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x@ |Q}PBu=QwO |=Q@ � Q=Okt "OwW|t Q}PBu=QwO � ?U=vt ?=NDv= =@ |RmQt ?mQt
� = (nf )

14 ?=NDv= =@ `k=w QO "OQ=O |oDU@ KQ] *|rt=a *VN@ QO \=kv O=OaD
xOWxO=iDU= \=kv O=OaD nf &CU= Q}PBu=QwO |RmQt ?mQt KQ] xm OwW|t swrat

"CU= KQ] |rt=a VN@ QO
*Q}eDt *|rt=a VN@ u}=Q@=v@ 'xDiQo Q=Qk |UQQ@ OQwt pt=a 3 uwJ Q=DWwv u}= QO
KQ] |Q}PBu=QwO |=Q@ R}v �Q=Okt w CU= x]kv nf = 23 = 8 pt=W pw= *MU=B
?=NDv= =@ u=wD|t =Q |RmQt ?mQt KQ] Qo}O X=wN "8 14 = 1 68 =@ CU= Q@=Q@
|RmQt ?mQt KQ] u=wD|t nc CUQO ?=NDv= =@ "OQm pQDvm �nc� |RmQt \=kv O=OaD
Q=DWwv u}= QO [12]"OQm CUQO CN=wvm} CkO =@ |LQ] u; R= =} CN=U Ot=aDt =Q
"CU= xOW xDiQo Q_v QO |RmQt |x]kv 5 CN=wvm} CkO =@ |LQ] O=H}= |=Q@
XNWt 4 pwOH QO 'xOWO=} ?}mQD 3 |=Q@ |RmQt w |QwLt \=kv w Kw]U OwOL

"CU= xOW

V}=tR; s=Hv= "7
|D=}rta R= |m} MQJxU=m |kr w MQJxU=m Qw=DWo Q=Okt |Q}oxR=Ov= xm u}= x@ xHwD =@
^=Lrx@\N *hkwD Ov}=Qi u}= u}L QO w 'OwW|t s=Hv= u; S=Dvwt Ov}=Qi u}L xmCU=
CQwY x=oW}=tR; QO Q_v OQwt V}=tR; 'CU}v umtt QF-wt pt=wa OwOL Q}}eD
C=YNWt =@ =Q OtvxU=m w |B wD =OD@= xm CU= u}vJ V}=tR; s=Hv= VwQ "OQ}PB|t
|=Q@� "s}yO|t Q=Qk x=oW}=tR; OL=w Q=}DN= QO w xOQm x}yD Q=@v= OL=w R= Q_v OQwt
=OD@= 'OQ=Ov OwHw |D=a]k u}vJ uwJ �� w � |xYNWt =@ |OtvxU=m w |B wD
s=Hv= |=Q@ CN=U R= TB w OwW|t xO=O xOvR=U CmQW x@ u=WCN=U CU=wNQO
u} QDsyt R= |m} xm CW=O xHwD O}=@ �"OwW|t p=UQ= x=oW}=tR; OL=w x@ V}=tR;
"CU= =yV}=tR; s=Hv= uOw@|iO=YD '|Q=t; p}rLD w x} RHD VN@ |=yR=}vV}B
w '5 pwOH CQwYx@ pw= MU=B Q}eDt |=Q@ =yV}=tR; xm ZQi u}= =@ Qw_vtu}O@
MU=B Q}eDt |=Q@ 'OW=@ xOW |Q=PoxQ=tW 6 pwOH CQwYx@ swO MU=B Q}eDt |=Q@
V}=tR; xm |v=tR =D Ov}=Qi u}= "OwW|t Q=}DN= 19 =D 1 u}@ |iO=YD OOa l} pw=
MU=B Q}eDt |=Q@ |O}rwD |iO=YD O=Oa= Q=DWwv u}= QO "OQ=O xt=O= 'OwW s=Hv= syORwv
'12 '10 '13 '7 '17 '15 '5 '4 '8 '3 '11 '19 '2 '9 '6 %R= CU= CQ=@a pw=
,qFt "OW Oy=wN xO=iDU= =yV}=tR; s=Hv= ?}DQD |=Q@ =yv; R= xm 16 '14 '18 '1
Q]k 'OtvxU=m CtUk |B wD Q]k �1 w �1 w �1 |xYNWt =@1 xQ=tW V}=tR; QO

xm CU= MQJxU=m CtUk R= p}@twD= nv} Q uOWGQ=N QO QF-wt pt=wa R= |m}
O}OyD =Q u=v}WvQU |vt}= C}=yv QO w OwW|t p}@twD= uOW hQLvt x@ QHvt
xOW xDiQo Q_v QO swO MU=B Q}eDt u=wvax@ R}v MQJxU=m |kr 'u}=Q@ =v@ "Ovm|t

