapper FMU generated
automatically by the corresponding 20-sim extension.

On the discrete event (DE) side, some modifications to the VDM-RT model were
also necessary. The provided model already contained a model of the rover abstracting
the sensors and actuators of the vehicle, together with a controller capable of executing
a maneuver plan and equipped with a safety monitor (see Sect. 3.1).

The extension for the Overture tool offers an option to integrate an FMU library
into any model. The library contains class definitions that represent ports for each of
the allowable exchange data types. Based on those definitions, we introduced a new
HardwareInterface class (similar to the one shown in Listing 1.1) containing the
27 variables shared by the components of our case study. We then followed the pat-
tern outlined in Sect. 2.3 by adding an instance of the hardware interface model to
the System class and creating a specialization of the provided RobotController
class to include a mapping of the hardware interface ports to the internal variables of
the controller. Finally, every controller step was augmented with additional operations
to read from the interface ports before computing and to write the controller outputs to
the corresponding interface ports. An excerpt of the overall model is shown in Fig. 5 as
a class diagram. The classes added during the migration to the INTO-CPS toolchain are
highlighted by a blue rectangle.

8 See http://bulletphysics.org/wordpress/.

http://bulletphysics.org/wordpress/
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Fig. 5. Class diagram of the resulting DE model. Some of the classes and attributes added for
compatibility with the FMI approach are highlighted.

Having generated an FMU from the resulting DE model by using the Overture ex-
tension, we proceeded to integrate it with the FMU of the CT model. In order to aid this
process, we created a SysML specification of the multi-model architecture in Modelio.
There, the generated FMUs can be imported automatically into a block diagram. The
connections between the interface ports of the models can be then specified graphically
by drawing arrows from an output port of a model to the corresponding input port of
the other model.

From the architectural model, a multi-model configuration file can be generated
automatically via the custom INTO-CPS profile for FMI. All artifacts together (the
models, their generated FMUs and the co-simulation configuration) constitute a project
in the INTO-CPS toolsuite.

From the multi-model, a co-simulation configuration can be created. Here, simula-
tion parameters such as the step size, simulation time, step algorithm can be specified.
Also, a set of exchange variables can be chosen for graphical visualization. The COE
can then be launched and a simulation started from the user interface.

4 Comparison of Co-simulation Results

To verify the correctness of the migrated multi-model with respect to the initial models
and to assess the performance of the toolchain, various tests were performed.

Prominently, we ran co-simulations of the Mars Rover negotiating a series of simu-
lated obstacles in order to compare the behavior of the migrated models with the initial
models. In general, we observed similar results. The simulation outcomes are how-
ever, not identical on the continuous-time side due to the model upgrades and tuning
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performed. A visual inspection allowed us to nevertheless determine the correct func-
tioning of the multi-model and to attest its utility for simulation and testing purposes.
Also, we were able to verify the correct functioning of the safety monitor feature of the
simulated controller while operating as an FMU.

Fig. 6. 3D visualization of the Mars Rover simulation showing the effects moving over simulated
obstacles including the orientation of the rover platform.

A snapshot of the simulated Mars Rover driving over simulated obstacles during
co-simulation is shown in Fig. 6. This visualization is displayed as the simulation is
executed in near real-time, providing feedback to the modelling engineer regarding the
simulation outcome. An excerpt of the physical variables logged during co-simulation,
represented as line graphs is shown in Fig. 7. This data can be exported for archival and
further analysis.

Overall, we estimate the effort required for model migration to not exceed 20 man-
hours, not including the the time spent by the tool developers to fix the issues encoun-
tered during the activity.

4.1 Challenges Encountered

Adapting the existing models to work with the INTO-CPS toolchain posed several chal-
lenges. First, the temporal difference between the co-simulation undertakings made it
difficult to reproduce the results of the provided models using current versions of the
tools. Due to tool and language evolution cycles, the models, left without maintenance
for some time, were no longer fully compatible with the current versions of the VDM
and 20-sim modelling environments. An additional effort was necessary to update the
models and ensure their functioning with current versions of the tools.
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Fig. 7. Variable plots of the Mars Rover simulation. They show the evolution of the values of
simulated variables over time. In this example, accumulated power consumption in Watts of the
simulated rover, instantaneous poewr applied to the wheels, total energy used in Joules and finally
the yaw, pitch and roll of the rover body.

