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Abstract A multi-objective model is developed for resource-constrained project schedul-

ing problems (RCPSPs). A critical chain based project scheduling approach is presented

by integrating the existing research findings. Firstly, the approach schedules an RCPSP

to obtain an approximate optimal project schedule with a minimum makespan by using a

priority based heuristic algorithm. Then, it embeds feeding buffer and project buffer into

the approximate optimal project schedule to enhance the stability of project schedule. A

full factorial computational experiment is set up using the well-known standard instances in

PSPLIB. Computational results show that the new proposed approach improves the tradi-

tional project scheduling approach greatly. Finally, the computational results are analyzed

and future research directions are discussed.
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1 lXpA*y"�[℄0P:. a( p^�*Y3~( ���_�9/��??�0f/'�>�/g�M�a3~zX�o{�
g*�
�"oM*Y3~=Ia��J��1997 ��Goldratt �� [1] 4xIa:
S (Critical chain) =I�
�g*��+�ag`[>3amq�)j�[O_�1\a7RMS/ [2∼6]
.:
S=I�
� PERT/CPM=I�
a;_!(�}[2]

: 1):
S=I�
h50%>��>?�S�0Sa8z)E?�
2) :
S=I�
3q:
SY~:
-�:
SO�IO<d0S�"�:"MB�	b�B$zmIEa2	!+3~9a+0SM℄��:
-azmO-<dB�	ba
3) <d_3~)EGA4a-#silM|�se (Murphy′s law) I*a>�G�:
S=I�
�G3~bG�\jbGMB�bGn2E8K-#sil�3~o{zXao2��%�#s_+$!2a3~zX�vu_+$aeM)E�����B�Z-3~o{�y (Resource-constrained project scheduling problem, �= RCPSP) a��J�ÆP[�~$t[zB�IOqgxS/>D�4z[j}:
Sa3~o{�
��GVXa���Y��M�a3~o{�
#E[������
2 �{uamBa RCPSP>t`*$��+3~4��IA J 30S�w}x_0a_��}<0S'�S�A"�:"�} Pj �0S j a"�0Sr�Sj �0S j a"T0Sr�!+3~a�7w�x6�m�&I��4�kY&0S�W0Y&0S�:"��4,0SeM!L��% Pj 4a0S!L9} j. 0S 1 O�O�;Fa0S�0S J O�OÆ�>a0S��(Y&!+3~a;FM�b�0S j, j = 1, · · · , J a�>J_i k 6B�X� rjk, )E?�� dj . i k, k = 1, · · · , K 6B��i t, t = 1, · · · , T (T �0a0-) ��a>qX� Rkt. 3~o{zX>hq J �N S = (SST1, SST2, · · · , SSTJ)&I��4 SSTj �0S j, j = 1, · · · , J azX;F?��+>EzXO,,30S;F?�g*#s��oM"�:"sB�	bao{zX�*Y�a�[g`. tN�>�3~9/���Sd�/g�8��i/��s�iP����#E3~o{?�hq�3~9M�g�Sd��t[~$�)�G3~bG!M\+bG!a41�%3~zXa�sG�OzBt`*$�

min SFTJ (1)

min WIP =
J

∑

j=1

( 1

|Sj |
×

∑

i∈Sj

(SSTi − SFTj)
)

(2)

s.t. SSTi − SSTj > dj , i ∈ Sj (3)
∑

j∈At

rjk 6 Rkt, k = 1, · · · , K, t = 1, · · · , T (4)

P (AFTJ 6 (SFTJ + PB)) > p0 (5)�4�SFTj �0S j azX�>?�
At �� t ?��#�#Ea0SrO
AFTt �0S j a���>?�
PB �3~bG!FT
p0 �3~�zX�0a�$f�~$J (1) q9[3~0
~$JG (2) q9[3~�2�d��(3) Y&"�:"	b

(4) Y&B�	b
(5) �%3~�zX�0$fV}L&-sa��0$f p0.



