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. oTpTqXr iTjXstvuvwvxvy Wvz|{v}v~vM�O�Yv[v\v�vS��|�
,
O��v�v�v�v�v��z|{v�vM�O xvy }v~vd��|� uvw W�T�X�T�

, � gT�TMPORQTSTUTVTYT[T\XWZ�T�T� . �T� ]T� qXr �Z�TQT�T�TaT�T�X�Z�T T¡T]T¢TQ�T£X¤
.
sZ¥T¦T§X�Z�XWZ¨T�T©Tª

, « UT¬XZ®X¯F°²±XkZ³T´T�Xs tXµ|¶X·|¸T¹Tº�»Z¼�½ .
�T¥T�s tXµZ¶ WZ�T¾ ¼ ¡T¿TÀTÁT] ¼X½ QT�TÂTÃ

, ÄTÅ MPO uTwTÆ °ÇMPO xTy �XzZ{XÈZSTÉTÊ Æ ] ¼X½ËTÌXWZmTn
,
�T�X�Z� ¼ ¡T] qXr QT�T£X¤ , ÍTÎTÏ dTÐTÑ :

¬XZ®X¯TWZÒTÓTÔTÕTÖX¤Z×�ØZ^v¢TÙÚ ¸T¼X½
; Û zZ{XÈZSTÜTMPO xTyTÝ � � , ÞTß OR�Xà ÆTá ÁTâ ,

¬XZ®X¯TWTãZÔT¨Tä Ý È
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Robust scheduling optimization for resource-constrained project
based on random duration of activities

HE Zheng-wen, LIU Ren-jing, XU Yu

(School of Management, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract The robustness of project schedule plays an important role for the smooth execution of project

under uncertain conditions. The authors studied the resource-constrained project robust scheduling prob-

lem with random duration of activities. The objective was to arrange the start time of activities so as

to maximize the robustness of project schedule under the constraints of renewable resources and project

duration. The studied problem was identified and illustrated by using an example at first. Then the opti-

mization model was constructed and three heuristic algorithms, including tabu search, multiple iteration,

and random generation, were developed. Ultimately, the algorithms were tested on a standard instance

set generated randomly. The influences of activity number, project duration, and resource strength on the

algorithms’ performance were analyzed. An instance was utilized to illustrate the research in the paper and

the following conclusions were drawn: The solution quality of the tabu search is remarkably higher than

that of the other two algorithms; as the resource strength or the project duration increase, the average

value of objective function climbs and the quality advantage of the desirable solution of the tabu search

augments. The research in this paper can provide decision supports for the preparation of project schedule

under uncertain conditions.

Keywords resource-constrained project scheduling; optimization model; heuristic algorithm; random

duration of activities; robustness

1 òôóõTöT÷TøPùRúTûTüTý
(project scheduling problem) þTÿ������������ ÷ , ����	���
�������������������� ÷������

, ����������� ù! �" � ÷�#�$ ( %���& ) ' û�(�)�*�+ [1−2]. ,�-���.T��/ , 0�1���2 øPù3 ��4T� û�5�6 ��7�� ÷ ������8 , 9�:���;���' û�(�)�< ��=�>�?�7�@�8BA�CB��
 , D�E���F�G ÷TøPù �H�I ��/ ,
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\^]`_ba
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: g^h`ibj^k^l^m^n (70971105); o^p^q`ibj^k^l^m^n (2009JM9001); �^r^s^t^m^u^k^v^w^x^y^z^{^|^n}^~^�^�
: �^� � (1967–), �^�^� , �^� , v^�^�`� : {`�b�^�^�^�^� , E-mail: zhengwenhe@mail.xjtu.edu.cn.
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¢�£�¤
[3].¥�¦ 8 (robustness) §�¨ øPù ' û�(�) ��
��������� ����� ÷������ , ©�ª�>�«���8 ÷�¬� [4]. ®�, ,¯ ��D�°�������8�±�1 ÷TøPù ¢�² , >�' û�(�)�³�´�µ U�±�¶ ÷ ¥�¦ 8 , ?�·�¸�¹ ¬ U�V 5�º�» 
����¼��½B¾ KBL ÷BMBN , ¿BÀB�BÁB> ¯ ø�ù � Hv÷ ¨BÂBÃBÄ . ÅB�B�B�B� �B�B�v÷vø�ù ¥B¦ 8 úvûvüvý , ÆB�B7B°Ç�È�ÉÊ�Ë ¯ >�'�ÌTþvÿ . Herroelen

Y
Leus[5] Í (�Î�Ï�Ð�Ñ�Ò�Ó�¬�Ô �BÕ «B�B8�ÖB×B' ûB(B)T÷BØ ��ÙÚ�Û

,
ù! §�� 6 ��Ü�Ý ¾�Þ��B���B#Bß �Bà Þ ÊBË <�áv÷Bâ�ãBäBå�æBç . Van de Vonder è [6] é Ä�ê�ë��ìTþTÿ Ñ�í�î ¥�¦ 8 ( ¨ øPù � âT÷ «���8 )

Y�ï ¥�¦ 8 ( ¨ ï ��ð�Ì�/ ÷ «���8 ) ñ áT÷�å�ò ÅT� , óôÑ�<�á�õ�ö §�÷�/ø�Ä�ù�§�À�ú�ø�Ä ÷TüTý . Van de Vonder è [7]
Ê � Ñ 7 Ó�ï ¥�¦ 8 # 1 � Ø ��Ù Ú�Û ,

ê�ë�À�û Ñ�ü�ý�þ�ÿ��T÷�(�) «���8 Y � â ñ áT÷�å�ò ÅT� . Al-Fawzan
Y

Haouari[8] 4 < A�CT� â�#�ß �Y ¥�¦ 8 # 1 � , ��� Ñ��Pù! �ü�ý�þ�ÿTøPùRúTû�� � Î Í (�Ñ�������	�Ø ��Ù ÚBÛ . Lambrechts è [9]
Ê

� Ñ 7 Ó�������	�Ø ��Ù Ú�Û�
���Õ�¥�¦ 8 øPù ÖB×�' ûB(�) ,
ù! § # 1 � ' û�(�)T÷�ï ¥�¦ 8 . Van de

Vonder è [10] � I 7�Ý���ì , ±�À�û Ñ � Ó ¥�¦ 8 øPùRúTû�Ø ��Ù ÚBÛ �B��4���� �v÷�� V . ,�- , � õöT÷ ����� øPùRúTûTüTý þTÿ��� , Å�������� �����TøPù ¥�¦ 8 úTûTüTýT÷ þTÿ ù���� ,�±������ , ���
'�7�� ÷�����Y��� [11].! ��" Ó ������K�L ÷�M�N�#�# 3 ��$�.�� à�%�& âT÷ ��� 8�'�?�7�(�� , )�*�+�,�-�.�/�0 &�1�2�34�5�6�7�8:9�;�<�=�>�?�@�A

,
9�B�C�D�E�F�G�4�5

(renewable resource, H E�I�J�K�L�3�4�5�M�N�OQPSRTUPWV�X�Y
) Z 8:9�&�1�3�6�7�2 , [�\�/�0 3�]�^�_�`�a�b�c�d�8:9�e�?�f�g�3�;�<�= . h�i�j�k�l , m @A�n�o�prq�s j e�t�u�v�w +�, .

