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Abstract
Virtual Reality (VR) can help designers to realise later life phase situations of a product in presence of
a specific actor (or actors) in a specific environment by building product use-cases in VR, thus
facilitating an early evaluation of a design. In this paper, we present a model-based approach that uses
SysML behaviour models to describe and control VR environments. The behaviour modelling process
with SysML and the simulation results obtained using these behaviour models are discussed. An
overview over simulation processes is provided by constructing an example product use-case in VR.
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1. Introduction
During the product development process, it is necessary to consider later life phases of the product and
its interaction with neighbouring systems (e.g. actor(s) and environment). Today, for these considerations designers build different use-cases of the product based on (mostly textual) requirements arising
from different stakeholders. One goal here is to gain the understanding about the product and its behaviour in its later life phases in order to develop a solution that can meet the relevant needs of all the
stakeholders. The products are no longer considered as an isolated system; instead, the context consisting of life phase specific environments and life phase specific actor(s) are also considered during the
design phase. According to the guideline VDI 2221 (1987) the general life phases of a product are
product planning, product development, production planning, production, distribution, use, service and
disposal. There are different actor(s) and environments associated with these life phases; e.g. in the use
phase the actor can be a user (or multiple users) inside a usage environment. A successful product in its
use phase should be able to fulfil the needs of the user in a particular usage environment. Similarly, the
product in each of its life phases has a different context (= actor(s) and environment) that should be
considered at the design stage. A relevant concept in this regard is the work of Mahboob et al. (2017a)
that discusses the context of a product and the construction of different use-cases of a product for different life phases as shown in Figure 1. In Figure 1, the product is considered as the system under development, E represents all (functional, interactional, disturbing, …) inputs to the system and A are the
outputs produced by the system. Each life phase of a product can have different requirements. Building
the use-cases can help greatly to verify the fulfilment of these requirements. Figure 1 is based on the
relational properties introduced by Andreasen and Mortensen (1997) which are further extended by
Weber (2007). The verification of the different use-cases can be realised with virtual or physical methods. The virtual verification of these use-cases can be performed much earlier than the first physical
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prototype and can help the designer to gain an early understanding of product behaviour in its later life
phases.

Figure 1. Product context in its different life phases (Mahboob et al., 2017a)
Virtual Reality (VR) technology can be of great use at this point as it can directly show (visually and/or
acoustically and/or tactile) a product in its later life phases along with its context. Product’s later life
situations and product’s interaction with actor(s) and environment can be evaluated inside VR by means
of product use-case scenarios. However, the preparation of VR models is a challenging task as it is
currently based on time-consuming programing of the whole VR-scene in advance. This limits the
application of VR in the industry. Mahboob et al. (2017b) identifies the following three reasons for this
limit:
 The time and the effort needed for the preparation of virtual models is very high,
 these models are also limited in terms of their reuse and/or reuse of parts of them and
 once constructed, very few modifications are possible, therefore a new situation can force a
complete new preparation.
We are focusing on a new approach that is based on dividing the complete VR-scene into three submodels i.e. product, actor(s) and environment as also described in Mahboob et al. (2017a,b). Also, in
this approach, the product designer is the observer of the VR scene, instead of playing him/herself the
role of an actor. This approach helps to overcome the above mentioned limitations of VR application.
However, this approach puts extra requirements on the sub-models (for actor(s), product and
environment) i.e. they must be described as independent from each other as possible, they must be able
to interact with each other, this interaction should be described and they should be described with enough
degree of generality to make them reusable.
The authors consider the Model Based Systems Engineering (MBSE) approach most suitable for the
description of such sub-models. For the standardisation of the sub-models MBSE with Systems Modeling Language (SysML) as the language of behavioural description for the sub-models is used.
Furthermore, the VR system itself mainly supports the visual representation of geometrical objects and
does not directly process the capability to incorporate the physical properties of objects. A real time
product evaluation can only be achieved through the incorporation of physics simulation along with the
visual representation of geometrical objects inside a virtual environment. Therefore, we also focus in
this paper on the integration of physics simulation in the VR environment. This is done by integrating a
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physics simulator with the behaviour modelling in SysML. We use an open source version (education
version) of (V-REP) virtual robot experimentation platform V-REP (2017) that offers multiple physics
engines to simulate the physical properties of the objects.
In the next section, we will briefly introduce the related work done in the field of VR, the modelling
approaches and the current methods in MBSE. Later, we will describe the overall simulation process
and our behaviour modelling approach for modelling the sub-models will also be presented.

