
/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

w��²+xMBF wR,

�miQ`272`�i T`x2/bi�rB�D²+v QTBb /Q`Q#Fm M�mFQr2;Q Q`�x x�b�/MB+x2;Q

QbB²;MB +B� ?�#BHBi�+vDM2;Q TQ/ ivim�2K,

PT`�+Qr�MB2 TQ/bi�r i2Q`2iv+xMv+? bvMi2xv rv#`�Mv+? K2+?�MBxK¦r

bi2`Qr�MB� /H� bvbi2K¦r i2H2BM7Q`K�iv+xMv+?

q MBMB2DbxvK `272`�+B2 TQ/bmKQrmD br¦D /Q`Q#2F M�mFQrv Q`�x /xB���HMQ�É T`QD2FiQr²
HB+xQM2 Q/ kyRy `QFm- +xvHB Q/ KQK2Mim mxvbF�MB� x rv`¦�MB2MB2K biQTMB� /QFiQ`� M�mF
i2+?MB+xMv+?X S`x2/bi�rB�K brQD2 x�b�/MB+x2 QbB²;MB +B2 M�mFQr2- Fi¦`2 bi�MQrB TQ/bi�r 

/Q m#B2;�MB� bB Q biQTB2� /QFiQ`� ?�#BHBiQr�M2;Q r /xB2/xBMB2 M�mF i2+?MB+xMv+? r /vb+vTHB@
MB2 BM7Q`K�ivF�- � i�F�2 rvMBFB T`�+ #�/�r+xQ@`QxrQDQrv+?- Fi¦`2 r ivK QF`2bB2 mxvbF��2KX
ar¦D /Q`Q#2F TQ/xB2HB�2K M� /rB2 +x �+B- i2Q`2iv+xM² B T`�Fiv+xM²X SQ/F`2�H�K ivK 7�Fi-
�2 r brQD2D T`�+v KB��2K QF�xD MB2 ivHFQ 7Q`Km�Qr�É irB2`/x2MB� K�i2K�iv+xM2 QTBbmD²+2
BMi2`2bmD²+2 KMB2 xD�rBbF�- H2+x i�F�2 2FbT2`vK2MiQr�É x B+? T`�Fiv+xMvK x�biQbQr�MB2KX
1FbT2`vK2Miv i2 TQxrQHB�v TQxvivrMB2 xr2`v}FQr�É QT`�+Qr�M2 T`x2x2 KMB2 irB2`/x2MB�
B x�QrQ+Qr��v birQ`x2MB2K T`QD2Fim Q`�x r/`Q�2MB2K T`QiQivTm bvbi2Km +v#2`#2xTB2+x2�@
bir� Q r�/x2 T��birQr2DX

aTBb i`2�+B

R AM7Q`K�+D2 Q;¦HM2 Q ?�#BHBi�M+B2 R

RXR SQbB�/�M2 biQTMB2 M�mFQr2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k
RXk AM7Q`K�+D2 Q /Qiv+?+x�bQrvK x�i`m/MB2MBm r D2/MQbiF�+? M�mFQrv+? X X X X X X k
RXj *?�`�Fi2`vbivF� /xB���HMQ�+B M�mFQrQ@#�/�r+x2D X X X X X X X X X X X X X X X X X X j

k PTBb x�b�/MB+x2;Q QbB²;MB +B� ?�#BHBi�+vDM2;Q e

kXR S`x2/KBQi QbB²;MB +B� M�mFQr2;Q X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
kXk qvF�x T`�+ # /²+v+? TQ/bi�r² rMBQbFm ?�#BHBi�+vDM2;Q X X X X X X X X X X X X X X e
kXj JQivr�+D� X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d

j ai`mFim`� B QTBb i2Q`2iv+xM2D +x �+B x�b�/MB+x2;Q QbB²;MB +B� M�mFQr2;Q Ry

jXR J2+?�MBxKv �HQF�+DB x�bQ#¦r bB2+BQrv+? X X X X X X X X X X X X X X X X X X X X X X X RR
jXk 1M2`;QQbx+x /M2 bi2`Qr�MB2 bvbi2K2K i2H2BM7Q`K�iv+xMvK X X X X X X X X X X X X Rd
jXj avMi2x� K2+?�MBxK¦r bi2`Qr�MB� �/�Ti�+vDM2;Q X X X X X X X X X X X X X X X X X X k8

9 ai`mFim`� B QTBb T`�Fiv+xM2D +x �+B x�b�/MB+x2;Q QbB²;MB +B� M�mFQr2;Q jR

9XR 6G.s, bvbi2K r+x2bM2;Q rvF`vr�MB� B i�mKB2MB� �i�F¦r ivTm ..Qa X X X X X X X jR
9Xk �/�Ti�+vDMv bi2`QrMBF T`Q+2bQ`� /H� D²/`� bvbi2Km GBMmt X X X X X X X X X X X X X 98
9Xj �_�EAa, bvbi2K r+x2bM2;Q Qbi`x2;�MB� Q BM+v/2Mi�+?

+v#2`#2xTB2+x2�bir� X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9N
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

R AM7Q`K�+D2 Q;¦HM2 Q ?�#BHBi�M+B2

q brQB+? #�/�MB�+? Q/ H�i FQM+2Mi`mD bB M� x�;�/MB2MB�+? xrB²x�Mv+? x i2Q`2iv+xMvKB
Q`�x T`�Fiv+xMvKB �bT2Fi�KB T`QD2FiQr�MB� �H;Q`viK¦r bi2`Qr�MB� B �M�HBxv /�Mv+? /H� x�Q@
�QMv+? bvbi2K¦r i2H2BM7Q`K�iv+xMv+?X qvMBFB KQD2D /xB���HMQ�+B M�mFQr2D r Q#bx�`x2 #�/��
TQ/bi�rQrv+? Ui2Q`B� bi2`Qr�MB�- i2Q`B� ;B2` Q`�x i2Q`B� T`x2ir�`x�MB� bv;M��¦rV xM�H�x�v
#2xTQ�`2/MB2 x�biQbQr�MB2 r i2H2BM7Q`K�iv+xMv+? bvbi2K�+? +v#2`#2xTB2+x2�bir�- x�T`QD2F@
iQr�Mv+? T`x2x2 KMB2 Q`�x r/`Q�QMv+? TQ/ KQBK FB2`QrMB+ir2K- Fi¦`2 brQBK brQBK /xB�@
��MB2K Q#2DKmD² xM�+x²+² +x �É +v#2`T`x2bi`x2MB SQHbFBX

q K�`+m kyye `QFm `QxTQ+x²�2K T`�+ r S`�+QrMB ai2`Qr�MB� aB2+B² SBQMm L�mFQ@
r2;Q L�aE S��birQr2;Q AMbivimim "�/�r+x2;QX q brQD2D T`�+v #�/�r+x2D FQM+2Mi`Qr�@
�2K bB r¦r+x�b M� x�;�/MB2MB�+? xrB²x�Mv+? x T`QD2FiQr�MB2K TmMFi¦r `¦rMQr�;B L�b?�
r ;`�+? MB2FQQT2`�+vDMv+?X "�/�MB� i2 mKQivrQr�M2 #v�v TQi`x2#² FQMbi`mF+DB K2+?�MB@
xK¦r �HQF�+DB x�bQ#¦r h*Sf�ZJ- Fi¦`2 #v�v#v Q/TQ`M2 M� /xB���MB� U�i�FBV TQi2M+D�HMB2
/2;`�/mD²+2 D�FQ�É mb�m; r bB2+B�+? ASX 172Fiv ¦r+x2bMv+? 2FbT2`vK2Mi¦r x�r�`�2K r `Qx@
T`�rB2 /QFiQ`bFB2D TiX *QQ`/BM�iBQM BM ?B2`�`+?B+�H bvbi2Kb rBi? `�iBQM�H �;2Mib- Fi¦`² M�@
TBb��2K TQ/ QTB2F² M�mFQr² T`Q7X E`xvbxiQ7� J�HBMQrbFB2;Q B Q#`QMB�2K x rv`¦�MB2MB2K r
kyRy `QFm M� qv/xB�H2 1H2Fi`QMBFB B h2+?MBF AM7Q`K�+vDMv+? SQHBi2+?MBFB q�`bx�rbFB2DX q
`QFm kyRy Q#D²�2K bi�MQrBbFQ �/BmMFi� r S`�+QrMB ai2`Qr�MB� aB2+B² L�aEX

q H�i�+? kyRR@kyRj #v�2K rvFQM�r+² T`QD2Fim 1*PL1h U6SdV- r `�K�+? Fi¦`2;Q x�@
T`QD2FiQr��2K bvbi2K 2M2`;QQbx+x /M2;Q T`2/vF+vDM2;Q bi2`Qr�MB� FQM};m`�+D² m`x²/x2�
bB2+BQrv+?X EQM+2T+D� i� /Q+x2F��� bB }xv+xM2;Q T`QiQivTmX

q kyR9 `QFm Q#D²�2K bi�MQrBbFQ �/BmMFi� r w�F��/xB2 ai2`Qr�MB� B avbi2K¦r AMbivimim
�miQK�ivFB B AM7Q`K�ivFB aiQbQr�M2DX q `�K�+? /xB���HMQ�+B /v/�Fiv+xM2D KB��2K T`xvD2K@
MQ�É QT`�+Qr�É �miQ`bFB T`Q;`�K rvF��/m- ÉrB+x2�- x�/�� T`QD2FiQrv+? Q`�x x�D É H�#Q`�@
iQ`vDMv+?- Fi¦`2 Q#2DKQr��v FHm+xQr2 x TmMFim rB/x2MB� T`�Fiv+xMv+? x�biQbQr�� 2H2K2Miv
i2Q`BB mF��/¦r /vM�KB+xMv+?- i2Q`BB bi�#BHMQ�+B Q`�x i2Q`BB T`QD2FiQr�MB� mF��/¦r bi2`Qr�MB�X
w� QT`�+Qr�MB2 MQr2;Q rvF��/m TQ�rB +QM2;Q i2Q`BB bi2`Qr�MB� Qi`xvK��2K BM/vrB/m�HM²
AAA biQTMB� CJ _2FiQ`� Sq x� QbB²;MB +B� /v/�Fiv+xM2 r `QFm �F�/2KB+FBK kyR9fkyR8X L�@
iQKB�bi r `QFm kyRd Qi`xvK��2K M�;`Q/ x2bTQ�Qr² A biQTMB� biQTMB� CJ _2FiQ`� Sq x�
QbB²;MB +B� M�mFQr2 Ur H�i�+? kyR8@kyReV- xrB²x�M2 x `QxrQD2K �H;Q`viK¦r B K2+?�MBxK¦r
2M2`;QQbx+x /M2;Q bi2`Qr�MB� r bvbi2K�+? i2H2BM7Q`K�iv+xMv+?X

C2bi2K i�F�2 H�m`2�i2K B rvFQM�r+² ;`�Mim L*L r `�K�+? FQMFm`bm PSla@N- TQ�rB @
+QM2;Q `QxrQDQrB K2+?�MBxK¦r 2M2`;QQbx+x /M2;Q bi2`Qr�MB� r bvbi2K�+? FQKTmi2`Qrv+?
/H� Q#HB+x2� rB2HFB2D bF�HBX

q kyRd `QFm Q#D²�2K bi�MQrBbFQ FB2`QrMBF� w�F��/m AM�vMB2`BB avbi2K¦r AM7Q`K�iv+x@
Mv+? L�aE S��birQr2;Q AMbivimim "�/�r+x2;Q- ;/xB2 K�K KQ�HBrQ�É FQQ`/vMQr�É T`QD2Fi-
`Qxr¦D Q`�x r/`Q�2MB2 bvbi2K¦r BM7Q`K�iv+xMv+? r+x2bM2;Q rvF`vr�MB�- KQMBiQ`Qr�MB�
B `2�;Qr�MB� M� BM+v/2Miv M�`mbx�D²+2 #2xTB2+x2�birQ i2H2BM7Q`K�iv+xM2X avbi2Kv i2 brQ@
BK /xB���MB2K Q#2DKmD² bB2+B BM7`�bi`mFim`v F`viv+xM2D Q`�x �/KBMBbi`�+DB Tm#HB+xM2DX

P#2+MB2 r brQB+? #�/�MB�+? M�mFQrv+? FQM+2Mi`mD bB M� x��r�MbQr�Mv+? x�;�/MB2@
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MB�+? i2Q`2iv+xMv+? xrB²x�Mv+? x T`QD2FiQr�MB2K B BKTH2K2Mi�+D² K2+?�MBxK¦r �/�Ti�+vD@
M2D }Hi`�+DB Q`�x �/�Ti�+vDM2;Q bi2`Qr�MB� r bvbi2K�+? i2H2BM7Q`K�iv+xMv+?X AMi2`2bmD² KMB2
`¦rMB2� x�;�/MB2MB� m+x2MB� K�bxvMQr2;Q Q`�x x�;�/MB2MB� xrB²x�M2 x QTivK�HBx�+D² �HQF�+DB
x�bQ#¦r r FH�bi`�+? Q#HB+x2MBQrv+?X qvMBFB KQB+? r��bMv+? #�/�� M�mFQrv+? Q`�x #�/��
T`Qr�/xQMv+? TQ/ KQBK FB2`QrMB+ir2K xM�H�x�v D�F /Qi²/ x�biQbQr�MB2 r D²/`x2 bvbi2Km
QT2`�+vDM2;Q GBMmt- � i�F�2 r bvbi2K�+? +v#2`#2xTB2+x2�bir�X

C2bi2K +x�QMFB2K _�/v L�mFQr2D L�aE S��birQr2;Q AMbivimim "�/�r+x2;Q- T2�MB 
i�F�2 7mMF+D +x�QMF� EQKBi2im ai2`mD²+2;Q r `�K�+? T`QD2Fim A*h *Pah �+iBQM A*R9ye,
>B;?@S2`7Q`K�M+2 JQ/2HHBM; �M/ aBKmH�iBQM 7Q` "B; .�i� �TTHB+�iBQMbX

RXR SQbB�/�M2 biQTMB2 M�mFQr2

.QFiQ` M�mF i2+?MB+xMv+? UkyRyV

.xB2/xBM�, BM7Q`K�ivF�- bT2+D�HMQ�É, i2Q`B� ;B2`
SQHBi2+?MBF� q�`bx�rbF�- qv/xB�� 1H2Fi`QMBFB B h2+?MBF AM7Q`K�+vDMv+?
hvim� `QxT`�rv, *QQ`/BM�iBiQM BM ?B2`�`+?B+�H bvbi2Kb rBi? `�iBQM�H �;2Mib
S`QKQiQ`, T`Q7X /` ?�#X BM�X E`xvbxiQ7 J�HBMQrbFB
U`QxT`�r� mxM�M� T`x2x _�/ qv/xB��m 1BhA Sq x� rv`¦�MB�D²+² bB V

J�;Bbi2` BM�vMB2` Ukyy8V

w�F`2b, avbi2Kv BM7Q`K�i+xM2 rbTQK��;MB� /2+vxDB
SQHBi2+?MBF� q�`bx�rbF�- qv/xB�� 1H2Fi`QMBFB B h2+?MBF AM7Q`K�+vDMv+?
hvim� T`�+v, PT2`�+vDM2 x�`x²/x�MB2 rbT¦�T`�+² bvbi2K¦r �miQMQKB+xMv+? r bB2+B
AMi2`M2i
PTB2FmM, T`Q7X /` ?�#X BM�X E`xvbxiQ7 J�HBMQrbFB
Ubim/B� mFQ�+xQM2 x rvMBFB2K +2HmD²+vKV

RXk AM7Q`K�+D2 Q /Qiv+?+x�bQrvK x�i`m/MB2MBm r D2/MQbiF�+? M�mFQrv+?

L�aE S��birQrv AMbivimi "�/�r+xv

�/BmMFi- FB2`QrMBF w�F��/m AM�vMB2`BB avbi2K¦r AM7Q`K�iv+xMv+?
SBQM "�/�� B _QxrQDm L�aE SA"
mHX EQHbF� Rk- yR@y98 q�`bx�r�
@ Q/ K�`+� kyye, �bvbi2Mi
@ Q/ K�`+� kyRy, �/BmMFi

SQHBi2+?MBF� q�`bx�rbF�

�/BmMFi- w�F��/ ai2`Qr�MB� avbi2K¦r- w2bT¦� w�Q�QMv+? avbi2K¦r
AMbivimi �miQK�ivFB B AM7Q`K�ivFB aiQbQr�M2D
qv/xB�� 1H2Fi`QMBFB B h2+?MBF AM7Q`K�+vDMv+?
mHX LQrQrB2DbF� R8fRN- yy@ee8 q�`bx�r�
@ Q/ K�`+� kyR9
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

J�`[m2ii2 lMBp2`bBiv

oBbBiBM; `2b2�`+?2`
Rk8y qX qBb+QMbBM �p2Mm2
JBHr�mF22- qA 8jkjj
@ Hmiv kyy9

RXj *?�`�Fi2`vbivF� /xB���HMQ�+B M�mFQrQ@#�/�r+x2D

q brQD2D /xB���HMQ�+B M�mFQr2D FQM+2Mi`mD bB M� x�;�/MB2MB�+? bvMi2xv K2+?�MBxK¦r

bi2`Qr�MB� B T`x2ir�`x�MB� /�Mv+? /H� x�Q�QMv+? bvbi2K¦r BM7Q`K�iv+xMv+?X "�@
/�MB� T`Qr�/x r /r¦+? Q#bx�`�+? M�mF TQ/bi�rQrv+?- � KB�MQrB+B2 r Q#bx�`x2 i2Q`BB
;B2` B QTivK�HBx�+DB- Q`�x r Q#bx�`x2 i2Q`BB bi2`Qr�MB� B T`x2ir�`x�MB� bv;M��¦rX ax+x2;¦H@
MB2 BbiQiM2 /H� KQB+? #�/�� b² x�;�/MB2MB� xrB²x�M2 x TQ/2DKQr�MB2K /2+vxDB r r�`mMF�+?
MB2T2rMQ�+B B �bvK2i`BB BM7Q`K�+vDM2D Q`�x x�;�/MB2MB� bi2`Qr�MB2K T`Q+2b�KB MB2bi�+DQM�`@
MvKBX 172Fiv KQB+? T`�+ xQbi��v x�r�`i2 r +vFHm Tm#HBF�+DB M�mFQrv+? QTBbmD²+v+? FQM+2T+D2
B `QxrB²x�MB�- Fi¦`2 xM�H�x�v x�biQbQr�MB2 r /r¦+? bvbi2K�+? +v#2`#2xTB2+x2�bir� Q#2DKm@
D²+v+? brQBK /xB���MB2K Q#bx�` +��2;Q F`�DmX

S`QD2FiQr�MB2 TmMFi¦r `¦rMQr�;B L�b?�

q TB2`rbxvK x2 rbTQKMB�Mv+? Q#bx�`¦r #�/�r+xv+? b7Q`Km�Qr��2K bx2`2; irB2`/x2� QTB@
bmD²+v+? T`Q+2b T`QD2FiQr�MB� TmMFi¦r `¦rMQr�;B L�b?� /H� ;B2` MB2FQQT2`�+vDMv+? BM/m@
FQr�Mv+? T`x2x r�`mMFB QTivK�HMQ�+B E�`mb?�@Em?M�@hm+F2`�X wM�DQKQ�É r�`mMF¦r QTiv@
K�HMQ�+B TQxr�H� `�+DQM�HMvK B �miQMQKB+xMvK /2+v/2MiQK M� K�MBTmH�+D r�`iQ�+B�KB
KMQ�MBF¦r G�;`�M;2ö�- Fi¦`2 FQQ`/vMmD² T`Q+2b rbT¦�x�rQ/MB+ir�X

w� M�Dr��MB2Dbx2 mr���K b7Q`Km�Qr�M2 T`x2x2 KMB2 r�`mMFB rvbi�`+x�D²+2 BKTH2K2M@
i�+DB r TmMF+B2 `¦rMQr�;B L�b?� UrbTQKMB�M2;Q ivTm ;B2`V `QxrB²x�� rvTmF�v+? x�/��
QTivK�HBx�+DBX PF`2�HB�2K `¦rMB2� `2H�+D2 TQKB /xv TmMFi�KB `¦rMQr�;B L�b?� r ;`�+? BM@
/mFQr�Mv+? T`x2x /r� TQ/bi�rQr2 ivTv K2+?�MBxK¦r �HQF�+DB x�bQ#¦r x rv+2M² D2/MQHBi²-
Fi¦`2 Q#2+MB2 b² rvFQ`xvbivr�M2 KXBMX r K2+?�MBxK�+? T`x2+BrT`x2+B²�2MBQrv+? T`QiQFQ@
�m h*S Q`�x T`x2i�`;�+? Tm#HB+xMv+? `2�HBxQr�Mv+? K2iQ/² �mF+DB Qir�`i2D Ux HB+vi�+D²VX
172Fiv KQB+? T`�+ KQ�M� `¦rMB2� rvFQ`xvbi�É r T`QD2FiQr�MBm �H;Q`viK¦r `2;mH�+DB /H�
bB2+B h*Sf�ZJ Q`�x �M�HBxB2 TmMFi¦r `¦rMQr�;B iv+? MB2xrvFH2 x�Q�QMv+? biQ+?�biv+xMv+?
bvbi2K¦r /vM�KB+xMv+?X S`x2/2 rbxvbiFBK D2/M�F rvMBFB i2- r`�x x rvMBF�KB /Qiv+x²+vKB
�;`2;�+DB `2H�+DB TQ`x²/FmD²+v+? UmxvbF�MvKB r+x2�MB2D r `�K�+? `QxT`�rv /QFiQ`bFB2DV- xM�@
H�x�v #2xTQ�`2/MB2 x�biQbQr�MB2 r x�T`QD2FiQr�Mv+? T`x2x2 KMB2 K2+?�MBxK�+?

/2i2F+DB B KBiv;�+DB �i�F¦r ..Qa- Fi¦`2 xQbi��v rvFQ`xvbivr�M2 r bvbi2KB2 6G.sX

*?�`�Fi2`vx�+D� QTivK�HM2D TQHBivFB bi2`Qr�MB� T`Q+2bQ`2K

qvMBFB D�FB2 mxvbF��2K r /`m;BK x2 rbTQKMB�Mv+? Q#bx�`¦r QTBbmD² bi`mFim` TQHBivFB
bi2`Qr�MB� T`Q+2bQ`2K Q`�x bi`mFim` bvbi2Km FQQ`/vMmD²+2;Q T`�+ T`Q+2bQ`¦r r bvbi2@
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

KB2 FH�bi`x2 Q#HB+x2MBQrvKX "�/�MB� T`x2T`Qr�/xQM2 r ivK Q#bx�`x2 xrB²x�M2 #v�v x T`Q@
#H2K�ivF² 2M2`;QQbx+x /M2;Q bi2`Qr�MB� bvbi2K�KB i2H2BM7Q`K�iv+xMvKB- i�FBKB D�F bB2+B
h*SfAS Q`�x FH�bi`v K�bxvM rB`im�HMv+?X P#2DKQr��v QM2 x�;�/MB2MB� bvMi2xv TQHBivFB bi2@
`Qr�MB� FQKTQM2Mi�KB bvbi2Km- /vM�KB+xM2D QTivK�HBx�+DB TQHBivFB `QmiBM;m UT�FB2i¦r Hm#
x�/�� Q#HB+x2MBQrv+?V Q`�x T`Q;MQxQr�MB� Q#+B²�2MB� FQKTQM2Mi¦r bvbi2KmX SB2`rbx� ;`mT�
rvMBF¦r KQB+? #�/�� QTBbmD2 bi`mFim` TQHBivFB bi2`Qr�MB� T`Q+2bQ`2K *Sl r �`Q/QrBbFm
D²/`� bvbi2Km GBMmtX SQHBivF� i� QTivK�HBxmD2 M� ?Q`vxQM+B2 MB2bFQ�+xQMvK /rmF`vi2`B�H@
Mv rbF��MBF D�FQ�+B mrx;H /MB�D²+v FQbxiv xm�v+B� 2M2`;BB 2H2Fi`v+xM2D Q`�x rv/�DMQ�É Q#HB@
+x2MBQr² T`Q+2bQ`�X w� TQKQ+² b7Q`Km�Qr�Mv+? T`x2x2 KMB2 irB2`/x2� +?�`�Fi2`vxmD²+v+?
QTivK�HM² bi`mFim` TQHBivFB bi2`Qr�MB� KQ�HBr2 D2bi T`x2T`Qr�/x2MB2 Q+2Mv D�FQ�+B T`QD2Fim
�H;Q`viKm bi2`Qr�MB� 2M2`;QQbx+x /M2;Q- Q`�x rbF�x�MB2 Q#bx�`m r T`x2bi`x2MB bi2`Qr�� /Q@
Tmbx+x�HMv+?- r Fi¦`vK TQrBMM� xM�H2�É bB TQHBivF� bi2`Qr�MB�X L� TQ/bi�rB2 iv+? rvMBF¦r
TQ/ KQBK FB2`QrMB+ir2K x�BKTH2K2MiQr�M� xQbi��� `Q/xBM� 2M2`;QQbx+x /Mv+? bi2`QrMB@
F¦r *Sl /H� D²/`� bvbi2Km GBMmtX "�/�MB� 2FbT2`vK2Mi�HM2 /QrBQ/�v- �2 r TQ`¦rM�MBm x2
bi�M/�`/QrvK 2M2`;QQbx+x /MvK bi2`QrMBFB2K *Sl MQr2 bi2`QrMBFB `2/mFmD² xm�v+B2

