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Scenario _J` Z]aHbJcMdHeJfHgMhHiHSJjMklHEJKMLJmMhJQMnHoHpHqJTMUHrHpHsHtHuHv
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Scenario-based stochastic capacity planning model

and decision risk analysis

ZHANG Ren-qian, WANG Ru-ping

(School of Economics and Management, Beihang University, Beijing 100083, China)

Abstract In this paper, to study the production capacity expansion decision under uncertain marketing

environment, the multi-period capacity planning models are built based on scenario analysis. There are two

kinds of models considered: In the predictive model, the capacity investment plan doesn’t change with the

realistic scenarios of the stochastic market. In another one, the adaptive model, decision maker can change

his investment project according to the realistic marketing scenarios. Numerical study demonstrates the

decision results of these models. Furthermore, the decision risk of investment is discussed by a predictive

capacity planning model that integrates the expected revenue risk. Using the downside risk analysis

method, the model considers a constraint based on the expected downside risk, which represents the

decision maker’s risk preference. The decision difference between the model with risk and the model

without risk is explored by numerical study.
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1 ÊÌËÍHÎHÏHÐHÑHÒHÓHÔHÕHÖH×¸Ø¸ÙHÚ¸ÛHÜ¸ÝHÞ¸ß¸àHá¸âHã¸ä¸åHæ¸çHè¸é 
Hê¸ë ÞíìMî¸ï [1−2]. ðHñHòHóHôõHö ÞH÷HÓHø � ÞHßHçHùHú ZüûHýHþHõHö ÞH÷HçHÿ�� [3] ����� ô�������� ÞHßHç�	 ë Z�
�� ÏHÐHÑHÒ / 
��
�������

: 2007-08-30�������
: ������������ �!#" 70501002; 70871005 $ ; %�&����� �!#" 2007ZG51075 $'�(�)�*
: +�,�-#" 1974– $ @/. @10 @1243�5�64, @17�84%�&�%49�:��4;�<�=4>���?4@�A�BM@/C4D , E�F�G�H�I�J�K�L�M�N�O�PQ�R�S�T�U

, Email: zhangrenqian@buaa.edu.cn.



56 KVLXWVYV>VZVOV[X\ �
29 �

]�^�_�`�a�a ùJìcb�d � ô ýHþ ç¸ãHä _ ÷ . e�f [4] g�hH	�i�j à � ô���� õ�k[Zml�n�o�prq�s Îrtvuxwy ]�^ u â�z�{ � çHãHä�|�} Z erf [5-8]
èHé j b�d � ô���� çHÏHÐr~ ^ ØHÙ¸ÓHârz�{ � ã¸äHØ¸Ù Zx���

e�f���� à _�`��c��� â�zHçHáHâ�������� Z Ï l�n Î�tHâ�z����r�HÓ � ô �c���c� â���� �r����� .� d����������Hç������Hà Z 
�� ]�^�����o�p���  ñ�¡ ãHä _�` . ¢�£�¤�¥�e�f ��o�p�¦�§���¨�© ñ
¡ ú��Hç�ª�« .

û e�f [8-10] ¬Hñ�¡ ÏHÐ�~ ^�­ � ï  �®�¯�° çHãHä �H� Z à�±Hï ¯�°�²�³ Ï¸ÐHãHäµ´·¶ û
� ô ýHþ�¸ ¡�¹�º �v» Z à�± ®�¯�°�¼r½ á¸â�¾�¿ ��À ��ÁrÂ �r¨[Zmlrn ¬ ��¨ ��ÂHç ��� � ©rÃ�ÄrÅ���ÆÇ ��È º � . e�f [11-14] ÉHë ��¯�° ñ�¡�Ê�Ë ç Scenario

_�`�Ì�Í ã ñ�¡�Î�Ï k���]�^�Ð çHÏHÐHÑHÒHØHÙ ZÑ�Ò�Ó ³ ç���ÔHÚHï�{HÑHÒHÞ�Õ Z×Ö ±Hï ]�^�Ð çHÞ�ÕHÚ�ØHïHç Z×Ù�Ú�]�^�Ð çHÞ�Õ�Û�Ü�Ý�Þ ��]�^�Ð ñ�¡��¨ ç ��ß�à « ð 	�á ¤Hê ç�â�ã .

1995 ä Z Mulvey
à ñ�¡ ~ ^ �H	 ç�b�å�æ�ç ³ j Robust

Î�t
[15]
Z � ©�� ïHÞHßHÏ 
�è�é�ê�ë ñ�¡ ãä���ÔHçHÍHÎ�ìHÓ�Û ½ ì Z�í � à 
�� áHâHãHä �ïî�Æ j 
rè ç ê¸ë [16−17]. ð Ú Robust

Î�t�ñ £�ò�ó ãä�ô û Ô ê�õHñ�¡�Î�Ï çHú�t Z ð Scenario
ÞHß�Û � ë Ì�Í ã � ïHØHÙ .

Çxö�b�d
Scenario

çHÎ�tHÞHßHà
÷ w�{ � u�ø ê�ù ø � u6áHâ�ú�ûHãHä��HåHæ�ü î�Æ j�ý�þHêHë [9−13,18−21].�HøHÚ�����ì Î�Ï�ÿ Ú ñ�¡ ì Î�Ï Z ÏHÐ�~ ^�� ¤�� d óHô çHï   ÷ wHã¸ä .

