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Abstract 
Different types of models often require different tools and environments to be modeled and simulated. 
These tools and environments are specialized to handle specific purposes. The models created for these 
special purposes can then be included in the modeling and simulation of large complex systems. This 
scenario increases the motivation to use a co-simulation technique. Co-simulation allows for coupling 
of different simulators into one coherent simulation.  
Different parts of a system are often modeled by different departments within an enterprise or by sub-
contractors. Since the models often are describing enterprises’ primary know-how they become 
important business assets. This raises the need for a secure modeling and simulation approach.  
This thesis discusses different approaches regarding how to securely simulate and distribute models. 
We focus on a distributed co-simulation approach over wide area networks (WANs), using 
transmission line modeling (TLM). The approach is tested in an experimental environment at 
Linköping University, Sweden, and by real condition co-simulations between Sweden and Australia.  
A series of experiments are conducted using a simulated WAN environment and the results are put in 
relation to the real encrypted simulations between Sweden and Australia. We measure the performance 
during the simulations and evaluate the results. We observe that by distributing the co-simulation we 
suffer from performance losses. These losses and what parameters cause them is our primary emphasis 
in the evaluation. 
We also see that there are two types of parameters that affect the total simulation time in the 
distributed environment. First there are parameters that belong to the models, and then there are 
parameters that belong to the WAN environment. We conclude that several of the parameters have 
effect on the total simulation time. Especially the network delay (latency) has a significant impact.  
 
Keywords: Co-simulation, Modeling, Transmission Line Modeling, Security, Data communication, 
Distributed simulation. 
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1 Introduction 
In this chapter a brief introduction to the problems surrounding the modeling and simulation 
of complex systems is presented. It also gives a short description of various approaches that 
can be used to deal with these problems. The properties of these approaches leads to a number 
of questions which help outline the purpose of this study. 

1.1 Background 
The need to model and simulate large complex physical systems such as cars, aircrafts and 
trains has increased dramatically over the last decades. Just like real systems, the models are 
designed using various components with different properties. As a result of this, components 
of a large system are often modeled and simulated in separate specialized environments and 
tools, such as MSC.ADAMS (MSC Software), dedicated to mechanical systems. Other tools 
are specialized for certain application areas, like SKF’s BEAST (Stacke 1999) (Stacke 2001) 
that is dedicated for detailed contact analysis in bearing simulations. There also exist 
multidomain environments such as Modelica (Modelica Association), VHDL-AMS (Christen 
1999) and MathWorks’ Simulink (Simulink). Overall, within large enterprises, it can be 
expected to encounter a lot of various modeling and simulations tools and environments. This 
raises the need to create co-simulation environments, where these components can be 
simulated together. 

When modeling these complex systems departments or subcontractors are often 
geographically spread out around the world, each place having their own separate expertise 
and competencies. The modeled components become important business assets that have to be 
protected. Even within the same enterprise it’s not uncommon that different departments have 
different confidentiality levels. At the same time the modeling components has to be 
distributed in order to model and simulate the large scale models. This requires a safe and 
secure approach within the modeling and co-simulation environments. 

 

1.1.1 Modeling and Simulation 
In the previous section we talk about modeling systems and simulations of models. In order to 
avoid confusion we will in this section define these concepts. 
A model of a system is can be considered an abstraction of that system. The model contains 
the information of the system necessary to fill its purpose. This means that some information 
about the system can be left out in the model. In (Fritzson, 2004) a model is defined as: 
 

“A model of a system is anything an “experiment” can be applied to in order to 
answer questions about that system.” 

 
In this thesis we are discussing mathematical models of physical systems that could be 
anything from a nuclear power plant to a simple steal beam. A Mathematical model describes 
the relations of the variables in a system and expresses them on a mathematical form (Fritzson 
2004). We mentioned performing experiments on models; this is actually the main reason to 
create a model. The experiments we perform on a model are what we call a simulation; 
(Broman 2007) defines a simulation as: 
 

“A simulation is an experiment performed on a model” 
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There are number of reasons to perform simulations of models rather then experiments on 
systems (Fritzson 2004).  
 

• Experiments can be too expensive. Building ships and sink them is an expensive way 
of gaining information. 

• Experiments may be too dangerous. Inducing a meltdown in a nuclear power plant is a 
dangerous way of gaining information. 

• The system may not yet exist but is under development. 
• Models are easy to manipulate and modify. Parameters can be change even outside 

feasibly physical properties. 
• Variables might be inaccessible in the real system. However, in the model they can be 

modified and observed. 
 
There are also risks involved in using modeling and simulation. It can be easy to forget that a 
model is only an abstraction of the system and does not include the entire reality.  

1.1.2 Meta-Modeling  
While there is no exact definition of the term meta-modeling it can generally be described as 
semantic or domain specific modeling (Siemers 2007). The activity meta-modeling produces 
meta-models that just like most models attempts to describe a real world object.  
Metamodel.com (metamodel.com) makes an attempt to define meta-models as: 

 
“A metamodel is a precise definition of the constructs and rules needed for 
creating semantic models.”  
 

Basically this means that in meta-modeling it is not only important to attempt to model a real 
world object but also what the meaning of this object is in the meta-model (metamodel.com). 
In the context of this thesis meta-modeling means coupling smaller models, which we will 
refer to as external models, into larger models, e.g. meta-models. This leads us to make our 
own definition of what we mean with the term meta-model in this thesis. 
 
Definition. External models represent sub-systems or components of a larger system. A meta-
model is created by the external models and represents that larger system. 
 
The external models may be created in different modeling environments. This means that in 
this study the meta-model defines the physical interconnections between external models and 
also the semantics of the external models and the interconnections. In this context the process 
of meta-modeling can be divided into three steps (Nakhimovski 2006), (Siemers 2007): 
 

• Modeling the external models in specialized environments, e.g. Adams, BEAST, 
Modelica, etc models. 

• Encapsulate the external models and define their interfaces. 
• Design a meta-model where the external models are connected and integrated with 

each other. 
 
Figure 1 outlines the meta-modeling process with the three steps listed above. In the figure 
there are two external models, one of a car, created by an engineer at a car manufacturer and 
one of a rolling bearing, created at a bearing manufacturer. The goal is to create a joint model 
of these two external models, a meta-model. Each step in the process requires different types 
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of knowledge. Particularly the creation of external models in their respective specialized 
environment requires a high level of expertise about that environment.  
 

 

Figure 1. The meta-modeling process, from the specialized models to a meta-model. 

1.1.3 Co-Simulation 
Simulation of different parts in a system will often require different types of simulators 
(solvers). Co-simulation performs a simultaneous simulation of several parts in such system. 
The parts in such system may for example consist of hardware with corresponding software or 
mechanical systems like the one described in Figure 1. 

Various attempts have been made to categorize co-simulation approaches for example in 
(Amory 2002) and (Atef 1999). In this thesis I will refer to two general approaches to 
structure a co-simulation environment. Several terms are used to distinguish these varies but 
Amory (Amory, 2002) calls them homogeneous and heterogeneous.  
 

• In a homogeneous approach one simulator is adapted to handle all parts of a system. 
Figure 2 shows this approach. The car and bearing are simulated in the same simulator 
together. 

• In a heterogeneous approach one simulator is used for each part of the system. 
 
 

 

Figure 2. A homogeneous co-simulation approach. 
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The heterogeneous approach may be further categorized depending on how the simulators 
communicate with each other. The simulators may communicate with each other directly, or 
via a central kernel or backplane, sometimes called “Backplane approach” (Atef, 1999), 
(Amory, 2002). Figure 3 and Figure 4 outlines these two approaches. In Figure 3 we see the 
two simulators communicating directly with each other through some interface.  
 

 

Figure 3. A heterogeneous co-simulation approach.  
 
Figure 4 shows the basic concepts of the backplane architecture, described in for example 
(Atef 1999). The car and the bearing are simulated in their respective simulator; a co-
simulation backplane coordinates the simulation. 
 

 

Figure 4. Backplane co-simulation approach. 
 
The backplane makes it easier to connect various simulation tools through a simple interface. 
The coordinating software, the backplane, manages the communication between the 
simulation tools making sure the simulation data exchange between the simulators is 
coordinated. However the central point might also cause a bottleneck in the co-simulation 
environment. One technique to achieve this is for example basing the connection between the 
different physical models on transmission line modeling (TLM) (Nakhimovski 2006), (Krus 
1999), (Fritzson 2007). This technique uses physically motivated delays, which are introduced 
in the communication between the components; the approach is also suitable for parallel 
processing (Krus, 1999). 
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Another central concept to this thesis is distributed co-simulation. This allows for parallel 
execution of different simulators over a LAN or WAN. The main advantage of a distributed 
co-simulation is the decentralization of the modeling process. Remember the example with the 
car and bearing; it is not far fetched to assume that the bearing and the car have different 
manufacturers. The decentralization is an important advantage for various reasons: 
 

• Model protection. Different manufacturers are unlikely to willingly share the models 
they’ve spent time and resources on creating. 

• Local expertise. Large companies often have departments spread over the world. 
Expertise in these departments often varies but they still need to simulate their models 
together with other models in the department. 

• Resource sharing. Necessary resources for a simulation might only exist in a place 
such that it is making distributed simulation the only option. Another example would 
be licenses for the simulators. 

 
The big drawback about distributed co-simulation is of course the increased simulation time 
due to data transfer. An example of a distributed co-simulation tool is MCI, presented by 
Hessel in “MCI – Multilanguage Distributed Co-Simulation Tool” (Hessel, 1998), another 
distributed co-simulation approach is also presented by Atef in “An Architecture of 
Distributed Co-Simulation Backplane” (Atef, 1999). 

Another big question that arises in the context of distributed co-simulation is security 
aspects. As outlined earlier models often become important business assets, this means that 
the models have to be securely distributed and simulated. 

1.1.4 Approaches to secure distribution and co-simulation 
Information security is usually divided into three aspects: 
 

• Confidentiality. Confidential information should only be accessed by someone 
authorized to do so.  

• Integrity. Data should not be created, destroyed or altered when not authorized. 
• Availability. Information should be available when needed. In this thesis robustness is 

treated as a part of the model and simulation availability. 
 
There are two general approaches to accomplish secure distribution and co-simulation: 
 

• Keeping a secure centralized co-simulation environment. The external models will 
then need to be securely distributed to this location.  

• Secure distributed co-simulation. In this approach the external models are kept and 
simulated locally at their departments/companies and simulation data is exchanged 
between them during the simulation. Figure 5 depicts a possible scenario for this 
approach. 

 
Both of these approaches have advantages and disadvantages. In the first approach the key 
issue is to distribute the models in a secure manner. The straightforward approach to this is 
using some type of encryption algorithm to prevent disclosure of the model content. The 
problem that arises with this approach though is that the model still needs to be decrypted in 
the simulation environment and for decryption a key is needed. In practice this means that the 
models content might be disclosed by brute force techniques.  
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Further possibilities is to create a binary executable file of the model or model 
obfuscating, that is, rearranging the model is such way that its content is kept secret while its 
behavior is intact.  
Outlining the first approach according to the three security aspects: 
 

• Confidentiality: Theoretically the models can never be securely distributed, brute force 
techniques can be used to break the encryption and disclose the model. Even though 
the risk for confidentiality breeches may be extremely small, the distributed model is 
still vulnerable to brute force attacks. 

• Integrity: The integrity of the model can similarly to the confidentiality not be 
completely guaranteed. One way to protect the model integrity would be using so 
called message authentication codes (MAC); a code is generated by a applying a one 
way function and a key. But as stated before, keys can be brute forced.  

• Availability: Once models have been distributed to the centralized environment they 
are also available there.  

 
Furthermore, once a model has been distributed it can’t be undone, there’s no telling how 
many times a distributed model is used.  

The second approach is to use a secure distributed co-simulation. This is shown in Figure 
5. In the figure a car and a bearing is simulated between the USA and Sweden using a 
distributed backplane co-simulation approach.  
 

 

Figure 5. Secure distributed co-simulation using the backplane approach. 
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Using this approach the model is protected in its local environment. General advantages and 
disadvantages using distributed co-simulation have been outlined in the previous section; the 
question here is how this approach can uphold security: 
 

• Confidentiality: Since the models never leave their respective department/companies, 
the risk for unauthorized disclosure of the models due to the co-simulation is removed. 
There’s still a risk that data sent between external models during simulation is 
disclosed. However, data being rebuilt from simulation run time data is a much 
smaller threat then disclosure of the models. 

• Integrity: Using this approach the focus of integrity protection is moved from the 
model to the simulation data it transmits over the WAN. This can be achieved using 
MAC techniques.  

