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C©Ø�ª�pÖ¯K´�aäkÊH¿Â�þï`z�.¶²ï�åêÆ5y

(MPEC, Mathematical Program with Equilibrium Constraints) ´�å¥¹kC©Ø�ª

½pÖXÚ��å`z¯K¶V�5y (Bilevel Programming) ´�å¥�¹`z¯K!

½=äkþeü�(��XÚ`z¯K§Ùþ�¯KÚe�¯KÑk�g�ûüCþ!

�å^�Ú8I¼ê. ùAa¯K���'§Ø=���5�å`z!4�4�¯K!�

�5�§|!�©�§�Jø
Ú��nØµe§
�3+n�Æ!²LÆ!Æ�Ø!�

Ï$Ñ!ó§�O!�`���¯õ+�kX2��A^.

0.1 C©Ø�ª�pÖ¯K

pÖ¯K��@©zÑy31940c[1]§Ù¥Ì��	Ïé�5Ø�ª|�4��§

�ù�ó�3��¿vkÚå<��­À. pÖ¯Ký�¤���É'5�¯K§å©

u20­V60c�Ð/�55y�I0DantzigÚ¦�Æ)Cottle�ïÄ. 1964c§Cottle[2]3

ÙÆ¬Ø©¥1�gJÑ
¦)pÖ¯K���55y�{. C©Ø�ª�XÚïÄå

©u¿�|êÆ[Stampacchia9ÙÜ�ö�mM5ó�[3]§¦�¦^C©Ø�ª���

�)Ûóä5ïÄgd>.¯K. �,C©Ø�ª�pÖ¯K�5
ØÓ§��5uy§

C©Ø�ª´pÖ¯K���í2§
�§�3êÆ5�±9A^��¡k¯<��q

�?§¤±§§�²~3©z¥¤éÑy. g20­V60c�¥Ïå§C©Ø�ª�pÖ¯

KÚå
$ÊÆ.ÚA^êÆ.�2�'5Úßþ,�§éõÆö\\�ù�+��ï

Ä�¥§¦Ù��
éÐ�uÐ.éC©Ø�ª�pÖ¯K�ïÄ§��©�nØ��{

ü��¡§cöÌ�ïÄ)��35!��5!­½5�(¯Ý©Û!)8�5�!Ø�

.nØ§±9§��Ù¦êÆ¯K�éX�¶�öKÌ�ïák��¦)�{9Ù�{

�A�nØ�ê�©Û.

²L50{c�uÐ§C©Ø�ª�pÖ¯K��
�v�uÐ§éõ¤��nØ�

ïá§̄ õk���{�JÑ§�
#���ØäÑy. �5pÖ¯K�ïÄ®²¼�


´a�¤J§20­V90c�Ð�;Í [4]4�/íÄ
�5pÖ¯K�Ê9�uÐ. éu

C©Ø�ª���5pÖ¯K§nãØ© [5]Ú;Í [6,7]é��®¼��¤J�Ñ
éÐ

�o(§4�/íÄ
C©Ø�ª�pÖ¯K+��uÐ.

�5pÖ¯K�nØïÄ���'u¤�9Ý
�5�§ØÓa.Ý
�5�´�5

pÖ¯KnØïÄ�Ä�§Ì��Ý
a�)��½Ý
!�½Ý
!P (P0)Ý
!Q(Q0)Ý


!SufficientÝ
ÚZ-Ý
�. /ÏuÝ
5��©Û§ïá
�5pÖ¯K�nØ§�

))��35!��5!)8�à5!Ø�.nØ±94���)��35�. ,	§Ï

L?Ø�5pÖ¯K�éõØÓ¯K��d=z§��¡���5pÖ¯K�nØ��

{ïÄJøå»§,��¡��ò�5pÖ¯K3nØ��{�¡�ïÄ¤JA^uÙ

¦¯K. XµCc5dÍ¶$ÊÆ[Mangasarian��ïÄ��5ýé��§|¯K§Ø

I�?Ûb��±y²Ù�du���5pÖ¯K. �5pÖ¯K��{ïÄ¤J´L§

®ª�u¤Ù. @Ï�Ì��{�)=¶�{ (��{§äkk�ª�5) ±9Ý
©�

�S��{ (m�{§�)Ã¡S�S�). 8c�61��{�)S:�{!­��{�

S��{. 20­V80c�§S:�{�¤õ/^u�5pÖ¯K§Ø�¼�nØþ�õ�

ªE,5§
���
éÐ�ê�O�(J. �90c�Ð§�5pÖ¯K�¤õ/­�¤

�� (�1w) �§|§¿�ÄudJÑ
�SÜëYz�{!1wÚî�{!2Â (�

1w)Úî{Ú�^¼ê{�­��{§ùa�{äk¯�Âñ5�§ê�O�(JÐ�

¢��B.
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C©Ø�ª���5pÖ¯K�nØïÄÌ��))��35!��5!)8��

�k.5!ëÏ5!(¯Ý©Û�­½5©Û!Ø�.nØ!4��)Ú4���)�§

Ù¥§)��35��
�õ�'5. @Ï��35(J���'u¤�9N��5�§

�)üN5!P (P0, R0)5�!�üN�[üN5�!rüN5!��P5�±9r�5^

��. 1984c§Smith3©z [8]¥ÄgJÑ
ëYN��~	S��Vg§¿^±ïÄp

Ö¯K)��35. 20­V90c��Ïå§|^ÿÀÝ�óä§éõÆöéëYN�JÑ


�2�~	qVg§¿A^uïÄC©Ø�ª�pÖ¯K)��35�)8�k.5

�§��
éõ#�nØ(J. C©Ø�ª���5pÖ¯K��{ïÄ��´ù�+

��É'5�Ø%SN§Ì��{�)ÝK{!�C:�{!�O��{!O2.�KF

{!S:{Ú­��{�. ÝK{´¦)pÖ¯K��aÄ�
­��O��{§§


u¦)à�å`z¯K�ÝKFÝ{. �«ÝK{��¤õ/A^u¦)C©Ø�ª¯

K. 20­V80c�§S:�{�¤õ/A^u¦)�5a`z�pÖ¯K§��ò��¦

)C©Ø�ª���5pÖ¯K§�
�{3ºÝoÊÜd^��b�eäkõ�ªE

,5. 20­V90c�§¦)�5pÖ¯K�­��{�ò��¦)C©Ø�ª���5

pÖ¯K§�)�SÜëYz�{!1wÚî�{!2Â (�1w) Úî{Ú�^¼ê{

�§�{äk¯�Âñ5�Úk��ê�O�§�¢��B§Ï
2�ïÄ§¤�ù�+

��~¹��ïÄ��.

