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The state-space model (SSM) is a mathematical framework that encapsulates the
dynamics of a system through its states, transition functions governing state evolution,
and observed system outputs. This versatile framework finds applications across various
sectors, from military to civilian domains, including missile interception, autonomous
navigation, epidemic tracking, and more. However, classic SSMs rely on predefined or
known transition functions to estimate latent states, which can be challenging or even
infeasible to specify accurately in complex scenarios. Such a mismatch in underlying
system dynamics can lead to significant performance degradation in state estimation and
model prediction. To address this challenge, machine learning and data-driven models
have emerged as promising solutions. This thesis focuses on a specific class of data-driven
(Bayesian nonparametric) SSMs, namely the Gaussian process state-space model (GPSSM),
for nonlinear dynamical system modeling, learning, and inference. The main objective
of this thesis is to investigate two fundamental aspects within GPSSMs: 1) the model’s

representational capacity, and 2) learning and inference efficiency.

Regarding model representational capacity, we first note that GP-based transition
functions within GPSSMs face challenges in modeling complex real-world system dynamics,
particularly those that are non-smooth and nonlinear. To overcome this limitation,
we propose a novel approach using normalizing flows to transform standard GPs into
more expressive stochastic processes, thereby constructing a flexible and interpretable
SSM called the transformed GPSSM (TGPSSM). We provide a rigorous derivation and
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analysis of TGPSSM, demonstrating its feasibility and superiority in handling complex
systems. Additionally, existing GPSSMs often assume that the outputs of multi-dimensional
transition functions are independent. While this assumption simplifies the modeling process,
it fails to accurately capture the dependencies present in practical multi-dimensional
data. To address this, we introduce a multi-output GP based on the linear model of
coregionalization (LMC) in GPSSMs to enhance the model’s representational power.
Leveraging inductive biases across dimensions, the resulting output-dependent GPSSM
(ODGPSSM) shows significant advantages in handling dynamical systems with partially
observable dimensions.

To improve learning and inference efficiency, we first streamline existing variational
inference methods. Specifically, to address challenges such as large-scale optimization
of variational parameters or extensive Monte Carlo sampling that can lead to inefficient
learning and inference, we propose a novel ensemble Kalman filter (EnKF)-integrated
variational inference algorithm. This algorithm harnesses the inherent differentiability
of EnKF to streamline the inference process for latent states within a non-mean-field
variational inference framework. Furthermore, we extend and propose an online version
of the algorithm to further improve its scalability and efficiency. To tackle the issue of
escalating parameter proliferation and computational complexity associated with higher-
dimensional latent state spaces, we then propose a new method by integrating efficiently
transformed Gaussian processes (ETGP) into GPSSM. Specifically, we employ multiple
normalizing flows on a shared Gaussian process to transform it into multiple flexible and
correlated random processes. These random processes act as priors for transition functions
within high-dimensional latent state spaces. The resulting model, named the efficient
GPSSM (EGPSSM), substantially reduces computational complexity while demonstrating

competitive performance in inference tasks compared to existing methods.
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h?2 T '2/B+iBQM _Jal p Hm2b 7Q° P1MoA- aoJ*- M/ oC®6
9Xee3k- M/ RyX39NN-X20T2XIiBEpXHUX X X X X XR¥kX X X X

eXR PmiTmi@BM/2T2M/2Mi :Saalb pbX QmiXnX @&/XRyW/ XMi :S
eXk h?22 H i2MibT +2 H2 M2/ #v irQ Ma2X2NiXSaXIBRRj X X X
eXj h2bi T2 °7Q K M+2 Q7 P.:SaaJ mM/2QMX 2X DM K pXRIR8Xb XQ 7

exX9 1{+B2Mii Mb7Q K2 XXaXb¥X X X X X X X X X RRAX X X
eX8 *QKTH2tBiv+QKT "BbQMb #2ir22M X3 X2X2XliX SKRKKKXX X X



GBbi Q7 h #H2b

9XR 1H2K2Mi v ~Qrb M/ i?2BX XQX XQX KX BXQX XXX Xk X X X >
9Xk .vM KB+ H2 "MBM: "2bmHib Q7 /Bz2 2Mi X R #X #HEBHBY iB + a
9Xj .2i BHb Q7 i?2 bvbi2K B/2MiK}X MBEM/X X2XbX XeX X X X 3
9X9S 2/B+iBQM T2 7Q K M+2 U_JalV Q7 i?2 /Bz2 2Mi KQ/2HE
B/2MiB}+ iBQM / i b2ib Ubi M/ /Bx2/VX J2 M M/ bi M/ “//2p
T 2/B+iBQM "2bmHib "2 b?QrM + Qbb }p2 b22/bX h?2iQT
2B;2HB 212/ BAVXERHEIX X X X X X X X X X X X X XK X X X
9X8 ai i2 2biBK iBQM T2 7Q K M+2 UJal\WQ{ XBX 2X 288KKXQ KX H &

8XR ai i2BM72 2M+2 T2 7Q K M+2 U_Ja ¥ X X DV XANK/ R XV 0 /
8Xk*QKT "BbQM Q7 Qm” K2i?Q/ rBi? Qi?2  +QKT2iBiQ'b QM i?
/i b2iX a?QrM "2 K2 M M/bi M/ /2 °Q b Qp2 }p2 2T2iBj
liiBMal 8V M/ iMD: @/2MHRiQ7 i?2 FBMF 7mM+iBQM p "VBM;
2KBbbBQM MQBHZ X MM X2X X X X X X X X X X XNX¥ X X X .
8XjS 2/B+iBQM T2 7Q K#WY2QU iP21/Bz2 2Mi KQ/2Hb QM i?2 bvk
B/2MiB}+ iBQM / i b2ibX J2 M M/ bi M/ / /2pB iBQM Q7 i-
“2bmHib "2 b?QrM + Qbb }p2 b22/bX h?2 #2bi "2RyHib "2 ?

eXRS 2/B+iBQM _Jal +QKT 'BbQM UQM bi M/ "/Bx2/ i2bi b2ib
T QTQO2/TbbUrBO?>=4V M/ Bib +QKTRIRIR XX X XRRX X X X
eXk*QKT "BbQMb #2ir22M p "BQmb pc B2M@iAbH 23 &bd KX 2"
Q7T " K2i2 b? "2/ #v HH KQJ2Bb]JVB BHbHM2 BNInK# 2"
Q7H i2Mi :SbBMi?2 P.:SaalJ-r?B+lgBb2aVTBB2NIHwi?2
T K2i2° +QmMib bbQ+B i2/ rBi? i?72 MQ K HBxBM; ~QrbX
i?72 + b2 Q7 k@H v2=8XX~-XX X X X X X X X X XRKyX X X X
eXjS ' 2/B+iBQM _Jal +QKT 'BbQM #2ir22M i?2 T QTQb2/ 1:Sa
+QKT2iBiQ'b QM bvMi?2iB+ b2[m2M+2X a?QrM "2 K2 M M/
Qp2  1p2 2T2iRKiBQMYXX X X X X X X X X X X X RKRX X X >

sAA



GAah P6 h "Gla SAAA

eX9S 2/B+iBQM _Jal +QKT 'BbQM #2ir22M i?2 T'QTQb2/ 1:Sa
+QKT2iBiQ b QM i?2 }p2 bvbi2K B/2MiB}+ iBQM / i b2ibX a
M/ bi M/ /2 Qb Qp2 1p2 XTRMEBMBEAMOX X X X KKK X X X



*?2 Ti2 R
AMi*Q/m+iBQM

*QKTH2t bvbi2Kb "2 m#B[mBiQmb + Qbb KmHiIiBim/2 Q7 }2H/b- BN\
rB"2H2bb +QKKmMB+ iBQM M2irQ Fb-i?21 "i?6b +HBK i2 bvbi2K-
Q7 i?2 ?mK MBXBM/Q bi M/IBM; i?2 #2? pBQ b 2t?B#Bi2/ #v i?2]
#2+QK2 BM+'2 bBM;Hv + ' BiB+ H + ' Qbbp "BQmb b+B2MiB}+ /Bb+E
/IvM KB+ H bvbi2Kb ULG.aV 2 T 'iB+mH Hv MQi2rQ i?v 7Q i?.
i?72 B+?- [/ TiBp2- M/ Q7i2M mMT 2/B+i #H2 #2? pBQ b b22M E
bvbi2kpX(a2p2 " H 2 H@rQ H/ 2t KTH2b Q7 LG.a 2 T '2b2Mi2/ #2]
/IBp2 bBiv M/ +QKTH2tBivX

1t KTH2 RXKRIX?2 +QMi2ti Q7 miQMQK QnR¢R22 B+ 2Bbd22i@BKBM iB
Q7 i?2 p2?B+H26b TQbBiBQM Bb Q7i2M mM ii BM #H2- #mi QMHyv
b2MbQ bX am+? K2 bm 2K2Mib K v BM+Hm/2 rB 2H2bb bB;M H bi 2
i?2 ;HQ# H TQbBiBQMBM: bvbi2K U:SaV- "2~2+iBM: MQMHBM?2 °
i'm2 HQ+ iBQMX h?Bb b+2M "BQ 2K#Q/B2b M LG.a-r?2'2 #Qi? i?2
i22 mMM/2 "HVBM: TObBiBQM /vM KB+b ‘2 +? * +i2 ' Bx2/ #v MQMHE
M/ H2 "MBM: i?Bb LG.aBb + m+B H7Q i?2/2p2HQTK2Mi Q7 miQNM
2t KTH2- ++m > i2 BM72 2M+2 Q7 i?2 p2?B+H26b "2 H@iBK2 TQDbBIE
QTiBK Hbi22 ' BM; M/vr M:H2b-r?B+? “27mM/ K2Mi H7)X b 72 |

1t KTH2 REKRX T°Q; 2bbBQM Q7 +? QMBR (BRI RD2-Mid2 6B);KTH?2
LG.a®-r?22i?2bi i2Q71i?2/Bb2 b2 2pQHp2b MQMHBM2 "Hv Qp
Bb iviB+ HHv + Tim 2/ M/ /Q+mK2Mi2/ rBi?BM 2H2+i QMB+ ?22
H2 MBM; M/ KQ/2HBM; i?Bb LG.a- Bi #2+QK2b 72 bB#H2 iQ K F2
i?72 /Bb2 b26b bi imb M/ T2 ' 7Q K +Qmih72k2mt H #BHBDORBL( 2 T
7Q° +tHBMB+ H/2+BbBQM@K FBM; M/ ?QH/ bB;MB}+ Mip Hm2 7
[22T2  mM/2 bi M/BM; Q7 i?2 mM/2 HvBM; K2+? MBbKb M/ TQi2M

R



k *2 Ti2 R, AMi"Q/m+iBQN\

6B;m 2 RXR, miQMQKQmb /" BpBM; bvbi2KbX

1t KTH2 R%XK M KQ#BHBiv T ii2 "Mb bB;:MB}+ MiHV BM~m2M+2

BM+HM/BM; m # M /2p2HQTK2Mi- i?2 bT 2 / Q7 2TB/2KB+b- M/ |
+? M:2 BKTE)Xith?2 /vM KB+b Q7 bQ+B H KQ#BHBiv #2? pBQ - "2 B
r?22°2 i?2 2pQHmMIBQM Q7 i?2b2 T ii2"Mb Qp2  iBK2 Bb BM~m2M
BMi2  +iBQMbX IM/2 bi M/BM: M/ KQ/2HBM: i?Bb bvbi2K + M T QpE
BMi2 TH v Q7 bQ+B H- 2MpB QMK2Mi H- M/ ?2 Hi?@ 2H i2/ Qmi+Q
70° M # MTH MMBM:- +HBK i2 +? M;2 KBiB; iBQM- M/ Tm#HB+ ?

IM/2 bi M/IBM; i?2#2? pBQ Q7LG.aBb+ m+B H7Q K FBM; BM7(
BM /2K M/BM; M/ +QKTH2tb+2M "BQbX h?2 bi i2@bT +2 KQ/2H |
p2°'b iBH2iQQH 7Q  KQ/2HBM; M/ M HvxBM; i?2b2 bvbi2KbX M aa
7 K2rQ Fi? i +?  +i2 Bx2b M LG.a mbBM; H i2Mi bi i2b-bi i2i N
;Qp2 M bi i22pQHmMIBQM Qp2 iBK2- M/ +Q "2bTQM/BM; bi i2 Q#l
bm++2bb7mHHvV TTHB2/iQ p B2ivQ7/vM KB+ HDbvbi2K T Q#H?2
BM+HmMm/BM; 2M;BM22 BM;- bi iBbiB+b- +QKTHX2 b+B2M+2- M/ 2

PM2 Q7 i?27mM/ K2Mi Hi bFbrBi?BM aalJbBbi?2BM72 2M+2 Q7
7°QK b2'B2b Q7 MQBbv K2 bm 2K2MibX Pp2 i?2/2+ /2b-b2p2° H
#22M rB/2Hv mb2/ 7Q i?Bb Tm TQb2-BM+HmM/BM; i?2 E HK M }H
}JHi2  U1E6V- 2Mb2K#H2 E HK M }Hi2°  U1ME6MW)XM/QIrZpR+HiZ2 2HP2"
+H bbB+ bi i2BM72 2M+2 K2i?Q/b ?2 pBHv 2HvVv QM T 2+Bb2 FMQr
/IVM KBRP-(TQbBM; i'2K2M/Qmb +? HH2M;2b BM +QKTH2t M/ mM+2"
# b2/ "2BM7Q +2K2NRHR2/ TBBMbR 2TB/2KB + I XQ* TQ MiB2QM2MiHV- Bi
BKT2 iBp2iQ/2pBb2 +H bb Q7 aalJbi? i+ M / TiiQ +QKTH2t b+



6B:m 2 RXk, S°Q; 2bbBQM Q7 +?4QN B 2B\ th-2DX yR2FB/M2Vv biQM2 bBx2- /Bb2 |
M/v¥ Bb 1> - BM+HmM/BM; BM7Q K iBQM QM "BQK “F2'b M/ +HBMB+ H 2p2MibX

h?2 "2+2Mi 2K2 ;2M+2 Q7 / i @/ ' Bp2M aalJb T 'QpB/2b MQp2H
MmMM/2 " HVvBM; +QKTH2t /vM KB+b iQ #2 H2 "M 2H KR YXKPNVIQBHH BB QZ" |
T QKBM2Mi/ i @/"Bp2M aaldJb Bb i?2: mbbB M T Q+2bk)i i2@bT
r?B+? miBHBx2b b HB2Mi: mbbBMbTi?Q +2p'22H AJ ! SIBW( KQ/mH2b iQ
i?72 +QKTH2t mM/2 HvBM; bvbi2K /vM KB+bX

: mbbB M T Q+2bb2b-b2 pBM; bi?2 KQbi T"TQKBM2MiRy2bB M N
T QpB/2i?2 ~2tB#BHBiviQ KQ/2H ;2M2" HMQMHBM2 "~ bvbi2K /vl
2tTHB+Bi T ~ K2i B+ bim+im 2X gBi? i?72 BM?2 2Mi 2;mH "Bx iBC
:Saadb 2 #H2 iQ KBiB; i2 Qp2 }iiBM; M/ KQ/2R}2MM/BBXMiBQ N
i?72KiQ #2 KQ 2 2z2+iBp2 BM b+2M "BQb rBRPXHBKRIQpP2'i- QrBMH
iQ Bib" v2bB M M im 2- :SaaJb K BMi BM ;QQ/ BMi2 T 2i #BHBiv
+ HB# iBQM 7Q° M HvxBM; bvbi2K /vM KB+bX h?2b2 bmT2 BQ
2ti2MbBp2 mb ;2 Q7 :SaaJbBM p BQmb HBp2 TTHB+ iBQMb- bmH-
H2 "MBM; Q#QiB+b M/ +QMKRHHRM MBM2K2MPRHR ;BIM+FBM;