2. Related work
There are various methods and digital models available that facilitate the product development process.
These available models mainly focus on the product and its behaviour. As already discussed in the
introduction, the life phase specific context (actor(s) and environment) also need to be considered during
the product development process. However, the influence of context is only implicitly contained in present
models. VR can support the product development process by realising a later life phase situation of a
product along with its context in form of a VR-scene. The current methods and tools available for product
development in VR do not fully facilitate the product designer in fulfilment of his/her tasks. These
limitations in the software solutions are studied by Stark et al. (2009, 2010) who discuss the discrepancies
in currently available software solutions. Metag et al. (2008) focus on a user centred approach using VR
to reduce the uncertainties in the product development process. The work of Weber and Husung (2011)
discusses the process of virtual product development and proposes a new classification for the development of virtual prototypes. An example in this work also studies the dynamic and acoustic behaviour of a
product. A work from Abidi et al. (2016) is very relevant to this paper, as it focusses on the simulation of
production lines in VR and, like the study described here, uses a SysML behaviour model as the base of
the simulation. However, the SysML behaviour model is not directly linked with the VR simulation,
instead, it is first converted into a simulator model (in ARENA) and then the simulation is controlled using
the simulator model. Albers et al. (2015) discuss the use of MBSE in product development processes with
focus on application of SysML. This work studies the potential of SysML to support the construction kit
(components of specific functionality and built that can be combined to form a complex system)
development process. Gausemeier et al. (2013) suggest the use of the systems engineering approach, as it
can handle the complexity and supports the efficient development of the multidisciplinary products of
today. Recently, two cooperation projects between industry and academia have focussed on SysML as a
unified language for implementing MBSE: The FAS4M project (Moeser et al., 2015; Moeser et al., 2016;
FAS4M, 2017) worked to support the modelling and development of mechatronic systems and has
developed an interface between a SysML editor and CAD tools. The project mecPro2, on the other side,
has focussed on the Product Lifecycle Management (PLM) and has developed a corporation between
MBSE and PLM. The project suggested that this combination can handle the complexity of the system
under development (Eigner et al., 2014; Meissner et al., 2014; Eigner et al., 2017; MecPro2, 2017). Follmer
et al. (2010) emphasize the use of SysML for the organisation of requirements, structure and behaviour of
a product. Silhavy et al. (2011) present an example model for a product in SysML and focus on the
behaviour diagrams in SysML. There are other works that try to integrate model-based approaches with
VR to achieve a simulation in VR: Chevaillier et al. (2012) use a UML model which is then transformed
in order to integrate simulations in VR. Abidi et al. (2015) achieve this by doing the integration of VR and
SysML. Furthermore, there are more methods and studies (Schamai et al., 2009; Sindico et al., 2011;
Batarseh and McGinnis, 2012; Foures et al., 2012; Gross and Mukherjee, 2015; Bank et al., 2016) that
either transform the SysML models to another executable language/tool or try to integrate SysML models
into existing executable tools to achieve the simulation. However, there is still a need for a method that
can pave the way for controlling simulations in VR directly through SysML models.
For using SysML to represent the sub-models relevant in this study (product, actor(s), environment) the
following research questions have to be answered:
 How should the behaviour of the sub-models be described in SysML?
 How can the interaction between the models be modelled?
 How can these behaviour models in SysML be used to facilitate a real-time simulation inside VR?
 How can the SysML behaviour models be coupled with an external physics engine to incorporate
the physical properties of objects into the VR-scene?
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3. Concept and information flow
In order to achieve clarity for the reader, it is important to first provide an overview of the complete
simulation process and the components/tools involved in it before describing the modelling process in
detail. Therefore, this section will provide a bird-eye view of the VR simulation achieved using the
behaviour models in SysML. First of all, the geometrical models of the environment and the product are
transferred to construct a scene inside V-REP. The result is an exact copy of the VR-scene, but in a form
on which the physics calculation can be performed using built-in libraries of V-REP. V-REP also offers
an open Application Programming Interface (API) in multiple languages to control the objects in a VREP scene during simulation. We used this API to build a control code that can communicate with the
SysML behaviour model.

