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*QMi2Mib

A RR

R AMi`Q/m+iBQM Rj
RXR J�i?2K�iB+b �b � hQm+?biQM2 �M/ i?2 *2Mi`�HBiv Q7 a2i h?2Q`v R9
RXk �+im�HBbK �M/ Bib .Bb+QMi2Mib X X X X X X X X X X X X X X X X X X Re
RXj SQi2MiB�HBbK �M/ i?2 CmbiB}+�iBQM S`Q#H2K X X X X X X X X X X R3
RX9 ai`m+im`2 S`2b2`pBM; SQi2MiB�HBbK X X X X X X X X X X X X X X X X ky
RX8 PmiHBM2 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 kR
RXe *�p2�ib �M/ *H�`B}+�iBQMb X X X X X X X X X X X X X X X X X X X X k9

k �+im�HBbi a2i h?2Q`v kN
kXR �+im�HBbi a2i h?2Q`v �M/ h?2 Ai2`�iBp2 >B2`�`+?v *QM+2TiBQM kN
kXk � "m`�HB@6Q`iB S`Q#H2K X X X X X X X X X X X X X X X X X X X X X jk
kXj *�i2;Q`B+Biv �M/ Zm�bB+�i2;Q`B+Biv �`;mK2Mib X X X X X X X X X jd

kXjXR J+:22 �M/ �TT2�H iQ l`@2H2K2Mib X X X X X X X X X X X jd
kXjXk J�`iBM 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 9R

kX9 � S`Q#H2K CmbiB7vBM; _2TH�+2K2Mi X X X X X X X X X X X X X X X 99
kX8 AM/2}MBi2 1ti2MbB#BHBiv X X X X X X X X X X X X X X X X X X X X X X 88

kX8XR >2B;?i SQi2MiB�HBbK �M/ LQ JQ`2 X X X X X X X X X X X 8e
kX8Xk *QMi`�bi rBi? .mKK2ii X X X X X X X X X X X X X X X X X 8d

j SmiM�KB�M SQi2MiB�HBbK, SmiM�K �M/ >2HHK�M ej
jXR SmiM�K 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 e8
jXk >2HHK�M 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 dy
jXj �ii`�+iBQMb 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 dd
jX9 S`Q#H2Kb 7Q` *m``2Mi SmiM�KB�Mb X X X X X X X X X X X X X X X dN
jX8 �++2Ti�#Hv *H2�` JQ/�H LQiBQM\ X X X X X X X X X X X X X X X X 3y
jXe Zm�MiB}2/ JQ/�H GQ;B+ X X X X X X X X X X X X X X X X X X X X X 38

9 Pp2`pB2r Q7 Jv S`QTQb�H Nj

j
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9XR JQiBp�iBQM 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 N8
9Xk *QM/BiBQM�H GQ;B+�H SQbbB#BHBiv X X X X X X X X X X X X X X X X X Ne

9XkXR AMi`Q/m+BM; *QM/BiBQM�H GQ;B+�H SQbbB#BHBiv X X X X X X Ne
9XkXk *H�`B}+�iBQMb �M/ *QKT�`BbQMb X X X X X X X X X X X X X RyR
9XkXj L2bi2/ GQ;B+�H SQbbB#BHBiv *H�BKb X X X X X X X X X X X X Ryj
9XkX9 *QKT�`BbQM iQ a2i h?2Q`v qBi? l`@1H2K2Mib X X X X X Ry8

9Xj �/p�Mi�;2b 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 Ryd
9XjXR PMiQHQ;v �M/ *QM+2Tim�H S`BKBiBp2b X X X X X X X X X X RyN

9X9 GQQFBM; 6Q`r�`/ 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 RRk

8 S�`bQMB�M SQi2MiB�HBbK RRd
8XR AMi`Q/m+iBQM 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 RRd
8Xk h?2 S�`bQMB�M �TT`Q�+? X X X X X X X X X X X X X X X X X X X X X RR3

8XkXR q?B+? KQ/�H MQiBQM\ X X X X X X X X X X X X X X X X X X Rkk
8Xj *QMbi`m+iBpBbi pbX AMi2`T`2i�iBQM�HBbi PTiBQMb X X X X X X X X X Rkj

8XjXR h?2 *QMbi`m+iBpBbi PTiBQM X X X X X X X X X X X X X X X X Rkj
8XjXk 6BM2 QM aBim�iBQM�H pbX AMi2`T`2i�iBQM�H JQ/�HBiv X X X Rk9

8X9 GBMM2#Q �M/ aim// X X X X X X X X X X X X X X X X X X X X X X X X Rke
8X9XR GBMM2#QǶb AMi2`T`2i�iBQM�H SQbbB#BHBiv X X X X X X X X X X Rkd
8X9Xk aim// QM AMi2`T`2i�iBQM�H SQbbB#BHBiv X X X X X X X X X X Rjy

8X8 q?B+? h?2Q`v iQ *?QQb2\ X X X X X X X X X X X X X X X X X X X X Rjj
8X8XR �++2Ti�#BHBiv Q7 GQ;B+�H SQbbB#BHBiv iQ S�`bQMB�Mb X X X Rjj
8X8Xk SmiM�K�BM SQi2MiB�HBbK �M/ GQ;B+�H SQbbB#BHBiv X X X X Rje

8Xe q?B+? 6`�K2rQ`F iQ UlHiBK�i2HvV *?QQb2\ X X X X X X X X X X Rj3
8XeXR lM�TT2�HBM; *?QB+2 Q7 *QM+2Tim�H S`BKBiBp2b X X X X X Rj3
8XeXk A/2QHQ;B+�H S�`bBKQMv �M/ *QMb2`p�iBbK X X X X X X X X R9e
8XeXj .Qm#H2 .miv X X X X X X X X X X X X X X X X X X X X X X X R93

8Xd *QM+HmbBQM 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 R89

AA R8N

e Sm`B}2/ SQi2MiB�HBbi a2i h?2Q`v, �M AM7Q`K�H aF2i+? Rej
eXR hrQ aQ`i2/ AMBiB�H a2;K2Mi ai`m+im`2b X X X X X X X X X X X X X Re9
eXk ai`m+im`2 S`2b2`pBM; LQi P#2D2+i S`2b2`pBM; 1ti2M/�#BHBiv X Re8
eXj �bbB;MK2Mi 6mM+iBQMb �M/ >B2`�`+?B2b X X X X X X X X X X X X X Ree
eX9 �iQKB+ S`2/B+�i2 lb2 _2/m+BM; h`B+F X X X X X X X X X X X X X Re3

d *QMi2Mi _2bi`B+iBQM RdR
dXR � KQiBp�iBM; 2t�KTH2 X X X X X X X X X X X X X X X X X X X X X X Rdk
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dXk :2M2`�HBxBM; i?Bb B/2� X X X X X X X X X X X X X X X X X X X X X X Rd8
dXj 6Q`K�H .2}MBiBQM 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 Rd3
dX9 *QMi2Mi _2bi`B+iBQM �M/ SQi2MiB�HBbi S�`�T?`�b2b X X X X X X X R3j

3 AM72`2M+2 _mH2b R38
3XR _mH2b AM?2`Bi2/ 7`QK 6B`bi P`/2` GQ;B+ X X X X X X X X X X X X X R38
3Xk ♦ AMi`Q/m+iBQM �M/ 1HBKBM�iBQM X X X X X X X X X X X X X X X X X R33
3Xj ♦ A;MQ`BM; 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 R3N
3X9 aBKTH2 *QKT`2?2MbBQM X X X X X X X X X X X X X X X X X X X X X X RNy
3X8 _2H�#HBM; 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 RNR
3Xe AKTQ`iBM; 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 RNk
3Xd GQ;B+�H *HQbm`2 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 RNj
3X3 *mi#�+F 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 RNj
3XN JQ/�H *QKT`2?2MbBQM X X X X X X X X X X X X X X X X X X X X X X RN9
3XRy SQbbB#H2 AM}MBiv 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 RNe
3XRR SQbbB#H2 SQr2`b2i 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 RNd
3XRk *?QB+2 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 RNd
3XRj SQbbB#H2 �K�H;�K�iBQM X X X X X X X X X X X X X X X X X X X X X RNN

N LQi�iBQM �M/ aQK2 1t�KTH2 �`;mK2Mib kyj
NXR ♦ _2/m+BM; �M/ " 1tT�MbBQM X X X X X X X X X X X X X X X X X X ky9
NXk AMM2` .B�KQM/ 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 ky8
NXj L�im`�H .2/m+iBQM qBi? AMM2` .B�KQM/ �`;mK2Mib X X X X X kyd
NX9 "Qt AM72`2M+2 _mH2b X X X X X X X X X X X X X X X X X X X X X X X kR9

Ry .272Mb2 Q7 i?2 w6* �tBQKb kRd
RyXR "QmM/2/ Zm�MiB}+�iBQM X X X X X X X X X X X X X X X X X X X X X kR3

RyXRXR 6QmM/�iBQM X X X X X X X X X X X X X X X X X X X X X X X X kRN
RyXRXk 1ti2MbBQM�HBiv X X X X X X X X X X X X X X X X X X X X X X kky
RyXRXj lMBQM 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 kky

RyXk *QKT`2?2MbBQM 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 kkR
RyXj JQpBM; iQ �M 1ti2MbBQM X X X X X X X X X X X X X X X X X X X X X kkk

RyXjXR S�B`BM; 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 kkk
RyXjXk SQr2`b2i 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 kkj
RyXjXj *?QB+2 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 kk9

RyX9 �K�H;�K�iBQM �tBQKb X X X X X X X X X X X X X X X X X X X X X X kk8
RyX9XR AM}MBiv 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 kke
RyX9Xk _2TH�+2K2Mi X X X X X X X X X X X X X X X X X X X X X X X kk3
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AAA kjR

RR L�im`�HBbi qQ``B2b kjj
RRXR �;2M/�@a2iiBM; 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 kjj
RRXk L�im`�HBbi qQ``B2b\ X X X X X X X X X X X X X X X X X X X X X X X X kj8
RRXj "m`;2bb �M/ _Qb2M X X X X X X X X X X X X X X X X X X X X X X X X kjd
RRX9 L�im`�HBbK _2D2+iBM; _2bTQMb2 X X X X X X X X X X X X X X X X X kj3
RRX8 L�im`�HBbiB+ _2bTQMb2 X X X X X X X X X X X X X X X X X X X X X X kjN
RRXe *QM+HmbBQM 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 k9j

Rk SH�iQMBbK Q` LQKBM�HBbK k9d
RkXR PMiQHQ;B+�HHv �MiB@_2�HBbi PTiBQMb X X X X X X X X X X X X X X X k9d

RkXRXR a2i h?2Q`2iB+ _2/m+iBQM X X X X X X X X X X X X X X X X X k93
RkXRXk JQ/�H A7@h?2MBbK X X X X X X X X X X X X X X X X X X X X k9N

RkXk PMiQHQ;B+�HHv _2�HBbi PTiBQMb X X X X X X X X X X X X X X X X X X k8k

Rj AM/BbT2Mb�#BHBiv k8j
RjXR AMi`Q/m+iBQM 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 k8j
RjXk h?2 *H�bbB+ AM/BbT2Mb�#BHBiv qQ``v X X X X X X X X X X X X X X X k89
RjXj *H�`B7vBM; h?2 *H�bbB+ qQ``v X X X X X X X X X X X X X X X X X X k8e

RjXjXR �/2[m�i2 S�`�T?`�b2 X X X X X X X X X X X X X X X X X X k83
RjX9 JQiBp�iBQM oB� aT2+B}+ S`Q#H2K *�b2b X X X X X X X X X X X X X ke9
RjX8 Pi?2` AM/BbT2Mb�#BHBiv qQ``B2b X X X X X X X X X X X X X X X X X ked

RjX8XR _272`2M+2 �M/ :`QmM/BM; qQ``B2b X X X X X X X X X X X ked
RjX8Xk a�vBM; pbX a?QrBM; X X X X X X X X X X X X X X X X X X X X keN

R9 JQ/�H A7@h?2MBbi S�`�T?`�b2 ai`�i2;v kdj
R9XR JQiBp�iBQM oB� aT2+B}+ S`Q#H2K *�b2b X X X X X X X X X X X X X kde
R9Xk JQ/�H A7@h?2MBbi S�`�T?`�b2 X X X X X X X X X X X X X X X X X X kdN

R9XkXR h?2 "�bB+ ai`�i2;v X X X X X X X X X X X X X X X X X X X X kdN
R9XkXk � a�KTH2 amT2`pB2MB2M+2 .2b+`BTiBQM X X X X X X X X X k3j
R9XkXj �pQB/BM; J�i?2K�iB+�H oQ+�#mH�`v B7 .2bB`2/ X X X X X k3d

R9Xj CmbiB7vBM; h`mi? *QM/BiBQM �/2[m�+v X X X X X X X X X X X X X k33
R9XjXR 6Q`K�H CmbiB}+�iBQM 7Q` h`mi? *QM/BiBQMb �/2[m�+v X k3N

R9X9 AM72`2MiB�H _QH2 �/2[m�+v X X X X X X X X X X X X X X X X X X X X kNR

R8 1tTH�M�iQ`v AM/BbT2Mb�#BHBiv kN8
R8XR AMi`Q/m+iBQM 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 kN8
R8Xk JQiBp�iBM; *�b2, h?`22 *QHQm`�#BHBiv X X X X X X X X X X X X X kNe
R8Xj J�;B+�/�b 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 kNN
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R8XjXR �M �`;mK2Mi 7Q` 1tTH�M�iQ`v AM/BbT2Mb�#BHBiv X X X X kNN
R8XjXk 1tBbiBM; LQKBM�HBx�iBQMb X X X X X X X X X X X X X X X X jyk
R8XjXj q2�FM2bb2b Q7 2tBbiBM; T�`�T?`�b2b bi`�i2;B2b X X X X X jy9

R8X9 LQKBM�HBxBM; "�F2`Ƕb 1tTH�M�iBQM X X X X X X X X X X X X X X X jye
R8X8 �/p�Mi�;2b �M/ �TTHB+�#BHBiv X X X X X X X X X X X X X X X X X X jyN

R8X8XR �/p�Mi�;2b X X X X X X X X X X X X X X X X X X X X X X X X jyN
R8X8Xk *QHvp�MǶb qQ``B2b X X X X X X X X X X X X X X X X X X X X jRy

R8Xe � qQ``v �#Qmi AMbi`mK2Mi�HBbK X X X X X X X X X X X X X X X X jRk
R8Xd 1tTH�M�iQ`v SQr2` X X X X X X X X X X X X X X X X X X X X X X X X jR9
R8X3 *QM+HmbBQM 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 jky

Re S?vbB+�H J�;MBim/2 ai�i2K2Mib �M/ aT�`bBiv jkR
ReXR SmiM�KǶb *QmMiBM; �`;mK2Mi X X X X X X X X X X X X X X X X X X jk9

ReXRXR _2bTQM/BM; iQ i?2 *QmMiBM; �`;mK2Mi X X X X X X X X jkd
ReXk h?2 aT�`b2 J�;MBim/2b S`Q#H2K X X X X X X X X X X X X X X X X jkN
ReXj aQHmiBQM "v *?2�T h`B+F X X X X X X X X X X X X X X X X X X X X X jjR

ReXjXR 6Qm` SH�+2 _2H�iBQM h`B+F X X X X X X X X X X X X X X X X jjR
ReXjXk >QHBbK i`B+F X X X X X X X X X X X X X X X X X X X X X X X X jjk

ReX9 _2K�BMBM; AM/BbT2Mb�#BHBiv qQ``B2b X X X X X X X X X X X X X X X jj9
ReX9XR :`QmM/BM; AM/BbT2Mb�#BHBiv X X X X X X X X X X X X X X X jj9
ReX9Xk _272`2M+2 AM/BbT2Mb�#BHBiv X X X X X X X X X X X X X X X X jje

ReX8 *QM+HmbBQM 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 jj3

Rd _272`2M+2 �M/ :`QmM/BM; 7Q` h?2 LQKBM�HBbi j9R
RdXR AMi`Q/m+iBQM 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 j9R
RdXk _272`2M+2 qQ``B2b X X X X X X X X X X X X X X X X X X X X X X X X j9R

RdXkXR 1K#`�+BM; AM/2i2`KBM�+v �i aT�`b2 J�;MBim/2b qQ`H/bj99
RdXkXk �TT2�H iQ P#D2+ib BM Pi?2` SQbbB#H2 qQ`H/b X X X X X X j9e
RdXkXj S?vbB+�H Zm�MiBiv �#bi`�+i� X X X X X X X X X X X X X X j9d

RdXj q?Q >�b � _272`2M+2 AM/BbT2Mb�#BHBiv qQ``v\ X X X X X X X X j8y
RdX9 :`QmM/BM; AM/BbT2Mb�#BHBiv X X X X X X X X X X X X X X X X X X X j8j

RdX9XR "�bB+ aB/2`�M 7`�K2rQ`F X X X X X X X X X X X X X X X X X j88
RdX8 aQK2 *QMbi`�BMib QM S�`�T?`�b2 A``2H2p�Mi iQ :`QmM/BM; X X j8d
RdXe 1t�KTH2, :`QmM/BM; J�bb �#bi`�+i� X X X X X X X X X X X X X X jey
RdXd "B;;2` SB+im`2 Q7 AM/BbT2Mb�#BHBiv �M/ i?2 LQKBM�HBbi X X X X je8

R3 Zm�MiB}2` o�`B�M+2 jdR
R3XR AMi`Q/m+iBQM 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 jdR

R3XRXR � .Bz2`2Mi �TT`Q�+? iQ h?2 lMBiv Q7 J�i?2K�iB+b X jdR
R3Xk q2�F Zm�MiB}2` o�`B�M+2 �M/ J�i?2K�iB+B�MbǶ 6`22/QK X X X jd9
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R3XkXR JQiBp�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X jd9
R3XkXk AMi`Q/m+BM; q2�F Zm�MiB}2` o�`B�M+2 X X X X X X X X X jdd
R3XkXj 1tTH�BMBM; J�i?2K�iB+B�MbǶ 6`22/QK X X X X X X X X X jdN

R3Xj :`QmM/BM; AM/BbT2Mb�#BHBiv qQ``B2b 7Q` Zo1J6 X X X X X X X j3k
R3XjXR _2D2+iBM; :`QmM/BM; X X X X X X X X X X X X X X X X X X X j38
R3XjXk �;MQbiB+ SH�iQMBbK X X X X X X X X X X X X X X X X X X X X j33

R3X9 *QM+HmbBQM 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 jNk

RN q2�F Zm�MiB}2` o�`B�M+2 JQ`2 :2M2`�HHv jN8
RNXR �;2M/� 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 jN8
RNXk PMiQHQ;B+�HHv AM~�iBQM�`v aiBTmH�iBp2 .2}MBiBQM X X X X X X X X 9y8
RNXj q?2M �`2 J2i�b2K�MiB+ 1tTH�MiBQMb SH�mbB#H2\ X X X X X X X X 9R9
RNX9 1p�Hm�iBM; J2i�b2K�MiB+ �Mbr2`b iQ �++2bb qQ``B2b X X X X X 9Rd
RNX8 *QMi`�bi rBi? Pi?2` �Mbr2`b iQ i?Bb *?�HH2M;2 X X X X X X X X 9kk
RNXe *QM+HmbBQM 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 9jj

ky GQ;B+BbK �M/ ai`m+im`�HBbK 9j8
kyXR GQ;B+BbK 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 9j8

kyXRXR �`;m�#Hv � FBM/ Q7 HQ;B+BbK X X X X X X X X X X X X X X X 9j8
kyXRXk a2+m`BM; bQK2 i`�/BiBQM�H #2M2}ib Q7 HQ;B+BbK X X X X X 9j3

kyXk ai`m+im`�HBbK 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 99y
kyXkXR �/p�Mi�;2b Qp2` �Mi2@_2K ai`m+im`�HBbK X X X X X X X 99k

kR �MiB@P#D2+iBpBbK �#Qmi a2i h?2Q`v 99d
kRXR ai`QM; pbX q2�F �MiB@P#D2+iBpBbK X X X X X X X X X X X X X X X 993
kRXk S`Q#H2Kb 7Q` ai`QM; �MiB@P#D2+iBpBbK X X X X X X X X X X X X X 98R

kRXkXR P#D2+iBQMb iQ 6B2H/Ƕb q2�F �MiB@P#D2+iBpBbK X X X X X 98k
kRXj 6272`K�M 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 98e
kRX9 >�KFBMbǶ JmHiBp2`b2 X X X X X X X X X X X X X X X X X X X X X X X 9ey

kRX9XR 6Q`+BM; 6mM/�K2Mi�Hb X X X X X X X X X X X X X X X X X X 9ey
kRX9Xk >�KFBMbǶ S`QTQb�H X X X X X X X X X X X X X X X X X X X X 9ej
kRX9Xj JQiBp�iBQMb 7Q` i?2 JmHiBp2`b2 �M/ _2bTQMb2b X X X X X 9e8

kk *QM+HmbBQM 9dR
kkXR amKK�`v 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 9dR
kkXk h`mi?@p�Hm2 `2�HBbK X X X X X X X X X X X X X X X X X X X X X X X X 9dj
kkXj h?2 �++2bb T`Q#H2K X X X X X X X X X X X X X X X X X X X X X X X X 9d9

� GQ;B+Q@ai`m+im`�H SQi2MiB�HBbK 9dd
�XR 6mM+iBQM�H LQi�iBQM X X X X X X X X X X X X X X X X X X X X X X X 9d3



*PLh1Lha N

�Xk .2b+`B#BM; ai�M/�`/@qB/i? AMBiB�H a2;K2Mib X X X X X X X X X X 9d3
�Xj 1ti2M/�#HBiv 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 93R
�X9 1HBKBM�iBM; [m�MiB7vBM; BM X X X X X X X X X X X X X X X X X X X X 93j
�X8 h?2 }M�H T`Q/m+i 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 939

�X8XR _2+m`bBp2 .2}MBiBQM Q7 SQi2MiB�HBbi S�`�T?`�b2b X X X X 938
�X8Xk 1[mBp�H2M+2 Q7 �TT`Q�+?2b X X X X X X X X X X X X X X X 93d

�Xe G2KK�b �#Qmi q2HH@P`/2`BM;b X X X X X X X X X X X X X X X X X 93d
�XeXR G2KK� � 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 933
�XeXk G2KK� " 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 9Nk

�Xd S�biBM; �M/ *QHH�TbBM; X X X X X X X X X X X X X X X X X X X X X X 9N8

" oBM/B+�iBQM Q7 6PG AM72`2M+2 BM a2i h?2Q`v 8yR
"XR S`QQ7 ai`�i2;v 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 8yk
"Xk S`QQ7 Q7 J�BM h?2Q`2K X X X X X X X X X X X X X X X X X X X X X 8yd

Ao PMHBM2 �TT2M/Bt2b 8RR

* �mtBHB�`v .2}MBiBQMb 7`QK *?�Ti2` d 8Rj

. a2i h?2Q`2iB+ JBKB+`v 8Rd

1 L�im`�H .2/m+iBQM avbi2K 8RN
1XR *Q``2+iM2bb 6Q` L�im`�H .2/m+iBQM X X X X X X X X X X X X X X X 8kR

6 lb27mH *Q`QHH�`B2b iQ �tBQKb 8k8
6XR JQ`2 "�bB+ "Qt G2KK�b X X X X X X X X X X X X X X X X X X X X X 8k8
6Xk "Qt �M/ .B�KQM/ aBKTHB}+�iBQM G2KK�b X X X X X X X X X X X 8k3
6Xj JmHiBTH2 .2}MBiBQMb G2KK�b X X X X X X X X X X X X X X X X X X 8jk
6X9 aBM;H2iQM G2KK� 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 8j9

: AbQKQ`T?BbK h?2Q`2K 8jd

> PA♦ �M/ AM}MBi2 q2HH P`/2`BM; G2KK�b 89N
>XR *QMbi`m+iBM; i?2 r2HH@Q`/2`BM; X X X X X X X X X X X X X X X X X 88R
>Xk o2`B}+�iBQM 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 889
>Xj SQbbB#Hv PA♦ 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 8e8

A S`QT2`iB2b Q7 AMBiB�H a2;K2Mib 8eN
AXR AbQKQ`T?BbK �;`22K2Mi G2KK�b X X X X X X X X X X X X X X X X 8eN
AXk o *QKT�`�#BHBiv G2KK� X X X X X X X X X X X X X X X X X X X X X 8dj



Ry *PLh1Lha

AXj S`QT2` 1ti2MbBQM G2KK� X X X X X X X X X X X X X X X X X X X X 8d3
AX9 >B2`�`+?v 1ti2M/BM; G2KK� X X X X X X X X X X X X X X X X X X 83R
AX8 >B2`�`+?v@*QK#BMBM; X X X X X X X X X X X X X X X X X X X X X X X 83e
AXe 6H2b?BM; Pmi 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 8Nj

C h`�MbH�iBQM G2KK�b 8NN
CXR �bbB;MK2Mi hr2�FBM; G2KK� X X X X X X X X X X X X X X X X X X 8NN
CXk h`�MbH�iBQM h?2Q`2K X X X X X X X X X X X X X X X X X X X X X X X eyk
CXj "QmM/2/ Zm�MiB}2`b G2KK� X X X X X X X X X X X X X X X X X X eRy
CX9 h`�MbH�iBQM aBKTHB}+�iBQM G2KK�b X X X X X X X X X X X X X X X eRj

E .2i�BH2/ CmbiB}+�iBQM Q7 w6* �tBQKb eRN
EXR h`�MbH�iBQM 1[mBp�H2M+2 G2KK� X X X X X X X X X X X X X X X X X eRN
EXk 6QmM/�iBQM 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 eky
EXj 1ti2MbBQM�HBiv 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 ekk
EX9 lMBQM 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 ekj
EX8 *QKT`2?2MbBQM 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 eke
EXe S�B`BM; 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 eje
EXd SQr2`b2i 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 ej3
EX3 *?QB+2 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 e9j
EXN SQi2MiB�HBbi AM}MBiv X X X X X X X X X X X X X X X X X X X X X X X X e9d
EXRy _2TH�+2K2Mi 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 e8k

EXRyXR *QMbi`m+iBM; Vn+2 �M/ ρn+2 X X X X X X X X X X X X X X X e8N
EXRyXk o2`B}+�iBQM 7Q` "Vn+2 X X X X X X X X X X X X X X X X X X X ee9
EXRyXj *QMbi`m+iBM; "Vn+4 X X X X X X X X X X X X X X X X X X X X eee
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AMi`Q/m+iBQM

ǳ�/KBii2/Hv- i?2 T`2b2Mi bi�i2 Q7 �z�B`b r?2`2 r2 `mM mT �;�BMbi

i?2 T�`�/Qt2b Bb BMiQH2`�#H2X Cmbi i?BMF- i?2 /2}MBiBQMb �M/ /2@

/m+iBp2 K2i?Q/b r?B+? 2p2`vQM2 H2�`Mb- i2�+?2b- �M/ mb2b BM

K�i?2K�iB+b- i?2 T�`�;QM Q7 i`mi? �M/ +2`iBim/2- H2�/ iQ �#bm`@

/BiB2b5 A7 K�i?2K�iB+�H i?BMFBM; Bb /272+iBp2- r?2`2 �`2 r2 iQ

}M/ i`mi? �M/ +2`iBim/2\RǴ

Ĝ .�pB/ >BH#2`i- PM i?2 AM}MBi2

Ri`�MbH�iBQM 7`QK (9)

Rj
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RXR J�i?2K�iB+b �b � hQm+?biQM2 �M/ i?2 *2Mi`�H@

Biv Q7 a2i h?2Q`v

J�i?2K�iB+�H T`QQ7b T`QpB/2 � iQm+?biQM2 Q7 +H�`Biv �M/ +QMpBM+BM;M2bb

r?B+? b2`p2b �b �M BMbTB`�iBQM iQ T?BHQbQT?v �M/ Qi?2` /Bb+BTHBM2bX q?BH2

Bi Bb TQbbB#H2 iQ /Qm#i i?2 `2bmHib Q7 K�BMbi`2�K K�i?2K�iB+�H �`;mK2Mib

UT?BHQbQT?2`b �`2 +�T�#H2 Q7 /Qm#iBM; �Mvi?BM;V- i?2`2Ƕb bQK2i?BM; bi`BF@

BM; �#Qmi Dmbi ?Qr +QMpBM+BM; K�i?2K�iB+�H T`QQ7b Q7i2M �`2X *QMbB/2` i?2

bi�M/�`/ �`;mK2Mi i?�i i?2`2 �`2 BM}MBi2Hv K�Mv T`BK2bX 1p2M T?BHQbQT?2`b

r?Q /2Mv i?�i i?2`2 �`2 MmK#2`b U�M/ ?2M+2 i?BMF i?2 �`;mK2Mi �b mbm�HHv

bi�i2/ Bb mMbQmM/V �`2 bi`QM;Hv i2KTi2/ iQ b�v i?�i r2 FMQr bQK2i?BM; HBF2

i?2 T`2KBb2b �M/ i?�i i?2 T`QQ7b T`QpB/2 bQK2 FBM/ Q7 p�Hm�#H2 �KTHB}+�iBQM

Q7 i?Bb FMQrH2/;2X h?2 T`2KBb2b r2 mb2 BM BM7Q`K�H K�i?2K�iB+�H `2�bQMBM;

?�p2 � +QK#BM�iBQM Q7 T`BK� 7�+B2 Q#pBQmbM2bb �M/ TQr2`f;2M2`�HBiv- r?B+?

K�F2b i?2K 2t2KTH�`v iQQHb 7Q` 2tT�M/BM; Qm` FMQrH2/;2 �M/ `2bQHpBM;

/BbTmi2b BM +�b2b r?2`2 T2QTH2Ƕb BMBiB�H ?mM+?2b /Bb�;`22X AiǶb MQ bm`T`Bb2

i?�i G2B#MBxk rBb?2/ T?BHQbQT?2`b +QmH/ `2bQHp2 i?2B` /BbTmi2b HBF2 K�i?2@

K�iB+B�Mb #v b�vBM; ǵH2i mb +�H+mH�i2Ƕ UQ` �i H2�bi- ǵH2i mb 2�+? HQQF 7Q` �

T`QQ7ǶVX

LQr UBM K�Mv r�vbV b2i i?2Q`v HB2b �i i?2 ?2�`i Q7 KQ/2`M K�i?2K�iB+b- �M/

Bi /Q2b TQr2`7mH K�i?2K�iB+�H UMQi Dmbi T?BHQbQT?B+�HV rQ`F �b � 7QmM/�iBQM

7Q` i?2 r?QH2X aQ QM2 KB;?i ?QT2 i?�i i?2 b2i i?2Q`2iB+ 7QmM/�iBQMb 7Q`

K�i?2K�iB+b rQmH/ b?�`2 i?2 +H�`Biv �M/ +QMpBM+BM;M2bb r2 ?QT2 7Q` 7`QK

K�i?2K�iB+�H �`;mK2MibX
ka22 T�;2 R9 Q7 (kR)X
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>Qr2p2`- +2`i�BM T`Q#H2Kb BM i?2 T?BHQbQT?B+�H 7QmM/�iBQMb Q7 b2i i?2Q`v

`�Bb2 b2`BQmb [m2biBQMb �M/ /Qm#ib �#Qmi Qm` �++2Ti�M+2 Q7 i?2 �tBQKb Q7 b2i

i?2Q`vX h?2b2 [m2biBQMb �`2 KQ`2 bm#D2+i K�ii2` bT2+B}+ �M/ i?`2�i2MBM; iQ

i?BM;b MQ`K�H K�i?2K�iB+B�Mb +�`2 �#Qmi i?�M ;2M2`B+ T?BHQbQT?B+�H /Qm#ib

�#Qmi r?2i?2` i?2`2 �`2 �Mv �#bi`�+i Q#D2+ib- Q` r?2i?2` i?2 FMQrH2/;2 r2

;2i 7`QK i?2 bi�M/�`/ T`QQ7 i?�i i?2`2 �`2 BM}MBi2Hv K�Mv T`BK2b Bb #2ii2`

+QMbi`m2/ MQKBM�HBbiB+�HHv Q` SH�iQMBbiB+�HHvX

aT2+B}+�HHv- i?2 /2p2HQTK2Mi Q7 b2i i?2Q`v `2bQHp2/ � ;`2�i K�Mv T`Q#H2Kb BM

�M�HvbBbX Ai �HbQ T`QpB/2/ � 7Q`K�H 7`�K2rQ`F iQ �HHQr BMi2`�+iBQMb #2ir22M

p�`BQmb �`2�b Q7 K�i?2K�iB+b +`2�iBM;- �b >BH#2`i 7�KQmbHv Q#b2`p2/ (83)- �

FBM/ Q7 K�i?2K�iB+�H T�`�/Bb2X >Qr2p2` +QMi`�/B+iBQM i?`2�i2M2/ >BH#2`iǶb

T�`�/Bb2- BM i?2 7Q`K Q7 _mbb2HHǶb T�`�/QtX

h?Bb T`Q#H2K r�b �HKQbi #mi MQi [mBi2 bQHp2/ #v �++2TiBM; i?2 Bi2`�iBp2

?B2`�`+?v +QM+2TiBQM Q7 b2ib �M/ i?2 bi�M/�`/ w2`K2HQ@6`�2MF2H rBi? +?QB+2

Uw6*V }`bi@Q`/2` �tBQKb 7Q` b2i i?2Q`vX PM i?2 Bi2`�iBp2 ?B2`�`+?v +QM+2T@

iBQM Q7 b2i r2 i?BMF �#Qmi i?2 b2ib �b #2BM; 7Q`K2/ BM H�v2`b- rBi? i?2 b2ib �i

2�+? H�v2` +QMi�BMBM; QMHv 2H2K2Mib 7`QK T`BQ` H�v2`bX aQ U/2T�`iBM; bHB;?iHv

7`QK i?2 K�i?2K�iB+�H �TT`Q�+? r?B+? B/2MiB}2b bi�;2b rBi? b2ibV r2 +�M

i?BMF Q7 i?2 ?B2`�`+?v Q7 b2ib �b � irQ bQ`i2/ bi`m+im`2 +QMbBbiBM; Q7,

Ç � r2HH Q`/2`2/ b2`B2b Q7 bi�;2b �M/

Ç b2ib 7Q`K2/ �i i?2b2 bi�;2b- bm+? i?�i � b2i Bb 7Q`K2/ �i � bi�;2 Bz Bib

K2K#2`b �`2 �HH 7Q`K2/ �i 2�`HB2` bi�;2bX

�M/ MQr b2i i?2Q`v Bb rB/2Hv �++2Ti2/ �b � 7QmM/�iBQM 7Q` �HH Q7 KQ/2`M
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K�i?2K�iB+bX Ai Bb ?�`/ iQ /2Mv i?�i i?2 K�i?2K�iB+�H `2bmHib r?B+? �`2 +m`@

`2MiHv bi�i2/ BM i2`Kb Q7 b2i i?2Q`v `2~2+i ;2MmBM2 �M/ BKTQ`i�Mi FMQrH2/;2

Q7 bQK2 FBM/X "mi � [m2biBQM Q7 ?Qr iQ DmbiB7v i?2b2 �tBQKb `2K�BMbX

aQ r2 K�v �bF, Bb i?2 T`B+2 Q7 `2K�BMBM; BM *�MiQ`Ƕb b2i i?2Q`2iB+ T�`�/Bb2

;BpBM; mT i?2 QH/ �K#BiBQM Q7 7QmM/BM; K�i?2K�iB+b QM BMi`BMbB+�HHv Q#pBQmb

b22KBM; T`BM+BTH2b\

PM2 Q7 i?2 K�BM T`QD2+ib Q7 i?Bb #QQF rBHH #2 iQ /2p2HQT � mMB}2/ /2i2`KBM�i2

+QM+2TiBQM Q7 b2i i?2Q`2iB+ i`mi?- r?B+? pBM/B+�i2b Qm` BMimBiBp2 2tT2+i�iBQMb

`2;�`/BM; b2i i?2Q`v Ĝ �M/ K�F2b �HH i?2Q`2Kb Q7 w6* b2i i?2Q`v /2`Bp�#H2

7`QK UT`BK� 7�+B2V Q#pBQmb T`2KBb2b �b i`�/BiBQM�HHv /2bB`2/ BM K�i?2K�iB+bX

Jv T`QTQb�H �ii2KTib iQ BKT`Qp2 QM bi�M/�`/ ǵ�+im�HBbiǶ �TT`Q�+?2b iQ b2i

i?2Q`v- r?B+? 7�HH b?Q`i Q7 i?Bb B/2�H BM b2p2`�H r�vbX

RXk �+im�HBbK �M/ Bib .Bb+QMi2Mib

�++Q`/BM; iQ bi�M/�`/ �+im�HBbi �TT`Q�+?2b iQ b2i i?2Q`v- b2i i?2Q`v Bb �#Qmi

Q#D2+ib +�HH2/ ǵb2ibǶ- r?B+? 2tBbi QmibB/2 Q7 bT�+2 �M/ iBK2X PM i?Bb pB2r-

b2ib �`2 �#bi`�+i K�i?2K�iB+�H Q#D2+ib- Dmbi HBF2 i?2 M�im`�H MmK#2`b UQM �

SH�iQMBbi mM/2`bi�M/BM; Q7 i?2 M�im`�H MmK#2`bVX �TT�`2Mi 2tBbi2M+2 +H�BKb

K�/2 #v b2i i?2Q`Bbib UHBF2 ǵi?2`2 Bb � b2i r?B+? ?�b MQ 2H2K2MibǶV �`2 K�/2

i`m2 #v i?2 2tBbi2M+2 Q7 +Q``2bTQM/BM; Q#D2+ib- Dmbi HBF2 Q`/BM�`v 2tBbi2M+2

+H�BKb �#Qmi +BiB2b Q` 2H2+i`QMb Q` +�`bX

�+im�HBbib `mM BMiQ i?`22 T`Q#H2Kb U2�+? Q7 r?B+? AǶHH /2p2HQT BM Km+? ;`2�i2`

/2i�BH BM *?�Ti2` kVX 6B`bi- �+im�HBbi �TT`Q�+?2b /QMǶi Qz2` � /2i2`KBM�i2
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+QM+2TiBQM Q7 b2i i?2Q`2iB+ bi`m+im`2X AM T�`iB+mH�`- i?2 ?2B;?i Q7 i?2 ?B2`@

�`+?v Q7 b2ib Bb H27i p�;m2 Q` Kvbi2`BQmbX h?2 "m`�HB@6Q`iB T�`�/Qtj /`�K�@

iBx2b- Bi �TT2�`b i?�i QM+2 i?�i � +2`i�BM M�Bp2 +QM+2TiBQM Q7 i?2 ?B2`�`+?v

Q7 b2ib U�b +QMi�BMBM; Q`/BM�Hb +Q``2bTQM/BM; iQ �HH r�vb bQK2 Q#D2+ib �`2

r2HH Q`/2`2/ #v bQK2 `2H�iBQMV Bb BM+Q?2`2MiX �M/ QM+2 i?Bb M�Bp2 +QM+2TiBQM

Bb `2D2+i2/ Bi �TT2�`b i?�i- 7Q` �Mv ?2B;?i i?�i i?2 ?B2`�`+?v Q7 b2ib +QmH/

�+?B2p2- i?2`2 +QmH/ #2 � bi`B+iHv H�`;2` bi`m+im`2 r?B+? �//b �M 2ti`� H�v2`

Q7 ǵ7�F2 b2ibǶ QM iQT Q7 i?2 Q`B;BM�H ?B2`�`+?v- �M/ }ib rBi? 2p2`vi?BM; BM Qm`

+QM+2TiBQM Q7 i?2 b2ib 2[m�HHv r2HHX "mi Bi b22Kb �`#Bi`�`v iQ bmTTQb2 i?�i

i?2 ?B2`�`+?v Q7 b2ib Dmbi ?�TT2Mb biQTb bQK2r?2`2X

a2+QM/- �b � 7QmM/�iBQM 7Q` K�i?2K�iB+b- QM2 KB;?i ?QT2 i?�i b2i i?2Q`v

b?QmH/ #2 �#H2 iQ `2T`2b2Mi �Mv K�i?2K�iB+�H bi`m+im`2 QM2 KB;?i r�Mi iQ

bim/vX �M/ i?2 B/2� i?�i b2i i?2Q`v ?�b i?Bb FBM/ Q7 ;2M2`�HBiv Bb T`BK� 7�+B2

[mBi2 BMimBiBp2X "mi �+im�HBbi b2i i?2Q`v Bb T`BK� 7�+B2 mM�#H2 iQ `2T`2b2Mi

i?2 bim/v Q7 K�i?2K�iB+�H bi`m+im`2b i?�i �`2 ǵiQQ H�`;2Ƕ BM i?Bb b2Mb2X aQ

�+im�HBbK K�F2b Bi ?�`/ iQ +�Tim`2 i?2 BMimBiBQM i?�i ǵ�Mv TQbbB#H2 bi`m+im`2Ƕ

b?QmH/- BM bQK2 b2Mb2- #2 7�B` ;�K2 7Q` i`2�iK2Mi rBi?BM b2i i?2Q`vX

h?B`/- �+im�HBbib 7�+2 � T`Q#H2K Ur?B+? Bb T`BK� 7�+B2 MQi HBKBi2/ iQ i?2KV

Q7 BMimBiBp2Hv DmbiB7vBM; +2`i�BM �tBQKb Q7 b2i i?2Q`v iQ � bm{+B2Mi /2;`22X

q2 MQ`K�HHv ?QT2 i?�i i?2 K�i?2K�iB+�H �tBQKb r?B+? �`2 i�F2M �b bi�`iBM;

TQBMib 7Q` T`QQ7b rBHH #2 2ti`2K2Hv T`BK� 7�+B2 TH�mbB#H2 UB7 MQi +QKTH2i2Hv

BM/m#Bi�#H2 Q` BKTQbbB#H2 iQ 2KTB`B+�HHv +�bi /Qm#i mTQMVX aQ QM2 KB;?i

?QT2 i?�i UQM+2 r2 mM/2`bi�M/ b2i i?2Q`v �`B;?iV 2p2`v +H�BK T`Qp�#H2 7`QK

ja22 b2+iBQM kXk 7Q` KQ`2 /2i�BHb �#Qmi i?BbX
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i?2 w6* �tBQKb 7Q` b2i i?2Q`v +�M #2 b?QrM iQ 7QHHQr 7`QK T`BM+BTH2b i?�i

b22K /272�bB#Hv Q#pBQmb BM i?Bb r�vX

>Qr2p2`- T?BHQbQT?2`b ?�p2 ?�/ bB;MB}+�Mi /B{+mHiv BM }M/BM; �Mv bm+?

DmbiB}+�iBQM 7Q` bQK2 Q7 i?2 w6* �tBQKb Q7 b2i i?2Q`vX 6Q` 2t�KTH2- BM

(N9)- >BH�`v SmiM�K r`Bi2b ǳZmBi2 7`�MFHv- A b22 MQ BMimBiBp2 #�bBb �i �HH 7Q`

X X X i?2 �tBQK Q7 `2TH�+2K2MiX "2ii2` Tmi- A /Q MQi b22 i?�i � MQiBQM

Q7 b2i QM r?B+? i?�i �tBQK Bb +H2�`Hv i`m2 ?�b 2p2` #22M 2tTH�BM2/XǴ AM@

bi2�/ T?BHQbQT?2`b Q7 K�i?2K�iB+b �M/ K�i?2K�iB+B�Mb ?�p2 K�/2 /Q rBi?