0.2 V�5y�MPEC

V�5y�.�@�±J���I²LÆ[Stackelbergu1934cJÑ�ÌlÆ�¯

K (leader-follower game§T¯Kb½+�ökUåýÿ�J�öéÙz�üÑ��A§

¿�dÀJgC��`üÑ[9]§
'uV�5y�XÚïÄK©uBracken�McGill�Ø

©[10]. V�5y´�à`z¯K§=¦�{ü��5V�5y¯K�®�y²´NP-J

¯K. V�5y�,��A:´§=¦¤�9�¼êÑ´k.�ëY¼ê§�ØU�y

�¯K�3�`). ØJn)§�ÊÏ�ü�êÆ5y�'§V�5y�¦)�(J�

õ. ¦+3L��A�c¥k'V�5y�ïÄ®²��
éõ­��¤J§�ïÄ¤

J (AO´�{�¡�¤J) �Ì�8¥u�5V�5y!àV�5y�{ü�/. éu

�����/§ÃØ3�`5�nØ�¡§�´3ê�){�¡§Ñ����¤Ù��

ã§�5�´�é�. -<�U�´§��X���uÐ§V�5y3�Ï$Ñ!U
�

ü!ó§�O�+��A^FÃ2�. ·��&§3�5�õ¢S¯K�°Äe§'uV

�5y�ïÄ�½¬É��5�õ�'5.

MPEC�V�5y���'.¯¢þ§ØØ´ïÄV�5y¯K��`5^�§�´m

u%C�{§��ÑI�rV�5y=z�ü��êÆ5y¯K.8c��61�´ÏL

re�¯K^Ù�`5^�5O��ïÄå»§
ù����ü�5y¯KÒ´MPEC.

�e�¯K�à�§Uìþãå»���MPEC��5�V�5yØ�½�d (=¦e

�¯K´à`z¯K§e��,
�å5�^�§±þ�ö��7�d). lù«¿Âþ

n)§MPEC´'V�5yA^��2���aêÆ5y¯K. MPEC�´;.��à`

z¯K. lAÛ*:5n)§MPEC��1���Ñ´eZ�/¡0�¿8§äkwÍ�

|ÜA�. 3nØþ§ØJy²§MPEC3Ùz��1)?þØ÷vÏ~�Mangasarian-

Fromovitz�å5�^� (MFCQ)§Ïd§|^@
¦)IO��55y¯K1�k��

�{5¦)MPEC�§O�(J  Ø�­½. �uMPEC�2�A^cµ±9¯Kg�

�4L]Ô5§g20­V80c��Ï§k'MPEC�ïÄm©2É'5[11,12]. ²Lõc5

�uÐ§'uMPEC�Cq�{®²Fì¤Ù§ë�nãØ© [13]. Cc5§�?�Ú´

LMPECnØ§<��õ�m©'5MPEC�p��`5!­½59(¯Ý©Û�nØ�
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K±9��ÅMPECù�����z�¯K. �,§�XïÄ��\�uÐ§��ÑLk

ME5�¤JC��5�(J. �´§O�Å�Æ�?Ú±9�`znØ��{�uÐ

7ò�ïÄMPEC�E,¯KJø#�óä.

1 Cc5eZïÄ?Ð

1.1 é¡IpÖ¯K�nØ��{

é¡IpÖ¯K ({P�SCCP)´�3é¡I�å^�e§ü|ûüCþ�m÷v�

«/pÖ0'X§́ �aþï`z¯K./ÏuîAp�e��êEâ[14]§Cc5SCCP�

�
¯��uÐ.

�½k��SÈ�m(V, 〈·, ·〉)§é¡IK ⊆ V (=K´Vþ���géó�4àI�÷

vàg5)§N�f : V → V§@oIO�SCCP´Ïéx, s ∈ V¦�

x ∈ K, s = f(x) ∈ K, � 〈x, s〉 = 0. (1.1)

�f��5�f�§¡ (1.1)�é¡I�5pÖ¯K§P�SCLCP¶ÄK¡Ù�é¡I��

5pÖ¯K. d	§é¡IpÖ¯K�k·Ü/ª!Û/ª�§�
Qã��B§�©±

(1.1) �~?10�.

w,§�V = Rn�K�Rn�1�%��§SCCPòz�IO�pÖ¯K¶�V =

Rn�K�eZ���I��È (Ù�êÚ�un)�§SCCPòz���IpÖ¯K¶�V�

¤kn× né¡Ý
�8Ü�K�¤kn× né¡��½Ý
�8Ü�§SCCPòz��½

pÖ¯K. 20­V90c�§��I5yÚ�½5y¤�IS`z+��Ì�ïÄ9:�

�§�½5y���/21­V��55y0. �A/§��IpÖ¯KÚ�½pÖ¯K¤

�C©Ø�ª�pÖ¯K+��ïÄ9:. éõk���{�JÑ§Ù¥Ì�61��

{�)S:�{Ú­��{�. 8c§éu��IpÖ¯KÚ�5�½pÖ¯K�ïÄ

®k�´a�¤J§<��3�åu��5��IpÖ¯KÚ��5�½pÖ¯K�ï

Ä.

20­V90c�"§Faybusovich3 [15,16]�©z¥JÑ
¦)é¡I�55y (SCLP)

�S:�{§Úå
<�éù�+��2�'5. dué¡I�55y�KKT^�´�

�·Üé¡IpÖ¯K§Ï
Úå
<�éé¡IpÖ¯K�ïÄ§¿×�¤�ïÄ9

:��§wnãØ© [17, 18].

