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Abstract: Genetic algorithm based on state-space model (GABS) is an innovative real-coded simulated evolutionary

algorithm, which has good results in solving engineering optimization problems. The GABS has no theoretical foundation

as a support. We therefore established a mathematical modelbased on absorbing Markov processes for GABS. The analysis

of GABS from the perspective of attaining-state set indicated that GABS is not globally convergent. A modified genetic

algorithm based on state-space model (MGABS) was thereforeproposed. There are two mutation strategies in MGABS,

which not only expand the attaining-state set and enrich thepopulation diversity, but also accelerate the convergencespeed

and accuracy. The conclusion that MGABS has global convergence was obtained. Finally, 16 benchmark functions were

taken as case study to verify the global convergence of MGABS. The results show that the MGABS has obvious advantages

over the other three algorithms in terms of comprehensive performance. This paper therefore provides theoretical basis for

the application of algorithm in engineering.
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1 ÚÚÚóóó?z�{´É)Ô?zÚ¢DL§éu��«g|�!g·A�<ó�UEâ,´)ûó§Eâ¥|Ü`z¯K��«�U�{,3�5!�g!rà!ü¸½Ù�A½+�¥���½¯K��`)[1] .¢D�{(genetic algorithm, GA)!âf+`z�{(parti-

cle swarm optimizer, PSO)!�©?z(differential evo-

lution, DE)!¢D?§!�¬ÆS�{ÚzÆ�A�{�Ñ´~��?z�{,,
?z�{�3�ÙÂñ�¯K,3Nõ`z¯K¥LyØZ[2] ,ÏdNõÆöÏL½Â¿1O��.[3]!·Ü�{[4]�5�O�k��?z�{.ÄuG��m�.¢D�{ (genetic algorithm
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2 � � n Ø � A ^ 1 37òz[3]¥�ªJÑ��«#.?z�{,äkëê���!ö�{ü!|¢Uår!O�°ÝpÚÂñ�Ý¯�A:. Î÷ý�[5]|^GABSk�/)û
>å½|¿d¯K,�GA�'U�¯�|¢��`). oÈ�[6]òGABSA^uú�NÝ¯K,�ý(JL²
GABS̀ z�J'GA��.Ǒ,T�{A^�J��,�´T�{��ÛÂñ5���î��êÆ©Û.�»��[7]|^àgk�ê��ÅóéGABS?1©Û,��
GABSØäk�ÛÂñ5�(Ø,¿JÑ�«ÏLU?GABS�G�?zÝ
5(��{äk�ÛÂñ��{,�ù«U?�{3z�gS��ÑI��#G�?zÝ
,
©z[5]Ú©z[8]�ý(JL²,3G�?zÝ
ØC��¹e�{Ǒké��Ï`�J.G�?zÝ
´«+?z�'�ö��f,�'uG�?zÝ
z�gS�ÑI��#��¹,G�?zÝ
�½ØCw,~�
�{|¢�O�þ. �©ÏL©ÛGABS3G�?zÝ
�½ØC�¹e�Ï`L§,Ǒ�{ïááÂ�ê��ÅL§�.,l��G�8�ÆÝy²
GABSØäk�ÛÂñ5.ÄudJÑ
�«U?�G��m�.¢D�{
(modified GABS, MGABS),��y²¿�y
MGA

BSäk�ÛÂñ5.

2 ¯̄̄KKK£££ããã999GABS�±òëY�S���¢ê`z¯K£ãǑ
min f(x), x = [x1 x2 · · · xL], (1)ª¥: x´�1� S =

L
∏

i=1

[ai, bi]S�L)�L��þ,�åxi ∈ [ai, bi],kai < bi, i = 1, 2, · · · , L; f(x)´�1�SS�¼ê,÷v
∃ x

∗ ∈ S, min f(x) = f(x∗).

GABŚ �«ÄuG��m�.�¢ê?è?z�{,Ú\?z�{�Ä�g�[3] : þ��«+ÏLG�?zÝ
��^�)#�«+,#«+Úþ��«+2ÏL`����ÀJö�)¤e��«+,�Nþ�e��«+��C¯K��`). �{ÏLØäS�,�«+¥��NØä��`)��?z,�ª��¯K��`)½g`). #«+��E�{L�ªXe:

X(k + 1) = GX(k), (2)ª¥: X(k)L«1k�«+,§´��N × L�Ý
,TÝ
�z�1L«���N,z��N�¹L�ûüCþ,=«+5�ǑN ,¢ê?è�ÝǑL,ò�©«+PǑX(0); G´G�?zÝ
,Ù�E�ªXe:

G =













g11 g12 . . . g1N

g21 g22 . . . g2N
...