62 H y ^ R � 327zB (1)∼(5) -��G#sGm
�����j}:
S=I�
4z[6��Gm
�m
V&mqj}t&��a)Eo{m
�3~#EÆ6o{�g`O9[3~9a'to{zX�)px�ga�2�d��%T��'to{zX4D(:
SM�:
S�)413~bG!M\+bG!��%3~zX�)EGA4a�sG�
3 m�<�Vr~�
3.1 ms{T:
S=I�
3q:
SY~:
-�[O���+ RCPSP, :
SX�<{hs:
S0�Ia0SrO:8s} RCPSP a��GA�RCPSP OH<ya NP�y[7]

, ���H�yg`+'tao{zX>�C���, [8] j} RCPSP ao{IiM�
�4z[6D(:
Sa�qm
���
V&mq6��Gm
�3~#EÆ6o{9>+'to{zX�)4s�o{zX40S j azX;F?� SSTj,

j = 1, · · · , J �0S j OÆ;F?� LSTj, %T��,0SOÆ;F?�Q9_VaeM:331Rf,30S9>�oqo{zX (Semi-active schedule)
[9]

, fvGA4�DB�a�
eM-#�}�oqo{zX40S j azX;F?��O�;F?� ESTj,

j = 1, · · · , J , m
�G��zX4,0SaOÆ / O�;F?�ED(:
S�m
L|aA* 1 sI�vV 1. ms{TZ 1U�3q��Gm
�3~#EÆ6o{�9>+VEo{zX S =(LST1, LST2,

· · · , LSTJ), }VEo{zX4,0SazX;F?��OÆ;F?�
Z 2 U�hVEo{zXS = (LST1, LST2, · · · , LSTJ) azX<{�3~9���,0SzX;F?�Q9_VaeM:331Rf,30S9>�oqo{zX S =

(EST1, EST2, · · · , ESTJ);Z 3 U�For j = 1 To JzmB�	b$a0SEw?� rcfj = LSTj − ESTj , j = 1, · · · , J ;

If rcfj = 0 Then 0S j ^}:
S0S

Else 0S j ^}�:
S0S


EndForZ 4 U�\I:
Sm
�i 1 04�>h�+-�a��Gm
S�Æ6o{m
�
3.2 iWxy:
S=I�
�G3~bG�\jbGMB�bGn2E8K-#sil�3~zXao2�~�;_xW6bG!41�
��(O “��
 ” 
M “.�7 ” 
[12]

. <d_:
S=I�
�3~)EGAa “�R ” n2M3~o{a�~$t[��, [13] xI[6=abG!4s�
�aA*$�vV 2. iWxyZ 1 U�D(�:
S k, k = 1, · · · , K, K ��:
S
Z 2 U�d.�7
zmr��:
SbG!aFT bk, k = 1, · · · , K;Z 3 U��^}�:
S k, k = 1, · · · , K ar30S j, zm0S j aOV>�bG! BSj

BSj = Min{bk, rcfj} (6)Z 4 U���,0SOÆ;F?�QV_9aeM:+o!,�:
S0SazX;F?��}OÆ;F?�QV_9a0SM℄� A = {j1, j2, · · · , jJ}, �4�*D LSTjp
>
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LSTjq
, � p < q

For i = 1 To JN�0S ji;

If 0S ji ��:
S0S Then

[ .4TM0SzX;F?�zm0S ji a\�OÆ;F?� DLSTjk
;41 DLSTji

:= Min{DLSTj, (LSTji
− BSji

)}�0S ji azX;F?�Q SSTji
= ESTji

_ DLSTji
31{f]

EndForZ 5 U�\Io!Ta3~o{zXIOqh0:
SD(MbG!4s�
�>h�*zB (1)∼(5) at[~$��[t[~$G (1), �:
SD(GA43qÆ6o{m
`_'ta3~o{zX�%[��a3~9�413~bG!M\+bG!�%[3~o{zXa�sG��[�*~$G (2), ,0Sm�)Æ;F��^~>h�g3~�2�d��|>hg`/�a3~� hx'0Sa)E;f[14]
. _����3q.�7
413~bG!�

4 C\�F
4.1 z�yk�[6S���
a##GMx;G�S�mq Java �W�*[��m
�m
E� Pentium III/1G/128M PC 0�6S�yNE$?�y� PSPLIB

[15] 4a 3 NZ)EzG3~o{�y��(�I 32 �62 M 92 30S�rN�D 480 +�N�J_ 4 6>/=B���Y4�46S�y4,0Sa)E?�-�I�"?� (u� 50% >��>?�), ��?�+�h 2 `_�")E?���3qM�a��G�
9>�VEzX?Eq0Sa�")E?��h"�M�3~o{�
M���
9>a3~zX#E���3~)EGAa���
*$�h,0S 50% >��>?��:+�h�Q:��/
U∼[0.75, 1.5] apn��7��,0S9>�O�#u�/apn! (93qh3�+�G) S���)E?��3~�F0S 1 a(�TM0S�zX;F?�;F��t0S�3~)EGA4�zX;F?�Q9_VaeM3q “�R ” n2)E�
4.2 �kqf�[����
�M��
9>a3~zXt[,$#E���SY4�z[W6�
9>a3~zX����Ta~$J+��Y4N�mqM��
�+-�t&��
(�D GRD �GRPW �GRU �LFT �LST �MINSLK �SPT

