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Abstract

During product engineering, engineers draw on existing knowledge as a basis. This knowledge is applied in
design processes either by adopting elements, alternating some attributes, or changing the solution
principles. While concepts for design reuse exist, the proactive design of a suitable knowledge base is still a
challenge. In this paper, we show influencing factors in engineering and their influence on the knowledge
base. These factors are of the areas market, company, project, and team. Based on our results, we intent to
develop a support for engineers to set up the knowledge base.
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1. Introduction
An iPod, a phone, an internet communicator. - Steve Jobs, 2007

2007 Steve Jobs introduced the iPhone (Kerris & Dowling, 2007). It united the MP3 player, telephone,
camera, touch screen, and other functions in just one device. That shows that the entirely new product
iPhone of 2007 was set up on already existing technical systems as a basis. This basis can be described
by various reference products. The iPod, a mobile phone, and an internet communicator such as an
iMac served as reference products in this context. Still, the iPhone is one of the most popular
smartphones around the globe. One success factor of the iPhone could have been the availability of
many well tested and well understood in-house references to draw on.

On the contrary, start-ups developing their first product cannot draw on already existing products of
their own to base their development on. Thus, they often use successful designs of other companies
usually used in different contexts or designs presented in scientific contexts.

A comparison of the two examples of product engineering illustrates that the situations in which
product engineering takes place can be of many different types. E.g. Apple is an established successful
tech company with various products already introduced to the market. They spend a huge amount on
R&D every year and maintain many development teams. This enables such a company to draw back
on other knowledge resources as other companies. A drastic example on the other side is a typical
start-up. Being new on the market, they can seldom draw on big resources - neither regarding already
existing products established on the market, nor manpower. Thus, it becomes obvious, that various
engineering projects require knowledge bases designed differently to meet the requirements of the
specific situation appropriately.

Since every product development process is unique and individual (Albers, 2010), we propose that
unique and individual knowledge bases are needed, to meet the requirements of the specific product
development project appropriately. Within this paper, we aim to analyse the correlations of factors
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describing the engineering situation and their influences on the respective knowledge base. On the
longhand, we want to support engineers in designing an appropriate knowledge base to perform their
engineering activities effectively.

2. Knowledge reuse in production engineering

Only 20% of the subsystems in a new product require fundamentally new designs. Most new
challenges in product development can therefore be solved by reusing knowledge (Cross, 2007; lyer et
al., 2005; Zhang et al., 2017) agreed on this, stressing that the greater part of engineering activities is
about modifying already existing designs/ solutions. However, in most engineering projects, the active
reuse of knowledge is only about 30% on average (Zhang et al., 2017). Thereby, the advantages of
Design Reuse like increasing cost-effectiveness and flexibility in engineering are widely agreed on in
literature (Alblas & Jayaram, 2015; Corso et al., 1999; Eckert et al., 2004; Sivaloganathan & Shahin,
1999). Thus, knowledge reuse is a competitive advantage (Zhang et al., 2017). Previous projects
provide a strong basis that can be drawn upon. So it is essential to make this information of completed
projects available in ongoing projects (Albers et al., 2014).

The main challenges in design/ knowledge reuse are about gaining or providing suitable information
for the current engineering task (lyer et al., 2005; Shahin et al., 1999; Sivaloganathan & Shahin,
1999). Especially the identification of suitable knowledge/ designs seems to be a problem in practice
as engineers mainly draw on their own experience or known projects as sources (Ahmed et al., 2003).
The Case-based Reasoning approach and C-K Theory are approaches to search for references or
creative solutions to similar problems (Hatchuel et al., 2004; Maher & Garza, 1997). Breaking down
the complex engineering task, the knowledge space - K (knowledge/ experience) of the engineers is
searched for analogies which form the basis for new solutions/ concepts (concept space - C).

Gero (1990) and Eckstein and Henrich (2008) both notice that context is of high importance in
knowledge reuse (Eckstein & Henrich, 2008; Gero, 1990). Describing the user's information need
more precisely by its context is useful because "an engineer in the early phases in a development
process might look for general documents whereas later phases demand more specific documents in
terms of the documents’ degree of maturity” (Eckstein & Henrich, 2008). With a contextual search,
not only the text of the query of the user is taken into account, but also the dependencies between
different documents, leading to more detailed search results (Eckstein & Henrich, 2008).

Albers et al. (2015) introduced a universal approach, the model of PGE - Product Generation
Engineering, to describe any kind of product engineering project. Thereby, he aims at offering a solid
basis for research on engineering projects as well as the development of methods supporting
engineering projects.

