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Set-Based Concurrent Engineering (SBCE) is an element of lean practice in product
development (PD), and it is composed of principles to apply it at early phase of a design
process. However, executing the principles demands extensive efforts in practice.
Thus, a systematic methodology is required to identify and prioritize potential areas
(area in this paper is a generic term used to refer to subsystems, components or design
factors or parameters a designer is applying SBCE process to explore, communicate
and evaluate sets of solutions to satisfy a customer requirement or to solve a particular
problem) where SBCE brings its utmost benefits. This paper proposes such a
methodology called SBCE Innovation Roadmap (SBCE IR) that is used as a
guideline by product designers to begin SBCE processes. A case study on Adiabatic
Humidification System (AHS) is discussed to elaborate the application of the
methodology in a real product system. Furthermore, by using the roadmap, a rack
subsystem is selected to show how to use SBCE IR as an input for SBCE process, and
further explore and evaluate innovative design concepts. Finally, an open questionnaire
is prepared and interviews are made with experts to assess the advantages,
applicability, and limitations of the methodology.

Keywords: Set-Based Concurrent Engineering; Quality Function Deployment; Theory
of Inventive Problem Solving; contradictions; Adiabatic Humidification System

1. Introduction

In early stage of a design process, Set Based Concurrent Engineering (SBCE) is a popular
element of lean practice in product development (PD) (Al-Ashaab et al., 2010; Morgan &
Liker, 2006; Oosterwal, 2010; Sobek, Ward, & Liker, 1999; Ward, Liker, Cristiano, &
Sobek, 1995; Ward, Shook, & Sobek, 2007). It is defined as when designers ‘“reason,
develop and communicate about sets of solutions in parallel and relatively
independent” (Sobek, 1997). It involves three basic principles (Sobek et al., 1999): (1) “Map
the design space” or principle of exploration, which aims to achieve a thorough
understanding of sets of design possibilities for subsystems, or what design theorists called
exploring the “design space” (Maher & Poon, 1996; Smithers, 1989; Zeng & Cheng, 1991).
(2) “Integrate by intersection” or principle of set-based communication, which ensures that
subsystem solutions are defined that are workable/compatible to all functional groups
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involved. (3) “Establish feasibility before commitment” or principle of convergence that
prescribes an aggressive elimination of inferior design sets.

Researches argued that SBCE has several advantages (Kennedy & Harmon, 2008; Khan
et al., 2011; Raudberget, 2010; Sobek et al., 1999; Ward et al., 1995). These are: (1)
reduction of product and process costs, by searching cheaper alternatives, adding the right
features, and reducing late/costly reworks; (2) reduction of development time, by reusing
previous knowledge and/or avoiding delays caused by late changes; (3) improve innovation
potential, by exploring alternative solutions and making ideas successful the first time; (4)
better communication, by effectively using data and proven knowledge among design teams
(e.g., trade-off and limit curves); (5) avoid design risks, by increasing the probability of
success due to the consideration of larger sets; and (6) facilitate learning.

Although the principles of SBCE are sound and the claimed benefits are promising,
there are fundamental impediments for its practical success. Among which, this paper tries
to provide an answer for an important question that is lacking from the existing literature,
i.e., how designers can identify and prioritize areas in a product system (at subsystem and
component levels) where SBCE should be applied?

In the reminder of this paper, in Section 2, the limitations of SBCE, review of related
works, contributions, originality, and objectives of this paper are discussed. In Section 3,
the proposed SBCE Innovation Roadmap (SBCE IR) methodology is presented and the
associated steps are detailed. The case study conducted on Adiabatic Humidification
System (AHS) to apply the methodology is described in Section 4. In Section 5, the SBCE
process conducted in the selected subsystem (rack subsystem) is discussed along with the
benefits obtained. In Section 6, the validation of the SBCE IR methodology and the
discussion of its effectiveness are presented. Finally, in Section 7, conclusions and future
researches to improve the SBCE IR methodology are explained.

2. State of the art, research contributions, and objectives
2.1 SBCE and its limitations

As many researches argue, the principles of SBCE are sensible during early phases of a
design process and some evidences are reported on the benefits for industries. Nonetheless,
SBCE is not yet widely accepted as an industrial practice. The practical challenges and
research gaps addressed in this paper are summarized as follows:

1. SBCE is an extensive process: To conduct an SBCE process, designers should go
through extensive phases such as exploring, communicating, testing, and evaluating
multiple sets in parallel. Doing all these require considerable time, investment, and
capabilities (Rossi, Kerga, Taisch, & Terzi, 2012). Terwiesch, Loch, and De Meyer
(2002) and Bogus, Molenaar, and Diekmann (2005) underscored the extensive
nature of SBCE strategy, and asserted that it should be used when the cost of
pursuing it is cheaper than the value it can create. Ford and Sobek (2005) also
proposed a real option model to find the optimal number of sets to consider,
limiting the efforts needed to conduct SBCE. Thus, adoption of SBCE should not
be based on a random choice, and there is not a guarantee that any such initiative
will be a success (Raudberget, 2010). Therefore, there is a need for a systematic
methodology to identify and prioritize areas where SBCE should be applied to
maximize its benefits.

2. SBCE and its limits for innovation: In the extant literature, SBCE has strictly been
related to the use of trade-offs (Sobek et al., 1999). The uses of trade-offs are crucial
in SBCE to make decision based on visible data and knowledge (Ward et al., 2007).



However, established theories of innovation argue that using and accepting trade-
offs restrict the level of innovation (Altshuller, 1984; Hua, Yang, Coulibaly, &
Zhang, 2006; Sheng & Kok-Soo, 2010). Altshuller, in his prominent Theory of
Inventive Problem Solving (TRIZ), underscores the limitation of accepting trade-
offs in design (Altshuller, 1984, 1994, 1999; Hua et al., 2006). In TRIZ, trade-offs
or compromises are not accepted, rather they are eliminated if innovative design
solutions are sought to be discovered. Lean movement has been associated with
increasing efficiency by eliminating non-value adding activities (Womack & Jones,
2005). However, this argument is predominately related to lean application in
manufacturing, where the value of a product is already defined. In PD, the
principles of lean are not only related to increasing efficiency but also enhancing
innovation or creating more value to customers through exploring unexpected or
unique concepts that can push existing technology performances (Oppenheim,
2004). The influence of SBCE in innovation is connected to its first principle
“mapping the design space or exploration” (Khan et al., 2011; Sobek et al., 1999).
Paradoxically however, if solutions are explored and evaluated based on
performance trade-offs, the intent of offering innovative solutions will be limited.

3. Psychological inertia (PI) or Mental inertia: This is a phenomenon explained in
TRIZ where designers often tend to explore solutions within known design spaces
(Kowalick, 1998). PI is another practical and expected challenge to do the first
principle of SBCE “mapping design space or principle of exploration.” In
particular, considering that 80% of new design projects are based on minor or small
improvements from existing technologies, it often becomes unlikely for designers
to observe “out of the box” or innovative solutions (Altshuller 1984, 1994,
Kowalick, 1998). If SBCE implementation is subjected to trade-off and PI, one
expects that the innovation potential of SBCE is less significant. Therefore, SBCE
has to be integrated along with established theories of innovation to enhance
creativity while its implementation.

2.2 Review of related works

Although SBCE appears in the literature in the 1990s based on studies of Toyota’s PD
(Sobek et al., 1999; Ward et al., 1995), previous researches have been concerned to
improve the effectiveness and efficiency of early phases of design. Moreover, the gaps
identified in Section 2.1 have partially been addressed in past researchers. The main
previous works are discussed in the following subsections.

