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^Dhf\�acRU[]TW\oXU\kh2dU`Ut'acV]�0�oV%[isUZPl>XUgW[]Vo^Dhf\�zO\kl>VoTWj*jU['w TWjUdU`UVbac\kTW[]V�w�TmacR*l>TWVkVkTWjUnqdOZ"aiZ�ZPjUd
[�spX []\kTW[]jUt][]V�hfjU[SlqZ0~�acRUTWjU��hP^ zO\kl>V�TWj_acRU[SVkhP^�aÉwyZP\k[P�fXUROZP\klqZPt][]`pacTWtAZPgWV]�PuUTWhPac[]tiRUjUTWtAZPgphf\
nf[]jU['acTWt�[]jUnfTWjU[][]\kTWjUn�TWjUdU`UVbac\kTW[]V]�0��hMw�['ef[]\]�0acRU[�VcZPl>[�ZP\knf`Ul>[]j}acV&ZPgWVkh�Z"XUXUgm~£ach�VkTmac`OZ"acTWhfjUV
w�RU[]j³zO\kl>VHVk['a�h�g ZPV�XUTWhfjU[][]\kVq^Dhf\HVkhr^ÅZP\qt]`pabvxh�g lqZP\k�P['acVHhf\Ht]hf`Uj�ac\kTW[]V]��¸2TWl>TmgWZP\kg�~f�
TWlqZPnfTmjU[�lqZP\k�P['acVyTWjqw�RUTWtiR�[]VbaiZPuUgWTWVkRU[]dqzO\kl>VyZP\k[o^Dhf\kt][]dHach(^D`UjUdOZPl>[]j�aiZPgWgm~�\k[]hf\kTW[]j�aiZ"ac[
u []tAZP`UVk[�hP^�`Ujp^Dhf\k[]Vk[][]j½X7hfgWTmacTWt]ZPg�hf\_l>TWgmT�aiZP\b~|TWl>X hfjUdU[]\cZPuUTWgmT�acTm[]V]��QSRU[]j.�4acRU[qzO\kl>VYZP\k[
t]hfjp^D\khfj�ac[]d�w�TmacR�Z_\k[]g�Z"acTme�[]gm~>X7h2hf\yTWjp^Dhf\klqZ"acTmhfjquOZPVk[P�OQSRU[£w�[]gWg.�}jUh0w�j�Vbac\c`Ut�ai`U\k[]V�ZPjUd
dOZ"aiZ�^D\khfl aiRU[HXOZPVbaYdUh�jUhPaYt]hf`Uj}a�ZPj�~2l>hf\k[P�4QSRU[�u []VbaYacRU[qzO\kl>V_tAZPj
dUh�TWV�ach*^Dhf\kl
Vkt][]jOZP\kTWhfV_ZPu hP`pa(acRU[]TW\�lqZP\k�P['a_ZPjUdrdU[]lqZPjUd;VkTmac`OZ"acTWhfj.�¹QSRU[]\k['^Dhf\k[P��acRU[]\k[qTWV�jU[]TmacRU[]\_Z
acRU[]hf\k['acTWtAZPg�jUhf\YZPj
[]l>XUTW\kTWtAZPg.Êb`UVbacTmzOtAZ"acTWhfj;aih�gWTWl�T�a(acRU[�ZPjOZPgm~2VkTWV_u�~racRU[�ZPVkVk`Ul>XpacTWhfj
hP^�Z�Vb~2l>l>['ac\kTWt>XU\khfuOZ"uUTWgWTmax~�dUTWVbac\kTWuU`pacTWhfj.�/��dUdUTmacTWhfjOZ"gWg�~f�¹u []VkTWdU[]V�acRU[]hf\k['acTWtAZPg�TWj�ac[]\k[]VbaA�
ZPXUXUgm~2TWjUnHZHdUTWVkt]\k['ac[YZPjUd�jUhPa%ZHt]hfj�acTWj}`Uhf`UV£dUTWVbac\kTWuU`pacTWhfj�^Dhf\�acRU[YZPu7hMef[_\k[AZPVkhfjUV%Vk[][]l>V
[]l>XUTW\kTWtAZPgmg�~ql>hf\k[%XUg�ZP`UVkTWuUgW[P�
QSRU[YZPu7hMef[(t]Tmac[]d*XOZPX7[]\kV£t]hfjUt][]\kjUTWjUnqdU[]lqZPjUd*`UjUt][]\baiZPTWj�aÉ~�ZPjUd�`UVkTWjUnqacRU[(jUhf\klqZPg¹dUTWVÉv
ac\kTWuU`pacTWhfj_VkRUh0w½acROZ"a�¥�hf`U\kjUhPa�zO\kl>V�XU\kh2dU`Ut]TWjUn£ef[]\b~Yt]gWhPVc[yVk`UuUVbacTmac`pac[]V�dUh#jUhPa�[�sptiROZPjUnf[
acRU[]TW\�TWjp^Dhf\klqZMacTmhfj.��w�RU[]\k[AZPVy^Dhf\�jUhPa�e�[]\b~qt]gWhfVk[£Vk`UuUVbacTmac`pac[]VSZPjUdq^Dhf\�acRU[ow�RUhfgW[o\cZPjUnf[ohP^
t]hfl>XUgW[]l>[]j�aiZP\b~qnfh2h}dUV]�UdUTWVkt]gWhfVk`U\k[%TWVSZPgmwyZ0~2V�^ÅZ0efhf`U\cZPuUgW[P�p»xj�t]hfj}ac\cZPVbaA�U`UjUdU[]\���[]\bac\cZPjUd
t]hfl>X ['acTmacTWhPj.�&zO\kl>VYXU\kh2dU`Ut]TWjUn�Vk`UuUVbacTmac`pac[]V>ZPjUd
jUhPaYef[]\b~�t]gWhfVk[�t]hfl>XUgW[]l>[]j�acVYZPgmwyZ0~2V
dUTWVkt]gWhfVk[qacRU[]TW\_XU\kTmePZ"ac[HTWjp^Dhf\klqZMacTWhPj.��hPacRU[]\bw�TWVk[HacRU['~rdUh|jUhPaA���Ohf\(acRU[HtAZPVk[�hP^oZ*Vb~2lYv
l>['ac\kTWt�dUTWVbac\kTWuU`pacTWhfj½w�[*w�TWgWg�t]hfjpzO\klÆacRU[]Vk[�\k[]Vk`UgmacV]�S��h0w�['e�[]\]��^Dhf\�ZrjUhfj2vxVb~2l>l>['ac\kTWt
dUTWVbac\kTWuU`pacTWhfj�hP^�acRU[�\cZPjUdUhfl�ePZP\kT�ZPuUgW[P�pwy[�dU[]\kTme�[#acRU[(jU['w \k[]Vk`Ugma�acROZ"aoTWj�aiRU[(�yZA~f[]VkT�ZPj
�oZPVkR�[]�}`UTWgWTWuU\kTW`Ul��¹acRU[HzO\kl>V(w�TWgWg�dUTWVkt]gWhfVk[qacRU[]TW\(TWjp^Dhf\klqZ"acTmhfj;l>hf\k[qhP^�ac[]jracROZPjr^Dhf\YZ
Vb~2l>l>['ac\kTWt%hfjU[P�
Ñ � ÑkÛxÖ­Ô4Ï�ÐMÐMÚ ôAß ÕMñ�ÖÓØMÑ�ÛÉÑbÕ'Ö­Ò­Ï�Ú2Ú ß åyß Ö�Ö­Ø0ÑbÜ'ÒÓÑbå�ñ'ÑbÕMÑbÒ­Ï�Ú Ú ôoÛbÏ�Õ#æPÑ�Ï�ÐMÐMÒÓÜcó0ß åSÏiÖÓÑk×oæAôoÖÓØMÑ�ÕMÜ'ÒÓåSÏ�Úp×0ßâÔDÖÓÒÓß é
æMÙ0ÖÓß Ü'Õ}í � Ü��@Ñbõ�ÑbÒkäAÖÓØMÑbÕ£ß Ö � Ü'ÙMÚâ×oæPÑ�ÛÉÜ'ÕAõ�ÑbÕMß ÑbÕ]Ö¹ÖÓÜyåyÜM×0ÑbÚ}Ï�Ú Ú�ÖÓØMÑkÔÅÑ�ÔÅß ÕMñ'ÙMÚâÏ�Ò.Ñ � ÑkÛxÖ­Ô¹ÑÉó0ÐMÚ ßâÛÉß ÖÓÚ ô�Ü'Ò&ÏiÖ
Ú ÑkÏ'ÔDÖ.ÖÓÜSåyÑbÕ'ÖÓß Ü'ÕoÖÓØMÑbå£í



�

QSRU[#jU[�s2a�Vc['t'acTWhfj�hP^�acRU[%XOZPX []\SXU\k[]Vk[]j�acV�acRU[#ZPVkVk`Ul>XpacTWhfjUV�ZPjUd�acRU[%TWjp^Dhf\klqZ"akTmhfjHVbac\k`Ut�v
ac`U\k[#hP^�acRU[�l>h}dU[]gÓ�UQSRU[]j.�7Vk[]t'acTWhfj���ZPjOZPgm~2Vk[]V�acRU[#lqZP\k�P['a�[]�}`UTWgWTWuU\kTWZ(^Dhf\yacRU[%aÉw�h>uOZPVkTWt
t]hfl>X ['acTmacTWhPj�^Dhf\kl>VHhP^(»xjUdU`UVbac\kT�ZPg#��t'hfjUhfl>TWt]V]��¥�hf`U\kjUhPa�ZPjUdÇ��[]\bac\cZPjUdÇt]hfl>X ['acTmacTWhPj.�
¸2[]t'acTWhfj�¡*t]hfjUt]gW`UdU[]V]��Vk`Ul>lqZP\kTWVkTWjUn�acRU[H\k[]Vk`UgmacVYZPjUd�t]hfl>XOZP\kTWjUn�acRU[]l�w�TmacRracRU[HhfjU[]V
hfupaiZPTWjU[]d�TWj�l>h}dU[]gWV�ZPVkVk`Ul>TWjUnYacRU[#jUhf\klqZPg@dUTWVbac\kTWuU`pacTWhfj.�

� � ����� �������

QSRU[�lqZP\k�f['a&Vbac\k`Ut'ac`U\k[�TWV¹t]hfl>XU\khfl>TWVk[]d%hP^2axwyh�\kTWVk�ojU[]`pac\cZPg}ZPjUd�XU\khPzUa&lqZMspTWl>TmVkTmjUnyzO\kl>V
i = 1, 2

����hPacRrdU`UhfX hfgWTWVbacV(XU\kh2dU`Ut][HhfjU[HdUTNg@[]\k[]j�aiTWZ"ac[]drnfh2h2d.��QSRU[ �DTWj�ef[]\kVk[���dU[]lqZPjUd
^D`UjUt'acTWhfjUVy^Dhf\yacRU[%aÉw�h>XU\kh}dU`Ut'acVoZP\k[%nfTme�[]j�u�~

pi (qi, qj) = α− β (qi + gqj) , i, j = 1, 2, i 6= j
�É���

w�TmacR
α, β > 0

�
|g| ≤ 1

ZPV�XOZP\cZPl>['ac[]\kV]�
pi
acRU[#XU\kTWt][#hP^�zO\kl

i
ZPjUd

qi
�
qj
acRU[#\k[]VkX []t'acTmef[

hf`pacXU`pacV£hP^�u7hPacR�dU`UhfX hfgWTWVbacV]� �#�Ohf\
g > 0

acRU[Ynfh}h2dUV%ZP\k[_tiROZP\cZPt'ac[]\kTWVk[]d|ZPV£Vk`UuUVbacTmac`pac[]V]�
w�RU[]\k[AZPVY^Dhf\(jU[]n�Z"acTme�[qePZPgW`U[]V_hP^�acRU[�Vk`UuUVbacTmac`UTWuUTWgWT�ax~{XOZP\cZPl>['ac[]\

g
��acRU[HzO\kl>V_XU\kh2dU`Ut][

t]hfl>XUgW[]l>[]j�acVoZPjUd�^Dhf\
g = 0

TWjUdU[]X7[]jUdU[]j}a£nfh2h2dUV]�7QSRU[_`UjUTmaoXU\kh}dU`Ut'acTWhfj�t]hfVbacV£hP^�u7hPacR
zO\kl>V£ZP\k[_ZPVkVk`Ul>[]d�achHu [(TWdU[]j�acTWtAZPg

(ci = cj = c)
�.¥�hfjUVk[]�}`U[]j}acgm~f� w�TmacRUhf`paogWhfVkVohP^�nf[]j2v

[]\cZPgWTmax~HZPjUd�TWj�hf\kdU[]\yachYVkTWl>XUgWTm^�~>acRU[%jUhPaiZ"acTWhfj�h"^�acRU[£^DhfgWgWh0w�TmjUnYZPjOZPgm~2VkTWV]�p^D\khfl jUh0w hfj
α
dU[]jUhPac[]V�acRU[#TWj�ef[]\kVk[�dU[]lqZPjUd�jU['a�hP^4`UjUTma�t]hfVbacV]�OTÓ� [P�

α = α̃− c
w�TmacR

α̃
ZPVSacRU[Zh­ac\k`U[9j

XOZP\cZPl>['ac[]\ShP^�acRU[#dU[]lqZPjUd�^D`UjUt'acTWhfj �Dt'^É�/.0��-6��3����f¢6F(^Dhf\SVkTWl>TWgWZP\yZP\knf`Ul>[]j}acV����
»xj³hf\kdU[]\>ach�l>h}dU[]godU['lqZPjUd³`UjUt][]\baiZPTWj�ax~f��acRU[*dU[]lqZPjUd³XOZP\cZPl>['ac[]\

α
TWVHZPVkVk`Ul>[]d�ach

u [HVbach}t�ROZPVbacTWtP��»xj�t]hfj�ac\cZPVba_ach�acRU[H[�spTWVbacTWjUn*gWTmac[]\cZ"ac`U\k[�w�RUTWtiRr`UVk[]V_acRU[HjUhf\klqZPg�dUTWVbac\kT�v
uU`pacTWhfj �ÅZPV�^Dhf\([�sUZPl>XUgW[JOQ34(�+������f¢P¡U��@!��B
C9DE�{���f¢�?2� .0��-6��3Y���f¢6Fp�����6�6^p�����6�p�f� .0��-6��3i�
U,�6W���XY�;���f¢6�p� _`34"9���6��¤2� aA��34X4*����6�6F6�'�&TWjracRUTWV(XOZPX []\(w�[Hw�TWgWg�Z"jOZPgm~2Vk[qacRU[�tAZPVk[�h"^oZ
jUhfj2vxVb~2l>l>['ac\kTWt#dUTWVbac\kTWuU`pacTWhfj.� ¸2X7[]t]TmzOtAZPgWgm~f�OacRU[]\k[_ZP\k[�axw�hHVbaiZ"ac[]VolqZP\k�P['a£dU['lqZPjUd*lqZA~
aiZP�P[Yhfj.�.»­a#tAZPj|u7[�RUTWnfR

