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A Line-seruseruseru Conversion Approach by Means of Cooperative Coevolution

WU Xu-Hui1 DU Shao-Feng2 HAO Hui-Hui2 YU Yang3 YIN Yong4 LI Dong-Ni1

Abstract Line-seru conversion is an innovative assembly system applied widely in the electronics industry. However,

extant algorithms can hardly come into play in solving the line-seru conversion problem. The reason lies in that the line-

seru conversion problem consists of two interacting subproblems, i. e., seru formation and seru loading, so it is difficult to

obtain high quality solutions with affordable computation efficiency. Thus, an evolutionary algorithm with a cooperation

mechanism is proposed in this paper. With the cooperation mechanism, the two subproblems can cooperatively evolved

as two subpopulations simultaneously so as to address the aforementioned problem. Moreover, the coding of chromosomes

representing scheduling result is modified to satisfy the specific requirement of the conversion and acquire solutions with

enhanced performance and balancing ability. Computational result shows a better performance of the proposed method

in minimizing total throughput time, total labor hours and computational costs.
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�¬õ�5Ú½�z:ìO\, �¬)·±ÏwÍ á, ��½|I��ÅÄ5ÚØ(½5��\ì.FªõC�½|�¸��è�äk�Ǒr�Ú×��ACUå, ù«Uå®²éJÏLDÚ)��ª��÷v.±¢Z (Sony) ÚZU (Canon)Ǒ~, du§��)�äkõ¬«!�1þ!pN\��A:, ��¬ª�?1�O,?��#��, Ïd3)�EâÚ��þ��)�XÚU
�â)�I�?1¯�N�, DÚ�Äu°�g��ï�ÓÚª!8¤ª�6Y�®ØU÷vù��I�. Ïd¢ZÚZUÏL�ï�«#.)�XÚ, = Seru (ü�) )�XÚ, 3õC�½|�¸¥øLÑ[2−4] . ZU�¢Zé Seru ü��¢�=z�Ì±eÚ½: 1) ���I��)ÅÄ, |C6Y��ØvàyÑ5, Ǒ
¼�ǑAUå, �±æ�ÔÑþ�#ÀJ; 2) Ø6Y�, ÏL℄8¥��Ú�Ø/O�!õUó�Ô,



1016 g Ä z Æ � 44ò¼�Õá5Úg£5, �ï©�ª Seru ü�5��6Y�; 3) �X Seru ü�XÚ�¤Ù, �ïå Seru)�XÚ5��øI²ï. Äu±þÚ½, Seru )�XÚ3¢�¥��
-<Ê8�¤�. ¢Z3�ï
 Seru )�XÚ�, \OØ
 35 000 ��Dx�6Y�, !�
 71 �²���|/�m, !�
 36 846 �ó�k  (��uÙ�NÄåoê�
1/4). ZU� 54 [ó�3A^ Seru )�XÚ�� 5 mØ
 20 000 ��|C6Y�, º�Ñ 72�²����� (��u 12 [�.ó�), !�

35 976 �k , oOü$¤� 2 · 3 000 �F�, ²þ)��Ç$��L
´X[5] .U¢ZÚZU��, Seru )�XÚ3>f (Xn(!te!L¬Ï�)!ð�"Ü� (XÏ^!́ X!�X�) ±9 ¬1���í2¿¼�¤õ[2−8] . 3·I, �X	℄è��þï�, �Ä
 Seru )�XÚù�#.)��ª�DÂÚí2. 8, °�!{�±9NõÀÜ÷°�)¹[>è�®²í1

Seru )�XÚ?1)�, d	, S��Å�è�3Ù�."Ü��C�¥Ǒm©¢� Seru )�XÚ.ù
-<Ê8�y�Úå
ïÄ+��ßþ,� —Ǒ�o Seru )�XÚØ=!�
℄, �U
¼��¯�ǑA�Ý!�p��ÇÚ���|dºNõÆö (�) INFORMS ¬¬ Stecke!Decision Sci-

ences Institute (DSI) ÌR Swink!º?Ïr Pro-

duction and Operations Management (POM) M©< Singhal!º?Ïr Manufacturing & Service

Operations Management (M & SOM) Ì? Tang�) k��7 Seru )�XÚm�ïÄ½òÙ�Ǒ��#,ïÄ+�?10�[2, 9], �Ǒ Seru )�XÚ�L
 “e��)�XÚ” �u�ª³[7].8�ïÄÌ�8¥uü�¡:��¡´ÏL�DÚ)��ª�é'Øy Seru)�XÚ�`³. Yin �[5] ÏLïÄZUè��)�=.L§, �Ñ
òDÚ6Y�UEǑ Seru )�XÚ��5. De Treville �[7] �Ñ Seru )�XÚ3Ø(½½|�¸e, ��)�XÚä�'yk�C�6Y��\r��ACUå, Liu �[10−12] ǑJÑ
�Ó�*:. Manupati �[4] ò Seru )�XÚ�DÚ6Y�é', �Ǒ Seru )�XÚ�\!�<å℄, ¿��\5�Ú(¹. Liu �[13−14] �Ǒ,

Seru )�XÚ´�«�Ǒk?�)��ª, Ùdå��uDÚ6Y�, Ó�ǑØy
 Seru )�XÚäk áJÏ!ü$¥���J. Stecke �[2] 3&¢�±·A½|I�õC�)��ª��Ñ, Seru)�XÚäk�ÏÆSÚ?z�Uå. Zhang �[15]�Ñ, Seru )�XÚ�±!��þ��¸℄, ~�¤^|Ñ, äk�±Yu�5.

,��¡8¥uXÛòDÚ6Y�UEǑ Seru)�XÚ. Luo�[16] ïÄ
òDÚ6Y�=Ǒ Seru)�XÚL§¥�<
©�¯K. Yu �[17−19] 3ïÄDÚ6Y�� Seru )�XÚ=z�L§¥,JÑ
�«6Y�©��|�êÆ�., ���ïÄ
=zL§¥�Ä�m¤�!NÄå�õ8I`z¯K, ±9XÛ~�NÄå�¯K. Liu�[10−12,14, 18] JÑDÚ6Y�=zǑ Seru )�XÚ�µe��K, ¿�ïÄ
õUó��Ô©�¯K. Zhang �[15] ǑïÄ
õUóéDÚ6Y�=zǑ Seru )�XÚ��^. Yu �[20] ïÄ
 Seru )�XÚ�/¤�©�¯K.3é6Y�� Seru XÚ=z (Line-seru con-

version) ù�¯K�ïÄ¥, �ò¯K{zǑü�ûüL§: Seru �ïÚ Seru NÝ. ò Seru )�XÚÝ\¢S)��Ä�Ú½´XÛòyk6Y�©ǑeZ Seru, ±�¤ Seru )�XÚ��ï, =
Seru �ï. Seru NÝûü1gXÛ©�� Seru¥. 8�ïÄÑ´é Seru NÝ�ãæ^
~X
FCFS (First come first served) �{ü�éuª5K?15y, ,�2�O�{5�) Seru �ï�°()½�`). ~X Yu �[21] ÏL?U�© NSGA

(Non-dominated sorting genetic algorithm)-II ��!CÉö�Î�äN¢y�ª, ±·A Seru �ï�A:, lòÙ$^3)û Seru �ï¯Kþ.