M/ M pB; IBQMM/ K ;M2iB+@}2H)X2MbBM; (

.2bTBi2i?2B rB/2bT 2 / mb2-:SaaJb biBHH 7 +2 bB;MB}+ Mi +? |
H2 "MBM; i?2 mM/2"HvBM; /vM KB+ H bvbi2K M/ BM72 "BM; H i2\
#2 ii B#mi2/iQ i?2 7TQHHQrBM; irQ T ' BK 'v7 +iQ b,

6B bi-i?2BM?2 2Mi mM 2 HBbiB+ KQ/2H bbmKTiBQMb rBi?BM :
M/ MM#QmM/2/ /IvM KB+b- HQM; rBi? HBKBi iBQMb BM KQ/.
“2HB M+2 QM 2H2K2Mi v F2'M2H 7mM+iBQMb- + M bB;MB}+ A



9 *2 Ti2 R, AMi"Q/m+iBQNM

BM +QKTH2t b+2M "BQbX

a2+QM/- i?2 MQMHBM?2 “Biv BM :Saalb T Q?B#Bib i +i #H?2
T Q+2bdAl¢ M/ KQ 2Qp2 -i?2 BM72 2M+2 [m HBiv Q7 i?2 Mm|
z2+ib i?2 KQ/2H H2 "MBM; M/ pB+2 p2'b - H2 /BM; iQ ?2B;?i2
bi iBbiB+ H+QKTH2tBiB2bX

h?2°27Q 2-i?72 K BM Q#D2+iBp2b Q7 i?Bb i?2bBb "2iQ // 2bb i?:
#Qp2X aT2+B}+ HHv-r2 BKiQ 2M? M+2 i?2 KQ/2H + T +Biv Q7 :S
BM +QKTH2t M/ T +iB+ H2MpB QMK2Mib-r?BH2 HbQ BKT QpB
i2°’ Kb Q7 H2 MBM; M/ BM72 2M+2X

RXR h?2bBb ai m+im 2 M/ *QMi B#miBQMbD
h?2 i?2bBb bi'm+im 2 M/ +QMi'B#miBQMb "2 bmKK "Bx2/ b 7QHI

*2 Ti2kH vbi?2 ;" QmM/rQ FrBi? MBMi Q/m+iBQMiQ" v2bB M|
M/ :SbX aT2+B}+ HH&-XB\ a2@pBOM +QM+2Tim H Qp2 pB2r i
"v2bB M KQ/2HH2 MBM; M/ BM72 2M+2- ?B;?HB;?IiBM; i?2 -
MQMT * K2i'B+ KQ/2HbX 6QHHXIBMp 2DBEOM idR + iBIOIMB M T Q + 2|
bT2+B}+ +H bb Q7" v2bB M MQMT = K2i B+ KQ/2HbX h?Bb b2+
Q7 F2°"M2H 7mM+iBQMb M/ K2i?Q/b7Q" "2/m+BM; +QKTmi iB(
KQ/2Hb- M/ Bi HbQ "2pB2rb b2p2" H 2H2p Mi "2b2 "+?2rQ Fb +
bim/Blkd R X

*2 Ti2 )y BMi"Q/m+2b i?2: mbbB M T ' Q+2bb bi i2@bT +2 KQ/21l
iBQMY-r?B+? Bb /2 Bp2/ #v BM+Q TQ iBMKkBMIiQS DiIQRADTi22
KQ/2H UaalVXjXx®QPDN 2bb2MiB H+QM+2Tib Q7 ;2M2 B+ aaJlb
H2 "MBM: M/ bii2 BM72°2M+2-7Q  i?2 b2H7@+QMi BM2/ Tm T
+QMbiBimi2b i?2 K BM +QMi B#miBQM BM i?Bb +? Ti2 -r?2 2
M/ + BiB+ H 2pB2r Q7 T BQ :SaaJ 2b2 "+? Bb T QpB/2/- +Q
2tBbiBM; HBi2° im 2 BM i?Bb }2H/X

*2 Ti297Q+mb2b QM // 2bbBM; i?2 Bbbm2 Q7 BM /2[m i2 KQ/2
‘Saalb-r?B+? + MH2 /iQ/2;  /2/H2 "MBM: M/ BM72 2M+2 T2
i?Bb-r2 2KTHQV i?2 MQ K HBXxBM; ~Qr i2+?MB[m2iQ 2M B+?
:Saaldkjj)-i?2 2#v 2M? M+BM; Bib ~2tB#BHBiv M/ 2tT 2bbB
+QKTH2t /vM KB+ H bvbi2KbX //BiBQM HHv- 7i2° BMi2: iB



RXR h?2bBb ai m+im 2 M/ *QMi B#miBQMb

[2p2HQT2/ +Q "2bTQM/BM; K2 M@}2H/ UJ6V p "B iBQM H BN\
:SaaJX Pm  +QMi'B#miBQMb iQ i?2 H;Q Bi?K BM+Hm/2,

h?2 /2bB;M2/ p "B iBQM H /Bbi'B#miBQM-r?B+? Bb T Qp2M
7 +iQ'Bx iBOM 7Q K M/ ? bbm{+B2Mi ~2tB#BHBiviQ TT
bi i2i° D2+iQ B2bX

bBKTH2 +QMbi> BMi/2bB;M2/7Q i?2 QTiBKBxX iBQM T Q#H:
BK2/ i BKT ' QpBM; i?2 H2 "MBM; M/ BM72'2M+2 T2 7Q K |

h?2b2 +QMi"B#miBQMb r2°2 Q Bj:3X HHv /2b+ B#2/ BM (

*?2 Ti2'82ti2M/b Qm™ 2tTHQ iBQMiQ MQM@K2 M@}2H/ ULJ6V
H;Q Bi?K 7Q" :SaaJb- BKBM; iQ 2M? M+2 H2 "MBM; M/ BM
++m° +vX aT2+B}+ HHv-r2 BMi Q/m+2 i?2 1MoA H;Q Bi?K-
2Mb2K#H2 E HK M }Hi2 " ULME6V BMiQ M LJ6 p B iB)XM HBM
h?2 BMimBiBQM #2?BM/ 1MoAO6b 2M? M+2/ 2{+B2M+v Bb i? i Bi
IMEG6-1?2 2#v pQB/BM;i?2 2ti2MbBp2 T °~ K2i2 ' Bx iBQM Q71?2
Qp2 H i2Mi bi i2b "2[mB 2/MN®DiTA2BbiBM; K2i?Q/bX //BiB
BMi2;" iBM; 1IME6 iQ +? ~ +i2 Bx2i?2TQbi2 " BQ /Bbi'B#miBQM
bi® B;?2i7Q r "/ 2ti2MbBQM iQ i?2 QMHBM2 p2 bBQM Q7 i?2 |
.2i BH2/ M HvbBb M/ M2r BMbB;?ib BMiQ i?2b2 H;Q Bi?Kb 2
i?72B  BMi2 T 2i #BHBivX
h?2 +QMi ' B#miBQMb rBi?BM i?Bb +? Ti2e) B;BM HHv TT2 "2

*?2 Ti2e+QMbB/2 b KmHIB@/BK2MbBQM H :Saaldb-r?2 2i?2i M
2H2/ #v :Sb "2 KmHIiB@/BK2MbBQM HX h?2 :;Q HBbiQ 2bi #HB
KmHIiB@/BK2MbBQM HQmiTmib Q7 i?2b2i° MbBIiBQM 7mM+iBQ
bbmKTiBQM T 2p H2Mi BM 2tBbiBM; TT'Q +?22bX hQ //°2bbi?B
[2T2M/2Mi :SaaJ UP.:SaaJV i? i 2tTHB+BiHv KQ/2Hb i?2b2 /2
i?2 T +iB+ H M/ r2HH@FMQrM HBM2 ~ KQ/2H|Q7NPQhZ2BOM H
2tTHB+Bi KQ/2HBM; Q7 QmiTmi /2T2M/2M+B2b + M bB;MB}+ Mil
2M+2 T2 7Q K M+2-T "iB+mH Hvr?2M /2 HBM; rBi? BMi2 +Q
/i X >Qr2p2 - bB;MB}+ Mi +? HH2M;2b "Bb2/m2iQ i?2 BM+"2
TH2tBiv M/ T ~ K2i2 T'QHB72 iBQMBM?2 2Mi BM KmHIiB@/BK
i?Bb-r2 T°"QTQb2 H2p2® ;BM; MQ'K HBxBM; ~QrbiQi> Mb7Q K

BMiQ KmHIBTH2 ~2tB#H2 ° M/QK T°Q+2bb2b- "2bmHiBM; BM M
i?7 i HbQ ++QmMib7Q QmiTmi/2T2M/2M+B2bX h?2 1:SaalJ +



e *2 Ti2 R, AMi"Q/m+iBQN

T K2i2  +QmMir?BH2 “2i BMBM; i?2 KQ/2HG6b ~2tB#BHBiv iQ +
BM KmMHIiB@/BK2MbBQM H bvbi2KbX

h?2 7Q 2K2MiBQM2/ +QMi B#miBQMb r292%QyB:BM HHv T 2b2

*2 Ti2d+QM+HmM/2b i?Bb i?2bBb- bmKK "BxBM; i?2 F2v }M/BN
M/ QmiHBMBM; TQi2MiB H p2Mm2b 7Q bm#b2[m2Mi M/ 7min

"2HQr- 6GB®b T QpB/2/iQ Qz2° KQ 2 +Q?2°2Mi Qp2'pB2rQ7i?2K
+?2 Ti2> M/ i?2B  BMi2 +QMM2+iBQMbX

6B;m 2 RXj, h?2bBb bi'm+im 2 M/ +QMM2+iBQMb #2ir22M +? Ti2

RXk 6mHH GBbi Q7 Sm#HB+ iBQMDb

A KMQr T QpB/BM: +QKTH2i2 HBbi Q7 Tm#HB+ iBQMb A ? p2 mi?
rBi? iBiH2b Q7 "2H2p Mi T T2 b ?B;?HB:?i2/ BM #QH/i? i 2 BM
MQi iB@BM/B+ i2b HT? #2iB+ H mi?Q Q' /2 - M/ BMI/B+ i2b 2]
(R 2p2MiBM; KQ/2H +QHH Th2 BM : mbbB M T Q+2bb H i2Mi p
U@V uX GB?B/B GEBM uBM- M/ JX JX w? M;
AMiX *QM7X J +2X G2 KWKYR*IGV
(khQr /b 2{+B2Mi KQ/2HBM; M/ BM72'2M+2 BM KmHiB@/BK2M
T Q+2bb bi i2@bT +2 KQ/2Hb
wW?B/B GBKJ Q¢ b- uX GB-6X uBM- M/ aX h?2Q/Q B/Bb
A111 AMiX *QM7X +QmbiX aT22+? aB:MWkSXQ+2bbX UA* aas



RXk 6mHH GBbi Q7 Sm#HB+ iBQMbD

(j)IMb2K#H2 E HK M }Hi2 'BM; K22ib: mbbB M T Q+2bb aal 7Q" MC
M/ QMHBM2 BM72 2M+2

w?B/B cB¥MamM- 6 X uBM- M/ X h?B0 v
UAM "2pBI2r&V h MbX aB ;M -HCS MX+ R 1 b XX
(PMHBM2)X piBH #H2tBpXQ ;f #bfkjRkXy8NRYy
(9)2;mH Bx iBQM@# b2/2{+B2Mi +QMiBMm HH2 MBM; BM /22T
uxX w? M2B/B BX¥MamM- 6X uBM- M/ *X 6 Bib+?2
Alll AMIX *QM7X AM7X 6mibyBkQM U6laAPLV
(8hQr /b ~2tB#BHBiv M/ BMi2 T 2i #BHBiv Q7 : mbbB M T Q +:
KQ/2H
w?B/B 68XMuBM- M/ CXJ "Q¢ b
UAM “2pBI2rvVh® MbX S ii2°M M HX-J T 2XkA/Mji H H X
(PMHBM2)X PiBH #H2tBpXQ ;f #bfkjyRXy339]j
(ePmMiTmi@/2T2M/2Mi : mbbB M T ' Q+2bb bi i2@bT +2 KQ/2H
w?B/B 6B8M *?2M;- 6 X uBM- GX sm- M/ aX *mB
A111 AMiX *QM7X +QmbiX aT22+? aB:MykjX Q+2bbX UA* aa$S
(daT "bBiv@ r "2 /Bbi B#mi2/ H2 "MBM; 7Q" : mbbB M T Q+2btk
KmHiIiBTH2 F2 " M2H
_X*X amr W/BB/B GBM uBM-wX g M;- M/ aX h?2Q/Q B/Bb
UAM 2p8B12rVh™ MbX L2m™ H L2irX-&2 MM X yakvaX X
(PMHBM2)X PiBH #H2tBpXQ ;f #bfkjyXXy3kyR
(3)y mbbB M T Q+2bb "2; 2bbBQM rBi? ; B/ bT2+i° HKBtim 2 F2 M:
H2 MBM; 7Q° KmHIB/BK2MbBQM H / i
_X*X amr -wW/BB/B GERM amM-wX g M;- GX *?2M;- M/ 6X uBM
Alll AMIX *QM7X AM7X 6mibylk@ X U6laAPLV
(N)+?B2pBM; T'Bp +v@T 2b2 ' pBM; /B ;MQbBb rBi? 72/2" i2/ H2
bi2HH iBQM
ZX EQM?>B/B 6BXMuUuBM- GX sm-sX *?2M;- aX *mB- M/ sX u2

AMiX *QM7X aB;M H M/ AM7Q K iBQM S Q+2bbBM;- L2irQ FBM
aT BM;2 - KghjiXTUT 2" r VX



3 *2 Ti2 R, AMi"Q/m+iBQN

(RyY TiBp2 : mbbB M T Q+2bb bT2+i° H F2'M2H H2 "MBM; 7Q" 8: r
T '2/B+iBQM
sSXw? M;-*Xw? Q-wXB/'BA&GB8KIg M;- M/ 6X uBM
A111 AMiX qQ Fb?QT J +2X G2 "MX aB:MyHKISXQ+2bbX UJGaS\V

(RR) T? M2m~ H M2irQ’ F 7Q  H *;2@b+ H2 M2irQ F HQ+ HBx iBQN
gX u M- .X @BBI/B GBW 6X uBM
A111 AMiX *QM7X +QmbiX aT22+? aB:MWkBXQ+2bbX UA* aa$S
(RK§2/HQ+, 62/2° i2/ H2 "MBM:; 7> K2rQ ' F7Q /i @/'Bp2M +QQT:
HQ+ iBQM /i T Q+2bbBM;
6X UBWP-B/B GBXIEQM;- uX sm- .X GB- aX h?2Q/Q B/Bb- M/ aX
A111 PT2M CX aB;M Ky8yQ@+2bbX
(Rj)M BMi2 T 2i #H2 M/ b KTH2 2{+B2Mi /22T F2°"M2H 7Q" : mbbE

uX . B- h X wWM/B GBXMuUuBM- aX h?2Q/Q B/Bb- M/ aX *mB
*QM7X IM+2°i BMX "iB7XkAMy2HHX Ul AV



