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Quality function deployment (QFD) is a useful method in product design and development to maximize customer satisfaction.
In the QFD, the technical attributes (TAs) affecting the product performance are identified, and product performance is improved
to optimize customer requirements (CRs). For product development, determining the optimal levels of TAs is crucial during
QFD optimization. Many optimization methods have been proposed to obtain the optimal levels of TAs in QFD. In these studies,
the levels of TAs are assumed to be continuous while they are often taken as discrete in real world application. Another assumption
in QFD optimization is that the requirements of the heterogeneous customers can be generalized and hence only one house of
quality (HoQ) is used to connect with CRs. However, customers often have various requirements and preferences on a product.
Therefore, a product market can be partitioned into several market segments, each of which contains a number of customers
with homogeneous preferences. To overcome these problems, this paper proposes an optimization approach to find the optimal
set of TAs under multi-segment market. Dynamic Programming (DP) methodology is developed to maximize the overall customer
satisfaction for the market considering the weights of importance of different segments. Finally, a case study is provided for
illustrating the proposed optimization approach.
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1. Introduction into technical attributes (TAs) and subsequently into parts

characteristics, process plans, and manufacture operations

Quality function deployment (QFD) is a widely adopted
customer-oriented methodology in order to assist product de-
sign and development by analyzing customer requirements
(CRs) [1]. The basic concept of QFD is to utilize a set of
charts called the houses of quality (HoQ) to translate CRs
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[3]. A HoQ typically contains information on relationship
between CRs and TAs, and among TAs and benchmarking
data [4]. Based upon the information contained in a HoQ,
the target levels for the TAs of a product can be determined
to achieve a high level of customer satisfaction.

A comprehensive review of the related literature reveals
many studies on QFD optimization. In these studies, the levels
of TAs are assumed to be continuous while they are often
taken as discrete. In real world, the levels of individual TAs
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can be discrete, which means each TA has a few alternatives.
What engineers need to do is to choose the best one among
all the possible alternatives of TAs. Furthermore, it is relatively
easy to assign customer satisfaction and related cost for a
TA to a single level than to clarify the precise relationships
among them. For example, an experienced engineer can specify
the cost to achieve a certain degree of requirement on a TA
based on her or his knowledge. It is then possible to decide
the extent of customer satisfaction for one aspect of a CR
in the given degree of the TA. Then the optimization approach
is applied to find a way of obtaining the optimal set of TAs
from a limited number of their alternatives [6, 12].

In the abovementioned research, one of the assumptions
with regard to the QFD optimization problem is that, the
requirements of heterogeneous customers in a market can
be generalized and hence only one HoQ is used to connect
with CRs. However, customers who have different beliefs
with respect to social issues (e.g., religion, politics, work,
drugs, women’s right) or personal interests (e.g., family, home,
job, food, self-achievement, health, clubs, friends, shopping)
may have different purchasing behavior or preferences [13].
Consequently, customers in a product market may have differ-
ent responses towards a new product. Therefore, a product
market can be partitioned into several market segments, each
of which contains a number of customers with homogeneous
preferences, and HoQ should be developed as many market
segments as partitioned. Eventually the maximum overall cus-
tomer satisfaction for homogeneous customers in a product
market needs to be achieved in a more reasonable way.

To overcome these problems, this paper proposes an opti-
mal solution approach that incorporates dynamic program-
ming (DP) in QFD to find the optimal set of TAs under
multi-segment market. The approach is based on the pro-
posed model by Lai et al. [6], and it extends to multiple
market segments.

The remaining of this paper is organized as follows.
Section 2 overviews the related works and Section 3 intro-
duces the proposed solution approach. In Section 4, a numeri-
cal example is shown to illustrate the proposed methodology.

Finally, conclusions are drawn in Section 5.

2. Related Work

Since the proposed methodology in this paper is for solv-
ing the optimization problems to maximize customer satisfac-

tion under resource constraints in QFD under multi-segment
market, the literature review is focused on the following
areas; optimization methods in QFD and models under mul-
ti-segment market.

