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Abstract

The primary module of Quality Function Deployment (QFD) is the House of Quality (HoQ), which supports the design of
new products and services by translating customer requirements (CRs) into engineering characteristics (ECs). Within the
HoQ framework, the traditional technique for prioritizing ECs is the independent scoring method (ISM), which aggregates the
weights of the CRs and the relationships between CRs and ECs (i.e., null, weak, medium, and high) through a weighted sum.
However, ISM incorporates two questionable operations: (i) an arbitrary numerical conversion of the relationships between
CRs and ECs, and (ii) the “promotion” of these relationships from ordinal to cardinal scale. To address these conceptual
shortcomings, this paper introduces a novel procedure for prioritizing ECs, inspired by the Thurstone’s Law of Compara-
tive Judgment (LCJ). This procedure offers a solution that is conceptually sound and practical, overcoming the conceptual
shortcomings of ISM, while maintaining its simplicity, flexibility, and ease of implementation. The proposed approach is
supported by a realistic application example illustrating its potential.

Keywords House of quality - Engineering characteristic - Prioritization - Law of comparative judgment - Scale promotion -
Scale anchoring

Abbrevations 1 Introduction

CR Customer Requirement

EC Engineering Characteristic Quality Function Deployment (QFD) is a commonly used
HoQ House of Quality methodology for facilitating customer-oriented design of new
ISM Independence Scoring Method products and services (Franceschini 2001). The initial mod-
LCJ Law of Comparative Judgment ule of QFD, known as the House of Quality (HoQ), aims to
MCDM Multi-Criteria Decision Making translate the customer requirements (CRs) of a new product/
QFD Quality Function Deployment service into engineering characteristics (ECs), i.e., techni-
VoC Voice of the Customer cal design features that directly impact the CRs (Zare Mehr-

jerdi 2010). Figure 1a exemplifies the HoQ’s relationship
matrix with CRs and ECs indicated in rows and columns; the
symbols in Fig. 1b represent the intensities of the relation-
ships between ECs and CRs. Additionally, a weight (w¢y )
is assigned to each i-th CR, reflecting its importance from
three complementary perspectives: final customer, corporate
brand image, and improvement goals for the new product/ser-
vice in relation to existing counterparts in the market (Akao
1994; Franceschini and Maisano 2018).

Several actors participate in the QFD construction. The
leading role is played by the members of the QFD team,
i.e., a working group consisting of experts from the com-
pany of interest, with complementary skills ranging from
DIGEP Dept. of Management and Production Engineering, marketing, design, quality, production, maintenance, etc.
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Fig. 1 a Relationship matrix
and EC prioritization using the
independence scoring method

(a) Relationship matrix

(b) Intensity of relationships
between ECs and CRs

(ISM). b Intensity of the rela- .
tionships between ECs and CRs, EC,  EC,  ECGy | Wer, Intensity Symbol rij
and conventional conversion CR, O A\ 30% None (1) 0
into numerical coefficients (rl-j) CR A ® A 25% Low A 1
2
CR; ] 25% Medium O 3
CRy O | 20% High ® 9
Wee,| 115 255 3.10

respondents—i.e., (potential) end users who contribute to
the collection of the so-called voice of the customer (VoC)—
from which the QFD team extrapolates the HoQ’s CRs
(Akao 1994; Franceschini and Rossetto 1995). To effec-
tively identify the VoC, which is foundational to the whole
QFD process, it is needed to meticulously select interview-
ees. This selection should be based on both the quantity
and the quality of participants, ensuring that they possess
a comprehensive understanding of the product or service
under consideration, even if not from a technical standpoint.
Concurrently, the QFD team members are expected to bring
their specialized technical knowledge to the table, facilitat-
ing collaborative decision-making throughout the design
and development stages. This approach, as outlined by Akao
(1994) and Huang et al. (2022), is integral to the traditional
HoQ construction method, which aims to equitably distrib-
ute tasks among all involved parties. Thus, while there may
be room for enhancing the traditional HoQ, it would be ill-
advised to alter the fundamental (largely manual) methods
of data gathering that are familiar to the above-mentioned
groups. This stance, however, does not preclude the possibil-
ity of refining the data processing stage, provided that the
initial data collection methods remain unchanged.

Returning to the traditional QFD construction method,
ECs should be prioritized considering their impact on the
final customer; in general, ECs that have relatively intense
relationships with CRs characterized by relatively high we,
values deserve more attention during the design phase. The
conventional approach for prioritizing ECs is the so-called
independence scoring method (ISM), which is a weighted
sum of the coefficients (rij) derived from the numerical con-
version of the relationship matrix symbols (see Fig. 1b), uti-
lizing the wp values as weights (Akao 1994). The resulting
EC weight can be determined by Eq. 1, as exemplified in the
lower part of Fig. la:

WEc, = 2 (”ij ) WCR,) 1))

Vi

However, the ISM method incorporates two conceptu-
ally questionable operations: (i) an inherently arbitrary
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conversion of the relationship intensities (defined on an
ordinal scale: & <A<QO< @) into conventional numerical
coefficients (r;;: F—0,A—1,0—3, @—9, cf. Figure 1b),
and (ii) the aggregation of r; values through a weighted sum,
which introduces an (undue) promotion to a cardinal scale
with meaningful intervals (Franceschini et al. 2015). These
questionable transformations can result in a distorted prior-
itization of ECs (Lyman 1990).

To address these conceptual shortcomings, this paper
proposes a novel technique for prioritizing ECs based on
Thurstone’s Law of Comparative Judgment (LCJ) (Thurs-
tone 1927). Some advantages of the LCJ are that this tech-
nique is well-established, conceptually rigorous, effective
and robust in practice (Maranell, 1974; Brown and Peterson
2009; Kelly et al. 2022). The integration of the LCJ into
the new procedure and the integration of some “dummy”
ECs (see Sect. 5) will enable the prioritization of ECs on a
cardinal scale (Franceschini et al. 2022).

