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Abstract By introducing embedded low-carbon services, carbon emission-dependent enterprises are often

faced the project risk of low-carbon energy saving level information asymmetry. In view of this, this paper

considers the investment level of low carbon service provider (LCSP) and the design of the optimal incentive

contract between embedded low-carbon service participants with unobservable low-carbon energy saving

capabilities under the background of low-carbon economy. In the meantime, by analyzing the optimal

incentive contracts in this situation, we introduce “embedding degree” to describe the common value of

the embedded low-carbon service participants. The influence of the embedding degree on the optimal

incentive contracts is analyzed. The research shows that low level of embedding degree will lead to a larger

project risk for low carbon service providers and a contract mode that requires the low carbon service

providers to advance the deposit on each period. High level of embedding degree can promote low carbon

emission reduction efficiency of embedded low-carbon services.

Keywords embedded low-carbon service; low-carbon-service provider; embedding degree; carbon emission

reduction
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���(�#�� �!�, �$"# $&%�+'�&!(# ��$&+'%.

�"������,)#���$'%�����)(&��&�'�'���,*-����
��	*,(+$'��	���.Æ��� [2]. ��Æ����,��	�+(.+�#$',�

��,*-��/������	�)(*)����). ������0�����+,�*�, -

*���$'% (������$'&, ,+���%) �+1, ��1-����	, �1-./.

+, �'.�1-,+����*.

,-, ������#�������2/�3,�.-�041-��.,&02� (EPC, energy

performance contracting) �*�: �&�3���)5/�*�. �&�.�(, ��������

�, ���$'%/4$'$&�0���	�, 51(���,*-��$'.6�	��, 7

�
���	��, ��
�%�	2���-0. 1���)�*�, �����3,�041-�, �

�$&�/4���&0�$6, 5������)�$6, 12�.,&02�44!��&0�$6.

7�, �������$', 8�*3���1���	�04�1800 (23#'4��059�%).

�936:4, 20147;:$&�	�/	05 20137 2155.62<=>6' 2650.37<=,>;( 22.95%;

+*.,&02�&)5 2013 7 742.32 <=>6' 958.76 <=, >;( 29.16%, ?�7$&&� 2996.15

57818, 	�9@�� 7490.38 57. ��1<, ������, 23#��$&�������

�Æ�=9��.-, !��$&�	�����.

���$'%���������182A00�:-���������+'18�:B,�

�)�������+';C	���$'%3D.+;C2A00����+'6</1;�18=
(� (�&0>?����)>?) 
��,+���/E>� (�:-���	�=(����$'%�


04�1<�).1�F;C?@�)���+'�8��G=./,18:B��H7������
�@�28�/,;CAB, �I��������@�28C6!���/,�'.�0, ���	�

+'��/,�>0!�.

������#���$'%���	�)(�����	����J'.�>0A�,+��'

.�03��	��8Æ104KL��������B���. 7�, (>D������@�28
�!�2M����8!�, �9/���0�+,. �"��0, #4������@�28!���
����+'���'.�+'>0!�:�.5�04CD,�0.

(�, !��N?������, 23#��$&��������, �������	�


���	���Æ�6A���>0. �9@EE�F&�5/: 1) /,OPA?�7QGBC6
�FR; 2) ��0�7QGBC6�!�; 3) ��0�������@�2818HI�KL; 4) ��0

����������	���!�.

GDS
 ���������!��N?;H�IJJK, <����������EK. 1!

��������N?2A=>�.,&02�. �.,&02����N?2AT1>�:U3F?
�:U [3−5], 2A#*� EPC %��� [6,7]�EPC T1�� [8−10]�EPC �+!L7@ [11]�EPC '

) [12] %M0�N?. +*, !� EPC $&�8:G1-&��N?, Qian 3 Guo I��$&�%�1

&89:N�18DBA>5>�-, :U�&0>?�;C*VB�3H6CO��$'%A>5>

WH�KL [13]. Zhang %D9�*:LM	9�.,&02��EK, EA;CDB@IF�
3N(�
�JG [14]. Deng %N?���$6/H>�� EPC +'OX�D9 [15]. �� EPC +',+�;C, �

)+'E1)(�/H>�,K1YI� EPC+'@�28�C6(�. ;J�3LZM[� EPC$&N

�/H>��&)PP�/H>�$Q� EPC +'� B-S O>�-, PR2�O>&S�/; [16]. Lee

%� EPC +'�;CK9�N?, KA�+'Q��!L;C, TUL�QVM0�.,&02�R=W

�#UR [17]. :N?*, !��������J!N?*S	T1X<�-K9>NN?, !����

$&��C6D9�9\I#<��, 23#�OP/�+A?������C6D9. ,-5���

N?I1�, !��������0���28SY�KL!�]S	.
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T��, �9>T�3,�048��, ������@�28�7QGBC65/, I�$&&�

/,OPA?��������C6�-, N?U����7QGB.,����$'%�7Q&)0
4, 
������@�28N�7V���>0'.!�. �9�2AW\�NZ, .#D9�$&

&�OP/�+A?�������7Q^�GBC6. 9#/����0�48�������@
�28!����>0'.!��UX. N#K?���0���������	���KL.

�96�0�HI[�(: \ 2 $�5/K9F?, $Q�-J!YD; \ 3 $�
ZA?�����

��@�28Q�5/�-, D97Q^�GBC6; \ 4 $�7QGBC6K97@:U; \ 5 $K9

O9/H�P.

2 =>?@fAgBC
>T���$'%�����&�(-_%$'$&-	��. �9YD-_%#;C*��,

���$'%#;C[]�. ���$'%�-_%�SYA�#.Æ Stackberg X<A�:

\.JK: C6D9, -_%	���$'%$'.�V^W18DB_X3\>$&�`�$&
18DBC6`+.

\9JK: C6`a, ���$'%��+$&	��&�`a�TC6. Q���$'%��`

C6���1/��+OY�1, b6RUC6, abZ[, X<HS.

\NJK: $&�+'&)��, ���`C6���$'%(-_%$'���$&�, H>

7Q&)04
$&�. ,-����$&+'K9&)��M���.

\TJK: $&�8:B, �.,=Q, ��\�	=�$&�8, -_%bC6HIc]���$'
%JT`1.

1) $&�

���$'%#.]��5C�������^U, d�C&#�eK�$&	��
, (-_%
$'S�04�$&�. ���$'%������$&�+'K9&)���, +$&� α ∈
[0, 1)#!�$&�+'&)04 I �_3. �&)04 I ��$&�,#^f1V�,_`; α(0) = 0,

α′(I) > 0, α′′(I) ≤ 0. OY>$&� α = θ
√

I/ρ, +* θ ∈ (0, 1) #���$'%K9$&	��&

�, .M����$'%�d�C#���$&��
&�, ρ (U$&�+'�&)[��3. ��

$&�04 α, � I = ρ(α/θ)2. �\Æ�	=Q, ���$'%�$&�+'K9��, +�+��
( cp, W2A����������0 λ 3$&� α S>, `; cp

′(α) > 0, cp
′′(α) ≥ 0, cp

′(λ) < 0 3

cp
′′(λ) ≤ 0. OYD�+�� cp = l(1 − λ)α, l (�+���3.

