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Max-npv project scheduling problems with cash flow balance constraints

HE Zheng-wen, LIU Ren-jing, HU Xin-bu, XU Yu

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

Abstract The Max-npv project scheduling problem with cash flow balance constraints is identified at first.

Its characteristics different from the classical resource-constrained Max-npv project scheduling problem are

analyzed and the basic assumptions of the study are summed up. Then a nonlinear integer-programming

model of the problem is constructed. Through the cash flow balance constraints in the model, activity

expenses, progress payments, and financing cost are connected together and cash outflows and cash inflows

in the project may be kept balanced. Because of the combinatorial attribute owned by the model, a

simulated annealing heuristic is developed. The heuristic is tested on a data set consisting of 29160

standard instances generated by ProGen. The outcome shows that the heuristic can solve all instances

with an average time of 8.90 seconds, the mean relative deviation and variance parameter of the solutions

are 9.79% and 0.0024 respectively. Ultimately, an illustrative example is solved by the heuristic and the

influences of the key parameters on the project NPV are analyzed. Based on the results obtained, the

following conclusions can be drawn: the project NPV has a negative linear correlation with the financing

cost rate and the deposit rate of quality security, a positive linear correlation with the payment proportion

and the advance payment proportion, and a negative exponential correlation with the quality security

period and the discount rate of cash flows.
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1 >@?
Max-npv ACBEDGFGHGIGJGKGLGMGN NPV(Net present value) OGPGQGRGSGTGUGVGFGWGXCBEYGZGACBED

FGHGI [1]. [G\G]GZ Max-npv ACBEDGFGHGIG^G_a` , bGcGdGeGfGgGSGhGiGjGkGlGmGbGn (Nonrenewable

resource), oGkGpGqGrGsG[GtGuGACB �GvGw , JGxGyGbGcGzGpG{GqGjG|G}G~GrG�G� , oG[G�GuG�G�GZGzGpGq
j������ , ��j�������M�c���Z�����H�I [2−3].��� [A����A�B�ZA���G}¥��` , ����M�c�����������ZG���G�GA�BEZG���G�G�� Gy : h�¡�¢ , £�¤�¥�S¦�§ ��A�B�T�U , ��y�S�¨�U�©[�«ª�¬�K��®�¯�°�±�²���³�p ; ´�h�¡�¢ , µ�¶�·�¸�·�¹�A�B�T�U § ��� , º
k�K�»�¼�½�¾�¿�À�Á�b�cGÂ�Ã . [�Ä�h�}A��` , h�Å�b�c�z�p���M�Æ�Ç , È���y�»�A�B�É�Ê�Ë�·�VGÌ�ÍGb�KÎ �GACBEZGÏGÐGVGÌ . Ñ¥�Gw , dG}aÒÓ·GÔGÕGDGFG�GËG·GÍGbGKG�GÖGbGcGZG×GØGÙGÚ , ÛG©GÜ¥�GMGACBEÝGÞ
Z�O�P�Q , ß�MA��`áà�â�A�B�ãA��ä�Z�å�æA��R�ÒáçGè�h , é ��ê�ë�� ��S�h�u�ì�í�î�ïA��p�ð�N�ZG^�_�H
I .
����ñ�ò S�ó , ô�R�ä�õ�ö , ÷áø�í�ù�ä���ú�H�I�V�Ì�}�û���Z�^�_ [1,4−6].ü�ý ��M�c�������þ�ÿ���Z Max-npv A�B�D�F�H�I�V�Ì�^�_ . R�ä�������H�I�V�Ì���r ; o�������o	 Q�
�� , ª�Ô�
����������������Û�[������G��ZGY��G����wG������V�Ì���� , d�}�h�u�������^�_����

V�Ì���� ; O���{���¶ ý Û� ���V�h�!�^�_�Z�¡�" .

2 #%$%&%'
��(�)�h�ì�í N u�T�U[� M u�Ñ�*�Z�~�r�A�B , T�U n(n=1, 2, · · · , N) Z�+�v���³�p�¹�,�S dn �

cn, -�M�Ñ�* m(m=1, 2, · · ·, M) õ���³�p�S em:

em = ζ ·
∑

n∈Sm1

cn + (1 − ζ) ·
∑

n∈Sm2

cn

o�` , Sm1 S�»�Ñ�* m .�/�T�U�Z�0�1 , Sm2 S�2�Ñ�* m ��ÿ�3�4�5�0�1 , ζ(0≤ζ≤1) 6�3�4�7�8�9�:�.�/; ��<�=�*�>�?�5�@�A�BDC . 3�4 n 5�E�F�6 wn, =�* m 5�E�F�6 vm =
∑

n∈Sm2

wn. GIHKJ�LIMKN�6 D, 1
O�P�Q�R 6 U . 9�GIHK.�/�S�T , U�V�W�X�Y�Z�[ γU 5�\�[�] (γ 6�\�[�]�BDC , ^�_�\�[�]�9�`�a�5�Z�[bDc BDC�d�e ); 9�GIHKf�g�h�i b , U�V�9�j�k�5�l�i�m�=�n k ∈ SP (SP 6�Z�[�=�n�0�1 , GIHKo�=�n Mp�q�r�s ^�0�1 b ) t�W�X�Y�u�v�w�Z�[ , Z�[�x pk y s�z t�{�Z�[�2�=�n k |�}�~���S�? b , X�Y�u������� 3�4�5�E�F���Z�[�BDC θ 5���� , ��� c BDC�d��D\�[�] ;�� x������ (

� x�������5�d���BDC�6 η);

9�GIH ��� S , e�d�� ηU 5 � x�������� , U�V��DX�Y�u�Z�[�:���5�����1 O�Q ] ;
� x�����N�6 Q,

� x
����N���a�U�V���� � x�������Z�[�j�X�Y�u . 9�GIHKf�g�h�i b X�Y�u p�q ����������5���� , �������
������h�������� ,   p�q�z G¡H£¢�¤�����v�w�¥�¦�§�¨�©�¦���ª�8�t�5�«¬ , ® r ¦���5�¥�¦ ��¯ ( °�¥
¦�7�8�± ) 6 β; ²���±�6 α; GIH ��� S�?�³�´���h�j�k�5�J�LIMKN D, HKµ�¶�·�¸�¹�X�Y�u�§�º���F�»�¼
5�GIHK½�¾ .