(H)
hf\%gmhMw

(L)
\k[]XU\k[]Vk[]j}ac[]d{u}~�acRU[YTWjUdU[�s

k = L,H
�@QSR2`UV]�

RUTWnfR�dU[]lqZPjUd�TWVydU[]jUhPac[]d�u�~�Z_RUTWnfR�XOZP\cZPl>['ac[]\�e"ZPgW`U[
(αH)

ZPjUd�gWh0wÇdU[]lqZPjUd�u}~�Z_gWh0w
hfjU[

(αL = hαH)
�7w�TmacR

0 ≤ αL ≤ αH
�
0 ≤ h ≤ 1

�V�oV�aiRU[�XOZP\cZPl>['ac[]\
h
TWjUdUTWtAZ"ac[]V�acRU[

\cZ"acTWh�u ['axwy[][]j�acRU[Haxw�h�X hfVkVkTWuUgW[HdU[]lqZPjUdrgW['e�[]gWV]�4Tma_lqZA~{u [Hg�ZPu []gWgW[]drZPV(acRU[�dU[]lqZPjUd

4
÷.ØMßâÔ&×0ÑbåSÏ�Õ"×�Ý�ÙMÕ"ÛxÖÓß Ü'Õ£ÒÓÑkÔÅÙMÚ Ö­Ô@Ý�ÒÓÜ'å½Ï�Õ%Ï�ÐMÐMÒÓÜ'ÐMÒÓßâÏiÖÓÑ��AÙMÏ'×0Ò­ÏiÖÓßýÛ�Ù0ÖÓß Ú ß ÖDô�Ý�ÙMÕ"ÛxÖÓß Ü'Õ£Ü�ÝpÖÓØMÑ�Ö�ôAÐfÑ
U (q0, q1, q2) = q0 + α (q1 + q2)−

β

2

(

q2
1 + 2gq1q2 + q2

2

)

Ü�ÝOÏ�ÒÓÑbÐMÒÓÑkÔÅÑbÕ'Ö­ÏiÖÓß õ'Ñ�ÛÉÜ'Õ"ÔÅÙMåyÑbÒ��¹ß ÖÓØ
q0
ß Õ"×0ßâÛbÏiÖÓß ÕMñ�ÖÓØMÑ�ÛÉÜ'Õ"ÔÅÙMåyÑk×	�]Ù"Ï�Õ]ÖÓß ÖDô�Ü�ÝpÖÓØMÑ�ÕAÙMå�
ÉÒ­Ï�ßâÒÓÑ4ñ'ÜAÜM×�í



¡

ePZP\kT�ZPuUTWgmT�ax~|XOZP\cZPl>['ac[]\]�&ach2hU����hPacRrzO\kl>V(�}jUh0w acROZ"aYZ�gWhMwËhf\_Z�RUTWnfRrdU[]lqZPjUdrh2t]t]`U\kV
w�TmacRYacRU[�XU\khfuOZPuUTWgWT�acTm[]V �

(αL) = κ
ZPjUd��

(αH) = 1−κ
�f\k[]VkX []t'acTmef[]gm~f�}QSRUTWV�l>[AZPjUV�acROZ"a

w�TmacR�ZYRUTWnfRU[]\yePZPgW`U[%hP^
κ
�pacRU[#XU\khfuOZPuUTWgWT�aÉ~qh"^�ZYgWh0w9dU[]lqZPjUd�TWjUt]\k[AZPVk[]V]�

��['^Dhf\k[£acRU[#dU`UhfX hfgWTWVbacVyVbaiZP\ba�t]hfl>X ['acTWjUnU�2acRU['~�TWjUdU[]X []jUdU[]j�acgm~�hfuUVk[]\bef[(ZYXU\kTme"Z"ac[%VkTWnfjOZPg
si
ZPu hf`pa�acRU[oVbach}t�ROZPVbacTWt�dU[]lqZPjUdqXOZP\cZPl>[�ai['\

α
�}QSRU[oVkTWnfjOZPgOlqZ0~YTWjUdUTWtAZ"ac[�RUTWnfR

(siH)
hf\

gWh0wÇdU[]lqZPjUd
(siL)

� �SQSRU[%\k[]g�Z"acTWhfjqu ['axwy[][]j�acRU[%XU\kTmePZ"ac[oVkTWnfjOZPg
si
ZPjUdHacRU[%\k[AZPg@dU[]lqZPjUd

gW['ef[]gA�D\k[]XU\k[]Vk[]j�ac[]d{u�~
α
��TWV£ZPVkVk`Ul>[]d*achHu [_dU['ac[]\kl>TWjU[]d*u�~�aiRU[�^DhfgWgWh0w�TWjUn>t]hfjUdUTmacTWhfjOZPg

XU\khfuOZPuUTWgWT�acTm[]V!�
(sik|αk)

w�RUTWt�R�ZP\k[#t]hfl>l>hfj��}jUh0w�gW[]dUnf[#ach�u7hPacR�zO\kl>V]�

si�
(sik|αk)

siL siH
αL ξ 1− ξ

α
αH 1− ξ ξ

Q4ZPuUgW[Y�f� ¥�hfjUdUT�aiTmhfjOZPg.XU\khfuOZPuUTWgmTmacTm[]VA�
(sik|αk)

�

¥�hfjUVk[]�}`U[]j}acgm~f�.acRU[Y�}`OZPgWTmaÉ~�hP^�acRU[YVcTmnfjOZPg�TWl>XU\kh0ef[]V£w�TmacR|ZPj|TWjUt]\k[AZPVkTWjUn�XU\khfuOZPuUTWgWT�aÉ~
ξ
�

QSRU[�XU\kTmePZ"ac[�VkTWnfjOZPg
si

tAZPj�ZPgWVkh|u [�e2TW['w�[]d�ZPV�acRU[�zO\kl>V���Z|XU\kTWhf\kTyu []gWTW['^DV�ZPu hf`pa�acRU[
dU[]lqZPjUd�gW['e�[]g4w�RUTWtiR{ZP\k[_dUTNg@[]\k[]j�a#u []tAZP`UVk[YacRU[YTWjp^Dhf\klqZMacTmhfj*Vkhf`U\kt][�hf\£TWj�ac[]\kXU\k['aiZ"acTWhfj
l>['acRUh2dYlqZA~_dUTNg@['\A�PQ�h%[]jUVk`U\k[P�2ZPV�TWV�\k[AZPgWTWVbacTmtP�"acROZ"a�acRU[yzO\kl>V�w�TWgWgpZPt'ac`OZPgWgm~�t]hfjUVkTWdU[]\

αL

(αH)
l>hfVba�XU\khfuOZPuUgW[oZ"^�ac[]\�ROZAe2TWjUn(\k[]t][]Tmef[]dqacRU[oVkTWnfjOZPg

siL (siH)
��wy[£ZPVkVk`Ul>[

0.5 ≤ ξ ≤

1
� �(�O\khfl acRU[Yt]hfjUdUTmacTWhfjOZPg4XU\khfuOZPuUTWgWT�acTm[]V%TWj*aiZPuUgW[���Tma%^DhfgWgmh0w�V£acROZ"aA�¹ZPV#gWhfjUn�ZPV

ξ < 1
�

acRU[HXU\khfuUgW[]l�hP^�TmjUt]hfl>XUgW['ac[>TWjp^Dhf\klqZ"acTmhfj{u []t]hfl>[]V_gW[]VkV_Vk['ef[]\k[�dU`U[qach�acRU[�ZPdUdUTmacTWhfjOZPg
VkTWnfjOZPg

si
�OuU`pa�dUh2[]V�jUhPa�dUTWVcZPXUX7[AZP\]�

»xjHacRUTWV�VkTmac`OZ"acTWhfjqhP^&TWjUt]hfl>XUgW[�ai[�TWjp^Dhf\klqZ"acTmhfj�acRU[ozO\kl>VyZP\k[£ZPuUgW[�ach_l_`pac`OZPgWg�~�[�sptiROZPjUnf[
acRU[]TW\yXU\kTmePZ"ac[£TWjp^Dhf\klqZ"acTmhfj.�}QSRU['~�tAZPj�dUhYacROZ"aSu ['^Dhf\k[£acRU['~�VbaiZP\baS[]jUn�ZPnfTWjUnYTWjHt]hfl>X ['acT�v
acTWhfjqhfjqacRU[]TW\�lqZP\k�P['aA�2Q�hY[�spt'gW`UdU[£acRU[oX hfVkVkTWuUTWgWT�aÉ~YhP^/hxVbac\cZ"ac[]nfTWt9j�TWjp^Dhf\klqZ"acTmhfj>[�sptiROZPjUnf[
ZPV�l>h}dU[]gWgW[]d�^Dhf\4[�sUZPl>XUgW[�u�~bKM�%�����)�#�%$@��.0��S9+1B �b���f¢�¤6�&hf\ZD -	�`"0�#C:8
����3
� ���%��+1X>��B��,�É���6�6^����
acRU[�zO\kl>V�ZP\k[�ZPVkVk`Ul>[]dqach�tiRUh2hfVk[�acRU[]TW\�[�sptiROZPjUnf[oVbac\cZ"ac[]nfTW[]V�u ['^DhP\c[�\k[]t][]Tme2TmjUn�acRU[]TW\�XU\kT�v
ePZ"ac[�VkTWnPjOZPgWV]�}�Ohf\�acRUTWV�XU`U\kX7hfVk[P�}acRU['~�[]j}ac[]\�TWj�ach(Z#uUTWjUdUTWjUn�ZPnf\k[][]l>[]j�a�hP^¹['TmacRU[]\�dUTWVkt]gWhfVÉv
TWjUn>hf\��P[][]XUTWjUn>acRU[(XU\kTme"Z"ac[�TWjp^Dhf\klqZ"acTmhfj�ach>acRU[]l>Vk[]gmef[]V]�I�oVo`UVk`OZPg&TWj�acRUTWV�gWTmac[]\cZ"ac`U\k[P�7Z
ac\k`UVbac[][�hf\�Z_ac\cZPdU[�ZPVkVkh}t]T�Z"acTWhfj�w�TWgWg@nf`OZP\cZPj�ac[][%acRUTWVSTWjp^Dhf\klqZ"acTmhPj�[�sptiROZPjUnf[(ZPnf\k[][]l>[]j}aA�

5
î�Õ�ÖÓØMßâÔ@ÛÉÜ'Õ]ÖÓÑÉóAÖkä���ß Õ"×0ÑbÐPÑbÕ"×0ÑbÕ]ÖÓÚ ô��&åyÑkÏ�Õ"Ô7ÖÓØ"ÏiÖ.ß Õ�ÔÅÐMß Ö­Ñ�Ü�Ý2Ï�Õ�ßâ×0ÑbÕ]ÖÓßâÛbÏ�ÚPõ�Ï�Ú ÙMÑ�Ü�Ý�ÖÓØMÑ4ÒÓÑkÏ�Ú ßâÔÅÑk×S×0ÑbåSÏ�Õ"×
Ð"Ï�Ò­Ï�åyÑÉÖÓÑbÒ

α
Ý�Ü'Ò&æPÜ�ÖÓØ%×0ÙMÜ'ÐPÜ'Ú ßâÔDÖ­ÔbäMÜ'ÕMÑ>l"ÒÓå½åSÏcô�Ü'æ"ÔÅÑbÒÓõ'Ñ�Ï�ÐMÒÓß õ�ÏiÖÓÑ�ÔÅß ñ'Õ"Ï�Ú�ß Õ"×0ßâÛbÏiÖÓß ÕMñSØMß ñ'Ø£Ï�Õ"×�ÖÓØMÑ

Ü�ÖÓØMÑbÒ&ÏyÔÅß ñ'Õ"Ï�ÚfÝ�Ü'Ò¹Ú Ü���×0ÑbåSÏ�Õ"×�í
6
÷.ØMßâÔUÏ'ÔÓÔÅÙMåyÐ0ÖÓß Ü'Õ�ß åyÐMÚ ß ÑkÔUÕMÜ4Ú Ü]ÔÓÔpÜ�Ý"ñ'ÑbÕMÑbÒ­Ï�Ú ß ÖDô�æPÑkÛbÏ�Ù"ÔÅÑ ÖÓØMÑ.ÐMÒÓÜ'æ"Ï�æMß Ú ß ÖDô

ξ
ßâÔpÑÉó0Ü'ñ'ÑbÕMÜ'Ù"ÔpÏ�Õ"×�ÛÉÜ'åyåyÜ'Õ

ãAÕMÜ��¹Ú Ñk×0ñ'Ñ.ÖÓÜ�æfÜ�ÖÓØEl"ÒÓåSÔbí'ø"Ü'Ò Ï�õ�Ï�Ú ÙMÑ
ξ < 0.5

ÖÓØMÑbô���Ù"ÔDÖ �@Ü'ÙMÚâ×yÐMÒÓÑkÔÅÙMåyÑ.ÖÓØMÑ�Ü'ÐMÐPÜ]ÔÅß ÖÓÑ&×0ÑbåSÏ�Õ"×yÚ Ñbõ'ÑbÚ
åyÜ'ÒÓÑ�ÐMÒÓÜ'æ"Ï�æMÚ Ñ'äAßWí Ñ'í0Ý�Ü'Ò.ÖÓØMÑ�ÔÅß ñ'Õ"Ï�Ú

siL (siH)
ÖÓØMÑbô �@Ü'Ù0Úý×�ÑÉó0ÐPÑkÛxÖ�Ï�ØMß ñ'Ø_û�Ú Ü���ü.×0ÑbåSÏ�Õ"×�í



?