D�x * 3�y�z�{�| , i�j�}�~�����k�+�, @�A���L�������������e�t���� ;

- y�����@�A�3���d���� ; � ��� NP-hard � =�R�f�������������� ;
D -�.���� 3�B���������������e�t��� ��L���������� +�, e�t���� ;

b�y�����  * ��¡�¢ +�, ��x .

2 £¥¤¥¦¥§
)�*�¨ L�©�ª /�0 (activity-based)

3 +�,�« � [12], H�¬ 8:9����®���� AoN (Activity-on-Node) ¯°
,
��±r²�³�´� /�0 , µ�¶ ´� /�0�· `�3�¸�¹�º�» . ¼�½ ����¾ N

� /�0 � � 3�8:9 ,
¢�ª ¯ ° �¿�3À�Á

, Â�Ã�Ä�Å�Æ ��Ç /�0 : /�0 0 Z�/�0 N + 1,
|�È����8:9�3�]�^ Z ��7 .

8:9�3�É�Ê À�Á
K Ë E�FG�4�5

, Ì k(k = 1, 2, · · · , K) Ë E�F�G�4�5�3�E�L�Í�® Rk. /�0 n(n = 0, 1, · · · , N + 1) Î t�_�D�Ï�Ð�_�`Ñ � Ì k Ë E�F�G�4�5�3 À ��Í�® rnk ,
¾rª�Ò�Ó ��Ô�Õ 3�Ö�× ,

��Ø�1
dn

®���Ù�Ú Z B���Û�|�È�® µ(dn)

Z σ(dn)
3 -�.�Ü Í . Ý�Þ , ß ¿ Æ ��Ç /�0 ��à Ë E�F�G�4�5�3 À ��Í�á���Ø�1�Ù�â�® 0.

f�g�3�8:9�Ø
1�®

D.
À�Á�ã ¢�3�C

,
¾rª /�0 Ø�1�3 -�. = ,

8:9�Ø�1
D
É�ä���®���å�=�6�7

, H�m 6�7�D�8:9�e�?�fg�æ � _�ç�è ¼�½ ��é�ê , ë D�f�g�3 Î t�u�ì�±rí�î�E�ï�ð�ñ�ò .ó�ô � D�æ � 8õ9öe�?�f�g�_ ,
©�ª�Ø�1�Ù�Ú

µ(dn) ¬�/�0 n
3�]�^�_�` [�\ ® sn.

D�8õ9ö3�É�Ê
u�ì÷±

,
¾øª�ù /�0 3�É�ú�Ø�1���Ò�� � Y�ª���Ù�Ú , Ô�û�/�0 3�É�ú�]�^�_�`�ü�ç�ý�þ -�· � ��Ü d ,

e
ÿ���� e�?�f�g�3�� � =�����ò�� .

®�����	�
 Ë���� ¢ ó 3�E�ï�= ,
É�ú�±r3�8:9��� j���� þ�D�à�� /

0 ���r¢�� � 3�_�`���� , ��û�����������/�0 Ø�1�3 Ü d���f�g�� � =�3�Ö�× . � ª�
�����É ,
D /�0 n

(n = 1, 2, · · · , N)
3�f�g�� � _�` ( H sn + µ(dn)) · y�R� ���!�_�`�"�# Bn,

¾ û�$�% e�?�f�g�3�� � = .

Bn

3�R� � u /�0 ]�^�_�` sn

3 [�\�& � � ,
¡ � ù /�0 3�f�g�]�^�_�` sn, Bn

E�'�2���f��
:

Bn = min
m∈Un

{sm} − [sn + µ(dn)], n = 1, 2, · · · , N.

��±
, Un

® /�0 n
3 k î�(�y /�0 3�)�* . + ����E�a�,�¢ , -�/�0 n

3�É�ú�Ø�1�.�/
µ(dn)

_
, 0 Á ��13�.�/�2�?�Ò�3�u

Bn, 4�5�/�0 n
3�(�y /�0 m

3�f�g�]�^�_�`
sm 6 q À e�t�>�7 , + ÿ�8�9 y�z�e�?f�g�Ò�: m .�/�3�Ö�× .��ª�����¡ � 8:9 ,

ù /�0 3�_�`�"�#�;�c ,
e�?�f�g�3�;�<�= 6 ; % .

ý ÿ
,
¾rª�<�D�8:9�Ø�1

D
3

6�7
, /�0 3�_�`�"�#�Ò�E�ï�q�=�æ�X -�Þ R� . Ô�û ,

ç�è ¬ î�=�3�_�`�"�#�*���X [�\ � /�0 ��> ,
a�î

? $�% 8:9�e�?�f�g�3�;�<�= .
®���� � 
���@�A ,

À�Á ®�à�� /�0���B ����C�I�»�D ξn (n = 1, 2, · · · , N)��E h ξn

R� 
Bn

3�c�F
. G ý , /�0 n

3
σ(dn)

;�c
,
��Ø�1�3 Ü d�= 6 ; % ,

À�Á 3�_�`�"�#�ü�;�c
.® û ,

©�ª
σ(dn) ¬�/�0 3�C�I�»�D σ(dn) ��B M�2 : ξn = σ(dn)/

∑N

i=1 σ(di).
D�8:9�3�É�Ê�u�ì�±

, Ü d= % 3 /�0���� ��e�?�f�g�� � =�3�Ö�×�H�c . k a , +�I�Ã ����J�K & , , ξn

É�ú���L�M�� /�0 n
��3�Ï
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Ð�_�`�"�#���e�?�f�g�;�<�=�3�[�\

. -�/�0 n
��3�_�`�"�#�®

Bn

_
,
����e�?�f�g�;�<�=�3���[�\ H EL

ξnBn

?�Í
.
©�ª���¿���¾

, ] 7���8:9�e�?�f�g k�^ î�3���;�<�= Robu, ��B ® k î /�0 ��3�_�`�"�#��8:9�e�?�f�g�;�<�=�3�[�\�� Z , H Robu =
∑N

n=1 (ξnBn). _�`  �a , - 8:9�3���_�`�"�#�H %�b D�ù /
0�· `�e�t���*���|�c�_ , d e�?�f�g�3 Robu 6 þ�efH % ;

L · ,
e�?�f�g�3

Robu 6 H�	 , g : /�0 Ø�1
Ü d�3�Ö�× ÿ�h�i X�� � >�7 .