��¿�À�¦�Á�Â�<�Ã Max-npv GIHKÄ�Å�Æ�Ç [1] È B , É�Ê�Ë�Ì�k�5�����������Â�<�Í�5 Max-npv GIH
Ä�Å�Æ�Ç�Î�§�Í�Ï�Ð�ÑDÒ�5�³ O >�Ê : Ó�Ô , ¦���ÕD³�Ö�×�Ø�¦�Á (Nonrenewable resource) Ù�6�Ö�×�Ø�¦�Á
(Renewable resource), :�Ö�8�x�9�GIHKf�g�h�i b ¶�Ù�¹�5 ; :�{ , Ú�6�Ö�×�Ø�¦�Á�5�¦���ª�8�x���G¡HKZ
[ È�Û�Ü , Ý�9�j�k�5�Z�[�Þ�ß (Payment structure) Í���GIHK3�4�v�Å�à�á�â�ã È�ä ; ·�a , X�Y�u�Ö�§ c
j�k�5�¥�¦�7�8�± z GIHK¢�¤�����v�w�¥�¦�§�¨�©�¦���ª�8�t�5�«¬ . É�� , Z�[�9�j�k�5�l�i�m�=�n�t�v
w�§�å�Z�[�x�æ s X�Y�u�5�����E�F�ç�k , è�ª�é ¯�ê Ë�ë�ì�5�Æ�Ç�×�í�î s GIHKï�ð�5���f�ñ�ò .ó�ô t�õ�W�Æ�Ç�5�Ì�k�å�@�ö ,

¯�ê ë�ì�5�÷�ø�ù�n�Ö�§�ú�û���Í :

1) GIHDüDý�6�þ�k�Ã�ÿ�����üDý , GIHK3�4�5���N�� 7�8�å�E�F�¶�þ�k�5����	��5 .

2) X�Y�u�9�GIH�
���S�Ö��é�¿�k�\�[�] , ��\�[�] q 9�`�a�Z�[ bDc BDC�d�e .

3) ��{�Z�[�S�U�V�d��D¿�k�BDC�5 � x������ , 9 � x�����N���a���w�Z�[ .

4) X�Y�u�Ö�9�=�Ô�Â�k�5�Z�[�=�n ( GIHKo�=�n p�q 6�Z�[�=�n ) t��é�Z�[ , Z�[�x�æ s X�Y�u�5��
��E�F c BDC���� , GIHKÞ�<�S p�q Þ���e � x���������5�Ë�Î�1 O ]�G .
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5) X�Y�u�Ö c ¿�k�7�± z ����v�w�¥�¦ , 9�GIHKv�w�h�i b :������ q ������� .

6) GIH p�q 9���k�5�J�LIMKN�>�� ��� , X�Y�u�5IHKµ�¶� �!�GIHKº���F�5�·�¸�¹ .

3 "$#$%$&
' 8�æ s =�n (Event-based) 5�ë�ì�(�) [7] ß�*�^�Æ�Ç�5�+�¹�,�Ã , °�GIHDüDý ' 8 AoA(Activity-on-

Arc) (�-�»�õ , ��������=�n È�Û�Ü . . xmt 6�=�n m 9�S�T t(t=0, 1, · · ·, D) |�}�5 0–1 Ù�x , �������
��Â�<�Í�5 Max-npv GIHKÄ�Å�Æ�Ç�5�+�¹�,�Ã�Ö�§�»�õ���Í :

maxNPV = γ · U +
∑

k∈SP

{

pk

Lk
∑

t=Ek

[exp(−αt)xkt]

}

+ ηU exp

{

−α

[

LM
∑

t=EM

(txMt) + Q

]}

−

M
∑

m=1

{

em

Lm
∑

t=Em

[exp(−αt)xmt]

}

−

D
∑

T=0

βfT exp(−αT ) (1)

s.t.

Lm
∑

t=Em

xmt = 1, m = 1, 2, · · · , M (2)

Lbn
∑

t=Ebn

(xgnt · t) + dn ≤

Lon
∑

t=Eon

(xhnt · t), n = 1, 2, · · · , N (3)

LM
∑

t=EM

(xMt · t) ≤ D (4)

fT =

{

−rT ,

0,

rT < 0

rT ≥ 0
T = 0, 1, · · · , D (5)

xmt ∈ {0, 1}, m = 1, 2, · · · , M ; t = 0, 1, · · · , D (6)

: b , NPV 6�X�Y�u�������5�º���F ; =�n bn

;
on @0/�6�3�4 n 50
0� ; Þ�<�=�n ; [Ek, Lk] � [Em,

Lm] � [Ebn
, Lbn

] � [Eon
, Lon

]
;

[EM , LM ] @�/�6�=�n k � m � bn � on

;
M 5�Õ�üDý�+�Ô ä�Ü ; GIHKJ�LIM

N�1�k�5�S�?�2 ; fT 6�X�Y�u�9 T S�T�5�¥�¦�x , rT »�¼�J�3 T S�T�Ë��é�5�����Z�[�d�e�����7�8�>�a
5���4 , °

rT = γ · U +
∑

k∈SP

(

pk

T
∑

t=0

xkt

)

−
M
∑

m=1

(

em

T
∑

t=0

xmt

)

, T = 0, 1, · · · , D

9�=�n k t�5�Z�[�x pk ÕD��Í�Ï�Ð�5�6�Â�<�ù�n�þ�k :

∑

k∈SP

(

pk

T
∑

t=0

xkt

)

= (θ − γ − η) ·
M
∑

m=1

(

vm

T
∑

t=0

xmt

)

, T = 0, 1, · · · , D (7)

∑

k∈SP

pk + (γ + η) · U = U (8)

pk≥0, k ∈ SP (9)

t�õ�+�¹�,�Ã�6�7�8�9�:�;���<�,�Ã . HKµ�=�!�6�·�¸�¹�GIHK5�º���F , : b NPV
b 5�> 1 G�6�\�[�] , >

