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r?B+? ;`QmM/b KQ`�H /2+BbBQM K�FBM; BM r?�i ?2 +�HHb i?2
i?`22 7mM/�K2Mi�H �tBQKb Q7 2tBbi2M+2- +QMb+BQmbM2bb- �M/
B/2MiBiv U*HmMM- kyRNVX Ai b?Qrb ?Qr ?Bb +QKKBiK2Mi iQ
M2Q@SH�iQMBbK- Q` TQbbB#Hv T�Mi?2BbK- +`2�i2b �i H2�bi i?`22
BM+Q?2`2M+B2b r?2`2BM � T`BQ`B Bb � TQbi2`BQ`B- BM/BpB/m�HBiv Bb
�M BHHmbBQM- �M/ Q#D2+iBp2 KQ`�HBiv Bb bm#D2+iBp2X 6Q` *HmMMǶb
KQ`�H T?BHQbQT?v iQ Qz2` T`�+iB+�H p�Hm2- i?2b2 BMi2`M�H +QM@
~B+ib Kmbi #2 `2bQHp2/X

AMi`Q/m+iBQM

AM ?Bb �`iB+H2- �tBQKb Q7 JQ`�HBiv- *HmMM �`;m2b i?�i KQ`�HBiv
Bb �M � T`BQ`B i`mi? i?�i Bb Q#D2+iBp2Hv FMQrM iQ 2p2`v T2`bQMX
>2 #2HB2p2b i?�i i?2 7mM/�K2Mi�H �tBQKb Q7 2tBbi2M+2- +QM@
b+BQmbM2bb �M/ B/2MiBiv K�F2 HB72 Bib2H7 i?2 mHiBK�i2 Q#D2+iBp2
bi�M/�`/ 7Q` 2�+? T2`bQMǶb bm#D2+iBp2 KQ`�H +?QB+2bX h?2`2@
7Q`2- �b � ;2M2`�H `mH2- �Mv KQ`�H +?QB+2 r?B+? #2M2}ib HB72 BM
;2M2`�H Bb � KQ`�H ;QQ/X �Mv KQ`�H +?QB+2 r?B+? ?m`ib HB72 BM
;2M2`�H Bb � KQ`�H 2pBHX *HmMM `2D2+ib b2H}b?M2bb �M/ miBHBi�`B�M@
BbK �b pB�#H2 K2i?Q/b 7Q` +?QQbBM; r?�i Bb ;QQ/X AMbi2�/- ?2
�`;m2b i?�i Qm` BM/BpB/m�H +?QB+2b Kmbi #2 ;mB/2/ #v r?�i ?2
+QMbB/2`b i?2 7Qm` +�`/BM�H pB`im2b /2}M2/ #v ?BbiQ`v, DmbiB+2-
T`m/2M+2- i2KT2`�M+2 �M/ +Qm`�;2X

6BM/BM; �M Q#D2+iBp2 ;`QmM/ 7Q` KQ`�H ;QQ/ Bb � /�mMiBM; i�bF
7Q` �Mv T?BHQbQT?2`X �M/ r?BH2 *HmMMǶb i?`22 �tBQKb �`2 BK@
TQ`i�Mi- i?2 ;`QmM/BM; 7Q` ?Bb Qp2`�`+?BM; KQ`�H T?BHQbQT?v Bb
T`Q#H2K�iB+X 6Q` *HmMM- 2p2`v T2`bQM b?�`2b BM i?2 b�K2 � T`B@
Q`B mMBp2`b�H +QMb+BQmbM2bb r?B+? Bb � MQM`2/m+iBp2 2K2`;2Mi
T`QT2`iv Q7 i?2 #BQHQ;B+�H bi`m+im`2b i?�i /2}M2 ?mK�MM2bbX
A7 Bi Bb i`m2 i?�i 2tBbi2M+2- +QMb+BQmbM2bb �M/ B/2MiBiv 2tBbi
� T`BQ`B iQ ?mK�M HB72 BM bQK2 7Q`K Q7 M2Q@SH�iQMB+ `2�HKě