à ñ�¡�Î�Ï k[Z ãHä����ÚHï ����� ç o�p ���
. ��e b�d � ô ýHþ[Z���� ï  �	�Ù Ñ ÏHÐr~ ^�_r` ð�
 Z Ï orp���� �HçHá¸â�
 �ÓHâ�z����Hç

Scenario
ãHä _�`[Z���������k Þ��������HÞHß Z���� ÏHÐ ÷ w���� õ ãHä���ÔHç���� . ��e������� û�k��à�±

1 � � Z���� Scenario
ÞHß�b ���H��� ± 2 � � Z����� �!�` Ó�" ê `�#�$ ñ�¡ ÏHÐ�~ ^�_�` � ±

3 � � ������% èHé������ l�_�` çHãHä�&�Ô � ± 4 � � Z b�d k Þ��������HÞHß Z'��� ÏHÐHÑHÒHØHÙHçHãä���� � à�± 5 � ��(�� ��e .

2 )+* Scenario ,+-+.+/+0à ñ�¡�Î�Ï �5Zxí�1 ï � Scenario 2 ÚHï � “
ª�3

”
Z Û � ­ � Ú�4 Ì ���������Hç�5¸ï  76 ¢ Zx¸ õ���������Hà�4 Ì�n���°�8 t�ª�«HçHï  �9 i .:

1
© ï ��®�¯�° ç

Scenario ; .
Ù�� Ü�<�=�>�?�@�A�B

C =ED�F�G�H�I�<�=�>�?�J�K�L�M�N�O�P�Q�R�S7T�UED�V7F�W
H�X�Y�Z�?�[�J�K�L�M�\

t
P�Q�]

t+1
P�Q�R�5�^�_ 6�` Da\

b <7=7]7c7d7^7G7e7f7g7<7=7R7h `7i7j7k7l ^7G
Scenario.F7G

Scenario m7n7o7p7q7r7s7t R7u7v�Dxw7y7\ t-1
P7Q7R

z G�{�| s�} ] t
P�Q z G�{�|�R�Y�u�v l

pt−1,t

D�~�\ b {
| s�} ] t

P�Q�{�|�R i�j u�v k�l
p0,1p1,2,···pt−1,t−2pt−1,t

D
�7�7F7G7e7f7g7{7|7R i7j u7v k >7?7� r Scenario

R7h `
u�v

.

�
1 ����������� Scenario �

N���P�Q�B C������ D
Scenario ��������� R�^�| k�l ������� R���h���� (non-anticipative).

��� �R���h����ED l������ N z G�B C� �¡ |ED£¢�G
Scenario p�¤�¥�¦ R i�j�l ��T�RED£§�¨�B C�© N�ª   R�BC U�«�¬�­�^

.
y

S ® ?���¯ s�t R Scenario °�± D s ® ?�² �³z ^�_ Scenario
D
Ps ´ ² s�t u�vED Scenarioµ�¶ | ´ n

D ��·�¸�¹�º ´ T
R�B C D»~

Scenario
B C�¼�½���¾�¿

min
∑

s∈S

Ps ·

[

c1y1s +
∑

t

ctsyts

]

(1)

s.t. A1y1s = b1 ∀s ∈ S (2)
∑

k<t

Bktsyks + Atsyts = bts t ∈ (2, · · · , T ), s ∈ S (3)

xn − yt(n),s = 0 ∀s ∈ S(n) (4)À�Á ¼�½ R
(4) Â k ?�[ “non-anticipative”

W�Ã
.
\�B CÅÄÇÆ�È�É D»Ê�Ë

Scenario
R�Ì�Í ����o J�K�Î�Ï
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R�ç�è�Ê�é�^�ê�Dìë�í n�î G ¿ 1) ï�ð ^�G�­�^�R � Dì¯�ñ�ò�N7F7G Scenario
� ? ` R m�ó³ô�õ Dìö�÷�ø

� � ¸ D�ù�ú�R ¼�½ ^�û�ü³ý “ þ�ÿ ½ ”
¼�½

.
���

“ þ�ÿ ½ ” � N���^���Ï º k������ ������G���Ï º R�BC�¶��
. 2)

b�� ^ � R º�	 ÄÇÆ D ï ]�^�
�������h�����W�Ã�R ��
 M “ q�� ”
F�G

Scenario
R����ED�� ´

“ ��r ½ ”
¼�½

. 3) ï ]�^�G � D»��^ � u�v���� ¼�½ R�� ¸ ��W�ÃED»ù�_ ¼�½ � ´ “
�����

”
¼�½

.��� ]�������������B C ���������ED é���N�� ¼������ ����¯��� �!�R þ�ÿ ½�¼�½ � ��r ½�¼�½ D Vñ�"�Ê�Ë
Scenario

R ¾ � ����H�# È h ` � î G ÄÇÆ .

3 $&% Scenario '&(&)&*&+&,.-0/01.2
¯���Î�Ï l ^�G�����Ï º R�3�P�Q�B C ��� ¿ N�F�G���Ï º R���^�G�P�Q ·�¸ ¯��� �!ED4��3�P�Q ·�¸5 ±�t�6 ��Ï�B C .

