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r   A B S T R A C T 

Structural models, such as MDM, DSM, DMM, are widely applied 

in engineering design to address the representation and man-

agement of complex systems. One aspect of complexity com-

prises the interaction between different domains. To increase the 

transparency between different domains of complex systems, 

preceding works have developed domain-spanning structural 

criteria. These criteria describe structural patterns, define and con-

strue the interactions between different domains. In this paper, 

analogous domain-spanning structural criteria were applied to an 

industrial case-study. Moreover, in regards to the technicalities of 

the specific case-study, the applicability of such structural criteria 

was validated and their meaning was also interpreted. This work 

presented which structural criteria added value to the analysis of 

the considered case-system and provided a deeper understanding 

in the investigation of complex systems.

APPLICATION of clustering, simulation and optimization techniques

BLOCK 3
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1.	 Introduction
Corporations and businesses handle complex 

systems and sophisticated procedures in daily 
basis. The understanding, design, optimization 
and operation of complex systems are getting ever 
more difficult due to incrementing levels of com-
plexity. Increases in connectivity are also making 
some systems more vulnerable to uncertainty and 
change due to the lack of rigorous interface con-
trol. In certain cases it is absolutely necessary to 
establish systems which are robust against uncer-
tainties as well as more flexible concerning their 
response to emerging opportunities. In order to 
fulfil these requirements, tools and techniques for 
managing complexity and identifying uncertain-
ties are required (Kasperek, 2014).

The Dependency and Structure Modelling 
techniques such as the Domain Mapping Ma-
trix (DMM) or Multiple-Domain Matrix (MDM) 
(Eppinger and Browning, 2012; Lindemann et al., 
2009) support the management of complexity by 
focusing on the dependencies between elements 
of different domains of a complex system. High-
lighting the domain-spanning dependency struc-
tures in systems, enhancing the Dependency and 
Structure Modelling perspective and especially 
introducing criteria for assessing domain-span-
ning characteristics can assist in analyzing, 
developing, designing, and maintaining complex 
systems. 

In this contribution, structural domain-span-
ning criteria, initially suggested by Kortler et al. 
(2010), were applied in an industrial case-study 
and thereby their applicability was evaluated. 
Particularly, this work identified which structural 
domain-spanning criteria can be characterized 
as primary and auxiliary in industrial operations 
as the investigated case. As a result, statements 
about their validity, suitability and meaningful-
ness were derived, with regards to the require-
ments of the specific case-study. The examined 
domain-spanning criteria comprised the domains 
“component” and “teams/employees”. Informa-
tion about the interactions between these two 
domains proved to be crucial for project success 
as they already benefited the supervision and 
management of complex systems in early project 

phases. These information also helped to improve 
the organization’s structures as well as to enrich 
communication and coordination of processes. 
Finally, some findings indicated that a reduction 
in the cost and the duration of projects can be 
achieved by the implementation of the necessary 
measures.

2.	Theoretical Background
This section presents a list of key definitions 

for understanding this study and a brief descrip-
tion of relevant to Structural Complexity Man-
agement (StCM) aspects.  

2.1 Definitions

System 

In the context of this paper we use the term 
system in the following definition by Kortler et 
al.(2010) based on Boardman and Sauser (2006): 
“A system is created by entities and their inter-
dependencies that form a system’s structure that 
possess individual properties and that contribute 
to fulfill the system’s purpose.” Systems have a 
system border and are connected to their sur-
roundings by inputs and outputs (Kortler et al., 
2009; Pahl et al., 2007).

Complexity 

The lack of controllability of complexity leads 
to severe consequences (Kortler et al., 2009). 
Therefore, complexity needs to be managed 
(Kreimeyer and Lindemann, 2011; Maurer, 2007). 
A system is perceived as complex, in contrast to 
“simple”, if it is difficult to be understood and ver-
ified due to its large number of elements, depend-
encies, and states (Kortler et al., 2009).