îAp�e��ê(V, 〈·, ·〉, ◦) ({P�V )´�§(V, 〈·, ·〉)´��½Â3¢ê�þ�k
��SÈ�m§◦ : V × V → V´��÷veã^��V�5N�µ

• x ◦ y = y ◦ x, ∀x, y ∈ V ;

• x ◦ (x2 ◦ y) = x2 ◦ (x ◦ y),∀x, y ∈ V§Ù¥x2 := x ◦ x;

• 〈x ◦ y, z〉 = 〈x, y ◦ z〉,∀x, y, z ∈ V .

¡x ◦ y���xÚy�e�È. -V´��îAp�e��ê§K := {x2 : x ∈ V }§@
oK´Vþ�é¡I§?�Ú§SCCP (1.1)���

x ∈ K, s = f(x) ∈ K, � x ◦ s = 0. (1.2)
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�õê©z±d/ªÐmïÄ. ©z¥§�93(1.2)¥�N�fÌ��Ä�´Löwner�

f[19]§éõØ©?Ø
Löwner�f��«5�[19−21]¶,���Ä�äNN�´3©z

[22]¥Ú\�tµC�§©z [23]¥?Ø
tµC���«5�.

XJ�3��N�Φ : V × V → V¦�

x ∈ K, s ∈ K, x ◦ s = 0 ⇐⇒ Φ(x, s) = 0,

@o¡Φ���é¡IpÖ¼ê¶XJ�3��N�Ψ : V × V → R¦�é?¿�(x, s) ∈
V × VkΨ(x, s) > 0; �Ψ(x, s) = 0��=�(x, s)´(1.2)�)§@o¡Ψ����^¼ê.

,	§é¡IpÖ¼ê��´Ø���§�±ÏLÚ\1wëê§�E§�1w%C¼

ê§¡�1w¼ê. /Ïué¡IpÖ¼ê (½1w¼ê)§SCCP(1.2)�±=z��� (½

�X�) �§|�¦)¶/Ïu�^¼ê§SCCP(1.2)�±=z���Ã�å`z¯K�

�¦). Ïd§é¡IpÖ¯K��d=z½1w%C´T+��Ä�nØ��. éõ�

öò�²;�pÖ¼ê!1w¼êÚ�^¼ê�é¡I��¹¶½3é¡I�µee�

E#�pÖ¼ê!1w¼êÚ�^¼ê§?Ø¼ê��«5�§�)1w5!�1w5!

r�5!¦^�^¼ê�Ø�.(J�[24−30]. 3nØ�¡§,�­��ïÄSN´§Ú

\�«PN�!QN�§?ØüNN�!�«PN�!QN��5�±9§��m�'X§

/Ïuù
N�9Ù5�§?Øé¡IpÖ¯K)��35!)��Û��5!)8�

;5�[31−35].

S:�{´¦)SCCP�Ì��{��.å©u©z [15,16]¥�ïÄ§¦)SCLP�S

:�{��
�\�ïÄ[36−38]. ù
S:�{´ÄuSCLP�KKT^�5�O�§
SCLP

�KKT^�´��·ÜSCLCP§Ïd§ù
�{¢S´¦)�aSCCP�S:�{. Äu

ù
Ø©¥�©ÛE|§éõ¦)IOpÖ¯K�S:�{�ò��¦)SCCP§¿3�

½�^�e���{�õ�ªE,5. AO§YoshiseÚ\SCCP�àg�.§¿?Ø
¦

)SCCP �àgS:�{[18,39,40]. 1w�{´¦)SCCP�­��{[41,42]§äk�ÛÂ

ñ5ÚÛÜ¯�Âñ5�. ¦^©z [41,42]�©Û�{§Cc5JÑ
éõ¦)SCCP�

1w�{§�)äk�üN�|¢�1w�{[43]. ,	§�^¼ê{�´¦)SCCP��

ak��{[30,44].

±þ¤J���{þ´¦)üNSCCP��{. �C§Ñy
¦)�üNSCCP��

{§Xµ©z [45]¥?Ø
¦)(k�P∗(κ)-SCLCP�S:�{!©z [46]¥?Ø
¦)

(k�PÝ
SCLCP�S:�{!©z [47]¥?Ø
¦)(k�P∗(κ)-SCLCP�1w�

{!©z [48]¥?Ø
¦)(k�P0-SCLCP�1w�{!©z [49]¥JÑ
�a#��

üNN�¿�?Ø
¦)éASCCP���ëYz�{. �üN�SCCP��?�ÚïÄ.

,	§©z [50]¥?Ø
¦)é¡IpÖ�å�5y¯K�1w�{§�'�¯K��?

�ÚïÄ.

1.2 C©Ø�ª�ÝKÂ �{

ÝKÂ �{´¦)C©Ø�ª¯K��aÄ�
q­��O��{§§
u [51]Ú

[52]�¦)à�å`z¯K�ÝKFÝ{§�)Í¶�	FÝ{!Å:%C{!Ý
©�

{�§®²��
�þ�ïÄ§�Í� [6, 7, 53]ÚnãØ© [54]. AO§Û])[53]éÝK

Â �{�Ñ
°ç�©Û�Vã.

�Ω ⊆ Rn´��4à8§f : Rn → Rn´��üN�f§üNC©Ø�ª�

x∗ ∈ Ω, f(x∗)T(x− x∗) > 0, ∀x ∈ Ω. (1.3)
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^PΩ(u)L«î¼�êe:u34à8Ωþ�ÝK, @o§é?¿�β > 0§(1.3) �du

x = PΩ(x− βf(x)). (1.4)

éu�½�β > 0Ú�cS�:xk§ÏLÝKúª (1.4)��u�:x̄k = PΩ(xk−βf(xk)).