2M2`;BB 2H2Fi`v+xM2D Q`�x TQ/MQbx² rv/�DMQ�É mb�m; bvbi2KQrv+?X .Q�rB�/+x2MB�
x;`QK�/xQM2 TQ/+x�b T`�+v M�/ ivK x�;�/MB2MB2K QF�x��v bB KB2É bx2`bx2 x�biQbQr�MB2 @ x
TQrQ/x2MB2K rvFQ`xvbi��2K D2 `¦rMB2� r T`QD2F+B2 K2+?�MBxK¦r Fbxi��iQr�MB� T`x2T�vr¦r
bB2+BQrv+? x�#m`x�Mv+? T`x2x �i�F ivTm ..QaX

.`m;� ;`mT� rvMBF¦r QTBbmD2 TQHBivF T`2/vF+vDM2;Q 2M2`;QQbx+x /M2;Q bi2`Qr�MB� FQM}@
;m`�+D² `QmiBM;mX EQM};m`�+D� i� D2bi `QxrB²x�MB2K x�/�MB� QTivK�HBx�+DB T`x2T�vr¦r r ;`�@
}2 Ux `QmiBM;B2K rB2HQ�+B2�FQrvK QTBb�MvK K�+B2`x² BM+v/2M+DB r KQ/2Hm �²+x2@�+B2�F�V
T`xv Q;`�MB+x2MB�+? x�/�Mv+? iQTQHQ;B² bB2+B Q`�x T`Q;MQxQr�MvK M�i �2MBm T`x2T�vr¦r M�
�²+x�+?X a7Q`Km�Qr�M2 x�/�MB2 TQxr�H� bxv#FQ Q#HB+x�É /Qbi�i2+xMB2 272FivrM² U+?Q+B�� bm#@
QTivK�HM²V FQM};m`�+D �FivrMv+? �+B2�2F r ;`�}2 Q`�x B/2Miv}FQr�É m`x²/x2MB� x/QHM2 /Q
Q#b�m;B #B2�²+2;Q B T`Q;MQxQr�M2;Q T`x2T�vrm x�/�� Q#HB+x2MBQrv+?X h�F b7Q`Km�Qr�M2 x�@
/�MB2 TQxr�H� rvxM�+xvÉ QTivK�HMv TQxBQK �FivrMQ�+B r x�¦r bB2+B Hm# �HQF�+D x�bQ#¦r
K�bxvM }xv+xMv+? Q#b�m;mD²+v+? FH�bi2` K�bxvM rB`im�HMv+?X JQ�2 i�F�2 xM�H2�É x�biQbQ@
r�MB2 r bvbi2K�+? i�mKB2MB� �i�F¦r bB2+BQrv+?- r Fi¦`v+? BbiMB2D2 TQi`x2#� rvxM�+x2MB�
�Hi2`M�ivrMv+? �+B2�2F `QmiBM;m T�FB2i¦rX "�/�MB� H�#Q`�iQ`vDM2 /QrBQ/�v bFmi2+xMQ�+B x�@
T`QD2FiQr�M2D B x�BKTH2K2MiQr�M2D TQ/ KQBK FB2`QrMB+ir2K bi`mFim`v bi2`Qr�MB�X

S`Q;MQxQr�MB2 M�i �2MB� `m+?m bB2+BQr2;Q

.Q i`x2+B2D ;`mTv rvMBF¦r x�HB+x�K T`QD2Fi Q`�x BKTH2K2Mi�+D �H;Q`viK¦r T`Q;MQxQr�MB�
M�i �2MB� `m+?m bB2+BQr2;QX S`�+2 i2 x�QrQ+Qr��v T`QD2Fi2K MQr2;Q �H;Q`viKm T`2/vF+DB
rvFQ`xvbimD²+2;Q m��KFQrv B MB2bi�+DQM�`Mv KQ/2H T`Q+2bm /v7mxDB- Fi¦`v mKQ�HBrB� bFm@
i2+xM2 T`Q;MQxQr�MB2 bx2`2;¦r +x�bQrv+? Q xKB2MM2D +?�`�Fi2`vbiv+2X �H;Q`viK i2M Q#HB+x�
F`¦iFQQF`2bQr² T`Q;MQx rx`Qbi¦r Hm# bT�/F¦r M�i �2MB� `m+?m M� TQ/bi�rB2 rvMBF¦r i2bim
?BTQi2xv QTBbmD²+2D x�H2�MQ�É TQKB /xv /vM�KBF² m��KFQr2;Q `x /m `¦rM�MB� /v7mxDB � r�`@
iQ�+B² Q+x2FBr�M² T`Q;MQxQr�M2;Q T`Q+2bm biQ+?�biv+xM2;QX "�/�MB� H�#Q`�iQ`vDM2 TQF�x��v-
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

�2 x�T`QD2FiQr�Mv �H;Q`viK T`Q;MQxQr�MB� D2bi bFmi2+xMvX .H�i2;Q i2� �H;Q`viK i2M xQ@

bi�� `¦rMB2� rvFQ`xvbi�Mv r bB2+B �F�/2KB+FB2D L�aE SA" /Q T`Q;MQxQr�MB�

�i�F¦r ..Qa B Q#+B²�2MB� �²+xv bB2+BQrv+?X
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

k PTBb x�b�/MB+x2;Q QbB²;MB +B� ?�#BHBi�+vDM2;Q

kXR S`x2/KBQi QbB²;MB +B� M�mFQr2;Q

w� TQ/bi�r /Q m#B2;�MB� bB Q biQTB2� /QFiQ`� ?�#BHBiQr�M2;Q r /xB2/xBMB2 M�mF i2+?MB+xMv+?
r /vb+vTHBMB2 BM7Q`K�ivF� T`x2/bi�rB�K QbB²;MB +B2 M�mFQr2- M� Fi¦`2 bF��/�D² bB ,

A *w��È h1P_1hu*wL�

C2/MQi2K�iv+xMv +vFH Tm#HBF�+DB TQ/ ivim�2K, PT`�+Qr�MB2 TQ/bi�r i2Q`2iv+x@

Mv+? bvMi2xv rv#`�Mv+? K2+?�MBxK¦r bi2`Qr�MB� /H� bvbi2K¦r i2H2BM7Q`@

K�iv+xMv+?c

AA *w��È S_�Ehu*wL�

S`�Fiv+xM2 x�biQbQr�MB2 T`x2/bi�rBQMv+? r +vFHm Tm#HBF�+DB rMBQbF¦r r 7Q`@

KB2 T`QD2Fim �`+?Bi2Fim`v- BKTH2K2Mi�+DB B r/`Q�2MB� bvbi2Km +v#2`#2xTB2@

+x2�bir� 6G.sX C2bi iQ �/�Ti�+vDMv bvbi2K Q+?`QMv bB2+B T`x2/ rQHmK2i`v+xMvKB
�i�F�KB ivTm ..Qa- Q#2DKmD²+v brQBK /xB���MB2K P;¦HMQTQHbF² aB2É 1/mF�+vDM² U�²@
+x²+² RN yyy bxF¦�V Q`�x bxFB2H2i bB2+B L�aE aX�X UQ T`x2TmbiQrQ�+B Ryy :#TbVX

kXk qvF�x T`�+ # /²+v+? TQ/bi�r² rMBQbFm ?�#BHBi�+vDM2;Q

(LR) JB+?�� SX E�`TQrB+x (dyW)- SBQi` �`�#�b (kyW)- 1r� LB2rB�/QKbF�@axvMFB2rB+x
(RyW)X .2bB;M �M/ BKTH2K2Mi�iBQM Q7 2M2`;v@�r�`2 �TTHB+�iBQM@bT2+B}+ *Sl 7`2[m2M@
+v ;Qp2`MQ`b 7Q` i?2 ?2i2`Q;2M2Qmb /Bbi`B#mi2/ +QKTmiBM; bvbi2KbX 6mim`2 :2M2`�iBQM

*QKTmi2` avbi2Kb- d3,jyk�jR8- kyR3X
(A62018 4 9XejN- j8 TFiX JLBaq)

(Lk) JB+?�� SX E�`TQrB+x (RyyW)X 1M2`;v@2{+B2Mi *Sl 7`2[m2M+v +QMi`QH 7Q` i?2 GBMmt
bvbi2KX *QM+m``2M+v �M/ *QKTmi�iBQM, S`�+iB+2 �M/ 1tT2`B2M+2- k3UkV,9ky�9jd- kyReX
(A62016 4 RXRR9- ky TFiX JLBaq)

(Lj) JB+?�� SX E�`TQrB+x (dyW)- SBQi` �`�#�b (kyW)- 1r� LB2rB�/QKbF�@axvMFB2rB+x
(RyW)X 1M2`;v@�r�`2 KmHiBH2p2H +QMi`QH bvbi2K 7Q` � M2irQ`F Q7 GBMmt bQ7ir�`2 `Qmi2`b,
/2bB;M �M/ BKTH2K2Mi�iBQMX avbi2Kb CQm`M�H- A111- SSUNNV,R�Rk- kyR8X
(A62015 4 kXRR9- j8 TFiX JLBaq)

(L9) JB+?�� SX E�`TQrB+x (RyyW)X L�b? 2[mBHB#`BmK /2bB;M �M/ T`B+2@#�b2/ +QQ`/BM�iBQM
BM ?B2`�`+?B+�H bvbi2KbX AMi2`M�iBQM�H CQm`M�H Q7 �TTHB2/ J�i?2K�iB+b �M/ *QKTmi2`

a+B2M+2- kkU9V,N8R�NeN- kyRkX
(A62012 4 RXyy3)- k8 TFiX JLBaq)
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

(L8) JB+?�� SX E�`TQrB+x (3yW)- E`xvbxiQ7 J�HBMQrbFB (kyW)X S`B+2@#�b2/ +QQ`/BM�#BHBiv
BM ?B2`�`+?B+�H bvbi2Kb rBi? BM7Q`K�iBQM �bvKK2i`vX *QMi`QH �M/ *v#2`M2iB+b- 9kUjV,38�
RRy- kyRjX
(R9 TFiX JLBaq)

(Le) JB+?�� SX E�`TQrB+x (RyyW)X PM i?2 /2bB;M Q7 i?2 h*Sf�ZJ i`�{+ ~Qr +QMi`QH
K2+?�MBbKbX CQm`M�H Q7 h2H2+QKKmMB+�iBQMb �M/ AM7Q`K�iBQM h2+?MQHQ;v- 9,jR�jd- kyRkX
(R9 TFiX JLBaq)

(Ld) SBQi` �`�#�b (8yW)- JB+?�� SX E�`TQrB+x (8yW)X a2`p2` TQr2` +QMbmKTiBQM, K2@
�bm`2K2Mib �M/ KQ/2HBM; rBi? Ja_bX AM *?�HH2M;2b BM �miQK�iBQM- _Q#QiB+b �M/ J2@

�bm`2K2Mi h2+?MB[m2b- T�;2b kjj�k99X aT`BM;2`- kyReX
qQa

(L3) JB+?�� :2iF� (3yW)- JB+?�� SX E�`TQrB+x (kyW)X �bT2Fiv 2M2`;QQbx+x /M2;Q bi2`Q@
r�MB� rv/�DMQ�+B² T`�+v T`Q+2bQ`� bvbi2Km FQKTmi2`Qr2;Q x;Q/M2;Q x �*SA r bvbi2KB2
GBMmtX S`x2;H²/ 1H2Fi`Qi2+?MB+xMv- N9- kyR3X
(R9 TFiX JLBaq)

(LN) JB+?�� SX E�`TQrB+x (RyyW)X .2bB;MBM; �m+iBQMb, � ?BbiQ`B+�H T2`bT2+iBp2X CQm`M�H

Q7 h2H2+QKKmMB+�iBQMb �M/ AM7Q`K�iBQM h2+?MQHQ;v- j,RR9�Rkk- kyRRX
(Rk TFiX JLBaq)

SQrv�bx2 Tm#HBF�+D2 TQrbi��v r H�i�+? kyRy@kyR3- +xvHB r QF`2bB2 TQ mxvbF�MBm T`x2x2
KMB2 x rv`¦�MB2MB2K biQTMB� M�mFQr2;Q /QFiQ`� M�mF i2+?MB+xMv+? r /vb+vTHBMB2 BM7Q`K�@
ivF�X S`xv M�xrBbF�+? rbT¦��miQ`¦r TQ/��2K B+? bx�+mMFQrv m/xB�� T`Q+2MiQrv r T`xv;Q@
iQr�MBm Tm#HBF�+DBX l/xB�� D�FQ�+BQrv rMBQbFQ/�r+v r TQrbi�MB2 T`�+ Q +?�`�Fi2`x2 rbT¦�@
�miQ`bFBK xQbi�� QTBb�Mv r x��²+xMBFm wj- TQ/TBb�MvK T`x2x rbT¦��miQ`¦rX

amK�`v+xMv AKT�+i 6�+iQ` Tm#HBF�+DB bi�MQrB²+v+? QbB²;MB +B2 M�mFQr2 rvMQbB 3X3d8-
M�iQKB�bi r��QMv eX38X

kXj JQivr�+D�

wD�rBbF� rvMBF�D²+2 x2 x�Q�QMQ�+B bvbi2K¦r Q/ /�rM� rx#m/x��v KQD2 x�BMi2`2bQr�MB2- � B+?
mMBr2`b�HMv +?�`�Fi2` bT`�rB��- �2 T`Q#H2Kv TQD�rB�D²+2 bB r T`�+�+? M�/ bB2+B�KB i2H2BM7Q`@
K�iv+xMvKB- FH�bi`�KB K�bxvM rB`im�HMv+? +xv bvbi2K�KB 2FQMQKB+xMvKB KQ;�2K `QxrB²x�É
x� TQKQ+² `Qxbx2`xQM2D T�H2iv M�`x /xB- x#m/Qr�M2D T`x2x2 KMB2 M� TQi`x2#v #�/�MB� x�Q�Q@
MQ�+B M� ;`mM+B2 i2Q`BB ;B2`- bi2`Qr�MB� B bv;M��¦rX

q�`¦/ rbTQKMB�Mv+? xD�rBbF bx+x2;¦HMB2 +B2F�r� rv/��� KB bB Fr2biB� rbT¦�x�rQ/MB+@
ir� �miQMQKB+xMv+? /2+v/2Mi¦r- Fi¦`xv r r�`mMF�+? MB2T2rMQ�+B B �bvK2i`BB BM7Q`K�+vDM2D
/²�² /Q `2�HBx�+DB BM/vrB/m�HMv+? B M�D+x �+B2D rvFHm+x�D²+v+? bB +2H¦r- KXBMX /Qiv+x²+v+?
rvFQ`xvbi�MB� rbT¦�/xB2HQMv+? x�bQ#¦r bvbi2KQrv+?X w�T`QD2FiQr�MB2 K2+?�MBxK¦r- Fi¦@
`2 TQxrQH² QbB²;M²É r i�FB+? r�`mMF�+? x;Q/MQ�É +2H¦r T`�+v +��2;Q bvbi2Km x +2H�KB D2;Q
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

FQKTQM2Mi¦r- D2bi x�/�MB2K MB2xrvFH2 i`m/MvKX P#`�M� T`x2x2 KMB2 �+B2�F� #�/�r+x�

TQxrQHB�� KB D2/M�F Q/F`vÉ bx2`2; FQMbi`mF+DB K�i2K�iv+xMv+?- Fi¦`2 QF�x��v

bB MB2 ivHFQ b�ivb7�F+DQMmD²+2 TQ/ rx;H /2K 7Q`K�HMvK- H2+x i�F�2 xM�H�x�v x�@

biQbQr�MB2 r T`�Fiv+2X .QrQ/2K i2;Q b² m/�M2 r/`Q�2MB� bvbi2K¦r x�Q�QMv+?

x�T2rMB�D²+2 +v#2`#2xTB2+x2�birQ M� TQxBQKB2 +��2;Q F`�Dm, bvbi2K¦r 6G.s Q`�x

�_�EAaX
:�¦rM2 rvMBFB KQB+? #�/�� xQbi��v #2xTQ�`2/MBQ rvFQ`xvbi�M2 r bvbi2KB2 6G.s- +xvHB

x�T`QD2FiQr�MvK T`x2x2 KMB2 B r/`���MvK TQ/ KQBK FB2`QrMB+ir2K T`x2x L�aE SA" �/�T@
i�+vDMvK bvbi2KB2 r+x2bM2;Q rvF`vr�MB� Q`�x �miQK�iv+xM2;Q i�mKB2MB� rQHmK2i`v+xMv+?
�i�F¦r bB2+BQrv+? ivTm ..QaX P#2DKB2 QM brQBK /xB���MB2K P;¦HMQTQHbF² aB2É 1/mF�+vD@
M²- Tm#HB+xM² bB2É i2H2FQKmMBF�+vDM² x�T2rMB�D²+² bxFQ�QK /Qbi T /Q #2xTB2+xM2;Q BMi2`M2im-
Q`�x bxFB2H2i bB2+B L�aE aX�X avbi2K 6G.s D2bi rB2HQr�`birQrvK m+x²+vK bB U�/�Ti�+vD@
MvKV bvbi2K2K bi2`Qr�MB� rvF`vr�D²+vK B i�mKB²+v x�#m`x2MB� `m+?m bB2+BQr2;Q- x/QHMvK
/Q Q#b�m;B �i�F¦r Q M�i �2MBm T`x2F`�+x�D²+v+? Ryy :#TbX C2;Q K2+?�MBxKv /B�;MQbiv+xM2
�miQK�iv+xMB2 B/2Miv}FmD² Q`�x BxQHmD² �`¦/�� x�#m`x2� r +x�bB2 MB2QbB²;�HMvK /Qiv+?+x�b
M� `vMFm bvbi2K¦r +v#2`#2xTB2+x2�bir�X w�T`QD2FiQr�M2 T`x2x2 KMB2 �H;Q`viKv m+x2MB�
K�bxvMQr2;Q Ur i`v#B2 #2x M�/xQ`mV b�KQ/xB2HMB2 ;2M2`mD² rB2/x M� i2K�i Q#b2`rQr�Mv+?
xD�rBbF bB2+BQrv+? Q`�x x�TBbmD² D² r TQbi�+B `2;m� /2+vxvDMv+? rv`��QMv+? r D xvFm }Hi`�+DB
T�FB2i¦r T`x2�²+xMBF¦r bB2+BQrv+?X q i2M bTQb¦# /Qbi�`+x� QM QT2`�iQ`QK Q�`Q/F¦r LaP*
UL2irQ`F a2+m`Biv PT2`�iBQM *2Mi2`V M�`x /xB� TQxr�H�D²+2 M� bxv#FB2 B bFmi2+xM2 Q/TB2`�MB2
rB2HQrvKB�`Qrv+? B xKB2MMv+? r +x�bB2 �i�F¦rX

AMMQr�+vDMQ�É `QxrB²x�MB�

AMMQr�+vDMQ�É rvFQ`xvbi�Mv+? r bvbi2KB2 6G.s `QxrB²x�� rvMBF� x2 bT`Qr�/x2MB� x�/��
/2i2F+DB Q`�x i�mKB2MB� �i�F¦r ..Qa /Q TQbi�+B /Q#`x2 K�i2K�iv+xMB2 b7Q`Km�Qr�Mv+? T`Q@
#H2K¦r x Q#bx�`m �M�HBxv bv;M��Qr2D- xrB²x�Mv+? x bvMi2x² `2;m� }Hi`�+DB- b2T�`�+DB B `2@
FQMbi`mF+DB bv;M��¦r- Q`�x Q/TQrB2/MBQ QF`2�HQMv+? x�;�/MB2� x Q#bx�`m i2Q`BB bi2`Qr�MB�-
TQH2;�D²+v+? M� �/�Ti�+vDM2D bvMi2xB2 �H;Q`viK¦r T`Q;MQxQr�MB� B i�mKB2MB� x�#m`x2� `m+?mX
SQ/2D�+B2 iQ TQxr�H� r `Qxr���MvK FQMi2F�+B2 KXBMX M�,

Ç QTivK�HM² �miQK�ivx�+D T`Q+2b¦r T`x2ir�`x�MB� /�Mv+?-

Ç x�T2rMB2MB2 Q/TQ`MQ�+B bvbi2Km M� xKB�Mv +?�`�Fi2`vbivFB Q#b2`rQr�Mv+? B Fbxi��iQ@
r�Mv+? T`Q+2b¦r /vM�KB+xMv+?-

Ç KBMBK�HBx�+D² +x�bm T`x2ir�`x�MB� /�Mv+?- rvFQMvr�MB� Q#HB+x2� B xKB�M FQM};m`�+DB
m`x²/x2� bB2+BQrv+? UT`x2�²+xMBF¦r Hm# `Qmi2`¦rV-

Ç mxvbFBr�MB2 rvMBF¦r /xB���MB� bvbi2Km Q ;r�`�MiQr�Mv+? rbF��MBF�+? D�FQ�+B
xrB²x�Mv+? x2 bFmi2+xMQ�+B² /2i2F+DB �i�F¦r Q`�x bFmi2+xMQ�+B² Fbxi��iQr�MB� /vM�@
KBFB T`x2T�vr¦r bB2+BQrv+?X
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�`+?Bi2Fim`� bvbi2Km rvMBF� x rvT`�+Qr�M2D T`x2x2 KMB2 r +B²;m Qbi�iMB+? H�i K2iQ/vFB
T`Qr�/x2MB� T`�+ #�/�r+xQ@`QxrQDQrv+?X SQH2;� QM� r /m�vK mT`Qbx+x2MBm M� T`x2Fbxi��+2@
MBm T`Q#H2Km BM�vMB2`bFB2;Q /Q TQbi�+B �/2Fr�iM2;Q T`Q#H2Km K�i2K�iv+xM2;Q- � M�bi TMB2
rvFQ`xvbi�MBm r���+BrQ�+B D2;Q `QxrB²x�MB� r T`QD2F+B2 B BKTH2K2Mi�+DB �H;Q`viKm `QxrB²xm@
D²+2;Q TQbi�rBQMv T`Q#H2K BM�vMB2`bFBX L�H2�v TQ/F`2�HBÉ- �2 FQMbi`mQr�Mv r ivK T`Q+2bB2
T`Q#H2K K�i2K�iv+xMv TQrBMB2M TQbB�/�É `QxrB²x�MB2 r TQbi�+B 272FivrM2;Q �H;Q`viKm- Fi¦@
`v MB2 rvK�;� T`Qr�/x2MB� rvK�;�D²+v+? MmK2`v+xMB2 Q#HB+x2�X ax+x2;¦HM² `QH r KQB+?
T`�+�+? Q/;`vr��v x�i2K `¦rM�MB� E�`mb?�@Em?M�@hm+F2`�- `¦rM�MB2 "2HHK�M� Q`�x /BQ@
7�Miv+xM2 `¦rM�MB2 bvMi2xv �H;Q`viK¦r }Hi`�+DBX

SQ/2D�+B2 rvFQ`xvbimD²+2 x��r�MbQr�M² K�i2K�ivF i2Q`BB bv;M��¦r B bi2`Qr�MB� r T`Q@
D2FiQr�MBm �`+?Bi2Fim`v BM7Q`K�iv+xM2;Q bvbi2Km +v#2`#2xTB2+x2�bir� MB2 #v�Q /Qiv+?+x�b
biQbQr�M2 r `QxrB²x�MB�+? /Qbi TMv+? M� `vMFm- +Q mx�b�/MB�Q Q#D +B2 FQMbi`mF+DB bvbi2Km
6G.s Q+?`QM² T�i2MiQr²X "�/�MB2 TQ/KBQiQr2 B T`x2/KBQiQr2 rvFQM�M2 M� xH2+2MB2 L�aE
SA" T`x2x `x2+xMBF� T�i2MiQr2;Q rvF�x��Q- �2 BbiQiM2 2H2K2Miv `QxrB²x�MB� MB2 TQD�rB��v bB 
D�F /Qi²/ r KB /xvM�`Q/Qr2D #�xB2 rMBQbF¦r T�i2MiQrv+?- x�`¦rMQ iv+? `QxT�i`xQMv+? D�F
B Q+x2FmD²+v+? M� `QxT�i`x2MB2X q T`QD2F+B2 �`+?Bi2Fim`v bvbi2Km 6G.s rvFQ`xvbi�M2 xQbi��v
rvMBFB #�/�� T`x2T`Qr�/xQMv+? T`x2x2 KMB2 r QF`2bB2 Qbi�iMB+? H�i Q`�x x;`QK�/xQM2 r ivK
QF`2bB2 /Q�rB�/+x2MB� T`�Fiv+xM2X
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j ai`mFim`� B QTBb i2Q`2iv+xM2D +x �+B x�b�/MB+x2;Q QbB²;MB +B�

M�mFQr2;Q

qvMBFB KQB+? T`�+ irQ`x² TQ/bi�rv i2Q`2iv+xM2 bvMi2xv K2+?�MBxK¦r bi2`Qr�MB� T`x2@
xM�+xQMv+? /H� bvbi2K¦r bB2+BQrv+? B i2H2BM7Q`K�iv+xMv+?X aF��/�D² bB M� MB2 x�;�/MB2MB�
x i`x2+? Q#bx�`¦rX

RX J2+?�MBxKv �HQF�+DB x�bQ#¦r bB2+BQrv+?

