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1. INTRODUCTION grinding efficiency and accuracy. But, it is

mainly dependent upon the knowledge of

Selection of optimum grinding wheel is gen- skilled operators because the causal relation-
erally performed by taking into account the ship connected with grinding operations is not
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only complicated by inter-relationship of para-
meter but also is not generally prescribed for
the guantitative analysis. It is desired that
grinding wheel in a workshop would rather be
used than others, if possible. That is, if the
best grinding wheel recommended by the
developed system is not equipped in a work-
shop, it i1s practical to use the next best
grinding wheel for the purpose of improving
the grinding efficiency, specially, since there
is sometimes effective method for a small lot
size,

Therefore, in this study, design of grinding
knowledge-base is applied to non-symmetrical
triangular fuzzy membership function for the
purpose of ulitizing the knowhow and empiri-
cal knowledge of a skilful expert. Selection of
grinding wheel adopted the fuzzy multi-deci-
sion making. *? Its merits can be given to the
flexibilty by means of suggesting an order of
priority at the selection of grinding wheel. As
the result, this system can not only reflect
the situation of a working shop but alse uti-
lize the empirical knowledge obtained from a
skilful expert. Moreover, knowledege repre-
sentation accumulated in knowledge-base
designed the non-symmetrical triangular fuzzy
function considered the reliability area ana-
lyzed by #-distribution curve. ®

2. DETERMINATION OF FUZZY MEMBERSHIP
FUNCTION BASED ON THE QUALITATIVE
KNOWLEDGE

Selection of grinding wheel for the con-
straints such as the surface roughness,
allowance and accuracy of workpiece is accom-
plished by satisfying the surface roughness as
well as maximization of the material removal
rates. In the case of grinding wheel, evern if
the best grinding wheel according to the input
constraint is suggeseted, if it is not equipped
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in a workshop or lot size is very small, we
would rather operate the next best grinding
wheel than to purchased new grinding wheel,
It can be accomplished by giving the order of
priority about selection of grinding wheel
within the selectable area. That is to say, it
means that application of priority rule can
satisfy a grinding efficiency according to uti-
lizing the next best grinding wheel. This
method would improve the grinding efficiency
rather than operate the new grinding wheel
Furthermore, since the selection of grinding
wheel is actually dependent upon a knowhow
and an empirical knowledge of skilful expert,
therefore, it is necessary to design so that the
grinding database can reflect on these prob-
lems described above on the selection of grind-
ing wheel,

For the purpogse of allowing the flexibilty,
knowledege representation adopted the trian-
gular fuzzy membership function based on the
fuzzy logic.? Fuzzy membership function
accumulated in the grinding database is repre-
sented gy the non-symmetrical triangular
form which considers the degree of freedom
and properties of data.

2.1 Questionnaire Method and Analysis of
Data

Questionnaire paper in order to comstruct
the database for the selection of grinding
wheel are performed on the skilful experts
worked 3 years or more in a grinding work-
shop. For instance, format of questionnaire
papers are as follows:

(Example of the Selection of Grain Sizel

Would you check the items given in below
format, if any you operate the cylindrical
plunge grinding for SUJ2(workpiece)and 5um
Rouax (Surface roughness). The disclimination of
surface roughness is given as follows:



AR - B - A

col7 - #A% - A

Roughness grinding (R, 6um ir more}, Nor-
mal grinding Ruax 6-3m), Fine grinding (Ruax
3-1.5m), Precision grinding(R.., 1.5 and
below)

(%

(00102030 4—-0.5--0.6+--0,7---0.8—-0.9--1]

(#:

[0---0.1---0.2—-0.3---0.4——0.5~—-O.6---O.7—-0.8—-0.9--—1]

(D

[0---0.1---0.2~-0.3---0.4—0.5--0.6-—0.7—0.8—0.9-~1]

()

[0---0.1---0.2---0.3—-0.4--~O.5——~O.6~~~0.7—~—0.8---0.9---1]

In the similar method, we carried out mak-
ing a questionnaire five components of grind-
ing wheel in terms of grain, grain size, grade,
structure, and bond. The discriminated width
of data are given to the number 0.01 listed
above in the format of questionnaire papers.

