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Abstract: Penalty function is one of the most commonly used method in genetic

algorithm (GA) to solve nonlinear constraint optimization problems. For traditional

penalty functions, it is always not easy to control penalty factors. In this paper we present

a new adaptive penalty function with simpler construction and prove its convergence.

Then based on this adaptive penalty function we present a new genetic algorithm, which

can make populations quickly access to feasible regions and improve local search capacity

of genetic algorithms. Theoretical analysis and simulation results show that this algorithm

has stronger stability and better convergence but needs less parameters than other ones.
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ÛÜ�`)�¯�eü�²�¥[1], ¿�|^§�S3¿15, �±�B/?1©ÙªO�,

\¯¦)�Ý. �´¢D�{�ÛÜ|¢Uå��, ��üX/$^¢D�{'�¤�, l


¦�3?z�Ï|¢�Ç�$[1]. 3¢SA^¥, ¢D�{N´�)@ÙÂñ[2]. XÛQ

�3`û�N, q�±+N�õ�5, ��´¢D�{¥�J)û�¯K. @Ï<�JÑ^

¨v¢D�{5Jp«+�·AÝ, éÐ/)û
¢D�{�·AÝ¯K[3], �´#�¯K

´, ¨v¼ê�¨vXê  J±��, L�½L�Ñ¬���{¾�[4]. ÏdJÑ�«#

�g·A¨v¢D�{5)û�å`z¯K. �â�c+N¥��1)�'~é8I¼ê

Ú���å^��§Ý�Ñ��Ü·��ï, ¦�«+¯�?\�1«�, Jp¢D�{�

ÛÜ|¢Uå.

1 DÚ�¨v¼ê

¨v¼ê´ò�å^����Ý��¨v�\�8I¼ê¥, l
�EÑ�ëê�O

28I¼ê. Ùg�´r�X���å`z¯K=z¤Ã�å�`z¯K¦). 3#�8I

¼ê¥, ¨vÏf�ØäCz, ���`)�ØäCz, �ªªu�¯K��`). ��5�

å`z¯K���L«�[5]

min f(x), x = (x1, x2, · · · , xn) ∈ R
n, (1)

¦�






gj(x) 6 0, j = 1, 2, · · · , q,

hj(x) = 0, j = q + 1, · · · , m,
(2)

Ù¥, f(x)�8I¼ê, gj(x)Ú hj(x)©O�Ø�ª�å^�Ú�ª�å^�, x ∈ Ω ⊆ S.

S ⊆ R
n ´|¢�m, Ω ´�1�, =÷v¤k�å^���m.

¨v¼ê�{=r¯K(1)=z�: min G(x) = f(x) + cϕ(x). Ù¥, G(x)��¨v¼ê,

c�¨vÏf, ϕ(x)¡�¨v�.

��/, ¨v�´Äu�N��1��ål. �N x �1 j ��å^��ål�±L

«�:

ϕj(x) =







max {0, gj(x)} , 1 6 j 6 q,

max {0, |hj(x)| − ε} , q + 1 6 j 6 m.

þª¥, ε ´����Ø�ª�å^�N=�, P ϕ(x) =
∑m

j=1 ϕj(x)��N x���å�§

Ý, §�N
�N x ��1��ål[6].

ÚÚÚnnn 1.1
[4] b� f, g, h ´ R

n þ�ëY¼ê, q�éuz�� c, Ñk�� xc ∈ R
n, ¦

� θ(c) = f(xc) + cϕ(xc)¤á, K

(1) inf{f(x) : g(x) 6 0, h(x) = 0} > supc>0 θ(c), Ù¥θ(c) = inf{f(x) + cϕ(c)};

(2) � c > 0 �, f(x)'u x üNØü, θ(c) 'u c üNØü, ϕ(xc) 'u c üNØO.

