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Abstract: The significance of CAD-CAE coupling has grown with the
increasing use of simulations in development processes. With the focus on
technical aspects like simulation data management in literature, however, there
is a lack of research on the implications on collaboration. This paper uses
methods of structural complexity management to improve communication and
collaboration between simulation and design departments. Design structure
matrices and multiple domain matrices are derived from system graphs that
come from interviews. A case study uses these methods to handle data to
enhance collaboration between departments. The results are techniques to deal
with lacking information and low degrees of connectivity in the matrices. After
an overlay of different matrices, standard procedures like triangulation and
clustering can be applied that would otherwise not have been sensible. This
leads to knowledge clusters and sequences of documents and task that help to
integrate simulations more smoothly into the product development process.
Keywords: CAD-CAE, structural complexity management, DSM, DMM, MDM,
system graph, collaboration and collaboration, human behaviour in design

1 Introduction

Compared to the past, simulation is taking an increasing role in product development today
(Maier et al., 2009). The iterative procedures in product development create a huge
demand for the integration of simulation in the product development process as simulation
and design departments collaborate with each other frequently. Deubzer et al. (2005)
considered a holistic approach for the problem by defining the four dimensions of the
integration problem in terms of product, people, data, and tool. Kreimeyer et al. (2005)
added the process dimension and completed the five dimensions of the integration
problem. Thus far, despite the increasing role of simulation in product development that
demands for a holistic approach (Maier et al., 2009), the tool, data, and process dimensions
have been the focus of researchers (Kreimeyer et al., 2005). Kreimeyer et al. (2006) were
then the first to apply methods of complexity management in research on CAD-CAE
integration. This is also the topic of this paper, which presents a methodology to deal with
very low degrees of connectivity, unreliable data, and unnecessary input.

2 State of the Art

Since the beginning of the application of simulation tools in product development,
numerous attempts have been made to integrate simulation in the product development
process. However, these attempts always focus on specific, often technical aspects. For
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example, direct CAD-CAE data exchange first started in the 1990s and was follewed later
by parametric modeling (Hirz et al., 2013, p. 31).

For publications on further technical aspects of CAD-CAE integration like data
interoperability see for instance Forsen & Hoffmann (2002), Schumacher et al. (2002),
Assouroko et al. (2010), Park & Dang (2010), and Gujarathi & Ma (2011), among others.

Browning first defined the design structure matrix to deal with integration problems by
decomposing systems into its subsytems (Browning, 2001). Ulrich and Eppinger (2004)
highlighted the significance of the design structure matrix for the management of
engineering projects and Engel et al. (2012) applied it for the optimization of systems
architecture for adaptability, to name just a few examples. Kreimeyer et al. (2006), on the
other hand, came up with the idea that the design of hierarchical product structures with
matrices alone is not enough for efficient product development, since customers mostly
focus on the functionalities rather than components. This conflict can especially be
observed when it comes to the interaction between CAD and CAE departments as
designers manly have a component-oriented view on the product while simulation experts
rather take a function-oriented perspective. Therefore, they utilized the design structure
and domain mapping matrices to integrate components (CAD) and functionalities (CAE).
This paper takes a similar approach as it links people, knowledge, and documents in this
context.

3 Methodology

The structural complexity management as presented by Lindemann et al. (2008) aims to
reveal the underlying system properties by the use of matrices. A design structure matrix
(DSM) provides a clear information about the system by decomposing it into its
subsystems, noting the relations between the subsystems, and finally anaylsing the matrix
(Browning, 2001). While the design structure matrix is restricted to one domain, a domain
mapping matrix (DMM) can be used to note the relations between different domains.
However, both DSM and DMM are not capable of dealing with complex systems if they
stand alone. As presented by Lindemann et al. (2008), a multiple domain matrix (MDM)
is the combination of all DSMs and DMMs in a system.

Application of structural complexity management includes four main steps:
1. Information acquisition for direct dependencies

2. Construction of the MDM

3. Deduction of indirect dependencies

4. Application of optimization techniques

For this paper, a case study was conducted with a German automotive supplier with the
aim to enhance collaboration between design and simulation departments. Structured
interviews were conducted at the mentioned German automotive supplier and the results
of the interviews were transferred into a graph with the software Soley Modeler. This
paper, however, focuses on the evaluation of the derived data, not on data acquisition. It
may have been better to directly transfer the data from the interviews into a MDM.
However, this was not possible in this case due to the nature of the research project.
Therefore, based on the information in the graph, a MDM was constructed. However, this
MDM had a very low degree of connectivity. The degree of connectivity is obtained by
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dividing the number of the filled cells by the number of all possible cells. As there exists
no dependency on the diagonal, the number of possible cells in an n-by-n MDM is n(n-1).
As the degree of the connectivity was too low for sensible calculations in this example,
indirect dependencies had to be deducted as well.

According to Maurer (2007) there are six ways of extracting data from available data sets
in an MDM. It is the conventional way to apply only one of these methods (“The
Conventional Method” in section 4). However, in case of the lack of direct dependencies,
those methods may be applied separately and overlapped, too (“The Six Deduction
Logics” presented by Maurer). Figure 1 represents all of the six ways for deriving indirect
dependencies for a DSM.
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Figure 1. The Deduction Logic for a DSM (Maurer, 2007, p. 85)

This logic is also valid on DMM level. Hence, it can be taken as a reference for MDM
applications. As observed according to Maurer, the dependencies between the elements of
the additional domains have to be in the same direction, while the dependencies between
the elements of the domain in question and the element of the additional domain may vary.

