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xQwO xO=iDU==@ �|HvUQ=Wi� |QDtw}UQB V}=tR; |R=UpOt

|awvYt |@Ya |xm@W R=
�|QDmO |wHWv=O� |t=t= OtLt

�Q=}Wv=O� |@ QF} u}Or=?=yWO}U
TQOt C}@ QD x=oWv=O '|UOvyt w |vi |xOmWv=O

|UOvyt |=HQ@ |=yV}=tR; u} QDsyt R= |m} '�|HvUQ=Wi� |QDtw}UQB V}=tR;
|rmW Q}}eD |=yQDt=Q=B R= |@U=vt Q=}U@ u}tND x@ QO=k V}=tR; u}= "CU= l}vmDw�S

Qw_vtx@ �ANN� |awvYt |@Ya |xm@W ẁv xU R= j}kLD u}= QO "CU= l =N
R= =OD@= Qw_vt u}= |=Q@ "CU= xOW xO=iDU= �|HvUQ=Wi� |QDtw}UQB V}=tR; |R=UpOt

=@ 'xt=O= QO w OW xO=iDU= �� |@Ya |=yxm@W u} QDOQ@ Q=mQB R= |m} �� x}qOvJ uwQDBUQB
R= |Q}oxQy@ =@ R}v w |R=i � |@Ya |=yxm@W R= |@}mQD xm |R=iwQwv |xm@W R= xO=iDU=
u}= x@ CU= |]NQ}e p�=Ut QO jiwt |}xm@W xm |a=aW |=v@t `@=D |@Ya |xm@W
xOW xO=iDU= l =N |tm =QD w |m} R}i X=wN R= =ypOt u}= |t=tD QO "OW xDN=OQB syt

p}mWD |HwQN l} w |OwQw 5 |=Q=O w '|OwQw 6 |=Q=O |rm Q=DN=U wO R= =ypOt "CU=
|a}Uw |xOwOLt |wQ xOW s=Hv= *|QDtw}UQB |=yV}=tR; R= |oQR@ |xawtHt R= "Ov=xOW
|=yxm@W "CU= xOW xO=iDU= |D=aq]= lv=@ u=wvax@ 'xv=OCWQO w xv=OR} Q |=yl =N R=
hrDNt |=ypOt C}=yv QO "Ov=xO=O u=Wv OwN R= |rw@k p@=k C}kiwt R}v xO=iDU= OQwt

xOW XNWt xDW=O =Q OQmrta u} QDy@ xm |}xm@W w 'xU}=kt Qo}Om} =@ |@Ya |=yxm@W
|=yQ=DN=U |R=Ux}@W R= pY=L sHLQ}}eD � Q=Wi |=yQ=Owtv xm@W |@=} RQ= |=Q@ "CU=
|=yxm@W Q@ |vD@t |=ypOt "CU= xOW xU}=kt pY=L |@ QHD G}=Dv =@ pOt Qy |xv}y@

|OwQw |=yQDt=Q=B QF= |ovwoJ OQwtQO |L}[wD swUQt |Q=DiQ |=ypOt hqNQ@ '|@Ya
*pOt |xv}y@ Q=DN=U |wQ C}U=UL p}rLD s=Hv= =@ j}kLD u}= QO "OvyO|tv |HwQN Q@

"OwW xO=O MU=B p=-wU u}= x@ |OwOL =D CU= xOW |aU xOW |iQat

r m emami@yahoo.com
yasrobis@modares.ac.ir

'x}qOvJ uwQDBUQB '|awvYt |@Ya |xm@W '|QDtw}UQB V}=tR; %|O}rm u=oS=w
"C}U=UL p}rLD '|a=aW |=v@t `@=D '|R=iwQwv

xtOkt "1
|DL "OvRwt;|t |@ QHD w |y=oW}=tR; |=yV}=tR; G}=Dv R= ,=t}kDUt =Q l =N Q=DiQ
prN |@ QHD |=yxO=O u}vJty w |y=oW}=tR; |=yV}=tR; QO OwHwt |=y=]N
VRwt; CQwYQO |@Ya |=yxm@W "Ovvm|tv OQ=w =yxm@W VRwt; QO |v=OvJ
Q=DiQ |v}@V}B x@ QO=k |rw@k p@=k CkO =@ '=yxO=O ?U=vt O=OaD j} Q] R= CUQO
w uOw@ Q@u=tR '|QDtw}UQB V}=tR; s=Hv= |xwLv |oO}J}B x@ xHwD=@ "OvDUy =yl =N
u}=CLD =yl =N Q=DiQ |v}@V}B |=Q@ |rOt O=H}= 'V}=tR; u}= s=Hv= |q=@ |xv} Ry
QO|awvYt|@Ya |=yxm@W R= xO=iDU= Q}N= u=}r=U|] "O@=}|t CQwQ[V}=tR;
Ci=}V}=Ri= '|m}vmDw�S p�=Ut R= |Q=}U@ QO xS} wx@ '|UOvyt |=yxDWQ R= |Q=}U@
OR=U|t Q=mW; xDi=} Q=WDv= Cq=kt x@ |r=tH= |y=ov "Ow@ R}v R}t;C}kiwt |OL=D w
Q=DiQ |R=UpOt '=y`tW |Q@ Q=@C}iQ_|v}@V}B QO|awvYt|@Ya |=yxm@W xm
'=y?}W |Q=O}=B '=yxR=UCUWv '|m =N u=@yov |=yxR=U 'pLt C=}YwYN 'l =N
|m}rwQO}y C}=Oy w |Q}PBPwiv '|}=Qou=wQ '|v}tRQ} R |=y=[i w =ypvwD |L=Q]

V}=tR; "OvQ=Ol}vmDw�S |UOvyt C=ar=]t QO |tyt Q=}U@Vkv =HQ@ |=yV}=tR;
xm CU= l}vmDw�S |UOvyt |=HQ@ |=yV}=tR; u} QDsyt R= |m} R}v |QDtw}UQB
x�=Q= =Q =yl =N |rmW Q}}eD Q=DiQ R= QwYD u} QD|ak=w '=yV}=tR; Q}=U =@ xU}=kt QO
Q=DiQ |v}@V}B w V}=tR; u}= |R=UpOt |xv}tR QO |O=} R VqD wQu}= R= "OyO|t
|v=UWm OOaDt |=yx} Q_v |x}=B Q@ =ypOt u}= "CU= xOW s=Hv= =yl =N|rmW Q}}eD
CUmW |=yxOwOLt h} QaD w =yZQiV}B R= xO=iDU= =@ w OvQ=wDU= |v=UQ}tN w

"Ovvm|t x�=Q= |}x]@=Q =yl =N pmW Q}}eD � VvD C=}YwYN u}@ 's}rUD w
|=yxm@W R= xO=iDU= '=yl =N Q=DiQ |v}@V}B QO QDW}@ xJQy CrwyU |=Q@
x@ |R=}v |awvYt |@Ya |=yxm@W "CiQo Q=Qk xHwD OQwt QDW}@ |awvYt |@Ya
=yxm@W u}= "OvQ=Ov |v=UQ}tN w |v=UWm |=yx} Q_v w C@=wF '=yZQiV}B h} QaD
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[17]"|QDtw}UQB V}=tR; R= pY=L Q=OwtvR= |}xvwtv "1 pmW

V}=tR; R= pY=L sHL � Q=Wi |vLvt R= |}xvwtv 1 pmW "OvDUy =y|vLvt
[17]"OyO|t u=Wv =Q |QDtw}UQB

"CU= xOW |Q=iLV}B |QDtw}UQB ẁv R= xO=iDU= OQwt |QDtw}UQB x=oDUO
"CU= R=}v OQwt xv=to uOQmxO=t; w QiL 'u}tR pN=O QO =yQDtw}UQB u}= uO=OQ=Qk |=Q@
R= j}kLD u}= QO "Ov=l}vmDw�S C=ar=]t QO QDtw}UQB ẁv u} QDQ}o =Qi =yQDtw}UQB u}=
|vD@t R}v |QDtw}UQB V}=tR; s=Hv= VwQ w 'xOW xO=iDU= OQ=vt |QDtw}UQB x=oDUO

"CU= ASTM D 4719 OQ=Ov=DU= Q@

xO=iDU= OQwt |@Ya |xm@W `=wv= "3
%R= Ov=CQ=@a ẁv xU u}= "Ov=xDiQo Q=Qk xO=iDU= OQwt |@Ya |xm@W ẁv xU

"|a=aW |=v@t `@=D xm@W w |R=iwQwv |xm@W 'uwQDBUQB |x}qOvJ |=yxm@W

1�MLP� x}qOvJ uwQDBUQB "1"3
xm CU= 2QwNW}B |x}qOvJ |=yxm@W '|@Ya |=yxm@W |Q=tat u} QDOQ@ Q=mQB