"CU=

Qw=DWo � pw= MU=B Q}eDt |=Q@ V}=tR; KQ] ?=NDv= "6
�wQOwN MQJxU=m |WNQJ

p}rLD w VR=Q@ "CU= V}=tR; |=Q@ |LQ] ?=NDv= j}kLD s=Hv= QO Qo}O syt s=o
p�=Ut QDW}@ QO "CU= xO=U Q=}U@ V}=tR; KQ] K}LY ?=NDv= =@ MU=B |=yx} wQ
=y|}xrtHOvJ R= pOt VR=Q@ Qw_vtx@ '�RSM� MU=B |x} wQ|U=vWVwQ x@ \w@ Qt
|=yQ}eDt R= |@ wNx@ |]N |a@=D |xr}Uwx@ MU=B Qo = "OwW|t xO=iDU= |]N `@=wD w
"CU= pw= |x@DQt pOt l} pOt |xOvvm?} QkD `@=D x=ov; 'OW=@ xOW pOt pkDUt
QDq=@ xHQO |=y|}xrtHOvJ R= O}=@ x=ov; OW=@ xDW=O OwHw |oO}tN sDU}U QO Qo =
pOt R= pw= MU=B Q}eDt |=Q@ R}v Q=DWwv u}= QO "OQm xO=iDU= swO |x@DQt pOt Ovv=t

[4]%CU= 13 |x]@=Q j@=]t u; |rm pmW xm 'xOW xO=iDU= swO xHQO

Ŷ = �0 +
3X
i=1

�ixi +
3X
i=1

�iix2
i +

3X
i=1

3X
j=1

�ijxixj| {z }
i6=j

(13)

w '�ij w �ii w �i w �o |=yO=tv =@ ?}=Q[ 'Ŷ O=tv =@ MU=B Q}eDt x]@=Q u}= QO
|B wD Q]k Kw]U "Ov=xOW xO=O u=Wv x1; x2; x3 |=yO=tv =@ xOWOm pkDUt pt=wa
|]N Qw]x@ l} Qy '|rik xQyt Qw=DWo w OtvxU=m |rN=O Q]k 'OtvxU=m CtUk

%OvwW|t u=}@ |rY= |=yVRQ= =@ 14 |xrO=at |xr}Uwx@
xi = 2(Xi �Xi)

di
(14)

q=@ Kw]U u}ov=}t Xi 'x]w@ Qt Oa)@ QO s=i pt=a |ak=w |xR=Ov= Xi xm |Qw]x@
|Q}PBu=QwO [5w4]"OvDUy Xi u}}=B w q=@ Kw]U u=}t |xrY=i di w 'Xi u}}=B w
u}vJ |=Q=O KQ] Qo = "CU= MU=B |x} wQ KQ] ?=NDv= |=Q@ syt Q=}U@ |D}Y=N
Ŷ Tv=} Q=w s}yO u=QwO (0; 0; 0; :::; 0) RmQt pwL =Q u; |Dkw 'OW=@ |D}Y=N
|R=Uxv}y@ �RSM� MU=B |x} wQ |U=vWVwQ hOy xm =Hv; R= "Ovm|tv |Q}}eD
|LQ] R= 'CU= swrat=v V}=tR; |=QH= R= p@k xv}y@ |x]kv u=mt uwJ w 'CU=
pOt u}= "CU= OQw;Q@ QO u=Um} |DkO |=Q=O =y=DU=Q s=tD QO xm OwW|t xO=iDU=
pw= x@DQt pOt =} pw= x@DQt pOt R= |QDW}@ �xv=oOvJ u}}aD ?} Q[� R2 Q=Okt
|=]N QwPHt u}ov=}t QwmPt pOt wO x@ C@Uv u}vJty &OQ=O p@=kDt \@=wQ =@

"pw= MU=B Q}eDt |=Q@ |QwLt w |RmQt \=kv w Kw]U OwOL "4 pwOH
(xi) xOWOm Kw]U

?} Q[ xOWv|Ov@Om VRQ= �� �1 0 1 �

(mm) Otv xU=m CtUk |B wD Q]k X1 38 9169 38 938 38 969 39 39 021
(mm) Otv xU=m |rN=O Q]k X2 38 9169 38 938 38 969 39 39 021
(kg.m) |rik xQyt Qw=DWo X3 0 3 0 4 0 55 0 7 0 8

