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ABSTRACT
The success of complex product development projects strongly depends on the clear definition of
target factors that allow a reliable statement about the fulfilment of the product requirements. In the
context of tolerancing and robust design, Key Characteristics (KCs) have been established for this
purpose and form the basis for all downstream activities. In order to integrate the activities related to
the KC definition into product development as early as possible, the often vaguely formulated
requirements must be translated into quantifiable KCs. However, this is primarily a manual process, so
the results strongly depend on the experience of the design engineer.
In order to overcome this problem, a novel computer-aided approach is presented, which automatically
derives associated functions and KCs already during the definition of product requirements. The
approach uses natural language processing and formalized design knowledge to extract and provide
implicit information from the requirements. This leads to a clear definition of the requirements and
KCs and thus creates a founded basis for robustness evaluation at the beginning of the concept design
stage. The approach is exemplarily applied to a window lifter.
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1

INTRODUCTION

In today's dynamic and competitive markets, an increasing demand for quality and complexity requires
a comprehensive but flexible definition of product requirements as starting point for product
development. The diverse characteristics of the large number of requirements inevitably lead to
unclear or ambiguous requirement definitions. Nevertheless, the technical realization calls for a
suitable interpretation and their translation into appropriate target factors to fulfil customers' demands.
In the context of robust design and tolerancing, these factors are usually called Key Characteristics
(KCs) forming the basis for subsequent activities (Thornton, 2004). Even though their definition plays
a crucial role in product development, it is usually a manual process, whose results strongly depend on
the design engineer's expertise. Especially in the context of a dynamic product development process,
this step is time consuming and thus a hurdle for an early robustness evaluation of principal solutions.
Therefore, this contribution presents a knowledge-based approach that utilizes natural language
processing (NLP) for the simultaneous derivation of functions and KCs during requirement definition.
The paper is structured as follows. Section 2 discusses related work considering requirements
engineering and design evaluation in the context of early robust design. Based on the resulting
research question in section 3, section 4 describes the proposed approach, which is exemplarily
applied and discussed in section 5. Finally, the paper closes with a conclusion and an outlook.
2

RELATED WORK

Since product development processes usually start with the definition of requirements, it has a decisive
influence on design decisions and their traceability. Thus, the requirements engineering including the
identification and unification of stakeholder requirements and their appropriate documentation and
management emerged. (Pohl, 2010) Due to the various sources of requirements and the progressive
concretization along the product development process, there are several types (e.g. process or product
requirement) and levels of detail (Dick et al., 2017). For example, a strict distinction between wishes and
demands is drawn (Rupp, 2014). Apart from this characterization, the quality of the requirement
definition particularly affects the product success (Kamata and Tamai, 2007). Thus, a proper
documentation of this various information is indispensable (Pohl, 2010). Besides a formal structured
documentation, for example via UML or SysML, textual requirements in sentences, e.g. in requirement
lists, are preferred in the design engineering context (INCOSE, 2017). In order to ensure a high quality,
for example by avoiding redundant, unclear and ambiguous requirements (Dick et al., 2017), there are
extensive writing guides leading to a proper wording of the requirement definition (INCOSE, 2017).
However, ambiguities in requirements definition cannot be completely prevented by these guidelines,
especially in large development teams. Thus, particularly in the context of software development, NLP is
increasingly used to systematically analyze, classify and improve the requirement definition (Nazir et al.,
2017). This includes the elimination of ambiguities from text (Kiyavitskaya et al., 2008) and the
transformation into design artefacts (Yue et al., 2011). Despite extensive preliminary work in the area of
using NLP for requirements engineering, the adaptation to individual contexts or applications is still part
of ongoing research (Dalpiaz et al., 2018; Zhao et al., 2020).
Once the requirements are properly defined, they are translated into specific design parameters in the
ongoing development process according to the Axiomatic Design (Suh, 1990). Thereby the House of
Quality (HoQ) from the Quality Function Deployment (QFD) facilitates the structured, matrix-based
mapping of the relations between requirements and design parameters (Sullivan, 1986). This breakdown constitutes a significant concretization of the product and is therefore often time-consuming.
Nevertheless, this step is essential at the beginning of the product development process, especially
with regard to a robust product design (Göhler et al., 2016). In this context these parameters, which
map the requirements in a quantifiable way, are usually called Key Characteristics (KCs) (Thornton,
2004). They are the basis for tolerancing and robust design activities and improve the traceability of
design decisions throughout the product development process (Zheng et al., 2008). Moreover, they
enable an early quantitative design evaluation and thus contribute to a largely objective concept
selection in the next step of product development (Okudan and Tauhid, 2008). Accordingly, a
quantitative approach for the evaluation of principal solutions under consideration of different
robustness principles was presented. The basis for this approach is the function structure of the product
as well as the derived KCs, which are included in the evaluation with a weighting based on the
Variation Risk Priority Number (VRPN) from a modified Variation Mode and Effect Analysis
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(VMEA). This leads to one individual robustness index for each principal solution enabling the
consideration of the aspect of robustness in the multi-criteria design evaluation at the beginning of the
concept design. (Goetz et al., 2019)
3