Ç irB2`/x2MB� QF`2�H�D²+2 r�`mMFB B T`Q+2/m` BKTH2K2Mi�+DB r TmMF+B2 `¦rMQr�;B
L�b?� `QxrB�x�� rvTmF�v+? x�/�� QTivK�HBx�+DB U�HQF�+DB x�bQ#¦r bB2+BQrv+?V-

Ç irB2`/x2MB� +?�`�Fi2`vxmD²+2 r��bMQ�+B TmMFi¦r `¦rMQr�B L�b?� r ;`�+? /2}MBQ@
r�Mv+? T`x2x `2;m�v �HQF�+DB x�bQ#¦r x rv+2M² D2/MQHBi²-

kX 1M2`;QQbx+x /M2 bi2`Qr�MB2 bvbi2K2K i2H2BM7Q`K�iv+xMvK

Ç irB2`/x2MB� +?�`�Fi2`vxmD²+2 QTivK�HM² TQHBivF 2M2`QQbx+x /M2;Q bi2`Qr�MB� T`Q@
+2bQ`2K-

Ç QT`�+Qr�MB2 M� #�xB2 b7Q`Km�Qr�Mv+? irB2`/x2� B KQ/2HB K�i2K�iv+xMv+? �`+?B@
i2Fim`v rB2HQr�`birQr2;Q- �/�Ti2+vDM2;Q bvbi2Km 2M2`;QQbx+x /M2;Q bi2`Qr�MB�
FH�bi`2K Q#HB+x2MBQrvK-

Ç QT`�+Qr�MB2- BKTH2K2Mi�+D� B r/`Q�2MB2 7Q`K�HM2;Q KQ/2Hm T`Q+2bm /2i2F+DB B i�m@
KB2MB� �i�Fm ..Qa r TQbi�+B �miQK�im bFQ�+xQM2;Q

Ç QT`�+Qr�MB2- BKTH2K2Mi�+D� B r/`Q�2MB2 ?B2`�`+?B+xM2D `Q/xBMv �H;Q`viK¦r /2i2F@
+DB �i�F¦r ..Qa Ur r�`bir�+? Gk@G9V rvFQ`xvbimD²+2D �miQ`bF² QT2`�+D `2Fm@
`2M+vDM2D `2FQMbi`mF+DB bF��/Qrv+? �i�Fm r Q/TQrB2/MBQ xB/2Miv}FQr�M2D #�xB2
bv;M��¦r-

jX avMi2x� K2+?�MBxK¦r bi2`Qr�MB� �/�Ti�+vDM2;Q

Ç QT`�+Qr�MB2 bvbi2Km bi2`Qr�MB� �/�Ti�+vDM2;Q i�mKB²+2;Q �i�FB ..Qa Hm# x�#m@
`x2MB� `m+?m bB2+BQr2;Q Q MB2xM�M2D /vM�KB+2- Fbxi��imD²+2;Q /vM�KBF T`x2T�v@
r¦r T�FB2i¦r- B/2Miv}FmD²+2;Q KQ/2H2 /vM�KBFB �i�F¦r- T`Q;MQxmD²+2;Q M�i �2@
MB2 `m+?m bB2+BQr2;Q-

Ç QT`�+Qr�MB2 K�i2K�iv+xM2;Q KQ/2Hm `2T`2x2Mi�+DB rB2/xv Q `m+?m bB2+BQrvK rv@
`��QM2;Q r D xvFm `2;m� }Hi`�+DB T�FB2i¦r-

Ç QT`�+Qr�MB2 `2;m� FH�bv}F�+DB T`x2T�vr¦r bB2+BQrv+? U�H;Q`viKv m+x2MB� #2x M�/@
xQ`mVX
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jXR J2+?�MBxKv �HQF�+DB x�bQ#¦r bB2+BQrv+?

_Qxr��Kv bB2É h*SfAS Uh*Sf�ZJV x�Q�QM² x E �²+xv rvFQ`xvbivr�Mv+? T`x2x bi`mKB2MB2
T�FB2i¦r rvbv��Mv+? T`x2x S �`¦/2�X E��/2 �`¦/�Q s = 1, ...,S `2�HBxmD2 TQ�²+x2MB2 TQKB /xv
T�`² r x�¦r r `Qxr���M2D bB2+BX SQ�²+x2MB2 i�FB2 KQ�2 xQbi�É x`2�HBxQr�M2 M� Ps, s = 1, ...,S,

�+B2�F�+? x#m/Qr�Mv+? x �²+xv bB2+BX qB2HQ�+B2�FQrv `QmiBM;- /QTmbx+x�HMv r `Qxr���MvK
KQ/2Hm- D2bi QF`2�HQMv T`x2x K�+B2`x2 UBM+v/2M+DBV As = [aspe], s = 1, ...,S, i�FB2- �2 aspe = 1

D2�2HB �²+x2 e rvFQ`xvbivr�M2 D2bi T`x2x �+B2�F p rv+?Q/x²+² x2 �`¦/�� s- Q`�x aspe = 0 r
T`x2+BrMvK rvT�/FmX

w F��/vK �`¦/�2K `m+?m KQ�M� xrB²x�É rbF��MBF D�FQ�+B Us, s = 1, ...,S. q�`iQ�É rbF��@
MBF� Us(xs) `2T`2x2MimD2 m�vi2+xMQ�É QbB²;�M2D bxv#FQ�+B i`�MbKBbDB T�FB2i¦r xs /H� �`¦/��
`m+?mX SQ/Q#MB2- x F��/vK �²+x2K e = 1, ...,E KQ�M� TQrB²x�É rbF��MBF D�FQ�+B Ce QTBbmD²+v
FQbxi Ce(ye) xrB²x�Mv x Q#b�m;² M�i �2MB� ye > 0 T`x2T�vrm T�FB2i¦rX

S`Q+2/m`� bvMi2xv UT`QD2FiQr�MB�V �H;Q`viK¦r bi2`mD²+v+? bxv#FQ�+B² i`�MbKBbDB B FQH2D@
FQr�MB� T�FB2i¦r /H� `Qxr���M2D bB2+B bF��/� bB x /r¦+? 2i�T¦rX SB2`rbxv TQH2;� M� rv#Q`x2
TmMFim `¦rMQr�;B # /²+2;Q `QxrB²x�MB2K rB2HQF`vi2`B�HM2;Q x�/�MB� QTivK�HBx�+DB m�vi2+x@
MQ�+B bB2+BX .`m;B 2i�T TQH2;� M� bvMi2xB2 �H;Q`viK¦r bi2`Qr�MB�- +xvHB /vbF`2iMv+? mF��/¦r
/vM�KB+xMv+?- /H� �`¦/2� `m+?m Q`�x �²+xv bB2+BQrv+? UFQH2D2F m`x²/x2� bB2+BQrv+?V- Fi¦`2
;r�`�MimD² x#B2�MQ�É /Q rbF�x�M2;Q TmMFim `¦rMQr�;BX aB2É `QxT�i`vr�M� D2bi imi�D x�i2K
D�FQ `QxT`QbxQMv biQ+?�biv+xMv mF��/ /vM�KB+xMv x�Q�QMv x2 rbT¦�x�rQ/MB+x²+v+? x2 bQ#²
mF��/¦r bi2`Qr�MB�X

SQ/bi�rQr2 b7Q`Km�Qr�MB2 T`Q#H2Km QTivK�HBx�+DB m�vi2+xMQ�+B bB2+B- bi�MQrB²+2 TmMFi
rvD�+B� /H� T`Q+2/m`v bvMi2xv �H;Q`viK¦r bi2`Qr�MB� Q`�x KQ/2H T`272`2M+DB T`QD2Fi�Mi�
bvbi2Km- K� M�bi TmD²+² xM�M² B MB2xrvFH2 mMBr2`b�HM² TQbi�É (3- N),

SYSTEM(U,c,A) :
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

xK�FbvK�HBxmD
∑

s

Us(xs)

T`xv Q;`�MB+x2MB�+? ATx≤ c

rx;H /2K xs ≥ 0, s = 1, ...,S,

T`xv +xvK r2FiQ` cT = [c1, ..., ce] QF`2�H� T`x2TmbiQrQ�É �²+xvX S`Q#H2K SYSTEM /2}MBmD2 TmMFi
Q/MB2bB2MB� /H� T`QD2Fim �H;Q`viK¦r bi2`Qr�MB�X C�F ��irQ x�mr��vÉ- D2bi iQ T`Q#H2K QTiv@
K�HBx�+DB rB2HQF`vi2`B�HM2D x mivHBi�`M² �;`2;�+D² KQ/2HB T`272`2M+DB r TQbi�+B bmKv 7mMF@
+DB m�vi2+xMQ�+B �`¦/2� B �²+xvX L�H2�v x�xM�+xvÉ- �2 r TQrv�bxvK KQ/2Hm Ce(ye) = 0 /H�
0≤ ye ≤ ce �M/ Ce(ye)=+∞ /H� ye > ceX �Hi2`M�ivrM2 b7Q`Km�Qr�MB2 x�/�MB� K�FbvK�HBx�+DB
m�vi2+xMQ�+B K� M�bi TmD²+² TQbi�É,

auah1J(U,C,A) :
∣
∣
∣
∣
∣
∣
∣

xK�FbvK�HBxmD
∑

s

Us(
∑

p

xsp)−
∑

e

Ce(
∑

s

∑

p

xspaspe)

rx;H /2K xsp ≥ 0, s = 1, ...,S, p = 1, ...,Ps.
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.vbTQMmD²+ bT2+v}F�+D² TmMFim `¦rMQr�;B KQ�M� T`x2D�É /Q 2i�Tm bvMi2xv �H;Q`viK¦r
bi2`Qr�MB�X w��¦�Kv M� TQi`x2#v rbi TM2D BHmbi`�+DB FQM+2T+DB K2iQ/v bvMi2xv- �2 �`¦/�Q
`m+?m BM7Q`KmD2 bB2É UQF`2�HQMvK T`QiQFQ�2KV bv;M��2K θs ≥ 0 Q brQD2D ;QiQrQ�+B /Q x�T��iv
x� bxv#FQ�É xs ≥ 0 T`x2bv��MB� T�FB2i¦rX w��¦�Kv `¦rMB2�- �2 bxv#FQ�É i� D2bi rvxM�+x�M�
x;Q/MB2 x `2;m�² �HQF�+DB,

xs = ξ̄s(θs,λs)=







θs/λs, dla θs > 0;

0, dla θs = 0,
URV

;/xB2 λs =
∑

e aseµe ≥ 0 D2bi +2M² rvFQ`xvbi�MB� bB2+B `¦rM² bmKB2 +2M rvFQ`xvbi�MB� �²+xv
#m/mD²+v+? �+B2�F X C2/MQ+x2�MB2 x i�F Q#HB+xQM² �HQF�+D² x�bQ#¦r xrB²x�M� D2bi M�bi TmD²+�
`2;m�� rv+2Mv ws ≥ 0 �HQF�+DB,

ws = η̄s(θs,λs)= θs. UkV

q ivK TmMF+B2 M�H2�v x�mr��vÉ- �2 +2Mv µe ≥ 0, e = 1, ...,E, b² KMQ�MBF�KB G�;`�M@
;2ö� xrB²x�MvKB x Q;`�MB+x2MB�KB T`x2TmbiQrQ�+B �²+xv- +Q TQxr�H� BMi2`T`2iQr�É bi`mFim` 
bi2`Qr�MB� rv��MB�D²+² bB x2 x�Q�QMQ�+B `Qxr���M2;Q bvbi2Km D�FQ bi`mFim` bi2`Qr�MB� x FQ@
Q`/vM�+D² Bi2`�+vDM� K2iQ/² +2M (Re)X JMQ�MBFB G�;`�M;2ö� T2�MB² r ivK mF��/xB2 bi2`Qr�MB�
`QH bv;M��m bT`x �2MB� xr`QiM2;Q- Fi¦`v BM7Q`KmD2 �`¦/�� `m+?m Q TQxBQKB2 Q#+B²�2MB� bB2+B
T`x2x bmK�`v+xMv T`x2T�vr T�FB2i¦rX

SQbxmFBr�Mv D2bi Q+xvrB�+B2 �H;Q`viK rvxM�+x�MB� bv;M��m θs ≥ 0- mD�rMB�D²+v bB2+B T`2@
72`2M+D2 �`¦/�� `m+?m s = 1, ...,S. �H;Q`viK i2M KQ�M� bFQMbi`mQr�É M� TQ/bi�rB2 `QxrB²x�MB�
M�bi TmD²+2;Q x�/�MB� QTivK�HBx�+DB (3- N),

USERs(Us,λs) :
∣
∣
∣
∣
∣

xK�FbvK�HBxmD Us (θs/λs)−θs

rx;H /2K θs ≥ 0.

EQMbi`mF+D� �H;Q`viKm QTB2`� bB M� M�bi TmD²+vK `QxmKQr�MBmX w�¦�Kv- �2 +2M� λs

D2bi mbi�HQM� � �`¦/�Q `m+?m MB2 KQ�2 M� i +2M rT�vr�ÉX S`xvDKmD²+ iQ x��Q�2MB2 KQ�M�
rvF�x�É- �2 bB2É /vbTQMmD²+� BM7Q`K�+D² r TQbi�+B r2FiQ`� θ = (θ1, ...,θS)- KQ�2 rvxM�+xvÉ
T`x2T�vrv xs ≥ 0, s = 1, ...,S, T`xv TQKQ+v �H;Q`viK¦r FQH2DFQr�MB� T�FB2i¦r U�ZJV Q`�x
bi2`Qr�MB� bx2`QFQ�+B² QFM� i`�MbKBbDB T�FB2i¦r Uh*SV `QxrB²xmD²+v+? r bTQb¦# �bvM+?`Q@
MB+xMv B x/2+2Mi`�HBxQr�Mv x�/�MB2,

NETWORK(A,c,θ) :
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

xK�FbvK�HBxmD
∑

s

θs log(xs)

T`xv Q;`�MB+x2MB�+? ATx≤ c

rx;H /2K xs ≥ 0, s = 1, ...,S.
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�H;Q`viK bi2`Qr�MB� bxv#FQ�+B² i`�MbKBbDB T�FB2i¦r D2bi rQ#2+ i2;Q r�`B�Mi2K �H;Q`viKm
QTivK�HBx�+DB- bT�`�K2i`vxQr�M2;Q bv;M��2K θs T`x2x F��/2 �`¦/�Q `m+?mX q TQbi�+B +B²;�2D
K� QM TQbi�É M�bi TmD²+2;Q mF��/m `¦rM�� `¦�MB+xFQrv+?,

RATE(A,q,θ) :
∣
∣
∣
∣
∣
∣
∣

dxs(t)

dt
= κ

[

θs − xs(t)
∑

e
aseµe(t)

]

, s = 1, ...,S,

µe(t)= qe(
∑

s
asexs(t)), e = 1, ...,E.

C�F rvMBF� x T`x2/bi�rBQM2;Q `QxmKQr�MB� +2Mv µe ≥ 0, e = 1, ...,E, rvxM�+x�M2 b² imi�D T`x2x
�H;Q`viKv FQH2DFQr�MB� T`x2F�xmD²+v /Q bB2+B BM7Q`K�+D Q F`��+QrvK FQbx+B2 Q#+B²�2MB�
�²+x�X av;M�� θs TQrBMB2M #vÉ M�iQKB�bi rvxM�+x�Mv M� TQ/bi�rB2 r�`mMF¦r QTivK�HMQ�+B
TB2`rbx2;Q `x /m /H� `QxrB²x�MB� x�/�MB� USERs(Us,λs),

θs(t)= xs(t)U
′
s(xs(t)), s = 1, ...,S, UjV

;/xB2 U ′
s ≡ dUs/dxsX ax+x2;¦�v /Qiv+x²+2 BKTH2K2Mi�+DB TQrv�bx2;Q �H;Q`viKm KQ�M� xM�H2�É

KXBMX r T`�+�+? (R9- RR- Rd- Re- Rj- R8- R3)X
SQrv�bx2 `QxmKQr�MB2 #�xmD2 M� x��Q�2MBm- �2 +2M� λs D2bi mbi�HQM� � �`¦/�Q `m+?m MB2

KQ�2 M� i +2M rT�vr�ÉX q r�`mMF�+? �bvK2i`BB BM7Q`K�+vDM2D- r M�im`�HMv bTQb¦# rv@
bi TmD²+v+? r bvbi2K�+? x�Q�QMv+?- i�FB2 x��Q�2MB2 KQ�2 MB2 #vÉ bT2�MBQM2X l�viFQrMB+v
bB2+B U�/KBMBbi`�iQ`xv �`¦/2� `m+?mV xM�D² x�b�/v �HQF�+DB x�bQ#¦r bB2+BQrv+?- D2bi iQ rB2@
/x� TQrbx2+?M�- D2/M�F TQbB�/�D² QMB T`vr�iM² rB2/x M� i2K�i brQD2;Q KQ/2Hm T`272`2M+DB
U7mMF+DB m�vi2+xMQ�+BVX SQMB2r�� BM7Q`K�+D� M� i2K�i m�vi2+xMQ�+B- rv`��QM� bv;M��2K θs-
bi�MQrB TQ/bi�r /H� �HQF�+DB x�bQ#¦r- � r bx+x2;¦HMQ�+B rvxM�+x2MB� +2M µe ≥ 0, e = 1, ...,E,

m�viFQrMB+v bB2+B KQ;² TQ/2DKQr�É T`¦#v K�MBTmHQr�MB� T`Q+2b2K �HQF�+DBX q `Qxr���MvK
KQ/2Hm bT`Qr�/x� bB iQ /Q rT�vr�MB� M� bv;M�� bT`x �2MB� xr`QiM2;Q λs TQT`x2x x�biQbQr�@
MB2 bi`�i2;BB bT2FmH�ivrMv+?X ai`�i2;B2 i2 TQH2;�D² M� mD�rMB�MBm /Q bB2+B BM7Q`K�+DB Q +2HQrQ
xKQ/v}FQr�MvK KQ/2Hm T`272`2M+DB- `¦�MB²+vK bB Q/ `x2+xvrBbi2;QX

q brQB+? #�/�MB�+? b+?�`�Fi2`vxQr��2K FQMbi`mF+D2 bi`�i2;BB bT2FmH�ivrMv+?

T`Qr�/x²+v+? /Q rvMBF¦r FQ`xvbiMv+? x TmMFim rB/x2MB� TQD2/vM+x2;Q �`¦/��

`m+?m U� `�+x2D D2;Q �/KBMBbi`�iQ`�V r ;`�+? BM/mFQr�Mv+? T`x2x K2+?�MBxKv

�HQF�+DB B D2/MQHBi2D rv+2Mv x�bQ#¦rX l/QrQ/MB�2K- �2 QTivK�HM� bi`�i2;B� bT2FmH�@
ivrM� /H� ;`v x/2}MBQr�M2D `2;m��KB (ξ̄, η̄) KQ�2 TQH2;�É M� x�MB��MBm r�`iQ�+B bv;M��m θsX
w;Q/MB2 x MB² �`¦/�Q s D2bi KQivrQr�M2 /Q FQKmMBFQr�MB� bv;M��m,

θs(t)= xs(t)Ũ
′
s(xs(t)), U9V

/H� Q/TQrB2/MBQ bFQMbi`mQr�M2D 7mMF+DB Ũs- ;/xB2 Ũ ′
s(xs(t))<U ′

s(xs(t))X

EQMb2Fr2M+D2 rvFQ`xvbi�MB� bi`�i2;BB bT2FmH�ivrMv+? r ;`�+? BM/mFQr�Mv+? K2+?�MB@
xK�KB U�mF+D�KBV x rv+2M² D2/MQHBi² QTBb��2K r T`�+v (L8)X LB2+? Θ=Θ1×·· ·×Θn QxM�+x�
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

T`x2bi`x2� bv;M��¦r rvir�`x�Mv+? T`x2x �`¦/�Q `m+?mX J2+?�MBxK D2bi BHQ+xvM2K F�`i2xD��@
bFBK 7mMF+DB mi : Θ→ X ×W , i = 1, ...,n- i�FB+?- �2,

mi(θ)= (ξi(θ),ηi(θ)), i = 1, ...,n. U8V

6mMF+D� ξi : Θ→ X QxM�+x� `2;m� �HQF�+DB x�bQ#m- M�iQKB�bi ηi : Θ→W `2;m� rv+2MvX
_2;m�v K2+?�MBxKm b² M�`x /xB�KB FQQ`/vM�+DB /xB���� �miQMQKB+xMv+? /2+v/2Mi¦r x/QH@

Mv+? /Q T`Qr�/x2MB� /xB���� bT2FmH�ivrMv+?X AM/mFmD² QM2 ;` - Fi¦`2D `QxrB²x�MB� MB2 b² r
Q;¦HMvK T`xvT�/Fm iQ�b�K2 x `QxrB²x�MB�KB x�/�MB� SYSTEMX JQD2 #�/�MB� bFQM+2Mi`Qr�M2
#v�v x�i2K M� r�`mMF�+?- D�FB2 Kmbx² #vÉ bT2�MBQM2 T`x2x `2;m�v K2+?�MBxKm- �#v `QxrB²@
x�MB2 rbTQKMB�M2;Q T`Q#H2Km KQ;�Q #vÉ QbB²;�HM2 r TmMF+B2 `¦rMQr�;B L�b?�X q TmMF+B2
`¦rMQr�;B L�b?� θ∗ ;`v x K�FbvK�HBxQr�MvKB rvT��i�KB Ji, i = 1, ...,n, D2bi QF`2�HQMv T`x2x
mF��/ MB2`¦rMQ�+B,

Ji((θ
∗
i ,θ∗

−i))≥ Ji((θi,θ
∗
−i)), θi ∈Θi, i = 1, ...,n, UeV

;/xB2 T`xvD i� D2bi MQi�+D� θ−i = (θ1, ...,θi−1,θi+1, ...,θ∗n) Q`�x θ ≡ (θ∗
i
,θ∗

−i
), i = 1, ...,nX arQD2

#�/�MB� T`x2T`Qr�/xB�2K T`xv x��Q�2MBm- �2 F��/v /2+v/2Mi T`x2bv�� /Q K2+?�MBxKm bv;M��
# /²+v `QxrB²x�MB2K x�/�MB�,

AGENTi(mi) :
∣
∣
∣
∣
∣

xK�FbvK�HBxmD Ji(mi(θ))=Ui(ξi(θ))−ηi(θ)

rx;H /2K θi ≥ 0.

S`xvDKmD²+ TQrv�bx2 x��Q�2MB2 Q/F`v�2K bx2`2; MB2xrvFH2 +B2F�rv+? r��bMQ�+B

TmMFi¦r `¦rMQr�;B L�b?� ;B2` MB2FQQT2`�+vDMv+? x/2}MBQr�Mv+? T`x2x K2+?�MBxK ivTm
T�vK2Mi@#B//BM;,

PBM(θ) :
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

ξ̂i(θ)=







θi/p( ŷ(θ)), if θi > 0;

0, if θi = 0,

η̂i(θ)= θi

n∑

i=1

η̂i(θ)= ŷ(θ)p( ŷ(θ),

Q`�x K2+?�MBxK ivTm /2K�M/@#B//BM;,

DBM(θ) :
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

ξ̃i(θ)= θi,

η̃i(θ)= θi p( ỹ(θ))

ỹ(θ)=
n∑

i=1

ξ̃i(θ).
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

_vbmM2F R, �`+?Bi2Fim`� K2+?�MBxKm FQQ`/vM�+DB B �HQF�+DB x�bQ#¦r (L9- Le)X

J2+?�MBxKv bi�MQrB² Q;¦HMv KQ/2H `2;m� �HQF�+DB B D2/MQHBi2D rv+2Mv x�bQ#¦r TQ/xB2HMv+?
rvFQ`xvbivr�Mv+? r rB2Hm bvbi2K�+? x�Q�QMv+?- r ivK bB2+B�+? h*SfAS- FH�bi`�+? K�bxvM
rB`im�HMv+? Q`�x bvbi2K�+? 2FQMQKB+xMv+?X a7Q`Km�Qr�M2 T`x2x2 KMB2 r T`�+v (L8) irB2`@
/x2MB� TQF�xmD²- �2 r T`xvT�/Fm ;B2` x rv+2M² D2/MQHBi² BM/mFQr�Mv+? T`x2x TQrv�bx2 K2@
+?�MBxKv,

Ç F��/v ;`�+x FQKmMBFmD2 x`2/mFQr�Mv TQTvi M� x�bQ#v bB2+BQr2- +Q T`Qr�/xB /Q Q#MB@
�QM2D +2Mv `¦rMQr�;B B `2/mF+DB TQxBQKm rvFQ`xvbi�MB� �²+xvc

Ç +x �É ;`�+xv KQ�2 Qi`xvK�É rv�bx2 TQxBQKv �HQF�+DB Q`�x TQT`�rBÉ brQD² rvT��i x ;`vc

Ç +x �É ;`�+xv TQT`�rBÉ rvT��i x ;`v T`xv Q#MB�QM2D �HQF�+DB x�bQ#¦rX

q r�`mMF�+? �bvK2i`BB BM7Q`K�+vDM2D K2+?�MBxKv x rv+2M² D2/MQHBi² MB2 KQ;² x�i2K r Q;¦H@
MvK T`xvT�/Fm T`Qr�/xBÉ /Q QbB²;MB +B� r TmMFi�+? `¦rMQr�;B L�b?� `QxrB²x�� x�/�MB�
auah1JX q bvbi2K�+? x�Q�QMv+?- r Fi¦`v+? rvbi TmD² �miQMQKB+xMB /2+v/2M+B TQbB�/�D²+v
T`vr�iM² rB2/x - M�H2�v Q+x2FBr�É `Qx#B2�MQ�+B +2H¦r BM/vrB/m�HMv+? x +2H�KB bvbi2KQrvKBX
JQ�2 iQ T`Qr�/xBÉ /Q `QxrB²x��- Fi¦`2 MB2 b² S�`2iQ@QTivK�HM2 x TmMFim rB/x2MB� bvbi2Km
D�FQ +��Q�+BX qMBQb2F i2M TQbx2`x� x#B¦` rvMBF¦r QTBbmD²+v+? r���+BrQ�+B TmMFi¦r

`¦rMQr�;B L�b?�- KXBMX x�r�`iv+? r T`�+�+? (RN- e)X

EQH2DM2 Tvi�MB2- M� Fi¦`2 TQbxmFBr��2K Q/TQrB2/xB /Qiv+xv�Q KQ�HBrQ�+B bFQMbi`m@

Qr�MB� `2;m� ;`v ;2M2`mD²+2D r TmMF+B2 `¦rMQr�;B L�b?� `QxrB²x�MB� rB2HQF`v@

i2`B�HM2;Q T`Q#H2Km QTivK�HBx�+DB x�b¦r bB2+BQrv+?- ixMX x�/�MB� auah1JX q T`�+v
(L9- Le) m/QrQ/MB�2K T`xviQ+xQM2 TQMB�2D irB2`/x2MB2X
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

hrB2`/x2MB2 RX _Qxr��Kv T`Q#H2K,

P( f j, j = 0, ...,m) :
∣
∣
∣
∣
∣

xKBMBK�HBxmD f0(x,y) rx;H /2K (x,y) ∈R
n
×R

m

T`xv Q;`�MB+x2MB�+? f j(x,y)= 0 /H� n,m > 0, f j ∈C
2, j = 0, ...,m.

