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Abstract

The development of robust products, meaning products that are successful regardless of changes in the future, requires an assessment of
possible futures. This makes it possible to adapt to negative and unexpected conditions or circumstances. For this reason, future scenarios are
developed that reflect possible futures based on influencing factors and their alternative developments on the product or system. For each
factor, multidimensional future projections can be found, which are then evaluated for consistency. Up to now, scenarios have been created
using the scenario management approach, which is based on consistency assessment of future projections pairs of key factors, or morphological
methods (e.g. field anomaly relaxation). Both approaches are based at least in part on a plausibility check. On the one hand this leads to a high
expenditure of time in scenario management, and on the other hand morphological methods consider a limited number of factors, which
reduces the future space and thus limits informative value of the scenarios. In this research contribution, an explorative approach to deriving
future scenarios is proposed that integrates morphological elements into scenario management. This significantly reduces the time required to
generate future scenarios without having to reduce the number of considered key factors. First, the proposed approach is described with a
process model. Second, the proposed form of scenario generation, the catalog-based scenario generation, is compared with the previously used
approach to scenario generation with regard to advantages and disadvantages. Finally, the suitability for PGE - product generation engineering
projects is evaluated, in particular regarding replicability, comprehensibility, effort and the completeness of the described future space.

This is done by conducting three structured expert interviews and two case studies. Thereby, scenarios are created with both approaches. The
criteria to evaluate the approaches are defined by a panel of experts on PGE.
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1. Introduction show that the greatest potential for influencing cumulative

product costs lies in the early phase of product engineering [5,

According to Cooper, companies are only competitive if
resources in development are efficiently allocated to projects
and customer needs are identified, understood and satisfied by
appropriate products [1]. Lindemann adds that "successful
products are an important prerequisite for a prospering
economy" [2 (p. 20)]. The success of a project is strongly
influenced by decisions made in the early phase of the PGE -
product generation engineering [3, 4]. Fischer and Ehrlenspiel
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6]. At the same time, the cost of eliminating errors increases
exponentially as product engineering progresses [7].
Therefore, it is absolutely necessary to identify the
distinguishing product characteristics at an early stage. Hence,
the development engineer has to identify requirements of
current and future product generations in order to identify and
utilize success potentials at an early stage. The resulting
product innovations are decisive for growth [8]. Companies
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need thus credible information at an early stage on future
needs and interests of their customers, their environment and
the constraints of the market and society to ensure long-term
success. In complex, highly interconnected and strategic
issues, the search for possible (mega) trends is not sufficient
due to the dynamic development of the markets [9, 10].

As it is not possible to predict the future, scenarios are
developed which describe various development possibilities
[11]. The scenarios are derived from future images, which are
created by combining different projections of influencing
factors. The combination can either be based on a consistency
matrix or on a catalog similar to a morphological box. In the
consistency matrix, all combinations of pairs of future
projections of influencing factors are valued with regard to
their compatibility. All potential pairs are rated on a five-point
scale, whereby ‘1’ corresponds to mutual exclusive
projections, i.e. there is no consistent scenario in which both
projections are appear together, and ‘5’ refers to a case in
which it is highly conceivable that these two projections
appear together [9]. For this reason, an alternative has been
developed with which future scenarios can be generated much
more quickly without reducing the quality of the scenarios.

