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OACRR-PSO Algorithm for Anti-ship Missile Path Planning

LIU Gang1 LAO Song-Yang1 YUAN Can2 HOU Lv-Lin1 TAN Dong-Feng1

Abstract In order to improve the search efficiency of path planning algorithm for anti-ship missile, the planning space is

researched based on geometric principle. The geometric gradual transformation rule of operational area is revealed when

fusing the concept of operational area into the process of converse path planning, hereby, the operational area cluster is

proposed to be its physical carrier. By introducing the operational area cluster into particle swarm optimization (PSO)

algorithm, a PSO algorithm real-time restricted by operational area cluster (OACRR-PSO) is proposed. To express

the operational area cluster expediently, the polar coordinates code mode is adopted in path coding. Considering the

relationship between the adjoining vectors of particle, OACRR-PSO does not update all the velocity vectors of particle

simultaneously in the course of optimization, which is different from conventional PSO, but updates sequentially by

adopting the strategy of sequential recursion evolution. In the course of updating particle, the operational area cluster

is used to restrict the position vectors of particle in exact updating area in real-time, which reduces the search space

step by step to increase the convergence velocity. Simulation results indicate that the strategy of sequential recursion

evolution could improve the algorithm′s global search capabilities and the algorithm possesses a better convergence rate

and robustness.

Key words Anti-ship missile, path planning, operational area cluster, particle swarm optimization (PSO), sequential

recursion evolution, golden section position
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¢S�Ô|�³!�ÔI�Ú���15U, é��3g�ã��1Ê´?1�½, ����3u��Uìý��Ê´�1. du�é��3g��1ã�õ3°²¡þæ^½p����°�1�ª, Ïd�±?17��p�{z, ÙÊ´5y3��²¡þ�m[1−2].�é���Ê´AÆÌ��) 4 ��¡[2]: 1)��Ê´dÊ´:m���ÊãÚ=���l�Êã|¤; 2) oÊ§�3�å^�; 3) ��ü�Ê´:må�3�å^�; 4) Ê´=�Æ�3�



9Ï 4g�: �é��Ê´5y� OACRR-PSO �{ 1529å^�. Ê´5yÄkI��E��5y�m (=Ê´|¢�m), Ù�{�Ç�5y�m�E,Ý;��'. �é�mE,5, ÄuAÛÆ�n, Uì5y�m��E�{Ì��±©Ǒn�a[3−4]: ü�©){[5]!́ Iã{[6] Ú<ó³|{[7]. §�Ï~��{Ñ´ò /�mS�Ï`¯K=zǑÿÀ�m�|¢¯K. �â�é���Ê´AÆ��, Ù5y�mA´�¬µ4�k.��«�, Ù��´k�½�5Æ�Ì�. ,
þã�{Ñvk�Ä5y�m�AÛÆ5�95Æ, Ï
�{¿©|^5y�m���ù«5�é|¢�m?1O(.½, ½ö?1ÜnØ , ���{&E?nþ�!$��m�!éO�Å5U��p.Ê´5y´���m|¢¯K, I�æ^ÄuAÛÆ�|¢�{?1�). 8
'uùaÏ`�{�ïÄ'��\, ���±©Ǒüa[8]: (½.|¢�{ (½éuª�{[9]) Ú�Å.|¢�{ (½?z�{[10]). (½.�{�ǑÅ:|¢�{, Ù|¢�m��
�, ¿�5y�Jééuª¼ê��65�r. ÏLò�«�å\\�|¢L§¥, Ǒ,�±4�/?}|¢�m, �duÉ�g�G��m���, �5y«�L��, ¬Ñy|Ü�¿, 5y�mò¥�êO�[8, 11]. ?z�{´�«Äu«+�`z�{, ~^�?z�{k¢D�{!¬+�{Úâf+�{�. âf+`z (Particle swarm

optimization, PSO) �{´CA
u�å5��«#.?z�{, §u 1995 
d Kennedy �[12−13]ÄgJÑ, ¿u 1998 
��
 Shi �[14] �U?, /¤
ïÄö�ú��IO PSO �{. �Ù�?z�{�', §äkVg{ü!¢yN´!´uö�!N�ëê��`:. Ó�, PSO �{äk°�5�ÚÂñ�Ý¯ü�wÍA:, ��§�~·ÜuéÊ´5yù«¢�5���p�E,¯K?1�).�­��´, PSO �{�Ø´l?è�ª�´?zL§5`, ÑäkÙ��U�{��'[�AÛL�Uå, lAÛ�m�)�m±9|¢�m�N�Ñ�©�*; ¿�, �Ǒ�«�ÛëY|¢�{, Ù?zúªÚ?zL§Ñ´ëY�, ùü:����ÿÀ�Ê´5y¯K�AÛÆA:�©¬Ü. C
5, �é PSO �{��ÙÂñ¯K, �'Æö[11, 15]�â�gI�éIO PSO �{?1
�A�U?,¿òÙA^u�<�1ìÊ´5y. éuâf(�,©z [11] ¥�Ê´?èæ^½�¢ê?èâf(�, QÜn/L�
Ê´qBu?§¢y, �´�övkéTÊ,?è(�e�)�m?1;��ïÄ, ���{|¢�m
�!Âñ�Ý�ú. éuâf�#�ª, ± ��{Ñ´éâf����Ý©þ (=)¥þ¥¤k��ê�) Ó�?1�#[16−17],

