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Abstract

Supporting product developers in innovating is an important task of design research. An invention and a valid
need situation described through a product profile are necessary elements of innovation. But how can we
derive recommendations on how to develop “innovative" products if the success of a product can only be
measured retrospectively? Retrospective case studies are one approach to investigate relationships between
context factors, variations in systems and product profiles, and innovation success. To investigate these, we
use product profiles in case studies across system generations.
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1. Introduction

One of the core tasks of design research is to support product developers in developing more successful
products or "innovations" (Blessing and Chakrabarti, 2009, p. 6). How can we as design researchers
derive rigour recommendations on how to develop "innovative" products if the success of a product can
only be measured retrospectively? One approach is retrospective case studies where success or failure
can already be determined (Bauer, 2006).

According to Albers et al. (2018), the necessary elements of innovation are invention, market launch,
and a valid need situation described with a product profile. These should be targeted with design support.
Using references as a basis for product development is a core hypothesis of SGE - System Generation
Engineering. The model of SGE describes product development as the mapping of references to the
subsystems of the system in development by carryover-, attribute-, and principle variation. References
are structured as elements of the reference system and come from predecessors, competitors, and even
industry-external products or concepts from research. (Albers and Rapp, 2022).

To enable progress and survive against competitors, product developers have to design products in the
constantly changing context of markets, society, law, politics, and the environment (Arthur, 2009). Pfaff
et al. (2022) introduced a descriptive model based on the model of SGE combined with a factor-based
description of the product context, that allows the collection of data in retrospective case studies to
analyze relationships between context factors, variations in systems, and innovation success.

What is currently lacking is the application of the model of SGE to the product profile as one of the
three necessary elements for the innovation process. The product profile models the intended customer,
user, and supplier benefits of the product and takes other success factors for innovation into account at
an early stage of the development process. With this contribution, we aim to provide a descriptive model
to enable the collection of formalized data for the development of product profiles in retrospective case
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studies in the context of SGE. We applied the descriptive model to a retrospective case study of historical
tower clocks and derived implications on retrospective case studies which reconstruct product profiles.

2. State of the art

2.1. The model of SGE and the generic variation operator

Design methods often focus on "green-field" new product development, even though genuine new
developments are less than 10% (Kirchner and Neuddrfer, 2021, p. 8). Achieving innovation success
requires using existing solutions from predecessors, competitors, and industry-external sources as
references - especially for products without a direct predecessor. The model of SGE - System Generation
Engineering describes these relationships and is founded on two hypotheses. (Albers and Rapp, 2022)
First, each new system generation is developed based on references from existing or already planned
sociotechnical systems and the associated documentation (Figure 1). These references are modelled in
the reference system and described as reference system elements (RSE). Second, three types of variation
are used to develop the subsystems of the new system Generation G, (Albers et al., 2020):

e "Carryover Variation (CV): an RSE is carried over into the new system generation, whereby
the interior of this element is regarded as a “black box” and adjustments are made according
to the requirements of system integration and boundary conditions at the interfaces."

e "Attribute Variation (AV): the link of RSE is maintained in the new system generation. The
solution principle remains unchanged compared to the reference system. However, the
attribute(s) of the RSE are varied."

e "Principle Variation (PV): RSE and their linkage are varied such that elements and links are
removed or added. Thus, a new solution principle is realised, which is new in comparison to
the reference system."

Technical systems can be described on different levels, e.g. function, physics, embodiment, and
production (Ehrlenspiel and Meerkamm, 2017). Therefore, variations should be described on different
levels (Albers et al., 2020). The generic variation operator is the starting point for the concretization of
variations for different model elements: Functions (Albers et al., 2021), properties (Albers et al., 2021),
requirements (Waschle et al., 2021), test-cases (Waschle et al., 2021), stakeholder needs (Kubin et al.,
2023). No variation types have yet been defined for the product profile.