S`xvDKBDKv- �2 f j(x,y) =
∑

i f ji(xi)+ g j(y) /H� j = 0, ...,mX LB2+? z̄ = (x̄, ȳ) # /xB2 TmMFi2K-

r Fi¦`vK bT2�MBQM2 b² r�`mMFB FQMB2+xM2 QTivK�HMQ�+B TB2`rbx2;Q B /`m;B2;Q `x /m Q`�x

det∇yF(x̄, ȳ) 6= 0X w��¦�Kv- �2 /H� x ∈ Bǫ(x̄) = {x : ‖x̄−x‖ ≤ ǫ, ǫ > 0} 7mMF+D2 ηi, i = 1, ...,n,

b² QF`2�HQM2 T`x2x mF��/ `¦rM��,

∂ηi(x)

∂xi

=
∑

j

p j(x)
∂ f ji(xi)

∂xi

, i = 1, ...,n, UdV

;/xB2

p(x)≡−

(
∂FT

∂y
(x,Y(x))

)−1
∂ f0

∂y
(x,Y(x)) Q`�x F(x,Y(x))≡ 0. U3V

w��¦�Kv `¦rMB2�- �2 /H� v ∈R
n \{0} K�Kv,

vT ∂YT

∂x
(x̄)

∂2H

∂y2
(x̄,p(x̄))

∂Y

∂xT
(x̄)v> 0, UNV

T`xv +xvK H(x,p(x)) = f0(x,Y(x))+p(x)TF(x,Y(x))X q¦r+x�b z̄ D2bi `QxrB²x�MB2K T`Q#H2Km P

Q`�x `QxrB²x�MB2K T`Q#H2K¦r,

PAYOFFi( f0i, x̄i,x−i), i = 1, ...,n :
∣
∣
∣
∣
∣

xKBMBK�HBxmD Ji(xi,x−i)= f0i(xi)+ηi(x)

rx;H /2K xi ∈Bǫ(x̄i),

/H� x−i = (x1, ..., xi−1, xi+1, ..., xn)X

hrB2`/x2MB2 iQ TQF�xmD2- �2 `QxrB²x�MB2 T`Q#H2Km P KQ�M� x�BKTH2K2MiQr�É

r TmMF+B2 L�b?� ;`v Q Q/TQrB2/MBQ x�BKTH2K2MiQr�Mv+? rvT��i�+? Ji, i = 1, ...,n,

D2/M�F Q/#vr� bB iQ FQbxi2K +x �+B ;`�+xv Hm# T`QD2Fi�Mi� K2+?�MBxKmX
S`Q+2/m`� T`QD2FiQr�MB� `2;m� K2+?�MBxKm m(P)- # /²+� rMBQbFB2K x irB2`/x2MB� B xB@

Hmbi`Qr�M� M� _vbmMFm R- x�F��/� rvFQ`xvbi�MB2 HQF�HMv+? r��bMQ�+B `QxrB²x�MB� `¦rM�MB�
F(x,Y(x))≡ 0 r QiQ+x2MBm `QxrB²x�MB� T`Q#H2Km SX S`Q+2/m`� QF`2�H� `Q/xBM ;B2` FQQ`/vMmD²@
+v+? BMi2`�F+D2 ;`�+xv T`xv TQKQ+v `2;m�v y=Y(x) Q`�x `2;m� �HQF�+DB B rv+2Mv MB2D2/MQHBi2D
U/vbF`vKBMmD²+2DV (ξi,ηi), i = 1, ..., nX EQMbi`mF+D� `2;m� bT`�rB�- �2 r�`mMFB QTivK�HMQ�+B
TB2`rbx2;Q `x /m x�/�� HQF�HMv+? PAYOFFi, i = 1, ...n, b² `¦rMQr��M2 r�`mMFQK QTivK�HMQ�+B
TB2`rbx2;Q `x /m x�/�MB� SX

S`x2T`Qr�/xQM2 T`x2x2 KMB2 �M�HBxv TQxr�H�D² i�F�2 TQ`¦rM�É FQbxiv rT`Qr�/x2@

MB� /Q bvbi2Km K2+?�MBxK¦r QTBb�Mv+? irB2`/x2MB2K x FQbxi�KB bvbi2KQrvKB

rvMBF�D²+vKB x2 biQbQr�MB� T`x2x ;`�+xv bi`�i2;BB bT2FmH�ivrMv+? r ;`�+?

x rv+2M² D2/MQHBi²X w�bF�FmD²+2 rMBQbFB T�vM²+2 x i2D �M�HBxv b² M�bi TmD²+2 (L8- L9- LN),
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

Ç r r�`mMF�+? �bvK2i`BB BM7Q`K�+vDM2D bi`�i2;B2 bT2FmH�+vDM2 KQ;² ;2M2`Qr�É FQbxiv
bvbi2KQr2- Fi¦`2 b² MB�bx2 Q/ iv+? rvMBF�D²+v+? x rT`Qr�/x2MB� QT��i MB2D2/MQHBiv+?-

Ç rv#¦` xKB2MMv+? x�H2�Mv+? y=Y(x) UMTX rbT¦�/xB2HQMv+? �²+xv r bB2+BV- Fbxi��iQr�Mv+?
T`x2x xKB2MM2 MB2x�H2�M2 x- K� xM�+x2MB� /H� 272FivrMQ�+B `¦rMQr�;B L�b?�-

Ç M�Db��#bB ;`�+x2 KQ;² bi`�+BÉ TQ/2DKmD²+ FQMFm`2M+D x bBHMB2DbxvKB ;`�+x�KBX

PK¦rBQM2 TQrv�2D rvMBFB K�D² /m�2 xM�+x2MB2 T`�Fiv+xM2 /H� T`QD2FiQr�MB� K2+?�MB@
xK¦r �HQF�+DB x�bQ#¦r B `2;m� FQQ`/vM�+DB rbT¦�x�rQ/MB+ir� �miQMQKB+xMv+? /2+v/2Mi¦r
r bvbi2K�+? x�Q�QMv+?X SQbx2`x�D² QM2 F�i�HQ; irB2`/x2� QTBbmD²+v+? r���+BrQ�+B

TmMFi¦r `¦rMQr�;B L�b?� Q`�x /Qbi�`+x�D² rbF�x¦r2F /Qiv+x²+v+? x�b�/ B+?

T`QD2FiQr�MB�X PTBbmD² QM2 FQMbi`mF+D2 ;B2` # /²+v+? `QxrB²x�MB2K T`Q#H2Km bT`�rB2/HB@
r2;Q Ur b2MbB2 QF`2�HQMvK K2iQ/² �;`2;�+DB T`272`2M+DBV TQ/xB��m x�bQ#¦r bvbi2KQrv+?X
q���MB2 r ivK FQMi2F�+B2- x�;�/MB2MB� TQ/xB��m x�bQ#¦r bB2+BQrv+?- TQrv�bx2 rvMBFB xM�H�@
x�v #2xTQ�`2/MB2 x�biQbQr�MB2 r x�T`QD2FiQr�MvK T`x2x2 KMB2 bvbi2KB2 6G.s Q+?`QMv �²+xv
r�`bir Gk@9 T`x2/ �i�F�KB ivTm ..QaX J2+?�MBxKv i2 b² rvFQ`xvbivr�M2 r T`Q+2bB2

x�`x²/x�MB� bi�M2K T`x2T�vrm KQMBiQ`Qr�M2;Q D�FQ i2bi M�`mbx�MB� T`x2x T`x2T�vr
Q;`�MB+x2� /Qiv+x²+v+? #2xTB2+xM2;Q rbT¦�/xB2H2MB� �²+x� +?`QMBQM2;QX

jXk 1M2`;QQbx+x /M2 bi2`Qr�MB2 bvbi2K2K i2H2BM7Q`K�iv+xMvK

:�¦rMvK QbB²;MB +B2K KQB+? #�/�� M�/ 2M2`;QQbx+x /MvK bi2`Qr�MB2K bvbi2K2K bB2+BQrvK
Hm# Q#HB+x2MBQrvK- QTBb�MvK r T`�+�+? (LR- Lk- Ld- Lj)- D2bi QT`�+Qr�MB2 i2Q`2iv+xM2D

FQM+2T+DB rB2HQr�`birQr2;Q bvbi2Km bi2`Qr�MB� mKQ�HBrB�D²+2;Q `2/mF+D xm�v@

+B� 2M2`;BB r bB2+B b2`r2`¦r T`�+mD²+v+? M� bvbi2KB2 QT2`�+vDMvK GBMmt B Q#b�m;mD²+v+?
T`x2T�vrv T�FB2i¦rX w�T`QTQMQr�M� bi`mFim`� x�T2rMB� bi2`Qr�MB2 r +x�bB2 `x2+xvrBbivK-
Fi¦`2 /vM�KB+xMB2 KQ/v}FmD2 FQM};m`�+D bB2+B x2 rx;H /m M� F`¦iFQi2`KBMQr2 T`Q;MQxv
Q#+B²�2MB� bB2+BX w�/�MB2 T`QD2FiQr2 TQH2;��Q im T`x2/2 rbxvbiFBK M� Q/TQrB2/MBK b7Q`Km@
�Qr�MBm T`Q#H2Km QTivK�HBx�+DB bi2`Qr�MB�X SQ TB2`rbx2 x�T`QTQMQr��2K `2H�Fb�+D T`Q#H2@
Km QTivK�HBx�+DB `QmiBM;mX SQxr�H� QM� T`x2HB+x�É T�`�K2i`v 2M2`;QQbx+x /M2D FQM};m`�+DB
bB2+B r T iHB x�KFMB i2D x MB2rB2HFBK QF`2b2K T`¦#FQr�MB� B #2x M�`mbx�MB� M�`xm+QM2;Q `2@
�BKm +x�bQr2;QX SQ /`m;B2- x�T`2x2MiQr��2K T`QD2Fi T iHB bi2`Qr�MB� �/�Ti�+vDM2;Q- Fi¦`�
TQxr�H� M� /vM�KB+xM2 /QbiQbQr�MB2 TQHBivFB bi2`Qr�MB� T`xv/xB��m mb�m; r r x��+? bB2+B /Q
xKB2MMv+? r�`mMF¦r QT2`�+vDMv+?X SQ i`x2+B2- x�T`QD2FiQr��2K 2M2`;QQbx+x /M2 bi2`QrMBFB
*Sl #�xmD²+2 M� `QxrB²x�MBm T`Q#H2Km bi2`Qr�MB� QTivK�HM2;Q M� ?Q`vxQM+B2 MB2bFQ�+xQ@
MvKX

_Qxr��Kv FH�bi2` N TQ�²+xQMv+? x2 bQ#² b2`r2`¦rX q x2� bB2+B- b2`r2` n- ;/xB2 n = 1, ..., N-
KQ�M� QTBb�É rbF��MBFB2K 272FivrMQ�+B Qn QF`2�H�D²+vK FQbxi 2M2`;2iv+xMv T`x2ir�`x�MB�
T�FB2i¦r bB2+BQrv+? Hm# x�/�� Q#HB+x2MBQrv+?X q2FiQ` BM+v/2M+DB U�²+x2@r x2�V- bn = [ben]E×1-
KQ�M� r ivK KQ/2Hm rvFQ`xvbi�É /Q QF`2�H2MB� bmK�`v+xM2;Q bi`mKB2MB� T�FB2i¦r i`�}�D²@
+2;Q /Q b2`r2`�X C2�2HB x�i2K BbiMB2D2 �²+x2 T`xvH2;�2 /Q r x�� n- iQ ben = 1- � r T`x2+BrMvK
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

_vbmM2F k, �`+?Bi2Fim`� x�T`QD2FiQr�M2;Q bvbi2Km bi2`QrMB� bB2+B²X

rvT�/Fm ben = 0X P#+B²�2MB2 b2`r2`� bi`mKB2MB2K T�FB2i¦r M�T�vr�D²+v+? x x�/�MvK M�@
i �2MB2K KQ�M� rv`�xBÉ D�FQ bT

n r- ;/xB2 r = AxX w�mr��Kv- �2 B = [b1|...|bN ] D2bi K�+B2`x²
BM+v/2M+DB bB2+BX

S`xvTm�ÉKv- �2 /vbTQMmD2Kv T`Q;MQx�KB M�i �2MB� `m+?m M� �+B2�F�+? `QmiBM;m- d =

d̂(t|β)- ;/xB2 t QxM�+x� +?rBH T`¦#FQr�MB� � β r2FiQ` T�`�K2i`¦r T`2/vF+DBX L�bi TmD²+2
x�/�MB2 TQxr�H� rvxM�+xvÉ QTivK�HM� FQM};m`�+D `QmiBM;m r bB2+B Q`�x TQxBQKv
�FivrMQ�+B D2D r x�¦r,

SYSTEM[(Q1, ...,QN ),A,B,c,d,H] :
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

xKBMBK�HBxmD
N∑

n=1

Qn(bT
n Ax)

T`xv Q;`�MB+x2MB�+? Ax−c≤ 0,

Hx−d≥ 0, x≥ 0.

q TQrv�bxvK b7Q`Km�Qr�MBm A QxM�+x� K�+B2`x `QmiBM;m- H K�+B2`x �`¦/�Q@�+B2�F�- � r2FiQ`
x `QxF��/ T`x2T�vr¦r �`¦/�Qrv+? TQKB /xv �+B2�F�KB r bB2+BX

SQMB2r�� 7mMF+D� Qn KQ/2HmD²+� FQbxi 2M2`;2iv+xMv T`x2ir�`x�MB� T�FB2i¦r MB2 D2bi x�@
xrv+x�D rvTmF��- x�/�MB2 iQ M�H2�v `QxrB²xvr�É Q/TQrB2/MBKB i2+?MBF�KB- MTX mrvTmFH�@

R3 f 89



/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

D²+vKB (8- Ry- L9)X C2;Q `QxrB²x�MB2 TQxr�H� D2/M�F rvxM�+xvÉ T`xv/xB�� �+B2�2F /Q T`x2@
T�vr¦r QTivK�HBxmD²+ T`xv ivK xm�v+B2 x�bQ#¦r bvbi2KQrv+?X SQM�/iQ- TQMB2r�� r̂ = Ax̂-
`QxrB²x�MB2 x�/�MB� TQxr�H� rvxM�+xvÉ 272FivrM2 �+B2�FB `QmiBM;m Q/TQrB�/�D²+2 Q#@
b2`rQr�M2Km `m+?QrB bB2+BQr2KmX �²+x�- /H� Fi¦`v+? r̂e = 0 rbF�xmD² r x�v xM�D/mD²+2 bB 
r bi�MB2 Q+x2FBr�MB�- KQ;² x�i2K xQbi�É m�TBQM2X w�T`QD2FiQr�M� M� TQ/bi�rB2 TQrv�bx2;Q
b7Q`Km�Qr�MB� T`Q#H2Km bi`mFim`� bvbi2Km bi2`Qr�MB� TQxr�H� x�i2K FQQ`/vMQr�É T`�+ 
bi2`QrMBF¦r QTivK�HBxmD²+v+? T`�+2 b2`r2`¦r UT`Q+2bQ`¦rVX

q T`QD2F+B2 272FivrMv+? 2M2`;2iv+xMB2 K2+?�MBxK¦r bi2`Qr�MB� T`Q+2bQ`�KB mrx;H /@
MB�2K rvMBFB KQB+? #�/�� r Q#bx�`x2 bi2`Qr�MB� QTivK�HM2;Q (Lk)X _Qxr��Kv rbF��MBF
D�FQ�+B �²+x²+v FQbxi 2M2`;2iv+xMv T`�+v T`Q+2bQ`� Qp(y,v) x FQbxi2K mi`�iv D�FQ�+B Qq(y,v)

`2�HBxQr�Mv+? T`Q+2b¦r K� TQbi�É

Qγ(y,v)= γQp(y,v)+ (1−γ)Qq(y,v), URyV

;/xB2 y D2bi Q#+B²�2MB2K *Sl � v +x biQiHBrQ�+B² Urv/�DMQ�+B² Q#HB+x2MBQr²V D2;Q T`�+vX S�@
`�K2i` γ QF`2�H� biQTB2� 2M2`;QQbx+x /MQ�+B TQHBivFB bi2`Qr�MB�X .vbTQMmD²+ KQ/2H2K /vM�@
KBFB T`�+v b2`r2`� M (γ,θ,ϑ) = (Qγ, fθ̄,hϑ̄)- KQ�M� b7Q`Km�Qr�É M�bi TmD²+2 x�/�MB2 bvMi2xv
TQHBivFB bi2`Qr�MB�,

SERVER[Qγ, fθ̄,hϑ̄] :
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣
∣

xKBMBK�HBxmD Jπ(z0)= lim
N→∞

E{
N−1∑

k=0

βkQγ(yk,vk) : wk ∈W, wk ∼Pk}

T`xv Q;`�MB+x2MB�+? zk+1 = fθ̄(zk,vk,wk) ∈Z,

yk = hϑ̄(zk,vk,wk) ∈Y,

rx;H /2K π ∈ {{µk}N−1
k=0 |µk : Z×W→V}.

"�/�D²+ `QxrB²x�MB� i�F TQbi�rBQM2;Q rB2HQF`vi2`B�HM2;Q x�/�MB� bi2`Qr�MB� QTivK�HM2;Q M�
?Q`vxQM+B2 MB2bFQ�+xQMvK QF`2�HB�2K bi`mFim` QTivK�HM2D TQHBivFB bi2`Qr�MB� (Lk)X
SQHBivF� i� D2bi Q;`�MB+xQM� Q/ /Q�m T`x2x 7mMF+D M�DH2Tbx2D Q/TQrB2/xB b2`r2`� M� +?rBHQr2
Q#+B²�2MB2- µ̂γ- KBMBK�HBxmD²+² F`¦iFQQF`2bQrv FQbxi T`�+vX C2D bi`mFim` QTBbmD2 M�bi TmD²+2
irB2`/x2MB2 (Lk)X

hrB2`/x2MB2 kX C2�2HB 7mMF+D� J D2bi `QxrB²x�MB2K `¦rM�MB� "2HHK�M� /H� T`Q#H2Km SERVER-

iQ QTivK�HM� TQHBivF� bi2`Qr�MB� K� M�bi TmD²+² bi`mFim` ,

µγ(z,w)=







µ̂γ(z,w), D2�2HB fθ̄(z, µ̂γ(z,w),w)= 0,

µ̂+
γ (z,w), D2�2HB fθ̄(z, µ̂γ(z,w),w)> 0,

µ̂+
γ (z,w)= argmin{Qγ(hϑ̄(z,v,w),v)+αJ( fθ̄(z,v,w)) : v ≥ µ̂γ(z,w)},

;/xB2 µ̂γ D2bi 7mMF+D² M�DH2Tbx2D Q/TQrB2/xBX

qvxM�+xQM� TQHBivF� bi2`QrMB� K� M�bi TmD²+� BMi2`T`2i�+D X C2�HB KQ�HBr2 D2bi Q#b�m�2@
MB2 bi`mKB2MB� T�FB2i¦r w x KBMBK�HM² +x biQiHBrQ�+B² QTivK�HBxmD²+² FQbxi +?rBHQrv- M�H2�v
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q
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Control policy π = µγ(x,w), γ = 0.5
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_vbmM2F j, S`xvF��/ TQHBivFB bi2`Qr�MB� µ0.5 rvxM�+xQM2D K2iQ/� Bi2`�+DB TQHBivFB bi2`Qr�MB�
M� ?Q`vxQM+B2 MB2bFQ�+xQMvK /H� /�Mv+? 2FbT2`vK2Mi�HMv+?X 6mMF+D� Ĉγ QF`2�H� KBMBK�HMv
FQbxi Q#b�m;B bi`mKB2MB� x�/�� B D2bi rvxM�+xQM� T`x2x Q#rB2/MB2 FQbxi¦r T`x2ir�`x�MB�
T�FB2i¦r x /Qbi TMvKB +x biQiHBrQ�+B�KBX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q
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_vbmM2F 8, h`�D2FiQ`B2 bi2`Qr�� B TQ#¦` KQ+v b2`r2`� T`�+mD²+2;Q x;Q/MB2 x TQHBivF²
QM/2K�M/ UTQrv�2DV- TQHBivFB µ0.5 UTQMB�2DVX

rv#`�É bi2`QrMB2 µ̂γ(z,w)X q T`x2+BrMvK T`xvT�/Fm- M�H2�v QTivK�HBxQr�É FQbxi /�m;QQF`2@
bQrv rv#B2`�D²+ TQHBivF Q;`�MB+xQM² Q/ /Q�m T`x2x µ̂γ(z,w)X

w�T`QD2FiQr�M2 x;Q/MB2 x QTBb�M² r+x2�MB2D K2iQ/vF² K2+?�MBxKv xQbi��v T`x2#�/�@

M2 r H�#Q`�iQ`BmK L�aE SA"X wM�FQKBi� +x �É 2FbT2`vK2Mi¦r xQbi��� x�T`QD2FiQ@
r�M� B T`x2T`Qr�/xQM� r +2Hm F�HB#`�+DB T�`�K2i`¦r QT`�+Qrvr�M2;Q bvbi2Km bi2`Qr�MB�
Q`�x r +2Hm 2bivK�+DB rbF��MBF� rv/�DMQ�+B 2M2`;QQbx+x /M2;Q T`x2ir�`x�MB� T�FB2i¦r r
�`Q@/QrBbF�+? bvbi2Km GBMmt rvFQ`xvbimD²+v+? b2`r2`v Q/;`vr�D²+2 `QH x�`¦rMQ `Qmi2`¦r
bQ7ir�`2öQrv+?- D�F B TQ/H2;�D²+v+? BK m�viFQrMBF¦r bB2+BQrv+?- Fi¦`xv i2 T�FB2iv T`x2ir�@
`x�D²X

w2#`�MB2 `2T`2x2Mi�ivrMv+? /�Mv+?- x Fi¦`v+? KQ�M� #v�Q#v rv+B²;M²É `x2+xvrBbi2
rMBQbFB M� i2K�i `Qxr���M2D i2+?MQHQ;BB ;2M2`Qr�MB� 2M2`;QQbx+x /M2;Q `m+?m bB2+BQr2;Q-
rvK�;��Q x�biQbQr�MB� /r¦+? ivT¦r Q#+B²�2MB� bB2+B- � KB�MQrB+B2 URV x�bxmKBQM2 bv;M��v
bBMmbQB/�HM2 Q `2;mHQr�M2D +x biQiHBrQ�+B B TQxBQKB2 x�bxmKB2MB� Q`�x UkV Q/ir�`x�Mv `m+?
bB2+BQrv- rv;2M2`Qr�Mv r bTQb¦# bxim+xMv UrrrX+�B/XQ`;f/�i�VX ai`mKB2MB2 T�FB2i¦r ;2M2@
`Qr�M2 x� TQKQ+² BT2`7 +xv K;2M F`²�v�v r2rM²i`x QT`�+Qrvr�M2D bB2+B UTQbB�/��v r MB2D
x�`¦rMQ �/`2b �`¦/�Qrv D�F B /Q+2HQrvVX _2T`2x2Mi�ivrMv T`x2#B2; 2FbT2`vK2Mim x�F��/��
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

_vbmM2F e, SQ`¦rM�MB2 TQHBivF bi2`Qr�MB� bB2+B²X

Performance of session 1:eco1->eco2
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_vbmM2F d, 172FivrMQ�É T`x2ir�`x�MB� /�Mv+? Q`�x T`Q+2b xKB�M FQM};m`�+DB `QmiBM;mX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

i`�Mb72` `m+?m rv+?Q/x²+2;Q x +xi2`2+? x bB2/KBm r x�¦r U2+QR@dV 2FbT2`vK2Mi�HM2D bB2+B
Q/ir�`x�D²+2D iQTQHQ;B2 bxFB2H2im bB2+B L�aE aX�X

SB2`rbx� ;`mT� 2FbT2`vK2Mi¦r xQbi��� x�T`QD2FiQr�Mv x Kv�H² Q TQ`¦rM�MBm 272Fivr@
MQ�+B D2/vMB2 HQF�HM2D TQHBivFB bi2`Qr�MB� UT`Q+2bQ`2KV- T`xv x��Q�2MBm bi��2D FQM};m`�+DB
`QmiBM;mX SQ`¦rM�M2 xQbi��v M�bi TmD²+2 bi2`QrMBFB *Sl,

