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O=OaD xv}W}@� xtD=N \QW w �PAR� =OY uD s}_vD MQv '�HMCR� |vwtQ=y
Q=OQ@ Ow@y@ |=Q@ xm OvDUy |}=yQDt=Q=B PAR w HMCR =Hv}= QO "�wHwCUH

"OvwW|t xO=iDU= ?=wH
|x_i=L� xrLQt u}= QO "�HM� |vwtQ=y |x_i=L |x}rw= |yOQ=Okt "2
?=wH |=yQ=OQ@ =@ 7 |x]@=Q QO xOW xO=O V}=tv HM T} QD=t �|vwtQ=y

"OwW|t QB f(x) xOW?DQt hOy `@=D Q}O=kt =@ w xOW O=H}= |iO=YD

HM =

26666664
x1

x2
...

xHMS

37777775 (6)

xrLQt u}= QO "|vwtQ=y |x_i=L R= O}OH |vwtQ=y |xy=O@r=|i uDN=wv "3
O}rwD |vwtQ=y |x_i=L R= x0 = (x01; x02; :::; x0N ) O}OH |vwtQ=y Q=OQ@ l}
O}OH Q=OQ@ |=Q@ (x01) Q}eDt u}rw= Q=Okt xvwtv u=wvax@ "�5 pmW� OwW|t
(x01 � xHMS1 ) |vwtQ=y |x_i=L u}at h}] QO |Q=Okt Qy R= Ov=wD|t
?=NDv= x@=Wt C}a[w QO u=wD|t =Q (x01) |=yQ}eDt Q}=U Q}O=kt "OwW ?=NDv=
HMCR QDt=Q=B R= xO=iDU= =@ O}OH Q=Okt ?=NDv= CU= umtt =Hv}= QO "OQm

%OwW p=@vO u}vJ CU= Q}eDt 1 w 0 u}@ xm

x01  
8<:x0i 2 fx1

i ; x2
i ; :::; xHMS

i g HMCR p=tDL= =@
x0i 2 Xi �1 � HMCR� p=tDL= =@

(7)

[19]"|vwtQ=y |x_i=L Q=DN=U "3 pmW

|iO=YD Qw]x@ uwi}Um =U|xOvR=wv Qo = "fLa,Fa,DogCU} Q=D}o wfSi,Sol,Reg
R= =Q fsig T=@ QDvm xOvR=wv 'fDo,Mi,Solg |va} OwN |x_i=L R= =Q fSolg
GQ=N fLa,Fa,Dog R= =Q fDogCU} Q=D}o w fSi,Sol,Reg |va} OwN |x_i=L
'|k}Uwt QO� Ovm|t O=H}= |Qo}O |vwtQ=y fSol,Si,Dog |va} |vwtQ=y u; 'Ovm
|x_i=L QO OwHwt |vwtQ=y u} QDO@ R= QDy@ O}OH |vwtQ=y u}= xJv=vJ "�C-7 Q=D
|vwtQ=y u} QDO@ w xOW OQ=w |vwtQ=y |x_i=L QO O}OH |vwtQ=y 'OW=@ |vwtQ=y
Q=QmD ?wr]t |vwtQ=y uOW =O}B =D x} wQ u}= "OwW|t GQ=N |vwtQ=y |x_i=L R=