V����
“ ��r ½ ”

¼�½ o “ þ�ÿ ½ ”
¼�½ R�7�8�N�Ë ¿ þ�ÿ ½�¼�½ N��7^�G9�7Ï º k����� ������G���Ï º R�B C UED ��:�º ¯���;�<�B C�l ^�=�A k�����¾�È�> V l ­�^�R@?4A ��r ½�¼�½ ~�BC ��D A�P�Q�R�B C U l ­�^�RED ��� : G�P�Q�R�¯���;�<�B C b�� J�K�L�M�R�S�T�h ` V�S�TED4E�F����

“non-anticipative”
W�Ã

.

3.1 G�H Scenario I�J�K�L�M�N�O�P�Q�R�S�T�M��� ��U
[5]
����U

[8]
��V�W�R�X�Y�¯���Î�Ï�����DÇ��X9Y�Z9[ ´ Z�\ ·�¸ ¯��9 �!7B C .

y t�6 �]_^
N
G�X�Y �a` 
�bED ² � F�G�X�Y �a`

i c�d�e�f \ 0
]

L(i)
R�S�T�X�Y�Z�[ED ù�g�X�Y�Z�[�h�i�T

j X�Y
.
����k�l C�m�� 6�n�o�p l J�K�L�MEDrq 1 s�t�þ�ÿ ½�¼�½ R�u�v���L�M�w�x .^ q

1
�9y�D ¯9�7B C L7M9E7S9z9{7Ë9|7í9}9~7R7h ` D V 5 ± �7Ï 6 M7~��7B7Ë�|7í9C9m�}9�7R�h` DrA���Ë���T µ {�|�R 5 ± ��Ï�B C ~�«�¬���TED»ù l ^ “non-anticipative”

W�Ã�B � R
.N���Ï º t

DrX�Y �a`
i
R���b�é ´ ¿

∆C(i, t, s) =

M(i)
∑

m(i)=1

[∆C ′(i, m(i), t, s) + IC(i, m(i), t, s)] + ∆UC(i, t, s) + RC(i, t, s)

ÄÇÆ�� v��
S
G�}�~ ¾ R�������� ` º�	 U�ö�ëED»B C�¼�½ ´ ¿

max

S
∑

s=1
P (s)



















T
∑

t=1











N
∑

i=1

M(i)
∑

m(i)

p(i, m(i), t, s) · x(i, m(i), t, s) +
N
∑

i=1

L(i)
∑

l=1

d(l, i, t) · sv(l, i, t)−

N
∑

i=1

∆C(i, t, s) −
N
∑

i=1

M(i)
∑

m(i)=1

α(i, m(i), t) · o(i, m(i), t, s)











·

[

t
∏

t′=1

(1 + r(t′))

]−1



















(5)

s.t.

M(i)
∑

m(i)=1

[θ(l, i, m(i), t) · y′(l, i, m(i), t, s)] + UA(l, i, t, s) = n(l, i, t) · B(l, i, t) (6)

x(i, m(i), t, s) +

N
∑

j=1

M(j)
∑

m(j)=1

x′(i, m(i), j, m(j), t, s) + I(i, m(i), t, s) = x′(i, m(i), t, s) + I(i, m(i), t − 1, s)(7)

x(i, m(i), t, s) + o(i, m(i), t, s) = D(i, m(i), t, s) (8)

x′(i, m(i), t, s) =

L(i)−1
∑

l=0

y′(l, i, m(i), t, s) (9)

x′(i, m(i), j, m(j), t, s) = a(i, m(i), j, m(j), t) · x′(j, m(j), t, s) (10)

n(l, i, t) = n(l − 1, i, t − 1) − d(l, i, t − 1) (11)

n(0, i, t) = n(i, t) (12)

d(L(i), i, t) = n(L(i) − 1, i, t) (13)
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d(l, i, t) ≤ n(l − 1, i, t) (14)
N

∑

i=1

[n(i, t) · F (i, t)] ≤ G(t) (15)

y′(i, m(i), t, s) = y′(i, m(i), t, s′), I(i, m(i), t, s) = I(i, m(i), t, s′) if s, s′ ∈ S(Arc) (16)

² � D'� n L�M����ED'¯���Î�Ï�L�M�������v . (6) Â q�[ t�6 ¯������@? (7) Â q�[_� l�������� ���@? (8)

Â ´���� C�m����@? (9) Â q�[ z ^�X�Y �a` 6�t��9� R 6 M� 7Ë7O�X9Y �¡` � n X�Y9Z9[ 6 M p �¢? (10)

Â q�[ 6�n ¶�£ ���@? (11) Â q�[�X�Y�Z�[�¤�¥�R�v�M�¦��@? (12) § (14) Â q�[�X�Y �a` R�¨�©���L�ª���@?
(15) Â ´ <�«����@? (16) Â q�[���h���� (non-anticipative)

W�Ã
.