[10,11]

) ?9>a,3~zXaO�3~9MOg�2�d�S�W6�
a��$?��(}� SD∗ M SWIP ∗. �z�D*& 1∼3 sI�&4i 2 ℄�,3~zX9� SD∗ 1�a����:+�u
SD1 =

1

P

P
∑

p=1

(

SDr
p − SD∗

SD∗

)

× 100 (7)�4�P = 480 �6S�y
SDr
p �3qM��
�+t&�� r, ���y p ?9>a3~zX9�&4i 3 ℄�,3~zX�2�d�� SWIP ∗ 1�a����:+�u

SWIP1 =
1

P

P
∑

p=1

(

SWIP r
p − SWIP ∗

SWIP ∗

)

× 100 (8)�4�SWIP r
p �3qM��
�+t&�� r ���y p ?9>a3~zX.45G (2)zma WIP +
&4i 4 ℄����4,3~�zX0 SDr

p '��>a���
i
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5 ℄�,3~���)EGA4�� WIP � SWIP ∗ ��a�:+�zm�
� (8) GHi�&4i 6∼9 ℄�(�i 2∼5 ℄a SD1 �SWIP1 �CP1 M AWIP1 3q1�azm5G�.O�ma3~zX3q���
9>�0S)E?�3q 50% >��"?��3~zX0 SDr

p �:
S<{�03~bG!<{�' 1 O�5�q}�������;?b5�q}|ZH��� (J = 32)

Table 1 The statistic results of traditional approach and critical chain based approach (J = 32)u' N��� ����A� r SD1 SWIP1 CP1 AWIP1 SD2 SWIP2 CP2 AWIP2

GRD 106.35 117.16 1.0 40.38 75.28 58.39 99.87 36.59

GRPW 107.57 118.18 1.0 40.57 75.94 58.71 99.90 36.61

GRU 104.59 114.58 1.0 39.53 74.46 57.10 99.81 35.61

LFT 107.20 118.40 1.0 40.69 75.77 58.97 99.81 36.83

LST 107.41 118.50 1.0 40.70 75.94 58.89 99.92 36.71

MINSLK 102.41 109.57 1.0 38.02 73.38 55.60 99.89 34.83

SPT 106.16 118.57 1.0 40.85 75.00 58.58 99.84 36.61' 2 O�5�q}�������;?b5�q}|ZH��� (J = 62)

Table 2 The statistic results of traditional approach and critical chain based approach (J = 62)u' N��� ����A� r SD1 SWIP1 CP1 AWIP1 SD2 SWIP2 CP2 AWIP2

GRD 106.06 116.25 1.0 53.32 75.57 53.08 99.88 49.03

GRPW 106.61 118.52 1.0 54.07 75.94 54.25 99.93 49.86

GRU 104.54 114.33 1.0 51.36 74.81 52.40 99.85 48.97

LFT 107.04 119.44 1.0 53.31 76.03 54.65 99.83 47.21

LST 107.54 120.45 1.0 53.73 76.33 54.91 99.96 47.33

MINSLK 101.87 109.71 1.0 49.60 73.48 51.17 99.91 44.46

SPT 106.83 120.59 1.0 53.57 75.87 54.76 99.87 49.87' 3 O�5�q}�������;?b5�q}|ZH��� (J = 92)

Table 3 The statistic results of traditional approach and critical chain based approach (J = 92)u' N��� ����A� r SD1 SWIP1 CP1 AWIP1 SD2 SWIP2 CP2 AWIP2