"OwW|t
u} Ro}=H s}tYD Q}eDt Qy =@ Ov=wD|t u=O|k}Uwt Qy '|k}kL |R=Uxv}y@ QO

"OwW|t u} Ro}=H Q}eDt Qy QDQ@ Q}O=kt =@ 'QDQ@ |=wv |=y=OY uD w 'OwW
R= |m} -qwtat 'OR=U|t =OY uD l} xy=O@r=|i u=O|k}Uwt l} xm |t=ovy
&OR=wv|t =Q OwN |x_i=L |=y=OY uD R= |m} "1 %Ovm|t p=@vO =Q xOa=k xU u}=
|=OY uD "3 &OR=wv|t =Q OwN |x_i=L R= =OY uD l} x@ l}ORv |=OY uD "2
Q}eDt Qy xm |v=tR 'x@=Wt Qw]x@ "OR=wv|t =Q umtt |=OY h}] R= |iO=YD -qt=m
3 u}= R= |m} 'Ovm|t ?=NDv= |vwtQ=y |wHwCUH sD} Qwor= QO =Q |Q=Okt s}tYD
'|vwtQ=y |wHwCUH |x_i=L Q}O=kt R= |m} ?=NDv= "1 %Ovm|t p=@vO =Q xOa=k
l} R= l}ORv |Q=Okt ?=NDv= "2 &OwW|t h} QaD �x_i=L C=_Lqt� u=wvax@ xm
&OwW|t h} QaD =OY uD s}_vD u=wvax@ xm '|vwtQ=y |wHwCUH |x_i=L R= Q=Okt

[19]"|vwtQ=y |wHwCUH sD} Qwor= |R=Uxv}y@ x}wQ "4 pmW
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[19]"�3 xrLQt� O}OH |vwtQ=y |xy=O@r=|i uDN=wv swyit "5 pmW

|OQwt |xar=]t "5
|oO}J}B |=Q=O xOW x�=Q= MINLP pOt pL 'OW xOy=Wt 2 VN@ QO xm u=vJ
|Q=mD@==Qi |=ysD} Qwor= R= xO=iDU= x@ Q=J=v nQR@ |=yxr�Ut QO w CU= |D=@U=Lt
sD} Qwor= R= xO=iDU= =@ s} Q=O OYk VN@ u}= QO "s}DUy =ypOt xvwou}= pL |=Q@
"s} R=OQB@ |O=yvW}B pOt pL x@ 'xOW |iQat |vwtQ=y |wHwCUH |Q=mD@==Qi
C}atH O=H}= |=Q@ |O=yvW}B ?=wH Q=DN=U |Ov@ Qm}B |xwLv =OD@= Qw_vt u}tyx@
|QDQ@ uO=Ou=Wv |=Q@ "OwW|t K} QWD |vwtQ=y |wHwCUH sD} Qwor= QO x}rw=
|R} Qxt=vQ@ OQ=Ov=DU= |=yQ=Ri=sQv x@ C@Uv |vwtQ=y |wHwCUH sD} Qwor= |}=Q=m
nQR@ ,=D@Uv |xR=Ov= w �syU 15� lJwm |xR=Ov= =@ xr�Ut wO '�Rt+o Ovv=ty� |[=} Q
|=yCt}k |N} Q=D C=aq]= R= xO=iDU= =@ "CU= xDiQo Q=Qk xO=iDU= OQwt �syU 50�
|DvQDv}= TQO; R= xDiQoQ@ 2011 6 1 =D 2005 1 1 |v=tR xR=@ QO s=yU |xv=y=t
Tv=} Q=wwm �Tv=} Q=wT} QD=t "CU= xOW PN= �http://�nance.yahoo.com�
s}_vD u}vJty "OwW|t ^=Lr xr�Ut wO u}= |=y|OwQw u=wvax@ xOR=@ u}ov=}t w
QO ?}DQD x@ xt=O= QO xr�Ut wO u}= |OwQw |=yQDt=Q=B w sD} Qwor= |=yQDt=Q=B Q}O=kt

"CU= xOW xOQw; 2 w 1 pw=OH
|[=} Q |R} Qxt=vQ@ Q=Ri=sQv |HwQN �lJwm |xR=Ov=� |tyU 15 |xr�Ut QO
|rw "CU= xOW xU}=kt |vwtQ=y |wHwCUH sD} Qwor= |HwQN =@ �GAMS� Rt+o
'GAMS Q=Ri=sQv uOw@ Ot;Q=m =v x@ xHwD =@ '�nQR@ |xR=Ov=� |tyU 50 |xr�Ut QO
QmP x@ sRq "CU= xOW xOQw; |vwtQ=y |wHwCUH sD} Qwor= |=y|HwQN ,=iQY
|wHwCUH |Q=mD@==Qi sD} Qwor= |=Q@ xOW s=Hv= |=y|U} wvOm |t=tD xm CU=