Figure 2. Exchange of information between different tools during simulation
We are using a commercial modelling tool to make the SysML models executable. This execution is
based mainly on token flow simulation. The SysML behaviour description at the start of the simulation
cycle reads the data from the user interface (interaction device) model. The data that comes as a string,
is split up and restructured to extract the action performed by the VR user, e.g. changing positions
and orientations, button values, etc. Based on the received data the behaviour description sends a
command to V-REP to realise the user actions. The result of this command can change the vacuum
cleaner model inside the simulator either by a linear movement or a rotation or a change of the angle
of its handle. This induces a change in the position or the orientation of the vacuum cleaner model.
This change can now result in a collision between the vacuum cleaner and an environment object.
Therefore, the behaviour description in SysML reads the status of the objects from the simulator
model continuously and if there is a change in the properties of any object, it is immediately
communicated to the VR rendering software.
The collision of two objects inside V-REP is normally indicated by a change of the colour of the
colliding objects; this can be read over the API function to see which two objects are colliding. When
we send some commands to change object properties (position, orientation, colour, etc.) to the VR
software, there should be an interface to understand the incoming command. The VR software used for
our simulation has a built-in plugin that can translate or change the orientation of objects by
understanding certain commands. However, it was not possible to change the colour of objects in VR
using incoming commands. Therefore, we have extended the built-in plugin to include the command
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interpretation and implementation for a colour change also, so that a collision can be visualised in VR.
This cycle keeps on repeating and the VR scene is updated at a rate of approx. 20 frames/second. In this
way, a real time simulation is obtained inside VR using the behaviour description of SysML models.
Along with these calculations the VR scene is rendered on a 3 sided CAVE type VR system that provides
an immersive VR environment.
Table 1 sums up the commands used for the communication between different tools as already explained
in this section.
Table 1. Commands used for communication
Scope
SysML → V-REP
SysML → V-REP
SysML → V-REP
SysML → V-REP
SysML → VR
SysML → VR
SysML → VR

Command
Move forward (movement speed can be given as parameter)
Move backward(movement speed can be given as parameter)
Turn right (turning speed can be given as parameter)
Turn left (turning speed can be given as parameter)
Translate an object (object name, X, Y,Z as parameters)
Rotate an Object (object name, degrees of rotation and rotation axis as parameters)
Select an Object (object name as parameter)
This command will select the given object in the tree and this selection will be
indicated by a colour change inside CAVE type VR

4. Modelling approach
Last section provided the overview of the overall simulation process and this section will focus on the
modelling of the sub-models. The behaviour of the complete VR-scene consists of the behaviours of
sub-models and the interaction between them. Therefore, behaviour descriptions of our sub-models must
also contain interfaces to communicate with each other. In this section, the process of behaviour
modelling will be discussed in detail.
First, we discuss the modelling of interactions between sub-models. Basically interactions can be
represented by means of a structural definition in SysML and can be seen in Figure 3 as an internal
block definition diagram (IBD). The sub-models communicate/exchange information by means of
standard interface points in SysML, i.e. ports. In SysML it is also possible to draw direct dependencies,
i.e. linking an element of a sub-model to the other sub-model directly. We have avoided these direct
interdependencies between sub-models and instead modelled the interaction over the ports. The reason
for this is the reusability perspective of the sub-models.
We have a vacuum cleaner as an example product, a living room as the environment and, instead of a
full-blown actor model, in our first studies we have used a “User Interface” model, i.e. a human user
operating/controlling the product model in the given environment. An actor model (human avatar in
VR) is still under development. Therefore, the actions performed during the simulation so far are driven
by the user of the VR system, who interacts with the user interface. The behaviour model of the product
can communicate with the user interface and the environment behaviour model over the ports.
According to the SysML specification, interactions can be modelled either by defining an “Interaction
Block” or by “Call Behaviour Actions”. We modelled the behaviour of both user interface and
environment models using “call behaviour action” that can be called directly over the port. The product
model continuously calls the behaviour of the user interface to check if the VR user has performed an
action/set a command. After that the product model interprets the information received from the user
interface model and updates the product behaviour model accordingly. Along with this update, an
execution command is sent to V-REP to realise the actions of the user and subsequent behaviour changes
in the product model. Once the product model is updated, the product model communicates with the
environment model to see if there is a collision taking place inside the simulator model as a result of the
last action.
It is important for the reader to focus on the ports labelled as UserAction, UserMovements, call_behav
und collision, as they will be used to explain the behaviour models. The behaviour models that we used
to achieve the VR simulation consist of multiple activity diagrams, state machine diagrams, opaque
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behaviours, etc. (“Opaque behaviour” is a behaviour element in SysML that describes a particular view
of a system in a specific language in a modelling tool.) It is not possible to discuss all the diagrams in
this paper. Therefore, the authors have decided to discuss one diagram from each sub-model’s behaviour
that can provide a brief overview over the basic mechanisms used.

Figure 3. Interaction between sub-models
In Figure 4 the behaviour of the product model is shown. As the product model depends on the actions
performed by the VR user, it is modelled using “Accept Event Action” that waits for turnLeft,
moveForward, moveBackward, turnRight or nothing signals coming from user interface behaviour
model over the port “UserMovements”. As soon as the activity starts accept event actions start to wait
for a signal. The product model calls the “UserInterface” behaviour over port “call_behav” using the
“userInterface” action. Once the execution of this call behaviour is completed the product model
receives one of the signals and sends the appropriate command to V-REP indicated here as “vrep_send”.
After that the product model calls the “checkCollision” behaviour of the environment model using the
“collision” port. Finally, the product model checks the changes of the product model in V-REP
(indicated as rec_data_Vrep) and updates the VR simulation by sending the suitable commands
(indicated as VR_Send).