2.2.1 Classical TRIZ

As a theory for idea creation in the conceptual design processes of products, Altshuller
proposed a method of solving invention-specific problems (TRIZ; a Russian acronym for
Theory of Inventive Problem Solving) (Altshuller, 1984, 1994, 1999). This method solves
technical problems and offers innovative product structures by using a knowledge base
built from the analyses of approximately 2.5 million patents, primarily on mechanical
design. TRIZ argues that most genuine innovations are the results of resolving
contradictions between system requirements. TRIZ effectively models and resolves
contradictions between customer requirements using its formulated tools such as the “40
inventive principles,” the “principles of separation,” and the “substance-field
model” (Savransky, 2000). In this way, TRIZ shows its potential for supporting the
exploration of



innovative concepts. However, in a product system, there could be several contradictions
to overcome. Classical TRIZ does not provide a method to systematically prioritize
contradictions. Therefore, although it can support to identify potential areas for applying
SBCE while generating conceptual solutions, it gives little guidance for prioritizing or
ranking the most appropriate contradictions to work on.

222 OTSM

OTSM is the Russian acronym for General Theory of Powerful Thinking; it is an evolution
of classical TRIZ that provides a hierarchical structure in order to identify the most critical
problem (Khomenko, De Guio, Lelait, & Kaikov, 2007). Cavallucci and Khomenko claim
that one of the key issues for OTSM is to reduce the amount of problems to be solved in
order to solve a complex network of problems (Cavallucci & Khomenko, 2007).
According to this purpose, several instruments and models have been proposed to address
this issue under the names of Networks of Problems (NoP) and Problem Flow Network
(PFN) approaches (Khomenko et al., 2007). The Network of Contradiction (NoC) is a
subsequent interpretation of the NoP/PFN and integrates information about the
contradictory requirements in the form of cause and effect relationships (Khomenko et al.,
2007). OTSM is very useful to represent and model real/complex problems and enable to
identify the root contradiction to overcome. However, OTSM has two important
limitations. First, it does not provide a systematic means to choose the most appropriate
contradiction to work on and is biased on the subjective decision of problem solvers
(Baldussu, Becattini, & Cascini, 2011). Second, OTSM is a problem-solving method
rather than a planning method; it starts with a particular problem and expands to sub-
problems to map NoP and NoC. In a product system however, there can be contradictions
which are unrelated to each other. OTSM lacks to provide a system view of the whole
contradictions. Thus, to provide a robust methodology that answers “where to apply SBCE
based on contradictions?” OTSM cannot fulfill the required guideline.

2.2.3  Integrated models of QFD and TRIZ

As a procedure to incorporate customer needs into product concepts in product planning,
Quality Function Deployment (QFD) has been widely used (Akao & Mazur, 2003). QFD
is an effective tool for product concept determination in product planning processes.
Although QFD has been considered an effective planning tool, there is a shortcoming.
It cannot clearly indicate that part of a product to which technological innovation should
be applied. In order to overcome the shortcoming of QFD, several researchers focus on
integrating QFD and TRIZ (Hua et al., 2006; Shi & She, 2008).

To make the integrated models of QFD and TRIZ work, the target quality set by QFD
must be translated into technical contradictions. However, to rank and prioritize
contradictions, previous researches still largely focus on subjective judgments of human
designers. As a result of this shortcoming, simply combining QFD and TRIZ runs the risk
of falling into a random luck (Kline & Rosenberg, 1986). Related to this issue, other
researchers developed systematic approaches for bridging the gap between QFD and TRIZ
to rank contradictions (Wang, Chen, Lin, & Wang, 2005; Yamashina, Ito, & Kawada,
2002). These advanced works, however, have another limitation. They only capture some
resultant contradictions appeared on the House of Quality (HOQ), for example, as trade-
off relationships (contradictions) among customer requirements. In practice, it is often the
case that a contradiction relationship may be caused by not just one but several different



technical contradictions located in various parts of a base product, and contradictions are
themselves interrelated. In such circumstances, it seems that the conventional approaches
cannot always identify the root cause of the problems and may result in a tedious iteration
process that reveals and resolves those problems one by one (Mizuyama & Ishida, 2007).

2.3 Previous works and SBCE

Apart from the above discussions on the contributions of previous works and their
limitations, it is important to observe the previous works from SBCE perspective to
completely understand the contributions of this paper.

For instance, integrating QFD into TRIZ helps to plan improvement areas based on
contradictions and future support to explore innovative design concepts. In real design
practice, however, design of a product is distributed to subsystem teams, and if each
subsystem team explores its own alternative concepts, teams have to communicate and
converge into workable optimal final system solution. Classical TRIZ, OTSM, and
integrated models of QFD and TRIZ do not provide how communication and convergence
should be executed. On other hand, SBCE provides effective communication and
convergence principles and associated tools.

Regarding the current state of SBCE’s literature, the missing aspects can be seen from
two sides. First, SBCE lacks to provide designers on how to identify, prioritize, and plan
improvement areas in a product system where it brings the most benefit. Second, SBCE is
not a paradigm to foster innovation during exploration phase — it requires structured
integration with already established theory of innovation such as TRIZ.

Table 1 summarizes the pros and cons of the previous works and existing literature of
SBCE. Four aspects can be considered: (1) identification of areas to apply SBCE, where it
shows whether previous works and SBCE are effective in helping designers to focus where
SBCE should be applied; (2) prioritization and ranking scheme/s to apply SBCE, where it
shows whether previous works and SBCE are effective in helping designers to rank areas
for SBCE implementation; (3) exploration of innovative concepts, where it shows whether
previous works and SBCE are effective in helping designers to explore innovative ideas
during SBCE implementation; (4) communication and convergence, where it shows
whether previous works and SBCE are effective in helping design teams to communicate
about sets and facilitate convergence.

2.4 Contributions/originality and research objectives

There are two methodological contributions in this paper. First, previous works have
focused on contradictions to identify improvement areas to create innovation.
Nevertheless, there are still gaps that are not addressed in identification and prioritization
aspects (see Table 1). In this regard, this paper advances from existing literature by filling
these gaps. In particular, the proposed systematic methodology (SBCE IR) enables to
identify both related and unrelated contradictions in a product system, and provides
analytical prioritization scheme of contradictions for further SBCE implementation.
Second, this paper has a contribution and originality regarding the utilization of the
synergies that exists between TRIZ, QFD, and SBCE. QFD supports SBCE to integrate
and structure customer requirements into technical quality characteristics. TRIZ helps
SBCE to focus on contradictions and proposes guidelines to formalize the search efforts
for innovative solutions. In particular, TRIZ contributes to the first principle of SBCE to
explore innovative concepts. On the other hand, SBCE’s principles and its enabling tools
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(trade-off curve, checklists, and limit curves) help design teams to communicate and make
effective decision to eliminate incompatible, infeasible, and inferior solutions (i.e.,
convergence). As a result, there are value-adding synergies between QFD, TRIZ, and
SBCE. These important synergies have not been sufficiently addressed in previous works
(Bhushan, 2007). This paper advances the current state of the art by utilizing the synergies
and proposes a methodological contribution to make the implementation of SBCE more
structured, practical, and value adding.

3. SBCE Innovation Roadmap

The methodology proposed in this paper is called SBCE IR. The terms “Innovation” and
“Roadmap” are used purposefully to reflect the intended purposes of the methodology.

“Innovation” at early stage of design is well understood as series of cycles through
which teams explore solutions and iteratively arrive at a final result (Hey, Joyce, &
Beckman, 2007). Novelty (i.e., how unusual the solutions generated are) and variety (i.e.,
distinctiveness of the solutions generated) are measures of exploration effectiveness
(Shah, Vargas-Hernandez, & Smith, 2002). However, in the current SBCE literature, as
explained in Section 2.1, there is no discussion on how it supports designers to improve
these measures. If SBCE implementation integrates with principles of TRIZ, the
effectiveness measures can presumably be improved. The term “Innovation,” therefore, is
used to underline the role of TRIZ in SBCE IR.