2) ��0

���$'%�-_%C6�$&�+'.,=( Tc c�	=, +'/�9=( Tt. YD.,=

Q, ���$'% (-_%) Z�	D=Æ�J,��(a. .,'=`, +'�-_%,9��. δ (�

	=Q�g�, a τtc =
∑Tc

t=1 ( 1
1+δ )t, τtt =

∑Tm

t=1 ( 1
1+δ )t, b τtm =

∑Tm

t=Tc
( 1
1+δ )t

.4.,=HS`+

'Xh>0�%,�0�3, 7� τtt = τtc + τtm. �����$'%�-_%�$&�+'��)(
�����:?��Jb����!�, >T+���$'%�-_%���0( λ. �94!���
�$'%�������+'.,=Q���>0J����	��+'VÆ�bD=�>0!�.

7�, >i��0( λ = τtcontract

τttotal
, +UX�#���$'%��������-_%��	�+'�

bD=Q�>0 (+'�0) �0. +*, τttotal .4������+'�VÆ�bD=��0�3 (%,

7(), τtcontract b.4�.,=Q��0�3. ���9�: τtcontract = τtc, τttotal = τtt. 7�, ��.

Æ/�9=( Tt 3��0( λ ����$&�+', � τtc = λτtt, τtm = (1 − λ) τtt.

3) $&�8

YD-_%�=/&� (88a) #+�	[��_3: V = vq + f , +*, q (dY�	=Q�	N,

f #��	/J!�\>&�. ��$&� α, .�	=Q$&N( ΔV = α(vq + f), 1�����$6

Δe = kΔV = kα(vq + f), k (&�3c(����gZ�3. YDdY&�>?( pf , dY���)>?
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( pe, bdY�	=Q$&�8(: res = α(pf + kpe)(vq + f) + μ, +* μ ∼ N(0, σ2), e.6��/H>�

7@. c Q = (pf + kpe)(vq + f), b res = αQ + μ.

4) �1_3

.,=Q\Æ�	=, ���$'%*)0,-_%�$&18:B: s(res) = ϕres + A, +* ϕ #

���$'%:B�$&18_X, A #�$&�8j!�\>�`. O���$'%��Q1�(:

π = λτtt[s(res) − cp] − I. YD���$'%��1_3( ulcsp = −e−ςπ, +* π (���$'%��

Qdf1�, ζ (+[�;C[]�3, b���$'%�;C��( Cr = 1
2 ς(τtcϕ)2σ2. 7����

�$'%�=P�T_3 Eulcsp %>�7�����$'%�H>�%>1�:

EAπlcsp = λτttϕαQ + λτttA − λτttl(1 − λ)α − I − Cr.

��-_%#;C*��, 7�-_%�=P$&18%�=P�1:

Evπm = λτtt(1 − ϕ)αQ − λτttA+(1 − λ)τtt[αQ − l(1 − λ)α].

3 =>?@fAgBC

3.1 EFhiGjHIJKLMNOkPQ
�9T1[\e����-:Ug�+OPA?�����$'%�-_%�������7Q

�.,. +(:U��1, �k$]eA��+OPA?��-_%$'�7Q.,.

�^OOPA?, ���$'%�-_%:NOP#^�R_. ���$'%�$&�04�$

&&��&)04#1eh�. -_%�����$'%1���$&�8�+&�04K918:B.

7�, -_%�GB.,5/#`a., (ϕ0, A0) f�V7Q�5/ (P1):

max
ϕ0,A0

λτtt(1 − ϕ0)α0Q − λτttA0+(1 − λ)τttα0(Q − l(1 − λ)) (1)

s.t. (IR)λτttϕ0α0Q + λτttA0 − λτttl(1 − λ)α0 − I0 − Cr ≥ U. (2)

+*, α0 = θ
√

I0/ρ.

�^OOPA?,-_%d�(�:BR��18�)���$'%��1��+OY�1.7�,�

��$'%�@�6S (2) 1.?(:

λτttϕ0α0Q + λτttA0 − λτttl(1 − λ)α0 − I0 − Cr = U. (3)

@� (3) e�� (1), -_%�7Q�5/ (P1) 16l.?(:

max
ϕ0,I0

θτtt(Q − l(1 − λ))
√

I0/ρ − 1
2
ςτ2

tcϕ
2
0σ

2 − I0 − U. (4)

�� (4) � I0�ϕ0 �.J`g, 1)���$'%�7Q&)04 ($&�) 318DB_X:

I∗o =
θ2τtt

2(Q − l(1 − λ))2

4ρ
, (5)

α∗
0 =

θ2τtt(Q − l(1 − λ))
2ρ

, (6)

ϕ∗
0 = 0. (7)

@� (5) e�� (3) 1)���$'%*)�7Q\>3Dc]:

A∗
0 = (1 − λ)lα∗

0 +
(I∗0 + U)

λτtt
. (8)

7�, ^OOPA?�-_%�$'�C6( (0, l(1−λ)α∗
0 + (I∗

0 +U)
λτtt

), 7���$'%*)0,-_
%�18(: s∗0(res) = l(1 − λ)α∗

0 + (I∗
0 +U)
λτtt

.

3.2 STUlmHIJKLMNVOkPQ
�OP/�+A?, -_%����$'%�&)04#/&eh�, ^OOPA?��7Q.,@

/&��. h>18DB_X ϕ = 0, ���$'%`a,i�&)047��+H>�%0, �)��

�$'%@/$'������+'. ]e>T���$'%�&)04/1eD-�7QGBC6



2516 * � � ! � % " � � � 38�

(ϕ1, A1). �-, ���$'%�GBJa6S#-_%h>�bjGB.,, ���$'%/#`a+
7Q&)04 ($&�04) @������+'07��+=P�1_3. 7�,

max
I

λτttϕαQ + λτttA − λτttl(1 − λ)α − I − Cr. (9)

�1.J`gce� (9), -_%�GB.,5/1.?(: (P2)

max
ϕ1,A1

λτtt(1 − ϕ1)α1Q − λτttA1+(1 − λ)τttα1(Q − l(1 − λ)). (10)

s.t. (IR)λτttϕ1α1Q + λτttA1 − λτttl(1 − λ)α1 − I1 − Cr ≥ U, (11)

(IC)
1
2
λτttθ[ϕ1Q − l(1 − λ)] −

√
I1ρ = 0. (12)

Q�5/ (P2) *�GBJa6S� (12)#���$'%��-_h>�GB.,, $'������

�7QiTYH:

I∗1 =
θ2λ2τtt

2(ϕ1Q − l(1 − λ))2

4ρ
. (13)

1���$&�(: α∗
0 = θ2λτtt(ϕ1Q−l(1−λ))

2ρ . @�6S� (11) #.Æk6S, 7�:

λτttϕ1α1Q + λτttA1 − λτttl(1 − λ)α1 − I1 − Cr = U. (14)

7�, @� (14) 3� (13) e�� (10), Q�5/ (P2) lH(:

max
ϕ0,I0

θτtt(Q − (1 − λ))
√

I∗1/ρ − 1
2
ςλ2τtt

2ϕ2
1σ

2 − I∗1 − U. (15)

�� (15) .J`g�:
λτtt

2ρ
[(1 − λ)τttl(1 − λ)θ2Q + (λτttϕ1 − τtt)θ2Q2 + 2λτttϕ1ςρσ2] = 0. (16)

7:

ϕ∗
1

=
θ2[Q2 − (1 − λ)2lQ]
λ(θ2Q2 + 2ρςσ2)

. (17)

�� (16) 4R ϕ∗
1

> 0, �H7�, ���$'%
�AB.>$&18/E>�;C. 23M, 18:B

_X ϕ �;C[]�3 ς�&)[��3 ρ�18&F σ2 mJ!, �$&&��3 θ mJ!. 7���$

'%�;C[]2�n-, $&�8�=(�n�, ����+'&)[�n�, +�TAB�;C)n

k. G���$'%Æ�S�$&&�-, -_%nd+ABR��;C. � (17) e�� (13) 1):