"CU= �|rt=a KQ]� Ot=aDt KQ] |=yV}=tR; O=OaD N u; QO xm � = 4pN = 1 6818
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|Q}
t=O

wYk
t '22 '2 '18 '1 '16 '6 '21 '14 '9 '24 '3 '11 '15 '20 '5 '10 '23 '17 '12

R= Oa@ "OW Oy=wN xO=iDU= =yV}=tR; s=Hv= ?}DQD |=Q@ =yv; R= xm 4 '19 '13 '8
OL=w Q_v l} x@ u=U=vWQ=m C=Q_v p}O@D |=Q@ 'swO MU=B Q}eDt |=yV}=tR; s=Hv=

%s}vm|t xO=iDU= Q} R |x]@=Q R=
u=}@ (akbkck) |FrFt |R=i O=Oa= CQwYx@ u=oOvQ}os}tYD |xty |R=i Q_v Qo =

[13]%=@ CU= Q@=Q@ |R=i O=Oa= u}= `tH 'OwW
R = (a b c) : n = 1; 2; :::; k

a = minfang
n

b = 1
k

kX
n=1

bn c = max
n
fcng (15)

xDiQoQ@ xm �swO MU=B Q}eDt� MQJxU=m |kr Q=Okt x@ CU= \w@ Qt 8 pwOH |=yxO=O
"CU= OL=w Q_v l} x@ u; p}O@D w T=vWQ=m xU C=Q_v R=

|Q=t; p}rLD w x} RHD "8
p=tDL= Q=Owtv 'xOW VR=Q@ |xQ}eDtOvJ uw}UQoQ pOt 'MU=B |=yQ}eDt |Q=t; G}=Dv
Q}eDt Q}O=kt p@=kt QO �ei� xOW xOy=Wt Vvm =QB Q=Owtv w 3 pmW QO �Y1� p=tQv
MINITAB14 w SAS Q=Ri=sQv \UwD 10 w 9 pw=OH w 4 pmW QO pw= MU=B
\w@ Qt ZQi |=yuwtR; G}=Dv pw=OH u}= QO "CU= xOW x�=Q= MATLAB w
MQJxU=m |WNQJ Qw=DWo � pw= MU=B Q}eDt p@=kDt w |rY= C=QF= OwHw x@

"OtvxU=m |rN=O Q]k "3 pmW

"pw= MU=B Q}eDt Q}O=kt p@=kt QO �ei� xOW xOy=Wt Vvm =QB Q=Owtv "4 pmW

Q]k hrDNt C=@}mQD =@ MU=B |xOWxOy=Wt VRQ= w V}=tR; C=aq]= "5 pwOH
KQ] R= xO=iDU= =@ '|rik xQyt Qw=DWo w OtvxU=m |rN=O Q]k w OtvxU=m CtUk |BwD

"MU=B |x} wQ |U=vWVwQ |=Q@ |RmQt ?mQt Q}PBu=QwO swO |x@DQt

=QH=
|xQ=tW Q@Dat K]U |WNQJ Qw=DWo

V}=tR; xOWOm �Y� MQJxU=m
x1 x2 x3 �kg.cm�

16 1 �1 �1 �1 9
3 2 �1 1 �1 7
6 3 �1 �1 1 12
8 4 �1 1 1 9
9 5 1 �1 �1 18
1 6 1 1 �1 7
12 7 1 �1 1 23 5
7 8 1 1 1 11
2 9 �� 0 0 6 5
14 10 � 0 0 21
5 11 0 �� 0 19
15 12 0 � 0 6
13 13 0 0 �� 7
18 14 0 0 � 12
10 15 0 0 0 9
19 16 0 0 0 8 5
11 17 0 0 0 9 5
17 18 0 0 0 8
4 19 0 0 0 9