H2bb �K#BiBQmb �TT`Q�+?2b iQ DmbiB}+�iBQMX 6Q` 2t�KTH2- bQK2 ?�p2 BMpQF2/

2ti2`M�H DmbiB}+�iBQMb- pB� i?BM;b HBF2 i?2 7�BHm`2 Q7 K�i?2K�iB+B�Mb iQ /Bb@

+Qp2` �Mv +QMi`�/B+iBQMb /m`BM; Qp2` � +2Mim`v Q7 rQ`F rBi? w6*X Pi?2`b

?�p2 b?QrM i?�i i?2 �tBQK Q7 `2TH�+2K2Mi 7QHHQrb 7`QK +2`i�BM TQr2`7mH �M/

TH�mbB#H2 U#mi MQi BMimBiBp2Hv +H2�`Hv i`m2V T`BM+BTH2b i?�i �HbQ BKTHv K�Mv Q7

i?2 Qi?2` �tBQKb Q7 b2i i?2Q`vX "mi i?Bb bi�i2 Q7 �z�B`b +�M 722H mMb�iBb7vBM;X

RXj SQi2MiB�HBbK �M/ i?2 CmbiB}+�iBQM S`Q#H2K

AM `2bTQMb2 iQ i?2 }`bi irQ T`Q#H2Kb �#Qp2- T?BHQbQT?2`b HBF2 SmiM�K- S�`@

bQMb- >2HHK�M �M/ GBMM2#Q(NR- 88- d8- 39) ?�p2 T`QTQb2/ i?�i r2 b?QmH/

`2D2+i9 �+im�HBbK �#Qmi b2i i?2Q`v BM 7�pQ` Q7 � /Bz2`2Mi �TT`Q�+? iQ b2i

i?2Q`v, TQi2MiB�HBbKX h?2 F2v B/2� #2?BM/ TQi2MiB�HBbK Bb i?�i- `�i?2` i?�M

i�FBM; b2i i?2Q`v iQ #2 i?2 bim/v Q7 � bBM;H2 ?B2`�`+?v Q7 b2ib r?B+? biQTb �i

bQK2 T�`iB+mH�` TQBMi- r2 b?QmH/ BMbi2�/ mM/2`bi�M/ b2i i?2Q`v BM i2`Kb Q7

9ai`B+iHv bT2�FBM; SmiM�K T`QTQb2b �+im�HBbK �M/ TQi2MiB�HBbK �`2 UBM bQK2 b2Mb2V-
irQ T2`bT2+iBp2b QM i?2 b�K2 i?BM;X
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KQ/�H +H�BKb �#Qmi r?�i ?B2`�`+?v@Q7@b2ib@HBF2 bi`m+im`2b �`2 TQbbB#H2 �M/

?Qr bm+? bi`m+im`2b +QmH/ TQbbB#Hv #2 2ti2M/2/ UA /Bb+mbb TQi2MiB�HBbK BM

/2i�BH BM +?�Ti2` jVX

J2`2Hv �++2TiBM; TQi2MiB�HBbK bQHp2b i?2 }`bi T`Q#H2K 7Q` �+im�HBbK �#Qp2X

6Q` i?2 TQi2MiB�HBbi �pQB/b TQbimH�iBM; �M �`#Bi`�`v UQ` BM/2i2`KBM�i2V ?2B;?i

7Q` i?2 ?B2`�`+?v Q7 b2ib8X �M/ TQi2MiB�HBbK �HbQ TH�mbB#Hv bQHp2b i?2 b2+QM/

T`Q#H2K �#Qp2- #v ?QMQ`BM; i?2 BMimBiBQM i?�i �Mv TQbbB#H2 K�i?2K�iB+�H

bi`m+im`2 +�M #2 bim/B2/ rBi?BM b2i i?2Q`vX

>Qr2p2`- i?2 }M�H T`Q#H2K #HQ+FBM; Qm` 7QmM/�iBQM�H �K#BiBQMb `2K�BMbX

J2`2Hv �/QTiBM; TQi2MiB�HBbK /Q2bMǶi UT`BK� 7�+2V 2Mbm`2 i?�i �HH i?2Q`2Kb

Q7 K�BMbi`2�K b2i i?2Q`v +�M #2 /2`Bp2/ 7`QK T`2KBb2b i?�i �`2 +H2�`Hv i`m2X

*QMi2KTQ`�`v TQi2MiB�HBbib +�M- �M/ ;2M2`�HHv /Q- T`Qp2 i?�i Ui?2 TQi2M@

i�BHBbi i`�MbH�iBQMb Q7V 2p2`v i?2Q`2K Q7 w6* +�M #2 /2`Bp2/ 7`QK +2`i�BM

KQ/�H HQ;B+�H �bbmKTiBQMbX >Qr2p2` i?2b2 T`QQ7b �HH mb2 T`BM+BTH2b Q7 KQ/�H

HQ;B+ i?�i �`2MǶi U�M/ �`2MǶi +H�BK2/ iQV #2 +H2�`Hv i`m2 BM i?2 r�v BMpQF2/

#v SmiM�KX

1tBbiBM; TQi2MiB�HBbi HBi2`�im`2 ?�b b?QrM i?�i TQi2MiB�HBbK Bb MQ rQ`b2 Qz

i?�M �+im�HBbK rBi? `2;�`/ iQ Qm` 7QmM/�iBQM�H T`QD2+i �M/ i?2 T`Q#H2K Q7

DmbiB7vBM; `2TH�+2K2Mi i?�i SmiM�K `�Bb2beX >Qr2p2`- TQi2MiB�HBbib ?�p2 MQi

8�i H2�bi TQi2MiB�HBbib HBF2 >2HHK�M- GBMM2#Q �M/ aim// /Q �pQB/ TQbBiBM; bm+? �M
�`#Bi`�`v biQTTBM; TQBMi 7Q` i?2 b2ibX SmiM�KǶb pB2r- QM r?B+? �+im�HBbi b2i i?2Q`v �M/
TQi2MiB�HBbi b2i i?2Q`v �`2 UbQK2?QrV irQ T2`bT2+iBp2b QM i?2 b�K2 i?BM;- /Q2b MQi H2i mb
�pQB/ i?Bb T`Q#H2K BM �Mv Q#pBQmb r�vX

e1tBbiBM; TQi2MiB�HBbib ?�p2 ;2M2`�HHv �/QTi2/ bQK2 p2`bBQM Q7 � TQi2MiB�HBbi i`�MbH�@
iBQM Q7 `2TH�+2K2Mi �b �M �tBQK Ub+?2K�VX 6Q` r?BH2 i?2b2 TQi2MiB�HBbi i`�MbH�iBQMb �`2
MQi +H2�`Hv i`m2- i?2v �`2 Ur2 rBHH b22V �b �ii`�+iBp2 �b +Q``2bTQM/BM; BMbi�M+2b Q7 i?2
`2TH�+2K2Mi b+?2K� mM/2`biQQ/ �+im�HBbiB+�HHvX
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�ii2KTi2/ iQ �+?B2p2 i?2 #QH/ 7QmM/�iBQM�H T`QD2+i UT`QpB/BM; � 7QmM/�iBQM

7Q` b2i i?2Q`v BM T`BM+BTH2b i?�i b22K +H2�`Hv i`m2V +m``2MiHv �i Bbbm2X

RX9 ai`m+im`2 S`2b2`pBM; SQi2MiB�HBbK

AM i?Bb #QQF- A rBHH �ii2KTi iQ +QKTH2i2 i?2 7QmM/�iBQM�H T`QD2+i 2pQF2/

�#Qp2 #v /2p2HQTBM; � KQ/�H HQ;B+ Ui?2 HQ;B+ Q7 bi`m+im`2 T`2b2`p�iBQMV r?B+?

Bb bmBi�#H2 iQ i?2 i�bF- �M/ i?2M b?Qr i?�i i?Bb KQ/�H HQ;B+ Bb mb27mH 7Q` K�Mv

Qi?2` T?BHQbQT?B+�H T`QD2+ib �b r2HHX

AM S�`i A A rBHH �`;m2 i?�i r2 b?QmH/ BM/22/ #2 TQi2MiB�HBbib �#Qmi b2i i?2Q`v

7Q` 2bb2MiB�HHv i?2 `2�bQMb BM/B+�i2/ �#Qp2- �M/ i?2M `2pB2r K�DQ` 2tBbiBM;

7Q`KmH�iBQMb Q7 TQi2MiB�HBbK �#Qmi b2i i?2Q`v �M/ bQK2 T`Q#H2Kb 7Q` 2�+?X

AǶHH �`;m2 i?�i i?2b2 2tBbiBM; 7`�K2rQ`FbǶ +?QB+2 Q7 KQ/�H HQ;B+ +`2�i2b +2`i�BM

T`Q#H2Kb 7Q` Qm` 7QmM/�iBQM�H T`QD2+iX aQ AǶHH T`QTQb2 Kv QrM 7Q`KmH�iBQM

Q7 TQi2MiB�HBbi b2i i?2Q`v �BK2/ �i �pQB/BM; i?2b2 T`Q#H2KbX

� F2v B/2� rBHH #2 iQ mb2 � #�+F;`QmM/ KQ/�H HQ;B+ r?B+? `2TH�+2 +H�BKb

�#Qmi r?�iǶb HQ;B+�HHv TQbbB#H2 7Q` Q#D2+ib U�b T2` bi�M/�`/ [m�MiB}2/ KQ/�H

HQ;B+V rBi? +H�BKb �#Qmi r?�iǶb HQ;B+�HHv TQbbB#H2 ;Bp2M +2`i�BM bi`m+im`�H

7�+ib- 2tT`2bb2/ mbBM; � M2r TB2+2 Q7 HQ;B+�H pQ+�#mH�`v AǶHH +�HH i?2 +QM/B@

iBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ` U♦... VX *�b?BM; Qmi TQi2MiB�HBbi b2i i?2Q`v

BM i?2b2 i2`Kb H2ib mb /Bb2Mi�M;H2 +H2�`Hv K2�MBM;7mH +H�BKb BM TQi2MiB�HBbi b2i

i?2Q`v 7`QK T?BHQbQT?B+�H +QMi`Qp2`bB2b �#Qmi i?BM;b HBF2 [m�MiB}2/ KQ/�H

HQ;B+ Q` r?B+? +QM+2Tib �`2 BM/2}MBi2Hv 2ti2MbB#H2 UmMHBF2 T`BQ` pB2rbVX AM

S�`i AA A rBHH im`M iQ i?2 +Q`2 K�i?2K�iB+�H T`Q#H2K �//`2bb2/ BM i?Bb #QQF,



RX8X PlhGAL1 kR

DmbiB7vBM; i?2 w6* �tBQKb 7`QK b22KBM;Hv Q#pBQmb T`2KBb2bX AǶHH b?Qr ?Qr

iQ TQi2MiB�HBbiB+�HHv i`�MbH�i2 b2i i?2Q`2iB+ +H�BKb BMiQ i?2 KQ/�H H�M;m�;2

A 7�pQ`X AǶHH T`QTQb2 �tBQKb 7Q` `2�bQMBM; �#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BH@

Biv r?B+? UA +H�BK5V b22K +H2�`Hv i`m2 BM i?2 r�v Qm` 7QmM/�iBQM�H T`QD2+i

`2[mB`2bX h?2M A rBHH b?Qr i?�i TQi2MiB�HBbi i`�MbH�iBQMb Q7 �HH i?2Q`2Kb Q7

w6* b2i i?2Q`v +�M #2 T`Qp2/ 7`QK i?2b2 bm{+B2MiHv +QKT2HHBM; T`2KBb2bdX

6BM�HHv BM S�`i AAA- A rBHH /2p2HQT i?2 biQ`v BM S�`i A �M/ S�`i AA BMiQ �

KQ`2 ;2M2`�H b2i@i?2Q`2iB+ T�`�/Qt /`Bp2M- KQ/�HBiv@}`bi- KQ/2biHv M2Q@

*�`M�TB�M �TT`Q�+? iQ K�i?2K�iB+b �b � r?QH2X A rBHH �HbQ �`;m2 i?�i

rQ`FBM; rBi? i?2 +QM+2Ti Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv /2p2HQT2/ BM

S�`ib A �M/ AA +�M BHHmKBM�i2 Qi?2` T?BHQbQT?B+�H iQTB+b HBF2, ;`QmM/BM;-

M2Q@*�`M�TB�M i?2Q`B2b Q7 QMiQHQ;B+�H FMQrH2/;2 #v +QMp2MiBQM- p�`B2iB2b Q7

UTQbiV ZmBM2�M BM/BbT2Mb�#BHBiv �`;mK2Mib- �M/ i?2 ?2i2`Q;2M2Biv Q7 �TTHB2/

K�i?2K�iB+bX

RX8 PmiHBM2

Jv TH�M Q7 �+iBQM rBHH #2 �b 7QHHQrbX

AM +?�Ti2` k A rBHH BMi`Q/m+2 i?2 bi�M/�`/ �+im�HBbi �TT`Q�+? iQ b2i i?2Q`v-

�M/ MQi2 ?Qr Bi 7�+2b �M �`#Bi`�`BM2bb T`Q#H2K Ur?B+? Bb ?B;?HB;?i2/ #v i?2

"m`�HB@6Q`iB T�`�/QtV- �b r2HH �b � T`Q#H2K �#Qmi DmbiB7vBM; i?2 �tBQK Q7

`2TH�+2K2MiX
dAǶHH b?Qr i?�i B7 ZFC ! φ i?2M φ♦ 7`QK i?2 BMimBiBp2Hv Q#pBQmb b22KBM; KQ/�H T`BM@

+BTH2b HBbi2/ #27Q`2X h?�i Bb- `2�bQMBM; BM w6* �b B7 i�HFBM; �#Qmi �M �+im�HBbi ?B2`�`+?v
Q7 b2ib Bb ?�`KH2bbc B7 QM2 +�M T`Qp2 i?�i φ BM ZFC i?2M i?2 TQi2MiB�HBbi i`�MbH�iBQM Q7 φ
Ur`Bii2M φ♦ �#Qp2V Bb i`m2X
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AM +?�Ti2` j AǶHH MQi2 ?Qr �/QTiBM; bQK2 7Q`K Q7 TQi2MiB�HBbK rQmH/ H2i

mb bQHp2 i?2 �#Qp2 �`#Bi`�`BM2bb T`Q#H2K �M/ `2pB2r 2tBbiBM; 7Q`Kb Q7 i?2

ǵSmiM�KB�MǶ bivH2 Q7 TQi2MiB�HBbK A 7�pQ`, SmiM�K(N8)Ƕb Q`B;BM�H T`QTQb�H

�M/ >2HHK�M(88)Ƕb /2p2HQTK2Mi Q7 BiX A rBHH /272M/ >2HHK�MǶb mb2 Q7 � MQiBQM

Q7 HQ;B+�H TQbbB#BHBiv- #mi MQi2 i?�i +QMi`Qp2`bB2b Qp2` [m�MiB}2/ KQ/�H HQ;B+

`�Bb2 bQK2 T`Q#H2Kb 7Q` mbBM; ?Bb p2`bBQM Q7 TQi2MiB�HBbK BM Qm` 7QmM/�iBQM�H

T`QD2+iX

AM +?�Ti2` 9 AǶHH BMi`Q/m+2 Kv T`272``2/ bivH2 Q7 TQi2MiB�HBbi T�`�T?`�b2X�M/

i?2 F2v MQiBQM Q7 +QM/BiBQM�H Ubi`m+im`2@T`2b2`pBM;V HQ;B+�H TQbbB#BHBiv ♦...

lbBM; i?Bb MQiBQM iQ 7Q`KmH�i2 TQi2MiB�HBbi b2i i?2Q`v H2ib mb ǵ`Qmi2 �`QmM/Ƕ

BM7�KQmb +QMi`Qp2`bB2b +QM+2`MBM; [m�MiB}2/ KQ/�H HQ;B+ Ĝ �M/ `2KQp2 Q#@

b+m`2 �M/ BMimBiBp2Hv B``2H2p�Mi T?BHQbQT?B+�H +H�BKb 7`QK Qm` 7QmM/�iBQMb

Q7 K�i?2K�iB+bX 6BM�HHv- BM *?�Ti2` 8 AǶHH +QMi`�bi i?2 �#Qp2 �TT`Q�+? iQ

TQi2MiB�HBbi b2i i?2Q`v rBi? i?Qb2 �/pQ+�i2/ #v GBMM2#Q �M/ aim//- K�DQ`

T`QTQM2Mib Q7 �M �Hi2`M�i2 ǵS�`bQMB�MǶ b+?QQH Q7 TQi2MiB�HBbi b2i i?2Q`vX

AM S�`i AA A im`M iQ Kv K�BM K�i?2K�iB+�H T`QD2+i, DmbiB7vBM; i?2 w6*

�tBQKb U�M/ `2TH�+2K2Mi BM T�`iB+mH�`V 7`QK ;2M2`�H T`BM+BTH2b Q7 KQ/�H

`2�bQMBM; rBi? i?2 `B;?i FBM/ Q7 BMimBiBp2 Q#pBQmbM2bbX AǶHH T`2b2Mi Kv T`2@

72``2/ 7Q`KmH�iBQM Q7 TQi2MiB�HBbi b2i i?2Q`v BM i?2 H�M;m�;2 Q7 +QM/BiBQM�H

HQ;B+�H TQbbB#BHBiv BM \\X h?2M AǶHH BMi`Q/m+2 � 7Q`K�H bvbi2K 7Q` `2�bQMBM;

�#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv- r?Qb2 �tBQKb A i�F2 iQ ?�p2 i?2 FBM/

Q7 T`BK� 7�+B2 Q#pBQmbM2bb M22/2/ 7Q` i?2 +m``2Mi 7QmM/�iBQM�H T`QD2+i BM

+?�Ti2`b 3 i?`Qm;? 3X

AǶHH T`Qp2 i?2 F2v i?2Q`2K i?�i UTQi2MiB�HBbi i`�MbH�iBQMb Q7V �HH i?2Q`2Kb Q7
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w6* b2i i?2Q`v +�M #2 `2+QMbi`m+i2/ BM i?Bb bvbi2K BM +?�Ti2`b " �M/ Ry

� F2v B/2� rBHH #2 iQ mb2 +2`i�BM MQM@BMi2`72`2M+2 BMimBiBQMb iQ DmbiB7v i?2

UTQi2MiB�HBbi i`�MbH�iBQM Q7V i?2 �tBQK Q7 `2TH�+2K2Mi- `�i?2` i?�M bBKTHv

i�FBM; i?2 H�ii2` �b �M �tBQK- �b +m``2Mi TQi2MiB�HBbib i2M/ iQ /QX

6BM�HHv BM S�`i AAA Q7 i?2 #QQF- AǶHH `2im`M iQ T?BHQbQT?B+�H [m2biBQMbX AM

+?�Ti2` RR AǶHH �`;m2 i?�i i?2 +�b2 7Q` TQi2MiB�HBbi b2i i?2Q`v K�/2 BM S�`ib

A �M/ AA b?QmH/ #2 i�F2M b2`BQmbHv 2p2M #v T?BHQbQT?2`b rBi? bi`QM; M�im`�H@

Bbi BM+HBM�iBQMb U/2bTBi2 � rQ``v bm;;2bi2/ #v "m`;2bb �M/ _Qb2MǶb 7�KQmb

/BH2KK� 7Q` K�i?2K�iB+�H MQKBM�HBbib BM (R3)VX

AǶHH i?2M +QMbB/2` irQ r�vb Kv biQ`v �#Qmi b2i i?2Q`v +�M #2 }i BMiQ � H�`;2`

T?BHQbQT?B+�H TB+im`2 Q7 K�i?2K�iB+b �M/ Bib �TTHB+�iBQMb, � MQKBM�HBbi �T@

T`Q�+? �M/ i?2 r2�FHv M2Q@*�`M�TB�M �TT`Q�+? A mHiBK�i2Hv 7�pQ`X

AM *?�Ti2` Re AǶHH b2i mT � F2v TB2+2 Q7 K�+?BM2`v 7Q` #Qi? i?2 MQKBM�HBbi �M/

M2Q@*�`M�TB�M �TT`Q�+?X AǶHH /Bb+mbb � M�im`�H r�v Q7 mbBM; i?2 +QM/BiBQM�H

HQ;B+�H TQbbB#BHBiv QT2`�iQ` iQ bBKmH�i2 ǵi�HFBM; BM i2`Kb Q7 2ti`� Q#D2+ibǶ

mM/2` +2`i�BM +B`+mKbi�M+2bX AǶHH bm;;2bi i?Bb H2ib mb /Q UKm+? Q7V i?2 rQ`F

Q7 GBMM2#Q �M/ aim//Ƕb BMi2`T`2i�iBQM�H TQbbB#BHBiv QT2`�iQ`b BM KQ`2 ~2tB#H2

�M/ T?BHQbQT?B+�HHv +�miBQmb r�vX

AM *?�Ti2` Rk AǶHH /Bb+mbb i?2 MQKBM�HBbi �TT`Q�+? iQ MQM@b2i i?2Q`2iB+ K�i?@

2K�iB+�H Q#D2+ibX AǶHH �`;m2 i?�i �//BM; bQK2 +?2�T i`B+Fb iQ i?2 �#Qp2

T�`�T?`�b2 bi`�i2;v H2ib i?2 MQKBM�HBbi �Mbr2` +2`i�BM +H�bbB+ BM/BbT2Mb�#BH@

Biv �`;mK2MibX >Qr2p2`- AǶHH bm;;2bi i?�i i?2 K�i?2K�iB+�H MQKBM�HBbi K�v

7�+2 b2`BQmb �M/ mM/2`@/Bb+mbb2/ rQ``B2b �#Qmi `272`2M+2 �M/ ;`QmM/BM;X
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AM *?�Ti2`b R3 �M/ RN AǶHH 2tTH�BM i?2 r2�FHv M2Q@*�`M�TB�M �TT`Q�+? iQ

MQM@b2i i?2Q`2iB+ K�i?2K�iB+�H Q#D2+ib A 7�pQ`- �M/ �`;m2 i?�i �/QTiBM; Bi

?2HTb bQHp2 i?2 `272`2M+2 �M/ ;`QmM/BM; T`Q#H2Kb Ur?BH2 `2i�BMBM; +2`i�BM

#2M2}ib Q7 MQKBM�HBbKVX h?2 `2bmHiBM; pB2r Bb � FBM/ Q7 M2Q@*�`M�TB�MBbK

`2�HBbK �#Qmi K�i?2K�iB+�H Q#D2+ib r?B+? /`QTb *�`M�TǶb `�/B+�H �MiB@K2i�T?vbB+�H

�K#BiBQMb #mi F22Tb K�i?2K�iB+B�MbǶ 7`22/QK iQ i�HF BM i2`Kb Q7 �`#Bi`�`v

HQ;B+�HHv +Q?2`2Mi Tm`2 K�i?2K�iB+�H bi`m+im`2bX

6BM�HHv- BM +?�Ti2`b ky �M/ kk AǶHH /Bb+mbb ?Qr i?2 Qp2`�HH TB+im`2 Q7 K�i?2@

K�iB+b /2p2HQT2/ BM i?Bb #QQF `2H�i2b iQ i`�/BiBQM�H [m2biBQMb �#Qmi HQ;B+BbK-

bi`m+im`�HBbK �M/ ?mK�M �++2bb iQ 7�+ib �#Qmi Q#D2+iBp2 T`QQ7@i`�Mb+2M/2Mi

K�i?2K�iB+�H 7�+ibX

RXe *�p2�ib �M/ *H�`B}+�iBQMb

G2i K2 }MBb? i?Bb BMi`Q/m+iBQM rBi? bQK2 [mB+F +�p2�ib �#Qmi i?2 M�im`2

�M/ �BK Q7 Kv T`QD2+iX

6B`bi- A /QMǶi +H�BK b2i i?2Q`Bbib b?QmH/ HBi2`�HHv `2r`Bi2 b2i@i?2Q`v i2ti@

#QQFb BM TQi2MiB�HBbi i2`KbX J�i?2K�iB+B�MbǶ +m``2Mi T`�+iB+2 Q7 UK�FBM;

�`;mK2Mib r?B+? +�M #2 `2+QMbi`m+i2/ �bV T`QpBM; i?BM;b BM }`bi@Q`/2` HQ;B+

7`QK i?2 w6* �tBQKb Bb }M2X �M/ /QBM; bQK2i?BM; HBF2 HQ;B+�H /2/m+iBQM

7`QK Tm`2Hv }`bi@Q`/2` �tBQKb K�v #2 mM�pQB/�#Hv 2�bB2` U7Q` KBM/b HBF2

Qm`bV i?�M i?BMFBM; �#Qmi 2H�#Q`�i2 KQ/�H 2ti2M/�#BHBiv +H�BKbX A7 QM2

i?BMFb �#Qmi �TT�`2Mi }`bi@Q`/2` +H�BKb BM K�i?2K�iB+b �b �##`2pB�iBM; TQ@

i2MiB�HBbi +H�BKb- i?2M i?2 K�BM `2bmHi Q7 S�`i AA b?Qrb i?�i BiǶb mMM2+2bb�`v
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iQ mMT�+F i?Bb �##`2pB�iBQM BM K�i?2K�iB+�H +QMi2tibX 6Q` i?2 w6* �tBQKb

�M/ 2p2`vi?BM; /2`Bp�#H2 7`QK i?2K Kmbi �HbQ #2 i`m2 U�M/ BM/22/ T`Qp�#H2

7`QK i?2 b22KBM;Hv Q#pBQmbV QM � TQi2MiB�HBbi `2�/BM;X

>Qr2p2`- A �K bm;;2biBM; TQi2MiB�HBbi T�`�T?`�b2b �`2 r?�i T2QTH2 b?QmH/

K2�M r?2M i?2v /Q �M/ i?BMF �#Qmi b2i i?2Q`v BM K�Mv T?BHQbQT?B+�H +QM@

i2tibX h?2v b?QmH/ `2TH�+2 +m``2Mi b2i i?2Q`v rBi? TQi2MiB�HBbi T�`�T?`�b2b-

BM i?2b2 +QMi2tib #2+�mb2 mM/2`bi�M/BM; b2i i?2Q`v TQi2MiB�HBbiB+�HHv bQHp2b

p�`BQmb BMimBiBp2 TmxxH2b- �M/ K�F2b b2Mb2 Q7 i?BM;b i?�i r2 MQ`K�HHv r�Mi

iQ b�v �#Qmi b2i i?2Q`v3X

PM2 +�M i?BMF Q7 Kv T`QD2+i Q7 /2p2HQTBM; TQi2MiB�HBbi 7QmM/�iBQMb 7Q` b2i

i?2Q`v �b �M�HQ;Qmb iQ i?2 7�KBHB�` T`QD2+i Q7 T`QpB/BM; � b2i i?2Q`2iB+ 7QmM@

/�iBQM 7Q` �M�HvbBbX Pm` M�Bp2 `2�bQMBM; �#Qmi +2`i�BM +QM+2Tib UHBKBib BM

QM2 +�b2- i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib BM i?2 Qi?2`V im`M2/ Qmi iQ

H2�/ iQ T�`�/QtX aQ Bi Bb /2bB`�#H2 iQ }M/ � /Bz2`2Mi r�v Q7 i?BMFBM; �#Qmi

i?2 `2H2p�Mi K�i?2K�iB+�H +QM+2Tib r?B+? rBHH H2i mb +�Tim`2 i?2 BMimBiBp2

K�i?2K�iB+�H bB;MB}+�M+2 �M/ BMi2`2bi Q7 `2H2p�Mi K�i?2K�iB+�H +H�BKb r?BH2

#HQ+FBM; T�`�/QtB+�H BM72`2M+2bX �M/ Bi Bb /2bB`�#H2 iQ +�b? Qmi QH/ K�i?2@

K�iB+�H +QM+2Tib- r?B+? T�`�/Qt2b K�v ?�p2 H2/ mb iQ /Qm#i i?�i r2 ?�p2 �

+Q?2`2Mi ;`BT QM- BM Qi?2` i2`Kb r?B+? r2 b22K iQ mM/2`bi�M/ BM � r�v i?�i

/Q2b MQi BMpBi2 T�`�/QtX 6Q` BMbi�M+2- A �`;m2 i?�i B7 r2 +�b? Qmi bi�M/�`/

b2i i?2Q`v BM TQi2MiB�HBbi i2`Kb- i?2 "m`�HB@6Q`iB T�`�/Qt /Q2b MQi �`Bb2 �M/

v2i �HH Q7 K�i?2K�iB+B�MbǶ Q`/BM�`v `2�bQMBM; �#Qmi b2i i?2Q`v Bb DmbiB}2/NX
3a22 +?�Ti2` RR 7Q` Km+? KQ`2 QM i?Bb TQBMiX
NaBM+2 A +?QQb2 �tBQKb Q7 `2�bQMBM; �#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv r?B+? �`2

�ii`�+iBp2 7Q` ;2M2`�H mb2 U`�i?2` QM2b i?�i /B`2+iHv KB``Q` �+im�HBbi w6 b2i i?2Q`vV- A /QMǶi
Q#pBQmbHv ?�p2 UQ` T`Qp2V i?2 `2p2`b2 /B`2+iBQM Q7 i?2 +QM/BiBQM�H ǵZFC ! φ i?2M φ♦Ƕ i?2`2
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a2+QM/- i?2 TQi2MiB�HBbi mM/2`bi�M/BM; Q7 Tm`2 b2i i?2Q`v �/pQ+�i2/ BM S�`ib

A �M/ AA Q7 i?Bb #QQF Bb +QKT�iB#H2 rBi? � `�M;2 Q7 /Bz2`2Mi pB2rb �#Qmi ?Qr

iQ mM/2`bi�M/ Qi?2` �`2�b Q7 K�i?2K�iB+bX A ?QT2 Kv p2`bBQM Q7 TQi2MiB�H@

BbK rBHH #2 +QKT2HHBM; 2p2M iQ `2�/2`b r?Q }M/ #Qi? MQKBM�HBbK �M/ i?2

M2Q@*�`M�TB�M `2�HBbK �#Qmi K�i?2K�iB+�H Q#D2+ib UQmibB/2 b2i i?2Q`vV A

�/pQ+�i2 BM S�`i AAA mM�++2Ti�#H2X

h?B`/- A �BK iQ T`QpB/2 � 7QmM/�iBQM 7Q` TQi2MiB�HBbi b2i i?2Q`v r?B+? `2bib

2MiB`2Hv QM BMimBiBp2Hv +QKT2HHBM; T`BM+BTH2b r?B+? �`2 bm#D2+i@K�ii2` M2m@

i`�H �M/ +QMbi`�BM i?2 #2?�pBQ` Q7 �HH Q#D2+ib U�M/ i?mb T2`?�Tb �++Q`/ rBi?

6`2;2Ƕb +`Bi2`BQM 7Q` HQ;B+�HBiv()X "mi A /QMǶi K2�M iQ +H�BK i?�i Kv 7QmM@

/�iBQM�H T`BM+BTH2b �`2 �M�HviB+- +Q;MBiBp2Hv i`BpB�H- Q` BKTQbbB#H2 7Q` �Mv

`�iBQM�H #2BM; iQ /Qm#iX A K2`2Hv +H�BK i?2vǶ`2 �b T`BK� 7�+B2 Q#pBQmb �b

i?2 Qi?2` �tBQKb Q7 b2i i?2Q`vRyX A �HbQ /QMǶi K2�M iQ bm;;2bi i?�i i?2 TQr@

2`7mH T`QQ7 i`�Mb+2M/2Mi 7�+ib �#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv /Bb+mbb2/

BM i?Bb #QQF +QMbiBimi2 bQK2 FBM/ Q7 K2i�T?vbB+�H 7`22 HmM+?X A i?BMF +QK@

TH2t +QMbB/2`�iBQMb bT2+B}+ iQ b2i i?2Q`v KQiBp�i2 ;QBM; TQi2MiB�HBbi �M/

BM~�iBM; Qm` 7mM/�K2Mi�H B/2QHQ;v `�i?2` i?�M Qm` QMiQHQ;v BM i?Bb +�b2X

"mi A /QMǶi +H�BK �Mv #2M2}i rBi? `2;�`/ iQ P++�KǶb _�xQ`X

6Qm`i?- r2 Kmbi /BbiBM;mBb? Kv 7QmM/�iBQM�H T`QD2+i BM i?Bb #QQF- 7`QK �

Bb bQK2 ?QT2 i?�i KQ/�H `2�bQMBM; �#Qmi TQi2MiB�HBbi b2i i?2Q`v rBHH H2i QM2 T`Qp2 KQ`2X aQ-
BM T`BM+BTH2- i?2 �tBQKb Q7 i?Bb #QQF UQ` 7m`i?2` 2[m�HHv ǵ+H2�`Hv +Q``2+iǶ b22KBM; BMimBiBp2
`2�bQMBM; �#Qmi Kv MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBivV +QmH/ KQiBp�i2 i?2 �//BiBQM
Q7 M2r �tBQKb Q7 K�BMbi`2�K b2i i?2Q`vX A ?QT2 iQ 2tTHQ`2 i?Bb QTiBKBbiB+ i2+?MB+�H T`QD2+i
2Hb2r?2`2- #mi rBHH b�v HBiiH2 KQ`2 �#Qmi Bi BM i?Bb #QQFX

RyA i�F2 i?2 �tBQK Q7 +?QB+2 iQ #2 T`BK� 7�+B2 Q#pBQmb- /2bTBi2 i?2 7�+i i?�i +�M #2
/Qm#i2/ QM ;`QmM/b HBF2 i?2 "�M�+?@h�`bFB T�`�/QtX "mi `2�/2`b r?Q }M/ +?QB+2 H2bb
BKK2/B�i2Hv �TT2�HBM;- +�M `2�/ i?Bb �b � +H�BK iQ DmbiB7v _2TH�+2K2Mi 7`QK T`BM+BTH2b ǵ�b
T`BK� 7�+B2 Q#pBQmb �b i?2 Qi?2` �tBQKb Q7 w6 b2i i?2Q`vǶ BMbi2�/X
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H2bb �K#BiBQmb b2Mb2 BM r?B+? QM2 KB;?i i`v iQ T`QpB/2 � MQiBQM Q7 b2i QM

r?B+? i?2 �tBQK Q7 `2TH�+2K2Mi Bb ǳ+H2�`Hv i`m2Ǵ(N9)X �+im�HBbi T?BHQbQT?2`b

?�p2 bQK2iBK2b �BK2/ iQ }M/ � mMB}2/ +QM+2TiBQM Q7 b2i i?2Q`v 7`QK r?B+?

�HH i?2 p�`BQmb w6* �tBQKb +H2�`Hv 7QHHQr Ĝ rBi?Qmi rQ``vBM; r?2i?2` i?Bb

+QM+2TiBQM Bib2H7 Bb +H2�`Hv +Q?2`2MiX h?Bb T`QD2+i +�M #2 p�Hm�#H2 BM p�`BQmb

r�vb- 2X;X- BM b?QrBM; i?2 M�im`�HM2bb �M/ �TT2�H Q7 +2`i�BM K�i?2K�iB+�H

?vTQi?2b2b UHBF2 T`QTQb2/ H�`;2 +�`/BM�H �tBQKbV r?B+? �HbQ 7QHHQr 7`QK i?2

`2H2p�Mi +QM+2TiBQMX >Qr2p2`- }M/BM; bm+? � mMB}2/ +QM+2TiBQM /Q2bMǶi

bm{+2 7Q` Kv 7QmM/�iBQM�H T`QD2+iX 6Q` B7 i?2 mMB7vBM; +QM+2TiBQM BbMǶi

+H2�`Hv +QMbBbi2Mi i?2M- bm`2Hv- Bi BbMǶi +H2�`Hv i`m2 U2p2M QM � pB2r r?B+?

�HHQrb K�i?2K�iB+B�Mb iQ BMi`Q/m+2 �`#Bi`�`v +Q?2`2Mi bi`m+im`2bVX aQ r2

?�p2MǶi bm++22/2/ BM DmbiB7vBM; �HH i?2Q`2Kb Q7 w6* b2i i?2Q`v 7`QK T`2KBb2b

i?�i �`2 +H2�`Hv i`m2X

6BM�HHv A b?QmH/ /BbiBM;mBb? Kv 7QmM/�iBQM�H T`QD2+i 7`QK � KQ`2 �K#BiBQmb

T`QD2+i BMpQHpBM; DmbiB7vBM; i?2 w6* �tBQKbX S?BHQbQT?2`b bQK2iBK2b �i@

i2KTi iQ /Bb+Qp2` i?2 KQbi K2i�T?vbB+�HHv DQBMi +�`pBM; bm++2bbQ` iQ i?2

M�Bp2 +QM+2Ti Q7 b2ib r?B+? ;2M2`�i2b _mbb2HHǶb T�`�/Qt UbQK2i?BM; r?B+?

KB;?i- 2X;X- #2 ?QT2/ iQ +QMM2+i BMiBK�i2Hv rBi? i?2 i`m2 �Mbr2` iQ i?2

HB�` T�`�/QtVX aQ- 7Q` 2t�KTH2- vQm +QmH/ �bF r?2i?2` i?2 Bi2`�iBp2 ?B2`�`@

+?v +QM+2TiBQM Q7 b2ib Bb `2KQi2Hv QM i?2 `B;?i i`�+F- Q` r?2i?2` i?2 ǵ#2biǶ

bm++2bbQ` iQ M�Bp2 b2i i?2Q`v Bb bQK2i?BM; HBF2 ZmBM2Ƕb L2r 6QmM/�iBQMb

BMbi2�/X

A /QMǶi i?BMF i?Bb KQ`2 T?BHQbQT?B+�HHv ?QT27mH �M/ bT2+mH�iBp2 T`QD2+i Bb

BHH2;BiBK�i2X >Qr2p2`- BiǶb MQi `2H2p�Mi iQ Kv +m``2Mi T`QD2+i Q7 T`QpB/BM; �
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+2`i�BM FBM/ Q7 7QmM/�iBQM 7Q` i?2 ?mK#H2` K�i?2K�iB+�H FMQrH2/;2 r2 +m`@

`2MiHv b22K iQ ?�p2X 6Q`- B7 Bi im`Mb Qmi i?�i- b�v- ZmBM2Ƕb L2r 6QmM/�iBQMb

Bb i?2 ǵi`m2Ƕ b2i i?2Q`v BM i?2 b2Mb2 �#Qp2 UA i�F2 BiV i?Bb rQmH/MǶi BKTHv i?�i

ivTB+�H H�i2 kyi? +2Mim`v T�T2`b �#Qmi b2i i?2Q`v ;2i i?BM;b r`QM; ě QMHv

i?�i i?2v /QMǶi i�HF �#Qmi i?2 KQbi T?BHQbQT?B+�HHv BHHmKBM�iBM; i?BM;X aQ

AǶHH i`v iQ b?Qr i?�i TQi2MiB�HBbi i`�MbH�iBQMb Q7 b2i i?2Q`v T`QpB/2 � ;QQ/

*�`M�TB�M 2tTHB+�iBQM Q7 b2i i?2Q`2iB+ i�HF BM ivTB+�H kRbi +2Mim`v K�i?2@

K�iB+�H +QMi2tib- �M/ i?�i UQM+2 i`�MbH�i2/V �HH i?2Q`2Kb Q7 w6* b2i i?2Q`v

7QHHQr 7`QK T`BM+BTH2b i?�i b22K +H2�`Hv i`m2X "mi A rQMǶi i�F2 � TQbBiBQM QM

+H�BKb �#Qmi i?Bb KQ`2 bT2+mH�iBp2 T`QD2+iX



*?�Ti2` k

�+im�HBbi a2i h?2Q`v

AM i?Bb +?�Ti2` A rBHH /Bb+mbb i?2 i`�/BiBQM�H- �+im�HBbi- �TT`Q�+? iQ b2i i?2@

Q`vX A rBHH `2pB2r ?Qr i?2 �+im�HBbi 7�+2b T`Q#H2Kb �`iB+mH�iBM; � +�i2;Q`B+�H

+QM+2TiBQM Q7 i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib U/2bTBi2 i?2 2t@

Bbi2M+2 Q7 +2`i�BM +�i2;Q`B+Biv �M/ [m�bB@+�i2;Q`B+Biv i?2Q`2KbVX A rBHH i?2M

/Bb+mbb ?Qr i?2 �+im�HBbi 7�+2b T`Q#H2Kb DmbiB7vBM; i?2 �tBQK Q7 `2TH�+2K2Mi

7`QK T`BM+BTH2b i?�i b22K +H2�`Hv i`m2X

kXR �+im�HBbi a2i h?2Q`v �M/ h?2 Ai2`�iBp2 >B2`@

�`+?v *QM+2TiBQM

PM � bi`�B;?i7Q`r�`/ �+im�HBbi �TT`Q�+? iQ b2i i?2Q`v- i?2`2 �`2 �#bi`�+i

Q#D2+ib +�HH2/ ǵi?2 b2ibǶ- Km+? �b i?2`2 �`2 �#bi`�+i Q#D2+ib +�HH2/ ǵi?2 M�im`�H

MmK#2`bXǶ �M/ r2 +�M �bF, r?�i b2ib 2tBbi\ �M/ r?�i FBM/ Q7 bi`m+im`2 /Q

i?2 b2ib ?�p2 mM/2` i?2 `2H�iBQM Q7 K2K#2`b?BT\

kN
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L�Bp2Hv QM2 KB;?i r�Mi iQ b�v i?�i- 7Q` �Mv 7Q`KmH� φ(x)- i?2`2 Bb � b2i

r?Qb2 2H2K2Mib �`2 2t�+iHv i?Qb2 Q#D2+ib i?�i b�iBb7v φX "mi- �b "2`i`�M/

_mbb2HH 7�KQmbHv b?Qr2/- i?Bb H2�/b iQ T�`�/Qt pB� i?2 +QM+HmbBQM i?�i i?2`2

Kmbi #2 � b2i r?Qb2 2H2K2Mib �`2 2t�+iHv i?2 b2ib r?B+? �`2MǶi K2K#2`b Q7

i?2Kb2Hp2bX

h?2 UrB/2Hv 2K#`�+2/V Bi2`�iBp2 ?B2`�`+?v +QM+2TiBQM Q7 i?2 b2ib bQHp2b i?Bb

T`Q#H2K #v bm;;2biBM; � /Bz2`2Mi TB+im`2 Q7 r?�i b2ib 2tBbiX PM i?Bb TB+im`2

r2 i?BMF �#Qmi i?2 b2ib �b 7Q`KBM; H�v2`b- rBi? b2ib �i � ;Bp2M H�v2` BM i?2

?B2`�`+?v QMHv #2BM; �#H2 iQ ?�p2 2H2K2Mib r?B+? �`2 �p�BH�#H2 �i T`2pBQmb

H�v2`bX 1�+? H�v2` +QMi�BMb ǵ�HH TQbbB#H2 b2ibǶ Q7 2H2K2Mib ;Bp2M �i T`BQ` H�v2`b

�M/ MQ irQ b2ib ?�p2 2t�+iHv i?2 b�K2 2H2K2MibRX PM i?Bb TB+im`2 i?2 ?2B;?i

Q7 � ?B2`�`+?v `272`b iQ i?2 ǵMmK#2`Ƕ Q7 bi�;2b r?BH2 i?2 rB/i? `272`b iQ ?Qr

K�Mv b2ib �`2 BMi`Q/m+2/ �i 2�+? bi�;2X PM2 +�M bT2HH Qmi i?Bb B/2� Q7 7mHH

rB/i? Qmi #v b�vBM; i?�i

.2}MBiBQM kXRXR UAi2`�iBp2 >B2`�`+?v @ 6mHH qB/i? UA>qVVX � 7mHH rB/i?