RESEARCH QUESTION

Summarizing the related work, the proper definition of requirements is crucial for successful product
development and reliable design evaluations. Besides the formalization of the requirements, this calls
for a translation into design parameters enabling the concretization from implicit to explicit product
information in the ongoing development process. However, there is a lack of specific approaches
supporting the design engineer in this step. Thus, the actual linking of requirements and quantitative
parameters is often weak, which is a major burden especially in the concept evaluation (Okudan and
Tauhid, 2008). Accordingly, the results of the robustness evaluation of principal solutions significantly
depend on the requirement-based definition of KCs and thus on the experience as well as the effort of
the respective design engineer. Consequently, motivated by the demand for a more reliable and
accelerated derivation of KCs the following research question arises: How can ambiguities in the
definition of criteria for robustness evaluation in early design stages be consistently reduced?
4

SIMULTANEOUS DEFINITION OF KEY CHARACTERISTICS

In the common procedure, requirements are sequentially broken down to specific KCs, see Figure 1.
However, this one-way procedure is subjective and leads to time-consuming iterations in case of
requirement changes. In contrast, the proposed approach enables a simultaneous definition of
requirements, functions and KCs fostering a better linkage, see Figure 1. Moreover, the utilization of
NLP and formalized design knowledge enables an automatic classification of requirements leading to
a clear understanding of the intention of the requirement and a computer-aided derivation of functions,
KCs and their attributes. The classification uses the classes necessity (wish/demand), aspect
(qualitative/quantitative) and condition (hurdle/optimization) defined in preliminary work (Horber et
al., 2019). Since this classification focuses on the automated derivation of evaluation criteria (Horber
et al., 2020), it is reasonable for the intended robustness evaluation.
common sequential procedure
requirements

functions

simultaneous approach
requirements

KCs

functions
robustness
evaluation

classification

NLP + design
knowledge

KCs

robustness evaluation

Figure 1. Transition from sequential to simultaneous KC definition

After a brief introduction of the corresponding workflow shown in Figure 2, the principles of the
approach are explained in detail in the subsequent paragraphs. The process starts with an initial
requirement definition, which is automatically classified revealing what is commonly meant by this
specific requirement. This enables a stringent adaption of the wording by the design engineer so that
the actual intention becomes clear. Simultaneously, the automatic derivation of function and KC
proposals with associated attributes such as target values and directions of improvement takes place.
The adoption of the function proposals and the corresponding weighting with respect to the relevance
for the associated requirement leads to a proper function definition influencing the derived KCs. Their
adapting and weighting according to the VMEA presented by Goetz et al. (2019) completes the
simultaneous definition of KCs. Finally, the results from the proposed approach are unified in one
common modified HoQ including requirements, functions, KCs and the corresponding weightings and
relations. This documentation of relevant information for a specific product allows a comprehensive
consistency check that helps to avoid redundant or ambiguous definitions. Moreover, it forms the basis
for the robustness evaluation of principal solutions according to Goetz et al. (2019).
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Figure 2. Workflow of simultaneous function and KC definition and its documentation.
Pictograms indicate automated steps and design engineer interaction. Simultaneous steps
are marked with an asterisk.