'xDiQo Q_v QO u=WK]U u} QDu}�=B QO =Q xU Qy |rik xQyt Qw=DWo w OtvxU=m |rN=O
=yV}=tR; |t=tD |=Q@ =Q Q=m u}= "s}vm|t |Q}oxR=Ov= =Q pw= MU=B Q}eDt Q=Okt TBU
5 pwOH QO "s}vm|t =QH= �|vwt=Q}B� |QwLt |x]kv 6 w |RmQt |x]kv 5 x=Qtyx@
u}= QO "CU= xOW x�=Q= �pw= MU=B Q}eDt� MQJxU=m Qw=DWo Q=Okt x@ \w@ Qt |=yxO=O
'O=} R |r}N 'O=} R CQwYx@ |v=@ R |=yQ}eDt CQwYx@ MQJxU=m |kr xR=Ov= |UQQ@
CU= xvwou}O@ Q=m VwQ "OwW|t u=}@ u}YYNDt \UwD sm |r}N w \UwDt 'sm
|rN=O Q]k 'OtvxU=m CtUk |B wD Q]k� x]w@ Qt Kw]U QO MU=B Q}eDt |xR=Ov= xm
"OwW|t xO}UQB xv}tR u}= QO xQ@N T=vWQ=m xU R= �|rik xQyt Qw=DWo w OtvxU=m
"OvwW|t u=}@ |R=i O=Oa= CQwYx@ 7 pwOH ?r=k QO |v=@ R |=yQ}eDt u}= TBU
=D 1 u}@ |iO=YD OOa l} 'swO MU=B Q}eDt |=yV}=tR; s=Hv= uOw@|iO=YD |=Q@
xt=O= 'OwW s=Hv= sQ=yJwCU}@ V}=tR; xm |v=tR =D Ov}=Qi u}= "OwW|t Q=}DN= 24
'7 %R= Ov=CQ=@a swO MU=B Q}eDt |=Q@ |O}rwD |iO=YD O=Oa= Q=DWwv u}= QO "OQ=O
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"""V
wQw

�R
SM

�M
U=B

|x}
wQ|

U=vW
Vw

QOQ
@Q=m"�MQJxU=m |kr� swO MU=B Q}eDt C=aq]= "6 pwOH

=QH= |xQ=tW xOWvOm Q@Dat Kw]U |kr |i}m O=Oa= p}O@D
V}=tR; X1 (mm) X2 (mm) X3 (kg.m) MQJxU=m |R=i x@

17 1 38 938 38 938 0 4 O=} R (5; 7 5; 10)

19 2 38 938 38 938 0 4 \UwDt (2 5; 5; 7 5)

10 3 38 938 38 938 0 4 \UwDt (2 5; 5; 7 5)

24 4 38 938 39 0 4 O=} R |r}N (7 5; 10; 10)

6 5 38 938 39 0 4 O=} R (5; 7 5; 10)

15 6 38 938 39 0 4 O=} R |r}N (7 5; 10; 10)

1 7 38 938 38 938 0 7 sm (0; 2 5; 5)

21 8 38 938 38 938 0 7 sm (0; 2 5; 5)

12 9 38 938 38 938 0 7 sm (0; 2 5; 5)

5 10 38 938 39 0 7 \UwDt (2 5; 5; 7 5)

9 11 38 938 39 0 7 sm (0; 2 5; 5)

2 12 38 938 39 0 7 \UwDt (2 5; 5; 7 5)

22 13 39 38 938 0 4 sm (0; 2 5; 5)

13 14 39 38 938 0 4 sm |r}N (0; 0; 2 5)

8 15 39 38 938 0 4 sm |r}N (0; 0; 2 5)

16 16 39 39 0 4 O=} R |r}N (7 5; 10; 10)

3 17 39 39 0 4 O=} R |r}N (7 5; 10; 10)

18 18 39 39 0 4 O=} R (5; 7 5; 10)

23 19 39 38 938 0 7 sm |r}N (0; 0; 2 5)

7 20 39 38 938 0 7 sm |r}N (0; 0; 2 5)

14 21 39 38 938 0 7 sm |r}N (0; 0; 2 5)

20 22 39 39 0 7 \UwDt (2 5; 5; 7 5)

4 23 39 39 0 7 sm (0; 2 5; 5)

11 24 39 39 0 7 sm (0; 2 5; 5)

|kr |xR=Ov=� Y2 MU=B Q}eDt uw}UQoQ pOt "10
�wQOQwN MQJxU=m

w 8 pwOH R= xOt; CUOx@ C=aq]= R= xO=iDU= =@ Y2 MU=B Q}eDt uw}UQoQ pOt
h=QLv= u} QDsm |=yxOvvmOQw;Q@ OQ@ Q=m =@ |R=i |]N uw}UQoQ VwQ R= xO=iDU= =@