“Roadmap” could be described as a planning process that guides decision-makers in
identifying and evaluating strategic investment alternatives (Garcia & Bray, 1997).
Roadmaps provide the “know-what” (to plan what improvements to do), the “know-
why” (to rationalize why certain improvements have to be done), and the “know-how” (to
guide on how to achieve the planned improvements) (Phaal, Farrukh, & Probert, 2010).
SBCE IR is a methodology to plan SBCE, answering the “what,” the “why,” and the
“how.” The focus on contradictions answers what problems designers have to focus on.
Predefined criteria are used in SBCE IR to rank contradictions (see Section 3.1) to answer
why certain contradictions need priority than others. SBCE IR also provides answer for
how solutions are explored and converged. In particular, the use of TRIZ principles and
tools allow designers to explore ideas. The principles and tools of SBCE can be used to
facilitate the elimination of incompatible and infeasible solutions, and make true
convergence. The term “Roadmap” is used to imply the above planning role of SBCE IR.

3.1 Assumptions and criteria

Before going in detail on the SBCE IR steps, the criteria and assumptions taken for its
construction are discussed as follows:

e Identification of system contradictions leads to improvement areas. The SBCE IR
bases on identifying system contradictions for a product. Identifying system
contradictions will instigate potential areas where SBCE can be executed. The
exploration of possible solutions can be supported by the principles and tools of
TRIZ to overcome contradictions (Altshuller, 1984). Then, the remaining SBCE
processes (i.e., communication, testing, and convergence) will follow to arrive at a
final solution.

e [mprovement areas should be prioritized based on customer-value information. It is
not uncommon that designers spent considerable amount of their time developing



features that the customers are not interested in (McManus (2005) and Rossi, Kerga,
Taisch, and Terzi (2011). Thus, information on customer value is paramount to be
integrated before starting on a particular SBCE process. Once contradictory
requirements are identified, customers’ judgment on importance can be used as one
criterion to prioritize contradictions (i.e., how significant will solving a
contradiction be for customers?).

e [mprovement areas should be prioritized based on competitive advantages. Often,
new requirements, ideas, and innovation potentials arise from competitors,
technology trends, and internal brainstorming. So, while building the SBCE IR,
competitor analysis is used as an additional criterion to prioritize contradictions
(i.e., how important will solving a contradiction be for competitiveness?). Note that,
the criteria based on customer value and competitive advantages might be in
conflict. A contradiction may be important for customer value but less important for
competition, and vice versa. In order to avoid this conflict, in SBCE IR, the
aggregated values of both are taken to prioritize contradictions.

3.2 Steps to build SBCE IR for a product

Six steps are needed to build SBCE IR for a product as shown in Figure 1. The steps are
facilitated by prevalent logics, methods, and tools. QFD is used to have a panoramic view
of the steps and simplify the execution of the steps. Figure 2 shows an example of the HOQ
excerpted from the case product to facilitate the after-mentioned discussions on the steps
of SBCE IR.

Step 1: Identify customer requirements and assign importance

The first step is to capture customer value in terms of requirements. Then, evaluating and
assigning importance or weight to each identified requirement. The requirements are
classified into two levels: macro-requirements and micro-requirements (see Figure 2).

Macro-requirements (r;, where i = 1, 2, 3, .. ., n) are general characteristics of a product
that should be fulfilled to satisfy the users. For each macro-requirement, detail
characteristics are defined as micro-requirements (rj, where j=1,2,3,...,n).

To determine weights W(r;) and W(rj), the prevalent method of analytical hierarchical
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Figure 2. An example of HOQ and the steps to build the SBCE IR (excerpt from the AHS case
study. Note: n, no; y, yes; NA, data not available).

process (AHP; Saaty, 1980) is used, which is based on pairwise comparison of
requirements. AHP simplifies the understanding of customer requirements, avoids errors
in judgment, and structures the evaluation of requirements from customer’s perspective.

The relationships between the macro- and micro-requirements are given by a matrix
R;;, which indicates the categorization of micro-requirements into the respective
classification of macro-requirements (see Figure 2). The relationship can take a value of
either O or 1 (0 shows no relationship and 1 shows a relationship). This classification helps
to represent customer data in a logical manner and simplifies data analyses. To obtain an
aggregate global weight of a micro-requirement GW(r;), the following equation is used
(Yamashina et al., 2002):

1
GW(r) = W(r)) > W(Ry |. (1

i=1

Step 2: Assess competitors’ products and set targets

To assess competitors performances, three indicators are taken (Yamashina et al., 2002):
present value (PV;), which shows the current performance of a product for a particular
micro-requirement j; target value (TV;), which shows the desired performance of the
product for a particular micro-requirement j after an improvement has been made in the
current design; and degree of difficulties (D), which indicates the difficulties of achieving
the gap between PV; and TV,. Experts assign numeric values for D; considering the
resource, know-how, and technology requirements to fill the gap (Yamashina et al., 2002).
If the difference between TV; and PV;is negligible, then D; s set to be zero. This indicates
that the product is already optimized in satisfying the requirement j. If the difference is
considerable, then experts will assign a score for D;as shown in Equation (2):



0 already achieved

1 easily achievable

D; = . . )
: moderately dificult to achieve

[SSEE \S)

difficult to achieve

For example, looking the micro-requirement “Easy installation” in Figure 2, PV ; is
“no” (i.e., the current design is difficult to install at customer sites) and the performance of
the competitors’ products (X and Y) is “yes” (i.e., competitors’ product are simple to install
at customer sites). The designers in this case consider that improving the current design is
important for competitiveness, and set TV; as “yes.” Moreover, improving the
performance of the current design for the requirement is not a trivial design problem in
terms of resource, know-how, and technology requirements, and the experts set D; = 3.

Step 3: Identify system contradictions

As discussed before, contradictions are potential areas, and overcoming them leads to the
discovery of innovative design concepts. Experts can identify contradictions by studying
the micro-requirements defined. If two requirements are in contradiction (technical
contradiction), a negative sign (— ) will be assigned on the roof of the HOQ (see Figure 2).
For example, taking the AHS case study, there is technical contradiction between
requirements “Multi-Zone and “Easy installation.” Customers are requesting to have a
humidifier that can cover up to 12 zones (i.e., to distribute and spray water mists to 12
different areas in a building or in an industrial establishment). At the same time, customers
want to install the humidifier in a short period of time. The current design serves only 6
zones, and having 12 zones demands additional systems to be added into the product.
Thus, more time is needed to install if a new product is designed for 12 zones.

Similarly, if a requirement is in contradiction with itself (physical contradiction), a
negative sign (— ) will be assigned on the roof of the HOQ (see Figure 2). Taking the AHS
case study as an example, a requirement “non-VDI (Verein Deutscher Ingenieure) rack” is
in contradiction with itself. The product should satisfy a European hygienic requirement
called VDI 6022. However, once the company is expanding its business to different
countries and sectors, VDI 6022 is not needed for some markets and applications (e.g.,
Tabaco industries and painting shops), and as a consequence the current design is
expensive for these markets.

Step 4: Identify causal contradictions

In product system, contradictions identified in the previous step are not all independent
(Mizuyama & Ishida, 2007). There are casual relationships between contradictions. That
is, solutions proposed to overcome certain contradictions alleviate other contradictions. If
solutions feasible to solve a contradiction can overcome many other contradictions, then it
would be efficient to take the root contradiction during prioritizing contradictions to
pursue SBCE processes.

For example, consider the two contradictions in AHS case, contradiction 1 (7):
“Multi-zone up to 12” versus “Modulation range” and contradiction 2 (7): “Modulation
range” versus “Precision.”