2 G�6�?�{�Z�[�5���F , > 3 G�6 � x�������5���F , > 4 G�6�?�=�n�7�8�5���F , > 5 G�6�¥�¦�7�8�5��
F ; Â�<�ù�n�- (2) þ���6���Ð�=�n�9�:�S�?�2A@Dà�á�¿�Ð�|�}�S�? ; - (3) 6�+�Ô ä�Ü Â�< , ������Ð�3�4

���=�n�5�|�}�S�?���^�3�4���N�> ; ³���h�:�Þ�<�=�n�5�|�}�S�? ; - (4) ª�é�GIHKo�=�n M 5�|�}�S
? ( B�°�:�Ð�GIHK5 ��� S�? ) ³���h�GIHKJ�LIMKN ; - (5) 6�����������Â�< ( ��� rT <0, »�¼�X�Y�u�J
3 T S�T������é�5�Z�[�³�C�§�¨�©�����|�}�5�7�8 , ��= z GIHK¢�¤�����D�E P x�6 rT 5�¦���§�þ���G
HK5�F�G�f�g ; H�> , ��� rT ≥0,  �»�¼�J�3 T S�T������é�5�Z�[�C�§�¨�©�����|�}�5�7�8 , I�É�³���=z ����v�w�¥�¦ ); - (6) 6�1�J�Ù�x�5�k�K�L�Â�< ; - (7) þ���3 T S�T�?�{�Z�[�x�5 P ; , y s X�Y�u�5
����E�F���Z�[�BDC θ d�e�\�[�]�BDC γ

;�� x�������BDC η a�5���� ; - (8) ª�é�?�{�Z�[�x�5 P ; 6
t�\�[�] ;�� x�������a y s GIHK1 O 5 P�Q ] ; - (9) ������{�5�Z�[�x�M�6�7���F .
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4 %$b$c$d$e$f�g�h�i
Õ s ¯�ê Ë�ß�*�+�¹�,�Ã�j�Î�¢�k0l�9 , m�n�o���W s ��f���,�5�É�p�Æ�Ç , =��é�:�·�+�q z ����S

?�t�r�s�t Q ¶AuD¸�5 , v�3�¶�³�Ö�´�5 [8]. I�É z f�8�w�Å�x�| ,
¯�ê ø���y�¿�z�,�{�|�}�~�|�-���) .

Ú���>�Ë�§�����,�{�|�}�Ú�6�^�Æ�Ç�5�!0q�(0) , V�=�æ s §�Í���(������ : Ó�Ô�,�{�|�}A�	�������
���Ñ ¶0!0q0j�Î0��Å�¢0k0l09�5�G¡H£Ä�Å�Æ�Ç�5�¿0z�Î0�0(0) . 9�É0(0� , Sampson

;
Weiss[9] 80,0{

|�}���� ��� !�q�y�j�Î�·�¸�·���S���+�Ô ä�Ü 5�¦�Á�Â�<�Ã�G¡HKÄ�Å�Æ�Ç ; Lee
;

Kim[10] ��Æ�Ç�����2
����¦�Á�Â�<�ñ���Í , ��B	��y�,�{�|�}�����������å�������)�~�Ï�z�~�|�-�(0)�?��K5�+�«�  ; Boctor[11]

ë�ì�y�!�q�¦�Á�Â�<�Ã�GIH£Ä�Å�Æ�Ç0,�{0|0}��0)�5�¡0¢ ; Ä0:�Æ�Ç , §�ú���É�z�~�|�-���)�50��± ; Cho;
Kim[12] ��GIHKv�Å�à�á�k�K�6�¿0z�+�Ô0£�¤�» ,

z ç�ú���y�,�{�|�}�~�|0-0��)�5�¥09 ; Bouleimen
;

Lecocq[13] ��,�{�|�}�~�|�-���)�5�¢�8�����2�3�4�j�Î���z�¦�w�,�-�ñ���Í ; Shtub[14] y G�8�^�z�~�|�-
(�)�q�1�y�§�¨�©�ª�«�¬�ë�|�GIHKv�Å�à�á�Æ�Ç ; Etgar[15] y ÷�k�3�4�5�������¸����® s : ��� S�? , 8
,�{�|�}�~�|�-���)�q�1�y�º���F�·�¸�¹�GIHKÄ�Å�Æ�Ç ; Dayanand

;
Padman[16] ¯ W�®�,�-�GIHKZ�[�v�Å

à�á�Æ�Ç , ø���y�¿�z�°�±���,�{�|�}�~�|�-���) ; Mika y [17] 9���z�Z�[��� �5���������÷�ø�ù�n�Í , B
��y�,�{�|�} ; ��������!�q���,�-�¦�Á�Â�<�Ã Max-npv Æ�Ç�S�5�²�Ê ; ³�C ; He

;
Xu[18]  �8�,�{�|�}��� !�q�y�j�Î�³�´�µ�¶�Þ�ß�5���,�-�GIHKZ�[�v�Å�Æ�Ç . :�{ ,

¯�ê Ë�ë�ì�5�����������Â�<�Ã Max-npv

GIHKÄ�Å�Æ�Ç�j�Î�®�¿�5IHKµ�·�;�Ý�Â�<�ù�n0��� , È B s ������) ; ������� y :�¸�~�|�-0��)0r�s ,
'

8�,�{�|�}�����!�q�^�Æ�Ç�j�Î���Í�+�  : ¹���Ö�w�q�n s þ�k�� ÿ���v�w�Ö�w�q�º�»�¼�½�� HKµ0·�;�F��
��¾�®�� } � Ö�w�¿� �5�À�Ú�¾�Á�n�w . ~�Â�+� �ª�é���)�Ã s º�i�å�f�� .

. Γ = {t : xmt = 1, m = 1, 2, · · · , M} 6�GIHK=�n�5�|�}�S�?�E�k . æ s ,�{�|�}���������5�æ ¯�Ä ð ,

Ú���ø���y�Æ�Ç�!�q�5�~�|�-���) , :�f�g�Å�Æ���Í :

Step0 Ç�È�¹���É�Å TEMPS �ËÊ�Ì�Í�± µ(0<µ<1) � o�L�É�Å TEMPE(TEMPE >0) � 9���¿�É�Å�Í
5�Î�t�Å�; Num0 �`¹���v�Å Γ 0 å�¹���GIHK½�¾ NPV 0.