Bi2`�iBp2 ?B2`�`+?v UA>qV Bb � bi`m+im`2 +QMbBbiBM; Q7

Ç � r2HH Q`/2`2/ b2`B2b Q7 H2p2Hb U7Q` `2�bQMb Q7 i`�/BiBQM A rBHH +�HH i?2b2

ǵbi�;2bǶ- #mi A /QMǶi K2�M iQ 2pQF2 �Mv FBM/ Q7 i2KTQ`�H T`Q+2bbV �M/

Ç � +QHH2+iBQM Q7 b2ib ǵ�p�BH�#H2 �iǶ i?2b2 bi�;2b- bm+? i?�i

RLQi2 i?�i i?2`2Ƕb #22M bQK2 /Bb+mbbBQM �#Qmi r?2i?2` 2ti2MbBQM�HBiv 7QHHQrb 7`QK i?2
Bi2`�iBp2 +QM+2Ti Q7 b2ib Q` Bb bQK2i?BM; b2T�`�i2X "mi i?2 rQ``B2b A `�Bb2 7Q` �+im�HBbib
rQMǶi /2T2M/ QM i?2 B/2� i?�i Qm` +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib Kmbi #2 ǵmMB}2/Ƕ
BM i?Bb bi`QM; b2Mb2X h?2 [m2biBQM A rBHH #2 T`2bbBM; BM b2+iBQMb kX9 Bb K2`2Hv r?2i?2`
r2 ?�p2 � +Q?2`2Mi +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib UQM+2 i?2 BM+Q?2`2M+2 Q7 Qm` M�Bp2
+QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib Bb `2+Q;MBx2/V i?�i 2p2M b22Kb iQ TB+F Qmi � mMB[m2
bi`m+im`2- MQi r?2i?2` i?�i +QM+2TiBQM Bb mMB}2/ BM i?2 bi`QM; b2Mb2 2pQF2/ �#Qp2X
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Ĝ �i 2�+? bi�;2 i?2`2 �`2 b2ib +Q``2bTQM/BM; iQ ǵ�HH TQbbB#H2 r�vb Q7

+?QQbBM;Ƕ bQK2 b2ib �p�BH�#H2 �i HQr2` H2p2Hb UMQi2 i?�i i?Bb +�M

#2 bi�i2/ bi`�B;?i7Q`r�`/Hv BM b2+QM/ Q`/2` HQ;B+V

Ĝ a2ib t �M/ v �`2 B/2MiB+�H Bz i?2v ?�p2 2t�+iHv i?2 b�K2 K2K#2`b

U2ti2MbBQM�HBivVX

PM2 +�M i?BMF Q7 i?2 Bi2`�iBp2 ?B2`�`+?v +QM+2TiBQM �b bT2+B7vBM; � bi`m+im`2

7Q` BMBiB�H b2;K2Mib Q7 i?2 ?B2`�`+?v Q7 b2ibX A7 r2 �/QTi i?2 B/2� Q7 � ?B2`@

�`+?v Q7 b2ib- i?2M i?2 T`BM+BTH2b �#Qp2 bT2+B7v �M BMi2M/2/ rB/i? 7Q` i?Bb

bi`m+im`2X q?2M r2 mM/2`bi�M/ i?2 /2K�M/b �#Qp2 BM i2`Kb Q7 b2+QM/@Q`/2`

HQ;B+- AǶHH `272` iQ i?Bb B/2� �b IHW2
kX

>Qr2p2`- i?2 T`BM+BTH2b �#Qp2 /Q MQi bT2+B7v �M BMi2M/2/ ?2B;?i 7Q` i?2

?B2`�`+?v Q7 b2ijX

AM/22/- �b r2 rBHH MQr `2pB2r i?2`2 �`2 BKTQ`i�Mi `2�bQMb 7Q` /Qm#iBM;

i?�i r2 ?�p2 �Mv +Q?2`2Mi �M/ �/2[m�i2 +QM+2TiBQM Q7 �#bQHmi2 BM}MBiv

Ui?2 bmTTQb2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ibVX �M/- BM/22/- i?2 p2`bBQM Q7

TQi2MiB�HBbK A 7�pQ` rBHH rBM/ mT /2MvBM; i?�i i?2`2Ƕb- bi`B+iHv bT2�FBM;- �

?B2`�`+?v Q7 b2ib U?2M+2 �Mvi?BM; 7Q` K�i?2K�iB+�H i�HF Q7 ǵi?2 ?2B;?i Q7 i?2

?B2`�`+?v Q7 b2ibǶ `272`b iQ9X "mi r2 rBHH T`Qp2 i?�i bT2�FBM; �b B7 QM2 r2`2

k>Qr2p2`- Kv T`272``2/ �TT`Q�+? rBHH `2D2+i i?2 7Q`K�HBx�iBQM BM b2+QM/ Q`/2` HQ;B+ BM
7�pQ` Q7 QM2 IHW♦ mbBM; QMHv i?2 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ` ♦... BMi`Q/m+2/
BM *?�Ti2` 9XAǶHH mM/2`bi�M/ A>q HQQb2Hv iQ #2 +QKT�iB#H2 #Qi? rBi? � "QQHQb bivH2 irQ
bQ`i2/ +QM+2TiBQM �b r2HH �b i?2 bi�M/�`/ +mKmH�iBp2 ?B2`�`+?vX

jq2 +QmH/ �// i?2 T`BM+BTH2 i?�i i?2`2 Bb MQ H�bi bi�;2- �b "QQHQb(Rj) /Q2bX "mi bBM+2
i?2`2 �`2 K�Mv /Bz2`2Mi HQ;B+�HHv TQbbB#H2 r2HH Q`/2`BM;b r?B+? /Q MQi ?�p2 � H�bi 2H2K2Mi-
2X;X- ω- ω + ω 2i+X i?Bb /Q2b biBHH MQi ;Bp2 mb � mMB[m2 BMi2M/2/ ?2B;?iX

9AMbi2�/ r2 rBHH �M�Hvx2 b2i i?2Q`2iB+ i�HF �b 2tT`2bbBM; TQi2MiB�HBbi +H�BKb �#Qmi HQ;B+�H
TQbbB#BHBiv- �M/ 2ti2M/�#BHBivX
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[m�MiB7vBM; Qp2` b2ib �M/ mbBM; }`bi Q`/2` HQ;B+ Bb � ?�`KH2bb b?Q`i?�M/ BM

Q`/BM�`v K�i?2K�iB+�H +QMi2tibX

kXk � "m`�HB@6Q`iB S`Q#H2K

h?2 T`Q#H2K- r?B+? A rBHH T`2b2Mi #2HQr- Bb MQi bBKTHv i?�i Bi KB;?i #2

BKTQbbB#H2 iQ +�b? i?2 MQiBQM Q7 �#bQHmi2 BM}MBiv Qmi BM Qi?2` i2`KbX �7i2`

�HH- 2p2`v i?2Q`v rBHH ?�p2 iQ i�F2 bQK2 MQiBQMb �b T`BKBiBp2X _�i?2`- i?2

T`Q#H2K Bb i?BbX

Ç AiǶb UT`BK� 7�+B2V BKTQbbB#H2 7Q` �Mv +QHH2+iBQM Q7 Q#D2+ib iQ b�iBb7v �

+QKKQM M�Bp2 +QM+2TiBQM Q7 i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7

b2ibX Cmbi �b _mbb2HHǶb T�`�/Qt b?Qrb i?�i BiǶb HQ;B+�HHv BKTQbbB#H2 7Q`

�Mv +QHH2+iBQM Q7 Q#D2+ib iQ b�iBb7v i?2 �tBQKb Q7 M�Bp2 b2i i?2Q`vX aQ

Qm` M�Bp2 +QM+2TiBQM Q7 �#bQHmi2 BM}MBiv Ui?2 ?2B;?i Q7 i?2 �+im�HBbi

?B2`�`+?v Q7 b2ibV HQQFb BM+Q?2`2Mi- MQi Dmbi MQi �M�Hvb�#H2X

Ç �M/- QM+2 r2 `2D2+i i?Bb M�Bp2 +QM+2TiBQM- i?2`2Ƕb MQ Q#pBQmb 7�HH #�+F

+QM+2TiBQM i?�i 2p2M �TT2�`b iQ bT2+B7v � mMB[m2 ?2B;?i 7Q` i?2 ?B2`@

�`+?v Q7 b2ib BM � HQ;B+�HHv +Q?2`2Mi r�vX

aT2+B}+�HHv- � p2`v +QKKQM BMimBiBp2 +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib b�vb

i?�i i?2 ?B2`�`+?v Q7 b2ib ;Q2b ǵ�HH i?2 r�v mTǶ Ĝ bQ MQ `2bi`B+iBp2 B/2�b Q7

r?2`2 Bi biQTb �`2 M22/2/ iQ mM/2`bi�M/ Bib #2?�pBQ`X >Qr2p2`- B7 i?2 b2ib

`2�HHv /Q ;Q ǵ�HH i?2 r�v mTǶ BM i?Bb b2Mb2- i?2M Bi rQmH/ b22K i?�i i?2v

b?QmH/ b�iBb7v i?2 7QHHQrBM; M�Bp2 ?2B;?i T`BM+BTH2X

L�Bp2 >2B;?i S`BM+BTH2 6Q` �Mv r�v bQK2 i?BM;b �`2 r2HH@
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Q`/2`2/ #v bQK2 `2H�iBQM _- i?2`2 Bb �M Q`/BM�H +Q``2bTQM/BM; iQ

BiX

"mi- 7Q` 2t�KTH2- i?2 Q`/BM�Hb i?2Kb2Hp2b �`2 r2HH@Q`/2`2/- �M/ i?2`2 Bb MQ

Q`/BM�H +Q``2bTQM/BM; iQ i?Bb r2HH@Q`/2`BM;- BX2X- i?2`2 Bb MQ Q`/BM�H r?B+?

?�b i?2 b�K2 Q`/2`@ivT2 �b i?2 +H�bb Q7 �HH Q`/BM�HbX h?mb UBi rQmH/ b22KV-

i?2 M�Bp2 ?2B;?i Q`/2`BM; T`BM+BTH2 �#Qp2 +�MǶi #2 +Q``2+iX

�M/ Bi b22Kb �`#Bi`�`v iQ b�v i?�i i?2 ?B2`�`+?v Q7 b2ib Dmbi biQTb bQK2@

r?2`2- B7 � bmBi�#H2 biQTTBM; TQBMi Bb MQi TBMM2/ /QrM #v bQK2i?BM; BM Qm`

+QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ibX

hQ +H�`B7v i?Bb rQ``v- MQi2 i?�i AǶK MQi bm;;2biBM; i?2 �+im�HBbi Kmbi i?BMF

i?2 ?B2`�`+?v Q7 b2ib ǵKmbi biQT bQK2r?2`2Ƕ BM i?2 b2Mb2 i?�i i?2v Kmbi b�v

i?2`2Ƕb � H�`;2bi Q`/BM�HX h?2`2Ƕb MQ T`Q#H2K �#Qmi b�vBM; i?�i 2p2`v Q`/BM�H

?�b � bm++2bbQ` U�b BM/22/ Bb `2[mB`2/ "QQHQbǶ p2`bBQM Q7 i?2 Bi2`�iBp2 ?B2`@

�`+?v Q7 b2ibVX h?2`2Ƕb MQ T`Q#H2K �#Qmi b�vBM; i?�i 7Q` 2p2`v b2ifQ`/BM�H

x i?2`2Ƕb � bi`B+iHv H�`;2` b2ifQ`/BM�H yX LQ` Bb i?2 Bbbm2 i?�i i?2`2 +QmH/ Q`

b?QmH/ #2 ǵb2ib #2vQM/ �HH i?2 b2ibǶX

_�i?2` i?2 T`Q#H2K Bb i?�i i?2 �+im�HBbi i�F2b i?2`2 iQ #2 bQK2 THm`�HBiv

Q7 Q#D2+ib Ui?2 b2ibV 7Q`KBM; �M Bi2`�iBp2 ?B2`�`+?v bi`m+im`2 UBX2X b�iBb7vBM;

i?2 /2b+`BTiBQM Q7 i?2 BMi2M/2/ rB/i? Q7 i?2 ?B2`�`+?v Q7 b2ib �#Qp2VX �M/

i?2 7QHHQrBM; KQ/�H BMimBiBQM b22Kb �TT2�HBM;, 7Q` �Mv THm`�HBiv Q7 Q#D2+ib

b�iBb7vBM; i?2 +QM+2TiBQM Q7 �M Bi2`�iBp2 ?B2`�`+?v �#Qp2 UBX2X- 7Q` �Mv KQ/2H

Q7 A>qV- Bi rQmH/ #2 BM bQK2 b2Mb2 2X;X- +QM+2Tim�HHv- HQ;B+�HHv- +QK#BM�iQ@

`B�HHv B7 MQi K2i�T?vbB+�HHv TQbbB#H2 7Q` i?2`2 iQ #2 � bi`B+iHv H�;2` KQ/2H Q7
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A>q r?B+?- BM 2z2+i- �//b � M2r bi�;2 �#Qp2 �HH ?2 Q`/BM�Hb rBi?BM i?2 Q`B;@

BM�H bi`m+im`2 iQ;2i?2` rBi? � +Q``2bTQM/BM; H�v2` Q7 +H�bb2bX LQi2- A rQMǶi

b�v KQ`2 �#Qmi ?Qr iQ bT2HH i?Bb BMimBiBQM Qmi ?2`2- #2+�mb2 2�+? p2`bBQM

Q7 TQi2MiB�HBbi b2i i?2Q`v /Bb+mbb2/ #2HQr UKBM2 BM+Hm/2/V BM+Hm/2b � r�v Q7

b?�`T2MBM; i?2 MQiBQM Q7 TQbbB#BHBiv �M/ 2ti2M/�#BHiv BMpQF2/ ?2`2X

�M/ Bi b22Kb i?�i i?2 `2bmHiBM; bi`m+im`2 ;2M2`�i2/ rQmH/ �Mbr2` 2p2`vi?BM;

BM Qm` +QM+2TiBQM Q7 i?2 b2ib �b r2HH �b i?2 Q`B;BM�H bi`m+im`2 /B/X 6Q`- QM+2

r2Ƕp2 `2D2+i2/ i?2 M�Bp2 +QM+2TiBQM Q7 i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v

Q7 b2ib �#Qp2 �b BM+QMbBbi2Mi- r2 /QMǶi b22K iQ ?�p2 �Mvi?BM; i?�i 2p2M

T`2i2M/b iQ TB+F Qmi � mMB[m2 ?2B;?iX

h?mb i?2 �+im�HBbi b22Kb 7Q`+2/ iQ b�v i?�i i?2 THm`�HBiv Q7 2tBbiBM; b2ib Dmbi

?�TT2Mb iQ BMbi�MiB�i2 QM2 TQbbB#H2fHQ;B+�HHv +Q?2`2Mi bi`m+im`2 b�iBb7vBM;

i?2 Bi2`�iBp2 ?B2`�`+?v +QM+2TiBQM Q7 b2ib `�i?2` i?�M �MQi?2` +QM+2TiBQM

r?B+? b�iBb}2b i?Bb +QM+2TiBQM 2[m�HHv r2HHX h?2v b22K 7Q`+2/ iQ b�v i?�i

i?2 THm`�HBiv Q7 b2ib ?�b bQK2 T�`iB+mH�` ?2B;?i- �Hi?Qm;? MQi?BM; BM i?2B`

+QM+2TiBQM 7Q`#B/b Bi 7`QK #2BM; bQK2 2p2M i�HH2` bi`m+im`2X

a�vBM; i?�i i?2 ?B2`�`+?v Q7 b2ib Dmbi ?�TT2Mb iQ biQT �i � +2`i�BM TQBMi

b22Kb iQ pBQH�i2 BMimBiBp2 T`BM+BTH2b Q7 K2i�T?vbB+�H T�`bBKQMvX 6Q` QM2

b22Kb +QKKBii2/ iQ TQbBiBM; �M 2ti`� @ Qi?2`rBb2 2MiB`2Hv mMKQiBp�i2/ @

DQBMi BM `2�HBiv- M�K2Hv i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ibX PM2 KB;?i �HbQ

rQ``v �#Qmi i?2 2TBbi2KQHQ;v Q7 i?Bb biQTTBM; TQBMi- �M/ r?v r2 b?QmH/

i?BMF b2i i?2Q`BbibǶ `2�bQMBM; �#Qmi H�`;2 +�`/BM�Hb 2i+X +Q``2+iHv `2~2+ib

i?Bb #`mi2 7�+i �#Qmi r?2`2 i?2 ?B2`�`+?v Q7 b2ib ?�TT2Mb iQ biQTX
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h?2 bBKTH2bi `2bTQMb2 iQ i?Bb T`Q#H2K KB;?i #2 iQ }M/ bQK2 Qi?2` `2bi`B+iBp2

+?�`�+i2`Bx�iBQM Q7 i?2 b2ib UBM T�`iB+mH�`- bQK2 Qi?2` +?�`�+i2`Bx�iBQM Q7 i?2

BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ibV8X >Qr2p2`- i?2`2Ƕb MQ Q#pBQmb 7�HH

#�+Ff`2TH�+2K2Mi +QM+2TiBQM i?�i 2p2M b22Kb iQ TB+F Qmi � mMB[m2 bi`m+im`2X

AiǶb MQi +H2�` i?�i �Mv T`2+Bb2 BMimBiBp2 +QM+2TiBQM Q7 i?2 BMi2M/2/ ?2B;?i

Q7 i?2 b2ib `2K�BMb QM+2 i?2 T�`�/QtB+�H r2HH@Q`/2`BM; T`BM+BTH2 �#Qp2 Bb

`2i`�+i2/X �b q`B;?i �M/ a?�TB`Q Tmi Bi (Ry3)- �HH Qm` `2�bQMb 7Q` i?BMFBM;

i?�i b2ib 2tBbi BM i?2 }`bi TH�+2 �TT2�` iQ bm;;2bi i?�i- 7Q` �Mv ;Bp2M ?2B;?i

r?B+? �M �+im�H K�i?2K�iB+�H bi`m+im`2 +QmH/ ?�p2- i?2 b2ib b?QmH/ +QMiBMm2

mT T�bi i?Bb ?2B;?iX

X

JQ`2Qp2`- i?2 b2ib HQb2 � bm#bi�MiB�H �bT2+i Q7 i?2B` �TT2�H �b � K�i?2K�iB+�H

7QmM/�iBQM B7 r2 +�MǶi +�Tim`2 �HH i�HF Q7 +Q?2`2Mi K�i?2K�iB+�H bi`m+im`2b

rBi?BM b2i i?2Q`v- BX2X- pB� [m�MiB}+�iBQM Qp2` i?2 b2ib Q` bQK2 b2i KQ/2H

i?�iǶb �i H2�bi BbQKQ`T?B+ iQ i?2 `2H2p�Mi K�i?2K�iB+�H bi`m+im`2X >Qr2p2`-

Bi Bb U�i #2biV mM+H2�` r?2i?2` r2 +�M /Q i?Bb B7 r2 �++2Ti �+im�HBbK �M/ b�v

i?�i i?2 ?B2`�`+?v Q7 b2ib /Q2bMǶi ǵ;Q �HH i?2 r�v mTǶ BM i?2 b2Mb2 BM/B+�i2/

�#Qp2X P7 +Qm`b2- #v :ƺ/2HǶb +QKTH2i2M2bb i?2Q`2K 7Q` }`bi@Q`/2` HQ;B+- �Mv

+QMbBbi2Mi +QHH2+iBQM Q7 }`bi@Q`/2` �tBQKb rBHH ?�p2 � KQ/2HX >Qr2p2` Qm`

+QM+2TiBQMb Q7 K�i?2K�iB+�H bi`m+im`2b UHBF2- 7�KQmbHv- i?2 M�im`�H MmK@

#2`bV +�M BM+Hm/2 MQM@}`bi@Q`/2` MQiBQMb- HBF2 b2+QM/@Q`/2` [m�MiB}+�iBQMX

aQ i?2 +QKTH2i2M2bb i?2Q`2K /Q2bMǶi ;m�`�Mi22/ i?�i Qm` +QM+2TiBQMb Q7

i?2b2 bi`m+im`2b rBHH ?�p2 ǵBMi2M/2/Ƕ KQ/2Hb BM i?2 ?B2`�`+?v Q7 b2ib UBX2X-
8LQi2 i?�i i?2 �tBQKb Q7 w6* �M/ 2p2M w6*2 /QMǶi bm{+2 iQ +�i2;Q`B+�HHv /2i2`KBM2

i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ibX



je *>�Sh1_ kX �*hl�GAah a1h h>1P_u

KQ/2Hb r?B+? i`2�i i?2B` MQM@}`bi@Q`/2` pQ+�#mH�`v bi�M/�`/HvVX

PM2 KB;?i 7m`i?2` T`2bb i?Bb Q#D2+iBQM- #v �`;mBM; �b 7QHHQrbX A7 i?2`2 r2`2

�M �+im�HBbi ?B2`�`+?v Q7 b2ib r2 +QmH/ `272` iQ- i?2M r2 +QmH/ �HbQ mMB[m2Hv

/2b+`B#2 i?2 TQbbB#H2 bi`m+im`2 r?B+? vQm rQmH/ ;2i #v �//BM; � bBM;H2 H�v2`

Q7 +H�bb2b iQ i?Bb ?B2`�`+?v Q7 b2ibX h?Bb bi`m+im`2 Bb � H2;BiBK�i2 iQTB+

7Q` K�i?2K�iB+�H BMp2biB;�iBQM- �M/ v2i i?Bb bi`m+im`2 Bb MQi BMbi�MiB�i2/

�Mvr?2`2 rBi?BM i?2 ?B2`�`+?v Q7 b2ibXe

LQr- r2 +QmH/ �pQB/ i?2 �#Qp2 rQ``v �#Qmi �`#Bi`�`BM2bb r?BH2 b2+m`BM;

� /2}MBi2 ?2B;?i 7Q` i?2 ?B2`�`+?v Q7 b2ib- #v bBKTHv �//BM; bQK2 M2r B/2�

�#Qmi ?2B;?i iQ Qm` +m``2Mi +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ibX 6Q` 2t�KTH2-

r2 +QmH/ b�v i?�i i?2 b2ib �`2 i?2 b?Q`i2bi TQbbB#H2 bi`m+im`2 b�iBb7vBM;

ZFC2 UBX2X- i?2 b2ib mT iQ i?2 }`bi BM�++2bbB#H2VX h?Bb T`QTQb�H Bb bQK2r?�i

�M�HQ;Qmb iQ b�vBM; i?�i i?2 MmK#2`b �`2 ǵ�b b?Q`i �b +�M #2Ƕ r?BH2 #2BM;

+HQb2/ mM/2` bm++2bbQ` �M/ b�iBb7vBM; �HH i?2 Qi?2` }`bi@Q`/2` S2�MQ �tBQKb

Ĝ �b r2 /Q r?2M r2 i�F2 i?2 M�im`�H MmK#2`b iQ b�iBb7v BM/m+iBQMX

>Qr2p2`- K�FBM; i?Bb FBM/ Q7 ?2B;?i@KBMBKBxBM; biBTmH�iBQM b22Kb iQ }i

#�/Hv rBi? �+im�H K�i?2K�iB+B�MbǶ BMi2`2bi BM H�`;2 +�`/BM�Hb Ur?B+? `2[mB`2

i?2 b2i i?2Q`2iB+ ?B2`�`+?v iQ 2ti2M/ 7�` #2vQM/ i?2 b?Q`i2bi KQ/2H Q7 w6*VX

�M/- KQ`2 ;2M2`�HHv- biBTmH�iBM; �Mv ?2B;?i 7Q` i?2 ?B2`�`+?v Q7 b2ib /Q2b

MQi?BM; iQ ?2HT rBi? i?2 b2+QM/�`v rQ``v �#Qp2- i?�i �+im�HBbib b?Q`i+?�M;2

i?2 BMi2M/2/ ;2M2`�HBiv Q7 b2i i?2Q`vX LQi2 i?�i- B7 i?2 �+im�HBbi +QmH/ TH�m@

bB#Hv +H�BK iQ #2 �#H2 iQ /2}M2 i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib BM i2`Kb

Q7 T`BKBiBp2b i?2v �++2Ti UTQbbB#Hv BM+Hm/BM; i?2 MQiBQM Q7 �#bQHmi2 BM}M@
ea22 (8e) >2HHK�M 7Q` � p2`bBQM Q7 i?Bb ;2M2`�HBiv rQ``vX



kXjX *�h1:P_A*Ahu �L. Zl�aA*�h1:P_A*Ahu �_:lJ1Lha jd

BivV bm{+B2MiHv T`2+Bb2Hv iQ /2i2`KBM2 i?2 i`mi?@p�Hm2 7Q` �HH b2i@i?2Q`2iB+

bi�i2K2Mib i?2M i?Bb rQ``v rQmH/MǶi ?�p2 �Mv #Bi2 7Q` i?2KX >Qr2p2`- 2p2M

i?Qm;? T2QTH2 /Q mb2 i?2 i2`K ǵ�#bQHmi2 BM}MBivǶ- i?Bb b22Kb iQ #2 HBiiH2

KQ`2 i?�M � M�K2 7Q` r?�i2p2` ?2B;?i i?2 ?B2`�`+?v Q7 b2ib ?�b �M/ MQi

bQK2i?BM; i?2v �++2Ti �b � i`m2 K2�MBM;7mH T`BKBiBp2X

kXj *�i2;Q`B+Biv �M/ Zm�bB+�i2;Q`B+Biv �`;mK2Mib

kXjXR J+:22 �M/ �TT2�H iQ l`@2H2K2Mib

qBi? i?Bb rQ``v �#Qmi bi�iBM; � T`2+Bb2 +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib

U�M/ �pQB/BM; �`#Bi`�`BM2bbV BM TH�+2- H2i K2 [mB+FHv 2tTH�BM r?v irQ +�i2@

;Q`B+Biv i?2Q`2Kb r?B+? KB;?i b22K iQ ?2HT i?2 �+im�HBbi /QMǶi ?2HT ?2`X

AM ǵ>Qr r2 H2�`M K�i?2K�iB+�H H�M;m�;2Ƕ(3y) o�MM J+:22 �/pQ+�i2b �M

BMi2`2biBM; �M/ BM~m2MiB�H +QM+2TiBQM Q7 �M Bi2`�iBp2 ?B2`�`+?v Q7 b2ib rBi?

m`@2H2K2Mib r?B+? KB;?i b22K iQ ?2HT bQHp2 i?2 T`Q#H2K Q7 +QKKBiK2Mi iQ

�M �`#Bi`�`v biQTTBM; TQBMi 7Q` i?2 ?B2`�`+?v Q7 b2ib MQi2/ �#Qp2X

>Qr2p2`- A rBHH �`;m2 i?�i i?Bb Bb �M BHHmbBQMX �Hi?Qm;? J+:22Ƕb +?�`�+i2`B@

x�iBQM Q7 � ?B2`�`+?v Q7 b2ib(3y) bQHp2b i?2 T`Q#H2K ?2 Bb +QM+2`M2/ rBi? BM

i?�i T�T2` U�//`2bbBM; � +2`i�BM FBM/ Q7 `272`2MiB�H bF2TiB+BbKV- Bi /Q2b MQi

K�F2 i?2 ?2B;?i Q7 i?2 �+im�HBbi ?B2`�`+?v Q7 b2ib HQQF �Mv H2bb �`#Bi`�`vX

AM (3R) o�M J+:22 /272M/b `2�HBbi +H�BKb i?�i r2 +�M b2+m`2 /2}MBi2 `27@

2`2M+2 iQ i?2 ?B2`�`+?v Q7 b2ib mT iQ BbQKQ`T?BbK U�M/ i?2`2#v DmbiB7v Qm`

T`2bmKTiBQM i?�i �HH [m2biBQMb BM i?2 H�M;m�;2 Q7 b2i i?2Q`v ?�p2 /2}MBi2

`B;?i �Mbr2`bV 7`QK � `272`2M+2 bF2TiB+�H +?�HH2M;2X
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aT2+B}+�HHv ?2 T`QTQb2b �M �++QmMi Q7 ?Qr +`2�im`2b HBF2 mb +QmH/ +QmMi

�b ?�pBM; � /2}MBi2 +QM+2TiBQM Q7 i?2 b2ib mT iQ BbQKQ`T?BbK- ;Bp2M i?2

T`2bmKTiBQM i?�i r2 +�M b2+m`2 /2}MBi2 `2�HBbi `272`2M+2 7Q` Qi?2` FBM/b Q7

pQ+�#mH�`v- �M/ UBi rBHH #2 BKTQ`i�Mi iQ MQi2V i?�i r2 �`2 bQK2?Qr �#H2 iQ

[m�MiB7v Qp2` 2p2`vi?BM; Ub2ib BM+Hm/2/VX

J+:22 2tTH�BMb ?Qr r2 +�M b2+m`2 Ui?2 2z2+i Q7V /2}MBi2 `272`2M+2 iQ b2+QM/@

Q`/2` [m�MiB}+�iBQM �M/ i?mb mMB[m2Hv /2b+`B#2 i?2 BMi2M/2/ rB/i? Q7 i?2

?B2`�`+?v Q7 b2ib- pB� � biQ`v �#Qmi b+?2K�i� r?B+? A rQMǶi bmKK�`Bx2 ?2`2X

h?2M ?2 bm;;2bib i?�i r2 +�M TBM /QrM i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v

Q7 b2ib #v +QMbB/2`BM; � +QM+2TiBQM Q7 � ?B2`�`+?v Q7 b2ib rBi? m`@2H2K2MibX

h?2 B/2� Q7 b2i i?2Q`v rBi? m`@2H2K2Mib Bb bBKTHv iQ �HHQr b2ib iQ ?�p2

2H2K2Mib i?�i �`2MǶi b2ibX � +QKKQM r�v Q7 /2p2HQTBM; b2i i?2Q`v rBi? m`@

2H2K2Mib Bb iQ F22T i?2 +Q`2 B/2� Q7 �M Bi2`�iBp2 ?B2`�`+?v Q7 b2ib /2b+`B#2/

�#Qp2 UrBi? 2�+? H�v2` +QMi�BMBM; ǵ�HH TQbbB#H2 bm#b2ibǶ 7`QK i?2 HQr2` H�v2`bV-

#mi i�F2 i?2 HQr2bi H2p2H Q7 i?2 ?B2`�`+?v Q7 b2ib iQ BM+Hm/2 b2ib +Q``2bTQM/BM;

iQ �HH r�vb Q7 +?QQbBM; 7`QK �KQM; �HH i?2 Q#D2+ib i?�i �`2MǶi b2ib U2X;X-

2H2T?�Mib- #BHHB�`/ #�HHb- 2H2+i`QMb- K�``B�;2b �M/ i?2 HBF2V- `�i?2` Dmbi i?2

2KTiv b2ibX LQi2 i?�i i?2 ?B2`�`+?v Q7 b2ib rBi? m`@2H2K2Mib BM+Hm/2b �HH

Tm`2 b2ibX h?mb- mMB[m2Hv TBMMBM; /QrM � ?B2`�`+?v Q7 b2ib rBi? m`@2H2K2Mib

rQmH/ bm{+2 iQ TBM /QrM � ?B2`�`+?v Q7 Tm`2 b2ib �b r2HHX

h?2 7QHHQrBM; l`@2H2K2Mi a2i �tBQK 7QHHQrb 7`QK i?2 bi�i2K2Mi �#Qp2X Ai

b�vb i?�i i?2`2Ƕb � b2i r?B+? +QMi�BMb- �b 2H2K2Mib- �HH i?2 Q#D2+ib i?�i �`2MǶi

b2ibX
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l`@2H2K2Mi a2i �tBQK UlV (∃x)(Set(x) ∧ (∀y)(¬Set(y)→ y ∈ x))

J+:22 b?Qrb i?�i r2 +�M UBM � b2Mb2V TBM /QrM i?2 BMi2M/2/ ?2B;?i Q7 i?Bb

?B2`�`+?v Q7 b2ib rBi? m`@2H2K2Mib- B7 r2 �++2Ti i?2 �tBQK �#Qp2X

aT2+B}+�HHv- J+:22 T`Qp2b i?�i ZFC2+U Ui?2 `2bmHi Q7 �//BM; i?2 �#Qp2 m`@

2H2K2Mi T`BM+BTH2 iQ b2+QM/@Q`/2` w6* b2i i?2Q`vV ?�b � T`QT2`iv r?B+? ?2

+�HHb ǵ[m�bB@+�i2;Q`B+BivǶdX :Bp2M �Mv bBM;H2 +?QB+2 Q7 � iQi�H /QK�BM Ur?�i

vQm �`2 [m�MiB7vBM; r?2M vQm [m�MiB7v Qp2` 2p2`vi?BM; BM+Hm/BM; i?2 b2ibV

i?2`2 +�MMQi #2 irQ MQM@BbQKQ`T?B+ UrBi? `2bT2+i iQ ∈V BMi2`T`2i�iBQMb Q7 b2i

i?2Q`v r?B+? #Qi?, +?QQb2 ǵb2ibǶ 7`QK rBi?BM i?Bb /QK�BM- i�F2 [m�MiB}2`b

iQ `�M;2 Qp2` i?Bb r?QH2 /QK�BM �M/ K�F2 J+:22Ƕb ZFC2 + U +QK2 Qmi

i`m2 Ur?BH2 BMi2`T`2iBM; �HH HQ;B+�H pQ+�#mH�`v bi�M/�`/HvVX

J+:22Ƕb i?2Q`2K 2Mbm`2b i?�i r2 +QmH/MǶi ?�p2 � bBM;H2 mMBp2`b2 +QMi�BMBM;

#Qi? � ?B2`�`+?v Q7 `2/ b2ib �M/ � ?B2`�`+?v Q7 #Hm2 b2ib- bm+? i?�i #Qi?

?B2`�`+?B2b b�iBb7v i?2 +QMbi`�BMib BKTQb2/ #v ZFC2+U QM i?2B` `2H�iBQMb?BT

iQ i?2 iQi�H mMBp2`b2 U`2/ b2ib �M/ #Hm2 b2ib BM+Hm/2/VX aQ Bi /Q2b i?2 DQ#

J+:22 r�Mib, �Mbr2`BM; bF2TiB+�H +?�HH2M;2b �#Qmi /2}MBi2 `272`2M+2 iQ i?2

?B2`�`+?v Q7 b2ib UmT iQ BbQKQ`T?BbKV- QM #2?�H7 Q7 � SH�iQMBbi r?Q T`2bmK2b

i?�i i?2`2 Bb �M �+im�HBbi ?B2`�`+?v Q7 b2ib �M/ ;`�Mib i?�i r2 +�M bQK2?Qr

mMT`Q#H2K�iB+�HHv [m�MiB7v Qp2` 2p2`vi?BM; Ub2ib BM+Hm/2/VX

>Qr2p2`- i?Bb i?2Q`2K /Q2b MQi?BM; iQ �//`2bb i?2 Q#D2+iBQM iQ �+im�HBbK

`�Bb2/ �i i?2 #2;BMMBM; Q7 i?Bb +?�Ti2`, i?�i �+im�HBbib b22K +QKKBii2/ iQ

dPM2 KB;?i rQ``v �#Qmi i?2 �#Qp2 �tBQK QM i?2 #�bBb Q7 lx[mB�MQǶb (RRd) T`QQ7 i?�i
J+:22Ƕb �tBQKb 7Q` b2i i?2Q`v rBi? m`2H2K2Mib �`2 BM+QKT�iB#H2 rBi? +2`i�BM �tBQKb Q7
K2`2BQHQ;v- #mi A H2�p2 i?Bb [m2biBQM �bB/2 �b i?2 +QM+2`Mb A rBHH #2 `�BbBM; �`2 mM`2H�i2/X



9y *>�Sh1_ kX �*hl�GAah a1h h>1P_u

�M �//BiBQM�H �M/ �`#Bi`�`v DQBMi BM `2�HBiv Ĝ � TQBMi r?2`2 i?2 ?B2`�`+?v Q7

b2ib Dmbi ?�TT2Mb iQ biQTX

6Q` J+:22Ƕb i?2Q`2K /Q2b MQi BKTHv i?�i r2 ?�p2 �Mv #2HB27b r?B+? HQ;B+�HHv

M2+2bbBi�i2 U�M/ i?2`2#v K�F2 MQM@�`#Bi`�`vV 7�+ib �#Qmi r?2`2 i?2 ?B2`�`@

+?v Q7 b2ib ?�TT2Mb iQ biQTX �b J+:22 ?BKb2H7 TQBMib Qmi- i?2 +QM+2TiBQM

Q7 b2ib ?2 �`iB+mH�i2b Bb MQi +�i2;Q`B+�Hc i?2 #2HB27b �#Qmi i?2 b2ib r?B+? ?2

BMpQF2b �`2 +QKT�iB#H2 rBi? K�Mv /Bz2`2Mi TQbbB#BHBiB2b �#Qmi ?Qr H�`;2 i?2

iQi�H mMBp2`b2 Q7 b2ib BbX

AM/22/- BiǶb +`m+B�H iQ MQiB+2- J+:22Ƕb i?2Q`2K /Q2bMǶi b?Qr i?�i w6*Yl Bb

ǵ[m�bB@+�i2;Q`B+�HǶ QM i?2 7QHHQrBM; bi`QM;2` U�M/- iQ Kv KBM/- KQ`2 M�im`�HV

b2Mb2X Ai /Q2bMǶi b?Qr i?�i- }tBM; i?2 7�+ib �#Qmi r?�i MQM@b2i Q#D2+ib i?2`2

�`2- �Mv ?B2`�`+?v Q7 b2ib b�ibB7vBM; w6*Yl Kmbi ?�p2 � +2`i�BM mMB[m2

bi`m+im`2X 6Q` i?Bb Bb �HKQbi +2`i�BMHv3 7�Hb2X uQm +�M i�F2 QM2 TQbbB#H2

b+2M�`BQ +QMi�BMBM; � ?B2`�`+?v Q7 b2ib b�iBb7vBM; ZFC2 + U rBi?BM � iQi�H

mMBp2`b2 Q7 � +2`i�BM bBx2- �// bQK2 b2ib iQ i?2 iQT Q7 i?Bb ?B2`�`+?v- �M/

i?2`27Q`2 iQ i?2 mMBp2`b2- UrBi?Qmi +?�M;BM; �Mv 7�+ib �#Qmi i?2 MQM@b2ibV

�M/ ;2i �MQi?2` TQbbB#H2 b+2M�`BQ b�iBb7vBM; ZFC2 + U X

h?mb J+:22Ƕb i?2Q`2K /Q2bMǶi TBM /QrM � mMB[m2 BMi2M/2/ bi`m+im`2 7Q` i?2

?B2`�`+?v Q7 b2ib- Q` �#QHBb? �`#Bi`�`BM2bb #v 2tTH�BMBM; r?v i?2 ?B2`�`+?v Q7

b2ib biQTb �i bQK2 T�`iB+mH�` TQBMiX Ai Dmbi b?Qrb i?�i vQm +QmH/MǶi ?�p2 irQ

MQM@BbQKQ`T?B+ ?B2`�`+?B2b Q7 b2ib b�iBb7vBM; i?2 �#Qp2 +QM+2TiBQM rBi?BM i?2

b�K2 mMBp2`b2X

3>2`2 A bT2�F �bbmKBM; i?2 TQbbB#BHBiv Q7 BM�++2bbB#H2 +�`/BM�Hb ;QBM; �`#Bi`�`BHv ?B;?
mT �b KQbi /QX
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PM2 +QmH/ mb2 J+:22Ƕb +QM+2TiBQM Q7 b2ib rBi? m`@2H2K2Mib BM � bHB;?iHv

/Bz2`2Mi r�v r?B+? rQmH/ #HQ+F i?2 �`#Bi`�`BM2bb rQ``B2b 7Q` �+im�HBbK AǶp2

T`2bb2/ �#Qp2- �b 7QHHQrbX �bbmK2 i?�i Qm` mb2 Q7 MQM@K�i?2K�iB+�H pQ+�#@

mH�`v iQ TBMb /QrM i?2 BMi2M/2/ BMi2`T`2i�iBQM Q7 +2`i�BM MQM@K�i?2K�iB+�H

FBM/ i2`KbX q2 +QmH/ bT2+B7v i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib

#v b�vBM; i?�i UBM 2z2+iV i?2 ?B2`�`+?v Q7 b2ib biQTb �b bQQM �b Bi +�M r?BH2

b�iBb7vBM; ZFC2 + U X

lM7Q`imM�i2Hv- ?Qr2p2`- i?Bb T`QTQb�H 7�+2b i?2 b�K2 rQ``B2b �#Qmi K�FBM;

i?2 ?B2`�`+?v Q7 b2ib iQQ bK�HH- r?B+? �`Qb2 7Q` i?2 B/2� i?�i r2 +QmH/ Dmbi

TB+F � `2bi`B+iBp2 +QM+2TiBQM Q7 i?2 b2ib BM b2+iBQM kXkX Ai �HbQ bm;;2bib i?2

?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib KB;?i #2 +QMiBM;2Mi �M/ i?�i i?2 `2bmHi Q7

T?vbB+�H �M/ K2i�T?vbB+�H BMp2biB;�iBQM BMiQ ?Qr K�Mv MQM@K�i?2K�iB+�H

Q#D2+ib i?2`2 �`2 b?QmH/ ?�p2 #2�`BM; QM 7�+ib �#Qmi Tm`2 b2i i?2Q`v BM �

r�v i?�i b22Kb TQi2MiB�HHv mM+QK7Q`i�#H2X

kXjXk J�`iBM

aBKBH�`Hv J�`iBMǶb +�i2;Q`B+Biv i?2Q`2K �#Qmi b2i i?2Q`v BM (dN) KB;?i �i

}`bi bQmM/ HBF2 Bi ?2HTb i?2 �+im�HBbi rBi? ?2` �`#Bi`�`BM2bbfH�+F Q7 � /2}MBi2

+QM+2TiBQM rQ``v- #mi �+im�HHv /Q2b MQiX

AM/22/- �b Bi ?�TT2Mb- J�`iBM b22Kb iQ TQbBiBp2Hv 2M/Q`b2 � p2`bBQM Q7 i?Bb

rQ``vX 6Q` BM (d3) ?2 /BbiBM;mBb?2b }p2 BM;`2/B2Mib BM Qm` +QM+2TiBQM Q7 i?2

?B2`�`+?v Q7 b2ib �b 7QHHQrbX

h?2 KQ/2`M- Bi2`�iBp2 +QM+2Ti ?�b 7Qm` BKTQ`i�Mi +QKTQM2Mib,
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RX i?2 +QM+2Ti Q7 i?2 M�im`�H MmK#2`bc

kX i?2 +QM+2Ti Q7 b2ib Q7 xbc

jX i?2 +QM+2Ti Q7 i`�Mb}MBi2 Bi2`�iBQMc

9X i?2 +QM+2Ti Q7 �#bQHmi2 BM}MBivX

S2`?�Tb r2 b?QmH/ BM+Hm/2 i?2 +QM+2Ti Q7 1ti2MbBQM�HBiv �b *QK@

TQM2Mi UyVX

�M/ i?2M ?2 2tT`2bb2b i?2 7QHHQrBM; `2b2`p�iBQMb �#Qmi r?2i?2` r2 ?�p2 �

/2}MBi2 +Q?2`2Mi MQiBQM Q7 �#bQHmi2 BM}MBivX

bQ A �K mbBM; i?2 i2`K ǳ�#bQHmi2 BM}MBivǴ 7Q` i?2 +QM+2Ti i?�i Bb

i?2 7Qm`i? +QKTQM2Mi Q7 i?2 +QM+2Ti Q7 b2iX PM2 +�M �`;m2 i?�i

i?2 +QM+2Ti Bb +�i2;Q`B+�H- �M/ i?�i �Mv irQ BMbi�MiB�iBQMb Q7 i?2

+QM+2Ti Q7 b2i UQ7 i?2 +QM+2Ti Q7 �M �#bQHmi2Hv BM}MBi2 Bi2`�iBQM

Q7 i?2 b2ib Q7 tǶb QT2`�iBQMV ?�p2 iQ #2 BbQKQ`T?B+X "mi Bi Bb

?�`/ iQ b22 ?Qr i?2`2 +QmH/ #2 � 7mHH BM7Q`K�H �tBQK�iBx�iBQM Q7

i?2 +QM+2Ti Q7 b2iX h?2`2 �`2 �HbQ rQ``B2b �#Qmi i?2 +Q?2`2M+2

Q7 i?2 +QM+2TiX S2QTH2 rQ``v- 2X;X- i?�i B7 i?2 mMBp2`b2 Q7 b2ib

+�M #2 `2;�`/2/ �b � ǳ+QKTH2i2/ Ǵ iQi�HBiv- i?2M i?2 +mKmH�iBp2

b2i ?B2`�`+?v b?QmH/ ;Q 2p2M 7m`i?2`X am+? rQ``B2b �`2 QM2 Q7 i?2

`2�bQMb 7Q` i?2 +m``2MiHv TQTmH�` /Qm#ib i?�i Bi Bb TQbbB#H2 iQ

[m�MiB7v Qp2` �#bQHmi2Hv 2p2`vi?BM;X A �K �HbQ /m#BQmb �#Qmi i?2

MQiBQM Q7 �#bQHmi2 BM}MBiv- #mi i?Bb /Q2b MQi K�F2 K2 [m2biBQM

[m�MiB}+�iBQM Qp2` 2p2`vi?BM;X



kXjX *�h1:P_A*Ahu �L. Zl�aA*�h1:P_A*Ahu �_:lJ1Lha 9j

AM (dN) J�`iBM �`;m2b �;�BMbi TH2MBim/BMQmb �MiB@Q#D2+iBpBbi ǵKmHiBp2`b2Ƕ �T@

T`Q�+?2b iQ b2i i?2Q`v UHBF2 (8R)V QM r?B+? +2`i�BM b2i i?2Q`2iB+ +H�BKb Φ �`2

MQi /2i2`KBM�i2Hv i`m2 Q` 7�Hb2 7Q` i?2 7QHHQrBM; `2�bQMX

JmHiBp2`b2 A/2�, h?2 TH�iQMB+ `2�HK Q7 K�i?2K�iB+�H Q#D2+ib BM@

+Hm/2b K�Mv /Bz2`2Mi UMQM@BbQKQ`T?B+V ?B2`�`+?B2b Q7 b2ibX h?2`2Ƕb

MQ mMB[m2 BMi2M/2/ o- 2p2M mT iQ rB/i?X _�i?2` 7Q` 2�+? ?B2`@

�`+?v o BM i?2 KmHiBp2`b2 Bb 2tT�M/2/ #v bQK2 H�`;2` QM2 r?B+?