Ïd, §=U£ãâfzg?z��$ÄG�, 
�{L�âf?z�L§. �´,   âf¥���©þ¿Øo´�pÕá�, ©þ�m�U�3'é'X, é�©þÓ��#K�{NyÑù«'é5.ù�¤���·A�Ò�Uµ�)¥þ��N�þ,
ØU�äz��´ÄÑ��`��£Ä, Ïd,éJo�¤k��`z��, ³7KǑ�{�Âñ�Ý.�©ÄuDÚ PSO �{, rºÊ´5y�AÛÆ��, ¿©�÷Ú$^ÙênSº, JÑ�«·^u�é��Ê´5y�õU«�q¢��å (Operational area cluster real-time restriction,

OACRR) � PSO �{ (OACRR-PSO). T�{�Ä�g�´: Ú\õU«�qO(.½�{¢�|¢�m, \��{Âñ. ù��{�M#�?3u 4��¡: 1) Ǒ
½þ£ãÊ´5y�5y�m, ÄuAÛÆ�nJÑ
Ê´5yõU«��Vg, òõU«�VgK\_�Ê´5yL§¥, uy
õU«��AÛÆìC5Æ, ±dÄ�ÑõU«�q�Vg, ^u~��{|¢�m; 2)Ǒ
BuL«õU«�q, æ^Ê´4�I?è�ª, |^Ê´:4�IS�5L«Ê´; 3) 3�{�`zL§¥, �Ä�âf¥©þ�m�'é5, �{¿Ø´éâf����Ý©þ½ �©þ (=¤k��ê�) Ó�?1�#, 
´Ú\�«©Ú48?züÑ, æ^48g�éâf�©þÅÚ?1�#; 4) 3âf��#L§¥, �^õU«�q5¢��½âf �©þ�O(�#��, ¢y
âf¥©þ�m�'é'X, ���{|¢�mÅÚ~�, l
\��{Âñ.

1 �é��Ê´5y�mï��é��Ê´5y��þ´35y�mSÏé�^lu�:�8I:÷v�½�å^���`½�1��1Ê´. ÄkI��E��êâ(�5L�Ê´�|¢�m, w,, 5y�m���´KǑÊ´5y�Ç�­�Ï�.

1.1 Ê´5yõU«�Ǒ{z£ã, k�Xe�½:Xã 1 ¤«, u�:Ǒ A, 8I:ǑÊ´:
P1, �X_�Ê´5y[1] eI�g4O. éu1
i (i ∈ N) �Ê´: Pi, Pi � A �ålǑ di; Pi �
Pi+1 �m�ÊãålǑ li; s Ǒ����k��§.½Â 1

[1]
. ± A Ú P1 ©OǑü��:, ± s Ǒ�¶, �ý� O1, ¡O1 ¤�¤�«�ǑÊ´5yõU«�, {¡õU«� (Operational area, OA), PǑ Ω(O1).
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ã 1 õU«��AÛÆìC5Æ

Fig. 1 The geometric gradual transformation law of OAduÉ s ���, ÷v��Ê´ål�å�¤kÊ´=�: (��Ê�u)UC�Ê´:) 7,3õU«��S. K�±��Ún 1.Ún 1
[2]

. ��Ê´÷vÊ´ål�å�7�^�Ǒ
Pi (i ∈ N) ∈ Ω(O1) (1)y²Ñ. O1 ��ëêǑ[1]: ��¶ a = s/2,��å c = d1/2, l%Ç e = d1/s, �Oå

p = s2/2d1 − d1/2. ��, dý�Ä�ëêd sÚ d1 (½. d	, Ù¡ÈǑ
S = πab =

πs
√

s2 − d2
1

4
(2)� d1(s) (½�, S Ǒ s(d1) �üN4O (~)¼ê. s(d1) ��, ý��¡ÈÒ�� (�) (�5y�«�Ò�� (�)), Ê´5y��ö�5ǑÒ�r

(f); ��, K�.