I∗1 =
τtt

2θ2
[
θ2Q3 − (θ2Q2 + 2λρςσ2

)
l(1 − λ)

]2
4(θ2Q2 + 2ρςσ2)2ρ

, (18)

α∗
1 =

τttθ
2
[
θ2Q3 − (θ2Q2 + 2λρςσ2

)
l(1 − λ)

]
2(θ2Q2 + 2ρςσ2)ρ

. (19)

@� (17)�(18) 3 (19) e�� (14) 1)UA?����$'%*)�7Q\>3D`1:

A∗
1 =

U

λτtt
+

1
2
ςλτttϕ

∗2
1 σ2 − θ2λτtt(ϕ∗

1Q − l(1 − λ))2

4ρ
. (20)

7�, j�kl;C�-_%�$'�C6( (ϕ∗
1, A

∗
1). �-, ���$'%*)0,-_%�18

( s(ϕ∗
1, A

∗
1), +*: s(ϕ∗

1, A
∗
1) = U + 1

2 ςλ2τtt
2ϕ∗2

1 σ2 − θ2λ2τtt
2(ϕ∗

1Q−lqκ)2

4ρ + ϕ∗
1

θ2λ2τtt
2(ϕ∗

1Q−lqκ)
2ρ Q.

3.3 WnXoÆpUlYSTUlVHIJKLMNOkPQ
>T���$'%�$&&� θ (e�OP. -_%ZRk θ ∈ [θL, θH ] (0 ≤ θL < θH ≤ 1) �+

/0_3( f(θ), eo:m_3( F (θ). 7�, F (θL) = 0, F (θH) = 1. -_%/&eh'���$'%
�$&&�, -_%(���$'%$'��+$&&��.,nd. �-, ���$'%�-_%:
N(NJKX<!�, T1f	lRS�f. ���$'%��,i�$&&�]- θ `a-_%$'�
.,nd (ϕ(θ̂), A(θ̂)). h>���$'%`a�., (ϕ(θ̂), A(θ̂)), H>7Q&)047��+=P�
1.

max
I(θ)

λτttϕ(θ̂)α(θ)Q + λτttA(θ̂) − λτttl(1 − λ)α(θ) − I(θ) − Cr(θ̂). (21)
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+*, α(θ) = θ
√

I/ρ, Cr(θ̂) = 1
2 ςλ2τtt

2ϕ2(θ̂)σ2. �� (21) .J`g1)���$'%7Q&)04:

I∗(θ) =
θ2λ2τtt

2(ϕ(θ̂)Q − l(1 − λ))
2

4ρ
. (22)

,�1)$&�04:

α∗(θ) =
θ2λτtt(ϕ(θ̂)Q − l(1 − λ))

2ρ
. (23)

@� (22)�(23) e�� (21) 1)���$'%�H>�%>1�:

EAπlcsp =
λ2τtt

2θ2(Qϕ(θ̂) − (1 − λ)l)
2

4ρ
+ λτttA(θ̂) − 1

2
ςλ2τtt

2ϕ(θ̂)2σ2. (24)

�X<�\9JK, ���$'%`a., (ϕ(θ̂), A(θ̂)), 7��+=P�1. 7:

max
θ̂

λ2τtt
2θ2(Qϕ(θ̂) − (1 − λ)l)

2

4ρ
+ λτttA(θ̂) − 1

2
ςλ2τtt

2ϕ(θ̂)2σ2. (25)

X<�\.JK, -_%D9.,nd, 7��+=P�1.

Evπm = λτtt(1 − ϕ(θ))αQ − λτttA(θ)+(1 − λ)τtt(αQ − l(1 − λ)α). (26)

7�, -_%�5/1.?(��Q��- (P3):

max
ϕ(θ),A(θ)

∫ θH

θL

[λτtt(1 − ϕ(θ))αQ − λτttA(θ) + (1 − λ)τttα(Q − l(1 − λ))]f(θ)dθ (27)

s.t. (IR) λτttϕ(θ)αQ + λτttA(θ) − λτttl(1 − λ)α − I − Cr ≥ U, (28)

(IC) I ∈ arg max
I(θ)

{λτttϕ(θ̂)α(θ)Q + λτttA(θ̂) − λτttl(1 − λ)α(θ) − I(θ) − Cr(θ̂)}, (29)

(IC) λτttϕ(θ)α(θ)Q + λτttA(θ) − λτttl(1 − λ)α(θ) − I(θ) − Cr(θ) ≥
λτttϕ(θ̂)α(θ)Q + λτttA(θ̂) − λτttl(1 − λ)α(θ) − I(θ) − Cr(θ̂).

(30)

+*, α(θ) = θ
√

I(θ)/ρ, Cr(θ̂) = 1
2 ςλ2τtt

2ϕ2(θ̂)σ2.

� (27) (-_%$'.,nd (ϕ(θ), A(θ)) ��,+=P�17���'8_3, +* ϕ(θ)�A(θ) #

-_%�����$'%$&&��37��,+=P�11SY�\�	=�$&�18DB_X
3\>3D`1. � (28) #���$'%�@�6S, �M���$&�&��3(����$'

%`a., (ϕ(θ), A(θ)) �)�=P�1/��/@����$&+')(�)�7��1 (OY�1). �

(29) (���$'%$&+'&) ($&�04) SY�GBJa6S, [���)���$&+'�
&)04Z#EA7�����$'%�=P�10���. � (30) (���$'%���$&�

&�]-�:4�GBJa6S,.4���$&�&�(����$'%6R-_%(+D9�.,
(ϕ(θ), A(θ)) *)�=P�1A��+`a-_%(+f���$&�&�]- θ̂ (θ̂ �= θ) ����$

'%D9�.6 (ϕ(θ̂), A(θ̂)),51�)���$'%`a�,i&�]-Jp�.,,o':4��

�$'%���$&�&�]-�'�.

�f7Q�5/ (P3), b�����$'%$&�&�/&ehA?, -_%(���$'%$
'�7Q.,nd(:

ϕ∗(θ) =
τttθ

2Q2 − (1 − λ)2θ2Ql + 2(1 − λ)λθQl (1−F (θ))
f(θ)

λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ)

, (31)

A∗(θ) =
1

λτtt
U +

1
2
ςλτttσ

2ϕ∗(θ)2− λτttθ
2(Qϕ∗(θ) − (1 − λ)l)2

4ρ
+

λτttθ(Qϕ∗(θ) − (1 − λ)l)2(1 − F (θ))
2ρf(θ)

. (32)

�.6nd�, ���$'%�&)04(:

I∗(θ) =
λ2τtt

2θ2(ϕ∗(θ)Q − l(1 − λ))2

4ρ
. (33)

���$&�����$&�04(:

α∗ =
λτttθ

2(ϕ∗(θ)Q − l(1 − λ))
2ρ

. (34)
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\] 1 ���$'%$&�&�/&ehA?, h>�������7Q.,nd (ϕ∗(θ), A∗(θ)),

���$'%�7Q&)04( I∗(θ), ��$&�( α∗(θ).