�//b- 2X;X- � ǵKBbbBM;Ƕ bm#b2i Q7 i?2 M�im`�H MmK#2`b o UaQ- r2

KB;?i MQi2- MQM2 Q7 i?2b2 ?B2`�`+?B2b +�M �Mbr2` Qm` +QM+2TiBQM

A>q Q7 i?2 rB/i? Q7 i?2 ?B2`�`+?v Q7 b2ib �#Qp2VX aQK2 Q7 i?2b2

ob K�F2 Φ i`m2 �M/ Qi?2`b K�F2 Φ 7�Hb2X �M/ �HH Q7 i?2K �`2

U�#b2Mi bT2+B}+ K�i?2K�iB+�H +?QB+2 iQ ǵrQ`F BMǶ � T�`iB+mH�`

?B2`�`+?v Q7 b2ibV 2[m�HHv BMi2M/2/X

J�`iBM �`;m2b �;�BMbi i?Bb KmHiBp2`b2 T`QTQb�H U�M/- A i?BMF- TQb2b � TQr2`@

7mH +?�HH2M;2 iQ BiV �b 7QHHQrbX >2 MQi2b i?�i B7 r2 �++2Ti � +2`i�BM +QM+2TiBQM

Q7 i?2 ?B2`�`+?v Q7 b2ib U�M/ i?2 T`BM+BTH2b #2HQrV- Bi 7QHHQrb i?�i i?2`2 +QmH/

MQi #2 irQ /Bz2`2Mi MQM@BbQKQ`T?B+ ?B2`�`+?B2b Q7 b2ib ǵi?2 `2/ b2ibǶ �M/ ǵi?2

#Hm2 b2ibǶ +QmH/ MQi bBKmHi�M2QmbHv 2tBbiX

Ç � ǵmMB[m2M2bbǶ T`BM+BTH2, �HH b2ib �`2 2ti2MbBQM�HX h?�i Bb- B7 i?2`2

�`2 irQ /BbiBM+i b2ib x �M/ y U2p2M BM irQ /Bz2`2Mi Tmi�iBp2 ?B2`�`@

+?B2b5V- i?2M i?2`2 Kmbi #2 bQK2 Q#D2+i r?B+? Bb �M 2H2K2Mi Q7 x #mi

MQi y Q` pB+2 p2`b�X h?mb- 7Q` 2t�KTH2- i?2`2 +�M #2 QMHv QM2 b2i

{Mars, V enus}X
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Ç � +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib- BM+Hm/BM; U�KQM; Qi?2` KQ`2

7�KBHB�` 2H2K2MibV i?2 7QHHQrBM; ?2B;?i +HQbm`2 T`BM+BTH2, B7 � b2i 2tBbib-

i?2M �Mv ?B2`�`+?v Q7 b2ib +QMi�BMBM; i?2 2H2K2Mib Q7 i?�i b2i Kmbi

+QMi�BM i?2 b2i Bib2H7

J�`iBM b?Qrb i?�i Bi 7QHHQrb 7`QK i?2 T`BM+BTH2b �#Qp2- 2bb2MiB�HHv #v BM/m+@

iBQM- i?�i i?2`2 +�MǶi #2 irQ /Bz2`2Mi ?B2`�`+?B2b Q7 b2ibX �Mv irQ Tmi�iBp2

?B2`�`+?B2b Q7 b2ib b�iBb7vBM; i?2 +QM/BiBQMb �#Qp2- Kmbi �;`22 QM i?2B` m`@

2H2K2Mib- �M/ i?2M QM i?2B` }`bi H�v2` �M/ i?2B` b2+QM/ H�v2` 2i+X

PM2 +�M +�HH i?Bb � +�i2;Q`B+Biv `2bmHiX "mi MQi2 i?�i Bi /Q2bMǶi BKTHv i?�i BiǶb

HQ;B+�HHv Q` K2i�T?vbB+�HHv M2+2bb�`v i?�i �Mv +QHH2+iBQMb Q7 Q#D2+ib r?B+?

b�iBb7v Qm` +QM+2TiBQM Q7 b2ib Kmbi ?�p2 � +2`i�BM UmMB[m2V bi`m+im`2X _�i?2`-

Bi K2`2Hv b?Qrb i?�i i?2`2 +�MǶi #2 irQ /BbiBM+i �+im�H b2i@i?2Q`2iB+ ?B2`�`@

+?B2bX 6Q` 2t�KTH2- J�`iBMǶb �`;mK2Mi /Q2bMǶi `mH2 Qmi i?2 TQbbB#BHBiv i?�i

i?2`2 +QmH/ #2 bQK2 /2b+`BTiBQM Q7 �M Q`/BM�H φκ- bm+? i?�i Bi rQmH/ #2

HQ;B+�HHv TQbbB#H2 iQ ?�p2 � bi`m+im`2 b�iBb7vBM; Qm` +QM+2TiBQM Q7 i?2 b2ib

+QMi�BMBM; �M Q`/BM�H b�iBb7vBM; φκ #mi �HbQ HQ;B+�HHv TQbbB#H2 iQ ?�p2 bm+?

� bi`m+im`2 r?B+? /B/MǶi +QMi�BM �Mv Q`/BM�H b�iBb7vBM; φκX Ai K2`2Hv b?Qrb

i?�i r2 +QmH/MǶi ?�p2 irQ �+im�H ?B2`�`+?B2b Q7 b2ib- QM2 Q7 r?B+? +QMi�BMb

φκ r?BH2 i?2 Qi?2` /Q2b MQiX

kX9 � S`Q#H2K CmbiB7vBM; _2TH�+2K2Mi

AM �//BiBQM iQ i?2 rQ``v �#Qp2 U�#Qmi r?2i?2` r2 ?�p2 � +Q?2`2Mi +QM+2TiBQM

Q7 i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ibV- b2i i?2Q`2iB+ �+im�HBbib �HbQ



kX9X � S_P"G1J ClahA6uAL: _1SG�*1J1Lh 98

7�+2 � T`Q#H2K �#Qmi DmbiB7vBM; i?2 �tBQK b+?2K� Q7 `2TH�+2K2MiX h?2v

Kmbi K�F2 Bi TH�mbB#H2 i?�i r?�i2p2` mMB[m2 ?2B;?i U�M/ ?2M+2 bi`m+im`2V

i?2v i?BMF ?B2`�`+?v Q7 b2ib ?�b- b�iBb}2b `2TH�+2K2MiX

AM7Q`K�HHv- i?2 �tBQK b+?2K� Q7 `2TH�+2K2Mi i2HHb mb i?�i i?2 BK�;2 Q7 �Mv

b2i mM/2` � /2}M�#H2 UrBi? T�`�K2i2`bV 7mM+iBQM Bb �HbQ � b2iX JQ`2 7Q`@

K�HHv- H2i φ #2 �Mv 7Q`KmH� BM i?2 H�M;m�;2 Q7 }`bi@Q`/2` b2i i?2Q`v r?Qb2

7`22 p�`B�#H2b �`2 �KQM; x, y, I, w1, . . . , wnX q2 +�M i?BMF Q7 i?2 7Q`KmH�

φ(x, y) U�M/ +?QB+2 Q7 T�`�K2i2`bV �b bT2+B7vBM; � /2}M�#H2 7mM+iBQM UrBi?

T�`�K2i2`bV i�FBM; x iQ i?2 mMB[m2 y bm+? i?�i φ(x, y)X h?2M i?2 BMbi�M+2

Q7 �tBQK b+?2K� Q7 `2TH�+2K2Mi 7Q` i?Bb 7Q`KmH� φ b�vb i?2 7QHHQrBM;,

U_2THV

∀w1∀w2 . . . ∀wn∀a

∀x(x ∈ a→ (∃!y)φ(x, y, w1, ...wn))

↔ ∃b∀x
(
x ∈ a→ ∃y(y ∈ b ∧ φ(x, y, w1, ...wn))

)]

aQ `2TH�+2K2Mi b�vb, r?2M2p2` bQK2 }`bi@Q`/2` 7Q`KmH� /2}M2b � 7mM+iBQM

QM � b2i a- BX2X- �bbQ+B�i2b 2�+? 2H2K2Mi x Q7 a rBi? � mMB[m2 y- i?2`2 Bb � b2i

b 2[m�H iQ i?2 BK�;2 Q7 a mM/2` i?Bb 7mM+iBQMX AM Qi?2` rQ`/b- i?2 ?B2`�`+?v

Q7 b2ib 2ti2M/b 7�` 2MQm;? mT i?�i �HH i?2 2H2K2Mib BM i?2 BK�;2 Q7 a +�M #2

+QHH2+i2/ iQ;2i?2`X

�b "QQHQb TQBMib Qmi BM (R9)- i?2 �tBQK Q7 `2TH�+2K2Mi BKTQb2b � FBM/ Q7

+HQbm`2 +QM/BiBQM QM i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib r?B+? /Q2bMǶi Q#pB@

QmbHv 7QHHQr 7`QK i?2 Bi2`�iBp2 ?B2`�`+?v +QM+2TiBQM Q7 i?2 b2ib �#Qp2- 2p2M
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B7 r2 �// i?2 +H�BK i?�i i?2`2 Bb MQ H�bi bi�;2X 6Q` +QMbB/2` Vω+ωX h?Bb

bi`m+im`2 b�iBb}2b #Qi? Q7 i?2 �#Qp2 �bbmKTiBQMbc 2�+? H�v2` Q7 b2ib +QMi�BMb

b2ib +Q``2bTQM/BM; iQ �HH r�vb Q7 +?QQbBM; b2ib HQr2` i?�M Bi- �M/ i?2`2 BbMǶi

� H�bi H�v2`X >Qr2p2`- Bi /Q2bMǶi b�iBb7v _2TH�+2K2Mi- bBM+2 vQm +QmH/ i�F2

i?2 b2i ω U7Q`K2/ �i H�v2` Vω+1V �M/ r`Bi2 /QrM � 7mM+iBQM φ r?B+? �bbQ@

+B�i2b 1 i?2 ω+1- 2 rBi? ω+2 2i+X h?2M 7Q` 2�+? x BM ω i?2`2Ƕb � y BM Vω+ω

b�iBb7vBM; φ(x, y)X "mi i?2`2 BbMǶi �Mv b2i b BM Vω+ω r?B+? +QHH2+ib iQ;2i?2`

i?2 BK�;2 Q7 2p2`v K2K#2` Q7 ωX h?�i b2i # Bb QMHv 7Q`K2/ �i � Vω+ω+1X

h?Bb `�Bb2b � rQ``v �#Qmi ?Qr iQ DmbiB7v _2TH�+2K2Mi- �M/ UBM/22/V r?2i?2`

K�i?2K�iB+B�Mb �`2 DmbiB}2/ BM mbBM; Bi �i �HHX

aQ U2p2M B7 r2 i�F2 7Q` ;`�Mi2/ i?�i i?2`2 �`2 Q#D2+ib b�iBb7vBM; i?2 Bi2`�iBp2

?B2`�`+?v +QM+2TiBQM Q7 b2ibV- B7 r2 r�Mi iQ DmbiB7v mb2 Q7 i?2 w6* �tBQKb-

� [m2biBQM `2K�BMb �#Qmi ?Qr iQ DmbiB7v i?2 �tBQK Q7 `2TH�+2K2MiX

h?2`2 ?�b #22M Km+? BMi2`2bi �M/ bvKT�i?v rBi? i?Bb rQ``v BM i?2 bm#b2@

[m2Mi HBi2`�im`2X 6Q` 2t�KTH2 (N9) SmiM�K r`Bi2b- ǳZmBi2 7`�MFHv- A b22 MQ

BMimBiBp2 #�bBb �i �HH 7Q` X X X i?2 �tBQK Q7 `2TH�+2K2MiX "2ii2` Tmi- A /Q MQi

b22 i?�i � MQiBQM Q7 b2i QM r?B+? i?�i �tBQK Bb +H2�`Hv i`m2 ?�b 2p2` #22M

2tTH�BM2/XǴ

�M/- KQ`2 `2+2MiHv- BM � /Bb+mbbBQM Q7 i?2 ?BbiQ`v Q7 b2i i?2Q`v JB+?�2H SQii2`

`2K�`Fb i?�i- ǳBi Bb bi`BFBM;- ;Bp2M ?Qr TQr2`7mH �M 2ti2MbBQM Q7 i?2 i?2Q`v

`2TH�+2K2Mi `2T`2b2Mib- ?Qr i?BM i?2 DmbiB}+�iBQMb 7Q` Bib BMi`Q/m+iBQM r2`2Ǵ
N- �M/ i?2M `2TQ`ib i?�i ǳAM i?2 +�b2 Q7 `2TH�+2K2Mi i?2`2 Bb- Bi Bb i`m2- MQ

N>2 bmTTQ`ib i?Bb �bb2bbK2Mi #v [mQiBM; ǳaFQH2KXXX ;Bp2b �b ?Bb `2�bQM i?�i ǵw2`K2HQǶb
�tBQK bvbi2K Bb MQi bm{+B2Mi iQ T`QpB/2 � +QKTH2i2 7QmM/�iBQM 7Q` i?2 mbm�H i?2Q`v Q7
b2ibǶ- #2+�mb2 i?2 b2i {ω, P (ω), P (P (ω)), ...} +�MMQi #2 T`Qp2/ iQ 2tBbi BM i?�i bvbi2Kc v2i
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rB/2bT`2�/ +QM+2`M i?�i Bi KB;?i #2- HBF2 "�bB+ G�r o- BM+QMbBbi2Mi- #mi Bi Bb

MQi �i �HH mM+QKKQM iQ }M/ 2tT`2bb2/- B7 MQi #v K�i?2K�iB+B�Mb i?2Kb2Hp2b

i?2M #v K�i?2K�iB+�HHv i`�BM2/ T?BHQbQT?2`b- i?2 pB2r i?�i- BMbQ7�` �b Bi

+�M #2 `2;�`/2/ �b �M �tBQK Q7 BM}MBiv- Bi /Q2b BM/22/- �b pQM L2mK�MM XXX

b�B/- ǵ;Q � #Bi iQQ 7�`ǶǴ(Ny)X

hQ Kv FMQrH2/;2- 7Qm` K�BM U�+im�HBbiV bi`�i2;B2b 7Q` DmbiB7vBM; `2TH�+2K2Mi

�`2 +m``2MiHv TQTmH�`X

6B`bi- T2QTH2 ?�p2 i`B2/ iQ DmbiB7v mbBM; i?2 �tBQK Q7 `2TH�+2K2Mi ǵ2ti`BM@

bB+�HHvǶ BM Km+? i?2 r�v i?�i QM2 rQmH/ DmbiB7v � b+B2MiB}+ ?vTQi?2bBb- #v

�TT2�H iQ Bib 7`mBi7mH +QMb2[m2M+2b- �`;mBM; Bi ?2HTb T`Qp2 K�Mv i?BM;b r2

BM/2T2M/2MiHv ?�p2 `2�bQM iQ #2HB2p2 �M/ ?�bMǶi v2i #22M mb2/ iQ /2`Bp2

+QMi`�/B+iBQM Q` +QMb2[m2M+2b r2 i?BMF �`2 r`QM;RyX

h?2 }`bi bi`�i2;v QMHv T`QpB/2b 2ti`BMbB+ DmbiB}+�iBQM- r?2`2�b BiǶb �i H2�bi

T`BK� 7�+B2 �TT2�HBM; iQ 2tT2+i +2Mi`�H T`BM+BTH2b Q7 b2i i?2Q`v r?B+? �`2

mb2/ rBi?Qmi +QKK2Mi iQ ?�p2 BMi`BMbB+ DmbiB}+�iBQM- �M/ i?Bb 2tT2+i�iBQM

b22Kb +QKKQM BM Qi?2` �`2�b Q7 K�i?2K�iB+bX 6Q` 2t�KTH2- Bi b22Kb i?�i

i?Bb Bb � ;QQ/ �`;mK2Mi QMHv B7 r2 ?�p2 BM/2T2M/2Mi `2�bQM iQ i?BMF i?�i i?Bb b2i /Q2b
2tBbi �++Q`/BM; iQ ǵi?2 mbm�H i?2Q`vǶ- �M/ aFQH2K ;Bp2b MQ bm+? `2�bQMX oQM L2mK�MMǶb XXX
DmbiB}+�iBQM 7Q` �++2TiBM; `2TH�+2K2Mi Bb QMHv i?�i- ǵ BM pB2r Q7 i?2 +QM7mbBQM bm``QmM/BM;
i?2 MQiBQM ǵMQi iQQ #B;Ƕ �b Bi Bb Q`/BM�`BHv mb2/- QM i?2 QM2 ?�M/- �M/ i?2 2ti`�Q`/BM�`v
TQr2` Q7 i?Bb �tBQK QM i?2 Qi?2`- A #2HB2p2 i?�i A r�b MQi iQQ +`�bbHv �`#Bi`�`v BM BMi`Q@
/m+BM; Bi- 2bT2+B�HHv bBM+2 Bi 2MH�`;2b `�i?2` i?�M `2bi`B+ib i?2 /QK�BM Q7 b2i i?2Q`v �M/
M2p2`i?2H2bb +�M ?�`/Hv #2+QK2 � bQm`+2 Q7 �MiBMQKB2bXǴǶX

Rya22 (e9) r?B+? [mQi2b :ƺ/2HǶb /2b+`BTiBQM- ǳ1p2M /Bb`2;�`/BM; i?2 BMi`BMbB+ M2+2bbBiv
Q7 bQK2 M2r �tBQK- �M/ 2p2M BM +�b2 Bi ?�/ MQ BMi`BMbB+ M2+2bbBiv �i �HH- � /2+BbBQM �#Qmi
Bib i`mi? Bb TQbbB#H2 �HbQ BM �MQi?2` r�v- M�K2Hv- BM/m+iBp2Hv #v bim/vBM; Bib ǳbm++2bbǴ-
i?�i Bb- Bib 7`mBi7mHM2bb BM +QMb2[m2M+2b �M/ BM T�`iB+mH�` BM ǳp2`B}�#H2Ǵ +QMb2[m2M+2b- BX2X-
+QMb2[m2M+2b /2KQMbi`�#H2 rBi?Qmi i?2 M2r �tBQK- r?Qb2 T`QQ7b #v K2�Mb Q7 i?2 M2r
�tBQK- ?Qr2p2`- �`2 +QMbB/2`�#Hv bBKTH2` �M/ 2�bB2` iQ /Bb+Qp2`- �M/ K�F2 Bi TQbbB#H2 iQ
+QM/2Mb2 BMiQ QM2 T`QQ7 K�Mv /Bz2`2Mi T`QQ7bXǴ
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2p2`vi?BM; r2 r�Mi iQ b�v �#Qmi i?2 M�im`�H MmK#2`b 7QHHQrb 7`QK Ub�vV

Qm` b2+QM/@Q`/2` +QM+2TiBQM Q7 i?2 M�im`�H MmK#2`bX LQr B7 Bi im`Mb Qmi

i?�i �/2[m�i2 BMi`BMbB+ DmbiB}+�iBQM +�MMQi #2 ;Bp2M- Bi KB;?i #2 `2�bQM�#H2

iQ �++2Ti 2ti`BMbB+ DmbiB}+�iBQM U7Q` r2 /Q i?Bb BM i?2 b+B2M+2b- �7i2` �HHVX

�M/ T`Q#�#Hv r2 rBHH `2�+? � TQBMi rBi?- 2X;X- H�`;2 +�`/BM�H �tBQKb r?2`2

2ti`BMbB+ DmbiB}+�iBQM Bb �HH r2 +�M T`QpB/2X

>Qr2p2`- QM2 KB;?i ?QT2 iQ /Q #2ii2` rBi? `2;�`/ iQ i?2 w6* �tBQKb- r?B+?

�`2 i`2�i2/ �b [mBi2 b2+m`2 �M/ mb2/ iQ T`QpB/2 � 7QmM/�iBQMf2tTHB+�iBQM Q7

MQ`K�H K�i?2K�iB+�H +H�BKb i?�i r2 �`2 p2`v +QM}/2Mi BMX �M/- 2p2M B7

i?2b2 bi`�i2;B2b bm++22/ BM T`QpB/BM; bQK2 DmbiB}+�iBQM 7Q` mbBM; i?2 �tBQK

Q7 `2TH�+2K2Mi- A i?BMF Bi rBHH #2 �;`22/ i?�i MQM2 Q7 i?2K �++QmMi 7Q`

i?2 FBM/ Q7 BMi`BMbB+ +QMpBM+BM;M2bb r2 mbm�HHv 2tT2+i U�M/ ?QT2 7Q`V 7`QK

K�i?2K�iB+�H �tBQKbX

a2+QM/- T2QTH2 ?�p2 i`B2/ iQ DmbiB7v `2TH�+2K2Mi #v �TT2�H iQ � FBM/ Q7

BM72`2M+2 iQ i?2 #2bi 2tTH�M�iBQM �HQM; i?2 7QHHQrBM; HBM2bX _mbb2HHǶb T�`�/Qt

i2HHb mb i?�i MQi �HH THm`�HBiB2b Q7 Q#D2+ib +�M 7Q`K � b2i Ui?2`2 BbMǶi � b2i Q7

�HH b2ib i?�i �`2MǶi K2K#2`b Q7 i?2Kb2Hp2bVX aQ B7 i?2`2 �`2 �Mv b2ib- i?2`2

b?QmH/ #2 � T`BM+BTH2/ /BpBbBQM #2ir22M i?Qb2 THm`�HBiB2b Q7 Q#D2+ib +�M 7Q`K

� b2ib �M/ i?Qb2 r?B+? +�MǶiX "mi b2ib /QMǶi ?�p2 i?�i K�Mv 72�im`2bX aQ

UQM2 KB;?i i?BMFV bBx2 Bb i?2 QMHv M�im`�H +?QB+2 7Q` i?2 HBKBi�iBQM QM r?�i

THm`�HBiB2b +QmMi �b b2ib �M/ Bi b?QmH/ #2 i?2 QMHv bm+? HBKBi�iBQM (Ny)X �b

JB+?�2H SQii2` Tmib Bi- r2 b?QmH/ �++2Ti i?2 7QHHQrBM; aBx2 S`BM+BTH2- ǳA7

i?2`2 �`2 Dmbi �b K�Mv 6b �b :b- i?2M i?2 6b 7Q`K � +QHH2+iBQM B7 �M/ QMHv B7

i?2 :b /QXǴ Ur?B+? BKTHB2b _2TH�+K2M2iV #2+�mb2
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ǳ(�) +QHH2+iBQM Bb #�`2Hv +QKTQb2/ Q7 Bib K2K#2`b, MQ 7m`i?2`

bi`m+im`2 Bb BKTQb2/ QM i?2K i?�M i?2v ?�p2 �H`2�/vX aQXXX r?�i

2Hb2 +QmH/ i?2`2 #2 iQ /2i2`KBM2 r?2i?2` bQK2 Q#D2+ib 7Q`K �

+QHH2+iBQM i?�M ?Qr K�Mv i?2`2 �`2 Q7 i?2K\ q?�i 2Hb2 +QmH/

2p2M #2 `2H2p�Mi\Ǵ

�b `2;�`/b i?2 b2+QM/ bi`�i2;v UBM72`2M+2 iQ i?2 #2bi 2tTH�M�iBQM- �HQM; i?2

HBM2b SQii2` T`QTQb2bV- A rBHH bm;;2bi i?�i b2ib /Q ?�p2 bQK2 Qi?2` 72�im`2b

i?�M i?2B` bBx2 r?B+? +QmH/ #2 mb2/ iQ ;Bp2 �M 2tTH�M�iBQM 7Q` r?v i?2`2

BbMǶi � _mbb2HH b2i �M�HQ;Qmb iQ i?2 QM2 SQii2` ;Bp2bX

AM T�`iB+mH�` MQi2 i?�i- ;Bp2M i?2 Bi2`�iBp2 ?B2`�`+?v +QM+2TiBQM Q7 b2ib

Ur?B+? SQii2` �++2TibV 2�+? b2i rBHH ?�p2 i?2 T`QT2`iv Q7 }`bi #2BM; ;2M@

2`�i2/ �i bQK2 Q`/BM�H H2p2H αX h?Bb 72�im`2 Q7 b2ib �b � 7�B`Hv M�im`�H �M/

T`BM+BTH2/ QM2X PM2 +�M i?BMF Q7 Bi �b `2~2+iBM; ?Qr K�Mv H�v2`b Q7 BM/B`2+i

�M/ K2i�T?vbB+�HHv /2`Bp�iBp2 Q#D2+i 2tBbi2M+2 U;Bp2M i?2 +QKKQM B/2� i?�i

b2ib �`2 BM bQK2 b2Mb2 K2i�T?vbB+�HHv /2T2M/2Mi QM i?2B` 2H2K2Mib- MQi pB+2

p2`b� RRV QM2 ?�b iQ ;Q i?`Qm;? iQ �``Bp2 �i i?�i b2iX

aQ- `�i?2` i?�M ?vTQi?2bBxBM; UrBi? SQii2`V i?�i i?2 Bi2`�iBp2 ?B2`�`+?v Q7

b2ib biQTb �i � +2`i�BM TQBMi #2+�mb2 �b+2M/BM; �Mv 7m`i?2` rQmH/ `2[mB`2

+QHH2+iBM; Q#D2+ib r?B+? �`2 iQQ TH2MiB7mH iQ 7Q`K � b2i- +QmH/MǶi r2 Dmbi

�b r2HH ?vTQi?2bBx2 i?�i i?2 Bi2`�iBp2 ?B2`�`+?v Q7 b2ib biQTb bQK2r?2`2

#2+�mb2 �Mv 7m`i?2` b2ib 7Q`K2/ rQmH/ ?�p2 iQ Q++m` iQQ ?B;? mT BM �M
RRa22- 7Q` 2t�KTH2 (Rk) 7Q` i?2 � /2p2HQTK2Mi Q7 i?2 BMimBiBQM i?�i i?2 2tBbi2M+2 Q7

aQ+`�i2bǶ bBM;H2iQM Bb iQ #2 ;`QmM/2/ BM i?2 2tBbi2M+2 Q7 aQ+`�i2b �M/ /2T2M/b QM i?�i-
BM � r�v i?�i i?2 2tBbi2M+2 Q7 aQ+`�i2b /Q2b MQi /2T2M/ QM i?2 2tBbi2M+2 Q7 ?Bb bBM;H2@
iQM- �M/ mb2 Q7 i?Bb BMimBiBQM iQ KQiBp�iBQM � MQiBQM Q7 ;`QmM/BM; r?B+? Bb /BbiBM+i 7`QK
K2i�T?vbB+�HHv M2+2bb�`v +Qp�`B�iBQM �M/ bmT2`p2MB2M+2X
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Bi2`�iBp2 ?B2`�`+?v UBX2X- QM2 rQmH/ ?�p2 iQ �b+2M/ i?`Qm;? iQQ K�Mv H�v2`b

Q7 �#bi`�+iBQMfK2i�T?vbB+�H /2T2M/2M+2 iQ 7Q`K � b2i 7`QK i?2 `2H2p�Mi

2H2K2MibVX

hQ i?2 b�K2 U`�i?2` 7�M+B7mHV 2ti2Mi i?�i r2 +�M BK�;BM2 i?�i i?2 `m##2`

#�M/ ?QH/BM; iQ;2i?2` i?2 2H2K2Mib Q7 � b2ib Dmbi ?�TT2Mb iQ #2 iQQ bK�HH

iQ +QHH2+i �Mv THm`�HBiv Q7 2H2K2Mib Q7 � +2`i�BM bBx2 κ- r2 +QmH/ BK�;BM2

i?�i i?2 TQr2` Q7 HQr2` H2p2H b2ib iQ ;`QmM/ i?2 2tBbi2M+2 Q7 ?B;?2` H2p2H b2ib

�M/ i?2`2#v BM/B`2+iHv iQ ;`QmM/ i?2 2tBbi2M+2 Q7 biBHH ?B;?2` H2p2H b2ib 2i+X

2p2Mim�HHv #2+QK2b iQQ �ii2Mm�i2/ iQ �HHQr �Mv 7m`i?2` b2ib iQ #2 7Q`K2/ �i

bQK2 ?2B;?i αX

aQ ?Qr /Q r2 FMQr i?2`2Ƕb �M mTT2` #QmM/ iQ i?2 bBx2b b2ib +�M ?�p2 pbX

�M mTT2` #QmM/ iQ i?2 `�MF i?2v +�M ?�p2\

PM2 KB;?i �HbQ Q#D2+i iQ SQii2`Ƕb K2i?Q/QHQ;v KQ`2 ;2M2`�HHv- QM i?2 ;`QmM/b

i?�i 2p2M T?BHQbQT?2`b r?Q �`2 ?�TTv iQ mb2 i?Bb FBM/ Q7 K2i�T?vbB+�H BM72`@

2M+2 iQ i?2 #2bi 2tTH�M�iBQM bm;;2bi2/ #v SQii2`Ƕb DmbiB}+�iBQM /QMǶi mbm�HHv

i�F2 �TTHvBM; i?Bb K2i?Q/ iQ DmbiB7v i?2 ;`2�i +QM}/2M+2 �M/ +2`i�BMiv r2

722H r2 ;Bp2 iQ ivTB+�H K�i?2K�iB+�H `2bmHibX

h?B`/- T2QTH2 ?�p2 T`QTQb2/ � FBM/ Q7 DmbiB}+�iBQM 7Q` `2TH�+2K2Mi #v MQiBM;

Bi 7QHHQrb 7`QK � b2i i?2Q`2iB+ `2~2+iBQM T`BM+BTH2RkX A i�F2 i?Bb T`QTQb�H U�M/

i?2 QM2 i?�i 7QHHQrbV iQ ivTB+�HHv �`Bb2 7`QK i?2 �ii2KTi iQ }M/ � mMB}2/

+QM+2TiBQM Q7 i?2 b2ib 7`QK r?B+? i?2 w6* �tBQKb 7QHHQr Ur?2i?2` Q` MQi

i?�i +QM+2TiBQM Bb Q#pBQmbHv i`m2 Q` +Q?2`2MiV �b T2` ȜRXe- `�i?2` i?�M �Mv

RkJv bmKK�`v Q7 i?Bb �TT`Q�+? 7QHHQrb (e9)
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�ii2KTi iQ /2`Bp2 i?2 �tBQK Q7 `2TH�+2K2Mi 7`QK bQK2i?BM; i?�i b22Kb KQ`2

Q#pBQmbHv i`m2X "mi A rBHH /Bb+mbb #Qi? T`QTQb�Hb 7Q` +QKTH2i2M2bbX

AM7Q`K�HHv- i?2 B/2� #2?BM/ `2~2+iBQM T`BM+BTH2b Bb i?�i i?2 ?2B;?i Q7 i?2

mMBp2`b2 Bb ǳ�#bQHmi2Hv BM}MBi2Ǵ �M/ ?2M+2 +�MMQi #2 ǳ+?�`�+i2`Bx2/ 7`QK

#2HQrǴX � bT2+B}+ `2~2+iBQM T`BM+BTH2 rBHH �bb2`i i?�i �Mv bi�i2K2Mi φ BM

bQK2 H�M;m�;2 i?�iǶb i`m2 BM i?2 7mHH ?B2`�`+?v Q7 b2ib o Bb �HbQ BM bQK2

bK�HH2` VαX h?Bb 2Mbm`2b i?�i QM2 +�MMQi /2}M2 o �b i?2 mMB[m2 +QHH2+iBQM

r?B+? b�iBb}2b φ UQ` i?2 b?Q`i2bi bm+? +QHH2+iBQMV bBM+2 i?2`2 rBHH #2 � T`QT2`

BMBiB�H b2;K2Mi Vα Q7 o i?�i b�iBb}2b φX

JQ`2 7Q`K�HHv- QM+2 �++2Tib }`bi Q`/2` `2~2+iBQMfb2+QM/ Q`/2` `2~2+iBQM 2i+X

BMbQ7�` �b QM2 �++2Tib �HH BMbi�M+2b Q7 i?2 7QHHQrBM; b+?2K�- r?2`2 φ Bb � }`bi

Q`/2`fb2+QM/ Q`/2` 2i+X 7Q`KmH�X

_2~2+iBQM a+?2K� 6Q` �Mv Q#D2+ib a1, . . . , an BM Vα- r2 ?�p2 φ(a1, . . . , an)↔

Vα |= φ(a1, . . . , an)X

A7 QM2 �++2Tib }`bi Q`/2` `2~2+iBQM i?2M QM2 +�M DmbiB7v _2TH�+2K2MiRjX

h?Bb i?B`/ bi`�i2;v UDmbiB}+�iBQM #v �TT2�H iQ � `2~2+iBQM T`BM+BTH2V Bb bQK2@

r?�i �ii`�+iBp2X 6Q`- �b EQ2HHM2` `2pB2rb BM(e9) QM2 +�M KQiBp�i2 `2~2+iBQM

T`BM+BTH2bR9 #v :ƺ/2HǶb B/2� i?�i i?2 iQi�H ?B2`�`+?v Q7 b2ib UV V b?QmH/ #2

BKTQbbB#H2 iQ /2}M2X 6Q` `2~2+iBQM T`BM+BTH2b UBM 2z2+iV b�v i?�i �Mvi?BM;

i?�iǶb i`m2 Q7 i?2 r?QH2 ?B2`�`+?v Q7 b2ib rBHH �HbQ #2 i`m2 BM bQK2 T`QT2`

BMBiB�H b2;K2Mi Q7 BiX A7 bQK2 BMbi�M+2 Q7 � `2~2+iBQM T`BM+BTH2 7�BH2/ UbQ i?2`2
Rj(}t �M/ `27)
R9.Bz2`2Mi `2~2+iBQM T`BM+BTH2b +Q``2bTQM/ iQ /Bz2`2Mi +H�bb2b Q7 b2Mi2M+2b #2BM; `2@

~2+i2/X 6Q` BMbi�M+2- vQm KB;?i i?BMF QMHv }`bi@Q`/2` b2Mi2M+2b `2~2+i Q` }`bi@Q`/2`
7Q`KmH�b rBi? T�`�K2i2`b Q` b2+QM/@Q`/2` b2Mi2M+2b 2i+X
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r�b bQK2 7�+i �#Qmi i?2 r?QH2 ?B2`�`+?v Q7 b2ib i?�i /B/MǶi `2~2+i /QrM iQ

#2 i`m2 Q7 � T`QT2` BMBiB�H b2;K2Mib Q7 i?2 b2ibV i?2M r2 +QmH/ UBM � b2Mb2V

/2}M2 i?2 ?B2`�`+?v Q7 b2ib #v b�vBM; Bi Bb i?2 b?Q`i2biR8 Bi2`�iBp2 ?B2`�`+?v

bi`m+im`2 b�iBb7vBM; i?Bb +H�BKX :ƺ/2H r`Bi2b

ǳ:2M2`�HHv A #2HB2p2 i?�i- BM i?2 H�bi �M�HvbBb- 2p2`v �tBQK Q7

BM}MBiv b?QmH/ #2 /2`Bp�#H2 7`QK i?2 U2ti`2K2Hv TH�mbB#H2V T`BM@

+BTH2 i?�i V Bb BM/2}M�#H2- r?2`2 /2}M�#BHBiv Bb iQ #2 i�F2M BM

(�) KQ`2 �M/ KQ`2 ;2M2`�HBx2/ �M/ B/2�HBx2/ b2Mb2XǴRe

A �/KBi i?�i i?2 B/2� BM i?2 [mQi2 �#Qp2 ?�b � FBM/ Q7 2H2;�M+2 �M/ T`QpB/2b

� FBM/ Q7 BMi2`M�H DmbiB}+�iBQM 7Q` `2~2+iBQM U�b QTTQb2/ iQ i?2 2ti2`M�H

DmbiB}+�iBQM #v +QMb2[m2M+2b 2pQF2/ �#Qp2VX

>Qr2p2` BiǶb MQi Q#pBQmb UQ` MQi �b Q#pBQmb �b r2Ƕ/ M�Bp2Hv ?QT2 7QmM/�iBQM�H

�tBQKb 7Q` K�i?2K�iB+b +QmH/ #2V i?�i i?2`2 +QmH/ #2 � bi`m+im`2 b�iBb7vBM;

i?2 BMimBiBQM #2?BM/ `2~2+iBQM UQ` 2p2M b2+QM/ Q`/2` `2~2+iBQMV iQ;2i?2`

rBi? Qm` Qi?2` 2tT2+i�iBQMb �#Qmi i?2 ?B2`�`+?v Q7 b2ib U2X;X- i?2 Qi?2` w6*

�tBQKb- �M/ i?2 rB/i? +QM/BiBQMb /Bb+mbb2/ �#Qp2VX

�HbQ- iQ i?2 2ti2Mi i?�i :ƺ/2HǶb B/2� BM i?2 [mQi2 �#Qp2 KQiBp�i2b i?2 }`bi@

Q`/2` _2~2+iBQM T`BM+BTH2 mb2/ iQ DmbiB7v _2TH�+2K2Mi �#Qp2- Bi rQmH/ b22K

iQ �HbQ KQiBp�i2 i?B`/ Q`/2` `2~2+iBQM- bQK2 BMbi�M+2b Q7 r?B+? U�b EQ2HHM2`

MQi2b BM i?2 �`iB+H2 +Bi2/ �#Qp2V ?�p2 #22M b?QrM iQ #2 BM+QMbBbi2Mi(RyR)X

aQ QM2 KB;?i i?BMF i?�i DmbiB7vBM; _2TH�+2K2Mi #v K2`2Hv MQiBM; i?�i Bi

7QHHQrb 7`QK `2~2+iBQM /Q2bMǶi T`QpB/2 2MQm;? DmbiB}+�iBQMRdX
R8h?�i Bb- i?2 b2ib b�iBb7v i?2 MQM@`2~2+i2/ +H�BK #mi MQ BMBiB�H b2;K2Mi /Q2bX
Reh?Bb Bb [mQi2/ 7`QK (RR3) BM (e9)X
RdPM2 KB;?i �HbQ ?QT2 i?�i QM2 +QmH/ mb2 bm+? `2~2+iBQM b+?2K�b iQ bQHp2 i?2 }`bi
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6Qm`i?- T?BHQbQT?2`b HBF2 "QQHQb (R9- Re) DmbiB7v `2TH�+2K2Mi 7`QK � bBx2

