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r   A B S T R A C T 

The dynamic behavior of complex systems is a well-known challenge within engineering. The paper presents a Mul-

tiple-Domain Matrix base model for the structure-based compilation of System Dynamics models for assessing en-

gineering design process behavior. Classically, dependency modelling approaches are used to analyze the structure 

of a system such as the Design Structure Matrix (DSM), the Domain Mapping Matrix (DMM) or the Multiple-domain 

Matrix (Multiple-Domain Matrix) approaches. The major drawback of these approaches is that they depict a static 

view on the system and are therefore not suitable to model the dynamic behavior of complex systems. This paper 

suggests combining the dependency and dynamic modelling approaches. Previous results already show that on 

principle dynamic behavior can be deduced from structural models. Consequently, we use a dependency modeling 

approach as a basis for the compilation of a System Dynamics model to analyze the dynamic behavior of engineer-

ing design processes. The approach offers the possibility of design, flexibility and robustness analysis based on the 

underlying structure of engineering design processes.

APPLICATION of clustering, simulation and optimization techniques

BLOCK 3
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1. Introduction and 
Background Information

The dynamic behavior of complex 
systems is a well-known challenge 
within engineering. Processes like 
engineering design processes are also 
complex systems, as a lot of factors, 
such as persons, resources, and iter-
ations have to be taken into account 
(Smith & Morrow, 1999). Soft factors 
like knowledge, motivation and skills 
of the involved persons also play an im-
portant role within the development of 
products. Additionally, external factors 
like market cycles, legislative cycles, 
or environmental factors influence the 
system. (Kasperek, Maisenbacher, & 
Maurer, 2014; Smith & Morrow, 1999) 
(McGraw-Hill & Parker, 2002) define 
dynamic behavior as “a description 
of how a system or an individual unit 
functions with respect to time”.

Additionally to these external 
factors, internal influencing factors 
such as an important engineer gets 
sick, or an important tool collapses can 
occur and force the Engineering design 
process to react in one or another way. 
These reactions of the system are often 
undesired as the system may become 
unbalanced. This could i.e. result in a 
slowdown of the process. Consequent-
ly, it is beneficial to analyze systems 
for their behavior towards changes 
of influencing factors and optimize 
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them for desired reactions if these factors occur. The general 
amount of potential factors is innumerable. The decision 
which particular factors have to be considered depends 
on the characteristics of the Engineering design process. 
Therefore no general proposition of influencing factors can 
be given.

On the other hand, not only influencing factors form 
the dynamic behavior of  engineering design processes, but 
also the structure of the Engineering design process itself 
is essential for the reaction of the system. According to 
(Maurer, 2007) the structure can be understood as “the net-
work formed by dependencies between system elements and 
thereby represents a basic attribute of each system”.

Structure-based models allow of general analyses and 
deliver rather fundamental results. They are mostly used for 
early planning and system decomposition. (Biedermann, 
Diepold, Lindemann, & Lohmann, 2012)

According to (Biedermann et al., 2012) structure-based 
models require rather little data compared to dynam-
ic-based models, while they claim to describe the engineer-
ing system completely (Browning, 2001).

For engineering design processes the particular process 
steps, resources, engineers, or milestones can be seen as 
system elements and the allocation of resources to process 
steps or the achievement of milestones if process steps are 
finished represent the relations between these elements 
and thereby form the structure of the Engineering design 
process.

Often particular elements of the system structure can be 
used as actuating variables to react on changing influencing 
factors of Engineering design process, as the reaction of a 
system to influencing factors is mostly caused by its under-
lying structure (Kasperek & Maurer, 2013). Typical actuat-
ing variables are: Size of work packages, adaption of work 
packages, order of tasks, organizational units and resources 
allocated to work packages.

Challenges for engineering design processes depending 
on the boundary conditions are illustrated in Figure 1:

ff Optimized Design: If it is not likely that influencing factors 
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will force the system to react, the 
system structure might be optimized 
to increase the Engineering design 
process’s performance. (E.g. to 
find the best allocation of existing 
resources to process steps)

ff Flexible Design: If influencing factors 
are likely to occur and to affect the 
Engineering design process, as well 
as the inherent system structure 
might be subject to fluctuations (e.g. 
a new Engineering design process 
structure is tested), it might be 
beneficial to analyze the flexibility of 
the various system designs towards 
the expected influencing factors.

ff Robust Design: If the system structure 
shall not be changed, but influencing 
factors are likely to occur and to affect 
the Engineering design process, it might 
be beneficial to analyze the robustness 
of the current system design towards 
the expected influencing factors.