¨v¼ê�{�±��|^Ã�å�`z¯K��{5¦)��å�`z¯K, Ïd

k{ü¢^�`:. du¨v¼ê�{3z�S�ÚØ�9�1��ÚÝK�O�, Ïd¨

v¼ê�{�·Ü¦)��5�å`z¯K. �,¨v¼ê�{U{ük�/)û��5

�å�`z¯K, �´¨v¼ê�{3S�L§¥k��¦¨vÏfªuÃ¡�, l
¦�

f¯K�5�¾�, ¿�¨v¼ê�{�Âñ�Ý�éú. 3¢D�{¥¨v¼ê´?n�
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�5�å`z�~^��k���«�{, Ïd�©�E�«#�g·A¨v¼ê5?n

¢D�{��å^�.

2 #�g·A¨v¼ê

nÜ�«*:, ��O��Ð�¨v¼ê?n¢D�{��å^�k±e�K[3]:

(1) (�{ü, ëê¦�U��;

(2) U3?zL§¥�(�ï8I¼êÚæN¼ê.

�Ä���5�å5y¯K(1), �±�ïXe/ª�¨v¼ê[3]:

G(x) = f(x) + c × ϕ(x). (3)

d¨v¼ê��O�K�, �Iéª(3)�¨vXê c ?1�O. e¡©Û3�åL§¥ c A

TXÛCz.

3`zL§¥�@Ï, +N¥vk½�k�þ��1), ù�, c AT´�é���, ±

Ú�|¢?\�1)«�. �X?z�?1, �
�1)ò?\+N, ù�, ¨vATÅì~

�. 
�, �1)�õ, ¨vAT��, Ïd c A�X�1)�'~(ρ)�O�
Åì~�. l


¦�|¢üÑ�­%l|¢�1)=£�|¢Ð�8I¼êþ5. Ó�, ��±4k�

�8I¼ê�Ú���{�å^����1)?\+N, ùéu¦)�`)3�1��Ø

�1��>.þ��å5y¯K�~­�. �+N¥�Ü´�1)�, ¨vXê c ~���

� 0.

lþ¡©Û�±�Ñ: ¨vXê c 3`zL§¥�Cz�6u�c+N�1)�'~.

P�c�1)�'~� ρ, @oXê c �±L«� ρ �¼ê c(ρ). ρ �L�1)�'~, ρ �

�L«�1)�õ, c AT��, Ïd c(ρ)´��~¼ê.

�O�Ì�¯K´Ï¦÷v±þ5��¨vXê c(ρ), nÜ�«5�, �©�O¼ê

c(ρ)�

c(ρ) = 10α(1−ρ) − 1,

Ù¥, α > 0 ´��I�N��ëê, äN�� [0, 10] �m����ê. Äu·��O� c(ρ),

�ïXe#�¨v¼ê:

G(x) = f(x) + [10α(1−ρ) − 1] × ϕ(x). (4)

#�¨v¼êkXe5�:

(1) c(ρ) � ρ �O�
~�, c(ρ)´��~¼ê.

(2) ¨vXê c(ρ)�Ð©�´�+N¥��1)�'~ ρ Cz
Cz�. XJÐ©+N

¥�1)�'~��, @o c(ρ)��Ò��, ����. 3`z�L§¥·�¿vkr\�

c(ρ)����½ö��Ð©�, 
´�«+�cG�¤û½.

(3) � ρ = 0 �k��� c(0) = 10α − 1, ù�+Nvk�1), ¨vXê����, Ú�

|¢?\�1«�.

(4) � ρ = 1 �k��� c(1) = 0, ù¿�XÑ´�1), ¨vXê��, �~k|u�

�1)?\+N.

(5) 3l 0 � 1 Cz�@ÏL§¥, ¨vXê:ì~�, �ã�m�K�ú~�. ù�¦

�|¢­%l�1)¯�/=£�8I¼êþ5.
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(6) 3��`zL§¥¨vXêØ¬L�½L�, �±wÑù´Ä��g·A�.

e#�E�g·A¨v¼ê´Âñ�, K#g·A¨v¼ê?n�å^�´k��[7].

e¡©Û#g·A¨v¼ê�Âñ5.

