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Abstract - The current progress in computer technologies causes an increasing use and importance of modeling and simulation for 
science and engineering. The complexity of the systems under development and the complexity of appropriate models increase 
simultaneously. In many cases, it is no longer sufficient to consider individual aspects in detail independently of one another. Instead, 
it becomes more important to combine and manage modeling and simulation artifacts from different domains to gain a deeper 
understanding of the overall system. For this purpose, we already started developing the formal simulation model configuration 
framework, which we now extend by a method for operational modeling. 
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I. INTRODUCTION 
 
Our world is surrounded and crossed by technical systems 

that increasingly influence and take over aspects of everyone’s 
everyday life. Since we build on the correct functioning of 
technology, the need for appropriate methodologies that help 
to develop reliable products persists. Approaches like Virtual 
Testbeds and Digital Twins offer new opportunities to 
enhance and optimize product development by a consistent 
application of modeling and simulation activities. For 
example the early availability of a virtual prototype allows 
earlier and more frequent testing of drafts and designs in the 
development cycle. 

However, the continuing miniaturization and integration 
of various technologies into smart systems causes a swift 
increase in inherent complexity of technical products. Thus, 
the complexity of appropriate simulation models increases as 
well, and it becomes very difficult to identify and establish 
suitable system equations. Especially in cases of overall 
systems simulation it becomes vital to consider dynamic 
aspects of various domains simultaneously. This usually leads 
to a differential-algebraic system of equations (DAEs) that 
cannot be solved by standard numerical solver anymore. This 
kind of problems became solvable with the advent of DAE 
solver, forming the basis for object-oriented modeling 
methods [1]. Basic modules for example from mechanical or 
electrical domain are provided, which are then combined to 
form the actual system model. This kind of modeling and 
simulating provides the basis for Virtual Testbeds. 

The concept of Virtual Testbeds can be realized by various 
simulation tools, which might apply different modeling 
paradigms as well. In this paper we demonstrate the 
application of the formal simulation model configuration 
framework using OpenModelica [2] and VEROSIM [3]. 

OpenModelica is a simulation tool based on the object-
oriented multi-domain modeling language Modelica [4]. 

Modelica model components are described by symbolic 
equations. Simulation models are composed according to 
these model components, and a symbolic DAE of the overall 
system is derived by Modelica. To simulate the system, the 
symbolic DAE is translated to an executable model, which is 
simulated by an simulation engine, providing numerical 
integration algorithms. 

VEROSIM is a Virtual Testbed implementation developed 
at the Institute for Man-Machine Interaction of the RWTH 
Aachen University. It is based on a micro-kernel architecture 
that provides an interface for the integration of arbitrary 
simulation algorithms [5]. A unified real-time database (the 
VSD) is used for the data exchange and communication 
between the simulation algorithms [6]. In contrast to 
Modelica, VEROSIM model components are not described by 
symbolic equations, but rather as a set of static model 
properties that are evaluated by the simulation algorithm. The 
simulation algorithm itself composes the DAE numerically 
and performs the numerical integration on its own. 

Regardless of the realization of the Virtual Testbed, the 
great challenge with simulations covering the overall system 
and considering aspects from multiple domains is the evolving 
complexity of the simulation model itself. To develop, apply, 
maintain, and verify such kind of models it becomes necessary 
to formalize its development process and manage the related 
model artifacts. Therefore, we developed the concept for a 
modular configuration framework, allowing to define and 
create object oriented simulation models for Virtual Testbeds 
considering different and usually over time changing level of 
detail and integration. 

The following section of this paper will summarize the 
framework’s fundamentals, as already presented in [7]. 
Section 0 presents the current approach for the integration of 
the system's operational control logic, followed by a detailed 
application example from an academic case study. 
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II. THE FORMAL SIMULATION MODEL 

CONFIGURATION FRAMEWORK 
 
The starting point for the framework is the interleaving of 

modeling and simulation activities with other engineering 
disciplines based on [8]. Fig. 1 illustrates the classification into 
three basic fields, (a) (model-based) systems engineering, (b) 
simulation engineering, and (c) domain engineering, that all 
provide different views on the system of interest. 

 

 
Fig. 1. Classification of different engineering disciplines. 

