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ratings of customer requirementsin QFD product planning
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Abstract

Customer requirementfCRs) play a significant role in the product development process,
especially in the early design stage. Quality functionlayepent (QFD) as a useful tool in
customeroriented productdevelopment,provides a systematicapproachtowards satisfying CRs
Customes are heterogeneous and thegguirementsare often vagueherefore how todeterminethe
relative importanceratings (RIRs) of CRs and eventuallyevaluatethe final importance ratings a
critical step inthe QFD product planningprocess.Aiming to improve the existing approachdsy
interpretingvarious CR preferencesnore objectively and accuratelihis paper proposeaweighted
interval rough numbemethod CRs are rated with interval numisgrather thara crisp numbemvhich
is more flexible toadaptin real life alsq the fusion of customer heterogeneityy addressed by
assigning different weight$o customers based on several factdree consistencyof RIRs is
maintained by the proposed procedures wihign rulesA comparative study amorfgzzy weighted
averagamethod, rough number method ahe proposed method is conductadlast The result shows

that the proposed method is more suitabléetermining thérIRs of CRs with vague information

Keywords: Quality function deploymentrough set theoryfuzzy settheory; product planning
customeicentricdesign
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1. Introduction

In order to survive in the competitive market, companies strive to prouiglty products that satisfy
variouscustomer needs and expectations to gain vatlgeed profitS. Q. Xie and Tu 2006. S. Xie
and Tu 201} To enable the customised product development process, our previoufBwbtkLi et
al. 201) gives a comprehensive review onkt®owledgebased systems, methods and tddisteover,
thetendency towards mass customisation and personalif@geng et al. 20)0equires companige
reveal latent customer requirements (CRs) (e.g. affective and eegoites) other than only explicit
technical informatioWang and Tseng 20},1thus, the functioibased methods need to be improved
accordingly Also, due to thecustomer heterogeneity with different opinions amagious subjective
information expressed, it inevitably contamuch vagueness which needs tdrierpreted into design
specifications properly and rapidly.

Quality function deployment (QFD), which introduced Bkao (1972) has been a widely
adopted methodology in assisting customeented product development proc€gbeng et al. 2015
It provides a systematiramework toanalysethe customemeedand to map them into design
specificationsall overthe product development procg&oncalvesCoelho 2005 QFD has proven to
have many advantageser since its first applicatiprsuch asimprove customer satisfaction, reduce
product development cost, shorten the tbmenarket, and enhance the mudisciplined teamwork in
the product development procg$€3ohen and Cohen 19p5The key element of QFD is a combined
chart which is called the house of quality (HoQ) to ntag €Rs (the ‘WHAS’) into corresponding
adjustedengineering characteristics (the ‘HOWSs') that fulfil t8&®s in product planning stage, and
subsequently into parts characteristics, process plans, andatiamefoperationd.uo et al.; Zheng et
al. 2015. The majorissueof QFD product planning to determinghe final importance ratings of CRs
(Y.-L. Li et al. 2013, asits accuracy will largely affect the product succebs.general the
determination procesmntainsfive steps: 1) identify CR 2) determine the relative importane¢éings
(RIRs)of CRs; 3)undertakecompetitive analysis of CRs; 4) set theétable improvement ratio @Rs;
and5) determine the final importance ratings of C&mongwhich thefirst two steps ar@articularly
significant as they are directly related to the ‘voice of customer’ (VS€lection of representatives
with reasonable knowledge of the product/service, andagion of their preferences of the CRea
necessityFranceschini et al. 2015

This workintroduces a way tdetermine the RIRs of CRs more accurately and effectiveiy
the identified CR$y proposinga novel rough set based method, ineerval rough numbermethodto
manage the imprecise design information in product planning stage. The tfestpafer is organized
as follows. Section 2 gives a comprehensive reviewheftypical RIR mthods in QFD product

planning process, and a comparison of two major approaches in dealing withigeprérmation of
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CRs: the fuzzy set theory method and the rough set theory m&hotion3 proposesa weighted
interval rough numbemethod and basesh that, describes the detailpbcedures ofletermining the
RIRs correspondinglySection4 gives a illustrative exampl@f mountain bicycle framesgroductto
validate the proposed methadd procedured hen, to validate its advantagescomparative studpf
fuzzy weighted averagmethod, rough number method and the proposeds conducted with respect
to preference ordering consistency and robustness in SectiBimdly, discussions anthe majo

contributionsof this work are summazed in Sectiorb.

2. Literaturereview of RIR methodsin QFD product planning

Relative importance, same as weightings, is usually defined by custartieutating their preferred
tradeoffs between the CRs. Customers can define the relative importance thainigh three ways:
direct assignment, pairwise comparisand preference orderinga comprehensive review of typical
RIR methods in recent research work is given in Table 1.