1.2 Ê´5y/ªz½ÂǑ
n)!rºÊ´5y¯K���, e¡l8ÜØ�ÆÝ�ÑÊ´5y�/ªz½Â.½Â 2. Ê´5y�8ÜØ½Â:

PP = 〈{PPP}, {D}, {st}〉 (3)ª¥, PP L«Ê´5y¯K, {PPP} L«kS�Ê´:8Ü, {D} L«õU«�¥�Ï1æN8Ü; {st}L«Ê´5y¥7L÷v��å^�.Äu±þ½Â, $^õU«��Vg�±òÊ´5y¯K=zǑ:½Â 3. Ê´5y´��3k.!�S�Ê´:8Ü¥Ïé÷v�å^���`½g`�kSÊ´:8Ü¯K. Xã 2 ¤«, Ω(O1) ǑÊ´5yõU«�, Ù¢�Ǒ��k.!�S�Ê´:8Ü;

{PPP 1,PPP 2, · · · ,PPP n} ´���¹ n (n ∈ N) �kSÊ

´:8Ü�8Ü, ��kSÊ´:8Ü�L�^÷v�å^��Ê´, {PPP i} ǑÙ¥�`½g`���Ê´:S�.

ã 2 Ê´5y¯K£ã
Fig. 2 Formal description of anti-ship missile path

planning (ASMPP)

1.3 õU«��AÛÆìC5Æ½Â 4. l P1 m©, 3_�Ê´5yL§¥,�®(½ n (n ≥ 1) �Ê´=�:�, K�A/(½
n �Ê´ã, ò s �∑n

i=1 li ��¡Ǒ�{��k��§, éu Pi (i ≥ 2), P¤éA��{��k��§Ǒ si, Kk:

si = s −

i−1
∑

j=1

lj (4)½Â 5. ± A Ú�
 Pi (i ≥ 2) ©OǑü��:, ± si Ǒ�¶, �ý� Oi, ¡ Oi ¤�¤�«�Ǒ�{õU«�, PǑ Ω(Oi), ¿P Oi ¤éA�l%ÇǑ ei, ��¶Ǒ ai, ��åǑ ci, �OåǑ pi.�Ún 1 Ón, duÉ si ���, ÷v��Ê´ål�å^��¤kÊ´: Pj (j ≥ i + 1) 7,3�
 (�{) õU«� Ω(Oi) �S; ��, Ǒ¤á.K�±��Ún 2.Ún 2. ��Ê´÷vÊ´ål�å�¿©7�^�Ǒ
Pj (j ≥ i + 1) ∈ Ω(Oi) (5)y²Ñ[2]. Oi ��ëêǑ[1]: ��¶ ai = (s −

∑i−1

j=1 lj)/2, ��å ci = di/2, l%Ç ei = di/(s −
∑i−1

j=1 lj), �Oå pi = (s −
∑i−1

j=1 lj)
2/2di − di/2.3_�Ê´5yL§¥, si ÅìC�, Ω(Oi) l

Ω(O1) m©ǑÅìC�, ��Âñuu�:. P�� PPP iPPP i+1

⋂

Oi = P ′

i+1, K�±��Ún 3.Ún 3. Oi+1  Oi, ¿� Oi � Oi+1 7S�u�:, k Oi+1

⋂

Oi = P ′

i+1.y²Ñ[2]. ±þB´õU«��AÛÆìC5Æ, dd��Xe½Â:



9Ï 4g�: �é��Ê´5y� OACRR-PSO �{ 1531½Â 6. l A :� P1 :?1Ê´5y, �®(½ n (n ≥ 1) �Ê´=�:�, òÙõU«�9Ù�{õU«��8Ü¡ǑõU«�q (Operational

area cluster, OAC), PǑ OAC(A,P1). Kk:

OAC(A,P1) = {Ω(O1),Ω(O2), · · · ,Ω(On+1)}

(6)õU«�q´õU«�AÛÆìC5Æ�Ôn1N,e¡òÙÚ\ PSO �{, 0��é��Ê´5y�
OACRR-PSO �{.

2 OACRR-PSO�{
OACRR-PSO �{�Ä�g�´: ÄuDÚ PSO �{, Ú\õU«�qO(.½�{¢�|¢�m!\��{Âñ. Ǒ
BuL«õU«�q, æ^Ê´4�I?è�ª, |^Ê´:4�IS�5L«Ê´. 3�{�`zL§¥, �Ä�âf¥©þ�m�'é5, �{¿Ø´éâf����Ý©þ½ �©þ (=¤k��ê�) Ó�?1�#, 
´æ^48g�éâf�©þÅÚ?1�#. 3âf��#L§¥,ÏLÚ\�«©Ú48?züÑ, ¿��^õU«�q5¢��½âf �©þ�O(�#��, ���{|¢�mÅÚ~�, l
\��{Âñ.