Structure 

According to Maurer (2007), structure can be 
defined as “the network formed by dependencies 
between system elements and thereby represents 
a basic attribute of each system”. Structures and 
their subsets can be analyzed by computational 
approaches, primarily provided by the graph theo-
ry and related sciences. 
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Structural Characteristic 

A structural characteristic can be deter-
mined as a particular pattern of nodes and edges 
(Maurer, 2007). There is not a specific meaning 
of a characteristic. Each one gains its meaning by 
the way the pattern is incorporated to the actual 
system it is part of. A structural characteristic 
only possesses significance in the context of the 
original system it describes (Boardman and Saus-
er, 2006; Kortler et al., 2009).

2.2 Structural Complexity Management

A common approach to handle complex sys-
tems is the Structural Complexity Management 
(StCM) methodology (Lindemann et al., 2009). It 
combines the Design Structure Matrices (DSM) 
and the Domain Mapping Matrices (DMM) 
approaches. Both have been extensively used for 
modeling and analyzing system structures in a 
multitude of different projects and domains (an 
overview can be found in the studies of Browning 
(2001) and Eppinger and Browning (2012)). As 
a combination of both approaches (DSM and 
DMM), the StCM methodology supports the 
handling of multiple-domain systems and conse-
quently of domain-spanning dependencies.

2.2.1 Classification of structural characteristics 

The analyses of the complex structures are 
performed with the Multiple Domain Matrix 
(MDM), which consists of at least two, but the-
oretically up to an infinite number of domains. 
These domains and therewith the granularity 
of the model, are chosen either according to the 
intended results of the upcoming analysis or 
according to the  existing information sources 
(Lindemann et al., 2009). For the structural anal-

yses described above, various algorithms are used. 
Most of these algorithms examine the charac-
teristic qualities that can be found in a structure 
with different hierarchical levels. Figure 1 shows 
the classification of structural characteristics as 
provided by Maurer (2007) following the evalua-
tion of the number of edges and nodes that form a 
structure. In this perspective, most of the charac-
teristics can be traced back to basic elements.

2.2.2 Interpreting domain-
spanning structural criteria

Various domains can impact the development 
and manufacturing of technical products. These 
domains, their elements and the dependencies be-
tween each other form the context and the frame 
required to understand the structural criteria. In 
particular, structural criteria describing patterns 
of elements connecting domains with high im-
pacts at each other should be investigated in order 
to capture chains of effects on the whole (Kortler 
et al., 2010).  Various analysis algorithms for the 
structural characteristics of elements within the 
same domain can be found in literature, such as 
the work of Browning (2001) which presented an 
overview of these algorithms. However, insuf-
ficient research has been conducted so far, for 
the evaluation of structural criteria describing 
domain-spanning patterns of elements.

3.	Domain-Spanning Criteria 
according to Kortler’s Study

An established method in product develop-
ment is the characterization of products and their 

Structural criterion Structural meaning Validation
Interrelation sum (team) A team with high interrelation sum 

provide numerous impacts to components 
and therefore the system. 

True. Team 1 has the highest 
interrelation sum (33) and is the core 
team within the development project, 
responsible for coordination within the 
development project (e.g. change impact 
analysis, interface management to other 
modules and teams). 

Interrelation sum (component) Components with high interrelation sum 
lead to numerous indirect dependencies 
between teams.

Could not be validated because the 
model does not contain shared 
component responsibilities of teams. 
The interrelation sum (component) 
equals zero.Intrarelation sum (components) Component A with a high intrarelation 

sum receives numerous impacts from 
further components. Changes in one or 
more connected components may 
lead to changes in component A. 

True. The highest connected 
component has an intrarelation sum of 
24 and is connected to many 
components belonging to other teams. If 
changing this component or any other 
component connected to it, the 
information flow between teams has to 
be ensured in order to avoid late 
detection of change propagation and its Intrarelation sum (teams) Team with a high intrarelation sum need 

sufficient time for communication in order 
to arrange the terms of working with their 
common components.

True. Team orange and blue are 
connected by 37 interfaces, a steady is 
communication is required. In total, team 
orange has 66 interfaces to other teams. 
Team blue and green share no indirect 
connections via their components. 