• Availability: The communication link is vital to complete a distributed co-simulation. 
Robustness in this connection may very well be a problem as well as overhead in total 
simulation introduced by the transmission of simulation data. 

 
Both these approaches offer pros and cons. The distributed co-simulation approach introduces 
an overhead in total simulation time in the transmission of the simulation data. Furthermore, 
this overhead is enhanced due to the need of integrity protection for the data been transmitted. 
On the other hand distribution offers the advantages listed in the previous section and a high 
level of confidentiality is kept for the models. 

The approach to simulation at a centralized location offers efficient co-simulation in a 
local environment. But distributing the models is clearly results in risk of the confidentiality 
of the models. 

In this thesis we will be investigating the distributed co-simulation approach. The 
technique offers desirable black box characteristics of the models and a high level of 
confidentiality can be kept. Furthermore, the distributed approach offers us advantages such 
as resource sharing. The drawback of prolonged simulation times due to the distribution 
however needs to be investigated. 

1.2 Purpose of this study 
Multi-national enterprises, outsourcing, and globalization make the high confidentiality levels 
in the distributed co-simulation approach an interesting option; both in the present and in the 
future. 

In this thesis the distributed co-simulation approach will be tested and evaluated. 
Emphasis will be on robustness of the approach and how the simulation time is affected by the 
distribution.  
There are four questions that will be investigated: 
 

• Is this approach robust enough to make it possible for long distance simulations? 
• What parameters that affect the total simulation time are introduced by having a secure 

distributed co-simulation instead of a local environment co-simulation? 
• Are there parameters in the co-simulation environment that will affect the total 

simulation time when we distribute it? 
• How much longer will co-simulations take as the geographic distance between 

different parts of the system increases? 
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1.3 Delimitations 
This section lists the delimitations of this study. 
 

• This study does not investigate how performance of the distributed co-simulation 
approach is affected by different approaches to achieve security of data transmission 
during simulation. 

 

1.4 Related Work 
A lot of work has been done suggesting different approaches for distributed co-simulation. A 
lot of the work done is focused on co-simulate hardware with its corresponding software. This 
can for example be seen in (Atef, 1999) and (Amory, 2002). In these approaches the co-
simulation tool is often designed to simulate different subsystems created with specific 
languages, for example the hardware is described by VHDL and the software is written in C. 
In (Hessel, 1998) an approach for multi-language distributed co-simulation is described. Both 
(Atef, 1999) and (Amory, 2002) mentions the overhead introduced by distribution. (Amory, 
2002) also states that the main drawback of the distributed co-simulation approach where the 
simulators are geographically spread out is the increase of the co-simulation execution time 
due to the overhead introduced by the network communication. Some tests were also done 
confirming this drawback. 

However as far as my knowledge goes no work has previously been done investigating 
this overhead from the point of view of data communication. Further investigating the causes 
of this overhead and how variations of the geographical distribution affect the simulation 
time. Also, as far as I know, the security aspects of the distributed co-simulations are not 
discussed in this context. 
 

1.5 Readers guide 
The reader of this study is assumed to have a basic knowledge of computer science and 
modeling and simulation. The structure of the report is outlined in the remainder of this 
section. 
 

1.5.1 Introduction 
The introduction chapter gives a brief description of the background of problems addressed by 
this study; it also outlines purpose of this study. Furthermore the chapter contains the 
delimitations of this study and related work that has been done in this field.  

1.5.2 Theoretical background 
This chapter presents the background theory of transmission line modeling and data 
communication. To understand the basics of this chapter is fundamental to gain benefit of 
reading this study. 

1.5.3 Method 
The method chapter describes the methodology of how this study was made. It outlines how 
data is to be obtained through experiments and how this data is to be analyzed.  
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1.5.4 Experiment Setup 
This chapter gives a detailed description of how the experimental environment was setup to 
obtain research data. In the chapter there’s description of both the software and hardware that 
have been used, furthermore the chapter describes how the software and hardware was 
deployed during the experiments. 

1.5.5 Simulation results 
This chapter presents the results that were obtained through the experiments described in the 
method and simulation result chapters.  

1.5.6 Analysis and discussion 
In this chapter the results of the experiments is carefully analyzed and discussed in details in 
order for conclusions to be made in the next chapter.  

1.5.7 Conclusions 
This chapter summarizes and states the conclusive remarks from the previous chapter. There’s 
also a section with suggestions of future research. 
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2 Theoretical background 
This chapter presents the theory behind which parameters that may influence the total 
simulation time in the distributed co-simulation. It will present theory regarding transmission 
line modeling and describing how physically motivated delays can be used to decouple a 
complex model. There is also an introduction to the basic concepts of data communication 
which potentially plays a central role in the evaluation of the distributed co-simulation 
approach. 

2.1 Transmission Line Modeling 
Transmission line modeling is based on the time delays that exist in all physical interactions 
due to limited wave propagation speed. The method can be applied in various physical  
domains for example electric networks and mechanical systems. In a mechanical system TLM 
connections can be applied between components in a large complex system, i.e. decouple 
external models from a meta-model. 

 

Figure 6.Delay line with wave variables, c1, c2, velocity v1, v2 and reaction forces F1, F2. 
 
Figure 6 depicts a simple mechanical transmission line. The figure also shows the 
characteristic force wave variables c1 and c2, the velocity variables v1 and v2, along with the 
reaction forces F1 and F2. These variables along with the characteristic impedance ZC and the 
line delay TTLM form the equations (Krus 1999), (Nakhimovski 2006): 
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Note how the time interval TTLM separates events happening in one end of the delay line with 
the other. In (Nakhimovski 2006) it’s shown that by representing the TLM connection with a 
simple beam TTLM can be calculated by using the speed of sound in the medium together with 
the length of the beam. 
 

medium

beam
TLM v

L
T =  

 
It can also be shown that the TLM connection introduces a parasitic mass that depends on the 
impedance ZC and the delay TTLM. Note that the TLM connection is assumed to be iso-elastic, 
that is the force waves c1 and c2 does not affect each other, otherwise the characteristic 
impedance ZC would not be the equal in the different directions. This means that the TTLM 
delay is a physical property in the model. This and further details about the TLM theory is 
discussed in (Krus 1999). 
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By decoupling the external models within a meta-model through transmission line 
connections the co-simulation framework can take advantage of the delays for parallel 
simulation and efficient communication during co-simulation. In practice the delay time TTLM 
influences the length for each simulation step in the solvers. Solvers with a time-equidistant 
output can have a simulation step equal to the delay TTLM and solvers without time-equidistant 
output can have a simulation step equal to TTLM /2. This is further explained in (Nakhimovski 
2006). 

In the co-simulation this means that TTLM also dictates how often TLM data is sent 
between different external models, also, each external model can simulate independently from 
each other during each time step.  
 
Definition: TLM data is data sent between external models during simulation, e.g. simulation 
data. TLM data is time-stamped data and delayed position and orientation data of the external 
model (Nakhimovski 2006). 
 
Due to this the size of TTLM might affect the simulation time in a distributed co-simulation.  

2.1.1 TLM connections 
As described above, TLM connections can be used to decouple external models in a meta-
model. As a result there exists at least one TLM connection between each external model in 
the meta-model. Using a backplane approach co-simulation environment each external model 
is simulated independently from each other during each of the time steps dictated by TTLM. In 
the meta-modeling environment the TLM connections are represented by TLM interfaces.  
 
Definition: TLM interface is a named point in a meta-model that is used to decouple external 
models.  
 
The external models are distributed and communicate with each other at each time step 
through the backplane, using the TLM interfaces. As a result, the amount of external models, 
e.g. the amount of TLM interfaces may have an impact on the simulation time in the 
distributed co-simulation environment.  

2.2 Data communication 
During co-simulation various distributed external models will be communicating with each 
other by sending simulation data via a co-simulation backplane through a communication 
link. The properties this communication links might extend the total simulation time for the 
entire system. 
Performance in a network is measured in two fundamental ways (Peterson 2000): 
 

• Bandwidth – The amount of data that can be transmitted over a network in a certain 
period of time. Bandwidth can sometimes be referred to as throughput. Bandwidth is 
normally measured in bits/second. 

• Latency (or delay) – Measurement of how long it takes a message to travel from one 
end of the network to another. Latency is measured in milliseconds (ms).  

 
When measuring delays in a network it’s common to talk about round-trip time (RTT). This is 
a measurement of how long it takes a message to travel from one end of the network to the 
other and then back again. RTT is approximately equal to double the latency. Latency may be 
influenced by several factors. First there’s the limitation of the speed of light in the 
connection, second there’s the time it takes to transmit the data through the link. Last, there 
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are factors such as queuing delays in the network. Furthermore, each packet in a network is 
unlikely to have the same latency, the latency isn’t constant. How much latency varies 
between packages is called jitter.  
In this thesis bandwidth is referred to as BWAN and latency as TWAN. 
 

2.2.1 Delay ×  Bandwidth product 
 
By looking at the network link as a pipe the delay×bandwidth product simply corresponds to 
the amount of data the pipe can hold. The pipe is shown in Figure 7. 
 

 

Figure 7. Delay bandwidth product as pipe. 
 
The length of the pipe corresponds to the latency in the network and the diameter of the pipe 
corresponds to the bandwidth of the network. The product P is simply calculated as: 

WANWAN TBP ∗=  
 
Then P is the maximum amount of bits of data that the pipe can hold. 

2.3 Parameters to investigate 
The theory behind TLM (transmission line modeling) gives us two parameters that may 
influence the total simulation time. These parameters are:  
 

• TLM Delay (TTLM) – The delay TTLM influences the length of the time steps the 
independent solvers may take. It also influences the how often data is sent between the 
solvers. This makes TTLM a good candidate to influence the total simulation time in the 
distributed co-simulation approach. 

• TLM Interfaces – Each external model in a meta-model is decoupled by one or several 
TLM interfaces. During co-simulation of the meta-model data is exchange through the 
TLM interfaces. More TLM interfaces mean more data has to be sent through the 
communication links in the WAN environment. The amount of TLM interfaces may 
therefore influence the total simulation time in the distributed environment and needs 
investigation. 

 
In the communication link there are two fundamental parameters that might influence the 
transmission of data between the external models during simulation. These parameters need to 
be investigated: 
 

• Latency (TWAN) – The latency determines the time it takes to transmit data between the 
external models. The delay might slow down the co-simulation. 
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• Bandwidth (BWAN) – Bandwidth determines how much data we can send during a in a 
certain amount of time. If data can not be sent on-demand the total simulation time 
might be affected. 
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3 Method 
This chapter describes the how the study of the distributed co-simulation approach was made 
in order to answer the research questions outlined in the Section 1.2. We describe how to 
investigate the robustness of the system and how we in an experimental environment 
investigate different parameters to determine their impact on the simulation efficiency. We 
will also describe how to investigate the total simulation time over different geographical 
distances.  

3.1 Introduction 
At the beginning of this study it was assumed that distributing the co-simulation over a WAN 
environment would have impact on the overall simulation time of the system compared to co-
simulations running in a centralized local environment. The impact on the simulation must in 
this case depend on parameters that are non-existent in the centralized simulation approach 
where all the necessary resources are available in a local environment. However, which 
parameters that are affecting the simulation time are unknown. An even more crucial point is 
that the robustness of the systems over large distances is unknown. 

The overall methodology of this study is to conduct experiments in a co-simulation 
environment and measuring the simulation times while altering the various parameters that 
may affect the system. This means that our first major challenge in this study is to set up an 
experimental co-simulation environment. How can we in the local environment of the 
institution of computer science (IDA) at Linköping university, investigate long distance 
robustness of the system? How can we in a local environment create a distributed 
environment that allows for an investigation of the parameters that affect the total simulation 
time?  

3.2 Experiment 
In order to answer the questions outlined in the purpose of this study in Section 1.2 we 
conduct series of experiments. In the experiments various meta-models are co-simulated in a 
local experimental environment at Linköping University. In order to allow us investigating 
how distribution affects the co-simulation environment we simulate a WAN environment in 
the local testing environment. A specific application called the WAN Simulator is designed 
and implemented for this purpose. The WAN Simulator and the other details of the 
experiment setup are given in Chapter 4. In Chapter 4 there are also descriptions of the meta-
models we use in the experiments. 

3.3 Investigating Robustness 
The robustness of the distributed backplane co-simulation approach is under observation 
through the entire set of experiments. Experiments with long total simulation time to 
investigate how the system handles long run times. We use meta-models with a varying 
amount of external models to see that the coordinating server, the backplane, can handle 
coordinating complex models without crashing. Furthermore, we do co-simulations using a 
real connection between Sweden and Australia. This means we distribute the co-simulation 
over a real geographic long distance where real conditions apply. 
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3.4 Parameters 
The parameters that may affect the total simulation time in the distributed co-simulation 
environment have been theoretically analyzed and discussed in Chapter 2. There are two 
fundamental types of parameters that are discussed: 
 

• Model specific parameters – These are parameters that either describes the model or 
its physical properties. 