»­^�acRU[qaxw�h�t]hfl>X ['acTmachf\kV(t]hfl>l>T�a�acRU[]l>Vk[]gmef[]V_ach*t]hfl>XUgW['ac[qdUTWVkt]gWhfVk`U\k[P��acRU[�ZPl>hf`Uj�a_hP^
TWjp^Dhf\klqZ"acTmhfj�t]hfjUt][]\kjUTWjUn°acRU[;[�spX []t'ac[]d dU[]lqZPjUd9gW['ef[]g�u hPacR9zO\kl>V�X hfVkVk[]VkV�TWjUt]\k[AZPVk[]V
^D\khfl hfjUgm~rt]hfj�aiZPTWjUTWjUn*acRU[]TW\_hMwSj½XU\kTmePZ"ac[�TWjp^Dhf\klqZMacTmhfj

(zi = {si}
�
zj = {sj})

u ['^Dhf\k[
[�sptiROZPjUnf[P�4ach*t]hfj�aiZPTWjUTWjUn�u hPacRrVkTWnfjOZPgWV

(zi = zj = {si, sj})
Z"^�ac[]\bwSZP\kdUV]�&��RU[]j�Vk`UuUVk[�v

�}`U[]j�acgm~>t]hfl>X ['acTWjUn�hfj>acRU[ot]hfl>l>h2dUTmax~YlqZP\k�P['a�acRU['~>lqZP�P[o`UVk[ohP^.acRUTWV�u7['akac[]\�TWjp^Dhf\klqZMv
acTWhfj�uOZPVk[P���o^�t]hf`U\kVk[P�¹TWj|tAZPVk[>hP^�jUh�dUTWVkt]gWhfVk`U\k[_acRU[�TWjp^Dhf\klqZ"acTmhfj�\k[]lqZPTWjUV£`UjUtiROZPjUnf[]d.�
zi = {si}

�
zj = {sj}

�¹�yZPVkTWtAZPgWgm~f�7acRU[YzO\kl>V£w�TWgWg�ZPgmwyZA~2V#[�sptiROZPjUnf[YacRU[]TW\%XU\kTmePZ"ac[_TWjp^Dhf\Év
lqZ"acTWhfjHTm^&acRU['~�[�spX []t'aot]hfl>X7['acTmacTWhfj�Tmj}ac[]jUVkTmax~qach�\k[]dU`Ut][�ZPV�ZY\k[]Vk`UgmaA�pacRU[]\k[]u�~�[]jUVk`U\kTWjUn
RUTWnfRU[]\SXU\khPzUacV]�
Q�h�Vk`Ul>lqZP\kTWVk[P��TWj°acRUTWVqaÉw�h�Vba�Z"nf[�n�ZPl>[*hP^�TWjUt'hfl>XUgW['ac[�TWjp^Dhf\klqZ"acTmhfj.��acRU[*acTWl�[�ZPjUd
TWjp^Dhf\klqZ"acTmhfjHVbac\k`Ut'ac`U\k[�hP^�acRU[%zO\kl>VS\k[]Vk`UgmacV�ZPV]�

�f��TWjp^Dhf\klqZ"acTmhPj�[�sptiROZPjUnf[P�

�ÅZ��Ht]hfl>l>hfj
�}jUh0w�gW[]dUnf[�hP^�acRU[�aÉw�h{VbaiZ"ac[]V>hP^odU[]lqZPjUd
αH

ZPjUd
αL

w�TmacR�acRU[
t]hf\k\k[]VkX hfjUdUTWjUn>XU\khfuOZPuUTWgWT�acTm[]V

1− κ
ZPjUd

κ �
�DuV�HdU[]t]TWVkTWhfj�ZPu hf`paSacRU[#TWjp^Dhf\klqZ"acTmhfj�[�sptiROZPjUnf[�u []ROZAe2TWhf`U\ �
�Dt���VkTWnfjOZPg

si
ZPu hf`paSacRU[#dU[]lqZPjUd�gW['e�[]gÓ�UnfTmef[]j�acRU[#XU\khfuOZPuUTWgWT�aÉ~

ξ �
�DdV�HTWjp^Dhf\klqZ"acTmhfj�[�sptiROZPjUnf[�hf\SjUhPa�dU[]X []jUdUTWjUn>hfj�acRU[#\k[]Vk`Ugma�hP^4VbaiZPnf[����DuV� �
�D[���TWjp^Dhf\klqZ"acTmhfj�Vk['a

zi
�

¤2��t]hfl>l>h}dUTmax~qlqZP\k�f['a�t]hfl>X ['acTmacTWhPj.�

� �	�y�4���#�%$&�'�_����!°$���� ������� �'�	���4�A�

»xj�acRUTWVSVk[]t'acTWhfj�wy[%w�TWgWg.ZPjOZPgm~2Vk[£aiRU[%uOZPVkTWt#lqZ"\c�P['a�[]�}`UTWgWTWuU\kTWZ_hP^4»xjUdU`UVbac\kT�ZPg¹��t]hfjUhfl>TWt]V]�
acRU[�¥�hf`U\kjUhPa�[]�}`UTWgWTWuU\kTWZ�w�TmacR��}`OZPj�acTmaÉ~qt]hfl>X ['acTmacTWhfjHZPjUd�acRU[#��[]\bac\cZPjUd�[]�}`UTWgWTWuU\kT�Z#w�TmacR
XU\kTWt][�t]hfl>X7['acTmacTWhfj.�4»xj½acRU[�t]hf`U\kVk[�hP^oacRUTWV�ZPjOZPgm~2VkTWV]��acRU[]Vk[�[]�}`UTWgWTWuU\kTWZ�w�TWgWgyu7[�dU[]\kTmef[]d
dU[]X []jUdUTWjUn>hfj�acRU[#[�spTWVbacTWjUn�TWjp^Dhf\klqZ"acTmhPj�Vk['aoZ0e"ZPTWg�ZPuUgm[oach�acRU[%zO\kl>V]�
»xj½acRUTWVYaÉw�h"vxVbaiZPnf[�l>h2dU[]gÓ�4acRU[�zO\kl>V�ROZAe�[�axwyh{dU[]t]TWVkTWhfj½XOZP\cZPl>['ac[]\kV>u�~
wSRUTWt�R°lqZMs}v
TWl>TmVk[�aiRU['TW\�[�spX []t'ac[]dqXU\khPzUacV]��»xj�acRU[y^DhfgWgWh0w�TWjUnU�Mw�[Sw�TWgWgpdU[]\kTmef[SacRU[�\k[]VkX7[]t'acTme�[�[]�}`UTWgWTWuU\kT�Z
t]hfl>XOZP\kTWjUnracRU[�[�spX []t'ac[]d XU\khPzUacVHaiROZMa�\k[]Vk`Ugma�w�TmacR hxjUh
TWjp^Dhf\klqZ"akTWhPj³[�sptiROZPjUnf[9j;ZPjUd
hxt]hfl>XUgW['ac[>TWjp^Dhf\klqZ"acTmhfj{[�spt�ROZPjUnf[9ji�4»xj�hf\kdU[]\�ach*hfupaiZPTWj;acRU[H\k[]Vk`UgmacTWjUn*�yZA~�[]VkT�ZPj��oZPVkR
[]�}`UTWgWTWuU\kTWZp�"w�[�w�TWgWgUVkhfgmef[SacRUTWV�hfXpacTWl>TmVcZ"acTmhfjYXU\khfuUgW[]l u�~YacRU[�VbaiZPjUdOZP\kdquOZPti��wyZP\kdqTWjUdU`Ut�v
acTWhfj�l>['acRUh2d.�



F

����� ���	��
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���

�Ohf\klqZPgmg�~f�facRU[%¥�hf`U\kjUhPay[]�}`UTWgWTmuU\cTWZ%hP^.acRUTWV�l>h2dU[]g7t]hfjUVkTWVba�hP^.acRU[ohf`pacXU`paygW['ef[]gWV�ZPjUdH[AZPtiR
t]hfl>X ['acTmachf\�� V�dU[]t]TmVcTmhfjHw�RU['acRU[]\yach_[�spt�ROZPjUnf[%TWjp^Dhf\klqZ"acTmhPjqhf\yjUhPaA�pQSRU[]\k['^Dhf\k[P�pacRU[ozO\kl>V
tiRUh2hfVk[�acRU[]TW\4\k[]VkX7[]t'acTme�[yhf`pacXU`pa�gW['ef[]gWV4dU[]X []jUdU[]j�a�hfj(acRU[]TW\4TWjp^Dhf\klqZMacTWhPj(Vk['acV

zi
�
i = 1, 2

�
TWj>hf\kdU[]\�ach(l>ZMspTWl>TmVk[�[�spX []t'ac[]d�XU\khPzUacV]�}��TmacR>acRU[�dU[]lqZPjUd>^D`UjUt'acTWhfjb�É����ZPjUdqnfTmef[]j>acRU[
TWjp^Dhf\klqZ"acTmhfjHVk['a

zi
�UacRU[#[�spX7[]t'ac[]d*XU\khPzUa�hP^4zO\kl

i
TWV

� (
πCi
∣

∣ zi
)

=
�
{{[α− β (qi + gqj)] qi} |zi}

�Ó¤6�

w�TmacR�acRU[%TWjUdU[�s
C
TWjUdUTWt]Z"acTWjUn�¥�hf`U\kjUhPa�t'hfl>X ['acTmacTWhfj.�UÂ�ZMspTWl>TWVkTWjUn(acRUTWVS[�spX7[]t'ac[]d*XU\khPzUa

�Ó¤6��gW[AZPdUVyach�acRU[#\k[AZPt'acTWhfj�^D`UjUt�aiTmhfj�hP^4zO\kl
i
� �

q∗i (zi) =
1

2β

[ �
(α |zi )− gβ

� (
q∗j |zi

)] �Å���

QSRU[|zO\kl>V�ZP\k[|Vb~2l>l>['ac\kTWt�TWjÇZPgWg%Z"VcX7[]t'acV�w�TmacR�acRU[|[�spt][]XpacTWhfjÇhP^(acRU[]TW\�TWjp^Dhf\klqZ"acTmhPj
Vk['aA��¥�hfjUVk[]�}`U[]j}acgm~P��Tm^#acRU[�TWjp^Dhf\klqZ"acTmhfj�Vk['a�TWVHTWdU[]j}acTWtAZPg�^Dhf\Hu hPacR.��acRU['~�ZPgWVkh�u []ROZAef[
Vb~2l>l>['ac\kTWtAZPgWg�~>TWjHacRU[£[]�}`UTWgWTWuU\kTW`Ul��2QSRUTWVyl>[AZPjUVyacROZ"ayacRU['~Ht�RUh}hfVk[�Z"j�TWdU[]j�acTWtAZPg hf`pacXU`pa
q∗1k = q∗2k = q∗k

^Dhf\yacRU[#VkTWnfjOZPg
sik

�OTWjUdUTWtAZ"acTmjUn_acRU[#VbaiZ"ac[#hP^4dU[]lqZPjUd
k (k = L,H)

�
»xjUVk[]\bacTWjUn�acRU[�\k[AZPt�aiTmhfj�^D`UjUt'acTWhfj5�Å����Tmj}ach%acRU[�XU\khPzUa�^D`UjUt'acTWhfj5�Ó¤6��gW[AZPdUV�ach#acRU[�^DhfgWgWh0w�TWjUn
[�spX []t'ac[]d�XU\khPzUa�hP^UzO\kl

i
TWj(\k[]dU`Ut][]d_^Dhf\kl w�RUTWtiRYdU[]X7[]jUdUV�hfj(acRU[SZAe"ZPTWg�ZPuUgW[�TWjp^Dhf\klqZ"acTmhPj

Vk['a�dU['ac[]\kl>TWjU[]d�u�~HacRU[#[�sptiROZPjUnf[�u []ROZAe2TWhf`U\�hP^�acRU[%zO\kVba�Vbac[]X.�

� (
πCi
)

= β
� {

[q∗i (zi)]
2} �D¡��

¾�VkTWjUn7�D¡���TmaYTmVYjUh0wÁX7hfVkVkTWuUgW[qach�dU['ac[]\kl>TWjU[HacRU[H[�spX []t'ac[]d°[]�}`UTWgWTWuU\kTm`Ul�XU\khPzUacV]�M�oVYTWV
VbaiZPjUdOZP\kd�TWj�aiRU[([�spTWVbacTWjUnHTWjp^Dhf\klqZ"acTmhfj�[�spt�ROZPjUnf[_gWTmac[]\cZ"ac`U\k[P�Owy[(w�TWgWg&dU[]\kTmef[(acRU[_TWjUt][]j2v
acTmef[]V_ach|VkROZP\k[HacRU[�XU\kTmePZ"ac[HTWjp^Dhf\klqZ"acTmhfjrTWj
Z*t]hfl>XOZP\cZ"acTme�[qVbaiZ"acTWtHlqZPjUjU[]\]��ZPjOZPgm~2VkTWjUn
hfjUgm~(acRU[Saxw�h�[�s2ac\k[]l>[StAZPVk[]V�hP^VhxjUh#TWjp^Dhf\klqZMacTmhfjY[�sptiROZPjUnf[9j�ZPjUd hxt]hfl>XUgW['ac[yTWjp^Dhf\klqZ"acTmhPj
[�sptiROZPjUnf[9ji�

7
÷.ØMÑ�ÔÅÙ���ÛÉß ÑbÕ]Ö�ÛÉÜ'Õ"×0ß ÖÓß Ü'Õ£Ý�Ü'Ò�ÐMÒÓÜ9lMÖ4åSÏió0ß åyßâÔÅß ÕMñ�ßâÔ&ñ'Ú Ü'æ"Ï�Ú Ú ôoåyÑÉÖ�
 ∂2 � (πi)

∂q2
i

= −2β < 0
í6�&Õ�Ï'ÔDÖÓÑbÒÓßâÔÅã

Ï�Ú �.ÏkôMÔ.ÔÅôAå�æfÜ'Ú ßâÔÅÑkÔ@Ñ �]ÙMß Ú ß æMÒÓß ÙMå½õiÏ�Ú ÙMÑkÔbí
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»­^�acRU[>t]hfl>X7['acTmachf\kV#dUh�jUhPa�[�sptiROZPjUnf[�acRU[]TW\#XU\kTmePZ"ac[YTWjp^Dhf\klqZ"acTmhfj.� acRU[>TWjp^Dhf\klqZ"acTmhfj�Vk['a
hP^.zO\kl

i
hfjUgm~�t]hfjUVkTWVbacV�hP^.acRU[oh0w�jHXU\kTmePZ"ac[�VkTWnfjOZPg ZPu7hf`pa�acRU[odU[]lqZPjUdqgW['ef[]g