T, implies that it is not possible to increase the zones (from the current 6 to the desired
number of 12 zones) and at the same time increase the modulation range or the capacity of
water flow (from the current range of 30—501/h to the desired range of 1-50 I/h), because
a pump used in the current design has limitation to do so. On the other hand, 7, implies that
it is not possible to increase the modulation range and at the same time achieve a desired
level of precision in a short time. Precision for this particular case is defined as the percent
of set point reached (set point is defined as the desired level of humidity level in a room).
The desired precision level is reached through steps of increments. Thus, the contradiction
T, indicates that when the range of modulation is extended to lower values, it takes more
time to arrive into the desired precision level. However, the engineers claimed that if they
design a new pump to overcome contradiction 7, then contradiction 7, is also
automatically solved, and vice versa. Therefore, 75 and T, have causal relationship.

However, as the number of contradictions in a product system grow, identifying such
causal relationships are likely to be complicated. Moreover, there will be not only direct
but also indirect causal relationships. Therefore, both direct and indirect relationships
should be grasped and aggregated to identify causal relationships between contradictions.
In this paper, Decision Making Trial and Evaluation Laboratory (DEMATEL) is the
method that is used for this purpose (Fontela & Gabus, 1974, 1978). The aim of
DEMATEL is to identify the relationship between variables and use a matrix and causal
diagram to express the casual relationships and influence level between variables in a
complicated system. Four sub-steps are needed in DEMATEL.:

(a) Define measurement scale and establish a direct-relation matrix
In order to define relationships between contradictions, experts will be asked to
scale. The scale is used to identify how much of the problem in a contradiction
(T),1=1,2,3...,m, where mis the number of contradictions identified) can be
solved by overcoming another contradiction (T, k =1,2,3...,m). A direct
relationship matrix X,,x, can be defined as follows:

0 X12 ot Xm
X1 0 - o

X=1 . . - (3)
Xml  Xm2 0

The scale used in this paper is any value between 0 and 1 (where 0 indicates two
contradictions are not related at all and 1 indicates there are completely related).
For example, if x;x = 0 (where [,k € m& [ # k), then overcoming 7; will not
have any impact on solving T. If x;; = 1 (where [,k € m), then overcoming T}
will completely solve 7. The diagonal elements of matrix X,,x,, are all set to zero.
(b) Calculate normalized direct-relation matrix

To normalize the matrix X,,x,, its biggest sum of the row vector can be used as
coefficient. The normalizing coefficient w and the normalized matrix N,,x,, can be
determined as follows:

1
M =
Max|=g=m (Z;rl:lx/k) 7

N = uX. 5)

“



(c) Direct/indirect-relation matrix
The direct/indirect-relation matrix shows the total relations between contradic-
tions. For a contradiction, the matrix T, that is determined using Equation (6)
shows the total direct and indirect relations it has with other contradictions. As
discussed before, contradictions might be solved by resolving other contradictions
directly or indirectly.

T=NUI-N)", (©6)

where /is an identity matrix of m X m.

Now, set the elements #; of the total matrix F. The columns’ and rows’ sums of the
total matrix T can be determined using Equations (7) and (8), respectively. D;
represents the total row sum of contradiction 7', and indicates its total impact to
other contradictions Tj. That is, the total contributions of design solutions
proposed to overcome contradiction 7 for other contradictions. R; represents the
total column sum of contradiction 7}, and indicates the total impacts of other
contradictions on T;. That is, the total contributions of design solutions generated
to resolve other contradictions on 7.

m

Dy = ty(wherel=1,2,....,m), @)
k=1

R =
i

m
tlk(wherek=1,2,...,m). ®)

=1

(d) Draw out causal diagram
To visually depict complicated relationships of contradictions, causal diagram will
be useful. Using Equations (7) and (8), define (D; 4+ R;) for T, as the prominence
which shows the overall level of 7; impact to and impacted by other
contradictions. Then, define (D; — R;) as the relationship, which shows the causal
level of the contradiction. If this value is positive, then the contradiction is the
cause, and solutions proposed to overcome it will also be solutions to solve other
contradictions. If this value is negative, the contradiction is an effect, and solutions
proposed to overcome other contradictions will solve the inherent contradiction in
T,. Furthermore, use (D; + R;) as the transverse axis and (D; — R)) as the
longitudinal axis to construct causal diagram. It helps experts to easily identify
those contradictions which are the root causes of other contradictions.

Step 5: Derive rules to prioritize contradictions

At this step, rules to prioritize contradictions for SBCE implementation are derived. From
step 4, contradictions which have strong causal relationships can be identified. But, there
are also contradictions which do not exhibit significant relationships. Thus, the two should
be treated separately in deriving the rules. In this paper, contradictions which do not have
strong causal relationships are called independent contradictions and those which exhibit
strong causal relationships are called dependent contradictions.

(a) Prioritizing independent contradictions
Independent contradictions can be prioritized using the information in steps
1 and 2. Each contradiction has two information sources from its contradictory



requirements: GW(#j) and D;. Thus, first these requirements can be prioritized and
ranked. The priorities (P;) and ranks (Rank;) of micro-requirements can be
determined using Equations (9) and (10), respectively. Note, however, that Rank;
is determined taking micro-requirements within the same macro-requirement
category. Moreover, the ranking in Equation (10) is in decreasing order except
when it is zero (i.e., Rank; = 1 > Rank; = 2 > Rank; = 3- - - > Rank; = 0).

Pj = GW(Vj)Dj, (9)
1,2,...n, if P;#0

Rank; = . 10

= o, if P;j=0 {10

Using the Rank; values, independent contradictions can be prioritized. There are two
possible cases: domination and tie. In the domination case, a dominating
contradiction has higher rankings in both of it contradictory requirements than a
dominated one. But, in the tie case, a contradiction neither dominates nor dominated
by another contradiction in the ranking of its contradictory requirements. For
example, let us take four contradictions Ty, T», T3, and T4 with the rankings of the
corresponding contradictory requirements as (1, 1), (I, 2), (1, 4), and (2, 1)
respectively. 7'y dominates all contradictions, 7> dominates 73, but both 7', and T3
are in tie with T4. Thus, when designers have to choose between contradictions to
pursue SBCE, dominating contradictions will have higher priorities. But, in the case
of tie, experts’ judgments should be used taking other criteria such as resource
required, availability of know-how, and technology for prioritization.

(b) Prioritizing dependent contradictions
Prioritizing based on the ranking method introduced above might not be efficient for
contradictions that have strong causal relations. Let us take the example given above,
and suppose in step 4 of SBCE IR the causal relations between the four
contradictions are found to be as shown in Figure 3. The relationships that are
shown in the figure can be interpreted as follows: overcoming 75 directly
overcomes T, and T4, and overcoming 7' indirectly overcomes 7' through T’.
Moreover, assume that all the causal relations (direct and indirect) are strong (i.e.,
overcoming T3 certainly overcomes 7, and T4 directly, and overcoming 73
certainly overcomes 7', indirectly).’ In such circumstances, although 7', dominates
all contradictions based on its ranking, giving priority to the root contradiction 7'z is
efficient. This means that solutions proposed to overcome Tswill certainty
overcome the effect contradictions (71, Ty, and T;). As a result, more innovation
can be achieved by overcoming the root contradiction.

Ti Tl
s (1.2) .
()

T4

@1

Figure 3. Example of casual relationships between Ty, T5,, T3, and T4. Note: The arrows show
casual relations between the contradictions. The values in the parentheses show the rankings.



One might argue that the above argument might be misleading if overcoming a root
contradiction needs more resources or the know-how and technology required are not
available. This is a valid argument, and in this situation additional experts’

assessments are needed to prioritize dependent contradictions. On the other hand, this
paper makes a logical assumption that, contradictions that exhibit strong causal
relations are technically highly related, and have similar resources or know-how or
technology requirements — thus selecting root contradiction is more efficient. Even if
this assumption does not hold, knowing the causal relationships of dependent
contradictions facilitate discussion among experts to make efficient and rational
choices among contradictions.