The model of PGE has two basic assumptions. First, every product engineering project is based on
reference products, such as already existing solutions, products, or concepts. Thus, product
development can be seen as the development of a new generation based on references. These reference
products can originate in the direct predecessor generation of the product, products of competitors,
different industries, or even university research/ R&D projects. Second, the development of the new
product generation of a subsystem can be described by three types of variation; carryover variation
(CV), embodiment variation (EV), and principle variation(PV). (Albers et al., 2015)

With the reference system, Albers et al. (2019) added another element to the model of PGE, describing
the relationship of reference products and new product generations in a more formalized manner
(Figure 1). Thus, the reference system contains all reference system elements (RSE) and their
interrelations. Reference system elements can be retrieved from socio-technical systems or their
associated documentation. The reference system is the starting point for developing new product
generations by conducting CV, EV, and PV.

Reference system elements can be characterized by their origin, which can be external (same or
different branch, research) or internal (company, development team). Impact factors of the reference
system on development targets are origin, maturity level and complexity of RSE. The reference
system can be characterized by these quantities among others.

For mapping and thus researching engineering processes and activities, the iPeM - integrated Product
engineering Model can be used. The iPeM consists of layers for the integrated modelling of the
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development of various product generations, the validation system, production system, and strategy.
These layers have to be considered in an integrated way due to their strong connections in the targeted
objectives, pursued object systems and used operation systems.
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Figure 1. The reference system in the model of PGE - Product Generation Engineering (Albers
et al., 2019)

3. Research objective and research approach

As illustrated in the two opening examples, different situations in engineering require differently
designed reference systems to support engineers in conducting engineering activities appropriately.
The reference system within the model of PGE - Product Generation Engineering offers a solid
foundation to research the characteristics needed in a specific reference system in a specific
engineering situation. We believe this will provide insights to develop methodical support for
engineers to design a suitable reference system actively according to their situation and engineering
activities. Therefore, the main goal of this paper is to identify the correlations between the engineering
situation and the design of an appropriate reference system. To reach this goal, the following research
guestions are discussed within this paper:

¢ Which factors in the context of product engineering influence the reference system?
¢ How can the correlations between the identified influencing factors and the reference system
or its elements be described?

To answer these research questions, we chose a literature-based approach analysing publications of the
contexts of knowledge reuse and PGE, case studies of product engineering projects and process
models used in product engineering. We analysed these publications regarding factors of the
engineering situation such as the context of the company and competition, engineering activity, or
team related and correlated them with characteristics of the references that were used in these specific
or general descriptions.

As illustrated in Figure 2, we followed an approach of three focus points. First, we aimed at analysing
the literature on knowledge/ design reuse. Therefore, we conducted a literature review based on the
publication introducing the reference system by Albers et al. (2019). Serving as a starting point, we
used this paper for tracing back the mentioned references. Thereby, we identified factors influencing
the reference system as well as characteristics of the reference system or its elements that are
influenced.

In a second step, we analysed various case studies describing product engineering projects. Therefore,
we first collected case studies in the context of the model of PGE. Subsequently, we conducted a
systematic literature review approach to collect additional case studies described in the literature. We
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performed this review using the scientific database Scopus limiting the results to papers using the
English language. The search space of the review is described with the following search string:

(TITLE-ABS-KEY (product AND development) OR TITLE-ABS-KEY (product AND engineering))
AND TITLE-ABS-KEY (case AND study) AND TITLE-ABS-KEY (reuse AND knowledge) AND TITLE-
ABS-KEY (reuse AND design).

The 173 results of the search were narrowed down to the field of engineering with the help of a filter.
Publications discussing theoretical cases, methods or literature reviews were excluded. In addition, we
only considered peer-reviewed publications, i.e. journals and conference papers:

AND (SUBJAREA(engi)) AND (LIMIT-TO(SRCTYPE, "j") OR LIMIT-TO (SRCTYPE, "p"))

Starting point:
Reuse of Backward reference EP
- > Proposing the
knowledge searching .
reference system

esearch Case studies Identification of:
Case studies * Influencing factors
Case studies related *  Characteristics
to product generation of the reference system
engineering
VDI 2221
Process models Etc.
iPeM *(Albers ctal,, 2019)

Figure 2. Structure of the literature research

To close our review, we analysed process models commonly used in product engineering in a third
step. The aim is to check what phases or activities, require what types of reference system elements.

4. Observations from literature research

Based on the presented methodology, we analyzed scientific publications regarding factors influencing
the reference system and its elements as well as their influences, retrospectively. In the following, we
present the results clustered by the used research approaches and illustrate, how we gained the results.
Hereby, we do provide examples of how the individual factors were derived from the various sources.
All deducted influencing factors are given in Table 1.