This arises the questions how the 
structure of a system can be analyzed 
for its robustness and flexibility for 
certain influencing factors and how the 
structure of a system can be optimized 
for these factors?

The idea of analyzing the underly-
ing structure of complex systems is not 
new. Classically, dependency model-
ling approaches are used to analyze 
the structure of a system such as the 
Design Structure Matrix (DSM), the 
Domain Mapping Matrix (DMM) or 
the Multiple-domain Matrix (Multi-
ple-Domain Matrix) approaches. The 
major drawback of these approaches 
is that they depict a static view on the 
system and are therefore not suitable 

2. Multiple-Domain 
Matrix Base model for the 
System Dynamics modeling of 
Engineering design process

This paper proposes a Multiple-Domain Ma-
trix base model for the System dynamics mod-
eling of engineering design processes. This base 
model can be used to model the underlying struc-
ture of the engineering design process and serves 
as a basis for the compilation of System Dynamics 
models of engineering design processes. Based on 
a transformation concept by (Kasperek & Maurer, 
2013) the authors propose to transform the Multi-
ple-Domain Matrix base model into a qualitative 
System Dynamics Model. The Multiple-Domain 
Matrix base model is based on the “Meta-Multi-
ple-Domain Matrix with domains and relation-
ship types suited for most modeling and analysis 
purposes” suggested by (Kreimeyer, 2009) and 
serves the following purposes:

ff To ease the construction of System Dynamics 
Models of Engineering design process

ff To enable the analysis of the dynamic behavior 
of  engineering design processes based 
on the underlying system structure

ff To condense the core structure of System Dynamics 
Models into Multiple-Domain Matrix and thereby 
ease conclusions from System Dynamics Models

It offers the possibility of design, flexibility and 
robustness analysis of engineering design pro-
cesses based on their underlying structure.

The meta-model developed by (Kreimeyer, 
2009) is intended as a modeling scheme which is 
capable to describe relevant aspects of structural 
modeling and a goal-oriented process analysis. 
The meta-model provides orientation when mod-
eling a structural process model. The meta-model 
systematizes and collects relevant domains and 
relationship types and puts these into a common 
framework. A structure consists of a particular 
pattern of nodes and edges in a graph, but a struc-
ture only has meaning if it is related to a certain 
semantic context. This context is provided by the 
meta-model of (Kreimeyer, 2009) that describes 
the types of nodes and edges concerning their 
meaning in an industrial application. The me-
ta-model consists of two views on a structure: 
The domains, describing what types of entities 
are common to process modeling, and the rela-
tionship types, describing how the domains are 
commonly related. (Kreimeyer, 2009)

Based on a literature review, (Kreimeyer, 2009) 
defines domains that are most common and 
represent the usual domains found in process 
modeling. Based on this set, 5 domains are chosen 
for the Multiple-Domain Matrix base model. Fig-
ure 2 lists the domains and a description of each 
domain, based on the definitions of (Kreimeyer, 
2009).

In the context of this work the Meta-Mul-
tiple-Domain Matrix is taken as a basis for the 
Multiple-Domain Matrix base model: While 
five of the six domains are adopted, the various 
possible relationship types are reduced for each 
possible relationship between the domains. With 
focus on the deduction of a System Dynamics 
Model of the dynamic behavior of the Engineer-
ing design process not all possible relationships 
are considered. Thus, only relationships that are 
important for the time dependent process flow 
are considered. As the base model can be adapted 

FIGURE 2.  List and description of domains of the Multiple-Domain 
Matrix base model based on (Kreimeyer, 2009)
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to model the dynamic behavior of complex systems (Diepold et 
al., 2010). Therefore other dynamic modeling approaches such 
as System Dynamics, agent-based modeling or discrete event 
simulation exist. Especially System Dynamics is used through-
out the public and private sector for policy analysis and design. 
It is a method to analyze and simulate the dynamic behavior of 
systems on a high level of abstraction (Meier & Boßlau, 2013). 
System Dynamics, though, does not offer the possibilities of 
dependency modeling as static aspects of systems cannot be 
described (Meier & Boßlau, 2013). The other major drawback 
of dynamic-based models is the need for a lot of data when 
creating these models, hence, dynamic-based models usual-
ly describe only small parts or single effects of engineering 
systems (Biedermann et al., 2012; Diepold et al., 2010). As high 
level management tool, it misses the ability to illustrate the un-
derlying structure of the process. According to (Biedermann et 
al., 2012) structure-based (e.g. design structure matrices – DSM) 
and dynamic-based (e.g. differential equations or fuzzy systems) 
models are the two major modelling approaches for engineering 
systems.