The remainder of this article is organized into five sec-
tions. Section 2 contains a brief review of the state-of-art
techniques for prioritizing ECs that are alternative to ISM.
Section 3 illustrates a case study that will accompany the
description of the new procedure. Section 4 briefly recalls
the LC]J, illustrating its underlying assumptions and practical
application. Section 5 provides a step-by-step description
of the proposed procedure, accompanied by an application
example referring to the case study introduced in Sect. 3.
The concluding section summarizes the major contributions
of this research, its practical implications, limitations and
insights for future development.

2 Literature review

Although ISM is the most widely used technique for EC
prioritization, it has some shortcomings documented in a
plurality of scientific contributions. In addition to (i) the
arbitrary numerical conversion of the relationship matrix
coefficients and (ii) the undue promotion of their ordinal
scale into a cardinal one (cf. Figure 1b), there are other



Research in Engineering Design (2024) 35:343-353 345
Fig. 2 Relationship matrix @
. . el
referring to the design of a new E
o < ”
climbing safety harness model, g - = 2 a
adapted from (Franceschini 205 5 4 £ 8| 2
etal. 2015). The wp, values RS 4 Z)n 2 8 = é g
X 3 7 k7
are determined by converting 4 4 _§ B 4 £ “ <
. . . 5 £ = ° ° 3 ° ©
the relationship matrix symbols 3 g © S s b=l s S
: ) . S| = | Bz 2| &) z| =z
into numerical coefficients (ry,
cf. Figure 1b), and applying the ECi | EC; | EG | EGy | ECs | EGs | EC7 | ECs WeR;
ISM (Eq. 1) Easy to put on CR; o . 7%
Comfortable when hanging  CR; o [ [¢] 20%
Fits over different clothes CRs [¢] o [ 3%
Accessible gear loops CRy [ 12%
Does not restrict movement  CRj o o [ [¢] 27%
Lightweight CR¢ L o A A 10%
Safe CR;, | o o . 14%
Attractive CRg A ° A A 7%

shortcomings, such as the fact that EC weights may not be
consistent with CR weights. The latter shortcoming has
inspired a corrective normalization (Lyman 1990) that, how-
ever, does not resolve the previous two.

The scientific literature includes multiple alternative
techniques that aim to overcome the weaknesses of ISM
and expand its scope. At the risk of oversimplifying, these
techniques can be synthesized into three macro-categories
(Franceschini et al. 2022).

1. Rule-based techniques. Practical techniques achieve a
computationally simple, intuitive, and satisfactory prior-
itization of ECs, which is not necessarily the optimal one
(assuming it exists). In some operational contexts, these
techniques are classified as “heuristic” or “experience-
based”. Let us recall, for example, Borda’s method or
other techniques based on pairwise comparisons (Dym
et al. 2002), and another technique (called ordinal pri-
oritization method) based on the adaptation of a model
proposed by Yager to the HoQ context (Franceschini
et al. 2015; Galetto et al. 2018; Yager 2001).

2. Multi-criteria decision-making (MCDM) techniques.
EC prioritization can be also seen as an MCDM problem
involving conflicting CRs. Several MCDM techniques
have been used in previous studies to improve the perfor-
mance of QFD (Huang et al. 2022; Ping et al. 2020). Let
us recall for example the application of the ELECTRE-II
(ELimination Et Choix Traduisant la REalité) method
(Liu and Ma 2021) or the EDAS approach (evaluation
based on distance from average solution) (Ghorabaee
et al. 2015; Mao et al. 2021).

3. Techniques based on fuzzy logic. These techniques,
which could also be interpreted as advanced heuristics,
take into account the inherent uncertainty in the for-
mulation of CR-importance judgments (by interviewed

wge, | 126 220 | 156 [0.63 ] 171 | 4.69 | 2.48 | 118

respondents) or in the formulation of relationship matrix
intensities (by QFD team members). For example, the
techniques proposed by Li et al. (2019) and Shi et al.
(2022) apply to the open design contest, in which the
intensity of relationships between CRs and ECs and the
prioritization of ECs are inferred on the basis of linguis-
tic variables and text-format information, describing the
subjective imprecision of human cognition.

Most of the aforementioned techniques require additional
information beyond that collected in the traditional QFD
process. For example, techniques to handle information
related to linguistic variables require verbatim transposi-
tion of interviews that were conducted in open-ended form
(Li et al. 2019); most of the techniques based on fuzzy logic
require some technical expertise in setting working param-
eters, such as thresholds or weights. The procedure proposed
in this paper—which can be referred to as “distribution-
based” since it relies on statistical assumptions regarding
the distribution of the QFD team preferences (Franceschini
et al. 2022)—fits the information contained in the classic
HoQ and can also be implemented and automated by non-
experts (cf. Section 5).