2. State of the art
2.1. Motivation for developing future scenarios

A commitment to a certain presumed future is not
purposive, as it is impossible to predict the future sufficiently
accurate in the long term. For this reason, scenarios are
derived that factor in the development of various influencing
factors, such as legislation [12, 13]. By combining different
possible developments of individual influence factors, known
as projections, different future images result. Each of these
represents an autonomous and consistent scenario,
independent of its probability of occurrence [14]. This allows
companies to prepare for several development opportunities,
i.e. a "multiple future" [15]. Consequently, future scenarios
are an important instrument to enable a responsible handling
of risks and opportunities [16]. Additionally, the derivation of
scenarios requires a change of perspective, which is very
beneficial for the creativity process [17, 18]. This means that
scenarios can be used to assess the future robustness of
product profiles and to generate or concretize new profiles
using creativity methods [19]. In both instances, scenarios are
used to identify existing and latent needs and wants for the
future or to derive a new need from conditions in the future
[14]. Products and ideas that show little or no influence from
external influences are robust with respect to the future [12,
20]. Reibnitz defines robust strategies as independent from the
external situation. In terms of scenario development, this
means that a product is successful regardless of the future
(market) situation [21]. Therefore, a robust product profile is
successful in several, if possible, all scenarios. Albers et al.
define he product profile as the description of a demand
situation with regard to all affected stakeholders, whereby
both the customer and user benefits as well as the supplier
benefits are emphasized [22, 23]. This is achieved by
characterizing the core functionality and properties to be

fulfilled in a way that is solution-neutral, yet not solution-
open, with consideration of relevant use cases.

There are several methods that are used to generate future
images [24-26]. Scenario management is an approach that
combines several methods. For instance, a, cross-impact
analysis is used to identify key factors. The development of
future images is based on a trend impact analysis [9], which
considers direct and indirect interdependencies of the
projections of the key factors [14].

2.2. Modeling the future with scenarios

Systematic foresight refers to the continuous examination
of the future. In combination with an efficient integration of
the results into planning processes it is a decisive factor for
success [14]. The scenario field describes the forecast scope
to be described [14, 27]. A scenario is one of several future
images and is based on consistent combinations of
conceivable developments of the influence factors [27, 28],
referred to as future projections. While trends reflect
incremental changes, future studies include trend
discontinuities, organizational changes, disruptors and
external disturbances [29]. Scenario management is an
established approach to develop consistent future scenarios
that are used for strategic leadership [9]. Another approach
widely used to create scenarios is the computer-aided
morphological analysis [30, 31]. It is an advancement of the
morphological approach to scenario generation [31, 32]. A
morphological box is a creative thinking tool in which
complex problems are decomposed into sub-problems or
parameters. Next solutions or ideas for the sub-problems and
parameters are identified and listed in a spreadsheet [33]. In
morphological approaches to scenario generation, influence
factors correspond to sub-problems and their possible
development (future projection) corresponds to solutions to
these sub-problems [28, 3032, 34].

positive extreme scenario

negative extreme scenario

Fig. 1. Funnel model of the multiple future based on Reibnitz [21].

In both methods, future images are created which describe
the multiple futures. The funnel model (Fig. 1) is used as a
tool to represent the multiple future. It shows all future images
for a specific time horizon, originating at a predetermined
starting point. Towards the edge of the funnel model, future
images represent extreme scenarios. The future image similar
to the trend are depicted near the center. Countermeasures to
known, expected or foreseeable disruptions can be taken into
account during scenario generation by adjusting the
characteristics of influencing factors. In this way, future
scenarios can be selectively influenced [21]. Future images
are created using various projections of, optionally weighted
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[35], influence factors on the product or system [14]. The
consistency of the individual influence factors must be
observed carefully when combining them [32].

2.3. Scenario management

Scenario management is understood as a combination of
open, systems thinking and strategic thinking [14]. The
overarching approach of scenario management allows
scenarios to be generated that can be used purposefully in
various areas of the company, such as strategic planning,
innovation or product management and qualitative risk
management [14].

There are various similar scenario techniques [9, 27, 36—
40] that can be traced back to Pierre Wack [41, 42], a planner
at the Royal Dutch Shell company.

This contribution focuses on the scenario management
(Fig. 2) according to Gausemeier et al., which is divided into
five phases [9].

l Scenario-Preparation ]

Scenario-Base
The scenario-base includes an assessment of the

» —— N decision field in its momentary situation
I Scenario-Field-Analysis Key Factors

‘—_» Selection of factors, which are either characteristic for
the development or are of a great significance to the

I Scenario-Prognostic scenario field

Ly, Projections
Up to three possible developments for every key factor

I Scenario-Development

Scenarios
k-} Scenarios are generally intelligible descriptions of a
possible situation in the future based on future images

l Scenario-Transfer l
Strategies
Scenario-based strategies for the decision field

Fig. 2. Phases of scenario management based on Gausemeier et al. [9].