 
The traditional domains concerning technical systems are 

mechanical engineering, electronic engineering, control 
engineering, and software engineering. They are summarized 
by the field of domain engineering and turn design 
specifications into a real product. In contrast to this, systems 
engineering focuses on the design and management of system 
solutions in response to the stakeholder needs. To cope with 
the complexity of document-centered information exchange 
the methodology of model-based systems engineering 
evolved, aiming to create a digital information repository (the 
system model) that carries and interconnects all relevant 
information of the system design [9]. Meanwhile the 
tremendous progress in computer technologies causes an 
increasing influence of modeling and simulation for all 
engineering processes. But the use of simulation in a domain-
specific context with domain-specific tools does not last 
anymore. Simulation engineering thus becomes an equal part, 
aiming to develop comprehensive simulation models that 
allow simulation-based verification and validation throughout 
the whole lifecycle. To achieve this goal, methods like the 
formal simulation model configuration framework that builds 
upon suitable information exchange between those three fields 
are essential. 

The basic structure of the formal simulation model 
configuration framework is illustrated in Fig. 2. It distinguishes 
between two main entities: The Digital Twin of the specific 
system of interest and a suitable Virtual Testbed. The Digital 
Twin provides a set of model elements forming a Model 
Library, and a set of simulation scenarios collected in a 
Scenario Library. On the other side the Virtual Testbed 
provides an Algorithm Library, containing all relevant 
simulation algorithms that can be applied to the Digital Twin. 

 

 
Fig. 2. Basic structure of the Formal Simulation Model Configuration 

Framework. 

 
I summarized the basic syntactical elements that are 

defined within the framework and will be discussed in more 
detail in the following paragraphs. 

 
TABLE I. MAIN ELEMENTS OF THE FORMALISM SYNTAX 

 
 

A. Model Library 
 
The Model Library is a hierarchically structured mirror of 

the system's physical structure. As shown in [7], the physical 
structure of the system can be derived from the structural 
decomposition of the system provided by system engineering. 
The Model Library provides basic model elements  on each 
hierarchical level (e.g. system, assembly, component). Each 
model element might appear in different variants , covering 
various level of detail of the element. Additionally, the Model 
Library provides the capability to manage various 
perspectives  for each model element. The perspectives 
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originate from physical domains like mechanics, electronics 
or thermodynamics. This breakdown of the Model Library 
facilitates a flexible decoupling between the different levels of 
integration, perspectives and variants, allowing for an 
independent model refinement process and evolvement of 
each model element on different time-scales [7]. 

 

 
Fig. 3. Detailed structure of the Model Library. 

 
B. Scenario Library 

 
The Scenario Library contains specific simulation 

experiments that are used to perform certain analyses. A single 
executable simulation experiment is called scenario. It consist 
of an appropriate selection of model elements  from the 
Model Library and connections  between those model 
elements. In order to derive a scenario  a formalized process 
was presented in [7]. First, a configuration table (see Fig. 4) is 
used to select all model elements  and perspectives  that 
are relevant for the scenario  with respect to the current 
project stage and the simulation purpose. The perspectives  
correspond to the simulation domains that are provided by the 
algorithm library (see next section). 

                                                           
1 For more details and examples regarding the structure of the configuration 
table and the interconnection table refer to [7]. 

 
Fig. 4. Selection of the model elements from the configuration table in 

order to implement the scenario. 

 
Based on the selected model elements  a  

interconnection table is spanned, see Fig. 5. The 
interconnection table is used to model all explicit 
interconnections  between the model elements, either inner-
domain or inter-domain. Additionally, the interconnection 
table is used to setup the initial values for the model elements. 
This way, the configuration table and interconnection table are 
a representation of the conceptual model of the scenario and 
can be used to automatically generate the tool specific 
simulation model code1. Fig. 6 shows a first graphical user 
interface of a prototypical implementation of the presented 
formalism. 

 

 
Fig. 5. Connection of the model elements within the interconnection table. 
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Fig. 6. Selecting model elements to configure a specific simulation 

scenario. 

 
C. Algorithm Library 

 
The Algorithm Library states the missing part that is 

necessary to perform simulations of the scenarios. The 
Algorithm Library provides various simulation domains (e.g. 
mechanics, electronics, thermodynamics). Each simulation 
algorithm  might also have various variants enabling a 
specific configuration of the algorithm to the scenario, see Fig. 

7. 
 

 
Fig. 7. Structure of the Algorithm Library. 

 
The overall goal of a simulation algorithm is to evolve the 

state  of the scenario  over time. Therefore, the Algorithm 
Library must provide the required algorithm. 