The automated approach is based on fundamental NLP features shown in Figure 3. In combination
with rule-based matching (Nadkarni et al., 2011) this allows the integration of formalized semantic
design knowledge that is especially necessary in case of less specific requirements. In order to cover a
wide range of requirements with different level of detail, the proposed approach combines various
principles. These different aspects and their realization are explained below by means of three types
of requirements with decreasing information content.
tokenization – segmenting text
Part-of-Speech tagging
dependency parsing
lemmatization – base form of words

Figure 3. Explanation of basic NLP features (generated with spaCy)

Requirement with direct description of KC
In order to identify this requirement type, it is first compared with the appropriate defined KC list
including the terms gap, flush, distance, clearance, angle, tilt and tilting commonly used for the
explicit description of KCs. In combination with dependency parsing, this allows the extraction of the
KC including the corresponding components, see Figure 4.
direction of improvement
& quality loss function

KC

word
completion

classification
wish / demand

classification
hurdle /
optimization

classification
qualitative /
quantitative

The gap between window and frame must be <= 1mm
rule-based matching (KC tag list
& dependency parsing)

Part-of-Speech
tagging NOUN

lemmatization &
necessity tag list

condition
tag list

Part-of-Speech
tagging NUM

Figure 4. Extracted information (upper section) and corresponding techniques (lower
section) for exemplary direct requirement definition
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Furthermore, the identification of nouns within the requirement specification enables the realization of
a word completion approach. This accelerates the subsequent definition of further requirements and
ensures consistent word usage.
Based on the fundamental idea described in (Horber et al., 2020) the proposed extension of the
classification of requirements allows a detailed derivation of the requirements intention. First, the
existence of a numeric modifier (NUM) in a requirement indicates whether it is qualitative or
quantitative. The distinction between wish and demand is realized by matching the lemma of the
verb assigned to the KC with a tag list. Thereby terms like should, could, can or might indicate wishes
while the words must, need to, have to, shall or may describe a demand. Moreover, the tag list in
Figure 5 enables a classification in hurdle and optimization. This helps to distinguish whether a
requirement respectively evaluation criteria is already completely fulfilled by exceeding or falling
below a threshold value (hurdle) or whether further improvements are useful (optimization). Even
though this classification is beneficial in the design evaluation process (Horber et al., 2020), detailed
information about the desired behavior of a product under variation is missing. Therefore, the table in
Figure 5 additionally provides quality loss functions (Phadke, 1989) that are commonly used in the
context of robust design. They enable a proper evaluation of design alternatives during the deviation
and robust design analysis in the subsequent product development steps. Finally, the derivation of the
direction of improvement allows its proper documentation in the HoQ (Sullivan, 1986).
tags
condition
larger, greater, more, at least,
hurdle
minimum, minimal
shorter, smaller, fewer, less, at
hurdle
most, maximum, maximal

direction of improvement

quality loss function
loss

maximize
KC
loss

minimize
KC
loss

>, >=, =>
KC
loss

=, as possible, equal
optimization

KC

target

loss

<, <=, =<
KC
loss

combination of "maximize"
and "minimize"

KC

Figure 5. Condition tag list with corresponding condition, direction of improvement and
quality loss function