This paper suggests combining the dependency and dynamic 
modelling approaches. Previous results already show that on 
principle dynamic behavior can be deduced from structur-
al models (Biedermann et al., 2012). Consequently, we use a 
dependency modeling approach as a basis for the compilation of 
a System Dynamics model to analyze the dynamic behavior of 
engineering design processes. Our approach serves the follow-
ing aspects:

ff Increase the understanding of the dynamic 
behavior of engineering design processes;

ff Give decision support for the design of engineering design 
processes through System Dynamics simulation experiments;

ff Allow for benchmarking of different structural 
designs of an engineering design process

Domain Description

Task The Task domain collects all entities that describe the execution  of work 
done in the process; further terms are: Process step, action, activity, unit of 
behavior and work package.

Event This domain addresses non-persistent occurrences in time that present a 
certain action, status or progress. Further terms are: Cycle, impact,
influence.

Org. Unit The organizational unit domain contains all human resources in their 
respective ordering; further terms are: Staff, responsibility, team, pool, lane, 
actors, roles, and committee.

Resource The resource domain is intended for all non-human resources necessary to 
enable the process execution, such as IT-systems, equipment or 
knowledge. Further terms are: Attribute, mechanism, method, pool, and 
lane.

Time The time domain addresses persistent time issues such as the start time of 
a task or milestones in the process. Further terms are: Attribute, duration, 
starting time, end time, average time, milestone, and phase.
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FIGURE 3. Multiple-Domain base model FIGURE 4.  Transformation of the Multiple-Do-
main Matrix domains into System Dynamics
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FIGURE 1. Challenges for engineering design processes de-
pending on boundary conditions (adapted from (Tsegaye, 
2013))
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FIGURE 5.  Multiple-Domain Matrix model of the example, based on base model

to different modeling situations, not only one, 
but more possible relationship types are given for 
some correlations. Relationship types can also 
be changed to other than the indicated ones if 
necessary. The preferred relationship types by the 
authors are indicated in bold letters. The Multi-
ple-Domain Matrix base model is illustrated in 
Figure 3.

Taken into account the transformation 
concept between Multiple-Domain Matrix and 
System Dynamics by (Kasperek & Maurer, 2013), 
the Multiple-Domain Matrix base model can 
be transformed into a System Dynamics Model. 
While the elements of the task, organizational 
unit und resource domains and their relationships 
can be directly transformed into elements of a 
qualitative System Dynamics model, the elements 
of the event and time domains and their rela-
tionships can be used for the quantitative System 
Dynamics modeling. Thereby the elements and 
relationships cannot be directly transferred into 
the System Dynamics model, but serve as a basis 
for the construction of the necessary differential 
equations for quantitative System Dynamics mod-
eling. Figure 4 shows the transformation of the 
Multiple-Domain Matrix domains into System 
Dynamics models. Relationships within the Mul-
tiple-Domain Matrix base model can be trans-
formed into inter-phase relationships between 
rework cycles or into intra-phase relationships 

between rework cycles and resources, depending 
on the transformation of the involved domains.

3. Application of the 
Multiple-Domain Matrix Basis 
model

The Multiple-Domain Matrix base model can 
be used to build a system dynamics model of an 
engineering design process to examine its dynam-
ic behavior. Compared to the other construction 
approaches, the structure-based compilation of 
the model offers the following benefits:

ff Guideline of structural elements to be considered

ff Guideline of relations to be considered

ff More repeatable construction of the model

ff Underlying modeling assumptions clearly 
represented in Multiple-Domain Matrix

To illustrate the applicability of the Multi-
ple-Domain Matrix base model, a generic aca-
demic example is chosen: It represents a short-
ened version of a common engineering design 
process. The authors are aware of the fact that the 
evaluation does not prove the applicability of the 

es as soon as the event alpha occurs (month 47). This can be 
explained by the additional work generated by the event which 
decreases the rate between already completed work packages 
and work still to do. Additionally it can be seen that the rework 
(blue line) of task A due to the feedback of task C also influenc-
es the process completion.