Q` TQbbB#Hv BM � T�Mi?2BbiB+ mMBp2`b2ě�i H2�bi i?`22 BMi2`M�H
+QM~B+ib �`Bb2X

*QM~B+i OR, � S`BQ`B Bb � SQbi2`BQ`B

*HmMM H2�Mb ?2�pBHv QM �vM _�M/ 7Q` /2}MBM; ?Bb �tBQKb #mi
/2T�`ib 7`QK _�M/ r?Q i�m;?i i?�i +QMb+BQmbM2bb �M/ KQ`�HBiv
�`2 � TQbi2`BQ`BX h?Bb /BbiBM+iBQM Bb +`BiB+�H 7Q` *HmMM �b ?2
?QT2b iQ bmbi�BM ?Bb +QKKBiK2Mi iQ #Qi? Q#D2+iBp2 KQ`�HBiv
�M/ 7`22 rBHHX >2 r`Bi2b- ǳ�i i?2 2M/ Q7 i?2 /�v- KQ`�HBiv Bb
�#Qmi 7`22 rBHH- +?QB+2b- �M/ /2+BbBQMbX h?2b2 i?BM;b �HH 2tBbi
rBi?BM Qm` +QMb+BQmbM2bb U98VXǴ >2`2 Bb r?2`2 i?2 BM+Q?2`2M+2
}`bi K�MB72bibX "v /2}MBiBQM- � T`BQ`B K2�Mb i?�i KQ`�HBiv
Kmbi 2tBbi BM/2T2M/2Mi Q7 �Mv T2`bQMǶb 2tT2`B2M+2X u2i- *HmMM
�HbQ T`2bmK2b i?�i KQ`�HBiv 2tBbib i?`Qm;? i?2 2t2`+Bb2 Q7 QM2Ƕb
7`22 rBHHX :Bp2M i?2b2 +H�BKb- KQ`�HBiv Kmbi �HbQ #2 � TQbi2`BQ`B
#2+�mb2 Bi /2T2M/b mTQM ?Qr 2�+? BM/BpB/m�H T2`bQM 2t2`+Bb2b
i?2B` 7`22 rBHHX *HmMMǶb T`2bmTTQbBiBQM Q7 � T`BQ`B KQ`�HBiv K�v
#2 T`2b2`p2/ B7 ?2 �bbmK2b 7`22 rBHH Bb �HbQ �M 2tT`2bbBQM Q7 i?2
� T`BQ`B mMBp2`b�H +QMb+BQmbM2bbX >Qr2p2`- i?Bb �bbmKTiBQM
H2�/b iQ � b2+QM/ +QM~B+i 7Q` ?Qr *HmMM /2}M2b B/2MiBivX
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6Q` *HmMM- +QMb+BQmbM2bb Bb MQi � T`QT2`iv Q7 T2`bQM?QQ/- #mi
�M 2K2`;2Mi T`QT2`iv Q7 i?2 T?vbB+�H `2�HK i?�i 2tBbi2/ #2@
7Q`2 �Mv BM/BpB/m�HX h?�i Bb iQ b�v- �HH ?mK�Mb b?�`2 BM i?2
QM2 MQM`2/m+iBp2 � T`BQ`B mMBp2`b�H +QMb+BQmbM2bbX �i i?2 b�K2
iBK2- *HmMM �`;m2b i?�i i?2 i2`K ǳAǴ Bb �M 2tT`2bbBQM Q7 `�iBQ@
M�H i?Qm;?i r?B+? 2bi�#HBb?2b QM2Ƕb bT2+B}+ B/2MiBiv rBi?BM i?2
mMBp2`b�H +QMb+BQmbM2bb2bX "mi 2p2M B7 ǳAǴ 2bi�#HBb?2b Kv T2`@
bQM�H 2tBbi2M+2- Bi `2K�BMb �M 2tBbi2M+2 QMHv rBi?BM i?2 H�`;2`
�tBQK Q7 2tBbi2M+2X Ai b22Kb iQ 7QHHQr 7`QK *HmMMǶb QrM /2}MB@
iBQMb i?�i i?2 T2`+2TiBQM Q7 BM/BpB/m�HBiv- �M/ #v 2ti2MbBQM 7`22
+?QB+2- Bb QMHv �M BHHmbBQMX h?Bb +`2�i2b �i H2�bi QM2 bB;MB}+�Mi
BMi2`M�H +QM~B+ib 7Q` *HmMMǶb �tBQKbX