For direct assignmenta user can directly evaluate the relative importance of one CR over the
others in a certaiscale, such as the point scoring scale (e’ 1:10) (Hauser and Clausing 1988
Griffin and Hauser 1993Ramanathan and Jiang 200%his technique is simple and straightforward.
Customers who can precisely describe their preferendbssimvay will benefit from its simple input
otherwise they may face difficulties to choose correct values especi#iy garly design stagehen
information is limited. Alsoas the priority rank is dependent on its rating scale, théoevisobustness
among variationdChuang 2001 Nahm et al. 203). Another problem is that customenave a
tendency taate every attribut@_ai et al. 2008 Chuang 200)Lwith the highest possible scores, which
cannot assist the prioritizing process for final importandegatccurately. Despite the drawbacks, it is
still a widely used way in marketing analydis; its usability,small input effort and flexibility.

The pairwise comparisotechniqueasks customers to compare a pair of CRs each time. It is based
on the assumption th#tis much easier for a customer to place a comparative value rather than an
absolute onéBraglia and Petroni 1999Conjoint analysigGriffin and Hauser 1993iang et al. 2005
is a typical way taleterminingthe relative importance of CRs. Another similar mettoo8aaty’s 49
scale in an analytic hierarchy process (AHP) apprd&daty 1977) It has been widely used in
determiningthe RIRs of CRs in the QFD product planning progeks 2008 Y. L. Li et al. 2010 H.
Raharjo et al. 2011Y. L. Li et al. 2011 V.-L. Li et al. 2012. However, the relative importance matrix
is inevitably arbitrary, subjectivand inconsistenin judgments(Rao, Padmanabhan 200Besides,
this approachis based on the hypothesis that the CRs are independent. The dependency implies a
heavier weight of these joint attributélshizaka, Nemery 2013)To overcomethe limitation of
interdependencyhe analytic néwork process (ANP) methggErtay et al. 2005Hendry Raharjo et al.

2008 Geng et al. 20N0was utilized in a similar way. However, for all these methods, custameers
3
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to provide a comparison for each pair of attributes, which requires deteliedinformation from
customers and sometimes beyond customer’s knowledge cap@@iidan et al. 1999

For preference orderingnethod, each customer is asked to give his/her individual ranking of CR
preferences instead of assigning different ratings by a certain atalg or by elaborate pairwise
comparison The final importance ranking of CRs is determined by the aggregaigihtes of each
customer’s preference order. It overcomes the shortage of too mumdra¢dainput effort from
customers, and also it is capable of dealing with incomplgormation (ey. partial comparison).
Nahm et al. (2013proposeda preferencgraph (PG) method which utilizes dominant matrix to
represent customer’s preference ordering. However, the rankgig nmot reflect final RIR accurately
due to its questionable operations and lack of relative importance weightsy aBiRs. Moeover,
Franceshini et al. (2015proposed a generalized Yager's method in determining the RIRs, which aims
to fusethe preference orderings of different CRs by multiple interviewed custoime a consensus
fused ordering.

On the other handn the development of a product planning HoQ, customers’ perceptions of a
product are elicited through marketing techniques and then categoriaea mumber of major CRs,
which usually consists of linguistic expressianith ambiguity and multiple meaningsuch aslow
importance’, high performance’ln order to deal with imprecise or vague informatidadeh’s(1965
fuzzy set theory was widely usezljch as fuzzy AHRC. K. Kwong and Bai 20QZC. Kwong and Bai
2003, fuzzy ANP (Bluyukdzkan et al. 200&Kahraman et al. 2006 ee et al. 201)) fuzzy weighted
average(Liu 2005 Chen et al. 2006 Furthermore, the variability of customer opinions, known as
customer heterogeneity, causes vagueness in determining the consisterRRy. dfi Ruch casefuzzy
group deisionmaking methods were proposed to addreds ifusing individual preferences into a
consistent single ordéBuyukozkan et al. 200Zhang and Chu 200€. K. Kwong et al. 2011