*?2 Ti2 Kk
" +F: QmM/

h?Bb b2+iBQM 2bi #HBb?2b i?2 :°QmM/rQ F 7Q " v2bB M bi iBbil
+ iBOQM Q7 :SX aT2+B}kXHRHM +/+iBQIM2 7QmM/ iBQM H T°'BM+BT
bi iBbiB+ HKQ/2HBM; HQM; rBi? Bib bbQ+B i2/ TT QtBK i2 H2 °
BM72 2M+2X am#b2[rkZRiHpy2 @ BMBRMmbbB M T Q+2bb2b- bT:
" v2bB M MQMT ~ K2i'B+ KQ/2HbX h?Bb 2tTHQ  iBQM H vbi?2 M2+
7Q  i?2 bm#b2[m2Mi /Bb+mbbBQM|Q7?2Ba2BBM2?2+2Mi" H 7Q+mb
i?2bBbX Ai b?QmH/ #2 MQi2/i? iBMi?Bb +? Ti2 -r2/2MQi2i?2p "B
H2 "MBM; KQ/2Hb U2X;X- "2; 2bbBQM KQ/2HbV mbBMx;K M?2K iB+ |
Vici?2b2 p "B #H2b b?QmH/ MQi #2 +QM7mab ™/ @B4#®2?2yHB @MW i bi i
aali? i rBHH #2 BMi"Q/m+2/ BM bm#b2[iWWiX+? Ti2 b U+7X 1[X U

kXR " v2bB M ai iBbiB+ HJQ/2HBM;

JQ/2HBM: Bb "2+Q:MBx2/ b + m+B H2H2K2Mi BM i?2 b+B2MiB}+ /
H iBQM Q7 mM/2 HVBM: b+B2MiB}+ K2+? MBbKb- i?2 2#v 7 +BHBi
[m MiB}+ iBQM- M/ p 'BQmb Qi?2° M HViB+ HT Q+2bb2bX AM i?2
M/ K +?BM2 H2 "MBM:- KQ/2H +ib b +QM+Bb2 2T 2b2Mi iBQN\
2M? M+BM;i?2BMi2 T 2i #BHBivQ7 r/i M/ T QpB/BMkIXQ#mbi
AMi?Bb b2+iBQM-r2 /2Hp2 BMiQ i?2BMi'B+ i2rQ H/ Q7" v2bB M bi
7° K2rQ Fi? imb2b " v2bd i?2Q 2K 7Q T Q# #BHBbiB+ 2 bQMBN
/i M HvbBbX JQ 2DbT2+B}+ HHv-Bi T°QpB/2b ~2tB#H2 M/ T BM+
KQ/2H T 2/B+iBQM mM+2 i BMiv #v +QK#BMBM: T°BQ  #2HB27b
Qm  FMQrH2/;2X qBi?BM i?Bb 7> K2rQ F-r2 2tTHQ 2 #Qi? T ~ K2
KQ/2HBM; i2+?MB[m2bX S ° K2i'B+ KQ/2Hb bbmK2 bT2+B}+ 7mM
/IBbi'B#miBQMb-r?2"2 b MQMT > K2i'B+ KQ/2Hb Qz2" : 2 i2  ~2tB

N



Ry *?2 Ti2 k, " +F;"QmM/

Bib2H7 iQ b? T2 i?2 KQ/2H bi'm+im 2 " i?2  i? M T 2/2}M2/ T ~ K
1?72 2#v pQB/BM; B;B/ bbmKTiBQMbX

kKXRXR " v2bB M S ° K2i B+ JQ/2HbDb

g2 #2;BM #v BMp2biB; iBM; ?2Qr " v2bB M T ~ K2i' B+ KQ/2H 2T 2bzZ
2M2° HT ° K2i ' BHKOAB b 2 g-r?22 2T 2b2Mib i?2 Q#b2 p2
/i b2fi¢g) Bb T K2i'B+ 7TmM+BBQM2-+K/ 2bTQM/BM; T ~ K2i2 b U/’
bT +2V-r?B+? + M#2 p2+iQ B7 M2+2bb "vX
AMi?2 " v2bB M 7" K2rQ ' F- mMFMQrM T ~ K2i2'b "2i°'2i2/ b |
TH +BM; T 'BQ /BbjMBXIMBQYMT -~ K2iHQM; rBi? Q#b2Dp22/ i
+ M +QKTmi2 i?2 TQbi2"'BQ /Bbi B#miBQM mbBM; " v2bd i?2Q 2K

pP(Dj ;M)p( M) _ p(Dj ;M)p( M),
Tp0p M) M)/ T pOM) UKXRY
r22°®Dj :M) Bbi?2 HBF2HB?QQ/ Q7 i MM ) BRiiZDHDKM/BM HHBF2HB?
UQ  KQ/2H 2pB/2M+2V- Q#i BM2/ #v BMi2:" iBM: i?2 T°Q/m+i Q7 i
Qp2 i?2T " K2i2 bT +2X

hvTB+ HHv- Qm T BK 'vBMi2 2biBbiQT 2/B+i-7Q WYX KTH2-

h?2 T°2/B+iBp2 /Bbi'B#miBQM + M #2 2tT 2bb2/ b 7TQHHQrb,
z

p(yiD;M )= p(yj ;M)p( jD;M )/ : UkXkV

p( jD;M) =

h?2 BMimBiBp2 BMbB:?i 2 kkinkiBY i2/i#P2L[IX2/B+iBQMb BM i?2 "
T K2i'B+ KQ/2H "2 2bb2MiB HHv r2B;?i2/ p2° :2Q7i?27Q 2+ bi
P Hm2b-r2B;?2i2/ #vi?2 TQbi2 ' BQ T Q# #BHBiv bbB;M2/iQ 2 +?
Q#b2 p2/ /i i?mb 7 "X h?Bb " v2bB M TT ' Q +? KBiB; i2b Qp2 }iiB!I
QM bBM:H2 KQ/2H-#mi  i?2 r2B;?iBM; KQ/2Hb #vi?2B  TQbi2 BQ
Bi T°QpB/2b +QKTH2i2 T 2/B+iBp2 /Bbi'B#miBQM BMbi2 / Q7 Dmb]
am+? //BiBQM HBM7Q K iBQM T Qp2bp Hm #H2- Qz2 'BM:; BKK2/B
H2p2H bbQ+B i2/ rBi? Mv T 2/B+iBQM K /2X

kKXRXk " v2bB M LQMT °~ K2i B+ JQ/2HDb

A/2 HHv- KQ/2H b?QmH/ TQbb2bb irQ F2v T QT2 iB2b, / Ti #BHB
i?2 #BHBiviQ 2T 2b2Mi mM+2'i BMiv 7 QKX Hi2 2 B 2b°'Q m#BH 2 KoZMhi
KQiBp i2 i?2 miBHBx iBQM Q7 " v2bB M MQMT ~ K2i'B+ KQ/2Hb- r?:
Qz2'b M im'  H M/+Q?2'2Mi TT'Q +?2iQ 2T 2b2MiBM; M/ K M ;BM
BMKQ/2HBM:-r?BH2 MQMT ~ K2i'B+ KQ/2Hb T QpB/2 / TiBp2 KQ/2



kXR " v2bB M ai iBbiB+ HJQ/2HBM;

/i bBx2bX h?Bb bm#b2+iBQM # B2~v BMi Q/m+2b i?Bb +QM+2Ti- |
Hi2 mb2 Q7 : mbbB MT Q+2bb KQ/2Hb BM i?Bb i?2bBbX 6m i?2" .
T?BHQbQT?v- M/ iBQM H2 #2?BM/" v2bB M MQMT = K2i B+ KQ/2
bm+? 9Bq9X
+QKKQM T?Q BbK BM bi iBlbHB<HD/BHOH? &I M?2Bb bm;;2bib

i?7 i bbmKBM; bT2+B}+ T ~ K2i'B+7Q K7Q i?27mMBiBMM i? i ;Z
#2 p2'v+? HH2M;BM; X *QMb2[m2MiHv- Bi Bb + m+B HMQiiQ Qp2'}
BMi?2 bbmK2/ T K2i B+ 7Q K- bi?2b2+ MH2 /iQ KBbH2 /BM;
hQ //°2bb i?Bb Bbbm2- MQMT °~ K2i B+ KQ/2Hb Qz2" # Q /2" M/
TT Q +? #v 2tTHQ BM; BM}MBi2@/BK2MbBQM HT = K2i2 bT +2bX
T K2i'B+ KQ/2H Bb ;Bp2M b 7QHHQrbX

.2}MBiBQM KXR20B M MQMT * K2i'B+ KQ/2H Bb KQ/2H i? i,
RWT2 i2b rBi?BM " v2bB M 7  K2rQ'F QM M BM}MBi2@/BK2M

kV+ M #2 2p Hm i2/ QM }MBi2 b KTH2 #v miBHBxBM; QMHv } M
T K2i2'biQ 2tTH BM39)2Xb KTH2 (

2}MBIiBQ@BKTHB2b i? i i?2 KQ/2H T "XBMJMBi2@/BK2MbBQM
i?72 KQ/2H 2p Hm iBQM "2B2b?QMi??® /[GMTHB+BiHv M/ +QKT +i
/IBbiBM:mBb?BM; Bi 7°QK i?2 " v2bB M T > K2i'B+ KQ/2HX aT2-
T K2i'B+ KQ/2Hb-i?2 KQ/2H HBHRH,PAQ)Q¥ Mp#H2m2iB@MmH i2/ b
plyj ;M)- b b?2QrM BUIXKK FBM: Bi BM/2T2M/2MiDQ7 h?Bb BMZIB+ i2b
i? ii?2/ i b2i6bBM7Q K iBQM Bb /BbiBHKH2Q BMIQ2A2vT i?K2@Hm i
BM MQMT * K2i'B+ KQ/2Hb "2 BM?2 2MiHV K2KQ 'v@# b2/c iQ ;2N\
*2i BM M BM+ 2 bBM; KQmMi Q7 BM7Q K iBIDM :2Q@mKiMBi" BN
T°QTQb2b pBpB/ 9N Q2B M#2ii2° mM/2 bi M/ T > K2i'B+ M/ MQI
KQ/2HbX g2 + M +QM+2Tim HBx2 i?2b2 KQ/2Hb b +? MM2Hb 7C
7°QK ?BbiQ'B+ H/ i iQ 7mim 2 T°2/B+iBQMbX AM i?Bb M HQ;v-

#QiiH2M2+F BM i?2 BM7Q K iBQM +? MM2H- rBi? T 2/B+iBQM
BM72 2/ T K2i2°bX AM +QMi’ bi- MOQMT * K2i'B+ KQ/2Hb 2 |
i?2 T°2b2°p iBQM Q7 i?2 +QKTH2i2 /i b2i iQ K F2 T'2/B+iBQMb>
MQMT ~ K2i'B+ KQ/2Hb "2KQp2 i?2 #QiiH2M2+F- rBi? i?2 MmK#2"
rBi? i?2/ i b2i bBx2X *QMb2[m2MiHv- MQMT ~ K2i'B+ KQ/2Hb 2t
i? Mi?2B T > K2i'B+ +QmMi2 T “ib-r?B+? 2 BM?2 2MiHv HBKBi:
b2iX

AM a2 +kB-@R rBHH T QpB/2 KQ'2 +QM+'2i2 2t KTH2 Q7 " v2bB



R k *?2 Ti2 k, " +F;"QmM/

KQ/2HX aT2+B}+ HHv-r2rBHH /2Hp2 BMiQ iviB+ HK +?BM2 H2 "N
2tTHQ 2 bT2+B}+ " v2bB M MQMT ~ K2i B+ KQ/2H-M K2Hv i?2:

kXRXj 1pB/2M+2 J tBKBx iBQM

‘Bp2M /i M HvbBb i bF M/ i?2 b2H2+iBOWM-QHQM2 rBMB MBjK Q
bbQ+B i2/ HBF2HBRQ QM mNI/+TBR@MM )- i?2 Q#D2+iBp2 Q7 " v2b
H2 "MBM;- 2M+QKT bbBM; #Qi? T ~ K2i'B+ M/ MQMT ~ K2i'B+ KQ/2
/IBbi B#p(iPOM) X h?Bb BM72°2M+2 Bb +?B2p2/ mbBM; " v2bo i?2¢
1[XKXR >Qr2p2 - bT2+B7vBM: T ° K2i2 p MB @ b/B tH HB#BNB QM p
BM+Q TQ  iBM; ?2vT2 T ~ K2i2 b-B "2bT2+iBp2 Q7 r?2i?2  BiBb T
KQ/2HX JQ 2Qp2 - ?2vT2 T * K2i2'bK v HbQ 2tBbi(MMJIX HBF2H
q2 /2MQi2 i?2b2 2vT2 T XK 2i22bbm#b2[m2Mi 2t KTH2b 2HmM+B/ |
BMbi M+2 Q7

1t KTH2 kXR V2bB M HBM2 XM 2DDBQMNB M HBM2 ° “2;°2bbBC(
UT ° K2i"B+V QmiHBM2/ #2HQr,

y= “x+e e N (0; 2; N (0; ); y2R; x2X; UkXjV

1 e/

i72=[ ; 2 Bb p2+iQ +QMi BMBM; HH i?2 ?2vT2 T > K2i2 bX SQ
TQbBiBp2 /2}MBiBM+iNB 2

= 2, = IBGEHon &) = LL ”;
r?2'2 Bb HQr2 i'B M;mH ~ K i BtX

1t KTH2 kMk mbbB M T Q+2bXAR; i2BbBRMWMB M T Q+2bb “2: 2bbB
UMQMT * K2i'B+V /2i BIHQ{ BM-eQKTBROMb ?2vT2 T ~ K2i2 b bbQ+B i:
F2'M2H 7mM+iBQM BM i?2 : mbbB M T Q+2bb KQ/2H M/ MQBb2 T
7TmMM+iBOQMX a2@XTIQRKHDZ2 /2i BHbX

hQ 2M? M+2 KQ/2H BMi2 T 2i #BHBiv M/ : BM /22T2  BMbB:?
+ "27mH bT2+B}+ iBQM Q7 i?2b2 KQBRRBhI®IB HK2i2Bth bT2+B}+
#2 # b2/ QM p BH #H2 bB/2 BM7Q K iBQM Q  H2 "M2/ /IBX2+iHv 7
AM " v2bB M bi iBbiB+ HH2 "MBM:-i?2 H ii2° TT'Q +? Bb ivTIB+ }
K2i?Q/iQ H2 "M ?2vT2 T * K2i2bi? i "2KQbibmTTQ i2/ #v i?2 C
bQ@+ HH2/ 2pB/2M+2 K tBKBx iBOQM UQ K ;BM HHBF2HB?QQ/
M/ :2M2> HHv-i?2 2pB/2M+2 K tBKBx iBQM + M #2 7Q KmH i2/ b