Requirement with indirect description of KC
Besides the direct definition of KCs with corresponding target values, requirements often provide an
indirect description of KCs. Therefore, a correct interpretation and transfer into an explicit definition is
essential. Unlike the mostly manual and individual procedures, the proposed approach utilizes
semantic and formalized knowledge for terms that are typically used. Figure 6 shows an extract of
these tags with corresponding information.
tags
parallel
perpendicular, rectangular
coincident, concentric

KC term
angle
displacement

target value
0°
90°
0mm

Figure 6. Exemplary tag list indicating KCs and target values

Thus, for example, the requirement "The horizontal gap between window and frame must be as
parallel as possible" leads to a proposed KC angle gap window frame with target value 0°.
Furthermore, in combination with the principles shown in the previous paragraph, the requirement is
automatically classified and further attributes, such as the direction of improvement, are derived.
Requirement defining a function
Finally, requirements often refer to specific functions of a product. Since a direct link to KCs is not
apparent, these requirements are frequently disregarded during the prevailing manual determination of
KCs. However, to ensure these functions, specific KCs must be observed. Thus, a knowledge-based
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approach, which automatically and uniformly derives associated KCs, is beneficial to ensure that
implicitly necessary KCs are considered in further development. As the excerpt in Figure 7 shows, a
largely universally valid knowledge base is generated with the aid of engineering design logic and
formalized empirical knowledge. For example, the function seal is usually associated with a gap,
which should be kept to a minimum if possible.
verb
guide

KC term
clearance

direction of improvement
minimize

seal

gap

minimize

not jam

clearance

maximize

Figure 7. Exemplary tag list for functions with correspond. KC and direction of improvement

For instance, the requirement "The window must seal" stringently leads to the function seal window,
the KC gap, the direction of improvement minimize and the corresponding quality loss function.
Thus, the proposed approach classifies requirements with varying degrees of detail and automatically
derives associated functions and KCs with the respective attributes. Finally, KCs are broken down into
individual KCs according to the six degree of freedom (DOF), which allows a separate consideration in
the subsequent steps. For example, a distinction between translational and rotational clearance is useful.
The documentation of these abstracted KCs in the unified HoQ enables an easy check for redundant KCs
and thus helps to avoid ambiguous definitions. Moreover, motivated by the contradiction analysis for
functional requirements (Göhler and Howard, 2015), conflicting KCs and thus requirements are simply
avoided or combined by considering the direction of improvement and the target value for multiple
defined KCs in the extended HoQ. For better traceability and easy identification of weak points, the
relations are additionally represented in a graph, see the exemplary excerpt in Figure 8.
The gap
should be
>= 0mm.

requires

KC: gap
window
frame

requires

The
window
must
seal.

Figure 8. Exemplary graph with multiple definition of a KC

5

APPLICATION

The proposed approach is exemplarily applied to a simplified electric car window regulator to
demonstrate the practical workflow. This academic case study is industry-oriented and offers various
concept alternatives such as the cross-arm or dual rail cable mechanism enabling a useful robustness
evaluation (Goetz et al., 2020). Moreover, the adequate simplicity of the system allows for good
comprehensibility. The requirements listed below are exemplarily defined and do not claim to be
comprehensive. They are partly redundant or ambiguous and formulated in different detail, see for
example requirement 3 and 5. This initial definition is the starting point for the application of the
approach.
1.
2.
3.
4.
5.
6.
7.
8.
9.

The window shall be guided properly
The window should close quickly
The window must seal
The window must be firmly attached to the mechanism
The gap between window and frame must be <= 1mm
The window must not jam
The window must not transfer excessive tension
The gap between window and frame must be >= 0mm
The horizontal gap between window and frame must be as parallel as possible

5.1 Implementation
The conceptual implementation is based on spaCy, which is an open-source library enabling NLP.
Figure 9 shows the prototype of the associated graphical user interface (GUI). In compliance with the
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structure of the workflow presented in Figure 2, the GUI is organized in three levels: requirement,
function and KC. Consequently, the information belonging to an individual requirement is
summarized in one single view.