2.1 âfL«�Ê´?è
PSO �{ØU��?n)�mþ�Cþ, I�ÏL?èòÙ/ªz. ��âfL«)�m¥����U), =|¢�m¥��^�ÀÊ´, ½¡�Ǒ«+¥����N. Ê´?è��þ´3«+¥�z�âf�|¢�m¥��ÀÊ´�mïá����N�'X[11]. âf¥��A©þ�LÊ´:� �©þ.« + � ± L « Ǒ � � Ý 
 X =

[X1,X2, · · · ,Xm]T, Ù¥, m Ǒ«+���, XiǑ«+¥�1 i (i = 1, · · · ,m) ��N. õU«�qO(.½
|¢�m���, Ê´?èA�Ä�BuéÙ?1L«. duõU«�qdeZ��k���:�ý�|¤, Ïd, ·Üu^4�IL«. ± A Ǒ4:, AAAPPP 1 ��Ǒ4¶���, ïá4�IX. ÏǑz^Ê´k�Ó�u�:Ú8I:, ¤±u�:�8I:Øë�âf�?è. �z^Ê´�¹ n �Ê´=�:, Ǒ
P¹z�Ê´=�:� �&E, æ^±e�½�¢ê?èâf(�: Xi = [xi,1, · · · , xi,n, xi,n+1, · · · , xi,2n], Ù¥ (xi,1, · · · , xi,n) Ú (xi,n+1, · · · , xi,2n) ©OP¹


n �Ê´=�:3²¡S�4Æ θ Ú4» ρ. 1
i ^Ê´�1 j �Ê´=�:�IǑ (xi,j, xi,j+n),Ù¥ j = 1, · · · , n. =eÊ´d n �Ê´=�:|¤, Kâf��êǑ 2n. ?è(�Xã 3¤«.

ã 3 OACRR-PSO �{?è�Y
Fig. 3 Code scheme in OACRR-PSO algorithm

2.2 )�m��©z3�¤âf?è±�, Ò²(
�`z�ëê, e�ÚI�½Â)�m. 3�©¥, xi,j (i =

1, · · · ,m; j = 1, · · · , 2n) ǑI�`z�ëê, e¡(½Ù��. �âÚn 1 ��, õU«� Ω(O1) O(.½
¤kÜ{Ê´=�:�ÀJ��, òÙN��âf¤�3� R
2n �m¥, B�±��)�m.�âÊ´Øs£�K, ¤±4Æ�� (−π/2, π/2),4»����4Æ
Cz, §ò¤kÊ´=�:�½3õU«� Ω(O1) �S. 3¤ïá�4�IX¥,

O1 ��§Ǒ
O1 : ρ =

ep

1 − e cos θ
(7)u´, �±�Ñëê xi,j ���:



















−π

2
< xi,j <

π

2
, j = 1, · · · , n

0 < xi,j ≤
ep

1 − e cos xi,j−n

,

j = n + 1, · · · , 2n

(8)Ǒ
{Bå�, �©æ^~^��Å�©z�{, =z�âf��©zǑ)�m¥����Å �, ,�Ǒz�âf�©z���Å�Ý. «+��±9Ê´=�:�ê (�duâf�ê) ´��{�'�I�^r(½�ëê. w,, Ê´=�:��ê�õ, )¤�(JÊ´�°ÝÒ�p, �´¤s¤�O��mǑ�AO\.

2.3 ·AÝ¼ê3)�m¥���3�ê^�1Ê´, I��O8I¼ê5(½�`Ê´. �Ù�`z¯KØÓ�´, Ê´5y¿Ø�3²;êÆþ�8I¼ê, 3Ê´÷v5U�å�
Je, =I�â¢SI�55y�^�1�!Ó�q�ǑÜn�Ê´. Ǒ
;�Ïü8I¼ê�êþ?ØÓ, 
E¤ü8Iéo
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÷¿Ý¼ê, ¿�â�ÔI�(½Ün��­Xê, æ^õá5�
`z�{ïá5U�I[1] :

T = max(ωs · µs + ωα · µα + ωσ · µσ) (9)ª¥, µs, µα, µσ ©OǑ,^Ê´�oÊ§ s!�Ê´=�Æ�Ú α ±9�=�ÆÝýé�þ�� σ�÷¿Ý; ωs, ωα, ωσ ©OǑéA��­Xê, k:

ωs + ωα + ωσ = 1.éu µs, µα, µσ �ü8I¼ê min f(x), �3������É� fmax(x) Ú��n�� fmin(x),÷¿Ý¼êǑ[1]

µ(f(x)) =



























1, f(x) ≤ fmin(x)
fmax(x) − f(x)

fmax(x) − fmin(x)
,

fmin(x) < f(x) < fmax(x)

0, f(x) ≥ fmax(x)

(10)éu s, fmax(x) = smax, fmin(x) = d1; éu α, fmax(x) = n · αmax, fmin(x) = 0; éu σ,

fmax(x) = 45, fmin(x) = 0.�â8I¼ê(½·AÝ¼ê, é«+¥�N
Xi Uì±e¼ê�?1üSü�:

f(Xi) = T − (fa× pa + fb × pb + fc× pc) (11)

fa Ǒ�N Xi �Ê´=�Æ´Ä�L��=�ÆÝ�I�,e´, fa = 1, ÄK, fa = 0; fbǑ�N�Êãål´Ä�u�������1ål�I�, e´, fb = 1,ÄK, fb = 0; fcǑ�N´Ä�æNÔ���I�, e´, fc = 1, ÄK, fc = 0; pa!pb Ú pcǑ�A�¨v�­. 8�z�k: pa + pb + pc = 1.