AN

= ;K tH@®DM; ); UkX9V



kXR " v2bB M ai iBbiB+ HJQ/2HBM;

r?2 @®DjM ; )= Rp(Dj M5 )p( M )/ Ub22 HDBUWRXX h?Bb KQ/2H 2pB/2M
K tBKBx iBQM H2 /biQ T BM+BTH2/ M/ Q#D2+iBp2r v 7Q  +QKT
2i2°b M/ b2H2+iBM; i?Qb2 i? i bi' BF2 # H M+2 #2ir22M KQ/2H
HB;MBM; rBi? P++ K6b ~ xQ T BM+BTH2ckB2297{ 1 QM b/ B[lm+2rivbi B/ €
i?Bb TT'Q +? Bb rB/2HvV "2+Q;MBx2/ 7Q  2z2+iBp2HvV T 2p2MiBM; C
KQ/2Hb mMH2bb i?2 /i bi QM;Hv  bmMmTTQ i +QKTH2tBivX >Qr2p?2
+QKTmiBM; i?2 KQ/2H 2pB/2M+2 Bb Q7i2M BMi~ +i #H2 BM T  +i
KQ'2 KM ;2 #H2 Q° TT QtBK i2 K2i?Q/bX h?2b2 ivTB+ HHv BM
TT Q +?2b M/ JQMi2* "HQ TT QtBK iBQM i2+?MB[m2bX AM i?
QM p "B iBQM HBM72 2M+2-r?B+? Bb ;2M2° HHvV KQ 2 +QKTmi
+QKT "2/iQJQMi2 * "HQ b KTHBM9 @X# h?2/ KR #bQ[MM2Mi bm#b2+iB
2HmM+B/ i2i?2 mM/2 HvBM; T?BHQbQT?v M/ 7mM/ K2Mi HT BM+I

kXRX9 o B iBQM HAM72 2M+2

g2 }'bi MQi2 i? i #Qi? i?2 TQbi2'BQ  /Bbi B#mUBQRRQ IQkERT * K2i:
+Q " 2bTQM/BMT72A2MARiI 22 T Q#H2K Q7 K tBKBXBM; 2pBABM+2 U 2

+Q "2bTQM/BM: MEN{mB 2 BMi2;  iBM: Qmi i?2 T * K2i2'b
z
p(Dj )= p(Dj ; Ip(j)/: UkX8V

>2°2r2QKBi2tTHB+Bi /2T 2MV2MH@B 2B DM RDOQZHV Qi iBQM H # 2pBiv
i?Bb BMi2;" iBQM Bb ;:2M2° HHv M HViB+ HHvV BMi  +i #H2- 2bT2+B
pDj ; ) Bb MQMHBM2  rBi?X 2@ 2#4/i 2Qb i?Bb +? HH2M;2 BM H2
BM72 2M+2- pB #H2 TT ' Q +? BbBS8B-i BN #+BBMiZT 2R 72TT QtBK
" v2bB M BM72 2M+2i? i 7Q+mb2b QM TT QtBK iBM; +QKTmi iB
/Bbi"B#miBQMb X

h?2 K BMB/2 Q7 p 'B iBQM HBM72 2M+2 Bb iQ +QMp)-BM i??2
HbQ FMQrM b U XFX XV i?2p "B iBQM H /Bbi'B#miBQM-iQ +H |
M/ b2H2+iBM; i?2 QM2 i? i KBMBKBx2b i?2 EmMHH# +F@G2B#H:
mMM/2 HVBM; TQbi2 B® jBBHi iP#mMBBQM

c583"5“5(1()1“0( iD; )l: UkXeV

*QKTmiBM; i?2 EG /Bp2 ;2M+2iQ i?2 mM/2 HVBM; TQbi2 BQ Bb ;2
Bi " 2[mB 2b +QKTmiBM; i?2 BMi~ +i #H2 K ";BM HHBF2HB?QQ/X
i?72 EG/Bp2 ;2M+2 b 7QHHQTrb,

a( )

EGa( ) kp( JD; )= Eq) H%m
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o )p(D} )
S0 R (10 )

= Eq)[H@MD] ) Eq) HM ;

o )
HPMDj ) Eq) HM : UkXdV
| (z al ) }
»LCsal )
:Bp2M i? ii?2 EG /Bp2 ;2M+2 QM i?2 H27i@? M/ bB/2 Bb MQM@
HBF2HB®MQY Bb #QmM/2/ 7 QKLE2M Qr-£272 "2/ iQ b i?2 2pB/2M
HQr2 ' #QmM/ U1G"PVX aBM+2 i?2 HQ;: @K ;:BM HHBF2HB?QQ/ 2K
i?2p "B iBQM H /Bb):BEMIBIM "2 +?22b Bib K tBKmK r?2M i?2 TT®
TQbi2'BQ " 2[m Hb i?2 mM/@ HvEBND; QM2AMBKZ2BMO + b2-i?2 EG i2 K
i?2 H27i /IBKBMBb?2b iQ x2 Q- M/i?2 1G"P T 2+Bb2Hv 2T Q/m+2b
AiBb HbQ MQi2rQ i?vi? ii?2/2Bp iBOM Q7 i?2 1G"P /Q2b MQi "
Q7 i?2i'm2TQbi2 ' BQ 6b 7mM+iBQM H 7Q K iQ +?B2p2 M QTiB
XMt b /2 'Bp2/ #v /2+QKTQbBM; i?2 BMi"® +i #H2 TQbi2°'BQ  mbBM; "
MQi2i? i i?2HQ;:@K ;BM HHBF2HB?QQ/ K tBKBx iBQM Bb ivT|
i?72 KQ/2H ?vT2'T “-KRBi/Blb+mbb2/ BAWKBXX3BVMDH2- p "B iBQM H BM7.
DQBMiHvV QTiBKBxRb:oP2)t@BP2 "2bT2+i iQ #Qi? i?2 KQ/2H ?2vT2 T °
- M/ p "B iBQM H /Bb):B#HR2MB-QM
(;Dj ) .
PR N D
vVB2H/BM; 2biBK iBQMb 7Q #Qi? i?2 KQ/2H ?2vT2 T ~ K2i2 b M/ i*
/IBbi " B#miBQMbX
h?2 QTIiBKBx iBQM T ' Q#H2KUWXZ2BMMi2/IBMIP[Xp B iBQM H BM
Bb BM/22/ /2i2 KBMBbiB+ TT Q +?X h?Bb +? ~ +i2 BbiB+ 2M #
KQ'2b+ H #H2 K2i?Q/ 7Q" TT QtBK iBM; TQbi2'BQ  /Bbi ' B#miBQ N\
K2i?Q/bX *QMb2[m2MiHv- p B iBQM HBM72 2M+2 Bb T 'iB+mH
T Q#H2Kb BM T +iB+2X LQi2 HbQ i? i bQ 7 - r2 ? p2 MQi K /:
“2; C/BM; i?2 T 2+Bb2 7Q Kb Q7 i?2 ;2M2" iBp2 KQ/2H M/ p "B iBQI
i?727 K2rQ F[mBi2 ;2M2°  HX 6m i?2 /Bb+mbbBQM Q7 i?Bb rBHI
+? Ti2 brBi? bT2+B}+ KQ/2HbX

UkX3V

kXk : mbbB M S Q+2bb2b U:SbV

: mbbB M T Q+2bb2b U:SbV "2 M 2t KTH2 Q7 TQr2 7mH " v2bB M
Qz2 'BM: ~2tB#H2 M/ / TiBp27 K2rQ ' F7Q KQ/2HBM; +QKTH?2t/



kXk : mbbB M S Q+2bb2b U:SbV

bbmKBM; }t2/ T  K2i B+ 7Q KX 6Q 'K HHvbT2 FBM;- :S/2}M2b
p "B #H2b BMX2t2/ #R% - bm+? i? i Mv }MBi2 +QHH2+iBQM Q7 i?2b2 g
DQBMi: mbbB M /EBRpX B#IMIKQNB ¢ HHv- "2 H b+ (W) @M #Hm2/ S
rBiizM b
f(x) GP ( (x); k(xX;x%; gp); UkXNV
r22°2x)= E[f(x)) Bb K2 M 7mM+iBQM ivTB+ HHv b2iiQ x2 ' Q BM T" -

kO;x)= E[f(x)  ON(F()  (x] UkXRyV

Bbi?2 +Qp ‘B M+2 7mM+iBQM- XFX X F2'M2H 7mM+iBQM- r?B+?
BMbB;?ib #Qmii?2M im 2Q7i?2 MmM/MEBDM b2in@7PROM T ~ K2i2"
i? i M22/biQ #2 imM2/ 7Q° KQ/2H b2H2+iBQMX

kXkXR AM72°2M+2 BM :S JQ/2HDb
G2i mb} bi bBKTHvVv +QMbB/2" ;2M2"  H "2; 2bbBQM KQ/2H-

y=f(x)+e; eN (0; 2; y2R: UKXRRV

1 e/l

:Bp2M M Q#b2 p2D/ ifb2igl, , fX;yg- +QMbBbiBIMKTQH2b UQ"~ H@
i2°M iBp2HV BMTmi@QmiTmi T B'bV-i?2 T'BK "vi bFigXiQ BM7
_i?2°i? M bbmKBM: T ° K2i'B® 7mMRHHBI@RM 7T BQ  Qp2  i?2 7r
iBQMW:X 7' R- ;:BpBM: "Bb2 iQ i?2b HB2Mi: mbbB M T Q+2bb “2;":
++Q /BM:iQi?2 /2}MBiBQM Q7 :S-i?2 DQBMi /Bby BMmPRQS Q7 M\
KQ/2H M/ Bib 7mM+iBDM (K 22BRFiBIQMV i2bi BMIT2Xib7QHHQrb

(N+n)@/BK2MbBQM H : mbbB M /Bbi B#miBQM- BX2X-
mn # mn #ll 2 #!
Kux + 21 K
y N 0 Koot el Kooo UkXRKV
7 0 Kx x; Kx x

72 Byxx /2MQi2b i?2 +Qp "B M+2 K i'Bt 2p Hm i2/ QM 2 i° BM]
2 +2 2MilxBR = K(Xi;X|) XK x x = K3 /2MQi2b i?2 + ' Qbb +Qp "B M+2
2p Hm i2/ QM i?2 RbiBMP@i- BMBNGBMTMk2 Q@K2 M :S T BQ"
bbmK2/ 2?22 M/ rBHH #2 mb2/ BM i?2 2bi Q7 i?Bb i?2bBb B7 i?2":

qBi? i?2 DQBMi /Bbi ' B#miBQM- r2 BKK2/B i2Hv Q#i BM i? ii?2
i?72 K TTBM; 7TmM+iBQM ;Bp2Mp7X QBPBbp2 MbbB M- 7TmHHV +? ° +iZ
#v i?2 TQDi2 ' BQ MI2 A2 TQbi2 BQ K *RM+2i2Hv-

(X )=Kxx Kxx + 2 1y; UKkXRj V

(X)=Kxx Kxx Kxx+ 3l "Kgy: UkXRj#V
; e X X
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UV: mbbB MT ' Q+2bb T'BQ" U#V : mbbB M T Q+2bb TQbi2 ' BQ"

6B;m 2 KXR? 22 b KTH2 7mM+iBQMb > M/QKHv /> UMN? QR b:BTHB @XM +iB QM|
/> M 7°QK i?2 :S TQbi2 ' BQ - +QKTmi2/ # b2VbQM2 HM2 B B®M BMQBbv Q#b2 p2/
TQBMib- BM/B+ i2/ #v i?2 #H +F +B +H2bX h?2 +Q "2bTQM/BM; TQbi2 ' BQ K2 M
#H +F +m p2X h?2 ;"  vb? /2/ "2 “2T 2b2Mib i?2 N8W +QM}/2M+2 “2:BQM U*_V
TQbi2 BQ 22 2BMX

LQi2i? ii?2 TQbi2 BQ p(BKi B#mBiBdW Qi QMHv TQBMi 2biBK i2-
TQbi2"BQ K2 M-#mi HbQ M mM+2'i BMiv '2:BQM Q7 bm+? 2biBK |
p B M+2X BBRWOPB/2b :° T?B+ HBHHmbi' iBQM Q7 :SrQ FBM;
2t KTH2X b /2TB+iRKBMWBBIM+2i BMiv BM i?2 x2 ' Q@K2 M :S T°
+QMbBbi2MiHV H “;2- "2~2+iBM; Qm  "m/BK2Mi v T'BQ  #2HB27 B
mM+2i BMiv MQi #Hv /BKBMBb?2b M2 " i?2 Q#b2 ' p2/ /i TQBMi
b?QrM BMKEBE#%Qr2p2 - Bi Bb BKTQ i MiiQ MQi2i? i mM+2 i BMiv
r?2°2 Q#b2 p2// i TQBMi®BYIX2 bT b2 (

ITiQ i?Bb TQBMi-r2? p2 bbmK2/i? i i?2 F2’"M2H 7mM+iBQM |
"2 }t2/X >Qr2p2°-r2 ? p2 MQi v2i //°2bb2/ ?2Qr iQ b2H2+i i?2 F2
/2i2°KBM2 i?2B° bbQ+B i2/ ?2vT2 T > K2i2 ' bX L2ti- r2 rBHH } bi
KQ/2H b2H2+iBQM 7Q° :S KQ/2H- 7Q+mbBM; QM b2H2+iBM; ?2vT.
Ii X

G2imbbmTTQb2i? ir2? p2 b2H2+i2/ M TT QT B i2kKZOM2H 7m
7Q0° KQ 2 /2i BHb QM F2'M2H 7mM+iBQM /2bB:M M/ b2H2+iBQM
HBKBi2/ BM7Q K iBQM p BH #H2 #Qmii?2 mM/2 HVBM; 7mM+iB
b2'p2 b T +iB+ HKQ/2HBM;iQQHBM M TTHB+ iBQM- r2 Kmbi
2vT2 T ° K2i2 b- b /Bb+mbhZXBEM?222FiRQRbb Q7 "2}MBM; i?2 K
bT2+B}+ iBQMb Bb BM ;2MR Q2 H27 2 HCWi BRYNEM:X 1z2+iBp2 KQ/2H
b2H2+iBQM rBHH MQi QMHvV 2M? M+2b i?2 ++m’ +v Q7 T 2/B+iB
BMi2 T 2i #BHBiviQ mb2'b "2; “/BM; i?2 mM/2 "HVBM; T'QT2 iB2b

AMi?2 HBi2  im 2-r?BH2 MmK2 Qmb bm:;2biBQMb 7Q  KQ/2H b2t
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T BM+BTH2b 2M+ TbhmH i2REQbi TT Q +22b (
RWQKTmMiBM; i?2 T'Q# #BHBiv Q7 i?2 KQ/2H ;Bp2M i?2/ i c
kV2biBK iBM; i?2 ;2M2° HBx iBQM 2 Q" ¢
jVEQMM/BM: i?2 ;2M2° HBx iBQM 2" Q" X

h?2 T'BK v 7Q+mb Q7 i?Bb i?2bBb Bb QM RV 2KTHQVBM; " v2I
b2H2+iBQM- r?B+? BMpQHp2b i?2 +QKTmi iBQM Q7 i?2 T Q# #BHI
# b2/ QM i?2 K ;:BM H HBF2HB?QQ/- kX FRBU2HBRI2 /B WM 2D 2 MBiQ 2
bT2+B}+ BMbi M+2 Q7 imMBM; i2= 2uT2Z BM K22i25h KQ/2H i? Qm;?
KQ/2H 2pB/2M+2 K tBKBX iBQM X