"Ovt=v|t �MLP� x}qOvJ uwQDBUQB =Q =yv; Q=YDN=x@
Q=WDv=TB |Q}oO=} sD} Qwor= "1"1"3

u=wvax@ =yxQo R= |OwQw|}x}q %Q@CU= ptDWt MLP ẁv R= Q=WDv=TB |xm@Wl}
V}=tv =Q xDU@=w |=yQ}eDt xm =yxQo R= |HwQN |}x}q 'xr�Ut x@ |OwQw |=yQ}eDt
|]NQ}e C}Y=N uDi=} |=Q@ =yxQo R= pmWDt u=yv |x}q OvJ =} l} w 'OvyO|t
Qy |HwQN OwW|t x[Qa xm@W x@ |WRwt; |OwQw l} xm|t=ovy "=yxO=O QO
OvwQ|t V}B wrH x@ xm@W pw] QO =y|HwQN u}= TBU w OwW|t x@U=Lt uwQwv
w xm@W |HwQN u}@ |iqDN= Qo = "OwW|t x@U=Lt xm@W |HwQN C}=yv QO w
ẁQW |HwQN |x}q R= =yuRw KqY= OvwQ x=ov; OW=@ xDW=O OwHw ?wr]t |HwQN
u}= sD} Qwor= "�Q=WDv=TB CQ=@a� OwQ|t V}B |OwQw |=yx}q CtU x@ w xOW

%R= CU= CQ=@a VwQ
ej = tj(n)� yj(n) (1)

QO j uwQwv |=Q@ xm@W |HwQN Q=Okt Qou=Wv yj(n) w 'hOy Q=Okt Qou=Wv tj(n)

'OwW|t h} QaD 1
2e

2
j(n) CQwYx@ j uwQwv |=Q@ =]N |SQv= Q=Okt "CU= s=n Q=QmD

OQwt |R}t;C}kiwt Qw]x@ =yl =N |Ov@xk@] w l =N sQwD 'l =N sm =QD 'l =N
'l}vmDw�S |UOvyt |=HQ@ |=yV}=tR; |xv}tR QO xD@r= "CU= xDiQo Q=Qk xO=iDU=
|xm@W R= 2001 p=U QO "CU= xDW=Ov |v=OvJ |xaUwD |@Ya |xm@W R= xO=iDU=
p=U QO R}v QDV}B [1]"OW xO=iDU= =y`tW |@v=H |Q@ Q=@ C}iQ_ u}}aD |=Q@ |@Ya
`=@W=Q}e |=yl =N �Cmax� *|Qy=_ *|oOv@UJ |}=yv wtv u}tND |=Q@ '2003
|=Q@ |@Ya |=yxm@W R= [2]"Ow@ xOW O=yvW}B |@Ya |xm@W R= xO=iDU= =@ |WwQ
xOW xO=iDU= xOv@UJQ}e |=yl =N Q@ `k=w |L]U |=yxOwr=W CUWv |v}@V}B
|awvYt |@Ya |=yxm@W R= xO=iDU= =@ |}xU=t |=yl =N VvQm � VvD Q=DiQ w
w nvUro |}xQwO |tQwD Q=DiQ |r=tDL= Ca}@] u}kkLt [3]"CU= xOW |R=UpOt
|@Ya |=yxm@W R= xO=iDU= =@ =Q =yQDt=Q=B R= |O=} R O=OaD x@ u; |rN=O |oDU@=w

[4]"Ov=xOQm pOt
|=Q@ |@Ya |xm@W pOt R= '2006 p=U QO p=Qw= u} QO w =v=y"I= pO=a
x}mQD |=yxrRrR |=yxO=O R= xO=iDU= =@ |@ wUQ |=yl =N |}=Qou=wQ p}Uv=DB |@=} RQ=
[1]"OvO=O O=yvW}B |@Ya |xm@W pOt l} Qw_vt u}= |=Q@ w OvOQ@ xQy@ u=w}=D w
|m}vmDw�S \}=QW QO |R=UpvwD |wQW}B MQv R}v �2004� Twm =Bt}r=m w TwOQ=v}@
|=Q@ |@Ya |xm@W pOt R}v 2004 p=U QO "OvOQm |R=UpOt =Q |U=vWu}tR w
|@Ya |xm@W R= w [5]OW xO=iDU= j}ta |Q=OQ@Owo R= |W=v u}tR K]U CUWv

[6]"OvOQm xO=iDU= |R=UpvwD QF= Q@ u}tR K]U |=yCUWv |v}@V}B |=Q@
QDy@ |awvYt |@Ya |=yxm@W 'hrDNt C=ar=]t R= pY=L G}=Dv |=v@tQ@
|UOvyt QO '`k=wt R= |Q=}U@ QO "Ovvm|t pta |R=UpOt pwtat |=yVwQ R=
|Q=}U@ R= "s}DUy xH=wt syi p@=kQ}e w xO}J}B Q=}U@ p�=Ut R= |a=wv= =@ l}vmDw�S
syi Ow@tm &CU= xOW xO=iDU= xO}J}B p�=Ut u}= pL |=Q@ |[=} Q |=yVwQ R=
[11�7w1]"OwW|tp}tmD =ypOtu}= QOZQi OvJ s=Hv= w |R=UxO=U =@,qwtat|m} R}i
R= |Q=}U@ QO u=W?wN OQmrta seQ|ra '|awvYt |@Ya |=yxm@W
Ow@tm %R= CU= CQ=@a =yv; u} QDsyt xm OvQ@|t GvQ R}v |Y}=kv R= =yC}akwt
pLx=Q uDi=} QO C}kiwt |=Q@ u}t[D Ow@v '=yxm@W u}= |xaUwD x@ ltm |=Q@ x} Q_v
OQwt pL x=Q x@ |OwQw C=aq]= R= uO}UQ |ovwoJ uOWv K} QWD R}v w 'xv}y@
|v}@V}B x@ uO}UQ |ovwoJ pt=m K} QWD xOWs=Hv= |=yj}kLD R= |Q=}U@ QO "Q_v

[13w12]"CU= CQwQ[ l} |awvYt |@Ya |=yxm@W

�|HvUQ=Wi� |QDtw}UQB V}=tR; "2
xOW s=Hv= ASTM OQ=Ov=DU= T=U=Q@ j}kLD u}= |=Q@ sRq |=yV}=tR; |x}rm
l}vmDw�S |UOvyt |=HQ@ |=yV}=tR; u} QDsyt R= |m} |QDtw}UQB V}=tR; "CU=
Q=DiQ x@ C@Uv QwYD u} QD|ak=w |xOvyOpmW =yV}=tR; Q}=U =@ xU}=kt QO xm CU=

[14]"CU= l =N |rmW Q}}eD
|=Q@ =Q s=v u}= w OQm |L=Q] =Q QDtw}UQB x=oDUO 1955 p=U QO OQ=vt T}�wr
Q=Wi p=ta= |=Q@ xm Ovvm|t |iQat |}xv=wDU= |Q=R@= =Q QDtw}UQB |NQ@ "O} RoQ@ u;
h} QaD u}= "OwQ|t Q=mx@ xv=to |xQ=w}O x@ Q}PBh=]av= |xDUwB j} Q] R= CN=wvm}
h} QaD u=wvax@ |B |UOvyt w l =N l}v=mt |rrtr=u}@ utHv= \UwD ,=@k=aDt

[16w15]"OW xDN=vW QDtw}UQB |rrtr=u}@
|=H Q_v OQwt jta QO w u}tR pN=O QO OvwU =OD@= '|QDtw}UQB V}=tR; QO
Q=Wi |vLvt "OwW|t \U@vt uewQ =} ?; 'R=o Q=Wi \UwD TBU w OwW|t xO=O
u}= |wv=F pwYLt l =N |UOvyt |=yQ}eDt w xOW sUQ �sHL� |}=Hx@=H �
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t *|@=} RQ= |=Q@ |YN=W u=wvax@ =]N C=a@ Qt ẁtHt "OQ}o|t s=Hv= |HwQN |=]N
l} |HwQN w |OwQw uDiQo Q_v QO x@ xHwD =@ "OwW|t xDiQo Q_v QO |Q}oO=} Ov}=Qi

%s} Q=O (x(k); yd(k))(k = 1; 2; 3; :::; N) CQwYx@ �FN� |R=i uwQwv

E(k) = 1
2

mX
j=1

[ydj (k)� y(k)] = 1
2

mX
j=1

e2
j(k) (5)

yj |xm@W |HwQN ydj w 'xm@W ?wr]t |HwQN u}@ |=]N Q=Okt ej u; QO xm
%OQ}o|t s=Hv= 9 =D 6 \@=wQ j@=]t =yuRw s}_vD "CU=

w(1)
il (k + 1) = Sat(w(1)

il (k) + �w(1)
il (k))

i = 0; 1; 2; :::; p; l = 1; 2; :::; n (6)

w(2)
jq (k + 1) = Sat(w(2)

jq (k) + �w(2)
jq (k))

j = 0; 1; 2; :::; p; q = 1; 2; :::; n (7)