• Data communication parameters – These are parameters that belong to the data 
communication during the distributed co-simulation. 

 
In this study there are two model specific parameters that are going to be investigated. First 
it’s the TLM delay (TTLM) in the TLM connections; this property governs how frequent the 
data exchanges between external models are during simulation. Secondly the impact of the 
number of TLM interfaces in the meta-model is investigated.  
There are also two data communication parameters whose impact on the simulating system is 
tested and analyzed, latency and bandwidth. 
The model specific parameters are easy to control; this can be accomplished through the meta-
modeling tool. Since this study is focused on analyzing the impact these parameters have on 
the simulation time during a distributed co-simulation the correctness of the actual model can 
be ignored. This means that in this study when TLM delays are altered the physical 
consequences, like the fact that the meta-model is changed will not be considered.  
The data communication parameters are harder to control and alter. For this we use the WAN 
simulator application.  
The testing strategy is designed to obtain data for how the different parameters individually 
affect the total simulation time and also how they correlate. Furthermore, experiments are 
conducted using different computational power for the external model simulations in order to 
examine if the effect of the parameters changes with this. The testing strategy for the different 
parameters is outlined in the following sub sections: 

3.4.1 Experimenting with latency 
In order to investigate the impact of TWAN (latency) several series of scripted co-simulations 
are done with models having different properties. By using models with different properties 
we can also see how the impact of other parameters depends on TWAN. For each model a test 
script initiated a number of co-simulations. For each co-simulation the WAN simulator is used 
with different latencies. The test script logs all output and measured the simulation time to 
allow for a later analysis. Experiments are performed with latencies ranging from 0 to 1000 
ms. 

3.4.2 Experimenting with TLM Delay 
TTLM (TLM delay) is tested by using meta-models constructed from the same external models. 
The only difference between the meta-models is the delay TTLM. In order to get experimental 
co-simulation results for possible dependencies between TTLM and TWAN the co-simulations 
with the different TLM delays are simulated with different latencies (TWAN). Also for these 
experiments the resulting simulation time and output are logged by a test script.  

3.4.3 Bandwidth measuring  
The bandwidth’s influence on the simulation time of the co-simulations is tested by using a 
feature in the WAN simulator that logs the bandwidth usage during the simulation. An 
application called Ethereal (WireShark) is also used to aid in the bandwidth testing. 
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Bandwidth is measured for different types of models to see how it varies depending on the 
other parameters we are investigating. 

3.4.4 Experimenting with TLM connections 
Experiments with TLM connections are conducted using a meta-model that was simple to 
adjust the amount of TLM interfaces by expanding the model with new external models. 
Experiments are performed with 2 to 16 TLM interfaces using different TTLM and TWAN. 

3.5 Simulation time over geographic distances 
Based on the results from experiments on the distributed co-simulation approach we can 
estimate the total simulation time when distributing over real geographic distances. We are in 
the analysis section determining the impact different parameters have on the total simulation 
time. By estimating the size of parameters these parameters in real distance connections we 
can also estimate the total simulation time over that distance. Furthermore, we can validate the 
estimations of the total simulation time by comparing to the distributed co-simulations using a 
real connection between Sweden and Australia. 

3.6 Analysis and conclusions 
The results obtained through the co-simulation experiments serve as foundation for an 
analysis of how and why the different parameters affects the total simulation time. The 
analysis takes the entire simulating system into consideration when evaluating the impact 
from the parameters. The results from the experiments are also compared to the co-
simulations we do using a real connection between Sweden and Australia.  

3.7 Source of errors 
This section lists possible sources of errors that might have affected the results, analysis and 
conclusions of this study. 
 

• Only a limited amount of meta-models were used in the experiments. Since there are a 
countless possibilities of meta-models it is possible there are models with properties 
that influence the co-simulation in ways that have not been included in this study. 

• It is possible there are further parameters affecting the simulation time in the 
distributed co-simulation that have not been considered or encountered in this study. 

• To finish the study within a reasonable time the co-simulations in the experiments 
have all been finished faster then 10 hours. If the system behaves exactly the same for 
significantly longer simulations is unknown to this author. 
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4 Experimental setup 
This chapter describes the details of the experiment setup. There are descriptions of the meta-
models used in the co-simulations, the co-simulation framework, and the WAN simulator. 
The deployment structure of the experiment is also given. 

4.1 Experiment models 
The experiments are conducted by several co-simulations of meta-models. A meta-model 
consists of two or more external-models, sometimes also referred to as components or sub-
models. The external models are model instances created in a specialized tool (e.g. 
MSC.ADAMS, BEAST, etc).  The meta-model defines the interconnections between the 
external models. 

The meta-models we use in the experiments are highly simplified from the meta-model of 
the car used in the scenario shown in Figure 5. However, the scenario can still be tested with a 
simpler model since the components of the systems are decoupled by TLM interfaces.  

4.1.1 Double pendulum 
The basic model we use in the experiments is a double pendulum, depicted in Figure 8. The 
pendulum is constructed by three external-models, two shafts and a bearing. Each shaft is 
connected to the bearing through a TLM interface. 

 

Figure 8. Double pendulum. 
 
In this meta-model the shaft components require a lot less computational power to be 
simulated then the bearing.  
The double pendulum is used in experiments to measure the influence of the TLM delay and 
the data communication parameters, BWAN and TWAN has on the total simulation time. 
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4.1.2 Expanded pendulums 
To further test the parameters affecting the distributed backplane co-simulation environment 
expanded versions of the double pendulum in Figure 8 is be used. By continue to connect 
bearings and shafts to the double pendulum the effects of the increasing communication 
through the backplane during the simulation can be measured. Figure 9 outlines the principle 
of how the double pendulum is expanded and how further components and TLM interfaces 
are introduced. 

 

Figure 9. Expanded pendulums.  
 
Figure 9 also shows the TLM interfaces between each shaft and the corresponding bearing 
component. In the experiments meta-models with up to 9 shafts, 8 bearings and 16 TLM 
interfaces are used.  

4.2 Simulation framework 
The experiments are performed using SKF’s co-simulation framework (Nakhimovski, 2006), 
(Fritzson, 2007). The framework is designed using TLM with a centralized coordinating 
application, a backplane, referred to as the TLM manager. An overview of the framework is 
depicted in Figure 10 
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Figure 10. SKF’s TLM co-simulation framework. 
 
Figure 10 shows the framework with three different specialized tools, e.g. BEAST (Stacke 
1999) (Stacke 2001), MSC.ADAMS (MSC Software) and Modelica (Modelica Association). 
The TLM manager reads the meta-model definition of the external models and TLM 
interfaces that constructs the meta-model. Each external model may have one or several TLM 
interfaces. The co-simulation is initiated by the TLM manager that starts the simulations of 
the external models in their respective specialized environment. During the simulation the 
external models communicates through the TLM manager. The TLM manager acts by passing 
TLM data between the external models. 

The specialized simulation tools are incorporated in the co-simulation framework by TLM 
plug-ins that handles the necessary communication with the TLM manager. 

The current implementation of this framework requires the modeling of meta-models to be 
done with the actual external models available. The framework also currently starts the co-
simulations by distributing all the external models in the meta-model from a location where 
they are all available. However, we don’t consider these limitations of the current 
implementation a problem when it comes to testing the scenario outlined in Figure 5. The 
black box characteristics of the external models and the well defined interfaces between them 
make it possible to change the implementation of the co-simulation initialization  
 A more detailed description of the simulation framework can be found in (Nakhimovski 
2006). 
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4.3 Deployment Structure 
In the experimental co-simulations of the meta-models depicted in Figure 8 and Figure 9 two 
workstations and a computer cluster are used. The workstations are referred to as Linux 
workstation 1 and 2. The TLM manager runs on one of the workstations, where the other one 
handles the specialized environment for the shaft simulations. The computer cluster is the 
specialized environment for the bearing simulations that are computationally harder then the 
shafts. Figure 11 shows the static deployment structure of the system for a simulation of the 
double pendulum. 
 

  

Figure 11. The deployment structure of the co-simulation environment. 
 
The structure in Figure 11 also shows how the communication between the different 
specialized simulation environments and the TLM manager is done using secure 
communication tunnels to protect the integrity and confidentiality of the TLM data during 
simulation. Depicted in the lower right corner of Figure 11 also we also see an example of the 
bearing component being simulated over three computation nodes in the cluster.  

In our experiments we are using SSH version 2 (SSHv2) to set up our secure tunnels. 
SSHv2 has support to protect the integrity of the TLM data by MAC and it protects the 
confidentiality of the data by encryption. 

In order to evaluate the impact of the data communication parameters bandwidth and 
latency it’s necessary to control these parameters. To achieve this control an application 
referred to as the WAN Simulator is used. The WAN Simulator intercepts the data-
communication between the TLM manager on Linux workstation 1 and the 
simulation environment on the cluster and applies the desired bandwidth and latency values to 
the communication. A detailed description of the WAN Simulator is given in section 4.5.  
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To simulate the expanded pendulum version the same setup is used, however, the 
deployment is adapted to support more external models being simulated on the cluster. This is 
depicted in Figure 11. 
 

 

Figure 12.The deployment structure of a pendulum with three bearings and four shafts. 
 
In the bottom left corner of Figure 12 we can see how all shafts are simulated on Linux 
workstation 2. In the bottom right corner we see how the bearing components are in this 
case simulated on two compute nodes each. The structure is the same for up to eight bearing 
components and nine shafts. Note that even though the components are running on the same 
machines, each shaft uses one simulator and each bearing is simulated by one simulator. This 
means that in the deployment depicted in Figure 12, the co-simulation has seven different 
specialized environments communicating via the TLM manager. 

4.3.1 Software and hardware details 
The various pendulum models in these experiments are composed by two basic types of 
external models, shafts and bearings. The bearing models are simulated using the BEAST 
environment (Stacke 1999) (Stacke 2001). The shafts are simple mechanical models that don’t 
require a lot of computational power. Thus they will never be a bottleneck in the distributed 
co-simulation. The shafts purposes are mainly to create data communication during the 
simulation. With this in mind the shafts can be modeled and simulated by various tools. For 
example MSC.ADAMS (MSC Software) and BEAST; in this case we will use BEAST just 
like we did with the bearing models.  

Workstation 1 where the TLM manager is running uses two AMD Athlon MP 2200+ 
CPUs and has 3 gigabyte ram. Workstation 2 that handles the shaft simulations is uses two 
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AMD Athlon MP 1800+ CPUs and 1.5 gigabyte ram. Both workstations are using SuSe Linux 
9.2 as operating system.  

The computer-cluster we are using in the experiments has 16 available compute nodes. 
Each node uses two AMD Athlon 2200+ CPUs and has 1 gigabyte ram. As operating the 
cluster uses a Linux distribution called Rocks (Rockclusters). 
 

4.4 Dynamic system behavior 
This section describes the interaction between the simulation components and the TLM 
manager during co-simulation of the double pendulum.  
 
Definition: Simulation Component is an external model and its simulation environment 
during a co-simulation. 
 
The sequence diagram in Figure 14 describes the communication process from the point 
where the co-simulation is initiated until that the co-simulation is running. 

 

Figure 13.Sequence diagram showing communication between TLM manager and the 
simulation components during simulation of the double pendulum. 
 
The communication process described by the sequence diagram in Figure 14 is divided into 
the following five sections: 
 

1. There are five different objects interacting during co-simulation of the double 
pendulum. First we have the TLM manager that is coordinating the simulation and 
data exchange during the simulation. Second, there is the WAN simulator, in the case 
of the double pendulum the WAN simulator is intercepting and forwarding the calls 
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between the TLM manager and the bearing simulation. Last there are the three 
external models and their corresponding specialized environment, the simulation 
components. Since the diagram shows the example of a double pendulum there are 
two shafts simulated in BEAST. These shafts are labeled BEAST:Shaft1 and 
BEAST:Shaft2. There is also one bearing component, labeled BEAST:bearing. 

2. The co-simulation of the meta-model is initiated by a script starting the TLM manager 
on the local machine. It will also start the specialized simulation environments of all 
external models. 

3. Each simulation component has to register their presence in the meta-model 
simulation to the TLM manager. At the same time the simulation components also 
register all of their TLM interfaces. As soon as the TLM manager has accepted the 
registration of a simulation component the same component does a check model 
request. This is a request asking if the entire meta-model is ready to be simulated. 