Scenario-Creation

2.4. Morphologic methods to develop scenarios

The field anomaly relaxation (FAR) and its derivatives are
widely used methods to develop scenarios [30-32, 43]. The
FAR is a morphological method in which scenarios are
developed in four steps [28, 32, 34]. Following the creation of
the scenarios, these can be used to improve the quality of the
future scenarios through reiterating, or to adapt to changed
boundary conditions or another design field [34]. The four
steps of the FAR cycle are illustrated in Fig. 3.

Step 2: Compose a tailored
symbolic language

Step 1: Form a view of the
future

A
Step 3: Filter out anomalous
configurations

Step 4: Compose scenarios

Fig. 3. The FAR cycle based on Rhyne [34].
2.5. PGE — Product generation engineering

Even in the early phase of product engineering, trend-
setting decisions must be made that have a major influence on
the innovation potential of a product on the market [44]. This
means that the greatest influence can be exerted in the early
phase of product engineering though without being able to

predict the effects [45]. On the other hand, it is easy to
retrospectively assess the effects later on, but significantly
affects the ability to exert influence [45].

In product engineering, depending on the novelty of a
design Pahl and Beitz differentiate between original, adaptive,
variant and repeat design [46, 47]. This general categorization
is of limited application in practice, as a complete original
design is very rarely developed [3] and an adaptive design is
considered "trivial" and thus does not meet the standard of
innovation [44]. Therefore, Albers et al. proposed the model
of product generation engineering (PGE) [44]. It is based on
the assumption that any design is based on already existing
designs, known as reference system elements, that are
variated [48]. This approach distinguishes between three
variation types and accurately characterizes product
engineering projects [3]. For the carry-over variation, only
minor modifications to the RSEs are made, so that they can be
integrated into the system in development (SiD) [48, 49]. In
an embodiment variation, the solution principle of RSEs
remains unchanged while their shape is changed [44, 48]. A
principle variation changes the solution principle and the
shape of RSEs and thus coincides with an embodiment
variation [3, 48].

The model of the PGE is a tool to control the complexity of
the product engineering process and to ensure that products
have a enough differentiating features [50]. Environment
scenarios developed by scenario management can be used to
identify ~ specific  (customer-experienceable)  product
characteristics. With these, development demands can be
ascertained and prioritized [51]. Subsequently, relevant
customer experienceable characteristics and sub-systems are
identified. By applying the model of PGE, the necessary type
of variation as well as the product generation in which the
variation is to be implemented can be determined [51].

2.6. Innovation management

Innovation is indispensable for the long-term success of
companies [8, 52]. An innovation is an invention that has
successfully established itself on the market [53]. However,
market success can only be assessed in retrospect [49].

Companies must adapt themselves and their product
development to rapidly changing circumstances. In particular,
shortened product times, shorter technology cycles and
dynamic customer requirements and markets, as well as ever-
increasing interconnectedness and complexity, are forcing
companies to adapt their product development processes [54,
55]. At the same time, cyclical innovations are necessary to
ensure sales [44, 56] as Fig. 4 illustrates.

A business sector technology

S

sales

v

time
Fig. 4. Life cycle model based on Albers et al. [44].
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The change from one technology to another is only
possible through a variation of the solution principle.
However, the life cycle model shows that innovation and thus
market success can often be achieved by improving already
used technology and does not necessarily require the
transition from one technology to another [3]. Kano et al.
developed a model [57], with which the innovation potential
can be measured regarding the customer benefit [49]. The
associated market success depends on the degree to which the
basic, performance and excitement attributes are met [57].

Over time, excitement attributes degrade first to
performance and then to basic attributes, yet the degree of
functionality increased in each product generation [58]. Thus,
new products must adapt to changed current and future
demands and boundary conditions of the market [44].