Figure 4. Product model behaviour
In Figure 5 the behaviour of the user interface model is shown. This behaviour is called by the product
model to check the user actions in VR. The VR interaction device’s data (position, orientation, buttons
status, etc.) is normally available over an internet based UDP protocol. The received data is checked by
the user interface behaviour model which then decides which signal will be sent to the product model
along with the value “y” that can contain the position or orientation of the interaction device.
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Figure 5. User interface behaviour
Figure 6 shows the behaviour called by the product model from the environment model. When the
execution of this diagram starts, the “rec_Simu” receives the status of all the objects in the scene from
V-REP.

Figure 6. Environment model behaviour
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The received data contains the information about collisions of the objects and it is communicated to
“send_collision_status” that compares it with the status of the objects from last execution cycle shown
as “readOld” on Figure 6. New and old statuses of objects are compared and the changes in the object
states (collision/no collision) are communicated to VR system to update the simulation. Finally, the
behaviour description of the environment model replaces all the old statuses with the new ones
(indicated as “updateNew”), so that they can be used in the next execution cycle. The action “rec_Simu”
is modelled as opaque behaviour using jython script (Jython, 2017) and all the rest of the actions shown
in Figure 6 contains multiple activity diagrams to complete their behaviour.

5. Discussion
The method presented in this paper shows up a new application of SysML behaviour models, in
particular to derive a simulator model and to control a simulation in VR. The actual simulation obtained
in a CAVE type VR is real-time as far as its execution capability is concerned. However, there are some
limitations in the software solutions available for the implementation of the method. Even though the
parameter updates (commands to the VR system) are sent several times in a second, the VR rendering
software updates the scene at a much slower rate depending on the rendering speed. This means that the
rendering speed is limiting the speed of the simulation and the simulation can be slower as the number
of objects and textures in the VR scene will increase. From SysML behaviour model to the VR scene
including physical properties of objects is still a complicated simulation process with many data
transformation in between different tools. Furthermore, the reverse information flow from VR to the
SysML behaviour models can prove difficult (depending on the tools involved.)
On the other hand, the modelling tools have improved considerably in the last years; we have come from
just modelling to the execution of models as almost all commercial modelling tools support model
execution. We are moving further to integrate modelling tools with existing industrial solutions of
product development, e.g. CAD, PLM, requirement management, etc. SysML is developed to be a
unified modelling language to apply MBSE methods to all fields and it contains multiple possibilities
to describe a certain aspect of some behaviour. This leaves SysML to be abstract and there is a need of
more concrete definitions and application guidelines that elaborate the application area for different
SysML elements. Today, in industry the SysML models are made alongside the design to perform
different analysis on design as discussed by Kleiner und Husung (2016). Therefore, SysML model
driven VR simulations can greatly facilitate product evaluation inside VR by overcoming the current
limitations in the field of VR and facilitating an efficient preparation of product use-cases in VR.
The modelling approach presented in the last section discussed in detail the methodology for individual
behaviour description of the sub-models in SysML, as well as the modelling of the interaction in between
the sub-models using SysML-ports. Section 3 provided a complete overview of a simulation in VR that
is achieved using the behaviour descriptions in SysML. This section also brought to light the coupling
of SysML models with external tools (i.e. physics engine and VR system). The resulting real time
simulation achieved in VR also validated the use of SysML models to achieve a real time simulation.
Thus, the modelling approach presented in this paper along with the results of simulation achieved
validate the research questions that were set up in Section 2.

6. Conclusion and outlook
This paper introduced a new method to control the VR environment by simulations that are based on
SysML behaviour descriptions. The aim is to build product use-cases with physically correct behaviour
inside VR. The behaviour modelling process in SysML is explained in detail and the results of first VR
simulations using SysML behaviour models are also discussed. The results established the approach of
dividing the complete VR scene into sub-models and by describing these sub-models in SysML, it is
possible to drive a real-time simulation in VR. In the end the SysML modelling tool was linked with a
physics engine as well as with the VR rendering software. The integration of SysML and physics engine
brings physical behaviour into the VR objects – very important for VR applications in product
development. The simulation achieved through division of the complete VR scene into sub-models (in
our case: product, actor(s) and environment) and their behaviour descriptions in SysML has clear
advantages over the conventional way of programming the whole VR scene in one go. The major
2910

SYSTEMS ENGINEERING AND DESIGN

benefits are that the sub-models are reusable, that small changes no longer necessitate a completely new
preparation of the VR scene so that a faster way to build new use-cases of a product in VR is opened.
In the future we will focus on the completion of actor model, so that a human avatar can be used and
the product designer can observe the interaction of product, actor and environment. We will also prepare
more sub-models to test flexible recombinations of sub-models in order to make new product use-cases.
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