XJ�3���K¼êφ : Rn × Rn → RÚ�¢êδ¦�

φ(xk, x̄k) > δ‖xk − x̄k‖2, � φ(xk, x̄k) = 0��=�xk = x̄k,

@o¡¼êφ(·, ·)���Ø�Ýþ¼ê; XJ�3��¼êd : Rn × Rn → Rn¦�

(xk − x∗)Td(xk, x̄k) > φ(xk, x̄k), ∀x∗ ∈ Ω∗((1.3)�)8),

@o¡¼êd(·, ·)����Ø�Ýþ¼ê�'�k|�|¢��. ÝKÂ �{�Ä�g

�´l�cS�:xkÚu�:x̄km©§�â�½�5K�Ek|�|¢��d(xk, x̄k)§(

½Ú�§�)l)8�C�#S�:xk+1§2|^ÝKúª (1.4)5��#�u�:x̄k+1§

�â(Ø/xk+1 ∈ Ω∗��=�xk+1 = x̄k+105�ÑÜ·�ª�5K.

|¢����E§´�OÝKÂ �{�­��!. ÏL�EØÓ�|¢��§©

z¥JÑ
�«ØÓ�ÝKÂ �{. ,
§ïÄuyµ®JÑ�|¢��k�
�5.

-x∗ ∈ Ω∗�x̄ = PΩ(x− βf(x)), �Äe¡�Ø�ªµ
(x̄− x∗)Tβf(x∗) > 0,

(x̄− x∗)T[(x− βf(x))− x̄] > 0,

(x̄− x∗)T[βf(x̄)− βf(x∗)] > 0.

®²y²µykÝKÂ �{�|¢��Ñ´±þn�Ä�Ø�ª��5|Ü.,	§n

Ü�Ä|¢��!Ø�Ýþ¼ê�§©z¥JÑ
Â �{�Ú�µe§=éu�½�S

�:x§�¦±e^�¤áµ

• x̄ = PΩ(x̄− (d2(x, x̄)− d1(x, x̄)));

• �3~êc > 0, ¦�‖d1(x, x̄)‖ 6 c‖x− x̄‖;

• é?¿�x∗ ∈ Ω∗, k(x̄− x∗)Td2(x, x̄) > φ(x, x̄)− (x− x̄)Td1(x, x̄);

• �3~êδ > 0, ¦�φ(x, x̄) > δ‖x− x̄‖2; ¿�φ(x, x̄) = 0��=�x = x̄,

Ù¥§̄x´x���u�:§φ(·, ·) ∈ R´Ø�Ýþ¼ê§�d1(·, ·), d2(·, ·) ∈ Rn´ÄuxÚx̄�
�é|¢��.ïÄuyµ�
yk�­�Â �{Ñ´Ú�µee�A~§X¦)üN

C©Ø�ª�ÝKÂ �{!�C:�{ (PPA) �. ,	§Ú�µe��EÂ �{J

ø
kå�óä§�©z[55—57]�.

¯¤±�§�å��à`z¯K����`5^�´��üNC©Ø�ª. Cc5§

&E�Æ�ÃõA^+�¥§Zy
�þ��.à`z¯K§3C©Ø�ª�µeeA

^ÝK�{�E|�ï¦)�.à`z����{,Âñ5y²{'§O��JÐ[53]. ù

�C©Ø�ª�ïÄ�uÐJø
#�êÅ.��ÝK�{�­�A^§3C©Ø�ªµ

ee§©z¥�E5/�Ñ
¦)�5�åà`z¯K�PPA�{§4�/{z
�{�

Âñ5y²§k�/Jp
�{�Âñ�Ý§�©z [58,59]�. ��ÝK�{�,��­

�A^§3C©Ø�ªµee§�E��O��{ (ADM)´¦)äk�©l(�`z¯
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K�k��{. éuäkü��©l8I��5�åà`z¯K§Cc5��
Ð�ï

Ä§Xò��ADM[60]§é�/Jp
�{��Ç¶½�PPA�{¿Â��5zADM[61]§

äkÂñÇO(1/t)§��. éuäkn�½n�±þ�©l8I��5�åà`z¯K§

ÙÂ �{ïÄCc5¼�
��?Ð.éuù
¯K§3C©Ø�ªµee§JÑ
¦

)õ��©l�f�à`z¯K��{§|^£�{K§�Ñ
Äu�O���Â �

{. ,	§3C©Ø�ªµee§ïÄ
����¹eS�gê�)�°Ý�'X§y²


O(1/t) �O�E,5§�'©z� [62–64]�.

1.3 �ÅC©Ø�ª��ÅpÖ¯K

C©Ø�ª�pÖnØ3Fª�õ�Ó��¡�X�5�õ�#]Ô. duy¢­

.¥éõ¯K¬�9�ÅÏ�§'Àù
�ÅÏ�ò¬��ûü�Ø§Ïdk7�ïÄ

�ÅC©Ø�ª��ÅpÖ¯K. ¤¢�ÅC©Ø�ª§=¦) x ∈ K ¦�

P{ω ∈ Ω | (y − x)TF (x, ω) > 0, ∀ y ∈ K} = 1,


�ÅpÖ¯K=¦) x ¦�

P{ω ∈ Ω | x > 0, F (x, ω) > 0, xTF (x, ω) = 0} = 1.

ØJwÑ§þã�ÅC©Ø�ª��ÅpÖ¯K3���¹e´Ã)�§ÏdïÄ�Å

C©Ø�ª��ÅpÖ¯K�Ä�?Ö´ïá��Ün�(½5�.§l
��,«)

û�Y. e¡0�k'�ÅC©Ø�ª��ÅpÖ¯K�A«2½ª.

2½ª���©z [65]¥JÑ�Ï"��.µ¦) x ∈ K ¦�

(y − x)TE[F (x, ω)] > 0, ∀y ∈ K,

Ù¥EL«êÆÏ". ©z [65]¥�?�ÚJÑ
¦)þã¯K�sample-path�{µb�

3,«¿Âe¼ê� {F k} Âñu E[F (·, ω)]§KÏL¦)

(y − x)TF k(x) > 0, ∀y ∈ K,

k"��Ï"��.�Cq).