(zi = {si})
�

��[]tAZP`UVk[�hP^7acRU[SZPVkVk`Ul>XpacTWhfj
ξ ≥ 0.5

ZPjUdYjUh#ZPdUdUTmacTWhfjOZPg2TWjp^Dhf\klqZMacTmhfj(^D\khfl acRU[yt]hfl>X ['acT�v
achf\]�pzO\kl

i
w�TmgWg@TWjp^D[]\

αk (k = L,H)
^D\khfl

sik
ZPjUd�w�TWgWg@tiRUh2hfVk[%acRU[#['�}`UTWgWTWuU\kTW`Ul hf`pacXU`pa

qk
�

¾�VkTWjUnoacRU[�\k[]VkX []t'acTmef[SXU\khfuOZPuUTWgWT�acTm[]V]�0^D\khfl acRU[�\k[AZPt'acTWhfj(^D`UjUt'acTWhfj �Å���&hP^OzO\kl
i
�"w�[yhfupaiZPTWj

^Dhf\yacRU[#XU\kTmePZ"ac[%VkTWnfjOZPg
siL

w�RUTWtiR�TWjUdUTWtAZ"ac[]VSgWh0w9dU[]lqZPjUd

�
(sL) qL =

1

2β
{
�
(αL, sL)αL +

�
(αH , sL)αH

−gβ [
�
(sL, sL) qL +

�
(sL, sH) qH ]}

�:?6�

ZPjUd�^Dhf\
siH

TWjUdUTWtAZ"acTWjUn_RUTWnfR�dU[]lqZPjUd.�

�
(sH) qH =

1

2β
{
�
(αL, sH)αL +

�
(αH , sH)αH

−gβ [
�
(sH , sL) qL +

�
(sH , sH) qH ]}

�[F��

QSRU[]Vk[�[]�}`OZ"acTWhfjUVw�:?6�yZPjUdL�[F���tAZPj�u7[#t]hflYuUTWjU[]d�achYacRU[%^DhfgWgmh0w�TWjUnY[]�}`OZMaiTmhfj�Vb~2Vbac[]l��

αH

β

(

h
�
(αL, sL) +

�
(αH , sL)

h
�
(αL, sH) +

�
(αH , sH)

)

=

(

2
�
(sL) + g

�
(sL, sL) g

�
(sL, sH)

g
�
(sH , sL) 2

�
(sH) + g

�
(sH , sH)

)(

qL

qH

)

�Ó¦6�

¥�hf\k\k[]VkX hfjUdUTWjUnYach�aiZPuUgW[_�f�UacRU[%e"ZP\kTWhf`UV�XU\khfuOZ"uUTWgWTmacTm[]VyhP^�acRU[#[]�}`OZ"acTWhfj�Vb~2Vbai['l �Ó¦6�yZP\k[P�

�
(αL, sL) = κξ

�Å¢��
�
(αH , sL) = (1− κ) (1− ξ)

�[���
�
(αL, sH) = κ (1− ξ)

�É��^��
�
(αH , sH) = (1− κ) ξ

�É�f���
�
(sL) = κξ + (1− κ) (1− ξ)

�É�M¤6�
�
(sH) = κ (1− ξ) + (1− κ) ξ

�É�0���



¢

�
(sL, sL) = κξ2 + (1− κ) (1− ξ)2

�É�A¡��
�
(sL, sH) = ξ (1− ξ)

�É��?6�
�
(sH , sL) = ξ (1− ξ)

�É��F��
�
(sH , sH) = κ (1− ξ)2 + (1− κ) ξ2 �É�M¦6�

¾�VkTWjUn>acRU[]Vk[_XU\khfuOZPuUTmgWTmacTm[]Vw�Å¢���vP�É�M¦6�i�7acRU[�[]�}`OZ"acTWhfj*Vb~2Vbac[]l �Ó¦6�SVkhfgmef[]V�^Dhf\�acRU[([]�}`UTWgWTWu2v
\kTW`UlÁhf`pacXU`pacVS^Dhf\yacRU[#\k[]VkX []t'acTmef[�VkTWnfjOZPgWVyTWjUdUTWtAZ"acTWjUn_gWhMw9hf\SRUTWnfR�dU['lqZPjUd�ZPVS^DhfgWgmh0w�V]�

qL =
αH

(2 + g) β
[

2ξ (ξ − 1)− (2 + g)κ (1− κ) (1− 2ξ)2
]

· {hκξ [2 (κ+ ξ − 2κξ) + g (κ+ 2ξ − 2κξ − 1)]

+ (1− κ) (1− ξ) [2ξ + (2 + g)κ (1− 2ξ)]}
�É�0¢��

qH =
αH

(2 + g) β
[

2ξ (ξ − 1)− (2 + g)κ (1− κ) (1− 2ξ)2
]

· {hκ (1− ξ) {2 [1− ξ − κ (1− 2ξ)] + g (1− κ) (1− 2ξ)}

+(1− κ) ξ [2 (1− ξ)− (2 + g)κ (1− 2ξ)]}
�É�����

��TmacR½acRU[�[]�}`OZ"acTWhfjUVb�D¡��i�Z�É�M¤6�i�Z�É�0���i�Z�É�0¢���ZPjUd �É�����YTWj
acRU[�jUhrTWjp^Dhf\klqZ"acTmhfj
VkROZP\kTWjUn
¥�hf`U\kjUhPa�[]�}`UTWgWTWuU\kTm`Ul

(NN)
�pacRU[#[�spX []t'ac[]d*XU\khPzUa�hP^�zO\kl

i
TWV]� �

πCiNN = β
� {

[qi (si)]
2}

= β
[ �
(sL) q

2
L +

�
(sH) q

2
H

]

=
α2
H

(2 + g)2 β
[

(2 + g)κ (1− κ) (1− 2ξ)2 + 2ξ (1− ξ)
]2

·
{

h2κ2
{

ξ2 [2 (κ+ ξ − 2κξ) + g (κ+ 2ξ − 2κξ − 1)]2

· [κξ + (1− κ) (1− ξ)]

+ (1− ξ)2 {2 [1− ξ − κ (1− 2ξ)] + g (1− κ) (1− 2ξ)}2

· [κ (1− ξ) + (1− κ) ξ]}

+2hκ (1− κ) ξ (1− ξ)

· {[2 (κ+ ξ − 2κξ) + g (κ+ 2ξ − 2κξ − 1)] [2ξ + (2 + g)κ (1− 2ξ)]

8 NN
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�

· [κξ + (1− κ) (1− ξ)] + {2 [1− ξ − κ (1− 2ξ)] + g (1− κ) (1− 2ξ)}

· [2 (1− ξ)− (2 + g)κ (1− 2ξ)] [κ (1− ξ) + (1− κ) ξ]}

+(1− κ)2
{

(1− ξ)2 [2ξ + (2 + g)κ (1− 2ξ)]2 [κξ + (1− κ) (1− ξ)]

+ξ2 [2 (1− ξ)− (2 + g)κ (1− 2ξ)]2 [κ (1− ξ) + (1− κ) ξ]
}} �Ó¤�^��

�oV�tAZPj_u [�Vk[][]jY^D\khfl []�}`OZ"acTWhfj �Ó¤�^����MacRU[y[�spX7[]t'ac[]d�XU\khPzUa�TWj�acRU[�jUh£TWjp^Dhf\klqZ"acTmhfj�VkROZP\kTWjUn
¥�hf`U\kjUhPa£[]�}`UTmgWTWuU\kTW`Ul

πCiNN = πCiNN (αH , β, g, h, κ, ξ)
dU[]X []jUdUV£hfj�acRU[(dU[]lqZPjUd*XOZP\cZPl_v

['ac[]\kV
αH

�
β
�
g
ZPjUd

h
�7ZPVywy[]gWg¹ZPV�hfj�acRU[#XU\khfuOZPuUTWgWTmakTW[]V

κ
ZPjUd

ξ
�

��������� � µ ©����Dª�J0ª�´]«&¬­µ7K"©;LpJM¶Dµ « �
	&N"±&LO«&®7ª

»­^oacRU[�zO\kl>V�dUTWVkt]gWhfVk[�acRU[]TW\YTWjp^Dhf\klqZ"acTmhfj
t]hfl>XUgW['ac[]gm~P��acRU[�TWjp^Dhf\klqZMacTmhfj
Vk['aqhP^£u hPacR½TWV
TWdU[]j�acTWtAZPgSZPjUd°t]hfjUVkTWVbacV>hP^�acRU[�axwyh{XU\kTme"Z"ac[�dU[]lqZPjUd½VkTWnfjOZPgWV]�

zi = {si, sj}
�
i = 1, 2

�
i 6= j

�OQSRU[#hfXpacTWlqZPgmTmax~qt]hfjUdUTmacTWhfj �Å����hP^�zO\kl
i
tAZPj�u [#[�spXU\k[]VkVk[Ad*ZPV]�

qi (si, sj) =
1

2β
{
�
[α |(si, sj) ]− gβqj (si, sj)}

�Ó¤2���

�oV_acRU[qzO\kl>VYZP\k[HVb~2l>l>['ac\kTWtP�&acRU['~rt]hfjUVk[]�}`U[]j}acgm~rXU\kh2dU`Ut][HacRU[HTWdU[]j}acTWtAZPg�[]�}`UTWgWTWuU\kTm`Ul
hf`pacXU`pa

qi (si, sj) = qj (si, sj) =: q (si, sj)
�OQSRUTWV�TWl>XUgmTm[]Vy^Dhf\S[]�}`OZ"acTWhfj �Ó¤2���i�

q (si, sj) =

�
[α |(si, sj) ]

(2 + g) β

�Ó¤f¤6�

¾�VkTWjUn;acRU[�XU\khfuOZPuUTWgWT�acTm[]V>TWj°aiZPuUgW[{��ZPjUd³�yZA~�[]V���acRU[]hf\k[]l���acRU[�acRU\k[][*X hfVkVkTWuUgW[�VkTWnfjOZPg
t]hfl_uUTWjOZ"acTWhfjUV

(sL, sL)
�
(sL, sH)

ZPjUd
(sH , sH)

gW[AZPd�ach�acRU[�acRU\k[][ot]hf\k\k[]VkX7hfjUdUTWjUn(hf`pacXU`pa
gW['ef[]gWV

qLL
�
qLH

ZPjUd
qHH

�

qLL =
1

(2 + g) β
{
�
[αL |(sL, sL) ]αL +

�
[αH |(sL, sL) ]αH}

=
αH
[

hκξ2 + (1− κ) (1− ξ)2
]

(2 + g) β
[

κξ2 + (1− κ) (1− ξ)2
]

�Ó¤P���

qLH =
1

(2 + g) β
{
�
[αL |(sL, sH) ]αL +

�
[αH |(sL, sH) ]αH}



��^

=
αH [hκ+ (1− κ)]

(2 + g) β

�Ó¤"¡��

qHH =
1

(2 + g) β
{
�
[αL |(sH , sH) ]αL +

�
[αH |(sH , sH) ]αH}

=
αH
[

hκ (1− ξ)2 + (1− κ) ξ2
]

(2 + g) β
[

κ (1− ξ)2 + (1− κ) ξ2
]

�Ó¤6?6�

¾�VkTWjUn(acRU[£[]�}`OZ"acTWhfjUV��D¡����/�É�A¡����/�É��?6�i�Q�É�M¦6��ZPjUd �Ó¤P����v!�Ó¤6?6���}acRU[£[�spX []t'ac[]d�XU\khPzUayhP^¹zO\kl
i
TWj�acRU[(¥�hf`U\kjUhPa�[]�}`UTWgWTWuU\kTW`Ul w�TmacR�t]hfl>XUgW['ac[%Tmjp^Dhf\klqZ"acTmhfj�[�sptiROZPjUnf[

(RR)
TWV]� �

πCiRR = β
� {

[qi (si, sj)]
2}

= β
[ �
(sL, sL) q

2
LL + 2

�
(sL, sH) q

2
LH +

�
(sH , sH) q

2
HH

]

=
α2
H

(2 + g)2 β
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]

·
{

h2κ2
{

ξ4
[

κ (1− ξ)2 + (1− κ) ξ2
]

+2ξ (1− ξ)
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]

+(1− ξ)4
[

κξ2 + (1− κ) (1− ξ)2
]}

+2hκ (1− κ) ξ (1− ξ) {ξ (1− ξ) [1− 2ξ (1− ξ)]

+2
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]}

+(1− κ)2
{

(1− ξ)4
[

κ (1− ξ)2 + (1− κ) ξ2
]

+2ξ (1− ξ)
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]

+ξ4
[

κξ2 + (1− κ) (1− ξ)2
]}} �Ó¤�F��

�oV�tAZPjHu [oVk[][]jH^D\khflË[]�}`OZ"acTWhfjb�Ó¤�F�����acRU[o[�spX []t'ac[]d�XU\khPzUa�TWj>acRU[ot]hfl>XUgW['ac[�TWjp^Dhf\klqZ"acTmhPj
VkROZP\kTWjUn�¥�hf`U\kjUhPa#[]�}`UTWgWTWuU\kTW`Ul

πCiRR = πCiRR (αH , β, g, h, κ, ξ)
dU[]X7[]jUdUV(hfj�acRU[�dU[]lqZPjUd

XOZP\cZPl>['ac[]\kV
αH

�
β
�
g
ZPjUd

h
�7ZPVywy[]gWg¹ZPV�hfj�acRU[#XU\khfuOZPuUTWgWT�acTm[]V

κ
ZPjUd

ξ
�

9 RR
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�f�

������� � ¯ ±�¶ÅN"±°´]«&¬­µ7K"©;LpJM¶Dµ « �
	&N"±&LO«&®7ª��@J0KMLpJ0ª}®�����µ��S¶DK"©rI � ±&µ.µ I]ªU·

QSRU[�dU[]t'TWVkTWhfj
t]\kTmac[]\kTWhPjr^Dhf\(acRU[�XU\khPzUaYlqZMspTWl>TmVkTWjUn�zO\kl>VYTWV(acRU[�dUTNg@[]\k[]jUt][�TWjracRU[�\k[�v
VkX []t'acTmef[£[�spX []t'ac[]d�XU\khPzUacV