D���¿�j�x�3�©�k��
,
b�l ]�m�*�k�+�, @�A ��� ® :

D�E�F�G�4�5�E�L�Í
Rk

á�8:9�Ø�1
D
3�6�7�2

,
©�ª -�. Ø�1�3�Ù�Ú µ(dn) Z B���Û σ(dn) [�\�/�0 3�]�^�_�` sn,

a�b�c�d
8:9�e�?�f�g�3�;�<�=

Robu.

3 npo
L�q

1 k ��3���������8:9�� 2
± k���� 3�@�A�e�t���� . m ����8:9�r�s�t 6

� /�0 ,
��±

0 Z 5|�È�®�Ç�3�]�^ Z ��7 /�0 , 1
P

2
P

3 Z 4
®�u�Ç /�0 .

<�D�� Ë E�F�G�4�5�=�æ ,
��E�L�Í

R1

®
10.
ô �ù /�0 3�Ø�1�v + 1�w�|�x ,

��Ù�ÚUP « Û�á /�0 ��E�F�G�4�5�3 À ��Í�Ù�B Ý ª�q�± .
8:9�Ø�1

D
®

20.

0

1 3

2 4

5

7; 2; 4 

0; 0; 0 

8; 1; 6 

9; 0.5; 4 8; 1; 5 

0; 0; 0
:

( ); ( ); 1

y
1 z|{|}�~�� AoN �|� y��ª m ����8õ9 , }�~ a�8õ9�� � _�`�b���®õ9öB ,

D�E�F�G�4�5�á�8õ9öØ�1�6�7�2
,
©�ª /�0 Ø�1�3Ù�Ú�¡�¢�����E�t�e�?�f�g [�\ (

M�q
2(a) k � ): s0 = 0, s1 = 0, s2 = 0, s3 = 8, s4 = 8, s5 = 17.

D me�?�f�g [�\ 2 ,
ù�u�Ç /�0 3�_�`�"�#�® : B1 = 1, B2 = 0, B3 = 1, B4 = 0.

E h�/�0 Ø�1�3�B���Û ,
E

a «�� X�f���¢�ù�u�Ç /�0 3�C�I�»�D�® : ξ1 = 0.45, ξ2 = 0.22, ξ3 = 0.22, ξ4 = 0.11,
¾ û E�����¿�e�?�fg�3�;�<�=

: Robu = 0.67. i ®���e ,
ó a�;�<�=�b�c�d�®:9�B

,
¡�¢ I ��E�t�e�?�f�g [�\ (

M�q
2(b) k�

): s0 = 0, s1 = 0, s2 = 0, s3 = 10, s4 = 10, s5 = 20.
D�G�3�e�?�f�g [�\ 2 ,

ù�u�Ç /�0 3�_�`�"�#�® :

B1 = 3, B2 = 2, B3 = 2, B4 = 1.
��*�u�Ç /�0 3�C�I�»�D ,

E�f���¢�G�e�?�f�g�3�;�<�=�®
: Robu = 2.34.

0

5

10
R1=10

s0=0 s5=17

n=4

n=3

n=2

n=1

B1=1
B3=1

0

5

10
R1=10

s0=0 s5=20

n=4

n=3

n=2

n=1

B1=3 B3=2

B4=1B2=2

0 5 10 2015 0 5 10 2015

(a) (b)

y
2 z|{|}�~��|�|�|�|�|�|�®���� 9

Robu � e�?�f�g�� � = · `�3��rD�º�» ,
ó ©�ª /�0 Ø�1�3�1�w�|�x ,

����¿ Æ ��e�?�f�g
[�\ 3 Î t�u�ì�e�t���� .

D�������t�±
, 0 Á î /�0 3�]�^�_�`���ª���f�g�_�` , d�� e�?�f�g�� � ��>7

;
M���Ç���7 /�0 3�]�^�_�`���ª���f�g�_�` , d�� 8:9���'�f�g�� � .

������D�R � ® 10000
�

,
����3

����M�2
:
� � _�`�b���e�?�f�g�r�î 8538

��� � ��>�7 ,
8:9�î

7980
����'�f�g�� � ;

;�<�=�b�c�e�?
f�g�r�î

1296
��� � ��>�7 ,

8õ9öî
739
����'�f�g�� � .

¾ û E�a���x ,
M�� ¬ 8õ9öe�?�f�g÷¾ ß�j��®�y j >�É�Ê , 4�5 e�?�f�g�� � >�7�á�8õ9���'�f�g�� � 3���� , ¬ þ÷¾ 85.4% Z 79.8%

|�È G�� 2���
13.0% Z 7.4%, ��H 8:9�e�?�f�g�3�� � = ¬ þ�����c�2�?�X $�  .

��¿�������
,
D -�.�/�0 Ø�1�¡�¢2

, £ �q 2(a) k ��3�e�?�f�g:9�B�C £ E�ï���X�� � 8:9 , ë ¾rª���;�<�=�H�	 ,
����Ò�¤�¥�ª�É ó�¦ 1

9öB
,
ÿ b�§ î�E�ï�¨ � e�?�f�g�D Î t�u�ì�3�>�7 ,

e ÿ�©�ª 4�5�c� �á [�\ 3 Ü F���« ��Â�Ã�¬ L . L
,
M�� Î t�q 2(b) k ��3�e�?�f�g , 4�5 ,

¾rª m e�?�f�g ^ î�H % 3�;�<�= ,
8:9�3�É�Ê�u�ì ¬ þ�®��¯�° ��±

,
L ÿ F�î ° ª�8:9�3�'�_�� � á ¦ 1:9�B�3�É ó .
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4 ÌpÍpÎpÏ
E h ��¿�� k�+�, @�A�3 ����Z ��� ,

����©�ª -�.�/�0 Ø�1�3�4�5�6�7�8:9�;�<�=�>�?���d������¿M�2
:

Max Robu =

N
∑

n=1

{[

σ(dn)

/ N
∑

i=1

σ(di)

]

[minm∈Un
(sm) − (sn + µ(dn))]

}

(1)

s.t. s0 = 0 (2)

sn + µ(dn) ≤ sm m ∈ Un; n = 0, 1, · · · , N (3)

sN+1 ≤ D (4)

∑

n∈V T

rnk ≤ Rk T = 0, 1, · · · , D; k = 1, 2, · · · , K (5)

sn

®�u�Ð�7�D
n = 0, 1, · · · , N + 1 (6)