2.4 ?zúª�O?zúª´ PSO �{�Ø%. IO PSO�{�Ä��nǑ: ��d m �âf|¤�«+3 2n �|¢�m¥±�½�Ý�1, 1 i �âf� �Ǒ Xi = [xi,1, xi,2, · · · , xi,2n], �ÝǑ
Vi = [vi,1, vi,2, · · · , vi,2n], Ù²{L��� �Ǒ
Pi = [pi,1, pi,2, · · · , pi,2n], «+S¤kâf²L��� �Ǒ Pg = [pg,1, pg,2, · · · , pg,2n]. 1 i �âf31 j ��mþ��ÝÚ ��#�±^�|�©�§5£ã[18]:

vk+1
i,j = ωvk

i,j + c1r1(p
k
i,j − xk

i,j)+

c2r2(p
k
g,j − xk

i,j) (12)

xk+1
i,j = xk

i,j + vk+1
i,j (13)

Ù¥, k Ǒ?z�ê, ω Ǒ.5�­, l 0.9 � 0.4 �54~, c1 Ú c2 Ǒ\�~ê½ÆSÏf, Ï~�¹e� c1 = c2 = 2. r1 Ú r2 Ǒ [0, 1] «mSÑlþ!©Ù��Åê.Túª�[
z�âf�)Ô.5�^!�N��Uå9�¬UåéÙe���Ý�KǑ, §rNz�âfe����Ý´d�
Tâf¤Ýº��£?1¥þ$��(J[19] , Ïd, §=£ã
âfzg?z��$ÄG�, 
vk�Äâf?z�L§. DÚ� PSO �{3zg?z�éâf����Ý©þ½ �©þ (=¤k��ê�) Ó�?1�#, 
  âf¥���©þ¿Øo´�pÕá�,=©þ�m�3'é'X, ¿�ù«'é5�±^5Jp�{|¢�Ç. eéâf¥�¤k©þÓ�?1�#, K���Ñ
|^ù«'é5U?�{5U��U5. e¡�ÄXÛòâf�©þ�m�'é5N��?zúª¥.Ún 2 L�Ñ
Ê´:�m (=âf�©þ�m) �'é'X. 3¤ïá�4�IX¥, Oi ��§Ǒ
Oi : ρ =

eipi

1 − ei cos(θ − βi)
(14)ª¥, βi Ǒ Pi �4Æ. �\ ei Ú pi, �:

Oi : ρ =

(

s −

i−1
∑

i1=1

li1

)2

− d2
i

2

(

s −

i−1
∑

i1=1

li1

)

− 2di cos(θ − βi)

(15)�âÚn 2, éu Pj (j ≥ i + 1), KAk:

Pj ∈

{

(ρ, θ)|ρ ≤
eipi

1 − ei cos(θ − βi)

}

(16)N��âf¤�3�)�m R2n ¥, KAk:

xi,j ≤
ej1pj1

1 − ej1 cos(xi,j−n − βj1)
,

j = n + 1, · · · , 2n; j1 ≤ j − n − 1 (17)½Â 7. duõU«�q��^, âf�©þ�m�3'é'X, Ǒ
NyÑù«'é5, æ^48g�é�©þU^SÅÚ?1�#, òù«üÑ¡Ǒ©Ú48?züÑ.½Â 8. �^©Ú48?züÑ�, âf¥���©þ��# �É�
��©þ�# ���å. âfÄug���åUå, �����©þ��# �o´3
��©þ�½�O(��S.òU
�âfä�ù«�åUå��¡ǑõU«�q¢��å (Operational area cluster real-time

restriction, OACRR) �å�.
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i,j (j = n + 1, · · · , 2n)�e��Ø÷vª (17) �, ¡Ùe��©þǑ4»�©þ, PǑ x

′k+1
i,j ; §¤éA�©þ x

′k+1
i,j−n ¡Ǒ4Æ�©þ.

