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ABSTRACT

Engineering Changes (ECs) are substantial elements of the design process of technical products and are
in particular relevant for companies due to enormous additional costs and time delays they can cause.
In order to better understand ECs and realize efficient Engineering Change Management (ECM),
different approaches exist. One aspect of ECM are change propagation analysis, which try to analyze
knock-on effects of an EC on other product elements or the development process. How ECs can
propagate is in particular difficult to assess for complex products realized within different engineering
domains (mechanical, electrical and software engineering). To address this challenge, ECs are classified,
strategies to cope with ECs are presented and change propagation approaches are analyzed in this paper.
Thereby a lack of indicators for cross-domain propagation is identified. To overcome this issue, the
distinction of domain-specific and cross-domain linkage types is proposed and a set of linkage types is
presented. Further research is motivated to integrate these linkage types in product models while also
considering processes and organizational structures as additional dimensions of ECM.
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1 INTRODUCTION

Increasing product complexity and the necessity to integrate different engineering domains
(mechanics, electric/electronics and software) lead to significant challenges when handling
engineering changes (ECs) within the design process of established companies. Taking automotive
engineering as example, this complexity can be illustrated by the following development: in 1989 a
Volkswagen Golf (second generation) had two electronic control units (ECUs), for today’s vehicles up
to 100 ECUs are needed (Automobilwoche, 2018); some vehicles had approximately ten million
software lines of code in 2010, until 2016 this number went up to 150 million (Burkacky et al., 2018).
A corresponding trend is that up to 90% of today’s innovations in automotive engineering are based on
electronics and software (Automobilwoche, 2018), which indicates a clear shift in terms of
differentiating characteristics for vehicles. This trend is highlighted by Burkacky et al. (2018) stating
that software can “reach 30 percent of overall vehicle content (around $5,200) in 2030”. The higher
relevance of electric/electronics and software for automotive engineering reduces the amount of
functions that are solely realized within the mechanical engineering domain (Eigner, 2014). With
regard to these numbers and the demand to adapt R&D competences and capacities, a main challenge
for established companies is to integrate and coordinate involved engineering domains with varying
design processes and principles.

The described complexity regarding products as well as processes and organizational structures have
strong implications on the management of ECs, since these can be seen as small design projects within
the entire product development process. The relevance of ECs for product development is illustrated
by Yildirim and Campean (2013) reporting an average of five ECs per part for the development of a
typical new vehicle. In this context, Albers et al. (2016) highlight an increasing challenge, stating that
“Changes can affect multiple systems and stakeholders. To assess which changes are relevant for
which stakeholder is not a trivial task.” As a consequence, a clear understanding of linkages and
interfaces between different components or systems and resulting possibilities for change propagation
is crucial for successful engineering change management (Clarkson et al., 2001; Yildirim and
Campean, 2013). However, this understanding does not only refer to the product perspective, it also
needs to be identified, if an EC needs to be evaluated from an interdisciplinary perspective or even
results in an interdisciplinary EC process. Approaches that are indicating which engineering domains
are affected by an EC are missing in literature. Therefore, this contribution aims at highlighting the
relevance of cross-domain engineering change management and introducing linkage types to identify
and assess cross-domain effects of ECs.

This paper is organized as follows: Section 2 describes the basic concept of engineering change
management, presenting generic EC processes as well as classification approaches for and strategies to
cope with ECs. Section 3 focusses on change propagation by describing different types of change
propagation behavior and existing approaches to manage change propagation. As a basis for future
cross-domain engineering change management, the distinction of domain-specific and cross-domain
linkage types as well as an initial set of cross-domain linkage types are proposed in section 4. Section
5 finally gives a conclusion of this paper and motivates future work.