In summary, in order to make priorities between contradictions, three rules are
derived for the three possible scenarios explained before. Scenario 1 is for
independent contradictions, and when there is a dominating contradiction. Scenario 2
is for independent contradictions, and when there is a tie between contradictions.
Scenario 3 is for dependent contradictions, and when there is a root contradiction
having strong relations with effect contradictions. The selection rules are shown

in Equation (11).

dominating contradiction in scenario 1
Select ~¢ based on experts‘ jugment in scenario 2 (1D

root contradiction in scenario 3

Step 6: Map contradictions to products’ design factors and begin SBCE process

Once contradictions are prioritized, designers at this step map selected contradictions to
design factors. This step is aimed to identify what design factors (e.g., material type,
dimensions, and number of components used) that can possibly be changed in the current
design to overcome a contradiction. Once mapping is finished, SBCE process can be
started to explore, communicate, test, and converge sets of solutions proposed to overcome
the selected contradiction. That means, the selected contradiction with the design factors
will be input to begin an SBCE process.

4. Case study on AHS

AHS is used for different applications (such as hospitals, residential buildings, textile
factories, and paint shops in car industries). The main function of the system is to control
temperature and humidity levels of an ambient. The working principle is based on
spraying atomized water mists to air at high pressure (around 70 bars) whenever the
temperature and humidification levels are not desirable. Three basic subsystems are shown
in Figure 4. Cabinet (C) is used as a control and pumping station. Rack (R) is used as a
distribution center. Drop Separator (DS) is used to filter water content.

AHS is a complex product and involves several subsystems, components, and
associated design factors. There are several requirements associated with this product
related to technical, market, and business issues. As a result, several interrelated
contradictions are expected in the system. Moreover, AHS has been in the market for the
last 10 years and few improvement projects have launched in the past years. Therefore, this
case study has been selected to demonstrate the applicability of SBCE IR methodology and
to plan improvement areas where SBCE can be applied.



modulating
valves

housing motor o,

Pump

nozzles
- * manifolds
k & frames
PLC ¢ = drain valves
Rack (R)
Cabinet (C) l
module

separator frames

d “ e - _ housing

Water mist spray

Drop separator (DS)

Figure 4. AHS system, subsystems, and components.

Step 1: Identify customer requirements and assign importance

AHS experts conducted extensive study using phone calls and visiting customers to
identify real customer requirements. Internal discussions with upper management and
marketing were held to identify new and emerging requirements that customers are not
able to identify.

Five macro-requirements are identified: (1) Technical performance (P), which is
related to the technical quality characteristics that the product should satisfy; (2)
Usability (U), which is related to the product’s simplicity during installation and use;
(3) Application (A), which is related to the flexibility of the system to be used in
different applications (e.g., paint shop, data centers, and hospitals); (4) Costs (C),
which is aimed at minimizing the cost of the system; and (5) Maintenance (M), which
is aimed to achieve easy repair of components and reduce time between check-ups.

For each of the five macro-requirements, specific micro-requirements are defined. For
P, U, A, C, and M, there are 11, 4, 5, 5, and 1 micro-requirements identified, respectively
(see Figure 5). For example, for Usability (U), the micro-requirements are as follows: Ul
(Wide option range), to have a user interface in different languages and make the product
to operate wider operations during user-product interactions; U2 (Integration to customers’
air-handling units, AHUs), to enable the product to fit into customers sites; U3 (Easy
installation), to reduce the time to install the product at the customers sites; and U4
(Friendly user interface), to simplify the user experience during customer—user
interactions.

Experts assign judgment matrices for the macro- and micro-requirements. The
elements of the matrices show the importance between requirements within the scales
defined (1/9, 1/8, .. ., 8, 9) (Saaty, 1980). For example, Table 2 shows the judgment
matrix assigned for macro-requirements and Table 3 shows the judgment matrix assigned
for micro-requirements categorized in the U macro-requirement. Similarly, judgment
matrices are made for all other micro-requirements. Looking at the judgment matrices, the
importance of a requirement over the others can be understood. For instance, looking at
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Table 2. Judgment matrix for the macro-requirements.

P U A C M
Performance (P) 1 5 1 3 9
Usability (U) 1/5 1 1/7 1/5 3
Application (A) 1 7 1 6
Costs (C) 1/3 5 1 1 8
Maintenance (M) 1/9 1/3 1/6 1/8 1

Table 2, P is five times more importance than U, same importance as A, three times
important than C, and nine times important than M.

Using AHP method, the weight vectors W(r;) and W(r;) are determined as shown in
Figure 5. The weight vectors are iteratively obtained till consistency is guaranteed
(Forman, 1990; Saaty, 1980). In AHS system, P, A, and C macro-requirements have the
highest importance with weights 37%, 29%, and 24%, respectively. Moreover, GW(r;) is
calculated using Equation (1) (see Figure 5). From cost (C) category, for example, “non-
VDI rack” requirement has the highest global weight of 10%.

Step 2: Assess competitors’ products and set targets

Four competitors’ products are selected. To set targets for improvement and to determine
D;j values, the performances of competitors’ designs are evaluated by the AHS experts for
each micro-requirement. Looking at Figure 5, for example, P2 “Multi-zone” is the number
of zones the product has to serve. The number of zones the competitors’ product serve
ranges from 1 to 4, and the current design of the AHS serves only 6 zones (PVp, = 6).
However, it is targeted to have 12 numbers of zones (TVp, = 12). Using Equation (2), the
designers set the Dp, as 2 as it is moderately difficult to change the current design
technology. On the other hand, looking at C5 “Non-VDI6022 rack,” the competitors’
products do not satisfy this hygienic requirement. Neither does the case product (PV¢s =
N), but as there is emerging markets looking for a cheaper non-VDI rack version,
designers set the target as “yes” (TVes=Y) and D¢s as 2.

Step 3: Identify system contradictions

Twenty-two technical contradictions and one physical contradiction are identified as
shown in Figure 5 and Table 4. As seen from the result, six of the contradictions (77 —T§)
are between technical requirements (Ps), and the rest are either between technical
requirements and business-related requirements (Usability, Application, and Costs) or
between businesses-related requirements. This shows that the current AHS design is
highly optimized for technical performances but need significant innovation to maximize

Table 3. Judgment matrix for the usability (U) micro-requirements.

Ul U2 U3 U4
Wide option range (U1) 1 2 1 3
Integration on AHU (U2) 1/2 1 1/2 2
Easy installation (U3) 1 2 1 3
1

Friendly user interface (U4) 1/3 172 1/3




Table 4. Contradictions and the respective contradictory requirements.

Contradictions T, T, T T, Ts Ts T Tg Ty Tho

Tup P2 P4 P4 P5 P2 P4 P2 U3 U3 A4
Fdown P4 P5 P6 P6 P8 P10 U3 Cl1 Cc2 C2
Ty, Ty, Tz Tw Tis T Tz Tig Tio T Ty T T
P3 P10 P11 Al A3 P4 P6 P8 A4 Cl1 C5 Al A4
C3 C3 C3 C3 C3 C4 C4 C4 C4 C4 c5 M1 Ml

Note: up, down € j

business-related performances. And, each contradiction is a potential input to SBCE
process (refer to Section 3.2, step 3 for the detail explanations of contradictions 757 and 75).

Step 4: Identify causal contradictions

Using Equation (3) of DEMATEL, designers scale the direct relationships between
contradictions using a scale from 0 to 1 as shown in Table 5. For example, the relationship
between T, and T is scaled as 1 (x; = 1), implying that overcoming 7, completely
resolve T, (see Section 3.2, step 4 for detail discussion on this example).