4 Ag^q

4.1 HI_rst`aOkV�u
\] 2 OP/�+A?�, -_%�7QGBC6�18:B_X��g, _�:

1) ϕ∗
1
≥ θ2Q2

θ2Q2+2ρςσ2 , 23M, λ ∈ (0,
2Qlθ2−(Q2θ2+2ρσ2ς−

√
(Q2θ2+2ρσ2ς)2−8Qlρσ2θ2ς)

2Qlθ2 ) -, ϕ∗
1

> 1;

2) ϕ∗(θ) =
θ2Q2−(1−λ)2θ2Ql+2λθQl(1−λ) (1−F (θ))

f(θ)

λθ2Q2+2ςλσ2ρ+2λθQ2 (1−F (θ))
f(θ)

, 23M, G λ ∈ (0, λϕ(θ)=1) -, ϕ∗(θ) > 1.

bc 1 7Q18:B_Xg����$'%�-_%���������0�>�1%�.

�b/ 1 1R, ���OP/�+A? (&)04/1ehA?3$&04/1ehA?), -_%�7
QGBC6A����$'%
�AB.>$&�8/E>�;C (ϕ∗

1
> 0, ϕ∗(θ) > 0). G���$'

%�-_%���0��.>04-, ��$&�8�:B_X@�� 1. �H7�, \Æ�	=Q-_%
/4A@$&18^O3Dh���$'%,1_5A��\=�$&18�c].>_X�18h��

�$'%. �ÆH�hq�i.h, p��Q.F��N�c]H����. i#7(, G���$'%

�-_%��0S�-, +>0D,0S�. �.Æ� τtt c>018�+', �����$'%��-_
%-=QD,*) λτtt c>018, (GB���$'%!�'.,=`�+'181K9��&), �

+OX`=+'�>018, -_%
�d���$'%*):B�� 1 �18_X. ����>r��

��$'%4!�.,=$&�8�1n��, ��+K9��&). p#, �H\=�$&18:B_
X�� 1 IT/H7����$'%AB�$&+'�O<;C. �#7(:B_X�� 1 Z#jj$
&+'.,=Q�$&18;C#^OAB,��.,=HS`+'Xh�9D=Q�18;CT/.>#
^OAB. �A�H�#, ���$'%*)$&18:B_Xn�-, kk�T��Ac]h-_%R
�04���	�OX( (A∗(θ) < 0). 23�, �;C*� (ς = 0) ����$'%, G+�-_%��
���+'���0 λ = 1 (���$'%��>0�+'�bD=>0^OD,), &)04/1eh
Co$&04/1eh- (���$'%�$&047�( θH -), 7QGBC6A����$'%A
B���$&+'�bD=�O<;C. �-, �����0 λ < 1, � ϕ > 1. 7���$'%�+'>

0/D,, (GB+!�+'`=>0, ql���$'%*)�\=186, -_%�b\=��18
(ϕ − 1) �_XRB���$'%.

\] 3 OP/�+A?�, ���$'%AB$&18�;Cg�+����+'�-_%��
�0�>r1%�.

��OP/�+, -_%A����$'%AB$&+'18=(�
A;C, �0GB���

$'%K9R���$&+'&). m1b/ 3 .j, ���$'%1EA$n�-_%���00%
��$&+';C�AB. 	��ÆH_�i�p��, ��0�$n, H7����$'%�-_%�
�$&+'�>0L	R.5, ���$'%�����+'�18!�R6q, ���$'%r�

;s�(�K9Rt�&), -_%I)sH%�����$'%�$&;C:B�A�.

b/ 3 I.jS����0&%����$'%�$&+';C�AB. 7�, ���$'%�(

��-_%�
���0�����!�. ,-, b/ 2 .j, S�04���0, n��-_%S��
$&�8:B_X0A����$'%:B.,`=�+'18;C. �H7�, -_%EA\�	=�
�:B_Xr$&+'`=�18$D:Bh���$'%, �+&)SY*!�'+'`=�18. �

�)-_%�.,=Q:BQ���=$&�8�`1, ,-�.,HS`s
AB+'`=18;C. m

1, -_%kk/sHd\=�c]��\=��Q18, 1l!�o0�S�;C�+'`=18. 7�,

-_%kkRsH$':B_Xk� 1 �7QGBC6. �� ϕ∗
1
≤ 1, �

λ ≥
2Qlθ2 − (Q2θ2 + 2ρσ2ς −

√
(Q2θ2 + 2ρσ2ς)2 − 8Qlρσ2θ2ς)

2Qlθ2
.
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�)H7�-_%sH����$'%?�S���00@������+'. d:1)p� 2:

bc 2 OP/�+A?�, �04���0R&�K���$'%�-_%���������
���!�.

��\>�`kkj�kÆA?: A > 0, .4-_%	���c]�\=\>3D`1, Ot�

��$'%�18�.�t=Q; A < 0, b.4���$'%	-_%c]�\=\>`1, kk#�

��$'%*L�R��$&18_X, -_%A����$'%c].>�$&OX(. A < 0 A?

&utfqb/ 2 *18:B_Xu��A?. � A :U���b/:

\] 4 7QC6nd*, G���$'%+';C��u�Co(g- (+'$&�8/H>� σ2

uk, ���$'%;C*�C[]�3uk), ���$'%:B$&�8�_Xn� (�), +*)\

>3D`1,n�, Co+	-_%c]�$&OX(In� (�).

4.2 stevOkVwxyfeg
\] 5 OP/�+A?, 7Q.,C6���$'%*)�$&18:B_X�+����$&+

'&)[��$&�8/H>�mJ!, ,-�+,+;C[]�3mJ!, 1�+$&&�mJ!.

b/ 5 .j, j�#4jkl;C5#f	`a;C�kl;CTjA?, -_%��$'��87Q
:BC6�_X
�!�'���$'%�2Mr� (�$&&��;C[]) 
$&+'��+[�


$&�8�=(�. G���$'%;C[]2�n�, $&+'&)[��3n�
$&�8=
(�n�, ��h>�$&�8:B_X, ���$'%���;C��)n�. ��)���$'%

n/s(��R��$&��+'K9Rt�&),�I.>�0:fq��Q*N���.,&02
�+'&)/;, $&�8/j:��p. 7���ÆA?�, -_%TU���ABSk;C, 7��

�$'%�7Q;CAB�) ϕ nk, �U���$'%����$&+'K9���&)�+, +18

R��\=\>3Dc]�?�*). pG���$'%Æ�S��$&�&�-, +sHABR�

�;C, �#7(+S��$&&�, &S��&)04��R��$&�3$&�8.

4.3 stOkmHIJKLMNhrzij{klmn
\] 6 &)04/1eh-, ���$'%*)�=PPug�7Q:B_X�>�1>�, _+

stg�$&+'$&�8;C
;C[]�3�>�1>�.

\] 7 $&&�/1ehA?�, ���$'%*L�OPo((:

ΔIF =
λ2τtt

2θ(Qϕ∗(θ) − (1 − λ)l)2(1 − F (θ))
2ρf(θ)

.

&)04/1eh?�, -_%��k]e���, .]#�����$'%AB$&�8;C1	

��;C��, l.]#��$&�&)/;�v5�GB��. ���$'%@�$&�8:B_X

( ϕ∗
1, �-+;C��( ΔCr = 1

2 ςλ2τtt
2ϕ∗2

1 σ2. -_%�GB��( (^OOPA?(�1): ΔRes −
ΔI − Δcp = τtt(Q − (1 − λ)l)(α∗

0 − α∗
1) − (I∗0 − I∗1 ); -_%]Q�/e���(: AC = ΔCr + (ΔRes −

ΔI − Δcp) = ςθ2σ2[τttQ
2−(1−λ2)(1−λ)2τtt

2l2]
2Q2θ2+4ρςσ2 . ��1�H', G���$'%(;C*�-, +e�

��(g. �#7(G���$'%;C*�-, +&sAB$&+'�bD=���;C (ϕ∗
1
|ς=0 =

θ2[Q2−(1−λ)2lQ]
λθ2Q2 ), ��7QGBo'^OOP04��7Q&) ($&�) (I∗1 |ς=0 = I∗o ). 7����b/:

\] 8 &)04/1ehA?, -_%]Q�e���g����$'%�;C[]�3 ς�$&&

� θ 
$&�8/H>� σ2 :n1:n.