2 BASIC CONCEPT OF ENGINEERING CHANGE MANAGEMENT

Since most products can be seen as evolution of existing designs (e.g. Gerst et al., 2001; Jarratt et al.,
2004c¢), engineering changes are substantial element of the product development process (e.g. Fricke
et al., 2000; Clarkson et al., 2005). However, in many industries ECs are rather perceived as
unplanned, expensive and time-consuming, neglecting positive consequences of an EC for instance in
terms of product quality or innovation (Riviere et al., 2003a). According to Jarratt et al. (2004a) an EC
can be defined as “alteration made to parts, drawings or software that have already been released
during the product design process. The change can be of any size or type; the change can involve any
number of people and take any length of time.” In particular the second part of this definition
highlights the relevance of ECs with reference to the time schedule and costs of a design project,
which is why an efficient engineering change management (ECM) can be seen as a main competitive
advantage (Wilberg et al., 2015). To gain this advantage Wilberg et al. (2015) state that “Engineering
change management seeks to forecast possible changes, identify changes that have already occurred,
plan preventive measures and coordinate changes across the entire project.” ECM also comprises the
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implementation of (bundled) ECs, which is why it is closely linked to Release Engineering (RE).
Since changed elements need to be released as part of an existing product configuration, Inkermann
et al. (2018) emphasize the strong interaction of ECM and RE with Configuration Management (CM).
CM tries to ensure the compatibility of changed elements in a product configuration and demands a
consistent and transparent documentation of all configurations.

2.1 Generic engineering change processes

To coordinate and control ECs within design projects, companies have established EC processes. Key
element and trigger of these processes are change requests (Maurer et al., 2018). Figure 1 visualizes
two generic EC processes based on Riviere et al. (2003a) and Jarratt et al. (2004a). The process
described by Riviere et al. comprises seven tasks as part of three main phases named “EC proposal”,
“EC investigation” and “EC embodiment”. Jarratt et al. distinguish between six tasks and three phases
named “before approval”, “during approval” and “after approval”. Although both processes might
have different focuses, they are similar in particular with reference to task two, three and four. After
initializing the change request, these elements represent the three main tasks (MT) towards a technical
solution and are the basis for the following implementation of the EC (last phase of the EC process).
The content of these main tasks can be summarized as follows (see also Figure 1): defining (elements
of) the solution space (MT1), analyzing possible solutions and impacts (MT2) and defining the
solution of an EC (MT3).

EC proposal EC investigation EC embodiment
Il L |
T 1 r 1 I 1
EC impacts and Selection &
EC Pracess basad on Jgmamme feasibility solution
Riviere et al. (2003a): o definition
Defining  mT4 Analyzing mMT2 MT3
(elements of) possible ey Defining the "y
the solution solutions and solution
space impacts

Selection and
approval of a

Identification of
EC Process based on EC request possible
Jarratt et al. (2004a): raised solution(s) to

Risk / impact
assessment of

solution(s) solution by

change board

change request

T T T
before approval during approval after approval

Figure 1. Generic EC processes and challenging main tasks (MT) due to higher complexity

Performing the three main tasks described before becomes challenging with regard to products of
higher complexity and interdisciplinary design processes, since domain-specific technical decisions
more frequently cause cross-domain effects. This can be illustrated using the following example: due
to problems with the vehicle’s stiffness, an EC request with reference to the windshield - today a
structural part of the vehicle’s body - is raised. In order to achieve the required stiffness, modified
characteristics of the windshield (e.g. differing thickness) are proposed by the body department in
main task one (MT1). Since the EC request is raised and a technical solution is found within the
mechanical domain, no cross-domain impacts are considered in main task two (MT2) and the solution
is approved in main task three (MT3). After the implementation of the EC (last phase of the EC
process), problems with the vehicle’s rain sensor - a component developed in the electric/electronics
domain - occur. These problems are caused due to a neglected cross-domain dependency visualized in
Figure 2.

. Characteristics of the Windshield:
> Rain-Sensor x =(_,n) Refractive Index (n), ...