However, the relations between contradictions are not only direct but also include
indirect relations. For example, solving contradiction 7, can solve the inherent
contradiction in T (xo; = 1). Moreover, solving T also solves the inherent contradiction in
T6 (x16 = 1). From transitivity, it means that solving 7, solves indirectly contradiction 7.
Thus, the total direct and indirect relationship matrix T explains such relations. Using
Equation (6), T is calculated as shown in Table 6 (the normalizing coefficient . is
calculated as 1/5.8 using Equation (3)). Taking 7, as an example from the matrix T, it can
be seen that its total impact on other contradictions can be read from the matrix. Solving
contradiction T, means that there are chances of 0.28, 0.08, 0.08, 0.16, 0.23, and 0.22 of
solving Ty, T», T3, T4, Ts, and T, respectively.

Now, the column (D) and the row (R) sums of matrix T can be calculated using
Equations (7) and (8). D indicates the total impact of a contradiction over others. R
indicates the influences of others on a contradiction. For example, D (75) = 0.06 4 0.08 +

- +0=1.19,and R (T») = 0.28 + 0.08 + 0.08 + 0.16 + 0.23 + 0.22 + 0.00 + - --
4 0.00 = 1.05. The D and R values of each contradiction are determined as shown in
Table 7.

The sum D + R shows the total connections of a contradiction with other
contradictions in the AHS system. The higher this value, the higher interaction a
contradiction has with others. The difference D — R shows the cause or the effect behavior
of a contradiction. A higher negative value for a contradiction implies an effect and a
lower negative value shows a cause. For example, looking the D — R values of T} (— 1.28)
and T, (— 0.14) in Table 7, T, behaves more as a cause and T, behaves as an effect. Thus,
overcoming 7, provides solutions for more other contradictions and solutions proposed for
other contradictions eventually overcome T;.

Taking the averages of D + R = 1.12 and D — R = 0 as vertical and horizontal axes,
respectively, the causal diagram can be drawn as shown in Figure 6. As it is shown in the
figure, except the contradictions Ty, T5, T3, T4, Ts, and Ty, all the other contradictions (7 —
T5;) have prominence values (D + R) below the average (1.12). This result implies that
contradictions from 75 to 75 do not have considerable interrelationships between other
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Table 7. Causal influence level of contradictions.

Contradictions D R D+R D—R
T, 0.63 1.91 2.54 —1.28
T, 1.05 1.19 2.24 —-0.14
Ts 1.10 0.86 1.96 0.24
Ty 0.65 1.19 1.85 —0.54
Ts 0.76 1.01 1.77 —-0.25
Te 1.03 1.49 2.52 —0.46
T, 0.00 0.30 0.30 —-0.30
Ty 0.14 0.20 0.34 —0.06
Ty 0.26 0.00 0.26 0.26
T 0.68 0.05 0.73 0.64
T3 0.58 0.04 0.61 0.54
T 0.60 0.32 0.92 0.27
T,7 0.56 0.13 0.69 0.44
T 0.45 0.13 0.58 0.32
T 0.42 0.33 0.75 0.09
T 0.41 0.18 0.59 0.24
T, 0.20 0.18 0.38 0.01
Average 1.12 0

contradictions in the system, and can be considered as independent contradictions.
However, contradictions 77-T¢ have considerable interrelationships, and can be
considered as dependent contradictions.

Drawing all the relationships between the dependent contradictions is too complex,
and it will be difficult to visualize important relationships. Thus, a threshold of 0.2 in F
matrix is considered to filter strong relations (Lee, Li, Yen,& Huang, 2010). That is,
cutting all weak relations in T matrix as shown in Table 8.

Step 5: Derive rules to select contradictions to start SBCE processes

From step 4, it has been possible to identify the causal relationships between
contradictions and separate dependent and independent contradictions. Contradictions

1
® Contradiction
eT12
D= ¢ T1§r17
’ ) _
° Ti8 T16 Average of D - R T3
®T9 o120 © \ )
0 oT21 ®Ti9
® T8 > !
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D+R

Figure 6. DEMTEL causal relations diagram between contradictions in AHS.



Table 8. Normalized direct/indirect or total relation matrix Feyi=20%.

T, T, T, T, Ts T,
T 0.21
T, 0.28 0.23 0.22
Feu20% T, 0.29 0.27
T, 0.21
Ts
Ts 0.28 0.23

T,—-T¢ are dependent and the rest T;—T,3; are independent contradictions. Referring
Equation (11), the dependent contradictions can be prioritized taking the root cause
contradictions and independent contradictions are prioritized using the rankings of the
corresponding contradictory requirements.

Using the pcyt=0.2 matrix shown in Table 8 and the causal diagram in Figure 6, the
causal relations between dependent contradictions are shown in Figure 7. For example,
contradiction T, is the root for Ts, T¢, and T, therefore, designers should give priority for
T, to be overcome. Although 75 is in tie in ranking with Ts5, dominated by 7, and Tg,
starting SBCE process for 7, will provide solutions for 7, Ts, Tg, and T simultaneously.
Consequently, more numbers of innovations can be obtained by focusing on the roots than
on the causes. However, as previously discussed in Section 3.2, step 5, this conclusion is
assuming that the effort, the know-how, and technology required to overcome the roots are
reasonably similar to the causes. Otherwise, experts should use the causal relationships to
discuss on which contradictions the SBCE effort will have to focus on by adding other
criteria.

For independent contradictions, prioritizing is based on the ranking of the
contradictory micro-requirements (Rank;) calculated using Equation (10). Figure 8
shows the independent contradictions and the rankings of the contradictory requirements.
Looking at Figure 8, it is possible to identify dominating and tie contradictions in which
prioritizing rules listed in Equation (11) can be used to select contradictions for further
SBCE implementations.

Taking 75, as example, it is dominated by 75 and 753, it is in tie with Ty, To, T}¢, and
T19, and it dominates all the rest of independent contradictions as shown in Figure 8.
If designers are conformed to choose between 75, and its dominating contradictions, using
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Figure 7. Causal relations of dependent contradictions.
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the rules listed in Equation (11), efforts should be made to overcome T and T53 before T5;.
On the other hand, 7,, should be selected for SBCE implementation before any
contradictions that it dominates. Moreover, experts have to impose other criteria other than
customer importance and competiveness to select between 7,; and contradictions that are
in tie with it. These criteria could be resources and capabilities available in PD that are
necessary to overcome the contradictions. Here, as the company is sourcing most of its
components from suppliers, the capabilities are not limited to internal suppliers but also
include the external suppliers. If suppliers’ technologies are not ready to make innovative
solutions to overcome certain contradictions, experts should evaluate these kinds of
aspects into consideration during prioritizing contradictions. Nevertheless, these
considerations are not limited to prioritize tie contradictions. If solving a dominating
contradiction exceeds existing technological capabilities, experts might focus on a
dominated one even if it is less of a priority to delight customers and achieve competitive
advantages.

In summary, most contradictions are potential areas for improvement. Some
contradictions need considerable time to pursue SBCE process and some need less time.
However, using Figures 7 and 8, the experts will have a rough understanding of which
contradictions to target, and can plan SBCE processes to offer innovative AHS in short or
long terms.

Step 6: Map contradictions to products’ design factors

At this step of the SBCE IR, designers are asked what design factors need to be changed
for selected contradictions. The experts involved were asked to select a contradiction that
can be a good candidate for SBCE process experimentation. Considering the time
available during the preparation of this study, contradiction 7, is selected though it is
dominated by some (757 and T,3) and it is in tie with Tg, Ty, T, and 19.