Though fuzzy set theoris somewhat capable of handling vagueness, however, its selection of
membership function lacks objectivity, which is usually determineédban engineers’ experience and
intuition subjectively(Jin 2003. Thus,rough set based methods, first propose®aylak(1982, was
utilized todeal with the subjective assessments in the product planninglhlé@rature the rough set
(Y. Li et al. 2009Y. Li et al. 2019 and rough number methdd.-Y. Zhai et al. 2008L. Y. Zhai et al.
2009 201Q Song et al. 200)3were proposedJnlike fuzzy set theory which defines a set by a partial
membership without clear boundary, the rough set theory utilizes the lbpwedgon of a set to
express vagueneg¢Bawlak 1982L. Y. Zhai et al. 200Q Also, there is no need for it to require any
external or additional subjective information to analyata(l.. Khoo et al. 1999Pawlak 1982, the
measurement of vagueness is computed based on the uncertainty already inherdata(L.-P.
Khoo and Zhai 2001 which renmains its olectivity. Moreover, rough set theory is suitable for

smallsized data set which statistical methods are (Ratwlak 1991 L. Y. Zhai et al. 2009 A



130 comparison of fuzzy set theory and rough set theory based methods in the @EEt ptanning RIR
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Tablel Literature review of typical typesf RIR methods in QFD product planning

Table2 Comparison of fuzzy set theory and rough set theory in detemgnRIRs of CRs

Though he existing rough number methdd. Y. Zhai et al. 2008, 2009)orks well in

determining the RIR of CRs, it has twhortages:

(1) Customers’ perceptions are rated in crisp numbers, which is not fledblanightnot be
appropriate in real lifee.g. customet feeling of ‘low importance’ should be defined by
themselves ina predefined rating scaleather than designer’s nterpretation of low
importance- 1’ in a crisp number otdw importance- (0, 0, 2)in a fuzzy set

(2) Customer heterogeneity is not consideréde hierarchical importance of each custoiser
not included Also, he difference of customers’ importance ratinge. fluctuation)is
regarded asthe vagueness incorporatemto the final calculation without consistency

evaluation which may not reflect customer preferences accurately

3. Weighted interval rough number method

Aiming to enhance the existimgugh set basemhethod and determine the RERmore flexibly and
accurately, this research proposeweightedinterval rough numbemethod.It treats the fusion of
customer heterogeneity by assigning different wesigiat each customemccording to his/her
‘performance! Also, the flexibility of customer perception is defined as an interuahberwithin a

predefined rating scalehh€& detailinformation isintroduced as follows.

3.1 Definition of interval rough number

In order to determine RIRs of CRs, the proposed method adopted somméuatalatheories of
Zhai et al. (2008, 2009) work to derive the definitiongtdrval rough number

Assume there is a set bitlasses of customer perceptions (e.g. expectatbn)Ji, Jo, ... , Jk)
ordered in a sequence &f< J, < ...< Ji, and another set of classesR* = {l 1, I2,..., In} defined in
the universeln R* each class is presented in an interval; ad{l i, lui}; li, <lu; 1 <<i <m; lyi,, lu ER
li, stands for the lower boundary ahg the upper of theath class. Assume thaf is the universe
consisting of every object and Y stands for any objedt.off both the lowerand upper boundary
classes are ordered in the mannerl i of < I* <..ly* lu* < l* <..duw* (1 <j, k < m),
respectivelythen define another two sets of lower clag®és= (1 1*, I* ..., lj*} and upper classes as

Ru* = {luw*, lu2* ..., lw*}, respectivelyFor any clas$i* €R, 1< i< |, andl* €R, 1<i <Kk, the

6
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lower approximation of;* andl* are definedas:

Apr(1,®) =u{YeU/ R* (V)< |*} (1)

Apr(l,*) =u{Y e Ul R* (V)< |} )
, andthe upper approximation af;* and I,,;* are representeak:

Apr(1;*)=0{YeUl R*(Y)> |*} (3

Apr(l,*)=u{YeUl R* (V)= |} @

Thus, both the lower clask;® and upper clas$,;” are defined by its lower limitLim(1;*)

andLim(,;*), and the upper limiL.im(l;*) and Lim(I,;*) respectivelywhere

Lim(1,, * %ZR* )Y Apr(,*) (5)

Lin(l _G_Z RJ* |Y Apr(l UI*) (6)
, whereM_, M_* arethe sum ofcontamlngobjectsm the lower approximation of,;* and I,,;"

respectively; and

Lim(1,* E—Z R*(Y)|Y Apr(,*) )

Lim(1,*) e—z R* (Y Apr(l,*) ®)
, Where My, My* are theones contalned in the upper approximation §f* and I,;",

respectively.