...
...

gN1 gN2 . . . gNN













, (3)ª¥: 0 6 gij 6 1,
N
∑

j=1

gij = 1, i, j = 1, 2, · · · , N.|^GABS�)ª(1)¤£ã¯K�Ú½Xe:ÚÚÚ½½½ 1 3�1�S�Å)¤«+5�ǑN��©«+X(0);ÚÚÚ½½½ 2 �âª(3))¤G�?zÝ
G;ÚÚÚ½½½ 3 �âª(2)5�)#�«+X(k+1),ò
X(k + 1)�X(k)(Ü/¤À«³;ÚÚÚ½½½ 4 O�À«³S¤k�N�·AÝ;ÚÚÚ½½½ 5 3À«³SÀ�·AÝ�p�N��N|¤e��+NX ′(k + 1),�X ′(k + 1)ǑX(k);ÚÚÚ½½½ 6 ÷vª�^�,=Ú½7,ÄK=Ú½3;ÚÚÚ½½½ 7 �{ª�.

3 GABS���ÅÅÅLLL§§§999���...
GABS?z|¢�ÀJö���)L§,l��þ�±ÀǑX(k)�G��ÅCzL§. GABSáuëY`z�{,Ïd,ǑGABSïáG�ëYCz��ÅL§�.,e¡�Ñ½Â[9] .½½½ÂÂÂ 1 GABS31kgS��«+PǑX(k),

{X(k)}+∞

k=0¡ǑGABSéA��ÅL§. G��mY÷v∀X(k) ∈ Y .½½½nnn 1 GABS¤éA��ÅL§ {X(k)}+∞

k=0

(∀X(k) ∈ Y )äkê��Å5.yyy GABS�G�?zÝ
G�½ØC,d1
k�«+X(k)�G���)#«+X(k+1),lX(k)�X(k + 1)/¤�À«³¥çÀÑ·AÝp��N|¤e��«+X ′(k+1).�÷v∀Y1 ⊆ YÚk = 0,

1, 2 · · · , kP{X ′(k + 1) ∈ Y1|X(0), · · · ,X(k)}=

P{X ′(k + 1) ∈ Y1|X(k)}. Ïd, {X(k)}+∞

k=031(k

+1)��G�X ′(k + 1)=d1k��G�X(k)¤û½,={X(k)}+∞

k=0äkê��Å5. y..

GABS�8�´�ÅL§{X(k)}+∞

k=03G��mS�|¢L§¥,U���`G�X∗(k),Ù¥�`G�X∗(k)��k���N´¯K��`). Ïd�Ñ�©z[9]aq�½Â.½½½ÂÂÂ 2 �½5gG��mY ��ÅL§
{X(k)}+∞

k=0, Y ∗¡Ǒ�`G��m,÷vY ∗ ⊂ Y ,
�éu∀X∗(k) ∈ Y ∗��k��)x
∗ ∈ X∗(k)´`z¯K��`).Ǒ
)ûGABS´Ääk�ÛÂñ5�¯K,Ú



1 xÏ àÔ�:U?�G��m�.¢D�{9Ù�ÛÂñ5©Û 3\áÂ�ê��ÅL§�½Â[10–11].½½½ÂÂÂ 3 �½��ê��ÅL§ {X(k)}+∞

k=0

(∀X(k) ∈ Y ), Y ∗ ⊂ Y Ǒ�`G��m,eP{X ′(k

+1) /∈ Y ∗|X(k) ∈ Y ∗} = 0 (k = 0, 1, 2, · · · ), K¡{X(k)}+∞

k=0ǑáÂ�ê��ÅL§.½Â3`²áÂ�ê��ÅL§����
�`G��m,=X(k) ∈ Y ∗,�oB��Ê3u�`G��m.°=�3üÑéU??z�{��ÛÂñUåäk­��^,Nõäk°=�3�?z�{´�ÛÂñ�[12–13],ù
�{Ñ�±ï�ǑáÂ�ê��ÅL§. GABSÀ«³�ÀJö�´òþ��«+Ú#«+¥��`�NÀJÑ5�Ǒe��«+,g,3zgS�¥�3
�
�`),Ïd½Â3��.Ó�·^uGABS.½½½nnn 2 GABSéA��ÅL§{X(k)}+∞

k=0ǑáÂ�ê��ÅL§.yyy GABSÀ«³S�ÀJö�òþ��«+Ú#«+¥�`D�NÀJÑ5�Ǒe��«+,Ïdz�gS���`�NÑ¬�ÀJ¿E��e��.¤±, GABS��31kgS��|¢��`)
x

∗ ∈X(k),�o1(k+1)gS��«+X ′(k+1)¥Ǒ�¹�`) x
∗,=x

∗ ∈ X ′(k + 1).d½Â 2��
X(k) ∈ Y ∗, X ′(k+1) ∈ Y ∗,�o��P{X ′(k+1)

/∈ Y ∗|X(k) ∈ Y ∗} = 0.d½Â3�{X(k)}+∞

k=0÷váÂ�ê��ÅL§5�. y..eGABS31kgS����`G��m,L«�{|¢�
¯K��`),e lim
k→+∞

P{X(k) ∈ Y ∗}

= 1,L«�{�±S��¡õg�Âñu�`G��mY ∗,Ú\GABS�ÛÂñ�½Â[11].½½½ÂÂÂ 4 GABSéA��ÅL§PǑ{X(k)}+∞

k=0

(∀X(k) ∈ Y ), Y ∗ ⊂ Y , Y ∗Ǒ�`G��m,e
∀X(0) ∈ Y ,k lim

k→+∞

P{X(k) ∈ Y ∗} = 1,K¡GABS�ÛÂñ.ÚÚÚnnn 1 ò�©+NX(0)�¤k�N1l ûüCþ�G��Ǒx
(0)
1l , x

(0)
2l , · · · , x

(0)
Nl ,Pαl, βlǑù
G���������.�GABS1kgS�«+

X(k)�¤k�N1l ûüCþ�G�Ǒx
(k)
1l , x(k)