4. Once all simulation components and their TLM interfaces are accounted for, the TLM 
manager replies to all simulation components that the co-simulation of the meta-model 
can begin. At this point all specialized simulation environments starts their respective 
simulations. 

5. The simulation components will regularly send TLM data for their TLM interfaces to 
the manager. The manager will then forward the data to the appropriate destinations. 
This data exchange is started directly after the specialized environments have begun 
their respective simulation and can be viewed in end of the sequence diagram. The 
first piece of simulation data is sent by the bearing component, directed to shaft1, 
and is thus intercepted by the WAN simulator. The WAN simulator passes the data on 
to the manager. The manager forwards the data to shaft1. This part of the 
communication is not intercepted by the WAN simulator since the data is not passing 
through the simulated WAN environment. The manager will then receive some more 
data, this time from shaft1 directed for the bearing. This time, when the manager 
passes the data on, the WAN simulator will intercept the data message before 
forwarding it to the bearing environment. This type of communication will continue 
until the simulation has finished. 

 
Note that the simulation environments are running in parallel and thus the data transmissions 
also are made in parallel. The sequential diagram can not illustrate this so the data exchange in 
the diagram should be considered conceptual.  

For a more detailed specification of the communication protocol and the interactions 
during the co-simulation, see (Nakhimovski 2006). 

4.5 WAN-Simulator 
The WAN simulator is a specific application developed for the purpose of the experiments in 
this study. In its essence the WAN simulator acts as a proxy in a socket based communication 
link. The purpose of the application is to obtain extensive control of the fundamental data 
communication parameters in the communication channels between simulation components 
and the TLM manager. More specifically, the WAN simulator makes it possible to add 
constraints to BWAN and to increase TWAN in the channel between a simulation component and 
the manager. This means by using the WAN simulator in a local high speed LAN 
environment, almost perfect control of these parameters can be obtained. 
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In essence the WAN simulator appears as the TLM manager to the connecting simulation 

components and as a simulation component when it connects to the TLM manager. This is 
accomplished by letting the simulation components connect to a listening socket on the WAN 
simulator instead of the TLM manager. The simulator then sets up a socket connection to the 
TLM manager and then forwards all data between the manager and the simulation 
components.  

4.5.1 The Bidirectional tunnel 
The simulation data is intercepted in the communication link and stored in a data structure 
referred to as bidirectional tunnel. The conceptual design of the bidirectional tunnel is 
depicted in Figure 15.  
 
 

 

Figure 14. Conceptual design of an intercepting bidirectional tunnel. 
 
The tunnel consists of two queues for intercepted data. One queue holds the data sent to the 
TLM manager from the simulation component and the other one holds the data sent from the 
TLM manager sent to the simulation component. The tunnel uses two threads, one for each 
socket. Thus the tunnel can read and write data in the queues concurrently. The pseudo code 
example below illustrates the run routine of the thread that works on the listening socket that 
the simulation component connects to.   
 
Void run() 
while{socket.isConnected()){ 
    if(socket.hasDataForManager()){ 
     
        newData = socket.getData(); 
        forManangerQueue.addData(newData); 
 
    }//endif 
 
    if(forSimulationComponentQueue.hasData()){ 
 
        outData = forSimulationComponentQueue.readData(); 
        socket.sendData(outData); 
    }//endif 
 
    Thread.yield();  
}//end while 
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The example shows how the running thread first grabs the data sent through the socket and 
adds it to the queue for the TLM manager. The thread then grabs data from the queue directed 
towards the simulation component and sends it through the socket. Once the run routine is 
done it yields the processor, allowing the thread handling the other socket to run. 
To control the latency of the data transmissions a timestamp is placed on the intercepted data 
at the capture, right before it is added to the appropriate queue. The data will then not be 
released from the queue until it has been held for the same time as the desired latency.  
Evolving the previous pseudo code example with time stamps would look like: 
 
Void run() 
while{socket.isConnected()){ 
    if(socket.hasDataForManager()){ 
     
        newData = socket.getData(); 
        timestamp = currentTime() 
        forManangerQueue.addStampedData((newData,timestamp)); 
 
    }//endif 
 
    if(forSimulationComponentQueue.hasData()){ 
 
        stampedOutData = forSimulationComponentQueue.readData(); 
 
            if(currentTime () - stampedOutData.getTimeStamp() >= Latency){ 
                outData = getDataBits(stampedOutData); 
                socket.sendData(outData); 
            }//endif 
    }//endif 
 
    Thread.yield();  
}//end while 

 
 
The bandwidth, BWAN, in the tunnel can be controlled by the aid of the delay bandwidth 
product P described in section 2.2.1. Since desired latency and bandwidth are known factors, 
calculating P is trivial. P then corresponds directly to the amount of bits that can be in kept in 
the queues without exceeding the bandwidth restrictions in respective communication 
direction. Once the queues are filled, further data can not pass the tunnel until data has been 
released and space has been made. Since the tunnel is bidirectional control can be obtained of 
both the upstream and downstream of a connection. The example below is an update of 
previous examples but this time, a control of bandwidth usage has been added with aid from 
the delay ×  bandwidth product P. 
 
Void run() 
int P = bandwidth*latency;  
while{socket.isConnected()){ 
    if(socket.hasDataForManager()){ 
         
        int maxAmountToRead = P – amountOfDataInQueue; 
        newData = socket.getData(maxAmountToRead); 
        timestamp = currentTime() 
        forManangerQueue.addStampedData((newData,timestamp)); 
        amountOfDataInQueue = amountOfDataInQueue + sizeOf(newData); 
 
    }//endif 
 
    if(forSimulationComponentQueue.hasData()){ 
 
        stampedOutData = forSimulationComponentQueue.readData(); 
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            if(currentTime() - stampedOutData.getTimeStamp() >= Latency){ 
                outData = getDataBits(stampedOutData); 
                socket.sendData(outData); 
                amountOfDataInQueue = amountOfDataInQueue–sizeOf(outData); 
            }//endif 
    }//endif 
 
    Thread.yield();  
}//end while 

 
Since all data transmissions between the TLM manager and a simulation component passes 
through the tunnel, the tunnel have full knowledge of the amount of data that has passed. By 
measuring the data that passes through a queue during each second, a logging feature of 
bandwidth usage have also been implemented.  

4.5.2 Several Connections 
If needed, several simulation components can be connected through the WAN simulator. One 
instance of the bidirectional tunnel is then used for each connection. Figure 15 shows how 
three simulation components connect through the secure tunnel to the listening socket on the 
WAN simulator.  

 

Figure 15.Three simulation components connect to the WAN simulator that forwards the 
connections to the TLM manager. 
 
Furthermore Figure 15 shows how the incoming connections from the simulation components 
gets assigned one bidirectional tunnel each. The bidirectional tunnels connect to the listening 
socket on the TLM manager so the transmissions can be forwarded between the TLM 
manager and the simulation components. 

4.5.3 Validation of WAN simulator 
 
In order to validate that the WAN simulator was accurate enough in the manipulations of the 
parameters BWAN and TWAN a command line socket based benchmarking tool called Test TCP 
(TTCP) was used. TTCP allows for sending data between a transmitter and a receiver. Tests 
were performed on a single socket connection using a variety of transmission rates between 
0.1 Mbps and 100 Mbps. 
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Bandwidth constraints in the WAN simulator were tested on TWAN settings between 10 ms 
and 250 ms. The tests are performed by sending data through the WAN simulator using the 
TTCP transmitter. When the TTCP client receives the transmitted data it prints the statistics of 
the transmission, including the rate with which it received data. Table 1 presents a sample of 
the testing results of bandwidth restrictions in the WAN simulator. For this test sample the 
TTCP transmitter sends data with three different transmission rates. For each transmission 
rate three different restrictions of BWAN is set in the WAN simulator. In Table 1 we see the 
resulting rate that the TTCP client received data with. In this sample the WAN simulator was 
set to a latency of 100 ms.  

Table 1. Sample test results of WAN simulator bandwidth restrictions. 

Transmission  
rate     

BWAN =  
0,1 Mbps  

BWAN =  
2 Mbps 

BWAN =  
5 Mbps 

1 Mbps 0,1     
10 Mbps 0,1 1,98 4,98
100 Mbps 0,1 1,98 4,99

 
Validating the latency settings in the WAN simulator is done using simple pretty prints of the 
system clock time in milliseconds at the time a data was intercepted and at the time it was 
released. The difference between the time at interception and the time at release is accurate to 
the desired latency. 
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5 Simulation results 
In this chapter the results obtained from the experimental co-simulations are presented. This 
section does not contain any analysis of the results; the analysis is done in chapter 6. During 
all experiments bandwidth has been monitored. We will however in this chapter only present 
some samples of the bandwidth results.  

5.1 Double pendulum 
Here we will see the results from the experiments with the double pendulum that is depicted 
in Figure 8. The results from the experiments with the WAN simulator are presented in the 
two sections 5.1.2 and 5.1.3. In 5.1.2 we see the results when three compute nodes were used 
for simulation of the bearing simulation component, and in 5.1.3 we see the results when two 
compute nodes were used.  
 

5.1.1 Double pendulum in local environment 
When running co-simulations in the local environment at Linköping University using a high 
speed LAN the latency (TWAN) between the simulation components and the TLM manager is 
below 1 ms. The resulting simulation times from these co-simulation are later used as a 
reference point when determining the impact a WAN environment has on the total simulation 
time. To determine how much overhead in simulation time security of simulation data 
introduces in our experiments we also do measurements without SSH tunnels between the 
simulation components and the TLM manager. The resulting simulation times in minutes 
from the local environment co-simulations can be seen in Table 2. 

Table 2. Simulation time measurements in a local environment. 

  

Local with SSH 
(min) 

Local without SSH 
(min) 

Increase due 
 to SSH 

TTLM = 10e-6 41 31 32%
TTLM = 5e-6 82 62 32%
TTLM = 2.5e-6 160 120 33%

 
In Table 2 the simulation time for the double pendulum using three different values on TTLM is 
presented. The left column shows the result with SSH tunnels and the middle column shows 
the results without them. In the right column we see how much the simulation time increases 
when using SSH tunnels. In these measurements the WAN simulator is not included in the 
system. To see the impact the WAN simulator might have, we also do measurements when 
the WAN simulator is part of the system. In these simulations the WAN simulator only acts 
by intercepting and instantly forwarding the data it captures. The resulting simulation times 
can be seen in Table 3. 
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Table 3. Simulation time measurements in local environment with WAN simulator connected. 

  

Local with  
WAN simulator 

and SSH 
TTLM = 10e-6 41 
TTLM = 5e-6 82 
TTLM = 2.5e-6 161 

 
We can from Table 2 and Table 3 see that the WAN simulator does not affect the simulation 
time. 

5.1.2 Double pendulum with three compute nodes 
The result of co-simulations using three different values on the parameter TTLM is depicted in 
the diagram in Figure 16.  

 

Figure 16. Experiment results for double pendulum using three compute nodes. 
 
The diagram show the simulation times measured in hours for the TTLM values, 2.5e-6, 5e-6 
and 10e-6. The WAN simulator is in these measurements used to set TWAN to values between 
0 and 500 milliseconds. The values of TWAN are shown on the x-axis in the diagram. A 
simulation is also done with TWAN = 1000ms for a double pendulum with TTLM = 5e-6. This 
result is not included in the diagram due to visibility reasons. However, the resulting 
simulation time from this simulation is 9 hours and 24 minutes. 

During the co-simulations we measured the bandwidth usage between the bearing 
simulation components and the TLM manager. These measurements are done using the 
logging feature in the WAN simulator and Ethereal tool (WireShark). Figure 17 depicts the 
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bandwidth usage of the data sent from the cluster to the TLM manager running on Linux 
workstation 1, e.g. the downstream for the workstation. During the measurement 
depicted in Figure 17 the double pendulum was simulated with TTLM = 5e-6.  

 

 

Figure 17. Bandwidth usage between TLM manager and bearing component during 
simulation of double pendulum with TTLM=5e-6 measured with Ethereal. 
The graph in Figure 17 shows the bandwidth in bytes per second throughout the duration of 
the simulation. The bandwidth used is mainly in the area of 3000 to 6000 bytes per second. 
Since one byte equals 8 bits the bandwidth used is 24 to 48 kilobits per second (kbps). 
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5.1.3 Double pendulum with 2 compute nodes 
Two different values of the TLM delay TTLM is used for the double pendulum when two 
compute nodes are used to simulate the bearing simulation component. 

 

Figure 18. Experiment results for double pendulum using two compute nodes. 
 