7 Reference System
‘ (~ A CV: Carryover variation
R AV: Attribute variation
PV: Principle variation
/ Gliaptop Battery cells /
Reference t I CV,AV,PV
Interrelations AV,
Products R,= o ——

\

m\ = : GTesla Roadster
) 07 " - ’ \\ Reference 1
=_f L

Chassis System Element
>

G%otus Elise

Figure 1. The reference system in the model of SGE (Albers et al., 2019). Tesla roadster: the
chassis of the Lotus Elise was carried over (CV). The battery cells from the reference product
laptop were integrated with a new configuration (AV)

SGE enables formalized data collection in product development processes and data-driven approaches
for developing design support. Examples of design support for synthesis in early phases use lifecycle
data for product optimization (Lachmayer and Mozgova, 2022). In the early stages, data-driven
approaches support the identification of customer needs (c.f. Product Profile), but also increasingly
product creation based on references like previously generated concepts (Bertoni, 2020).
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2.2. The product profile as a part of the initial system of objectives

The system tripel of product development according to Ropohl (2009) describes product development
as a continuous interaction of the system of objectives, the operation system, and the system of objects.
product development as a whole can be described as the selection of RSE in the reference system and
the selection of variation types (Figure 2) (Albers et al., 2020).

System of Operation System of G
O bjectives System Objects n

Reference Reference Reference
System of O peration System of Rn
O bjectives System Objects

Figure 2. Interrelations of product generation G, and reference system R, (Albers et al., 2020)

The system of objectives contains elements of various partial models and their interdependencies which
describe the target state of the system generation under development. Important partial models are
objectives, requirements and boundary conditions. (Ebel, 2015)

A distinguishing feature of partial models is whether they are solution-open or solution-specific.
Objectives, for example, are formulated in a solution-open manner, while requirements derived from
objectives are formulated in a solution-specific manner. The product profile as part of the system of
objectives contains mainly solution-open modules but links them in the sense of SGE to solution-
specific references. The product profile is defined as follows: "A product profile is a model of a number
of benefits that makes the intended provider, customer and user benefits accessible for validation and
explicitly specifies the solution space for the design of a product generation. The number of benefits will
be understood as a set of products and services, which are offered with the purpose of being sold to a
customer and to provide benefits for them directly or indirectly. (Albers et al., 2018, p. 255)"
Differentiation from competitors, product quality, and identifying target markets, early and ongoing
attention to customer needs is crucial for future product success (Cooper and Kleinschmidt, 1987; Chong
and Chen, 2010). The product profile is structured in modules and sub-elements, which cover these and
more success factors. Through a bottom-up project analysis, 12 modules were identified: Product profile
claim, picture, initial product description, use cases, reference system, provider-, customer-, and user
benefit, competitive context, demand, reference system, validation of ... (validation object) through ...
(validation activity), and boundary conditions/ framework. Modules represent analytical perspectives
and contain several sub-elements. The sub-elements of the modules are an assistance and may vary
depending on e.g. the development task, type of relation with the customer or the company’s sector.
(Albers et al., 2018, p. 257)

The product profile is often represented through the product profile template (example given in sections
4.1 and 4.2). The template is a pragmatic representation of the model. Product profiles and their elements
can be developed either bottom-up or top-down. The top-down approach starts with creatively invented
product claims and the bottom-up approach starts analytically from the modules and their sub-elements
to later conclude in a summarizing product profile claim. (Albers et al., 2018)

2.3. Data modelling with Entity-Relationship Models

Data models form the basis for constructing information systems (Gadatsch, 2019, p. 4). Abstract data
models are advantageous for theoretical design research. They are independent from specific database
systems or programming languages. The well-established Entity-Relationship Model (ERM) proposed
by Chen (1976) utilizes three fundamental elements to structure data:

e Entities are the objects of interest and model real-world aspects on an abstract level.
e Relationships describe the relationship between entities. Relationships can be of any kind
(physical, structural, causal, temporal etc.)
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e Attributes can be assigned to both entities and relationships and add details to the description.
Attributes can describe properties of entities or give relationships attribute values as their
characteristic values.