2l ,

· · · , x
(k)
Nl .éu¤kk = 1, 2, 3, · · · ,þkαl 6 x

(k)
ml 6

βl(m = 1, 2, · · · , N).yyy �GABS1kgS�«+G�ǑX(k),1
(k + 1)gS�«+G�X ′(k + 1)´l#«+X(k+

1)ÚX(k)¥À��,�k©Û��	X(k + 1).�X

(k + 1)1m�N�1l ûüCþ�G�Ǒxml ,dª(2)�xml�G�X(k)S¤k�N�1l ûüCþ

�G�k',=xml =
N
∑

p=1

gmpx
(k)
pl .qgij ∈ [0, 1],¤±|xml| =

N
∑

p=1

gmp|x
(k)
pl | 6 gmm|x

(k)
ml | 6 |x

(k)
ml |,Ïd�� |xml| 6 |x(k)

ml | (m = 1, 2, · · · , N).Pα, β©OǑ
X(k)S¤k�N1l ûüCþ�G�����Ú���,�okα 6 xml 6 x

(k)
ml 6 β (m = 1, 2, · · ·, N).qÏǑe��«+X ′(k + 1)¥1m��N´lX(k

+1)ÚX(k)¥À��,¤±�±��X ′(k + 1)S1
m��N1l ûüCþ�G�x

(k+1)
ml Ó�÷vα 6

x
(k+1)
ml 6 β,Ù¥m = 1, 2, · · · , N ,Ïde��«+

X ′(k + 1)¥¤k�N�1l ûüCþU���G�´þ��«+X(k)¤(½�«m[α, β]S.u´Pαl,

βlǑ�©«+X(0)¤k�N1l ûüCþx
(0)
ml (m =

1, 2, · · · , N)¥����Ú���,dþã©Û�±��11gS��,=k = 1�,11�«+X(1)¤k�N�1l ûüCþU���G�3«m[αl , βl]S,=αl 6 x(1)
ml 6 βl(m = 1, 2, · · · , N),dêÆ8B{?�Ú�±íä,éuk = 1, 2, 3, · · · ,þkαl 6 x(k)

ml

6 βl(m = 1, 2, · · · , N). y..dÚn1�y²L§�±wÑ,�©«+�G���
��¤k«+�G�,��«+¤U���G���åud�©«+(½�þe.«mS,u´½Â�{��G�8[14].½½½ÂÂÂ 5 GABSéA�ÅL§PǑ{X(k)}+∞

k=0 ,

Ξk¡ǑGABS31kgS����G�8,÷vΞk =

{X(x)|P{X(k) ∈ O(X(x), ε)|X(k − 1) /∈ Y ∗} >

δk∧∀ε > 0∧X(x)∈Y }(k = 1, 2, · · ·),Ù¥O(X(x),

ε)ǑX(x)+�(V��ÿÝ3ε±S), δk > 0�+∞
∏

k=0

(1

−δk) = 0.��G�8Ξk�¹�G�´GABS31kgS�±�uδk�VÇ���G�.½½½nnn 3 GABSØäk�ÛÂñ5.yyy dÚn1�(Ø�X(k)(k = 1, 2, 3, · · · )¥¤k�N�1l ûüCþx
(k)
ml (m = 1, 2, · · · , N)����G�3�©«+(½«m[αl , βl]S,=αl 6

x
(k)
ml 6 βl.dª(1)��©«+3«m[al,bl]S�Å)¤,1e�Å)¤��©«+÷vαl > al½βl < bl,�ox

(k)
ml[�Ø�U��«m[al , αl]½[βl, bl]S�G�,=x(k)
ml /∈ [al, αl]½x(k)