1t KTH2 kKXP% mb2 Q7 i?2 : mbbB MM im 2 BM i?2k)SRKKP/2H Ub 2
K ;BM HHBF2HB?QQ/ UQ  KQ/2H 2pB/2M+2V + M #2 Q#i BM2/ BM

p(y; )= N(YjO;K xx + 21): UKXROV

h?2 KQ/2H ?vT2 T * K2i2 b i?mb + M #2 QTiBKBx2/ 2[mBp H2MiHv
HQ;@HBF2HB?QQ/- BX2X-

"= KBRTICON ty+ S HQI@E I+ S HE; UKXRBYV
r?22°Q( ), Kxx + 21X h?2 KBMBKBx iBQM QTiBKBx iBQM T Q#H2K Bb
;- IB2Mi@# b2/ K2i?Q/b-bm+? b "6:a@L2riQM M/ HQOIMDm; i2 ;" /I

6QHHQrBM; i?2 QTiBKBx iBQM Q7 ?2vT2 T = K2i2 b- QW2M M 2KTt!
iQ/2'Bp2i?2:STQbLi2°BQ 7Q i?27mM+iBQM 2biBK iBQM i? i QTiE
/i X

L2ti-r2 BMi Q/m+2irQ + BiB+ H bT2+ib Q7 :S@# b2/ KQ/2Hb, i?
M/ i?2 +QKTmi iBQM Hb+ H #BHBiv7Q H ;2 /i b2ibX

kXkXk 1tT 2bbBp2 E2 M2H .2bB;M

b T'2pBQmbHvV /Bb+mbb2/- i?2 F2 2 RyBbM-E BQIMHUBRII 2/ ZiX KB |
i?2 2T 2b2Mi iBQM H + T +Biv Q7 :S KQ/2HX 0 "BQmb 2H2K2N\
b[m "2/@2tTQM2MiB H UalV-J iG M- T2'BQ/B+- M/ M2m  H M2
7Q /i 2ti° TQH iBQM M/ BMi2 TQH iBQMX AM i?2 7TQHHQrBM
T 2p H2Mi- i?Qm;? MQi mMBp2' b HHv QTiBK H- +?QB+2 b M 2t k

M/ T QT2 iB2b- M/iQ mM/2 b+Q 2 i?2 M2+2bbBiv Q7 + 27mH M



R3 *? Ti2 k, " +F;"QmM/

UV =1;"=5 U#y¥ =1;"=05

U+y¥=5;"=5 U/Vi =5;"=05

6B:m 2 kXk, 6Qm" > M/QK 7mM+iBQMb b KTH2/ 7°QK :S KQ/2H mbBM: i?2 al F:
C K2i2° +QM};m’ iBQMbX h?2 b KTH2/ 7mM+iBQMb "2 +QMiBMmQmb M/ bKQ:¢
7mMM+iBQM BM+ 2 bBM; b i?2 ?2V@@b H ~;R2¢2J2 Mr?BH2-rRRH 2/@2MHi BM bKQQi?2
7mMM+iBQMbX

/I2bB;MX +QKT 2?22MbBp2 Qp2 pB2r Q7 Qi?2° 2H2K2Mi v F2'1
272 2M+2] HBRiéBIRKm " 2 (

h?2 al F2 " M2H- XFX X i?2 " /B H# bBb 7mM+iBQM U_"6V F2
Bb QM2 Q7 i?2 KQbi +QKKQMHVY mb2/ F2 M2H 7TmM+iBQMb BM :!
H2 MBM; H;QdRIiAKDTQTmH "BivBbH ";2HvV ii B#mi2/iQ i? 22 F
bBKTHB+Biv- bKQQi?M2bb- M/ i?2 mMBp2'b H TT QtBK iBQM + T
TmMmM+iB@XhT2 al F2 M2H Bb /2}M2/ b,
kx  x%®

22 ’
r?2 2 Bbi?22QmiTmi@b+ H2 T ~ K2i2 - +QMi QHHBM; i?2 p2 iB+
Q7 i?2 7TmM+iBBRIMI@2MI2M;i?@b+ H2 T ~ K2i2°- +QMi QHHBM; i?2
Q bKQQiI?M2bb Q7 i?2 7TmM+iBQMX h?2 F2"M2H ?2vT2'T ~ K2i2"|
[2MQi2/gb[ ;7 X 6BKXkBbTH vb /BbiBM+i 7TmM+iBQMb b KTH2/ 7°
MiBHBxBM; i?2 al F2 M2H rBi? /Bz2 2Mi ?vT2 T =~ K2i2 b b2iiBNMN
}rm 2-i?22 b KTH2/ 7mM+iBQMb "2 bKQQi? M/ +QMiBMmMQmbX M :

K(x;x% gp)= 7 2tT UkXReV
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Q7 i?2b KTH2/ 7TmM+iBQMb Bb Q#b2 p2/ rBi? M BM-+r2Bbr2?BM i?.
+Q "2bTQM/biQ KQ 2T QMQmMM+2/ Qb+BHH iBQMb #Qmii?2 K2 N
Q7 i?22 7TmM+iBQMb Bb /B+i i2/ #v i?2 H2ZMX? @& BHMH 22?2 BN ~ K2i
iQ KQ'2;"/mH+? M;2BMi?2bHQT2 Q7 i?2 7TmM+iBQMb- BKT "iE

>Qr2p2°- MQi #H2 HBKBi iBQM Q7 i?2 al F2°"M2H HB2b BM Bi
7 KBHv Q7 bKQQi? 7TmM+iBQMb-r?B+? K v MQi /2[m i2Hv 2T 2b
Q KmHiB@b+ H2p B iBQMb BM?2 2MiBM +2 i BM/ i b2ibX h?B
2KTB' B+ H2pB/2M+2 bm;;2biBM; i? ii?2al F2 " M2H + M 2M+QmI
BMi'B+ i2/ i bim+im '2b M/ BM T2 7Q KBM;R23X+ABIP 2 2/t4 1 7T2Q H
T BQ bbmKTiBQMb 2K#2//2/ rBi?BM 2H2K2Mi 'v F2 M2H 7TmM+iBC
#B b2/-T "iB+mH "Hv 7Q ?B;?2@ARK2MUBIQMbH/7i?Q :S@# b2/ KQ
6Q° BMbi M+2- i?Bb T?2MQK2MQM + M #2 2t2KTHB}2/ BM : mbbi
KQ/2Hb U:SGoJbN?Q 2 r2 Q#b2 p2/i? iBM /2[m i2 F2 "M2H ~2tB#BH
ivT2 Q7 KQ/2H +QHH Th2-+? ° +i2°Bx2/ T°BK "BHvV #v p ;m2 H i2Mi
+ Tim 2i?22 mM/2 " HVBM; bi m+RX°2 Q7 i?2 /i (

hQ i +FH2 i?Bb Bbbm2- miQK iB+ M/ QTiBK H F2'M2H /2bB;M
TQi2MiB H M/ BMi2 T 2i #H2 F2°"M2H /2bB;M bQHmMIiBQM Bb i?"
"2T°2b2Mi iBQM-r1r?2"'2BM i?2 F2"M2H 7TmM+iBQM Bb KQ/2H2/ b H
TmM+iBQMb rBi? QMHvV bK HH bm#b2i "Rk 2p 3WNXOQhi?2 # BopMB// 2 (
#2?BM/ i?Bb HBM2 Q7 K2i?Q/bBbiQ mM/2'i F2 M TT QtBK iBQM C
F2"M2H mbBM; i?2 7 +ii? i Mv bi iBQM 'vF2 " M2H M/ Bib bT2+i" F
++Q /BM; iQi?2 7TQHHQrBM; +Q QHHRY-Q7 "Q+?M2 0b i?2Q 2K (

*Q QHH "VAKRXR bT2+i° H/2MbBiv 2tBbib- i?2M i?2 k{ }JBGM v F2 M
x x%° M/ BibbT2+i" B(2MBBI&QM B2  /m Hb Q7 2 +? Qi?2°
Z
k()= S()2tT2 >t d; UkXRd V
ZR™
S()= k()2tTj2 *! d: UkXRd#V
Rdx
aT2+B}+ HHv- +QMbB/2 BM; i®2 QW B@& TBK 2MHB-Q M Btith 2 Q7 : mt
# bBb 7mM+iBQMb Bb 2KTHQV2/iQ TT QtBK i2i?2 mM/2 "HVBM; F
1 _ .
S(! :Q gIN (] v+ N J gVl UKXR3V
g=1
r72°2i?2 K2 Jdb - p "B Mwglh - M/ r2Bf2jdy, '2°2vT2 T K2i2'biQ
#2 QTiIBKBx2/X h FBM; i?2 BMp2 b2S@Q-mvVB2H /ib MB7Q XK+ Q7H KBti:



ky *? Ti2 k, " +F;"QmM/

6B;m 2 kXj, E2"M2H bT2+i" H/2MbBivbT +2 mM/2" /Bz2 2Mi BMTmi /I

UadV F2 92 Hi

X
k()= q|+<z;rzb q)%Zth“vq}; UKkXRNYV

=t ka( )

r22°2=jx x§y2RX >Qr2p2'- ++m’ i2 TT QtBK iBQM Q7 Mv bi iBQM °
bm#bi MiB H MmMK#2' Q7 KBtim 2 +QKTQM2Mib- TQbBM; ?m;2 /E
QTiBKBx iBQMK»MRAMPXiQ i?2 H “;2@b+ H2 M/ MQM@+QMp2t +? °
T Q#H2KX "B/ bT2+i° HKBtim'2U:aJV F2 M2/ irQb i?2MBT i BT Qb
KQ/2H i° BMBM; Bbbm2b BM i?2 aJ F2"M2HX
aT2+B}+ HHi-BM o T'QTQb2/ iQ }f i@ KMMp "B M@,

2vT2°T ° K2i2'biQ T'2@b2H2+i2/ ;"B/ TQBMib M/GQTiBRBBMQMHvV
"Bb2 iQ i?2 :aJ F2'M2HX h?2 :aJ F2'M2H /2KQMbi"® i2b Bib2H7 i
F2'M2H rBi? KmHIiBTH2 HQr@" MF # bBb bm#F2 "M2HbX HbQ- Bi
F2'M2H Bb #H2iQ TT QtBK i2 Mv bi iBQM 8YyXh?N2HbQHE i2BH
QTiBKBx iBQM i bF BM i?2 :aJ F2"M2H- BX2X-

= KBRS IC(N Yy s S HQ @O+ D Ha;

Bb bBKTHB}2/ BMiQ KQ' 27 pQm’ #H2 /Bz2 2M+2@Q7@+QMp2t
/2KQMbi®> iBM; bB;MB}+ MiHv 2M? M+2/ MmK2 B+ H bi #BHBiv
KmHIiBTH2 +H bbB+ M/ 2 HXQ H/ / i b2ib (

>Qr2p2°-i?2 Q'B:BM H :aJ F2'M2H Bb /2bB:M2/iQ ? M/H2 QM2 @
BMTmi /BKGMEBZ{M HiQ RX L Bp2Hv 2ti2M/BM: Bi iQ KmHIB@/BK
de>1- #v }tBM; ;'B/ TRBMBPZEM Bb2 iQ TQi2MYB HOQBH IWhRib#H v- i?2
MmK#2 Q7 ;"B/ TQBMib : Qrb 2d,TQr\22iNDi B? I HMiB2?Q7 /BK2MbBC

AN
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oBbm HHv BMBB#%i MiB HHv KQ 2 : mbbB M +QKTQM2Mib "2 M22
i22 bT2+i° H/2MbBivBM i?2k@. + b2 +QKT "2/ iQi?2R@. + b2X
BM i?2 MmK#2 Q7 QUHCH@M2MIBMi~ +i #H2 7Q" ?B;? /IBK2MbBQM
2t KTH2-7Q° Ry@./ i b2irBi? Ryy +QKTQM2Mib T2  /BK2MbBQ\
Q = 100%° = 102 X

Pm>2zQ ibi?mb 7Q+mb2/ QM 2ti2M/BM; i?2 :aJ F2"M2H iQ ? M
/i NY)X S iB+mH "Hv- M 2{+B2Mi 7Q KmH iBQM + HH2/i?2 ; B/ |
U:aJSV F2 M2Hr b /2B #MXMBMETHVBM:; QM2@/BK2MbBQM H :aJ b
IBK2MbBQMb iQ HH2pB i2i?2 2tTQM2MiB H ;" Qri? Q7 i?2 KQ/2H
/1°2bb i?2 +?2 HH2M:2b Q7 H “:2@b+ H2 2vT2 T °~ K2i2 QTiBKBx
/'i b+2M 'BQDb- r2 T'QTQb2/ b2p2° H /Bbi'B#mi2/ H:Q Bi?KbX
+QQT2 iBp2 H2 "MBM; Q7 i?2 :aJS F2'M2H BM i?2 +QMi2ti Q7 #B;
T Bp ¥ ()X

h?2 rQ Fb /Bb+mbb2/ bQ 7 ~7Q+mb QM i?2 /2bB;M Q7 miQK iB
MQM@bi iBQM v F2°M2Hb- bB;MB}+ Mi /p M+2K2Mib ? p2 #22]
M2m> H M2irQ Fb iQ +QMbi m+i KQ 2 bQT?BbiB+ i2/ /22T F2 M2
BMcE89X >Qr2p2° - BMi2:  iBM; M2m~ H M2irQ Fb BMiQ F2 "M2H /
i° /2@Qz- TQi2MiB HHvV "2/m+BM; i?2 BMi2 T 2i #BHBiv @F-i?2 "2br
i22 /22T F2’M2H r2 T'QTQb2/ Bb QTiBK HBM i2 Kb Q7 T 2/B+iBC
UJalVX "v/2+QKTQDbBM; i?2 F2’M2H 7mM+iBQM BMiQ HBM2 ' +QK
F2"M2Hb mbBM: KmHiB@r v 72 im 2 BMi2" +iBQM /2i2+iBQM- i?:
/I2KQMDbi  i2/iQ #2 KQ 2 2tTH BMKAK2 M/ 2{+B2Mi (

kXkXj aT b2 :S TT QtBK iBQMb

q?BH2 :Sb Qz2' TQr2 ' 7mH M/ ~2tB#H2 7" K2rQ'F7Q T 'Q# #BHB!
bBQMV i bFb-i?2B  +QKTmi iBQM H /2K M/b ;" Qr +m#B+ HHv rBi? i’
i?72 BMp2 bBOQMnNQ-2iM2H K i Bt- b /2TBWXN BIMKX(EXRt?B#Bib
+QKTmi iBQM H + QXMPH2tRiu2Q27T "2b2Mib i?2 MmMK#2> Q7 Q#b2
TQOBMibX h?Bb +m#B+ +QKTH2tBiv "2M/2'b :Sb +QKTmi iBQM HHV E
7Q H “;2/ i b2ib+QMi BMBM; i?Qmb M/bQ KQ 2/ i TQBMibX hQ
Bbbm2-p "BQmb TT QtBK iBQMb ? p2 #22M T QTQb2/iQ b+ H2 m
AMi?Bb +QMi2ti- r2 rBHHBMY ki+BWIG@RQEMIpDb B iBQM HebhERFbH2 :Sb (
bBi Bb +QKTmi iBQM HHv i® +i #H2 M/ HHQrb i?2 /Bbi a)&2 bb2b
6Q° KQ 2BM@/2Ti? BMp2biB; iBQM Q7 b+ H #H2 :S K2i2Q/b Ubm+
M/ > M/IQK 6Qm B2 ed¥-im22R (b "2 /B 2+i2/iQ i?2 Qp20X¥B2r T T2"
h?2 ;2M2° H B/2 #2?BM/ bT b2 :Sb BMpQHp2b TTYQ)BK iBM; i?