�w(1)
il (k) = ��1

@E
@w(1)

il

(8)

�w(2)
jq (k) = ��1

@E
@w(2)

jq

(9)

[13]"CU= |HwQN w |OwQw |x}q QO ?}DQDx@ |Q}oO=} MQv �2 w �1 \@=wQ u}= QO

|a=aW |=v@t `@=D |@Ya |xm@W "3"3
Qy `@=D u}= QO |va} "CU= |QwLt uQ=kD |=Q=O `@=wD xrtHR= |a=aW |=v@t `@=D
O}rwD u}at |a=aW |xrY=i l} =@ w Q_v OQwt |OwQw =@ Q_=vDt |HwQN OL=w
|}xQ}=O QO xm |}=yx s=tD |=Q@ |a=aW |=v@t `@=D xm CU=vat u=O@ u}= [7]"OwW|t
OvQ=O x}q wO =yxm@W u}= [20]"Ovm|t O}rwD u=Um} |HwQN 'OvQ=O Q=Qk Ci RmQt x@
`@=D l} R= u=yvB |x}q QO OL=w Qy "OvQ=WDv=TB |=yxm@W R= |Y=N Cr=L w
QO OQ@|t xQy@ |R=Up=ai `@=D u=wvax@ '|Uw=o |xDUy l} Ovv=t |a=aW |=v@t
"Ovvm|t xO=iDU= |R=Up=ai `@=D u=wvax@ |v=ty `@=D R= |HwQN |=yOL=w xm |r=L
&OwW|t XNWt OL=w Qy uRw Q=OQ@ =@ �xDUy `@=D =}� |a=aW |=v@t `@=D u}= RmQt

"OwW xDiQo O=} |WRwt; |=ywor= R= O}=@ =yxDUy u}= ZQa w C}akwt
"OvwW|t|iNt|x}q |=ypwrU OQ=w ,=t}kDUt|OwQw |=yp=vo}U xm@Wu}= QO
`@=wD 'OvDUy |twta C}r=ai `@=wD |=Q=O xm uwQDBUQB |x}qOvJ |=yxm@W hqNQ@
=]N w |aU VwQ R= |iNt |x}q |=ypwrU O=OaD "Ov=|rLt =yxm@W u}= QOC}r=ai
"=y|HwQN O=OaD =@ CU= Q@=Q@ R}v |HwQN |x}q |=ypwrU O=OaD "O};|t CUO x@
CQwQ[ R}v C}r=ai `@=wD RmQt s}_vD '=yuRw s}_vD Q@ xwqa 'xm@W u}= s}raD QO
RmQt w '=]N C=a@ Qt ẁtHt u} QDsm j@] Q@ |rwRv u=}O=Qo VwQ R= =yuRw "OQ=O
|rm Qw]x@ |a=aW |=v@t `@=D [23]"OwW|t s}_vD VwQ u}ty x@ R}v C}r=ai `@=wD

%OwW|t xDWwv 10 |x]@=Q CQwYx@

y �= f(x) =
nX
i=1

wi'(kx� cik) (10)

|]NQ}e `@=D N R= |}xawtHt '(kx� xik); i = 1; 2; :::; N u; QO xm
CQwYx@ ,qwtat xm CU= |Q=OQ@ sQv Qou=}@ k�k "CU= �|a=aW |=v@t `@=D� s=vx@
RmQt xi 2 Rp; i = 1; 2; :::; N [23]"OwW|t xDiQo Q_v QO |UO}rk= |xrY=i
|a=aW |=v@t `@=D |xm@W |=Q@ '' 'C}r=ai `@=wD j}kLD u}= QO "OvDUyC}r=ai `@=wD

%=@ CU= Q@=Q@ =]N |SQv= pm Q=Okt u}=Q@=v@

"(n) = 1
2

SX
j=1

e2
j(n) (2)

h} QaD u}vJ =]N C=a@ Qt \UwDt "CU= |HwQN |=yuwQwv O=OaD S u; QO xm
%OwW|t

MSE = 1
N

PX
P=1

SX
j=1

e2
j (3)

xm MSE `@=D "N = P:S w CU= |WRwt; |=ywor= pm O=OaD P 'x]@=Q u}= QO
'CU= T=}=@ Q=OQ@ Q=Okt w =yuRw p}@k R= xm@W O=R; |=yQDt=Q=B s=tD R= |a@=D `k=w QO
|xr}Uwx@ uRw KqY= "OwQ|t Q=m x@ xm@W |}=Q=m R= |v}tND w xv} Ry `@=D u=wvax@

%OwW|t u}}aD 4 |x]@=Q T=U=Q@ w =DrO uwv=k
�wji(n) = �� @"(n)

@wji(n)
(4)

QO |ivt Ctqa "CU=]N Q=WDv=TB sD} Qwor= |Q}oO=} CaQU QDt=Q=B � u; QO xm
Q}}eD |=Q@ |DyH� =yuRw |=[i QO u=}O=Qo ?}W uDiQo Q_v QO p}rOx@ 4 |x]@=Q

"CU= xOW ^=Lr �OyO|t Vy=m =Q "(n) Q=Okt xm uRw
Q_v QO QDlJwm � |Q}oO=} CaQU QDt=Q=B xJQy OQ=Ov=DU= Q=WDv=TB VwQ QO
Qo}O hQ] R= "CU= QDQ=O}=B sDU}U xH}DvQO w QDsm =yuRw C=Q}}eD Q=Okt 'OwW xDiQo
Q=O}=B=v xm@W CU= umtt =t= OwW|t |Q}oO=} CaQU V}=Ri= ?Hwt � V}=Ri=
|OOa |R=Uxv}y@ |=ysDU}U R= u=wD|t 'OQ=Ov=DU= Q=WDv=TB VwQ Ow@y@ |=Q@ "OwW
=@ |]NQ}e `@=wD C=a@ Qt ẁtHt |R=Uxv}y@ =yVwQ u}= R= |m} [11]"CUHxQy@
R= |@} QkD xm |rm VwQ u}= T=U=Q@ [19]"CU= �ML� CQ;wmQ=t � nQ@vwr VwQ
VRwt; |=Q@ 1994 p=U QO ML Q=WDv=TB |WRwt; sD} Qwor= 'CU= uDw}v VwQ

[11]"OW O=yvW}B x}qOvJ uwQDBUQB
VRwt; hkwD "2"1"3

%R= CU= CQ=@a xOW xO=iDU= Q=WDv=TB sD} Qwor= hkwD |=Q@ u; R= xm |YN=W
'OW=@ xOWu}}aDV}B R= Q=Okt R= QDsm xQwO Qy QO �MSE� =]N C=a@ Qt u}ov=}t

"OW=@ lJwm |r}N xQwO Qy R= TB xm@W |=yQDt=Q=B QO C=Q}}eD xm u}= =}
x@ swUwt |Qo}O hkwD VwQ R= xm@W s}taD C}r@=k uOQ@ q=@ Qw_vtx@
QO VRwt; uOQmhkwDt |=Q@ xm VwQ u}= |] "OwW|t xO=iDU= �3|HvUQ=@Da=�
xU x@ xO=iDU= OQwt |D=aq]= lv=@ 'OQ}o|t Q=Qk xO=iDU= OQwt pw= xrLQt |=yDv=

[9]"OwW|t s}UkD |@=} RQ= w |W}=tR; '|WRwt; |xawtHtQ} R

|R=iwQwv |@Ya |xm@W "2"3
�ANFIS� MATLAB Q=Ri=sQv |m}i=Qo \}Lt R= xO=iDU= =@ |R=iwQwv |xm@W
C} w[a `@=wD OQ=w =y|OwQw |@Ya |xm@W x@=Wt 'sDU}U u}= QO "CU= xOW pOt
xm@W |HwQN O}rwD x@ |HwQN C} w[a `@=wD R= Qw@a R= TB w OvwW|t |OwQw
`=wv= "OvwW|t s}_vD |Q}oO=} Ov}=Qi u}L QO C} w[a `@=wD |=yQDt=Q=B "Ovt=Hv=|t

[22�20]"OvQ}o|t Q=Qk xO=iDU= OQwt |HwQN w |OwQw |x}q QO C} w[a `@=wD
(FBP) |R=iwQwv Q=WDv=TB |Q}oO=} sDU}U "1"2"3

|=y|HwQN x@ uO}UQ|@Ya|xm@W x@ xOWx�=Q= |=y|OwQwj} Q] R= 'Ov}=Qiu}=|]
|R=Uxv}y@ w |Q}oO=} uwv=k QO =yuRw s}_vD =@ pta u}= "OwW|t QU}t ?wr]t
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"""xO
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=Wi