Concretely, language features of VDM-RT were modified in recent updates. Iden-
tifiers used in the original model such as stop became reserved keywords; also, the
default visibility of member variables became more restrictive, prompting a refactoring
of the DE model.

Conversely, due to the upgrades performed on the CT model, specifically in the
collision detection interface, additional tuning of the model parameters was necessary
in coordination with the tool vendor. Additional support was requested and provided
which resulted in a longer than expected time frame for the migration activity.

As a positive side effect of the activity, issues in the simulator (collision detection in-
terface and FMU generation scripts) and the Modelio tool (FMU import function) were
discovered, enabling us to provide feedback to the corresponding developers. Updated
versions of the tools including the requested fixes will be made publicly available.

5 Concluding Remarks and Future Works

In summary, we have successfully migrated the DESTECS Mars Rover case study to
the INTO-CPS tool chain, without loss of fidelity. However, we have encountered a few
issues that would potential hamper the successful usage of INTO-CPS into our context:

1. In INTO-CPS, or rather in the FMI standard, the notion of events is not supported,
as compared to Crescendo. Although this feature is currently not used in the Mars
Rover case study, and hence not blocking us in this particular case, it still can be
seen as a step back in expressive power.

2. The restriction to scalar types of the FMI specification is a challenge moving for-
ward towards the more complex multi-models supported by the INTO-CPS tool-
chain. Although the workaround of explicitly declaring vector components for this
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specific case study did not represent a significant effort, it may complicate the in-
clusion of larger, additional models as the number of variables of the exchange
interfaces increases. We thus proposed two possible solutions for overcoming that
limitation. First, adopting a convention for name mangling that would allow FMU
generation extensions to create and update interfaces for vector values. Second, in-
tegrating encoding and decoding routines in the generated FMUs that would allow
encapsulating vector types in string-typed scalar variables.

3. Specifically for the use of 20-sim, it is currently not possible to create self-standing
FMUs in case the CT model relies on external DLLs. Even though the tool wrapper
FMI is available and is demonstrated to work in this case study, it does not resolve
the issue of protecting the Intellectual Property (IP) of the model. However, from a
technical perspective, we believe that it must be possible to also create FMUs that
call external DLLs. Hence this limitation might be resolved in the future.

The ability to run the MarsRover case in the context of INTO-CPS provides us with the
following advantages:

1. Management of IP and ease of model construction.
The ability to contain the IP of a model inside an FMU is an important enabler for
industrial system development. In our case study, the aim was to separate the plant
model (owned by ESA) from the controller model (developed by an external sup-
plier). It should be noted that in particular in the European space market, typically
a multitude of suppliers are involved in any mission, with the systems engineering
(integration and validation) responsibility assigned to a prime contractor, leaving
ESA in a supervisory and oversight role. In this case we sought to provide an ex-
ecutable reference model without disclosing the internal design of the plant model
in order to objectively compare proposed controller designs.
It is easy to understand that communication between all these stakeholders is im-
portant. In particular, scientific space missions are typically performed on the edge
of what is technically possible; we are flying prototypes essentially, as most space-
craft are built as “one-off” products. However, these prototypes must of course have
a high reliability. The only means to demonstrate that reliability prior to launch is
to build end-to-end mission simulators and to gradually build up our confidence by
increasing the fidelity of those models. This is typically done by replacing models
by actual (sub)systems to demonstrate their fitness for use. Managing this process is
complex, error prone and therefore very costly. Downstream suppliers understand
the need to build such simulators, but they also want to protect their specific intel-
lectual property in order to maintain their competitive edge. Usually, the higher the
model fidelity, the more important IP protection becomes. Therefore, the ability to
couple models of (sub)systems into a distributed simulation setting easily allows
us to adapt to changes (and therefore quickly repeat validation) without having to
disclose the proprietary nature of the co-model, which is enabled by the FMI.