¬
1 ­¯®¯°¯±¯°¯²¯³¯´¯µ¯¶¯·¯¸¹¯º »¯¼

½¯¾

s
Ð

s ¿ Scenario À s =1 ,· · ·,S

P (s)
Ð

s ¿ Scenario Á¯Â�Ü¯Ã¯Ä
S(Arc) Å¯Æ¯Ç¯È¯É¯Ê¯Ë node Ì¯Í¯Î¯Ï¯Ð¯Ñ¯Ò¯Ó�Ü¯ÔÖÕ�á�â Ü Scenario ×¯Ø
N Ù¯Ú¯Û¯Ü¯Ý¯Þ
i,j Ù¯Ú¯Û¯Ü¯ß º À i,j = 1, 2, · · · , N

M(i) Ù¯Ú¯Û¯Ü i Ü¯Ô¯à¯á¯â¯ã¯ä
m(i),m(j) ÙåÚåÛåÜ i, j ÂåÔ ÜåÔåàåáåâåß º À m(i) = 1, 2, · · · , M(i) À m(j) =

1, 2, · · · , M(j)

n(i,t)
Ð

t æ�Û�ÑçÀéè¯ê¯ë¯ì�Ü¯Ù¯Ú¯í¯î i Ü¯¿¯Þ
d(l,i,t)

Ð
t æ�Û�ÑçÀ Ñ¯ï¯ð¯ñ¯ò�Ü¯ó¯ô¯õ l ¿¯æ�Û�Ñ�Ü¯Ù¯Ú¯í¯î i Ü¯¿¯Þ

x(i,m(i),t,s)
Ð

s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÔ¯à¯á¯â x(i,m(i)) Ü¯ù¯ú¯Õ
á�â x′(i,m(i),t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÔ¯à¯á¯â x(i,m(i)) Ü¯Ô¯Õ

ð¯Õ x′(i,m(i),j,m(j),t,s)
Ð

s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÔ¯à¯á¯â x(j,m(j)) û¯ü�Ü x(i,m(i)) Ü¯Ý¯Õ
y′(l,i,m(i),t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Â¯Ô�Ü x(i,m(i)) Ü¯Ý¯Õ

I(i,m(i),t,s)
Ð

s ö¯÷¯øçÀéÔ¯à¯á¯â x(i,m(i)) ý t Ñ�Ü¯þ¯ÿ¯Õ
o(i,m(i),t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÔ¯à¯á¯â x(i,m(i)) Ü����¯Õ

∆C′(i,m(i),t,s)
Ð

s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÙ¯Ú¯Û¯Ü i õ¯Â¯Ô x′(i,m(i)) Ü¯Ù¯Ú����
UC (i,t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÙ¯Ú¯Û¯Ü i Ü�����Ø�Ù����

RC (i,t,s)
Ð

s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÙ¯Ú¯Û¯Ü i �¯ð¯ñ�Ü¯Ù¯Ú¯í¯î�Ü���	�Ø�Ù����
��� ∆C (i,m(i),t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÙ¯Ú¯Ê¯Ë (i,m(i)) Ü¯Ý����
 Þ ∆IC (i,m(i),t,s)

Ð
s ö¯÷¯øçÀéÔ¯à¯á¯â x(i,m(i)) ý Ð t Ñ�Ü¯þ¯ÿ����

sv(l,i,t)
Ð

t æ�Û�ÑçÀéó¯ô¯õ l ¿¯æ�Û�Ñ�Ü¯Ù¯Ú¯í¯î i Ü����
α(i, m(i), t)

Ð
t æ�Û�ÑçÀéÔ¯à¯á¯â x(i,m(i)) Ü¯í�
��������

r(t)
Ð

t æ�Û�Ñ�Ü����¯Ä

Ù¯Ú 
 Þ

a(i,m(i),j,m(j),t) í�
 x(j,m(j)) û¯ü�Ü x(i,m(i)) Ü¯Þ¯Õ
θ(l,i,m(i),t) ó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Â¯Ô¯í�
 x(i,m(i)) á¯û¯ü�Ü i Ù¯Ú¯Õ
v(l,i,t) ó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Ü������ æ�Û�� Ø�Ù¯Ù¯Ú����ÖÄ
uv(l,i,t) ó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i ����Ø�Ù¯Ù¯Ú����¯Ä
iv(i,m(i),t) í�
¯Ô¯à¯á¯â x(i,m(i)) Ü¯þ¯ÿ����
B(l,i,t) ó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Ü����¯Ù¯Ú�Ø�Ù

Ø�Ù UA(l,i,t,s)
Ð

s ö¯÷¯øçÀéó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Ü����¯Ù¯Ú�Ø�Ù
 Þ L(i) Ù¯Ú¯í¯î i Ø�����Ü����¯æ�Û�Ñ¯Þ
n(l,i,t)

Ð
t æ�Û�ÑçÀéó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Ü¯¿¯Þ

��� D(i,m(i),t,s)
Ð

s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÔ¯à¯á¯â x(i,m(i)) Ü ������� Õ
p(i,m(i),t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéÔ¯à¯á¯â x(i,m(i)) Ü¯ù¯ú¯í��
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3.2 G�H Scenario I�J! !"�M�N�O�P�Q�R�S�T�M� ¤ � Á D ��r ½�¼�½�� D ¯���Î�Ï�R�B C L�M l!# q S�T�B C }�~�RED > ª!$!%!&�R7L�M���w�x � q
2
D»²!'�L�M���w�x o q 1

��T
. ¬

2 (�)¯°¯±¯°¯²¯³¯´¯µ¯¶¯·¯¸¹¯º »¯¼
n(i,t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéè¯ê¯ë¯ì�Ü¯Ù¯Ú¯í¯î i Ü¯¿¯Þ

n(l,i,t,s)
Ð

s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀéó¯ô¯õ l Ü¯Ù¯Ú¯í¯î i Ü¯¿¯Þ
d(l,i,t,s)