%CU= Q} R CQwYx@ jr]t

Y2 = (�1309 4 � 1308 6 � 1308) +

(�33 8 � 33 7 � 33 7)�X1+(67 6 67 6 67 6)�X2+

(�12 5 � 12 5 � 10 4)�X3 (17)

xOW x@U=Lt F0 05;1;11 = 6 72 w F � |xQ=t; |xU}=kt j} Q] R= �wQOwN
"CU=

|WNQJ Qw=DWo � Y1 MU=B Q}eDt uw}UQoQ pOt "9
�wQOQwN MQJxU=m

%R= CU= CQ=@a MQJxU=m |WNQJ Qw=DWo uw}UQoQ pOt

Y = 8 802 + 1 743x21 + 1 3x22 + 0 237x23 + 3 434x1�
3 689x2 + 1 678x3 � 2 312x1 � x2 (16)
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|Q}
t=O

wYk
t "C}w[a `@=wD w |R=i |=yxawtHt "7 pwOH

C}w[a `@=wD w |R=i |=yxawtHt
|R=i xawtHt C}w[a `@=D xvt=O �u}}=B 'xv=}t 'q=@� ErFt

O=} R |r}N U(x) = (x� 7 5)=(10 0� 7 5) 7 5 =< x <= 10 0 7 5; 10 0; 10 0

O=} R U(x) = (x� 5 0)=(7 5� 5 0) 5 0 =< x <= 7 5 5 0; 7 5; 10 0
U(x) = (10 0� x)=(10 0� 7 5) 7 5 =< x <= 10 0

\UwDt U(x) = (x� 2 5)=(5 0� 2 5) 2 5 =< x <= 5 0 2 5; 5 0; 7 5
U(x) = (7 5� x)=(7 5� 5 5) 5 0 =< x <= 7 5

sm U(x) = (x� 0 0)=(2 5� 0 0) 0 0 =< x <= 2 5 0 0; 2 5; 5 0
U(x) = (5� x)=(5 0� 2 5) 2 5 =< x <= 5 0

sm |r}N U(x) = (2 5� x)=(2 5� 0 0) 0 0 =< x <= 2 5 0 0; 0 0; 2 5

"|R=i OOa l} x@ |i}m O=Oa= p}O@D "8 pwOH
xOW|Ov@Om Q}eDt K]U MQJxU=m |kr |R=i OOa l} x@ |i}m O=Oa= p}O@D

X1 (mm) X2 (mm) X3 (kg.m)

38 938 38 938 0 4 O=} R '\UwDt '\UwDt �2 5'5 83'10�
38 938 39 0 4 O=} R |r}N 'O=} R 'O=} R |r}N �5'9 2'10�
38 938 38 938 0 7 sm 'sm 'sm �0'2 5'5�
38 938 39 0 7 \UwDt 'sm '\UwDt �0'4 2'7 5�

39 38 938 0 4 sm 'sm |r}N 'sm |r}N �0'0 83'5�
39 39 0 4 O=} R |r}N 'O=} R |r}N 'O=} R �5'9 2'10�
39 38 938 0 7 sm |r}N 'sm |r}N 'sm |r}N �0'0 2'5�
39 39 0 7 \UwDt 'sm 'sm �0'3 33'7 5�

"Y1 uw}UQoQ ?}=Q[ |=Q@ |Q=O=vat uwtR; "9 pwOH
Q}eDt DF ?} Q[ Q=}at h=QLv= CUQO=v VRQ= p2 > jF j
x1 1 3 43428 0 66472 26 69� 0 0003
x2 1 �3 68932 0 66472 30 80� 0 0002
x3 1 1 67830 0 66472 6 37� 0 0282

x1 � x2 1 �2 31250 0 86811 7 10� 0 0220
x1 � x3 1 0 56250 0 86811 0 42 0 5303
x2 � x3 1 �0 31250 0 86811 0 13 0 7257

F0 05;1;11 = 6 72 w � = 0 05 Q=O|vat �
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"""V
wQw

�R
SM

�M
U=B

|x}
wQ|

U=vW
Vw

QOQ
@Q=m"Y1 |=Q@ uw}UQoQ w Tv=} Q=w p}rLD "10 pwOH

p2 > jF j F VRQ= =]N u}ov=}t |O=R; xHQO =]N ẁtHt `@vt
<  0001 59 57 69 2484 7 484 7391 pOt

1 1625 11 12 7872 =]N
18 497 5263 pm

0 974298; (R2) u}}aD ?} Q[
0 9579; (R2) xOW p}OaD u}}aD ?} Q[

�9 662939 C=Q}}eD ?} Q[

Y1 pOt C}=im |UQQ@ "12
Q=Owtv sUQ =@ 'OvW=@ QiY u}ov=}t =@ p=tQv `} RwD |=Q=O =y=]N xm u}= ZQi =@
u=wD|t OW=@ s}kDUt \N l} x}@W Q=Owtv u}= xm |DQwY QO =yxOv=t p=tQv p=tDL=