�|
QDtw

}UQB
V}

=tR;
|R=

Up
Ot"xar=]t OQwt |=yl =N |tm =QD w |m} R}i C=}YwYN "1 pwOH

NSPT
xv}W}@ xR=Ov= XwYNt uRw C@w]Q OYQO jta

(Dmax) xv=O �gr/cm3� |a}@] ��� �cm�
12 0 95 1 82 18 675
32 0 0425 1 77 14 5 775
33 2 45 1 81 15 6 875
28 3 81 1 85 14 2 925
36 2 45 1 78 18 5 1075
23 0 475 1 7 23 2 1175
49 0 335 1 6 21 3 1325
30 2 45 1 75 18 1 1475
50 0 95 1 82 16 2 1575
34 0 20 1 82 18 6 1625
50 0 0425 1 83 16 6 1775
47 0 475 1 79 17 6 1925
40 0 95 1 84 21 5 2125
50 0 335 1 78 21 8 2275
35 0 018 1 86 16 5 2325
50 0 085 1 8 25 2475

|@Ya |xm@W |=ypOt |R=UxO=}B "5
|UQQ@ w KQ] xO=iDU= OQwt |@Ya |xm@W |=ypOt |R=UxO=}B VN@ u}= QO

"OwW|t

|OwQw |=yQDt=Q=B "1"5
xOt; CUOx@ |=yxO=O u}vJty w |QDtw}UQB V}=tR; Q@ Q=PoQ}F-=D pt=wa x@ xHwD =@
V}=tR; u; QO xm |}=yxv=to QO xOWs=Hv= |}=QLY w |y=oW}=tR; |=yV}=tR; R=
|=yQDt=Q=B ?Um xD@r= "OvOW ?=NDv= |OwQw |=yQDt=Q=B 'Ow@ xOW s=Hv= |QDtw}UQB
?=NDv= QO xm CU= |}xDmv l}vmDw�S |UOvyt pwtat |=yV}=tR; R= |OwQw
w 6 =@ |}=yxm@W R= ?}DQDx@ =ypOt u}= QO "OQ=O |}=RUx@ Vkv |OwQw |=yQDt=Q=B

"OW xO=iDU= |OwQw QDt=Q=B 5
u}= "Ov};|t CUO x@ l =N |tm =QD w |m} R}i X=wN R= |OwQw |=yQDt=Q=B
OYQO u}}aD 'XwYNt uRw u}}aD '|Ov@xv=O |y=oW}=tR; |=yV}=tR; R= =yQDt=Q=B
Q=Wi w V}=tR; jta u}vJty w OQ=Ov=DU= Pwiv OOa |}=QLY V}=tR; 'C@ w]Q

%R= Ov=CQ=@a Q_v OQwt |=yQDt=Q=B "OvwW|t pY=L xOQ=w
|xOvyOx�=Q= x}rw= |=yXN=W u=wvax@ |m} R}i |=yQDt=Q=B %|m} R}i |=yQDt=Q=B �
|a}@] XwYNt uRw "OvDUy|L]UQ} R |=yx}qC}a[w x@C@Uv|rm VQov
|Qo}O|m} R}i QDt=Q=B "OvDUy =yQDt=Q=Bu}=u} QDsyt �w�C@ w]Q OYQO w (
m)

xDiQo Q=Qk xO=iDU= OQwt =yl =N |Ov@xv=O C}a[w |xOvyOu=Wv u=wvax@ xm
"CU= �Dmax� =yxv=O xv}W}@ |xR=Ov= 'CU=

R}v QDV}B xm Qw]u=ty "Ov=xOW xDiQo Q_v QO 11 |x]@=Q CQwYx@ |Uwo ẁv R=
"Ov=|rLt `@=wD ẁv R= `@=wD u}= 'OW QmP

'(r) = exp
�
��r

c

�2�
(11)

|xrLQt '|OwQw |xrLQt %CU= xrLQt xU |=Q=O =yxm@W u}= QO |Q}oO=} sD} Qwor=
|irDNt |Q}oO=} |=ysD} Qwor= "|HwQN |xrLQt w '|Uwo `@=wD Rm =Qt O}rwD =} |v=}t
'|Q}oO=} |xO=U |xw}W u}= QO "OQ=O OwHw �RBF�|a=aW |=v@t `@=D |xm@W |=Q@
R= xO=iDU= =@ xDUy ZQa w C}akwt |xQ=@ QO u}tND u; QO xm OwQ|t Q=m x@ |@}mQD
xv}tm VwQ R= xO=iDU= =@ TBU w OQ}o|t s=Hv= CQ=_v uwO@ |Ov@xWwN sD} Qwor=
w u=yv |=yx}q u}@ p=YD= |=yuRw u}}aD |=Q@ CQ=_v =@ �LMS� \UwDt QwPHt
|=yxm@W VRwt; |=Q@ |@}mQD |Q}oO=} sD} Qwor= u}= "OyO|t s=Hv= |HwQN |=yx}q
"OwW|t =Qosy x}qOvJ uwQDBUQB |=Q@ Q=WDv=TB sD} Qwor= R= QD`} QU Q=}U@ 'RBF

|D=aq]= lv=@ "4
xOWs=Hv= |QDtw}UQB V}=tR; 100 OwOL R= xOt; CUOx@ G}=Dv R= j}kLD u}= QO
u}= "CU= xOW xO=iDU= �1386 =D 1385� Q=wy=Q VywSB u=Qta CmQW \UwD
'xOW s=Hv= �R} Q@D� u=Q}= ?Qep=tW j]=vt |=yl =N |wQ |QDtw}UQB |=yV}=tR;
OQ=vt |xOW |Q=iLV}B QDtw}UQB ẁv R= xO=iDU= OQwt |QDtw}UQB x=oDUO w
OQ=Ov=DU= j@=]t w OvQ=OQwNQ@ |rw@k p@=k CkO R= xOWs=Hv= |=yV}=tR; "CU=

"Ov=xOW s=Hv= ASTM-D4719
|xty QO "CU= xOW s=Hv= ODtt |Q}oxRet =@ |v=QwO VwQ x@ =yxv=to |Q=iL
=yx}qC}a[w |UQQ@ Qw_vtx@ R}v w |QDtw}UQBV}=tR; |=Q@ xO=iDU= OQwt |=yxv=to
"CU= xOW s=Hv= �SPT� OQ=Ov=DU= Pwiv w x@ Q[ |=yV}=tR; 'u}tR Ctw=kt w
s=Hv= |=Q@ w 'PN= R=}v OQwt |xOQwNCUO w xOQwNvCUO |=yxvwtv |Q=iL u}LQO
"Ov=xOW pkDvt x=oW}=tR; x@ |}=}t}W w |m}v=mt '|m} R}i hrDNt |=yV}=tR;
x@ l =N |tm =QD w |m} R}i |=yV}=tR; G}=Dv R= |@Ya |xm@W |OwQw |=yQDt=Q=B
V}=tR; OQwt |=yl =N |tm =QD w |m} R}i C=}YwYN R= |}xvwtv "Ov=xOt; CUO
|=yV}=tR; sHL Q}}eD � Q=Wi |=yQ=Owtv R= |O=OaD "CU= xOW x�=Q= 1 pwOH QO

"CU= xOW x�=Q= 2 pmW QO R}v |QDtw}UQB

"|QDtw}UQB |=yV}=tR; |=yQ=Owtv R= |O=OaD "2 pmW
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|@Q
F}u
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t=t=
OtL

t OvDUy |@Ya |=yxm@W u} QDOQ@ Q=mQB R= |R=iwQwv |=yxm@W %|R=iwQwv |xm@W �
ẁv wO R= j}kLD u}= QO "OvQ=O |]NQ}e p�=Ut QO |}q=@ Q=}U@ |}=v=wD xm
ẁv wO u}= Cw=iD "CU= xOW xO=iDU= �� NF2 w NF1 �� |R=iwQwv |xm@W
CU=yv; |OwQw |=yQDt=Q=B O=OaD QO 'uwQDBUQB |x}qOvJ |=yxm@W Ovv=t xm@W

"OvQ=O |HwQN l} xm@W wOQy w
R= |Y=N Cr=L |a=aW |=v@t `@=D |=yxm@W %|a=aW |=v@t `@=D |xm@W �
|=v@t `@=D |xm@W ẁv wO R= j}kLD u}= QO [22]"OvDUy Q=WDv=TB |=yxm@W
xm@W ẁv wO u}= Cw=iD "CU= xOW xO=iDU= �� RBF2 w RBF1 �� |a=aW
wOQy w CU=yv; |OwQw |=yQDt=Q=B O=OaD QO 'uwQDBUQB |x}qOvJ |=yxm@W Ovv=t
3 pwOH QO xO=iDU= OQwt |=ypOt |t=tD C=}�RH "OvQ=O |HwQN l} xm@W

"CU= xOW x�=Q=

|@Ya |xm@W |=ypOt |@=} RQ= |=yXN=W "4"5
|Qw=O |=Q@|}=yXN=W xO=iDU= OQwt|@Ya |xm@W |=ypOt|}=Q=m|@=} RQ= |=Q@
|@ QHD G}=Dv u}vJty w =yxO=O xawtHt =@ xU}=kt QO =ypOt OQmQ=m XwYNQO
w =ypOt |@=} RQ= |=Q@ xO=iDU= OQwt |=yXN=W 'u}=Q@=v@ "CU= R=}v OQwt xrY=L