On the other hand, acquisition of data on
each of the wheel components are obtained
from skilful experts of about 50 persons.
Among the questionnaire results, we selected
the 35 data for grain and grain size, and
other whell components of grade and structure
selected the 25, respectively, And then on the
base of questionnaire results, we analyzed the
characteristics of the binominal distribution,
and so calculated the mean #, standard devia-
tion ¢, and variance ¥ of data for each para-
meter to the purpose of adopting the knowl-
edge representation.

As the result of analysis, we know that the
binominal distributions are characterized by #*
-distribution curve, and they are utilized on
the knowledge representation of grinding
database in order to establish the grinding
wheel,

That is, the upper and lower limit of relia-
bility area shown in Fig. 1, (represented by
x. and ¥, in Fig. 1(A)) based on the ®-dis-
tribution curve are transformed into the fuzzy
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membership function (represented by Xpin(-c)
and Xpan(-¢)in Fig. 1(B)), and also maximum
value (represented by @i in Fig. 1(A))for the #*
-distribution curve is replaced to the maxi-
mum value of fuzzy membership {unction in
terms of the value #=1.0. In Fig. 1, black-
painted area indicates the exclusion part from
the reliability area at the determination of
fuzzy membership function, and finally, retic-
ulated triangle is to utilize the fuzzy member-
ship function in this system.

2.2 Possibility of Reliability Area accord-
ing to #*-distribution Curve
If the independence variables are given as
(%y, Xg -+, X, mean of data are expressed
to:

X =(x, x50, %,)/n 6

where n indicates the degree of freedom.
Now, let us consider that mean of data, vari-
ance, and standard deviation are defined as
EX)=m, var(X)=*/n=v, std(X)=0, respectively,
the binominal distribution is represented by
Ny 9% as follows:

v=2(x,.-x)2/n, (x=2x,/n) )

x* = {5, - x)/ of ©)

As the result, reliability area R; is equal to:

fx?) ) 18]
[A] 2 27y membership vahue, Ta1.0
Non-sysmmotrical
: 3 Sy
# " F Xdato) ® Xew o)

Fig. 1 Reliability Area Based on the ¥*-distribution
Curve(A) and Triangular Fuzzy Function

(B)
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Pix;=x’sx}}=R, (4)
where x2 is the lower limit, and x; is the
upper limit based on the reliability area of
the x*-distribution curve. In this case, if we
consider the upper(¥;) and lower limit(x2) of
reliability area given as the x*-distribution
curve, they are represented by the expression

1x Y (x -2 s0° s1/x 3 (x =2 (5)

and utilizing the degree of freedom(n)and
variance(¥), Equation(5) can be transformed
into:

nv/x, = o snv/x’ (6)

In this system, non-symmetrical triangle
obtained from the Equation (6) is finally
adopted to the fuzzy membership function for
the purpose of accumulating the grinding
data-base,

2.3 Application of Fuzzy Membership Func-
tion on the Selection of Grinding
Wheel

Fig. 2 indicates the knowledge representa-
tion on the selection of grain analyzed by the
x~distribution curve for the purpose of accu-
mulating the grinding database, upper dia-
gram [(A) is the characteristics of #-distribu-
tion curve, and lower diagram(B) is the fuzzy
membership function based on the reliability
area.

For instance, in the case of the workpiece is
bearing steel SUJ2, we know that grains are
almostly selected as the A or WA, In this fig-
ure, & is the center value, and Lc¢; are the
possibility width for the triangular fuzzy
membership function. Moreover, Fig. 3 indi-
cates the knowledge representation on the

161

- ——— A | [ (et} o )
i o \\(r:;\ i
Ryt T (' Dwgreo af freadom, w=3s
)
(X [ (6042 @04
Mild Sweel | 21, aiassh Dm0
L3 JE— T
3
{ 0000 080.13)
Hardened 2 "-. 007 A THALE) (GT%7600%)
Sieel k<) 1

=
o

[T N
’#"
S

(Goant waal)
Tool Steel lmm.usnu) [N L)
* al !
N
e e
Alloy siet || 31§ % | (PR s
L 3 L &1
!
. D019 (D.0.0.13)
Stainless v, l(‘&mm.n (11,0821
Steel A !
[] A £l
3 "
a4
1} (00,0,
Cast Iron ¥ AV :WAHM) Bazio
v [ 18}