T`BM+BTH2X UaT2�FBM; BM7Q`K�HHvV i?2 B/2� Bb iQ b�v i?�i bQK2 THm`�HBiv Q7

Q#D2+ib 7Q`Kb � b2i B7 �M/ QMHv B7 Bi Bb ǵbK�HHǶ r?2`2 i?2 H�ii2` K2�Mb i?�i Bib

K2K#2`b +�MǶi #2 #BD2+i2/ rBi? i?2 iQi�H mMBp2`b2X h?Bb T`BM+BTH2 DmbiB}2b

`2TH�+2K2Mi- #2+�mb2 i?2 b2i vQm ;2i #v �TTHvBM; `2TH�+2K2Mi iQ � b2i u

Kmbi #2 i?2 b�K2 bBx2 �b u Q` bK�HH2`X X

"mi- Dmbi �b rBi? _2~2+iBQM- BiǶb MQi �b +H2�` �b QM2 rQmH/ HBF2 i?�i Bi rQmH/

#2 +Q?2`2Mi 7Q` i?2`2 iQ #2 � bi`m+im`2 rBi? i?2 BMi2M/2/ rB/i? Q7 i?2 ?B2`�`@

+?v Q7 b2ib i?�i b�iBb}2b i?Bb T`QT2`iv iQ;2i?2` rBi? i?2 �tBQK Q7 BM}MBivR3X

T`Q#H2K �#Qp2X 6Q` 2t�KTH2- QM2 +QmH/ b�v i?�i i?2 ?B2`�`+?v Q7 b2ib �b i?2 b?Q`i2bi
bi`m+im`2 b�iBb7vBM; b2+QM/ Q`/2` `2~2+iBQMX >Qr2p2` i?2 �#Qp2 K2MiBQM2/ rQ``B2b �#Qp2
�#Qmi r?v r2 b?QmH/ i?BMF BiǶb HQ;B+�HHv +Q?2`2Mi 7Q` i?2`2 iQ #2 � bi`m+im`2 b�iBb7vBM;
i?2 `2H2p�Mi 7Q`K Q7 _2~2+iBQM `2K�BMX q2 �HbQ ?�p2 � HBKBi�iBp2 T`QTQb�H- ;2M2`�HBiv Q7
b2i i?2Q`v BMimBiBQMb 2pQF2/ �#Qp2X �M/ r2 rQmH/ ?�p2 iQ }M/ � p2`bBQM Q7 _2~2+iBQM
r2�F 2MQm;? iQ �pQB/ i?2 BM+Q?2`2M+2 Q7 i?B`/ Q`/2` _2~2+iBQM #mi bi`QM; 2MQm;? i?�i b2i
i?2Q`Bbib rQmH/ #2 rBHHBM; iQ +QMbi`�BM i?2Kb2Hp2b iQ bim/vBM; i?2 b?Q`i2bi ?B2`�`+?v Q7
b2ib b�iBb7vBM; BiX LQi2 i?�i �TT2�H iQ `2~2+iBQM T`BM+BTH2b U�b �i H2�bi TH�mbB#H2 2MQm;? iQ
#2 BMi2`2biBM; iQ bim/vV Bb TQTmH�` rBi? bQK2 b2i i?2Q`BbibX "mi i?Bb Bb MQi iQ b�v i?�i b2i
i?2Q`Bbib �++2Ti bm+? T`BM+BTH2b �b BMi`BMbB+�HHv Q#pBQmb Q` �b � /2}MBiBQM Q7 i?2 BMi2M/2/
?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib BM i?2 HBKBi�iBp2 b2Mb2 T`QTQb2/ �#Qp2- �b QTTQb2/ iQ K2`2Hv
�M �TT2�HBM; ?vTQi?2bBb �#Qmi i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ibX

R3PM2 KB;?i 2p2M �`;m2 i?�i B7 QM2 ?�/ bm{+B2Mi � T`BQ`B +QM}/2M+2 BM "QQHQbǶ ǵbBx2 Q7
i?2 iQi�H mMBp2`b2 T`BM+BTH2Ƕ- i?Bb rQmH/ T`QpB/2 `2�bQM iQ `2D2+i �+im�HBbKX 6Q`- QM2 KB;?i
i?BMF- Qm` +QM+2TiBQM Q7 i?2 BMi2M/2/ ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib b?QmH/ #2 bQK2i?BM;
r?B+? r2 �`2 +�T�#H2 Q7 ;`�bTBM; rBi?Qmi �TT2�H iQ ?Qr K�Mv MQM@K�i?2K�iB+�H Q#D2+ib
?�TT2M iQ 2tBbi UQ` #2 mb27mH iQ i�HF BM i2`Kb Q7VX "mi bmTTQb2 r2 ?�p2 bQK2 bm+?
BMi`BMbB+ ;`�bT Q7 i?2 BMi2M/2/ bi`m+im`2 Q7 i?2 Tm`2 ?B2`�`+?v b2ib r?B+? TBMM2/ /QrM
i?�i Bi biQTT2/ �i bQK2 TQBMi α- ?Qr +QmH/ r2 #2 `�iBQM�HHv #2 bm`2 i?�i i?2`2 rQmH/MǶi
im`M Qmi iQ #2 UQ` Bi rQmH/MǶi im`M Qmi iQ #2 mb27mH iQ i?BMF BM i2`Kb Q7V bi`B+iHv KQ`2 MQM@
b2i Q#D2+ib\ A7 i?2`2 r2`2 r2Ƕ/ ?�p2 � pBQH�iBQM Q7 i?2 T`BM+BTH2 �#Qp2- 7Q` i?2 b2ib rQmH/
MQi #2 #BD2+i�#H2 rBi? i?2 iQi�H mMBp2`b2- bQ i?2`2 rQmH/ ?�p2 iQ #2 � b2i Q7 �HH b2ib H2�/BM;
iQ +QMi`�/B+iBQMX � TQi2MiB�HBbi HBF2 i?2 QM2 A /2p2HQT ?�b �M 2�bB2` iBK2 `2+QM+BHBM; i?2
B/2� i?�i r2 +�M ;`�bT 7�+ib �#Qmi b2i i?2Q`v /B`2+iHv- rBi?Qmi �TT2�H iQ �Mv 7�+ib �#Qmi
r?�i MQM@b2i Q#D2+ib i?2`2 ?�TT2M iQ #2- �M/ v2i i?2 TQi2Mi�BHBbi i`�MbH�iBQM Q7 ǵi?2`2 Bb
� b2i Q7 �HH T?vbB+�H Q#D2+ibǶ UBX2X- Bi rQmH/ #2 HQ;B+�HHv TQbbB#H2 7Q` i?2`2 iQ #2 � bi�M/�`/
rB/i? Bi2`�iBp2 ?B2`�`+?v rBi? m`@2H2K2Mib bi`m+im`2 +QMi�BMBM; Q#D2+ib i?�i #2?�p2 HBF2
� b2i �M/ � #BD2+iBQM 7`QK i?2 6bV +QK2b Qmi FMQr�#H2 � T`BQ`BV :Bp2M i?2 KQ/�H HQ;B+�H
�M�HQ; iQ i?2 �tBQK Q7 +?QB+2 BX2X *?QB+2- �HH Q#D2+ib �`2 BbQKQ`T?B+�HHv K�T@�#H2 iQ bQK2
Q`/BM�HX
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aQ- iQ bmKK�`Bx2 i?2 /Bb+mbbBQM Q7 /Bz2`2Mi �+im�HBbi bi`�i2;B2b 7Q` DmbiB7vBM;

`2TH�+2K2Mi �#Qp2- r2 ;2i i?2 7QHHQrBM; TB+im`2X AM Q`/2` iQ DmbiB7v i?2 H2p2H

Q7 +QM}/2M+2 r2 ?�p2 BM b2i i?2Q`v- �M/ T�`iB+mH�`Hv _2TH�+2K2Mi- U�b r2HH

�b 7Q` �2bi?2iB+ `2�bQMbV r2 rQmH/ HBF2 Qm` b2i i?2Q`2iB+ �tBQKb iQ 7QHHQr

7`QK bQK2 bBKTH2 BMimBiBp2 +QM+2TiBQM r?B+? bi`BF2b mb �b T`BK� 7�+B2 +H2�`Hv

HQ;B+�HHv +Q?2`2MiX

6Q` BMbi�M+2- r2 i?BMF Q7 MmK#2` i?2Q`v �b /2b+`B#BM; i?2 b2[m2M+2 #mBHi

#v bi�`iBM; �i 0 �M/ +QMiBMmBM; iQ �// bm++2bbQ`b ǵ�b HQM; �b Bb M22/2/ iQ

2Mbm`2 i?�i i?2`2 Bb MQ H�bi M�im`�H MmK#2`- #mi MQ HQM;2`Ƕ BM � b2Mb2 r?B+?

+�M #2 +�b?2/ Qmi pB� i?2 b2+QM/@Q`/2` �tBQK Q7 BM/m+iBQMX �M/ r2 +�M

i?BMF Q7 i?2 `2�Hb �b /2b+`B#BM; � HBM2 2ti2M/BM; iQ BM}MBiv BM #Qi? /B`2+iBQMb

rBi?Qmi ;�Tb UBX2X- bm+? i?�i BiǶb BKTQbbB#H2 iQ �// �Mv 7m`i?2` ǵMmK#2`Ƕ

�Mvr?2`2 QM i?2 HBM2 rBi?Qmi Bi #2BM; 2[m�H iQ � `2�HRNVX AM #Qi? i?2b2 +�b2b

Qm` +QM+2TiBQM Q7 i?2 K�i?2K�iB+�H bi`m+im`2 b22Kb iQ ~Qr 7`QK � bBM;H2

mMB}2/ +QM+2TiBQM i?�iǶb BMimBiBp2Hv +QMbBbi2MiX

h?2 Bi2`�iBp2 ?B2`�`+?v B/2� bF2i+?2/ BM ȜkXR TH�mbB#Hv bT2+B}2b i?2 rB/i? Q7

i?2 ?B2`�`+?v Q7 b2ib BM � r�v i?�iǶb HQ;B+�HHv +Q?2`2Mi UQM Bib QrMVX "mi Dmbi

�bbmKBM; i?�i i?2 b2ib b�iBb7v i?Bb rB/i? `2[mB`2K2Mi UQ` 2p2M i?�i �//BM;

i?�i i?2`2Ƕb MQ H�bi bi�;2 iQ i?2 ?B2`�`+?v Q7 b2ibV /Q2bMǶi bm{+2 iQ DmbiB7v

`2TH�+2K2MiX �//BM; T`BM+BTH2b HBF2 _2~2+iBQM Q` "QQHQbǶ bBx2 T`BM+BTH2 iQ

Qm` +QM+2TiBQM rQmH/ 2Mbm`2 i?�i Qm` +QM+2TiBQM Q7 i?2 BMi2M/2/ bi`m+im`2

Q7 i?2 b2ib BKTHB2b `2TH�+2K2Mi U�M/ ?2M+2 T2`?�Tb i?�i B7 i?2`2 �`2 b2ib i?2M

RNPM2 +�M i?BMF Q7 � .2/2FBM/ +mi r?B+? /Q2bMǶi +Q``2bTQM/ iQ � `2�H MmK#2` �b �
FBM/ Q7 ;�T- BX2X- � p2`iB+�H HBM2 T�bbBM; i?`Qm;? i?2 t@�tBb i?�i bQK2?Qr KBbb2b 2p2`v `2�H
MmK#2`X
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i?2v b�iBb7v `2TH�+2K2MiVX >Qr2p2` r2 ?�p2 HBiiH2 Q` MQ `2�bQM iQ i?BMF i?Bb

2MH�`;2/ +QM+2TBQM Bb +Q?2`M2iX aQ Bi T`QpB/2b HBiiH2 DmbiB}+�iBQM 7Q` i?BMFBM;

i?�i i?2 �tBQK Q7 `2TH�+2K2Mi Bb 2p2M +QMbBbi2Mi rBi? i?2 Qi?2` T`BM+BTH2b

�#Qmi i?2 ?B2`�`+?v Q7 b2ib U?2M+2 HBiiH2 DmbiB}+�iBQM 7Q` i?BMFBM; BiǶb i`m2VX

AM i?2 M2ti 72r +?�Ti2`b A rBHH �`;m2 i?�i KQpBM; iQ � TQi2MiB�HBbi �TT`Q�+?

iQ b2i i?2Q`v H2ib mb /Q #2ii2` rBi? `2;�`/ iQ #Qi? i?2 �`#Bi`�`BM2bb �M/

DmbiB}+�iBQM T`Q#H2Kb �#Qp2X

kX8 AM/2}MBi2 1ti2MbB#BHBiv

"mi- #27Q`2 A ;Q QM iQ i?2 /2p2HQTK2Mi �M/ /272Mb2 Q7 TQi2MiB�HBbK- H2i

K2 2M/ i?Bb +?�Ti2` #v [mB+FHv b�vBM; bQK2i?BM; �#Qmi i?2 HBKBib Q7 i?2

�`;mK2Mi �#Qp2X

J�Mv Qi?2` T?BHQbQT?2`b BMi2`2bi2/ BM TQi2MiB�HBbK �#Qmi b2i i?2Q`v ?�p2

�HbQ 2tTHQ`2/ KQ`2 ;2M2`�H p2`bBQMb Q7 TQi2MiB�HBbK- r?B+? ;Q 7m`i?2` �M/

`2D2+i i?2 B/2� i?�i r2 ?�p2 � /2}MBi2 +QM+2TiBQM Q7 i?2 bi`m+im`2 Q7 i?2

M�im`�H MmK#2`b Q` i?2 rB/i? Q7 i?2 ?B2`�`+?v Q7 b2ibX h?mb QM2 KB;?i

rQM/2` B7 i?2`2 Bb � T`BM+BTH2/ `2�bQM 7Q` i�FBM; � TQi2MiB�HBbiB+ �TT`Q�+? iQ

i?2 ?2B;?i Q7 i?2 ?B2`�`+?v Q7 b2ib #mi MQi iQ i?2 rB/i? Q7 i?2 ?B2`�`+?v Q7

b2ib Q` i?2 M�im`�H MmK#2`bX

AM i?2 `2K�BM/2` Q7 i?Bb +?�Ti2` A rBHH �Mbr2` i?2 �#Qp2 [m2biBQMX AǶHH 2tTH�BM

r?v A i?BMF i?2 �#Qp2 KQiBp�iBQM 7Q` ?2B;?i TQi2MiB�HBbK �#Qmi b2i i?2Q`v

/Q2bMǶi ;2M2`�HBx2 BM i?2 r�vb Dmbi K2MiBQM2/X �M/ A rBHH +QMi`�bi i?2 +H�BKb

AǶp2 K�/2 �#Qmi Qm` H�+FBM; � +Q?2`2Mi +�i2;Q`B+�H +QM+2TiBQM Q7 �M �+im�HBbi
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?B2`�`+?v Q7 b2ib �#Qp2 rBi? .mKK2iiǶb 7�KQmb Ĝ �M/ 7�KQmbHv Q#b+m`2 Ĝ

`2K�`Fb �#Qmi BM/2}MBi2 2ti2MbB#BHBivX

kX8XR >2B;?i SQi2MiB�HBbK �M/ LQ JQ`2

AM � Mmib?2HH- A i?BMF Kv HBKBi2/ TQi2MiB�HBbK Bb KQiBp�i2/ BM � T`BM+BTH2/

r�v #v i?2 7�+i i?�i Qm` M�Bp2 +QM+2TiBQM Q7 i?2 ?2B;?i Q7 i?2 ?B2`�`+?v

Q7 b2ib ;Bp2b `Bb2 iQ � "m`�HB@6Q`iB T�`�/Qt- r?BH2 MQ bBKBH�` T�`�/Qt b22Kb

iQ �`Bb2 7`QK i�FBM; i?2 �TT2�`�M+2 i?�i r2 ?�p2 � +Q?2`2Mi +QM+2TiBQM Q7

i?BM;b HBF2 i?2 M�im`�H MmK#2`b- i?2 rB/i? Q7 i?2 ?B2`�`+?v Q7 b2ib Q` 7mHH

b2+QM/@Q`/2` [m�MiB}+�iBQM �i 7�+2 p�Hm2X

>2`2Ƕb �MQi?2` r�v Q7 i?BMFBM; �#Qmi i?2 /Bb�M�HQ;vX PM2 +�M 7�B`Hv +QM@

+`2i2Hv BK�;BM2 �M Q`/BM�H@HBF2@Q#D2+i �#Qp2 �Mv r2HH Q`/2`2/ THm`�HBiv Q7

Q`/BM�Hb- �M/ � H�v2` Q7 b2i@HBF2@Q#D2+ib �#Qp2 �Mv THm`�HBiv Q7 b2ibX q2 +�M

bT2+B7v 2t�+iHv ?Qr ≤ �M/ ∈ rQmH/ `2H�i2 i?2 M2r b2ibfQ`/BM�Hb iQ �HH i?2

QH/ b2ibfQ`/BM�Hb T`2pBQmbHv +QMbB/2`2/X

�M/ BiǶb T`BK� 7�+B2 TH�mbB#H2 i?�i i?2 bi`m+im`2 r2 BK�;BM2 7Q`KBM; #v

2ti2M/BM; �Mv ;Bp2M THm`�HBiv Q7 Q`/BM�Hb ?�b �b ;QQ/ � +H�BK iQ +QMi�BMBM;

�HH i?2 Q#D2+ib i?�i b�iBb7v Qm` +QM+2TiBQM Q7 ǵi?2 Q`/BM�HbǶfǵi?2 b2ibǶ �b i?2

Q`B;BM�H bi`m+im`2X 6Q` Qm` +QM+2TiBQM Q7 i?2 Q`/BM�Hbfb2ib /Q2bMǶi b22K iQ

BM+Hm/2 �Mv U+Q?2`2MiV M2;�iBp2 +QM/BiBQMb r?B+? b�v i?�i i?2 ?2B;?i Q7 i?2

?B2`�`+?v Kmbi biQT �i � +2`i�BM TQBMiX

"mi r2 +�MǶi /Q i?2 b�K2 i?BM; rBi? Qm` +QM+2Tib Q7 ǵ7mHHǶ b2+QM/@Q`/2`

[m�MiB}+�iBQM U�F� �`#Bi`�`v bm#b2ib Q7 � ;Bp2M +QHH2+iBQMV- M�im`�H MmK#2`

�M/ `2�H MmK#2`X S2`?�Tb- BM � b2Mb2- BiǶb BMimBiBp2 i?�i- 7Q` �Mv +QHH2+iBQM Q7
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M�im`�H MmK#2`b U}MBi2 Q` BM}MBi2V r2 +�M BK�;BM2 � bi`B+iHv H�`;2` p�;m2Hv

MmK#2`@HBF2 Q#D2+iX 6Q` r2 +�M �Hr�vb BK�;BM2 �//BM; UbQK2i?BM; HBF2V �

bm++2bbQ` Q` � HBKBi Q`/BM�H �7i2` �HH MmK#2`b rBi?BM �Mv +QHH2+iBQM Q7 MmK@

#2`bX >Qr2p2`- Qm` ;`�bT Q7 i?2 M�im`�H MmK#2`b /Q2b p2`v +2Mi`�HHv BM+Hm/2

bm+? � T`BM+BTH2 b�vBM; i?2 MmK#2`b Kmbi biQT �i � +2`i�BM TQBMi- M�K2Hv

i?2 b2+QM/@Q`/2` BM/m+iBQM �tBQK5 q2 i?BMF i?2 MmK#2`b �`2 UbQ iQ bT2�FV

�b 72r �b +�M #2ky r?BH2 +QMi�BMBM; y �M/ i?2 bm++2bbQ` Q7 2p2`vi?BM; i?2v

BM+Hm/2- �M/ i?�i 7Q` i?Bb `2�bQM �Mv T`QT2`iv r?B+? �TTHB2b iQ y �M/ �TTHB2b

iQ i?2 bm++2bbQ` Q7 2p2`vi?BM; Bi �TTHB2b iQ Kmbi �TTHv iQ �HH i?2 MmK#2`bX

h?2 b�K2 ;Q2b 7Q` i?2 +QM+2Ti Q7 7mHH b2+QM/@Q`/2` [m�MiB}+�iBQMf�HH TQbbB@

#H2 bm#b2ib Q7 � ;Bp2M +QHH2+iBQMX q2 ?�p2 MQ TQbBiBp2 BMimBiBQM �#Qmi ?Qr iQ

;2M2`�i2- 7Q` �Mv ;Bp2M +QHH2+iBQM Q7 b2ib Q7 +�ib � M2r b2i@Q7@+�ib HBF2 Q#D2+i

r?B+? Bb /BbiBM+i 7`QK �HH i?2 QM2b T`2pBQmbHv +QMbB/2`2/X

kX8Xk *QMi`�bi rBi? .mKK2ii

Ai K�v #2 ?2HT7mH �i i?Bb TQBMi iQ +QMi`�bi Kv �`#Bi`�`BM2bb T`Q#H2K 7Q`

�+im�HBbK rBi? JB+?�2H .mKK2iiǶb BM~m2MiB�H �`;mK2Mib �#Qmi BM/2}MBi2

2ti2MbB#BHBiv BM h?2 a2�b Q7 G�M;m�;2X AM (jy)- .mKK2ii `�Bb2b bQK2i?BM;

p2`v Km+? HBF2 i?2 "m`�HB@6Q`iB rQ``v A T`2bb2/ �#Qp2 +QM+2`MBM; i?2 ?2B;?i

Q7 i?2 ?B2`�`+?v Q7 b2ibX 6Q` 2t�KTH2 ?2 2tT`2bb2b bQK2i?BM; i?�i bQmM/b

bQK2r?�i HBF2 i?2 �`#Bi`�`BM2bb rQ``v A T`2bb2/ �;�BMbi i?2 �+im�HBbi �#Qp2X

A7 Bi r�bXXX �HH `B;?i iQ �bF- ǳ>Qr K�Mv MmK#2`b �`2 i?2`2\Ǵ- BM

ky>2`2 A K2�M ǵ72rǶ BM �M Q`/2` ivT2 b2Mb2 MQi � +�`/BM�H b2Mb2X J�v#2 Bi rQmH/ #2
#2ii2` iQ b�v i?�i i?2 M�im`�H MmK#2` bi`m+im`2 Bb �b b?Q`ifbK�HH �b +�M #2 r?BH2 b�iBb7vBM;
i?Bb +QM/BiBQM
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i?2 b2Mb2 BM r?B+? ǳMmK#2`Ǵ K2�Mi ǵ}MBi2 +�`/BM�HǶ- ?Qr +�M Bi

#2 r`QM; iQ �bF i?2 b�K2 [m2biBQM r?2M ǳMmK#2`Ǵ K2�Mb ǵ}MBi2

Q` i`�Mb}MBi2 +�`/BM�HǶ\ � K2`2 T`Q?B#BiBQM H2�p2b i?2 K�ii2` �

Kvbi2`vX Ai ;Bp2b MQ ?2HT iQ b�v i?�i i?2`2 �`2 bQK2 iQi�HBiB2b

bQ H�`;2 i?�i MQ MmK#2` +�M #2 �bbB;M2/ iQ i?2KX q2 +�M ;�BM

bQK2 ;`�bT QM i?2 B/2� Q7 � iQi�HBiv iQQ #B; iQ #2 +QmMi2/- 2p2M

�i i?2 bi�;2 r?2M r2 i?BMF i?�i- B7 Bi +�MMQi #2 +QmMi2/- Bi /Q2b

MQi ?�p2 � MmK#2`c #mi- QM+2 r2 ?�p2 �++2Ti2/ i?�i iQi�HBiB2b

iQQ #B; iQ #2 +QmMi2/ K�v v2i ?�p2 MmK#2`b- i?2 B/2� Q7 QM2 iQQ

#B; 2p2M iQ ?�p2 � MmK#2` +QMp2vb MQi?BM; �i �HHX �M/ K2`2Hv

iQ b�v- ǳA7 vQm T2`bBbi BM i�HFBM; �#Qmi i?2 MmK#2` Q7 �HH +�`/BM�H

MmK#2`b- vQm rBHH `mM BMiQ +QMi`�/B+iBQMǴ- Bb iQ rB2H/ i?2 #B;

biB+F- MQi iQ Qz2` �M 2tTH�M�iBQMXkR

�M/ QM2 KB;?i b�v i?�i #Qi? Q7 mb `2D2+i bi�M/�`/ �+im�HBbi b2i i?2Q`v QM i?2

;`QmM/b i?�i Qm` +QM+2TiBQM Q7 b2ib Bb- BM bQK2 b2Mb2- ǵBM/2}MBi2Hv 2ti2MbB#H2ǶX

>Qr2p2`- .mKK2ii Bb +QM+2`M2/ rBi? BM/2}MBi2 2ti2MbB#BHBiv BM � /Bz2`2Mi

b2Mb2 i?�M A �KX aT2+B}+�HHv- A `2D2+i bi�M/�`/ U�+im�HBbiV TH�iQMbBK �#Qmi

b2i i?2Q`v #2+�mb2 Qm` +QM+2Ti Q7 b2ib �M/ Q`/BM�Hb Bb ǵBM/2}MBi2 2ti2MbB#BHBivǶ

BM i?2 7QHHQrBM; bi`QM; b2Mb2,

ai`QM; AM/2}MBi2 1ti2MbB#BHBiv q2 ?�p2 � TQbBiBp2 BMimBiBQM

i?�i 7Q` �Mv ?B2`�`+?v Q7 b2ibfQ`/BM�Hb i?2`2 +QmH/ #2 i?2`2 +QmH/

#2 � bi`B+iHv H�`;2` QM2 r?B+? K�i+?2b Qm` Bi2`�iBp2 ?B2`�`+?v

+QM+2TiBQM Q7 b2ibfQ`/BM�Hb 2[m�HHv r2HHX

kR(jy) T;X 9jN
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AM +QMi`�bi- .mKK2ii `2D2+ib bi�M/�`/ SH�iQMBbi b2i i?2Q`v #2+�mb2 Qm`

+QM+2Ti Q7 b2ib Bb ǵBM/2}MBi2 2ti2MbB#H2Ƕ BM i?Bb r2�F2` b2Mb2,

q2�F AM/2}MBi2 1ti2MbB#BHBiv 6Q` �Mv +QHH2+iBQM Q7 i?2K r2

+�M /2}MBi2Hv BK�;BM2 Ur?B+? ?2 b�vb ?2 rBHH bi�`i #v T`2bmK@

BM; K2�Mb �Mv }MBi2 +QHH2+iBQMV i?Bb +QHH2+iBQM +�M #2 2ti2M/2/

bQ �b iQ +QMi�BM 2ti`� i?BM;b r?B+? rQmH/ �HbQ 7�HH mM/2` Qm`

+QM+2TiBQM Q7 i?�i bi`m+im`2kkX

hQ bmTTQ`i i?Bb `2�/BM;- MQi2 i?�i .mKK2ii �`;m2b i?�i i?2 +QM+2Tib Q7

M�im`�H MmK#2`b �`2 ǵBM/2}MBi2Hv 2ti2MbB#H2Ƕ #v Ub22KBM;HvV �bbmKBM; i?�i

�HH iQi�HBiB2b Q7 MmK#2`b r2 +�M 7Q`K � /2}MBi2 +QM+2TiBQM Q7 +QHH2+i MmK#2`b

7`QK y iQ M 7Q` bQK2 MX >Bb biQ`v �#Qmi ?Qr iQ 2ti2M/ �M �`#Bi`�`v iQi�HBiv Q7

M�im`�H MmK#2`b Ui?�i r2 +�M /2}MBi2Hv +QM+2Bp2 Q7V Bb bBKTHv i?2 7QHHQrBM;X

;Bp2M �Mv BMBiB�H b2;K2Mi Q7 i?2 M�im`�H MmK#2`b- 7`QK y iQ M-

i?2 MmK#2` Q7 i2`Kb Q7 i?�i b2;K2Mi Bb �;�BM � M�im`�H MmK#2`-

#mi QM2 H�`;2` i?�M �Mv i2`K Q7 i?2 b2;K2MiX

aBKBH�`Hv i?2 �`;mK2Mi .mKK2ii i�F2b iQ b?Qr i?�i Qm` +QM+2Ti ǵ`2�H MmK@

#2`Ƕ Bb BM/2}MBi2Hv 2ti2MbB#H2 Bb bBKTHv *�MiQ`Ƕb /B�;QM�H �`;mK2Mi i?�i �Mv

+QmMi�#H2 THm`�HBiv Q7 `2�H MmK#2`b Kmbi #2 H2�pBM; bQK2 `2�H MmK#2`b QmiX

AM/22/ .mKK2ii 2tTHB+BiHv MQi2b i?�i ?2Ƕb K�FBM; i?2b2 �bbmKTiBQMb UQ7

}MBi2M2bb �M/ +QmMi�#BHBivV BM i?2 [mQi2 #2HQr �M/ UmMbm`T`BbBM;HvV `2+Q;@

MBx2b i?2v rBHH bi`BF2 QTTQM2Mib �b [m2biBQM #2;;BM;X
kk.mKK2ii r`Bi2b- ǳ(�)M BM/2}MBi2Hv 2ti2MbB#H2 +QM+2Ti Bb QM2 bm+? i?�i- B7 r2 +�M

7Q`K � /2}MBi2 +QM+2TiBQM Q7 � iQi�HBiv �HH Q7 r?Qb2 K2K#2`b 7�HH mM/2` i?2 +QM+2Ti-
r2 +�M- #v `272`2M+2 iQ i?�i iQi�HBiv- +?�`�+i2`Bx2 � H�`;2` iQi�HBiv �HH Q7 r?Qb2 K2K#2`b
7�HH mM/2` BiXǴ(jy) T; 99y)X
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� M�im`�H `2bTQMb2 Bb iQ +H�BK i?�i i?2 [m2biBQM ?�b #22M #2;;2/X

AM +H�bbBM; `2�H MmK#2` �b �M BM/2}MBi2Hv 2ti2MbB#H2 +QM+2Ti- r2

?�p2 �bbmK2/ i?�i �Mv iQi�HBiv Q7 r?B+? r2 +�M ?�p2 � /2}MBi2

+QM+2TiBQM Bb �i KQbi /2MmK2`�#H2c BM +H�bbBM; M�im`�H MmK#2` �b

QM2- r2 ?�p2 �bbmK2/ i?�i bm+? � iQi�HBiv rBHH #2 }MBi2X "m`/2M@

Q7@T`QQ7 +QMi`Qp2`bB2b �`2 �Hr�vb /B{+mHi iQ `2bQHp2c #mi- BM i?Bb

BMbi�M+2- Bi Bb bm`2Hv +H2�` i?�i Bi Bb i?2 Qi?2` bB/2 i?�i ?�b #2;;2/

i?2 [m2biBQMX

.mKK2ii ;Q2b QM iQ /272M/ i?Bb #m`/2M Q7 T`QQ7 +H�BK- #v �`;mBM; i?�i

BiǶb Kvbi2`BQmb ?Qr � /2}MBi2 +QM+2TiBQM Q7 �M BM}MBi2 bi`m+im`2 +QmH/ #2

+QKKmMB+�i2/ �M/ i?2 #m`/2M Q7 b?QrBM; bm+? +QKKmMB+�iBQM Bb TQbbB#H2

7�HHb QM ?Bb QTTQM2MiX Jm+? +�M �M/ ?�b #22M b�B/ �#Qmi r?2i?2` i?Bb

bm++22/b- �M/ ?Qr iQ mM/2`bi�M/ .mKK2iiǶb BM7�KQmbHv ǳ/�`FǴ() MQiBQM Q7

BM/2}MBi2 2ti2Mb�#BHBiv(d9- \)X >Qr2p2` �HH i?�i K�ii2`b 7Q` Kv Tm`TQb2b

Bb i?�i .mKK2iiǶb �`;mK2Mib 7`QK i?2 r2�F BM/2}MBi2 2ti2Mb�#BHBiv Q7 i?2

M�im`�H MmK#2`b �M/ `2�H MmK#2`b /QMǶi 2p2M T`2i2M/ iQ b?Qr i?2 bi`QM;

BM/2}MBi2 2ti2Mb�#BHBiv Q7 i?2b2 MQiBQMbX h?2v /QMǶi T`2i2M/ iQ b?Qr i?�i-

7Q` �Mv iQi�HBiv Q7 Q#D2+ib `2H�i2/ #v bQK2 `2H�iBQM _ BM i?2 r�v r2 #2HB2p2

i?2 M�im`�H MmK#2`b iQ #2 `2H�i2/ #v bm++2bbQ`- Bi rQmH/ #2 HQ;B+�HHv +Q?2`2Mi

iQ ?�p2 � bi`B+iHv H�`;2` bi`m+im`2 i?�i �++Q`/b rBi? Qm` +QM+2TiBQM Q7 i?2

M�im`�H MmK#2`b 2[m�HHv r2HHX

h?mb .mKK2iiǶb `2�bQM 7Q` rQ``vBM; �#Qmi i?2 b2ib �`;m�#Hv �TTHB2b iQ i?2

M�im`�H MmK#2`b �M/ `2�H MmK#2`b U�Mv }MBi2 +QHH2+iBQM Q7 i?2b2 rBHH #2

KBbbBM; � MmK#2` r?B+? +QmH/ #2 �//2/V 2i+X r?BH2 Ur2Ƕp2 Dmbi b22M �#Qp2
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i?�iV KBM2 /Q2bMǶiX

S?BHQbQT?B+�HHv bT2�FBM;- A bmbT2+i i?2b2 /Bz2`2Mi ǵBM/2}MBi2 2ti2MbB#BHBivǶ

rQ``B2b �`Bb2 7`QK /Bz2`2Mi T?BHQbQT?B+�H T`QD2+ib �M/ #�+F;`QmM/ �bbmKT@

iBQMb �b 7QHHQrbX

A i�F2 #Qi? i?2 M�Bp2 BMimBiBQM i?�i r2 K2�M bQK2i?BM; /2}MBi2 #v #Qi?

ǵ�HH TQbbB#H2 bm#b2ibǶ �M/ ǵ�HH i?2 r�v mTǶ �i 7�+2 p�Hm2- mMiBH "m`�HB@6Q`iB

T�`�/Qt b?Qrb i?2 H�ii2` Bb +QMi`�/B+iQ`vX aBM+2 MQ �M�HQ;Qmb T�`�/Qt b22Kb

iQ �`Bb2 7Q` ǵ�HH TQbbB#H2 bm#b2ibǶ AǶK ?�TTv iQ BMpQF2 i?Bb MQiBQM BM 2tT`2bbBM;

� +QM+2TiBQM Q7 i?2 M�im`�H MmK#2`b 2i+X

AM +QMi`�bi- .mKK2ii bi�`ib 7`QK � KQ`2 bF2TiB+�Hf+�miBQmb TQbBiBQM �M/

�bFb iQ #2 b?QrM ?Qr QM2 +QmH/ ǵ+QMp2vǶ � /2}MBi2 +QM+2Ti Q7 bi`m+im`2b iQ

bQK2QM2 r?Q bi�`ib Qmi QMHv mM/2`bi�M/BM; }MBi2 +QHH2+iBQMbX �M/ ?2 T`BK�

7�+B2 /Qm#ib i?�i vQm +QmH/ /Q bQ #v- 2X;X- ;BpBM; �M QT2`�iBQM HBF2 �//BM;

QM2 �M/ i�HFBM; �#Qmi +HQbBM; mM/2` Bi Q` U�b A rQmH/ T`272`V Q` �TT2�HBM; iQ

� KQ/�H MQiBQM Q7 ǵ�HH TQbbB#H2Ƕ bm#b2ib r?B+? �TTHB2b iQ BM}MBi2 +QHH2+iBQMbX

AM i?Bb r�v A i�F2 i?2 T�;2b �#Qp2 iQ 2tT`2bb � T`BM+BTH2/ `2�bQM 7Q` /Qm#iBM;

i?�i r2 ?�p2 � +QMbBbi2Mi +�i2;Q`B+�H +QM+2TiBQM Q7 i?2 ?B2`�`+?v Q7 b2ib

r?B+? UmMHBF2 .mKK2iiǶb +QM+2`MbV /Q2bMǶi bBKBH�`Hv +�HH BMiQ /Qm#i i?2

�TT2�`�M+2 i?�i r2 ?�p2 � /2}MBi2 +�i2;Q`B+�H +QM+2TiBQM Q7 i?2 M�im`�H

MmK#2`b- i?2 `2�H MmK#2`b- Q` Q7 r?�i Bi i�F2b 7Q` i?2`2 iQ #2 � H�v2` Q7

+H�bb2b BM+Hm/BM; +H�bb2b rBiM2bbBM; ǵ�HH TQbbB#H2 r�vb Q7 +?QQbBM;Ƕ 7`QK bQK2

THm`�HBiv Q7 BM/2T2M/2MiHv mM/2`biQQ/ Q#D2+ib HBF2 +�ib Q` b2ib rBi?BM bQK2

Bi2`�iBp2 ?B2`�`+?v kjX
kjLQr- Ui�M;2MiB�HHv iQ i?2 K�BM �`;mK2Mi �#Qp2V .mKK2ii rQmH/ T`2bmK�#Hv +?�H@
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H2M;2 K2 iQ b�v ?Qr r2 +QmH/ ;`�bT i?2 MQiBQM Q7 ǵ�HH TQbbB#H2 bm#b2ibǶ Q7 � ;Bp2M BM}MBi2
+QHH2+iBQM r?B+? r2 M�Bp2Hv b22K iQ ;`�bTX �M/- BM � Mmib?2HH- AǶ/ �Mbr2` i?�i r2 +�M
H�i+? QMiQ � MQiBQM Q7 HQ;B+�H TQbbB#BHBiv r?B+? Ur2 rBHH b22 #2HQrV bm{+2b iQ +�i2;Q`B+�HHv
/2b+`B#2 i?2 MmK#2`b �M/ b2ib BM i?2 b�K2 r�v Ur?�i2p2` Bi BbV i?�i r2 +�M H�i+? QM iQ
� MQiBQM Q7 Q#D2+iBp2 T?vbB+�H TQbbB#BHBivfH�rX 6Q` 2t�KTH2 Bi KB;?i #2 i?�i r2 ;2i #Qi?
MQiBQMb #v K�FBM; +2`i�BM +Q`2 ;QQ/ BM72`2M+2b U2X;X- i?2 �+im�H iQ TQbbB#H2 3XkXR �M/ mMB@
7Q`K `2H�#HBM; 3X8XR T`BM+BTH2b #2HQr i?2 +�b2 Q7 HQ;B+�H TQbbB#BHBiv- �M/ bQK2 Qi?2` FBM/
Q7 2ti`�TQH�iBQM BM i?2 +�b2 Q7 T?vbB+�H TQbbB#BHBivV r?B+? BM � r�v mM/2`@/2i2`KBM2 r?B+?
KQ/�H MQiBQM r2 K2�M �M/ i?2M #2M2}iBM; 7`QK `272`2M+2 K�;M2iBbKX h?mb A bmbT2+i
i?�i .mKK2iiǶb rQ``v 2Bi?2` U/2bTBi2 T`Qi2bib iQ i?2 +QMi`�`vV +QK2b /QrM iQ �M �`;m@
K2Mi 7`QK bQK2 T`BM+BTH2 Q7 K�MB72bi�#BHBiv r?B+? rQmH/ +�HH `272`2M+2 iQ `2�HBbi T?vbB+�H
TQbbB#BHBivfH�r 7�+ib BMiQ /Qm#i �b r2HH `2/m+2b iQ KBM2 Q`X >Qr2p2` A rQMǶi Tm`bm2 i?Bb
�`;mK2Mi ?2`2- #2+�mb2 Kv T`2b2Mi �BK Bb QMHv iQ 2tTH�BM ?Qr Kv rQ``v /Bz2`2/ 7`QK
.mKK2iiǶb- MQi iQ �Mbr2` ?Bb rQ``vX



*?�Ti2` j

SmiM�KB�M SQi2MiB�HBbK,

SmiM�K �M/ >2HHK�M

G2i mb MQr im`M iQ TQi2MiB�HBbK- � /Bz2`2Mi �TT`Q�+? iQ b2i i?2Q`v r?B+?

T`QKBb2b iQ �Mbr2` U�i H2�biV i?2 �`#Bi`�`v ?2B;?i rQ``v `�Bb2/ 7Q` i?2 �+@

im�HBbi �#Qp2X h?2`2 �`2 irQ #`Q�/ b+?QQHb Q7 TQi2MiB�HBbK r?B+? A rBHH-

7QHHQrBM; (dj)- +�HH SmMi�KB�M �M/ S�`bQMB�M TQi2MiB�HBbKX

S�`bQMB�M TQi2MiB�HBbib i�F2 i?2`2 iQ #2 Q#D2+ib +�HH2/ b2ib- Dmbi HBF2 i?2

�+im�HBbiX �M/ i?2v i�F2 b2i i?2Q`v iQ /2b+`B#2 ?Qr � HBi2`�H ?B2`�`+?v Q7

b2ib +QmH/ ;`QrX aQ i?2v i?BMF i?�i i?2 UTm`2V b2ib 2tBbi +QMiBM;2MiHv- BM

bQK2 b2Mb2X

AM +QMi`�bi- SmiM�KB�M TQi2MiB�HBbib /QMǶi i�F2 b2i i?2Q`v iQ /2b+`B#2 �+im�H

Q` TQbbB#H2 ?B2`�`+?B2b Q7 bT2+B�H Q#D2+ib +�HH2/ b2ibX AMbi2�/ i?2v mM/2`bi�M/

b2i i?2Q`v iQ K�F2 +H�BKb �#Qmi ?Qr BiǶb TQbbB#H2 7Q` bQK2 Q#D2+ib iQ U mM/2`

ej



e9*>�Sh1_ jX SlhL�JA�L SPh1LhA�GAaJ, SlhL�J �L. >1GGJ�L

bQK2 `2H�iBQMbV b�iBb7v b2i i?2Q`2iB+ �tBQKb- HBF2 ZFC2 Q` IHW2- �M/ ?Qr Bi

rQmH/ #2 TQbbB#H2 7Q` bm+? bi`m+im`2b iQ #2 2ti2M/2/- BX2X- ?Qr i?Qb2 Q#D2+ib

UQ` Q#D2+ib rBi? i?2 b�K2 b2i@i?2Q`2iB+ bi`m+im`2V +QmH/ #2 bmTTH2K2Mi2/

#v 7m`i?2` Q#D2+ib iQ 7Q`K � HQM;2` Bi2`�iBp2 ?B2`�`+?vX 7Q` i?2b2 Q#D2+ib- Q`

bQK2 rBi? i?2 b�K2 bi`m+im`2 mM/2` i?2 `2H2p�Mi `2H�iBQMb- iQ 2tBbi �HQM;bB/2

Qi?2` Q#D2+ib DQBMiHv 7Q`KBM; � HQM;2` Bi2`�iBp2 ?B2`�`+?v bi`m+im`2X

AM i?Bb +?�Ti2` A rBHH `2pB2r 2tBbiBM; rQ`F BM i?2 SmiM�KB�M b+?QQH- r?B+?