2½ª��´dChen�Fukushima3©z [66]¥JÑ��é�ÅpÖ¯K�Ï"í

�4�z�.§ÙÄ�g�´Äk|^NCP¼êò�ÅpÖ¯Kz��Å�§|

Φ(x, ω) = 0, a. e. ω ∈ Ω,

,�JÑ
Xe�.

min
x>0

E[‖Φ(x, ω)‖]. (1.5)

���'�ïÄ®²��
éõ­�¤J.��§©z [67]òù�g�í2�
�ÅC©

Ø�ª§Ùg´´|^�KzmY¼ê

g(x, ω) = max
y∈K

{
(x− y)TF (x, ω)− α

2
‖x− y‖2

}
,

ò�ÅC©Ø�ª=z�Xe�Å�§|

x ∈ K; g(x, ω) = 0, a. e. ω ∈ Ω,
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,��Ñ�é�ÅC©Ø�ª¯K�Ï"í�4�z�.

min
x∈K

E[g(x, ω)]. (1.6)

�(1.5)�'§(1.6)�(J�?3u�KzmY¼ê�NCP¼ê�J?n§Ïd3ïÄþ

ã�.�5�±9%C�{�Âñ5���(J.

2½ª�n´d©z [68]JÑ�ÄuºxÝþCVaR�`z�.. cãÏ"í�4�

z�.�g´´ò�ÅC©Ø�ª��ÅpÖ¯K=z��Å�§|§,�¦)�A�

�`z¯K. ÄuºxÝþCVaR�`z�.�Ì�g�K´òí�þÀ���§KÏ"

í�4�z�.¿vk�Äºx. Uì²LÆnØ§==4�zÏ"���U¬�5p

ºx. k�ud§©z [68]JÑ
XeÄuºxÝþCVaR�`z�.

min
x∈Rn

u+ (1− α)−1E[θab(x, ω)− u]+,

Ù¥ θab �¤¢ D-gap ¼ê. 3·�^�e§�±y²þã�.�à5y.

2½ª�o´©z [69]JÑ��é�ÅpÖ¯K��ÅMPEC�.§T�.�

min E[dTz(ω)]

s. t. x > 0, F (x, ω) + z(ω) > 0, xT(F (x, ω) + z(ω)) = 0,

z(ω) > 0, ω ∈ Ω a. s.,

Ù¥d > 0�\��þ§z(ω)�Ö� (recourse)Cþ. T�.´�©ò�0���ÅMPEC�

��A~.

8c'u�ÅC©Ø�ª��ÅpÖ¯K�ïÄ®²��
éõ­��¤J§��

�[�0��ë�nãØ© [70].

1.4 V�5y

'uV�5y�@ÏïÄÌ�8¥3�
äk�Ð5��¯Kþ§�)¦)�5V

�5y�4:�{!©|½.{!S�LCP�{±9¦)à�gV�5y�eü��{!

pÖ=¶�{!eü��{�. 20­V90c�±5§<�m©�õ/'5��5V�5

y§3nØ��{�¡Ñ��
éõ­��¤J.

�ÄV�5y¯K

min
(x,y)

f(x, y)

s. t. g(x, y) 6 0, (1.7)

y ∈ S(x),

Ù¥S(x)L«e�¯K

min
y

F (x, y) (1.8)

s. t. G(x, y) 6 0

�)8§
f, F : Rn+m → R, g : Rn+m → Rp, G : Rn+m → Rqþ�1wN�. duV�5

y��à`z¯K§Ïdk7�ïÄV�5y��`5^�.�d§I�ÄkòV�5y
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=z�ü��êÆ5y¯K.Ï~kü«=z�ªµ�«´|^e�¯K�KKT^�§=

òV�5y¯K(1.7)—(1.8)=z�XeMPEC5?n

min
(x,y,u)

f(x, y)

s. t. g(x, y) 6 0,

∇yF (x, y) +∇yG(x, y)u = 0,

u > 0, G(x, y) 6 0, uTG(x, y) = 0.

ù´8c61��ª§dd����`5^�ë�e�!. ,
§ù«�ª���·^u

e�¯K'uCþy�à5y¿�÷v,
�å5�^���/§Ïdk�½�Û�5.

,�«�ªK|^e�¯K��`�¼êòV�5y¯K(1.7)—(1.8)=z�Xeü�5

y¯K

min
(x,y)

f(x, y)

s. t. g(x, y) 6 0,

F (x, y)− V (x) 6 0,

G(x, y) 6 0,

Ù¥V (x) = minG(x,y)60 F (x, y). ù«�ª���ü�5y¯K�,��¯K�d§�d

u�`�¼êV (·)Ï~��1w¼ê§ÏdTü�5y´�1w`z¯K§
�Ø÷v�
1wMFCQ§��I���Ä��²­5^�5�O.

�C§Ye�Zhu3©z [71]¥ò±þü«=z�ª(Üå5§��
Xe/ª�ü�

5y¯K

min
(x,y,u)

f(x, y)

s. t. g(x, y) 6 0,

F (x, y)− V (x) 6 0,

∇yF (x, y) +∇yG(x, y)u = 0,

u > 0, G(x, y) 6 0, uTG(x, y) = 0,

¿3�f�^�e�Ñ
V�5y¯K����`5^�.

3þã�`5nØ�Ä:þ§<��JÑ
�
¦)V�5y¯K�Cq�{. �

61��{´|^e�¯K�KKT^�òV�5y=z�MPEC�å»§Äudå»�

Cq�{�ë�e�!��'SN.Äue��`�¼ê�¦)�{�ë�©z [72]§T

©ïÄ�´�aäkAÏ(��V�5y¯K

min f(x, y)

s. t. x ∈ X, (1.9)

y ∈ Argmin
y∈Y

F (x, y),

Ù¥X,Yþ���;à8. |^e��`�¼êV (·)§̄ K(1.9)�duü�5y

min f(x, y)

s. t. F (x, y)− V (x) 6 0, (1.10)

(x, y) ∈ X × Y.



122 ��°, �Bu, ?Du 18 ò

�uV (·)��ÑvkwªL�ª (=¦kwªL�ª§Ï~�äk�1w5�"�)§©

z [72]�Ì�g�´Ú\
và¼ê

γρ(x) =
1

ρ
log

∫
Y

exp{−ρF (x, y)}dy,

Ù¥ρ > 0�ëê. và¼êγρØ=´1w¼ê§
�äkXe5�

V (x)− 1

ρ
log |Y | 6 γρ(x) 6 V (x)− 1

ρ
log
|Y |
ρ
,

Ù¥|Y |L«8ÜY�V��ÿÝ (b�Ù�")§Ïdγρ´e��`�¼ê�1w%C§

ù�Ò��
¯K(1.10)�1wCq¯K

min f(x, y)

s. t. F (x, y)− γρ(x) 6 0,

(x, y) ∈ X × Y,

¿?�ÚJÑ
¦)V�5y¯K(1.9)�1wzÝKFÝ�{.