%R= Ov=CQ=@a sy x@ C@Uv =yv; |}=Q=m |xU}=kt C}=yv QO
u=Wv QDt=Q=B u}= |xr}Uwx@ Q}eDt wO u}@ \=@DQ= |xHQO %(R) |oDU@ty?} Q[ �
u=}@ 12 |x]@=Q j@=]t y w x Q}eDt wO u}@ |oDU@ty ?} Q[ "OwW|t xO=O

[24]%OwW|t

R =
P

(x� �x) (y � �y)qP
(x� �x)2P (y � �y)2

(12)

|xawtHt QO =]N\UwDt Q=Okt|xOvyOu=Wv %(MAE) =]Njr]tQOku}ov=}t �
"OwW|t u=}@ 13 |x]@=Q =@ XN=W u}= "CU= Q_v OQwt

MAE = 1
N

NX
i=1
jEij (13)

=HQO |=yV}=tR; u} QDG}=Q R= �SPT� OQ=Ov=DU= Pwiv V}=tR; %|tm =QD QDt=Q=B �
x@ xHwD=@ "CU= l =N |=yx}q |m}v=mt w |m} R}i C=}YwYN u}}aD CyH
'OwW|t s=Hv= l}vmDw�S C=ar=]t |=yxv=to QDW}@ QO V}=tR; u}= xm xDmv u}=

"CU= =HQ@ C=W}=tR; R= pY=L |xO=O u} QDTQDUO QO
jta |x_Lqt p@=k QF= x@ xHwD=@ %V}=tR; s=Hv= |xwLv R= pY=L |=yQDt=Q=B �
|OwQw u=wvax@ QDt=Q=B u}= '|QDtw}UQB V}=tR; R= pY=L G}=Dv Q@ V}=tR; s=Hv=
V}=tR; QO xOQ=w Q=Wi |=ys=o R= |OwQw 6 |=yxm@W QO "OW xDiQo Q_v QO

"CU= xOW xO=iDU= pOt |OwQw u=wvax@ R}v |QDtw}UQB

|HwQN |=yQDt=Q=B "2"5
'u=tR uDiQo Q_v QO uwO@ '��V � Q=Wi V}=Ri= s=o Qy R= pY=L sHL Q}}eD Q=Okt
|=yQDt=Q=B C=Q}}eD OwOL "OW xDiQo Q_v QO |R=UpOt QO pOt |HwQN u=wvax@

"CU= xOW x�=Q= 2 pwOH QO |HwQN w |OwQw

|@Ya |xm@W |=ypOt Q=DN=U "3"5
xHwD=@ "s} R=OQB|t xO=iDU= OQwt |@Ya |=yxm@W |Q=tat K} QWD x@ VN@ u}= QO
|v}@V}B |=Q@ |a=aW |=v@t `@=D w |R=iwQwv 'x}qOvJ uwQDBUQB ẁv xU R= xO=iDU= x@
|x}qOvJ |xm@W pOt =OD@= '|QDtw}UQB V}=tR; R= xrY=L sHLQ}}eD�Q=Wi Q=Owtv
|=v@t `@=D xm@W w |R=iwQwv |xm@W ?}DQDx@ w OwW|t xO=O K}[wD uwQDBUQB

"OwW|t x�=Q= |a=aW
w u=yvB OwQw |x}q xU R= |rm Qw]x@ xm@W u}= %uwQDBUQB |x}qOvJ |xm@W �
uwQDBUQB x}qOvJ |xm@W ẁv wO R= j}kLD u}= QO "CU= xOW p}mWD |HwQN
O=OaD QO xm@W ẁv wO u}= Cw=iD "CU= xOW xO=iDU= �� MLP2 w MLP1 ��
|OwQw 5 R= swO pOt QO w |OwQw 6 R= pw= pOt QO "CU=yv; |OwQw QDt=Q=B
|x}q l} =@ ?}DQDx@ Q=DN=U "OvQ=O |HwQN l} pOt wO Qy "CU= xOW xO=iDU=

"CU= xOW x�=Q= pOt wO Qy |=Q@ u=yvB |x}q wO w u=yvB
"|HwQN w |OwQw |=yQDt=Q=B C=Q}}eD OwOL "2 pwOH

|HwQN =y|OwQw OwOL
�V �cm3� P �kg/cm2� Dmax�mm� H�cm� W��� 
m (kg/cm3) NSPT

10 1 0 25 300 10 1 53 10 xv}tm
120 30 38 1 3000 26 1 88 50 xv}W}@

"xO=iDU= OQwt |@Ya |xm@W |=ypOt |Q=DN=U C=}�RH "3 pwOH
=y|HwQN =y|OwQw =yxm@W

�V �cm3� NSPT ; 
m�gr/cm3�,W(�),Dmax,H(cm),P(kg/cm2) MLP1
�V �cm3� NSPT ; 
m�gr/cm3�,W(�),Dmax,H(cm) MLP2
�V �cm3� NSPT ; 
m�gr/cm3�,W(�),Dmax,H(cm),P(kg/cm2) NF1
�V �cm3� NSPT ; 
m�gr/cm3�,W(�),Dmax,H(cm) NF2
�V �cm3� NSPT ; 
m�gr/cm3�,W(�),Dmax,H(cm),P(kg/cm2) RBF1
�V �cm3� NSPT ; 
m�gr/cm3�,W(�),Dmax,H(cm) RBF2
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"""xO
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QDtw

}UQB
V}

=tR;
|R=

Up
Ot"|@Ya |xm@W x@ x�=Q= R= p@k =yxO=O VR=OQB R= |}xvwtv "4 pwOH

=y|OwQw =y|HwQN
NSPT


m W H
Dmax

P �V

�gr/cm3� ��� �cm� �kg/cm2� �cm3�
12 1 82 18 675 0 95 3 475 58
12 1 82 18 675 0 95 5 075 57
12 1 82 18 675 0 95 6 675 40
12 1 82 18 675 0 95 8 475 100
40 1 86 17 1525 0 47 4 425 45
40 1 86 17 1525 0 47 7 925 83
40 1 86 17 1525 0 47 11 52 95
40 1 86 17 1525 0 47 15 22 27
40 1 86 17 1525 0 47 19 02 20
40 1 86 17 1525 0 47 23 02 35
40 1 86 17 1525 0 47 27 02 75
28 1 8 18 1 875 1 9 3 5 22
28 1 8 18 1 875 1 9 7 2 16
28 1 8 18 1 875 1 9 11 14
28 1 8 18 1 875 1 9 14 9 20
2 1 8 18 1 875 1 9 18 8 26
28 1 8 18 1 875 1 9 22 7 44

"|vwQwv 11 u=yvB |x}q l} =@ MLP1 |xm@W VRwt; |vLvt "3 pmW

O=OaD xm =Hv; R= "CU= xOW xO=iDU= |]N `@=D R= |HwQN |x}q |=Q@ w l}rw@ QB}y
u}= OQmrta |xar=]t 'OQ=O xOta Vkv =yxm@W u}= Q=DiQ QO u=yvB |x}q |=yuwQwv
?=NDv= R= TB %CU= xOW s=Hv= ?}DQD u}O@ Cw=iDt |=yuwQwv O=OaD =@ =yxm@W
Q=DN=U wO u}= '|OwQw 5 w |OwQw 6 Q=DN=U wO Qy |=Q@ xv}y@ |=yuwQwv O=OaD
pOt Qy ?U=vt Q=DN=U w xOW xU}=kt sy =@ =]N |=yXN=W R= xO=iDU= =@ R}v

Q=Okt \UwDt Qou=}@ R}v XN=W u}= %(RMSE) =]N C=a@ Qt \UwDt QPH �
Cw=iD u}= =@ 'CU= �� =ypOt w =yV}=tR; R= xOt; CUO x@ Q=Okt Cw=iD �� =]N
u}= |xOvyOu=Wv 14 |x]@=Q [11]"OQ=O |QDW}@ RmQtD QDnQR@ |=y=]N Q@ xm

"CU= XN=W

RMSE =

vuut 1
N

NX
i=1

(Ei)2 (14)

u} QDW}@ |xOvyOu=WvXN=W u}= %(MAXAE) =]N jr]t QOk Q=Okt xv}W}@ �
%T=U= u}=Q@ "ODi=|t j=iD= Q_v OQwt |xawtHt QO xm CU= |}=]N

MAXAE = Max (jEij) (15)

|=]N C=a@ Qt ẁtHt |xOvyOu=Wv XN=W u}= %=]N C=a@ Qt ẁtHt �
"�16 |x]@=Q� CU= Q_v OQwt |xawtHt