For the lower class, the rough boundary interval;tfis the interval between the its lower and

upper limit, which igepresentedsRB(;;*):

RB(In*)zm‘(ln*)_L_-m(ln*) (©)

, andfor the upper class, rough boundary intervalgf is:

RB( 1, *)= Lim(1,*)~-_Lim(1,*) (10)

The vague clas$,;” and I,; can be expressed by its lower limit and upper lamifollows:
N(1,*) =1 Lim(1, *), Tm(1, *)_| (1)
N(1,*) =T Lim(1,*), Lin(1,*)_| (12)

Since each class efinedby bothits lower and upper boundaries rather thatrisp number

defined by rough number methatlis calledinterval rough numbexyvhich isdefined as:
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(13)

IRN(Ii*)Z[ RN(IM*)’ R'\{Iui* )]

3.2 Assignment of customer weight

Customers often have different ideas of CRs, and normallestisting RIR methods treat the
customers as equally important, which is not flexible and sometimes cannot th#eatual
preferences in a segmented market. For example, the reliability of amamapnline questionnaire
is reasonably lower than a fat®face interview with lead users. Despite marketing sifese even
utilizing the same method, it is assumed thetteames who are more likely to provide accurate RIRs
information of CRs should be considered as more important than other ormmas ttepend on
(Franceschini et al. 205

1) their level of participation and attention in thensy;

2) their degree of experience and familiarity regargingduct related knowledge;

3) their level of educatian

In this regard, assume that there reustomers participating in the determination of RIRs, each
customer is assigned with a weight (1<j <M), i stands for théth customer, and the total weights

equals to: M

Z w, =1 (14)

3.3 Proceduresof determining the RIRs

Based on the proposéaterval rough humbemethod, the procedures of determining ®i&s of

CRscontain6 steps as shown in Figl.

Fig.1  Procedures of determinirglRsof CRs

Step 1 Identification ofCRs WHATS

In order to acquire the VOC, many marketing strategies have been propadedss purchase
history, focus group, lead useradysis, ethnography, brainstoretc. (Cooper and Dreher 201LQAlso,
many techniques were brought out in capturing the CRs, suwirtaal reality (VR)(Chryssolouris et
al. 2007, product ecosysterfzhou et al. 201Y, recommender systeffrleder and Hosanaga009),

co-design toolkitfMugge et al. 200Pand humarcomputer interaction®urka et al. 2012 Generally,

these methodologies are combined to achieve more accurate information. Thiegt, amalysts
identify and categorize these raw information into theomlighlevel CRs by affinity diagranor tree

diagrams.
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Step 2: Customewreight andmportance ratings of CRs

After eliciting themajor CRs in Step lthe customerare asked to give theirgference®f each
CR by direct assignment of ratingehe rangeof ratings is predetermined by the marketing analysts
which generally utilizes the discrete numbers certain scde, such as: b and 19 points. It
corresponds to the level of importance, i.e. a biggember stands fom more important CR.
Customes @n either rate by crisp numberg.g. 1, 3, b with certaintyor by interval numbersn
uncertainty(e.g. [1, 2], [3, 5]) which represents the flexibility auistomerxpressionAlso, marketing
analysts need to determine the ‘reliability’ of custesnly assigning each customer with a certain

weight (see Section 3.2).

Step 3: Quantificatiowf ratings byinterval rough number

According to the definition in Section13.the customer interval importance ratings are calculated
with its lower class and uppetass, respectively. For example, 3 customers’ (A, B, C)gstif
requiremenR* is: R* = {(1, 3), (3, 3), (3, 5)}Based on Eqgslj to (4):

Lower approximation of customer A's lower and upper class:
Apr(1,) = Apr(d) = {1 Apr(1,) = Apr3) =3, 3}
Upper approximations afustomer Adower and upper class:
Apr(1y*)=Apr(l)={1, 3, 3 Apr(1,,*)=Apr(3)={3, 3, §
, thus, according to Eq(5) to (8), A's lower limit and upper limit equals to:
Li_m(lll*):l_i_m(l):%x(l):l m(lul*):m(s):%x(3+3):3
m(lll*):m(l):é(l+ 3+ 3):?: m(lm*):m(s):é(a 3+ 5):131

, and As lower and upper rating range is calculated by Ed) and (12) as interval rough

numbers:
RN(1, ") =F Lim), Tm(®) | T2 1 RN(1,) =T Lim@), Tin(3) =3 |

According to Zhakt al.(2008, rough number usdoundary intervals to describe the imprecision
of data. Therefore, the arithmetic operations defined in interval anéimi$mann et al. 1983vioore
1966 can be extended to the proposaterval rough numbemethod Thus, based on Bg(11) to (14),

the overallaverageupper and loweimportance ratings of each GRn bedeterminedas follows

M
AIR(CR) =2 w RN G( ) (9
j=1
, where AIR(CR) stands for the average importance ratingCé§; M is the total mmber of