��±
, VT

®�D
T
_�Ñ�1�D�e�t�3 /�0 3�)�* .��¿���d�����®���7�D�Ò�g���d����

.
��±

,
9�B Á ���

(1)
b�c�d�8:9�e�?�f�g�3�;�<

Robu.
6�7�¡

¢��
(2) ¬ Ç /�0 0

3�f�g�]�^�_�`
s0(

�ü�C�7���8:9�3�f�g�]�^�_�`

) ��B ® 0
_�Ñ

;
�

(3)
® ¯ ° � ~º�»�6�7

,
Ó 8 /�0 n

3�f�g�]�^�_�`
sn � ��Ø�1�Ù�Ú µ(dn) ·�Z Ò���ª���(�y /�0 m

3�f�g�]�^�_�`
sm;
�

(4)
®�8:9�Ø�1�6�7

,
8�9 Ç���7 /�0 N+1

3�f�g�]�^�_�`
sN+1(


�ü�C�7���8:9�3�f�g�� � _�` )Ò�3�u�8:9�Ø�1
D;
�

(5)
®�E�F�G�4�5�6�7

,
K���D�8:9�É�Ê�u�ì�±r3�@ Þ ����_�Ñ T (T = 0, 1, · · · , D),

k î�1�D�e�t /�0 � Ì k(k = 1, 2, · · · , K) Ë E�F�G�4�5�3 À ����Í ∑

n∈V T rnk

Ò�3�u m�Ë 4�5�3�E�L�Í
Rk;
�

(6)
®�Ó�Ô Ü Í�3 ��B�Õ 6�7 . � u���¿���d���� , � E ��Ö�/�0 f�g�]�^�_�` sn

3 [�\ , ¬ _�`�"#�*���X�|�c���Ø�1 Ü d�=�H�c�3 /�0 � ,
a�×���8:9�e�?�f�g�;�<�=�3�b�c�d

, + ÿ £ b�c�E�ï�X 8�9 89�3�®���É�Ê�á ¦ 1:9�B�3 ¯�° É ó
.

5 ØpÙpÚpÛ
m�Ü�k�+�, @�A�®�� /�0 Ø�1�® -�.�Ü Í�3UP ;�<�=:9�B�4�5�6�7�8:9�>�?�@�A , Ý E�J�®�Þ�ß�3�4�56�7�8õ9ö>�?�@�A

RCPSP(resource-constrained project scheduling problem) à Ò�Ó � ¡�¢�2�3�� Ë�á�â .¾rª
RCPSP ã ð 9 �r® NP-hard

@�A
[13], k a , m�Ü�k�+�, @�A�ü�ç�ý�®�� NP-hard

@�A
. � ª���¿�ä

Ô , i�j�¨ L�������������� m @�A . m ² }�~ R�f�@�A�����3�å�æ�ç�è���������� . - y ,
¡�¢ I�Ã�Æ�Ë���������

( H ±�I�é�´ Z�-�.���� ),
��D�2���²�3 ��� ±r��
�ê Ë ����3�ë ? e�t���er|�ì .

5.1 í�î�ï�ð�ñ�ò�ó®�� «���Ü�ô y�z��¿ , ��B M�2�Ó�Ô à Í S
���@�A�3�E�t��

: S=(sn; n = 0, 1, · · · , N + 1).
@�A�3

õ ^�E�t��
S0 � u�2�¿�ö�÷ -�.���� :ø�ù

1
D�Ò ¼�½ E�F�G�4�5�6�7�� (5)

3�¡�¢�2
,
©�ª /�0 Ø�1�Ù�Ú µ(dn)

P 8:9�Ø�1
D Z 8:9 ¯ °���

,
° L�º�ú�û�ü��

CPM(critical path method)
f�� /�0 n

3�_�`�ý
[En, Ln].

��±
, En Z Ln

|�È�
� /�0 n

3�b�� Z b���]�^�_�` .ø�ù
2
D�Ò�þ�L ¯ ° � ~ º�»�6�7�� (3)

3�¡�¢�2
,
®�à�� /�0 n(n = 0, 1, · · · , N + 1)

D�_�`�ý
[En,

Ln]
± -�. X [�\ ����]�^�_�` sn,

¾ û�ÿ�� @�A�3������ à Í S0.ø�ù
3 + _�Ñ 0

�
sN+1,

D�à���_�³�������E�F�G�4�5�6�7��
(5)
C����������

( Ý�Þ , /�0 n
3��

z�_�` + sn

����f����
minm∈Un

{sm}), � C d�ã ��������E�t�3 õ ^�� S0;
� d , 	�
 ö�÷ 2

��I�J��
¿�� i � � ��������E�t�3 S0

®�
.

5.2 �����������
-�ß E�t�� S1

3�����E�t���³
S2
'�M�2�ö�÷ -�.���� :ø�ù

1
D -�ß E�t�� S1

± -�. X�������� /�0 (
Ç /�0 0 ��Ã ), ¬�m�/�0 3�]�^�_�`�D���_�`�ý�±

-�. X Ü d�����Ï�Ð ,
¾ û ��� -�ß ��3�������³ S2.
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ø�ù

2 ����¯ ° � ~ º�»�6�7�� (3)
C����������

, � C d�� z�y�z�� i ;
� d ,

>�7���� /�0 3�]�^_�`�� � �
(3)
��������®�

.ø�ù
3
'�� � õ ^�E�t�����¨���ö�÷ 3

± �� � « � ,
������ �!�"�#�$�%��

(5) & ��������� , �
&�d�ã ����������t�����³ S2;

� d , 	�
 ö�÷ 1
��'�(���¿�� i � � ����������t�� S2

®�
.

5.3 )�*�+�,�-�.�/�0�1E h å�æ�ç�è���© m ä�� ,
��2�f�������ç�è�ö�÷�3�4 k ¿ :ø�ù

1 5 w õ76 �78�� S0
á����797�;:=<7>7?7@

Robu0; A7B7C7D �7E7F7G7H , I7J7K �787L7M7?
Numstop; N 6�O�P�Q�R�S TL; T�U ?�V Num = 0; W�X�Y L S1 Z X�Y�[�\ L S∗ ] @�^ S0: S1 = S∗ =

S0, Robu1 = Robu∗ = Robu0. _�` , Robu1 a Robu∗ b�c ^ S1 a S∗ d�e 9�fg:h<�>�?�@ .i�j
2 k�l S1

f�m�n�o�8�p�q
S2, U�C�r S2

4�fg:h<�>�?�@
Robu2. s�t�k�l�u p�q�f�v�w�x�yz�{ P�Q�R�S

TL ` , | x�}�~�� 4;
y��

,
}�~��

3.i�j
3 T S1=S2, Robu1 = Robu2, Num = Num + 1, ��� P�Q�R�S TL. ��� Robu2 > Robu∗, � m~ T S∗ = S2, Robu∗ = Robu2,

}�~��
5;
y��

, ��� }�~�� 5.i�j
4 ��� Robu2 > Robu∗, ����k�l�u p�q�v�w�f P�Q��7� , T S1 = S∗ = S2, Robu1 = Robu∗ =

Robu2, Num = Num + 1, ��� P�Q�R�S TL,
}�~��

5;
y��

,
}�~��

2.i�j
5 ��� Num ≥ Numstop

x�y l�� , |�l�� }�~�� 6;
y��

,
}�~��

2.i�j
6 ������� f�����L , I S∗ a Robu∗.

r�������������` ,
P�Q�R�S

TL �������������� �¡ : ¢�X�k�l�X�Y L�f�m�n�o � p�q7£ , u�k�l�¤¥ d�e 9�v�w�f�¦�§¨v�w�©�ª�«�¬� � TL ` . ® £ , [�¯��  R�S f�¦�§¨v�w�©�°�«�v � TL, TL ` f _±�¦�§¨v�w�§ ��²�� m�z . d�³ z�{ TL ` f�v�w�´�x�µ P�Q f , ¶�X m�n�µ P�Q f�v�w�·�¸ k�l�¹¨X�Y�[
\ L7º7» \ f7p7q7£ , _ P7Q7�7� o7¼7½ �7�7¾ �7µ7L7¿ ,

©7À7Á C7D ·7¸7v7w �7u p7q � , Â7Ã7Ä7Å7Æ7ÇÈ f [�\ L .