Linear programming is a well-known method which has
recently been applied to finding the best set of TAs. This
model is generally used to allocate resources to the different
TAs in order to maximize the overall customer satisfaction
[2,5,7,9, 11, 12, 14]. In these studies, it is assumed that
the levels of TAs can be any point in a continuous range
while they are often considered discrete in real-world appli-
cations. For example, the dimensions of computer monitors
could not get 15.7500, 16.2500. Their dimensions have real
levels of about 1,500, 1,700 or 1,900. That is, the levels
of computer monitor dimensions have discrete range. They
do not have a continuous range.

Integer programming is also used to optimize product de-
sign under certain resource constraints [10, 14]. This ap-
proach attaches the greatest attention to the most important
TAs. However, effort is devoted to the selection of TAs to
the extent that other TAs are overlooked. The disposed TAs
may greatly hinder customer satisfaction.

Since, although integer and linear programming perform
well in certain circumstances, there are still some problems
with them mentioned as the above, DP is proposed to solve
this type of optimization problem where levels of the TAs
are discrete, as well as to overcome the problem of lack
of solutions in integer and linear programming [6].

There seems to be few studies regarding QFD optimization
under multi-segment market. Luo et al. developed a method-
ology which involves a market survey, fuzzy clustering, QFD
and fuzzy optimization to achieve the optimal target settings
of engineering characteristics of a new product under mul-

ti-segment market [8].

3. Dynamic Programming Approach

DP is such a tool that fits the situation which is to find
a way of obtaining the optimal levels of TAs from a limited
number of their alternatives under multi-segment market
within the constraint imposed by budget availability. DP is
a useful mathematical technique developed especially for
making a set of interrelated decisions. The set of interrelated
decisions in QFD under multi-segment market consists of
decisions on the level of each TA in each market segment.
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DP provides a systematic procedure for determining the opti-
mal combination of decisions. In the following, we will de-
scribe the optimal solution procedure of using DP to find
a combination of the optimal levels of TAs under multi-seg-

ment market.

3.1 The Optimization Model

The first step is to build a HoQ for each market segment.
Suppose that a product has I CRs and J TAs, and there are
T market segments. It is also assumed that one market seg-
ment corresponds to one HoQ. The HoQs of the market seg-
ments in a product market have the same house structure,
house roof (TAs correlation matrix), relationship between
CRs and TAs, and levels of TAs of the competitors’ products
and the firm’s existing products. Therefore, we define a HoQ
only containing these items as a HoQ template of the product.

As shown in <Figure 1>, the HoQ of a market segment
may be different from that of another segment in the follow-
ing aspects :

* The weights of importance of CRs (on the left side of
the house), representing the priorities of CRs;

* The benchmarking scores of the existing products (on
the right side of the house), representing the customer
perception of the competitors’ product and the firm’s
existing products on CRs;

* The CRs-TAs relationship matrix (in middle of the
house), in which an element represents the quantitative
level of strength of the relationship between a CR and
a TA.

®
®
0o ® (@
HoQ for segmentl
@ 9
HoQ template

@ Customer requirements (CRs)
@ Importance weights of CRs //

® Relationships between CRs and TAs W / /
@ Customar perception's competitive analysis

® Interrelationships between TAs ,/

® Technical attributes (TAs) .

@ Technical attribute’s competitive analysis HoQ for segment K

<Figure 1> An Example of HoQ Template Under Multi-
Segment Market
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For market segment ¢, we can obtain the relative im-
portance of CR i from the other several CRs, w; (i = 1,

2, =, I t=1,2, ---, T), which is the scaled weight of im-

portance of the ith CR (0 < w;, < 1 and an

1), and the

=1, 2,

T). Wasserman proposed

relationship between the CR i and the TA j, r,; (i

SLj=1,2, T t=1,2,
a useful approach to normalize the relationship matrix con-
sidering the inter-relationships among the TAs [14]. In this
paper, it is assumed that the relationship matrix has already
been normalized.