/

| Neglected Dependency |

Figure 2. Example of cross-domain dependencies to be considered within ECM

As shown in Figure 2, the ability of the sensor to receive and interpret signals correctly, depends on
the refractive index of the windshield. Since the refractive index has changed during the modification
of the windshield’s characteristics, the functionality of the rain sensor is influenced. This interrelation

ICED19 1127

https://doi.org/10.1017/dsi.2019.118 Published online by Cambridge University Press


https://doi.org/10.1017/dsi.2019.118

between the mechanical and the electric/electronics domain was neglected in main task two (MT2),
since the modification of the windshield seemed to be a domain-specific issue. As illustrated by this
example, the ECM of one specific engineering domain is established and an existing competence of
many companies. However, understanding and managing cross-domain ECs for highly complex
products is an increasing challenge. As a starting point to address this challenge, approaches to
classify and cope with ECs described in literature are presented in subsections 2.2 and 2.3.

2.2 Classification approaches for engineering changes

In order to better understand engineering changes, various approaches to describe and classify ECs are
used in literature. As a basis for strategies in ECM (subsection 2.3), this subsection provides an
overview of identified attributes characterizing ECs (summarized in Table 1).

Table 1. Attributes to classify engineering changes

EC Attribute Example / Markedness Relevant Literature (exemplary)

Cause emergent EC (e.g. insufficient Lindemann and Reichwald, 1998;

product quality), initiated EC (e.g. Eckert et al., 2004;

new customer demands) Jarratt et al., 2011

Stakeholders causing external (e.g. customers or Jarratt et al., 2011;

ECs legislators), internal (e.g. Chucholowski et al., 2012
engineering, manufacturing)

Effects (negative) additional product costs, Fricke et al., 2000;

changing time schedules Chucholowski et al., 2012

Obijectives enhanced product functionality, Riviere et al., 2003a;

(positive effects) quality improvements Chucholowski et al., 2012

Lifecycle stage concept phase, production phase Fricke et al., 2000;

Eckert et al., 2004

Urgency immediate, mandatory, convenience | Lindemann and Reichwald, 1998;

Jarratt et al., 2011

A major attribute of an EC is its cause. In this context Eckert et al. (2004) and Jarratt et al. (2011)
differentiate between emergent and initiated changes. Whereas emergent changes are caused by product
weaknesses (e.g. in terms of quality), initiated changes are based on changing product requirements. A
changing product requirement might result from upcoming innovations (Lindemann and Reichwald, 1998),
but also from new customer demands or legal regulations (Eckert et al., 2004) for example.

An additional classification in the context of emergent changes (not explicitly listed in Table 1) made
by Deubzer (2005) refers to the question if an EC could have been avoided (by the organization).
Considering initiated changes as changes that can be seen as essential for market acceptance and legal
conformity of the product, this classification is not applicable. Nevertheless this attribute might be an
additional and useful classification criteria with reference to the cause of an EC, because it indicates
potential fields of action for the management of emergent changes in future projects.

With reference to initiated and emergent changes, a valid classification of ECs can be made regarding the
stakeholders causing a change. These stakeholders might be customers, legislators or suppliers. Apart
from external also internal stakeholders like marketing and sales, engineering, manufacturing as well as the
quality, purchasing or finance department can cause an EC (Jarratt et al., 2011; Chucholowski et al., 2012).
Following a survey by Chucholowski et al. (2012) the most important stakeholders causing ECs are
customers and market trends, R&D, legal regulations as well as marketing and sales.

As described before, ECs are often perceived as negative due to the consequences they have. Frequent
effects (as third classification approach) are additional product costs, changing time schedules and a lack
of consistent information in the development process (Fricke et al., 2000). Chucholowski et al. (2012)
also describe negative effects with reference to the people involved, since frequent ECs might have an
influence on the motivation or reputation of the responsible engineer. Apart from these negative effects,
also positive effects - that can also be described as objectives of an EC - can be identified. Objectives of
ECs are for instance the integration of new technologies, enhanced product functionality, quality
improvements, a better positioning of the product with reference to competitors or cost reductions in the
long term (Riviere et al., 2003a; Chucholowski et al., 2012). This understanding of ECs corresponds the
concept of Release Engineering as proposed by Inkermann et al. (2018).
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In particular negative effects of an EC strongly depend on the product’s lifecycle stage, when the EC
is supposed to be implemented (fifth criterion for classification in Table 1). Nowadays most of the
ECs even for complex products like aircrafts are requested before the customer gets in touch with the
product (Riviere et al., 2003b). However, since the product gets more integrated and time is becoming
more critical during the ongoing design process, in particular ECs late in the design phase can have a
significant influence on the product’s costs (Eckert et al., 2004). This phenomenon, stating that the
costs of an EC increase by the factor of 10 for each phase in the design process, is described as “Rule
of Ten” (e.g. Fricke et al., 2000).