9
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customers involved in ratinggy; is the weight ofth customer andRN(C:(j)) is thecalculatednterval
ratingrangegiven by thgth customer foCR,. TakingrequiremenR* as an exampléf the weights of
customer A, B, C are (0.2, 0.3, 0.5), then based onl5}.the lower class average importance ratings
is:

7 7 7 31 43

AIR ( R*)=0-2>{1’§}+ 0-3{5 ’%+ 0'5{5 % %E Tzs}

, and the upper class average importance rating is:

AR (R)=0.2x| 32|+ 0.3 1 5+ 05| 2 5 223 7
3 3 3 15 15
Step 4.Determine if the design nsistent

In order to determine the rating is acceptattie,average importance ratingefirst normalized

anddepicted in a &r graph, as shown in Fi@. The normalizatiomprocess is represented as:

__AIR(CR)

AIR(CR)=
(CR) Max rating (16)

, in which AIR( CR) stands for the normalized average importance rating naaxirating

stands for the maximum number in the rating scale. In Fi§nd, intersections foundbetween upper
and lower class, theed part shows the range @iwer class, which stands for the customers’ lower
perceptions towards the importance ratirgggjthe purple part show the range of upper ¢lagsch
stands for the customers’ highgerceptions towards the importance ratinfsntersecion is found

the green part shows the intersectamt of upper class and lowelassof importance ratingswhich

the lower range and upper range is defined by adding the green part &dthadpurple part,
respectively Since the range of each class is determined by customers’ varieeptpmars, it shows
the fluctuation of customers’ importance ratings of each CR.argen the range of a class is, the more
vague (or differet) customes’ perceptions ofthis CRare For example, in Fig. 2, both the upper and

lower class fluctuation of customer perception€B§ aresmaller than any other CRs.

Fig.2  Bargraph of customer importance ratings of CRs

As shown in Fig.3, if the upper range andwer range of astomerimportance rating has no
intersection part, we call tonsensusating which means that customers are consistent towards the
“WHATs". However, if theupper range and lower range has intersection, we calhttoversialrating
(Fig. 3). The ntersection means customers have controversial attitude towak&T8 The larger
intersection parbverlaps the more controversyhas

In the scope oftontroversialrating, thereare two types ofating i.e. acceptable ratingand

10
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inconsistent ratinglt is determined bycomparing thenormalizedrange of intersection part with a
threshold valué based ordesigner’s experiencH.the overlapping range is bigger thdre threshold
value it means that customerngerception othe specific CR is controversial and further investigation
needs to be conducted. Ordgceptable ratingand consensus ratingre regarded as consistent and

could be taken into further definition aflativeimportance range

Fig.3  Definition of consensusatingand controversiaiating

Step 5:Define upper and lowerlassrelativeimportance range

After Step 4, if the design is acceptableconsensysve definethe relativecustomer importance
range of CR represented byRN (1;*) is defined as

min( AIR(Lim(1,,*)), AIR Tin(1,, %)),

RN( | *)= e AIR(Lim(1, ), AR(T(1,*)) (17)

, let

RN"( 1) =min { AIR( Lim(1,,*)), AIR Linfl,*))) (19
RN (1,*) =max( AIR( Lin(1,,*)), AR Linl,*))) 19

, Where RNL( L *) stands for the loar boundary ofelativecustomeimportance rangef CR;, and

RNV ( I *)stands foiits upperboundary e.g.therelativecustomer importance range Rf is:

43 53
RN( Il):[ﬁ’ﬁj

, and its lower boundary and upper boundary are:

L 43 53
RN (1) =251 RN (1) 52

Step 6: Transform importance range ifiteal RIR

To covert the relative importance range of each CR into crisp nushifieal RIR, we define an
indicator 4; (0< A; <1) to transform the rough boundary interviaio final RIR(I; *). Based on Eqs

(9), (10) and (15)thetransformation calculation is as follows:
A RB( AIR(1,))
" RB(AIR(1,))+ RE AR, )) (20

RIR(*)=4 RN‘( I*)+1 - 4) RN’(iI*) (21)

From Ec. (20) and (21), one can find that is determined by the average lower and upper

11
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importance ratingstakeR* as an example:

2015 5
R 12/15+2015 ¢

RIR( R*)zng—g+(l——§x%3:4

4. Anillustrative example

To validate the proposed method, this work gives an illustrative example oouataim bicycle
frameset from a local bicycle company in New Zealand. The compégamydss to develop a customized
frameset with multiple options for customers’ sétat The initial marketing analysis has alreadgrbe
conducted by the company’s marketing team, and 8 major CRelieited and refinecdby online
guestionnaire and after sale feedbagifinity diagram is utilized to organize these CRs into 3
categoriegStep }, i.e.:

Functional group

CR;1: the frameset need to be robust for mountain roeifle)