½½½nnn 2.1(#g·A¨v¼ê�Âñ5) �Ä¯K(1), Ù¥ f, g, h ´ R
n þ�ëY¼

ê, b�d¯Kk���1), d	éuz� α, Ã�å�`z¯K min G(x, α), �3��)

xα ∈ R
n, Ù¥ xα �¹3 R

n ¥�;f8¥, K

(1) inf{f(x) : g(x) 6 0, h(x) = 0} = supα>0 θ(α) = limα→∞ θ(α);

(2) xα �?�Âñf��4�� x∗ ´¯K(3)��`), ¿�� α → ∞ �, [10α(1−ρ) −

1]ϕ(xα) → 0.

yyy ²²² dÚn 1.1 �(2)� θ(c) ´'u c �üNØü�¼ê. qdu c = 10α(1−ρ) − 1

´'u α �üNO¼ê, dEÜ¼ê�5��, θ(α) ´'u α �üNØü¼ê, d4��ü

Nk.½n[8], �� supα>0 θ(α) = limα→∞ θ(α). ey α → ∞ � ϕ(xα) → 0.

�¯K(1)�¨v¼ê min G(x, α) é α = 1 ��`)´ x1, XJé ∀ǫ > 0 ÷v

α >
1

ǫ
[f(y) − f(x1)] + 2,

Kk f(xα) > f(x1)(y²L§�© [4], 1 204 �½n 10.1.1).

Ïd, � α >
1
ǫ
[f(y) − f(x1)] + 2 � ϕ(xα) 6 0; q ǫ > 0 ´?¿�, �� α → ∞ �,

ϕ(xα) → 0. y- xαk
L« xα �?�Âñf�, x∗ ´§�4�, K

sup
α>0

θ(α) > θ(αk) = f(xαk
) + [10αk(1−ρ) − 1]ϕ(xαk

) > f(xαk
).

du xαk
→ x∗ ¿� f ´ëY¼ê, Ïd

sup
α>0

θ(α) > f(x∗). (5)

� α → ∞ �= ϕ(xα) → 0, ϕ(x∗) = 0, ùL« x∗ ´�¯K(1) ��1). dª(5)ÚÚn 1.1

�(1)� x∗ ´¯K(1)��`), ¿� supα>0 θ(α) = f(x∗). � α → ∞ �

[10α(1−ρ) − 1]ϕ(xα) = θ(α) − f(xα),

θ(α) → f(x∗), f(xc) → f(x∗),

K� α → ∞ � [10α(1−ρ) − 1]ϕ(xα) → 0.

3 Äu#�g·A¨v¼ê�¢D�{

ê��{¦)�å�`z¯K�Ì�Ãã´S�$�. ���ê�S��{N´�\

ÛÜ4���²
Ñy“kÌ�”y�, ¦�S�Ã{?1. ¢D�{éÐ/�Ñ
ù�":,

´�«�Û`z�{, �^u��/ÚN�¢D�fÏ~¬�)��55y�Ø�1��,

Ïd)û��5`z�Ì�¯K´XÛ?n�å^�. ��kXeA«�{µáý�{; ?

Ö�{; ¨v¼ê{. Ù¥¨v¼ê{´¢D�{?n��5�å^��~^��«�{,

¨v��±�~ê��±�Cþ, ~êéu)ûE,��å`z¯K�Ç'�$, eéz�

�å^�ÑÕá��¨vÏf, 8I¼êéëê��6ò¬C��~�r, Ïd�©æ^#
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�g·A¨v¼ê. ¢D�{l¹k�þ�N�Ð©«+¥|¢�`), ÏLÀJ�frä

k�Ð·A���NÀJÑ5, ?1��CÉ, ,�*�|¢�m, /¤e��«+. ¢D�

{¥¨v¼ê´é?¿���å^���N, ¦±��¨v�, ,�\�?z¼ê¥, ¦�

���å��N�·AÝü$, 2ÀJ�f, )¤e��«+, l
3«+¥�±�½�Ø

�1), ¦�¢D�{l�1)ÚØ�1)ü�«�?1|¢, é��Û�`).