Yu �[19] Ǒ
Jp�{��£|^Uå, òÛÜ|¢�{� NSGA-II �(Ü, ±Jp Seru �ï��þ. Liu �[18] JÑ
�«n�ãéuª�{, )û
 Seru )�XÚ�ï�ã¥ó<©��¯K.�´, þãïÄ¿vkéÜûüL§?1�ÛÏ`, ÏdÏLùa�{5yÑ� Seru )�XÚ�{¿©u�XÚ�(¹5�þïUå�r�`³.¢Sþ, �)6Y�� Seru =z¯K��`)AT´éÜ�Ä Seru �EÚ Seru NÝü�¯K, �XJÓ�é Seru �ï� Seru NÝü��¡éÜ?1Ï`, �o¯K�)�mÒ¬C�Luã�, yk�{J±3��É��mS�� Seru XÚ��`5y�Y. ¤±, XÛ3Ün��{$1�mS, Ó�éü��¡?15y±¼��`�5y�Y, ´)ûT¯K�'�.�©ë� Kaku �[22] ïÄ, Ú\
ü�µ��Ié Seru )�XÚ�5U?1µ�, =�¬6Ï�m (Total throughput time, TTPT) ÚoNÄ�m
(Total labor hours, TLH)�Ǒ`z8I. TTPT=ǑXÚ¥¤k�¬1g\ó�¤¤s¤��m, ^5µ�XÚ�)�Ç. TLH =ǑXÚ¥¤kó<�\ONÄ�m, ^5µ�XÚ�<
NÄ�Ç.Äu±þ©Û, �©JÑ�«õ8IÆÓ?
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MOCC), ^±)û6Y�� Seru =z�éÜ`z¯K. �©�{3DÚ?z�{g��Ä:þ, \\
f«+m�ÆÓÅ�. �{�é6Y�� Seru =z¯K�A:, ïáü�f«+©OéA Seru �ï� Seru NÝü�f¯K. ÏLÆÓÅ�, ü�f«+B��pÆÓ?z, =3?zL§¥Ó��Ä
Seru �ï� Seru NÝ�ØO\�{$1�m, ±d)ûyk�{�3�Øv, ¼��`�=z(J.,	, �©3)�ÄÏ?è¥Ú\
P{è, ±Ï35yL§¥¼��`�þï5U. ÏLA^MOCC,=z�� Seru )�XÚ3(¹5�)�UåþÑ¬¼����J,.�©Ù{Ü©|�Xe: 1 1 !0�
3?z�{¥Ú\ÆÓÅ���'ïÄ; 1 2 !�Ñ
6Y�� Seru )�XÚ=�¯KÄ�Ñ�¯K�.;1 3 !JÑ
�«�kÆÓÅ��?z�{; 1 4!ÏL�ý¢��yT�{�5U; 1 5 !�Ñ(Ø¿�"e�Úó�.

1 �'ó��!�éNÝ¯K, 0�
3?z�{¥Ú\ÆÓÅ���'ïÄ.?z�{3)ûE,NÝ¯KþkXû��A^�J[23−24]. �´�
NÝ¯K, ~X6Y��
Seru XÚ=z  �9������)deZ�f¯K�)|¤��¹ (36Y�� Seru XÚ=z¯K¥, f¯K=Ǒ Seru �ï� Seru NÝ), ù
f¯K  ÍÜÝ�p. �DÚ�?z�{�U
�é��Õá�¯K?1NÝ5y, éuþãùa¯K, �U
òz�f¯KüÕ?z, 2ò)?1|Ü. X_'��[25] �é$ÑUåÉ�^�e�ªü�¯K, JÑ
�«Äu·Ü�a�¢D5y��éuª�{, T�{ÄkéóS©�!óSüS!$Ñ|1Ú´»ûü� 4 �f¯K©O�), ��2ò 4 �f¯K�)?1|Ü. X�A�[26] JÑ�«ÄuÄ�ûü¬Ú¬+`z��éuª�{, |^ûü¬©O)ûªü�)�NÝÚ$ÑNÝ¯K,¿�ª)¤NÝ). ù���ªǑ,�±�������), �f¯K�m��6'X3?zL§¥��Ñ, õ�f¯K�)|Ü�Æ��J  J±÷v)�I�. ÏdDÚ�?z�{¿Ø·^u)ûùa¯K.Ǒ
¿©|^?z�{éu)ûNÝ¯K�`³, �«õ�ãÆ���{�A^��)�L§¥. Cheng[27] JÑ
�«©�ã: k�^��NÝ (Job dispatching) 2?1�ÀÏSüû½ (Due-

date assignment decisions) ��{5)û���m

NÝ¯K. Baker[28] �^
NÝ5KÚ�ÀÏSüü«�ª©O)ûü��ã�¯K¿©Û
KǑ©�5K��aëê. Miyazaki[29] �Ñ
�«3NÝXÚ¥\\^S�ª�©��{^5ü$��ò´.ù���{3f¯K�mÍÜ'X�f�, �±��é��A^�J, �XJf¯Km�p�6, duSf«+�)®�(½, ��ã�f«+��£&¢B¬�î���, �{aÑ®k��å|¢��`�). ¢S)��¸¥, f¯Km  ÍÜÝ�p, Ïd, ù���{�,ØUé�/�)õ�f¯K.Ǒ
¿©�Äf«+�m�6'X, ¿òÙ3NÝL§¥\±Ny, Cochran �[30] JÑ
�«Äu�LÅ��«+ÆÓ�ª, l¢yõ�f«+Ó�?z. Goh �[31] �^��{3?z�Ï#N©)`z¯K, ¿3��«+¥\\Ü��¿��Å�. ÏLù���ª, f«+m��6'XÒ�±�¿©�Ä¿��{�O��ÇǑ�±���ÌÝ�Jp.Äu±þ©Û, Ǒ
�y�{3¢S)��¸¥�¤õA^, �©(Ü±þg´, �é6Y��
Seru )�XÚ=�¯K�A:, �Ä
f«+�m��p�^�KǑ, �O
�«�kÆÓÅ��?z�{. �©�Ì��z3u±eü:: 1) JÑ
¿©�Äf«+m�6'X�ÆÓÅ�, ¿òÙA^36Y�� Seru )�XÚ=z�¯Kþ; 2) éuÆÓÅ�ü�f«+m�N�p�6�A:, �O
äk�é5��NÄÏ?è�ª, �ÆÓÅ�U
�A^�?z�{¥�.