The diagram in Figure 18 shows the simulation times for the double pendulum using two 
compute nodes with latencies (TWAN) between 0 and 500 milliseconds. The upper curve shows 
the simulation time for TTLM = 5e-6 and the lower curve depicts the simulation time for TTLM 
= 10e-6.  One further simulation shows that for TWAN = 1000ms the simulation time for the 
double pendulum with TTLM = 10e-6 is 5 hours and 16 minutes. 

Figure 19 depicts the bandwidth use during the simulation of a double pendulum with two 
compute nodes for the bearing components. The diagram is based on Ethereal monitoring the 
communication between the bearing simulation component and the TLM manager. 
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Figure 19. Bandwidth usage between TLM manager and bearing component during 
simulation of double pendulum with TTLM=5e-6 measured with Ethereal. 
The bandwidth in Figure 19 is presented in bytes per second for the entire duration of the 
simulation. It is based on the data sent from the bearing component on the cluster to the TLM 
manager meaning it shows the downstream for the manager. The bandwidth used is 
approximately ranging from 14 kbps to 24 kbps. 

In Figure 20 we can see the bandwidth used in the simulation of the double pendulum with  
TTLM=10e-6. The bandwidth is a measurement of the downstream for the TLM manager in the 
communication with the bearing simulation component. 
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Figure 20. Bandwidth usage between TLM manager and bearing component during 
simulation of double pendulum with TTLM=10e-6 measured with Ethereal. 
The bandwidth used can be read from the graph in Figure 20 as approximately 16 to 24 kbps.  

5.1.4 Double pendulum via Australia 
In this section the TLM manager and the simulation components are executed it Linköping 
University like the other simulations. However in these co-simulations the communication 
between the bearing simulation component and the TLM manager are sent via Australia. This 
setup is depicted in Figure 21. 
 

 

Figure 21. Simulation environment using real conditions between Sweden and Australia. 
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As Figure 21 shows the communication is routed via Australia using an on location computer 
that forwards the communication. This means that in these co-simulations we are using a 
geographic distance that is double the length between Sweden and Australia, a distance larger 
then any straight distance on this planet. Since we are using the double distance the latency, 
TWAN between the TLM manager and the cluster during this simulation is approximately equal 
to the RTT between Sweden and Australia. During the co-simulation Ethereal (WireShark) is 
used to measure the RTT for the data transmissions between the TLM manager and Australia. 
The measured RTT for the transmitted data during the simulation is depicted in the diagram in 
Figure 22. 

 

Figure 22. RTT measurement with Ethereal during simulation via Australia. 
 
We can in Figure 22 see how the latency (TWAN) during simulation is changing throughout the 
simulation. The diagram shows that TWAN is in the range between 340 and 460 milliseconds.  
Three different values of TTLM are used in the simulations via Australia. These and the 
resulting simulation times of the double pendulum are presented in Table 4. 

Table 4. Simulation time via Australia. 

  Simulation time (min) 
TTLM = 10e-6 133
TTLM = 5e-6 277
TTLM = 2.5e-6 495

 
In the co-simulations via Australia three compute nodes were used to simulate the bearing 
component.  
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5.2 Expanded pendulums 
In this section the results of simulations with pendulums using two to sixteen TLM interfaces 
are presented.  

5.2.1 Expanded pendulums with three compute nodes 
Experiments are performed with pendulums using one up to five bearing components. Since 
each bearing component is connected to two shafts by TLM interfaces it means we in these 
experiments are using two to ten TLM interfaces. Each bearing component is simulated on the 
cluster using three compute nodes. The pendulums are simulated with the WAN simulator for 
five different settings on TWAN. In Table 5 we can see the resulting values for the five models 
for three different TWAN. 

Table 5. Results for simulations of pendulums with two to ten TLM interfaces using three compute 
nodes for each bearing simulation. 

TLM Interfaces TWAN (ms) Simulation Time (min) 
2 0 41
4 0 45
6 0 46
8 0 46

10 0 47
2 100 57
4 100 62
6 100 64
8 100 65

10 100 65
2 180 76
4 180 82
6 180 84
8 180 86

10 180 86
 
In Table 5 the simulation times are presented for the pendulums with two to ten TLM 
interfaces; two interfaces for each bearing component. The results are presented for three 
different TWAN values, 0, 100, and 180. The results presented in Table 5 do not include results 
from all different values of TWAN. The complete results are available in Appendix A.  

The bandwidth used of the model with five bearings during the simulation with TWAN = 0 
is depicted in Figure 23. The bandwidth monitored is the downstream used on linux 
workstation 1 by the TLM manager communication with the five bearing simulation 
components on the cluster.  
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Figure 23. Bandwidth usage between TLM manager and bearing components during 
simulation of a five bearing pendulum with TTLM=10e-6 measured with Ethereal. 
The graph in Figure 23 shows that the bandwidth used is approximately in the area between 
80 kbps and 240 kbps. 
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5.2.2 Expanded pendulums with two compute nodes 
Table 6 lists the resulting simulation times with pendulums using two to sixteen TLM 
interfaces. Each bearing in the modes is connected to two shafts through a TLM interface 
each. This means that the models used in these simulation has one to eight bearings. The table 
shows the total simulation time of these eight different models for two different settings to 
TWAN, 0 and 180 ms. Results for further TWAN settings is available in Appendix A.  

Table 6. Results for simulations of pendulums with two to sixteen TLM interfaces using two compute 
nodes for each bearing simulation. 

TLM Interfaces TWAN (ms) Simulation Time (min) 
2 0 77
4 0 80
6 0 82
8 0 82

10 0 84
12 0 83
14 0 83
16 0 83
2 180 95
4 180 102
6 180 105
8 180 107

10 180 107
12 180 106
14 180 107
16 180 106

 
Measurements of the bandwidth use in the simulation of the eight bearing model is depicted in 
the diagram in Figure 24. The measurement is done between the eight bearing simulation 
components on the cluster and the TLM manager. The measurement is of the downstream of 
the TLM manager. 
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Figure 24. Bandwidth usage between TLM manager and bearing components during 
simulation of an eight bearing pendulum with TTLM=10e-6 measured with Ethereal. 
 
We from the diagram in Figure 24 read that approximately 80 kbps to 210 kbps was used 
during the simulation. 
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6 Analysis and discussion 
In this chapter we will analyze the results presented in Chapter 5. We will use the results to 
attempt answering the questions outlined in section 1.2, the purpose of this study. 

6.1 Robustness 
Robustness of a system can include various properties such as ability to continuously run 
without interruptions, ability to recover from interruptions, avoid unexpected crashes and 
security that after a system completed running the result will always be correct. In this study 
we are focused on determining the impact of distributing a co-simulation approach. To 
accomplish this we will narrow the definition of robustness in this context. 
 
Definition. Robustness of the distributed co-simulation approach is defined as the systems 
ability to correctly complete co-simulations of a meta-model if all the model components can 
complete their individual simulations. This should apply for all possible types of models and 
for all different properties in the existing WAN which the co-simulation is distributed over. 
 
In this definition we assume that the WAN is available for all components throughout the 
simulation. For example we are not interested in what happens if the network card on the 
computer where the TLM manager is running breaks. Furthermore, we also assume that all 
simulating components can complete as long as they receive correct data from the TLM 
manager and are able to send correct data to the manager. Networks becoming unavailable 
during simulation and computers simulating the components crashing are not issues 
introduced by distributing the co-simulation. 

During this study we have been doing co-simulation with various models having different 
properties. We tested the systems ability to handle distribution over both short and large 
distances by using a large variety of latencies (TWAN) between simulation components and the 
TLM manager. We also tested the systems ability to continuously simulate over different 
amount of time. The longest running co-simulation we’ve had in the experiments is the 9 hour 
and 24 minute simulation of the double pendulum with a TTLM value of 5e-6. In this 
experiment TWAN was adjusted by the WAN simulator to 1000 ms. Furthermore, we have seen 
co-simulations using up to eight bearing simulation components distributed to the cluster. The 
communication links between the bearing components and the TLM manager in these 
simulations have TWAN values of 0 ms up to 180 ms. In these experiments the TLM manager 
have been distributing runtime simulation data between eight bearings and nine shafts.  The 
TLM manager’s ability to coordinate the co-simulation has thus been tested with three to 17 
simulation components, communicating between 3 to 16 TLM interfaces. Throughout the 
experiments no simulations have been abnormally interrupted and the results have appeared to 
be correct for all co-simulations.  

We have also seen co-simulations of the double pendulum using real conditions when the 
communication between the bearing component and the TLM manager have been routed from 
Sweden back to Sweden via Australia, a geographic distance longer then any straight distance 
possible on this planet. The conditions during these experiments include variables such as 
jitter. Also these co-simulations completed with a correct result. 
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The experiments we have done indicate that the system can robustly co-simulate over 

large distances and during a long time. Furthermore, we have tested the system with meta-
models having up to 17 simulation components simulated in parallel. However, testing can 
never disprove the existence of robustness problems, only prove the existence. In summary: 

• None of the co-simulations crashed or was unexpectedly interrupted. 
• The results from all completed simulations have appeared to be correct. 
• Problems with robustness may still exist.  

6.2 Data communication parameters 
In this section the impact of the data communication parameters will be discussed and 
analyzed, 

6.2.1 Latency 
We have in Chapter 5 seen resulting simulation times for simulations of the double pendulum 
where the latency (TWAN) have been set to values between 0 ms and 1000 ms. The first 
observation is that in all presented diagrams simulation time increases as TWAN increases. In 
Figure 25 and Figure 26 we see diagrams of the resulting simulation times where the bearing 
component is simulated using two compute nodes on the cluster.  
 

 

Figure 25. Diagram of the double pendulum simulation times with TTLM=5e-6 and using two 
compute nodes for bearing simulation. 
In Figure 25 the double pendulum is simulated using TTLM=5e-6. In Figure 26 we use 
TTLM=10e-6. 
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Figure 26. Diagram of the double pendulum simulation times with TTLM=10e-6 and using two 
compute nodes for bearing simulation. 
 
Examining the two diagrams in Figure 25 and Figure 26 we notice that the simulation times 
appears to increases with a linear behavior for larger values of TWAN. It’s hard to visually 
determine an exact point at which the linearity appears. We do however estimate it to values 
where msTWAN 110≥ . This smooth breakpoint will be referred to as TBP. Using linear 
regression with the least square method on the measured simulation times for msTWAN 110≥  
we can estimate linear functions. These functions can be used to calculate an estimated 
simulation time with an arbitrary msTWAN 110≥ . Note that these estimations are done for 
simulation time measured in seconds.  
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The lines described by the two functions above are also depicted in respective diagram 
together with the resulting simulation times.  

Having a closer look at the double pendulum simulations when three compute nodes are 
used for the bearing simulation component we can see a similar behavior. This is depicted in 
Figures 27-29.  
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Figure 27. Diagram of double pendulum simulation times with TTLM=5e-6 using three 
compute nodes for bearing simulation. 

 

Figure 28. Diagram of double pendulum simulation times with TTLM=10e-6 using three 
compute nodes for bearing simulation. 
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Figure 29. Diagram of double pendulum simulation times with TTLM=2.5e-6 using three 
compute nodes for bearing simulation. 
 
We can in the three diagrams see that as TWAN increases so does the simulation time. Similar 
to the results when two compute nodes were used for the bearing component we can also see 
linearity for larger values of TWAN. The diagrams in Figures 27-29 show that the linearity 
starts earlier then in Figure 25 and Figure 26. In these diagrams TBP is estimated to be around 
75ms.  Estimating lines for msTWAN 80≥ using linear regression we get: 
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The three lines are also depicted in their respective diagrams in Figures 27-29. That we have a 
difference in TBP is explained by the bottleneck in the simulating system. By increasing the 
computational power of the bearing component we moved TBP to a lower TWAN value. This 
means that TBP is the breakpoint of when the bearing simulations have to wait for data from 
the TLM manager before the simulation can continue. By increasing the computational power 
to three nodes in the bearing simulations the solver can accumulate the data from the TLM 
manager quicker.  

For BPWAN TT ≥  the bearing simulation completes each time step faster then it receives new 
data from the TLM manager. As result the bearing simulation has to wait idle on simulation 
data from the TLM manager. The communication link between the bearing simulation 
component and TLM manager becomes the bottleneck of the co-simulation.  
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Exactly what happens for BPWAN TT <  is hard to examine. The data obtained from these 
experiments is not conclusive in that area. 
In Figure 30 and Figure 31 we directly compare simulations of the double pendulum with the 
same TTLM value but with different amount of compute nodes. These diagrams further show 
how TBP is different depending on the amount of compute nodes. 

 

Figure 30. Diagram of the double pendulum with two and three compute nodes using 
TTLM=5e-6. 
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Figure 31. Diagram of the double pendulum with two and three compute nodes using 
TTLM=10e-6. 
 