"CU= xOW xO=O u=Wv 5 pmW QO Q=Owtv u}= "OQ@ |B pOt C}=im x@

|HvULP Q@ |v@t xNU=BOvJ Ov}=Qi |R=Uxv}y@ "13
Q=Qk xO=iDU= OQwt p;xO}= pL x=Q l} |m}ORv VHvU Qw_vtx@ |HvULP VwQ

[15w14]%Ow@ Oy=wN CQ=@a h=QLv= R= VHvU u}= |xw}W "OQ}o|t

min Z =
nX
j=1

wj(
(y�j � yj)

y�j
)p

S:t:

gi(x1; x2; ::::; xn)��bi : i = 1; 2; :::; n (22)

"CU= Q_v Ot xv}W}@ CQwYx@ yj hOy Qy w CU= s=j hOy `@=D Qou=}@ yj
xHQO |xOvyOu=Wv wj w s=j hOy |=Q@ p;xO}= ?=wH |xOvyOu=Wv y�j u}vJty
|=yT=}kt uOw@Cw=iDt pmWt uOQ@ u}@ R= |=Q@ "CU= s=j hOy �uRw� C}ty=
s}UkD y�j Q@ =Q u; hOy `@=D w s=j hOy p;xO}= ?=wH h=QLv= u=R}t 'h=Oy=
xm |}xvwox@ CU= C=i=QLv= Q@ O}m -=D |xHQO |xOvvmXNWt sy p u=wD "s}vm|t

"pw= MU=B Q}eDt |=Q@ =yxOv=t p=tQv p=tDL= |}x]kv Q=Owtv "5 pmW

QO Y1 MU=B Q}eDt R= xOt; CUOx@ pOt w pOt u}= R= u=tRty |xO=iDU= Qw_vtx@
&OwW u=}@ xOWOm CQwYx@ w GQ=N |R=i Cr=L R= O}=@ Y2 pOt 'xQw_vtOvJ p�=Ut

%R= CU= CQ=@a Q=m u}= s=Hv= KQW
&OvwW h} QaD |FrFt |R=i O=Oa= CQwYx@ hOy `@=D ?}=Q[ |R=i O=Oa= O}vm ZQi

%OwW h} QaD u}vJ ~C |R=i Q=OQ@ |va}
~C = (Cp Cm Co) (18)

"OQ=O OwHw l}Uqm ?} Q[ x@ jwi |R=i ?} Q[ p}O@D |=Q@ |irDNt |=yOQm} wQ
%s}=xOQm xO=iDU= 19 |x]@=Q R= uOQm|R=iwO |=Q@ xar=]t u}= QO =t

Cj =
Cpj + 4Cmj + Coj

6 (19)

%R= CU= CQ=@a uOQm|R=iwO R= TB xOt; CUO x@ pOt
Y2 = �1308 63� 33 72�X1 + 67 6�X2 � 12 15�X3

(20)

%OvwW|t u=}@ xOWOm CQwYx@ Q} R x]@=Q \UwD R}v pOt u}= pkDUt |=yQ}eDt
xi = 2(Xi �Xi)

di

q=@ Kw]U u}ov=}t Xi 'x]w@ Qt O=a@= QO s=i pt=a |ak=w |xR=Ov= Xi xm |Qw]x@
Y2 uw}UQoQ pOt "OvDUy Xi u}}=B w q=@ Kw]U u=}t |xrY=i di w 'Xi u}}=B w

%R= CU= CQ=@a OwW|t xO=iDU= xQw_vtOvJ |xr�Ut QO u; R= xm
Y2 = 4 9565� 1 04532� x1 + 2 0956� x2 � 1 8225� x3

(21)

"CU= min CQwYx@ xOt; CUO x@ uw}UQoQ pOt xm CU= xHwD p@=k

Y1 |=]N Tv=} Q=w |UQQ@ "11
Q=DN=U|@ O}=@ =yxOv=t 'OW=@ Q=QkQ@ R}v uOw@p=tQv ZQi w OW=@ CUQO pOt Qo =
x@ xHwD =@ "OvW=@v xDU@=w 'MU=B Q}eDt xrtHR= '|Qo}O Q}eDt I}y x@ R}v w OvW=@
'OwW|t xO}O 4 pmW QO xm xOW |v}@V}B Q}O=kt p@=kt QO =]N Vvm =QB Q=Owtv