In order to utilize DP, we need to incorporate some addi-
tional information into the traditional HoQ. We add the alter-
natives of every TA and corresponding customer satisfaction
information to the traditional HoQ. As the result, <Figure
2> shows the extended HoQ. The other parts of the HoQ
remain the same.

In this HoQ, it is assumed that TA 1 has a alternatives
and TA 2 has b alternatives, TA j has p, .-, TA J has ¢
TA (G =1,2 Jik=1,2, - K t=1,
:, T) means the kth alternative of TA j in market segment

alternatives.

t. Oy, refers to the customer satisfaction level (CSL) of
CR i acquired by 7'4,,.

Then the related cost information can be summarized as
in <Table 1>, which gives the levels for each alternative
of each TA in each market segment. For market segment
t, Cy, is the cost of alternative 74, and CRj, means the
overall customer satisfaction achieved by alternative 74,
Assume that the overall customer satisfaction, CRy,, is the
weighted sum of each customer satisfaction of each CR ac-
quired by 74, in market segment ¢. Then, CR,, is com-
puted from the following formula :

7
CRy, = Y w,,Cryy,
i=1

where [ is the number of CRs.

Because the number of customers and the expected profit
of a market segment are different from those of other seg-
ments, in order to achieve the overall customer satisfaction
(OCS) for the whole market, a trade-off of customer sat-
isfaction for each segment is required among the market
segments. Assuming that the OCS of the whole market is
the weighted sum of the customer satisfaction of the in-
dividual market segments, the objective function of this opti-
mization problem can be formulated as
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Technical attribute 1 | Technical attribute 2 Technical attribute j Technical attribute J
rie Fio Fij T
Customer TAin Criin TAxu Crian TAj1 Criju T4 Crimn
requirement 1 Wi
TAja Crita TAm Crion TAjp Crijpe TA sy Criyg
21t 722t Pt 12t
Customer . TAu Cran TAzn Cran TA;1, Cryue . TA Croi
requirement 2 W
TAju Crata TA o Craome TAjp Crajp TA sy Crojg
it Fix Tijt Fijt
Customer _ TA1 Crin T4 Cran TAjn Cryn TA Crun
requirement 1 Wit
TA1u Crita TAm Criom TAjp Crijp TAsy Crigy
Tt It Fijt 't
Customer TAmn Criu TAxu Crpi TAjn Crin TA Crun
requirement 1 | "
TAju Criia TA Crppe TAjp Crijp TA 1y Criyg
<Figure 2> The Extended HoQ for Market Segment ¢
<Table 1> Cost Information for Market Segment ¢
TA Cost CSL TA Cost CSL TA Cost CSL o TA Cost CSL
TA1 Cin CRiy TAzm Con CRuy TAjn Cin CRiis TAm Ciir CRy1t
T4 lat Clar CRIH! T4 2bt CZbr CRth TA/pl ijr CR/pl TA./ql qut CR./ql

TJ
0Cs = Z EftCRﬂ(‘X}t)
t=1j=1

where X, is the amount of funds allocated to TA j in market
segment £, X, E{x;y, 2 s 1,5}, CR,(X,,) is the cus-
tomer satisfaction achieved when a budget of X, has been
allocated to TA j in market segment ¢, and &, is the norma-
lized weight of importance of market segment ¢ (0 < ¢ <1
T
and Y& =1).
t=1
If the number of customers in a market segment is esti-

mated according to historical sales data of the firm and sales-
men’s knowledge, & can be obtained as

T
& :qt/ th

t=1

where ¢, is the estimated number of customers in market

segment ¢.

All the information needed for DP is now available. The

DP is computed based on <Table 1>.

mization model is

The overall opti-

T oJ
max OCS = Z ZfﬁCRjt(‘X}f)

t=1j=1

~N

J
s.t. YX, =B
1j=1

t

‘X;'te{xj]ﬁ szf,a"'7zjm}aj =1,2, -, Jt=12 T

where B is the total budget for T market segments.

3.2 The Algorithm of Dynamic Programming

DP approach is developed to solve the optimization pro-
blem considered in this paper. Both the problem of allocating
funds to each TA in each market segment and the problem
of selecting alternatives of TAs in each market segment could
be handled by DP.