Looking at Figures 30 and 31 we can also see how the lines in respective diagram appear to be 
parallel. This is easily explained by previous reasoning. Once TWAN reaches TBP the 
simulation time increases solely depending on TWAN. Looking at the functions for these lines 
again we can also see how the derivates are very close to each other in size. 
For TTLM = 10e-6 we have: 
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We can see here how the estimations of the derivates only differ by 0.2 between 15.7 and 
15.9. 
For TTLM = 5e-6 we got these estimations: 
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We can see that the derivates of these two functions are also very similar, a difference of 0.7 
between 30.0 and 29.3.  

All of the above analysis is based on the results we obtained by simulating the system 
using the WAN simulator in a local environment. This is an idealized environment that does 
not include all conditions that applies in a real environment. To include factors such as jitter 
we look at the results obtained through the simulations using real conditions. By running both 
the bearing simulation component on the cluster and the TLM manager in Sweden while 
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transmitting all communication between the two via Australia real conditions applies. The 
results from these simulations are presented in section 5.1.4. In these simulations three 
compute nodes were used for the bearing. During the simulations the transmissions is affected 
by jitter. This is shown in Figure 22 where the latency (TWAN) is monitored during the 
simulation. It can be seen that the TWAN varies between 340 ms and 460 ms during the 
simulation. Note that this is the roundtrip time between the TLM manager and Australia. 
Since we transmit the data from Sweden, to Australia and then back to Sweden the roundtrip 
time is a good approximation of our real latency (TWAN) for the TLM data sent during the co-
simulation. However, getting an accurate approximation of TWAN from the diagram in Figure 
22 is not possible. Figure 32 shows a more detailed image of the graph in Figure 22. 

 

Figure 32. Detailed roundtrip time in between Sweden and Australia.  
 
In Figure 32 it appears as if more of the packages are closer to 450 ms then 340 ms. The jitter 
makes it hard to get an accurate approximation of the average TWAN from the picture. 
However, we estimate the average TWAN from the graph by weighting results presented in 
Figure 32. This gives us (345+385+4*450)/6 ≈ 420 ms. In the following calculations it is 
however important to remember that this is a rough approximation.  
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If we apply the formulas we got earlier to estimate the simulation time for the double 
pendulum using three compute nodes and for TWAN=420ms we get the following estimated 
simulation times when simulating via Australia: 
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In Table 7 we compare the estimated calculations of the total simulation time to the actual 
simulation times. 

Table 7. Comparison of estimated simulation time with real time in simulations via Australia. 

  TTLM = 10e-6 TTLM = 5e-6 TTLM = 2.5e-6 
Estimated simulation time (min) 141 272 460 
Real simulation time (min) 133 277 495 
Difference (%) -5.5% 1.6% 7.0% 

 
In Table 7 we can see that the estimated values are not completely accurate with the actual 
values. However the rough approximation of the reading on TWAN plays a central role and we 
can see that the approximations aren’t far off the actual values. It appears as if our linear 
approximations are accurate. We can also see that the non-constant value of TWAN, e.g. the 
jitter does not further affect the total simulation time then what the latency (TWAN) does by 
itself.  
In summary about latency (TWAN): 
 

• Latency has a significant impact on the total simulation time. 
• There exists a smooth breakpoint TBP after which the total simulation time increases 

linearly as TWAN increases. 
• TBP depends on how fast the simulation component can simulate each time step. Faster 

simulation results in a smaller TBP. 
• Jitter (latency varying over time) has to be taken into consideration when estimating 

total simulation time. 

6.2.2 Bandwidth 
In this section we will analyze the bandwidth usage between the bearing simulations running 
on the cluster and the TLM manager running on linux workstation 1.  
Several graphs of the bandwidth usage during the co-simulation of the pendulums can be seen 
in Chapter 5.  

Three samples of bandwidth usage are presented for the double pendulum in Chapter 5.  
We saw that the bandwidth used varies depending on what properties we simulate with. In 
Table 8 a summary of the results is presented.  

Table 8. Summary of bandwidth usage for double pendulum. 

Nodes 3 2 2 

TTLM 5.0e-6 5.0e-6 10.0e-6 

Bandwidth (kbps) 24-48 14-24 16-24 
 
Table 8 shows how the bandwidth varies between approximately 14 and 48 kilobits per 
second for the double pendulum. The results in Table 8 are obtained for TWAN < 1 ms. We can 
see that the bandwidth usage is almost doubled when we use three compute nodes instead of 
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two.  By simulating the bearing component on three compute nodes instead of two the bearing 
simulation is faster and less time is spent on the individual simulation on the cluster. Since the 
simulation is faster TLM data is sent more frequently. Hence it is quite natural that the 
bandwidth used increases when the simulation power increases. 

We can also in Table 8 see that the bandwidth usage is almost the same for TTLM = 5e-6 
and for 10e-6. 

In Chapter 5 we can also see examples of bandwidth usage during simulations of 
expanded pendulums. In Figure 23 bandwidth usage during simulation of a five bearing 
pendulum is presented and in Figure 24 bandwidth usage during a simulation of eight bearing 
simulation is presented. Table 9 summaries the results from Figure 23 and Figure 24. 

Table 9. Summary of bandwidth usage for expanded pendulums. 
Nodes 3 2 

Bearings 5 8 
TTLM 10.0e-6 10.0e-6 

Bandwidth (kbps) 80-240 80-210 
 
The bearings are simulated in parallel on the cluster and thus also communicating with the 
TLM manager in parallel. We can see that this directly reflects on the bandwidth use. From 
Table 8 we see that the double pendulum with one bearing on three compute nodes uses up to 
48 kbps of bandwidth. In Table 9 we see that simulating a pendulum with five bearings on 
three compute nodes each, with TTLM set to 10e-6 uses up to 240 kbps of bandwidth, exactly 
five times more then with one bearing. This is also approximately correct in the case of 
comparing the eight bearing pendulum to the double pendulum with the same nodes and TTLM. 
The double pendulum in this case used according to Table 8 up to 24 kbps. Eight times more 
would be 192kbps, while the measured value in Table 9 is 210. Keep in mind however that 
the bandwidth values are approximations based on the graphical graphs in shown in Chapter 
5. 

In Chapter 1 we outlined that the considered scenarios where co-simulation of larger 
systems can take place is either between companies or within large enterprises. Companies of 
this size generally have leased lines with bandwidths of at least several Mbps. In this context 
we also see that the bandwidth used during the experiments presented in this study are not 
very significant factor to the total performance of the system. It can however not be excluded 
that in larger complex meta-models bandwidth is a possible bottleneck in the system. 
Furthermore, there might exist such simulation components that large amount of simulation 
data is produced in a short time spawn, thus placing larger strain on bandwidth requirements.  
In summary about bandwidth: 
 

• Bandwidth has not been found a significant factor for the simulation time in the co-
simulations. 

• Bandwidth used by co-simulations of meta-models with several simulation 
components is equal to the bandwidth used by all of the simulation component 

• Bandwidth is not excluded as a potential bottleneck in the system. There might exist 
meta-models where bandwidth is an issue. 

6.3 Model specific parameters 
In this section the parameters specific to each model is analyzed. The parameters are the TLM 
delay (TTLM) and the amount of TLM interfaces present in the model. 
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6.3.1 TLM Delay 
In the experiments we use three different values for TTLM, 2.5e-6, 5e-6 and 10e-6. The 
resulting simulation times are presented in Chapter 5. From the diagrams in Figure 16 and 
Figure 18 we can see that the total simulation time increases as TTLM decreases. In Table 10 
we can see the simulation time for three different types of model simulations. First we see the 
double pendulum simulated with both three and two compute nodes. Then we also see an 
expanded pendulum with four bearings. In these experiments we use TWAN < 1 ms, the results 
are presented for the three different TTLM values. 

Table 10. Simulation times for three different TTLM. 

TTLM 
Simulation time (min) 

Double pendulum  
3 nodes 

Simulation time (min)
Double pendulum  

2 nodes 

Simulation time (min) 
4 Bearing pendulum 

2 nodes 
10.0e-6 41 73 80 
5.0e-6 82 149 149 
2.5e-6 161     

 
We can clearly see that in all these cases simulation time increases when TTLM decreases. By 
decreasing TTLM the delay in the TLM connection is decreased. Data is sent with a higher 
frequency between the components. By halving the delay TTLM a simulation component sends 
data through the connection twice as often. Furthermore it also receives data through the 
connection twice as often.  

Having a closer look at the table we can also see that when TTLM is decreased by a factor 
of two, for example 10e-6 to 5e-6, the simulation time is approximately increased by a factor 
of two.  

In Figure 33 we can see the simulation times along with the linear approximation for three 
series of experiments of the double pendulum. Figure 33 combines the series we previously 
saw separately in Figures 27, 28, and 29. That means we use three different values for TTLM 
and the bearing is simulated using three compute nodes. 
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Figure 33. Double pendulum simulation times with linear approximation for three different 
TTLM values. 
 
We from Figure 33 see that the total simulation time increases at a faster rate for shorter 
delays in the TLM connections (TTLM). We can also see that the ratio between the simulation 
times of the double pendulum with three different values on the TTLM parameter is kept 
approximately the same as TWAN increases.  
In summary we can see that the TTLM: 

• Has a significant impact on the total simulation time. 
• Simulation time increases when TTLM decreases and simulation time decreases when 

TTLM increases. 

6.3.2 TLM Interfaces 
Two series of experiments are conducted with the expanded pendulums. In one series we use 
pendulums with one to five bearings with each bearing being simulated on three compute 
nodes. Each bearing is connected to two shafts through a TLM connection. The TLM 
connections are both represented by TLM interfaces that the bearing simulation component 
and TLM manager communicates through during simulation. Each of the expanded 
pendulums is simulated using five different network delays (TWAN), ranging from 0 to 180. 
The surface diagram in Figure 34 shows the result of the simulations.  
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Figure 34. Surface diagram of expanded pendulum simulations using three compute nodes. 
 
We can from Figure 34 see that the simulation time increases when we go from two interfaces 
to four. However, the simulation time seems to be fairly equal between four interfaces and 
ten.  

We also did experiments with expanded pendulums using up to eight bearings or 16 TLM 
interfaces. The resulting simulation times of these experiments forms the surface diagram in 
Figure 35. 
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Figure 35. Surface diagram of expanded pendulum simulations using two compute nodes. 
 
Just like in Figure 34 we can in Figure 35 see that the simulation time increases between two 
and four TLM interfaces but then is rather static. To get a clearer view of how the simulation 
time is affected when the number of TLM interfaces increases we have a look at a 2-
dimensional view of the two surface diagrams. In Figure 36 and Figure 37 we see the 
diagrams depicted with the number TLM interfaces on the x-axis and the simulation time on 
the y-axis. 
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Figure 36. 2-dimensional view of TLM interfaces relation to simulation time for expanded 
pendulums using three compute nodes. 
 
In Figure 36 we see five curves. Each curve represented a different value of TWAN. We can see 
that there is a quite clear increase in simulation time between two and four TLM interfaces for 
all five different values of TWAN. We can also see that the simulation time continues to 
increase with a slight decreasing rate from four to ten interfaces. Table 11 shows how much 
the simulation time increases with each new bearing. 

Table 11. Simulation time changes when going from two to 10 TLM interfaces. 

  Interfaces   Interfaces   
TWAN (ms) From  To Difference From  To Difference

0 2 4 9.0% 4 6 1.9%
50 2 4 9.3% 4 6 4.1%

100 2 4 8.2% 4 6 3.6%
120 2 4 7.2% 4 6 3.6%
180 2 4 7.2% 4 6 3.0%

0 6 8 1.5% 8 10 1.2%
50 6 8 2.3% 8 10 0.5%

100 6 8 1.9% 8 10 0.3%
120 6 8 2.5% 8 10 0.1%
180 6 8 1.8% 8 10 0.2%

 
From Table 11 we can see that the increase in simulation time when we go from a one bearing 
pendulum to a two bearing pendulum increases with 7.2% to 9.3%. We also see that the rate 
with which the simulation time increases gets smaller for each added bearing. When adding 
bearing number five, going from eight to ten TLM interfaces, we almost have no increase in 
simulation time. 
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In Figure 37 we have a 2-dimensional view of the number of TLM interfaces with 
corresponding simulation times for expanded pendulums with up to 8 bearings (16 TLM 
interfaces). Each bearing is simulated on two compute nodes on the cluster. Just like in Figure 
36 we can in Figure 37 see five curves, one for each value of TWAN. 

 

Figure 37. 2-dimensional view of TLM interfaces relation to simulation time for expanded 
pendulums using two compute nodes. 
 