As last criterion for classification the urgency of ECs is identified. Lindemann and Reichwald (1998)
differentiate between changes that are necessary or even mandatory (e.g. for safety reasons) and
changes that are optional (e.g. enhanced functionality). A similar distinction is made by Jarratt et al.
(2011) describing the urgency of ECs using categories named “immediate”, “mandatory” and
“convenience”.

Although there might be other classification criteria, the criteria presented in the text and in Table 1
are most common in literature and a valid starting point to determine promising approaches in ECM,
which is explained in more detail in section 2.3.

2.3 Strategies to cope with engineering changes

Based on classification approaches summarized in Table 1, strategies to avoid or cope with ECs can be
defined. To derive these strategies and the measures they contain, detailed analysis of specific
attributes defined in section 2.2 are needed. The relations between EC attributes and strategies can be
illustrated using five strategies defined by Fricke et al. (2000) as an example. The first strategy called
prevention in particular is based on analyzing involved stakeholders, since the amount of changes in
this strategy is supposed to be reduced for instance by improved communication and awareness of
these stakeholders. Front-loading is a strategy resulting from analysis of the product lifecycle stage
when an EC occurs and is in particular pursued by companies because of the Rule of Ten.
Effectiveness predominantly focuses causes and effects of ECs, demanding more intensive analysis, if
an EC is required and beneficial from a technical point of view. Efficiency for instance analyzes if the
way stakeholders (can) communicate and how (their) resources are used can be improved, whereas
learning is a strategy demanding comprehensive EC analysis.

As exemplary shown before, EC strategies (see also e.g. Terwiesch and Loch, 1999; Deubzer et al.,
2006; Lindemann, 2016) can be derived by and defined based on certain attributes of an EC. Resulting
measures within a strategy thereby target specific dimensions. Following Browning et al. (2006)
substantial and highly interrelated dimensions to achieve the companies goals are the product (as
“desired result of the project”), processes (as necessary steps “to produce the product”) and the
organization (as “people assigned to do the work to produce the product”), which can also be seen as
key determinants for ECM. Table 2 summarizes the strategies proposed by Fricke et al. (2000) as well
as measures defined within these strategies. Although these measures are not limited regarding their
target dimensions, a main target dimension (product, process, organization) they in particular focus
can be defined (see last column in Table 2).

Table 2. Strategies and measures in ECM (Fricke et al., 2000) and their target dimensions

ECM Strategy Strategy Measures Target Dimension

Prevention Improve communication and awareness Organization

(“number of changes” Make decisions only under high degree of Process

as target figure) information

Strengthen decision discipline Organization

Front-loading Prohibit optional late changes Process

(“point of time” Strengthen decision discipline Organization

as target figure) Integrate user early in the design process Process

Improve change prediction Product

Effectiveness Reduce subjectivity in decisions Organization

(“ratio of effort to benefit of Improve and use methods for rational Process
changes” as target figure) decision making

Enhance effect analysis Product
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Efficiency Improve (early) information on and Process
(“time and cost of a change” documentation of ECs
as target figure) Implement adaptive EC processes Process
Incorporate changeability into the product Product
Learning Analyze already implemented ECs Product
(“quality of product Analyze former projects Process
development and change Reuse and transfer knowledge Process
management” as target figure)

As illustrated and confirmed in Table 2, all target dimensions - process, organization, product - can be
considered relevant for ECM. This also becomes evident, considering that a strategy and it’s measures
in most cases address several dimensions or at least need to involve other dimensions to generate
improvements. Since a detailed understanding and a suitable representation of the product is an
essential prerequisite to implement adequate EC processes and organizational structures, this target
dimension will be focused in this paper. Regarding the product and it’s representation a key challenge
in ECM is change propagation, which is explicitly addressed by two measures in Table 2 (improve
change prediction, enhance effect analysis) and will be further discussed in section 3.