Ç µγ- γ ∈ {0.1,0.2,0.5,0.8,0.9} Ur�`birv M�/`x /M2DV

Ç �/�Ti�+vDMv µγ(t) UHQF�HMvV

Ç πQM/2K�M/- �H;Q`viK QM/2K�M/ r T`x2bi`x2MB m�viFQrMBF�

Ç QM/2K�M/ bi2`QrMBF r T`x2bi`x2MB D²/`�

w� `QxrB²x�MB2 `272`2M+vDM2 T`xvD iQ bi2`QrMBF QM/2K�M/- TQ/bi�rQrv K2+?�MBxK bF�HQr�@
MB� +x biQiHBrQ�+B *Sl Ubi2`QrMBF +Tm7`2[V /H� bvbi2Km GBMmtX ai2`QrMBF QM/2K�M/ /vM�@
KB+xMB2 /QbiQbQrmD2 +x biQiHBrQ�É *Sl r QT�`+Bm Q x�Q#b2`rQr�M² r�`iQ�É Q#+B²�2MB� *SlX
w� F��/vK `�x2K- ;/v r�`iQ�É i� T`x2F`�+x� mbi�HQMv T`x2x m�viFQrMBF� T`¦;- bi2`QrMBF
TQ/MQbB +x biQiHBrQ�É *Sl /Q K�FbvK�HM2D r�`iQ�+B �F+2TiQr�HM2DX C2�HB x�Q#b2`rQr�Mv TQ@
xBQK Q#+B²�2MB� bT�/� TQMB�2D mbi�HQM2;Q T`Q;m- r¦r+x�b +x biQiHBrQ�É T`x2�²+x�M� D2bi M�
M�DMB�bx² �F+2TiQr�HM² r�`iQ�É- T`xv Fi¦`2D x�Q#b2`rQr�M2 Q#+B²�2MB2 # /xB2 KQ;�Q xQbi�É
Q#b�m�QM2X q 2FbT2`vK2Mi�+? T`x2#�/�M2 xQbi��v `¦rMB2� /r� TQxQbi��2 TQ/bi�rQr2 bi2@
`QrMBFB- T2`7Q`K�M+2 Q`�x TQr2`b�p2- Fi¦`2 mi`xvKmD² +x biQiHBrQ�+B *Sl Q/TQrB2/MBQ M�
M�Drv�bxvK Hm# M�DMB�bxvK TQxBQKB2X

_vbmM2F 9 BHmbi`mD2 �`2/MB² rv/�DMQ�É TQHBivFB HQF�HM2D r bB2+B Q bi��2D FQM};m`�+DB `Q@
miBM;mX ai2`QrMBFB µγ /�r��v rvMBFB S�`2iQ@QTivK�HM2- T`x2rv�bx�D²+ πQM/2K�M/ x�`¦rMQ TQ/
F²i2K Qbx+x /MQ�+B 2M2`;BB- D�F B 272FivrMQ�+B Q#HB+x2MBQr2DX ax+x2;¦HMB2 r TQ`¦rM�MBm x
πQM/2K�M/,

Ç bi2`QrMBF �/�Ti�+vDMv µγ(t) xrB Fbx�� rv/�DMQ�É Q#HB+x2MBQr² Q jyW mi`xvKmD²+
TQ#¦` KQ+v M� TQ/Q#MvK TQxBQKB2-

Ç bi2`QrMBF µ0.5 xrB Fbx�� rv/�DMQ�É Q kyW `2/mFmD²+ D2/MQ+x2�MB2 TQ#¦` KQ+v

Q 8WX

1Fbi`2K�HM2 r�`iQ�+B γ xr`�+��v rvMBFB TQ/Q#M2 /Q iv+? rv;2M2`Qr�Mv+? T`x2x m`m+?QKB2@
MB2 TQHBivF T2`7Q`K�M+2 Q`�x TQr2`b�p2X h�FB2 x�+?Qr�MB2 /QF��/MB2 TQF`vr� bB x Q+x2FB@
r�MB�KB rQ#2+ x�T`QTQMQr�M2D FQM+2T+DB HQF�HM2D TQHBivFB bi2`Qr�MB�X

S`Q+2b bi2`Qr�MB� *Sl `2�HBxQr�Mv r T`x2bi`x2MB m�viFQrMBF� KQ�2 ;2M2`Qr�É xM�+xM2
Q#+B²�2MB2 *SlX .H�i2;Q i2� Q#b2`r�+DB TQ//�MQ `¦rMB2� rvMBFB xr`�+�M2 T`x2x BKTH2K2Mi�@
+D bi2`QrMBF� QM/2K�M/ r D²/`x2- Fi¦`2 x�xrv+x�D KB2�+B�v bB r2 7`QM+B2 S�`2iv UT¦�MQ+MQ@
rb+?Q/MB� ;`�MB+� TQr�QFB rvTmF�2D x#BQ`mV rvMBF¦r ;2M2`Qr�Mv+? T`x2x µγX _2xmHi�i i2M
TQirB2`/x� ?BTQi2x Q /QKBM�+DB TQHBivFB µγ x�BKTH2K2MiQr�M2D M� TQxBQKB2 D²@

/`� M� TQHBivF² QM/2K�M/X _vbmM2F 8 T`x2/bi�rB� i`�D2FiQ`B2 r2D�É B rvD�É bi2`Qr�MB�
KB2`xQM2 /H� /r¦+? ivT¦r bi2`QrMBF¦r *SlX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

.`m;B x#B¦` 2FbT2`vK2Mi¦r xQbi�� x�T`QD2FiQr�Mv rv�²+xMB2 x Kv�H² Q T`x2#�/�MBm rv@
/�DMQ�+B 2M2`;QQbx+x /M2;Q bi2`Qr�MB� FQM};m`�+D² `QmiBM;mX _vbmM2F e BHmbi`mD2 �`2/MB² rv@
/�DMQ�É TQ`¦rMvr�Mv+? bi2`QrMBF¦rX q Q#m T`xvT�/F�+? bvbi2K bi2`Qr�MB� /QbiQbQrvr��
FQM};m`�+D `QmiBM;m Q`�x bi�M TQ#Q`m KQ+v b2`r2`¦r r x�H2�MQ�+B Q/ T`2/vF+DB M�i �2MB�
`m+?mX GQF�HMB2 xQbi��v x�biQbQr�M2 `¦�M2 TQHBivFB bi2`Qr�MB� G*S- ixMX µ0.75 U2+QV- µgamma(t)

U2+Q@[QbV Q`�x µ0.1 U[QbVX S`x2/KBQi2K Q#b2`r�+DB #v�v TQMB�bx2 K2i`vFB,

Ç bxv#FQ�É T`x2ir�`x�MB� T�FB2i¦r-

Ç BHQ�É Q/`xm+QMv+? T�FB2i¦r

Ç BHQ�É +vFHB *Sl M� #Bi UQ/}Hi`Qr�M2;Q `m+?m bB2+BQr2;QV

Ç KQK2Mi�HMv TQ#¦` KQ+vX

q T`x2T`Qr�/xQMv+? #�/�MB�+? M�Drv�bx² D�FQ�É mb�m; mxvbF�� bi2`QrMBF [Qb- Fi¦`v
x/Q��� mi`xvK�É K�FbvK�HM² +x biQiHBrQ�É *Sl ;2M2`mD²+ r i2M bTQb¦# M�DMB�bxv rbF��MBF
Q/`xm+QMv+? T�FB2i¦rX .xB��Q bB iQ Q+xvrB�+B2 FQbxi2K TQ#Q`m KQ+vX C2/M�F biQbmD²+ �/�T@
i�+vDM² bi`�i2;B 2+Q@[Qb m/��Q bB x`2/mFQr�É TQ#¦` KQ+v /Q TQxBQKm TQ`¦rMvr�HM2;Q x
ivK QbB²;�MvK T`x2x 2M2`;QQbx+x /M TQHBivF 2+QX C2/MQ+x2�MB2 D�FQ�É mb�m; `¦�MB�� bB Q/
D�FQ�+B QbB²;�M2D T`x2x bi2`QrMBF [Qb- �+xFQHrB2F M�D+x �+B2D r QF`2b�+? rvbQFB2D rvFQ`xv@
bi�MB� bB2+BX ax+x2;¦�Qr� �M�HBx� x2#`�Mv+? /�Mv+? TQF�xmD2- �2 M�/`x /M2 TQHBivFB [Qb Q`�x
2+Q@[Qb x�T2rMB��v x#HB�QM² �`2/MB² D�FQ�É mb�m;X

_vbmM2F d T`2x2MimD2 T`xvF��/Qr2 i`�D2FiQ`B2 bi2`Qr�MB� FQM};m`�+D² bB2+BX SB2`rbxv rv@
F`2b TQF�xmD2 x;Q/MQ�É BHQ�+B T�FB2i¦r rvb��Mv+? B Q/2#`�Mv+? r r x��+? �`¦/�Qrv+? B /Q@
+2HQrv+?X .`m;B rvF`2b /Qbi�`+x� /Q/�iFQrv+? BM7Q`K�+DB Q T`Q;MQxQr�Mv+? r�`iQ�+B�+?
bx+xviQr2;Q M�i �2MB� `m+?m r b2bDB- Fi¦`2 bi�MQrB² TQ/bi�r /2+vxDB Q `QmiBM;mX �+B2�FB
`QmiBM;m T`xvTBb�M2 /Q b2bDB r x�H2�MQ�+B Q/ Qi`xvK�M2D T`Q;MQxv- xQbi��v x�T`2x2MiQr�M2
M� �`Q/FQrvK rvF`2bB2X C�F KQ�M� x�mr��vÉ- TQHBivF� bi2`Qr�MB� `QmiBM;B2K T`x2FB2`QrmD2
`m+? b2bDB /Q �Hi2`M�ivrM2D U/�m�bx2DV �+B2�FB- ivK b�KvK Q/+B²��D²+ r x�v TB2`rQiMB2 rvbv@
+QM2 r QF`2bB2 rv�bx2;Q x�TQi`x2#Qr�MB� M� Q;¦HM² T`x2TmbiQrQ�É bB2+BX h�F� FQM};m`�+D�
i�#HB+ `QmiBM;m #v�� TQ/vFiQr�M� rvKQ;B2K mi`xvK�MB� D�FQ�+B rbxvbiFB+? bi2`Qr�Mv+? b2bDB
M� �²/�MvK TQxBQKB2X h`xv TQxQbi��2 rvF`2bv TQF�xmD² `2H�+D TQKB /xv BHQ�+B² Q/`xm+QMv+?
T�FB2i¦r- FQM};m`�+D² HQF�HM2D 2M2`;QQbx+x /M2D TQHBivFB T`Q+2bQ`� Q`�x +��FQrBi² BHQ�+B² T�@
FB2i¦r T`x2}Hi`Qr�Mv+?X

q i`�F+B2 T`�+ M�/ x�;�/MB2MB2K T`Q;MQxQr�MB� Q#+B²�2MB� bB2+B rvFQ`xvbi��2K rvMBFB
brQB+? #�/�� M�/ bvMi2x² �H;Q`viK¦r T`Q;MQxQr�MB� bx2`2;¦r +x�bQrv+? rvFQ`xv@
bimD²+v+? M�bi TmD²+2 MB2bi�+DQM�`M2 `¦rM�MB2 U/v7mxDBV m��KFQr2;Q `x /m,

[
∂

∂x2
+σp(τ) ∂

p(τ)

∂tp(τ)

]

u(x, t)= F(x, t) URRV

S`�+2 i2- r+B²� xM�D/mD²+2 bB r2 r+x2bMvK bi�/BmK- x�QrQ+Qr��v T`QD2Fi2K MQr2;Q �H;Q@
`viKm T`2/vF+DB rvFQ`xvbimD²+2;Q m��KFQrv B MB2bi�+DQM�`Mv KQ/2H T`Q+2bm /v7mxDB- mKQ�@
HBrB�D²+v bFmi2+xM2 T`Q;MQxQr�MB2 bx2`2;¦r +x�bQrv+? Q xKB2MM2D +?�`�Fi2`vbiv+2X
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q
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_vbmM2F 3, S`Q;MQxQr�MB� xKB�M i`2M/m Fm`bm ;B2�/Qr2;QX

PT`�+Qr�Mv T`x2x2 KMB2 M� TQ/bi�rB2 T`�+v (9) �H;Q`viK Q#HB+x� F`¦iFQQF`2bQr² T`Q@

;MQx rx`Qbi¦r Hm# bT�/F¦r M�i �2MB� `m+?m M� TQ/bi�rB2 rvMBF¦r i2bim ?BTQi2xv
QTBbmD²+2D x�H2�MQ�É TQKB /xv /vM�KBF² m��KFQr2;Q `x /m p(τ) `¦rM�MB� /v7mxDB- B/2Miv@
}FQr�M2;Q r x�/�MvK QFMB2 +x�bQrvK τ- � r�`iQ�+B² Q+x2FBr�M² T`Q;MQxQr�M2;Q T`Q+2bm
biQ+?�biv+xM2;QX >BTQi2x� bm;2`mD2- �2 xrB�bimM2K xKB�Mv i`2M/m T`Q+2bm D2bi xKB�M� KQ/2Hm
/vM�KBFB rv`��QM2;Q m��KFQrvK `x /2K `¦rM�MB�X _vbmM2F 3 T`x2/bi�rB� rvMBFB T`Q;MQ@
xQr�MB� rx`Qbi¦r B bT�/F¦r r�`iQ�+B MB2bi�+DQM�`M2;Q bx2`2;m +x�bQr2;Q UFm`bm ;B2�/Qr2;QV-
T`xv T`�r/QTQ/Q#B2�birB2 i`�7MQ�+B T`Q;MQxv rvMQbx²+vK TQM�/ d8WX

w2 rx;H /m M� +?�`�Fi2` Q#+B²�2MB� �²+xv bB2+BQrv+?- D�F rB�/QKQ b² iQ T`Q+2bv biQ+?�@
biv+xM2 +x biQ T`x2D�rB�D²+2 +2+?v b�KQTQ/Q#B2�bir� Hm# +B �FQ@Q;QMQr2 (Rk- ky)- QT`�+Qr�Mv
T`x2x2 KMB2 �H;Q`viK xM�H�x� x�biQbQr�MB2 r �THBF�+DB T`Q;MQxmD²+2 M�;�2 xKB�Mv Q#@

+B²�2MB� bB2+B �F�/2KB+FB2D x�`x²/x�M2D T`x2x L�aE SA"X _QxrB²x�MB2 iQ xM�H�x�Q `¦rMB2�

#2xTQ�`2/MB2 x�biQbQr�MB2 r bvbi2KB2 6G.sX

jXj avMi2x� K2+?�MBxK¦r bi2`Qr�MB� �/�Ti�+vDM2;Q

.Q�rB�/+x2MB� x;`QK�/xQM2 TQ/+x�b T`�+ M�/ bvMi2x² �H;Q`viK¦r bi2`Qr�MB� QTivK�HM2;Q
K2iQ/² T`Q;`�KQr�MB� /vM�KB+xM2;Q TQbx2`xv�2K T`Qr�/x²+ #�/�MB� M�/ bvMi2x² �/�T@
i�+vDMv+? �H;Q`viK¦r bi2`Qr�MB� T`Q+2b�KB Q xKB2MM2D /vM�KB+2X L� TQ/bi�rB2 rvMBF¦r
#�/�� mxvbF�Mv+? T`x2x2 KMB2 r ivK Q#bx�`x2 x�T`QD2FiQr��2K Q`�x x�BKTH2K2MiQ@

r��2K �/�Ti�+vDM2 K2+?�MBxKv bi2`Qr�MB�- Fi¦`2 xQbi��v rvFQ`xvbi�M2,

Ç r bvbi2KB2 6G.s /Q i�mKB2MB� �i�F¦r ..Qa Q`�x Fbxi��iQr�MB� /vM�KBFB T`x2T�vr¦r

k8 f 89



/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

11:46:46 11:48:30 11:50:15 11:51:59 11:53:44 11:55:29 11:57:13 11:58:58 12:00:43

Time (Ts = 0.5s)

0

20

40

60

80

100

120

140

160

180

200

ra
te

 [
p

p
s
]

Packet rate forecast (6-minutes-ahead)

 2016/02/24.11:46:46-12:01:46

traffic

mean traffic

forecast

mean forecast

_vbmM2F N, AHmbi`�+D� /xB���MB� �H;Q`viKm T`Q;MQxQr�MB� M�i �2MB� `m+?m M� �²+xm bB2+B �F�@
/2KB+FB2D L�aEX S`Q;MQx� rvbi�rB�M� r +x�bB2 `x2+xvrBbivK M� TQ/bi�rB2 Q#b2`rQr�M2;Q
bi`mKB2MB� L2i6HQrX

KQMBiQ`Qr�Mv+?-

Ç r D²/`x2 bvbi2Km GBMmt /Q 2M2`;QQbx+x /M2;Q bi2`Qr�MB� +x biQiHBrQ�+B² T`�+v T`Q+2@
bQ`� *SlX

q #�/�MB�+? rvFQ`xvbi��2K `¦rM�MB� bvMi2xv rvT`Qr�/x�M2 /H� KQ/2Hm rB2HQKB�MQr2;Q,

A(q)x(t)= B(q)(u(t)+v(t)),

y(t)= x(t)+ e(t),

R(q)u(t)= T(q)uc(t)−S(q)y(t),

URkV

;/xB2 q QxM�+x� QT2`�iQ` T`x2bmMB +B�- u(t) D2bi bv;M��2K bi2`Qr�MB�- v(t) x�#m`x2MB2K- x(t)

r2r@M i`xMvK bi�M2K T`Q+2bm- e(t) #� /2K TQKB�`m Q#b2`rQr�M2;Q rvD�+B� y(t)X .vM�KBF�
bi2`Q@r�M2;Q T`Q+2bm QF`2�HQM� D2bi r `Qxr���MvK KQ/2Hm T`x2x T�` rB2HQKB�M¦r,

A
△
= A(q)= qn

+a1qn−1
+·· ·+an,

B
△

= B(q)= b0qnb +b1qnb−1
+·· ·+bnb

,

d = deg A−degB = n−nb > 0.

URjV

S`xvD²�2K T`xv ivK Q+xvrB�+B2 x��Q�2MB2- �2 KQ/2H /vM�KBFB (A,B) D2bi MB2xM�Mv B xKB2MMv
r +x�bB2X w��Q�2MB2 iQ rvKmbx� B/2Miv}F�+D KQ/2Hm /vM�KBFB r +x�bB2 `2�HBx�+DB T`Q+2bm
bi2`Qr�MB� Q`�x M�F�xmD2 mrx;H /MB2MB2 r T`Q+2bB2 bi2`Qr�MB� Q#2+MQ�+B MB2mbmr�HMv+? MB2@
/QF��/MQ�+B KQ/2Hm /vM�KBFBX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

w�/�MB2 bvMi2xv TQH2;� M� Q#HB+x2MBm �H;Q`viK bi2`Qr�MB� TQbi�+B,

R(q)u(t)= T(q)uc(t)−S(q)y(t). UR9V

QF`2�HQM2;Q T`x2x rB2HQKB�Mv,

R
△

= R(q)= r0qnr + r1qnr−1
+·· ·+ rnr

,

T
△

= T(q)= t0qnt + t1qnt−1
+·· ·+ tnt

,

S
△
= S(q)= s0qns + s1qns−1

+·· ·+ sns
.

UR8V

qvK�;�M2 D2bi imi�D x�+?Qr�MB2 r�`mMF¦r T`xv+xvMQrQ�+B,

degR ≥ degS,

degR ≥ degT.
UReV

*2H2K bi2`Qr�MB� `2�HBxQr�M2;Q T`x2x TQbxmFBr�Mv �H;Q`viK D2bi Fbxi��iQr�MB2 T`x2#B2;m
bv;M��m x(t) r bTQb¦# KBMBK�HBxmD²+v r�`B�M+D m+?v#m `2;mH�+DB,

ε(t)= uc(t)− x(t) URdV

T`xv Q;`�MB+x2MB�+? Q#2DKmD²+v+? +?�`�Fi2`vbivFB i�mKB2MB� r2D�É brQ#Q/Mv+? v(t) B e(t) r
r�`mMF�+? MB2T2rMQ�+B rvMBF�D²+v+? x MB2xM�DQKQ�+B /QF��/M2;Q KQ/2Hm /vM�KBFB T`Q+2bm
bi2`Qr�MB�X

w;Q/MB2 x T`xvD ivKB x��Q�2MB�KB T`x2#B2; T`Q+2bm bi2`Qr�MB� # /xB2 KQ/2HQr�Mv T`x2x
mF��/ `¦rM��,






0 S R

A 0 −B

−1 1 0











x(t)

y(t)

u(t)




=






Tuc(t)

Bv(t)

e(t)




 . UR3V

.vM�KBF� bvbi2Km QF`2�HQM� D2bi rQ#2+ TQrv�bx2;Q T`x2x rB2HQKB�M +?�`�Fi2`vbiv+xMv TQ@
bi�+B,

det(






0 S R

A 0 −B

−1 1 0




)= AR+BS. URNV

_2H�+D2 QTBbmD²+2 rT�vr bv;M��¦r r2D�+BQrv+? mF��/m- (uc,v, e)- M� T`x2#B2; bv;M��¦r rvD@
�+BQrv+?- (x, y,u)- K�D² rQ#2+ T`xvD iv+? x��Q�2� FH�bv+xM² TQbi�É QF`2�HQM² T`x2x `QxrB²x�@
MB2 mF��/m `¦rM�� UR3V,






x(t)

y(t)

u(t)




= H






uc(t)

v(t)

e(t)




 , ;/xB2 H =













BT

AR+BS

BR

AR+BS

−BS

AR+BS

BT

AR+BS

BR

AR+BS

AR

AR+BS

AT

AR+BS

−BS

AR+BS

−AS

AR+BS













. UkyV
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

avMi2x� �H;Q`viKm bi2`Qr�MB� bT`Qr�/x� bB /Q rvxM�+x2MB� rbT¦�+xvMMBF¦r rB2HQKB�M¦r
(R,T,S) Fbxi��imD²+v+? bv;M��v rvD�+BQr2 r2/�m; T`xvD iv+? rvK�;�� T`QD2FiQrv+?X qv@
K�;�MB� i2 QF`2�HQM2 b² T`x2x T�` rB2HQKB�M¦r,

Am
△

= Am(q)= am0qna +am1qna−1
+·· ·+amna

,

Bm
△
= Bm(q)= bm0qnbm +bm1qnbm−1

+·· ·+bmnbm
,

dm = deg Am −degBm ≥ deg A−degB,

UkRV

Q`�x T`x2x bT2+v}F�+D /Qiv+x²+² +?�`�Fi2`vbivF �KTHBim/QrQ@7�xQrv+? H(ω)X S`Q#H2K i2M
D2bi `¦rMQxM�+xMv x T`Q#H2K2K HQFQr�MB� #B2;mM¦r B bT`Qr�/x� bB /Q rvxM�+x2MB� `QxrB²@
x�MB� `¦rM�MB� (k- j),

BT

AR+BS
=

Bm

Am

. UkkV

T`xv Q;`�MB+x2MB�+? x�/�Mv+? rvK�;�MB�KB }Hi`�+DB- bi�#BHMQ�+B B Q/TQ`MQ�+B mF��/m bi2`Qr�@
MB�X S`xvD i2 xQbi��Q /Q/�iFQrQ x��Q�2MB2 /QF��/M2;Q �H2/x2MB� KQ/2Hm- deg A = deg Am = nX

�H;Q`viK HQFQr�MB� #B2;mM¦r

q T`xvD ivK TQ/2D�+Bm bvMi2x� �H;Q`viKm bi2`Qr�MB� T`Qr�/xQM� D2bi x;Q/MB2 x FH�bv+xM²
K2iQ/vF² HQFQr�MB� #B2;mM¦rX .QFQM�DKv `QxF��/m rB2HQKB�Mm B M� rB2HQKB�Mv B+ Q`�x
B−,

B = B+B−. UkjV

qQ#2+ x2` rB2HQKB�Mm B+ bi�rB�M2 D2bi M�bi TmD²+2 rvK�;�MB2,

z̄+ ∈Υ(B+)
△
= {z ∈C|B+(z)= 0∧|z| < γ≪ 1}. Uk9V

w2`� bT2�MB�D²+2 TQrv�bxv r�`mM2F KQ;² #vÉ F�bQr�M2 T`x2x `2;mH�iQ` #2x `vxvF� mi`�iv
bi�#BHMQ�+B mF��/mX S`xvD i2 xQbi��Q `¦rMB2� x��Q�2MB2 mMQ`KQr�MB� rbT¦�+xvMMBF¦r rB2HQ@
KB�Mm- ixMX b+

0
= 1X _Qxr���Kv `¦rM�MB2 bvMi2xv,

BT

AR+BS
=

Bm

Am

. Uk8V

SQbxmFBr�Mv `2;mH�iQ` (R,T,S) TQrBMB2M T`x2Fbxi��+�É mF��/ (A,B) /Q TQbi�+B (Am,Bm)X
S`x2Fbxi��+2MB2 iQ KQ�M� mxvbF�É T`x2T`Qr�/x�D²+ M�bi TmD²+² b2`B 7�FiQ`vx�+DB,

BT

AR+BS
=

B+B−T

AB+R̄+B+B−S
=

B−T

AR̄+B−S
=

Bm

Am

. UkeV

L�H2�v TQ/F`2�HBÉ- �2 TQrv�bx� 7�FiQ`vx�+D� D2bi /QTmbx+x�HM� D2/vMB2 r T`xvT�/Fm bF`�+�MB�
rB2HQKB�M¦r B+ TQbB�/�D²+v+? x2`� z̄ ∈Υ(B+)X S`xvDKmD²+ TQrv�bx² x�b�/ `¦rM�MB2 bvMi2xv
KQ�M� `¦rMB2� x�TBb�É r M�bi TmD²+v mQ;¦HMBQMv bTQb¦#,

B−T

AR̄+B−S
=

AoBm

Ao Am

, UkdV
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

;/xB2 Ao D2bi bi�#BHMvK rB2HQKB�M2K Q#b2`r�iQ`� rvD�+B� TQbB�/�D²+vK x2`� z̄ ∈Υ(Ao)X qT`Q@
r�/x2MB2 /Q `¦rM�MB� /Q/�iFQr2;Q rB2HQKB�Mm Q#b2`r�iQ`�- Ao- TQxr�H� mrx;H /MBÉ r bvM@
i2xB2 Q;`�MB+x2MB� x�/�M2 rvK�;�MB�KB }Hi`�+DB- bi�#BHMQ�+B B Q/TQ`MQ�+B mF��/mX

�H;Q`viK HQFQr�MB� #B2;mM¦r bT`Qr�/x� bB /Q `QxrB²x�MB� `¦rM�MB� /BQ7�Miv+xM2;Q,

ARdR̄+B−Sd S̄ = A f Ao Am Uk3V

rx;H /2K rB2HQKB�M¦r R̄ Q`�x S̄- ;/xB2 Rd- Sd B A f QF`2�H�D² /Q/�iFQr2 T�`�K2i`v bT2+v}@
F�+DB T`Q+2bm bi2`Qr�MB�X qB2HQKB�M T K� imi�D TQbi�É,

T = ρAoB̄m. UkNV

qbT¦�+xvMMBF ρ QF`2�H� rxKQ+MB2MB2 bv;M��m r�`iQ�+B x�/�M2D- uc(t)- r bi�MB2 mbi�HQMvKX
C2;Q r�`iQ�É KQ�M� rvxM�+xvÉ FQ`xvbi�D²+ x irB2`/x2MB� Q r�`iQ�+B FQ�+Qr2DX w��¦�Kv- �2
uc(t)= 1(t) Q`�x v(t)= 0 B e(t)= 0X q¦r+x�b,

Uc(z)= (1− z−1)−1,

X (z)=
B(z)T(z)

A(z)R(z)+B(z)S(z)
Uc(z).