Similarly to Figure 36 we can in Figure 37 also see that the simulation time is increasing at a 
high rate when we go from two to four TLM interfaces. We also see that the simulation time 
continues to increase for all five values on TWAN until we reach five bearings, or 10 interfaces. 
Table 12 shows a more detailed view of how the simulation time is affected for each new 
bearing on the pendulums. 
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Table 12. Simulation time changes when going from two to 16 TLM interfaces. 

  Interfaces   Interfaces   Interfaces   
TWAN (ms) From  To Difference From  To Difference From  To Difference 

0 2 4 6.4% 4 6 0.9% 6 8 1.2%
50 2 4 4.1% 4 6 1.7% 6 8 0.9%

100 2 4 10.3% 4 6 2.9% 6 8 0.6%
120 2 4 8.1% 4 6 2.7% 6 8 1.1%
180 2 4 7.6% 4 6 3.0% 6 8 1.3%

0 8 10 1.9% 10 12 -1.2% 12 14 -0.3%
50 8 10 1.7% 10 12 -1.0% 12 14 0.1%

100 8 10 1.2% 10 12 -0.6% 12 14 1.3%
120 8 10 1.3% 10 12 -0.4% 12 14 0.9%
180 8 10 0.5% 10 12 -0.6% 12 14 0.5%

0 14 16 -0.7%
50 14 16 -0.1%

100 14 16 -1.4%
120 14 16 -1.2%
180 14 16 -0.9%

 
 
We can from Table 12 see that we have an increase of up to 10.3% in simulation time when 
we go from a one bearing double pendulum to an expanded pendulum with two bearings. We 
also can see that similarly to when we simulate the expanded pendulums with three compute 
nodes we have a slight increasing simulation time up until 10 TLM interfaces. However, we 
can also see that when go from 10 interfaces to 12, we have a slight decrease in simulation 
time, for all values on TWAN. We can then also see that the simulation continues to increase 
and decrease in small rates as we continue to expand the pendulums. It should be noted here 
that changes in the simulation times when we go from 10 to 16 interfaces are very small, and 
could be results of measurement errors.  

The simulation time increases rather quickly when we go from a double pendulum to a 
two bearing pendulum. Then the simulation time continues to increase at a slow rate for every 
new bearing we add to the pendulums. This continues until the five bearing pendulum. From 
the five bearing pendulum to the eight bearing pendulum simulation times remains fairly 
equal for each new bearing we add. 

In Figure 38 and Figure 39 we see 2-dimensional views of the pendulum simulations. In 
these figures we have the TWAN values on the x-axis and the simulation time on the y-axis. In 
Figure 38 we see curves of pendulums with one to five bearings. 
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Figure 38. 2-dimensional view of TWAN and simulation time for expanded pendulums with 
three compute nodes. 
 
The two top curves in Figure 38 belong to the five bearing pendulum and the four bearing 
pendulum. We can see that they are so close to each other in simulation time that we can 
barley distinguish that there are two lines.  

In Figure 39 we can see that the difference in simulation time for pendulums with three 
bearings or more is less then three minutes for all values of TWAN. 
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Figure 39. 2-dimensional view of TWAN and simulation time for expanded pendulums with 
two compute nodes. 
 
The pendulums in Figure 38 and Figure 39 have a TTLM value of 10e-6. In the diagrams we 
can also see that the simulation time seems to be increasing with approximately the same rate 
(derivate of the curves) regardless of the amounts of TLM interfaces. This suggests that we 
have a similar linear behavior for simulation times when TWAN larger then the breakpoint TBP. 
In the experiments using three compute nodes we have three measured simulation times for 
each model with TWAN larger then TBP. Estimating the derivate with linear regression for these 
three points we get the results presented in Table 13. 

Table 13. Derivates for simulation time increase for expanded pendulum with three compute nodes. 

Interfaces 
Derivate with  

3 Nodes 
TWAN > 75ms 

4 15.4 
6 15.6 
8 15.7 

10 15.7 
 
In Section 6.1.2 we show with linear regression an estimation of the linearity for the double 
pendulum with three compute nodes and TTLM= 10e-6. The linear regression estimated the 
derivate to 15.7. As we can see this corresponds to the derivates we estimated for the 
expanded pendulums with two to five bearings as well. For expanded pendulums with two 
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nodes we don’t have enough measured simulation times for TWAN larger then TBP to get a 
good estimation. However looking at the graph in Figure 39 we can conclude that the 
expanded pendulums have the same derivate as the corresponding double pendulum. 
In summary: 

• There is up to a 10.3% increase in simulation time when going from two to four TLM 
interfaces. 

• There’s a small increase in simulation time when increasing the TLM interfaces up to 
ten. 

• The simulation time has little to no change when increasing to more then ten TLM 
interfaces. 

• The number of TLM interfaces does overall have a slight impact on the total 
simulation time. 

6.4 Total simulation time 
In the previous sections we show how there are several parameters that affects the total 
simulation time for the distributed co-simulation. It was shown that the latency (TWAN) in the 
connection between the bearing simulation components and the TLM manager has a 
significant impact on the total simulation time. In order to put this into relation with real 
geographic distances we measure TWAN between Sweden and other places across the world. 
The TWAN values are obtained using the ping application with a leased line at Linköping 
University, and a best effort residential connection in Stockholm, Sweden. The resulting 
values of TWAN are presented in Table 14. 
 
Table 14. Measured TWAN all around the world. 

University, Location TWAN (ms)
Linköping

TWAN (ms) 
Sthlm 

Universitat Trier, Germany 21 20

University of Cambridge, UK 19 19

MIT, USA 57 56

Stanford, USA 96 87

University of Tokyo, Japan 142 143

University of Queensland, Australia 170 178

 

Using the measured latencies (TWAN ) for locations around the world in Table 14 we can 
estimate the simulation times to these locations. We know the simulation times for various 
values on TWAN from the experiments with the WAN simulator. We also know that the 
simulation time increases with a linear behavior for large values on TWAN. Using this we can 
estimate total simulation time to an arbitrary location with a known TWAN. However, 
remember the results of the co-simulations using a real connection between Sweden and 
Australia presented in Section 5.1.4. We could see that in the real connection we had jitter 
during the entire simulation. The estimated average TWAN during the simulation was over 400 
ms, rather then the 340 ms the ping application suggests. We can therefore assume that 
estimated simulation times based on TWAN from Table 14 are a bit optimistic. For TWAN < TBP 
the estimations are done using raw data from the experiment results in Appendix A. For 
locations with TWAN > TBP the estimations are made using the linear approximation formulas 
from Section 6.2.1. The estimations for the double pendulum using three compute nodes to 
simulate the bearing component are presented in Table 15. 
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Table 15. Estimated simulation times for double pendulum with three compute nodes between Sweden 
and locations around the world. 

University, Location Sim. time (min)
TTLM = 2.5e-6 

Sim. time (min)
TTLM = 5e-6 

Sim. time (min) 
TTLM = 10e-6 

Universitat Trier, Germany 163 85 43 
University of Cambridge, UK 163 85 43 
MIT, USA 179 96 48 
Stanford, USA 204 108 55 
University of Tokyo, Japan 244 134 68 
University of Queensland, 
Australia 268 149 76 

 
Table 15 shows estimated simulation times for a distributed co-simulation of the double 
pendulum for three different values of TTLM. The estimations are based the bearing component 
being simulated by three compute nodes. The question is how much the simulation time 
increases for the different locations compared to a local environment co-simulation. The 
simulation time for local co-simulations without using SSH tunnels is presented in Table 2 in 
Section 5.1.1. Table 16 presents how much the simulation time of the double pendulum 
increases when distributing the co-simulation to various locations.  

Table 16. Simulation time increase for double pendulum with three compute nodes between Sweden 
and locations around the world.. 

University, Location Increase 
TTLM = 2.5e-6 

Increase 
TTLM = 5e-6 

Increase 
TTLM = 10e-6 

Universitat Trier, Germany 36% 37% 39% 
University of Cambridge, UK 36% 37% 39% 
MIT, USA 49% 55% 55% 
Stanford, USA 68% 77% 77% 
University of Tokyo, Japan 103% 116% 119% 
University of Queensland, 
Australia 123% 137% 148% 

 
We can from Table 16 see that the simulation time is estimated to increase with almost 40% 
when we co-simulate between Sweden and other European countries. When we simulate 
between Sweden and countries outside of Europe we see that the simulation time increases 
more, up to 150% to Australia. We should also remember that according to Table 2 the 
encrypted SSH tunnels increase the simulation time with 32-33%. It is possible that using 
different encryption protocols for the simulation data could improve the simulation time. 
Furthermore, using private leased lines for simulation data could be a possible alternative to 
encryption of the simulation data altogether.  
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7 Conclusions 
In this chapter we will summarize the conclusions made in the previous chapter. At the end of 
the chapter we also make suggestions for further research. 

7.1 Conclusive Remarks 
In this thesis we have discussed possible approaches to secure distribution and co-simulation 
of meta-models. We choose to investigate a secure distributed co-simulation approach. The 
advantage of this approach was high levels of confidentiality and integrity. Furthermore, the 
approach offered advantages through distribution, for example resource sharing. This 
approach was suspected to cause performance problems and raised questions regarding the 
robustness of the system.  

We have in seen simulations using the distributed backplane co-simulation approach. By 
conducting series of experiments we have seen that distributing the co-simulation over Wide 
Area Networks as expected results in a loss of simulation time. This led us to investigate the 
parameters what might cause this overhead in simulation time and how it affects the co-
simulation approach. Experiments were done using a simulated WAN environment with up to 
1000 ms of latency (TWAN). A latency which is over five times larger then any distance we 
have found with the ping application. We also did simulations using a real connection 
between Sweden and Australia and back again to Sweden. This means we distributed the 
simulation over a geographic distance larger then any straight distance on the planet. During 
these simulations we encountered no problems with robustness. This leads us to believe that 
the distributed backplane co-simulation approach is both possible and practical to use for long 
distance simulations. 

We have seen that two types of parameters affects the total simulation time. By 
distributing the co-simulation we introduced the data communication parameters latency 
(TWAN) and bandwidth in the WAN environment. We also could see that there are model 
specific parameters affecting the total simulation time. The TLM delay (TTLM) and the number 
of TLM interfaces in the meta-model both have effect on the simulation time. By analyzing 
the results from our experimental simulations using the WAN simulator and the results of the 
simulations using a real connection between Sweden and Australia we can conclude that: 

 
• The network latency (TWAN) has a significant impact on the total simulation time. 

After a smooth breakpoint the total simulation time increases linearly as TWAN 
increases. In the simulations using a real connection we could see that jitter has to 
be taken into consideration when estimating TWAN. 

• The network bandwidth is not a significant parameter for co-simulation of the 
meta-models we have been experimenting with. This is a result of the throughput 
of simulation data during simulation is small. However, we could also see that the 
bandwidth used increases when we co-simulate more complex meta-models with 
more TLM interfaces. 

• The TLM delay (TTLM) has a significant impact on the total simulation time. When 
increasing the TTLM the total simulation time decreases. This is the result of solver 
being allowed to take longer time steps when we increase TTLM.  

• The number of TLM interfaces does affect total simulation time slightly. When 
going from two to four TLM interfaces the simulation time was increased with up 
to 10%. Further increasing the number of TLM interfaces had little impact on 
simulation time.  
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We could see that the total simulation time increases by encrypting the data transfers in the 
communication. Together with the increase in simulation time from latency (TWAN) we could 
estimate that the simulation time of a double pendulum to various places around the world. 
Doing a secure distributed co-simulation of the double pendulum from Sweden to other 
European countries takes approximately 40% longer compared to a local unencrypted co-
simulation.  

The secure distributed co-simulation approach seems to be a good solution for secure 
distribution and co-simulation. We can conclude that it is possible to use this approach over 
large geographic distances while maintaining a good security. 

7.2 Future Research 
We could see that the SSH encryption of the data transmissions during the co-simulation had 
a significant impact on the total simulation time. The measured differences showed us that the 
simulation time increased with approximately 32%-33%. Investigating other approaches to 
protect the integrity of the data transmissions should make it possible to improve the total 
simulation time.  