 
, ,   (1) 

 
The Virtual Testbed can be provided by various simulation 

tools. Depending on the respective tool, the actual realization 
of the Algorithm Library might differ. In [7] an approach was 
presented, where the simulation algorithms were implemented 
as actual algorithms, which contain their individual solver. In 
contrast, tools covering the multi-domain modeling language 
Modelica provide packages for each simulation domain. 
Within each package, standardized building blocks are 
contained in order to configure how the simulation algorithm 

composes the differential equation system from the 
interconnected building blocks. Here, a common domain-
independent solver is used, to directly solve the overall 
differential equation system. 

 
III. INTEGRATION OF OPERATIONAL MODELING 

 
According to [9] mechatronic systems consist of a basic 

system and a data processing system. The latter realizes all 
kind of data processing and communication with other 
systems, while the basic system is located on the physical 
layer. Sensors and actuators exchange information between 
those two layers (see Fig. 8). Modeling the physical layer is 
already covered by the framework. This section presents an 
approach to integrate the data layer, enabling the 
configuration of the system's operational behavior. 

As presented in section 0 the configuration of the physical 
system bases on its physical architecture. Analogously, the 
functional architecture provides the basis for the configuration 
of the data processing system by hierarchically decomposing 
the data processing system into data processing units (DPUs). 
Each DPU determines the output values dependent on its input 
data and can be realized by a logical model element, a function 
script or an existing control unit connected via an appropriate 
communication interface (e.g. ROS). This allows to model the 
data processing system at different level of integration, and to 
integrate existing control algorithms or to control real 
components out of the simulation. Therefore, a DPU can be 
scheduled either synchronously (evaluate inputs and 
determine outputs at each simulation step) or asynchronously 
(running with an own timing). Accordingly, the Model 
Library is extended by a new layer with corresponding model 
elements, implementing or wrapping the system's DPUs. 

 

 
Fig. 8. Basic structure of mechatronic systems (based on [9]) 

 
The configuration of the data processing system for a 

specific simulation scenario starts with an empty 
configuration list. DPU model elements can be selected from 
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the Model Library and added to the scenario definition. As 
illustrated in Fig. 9 the selected DPUs can obtain parameters as 
key value pairs. Furthermore, their inputs are listed as well, 
allowing to define data flow relationships between inputs and 
outputs. 

 

 
Fig. 9. Selection and configuration of data processing units, sensors and 

actuators within the configuration list. 

 
Another important aspect is the integration of sensors and 

actuators. They can be added manually to the list and function 
as data sources (sensors) and data sinks (actuators) inside the 
configuration of the data processing system. Sensors and 
actuators can either be ideal or model-based. Ideal sensors are 
linked to model elements or connections of the physical 
system and directly read and output selectable element 
properties (for example, the current position of a rigid body 
element or the current angular velocity of a hinge joint). 
Analogously, ideal actuators directly write values into 
properties of the linked physical element. However, in most 
cases it is not recommended to use ideal actuators because 
they bypass the simulation algorithm, usually leading to a non-
physical system behavior. The alternative is to configure a 
model-based actuator (for example a motor with a certain 
transfer characteristic, actuating a hinge joint). Those model-
based actuators are provided by the involved simulation 
algorithms of the Virtual Testbed. The same applies to model-
based sensors (for example an optical sensor creating a noisy 
signal). 

 
IV. ACADEMIC APPLICATION EXAMPLE 

 
To demonstrate the application of the proposed formalism, 

this section presents a comprehensible example. The goal of a 
fictional project shall be the development of a transportation 
mechanism that is able to transport a given work piece from 
an initial position to a specific final position. Based on several 
user requirements and constraints a certain rotary table as 
mechanism is already selected. Thus, the rotation shall stop as 
soon as the work piece arrives the final position, which shall 
be detected by a corresponding sensor. A virtual prototype 
will be developed to accompany the product development. 

 

A. Structural Decomposition 
 
Fig. 10 shows the breakdown structure of the physical 

system (from overall system to component level), created by 
systems engineers, based on the system's physical 
architecture. Fig. 11 does the same for the data processing 
system. The structural decomposition of the system under 
development is the basis for all subsequent steps. 

 
B. Development or Selection of Product Parts 

 
The specifications (created by systems engineering) are 

now gradually being converted into product parts within the 
respective engineering domains. Thus, the breakdown 
structure of the physical system turns into the product tree. 
Within this example, we select procurable parts that likewise 
could have been newly engineered. 
 