In the model of SGE, the reference system and its elements (RSE) as well as the system generation and
its subsystems can be modelled as entities. Variations can be modelled as relationships and the type of
variation (CV, AV, PV) as attribute of the variation relation. (Pfaff et al., 2021)

2.4. Retrospective case study research for theory building

Yin (2018) defines a case study as "[..] an empirical inquiry that investigates a contemporary
phenomenon within its real-life context, especially when the boundaries between phenomenon and
context are not evident." Woodside and Wilson (2003) understand case study research broader as an
"inquiry focusing on describing, understanding, predicting, and/or controlling the individual (i.e.
process, animal, person, household, organization, group, industry, culture, or nationality)." The central
feature of case study research is focusing the research issues, theory, and/or empirical inquiry on the
individual (n=1) (Woodside and Wilson, 2003, p. 493).

Case studies often involve data from a real setting in practice and can include just one ore multiple cases.
Methods for retrospective data collection are for example documents (case history compilation, archival
analysis), product data (product family data); Questionnaires/surveys; and interviewing (Blessing and
Chakrabarti, 2009).

Woodside and Wilson (2003) see case study research as suitable for theory building and testing, which
they demonstrate with several example studies. According to Eisenhardt (1989), case study research
should follow eight steps to build a theory: Getting started (Research question & a priori constructs),
selecting cases, crafting instruments and protocols, entering the field, analyzing data, shaping
hypotheses, enfolding literature, reaching closure. Corbin and Strauss (1990) propose an iterative way
of data collection, coding and analysis to come to a grounded theory. When using grounded theory as a
research method in case study research, George Allan (2003) emphasizes that a systematic and rigorous
manner is needed which requires a high investment of time and resources. For theory-driven design
research, Cash (2018) proposes the theory building/testing cycle with five steps that are carried out
repeatedly in a ‘spiral’ to build up scientific knowledge: 1) discovery and description, 2) definition of
variables and limitation of the domain, 3) relationship building, 4) prediction, testing and validation, 5)
extension and refinement. Cash's spiral falls into variable-based theory syntheses (Yin, 2018).

3. Aim of research and research approach

The overall aim of the PhD project this paper belongs to is to support the developers of mechatronic
products in the development of products with high innovation potential through knowledge of
relationships (cf. step 3 in Cash's spiral) between the variables (cf. step 2 in Cash's spiral) context factors,
variations in systems and product profiles, and innovation success. No variation types have yet been
defined for the central element of the product profile.

This contribution aims to propose an understanding of variation for the product profile which can be
applied to retrospective case study research. We wanted to answer the following research questions:

¢ RQ1: How can the variation of product profiles be described and modelled?

o RQ2: How can variation types be understood for the product profile?
RQ3: What implications does this understanding of product profiles have for retrospective case
studies?

According to Cash's five steps, RQ1 and RQ2 can be assigned to step 2) Definition of variables and
limitation of domain. RQL1 is answered by an ERM (cf. section 2.4) to describe the entities and
relationships for the variation of product profiles. Derived from the ERM we selected a modelling
approach that provides a sufficient level of detail and can be applied to retrospective case studies. To
answer RQ2, the variation relationship was detailed with the generic SGE variation operator (cf. section
2.1) and an understanding of Carryover Variation (CV), Attribute Variation (AV) and Principle
Variation (PV) for the product profile was derived. The applicability of the modelling and understanding
for retrospective case studies is discussed using the J.F. Weule tower clocks case study. With RQ3
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answered in the discussion section, the investigation of case studies for the following step 3) relationship
building in Cash's spiral was prepared.

Case study J.F. Weule tower clocks

The case study was conducted by Thomas Volk as part of a thesis supervised by Prof. Albers and co-
supervised by Felix Pfaff. Prof. em. Dr.-Ing. Hartmut Weule initiated the study and was involved as an
expert on the family history and source for the archive documents used for the analysis. As part of the
case study, nine tower clocks were examined technically, their product profiles were reconstructed and
the product context was analyzed.