,	�«¦)V�5y�å»´|^��|¢{§Ï~·^uÜ©�ê&E��½

JuO���/. ÙÌ�g���½Ð©)�§Äk|^,«��|¢�{?1e�S

�§,�2?1þ�S�. AO/§©z [73]JÑ
�«¦)V�5y���|¢{§�

´�{¥I�òe��`)�)ÛL�ª�\�þ�¯K¥. ��§©z [74]JÑ
�«

�éÌl¯K�©Ùª¦)�{§T�{b�ØÓ�ã�ûüöØI�p�
)é��

`z8I§¿3·�^�ey²
�{�Âñ5. I��Ñ�´§du��|¢{ØI�

�ê&E§¬��ùa�{�Âñ5©Û'�(J§nØþ�(J  '�f.

k'V�5y����[�0�§ë�©z [75–79].

1.5 MPEC

¦+'uMPEC�ïÄ{¤¿Ø��§��'�nØÚ�{Ñ®²����. ��

�J�´§ý�õêk'MPEC�Ø©Ñ´�éXepÖ�åêÆ5y¯K?1?Ø

min f(x)

s. t. g(x) 6 0, h(x) = 0, (1.11)

G(x) > 0, H(x) > 0, G(x)TH(x) = 0,

Ù¥f : Rn → R, g : Rn → Rp, h : Rn → Rq, G,H : Rn → Rmþ�1wN�§ù��¡´
Ï�pÖ�å�éN´?n§,��¡K´Ï�C©Ø�ª�å3·�^�e�±=z

�pÖ�å. e¡�MPEC�;�þãpÖ�åêÆ5y¯K.

Xc¤ã§MPEC��à`z¯K. ,
§duMPEC3Ù?¿�1)?þØ÷vÏ

~��å5�^�§~^�KKT^�¿Ø·^uMPEC.�ud§<�lØÓ��ÝÑu§

éMPEC����`5^�?1
2��ïÄ§~���)ScheelÚScholtes3©z [80]¥

JÑ�Clarke­½5^�!Bouligand­½5^�!r­½5^��±9Ye3©z [81]¥

JÑ�Mordukhovich­½5^�.
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e¡PF�(1.11)��1�§¿�é?¿�1)x∗ ∈ F§P

I∗g = { i | gi(x∗) = 0},
I∗ = { i | Gi(x∗) = 0 < Hi(x

∗)},
J ∗ = { i | Gi(x∗) = 0 = Hi(x

∗)},
K∗ = { i | Gi(x∗) > 0 = Hi(x

∗)}.

½Â 1.1 ¡x∗ ∈ F� (1.11)�Clarke­½: ({¡C-­½:)§XJ�3¦f (λ, µ, u,

v) ∈ Rp+q+m+m÷v

∇f(x∗) +∇g(x∗)λ+∇h(x∗)µ−∇G(x∗)u−∇H(x∗)v = 0, (1.12)

min(λ,−g(x∗)) = 0, (1.13)

ui = 0, i ∈ K∗, (1.14)

vi = 0, i ∈ I∗, (1.15)

¿�keª¤á

uivi > 0 (i ∈ J ∗).

¡x∗ ∈ F� (1.11) �Mordukhovich­½: ({¡M-­½:)§XJ�3¦f(λ, µ, u, v) ∈
Rp+q+m+m÷v (1.12)—(1.15) 9

uivi = 0 ½ ui > 0, vi > 0 (i ∈ J ∗).

¡x∗ ∈ F� (1.11) �r­½: ({¡S-­½:)§XJ�3¦f(λ, µ, u, v) ∈ Rp+q+m+m÷

v (1.12)—(1.15) 9

ui > 0, vi > 0 (i ∈ J ∗).

¡x∗ ∈ F� (1.11) �Bouligand­½: ({¡B-­½:)§XJéu�I8J ∗�?¿y
©{P,Q}§þ�3¦f(λ, µ, u, v) ∈ Rp+q+m+m÷v (1.12)—(1.15) 9

ui > 0 (i ∈ P ); vi > 0 (i ∈ Q).

3þã�­½5^�¥§B-­½5^�w,´��n��§�du/ªÄ�§��

Ju¦)¶�'�
ó§r­½5^��M-­½5^���±5ÑÉ��õ�'5. '

uMPEC����`5^�§�ë�[80—84]¶'uMPEC����`5^�§�ë�©

z [80,85,86]. ù
�`5¤J�mu¦)MPEC��«ê��{Jø
���nØÄ:.

¯¤±�§­½5©Û´�`znØ�­�|¤Ü©. k'MPEC�­½5©Û§�

ë�©z [80,86–88]. AO/§Guo�3©z [87]¥?Ø
¹ëMPEC¯K§ò�À��A

Û�å�¹ë`z¯K5�Ä§¿3·�^�e�Ñ
ÛÜ�`)N�±9­½:N�

þ�����'u6ÄëêëY�­½5(J.

e¡0�¦)MPEC�ê��{. ��8c§<�ïÄ'�õ�´tµ�1wzå

»§=é(1.11)¥�pÖ�åÚ\tµ½1wzëê§?
���¯K�Cq¯K. Ù¥§

1wz�{d©z [89, 90]�gÕáJÑ§ÙÌ�g�´^Xe¯KCq (1.11)

min f(x)

s. t. g(x) 6 0, h(x) = 0, (1.16)

Gi(x) > 0, Hi(x) > 0, Gi(x)Hi(x) = ε (i = 1, · · · ,m).
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�ëêε > 0�§Cq¯K (1.16) 3·�^�eU
÷vÏ~��å5�^�§Ïd�±

|^IO���55y�{5¦). �±y²§�ε→ 0�§3·�^�e§(1.16)�­½

:Âñu (1.11) � (B-, S-, M-, C-) ­½:. ��§Scholtes3©z [91]¥ò (1.16) ��¤

Xetµ¯K

min f(x)

s. t. g(x) 6 0, h(x) = 0, (1.17)

Gi(x) > 0, Hi(x) > 0, Gi(x)Hi(x) 6 ε (i = 1, · · · ,m).