ml /∈ [βl, bl].e�Û�`)x
∗�1l �ê�T� u«m[al , αl]½[βl, bl]S,=x
∗

l

∈ [al, αl]½x
∗

l ∈ [βl, bl],�ox
(k)
ml 6= x

∗

lð¤á,¤±
X(k)¥¤k�NǑ[�Ø�U���`)x

∗�G�,�â½Â2,X(k) /∈ Y ∗ð¤á,u´��
lim

k→+∞

P{X(k) ∈ Y ∗} = 0.
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GABSâ»DÚ?z�{�O��ª,ÏLG�?zÝ
��^�)#«+,|¢#�«�,2ÏLÀJö����{��`)��|¢,�ª|¢���`)½g`). du�{|¢���ü�5Ú`�Ñ��ÀJö����{Âñ�Ý�~¯,�Ó�Ǒ¬�3"�,=«+¥¤k�N �`)��?z�,B"�
�Nm�É5,´�\ÛÜ�`.,	,dÚn1��©«+�þe.��
��«+���G�,����«+��G�3�©«+û½�,�(½�«mS,�d«mǑ�1��f8,e�Û�`)Ø3d«mS,�o«+¥��N[�Ø�U���`)�G�,d½n3�GABSØ�UÂñ��Û�`). AO�,��Û�`: u�1��>.9ÙNC�,du�Å)¤��©«+�þe.«mǑ[αl, βl]�U´�1�[al , bl]�ýf8,�o�{ÒØ�U|¢� u�1�>.��Û�`),¤±GABSØäk�ÛÂñ5,��
GABS�Ï`(JØ­½,ù´�{�,��6à.nþ,�{´ÄU|¢�nØ�`���ûuS����Û�` �9�©«+�G�©Ù,
��{´�\ÛÜ�`.

4 MGABS999ÙÙÙ���ÛÛÛÂÂÂñññ555l��G�8ÆÝ��GSBSØäk�ÛÂñ5,Ïd�éd�{JÑ�«AÏCÉÅ�,U?g�´:���{3S�
Ï*ÜGABS���G�8,�Ø�Û�`)3�1�?Û �,�{U
���`G�,�3S��ÏJp�{�Âñ°Ý.JÑü«CÉüÑ:

1) �ÅÀÑP�·AÝ���N¿²þ©¤ü|(eØUþ©�òõ{�N©�12|),2òùü|�N�z� ûüCþ©O=£�ª(4)�½«m��Å �.äNö�Xe:
{

x1
(k)
ml =

(

αk
l − al

)

· r + al,

x2
(k)
ml =

(

bl − βk
l

)

· r + βk
l ,

(4)ª¥: x1(k)mlǑ11|�N¥1m��N�1l ûüCþCÉ���, x2(k)mlK´12|�N¥�A�CÉ�,

αk
lÚβk

l©O´�
|¢«m31l þ����Ú���, rǑ«m [0, 1]þ��Åê, m = 1, 2, · · ·,
P

2
,

l = 1, 2, · · · , L.

2) �ÅÀÑP�·AÝ���N¿òz� ûüCþ�âª(5)CÉ.äNö�Xe:

∗x
(k)
ml =

(

αk
l + βk

l

)

· r − x
(k)
ml , (5)Ù¥: x(k)

mlǑP��CÉ�N¥1m��N�1l ûüCþ, ∗x(k)
ml´ÙCÉ���, αk

lÚβk
l©O´�
|¢«m31l þ����Ú���, rǑ«m[0, 1]þ

��Åê, m = 1, 2, · · · , P , l = 1, 2, · · · , L.�oS�gêǑK,�k 6
K

2
�,æ^üÑ1),ÄKæ^üÑ2).3�{S�
Ï·^ª(4),=3«m[al, α

k
l ]Ú[βk

l , bl]S�Å)¤�ü|�N©O�O·AÝ��ü|�N,*Ü
�{���G�8,Ó�Jp
|¢��Ú«+õ�5,;��{�\ÛÜ�`.3�{S��Ï·^ª(5),Jp
«+��`)|¢��Ý,ÏdJp
�{�Âñ°Ý.U?GABS��{Ú½Xe:ÚÚÚ½½½ 1 3�1�S�Å)¤«+5�ǑN��©«+X(0);ÚÚÚ½½½ 2 �âª(3))¤G�?zÝ
G;ÚÚÚ½½½ 3 �âª(2)�)#�«+X(k + 1),ò
X(k + 1)�X(k)(Ü/¤À«³;ÚÚÚ½½½ 4 O�À«³S¤k�N�·AÝ;ÚÚÚ½½½ 5 3À«³SÀ�·AÝ�p�N��N|¤e��+NX ′(k + 1),�X ′(k + 1)ǑX(k);ÚÚÚ½½½ 6 lX(k)¥ÀÑ·AÝ���P��N,ek 6

K

2
,æ^CÉüÑ1),ÄKæ^CÉüÑ2);ÚÚÚ½½½ 7 ÷vª�^�,=Ú½8,ÄK=Ú½3;ÚÚÚ½½½ 8 �{ª�.½½½ÂÂÂ 6 ÏL±þÚ½U?�GABS¡ǑU?�G��m�.¢D�{,{¡ǑMGABS.N´��½Â 1–5éuMGABSÑ´·Ü�,½n 1–2éuMGABSE,¤á. Ǒ
Bu£ã,