3.1 ·AÝ¼ê

¢D�{¥¦^·AÝ5Ýþ+N¥���N3`zO�¥k�U��½�Cu�`

)�§Ý. ·AÝ����N¢D�e���VÇÒ��; ��, KVÇ��. Ýþ�N·A

Ý�¼ê¡�·AÝ¼ê(Fitness Function). ·AÝ¼ê��Ok±e�¦[7]:

(1) ü�, �K, ëY, ��z;

(2) Ün, ��5;

(3) O�þ�;

(4) Ï^5r.

Äu±þ�¦�©ÀJ±e·AÝ¼ê:

(1) e8I¼ê����¯K, K

fitness(x) = maxG(x) − G(x);

(2) e8I¼ê����¯K, K

fitness(x) = G(x) − min G(x),

Ù¥, G(x) = f(x) + [10α(1−ρ) − 1] × ϕ(x), n L««+���. � p L«�â8I¼ê��

�¤(½�N3«+¥� �. ~X: 8I¼ê G(x)���N p = 1, �NP� x1; 8I¼ê

G(x)���N p = n, �NP� xn.

d±þ·AÝ¼ê��E��, fitness(x)��, L²�N��C�`). eP xp �

fitness(x)� f(xp).

3.2 ���f

���f���^3I�ü��Nþ, k���±�^3ü�±þ��Nþ, §ÏLK

ÜI�ÄÏ.�&E5�)#�f�ÄÏ.. �â·AÝ fitness(x)���, ^Ó�ÙÀJ�

fl«+P (t)(t L«�c«+��ê)¥ÀÑ n(n �óê)�I1:(�I1:�8Ü� P ),

ézéI1:xiÚxj�E#����f, ü���U±e�ª�):















σi =
r11

r11 + r12
xi +

r12

r11 + r12
xj ;

σj =
r21

r21 + r22
xi +

r22

r21 + r22
xj .

þª¥ σi, σj ∈ p(t + 1), p(t + 1)�,���. rij(i = 1, 2; j = 1, 2)� [0,1] m��Åê.

3.3 CÉ�f

{ü¢D±Ð©«+�Ä:, ²LÀJ!��!CÉ�ö�)¤#�«+, ±d�#«

+, ��÷vª�^�. ¢D�{¥CÉ�f�äNö�´± pm�CÉVÇ, ^#�ÄÏ�
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O�k�ÄÏ, l
�)#��N. CÉ�fé�N?èG�ÄÏ�
ÛÜUC,�±«+

�õ�5, k|u��«+Ñy@Ùy�.

~��CÉ�fÌ�kÄ�CÉ!þ!CÉ±9pdCÉ��(�ë�©[7]), lù
C

É�f��O¥�±wÑCÉ�f��O¬�9CÉ:� �(½ÚÄÏ��O�ü�¡.

nÜ±þCÉö�,�
�y:aÑÛÜ�`,·��XeCÉö�:














x̄j = xj +
(uj − lj)

t
r, e r 6 0.5;

x̄j = xj −
(uj − lj)

t
r, e r > 0.5.

Ù¥, r ´ [0,1] �m����Åê. xj ∈ p(t + 1), uj, lj ©O´|¢�m¥ xj �þ.�e..

3.4 Äu#�g·A¨v¼ê�¢D�{

Äu¯K(1)�©�Ñ���[�ïÄ, �{äNö�Xe:

(1) ò��å`z¯K(1)=z�Ã�å`z¯K, �ï#�g·A¨v¼ê

G(x) = f(x) + [10α(1−ρ) − 1] × ϕ(x),

Ù¥ ρ��1)3«+¥¤Ó�'~, � ϕ(x) =
∑n

j=1 ϕj(x),

ϕj(x) =







max {0, gj(x)} , 1 6 j 6 q;

max {0, |hj(x)| − ǫ} , q + 1 6 j 6 n.

(2) �½|¢°Ý ǫ1, ǫ2, Ð©z«+�� n 9��VÇ, ��VÇ pc, CÉVÇ pm, ?

z�ê t.

(3) O�z��N�·AÝ: æ^Xe¼ê��·AÝ¼ê

fitness(x) = max G(x) − G(x).

(4) Ð©z«+: �Å)¤ n �Ð©���Ð©«+.