Inter/Intra Measure (team) The lower the inter/intra measure is, the 
more independent is an employee from 
other employee. 

No further meaning of this criteria. The 
indirect dependencies between the 
teams (via components) can already be 
identified by their intrarelation sum. The 
consideration of the interrelations sum 
does not add any value.

Inter/Intra Measure (components) Could not be validated as the 
intrarelation sum of components is zero.

Inter Articulation 
Node (team)

Only one team responsible for 
components 

This case is not given in the applied 
models. No relevance of this criteria is 
as this case appears seldom in industry.

Inter Articulation 
Node (component)

Only one component manufactured 
in the respective company 

This case is not given in the applied 
models and is seldom done in industry. 
No relevance of this criteria.

Inter Attainability (team) An unconnected team A (not attainable) 
is not connected to any component; 
hence, changes to any component will 
not impact employee A 

True, but no value added. All teams are 
interconnected and no Inter attainability 
is equal zero. The ranking and the scale 
is equal to the Intrarelation sum 
Criterion. Inter Attainability (component) An unconnected component A (not 

attainable) is not connected to any 
employee; hence, the unconnected 
component is not manufactured in the 
respective company – it may be a bought 
in component.

True, but no value added. No Inter 
attainability is equal zero and all 
components are interconnected. The 
ranking and the scale is equal to the 
Intrarelation sum Criterion. 

Domain Bridge Node (team) Employee who is not connected 
to other employee, but connected to 
multiple 
components.

No connections between teams & each 
team has multiple components. Kortler 
et al assigned this criterion "no special 
meaning".

FIGURE 1.	Basic 
structural entities 
(Kortler et al. 2009)

FIGURE 2. MDM and DSMC used for the examined case-study

TABLE 1. Validation results for the structural criteria and structural meanings of nodes

design process by their 
underlying structures. 
The content and the 
value of these structural 
criteria are defined by 
the domains and the 
dependencies between 
the domains’ elements. 
Besides the examination 
of structural criteria in 
a single domain matrix, 
an overall analysis of ma-
trices between different 
domains should be also 
executed. For this pur-
pose, Kortler et al. (2010) 
discussed the meaning of 
structural criteria in and 
between the domains 
“components” and “em-
ployee”. These domains 
play a significant role in 
product development as 
these processes involve 
components forming a 
product and employees 
being responsible for the 
design process which 
creates these initial com-
ponents.

 Kortler et al. (2010) 
created patterns of De-
sign Structure Matrices 
(DSM) between com-
ponents (DSMC) and 
a model of a Domain 
Mapping Matrix (DMM) 
connecting components 
and responsible employ-
ees (DMME-C). Both 
matrices were used to 
derive a DSM describing 
the connections between 
employees (DSME-E). 
Based on these matrices, 
they provided do-
main-spanning struc-
tural criteria describing 
both nodes and subsets. 
They interpreted each 
structural criterion 
considering one domain. 
For instance, the crite-
rion “interrelation sum 
of an employee” can be 
interpreted as “an em-
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and apply results gathered from the collaborative 
research center. 

4.2 Model basis for the case-study

For the industrial application and validation of 
the domain-spanning criteria, a MDM contain-
ing two domains –components and development 
teams– was built (see Figure 2, left). The domain 
components contained 94 components of a refrig-
erator. The domain development teams included 
four teams. Based on the MDM, two matrices 
were filled by expert workshops: in the workshop, 
the matrices were filled together with different 
functional responsible engineers and their team 
members. The exact procedure is described 
in Bauer et al. (2013). The DMM development 
teams-components describes the relationship “is 
responsible for”; the DSMC components-com-
ponents characterizes the relationship “changes” 
(see Figure 2, right).  A dependency was set in the 
DSM, such as a change of a component A influ-
ences a component B, e.g. by information, energy, 
signal flow or geometrical contact (Pimmler and 
Eppinger, 1994). In this case-study, the dependen-
cy was bidirectional.