Referring to <Figure 3>, allocation of funds to each TA
in each market segment using DP approach results in the
following backward recursive relationship :
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i segment ¢-1 ii segment ¢ Ei segment 7+1 i

i XJ,t—1 i i ‘X;t X2t th XJt E i ‘X'Ltﬂ E

E Sy e EiSh S, S, S S Sn E ESLM Sosa i

T4; |—— 14, T4, > o — T4, o 74, T4,

i CRJ.t—1 (SJ;—T’XJ;A)E i CR: (STU‘Xth) C‘&r (S2t 9X2t) C@! (Sjt’Xjr) i CR.t+1 (SW;+1’)(1J+1) i
E E i where, SJ+1=! = Sﬂ _Xﬁ i i
i ii SW: =SJ,:—1_XJ,1—I i E
it Siu=S,-X !

<Figure 3> Dynamic Programming Model

f JT(SJT) —max {f TCRJT(SJP XJT)|XJT = SJT}’
SJTE {Oa ]-a ) B}

fﬁ(sﬁ) = max{{TCRﬁ(Sﬁ, X;r)
+fj+l,t(’5)t_)(ﬁ)|ﬁfﬁ < Sﬁ}7
Sit E{O7 1, -, B}

fu (511) = maX{fl CRy, (511’ AXH)
+f21(511_X11)‘X11 = 511}’
S, E{B}

where the state variable §j represents the amount of fund
which is available for allocation to TA j in market segment
t, 0< 5, < B, X is an amount of fund allocated to TA
j in market segment #, and f,(5;) is the optimal customer
satisfaction obtained from TA j in market segment ¢ to the
end of the problem (TA J in market segment 7). From the
formulation, we must evaluate these recursive functions in
the reversion order of their definition. Thus, we solve for

fr, then ficim s and finally fi;.

4. A Numerical Example

A simple example modified from Lai et al. and Yamashina
et al. is introduced to illustrate the application of the pro-
posed approach in this research [6, 15]. The problem is to
determine the optimal levels of the TAs of a washing ma-

chine according to the CRs in two market segments. Five
CRs are identified to represent the biggest concern of the
customers of the washing machine for the two market

»” <

segments. They are “thorough washing”, “quiet washing”,
“thorough rinsing”, “less damage to clothes” and “short
washing time”. From the view point of engineer’s design
of the washing machine, five TAs are also identified, i.e.

LIS

“washing quality (%)”, “noise level (dB)”, “washing time

LI

(min)”, “rinsing quality (%)” and “clothes damage rate (%)”.
The relationship between CRs and TAs as well as the relative
importance of CRs for market segment 1 and 2 are illustrated
in the HoQ template in <Table 2> and <Table 3>, respec-
tively. Since we are not focusing on the competitive analysis
information and the interrelationship between TAs, they are
not shown in <Table 2> and <Table 3>. Each TA has three
alternatives.

We also need the cost information related to the TA
alternatives and the total budget for the two market seg-
ments. For calculation, the accumulative customer sat-
isfaction achieved by each TA alternative is also needed.
The total budget is assumed to be 24. It is also assumed
that the numbers of customers in two market segments, ¢
and ¢, were estimated as 12,000 and 9,000, respectively.
These data are used to represent the importance of the mar-
ket segments. All this information is listed in <Table 4>
and <Table 5>.

The problem in this example is to decide how much fund
should be allocated to each TA to maximize overall customer
satisfaction in the two market segments. This problem can
be expressed as
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<Table 2> The HoQ for Market Segment 1