Ð
s ö¯÷¯øçÀ Ð t æ�Û�ÑçÀ Ñ¯ï¯ð¯ñ¯ò�Ü¯ó¯ô¯õ l ¿¯æ�Û�Ñ�Ü¯Ù¯Ú¯í¯î i Ü¯¿¯Þ

S(Node) Å¯Æ¯Ç¯È¯É�* Node Ü¯Ì¯Í¯Î¯Ï¯Ð¯Ñ¯Ò¯Ó�Ü�Ø�Ù�Ú�Û�á�â�Ü Scenario ×¯Ø
O�q!+-,/.���^�P�Q k D : ��Ï º R�¯���B C �!0�m S21�­�^ . ��r ½�¼�½�� D3. �!4!5 ¯���B C L�Ml H�V k D»²!'�N!6 Â À o�þ�ÿ ½�¼�½!7!8 D ��¾ ��[ ¿

max

S
∑

s=1
P (s)



















T
∑

t=1











N
∑

i=1

M(i)
∑

m(i)

p(i, m(i), t, s) · x(i, m(i), t, s) +
N
∑

i=1

L(i)
∑

l=1

d(l, i, t, s)·

sv(l, i, t)−
N
∑

i=1

∆C(i, t, s) −
N
∑

i=1

M(i)
∑

m(i)=1

α(i, m(i), t) · o(i, m(i), t, s)











·

[

t
∏

t′=1

(1 + r(t′))

]−1



















(17)

s.t.

M(i)
∑

m(i)=1

[θ(l, i, m(i), t) · y′(l, i, m(i), t, s)] + UA(l, i, t, s) = n(l, i, t, s) · B(l, i, t) (18)

n(l, i, t, s) = n(l − 1, i, t− 1, s) − d(l, i, t− 1, s) (19)

n(0, i, t, s) = n(i, t, s) (20)

d(L(i), i, t, s) = n(L(i) − 1, i, t, s) (21)

d(l, i, t, s) ≤ n(l − 1, i, t, s) (22)
N

∑

i=1

[n(i, t, s) · F (i, t)] ≤ G(t) (23)

n(i, t, s) = n(i, t, s′), d(l, i, t, s) = d(l, i, t, s′) if s, s′ ∈ S(Node) (24)¼ ½ � D
(24) Â ´ ¯ � ; < B C R “non-anticipative”

W Ã
.
² ò � �:9 þ ÿ ½ ¼ ½ R ��� (7)–(10) ; (16).À�Á ����W�Ã�H�8�� þ�ÿ ½�¼�½ ����W�Ã!<!=���TED»S!1!> Á .

4 ?A@ABACz t�6 � ]_^/D G�X�Y �a` 
�bFEHG 2 I D£F�G�X�Y �a` 6
t ^�_ ��� D X�Y �a` 4

R 6�n ª�] ��� DJG � Y�Z À R�v!Kq�[ 6�n ¶�£ R�v�M�¦�� .y n�î G���Ï º D D!L <�« 500 M .
J!N�X�Y�Z�[ e�f RO!P D Z�\ 6�n!Q!R R�X�Y�MSE X�Y9�9v IUT L�ë DUV ¸!W "X!Y!Z![ D A���"�¯��!\!]!^!_!`ba > V�C ��·�¸ ¯��� �! /

y
c ¥!d!e!f

. g!h X�Y�Z�[!i�X�Y���v ;Uj!kl; e�fl; Z�\9XY�b�é�v� !m!n � q
3
��q

4.

�
2 o�p�q�r�s�t

¬
3 u�v�w�x�y�z�{�|�}�y�z�s�~�����������������

/ ������� x(1) x(2) x(3) x(4)������� ( ����� 0) 1 2 1 3������� ( ����� 1) 1.3 2.2 1.8 3.5������� ( ����� 2) 1.6 2.6 × 4��� ��� 3 3 2 3�������
( � ) 100,000 150,000 180,000 120,000
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4 u�v�¥�x�y�z�{�|�}�¦�§©¨«ª�¬�­�®¯��{�°¯y�z��¯��±
��� ������� 1 ������� 2 ������� 3 ������� 4

A B C D A B C D A B C D A B C D

0 100,000 400 100.00 50.00 120,000 600 120.00 50.00 120,000 600 160.00 100.00 95,000 450 95.56 55.56

1 80,000 300 116.67 66.70 90,000 480 132.50 62.50 60,000 400 210.00 150.00 70,000 350 111.43 71.43

2 60,000 150 183.33 133.33 60,000 300 170.00 100.00 × × × × 45,000 200 165.00 125.00²/³
A— ´�µ ( � ) ¶ B— ·�¸�¹�º/¶ C— »�¼�¹�º���� ����½ ( � / ¾�¿���� ) ¶ D— À�¸�¹�º���� ����½ ( � /¾�¿��

� ).