Influencing factors mentioned in the knowledge reuse literature

Corso et al. (1999) state, the high degree of product individualization in the automotive sector requires
a high standardization at both, the product architecture and component level. They state, that a high
product variety is achieved by modular product architecture. (Corso et al., 1999) Thus, we concluded,
that the industry influences the product architecture and standardization of the components but has no
influence on the reference system directly.
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Table 1. Overview of all identified influencing factors and influenced variables with their
specific value in the context of the reference system

Source |lnﬂuencing factor IValue |lnﬂuenced variable |Value
Influencing factors mentioned in the knowledge reuse literature
Product variety high Structure of the product architecture modular
Industry - Product life cycle duration -
(Corsoeetal,, 1999) (1 Industry - Structure of the product architecture -
Industry Automotive |Standardisation level of components high
(zﬁgg;er, Geo, & Roy, [2] |Production volume high Standardisation level of components high
Industry - Market uncertainty -
(Alblas & Jayaram, 2015) | [3] |Market uncertainty high Structure of the product architecture modular
Market uncertainty high Development time short
(fgg/g&t)loganathan & Shahin, [4] |Activities of product engineering |- RSE type -
Number of variants - Structure of the product architecture -
Legal situation insecure Structure of the product architecture modular
l,2
(Wyatt et al., 2009) 51 Legal situation insecure Origin of the designer internal
Product generation G>1 Level of detail of RSE high
(Ettlie & Kubarek, 2008) | [6] |Development time short Origin of RSE internal
(Markus, 2001) [7] |Experience of the designer - RSE type -
Strugture of the product modular Standardisation level of components high
architecture
Standardisation level of high Level of detail of RSE high
components
Standardisation level of . . .
(Wouters & Kerssens-Van 8] components high Maturity level of RSE high
Drongelen, 2004 - .
g ) Stru_cture of the product modular Origin of RSE internal
architecture
Market uncertainty high Structure of the product architecture modular
Legal situation insecure Structure of the product architecture modular
Number_ of cooperating high Homogeneity of the reference system  |heterogeneous
companies
Influencing factors mentioned in the case study literature
(Vezzetti et al., 2011) [9] |Origin of the designer - Terminology of the reference system -
(Hernandez et al., 2011) [10]{ Industry - Legal situation -
(Zhang et al., 2017) [11]|Origin of the designer - Terminology of the reference system -
Homogeneity of the development .
. heterogen Homogen f the referen m  |heterogen
(Sassanelli et al., 2021) (12]team eterogeneous | Homogeneity of the reference systel eterogeneous
Origin of the designer - Homogeneity of the development team |-
Industry Ship building |Structure of the product architecture modular
(Pakkanen et al., 2019) [13]|Product generation G>1 Origin of RSE internal
Product generation G>1 Homogeneity of the reference system  |homogeneous
] Licence
Protection status granied Approval for use open
g;)%nogenelty of the development heterogeneous [Homogeneity of the reference system | heterogeneous
(Albers etal., 2019) [14]| Standardisation level of high Level of detail of RSE high
components
Product generation G>1 Level of detail of RSE high
Product generation G>1 Origin of RSE internal
Origin of RSE internal RSE type model-based
Corporate partnership cooperation | Number of cooperating companies -
Number of cooperating . .
(Albers et al., 2017) (15]| companies cooperation  |Homogeneity of the development team | heterogeneous
Origin of the designer external Origin of RSE external
Protection status patented Approval for use locked
(Albers et al., 2020) [16]| Development time short Origin of RSE internal
Product generation Gl Origin of RSE external
(Pfaff et al., 2021) [17] g;gifgszlronal experience of the low Homogeneity of the development team | heterogeneous
Type of company - Number of cooperating companies -
(Albers et al., 2016) [18]|Product life cycle duration short Origin of RSE internal
Influencing factors mentioned in product engineering process models
(VDI, 2019b) [[19]] Type of company [SME [Number of variants [high

DESIGN INFORMATION AND KNOWLEDGE

https://doi.org/10.1017/pds.2022.75 Published online by Cambridge University Press

737


https://doi.org/10.1017/pds.2022.75

The design model according to Sivaloganathan and Shahin (1999) shows different activities of product
engineering including typical outcomes. Analyzing his statements, we concluded, that each product
engineering activity requires different types (e.g. requirements or detailed designs) of reference system
elements.