Step1 Ï���É�Å�ø�k : TEMP=TEMPS .

Step2 Ï���Î�t�Å�;�ø�k : Num=0.

Step3 9 TEMP Í�Õ Γ 0 } � ¿�Ð�¿�  Γ 1, ����9�¿� �Í�5�GIHK½�¾ NPV 1.

Step4 Ð ∆NPV = NPV 1–NPV 0 > 0,  �í�Ñ�¿�  � 6�Ï���q : Γ 0=Γ 1, NPV 0= NPV 1. Ò�  , } �
¿�Ð�9 [0, 1] >�?�M�Ó�@�Ô�5�`�Õ�; R, Ð R ≤ e(∆NPV /TEMP ),  �í�Ñ�¿�  � 6�Ï���q : Γ 0=Γ 1, NPV 0=

NPV 1; H�> , Ö�×�¿�  .

Step5 Num = Num +1. Ð Num≤Num0, ¼ Step3; Ò�  , ¼ Step6.

Step6
c Ê�Ì�Í�±���É�Å�Í�Ø�¿�k�5�BDC : TEMP=TEMP ·µ. Ð TEMP > TEMPE , ¼ Step2; Ò�  ,

¼ Step7.

Step7 Ç�x�����Ù�5�Þ�� : Γ ∗=Γ 0, NPV ∗= NPV 0, ����Þ�< .

¹���v�Å Γ 0

c�Ú ��Í�Å�Æ�þ�k :

1) æ s J L M N D
; G H ü ý Þ ß , Û h äÝÜ �ÝÞÝ) CPM(Critical path method) �Ý�Ý� Ð = n m(m =

1, 2, · · · , M) 5�S�?�2 [Em, Lm];

2) 9�:�S�?�2 [Em, Lm] @D6�=�n m(m=1, 2, · · ·, M) à�á�¿�Ð�|�}�S�? ;

3) ß�à�?�=�n�|�}�S�?�¶�Ò���C�+�Ô ä�Ü Â�< (3), ����³���C ,  �F�{�Ä�:�?�=�n�5�|�}�S�? , á�3�+
Ô ä�Ü Â�<�é�Ù���C�6�L .

6�y�¾�Ã�â�ã , è�Ö�§�á�í���8���Ð�=�n�5�·�ä�|�}�S�? ( å�·�æ�|�}�S�? ) r�� � ¹���v�Å Γ 0. 9�j
k�v�Å Γ Í�����GIHK½�¾ NPV 5�Å�Æ���Í :

1)
ó�ô +�¹�,�Ã b 5�Â�<�ù�n�- (7) ����9���Ð�Z�[�=�n k ∈ SP t�5�Z�[�x pk;

2)
ó�ô +�¹�,�Ã b 5�Â�<�ù�n�- (5) ����9���Ð�S�T T (T=0, 1, · · ·, D) 5�¥�¦�x fT ;

3)
ó�ô +�¹�,�Ã b 5IHKµ�·�;�- (1) ����GIHK½�¾ NPV.
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j�k�¹���v�Å Γ 0, :�¿�  Γ 1 5�} � Å�Æ���Í :

1)
z e�¹���=�n�>���5�Ë�Î�=�n b `�Õ�ç�è���¿�Ð�=�n m(m=1, 2, · · ·, M);

2) ��=�n m 5�|�}�S�?�9�:�S�?�2 [Em, Lm] @D`�Õ�ç�Ù�4�¿�Ð�S�?�® r ;

3) ß�à�?�=�n�|�}�S�?�¶�Ò���C�+�Ô ä�Ü Â�< (3), ����³���C , F�{�Ä�:�:�¸�?�=�n�5�|�}�S�? , á�3
+�Ô ä�Ü Â�<�é�Ù���C�6�L .

��)�5�¹���É�Å TEMPS �éÊ�Ì�Í�± µ � o�L�É�Å TEMPE §�å�9�ê�¿�j�k�É�Å�Í�5�Î0t0Å�; Num0

y�ë ;�M�Û�h�ì�í�)�þ�k .

5 h$i$î$ï
6�y�í�����)�5�Î���9 , 8�GIHKÄ�Å�Æ�Ç���C�} ��ð ProGen[19] `�Õ�} � 5�µ�ñ���C�W���)�v�w0ò�ì .

ProGen } � ��C�S�5 ë ;�ø�ó�ã�» 1, : b ,
c ��I�ô�ì�í�ø���5 ë ;�Î 7 Ð : GIH�7�õ�3�4�; N � \�[�]

BDC γ � Z�[�BDC θ � ²���± α � ¥�¦�7�± β � � x�������BDC η
;�� x�����N Q. ë ; N 5�ö�F�6 4 z ,

γ � θ � α � β � η
;

Q 5�ö�F�M�6 3 z , 9���z ë ;�¢�k�Í�} � 5���C�;�6 10 Ð , ÕDÉ�� � 10×4×36=29160

Ð���C .

����÷�k�X�Y�u�Ë0÷�Î�5��£Î�¦���x0C�§ ����G H£50FøG�f�g , ÿ�� z ����v�w�¥�¦�§������������
� , ù0ú ¯�ê Ë�ë�ì�Æ�Ç0Ã0|�¹�6�ÿ�¥�¦�Â�<�5 Max-npv G¡H£Ä�Å�Æ�Ç . Ò0û , a0��·0+0q�Ë�W0¢�5¡H£µ
·�;�F NPV opt 6�����5�¿�Ð�t�Ì . 9�É , 8�~�|�-���)��é���ü�q�5IH£µ�·0;�F NPV ∗ ý�þ NPV opt 5
È W�i�Å RD r���x�: � x���ÿ : RD = [(NPV opt − NPV ∗)/NPV ∗] × 100%

9 RD 5�æ���t , k�K���Í���Ð�~�|�-���)�� Q�� µ :

ARD = (
I
∑

i=1

RDi)
/

I : ��ü�q�W�¢�5IHKµ�·�;�F�� þ :�t�Ì�5���M È W ý�� ;

MRD= max
1≤i≤I

{RD i}: ��ü�q�W�¢�5IHKµ�·�;�F�� þ :�t�Ì�5�·�¸ È W ý�� .