A third method may be to define all indirect dependencies as bidirectional by only defining
the native dependencies in the same direction as unidirectional, e.g. case 3 and 6 in Figure
1 if the information in the system graph is not very reliable. The indirect dependencies in
this case study are deducted not only to the second distance but also to higher distances to
obtain a reasonable degree of connectivity and apply standard procedures from structural
complexity management like sequencing and clustering.

The methods described above in are applied on the case study’s data with two main goals:
- toapply techniques of structural complexity management to enhance the collaboration
and communication at the industry partner and

- to further elaborate these methods and gain insights on the influence of the degree of
connectivity on the applicability of these methods from an academic point of view.
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4 Results

The MDM that resulted from the system graph of the case study includes 135 elements
and has a degree of connectivity of 0.01 (Figure 2). Due to the confidentiality agreement
with the industry partner, only exemplary values are displayed and elements are grouped
together without displaying the different items.
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Figure 2. Original MDM with a degree of connectivity of 0.01

As expected, an increase in the degree of connectivity can be obtained by applying the
deduction methods. Through the application of the conventional method, a maximum
degree of connectivity of 0.12 is obtained (Figure 3). Due to the low degree of connectivity
and the distribution of it on the matrix, this method cannot be utilized further.
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Figure 3: Degree of Connectivity vs. Distance - The Conventional Method

The application of the second method gives reasonable degrees of connectivity. The
calculations have shown that it might be useful to create a MDM with a degree of
connectivity around 0.3 - 0.4. Therefore, a matrix with distances up to 4 was used for the
second method (Figure 4). This MDM can be used for sequencing and clustering purposes.
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Figure 4: Degree of connectivity vs. distance when applying the six deduction logics

Due to the same reason, in the third case a MDM up to the distance 3 is created (Figure
5). Since this MDM is highly symmetrical, it cannot be used for sequencing purposes.
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Figure 5: Degree of connectivity vs. distance when using all dependencies

This leads to the MDM displayed in Figure 6, which has a degree of connectivity of 0.34.
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Figure 6. Example for the application of bidirectional and unidirectional dependencies up to
distance 3
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After that, we come back to the original question, since the interviews and the MDM were
originally not conducted and created for the purpose of integrating simulation in the
product development process, all elements in the MDM that are not involved in the
integration of simulation in the product development, have to be deleted. As the directions
in the graph are not very reliable, the MDM constructed through the third method was
considered in this case. For this purpose, the minimum distance at which each element
either affects the simulation and design departments or is affected by them, was
determined for each element. As seen in Figure 7, every element is somehow related with
the design and simulation departments at a distance of 4. Twelve elements were deleted
from the MDM, as they do not fully serve for the integration purpose.
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Figure 7. Percentage of elements with a dependency to design or simulation departments vs.
maximum distance

Figure 8 is a clustering example in the domain of knowledge through the application of
the third method. The increase in the degree of connectivity compared to the beginning
(0.01 to 0.34) has enabled the creation of the clusters.

Figure 8. Clustering after the application of the third method for the domain of knowledge
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Figure 9 shows a sequencing example after the application of the second method. The
symmetrical relations are colored with red to indicate why no further sequencing is
possible.
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Figure 9. Sequencing example of documents with highlighted bidirectional relations

5 Discussion

The MDM in the case study consists of 135 elements and 11 domains, which means that
18,090 decisions had been made when creating the grapgh in the Soley Modeler. However,
one can quickly realize that some direct connections may be missing in the MDM. For
example, the design department and CAD data should have been directly connected.
However, there is no direct dependency between them in the MDM. This is probably due
to the fact that the interview results were first modelled in the Soley Modeler and some
first degree connections were modelled as 2™ and maybe 3™ degree connections because
it is difficult to model so many direct connections in Soley. Then this data was converted
into the matrix form. This situation once again stresses the importance of the verification
of the acquired data through interviews since the quality of the final results highly depends
on the quality of the original data. Although the optimal degree of connectivity is
unknown, this research has shown that a degree of connectivity around 0.3 and 0.4 is
suitable for the application of the specific methods of sequencing and clustering. Very low
degrees of connectivity can be increased by the use of distance matrices. On the other
hand, the already existing know-how can easily verify the application of this methodology.
For example, one cluster includes CAD-related data like CAD model of control assembly,
CAD model of parts, .dxf and .stp files, and CAD model chain. Another cluster example
includes data sheets of gearing, design guideline (2 versions), finite element report,
simulations assignment, drawing chain, simulation models, simulation report and excel
lessons learned. These clusters are sensible and fit to the actual working situation at the
industry partner. The same situation is also valid for the sequencing example. Simulation
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order, simulation order for FEA and MBS, CAD models, simulation results, and technical
drawings follow each other, as they should.

When regarding these results, it seems questionable whether the approach really results in
new clusters or workflows, which could not have been derived without matrix techniques.
What it can proof, however, is the importance of certain elements like the Simulation
Assignment in Figure 9. This provides a starting point for improvement, which can be
very helpful as the many relations between the different elements make it hard to decide,
which elements can be a fruitful point for improvement.

6 Conclusion and Outlook

Overall, in this research a new methodology to deal with very low degrees of connectivity,
unreliable data, and unnecessary input has been presented. Indirect dependencies are
deducted both through the use of the six deduction logics presented by Maurer and
considering all directions. The first one was used for sequencing purposes while the later
one is used for removing the unnecessary data and clustering purposes.

What the case study cannot provide are general rules for the relationships between the
distance and the degree of connectivity for instance. Therefore, the methodology should
be applied on further and more complex case studies in order to check its validity and to
further elaborate the used metrics.
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