{XM (k)}+∞

k=0¡ǑMGABSéA��ÅL§, ΞM
k ¡ǑMGABS31kgS����G�8.ÚÚÚnnn 2 MGABSéA��ÅL§{XM (k)}+∞

k=0,

Y ∗Ǒ�`G��m,KMGABS÷v∃k′ > 0,�k >

k′�, ΞM
k ∩ Y ∗ 6= ∅.yyy �{3S�L§¥, MGABS�CÉüÑ1)òCÉ�N¥��Ü©�Nz� ûüCþ=£�§�«m[al, α

k
l ]��Å �,,�Ü©=£�«m

[βk
l , bl]��Å �.©z[3]®y²�{´Âñ�,XJ#NoS�gê��,�o3�{ÂñL§¥÷v lim
k→∞

αk
l = βk

l ,Ïd«+¥�N�|¢«mǑÅì*ÜǑ���1�«m,u´e��«+��NÏLS��U
±�u"�VÇ���1�S�?ÛG�,�)�`)G�x
∗ .©z[3]Ǒ®²y²�{¥À«³�ÀJö���«+¥�N�X�`)��?z,= lim

k→+∞

x(k) = x
∗,Ù¥x(k)�L«+X(k)¥��`�N,Ïd�±�� lim

k→+∞

X(k) = X∗(k) ∈ Y ∗.¤±,e#NS�gê�¡,ÏL��Ün��)°



1 xÏ àÔ�:U?�G��m�.¢D�{9Ù�ÛÂñ5©Û 5Ý, MGABS7½¬u,����÷v°Ý����`G�,=∃ k′ > 0,� k > k′�, X(k) ∈ Y ∗.w,
X(k) ∈ ΞM

k ,�∃k′ > 0,�k > k′�, ΞM
k ∩ Y ∗ =

X(k) 6= ∅. y..ÚÚÚnnn 3 MGABSéA��ÅL§{XM (k)}+∞

k=0ǑáÂ�ê��ÅL§,XJ÷v∃k′ > 0,�k > k′�, P{XM (k) ∈ Y ∗|XM (k−1) /∈ Y ∗} > δk�+∞
∏

k=0

(1

−δk) = 0,�oMGABS�ÛÂñ.yyy ÏǑ∃k′ > 0,�k > k′�, P{XM (k)∈Y ∗|

XM (k − 1) /∈ Y ∗} > δk,�o´�P{XM (k) /∈ Y ∗|

XM (k − 1) /∈ Y ∗} 6 1− δk.XJP
Pnot(k) =

k−1
∏

k=0

P{XM (k + 1) /∈ Y ∗|XM (k) /∈ Y ∗},K�� lim
k→+∞

Pnot(k) 6
+∞
∏

k=0

(1− δk).qÏǑ+∞
∏

k=0

(1−

δk) = 0,¤± lim
k→+∞

Pnot(k) = 0,Ïd, MGABS3S�gêªu�¡�7U���g���`G�.ÏǑMGABSéA��ÅL§{XM (k)}+∞

k=0ǑáÂ�ê��ÅL§,�â½Â3, P{XM (k) /∈ Y ∗|

XM (k − 1) ∈ Y ∗} = 0, k = 1, 2, · · · .d�VÇúª:

P{XM (k) /∈ Y ∗} =

P{XM (k) /∈ Y ∗|XM (k − 1) /∈ Y ∗} ·

P{XM (k − 1) /∈ Y ∗}+

P{XM (k) /∈ Y ∗|XM (k − 1) ∈ Y ∗} ·

P{XM (k − 1) ∈ Y ∗} =

P{XM (k) /∈ Y ∗|XM (k − 1) /∈ Y ∗} ·

P{XM (k − 1) /∈ Y ∗} =

P{XM (0) /∈ Y ∗} ·
k−1
∏

k=0

P{XM (k + 1) /∈ Y ∗|XM (k) /∈ Y ∗} =

P{XM (0) /∈ Y ∗} · Pnot(k).ÏǑP{XM (k) ∈ Y ∗} = 1− P{XM (k) /∈ Y ∗},� lim
k→+∞

P{XM (k) ∈ Y ∗} = 1− lim
k→+∞

P{XM (k) /∈

Y ∗} = 1−P{XM (0) /∈ Y ∗} · lim
k→+∞

Pnot(k) = 1,d½Â4�MGABS�ÛÂñ. y..Ún3
u©z[14–15]ïÄ?z�{��aq(Ø,ùp2gy²´Ǒ
�Ñ�{�ÛÂñ����äOK.½½½nnn 4 MGABSäk�ÛÂñ5.yyy dÚn2�MGABS÷v∃k′ > 0,�k > k′�, ΞM
k ∩ Y ∗ 6= ∅.2d½Â5,ΞM

k �5��: �k >

k′�, P{XM (k) ∈ Y ∗|XM (k − 1) /∈ Y ∗} > δk¤á�+∞
∏

k=0

(1− δk) = 0.���âÚn3�(Ø�±��,

MGABS�ÛÂñ. y..