�
1 ProGen �	�	
	�	�		�	�	�	�

ProGen �	� �	��	� [	�	�	�	�	� N 10 � 20 � 30 � 40.�	�	 �	�	�	�	��Z	!	"�[ �	� � 10.�	� [	#	$	%	&	'	�	�	� (	)	*	+ 2 � 3 % 4 ,	-	� ..	/	0	1 % 0	2 �	�	� 4.

�	����N dn (	)	*	+	3	4 [1, 10] ,	!	" .

�	�	5	6 cn (	)	*	+	3	4 [10, 20] ,	!	" .

�	�	7	� wn ρ1cn. 8	, , ρ1 +	3	4 [1.4, 1.6] ,	(	)	!	" .

�	�	5	6	9	:<; � ζ 0.5=	>	?	@	A	B
SP

=	>	C �	+ 3 � 4 % 5 ,	(	)	-	� . 8	, , D�Y ?	@	E	F	=	>	?	@ , 8G	=	>	?	@ + �	H	I $ ?	@	J	K [	8	L ?	@NM (	)N-	� .O >	P ; � γ 0.00 � 0.10 � 0.20.=	> ; � θ 0.70 � 0.80 � 0.90.Q	R	S
α 0.006 T 0.010 T 0.014.U	V 5 S β 0.02 T 0.06 T 0.10.W	X	Y	Z	[ ;]\ η 0.06 T 0.10 T 0.14.^<_]`	a<b]c

D Cmax+ρ2. 8	d , ρ2 e 5 T 10 f 15 d	g	h	i	j , Cmax k ^<_]l	m	no	p	q	r	s	t	u	v
.W	X	Y	Z c

Q ρ3D. w	d , ρ3 x	y j F 1.0 T 1.5 f 2.0.
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�������������������������������
:

ACT = (
I
∑

i=1

CTi)
/

I :
���������������������������

;

MCT= max
1≤i≤I

{CT i}:
���������������������������

.
���

,  �¡�¢�£ ������¤�¥�¦ , §�¨�© ¥�ª ¡ ������� ¢�£ ��� :

ACV = (
I
∑

i=1

CVi)
/

I :
������«�¬�¯®°��±�²�³�������´�µ�¶�²

;

MCV = max
1≤i≤I

{CV i}:
������«�¬�¯®°��±�²�³�������´�µ�¶�²

.
·�¸�¹ ¥�ª»º

, I ¼ ��½���¾�¿�À»ºÁ��Â�Ã���¾���² , CT i ¼ ����Ä�����¾ i
���������

, CV i   ��¾ i
�

������´�µ�¶�²
:

CVi =

√

1
J−1

J
∑

j=1

(NPV ∗
ij − E[NPV ∗

i ])2

E[NPV ∗
i ]

Å»º
, J   ����Ä�����¾ i

��Æ�Ç���È�²
, NPV ∗

ij   ·�É j
È�Ç��»ºÁ������������«�¬���¯®°��±�²�³

,

E[NPV ∗
i ] = 1

J

J
∑

j=1

NPV ∗
ij   J

È�Ç���«���Ê��������¯®°��±�²�³�����³
.

Ë�Ì�Í�Î�Ï�Ð�Ñ�����Ò��
Visual Basic 6.0 Ó�Ô�Õ�Ö ,

·
CPU ×�Ø�  1.6GHz ÙÛÚÁÜ�  256MB

����Ý
����Þ ¸�ß�à Â�Ã

,
¸�á

NPV opt â � Demeulemeester ã [20]
��Ä���ä�å�æ�ç�è

Max-npv é�ê ��ë�ì�íî�ï�ð �������
.
¬�ñ�ò�����¾

,
����Ç à

100
È

( ó J=100). ô 2   ������Â�Ã�õ�ö , ÷�ô ºÁ²�ø�ù�ú ,
�

��Ä�����¾�������û����ü���ü���üýüþ   8.90 ÿ û 25.26 ÿ ,
����������Å ¸�á ������ûü�����ü¬�����ý

þ   9.79%
û

23.99%(� :
����� ¸�á�	�
 ¡����� ����ç�è , ����¼�� ��������� ¸�á , ÷������ ��¬�������

),
������������û�����´�µü¶�²üýüþ   0.0024

û
0.0072. ����� ñ §�¨ «���� é�ê ���� �¦ , !�" ä��#�Â�Ã�õ�ö�$�Å�%�&�'������ ß�à�(�) ��* �

, +�÷ Ë�Ì�Í�Î ·�, ®.-�/ é�ê ºÁ���� ��0�1�2�3�4 ��5/�6�7
, §�¨ «�8�Ð���Ë�Ì�Í�Î�Ï�Ð�Ñ�������9�: ¼ ù�;�<�=�� .

���
, ô 2 ©�ô�> , ?�@�é�ê�A Ë ( ó ��¾B�C ²

)
��D��

,
�������������

(ACT
û

MCT ) E «�D�F , � Ä���G�H (ARD
û

MRD) 3 ¤�¥�¦ (ACVû
MCV ) I�E «���J .

ô 3 K�L�¡�M�N�O ²�P�Q�������¾ , ®°����R�S . ÷�ô 3
ºÁ��²�ø�ù�ú

,
���

NPV ∗ ?�@�T å�U���V
β Ù G�H���W � *Á¾ η Ù G�H���W�X Q 3�Y�� V α

��D�� � ��J , ?�@�Z�[ *Á¾ θ
û�\ [�] *Á¾ γ

��^ � �¸�_
.
Å�` ��a�b ý�c���� : T å�U���V���� ¡�d�e�f�g ����h�å � ��i § , j � ¸�_ ��k @�d�e�f�÷ ��h����å � i § ��^ � , ����l�m���� Å�R�S�����J ; n G�H���W � *Á¾�^ � � , o�p ��À N�]�q�r�s�t Ê�G