k k *? Ti2 k, " +F;"QmM/

GPO;k(:))- rBi? bK HH2 bm#b2i Q7 bQ@+ HH2/ 6BM/m+BM; TQBM;
b2 'p2 b 2T 2b2Mi iBp2b Q7 2 RXiB22x%;:if (X3¢, - 2M #HBM;
i?2 /2YMBiBQM Q7 i?2 2t +i :S Qp2  i?2b2 BM/m+BM; TQBMib- r?
+QKTmi iBQM ¥ 4R bi (

aT2+B}+ HHv- H2i mb /@NQI2 BM2I@Q/TW2/ BM/m+BMh=TQBMib |
fx;mgM, - r?22°2 i?2 BM/m+BMz @@)2nRM "2 i?2 :S 7mM+iBQM p Hn
2p Hm i2/ ii?2 BM/mzZBNxg8MKXKmXbh?Bb m;K2Mib i?2 :S T BQ  iQ ;

# # #!
7 0 K K

N L X Xz UkXKyV
m 0 Kzx Kzz

r?2"2R" 2T °2b2Mib i?2 7TmHH :S 7mM+iBQM 2p Hm iBQMbX
o BiBQM HbT "b2:SbH2p2 ;2BM/m+BM; TQBMib +QmTH2/ rE
+QMbi'm+i HQr@ MF TT QtBK iBQM iQ i?@ MyWMX2aHM 2B B} + HHQbD
2KTHQVBM; T'Q+2bb M HQ:Qmb iQ i?2 ;2M2'B+ p "B iBQM H B
KXRX2 + M bbmK2i?2 7QHHQrBM; p "B iBQM H /Bbi'B#miBQM 7Q
m;K2Mi2/ :S K@)2H (
a(7m= p( 4 ma( e UkXKRYV

r22°@m=N(K 3- M/i?2 +QM/BiBQM H /Bbi'B#miBQM

P M=N TKxzK,; mKxx KxzK ;K3 : UkXkkV
am#b2[m2MiHv- bBKB& r2iQ M)KXBMBKBx2 i?2 EG /Bp2 ;2M+2 #2
p "B iBQM H /Bbi'B#miBQM M/ i?2 TQbi2 BQ /Bbi'B#miBQM- BX:

a( 7m
r?B+? Bb 2[mBp H2Mi iQ K tBKBxBM; i?2 1G"P

KBME Ga(70kp(7nj V)= HQWY) Eqr H%’ UKXKjV

e Af T _ (8(y; AL
KtL(; M = Eq; H Q= ; UkXk9V
a(7m ( q( 7 o Q( 7 r)'l

‘Bp2M i? i i?2 EG /BPAICR2MHEZnjy)) O Hr vb 2QH/bX J tBKBXBM; i
1G"P rBi? "2bTEFiNiOQ "2bTQM/b iQ BM72 "BM: i?2 m:K2Mi2/:S T
K tBKBXBM; i?2 1G"P rBi? "2bT2+iiQ :S 2T 22bTQXMIR I :S KQ /21
H2 "MBM:X

h?2 +QKTmi iBQM H +QKTH2tBiv Q7 i?2 1G"P K tBKBx iBQM N
Q7 id@M?2) (€)X h?Bb Bb 2pB/2M+2/ #v i?2 TT QtBK i2 :S TQbi2 E

2T 2b2Mi2/ b
Y4

p(dy) da(y= aof7m/m UkXk8 V
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z
p(7 g( i/ m UkXk8#V

N TKxzK,7 K Kxx KxzK,7(Kzz 3K, 7Kg, © UkXk8+V

AM +QMi” biiQ i?2 2t +i :S TQbi2 BQKXINPIH XMW REHBV+IMKp2Mib
i?72 M22/ 7Q° /B 2+i +QKTmi iBQM Q7 i?2 7mHH F2"M2H K i'Bt BM
2/ m+BM; i?2 +QKTmi iBQM H +QKTH2tBivX

Ai Bb MQi2rQ i?vi?2 1G"P Bb HbQ K2M #H2 iQ biQ+? biB+ Q
MIiBHBXxBM; KBMB# i+?2b #v bm#bBM/R2B RIMI2Mb MK @p2MiB+ HHvVv /Bt
UBXBX/XV /i TQBMibX h?Bb TT ' Q +? H2 /b iQ OMFPKIMiBNBQM H -
i?72 i BMBM;elR2 bR (



*2 T2 ]

mbbB M S Q+2bb ai i2@aT +2
U:SaaldJbV

h?Bb +? Ti2° BKbiQ T'QpB/2 b2H7@+QMi BM2/2pB2rQ7: mbbB
U:SaalJbVX 6B bi-r2 BMi'Q/m+2 ;2M2 B+ bi i2@bT|XRMQ/2Hb U
/IBb+mbb i?2B" HBKBi iBQMb BM +QKTH2tb+2M "BQb- ?B;?HB;?iBM
mMbBM; :SaaJbX 22@ kRQM bvbi2K iB+ BMi"Q/m+iBQM iQ i?2 :SaalJ-
KQ/2H mM/2  +QMbB/2" iBQMi? Qm;?2Qmi i?Bb i?2%Br2Xb6Q pi2vQrB M
2tBbiBM; H2 "MBM; M/ BM72 ' 2M+2rQ Fb QM :SaaJlb-rBi? T "iB
2KTHQVBM; p B iBQM HBM72 2M+2X

jXR ai iz@aT +2 JQ/2Hb UaaJbV

:2M2° HHv- MaaJ+ Tim'2bi?2 "2H iBQMb?BT2#RirR2M;De2iR2i2M
TQbBiBQM BMRMRKMI/TH22 Q#b2 p2/ K2 vyi2R%2 KI2ZMi; X- rB 2H2bb bB;
bi’2M;i?VX b BHHmMDbjiXRR7I2BM6B;XMbB/2 2/ BM i?Bb i?2bBb Bb
TQHHQTrDb,

tt+1=f(tt;Ct)+ R UJXR \/
v=9g(t)+ 2 UjXR#V

r?2°2i?22bi i2/vM KB+b ;Qp2 M2/ #v i?2f():RHBiBIQRM 7/MM+2iBQM
iQ }hi@Q /2 J "FQp T QT2 iv- M/ i?2 +Q "2bTQM/BM; bi i2 K2 b
"2 Q#i BM2/ 7°QK i?2 Q#b2 g )i BRMM7I7RM +iHBIOM 2722/ iQ b i?:
2KBbbBQM 7mM+iBOQMX h?2 +QMé¢ DREB MAIM RBOM ZM QT22 52 Mi

i?72 T°Q+2bb M/ K2 bm 2K2Mi MQB b b Bb2vTTB+i B-p2H QF BB M #H 2
[2i2°KBMBDiB+- Bi + M #2 pB2r2/ b T i Q7 i?R= it KPMP2/NHF 22 Mi b

k9



jiXR ai iz@aT +2 JQ/2Hb UaalbV

6B;m 2 jXR, :° T?B+ H KQ/2H Q7 aaJX h> MbT “2Mi MQ/2b 2T 2b2Mi H i2Mi "
MQ/2b 2T 2b2Mi Q#b2 p #H2 p "B #H2bX

BMi?2 HBi2  im 2-7Q  MQiBB@MiRM Q@WBii\2/- TH +BM; 2KT? bBb Q
bi i2b- ;BpBM: i?2 +QMbB/2 2/ KQ/2H b 7QHHOQrb,

tie = f(t)+ R UjXk V
v=9(t)+ 2 UjXk#V

L2p2 i?2H2bb- r?2M2p2° i%2BH M WOB/I2 2/ b M BMTmiiQ i?2 i
7TmM+i@Q®i Bb BKTHB2/i? i i?2 +QMiQHb "2 +QM+ i2M i2/ rBi? i

h?2irQ BKTQ i Mii bFb Q7 aadJb "2 H2 "MBM: M/BM72 2M+2X
FMQrM b bvbi2K B/2M)BBMPRGNWZb IM/BM; QTiBK HKQ/2H T ~ K2i2°
+ Tim 2i?2/vM KB+ H bvbi2KX AM72 2M+2- QM i?2 Qi?2 2 M/- 27
i22 H i2Mi bi i2 mMbBM; i?2 Q#b2 UpXiRQIM AR T2 +DIKBM; bm#b 2 +i
rBHH # B2~v /Bb+mbb #Qi? H2 "MBM; M/ BM72 2M+2X

jJXRXR AM72°2M+2 Q7 G i2Mi ai i2b

q?2M i?2 /VvM KB+b Q7 i?2 mM/2 HVBM: bvbi2K "2 T°2+Bb2Hv FM
K2i?Q/b 7Q  i?2 H i2Mi bi i2b-/2p2HQT2/ Qp2 i?2 T bi/2+ /2b-+ M
BM+HmM/2 i?2 E HK M }Hi2  UE6V- 2ti2M/2/ E HK M }Hi2 UL1E6V- i
UIE6V- 2Mb2K#H2 E HK M }Hi2 ULMEGV- N XTLDHERM B MY~ USH V-
K2i?Q/b BKiQ Q#i BM i?2 }Hi2pB:M:YBbIBB2nBBO®HpP2b 2biBK iBI
bi i2 Q7 Maald ii?2 +m "2tV R DM2HAH p BH #H2 /i mTiQi?
h?Bb T°Q+2bb iviIB+ HHv BMpQH 2B + i BIMBIM b2 Th,

S'2/B+iBQQMIL,TQb2BMiBk2dR2P2i?2}Hi2 ' BM; Bhi,jB#mKBQM
h?2 T°2/B+iBQM bi2T mb2b i?2 KQ/2H i® MbBiBQM iQ TX2/B+ii?
Ai+ M#2 7Q KmH i2/ b 7QHHQTrb,
Z
tj v = tt t 4 Vv [t 1: UjXjV
P( tj vt 1) . lP&{Z:; (tJ{JZ\/l.t 1? t 1 RS
i* MbBiBQM}Hi2 BM:



ke *?2 Ti2 j, : mbbB M S'Q+2bb ai iz@aT +2 JQ/2HEL

IT/ i2, PM+2 i?2 T°2/B+iBQM Bb K /2-i?22 mT/ i2 UM2tiV bi2T Bl
M2r Q#b2 pyiBRQNIM2 i?2 2biBK i2 Q7 i?2 bi i2X h?Bb Bb /QN

i?72Q 2K, (i Pt )
. PCM) G)PC G Mt 1 .
tj V) = . ; UjXxov
PCt M) p(\j Mt 1) :
22 @vjuve 1) + M #2 Q#i BM2/ #v K “;BtM, HBXxBM; Qmi
z
p(vjve 1) = p(vjt)p(tg v 1)/t Uujxsv

tt

"v "2+m bBp2Hv Bi2 iBM;i?2b2 irQ bi2Tb-r2 + M ;2ii?2 }Hi2 BM; .
bi 120t vi) X

7i2° +QKTH2iBM: i?2 }Hi2 ' BM: T°Q+2bb iQ 2biBK i2KiQD I @Mi bi
BM+ M #2 TTHB2/iQ 2}M2i?2 2biBK i2b Q7 T bibi i2b #v H2p2 ;B
p BH #H2 Q#b2°p iBQMbX h?Bb # +Fr / T°QT ;: iBOQM miBHBx2b "
iQ Bi2  iBp2Hv 2M? M+2i?2 ++m +v Q7 T bibi i2 2biBK iBQMbX I
p(tiwr) i iBK2 bialbmTTQb2 i? i i?2 H2M:i? Q7 Q#L2 4 M $2[m2M
7Q KmH i2y, b (

P( tera ] t)P( teen ] Vo)
tre1 P( tee1 ] M)
"v BMi2:" iBM; BM7Q K iBQM 7 QK 7mim°2 iBK2 bi2Th BMiQ 2 "HB2
iQ VB2H/ KQ'2 "Q#mbi 2biBK iBQM Q7 i?2 H i2Mi bi i2b- H#2Bi M2
Q7022 2MiB 2 Q#bR X2/ / i

[ tiiq: UjXeV

Pt vir) = P(tj )

i XRXk G2 "MBM; Q7 JQ/2H S * K2i2 b

LQi2 i? i BM a¢RB@M T2 i2/ mM/2 i?2 bbmKTiBQM i? ii?2 T K:
aalJ "2 FMQrM- rBi? QMHV i?2 bi i2 "2[mB BM; 2biBK iBQMX >Qr2p
i22 T K2i2'b Q7 i?2 bbmK2/ 7TmM+iBQM H 7Q Kb 7Q" i?2 bvbi2
MMFMQrMX AM i?Bb + b2-i?2i bF Q7 H2 "MBM; Bb iQ }M/i?2b2 m
G2i mb /2MQi2i?2 T > K2i2 b BM i?2 agIVDLTR+Hi22BW2AHE M
TT'Q +?2 iQ ? M/HBM:; i?2b2 mMFMQrM T ° K2i2 b BMpQHp2b K
p B #H2b rBi? +2°i BM T BQ p(BbUTB#MiBRRMMIiB H 2vT2 T ° K2
[2MQi2/ X M aal rBi? mMFMQrM T ~ K2i2 b i?mb + M #2 r' Bii2M |

p( ) UjXd Vv
to  p(to) ) UjXd#V
tt p(tjt 15 ) UjxXd+V



jiXR ai iz@aT +2 JQ/2Hb UaalbV

voop(vjt; ) Ujxd/vV

P7+Qm b2-Qm" ;Q HBbiQ Q#i BMi?2 7TmHH TQhi&h"HBZ " /Bbi B#m
p( W:Tj tO:T; )p( tO:Tj )p( )

tors jWr)= UjXx3vVv
P(to:rs | vT) o(vir) J
r?2°2
- . W - -
P(tor] )=p(toj ) P(tjte 1; ); UjXNV
t=1
- V— . -
p(MTjtor; )= p(vjt; ): UjXRyV

t=1

IM7Q imM i2Hv- +QKTmi iBQM Q7 i?2 7TmHH TQbi2 'BQ" /Bbi B#m
BMi2;" Hb UBX2X-BMiM] VBM2RmQKTmMIiBM; i?2 K ";BMuutYBbi B#mi
r?B+? Bb ? '/ M/ #2+QK2b 2p2M ? /2" br2 Q#i BMKQ 2 K2 bm"
i?72 T K2i2 b-# Q /HvDbT2 FBM;-i?22 "2irQ ivT2b Q7 K2i?Q/b, |
UJ SV M/fQ K tBKmK HBF2HB?QQ/ UJGYV 2biBK i2b- M/ JQMi2 *
i?72 TQbi2 'BQ  /Bbi'B#miBQMbX 6Q 2t KTH2- QM2 + M +QK#BM 2
2tT2+i iIBOQM@K tBKBx iBQM U1JV H:Q'Bi?KiQ Bi2' iBp2Hv }M/
eMNy-Q +QMbi m+i :B##b b KTH2 M/ Hi2 M i2#2ir22Mb KTHBM
p(torjvir; ) MpP( jtor; vr) (dRX

jJXRXj .1 @. Bp2M aaldb

>Qr2p2° - Bi BbrQ'i? MQiBM: i? ii° /BiBQM H H2 "MBM; M/ BM7
aalJb 2 ivTIB+ HHv KQ/2H@# b2/X h? i Bb- i?2v bbmK2 i? i i?2
"2 T°2+Bb2HV FMQrM- Q i H2 bii?2 7TmM+iBQM H 7Q Kb Q7 i?2
H2 pBM; TQ'iBQM Q7 T > K2i2'biQ #2 2biBK i2/X AM +QKTH2t
bm+? b KQ/2H@# b2/ 2BM7Q@)R MI2ZBbR D2NBB/2AKB+ J:Q72; iBQM
mMM/2 HVBM: bvbi2K /vM KB+b 2 /B{FBHIRIEX /R?20K-BiM2 /vM KB+b
M22/iQ #2 H2 M2/ 7 QK i?2 Q#b2 p2/ MQBbv K2 bm 2K2Mib b r2HF
Q7 /i @/'Bp2M bi i2@bT +2 KQ/2HbX h?2 "2T 2b2Mi iBp2 +H bb?
KQ/2Hb BM+HmM/2 /22T bi i2@bT #2KQ/Mb thkawBbWw T Q+2bb bi
bT +2 KQ/2Hb U:8aXJmdJb 2KTHQV /22T M2 nk9H MBH RQ SFata ( b
H2p2 ;2 : mbbB MHA}QL-PHH2R(2/ i @/ Bp2M KQ/MH2 iQ H2 "M i?
+QKTH2t bvbi2K /vM KB+bX