5 MGABSkkk���555���yyy
5.1 ÿÿÿÁÁÁ¼¼¼êêêǑ
��¡
)MGABS3)û�ª��¯Kþ�5U,�©3ØÓ�ÿÁ¼êþÿÁMGABS,Ú\16�²;ÿÁ¼ê[16–17]?1ÿÁ�©Û.ù16�ÿÁ¼ê�©¤3|,z|¼êäkØÓ�A5,±¿©ÿÁU?�{�`z|¢5U.äN¼êXL1¤«,Ù¥: x∗´�Û�`:, f(x∗)´�Û���.¼ê
f1 ∼ f5�Ǒ11|,¼êf6 ∼ f10�Ǒ12|,¼êf11
∼ f16�Ǒ13|.L 1 16�ÿÁ¼ê

Table 1 16 benchmark functions¼ê ¼ê¶ ½Â� x
∗ f(x∗)

f1 De Jong F1 [−5.12, 5.12] (0, 0, 0) 0
f2 De Jong F2 [−2.048, 2.048] (1, 1) 0
f3 De Jong F3 [−5.12, 5.12] �3�ê����: −30
f4 De Jong F4 [−1.28, 1.28] (0, 0,· · · , 0) 0
f5 De Jong F5 [−65.536, 65.536] (−32,−32) 0.9980
f6 Ackley [−32, 32] (0, 0,· · · , 0) 0
f7 Griewank [−600, 600] (0, 0,· · · , 0) 0
f8 High Conditioned Elliptic [−100, 100] (0, 0,· · · , 0) 0
f9 Rastrigin [−5.12, 5.12] (0, 0,· · · , 0) 0
f10 Bent Cigar [−100, 100] (0, 0,· · · , 0) 0
f11 Schwefel [−500, 500] (420.9687, 420.9687) 0
f12 Holder Table [−10, 10] (?8.055,?9.66459) −19.2085
f13 Leon [−1.2, 1.2] (1, 1) 0
f14 Keane [ 0, 10] (0, 1. 39325) −0.67367
f15 Ursem Waves [−1.2, 1.2] (−1.2,−1.2) −8.5536
f16 Perm [−2, 2] (1, 2) 0



6 � � n Ø � A ^ 1 37ò11|ÿÁ¼ê´De JongïÄ¼ê`z¯K�°ÀÑ5�5�ÿÁ¼ê,��¡u�U?�{�5U.12|ÿÁ¼êÀ�5�20�¼ê,Ù¥¼ê
f6, f7Úf9´��5õ¸¼ê,äkNõ�4��:;¼êf8, f10K´ü¸¼ê.13|ÿÁ¼ê´�Û�`: u�1�>.½>.NC��|¼ê,Ù¥¼êf14, f15Úf16��Û�`) u�1��>.þ,ÏL12!©Û��GABSØä��ÛÂñ5,´ÏǑ§J±|¢��Û�`: u>.½ö>.NC�¼ê��Û�`�,¤±À�
6�da¼ê5�yU?�{MGABS��Û|¢Uå.

5.2 ëëëêêê������Ǒ
¿©�yMGABS�k�5Úk?5,�©Ú\Ù�ü�9���Û`z?z�{:É�nÜÆSâf+`z�{[18](heterogeneous comprehen-

sive learning particle swarm optimizer, HCLPSO)ÚU?Äu·AÝ�g·A�©?z�{ [19](enhan-

ced fitness-adaptive differential evolution algorithm,

EFADE),ü��{��èþ3Suganthan�Ç�Ì�e1.�©¤k�{þ3MATLAB R2014a�¸e?1ÿÁ.

GABS�k«+5�Ú?z�ê(oS�gê)ü�ëê,�I���ùü�ëê=�,Ïdò
GABSÚMGABS«+5�þ�Ǒ50,?z�êþ�Ǒ200.Ø+¯K�E,ÝÚ�ÝXÛCz,«+5�Ú?z�êþØCz,±d5O\�{|¢JÝ. MGABSI��ÅÀJP�·AÝ���N¿CÉ, P�ò3e�!?Ø.Ǒ
~��{�$��m,m©ÿÁ
�ª(3)�E¿)¤G�?zÝ
2ò��;uS�,ÿÁ¢�m©�lS�pNÑ=�.Ǒ
ú²/'�4��{�5U,òHCLPSO�âfê�Ǒ50,?z�ê�Ǒ200,��·AÝµdgê (the maximum number of function evaluations,

FEs)�Ǒ10000.ÓòEFADE«+5�Ú?z�êǑ©O�Ǒ50Ú200,Ù�ëêK%�.

5.3 CCCÉÉÉ���NNNêêê???ØØØǑ
��/²ï�{�|¢Uå,CÉ�NêPǑMGABS­�ëê. MGABS«+5�Ǒ50,u´òP���Ǒ2, 5, 10, 15, 20, 25, 30, 35Ú40.Õá|¢16�¼ê¥�ä�L5�6�¼êf1, f5, f9,

f10, f11, f14�50g,'�²þ�Ú��,(JXL2¤«.L 2 ØÓP�?Ø
Table 2 Discussion of differentP values