"CU= xDiQo CQwY MATLAB |[=} Q Q=Ri=sQv QO |vwtQ=y

|O=yvW}B ?=wH Q=DN=U "1"5
xOW |Q=PoRtQ 6 pmW j@=]t x}rw= C}atH O=H}= |=Q@ |O=yvW}B ?=wH Q=DN=U

CU= HM QO xOW xQ}NP Q}O=kt R= Q=Okt l} ?=NDv= p=tDL= HMCR

jraDt xm CU= |vOW Q=Okt l} |iO=YD ?=NDv= p=tDL= 1-HMCR w
x0 = 'O}OH |vwtQ=y Q=OQ@ R= xir-wt Qy "CU}v HM |xawtHt x@
=OY uD s}_vD =}; xm OwW u}}aD =D OQ}o|t Q=Qk |UQQ@ OQwt (x01; x02; :::; x0N )

OwW|t s=Hv= PAR QDt=Q=B \UwD x} wQ u}= #Q}N =} OQ}PB CQwY xir-wt u; |=Q@
%Ovm|t s}_vD u}vJ HM R= |@=NDv= |=OY uD |=Q@ =Q s}_vD MQv xm

#OOQo =OY u)D s}_vD %&
xr@
Q}N

PAR p=tDL= =@
�1 � PAR� p=tDL= =@ (8)

s}tYD Qo = "OwW|t =QH= HM R= Q=Okt l} ?=NDv= R= TB =OY uD s}_vD Ov}=Qi
QYva u}t=K =Q x0i R}v w 'OQ}PB CQwY x0i |=Q@ =OY uD s}_vD xm OwW xDiQo

%=@ CU= Q@=Q@ xi(k) |=OY uD xOW s}_vD Q=Okt 's}vm ZQi Xi QO
x0i  x0i + � (9)

Ov=@ |=vyB xrY=i l} 6 bw 'CU= bw � u(�1; 1) pO=at � xm |Qw]x@
CN=wvm} `} RwD u(�1; 1) w 'CU= xDUw}B xOW |L=Q] Q}eDt |=Q@ |Q=}DN=
|wHwCUH QO xOW |iQat PAR w HMCR |=yQDt=Q=B "CU= 1 w �1 u}@
w |rm |xDi=} Ow@y@ |=y?=wH sD} Qwor= =D Ovvm|t ltm ?}DQDx@ |vwtQ=y

"Ov@=}@ =Q |rLt
Q=Okt ^=Lrx@ O}OH |vwtQ=y Q=OQ@ xJv=vJ xrLQt u}= QO "HM |v=UQRwQx@ "4
OQ=w O}OH |vwtQ=y 'OW=@ HM QO OwHwt |vwtQ=y u} QDO@ R= QDy@ hOy `@=D
HM TBU "OW Oy=wN GQ=N HM R= OwHwt |vwtQ=y u} QDO@ w OwW|t HM

"OwW|t ?DQt hOy `@=D Q=Okt ^=Lrx@
|v=tR 'xrLQt u}= QO "xtD=N \QW uOW <=[Q= u=tR =D 4 w 3 pL=Qt Q=QmD "5

"OwW|t hkwDt C=@U=Lt 'OwW <=[Q= xtD=N \QW xm
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LNegative Variable Q=OQ@ "3"1"5

QO =yQ}eDt u}}=B w q=@ OwOL x@ |oDU@ Q=OQ@ u}= x@ xOW xO=O X}YND Q}O=kt
"OQ=O jraD [�ii] xR=@ x@ u; |=[a= R= l} Qy w OQ=O |[=QkDU= VwQi C}a[w
xOvvm<=[Q=,=t=wDNegativeVariable wPositiveVariable Q=OQ@ 2 "1 xDmv

"Ow@ Ovy=wN |O=yvW}B pOt QO hm w hkU C}OwOLt
�Q=_Dv= OQwt xOR=@ pk=OL C}OwOLt� pOt pw= C}OwOLt uOW <=[Q= "2 xDmv
=yQ}eDt uOQm xR}r=tQv =@ �xHOw@ C}OwOLt� pOt swO C}OwOLt w |Dr=vB `@=D =@