"Ov=Tv=} Q=wsy =y=]N

140



|Q}
t=O

wYk
t %s}vm xv}tm =Q jwi `@=D wO R= pY=L C=i=QLv= `@=D s}vm|t |aU p=L

minZ = (10�8 802�1 743x21�1 3x22�0 273x23�3 434x1+
10

3 689x2 � 1 678x3 + 2 312x1x2
10 )p+

(�2 08868 + 5 5865� 1 04532x1 + 2 0956x2 � 1 8225x3
�2 08868 )p

(23)

s:t:

x1 � �1 (24)

x2 � �1 (25)

x3 � �1 (26)

x1 � 1 (27)

x2 � 1 (28)

x3 � 1 (29)

"x}rw= |xv}y@ |=y?=wH "11 pwOH
x3 x2 x1 MU=B

0 65 0 75 0 75 10 Max Y 1
1 0 1 �2 08868 Max Y 2

`@=D "Ow@ Oy=wN h=QLv= u} QDnQR@ Q@ |QDW}@ O}m -=D OW=@ QDnQR@ VRQ= u}= xJQy
xv}tm O}=@ p;xO}= R= C=i=QLv= |R=Uxv}tm Qw_vtx@ R}v |HvULP VwQ |rm hOy
xHQO R= MQJxU=m S=Dvwt pL=Qt QO xOWO=} |xrLQt wO xm u}= |=Q@ =Hv}= QO "OwW
Q_v QO 1 Q@=Q@ xrLQt wO |=Q@ =Q �wj� uRw Q=Okt 'OvW=@ Q=OQwNQ@ |v=Um} C}ty=
w q=@ hOy `@=D u=R}t P Q=Okt Q}}eD =@ w LINGO Q=Ri=sQv R= xO=iDU= =@ "s} Q}o|t
s} Qw;|t CUO x@ =Q (j = 1; 2) yj Q}O=kt =yv; R= xO=iDU= =@ w xr�Ut |=yQ}eDt
Q=Ri=sQv j} Q] R= xv=o =OH Qw]x@ =Q hOy `@=wD VwQ u}= QO "OwW =O}B QF-wt ?=wH =D
`@=wD QO =Q hOy `@=D Qy R= xOt; CUO x@ |xv}y@ |=y?=wH w xOQm xv}y@ LINGO

"CU= xOW x�=Q= 11 pwOH QO xOt; CUO x@ |=y?=wH "s}yO|t Q=Qk Qo}O hOy

"|HvU LP R= xO=iDU= =@ xOt; CUO x@ G}=Dv "12 pwOH
Z Z2(max) Z1 x3 x2 x1 p

�1 991340 �6 978989358 6 500000002 0 1 0 06994092 1
0 5221448 �3 59795159 9 999999919 1 0 2213932 0 2
�12 79205 �6 978989358 6 500000002 0 1 0 06994092 3
0 2726352 �3 59795159 9 999999919 1 0 2213932 0 4
�70 35412 �6 97898895 6 500000534 0 1 0 06994131 5
0 1423550 �3 59795159 9 999999919 1 0 2213932 0 6
�385 7003 �6 97898895 6 500000534 0 1 0 06994131 7
0 07432994 �3 59795159 9 999999919 1 0 2213932 0 8
�2114 366 �6 320999115 8 050347192 0 1 0 06994039 9
0 03881099 �3 59795159 9 999999919 1 0 2213932 0 10
�11590 69 �6 978989912 6 499999278 0 1 0 06994039 11
0 02026496 �3 59795159 9 999999919 1 0 2213932 0 12
�63538 68 �6 978989912 6 499999278 0 1 0 06994039 13
0 01058124 �3 59795159 9 999999919 1 0 2213932 0 14

"|HvU LP \UwD xOt; CUO x@ ?=wH "13 pwOH
Z x3 x2 x1 Y2 Y1

0 5221 1 0 2214 0 �3 5979 10 W1 = W2 xOWOm
0 5221 0 7 38 976 38 969 �3 5979 10 P = 2 xOWvOm
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"""V
wQw