SSE =
NX
i=1

(Ei)2 (16)

xHQO |xOvyOu=Wv XN=W u}= %(SDAE) =]N jr]tQOk OQ=Ov=DU= h=QLv= �
"CU= MAE pwL =]N jr]tQOk |oOvm =QB

|@Ya |xm@W |=yxO=O VR=OQB "5"5
x@ |}=QLY w |y=oW}=tR; |=yV}=tR; R= xm@W VRwt; |=Q@ R=}v OQwt |=yxO=O
100 u}@ |QDtw}UQB pwOt =@ |QDtw}UQB |=yV}=tR; R= j}kLD u}= QO "Ov=xOt;CUO
|}=yxv=to |Q=iL x@ xHwD =@ "CU= xOW xO=iDU= `@ Qt QDt|Dv=U Q@ sQowr}m 400 =D
OQwt jta u} QDl}ORv R= |OwQw |=yxO=O 'xOW s=Hv= =yv; QO |QDtw}UQB V}=tR; xm
OQwt |=yxO=O O=OaD "Ov=xOW ?=NDv= jta u=ty QO xO=O OwHw sOa CQwY QO Q_v
|QDtw}UQB V}=tR; R= xrY=L |=yQ=Owtv x@ xHwD =@ |v}@V}B |xrLQt QO xO=iDU=
x@ xOW x�=Q=|=y|HwQN w |=y|OwQw R= |}xvwtv "OW xDiQo Q_v QO xO=O 500 Q@=Q@

"CU= xOW x�=Q= 4 pwOH QO |@Ya |xm@W

|@Ya |=yxm@W |R=UxO=}B "6"5
Q=R@=x@aH R= 'xO=iDU= OQwt |@Ya |=yxm@W |@=} RQ= w VRwt; '|R=UxO=}B |=Q@

"CU= xOW xO=iDU= MATLAB 7 6�2008a� |@Ya |xm@W
w wO |=yxm@W R= 'OW xDio xm u=vJ %VRwt;hkwD w VRwt; &x}qOvJ uwQDBUQB
xHwD=@ "CU= xOW xO=iDU= |v}@V}B |=Q@ Cw=iDt |OwQw O=OaD =@ uwQDBUQB |x}qxU
"CU= xDiQo Q=Qk xO=iDU= OQwt VwQ u}= 'OW xO=O KQW xm ML VwQ |=yC} Rt x@
MATLAB ZQiV}B Q}O=kt x@ xHwD =@ � w � 'ML VwQ ?}=Q[ j}kLD u}= QO
lv=@ =DU=Q u}ty QO [12]"CU= xOW xDiQo Q_v QO 0 01 w 0 001 pO=at ?}DQDx@
s=tD R= "CU= xOW s}UkD |W}=tR; w |@=} RQ= '|WRwt; |xawtHt xU x@ |D=aq]=
uwQDBUQB |x}qOvJ |=yxm@W CkO w |}=Q=m VHvU |=Q@ |@=} RQ= |=yXN=W
|@=} RQ= |xawtHt |=Q@ xO=O 70 'VRwt; |=Q@ xO=O 350 O=OaD "CU= xOW xO=iDU=
|vLvt 3 pmW QO "CU= xOW xO=iDU= |W}=tR; |xawtHt |=Q@ xO=O 80 O=OaD w
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G}=Dv =@ xU}=kt QO |@Ya |xm@W |xv}y@ Q=DN=U 'OQmrta p@k VN@ QO
xvwoI}y =yxm@W u}= 'OW xDio QDV}B xm u=vJ "CiQo Q=Qk |UQQ@ OQwt |@ QHD
sm =L Vv=O |DQ=@ax@ w |HwQN Q@ |OwQw |=yQDt=Q=B QF= |xwLv OQwtQO |L}[wD
K}[wD w G=QNDU= |=Q@ |Dw=iDt |=yVwQ =DU=Q u}= QO "OvyO|tv x�=Q= \}Lt Q@
sm =L \@=wQ G=QNDU= x@ u=wD|t =yVwQ u}= xrtHR= "CU= xOW x�=Q= sm =L \@=wQ
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|@Q
F}u

}Or=?
=yW

O}U
w|

t=t=
OtL

t u; QO xm 'hji = f(netji ) %CW=O s}y=wN jwi s�qa x@ xHwD =@ CU= |y}O@
uwQwv O=OaD w xm@W u=yvB |x}q O=OaD Qo = "CU= s=j |x}q uwQwv C}r=ai `@=D f()

m u=yvB |x}q QO uwQwv O=OaD R}v w OwW xDiQo Q_v QO 1 Q@=Q@ |HwQN |x}q QO
=@ u=wD|t =Q xi |OwQw x@ C@Uv |HwQN jDWt |x]@=Q 'OW=@ |OwQw O=OaD n w

"OQw; CUO x@ Q} R \@=wQ R= xO=iDU=
|]N p=kDv= `@=D =@ w uwQwv l} =@ |HwQN |x}q |va} 'swO |x}q |HwQN

%OwW|t xO=O V}=tv Q} R CQwYx@
O1 = f(net21) = net21 = b21 +

mX
j=1

w1
j1h1

j = b21 +
mX
j=1

w1
j1f(net1j)

= b21 +
mX
j=1

w1
j1f(b1j +

nX
i=1

w0
ijxi) (21)

'CU= �tansig� l}rw@ QB}y Cv=Sv=D 'u=yvB |x}q |=yuwQwv p=kDv= `@=D xm =Hv; R=
%OW Oy=wN xDWwv u}vJ 21 |x]@=Q

O1 = b21 +
mX
j=1
fw1

j1: tan sig(b1j +
nX
i=1

w0
ijxi)g (22)

=Q �O1� xm@W |HwQN =yvD jDWt '|}xQ}HvR |x]@=Q R= xO=iDU= =@ u=wD|t p=L
"OQw; CUO x@ �xi� |=y|OwQw R= s=OmQy x@ C@Uv

@o1
@xi

= @o1
@h1

j

@h1
j

@net1j
@net1j
@xi

(23)

@o1
@h1

j
= w1

j1 (24)

@h1
j

@net1j
=
@ tan sig(net1j)

@net1j
= 1� (h1

j)
2 (25)

@net1j
@xi

= w0
ij (26)

xDiQ Q=mx@ VwQ "3"6
'|a}@] XwYNt uRw pt=W |OwQw GvB |wQ C}U=UL p}rLD xar=]t u}= QO
|xR=Ov= u} QDW}@ w OQ=Ov=DU= Pwiv V}=tR; OOa 'V}=tR; s=Hv= jta 'C@ w]Q OYQO
|Oa@GvB |=[i QO xO=O x]kv 200 O=OaD p}rLD u}= QO "CU= xOW s=Hv= =yxv=O
?=NDv=Simlab 3 0 Q=Ri=sQv \UwD p=tQv `} RwD `@=D =@ Q_=vDt |OwQw |=yQDt=Q=B

"CU= xOW
Q}O=kt 'OQ=O =Q VOwN x@ \w@ Qt *|OwQw Q}O=kt xm \=kv u}= R= l} Qy QO
|Q=t; C=}YwYN "CU= xOW x@U=Lt xv}y@ Q=DN=U |=Q@ sHL Q}}eD |@Uv jDWt
Qy |@Uv jDWt OwQ|t Q=_Dv= xm u=vJ "CU= xOW x�=Q= 8 pwOH QO Q}O=kt u}=
|=Q@ "OQ=O |Dw=iDt Q}O=kt |OwQw |=[i \=kv QO |OwQw Qy x@ C@Uv |HwQN
'OW=@ TQDUO QO |ak=w Cr=L QO jDWt Q}O=kt `} RwD Qo = Q}}eD u}= K}[wD w p}rLD
QO =t= "OQm |@=} RQ= =Q pOt xr}Uwu}O@ w 'xU}=kt |ak=w `} RwD =@ =Q `} RwD u}= u=wD|t
TQDUO QO `} RwD u}= Q}oQO |=ypt=a '|UOvyt p�=Ut |oO}J}B x@ xHwD =@ C}ak=w
|=Hx@ p�=Ut u}= pL QO |@Ya |xm@W R= xO=iDU= pw= Cra 'u}= Q@ xwqa "CU}v
\}=QW QO |OwQw |=yQDt=Q=B Q}F-=D uOw@vXNWt u}ty swUQt |[=} Q |=ypOt

[25]"CU= |HwQN |=yQDt=Q=B |wQ hrDNt
Ov};Q@ u=wvax@ Ov=wD|t R}v =yC}U=UL u}ov=}t Q=Okt 'Qo}O |=yQDt=Q=B u=}t QO
QF=Q@ |HwQN Q}O=kt QO C=Q}}eD `k=w QO "OQ}o Q=Qk Q_v Ot |HwQN Q@ |OwQw QF=

