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Qualitative Evaluation of Quality with Hierarchical
Structure Using Fuzzy Inference
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1. Introduction

In the quality evaluation of product with qualitative characteristics, there are two major
problems, one is ambiguity that is followed by use of qualitative and subjective expression
of language and the other is uncertainty that is followed by relation of elements involved
in the object of quality evaluation. Generally, because there is a close correlation between
the degree of satisfaction of product and the decision making of purchasing behavior in the
quality evaluation of consumer, and the result of quality evaluation of consumer can be
expressed as linguistic variables involving fuzziness of the degree of satisfaction, we have
to consider the existence of fuzziness in order to understand the desire of consumer for
purchasing products.

In the case that many elements of quality with qualitative characteristics are connected
to the highest rank of characteristic of quality with hierarchical structure and the relative
importance among these elements are decided hierarchically, the overall evaluation is
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perfomed from the degree of satisfaction of each element through some structural relations,
but as the result of evaluation of each element is fuzzy as that of overall evaluation is
fuzzy too. That is, because the structures of evaluation pattern are fuzzified, in this paper,
we evaluate the overall structure of quality of product by means of fuzzy relation among
elements and the relative importances among elements and input informations that are
given as the form of linguistic variables using the fuzzy inference model in order to
maximize the effectiveness followed by application of fuzzy theory. We can take two
methods of fuzzy theory that are used in overall evaluation of which items are connected
with hierarchical structure, one is HFI(hierarchical fuzzy integral) suggested by Buckley
and Ishizuka the other is the method suggested by Shiraishi[2][31{8]. But, it is said that
HFI can not be easily applied to the pattern evaluation of similarity because HFI deal with
only the evaluation on the assumption of A -fuzzy measure[ll]l. And, in the method of
Shiraishi, the input information of items has to be given in every rank because the weight
of items is not determined hierarchically[8]. Accordingly, in this paper, we deal with the
structure of fuzzy model that the weight of items is determined hierarchically and input
information is given to only the lowest rank in order to evaluate the similarity between the
predetermined pattern and the result of evaluation.

2. Fuzzy Evaluation Model

When we interprete sensory evaluation in a narrow sense, the object of that is
appearence such as shape and color of product, but, in a broad sense, various kinds of
characteristics of quality such as convenience of use and importance of additional function
are involved in the object of evaluation[4]. Therefore, when we interprete that quality
evaluation in a narrow sense is depended upon that of a broad one, it is said that various
kinds of elements are included in the object of overall quality evaluation. As the result of
quality evaluation of consumer is expressed with linguistic variables implying the degree of
satisfaction in which fuzziness is implicated, usually, the overall degree of satisfaction
gained from the final result of evaluation becomes fuzzy too. Accordingly, when the
structure of evaluation extending from each characteristics to overall evaluation is formed
hierarchically, we define the relation of elements gained from relative importances(weights)
hierarchically as fuzzy structure, and we evaluate this hierarchical structure of quality.

There are several difficult problems that can not be solved with empirical fuzzy rules
and usual equations using binary logics. To solve these problems, the application of model
applying fuzzy theory would be useful. Many fuzzy models such as fuzzy inference model,
fuzzy integral and fuzzy linear additive model are applicable for the modeling of structure
of quality evaluation. In fuzzy integral model, the object of evaluation is divided into
several items, and the evaluation is carried out using the evaluators and weights of each
item. But, fuzzy integral model is not appropriate to construct models that have to reflects
the evaluators and weights on each quality characteristic as fuzzy thing because it
represents the evaluators and weights in ordinary numbers[11]. And, as in the fuzzy linear
additive model, ordinary number is replaced with fuzzy number, if we represent the
evaluators of multiple items in fuzzy number, also the overall evaluator is obtained as
fuzzy number according to the addition of weight. In the above facts, we know thét these
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two models are inappropriate to deal with various kinds of fuzziness on evaluation of
product, because only the structure of model in fuzzy integral model, and only the pattern
of evaluation in fuzzy linear additive model is fuzzified. On the contrary, in fuzzy inference
model, we can expect the maximum effectiveness of application of fuzzy theory on sensory
evaluation because the structure of model and the pattern of evaluation are fuzzified all
together.

3. Structure of Fuzzy Inference Model

When the multiple items of evaluation with qualitative characteristics are connected to
overall evaluation according to hierarchical structure and each item 1is evaluated by
linguistic variables that express the degree of satisfaction such as good, and

Tsatisfactory; , fuzzy inference model regularizes the relation of parameters with
Fimplication—conclusion; such as the form of 'If x is A then y is B, and these rules
are replaced with fuzzy relation.