2 ¯K�.6Y�� Seru XÚ=z¯K®É�2��'5, �©ë� Yu �[21] JÑ�¯K�., ±��z TTPT Ú TLH �Ǒ`zNÝ8I, Ó��Ä

Seru �ïÚ Seru NÝü�f¯K�ÆÓ.

2.1 ¯K£ã�kC�6Y�ÚC� Seru �C�XÚÌ�k±en«: X Seru XÚ!XC��XÚ!·ÜC�XÚ[22]. Ǒ
�3 Seru )�XÚÄ�A:¿{z¯K�., �©?Ø�6Y�� Seru =z¯K´ò6Y�=�ǑX Seru XÚ.X Seru )�¥, Seru m)��²ï4Ǒ�.¢S)�¥, )�1g����Éé�, ù��3
Seru �ïÚ Seru NÝ�L§¥4´Ñy Seru m)�Ø²ï��¹. Yu �[21] 3ïÄ¥, ò)�1g����É�OǑ��©Ù. �©�¯K�.¥, )�1g���©ÙǑþ!©Ù, �bÜ¢S)



1018 g Ä z Æ � 44ò�G¹.�©¥é6Y�� Seru =��{�µ�´Äuø\÷ (Pareto) õ8I�`, é TTPT Ú TLHü��I?1µd.

2.2 ¯Kb��©�Ä�b�^�Xe:

1) k N ��¬a., M ��¬1g (z�1g�k�«�¬a.), �1g��®�;

2) Seru ¥��õêóS´^{ü$d����¤�, E�§�Ï~¤���[6] , �E����¤���ÑØO;

3) ���¬1g�U3�� Seru ¥�¤, Ø�Ä©;

4) z��óSÑ3Ù�½���¥�¤, e,a.�¬�I,«óS, KaLTóS���;

5)3 Seru ¥�óS�6Y�¥�óS��, �kW «ØÓ�óS, �ó<<ê�Ó;

6) 3 Seru ¥, z�ó<U�1 Seru �¤kóS, ��Ñ��óS�m�ò�;

7) 36Y�)��ª¥, z�ó<��1��óS, ó<ê�óSê��;

8) ØÓ Seru ¥�ó<ê�±ØÓ, �Ø�Ló<o<ê;

9) ü«ØÓa.�¬��\ó�, �Ä���O��m, ÄK�ÑO��m.

2.3 ÎÒ�L��©¯K�'�ÎÒCþ½ÂXe¤«.¢Ú:

i Ǒó<�¢Ú8 (i = 1, 2, · · · , W ), W Ǒó<oê;

j Ǒ Seru SÒ�¢Ú8 (j = 1, 2, · · · , J );

n Ǒ�¬.Ò�¢Ú8 (n = 1, 2, · · · , N );

m Ǒ�¬1g�¢Ú8 (m = 1, 2, · · · , M );

k Ǒ�¬1g3�� Seru ¥\ó^S�¢Ú8 (k = 1, 2, · · · , M ).ëê:

Vmn =

{

1, L«1g��¬a.´ n

0, Ù�
Bm: 1g m ���;

Tn: Ǒ�¬a. n 36Y��²ï�m;

SLn: Ǒ36Y�¥\ó�¬a. n �O��m;

SCPn: Ǒ3 Seru ¥\ó�¬a. n �O��m;

ηi: Ǒó< i 3 Seru ¥k�ö�óS�ê�þ

., �ó<3 Seru ¥ö�óS��ê�Lù�þ.�, ÙóS\ó�mòC�;

CW i: ó< i 3 Seru ¥ö�õ�óS�UåXê;

ǫi: ǑõUóXê;

βni: Ǒó< i \ó�¬a. n �EâXê, ���L«Uå�p.ûüCþ:

Xij =

{

1, ó< i ��
 Seru j

0, Ù�
Zmjk =











1, 1g m �©��
 Seru j ¥¿�1 k �)�
0, Ù�Cþ:

CW i=

{

1+εi(W − ηi), W > ηi

1, W≤ηi

,∀i (1)

TCm : 1g m ����¬3 Seru ¥��óS�\ó�m, �u Seru ¥¤kó<é1g m \ó�m�²þ�, Xª (2) ¤«:

TCm =

N
∑

n=1

W
∑

i=1

J
∑

j=1

M
∑

k=1

VmnTnβniCW iXijZmjk

W
∑

i=1

J
∑

j=1

M
∑

k=1

XijZmjk

(2)

SCm: 1g m 3 Seru ¥�O��m, XJ1g m � Seru ¥þ�1g��¬a.�Ó, KÙO��mǑ 0; ÄKǑ SCPnVmn, Xª (3) ¤«:

SCm=

{

SCP nVmn, Vmn = 1, Vm′n = 0

0, Vmn = Vm′n = 1
(3)

(m′jZmjk = 1, Zm′j(k−1) = 1, ∀j, k)

FCm: 1g m 3 Seru ¥�6Ï�m, �1g��!TCm!óS�êÚ Seru ¥�ó<�ê�',Xª (4) ¤«:

FCm=
BmTCmW

W
∑

i=1

J
∑

j=1

M
∑

k=1

XijZmjk

(4)

FCBm: 1g m 3 Seru ¥�m©�m, �uT Seru ¥S1g6Ï�mÚO��m�oÚ, Xª (5) ¤«:

FCBm=
m−1
∑

s=1

J
∑

j=1

m
∑

k=1

(FS
s
+ SCs)ZmjkZsj(k−1)

(5)
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2.4 ¯K/ªz£ã
Seru XÚ��¬6Ï�m TTPT ÚoNÄ�m TLH L«Xe:

TTPT = min
{

max
m

(FCBm+FCm+SCm)
}

(6)

TLH = min

M
∑

m=1

W
∑

i=1

(

J
∑

j=1

M
∑

k=1

FCmXijZmjk

)

(7)�â¢S)�¥�¯KA5Ú�å, �©��å^�£ãXe:

1≤

W
∑

i=1

Xij≤W, ∀j (8)

J
∑

j=1

Xij = 1, ∀i (9)

J
∑

j=1

M
∑

k=1

Zmjk = 1, ∀m (10)

M
∑

m=1

M
∑

k=1

Zmjk = 0, ∀j |

W
∑

i=1

Xij = 0 (11)

J
∑

j=1

M
∑

k=1

Zmjk ≤

J
∑

j′=1

M
∑

k′=1

Z(m−1)j′k′ ,m = 2, 3, · · ·,M

(12)Ù¥, ª (8) L«z� Seru ¥�ó<êØ��Ló<oê; ª (9)L«z�ó<7L�=��©���� Seru; ª (10) L«z�1g��=��� Seru\ó; ª (11) L«���¬1gØ�±�©��vkó<� Seru; ª (12) L«�¬1g7LU^S�©�.