2. System of systems mission analysis.
The second advantage of INTO-CPS over the DESTECS approach is that it enables
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us to perform system-of-systems type simulations, by combining several models
into the same co-simulation environment. In the case of the Mars Rover for exam-
ple, the rover cannot operate without support from a satellite orbiting the planet,
which acts as a relay station for all telecommanding and telemetry between the
ground and the rover. Moreover, the satellite can use its on-board cameras to make
detailed images of the terrain surrounding the rover, such that it can be used as
part of the waypoint planning (target of interest selection and obstacle avoidance).
Similarly, several new missions are currently on the drawing board that consist of
multiple spacecraft working closely together to achieve their mission goals. For ex-
ample, Proba-3 will observe the corona of the Sun by having the telescope being
blocked from direct sunlight by another satellite moving in the line of sight. This
requires guidance and navigation control accuracy in the millimeter range, while
the two satellites are flying roughly 150 meter away from each other. These kind
of system-of-systems missions require competent co-models for both satellites at a
fairly detailed level of fidelity in order to study the behavior of the constellation as
a whole. It is also clear from this example that the behavior of the constellation is
considered an entity in its own right, so just combining two separate (DESTECS
style) co-simulations would not be sufficient.

3. Validating on-board software.
The third advantage of the FMU approach is that it becomes easier to validate on-
board software that is under development. Currently, Numerical Software Valida-
tion Facilities (NSVF) and Avionics Test Benches (ATB) are used to demonstrate
the fitness for use of the software. But these facilities come into play rather late
in the development process, while the FMU approach allows to integrate on-board
software artifacts much earlier. In the context of this case study, we are working on
synthesizing software directly from the DE models, using the vdm2c code genera-
tor, and deploying these artifacts using the TASTE software development environ-
ment and runtimes [15,6]. The result is a binary application which can be included
as an FMU under the INTO-CPS co-simulation execution engine. We hope to be
able to demonstrate this capability during the workshop.

Acknowledgments

The work presented here is partially supported by the INTO-CPS project funded by
the European Commission’s Horizon 2020 programme under grant agreement number
664047. We would in particular like to thank Frank Groen of Controllab Products for
his support with the 20-sim part of our co-model.

References

1. Open Services for Lifecycle Collaboration (OSLC). http://open-services.net/
2. Blochwitz, T., Otter, M., Akesson, J., Arnold, M., Clauss, C., Elmqvist, H., Friedrich, M.,

Junghanns, A., Mauss, J., Neumerkel, D., Olsson, H., Viel, A.: The Functional Mockup In-
terface 2.0: The Standard for Tool independent Exchange of Simulation Models. In: Proceed-
ings of the 9th International Modelica Conference. Munich, Germany (September 2012)

http://open-services.net/


The Mars-Rover Case Study Modelled Using INTO-CPS 15

3. Blochwitz, T.: Functional Mock-up Interface for Model Exchange and Co-Simulation.
https://www.fmi-standard.org/downloads (July 2014)

4. Cavalcanti, A., Woodcock, J., Amálio, N.: Behavioural models for fmi co-simulations. In:
Sampaio, A.C.A., Wang, F. (eds.) International Colloquium on Theoretical Aspects of Com-
puting. Lecture Notes in Computer Science, Springer (2016)

5. Cremona, F., Lohstroh, M., Broman, D., Natale, M.D., Lee, E.A., Tripakis, S.: Step revision
in hybrid co-simulation with FMI. In: MEMOCODE. pp. 173–183. IEEE (2016)

6. Fabbri, T., Verhoef, M., Bandur, V., Perrotin, M., Tsiodras, T., Larsen, P.G.: Towards integra-
tion of Overture into TASTE. In: Larsen, P.G., Plat, N., Battle, N. (eds.) The 14th Overture
Workshop: Towards Analytical Tool Chains. pp. 94–107. Aarhus University, Department of
Engineering, Cyprus, Greece (November 2016), ECE-TR-28

7. Fitzgerald, J.S., Larsen, P.G., Verhoef, M.: Vienna Development Method. Wiley Encyclope-
dia of Computer Science and Engineering (2008), edited by Benjamin Wah, John Wiley &
Sons, Inc.