"CU= xDiQo CQwY

|vwtQ=y |wHwCUH sD} Qwor= QDt=Q=B s}_vD "2"5
pmW x@ |vwtQ=y |wHwCUH sD} Qwor= |OwQw |=yQDt=Q=B 'xOW s=Hv= C=@U=Lt QO

"CU= xOW s}_vD 1 pwOH

|O=yvW}B pOt |=yQDt=Q=B s}_vD "3"5
VN@ QO |O=yvW}B pOt xOW |iQat |=yQDt=Q=B '|tyU 50 w 15 |xr�Ut wO QO

"Ov=xOW |yOQ=Okt 2 pwOH j@=]t "1"2

|OOa C=@U=Lt "4"5
x@ xHwD =@ C=@U=Lt 'h QDt=Q=B |=Q@ Q=Okt xU s}_vD w Re hrDNt Q}O=kt |=R=x@
pL R= pY=L G}=Dv w OW s=Hv= 2 w 1 pw=OH QO xDiQo CQwY |=yQDt=Q=B s}_vD
xOQw; 4 w 3 pw=OH QO ?}DQDx@ |tyU 50 w |tyU 15 |xr�Ut wO |=Q@ pOt

%OwW|t xOy=Wt xm u=vJ "CU= xOW
|wHwCUH |Q=mD@==Qi sD} Qwor= w GAMS Q=Ri=sQv '|tyU 15 |xr�Ut QO ��
|tyU 50 |xr�Ut QO xm |r=L QO 'CU= woMU=B Q}O=kt |t=tD |=R=x@ |vwtQ=y
sD} Qwor= R= pY=L ?=wH =yvD =Pr "CU}v ?=wH |x�=Q= x@ QO=k GAMS Q=Ri=sQv

"CU= xOW xOQw; 4 pwOH QO |vwtQ=y |wHwCUH
V}=Ri= R}v �|wiDQB Tv=} Q=w� �2

p Q=Okt Re Q=Okt V}=Ri= =@ 'Q=_Dv= j@=]t ��
"O@r]|t =Q |QDq=@ |Q}PBlU} Q QDW}@ xOR=@ ?Um Qo}O CQ=@ax@ "O@=}|t

Q=Okt u} QDW}@ CU= ẁvtt |[=QkDU= VwQi u; QO xm RD} wmQ=t |}x}=B pOt QO
QO xm |r=L QO 'CU= TQDUO QO s=yU xOR=@ u}ov=}t u} QDW}@ Q@=Q@ |wiDQB xOR=@
u}ov=}t xv}W}@ R= QDW}@ Ov=wD|t |wiDQB xOR=@ '|[=QkDU= VwQi uOw@ R=Ht CQwY
u}ov=}t u} QDW}@ xOW PN= |N} Q=D C=aq]= j@]� OW=@ TQDUO QO s=yU xOR=@
4 w 3 pwOH j@] xm |r=LQO CU= 4 21 Q@=Q@ xm xOw@ MSI syU x@ jraDt xOR=@

"�Ovm Q=}DN= R}v =Q 4 21 R= QDW}@ Q}O=kt Ov=wD|t |wiDQB xOR=@
CU= C@=F ,=@} QkD 'Re |}=OD@= \=kv |=R=x@ Tv=} Q=w Q=Okt 'h Q=Okt V}=Ri= =@
=@ xm CU= Cra u=O@ u}= "O@=}|t Vy=m �2

p Q=Okt Re V}=Ri= =@ xm |r=L QO
VwQi OvtR=}v 'OwW Re Q@=Q@ |wiDQB xOR=@ pk=OL xm u}= |=Q@ 'Re Q=Okt V}=Ri=
|wiDQB xOR=@ pk=OL C}OwOLt QO uwJ w &Ow@ s}y=wN s=yU |NQ@ QO |[=QkDU=
X=N syU |wQ |[=QkDU= VwQi CQwY QO xm CU= xOW ZQi '|O=yvW}B pOt
=Pr s}yO Q=Qk s=yU xOvyOZQk Q=}DN= QO =Q lU} Q uwO@ xOR=@ R= (h) |OYQO
xOR=@ pk=OL C}OwOLt <=[Q= ^iL |=Q@ "OW Oy=wN QHvt h Q=Okt V}=Ri= x@
C}a[w QOXi |=yQ}eDt ẁtHt u; `@Dx@ w QDW}@ |[=QkDU= VwQi sHL '|wiDQB