C. Define Specific Information Need 

 
As soon as certain questions arise, the Digital Twin of the 

system under development comes into play ("every simulation 
starts with a question"). Here, we want to analyze the dynamic 
behavior of the transportation process when realized with a 
simple feedback loop controller. Thus, we will need to create 
a simulation scenario that simulates the dynamics of the 
mechanical system and integrate the control logic (from 
sensor via controller to actuator). 

 

 
Fig. 10. Structural decomposition of the physical system. 

 

 
Fig. 11. Structural decomposition of the data processing system 
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D. Prepare or Extend Model Library 
 
Before the scenario can be created, it must be checked 

whether the Model Library contains all necessary model 
elements. Within this example, we do not derive the Digital 
Twin from previous projects. Consequently, we need to fill the 
Model Library initially by creating model elements with 
respect to the perspectives and hierarchical stages that are 
relevant at this project stage. From the task definition in the 
previous section, we derive to look at the system of interest 
from a rigid body dynamics perspective to cover all 
mechanical dynamics. Therefore, we approximate the 
components by rigid bodies with geometric primitives as 
substitute shapes, and dimensions derived from the 
corresponding technical data sheets (from domain 
engineering). 

Since this example is quite simple the rigid body dynamics 
perspective alone would be sufficient to execute the demanded 
analysis. But to demonstrate aspects of the formalism like 
inter-domain interconnections, we add detailed CAD 
geometries as additional perspective. The additional 
advantage of this is the opportunity to analyze the system with 
optical sensors and image processing algorithms in the future2. 
The right side of Fig. 12 exemplarily illustrates some model 
elements for the rotary table components. 

 

 
Fig. 12. Preparation of the Digital Twin's Model Library (excerpt 

displayed). 

 
E. Define Simulation Scenario 

 
Once all necessary parts of the system are modeled 

appropriately, the simulation scenario can be configured. As 
presented in section 0 and 0 this is carried out in a multi-step 
process. The first step is the configuration of the physical 
system. As illustrated in Fig. 13 ten model elements from 
different hierarchical stages are selected in the configuration 

                                                           
2 The framework supports this experimenting with different sensors very 
well. Only the sensor model and the corresponding data processing unit 
(containing computer vision algorithms) would have to be substituted by 
alternative variants. 

table and thus added to the scenario. This results in an 10
10 interconnection table, given in Fig. 14. 

 

 
Fig. 13. Configuration table for the presented simulation scenario. 

 
The interconnection table can be structured into three sub-

tables, two defining inner-domain interconnection 
(highlighted blue) and one defining the inter-domain 
interconnections between the two selected perspectives 
(highlighted green). The cells of the ascending diagonal 
contain the initial state of each model element. In the case of 
the rigid body dynamics domain, this means the initial pose 
(position  and orientation  and the initial velocity (linear 

and angular ). Furthermore, four inner-domain 
interconnections are defined, providing mechanical joint 
relationships between the corresponding rigid bodies3. The 
geometry (CAD) domain does not require any further inner-
domain interconnections. Finally, all model elements of the 
rigid body dynamics domain are coupled with those of the 
geometry domain within the inter-domain interconnection 
sub-table using spatial redirection relationships. They ensure 
that the geometry models spatially track the rigid body 
models. 
 

 
Fig. 14. Interconnection table for the presented simulation scenario of the 

rotary table example. 

3 Note: A rigid joint interconnection is defined between the disc of the rotary 
table and the work piece to model an ideal friction relationship. A higher 
level of detail at this point could be reached by a friction-based 
interconnection which leads to the concept of implicit interconnections (refer 
[7]). We plan to discuss this aspect more in detail in a later paper. 
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The configuration of the physical system is now followed 
by the configuration of the data processing system. As 
illustrated in Fig. 15 we select the three data processing units 
(DPUs) from the second layer of the structural decomposition 
(see Fig. 11). Moreover, we added a velocity-based motor 
model to actuate the linked rotary joint interconnection, and 
three ideal sensors providing the current state of required 
dynamic properties of the linked model elements. 

 

 
Fig. 15. Configuration list for the presented simulation scenario. 