©z [92, 93]�ºYJÑ
�
Ù¦/ª�tµ¯K. ��8F§E,Ø�kïÄtµ�

{�#Ø©uLÑ5. oN5ù§|^tµ½1wzEâ5ïÄMPEC��{3��þ

�O¿Ø�.

|^v¼êïÄMPEC�´­�å»��.dupÖ�å´¦�MPECÉuÊÏ��

55y¯K��
§©z [94]òpÖ�å��¨v�§��
(1.11)�XeCq¯Kµ

min f(x) + ρG(x)TH(x)

s. t. g(x) 6 0, h(x) = 0,

G(x) > 0, H(x) > 0,

Ù¥ρ > 0�vëê. 
©z [95]Ké¤k�åþ�\¨v§?
��
(1.11)�Ã�å`

zCq. ±þü«¨v�ªäkaq�5�. ,	§���55ynØ�Ó§Cq)��

15´v¼ê�{�Ì�¯K��§©z [94]édk'��¦�?Ø.

Ù¦¦)MPEC�å»��)Ûª5yå»[11,96]!S��g5yå»[97−99]!S:{

å»[11,100]Ú�1wå»[13]�§�u�Ì§3dØ2Kã.

þ¡J���)1w�tµ�{!v¼ê�{�3S�¦)MPEC��{§3nØþ

ÑI�¦)Ã¡õ���55y¯K.e¡0�ü«�dØÓ��{. �«´©z [101]J

Ñ�£OÈ48¦)å»§ÙÄ�g�´ÄuXe¯¢µx∗�¯K (1.11) �B-­½:�

�=�x∗�Ùtµ¯K

min f(x)

s. t. g(x) 6 0, h(x) = 0,

Gi(x) > 0, Hi(x) = 0, i ∈ α(x∗), (1.18)

Gi(x) = 0, Hi(x) = 0, i ∈ β(x∗),

Gi(x) = 0, Hi(x) > 0, i ∈ γ(x∗)

�­½:�éAu�å^�Gi(x) = 0, Hi(x) = 0 (i ∈ β(x∗)) �¦fþ��K§Ù¥

α(x∗) = {i | Gi(x∗) > 0, Hi(x
∗) = 0} ,

β(x∗) = {i | Gi(x∗) = 0, Hi(x
∗) = 0} ,

γ(x∗) = {i | Gi(x∗) = 0, Hi(x
∗) > 0} .

¯K(1.18)Ø2¹kpÖ�å§
�(1.11)��`)7�Ù�`). Ïd§��U
¼�ù


�I8{α(x∗), β(x∗), γ(x∗)}§Òk�UÏL¦)(1.18)��(1.11)��`)½öB-­½
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:. Äu±þ¯¢§©z [101]k|^ [90]JÑ�1wz�{¦�,�Cq)xk§,�|

^,«£O¼ê�EÑ�I8{αk, βk, γk}§ÓÚ¦)��55y¯K

min f(x)

s. t. g(x) 6 0, h(x) = 0,

Gi(x) > 0, Hi(x) = 0, i ∈ αk,
Gi(x) = 0, Hi(x) = 0, i ∈ βk,
Gi(x) = 0, Hi(x) > 0, i ∈ γk.

�±y²§3·�^�e§�k¿©��k

αk = α(x∗), βk = β(x∗), γk = γ(x∗)

¤á§½=3k�ÚS�±£OÑ8I:�È4�I8. Ïd§ [101]¥JÑ��{3·

�^�eäk/k�Úª�5�0.

,�«´d©z [102]JÑ����{. X½Â1.1¤«§�ÊÏ���55yØÓ§

8c61�MPEC­½5^�Ñ´¹k���I8{I∗,J ∗,K∗}�Ø(½XÚ§Ã{��
¦). ©z [102]¤õ/òù
Ø(½XÚ=z�Xe�k{ü�å��§|

F (w) = 0, w ∈W,

Ù¥F : Rl → Rν���5¼ê§
W´��¹,
�K�å�{ü8Ü. ©z [102]�3

c<ó��Ä:þ?�ÚJÑ
¦)þã�å�§|�?�Levenberg-Marquardt�{§

¿y²
T�{3·��Ø�.^�eäk�Û��5Âñ5.

��{ü0�k'�ÅMPEC�ïÄ?Ð.¯¤±�§y¢­.¥~~¬Ø�;�/

É�Ø(½5Ï��K�§Ïdk7�ïÄ�ÅMPEC. MPEC?nå5®²��(J§

�ÅMPECK��E,. éu�ÅMPEC§Ä���K´XÛïá�.âU��Ün�

). ØÓ��/§ØÓ��Ý§ïá��.���ØÓ. 8c'u�ÅMPECÌ�kXe

o�(½5�.µ

• e� Wait-and-see �.[103].

min E[f(x, y(ω), ω)]

s. t. g(x) 6 0, h(x) = 0,

y(ω) > 0, F (x, y(ω), ω) > 0, y(ω)TF (x, y(ω), ω) = 0, ω ∈ Ω a. s.,

Ù¥x�þ�Cþ§y(ω)�e�Cþ (=L«�6'X§
�¼ê'X)§ΩL«��

�m. T�.¿�Xþ�ûüöI�=��Ñûü§
e�ûüö�±���Å&

E'�²K�2�ûü.

• �Ö�� Here-and-now �.[104].

min E[f(x, y, ω) + dTu(ω)]

s. t. g(x) 6 0, h(x) = 0,

y > 0, F (x, y, ω) + u(ω) > 0, yT(F (x, y, ω) + u(ω)) = 0,

u(ω) > 0, ω ∈ Ω a. s.,

Ù¥d > 0�\��þ§u(ω)�Ö� (recourse)Cþ. T�.¿�Xþ�ûüö�e�

ûüöþL=��Ñûü.
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• Ø�Ö�� Here-and-now �.[105].

min E[f(x, y, ω)]

s. t. g(x) 6 0, h(x) = 0,

y > 0, E[F (x, y, ω)] > 0, yTE[F (x, y, ω)] = 0.