Initially a completely handcrafted one-off production, the company J.F.Weule began to expand rapidly
around 1849 and was one of the world's most successful companies in the market for mechanical tower
clocks at the turn of the 20th century. After the First World War, the company entered a difficult phase,
which continued after the Second World War and led to the liquidation of the company in the 1950s.
This publication analyzes the product profiles of the sixth and seventh product generations (Figure 3).
These product generations were chosen because they mark the transition from manual winding to
electric winding and the decline of the F.A. Weule.
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Figure 3. Left: Basic system architecture of mechanical tower clocks according to (Ramminger,
1995). Middle: Product generation six "G, (manual winding)" from 1922, Right: Product
Generation seven "G; (electric winding)” from approx. 1946

The specific product profile modules were reconstructed using different methods. Boundary conditions,
demand, and competitive context can be interpreted as context factors (c.f. section 2.1) and therefore
require literature sources that objectively substantiate them. Primary sources such as technical
documentation of the provider, marketing material, and sales documentation were used to reconstruct
the product claim, initial product description, use cases, and provider-/customer-/user-benefit.
Secondary sources or grey literature were additionally used to supplement customer- and user-benefit,
competitive context, and demand.

4, Results

In section 4.1, the basic structure of the product profile and possible variation relationships are
developed using an ERM. In section 4.2, RQ2 " How can variation types be understood for the product
profile?" is answered and discussed using the tower clock case study.

4.1. Entities and relationships for product profile variation

The product profile is modelled hierarchically on three levels: Profile (level 0), module (level 1) and
sub-element (level 2). A first possible solution for this would be to define a variation relation on all three
levels between entities of the same type (Figure 4). Considering the sub-elements on level 2 would lead
to several challenges: Firstly, the sub-elements across all product profile modules cannot be formalized
uniformly. There are also different types of sub-elements within a module, which would make it
necessary to specify the generic variation operator not only for each module on level 2 but also for
different sub-elements within a module.

Secondly, the model purpose of the product profile must be considered: As part of the initial system of
objectives, it is used particularly in the early phases and is not filled strictly according to wording rules,
as would be the case for example in systems- and requirements engineering. Formalization at level 2 is
therefore not necessarily in line with the purpose of the product profile.
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This original purpose of the model also comes into play in retrospective case studies. The reconstruction of
product profiles by third parties using literature-based or empirical methods cannot claim to forensically
reproduce individual sub-elements. Rather, the aim is to capture the intended purpose of the product through
the interplay of the sub-elements aggregated across the individual modules and the product profile as a whole.

reference system system of
of objectives R, objectives G,
attribute:
variation type
(CV, AV; PV)
Level 0 product profile variation product profile Legend
S
shi
Customer benefit P
= Customer Pain - the
problem from a customer .
11 point of view dul _— dul entlty
Leve B e module variation module
the customer?
= Target groupl market
segment % %
H il this duct benefi o
Level2 [% ey beneft sub-element variation sub-element

Figure 4. Entity-relationship model for product profiles and variation relationships

4.2. Understanding of variation types for product profiles

Product profile claim: "The product profile claim states the main goal in a short form and provides a
brief overview of the product. “We need a product, which < solution statement>." (Albers et al., 2018)
Formalizing types of variation or the product profile claim can be based on its main purpose - conveying
the main product goal. Therefore, the change of the main product goal can be an indicator without having
to pay attention to all the wording details.

e CV: The main product goal is carried over from the reference system.

e AV: The main product goal is carried over from the reference system, but attributes are changed
or added (e.g. additional targeted customer groups, additional core benefits).

e PV: The main product goal from the reference system is changed to a different goal (e.g. large
ships: transport over the sea vs. hotel on the water).

Applying this definition to the tower clock case (Figure 5), the main product goal of "provide precise
time information for centralized buildings" stays the same, but the attribute of the additional benefit
regarding human interaction is changed. These are clear indicators for an AV in the product claim.

Product claim (G; manual winding) Product claim (G; electric winding)
We need a product that provides precise time information for We need a product that provides precise time information for
centralized buildings and requires littlie human interaction central buildings and does not require human interaction

Figure 5. Comparison of the G4 manual winding and G; electric winding product claims

Initial product description: "The description of the potential product provides a more detailed
overview of the potential product. Usually, it contains information as e.g. the product properties, the
main functions of the product or the unique selling proposition (USP)." (Albers et al., 2018)

As properties and functions are the main sub-elements of the initial product description, the variation
definitions for functions and properties (c.f. section 2.2) serve as a reference.

o CV: The main properties, functions, and USP are carried over from the reference system and
adjustments are made only for integration or regarding boundary conditions.

e AV: The main properties, functions, and USP are carried over from the reference system, but
attributes are changed (e.g. qualitatively or quantitatively better functions or properties).

e PV: Properties, functions, and USP are added/removed.
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In the tower clock example (Figure 6) most properties and functions remained. Another attribute was
added to the acoustic signal and the winding function was changed from "manual” to "electric". This
leads to an AV for the initial product description.