3 CHANGE PROPAGATION AS KEY CHALLENGE IN ECM

Already in 1998, Lindemann and Reichwald differentiated ECs only referring to one component - also
described as local changes - and interface crossing ECs. The latter so-called change propagation is an
increasing challenge in the context of ECM, since the assessment of knock-on effects of an EC on
other product elements is complicated for complex products. However, according to a study by
Chucholowski et al. (2012) only about 50% of the companies try to analyze risks and impacts of their
ECs. Although the numbers might differ, there are other references confirming that detailed analysis of
change propagation or impacts are rather uncommon for most companies (Jarratt et al., 2011).
Considering the fact that companies spend up to one third or even half of the R&D capacity to manage
ECs (Chucholowski et al., 2012), the relevance of methods for comprehensive analysis of change
impacts between components becomes evident. In order to better understand the phenomenon of
change propagation, section 3.1 will present different types of change propagation behavior.
Approaches to manage change propagation will then be discussed in section 3.2.

3.1 Change propagation behavior

With regard to change propagation, direct and indirect change propagation has to be differentiated.
Whereas direct changes propagate from one component to another (from A to B), indirect changes
propagate via an intermediate component (from A to C to B) (Clarkson et al., 2001). Considering
these examples, Fricke et al. (2000) introduced the term “cause-effect net of changes” describing that
a component affected by a change can become the cause for the change of another component. With
reference to the behavior of components in the context of change propagation, Eckert et al. (2004)
differentiate between change constants, absorbers, carriers, multipliers and buffers (see Figure 3a).
Whereas change multipliers cause more changes than they absorb, change absorbers reduce the
change problem. Change carriers do not enlarge or reduce the change problem, since they cause as
many changes as they absorb. Change constants do not have an influence on the change problem,
because they neither absorb nor cause changes. In contrast to that, change buffers can have an
influence. Depending on their tolerance range they either become change absorbers or multipliers. An
additional type (not visualized in Figure 3a) to describe the behavior of a component in the context of
change propagation are change resistors. Change resistors are defined not to be changed under any
circumstances, because it is foreseeable that changing these components would have significant
consequences. (Eckert et al., 2004)

Depending on the change propagation behavior of involved components, the number of changes over
time for a specific net of changes develops. As illustrated in Figure 3b, change ripples, blossoms and
avalanches can be distinguished in this context (Eckert et al., 2004). While change ripples and
blossoms finish within the planned time frame, the number of changes in a change avalanche is not
controlled and reduced on time. Due to unforeseen change multipliers, change avalanches are
difficult to predict and can lead to significant additional costs. Although change blossoms involve
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many affected components, they - in contrast to change avalanches - finally lead to change absorbers
and the process stays under control. In a change ripple only a few components or systems are
affected, so that the number of changes can be reduced relatively fast.

a) Change propagation behaviour b) Patterns for propagated ECs
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Figure 3. a) Types of change propagation behavior and b) Patterns for propagated
engineering changes (Eckert et al., 2004)

In particular regarding possible time delays and additional costs caused by change avalanches, the
need to understand and manage change propagation becomes evident. Therefore, existing approaches
to manage change propagation are presented in the next section.

3.2 Approaches to manage change propagation

Since the management of change propagation is crucial for ECM (Jarratt et al., 2004c), there are
diverse approaches in literature supporting analysis and assessment of change effects. However,
managing change propagation is difficult, since (almost) nobody completely understands a highly
complex product in detail (Clarkson et al., 2001). In addition to that, adequate approaches also depend
on the product type, taking into account that approaches from a software perspective differ from
approaches addressing hardware driven products. In order to derive suitable approaches to manage
cross-domain change propagation, in particular dependencies between product elements out of the
mechanical, electric/electronics and software domain need to be focused and represented.