2.7. Identification of strategic potentials

In addition to controlling and monitoring the technology-
driven dynamic changes in the market environment, the
complexity of product development on both the customer and
technology sides must be minimized by means of simple
processes. Technology-driven dynamic changes are constantly
increasing, especially after the successful market launch of a
new technology. This change limits predictability [12, 54].
Therefore, decisions pertaining to product engineering should
consider the future viability [19, 51, 59].

3. Research questions and methodology

By developing scenarios, requirements and properties of
future products can be identified. The model of PGE, with
which the variation portion can be analyzed and controlled,
enables a conscious handling of chances and risks in product
engineering. Thus, the combination of scenario management
and the model of PGE can increase the innovation potential
while simultaneously enabling a conscious handling of
opportunities and risks.

However, scenario management is relatively time-
consuming, especially the creation of future images through a
comprehensive consistency assessment is very time-
consuming. In product engineering, it is advisable to adapt the
scenarios regularly. In doing so, changes of the future
projections, e.g. due to already successful measures, of
influence factors are considered. However, sometimes
consistency matrices are erroneous, which decreases the
quality of scenarios [35].

In order to reduce the time required to create the scenarios,
an alternative method to create future images was developed,
which is based on a catalog, hereafter referred to as catalog-
based scenario generation. Both the approach described by
Gausemeier et al. and Siebe to generate future images,
hereafter referred to as consistency matrix-based scenario
generation, and the catalog-based scenario generation are
based on the identification of consistencies between the
projections and the consistency of the resulting future images,
which describe the multiple future. In the following, both
approaches are evaluated with regard to their advantages and
disadvantages as well as their suitability for PGE, especially

regarding their use for several successive product generations
in the long-term. This leads to the following four research
questions:

e How must the scenario management with the consistency
matrix-based scenario generation be modified in order to
significantly reduce the required effort to create future
images?

o How does the catalog-based generation of future images
influence future images and subsequently the future space?

e Which scenario projects of product development are
suitable for the catalog-based generation of future images?

e What are the advantages and disadvantages of catalog-
based scenario generation for product generation
engineering compared to consistency matrix-based
scenario generation?

In order to compare the two approaches, three structured
expert interviews were conducted. In two instances this
coincided with the application of the approaches in order to be
able to compare their results (Fig. 5). All interviewed experts
had repeatedly employed scenario management using the
consistency matrix-based scenario generation. The expert
interviews are based on a questionnaire with 24 questions.
The questions reflect the requirements on a systematic
approach to generating future scenarios that a panel of five
PGE experts identified. The fulfillment of these requirements
is evaluated through 11 characteristics. The interviewees were
asked six questions to ascertain the suitability of the
consistency matrix-based and catalog-based scenario
generation. The remaining questions address the prerequisites
of the scenario generation through the consistency matrix and
the catalog.

Both approaches were applied in Study A and Study B
Prior to the structured interview. Semi-structured interviews
were used to compare the resulting future images were
compared (Fig. 5). This is used to identify differences in the
future space. Subsequently, the causes for the differences are
investigated. In a final step, user-specific aspects such as
comprehensibility and intuitiveness are examined.

~N Study A (Expert 1); Study B semi- structured interview
o3 (Expert 2) structured Comparison of the
: h interview consistency  matrix-based
b catalog- consistency W th scenario generation with
Q based matrix-based onthe the catalog-based scenario
X - : .
fin} scenario generation study generation
- structured interview
® no study was conducted to compare the Evaluation of the consistency
b consistency matrix-based scenario matrlx—l?ased scenario
o G ith th talog-based . generation. Only marginal
X genera !on wi e catalog-based scenario deviations from Expert 1 & 2
generation were observed.

Fig. 5. Research activities to evaluate the catalog-based scenario generation.