*HmMM �`;m2b i?�i i?2 +QMb2[m2M+2b Q7 Qm` /2+BbBQMb �`2 2tT2`B@
2M+2/ QMHv rBi?BM i?2 `2�HK Q7 T2`bQM�H +QMb+BQmbM2bb- r?B+?
MQ Qi?2` T2`bQM +�M Q#b2`p2X AM +QMi`�bi- *HmMM b�vb i?�i
r2 +�M Q#b2`p2 2tBbi2M+2X u2i- 7Q` *HmMM- KQ`�HBiv /Q2b MQi
K�MB72bi BM i?2 �tBQK Q7 2tBbi2M+2X >Qr2p2`- B7 2�+? T2`bQMǶb
+QMb+BQmbM2bb Bb � b?�`2/ � T`BQ`B `2�HBiv- ?Qr Bb Bi #2vQM/ Kv
TQr2`b Q7 Q#b2`p�iBQM\ A7 A +�M ?�p2 �r�`2M2bb Q7 Kv QrM
+QMb+BQmbM2bb- �M/ i?�i +QMb+BQmbM2bb Bb iB2/ iQ i?2 mMBp2`b�H-
i?2M #v /2}MBiBQM A Kmbi �HbQ ?�p2 �++2bb iQ mM/2`bi�M/BM;
i?2 +QMb+BQmbM2bb Q7 Qi?2`b #2+�mb2 i?2v iQQ �`2 iB2/ iQ i?2
b�K2 mMBp2`b�H �tBQKX 1p2M KQ`2- B7 +QMb+BQmbM2bb Bb �M 2K2`@
;2Mi T`QT2`iv Q7 2tBbi2M+2- ?Qr /Q2b Bi `2K�BM BM/2T2M/2Mi Q7
2tBbi2M+2 �b Bi `2H�i2b iQ KQ`�HBiv\ h?Bb BM+Q?2`2M+2 H2�/b iQ
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�++Q`/BM; iQ *HmMM- i?2 ;Q�H Q7 ?Bb rQ`F Bb iQ 2bi�#HBb? � bBK@
TH2 r�v 7Q` T2QTH2 iQ K�F2 KQ`�H +?QB+2b i?�i /Q MQi `2Hv QM
bQK2 /22THv 2bQi2`B+ T?BHQbQT?vX q?BH2 i?Bb ;Q�H Bb H�m/�#H2-
*HmMMǶb +H�BK iQ Q#D2+iBp2 KQ`�H `2�HBiv `2K�BMb 7`mbi`�iBM;Hv
bm#D2+iBp2X 1p2M B7 r2 ;`�Mi i?�i +QMb+BQmbM2bb Bb � 7mM/�@
K2Mi�H �tBQK �M/ i?�i KQ`�HBiv 2tBbib BM bQK2 M2Q@SH�iQMB+
7Q`K- i?Bb b�vb MQi?BM; �#Qmi ?Qr r2 b?QmH/ 2pBM+2 i?Bb mM@
Q#b2`p�#H2 KQ`�H `2�HKX >Qr /Q2b *HmMMǶb 7QmM/�iBQM�HBbK
bQHp2 i?2 BbfQm;?i T`Q#H2K\ *HmMM +QM+2/2b i?�i 2p2M ;Bp2M
?Bb #2HB27 BM �M Q#D2+iBp2 KQ`�H `2�HK- ǳi?2`2 Bb MQi � T?vbB+�H
BKT2`�iBp2 iQ �/?2`2 iQ Bi U98VXǴ AM i?2 2M/- *HmMMǶb KQ`�H@
Biv b22Kb HBF2 � T?BHQbQT?B+�HHv +QKTH2t p2`bBQM Q7 i?2 2[m�HHv
BKT`�+iB+�H KQ`�H i`QT2- ǵ7QHHQr vQm` ?2�`iXǶ