In the context of hardware driven products, many approaches to manage change propagation use
design structure matrices (DSMs) to visualize dependencies between different components (see e.g.
Clarkson et al., 2001; Keller et al., 2005; Giffin et al., 2009), because of the simple format a DSM
offers. Dependencies and therefore possible ways of change propagation can for instance be illustrated
using crosses or numerical values in the cells of the DSM. Numerical values can thereby represent the
likelihood that a change propagates from component A to B, the impact this propagation might have or
the risk (combination of likelihood and impact) of the dependency between A and B (Clarkson et al.,
2001). In order to illustrate these approaches, different types of DSMs are visualized in Figure 4.
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Figure 4. Likelihood, impact and risk DSMs (based on Clarkson et al., 2001)

Although many dependencies can be visualized using DSMs, there are disadvantages in particular with
reference to highly complex products. On the one hand, this is due to the fact, that the DSM of a
product consisting of many components can become difficult to read because of its size (Jarratt et al.,
2004b). On the other hand, DSMs are rather unsuitable to represent indirect links (Keller et al., 2005)
and the type of dependency (spatial, thermal, etc.) the components have. In order to consider different
interfaces between components, for instance Yildirim and Campean (2013) describe if material (M),
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energy (E) or information (I) are exchanged between components. An additional interface type defined
as P illustrates if a physical (i.e. spatial) relation between components exists. To properly visualize
different interfaces of one component to other components, interface matrices (IM) as shown in
Figure 5 can be used.

INTERNAL INTERFACES EXTERNAL INTERFACES
A B c D E F E1l E2 E3 E4 ES E6 E7
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Figure 5. Interface matrix of a vehicle’s battery pack (Yildirim and Campean, 2013)

In addition to these matrices, Yildirim and Campean (2013) use interface analysis tables (IAT) to
present further information of an interface between two components. In these tables for instance the
target value for and a detailed description of the exchange as well as the function of the interface (e.g.
transmit electrical power) are summarized.

Although the described approaches can indicate cross-domain dependencies to a certain degree (i.e.
interface type E suggests the involvement of the electric/electronics domain), they do not specify these
dependencies detailed enough. As a consequence it is not clearly defined, which type of dependency
or interface demands a cross-domain interaction and collaboration of two or more engineering
domains in the design process. This will be further discussed in section 4.

4 DISTINCTION OF DOMAIN-SPECIFIC AND CROSS-DOMAIN LINKAGE
TYPES TO SUPPORT ENGINEERING CHANGE MANAGEMENT

As shown in the sections before, linkages between components and (sub)systems that are relevant for
ECM can be direct or indirect. In addition, linkages can be evaluated using values for the likelihood,
impact and risk that an EC propagates between components. However, existing approaches do not
properly indicate, which engineering domains - mechanical (ME), electrical (EE) or software
engineering (SWE) - are affected in the case of change propagation. As described, this lack of
information can be reduced using interface matrices and interface analysis tables. Nevertheless, a clear
distinction of domain-specific and cross-domain linkage types is missing.