Á2Â2Ã2Ä2Å2Æ2Ç2ÈÊÉ�Ë2Ì2Í2Î2Ï2Ð2Ñ2Ò2Ó2Ô2Õ2Ö2×2ÏlØ©Ù2Ú2Û2Ç2Ü2Ã2Ð2Ñ2Ý2Þ2ß2à2á2â
. ã2ä2å2æ2ç

15
Å!è!é!Ï

Scenario ê!ë!ì Ð!Ñ!Ò!Ó!Ô!Ã!Ë!Ì!í!Å!Æ!Ç!È!Ï!î!ï!ð!ñ!ò!ó 5.óÊô�Ï2õ2ö2÷2ø2ó2ù2Ã2ú2û2ü2Ï2ý2þ2î2ÿ���� ä û2ü2ý2þ������2Ï2÷2ølØ ã Ì2ó2ù2Ö2×2ÿ��2Ã�����	Ï�
�����

.
Ý��2÷2ø��2Õ�� ê Ï��������������2û2ü2Ï��2Å2ý2þ2Ï����2÷2ølØ����2Õ������2Ï Scenario÷!ø

.

4.1 ������ �!�"�#�$�%�&�'�(�)�*�!Ò�+�,�-!è�.�/1032bØ4��5���6!û�7�8�9�:
[5]
ô/Ï�+�,�;�<�;

. = Ö!×!Ð!Ñ!Ò!Ó!Ô!Ï!È�>�?�@�A�+,�;�<�;bØCB!Ö!×!ÿ��!Ï�D�6!è�E�@�A!Ö!×�F�G�<�;bØCH!Ñ�I�+�,�;�<�;KJCL�M�;�<�;!Ò�N�O�;�<�;!Ï!Ù!Ú
P�Q�R�S�T�U�V!ò!ó

6.

¤
5 WYXYZY[Y\Y]Y^YXY_Y`Ya�}YbYc��YdYeYfYgYhji ¤

kYl mYnYo 1 mYnYo 2 mYnYo 3
Scenariop�½ qYr sYt uYvYp�½  Yw p�½ qYr sYt uYvYp�½  Yw p�½ qYr sYt p�½

S1 0.05 600 4000 1 0.05 750 4500 1 0.05 800 4800 0.05

S2
0.05 150 2000 1 0.05 200 2000

0.7 0.035 200 2500 0.035

S3 0.3 0.015 250 2000 0.015

S4

0.3 300 3000

0.6 0.18 350 3500
0.5 0.09 400 4000 0.09

S5 0.5 0.09 450 4000 0.09

S6
0.4 0.12 400 3500

0.5 0.06 600 4000 0.06

S7 0.5 0.06 450 4000 0.06

S8

0.3 320 3000

0.6 0.18 350 3500
0.5 0.09 400 4000 0.09

S9 0.5 0.09 500 4500 0.09

S10
0.4 0.12 400 3500

0.5 0.06 600 4500 0.06

S11 0.5 0.06 450 4000 0.06

S12

0.3 280 3000

0.6 0.18 300 3500
0.6 0.108 320 3500 0.108

S13 0.4 0.072 350 3500 0.072

S14
0.4 0.12 320 3500

0.6 0.072 400 4000 0.072

S15 0.4 0.048 350 4000 0.048

¤
6 xYyYzY{Y|Y}YWY~Y�Y��}�­�®Y�Y�Y�Y�Y�Y�YX Scenario a�}Y�Y�Y� (103 � )�Y�Y�Y�

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15�Y� � �Y�
–339 –365 1910 2075

�Y�
2223 1960 2538

�Y�
2272 1284 1370 1772 1604�Y� �

6643 –882 –905 1401 1573 2235 1725 1451 2043 2585 1775 758 848 1260 1085�Y�Y�
6643 –266 –300 1791 1955 2542 2035 1830 2411 2892 2085 1221 1305 1768 1520kYl p�½
0.05 0.035 0.015 0.09 0.09 0.06 0.06 0.09 0.09 0.06 0.06 0.108 0.072 0.072 0.048
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T�U�V!ó!Þ!Ï�¤�¥1032!ò�¦
3.��¦

3
H�§bØ©¨�ª�«

Scenario
��+�,�;�F�G�R�S!â!Þ�¬�­�®bØ©¯�°

Scenario
��¯�±�²�³!Ü�´�µ!Ö!×�<

;
.
�!Õ�¶��!Ö!×�<�;!Ü�7�8!Ï�¶�·�¸�¹bØº�!ß���»�¼!Ã�½!ò

S1
��¾�¿�À�´!Ð!Ñ!è!é���D�¬�­lØÁ��Â�Ã�Ä

A�¸�¹!Ï�/�Å�Æ�ÇbØ©��È�É�Ê�Ë!Ã ä�Ì�Í ÷!ø!è!é���Î�Ï�Ð�Ñ!ð�´2Ò�T�U�V�D�´ .Ò�Ó Ö!×�<�;�Ô�¶!ú Ì ¿�À!è!é!Ï!â!Þ�É�Ê1032�»�Õ!Ï�F�G×ÖØ��Ù�»�ÕbØÚ�!Õ!Ü�Û�Ü1032�¹!Ï��!Í!Ù!Ú
O�Ý!Ë!Ì!Ï!Ð!ÑKÞ ØÁß���à�D2Õ�á!Ö2×�<�;�â ç�ã�ä ØÁ¶��2Ö!×�<�;�å�æ�»�¼�Ë�D�¬�­lØÁÈ�+�,�;�<�;2Ï�FG�ç�è!Ã!Ð!Ñ��!â!Þ1032 Í Ï!ÿ�é!ûlØÁ��Ô ç ¬�­!Ï2è�.����bØê0�ò!è2é 6

Ò!è!é
10
ØÁ�!ß�¯�ë�,�-�D!ò

Ö!×�<�;bØ©ì!ß�O�Ý�¹!ÿ!Ï!Ö!×�í�E
.