2.5 ¯K5�©Û6Y�� Seru XÚ=z�¹ Seru �ïÚ SeruNÝü�ûüL§. Yu �[20] ®y²òyk6Y�©ǑeZ Seru � Seru �ï¯K´�� NP J¯K. éuûü1gXÛ©�� Seru ¥� Seru NÝ¯K�E,Ý, e¡ò�Ñ{�`².®�õ?nÅNÝ¯K´�� NP J¯K, £ãXe: �k n �Õá��� {1, 2, · · ·, n}, d m��Ó�Åì {1, 2, · · ·, m}, ?1\ó?n. �� i¤I�mǑ t i. ?Û���±3?Û��Åìþ\ó?n, ���óØ#N¥ä?n, ?Û��ØU©¤���f��. 3÷v±þ�åe, ���Ñ�«��NÝ�Y, �¤�� n ���3��Uá��mSd m �Åì\ó?n�¤.

3 Seru NÝ¯K¥, �òz��®²��ï� Seru j, éAuõÅìNÝ¯K¥���Åì, z�\ó1g m, éAu��. d?, ØÓuõ?nÅ¯K¥�Åì, �� Seru �m�3\óUå�É.

Seru NÝ¯K¤�)�ø\÷�`(J, ��uõ?nÅNÝ¯KǑ�ǑE,. dd��, éu�ǑE,� Seru NÝ¯K, Ù3õ�ª�mSǑ�{���`).

3 MOCC�{Ǒ)û6Y�� Seru =z�¯K, �©JÑ
�«Äu�N?èSÜ���?z�{.du¤�Ä�¯K�©Ǒ Seru �ïÚ Seru NÝü�f¯K, ¿�f¯K�m�3X�p�^, ��{æ^
ÆÓ?z�üÑ, =/¤ü�f«+©OéAü�f¯K. ü�f«+p�Æ��Ó?z,��?zÑÆÓ�J�����).�éü�f«+�A:, ��{�O
�«O\
P{?è�?è�Y, ±��/?1 Seru �m�²ï.�{6§:Ú½ 1. �©«+, �Å�)�N?è, /¤ü�f«+;Ú½ 2. �^�N?èSÜ��ö�éÙ¥�N?1?z;Ú½ 3. z�f«+3Ù�f«+�L�ÆÏeµ�«+SÜ�N·AÝ¿�#�L;Ú½ 4. z�«+?z�æ^°=üÑ)¤e��«+;Ú½ 5. e���S�gê, �£Ú½ 2; e���ªS�gê, Ê�.

3.1 ?è�Y
Seru )�XÚ�Ñy, U
¢y��)� Serum�²ï, �~�/·A
�8\ó±Ïá!õ¬«!�1þ�)��ª. Ǒ
��/¢y Seru )�XÚ�²ïA5, �é©¥JÑ�6Y�� Seru=z¯K¤�¹� Seru �ïÚ Seru NÝü�f¯K, ·�©Û
Ù�g�A:, �OÑ
�«\\P{è�?è�Y. ù«\\P{è�?è�ª�±��/Ú�?z��, ÏL� Seru m�)�G���²ï, ��/?1 Seru �ïÚ Seru NÝ.�é Seru �ï¯K¥�UÑy� Seru �ê9

Seru Só<êþ�\óÀÔ1g��mØUp�²ïÆN�¯K, 3 Seru �ï�?è¥\\�P{è^uéó<?è�©�, ��� Seru S�¹�ó<êþk¤«O, �¤5�ØÓ� Seru.



1020 g Ä z Æ � 44ò�é Seru NÝ¯K¥�UÑy�ÀÔ1g��� Seru 5�Ø��E¤�Ø²ï¯K, 3 SeruNÝ�?è¥\\^uÓ �P{è, �5�ØÓ� Seru kÅ¬�©��ØÓ�ê�ÀÔ.

3.1.1 SeruSeruSeru�ï
Seru �ï´6Y�� Seru =z¯K¥Ä�ûüÚ½, §û½
 Seru )�XÚ¥ Seru ��ê±9z� Seru S�ó<. Seru �ï�(JòKǑ

Seru )�XÚ�5U, Ǒ
��ï�� Seru )�XÚäkû��²ïA5, ·�æ^©z [21] ¥?è�ª)û Seru �ïf¯K, =�«ÏL\\P{èéó<?è?1©��?è�ª.ó<?èL«
�¤� Seru )�XÚ¥¤k�ó<, ó<�ØÓ|Ü�±�¤ØÓ� Seru,¤± Seru �ï�L§Ò´òó<?1|Ü�L§.Ïd^�^?èL«�«�Üó<�|Ü�ª, ØÓ�?è|¤��«+3?z�{¥?1?z. ?è¥Ø=k�Üó<�&E, �\\
^u©��P{è, �òL«ó<�?è?1y©. �P{è©�m� (3ü�Ø���P{è�m�) ó<?èÓáu�� Seru, ù�Ø=(½
 Seru ��ê, ǑÓ�(½
 Seru Só<�©�.3?zL§¥, ^u©��P{è�U?zÑØÓ� �, ù�¬��z� Seru S�¹�ó<k¤Cz, � Seru �5�ÑyCz, �U·AC1þ�)��¹, k�r�²ïUå.e¡Þ~`²T?è�ª:�Äk 5 �ó<?ÒǑ 1∼ 5, P{èǑ 6∼ 9��¹.e?èǑ:ã 1 Seru �ï?è«~ 1

Fig. 1 Example 1 of coding for seru formationK Seru �ï�¹Ǒ: ó< 1 Ǒ�� Seru, ó<
2!5 Ǒ�� Seru, ó< 3!4 Ǒ�� Seru.e?èǑ:ã 2 Seru �ï?è«~ 2

Fig. 2 Example 2 of coding for seru formationK Seru �ï�¹Ǒ: ó< 5!3!2 Ǒ�� Seru,ó< 1!4 Ǒ�� Seru.