3 Test case

Referring to an application example adapted from the scien-
tific literature (Franceschini et al. 2015), let us consider a
company of mountain sports accessories that plans to design
a new model of climbing safety harness through the QFD.
Figure 2 illustrates the HoQ that was constructed by combin-
ing information obtained through interviews with a sample
of respondents (i.e., potential end users) and from the

@ Springer
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(a) ECy~ N(ptgc, agzck)L

jEC]” N(#Ec]-: GEZ'Cj)

HEC,

degree'of the attribute
(psychological continuum)

HEC i

(b) (EG; - ECk)NN[HECj ~ Mecy UEZCj + 0fc, — 2 PEC, ECy " TEC; " OEC;]

7 p//{} Pjk ::: P[(EC] —F K

>

0 g i~ HEecy,

(EC;—ECy)

Fig.3 Theoretical distributions of the position of two generic objects (i.e., EC; and EC,) in the psychological continuum. b Graphical represen-

tation of the quantity (1 —pjk), being P = P[(ECj - ECk) > 0]

technical examination of QFD team members (i.e., corporate
staff with technical and design expertise). Eight CRs and
eight ECs were identified.! The Wg, Values inherently may
take into account information concerning the CR importance
to final customers, corporate brand image, and improvement
goals, combining them through a multiplicative aggregation
model (Franceschini 2001; Franceschini and Maisano 2018).
For simplicity, Fig. 2 shows only the w¢, values, omitting
the three CR-importance contributions mentioned above.
Next, ECs are prioritized, determining the WEC, values

reported in the lower part of Fig. 2 through the ISM (cf.
Equation 1). This HoQ will be used as a test case to illustrate
the new EC prioritization procedure step-by-step (cf. Sec-
tion 5). The concluding part compares the results of the new
prioritization procedure with those derived from the tradi-
tional ISM.

4 Basics of the law of comparative judgment

The very general problem in which Thurstone’s LCJ finds
application is summarized as follows: a set of experts for-
mulate their individual (subjective) judgments about a spe-
cific attribute of some objects and these judgments must be
merged into a collective one (Maranell, 1974; Kelly et al.
2022). The attribute can be defined as “a specific feature of

! The fact that the two quantities coincide is purely incidental.

@ Springer

objects, which evokes a subjective response in each expert”.
Consider, for example, the intensity of the aroma (attrib-
ute) of some alternative coffee blends (objects), which are
assessed by a panel of experienced café customers (experts).

In this scenario, Thurstone (1927) postulated the exist-
ence of a psychological continuum, i.e., “an abstract and
unknown unidimensional scale, in which the position of
the objects is directly proportional to their degree of the
attribute of interest”. Although the psychological contin-
uum is a unidimensional imaginary scale, the LCJ can be
used to approximate the position of the objects of interest
on it. According to the so-called case V of Thurstone’s
LCJ, the position of a generic j-th object (EC)) is in fact

postulated to be distributed normally: ECj"N(HEC,-s Géc.)’

where pp- and "éc are the unknown mean value and vari-
j j

ance of that object’s attribute.? Figure 3 represents the
hypothetical distributions of the position of any two
generic objects, EC; and EC,. The distribution associated
with a given object is characterized by a dispersion (or
variance), which reflects the intrinsic expert-to-expert
variability in positioning (albeit indirectly, as we will bet-
ter understand below) that object on the psychological
continuum. Let u EC, and HEc, correspond to the (unknown)

expected values of the two objects and o7, and o, the
Jj k

(unknown) variances. The difference (EC] - EC k) will fol-
low a normal distribution with parameters:

2 This notation will facilitate understanding the description in
Sect. 5, since the objects of the problem of interest are the HoQ’s
ECs.
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H(Ec,-Ec,) = HEc, — Hic, ad 0(gc k)

2 2
=,/0..+0o7. —2- < Cpc. O
\/ Ec; T %Ec, PEC,EC, " OEC; " OFEC, )

where:
Hec, and yigc, denote the (unknown) mean values of EC;
and ECk in the psychological continuum;

EC and 0' denote the (unknown) variances of EC_,- and

ECy;

PEC, EC, denotes the (unknown) correlation between
objects EC; and EC,.

Considering the area subtended by the distribution of
(ECJ» —-EC k), let us draw a vertical line passing through the
point with EC; — EC;. = 0 (see Fig. 3b). The area to the right
of the line depicts the observed proportion of times (p) that
EC; > EC, or (EC EC;) > 0. Of course, the area to the
left depicts the complementary proportion (1 — p; ).

In addition, it is postulated that the variances of the
objects are all equal (Géc, = oécz = ... = ¢°) and the inter-
correlations (in the form of Pearson coefficients pEquECk)

between pairs of objects (EC;,
(ﬂEC/,ECk = p,Vj, k).

Having outlined this framework, let us now focus on the
LCJ's application, which is based on the following four steps:

EC,) are all equal too

1. A set of experts (j,, j,, ...) formulate their preferences
for each object (EC)) versus every other object (EC)),
considering all possible CJ'= me(m — 1)/2 pairs, m being
the total number of objects. In practice, the following
question needs to be answered: “How do you judge the
degree of the attribute of EC; compared to that of EC,,
in relative terms?”. Judgments are expressed through
relationships of strict preference (e.g., “EC,> EC,” or
“EC,<EC,”) or indifference (e.g., “EC|,—EC,”). Results
are then aggregated into a proportion matrix (P). Pre-
cisely, for each possible paired comparison between
two objects (EC; and EC)), the conventional portion of
experts who prefer the first object to the second one is
determined as:

>) ~) (<)
pe=1py +1/2:py +0-py €10,1], 3)

p§k>) being the portion of experts for whom EC;> EC,,
p;,:) being the portion of experts for whom EC;~EC,,

pj(.,f) being the portion of experts for whom EC; < EC,.

It can be noted that py is the same quantity repre-
sented in Fig. 3b. The LCJ allows for its quantification
on the basis of the (empirical) expert judgments.

The coefficient “¥2” multiplying pl(;) conventionally
weighs the indifference relationship as an intermediate
coefficient between that related to the “favourable”

(“ECJ- > EC,”) strict preference relation (with coefficient
“1”’) and that related to the “unfavourable” (“ECj <EC.)
strict preference relation (with coefficient “0”). Taking
into account that p k = pk ), this type of weighting guar-
antees the complementarity relationship:

Pix = 1 = py» 4

which can be demonstrated by combining Eq. 3 with
the two following relationships:

Py +p;

(<) —

Py =1, ®)

2. Next, pj, values are transformed into z values, through
the relationship:

z = @ (1-py) (6)

3. @®7!(’) being the reverse of the cumulative distribution
function (®) of the standard normal distribution. The
element Zj represents a unit normal deviate, which will
be positive for all values of (1 —p;) over 0.50 and nega-
tive for all values of (1 - p;) under 0.50.