CRz: the frameset should be ligiveighted and easy to carry (light weight)

CRs: the frameset need to consider speed issues when assembling with headset ad wheel
(sporty)

CRu4: the shape of the frameset can be adjustable to fit-maat(flexible)

CRes: the frameset need to be waterproof (rust resistance)

Affective group:

CRs: the frameset should look great with personalized optionsp@&iting, shape) (aesthetic)

CRe: the frameset should be comfortable to ride on (comfortable)

Costrelated group:

CR;: the frameset should be economical (low cost)

In this example, the importance rating scale of CRiged in1-9 scores of which: 1—- not at
all; 3 —little; 5 — medium important; # important; 9— extreme importantAlso, for simplicityand to
compare the ranking result with existing methods (i.e. rough number mathzay feighted average
method) which do not distinggh customers’ relative importancthe rating processSfep 2 was
conducted twice by focus group frofhlead customers (Ctyith equal importanceThey were
introduced about the prospective product witRsCand had an interactive discussion with other
members before they weeesked togive the RIRs of the CRs both crisp number and in interval

numbers respectively, as shown in Tahle

Table3 Importance ratings towards WHATs (CRs) in both crisp arehmat number
12
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Based on the definitions described Section 3.1, the rough approximations and interval rough
numbers of importance ratings towards WHA3sgTable 3 can be easily calculated. In such ¢dse
9 lead customergierceptions of importance ratings are defined by interval numbers rathex thisp
number. TakeCR; in Table3 as an exampled customers provided four lower classes and four upper
classes for the importance rating of LR the lower classes: class “4” rated by customer 5 ands6 (Ct
Cts); class “5” rated by customer 3 andGts, Ct;); class “6” rated by customer 1, 4, 8 and 9 (Ct,
Cts, Cty); and class “7” rated by customer 2 {ICiin the upper class: class “4” rated by customer 6
(Cte); class “6” rated by customer 5 @tclass “7” rated by customer 4, 7 and 84(@t;, Ctg); and
class “8" rated by customer 1, 2, 3 and 9;(Qitz, Cts, Ctg). Using Eg. (1) to (8), the lower and upper
limits, the rough boundary interval, and the interval rough number of both tass and upper class
can be calculateds shown inTable4 and Tableb, respectively Then, following Eg. (15) and(16),
the average rating range of each CR is normalized and depicted in bar grsipbywasn Fj. 2 (Step
3).

Table4 Calculation result of importance ratsgf lower interval rough numbers

Table5 Calculation result of importance ratsgf upper interval rough numbers

FromFig. 2, one can find that CRCRs;, CRs, CRs, CRs has no intersection part, which means
that the importance ratings from customers are consistent, knosgmsasnsusating; and CR, CRy,
CR; has an intersection part, respectively. It shows the vagueness among cudtomzeds the
importance rating known ascontroversial rating Assumingthe threshold valu& = 0.2, thus, CRy
(0.078)is acceptable for further product planning procéss: acceptable ratingwhile CR. (0.267)
CR4 (0.267) are inconsistent ratings which needs to be 4iavestigated by marketing team for
consistencyStep 4)

For the later comparison with rough number methodfanzly weighted averagmethod(Section
5), it is assumedhat data inStep 4are all acceptable. Thus, according t®.HG7) to (19), the upper
and lower class relative importance range are calcu({&egp 5) as shown in Tablé. For example,
customers’ perceptions towar@8;: low costis: [6.0, 7.6] for lower class and [6.9, 8.4] for upper class,
respectively Finally, according ¢ Step 6 the indicator and its corresponding final RIR is calculated
based on Eg (21) and @2), as shown in Tabl&. From the table, one can find that the importance

ranking of the CRs is: GR> CR; > CRs > CR; > CRg > CR; > CRy > CRs.

Table6 Thecalculation results of average importance rawfgCRs in lower and upper classes

Table7 The calculation result of relative importance rgsiof CRs

13
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5. A comparative study

A comparative studgmongZhai et al. (2008, 2009pugh number method;hen etal. (2006)fuzzy
average weighted methaahd the proposed one is conducted based on two concerns: consi$tiecy

fused ordering and the robustness of evaluation
5.1 Ranking result of existing methods

5.1.1Rough number method

The customers’ importance ratings of CRs usmgyh numbemethod are calculated based on the
crisp ratings of customer@able §. Since it follows the same arithmetic operation ruleintesval
rough numberthe normalized results of customer importaretings of CRs (WHATS) usingough
numbermethod is depicted in Fig. 4. Accordingth®ranking rules oZhai et al. (2008, 2009 such
case, the preference order of CRs @R; > CR; > CRs > CR; > CRg > CR; > CR; > CRs which is

thesame as thproposed method.
Table8 Calculation result of importance ratings of WHATS using rougsmimer