3.1.2 SeruSeruSeruNÝ
Seru NÝ´���� Seru SüI�\ó�1g. 3)û6Y�� Seru =z¯K�, Seru NÝ

  3 Seru �ï���d{ü�éuª5K5�¤. �©JÑ��{ò Seru NÝǑ�Ǒ��f¯KÏL?z�{�ÑNÝ�Y. 3)û Seru NÝf¯K�, Ǒ
�¤k�1gÑU
�©���ï�
Seru ¥, ·��O
�«Äu��$�� “1g¨
Seru” N�Å�; Ǒ
U��� Seru ��/²ïéC1þ1g�\ó, ·�31g�?èS�O
�k^uÓ �P{è�?è�ª.ÏLé1g?è�ö��±¢y Seru �NÝ.31g�?è¥\\P{è, 3zg?z�, �â
Seru �ï�(Jéz�?è� �?1��$�,òz�?èSü\éA� Seru. eǑP{è, KT ��s, eǑ1g?èKòT1g�\T Seru ?1\ó.3?1 Seru NÝ�L§¥, ØÓ�NÝ(Jk�U�� Seru m�Ø²ï, Ǒ��� Seru �±²ï, 1g?è¥O\
P{?è. 3V\P{?è�, 1g?è©�\ØÓ Seru ��ê¬�)Cz,

Seru �\óUåòÏLù��ª2g²ï.e¡Þ~`²T?è�ª: �Äk 3 � Seru, 5�1g?ÒǑ 1∼ 5, P{èǑ 6∼ 15 ��¹.e?èǑ:ã 3 Seru NÝ?è«~ 1

Fig. 3 Example 1 of coding for seru loadingK Seru NÝ�¹Ǒ: 1�� Seru ¥k ��
3 Ǒ 0 �?è: 11, 15, 14, 4, 8. �ØP{è�, 1�� Seru \ó�1gǑ: 4.1�� Seru ¥k �� 3 Ǒ 1 �?è: 1, 6,

13, 9, 11. �ØP{è�, 1�� Seru \ó�1gǑ: 1.1n� Seru ¥k �� 3 Ǒ 2 �?è: 7, 2,

5, 3, 10. �ØP{è�, 1n� Seru \ó�1gǑ: 2, 5, 3.e?èǑ:ã 4 Seru NÝ?è«~ 2

Fig. 4 Example 2 of coding for seru loadingK Seru NÝ�¹Ǒ: 1�� Seru ¥k ��
3 Ǒ 0 �?è: 5, 15, 8, 4, 9. �ØP{è�, 1�� Seru \ó�1gǑ: 5, 4.1�� Seru ¥k �� 3Ǒ 1�?è: 12, 13,

2, 11, 6. �ØP{è�, 1�� Seru \ó�1gǑ: 2.1n� Seru ¥k �� 3 Ǒ 2 �?è: 14, 3,

7, 1, 10. �ØP{è�1�� Seru \ó�1gǑ:
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3, 1.

3.2 «+?z«+�?z´�â¯K�.�OÄu�N?è��«{ü�?z�{. T�{�é��«+, ÏLé�N?è�SÜö�, ²L«+S�?z=�S�, Øä/`z�N(�, �)�`).

3.2.1 ��ö�SÜ��´«+?z��Ä���{, §�±�«+SÜ�)#��N, �«+�±?z. ���NSÜ?è��#�N�â���?è�)Cz,3��«+SÜ, ��±«+õ�5. äN��{´, éu��I��N, �ÅÀ�Ùg�?èü ?1���)#�N.��: ã 5 ��?è«~
Fig. 5 Example of coding before exchangeXã, �Ú�ü =´�ÅÀ��ü ?è, �����N?èXe:���: ã 6 ���?è«~
Fig. 6 Example of coding after exchange

3.2.2 °=üÑ°=üÑ��´«+3?zL§¥Øä��eÜ©5U�`�N��{. 3«+SÜz��?zL§¥, çÀÑÜ©5U�`��N, ùÜ©�N¬?1�3, ØéÙ?1SÜ��. ^ù
�`�NO�K²LSÜ������Ü©�N, /¤#�«+, 2?1e�g?z.e¡�Ñ°=üÑ�/ªz£ã:

Parent = {p | ���Ü�N?è}

Elitist = {elite | elite ∈ Parent ∩ nondomi-

nated rankelite =1}

Offspring′= {p′ | p′ ?z��N?è}

Eliminated = {elim | elim ∈ Offspring′ ∩ non-

dominated rankelim = Max(nondominated rank)}

Offspring = Offspring′– Eliminated ∪ ElitistÙ¥, Parent Ǒ��«+, Elitist Ǒ°=�N8Ü,

Eliminated Ǒ�=��N«+, Offspring′ ǑLÞf�«+, Offspring Ǒ�ªf�«+.

3.3 «+ÆÓ�©¤�Ä�¯K�©Ǒ Seru ��ïÚ Seru�NÝü�f¯K, ¿�f¯K�m�3X�p�

^. du±þ¤ã�?èÚ?zL§¥, ü�«+��éü«f¯K¥���?1?z, �´ü�f«+¥��N�{�¤�����), ¤±3é��f«+¥�N�?z?1µd�, I�\þÙ�f«+��N/¤�����).��{æ^
ÆÓ?z�üÑ, 3�¯K�ü�f¯KmïáÆÓÅ�, ��éA�ü�f«+p�Æ��Ó?z, ��?zÑÆÓ�J�����). 3?zL§¥, 3éz���N?1µ��,ÑkòT�N�5g,�«+��L�N|¤éu¯K���), 2éT��)?1µ�, =µ�òdT�NÚ,�«+��L�NÆÓ�¤. 3��{¥, f«+�L�Nd�?�<Im�{, �â�|��? (Nondominated rank) lf«+¥?1ÀJ. Xã 7¤«, ü�f«+AÚB ©OéA Seru�ïÚ Seru NÝü�f¯K, f«+�mǑÆÓ?z'X. a Ú b ©OǑf«+ A Ú B ¥µdÑ���`�N, a Ú b �Ó|¤����`). çÚ¢��ÞL«�#, �f«+¥kµd�����NKé��`)�TÜ©?1O�. çÚJ��Þ�Lf«+�m�Æ�, L«3µ���^,��f«+��`�N. ~X, ��`)Ǒ ab, �f«+ A 3µ�«+S�,��N a′ �, K�^ b �
a′ |¤����)?1NÝ, ?��·AÝD�
a′. XJd� a′ �·AÝ' a p, `²Ñy
�|ÆÓ�`�), ·�r a O�¤ a′, ���`)Ǒ
a′b. �âd«�ª, f«+3?z¥p�KǑ, �ª������«+mÆ����).