"2+ mb2 Q7 i?2 TQr2 7mH KQ/2H 2T 2b2Mi iBQM + T #BHBiv
.aaJb "2 T iB+mH "HvbmBi #H2 7Q  KQ/2HBM; +QKTH2t M/ ?B;
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bvbi2KbX b “2bmHi- i?2v ? p2 7QmM/ bQK2 TTHB+ iBQMb BN
2t KTH2- /Bb2 b2 T Q; 2bhBRMBM iHBWDM 2 £2+3) - MMIH WoBMHBM2 °
bvbi2K B/2MiBJ9) X B@W2(p2 - b2p2° H pBi H HBKBi iBQMb 2tBbi BM

h?2 i° MbBiBQM M/fQ> 2KBbbBQM 7mM+iBQMb BM .aalb "2
M2irQ Fb i? i ivTB+ HHv "2[mB 2 bm#bi MiB H KQmMi Q7 / i i
Q7 KQ/2H T > K2i2 bX

.aaJb #mBHi QM /22T M2m  H M2irQ Fb "2 #H +F@#Qt KQ/2Hb-
iQmMb2BM b 72iv@+ BiBHRHXTTHB+ iBQMb (

Ai Bb /B{+mHi- B7 MQi BKTQbbB#H2-iQ ;Bp2 M 2tTHB+Bi mM+
i MbBiBQMf2KBbbBQM 7TmM+iBQMb BM daaxXIb M/ i?2B T 2/BH+

hQ Qp2 +QK2 i?2b2 HBKBi iBQMb-r2 + Mim M Qm" ii2MiBQM i
KQ/2HbX b /2b+ B#2/KkBMX4X2bBQM MQMT ~ K2i'B+ KQ/2Hb 2
T K2i2 ' Bx2/#vi?2/i M/TQbb2bbi?2 #BHBiviQ / Ti KQ/2H +QK
iQ Q#b2 p iIBQMbX h?2v "2 FMQrM 7Q i?2B /i 2{+B2M+v-T “iB+m
7°QK bK HH/ i b2ibX AKTQ i MiHv-" v2bB M MQMT  K2i'B+ KQ/2
M/ M im> HHv ++QmMi 7Q  KQ/2H mM+2"i BMiv mbBM; " v2bd 'n
T 2b2Mi2/ BMka@+iBQMM #Hv QM2 Q7 i?2 KQbi TQTmH " v2bB M
KQ/2Hb BM K +?BM2:KAiBWBMBI; :Sb b 7mMi«)B@M(T BB\Qi D27 Q"
aal :Bp2b "Bb2 iQ i?2 :Saal- r?B+? rBHH #2 /2i BHRYXBM i?2 M2ti b

iXk JQ/2H aT2+B}+ iBQM Q7 :Saal

SH +BM; :ST'BQ'b Qp2" #Qi? i?2i° MbBiBQM 7mM+iBQM M/ 2KI
b22 1[[X¥YJ)> H2 /b iQ i?2 r2ZHH@FMQrM :SaalJX >Qr2p2 - bm+? :Sa
MQMB/2MiB} #BHBiv Bbbm2b #2ir22M i?2 bi i2 i MbBIB@EM M/ :
KBiB; i2 i?Bb Bbbm2- i?2 HBi2° im 2 ivTB+ HHv +QMbB/2 b :S:
7TmM+iBQM M/ T " K2i'B+ 2KBbbBQM 7mM+iBQM-r?B+? K BMi BM
i?72 Q B;BM H:SaaJ- H#2Bi 1i?22tT2Mb2 Q7 M2+2bbBi iBM; i?2 B
rBi? BM+'2 b2/ /BK2MbBRM HBimHi Bb bmKK "Bx2/ BM i?2 7TQHHQ

h?2Q 2K jRX i?2 :SaaJ rBi? i?2i MbBiBQM M/ 2KBbbBQM 7mM
:Sb-i? i Bb

ttr = () + R h() GP (5 ); UjXRR V
v=9g(t)+ 2 g() GP 4(;); UjXRR#V



Xk JQ/2H aT2+B}+ iBQM Q7 :Saal

S %5

6B;m 2 jXk, :> T?B+ H "2T 2b2Mi iBQM Q7 :SaaJX h?2r?Bi2 +B " +H2b BM/B+ i2
r?BH2 i?2 ;" v +B +H2b "2T 2b2Mi i?2 Q#b2 p #H2 p "B #H2bX h?2 i?B+F ?2Q BxQ
+QMM2+i2/ MQ/2b- BX2X-i?2 :SX

#v /2}MBM: i?2 m;K2MiZt.bigid]” - :SF(t), [M(tw);9(tw)] - M/
i?72 mM:;K2Mi2/ T Q+2Ob[MQ#Fb2i?2 Q B;BM H KQ/XHVBMM. B2 U
"27Q KmH i2/iQ :SaaJrBi? :Si MbBiBQM M/ bBKTH2 T K2i

tia = F(t)+ r;  f() GP:(;); UjXRk V
v=[0;1] tt+ 2 UjXRk#V

bQ biQ KBiB; i2i?2 b2p2 2 MQMB/2MiB} #BHBiv Bbbm2X

S'QQR T°QQ7 Q7 i?Bb i?2Q 2K Bb bi> B;?2i7Q°r '/ M/ + M #2 +QM+
MTQM + "27mH 2t KBM iBQMX AMi2 2bd2/a2+IBQBbjKKXR) Z/Q QK
/2i BHbX O

JQ/2H aT2+B}+ iBQ®M,27Q 2- BM F22TBM; rBi? i?2 T 2pBQmb HBi2
HQbb Q7 :2M2" HBiv-r2 K BMHv +QMbB/2" i?2 :SaaJ rBi? :Si \
T K2i'B+ 2KBbbBQM 7mM+iBQM BM i?Bb i?2bBbX JQ 2 bT2+B}+
[2TB+i2/ BMKEBB/XtT 2bb2/ #v i?2 7TQHHQrBM; 2[m iBQMb,

f() GP ( ();k(; ) op) UjXRj V
to p(to) UjXRj#V

/=1 (t 1) UjXRj+V

tjYy N (k] 42 UjXRj/V

Vit N (¢jCt; ) UjXRj2V

[?2°2i?2 H i2Mi bi i2b 7Q K J "FQp +? BM- i? i Bbi?2Q7 mMv 2BK 2
bi i%.a Bb ;2M2  i2/ #v +QM/BiBtQ MBN? QN Q MNHEBYR QM+ Q /B M :

iQ h?2Q]2Ri?2 T > K2i'B+ 2KBbbBQM KQ/2H Bb bbmK2/iQ #2 FMQ
#2 HBM2 K TTBM; rBi? +QR2HE2MXK QiBti?2 bi i2i° MbBiBQMb



iy *?2 Ti2  j, : mbbB M S ' Q+2bb ai i2@aT +2 JQ/2HDb

Q#b2 p iIBQMb "2 +Q "mTi2/ #v x2 ' Q@K2 M : mbbB MZM®Bb2 rBi?
- 2bT2+iBp2HVX LQi2 HbQ i? ii?2 :Saald /M THR+220 BHWER[XM/2/
iQ +QMi'QH bvbi2K rBi? /2i2 KBMBD FB+i? Qi QHVB MiT K2 M2/

H i2Mi Hi;icd2 R&*% X "mi b K2MiBQM2/ #2 Q79" M @KBIQM H # 2pE
i2°Qm;:?Qmii?Bb i?2bBbX >Qr2p2 - r? 2MRlp 2 QiMB B/ 22Mi bi M BMTm
i?2:Si° MbBiBQM 7mM+iBQM- Bi Bb BKTHB2/i? i i?2 +QMi ' QHb 2

JMHIB@/BK2MbBQM H ai i2 h> MbBiBXYM Bt ki iR BWbKmHiIiB/BK2MbBQ
de>1-i?2 bvbi2K i° MbBiBfQM RFmMR*B @M ivTIB+ HHv KQ/2H2/ #v n
d¢ Kmim HHv BM/2T2M/2Mi :SbX JQ 2 +QM+"2i2Hv-2 +?2 QmiTmi /B
fg():R* 71 R- Bb BM/2T2M/2MiHv KQ/2H2/ #v b+ H “@p Hm2/ :S- M.

7=f(t 1), ffa(t 0oty UjXROV

[?22°22 +? BM/2T2M(2MBbS~? * +i2 Bx2/ #v Bib /BbiBM#g#)J-K2 M 7m
mbm HHv b2i iQ x2 Q- M/ k2> M2iK TB#MHHBE@KTHQVBM; bQK2 2H
F2'M2H 7mM+iBQMb bm+? bi?2 al F2'M2HX

JQ/2H CQBMi .Bbi'B#mQBEOM2 Qm  MQi iBQM BM i?2 "2bi Q7 /Bb+mbbE
i?72 7QHHQIBM: b?Q i@? M/ MQi iBQMbX G2i MTQ#M2 m+BQM b2[m:
fygl, - H i2Mi 7mM+iBQM @+ Bf #figh M/ H i2Mi i, i®p = f t.gl, X

"h2/ QM i?2 7Q 2K2MiBQM2/ KQ/2H bT2+B}+ iBQMb-i?2 DQBMi /2]
/2TB+i2/ BWX&BM#2 r Bii2M b,

g
P(6 s; U )= p(to)p( Zr)  p(vit)p(tj ); UjXR8V
t=1
r?2°@ 7r)= p(f (tor 1)) = QL P(A 7t 1,tr 1) +Q " 2bTQM/b iQ }MBi2 /BK2M
'S /Bbi B#miijBQRIi@

p( ?J th 1; tOZt 1): N(?JK tt 1;tot zK tO:]; 2itot 2 ?:t 1;
K o1tk 1 K o1 toct 2K ' K>
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aT2+B}+ HHv-r2 BKiQH2 MKQMHCBKNMKRIiZVEQmbHV BM72  i?2 H
Q7 BMi2 2biX h?Bb H2 MBM; M/ BM72 2M+2 i bF BBMip X p2b i?:
>Qr2p2 -/m2iQi?2 MQMHBM2 "BivQ7i?2:Si MbBIiBQM 7mM+iB
bQHMIBMW 7B ivTB+ HHv mM p BH #H2X h?mb- TT QtBK iBQM
2KTHQv2/X
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6BHi2'BM; bKQQi , LJ6 0o "B iBQM HBM72 2M+2
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6B;m 2 jXj, 1pQHmMIBQM Q7 :SaaJ Qp2 iBK2, E2v /2p2HQTK2Mib M/ K|
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h?Bb b2+iBQM Qz2'b M Qp2 pB2r Q7 i?2 +m "2Mi bi imb Q7 :Saal
7Q+mb QM H2 "MBM; M/ BM7202Mib2Xp8BnX H bmKK v Q7 2tBbiB
2M/2 pQ b BM i?Bb "2 -r?B+? rBHH #2 7m i?2 2HmM+B/ i2/ BM i?2
b2+iBQMX

iXjXR "'B27 >BbiQ v

b K2MiBQM2/ BM T 2pBQmb b2+iBQMb-i?2 bBKmHi M2Qmb H2 N
Q7 H i2Mi bi i2b BM :SaaJb TQb2 bB;MB}+ Mi +? HH2M;2b- T BK °
7 +iQ bX 6B bi-i?2 [m HBivQ7BM72'2M+2 7Q  KmHIBTH2 H i2Mi b
pB+2 p2'b -i?2'2#v ?2B;?i2MBM; +QKTmi iBQM H M/ bi iBbiB+ H
T 2b2M+2 Q7 MQMHBM2 "BivBM :SaaJb T Q?B#Bib i +i #H2 H2 °
(k8kgX

6 QK kyy8-r?2M :SaalJr b } biRIFRBQT QP RYRj- 2b2 +? QM :Saa
T°BK "BHv 7Q+mb2/ QM i?2 BM72 2M+2X¥YXKHaT2MBRh+ iRBWH22 6B 18
+2Mi2°2/ QM 2biBK iBM; H i2Mi bi i2b mM/2  i?2 bbmKTiBQMi? ii?:
i?72 bbQ+B i2/:S@# b2/ /vM KB+b ? /[ #22M H2 M2/ mbBM; +2 i BM
i?72 p BH #BHBiv Q7 H i2Mi bi i2b7Q i BMBM; i?2 :SVX >Qr2p2°
i ' BpB H/m2iQ i?2 BM?2 2Mi TQbi2 BQ mM+2 i BMivBM :Sbc 1bi
HBF2 i?2 1E6 M/ IE6 /Q MQi 7mHHV ++QmMi 7Q  i?Bb //BiBQM |
"2bmHIBM; BM Qp2 Hv +QM}/2Mi T 2/B+iBQMbX hQ i?Bb 2M/- b2p2°
iQ :SaaJldb ? p2 #22M /2pZBRQ-BIK(6Q BMbi M+2- :S@" v2b6BHIi2 b-
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'S@S6b- :S@1E6b- M/ :S@IE6b- r2" 2 BMKX Q/B+ROBIMHHV- : mbbE
}JHi2 ' BM: ? b #22M TTHB2/iQ :SaaJb BM p "B Mi FMQrM b i?2: ml
/2MbBiv }Hi2 U:S@ .6V-r?B+? 2 b #22M 7m i?2° 2ti2M/2/iQ i?2 : n
hmM:@ai B2#2H bKQQi?2 U:S@ haa\K7Q bKQQi?BM: (

.m 'BM: i?Bb T2 'BQ/- "2b2 "+? BM H2 "MBM: T'BK "BHv 7Q+mb2/ (
UJ SV 2biBK iBOM Q7 KQ/2H T ~ K2i2¥hX )6 Q" B @biBW+iB@Wr(b
mb2/iQ H2 "M 2vT2 T ° K2i2'b M/ H i2Mi bi i2b bBKmHi M2Qmb'
H i2Mi bi i2b BM i?2 J S K2i?Q/ "2 TQBMi 2biBK i2b i? i /Q MQi -
//IBIiBQM HHv- 2KTHQVBM; i?2J S K2i?Q/BKTHB2b i? i i?2 MmK#
QTiBKBx iBQM rBHH Hr vb 2t+22/ i?2 bBx2 Q7 i° BMBM: b KTH
Q7 Qp2 }iiBM; mMH2bb i?2 /BK2MbBQM Q7 Q#b2 p iBQMb bB:MI
bi i2BYX 6mM i?2 KQ 2-r?2M i° BMBM: rBi? H ;2 /i b2ib-i?2 H2
T Q+2bb2b + M #2+QK2 +QKTmi iBQM HHv bHQr /m2 iQ i?2 H ;2 M

Pi?2° H2 "MBM: K2i?Q/b bbmK2/ Q#b2 p #H2 H i2Mi bi i2b 7Q"
i* MbBIiBQM M/ 2KBbbB{N-7TraBl+?BBKIB {2/ i?2 mb2 + b2b Q7 :Se
bB/2bi2T i?2 bbmKTiBQM Q7 FMQrM mM/2 HvB M3 HBINM QB mi2t/- i?