Both the structured, and the semi-structured interviews are
conducted individually. Therefore, the experts did not know
the answers of the other interviewees.
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4. Results

In the following, the developed catalog-based scenario
generation is described in more detail. Afterwards, the
research questions are answered

4.1. Scenario development with the catalog-based approach
to creating future images

In general, the scenario management with the proposed
catalog-based scenario generation includes the same activities
and phase deliverables as the scenario management with the
consistency matrix-based scenario generation except for phase
4. In phase 4, the approach to consistency assessment is
adapted in order to save time and ensure a stronger distinction
of future images. Fig. 6 illustrates this using a process model.
The catalog-based generation of future visions is a
modification of steps 3 and 4 of the field anomaly relaxation
(FAR). As the FAR is based on a cycle that increases quality
and informative value of future images by iterating, it is
ensured that future images can be adjusted quickly and easily.

scenario scenario-field scenario scenario scenario
preparation ELEISH prognostic development transfer

activities of the phases of scenario management with catalog-based scenario generation

= project = jdentify and = define changing | | = projectionsin ||= edit scenarios in
description define influence properties of morphologic scenario maps,
= determine clusters and key factors box etc.
objectives factors = ascertain = selectinitiator ||= identify risks
= assessment of ||= trend-impact characteristics factors and chances by
the decision analysis for each key = create initial analyzing
field = relevance factor scenarios with scenarios
analysis initiator factors| | = evaluate

assign probability &

remaining robustness of
projections scenarios
deliverables
scenario key factors projections future chances and

identical to phases of scenario management with
consistency matrix-based scenario generation
Fig. 6. Scenario management with the catalog-based scenario generation.

The creation of scenarios based on the catalog-based
scenario generation differs significantly from the FAR, since
the proposed approach uses a sequential process in which
retiring phases is only intended as a corrective measure (Fig.
6). For this reason, it is important to check the quality of the
deliverables of each phase before starting the next phase.

The steps of the 4™ phase of scenario management with the
catalog-based scenario generation are detailed in Fig. 7 (steps
I-1IT) and Fig. 8 (step IV). Fig. 7 depicts a section of the
template which was used in the case studies. In this approach,
the multiple future is treated as a complex problem that is first
decomposed into clusters and then into key factors. The future
projections represent possible ideas or solutions for these sub-
problems. The resulting morphological box becomes a catalog
by adding four columns corresponding to the synthesized
future scenarios and one column indicating which of these key
factors represent the initiators.

After transferring the key factors into a morphological box,
initiator factors are determined. For this purpose, the most
influential key factor of each influence cluster is selected.
Initial scenarios are then based on the initiator factors. The
combination of the respective projections is similar to step IV.

key factor scenario
initiator

factor

projection

cluster|factor | # description #1 #2 #3 #a4

1A
1B
1C
1D
2A X
2B X
2C X
2D X

user perception
of the SiD

yes

machine
learning

system in development (SiD)

sensor
technology

4A
4B
4C
4D
5A X
5B X
5C X
5D X

o
£
;G
w E
2o
£ <
>

2 e
T o
®

use of the Sil

yes

use of the
vehicle cabin

operating unit/
interaction

7A X
7B X
7C X

ottt

yes

user interaction with
SiD

control of
surrounding

——— ]
4.1l create initial
scenarios by combining
the projections of the
initiator factors

4.| transfer key factors
(and their projections)
into morphological box

4.1l select of initiator
factors

Fig. 7. Section of the template used in the 4™ phase of the scenario
management with catalog-based scenario generation (step I-III; step IV is
illustrated in Fig. 8).

In step IV, the remaining projections are added to the
initial scenarios (Fig. 8). Future projections of initiator factors
are assigned first, starting with the most important influence
cluster towards the less important ones. This results in the
initial scenarios.

rojegiion 2A
tile2a

short description of
2A

projection 2B
title2B wmm  m—

short des ription of
2B i

projection SA
b5

short de tion of
5A

high

short description of

e
g % L _)
@
title 2C title 2D title 5C title 5D
short description of ||| short desf¥iption of short de: tion of ||| short description of
2C 2D 4 5C 5D
£ (N J g (N AN J
low property, F, high low property, F high

|Z| | projection 2D fits relatively well to projection 5A & 5C

Fig. 8. Assigning future projections to one another (step IV; F = key factor).