UjyV

L� KQ+v irB2`/x2MB2 Q r�`iQ�+B FQ�+Qr2D,

lim
t→∞

x(t)= lim
z→1

(1− z−1)X (z)=
B(1)T(1)

A(1)R(1)+B(1)S(1)
= ρ

B(1)Ao(1)B̄m(1)

A(1)R(1)+B(1)S(1)
= ρH11(1). UjRV

.H� x�/�M2D r�`iQ�+B rvD�+B� r bi�MB2 mbi�HQMvK- x∗ = limt→∞ x(t)- Qi`xvKmD2Kv rbT¦�+xvMMBF
rxKQ+MB2MB� ρ = x∗/H11(1)X

SQbxmFBr�Mv �H;Q`viK bi2`Qr�MB� K� TQbi�É QF`2�HQM² T`x2x M�bi TmD²+2 rB2HQKB�Mv,

R = B+RdR̄,

T = ρAoB̄m,

S = Sd S̄.

UjkV

PTBb�M� TQrv�2D i2+?MBF� bvMi2xv xQbi��� rvFQ`xvbi�M� T`x2x2 KMB2 r T`QD2F+B2 B BK@

TH2K2Mi�+DB FQH2DM2D r2`bDB bi2`QrMBF� *Sl- � i�F�2 r K2+?�MBxK�+? i�mKB2MB�

�i�F¦r ..Qa bvbi2Km 6G.sX AKTH2K2Mi�+D� TQrv�bx2D K2iQ/v bvMi2xv r �`Q/QrBbFm
/xB���D�+2;Q QT2`�+vDMB2 bvbi2Km bi2`Qr�MB� x�HB+x�K /Q brQB+? ;�¦rMv+? QbB²;MB É r ivK
Q#bx�`x2X w�/�MB2 iQ D2bi x�Q�QM2 B rvK�;� `QxrB²x�MB� rB2Hm T`Q#H2K¦r �H;Q`viKB+xMv+?
Q`�x i2+?MB+xMv+?X .Q ;�¦rMv+? QbB²;MB É #�/�r+xv+? r ivK Q#bx�`x2 x�HB+x�K,

Ç BKTH2K2Mi�+D �H;Q`viKm bvMi2xv `2;mH�iQ`� (R,T,S) `QxrB²xmD²+2;Q `¦rM�MB2 /BQ7�M@
iv+xM2-

Ç B/2Miv}F�+D rbT¦�+xvMMBF¦r }Hi`m Sd rv;��/x�D²+2;Q bv;M�� bT`x �2MB� xr`QiM2;Q
Q`�x

Ç B/2Miv}F�+D �/2Fr�iM2;Q KQ/2Hm `272`2M+vDM2;Q (Am,Bm)X
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

6BHi`v i2 `2�HBxmD² TQbi�rBQM2 r T`Q+2bB2 T`QD2FiQr�MB� mF��/m bi2`Qr�MB� rvK�;�MB� /Qiv@
+x²+2 Fbxi��iQr�MB� T`x2T�vr¦r bB2+BQrv+? Q`�x Q#+B²�2MB� T`Q+2bQ`�X "�/�MB� iQr�`xvbx²+2
ivK T`�+QK- QTBb�M2 T`x2x2 KMB2 r T`�+�+? (R- Ld- d)- TQbx2`x�D² `¦rMB2� rB2/x M� i2@

K�i /vM�KBFB xD�rBbF xrB²x�Mv+? x T`x2ir�`x�MB2K /�Mv+? M�

TQxBQKB2 F�`i bB2+BQrv+?- #m7Q`¦r T�KB +B T`Q+2bQ`¦r Q`�x FQH2D2F m`x²/x2� bB2@

+BQrv+?X SQ/2D�+B2 iQ mKQ�HBrB� i�F�2 bFmi2+xM2 FQ`v;Qr�MB2 T`�+v K2+?�MBxK¦r
TQHB+BM;m T`x2�²+xMBF¦r bB2+BQrv+?X
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

9 ai`mFim`� B QTBb T`�Fiv+xM2D +x �+B x�b�/MB+x2;Q QbB²;MB +B�

M�mFQr2;Q

qvFQ`xvbi�MB2 rvMBF¦r KQB+? T`�+ #�/�r+xv+? Q#2DKmD2 QbB²;MB +B2 r+?Q/x²+2 r bF��/
/xB2�� ;�¦rM2;Q Q`�x r/`Q�2MB� iQr�`xvbx²+2 B /Q/�iFQr2X

RX :�¦rM2 QbB²;MB +B2, QT`�+Qr�MB2 T`QD2Fim �`+?Bi2Fim`v- BKTH2K2Mi�+D� B r/`Q�2MB2 bvb@
i2Km 6G.sX

kX PbB²;MB +B2 iQr�`xvbx²+2, QT`�+Qr�MB2 B BKTH2K2Mi�+D� `Q/xBMv 2M2`;QQbx+x /Mv+?- �/@
�Ti�+vDMv+? bi2`QrMBF¦r T`Q+2bQ`� *Sl /H� D²/`� bvbi2Km QT2`�+vDM2;Q GBMmtX

jX PbB²;MB +B2 /Q/�iFQr2, QT`�+Qr�MB2 T`QD2Fim �`+?Bi2Fim`v- BKTH2K2Mi�+D� B r/`Q�2MB2
bvbi2Km �_�EAaX

qvMBFB KQB+? #�/�� xM�H�x�v #2xTQ�`2/MB2 x�biQbQr�MB2 r x�T`QD2FiQr�Mv+? T`x2x2 KMB2
Q`�x r/`Q�QMv+? TQ/ KQBK FB2`QrMB+ir2K i2H2BM7Q`K�iv+xMv+? bvbi2K�+? +v#2`#2xTB2+x2�@
bir�- Q#2DKmD²+v+? brQBK /xB���MB2K xM�+xM² +x �É +v#2`T`x2bi`x2MB SQHbFB- r bvbi2K�+?
6G.s Q`�x �_�EAaX SQ/2D�+B2 rvFQ`xvbimD²+2 x��r�MbQr�M² K�i2K�ivF i2Q`BB bv;M��¦r B bi2@
`Qr�MB� r T`QD2FiQr�MBm �`+?Bi2Fim`v BM7Q`K�iv+xM2;Q bvbi2Km +v#2`#2xTB2+x2�bir� MB2 #v�Q
/Qiv+?+x�b biQbQr�M2 r `QxrB²x�MB�+? /Qbi TMv+? M� `vMFm- +Q mx�b�/MB�Q Q#D +B2 FQMbi`mF+DB
bvbi2Km 6G.s Q+?`QM² T�i2MiQr²X SQM�/iQ- rvMBFB KQB+? T`�+ xQbi��v rvFQ`xvbi�M2 r T`Q@
D2F+B2 B BKTH2K2Mi�+DB 2M2`;QQbx+x /M2;Q bi2`QrMBF� T`Q+2bQ`� *Sl /H� D²/`� bvbi2Km GBMmt
(L3)X

9XR 6G.s, bvbi2K r+x2bM2;Q rvF`vr�MB� B i�mKB2MB� �i�F¦r ivTm ..Qa

w/2+v/Qr�M� rB FbxQ�É �i�F¦r ..Qa bi�ivbiv+xMB2 D2bi T`x2T`Qr�/x�M� r QF`2bB2 MB2
/�m�bxvK MB� jy KBMmi- T`xv +xvK r�`¦/ MB+? /QKBMmD² �i�FB i`r�D²+2 TQMB�2D TB +Bm KBMmiX
qvMBFB i2 rv`��MB2 QF`2�H�D² �Fim�HM2 rvK�;�MB� /Qiv+x²+2 +x�bm `2�F+DB- Fi¦`vK bT`Qbi�É
Kmbx² bvbi2Kv /2i2F+DB �i�F¦r Q`�x x2bTQ�v `2�;Qr�MB� M� BM+v/2Miv M�`mbx2MB� #2xTB2+x2�@
bir� i2H2BM7Q`K�iv+xM2;QX P#B2Fi2K �i�F¦r TQxQbi�D² M�Dr��MB2Dbx2 B M�DTQTmH�`MB2Dbx2 ivTv
mb�m; bB2+BQrv+?, i2HM2i- ?iiT- ?iiTb- /Mb Q`�x mb�m;B b2`r2`¦r ;B2`X h2+?MBFB T`Qr�/x2MB�
�i�F¦r #�xmD² M� bi�#BHMvK x#BQ`x2 T`QiQFQ�¦r Q`�x TQ/bi�rQrv+? r��bMQ�+B�+? TQrbx2+?MB2
/Qbi TMv+? mb�m; bB2+BQrv+?X q�`¦/ MB+? M�H2�v rvKB2MBÉ- TQ TB2`rbx2- M�im`�HMB2 rvbi TmD²@
+² �bvK2i`B TQKB /xv `QxKB�`2K x�Tvi�MB� FB2`Qr�M2;Q /Q b2`r2`� � `QxKB�`2K m/xB2H�M2D
T`x2x b2`r2` Q/TQrB2/xB- � TQ /`m;B2- M�im`�HMB2 Q;`�MB+xQM² rv/�DMQ�É K2+?�MBxK¦r Q#@
b�m;B T`QiQFQ�¦r bi�MQrv+?- bx+x2;¦HMB2 h*SX

qvFQ`xvbi�MB2 TQ/bi�rQrv+? B Q;¦HMQ/Qbi TMv+? K2+?�MBxK¦r bB2+BQrv+? mKQ�HBrB�
272FivrM2 FQMbi`mQr�MB2 rB2Hm m`QxK�B+QMv+? r�`B�Mi¦r �i�F¦r ..QaX w i2;Q rx;H /m
T`Q;MQxQr�Mv D2bi rx`Qbi HB+x#v �i�F¦r rB2HQrvKB�`Qrv+? Q x�Q�QM2D /vM�KB+2- rvFQ`xv@
bimD²+v+? D�FQ #�x D2/MQ+x2�MB2 rB2H2 TQ/�iMQ�+B- B bFB2`Qr�Mv+? T`x2+BrFQ rB2Hm +2HQKX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

SQ/bi�rQrvK M�`x /xB2K `2�HBx�+DB �i�F¦r ..Qa TQxQbi�D² bB2+B #Qi¦r- K�bxvM x�BM72FQr�@
Mv+? QT`Q;`�KQr�MB2K T`xv;QiQr�MvK /Q T`x2T`Qr�/x2MB� bFQQ`/vMQr�M2;Q �i�Fm ..Qa
r2/�m; QF`2�HQM2;Q b+2M�`Bmbx� �i�FmX JQ�HBrQ�+B #QiM2i¦r TQrB Fbx�D² bB M� rB2Hm TQ@
H�+?- rv�+B; x#`QD2� r ivK Q#bx�`x2 MB2 xr�HMB�X q �rB2iH2 T`x2/bi�rBQMv+? /�Mv+? M�H2�v
Q+x2FBr�É rx`Qbim biQTMB� x��r�MbQr�MB� �H;Q`viK¦r rvFQ`xvbivr�Mv+? T`x2x #QiM2iv /Q
K�bFQr�MB� Q#2+MQ�+B- FQQ`/vM�+DB Q`�x `2�HBx�+DB �i�F¦rX

�M�HBx� M�DMQrbxv+? `�TQ`i¦r QTBbmD²+v+? F`�DQ#`�x +v#2`#2xTB2+x2�bir� T`Qr�/xB rQ@
#2+ TQrv�bx2;Q /Q M�bi TmD²+v+? rMBQbF¦r,

Ç �i�FB ..Qa bi�MQrB² /QKBMmD²+v ivT x�;`Q�2�-

Ç `Q�MB2 bF�H� �i�F¦r rQHmK2Mi`v+xMv+?-

Ç M�H2�v Q+x2FBr�É /QKBM�+DB �i�F¦r rB2HQrvKB�`Qrv+? Q x�Q�QM2D B xKB2MM2D r +x�bB2
/vM�KB+2X

S`x2/bi�rBQM2 �M�HBxv /QT`Qr�/xB�v KMB2 /Q b7Q`Km�Qr�MB� HBbiv i2+?MQHQ;B+xMv+? rv@
xr��- x Fi¦`vKB Kmbx² xKB2`xvÉ bB T`QD2Fiv MQr2D ;2M2`�+DB bvbi2K¦r Q+?`QMv bB2+B T`x2/
�i�F�KB ..Qa- KB�MQrB+B2,

Ç bFmi2+xMv bvbi2K /2i2F+DB B i�mKB2MB� �i�F¦r ..Qa KmbB #vÉ x/QHMv /Q bxv#FB2;Q �H2@
/x2MB� bi�H2 m+B2F�D²+2;Q r2FiQ`� �i�F¦r B TQ/2DKQr�MB� /xB���� �Miv+vTmD²+v+? b+2@
M�`Bmbx2 �i�Fm r bTQb¦# #2xTB2+xMv B rB�`v;Q/Mv-

Ç bvbi2K KmbB rxK�+MB�É x/QHMQ�É QT2`�iQ`� bB2+B /Q `2�;Qr�MB� r QF`2bB2 FBHFmM�bim
b2FmM/- KXBMX TQT`x2x T`xv;QiQr�MB2 bFmi2+xMv+? �`Q/F¦r Q//xB��vr�MB� M� �i�F- Q`�x
m/Qbi MB�É Q/TQrB2/MBQ Q/}Hi`Qr�Mv x2bi�r /�Mv+? UmF`vr�D²+v i2+?MB+xM² x�Q�QMQ�É
bvbi2KmV-

Ç bvbi2K KmbB TQ/MQbBÉ #2xTB2+x2�birQ B MB2x�rQ/MQ�É +?`QMBQM2;Q bvbi2KmX

aT`Qbi�MB2 ivK rvxr�MBQK B `QxrB²x�MB2 iQr�`xvbx²+v+? BK T`Q#H2K¦r i2+?MQHQ;B+xMv+?
D2bi MB2xrvFH2 i`m/MvK B �K#BiMvK x�/�MB2K- x�/�MB2K TQH2;�D²+vK M� rvirQ`x2MBm MQr2D
i2+?MQHQ;BB FQMFm`2M+vDM2D rx;H /2K `QxrB²x�� /Qbi TMv+? M� `vMFmX L� TQ/bi�rB2 rvMBF¦r
rB2HQH2iMB+? #�/�� M�mFQrv+?- #�xmD²+ M� x�H2+2MB�+? 2FbT2`i¦r TQbB�/�D²+v+? rB2HQH2iMB2 B
#Q;�i2 /Q�rB�/+x2MB� T`�Fiv+xM2 r Q#bx�`x2 +v#2`#2xTB2+x2�bir�- � i�F�2 #BQ`²+ TQ/ mr�; 
rvMBFB �M�HBx `vMFm- QT`�+Qr��2K FQM+2T+D bvbi2Km /2i2F+DB B i�mKB2MB� �i�F¦r ..Qa- Fi¦`�
Q/TQrB�/� M� bx2`2; rvKB2MBQMv+? rv�2D rvxr��X

axFB+ �`+?Bi2Fim`v bvbi2Km

�`+?Bi2Fim`� bvbi2Km 6G.s FQM+2T+vDMB2 Q/TQrB�/� �`+?Bi2Fim`x2 r�`biQr2;Q bvbi2Km bi2@
`Qr�MB� rvTQb��QM2;Q r T iH bi2`Qr�MB� M�/`x /M2;Q UM�/xQ`+x2;QV `2�HBxmD²+² x�/�MB�
Fbxi��iQr�MB� T`x2T�vr¦r T�FB2i¦r Q`�x x�/�MB� /2i2F+DB B /B�;MQbivFB �MQK�HBB rvbi TmD²@
+v+? r KQMBiQ`Qr�MvK T`x2x bvbi2K `m+?m bB2+BQrvKX "B2�²+2 r/`Q�2MB2 bvbi2Km M�/xQ`mD2
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

2SHUDWRU

ÁG[�FROOHFWRU

,QÁX['%�
V)ORZ�

ÁG[�GE

,QÁX['%�

ÁG[�FRUH

ÀUHZDOO

JXL�VHUYHU

H[WHUQDO�VHUYLFHV

V)ORZ

FRQÀJ�$&/
+267�6(59(5

_vbmM2F Ry, a+?2K�i #HQFQrv �`+?Bi2Fim`v bvbi2Km UrB/QF BMi2`�F+DB FQKTQM2Mi¦rVX

T`Q+2b T`x2bv��MB� T�FB2i¦r T`x2x T`x2�²+xMBFB Z6s CmMBT2` r�`bir Gk@G9 KQMBiQ`mD²+ Q`�x
Fbxi��imD²+ T`x2T�vrv T`xv TQKQ+v mb�m; m/Qbi TMB�Mv+? T`x2x bvbi2K QT2`�+vDMv CmMQbX
lb�m;B T`x2ir�`x�MB� /�Mv+? Q`�x mb�m;B Q#HB+x2MBQr2 xQbi��v x�BKTH2K2MiQr�M2 r �`Q/QrB@
bFm rB`im�HM2;Q FH�bi`� K�bxvM T`�+mD²+v+? TQ/ bvbi2K2K QT2`�+vDMvK GBMmtX qvir�`x�M2
T`x2x bvbi2K /�M2- QTBbmD²+2 rvF`vi2 �MQK�HB2 Q`�x rxQ`+2 `m+?m �`+?BrBxQr�M2 b² r #�xB2
/�Mv+? AM~mt."X ax2`2;B +x�bQr2 rvir�`x�M2 r T`Q+2bB2 KQMBiQ`Qr�MB� T`x2T�vr¦r �`+?BrB@
xQr�M2 b² r #�xB2 /�Mv+? AM~mt."X "�xv i2 KQ;² #vÉ rvFQ`xvbi�M2 T`x2x /QrQHM2 M�`x /xB�
rBxm�HBx�+DB B KQMBiQ`Qr�MB� /�Mv+? bi�MQrB²+v+? r�`bir T`2x2Mi�+DB bvbi2KmX avbi2K rv@
TQb��QMv xQbi�� r x��r�MbQr�M2 K2+?�MBxKv �/KBMBbi`�+vDM2 bvbi2K/ Q`�x K2+?�MBxKv
T�KB +B TQ/` +xM2D QTivK�HBxmD²+2 +x�b /Qbi Tm /Q /�Mv+?X

a+?2K�i #HQFQrv r/`���M2D r2`bDB �`+?Bi2Fim`v bvbi2Km 6G.s x�T`2x2MiQr�Mv xQbi�� M�
`vbmMFm RyX

�`+?Bi2Fim`� BM7`�bi`mFim`v bB2+BQr2D

h`�MbT�`2MiM� �`+?Bi2Fim`� bB2+BQr� Gk@9 rvFQ`xvbimD²+� TQrbx2+?MB2 /Qbi TM2 i2+?MQHQ;B2
bB2+BQr2 TQxr�H� M� ��ir2 /Q�²+x�MB2 FHB2Mi¦r /Q bB2+B rvTQb��QM2D r K2+?�MBxKv xMQbx2MB�
�i�F¦r ..QaX qvFQ`xvbi�MB2 x��r�MbQr�Mv+? K2iQ/ BM�vMB2`BB bB2+BQr2D TQxr�H� M� `2�HB@
xQr�MB2 mb�m;B bvbi2Km 6G.s M�r2i M� TQD2/vM+xvK m`x²/x2MBm bB2+BQrvK- T`x2Fbxi��+�D²+
T`x2x iQ m`x²/x2MB2 ivTm }`2r�HH /Q TQbi�+B BMi2HB;2MiM2;Q m`x²/x2MB� Q+?`QMv bB2+BX

w�T`QD2FiQr�M� �`+?Bi2Fim`� BM7`�bi`mFim`v bT`x iQr2D mKQ�HBrB� #�`/xQ rv/�DM2 KQMB@
iQ`Qr�MB2 B }Hi`Qr�MB2 `m+?m r bF�HB T��bir�X qvFQ`xvbi�MB2 T`QiQFQ�m 7HQrbT2+ r bB2+B�+?
QT2`�iQ`bFB+? TQxr�H� M� BKTH2K2Mi�+D `Qx#m/Qr�Mv+? B T`2+vxvDMv+? `2;m� }Hi`�+DB Q`�x B+?
x/�HM² BMbi�H�+D M� m`x²/x2MB�+? bB2+BQrv+?X S`QiQF¦� 7HQrbT2+ # /²+ `Qxbx2`x2MB2K T`QiQ@
FQ�m ":S MB2 rvKmbx� `2FQM};m`�+DB Hm# xKB�Mv �`+?Bi2Fim`v bB2+B- H2+x bi�MQrB `QxrBMB +B2
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

/Q#`x2 xM�Mv+? K2+?�MBxK¦r biQbQr�Mv+? T`x2x �/KBMBbi`�iQ`¦r bB2+B q�LX

J2+?�MBxKv bxv#FB2;Q `QxTQxM�r�MB� �MQK�HBB

avbi2K 6G.s T`x2ir�`x� B �M�HBxmD2 x#B¦` T`¦#2F b6HQr T�FB2i¦r T`x2T�vr�D²+v+? T`x2x BMi2`@
72Dbv T`x2�²+xMBF¦r # /²+v+? 2H2K2Mi�KB BM7`�bi`mFim`v bB2+BQr2D bvbi2KmX q Q#2+M2D FQM}@
;m`�+DB bvbi2K D2bi x/QHMv /Q `2D2bi`�+DB F��/2;Q T�FB2im T`x2T�vr�D²+2;Q T`x2x KQMBiQ`Qr�@
M2 BMi2`72Dbv bB2+BQr2 UT`¦#FQr�MB2 R,RVX .xB FB i2Km Q#b2`r�+DB TQ/H2;� bx2`QFB2 bT2Fi`mK
T�`�K2i`¦r `m+?m bB2+BQr2;Q Q`�x xD�rBbF Q +?�`�Fi2`x2 bi�iv+xMvK Q`�x /vM�KB+xMvK rv@
bi TmD²+v+? r r�`bir�+? Gk@G9 KQ/2Hm PaAX

SQ/bi�rQr� FQM+2T+D� /2i2F+DB x�Q�HBrv+? x�#m`x2� T`x2T�vr¦r T�FB2i¦r #�xmD2 M� BM@
MQr�+vDMvK TQ/2D�+Bm bv;M��QrvKX avMi2x� �H;Q`viK¦r T`x2T`Qr�/xQM� xQbi��� x rvFQ`xv@
bi�MB2K rvMBF¦r QTBb�Mv+? r+x2�MB2D #�/��X

w�T`QD2FiQr�M2 �H;Q`viKv /2i2F+DB BxQHmD² T`x2T�vrv T�FB2i¦r M�`mbx�D²+2 MQ`Kv T`x2@
T�vr¦r `2;mH�`Mv+? Q`�x TQ`x²/FmD² D2 r2/�m; TQxBQKm TQi2M+D�HMB2 bir�`x�M2;Q x�;`Q�2@
MB�X .xB FB rvFQ`xvbi�MBm �miQ`bFB+? K2+?�MBxK¦r rbTB2`�D²+v+?- #�xmD²+v+? M� 2H2K2Mi�+?
i2Q`BB x#BQ`¦r mTQ`x²/FQr�Mv+? Q`�x i2Q`BB BM/mF+DB `2;m� /2+vxvDMv+?- x�T`QD2FiQr�M2 K2@
+?�MBxKv b² x/QHM2 /Q #�`/xQ r+x2bM2;Q B �miQMQKB+xM2;Q rvF`vr�MB� �MQK�HBB r `m+?m
bB2+BQrvKX avbi2K r /QKv�HM2D FQM};m`�+DB MB2 Qi`xvKmD2 Q/ QT2`�iQ`� /2}MB+DB T`x2T�vr¦r
+?`QMBQMv+?- H2+x b�KQ/xB2HMB2 x rvbQF² T`2+vxD² rvF`vr� T`x2T�vrv rvK�;�D²+2 KQMBiQ@
`Qr�MB�- �miQMQKB+xMB2 /Qbi`�D�D²+ bB /Q Q#b2`rQr�M2D M� #B2�²+Q +?�`�Fi2`vbivFB `m+?m
bB2+BQr2;QX