Wyatt et al. (2009) discuss a manufacturer of diesel engines faces different customer preferences
which lead to a high number of product variants. They also state customers want to be independent of
environmental protection laws. According to them, this forces the company to keep the external
interfaces constant. To sum up, the high number of product variants and the insecure legal situation
lead the company to a modular product structure. To meet the insecure legal situation, a design team
for an electronic control system and exhaust after-treatment is centralized at the parent company level.
Based on this description, we concluded that the unclear legal situation influenced the origin of the
designer included in the design team.

Following Ettlie and Kubarek (2008), involving suppliers and customers in the development process
of new products or services will slow down the process. A search for internal reuse sources can
therefore save time. Thus, a required short development time can imply favouring internal reference
system elements.

A further case is the development of an electric toothbrush. Commonalities also contribute to the
standardization of the product architecture: The charging unit is the same across all product variants
(Wouters & Kerssens-Van Drongelen, 2004). We concluded, that a modular product architecture
contributed to the use of highly standardized components, which lead to a high detail and maturity
level of used reference system elements. Also, the origin of the charging unit can be interpreted as an
internal reference system element.

Influencing factors mentioned in the case study literature

Following relation have been found in the second part of the literature research, which lays effort on
case studies.

According to Baxter et al. (2008), in variant-design or evolutionary design, many requirements remain
the same as with the previous product generation. Thus, we concluded, a higher product generation
can lead to higher maturity levels of requirements specification.

Technical specifications are not normally formulated in a standardized way (Vezzetti et al., 2011)
because designers prefer a different presentation or transfer of knowledge depending on their role in
the product life cycle (Zhang et al., 2017). Thereby, the origin (discipline/ branch and experience) of
the designers influences the terminology of the reference system.

To realize a new solution, the heterogeneity of the development team is important (Sassanelli et al.,
2021). We concluded this can increase the heterogeneity of the reference system due to the team
members diverse fields of expertise and experiences.

An example in the context of the model of PGE is the development of new technology for the
processing of particle foams using frequency technology. Hereby a patent of a company from another
industry is used. (Albers et al., 2019) Since the company grants usage of their patent, its technical
concept is transferable from the reference system to the system of objects. Thus, we concluded, that
the protection status determines the approval to use references unaltered. A frame according to a
standard is used instead of the frame of the previous generation (Albers et al., 2019). The usage of the
frame of the predecessor would have resulted in a model-based type of RSE since a CAD model is
already available. Hereby, we concluded that the origin of an RSE can determine the type of the RSE
(e.g. model-based or document-based).

Another example is the development of the dual-mass flywheel. During its development, a unique
spring mechanism was patented. This forced competitors to find a different solution for their product
with the same function (Albers et al., 2017). Thus, we concluded that the protection status of
references can define the freedom to use the reference system element.

Furthermore examined the start-up company kamedi. The development in this start-up environment is
characterized by only external sources, leading to reference system elements of external origin since
no previous product generation is available. Moreover, the lack of empirical knowledge from the field
on the part of the founders can lead to the involvement of external partners (Pfaff et al., 2021). By this
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analysis of start-up environments, we concluded that the type of company (e.g. start-up or established
group) can influence the origin of reference system elements as well as the heterogeneity of the
development team.

Influencing factors mentioned in product engineering process models

To complete the findings, we analyzed process models.

The VDI-guideline 2206 (2004) states that in the activity "systems design", a search for principles and
solution elements should be performed to fulfil sub-functions. This can be seen as a search for
reference system elements. Additionally, VDI-guideline 2221 (2019a) deals, among other subjects,
with clarifying and specifying the problem or task. These activities include gathering all available
information, which also can be interpreted as an active search for reference system elements. The
guideline (2019b) states that especially small and mid-size enterprises develop products, which can be
characterized by middle to high complexity and a high number of variants. Besides contextual factors
in product design are presented (VDI, 2019b). However, these factors cannot be transferred directly as
influencing factors of the reference system without additional validation.

The factors influencing the reference system - overview

Analyzing the identified influencing factors as well as the variables influenced, we saw that not all of
them influence the reference system or characteristics of the reference system directly. As illustrated
in Figure 3, we distinguished the two groups of direct and indirect influencing factors to sort these
relations. Direct influencing factors have a direct influence on the characteristics of the reference
system, whereas indirect factors only influence other factors.

indirect direct influencing characteristics of
influencing factors the reference
factors - system
|  Protection status  |—
[14,15]
_| Professional experience
Type of company |—_ (171 of the designer |~ [7]
\[1 7] Homogeneity of the ‘ Approvai for use :

development team [12,14]

(1]

RSE type

| Origin of the designer |

[9,11]

Corporate (3] Activities of product [4] Terminology in the
partnership [13] engineering 1] reference system
e P —1[5] -
(o1 [5,8] Numbz:‘);f (;(:l(i)gseratmg —[8] Homogeneity of the
@IMJ (3.8] - reference system
Structure of the
X —[8]

product architecture

[14]