4.2 ���� �!�î�ï�"�#�$�'�(Â�Æ�ð�¬�­�Ð�Ñ��
1 ñ ÇbØ í�¾�<�;!Ï�T�U�V!ó!Þ!Ï�¤�¥1032!ò�¦ 4.��¦

4
H�§bØ Ã�H!ß�¬�­!Ï!à�ò��bØ©¨�ó�¿�À!è!é

S1
J

S6
Ò

S10
®bØ©L�M�;!Ö!×�<�;�ô�õ�+�,�;�<�;

Ï!ó!Þ103D�ö�÷�¬�­!è�.��!Ü�ø ä � .
¶��!Ã���¾!Û�ù��bØúL�M�;�<�;�D�Â�û�ó�ü�ý�´!Ð!Ñ!Ï�¿�À!è!é�È�É

Ê�¯�þ!è!é��!ð�´!Ï�Î�Ï�Ð�Ñ
.ÿ�®bØ N�O�;�<�;��3µ�H!ß����!Ö!×!ÿ��2Ï æ�� Ý!Þ���	�ô�O!Ï�
��bØ �2ß�T�U�V�´�µ�L�M�;�<�; .

ß
��
 ò�ÿbØ L�M�;�<�;!Ò�N�O�;�<�;!Ï������!Ü�� æ�� è�.�È�, .

¶�����¹!è�.��bØ���Å�¸!Ð!Ü!Ï!Õ�F�G!Ï
ë�,�-bØ È�D���>�¯!ÿ�é!ð�µ����

. ��� Ø��3µ�����/�Å-ô��!Ð!Ü���2��!û�	bØ 0/ò!Ù!Ú�P�Q��!Ð!Ü!Ï� �!bØ
ä�" Ð!Ü�ò!à�«!Å!Æ!Ç!È���Û�Ü�øbØ©�!û�N�O�;�<�;���D�#�N�Ë .

$
3 xYyYzY{Y|Y_YiYaYWY~Y�Y�&%Y�Y� ¤&'

$
4 yYzY{Y|Y}YWY~Y�Y�&%�­�®&(&)Y�Y�Y� ¤&'&*,+

5 -/./0/1/2/3547678
Ñ�9�9 ã 9�: [9]

��� ã Ï Fishburn
Ï ä�" ��R�:�;�<�=�<�;bØ Ì�7��!Ö!×!Ù!Ú!Û!Ç�F�G�ç�è!Ï�:�; .Â�F�G � �?>�@/Â�A!Ï?B�C�±�²�� z′

Ø ù!Ã���R�:�;!Ï�D�E�F�G��bØH:�;���I�J�K�µ?B�C�±�²!Ï�L�M�N�±�²
è�. ç �bØ©±�² π

Ï���R�:�;
f(π)

O���, ä �PO
f(π) =

{

0 π ≥ z′

z′ − π π < z′
(21)

ò�è
P (π)

Õ�±�²
π
���!Ï!÷!øbØQL�R�, ä È�>���R�:�; EDR (Expected Downside Risk)

�PO
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E(f(π)) =

+∞
∑

−∞

P (π)f(π) (22)

��5�I�S�E�F�G � ö�÷�¬�­!Ï�L�M�;!Ö!×�<�; .
��¦

4
H!ß�T��bØ ¨�ª�«!è!é�®bØ L�M�;!Ö!×�<�;!Ã�¹

«!è!é��!Õ�U�U!Ï
.
Á!Â!ß

1700000
Ç�/���Ä� � Ï?B�C�±�²bØVL�R�L�M�;!Ö!×�<�;!Ã�B!Å!è!é���ô�õ�µ?BC�±�²!Ï!ó!Þ!ò�¦

5.

$
5 W&X&Y&Z&[&\&]Y�Y�Y�&^&_a`Qb&c&d&% ¤&'��¦

5
H!ß�T��bØfe�:�;�g�h!Ï�L�M�;�<�;!Ã!è!é

2
Ø

3
Ø

4
Ø

8
Ø

12
Ø

13
Ø

14
Ø

15
�!Ï�T�U�V!Õ�K�µ�L!È

T�U�V!Ï
.



(22) i ØQj�k!Æ�l���R�S!Ï!È�>���R�:�; EDR=272020.:�;!Û�m�;�F�G � Ã�n!Ñ!È�>�±�²!Ï�6!ûbØ Ü!Ñ�¸�K!Ï�:�; .
Â!Ã�L�M�;�<�;-ô�o ä�p 7�8 ä Å���R�:;�
�«