u
2 vxwxyxzx{x|x}x~x�� \x�x� ARD(%) MRD(%) ACT (� ) MCT (� ) ACV MCV

N=10 5.08 11.32 3.22 6.44 0.0000 0.0000

N=20 8.77 15.56 5.35 7.60 0.0010 0.0014

N=30 9.07 19.08 11.55 14.75 0.0024 0.0072

N=40 12.68 23.99 19.03 25.26 0.0049 0.0083
�x� � \ 8.90 23.99 9.79 25.26 0.0021 0.0083

u
3 �x�x�x�x�x�x�x�xzx�x�x� NPV

∗

� \ �x� � \ �x� � \ �x� � \ �x� � \ �x� � \ �x�
�x� NPV

∗ �x� NPV
∗ �x� NPV

∗ �x� NPV
∗ �x� NPV

∗ �x� NPV
∗

β=0.02 57.48 θ=0.70 45.72 γ=0.00 29.12 η=0.06 62.52 Q=1.0D 57.01 α=0.006 83.61

β=0.06 52.24 θ=0.80 52.23 γ=0.10 52.23 η=0.10 52.23 Q=1.5D 52.23 α=0.010 52.23

β=0.10 46.87 θ=0.90 58.42 γ=0.20 74.59 η=0.14 41.72 Q=2.0D 48.56 α=0.014 30.58
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��Xü����� Z�[�K�d�e�f ,  �g � ·�, ® ßüà�¡ Ö º d�e�f�l�¢ü÷ ��h T�£�o�p å � ;�¤�¥ ���� �ü��� ,

÷���¦ iüÅ , ®§R�Sü��J ;
· Å�%�¨�© M ´ü� 1�2 � ,

G�H���W � � � ³ q�?�@ G�H���W�Xü� s�ª�� ��J ,ß ��K , ®§« � ³ ¦ i�¬��®�¯ ; Y�� Vü�ü�üå � �ü�ü� £ ³ , Y�� V�° � , ± ¬ �����Y�² Ê , ®§8�³ü�´ü� � ³�#�°�µ ,
«�; , ®§« � ³�$ Y�� V l�m�¶���L���· ¬���¸�¸ü¶ ; n�Z�[ * ¾ ¸�_ � , d�e�f · òüÈ

Z�[ �ü�ü�ü� Z�[ H�D�F ,
�ü�¹üÅ ÷ ��hü� T å�H l�m�q�E «�º�» ,

«�;üÅ , ®§R�S ¸�_
;
\ [�] * ¾ü¬, ®.R�S���®�¯�$ Z�[ *Á¾���¼ , j ��^ � ù�; g�d�e�f ·�, ®.8�³��ü��� o�p �üå � , ÷�� ^ � Å , ®.RS

.

6 ½¿¾
��À

1
«�Á , ®°��¾

[21]
¬ ¸�¹ ����i�ö ß�à�Â > , Ã B�C ��Ä�³ ÙÆÅ X�û�U���ú ô 4. Ç ��¾���Å�%

O ²���� :
, ®°À N Æ £�] U   22000,

B�C U�� · Å�8�³�û�õ�è�È�©�É��ü��ý�Ê�* ¾
ζ   0.5,

\ [�] *¾
γ   10%,

ò�È Z�[ � d�e�f�Ë ��Ä�³ Z�[ *Á¾ θ   0.80, Ì�× · È�© 4 Ù 6 Ù 8
û

10
¸ ¬ d�e�f ß�à Z

[ ( ó SP ={4, 6, 8, 10}), Y�� V α   0.01, T å�U���V β   0.06,
G�H���W � *Á¾ η   10%,

G�H���W�X
Q   80,

, ®.Í�ÎÐÏ.X
D   42.

Ñ
1 ÒÔÓÖÕx×xØxÙ Ñ

u
4 Õx×x�xÚxÛÛTÝÜxÞxßxàxál	mxâxã äxå � c æxç l	mxâxã äxå � c æxç

1 1000 5 760 10 1500 8 1140

2 760 3 600 11 1500 7 1150

3 1800 2 1400 12 760 5 600

4 1800 6 1420 13 760 4 580

5 1300 2 1010 14 1500 3 1100

6 1000 10 770 15 1300 12 1000

7 1000 8 750 16 2700 6 2100

8 1000 4 780 17 1900 5 1520

9 420 8 320

6.1 è�é�ê�ëì � §�¨ «�8�Ð���Ë�Ì�Í�Î�Ï�Ð�Ñ���� ,
ù�;�Ä�� Ç , ®°����� ß /�í�î���� :

Γ
∗ = {0, 15, 3, 5, 13, 21, 21, 33, 33, 39}

� ����õ�ö�ù�ú ,
, ® · 8�³

(
, ®.8�³���´�ï   0

��´
)
��� É

39
��´�ð�i

; d�e�f ·�, ®.8�³���ù�;���
2200

��\ [�] ,
·�, ® 4�ñ ¡ Ö ºÁ����´ 5 Ù 21 Ù 33

û
39
ù�;�ý�þ����

2316 Ù 5532 Ù 2592
û

7160
� Z

[ ,
Æ�H   2200

��G�H���W ��ò ·�É 119
��´

(ó , ®°õ�è���� É 80
��´

)
��ó����

.
���

, © ù�;���� L· ��´
3 Ù 13

û
15, d�e�f�÷�Ì�× ����� Z�[�M�ô ;�õ�öü«�ÅüÐ�÷ü��Uü� , ø�ò�÷ ��h ß�à T å , T å�H�ýþ   745 Ù 1129
û

1090, Ë � ø�Z�L�T å�U�� 178.
· Ç ß /�í�î�� , d�e�f ����ù , ®.R�S ( ó Å�« � ³ )

  1959.
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6.2 ú�ûýü�þ�ÿ����������
 �¡ ý�c T å�U���V β Ù Z�[ *Á¾ θ Ù \ [�] *Á¾ γ Ù G�H���W � *Á¾ η Ù G�H���W�X Q 3�Y�� V α ã

O ²ü¬ , ®§R�Sü��®�¯ ,
· Å�% O ² M ´ü��¨�©ü� ,

´ C Å º�� ��O ²	�üÄü�	
	�üË	� ,
�ü� M�N	 ³ü�ü�, ®.R�S�ú ô 5,

ø�������� , ®.R�S ?�Ã�O ²�´���������À 2
«�Á

.