ã 7 ÆÓ?zã
Fig. 7 Diagram of cooperative coevolution

4 é'¢�Ǒ
�y��{�`z5UÚO��Ç, �©?1
õ|é'¢�, �ý¢�æ^ C# �ó¢y,$13 3.10 GHz Core i5-2400 CPU, 4GB RAM� PC Åþ.
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4.1 ¢��O�©¢��O�ó<êǑ 20, õUóXê εi U
N(0.2, 0.05) ©Ù, äNXL 1 ¤«. ó<éØÓa.�¬ÙöÝêâ�©Ù!ó<éØÓ�¬�ÙöÝ±9 30 1�¬�&Eêâ, XL A1, A2, A3, A4¤«. ?z�{��Ç Pc Ǒ 0.5, °=üÑ¥°=êþ Nelite Ǒ 10.L 1 �~�)�ëêL

Table 1 Parameters of test problems�~�)ëê ���¬a. 51g�� ∼U[10, 110]

εi ∼N[0.2, 0.05]

SLn 2.2

SCPn 1.0

T n 1.8

ηi 10

4.2 ÆÓüÑ�KǑ�©3?z�{¥\\
ÆÓÅ�, 3�Äü�f¯Km�p'X�Je, Ó�éü�f¯K?15y±�¼�5U�`�5y(J.Ǒ
u�ÆÓÅ��k�5, ¢��vk\\ÆÓÅ���{ (Multi-objective evolution, MOE)?1
é'.3ùp, ·�Ú\
ë�8 (du¯K5��Ǒ
�, �{��°(), �ò�{S� 100 g�¼���|�8�Ǒë�8), ¿�^
 RNI (Ratio of

non-dominated individuals)[32] � D[34−35] ü��Ié�{5U?1µ�.Ù¥ RNI ½Â
�|�8¥)��ê�ë�8¥)�ê�'�, RNI �p=�L¤�Ñ�|�8�k�)�õ; D =Ǒ�|�8¥�)�ë�8¥)�ål, D ��=�L�|�8��Cë�8.

3vk\\ÆÓÅ���{¥, k^�©�{)û Seru �ïf¯K; 2�âÙ(J^²;5K
FCFS )û Seru NÝf¯K; ��òéü�f¯K�(JÜ¤�����), ��©¥�^ÆÓ?z��{(J?1'�.3 5 �ó<��¹e, Ùü�µd�I TLH Ú
TTPT �ø\÷÷(Jé'Xã 8 ¤«.Ù{é'(JXL 2 ¤«, MOCC ��\\ÆÓÅ���{�m� Gap �O��{þë�úª
(13)!(14), Av Ǒ Average � �:

GapRNI AV =
Av RNIMOCC − Av RNI MOE

Av RNIMOCC

(13)

GapD AV =
Av DMOCC −Av DMOE

Av DMOCC

(14)

ã 8 ó<êþǑ 5 �, MOCC ��\\ÆÓ�{��|�8m�'�
Fig. 8 The non-dominated solutions of MOCC and the

one without cooperation strategy with 5 workersd¢�(J��, 3ØÓ5��ÿÁ¯Ke, \\ÆÓÅ���{þ`u�\\ÆÓÅ��{�`z5U, GapRNI AV ²þ�Ǒ 36.68 %, GapD AVL 2 ���^ÆÓüÑ�5Ué'
Table 2 Comparison proposed approach and the one without cooperation strategy

W R
Proposed algorithm MOE Gap

RNI AV
Gap

D AV

Av RNI Min RNI Av Dav Av Dmax Av RNI Min RNI Av Dav Av Dmax (%) (%)

5 20 0.66 0.50 0.04 0.09 0.42 0.35 0.13 0.37 57.14 256.83

10 43 0.50 0.33 0.12 0.68 0.45 0.35 0.16 0.81 10.00 36.63

15 62 0.51 0.32 0.03 0.22 0.40 0.45 0.06 0.48 27.50 117.42

20 57 0.65 0.47 0.02 0.13 0.41 0.35 0.05 0.36 56.89 169.32

25 31 0.64 0.54 0.11 0.26 0.52 0.44 0.16 0.21 22.96 49.06

30 39 0.69 0.56 0.09 0.28 0.41 0.46 0.18 0.32 45.57 87.23

Average 36.68 119.425: W L«ó<êþ, R L«ë�8¥)�êþ



6Ï ÇR��: �«ÄuÆÓ?z�6Y�� Seru XÚ=z�{ 1023²þ�Ǒ 119.42 %. ù|¢�L², d\\ÆÓÅ���{�)�)Ø=k�)�õ, �Ǒ��Cë�8, `z5U��\\ÆÓÅ���{k²w�J,.�)ù�(J��Ï3u, \\ÆÓÅ���,¯K�ü�f¯K (= Seru �ï� Seru NÝ) ÆÓ?z, �{)¤�)3)ûéAf¯K�, �Ä
f¯Km�ÍÜ'X, Ïd�üÕéf¯K?z¤�)�)�', MOCC ¤�))�ÆÓ5U�Ǒn��.  Seru )�XÚU
u�Ù`³�'��´3uü�ãU
Ó�?1N�¤�)�R5�(¹5, ÏdÆÓ5U���)  ¬Ǒ Seru XÚ�5�Z�A^�J. dd��, �\\ÆÓÅ���{Ǒ,U
3ü�f¯Kþ¼����A^�J, ��ü�f¯K�)|ÜǑ���)�, duÙ?z��[�|µØ��Ó, nÜ�)UåǑÒ�\\ÆÓÅ���{�'��.

4.3 �Ù��{é'�©ÀJ
 2 «)û6Y�� Seru )�XÚ=z¯K��{é'·���{?1¢�, ©OǑ:

NSGA-II Ú\\ÛÜ|¢� NSGA-II. Ø
Ú\
RNI 9 D ��I?15Ué', Ǒ
��/�y��{é Seru )�XÚ?1þï�Uå, ·��Ú\
 STDEV (Standard deviation)TTPT �Ǒïþ�{þï5U��I. STDEVTTPT ½Â
�Y¥ØÓ Seru m TTPT�IO�, STDEVTTPT ��, =�LØÓ Seru m\ó6Ï�m�å��!Seru XÚ\óUå�L¤��, �{�þï5UǑÒ��.