5.4 É�Ê�Ë�Ì�Í�Î�Ï�Ð�Ñ�Ò�Ó�Ô�Õ�Ö×7Ø7Ù7Ú a7Û7Ü k7lÞÝ µ7×7z7ß7à7á7¥ P7Q �7� f e ¹âC7D [14−16].
×7Ø7Ù7Ú7©7m7n7ã P7Q �7�7ä7®f N�å o � L�æ å , ç�è�é :h<�>�?�@�ê k�ë�� f�p7q ��� Ù�Ú .

^�ì Ã�Ä�í �î�« [�ï , X :h<�>�?�@�ð
D�ë�� £ , C�D ©�ñ�ò�m�n Û�Ü k�l f�o � L7ó�Ø � æ å Ù�Ú . r�J�K f�o � L�M�?�ô ��õ7A f7?gö=£ , C
D E�F�÷ ����ø�ù f [�\ L7^��7�7L . Û�Ü k�l � � ^�ú�û , u�C�D�ü���� p�ý ��� , ç Û�Ü�þ k�õ�A ?göf�o � L ,

© `¨è���[�\ L�¥�^ Ç È f�����L .

e {�ÿ�� d���� f Ç È ,
×�Ø�Ù�Ú���ê ��C�D f���� ����������� :i�j

1 �  N�å o � L S0 Z _ ö���>�?�@ Robu0; A�B�C�D E�F�G�H , I�J�K o � L�M�? Numstop;	 A ö���>�?�@�ð ë�� £�
�� J�K f�� U p�q�M7? TNum; T�U ?�V Num1 = 0, Num2 = 0, _�` , Num1�� Ý¨J�K o � L�f�?gö , Num2

�� ö���>�?�@�ð ë�� f�� U p�q�?gö ; W�X�Y L S1 Z X�Y�[�\ L S∗ ]@�^
S0: S1 = S∗ = S0, Robu1 = Robu∗ = Robu0.i�j

2 k�l S1
f�m�n�o � p�q S2, U�C S2 d�e�� fgö���>�?�@ Robu2. ��� Robu2 > Robu1

x�y
l�� , |�l�� }�~�� 3;

y��
,
}�~��

4.i�j
3 T S1 = S2, Robu1 = Robu2, Num1 = Num1 + 1, Num2 = 0. ��� Robu2 > Robu∗, � m�~ T

S∗ = S2, Robu∗ = Robu2.
}�~��

5.i�j
4 T Num1 = Num1 + 1, Num2 = Num2 + 1. ��� Num2 ≥ TNum

x�y l�� , |�l�� ��Ø �
k�l m�n�o � L�÷ U�C�_ ö���>�?�@ , b�c  ^ S1 a Robu1, T Num1 = Num1 + 1, Num2 = 0,

}�~��
5;y��

, ��� }�~�� 5.i�j
5 ��� Num1 ≥ Numstop

x�y l�� , |�l�� ��}�~�� 6;
y��

,
}�~��

2.i�j
6 ������� f�����L , I S∗ a Robu∗.

Û�Ü k�l ��ê ��C�D f ��� ~�� ��� :i�j
1 �  N�å o � L S0 Z _ ö���>�?�@ Robu0; A�B�C�D E�F�G�H , I�J�K o � L�M�? Numstop;

T�U ?�V Num = 0; W�[�\ L S∗ ] @�^ S0: S∗ = S0, Robu∗ = Robu0.
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i�j
2
Û�Ü k�l m�n�o � L S1, U�C�r S1 � fgö���>�?�@ Robu1, T Num = Num+1. ��� Robu1>

Robu∗
x�y l�� , |�l�� � T S∗ = S1, Robu∗ = Robu1.

}�~��
3.i�j

3 ��� Num ≥ Numstop

x�y l�� , |�l�� ��}�~�� 4;
y��

,
}�~��

2.i�j
4 ������� f�����L , I S∗ a Robu∗.

6 /101213
6.1 4�5�6�7
r98;: ö=<?> Ç È C?@7k7l V ProGen[17] Û7Ü k7l f?� ¾7C?@?A?B7� , e � m?C ` d 	 U f?D?E?�7ê

��C�D���� e ¹¨K�F . ProGen k�l�C�@ £�f�G�? 	�H�I�S 1, _�` , ��J�K�L�M�N 	 U f�G�? ³ 3
n

: : öO�P � w�? N QR: ö�S�T D a�U�V�W > RS(resource strength)[18].
G�?

N
f�X�@�^

4
E

, D a RS
f�X�@

Y�^
3
E

, r�¢ E�G�?�Z B���k�l f C�@ ?�^ 10
n

, 8\[���� 10 × 4 × 3 × 3 = 360
n C�@ . ] »�^ c�_a`f7x

,
ÿ?� d?�?� Ç È ù7r?: ö=S?T a o �7� U?V f?b7Ø?c?d ,

^7ì Ã7Ä7k7l f C?@?e ³ o � L , r7C?@7k
l�����` , f�g ¼�½ U�V�W >�h A o ��� U�V f�o�á�i , j�k�l áam � SGS(schedule generation scheme)[19]n ��r�u U�V o�á�i�c�d � f : ö [�¯�o�l £�p Cmax, [�k�Â Cmax

^�q ¾ 	�H : ö�S�T .

��� D�E���ê ��C�D�r á Visual Basic 6.0 s�� , r CPU t�u ^ 1.6GHz Q'v¨ù ^ 768MB
f�n�w U�C Ü

��x�� . e {�y�m�z A�C�@ i, b�c Á�á�D�E���ê ��C�D e _�����{ L ,
����L�fgö���|�}�@  ^

Robui, C�Df U C £~p  ^ CTi . T Robubest
i

^~D~E C D d � � f [ \ � ��L�f ö��~|�} @ ,
�~�

RDi(RDi=(Robubest
i −

Robui)/Robubest
i )

^�����L���� [�\ L�f ä e���� . A�B���� 4
n���� Â���� ��ê ��C�D f���� :�

ARD: ARD=
∑I

i=1 RDi/I ,
����L���� [�\ L�f���Y ä e���� .�

MRD: MRD=max1≤i≤I{RDi},
����L���� [�\ L�f [���ä e���� .�

ACT : ACT=
∑I

i=1 CTi/I , C�D f���Y U�C £�p .�
MCT : MCT=max1≤i≤I{CTi}, C�D f [���U�C £�p .