OACRR �å���^Ò´��âf©þ��#�Ý, ��Ùzg�#�� �Ñ÷vª (17),�Ø÷v�, Ké�Ý?1Ä�¢�N�, ò x
′k+1
i,j

(x
′k+1
i,j−n) ÅÚ ,�Ün����#, �Ù�½3

xk+1
i,j−1(x

k+1
i,j−n−1) ¤#N���S, l
\�âf�Âñ. �â PSO �{�A:, Ø�}Á�Xe½Â:½Â 10. �7©� � gpk

i,j. 3 OACRR �å�¥, ò4»�©þ x
′k+1
i,j ÅÚ�#�÷vª (17)�# ���, Ó�, T�Ǒò x

′k+1
i,j ¤éA�4Æ�©þ x

′k+1
i,j−n �#��A�# �, ù
# �?u xk+1

i,j−1/2� x
′k+1
i,j (½ xk+1

i,j−n−1 � x
′k+1
i,j−n)��7©�:. ÙL�ªǑ

gpk
i,j =































0.382x
′k+1
i,j , j = 1

0.382x
′k+1
i,j + 0.618xk+1

i,j−1, j = 2, · · · , n

0.382x
′k+1
i,j + 0.618d1, j = n + 1

0.382x
′k+1
i,j + 0.309xk+1

i,j−1,

j = n + 2, · · · , 2n

(18)

gpk
i,j ��OÌ��Ä±eü:. Äk, ò4»�©þ x

′k+1
i,j Ú4Æ�©þ x

′k+1
i,j−n �¤éA�õU«�ý��¥%���#, ù�ØKǑÙ3��þ��Å5Úõ�5; Ùg, �7©�äk²;�ÚO¢�¿Â[20], �7©�ål�Ú\ǑØKǑÙ3ålþ��Å5Úõ�5.u´, OACRR-PSO �{��Ý�#úªǑ

vk+1
i,j = b1ωvk

i,j + b1c1r1(p
k
i,j − xk

i,j)+

b1c2r2(p
k
g,j − xk

i,j) + b2c3r3(gpk
i,j − xk

i,j) (19) ��#úªØC. ª¥, c3 ǑÂ Ïf, ��
c3 = 2, r3 Ǒ [0, 1] «mSÑlþ!©Ù��Åê, b1 Ú b2 ǑÙ�.Cþ, eâf©þ÷vª (17),

b1 ��Ǒ 1, b2 ��Ǒ 0; ÄK, b1 ��Ǒ 0, b2 ��Ǒ 1.lª (19) �±wÑ, OACRR-PSO �{äk±e`³: 1) Ù�.Cþ�´^5���{��1Ú½, Ød±	, �{vkO\?ÛI�N��ëê; 2) OACRR �å�´3âf©þØ÷v�A�å�âu��^, Ïd, Ø¬O\�{�O�E,Ý; 3) duéâf¥z��©þ?1Ün�å, ��«+¥Ø¬Ñy·A� $��N, ùÒJp
z��«+¥�N��N�þ, �I²L���S�gêÒU
��÷¿�), l
!�O��m, wÍ

/Jp�{�Âñ5U; 4) Ǒ,âf©þ��å���Øä~�, �´z�Ú��å��´¢�)�m��8, �{)�m���¿vk~�, ��, âf©þ��z��1)�VÇÑO�
, Ïd, Ø�Ø¬»�âf�õ�5, 
�U
3�½§Ýþ�±âfõ�5, l
k�;��ÙÂñy���);

5) dul�NþJp
z��«+¥�N�²þ·A�, ¿��{¢�)�mØä~�, d�*�, ùÒJp
âfÏé��Û�`)�VÇ, 4�/Jp�{��Û|¢5U.

2.5 �{Ú½nþ¤ã, OACRR-PSO �{Ú½Xe:Ú½ 1. ÀJÜn�«+�� m, âf�ê n 9��S�gê kmax ��{ëê. ¿-
i = 1, j = 1, k = 1.Ú½ 2. �ä¤kâf´Äþ�©z�., e´, K=Ú½ 5; ÄK, O� e, p ��©�, =Ú½ 3.Ú½ 3. 3)�m��Sé xi,j ?1�Å�©z, 3 xi,j+n ��å��Sé xi,j+n ?1�Å�©z. Ú½ 4. �ä1 i �âf¥�¤k©þ´ÄÑ�©z�., e´, K i++, =Ú½ 2; ÄKO�
xi,j+n+1 ��å, j++, =Ú½ 3.Ú½ 5. O�z^Ê´�·AÝ¼ê� f(Xk

i ).Ú½ 6. �#�N4� pk
i,j Ú�Û4� pk

g,j.Ú½ 7. - i = 1, j = 1.Ú½ 8. �ä¤kâf´Äþ�#�., e´,K k++, ¿=Ú½ 11; ÄK=Ú½ 9.Ú½ 9. - b1 = 1, b2 = 0, �âª (19) é
xk

i,j Ú xk
i,j+n ?1�#, �ä�#� xk+1

i,j+n ´Ä÷vª (17), eØ÷v, L²�#� �Ǒ�©þ, K- b1 = 0, b2 = 1, �âª (19) ­#?1�#, ���#� �÷vª (17); ÄK=Ú½ 10.Ú½ 10. �ä1 i �âf¥�¤k©þ´ÄÑ�#�., e´K i++, =Ú½ 8; ÄK, O�
xk+1

i,j+n+1 ��å, j++, =Ú½ 9.Ú½ 11. �ä k ≤ kmax ´Ä¤á, e´K=Ú½ 5; ÄKÑÑ(J.ã 4�Ñ
��CO�Å?§¢y� OACRR-

PSO �{6§.