"(HS) |vwtQ=y |wHwCUH sD} Qwor= QDt=Q=B s}_vD "1 pwOH
Q=Okt QDt=Q=B

50000 Max Iteration

5 HMS

0 005 bw

0 95 =D0 9 HMCR

0 9 =D 0 3 PAR

"|O=yvW}B pOt |OwQw |=yQDt=Q=B s}_vD "2 pwOH
|tyU 50 |xr�Ut |tyU 15 |xr�Ut QDt=Q=B

0 1 0 1 �i
1 25 1 25 �i
�0 75 �0 75 �i

0 0 i
20 0 Kmin

40 10 Kmax

0 75; 0 5; 0 25 0 75; 0 5; 0 25 hi
0 33 0 33 Rf �xv=}y=t�

"|O=yvW}B ?=wH Q=DN=U "6 pmW

Negative Variable w Positive Variable 'Position Q=OQ@ xU "CU=
w �O} QN C}a[w� C@Ft |=yQ}eDt �� |wiDQB QO s=yU C}a[w Qou=Wv ?}DQDx@
N Q@=Q@ Q=OQ@ xU Qy pw] "OvDUy �� �|[=QkDU= VwQi C}a[w� |ivt |=yQ}eDt

"CU= �TQDUO QO s=yU O=OaD�
Position Q=OQ@ "1"1"5

u; |=Q@ QiY Q=Okt "OwW|t QB f�1; 0; 1g Q}O=kt =@ |iO=YD Qw]x@ Q=OQ@ u}=
=Pr w OQ}PB|tv CQwY s=i syU |wQ |[=QkDU= VwQi =} O} QN xm OyO|t u=Wv
Q=Okt w s=i syU O} QN |xOvyOu=Wv 1 Q=Okt "CU}v |@=NDv= |wiDQB QO syU u}=
Q=OQ@ u}= R= O=OaD xJ xm u}= "CU= s=i syU QO |[=QkDU= VwQi |xOvyOu=Wv �1
w xv}W}@ C}OwOLt x@ |oDU@ 'OwW QB �1 w 1 Q}O=kt =@ O=OaD xJ w QiY Q}O=kt =@
QwmPt C}OwOLt |xOvvm<=[Q= Q=OQ@ u}= "OQ=O pOt |wiDQB QO s=yU O=OaD |xv}tm

"Ow@ Oy=wN |O=yvW}B pOt QO
Positive Variable Q=OQ@ "2"1"5

QO =yQ}eDt u}}=B w q=@ OwOL x@ |oDU@ Q=OQ@ u}= x@ xOW xO=O X}YND Q}O=kt
"OQ=O jraD [�i; �i] xR=@ x@ u; |=[a= R= l} Qy w OQ=O O} QN C}a[w
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L "syU 15 |N} Q=D C=aq]= R= xO=iDU= =@ '�HS� |vwtQ=y |wHwCUH sD} Qwor= w �GAMS� Rt+o |[=} Q |R} Qxt=vQ@ Q=Ri=sQv |HwQN G}=Dv "3 pwOH
10 9 8 7 6 5 4 3 2 1 Re

h = 0 25�2
p

347 629 274 673 207 135 154 897 111 725 77 341 48 894 29 134 17 421 13 456 GAMS

347 568 274 487 214 43 164 731 115 543 84 547 49 486 34 183 26 856 16 322 HS

10 9 8 7 6 5 4 3 2 1 Re

h = 0 5�2
p

324 964 256 417 194 876 147 498 109 413 72 651 46 853 28 264 17 162 13 456 GAMS

335 632 247 997 205 018 156 41 108 724 84 627 48 878 32 954 26 37 16 321 HS

10 9 8 7 6 5 4 3 2 1 Re

h = 0 75�2
p

333 852 240 415 187 977 138 465 99 847 68 785 44 907 27 287 16 869 13 456 GAMS

306 293 243 427 189 642 145 172 101 902 85 904 46 966 30 668 25 489 16 315 HS

"syU 50 |N} Q=D C=aq]= R= xO=iDU= =@ '�HS� |vwtQ=y |wHwCUH sD} Qwor= |HwQN G}=Dv "4 pwOH
6 5 4 3 2 1 Re