∆πCiRR/NN := πCiRR− πCiNN

�2QSRUTWVy\k[	�O[]t'acVyacRU[ozO\kl � V�\cZ"acTWhfjOZPgm[
acROZ"a�Tma�wyZPj�acV�ach(tiRUh2hfVk[�acRU[oVbac\cZ"ac[]nP~YacROZ"a�u [AZP\kV�acRU[oRUTWnfRU[]Vba�X7hfVkVkTWuUgW[�[�spX7[]t'ac[Ad�XU\khPzUaA�
�Ohf\£ZHX7hfVkTmacTme�[(XU\khPzUa£dUTNg@[]\k[]jUt][P�@acRU['~�w�TWgWg&[�sptiROZPjUnf[YacRU[]TW\oXU\kTmePZ"ac[(TWjp^Dhf\klqZ"acTmhfj.�O^Dhf\£Z
jU[]n�Z"acTmef[�acRU['~�w�TWgWg2jUhPaA�P¾�VkTWjUn£acRU[yt]hfl>XUgW['ac[�[�sptiROZPjUnf[SXU\khPzUai�Ó¤�F6�4ZPjUd(acRU[yjUh%[�sptiROZPjUnf[
XU\khPzUaw�­¤#^����p^Dhf\yacRU[#dUTNg@[]\k[]jUt][#w�[#hfupaiZPTWj�Z_^D`UjUt'acTWhfj.� 	�


∆πCiRR/NN = ∆πCiRR/NN (αH , β, g, h, κ, ξ)

∼ ∆πCiRR/NN (g, κ, ξ)
�Ó¤f¦6�

QSRU[#VkTWnfj�hP^&acRUTWVSXU\khfX hf\bacTWhfjOZPgmT�aÉ~>tAZPjUjUhPa�u [�ZPjOZPgm~}acTWtAZPgmg�~qdU['ac[]\kl>TWjU[]d�`UjOZPl_uUTWnf`Uhf`UVkgm~f�
��hPacR�[�spX []t'ac[]d�XU\khPzUacV �Ó¤�^���ZPjUdc�Ó¤�F��SdU[]X7[]jUd�hfj�acRU[([�sphfnf[]jUhf`UV£dU[]lqZ"jUd*XOZP\cZPl>['ac[]\kV
αH

�
β
�
g
ZPjUd

h
Z"jUd�hfj_acRU[P�D[]�}`OZPgWgm~�[�sphfnf[]jUhf`UV���XU\khfuOZPuUTWgWT�acTm[]V

κ
ZPjUd

ξ
�PQSRUTWV�ZPgWVkh£RUhfgWdUV

^Dhf\�acRU[£dUTNg@[]\k[]jUt][£TWjq[�spX []t'ac[]d�XU\khPzUacV��­¤P¦6���p��hMw�['ef[]\]�pacRU[£VkTWnfjHhP^¹acRU[£XU\khPzUaydUTNg@[]\k[]jUt][
hfjUgm~HdU[]X []jUdUV�hfj�acRU[#Vk`UuUVbacTmac`pacTWhfj�XOZP\cZPl>['ac[]\

g
ZPjUd�hfj�acRU[#XU\khfuOZPuUTWgWT�acTW['V

κ
ZPjUd

ξ
�

��~�t]hfj}ac\cZPVbaA�OacRU[�hPacRU[]\�dU[]lqZPjUd�XOZP\cZPl>['ac[]\kV]�7TÓ� [P�UacRU[_ZPuUVkhfgW`pac[#dU[]lqZPjUd�gW['ef[]g
αH

�OacRU[
dU[]lqZPjUd_ePZP\kT�ZPuUTWgmT�ax~

h
ZPjUd_acRU[SXOZP\cZPl>['ac[]\

β
�PROZAef[SjUh%TWj��O`U[]jUt][Shfj_acRU[SdU[]t]TWVkTWhfjYZPV�acRU['~

hfjUgm~(^D`UjUt'acTWhfj�ZPV�VkRUTm^�a�XOZP\cZPl>['ac[]\kV]�f»xjqZPdUdUTmacTWhfj(ach%acRU[]Vk[�nf[]jU[]\cZPgOVbaiZ"ac[]l>[]j�acV�ZPu7hf`pa�acRU[
\k[]gW['ePZPjUt'[qhP^�acRU[�ePZP\kTWhf`UV#XOZP\cZPl>['ac[]\kV�hP^�acRU[>l>h2dU[]gÓ�.j2`Ul>[]\kTWt]ZPg�ZPjOZPgm~2VkTWV#gW[AZPdUV#ach�acRU[
^DhfgWgWh0w�TmjUn(\k[]Vk`UgmacV]�UVkRUh0w�j�nf\cZPXURUTWtAZPgWg�~>TWjqacRU[£zOnP`U\c['V%�ov��p�pQSRU[]Vk[£zOnf`U\k[]VS\k[]XU\k[]Vk[]j}aSacRU[
[�spX []t'ac[]d>XU\khPzUa�dUTNg@[]\k[]jUt][

∆πCiRR/NN

dU[]X []jUdUTmjUn#hfj_acRU[yXU\khfuOZPuUTWgWTmacTm[]V
κ
ZPjUd

ξ
�P[AZPtiRY^Dhf\

Z>dUTNg@[]\k[]j}aoVk`UuUVbacTmac`OZPuUTWgWTmax~�gW['ef[]g
g
hP^�acRU[(nfh}h2dUVoXU\kh2dU`Ut'[]d.�@»xj�zOnf`U\k[]V_�_ZPjUd|¤Ywy[(t]`pa

acRU[�XUgWhPa�Z"a�¼][]\kh�[�spX7[]t'ac[]dHXU\khPzUa�dUTNg@[]\k[]jUt][ (
∆πCiRR/NN = 0

) ZPjUd>hfjUgm~_[�spXUgWTWt]Tmacg�~_VkRUh0w
acRU[SjU[]n�Z"acTmef[S\k[]nfTWhfjUV]��¥�hfjUVk[]�}`U[]j}acgm~f�facRU[
�7Z"a�ZP\k[AZPV�\k[]XU\k[]Vk[]j�a�XOZP\cZPl>['ac[]\�t]hflYuUTWjOZ"acTmhfjUV
w�TmacR�X hfVkTmacTmef[P�UacRU[#dU[][]X ['jUTWjUnfV�t]hflYuUTWjOZ"acTmhfjUVyw�TmacR�jU[]n�Z"acTmef[#XU\khPzUa�dUTNg@[]\k[]jUt][]V]� �4TWnf`U\k[
�YVkRUhMw�VSacRU[%w�RUhfgW[#XUgWhPayw�RUTWtiR�TWVSX hfVkTmacTmef[£^Dhf\yacRU[#[]j�acTW\k[#\cZPjUnf[P�
�oV£tAZPj�t]gW[AZP\kgm~�u [_Vk[][]j.�.dU[]X7[]jUdUTWjUn�hfj�aiRU[(XOZP\cZPl>['ac[]\

g
w�RUTWtiR�TWjUdUTWtAZ"ac[]VoRUh0w�Vbac\khfjUn

Vk`UuUVbacTmac`pac[]V�hf\�t]hfl>XUgW[]l>[]j�acV4acRU[ynfh2h2dUV�ZP\k[P�PTma�TWV�X hfVkVkTWuUgW[�ach%dU['ac[]\kl>TWjU[�w�RU[]jYacRU[yzO\kl>V
dUTWVkt]gWhfVk[�acRU[]TW\¹XU\kTme"Z"ac[�TWjp^Dhf\klqZ"acTmhfj%ZPjUd%w�RU[]j�acRU['~%dUh�jUhPa&[�spt�ROZPjUnP[�TmaA�A»xj#nf[]jU[]\cZPgÓ�]zO\kl>V
XU\kh2dU`Ut]TWjUn�t]hfl>XUgW[]l>[]j�aiZP\b~Ynfh}h2dUV

(g < 0)
ZPgmwyZA~2V�\k['ef[AZPg7acRU[]TW\�XU\kTme"Z"ac[�TWjp^Dhf\klqZMacTmhfj.�f»xj

l>hfVbaotAZPVk[]V]�@t]hfl>X ['acTmacTWhfj�w�TmacR*Vk`UuUVbacTmac`pacTmef[(nfh}h2dUVogW[AZPdUV�achHt]hfl>XUgW['ac[#\c[�e�[]g�Z"acTWhfj.�Uach2hU�

10
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�M¤

∆πCiRR/NN

ξξ

κ

� ^

^

^
^p�â¤
^p� ¡^p� ?^p� ? ^p� F
^p� F

^p� F ^p�â¦^p�â¦ ^p� ¢

^p� ¢

^p� ¢ ^p� �^p� � �

�

�

�4TWnf`U\k[_�f�V��[]\b^D[]t'a£¸2`UuUVbacTmac`pac[]V
(g = 1)

∆πCiRR/NN

ξξ

κ

� ^

^

^
^p�â¤
^p� ¡^p� ?^p� ? ^p� F
^p� F

^p� F ^p�â¦^p�â¦ ^p� ¢

^p� ¢

^p� ¢ ^p� �^p� � �

�

�

�4TWnf`U\k[�¤2�7¥�gWhfVk[(¸2`UuUVbacTmac`pac[]V
(g = 0.7)

�£jUgm~�^Dhf\�t]gWhfVk[qVk`UuUVbacTmac`pac[]V��
g > 0.6 � t'^É�&zOnf`U\k[]VH�HZPjUd
¤6�%dUh�acRU[]\k[q[�spTWVba_XOZP\cZPl>['ac[]\

t]hfl_uUTWjOZ"acTWhfjUVYw�RU[]\k[�acRU[�zO\kl>V>dUhrjUhPaq[�sptiROZPjUnf[*TWjp^Dhf\klqZ"acTmhfj.��QSRU[]Vk[*t]hflYuUTWjOZ"acTmhfjUV
\k[]Vk`Ugma(w�TmacR�l>['dUTW`Ul ePZPgW`U[]V_hP^SacRU[HXU\khfuOZPuUTWgWT�ax~

κ
ZPjUd�Z*RUTWnfR

ξ
��QSRU[�\k[AZPVkhfj�TWV�acROZ"a

Z
RUTmnfR�XU\chPuOZPuUTWgWTmax~
ξ
\k[]XU\k[]Vk[]j}acV�Z
RUTWnfR�VkTWnfjOZPg£�}`OZPgWTmax~f�y»xj�acRUTWV�tAZ"Vc[|hP^�e�[]\b~�nfh}h2d

h0w�jqTWjp^Dhf\klqZ"akTWhPj.��ZPdUdUTmacTWhfjOZPgpTWjp^Dhf\klqZ"acTmhPj�u�~YacRU[�\kTme"ZPgOTWV�gW[]VkV�Z"akac\cZPt'acTmef[P� �£j�acRU[�h"aiRU['\
ROZPjUd.�Mu []tAZP`UVk[�hP^Ol_`pac`OZPg�TWdU[]j}acTWtAZPg�Tmjp^Dhf\klqZ"acTmhfj#[�sptiROZPjUnf[yu7[]ROZ0e2TWhf`U\]�MZ�zO\kl XU\kh2dU`Ut]TWjUn
Vk`UuUVbacTmac`pacTmef[|nfh2h2dUV�w�hf`UgWd�gWhfVk[{Z
t]hfl>XOZP\cZ"acTmef[|ZPdpe"ZPj�aiZPnf[|u}~³dUTWVkt]gWhfVkTWjUn½ZPdUdUTmacTWhfjOZPg
TWjp^Dhf\klqZ"acTmhfjqachYacRU[#\kTmePZPgÓ�
»xj�l>h2dU[]gWVS`UVkTWjUn�acRU[�jUhf\klqZPg.dUTWVbac\kTWuU`pacTWhfj �Dt'^É�U^Dhf\�[�sUZPl>XUgW[waA��34X4*;���6�6F�ZPjUd�acRU[�h"aiRU['\
ZP`pacRUhf\kV£t]Tmac[]d|ZPu h0ef[��%¥�hf`U\kjUhPa£zO\kl>V£XU\kh2dU`Ut]TWjUnqe�['\k~*t]gWhfVk[_Vk`UuUVbacTmac`pac[]V��

g
jU[AZP\oach����



�0�

∆πCiRR/NN

ξξ

κ

^

^

� ^

^p�â¤
^p� ¡^p� ?^p� ? ^p� F
^p� F

^p� F ^p�â¦^p�â¦ ^p� ¢

^p� ¢

^p� ¢ ^p� �^p� � �

�

�

�4TWnf`U\k[#�p�,��[]\b^D[]t'a%¥�hfl>XUgW[]l>[]j�acV
(g = −1)

dUh�jUhPa�[�sptiROZPjUnf[�acRU[]TW\#TWjp^Dhf\klqZ"acTmhPj.�@w�RU[]\k[AZPV#^Dhf\#jUhPa%e�[]\b~|t]gWhfVk[�Vk`UuUVbacTmac`pac[]V(ZPjUd|^Dhf\
acRU[�w�RUhfgW[�\cZPjUnf[ohP^¹t]hfl>XUgW[]l>[]j�aiZP\b~�nfh}h2dUV]�2dUTWVkt]gWhfVk`U\k[�TWV�ZPgmwSZA~2V�^ÅZ0efhf`U\cZPuUgW[P�}QSR}`UV]�2^Dhf\
acRU[>Vb~2l>l>['ac\kTWtYtAZPVk[

(κ = 0.5)
�&hf`U\#dUTWVbac\kTWuU`pacTWhfj�\k[]XU\kh2dU`Ut][]V�acRU[]Vk[q\k[]Vk`UgmacV]����h0w�['e�[]\]�

w�TmacRqZ#jUhfj2vxVb~2l>l>['ac\kTWt�dUTWVbac\kTWuU`pacTWhfjYhP^.acRU[�RUTWnPRqZPjUdqgWh0w�dU[]lqZPjUdq\k[AZPgWTmViZMaiTmhfjUVi�
κ
t]gWhfVk[

achH�£hf\yt]gWhfVk[�ach ^����}zO\kl>V�XU\kh2dU`Ut]TWjUn_t]gWhfVk[£Vk`UuUVbacTmac`pac[]V�w�TWgWg@ZPgWVkh(t]hfl>gW['ac[]gm~�\k['e�[AZPg acRU[]TW\
XU\kTmePZ"ac[�TWjp^Dhf\klqZ"akTWhPj.�}�O`U\bacRU[]\]�2Tma�tAZPjHu [oVk[][]jHacROZ"a�w�TmacRqdU[]t]\k[AZPVkTWjUn_Vk`UuUVbacTmac`paiZPuUTWgWTmax~YhP^
acRU[qnfh}h2dUV]�&TÓ� [P�¹w�TmacR;TWjUt]\k[AZPVkTWjUn

g
�&acRU[>TWjp^Dhf\klqZ"acTmhfj|[�spt�ROZPjUnP[H\cZPjUnf[qZPl>XUgWTmzO[]V#`UjUdU[]\