Thus, if A' of a new implication is established then B’ of new conclusion is derived
as the shape of fuzzy set. Now, if we let two kinds of parameter G(the degree of
goodness of items) and S(the degree of satisfaction of items) and establish multiple rules
on these parameters, then we can get a matrix A of fuzzy relation on event x and y
using Cartesian product as below.

Rxy = GX%S§ ( X: Cartestan product in fuzzy operation)
Also, if there are multiple relations between x and y then we can obtain the equation as
below.

Rxy = ( GXSU( G'XSHU -
Actually, these fuzzy relations are established from a questionaire made by the usage of
linguistic variables for experts. In case that an event is related to multiple events of a
lower rank, it is necessary to give consideration to informations transmitted from these
events.
For the above reason, we use the paired-comparison method suggested by Saaty and give
the weights to fuzzy relation Rxy[11[71[9]

If we let wk, w; denote the evalator of certain objects k and Ik, =1, 2,-n : n is the
number of elements), then the weights ex between element k and element [ is

e = ww k, [=1, 2,n, k=)
and then, we can get matrix E of each element j having element eu.

1 ep ey ey

E = o))

e.,,l e.ng e.,,a i
But, there are several inconsistencies in these relations under certain circumstances
because the elements of matrix E are obtained from only the result of paired-comparison.
In order to preserve the consistency of comparison, we consider the valid weight w;:
according to eigenvalue approach with following equation.
Ew = nw, w=wi, wz ",Wwn)

But, in this paper, these weights are calculated in every rank, and fuzzy relation R; of
each item i is got by multiplying the weight of each element by fuzzy relation R, and we
evaluate the hierarchical quality structure of product by the ‘fuzzy inference using fuzzy
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relations gained from the above operation.

For example, if the informations that are followed by linguistic variables such as I;, I2
are put in item @, @ and a hierarchical structure among multiple items is given as Figure
1, then the information transmitted to item A is calculated by equation (2) considering the
weight w; and wz .

Li={(RiaAwy) e 1}V {(RzaAws) © Iz} (2)
Also, the information of item B is

Is={(RsgAw3) ° IV {(RipAwyg) o I}V {(RspAws) ° Is}. (3)
Where - is the composition of min-max operation[5].

TOP| rank O

Figure 1. Hierarchical structure of items of evaluation
Finally, if the informations of I1, Ir, I Is, Is are put in items @, @, @, @, and ® at
the same time, then information Iror of the top rank is gained from equation (4).

IAI wq 0 06 0 0 RIA 0 0 0 0 Il
Iy 0 wo 0 0 O} 0 Rpg 0 O O}
Ig; = 0 0 w3 0 0 0 0 R3B 0 0 13
134 0 0 0 Wy 0 0 0 0 R4B 0 14
15 0 00 O Ws 0 0 0 0 RSB 15
Ta=1Ia;+1az

(4)
Ip =Ip3+1Ips+1Ips

— (wa O0\(Raror O Iy
Tror (0 wa)( 0 RBMP)(IB)

Where symbol + represents the sum of fuzzy operation.

Besides, we have to deal with the problem that how to evaluate membership function
obtained from overall evaluation. In this case, for example, we establish several typical
patterns as Figure 2 dipicted previously, and evaluate the degree of satisfaction in
accordance with similarity between the results of evaluation and typical patterns[6].

Now, suppose that membership function g (u) represents a typical pattern and
membership
function #;(u) is obtained from evaluation, then the similarity between pi{u) and z;(u) is
given by equation (5)[5].

Vi= [ 1 e ufw) | du 5)
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Figure 2. Classification of typical patterns
4. Operation Using Application of Fuzzy Inference
In order to the overall evaluation of quality of product that is consisted of multiple items
of evaluation, we assume that there are six items of object of evaluation such as additional
function, operational function and so on, and these items are connected with 3 ranks of
hierarchical structure each other as shown in Figure 3.

overall evaluaton ... rank 0
{0}
e I
| |
usability appearance e, rank 1
{ l_l } {12}
I - i - | ]
additional function operational function size color shape ... rank 2
{111} , {112} {121y {122} {123}

Figure 3. Hierarchical structure of qualitative characteristics
({ } * number of characteristics)

When we let parameter G denote the degree of goodness, this value is continuous
number conceptually, but we divide it into llscales for the convenience. But in this case,
we use the intermediate value gs for the easiness of evaluation. That is, g1 is the worst
element and gn is the best one. Also if we let the proposition of items such as 'good;