_�` , I
^�y�m C�@�L�A�` d���� f C�@ n�} .

�
1 ProGen ���������

ProGen ��� ������ ����������� N 10 � 20 � 30 � 40����  ����������¡�¢�£�� ��� � 10��� ��¤�¥�¦�§�¨������ © 2 � 3 ¦ 4 ª�����«��¬��®�¯ ¦ ®�° ����� 4

����������±�� µ(dn) © [10, 20] ª�±�²�³�����«��
����������´�µ σ(dn) © [1, 5] ª�±�²�³�����«��¶�·�¸ �� ���¹�º�� K 2

����»��� 1 ��¼�½�¾ rn1 © [1, 10] ª�±�²�³�����«��
����»��� 2 ��¼�½�¾ rn2 © [1, 10] ª�±�²�³�����«��¶�·�¸ �� ���¿�+ RS 0.3 � 0.5 � 0.7
#%$'��� D ρ · Cmax, À�ª ρ Á�Â���Ã 1.1 � 1.3 ¦ 1.5, Cmax Ã��� �!�"�¡���#%$ ¬�Ä�Å £�Æ�Ç

6.2 Õ�Ö�È�É
r e C7D7�7�7K?F?Ê7Y , f?g?Ë7�?F?N7D ^ _Þ` f ä?Ì G?}?h A m?Z ä e �7�7f?X7@ . Ì { P7Q �7� ,

ù7r7�7�?Í n Ì?Î G?} : J7K o � L7M?} Numstop
a P7Q7R7S?Ï > . 8 { Ç È f7o � L?Ð?p õ?Ñ ã : ö �w�}

N Ê p ù�r m A f ¹\@�Ì�Ò , K�[ , W Numstop

	�H ^
N
f�y�m�Ó�}

.
����Ô

, g�W P�Q�R�S�Ï > 	H ^
20 ü�Õ , r Numstop

b�c X 6000·N Q 7000·N Q 8000·N Q 9000·N a 10000·N ��{ L d�³ C�@ ; j�k ó
W Numstop

	�H ^
8000·N ü�Õ , r P�Q�R�S�Ï > b�c X 10 Q 15 Q 25 a 30 ��{ L d�³ C�@ , ��� f�����Lf���Ygö���|�}�Ö Z ��Y U�C £�p I�S 2. × ½ S 2 ` f U�C�Ø�� , Ù�B�Ú�Û ��Ygö���|�}�Ö a ��Y U�C £p Û C�Ü G�}�f Õ O�Ý?Þ , W�J�K o � L�M�} 	�H ^ 8000·N , W P�Q�R�S f Ï > è�ß ^ 20.

^�Á _�à�Í E
C�Ü ã P�Q ��� � ³ ä�® f�E�F�G�H , _�J�K f�o � L�M�} Numstop á 	�H ^ 8000·N .

À e {�×�Ø�Ù�Ú�f
C�Ü G�} TNum,

q�{ S
3 ` f U�C�Ø���W�_ 	 ß ^ 15.
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�
2 í�î�ï�ð�ñ�ò�ó�ô�õ�ö�ô�õ�����÷�ø�ù�ú-û���ü-ô�ý�þÿ�� ¶������ � ±%$�� � ±�� � 	�
���� � ±%$�� � ±�� �

� Numstop  ��� Æ�Ç (s) ��+  ��� Æ�Ç (s)

6000·N 27.30 34.01 10 32.57 63.12

7000·N 31.59 48.25 15 32.85 63.52

8000·N 33.16 64.38 20 33.16 64.38

9000·N 33.48 77.13 25 33.16 66.85

10000·N 33.77 93.00 30 33.19 69.72�
3 ������������ñ�ò�ó�ô�õ�ö TNum ÷�ø�ù�ú�û���ü�ô�ý�þ

TNum
� ±%$��  ��� � ±�� � Æ�Ç (s) TNum

� ±%$��  ��� � ±�� � Æ�Ç (s)

5 30.21 45.42 20 31.01 45.58

10 31.13 45.43 25 30.86 45.33

15 31.21 45.73 30 30.99 45.87

6.3 �������
r�����C�Ü G�} 	�H � f K�F�Ø�� I�S 4. Ì { J « C�@�Â Z N Q RS a D b�c X ü�® Ö�f C�@�L�A ,S

4
z � ì�D�E���ê ��C�Ü�Y�� 4

n ��� ����f U�C�Ø�� . � � ,
S

4 ` ARD Q MRD Q ACT a MCT
f

� � “T” Q “M” a “R” b�c Ú S�P�Q ��� Q ×�Ø�Ù�Ú a�Û�Ü k�l f ä � K�F ������
4 ô�õ�����ý�þ���

ARDT MRDT ACT T MCT T ARDM MRDMACT M MCT M ARDR MRDR ACT R MCT R�� 
(%) (%) (s) (s) (%) (%) (s) (s) (%) (%) (s) (s)

N=10 1.07 2.31 9.13 13.36 1.06 2.56 6.05 10.34 1.29 3.44 3.44 6.24

N=20 0.88 1.59 31.85 56.07 1.52 3.68 26.48 41.72 7.31 12.06 15.18 23.04

N=30 0.19 0.36 69.37 103.13 8.10 14.86 48.47 82.46 15.45 23.92 33.45 58.17

N=40 0.10 0.24 147.09 209.20 17.11 21.04 101.90 148.81 26.77 39.28 74.72 102.48

RS=0.3 0.81 2.31 94.16 209.20 5.16 10.95 65.09 148.81 9.29 22.36 46.74 102.48

RS=0.5 0.54 2.11 57.47 101.73 6.65 13.24 40.45 90.03 11.21 21.42 29.21 65.64

RS=0.7 0.36 1.79 41.48 83.52 9.03 21.04 31.63 71.79 17.60 39.28 19.11 46.76

D=1.1·Cmax 0.63 2.31 85.03 209.20 5.58 15.32 64.54 148.81 9.78 23.12 45.14 102.48

D=1.3·Cmax 0.55 1.91 59.42 161.06 6.74 18.47 42.31 104.03 12.44 30.67 29.71 80.77