4.4 HIJKLMNKLpq|reg
\] 9 OP/�+A?�, ���$'%�������+'�&)04 ($&�) k��+O

P��&)04 ($&�). 23M: 1) &)04/1eh�, G ς = 0 C σ2 = 0 -, I∗1 = I∗o , α∗
1 = α∗

0; 2)

$&&�/1eh�, G ς = 0, _ θ = θH -, I∗(θ) = I∗o , α∗(θ) = α∗
0.

b/ 9 jj, �������@�28;Cmt
+';C�j�, �)�����&)04 (�

��) ��^OOP��&)04 (���). >T��0���������	���!�: 1) ^

OOPA?�: ��	��!���0mv�: ∂α∗
0

∂λ = θ2τ l
2ρ > 0, T1v._32M1R, ∂

∂λI∗1 > 0, 7�-
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���������	��g�@�28N��0�$�1$�. 2) �&)04/1eh����	
���v�, ∂

∂λα∗
1 =

θ2τ (2ςσ2ρ(2λ−1)+θ2Q2)l

2(θ2Q2+2ρσ2ς)ρ , c ∂
∂λα∗

1 > 0 � λ > 1
2 − θ2Q2

4ρσ2ς . OG λ ∈ (1
2 − θ2Q2

4ρσ2ς , 1) -,
∂

∂λα∗
1 > 0. u 0 < λ ≤ 1, �G��	��8����;C, 7 θ2Q2 > 2ρσ2ς -, ��0��0t=

Q (0 < λ ≤ 1), ∂
∂λα∗

1 > 0. O max
λ∈(0,1)

α∗
1 = α∗

1|λ=1 = τttθ
4Q3

2(θ2Q2+2ρςσ2)ρ . T1v._32M1R: ∂
∂λI∗1 > 0. 3)

,��, $&&�/1eh�, ∂
∂λα∗(θ) =

θ2τ (2ςσ2ρ(2λ−1)+θ2Q2)l

2(θ2Q2+2ρσ2ς+2Q2θ 1−F (θ)
f(θ) )ρ

, c ∂
∂λα∗(θ) > 0 � λ > 1

2 − θ2Q2

4ρσ2ς . �

G��	��8����;C, 7 θ2Q2 > 2ρσ2ς -, ��0��0t=Q (0 < λ ≤ 1), ∂
∂λα∗(θ) > 0.

,�����0 λ = 1 -��	�� (&)04) 7�, _ ∂
∂λI∗(θ) > 0.

��1R, ^OOPA?�, ��	��g�������@�28���0�$�1$�. OP

/�+A?�, ��;Cmt�j�, �)���������	��R3���0. G@�28N�
�0H��04-��	��g����$�1%�, 1G��0o'.>04`, g���	���
��$�1$�. pj�#OP^O5#OP/�+A?, �04���0?&�����������

	��$�.

5 st

�������, ���,*-��kk�������������. vPEA�������

/�n,2��	��o	, �����	/��d.�87��. m1��!���$'%�&�

�OP/�+, �)���C6������+'-��u�/JA�. ��, �9A��������

���.Æ;C[]����$'%�.Æ���,*--_%����3,�.-041-���
��$&�[\e�5/. >T^OOPA?����$&��GB1-(@>, N?����$'

%&)04/1ehA?�$&&�/1ehA?��������7Q^�C6D95/. )'�H

�: 1) ���$'%�-_%���:vKL�������7Q^�GBC6�HI: S�04�

��01&v5A��18:B_X (ϕ > 1), ,-?��A���$'%\=G]$&OX(�.,�

�. 2) ���$'%�18g�+;C[]�0�$�1$�, g���0�1>�1>r. 3) -_%!
�������[\e��OP������wi	N�. 4) j�#OP^O5#OP/�+A?, �0

4���0?&�����������	��$�.

�9�N?uMq�PR[\e����������1-��C6T16,5/�����$'

%�-_%���0,UX���$'%�������+'.,=Q���>0J��U+'VÆ
�bD=�>0!�. K.J�N?1!����������0����	SY�KL.
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z{ ~|=> (P3) }~

�����$'%1�, bH θ ∈ [θL, θH ] �: λτttϕ(θL)αQ + λτttA(θL) − λτttl(1 − λ)α − ρ(α/θ)2 −
1
2 ςλ2τtt

2ϕ2(θL)σ2 > λτttϕ(θL)αQ + λτttA(θL)− λτttl(1− λ)α − ρ(α/θL)2 − 1
2 ςλ2τtt

2ϕ2(θL)σ2 �
. �GB

Ja6S� (30)1): λτttϕ(θ)αQ+λτttA(θ)−λτttl(1−λ)α−ρ(α/θ)2 − 1
2 ςλ2τtt

2ϕ2(θ)σ2 ≥ λτttϕ(θL)αQ+

λτttA(θL)−λτttl(1−λ)α− ρ(α/θ)2 − 1
2 ςλ2τtt

2ϕ2(θL)σ2. O�bH θ ∈ [θL, θH ] �: λτttϕ(θ)αQ + λτttA(θ)−
λτttl(1 − λ)α − ρ(α/θ)2 − 1

2 ςλ2τtt
2ϕ2(θ)σ2 ≥ λτttϕ(θL)αQ + λτttA(θL) − λτttl(1 − λ)α − ρ(α/θL)2 −

1
2 ςλ2τtt

2ϕ2(θL)σ2. 7�,ZA λτttϕ(θL)αQ+λτttA(θL)−λτttl(1−λ)α−ρ(α/θL)2− 1
2 ςλ2τtt

2ϕ2(θL)σ2 ≥ U ,

7$&�&�( θL ����$'%`;@�6S, +fbH$&&�]-����$'%)&@�

$&�. �jj�$&&�OP/�+-, -_%�.,ndZ�OX7�$&�&�]-����
$'%�@�, )&OX+f$&�&�]-����$'%@�. 7�, 7Q�5/ (P3) �@�6S

1%>($&�&�( θL ����$'%�@�6S, ,-�7Q.,A~�, �@�6S%��
.

��, @�6S� (28) 1Nc(:

λτttϕ(θL)αQ + λτttA(θL) − λτttl(1 − λ)α − ρ
(
α/θL

)2

− 1
2
ςλ2τtt

2ϕ2(θL)σ2 = U. (35)

,-,GBJa6S� (29)#���$'%��-_%h>GB.,�7QiTYH.O� (29)11

.J`gcc(: α(θ) = λτttθ2(ϕ(θ̂)Q−l(1−λ))
2ρ ,�-���$'%�&)04( I(θ) = λ2τtt

2θ2(ϕ(θ̂)Q−l(1−λ))
2

4ρ .