Fig. 4 Normalized customer importance ratings of CRs using rough nungéibpod

5.1.2Fuzzy weighted average method

According to Chen et al. (20Q&ustomers’ vague expressions @agresented biriangular fuzzy
numbers TFN9) in the fuzzy sets and thefuzzy boundary interval isdefined by designer’s
interpretation ag humber “2” constantly, as shown in Table 9. For exampleizzy cases;ustomer’s
perception ofmedium importances defined as a TFKB, 5, 7)within the predefined fuzzy set. In such
casethe weight of each CR is determined by:

— 1
w=—> W (22)

N\
where \Nikstands for thekth customer’s normalized rating @h CR and n stands for the number of
customersin this case, the normalized RIRs of CRs is depicted in Fig. 6, whiatankéng result can
be derived asCR; > CR; > CRs > CR; > CRg > CR; > CR4 > CRgs, which alsamatcheghe proposed

method
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All'in all, from the perspective ainking results, it can be inferrditat the proposed method can
perform as well as the existing metlsooreover, from the perspective of ranking objetfivthe
rough number method and proposed method outperform$utzgy weighted averagenethod by
computing within the inherent data from customers’ own informagtimerthan subjectively selecting
the fuzzy membership function by designdisus, thecalculation result of rough set based methed
more objective and somehow reliable than fuemg Also, in rough set based metlspthe more
vagueness of customers’ perceptiwril result in a bigger rough boundary interval (see Fig. 2kigd
5), while it is notreflectedin fuzzy weighted averagmethoddue to itsrigid fuzzy boundary interval
selection.This again, outperformfuzzy weighted averagBy displaying the customer heterogeneity
more straightforwardBesides, the proposedterval roughnumbermethod enables the flexibility of
customer ratings, and also takes the relative importahcastomers into the RIR decision making

process, which excels the existing rough number method as well.

Table9 Calculation result of importance ratingsWHATs using TFNs

Fig.5 Normalized customer importance ratings of CRs using fuzzy weigiweragenethod

5.2 Consistency of thefused ordering

The casistency of the fused ordering hasedefined asthe consistency between the output
ranking result of the proposedterval rough numbemethodand the input customerpreference
orderings.It can bedemonstrated in a simple way, which the fused ordering and the customers’
preference orderings are pairwise compared betweer{Fe&sceschini et al. 2015

For simplicity, wetake theconsensus ratirggfrom the first 4 rankings (i.eCRs; > CRs > CRy),
and the last 4 rankingsontainingcontroversialratings of the fused ordering into consideration. For
examplefrom CR; > CRs > CR;, we can obtain the informatid®R; > CRs, CR; > CR;, CRs > CR;.
Following this, the pairwise comparison relations are depicted in TabledlUadohe 11, respectively.
It can be seen that, in thranking only with consensus ratirgy for each pairwise comparison, the
relation gained from the fused ordering is always the most fn¢gueustomers’ preference orderings,
while in theranking withcontroversialratings, due to the large fluctuatioof customer perceptions, it
may not beconsistent with customers’ preference orderings (e.g.20R CR).

In the existing methods, such as rough number methodwry weighted averagmethod they
do not take thiscontrovesy into consideration when fusing the customer information, and thus
sometimeghey cannot reflect customer preferences accurately. In our methaditpegformed those
methods by setting a threshold valkeregarding thecontroversial ratingsof customers. If the
fluctuation range is bigger thdq it is suggestedhat the customers’ importance ratings of the CR be

re-investigatedatherthanjust fusedwith little care. In such case, the consistency of the ranking can be
15
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guaranteed bye-determiningthe ratings tht are inconsisterfe.g. CR, CR4)

Table 10 Pairwise comparisonbetweenthe consensus ratings among first 4 rankings of ftheed
ordering and the customer’s preference orderings

Table11 Pairwisecomparison between the last 4 rankings of the fused ordering and the customer’s
preference orderings

5.3 Senditivity analysis

Since the proposed method is baseddirect assignment of ratings, the rating scale needs to be
stable all along the rating proce&huang 2001Nahm et al. 2013 In such casethe evaluation of
robustness is performed by a sensitivity analysis of the proposed methadeaother two existing
methodswith respect to a slight variation of the sample si¥e. select onlyhe first8 customersas
another sampleandcomparehe resilt with the originalonein Tables 6 and 7