D=1.5·Cmax 0.51 1.19 48.61 143.25 8.53 21.04 30.34 81.97 15.93 39.28 20.21 71.04!�"����
0.56 2.31 64.36 209.20 6.95 21.04 45.73 148.81 12.71 39.28 31.70 102.48

f�g e { J « C�@�# _ ,
P�Q ��� f ARD a MRD b�c ^ 0.56% a 2.31%, $�% {�×�Ø�Ù�Ú�f 6.95%

a 21.04% Z Û�Ü k�l f 12.71% a 39.28%, _a` P�Q ����&�� f�����L�f���Y�'�i `)(�* { _�à�Í E���ê
��C�Ü . _�+ , X�C�@�� w�}�© 10 , ¬ � 40

£
, ARD a MRD b�c © 1.07% a 2.31% ��-�� 0.10% a

0.24%,
À�×�Ø�Ù�Ú�f�. Í n���� b�c © 1.06% a 2.56% ��/�� 17.11% a 21.04%, Û�Ü k�l b�c © 1.29%

a 3.44% ��/�� 26.77% a 39.28%,
S ` P�Q ��� f�����L�'�i Û�0 Ç È õ�Ñ f ,�� À ��/ ,

À _�à�Í E��ê ��C�Ü f�����L�'�i�1 Û�0 Ç È õ?Ñ f ,�� À ��- . ����Ø�� f�2 K b�3 ��� :
ã�×�Ø�Ù�Ú ä�¹ ,

P�Q �
�?Ë7� e P7Q7R7S f s7t a �7� ,

o Â ³ �?Ô Ã7Ä7C?Ü Ø54 J7K y7m7o � L ,
©7À56 * C?Ü f �7� �57 . ä

¹ {7×7Ø7Ù7Ú a P7Q �7� , Û7Ü k7l � � ^7ú7û , 8595:7ü e o � L7f7p7ý �7�7�7� , d Â7_7�7� f7�7�7L'�i [ � . X�C�@�� w�} ,�� £ , Ç È f�o � L�Ð�p õ�Ñ�Õ�� , 8 { P�Q ����; ³ � * f ��� ��7 , K�[ , r
ä�® f�E�F�G�H � , 8�ä e { _�à�Í E���ê ��C�Ü�r ���7L�'�i ��< f ï�=5> �5? ��� ¬ `@( .

Ö ��� ��fx
, 8 { ] »�A�B�C�ò�f�£�p  �¡ P�Q�R�S ,

P�Q ��� f ACT a MCT
» � { _�à�Í E�D Ü f ä � ��� , E. Í n�����Y Û D @�� w�} N

f , ¬�À ,�� .F U�V�W > RS G�: ö�S�T D ,�� £ , H�I���� f ARD a MRD
û�< ��- ,

À�×�Ø�Ù�Ú a�Û�Ü k�lf
ARD a MRD

û�< ��/ , J ` H�I�����ä e {�K à�Í E5D Ü7r ���5L5'�i �5< f ï5=5M�� .
.�m�?�N

o�L�O ��� : Û�0 RS
f ,�� , Í E�o ��� U�V f�o�á�i ® ~ , ¬ ,

Á ��Ç È f�o � L�}�i , ¬ Q o � L�Ð�p
õ�Ñ�Õ�� , 8 { H�I���� � ³ ��� ��7 � f ï�= , P�Â K ��� f�����L�f ä�Q '�i�R * .

F
D Õ�� £ , : ö

� w�æ å £�p�S�T�U ��� } ��/ , ®�V�W�X�Y�Ç È U�Z � L�Ð�p õ�Ñ�Õ�� , K À þ�[ ã RS ,���\�ä�] U Ø
� . [ ò , ] » _a` U�^ , RS( G D)

U ,���W�_�` U�V ( G�: ö�S�T )
c�d�U�a�b

, c�d�e D Ü�f�g�h�i�jlk
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Z���L���K�����U [ Y�������e���Q���� , ����_�`���� U�� ��\������ . ��� , ��������  ACT ¡ MCT¢�£�¤�¥
RS( ¦ D)  �§�¨���©�ª .

6.4 «�¬��®¯�°
3 ±�²���³�´�µ�¶�·�¸�� ��¹lº .

° k , »�¼ 0 ¡ 19 ½�¾�¿�À� �Á�Â�¡�Ã�Ä�»�¼ , Å�Æ 18 Ç�È�À
»�¼� ���É�Ê�Ë�Ì�Í 5. Î�f�Ï���Ð�Ñ�Ò�Ä : R1 = 20, R2 = 23, ÓÕÔ×Ö�Ø D ¿ 45. Ù ¯ µ�¶�±�Ú �  �Û�Ü
g�h�Ý�Þ�ß���� , à�á�e�â���³� �ã�ä���å ��æ�ç�è :

S = (0, 0, 0, 10, 10, 10, 6, 14, 14, 14, 11, 0, 29, 16, 10, 21, 30, 15, 38, 45); Robu = 6.97.

f�ÓÕÔ×é�ê�i�jlk , Ï���Ð�Ñ�d ¯�ë  ���ì�í�î ç ° 4 ±�² . Ð�Ñ 1  �ï�¨�d ¯�ë 20 ð�ñ�f�ò 11 ó 12ô�õ
, ��Ð�Ñ 2  �ï�¨�d ¯�ë 23 ð�ñ�f�ò 15

ô�õ
,
¤�ö�÷ i�Å�à ¯�ë .

1 6 14 17

3 7 16

0 2 4 8 12 18 19

5 9 13 15

10

11ø
3 ù�ú�û AoN ü�ý øþ
5 ù�ú�ÿ���û��������

n µ(dn) σ(dn) rn1 rn2 n µ(dn) σ(dn) rn1 rn2 n µ(dn) σ(dn) rn1 rn2

1 1 2 4 0 7 2 2 5 6 13 5 1 3 4

2 9 3 7 1 8 9 2 0 5 14 4 1 2 3

3 6 3 3 3 9 1 2 4 8 15 8 3 9 1

4 3 3 6 1 10 3 4 9 0 16 8 1 6 7

5 1 1 2 2 11 5 4 2 1 17 6 3 6 9

6 4 0 1 5 12 9 1 7 6 18 7 2 4 5

10

20

1

0

20

0 5 20 4010 15 25 30 35 45

10

20

2

0

23

0 5 20 4010 15 25 30 35 45

ø
4 ������	�
����������������û��������

f ã ä � å � æ���� è , � È À » ¼   ô ����� ç è : B1=5, B2=1, B3=13, B4=1, B5=0, B6=0, B7=14,

B8=6, B9=1, B10=7, B11=16, B12=0, B13=0, B14=1, B15=1, B16=0, B17=24, B18=0. � ° 3 ±�²! #"lk
 %$%&%'%( “0 ) 1 ) 6 ) 14 ) 17 ) 19” ¿�³ ,