4.3.1 �NSGA-II�{�é'
NSGA-II[36] ´�«Äu GA (Genetic algo-

rithm) �?z�{. Yu �[21] æ^ NSGA-II, ±)û6Y�� Seru XÚ=z¯K. �!ò?1
MOCC � NSGA-II �é'¢�. Ǒ
�y¢��ú²5, é'¢�æ^
�©z [21] �Ó�¯K�.±9¢�ëê.��©¥�^ÆÓ?z��{(J?1'�,Ùü�µd�I TLH Ú TTPT �ø\÷÷(JXã 9 ¤«. Ù{é'(JXL 3 ¤«, MOCC� NSGA-II �m� Gap �O��{þë�úª
(15)∼ (17):

Gap
RNI AV

=
Av RNIMOCC − Av RNINSGA−II

Av RNIMOCC

(15)

Gap
D AV

=
Av DMOCC − Av DNSGA−II

Av DMOCC

(16)

Gap
STDEV

=
Av STDEVMOCC − Av STDEVNSGA−II

Av STDEVMOCC

(17)

d¢�(J��, MOCC � NSGA-II �',

RNI ²þJ,
 71.17 %, D ²þJ,
 146.59 %,

STDEV TTPT ²þJ,
 295.53 %. ù|¢�L², ��{�)�5y�YØ=3)�5U�Iþ� NSGA-II k¤J,, þï5UǑk�Ǒ²w�Uõ.

ã 9 ó<êþǑ 5 �, MOCC � NSGA-II �{��|�8m�'�
Fig. 9 The non-dominated solutions of MOCC and

NSGA-II with 5 workers©Û¢�(J, MOCC � NSGA-II �`³Ì�kü��¡. ��¡, ÆÓÅ��\\, ��
MOCC �U·A6Y�� Seru )�XÚ=z¯K�A:, =ü�ãf¯K�p�6!ÍÜÝp, ;�
 NSGA-II f¯KüÕ?z�, LÝ �|¢�m¤��)�õ�5É����¯K. ,��¡, duÚ\
P{è, MOCC ¤�)�)Ø=3þï5þäk`³, �U
¿©Ny Seru )�XÚ�R5, ;�
 Seru 3?1�ï9NÝ�É�Ø7��å, lJp
)��þ. Ïd, �DÚ�{�',

MOCC 3)û6Y�� Seru )�XÚ=z�¯Kþäk�½`³.

4.3.2 �\\ÛÜ|¢� NSGA-II�{é'\\ÛÜ|¢ (Local search) � NSGA-II �±Or NSGA-II �Ï`Uå. Yu �[19] òÛÜ|¢\\ NSGA-II, ±¼��Z�6Y�� Seru XÚ=z�Y. �!ò?1MOCC �\\ÛÜ|¢�
NSGA-II �é'¢�. Ǒ
�y¢��ú²5, é'¢�æ^
�©z [19] �Ó�¯K�.±9¢�ëê.��©¥�^ÆÓ?z��{(J?1'�,Ùü�µd�I TLH Ú TTPT �ø\÷÷(JXã 10 ¤«. Ù{é'(JXL 4 ¤«, MOCC�\\ÛÜ|¢� NSGA-II �m� Gap �O��{þë�úª (18)∼ (20):
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GapRNI AV =

Av RNIMOCC − Av RNINSGA-II local search

Av RNIMOCC

(18)

GapD AV =
Av DMOCC − Av DNSGA-II local search

Av DMOCC

(19)

GapSTDEV =
Av STDEVMOCC − Av STDEVNSGA-II local search

Av STDEVMOCC

(20)L 3 � NSGA-II �{�5Ué'
Table 3 Comparison of proposed approach and NSGA-II

W R
Proposed algorithm NSGA-II Gap

RNI AV
Gap

D AV Gap
STDEV

Av RNI Av Dav Av Dmax STDEV TTPT Av RNI Av Dav Av Dmax STDEV TTPT (%) (%)

5 20 0.66 0.04 0.09 134.91 0.37 0.14 0.40 390.95 78.38 281.42 189.79

10 43 0.45 0.12 0.68 330.33 0.35 0.14 0.69 1 101.28 25.71 20.61 233.39

15 62 0.40 0.03 0.22 552.93 0.27 0.06 0.45 2 518.01 48.71 142.42 355.39

20 57 0.65 0.02 0.13 1 672.87 0.23 0.06 0.38 5 443.23 176.02 263.64 225.38

25 31 0.64 0.11 0.26 1 551.91 0.49 0.18 0.31 7 613.63 31.52 73.58 390.60

30 39 0.69 0.09 0.28 1 286.32 0.41 0.19 0.27 6 156.87 66.68 97.87 378.64

Average 71.17 146.59 295.53L 4 �\\ local search � NSGA-II �{�5Ué'
Table 4 Comparison of proposed approach and NSGA-II combining local search

W R
Proposed algorithm NSGA-II combining local search Gap

RNI AV
Gap

D AV Gap
STDEV

Av RNI Av Dav Av Dmax STDEV TTPT Av RNI Av Dav Av Dmax STDEV TTPT (%) (%)

5 20 0.66 0.04 0.09 134.91 0.40 0.13 0.42 377.08 65.00 262.84 179.51

10 43 0.45 0.12 0.68 330.33 0.39 0.15 0.68 1 010.48 15.68 26.75 205.90

15 62 0.40 0.03 0.22 552.93 0.26 0.07 0.52 3 122.81 53.92 159.85 464.78

20 57 0.65 0.02 0.13 1 672.87 0.29 0.06 0.39 5 275.38 122.79 263.64 215.35

25 31 0.64 0.11 0.26 1 551.91 0.51 0.17 0.26 6 962.83 26.35 64.15 348.66

30 39 0.69 0.09 0.28 1 286.32 0.47 0.16 0.34 6 261.26 47.44 74.47 386.76

Average 55.20 141.95 300.16

ã 10 ó<êþǑ 5 �, MOCC �\\ÛÜ|¢�
NSGA-II �{��|�8m�'�

Fig. 10 The non-dominated solutions of MOCC and

NSGA-II combining local search with 5 workers

d¢�(J��, MOCC �\\ÛÜ|¢�
NSGA-II �{�', RNI ²þJ,
 55.20 %, D²þJ,
 141.95 %, STDEV TTPT ²þJ,

300.16 %. ¢�(JL², Ǒ,\\
ÛÜ|¢��
NSGA-II �Ï`5Uk¤J,, �)�k�)êþ� NSGA-II k�½§Ýþ�O\, �du Seru XÚ=z¯K�A:, ü�f¯K)�ÆÓ5UǑ´KǑ��)5U����Ï�, Ïd�©\\
ÆÓÅ���{�,NyÑ
U
Ó��Äf¯Km�p�^�`³. 3þï5Uþ, duÚ\
P{è, MOCC �`³Ǒ�Ǒ²w.