GRD 105.66 115.87 1.0 53.32 73.98 51.60 99.90 49.03

GRPW 106.42 118.14 1.0 54.07 74.35 52.40 99.94 49.86

GRU 104.31 115.41 1.0 51.36 73.35 50.88 99.92 48.97

LFT 106.37 118.56 1.0 53.31 74.22 52.52 99.87 47.21

LST 107.14 119.16 1.0 53.73 74.57 52.72 99.95 47.33

MINSLK 101.28 108.50 1.0 49.60 71.72 49.05 99.93 44.46

SPT 105.82 119.22 1.0 53.57 73.88 52.49 99.90 49.87w& 1∼3>	�3qM�3~o{�
�3~�zX�0a$fU_ 100%, ����2�d��zX+�2 50% R{�fwM�3~o{�
9>a3~o{zXG}�X�3q���
#E3~o{?�3~zX0�M��
q�	 75%, �3~�:�zX�0$f'%U_ 99% h0�zX WIP d�M�� WIP d�/��'�fw��o{�
/�O3~���_����m
�i 1 0�+�Ka��Gm
?�*j} MINSLKt&��a)Em
�9>a3~zX5x�KaIO,$�iP�>h�m
4�+��;D/Ka��Gm
�*eMm
�z�	f�&�krd�#0!#��m
a��;D��[#0��3~0>hq�aA{����S/4�� J32N�y�z[�-�0$3~�zX�>a$f�3~0�(41� {0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90}×
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SD∗(91�� 4 3 5 +LI). �z�D*& 4 sI�)=����
4�[�g�2�d��VE[}<�:
S0S�[W63~zX�
9>a3~zX�-�0$�:�zX�>a$fj��'�\3~041� 0.75×SD∗ ?�W63~zX�
9>a3~zX���4�:�zX�>a$f:U_ 99% h0�
4.3 _�qf`�& 4 a�z�D&w�\3~041� 0.75×SD∗ ?�W63~zX�
9>a3~zX���4�:�zX�>a$f:U_ 99% h0�& 1∼3 )I3qM�3~o{�
9>a3~zX���)EGA4���2�d��zX+�2 50%R{�%��+`fwaO����a3~)EGA��4���zBqx<dV��awxa�a�[o2��O�Zh3q “�R ” n2�3~zX�saB��
eM)EzX�r30S�>'Ts?�*�0S�"�:"MB�	b�La�B$n0;F)E�L�0�.4 “	 /se (Parkinson′s law)” M “O9IO$ (Student syndrome)”,0S)E�dG�n0S)E?�4a�"?������V��a�[4��a-di�3~�zXx��>�g`/�aM.�0S)E�wVR28/-di�x��>[0S�g`�L��Od��
/�a0S�a*;Oi�0S�VEhI*3X�y�Z_C	�iP�R2x0Sx��>�s?e�a�B��<ilzd℄00S)E?�4a�"?��G�n�mqM��
#E3~zX?�*D3~)EeM�3~d��zX�>�-Ox��>�*D3~#E-eM��p`qxR�?�qE#E,2���xIaj}:
S=I�
Eq0S 50% >��>?�#E3~o{���0Sa�"?�h3~bG!h\+bG!aDG41�:
Sa�1h�:
S0STs�Q��%!+3~a0hs:
S00SaeM#E��65h?�[ “	 /se ” � “O9IO$ ” hs “.C	
MI*3X�y� ” a�a�[ ��' 4 �.�2�%5�|Z2%g (J = 32)

Table 4 The probability of completing projects on schedule under different project durations (J = 32)u' 60% × SD∗ 65% × SD∗ 70% × SD∗ 75% × SD∗A� r N�� >�� N�� >�� N�� >�� N�� >��
GRD 89.22 89.15 94.25 94.12 96.90 96.89 99.98 99.98

GRPW 86.91 86.38 93.14 92.50 96.61 96.40 99.91 99.87

GRU 90.66 90.98 94.50 94.39 96.93 96.91 99.98 99.98

LFT 87.00 86.74 93.46 92.91 96.76 96.64 99.96 99.95

LST 87.00 86.62 93.21 92.59 96.61 96.51 99.90 99.90

MINSLK 92.58 93.30 94.80 94.74 96.97 96.96 99.99 99.99

SPT 89.29 89.32 94.12 93.89 96.87 96.86 99.97 99.97u' 80% × SD∗ 85% × SD∗ 90% × SD∗ 95% × SD∗A� r N�� >�� N�� >�� N�� >�� N�� >��
GRD 99.99 99.99 100.00 100.00 100.00 100.00 100.00 100.00

GRPW 99.97 99.97 99.99 99.99 100.00 100.00 100.00 100.00

GRU 99.99 99.99 99.99 100.00 100.00 100.00 100.00 100.00

LFT 99.99 99.99 99.99 100.00 100.00 100.00 100.00 100.00

LST 99.98 99.98 99.99 100.00 100.00 100.00 100.00 100.00

MINSLK 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

SPT 99.99 99.99 99.99 100.00 100.00 100.00 100.00 100.00

5 �l
1) j}:
Sa3~o{�
�M�3~o{�
/��O3~=I���?�[3~=I4a “	 /se ” � “O9IO$ ” hs “.C	
MI*3X�y� ” a



66 H y ^ R � 327�a�[ �ao2

2)���
�i 10�+�Ka��Gm
?9>a3~zX5x�Ka���D�;�/Ka��Gm
�+_m
4>hS�$0aS/�6�_��/�va3~bG!M\+bG!a41�
;��O!#:
S3~=I�
a_+S/�6�
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