¹lº)ô �%�%�%* ç%+ f�»�¼%,�� � ½%-�  . ,%.%'%(%,%�
»�¼�  µ(dn) /�¡�¿ 15, 0%1�ÓÕÔ×Ö�Ø 45, â%'%(�±%2%3�  ô �%�%��¿ 45−15=30. f%4%5�â%'%(�  4 Ç�È
À�»�¼lk , »�¼ 17   σ(dn) ï%6 , Å%7�¿�»�¼ 1 ó 14, »�¼ 6   σ(dn) ï%8 . ¿%9%:�e%$�Ç%;%<%=%>�¨� ���å��æ%�%�

, ?%@ σ(dn)  %6%8 , 30 Ç%A%B�  ô �%�%�lk , 3 24 Ç�½%-%C�»�¼ 17 ,�ó 5 Ç�½%-%C�»�¼ 1 ,�ó 1

Ç�½%-%C�»�¼ 14 , , »�¼ 6 ,%D%3�e%C%E +�ô �%�%� .F%G ¢ ð� %* ,
ô �%�%�� �½%-%H%I%J%K%'%(%/��� �É%L%= . ³ ç , '%( “0 ) 1 ) 6 ) 14 ) 17 ) 19”

,�»�¼ ô �%�%�� �½%- , M%N%C%'%( “0 ) 1 ) 6 ) 14 ) 18 ) 19”
� '%( “0 ) 1 ) 16 ) 18 ) 19”  
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Z%[%\%]
, ^%_�i%`�Ï%&%'%(%a! #"lk) �Å%b%'%(�� [ É%L . �%c , f�� ��ô �%�%��½%- ô , ��É�»�¼�Á�Â ô

�� %d%e%f%N%C�Ð�Ñ�à ¯�ë  %g%h , �%i�ÓÕÔ×Ö�Ø%j%k�´%�%&%'%(%,�  ô �%�%�%l%m%n G \%] . Í 6 0�ð%9
f�Å%o�Ê�Ë%p%q%r��� %&%s è , Ð�Ñ�à ¯�ë � ÓÕÔ×Ö�Ø�´���å ��æ  ut ô �u�%� ΣBn a%;%<%= Robu   \]

, v%w�Í 6 x%h�  ΣBn a Robu
¥ Ð�Ñ�à ¯�ë � ÓÕÔ×Ö�Ø� ���ì!y#z�Ì ° 5( {�ä , f�Í 6 ¡ ° 5 k , ∆R

¿�Ð�Ñ 1 ¡ 2  �à ¯�ë ½�¾�f 20 ¡ 23 |%}%,� %~%��§%�%��å ). � ° 5 à�Ì ,
¥%� Ð�Ñ�à ¯�ë  �§%� , �

å ��æ   ΣBn a Robu
¤%�%� �%,%�%�%� ; �%��ÓÕÔ×Ö�Ø%�%� ô , ΣBn a Robu �%�%z%=%�%A%d�§%� . `%$

Ãu�5 u�5� ç5è : Ð5Ñ5à ¯5ë  5§u�uku�5»5¼5Á5Â ô �5 udueu2u3u�5¨����@å , �5�ut ô �u�u�5§u� , i5Å� »�¼%,� �½%-%�%�%�%� , ���%�%� ��æ  %;%<%=%,%� . ÓÕÔ×Ö�Ø�  \%]%� ��¿ Z%[ ,
¥%� ÓÕÔ×Ö�Ø� %�%� ,

 #"lk#�%&%'%(%,�  ô �%�%� ¤ ~%��§%� , ±%� , ��å ��æ  %t ô �%�%��§%��ó�;%<%=%,%� .þ
6 ������	�
���������� �¡�¢�£�¤�¥�¦�§�û�¨ª©

∆R ΣBn Robu D ΣBn Robu

0 90 6.97 45 90 6.97

2 96 7.26 46 96 7.44

4 96 7.58 47 103 8.13

6 97 7.63 48 110 8.75

8 98 7.68 49 118 9.17

Robu Bn

Robu Bn

R

Robu Bn

D

ø
5 £�¤�¥�¦�§�«�������	�
�¬��������û�����ª®

7 ¯±°
µ�¶�·�¸%9 ¥%² »�¼�Ö�Ø è  �Ð�Ñ�Ò�Ä�ÓÕÔ³;%<%=%d5å%´%µ . �%¶%·%¸�´�·�¸%´%µ�� �%¹ 1 , Ålk)»�¼

Ö�Ø�¿ ¤%º ¡%»%¼!½#¾�  ¥%² � ë , ;%<%=%1%¿�¿�±%3�»�¼�  ô �%�%�%a5Å%À%nuÁ�Ë5 %Â%Ãu/�¡ , Ô £ * �
à%�%Ä�Ð�Ñ�¡�ÓÕÔ×Ö�Ø� �Ò�Ä è ,

�%� »�¼� �Á�Â ô �%��é�ñ ô �%�%�5 %�%�5½%- , ���%Å%p�ÓÕÔ×��å ��æ
;u<u=5 5ï5¨5ì .

¥uÆ ¯ $5Ç5²5³5Ó Ô ´u´uµ5� �5¹ º , _5i5´5â5²5³5Ó Ô Ï5�5à � �5å �u�  uÇuÈ5½uÉ ,Ê%Ë 9���å ��æ  %;%<%=�´�ÓÕÔ³Ì�Ù5é�ê � Ô £ é�ñ� un G = .
� �%|%}%,%Í%Î%9%´%µ� %Ï�ì%Ð%Ñ , Ò�´�Å

NP-hard Ó%=�Ú � 9�Û�Ü%Ô�h�óÖÕ%n%×%Ø�¡ ¥%² m%5�����Ý�Þ�ß���� . ï Æ � ¥%² m%5�  £%Ù ��³%Ú%�%,�´
����� � 9!Û#>%Ü%Ý , |%Þ � ��Ã%�%ß%à%9�ÓÕÔ×»�¼5Ë ó ÓÕÔ Ö�Ø5¡�Ð5Ñuá�åuâ�Ê5Ë�´5���uãuä�  \%] , ^
_�i%$�Ç���³�´�·�¸�� � 9 ¹lº , å%C ç�è Ã%à :æ Û�Ü%Ô�h%:%å� �ã�ä%ç%è ë º#é 6%Þ�Å%b�Ï���Ý�Þ�ß���� , i%`��%Ï%� ¥%� ´%µ%ê%Ð� �§%����§�¨ .æ ��Ð�Ñ%á�å�¦�ÓÕÔ×Ö�Ø�§�¨ ô , Û�Ü%Ô�h���´%Þ�Å%b�Ï������ � ã�ä%ç%è ë »%ë� %Ï%� ¥ /%ìu6 .æ ÓÕÔ×��å ��æ  %;%<%= ¥%� Ð�Ñ�à ¯�ë  �§�¨�¦�ÓÕÔ×Ö�Ø� u�%���%,u� .

µ�¶� �·�¸�à%��¿%r%Å%1%&%s è ÓÕÔ×��å ��æ  %h%1%ì%í%1 ë ì%î%ï%ðuq .
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