In comparison to the model of Kortler et al. 
(2010) building the basis for the domain-spanning 
structural criteria, in this case-study the domain 
employee was substituted by the domain  develop-
ment teams, representing the DMM E-C. While 
the DSM C-C was covered by the DSM compo-
nents-components, the DSM E-E (employees being 
responsible for the same component), representing 
the dependencies between the employees and re-
spectively the development teams, was not estab-
lished. In the underlying MDM of this case-study, 
the development teams did not share component 
responsibility.

4.3 Application of the domain-
spanning criteria

The structural criteria presented by Kortler et 
al. (2010)  (Section 3) were determined by using 
the model described above (Section 4.2). Then, 
the resulting criterion and its proposed meaning 
were mirrored against the initial model (Section 
4.2) and the reality (depicted product development 
project in this case-study).

The result for the structural meaning of nodes 
is given in Table 1. The first column contains the 
structural criterion and the second column its 
structural meaning. In the third column, the 
validation results and a proposed reason for each 
result is presented.

From Table 1, it can be derived that 6 out of the 
17 criteria cannot be validated as in the underly-
ing model (Section 3) no shared responsibilities 
for components exist. Because of this, the Inter-
relation sum (component) cannot be determined, 
leading to a non- determinability of Inter/Intra 
Measure (components) and Inter Criticality (com-
ponent). Other criteria such as Domain Bridge 
Node (component), Domain Transit node (teams 
and Monogamic Node could not be determined 
due to the applied model. 

The result for the structural meaning of the 
subsets is given in Table 2. This Table is struc-
tured in the same style as Table 1.

Regarding the structural meaning of subsets, 4 
out 8 could not be determined due to the applied 
model. The other 4 criteria could be validated as 
true and meaningful in domain-spanning analy-
sis. 

5.	Discussion
From the analysis performed in the preced-

ing Chapter 4, several interesting results were 
obtained. These results were interpreted and 
evaluated in terms of their context, their validity 
and their applicability with respect to the case-
study examined. Although, the results discuss the 
findings from the specific topic of the case-study, 
general approaches which can be applied to differ-
ent applications and themes considering that the 
necessary modifications will be applied. 

The first aspect of the discussion was limited 
to the level of agreement of the model examined 
in the case-study with the criteria suggested by 
Kortler et al. (2010). In total 60% (15 out of 25) of 
these criteria are confirmed in the investigated 
model of the case-study. The intrarelation sum 
for the domain “team” could not be quantified 
due to the assigned component responsibility of 
this case. This entails that Inter/Intra Measure 
(components) and Inter Criticality (component) 
criteria could not be measured. The 3 criteria Do-
main Bridge Node (component), Domain Transit 
node (teams) and Monogamic Node could not be 
determined as the required information was not 
at hand. 

The criteria Interrelation sum (team), Intra-
relation sum (components), Intrarelation sum 
(teams), Inter Attainability (team), Domain Tran-
sit node (component), Multiple Mapping Node 
(component)  were determined and interpreted 
using the model of the tested case-study. All the 
previously mentioned criteria provided useful 

Structural criterion Structural meaning Validation
Cluster Components of a cluster are suitable for 

declaring a module [Maurer 2007], 
responsible for this module are connected 
employee of a cluster. In order to support 
the development process, the employee 
of a cluster should be placed in one office 
or in offices standing nearby for assisting 
communication. 

True. For each team, component clusters 
can be identified within their 
responsibility. In this case, no shared 
module responsibilities between teams 
exist. The clustering of components can 
even be improved (less interfaces 
between the modules) if the teams are 
restructured according to the product 
structure (Bauer et al. 2013)

Strongly connected 
part 

All teams and components are mutually 
connected by a edge path.

True. In this example the criterion is 
valid except for the interdependencies of 
two teams (see Intrarelation sum 
(teams).

Domain Distance 
(employee)

Specifies the minimal number of edges 
between two teams. Whereas team A is 
not connected to any component, team B 
is connected to one or more components. 

True. In this case the value is maximum 3 
for the interdependencies of the teams 
via components. 

Domain Locality 
(component) 

All teams are connected via component 
A. 