7�, 7Q��- (P3) 1%>(7Q�5/ (P4):

max
ϕ(θ),A(θ)

∫ θH

θL

[λτtt(1 − ϕ(θ))αQ − λτttA(θ) + (1 − λ)τttα(Q − l(1 − λ))]f(θ)dθ (36)

s.t. (IR) λτttϕ(θL)αQ + λτttA(θL) − λτttl(1 − λ)α − ρ
(
α/θL

)2

− 1
2
ςλ2τtt

2ϕ2(θL)σ2 = U, (37)

(IC) α =
λτttθ

2(ϕ(θ̂)Q − l(1 − λ))
2ρ

, (38)

(IC) λτttϕ(θ)α(θ)Q + λτttA(θ) − λτttl(1 − λ)α(θ) − I(θ) − Cr(θ) ≥
λτttϕ(θ̂)α(θ)Q + λτttA(θ̂) − λτttl(1 − λ)α(θ) − I(θ) − Cr(θ̂).

(39)

@� (38) e�� (37) 3� (39) 1)

λ2τtt
2θ2

L(Qϕ(θL) − (1 − λ)l)2

4ρ
+ λτttA(θL) − 1

2
ςλ2τtt

2ϕ(θL)2σ2 = U, (40)
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λ2τtt
2θ2(Qϕ(θ) − (1 − λ)l)2

4ρ
+ λτttA(θ) − 1

2
ςλ2τtt

2ϕ(θ)2σ2 ≥

λ2τtt
2θ2(Qϕ(θ̂) − (1 − λ)l)

2

4ρ
+ λ2τtt

2A(θ̂) − 1
2
ςλ2τtt

2ϕ(θ̂)2σ2.

(41)

%>Nc� (41) 1):

EA(θ) =
λ2τtt

2θ2(Qϕ(θ) − (1 − λ)l)2

4ρ
+ λ2τtt

2A(θ) − 1
2
ςλ2τtt

2ϕ(θ)2σ2

=max
θ̂

λ2τtt
2θ2(Qϕ(θ̂) − (1 − λ)l)

2

4ρ
+ λτttA(θ̂) − 1

2
ςλ2τtt

2ϕ(θ̂)2σ2.

(42)

�� (32) �v�

dEA(θ)
dθ

=
λ2τtt

2θ2(Qϕ(θ) − (1 − λ)l)Qϕ′(θ)
2ρ

+
λ2τtt

2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
+λτttA

′(θ)−ςλ2τtt
2σ2ϕ(θ)ϕ′(θ),

(43)
dEA(θ)

dθ̂
|θ̂=θ =

λ2τtt
2θ2(Qϕ(θ) − (1 − λ)l)Qϕ′(θ)

2ρ
+ λτttA

′(θ) − ςλ2τtt
2σ2ϕ(θ)ϕ′(θ) = 0. (44)

�� (33) 3� (44) 1):
dEA(θ)

dθ
=

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
. (45)

�� (45) 1R���$'%�H>�%>1�g�+$&&��>r1>r. ,-�� (42) 1R:

EA(θ) = EA(θL) +
∫ θ

θL

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ. (46)

H.� (40) 3� (42) 1R: EA(θL) = U , O�� (40) 3� (46) �: λ2τtt
2θ2(Qϕ(θ)−(1−λ)l)2

4ρ + λτttA(θ) −
1
2 ςλ2τtt

2σ2ϕ(θ)2 = U +
∫ θ

θL

λ2τtt
2θ(Qϕ(θ)−(1−λ)l)2

2ρ dθ. ��1R\=\>3D`1 A(θ) �\=18:B_X

ϕ(θ) �!�(:

A(θ) =
1

λτtt
U +

1
2
ςλτttσ

2ϕ(θ)2 − λτttθ
2(Qϕ(θ) − (1 − λ)l)2

4ρ
+
∫ θ

θL

λτttθ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ. (47)

�� (41) �GBJa6S�9J`g�:

d2EA(θ)
dθ̂2

|θ̂=θ =
λ2τtt

2θ2Q2(ϕ′(θ))2

2ρ
+

λ2τtt
2θ2(Qϕ(θ) − (1 − λ)l)Qϕ′′(θ)

2ρ
+ λτttA

′′(θ)

− ςλ2τtt
2σ2(ϕ′(θ))2 − ςλ2τtt

2σ2ϕ(θ)ϕ′′(θ) ≤ 0.

(48)

�� (44) !� θ �v�:
λ2τtt

2θ(Qϕ(θ) − (1 − λ)l)Qϕ′(θ)
ρ

+
λ2τtt

2θ2(Qϕ(θ) − (1 − λ)l)Qϕ′′(θ)
2ρ

+
λ2τtt

2θ2Q2(ϕ′(θ))2

2ρ
+ λτttA

′′(θ) − ςλ2τtt
2σ2(ϕ′(θ))2 − ςλ2τtt

2σ2ϕ(θ)ϕ′′(θ) = 0.

(49)

H.� (48) 3� (49) 1): d2EA(θ)

dθ̂2 |θ̂=θ = −λ2τtt
2θ(Qϕ(θ)−(1−λ)l)Qϕ′(θ)

ρ ≤ 0. �� Qϕ(θ) − (1 − λ)l > 0, O

(�)� (49) �
, 7`;GBJa6S�9J`g�: dϕ(θ)
dθ ≥ 0. 7�7Q�5/ P4 �GBJa6S�

9J`g1.4(:
dϕ(θ)

dθ
≥ 0. (50)

��1R, G-_%/&eh'���$'%�$&�&�-, 7QGB.,nd*�$&�8:
B_X ϕ(θ) TG#$&�&� θ �>_3, 7�h>$&�8DB_X ϕ(θ) A?�, QC6nd*:B
_X ϕ(θ) g�$&�&� θ �>, bj�7Q\>3D`1 A(θ) `;� (47). 5;C:BM00�, �

��$&�&����S>�+AB$&18;C��k, ���$'%����$&�&�nk,

+AB�;CI)n�. �#7( θ nk-, -_%vP���$'%$',%$&�� α ���$

&�8:B_X ϕ(θ) n�, ���$'%�;s�(�`a.Æ��&)040%�;C��.
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��-_%�7Q�5/ (P4) �@�6S� (37) 3GBJa6S� (39) r%�3c(� (47) 3�

(50). � (47) 3� (49) OX����$'%Z�EA`a�,i$&�&�Jp�.,C60���
,+=P�17��. 7�, GBJa6S� (38) 1%>(:

α =
λτttθ

2(ϕ(θ)Q − l(1 − λ))
2ρ

. (51)

7�, @� (51) 3� (47) e�� (36) ):

max
ϕ(θ),A(θ)

∫ θH

θL

[
(1 − ϕ(θ))

λ2τtt
2θ2(ϕ(θ)Q − l(1 − λ))

2ρ
Q +

λ2τtt
2θ2(Qϕ(θ) − (1 − λ)l)2

4ρ
− U

]
f(θ)dθ+

∫ θH

θL

[
(1−λ)τtt

λτttθ
2(ϕ(θ)Q−l(1−λ))

2ρ
(Q−lqκ)−

∫ θ

θL

λ2τtt
2θ(Qϕ(θ)−(1−λ)l)2

2ρ
dθ− 1

2
ςλ2τtt

2σ2ϕ(θ)2
]

f(θ)dθ.

(52)

u, ∫ θH

θL

(∫ θ

θL

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ

)
f(θ)dθ =

∫ θH

θL

(∫ θ

θL

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ

)
dF (θ)

=
{

F (θ)
[ ∫ θ

θL

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ

]}∣∣∣∣
θH

θL

−
∫ θH

θL

F (θ)d

(∫ θ

θL

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ

)

=
∫ θH

θL

(1 − F (θ))
λ2τtt

2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ.