¥�hf`U\kjUhPa�t]hfl>X7['acTmacTWhfj.�

����� ��� 
 � 
 �	��� ����������� � 

���

QSRU[�tAZ"Vc[�hP^O��[]\bac\cZPjUd(t]hfl>X ['acTmacTWhPj#u ['axwy[][]j(acRU[�axwyh�zO\kl>V&w�TWgWgfu [�ZPjOZPgm~2Vk[]d(TWj(Z�VkTWl>TWgWZP\
wyZ0~P�2»xj�acRUTWV�l>h2dU[]gÓ�PacRU[�Vbac\cZ"ac[]nfTW[]V�hP^@acRU[�axwyh#zO\kl>V�TWj�acRU[o�yZA~f[]VkT�ZPjH�oZPVkRq[]�}`UTWgWTWuU\kTm`Ul
t]hfjUVkTWVba_hP^yacRU[qXU\kTWt][HZPjUd;acRU[qdU[]t]TWVkTWhfj;hfj;w�RU['acRU[]\(ach�[�spt�ROZPjUnf[HTWjp^Dhf\klqZ"acTmhPj{hf\(jUhPaA�
QSRU[*zO\kl>VqtiRUh2hfVk[�acRU[]TW\q\k[]VkX []t'acTmef[�XU\kTWt][]VHdU[]X []jUdU[]j�a�hfj°acRU[]TW\qTWjp^Dhf\klqZ"acTmhfj½Vk['acV

zi
�

i = 1, 2
��ZPn�Z"TWj
w�TmacR
acRU[�ZPTWl hP^%lqZMspTWl�TWVkTmjUn|[�spX []t'ac[]d³XU\khPzUacV]����TmacR
acRU[L�DTWj�e�[]\kVk[��

dU[]lqZPjUd�^D`UjUt'acTWhfjUVw�É���i�UacRU[#dU[]lqZPjUd�^D`UjUt�aiTmhfjUVS^Dhf\SXU\kTWt][�vxVk['akacTWjUnYzO\kl>V�ZP\k[

qi (pi, pj) = a− b (pi − gpj) , i, j = 1, 2
�Ó¤P¢��

w�TmacR
a := α

(1+g)β

ZPjUd
b := 1

(1−g2)β

ZPV�X7hfVkTmacTme�[�XOZP\cZPl>['ac[]\kV]� �£u}e2TWhf`UVkgm~P�"acRU[SXOZP\cZPl>['ac[]\
aTWjYacRU[���[]\bac\cZPjUd>tAZPVk[�tAZPj>u [�TWj}ac[]\kXU\k['ac[]d>TWjY[�sUZPt'acgm~_aiRU[�VcZPl>[ywyZ0~�ZPV�acRU[�XOZP\cZPl>['ac[]\
α



�A¡

TWj�acRU[�¥�hP`U\cjUh"a�tAZPVk[P�PQSRU[�Vbach2tiROZPVbacTWtyXU\khfX7[]\bacTW[]V4hP^
α
ZP\k[yZPgWVkhoTWdU[]j}acTWtAZPg�w�TmacR�acRUhfVk[yhP^

a
�

��TmacRqacRU[%dU[]lqZPjUdH^D`UjUt'acTWhfjf�Ó¤P¢����2acRU[£[�spX []t'ac[]d�XU\khPzUaShP^&zO\kl
i
�pnfTme�[]jHTmacVyTWjp^Dhf\klqZ"acTmhPj

Vk['a
zi
�UTWV

� (
πBi
∣

∣ zi
)

=
�
{{[a− b (pi − gpj)] pi} |zi}

�Ó¤����

w�TmacR
B
TWjUdUTWtAZ"acTmjUn���[]\bac\cZPjUdHt]hfl>X7['acTmacTWhfj.�}Â�ZMspTWl>TWVkTWjUn%acRU[�[�spX []t'ac[]d�XU\khPzUa��Ó¤�����gW[AZPdUV

achYacRU[#\k[AZPt'acTWhfj�^D`UjUt'acTWhfj�hP^�zO\kl
i
� 	Y	

p∗i (zi) =
1

2b

[ �
(a |zi ) + gb

� (
p∗j |zi

)] �Å�6^��

QSRU[�zO\kl>VYZP\k[�Vb~2l>l>['ac\kTWtqw�TmacRracRU[�[�spt][]XpacTWhfj
hP^�acRU[]TW\_\k[]VkX []t�aiT�e�[�TWjp^Dhf\klqZ"acTmhPjrVk['acV]�
¥�hfjUVk[]�}`U[]j}acgm~f��Tm^�acRU[�TWjp^Dhf\klqZ"acTmhfjrVk['a>TWVYTWdU[]j�acTWtAZPg�^Dhf\_u hPacR.��acRU['~
ZPgWVkh�u []ROZAef[�Vb~2lYv
l>['ac\kTWtAZPgWg�~YTWjqacRU[o[]�}`UTWgWTWuU\kTm`Ul���QSRUTWV�l>[AZPjUV�acROZ"ayTWj>acRU[%��[]\bac\cZPjUdHtAZPVk[oacRU['~qtiRUh2hfVk[%ZPj
TWdU[]j�acTWtAZPg.XU\kTWt][

p∗1k = p∗2k = p∗k
^Dhf\yacRU[#VbaiZ"ac[#h"^�dU[]lqZPjUd

k (k = L,H)
�

»xjUVk[]\bacTWjUn�acRU[q\k[AZPt'acTWhfj{^D`UjUt�aiTmhfj �Å�6^��%TWj�ach�acRU[qXU\khPzUa(^D`UjUt'acTWhfjJ�Ó¤����%gW[AZPdUV#ach�acRU[q^DhPg�v
gWh0w�TWjUn�[�spX7[]t'ac[]d�XU\khPzUa�hP^�zO\kl

i
TWj�\k[]dU`Ut][]d½^Dhf\kl�wSRUTWt�R
dU[]X []jUdUV>hfj�acRU[�Z0e"ZPTWg�ZPuUgm[

TWjp^Dhf\klqZ"acTmhfjqVk['a
zi
dU['ac[]\kl>TWjU[]d�u�~qacRU[£[�sptiROZPjUnf[#u []ROZAe2TWhf`U\ydU[]t]TWVkTWhfjHTWjqacRU[£zO\kVbaSVbaiZPnf[

hP^�acRU[#n�ZPl>[P�

� (
πBi
)

= b
� {

[p∗i (zi)]
2} �Å�p���

¾�VkTWjUn£acRUTWV4XU\khPzUa�^D`UjUt'acTWhfj_TWjY\k[]dU`Ut][]dY^Dhf\kl��"TWj(acRU[�^DhfgWgWh0w�TWjUn�acRU[y[�spX []t'ac[]d>[]�}`UTWgWTWuU\kTm`Ul
XU\khPzUacV#w�RUTWtiRrZPgWVkh�dU[]X []jUdrhfj|acRU[>[�spt�ROZ"jUnf[qu []ROZAe2TWhf`U\�tAZPj;u7[>dU['ac[]\kl>TWjU[]d.���Uhf\%acRU[
VcZPl>[>\k[AZPVkhfjUV_ZPV(TWj{acRU[H¥�hf`U\kjUhPa_tAZPVk[HZPu h0ef[P�&wy[>w�TWgWg�gWTWl�T�a#acRU[qZPjOZPgm~2VkTWV#ach�acRU[>axwyh
[�s2ac\k[]l>[#tAZPVk[]V�hP^ hxjUh�TWjp^Dhf\klqZ"acTmhfjH[�spt�ROZPjUnf[9j�ZPjUd hxt]hfl>XUgW['ac[£TWjp^Dhf\klqZ"acTmhfjH[�spt�ROZPjUnf[9ji�

��������� � µ;´]«&¬­µ7K"©;LpJM¶Dµ «��
	&NM±�LO«&®7ª

�on�ZPTWj.��Tm^%acRU[*zO\kl>VqdUh�jUhPa�[�spt�ROZPjUnf[*acRU[]TW\HXU\kTme"Z"ac[*TWjp^Dhf\klqZ"acTmhfj.��[AZPtiR�TWjp^Dhf\klqZ"acTmhPj
Vk['aYhfjUgm~{t]hfjUVkTWVbacVYhP^SacRU[Hh0w�j�XU\kTmePZ"ac[qVkTWnfjOZPg�ZPu hf`pa(acRU[HgW['e�[]g�hP^�dU[]lqZPjUd

(zi = {si}
�

11
÷.ØMÑ�ÔÅÙ���ÛÉß ÑbÕ'Ö�ÛÉÜ'Õ"×0ß ÖÓß Ü'ÕoÝ�Ü'Ò¹ÐMÒÓÜ9lMÖ¹åSÏió0ß åyßâÔÅß ÕMñyßâÔ.ñ'Ú Ü'æ"Ï�Ú Ú ôSåyÑÉÖ�
 ∂2 � (πi)

∂p2

i

= −2b < 0
í



��?

i = 1, 2)
� ��TmacR

ξ ≥ 0.5
ZPjUd�jUh�ZPdUdUTmacTWhfjOZPg&TWjp^Dhf\klqZMacTmhfj�^D\khfl�acRU[_t]hfl>X ['acTmachf\]�OzO\kl

iw�TWgWg@TWjp^D[]\
ak (k = L,H)

^D\khfl
sik

ZPjUd�w�TWgWg@tiRUh2hfVk[%acRU[#[]�}`UTWgWTWuU\kTW`Ul XU\kTWt][
pk
�

¾�VkTWjUn;acRU[*\k[]VkX []t'acTmef[|XU\khfuOZPuUTWgmTmacTm[]V]��^D\khfl acRU[*\k[AZPt'acTWhfj°^D`UjUt'acTWhfj �Å�6^���hP^%zO\kl
i
��w�[

hfupaiZPTWjH^Dhf\yacRU[#XU\kTmePZ"ac[%VkTWnfjOZPg
siL

w�RUTWtiR�TWjUdUTWtAZ"ac[]VSgWh0w9dU[]lqZPjUd

�
(sL) pL =

1

2b
{
�
(aL, sL) aL +

�
(aH , sL) aH

+gb [
�
(sL, sL) pL +

�
(sL, sH) pH ]}

�Å��¤6�

ZPjUd�^Dhf\
siH

TWjUdUTWtAZ"acTWjUn_RUTWnfR�dU[]lqZPjUd.�

�
(sH) pH =

1

2b
{
�
(aL, sH) aL +

�
(aH , sH) aH

+gb [
�
(sH , sL) pL +

�
(sH , sH) pH ]}

�Å�f���

QSRU[]Vk[�axwyh>[]�}`OZ"acTWhfjUVw�Å��¤6�SZPjUdL�Å�f���ytAZPj�u [�t]hfl_uUTWjU[]d�ach�acRU[%^DhfgWgWh0w�TWjUnY[]�}`OZ"acTWhfj�Vb~2VÉv
ac[]l��

aH

b

(

h
�
(aL, sL) +

�
(aH , sL)

h
�
(aL, sH) +

�
(aH , sH)

)

=

(

2
�
(sL)− g

�
(sL, sL) −g

�
(sL, sH)

−g
�
(sH , sL) 2

�
(sH)− g

�
(sH , sH)

)(

pL

pH

)

�Å�P¡��

�oV��
(αL, sL) =

�
(aL, sL)

� �
(αH , sL) =

�
(aH , sL)

� �
(αL, sH) =

�
(aL, sH)

ZPjUd
�
(αH , sH) =

�
(aH , sH)

�&w�[>w�TWgWg�`UVk[qacRU[>XU\khfuOZPuUTWgWTmakTW[]V��Å¢��ov �É�M¦6�%TWj;hf\kdU[]\#ach�Vkhfgmef[
acRU[#[]�}`OZ"acTWhfj�Vb~2Vbac[]l �Å�P¡��i�U��TmacR

Ω := b {[(2− g)κ (1− 2ξ) + ξ (2− gξ)] {2 (2κξ − κ− ξ + 1)

+g
[

κ (1− 2ξ)− (1− ξ)2
]}

− g2ξ2 (1− ξ)2
} �Å��?6�

acRU[�[]�}`UTWgWTWuU\kTm`Ul9XU\cTmt][]V&^Dhf\¹aiRU[�\k[]VkX7[]t'acTme�[�VkTWnfjOZPgmV&TWjUdUTWtAZ"acTWjUnS[]TmacRU[]\�gWh0wrhf\&RUTWnfR�dU[]lqZPjUd
\k[]Vk`Ugma�TWj.�

pL = Ω−1aH {hκξ [g (1− κ) (1− 2ξ) + 2 (κ+ ξ − 2κξ)]

+ (1− κ) (1− ξ) [2ξ + (2− g)κ (1− 2ξ)]}
�Å�6F��



��F

pH = Ω−1aH
{

hκ2ξ (1− ξ) [2 (2κξ − κ− ξ + 1)− g (1− κ) (1− 2ξ)]

+ (1− κ) ξ [2 (1− ξ)− (2− g)κ (1− 2ξ)]}
�Å��¦6�

��TmacR*acRU[Y[]�}`OZ"acTWhfjUV �É�M¤6��� �É�0����� �Å�p����� �Å�6F��oZPjUd7�Å��¦6��acRU[Y[�spX []t'ac[]d{XU\khPzUa#hP^�zO\kl
i
TWj

acRU[#jUh�TWjp^Dhf\klqZ"acTmhfj�VkROZP\kTWjUn>��[]\bac\cZPjUd�[]�}`UTWgWTWuU\kTW`Ul
(NN)

TWV]�

πBiNN = b
� {

[pi (si)]
2}

= b
[ �
(sL) p

2
L +

�
(sH) p

2
H

]

= bΩ−2a2
H

{

h2κ2ξ2
{

[g (1− κ) (1− 2ξ) + 2 (κ+ ξ − 2κξ)]2

· [κξ + (1− κ) (1− ξ)]

+κ2 (1− ξ)2 [2 (2κξ − κ− ξ + 1)− g (1− κ) (1− 2ξ)]2

· [κ (1− ξ) + (1− κ) ξ]}

+2hκ (1− κ) ξ (1− ξ) {[g (1− κ) (1− 2ξ) + 2 (κ+ ξ − 2κξ)]