λ
Øú��Ë�q�I10/Ö!×�<�;�¸�K!Ï�:�;bØú�!Å�
�«�I!Ù!Õ

[0,1] r 	-É/Ï�«bØts!ò�	 λ=0.9.
Â

Pro(s)
�

ú ä R�S!Ã!è!é s
�!Ï�U�V Övu�w

(13) i Þ Ø©ù�L�M�;!Ö!×�<�;�O���x�A���y�g�hPO
Pr o(s) + d−

s − d+
s = 1700000

S
∑

s=1
P (s) · d−s ≤ 0.9 × 272020

d−s ≥ 0, d+
s ≥ 0

(23)

i (23)
ô Ø

d−s
Ø

d+
s

N�z�@!ó!ú!Å!è!é��!Ï�±�²�õ�µ{B|C�±�²!Ï�}�~��2Ò���~��
.
¯�°�g�h�����6!àbØ

B�C���«�����T�U�V!Ï!È�>�?�� Í .
�!û�H!ß�q�I ä Å��!Ï!Ù!Ú�P�Q�R�SbØú��R�S!Ã!Ä!Å!è!é���J�e�:�;�LM�;�<�;!Ï�U�V�6���µ!ó

7.¤
7 �&X&Y&Z&[&�&W&X&Y&Z&[&%&\&]Y�Y�Y�Y�Y�j�&�Y_j`Ya&%j�Y� (103 � )kYl

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15�  Y¡
1594 –507 –530 1771 1947 2609 2096 1571 2170 2709 1896 1129 1220 1632 1455�  Y¡
3198 –627 –652 1646 1816 2474 1968 1695 2285 2824 2017 1007 1096 1505 1332

�/ó
6
Ò!ó

7
H�§bØ4L�M�;�<�;�K�µ?B�C�±�²!Ï2÷!ø���x�A���R�:�;�g�h��2à!Ï

53%
Ø�����x�A�:�;

g�h��!Ï
49%. � Ã�L Ì K�µ?B�C�±�²!Ï!è!é��bØ ò Scenario2

J
3
J

12 � Ø Ý���±�²�J?B�C�±�²!Ï�����³ ç�����
.
H�wbØ Ã!Ù!Ú�P�Q�F�G-ô�x�A�:�;�g�h!Õ ç�� Ï .� ã O ô�õ�µ 1700000

Ï�±�²bØ©�!Å
EDR

?�D�H!Ù�e����bØ©¶��!Ã���¹!è!é��!Õ�e�E!ò����!Í�³���D
���!Å�±�²

.
�!ß ã Ì�x���L�M�;�<�;���R�:�;!Ï�
�« λ

�!Õ ç!ä ,�	�?����/Ï .
Á!ò!ß

EDR
?������?B

C���«bØ �
min

S
∑

s=1

P (s) · d−s
ØÁù�õ�µ�Ñ�s�H!ß�I��

EDR
������«�?��

240540
Ø � ã Ì�x��� �g�h!Ï�
�«

λ
����I!Ù�	��

240540/272020=0.884
Ø�¡�ù� �<�; = e�¢ .£ ®bØ ç û�¤�F�G � Ô!Ü!Ñ!Ù!Ú�R�S!Ã�D�+�,�-!Ï!Ë!ÌlØ Ä� �±�²�K�µ�L!È�±�²2Ï!÷!ø���� .

��H!ß�¥
¦�§�¨ ��R�:�;�D�EbØ©B�C���«�	�:�;!÷!ø!Ï!È�>����PO

min
S
∑

s=1
δsP (s).

��ª��!Ù�I�� ä Å����!ï���R�:�;÷!ø!Ï!Ù!Ú�P�Q�F�G�<�;bØQ��µ�«�¬bØ©D�­�S�E
.

6 ®/¯
Ñ�9�°�±�Ë�®�M!Ð!Ñ æ!ç Ö2×�-2Ï�²�#��!Í2Ò!Ù2Ú�F�G�³�´ . µ�¶ 9�· Scenario ¸�¹�º�»�¼ ¹�½�¾�¿
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×�Ø�Ù�Ú�Û�Ü�Ý�ÞPßáà�â
Scenario ¸ Ü�ã�ä ½�¾�å�æ�ç�è�½�¾�é�ê�ë�ìPíáî�ï�ð�ñ â�ò�ó�ô�õ�ö�÷�ø�ù�úû�ü�ý ßfþ ¿ ×�ô�õ�ø�ù�ú�ÿ�� ü������������

. 	�
 ß ·�������� Ü ��
�����������î�ï�ð�ñ ß���� ç��� ¹������ Ü����������� �� ¿ × é�ê�! � ."�#�$�%�&(' ß â�)�*�+�,�-�Ü�ö�÷�. ß/����� ! ��0�1�2�3�4�5�6�ö�7�Ü�8�9 ß/:�;(<>=�?�@�Ü�A�BDC
E �� �� ! �(F ��G ú�H�I ¿ ×�Ø�Ù�Ü�ø�ù�ö�÷�J�K�L� �Ü ê�M ßON ��
���� L�P������ ! ��=�Q

. R�	�
S�T�U�V�ý�è�W â�ø�X(Y�Ü�J ·�Z�[�\ H�I�ø�] é�ê�^�_�`�a
.E â�ø�X(Yaß ��
 A�B�Ü�b�c�à�d é�ê�W�e 3�f�õ�Ühgji ßlk�m�c�n !�ñ�o�p ¹ Ü î�ï�ð�ñ�q�r�\ 	�
s�t�é�ê�u�v

.
S�T�w�x â�y ! �(Y>z�{ ��
 .�Ý u�v�|�} ß�~�� ç 3�ä���Ü î�ï���� Ý�� ß���Ý������ �


 A�B M�� ß R u�v L�P���� ß������ º u�v n�����Ü é�ê�W�����ç 3���J�K .
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