� À 2
ù�ú

, d�e�f � , ®.R�S ?�@ β Ù η Ù Q
û

α
��D�F���-���J

, ?�@ θ
û

γ
��^ � ��- ¸�_

. � ø É 3� ºÁ«�������
���Ë��
, !�" ù�;�ý�c L , ®.R�S�$  ���O ²�É��ü��¥�H�����¸�¸�¶ : � ®°��±�²�Ñ (1) �� ����� , À�ï   Π
���

Ψ =
D
∑

T=0

[fT exp(−αT )],  �£ Ñ (1)
ù��

NPV =Π –βΨ , � ��ù�ú ,
· Å�% O

Ñ
2 ÒÔÓ"!$#$%x�x�x�x�$&$'$($)
u

5 �x�x�x�xÛx�x�xÒÔÓ"!$#
U	V æ S *$+-, \ . +$/-, \ W	X	Y	Z	[-, \ W	X	Y	Z c 0 R	S

B NPV
∗ θ NPV

∗ γ NPV
∗ η NPV

∗ Q NPV
∗ α NPV

∗

0.02 2066 0.700 1651 0.000 1421 0.06 2402 40 2289 0.006 2845

0.03 2039 0.725 1733 0.025 1536 0.07 2293 50 2207 0.007 2599

0.04 2013 0.750 1814 0.050 1673 0.08 2197 60 2108 0.008 2360

0.05 1990 0.775 1893 0.075 1822 0.09 2071 70 2030 0.009 2162

0.06 1959 0.800 1959 0.100 1968 0.10 1959 80 1959 0.010 1959

0.07 1934 0.825 2047 0.125 2102 0.11 1851 90 1904 0.011 1781

0.08 1900 0.850 2119 0.150 2232 0.12 1735 100 1846 0.012 1620

0.09 1888 0.875 2177 0.175 2360 0.13 1633 110 1786 0.013 1463

0.10 1866 0.900 2248 0.200 2498 0.14 1519 120 1738 0.014 1321
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² M ´���¨�©�� , NPV
$ T å�U���V β ¶ ¬���¦���¸�¸�¶ ;

ç�è�¨�©�Ñ
(7) 1 ¥ ¡�Ã È Z�[ H pk

$ Z�[*Á¾
θ ± ��¦���¸ , � ®°��±�²�Ñ (1) ��2 É 2

,
( ó�Ã È Z�[ ��« � ³ ) 3�1 ¥ ¡ NPV

$
pk ± ��¦��¸

, � ��ù�;�4�¥ NPV
$

θ
É�� l�m�¶���·�± ��¦���¸�¸�¶ ; � ®°��±�²�Ñ (1) ��2 � 4

, À�ï   Ω , 5ù�;	6	7�¹�7 L NPV
$

γ
Éü�ü� ± �ü¦���¸�¸ü¶ : NPV =γU+Ω ; n G�H���W � * ¾ η

�ü¦ ¸�_ �
, �ç�è�¨�©�Ñ

(7)
« 1 ¥�� pk q ��¦���J , � G�H���W ��8 ��¦ ¸�_ , +�¼�� ñ , ® Ã È�©��üÐ�÷��ü�ü� M

q�9 ñ�Å�ù�È�©���Ð�÷���� , ����Ã È Z�[ � Y�����: Lk
∑

t=Ek

[exp(−αt)xkt] � ¥���ñ�G�H���W � � Y�����:

exp

{

−α

[

LM
∑

t=EM

(txMt) + Q

]}

,
«�;�;�'���<�À�:�ö l�m���� , ® NPV

��¦���J
;
, ®.R�S�û�G�H���W�X

Q
É�����¸�¶�ù�; ÷ ®°��±�²�Ñ (1) � ��É 3

,
ηU exp

{

−α

[

LM
∑

t=EM

(txMt) + Q

]} ��Ê
, � ñ Q

· ��² ,
º

, � � n Å j�O ² M ´�� ,
, ®

NPV
$

Q
É�� l�m�¶���· ¬���²���¸�¸�¶ ;

$
Q
��=�¼

, �� �Y�� V α>�ñ�Ñ
(1) � � � 4

, ����²»º
,
«�; j $ , ®.R�S�É���? ¼���· ¬���²�¸�¶ .¬ ¸�¹ ý�c�Æ�õ����

: d�e�f ;�« � ³ ô Á�� , ®.R�S�$ T å�Uü��V β
û�G�H���W � *Á¾ η

É�� Ü ·
@ ¬	�ü¦���¸�¸ü¶ ,

$ Z�[ * ¾ θ
û�\ [�] * ¾ γ ¶�± �ü¦���¸�¸ü¶ ,

$�G�H���W�X
Q
û Y�� V α ¶ ¬��²���¸�¸�¶

.  �� õ�@ ò Ä d�e�f · 4�A , ®°� 4�ñ ¡ Ö º , l�¢�B�C J�D�Å T å�i § Ù ^ � Å Ú h�R�SV
, N � � H�$ Ìü×	E�f ,

�ü� � � ��� � Z�[ * ¾ 3 \ [�] * ¾ ,
; 3	F�n ��G�H���W � * ¾üû�G�H���WX

, ÷�� ì�� , ® E�� ��À�G���R�S .
��� ø�ò � L � ¼ ,

; ¸ õ�@ ¼ · §�¨ ������H�P�¨�©�; 3�Ã�O ²�É� M�Ü · ��I�¸�J���K�L ¸ ��Ê�� , n�O ²�É�� Ü · ¸�J�¸�¶�� , 1�M�� ´�� o� �N�O .

7 PRQ
§�¨ ��� ¡����� ���üçüè��ü� Max-npv

, ®.-�/ é�ê . S '�T�U�¬ é�ê ß�à ¡ á ¥ ,
��� L Å M�Nñ�V�W�å�æ�ç�è��

Max-npv
, ®.-�/ é�ê � ×�ò �	X ,

ß � ^�Y L�§�¨ �����	H�P�¨�© . ? ��Z�� ¡�é�ê��[���¦�\�² A�] 
���Ë�� , ^ ¡ Ë��»ºÁ� ���� ����çüè � , ®.Uü� Ù Z�[ $ T å�Jü¶ · �	_ , ÷���4��
¡���� R Z ����� . `�a Ê�«�Z���Ë�����b�À�cü¦ , â�d ;�e�����i�ö���K�ñ §ü¨ «���� é�ê ����f , S '
÷�4 ��5�/ L Ð�P�� ¡�g�h ��Ë�Ì�Í�Î�Ï�Ð�Ñ���� .