�R
SM

�M
U=B

|x}
wQ|

U=vW
Vw

QOQ
@Q=ms=tD � = 0 05 Q=O|vat K]U w |DUQO=v VRQ= Q=Okt x@ xHwD =@ w OW x�=Q=

Qw=DWo � pw= MU=B Q}eDt |wQ x1 � x2 p@=kDt QF= w x1; x2; x3 |rY= pt=wa
xOWx�=Q= swO |x@DQt pOt "OvOW xO=O X}NWD QF-wt �wQOwN MQJxU=m |WNQJ
u}}aD ?} Q[ u=R}t w u}}=B Q=}U@ MSE uDW=O Crax@ pw= MU=B Q}eDt |=Q@
C}=im |=Q=O u=Um} Tv=} Q=w w QiY u}ov=}t =@ p=tQv Q}O=kt u}vJty w ?U=vt
MU=B Q}eDt pOt u}vJty "CU= pw= MU=B Q}eDt |=yxO=O h}YwD |=Q@ |@U=vt
|=yxOvvmOQw;Q@ OQ@ Q=m =@ |R=i uw}UQoQ VwQ R= xO=iDU= =@ �MQJxU=m |kr� swO
l} pL ltmx@ QF-wt pt=wa u=R}t 'xt=O= QO "Ot; CUO x@ jr]t h=QLv= u} QDsm
l} |] xOt; CUO x@ Q}O=kt p=ta= =@ w x@U=Lt |]NQ}e |R} Qxt=vQ@ pOt
MQJxU=m |kr w 10 5 kg.cm MQJxU=m |WNQJ Qw=DWo u=R}t |rta V}=tR;
w 5 R}J=v hqDN= ?}DQDx@ xOW |v}@V}B Q=Okt =@ xm OvOt; CUO x@ sm |r}N
xOW |UQQ@ R}v |HvULP VwQ =@ pt=wa u}= Q=Okt u}vJty "OvQ=O |OYQO 8
|HvULP \UwD xOt; CUO x@ pOt uOQmpL 'xOv}; |D=k}kLD |L=wv |[a@ "CU=
|R=Ux}@W sD} Qwor= 'l}DvS sD} Qwor= pFt |vyP=Qi |=ysD} Qwor= R= |m} \UwD
OQwt |xr�Ut uOQmpL |=Q@ xQ}e w u=oJQwt sD} Qwor= '|@Ya |=yxm@W 'O} Q@D

"CU= Q_v

|v=OQOk w QmWD
R= R}v w |r=t |=yC}=tL p}rOx@ =Wwm xwQo u=R=U QwLt CmQW xQ}Ot C�}y R=

"s} Q=O =Q QmWD p=tm CmQW u}= u=vmQ=m d} QO|@ |Q=mty

8 802 + 1 743x21 + 1 3x22 + 0 237x23 + 3 434x1 � 3 689x2+

1 678x3 � 2 312x1 � x2 � 6 5 (30)

8 802 + 1 743x21 + 1 3x22 + 0 237x23 + 3 434x1 � 3 689x2+

1 678x3 � 2 312x1 � x2 � 10 (31)

"CU= xOWv xO=O u=Wv x@=Wt Xi Q}O=kt O=H}= p}rOx@ 14 R= QDW}@ |=yQ=QmD
=@� ?wr]t Y 2 w Y 1 Q}O=kt O=H}= Crax@ P = 2 Q=QmD '12 pwOH x@ xHwD =@
u=wvax@ u=wD|t =Q hOy `@=D pw@k OQwt Q=Okt w �Q=DWwv QO xOWxDio OQ=wt x@ xHwD

"OQm ?=NDv= QF-wt |@=wH
R= xO=iDU= =@ pY=L ?=wH w |}xU}=kt |=yuRw 'u=Q}os}tYD Q_v x@ xHwD =@
p = 2 |=R=x@ =y?=wH u}= "CU= xOW xOQw; 13 pwOH QO LINGO Q=Ri=sQv
R= QDO@ =} xOWQmP Q}O=kt Q@=Q@ xrY=L |=y?=wH p Q=Okt V}=Ri= =@ w xOW pY=L

"O};|t CUO x@ u;

|Q}oxH}Dv "14
MQJxU=m |WNQJ Qw=DWo u=R}t QO QF-wt pt=wa u}}aD w |UQQ@ ut[ Q=DWwv u}= QO
OtvxU=m |rN=O Q]k 'OtvxU=mCtUk |B wD Q]k� pt=wa u}= 'MQJxU=m |kr w wQOwN
"OvwW xv}y@ MU=B |=yQ}eDt u=R}t xm OvOW s}_vD u=vJ �|rik xQyt Qw=DWo w
xLwQWt |=yV}=tR; |] QF-wt pt=wa |QwLt w |RmQt \=kv w u}}=B w q=@ Kw]U

CWwv=B
1. response surface methodology (RSM)
2. desirability function approach
3. fuzzy regression using least absolute deviation estimators

(FLAD)
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