4. In general, objects are judged differently by experts. How-
ever, if all experts express the same preference for each out-
come, the model is no more viable (pjk values of 1.00 and
0.00 would correspond to z;, values of +c0). A simplified
approach for tackling this problem is to associate those pj
values <0.00135 with Zj ®~'(1-0.00135)=3 and thosep]k
values >0.99865 with z; k— ~1 (1 -0.99865)=— 3. More
sophisticated solutions to deal with this issue have been pro-
posed (Franceschini et al. 2022).

Next, the z;, values related to the possible paired compari-
sons are reported into a matrix Z. The element z;, is reported
in the j-th row and k-th column. The relationship z;;=—z;
holds, being unit normal deviates related to complementary
cumulative probabilities (cf. Equation 4).

A scaling can be performed by (i) summing the values into
each column of the matrix Z and (ii) dividing these sums by
m. It can be demonstrated that the result obtained for each k-th
column (x,) corresponds to the unknown average value (ﬂECk)
of the k-th object’s attribute, up to a positive scale factor and an
additive constant: x; = ¥, (2 )/m = ¢; - pgc, + ¢,. In other
words, the LCJ results into an inferval scaling, i.e., objects are
defined on a scale (x) with arbitrary zero point and unit (Thurs-
tone 1927; Franceschini et al. 2022).

5 Methodological approach
The LCJ can be adapted for prioritizing the ECs within

the HoQ context. In this case, the focus is on the ECs (i.e.,
objects), which need to be prioritized according to the degree

@ Springer
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(a) Relationship matrix (b) EC rankings
| EC, EC, EC | Without dummy ECs  With dummy ECs
CR] ‘ — EC] > (ECQ"‘EC}) (EC.~EC1) > ECO > ECA > (EC®~EC2~EC3)

CR,| O A A

— EC] > (EC2~EC3)

ECe > (ECo~EC)) > (ECA~EC~EC3) > ECp

Fig.4 Transformation of a relationship matrix into EC rankings, with or without dummy ECs (i.e., ECq, ECy, EC,, and ECy)

of intensity (i.e., attribute) of their relationships with each spe-
cific CR. Unlike the traditional application of LCJ, where indi-
vidual experts formulate paired comparisons of objects, in this
context paired comparisons emerge indirectly from the HoQ's
relationship matrix. This approach represents a departure from
the traditional LCJ method, since experts do not make indi-
vidual judgements that are then aggregated. Instead, in the new
procedure, several expert judgements—derived from the col-
lective compilation of the relationship matrix by the QFD team
members (Zare Mehrjerdi 2010)—are then aggregated through
the LCJ. This point is clarified in the explanation below, which
is structured in four steps (a, b, ¢ and d).

(a) Transformation of relationship matrix into rankings
Focusing on the i-th specific row of the relationship matrix,
a ranking of ECs can be determined according to the degree
of their relationships with the i-th CR. For example, with
reference to the relationship matrix in Fig. 2 and to “CRs;—
Lightweight”, the following ranking can be obtained: o

(EC, ~ EC,) > (ECo ~ EC5 ~ ECy)
> (EC, ~ EC; ~ ECy) > (ECy ~ EC| ~ EC, ~ ECs)
)
In addition to the “regular” ECs, i.e., EC, to ECg, the
above ranking also includes four “dummy” or “anchor”
ECs, i.e., ECq, ECn, ECy,and ECy, which represent the
degree of intensity of the relationships expressed in the rela-
tionship matrix, espresso in absolute terms (“None” — &,
“Low” — A, “Medium” — O, and “High” — @; cf. Fig-
ure 1b). The introduction of these objects in the rankings,
which by their nature are formulated in relative terms, is
necessary in order not to lose part of the available infor-
mation content: that is, the degree of intensity of the rela-
tionships in absolute terms. For example, referring to
the new simplified relationship matrix in Fig. 4 (which
is different from that in the test case in Fig. 2), the rela-
tionships of the three ECs (EC,, EC, and EC;) with CR,
(i.e., EC, »,EC, - @,EC; — @) result into the rank-
ing EC, > (EC, ~ EC5), which would be identical to that
obtained by considering the relationships of the same ECs
with CR, (i.e., EC, - O,EC, —» A,EC; — A). In this
case, the transformation into relative rankings leads to
losing information about the absolute degree of intensity

@ Springer

of individual relationships, which distinguishes the two
configurations.

Referring to the LCJ framework, similarly to regular ECs,
dummy ECs are assumed to project a normal distribution
on the psychological continuum, with unknown mean value
and unknown variance, equal to that of the other objects (cf.
Section 4) (Franceschini and Maisano 2019). The dummy
objects are also used to perform the so-called “anchoring”
of the scaling resulting from the LCJ, as described below.

(b) Transformation of rankings into paired comparison
relationships. Each ranking can be uniquely translated into
paired comparisons. Figure 5 exemplifies this process for
each CR in the relationship matrix. Since the test case
includes twelve total ECs—i.e., eight regular (EC, to ECy)
and four dummy ones (ECg ECo, ECy,and EC ﬂ)—the total

= 211 = 66.