· [2ξ + (2− g)κ (1− 2ξ)] [κξ + (1− κ) (1− ξ)]

+κξ [2 (2κξ − κ− ξ + 1)− g (1− κ) (1− 2ξ)]

· [2 (1− ξ)− (2− g)κ (1− 2ξ)] [κ (1− ξ) + (1− κ) ξ]}

+(1− κ)2
{

(1− ξ)2 [2ξ + (2− g)κ (1− 2ξ)]2 [κξ + (1− κ) (1− ξ)]

+ξ2 [2 (1− ξ)− (2− g)κ (1− 2ξ)]2 [κ (1− ξ) + (1− κ) ξ]
}} �Å�f¢��

�oV#tAZPj|u [YVc['[]j{^D\khfl	[]�}`OZ"acTWhfjUV��Å��?6�£ZPjUd �Å�f¢��i�.acRU[Y[�spX []t'ac[]d;XU\khPzUa#TWj�acRU[YjUh�TWjp^Dhf\Év
lqZ"acTWhfj*VkROZP\kTWjUn���[]\bac\cZPjUd{[]�}`UTWgWTWuU\kTm`Ul

πBiNN = πBiNN (aH , b, g, h, κ, ξ)
dU[]X []jUdUV�hfj�aiRU[

dU[]lqZPjUd�XOZP\cZPl>['ac[]\kV
aH

�
b
�
g
ZPjUd

h
�7ZPVSw�[]gWg&ZPVShfj�acRU[#XU\khfuOZPuUTWgWT�acTm[]V

κ
ZPjUd

ξ
�

��������� � µ ©����Dª�J0ª�´]«&¬­µ7K"©;LpJM¶Dµ « �
	&N"±&LO«&®7ª

�P`UVba%ZPVoTWj�acRU[Y¥�hf`U\kjUhPaotAZPVk[P�@Tm^4acRU[�zO\kl>V�dUTWVkt]gWhfVk[�acRU[]TW\�TWjp^Dhf\klqZMacTmhfj�t]hfl>XUgW['ac[]gm~f�UacRU[
TWjp^Dhf\klqZ"acTmhfj(Vk['acV�hP^ u hPacR�ZP\k[STWdU[]j�acTWtAZPgpZPjUd�t]hfjUVkTWVba�TWj(aiRU[�aÉw�h#XU\kTme"Z"ac[ydU[]lqZPjUd�VkTWnfjOZPgWV]�
zi = {si, sj}

�
i = 1, 2

�
i 6= j

�0QSRU[�hfXpacTWlqZPgmTmax~ot]hfjUdUTmacTWhfj��Å�6^��.hP^2zO\kl
i
�MtAZ"j(u [�[�spXU\k[]VkVc[]d

ZPV]�

pi (si, sj) =
1

2b
{
�
[a |(si, sj) ] + gbpj (si, sj)}

�Å�6���



�M¦

��TmacR�Vb~2l>l>['ac\kTWt_zO\kl>V]�@acRU['~*t�RUh}hfVk[YacRU[�[]�}`UTWgWTWuU\kTm`Ul XU\kTWt][
pi (si, sj) = pj (si, sj) =:

p (si, sj)
�UTWl>XUgm~2TmjUn_^Dhf\S[]�}`OZ"acTWhfj �Å�6���i�

p (si, sj) =

�
[a |(si, sj) ]

(2− g) b

�D¡�^��

¾�VkTWjUn;acRU[�XU\khfuOZPuUTWgWT�acTm[]V>TWj°aiZPuUgW[{��ZPjUd³�yZA~�[]V���acRU[]hf\k[]l���acRU[�acRU\k[][*X hfVkVkTWuUgW[�VkTWnfjOZPg
t]hfl_uUTWjOZ"acTWhfjUV

(sL, sL)
�
(sL, sH)

ZPjUd
(sH , sH)

gW[AZ"d�ach�acRU[%acRU\k[][�t]hf\k\k[]VkX hfjUdUTWjUn>XU\kTWt][]V
pLL

�
pLH

ZPjUd
pHH

�

pLL =
1

(2− g) b
{
�
[aL |(sL, sL) ] aL +

�
[aH |(sL, sL) ] aH}

=
aH
[

hκξ2 + (1− κ) (1− ξ)2
]

(2− g) b
[

κξ2 + (1− κ) (1− ξ)2
]

�D¡U���

pLH =
1

(2− g) b
{
�
[aL |(sL, sH) ] aL +

�
[aH |(sL, sH) ] aH}

=
aH [hκ+ (1− κ)]

(2− g) b

�D¡}¤6�

pHH =
1

(2− g) b
{
�
[aL |(sH , sH) ] aL +

�
[aH |(sH , sH) ] aH}

=
aH
[

hκ (1− ξ)2 + (1− κ) ξ2
]

(2− g) b
[

κ (1− ξ)2 + (1− κ) ξ2
]

�D¡����

¾�VkTWjUn>[]�}`OZ"acTWhfjUV �É�A¡��i�>�É��?6�i�>�É�M¦6���>�Å�p���i� ZPjUdc�D¡U����vP�D¡��6�yacRU[�[�spX []t'ac[]d�XU\khPzUaohP^4zO\kl
iTWj�acRU[���[]\bac\cZPjUd�[]�}`UTWgmTWuU\kTW`Ul w�TmacR�t]hfl>XUgW['ac[%TWjp^Dhf\klqZ"acTmhPj�[�sptiROZPjUnf[

(RR)
TWV]�



�0¢

πBiRR = b
� {

[pi (si, sj)]
2}

= b
[ �
(sL, sL) p

2
LL + 2

�
(sL, sH) p

2
LH +

�
(sH , sH) p

2
HH

]

=
a2
H

(2− g)2 b
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]

·
{

h2κ2
{

ξ4
[

κ (1− ξ)2 + (1− κ) ξ2
]

+2ξ (1− ξ)
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]

+(1− ξ)4
[

κξ2 + (1− κ) (1− ξ)2
]}

+2hκ (1− κ) ξ (1− ξ) {ξ (1− ξ) [1− 2ξ (1− ξ)]

+2
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]}

+(1− κ)2
{

(1− ξ)4
[

κ (1− ξ)2 + (1− κ) ξ2
]

+2ξ (1− ξ)
[

κξ2 + (1− κ) (1− ξ)2
] [

κ (1− ξ)2 + (1− κ) ξ2
]

+ξ4
[

κξ2 + (1− κ) (1− ξ)2
]}} �D¡f¡��

���}`OZ"acTWhfj �D¡f¡���VkRUh0w�VoacROZ"aoaiRU[([�spX []t'ac[]d|XU\khPzUa%Tmj�acRU[_t]hfl>XUgW['ac[�TWjp^Dhf\klqZ"acTmhfj�VkROZP\kTWjUn
��[]\bac\cZPjUd�[]�}`UTWgWTWuU\kTm`Ul

πBiRR = πBiRR (aH , b, g, h, κ, ξ)
dU[]X []jUdUV£hfj�acRU[(dU[]l>ZPjUd�XOZP\cZPl>[�v

ac[]\kV
aH

�
b
�
g
ZPjUd

h
�OZPVSw�[]gWg&ZPV�hfj�acRU[#XU\khfuOZPuUTWgWT�acTm[]V

κ
ZPjUd

ξ
�

������� � ¯ ±�¶ÅN"±°´]«&¬­µ7K"©;LpJM¶Dµ « �
	&N"±&LO«&®7ª��@J0KMLpJ0ª}®�����µ��S¶DK"©rI � ±&µ.µ I]ªU·

�on�ZPTWj.��acRU[*dU[]t]TWVkTWhfj�t]\kTmac[]\kTWhfj½^Dhf\>acRU[*XU\khPzUa�lqZMspTWl>TmVkTmjUn{zO\kl>VqTWV>acRU[*dUTNg@[]\k[]jUt][*hP^
acRU[�\k[]VkX7[]t'acTme�[�[�spX []t'ac[]d½XU\khPzUacV

∆πBiRR/NN := πBiRR − πBiNN

��¾�VkTWjUn�acRU[�t]hfl>XUgW['ac[q[�s}v
tiROZPjUnf[#XU\khPzUa �Å�f¢��yZPjUd�acRU[#jUh>[�sptiROZPjUnf[�XU\khPzUaw�Å¡P¡����UacRU[%XU\khPzUa�dUTNg@[]\k[]jUt][%^D`UjUt'acTWhfj�TWV
dU['ac[]\kl>TWjU[]d�ZPV]�

∆πBiRR/NN = ∆πBiRR/NN (aH , b, g, h, κ, ξ)

∼ ∆πBiRR/NN (g, h, κ, ξ)
�D¡�?6�

QSRU[_VkTWnfj*hP^�acRUTWVo[]�}`OZ"acTWhfj*tAZPjUjUhPa%u7[_`UjOZPlYuUTWnf`Uhf`UVkgm~�dU['ac[]\kl>TWjU[]d�ZPjOZPgm~}acTWtAZPgWg�~f� ��hPacR
[�spX []t'ac[]d
XU\khPzUacV��Å�f¢��#ZPjUd �D¡f¡��#dU[]X7[]jUd
hfj;acRU[H[�sphfnf[]jUhf`UV_dU[]lqZPjUdrXOZP\cZPl>['ac[]\kV

aH
�

b
�
g
ZPjUd

h
ZPjUd*hfj*acRU[��ÅZPgWVkhq[�sphfnf[]jUhf`UV��oXU\khfuOZPuUTWgWT�acTm[]V

κ
ZPjUd

ξ
�¹Ã%[]jU['\iZ"gWgm~f�7acRU[_VcZPl>[

RUhfgWdUV_^Dhf\_acRU[�dUTNg@[]\k[]jUt][�hP^o[�spX []t'ac[]d°XU\khPzUacV&�D¡�?6�i����hMw�['ef[]\]��w�[�tAZPj½VkRUh0wÁacROZ"aYacRU[



���

VkTWnfj�hP^�acRU[�XU\khPzUa�dUTNg@[]\k[]jUt][�dUh2[]V�jUhPa�dU[]X7[]jUd°hfjracRU[�dU[]lqZPjUd�XOZP\cZPl>['ac[]\kV
aH

ZPjUd
b
�.»xj|t]hfj�ac\cZPVba%achHacRU[>¥�hf`U\kjUhPa#tAZPVk[P�.RU[]\k[_acRU[_ePZP\kT�ZPuUTWgmT�aÉ~�h"^�acRU[_dU[]lqZPjUd

h
TWV%ZPgWVkh�hP^

TWl>X hf\baiZPjUt][£TWj�dU['ac[]\kl>TWjUTWjUn_acRU[#VkTWnfj�hP^�acRU[#[�spX7[]t'ac[]d*XU\khPzUa�dUTNg@[]\k[]jUt][��D¡�?6�i�
�on�ZPTWj.��acRU[�\k[]Vk`UgmacVH\k[]n�ZP\kdUTWjUn{acRU[�TWjp^Dhf\klqZ"acTmhPj°[�sptiROZPjUnf[*dU[]t]TWVkTWhfj�u�~
acRU[�zO\kl>VHZP\k[
dU[]\kTmef[]dre2T�Z�j2`Ul>[]\kTWtAZPg�ZPjOZPgm~2VkTWV]��QSRU[]Vk[�dU['t]TWVkTWhfjr\k`UgW[]V_ZP\k[HVkRUh0w�j�nf\cZPXURUTWtAZPgWg�~|TWj{acRU[
zOnf`U\k[]VS¡_v Fp�
	 ] »­aSTWVyX hfVkVkTWuUgW[oachYdU['ac[]\kl>TWjU[o^Dhf\�acRU[£w�RUhfgW[%XU\khfuOZ"uUTWgWTmax~>\cZPjUnf[]VShP^

κ
ZPjUd

ξ
w�RU['acRU[]\�acRU[%zO\kl>VS[�sptiROZPjUnf[#acRU[]TW\SXU\kTmePZ"ac[%TWjp^Dhf\klqZ"acTmhfjHhf\�jUh"a�dU[]X ['jUdUTWjUnqhPj

•
RUh0w Vbac\khfjUn>Vk`UuUVbacTmac`pac[]V�hf\St]hfl>XUgW[]l>[]j}acVyacRU[%nfh2h2dUV�ZP\k[��DdU[]jUhPac[]d�u}~

g
�yZPjUd

•
RUh0w dUTNg@[]\k[]j�a�acRU[#dU[]lqZPjUd�gW['ef[]gWV�ZP\k[��DdU[]jUhPac[]d�u�~

h
���

∆πBiRR/NN

ξξ

κ

^

^

� ^

^p�â¤
^p� ¡^p� ?^p� ? ^p� F
^p� F

^p� F ^p�â¦^p�â¦ ^p� ¢

^p� ¢

^p� ¢ ^p� �^p� � �

�

�

�4TWnf`U\k[%¡U�,�4['\k^D['t'a%¸2`UuUVbacTmac`pac[]V
(g = 1)

w�TmacR
h = 0.5

Ã%[]jU[]\cZPgWgm~f��^Dhf\>zO\kl>VHXU\kh}dU`Ut]TWjUn�Vk`UuUVbacTmac`pac[]V
(g > 0)

��acRU[*j}`Ul>[]\kTWtAZPgoZPjOZPgm~2VkTWVqVkRUh0w�V
acROZ"a�t]hfl>XUgW['ac[%\k['e�[]g�Z"acTWhPj�hP^�acRU[�XU\kTme"Z"ac[#TWjp^Dhf\klqZ"acTmhfj�TWV�ZPgmwyZA~2V�hfXpacTWlqZPgÅ� �£jU[#tAZPj�Vc['[
acROZ"a�t]hfl>X [�aiT�aiTmhfj�w�TmacR|t]hfl>XUgW[]l>[]j}aiZP\b~*nfh}h2dUV#l>hfVbacgm~*gW[AZPdUV%ach�t]hfl>XUgW['ac[Y\k['e�[]g�Z"acTWhfj.�
ach2hU� �£jUgm~�^Dhf\yZ(RUTWnfRHVkTWnfjOZPg �}`OZPgWTmax~5�

ξ
t]gWhfVk[oachH�����pZP\k[oacRU[]\k[£XOZP\cZPl>['ac[]\�t]hflYuUTWjOZMaiTmhfjUV

w�RUTWtiR_gW[AZPd#achojU[]n�Z"acTmef[�[�spX []t'ac[]dYXU\khPzUa4dUTNg@[]\k[]jUt][]V4^DhP\4ZPgWgfePZPgW`U[]V�hP^OdU[]lqZPjUd�ePZP\kT�Z"uUTWgWT�ax~
h ∈ [0; 1]