Fig. 2 Analyzed Data Based on the Enquete Result

for the Grain: (A)Binominal Distribution
Curve and (B)Fuzzy Membership Function

grain size in the case of workpiece SUJ2, In
Fig. 3, upper part “[’indicates the binominal
distribution curve based on the questionnaire,
and lower diagram “I"represents the fuzzy
membership functon. Comparing the fuzzy
membership. function analyzed from question-
naire result, in the case when the required
surface roughness is rough, selectable area of
grain size is large, whereas, if surface rough-
ness is more required by the precision grind-
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Fig. 3 Analyzed Data Based on the Enquete Result
for the Grain Size, (I)*-distribution Curve,
(1) Triangular Fuzzy Membership Function

ing, selectable area of grain size becomes nar-
rower than rough grinding as shown in Fig.
3. That is to say, the required surface rough-
ness is given to the area of maximum value of
surface roughness from 12 to 6R,. the selec-
table area is properly selected to the mesh
number from 30 to 54. Thus, the best grain
size among the recommended mesh number
shown in Fig. 3 is the mesh number 36,

In a similar manner, Fig. 4 and 5 indicate
the knowledge representation for the grade
and structure with respect to the fuzzy mem-
bership function. They are classified into
rough and fine grinding so that the grinding
efficiency is satified with the material
removal rate. Comparing the fuzzy member-
ship function shown in Fig. 4, rough grinding
relatively shows a tendency to select the low
level grade so as to improve the material
removed rates, on the contray, fine grinding
becomes a tendency to select the hardened
grade so that surface roughness will be satis-
fied. This means that selection of grade main-
ly considers both the workpiece hardness and
the surface roughness. Alternatively, accord-
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Fig. 5 Knowledge Representation of Structure by the
Triangular Fuzzy Membership Function

ing to the result of questionnaire shown in
Fig. 5, structure is mainly depended upon the
workpiece sorts, but porosity of structure
becomes a tendency to increase in the case of
improving the material removal rates. In Fig.
5, the solid line is the fuzzy membership
function on the fine grinding, and the wave
line is the rough grinding as defined in the
upper boxed diagram.
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2.4 Determination of Order of Priority Ba-
sed on the Fuzzy Multi-decision Making
Research in the. selection of grinding wheel
has been worked on by K. Umino® and K.Sub-
ramanian,® et al, For example, K.Umino’s
research in standard of wheel selection consid-
ered with the wheel life can only suggest one
best optimum grinding wheel, and K.Subrama-
nian’s research is worked about the precision
production grinding. For their researches are
generally reflected upon a single items, it isn't
enough to only give the flexibility but to also
consider the actual condition of the workshop.
%2 should pro-
vide more effective results not only compli-
cates the inter-relationship between parameter
but also utilizes the uncertain knowledge such
as the grinding wheel. Thus, this paper can
suggest the order of priority for the selection
of grinding wheel considering the lot size and

Fuzzy multi-decision making

material allowance on each grinding cycle.

Now let’s consider a special class of fiizzy
numbers, which is suitable for the application
of composition of two fuzzy membership func-
tion, First we define triangular fuzzy nembers
M if its membership function sMR —(0,1) is
equal to:

uM(x)=1/(m; = L)x - L(m, - L), x[l,m]
1(m; —u)x ~ fu,(m, — ), x[m;,u]

(7

0, otherwise,

k. Nm,

Relationship between the Two Triangular
Fuzzy Function M; and My and the Com-
position My * My

Fig. 6
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with l<m<u, 1 and u stand for the lower and
upper value of the support of M, respectively,
and m for the modal value. The triangular
fuzzy membership function, as given by equa-
tion, ” will be denoted by{,mu), see Fig. 6, In
this figure, mg is the value of independence
varidbles on the maximum fuzzy membership
value obtained from the fuzzy composition M;
* M, of the two fuzzy membership function.