3 �ý¢�9©Û
3.1 ¢��OÚêâO�Ǒ
ÿÁ�©JÑ� OACRR-PSO �{�5U, ÄkÚ\�«0uIO PSO Ú OACRR-PSO�{�m��{, ¡�Ǒ OAR-PSO �{. OAR-

PSO �{�IO PSO �{�ØÓ�?3u)�m



1534 g Ä z Æ � 38ò���, OAR-PSO �{�)�m´õU«� OA�N�, Ïd�éuIO PSO 
ó, OAR-PSO �{ÜnØ ¿.½
|¢�m���. OAR-PSO�{� OACRR-PSO �{�Ì�ØÓ�?3uâf?zL§, OAR-PSO �{Øæ^©Ú48?züÑ, Ù?zúª�IO PSO �{��, 
Ø¹
OACRR �å�, Ïd, §�{¢��½âf �©þ�O(�#��. n«�{�'�XL 1 ¤«.3 � Ó � ¢ � ^ � e, © O æ ^ I O
PSO!OAR-PSO Ú OACRR-PSO n«�{?1�ý¢�. M��¸Ǒ AMD Athlon X2 CPU

2.1 GHz, 3GB S�� PC Å, $1�¸Ǒ Win-

dows XP Professional, ?§�¸ǑMatlab 6.5. �é��Ê´5Uëê: ��k��§ 300 km, ��=�Æ 90b, du�:=\²�ål 20 km, ��Ê´:m��ål 20 km, g�ål 20 km. �Ä
300 km × 160 km ��Ô°«, u�:�I (0, 0),8I:�I (270, 0), æNÔk 5 �, Ù �ÚS��»©OǑ (60, 10, 8), (100, 8.9, 10), (140, 0, 8),

(170, 20, 12), (190, −15, 13) ()Ò¥
ü�ǑæN

Ô ��I, 1 3 �ǑS��», ü : km). ωs ��Ǒ 0.6, ωα Ú ωσ ��ÑǑ 0.2, pa Ú pb Ñ��Ǒ 0.4, pc ��Ǒ 0.2. nÜ�ÄÊ´�þ (°Ý) �5y�m, ÏL�E¢�, �½«+��Ǒ 200, Ê´=�:�êǑ 3, =âf�êǑ 6, ��S�gêǑ 200.

3.2 �{�5UÿÝÚ¢�(J�©¥, �{5UÿÁæ^±e 4 �µd�I[19,21−22]: 1) ²þ�`·A� fmean, �^5ïþ�{�Ï`�þÚ°Ý; 2) �`·A��IO�
σf , 5ïþ�{�°�5Ú­½5; 3) ²þ�IÇ
(Mean standard ratio, MSR): ^ MSR L«, ´�3õg$1,�{L§¥, �{��5½K��¢�gêÓo¢�gê�z©', ^5ïþ�{���5; 4) ²þS�gê (Mean iteration times,

MIT), ^ MIT L«, ´�¤�·A�(J÷v5½K��, �{¤I²þS�gê, ^5ïþ�{�Âñ�Ý. é��S�gêSEØU÷v5½K��¢�, Øë�dÿÝO�.

ã 4 �é��Ê´5y OACRR-PSO �{6§ã
Fig. 4 Flowchart of OACRR-PSO algorithm for ASMPPL 1 PSO, OAR-PSO Ú OACRR-PSO �{'�

Table 1 Comparison of PSO, OAR-PSO, and OACRR-PSO algorithms�{ )�m�� ?zÅ� âf©þm�'X âf©þ�Ñ)�m�?n�{
PSO Ý/«� âf�N?z Ø�Ä'é ±>.:��

OAR-PSO õU«� âf�N?z Ø�Ä'é ±>.:��
OACRR-PSO õU«�q ©Ú48?z �Ä'é ��7©� �����#



9Ï 4g�: �é��Ê´5y� OACRR-PSO �{ 1535z«�{?1 30 g�ý¢�, ©OP¹zg¢�zgS�(å�, )¤��`Ê´�·A�±9zg¢���5½K�¤I�S�gê. P1 ig¢��1 j gS��)¤��`Ê´�·A�Ǒ
fi,j, Kz«�{1 j gS���²þ�`·A�ÚS� 200 g±�²þ�`·A��IO�©O½ÂǑ

fmean
j =

30
∑

i=1

fi,j

30
(20)