On one hand,dllowing the proposed procedures of determining the RIRs, the calculatidts res
of the 8 customers’ sample are derivedrable 12 It can be foundhat therankingof 8 customers’
preference is represented &R; > CR; > CRs > CRg > CR; > CR; > CR4 > CRg, which only CR
and CR exchange theanking positionsvith respect toTrable7, and the importance rating difference
of these two CRs remains very small, whighmehow raintainsits robustness in analysing CRs with
limited information.Moreover,in Table 12, both the upper and lower class average sangdifferent
from the original onesThis isdue tothe calculation process based ors.Hd) to (8), which instead of
having the same boundary intervals as fuzzy weighted avarathed the intervals irinterval rough
numbermethodarecalculated by the inputs from ticestomer andheir stabilityaredeterminedoy the
consistent ratingfrom customers

On the other hand, the results of Rliased on rough number method and fuzzy weighted average
methodare also calculated based on the previous work, as shown in Tabler 1Be Fough number
method, the ranking can be derived @R; > CR; > CRs > CRs > CR; > CR, > CRs> CRs, which is
the same as the proposed meti@omparedvith the 3customer sample, again, only l6&s and CR
exchange the ranking positiomsth a small importance rating difference as wéls both methods
sharethe similar calculation process, it is convincible that the proposed medingerform as well as
the rough number method in robustness concé&orsthefuzzy weighted averagmethod the ranking
is: CRs > CR; > CRs > CR; = CRg > CR, > CRs > CRs which only the rankingositionbetweenCRg
andCR; has been changed due to stale down ofample size. Alsat can be found that in Table 13,
the interval boundary ofuzzy weighted averagenethodis kept the same by designer's own

membership functioselection.
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From the comparison result, one can conchhd¢ the proposed method perfoegquallywell as if
not better tharthe rough number method aridzzy weighted averagenethodin regards tothe

robustness of determining RIRs.

Table 12 Thepreference rating result of each CR in the sample size aftBroers

Table 13 TheRIR result based oan8-customersample by rough number method dazzy weighted
averagamethod

6. Conclusion

Determiration ofthe RIRs and correspondingly the final importance ratings of i€Rscritical
step in QFD product planning proceBsle to the vagueness of CRs, in literatinath fuzzy numbers
and rough numbers methods were utilized to quantify them so as to idamgifeering characteristics
in the QFD product planning phase. However, for fuzzy numbers nspthedelectionof membership
functionsis normally subjective and remains unsolvEdr the rough numbers method, though the
measure of vagueness is computed based on the uncertainty already inheredaia,the existing
methodlacks flexibility in customer rating and did not take customer heterogeingityconsideration,
which may not trulyreflect customer preferences in RER process

Aiming to improve the existing approaches by evaluating CRs more objectivelgicandately,
this paper proposea weightedinterval rough numbemethod. ®s are rated with interval numbers,
ratherthan a crisp numbgwhich is mordruthful and flexiblein real life Thedefinition and analytical
algorithms of the proposed methodere introduced in detail Also, for customer heterogeneity
concerns, the ‘reliability’ of fused ratings is determined Isjgaeng each customer a weight. There
design rulesand proceduresf determining theRIRs of CRsare described. According to its design
rules, in product planning stage, custorogented design could be classified into three categories
consensuglesign, acceptable desigand confusing designOnly consensusiesignand acceptable
designcould be carried out in further design process, wdolgfusing desigshould be rénvestigated.

To validate the progsed method,an exampleof bicycle framesetwas underbkenin a local
company, and both thankingconsistency and sensitivity ofiadbeen analysed\ comparative study
amory fuzzy weighted averageethod rough number method and the proposed one was conducted
The result shoedthat theinterval rough numbemethodcan perform as well as tlther two methods
with regards to the robustness and consistency of BaRsllation Moreover, ithassomeadvantages
compare to therough numbermethodin two aspgcts First, it provides a solution for treating

hierarchical importance rating of CRs (customer heterogeneitghdmeersand marketing analysts
17
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which makes the rating process more accurat8gcond,it gives customers more flexibility in
determining the importance ratinghich reflecs the nature otustomer perceptiomaguenessOn the
other hand, compared to fuzzy weighted avenag¢hod the resultshowedthat theinterval rough
number method provides amore objective way in processing linguistic assessments and is more
suitable forcustomisegroduct planning process, especially when customer infaymiatiimited.

The proposed method can be applied'engineefto-order" mode industries with focus on
cugomercentric product developmenmtith limited CR information initially However,the proposed
method has its owtimitations as the large fluctuation of customer heterogeneity may result in
inconsistencyf RIRs Therefore, timight not be applicable foproductdevelopmentvhich customer

perceptions on each GRe significanthydifferent.
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