T > K2i'B+ :SaaJ M/ /QTi2/ i?2 : mbbB M T °Q+2bb bbmK2/ /2
6V iQ H2 "M i?2 :SaaJ pB 2tT2+i iBOQM@K tBKBx iBQM U1JVX :
HBKBi iBQM Q7 i?Bb K2i?Q/ Bb i?2 +QMbi> BMi QM i?2 TQbbB#F
UbT2+B}+ HHv- al F2°"M2HbV BM22XBI®/ ZQ@R :-Si@BB TT°Q +? HQ
"v2bB M MQMT °~ K2i'B+ T°QT2'iv BM bvbi2K /vM KB+b KQ/2HB
KQ/2H Qp2 RidBM: (

jXjXk :SaaJd /p M+2b Pp2" S bi .2+ /2

hQ //°2bb TQi2MiB H Qp2 }iiBMyBM P2 }MoBMmHHV " v2bB M TT°
iQ DQBMi H2 "MBM; M/ BM72 2M+2 BM i?2 RadRHB @M/ OV m + .
K2i?Q/ mbBM; K “;BM HHBF2HB?QQ/ K tBKBX)BQRQi MK2iRPD/OTQ
2KTHQV2/ JQMi2 * " HQ b KTHBM; i2+?MB[m2b iQ TT QtBK i2 i?
Q7 H i2Mi WiiRi2t?B+? + M #2 ?B;?Hv +QKTmi iBQM HHv /2K M/BN
7Q° ?B;?@/BK2MbBQM H H i2Mi bi i2bX //BiBQM HHv- 1?2 BM7.
:Sb "2M/2 b i?2b2 K2i?Q/b mMb+ H #H2 7Q  HQM; /i b2[m2M+2bX
"2b2 "+?2 2zQib? p2 T'BK "BHv 7Q+mb2/ QM "2/m+BM; +QKTmi
i tOQOMQKV Q7 0?2 "2b2 “+? 7TQHHQIrBM; i?2 Di2 KX} BH BMH Fn#li6 iE2;/QBH\
6B ;XX
PM2 Q7 i?2 /p M+2/ K2i?Q/b 2tTHQ 2B a2 A RMp 22 ;20 (?2

2/m+2/@° MF :S TT QtBK iBQMYBM) Q/m2bb/iBMHB;MB}+ Mi +Q|
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i iIBQM H +? HH2M;2b bbQ+B i2/ rBi? i?2 B2 >SZM2R207 i22bR : ¢
TT Q +?2b biBHH 2HB2/ QM 2KTHQVBM; T 'iB+H2J "FQp *? BM
Hi2Mibi i2BM72 2M+2-r?B+? BKTQb2b bm#bi MiB H+QKTmi iB
?B;?@/BK2MbBQM HH i2Mibi i2bX b "2bmHi-i?2b2 K2i?Q/b 2 i\
TTHB+ iBQMb BMpQHpBM; HQr@/BK2MbBQM H H i2WMiypX i2b- bm
AMbi2 / Q7 /QTiBM; T "iB+H2 }Hi2"'BM; K2i?Q/b7Q  i?2BM72 2
H2 "MBM;-i?2°2? b #22M T " /B;K b?B7i iQr /b p "B iBQM H B
d]-dddN3e3dNjNe- r?2B+? "2 Q7i2M KQ 2 b+ H #H2 M/ +QKTmi iB
aT2+B}+ HHv- oA K2i?Q/b "2 mbm HHv BMi2; i2/ rBi? 2bi #HBD
bT "b2:S TT QtBK ) RO 2kkXBRNK FBM; H2 "MBM; M/ BM72 2M-
:SaaJb KQ 2 i +i #H2 M/ 2{+B2Mi- b /Bb+mbb2/ BMH i2  b2+iBQ
g2 + M7m’i?2 +H bbB7vi?2b2p B iBQM HBM72 2M+2 K2i?Q/b
[2TB+i2/ BMKBB2XK2 M@}2H/ UdeVrseBdpbM/ 1?72 MQM@K2 M@}2H/ UL
+H blE | Np- /2T2M/BM; QM r?2i?2 i?2 bi iBbiB+ HBM/2T2M/2M+2
iQi?2p B iBQM H/Bbi' B#miBQM Q7 i?2 H i2Mi bi i2b M/ :S/vM K
H;Q Bi?K-BM+Q ' TQ iBM;i?2J6 bbmKTiBQM M/ BMi2; iBM; T
bi i2BM72 2M+2-r1 b BiMiXQam#R2BM Mi J6 22ME2RppBHRE2 ™ ;2/
mbbB M p B iBQM H /Bbi ' B#miBQM iQ TT QtBK i2 i?2 TQbi2
bi i2b- BKBM; iQ 2/m+2 +QKTmi iBQM H +@QKXKTiH22Bi@ R B iB 22\ itBT} 2 1
Q7 i?2b2J6@+H bb K2i?Q/b Bb i?2B  TQi2MiB HiQ BM/m+2 KQ
+QKTmi iBQMbX >Qr2p2 -i?2b?Q i+QKBM; Bbi? ii?2v M2;H2+i i
#2ir22M i?2 H i2Mi bi i2b M/ i?2 :S@# b2/ /vM KB+b-r?B+? + M T
Qp2  HHH2 "MBM; ++m +v M/ VB2H/ Qp2R¥XXM}/2Mi bi i2 2biBK |
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iQ //"2bbi?2 BM ++m”~ +B2b "BbBM; 7 QK i?2J6 bbmKTiBQMX >
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AM +QMi" bi iQ i?2 ?22 pv T =~ KRiE2'Bxi?BQ Q" B B M M (N(®
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HBF2HB?QQ/ 7mM+iB QN XniBHBXRY+ HHG-TH +2 TT QtBK iBQM
i?72 TQbi2°'BQ /Bbi' B#miBQM Q7 i?2 H i2Mi bi i2b- "2bmHiIiBM; B
2T 2b2Mi iBQMX //BiBQM HHv-i?22 biQ+? biB+ ;" /IB2Mi > KBHi
RRZ2KTHQV2/pBMv(2t?B#Bi p2 v bHQr +QMp2 ;2M+2- "2[mB BM; mT
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Pi?2" :SaaJ rQ Fb ? p2 7Q+mb2/ QM TTHB+ iBQMb M/ bQK2
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jXjXj amKK “v

b bmKK "Bx2/ #v i?2 T 2pBQmb irQ bm#b2+iBQMb- Bi Bb +H2 " i
i?2 T biirQ/2+ /2b ? b #22M QM H2 "MBM; M/ BM72 '2M+2 BM :Sa
BKTHv i? ii?2 2tBbiBM; H2 MBM; M/ BM72 2M+2 K2i?Q/b ? p2 "2
h?2 7 +iBbi? ii?2°2 " 2K BMQM;QBM; +? HH2M;2b M/ mM 2bQHp2
reB+? "2 bmKK "Bx2/ b 7QHHQrb,

h?2 2tBbiBM; :SaalJ- b /2}WWRABRNM?B[ Bib HBKBi iBQMb BM "2T
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i?72B° ~2tB#BHBiv b 7mM+iBQM T°'BQ X 6Q BMbi M+2-i?2:S
?2 p2 MmM#QmM/2/ " M;2-r?B+? Bb mMbmBi #H2 7Q° TTHB+
IvM KB+bX 6m i?72 KQ 2-i?2 KQ/2H Bb +QMbi> BM2/ #v Bib m
F2 " M2H 7mM+iBQMb bm+? bi?2al F2 M2HX 1p2M rBi? KQ 2 ~21
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h?2 2tBbiBM; BM/2T2M/2M+2 bbmKTiBQM KQM; /Bz2 2Mi /v
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AM i?2 7Q i?+QKBM; i?°22 +? Ti2 b- Qm" 7Q+mb rBHH b?B7i iC
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Ub22 HbLQ pR2jNERQM 2 bT2+B}+ HHv-r2 T°"QTQb2 M2r +H bb Q7
bT +2 KQ/2Hb + HH2/ h:SaaJdb-r?B+? H2p2 ;2 T 'JK2)IiBx> MQ K
2M'B+? i?2:ST'BQ ' bBMi?2bi M/ '/ :SaalJ-2M #HBM; ;2 i2" ~2tB:
/IBiBQM HHv-r2 T 2b2Mi b+ H #H2 p B iBQM HBM72 2M+2 H;Q"
QTiBK Hbi'm+im 27Q i?2p ‘B iBQM H/Bbi'B#miBQM Q7 H i2Mi b
Bb BMi2 T 2i #H2 M/ +QKTmi iBQM HHv 2{+B2Mi /m2 iQ i?2 bT "b2
#BD2+iBp2 M im 2 Q7 MQ K HBxBM; ~QrX JQ 2Qp2 -r2BM+Q TQ"

77 K2rQ ' F BMiQi?2 H;Q Bi?KiQ2M? M+2i?2 bi i2@bT +2 2T 2k
QTiBKBx2 i?2 ?2vT2'T ° K2i2'b- H2 /BM; iQ bmT2'BQ  H2 "MBM;

1tT2 ' BK2Mi H 2bmHib QM bvMi?2iB+ M/ 2 H/ i b2ib+Q "Q#Q  i2i
QmiT2 7Q Kb b2p2° Hbi i2@Q7@i?2@ i K2i?Q/bX

9XR AMi'Q/m+iBQM

g?BH2 :SaaJ? b "2+2Bp2/ bB;MB}+ Mi ii2MiBQM BM T 2pBQmb "2b
HBF2 H2 "MBM; M/ BM722M+ 2?2bR2R KaRIRIBIQQV2HBM; + T +Biv Q
? b#22M Qp2 HQQF2/7Q v2 bX aT2+B}+ HHv- 2tBbiBM; :SaaJ 2
2H2K2Mi v F2°"M2Hb- bm+? b al F2"M2H-J i0 MRA2X VMAHBbM/ T
r2ZHH@2bi #HBb?2/i? i1 i1?2b2 2H2K2Mi 'vF2 M2Hb T 2b+ B#2 bT 2
7 KBHB2b i?2v /2}M2X 6Q BMbi M+2-i?2 al F2'"M2H 2M/Qrb 7r
r?2°'2 bi?2T2'BQ/B+ F2"M2H +QM72 b T2'BQ/B+BivmTQM i?2 7|
2H2K2Mi "vF2 M2HbK vbi'm;;H2iQ/Bb+Qp2 bQT?BbiB+ i2/bi m+

je



9Xk JQ/2H aT2+B}+ iBQM j
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bvbi2Kb U2X;X- bvbi2Kb rBi? b? T iR NXBiBRM+¥ N iR B +HKb(iQ 2M?
i?72 KQ/2HBM: + T +Biv Q7 :SaalJiQ 2M #H2 BiiQ KQ/2H +QKTH?2t

hQ i?2 #2bi Q7 Qm  FMQrH2/;2-i?2 2tBbiBM; #Q/v Q7 HBi2  im 2 C
QM i?2 KQ/2H6b "2T 2b2Mi iBQM Hj¥VX wBiv/URDD a2BbBEOMM2- ;2 M
irQ TT Q +?22b + M #2i F2M iQ 2M? M+2 i?2 KQ/2H6b 2T 2b2Mi i

PM2 TT'Q +? BMpQHp2bi> Mb7Q KBM; i?2 bi M/ /:S rBi? 2H2}
KQ 2 ~2tB#H2 biQ+? BiBRRIE Q& 2MbribBM; i?Bb i° Mb7Q K2/ T°Q
7mM+iBQM T'BQ  7Q  i?2 i  MbBiBQM 7mM+iBQMX

MQi?2 TT Q +? BMpQHp2b mbBM; 2tT 2bbBp2 M/ QTiBK H
7TmMM+iBQM KQ/2H2/ #%3S-K&3/2Hb (b /Bb+mbb2/ KM kkriBQM

g?BH2 /QTiBM; M QTiBK HF2 M2H 7mM+iBQM + M 2M? M+2 i?
. mbbB MBiv M/#QmM/H2bb 7mM+iBQM = M;2RRIi? B M HEH # B 2PBXE X2
M/ mMmMbmBi #H2 7Q KQ/2HBMR H@KEMH2? DWQ@2RHQTIiBK H F2 M2
"2[mB 2 H ;2 MmK#2 Q7 F2 M2H?vT2 T  K2i2 b-K FBM; i?2 KQ/
T Q+2bb +QKTmi iBQM HHv 2tT2MbBp2 MKkbH2NbiB?B p27iQ B MBVBI 8
+? Ti2 -r2rBHH7Q+mb QM i?2} bi TT Q +?-r?B+? H2p2 ;2b MQ |
i° Mb7Q K i?2 bi M/ "/ :ST BQ BMiQ KQ 2 ~2tB¥YHADI@HM biBXH T
i? 11?22 M2rHv BMi Q/m+2/ T Q+2bb K BMi BMb i?22H2; M+2 M/ BM
"2[mB ' BM; 72r2° KQ/2H ?vT2 T ~ K2i2'biQ imM2 +QKT "2/iQ i?2
F2"M2HX b "2bmHi-i?2 KQ/2H6b 2T 2b2Mi iBQM H+ T +BivBbb
2M? M+BM; i?2 H2 MBM; M/ BM72 2M+2 T2 7Q K M+2 Q7 :Saa
b+2M "BQbX

h?2 bi'm+im 2 Q7 i?Bb +? Ti2 Bb Q ; MBx2/)Kkn27BMiHQ[fimX¥ 2AM
Qm  MQp2H- ~2tB#H2 h:9&aIX+aB#HQM2 p "B iBQM HBM72 2M+
i BHQ 2/ 7Q i?2 h:Saa9XcBB+nBbMb b2p2° H "2H i2/rQ Fb QM 2tBb
1tT2 BK2Mi H "2bmHib "2 T 2B2MriR{?BM? al22iB{MI+HmMbBQMb /°
a2+iBQ¥ h2+?MB+ HT QQ7b-/2 Bp iBQMb- M/ KQ 2 /2i BH2//Bb
a2+ i B

9Xk JQ/2H aT2+B}+ iBQM
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