(13]

[1] [8] | Product generation |<[13,14,17]

(19] [5] [5,14]

Development time  |—
- [Fmberotvarams}— |1, (616
[Production volume]—

Origin of RSE

[Level of detail of RSE]

Product life cycle [18] [Maturity level of RSE
duration ' =
(814 /
Standardisation level of] _~[g)

the components -l RSE: reference system element

Characteristics of reference
system elements

|__Influencing factor | | Market | | Project |

Characteristics of the
| Company | | Team/Human | reference system

Figure 3. Interrelation model of influencing factors and characteristics of the reference system.
Specific values of the factors and characteristics are explained in table 1 and within chapter 4.

In a further step, we categorized the influencing factors using the categories of the contextual factors
in product design according to VVDI-guideline 2221 (2019b). Thus, factors are labelled as market-,
company-, project-, and team/human-related. This made it apparent that factors in the market and
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company categories tend to be indirect factors, while factors in the project and team/ human groups
are more often direct influencing factors.

Starting from the known characteristics of the reference system elements (origin maturity level, and
complexity), we added the characteristics of approval for use, type, and level of detail of reference
system elements as influenced characteristics based on our findings. On the other hand, the complexity
of the reference system element did not appear as an RSE characteristic influenced by the identified
factors. Some factors have a more general influence. These influence characteristics of the reference
system in total. Therefore, we introduced terminology in the reference system and homogeneity of the
reference system.

5. Conclusion

The term reference system is not commonly used in literature. Therefore, we conducted the literature
review in a general way to get an overview of the topic. Thus, we had to interpret the statements in the
context of knowledge respective design reuse and to set it into the context of the reference system.
Furthermore, a significant part of the literature review was based on research of the authors' institute.
Therefore, a broader (systematic) literature review offers the potential to further enhance the derived
model.

Based on the given results, it is evident that influences on the characteristics of the reference system
and its elements can have diverse origins. Thus, specific development situations as combinations of
e.g. the context and position of the company in the market (start-up, first mover, etc.), industry
(automotive, medical, etc.), current product engineering activity (detecting ideas, modelling
embodiment, etc.), and team composition (experienced, background, etc.) have diverse requirements
on a well-designed reference system. The importance of the category team/human confirms the socio-
technical background and context of the reference system, whereas project-related factors are most
present in our model. Within this paper, we demonstrated the existence of interrelations between the
development situation and the reference system. However, that does not suffice for general statements
of how to adjust or design the characteristics of the reference system and its elements but provides
possible best practices. This is assured as results show that different but also the same states of the
influencing factors can drive the reference system and its elements in the direction of the same or
different characteristics. For instance, the origin of reference system elements depends on a variety of
influencing factors. Here, we can conclude that the knowledge of the state of just one influencing
factor does not suffice to pick the appropriate value of the characteristics of the reference system or its
elements, but all factors influencing one characteristic have to be considered as a system. The created
model (Figure 3) provides an orientation on how to classify influencing factors and which
characteristics are influenced by which factors. Nevertheless, we expect our model to be incomplete
and thus, each development situation should be analysed carefully to derive possible implications on
the references system and adapt the interrelation model to the specific case. This becomes evident as
obvious correlations or influencing factors were not mentioned in the literature. One example is the
corporate strategy. Introducing a new product into the market as the first company, using the first-
mover strategy will imply using external RSE from other industries or research, mainly. The possible
implication of the current activity of product engineering on the level of detail of RSE is another good
example. E.g. RSE on a very shallow level of detail (images, effects of nature, etc.) might suffice to
stimulate creativity in ideation while modelling embodiment is better supported by detailed 3-D
models.

6. Outlook

With the presented work, we were able to describe the interrelations of various influencing factors of
the development situations on the reference system. In the following work, we aim to extend this
model to a methodical support, by giving advice to engineers on how to design a suitable and specific
reference system meeting the requirements of the current development situation. Therefore, the
presented model of interrelations has to be extended e.g. by a broader literature review or surveys to
identify further influencing factors.
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In the following, we intend to identify the implications of various states of the influencing factors on
the characteristics of the reference system or its elements. Hereby, one challenge will be considering
the emergence effects of different influencing factors on the same characteristics of the reference
system. Thereby, we aim at providing advice on how the reference system could be designed and
which RSE could be gathered to set up a suiting reference system for the given development situation.
We believe this will help in knowledge reuse in engineering projects and thus lead to more efficient
product development and consequently, more sustainable use of resources like development time, or
materials.
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