Initial product description (Gg manual winding) Initial product description (G; electric winding)
= Mechanical machine for = Hourly acoustic signal with = Mechanical machine for = Hourly acoustic signal with
even time division current hour even time division current hour and
® Quarter-hourly acoustic = Representation in public ® Quarter-hourly acoustic Westminster chime
signal space signal = Representation in public
= manual winding = glectric winding space

Figure 6. Comparison of the G, manual winding and G; electric winding initial product
description

Use cases: Use cases describe situations where the product provides a solution and the behaviour of the
system from a user's perspective. Use cases may refer to the context in which the product is used or to
the specific situation in which the customer/user interacts with the product. (Albers et al., 2018)

The use case description in the product profile is less comprehensive than that used in systems engineering
to specify system behaviour. It is more about collecting the most important situations in which the user
interacts with the system. This must also be considered in the understanding of the types of variation.

e CV: Use cases are carried over from the reference system and adjustments are made only for
integration or regarding boundary conditions.

o AV: Use cases are carried over from the reference system, but attributes are changed (e.g. same
situation but a different way of interaction).

e PV: Use cases are added/removed.

The use cases of the tower clock case (Figure 7) were carried over from Gg¢ (manual winding) to G
(electric winding) and no attributes were changed significantly (CV).

Use cases (Ggmanual winding) Use cases (G; electric winding)

* Provide spatially limited time information " Provide spatially limited time information

= Rationalization and standardization = Rationalization and standardization

= QOptical and acoustic representation on central = QOptical and acoustic representation on central
buildings and in central locations buildings and in central locations

Figure 7. Comparison of the G4 manual winding and G; electric winding use cases

Provider benefit, Customer and user benefit: Provider, customer and user benefits are a core part of
the product profile. The provider benefit describes how the provider could profit from the development
of the product not only from a financial perspective but also considering fit to the company’s culture,
portfolio, business models and resources, strategic benefits, or leveraged core competencies. The
customer benefit describes the target group the problem to be solved and how the customer would
benefit from the potential product. In the B2B sector, in particular, customers and end users often differ
and are therefore considered separately. (Albers et al., 2018) Even if they do not represent a different
stakeholder, the distinction between buying customer and user can be helpful.

For an understanding of variation types for these benefits, the definition of variation types for
stakeholder needs from (Kubin et al., 2023) was used as a reference.

e CV: Provider/customer/user benefits are carried over from the reference system and
adjustments are made only for integration or regarding boundary conditions.

e AV: Provider/customer/user benefits are carried over from the reference system, but attributes
are changed (e.g. qualitatively or quantitatively higher benefits).

e PV: Provider/customer/user benefits are added/removed.

With this understanding, we analyzed the provider/customer/user benefits from the case study (Figure 8).
The variation of the provider benefit can be classified as PV. While the Gs (manual winding) generated
benefits through major customer orders, the G (electric winding) could not generate benefits here.

The variation of the customer benefits from Gs (manual winding) to G- (electric winding) can be
interpreted as a PV because a new customer benefit was added through "electricity independent
operation" compared with competing concepts at that time.
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Comparing the user benefits of the two product generations, no significant change happened, which
resulted ina CV.

Provider benefit (G; manual winding) Provider benefit (G; electric winding)

= Cost optimization: Low component diversity, = Cost optimization: Low component diversity,
Standardized casting design, New gearing Standardized casting design, New gearing
technology technology

= Major customer orders: Public authorities, = New references, advertising with reliability,
nationalized railroads, new military buildings acquisition of long-term maintenance customers