2 2

(¢) LCJ application. Next, a proportion (pj) must be asso-
ciated with each jk-th paired comparison. In the traditional
LCJ (cf. Section 4), pj reflects the portion of expert popu-
lation that expressed a preference of object EC; over object
EC,®. Although experts do not directly express their prefer-
ences between pairs of ECs, for each CR in the relationship
matrix (which was collectively constructed by the QFD team
members), an EC ranking can be determined as illustrated
in Fig. 4; then, this ranking can be decomposed into paired
comparisons between ECs.

Additionally, each CR in the HoQ corresponds to a cer-
tain percentage weight (i.e., weg, being Dvi weg, = 1), which
describes its importance from different points of view (cf. Sec-
tion 3). This weight can also be associated with the relative EC
ranking and the paired comparison relationships resulting from
it. For a given (jk-th) comparison between pairs of ECs, there
are therefore as many paired comparison relationships as the
number of CRs (with their associated weights). Figure 5 exem-
plifies the process of constructing paired comparison relation-
ships from the relationship matrix in Fig. 2.

Adapting the LCJ (cf. Section 4), the p; proportions can be
determined by aggregating the preceding comparisons by means

paired comparisons are C}? = < 12 >

3 This preference combines the relationships of strict preference and
indifference according to the conventional weighting in Eq. 3.
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(a) Relationship matrix

(b) Rankings (including dummy ECs: ECe, ECo, EC~ and ECp)

EC1 EC: EC: ECs ECs ECs EC7 ECs

CRx (] . CR1: (ECe~EC7) = (ECo~EC5) > EC~ > (ECo~EC1~EC2~ECECs~ECs~ECs)
CR> Q . Q CR;: (ECe~ECs) > (ECo~ECyEC7) > EC~ = (ECp~EC~ECr-ECECsECy)
CR3 (o} 0 . CR3: (ECe~EC7) = (ECo~ECsECg) > EC~ > (ECp~EC~ECrEC~ECsECy)
CR4 . CRy: (ECe~EC3) >ECo = EC. > (ECo~EC~ECrEC+ECyECsECsECT)
CRs [e] (e} . (e} CRs: (ECe~ECg) > (ECo~ECy~ECs~EC7) > EC~ > (ECo~EC~EC3~ECs+ECy)
CRs . 0 0 A A CRs: (ECe~EC;) = (ECo~EC3~ECg) = (EC :~ECrEC3) = (ECp~EC1~EC4ECs5)
CR;| » o) . CR7: (ECe~EC~EC3) > (ECo~EC,) > EC~ > (ECp~ECHEC~ECeECH~ECS)
CRg A . A A CR3: (ECe~ECy) > ECo = (EC2~EC2~ECs~EC7) > (ECo~EC1~EC3~ECs~ECs)

(c) Paired-comparison relationships

ECpairs | CRy CR; CR: CRy CRs CRs CR; CRg
ECy, EC; ~ ~ ~ ~ < = = =
ECy, EC; ~ ~ ~ ~ ~ = ~ ~
EC1, ECs ~ ~ ~ ~ ~ ~ > <
EC,, ECs < < = ~ = - - -
EC1, ECs ~ < < ~ < < > <
ECL ECy < < < ~ s < - <
EC1, ECs ~ ~ ~ < ~ < = ~
ECy, ECp ~ ~ ~ ~ ~ ~ = ~
ECL,EC.| < < < < < < > <
ECLECo| < < < < < < > <
EC1,ECe | < < < < < < ~ <
EC,, EC; ~ ~ ~ ~ = > < =
EC2, ECs ~ ~ ~ ~ > > = <
EC, ECs | < < < ~ ~ > > >
ECy, ECs | ~ < < ~ < > > ~
EC2, ECy = = = ~ ~ > = ~
EC,, ECs ~ ~ ~ = = = = =
EC2, ECp ~ ~ ~ ~ = = = =
EC, EC.| < < < < > > > ~
EC,ECo| < < < < ~ > ~ <
EC2, ECe | = < < = < ~ < <
ECs, ECy ~ ~ ~ ~ ~ > > <
EC3, ECs | < < < ~ < = > ~
ECs, ECs ~ < < ~ < ~ = <
EC3, ECy < < < ~ < = - <
ECs, ECs ~ ~ ~ = ~ = = ~
EC3, ECp ~ ~ ~ ~ ~ > > ~
EC3, EC.| < < < < < = = <
EC3,ECo| < < < < < ~ > <
EC3, ECe | < < < < < < ~ <
EC4 ECs | < < < ~ < ~ ~ >
ECy ECs | ~ < < ~ < < ~ =
EC4 ECy = = = ~ = = ~ >

EC pairs CRy CR; CR: CRy CRs CRs CR;y CRg
.EC'.;7 ECy s ~ ~ < ~ < ~ =
ECy ECp ~ ~ ~ ~ ~ ~ ~ =
ECy EC- < < < < < < < >
ECy ECo < < < < < < < >
EC4, ECe < < < < < < < ~
ECs, ECs > = ~ ~ < < ~ <
ECs, EC7 < ~ < ~ ~ < - <
ECs, ECs > > > < > < ~ ~
ECs, ECp > > = ~ > ~ ~ ~
ECs, EC- = = > < > < < <
ECs, ECo ~ ~ ~ < ~ < < <
ECs, ECe < < < < < < < <
ECs, EC7 < > < ~ > > ~ ~
ECs7 ECy ~ > = < = = ~ =
ECs, ECp ~ > > ~ > > ~ >
ECs, EC < > > < > = < ~
ECs, ECo < > ~ < > ~ < <
ECs ECe < ~ < < ~ < < <
EC7, ECs = > > - > ~ ~ =
EC7, ECp > > > ~ = > ~ =
EC7, EC- > = = < > ~ < ~
EC7, ECo > ~ > < ~ < < =
EC7, ECe ~ < ~ < < < < <
ECs, ECo ~ ~ ~ > ~ > ~ ~
ECy EC- < < < > < ~ < <
ECs, ECo < < < > < < < <
ECs, ECe < < < ~ < < < <
ECyp,EC- < < < < < < < <
ECp, ECo < < < < < < < <
ECp,ECe < < < < < < < <
EC-.,ECo < < < < < < < <
EC-.ECe < < < < < < < <
ECo.ECe < < < < < < < <

Fig.5 Transformation of the relationship matrix in (a) into EC rankings (b) and paired comparison relationships (c)

of a weighted sum; before showing this aggregation, for the sake
of clarity, it is appropriate to take a step back.