Domain-specific linkage types thereby indicate that solutions for and possible impacts of an EC (see
in particular MT 2 in Figure 1) can be evaluated within one engineering domain (e.g. only ME). In
contrast to that, cross-domain linkage types demand cross-domain communication and collaboration
(e.g. between the ME and EE domain) within the EC process. Based on a literature analysis and a
linkage type classification (see Wilms et al. (2019) for further details), a set of basic linkage types for
technical systems distinguishing domain-specific and cross-domain linkage types was derived. Within
this set, the linkage types “material transfer”, “transfer of loads, forces or torques”, “translational or
rotational movement”, “magnetic field” (all allocated to ME domain), “electrical earth” and “electrical
power” (EE domain) can be classified as domain-specific. In contrast to that, “spatial relations or
physical connections”, “vibrations and acoustics”, “electric or electromagnetic fields”, “thermal
relations” and “information or control signals” are cross-domain linkage types, since component
properties or behavior relevant for different engineering domains can be affected by an EC. Although
this set of eleven basic linkage types has not been applied and evaluated in detail yet, it was validated
using the vehicle as exemplary product (see also Wilms et al., 2019). Based on this validation, an
additional cross-domain linkage type named “optical” was identified. To better understand the defined
cross-domain linkage types, Table 3 presents these types and exemplary illustrates the need for cross-
domain interaction in the case of an EC. Focusing for instance line two and five, it additionally
becomes apparent that besides involved domains, another important information regarding the linkage
types refers to the question, if a linkage type is needed (line 5) or rather interfering (line 2) to provide
e.g. a certain function. With reference to this aspect further details are given for instance by Yildirim
and Campean (2013), who use a five-tier scale to rate linkages. A procedure to assess the cross-
domain nature of a specific linkage type is discussed in an additional paper by Wilms et al. (2019).
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Table 3. Cross-domain linkage types (based on Wilms et al., 2019)

Cross-Domain Linkage Type Example and Domain Relevance (ME, EE or SWE)
Spatial relation or physical Rain sensor (EE) being attached to the windshield (ME)
connection
Vibrations and acoustics Windshield (ME) transferring vibrations on rain sensor (EE)
Electric or electromagnetic field | Electromagnetic field (EE) attracting mechanical components (ME)
Thermal relation Temperature exchange between mechanical components (ME) and
electric cables (EE) or vice versa
Information or control signal ECU-Software (SWE) interpreting signals of the rain sensor (EE)
Optical signal Windshield (ME) refracts the optical signal of the rain sensor (EE)

In order to support engineers in decision making during the design process, a complete set of linkage
types for the specific product needs to be derived and validated (exemplary shown before). In a second
step, an adequate product model including these linkage types has to be created. Since many different
product elements as well as differing linkage types need to be considered, the product model can only
be realized using suitable modeling languages (e.g. SysML). Apart from that, the product model needs
to be created considering specific requirements of the task is has to support. For instance, a product
model supporting cross-domain ECM might therefore differ from a product model supporting
consistent requirement specification. This tailoring to derive suitable approaches is also relevant for
other target dimensions presented in section 2.3. As a consequence, defining a complete set of linkage
types and a corresponding product model is an important step towards an ECM for highly complex
products. Nevertheless, other target dimensions (i.e. the process and organizational dimension) not
explicitly addressed in this paper also need to be considered to create comprehensive approaches
effectively supporting engineers in the design process.

5 CONCLUSION AND FUTURE WORK

Managing engineering changes is a substantial and challenging part of modern product design. However, in
particular the increasing relevance of electrics/electronics and software lead to rising product complexity
e.g. in automotive engineering. This increasing product complexity is accompanied by the need to adapt
R&D competences and to integrate and coordinate different engineering domains in a common design
process. As a consequence, companies have to face challenges in the product, process and organizational
dimension, whereas in particular analyzing solutions for and possible impacts of an EC is a complicated
task. With reference to the product dimension, this task is challenging because of change propagation
leading to unconsidered impacts of an EC on other product elements. To identify and evaluate potential
impacts different approaches like risk DSMs and interface matrices as well as interface analysis tables are
described in literature. Although these matrices and tables offer approaches to assess risks and possible
ways of change propagation, they do not clearly indicate when cross-domain interaction and collaboration
is needed. As a consequence, the distinction of domain-specific and cross-domain linkage types describing
different dependencies between components and potentially affected engineering domains is proposed in
this paper. Additionally, an initial set of cross-domain linkage types is presented and illustrating examples
are given. However, to derive comprehensive ECM approaches for highly complex products and
interdisciplinary design processes, a complete set of linkage types in a suitable product model needs to be
created. To implement and use this model, the process and organization as additional dimensions have to
be considered. Thereby adaptive EC processes for different types of ECs and linkages as well as
corresponding organizational structures need to be derived.

Disclaimer: The results, opinions and conclusions expressed in this paper are not necessarily those of
Volkswagen Aktiengesellschatft.
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