Washing Quality(%)| Noise Level(db) |Washing Time(min) | Rinsing Quality(%) | Clothes Damage Rate(%)
Level Satllsef\?gltlon Level Satllsef\?gltlon Level Satlls;\?;tlon Level Satlz‘\?;tlon Level Satllsef\?glnon
0.3125 0 0.0625 0.3125 0.3125
Thorough 90 0.65 45 0 30 0.8 95 1 0.5 0.8
washing | 0313 | 95 0.85 50 0 35 0.9 90 0.7 0.7 0.9
98 1 60 0 40 1 80 04 1 1
0.3 0.5 0.1 0.1 0
Quiet 90 1 45 1 30 1 95 0.85 0.5 0
Washing | 025 | 95 0.8 50 0.7 35 0.9 90 0.9 0.7 0
98 0.7 60 0.4 40 0.6 80 1 1 0
03 0 0.1 0.5 0.1
Thorough 90 0.5 45 0 30 1 95 1 0.5 1
rinsing | (.188 | 95 0.9 50 0 35 0.6 90 0.8 0.7 0.9
98 1 60 0 40 0.5 80 04 1 0.8
0.231 0.077 0.077 0.231 0.384
Less 90 1 45 1 30 1 95 1 0.5 1
damage to
clothes | 0125 | 95 0.8 50 0.9 35 0.9 90 0.6 0.7 0.8
98 0.7 60 0.9 40 0.8 80 0.5 1 0.5
0.714 0 0.143 0.143 0
Short 90 0.7 45 0 30 1 95 0.6 0.5 0
washing
time 0.125 | 95 0.9 50 0 35 0.8 90 0.8 0.7 0
98 1 60 0 40 0.6 80 1 1 0
<Table 3> The HoQ for Market Segment 2
Washing Quality(%)| Noise Level(db) |Washing Time(min) | Rinsing Quality(%) | Clothes Damage Rate(%)
Level Satlg\?gltlon Level Satllsef\?gltlon Level Satllsef\?gltlon Level Satllsef\?gltlon Level Satllsef\?;tlon
0.2875 0 0.1712 0.258 0.2833
Thorough 92 0.7 54 0 39 1 81 0.7 1 1
washing | 0.3265 | 94 0.8 50 0 36 0.9 83 0.8 0.8 0.8
96 1 46 0 33 0.8 85 1 0.6 0.6
0 1 0 0 0
Quiet 92 1 54 0.5 39 0 81 0 1 0
Washing | 0.0067 | 94 0.85 50 0.7 36 0 83 0 0.8
9% 0.75 46 1 33 0 85 0 0.6
0.285 0 0.1828 0.2849 0.2738
Thorough 92 0.6 54 0 39 1 81 0.5 1 0.8
rinsing | 0.2237 | 94 0.8 50 0 36 0.9 83 0.7 0.8 0.9
9% 1 46 0 33 0.8 85 1 0.6 1
0.2688 0 0.1495 0.2688 0.3129
Less 92 1 54 0 39 0.6 81 0.5 1 0.5
damage to
clothes | 0:4156 | 94 0.9 50 0 36 0.8 83 0.6 0.8 0.7
96 0.7 46 0 33 1 85 1 0.6 1
0.2152 0 03119 0.2654 0.2165
Short 92 0.8 54 0 39 0.5 81 1 1 0.7
washing
fime | 00275 | 94 09 50 0 36 0.7 83 0.8 0.8 0.8
9% 1 46 0 33 1 85 0.6 0.6 1
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<Table 4> Cost and Customer Satisfaction Level for Market Segment 1

Washing Quality(%) Noise Level(db) Washing Time(min) Rinsing Quality(%) Clothes Damage Rate(%)
Level . . Level . . Level . . Level . . Level . .
%) Cost | Satisfaction (db) Cost | Satisfaction (min) Cost | Satisfaction %) Cost | Satisfaction %) Cost | Satisfaction
90 3 0.4342 45 5 0.2143 30 4 0.5362 95 3 0.5220 0.5 4 0.3219
95 4 0.4844 50 3 0.1643 35 2 0.4754 90 2 0.4397 0.7 0.3148
98 5 0.5077 60 2 0.1214 40 1 0.4183 80 1 0.3645 1 1 0.3005