T, is a physical contradiction of the requirement C5 “non-VDI rack.” The current
AHS design which is VDI6022 compliant is overly designed for growing number of
markets (e.g., Tabaco industries and painting shops of automotive industries). These
customers are requiring cheaper design and there are nonvalue-adding features in the
current system. However, the product has to satisfy the VDI6022 requirement for other
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Figure 9. An example of mapping contradiction T21 to rack design factors.

markets at the same time. Thus, the purpose of overcoming the contradiction is to satisfy
both types of customers.

In order to find solutions in this step, the experts need to map the design factors that
have to be the targets. Figure 9 shows the components and their design factors that are
candidate for SBCE process to overcome 75;. In this case, rack components are identified
which have excess features that cause the contradictions. For example, the material type of
the drain valve used in the current AHS design is considered as one of the design factors
that need to be investigated to eliminate the contradiction. In Section 5, the SBCE process
conducted to eliminate 75, is discussed.

5. SBCE process on rack subsystem

The simplified working principle of the rack subsystem is as follows: highly pressurized
water (about 70 bar) will be pumped from the pumping units (motor and pump, see Figure
4) to the solenoid modulating valves which are normally closed (see Figure 9, # 4). These
valves pass the modulated water to the rack distribution system. Because the water
pressure inside the rack will increase to a desired level step by step, the modulating
solenoid valves are connected with each other using flexible hoses (i.e., when the water
reaches the last manifold column, the desired pressure will achieved). Then, the water
passes through the vertical manifolds (see Figure 9, # 6) and sprayed out to a room
through nozzles (see Figure 9, # 2). Empty holes which are used to clean the rack will be
covered by cubs (see Figure 9, # 6). Finally, once the rack finishes operation, the water
leaves the rack distribution system through the solenoid drain valves (see Figure 9, # 9).

5.1 Exploration of alternative concepts

Before exploring alternative rack concepts to overcome 751, the prevalent TRIZ principle
of separation is agreed by the company to be adopted (Altshuller, 1984, 1994, 1999). This
means the company will offer two different rack versions to two different markets. The
first version is complaint with VDI6022 requirement (which is the current rack design), the
other and the new rack will be a non-VDI6022 rack version. Thus, the concepts generation
effort focuses on eliminating nonvalue-adding features on the current design that are not
needed by the non-VDI customers.



After brainstorming on several sessions, designers explore four different concepts for
the new rack version: (a) frameless rack, (b) changing the solenoid stainless-steel drain
valves to mechanical brass valves, (c) using one solenoid modulating valve for two
manifolds, and (d) eliminate the number of cups and holes on the manifolds. The
summaries of the advantages, disadvantages, and tests required to the concepts generated
are given in Table 9.

(a)

(b)

()

(d)

Concept 1 is to remove the nonvalue-adding stainless-steel frames (see Figure 9,
# 1) and side brackets (see Figure 9, # 7) in the rack structure which are very
expensive for non-VDI customers. Most of the non-VDI customers are industrial
facilities, the frames and brackets added in the current rack design are not
necessary. The metal frames that are used to slide the rack into an AHU unit are
needed when cleaning operation is desired. However, thanks to the separation of
the markets, the frames are removed as nonvalue-adding because the non-VDI
rack does not need removal from the AHU unit for cleaning and can be welded
(fixed attachment with AHU) by the users themselves. The cost advantage of this
concept is estimated to be 10% of the rack cost, including material and assembly
operation costs.

Concept 2 is to substitute the electronic stainless-steel solenoid drain valves (see
Figure 9, # 9) with mechanical valves (brass material), which are used to release
water once the rack finishes operation. The VDI hygienic requirement dictates
materials to be made of stainless-steel that are in contact with the water. However,
once the markets are separated, the non-VDI rack version will not require this
material. Alternatively, a mechanical and cheaper valve which is made up of brass
(copper and zinc) can be used. The market prices for the stainless steel and brass
valves are 18 €/piece and 5 €/piece, respectively (a cost reduction of 13 €/piece).
Moreover, as the VDI requirement demands a close control on the water quality
inside the rack, the drain values are connected with the PLC (Programmable Logic
Controller, see Figure 4) using electrical wirings. But, these wirings will not be
required in the new rack version. As a result, the cost advantages of this concept
come from reducing the material and wiring costs.

Concept 3 is to reduce the number of modulating solenoid valves (see Figure 9, # 9)
by assigning one valve for two vertical manifolds (see Figure 9, # 6). This concept
enables the cost reduction by minimizing the number of valves and associated
wiring costs used to connect with the PLC system. The price of each valve is about
20 €/piece. The cost advantages vary depending on the size of the rack, the smallest
and the biggest sizes have 4 and 30 manifolds, respectively. Therefore, the average
cost saving per rack is estimated to vary from 40 €/rack to 3000 €/rack.

Concept 41s to eliminate the holes and the cubs on the manifolds (see Figure 9, # 6).
In the current design, the empty holes were used to clean the manifolds when it is
thought to be dirty (requirement of VDI). However, in the non-VDI version, the
holes and the cups (to close the holes) have no functions, and so are eliminated as
nonvalue-adding features. The advantages of the concept are to minimize cups’
costs and reduce the time for drilling the holes during manufacturing and assembly
operations.

5.2 Testing concepts

In SBCE process, consideration of testing the concepts for constraints is important to
facilitate the test & then design paradigm (Kennedy & Harmon, 2008). For each of the



1S9} TRUOTIOUNJ [RUL]
Kyrenb

Keids 1018M $SI[ ‘UOISOLIOD)
SIoUWI0ISND

IQA-uou 103 uSisop
JuaLIND Ay} 03 paredwod
uoTjONpaI 3509 9% (¢

v€T

‘1 s3doouoo Jo uoneuIqUIo))

ON
QUON

ouwrn uonerado

Sur[[up Jo uononpay

31500 dndo Jo wononpay
splojiuewt

uo sdno pue $o[0Y SAOWY

189) Q)8 MO[]

Ayirenb Aeids 1o1em sso]
1500 SULIIM [BILNI[A SSA]
(poonpax

QA[BA [OBD 10J SUIA®S

3 07) SPA[eA JO UOTIONPAY
SspojIuew

0M] IOJ QATEA PIOUI[OS dUQ

uado 01 arnssaxd wnwituI
QOUB)SISAI
armssard wnwrxep

SSe1q JO UOISOLI0D)

1500 SULIIM [BOLI)O[D SS9
S1S0D QATIRISIUTWIPE SSO]
Qoo1d/3uraes 3 ¢

SOATRA SSeIq

0) [99)S SSOUIE)S WOL]

ON poxmbar )sag,

QUON sodejueApesIq
uonoNpaI

1800 901 sagejueApy

SoWel) SAOWY HE®E®>OHQEH

Suidiow sydeouo)

+ 1daouo)

¢ 1daouo)

7 1daouo)

1 1dodouo)

"UOISIOA YOI MAU 10} pJeIoudd s3deouod jo souewwng  “G 9[qe],



rack concepts generated, the sources of failures are identified as shown in Table 9 to test
them before going to detail design phase. Concepts 2 needs “pressure test” and concept 3
needs “flow rate test.”

e Pressure tests for concept 2: the mechanical drain valve proposed has never been
used before, and need to be tested for the maximum pressure it can withstand, and
the minimum pressure at which the valve will close. Three new valves are sourced
from three different suppliers and tested for hours to eliminate infeasible suppliers.

e Flow rate test for concept 3: for this concept to work, a single valve has to withstand
the maximum water flow rate (100 1/h) (see Figure 9, # 6). The concept has been
tested, and it is able to allow the maximum water flow when the number of
manifolds is more than 5. Thus, the concept works very well when the number of
manifolds is more than 5.

5.3 Merging concepts

All the four concepts are combined to maximize the benefits or the value of the new rack
version. Concept merging is synonyms to the convergence process in SBCE. The final
merged concept is estimated to have a 30% cost saving for non-VDI customers;
considering all the cost advantages of the four concepts generated. After final functional
test, the company is expecting to launch the new rack design to customers. The new
version is expected to have high market share as no competitor has a non-VDI rack version
(see the competitors’ performances of C5 in Figure 5).