On the other hand, the weight for the
wheel components analyzed by the analytic
hierarchy process” can be obtained as follows:

The weight on the parameter is determined
by the eigen-vectér by means of comparing
the comparative value on each parameter,
Now, let’s denote the weight on each parame-
ter. If the independence variables are given as
X=w, %,-,%), and the dependent variables
are denoted as Y=¥5,¥, ---, ¥4, weight ¢ each
of the grinding wheel can be equal to:

wi = E Mk]-lw)'f(xi)wz(y])’ l = l’ B mk+1 (8)

For example, table 1 lists the representation
of matrix transfer so as to obtain the weight
on grinding wheel by means of analytic hier-
archy process. Let’s denote five wheel compo-
nents that A is grain, B is grain size, C is
grade, D is structure, and E is bond. Where,
a/b listed in Table 1 means the relative
weight for the parameter between A and B.
2.5 Determination of Grinding Cycle

Grinding machining time is influenced by
the grinding cycle in the case of operating the
cylindrical grinding, In this system, grinding
eycle is determined by the total grinding
machining time considered with lot size of
workpiece introducting the model of MEL.®
This model ig given as follow:

tg=twc+td+[tﬁ+ts]-ls+tc

)
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Where #g is total grinding machining time, I 1 x& L (Grado)
is dressing time, % and t are the grinding Fig. 7 Experimental Results for the Grain Size
and Grade

machining time for rough and fine grinding, L
is the lot size of workpiece, and tywe and i are
set-up time for grinding wheel and workpiece,
respectively.

In equation, ™

if only the grinding cycle
operates fine grinding, set-up time of grinding
wheel ty and grinding machining time for
rough # are ignored.

3. DESIGN OF KNOWLEDGE-BASE FOR THE
SELECTION OF GRINDING WHEEL

3.1 Design of Grinding Knowledge-base

We suggest that if the cylindrical grinding
only deals with the steel, bond among the
wheel component to generally utilize the vitri-
fied bonded wheel. Thus, we should only con-
sider the four wheel components of the grain,
grain size, grade, and structure. Moreaver, in
the case of fine grinding, see Table 2, priority
of weight is given in order of grain size and
grade. On the other hand, priority for other
wheel components for rough grinding is given
to grain size, grade, and structure.
results are based on the questionniare
obtained from a skilful experts who have
worked in grinding operations.

Fig. 7 shows the experimental data so that
the result of analythic hierarchy process verifies

These

the questionnaire results. If workpiece is SUJ2
and the required surface roughness is given as
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5em Rmax, the selectable grain size and grade
are recommended as mesh number 46,54, 60,
and 70, and LJ,K, and L as shown in Fig, 3
and 4, respectively. And also Fig. 8 shows the
conceptual knowledge architecture for the selec-
tion of grinding wheel. The frame bascd-scheme
for the establishment of grinding wheel is
designed for class-instance, superclass-subelass,
relevance, and group as shown in Fig. 8. For
instance, frame-based for describing grain is a
specialization of the frame dealing with the
more generie concept of grinding wheel, and the
frame of grain has a slot whose value is and

Table 2 Comparision of Weight between Rough and
Fine Grinding for Grinding Wheel

Rough Grinding ¢i.=0.072, c.r.=0.064
~—— . |Grain|Grain SizelStructurel Grade MWeight §
Grain | 1 @200 [0503) [eso2) !
(Grain Size] 1 |ases lasesieson] w
Styuenye 1 (S0 §
Grade 1
Bond
Fine Grinding c.i.=6.8E.03, c.r. —6 IE-03
~~—..._ [GraioGrain Sizd Structure] Grade
Grain i (@502 |(1.00.5) |0.7,03)1.59- =
| Grain § 1 (2.5,0.5) |(1.5,0.5)
Structure 1 (0.50.2)} (1.
Grade 1
Bond
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Fig. 8 Hierarchical Structure Utilizing the DataBase
on the Grinding Wheel

unidirectional link to the grinding wheel.

On the other hand, rule-based scheme
according to model of fuzzy multi-decision
making is inspired by attempts to mimic the
human cognitive process, and it is accom-
plished by the procedural function defined to
“If-Needed-Fact” as listed in Table 3.

Fig. 9 indicates the inference procedure by
the procedural function, and it is carried out
by the inter-relationship role among the
knowledgebase. In a concrete way, selection of
grinding wheel utilizing the fuzzy multi-deci-
sion making is inferred as follows:

(1) First order the message in frame-based

Table 3 An Example of LISP Program for the Estab-
lishment of Grain Size

defruleset grsin_size-result)
(defrule (grain_size-resuit rulel )
(fmme (grain_size-select-R f (grain_size 7) ))
——
(bind 7grain_size (get answer “/data/grainsize "
2000 0.0)

(call (delete-file " /grainsize “))
(bind 7x (determine, grain_size 7grain, size) )
(call (display_result (ist """ """ 7msg)
(call (set grain_size ?x))
(remove M) ’

(defrule (grain size ule rule 2)
(goal (frame (grain_size-gelect-R 7f (grain_size 7) ))
—>

(ceate grain_size-select-R (grain_size 60)) )
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Fig. 9 Decision Flow by the Object-Oriented Para-
digm System Establishing the Grinding
Wheel

knowledge by the procedural function, match-
ing IF-CLAUSE among the slot accumulated
in frame-based knowledge (see process 1,2).