best matching projections are assigned to each other first

projection 2D cannot appear together with projection 5A

projection 2C fits (significantly) better to projection 5A than projection 2D

projection 2B does not contradict projection 5D, otherwise adjust one of the two
projections
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The remaining future projections are then assigned to these
initial scenarios. For this purpose, the user(s) imagine a
multiple future based on the initial scenarios. The assignment
is based on plausibility of the combination of initial scenario
and future projection to be assigned (Fig. 8). Assigning a
future projection to multiple initial scenarios should be
avoided as this would lead to less distinct future scenarios.
Story-telling and other creativity methods proved helpful to
stimulate the imagination of the initial scenarios and helped
understand how oneself might behave or live in the respective
imagined future. If necessary, future projections may be
modified to better fit to a scenario. Whenever several future
projections of the same key factor are allotted to the same
initial scenario, a dominant projection is to be determined. In
the consistency evaluation dominant projections are primarily
considered.

4.2. Case studies - Application of the catalog-based and the
consistency matrix-based approach

Once the initiator factors were defined, a common
understanding of the associated future projections was
established. The properties of the future projections of the
other key factors were discussed for two to three minutes to
build a common understanding.

In Study A, future scenarios on the working environment
and conditions in a medium-sized enterprise were developed.
For this purpose, 13 key factors were identified in four
influence clusters, from which 51 future projections were
derived. In case study B, future scenarios for mobility
concepts of the future were developed, in which seven
influence clusters were defined. In these, 16 key factors with
63 future projections were identified.

The individual visions of the future sometimes differ
considerably. The subsequent discussion of the allocation of
the projections showed that the different future projections
were due to different interpretations of the respective future
projection pairs. The initial scenarios were completely
identical in both cases. The discussion of the future scenarios
showed that the opportunities and risks of the scenarios were
identical, even regarding the projections that had been
assigned to different future images. However, the causes for
the chances and risks were not always identical.

Table 1 lists the results of the comparison of the future
images of the proposed approach with the consistency matrix-
based scenario generation based on the assignment of the
future projections of the key factors.

Table 1. Comparison of the future images of the consistency matrix-based
scenario generation and the catalog-based scenario generation.

Comparison with respect to matching case study case study
projections A B

No match 9 10
Complete match 32 49

Mostly match 8 0

Partly match 1 4

No comparison possible 1 0

4.3. Differences between catalog-based and consistency
matrix-based future images and the respective future space

The results of the case studies were used to deduce
potential guidelines for the catalog-based approach about the
assignment of future projections to future images. These
guidelines can be understood as desired values and might aid
the user of the catalog-based approach. Table 2 compares
these guidelines with the empirical values of the three
surveyed experts regarding the consistency matrix-based
approach.

Table 2. Comparison of the assignment on projections in consistency matrix-
based scenario generation (mSM) and the catalog-based scenario generation
(cSM).

characteristic mSM cSM
percentage of used projections 60-80% 90-100%
Number of future visions 3-6 4
Number of key factors with overlaps <60% <20%
Percentage of future projections that are only <20% >80%

used in one future image

The guidelines ensure that the future space is not reduced
by the catalog-based scenario generation. In addition, the
future images generated with the proposed approach are more
distinct from one another. This results in a stereotypical future
space whereas the future space of consistency-matrix based
scenario generation is characterized by future images with
shared characteristics.

Another main difference between the two approaches is the
effort to generate future images, which is reduced
significantly from over 20 hours to less than five hours by the
proposed catalog-based scenario generation.

4.4. Suitability of the catalog-based scenario generation in
product engineering projects

The suitability of the approaches is assessed on a five-point
scale, on which ‘5’ corresponds to excellent suitability and ‘1’
to poor suitability. Fig. 9 shows the results in a radar chart.