6. Validation of SBCE IR

The objective of this section is to discuss the validation of SBCE IR using interviews with
four experts who are involved in the AHS case study. The questionnaire is categorized into
three classes: (i) differences and synergies with existing methods used in the company, this
is to investigate the advantages of SBCE IR in supporting existing methods used in the
company; (ii) effectiveness of SBCE IR, this is to assess whether the SBCE IR achieves its
objectives in terms of reducing the extensive nature of SBCE process, evaluating customer
importance and competitive priorities and its contribution to enhance innovation; and (iii)
difficulties and applicability of SBCE IR. The results of the interviews are summarized in
the following subsections.

6.1 Differences and synergies of SBCE IR with existing methods

The case company uses different methods to launch projects: new market requirements,
when customers are requesting new improvements; correction of previous failures;
technology push, which is related to internal initiatives to design new products and
technologies; company strategy, this is related to long-term plans of the company in terms
of new products to develop, new markets to enter, and so on; and portfolio management,
which is a formal process to prioritize and select projects.

These methods have drawbacks. First, they make the company to react to changes and
leave less flexibility to make preplanning. For example, new requirements and field
failures can happen any time and the company has to react to these requests. Technology
pushes depend on few and highly experienced designers, and can be very random where
ideas arise at any time. Second, the methods are based on top-down approach. For
instance, portfolio management and company strategy use limited and unsystematic



information related to customer importance, competitive priorities, and resource availability
to select projects to develop. Third, these methods are not based on contradictions. Often
projects are chosen based on what seems to be simpler or available ideas are chosen. These
limit the potential of the company to offer innovative products to customers.

According to experts, SBCE IR has significant contributions to the above
shortcomings. First, SBCE IR is proactive approach. New projects can be identified and
prioritized which help the company to plan resource requirements a priori. Second, SBCE
IR is based on bottom-up approach. Portfolio managers can use SBCE IR developed for
products to make informed decisions to select projects. Third, as SBCE IR is based on
contradictions, it gives the opportunity to overcome specific contradictions.

6.2 Effectiveness of SBCE IR

The questions here are selected based on the main objectives of the SBCE IR and the
criteria used to build it. The results of the response are summarized as follows:

e [Extensiveness of SBCE process and SBCE IR: the experts acknowledge the
effectiveness of the SBCE IR in terms of its ability to help to target where SBCE
should be applied. The focus on contradictions and the prioritization rules provided
in the SBCE IR contribute to the effectiveness. However, the experts also noted that
SBCE IR should be used as a rough-cut planning methodology than to make final
decisions on which contradictions to solve. Other criteria should also be considered
to make final decisions (e.g., investment required and company’s strategy should
also be considered as criteria to select contradictions for SBCE).

e Evaluation of customer value and SBCE IR: the use of AHP method to evaluate
customer importance helps to systematically evaluate the requirements. However,
the experts underlined two important considerations. First, the list of requirements
should also include future predictions on emerging needs. Otherwise, the SBCE IR
becomes unstable as customers often change requirements or new requirements can
emerge. Therefore, designers and mangers building the roadmap should make
careful investigations on the future needs and they should create close collaborations
between customers to identify list of requirements. The second note is related to the
variety of customers the case company should satisfy. For example, the case
company has multiple levels of customers which often have different priorities.
Taking AHS as an example, there are four layers of customers: contractors, who buy
large quantities; installers, who buy the product from contractors and install it at
customer sites; Original Equipment Manufacturers, who directly buy the product
from the company; and final customers, who are using the product. Therefore, while
assigning judgment on the importance for requirements in the first step of SBCE IR,
care must be taken to balance the needs of the different customers.

e Evaluation of competitive products and SBCE IR: the experts acknowledge the
effectiveness of the SBCE IR in evaluating competitive products. Understanding
performance gaps with competitors and using D; (see Equation (5)) give rough
indications of the technological gaps to fulfill and the efforts required. However, the
experts noted a drawback in using competitors benchmarking. In particular, in the
case of developing new generation of products that might require radical changes
where competitors use significantly different solutions, there might not be data or D;
becomes less useful. In this situation, ranking of independent contradictions can be
based on GW(r;) along with other criteria such as investment, resources, and know-
how required to overcome contradictions.



® SBCE IR and enhancing innovation: the effectiveness of idea generation phase can
be assessed taking four measures (Shah et al., 2002): quantity, the total number of
ideas generated; quality, the feasibility of an idea and how close it comes to meet
customer requirements; novelty, how unusual or unexpected an idea is as compared to
other ideas; and variety, the distinctiveness of the ideas generated. For quantity and
quality, the experts agree on the effectiveness of SBCE to enhance these measures. In
particular, if the idea generation process in SBCE is supported by methods such as
TRIZ, designers will have the opportunity to structure design problems to explore
more ideas. The use of SBCE principles of communication and extensive testing
before commitment increase the chance of achieving expected quality of the final
concept. However, novelty and variety largely will depend on the experience and
imaginations of designers involved. Such limitations imply that personal skills and
experiences will have impacts on the effectiveness of SBCE IR.

6.3 Difficulties and applicability of SBCE IR

It is not difficult to build the SBCE IR for products. But, it is time-consuming to collect
data to build it for very new products. Possible remedies are suggested. First, the full
version can be used for mature products or family of products to identify and prioritize
improvement areas. Second, for very new products, SBCE not necessarily starts to
overcome contradictions. Rather, SBCE begins to satisfy a requirement or list of
requirements or certain company’s strategies. Even so, while developing radical design,
designers might face non-typical problems that are difficult to solve with typical solutions.
Industries primarily use brainstorming to explore ideas, but it is not effective to solve non-
typical problems and success might not be assured. In this case, formulating a problem into
a contradiction, and generating solutions might result into acceptable final solution.
Therefore, for radical designs, some steps of SBCE IR can be used in a particular problem-
solving process (e.g., steps 3, 4, and 6).

7. Conclusions and future research

The main purpose of this paper has been to develop a methodology that guides designers to
make rational choices to start SBCE process. The efforts made in conducting SBCEs
should focus on addressing the right problems to maximize customer value and improve
competitiveness. No previous literature provides the required methodology for this
purpose.

The proposed SBCE IR uses the TRIZ’s concept of contradictions as design problems
to start SBCE processes. SBCE IR contributes to TRIZ, QFD, and SBCE literature by
utilizing the synergies between them, and provides systematic prioritization schemes to
select contradictions.

Moreover, the case study on AHS has shown that there are benefits for the industry.
The roadmap helps to identify 23 potential areas of contradictions to improve the current
AHS design. Designers conducted SBCE process on the rack subsystem and its
components. The case company expects significant cost reductions for growing non-
VDI6022 customers. The new rack version is under development to be launched to the
market. Furthermore, the methodology has been effective to make preplanning SBCE
projects.

Some further researches, however, are awaited to improve the limitations of SBCE IR.
First, additional criteria are needed to make the ranking of contradictions more robust.



Future researches might also use value-based approach to rank contradictions taking
criteria that reflect the “cost” (in terms of resource requirements, know-how, technology,
etc.) and “benefit” (in terms of revenue, cost savings, etc.). Second, different levels of
customers and their importance are not treated in evaluating GW(r;). Future researches
might consider a way to integrate different customer needs into SBCE IR.
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The causal relations can be read from matrix obtained using Equation (6). To determine whether
relationships between contradictions are strong, a threshold matrix should be defined. For
example, some authors suggest a threshold of 0.2 (Lee et al., 2010). Those contradictions that
have more than or equal to 0.2 relations coefficients in the matrix can be considered to have
strong relations.
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