{(2) According to search of the instance and
matchig results, the corresponded slot access
the rule-set. By this inference, suggest the
order of optimum grinding wheel by according
to the priority rule(see process 3-5).

(3) If the matching is not successful done,
default value from the frame-based knowledge
will be suggested. It may be that the value is
the standard condition, In the case of JUJ2
workpiece and b#m Ry, surface roughness is
given to the mesh number 60 for the grain
size as listed in Table 3.

Moreover, Table 3 lists the LISP program
represented by the procedural function for the
selection of optimum grinding wheel.

3.2 Determination of Priority Rule for the

Maximization of Material Removal Rate

We can obtain the selection of optimum

grinding wheel according to priority rule

described in the suggested equaton.™ Priority
rule is represented by expression:

g£= E(Cz “@;) (10)
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Fig. 10 Concetual Diagram of Fuzzy Composition
Rule and it's Fitting Value

where & is the fitting value, and @ is the
weight on the wheel components. Among the
biggest value produced by obtaining the Equa-
tion (10) will be to suggest the optimum
grinding wheel, and next most value is the
next optimum grinding wheel according to the
inferred results by the priority rule,

Furthermore, the determination of the order
of priority is accomplished as follows: Firstly,
multiplying the weight @ by the fitting value
§; on each wheel component, and next calcu-
lating the sum of them: Ze-{, as it were, we
denote that it is an order of priority. And
then comparing the sum of value calculated
by the priority rule, we can be given the
order of priority for the selection of grinding
wheel.

For instance, let us compare the selection of
grinding wheel under constraint conditions
which workpiece and the required surface
roughness are given SUJ2 and 5#m Rmax,
respectively. Fig. 10 shows the conceptual dia~
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gram for the decision of fitting value beyond
the bond, Fitting value for grade J, K, I, and
L are 0.89, 0.53, 0.48, and 0.15, and for
structure ¢,m, and ¥ are 0.0, 0.85, and 0.43,
respectively. Also for grain A, WA, C, and
GC are 0.51, 0.85, 0.0, and 0.0, for grain size
mesh number 46, 54,60, and 70 are 0.10, 0.60,
0.91, and 0.23, respectively. Alternatively, as
listed in table 2, fine grinding for wheel com-
ponents grain, grain size, structure, grade,
and bond are 0.16, 0.33, 0.14, 0.23, and 0.12,
respectively. On the other hand, weight of
rough grinding for their value are (.18, 0.28,
0.21, 0.23 and 0.09, respectively. Thus, the
order of optimum grinding is suggested in
order of WA60JmV, A60JmV, WAG0KmV,
and WA54JmV, and so on, and in that order
values are 0.77, 0.71, 0.68, and (.67, respec-
tively as listed in Table 4, Hence the optimum
grinding wheel can be selected as WAG0JmV.

4, IMPLEMENTATION RESULTS

Let’s seggest that the workpiece is SUJZ,
the required surface roughness is 5¢m R,
and cylindrical plunge cut. In this case, we
can obtain the fitting value on the grinding
wheel, firstly. That is, the fitting value
gshown in Figure 10 for grade, J, K, I, and L
are 0.89, 0.53, 0.48, and 0,15, and structure
¢,m, and ¥ are 0.0, 0,85, and 0.43, and also
grain A, WA, C, and GC are 0.51, 0.85, 0.0,