(5) g·A�) ρ: Ð© s = 0, e ϕ(xi) < ǫ1, K s = s + 1, ρ = s
n
, ¼��`�N x(k).

(6) e ||x(k) − x(k−1)|| 6 ǫ2, KÑÑ�`), ÄK=e�Ú.

(7) ÀJ��ö�: ò«+¥��NU·AÝd���üS, ,��âü��N¤éA

�·AÝ(½Ù���3��³¥¤Ó�'~ pi = f(x(i))
P

n

i=1 f(x(i))
.

(8) �) n � 0 � 1 �m��Åê, �âT�ÅêÑy3þã=��VÇ«�S5(½

���N�À¥�gê.

(9) ��ö�: ��$�´¢D�{¥�)#�N�Ì�ö�L§, §±,�VÇ�p

��,ü��N½ü�±þ�N�Ü©/ÚN.

�~æ^1 3.2 !����{, ÙäNö�L§Xeµ

� ézG�) [0,1] m�Åê r, e r < pc, KTGë\��ö�, XdÀÑë\���

�|�, �Å�é.

� éz�é, �) [0,1] m��Åê rij , i = 1, 2; j = 1, 2. ü���U±e�ª�):














σi =
r11

r11 + r12
xi +

r12

r11 + r12
xj ;

σj =
r21

r21 + r22
xi +

r22

r21 + r22
xj .
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(10) CÉö�: �CÉVÇ� pm, Kz� ÄÏ�±�VÇCÉ. éz�G¥�z� 

�) [0, 1] m��Åê r, e r < pm, KT u)CÉ, �©U(3.3)�ª?1CÉ, äNö�

Xe:














xi = σi +
(ui − li)

t
r, e r 6 0.5;

xi = σi −
(uj − li)

t
r, e r > 0.5.















xj = σj +
(uj − lj)

t
r, e r 6 0.5;

xj = σj −
(uj − lj)

t
r, e r > 0.5.

(11) e«+�����?z�ê, K=�(3), ÄKd�«+¥·AÝ����N¤é

A�8I¼ê���Û�`), ÑÑ�`).

du�{�Âñ5û½�{�k�5, e¡©Û#g·A¢D�{��ÛÂñ5.

3.5 #g·A¢D�{�Âñ5

�â Banach Ø �n, XJU
é���Ü·�Ýþ�m, ¦�#�{¤���Ø 

N�, @o, Ò�±y², ?¿À�Ð©+N P (0), #�{Âñu,����ØÄ: x∗, e¡

äN©Û#g·A¢D�{�Âñ5.

½½½ÂÂÂ 3.1
[9] � X ´����8Ü, e d ´�� X ×X � R �N�, ¿�éu ∀x, y, z ∈

X ÷v:

(1) d(x, y) > 0, ��=� x = y � d(x, y) = 0;

(2) d(x, y) = d(y, x);

(3) d(x, y) 6 d(x, z) + d(z, y).

K¡ d� X þ�Ýþ, ¡ (X, d)�Ýþ�m.

½½½ÂÂÂ 3.2
[9] � (X, d)�Ýþ�m, {xn} ´Ýþ�m (X, d) ¥�S�, e ∀ε > 0, �3�

���ê N , ¦�é�� m, n > N , k d(xm, xn) < ε, K¡S� {xn} ´ (X, d) ¥� Cauchy

S�, eÙ¥�z�� Cauchy S�ÑÂñ, K¡ (X, d)���Ýþ�m.

½½½ÂÂÂ 3.3
[10] � (X, d) ���Ýþ�m, éuN� f : X → X , ∃ ε ∈ [0, 1), ¦�é

∀x, y ∈ X , ÷v: d(f(x), f(y)) 6 ε · d(x, y), K¡ f �Ø N�.

½½½nnn 3.4(Banach Ø N��n)[10] � (X, d)���Ýþ�m, f : X → X �Ø N

�, K f k�=k��ØÄ: x∗ ∈ X , ¿�éu ∀x0 ∈ X ÷v: x∗ = limk→∞ fk(x0). Ù¥

f0(x0) = x0, f
k+1(x0) = f(fk(x0)).