• õÀJ·Ü�.[106].

min E[F (x, y, z(ω), ω)]

s. t. g(x) 6 0, h(x) = 0,

y > 0, E[G(x, y, z(ω), ω)] > 0, yTE[G(x, y, z(ω), ω)] = 0,

z(ω) > 0, H(x, y, z(ω), ω) > 0, z(ω)TH(x, y, z(ω), ω) = 0, ω ∈ Ω a. s.,

Ù¥y, z(ω)þ�e�Cþ. T�.¿�Xþ�ûüöI�=��Ñûü§
e�û

üöQ�±=��ûü (éAyÜ©)§��±���Å&E'�²K�2�ûü (é

Az(ω)Ü©).

�(½5MPEC�'§�ÅMPEC�.¥Ï~Ñ�¹êÆÏ"§�å¥KQkpÖ

�å§��U�¹�Å�å. éuêÆÏ"½�Å�å§�61�?n�{´|^ ([)

�AkÛ�{?1Cq%C.éupÖ�å§?n�{�ë�c¡k'(½5MPEC�Ü

©. AO���J�´§é�ÅMPEC��«Cq�{?1Âñ5©Û��^�VÇó

ä§Âñ5(J  �´VÇÂñ. 8c'uþãA��ÅMPEC�.Ñ®²kØ��

'�ó�§���[�0��ë�nãØ© [70].

2 ?�ÚïÄ���

2.1 C©Ø�ª���5pÖ¯K

DÚC©Ø�ª�pÖ¯K�nØ��{®²��
éÐ�ïÄ§ªu�õ. uÐ

ª³��´&?�2�.�nØ��{§X2ÂC©Ø�ª¯K!IpÖ¯K�§ù


¯KºX¡2§¿Â­�§�ïÄJÝ�§��<��&¢. ,��uÐª³´¯K°Ä

��.ïÄ§=äk­�A^�µ�êÆ¯K�nØ��{ïÄ§±)û­�¢S¯K.

>3d�Þ�
ïÄ��Ú¯Kø�[ë�µ

• IpÖ¯K.��5��IpÖ¯K!��5�½pÖ¯K!é¡IpÖ¯K��n

Ø��{ïÄ§Cc5��
�¯�uÐ§����õ§��?�Ú&?. ,	§�

2�IpÖ¯K§XàgIpÖ¯K!V­IpÖ¯K�§8c�¤J��§ÿ�?

�ÚïÄ.

• �5�pÖ�C©Ø�ª¯K. <�¡��¯K�5�E,§£ãéõ¯K�êâ

þ:ìO\§�êâ��®²5�. duéõ¢S¯K�±�.z�pÖ�C©Ø

�ª¯K§Ï
§�5�pÖ�C©Ø�ª¯K�nØ��{ïÄäk­��¿Â

ÚA^d�.

• DÕ)¯K. Ø Da�g�´±�þ�æ�5¼�p��DÕ&E§duéõ¢

S¯K��xäkDÕ5A�§¤±Ø Da�g�®�2�/A^u)ûéõ­
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��¢S¯K§ÙØ%Ny3êÆþÒ´é,��.�DÕ). éõ¢S¯K��

.z�C©Ø�ª�pÖ¯K§Ïd§&?C©Ø�ª�pÖ¯K�DÕ)�nØ

��{§äk­�¿Â.

• Ø(½&Ee�C©Ø�ª�pÖ¯K. ®kïÄ¥Ì��Ä¤�9ëê (êâ) ´

(½�¯K¶,
3¢S¯K�ï�¥¤�9�ëê  J±°(��. �â¢S

¯K�I�§ëê�Ø(½5�±ÏLØÓ��ª5�x§XVÇ©Ù!6Ä8�§

ØÓ��x��ØÓ�¯K�.. Ïd§&?Ø(½&Ee�C©Ø�ª�pÖ¯

K��.!nØ!�{�äk­��nØ¿ÂÚ¢SA^d�.

2.2 V�5y�MPEC

�X���uÐ§V�5y�MPEC�E,êÆ5y¯K�A^ò¬�5�2�§Ï

déù
¯K�nØ��{��I¦�¬�5�½�. >3d�Þ�
ïÄ��Ú¯K

ø�[ë�µ

• V�5y¯K. éu�à`z¯K§�`5nØ´?1Âñ5©Û�Ä:. 8c'u

V�5y����`5^�®²k
�
§��vkÚ�{?1kÅ(Ü§
p�

�`5^��I��ïÄ.d	§'u¹ëV�5y¯K�­½5�(¯Ý©Û��

vk<�?1��XÚ�ïÄ.nØïÄ�	§'u�{�ïÄAT´�5�Ì�8

I. �,§�{�¡��Ú� �Øy¢§�±`k�Ä,
äkAÏ(��¯K.

• �*V�5y¯K. c¡J��V�5y´�¤¢/W*V�5y�.0§=e�û

üö�þ�ûüöæ�Ü�üÑ��/. éue�ûüöØæ�Ü�üÑ�¤¢/�

*V�5y�.0§W*�.�nØ��{¿ØU��A^. 'u�*V�5y�ï

Ä´��ék]Ô5��K.

• MPEC.'uMPEC��`5nØ®²��´L§����'�(¯Ý©Û!MPEC�

éónØ��¡�¤J�Øõ�§���ïÄ.,	§�þï�å�2ÂB�þï¯

K!���IpÖ�å��`z¯K�'MPECA^��2��¯K3Cc5®²

m©É�<��'5. /ÏuMPEC�¡¤���¤J§éþã2Â�¯K?1n

Ø9�{�ïÄAT´cµ�Ï.

• Ø(½&Ee�MPEC.'u�ÅMPEC��.ïÄEk�?�Ú�õ§��Å¬�

å��ÅMPEC!°�MPEC�§Ñ�±é��A�A^�µ§�~���?�Úï

ÄÚ&?.
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