Professional settings
K
b/

Validation of product
profiles

University projects
and research

Use for decision-
making by project
management

Use in creativity
techniques

e catalog-based scenario generation
= consistency matrix-based scenario generation

Fig. 9. Suitability of the catalog-based and the consistency matrix-based
approach to scenario generation

The experts who participated in the case study agree that
consistency-matrix-based scenario generation is slightly more
apt for use in professional settings, i.e. companies, than
catalog-based scenario generation. They explained their
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evaluation of the catalog-based approach with the idea that
product engineers have very limited time resources and the
estimated that for most purposes the quality of the catalog-
based scenarios should suffice. The future visions generated
with the catalog-based approach are much better suited for use
in creativity methods, as this approach facilitates the
imagination of the initial scenarios so that projections can be
assigned to them. Both approaches to generate future images
are well suited for validating product profiles.

4.5. Advantages and disadvantages of catalog-based scenario
generation compared to consistency matrix-based scenario
generation with respect to product generation engineering

Based on research results on requirements of a systematic
approach for modeling objectives [60], a panel of five product
generation engineering (PGE) experts discussed the
requirements that a systematic approach to generating future
scenarios, e.g. a process or a method, must fulfill. With
respect to scenario generation this resulted in the following
requirements:

e Engineers with little experience in generating scenarios
must be able to understand the approach quickly and apply
this approach themselves without the help of experts

o As little effort as possible for the creation of future images

o As little effort as possible for the correction or adaptation
of already created future images or selected future
projections thereof

e Assignment of projections to future images is transparent

o Assignment of projections is based on intuitive procedures

o Suitability for recurring scenario generation, e.g. to assess
variation planning over several generations according to
the model of PGE

Comprehensibility
of the approach
3

Suitability for
recurring scenario
development

Intuitiveness of the
approach

Effort related to
preparations

Reproducibility
(estimate)

. Effort while
Consistency of the A
. employing the
future images
approach

Transparency of the
assignment of
projections

Effort to ascertain
chances and risks

Ease of corrections Effort for editing

e catalog-based scenario generation

e consistency matrix-based scenario generation

Fig. 10. Evaluation of the fulfillment of requirements by the catalog-based
and the consistency matrix-based approach to the scenario generation

The panel of PGE experts considered the first four
requirements to be particularly important, especially if the
development team is to create its own future images or is at
least heavily involved in the process. The interviewed experts
rated eleven characteristics that are used to assess the degree
of fulfillment of the requirements defined above based on a

five-point scale. A radar chart is used to illustrate the
evaluation (Fig. 10), in which ‘5’ corresponds to complete
fulfillment and ‘1’ to severe shortcomings of the respective
requirement.

5. Discussion

This research contribution shows that the scenario
management with the catalog-based scenario generation holds
potential for the strategic foresight in product engineering.
Although, this hypothesis is based on two case studies only
and thus further research is necessary. In addition, the
requirements and derived characteristics to evaluate their
fulfillment are based on five PGE experts, and research on
requirements on a systematic approach to modeling
objectives. Therefore, further research may be in order to
validate the conclusion of the five PGE experts. However, the
interviewed experts regarded these metrics as sufficient to
evaluate the proposed catalog-based scenario generation and
the consistency matrix-based scenario generation.

Especially, if the user has little experience with the
generation of scenarios, the catalog-based approach offers
some advantages as it is easier to comprehend and the
assignment of projections to future images is relatively
transparent. This is facilitated by the intuitive procedure for
creating the future images with the aid of the catalog. This is
because the catalog-based creation of future images is based
on the morphological box, which is an intuitive instrument for
mastering complexity [33]. For this reason, the transparency
of the individual assessments and the resulting future images
can be significantly increased. Although, the consistency
matrix-based procedure is aided by a graphical unit interface,
the assignment is often more difficult as the effects of the
evaluations are not directly transparent, and a time-consuming
classification of consistency is necessary for every possible
pair of future projections. This represents a conflict of
interests, as a more granular classification results in a better
consistency of the future images, yet the effort in the
consistency evaluation increases. In addition, scenarios
generated with the catalog-based approach require only a
fraction of the effort compared to the consistency matrix-
based approach.