½½½nnn 3.5(#�{�Âñ5) �Ä¯K(1). � S ´¤k+N�8Ü, e�3N�

δ : S × S → R, ¦� (S, δ) ´�����Ýþ�m, q��3N� g : S → S, ¦� g ´Ø 

N�, Ké?¿À��Ð©+N P (0), #�{Ñ�ÛÂñu,����ØÄ: x∗.

y ² � P �#¢D�{���«+, «+��� n, = P = {x1, x2, . . . , xn}. «+ P

�²þ·AÝ¼ê�: F (P ) = 1
n
Σxi∈P f(xi). ¦)¯K(1)����, ½Â

δ(P1, P2) =







0, P1 = P2;

|fmin(P1) + M − F (P1)| + |fmin(P1) + M − F (P2)|, P1 6= P2.

Ù¥, fmin(P1) ´1��¥���·AÝ, M ´ F �þ(..
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(1) δ(P1, P2) = δ(P2, P1), ∀P2, P1 ∈ S;

(2) δ(P1, P2) > 0, ∀P2, P1 ∈ S;

(3) δ(P1, P2) + δ(P2, P3) > δ(P1, P3), ∀P2, P1, P3 ∈ S.

Ïd, (S, δ)´��Ýþ�m. du S ´k�8Ü, ¤± S ¥�?¿ Cauchy S�ÑÂñ,

@o, (S, δ) ´�����Ýþ�m.

�â¢D�{�ÀJ�n[1], F (P (t + 1)) > F (P (t)), =«+�·AÝ�X�ê�O\


O�. ¤±, éuN� g, ∃ ε = 2M
2M+2fmin(P1) ∈ (0, 1) ¦�:

δ(g(P1(t)), g(P2(t))) = |fmin(P1) + M − F (g(P1(t)))| + |fmin(P1) + M − F (g(P2(t)))|

< ε · (|fmin(P1) + M − F (P1(t))| + |fmin(P1) + M − F (P2(t))|)

= ε · δ(P1(t), P2(t)) (0 < ε < 1).

¤±, g ´��Ø N�, d Banach Ø N��n��, T#�g·A¢D�{Âñu��

�ØÄ:, = P ∗ = limt→∞ gt(P (0)). ¿�, P ∗ �Ð©«+�ÀJÃ'. Ïd, P ∗ ´�Û�

`).

4 ê�¢�

±e�Ñü|ÿÁ¼ê:

(1) g1[11]

min f(x) = 5

4
∑

i=1

xi − 5

4
∑

i=1

x2
i −

4
∑

i=1

x13
i ,

¦�






































































































g1(x) = 2x1 + 2x2 + x10 + x11 − 10 6 0,

g2(x) = 2x1 + 2x3 + x10 + x12 − 10 < 0,

g3(x) = 2x2 + 2x3 + x11 + x12 − 10 6 0,

g4(x) = −8x4 + x10 6 0,

g5(x) = −8x2 + x11 6 0,

g6(x) = −8x3 + x12 6 0,

g7(x) = −2x4 − x5 + x10 6 0,

g8(x) = −2x4 + x7 + x11 6 0,

0 6 xi 6 1 (i = 1, 2, . . . , 9),

0 6 xi 6 100 (i = 10, 11, 12), 0 6 x13 6 1.

®��`°()� x∗ = (1, 1, 1, 1, 1, 1, 1, 1, 1, 3, 3, 3, 1), f(x∗) = −15.

(2) g2[12]

min f(x) = ex1x2x3x4x5 ,
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¦�










































h1(x) = x2
1 + x2

2 + x2
3 + x2

4 + x2
5 − 10 = 0,

h2(x) = x2x4 − 5x4x5 = 0,

h3(x) = x2
1 + x2

2 + 1 = 0,

−2.3 6 xi 6 2.3 (i = 1, 2),

−3.2 6 xi 6 3.2 (i = 3, 4, 5).

e¡´¢�(J©Û.