During our experimental co-simulations various meta-models were used. In these 
experiments bandwidth did not cause a bottleneck in the simulating system. As a result of this 
we did not examine how bandwidth restrictions would impact the total simulation time. In the 
future there might be co-simulations of meta-models that use more bandwidth then what was 
used in our experiments. If bandwidth should become a factor affecting total simulation time 
in the future, further research in this area may prove fruitful in order to improve performance. 
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Appendix A - Experiment Results 
 
Model Description: 
Double Pendulum 
TTLM = 5e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Bearing simulated with 3 nodes 

 
  Start    Stop    Result  
TWAN h m s h m s Minutes Seconds

0 12 24 34 13 46 15 82 4901
0 18 58 10 20 20 2 82 4912
5 13 46 15 15 8 29 82 4934
5 18 17 42 19 39 30 82 4908

10 8 59 45 10 22 19 83 4954
10 12 3 28 13 26 28 83 4980
15 19 39 30 21 3 44 84 5054
20 3 4 35 4 29 19 85 5084
20 20 20 2 21 44 47 85 5085
25 21 3 44 22 30 29 87 5205
30 4 29 19 5 56 45 87 5246
30 13 26 28 14 53 23 87 5215
35 22 30 29 23 58 25 88 5276
40 5 56 45 7 26 40 90 5395
40 21 44 47 23 14 22 90 5375
45 23 58 25 25 29 49 91 5484
50 7 26 40 8 59 45 93 5585
50 16 23 8 17 56 34 93 5606
55 1 29 49 3 4 35 95 5686
60 23 14 22 24 51 17 97 5815
60 10 22 19 11 58 56 97 5797
70 17 56 34 19 37 59 101 6085
80 0 51 17 2 36 4 105 6287
90 10 24 14 12 13 36 109 6562

100 2 36 4 4 29 51 114 6827
110 12 13 36 14 11 24 118 7068
120 4 29 51 6 32 28 123 7357
130 14 11 24 16 19 2 128 7658
140 6 32 28 8 44 36 132 7928
160 8 44 36 11 6 16 142 8500
180 11 6 16 13 37 25 151 9069
200 13 37 25 16 18 36 161 9671
220 16 18 36 19 9 47 171 10271
240 19 9 47 22 11 19 182 10892
260 22 11 19 25 22 43 191 11484
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280 1 22 43 4 43 37 201 12054
300 4 43 37 8 15 2 211 12685
320 8 15 2 11 56 18 221 13276
400 19 37 59 23 59 27 261 15688
500 23 59 27 29 11 40 312 18733

1000 19 26 6 28 49 49 564 33823

 
Model Description: 
Double Pendulum 
TTLM = 2.5e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Bearing simulated with 3 nodes 

 
  Start    Stop    Result  
TWAN h m s h m s Minutes Seconds

0 15 13 24 17 54 46 161 9682
5 7 37 33 10 19 43 162 9730

10 17 54 46 20 36 36 162 9710
15 10 19 43 13 4 22 165 9879
20 20 36 36 23 19 15 163 9759
25 13 4 22 15 51 52 168 10050
30 23 19 15 26 7 15 168 10080
35 15 51 52 18 42 52 171 10260
40 2 7 15 4 57 54 171 10239
45 21 31 41 24 24 41 173 10380
50 4 57 54 7 53 24 176 10530
55 0 24 41 3 22 52 178 10691
60 7 53 24 10 54 35 181 10871
65 3 22 52 6 26 2 183 10990
70 10 54 35 14 3 56 189 11361
75 6 26 2 9 37 34 192 11492
80 14 3 56 17 19 48 196 11752
90 17 19 48 20 41 30 202 12102

100 20 41 30 24 12 3 211 12633
110 0 12 3 3 51 38 220 13175
120 3 51 38 7 37 33 226 13555
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Model Description: 
Double Pendulum 
TTLM = 10e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Bearing simulated with 3 nodes 

 
  Start    Stop    Result  
TWAN h m s h m s Minutes Seconds

0 17 36 27 18 17 39 41 2472
5 18 17 39 18 59 12 42 2493

10 18 59 12 19 40 54 42 2502
15 19 40 54 20 23 6 42 2532
20 20 23 6 21 5 48 43 2562
25 21 5 48 21 49 0 43 2592
30 21 49 0 22 32 42 44 2622
35 22 32 42 23 16 55 44 2653
40 23 16 55 24 2 19 45 2724
45 0 2 19 0 48 31 46 2772
50 0 48 31 1 35 24 47 2813
55 1 35 24 2 23 7 48 2863
60 2 23 7 3 11 28 48 2901
65 10 9 53 10 59 38 50 2985
70 10 59 38 11 50 31 51 3053
75 11 50 31 12 42 23 52 3112
80 12 42 23 13 35 6 53 3163
85 13 35 6 14 28 59 54 3233
90 14 28 59 15 23 52 55 3293

100 15 23 52 16 21 16 57 3444
110 16 21 16 17 20 40 59 3564
120 17 20 40 18 22 24 62 3704
150 18 22 24 19 31 49 69 4165
200 19 33 38 20 55 25 82 4907
250 11 6 48 12 41 45 95 5697
300 20 55 25 22 44 3 109 6518
400 22 44 3 24 59 44 136 8141
500 0 59 44 3 42 28 163 9764
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Model Description: 
Double Pendulum 
TTLM = 10e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Bearing simulated with 2 nodes 

 
  Start    Stop    Result  
TWAN h m s h m s Minutes Seconds

0 12 4 10 13 16 54 73 4364
5 5 56 34 7 10 17 74 4423

10 13 16 54 14 30 56 74 4442
15 7 10 17 8 24 0 74 4423
20 14 30 56 15 44 59 74 4443
25 8 24 0 9 39 3 75 4503
30 17 1 33 18 16 21 75 4488
35 9 39 3 10 54 56 76 4553
40 18 16 21 19 31 33 75 4512
45 10 54 56 12 10 19 75 4523
50 19 31 33 20 47 17 76 4544
55 12 10 20 13 26 52 77 4592
60 20 47 17 22 3 21 76 4564
65 13 26 32 14 42 36 76 4564
70 22 3 21 23 19 5 76 4544
75 14 42 36 15 58 29 76 4553
80 23 19 5 24 35 48 77 4603
90 0 35 48 1 53 42 78 4674

100 1 53 42 3 12 55 79 4753
110 3 12 55 4 33 19 80 4824
120 4 33 19 5 56 34 83 4995
200 19 1 8 20 41 17 100 6009
300 20 41 17 22 47 15 126 7558
400 22 47 15 25 19 37 152 9142
500 1 19 37 4 19 20 180 10783

1000 4 19 20 9 35 24 316 18964
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Model Description: 
Double Pendulum 
TTLM = 5e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Bearing simulated with 2 nodes 

 
  Start    Stop    Result  
TWAN h m s h m s Minutes Seconds

0 16 30 44 18 59 34 149 8930
5 18 59 34 21 27 21 148 8867

10 21 27 21 23 54 19 147 8818
20 23 54 19 26 21 16 147 8817
30 2 21 16 4 48 4 147 8808
40 4 48 4 7 16 52 149 8928
50 7 16 53 9 48 41 152 9108
60 9 48 41 12 17 8 148 8907
70 12 17 8 14 48 46 152 9098
80 14 48 46 17 22 13 153 9207
90 17 22 13 19 57 53 156 9340

100 19 57 53 22 39 53 162 9720
110 22 39 53 25 21 32 162 9699
120 1 21 32 4 8 41 167 10029
140 4 8 41 7 1 51 173 10390
160 7 1 51 10 5 2 183 10991
180 10 5 2 13 17 5 192 11523
200 13 17 5 16 37 27 200 12022
220 16 37 27 20 10 5 213 12758
250 20 10 5 23 55 20 225 13515
280 23 55 20 27 55 5 240 14385
300 3 55 5 8 5 31 250 15026
400 8 5 31 13 5 52 300 18021
500 13 5 52 18 58 15 352 21143
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Model Description: 
Expanded Pendulum (1-5 Bearings) 
TTLM = 10e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Simulation time = 0.1 
Bearings simulated with 3 nodes 

 

   Start    Stop    Result  
Twan=0 Testmodel h m s h m s Minutes Seconds
 1 15 7 6 15 48 9 41 2463
 2 18 56 49 19 41 34 45 2685
 3 11 37 37 12 23 14 46 2737
 4 19 16 27 20 2 44 46 2777
 5 13 17 53 14 4 44 47 2811
Twan=50 Testmodel h m s h m s Minutes Seconds
 1 12 32 38 13 19 22 47 2804
 2 18 44 19 19 35 23 51 3064
 3 12 37 44 13 30 53 53 3189
 4 19 6 16 20 0 38 54 3262
 5 14 4 44 14 59 23 55 3279
Twan=100 Testmodel h m s h m s Minutes Seconds
 1 15 48 9 16 45 3 57 3414
 2 19 41 34 20 43 9 62 3695
 3 12 23 14 13 27 1 64 3827
 4 20 56 41 22 1 40 65 3899
 5 14 59 23 16 4 35 65 3912
Twan=120 Testmodel h m s h m s Minutes Seconds
 1 13 19 22 14 21 1 62 3699
 2 19 35 23 20 41 28 66 3965
 3 13 30 53 14 39 19 68 4106
 4 20 0 38 21 10 47 70 4209
 5 16 4 35 17 14 49 70 4214
Twan=180 Testmodel h m s h m s Minutes Seconds
 1 14 21 1 15 37 26 76 4585
 2 20 41 28 22 3 24 82 4916
 3 17 14 36 18 38 58 84 5062
 4 21 10 47 22 36 39 86 5152
 5 17 14 49 18 40 52 86 5163
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Model Description: 
Expanded Pendulum (1-8 Bearings) 
TTLM = 10e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Simulation time = 0.1 
Bearings simulated using 2 nodes 

 
   Start    Stop    Result  
Twan=0 Testmodel h m s h m s Minutes Seconds
 1 20 16 11 21 29 55 74 4424
 2 14 57 12 16 15 38 78 4706
 2 19 32 17 20 51 52 80 4775
 2 11 22 46 12 41 51 79 4745
 2 13 4 50 14 23 16 78 4706
 3 13 52 39 15 12 36 80 4797
 3 12 29 21 13 48 11 79 4730
 3 16 38 52 17 58 0 79 4748
 4 15 44 38 17 4 7 79 4769
 4 13 23 37 14 43 41 80 4804
 5 14 42 28 16 4 1 82 4893
 6 12 20 22 13 40 56 81 4834
 7 15 17 28 16 37 47 80 4819
 8 19 22 34 20 42 21 80 4787
 8 18 6 20 19 26 13 80 4793
Twan=50 Testmodel h m s h m s Minutes Seconds
 1 21 29 55 22 47 9 77 4634
 2 16 15 38 17 36 3 80 4825
 3 17 58 0 19 19 46 82 4906
 4 14 43 41 16 6 10 82 4949
 5 16 4 1 17 27 52 84 5031
 6 15 13 43 16 36 46 83 4983
 7 18 9 15 19 32 21 83 4986
 8 13 36 39 14 59 41 83 4982
Twan=100 Testmodel h m s h m s Minutes Seconds
 1 22 47 9 24 5 32 78 4703
 2 17 36 3 19 2 29 86 5186
 2 12 54 38 14 21 3 86 5185
 3 19 19 46 20 48 43 89 5337
 3 15 28 39 16 57 36 89 5337
 4 16 6 10 17 35 39 89 5369
 4 17 12 34 18 42 36 90 5402
 5 17 27 52 18 58 24 91 5432
 6 16 48 13 18 18 11 90 5398
 7 17 23 17 18 54 27 91 5470
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 8 14 59 41 16 29 32 90 5391
Twan=120 Testmodel h m s h m s Minutes Seconds
 1 0 5 32 1 28 7 83 4955
 2 19 2 29 20 31 44 89 5355
 3 13 42 47 15 14 26 92 5499
 4 17 35 39 19 8 19 93 5560
 5 18 58 24 20 32 16 94 5632
 6 12 29 18 14 2 45 93 5607
 7 14 47 22 16 21 38 94 5656
 8 16 29 32 18 2 41 93 5589
Twan=180 Testmodel h m s h m s Minutes Seconds
 1 1 28 7 3 3 3 95 5696
 2 20 31 44 22 13 51 102 6127
 3 15 14 26 16 59 35 105 6309
 4 19 8 19 20 54 49 107 6390
 5 20 32 16 22 19 19 107 6423
 6 14 54 54 16 41 19 106 6385
 7 16 34 38 18 21 38 107 6420
 8 17 5 27 18 51 32 106 6365
 8 18 2 41 19 49 1 106 6380

 
Model Description: 
Expanded Pendulum (1-4 Bearings) 
TTLM = 5e-6 
Zf = 1.5e4 
Zfr = 1.5 
alpha = 0.2 
Simulation time = 0.1 
Bearings simulated using 2 nodes 

 

TWAN=0 Testmodel h m s h m s Minutes Seconds

 1 14 2 31 16 28 30 146 8759
 2 17 54 46 20 23 57 149 8951
 3 14 15 31 16 45 16 150 8985
 4 17 10 58 19 40 27 149 8969

 