8. Fitzgerald, J., Larsen, P.G., Pierce, K., Verhoef, M.: A Formal Approach to Collaborative
Modelling and Co-simulation for Embedded Systems. Mathematical Structures in Computer
Science 23(4), 726–750 (2013)

9. Fitzgerald, J., Larsen, P.G., Verhoef, M. (eds.): Collaborative Design for Embedded Systems
– Co-modelling and Co-simulation. Springer (2014), http://link.springer.com/
book/10.1007/978-3-642-54118-6

10. Gomes, C., Thule, C., Broman, D., Larsen, P.G., Vangheluwe, H.: Co-simulation: State of
the art. Tech. rep. (feb 2017), http://arxiv.org/abs/1702.00686

11. Karnopp, D., Rosenberg, R.: Analysis and Simulation of Multiport Systems: the bond graph
approach to physical system dynamic. MIT Press, Cambridge, MA, USA (1968)

12. Kleijn, C.: Modelling and Simulation of Fluid Power Systems with 20-sim. Intl. Journal of
Fluid Power 7(3) (November 2006)

13. Larsen, P.G., Battle, N., Ferreira, M., Fitzgerald, J., Lausdahl, K., Verhoef, M.: The Overture
Initiative – Integrating Tools for VDM. SIGSOFT Softw. Eng. Notes 35(1), 1–6 (January
2010), http://doi.acm.org/10.1145/1668862.1668864

14. Lee, E.A.: Cyber Physical Systems: Design Challenges. Tech. Rep. UCB/EECS-2008-8,
EECS Department, University of California, Berkeley (Jan 2008), http://www.eecs.
berkeley.edu/Pubs/TechRpts/2008/EECS-2008-8.html

15. Perrotin, M., Grochowski, K., Verhoef, M., Galano, D., Mosdorf, M., Kurowski, M., De-
nis, F., Graas, E.: TASTE In Action. In: 8th European Congress on Embedded Real Time
Software and Systems (ERTS 2016). Toulouse, France (January 2016)

16. Quadri, I., Bagnato, A., Brosse, E., Sadovykh, A.: Modeling Methodologies for Cyber-
Physical Systems: Research Field Study on Inherent and Future Challenges. Ada User Jour-
nal 36(4), 246–253 (December 2015), http://www.ada-europe.org/archive/
auj/auj-36-4.pdf

17. Verhoef, M.: Modeling and Validating Distributed Embedded Real-Time Control Systems.
Ph.D. thesis, Radboud University Nijmegen (2009)

18. Verhoef, M., Larsen, P.G., Hooman, J.: Modeling and Validating Distributed Embedded Real-
Time Systems with VDM++. In: Misra, J., Nipkow, T., Sekerinski, E. (eds.) FM 2006: Formal
Methods. pp. 147–162. Lecture Notes in Computer Science 4085, Springer-Verlag (2006)

19. Verhoef, M., Visser, P., Hooman, J., Broenink, J.: Co-simulation of Distributed Embedded
Real-time Control Systems. In: Davies, J., Gibbons, J. (eds.) Integrated Formal Methods:
Proc. 6th. Intl. Conference. pp. 639–658. Lecture Notes in Computer Science 4591, Springer-
Verlag (July 2007)

20. Woodcock, J., Foster, S., Butterfield, A.: Heterogeneous Semantics and Unifying Theories,
pp. 374–394. Springer International Publishing, Cham (2016), http://dx.doi.org/
10.1007/978-3-319-47166-2_26

https://www.fmi-standard.org/downloads
http://link.springer.com/book/10.1007/978-3-642-54118-6
http://link.springer.com/book/10.1007/978-3-642-54118-6
http://arxiv.org/abs/1702.00686
http://doi.acm.org/10.1145/1668862.1668864
http://www.eecs.berkeley.edu/Pubs/TechRpts/2008/EECS-2008-8.html
http://www.eecs.berkeley.edu/Pubs/TechRpts/2008/EECS-2008-8.html
http://www.ada-europe.org/archive/auj/auj-36-4.pdf
http://www.ada-europe.org/archive/auj/auj-36-4.pdf
http://dx.doi.org/10.1007/978-3-319-47166-2_26
http://dx.doi.org/10.1007/978-3-319-47166-2_26

	The Mars-Rover Case Study Modelled Using INTO-CPS
	Introduction
	The Co-simulation Technologies
	Crescendo
	The Functional Mock-up Interface
	The INTO-CPS Technology
	The Overture FMU Extension
	20-sim FMU Extension


	The Mars Rover Case study
	Description of the DESTECS Co-Model
	Continuous-Time Model
	Discrete Event Model

	Moving Towards the INTO-CPS Multi-Model
	Modifications for FMU Generation


	Comparison of Co-simulation Results
	Challenges Encountered

	Concluding Remarks and Future Works