4.4 3¢S)�¥�A^Ǒ
?�Úµ�MOCC �5U, �©�ï
��ÄuS��1�Å�8ì (S��Å) ¢S)��¸� Seru )�XÚ, ¿òMOCC A^�TXÚ�



6Ï ÇR��: �«ÄuÆÓ?z�6Y�� Seru XÚ=z�{ 1025)�NÝ¥. Ü©3¢S)�¥~^�²;�)�NÝ5KǑ3�!¥� MOCC ?1é'.S��Å3DÄC��)�¥, öp>�Ü�!�åCÝì!1(C�C���."Ü�C�¥®²�Ú¢�
 Seru )�XÚ. �©òS��Å�ï��? Seru )�XÚ^ué'¢�, TXÚ�¹k 10 �ó<. 3�©�ï� Seru )�XÚ3S��ÅA^, S��Å� Seru NÝ´dNÝ<
�â²;�)�NÝ5K?1�, ~X, k�kÑÖ (FCFS)!�á\ó�m (Shortest pro-

cessing time, SPT)!�áNÄ�m (Shortest total

labor hour, STLH)!�á���m (Shortest wait-

ing time, SWT). S��Å� Seru )�XÚ¥kü�n¶NÝ
;�KI)�L§¥� Seru NÝ. Ǒ,kþãNÝ5K�ÆÏ, �du Seru )�XÚ�E,5, <óNÝ�(J  J±÷v¢S)��I�, �� Seru XÚ¤Ǒ��è�)�XÚ¥�´¶. �©æ^
æ8gS��Å Seru )�XÚ�¢S)�êâ, òMOCC�þã 4^²;�)�NÝ5K?1é'. ¢�(JL²|^ MOCC �ï� Seru )�XÚ5U`u²;NÝ5K, RNI²þJ,
 79.65 %, D ²þJ,
 274.61 %, STDEV

TTPT ²þJ,
 226.36 %.d¢�(J�±wÑ, MOCC ��u²;NÝ5K, 5y(J�äk�é5, Ïdäk�r�`zUå, 5yÑ� Seru )�XÚǑäk�`�þï5U, U
��/u�Ñ Seru )�XÚ3¢S)�¥�då�`³.

5 (Ø�©�é6Y�� Seru )�XÚ=z¯K�A:, l¢SA^���Ñu, JÑ�«Äu�N?èSÜ��� MOCC �{, ¿�é¯KA:, \\
«+mÆÓÅ�, )û6Y�� Seru )�XÚ=z¯K. du¤�Ä�¯K�©Ǒ Seru ��ïÚ
Seru �NÝü�f¯K, ¿�f¯K�m�3X�p�^, ¤±T�{�^
ü�f«+p�Æ��Ó?z, ��?zÑÆÓ�J�����). ÏLù���ª, T�{�±3o�O��Ç�Je, ¼�û��`zUå. ¢�(JL², �f¯KüÕ?z�', ÆÓ?zU
k�*��{|¢��, ¿©u� Seru )�XÚ�R5�(¹5, �ª)¤�5y�YǑU
3¢S)�¥�����A^�J.�A^ NSGA-II �DÚ�{�)T¯K��{�', MOCC Ø=3)��I (X TTPT �) þ`uDÚ�{, ¤�)5y�Y�þï5UǑk�ǑâÑ�Ly. ù«�É��Ï3u, ÏLf«+m�Æ

ÓÅ�, ��{Ó��Ä
 Seru �ï� Seru NÝü��¡, DÚ�{  ò'5:�u Seru �ï�5yþ, =�^~X FCFS �éuª5Ké SeruNÝ�ã?15y, Ǒ,ü$
¯K�E,5, �Ǒ�À
 Seru NÝ�ã��5. ¿�, ·�3?è�Y¥Ú\P{è, O\
)�õ�5, lJp
�{�`z5U. dd��, MOCC Ó�o�O��ÇÚ`z5U�`³, �±3¢SA^¥p�/)ûE,5p, �¬1g��ÅÄ���6Y��
Seru )�XÚ=z¯K.N¹ A L A1 ó< i �õUóXê
Table A1 Worker i

′s coefficient of influencing level of

doing multiple assembly taskó< 1 2 3 4 5

εi 0.18 0.19 0.2 0.21 0.2ó< 6 7 8 9 10

εi 0.2 0.2 0.22 0.19 0.19ó< 11 12 13 14 15

εi 0.18 0.23 0.24 0.22 0.16ó< 16 17 18 19 20

εi 0.24 0.18 0.18 0.21 0.18L A2 ó<éØÓa.�¬ÙöÝêâ�©Ù
Table A2 The data distribution of worker′s level of skill

for each product type�¬a.
1 2 3 4 5

N(1,0.05) N(1.05, 0.05) N(1.1, 0.05) N(1.15, 0.05) N(1.2, 0.05)L A3 ó<éØÓ�¬�ÙöÝ
Table A3 The data of worker′s level of skilló</�¬ 1 2 3 4 5

1 0.92 0.96 1.04 1.09 1.20

2 0.95 0.97 1.09 1.12 1.18

3 0.99 1.01 1.05 1.09 1.21

4 1.03 1.07 1.09 1.12 1.25

5 0.96 1.02 1.05 1.10 1.18

6 1.01 1.10 1.10 1.15 1.23

7 1.04 1.07 1.09 1.17 1.24

8 0.98 1.02 1.10 1.11 1.20

9 0.97 1.03 1.12 1.19 1.26

10 0.98 1.06 1.13 1.18 1.28

11 0.95 1.04 1.03 1.14 1.19

12 0.98 1.07 1.07 1.15 1.15

13 0.99 0.95 1.11 1.17 1.10

14 1.01 1.10 1.05 1.13 1.18

15 1.04 1.10 1.05 1.15 1.11

16 0.99 0.97 1.08 1.11 1.22

17 1.04 1.01 1.11 1.15 1.24

18 0.93 1.06 1.07 1.13 1.14

19 0.96 0.98 1.12 1.14 1.21

20 1.08 1.04 1.09 1.11 1.13
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Table A4 The data of 30 batches1g?Ò �¬a. 1g��

1 3 46

2 5 68

3 3 45

4 4 19

5 1 36

6 4 45

7 1 62

8 2 30

9 2 60

10 3 67

11 2 9

12 4 24

13 3 38

14 4 32

15 5 52

16 5 48

17 1 68

18 4 71

19 2 46

20 5 25

21 1 26

22 3 52

23 4 46

24 5 44

25 2 32

26 3 75

27 1 33

28 4 103

29 2 74

30 3 53
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