1): ∫ θ

θL

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2

2ρ
dθ =

λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2(1 − F (θ))

2ρf(θ)
. (53)

� (53) e.���$'%$&�&�OP�	��OPo(. � (53) e�� (52), ,-@17Q�5
/ (P4) 3c( (P5):

max
ϕ(θ),A(θ)

∫ θH

θL

[
(1 − ϕ(θ))

λ2τtt
2θ2(ϕ(θ)Q − l(1 − λ))

2ρ
Q +

λ2τtt
2θ2(Qϕ(θ) − (1 − λ)l)2

4ρ

− 1
2
ςλ2τtt

2σ2ϕ(θ)2 + (1 − λ)τtt(Q − l(1 − λ))
λτttθ

2(ϕ(θ)Q − l(1 − λ))
2ρ

− λ2τtt
2θ(Qϕ(θ) − (1 − λ)l)2(1 − F (θ))

2ρf(θ)
− U

]
f(θ)dθ

(54)

s.t.
dϕ(θ)

dθ
≥ 0. (55)

]eY>� (54) �
, b7Q�5/ (P5) 3�(j6S�Q�5/. 7�, �� (52) !� ϕ(θ) .J

`g�:
λ2τtt

2θ2Q2

2ρ
+

(λ − λ2)τtt
2θ2(Q − l(1 − λ))Q

2ρ
+

λ2τtt
2θQl(1 − λ)(1 − F (θ))

ρf(θ)

− λ2τtt
2θ2Q2ϕ(θ)

2ρ
− λ2τtt

2θQ2ϕ(θ)(1 − F (θ))
ρf(θ)

− ςλ2τtt
2σ2ϕ(θ) = 0.

(56)

f� (56) �:

ϕ(θ) =
θ2Q2 − (1 − λ)2θ2Ql + 2(1 − λ)λθQl (1−F (θ))

f(θ)

λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ)

. (57)

�� ϕ′(θ) ≥ 0, O�� (57) �!� θ v31):

τttQθ

(
Q2θ

1 − F (θ)
f(θ)

+ 2ςρσ2

)
− 1 − F (θ)

f(θ)
l(1 − λ)(τttθ

2Q2 − 2ρςσ2)

− θ{τttθ
2Q3 − (τttθ

2Q2 + 2ρςσ2)l(1 − λ)} d
dθ

(
1 − F (θ)

f(θ)

)
≥ 0.
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f/%��:

d
dθ

(
1 − F (θ)

f(θ)

)
≤

1−F (θ)
f(θ) [τttQ

3θ2 − l(1 − λ)(τttθ
2Q2 − 2ρςσ2)] + 2τttQθςρσ2

θ[τttθ2Q3 − (τttθ2Q2 + 2ρςσ2)l(1 − λ)]
. (58)

OG d
dθ (1−F (θ)

f(θ) ) ≤ 0 -, � (57) `;-_%�Q�5/ (P5) �6S`g: ϕ′(θ) ≥ 0 (�-`;
d
dθ (1−F (θ)

f(θ) ) ≤
1−F (θ)

f(θ) [τttQ
3θ2−l(1−λ)(τttθ2Q2−2ρςσ2)]+2τttQθςρσ2

θ[τttθ2Q3−(τttθ2Q2+2ρςσ2)l(1−λ)] ). 7�, G d
dθ (1−F (θ)

f(θ) ) ≤ 0 -, -_%7Q�
5/ P5 �7Qf(:

ϕ(θ) =
θ2Q2 − (1 − λ)2θ2Qlqκ + 2(1 − λ)λθQl (1−F (θ))

f(θ)

λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ)

.

\] 2 �� 1) 4jkl;C (&)04/1eh) A?: �� (17) 1R, -_%	���$'%$
'�$&�8:B_X(: ϕ∗

1
= θ2[Q2−(1−λ)2lQ]

λ(θ2Q2+2ρςσ2) . � Q > l 4R, ϕ∗
1

> 0. � ϕ∗
1
�v�:

∂ϕ∗
1

∂λ
= − θ2Q

(
lλ2 + Q − l

)
λ2 (Q2θ2 + 2ρσ2ς)

< 0,

O λ = 1 -, ϕ∗
1
|min = θ2Q2

θ2Q2+2ρςσ2 , 7 ϕ∗
1
≥ θ2Q2

θ2Q2+2ρςσ2 . c θ2[Q2−(1−λ)2lQ]
λ(θ2Q2+2ρςσ2) ≥ 1, �

0 < λ ≤
2Qlθ2 − (Q2θ2 + 2ρσ2ς −

√
(Q2θ2 + 2ρσ2ς)2 − 8Qlρσ2θ2ς)

2Qlθ2
,

bG λ ∈ (0,
2Qlθ2−(Q2θ2+2ρσ2ς−

√
(Q2θ2+2ρσ2ς)2−8Qlρσ2θ2ς)

2Qlθ2 ) -, ϕ∗
1

> 1. 23�, �� ς = 0 A?, ς = 0 -,

� ϕ∗
1

= 1. 2) ,-Æ�f	`a;C3kl;C ($&&�/1eh) A?: �� (55) 1R, UA?�-_
%	���$'%$'�$&�8:B_X(:

ϕ∗(θ) =
θ2Q2 − (1 − λ)2θ2Ql + 2λθQl(1 − λ) (1−F (θ))

f(θ)

λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ)

.

� Q > l 4R, ϕ∗
1

> 0. � ϕ∗(θ) �v�:

∂ϕ∗(θ)
∂λ

= −
θQ(θ(lλ2 + Q − l) + 2lλ2 (1−F (θ))

f(θ) )

(Q2θ2 + 2ρσ2ς + 2Q2θ (1−F (θ))
f(θ) )λ2

< 0,

O λ = 1 -, ϕ∗(θ) ≥ ϕ∗(θ)|min = ϕ∗(θ)|λ=1 = θ2Q2

θ2Q2+2ρςσ2+2θQ2 (1−F (θ))
f(θ)

; j� λϕ(θ)=1 ∈ (0, 1], �)

θ2Q2 − (1 − λ)2θ2Ql + 2(1 − λ)λθQl (1−F (θ))
f(θ)

λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ)

= 1.

7G λ ∈ (0, λϕ(θ)=1) -, � ϕ∗(θ) > 1. 23M, ��$&04 θH , _ ς = 0 A?, λ = 1 -, � ϕ∗(θ) = 1. X

Æ.

\] 3 �� ]e>T4jkl;CA?, 7Q;C:BC6����$'%���;C��(:

Crϕ1∗ =
1
2
λϕ∗2

1 ςτttσ
2 =

1
2
λ

(
θ2(Q2 − (1 − λ)2lQ)

λ(θ2Q2 + 2ρςσ2)

)2

ςτttσ
2.

� Crϕ1∗ �v�:

∂Crϕ1∗

∂λ
= − τtt ςθ

4Q2σ2
((

3λ2 − 2λ − 1
)
l + Q

)
(−(λ − 1)2l + Q)

2λ2(Q2θ2 + 2ρσ2ς)2
.

O
∂Crϕ1∗

∂λ < 0. ,�1X, �f	`a;C�kl;CTjA?, ∂Crϕ∗(θ)

∂λ < 0. XÆ.