<Table 5> Cost and Customer Satisfaction Level for Market Segment 2

Washing Quality(%) Noise Level(db) Washing Time(min) Rinsing Quality(%) Clothes Damage Rate(%)
Level . . Level . . Level . . Level . . Level . .
%) Cost | Satisfaction (db) Cost | Satisfaction (min) Cost | Satisfaction %) Cost | Satisfaction %) Cost | Satisfaction
92 3 0.3459 54 0.0014 39 1 0.3486 81 1 0.2467 1 1 0.3139
94 4 0.3620 50 4 0.0020 36 2 0.3630 83 0.2954 0.8 2 0.3323
96 5 0.3744 46 5 0.0029 33 3 0.3785 85 4 0.4210 0.6 3 0.3697

<Table 6> Computational Results in Stage 52
{CR, (85, X5,))1X;, < 8, ) x
552 f52 ‘XGQ

X, =1 Xip =2 KXo =3

0 . _ - . _
1 0.3139 - - 0.3139 1
2 0.3139 0.3323 - 0.3323 2
3~24 0.3139 0.3323 0.3697 0.3697 3

2 5
max OCS = Y] D §CR,(X,)

t=1j=1

2 5
st D)X, <24
t=1j=1

thE{:::jw  joys xj3t},j =1,2, =, 5 t=1,2

DP approach is applied to this problem. The objective is
to distribute the limited budget to all TAs and maximize
overall customer satisfaction for the two market segments.

DP formulation of this problem is as follows : stage jt
= TA j in market segment #, decision variable X}, = the
amount of fund allocated to TA j in market segment ¢ and
state variable S, = the amount of fund which is available
for allocation to TA j in market segment ; 0 < .5, < 24.
Return function f,(S;) = the total customer satisfaction ach-
ieved from TAs j in market segment ¢ to the end of the
problem (the fifth TAs in the second market segment). The
functions are defined as :

f52(552) :maX{SQCRaz(Sw X52)‘X52 = 552}’ M
S52€{07 17 Yy 24}

f42(542) = max{§20R42(S42, X42)’
+f52(542_X42)|X42 = 542}7
5426 {07 17 ) 24}

fn(Sn) = max{&CRH(SH, Xn)
+f21(S11 _AXH)‘AXH = 511 }’
S, E{24}

At stage 52, we deal with the fifth TA for the second market
segment, “clothes damage rate.” fy,(S,) is computed using
eq (1). The results are shown in <Table 6>. The first column
shows the state variable, and the second, third, and fourth
columns representing three alternatives of TA, “clothes damage
rate”, and the allocated funds show the corresponding cus-
tomer satisfaction with different state, respectively. The fifth
and sixth columns represent the maximal return f;,(.S;,), and
the corresponding optimal alternative and its funds among the
three alternatives of TA, “clothes damage rate’, respectively.

Stages 42-11 can be carried out in the same way as stage
52. The optimal solution to the example is summarized in
<Table 7>. The overall customer satisfaction for this example
is 3.3346.
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<Table 7> Summarization of Results

Segments Technical attributes Alternatives Customer satisfaction level Cost
Washing quality(%) 95% 0.4844 4
Noise level(db) 60db 0.1214 2
1 Washing time(min) 35min 0.4754 2
Rinsing quality(%) 95% 0.5220 3
Clothes damage rate(%) 1% 0.3005 1
Washing quality(%) 92% 0.3459 3
Noise level(db) 54db 0.0014 3
2 Washing time(min) 39min 0.3486 1
Rinsing quality(%) 85% 0.4210 4
Clothes damage rate(%) 1% 0.3139 1

5. Conclusions * In this paper, it is assumed that all the numbers are

deterministic. Due to imprecision and uncertainty caused

In this paper, a methodology for determining the optimal by the human subjective judgments, the number of cus-

set of TAs in QFD under multi-segment market is proposed. tomers in market segments and costs need to be ex-

Based on the discussions made in this research, the following pressed as fuzzy numbers or with probabilities in the

points can be summarized and concluded: mathematical model. It could be an interesting area of

further research to develop a fuzzy or probabilistic DP

* Different from the existing QFD approaches, the pro- approach for this problem.

posed methodology considers a product market with

multiple segments, each of which contains a number  Acknowledgements
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