However, the scenarios generated with the consistency-
matrix approach have a higher consistency as indirect
interdependencies between projections are considered, too
[14]. Additionally, there is a tendency to systematically
exclude combinations of future projections that appear
logically impossible or inconsistent, even if they are not, due
to the ever-increasing complexity and neglected underlying
causalities between key factors [61, 62]. This is more likely to
happen if the catalog-based approach is used, as complexity
cannot be not reduced to a single evaluation of a pair of future
projections, rather the suitability of a future projection for a
partly synthesized scenario, i.e. a set of future projections,
needs to be evaluated. Therefore, complex systems or highly
complex environments still necessitate a completed
consistency matrix to attain future scenarios of the highest
quality. Yet, this may not be necessary for a significant
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number of product engineering projects, and thus the effort-
benefit ratio justifies the use of the catalog-based approach.

The catalog-based future images use almost all future
projections, which reduces the loss of information compared
to the future images, which were created using a consistency
matrix. This can be explained by the algorithm for generating
future scenarios, which uses the calculated plausibility of each
potential combination of future projections to cluster them [9].
The degree of information loss determines the number of
future scenarios [9, 27], whereas the catalog-based approach
yields four future scenarios, albeit more distinct ones. These
stereotypical future images facilitate strategic decision-
making. However, the catalog-based approach is not superior,
as its future images deviate depending on the creator. This is
caused by the use of the morphological box [59] as well as by
the deviating understanding of future projections by the
individual users. The discussions on the future images,
especially their differences, results common understanding of
the future projections and an adjustment of the future images.
During this discussion, two different scenarios may be merged
into a new one if this results in new risks and chances that
would potentially affect the robustness of the system in
development (SiD) or strategic decisions. This time-
consuming post-processing is likely to be significantly
reduced if a unified understanding of both the key factors and
all future projections is established prior to the actual scenario
generation as was done for the initiator factors which resulted
in identical initial scenarios. If the interpretation of the
scenarios is performed by the same group that already created
the future images, the interpretation and editing of the future
images requires less time. The reason for this is that the users
of the catalog-based approaches put themselves in the position
of a company or an individual to assign future projections. As
a result, the degree of maturity and understanding of the
individual future images after allocation of all future
projections is high. If the interpreters and the creators of the
scenarios differ, the interpreters must first understand the
underlying thinking process that governed the scenario
creation. This is associated with considerable time
expenditure and should therefore be avoided, even if this
represents a restriction of catalog-based scenario creation.

Due to the associated software application, the post-
processing of scenarios with the consistency matrix-based
approach is less time-consuming than with the catalog-based
approach. For instance, the multi-dimensional scaling to
visualize the future space eases the editing of scenarios in a
scenario map [15]. This supports the investigation of
interdependencies between the scenarios [14]. Additionally,
the consistency matrix can be generated automatically which
reduces the effort for the preparation of the scenario
generation. These aspects illustrate the shortcomings of the
catalog-based scenario generation that is not yet supported by
a software application.

6. Outlook
This research is based on two case studies only. While the

proposed approach seems to have great potential, further
research is warranted in order to ensure the suitability of

catalog-based scenario generation, especially with regard to
the consistency and quality of the future scenarios.

It still seems indispensable to generate future scenarios for
complex systems or highly complex environments based on
the consistency matrix which is associated with a substantial
time invest. It is therefore essential to investigate the required
quality of future scenarios with respect to the project,
complexity of the system to be analyzed and the complexity
of the environment. These studies may also be used to
evaluate when the catalog-based approach is suitable based on
the effort and the required quality of scenarios. This of course
means that the consistency matrix-based approach serves as a
benchmark and thus all case studies should apply both
approaches. As there are multiple existing future scenario
analyses that are based on the scenario management by
Gausemeier et al., one might use these in a comparative study.

Additionally, the approach developed in this research
contribution to generate future scenarios requires a relatively
large amount of preparation and follow-up work. Future
research should therefore investigate how this can be reduced.
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