A 7�pQ`X G�i2`- BM +?�Ti2` 8 A rBHH /Bb+mbb `Bp�H S�`bQM�BM T`QTQb�Hb �M/

+QKT�`2 i?2K iQ Kv T`QTQb2/ 7Q`KmH�iBQMX

>Qr /Q2b i?Bb rQ`F\ �b MQi2/ �#Qp2- � SmiM�KB�M rBHH T�`�T?`�b2 b2i

i?2Q`2iB+ b2Mi2M+2b �b K�FBM; +H�BKb �#Qmi ?Qr i?2`2 +QmH/ #2 UQ#D2+ib

i?�i- r?2M +QMbB/2`2/ mM/2` +2`i�BM `2H�iBQMb- DQBMiHv ?�p2 i?2 bi`m+im`2 Q7

+2`i�BMV bi�M/�`/ rB/i? BMBiB�H b2;K2Mib Vα Q7 i?2 iQi�H ?B2`�`+?v Q7 b2ib V -

�M/ ?Qr bm+? bi`m+im`2b +QmH/ #2 2ti2M/2/- BX2X- 2tBbi �b � bi�M/�`/ rB/i?@

BMBiB�H b2;K2Mi Q7 � HQM;2` VβX h?2v bvbi2K�iB+�HHv `2TH�+2 [m�MiB}+�iBQM

Qp2` i?2 b2ib rBi? KQ/�H +H�BKb �#Qmi ?Qr bm+? bi`m+im`2b +�M #2 2ti2M/2/

�b 7QHHQrbX

� b2i i?2Q`BbiǶb b2Mi2M+2 Q7 i?2 7Q`K (∃x)(φ(x)) - r?2`2 φ Bb [m�MiB}2` 7`22

U2X;X- (∃x)(x = x)V- ;2ib 7Q`K�HBx2/ �b b�vBM; i?�i Bi rQmH/ #2 TQbbB#H2 7Q`

i?2`2 iQ #2 UQ#D2+ib rBi? i?2 bi`m+im`2 Q7V � bi�M/�`/ rB/i? BMBiB�H b2;K2Mi

Q7 i?2 ?B2`�`+?v Q7 b2ib +QMi�BMBM; �M Q#D2+i x b�iBb7vBM; φ UBM i?Bb +�b2

x = xVX

*Q``2bTQM/BM;Hv- � b2i i?2Q`BbibǶ (∀x)(φ(x)) +H�BKb- r?2`2 φ Bb [m�MiB}2`
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7`22- b�vb i?�i BiǶb M2+2bb�`v i?�iR �Mv Q#D2+i x rBi?BM � bi�M/�`/ rB/i?

BMBiB�H b2;K2Mi Q7 i?2 ?B2`�`+?v Q7 b2ib ?�b i?2 T`QT2`iv φX

q?�i �#Qmi b2i i?2Q`BbibǶ b2Mi2M+2b rBi? KQ`2 [m�MiB}2`b- HBF2 � +H�BK Q7

i?2 7Q`K (∀x)(∃y)φ(x, y)- r?2`2 φ ?�b MQ [m�MiB}2`b\

h?2 SmiM�KB�M i�F2b i?Bb iQ b�v i?�i BiǶb M2+2bb�`v i?�i 7Q` �Mv UQ#D2+ib

7Q`KBM; �V bi�M/�`/ rB/i? BMBiB�H b2;K2Mi V �M/ Q#D2+i x rBi?BM Bi- BiǶb

TQbbB#H2 iQ ?�p2 H�`;2` BMBiB�H b2;K2Mi V ′ 2ti2M/BM; V - +QMi�BMBM; �M Q#D2+i

y- bm+? i?�i φ(x, y)X �M/ i?2 b�K2 T�ii2`M +QMiBMm2b 7Q` KQ`2 HQ;B+�HHv

+QKTH2t b2Mi2M+2bX

"mi- mMbm`T`BbBM;Hv- i?2`2 ?�b #22M Km+? T?BHQbQT?B+�H /Bb�;`22K2Mi �M/

/2#�i2 �#Qmi ?Qr iQ }HH i?2 /2i�BHb Q7 i?Bb TB+im`2 QmiX 6Q` 2t�KTH2- r?�i

Bb i?2 +Q``2+i MQiBQM Q7 TQbbB#BHBiv iQ 2KTHQv ?2`2\ q?�i /Q2b Bi i�F2 7Q`

bQK2 i?BM;b iQ 7Q`K � bi�M/�`/ rB/i? BMBiB�H b2;K2Mi\ �M/ r?�i HQ;B+�H

iQQHb b?QmH/ r2 mb2 iQ �`iB+mH�i2 Qm` �Mbr2` iQ i?2 �#Qp2\

AM i?Bb +?�Ti2` AǶHH `2pB2r SmiM�K �M/ >2HHK�MǶb /2p2HQTK2Mi Q7 SmiM�KB�M

TQi2MiB�HBbi b2i i?2Q`v �M/ ?B;?HB;?i bQK2 mM`2bQHp2/ Bbbm2bX

jXR SmiM�K

AM (N8) >BH�`v SmiM�K bF2i+?2b � r�v Q7 i?BMFBM; �#Qmi b2i i?2Q`v BM i2`Kb

Q7 KQ/�H HQ;B+, �b i�HF �#Qmi r?�i ǵKQ/2HbǶ Q7 b2i i?2Q`v �`2- BM bQK2 b2Mb2-

TQbbB#H2 �M/ ?Qr bm+? KQ/2Hb +�M #2 2ti2M/2/X

Rh?�i Bb- BiǶb M2+2bb�`v i?�i B7 bQK2 Q#D2+ib ?�p2 i?2 bi`m+im`2 Q7 � bi�M/�`/ rBi? BMBiB�H
b2;K2Mi i?2M �Mv x BM i?�i bi`m+im`2 b�iBb}2b φX
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>2 BMi`Q/m+2b � MQiBQM Q7 #2BM; � bi�M/�`/ KQ/2H Q7 b2i i?2Q`v- r?B+? Bb

� KQ/2H Q7 b2i i?2Q`v +HQb2/ mM/2` bm#b2ib- BX2X- � ?B2`�`+?v Q7 b2ib ?�pBM;

7mHH rB/i? �M/ MQ BM}MBi2 /2b+2M/BM; +?�BMb mM/2` ∈kX SmiM�K b�vb i?�i

r2 +�M ǵK�F2 i?Bb MQiBQM +QM+`2i2Ƕ #v i?BMFBM; Q7 KQ/2Hb �b T?vbB+�H ;`�T?b

+QMbBbiBM; Q7 T2M+BH TQBMib UQ` i?2 �M�HQ; Q7 T2M+BH TQBMib BM bT�+2 Q7 bQK2

?B;?2` +�`/BM�HBivV �M/ �``Qrb +QMM2+iBM; i?2b2 T2M+BH TQBMibX �M/ ?2 ǳ�bF(b)

i?2 `2�/2` iQ �++2Ti Bi QM 7�Bi?Ǵ i?�i r2 +�M 2tT`2bb i?2 +H�BK i?�i bQK2

KQ/2H Bb bi�M/�`/ BM i?Bb r�v ǳmbBM; MQ ǵMQM@MQKBM�HBbiB+Ƕ MQiBQMb 2t+2Ti

i?2 ǵ"ǴǶ Ur?2`2 " /2MQi2b i?2 HQ;B+�H M2+2bbBiv QT2`�iQ`VX

qBi? i?Bb MQiBQM Q7 � +QM+`2i2 KQ/2H BM TH�+2- SmiM�K bm;;2bib i?�i r2 +�M

mM/2`bi�M/ b2i i?2Q`2iB+ bi�i2K2Mib �b +H�BKb �#Qmi r?�i bm+? KQ/2Hb �`2

TQbbB#H2- �M/ ?Qr i?2v +�M #2 2tT�M/2/X 6Q` 2t�KTH2- ?2 T`QTQb2b i?�i r2

+�M T�`�T?`�b2 � b2i i?2Q`2iB+ bi�i2K2Mi Q7 i?2 7Q`K ǵ(∀x)(∃y)(∀z)φ(x, y, z)Ƕ

r?2`2 φ Bb [m�MiB}2` 7`22- �b b�vBM; i?�i- B7 G Bb � bi�M/�`/ +QM+`2i2 KQ/2H-

�M/ p Bb � TQBMi rBi?BM G- i?2M Bi Bb TQbbB#H2 i?�i i?2`2 Bb � KQ/2H G′ r?B+?

2ti2M/b G- �M/ � TQBMi y rBi?BM G′ bm+? i?�i M2+2bb�`BHv- 7Q` �Mv KQ/2H G′′

r?B+? 2ti2M/b G′ �M/ +QMi�BMb � TQBMi z- φ(x, y, z) ?QH/b rBi?BM i?2 +QM+`2i2

KQ/2H G′′X �M/ r2 +�M i`2�i �`#Bi`�`v [m�MiB}2/ bi�i2K2Mib BM b2i i?2Q`v

BM �M �M�HQ;Qmb 7�b?BQMX

SmiM�K i?2M bm;;2bib i?�i �/QTiBM; i?Bb TQi2MiB�HBbi �TT`Q�+? iQ b2i i?2@

Q`v +�M ?2HT mb /BbT2H i?2 FBM/ Q7 �`#Bi`�`BM2bb �M/ BM/2}MBi2 2ti2M/�#BHBiv
kaT2+B}+�HHv- SmiM�K r`Bi2b ǳ(� +QM+`2i2) KQ/2H rBHH #2 +�HH2/ bi�M/�`/ B7 URV i?2`2

�`2 MQ BM}MBi2@/2b+2M/BM; ǵ�``QrǶ T�i?bc �M/ UkV Bi Bb MQi TQbbB#H2 iQ 2ti2M/ i?2 KQ/2H
#v �//BM; KQ`2 ǳb2ibǴ rBi?Qmi �//BM; iQ i?2 MmK#2` Q7 ǳ`�MFbǴ BM i?2 KQ/2HX U� ǵ`�MFǶ
+QMbBbib Q7 �HH i?2 b2ib Q7 � ;Bp2M@TQbbB#Hv i`�Mb}MBi2@ivT2X ǵ_�MFbǶ �`2 +mKmH�iBp2 ivT2bc
BX2X- 2p2`v b2i Q7 � ;Bp2M `�MF Bb �HbQ � b2i Q7 2p2`v ?B;?2` `�MFX Ai Bb � i?2Q`2K Q7 b2i
i?2Q`v i?�i 2p2`v b2i #2HQM;b iQ bQK2 `�MFXVǴ
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rQ``B2b A /Bb+mbb2/ BM b2+iBQM kXk �#Qp2X 6Q`- �/QTiBM; i?Bb �TT`Q�+? H2ib mb

mM/2`bi�M/ b2i i?2Q`2iB+ i�HF rBi?Qmi BKTQbBM; Q` TQbBiBM; �`#Bi`�`v HBKBib

QM i?2 bBx2 Q7 bi`m+im`2b U�b r2 rQmH/ /Q B7 r2 Dmbi biBTmH�i2/ � TQBMi �i

r?B+? i?2 ?B2`�`+?v Q7 b2ib biQTT2/- Q` BM72``BM; i?�i Bi Kmbi biQT bQK2@

r?2`2V BM � r�v i?�i b22Kb 7�Bi?7mH iQ Qm` BMimBiBQMb �#Qmi i?2 ;2M2`�HBiv Q7

b2i i?2Q`2iB+ `2�bQMBM;jX �b SmiM�K Tmib Bi-

ǳ(q)2 ?�p2 � bi`QM; BMimBiBp2 +QMpB+iBQM i?�i r?2M2p2` �b �`2

TQbbB#H2- bQ Bb � bi`m+im`2 i?�i r2 KB;?i +�HH ǵi?2 7�KBHv Q7 �HH

b2ib Q7 �bXǶ XXX7`QK i?2 bi�M/TQBMi Q7 i?2 KQ/�H@HQ;B+ TB+im`2 XXX

i?2 _mbb2HH T�`�/Qt XXX b?Qrb i?�i MQ +QM+`2i2 bi`m+im`2 +�M

#2 � bi�M/�`/ KQ/2H 7Q` i?2 M�Bp2 +QM+2TiBQM Q7 i?2 iQi�HBiv Q7

�HH b2ibc 7Q` �Mv +QM+`2i2 bi`m+im`2 ?�b � TQbbB#H2 2ti2MbBQM i?�i

+QMi�BMb KQ`2 ǳb2ibXǴ UA7 r2 B/2MiB7v b2ib rBi? i?2 TQBMib i?�i

`2T`2b2Mi i?2K BM i?2 p�`BQmb TQbbB#H2 +QM+`2i2 bi`m+im`2b- r2

KB;?i b�v, Bi Bb MQi TQbbB#H2 7Q` �HH TQbbB#H2 b2ib iQ 2tBbi BM �Mv

QM2 rQ`H/5V u2i b2i i?2Q`v /Q2b MQi #2+QK2 BKTQbbB#H2X _�i?2`-

b2i i?2Q`v #2+QK2b i?2 bim/v Q7 r?�i Kmbi ?QH/ BM- 2X;X- �Mv

bi�M/�`/ KQ/2H 7Q` w2`K2HQ b2i i?2Q`vXǴ

A i?BMF SmiM�K Bb `B;?i i?�i ?Bb T`QTQb�H BM/B+�i2b �M �TT2�HBM; bivH2 Q7

`2bTQMb2 iQ i?2 rQ``B2b �#Qmi �`#Bi`�`v biQTTBM; TQBMib 7Q` i?2 ?B2`�`+?v

Q7 b2ib BM/B+�i2/ �#Qp2X �M/ U�b r2 rBHH b22V Bi ?�b BMbTB`2/ K�Mv Qi?2`

T?BHQbQT?2`bX >Qr2p2`- i?Bb T`QTQb�H Bb U2tTHB+BiHvV bF2i+?v QM +2`i�BM 7Q`K�H

�M/ T?BHQbQT?B+�H TQBMibX 6Q` BMbi�M+2- SmiM�K /Q2bMǶi T`QpB/2 �Mv +`Bi2`B�
jAM T�`iB+mH�`- U#27Q`2 i?BMFBM; �#Qmi i?2 T�`�/Qt2bV r2Ƕ/ ?QT2/ 7Q` b2i i?2Q`v iQ #2

;2M2`�H BM i?2 b2Mb2 i?�i 2p2`v TQbbB#H2 bi`m+im`2 rBHH ?�p2 � +QTv bQK2r?2`2 BM i?2 b2ibX
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7Q` r?�i Bi rQmH/ i�F2 7Q` bQK2 +QHH2+iBQM Q7 �``Qrb �M/ T2M+BH TQBMib iQ

7Q`K � bi�M/�`/ KQ/2H �M/ ?2 �bFb i?2 `2�/2` iQ ǳ�++2Ti Bi QM 7�Bi? i?�i i?2

bi�i2K2Mi i?�i � +2`i�BM ;`�T? G Bb � bi�M/�`/ KQ/2H 7Q` w2`K2HQ b2i i?2Q`v

+�M #2 2tT`2bb2/ mbBM; MQ ǵMQM@MQKBM�HBbiB+Ƕ MQiBQMb 2t+2Ti i?2 Ƕ"ǶXǴ9

�M/- T?BHQbQT?B+�HHv- SmiM�K b�vb p2`v HBiiH2 �#Qmi i?2 MQiBQM Q7 ǵK�i?2@

K�iB+�H TQbbB#BHBivǶ r?B+? ?2 BMi2M/b iQ +�Tim`2 rBi? i?2 "- �M/ b22Kb iQ

p�+BHH�i2 #2ir22M � Tm`2Hv K�i?2K�iB+�H mM/2`bi�M/BM; Q7 M2+2bbBiv �M/ �

T?vbB+�H mM/2`bi�M/BM;X

6Q` 2t�KTH2- ?2 r`Bi2b U#`�+F2ib BM Q`B;BM�HV- ǳ�bbmKBM; i?�i i?2 MQiBQMb

Q7 K�i?2K�iB+�H TQbbB#BHBiv �M/ M2+2bbBiv �`2 +H2�` (�M/ i?2`2 Bb MQ T�`�/Qt

�bbQ+B�i2/ rBi? i?2 MQiBQM Q7 M2+2bbBiv �b HQM; �b r2 i�F2 i?2 ǵ"Ƕ �b �

bi�i2K2Mi +QMM2+iBp2 UBM i?2 /2;2M2`�i2 b2Mb2 Q7 ǳmM�`v +QMM2+iBp2ǴV �M/

MQiXXX�b � T`2/B+�i2 Q7 b2Mi2M+2b)- A rBb? iQ 2KTHQv i?2b2 MQiBQMb iQ i`v iQ

;Bp2 � +H2�` b2Mb2 iQ i�HF �#Qmi ǵ�HH b2ibǶXǴ (\) >Qr2p2`- �i 2�`HB2` TQBMib

SmiM�K i�HFb HBF2 +QM+2Bp�#H2 +QMbi`�BMib QM ?Qr K�Mv T?vbB+�H Q#D2+ib HBF2

T2M+BH TQBMib �M/ HBM2b +QmH/ }i BMiQ T?vbB+�H bT�+2 �`2 `2H2p�Mi- �M/ K�F2b

�bbmKTiBQMb �#Qmi i?Bb r?B+? T?BHQbQT?2`b HBF2 S�`bQMb(3d) �M/ h�Bi(RR9)

?�p2 #22M mMrBHHBM; iQ ;`�Mi- 2X;X- SmiM�K b�vb- ǳA �bbmK2 i?�i i?2`2 Bb

MQi?BM; BM+QM+2Bp�#H2 �#Qmi i?2 B/2� Q7 � T?vbB+�H bT�+2 Q7 �`#Bi`�`BHv ?B;?

+�`/BM�HBivc bQ KQ/2Hb Q7 i?Bb FBM/ M22/ MQi M2+2bb�`BHv #2 /2MmK2`�#H2- �M/

K�v 2p2M #2 bi�M/�`/XǴ

�//BiBQM�HHv- SmiM�K �/pQ+�i2b TQi2MiB�HBbK �b K2`2Hv QM2 TQbbB#H2 �M/

9>2`2 MQKBM�HBbiB+ MQiBQMb �`2 QM2b i?�i �`2MǶi +QKKBii2/ iQ i?2 HBi2`�H 2tBbi2M+2 Q7
K�i?2K�iB+�H Q#D2+ibX
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?2HT7mH ǵT2`bT2+iBp2Ƕ QM K�i?2K�iB+b �M/ +H�BKb i?�i Bi Bb- BM bQK2 b2Mb2-

2[mBp�H2Mi iQ � KQ`2 7�KBHB�` �+im�HBbi mM/2`bi�M/BM; Q7 b2i i?2Q`v- r?B+?

QMHv �TT2�`b iQ #2 BM+QKT�iB#H2 rBi? BiX "mi +�b?BM; i?Bb B/2� Qmi +H2�`Hv

`2[mB`2b b2`BQmb �M/ /BbTmi�#H2 K2i�T?vbB+b8X

6m`i?2`KQ`2- BiǶb MQi +H2�` i?�i b�vBM; #Qi? T2`bT2+iBp2b �`2 2[m�HHv ;QQ/ Bb

+QKT�iB#H2 rBi? ?QMQ`BM; SmiM�KǶb TQi2MiB�HBbK@KQiBp�iBM; BMimBiBQM i?�i

ǳr?2M2p2` �b �`2 TQbbB#H2- bQ Bb � bi`m+im`2 i?�i r2 KB;?i +�HH ǵi?2 7�KBHv

Q7 �HH b2ib Q7 �bǴ()X q2 b22K 7Q`+2/ iQ 2Bi?2` b�v i?�i i?2 B/2� i?�i 7Q`

�Mv bi`m+im`2 i?2`2 +QmH/ #2 � H�`;2` QM2 Bb QMHv i`m2 ǵ7`QK i?2 TQi2MiB�HBbi

T2`bT2+iBp2Ƕ QM K�i?2K�iB+b Q` iQ b�v i?�i Bi Bb i`m2 bBKTHB+Bi2`- 2p2M 7`QK

i?2 �+im�HBbi T2`bT2+iBp2X

h?2 7Q`K2` TQbBiBQM +�M 722H � HBiiH2 Kvbi2`BQmb �M/ mMb�iBb7vBM;- #mi i?2

H�ii2` Bb mM+QK7Q`i�#H2 7Q` irQ `2�bQMbX 6B`bi UHBF2 KQ`2 bi`�B;?i7Q`r�`/

7Q`Kb Q7 �+im�HBbKV Bi BMpQHp2b TQbBiBM; �`#Bi`�`BM2bb BM K�i?2K�iB+�H `2@

�HBiv #v b�vBM; i?2 �+im�HBbi ?B2`�`+?v Q7 b2ib Dmbi ?�TT2Mb iQ biQT bQK2@

r?2`2- i?Qm;? Bi +QmH/ ;Q QM 7m`i?2`X a2+QM/- BiǶb MQi +H2�` U2p2M �i � p2`v

HQQb2 BMimBiBp2 H2p2HV ?Qr i�HFBM; �#Qmi �Mv bm+? �+im�HBbi ?B2`�`+?v +QmH/

#2 2[mBp�H2Mi iQ � T`�+iB+2 Q7 KQ/�H b2i i?2Q`v r?B+? +QMbB/2`b �`#Bi`�`v

HQ;B+�HHv TQbbB#H2 2ti2M/�#BHBiveX

8a22- 7Q` 2t�KTH2- CQ?M "m`;2bbǶ pB;Q`Qmb Q#D2+iBQMb iQ SmiM�KǶb bi�M+2 BM (Rd)X
eS2`?�Tb QM2 +QmH/ b�v i?�i i?2 �+im�HBbi ?B2`�`+?v Bb i?2 bK�HH2bi bi�M/�`/ rB/i?

bi`m+im`2 r?Qb2 i`mi? +QM/BiBQMb 7Q` �HH }`bi@Q`/2` HQ;B+�H +H�BKb �;`22 rBi? i?Qb2 T`QpB/2/
#v i?2 TQi2MiB�HBbi b2i i?2Q`vX
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jXk >2HHK�M

AM (8e- 9e) �M/ (\) >2HHK�M /2p2HQTb SmiM�KǶb B/2�b �#Qmi TQi2MiB�HBbi b2i

i?2Q`v �b T�`i Q7 � H�`;2` Tm`2Hv MQKBM�HBbi T?BHQbQT?v Q7 K�i?2K�iB+b- �M/

bQHp2b Q` �pQB/b K�Mv Q7 i?2 T`Q#H2Kb �#Qp2X

6B`bi- >2HHK�M /`QTb SmiM�KǶb bm;;2biBQM i?�i �+im�HBbi �M/ TQi2MiB�HBbi

�TT`Q�+?2b iQ b2i i?2Q`v �`2 UbQK2?QrV bmTTQb2/ iQ #2 irQ 2[m�HHv ;QQ/

T2`bT2+iBp2b QM i?2 b�K2 i?BM; �M/ BMbi2�/ K2`2Hv �/pQ+�i2b �M/ /2p2HQTb

i?2 TQi2MiB�HBbi �TT`Q�+?X A rBHH 7QHHQr bmBiX

a2+QM/- >2HHK�M T`QpB/2b � bQK2r?�i +H2�`2` TB+im`2 Q7 r?�i i?2 F2v KQ/�H

MQiBQM ♦ BM U?Bb p2`bBQM Q7V SmiM�KǶb TQi2MiB�HBbi b2i i?2Q`v Bb bmTTQb2/ iQ

K2�M- b�vBM; i?�i BiǶb bmTTQb2/ iQ 2tT`2bb � T`BKBiBp2 KQ/�H MQiBQM Q7 HQ;B+�H

TQbbB#BHBivX >Qr2p2` ?2 /Q2b `2H�iBp2Hv HBiiH2 iQ /2b+`B#2 i?Bb MQiBQMX >2 /Q2b

b�v i?�i- ǳ(r?2M 2p�Hm�iBM; HQ;B+�H TQbbB#BHBiv) r2 �`2 MQi �miQK�iB+�HHv

+QMbi`�BM2/ iQ ?QH/ K�i2`B�H Q` M�im`�H H�rb }t2/XǴ aQ Bi K�v #2 HQ;B+�HHv

TQbbB#H2 i?�i (∃x)(TB;(x)∧~B2b(x))- #mi T?vbB+�HHv BKTQbbB#H2X �M/ ?2 �//b

i?�i- ǳr2 �`2 7`22 iQ 2Mi2`i�BM i?2 TQbbB#BHBiv Q7 �//BiBQM�H Q#D2+ib ě 2p2M

K�i2`B�H Q#D2+ib ě Q7 � ;Bp2M ivT2XǴX aQ- 7Q` 2t�KTH2 BiǶb HQ;B+�HHv TQbbB#H2

i?�i i?2`2 �`2 BM}MBi2Hv K�Mv Q#D2+ib 2p2M B7 i?2`2 �`2 �+im�HHv QMHv }MBi2Hv

K�Mv Q#D2+ibX aQ- 7Q` 2t�KTH2- BiǶb HQ;B+�HHv TQbbB#H2 7Q` i?2`2 iQ #2 b�v 22
ω

+�ib- 2p2M B7 BiǶb MQi K2i�T?vbB+�HHv TQbbB#H2 7Q` i?2`2 iQ #2 bQ K�Mv +�ibX

h?Bb U�`;m�#HvV H2ib mb �pQB/ +QM+2`Mb �#Qmi HBKBi�iBQMb QM i?2 +�`/BM�HBiv

Q7 bT�+2 mM/mHv HBKBiBM; i?2 `�M;2 Q7 TQbbB#H2 KQ/2Hb +QMbB/2`2/ �#Qp2X

"2vQM/ i?Bb `2K�`F- ?Qr2p2`- >2HHK�M Dmbi bm;;2bib i?�i ?Bb �TTHB+�iBQMb Q7



jXkX >1GGJ�L dR

HQ;B+�H TQbbB#BHBiv rBHH K�F2 i?2 MQiBQM ?2 ?�b BM KBM/ +H2�`X A rBHH 2+?Q i?Bb

KQp2 �b r2HH Ur?BH2 b�vBM; Km+? KQ`2 �#Qmi i?2 `2H2p�Mi MQiBQM Q7 HQ;B+�H

TQbbB#BHBiv �M/ r?v r2 b?QmH/ �++2Ti Bi �b � KQ/�H T`BKBiBp2 #2HQrVX

>2HHK�M �HbQ /Q2b � HQi iQ }HH BM i?2 Qi?2` T`QKBbbQ`v MQi2b H27i #v SmiM�KǶb

bF2i+?X >2 +�b?2b Qmi SmiM�KǶb �TT2�H iQ ǵbi�M/�`/ KQ/2HbǶ Q7 b2i i?2Q`v

#v b�vBM; i?�i bi�M/�`/ KQ/2Hb �`2 KQ/2Hb r?B+? b�iBb7v ZFC2 UBX2X- i?2

p2`bBQM Q7 bi�M/�`/ w6* b2i i?2Q`v r?B+? `2TH�+2b i?2 BM72`2M+2 b+?2K�b Q7

`2TH�+2K2Mi �M/ +QKT`2?2MbBQM rBi? +Q``2bTQM/BM; b2+QM/@Q`/2` �tBQKbVd

LQi2 i?�i r?2`2 SmiM�K bTQF2 Q7 KQ/2Hb Q7 ǳw2`K2HQ b2i i?2Q`vǴ Ur?B+?

/Q2bMǶi BM+Hm/2 `2TH�+2K2MiV >2HHK�M i�HFb �#mi ?B2`�`+?B2b b�iBb7vBM; b2+@

QM/ Q`/2` w6*- r?B+? /Q b�iBb7v `2TH�+2K2MiX h?�i Bb- >2HHK�M i�F2b i?2

BMBiB�H b2;K2Mib r?Qb2 TQbbB#H2 2ti2MbBQMb TQi2MiB�HBbK +QMbB/2`b iQ i?2K@

b2Hp2b b�iBb7v w6*2X -

LQr B7 QM2 �++2Tib i?2 `2H2p�Mi H�`;2 +�`/BM�H �tBQKb- i?2M i?2`2Ƕb � b2Mb2 BM

r?B+? i?Bb +?�M;2 K�F2b MQ /Bz2`2M+2X 6Q` UBi im`Mb Qmi 3V i?�i TQi2MiB�HBbi

i`�MbH�iBQMb i�FBM; BMBiB�H b2;K2Mib iQ i?2Kb2Hp2b b�iBb7v w6*2 rBHH #2 HQ;B@

+�HHv 2[mBp�H2Mi iQ i`�MbH�iBQMb BMpQHpBM; BMBiB�H b2;K2Mib i?�i b�iBb7v Km+?

r2�F2` `2[mB`2K2Mib IHW2 Q` w2`KHQ b2i i?2Q`vX "mi i?Bb Bb � TQQ` }i iQ Kv

+m``2Mi T`QD2+i Q7 DmbiB7vBM; i?2 TQi2MiB�HBbi p2`bBQM Q7 w6* 7`QK BMimBiBp2Hv

+QKT2HHBM; T`BM+BTH2bN 6Q` MQi2 i?�i iQ BM72` 2p2M i?2 bBKTH2bi 2tBbi2MiB�H
daQ- 7Q` 2t�KTH2- w6* 2tT`2bb2b +QKT`2?2MbBQM pB� �M �tBQK b+?2K� r?B+? +QMi�BMb

�M �tBQK 7Q` 2p2`v 7Q`KmH� φ BM i?2 H�M;m�;2 Q7 b2i i?2Q`vX AM +QMi`�bi- #v mbBM; b2+QM/@
Q`/2` HQ;B+ QM2 +�M bi�i2 � bBM;H2 +QKT`2?2MbBQM �tBQK �b 7QHHQrb (∀x)(∀C)(∃y)(∀z)(z ∈
y ↔ z ∈ x ∧ C(z))X h?2 b�K2 ;Q2b 7Q` i?2 }`bi@Q`/2` �tBQK b+?2K� Q7 `2TH�+2K2Mi �M/
Bib b2+QM/@Q`/2` �M�HQ;X

3a22 \\
NA ;�i?2` >2HHK�M (\) +?QQb2b iQ ;Q i?Bb r�v BM �M �ii2KTi iQ #`BM; Qmi � FBM/ Q7
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+H�BK BM b2i i?2Q`v U2X;X- iQ b�v i?�i i?2`2 Bb � b2i i?�i Bb b2H7@B/2MiB+�HV- r2

rQmH/ M22/ iQ FMQr i?�i Bi r�b HQ;B+�HHv TQbbB#H2 7Q` � bi`m+im`2 iQ b�iBb7v

w6*2X �M/ i?2 HQ;B+�H +Q?2`2M+2 Q7 � ?B2`�`+?v Q7 b2ib b�iBb7vBM; b2+QM/

Q`/2` w6* Bb #v MQ K2�Mb Q#pBQmb- 2bT2+B�HHv BM i?2 +QMi2ti Q7 Qm` +m``2Mi

/Qm#ib �#Qmi `2TH�+2K2MiX

PM2 KB;?i �HbQ 722H i?�i `2[mB`BM; i?2 BMBiB�H b2;K2Mib #2BM; 2ti2M/2/ iQ

b�iBb7v ZFC2 Q` 2p2M +QMbiBimi2 � ǵbi�M/�`/ KQ/2H Q7 w2`K2HQ b2i i?2Q`vǶ

U`�i?2` i?�M K2`2Hv b�iBb7vBM; Qm` +QM+2TiBQM Q7 #2BM; �M BMi2M/2/ rB/i?

?B2`�`+?v A>q �#Qp2- 2X;X- IHW2V Bb bHB;?iHv mMM�im`�HRyX AM +?�Ti2` k A

i`B2/ iQ T�BMi i?2 7QHHQrBM; TB+im`2X q2 b22K iQ ?�p2 � T`2+Bb2 �M/ +QMbBbi2Mi

+QM+2TiBQM Q7 i?2 BMi2M/2/ rB/i? Q7 i?2 ?B2`�`+?v Q7 b2ib- #mi U�b r2 b22

r?2M /2`BpBM; +QMi`�/B+iBQM 7`QK i?2 L�Bp2 +QM+2TiBQM Q7 �#bQHmi2 BM}MBiv

BM ȜkXkV MQ bm+? +QM+2TiBQM Q7 Bib BMi2M/2/ ?2B;?iX LQr QM2 KB;?i b�v,

i?2 TQBMi Q7 TQi2MiB�HBbK �b � bQHmiBQM iQ i?2 �`#Bi`�`BM2bb T`Q#H2K- Bb iQ

bQHp2 i?Bb T`Q#H2K Q7 ?2B;?ibX aQ TQi2MiB�HBbi b2i i?2Q`v b?QmH/ i�HF �#Qmi

?Qr Bi2`�iBp2 ?B2`�`+?B2b Q7 bi�M/�`/ rB/i? +QmH/ #2 2ti2M/2/- `�i?2` i?�M

BKTQbBM; �Mv ?2B;?i +QMbi`�BMibX "mi A �/KBi i?�i T2`?�Tb i?Bb Bb � K�ii2`

Q7 i�bi2X

6BM�HHv- >2HHK�M �HbQ K�F2b QM2 KQ`2 +?�M;2 BM (88) r?B+? A r�Mi iQ ?B;?@

HB;?i #2+�mb2 Kv QrM T`QTQb�H rBHH rBM/ mT #2BM; +HQb2` iQ SmiM�KǶb Q`B;BM�H

�M�HQ;v #2ir22M `2TH�+2K2Mi �M/ H�`;2 +�`/BM�H �tBQKb- bQK2i?BM; r?B+? A /QMǶi �ii2KTi
?2`2X

RyLQi2- A b�v ǵmMKQiBp�i2/Ƕ- MQi BHH2;BiBK�i2X �b /Bb+mbb2/ BM ȜjXj- A i�F2 Bi K�i?2@
K�iB+B�Mb �`2 7`22 iQ bim/v bQK2i?BM; HBF2 TQi2MiB�HBbi b2i i?2Q`v U?Qr �Mv bi`m+im`2b
b�iBb7vBM; +2`i�BM �tBQKb +�M #2 2ti2M/2/ #v bi`m+im`2b bim/vBM; Qi?2` �tBQKbV- Dmbi �b
i?2v �`2 7`22 iQ bim/v Q#D2+ib b�iBb7vBM; �Mv HQ;B+�HHv +Q?2`2Mi Tm`2 K�i?2K�iB+�H �tBQKb
BM � MQM@TQi2MiB�HBbi bTB`BiX
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T`QTQb�H BM i?Bb `2;�`/X q?2M SmiM�K i�HFb �#Qmi i?2 KQ/�H T2`bT2+iBp2

QM K�i?2K�iB+b- ?2 +QMbB/2`b TQbbB#BHBiv Q7 Q#D2+ib #2BM; `2H�i2/ #v bT2@

+B}+ }`bi Q`/2` `2H�iBQMb �b T2` +2`i�BM b2i i?2Q`2iB+ �tBQKbX aQ- 7Q`

2t�KTH2- r2 KB;?i +QMbB/2` i?2 TQbbB#BHBiv i?�i i?2 T2M+BH TQBMib 7Q`K �M

BMi2M/2/ KQ/2H Q7 w2`K2HQ b2i i?2Q`v r?2M +QMbB/2`2/ mM/2` i?2 `2H�iBQM

�``QrbU-V,ǵ�M �``Qr TQBMib 7`QKXX iQ XXXǶ X A7 r2 7QHHQr2/ >2HHK�M BM `2[mB`BM;

Qm` ?B2`�`+?B2b iQ b�iBb7v ZFC2- i?Bb rQmH/ �KQmMi iQ b�vBM; i?�i �HH �tBQKb

Q7 ZFC2 #2+QK2 i`m2 r?2M vQm `2TH�+2 ǵb2iǶ rBi? ǵTQBMiǶ �M/ ǵ2H2K2Mi Q7Ƕ

rBi? ǵ�``QrbǶX >Qr2p2`- ?2 MQi2b i?�i �Mv `2H�iBQMb Q7 i?2 `B;?i �`Biv rBHH /Q
RRX q2 +QmH/ i`�MbH�i2 � ;Bp2M b2Mi2M+2 Q7 b2i i?2Q`v 2[m�HHv r2HH #v i�HFBM;

�#Qmi ?Qr Bi rQmH/ #2 HQ;B+�HHv UQ` HQ;B+Q@K�i?2K�iB+�HHv BM r?�i2p2` b2Mb2

SmiM�K ?�b BM KBM/V TQbbB#H2 7Q` i?2 T2M+BH TQBMib iQ �``Qr QM2 �MQi?2` Q`

i?2 �M;2Hb iQ �/KB`2 QM2 �MQi?2`X

AM +QMi`�bi- >2HHK�M BMi2`T`2ib b2i i?2Q`2iB+ +H�BKb Tm`2Hv BM i2`Kb Q7 b2+QM/@

Q`/2` [m�MiB}+�iBQM BM (88)X h?�i Bb- BMbi2�/ Q7 b�vBM; bQK2i?BM; �#Qmi ?Qr

RR6Q` 2t�KTH2 QM T�;2b Ry@RR Q7 (Nk) ?2 r`Bi2b ǳG2i Ƕ�sǶ �##`2pB�i2 i?2 +QMDmM+iBQM Q7
i?2 �tBQKb Q7 i?2 }MBi2Hv �tBQK�iBx�#H2 bm#i?2Q`v Q7 }`bi@Q`/2` �`Bi?K2iB+ Dmbi �HHm/2/
iQX h?2M 62`K�iǶb H�bi i?2Q`2K Bb 7�Hb2 Dmbi BM +�b2 ǶAX ⊃ ¬ 62`K�iǶ Bb p�HB/- BX2X- Dmbi BM
+�b2

URV "(AX ⊃ ¬ 62`K�iV
aBM+2 i?2 i`mi? Q7 URV- BM +�b2 URV Bb i`m2- /Q2b MQi /2T2M/ mTQM i?2 K2�MBM; Q7 i?2

�`Bi?K2iB+�H T`BKBiBp2b- H2i mb bmTTQb2 i?2b2 iQ #2 `2TH�+2/ #v ǳ/mKKv H2ii2`bǴ UT`2/B+�i2
H2ii2`bVX hQ }t Qm` B/2�b- BK�;BM2 i?�i i?2 T`BKBiBp2b BM i2`Kb Q7 r?B+? AX �M/ ¬62`K�i
�`2 r`Bii2M �`2 i?2 irQ i?`22@i2`K `2H�iBQMb ǳx Bb i?2 bmK Q7 y �M/ zǴ �M/ ǳx Bb i?2
T`Q/m+i Q7 y �M/ zǴ U2tTQM2MiB�iBQM Bb FMQrM iQ #2 }`bi@Q`/2`@/2}M�#H2 7`QK i?2b2- �M/
bQ- Q7 +Qm`b2- �`2 x2`Q �M/ bm++2bbQ`VX G2i AX(S, T ) �M/ ¬62`K�i(S, T ) #2 HBF2 AX �M/
¬62`K�i 2t+2Ti 7Q` +QMi�BMBM; i?2 ǳ/mKKvǴ i`B�/B+ T`2/B+�i2 H2ii2`b S- T - r?2`2 AX
�M/ ¬62`K�i +QMi�BM i?2 +QMbi�Mi T`2/B+�i2b ǳx Bb i?2 bmK Q7 y �M/ zǴ �M/ ǳx Bb i?2
T`Q/m+i Q7 y �M/ zXǴ h?2M URV Bb 2bb2MiB�HHv � i`mi? Q7 Tm`2 KQ/�H HQ;B+ UB7 Bi Bb i`m2V- bBM+2
i?2 +QMbi�Mi T`2/B+�i2b Q++m` ǳBM2bb2MiB�HHvǴc �M/ i?Bb +�M #2 #`Qm;?i Qmi #v `2TH�+BM;
URV #v i?2 �#bi`�+i b+?2K�, UkV "[AX(S, T ) ⊃ ¬61_J�h(S, T )] @�M/ i?Bb Bb � b+?2K� Q7
Tm`2 }`bi@Q`/2` KQ/�H HQ;B+XǴ
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BiǶb HQ;B+�HHv TQbbB#H2 7Q` T2M+BH2/ TQBMib iQ �``Qr QM2 �MQi?2`- r2 i�HF �#Qmi

i?2 TQbbB#BHBiv Q7 i?2`2 #2BM; b2+QM/@Q`/2` +H�bb2b �M/ 7mM+iBQMb Q#D2+ib X

�M/ f bm+? i?�i ZFC2(b2ifs-∈f7)X

SmiiBM; i?Bb �HH iQ;2i?2`- BM (88) Rk- >2HHK�M /2}M2b i?2 +H�BK i?�i bQK2

b2+QM/@Q`/2` +QHH2+iBQM X �M/ `2H�iBQMRj f [m�MiB}2`b- (X, f) 7Q`K � M�im`�H

KQ/2H Q7 b2i i?2Q`v �b 7QHHQrbX

(X, f) 7Q`K � M�im`�H KQ/2H Q7 b2i i?2Q`v Bz ZFCX
2 (εf )

r?2`2 i?2 2tT`2bbBQM QM i?2 `B;?i ?�M/ bB/2 Q7 i?2 #B+QM/BiBQM�H Bb r?�i vQm

;2i #v bi�`iBM; rBi? ZFC2 �M/ i?2M mMB7Q`KHv `2TH�+BM; �HH Q++m``2M+2b Q7

ε rBi? f - �M/ `2BMi2`T`2iBM; �HH [m�MiB}2`b �b `�M;BM; Qp2` i?2 Q#D2+ib BM

X `�i?2` i?�M i?2 b2ibX >2 i?2M T�`�T?`�b2b bBM;Hv [m�MiB}2/ b2i i?2Q`2iB+

bi�i2K2Mib UBX2X- i?Qb2 Q7 i?2 7Q`K ∃xφ(x) r?2`2 φ Bb [m�MiB}2` 7`22V �b

♦(∃X)(∃f)[(X, f) 7Q`K � M�im`�H KQ/2H Q7 b2i i?2Q`v ∧ (∃x)φ(x)X(εf )]

6Q` `2�/�#BHBiv ?2 i?2M mb2b [m�MiB}+�iBQM Qp2` p�`B�#H2b Q7 i?2 7Q`K Vi

iQ �##`2pB�i2 [m�MiB}+�iBQM Qp2` Xi, fi r?B+? 7Q`K � M�im`�H KQ/2H Q7 b2i

i?2Q`v- rBi? +H�BKb Q7 i?2 7Q`K z ∈ Vi bi�M/BM; 7Q` i?2 +H�BK i?�i z ∈ Xi- 7Q`

i?2 `2H2p�Mi XiX aQ- 7Q` 2t�KTH2- i?2 T�`�T?`�b2 7Q` ∃x(x = x) ;2ib r`Bii2M

�b
RkA bmTT`2bb QM2 /2i�BH Q7 >2HHK�MǶb T�`�T?`�b2 bi`�i2;v U?Bb b2T�`�i2 i`2�iK2Mi Q7 b2i

i?2Q`2iB+ bi�i2K2Mib BMpQHpBM; QMHv `2bi`B+i2/ [m�MiB}+�iBQMV r?B+? K�F2b MQ /Bz2`2M+2
iQ i?2 T?BHQbQT?B+�H �`;mK2Mib #2BM; K�/2 ?2`2X a22 (8e) +?�Ti2` k b2+iBQM kX

Rj>2`2 A 7QHHQr >2HHK�M BM mbBM; f �b � b2+QM/ Q`/2` `2H�iBQM `�i?2` i?�M 7mM+iBQM
[m�MiB}2` �b Bib 7Q`K KB;?i bm;;2bi
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♦(∃V )(∃x)(x ∈ V ∧ x = x)

�M/ ?2 ;Q2b QM iQ T�`�T?`�b2 +H�BKb rBi? � bBM;H2 mMBp2`b�H [m�MiB}2` �M/

KmHiBTH2 M2bi2/ [m�MiB}2`b �b T2` i?2 T�ii2`M BM/B+�i2/ BM i?2 #2;BMMBM; Q7

i?Bb +?�Ti2`X aQ (∀x)(x = x) rBHH ;2i i`�MbH�i2/ �b

"(∀V )(∀x)(x ∈ V → x = x)