4. Discussion
Even though the presented application is simplified, the ap-

plication of our approach of a compilation of System Dynamics 
models based on the underlying structure of engineering de-
sign processes shows the potential of dynamic structure mod-
eling techniques for behavioral analysis. System Dynamics is a 
powerful tool which enables to further develop engineering de-
sign processes by assessing for example the influence of rework 
and events on the overall process duration. As this publication 
is a result of ongoing research activities, there is more research 
to conduct to reach a level of industrial applicability: Currently 
the base model is a substructure. Domains and relation types 
can be neglected or others can be added for the particular engi-
neering design process, such as the domain degree of iteration 
to indicate the amount of iterations for each particular process 
step. The domains and relation types should be adapted in a 
way to fit best the necessary information to build the System 
Dynamics model. Depending on the particular behavioral pat-
tern to be modeled, a variety of additional domains and relation 
types are possible. For the case that the behavior of the system 
towards changes of the environment shall be modeled, the 
event domain might need to be more detailed.

It might be necessary to take more domains and relation 
types into the base model and rework the current ones.

As for any model, the quality of the System Dynamics 
model is dependent on the underlying assumptions. The as-
sumptions used within this model are mainly incorporated in 
the Multiple-domain matrix. If this information can be further 
improved the real system can be closer approximated.

5. Conclusion and outlook
The paper presents a Multiple-Domain Matrix base model 

for the structure-based compilation of System Dynamics mod-
els for assessing engineering design process behavior. The Mul-
tiple-Domain Matrix base model thereby serves the following 
purposes: To ease the construction of System Dynamics Mod-
els of Engineering design process, to enable the analysis of the 
dynamic behavior of engineering design processes based on the 
underlying system structure and to condense the core structure 
of System Dynamics Models into Multiple-Domain Matrix and 
thereby ease conclusions from System Dynamics models. The 
approach offers the possibility of design, flexibility and robust-
ness analysis based on the underlying structure of engineering 

procedure on an industrial level, but want to show the 
general idea behind it and therefore choose a shortened 
example.

The Multiple-Domain Matrix base model as illus-
trated in Figure 5 represents the structural model of the 
examined engineering design process. The represented 
dependencies are: Tasks precedes task temporally; Task 
is influenced by event; Task is conducted by org. unit; 
Org. unit uses resource; Task has duration.

Based on the Multiple-Domain Matrix model a 
qualitative System Dynamics model was generated. The 
qualitative System Dynamics model is illustrated in 
Figure 6. The domains of the matrix were transformed 
according to the transformation rules indicated in Figure 
4. The dependencies were transformed as follows: The 
given explanations partly go beyond the level of qualita-
tive modeling and already give insight to the quantita-
tive implementation of the model.

ff Tasks precedes task temporally: The workflow 
of task n+1 is dependent on the completion 
of the previous tasks n (N done)

ff Task is influenced by event: event alpha influence task C, by 
triggering its rate Corrupt C. event alpha is implemented as a 
step function that increases the amount of remaining work 
c at one discrete time step (time of occurrence of the event)

ff Task is conducted by org. unit: The organizational 
units are allocated to the workflow rates of the 
particular tasks. The rates are dependent on the 
potential work force of the organizational units.

ff Org. unit uses resource: The resources are allocated 
to the organizational units. The more resources 
are allocated the higher the potential assumed 
work force of the organization units.

ff Task has duration: This dependency cannot be seen 
in the qualitative model. The information is used as 
parameter for quantifying the original work to do 
for each task which is defined by definition n.

The variable finishing does not belong to the ac-
tual model of the dynamics of the engineering design 
process, but is introduced to sum up the current levels 
of completion for all tasks and thereby to measure the 
overall completion of the process.

The qualitative model was then quantified by the 
necessary information. As the example shall show the 
general applicability of the approach, the values were 
approximated by an expert focus group where necessary. 
Figure 7 shows the results of the simulation of the overall 
System Dynamics model.

 The overall process completion rate is indicated by 
the green color. It can be seen that the process is com-
pleted after 58 months and that the rate is subject to os-
cillation. This oscillation can be clearly attributed to the 
event alpha and the feedback loop from task C to task A. 
The occurrence of the event alpha is indicated by the red 
line. It can be seen the process completion rate decreas-
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FIGURE 7.  Results of the simulation of the engineering design process

FIGURE 6. Qualitative System Dynamics model of the engineering design process

design processes. This base model can be further 
customized for the particular analysis purposes 
for each engineering design process. An exempla-
ry case study shows the applicability of the base 
model and illustrates potential further use cases 
of the suggested approach. The next steps will be 
to model and analyze different engineering design 
processes from real life examples. Additionally, 
the transformation from structural model to 
System Dynamics model will be further refined. 
With an established System Dynamics model at 
hand, it is possible to analyze several scenarios 
of engineering design processes by simulation, 

which will help to further improve the planning 
and management of engineering design processes 
by providing a tool to handle the dynamic system 
behavior.
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