*HmMMǶb +H�BK iQ Q#D2+iBp2 KQ`�HBiv 2M/b BM � +QM7mbBM; bm#D2+@
iBpBivX >2 r`Bi2b- ǳA /QMǶi T`2b+`B#2 ?2`2 �Mv bT2+B}+ �+iBQMb
i?�i � ?mK�M b?QmH/ i�F2 iQ #2 KQ`�H Q` BKKQ`�HX aT2+B}+ �+@
iBQMb +�M �M/ b?QmH/ #2 bm#D2+iBp2 iQ 2�+? BM/BpB/m�H U99Ĝ98VXǴ
LQr iQ bm;;2bi i?�i KQ`�HBiv Bb Q#D2+iBp2- #mi �HH BM/BpB/m�H �+@
iBQMb �`2 bm#D2+iBp2 �M/ #2vQM/ Dm/;2K2Mi 7`QK Qi?2`b QMHv
#2;b i?2 [m2biBQM �#Qmi r?�i Bi K2�Mb iQ p�Hm2 HB72\ *HmMM
Bb �r�`2 i?�i ?Bb /m�HBbi KQ`�HBiv H2�/b iQ KQ`�H +QM7mbBQM �M/
H2�p2b QT2M i?2 �`;mK2Mi i?�i ǵKB;?i K�F2b `B;?iXǶ hQ 2p�/2
i?Bb HQQKBM; T`Q#H2K- ?2 �bb2`ib i?�i +QMb+BQmbM2bb Bb �M 2K2`@
;2Mi 7mM+iBQM Q7 2tBbi2M+2- #mi ?2 7�BHb iQ b?Qr ?Qr i?Bb +H�BK
HQ;B+�HHv mM/2`KBM2b i?2 ǵKB;?i K�F2b `B;?iǶ T?BHQbQT?vX 1p2M
rQ`b2- *HmMM �/KBib i?�i i�FBM; HB72 Bb mMDmbi- #mi #2HB2p2b ?Bb
QrM rBHHBM;M2bb iQ i�F2 � ?mK�M HB72 Bb pB`imQmbX >2 r`Bi2b-
ǳA ?�p2 MQ [m�HKb- MQ` /Q2b Kv KQ`�HBiv- rBi? i�FBM; � HB72 B7
i?�i HB72 Bb /2+B/BM; iQ /2bi`Qv Qi?2` HBp2b U98VXǴ "mi B7- �b ?2
+H�BKb- i?2`2 Bb MQ #�bBb iQ Dm/;2 i?2 +QMb+B2MiBQmb 7`22 KQ`�H
+?QB+2 Q7 �MQi?2` T2`bQM- QM r?�i 7QmM/�iBQMěQmibB/2 Q7 ?Bb
QrM bm#D2+iBp2 QTBMBQMě/Q2b *HmMM /2+B/2 Bi Bb `B;?i iQ 2M/
i?2 HB72 Q7 �MQi?2` T2`bQM\ J�v#2 i?2 T2`bQM *HmMM +?Qb2
iQ FBHH ?�/ � `2�bQM rBi?BM i?2B` QrM KBM/ i?�i DmbiB}2/ i?2B`
+?QB+2 iQ i�F2 � HB72X J�v#2 i?2v FBHH2/ BM i?2 ?QT2 i?�i i?2B`
�+i rQmH/ b2`p2 i?2 ?B;?2` pB`im2 Q7 T`Qi2+iBM; HBp2bX PM r?�i
;`QmM/ /Q2b *HmMM Dm/;2 i?2B` �+i �b �M 2pBH\ �M/ r?�i B7
Kv bm#D2+iBp2 KQ`�HBiv i2HHb K2 i?�i *HmMMǶb +?QB+2 iQ FBHH Bb
r`QM;\ q?�i rQmH/ F22T K2 7`QK +QMiBMmBM; i?Bb b�K2 +v@
+H2 Q7 pBQH2M+2\ >Qr +�M *HmMM +H�BK iQ T`2b2`p2 i?2 ;2M2`�H
T`BM+BTH2 Q7 HB72- rBi?Qmi T`Qi2+iBM; i?2 BM/BpB/m�H HB72 Q7 2�+?
T2`bQM\