�M/ H2i mb b�v i?�i � KQ/2H Q7 b2i i?2Q`v V2 = (X2, f2) 2ti2M/b �MQi?2`

KQ/2H V1 = (X1, f1) Ur`Bii2M V2 ≥ V1V Bz X1 Bb � bm#+H�bb Q7 X2 �M/ f1

Bb i?2 `2bi`B+iBQM Q7 f2 iQ X1Xh?Bb �KQmMib iQ `2[mB`BM; i?�i (X1, f1) �M/

(X2, f2) TB+F Qmi bi`m+im`2b r?B+? `2H�i2 iQ 2�+? Qi?2` HBF2 BMBiB�H b2;K2Mib

Q7 �M �+im�HBbi ?B2`�`+?v Vα �M/ Vβ r?2`2 α ≤ βX

h?2M >2HHK�M +B`+� (88) rQmH/ i`�MbH�i2 i?2 b2i i?Q2`2iB+ b2Mi2M+2 (∀x)(∃y)(x ∈

y) �b 7QHHQrbX

"(∀V1)(∀x)[x ∈ V1 → ♦(∃V2)(∃y)(y ∈ V2 ∧ V2 ≥ V1,∧x ∈ y)]

AM H�i2` rQ`F (9e) >2HHK�M KQ/B}2/ i?Bb pB2r bHB;?iHv- �b KQiBp�i2/ #v ?Bb

MQKBM�HBbK �M/ 7�KQmb ZmBM2B�M b2MiBK2Mi i?�i b2+QM/@Q`/2` HQ;B+ Bb QMiQ@

HQ;B+�HHv +QKKBii�H (\) UbQ �++2TiBM; b2+QM/ Q`/2` +QKT`2?2MbBQM +QKKBib

QM2 iQ �#bi`�+i Q#D2+ibVX >2 MQi2b i?�i [m�MiB7vBM; Qp2` �HH THm`�HBiB2b xx �m@

iQK�iB+�HHv H2ib vQm bBKmH�i2 b2+QM/ Q`/2` X [m�MiB}+�iBQM- pB� i?2 bi`�i2;v

BM/B+�i2/ BM i?2 �TT2M/Bt Q7 .�pB/ G2rBbǶ S�`ib Q7 *H�bb2b(dy)X �++Q`/BM;Hv-

?2 T`QTQb2b iQ `2r`Bi2 �HH i?2 T�`�T?`�b2b �#Qp2 THm`�HBiv Q7 Q#D2+ib xx UBM
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2z2+iV b�iBb7vBM; b2+QM/ Q`/2` b2i i?2Q`v- r`Bii2M ZFCxx
2 - `�i?2` i?�i- `�i?2`

i?�M b2+QM/ Q`/2` Q#D2+ib X, f /QBM; bQR9X

A ?�p2 bQK2 /Qm#ib �#Qmi i?2 bm++2bb Q7 i?Bb KQp2X AM T�`iB+mH�`- AǶK MQi

+QMpBM+2/ i?�i i?Bb mb2 Q7 K2`2QHQ;v iQ bBKmH�i2 b2+QM/ Q`/2` [m�MiB}+�iBQM

+�M #2 +QK#BM2/ rBi? i�FBM; i?2 ♦ iQ 2tT`2bb HQ;B+�H TQbbB#BHBiv `�i?2` i?�M

K2i�T?vbB+�H TQbbB#BHBivX 6Q` `2�bQMb i?�i rBHH #2+QK2 +H2�` #2HQrR8- A /QMǶi

i?BMF i?�i i?2 �tBQKb Q7 K2`2QHQ;v �`2 HQ;B+�HHv M2+2bb�`vX A7 HQ;B+�H TQb@

bB#BHBiv B;MQ`2b K2i�T?vbB+�HHv M2+2bb�`v +QMbi`�BMib QM ?Qr K�Mv +QM+`2i2

Q#D2+ib +�M 2tBbi BM bT�+2 �M/ iBK2- b?QmH/MǶi Bi B;MQ`2 i?2 K2i�T?vbB+�HHv

M2+2bb�`v H�rb Q7 K2`2QHQ;v iQQ\ h?mb- A i?BMF i?�i 2KTHQvBM; i?Bb bi`�i2;v

iQ 7Q`KmH�i2 TQi2MiB�HBbi b2i i?2Q`v U`�i?2` i?�M Dmbi KQ/�HHv T�`�T?`�bBM;

i�HF Q7 bK�HH2` bi`m+im`2b HBF2 i?2 MmK#2`b �M/ i?2 `2�Hb �b >2HHK�M bm;;2bib

BM (88)V rQmH/ `2�r�F2M i?2 T`Q#H2Kb �#Qmi i?2 K2i�T?vbB+�H TQbbB#BHBiv Q7

�`#Bi`�`BHv H�`;2 +�`/BM�HBiB2b Q7 Q#D2+ib MQi2/ �#Qp2X �M/- �b r2 rBHH b22-

Kv �TT`Q�+? �HbQ 2HBKBM�i2b mb2 Q7 b2+QM/ Q`/2` [m�MiB}+�iBQM BM 7�pQ` Q7 �

MQiBQM Q7 HQ;B+�H TQbbB#BHBiv rBi?- �`;m�#Hv- � bi`QM;2` +H�BK iQ QMiQHQ;B+�H

BMMQ+2M+2 i?�M THm`�H [m�MiB}+�iBQMX

"mi A rQMǶi /r2HH QM i?Bb Bbbm2 KQ`2 ?2`2Re �b AǶK MQi � MQKBM�HBbi Kvb2H7X
R9AM 2p2M H�i2` rQ`F (\) >2HHK�M brBi+?2b iQ � irQ bQ`i2/ pB2r UKQ`2 HBF2 S�`bQMB�M pB2rb

/Bb+mbb2/ #2HQrV �#Qp2 r?2`2 r2 ?�p2 bi�;2b b- �M/ THm`�H [m�MiB}+�iBQM Qp2` THm`�HBiB2b
Q7 bi�;2b ss- �M/ �HbQ THm`�H [m�MiB}+�iBQM Qp2` Q#D2+ib xx r?B+? rBHH TH�v i?2 `QH2 Q7 b2ib
BM b�iBb7vBM; ZFC2

PM i?Bb pB2r i?2b2 bi�;2b Bb mM/2`biQQ/ BM i2`Kb Q7 i?2`2 �+im�HHv #2BM; � ;`QrBM;
b2[m2M+2 Q7 Q#D2+ib BM � S�`bQM�B�M b2Mb2X "mi i?2 +H�BK i?�i bQK2 xx b�iBb7v ZFCxx,ss

2

UrBHH MQr BM+Hm/2 i?2 +H�BK i?�i i?2b2 b2ib b�K2 ?2B;?ib �b bQK2 bi�;2bV rBHH biBHH #2
mM/2`biQQ/ bi`m+im`�HHv �b b�vBM; i?�i +2`i�BM �tBQKb �`2 b�iBb}2/X

R8A7 r2 i�F2 HQ;B+�H TQbbB#BHBiv iQ #2 BMi2`/2}M�#H2 rBi? p�HB/Biv BM i?2 r�v AǶHH �/pQ+�i2
BM ȜjX8- i?2 HQ;B+�H +QMiBM;2M+v Q7 K2`2QHQ;v b22Kb iQ 7QHHQrX

ReA /Q +QMbB/2` brBi+?BM; iQ Kv TQi2MiB�HBbi 7`�K2rQ`F �b � 7`B2M/Hv bm;;2biBQM iQ �/@
pQ+�i2b Q7 MQKBM�HBbK U�b A bm;;2bi BM (e)V
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jXj �ii`�+iBQMb

�HH iQ;2i?2`- A i?BMF �/QTiBM; TQi2MiB�HBbi b2i i?2Q`v BM i?2 K�MM2` /2p2H@

QT2/ #v SmiM�K �M/ >2HHK�M ?�b bB;MB}+�Mi �TT2�HX �b MQi2/ �#Qp2- Bi

?2HTb bQHp2 i?2 �`#Bi`�`BM2bb T`Q#H2K r?B+? �+im�HBbib 7�+2 `2;�`/BM; i?2

?2B;?i Q7 i?2 b2i@i?2Q`2iB+ ?B2`�`+?vX

�//BiBQM�HHv- mMHBF2 S�`bQM�BM �TT`Q�+?2b- �/QTiBM; i?Bb pB2r /Q2bMǶi `2@

[mB`2 mb iQ K�F2 b2Mb2 Q7 i?2 B/2� Q7 Tm`2 K�i?2K�iB+�H Q#D2+ib HBF2 b2ib

2tBbi +QMiBM;2MiHv- Q` 2tTH�BM r?�i +QMiBM;2Mi 72�im`2b Q7 `2�HBiv UB7 �MvV /2@

i2`KBM2 i?2 ?2B;?i i?�i i?2 b2i@i?2Q`2iB+ ?B2`�`+?v �+im�HHvf+m``2MiHv ?�bX

>Qr2p2`- K2`2Hv �/QTiBM; >2HHK�MǶb SmiM�KB�M TQi2MiB�HBbK /Q2bMǶi bm7@

}+2 iQ b2+m`2 Qm` 7QmM/�iBQM�H �BK Q7 DmbiB7vBM; b2i@i?2Q`2iB+ i?2Q`2Kb 7`QK

Q#pBQmb b22KBM; �bbmKTiBQMbX

>2HHK�M /Q2b T`Qp2b � p2`bBQM Q7 i?2 K�BM i?2Q`2K QM2 M22/b- iQ pBM/B+�i2

bi�M/�`/ }`bi Q`/2` `2�bQMBM; �#Qmi b2i i?2Q`vX

ZFC ) φ i?2M φ♦

>Qr2p2`- i?2 T`2KBb2b ?2 mb2b BM i?Bb T`QQ7 �`2MǶi U�M/ �`2MǶi +H�BK2/ iQV

b22K +H2�`Hv i`m2X 6Q` BMbi�M+2- BM (88) >2HHK�M bBKTHv �bbmK2b i?�i i?2

i`�MbH�iBQM Q7 `2TH�+2K2Mi BMiQ � TQi2MiB�HBbi +QMi2ti �b �M �tBQK �M/ 2t@

THB+BiHv ~�;b i?�i Bi Bb MQi BMimBiBp2Hv Q#pBQmbX

>2HHK�M �HbQ T`QpB/2b � DmbiB}+�iBQM 7Q` i?2 mb2 Q7 i?2 w6* �tBQKb 7`QK i?2

TQBMi Q7 pB2r Q7 �M �+im�HBbi r?Q �++2Tib +2`i�BM �bbmKTiBQMb �#Qmi ?B;?2`

b2i i?2Q`vX >2HHK�MǶb DmbiB}+�iBQM ;Q2b HBF2 i?BbX �bbmK2 i?�i �+im�HBbi b2i
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i?2Q`v Bb i`m2 �M/ i?2`2 �`2 +Q}M�HHv K�Mv BM�++2bbB#H2 +�`/BM�HbX PM i?Bb

�bbmKTiBQM- r2 +�M `2@BMi2`T`2i U>2HHK�MǶb T`272``2/ p2`bBQM Q7V TQi2MiB�HBbi

+H�BKb �b +H�BKb �#Qmi r?�i BMBiB�H b2;K2Mib Q7 i?2 i`m2 ?B2`�`+?v Q7 b2ib

2tBbiX h?2M Bi Bb � i?2Q`2K i?�i- 7Q` 2�+? }`bi@Q`/2` b2i i?2Q`v b2Mi2M+2 φ-

i?Bb `2@BMi2`T`2i�iBQM Q7 i?2 TQi2MiB�HBbi i`�MbH�iBQM Q7 φ rBHH #2 i`m2 Bz i?2

Q`B;BM�H b2Mi2M+2 φ Bb i`m2X h?mb- bBM+2 ZFC2 Bb T`2bmK�#Hv i`m2 Q7 i?2

�+im�HBbi ?B2`�`+?v Q7 b2ib- i?2 TQi2MiB�HBbi i`�MbH�iBQM Q7 i?2b2 +H�BKb rBHH

�HbQ +QK2 Qmi i`m2X

"mi U�b >2HHK�M ?BKb2H7 MQi2bV- i?2 DmbiB}+�iBQM ?2 T`QpB/2b 7Q` i?2 w6* �t@

BQKb Bb MQi b�iBb7�+iQ`v 7`QK � TQi2MiB�HBbi TQBMi Q7 pB2r- #2+�mb2 Bi `2[mB`2b

i?�i r2 �bbmK2 i?2 2tBbi2M+2 Q7 �M �+im�HBbi ?B2`�`+?v Q7 b2ibX �//BiBQM�HHv-

r2 Kmbi �HbQ �bbmK2 i?�i i?Bb �+m�HBbi ?B2`�`+?v ?�b +Q@}M�HHv K�Mv BM�+@

+2bbB#H2 +�`/BM�Hb b�iBb}2b U� bQK2r?�i +QMi`Qp2`bB�H H�`;2 +�`/BM�H �tBQKVX

aQ- 2p2M 7`QK �M �+im�HBbi TQBMi Q7 pB2r- vQm KB;?i b�v i?�i >2HHK�MǶb �`@

;mK2Mi /272M/BM; i?2 mb2 w6* DmbiB}2b i?2 KQ`2 Q#pBQmb QM i?2 #�bBb Q7 i?2

H2bb Q#pBQmbX aQ- r?BH2 >2HHK�MǶb DmbiB}+�iBQM KB;?i #2 � mb27mH `?2iQ`B+�H

iQQH 7Q` +QMpBM+BM; �+im�HBbib- Bi /Q2bMǶi T`QpB/2 � DmbiB}+�iBQM 7Q` mbBM; i?2

w6* �tBQKb r?B+? i?2 TQi2MiB�HBbi +�M �++2TiX

AM H�i2` rQ`F- >2HHK�M 2tT2`BK2Mib rBi? Qi?2` DmbiB}+�iBQMb 7Q` `2TH�+2K2MiX

"mi Bi b?QmH/ #2 MQi2/ i?�i BM /QBM; i?Bb ?Bb �BK Bb QMHv iQ KQiBp�i2 mMB7vBM;

T`BM+BTH2b #v b?QrBM; F2v b2i@i?2Q`2iB+ #2HB27b 7QHHQr 7`QK � bBM;H2 M�im`�H

?vTQi?2bBb U�b T2` \\V- MQi bB;MB}+�MiHv DmbiB7v `2TH�+2K2Mi Bib2H7X aQ i?2

?vTQi?2b2b 7`QK r?B+? >2HHK�M /2`Bp2b `2TH�+2K2Mi /QMǶi b22K �Mv KQ`2

+H2�`Hv i`m2 i?�M i?2 TQi2MiB�HBbi i`�MbH�iBQM Q7 `2TH�+2K2Mi �M/ Q7i2M Km+?
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H2bb bQX 6Q` 2t�KTH2- BM () >2HHK�M +QMbB/2`b � KQ/�H `2~2+iBQM T`BM+BTH2-

r?B+? rQmH/ DmbiB7v TQi2MiB�HBbi `2TH�+2K2Mi #mi- Dmbi �b BM i?2 �+im�HBbi +�b2-

b22Kb MQ KQ`2 Q#pBQmb i?�M `2TH�+2K2Mi Bib2H7Rd �M/ BM (\)- _Q#2`ib �`;m2b

i?Bb T`BM+BTH2 Bb BM+QMbBbi2Mi rBi? Qi?2` �tBQKb >2HHK�M b?QmH/ TH�mbB#Hv

2M/Q`b2X

jX9 S`Q#H2Kb 7Q` *m``2Mi SmiM�KB�Mb

qBi? i?Bb TB+im`2 Q7 i?2 +m``2Mi bi�i2 Q7 SmiM�K�BM TQi2MiB�HBbi b2i i?2Q`v

BM KBM/- AǶHH MQr /Bb+mbb irQ TQi2MiB�H T`Q#H2Kb �#Qmi >2HHK�MǶb bvbi2KX

h?2 }`bi rQ``v +QM+2`Mb r?2i?2` r2 ?�p2 � +H2�` 2MQm;? ;`�bT Q7 >2HHK�MǶb

MQiBQM Q7 HQ;B+�H TQbbB#BHBiv U♦VX A i?BMF i?Bb rQ``v +�M #2 �Mbr2`2/ �M/

rBHH �ii2KTi iQ T`QpB/2 bm+? �M �Mbr2` #2HQrX h?2 b2+QM/ rQ``v +QM+2`Mb

+QMi`Qp2`bB2b �#Qmi i?2 K2�MBM; �M/ i`mi?@p�Hm2 Q7 #�bB+ +H�BKb BM i?2 H�M@

;m�;2 Q7 [m�MiB}2/ KQ/�H HQ;B+X AǶHH mb2 i?Bb rQ``v iQ KQiBp�i2 � brBi+? iQ

Kv T`272``2/ p2`bBQM Q7 SmiM�KB�M TQi2MiB�HBbKǶ BM +?�Ti2` 9X

Rd>2 KQiBp�i2b i?Bb T`BM+BTH2 #v +QMbB/2`BM; i?2 7QHHQrBM; bi�i2K2Mi Q7 � TQi2MiB�HBbi
`2TH�+2K2Mi T`BM+BTH2- ǳh?2 K�i?2K�iB+�H TQbbB#BHBiB2b Q7 2p2` H�`;2` bi`m+im`2b �`2 bQ p�bi
�b iQ #2 ǳBM/2b+`B#�#H2Ǵ, r?�i2p2` +QM/BiBQM r2 �ii2KTi iQ H�v /QrM iQ +?�`�+i2`Bx2 i?�i
p�biM2bb 7�BHb BM i?2 7QHHQrBM; b2Mb2, B7 BM/22/ Bi Bb �++m`�i2 `2;�`/BM; i?2 TQbbB#BHBiB2b Q7
K�i?2K�iB+�H bi`m+im`2b- Bi Bb �HbQ �++m`�i2 `2;�`/BM; � K2`2 b2;K2Mi Q7 i?2K- r?2`2 bm+?
� b2;K2Mi +�M #2 i�F2M �b i?2 /QK�BM Q7 � bBM;H2 ai`m+im`2XǴ >Qr2p2` ?2 MQi2b i?Bb Bb
BM+QMbBbi2Mi- �M/ i`B2b `2bi`B+ib Bib �TTHB+�iBQM iQ i?BM;b +QMbBbi2Mi rBi? ZFC2X "mi i?Bb
T`BM+BTH2 /Q2bMǶi b22K �Mv KQ`2 Q#pBQmb i?�i i?2 `2~2+iBQM T`BM+BTH2b BMpQF2/ #v �+im�HBbib
/Bb+mbb2/ BM Ȝ\\X
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jX8 �++2Ti�#Hv *H2�` JQ/�H LQiBQM\

PM GQ;B+�H SQbbB#BHBiv

aQ- H2i K2 #2;BM #v +H�`B7vBM; �M/ KQiBp�iBM; i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv

i?�i >2HHK�M �TT2�Hb iQ U�M/ A rBHH �HbQ �TT2�H iQVX

q2 b22K iQ ?�p2 �M BMimBiBp2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv r?B+? �TTHB2b iQ

+H�BKb HBF2 (∃x)(`2/(x) ∧ `QmM/(x)) �M/ K�F2b b2Mi2M+2b HBF2 i?2 7QHHQrBM;

+QK2 Qmi i`m2X

Ç Ai Bb HQ;B+�HHv TQbbB#H2 i?�i (∃x)(`2/(x) ∧ `QmM/(x))

Ç Ai Bb MQi HQ;B+�HHv TQbbB#H2 i?�i (∃x)(`2/(x) ∧ ¬`2/(x))

Ç Ai Bb HQ;B+�HHv M2+2bb�`v i?�i (∀x)(`2/(x))→ ¬(∃x)(¬`2/(x))X

h?Bb MQiBQM Q7 HQ;B+�H TQbbB#BHBiv Bb BMi2`/2}M�#H2 rBi? p�HB/BivX �M �`;mK2Mi

Bb p�HB/ B7 �M/ QMHv B7 BiǶb HQ;B+�HHv BKTQbbB#H2 7Q` �HH Bib T`2KBb2b iQ #2 i`m2

�M/ Bib +QM+HmbBQM iQ #2 7�Hb2X �M/ Bi Bb U`Qm;?HvV r?�iǶb �M�Hvx2/ #v b�vBM;

bQK2 i?2Q`v ?�b � b2i i?2Q`2iB+ KQ/2HR3 UKQ/mHQ +QM+2`Mb �#Qmi bBx2- �b

MQi2/ BM i?2 �TT2M/Bt #2HQrVX Ai +QM+2`Mb r?2i?2` bQK2 bi�i2 Q7 �z�B`b

Bb �HHQr2/ #v i?2 KQbi ;2M2`�H ǵbm#D2+i K�ii2` M2mi`�HǶ H�rb Q7 ?Qr i?2`2

+�M #2 bQK2 T�ii2`M Q7 Q#D2+ib bi�M/BM; BM `2H�iBQMb Q7 p�`BQmb �`BiB2b UBM

bQK2i?BM; HBF2 6`2;2Ƕb b2Mb2 Q7 HQ;B+�H H�rb #2BM; bm#D2+i K�ii2` M2mi`�H()VX

S?BHQbQT?2`b `2T`2b2MiBM; � `�M;2 Q7 /Bz2`2Mi pB2rb Q7 K�i?2K�iB+b ?�p2

K�/2 mb2 Q7 i?Bb MQiBQM �M/ �`2 +QK7Q`i�#H2 �TTHvBM; Bi iQ MQM@}`bi Q`/2`
R3q?2M +QMbB/2`BM; MQM@}`bi Q`/2` b2Mi2M+2b r2 KB;?i bT2+B7v i?�i i?Bb KQ/2H Kmbi

i`2�i �HH HQ;B+�H pQ+�#mH�`v bi�M/�`/Hv- bQ i?�i- 2X;X- >2MFBM KQ/2Hb Q7 b2+QM/ Q`/2` [m�M@
iB}+�iBQM �`2 MQi �HHQr2/
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b2Mi2M+2bX

hQ 2p�Hm�i2 r?2i?2` � +H�BK φ Bb HQ;B+�HHv TQbbB#H2 UBM i?Bb b2Mb2V- r2 ?QH/

}t2/ i?2 QT2`�iBQM Q7 HQ;B+�H pQ+�#mH�`v UHBF2 ∃,∧,∨,¬V- #mi �#bi`�+i �r�v

7`QK �Mv 7m`i?2` K2i�T?vbB+�HHv M2+2bb�`v +QMbi`�BMib QM i?2 �TTHB+�iBQM

Q7 T�`iB+mH�` `2H�iBQMbX h?mb- r2 +QMbB/2` �HH TQbbB#H2 r�vb 7Q` `2H�iBQMb

iQ �TTHv UBM+Hm/BM; i?Qb2 r�vb i?�i �`2MǶi /2}M�#H2VX 6Q` 2t�KTH2- Bi Bb

HQ;B+�HHv TQbbB#H2 i?�i (∃x)(_�p2M(x) ∧ o2;2i�#H2(x))- 2p2M B7 Bi rQmH/ #2

K2i�T?vbB+�HHv BKTQbbB#H2 7Q` �Mvi?BM; iQ #2 #Qi? � `�p2M �M/ � p2;2i�#H2X

q2 �HbQ �#bi`�+i �r�v 7`QK +QMbi`�BMib QM i?2 bBx2 Q7 i?2 mMBp2`b2- bQ i?�i

♦(∃x)(∃y)(¬x = y) rQmH/ #2 i`m2 2p2M B7 i?2 �+im�H mMBp2`b2 +QMi�BM2/ QMHv

� bBM;H2 Q#D2+iX

LQi _2/m+B#H2 iQ a2i h?2Q`v

"2+�mb2 U�b MQi2/ �#Qp2V i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv Bb BMi2`/2}M�#H2

rBi? p�HB/Biv- A i?BMF M2�`Hv �HH Kv `2�/2`b rBHH �++2Ti i?�i +H�BKb �#Qmi

HQ;B+�H TQbbB#BHBiv �`2 K2�MBM;7mHX

>Qr2p2`- �i }`bi ;H�M+2- QM2 KB;?i �`;m2 i?�i +H�BKb �#Qmi HQ;B+�H TQbbB#BHBiv

�`2 K2`2Hv b?Q`i?�M/ 7Q` +H�BKb �#Qmi i?2 2tBbi2M+2 Q7 b2i i?2Q`2iB+ KQ/2HbX

�M/ B7 QM2 B/2MiB}2/ HQ;B+�H TQbbB#BHBiv i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv rBi?

+H�BKb �bb2`iBM; i?2 2tBbi2M+2 Q7 b2i i?2Q`2iB+ KQ/2Hb- i?2M r2Ƕ/ ?�p2 U�i

H2�biV �M mM+QK7Q`i�#H2 `2;`2bb- �M/ QM2 +QmH/MǶi mb2 i?2 MQiBQM Q7 HQ;B+�H

TQbbB#BHBiv BM 7Q`KmH�iBM; TQi2MiB�HBbi b2i i?2Q`v iQ bQHp2 i?2 �`#Bi`�`BM2bb

T`Q#H2K �#Qp2X
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Gm+FBHv ?Qr2p2`- i?2`2 �`2 bi`QM; BM/2T2M/2Mi `2�bQMb TQBMi2/ Qmi BM (9N-

8j- R8) Ub22 �HbQ (jN) kXj �M/ 1i+?2K2M/v (j9)V 7Q` MQi /QBM; i?BbX J�Mv

T?BHQbQT?2`b ?�p2 �`;m2/- �b 7QHHQrb- i?�i r2 b?QmH/MǶi B/2MiB7v +H�BKb �#Qmi

HQ;B+�H TQbbB#BHBiv rBi? +H�BKb �#Qmi b2i i?2Q`2iB+ KQ/2HbX

h?2 +H�BK i?�i r?�iǶb �+im�H Bb HQ;B+�HHv TQbbB#H2 Bb +2Mi`�H iQ i?2 �#Qp2

MQiBQM Q7 HQ;B+�H TQbbB#BHBiv UBMi2`/2`Bp�#H2 rBi? p�HB/BivV- B7 �Mvi?BM; BbRNX

>Qr2p2` B7 r2 i?BMF �#Qmi HQ;B+�H TQbbB#BHBiv BM i2`Kb Q7 b2i i?2Q`2iB+ KQ/2Hb-

i?2M i?2 �+im�H rQ`H/ Bb bi`B+iHv H�`;2` i?�M i?2 /QK�BM Q7 �Mv b2i i?2Q`2iB+

KQ/2H U2X;X- #2+�mb2 Bi +QMi�BMb �HH i?2 b2ibV- bQ BiǶb MQi T`BK� 7�+B2 +H2�` r?v

r2 b?QmH/ �bbmK2 i?�i r?�i +�MǶi #2 b�iBb}2/ BM �Mv b2i i?2Q`2iB+ KQ/2H

BbMǶi �+im�HHv i`m2X h?mb r2 b22K iQ �Mi2+2/2MiHv ;`BT � MQiBQM Q7 HQ;B@

+�H TQbbB#BHBiv UBMi2`/2}M�#H2 rBi? p�HB/BivV QM r?B+? BiǶb �M QT2M [m2biBQM

r?2i?2` 2p2`v HQ;B+�HHv TQbbB#H2 bi�i2 Q7 �z�B`b ?�b � b2i i?2Q`2iB+ KQ/2HX

LQr Bi Bb +m``2MiHv TQbbB#H2 7Q` K�i?2K�iB+B�Mb i�HFBM; �#Qmi }`bi Q`/2`

HQ;B+�H b2Mi2M+2b iQ `2TH�+2 i�HF Q7 HQ;B+�H TQbbB#BHBiv rBi? i�HF Q7 b2i i?2Q`2iB+

KQ/2Hb pB� i?2 +QKTH2i2M2bb i?2Q`2K 7Q` }`bi Q`/2` HQ;B+ky >Qr2p2`- �b

"QQHQb Tmib Bi- ǳBi Bb `�i?2` bi`�M;2 i?�i �TT2�H Kmbi �TT�`2MiHv #2 K�/2

iQ QM2 Q` �MQi?2` MQM@i`BpB�H `2bmHi BM Q`/2` iQ 2bi�#HBb? r?�i Qm;?i iQ #2

Q#pBQmb, pBxX- i?�i � b2Mi2M+2 Bb i`m2 B7 Bi Bb p�HB/Ǵ(R8)X

A �HbQ 722H UrBi? "QQHQbV i?�i- ǳQM2 `2�HHv b?QmH/ MQi HQb2 i?2 b2Mb2 i?�i
RN6Q` �M �`;mK2Mi iQ #2 p�HB/ bm`2Hv �i H2�bi `2[m`B2b i?�i Bi /Q2bMǶi �+im�HHv H2�/ 7`QK

i`mi? iQ 7�Hb2?QQ/X
kyh?2 +QKTH2i2M2bb i?2Q`2K b?Qrb i?�i �HH bvMi�+iB+�HHv +QMbBbi2Mi }`bi Q`/2` i?2Q`B2b

?�p2 KQ/2Hb (\)X �M/ i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv Bb BMimBiBp2Hv ǵb�M/rB+?2/ #2ir22MǶ
bvMi�+iB+ +QMbBbi2M+v �M/ ?�pBM; � KQ/2H U�Mvi?BM; i?�i ?�b � KQ/2H Kmbi #2 HQ;B+�HHv
TQbbB#H2- �M/ �Mvi?BM; i?�iǶb HQ;B+�HHv TQbbB#H2 Kmbi #2 bvMi�+iB+�HHv +QMbBbi2MiV- bQ i?Bb
b?Qrb i?�i �HH i?`22 MQiBQMb �TTHv iQ 2t�+iHv i?2 b�K2 }`bi Q`/2` HQ;B+�H b2Mi2M+2b (9y)X
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Bi Bb bQK2r?�i T2+mHB�` i?�i B7 : Bb � HQ;B+�H i`mi?- i?2M i?2 bi�i2K2Mi

i?�i : Bb � HQ;B+�H i`mi? /Q2b MQi +QmMi �b � HQ;B+�H i`mi?- #mi QMHv �b

� b2i@i?2Q`2iB+�H i`mi?XǴ- �M/ bQ `2D2+i +�b?BM; Qmi +H�BKb �#Qmi 7�BHm`2b

Q7 HQ;B+�H i`mi?fp�HB/Biv BM i2`Kb Q7 HQ;B+�HHv +QMiBM;2Mi +H�BKb �#Qmi i?2

2tBbi2M+2 Q7 +2`i�BM Q#D2+ib U2p2M K�i?2K�iB+�H Q#D2+ibVX hQ 7Q`2b?�/Qr

bHB;?iHv- 7QHHQrBM; "QQHQbǶ bm;;2biBQM- A rBHH i`2�i i?2 ♦ Q7 HQ;B+�H TQbbB#BHBiv �

T`BKBiBp2 KQ/�H QT2`�iQ`- �M/ 7m`i?2`KQ`2 HQ;B+�H QT2`�iQ` r?Qb2 K2�MBM;

Kmbi #2 ?2H/ }t2/ r?2M r2Ƕ`2 2p�Hm�iBM; +H�BKb �#Qmi HQ;B+�H TQbbB#BHBiv

�M/ 2Mi�BHK2MiX h?mb r2 rBHH �{`K i?�i 7�+ib �#Qmi HQ;B+�H TQbbB#BHBiv �`2

i?2Kb2Hp2b HQ;B+�HHv M2+2bb�`v i`mi?bX

*QMi`�bi qBi? Pi?2` JQ/�H LQiBQMb

Ai K�v #2 mb27mH iQ MQi2 ?Qr i?2 �#Qp2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv /Bz2`b

7`QK i?`22 p�;m2Hv bBKBH�` KQ/�H MQiBQMb BM i?2 HBi2`�im`2- M�K2Hv h�`bFB�M

`2@BMi2`T`2i�#BHBiv- K2i�T?vbB+�H TQbbB#BHBiv �M/ +QM+2Tim�H TQbbB#BHBivX

h?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv Bb UTQi2MiB�HHvV H2bb /2K�M/BM; i?�M i?2

MQiBQM Q7 i`mi? mM/2` bQK2 h�`bFB�M `2BMi2`T`2i�iBQM- 7Q` �TT`QtBK�i2Hv i?2

`2�bQM /Bb+mbb2/ �#Qp2 U�M/ 2KT?�bBx2/ BM (j8)VX *2`i�BM b+2M�`BQb KB;?i

#2 ;2MmBM2Hv HQ;B+�HHv TQbbB#H2 #mi `2[mB`2 i?2 2tBbi2M+2 Q7 KQ`2 Q#D2+ib

i?�M �+im�HHv 2tBbi- �M/ ?2M+2 MQi T2`KBi �Mv h�`bFB�M `2BMi2`T`2i�iBQMX

6Q`- h�`bFB�M `2BMi2`T`2i�iBQMb Q7 � b2Mi2M+2 Kmbi biBHH i�F2 i?2 b2Mi2M+2Ƕb

[m�MiB}2`b iQ `�M;2 Qp2` bQK2 +QHH2+iBQM Q7 Q#D2+ib BM i?2 �+im�H rQ`H/X

h?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv Bb �HbQ T`BK� 7�+B2 H2bb /2K�M/BM; i?�M
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i?2 MQiBQM Q7 K2i�T?vbB+�H TQbbB#BHBivkRX 6Q`- �b 6`2;2 MQi2/- i?2 H�rb Q7

HQ;B+ ?QH/ �i �HH TQbbB#H2 rQ`H/bX u2i Bi rQmH/ b22K i?�i bi�i2K2Mib HBF2

(∃x)(_�p2M(x)∧o2;2i�#H2(x)) +�M `2[mB`2 bQK2i?BM; r?B+? Bb HQ;B+�HHv TQb@

bB#H2 #mi K2i�T?vbB+�HHv BKTQbbB#H2X

6BM�HHv- i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv Bb �HbQ H2bb /2K�M/BM; i?�M i?2 MQ@

iBQMb Q7 B/2�HBx2/ +QM+2Bp�#BHBiv �M/ +QM+2Tim�H TQbbB#BHBiv �i Bbbm2 BM /2#�i2b

Qp2` T?BHQbQT?B+�H xQK#B2b �M/ BM *?�HK2`bǶ *QMbi`m+iBM; i?2 qQ`H/(ky)

U�M/ �`2- BM+QMp2MB2MiHv- bQK2iBK2b �HbQ H�#2H2/ HQ;B+�H TQbbB#BHBivVX 6Q` i?2

MQiBQM Q7 +QM+2Tim�H TQbbB#BHBiv `2~2+ib bQK2i?BM; HBF2 B/2�H � T`BQ`B �++2Ti@

�#BHBivX aQ- r?2M 2p�Hm�iBM; r?2i?2` Bi Bb +QM+2Tim�HHv TQbbB#H2 i?�i φ r2

?�p2 iQ T`2b2`p2 �HH �M�HviB+ i`mi?b �bbQ+B�i2/ rBi? `2H�iBQMb Q++m``BM; BM φX

AM +QMi`�bi U�b A ?�p2 MQi2/ �#Qp2V HQ;B+�H TQbbB#BHBiv �#bi`�+ib �r�v 7`QK

�HH bm+? bT2+B}+ 72�im`2b Q7 `2H�iBQMbX h?mb- 7Q` 2t�KTH2- B7 r2 �bbmK2 Bi Bb

�M�HviB+ i?�i (∀x)(bachelor(x)→ male(x))- i?2M Bi rBHH #2 HQ;B+�HHv TQbbB#H2

#mi MQi +QM+2Tim�HHv TQbbB#H2 i?�i (∃x)(bachelor(x) ∧ ¬male(x))X

AM pB2r Q7 �HH i?2 TQBMib �#Qp2- A i�F2 Bi i?�i i?2`2Ƕb MQ T`Q#H2K BM U�M/

BM/22/ bB;MB}+�Mi BM/2T2M/2Mi KQiBp�iBQM 7Q`V �++2TiBM; i?�i r2 ?�p2 T`BKB@

iBp2 KQ/�H MQiBQM Q7 HQ;B+�H TQbbB#BHBiv r?B+? rBHH /Q i?2 rQ`F i?2 SmiM�KB�M

TQi2M�BHBbi r�Mib Bi iQ `2;�`/BM; �pQB/BM; rQ``B2b �#Qmi K2i�T?vbB+�HHv M2+@

2bb�`v HBKBi�iBQMb QM bBx2X

h�HF Q7 �`;mK2MibǶ p�HB/Biv UBM bQK2 b2Mb2V b22Kb iQ #2 rB/2Hv mM/2`biQQ/

kRA r�Mi iQ H2�p2 Bi QT2M i?2 TQbbB#BHBiv i?�i QM bQK2 FBM/ Q7 B/2�H HQ;B+�H �M�HvbBb-
HQ;B+�H TQbbB#BHBiv im`Mb Qmi iQ #2 i?2 b�K2 i?BM; �b K2i�T?vbB+�H TQbbB#BHBivX AǶK Dmbi
MQiBM; i?�i r2 ?�p2 � +QM+2Ti Q7 HQ;B+�H TQbbB#BHBiv BM/2T2M/2Mi Q7 i?Bb �bbmKTiBQM- �M/
i?�i i?Bb bm{+2b iQ ;Bp2 �M �ii`�+iBp2 �++QmMi Q7 b2i i?2Q`vX
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�M/ mb27mHX �M/- #v i?2 �`;mK2Mib �#Qp2- +�b?BM; p�HB/Biv +H�BKb Qmi #v

�TT2�H iQ � T`BKBiBp2 KQ/�H MQiBQM Q7 HQ;B+�H TQbbB#BHBiv- `�i?2` i?�M �i@

i2KTiBM; iQ `2/m+2 Bi iQ � MQiBQM Q7 ?�pBM; � b2i i?2Q`2iB+ KQ/2H Q` i`mi?

mM/2` bQK2 h�`bFB�M `2BMi2`T`2i�iBQM- b22Kb HBF2 i?2 rBb2bi +Qm`b2X

jXe Zm�MiB}2/ JQ/�H GQ;B+

LQr A r�Mi iQ `�Bb2 � b2+QM/ T`Q#H2K r?B+?- AǶHH �`;m2- /Q2b K�F2 Bi /B{+mHi

iQ +QK#BM2 mb2 Q7 >2HHK�MǶb T�`�T?`�b2 bi`�i2;v i?2 K�BM T`QD2+i Q7 i?Bb

#QQF, DmbiB7vBM; b2i i?2Q`v pB� T`BM+BTH2b i?�i �`2 �b BMimBiBp2Hv Q#pBQmb

b22KBM; �b TQbbB#H2X

h?Bb T`Q#H2K +QM+2`Mb i?2 BM7�KQmb +QMi`Qp2`bB�HM2bb Q7 [m�MiB}2/ KQ/�H

HQ;B+X SmiM�K �M/ >2HHK�M #Qi? [m�MiB7v BM iQ i?2 ♦ Q7 HQ;B+�H TQbbB#BHBiv

UQ` r?�i2p2` Qi?2` KQ/�HBiv Bb mb2/ iQ +�b? Qmi TQi2Mi�HBbi b2i i?2Q`vVX h?�i

Bb- i?2v mb2 b2Mi2M+2b HBF2 ∃x♦R(x)- r?2`2 i?2 HQ;B+�H TQbbB#BHBiv QT2`�iQ` Bb

�TTHB2/ iQ � 7Q`KmH� rBi? 7`22 p�`B�#H2bX "mi- i?2`2 �`2 bB;MB}+�Mi +QMi`Qp2`@

bB2b �#Qmi i?2 i`mi? p�Hm2 U�M/fQ` K2�MBM;V Q7 2p2M p2`v bBKTH2 b2Mi2M+2b

BMpQHpBM; [m�MiB7vBM; BM iQ i?2 ♦ Q7 HQ;B+�H Q` K2i�T?vbB+�H TQbbB#BHBivX

ZmBM2�M Zm�HKb

JQbi `�/B+�HHv- ZmBM2 7�KQmbHv �`;m2/ �;�BMbi [m�MiB7vBM; BM iQ KQ/�H +QM@

i2tib �HH iQ;2i?2`X A i�F2 ZmBM2Ƕb K�BM T`Q#H2K rBi? [m�MiB7vBM; BM- BM (Ne)-

iQ #2 i?�i ?2 /BbHBF2b i?2 ǳ�`BbiQi2HB�M 2bb2MiB�HBbKǴ Q7 b�vBM; i?�i bQK2

T`QT2`iB2b #2HQM; iQ �M Q#D2+i HBF2 i?2 MmK#2` 7 2bb2MiB�HHv U2X;X- #2BM; H2bb

i?�M 9V r?BH2 Qi?2`b �TTHv QMHv +QMiBM;2MiHv U2X;X- #2BM; i?2 MmK#2` Q7
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TH�M2ibVX �7i2` �HH- i�FBM; i?2`2 iQ #2 bm+? �M �#mM/�M+2 Q7 7�+ib �#Qmi

2bb2M+2b +�M b22K HBF2 TQbBiBM; � #mM+? Q7 �`#Bi`�`v �M/ mMM22/2/ K2i�@

T?vbB+�H 7�+ibX "mi T2`?�Tb i?2b2 +QM+2`Mb �`2 H2bb b2p2`2 B7 r2 bT2+B7v i?�i

r2Ƕ`2 QMHv i�HFBM; �#Qmi HQ;B+�H TQbbB#BHBiv- #2+�mb2 Q#D2+ibǶ HQ;B+�H 2bb2M+2b

rBHH #2 UbQK2?QrV ǵKBMBK�HǶX

*QMiBM;2Mi P#D2+ib

JQ`2 BM~m2MiB�HHv �i i?2 KQK2Mi- i?2`2Ƕb /2#�i2 �KQM; T?BHQbQT?2`b r?Q

�++2Ti [m�MiB}2/ KQ/�H HQ;B+ U�M/ [m�MiB7vBM; BMV �#Qmi r?2i?2` 2p2`vi?BM;

2tBbib M2+2bb�`BHvX AM KQbi U`2�bQM�#Hv bi`QM;V [m�MiB}2/ KQ/�H HQ;B+b r2

+�M T`Qp2 i?2 7QHHQrBM; +H�BK r?B+? b22Kb iQ b�v i?�i 2p2`vi?BM; 2tBbib

M2+2bb�`BHvX AM T�`iB+mH�`- B7 r2 i�F2 φ(x) iQ #2 x = x → (∃y)(y = x)

r2 2�bBHv b22 i?�i (∀x)φ(x) Bb HQ;B+�HHv i`m2 �M/ i?mb BM72` (∀x)"φ(x)- BX2X-

(∀x)"[x = x → (∃y)(y = x)]X q2 +�M i?mb BM72` i?2 7QHHQrBM; Ĝ � b2Mi2M+2

i?�i b22Kb iQ b�v 2p2`vi?BM; 2tBbib M2+2bb�`BHvX

(∀x)"(∃y)(y = x)