Table 4 Order of Priority for the Grinding Wheel

P wi Wheel ¥ gi =1, 0. 8)
1 WASOImY | 0.7 (0.14+0.3040.2140.12)
2 ASOFmV | 0.71(0.08+0.3+0.21+0.12)
3 WAGOKmV| 0.68 (0.14+03+0.1240.12)
4 WASAImY | 0.67 (0.14+0.2+0.2140.12)
5 WAGOIMV | 0,66 (0.14+0.3+0,11+0.11)
[ AG0KmV 062 (0.08+0.3+0,12+0.12)
7 AGOImV 0,61 (0.08+0.3+0,11+0.12)
8 WASOLmYV | 0.59 (0.14+0.340.03+0.12)
9 WAS4IMY | 0.57 (0.14+0.2+0.11+0.12)
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0.0, respectively. And then we can obtain the
result of weight on the rough and fine grind-
ing as listed in Table 2. As the results, the
weights on the fine grinding suggests that
grain is 0.16, grain size is 0.33, structure is
0.14, grade is 0.23, and bond is 0.0 as listed
in Table 2,

Hence, the establishment of grinding wheel
based on the fuzzy multi-decision making is
performed by utilizing the priority rule repre-
sented by the expression g= E(Q ‘W),

Utilizing the Equation (10), order of priori-
ty for the grain, grain size, grade, and struc-
ture can be obtained. That is, WA is 0.14, A
is 0.08, C and GC are both 0.0 for the grain,
and #54 is 0.20, #60 is 0.30, #70 is 0.05, and
#46 is 0.03 for the grain size, and J is 0.21, K
is 0.12, Tis 0.11, and L is 0.03 for the grade,
and also ¢ i8 0, m is 0,11, and v is 0,04 for
the structure as listed in Table 4. And also in
the case in which workpiece is SUJ2, selection
of bond can only selecte the vitrified-bond. As
it were, we can ignore the bond when select-
ing the grinding wheel for the steel.

Therefore, order of priority based on the
fuzzy multi-decision making on the grinding
wheel is suggested as listed in table 4. That
is, optimum grinding wheel on the fine grind-
ing suggests that grain iz WA, grain size is
mesh number 60, grade is J, structure is m,
and bond is vitrified bond V, that is, the
selected grinding wheel is WAG0JmV.

Fig. 11 indicates the result that carried out
by the computer implementation, On the other
hand, Fig. 12 indicates the comparision of
grinding cycle under the constraint conditions
in the case of lot size is 60 numbers and mate-
rial allowance is 1.12mm. Calculation of work-
piece allowance and grinding conditions can be
obtained by the suggested model of G.H.Kim,"
from whose model is suggeted that workpiece
allowance for rough and fine are 1.932mm and
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8um, respectively. Moreover, we can also
obtain the grinding conditibns for rough and
fine utilizing that model. Thus, wheel depth
of cut h and workpiece velocity Vy for rough
grinding are 7.l#m/rev and 0.43m/s, and also
fine of their values are 2.3um/rev and
0.14m/s, respectively as listed in Table 5.
Therefore, comparing the results of grinding
time we would rather select the two steps
process than one if lot size is 27 numbers and
over as shown in Fig. 12

5. CONCLUSIONS

In this study, we constructure the expert
system which can support the selection of
optimum grinding wheel. The obtained results
are as follows:

(1) Utilizing the knowhow and empirical
knowledge from skilful experts, we carried out
making a questionnaire. On the basis of ques-
tionnaire results, fuzzy membership function
accumulated in grinding database is represent-
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Fig. 12 Comparision between Lot Size and Grinding
Time for the Grinding Process

ed as the non-symmetrical triangular form
which considered the degree of freedom and
properties of data by the #-distribution curve.

(9) This system can give the flexibility on
the establishment of grinding wheel to utilize
the order of priority based on the fuzzy multi-
decision making.

(3) Implementation results for the selection
of grinding wheel are accorded with the selec-
tion of a skiful expert. Therefore, this system
is recognized as an effective expert system for
the selection of optimum grinding wheel,

Table 5 Optimum Grinding Conditions Suggested in
this System

Grinding : Cylindrical Plunge
‘Workpiece: SUT2 { Material Allowance: 1.12mm
Required Surface Roughness, Rmax=5pim
Dressing Lead, fd=0.2mm/rev
Dressing Depth of Cut, t4=0.02mm
\ ROUgh Fine
Wheel WA46HMV | WAGDImV
‘Workpiece Velocity,
Vw(mis) 0.43 0.14
Depth of Cut,
D{pmirev) 7.1 2.3
Grinding Allowance |  1.932mm 8jum
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