�Åt�^É�@zOnf`U\k[]Vw?HZPjUd FHXUgWhPakac[]d*^Dhf\oacRU[�tAZPVk[YhP^
h = 0.5

���.»­a%tAZPj|u [YVk[][]j|acROZ"a
w�TmacR�dUTWl>TmjUTWVkRUTmjUn(e"ZP\kT�ZPuUTWgWT�ax~>hP^&acRU[£dU[]lqZPjUd �DTÓ� [P�pTWjUt]\k[AZPVkTWjUn_e"ZPgW`U[]VShP^

h
��TWjp^Dhf\klqZ"akTWhPj
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∆πBiRR/NN

�¹ØMßâÛÓØ�ßâÔpÐfÜ]ÔÅß ÖÓß õ�Ñ Ý�Ü'Ò2ÖÓØMÑ
ÑbÕ]ÖÓß ÒÓÑ�Ò­Ï�ÕMñ'Ñ'í]î�Õ�l"ñ'ÙMÒÓÑkÔ���Ï�Õ"× �MäAÖÓØMÑ�ÐMÚ Ü�Ö¹ßâÔ¹ÛÉÙ0Ö�ÏiÖ��bÑbÒÓÜ�ÑÉó0ÐPÑkÛxÖÓÑk×�ÐMÒÓÜ9lMÖ&×0ß � ÑbÒÓÑbÕ"ÛÉÑ'íM÷.ØMÑbÒÓÑÉÝ�Ü'ÒÓÑ�ä]ÖÓØMÑ
� ÏiÖ�Ï�ÒÓÑkÏ'Ô�Ï�ñ]Ï�ß Õ(ÒÓÑbÐMÒÓÑkÔÅÑbÕ'Ö�Ð"Ï�Ò­Ï�åyÑÉÖÓÑbÒ�ÛÉÜ'å�æMß Õ"ÏiÖÓß Ü'Õ"Ô �¹ß ÖÓØ_ÐfÜ]ÔÅß ÖÓß õ�Ñ'ä�ÖÓØMÑ�×0ÑbÑbÐPÑbÕMß ÕMñ]Ô�ÛÉÜ'å�æMß Õ"ÏiÖÓß Ü'Õ"Ô
�¹ß ÖÓØ£ÕMÑbñ]ÏiÖÓß õ'Ñ�ÐMÒÓÜ9lMÖ&×0ß � ÑbÒÓÑbÕ"ÛÉÑkÔbí



¤�^

∆πBiRR/NN

ξξ

κ

^

^

� ^

^p�â¤
^p� ¡^p� ?^p� ? ^p� F
^p� F

^p� F ^p�â¦^p�â¦ ^p� ¢

^p� ¢

^p� ¢ ^p� �^p� � �

�

�

�4TWnf`U\k[�?2�7¥�gWhfVk[(¥�hfl>XUgW[]l>[]j�acV
(g = −0.8)

wSTmacR
h = 0.5

∆πBiRR/NN

ξξ

κ

^

^

� ^

^p�â¤
^p� ¡^p� ?^p� ? ^p� F
^p� F

^p� F ^p�â¦^p�â¦ ^p� ¢

^p� ¢

^p� ¢ ^p� �^p� � �

�

�

�4TWnf`U\k[�Fp�V��[]\b^D[]t'a£¥�hfl>XUgW[]l>[]j}acV
(g = −1)

w�TmacR
h = 0.5

[�sptiROZPjUnf[%ZPgW\k[AZPdp~>u7[]t]hfl>[]Vy`Ujp^ÅZAefhf`U\cZPuUgW[�^Dhf\�ef[]\b~>w�[AZP�>t]hfl>XUgW[]l>[]j�acVZ�DTÓ� [P�}gWhMw�e"ZPgW`U[]V
hP^
g � TWjUt]\k[AZPVkTWjUn�`Uj�acTWg g = −0.3 ���
	[k

¥�hfl>XOZP\kTWjUn�acRU[]Vk[q\k[]Vk`UgmacV�w�TmacR{acRU[>hfjU[]V(TWj{acRU[>[�spTWVbacTWjUn�gWTmac[]\cZ"ac`U\k[Yw�[q�}jUh0wËacROZ"a(TWj
l>h2dU[]gWV�`UVkTWjUn#acRU[�jUhf\klqZPgOdUTWVbac\kTWuU`pacTWhfj>��[]\bac\cZPjUd>zO\kl>V�XU\kh}dU`Ut]TWjUn(Vk`UuUVbacTmac`pac[]VyZPjUdqjUhPa
ef[]\b~qt]gWhfVk[�t]hfl>XUgW[]l>[]j�acV�ZPgmwyZ0~2V�dUTWVkt]gWhfVk[�acRU[]TW\�XU\kTmePZ"ac[�TWjp^Dhf\klqZ"akTmhfj.��hPacRU[]\bw�TWVk[ �

g
jU[AZP\

� � e�[]\b~�t]gWhfVk[(t]hfl>XUgW[]l>['j}acV���acRU['~�dUhqjUhPaA� QSRUTWV�l>[AZPjUV�acROZ"aoVkTWl>TWgWZP\yach�¥�hf`U\kjUhPa£t]hflYv
X ['acTmacTWhfj.�fhf`U\�dUTWVbac\kTWuU`pacTWhfjY\k[]XU\kh2dU`Ut][]V�acRU[]Vk[o\k[]Vk`UgmacV�^Dhf\�acRU[�Vb~2l>l>['ac\kTWtStAZPVk[

(κ = 0.5)
�
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ÐMÒÓÜ9lMÖ ×0ß � ÑbÒÓÑbÕ"ÛÉÑkÔUåyÜiõ'ÑkÔUåyÜ'ÒÓÑ¹Ï�Õ"×�åyÜ'ÒÓÑ.ß Õ]ÖÓÜ�ÖÓØMÑ¹ÒÓÑbñ'ß Ü'Õ�Ü�ÝfØMß ñ'ØyÐMÒÓÜ'æ"Ï�æMß Ú ß ÖÓß ÑkÔ

κ
ä�ßWí Ñ'í�ß Õ]ÖÓÜ�ÖÓØMÑ¹ÒÓÑbñ'ß Ü'Õ

Ü�ÝOÏ�ØMß ñ'ØoÐMÒÓÜ'æ"Ï�æMß Ú ß ÖDô�Ü�ÝpÚ Ü���×0ÑbåSÏ�Õ"×�í



¤2�

»xj
acRU[�jUhfj2vxVb~2l>l>['ac\kTWtHtAZPVk[L�
κ
t]gWhfVk[Hach
��hf\Yt]gWhfVk[Hach ^��(RUhMw�['ef[]\]��zO\kl>VYXU\kh2dU`Ut]TWjUn

t]gWhfVk[St]hfl>XUgW[]l>[]j}acV4w�TWgWgU\k['ef[AZPgUacRU[]TW\�XU\kTmePZ"ac[STWjp^Dhf\klqZ"acTmhPjYt]hfl>XUgW['ac[]gm~f�"ach2hU���O`U\bacRU[]\]�fw�[
VkRUh0w�acROZ"a�w�TmacR>dU[]t]\k[AZPVkTWjUn(t]hfl>XUgW[]l>[]j�aiZP\kT�aÉ~(hP^@acRU[�nfh}h2dUV]��TÓ� [P�fw�TmacR>dU[]t]\k[AZPVkTWjUn

g
�facRU[

TWjp^Dhf\klqZ"acTmhfjH[�spt�ROZPjUnP[�\cZPjUnf[�ZPl>XUgWT�zO[]VS`UjUdU[]\���[]\bac\cZPjUd�t]hfl>X ['acTmacTWhPj.�

� � �(��� �)�����]�����������%���q�

QSRUTWV(XOZPX []\�^D`U\bacRU[]\_dU['ef[]gWhfXUV(acRU[qVbaiZPjUdOZP\kd�l>h}dU[]gWgWTmjUn�TWj{acRU[HgWTmac[]\cZ"ac`U\k[Yw�RUTWt�RrdU[AZPgWV
w�TmacRrTWjp^Dhf\klqZMacTmhfj{[�spt�ROZPjUnf[Hu ['axwy['[]j�zO\kl>V(TWj;acRU[qXU\k[]Vk[]jUt][�hP^�dU[]lqZPjUdr`UjUt][]\baiZPTWj�ax~f�
��h0wy[�e�[]\]��Tma�ZPVkVk`Ul>[]V�ZPj
ZPgmac[]\kjOZ"acTmef[qdUTWVbac\kTWuU`pacTWhfj;hP^�acRU[�\cZPjUdUhfl�e"ZP\kT�ZPuUgW[]VYZPjUd�VkTWn"v
jOZPgWV]�}�;[%ROZAef[%\k[]XUg�ZPt]['d�acRU[£jUhf\klqZPg dUTWVbac\kTWuU`pacTWhPj.�}t]hfl>l>hfjUgm~�`UVk[]d�u []tAZP`UVk[%hP^�TmacV�t]hfj2v
ef[]jUTW[]j}a#lqZ"acRU[]lqZMaiTmtAZPg�XU\khfX7[]\baiTm[]V]�.u�~|ZPj|ZPgmac[]\kjOZ"acTmef[_hfjU[P�.Z�\cZPjUdUhfl ePZP\kT�ZPuUgW[�w�TmacR|Z
jUhfj2vxVb~2l>l>['ac\kTWt�uUTWjUhfl>T�ZPgOhf`pact]hfl>[P�UÂ�hf\k[]hMef[]\]�pw�[%ZP\knf`U[]dHacROZ"a�acRUTWV�dUTWVkt]\k['ac[%ZPjUd�jUhfj2v
Vb~2l>l>['ac\kTWt�dUTWVbac\kTWuU`pacTWhfj°TWVHZrnfh}h2d�ZPXUXU\khAspTWlqZ"acTmhfj½achracRU[*Vkt][]jOZP\kTWhrac[]tiRUjUTW�}`U[*zO\kl>V
TWj�jU[�w TWjUdU`UVbac\kTW[]V£gWTW�P[(VkhP^�aÉwyZP\k[P�.XUROZP\klqZPt][]`pacTWtAZPgWVohf\£nf[]jU['acTWt_[]jUnfTWjU[][]\kTWjUnHhf\ozO\kl>V£TWj
`UjU�}jUh0w�j*ZPjUd�TWjUVk[]t]`U\k[#lqZP\k�P['acV�ZPXUXUgm~f�
�oV(`UVk`OZPg�TWj{acRU[qTWjp^Dhf\klqZ"acTmhfj{[�sptiROZPjUnf[HgWTmac[]\cZ"ac`U\k[P�¹w�[�ZPjOZPgm~2Vk[]dr`UjUdU[]\�w�RUTWt�Rrt]hfjUdUTýv
acTWhfjUVozO\kl>V£l_`pac`OZPgWg�~�[�spt�ROZPjUnP[YacRU[]TW\£XU\kTmePZ"ac[_dU[]l>ZPjUd|TWjp^Dhf\klqZMacTmhfj�ZPjUd�`UjUdU[]\£w�RUTWtiR
t]hfjUdUTmacTWhfjUV�acRU['~HdUhYjUhPaA�2��TmacRHhf`U\yjU['w9dUTWVbac\kTWuU`pacTWhPjq^DhP\�acRU[£Vb~2l>l>['ac\kTWtotAZPVk[P�pwy[owy[]\k[
ZPuUgW[%achqt]hfjpzO\kl�acRU[(\k[]Vk`UgmacV�hP^�acRU[�[�spTWVbacTWjUn>gWTmac[]\cZ"ac`U\k[#`UVkTWjUn�acRU[(jUhf\klqZPg¹dUTWVbac\kTWuU`pacTWhPj.�
jOZPl>[]gm~HacROZ"a%¥�hf`U\kjUhPa�zO\kl>V�XU\kh2dU`Ut]TWjUn�e�[]\b~�t]gWhPVc[#Vk`UuUVbacTmac`pac[]VodUhqjUhPao[�sptiROZPjUnf[�acRU[]TW\
TWjp^Dhf\klqZ"acTmhfj.�fw�RU[]\k[AZPV�^Dhf\�jUhPa�ef[]\b~qt]gWhfVk[oVk`UuUVbacTmac`pac[]VSZPjUdq^Dhf\�acRU[�w�RUhfgW[o\cZPjUnf[�hP^&t]hflYv
XUgW[]l>[]j�aiZP\b~�nfh2h}dUV]�PdUTWVkt]gWhfVk`U\k[�TWV�ZPgmwyZ0~2V�^ÅZAe�hf`U\cZPuUgm[P�"»xjYt]hfj�ac\cZPVbaA�P`UjUdU[]\���[]\bac\cZPjUdYt]hflYv
X ['acTmacTWhfj.�'zO\kl>V&XU\kh2dU`Ut]TWjUn�Vk`UuUVbacTmac`pac[]V4ZPjUd�jUhPa&ef[]\b~#t]gWhfVk[�t]hfl>XUgW[]l>[]j�acV&ZPgmwSZA~2V&dUTWVkt]gWhfVk[
acRU[]TW\�XU\kTmePZ"ac[�TWjp^Dhf\klqZ"acTmhfj.��hPacRU[]\bw�TWVk[�acRU['~qdUh(jUhPaA�p��h0wy['ef[]\]�2w�TmacRqacRU[ojUhfj2vxVb~2l>l>['ac\kTWt
dUTWVbac\kTWuU`pacTWhfj.�Aw�[�w�[]\k[SZPuUgW[�ach%ZPdUdUTmacTWhPjOZPgWg�~%XU\kh0e�[P�"»xjYZPdUdUTmacTWhfj#achoacRU[�XOZP\cZPl>['ac[]\�\cZPjUnf[]V
^Dhf\£TWjp^DhP\cl>Z"acTmhfj�[�spt�ROZPjUnf[YTWj�aiRU[_Vb~2l>l>['ac\kTWt(Vkt][]jOZP\kTWh

(κ = 0.5)
� w�[YVkRUh0w�[]d|acROZ"a£^Dhf\

ZPj�ZPVb~2l>l>['ac\kTWt%XU\khfuOZPuUTWgWTmax~qdUTWVbac\kTWuU`pacTWhfj�u7['aÉw�[][]j�acRU[�RUTWnfR�ZPjUd�gWhMw9dU[]lqZPjUdL�
κ
t]gWhfVk[
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