With reference to each i-th CR and each jk-th paired com-
parison (i.e., ECj versus EC}), the following three binary
coefficients are defined:

i
(~)
ijk
(<)
ijk

being equal to 1 if EC; > ECy(otherwise 0),
¢, beingequal to 1 if EC; > EC;(otherwise 0), 8)

¢, being equal to 1 if EC; > EC,(otherwise 0),

It can be seen that these coefficients are mutually exclu-
sive and the complementarity relationship holds:
cf:k) + ci;k) + cijk) = 1. A general coefficient expressing the
degree of preference of EC; over EC; from the perspective
of the i-th CR can be defined as:

Cij=1- cfj,? + 1/2 . cf;k) +0- cf;k) € {0, 1/2, 1} )

Note the similarity between Egs. 3 and 9; by construc-
tion, it results that: ¢; = 1 — ¢; ;. Figure 6 exemplifies the
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EC pairs CR1 (wer,=7%)|CR2 (Wcr,=20%)|CR3 (wery=3%)|CR4 (wer,=12%) |CRs (WCR5=27%) CRe (werg=10%) |CR7 (wcr,=14%)|CRs (wcrg=7%) Dik
C’UA C;A C,A Ciik CL,A 2.5k _“;I‘\- Ca,jk C; /I‘\ Ci‘;k C‘z;‘k C3,ik Cui [‘4} F;‘;;— Ca,jk F: /;\ ¢ /)\ s.jk Cs,jk F;/;\ Fu.\;;\- C;‘;;\- Cojk (€7 ’ ¢ ik Cs} Cs C’s‘ L Cg,jk

EC, EC o1 00501 0 05{(0 I 005010 05|00 1 00(O0 O 1 001 0 O0 10/0 0 1 0.0 0.350
EC1, ECs o1 00501 0 05{0 1 005010 05|01 0 05{0 01 00{0 1 O 05|0 1 0 05 0.450
EC1, ECs o1 00501 0 05{0 1 00501 0 05(0 1 0 05/(0 1 0 051 0 0 1.0|J0O O 1 0.0f |0.535
EC\, ECs o0 1000 01 00/{0 0O I 00/0 1 O 05(0 0 1 00{0 I 0 051 0 0 1.0|0O 1 0 0.5 |0.285
EC1, ECs o1 005001 00fO0 OT1°600/0 10 05|00 1 00(O0 01 001 0 0 1.0/0 0 1 0.0 0.235
EC\, ECy o o0 100001 00/O0O0OT1®000T1TO0 O0OK5(0 01 000 01 001 0 0 10{0 0 1 00| [0.200
ECi1, ECs o1 00501 0 05{0 1 005001 000 1 0 05/{0 0 1 00(1 0 0 10|{0 1 0 05| [0.460
EC1, ECp o1 060501 0 05/{0 1 005010 050 10 05/{0 1 0 051 0 0 10{0 1 0 05| [0.570
EC\, ECa o0 1000 01 00{0 0O 1 00/O O 1 000 0 1 00{0 0 1 001 0 O 10|{0 O 1 0.0 |[0.140
EC\, ECo o0 1000 01 00/{0 0O 1 00/O O 1 000 0 1 00{0 0 1 00f1 0 0 10|{0 0 1 0.0 |[0.140
EC\,ECe o0 100001 00/O0 OT1®O00O0UO0OT1 000 01 00{0 01 00(0 1 0 05|{0 0 1 0.0 [0.070
ECy, ECs o1 060501 0 05{0 1 005010 051 00 10({1 0 0 10({0 0 1 001 0 0 1.0 [0.650
ECy, ECs o1 00501 0 05{0 1 005010 051 00 10({1 0 0 10f1 0 0 10|{0 O 1 0.0 [0.720
ECy, ECs o o01000 01000 OT1°®00/0 10 05|01 O005(1 0 0 101 0 0 101 0 0 1.0 0.505
ECy, ECs o1 0605001 00/O0 OT1®00O0T1TUO0O O0O5(0 0 1 001 0 O0 101 0 0 10{0 1 0 05| [0.370
ECy, ECy o0 100001 00/0 O0OT1®00O0T1TO0O OO0 1O0 051 00 101 0 0 10{0 1 0 05| (0470
ECy, ECs o1 00501 0 05{0 1 0050 01 00(1 0 O0 10({1 0 0 101 0 0 10|1 0 O 1.0 [0.730
ECy, ECy o1 00501 0 05{0 I 005010 051 00 10({1 0 0 101 0 0 101 0 O 1.0 [0.790
ECy, ECa o o01000 01000 OT1°600/0 01 00|16 0 0 10(1 0 0 101 0 0 10|/0 1 0 05 0.545
ECy, ECo o0 1000071 00/{0 O 1 00/O0 01 00(0 1 O 05|{1 0 0 10|0 I 0 05|/0 0 1 0.0f |0.305
EC2, ECe o0 1000 01 00{0 O 100/O0OT1 000 01 00{0 I 0 05{0 0 1 00{0 0 1 0.0 [0.050
ECs, ECs o1 00501 0 05{0 1 00501 0 050 1 0 05|{1 0 0 10|1 0 O 1.0|0O O 1 0.0f |0.585
ECs, ECs o o01000 01 00fO0OT1U®00/0 10 05|00 1 00(1 0 0 101 0 O0 1.0|/0 1 0 05 0.335
ECs, ECs o1 0605001 00/0 O 1 00/O 1 O 05(0 0 1 00{0 I 0 051 0 0 1.0|jO O 1 0.0f |0.285
ECs, EC7 o0 100001 00/{0 O0OT100O0T1TUO0O OO OT1UO0O0O|l 00 101 0 0 10|{0 0 1 00| [0.300
ECs, ECs o1 00501 0 05{0 1 005001 000 1 0 05({1 0 0 101 0 0 10|{0 1 0 05| [0.560
ECs, ECy o1 00501 0 05{0 1 005010 050 1 0 05{1 0 0 101 0 0 10|{0 1 0 05| [0.620
ECs, ECa o o01000 01000 OT1°®00/0 01 00|0 0 1 00(1 0 0 101 0 0 1.0/0 0 1 0.0 0.240
ECs, ECo o o01000 019000 OT1°®00/0 01 00|0 01 00{0 I O 051 0 0 1.0|/0 0 1 0.0 0.190
EC3, ECe o0 100001 00/{0 O0O100O0OT1 000 01 00{0 0 1 00(0 1 0 05{0 0 1 00| [0.070
ECs, ECs o0 1000 01 00{0 0 1 00/O 1 0O 050 0 1 00{0 I 0 05(0 1 0 05|1 0 O 1.0 [0.250
EC4, ECo o1 005001 900fO0 OT1°®00/0 10 05|00 1 060(O0 O 1 00{0 1 O 05|1 0 0 1.0 0.235
ECsy, ECq 0O 0100001 00(fOOT1U00/01 0 05]0 0 1 00{0 O 1 00][0 1 0 05]1 0 0 1.0 0.200