J2+?�MBxKv T`2/vF+vDM2;Q bi2`Qr�MB� �/�Ti�+vDM2;Q

.H� F��/2;Q rvBxQHQr�M2;Q T`x2T�vrm T�FB2i¦r r bvbi2KB2 6G.s irQ`xQMv D2bi Q#B2Fi `2@
;mH�iQ`�- Fi¦`v D2bi Q/TQrB2/xB�HMv x� `2�HBx�+D T`Q+2bm bi2`Qr�MB� Fbxi��imD²+2;Q /vM�KB@
F T`x2T�vrmX S`Q#H2K bvMi2xv �H;Q`viKm bi2`Qr�MB� xQbi�� `QxrB²x�Mv x rvFQ`xvbi�MB2K
2H2K2Mi¦r i2Q`BB bi2`Qr�MB� �/�Ti�+vDM2;Q- i2Q`BB T`Q+2b¦r biQ+?�biv+xMv+? Q`�x i2Q`BB bv@
;M��¦rX w;Q/MB2 x T`xvD ivK TQ/2D�+B2K r F��/2D Bi2`�+DB T`Q+2bm bi2`Qr�MB� �/�Ti�+vDM2;Q
T`x2T`Qr�/x�M� D2bi B/2Miv}F�+D� KQ/2Hm /vM�KBFB- � M�bi TMB2 /H� xB/2Miv}FQr�M2;Q KQ@
/2Hm /vM�KBFB T`x2T`Qr�/x�M� D2bi bvMi2x� �H;Q`viKm bi2`Qr�MB� Q`�x �H;Q`viKm T`2/vF+DBX
w�T`QD2FiQr�M2 �H;Q`viKv rvxM�+x�D² FQH2DM2 r�`iQ�+B bv;M��m bi2`mD²+2;Q M� TQ/bi�rB2
T`Q;MQxQr�M2D B Q#b2`rQr�M2D Q/TQrB2/xB �`¦/2� `m+?m bB2+BQr2;Q M� Q;`�MB+x2MB� bxv#FQ�É
T`x2T�vr¦r T�FB2i¦rX *2H2K bi2`Qr�MB� D2bi mFbxi��iQr�MB2 /vM�KBFB T`x2T�vrm x;Q/MB2 x2
bT2+v}F�+D² x�/�M² T`x2x QT2`�iQ`� bvbi2KmX

J2+?�MBxKv i`�MbH�+DB 7Q`Km� HQ;B+xMv+? B r�`bir� �#bi`�F+DB bT`x iQr2D

C2/MvK x +2Mi`�HMv+? 2H2K2Mi¦r bvbi2Km 6G.s D2bi KQ/m� 7H/t@+Q`2 irQ`x²+v r�`bir 

�#bi`�F+DB bT`x iQr2D Q`�x m/Qbi TMB�D²+v 7mMF+D2 i`�MbH�+DB 7Q`Km� HQ;B+xMv+?X q�`bir� �#b@
i`�F+DB TQ�`2/MB+xv r FQKmMBF�+DB r�`birv bi2`Qr�MB� M�/`x /M2;Q x r�`bir² BM7`�bi`mFim`v
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

bB2+BQr2D bvbi2KmX P/TQrB�/� QM� x� Q/rxQ`Qr�MB2 bi�Mm T`x2�²+xMBF¦r bB2+BQrv+? r r�`@
birB2 bi2`Qr�MB� Q`�x T`x2F�xvr�MB2 TQKB /xv r�`bir�KB bv;M��¦r bi2`Qr�MB�X JQ/m� Q/TQ@
rB�/� `¦rMB2� x� T`x2Fbxi��+�MB2 `2;m� }Hi`�+DB rv`��QMv+? r D xvFm T+�T@7BHi2` M� `2;m�v
}Hi`�+DB bvbi2Km CmMQbX

J�i2K�iv+xMv KQ/2H /xB2/xBMv rMBQbFQr�MB�

q T`QD2F+B2 bvbi2Km m�vi2 xQbi��v HB+xM2 FQM+2T+D2 K�i2K�iv+xM2 Q`�x i2`KBMQHQ;B� rv@
rQ/x²+� bB x rv#`�Mv+? bi�M/�`/¦r i2+?MB+xMv+?X SQMB�2D T`x2/bi�rBQM2 xQbi��v 7Q`K�HM2
/2}MB+D2 Q`�x b�QrMBF rvFQ`xvbivr�Mv+? TQD ÉX

w2 rx;H /m M� T`xvD i² FQM+2T+D �`+?Bi2Fim`v bvbi2Km r D2;Q T`QD2F+B2 rvFQ`xvbi�M2
xQbi��v 7Q`K�HM2 TQD +B� i2Q`BB `�+?mMFm T`2/vF�i¦r B rMBQbFQr�MB� BM/mF+vDM2;Q Um+x2MB�
K�bxvMQr2;QV- i2Q`BB KMQ;Q�+B- i2Q`BB bi2`Qr�MB� B T`x2ir�`x�MB� bv;M��¦rX SQ/bi�rQrvKB
�`¦/��KB rvFQ`xvbi�Mv+? i2`KBM¦r B FQM+2T+DB i2+?MB+xMv+? b²,

Ç /QFmK2Mi�+D� bvbi2Km CmMQb Pa UrrrXDmMBT2`XM2if/Q+mK2Mi�iBQMV- bx+x2;¦HMB2 r
x�F`2bB2 FQM};m`�+DB `2;m� }Hi`�+DB T�FB2i¦r-

Ç bi�M/�`/ b6HQr UrrrXb6HQrXQ`;V QTBbmD²+v i2+?MQHQ;B T`¦#FQr�MB� bi`mKB2MB T�FB2@
i¦r T`x2T�vr�D²+v+? T`x2x m`x²/x2MB� bB2+BQr2-

Ç /QFmK2Mi�+D� D xvF� }Hi`¦r T�FB2i¦r T+�T@7BHi2` UrrrXi+T/mKTXQ`;V Q`�x }Hi`¦r
M7/mKT U;Bi?m#X+QKfT?��;fM7/mKTVX

w;Q/MB2 x T`xvD i² FQM+2T+D² bvbi2K 6G.s KQ�M� i`�FiQr�É D�FQ m+x²+v bB U�/�Ti�+vDMvV
rB2HQr�`birQrv bvbi2K bi2`Qr�MB� T`x2T�vr�KB T�FB2i¦r bB2+BQrv+? Q/TQ`Mv M� x�F�¦+2MB�
bTQrQ@ /Qr�M2 rv#`�M² FH�b² xD�rBbF U�i�F¦r ivTm ..QaV- rvTQb��QMv r K2+?�MBxKv /B�@
;MQbiv+xM2 B/2Miv}FmD²+2 B BxQHmD²+2 �`¦/�� �MQK�HBB- TQxvbFmD²+v U;2M2`mD²+vV rB2/x U/2@
FH�`�ivrM² B T`Q+2/m`�HM²V M� i2K�i Q#b2`rQr�Mv+? xD�rBbFX SQMB�2D x�KB2bx+xQM2 xQbi��v
+x �+BQrQ b7Q`K�HBxQr�M2 /2}MB+D2 TQD É rvFQ`xvbi�Mv+? r K�i2K�iv+xMvK KQ/2Hm bvbi2Km
Q`�x D2;Q KQ/m�¦rX

q ivK `Qx/xB�H2 x�T`2x2MiQr�Mv D2bi QT`�+Qr�Mv T`x2x2 KMB2 7Q`K�HMv KQ/2H /xB2/xBMv
rMBQbFQr�MB�- M� Fi¦`2D T`x2T`Qr�/x�M2 b² rbxvbiFB2 QT2`�+D2 bvbi2Km 6G.sX .H� mT`Qbx+x2@
MB� T`2x2Mi�+DB TQ/bi�rQrv+? TQD É B /2}MB+DB rvFQ`xvbivr�Mv+? r QTBbB2 bvbi2Km r /�Hbx2D
+x �+B /QFmK2Mim T�FB2i2K UbB2+BQrvKV M�xvr�M� # /xB2 D2/MQbiF� /�Mv+? T`QiQFQ�m i2H2FQ@
KmMBF�+vDM2;Q US.lV KQ/2Hm PaAX q�`iQ�+B T¦H x�r�`iv+? r M�;�¦rF�+? T`QiQFQ�¦r Q`�x
T�`�K2i`v +?�`�Fi2`vxmD²+2 i`�MbKBbD T�FB2im # /² �²+xMB2 irQ`xv�v /xB2/xBM rMBQbFQr�@
MB�- M� Fi¦`2D x�T`QD2FiQr�Mv bvbi2K `2�HBxmD2 T`Q+2bv #m/Qr�MB� rB2/xvX

/xB2/xBM� T�`�K2i`¦r T�FB2i¦r, LB2+? Fi, i = 1, ...,n, QxM�+x� x#B¦` HB+x# `2T`2x2MimD²@
+v+? x�r�`iQ�É rv#`�Mv+? T¦H M�;�¦rF¦r T`QiQFQ�¦r bB2+BQrv+? Q`�x T�`�K2i`v +?�@
`�Fi2`vxmD²+2 T�FB2i bB2+BQrvX AHQ+xvM F�`i2xD��bFB F= F1×F2×...×Fn # /xB2 M�xvr�Mv
/xB2/xBM² T�`�K2i`¦r T�FB2i¦r Ubvbi2KQr² /xB2/xBM² rMBQbFQr�MB�VX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

.xB2/xBM� T�`�K2i`¦r T�FB2i¦r QF`2�HQM� bi�M/�`/2K b6HQr- bT2�MB�D²+� TQrv�bx² /2}MB+D -
KQ�2 KB2É M�bi TmD²+² TQbi�É,

X = TS×TE×TD×SA×DA×SP×DP×PR×FLG×FWD×STOS×IPKT×IBYT UjjV

×OPKT×OBYT×IN×OUT×SAS×DAS×SMK×DMK×DTOS×DIR×NH×NHB Uj9V

×SVLN×DVLN×ISMC×ODMC×IDMC×OSMC×MPLS1× ...×MPLS10 Uj8V

×CL×SL×AL×RA×ENG×EXID. UjeV

w#BQ`v Fi T`x2/bi�rBQM2 TQrv�2D- x/2}MBQr�M2 b² /QFmK2Mi�+D² M7/mKTX S`xvF��/ T`Qbi2;Q
FQ/Qr�MB� rv#`�Mv+? T�`�K2i`¦r T�FB2i¦r T`x2/bi�rB� i�#2H� RX q `Qxr���MvK T`xvT�/Fm
rvK�;�M2 D2bi Q#b2`rQr�MB2 +2+? T�FB2i¦r mKQ�HBrB�D²+v+? QF`2�H2MB2 B+? �/`2b¦r �`¦/�Q@
rv+? B /Q+2HQrv+?- xM�+xMBF¦r +x�bQrv+? QxM�+x�D²+v+? +x�b Q#b2`r�+DB T�FB2im Q`�x BHQ�É
T`x2MQbxQMv+? /�Mv+?X

Fi S�`�K2i`

R +x�b Q#b2`r�+DB T�FB2im
Z �/`2b �`¦/�Qrv
Z �/`2b /Q+2HQr
Z TQ`i �`¦/�Qrv
Z TQ`i /Q+2HQrv
Z T`QiQF¦�
Z `QxKB�` T�FB2im

h�#2H� R, _2T`2x2Mi�+D� T�`�K2i`¦r T�FB2i¦rX

w#B¦` Q#b2`rQr�Mv+? r�`iQ�+B T¦H M�;�¦rF¦r B T�`�K2i`¦r T�FB2i¦r D2bi M�xvr�Mv `m@
+?2K bB2+BQrvKX

`m+? bB2+BQrv, SQ/x#B¦` /xB2/xBMv T�`�K2i`¦r T�FB2i¦r- F0 ⊂F- x`2FQMbi`mQr�Mv M� TQ/@
bi�rB2 x#BQ`m x�Q#b2`rQr�Mv+? T�FB2i¦r bB2+BQrv+? bi�MQrB `m+? bB2+BQrvX

w x�T`QTQMQr�Mv+? TQrv�2D /2}MB+DB rvMBF� Q+xvrB�+B2- �2 x�Q#b2`rQr�Mv T�FB2i bB2+BQrv
p D2bi 2H2K2Mi2K `m+?m bB2+BQr2;Q-

p ∈F0 ⊂F. UjdV

SQ/bi�rQrvK Q#B2Fi2K �M�HBxQr�MvK r x�T`QD2FiQr�MvK bvbi2KB2 D2bi T`x2T�vr T�FB2@

i¦r bB2+BQrv+?X .2}MB+D� i2;Q TQD +B� rvK�;� Q/rQ��MB� bB /Q FQM+2T+DB �i`v#mi¦r- b2H2F@
iQ`¦r Q`�x i2`K¦r- Fi¦`2 xQbi�M² rvFQ`xvbi�M2 r D2D b7Q`Km�Qr�MBmX

�i`v#mi T�FB2im, 6mMF+D� TQbi�+B

ai : F→ Fi, i = 1, ...,n, Uj3V

T`xvTBbmD²+� HB+x# x2 x#BQ`m Fi /Q T�FB2im p ∈F M�xvr�M� # /xB2 �i`v#mi2K T�FB2imX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

_vbmM2F RR, AHmbi`�+D� /xB2/xBMv rMBQbFQr�MB�X

C�F ��irQ x�mr��vÉ- �i`v#mi D2bi 7Q`K�HMvK M�`x /xB2K TQxr�H�D²+vK Q/+xvi�É r�`iQ�É
rv#`�M2;Q T�`�K2i`m T�FB2im- � i�F�2 `2T`2x2MiQr�É T�FB2i D�FQ r2FiQ`,

p = (a1(p), ...,an(p)) ∈F. UjNV

L� TQ/bi�rB2 �i`v#mi¦r x�Q#b2`rQr�Mv+? T�FB2i¦r bB2+BQrv+? KQ�M� x`2FQMbi`mQr�É Q#`�xm
`m+?m bB2+BQr2;Q,

F0
i =

⋃

p∈F0

{ai(p)}⊂ Fi, i = 1, ...,n. U9yV

q `2xmHi�+B2 `m+? bB2+BQrv D2bi x#BQ`2K TQbi�+B,

F0 = F0
1 × ...×F0

n. U9RV

b2H2FiQ`, SQ/x#B¦`

Si ⊆ Fi, i = 1, ...,n, U9kV

Q/TQrB�/�D²+v �i`v#miQrB ai M�xvr�Mv # /xB2 b2H2FiQ`2KX

a2H2FiQ`v # /² rvFQ`xvbi�M2 D�FQ M�`x /xB� mKQ�HBrB�D²+2 QF`2�H2MB2 TQ/x#BQ`¦r T�FB2i¦r-
Fi¦`v+? T�`�K2i`v bT2�MB�D² x�/�M2 r�`mMFB,

ai(p) ∈ Si, i = 1, ...,n. U9jV

.QKv�HMB2 /H� /QrQHM2;Q �i`v#mim ai T`xvDKQr�M� # /xB2 TQbi�É b2H2FiQ`� Si ≡ FiX
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

i2`K, AHQ+xvM F�`i2xD��bFB b2H2FiQ`¦r

T= S1 × ...×Sn U99V

QF`2�H� i2`KX

w;Q/MB2 x T`xvD ivKB /2}MB+D�KB i2`K T D2bi BHQ+xvM2K HQ;B+xMvK r�`mMF¦r +?�`�Fi2`vxmD²@
+v+? T�FB2i bB2+BQrvX w�+?Q/xB r¦r+x�b M�bi TmD²+v r�`mM2F,

p ∈T= S1 × ...×Sn ≡

n∧

s=1

ai(p) ∈ Si. U98V

_Qxr��Kv i2`K QF`2�HQMv b2H2FiQ`�KB

Si ×S j = {1025, ...,216
−1}× {80,443}⊂ SP×DP,

T`xv +xvK Sk = Fk /H� k ∈ {1, ...,n} \ {i, j}X h2`K i�FB BxQHmD2 T�FB2iv bT2�MB�D²+2 M�bi TmD²+2
r�`mMFB rv`��QM2 r D xvFm T+�T@7BHi2`,

Ub`+ TQ`i = Ryk9V �M/ U/bi TQ`i 99j Q` /bi TQ`i 3yVX

i2`K #�xQrv, LB2+? Ŝi = {v} # /xB2 b2H2FiQ`2K TQD2/vM+xvK QF`2�HQMvK T`x2x x#B¦` D2/MQ@
2H2K2MiQrvX AHQ+xvM F�`i2xD��bFB

T̂(i)= F1 × ...× Ŝi × ...×Fn, U9eV

QF`2�H� i2`K #�xQrvX

SQD +B� i2`Km Q`�x �i`v#mim KQ;² #vÉ rvFQ`xvbi�M2 /Q b7Q`Km�Qr�MB� /2}MB+DB }Hi`m
T�FB2i¦rX _Qxr��Kv FQH2F+D i2`K¦r,

T j
= S

j

1
× ...×S

j
n, j = 1, ..., m. U9dV

a2H2FiQ`v rvFQ`xvbi�M2 TQrv�2D QTBbmD² T�FB2iv +?�`�Fi2`vxmD²+2 bB QF`2�HQMvKB r�`iQ�+B�KB
T¦H M�;�¦rF¦r T`QiQFQ�¦rX S�FB2i p ∈F bT2�MB� x�/�M2 b2H2FiQ`�KB r�`mMFB- D2�2HB,

p ∈

m⋃

j=1

T j
=

m⋃

j=1

(S
j

1
× ...×S

j
n). U93V

6BHi` T�FB2i¦r bT2�MB�D²+v+? r�`mMFB x�/�M2 T`x2x FQH2F+D i2`K¦r KQ�2 #vÉ 7Q`K�HMB2 x/2@
}MBQr�Mv T`xv TQKQ+v 7mMF+DB rbF��MBFQr2DX

}Hi` T�FB2i¦r, _Qxr��Kv i2`K W =
⋃m

j=1
T j x/2}MBQr�Mv T`x2x bmK BHQ+xvM¦r F�`i2xD��@

bFB+? b2H2FiQ`¦rX 6mMF+D� rbF��MBFQr�

δW (p)=







1, p ∈W,

0, p ∉W,
U9NV

QF`2�H� }Hi` T�FB2i¦rX
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6BHi` T�FB2i¦r δW - x/2}MBQr�Mv /H� i2`Km W- TQxr�H� rvBxQHQr�É x `m+?m bB2+BQr2;Q TQ/x#B¦`
T�FB2i¦r irQ`x²+v+? T`x2T�vrX

T`x2T�vr T�FB2i¦r, w#B¦` x�Q#b2`rQr�Mv+? T�FB2i¦r bT2�MB�D²+v+? r�`mMFB QF`2�HQM2 T`x2x
i2`K W-

P[W]= {p ∈F0|δW (p)= 1}⊂F, U8yV

QF`2�H� T`x2T�vr T�FB2i¦rX

S`x2T�vr T�FB2i¦r- x;Q/MB2 x TQrv�bx² /2}MB+D²- D2bi x#BQ`2K T�FB2i¦rX w#B¦` i�FB KQ@
�2 xQbi�É b+?�`�Fi2`vxQr�Mv HB+x#QrQ T`x2x Q/TQrB2/MBQ x�T`QD2FiQr�M² bi�ivbivF - Fi¦`�
r `Qxr���MvK FQMi2F�+B2 # /xB2 +?�`�Fi2`vxQr�É r���+BrQ�+B T`x2T�vrm T�FB2i¦rX

HB+x#Qr� +?�`�Fi2`vbivF� T`x2T�vrm, 6mMF+D� TQbi�+B,

g : P (60)×Θ→R, U8RV

QF`2�HQM� /H� /QrQHM2;Q TQ/x#BQ`m T�FB2i¦r `m+?m bB2+BQr2;Q W ⊂P (60) Q`�x T�`�K2@
i`m θ ∈Θ- rvxM�+x� HB+x#Qr² +?�`�Fi2`vbivF T`x2T�vrmX

SQ/bi�rQr2 +?�`�Fi2`vbivFB HB+x#Qr2 x#BQ`¦r T�FB2i¦r Q#b2`rQr�Mv+? T`x2x x�/�Mv }Hi`
QF`2�H�D² bxv#FQ�É T`x2T�vrm T�FB2i¦r rv`���M² #Bi�+? Hm# T�FB2i�+? M� b2FmM/ X LB2+?
h ∈ R, h > 0, QxM�+x� T`x2/xB�� +x�bm r Fi¦`vK x#B2`�M2 b² T`¦#FB T�FB2i¦rX _Qxr��Kv
b2H2FiQ` Sk(t) = (t−h, t] ⊂ Fk rv#B2`�D²+v T�FB2iv x�Q#b2`rQr�M2 r QF`2bB2 T`¦#FQr�MB� (t−

h, t] TQT`x2/x�D²+vK +?rBH t ∈R Q`�x i2`K

W(t)=
m⋃

j=1

(S
j

1
× ...×Sk(t)× ...×S

j
n). U8kV

LB2+? as QxM�+x� `QxKB�` T�FB2imX q +?rBHB t bxv#FQ�É T`x2T�vrm /�Mv+? U#Bi`�i2V T`x2MQ@
bxQMv+? T`x2x T�FB2iv M�H2�²+2 /Q x#BQ`m P[W(t)] D2bi rvxM�+x�M� T`x2x 7mMF+D ,

gbps(P[W(t)],h)=
1

h

∑

p∈P[W(t)]

as(p). U8jV

axv#FQ�É T`x2T�vrm T�FB2i¦r D2bi rvxM�+x�M� T`x2x 7mMF+D ,

gpps(P[W(t)],h)=
1

h
|P[W(t)]| , U89V

;/xB2 | • | QxM�+x� KQ+ x#BQ`mX

`2;m�� bi2`Qr�MB�, LB2+? U QxM�+x� x#B¦` r�`iQ�+B T�`�K2i`¦r FQM};m`�+DB Q;`�MB+xMB@
F¦r bxv#FQ�+B i`�MbKBbDB T�FB2i¦r UTQHB+2`¦r- b?�T2`¦rV m`x²/x2MB� bB2+BQr2;Q UivTm
}`2r�HHVX

P/TQrB�/�D�+� i2`KQrB W `2;m�� bi2`Qr�MB�

µW : Rm
→U U88V

T`xvTQ`x²/FQrmD2 r2FiQ`QrB HB+x#Qrv+? +?�`�Fi2`vbivF T`x2T�vrm T�`�K2i`v FQM};m@
`�+DB m`x²/x2MB� bB2+BQr2;QX
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_2;m�� bi2`Qr�MB� QF`2�H� �H;Q`viK Fbxi��iQr�MB� /vM�KBFB T`x2T�vrmX �H;Q`ivK i2M rv@
xM�+x� M� TQ/bi�rB2 rv#`�Mv+? �i`v#mi¦r T`x2T�vrm bv;M�� QF`2�H�D²+v r�`iQ�+B T�`�K2@
i`¦r T`�+v Q;`�MB+xMBF¦r bxv#FQ�+B i`�MbKBbDB T�FB2i¦r UTQHB+2`¦rVX SQMB�2D T`x2/bi�rBQMQ
T`xvF��/ FQM};m`�+DB T�`�K2i`¦r Q;`�MB+xMBF� bxv#FQ�+B i`�MbKBbDB bvbi2Km CmMQbX L�bi�rv
i�mKBF� UTQHB+2`�V- T�`�K2i`v #�M/rB/i?@HBKBi Q`�x #m`bi@bBx2@HBKBi- QF`2�H�D² Q;`�MB@
+x2MB� /H� T`x2T�vrm- /Q Fi¦`2;Q Q#b�m;B i�mKBF xQbi�� T`xvTBb�Mv,

b2i 7B`2r�HH TQHB+2` 7H/t@[7tRyF@/B`iv@�S

B7@2t+22/BM; #�M/rB/i?@HBKBi R9K

b2i 7B`2r�HH TQHB+2` 7H/t@[7tRyF@/B`iv@�S

B7@2t+22/BM; #m`bi@bBx2@HBKBi kR9d98y33y

`2;m�� }Hi`�+DB, LB2+? g(P[W]) = [g1(P[W]), ..., gm(P[W])]T ∈ R
m QxM�+x� r2FiQ` HB+x#Qrv+?

+?�`�Fi2`vbivF T`x2T�vrm P[W]X _2;m�� }Hi`�+DB T`xvTBbmD2 `2;m� bi2`Qr�MB� T�FB2iQK
M�H2�²+vK /Q QF`2�HQM2;Q T`x2T�vrm,

∧

p∈F

p ∈ P[W]→µW (g(P[W])). U8eV

SQMB�2D T`x2/bi�rBQMQ T`xvF��/ FQM};m`�+DB `2;m�v }Hi`�+DB bvbi2Km CmMQbX _2;m�� }Hi`�@
+DB xQbi��� x��Q�QM� /H� T`x2T�vrm x/2}MBQr�M2;Q T`x2x b2H2FiQ` QF`2�H�D²+v �/`2b �`¦/�Qrv
�X#X+X/fjk T`x2T�vrm Q M�xrB2 7H/t@[7tRyF@/B`ivX S�FB2iQK M�H2�²+vK /Q i2;Q T`x2T�v@
rm T`xvTBbvr�M� D2bi `2;m�� bi2`Qr�MB� Q#b�m;mD²+� TQHB+2` Q M�xrB2 7H/t@[7tRyF@/B`iv@�S,

b2i 7B`2r�HH 7�KBHv BM2i 7BHi2` 7H/t@[7tRyF@/B`iv i2`K

7H/t@[7tRyF@/B`iv@�S@R

7`QK bQm`+2@�//`2bb �X#X+X/fjk

b2i 7B`2r�HH 7�KBHv BM2i 7BHi2` 7H/t@[7tRyF@/B`iv i2`K

7H/t@[7tRyF@/B`iv@�S@R

i?2M TQHB+2` 7H/t@[7tRyF@/B`iv@�S

PK¦rBQM2 /�H2D FQMbi`mF+D2 K2+?�MBxK¦r /2i2F+DB �MQK�HBB B Fbxi��iQr�MB� T`x2T�vr¦r
rvFQ`xvbimD² x#m/Qr�Mv T`x2x2 KMB2 KQ/2H /xB2/xBMv rMBQbFQr�MB�X JQ/2H i2M xQbi�� x�BK@
TH2K2MiQr�Mv r D²/`x2 bvbi2Km 6G.sX

.2i2F+D� �MQK�HBB B bvMi2x� T`x2T�vr¦r +?`QMBQMv+?