P 2 5 10 15 20 25 30 35 40

f1
²þ� 2.02E−26 1.59E−37 1.04E−43 4.11E−46 1.33E−46 1.69E−45 1.56E−45 1.23E−44 4.28E−44�� 3.36E−51 2.50E−73 3.73E−86 4.88E−91 1.64E−92 1.07E−90 3.99E−90 2.51E−88 1.75E−87

f5
²þ� 2.89E+00 1.46E+00 1.02E+00 0.9982 0.9980 0.9980 0.9980 0.9980 0.9980�� 4.92E+00 1.41E+00 7.65E−03 1.27E−06 1.12E−12 2.22E−18 1.13E−17 9.26E−12 4.95E−09

f9
²þ� 5.56E+00 2.17E+00 6.54E−04 4.60E−13 0 0 0 0 0�� 3.26E+02 1.22E+02 2.14E−05 1.06E−23 0 0 0 0 0

f10
²þ� 2.44E−13 2.02E−22 4.00E−27 5.22E−30 7.88E−31 4.97E−31 5.87E−31 2.33E−30 1.29E−29�� 7.22E−26 1.28E−43 1.14E−53 1.61E−59 4.78E−61 1.51E−61 8.96E−62 2.29E−60 9.76E−59

f11
²þ� 3.07E+01 9.87E−03 3.44E−05 2.75E−05 2.60E−04 7.90E−04 4.55E−03 8.15E−03 4.91E−02�� 2.31E+03 4.79E−03 3.77E−09 5.63E−11 5.34E−08 7.72E−07 3.44E−05 6.19E−05 2.50E−03

f14
²þ� −0.6500 −0.669 −0.670 −0.6718 −0.6694 −0.6720 −0.6735 −0.6737 −0.6736�� 1.52E−03 3.78E−05 4.33E−05 5.90E−06 4.00E−05 1.65E−05 8.66E−07 1.72E−10 1.48E−09L2¥�±wÑ,�P����(JØn�,´du�{�\
ÛÜ�`;�P����½Øn�,´CÉ�N�õKǑ
Âñ��ÝÚ°Ý.Ïdé¤k¼ê
ó, P��Ǒ15∼35�äkû��O�(J.AO�,�P��Ǒ20∼30�,¼êf1, f5, f9,

f10�²þ�Ú��þ`uÙ���¹.�P�Ǒ15�¼êf11�(J´���,
éu¼êf14, P�Ǒ
35�k���`z�J.nþ,�©òP��Ǒ25.

5.4 ééé'''¢¢¢���Ǒ
~��{|¢(J��Å5,éuz�ÿÁ¼ê, 4«�{þ�`z|¢50g,�^50g|¢�²þÏ`�, 4«�{Ï`(J�L3.Ù¥²þ�L«50g|¢(J�²þÏ`�,���KL«��Ï`�,��L«50gÏ`����,�mL«²þ$��m,ü Ǒ�,O(ÇǑ50g|¢¥é��`)gê�'~(�)°Ý�Ǒ10−5).
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Table 3 Comparison of four algorithm search results¼ê �{ ²þ� ��� �� �m/s

O( ¼ê �{ ²þ� ��� �� �m/s
O(Ç/% Ç/%

f1

GABS 1.00E−01 1.81E−3 2.02E−2 0.02 0

f2

GABS 1.22E−01 1.48E−07 2.33E−02 0.02 4
MGABS 4.89E−46 2.39E−47 6.60E−91 0.03 100 MGABS 7.69E−06 4.38E−08 1.17E−10 0.03 100
HCLPSO 6.65E−11 3.70E−12 4.19E−21 0.14 100 HCLPSO 3.63E−08 1.11E−12 2.27E−14 0.20 100
EFADE 2.95E−33 1.70E−37 1.01E−64 0.45 100 EFADE 0.00E+00 0.00E+00 0.00E+00 0.49 100

f3

GABS −18.0800 −25.0000 6.16E+00 0.02 0

f4

GABS −2.3601 −3.3463 2.16E−01 0.12 0
MGABS −30.0000 −30.0000 0.00E+00 0.03 100 MGABS −2.4741 −3.3785 1.39E−01 0.14 0
HCLPSO −30.0000 −30.0000 0.00E+00 0.19 100 HCLPSO −3.1552 −4.3033 1.81E−01 0.41 0
EFADE −30.0000 −30.0000 0.00E+00 0.46 100 EFADE −3.2252 −3.9862 9.14E−02 1.17 0

f5

GABS 6.4500 0.9994 1.22E+01 0.24 0

f6

GABS 8.38E+00 5.92E+00 1.11E+00 0.05 0
MGABS 0.9880 0.9880 5.52E−19 0.26 100 MGABS 8.88E−17 −1.33E−15 3.09E−30 0.06 100
HCLPSO 0.9880 0.9880 1.43E−31 0.93 100 HCLPSO 2.24E−01 4.98E−02 8.04E−02 0.21 0
EFADE 0.9880 0.9880 4.02E−33 1.20 100 EFADE 1.15E+00 3.01E−01 2.48E−01 0.70 0

f7

GABS 9.37E+00 3.58E+00 8.17E+00 0.06 0

f8

GABS 1.84E+07 2.27E+06 1.80E+14 0.03 0
MGABS 0.00E+00 0.00E+00 0.00E+00 0.07 100 MGABS 4.89E−33 3.33E−34 2.10E−65 0.05 100
HCLPSO 5.10E−01 1.30E−01 3.51E−02 0.38 0 HCLPSO 6.44E+02 9.69E+01 4.28E+05 0.29 0
EFADE 9.02E−01 7.53E−01 3.43E−03 0.91 0 EFADE 2.61E+00 2.02E−01 8.18E+00 0.78 0