R= |m} "O=O s=Hv= u; |wQ =Q C}U=UL w |v}at=v p}rLD u=wD|t 'OW Q=QkQ@ x]@=Q
`@=wD x@ u; QO xm CU= wrQ=mCvwt VwQ 'p}rLD s=Hv= |=Q@ xO=iDU= p@=k |=yVwQ
s=Hv= pL=Qt p=Ft |=Q@ "OwW|t xHwD xm@W |=y|HwQN w |OwQw |=yQDt=Q=B `} RwD

%CiQo Q_v QO u}vJ u=wD|t =Q wrQ=mCvwt p}rLD
x}yD (x1; x2; :::) |OwQw |=yQDt=Q=B R= s=OmQy |=Q@ p=tQv `} RwD Ovv=t |a} RwD "1

"OwW|t
|=Q=O � Q=}at h=QLv= w � u}ov=}t =@ x |iO=YD Q}eDt 'h} QaD j@] %xDmv
%OW=@ 18 |x]@=Q CQwYx@ u; |r=oJ `@=D xm u; Q@ \wQWt CU= p=tQv `} RwD
f(x) = 1p2��2 exp[�1

2
�x� �

�

�2
] (18)

"OwW|t xO=O u=Wv x � N(�; �) CQwYx@ xm
"OvwW|t ZQi Qo}Om} R= pkDUt =yQDt=Q=B "2

'|Q}oxvwtv X=N VwQ =@ 'xOWO=H}= `} RwD R= |}xvwtv |OwQw *QDt=Q=B Qy |=Q@ "3
CN=U x@ QHvt pta u}= "OwW|t xDiQo Q_v QO '|iO=YD |Q}oxvwtv VwQ Ovv=t
x@ V}=yuwDU w 'xvwtv O=OaD =@ Q@=Q@ u; |=yQ]U O=OaD xm OwW|t |U} QD=t

"CU= |OwQw |=yQDt=Q=B O=OaD2666664
x11 x12 :::

x21 x22 :::

: : :::

xN1 xN2 :::

3777775 (19)

|HwQNT} QD=t =D OvwW|t p=ta= pOt x@ xOW xO}Wm uwQ}@ |=yxO=O 'u; R=TB "4
%O}; CUOx@ Q} R CQwYx@2666664

y1

y2

:

yN

3777775 (20)

|xH}Dv R= "OvyO|t p}mWD =Q |v}at=v p}rLD s=Hv= pL=Qt xOWxDio OQ=wt
=Q xQ}e w u=v}t]= |=yRQt '=ylQ=J 'OQ=Ov=DU= h=QLv= 'u}ov=}t u=wD|t xrY=L
p}rLD s=Hv= =@ u=wD|t |v}at=v p}rLD s=Hv= R= TB "OQw; CUO x@ |HwQN |=Q@
QO |v}at=v O}rwD QO |OwQw QDt=Q=B s=Om xm OQm XNWt 'pOt |wQ C}U=UL

"CU= Q=OQwNQ@ |QDW}@ C}ty= R= xm@W |HwQN

|OwQw x@ C@Uv x}qOvJ uwQDBUQB *|HwQN jDWt "2"6
x@ C@Uv |HwQN |@Uv jDWt |x@U=Lt |=Q@ R=}v OQwt \@=wQ |x�=Q= R= V}B

%OvwW|t K} QWD \@=wQ QO xDiQ Q=m x@ s�qa =OD@= '=y|OwQw
&|HwQN |x}q QO uwQwv u}t=k |HwQN %Ok

&xm@W x@ |OwQw u}t=i %xi
&s=j+1 |x}q QO uwQwv u}t=k w s=j |x}q QO uwQwv u}t=i u}@ Cq=YD= uRw %wjik

&s=j |x}q QO uwQwv u}t=i T=}=@ %bji
&s=j |x}q QO uwQwv u}t=i x@ |OwQw |vRw `tH %netji

"s=j |x}q QO uwQwv u}t=i |HwQN %hji

51



"""xO
=iDU

==@�
|H

vUQ
=Wi

�|
QDtw

}UQB
V}

=tR;
|R=

Up
Ot"=y|OwQw x@ C@Uv |HwQN |@Uv C}U=UL u}ov=}t Q}O=kt "9 pwOH

�V |HwQN
Dmax NSPT H W 
 |OwQw

�1 015 �1 165 �2 920 0 246 �0 928 u}ov=}t
|@Uv

w '|UQQ@ |HwQN |wQ =Q Q}eDt Qy Q}F-=D |xHQO u=wD|t |Q=t; |=yOYQO Q}O=kt
"O}HvU sy =@ =Q =yv; QF=

|OwQw |=yQ}eDt Q}F-=D |xHQO |xU}=kt |=Q@ 'OW xO=O K}[wD QDV}B xm u=vJ
"OwW xO=iDU=|@UvC}U=UL R=CU= QDy@jr]tC}U=UL Q}O=kt R= xO=iDU= |=Hx@
|=y|OwQw x@ C@Uv sHL Q}}eD |@Uv |=yC}U=UL u}ov=}t Q}O=kt 9 pwOH QO

"CU= xOW x�=Q= EL@ OQwt

C}U=UL p}rLD w G}=Dv p}rLD "4"6
Q}}eD Q}O=kt |@Uv |=yC}U=UL x@ \w@ Qt |Q=t; |=yOYQO Q}O=kt VN@ u}= QO
x�=Q= u=yvB |x}q QO uwQwv 15 =@ MLP2 |xm@W |=Q@ |OwQw GvB Qy p@=kt QO sHL
C}U=UL Q}O=kt �75 R= V}@ 'OwW|t xOy=Wt xm u=vJ "�10 pmW� CU= xOW
Vy=m |xOvyOu=Wv Qt= u}= "CU= |ivt �
m� |a}@] XwYNt uRw |=Q@ |@Uv

"CU= �
m� |a}@] XwYNt uRw V}=Ri= QF= Q@ sHL Q}}eD Q}O=kt
xm CU= XNWt '�W� C@ w]Q OYQO |va} 'Qo}O |OwQw QDt=Q=B OQwtQO
|rw CU= QiY QwLt pwL QO QDt=Q=B u}= QO |@Uv C}U=UL R= |QDW}@ Q}O=kt
V}=Ri= |xOvyOu=Wv xm OvyO|t X=YDN= OwN x@ =Q |QDW}@ OYQO C@Ft Q}O=kt

"CU= C@ w]Q OYQO Q=Okt V}=Ri= QF= Q@ sHL Q}}eD Q=Okt
"CU= V}=tR; s=Hv= jta x@ jraDt |@Uv C}U=UL QO |ivt Q}O=kt u} QDW}@

"ODi=|t j=iD= jta V}=Ri= QF=Q@ R}v sHL Q}}eD QO |Wy=m Q}F-=D u} QDW}@
OOa pt=W Qo}O |OwQw QDt=Q=B wO 'OwW|t xOy=Wt 10 pmW QO xm u=vJ
|@Uv C}U=UL Q}O=kt |=Q=O '=yxv=O |xR=Ov= u} QDW}@ w OQ=Ov=DU= Pwiv V}=tR;
pY=L sHL Q}}eD |wQ QDt=Q=B wO u}= |Wy=m QF= |xOvyOu=Wv u}= w OvDUy |ivt
V}=tR; s=Hv= jta R= QDsm QDt=Q=B wO u}= Q}F-=D xD@r= "CU= |QDtw}UQB V}=tR; R=

"CU=
xm Cio u=wD|t xrY=L sHL Q}}eD Q@ |OwQw QDt=Q=B GvB u}= QF= |xU}=kt QO
w '�10 pmW� =yOYQO Q}O=kt 'x}=B \N R= |Q=t; |=yxDUO |xrY=i x@ xHwD =@
"OQ=O =Q Q}F-=D u} QDW}@ �H� V}=tR; s=Hv= jta '�9 pwOH� |@Uv u}ov=}t Q}O=kt

"|@Ya |xm@W C}U=UL p}rLD "10 pmW

"=y|OwQw x@ C@Uv |HwQN jr]t C}U=UL |Q=t; C=}YwYN "8 pwOH
Q=}at h=QLv= u}ov=}t xv}tm xv}W}@ |OwQw