Figure 9. Prototype of GUI combining requirement, function and KC level

In the first step, the respective requirement is initially defined by the user, processed in the backend
via NLP and automatically classified. If necessary, the design engineer can further specify the
requirement so that the actual intention becomes clear and matches his understanding. Modifications
of the requirements directly affect the resulting proposals for functions and KCs.
In the center of the GUI in Figure 9, the associated functions are simultaneously defined. The design
engineer has the option to adopt and modify the automatically generated proposals. In order to avoid
redundancy in the definition of further requirements, a comparison with the entries of the HoQ
identifies if the function has already been determined. Finally, the design engineer is asked to weight
the respective functions with values between 0 and 1 reflecting its relative importance for the superior
requirement. This corresponds to the entries of the relation matrix of the HoQ and forms the basis for
the structured robustness evaluation (Goetz et al., 2019).
In the lower section, KCs are defined based on the proposed KCs including the corresponding
directions of improvement and, if applicable, the target values. According to the information from the
tag list in Figure 7, clearance for all six DOF is proposed, see Figure 9. The proposal also respects the
check for already specified redundant or conflicting definitions. Since the design engineer considered
the clearance γ as irrelevant, five KCs associated with the requirement are determined. Finally, these
KCs are weighted using the modified VMEA (Goetz et al., 2019). This includes the assessment of the
importance (I) of the KC for the superior function or requirement, its probability (P) of variation and,
if applicable, a correction(C) factor.
This process is repeated for each requirement. The information, which is defined in the GUI, is stored in
an Excel-based HoQ, see Figure 10. This comprises all requirements, the associated functions as well as
KCs and forms the basis for the proposed consistency check. Thus, for example, the two requirements
"The window shall be guided properly" and "The window must not jam" were merged because they have
a similar intention, which results in the derivation of the same functions and KCs. However, since the
direction of improvement of the KCs for guide and not jam is opposing (see Figure 7), their unification
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led to a new quality loss function, see Figure 5. This proposed consistency check enabled the elimination
respectively combination of two requirements and seven KCs for the case study presented here.
Moreover, the HoQ shows the interrelations. The roof of the HoQ represents the relations among
functions and KCs. The relation matrix in the center shows the relative importance of the functions and
the resulting product of I, P and C from the GUI. The multiplication of these values in the relation matrix
according to the relations defined in the roof results in the VRPN indicating the importance of the KC for
the entire product. This allows their easy prioritization for the subsequent product development steps.

●
●
●
●
●

▼ ▼ ▼ ▼ ▼
Clearance z

Clearance alpha

Clearance beta

The window shall be guided properly

Clearance y

Requirements

Clearance x

Functions,
Subfunctions,
KCs

Guide window

Direction of Improvement

1

24

4

80

80

80

24

4

80

80

80

9%

1%

30%

30%

30%

Target
VRPN (Technical Importance)
Relative Weight

Figure 10. Extract from unified HoQ for requirement 1 with information defined in the GUI

degree of constraint 3
number of
parameters

2

Key Charakteristic - KC
clear α
clear β

gap

angle gap

80

80

80

80

60

cross arm

1

2

2

2

2

2040

dual rail

1

1

1

2

1

1380

cross arm

1

2

2

2

1

1240

dual rail

1

2

1

1

1

920

qual. loss
VRPN

Ø-dual rail

clear z

Ø-cross arm

criteria

FM

∑-values

Berechnen
Calculate

weighting

Input
Input
- HoQ

∑-VRPN

Thus, the HoQ forms the basis for the Excel-based robustness evaluation matrix shown in Figure 11.
The information adopted from the previous steps are highlighted in blue. Consequently, the task of the
design engineer is reduced to the concept evaluation regarding different robustness criteria in the
center of the evaluation matrix. In contrast to the procedure described in (Goetz et al., 2019), the
design engineer is supported by additionally derived information such as quality loss functions and, if
applicable, target values. The detailed process of robustness evaluation is extensively described in
(Goetz et al., 2019). So, the exemplary evaluation in Figure 11 does not claim to be comprehensive
and is primarily used for demonstrating the benefit of the proposed approach here. Based on the
resulting indices, the principal solution dual rail cable window regulator is more robust than the crossarm window regulator (Goetz et al., 2020).