Could not be validated. But in this case 
there are two components who have 
direct dependencies to at least one 
component of the other three teams.

Feedback loop 
(components)

Change impacts affect the originating 
component via further components in a 
feedback loop. Change impacts of the 
originating component are caused by one 
of the connected employee. 

True. In this case, numerous feedback 
loops exist. To know these is very 
essential before triggering a change to a 
component to assess the impact of the 
change and the number of feedback 
loops the change initiates.

TABLE 2. Validation results of structural subsets

ployee with high interrelation sum 
provides numerous impacts to the 
domain components”. Each crite-
rion was quantified by the amount 
of connected components. 

Using the results of the meth-
od described above, ideas can be 
derived for the practical tasks of 
the work.  Such an example is the 
statement that employees should 
combine their efforts and tasks 
forming a team if they are to work 
on the same physical component. 
In total, Kortler et al. (2010) pro-
posed 25 domain-spanning crite-
ria, 17 for the structural meaning 
of nodes and 8 for the  subsets.

4.	Case-study for the 
Application of Domain-
Spanning Criteria
4.1 Background of 
the case-study

The structural criteria devel-
oped by Kortler et al. (2010) were 
evaluated in terms of their applica-
bility in the industrial operations 
and their relevance to complex 
systems’ processes of the exam-
ined case-study. The results of this 
work were obtained during the 
first project phase of a collabora-
tive research center at the Tech-
nische Universität München (SFB 
768). This research center consist-
ing  of  16  subprojects,  engages  
topics  which  emerge  during  the  
innovation  process and relevant 
problems arising. On the one 
hand, the authors’ subprojects 
address the modelling and analysis 
of discipline-spanning structur-
al criteria and their impacts on 
product development processes.  
On the other hand, the authors 
are involved in a transfer project, 
in cooperation with an industrial 
partner, which aims to validate 

Structural criterion Structural meaning Validation
Domain Similarity Two employee are connected to 

a high quantity of identical components. 
Could not be validated as each 
component belong to only one team. 

Domain Spanning 
tree 

Subset connecting all employee and all 
components by a selection of existing 
edges. 

Could not be validated as each 
component belong to only one team. 

Bi-connected 
component 

Component where the elimination of one 
edge does not separate the structural 
coherence. Components are connected to 
more than one employee. 

Could not be validated as each 
component belong to only one team. 

Structural criterion Structural meaning Validation
Domain Bridge Node (component) Bridge nodes create indirect 

dependencies between employees (DSM 
E ). Hence, indirect connected employee 
need to arrange the terms of working with 
their common components. 

Could not be validated. Every 
Component is interacts with other 
Components -> No Domain Bridge 
nodes

Domain Transit node 
(component) 

Component which is connected 
to other components and to one 
employee. 

True. Every Component is a Domain 
Transit node, as the components all 
interact among each other and each 
component is assigned to one team. 

Domain Transit node 
(teams)

Employee who is connected to 
other employee and to one 
component 

Could not be validated as no 
connections between teams. Kortler et al 
assigned this criterion "no special 
meaning".Multiple Mapping 

Node (component) 
Multiple Mapping components creating 
indirect dependencies between various 
teams and provide several changes to 
connected components. 

True. In total, 59,6 % of all components 
in the applied model are Multiple 
Mapping Nodes.

Inter Criticality 
(component)

The inter criticality shows a component’s 
degree of integration to change impacts in 
the system. A high value refers to 
possible domain-spanning impacts. 

Could not be validated as the 
interrelation sum of components is zero.

Monogamic Node Component A is an isolated node 
according to components. Employee A is 
an isolated node according to employee. 
Component A and employee A are 

Could not be validated as no 
Monogamic Nodes are in the model. 
This criterion can be a hint towards 
missing interfaces of a component. 