Fig. 6 Calculation of the ¢, values (bolded) by combining the binary coefficients Cin G

() (~)

ijk’

(< )
1,/k

obtained from the paired comparison
relationships in Fig. 4, through Eq. 9. The relevant p;, values (in the last column) are calculated by applying Eq. 10

calculation of the binary coefficients and the correspond-
ing ¢, ; values, for the paired comparison relationships in
Fig. 5c.

Finally, the coefficients c, ; are aggregated in the follow-
ing weighted sum, which determines the p;, value:

Pjx = Z (Cije - wer,)» € 10,1]

Vi (10)

This value expresses the weighted fraction of CR for
which the j-th EC has a greater influence than the k-th one.
For example, the paired comparison “EC,, EC,” (at the top
of Fig. 6) would result in:

P =0.5-7%+0.5-20%+0.5-3%+0.5-12%

11
+0-27%+0-10%+1-14%+0-7% = 0.350 an

The p;, values can be aggregated into a P matrix of propor-
tions, which—consistently with the LCJ—is made up of ele-
ments that are symmetrical with respect to the main diagonal
and complementary to each other with respect to the unit®.
Figure 7a contains the P matrix that results from the paired
comparison relationships in Fig. Sc. Henceforth, the traditional

@ Springer

LCJ (cf. Section 4) is applied, determining the Z matrix (see
Fig. 7b) and, subsequently, the interval scaling (x) of the ECs
(see Fig. 7c).

(d) Scale anchoring. Taking inspiration from the methodol-
ogy developed in (Franceschini and Maisano 2019), the inter-
val scaling resulting from the LCJ can be “anchored” with
respect to the (unknown) psychological continuum, using two
of the previously introduced dummy objects: ECg, i.e., an
anchor object corresponding to the absence of relationship,
and ECg, i.€., an anchor object corresponding to the maximum
possible degree of intensity of the relationship with the CR of
interest. Therefore, the (interval) scale (x) is transformed into a
new one (y), defined in the conventional range [0, 10], through
the following linear transformation:

i —0  x—x Xy — X,
10-0  x, —xy X, — Xy
where.
* By  combining the  relationships 4 =,

th ijk ijk
cl.xl-kzl—c,;kj, and ZW Wer, = 1, it can be easily deduced that

P =1=py



Research in Engineering Design (2024) 35:343-353

351

EC
EC,
EC;
ECy
ECs
ECs
EC,
ECs
ECs
ECh
ECo
ECe

EC
EC,
EC;
ECy
ECs
ECs
EC,
ECs
ECs
ECa
ECo
ECe

Xk
Xk
Vi
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ECs

EC,

ECs

(a) Matrix P
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EC,
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ECy
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ECe
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0.715
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0.800
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0.430

0.860

0.860
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0.500

0.350

0.280

0.495
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0.210
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0.500

0.415

0.665
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0.700
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0.380

0.760
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0.535

0.720
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0.335
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0.325
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0.470
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0.345

0.665
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0.460

0.730
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0.425
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1.000"

1.000"
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0.000"
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1.000"
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0.190

0.070
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0.535

0.335
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0.000°

0.000"

0.500

1.000"
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0.000"

0.235
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0.060
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0.000"
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EC,
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EC,

ECs

(b) Matrix Z

ECs

EC;

ECs

ECq

ECa

ECo

ECe
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0.126
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0.568

0.722

0.842

0.100

-0.176
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1.080

1.476

-0.385

0.000

-0.385

-0.583

-0.013

0.332

0.075

-0.613
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0.510

1.645

-0.126

0.385

0.000

-0.215

0.426

0.568

0.524
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-0.305

0.706

0.878
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0.088
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0.215