σf =

√

√

√

√

√

√

30
∑

i=1

(fi,200 − fmean
200 )2

30 − 1
(21)ò 30 g¢�¥��5½K��¢�gêéo¢�gê 30 �²þ, �� MSR; P1 i g¢���5½K�¤I�S�gêǑ ITi , S� 200 g�EØU÷v5½K��¢�gêǑ j, KMIT Ǒ

MIT =

30−j
∑

i=1

ITi

30 − j
(22)²�n��¢�(JêâXL 2 ¤«.L 2 PSO, OAR-PSO Ú OACRR-PSO �{¢�(J'�

Table 2 Comparison of experiment results of

PSO, OAR-PSO, and OACRR-PSO�{ fmean

200
σf MSR (%) MIT

PSO 0.7338 6.3109 E–02 30 125

OAR-PSO 0.7861 6.6059 E–02 37 117

OACRR-PSO 0.8865 3.6056 E–04 100 4n«�{�²þ�`·A��Âñ­�Xã 5¤«.n«�{©O²L 30 g�ý¢�¤���n^�`Ê´Xã 6 ¤«.

3.3 �{5U©Û�'�é¢�(J?1'�©Û, �±��±e(Ø:

1) l fmean �ÆÝ'�5`, æ^ OACRR-

PSO �{��� fmean 'æ^Ù�ü«�{���
fmean Ñ��, `²§��)�þÚ°Ý�é�p,¿�§oU¼��Û�`), ùL² OACRR-PSO�{��Û|¢Uå�`;

ã 5 PSO, OAR-PSO Ú OACRR-PSO �{�²þ�`·A�Âñ­�
Fig. 5 The convergence curves of mean best fitness of

PSO, OAR-PSO, and OACRR-PSOP

ã 6 PSO, OAR-PSO Ú OACRR-PSO �{�¢�(J
Fig. 6 Experiment results of PSO, OAR-PSO, and

OACRR-PSO

2) l σf �ÆÝ'�5`, OACRR-PSO �{��� σf 'Ù�ü«�{��� σf Ñ��, ¿�~�
ü�êþ?, L² OACRR-PSO �{�­½5��
é��Jp, Xd�� σf `²Ùzg¢�A�ÑÂñu�Ó) (�Û�`));

3) l MSR �ÆÝ'�5`, OACRR-PSO�{� MSR ²w�uÙ�ü«�{, ¿���

100 %, L² OACRR-PSO �{���5�Ù�ü«�{��, ¿�zg¢�Ñ��
5½�K�, ùǑ`²
 OACRR-PSO �{��N5U��;

4) lMIT �ÆÝ'�5`, OACRR-PSO �{�MIT ²w�uÙ�ü«�{, L² OACRR-

PSO �{�Âñ�Ý�Ù�ü«�{��;

5) OAR-PSO �{��N5U'IO PSO �{Ñ�, ù´ÏǑ OAR-PSO �{�)�m��,~�
�{|¢�m, �´§3?zÅ�þ�IO
PSO �{����, ¤±�{5UØ¬k��Jp;



1536 g Ä z Æ � 38ò
6) OACRR-PSO �{�)�m� OAR-PSO�{�)�m����, �´§�Ä
âf©þm�'é5, æ^©Ú48?züÑ5U?�{?zÅ�, ���{��¡�5U��
�ÌÝ�J,,ù¿©`²
©Ú48?züÑ�k�5.

4 (å��©l�é��Ê´5y�¯K�µÑu, òõU«��AÛÆìC5ÆÄ�¤õU«�q�Vg, ¿Ú\IO PSO �{JÑ
�«õU«�q¢��å� PSO �{ (OACRR-PSO). Ǒ
)ûDÚ PSO �{��ÙÂñ¯K, 3�{�`zL§¥, �Ä�âf¥©þ�m�'é5, �{¿Ø´éâf����Ý©þ½ �©þ (=¤k��ê�)Ó�?1�#, 
´Ú\�«©Ú48?züÑéâf�©þU^SÅÚ?1�#. 3âf��#L§¥, �^õU«�q5¢��½âf �©þ�O(�#��, ���{|¢�mÅÚ~�. �ý¢�(JL², ©Ú48?züÑU
�~wÍ/Jp�{��¡�`z5U, �)�Û|¢5U!Âñ5UÚ­½5. I��Ñ�´, âf©þm'é'X��{zÚúªz´��m�ª¯K, 'é'XØÓ, �{g´Ú?zúªÒØÓ, �©l���#�ÆÝU?
 PSO �{, ¢y
¯K�µÚ`z�{�m�û�(Ü.
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