TABLE 1 (CONTINUATION). Validation results for the structural criteria and 
structural meanings of nodes
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information for the examined system. In detail, the 
information bulk enabled the management of the de-
pendencies between the domains and facilitated the 
re-design of the system focusing on improved com-
munication and increased efficiency in development. 
These criteria showed differences between the Teams 
according to the number of components they were 
responsible for and their influence on other teams 
and their components. For example, Team Orange 
possessed the biggest amount of components but also 
components with the highest Inter Attainability on 
average. This gave evidence to its core role in develop-
ment proving its role inside the actual process. In the 
applied case-study, Team Orange was the core team 
and was responsible for the interfaces and change 
management of the components of other teams and 
therefore it was the central team for communication 
and coordination.

In total 4 criteria, Inter Articulation Node (team), 
Inter Articulation Node (component), Inter Attaina-
bility (component), and Domain Bridge Node (team), 
did not provide any added value after the analysis. 
Two of them, Inter Articulation (team) and Inter 
Articulation Node (component), represented a case 
of responsibility which did not exist amongst the 
industry partners within the research collaboration. 
Therefore, no value was added in this case. If a case 
where only one employee/team is responsible for all 
the components or only one component manufac-
tured within an industry aroused, measures towards 
the industry’s strategy or a possible re-organization 
of responsibilities should be taken. The Inter Attain-
ability (component) provided the same results as the 
Intrarelation sum and did not endow any additional 
value. 

Regarding the structural meanings of the subsets 
provided by Kortler et al. (2010), following conclu-
sion can be drawn. The amount of criteria that could 
not be determined due to the applied model was 4 
out of 8. The remaining 4 criteria could be validated 
as true in domain-spanning analysis. The criteria 
Cluster and Strongly connected part supported the 
identification of modules with high internal and low 
external communication interfaces, respectively. This 
accredited the allocation of module teams accord-
ing to the modular product structure. The criterion 
Domain Distance showed that teams might present 
problems when it comes to unknown interfaces be-
tween other teams and their components. The teams 
should be able to consider these interfaces before 
changes on components are implemented, in order to 
avoid unforeseen changes which surpass deadlines. 
The criterion Feedback loops (components) proved to 
be a very important one as it indicated change prop-
agation feedback loops within a team and between 
different teams. Before implementing a change which 

triggers a feedback loop, it must be precisely calcu-
lated how many components and therefore teams 
are to be affected. Moreover, it should be thoroughly 
checked if a change can be implemented in a way that 
the feedback loops are not triggered. In total, this 
criterion is very important when the possible impact 
and the effort of a change are to be considered. 

Clear responsibilities for components, in the 
case-study examined the unambiguous assignment 
of components to the teams without overlapping, 
lead to an effective distribution of resources. Re-
jecting responsibility of a component due to allo-
cation to a different team, can lead to insufficient 
development of this specific component. In favor of 
analyzing an organization, its products’ structure 
and its domain-spanning interactions, the criteria 
provided by Kortler et al. (2010) could be integrat-
ed in order to identify critical nodes or subsets to 
re-design the responsibility. In the case-study used in 
this research contribution, the responsibilities were 
clearly assigned to the teams in a way of preventing 
potential overlaps in any responsibility regarding the 
components. This explained why some of the criteria 
suggested by Kortler et al. (2010) could not be validat-
ed using the model of the case-study. Nevertheless, 
these criteria, according to their theoretical mean-
ing, supported the planning of allocating resources 
according to the product structure or identifying 
critical nodes and subsets from the component 
responsibility’s perspective. These criteria allowed 
the identification, communication and management 
of interfaces between the organization and their 
components’ responsibility. If a case with shared 
components’ responsibilities was to be given, these 
aspects could be identified and improved using the  
criteria described by Kortler et al. (2010). This would 
empower the design of a clearly defined responsibility 
as in the given case study. 

6.	Outlook and Future Research
For further research on the topic of domain-span-

ning criteria, Kortler et al. (2010) suggested to 
implement structural criteria and their meaning in a 
supporting-software-tool. The aim of such a system 
would be to support the decision making process 
concerning design problems. Furthermore, the struc-
tural meaning should be extended to an extended 
network of domains, including products and their 
design processes. Specific domains towards increas-
ing application and establishing validation as well as 
facilitating development of further domain-spanning 
criteria are requirements, functions, components, 
processes and resources.