Tordinary; "bad,
Table 1. Membership function of elements of preposition &G and S

element g1 22 3 24 g5 Zs g7 a8 £9 £10 11

M Ge 000 000 1000 000 {000 [008 032 {068 1092 1098 |100
G | Han 000 |000 [ 006 | 050 {094 [100 {050 (006 |0.00 §0.00 {000
L Gb 1.00 1092 1068 1032 008 [002 1000 {000 |0.00 |0.00 |0.00
U Se 000 {000 |001 |007 {020 1028 [062 [ 080 |093 | 097 | 1.00
S K Sn 020 {043 | 056 [ 065 [ 069 1070 [ 065 | 056 1043 [028 | 020
£ sb 1.00 1093 1080 [ 062 | 038 |]028 [ 007 [001 ]10.00 |0.00 |0.00

element S1 S2 S3 S4 S5 Sg S7 Sg* S9 S10 s1
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denote G of fuzzy subset Gy Gn Gb represented as (g, #on, #cb , and let parameter S
dencte the degree of satisfaction of product then the universe of discourse S is
S={s1, sz, -+, suh
Where s is the worst satisfactory; and si1 is (the most satisfactory, , and the
proposition of these elements such as "unsatisfactory, "more or less good; is represented
by fuzzy subset Sg Sn, Sp» with the membership function #sg #sn, #s» Which is shown in
Table 1.
Now, we define three kinds of rules such as below using membership function of
proposition & and S in Table 1.
'G:good — S : satisfactory,
"G : ordinary — S : more or less good;
"G : bad — S : unsatisfactory
There are infinite numbers of rule of these parameters, in this case, but we have only
three kinds of these because it is the peculiarity of fuzzy inference of which fuzziness can
be performed with only a small number of rules. Accordingly, in order to transform these
rules into fuzzy relations, we calculate the Cartesian product of Gy and Sg Gn and S, Gp
and S, and we obtain the fuzzy relation R, R, R» of these rules. Also, we can get
general fuzzy relation R of G and S using logic disjunction. That is, if the implication
G(Gg, Gn, Gb) and conclusion S(Sg; S, S») are given, then we can now make the three
kinds of rules as below.
for If x is Gg then y is S,
R,=GgXS,
for If x is Ga then y is S,
Rn:GnXSn
for If x is Gy then y is Sy,
Ry=GsXSp
And general fuzzy relation R of G and S is represented in G+S as shown in Table 2.

Table 2. R=G+S

n ng n3 n4 ns no nz ng ng o i

g1 100 [ 093 |08 (062 1038 (028 |007 001 000 1000 |000
g2 092 1092 |08 062 038 028 [007 001 [000 |000 | 000
23 068 | 068 | 068 (062 [038 1028 |007 001 |006 |006 | 006
g4 050 |043 050 |050 [050 |05 [050 050 (043 [028 |020
g5 094 |043 (056 (065 |069 |070 065 |05 [043 028 |0.20
26 100 | 043 1056 | 065 |063 [070 |050 [056 043 |028 |020
g7 050 (043 |050 [050 |050 |050 (050 {050 (043 (032 |032
gs 068 006 |006 (007 [020 (028 |062 [068 |068 |068 | 068
29 092 | 000 001 (007 020 1028 062 108 |092 |092 |092
go {098 [000 |001 [007 [020 028 [062 (08 093 [097 | 098
gu | 100 {000 000 (007 |020 (028 062 |08 093 (097 {100
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Now we can get the weights of each item by means of paired-comparison method from
equation (1) because the relations of items that are connected to the top event are
consistituted with hierarchical structure represented in Figure 2, and we can obtain the
fuzzy

Table 3. Weights of each rank

overall evaluation
rank 0
usability appearance
rank 1 10 0.5
additional | operational | size color | shape
rank 2 function function
0.25 1.0 0.38 044 1.0

relation R; of item i multiplying the weights by fuzzy relation R. Then, the weights gained
from this process is dipicted in Table 3. When we use these weights obtained from Table
3, the fuzzy relation of additional function Ry in rank 2 is Ry=0.25XR and that of.
operational function Rz is Ruz=10XR. And if we let the fuzzy relation and implication
of each item denote membership function z¢:. then we can get the conclusion N; on item i
according to min-max composition. Also, when if we represent the degree of goodness of
items in evaluator of seven scales of evaluation, then these evaluators are transformed into
membership function fce fom re and fee, e’ #es’*[10]. And the implication G
and the membership functions that are given to five items of product A, B are described
in Table 4.

Table 4. Evaluators of items of products

product A B
character evaluator UGl evaluator b6
additional function | very good e ordinary 1t Gn
operational function | somewhat bad | xe"° very good U Ga
size ordinary H Gn bad L Gh
color very good UG ordinary 4 Gn
shape bad te» | somewhat bad | zg’

Therefore, the input information Gy of additional function for rank 2 of product A is
obtained as membership function in Table 5 according to Table 1 and Table 4.