*QM+HmbBQM
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r?B+? ;`QmM/b KQ`�H /2+BbBQM K�FBM; BM r?�i ?2 +�HHb i?2 i?`22
7mM/�K2Mi�H �tBQKb Q7 2tBbi2M+2- +QMb+BQmbM2bb- �M/ B/2MiBivX
Ai b?Qr2/ ?Qr ?Bb +QKKBiK2Mi iQ M2Q@SH�iQMBbK- Q` TQbbB#Hv
T�Mi?2BbK- +`2�i2b �i H2�bi i?`22 BM+Q?2`2M+B2b r?2`2BM � T`BQ`B
Bb � TQbi2`BQ`B- BM/BpB/m�HBiv Bb �M BHHmbBQM- �M/ Q#D2+iBp2 KQ`�HBiv
Bb bm#D2+iBp2X 6Q` *HmMMǶb KQ`�H T?BHQbQT?v iQ Qz2` T`�+iB+�H
p�Hm2- i?2b2 BMi2`M�H +QM~B+ib Kmbi #2 `2bQHp2/X

*HmMM- J UkyRNVX ǳ�tBQKb Q7 JQ`�HBivǴX AM, *QKKmMB+�iBQMb
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AM7Q`K�iBQM Bb BMbiBM+iBp2Hv �M/ +QKKQMHv `2;�`/2/ �b � bBM;H2-
bi�iB+ 2MiBivX 6Q` 2t�KTH2- mTQM H2�`MBM; i?�i ǵ?2` M�K2 Bb am@
b�MǶ r2 rQmH/ b�v i?�i r2 ?�p2 ǵ�+[mB`2/ BM7Q`K�iBQMǶX h�F2M
i?�i r�v- �M BMbi�M+2 Q7 BM7Q`K�iBQM M�im`�HHv H2�/b iQ � bBM@
;H2- bi�iB+ [m�MiBiv Q7 BM7Q`K�iBQMX h?mb- B7 �bF2/ ?Qr Km+?
BM7Q`K�iBQM Bb +QMi�BM2/ BM H2�`MBM; i?�i � ~BT Q7 � 7�B` +QBM
vB2H/2/ � ǵ?2�/bǶ- i?2 ivTB+�H �Mbr2` Bb ǵR #Bi Q7 BM7Q`K�iBQMǶ
U− log2

( 1
2
)
= 1 #BiVX

a2�bQM2/ BM7Q`K�iBQM i?2Q`Bbib �`2- Q7 +Qm`b2- �r�`2 i?�i i?2`2
Bb KQ`2 iQ Bi i?�M i?�iX u2i 2p2M i?Qb2 BM/BpB/m�Hb mbm�HHv QT@
2`�i2 rBi?BM � T�`�/B;K i?�i Bb KQbi Q7i2M MQi �b +QKT`2?2M@
bBp2 �b Bi M22/b iQ #2 iQ �//`2bb i?2 7mHH BM7Q`K�iBQM TB+im`2X
h?mb- ǵR #BiǶ K2`2Hv BM/B+�i2b i?2 MmK#2` Q7 TQbbB#H2 bi�i2b
U21 = 2 bi�i2bVX �HQM2- i?Bb MmK#2` Bb BM/Bz2`2Mi `2;�`/BM;
/22T2`- bB;MB}+�Mi �bT2+ib Q7 BM7Q`K�iBQM bm+? �b K2�MBM;X

h?2`2 Bb �M �ii`B#mi2 �#Qmi BM7Q`K�iBQM i?�i Bb 2p2M KQ`2 7mM@
/�K2Mi�H i?�M i?Qb2 +QMbB/2`�iBQMbX A �K bT2+B}+�HHv `272``BM;
iQ i?2 7�+i i?�i #27Q`2 BM7Q`K�iBQM K�v #2 K2�bm`2/ Bi Kmbi
}`bi K�MB72bi �b � bT2+B}+ FBM/ Q7 BM7Q`K�iBQM- �M/ i?�i K�M@
B72bi�iBQM �Hr�vb Q++m`b rBi?BM � }t2/ +QMi2tiX A7 �Mv +`BiB+�H
2H2K2Mi Q7 i?2 +QMi2ti Bb +?�M;2/- i?2 BM7Q`K�iBQM i?�i Bb
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