 
With the configuration of the data processing system, the 

simulation scenario is defined completely. In addition, if the 
individual model elements comply with certain rules 
regarding structure and syntax, the scenario can now be 
converted into the model code that can be executed inside a 
Virtual Testbed. This translation depends on the target 
testbed4, but can in principle be fully automated. Within this 
example, we demonstrate the code generation for two 
different testbeds, on the one hand OpenModelica and on the 
other hand VEROSIM (see Fig. 16 - Fig. 18). 

 
F. Execute Scenario Model and Analyze Simulation Output 

 
Once the scenario code is generated, the simulation runs 

can be performed. The following simulations in 
OpenModelica and VEROSIM were executed with an 
integration step-size of 10	  each. In Fig. Fig. 19 the 
simulation results for the motor torque profiles, the measured 
angular velocity of the rotary table and the speed set point for 
the motor controller are shown. As the output of the rotary 
table controller (DPU) correlates to the binary output of the 
sensor controller (DPU), the speed set point is an adequate 
representation of the switching point of the rotary table. 

As shown in Fig. Fig. 20 the simulation results confirm each 
other and the magnitude of deviation is negligible. The 
deviation might be explained by the different numerical 
integration algorithms. Nevertheless, there is an interesting 

                                                           
4 It should be noted that the Model Library must provide corresponding 
model elements for each targeted testbed. For our OpenModelica realization, 
we use the MultiBody Library [11] to cover the rigid body dynamics. 

sharp peak in the deviation of the simulation results, which 
exactly corresponds to the switching time of the DPU of the 
sensor. A detailed analysis of the switching point, explains this 
behavior, see Fig. 21. 

Modelica directly models the physical interconnections 
between all model components based on a DAE. As 
OpenModelica applies a numerical integration algorithm with 
variable step size, the direct coupling is used to detect, 
determine and simulate the discontinuities accurately (in this 
context the discontinuities are stated by the sensor switch). 
Consequently, the lower diagram in Fig. 21 shows an additional 
simulation point between 3.28	  and 3.29	 , determining the 
switching point much more precisely. In contrast, simulations 
within VEROSIM are scheduled with a fixed step size (upper 
diagram in Fig. 21). Therefore, the switching point of the sensor 
only occurs in the next equidistant simulation step. The 
resulting delay reasons the sharp peak in Fig. 20. 

Anyway, the behavior of a real world system might be a 
mixture of both simulation results. A real world embedded 
system will have time delays and calculations within the 
DPUs will take some time. Thus, the idealized direct coupling 
(physical feedback of velocity to torque) realized by the DAE 
in Modelica will not fit the real world system, nor will the 
fixed scheduling of a VEROSIM simulation fit the real world 
system as well. Nevertheless, the results of both simulation 
runs confirm each other in principle, and an initial prediction 
of the behavior of a real world system can be made. 

 

 
Fig. 16. Executable scenario code in OpenModelica. 
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Fig. 17. Execution of the simulation scenario with OpenModelica. 

 

 
Fig. 18. Execution of the simulation scenario with VEROSIM. 

 

 
Fig. 19. Comparison of simulation results gained from scenario execution 

in OpenModelica and VEROSIM. 

 
 

 
Fig. 20. Comparison of the deviation of the simulation results of 

OpenModelica and VEROSIM. 
 

 
Fig. 21. Detailed analysis of the switching point of the sensor. 

 
V. SUMMARY, CONCLUSION AND FUTURE WORK 

 
The presented formalism helps to specify and execute 

complex simulations and clearly structures the related model 
artifacts. The hierarchical breakdown of the Model Library 
into level of integration, variants and perspectives makes the 
simulation scenarios adjustable and scalable in order to satisfy 
the specific information needs. The presented approach is 
highly suited to the product development process. All 
development phases, all model refinements, and all 
investigations correlate to entities of the Model Library or the 
Scenario Library. Thus, the whole development process is 
represented by the Digital Twin, as the Digital Twin 
aggregates the growth of knowledge and understanding about 
the system over time. 

The presented integration of the operational view to the 
configuration framework paves the way to apply the 
methodology to arbitrary mechatronic systems. All relevant 
components of complex mechatronic system are now 
supported by the formalism, and the complete sense-think-act 
cycle of intelligent systems is covered by the framework. 
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Moreover, as demonstrated, the new developed formal 
simulation model configuration framework might be a 
feasible base for a systematic approach to automatic 
simulation model generation, that allows to generate scenarios 
for various simulation tools. Based on this, the underlying 
formal process can also be used to cross-validate simulation 
runs performed with different simulation tools. 
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