h = 0 25�2
p

49 358 32 953 20 707 10 583 6 831 3 62 HS

6 5 4 3 2 1 Re

h = 0 5�2
p

43 9607 25 292 18 83 10 063 5 555 3 37 HS

6 5 4 3 2 1 Re

h = 0 75�2
p

37 492 23 227 15 608 8 818 5 418 3 006 HS

|Q}oxH}Dv "6
Ci= xm |O=YDk= |=yu=QL@ QO xv}y@ |wiDQB p}mWD |=Q@ ?U=vt |Q}os}tYD
|wQW}B syt p�=Ut xrtH R= 'OQ=O p=@vO x@ =Q x}=tQU Q=R=@ QO =y|}=Q=O Ct}k
|NQ@ p}tLD w |[=QkDU= VwQi uOw@ R=Ht ZQi =@ wQu}= R= "CU= u=Q=Pox}=tQU
|iQat |wiDQB ?=NDv= p�=Ut |xRwL QO |rOt 'x}=tQU Q=R=@ |OQ@ Q=m |=yC}OwOLt
|D=@U=Lt |=y|oO}J}B =@ |]NQ}e K}LY OOa |R} Qxt=vQ@ C}y=t |=Q=O xm OW
xU}=kt QO GAMS OQ=Ov=DU= Q=Ri=sQv QDy@ OQmrta R= |m =L |D=@U=Lt G}=Dv "Ow@
,=D@Uv |=yT=}kt QO |rw "CU= lJwm |xR=Ov= =@ p�=Ut QO HS sD} Qwor= =@
|Q=mD@==Qi |=ysD} Qwor= R= |Q}oxQy@ |O=yvW}B pOt pL |=Q@ Q=my=Q =yvD 'QDnQR@
HS sD} Qwor= sm h=QLv= "CU= |vwtQ=y |wHwCUH |R=Uxv}y@ sD} Qwor= Q}_v
pL QO |Q=mD@==Qi sD} Qwor= u}= ?U=vt OQmrta |xOvyOu=Wv GAMS G}=Dv R=

"CU= |O=yvW}B pOt

Q}O=kt uOW QDW}@ xH}Dv QO w Ow@ Oy=wN QDW}@ �|ivt Q=Okt =@� |[=QkDU= VwQi
"CW=O Oy=wN p=@vO x@ =Q hOy `@=D u=wvax@ �2

p Vy=m 'Xi |ivt

G}=Dv |xU}=kt "5"5
pY=L G}=Dv 7�RPD� |@Uv C=i=QLv= OYQO 'GAMS w HS |xU}=kt |=Q@
|xrY=i w x@U=Lt GAMS G}=Dv R= =Q |tyU 15 |xr�Ut QO HS sD} Qwor= R=
CUO x@ [0 060; 0 176] xR=@ xm s}OQm x@U=Lt C=i=QLv= |=Q@ =Q �95 u=v}t]=
QO HS sD} Qwor= 'OwW|tv QiY pt=W w CU= C@Ft pY=L xR=@ xm =Hv; R= "Ot;
=t= "OQ=O |tyU 15 lJwm |xr�Ut QO |QDh}a[ OQmrta GAMS =@ xU}=kt
w CU}v nQR@ |xR=Ov= =@ p�=Ut pL x@ QO=k GAMS OW QmP R}v QDV}B xm u=vJ
|=Q@ |O=yvW}B pOt pL QO |Q=mD@==Qi |=ysD} Qwor= R= xO=iDU= x@ Qw@Ht u}=Q@=v@

"Ow@ s}y=wN O=} R |=y|}=Q=O O=OaD
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1. short-rebate
2. mixed integer non linear programming
3. harmony memory consideration rate
4. pitch adjusted rate
5. harmony memory size
6. bandwidth
7. relative percentage deviation
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