SQ/bi�rQrvK Q#B2Fi2K r bvbi2KB2 6G.s D2bi T`x2T�vr QF`2�HQMv TQ/�M² rv�2D /2}MB+D²X
q /`¦rF� T`x2T�vrm T`x2x bvbi2K QTBb�M� D2bi T`x2x x�T`QD2FiQr�Mv T`x2x2 KMB2 �miQK�i
bFQ�+xQMv- Fi¦`2;Q ;`�7 T`x2/bi�rBQMv xQbi�� M� _vbmMFm RkX

�H;Q`viK /2i2F+DB �MQK�HBB B/2Miv}FmD2 r `m+?m bB2+BQrvK x#B¦` T`x2T�vr¦r #�xQrv+?
Q`�x bQ`imD2 i2M x#B¦` x;Q/MB2 x `2H�+D² TQ`x²/FmD²+² QF`2�H�D²+² xM�+x2MB2 T`x2T�vrmX _2H�+D�
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_vbmM2F Rj, �M�HBx� T`x2T�vrm +?`QMBQM2;QX

q TQrv�bxvK Q;¦HMvK b7Q`Km�Qr�MBm x�/�MB� bvMi2xv C QxM�+x� QT2`�+D rv#Q`m T`x2T�v@
r¦r #�xQrv+?X q2 r/`���M2D r2`bDB bvbi2Km QT2`�iQ` C rvFQ`xvbimD2 /QKv�HMB2 �H;Q`viK
"Q`/v Q#HB+x�D²+v `2H�+D TQ`x²/Fm �;`2;mD²+² F`vi2`B� Q+2Mv BbiQiMQ�+B T`x2T�vrmX _2H�+D�
i� bT2�MB� r�`mM2F S�`2iv- MB2@�miQ`vi�`MQ�+B Q`�x mMBr2`b�HMQ�+B- H2+x M�`mbx� r�`mM2F MB2@
x�H2�MQ�+B Q/ r�`B�Mi¦r MB2BbiQiMv+?X PT2`�iQ` C KQ�2 rvFQ`xvbivr�É /QrQHM2 �H;Q`viKv
�;`2;�+DB TQ`x²/F¦rX PT2`�iQ` F rvbxmFmD2 r Q#b2`rQr�MvK `m+?m T`x2T�vrv QF`2�HQM2
T`x2x QT2`�iQ` Wk KB2bx�MB� bx2`2;¦r +x�bQrv+? +?�`�Fi2`vxmD²+v+? T`x2T�vrv MB�bx2;Q `x @
/mX h�FB2 b7Q`Km�Qr�MB2 x�/�MB� /2i2F+DB T`Qr�/xB /Q M�bi TmD²+2D `2FQMbi`mF+DB bv;M��¦r
bF��/Qrv+? �i�Fm,

Xk = (W̃k−1 ◦ · · · ◦W̃0)(X0), U83V

;/xB2 W̃k QxM�+x� Q/TQrB2/MBQ bFQMbi`mQr�Mv `xmi QT2`�iQ`� Wk KB2bx�MB� bv;M��¦rX w;Q/MB2
x T`x2/bi�rBQM² rv�2D �miQ`bF² FQM+2T+D² K�i2K�iv+xM²- T`x2T�vrv BxQHQr�M2 T`x2x bvbi2K
6G.s FQMbi`mQr�M2 b² M� #�xB2 FQK#BM�+DB bx2`2;¦r +x�bQrv+? xrB²x�Mv+? x T`x2T�vr�KB
#�xQrvKBX S`x2T�vrv rv�bxv+? `x /¦r- Xk, k = 1,2- rvxM�+x�M2 b² T`x2x /2}MB+D2 }Hi`¦r
T�FB2i¦r Q `QbM²+2D T`2+vxDB }Hi`�+DBX

w F��/vK x�`2D2bi`Qr�MvK T`x2T�vr2K xrB²x�M� D2bi FQH2F+D� HB+xMBF¦r x/�`x2� TQH2@
;�D²+v+? M� T`x2F`Q+x2MBm T`x2x bv;M�� x/2}MBQr�Mv+? MQ`KX amK� r�`iQ�+B rvirQ`xQMv+?
r i2M bTQb¦# bv;M��¦r #BM�`Mv+? KQ�2 bi�MQrBÉ /H� QT2`�iQ`� bv;M�� �H�`KQrvX
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Pole-zero plot  ( =1.5, 
0
=0.3, =0.8)

Real Axis

Im
a

g
in

a
ry

 A
x
is

_vbmM2F R9, _QxF��/ x2` B #B2;mM¦r mFbxi��iQr�M2;Q KQ/2Hm T`x2T�vrmX

Ebxi��iQr�MB2 /vM�KBFB T`x2T�vr¦r

.vM�KBF� F��/2;Q T`x2T�vrm +?`QMBQM2;Q Fbxi��iQr�M� D2bi T`x2x �/�Ti�+vDMv `2;mH�iQ`
(R,T,S)- Fi¦`2;Q bvMi2x� T`Qr�/xQM� D2bi r +x�bB2 `x2+xvrBbivK T`x2x bvbi2K 6G.s M� TQ/@
bi�rB2 #B2�²+v+? Q#b2`r�+DB `m+?m bB2+BQr2;QX avMi2x� �H;Q`viK¦r bi2`Qr�MB� D2bi T`x2T`Q@
r�/x�M� T`xv TQKQ+v �miQ`bFB+? K2+?�MBxK¦r QT`�+Qr�Mv+? M� TQ/bi�rB2 rvMBF¦r #�/��
T`Qr�/xQMv+? T`x2x L�aE SA" r Q#bx�`x2 i2Q`BB bi2`Qr�MB�X _¦rM�MB� bvMi2xv rvT`Qr�@
/x�M2 b² /H� KQ/2Hm rB2HQKB�MQr2;Q,

A(q)x(t)= B(q)(u(t)+v(t)),

y(t)= x(t)+ e(t),

R(q)u(t)= T(q)uc(t)−S(q)y(t),

U8NV

;/xB2 q QxM�+x� QT2`�iQ` T`x2bmMB +B�X _2;m�v bi2`Qr�MB�- Qi`xvK�M2 r rvMBFm bvMi2xv �H@
;Q`viK¦r (R,T,S)- TQrB²x�M2 b² x F��/vK T`x2T�vr2K +?`QMBQMvKX JQ/2H T`Q+2bm (A,B)

D2bi B/2Miv}FQr�Mv K2iQ/² }Hi`m E�HK�M� T`x2x M�bi TmD²+v �H;Q`viK,

ϕ(k−1)= [−y(k−1), . . . ,−y(t−n),u(t−d), . . . ,u(t−d−m)],

K(k)=
P(k−1)ϕ(k−1)

σ2 +ϕT (k−1)P(k−1)ϕ(k−1)
,

P(k)= (I −K(k)ϕT (k−1))P(k−1)+V .

UeyV
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Bode plot  ( =1.5, 
0
=0.3, =0.8)

Frequency  (Hz)

M
a
g
n
it
u
d
e
 (

d
B

)

_vbmM2F R8, *?�`�Fi2`vbivF� �KTHBim/Qr� "Q/2;Q x�T`QD2FiQr�M2;Q mF��/m bi2`Qr�MB�X

qbT¦�+xvMMBFB KQ/2Hm /Qbi`�D�M2 b² /Q Q#b2`r�+DB- ixMX,

θ̂(k)= θ̂(k−1)+K(k)(y(k)−ϕT (k−1)θ̂(k−1)). UeRV

qvMBFB i2bi¦r H�#Q`�iQ`vDMv+? /xB���D²+2;Q bvbi2Km bi2`QrMB� �/�Ti�+vDM2;Q T`x2/bi�@
rB�D² _vbmMFB R9@RdX AHmbi`�+D2 T`x2/bi�rB�D² +?�`�Fi2`vbivFB x�T`QD2FiQr�Mv+? �miQK�iv+x@
MB2 }Hi`¦r (R,T,S)- /H� B/2Miv}FQr�M2;Q /vM�KB+xMB2 KQ/2Hm (A,B)- � i�F�2 T`x2#B2; T`Q+2bm
i�mKB2MB� rv;2M2`Qr�M2;Q bxim+xMB2 �i�Fm Q`�x Fbxi��iQr�MB� /vM�KBFB T`x2T�vrm +?`QMBQ@
M2;Q- x�MB2+xvbx+xQM2;Q bi`mKB2MB2K T�FB2i¦r # /²+vK bF��/Qr² �i�FmX
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Step response  ( =1.5, 
0
=0.3, =0.8)

Time (seconds)

A
m

p
lit

u
d
e

_vbmM2F Re, P/TQrB2/� bFQFQr� x�T`QD2FiQr�M2;Q mF��/m bi2`Qr�MB�X

9Xk �/�Ti�+vDMv bi2`QrMBF T`Q+2bQ`� /H� D²/`� bvbi2Km GBMmt

EQH2DMvK MB2xrvFH2 r��MvK /H� KMB2 QbB²;MB +B2K BM�vMB2`bFBK D2bi T`QD2Fi B BKTH2K2Mi�+D�
�/�Ti�+vDM2;Q 2M2`;QQbx+x /M2;Q bi2`QrMBF� T`Q+2bQ`� r �`Q/QrBbFm D²/`� bvbi2Km GBMmtX

w�F��/�K- �2 /vM�KBF� T`Q+2bm Q#HB+x2MBQr2;Q M� TQxBQKB2 *Sl KQ�2 #vÉ QTBb�M� M�@
bi TmD²+vK mF��/2K `¦rM�� `¦�MB+Qrv+?,

A(q)x(t)= B(q)(u(t)+v(t)),

y(t)= x(t)+ e(t),
UekV

;/xB2 x(t) D2bi Fbxi��iQr�MvK bv;M��2K rvD�+BQrvK- y(t) QxM�+x� Q#b2`rQr�Mv bv;M�� TQ@
KB�`m r�`iQ�+B rvD�+B�- e(t) QxM�+x� bv;M�� x�F�¦+�D²+v TQKB�` bv;M��m x(t)- u(t) QxM�+x�
bv;M�� bi2`Qr�MB�- M�iQKB�bi v(t) MB2xM�M2 r2D�+B2 brQ#Q/M2X

.H� KQ/2Hm i2;Q KQ�M� r mF��/xB2 �/�Ti�+vDMvK Q#HB+xvÉ �H;Q`viK bi2`Qr�MB� (R,T,S)

Fbxi��imD²+v /vM�KBF Q#b2`rQr�M2;Q T`Q+2bmX _2�HBx�+D� i�F Q#HB+xQMv+? }Hi`¦r rvK�;�
D2/M�F mrx;H /MB2MB� Q;`�MB+x2� xrB²x�Mv+? x Q#HB+x2MB�KB bi��QTQxv+vDMvKB Q`�x /QF��/MQ@
�+B� MmK2`v+xM² /Qbi TM² M� TQxBQKB2 D²/`� bvbi2Km QT2`�+vDM2;QX P;`�MB+x2MB� i2 KQ�M�
QTBb�É `¦rM�MB2K,

u(k)= g (w(k)) , UejV
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_vbmM2F Rd, w�TBb T`x2#B2;m 2FbT2`vK2Mim r H�#Q`�iQ`BmKX
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_vbmM2F R3, w�BKTH2K2MiQr�Mv �/�Ti�+vDMv 2M2`;QQbx+x /Mv bi2`QrMBF T`Q+2bQ`� r K2Mm
FQM};m`�+DB T�`�K2i`¦r FQKTBH�+DB D²/`� bvbi2Km GBMmtX

;/xB2 w(k) D2bi bv;M��2K Q#HB+xQMvK T`x2x �H;Q`viK bi2`Qr�MB�- � u(k) bv;M��2K T`xvF��/�@
MvK /Q Q#B2Fim bi2`Qr�MB�X 6mMF+D� g : R→P `xmimD2 bv;M�� Q#HB+xQMv M� T`x2bi`x2� bi2`Qr��
/QTmbx+x�HMv+?- /H� P= {p0, p1, . . . , pn}⊂R QxM�+x�D²+2;Q x#B¦` bi�M¦r �*SA T`Q+2bQ`�X q D²@
/`x2 bvbi2Km GBMmt /Qbi TM� D2bi M�bi TmD²+� QT2`�+D�,

p = g(x)=min

{

argmin
p∈P

|x− p|

}

. Ue9V

Pbi�i2+xMB2 �H;Q`viK bi2`Qr�MB� /xB���D�+v M� TQxBQKB2 bi2`QrMBF� *Sl r D²/`x2 bvbi2Km
GBMmt K� M�bi TmD²+² rvT`Qr�/xQM² T`x2x2 KMB2 TQbi�É Ur�`iQ TQ`¦rM�É D² x2 xM�M�M²
TQbi�+B² `2;mH�iQ`� +��FmD²+2;Q x K2+?�MBxK2K �MiB@rBM/mT (k)V,

Ao(q)w(k)= T(q)uc(k)−S(q)y(k)+ (Ao(q)−R(q))u(k)

u(k)= g (w(k)) .
Ue8V

AKTH2K2Mi�+D� �H;Q`viKm bvMi2xv M� TQxBQKB2 D²/`� rvK�;� `QxrB²x�MB� `¦rM�MB� /BQ@
7�Miv+xM2;Q,

CR+DS = E, UeeV

;/xB2,

C = ARd

D = B−Sd

E = A f Ao Am.

UedV
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w�/�MB2 iQ KQ�M� bT`Qr�/xBÉ /Q x�/�MB� `QxrB²x�MB� mF��/m `¦rM��,

Mx = c, Ue3V

;/xB2

M =


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








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X X X c0

XXX
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︸ ︷︷ ︸

nr+1 +QHmKMb

d0 0
XXX

X X X d0

XXX
XXX

dnd

XXX

0
X X X dnd

︸ ︷︷ ︸

ns+1 +QHmKMb














, UeNV

r2FiQ` c QF`2�H� rbT¦�+xvMMBFB rB2HQKB�Mm C- � x = [r0, r1, . . . , rnr
, s0, s1, . . . , sns

]X
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_vbmM2F RN, S`Q;MQx� Q#+B²�2MB� *Sl K2iQ/² _Ga `2�HBxQr�M� M� TQxBQKB2 D²/`� bvbi2Km
GBMmtX

�H;Q`viK `QxrB²xvr�MB� TQrv�bx2;Q mF��/m `¦rM�� x�BKTH2K2MiQr�Mv r �`Q/QrBbFm
D²/`� bvbi2Km GBMmtX SQMB�2D x�T`2x2MiQr�M2 xQbi��v rvMBFB 2FbT2`vK2Mi¦r TQF�xmD²+2 T`�+ 
bi2`QrMBF� /H� M�bi�r,

A f (q)= 1,

Ao(q)= (q−0.925) q2,

Am(q)= (q−0.95) q,

Rd(q)= q+1,

Sd(q)= q−1.

UdyV
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.92

0.93

0.94

0.95

0.96

0.925

0.95

S
p
e
c
if
ic

a
ti
o
n

Modules of closed loop poles

Calculated

Specification

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

time [s]

0

0.02

0.04

0       

S
p
e
c
if
ic

a
ti
o
n

-1 0 1
-1

0

1

Calculated

Specification

Im
a
g
in

a
ry

 A
x
is

-0.05 0 0.05
-0.05

0

0.05

Closed loop poles t = 0.5

Real Axis
0.92 0.93 0.94 0.95

-0.02

0

0.02

_vbmM2F ky, .vM�KBF� T`Q+2bm HQFQr�MB� #B2;mM¦r

9Xj �_�EAa, bvbi2K r+x2bM2;Q Qbi`x2;�MB� Q BM+v/2Mi�+?

+v#2`#2xTB2+x2�bir�

JQD� /xB���HMQ�É M�mFQrQ@#�/�r+x� xrB²x�M� D2bi `¦rMB2� x `QxrQD2K- r/`���MB2K B mi`xv@
K�MB2K bvbi2Km r+x2bM2;Q Qbi`x2;�MB� Q BM+v/2Mi�+? #2xTB2+x2�bir� +v#2`M2iv+xM2;Q �_�EAaX
EB2`mD²+ w�F��/2K AM�vMB2`BB avbi2K¦r AM7Q`K�iv+xMv+? r SBQMB2 "�/�� B _QxrQDm L�aE
SA" `2�xHBxmD r ivK x�F`2bB2 KXBMX M�bi2TmD²+2 x�/�MB�,

Ç FB2`Qr�MB2 T`Q+2b2K `QxrQDm B r/`���MB� bvbi2Km-

Ç FB2`Qr�MB2 x2bTQ�2K T`Q;`�KBbi¦r B BM�vMB2`¦r rvir�`x�D�+v+? bvbi2K-

Ç T`QD2FiQr�MB2 TH�Mm `QxrQDm �`+?Bi2Fim`v bvbi2Km-

Ç `Qxr¦D FQM+2T+DB K2+?�MBxK¦r �M�HBxv /�Mv+?-

Ç FQQ`/vM�+D� r/`Q�2� FQH2DMv+? r2`bDB bvbi2Km-

Ç FQQ`/vM�+D� T`�+ #�/�r+xQ@`QxrQDQrv+?-

Ç rbT�`+B2 T`Q+2b¦r #m/Qrv T`Q/mFim B M2;Q+D�+DB #BxM2bQrv+?X
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_vbmM2F kR, AHmbi`�+D� D�FQ�+B `2;mH�+DB UTQMB�2DVX

avbi2K �_�EAa bi�MQrB 2H2K2Mi `x²/Qr2;Q T`Q;`�Km Q i2D b�K2D M�xrB2- K�D²+2;Q x�@
T2rMB�É +v#2`#2xTB2+x2�birQ QT2`�iQ`¦r mb�m; FHm+xQrv+? Q`�x BM7`�bi`mFim`v F`viv+xM2D
T��bir�X w�F`2b B `QH� T`Q;`�Km xQbi��v rbF�x�M2 r lbi�rB2 Q E`�DQrvK avbi2KB2 *v#2`@
#2xTB2+x2�bir�X .QFmK2Mi�+D� bvbi2Km D2bi r /m�2D +x �+B MB2D�rM�X

avbi2K �_�EAa `QxrBD�Mv D2bi T`x2x L�aE SA" Q/ kyRk `QFm- � TQ/ KQBK FB2`QrMB+ir2K
Q/ kyRe `QFmX :�¦rM� 7mMF+DQM�HMQ�É bvbi2Km iQ T`x2/2 rbxvbiFBK rvF`vr�MB2 rxQ`+¦r x�@
�r�MbQr�Mv+? �i�F¦r B x�;`Q�2� rvbi TmD²+v+? r bB2+B M� TQ/bi�rB2 �;`2;�+DB B FQ`2H�+DB
/�Mv+?- ;2M2`Qr�MB2 QTBbm x�Q#b2`rQr�Mv+? BM+v/2Mi¦r r TQbi�+B �H�`K¦r Q`�x bv;M�im`
x�`2D2bi`Qr�Mv+? FQKmMBF�+DBX �_�EAa m/Qbi TMB2MB� ;`�}+xMv BMi2`72Db m�viFQrMBFQK /xB FB
Fi¦`2Km KQ�HBr2 D2bi ��ir2 x�`x²/x�MB2 B �/KBMBbi`Qr�MB2 bvbi2K2K- T`x2;H²/�MB2 Q`�x �M�HB@
xQr�MB2 x�;`Q�2�X q bvbi2KB2 x�T`QD2FiQr�Mv xQbi�� bT2+D�HMv D xvF x�Tvi�� �ZG U�_�EAa
Zm2`v G�M;m�;2V mKQ�HBrB�D²+v TQxvbFBr�MB2 Q`�x T`2x2MiQr�MB2 /�Mv+? r bTQb¦# /QbiQbQ@
r�Mv /Q BM/vrB/m�HMv+? TQi`x2# m�viFQrMBF�X �`+?Bi2Fim`� bvbi2Km r bF��/� bB x +2Mi`mK-
r Fi¦`vK rvFQMvr�M2 b² x�Q�QM2 �M�HBxv B ;`QK�/xQM2 /�M2- Q`�x bQM/ x2rM i`xMv+? `Qx@
KB2bx+xQMv+? r `¦�Mv+? b2;K2Mi�+? bB2+B FHB2Mi�- Q/TQrB2/xB�HMv+? x� /Qbi�`+x2MB2 /�Mv+?
/Q +2Mi`mKX

qv`¦�MB� bB M�bi TmD²+2 `Q/x�D2 bQM/ # /²+v+? �`¦/��KB /�Mv+? r bvbi2KB2,

Ç `2~2FiQ`, b2MbQ` Q/TQrB2/xB�HMv x� mi`xvKvr�MB2 FQKmMBF�+DB TQKB /xv Q/TQrB2/MBQ
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/` BM�X JB+?�� SX E�`TQrB+x qMBQb2F Q T`x2T`Qr�/x2MB2 TQbi TQr�MB� ?�#BHBi�+vDM2;Q

aTBb HBi2`�im`v

(R) SX �`�#�b �M/ JX E�`TQrB+xX qvFQ`xvbi�MB2 BM7Q`K�+DB x `2D2bi`¦r T`Q+2bQ`� /Q B/2M@
iv}F�+DB KQ/2Hm TQ#Q`m KQ+v T`x2x b2`r2`X S`x2;H²/ 1H2Fi`Qi2+?MB+xMv- NkUjV,j9�9R-
kyReX

(k) EX CX ³bi`ºK �M/ "X qBii2MK�`FX *QKTmi2`@+QMi`QHH2/ bvbi2Kb, i?2Q`v �M/ /2bB;MX
.Qp2` Sm#HB+�iBQMb- JBM2QH�- Lu- kyRRX

(j) EX CX ³bi`ºK �M/ "X qBii2MK�`FX �/�TiBp2 +QMi`QHX .Qp2` Sm#HB+�iBQMb- JBM2QH�- Lu-
kyRjX

(9) CX "H�+FH2/;2X �TTHB+�iBQM Q7 i?2 7`�+iBQM�H /BzmbBQM 2[m�iBQM 7Q` T`2/B+iBM; K�`F2i
#2?�pBQm`X kyRyX

(8) CX :QM/xBQ- SX :QMx�H2x@"`2pBb- �M/ SX JmM�`BX L2r /2p2HQTK2Mib BM i?2 T`BK�H�/m�H
+QHmKM ;2M2`�iBQM i2+?MB[m2 X 1m`QT2�M CQm`M�H Q7 PT2`�iBQM�H _2b2�`+?- kk9URV,9R�8R-
kyRjX

(e) _X CQ?�`B- aX J�MMQ`- �M/ CX LX hbBibBFHBbX 1{+B2M+v GQbb BM � L2irQ`F _2bQm`+2 �H@
HQ+�iBQM :�K2, h?2 *�b2 Q7 1H�biB+ amTTHvX A111 h`�Mb�+iBQMb QM �miQK�iB+ *QMi`QH-
8yURRV,RdRk�Rdk9- LQp2K#2` kyy8X

(d) JX SX E�`TQrB+x �M/ SX �`�#�bX S`2HBKBM�`v `2bmHib QM i?2 GBMmt HB#T+�T KQ/2H B/2M@
iB}+�iBQMX AM kyi? AMi2`M�iBQM�H *QM72`2M+2 QM J2i?Q/b �M/ JQ/2Hb BM �miQK�iBQM �M/

_Q#QiB+b UJJ�_V- T�;2b Ry8e�RyeRX A111- kyR8X

(3) 6X SX E2HHvX *?�`;BM; �M/ `�i2 +QMi`QH 7Q` 2H�biB+ i`�{+X 1m`QT2�M h`�Mb�+iBQMb QM

h2H2+QKKmMB+�iBQMb- 3URV,jj�jd- RNNdX

(N) 6X SX E2HHv- �X EX J�mHHQQ- �M/ .X EX >X h�MX _�i2 +QMi`QH 7Q` +QKKmMB+�iBQM M2irQ`Fb,
a?�/Qr T`B+2b- T`QTQ`iBQM�H 7�B`M2bb- �M/ bi�#BHBivX CQm`M�H Q7 i?2 PT2`�iBQM�H _2b2�`+?

aQ+B2iv- 9NUjV,kjd�k8k- RNN3X

(Ry) �X EQx�FB2rB+x �M/ EX J�HBMQrbFBX L2irQ`F i`�{+ `QmiBM; mbBM; 2z2+iBp2 #�M/rB/i?
i?2Q`vX 1m`QT2�M h`�Mb�+iBQMb QM h2H2+QKKmMB+�iBQMb- kyUdV,eey�eed- kyyNX

(RR) _X CX G� �M/ oX �M�Mi?�`�KX *?�`;2@a2MbBiBp2 h*S �M/ _�i2 *QMi`QH BM i?2 AMi2`M2iX
AM A111 AL6P*PJ kyyy- h2H@�pBp- Ab`�2H- T�;2b RRee�RRd8- kyyyX

(Rk) qX 1X G2H�M/- JX aX h�[[m- qX qBHHBM;2`- �M/ .X oX qBHbQMX PM i?2 b2H7@bBKBH�` M�im`2 Q7
1i?2`M2i i`�{+ U2ti2M/2/ p2`bBQMVX L2irQ`FBM;- A111f�*J h`�Mb�+iBQMb QM- kURV,R�R8-
62# RNN9X

(Rj) aX >X GQrX � /m�HBiv KQ/2H Q7 h*S �M/ [m2m2 K�M�;2K2Mi �H;Q`Bi?KbX A111f�*J

h`�Mb�+iBQMb QM L2irQ`FBM;- RRU9V,8k8�8je- �m;mbi kyyjX
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