Table 5. Input information of additional function( z ¢z°)

element g1 22 23 £4 25 g6 g7 28 29 £io £
1 (g) 0.00 | 0.00 000 | 000 | 000 001 | 010 | 046 | 08 | 09 | 1.00
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In this case, fuzzy relation R is represented 0.25X R and conclusion of this element is
derived from the min-max composition of Ry and Gy as shown in Table 6.

Table 6. Conclusion of additional function (5’1115

element| g 22 23 24 25 s g7 23 &9 £i0 £u
£ (g) 0.25 0.10 0.10 0.10 0.10 0.28 0.16 0.20 0.23 0.24 0.25

And, as the weights of operational function that is the second item on rank 2 of product A
is 1.0, we can easily obtain the fuzzy relation Rz with 1.0XR. And, as the evaluator of
this item is "somewhat bad; shown as Table 4, the input information Grig of this item
is obtained from Table 7 with membership function.

Table 7. Input information of operational function( g "%

element| & 22 23 2] 25 Zs g7 25 29 £io g1
u(g) 1.0 0.96 0.82 0.57 0.28 0.14 0.00 0.00 0.00 0.00 0.00

From the min-max composition of input information in Table 7 and Rz, , we can obtain
the conclusion S’/1;2) of operational function in Table 8.

Table 8. Conclusion of operational function( S’/;2;)

element| 22 23 J -2 £5 g6 ¥ 74 25 29 g1 £
u(g) 1.00 0.93 0.80 0.62 0.50 0.50 0.50 0.50 0.43 0.20 0.20

Subsequently, in order to get the input information of usability on rank 1, if we have the

composition stV stz of S'vuy in Table 6 and S’(1127 in Table 8, then the result of

this composition becomes the input information of the item of usability shown as Table 9.
Table 9. Input information of usability( ¢ sV # sz

element { gi gz 3 24 25 g6 g7 23 g9 £10 g1
1) 100 093] 08 ] 062 ] 050 | 050 ] 050 ] 050 | 043 | 024 | 025

According to the operation of gswuzyV esuzV psuzy , the conclusion S of items on rank
2

such as size, color and shape that are the lower items of appearance on rank 1 is easily
obtained, and this conclusion becomes the input information to the item of appearance on
rank 1.

Table 10. Input information of appearance( g sV g stiz2V t sti23))

element| g1 22 &3 £4 25 26 17 g8 29 Lo g1
#(g) 1.00 0.92 0.80 0.62 038 { 032 032 { 035 04 0.42 0.44
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By use of the above informations, we can get the fuzzy relation Ry of the item of
usability and Rz of the item of appearance multiplying R by the weight 1.0 of the item
of usability, and we obtain the conclusion S'(1), S’z of these items by means of min-max
operation of the input information in Table 9 and Table 10. Finally, we determine the final
conclusion S in rank 0 choosing the maximum membership function of S’/ and S'vg as
dipicted in Table 11.

Table 11. Conclusion of overall evaluation(S)

element| @ g2 23 g4 25 26 g7 28 £9 £io gu
#(g) 1.00 0.93 0.80 0.62 0.50 0.50 0.50 050 0.50 0.50 0.50

Accordingly, we can represent the similarity V(a) between the result of overall evaluation
in Table 11 and typical pattern by use of equation (5) as below.

Vla)=1977

V(b)=1518

V(c)=3.645

V(d)=3.920

Vie)=4.125
That is, we know that product A is most similar to the typical pattern (b) and the
evaluation of this product can be expressed as bad, . Also, if the input information of
product B in rank 2 is given in table 4, then the menbership functions of the overall
evaluation are obtained in Table 12,

Table 12. Conclusion of overall evaluation of procuct B

element | g 82 g3 g4 g5 g5 ¢4 28 g9 £gio L
#(g) 1.00 ] 0.93 0.80 0.62 0.50 0.50 0.62 0.80 0.93 0.97 1.00

and we know that the similarity between the product B and typical pattern is

Via)=3.797

V(b)=3.194

Vic)=4.139

Vid)=2.184

Vie)=2.791.
That is, the result of evaluation of product B is the most similar to the pattern (d) and
expressed as "good, .

5. Conclusion

In order to apply fuzzy theory to the sensory evaluation, we dealt with hierarchical
structure of qualitative characteristics of quality as the objects of evaluation and the
processes in which the relative importances among items of evaluation given as
hierarchically and input informations of evaluator gained as the form of linguistic variables
are transmitted to the highest rank through hierarchical structure. Finally, an interpretation
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of these results of evaluation is performed.

The approaches performed in this paper are not sufficient to express the degree of
completion and to express the reliability of fuzzy model from a practical point of view. But,
in a stage of the quality design, if the fuzzy relations of items are given by an expert
then it is said that these approaches are able to have the advantages that can easily
opposed to the various kinds of desire and strengthen the adaptability for variation of the
elements of quality with a view of diversifying input variables.
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