5.4
380

3.6
3.3
2.4

product - functions (guide & move window)
coupling

2

cross arm

3

6

dual rail

1

2

-

6

2
robustness index (cross arm) 14.7
robustness index (dual rail)
8

Figure 11. Robustness evaluation matrix for two window lifter concepts
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5.2 Discussion
As the matrix in Figure 11 shows, the robustness evaluation is simplified by the information provided
by the proposed approach. Although the evaluation criteria are automatically provided, the results still
depend on the designers' experience. However, the remaining ambiguity in the definition of these
criteria is reduced by the additional available information, such as the quality loss functions. Thus, the
research question is answered by using NLP and tag lists with semantically linked design knowledge
deriving implicit information from the requirements. Therefore, the requirement definition must
follow rules. This issue is countered by the semantic analysis of the requirements, which extracts their
intention e.g. by classification. Thus, the intended interaction with the design engineer stringently
improves the requirement definition and leads to a uniform understanding, without automatic changes
of the input. The proposed approach uses rule-based NLP, in which the information associated with a
requirement is explicitly mapped. As typical for knowledge-based approaches, there is a contradiction
between the degree of detail and the universal applicability of the formalized design knowledge in the
tag lists. Its extent depends on the scope and unambiguity of the requirement definition. Especially
within a company with recurring requirements, it allows comprehensive automation. However,
confirmation by the design engineer is essential at this early stage, where the design space is extensive.
The simultaneous NLP-supported definition of requirements, functions and KCs reveals intensions and
relations so that together with the designer's interaction a consistent definition can be ensured. This
clarity, as well as the linked documentation, is particularly beneficial for complex products with
numerous interacting requirements or dynamic changes, as their impact is immediately clear.
However, the degree of automation, especially in the derivation of implicit information, depends on
the formalized knowledge and the level of detail of the requirement definition.
6

CONCLUSION AND OUTLOOK

The contribution stresses the lack of specific computer-aided approaches supporting the design
engineer in the translation of differently formulated requirements into quantifiable KCs, which are the
basis for tolerancing and robust design decisions. Since these KCs are the only quantitative criterion
available for robustness evaluation at the beginning of the conceptual design, their clear definition is
essential. Thus, the novel approach fosters the simultaneous definition of requirements, functions and
KCs supported by the semantic analysis and derivation of information from the requirements. The
implicitly available information is translated into concrete specifications with the help of NLP, rules
and formalized design knowledge. Besides, the classification of the requirements contributes to a clear
understanding of their meaning. Thus, the unambiguity and quality of the requirement is consistently
improved. Furthermore, the comprehensive semantic analysis does not only derive functions and KCs
but also additional information such as associated quality loss functions. This extended information
supports the design engineer in the subsequent robustness evaluation.
Moreover, the approach provides an intensive linkage between requirements, functions and KCs,
which enhances traceability of the effect of requirement changes. These relations are documented in an
extended HoQ unifying the relevant information. The common document enables a consistency check
already during the definition of requirements, which prevents redundant or contradicting requirements
and KCs. Finally, the HoQ also covers the weightings of the functions and KCs regarding their
importance for the entire product so that all input variables relevant for the robustness evaluation of
concepts are available. Apart from the improvement of the applicability of the early robustness
evaluation, the proposed approach contributes to a well-founded requirement definition.
To further exploit the potential of the proposed approach, a future integration into the multi-criteria
evaluation process of concepts would be useful. In this context the derivation of further information,
which is already implicitly defined in requirements, e.g. through machine learning is conceivable.
Finally, the approach should be transferred to industrial application and adapted to the users' needs.
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