0 535 0 950 0 361 4 045 


0 984 1 482 �1 218 3 201 W

1 188 �1 593 �11 78 2 068 H

1 387 �1 427 �17 34 6 422 NSPT

0 620 �0 659 �1 925 2 584 Dmax

Q}eDt OL=w l} x@ C@Uv |HwQN *C=Q}}eD Q=Okt Ov};Q@ Q}F-=D CLD '|OwQw C=Q}}eD
Q}Ut R= x]kv Qy QO |OwQw x@ C@Uv |HwQN C}U=UL |DQ=@ax@ =} '|OwQw QO
R}v u}ov=}t |xU}=kt xD@r= "CU= �x} wv=F Q=Okt x@ x}rw= Q=Okt l} R=� |OwQw Q}}eD
Q}O=kt =@ xU}=kt p@=k =D OwW xDiQo Q_v QO |@Uv O}=@ C}U=UL Q}O=kt Ovv=ty
|[a@ QO Ov=wD|t R}v u}ov=}t Q}O=kt R= xO=iDU= =t= "OW=@ Qo}O |=y|OwQw u}ov=}t
|=[i \=kv �50 QO |OwQw Q}eDt l} |=Q@ 'p=Ft u=wvax@ "OW=@ xOvvmx=Qto OQ=wt R=
Q=Okt 'CU= |ivt nQR@ Q}O=kt x}k@ �50 QO w C@Ft nQR@ Q}O=kt C}U=UL |OwQw
|v=OvJ Q}F-=D Q}eDt u}= xm OwW|t xH}Dv u}vJ w xOW QiY ,=@} QkD C}U=UL u}ov=}t
Q}F-=D Q}eDt '|OwQw |=[i R= |WN@ QO CU= umtt xm |r=L QO "OQ=Ov |HwQN Q@
u=wD|tv u}=Q@=v@ "OW=@ xDW=O |O=} R |Wy=m Q}F-=D Qo}O |WN@ QO w O=} R |W}=Ri=
C@Uv |HwQN C}U=UL |xOvyOu=Wv |x}rw= XN=W u=wvax@ u}ov=}t Q=Okt x@

"OQm x}mD |OwQw x@
p}rLD |=Q@ 'C}U=UL Q}O=kt uOw@ Q}eDt w xOW xDio ?r=]t x@ xHwD =@
C}U=UL hrDNt Q}O=kt p=tDL= w |oOvm =QB xm s}DUy |WwQ OvtR=}v C}U=UL
=@ "OyO u=Wv u=tRsy Qw]x@ |OwQw |=[i QO =Q |OwQw l} x@ C@Uv |HwQN
u}= QO [25]"CU= xOW xO=iDU= |@Uv C}U=UL Q}O=kt *|Q=t; VwQ R= 'hOy u}=
C}U=UL Q}O=kt �D90 w D75 'D50 'D25 'D10� |Q=t; OYQO GvB VwQ
u}= R= xO=iDU= =@ "OwW|t x@U=Lt Q_v OQwt |OwQw x@ C@Uv =y|HwQN |@Uv
Q@ sm =L |rm OvwQ R}v w '|HwQN x@ =Q |OwQw Qy Vy=m =} V}=Ri= QF= u=wD|t VwQ
w K}[wD QO "OQm u}}aD =Q xOW xDiQo |iO=YD |=yxvwtv T=U=Q@ |OwQw |=[i pm

[26]%Cio u=wD|t VwQ u}= R= xOt; CUO x@ G}=Dv h} QaD
u; R= Q}O=kt �90 xm CU= |@Uv C}U=UL |=Q@ |YN=W |xOvyOu=Wv %D10
xm OyO|t u=Wv OwW C@Ft Qo = u}=Q@=v@ "OvDUy QDsm u; R= Q}O=kt �10 w QDW}@
V}=Ri= p=tDL= '|DQ=@ax@ =} CU= �90 |q=@ |@Uv C}U=UL uOw@C@Ft p=tDL=

"CU= �90 |q=@ Q_v OQwt |OwQw V}=Ri= QF=Q@ |HwQN
u; R= Q}O=kt �90 xm CU= |@Uv C}U=UL |=Q@ |YN=W |xOvyOu=Wv %D90
p=tDL= xm OyO|t u=Wv OwW |ivt Qo = u}=Q@=v@ "CU= QDW}@ u; R= Q}O=kt �10 w QDsm
D25 C=L}[wD "CU= �90 |q=@ Q_v OQwt |OwQw V}=Ri= QF=Q@ |HwQN Vy=m

"OvDUy D90 w D10 Ovv=t D75 w
xm OyO|t u=Wv OW=@ �QiY C}U=UL� x}=B \N |wQ Q@ Q=Okt u}= Qo = %D50

"CU= �50 pO=at |OwQw V}=Ri= QF=Q@ |HwQN Vy=m =} V}=Ri= p=tDL=
x}=B \N pwL |@Uv C}U=UL |=yOYQO Q}O=kt VNB |=Q=O xm |OwQw Qy
|=yOYQO xDUO xm CU= |OwQw x@ C@Uv |HwQN |wQ |QDsm QF= |=Q=O 'OW=@
w xDUO |xrY=i x@ xHwD=@ ?}DQDu}O@ "CU= x}=B \N R= QDQwO u; |@Uv C}U=UL
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|@Q
F}u

}Or=?
=yW

O}U
w|

t=t=
OtL

t G}=Dv R= pY=L Qo}O |OwQw |=yQDt=Q=B w xOw@ hrDNt |=yxSwQB QO xDiQoCQwY
?=NDv= |QDtw}UQB V}=tR; jta QO Q_v OQwt |}=QLY w |y=oW}=tR; |=yV}=tR;
'uwQDBUQB |x}qOvJ |=yxm@W hrDNt |=yQ=DN=U R= pY=L |=y=]N "Ov=xOW
T=U=Q@ xv}y@ Q=DN=U w xOW xU}=kt Qo}Om} =@ |a=aW |=v@t `@=D w |R=iwQwv
"CU= xOW |iQat xv}W}@ |oDU@ty ?} Q[ u}vJty w xv}y@ |=]N |=yXN=W
|x]@=Q |xQ=@ QO |L}[wD OwN *|OwN x@ |@Ya |=yxm@W xm u}= x@ xHwD=@
Q@ |OwQw |=yQDt=Q=B Q}F-=D |xwLv |DQ=@ax@ =} '|HwQN w |OwQw |=[i Q@ sm =L
|=y|HwQN jr]tC}U=UL Q=Okt |v}at=v p}rLD s=Hv= =@ =OD@= 'OvyO|tv |HwQN
QDt=Q=B GvB Q}F-=D xr}Uwu}O@ "Ot; CUO x@ |OwQw QDt=Q=B GvB x@ C@Uv xrLQt Qy
s=Hv= jta '�W� C@ w]Q OYQO '�
m� |a}@] XwYNt uRw pt=W |OwQw
=yxv=O |xR=Ov= u} QDW}@ w �NSPT � OQ=Ov=DU= Pwiv V}=tR; OOa '�H� V}=tR;
xHwD =@ TBU "CiQo Q=Qk xar=]t OQwt xrLQt Qy QO Q_v OQwt |HwQN Q@ �Dmax�
Q@ |OwQw |=yQDt=Q=B QF= p}rLD |=Q@ |@U=vt QDt=Q=B �jr]t C}U=UL� xm u}= x@
|=y|OwQw x@ C@Uv |HwQN Qy |@Uv |=yC}U=UL 'OwW|tv |krD |HwQN
|iQat |OwQw |=yQDt=Q=B u} QDQF-wt C}=yv QO w CiQo Q=Qk |UQQ@ OQwt Q_v OQwt

"OW

|Q}oxH}Dv "7
w |R=iwQwv 'uwQDBUQB |x}qOvJ �� Cw=iDt |@Ya |xm@W ẁv xU 'xar=]t u}= QO
OQwt |=ypOt |=Q@ |OwQw QDt=Q=B 6 w 5 "CU= xOW xO=iDU= �� |a=aW |=v@t `@=D
QO "CU= xOQ=w Q=Wi R= pY=L sHL Q}}eD pOt |HwQN "CU= xOW ?=NDv= xO=iDU=
|m} R}i X=wN pt=W xm |OwQw 5 x@ |OwQw u=wvax@ xOQ=w Q=Wi '|OwQw 6 =@ *pOt
R= uwQDBUQB |x}qOvJ |=yxm@W QO "CU= xOW xi=[= 'OvDUy l =N |tm =QD w
pOt u} QD?U=vt w xOW xO=iDU= Cw=iDt |=yuwQwv O=OaD =@ u=yvB |x}q wO w l}
Cw=iDtC} w[a |=y`@=D =@ |R=iwQwv |=yxm@W "CU= xOW ?=NDv=|@Ya |xm@W
|xm@W R= u}vJty xrLQt u}= QO "CU= xOW x�=Q= pOt u} QDjiwt w xOW xO=iDU=
C}=yv QO "CU= xOW x�=Q= u; OQmrta u} QDy@ w xOW xO=iDU= |a=aW |=v@t `@=D
|=yQ=DN=U R= xOt; CUO x@ *sHL Q}}eD � Q=Wi Q=Owtv |v}@V}B R= pY=L G}=Dv
|@Ya |=yxm@W "CU= xOW xU}=kt |@ QHD G}=Dv =@ |@Ya |=yxm@W |xv}y@
=Q |QDtw}UQB V}=tR; R= pY=L sHL Q}}eD � Q=Wi Q=Owtv |@ wNx@ xO=iDU= OQwt

"OvvR|t u}tND
|QDtw}UQB |=yV}=tR; R= pY=L |OwQw |xrLQt QO xO=iDU= OQwt |=yxO=O

CWwv=B
1. multy layer perceptron (MLP)
2. feed forward networks
3. cross validation
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