� , ®.-�/ é�ê ÷�i�i ProGen ? Þ�÷�i�j 29160 k�lm�n�o
, p�q�r�s�t�u�v n�w�x�y j�z n�{�| , }�~���� :

n�w������������ z n����������
8.90 � � 25.26

� , ����������q�r�� ������������� s���� ����� 9.79%
�

23.99%, ����� �������������������������
0.0024

�
0.0072.

���
, ������k n�o s�������~ x�y j���  , ¡ ��¢ j�£�¤�¥§¦©¨�ª ��«�¬��� , ®�¯�°�±

}�² : ³�´�µ�¶�·�¸�¹�º�» � ¥§¦©¨�ª�¼�½�¾�¿�À�Á ��Â�Ã�Ä	Å�Æ�Ç�o	È���É p	Ê�Ë�Ì �	Í�Í�� ,
¼�Î�Ï Ç

o���Ð Ï�Ñ Ç�o�Ò�Ó Ë�Ì �	Í	Í�� ,
¼ Â�Ã�Ä�Å�Ô���Õ ¸ Á Ò Ê	Ö �	�	Í�Í	� . ×�Ø�Ö�Ù ��Ú , p�Û�Ü � �

��Ý�Þ�ß�à�á�â�ã ��ä�¬�å�y�æ vèç ¥§¦ ��é�ê�ë�ì�í�î ¶�ï�q�ð � Î�Ï�ñ v , ò�Þ�ß�à�á�ó�ô�s ¥§¦ x�õö�÷�� £�¤
. ø�ù , s�ú�û�ü � ����ý�× x ��þ ��ÿ�������� .

�������

[1] He Z W, Xu Y, Zhu S Y. A survey of Max-npv project scheduling problems[J]. Journal of Industrial Engineering

and Engineering Management, 2005, 19(4): 60–63.

[2] Smith-Daniels D E, Smith-Daniels V L. Maximizing the net present value of a project subject to materials and

capital constraints[J]. Journal of Operations Management, 1987, 7: 33–45.

[3] Smith-Daniels D E, Padman R, Smith-Daniels V L. Heuristic scheduling of capital constrained projects[J]. Journal

of Operations Management, 1996, 14: 241–254.

[4] Herroelen W, Dommelen V, Demeulemeester E. Project network models with discounted cash flows: A guided

tour through recent developments[J]. European Journal of Operational Research, 1997, 100(1): 97–121.

[5] Kolisch R, Padman R. An integrated survey of deterministic project scheduling[J]. Omega, 2001, 29(3): 249–272.

[6] Herroelen W, Leus R. Project scheduling under uncertainty: Survey and research potential[J]. European Journal



�
3 	 
��� , � : ����������������� Max-npv ������� 141

of Operational Research, 2005, 165(2): 289–306.

[7] Elmaghraby S. Activity nets: A guided tour through some recent developments[J]. European Journal of Opera-

tional Research, 1995, 82(3): 383–408.

[8] Blazewicz J, Lenstra J K, Rinnooy K. Scheduling project to resource constraints: Classification and complexity[J].

Discrete Applied Mathematics, 1983, 5(1): 11–24.

[9] Sampson S E, Weiss E N. Local search techniques for the generalized resource-constrained project scheduling

problem[J]. Naval Research Logistics, 1993, 40: 665–675.

[10] Lee J K, Kim Y D. Search heuristics for resource-constrained project scheduling[J]. Journal of the Operational

Research Society, 1996, 47: 678–689.

[11] Boctor F F. An adaptation of the simulated annealing algorithm for solving resource-constrained project schedul-

ing problems[J]. International Journal of Production Research, 1996, 34: 2335–2351.

[12] Cho J H, Kim Y D. A simulated annealing algorithm for resource-constrained project scheduling problems[J].

Journal of the Operational Research Society, 1997, 48: 736–744.

[13] Bouleimen K, Lecocq H. A new efficient simulated annealing algorithm for the resource-constrained project

scheduling problem and its multiple mode version[J]. European Journal of Operational Research, 2003, 149(2):

268–281.

[14] Shtub A, Larry J L, Cai Z. Scheduling programs with repetitive projects: A comparison of a simulated annealing,

a genetic and a swap algorithm[J]. European Journal of Operational Research, 1996, 88: 124–138.

[15] Etgar R, Shtub A, Larry J L. Scheduling project to maximize net present value — the case of time-dependent,

contingent cash flows[J]. European Journal of Operational Research, 1996, 96: 90–96.

[16] Dayanand N, Padman R. A two stage search heuristic for scheduling payments in projects[J]. Annals of Operation

Research, 2001, 102(1): 197–220.

[17] Mika M, Waligora G, Weglarz J. Simulated annealing and tabu search for multi-mode resource-constrained

project scheduling with positive discounted cash flows and different payment models[J]. European Journal of

Operational Research, 2005, 164: 639–668.

[18] He Z W, Xu Y. Multi-mode project payment scheduling problems with bonus-penalty structure[J]. European

Journal of Operational Research, 2008, 189(3): 1191–1207.

[19] Kolisch R, Sprecher A. PSPLIB – A project scheduling problem library[J]. European Journal of Operational

Research, 1996, 96: 205–216.

[20] Demeulemeester E, Herroelen W, Dommelen P V. An optimal recursive search procedure for the deterministic

unconstrained max-npv project scheduling problem[R]. Research Report 9603, Department of Applied Economics,

Katholieke University Leuven, 1996, Leuven, Belgium.

[21] He Z W, Xu Y, Zhu S Y. Study on project payment scheduling problems with bonus-penalty structure from two

viewpoints[J]. Systems Engineering — Theory & Practice, 2005, 25(10): 39–45.