ê�¢�3 matlab ¥�¤, $1�ê� 1 000, z�ÿÁ3�Ó^�eÕá$1 30 g,

P¹Ù�`�, ²þ�, ����±9 cpu $1�m. �©À�
n«8c�Ð��`�{

��'�, ©z [12] ¥��ÅüS{({¡ RY), ©z [13] ¥�g·A¨v¼ê{({¡ HW),

©z [14] ¥�·�¼ê{({¡ HF). (JXL 1 ¤«.

LLL 1 ###���{{{���ÙÙÙ¦¦¦���{{{���(((JJJ'''���

Tab. 1 Results comparing our new method with other methods
ÿÁ¼ê Status RY FW HF #�{ °(�

ëê��ê 2 1 13 1

g1 �`� −15.000 −15.000 −15.000 −15.000 −15.000

²þ� −15.000 −15.000 −14.998 −15.000 −15.000

��� −14.886 −14.995 −14.489 −14.998 −15.000

IO�� 0.0E−00 0.0E−00 0.3E−00 0.0E−00 0

$1�m 0.003 1 t 0.368 0 t 0.004 2 t 0.002 1 t

g2 �`� 0.053 905 0.053 905 0.053 905 0.053 905 0.053 905

²þ� 0.053 905 0.053 905 0.053 905 0.053 905 0.053 905

��� 0.053 899 0.053 905 0.053 968 0.053 905 0.053 905

IO�� 0.0E−00 0.3E−00 0.7E−00 0.0E−00 0

$1�m 0.002 8 t 0.003 6 t 0.004 0 t 0.001 9 t

�âL 1 ¤�êâ(Jé g1, g2 ��[©Û.

(1) #�{� RY, FW, HF �', ùA«�{ÑU�Ñ�`), �#�{ëêw,� RY,

HF �. e¡éëê�¯a5?1©Û.

(2) éëê�¯a5©ÛXL 2.

LLL 2 ëëëêêê���¯̄̄aaa555'''���

Tab. 2 Comparison of the sensitivity of parameters
ëê RY FW HF #�{

1 1 gCÄ −14.88 −15.00 −13.68 −15.00

1 2 gCÄ −15.00 −14.98 −14.99 −15.00

1 3 gCÄ −13.36 −14.86 −11.89 −15.00

1 4 gCÄ −15.00 −14.89 −14.93 −15.00

1 5 gCÄ −14.96 −14.99 −14.46 −14.99

1 6 gCÄ −15.00 −14.99 −14.97 −15.00

1 7 gCÄ −13.80 −15.00 −14.99 −15.00

1 8 gCÄ −15.00 −14.98 −14.99 −15.00

lL 2 ¥�±wÑ#�{éëê��65��, �ëê�CÄ, �`)Ä��±­½. RY,

HF �`)�Cz��, w,#�{¯a5`u RY, HF.
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(3) nÜ(1), (2), � FW �#�{Ñ' RY, HF ëê�, �éëê�¯a5�f. ±e©Û

FW �#�{�­½5. d�©1 2 Ü©¤�#�g·A¼ê�5���, �1)�Âñ59­

½5�*	Ù ρ(row) �©Ù, � ρ(row) �� 1 �L«, +N�ÜÂñ��1)[15]. 
d�©1

3 Ü©é#g·A¨v¼ê�¢D�{�0�, ��·AÝ�L�`)�°()�m�'~, Ï

d�·AÝ� 1 �, +N¥��`)�°().

ã 1!ã 2�¢�(Jã.

ã 1 #�{

Fig. 1 New method

ã 2 FW �{

Fig. 2 FW method

l¢�(Jþ�±wÑ, #�{é¯Ò�ÜÂñ��1�¥, ¿��±²­, 
 Farmani Ú

Wright JÑ�g·A¨v{, ÅÄ²w, y²Ù­½5f, w,#�{�Âñ5±9­½5Ñr

u FW.

nþ¤ã#�{é g1, g2 ÑU�Ñ�`), ëê� RY, HF �, �éëê��65�, �

Farmani Ú Wright JÑ�g·A¨v{'�, #�{�­½5�r. #�{� RY, FW, HF �

'��
ýé`³, Ïd#�{kX�~��då)û�å`z¯K.
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