= New references, advertising with reliability,
acquisition of long-term maintenance

customers
Customer benefit (G; manual winding) Customer benefit (G; electric winding)
= |Lower purchase, maintenance and operating = Lower operating costs, Inspection only
costs, Inspection only necessary once a week necessary in exceptional cases
= Continuous availability of time information = glectricity-independent operation possible
(visual, acoustic) = Continuous availability of time information
= Rationalization of processes: (Visual, acoustic)
Schools/authorities, -Military facilities, = Rationalization of processes:
Country estates/factories Schools/authorities, -Military facilities,
Country estates/factories
User benefit (Gg manual winding) User benefit (G;electric winding)
Maintenance personnel: Maintenance personnel:
= |Low maintenance effort (Weekly winding), = Low maintenance effort (Weekly winding),
= Can also be operated by non-professionals = Can also be operated by non-professionals
(winding insensitive to incorrect operation) (winding insensitive to incorrect operation)
= Simple control through control wheel on the = Simple control through control wheel on the
movement movement
Users Users
® Reliable time indication = Reliable time indication

Figure 8. Comparison of the G4, manual winding and G; electric winding provider/customer/user
benefits

Remaining modules: For the remaining modules of the product profile - picture, competitive context,
demand, reference system, validation of ... (validation object) through ... (validation activity), and
boundary conditions/ framework, no variation understanding is needed for the use in retrospective case
studies.

Competitive context, demand and boundary conditions/ framework cannot be influenced by the
developer and therefore, according to the generic variation operator, are not entities between which a
variation relationship exists. These modules can be considered as context factors in the study design for
retrospective case studies. The reference system as a product profile module is already taken into
account in the analysis of the system side and therefore does not need to be considered again.

4.3. Overall view

Applying the mathematical model of SGE to the product profile of the G7 (Electric winding) with the
product profile of the G¢ (Manual winding) as the only reference and considering the profile claim,
initial product description, use cases, and provider/customer/user benefit, a variation share of 1/3 AV,
1/3 PV, and 1/3 CV results (Table 1).

Table 1. Types of variation for the G; electric winding product profile

Product claim | Initial product description | Use cases | Provider benefit | Customer benefit | User benefit
AV AV cVv PV PV cv

5. Discussion and conclusion

Product profiles model the intended customer, user, and supplier benefits of a product at an early stage
of the development process and also consider other important success factors for innovation. We
provided a descriptive model to enable the collection of formalized data for the development of product
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profiles in retrospective case studies in the context of SGE, which was the main goal of this contribution.
The application to the F.A. Weule tower clock case study provided insights into the implications of the
model for retrospective case studies. For RQ1 "How can the variation of product profiles be described
and modelled?, an entity-relationship model analysis of the product profile leads to the module level as
suitable. RQ2: "How can variation types be understood for the product profile?" had to be broken down
to the individual modules. We defined variation types for the modules product profile claim, initial
product description, use cases, customer-, and user benefit.

Implications of this understanding of product profiles for retrospective case studies were examined to
answer RQ3. It is important to ensure that the product profile contains the intended target state, not the
actual state. This target perspective was particularly challenging in the case study and is probably
transferable to further retrospective analyses of elements of the system of objectives. Product profiles
can be filled in top-down starting with the claim and bottom-up from the other modules to the claim.
For retrospective case studies, the bottom-up option should be chosen. This approach results in product
claims that are very representative of the entire product profile. The variation of product claims could
be a good proxy for retrospective case studies to save analysis effort.

What was particularly noticeable in the two tower clock generations that marked the decline of F.A.
Weule: As in system generations, a high proportion of PV and AV in the product profile is not an
indicator of high innovation potential. The results on variations of product profiles from this contribution
can help to provide insights from case studies for selecting the "right" variations and references for
specific contextual situations to develop products with high innovation potential.

6. Outlook

The next step is to apply this descriptive model to further case studies to investigate relationships (cf.
step 3 in Cash's spiral) between the variables (cf. step 2 in Cash's spiral) context factors, variations in
systems and product profiles, and innovation success to find out in which situations certain variations
and references promise potential. A case study database is currently being built up for this purpose. The
insights will be made available to product developers through design support. Initial studies are being
conducted with a playbook approach.

Especially for (model-based) systems engineering (MBSE), the generic variation operator needs to be
specified for other model elements. This could enable the cross-generational use of (MB)SE models and
the use of existing models for retrospective analysis.
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