0.000

0.674

0.722

0.842

0.189

-0.088

1.476

1.476

1.812

-0.568

0.013

-0.426

-0.674
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0.789

0.345

-0.454
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0.568
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-0.332

-0.568
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0.722

-0.842

-0.075

-0.524

-0.842

-0.345

0.628

0.000

-0.706

-1.126

-0.399

0.426

1.645

-0.100

0.613

0.151

-0.189

0.454

0.755

0.706

0.000

-0.279

0.954

1.175

1.555

0.176

0.806

0.305

0.088

0.789

0.974

1.126

0.279

0.000

3.000

3.000

3.000

-1.080

0.113

-0.706

-1.476

0.176

0.345

0.399

-0.954

-3.000

0.000

3.000

3.000

-1.080

-0.510

-0.878

-1.476

-0.568

0.088

-0.426

-1.175

-3.000

-3.000

0.000

3.000

-1.476

-1.645

-1.476
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-0.722
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-3.000

-3.000

0.000

EC,

EC,

ECs

ECy
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(c) Scaling

ECs

EC;

ECy

ECy

ECa

ECo

ECe

-6.116

0.336

-4.167

-7.989

-1.627

5.202

2.161

-5.794

-13.545

0.183

9.025

22.330

-0.510

0.028

-0.347

-0.666

-0.136

0.434

0.180

-0.483

-1.129

0.015

0.752

1.861

2.1

3.9

2.6

1.5

3.3

5.2

4.4

2.2

0.0

3.8

6.3

10.0

Fig.7 a P matrix, b Z matrix, and ¢ scaling resulting from the
application of the proposed procedure to the test case. Items marked
with “*” in the matrix P are associated with values of +3 in the
matrix Z (cf. Section 4). Zk is the summation of the values reported

in the k-th column of the matrix Z; the xk values concern the inter-
val scaling resulting from the LCJ; the yk values concern the ratio
scaling downstream of the anchoring in Eq. 12
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Comparison of EC prioritization approaches (ch/ values)
6
. ® EC6
bl
R? = 0.8602
® EC7
ER
= ® EC2 .7
ES ® EC5."
@ EC3
L oEC8
2 E %o
® EC4
1
0 1 2 ISM 3 4 5
EC EC, ECs ECy ECs ECs EC, ECy
ISM 1.26 2.20 1.56 0.63 1.71 4.69 2.48 1.18
y-scaling 2.1 3.9 2.6 1.5 33 5.2 44 22

Fig.8 Comparison between the results of the new prioritization pro-
cedure (y-scaling) and the traditional one (ISM), with reference to the
test case in Sect. 3. Note that the ISM results have been previously
calculated in Fig. 2, while the y-scaling has been previously deter-
mined in Fig. 7¢

Xz and xg are the scale values of ECg and ECg respec-
tively, resulting from the LCIJ;

X, is the scale value of a generic k-th EC, resulting from
the LCJ;

¥ 1s the relevant transformed scale value in the conven-
tional range [0, 10].

The new scale (y) has a conventional unit and a zero
point (which corresponds to the absence of the attribute);
it can therefore be considered as a ratio scale.

Although the mathematical operations required to
implement the LCJ might seem complex, they are in
fact computationally straightforward and can be entirely
automated using a basic spreadsheets such as MS Excel
(Brown and Peterson 2009; Franceschini and Maisano
2019).

6 Concluding remarks

This paper introduced a new procedure for prioritizing the
HoQ’s ECs, based on Thurstone’s LCJ. Besides being con-
ceptually more rigorous and overcoming some shortcomings
of the traditional ISM, the new procedure offers several other
advantages. First, it can be integrated into the traditional pro-
cedure for constructing the HoQ without requiring additional
or extra works from participants. This means that interviewees
providing the VoC and the QFD team members responsible
for creating the relationship matrix do not have to change their
traditional work, as the mathematical implementation of the
LClJ is fully automatable with a simple spreadsheet. Second,
it prioritizes the ECs in the form of a ratio scaling, anchoring
the LCJ solution through several dummy ECs. In addition, it

@ Springer

is easy to implement, flexible, and adaptable to other response
modes than the traditional one (e.g., those in which judgments
are inherently uncertain or incomplete). The effectiveness and
the robustness of the new EC prioritization are ensured by the
LCJ itself, which is a well-established technique that has been
used and tested in multiple contexts (Franceschini et al. 2022).

With reference to the exemplified test case, it is interesting
to note that the proposed procedure produces results quite in
line with those of the ISM, as shown in Fig. 8. This diagram
denotes a relatively high correlation (i.e., Pearson correlation
coefficient R ~ 0.8602) between the two approaches, which
produce two very similar final rankings of ECs (only a rank
reversal between EC; and EC; is observed):

ISM : EC, > EC, > EC, > ECs > EC; > EC, > ECy > EC,

New procedure : ECy > EC; > EC, > ECs > EC; > ECy > EC; > EC,.
(13)

Other tests have confirmed some agreement between
the proposed procedure and the ISM although there are
specific situations in which the two approaches may pro-
duce different results. Precisely for these situations, the
authors claim the superiority of the new procedure, as it
avoids questionable and potentially distorting operations.
This aspect will be further investigated in future studies.

In conclusion, the new procedure represents an addi-
tional tool in the QFD-team's toolbox, to expand the
perspective of analysis. The limitations of the proposed
procedure are those inherent in the LCJ, namely some pos-
tulates concerning the (normal) distribution of judgments
in the psychological continuum (cf. Section 4).

Regarding the future, possible adaptations of the pro-
posed procedure to problems characterized by uncertain
and/or incomplete formulation of relationships between
ECs and CRs will be investigated. Additionally, a struc-
tured comparison will be made between the results of the
new procedure and those of other alternative procedures to
ISM, which are already present in the scientific literature.
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