\] 4 �� >T&)04/1ehA?, -_%�$�7Q\>3D`1(: A∗
1 = 1

2λτttςϕ
∗2
1 σ2 +

1
λτtt

U − λτttθ2(ϕ∗
1Q−l(1−λ))2

4ρ , � A∗
1 !� ϕ∗

1 �v�: ∂A∗
1

∂ϕ∗
1

= −λτttθ
2Q(ϕ1Q−l(1−λ))

2ρ + λτttςϕ1σ
2. G+'$&�

8;C/H>� σ2 u�, Co���$'%�;C[]�3u�-, � A∗
1 > 0, 7���$'%*)

�\>3D`1g�+7Q:B_X�>�1>r. i:, � ∂A∗
1

∂ϕ∗
1

< 0, 7G A∗
1 > 0 -, ���$'%*

)�\>3D`1g�+7Q:B_X�>�1		; G A∗
1 < 0 -, ���$'%	-_%c]�$&

OX(g�7Q:B_X�>�1>r. XÆ.
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\] 5 �� 1)4jkl;C (&)04/1eh)A?:�� (17)1R,-_%	���$'%$'
�$&�8:B_X(: ϕ∗

1
= θ2[Q2−(1−λ)2lQ]

λ(θ2Q2+2ρςσ2) . ϕ∗
1
!� ρ�σ2 
 ς �mv3(:

∂ϕ∗
1

∂ρ = − 2θ2[(Q2−(1−λ)2lQ]ςσ2

λ(θ2Q2+2ρςσ2) ;
∂ϕ∗

1
∂σ2 = − 2θ2[Q2−(1−λ)2lQ]ρς

λ(θ2Q2+2ρςσ2) ;
∂ϕ∗

1
∂ς = − 2θ2[Q2−(1−λ)2lQ]ρσ2

λ(θ2Q2+2ρςσ2) ;
∂ϕ∗

1
∂θ2 = 2ρςσ2 [Q2−(1−λ)2lQ]

λ(θ2Q2+2ρςσ2) . :m�:
∂ϕ∗

1
∂ρ < 0,

∂ϕ∗
1

∂σ2 < 0,
∂ϕ∗

1
∂ς < 0,

∂ϕ∗
1

∂θ2 > 0. 7( ∂θ2

∂θ > 0, O�
∂ϕ∗

1
∂θ > 0.

2) ,-Æ�f	`a;C3kl;C ($&&�/1eh) A?: �� (55) 1R, UA?�-_%	�
��$'%$'�$&�8:B_X(: ϕ∗(θ) =

θ2Q2−(1−λ)2θ2Ql+2λ(1−λ)θQl (1−F (θ))
f(θ)

λθ2Q2+2ςλσ2ρ+2λθQ2 (1−F (θ))
f(θ)

. ϕ∗(θ) !� ρ�σ2 


ς �mv3(:

∂ϕ∗(θ)
∂ρ

= −
2λςσ2(θ2Q2 − (1 − λ)2θ2Ql + 2λ(1 − λ)θQl (1−F (θ))

f(θ) )

(λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ) )

2 ;

∂ϕ∗(θ)
∂σ2

= −
2ςρ(θ2Q2 − (1 − λ)2θ2Ql + 2λ(1 − λ)θQl (1−F (θ))

f(θ) )

(λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ) )

2 ;

∂ϕ∗(θ)
∂ς

= −
2ρσ2(θ2Q2 − (1 − λ)2θ2Ql + 2λ(1 − λ)θQl (1−F (θ))

f(θ) )

(λθ2Q2 + 2ςλσ2ρ + 2λθQ2 (1−F (θ))
f(θ) )

2 .

,�, :m�: ∂ϕ∗(θ)
∂ρ < 0, ∂ϕ∗(θ)

∂σ2 < 0, ∂ϕ∗(θ)
∂ς < 0. �� (51) 1R, ∂ϕ∗(θ)

∂θ > 0. H.A? 1) 3 2) b/1)

X. XÆ.

\] 6 �� >T&)04/1eh-, -_%	���$'%c]�=PPu(:

E (S (ϕ∗
1, A

∗
1)) = U +

1
2
ςλ2τtt

2ϕ∗2
1 σ2 − λ2τtt

2θ2(ϕ∗
1Q − (1 − λ) l)2

4ρ
+ ϕ∗

1

λ2τtt
2θ2 (ϕ∗

1Q − (1 − λ) l)
2ρ

Q,

�+�v�:
∂E(S(ϕ∗

1, A
∗
1))

∂ϕ∗
1

=
λ2τtt

2ϕ∗
1(Q

2θ2 + 2ρςσ2)
2ρ

.

$&&�/1ehA?, ����=PPu(:

E(S(ϕ∗(θ))) =U +
1
2
ςλ2τtt

2ϕ∗2 (θ) σ2 − λ2τtt
2θ2(ϕ∗ (θ)Q − (1 − λ) l)2

4ρ
+

λ2τtt
2θ(ϕ∗ (θ) Q − (1 − λ) l)2 (1 − F (θ))

2ρf (θ)
+ ϕ∗ (θ)

λ2τtt
2θ2 (ϕ∗ (θ)Q − (1 − λ) l)

2ρ
Q.

�+�v�:

∂E(S(ϕ∗(θ)))
∂ϕ∗(θ)

=
λ2τtt

2(ϕ∗(θ)(Q2θ2 + 2ρςσ2 + θQ2 1−F (θ)
f(θ) ) − (1 − λ)lθQ 1−F (θ)

f(θ) )

2ρ
.

XÆ.

\] 7 �� >T���$'%$&04OP/�+A?�, -_%	���$'%c]�=P
Pu(: E(S(ϕ∗(θ))) = U + 1

2 ςλ2τtt
2ϕ∗2(θ)σ2 − λ2τtt

2θ2(ϕ∗(θ)Q−(1−λ)l)2

4ρ + λ2τtt
2θ(Qϕ∗(θ)−(1−λ)l)2(1−F (θ))

2ρf(θ) +

ϕ∗(θ)λ2τtt
2θ2(ϕ∗(θ)Q−(1−λ)l)

2ρ QJS�&)04/1ehA?�,%18:B_X (OX��$&04OP/

�+A?�J,�&)04�$&�83;C��), -_%	���$'%c]�,6Pu7(��
�$'%�$&OP/�+:*L�OPo(:

ΔIF = E(S(ϕ∗(θ))) − E(S(ϕ∗
1, A

∗
1)|ϕ∗

1=ϕ∗(θ)) =
λ2τtt

2θ(Qϕ∗(θ) − (1 − λ)l)2(1 − F (θ))
2ρf(θ)

.

XÆ.

\] 8 �� AC = ςθ2σ2[τttQ
2−(1−λ2)(1−λ)2τtt

2l2]
2Q2θ2+4ρςσ2 , ∂AC

∂ς =
Q2ςθ2σ2(τttQ

2−(1−λ2)(1−λ)2τtt
2l2)

2(Q2θ2+2ρςσ2)2
> 0; ,�1

X ∂AC
∂θ > 0, ∂AC

∂σ2 > 0. XÆ.

\] 9 �� &)04/1ehA?: α∗
0 − α∗

1 = θ2τtt(Q−(1−λ)l)
2ρ − τttθ2(θ2Q3−(1−λ)(θ2Q2+2λρςσ2)l)

2(θ2Q2+2ρςσ2)ρ =
θ2τtt(Q−(1−λ)2l)ςσ2

θ2Q2+2ρςσ2 ≥ 0. 7 α∗
0 ≥ α∗

1, �1�, I∗o ≥ I∗1 . G ς = 0 C σ2 = 0 -, I∗1 = I∗o , α∗
1 = α∗

0; ,�1

X, $&&�OP/^OA?: α∗
0 ≥ α∗(θ), I∗o ≥ I∗(θ). G ς = 0 C σ2 = 0 -, �� θ = θH �, α∗

0 = α∗(θ),

I∗o = I∗(θ). XÆ.
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