f9

GABS 1.07E+02 8.06E+01 1.29E+02 0.04 0

f10

GABS 8.96E+08 2.52E+08 9.42E+16 0.03 0
MGABS 0.00E+00 0.00E+00 0.00E+00 0.06 100 MGABS 4.98E−31 1.08E−31 9.94E−62 0.04 100
HCLPSO 1.84E+01 8.22E+00 3.80E+01 0.21 0 HCLPSO 7.77E+04 1.63E+04 1.83E+09 0.18 0
EFADE 4.47E+01 3.05E+01 3.98E+01 0.77 0 EFADE 1.83E+03 1.44E+02 2.27E+06 0.67 0

f11

GABS 1.44E+02 2.50E−03 8.24E+03 0.02 0

f12

GABS −1.45E+01 −1.91E+01 1.32E+01 0.02 0
MGABS 5.14E−04 2.79E−05 1.55E−07 0.03 14 MGABS −1.92E+01 −1.92E+01 2.90E−08 0.03 100
HCLPSO 2.55E−05 2.55E−05 2.12E−27 0.18 100 HCLPSO−1.92E+01 −1.92E+01 6.17E−23 0.18 100
EFADE 2.55E−05 2.55E−05 0.00E+00 0.43 100 EFADE −1.92E+01 −1.92E+01 1.16E−28 0.44 100

f13

GABS 1.52E−01 1.30E−03 1.89E−02 0.02 0

f14

GABS −3.62E−01 −6.68E−01 2.17E−02 0.02 0
MGABS 2.29E−06 1.41E−07 7.27E−12 0.03 100 MGABS −6.74E−01 −6.74E−01 9.93E−09 0.03 44
HCLPSO 1.21E−06 7.47E−12 1.21E−11 0.18 100 HCLPSO−6.74E−01 −6.74E−01 5.98E−30 0.32 100
EFADE 0.00E+00 0.00E+00 0.00E+00 0.44 100 EFADE −6.74E−01 −6.74E−01 3.20E−31 0.60 100

f15

GABS −6.72E+00 −7.61E+00 3.58E−01 0.02 0

f16

GABS 1.43E−01 6.51E−08 1.41E−01 0.03 12
MGABS −8.54E+00 −8.55E+00 2.50E−03 0.03 4 MGABS 1.70E−03 1.44E−07 1.15E−05 0.04 56
HCLPSO−8.25E+00 −8.55E+00 1.69E−01 0.21 58 HCLPSO 5.57E−12 2.62E−18 7.68E−22 0.35 100
EFADE −8.32E+00 −8.55E+00 1.62E−01 0.42 74 EFADE 0.00E+00 0.00E+00 0.00E+00 0.68 100lL3�±wÑ, GABS�MGABS�²þ$��m��uÙ�2��{.ùÏǑGABS�MGABSü��{þ|^ª(2)?1«+��#,Ǒ=|^Ý
�{?1¿1O�,duMATLAB�Ý
$�´ú���~O(!�~×�,Ïd�{z�gS��$��m�~¯.
Ù�ü«�{KI�3z�gS�L§¥�âÙ�g��#üÑéz��N?1�#�ÀJ,Ïd«+5���,Ù$��Ý�ú,��$��Ý�Ø9GABS�MGABS.11|ÿÁ¼ê:lL3O(Ç�±wÑ,3�)°ÝǑ 10−5��¹e,Ø
1 4��3D(�¼ê±	, MGABS, HCLPSOÚEFADEþU|¢��1

1|¼ê��`),
GABSKLy��.l²þ�Ú���ÆÝ5w, EFADE(J'Ù��{�`,`²ÙÂñ°Ý´���, MGABS�Ly'���ÖÚ.3���'�¥, MGABSÚEFADE¼�3g��, GABSÚHCLPSO¼�2g��,�GABSÙ��Iþ��,`²GABS|¢(JØ­½.'�4«

�{�(JL², EFADEéu12�¼ê`z�J´���,�Ù$��mǑ´�È�, MGABSKg�,�$��Ý�~¯. o�, MGABS3�~¯�$��Ý�e,Eäk���$�°ÝÚO(Ç,

HCLPSO�EFADE�$��m'�õÑ��êþ?,ÏdÙnÜ5U�`,�ÚÙ�3��{��,é¼êf4�|¢(J��,`²4«�{þØä�|Z6Uå.12|ÿÁ¼ê: éu¤k¼ê
ó, MGABS`z�J´�ÑÚ�,ù8õuMGABS�CÉüÑ2,�+«+5�Ú?z�ê��,�{Eäk�~¯�Âñ�ÝÚÂñ°Ý,Ù�3«�{K�\ÛÜ�`,|¢¼ê�(JØn�.Ïd, MGABSédaE,�p���5¼ê`z�J�²w.13|ÿÁ¼ê: lL3êâ�±wÑ, MGABSé¼êf12, f14, f15�`z�J��,�du��{���(Øä��ÛÂñ5), MGABSéÙ�3�¼ê�`z(JKÑÖuEFADE,��'u��{
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