>2HHK�M 7QHHQrb E`BTF2 (88)(ee)- #v b�vBM; i?�i 7�KBHB�` T`BM+BTH2b 7`QK b2M@

i2MiB�H KQ/�H HQ;B+ HBF2 i?2 M2+2bbBi�iBQM `mH2 �M/ E BM a8kk QMHv �TTHv iQ

+QKTH2i2 b2Mi2M+2b BM [m�MiB}2/ KQ/�H HQ;B+X �M/ T2`?�Tb i?Bb Bb BMimBiBp2Hv

KQiBp�i2/X q2 rQmH/MǶi r�Mi iQ b�v BiǶb HQ;B+�HHv M2+2bb�`v Q` � i�miQHQ;v

i?�i x = x- #2+�mb2 7Q`KmH�b rBi? 7`22 p�`B�#H2b �`2MǶi 2p2M b2Mi2M+2b �M/

i?mb H�+F i`mi? p�Hm2bX
kkh?2b2 `mH2b �`2- `2bT2+iBp2Hv, B7 ! A i?2M ! "AV ("(A → B) → ("A → "B)
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>Qr2p2`- i?Bb `2bTQMb2 Bb +QMi`Qp2`bB�HX 6Q` 2t�KTH2- �M �Hi2`M�iBp2 �T@

T`Q�+? rQmH/ #2 iQ �HHQr [m�MiB7vBM; BM- #mi mb2 7`22 HQ;B+(3j)kjX

�HbQ MQi2 i?�i QM E`BTF2Ƕb(ed) �TT`Q�+? b2Mi2M+2b HBF2 (∃x)♦ [¬6Qt(x) ∧ (∀y)6Qt(y)]

�`2 i`m2 B7 i?2`2 �`2 �Mv +QMiBM;2Mi Q#D2+ib U� +QM+HmbBQM r?B+? +�MǶi #2

2�bBHv �pQB/2/k9V- � +QMb2[m2M+2 r?B+? qBHHB�KbQM(Rky) TQBMib Qmi Bb 7�B`Hv

+QmMi2`BMimBiBp2k8X

L2+2bb�`v .BbiBM+iM2bb

L2ti- /Bb�;`22K2Mi +�M �`Bb2 �#Qmi r?2i?2` �HH T�B`b Q7 i?BM;b i?�i �`2

�+im�HHv /BbiBM+i �`2 M2+2bb�`BHv /BbiBM+iX 6Q` 2t�KTH2 BM (9k) 6BM2 +QMbB/2`b

K�FBM; i?Bb �bbmKTiBQM �M/ r?2i?2` Bi +�M �//`2bb ZmBM2�M rQ``B2b �#Qmi

UHQ;B+�HV 2bb2M+2b K2MiBQM2/ �#Qp2X

h?2`2 �`2- Q7 +Qm`b2- 7�KBHB�` ZmBM2�M /B{+mHiB2b BM K�FBM; b2Mb2

Q7 }`bi@Q`/2` [m�MiB}+�iBQM BMiQ KQ/�H +QMi2tib r?2M i?2 KQ/�H@

Biv Bb HQ;B+�HX G2i K2 ?2`2 Dmbi /Q;K�iB+�HHv �bbmK2 i?�i i?2b2
kjarBi+?BM; iQ �M 7`22 HQ;B+ rQmH/ H2i mb #HQ+F i?2 �#Qp2 �`;mK2Mi #v #HQ+FBM; i?2 BMBiB�H

T`QQ7 i?�i ǵ(∃y)(y = x)Ƕ- `�i?2` i?�M i?2 �TTHB+�iBQM Q7 M2+2bbBi�iBQM iQ i?Bb 7Q`KmH� BM
i?2 H�bi b2Mi2M+2 �b 7`22 HQ;B+b M2Bi?2` �bbmK2 i?�i �HH bBM;mH�` i2`Kb `272` iQ K2K#2`b Q7
i?2 /QK�BM MQ` i?�i i?2 /QK�BM Bb MQM@2KTivX

A i?BMF i?Bb bi`�i2;v Bb T`BK� 7�+B2 [mBi2 �TT2�HBM;- #2+�mb2 Bi rQmH/ �HHQr mb iQ +�Tim`2
i?2 BMimBiBp2 HQ;B+�H TQbbB#BHBiv Q7 2MiB`2Hv 2KTiv /QK�BMbX >Qr2p2` #2+�mb2- �b � K�i@
i2` Q7 bQ+BQHQ;B+�H 7�+i- MQ 7`22 HQ;B+ Bb +m``2MiHv rB/2Hv �++2Ti2/ U�M/ #2+�mb2 �pQB/BM;
[m�MiB7vBM; BM K�F2b i?2 BKTHB+�iBQMb Q7 �//BM; �Mv ;Bp2M �tBQK KQ`2 Q#pBQmbV- A ?�p2
T`272``2/ iQ b�+`B}+2 BMimBiBQMb �#Qmi 2KTiv /QK�BMb �M/ mb2 +H�bbB+�H }`bi Q`/2` HQ;B+
`�i?2` i?�M �`;mBM; 7Q` M2r pB2rb QM #Qi? }`bi Q`/2` HQ;B+ �M/ b2i i?2Q`v BM i?Bb #QQFX

k96Q` MQi2 i?�i- r?2M +QMbB/2`BM; i?2 i`mi? p�Hm2 Q7 6Qt(x) mM/2` �M �bbB;MK2Mi Q7
ǵxǶ iQ bQK2 +QMiBM;2Mi Q#D2+i o i?�i /Q2bMǶi 2tBbi �i bQK2 TQbbB#H2 rQ`H/ w- Bi b22Kb r2
Kmbi b�v i?�i x BbMǶi BM i?2 2ti2MbBQM Q7 ǵ6QtǶ �i w- UbBM+2 Bi rQmH/ #2 r2B`/ iQ BMbBbi i?�i
Q#D2+ib i?�i /QMǶi 2tBbi �i w r2`2 MQM2i?2H2bb 7Qt2bV �M/ ?2M+2 i?�i ¬Fox(x) b?QmH/ #2
i`m2 mM/2` i?Bb �bbB;MK2MiX

k8q?BH2 i?Bb /2#�i2 Bb +QKKQMHv +QM/m+i2/ BM i2`Kb Q7 K2i�T?vbB+�H TQbbB#BHBiv- Bi
M�im`�HHv `�Bb2b bBKBH�` +QM+2`Mb 7Q` HQ;B+�H TQbbB#BHBivX
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/B{+mHiB2b K�v #2 Qp2`+QK2 #v �HHQrBM; i?2 HQ;B+�H KQ/�HBiB2b

iQ ǵ`2+Q;MBx2Ƕ r?2M irQ Q#D2+ib �`2 Q` �`2 MQi i?2 b�K2Xh?mb

"∀x"(x = y → "x = y)a

�M/

"∀x"(x += y → "x += y)

rBHH #Qi? #2 i`m2 i?Qm;?- ;Bp2M i?�i i?2 KQ/�HBiB2b �`2 HQ;B+�H- Bi

rBHH #2 �bbmK2/ i?�i i?2v �`2 #HBM/ iQ �Mv 72�im`2b Q7 i?2 Q#D2+ib

#2bB/2b i?2B` #2BM; i?2 b�K2 Q` /BbiBM+iX

"mi UiQ i?2 2ti2Mi i?�i r2 ?�p2 �Mv ;`BT QM [m�MiB7vBM; BM iQ HQ;B+�H TQbbB@

#BHBivV i?Bb �bbmKTiBQM Bb /BbTm�i�#H2X 6Q` 2t�KTH2 bQK2 ?�p2 �`;m2/ i?�i

BiǶb K2i�T?vbB+�HHv U�M/ ?2M+2 T`2bmK�#Hv HQ;B+�HHv TQbbB#H2V 7Q` i?2`2 iQ #2

irQ T2QTH2 r?Q +QmH/ ?�p2 #22M QM2 T2`bQMX amTTQb2 i?�i irQ T2QTH2 �`2

7Q`K2/ #v � +QMiBM;2Mi 2p2Mi Q7 T2`bQM bTHBiiBM; 2X;X- � ai�` h`2F i`�MbTQ`i2`

K�H7mM+iBQM Q` � #`�BM ;2iiBM; bTHBi BM ?�H7 �M/ 2�+? bB/2 `2;`QrBM;X PM2

KB;?i i?BMF i?2b2 T2QTH2 �`2 /BbiBM+i #mi +QmH/ ?�p2 #22M B/2MiB+�HkekdX

keA i�F2 i?Bb TQBMi 7`QK (\)
kd_2�/2`b K�v `2+�HH i?�i 6BM2 K�F2b bQK2 7m`i?2` TQBMib �;�BMbi mbBM; i?2 MQiBQM

Q7 HQ;B+�H TQbbB#BHBiv 7Q` ?Bb Tm`TQb2b BM i?�i T�T2`, +?�`Bi�#Hv �M/ MQM@T�`�/QtB++�HHv
7Q`KmH�i2b /2#�i2b �#Qmi ǵ�#bQHmi2 ;2M2`�HBivǶ BX2X r?2i?2` Bi Bb TQbbB#H2 iQ [m�MiB7v Qp2`
2p2`vi?BM; BM � +2`i�BM bi`QM; T?BHQbQT?B+�H b2Mb2- �M/ /2p2HQT �`;mK2Mib i?�i- 7Q` �Mv
b2ib vQm �`2 [m�MiB7vBM; Qp2`- _mbb2HHǶb T�`�/Qt b?Qrb i?�i vQm +QmH/ #2 BMi2`T`2i2/ �b
[m�MiB7vBM; Qp2` KQ`2 i?BM;bX >2 �`;m2b i?�i vQm +�MǶi #2+�mb2 QM2 +�MǶi b22 ?Qr �Mv
/QK�BM +QmH/ #2 BM2ti2MbB#H2 BM i?2 b2Mb2 Q7 HQ;B+�H TQbbB#BHBivX "mi- Q7 +Qm`b2- >2HHK�M
rQmH/ �++2Ti i?2 H�ii2` +H�BKX �M/ �++2TiBM; Bi TQb2b MQ T`Q#H2K 7Q` >2HHK�MǶb mb2 Q7
HQ;B+�H TQbbB#BHBiv iQ T`QpB/2 � SmiM�KB�M TQi2MiB�HBbi `2+QMbi`m+iBQM Q7 b2i i?2Q`v- r?B+?
?�b MQ +QKKBiiK2Mi iQ i?2`2 #2BM; �M BMi2`2biBM; b2Mb2 BM r?B+? i?2`2 +QmH/ #2 KQ`2 b2ib
#mi MQi KQ`2 /Q;bX
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J2i�T?vbB+�H a?vM2bb\

�//BiBQM�HHv BM (dj)- GBMM2#Q 7Q`KmH�i2b � rQ``v bT2+B}+ iQ >2HHK�M- +QM@

+2`MBM; i?2 TQbbB#BHBiv Q7 � FBM/ Q7 K2i�T?vbB+�H Q` HQ;B+�H b?vM2bbX >2

r`Bi2b- ǳ.Q r2 `2�HHv FMQr i?�i i?2`2 +�MMQi #2 ǵK2i�T?vbB+�HHv b?vǶ Q#@

D2+ib- r?B+? +�M HBp2 +QK7Q`i�#Hv BM mMBp2`b2b Q7 bK�HH BM}MBi2 +�`/BM�HBiB2b-

#mi r?B+? rQmH/ `�i?2` ;Q Qmi Q7 2tBbi2M+2 i?�M iQ +Q?�#Bi rBi? � H�`;2`

BM}MBi2 MmK#2` Q7 Q#D2+ib\Ǵ h?Bb 2tBbi2M+2 Q7 bm+? ǵb?vǶ Q#D2+ib rQmH/ TQb2

� T`Q#H2K 7Q` >2HHK�M- #2+�mb2 Bi +QmH/ #HQ+F mb 7`QK b�vBM; i?�i 2p2`v

THm`�HBiv Q7 Q#D2+ib 7Q`KBM; � ?B2`�`+?v Q7 � +2`i�BM FBM/ +QmH/ #2 2ti2M/2/

BM � +2`i�BM r�vX

GBMM2#Q �HbQ MQi2b i?�i B7 >2HHK�MǶb MQiBQM Q7 HQ;B+�H TQbbB#BHBiv �HHQrb 7Q`

�M �M�HQ; iQ K2i�T?vbB+�HHv BM+QKT�iB#H2 Q#D2+ib U2X;X- irQ K2i�T?vbB+�HHv

TQbbB#H2 FMBp2b 7Q`K2/ #v DQBMBM; � bBM;H2 ?�M/H2 rBi? /Bz2`2Mi #H�/2bV i?Bb

+�M K�F2 +2`i�BM �bbmKTiBQMb >2HHK�M mb2b iQ DmbiB7v i?2 2tBbi2M+2 Q7 TQ@

i2MiB�HBbi i`�MbH�iBQMb w6* +QK2 Qmi 7�Hb2X

S�`�T?`�bBM; b2Mi2M+2b Q7 b2i i?2Q`v rBi? KQ/�H b2Mi2M+2b i?�i [m�MiB7vBM;

BM iQ i?2 ♦ Q7 HQ;B+�H TQbbB#BHBiv 7Q`+2b mb iQ +QMbB/2` r?2M Q#D2+ib 7`QK

QM2 HQ;B+�HHv TQbbB#H2 rQ`H/ �`2 B/2MiB+�H iQ Q` +QmMi2`T�`ib Q7 Q#D2+ib BM

�MQi?2`X q2 �`2 7Q`+2/ iQ �bF r?2i?2`- 7Q` bQK2 T�`iB+mH�` Q#D2+i- i?�i p2`v

Q#D2+i +QmH/ +QmMi �b T2`bBbiBM; BM � rQ`H/ r?2`2 i?2 iQi�H mMBp2`b2 ?�b bQK2

+�`/BM�HBiv- Q` bQK2 Qi?2` TQbbB#H2 Q#D2+i 2tBbibX
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q?�i iQ .Q\

h?2b2 +QMi`Qp2`bB2b +�M `�Bb2 /Qm#ib �#Qmi r?2i?2` Qm` BMimBiBQMb �#Qmi

[m�MiB7vBM; BM �`2 `2HB�#H2k3 �M/ r?2i?2` r2 +�M +?QQb2 �tBQKb 7Q` KQ/�H

HQ;B+ r?B+? �`2 TQr2`7mH 2MQm;? iQ DmbiB7v TQi2MiB�HBbi 7Q`K�HBx�iBQMb Q7 i?2

w6* �tBQKb #mi +H2�`Hv �M/ U7�B`HvV mM+QMi`Qp2`bB�HHv i`m2- BM i?2 r�v r2Ƕ/

HBF2 7QmM/�iBQM�H K�i?2K�iB+�H �tBQKb iQ #2X

PM2 +QmH/ /2#�i2 �#Qmi r?2i?2` i?2 /Bb�;`22K2Mib �#Qp2 �`2 #2bi mM/2`@

biQQ/ �b � T?BHQbQT?B+�H /Bb�;`22K2Mi �#Qmi � T`QTQbBiBQM U2X;X- i?�i 2p2`v@

i?BM; 2tBbib M2+2bb�`BHvV Q` �b b?QrBM; i?�i r2 /QMǶi ?�p2 � ;QQ/ ;`BT QM

r?�i [m�MiB7vBM; BM K2�Mb Q` i?�i i?2 7Q`K�HBbK Q7 [m�MiB}2/ KQ/�H HQ;B+

Ui?�i �HHQrb [m�MiB7vBM; BMV K2�Mb /Bz2`2Mi i?BM;b iQ /Bz2`2Mi T2QTH2X "mi

7Q` Kv Tm`TQb2b 2Bi?2` QTiBQM rQmH/ #2 � bm{+B2Mi `2�bQM iQ �pQB/ 7Q`Km@

H�iBM; Qm` 7QmM/�iBQM�H KQ/�H �tBQKb Umb2/ iQ DmbiB7v b2i i?2Q`vV BM i2`Kb

Q7 [m�MiB7vBM; BMX

AM ;2M2`�H QM2 KB;?i i`v iQ bQHp2 i?Bb FBM/ Q7 T`Q#H2K #v biBTmH�iBM; i?�i

b2Mi2M+2b r?B+? [m�MiB7v BM iQ i?2 ♦ b?QmH/ #2 mM/2`biQQ/ �b ?�pBM; r?�i@

2p2` K2�MBM; Bb M2+2bb�`v iQ K�F2 +2`i�BM �tBQKb i`m2X "mi MQi2 i?�i- 7Q`

i?2 Tm`TQb2 Q7 7Q`K�HBxBM; b2i i?2Q`v U�b 2p2MHv KQ/2biHv i`mi? p�Hm2 `2�H@

BbiB+�HHv +QMbi`m2/V- i?Bb Bb �TT`Q�+? rQMǶi /QX 6Q` BMbQ7�` �b r2 M22/ i?2`2

iQ #2 T`QQ7 i`�Mb+2M/2Mi 7�+ib �#Qmi b2i i?2Q`v- r2 +�MǶi Dmbi b�v i?�i �Mv

BMi2`T`2i�iBQM Q7 Qm` ♦ [m�MiB}2/ KQ/�H bi�i2K2Mib i?�i b�iBb}2b +2`i�BM
k3Jv T`QTQb2/ �++QmMi Q7 b2i i?2Q`v Bb +QKT�iB#H2 rBi? i�FBM; qBHHB�KbQM iQ b?Qr i?�i

�Mv KQ/�H MQiBQM r?B+? �HHQrb [m�MiB7vBM; BM Ubm+? �b K2i�T?vbB+�H TQbbB#BHBivV Kmbi
?�p2 � }t2/ /QK�BM Ĝ T`QpB/2/ QM2 i?BMFb Bi /Q2bMǶi K�F2 b2Mb2 iQ [m�MiB7v BM iQ HQ;B+�H
TQbbB#BHBivX P7 +Qm`b2- BiǶb MQi +QKT�iB#H2 rBi? i�FBM; qBHHB�KbQM iQ b?Qr i?�i 2p2`v
KQ/�H MQiBQM Kmbi ?�p2 � }t2/ /QK�BMX
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�tBQKb Ubm{+B2Mi iQ DmbiB7v TQi2Mi�BHBbi i`�MbH�iBQMb Q7 b2i i?2Q`2iB+ +H�BKbV

Bb 2[m�HHv BMi2M/2/X q2 ?�p2 iQ i`v iQ H�i+? QM iQ �M BMimBiBp2Hv K2�MBM;7mH

MQiBQM- �#Qmi r?B+? i`mi? +�M Qmi`mM T`QQ7X

AMbi2�/- A T`QTQb2 iQ bQHp2 i?2 �#Qp2 T`Q#H2K BM � /Bz2`2Mi r�v, #v 2HBK@

BM�iBM; [m�MiB}+�iBQM BM iQ i?2 ♦ Q7 HQ;B+�H TQbbB#BHBiv- �b r2 rBHH b22 BM

*?�Ti2` 9X
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*?�Ti2` 9

Pp2`pB2r Q7 Jv S`QTQb�H

G2i K2 MQr im`M iQ Kv T`272``2/ 7Q`K Q7 SmiM�KB�M TQi2MiB�HBbK- r?B+?

rBHH H2i mb �pQB/ i?2 �#Qp2 UȜjXeV T`Q#H2K Q7 +QMi`Qp2`bB2b �#Qmi [m�MiB}2/

KQ/�H HQ;B+X

AM i?Bb +?�Ti2`- AǶHH BMi`Q/m+2 Kv F2v +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ`-

Ur?B+? ;2M2`�HBx2b i?2 BM/2T2M/2MiHv KQiBp�i2/ HQ;B+�H TQbbB#BHBiv QT2`�iQ`

/Bb+mbb2/ BM ȜjX8V- �M/ /Bb+mbb ?Qr mbBM; Bi iQ 7Q`KmH�i2 TQi2Mi�HBbi b2i i?2@

Q`vR Bb ?2HT7mHX >Qr2p2`- AǶHH /2H�v �+im�HHv mbBM; i?Bb MQiBQM iQ T�`�T?`�b2

b2i@i?2Q`2iB+ +H�BKb mMiBH +?�Ti2` R9X

AM Ȝ9XR AǶHH #`B2~v KQiBp�i2 Kv #�bB+ �TT`Q�+? iQ `27Q`KmH�iBM; TQi2MiB�HBbi

b2i i?2Q`vX AM Ȝ9XkXR AǶHH BMi`Q/m+2 �M/ +H�`B7v i?2 F2v MQiBQM Q7 MQiBQM

Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBivX AM Ȝ9Xj AǶHH +H�`B7v i?2 K�BM �/p�Mi�;2b A

i�F2 `27Q`KmH�iBM; SmiM�KB�M TQi2MiB�HBbi b2i i?2Q`v BM i2`Kb Q7 +QM/BiBQM�H
RA }`bi �/pQ+�i2/ /QBM; i?Bb �b � r�v iQ `2KQp2 `2/mM/�M+B2b 7`QK >2HHK�MǶb KQ/�H

bi`m+im`�HBbK BM (3)

Nj
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HQ;B+�H TQbbB#BHBiv iQ ?�p2X h?2M BM Ȝ9X9 AǶHH +H�`B7v ?Qr i?2 T�`�T?`�b2b A

mHiBK�i2Hv T`QTQb2 rBHH /Bz2` 7`QK SmiM�KǶb �M/ >2HHK�MǶb- �M/ MQi2 �

7m`i?2` �/p�Mi�;2X

A �K �/pQ+�iBM; QM2 +?QB+2 Q7 T`BKBiBp2- r?BH2 �MQi?2` Bb Km+? KQ`2 7�@

KBHB�`X A �bF i?�i `2�/2`b 2p�Hm�i2 i?Bb +?QB+2 Q7 T`BKBiBp2b QM i?2 #�bBb Q7

T?BHQbQT?B+�H 7`mBi7mHM2bb- T`Q#H2Kb `�Bb2/ �M/ bQHp2/- �M/ �pQB/�M+2 Q7 `2@

/mM/�M+v 2i+X `�i?2` i?�M b2iiHBM; i?Bb [m2biBQM BKK2/B�i2Hv QM i?2 #�bBb Q7

+QMb2`p�iBpBbK Q` 7�KBHB�`Biv #B�bX 6Q`- B7 i�FBM; +QM/BiBQM�H HQ;B+�H TQbbB#BH@

Biv �b � T`BKBiBp2 Bb 7�pQ`2/ QM i?2 7Q`K2` ;`QmM/b- i?2M UA i�F2 BiV mbBM; Bi

�b � T`BKBiBp2 r?2M 7Q`K�HBxBM; b2i i?2Q`v Bb U�i H2�bi 7Q` Qm` +m``2Mi 7QmM@

/�iBQM�H Tm`TQb2bV �TT`QT`B�i2 �M/ �++2Ti�#H2X �HbQ `2+�HH i?�i Kv �;2M/�

BM i?Bb #QQF Bb QMHv iQ T`QpB/2 � KQ`2 b�iBb7vBM; 7QmM/�iBQM 7Q` b2i i?2Q`v-

bmTTQ`i i?2 TQi2MiB�HBbi `2bTQMb2 iQ b2i i?2Q`2iB+ T�`�/Qt2b- �M/ +H�`B7v i?2

`2H�iBQMb?BT Q7 K�i? iQ HQ;B+ MQi iQ 2bi�#HBb? i?2 K2i�T?vbB+�Hf+Q;MBiBp2

i`BpB�HBiv Q7 K�i?2K�iB+b Q` MQKBM�HBbK �#Qmi K�i?2K�iB+�H Q#D2+ib UA �+@

+2Ti i?2 2tBbi2M+2 Q7 p�`BQmb K�i?2K�iB+�H Q#D2+ibVX aQ A /QMǶi M22/ Q` K2�M

iQ T`2bmK2 i?�i i?2 MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv Bb �M 2TBbi2KB+

Q` K2i�T?vbB+�H 7`22 HmM+? UBM S�`i AA AǶHH i`2�i Bi �b � bm#bi�MiBp2 T�`i Q7

7mM/�K2Mi�H B/2QHQ;vVX A /QMǶi 2p2M M22/ iQ �bbmK2 i?�i +QM/BiBQM�H HQ;B+�H

TQbbB#BHBiv 7�+ib �`2 QMiQHQ;B+�HHv BMMQ+2Mi- �Hi?Qm;? U�b AǶHH MQi2 BM Ȝ9XjXRV

A i?BMF i?2 MQKBM�HBbi +�M K�F2 � /2+2Mi +�b2 7Q` i?BbX



9XRX JPhAo�hAPL N8

9XR JQiBp�iBQM

�b KQ/�H bi`m+im`�HBbib HBF2 >2HHK�M ?�p2 Q#b2`p2/- K�i?2K�iB+B�Mb �`2 mM@

+QM+2`M2/ rBi? [m2biBQMb �#Qmi i?2 M�im`2 �M/ 2bb2M+2 Q7 T�`iB+mH�` Q#D2+ibX

h?2v /QMǶi +�`2 r?2i?2` i?2 MmK#2` ǵRǶ `272`b iQ i?2 b2i {{{}}} Q` i?2 b2i

{{}, {{}}} Q` CmHBmb *�2b�`- QMHv i?�i r?�i2p2` Q#D2+ib i?2 T`2/B+�i2 ǵM�i@

m`�H MmK#2`Ƕ �TTHB2b iQ ?�p2 � +2`i�BM bi`m+im`2 UmM/2` r?�i2p2` `2H�iBQMb

�`2 2tT`2bb2/ #v i?2 i2`Kb ǵbm++2bbQ`Ƕ- ǵ+Ƕ ǵ·Ƕ 2i+XVX �M/ �Mv +QTv Q7 i?Bb

bi`m+im`2 Ur?2i?2` 7Q`K2/ Q7 b2ib Q` 2KT2`Q`bV Bb- BM bQK2 b2Mb2- 2[m�HHv

`2H2p�Mi iQ MmK#2` i?2Q`vkX *QMbB/2`BM; �Mv Q#D2+ib mM/2` �Mv `2H�iBQMb

Q7 i?2 `B;?i �`Biv rBHH /Q- T`QpB/2/ i?2 `B;?i T�ii2`M BM ?Qr i?2b2 `2H�iBQMb

�TTHv Bb BMbi�MiB�i2/X

>Qr2p2`- /2p2HQTBM; TQi2MiB�HBbi b2i i?2Q`v `2[mB`2b #Qi? TQr2`7mH HQ;B+�H

pQ+�#mH�`v �M/ bQK2 r�v iQ +QKT�`2 HQ;B+�HHv TQbbB#H2 bi`m+im`2b- 2X;X- /2@

i2`KBM2 r?2M QM2 BMBiB�H b2;K2Mi Q7 i?2 +mKmH�iBp2 ?B2`�`+?v 2ti2M/b �M@

Qi?2`X >2HHK�M im`Mb iQ [m�MiB7vBM; BM iQ bQHp2 i?Bb T`Q#H2K- #mi A i?BMF r2

+�M BMbi2�/ 2ti2M/ i?2 BMbB;?i i?�i K�i?2K�iB+b Bb 7mM/�K2Mi�HHv +QM+2`M2/

rBi? bi`m+im`2 `�i?2` i?�M B/2MiBiv iQ �+?B2p2 i?2 b�K2 ;Q�HX

AǶHH bm;;2bi Bi bm{+2b iQ `2+QMbi`m+i TQi2MiB�HBbi b2i i?2Q`v iQ +QMbB/2` r?�iǶb

TQbbB#H2 ;Bp2M i?2 T�ii2`M Q7 ?Qr bQK2 `2H�iBQMb UBMbi�MiB�iBM; bQK2 K�i?@
kaQ- 7Q` 2t�KTH2- bmTTQb2 vQm i�F2 bQK2 bi`QF2b i?�i 7Q`K �M BMbi�M+2 Q7 i?2 M�im`�H

MmK#2` bi`m+im`2 mM/2` ǵiQ i?2 `B;?i Q7Ƕ �M/ 2`�b2 QM2 bi`QF2 �M/ i?2M `2r`Bi2 � M2r
bi`QF2 BM i?2 b�K2 TH�+2- UbQ i?�i i?2 T�ii2`Mb Q7 ?Qr i?2 `2H�iBQMb ǵbi`QF2Ƕ �M/ ǵiQ i?2
`B;?i Q7Ƕ �TTHv Bb T`2b2`p2/ #mi i?2 Q#D2+ib �`2 /Bz2`2MiVX h?2M vQm ?�p2 �MQi?2` +QTv Q7
i?2 M�im`�H MmK#2` bi`m+im`2 �M/ UBM � r�vV MQi?BM; i?�i K�ii2`b ?�b +?�M;2/X aBKBH�`Hv
i?2 T�`iB+mH�` `2H�iBQMb mM/2` r?B+? Q#D2+ib 7Q`K � +QTv Q7 i?2 M�im`�H MmK#2` bi`m+im`2
/QMǶi K�ii2` Uim`MBM; vQm` bi`QF2 b2[m2M+2 QM Bib bB/2 �M/ +?�M;BM; 2�+? bi`QF2 iQ �M
2t+H�K�iBQM K�`F bQ i?�i vQm MQr ?�p2 �M QK2;� b2[m2M+2 Q7 2t+H�K�iBQM K�`Fb mM/2`
ǵ#2HQrǶ T`Q/m+2b bQK2i?BM; 2[m�HHv `2H2p�MiVX �Mv `2H�iBQMb Q7 i?2 `B;?i �`Biv rBHH /QX
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2K�iB+�HHv `2H2p�Mi bi`m+im`2V �TTHvX hQ KQiBp�i2 i?Bb- MQi2 i?�i Bi /Q2bMǶi

K�ii2` iQ SmiM�KǶb TQi2MiB�HBbi b2i i?2Q`v r?2i?2` bQK2 T�`iB+mH�` Q#D2+ib

7Q`KBM; �M Bi2`�iBp2 ?B2`�`+?v bi`m+im`2 UmM/2` bQK2 `2H�iBQM HBF2 ǵi?2`2 Bb

�M �``Qr TQBMiBM; 7`QKXXX iQ XXXǶV +QmH/ +QMiBMm2 iQ 2tBbi r?BH2 i?Bb bi`m+im`2

Bb bmTTH2K2Mi2/ #v �//BiBQM�H Q#D2+ib bQ iQ 7Q`K �M 2ti2M/BM; Bi2`�iBp2 ?B@

2`�`+?v UpbX r?2i?2` i?Bb Bb #HQ+F2/ #v i?2 K2i�T?vbB+�H Q` HQ;B+�H b?vM2bb

Q7 i?2 Q#D2+ib �b T2` ȜjXeVX AiǶb [mBi2 bm{+B2Mi 7Q` TQi2MiB�HBbi Tm`TQb2b i?�i

i?2 bi`m+im`2 Q7 ?Qr i?2 `2H�iBQM ǵi?2`2 Bb �M �``Qr TQBMiBM; 7`QKXXX iQ XXXǶ

�TTHB2b iQ i?2b2 Q#D2+ib iQ #2 T`2b2`p2/- r?BH2 Q#D2+ib 7Q`KBM; � bmBi�#H2

2ti2M/2/ ?B2`�`+?v UmM/2` bQK2 Qi?2` `2H�iBQMV �`2 �//2/X

9Xk *QM/BiBQM�H GQ;B+�H SQbbB#BHBiv

9XkXR AMi`Q/m+BM; *QM/BiBQM�H GQ;B+�H SQbbB#BHBiv

hQ b22 bQK2i?BM; HBF2 i?2 MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv U�F� HQ;B+�H

TQbbB#BHBiv ;Bp2M bi`m+im`�H 7�+ib �#Qmi ?Qr bQK2 `2H�iBQMb �TTHvV �`Bb2b BM

M�im`�H H�M;m�;2- +QMbB/2` +H�BKb i?�i bQK2 K�T BbMǶi i?`22 +QHQ`�#H2X

q?2M vQm b�v � K�T BbMǶi i?`22 +QHQ`�#H2- vQm /QMǶi Dmbi K2�M i?�i Bi

rQmH/ #2 T?vbB+�HHv Q` K2i�T?vbB+�HHv BKTQbbB#H2 7Q` i?2 K�T iQ #2 i?`22

+QHQ`2/ UrBi?Qmi bQK2 +?�M;2 BM i?2 2ti2MbBQMb Q7 ǵ+QmMi`v QM i?2 K�TǶ �M/

ǵ�/D�+2Mi iQǶVX _�i?2`- vQm �`2 b�vBM; bQK2i?BM; bi`QM;2`- r?B+? r2 KB;?i
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K�F2 2tTHB+Bi #v b�vBM; i?�i BiǶb HQ;B+�HHv BKTQbbB#H2 ;Bp2M i?2 bi`m+im`�H 7�+ib

�#Qmi U�F� T�ii2`M Q7V ?Qr i?2 `2H�iBQMb ǵ+QmMi`vǶ �M/ ǵ�/D�+2Mi iQǶ �TTHv

7Q` i?2 K�T iQ #2 i?`22 +QHQ`2/X h?Bb K2�Mb irQ i?BM;bX

6B`bi- i?2 K2`2 T�ii2`M Q7 ?Qr i?2 `2H�iBQMb ǵ+QmMi`vǶ �M/ ǵ�/D�+2MiǶ �T@

THv U`�i?2` i?�M �Mv bT2+B�H 72�im`2b Q7 i?2 Q#D2+ib BM [m2biBQMV bm{+2 iQ

#HQ+F i?`22 +QHQ`�#BHBivX 6Q` BMbi�M+2- B7 r�`b �M/ `2pQHmiBQMb +?�M;2 +QmM@

i`v M�K2b �M/ b?B7i M�iBQM�H #QmM/�`B2b #mi /QMǶi +?�M;2 �/D�+2M+v 7�+ib

i?2M i?Bb M2r K�T Bb i?`22 +QHQ`�#H2 QMHv B7 i?2 QH/ QM2 r�b- �b BiǶb i?2

bi`m+im`2 Q7 ?Qr i?2 `2H�iBQMb �/D�+2Mi �M/ +QmMi`v �TTHv r?B+? /2i2`KBM2b

B7 i?2 K�T Bb i?`22@+QHQ`�#H2X

a2+QM/- i?Bb T�ii2`M Q7 ?Qr i?2 `2H�iBQMb ǵ+QmMi`vǶ �M/ ǵ�/D�+2MiǶ �TTHv

K�F2b i?`22 +QHQ`BM; HQ;B+�HHv U�b QTTQb2/ iQ K2`2Hv T?vbB+�HHv Q` K2i�@

T?vbB+�HHvV BKTQbbB#H2- BX2X- Bi #HQ+Fb i?`22 +QHQm`BM; BM pB`im2 Q7 +QKTH2i2Hv

;2M2`�H- bm#D2+i K�ii2` M2mi`�H- H�rb i?�i i`2�i �HH `2H�iBQMb Q7 i?2 b�K2

�`Biv �HBF2X h?mb- BiǶb 2[m�HHv BKTQbbB#H2 7Q` i?2 K�T iQ #2 i?`22 b+2Mi2/ Q`

i?`22 i2tim`2/ 2Bi?2`X �M/ B7 �Mv Qi?2` `2H�iBQMb U2X;X- ǵ+BivǶ �M/ ?�b � ǵ?�b �

/B`2+i ~B;?i iQǶV BMbi�MiB�i2/ i?2 b�K2 T�ii2`M- i?2M i?2v rQmH/MǶif+QmH/MǶi

#2 i?`22 +QHQ`2/fi2tim`2/ 2i+X 2Bi?2`X

h?2 MQiBQM Q7 +QM/BiBQM�H TQbbB#BHBiv U♦...V ;2M2`�HBx2b i?2 MQiBQM Q7 HQ;B+�H

TQbbB#BHBiv U♦V BM � r�v i?�i H2ib mb M�im`�HHv 2tT`2bb +H�BKb HBF2 i?2 i?`22

+QHQ`�#BHBiv bi�i2K2Mi �#Qp2X h?2 bm#b+`BTi rBHH bT2+B7v +2`i�BM `2H�iBQMb Ĝ

BM i?Bb +�b2 ǵBb � +QmMi`vǶ �M/ ǵBb �/D�+2Mi iQǶ Ĝ r?Qb2 T�ii2`M Q7 �TTHB+�iBQM

r2 r�Mi iQ ?QH/ }t2/X aQ- �b rBHH #2+QK2 +H2�` BM � KQK2Mi- r2 +�M r`Bi2

i?2 MQM@i?`22@+QHQ`�#BHBiv +H�BK �#Qp2 �b 7QHHQrb,
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LQM@h?`22@*QHQm`�#BHBiv ¬♦�/D�+2Mi-+QmMi`v 1�+? +QmMi`v Bb 2B@

i?2` v2HHQr- ;`22M Q` #Hm2 �M/ MQ irQ �/D�+2Mi +QmMi`B2b �`2 #Qi?

v2HHQr- #Qi? #Hm2 Q` #Qi? ;`22MX

A rBHH `2�/ i?Bb �b K2�MBM;- ǳAiǶb MQi HQ;B+�HHv TQbbB#H2- ;Bp2M i?2 bi`m+im`�H

7�+ib �#Qmi ?Qr ǵ�/D�+2MiǶ �M/ ǵ+QmMi`vǶ �TTHv- i?�i, 2�+? +QmMi`v Bb 2Bi?2`

v2HHQr- ;`22M Q` #Hm2 �M/ MQ irQ �/D�+2Mi +QmMi`B2b �`2 i?2 b�K2 +QHQ`XǴ

�b r2 b�r BM ȜjX8- i?2`2Ƕb BM/2T2M/2Mi `2�bQM iQ �++2Ti � T`BKBiBp2 KQ/�H

MQiBQM Q7 HQ;B+�H TQbbB#BHBiv- BMi2`/2}M�#H2 rBi? p�HB/BivX A7 vQm �++2Ti i?Bb

MQiBQM Q7 HQ;B+�H TQbbB#BHBiv- Bi b22Kb QMHv M�im`�H iQ #2 �#H2 iQ K�F2 b2Mb2 Q7

`2bi`B+iBM; i?�i MQiBQM iQ i?2 b+2M�`BQb r?B+? T`2b2`p2b i?2 bi`m+im`2 Q7 ?Qr

bQK2 `2H�iBQMb �TTHvX hQ 7m`i?2` T`2+BbB7v r?�i A K2�M- +QMbB/2` � bi�i2K2Mi

HBF2 i?2 7QHHQrBM;X

*`Qr/2/ *�ib :Bp2M r?�i +�ib �M/ #�bF2i i?2`2 �`2- Bi Bb

HQ;B+�HHv BKTQbbB#H2 i?�i 2�+? +�i Bb bH22TBM; BM � /Bz2`2Mi #�bF2iX

A7 r2 i�F2 HQ;B+�H TQbbB#BHBiv iQ K2�M HQ;B+�H TQbbB#BHBiv bBKBTHB+Bi2`- i?Bb

b2Mi2M+2 Kmbi #2 7�Hb2X >Qr2p2`- Bi �HbQ ?�b �M BMimBiBp2 `2�/BM; r?B+? QM

r?B+? Bi +QmH/ #2 i`m2X PM2 KB;?i 2tT`2bb i?2 H�ii2` #v b�vBM; ǵ*�i?QQ/

�M/ #�bF2i?QQ/ �TTHv BM � r�v i?�i 2Mbm`2b i?�i U�b � K�ii2` Q7 K2`2 HQ;B+

�M/ +QK#BM�iQ`B+bV Bi +�MǶi #2 i?�i 2�+? +�i Bb bH22TBM; BM � /Bz2`2Mi #�bF2iǶX

� KQK2MiǶb i?Qm;?i rBHH `2p2�H i?�i UQM i?Bb `2�/BM;V i?2 �#Qp2 b2Mi2M+2 Bb

i`m2 B7 �M/ QMHv B7 i?2`2 �`2 KQ`2 +�ib i?�M #�bF2ibX
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�b r2 b�r �#Qp2- A rBHH 2tT`2bb bm+? +H�BKb �#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BH@

Biv mbBM; �M QT2`�iQ` ♦(...)(...)X h?Bb +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ`

i�F2b � b2Mi2M+2 φ �M/ � }MBi2 UTQi2MiB�HHv 2KTivV HBbi Q7 `2H�iBQM bvK#QHb

R1, . . . , Rn �M/ T`Q/m+2b � b2Mi2M+2 ♦R1,...,Rnφ r?B+? b�vb i?�i Bi Bb HQ;B+�HHv

TQbbB#H2 7Q` φ iQ #2 i`m2- rBi?Qmi �Mv +?�M;2 iQ Ubi`m+im`�H 7�+ib �#QmiV

?Qr i?2 `2H�iBQMb R1, . . . Rn �TTHvX "mi 7Q` 2�b2 Q7 `2�/BM;- A rBHH bBMF i?2

bT2+B}+�iBQM Q7 `2H2p�Mi `2H�iBQMb BMiQ i?2 bm#b+`BTi �b 7QHHQrb, ♦R1...RnφX aQ

AǶHH r`Bi2 i?2 +H�BK �#Qmi +�ib �M/ #�bF2ib �#Qp2 �b 7QHHQrbX

*`Qr/2/ *�ib, ¬♦cat,basket (1�+? +�i bH2Ti BM � /Bz2`2Mi #�b@

F2iX)

LQr H2i K2 bT2+B7v i?`22 i?BM;b �#Qmi ?Qr i?Bb MQiBQM Q7 +QM/BiBQM�H HQ;B+�H

TQbbB#BHBiv Bb iQ #2 mM/2`biQQ/X

h?2 }`bi +QM+2`Mb ?Qr +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv `2H�i2b iQ HQ;B+�H TQb@

bB#BHBiv bBKTHB+Bi2`X q2 b�r i?�i +H�BKb �#Qmi HQ;B+�H TQbbB#BHBiv bBKTHB+Bi2`

U♦V +QM+2`M r?�iǶb TQbbB#H2 B7 r2 H2i #Qi? i?2 bBx2 Q7 i?2 /QK�BM Q7 /Bb@

+Qm`b2 �M/ i?2 �TTHB+�iBQM Q7 `2H�iBQMb iQ i?�i /QK�BM p�`v rBi? +QKTH2i2

7`22/QKX AM +QMi`�bi- +H�BKb �#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv U♦R1,...RnV

+QM+2`M r?�iǶb HQ;B+�H TQbbB#H2 B7 r2 ?QH/ }t2/ i?2 bi`m+im`�H 7�+ib �#Qmi

?Qr bQK2 `2H�iBQMb R1, . . . , Rn �TTHv Ur?BH2 biBHH H2iiBM; i?2 bBx2 Q7 i?2 /Q@

K�BM 2ti2M/BM; i?Bb bi`m+im`2 �M/ i?2 �TTHB+�iBQM Q7 Qi?2` `2H�iBQMb p�`v

7`22Hv VX

a2+QM/- r?�i /Q2b Bi K2�M iQ ǵ?QH/ i?2 Ubi`m+im`�H 7�+ibV �#Qmi ?Qr bQK2

`2H�iBQMb �TTHv }t2/Ƕ\ AM HBM2 rBi? i?2 KQiBp�iBM; +�b2 �#Qp2- r2 b?QmH/
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MQi2 i?�i F22TBM; i?2 bi`m+im`�H 7�+ib �#Qmi ?Qr bQK2 `2H�iBQMb �TTHv }t2/

/Q2bMǶi K2�M T`2b2`pBM; i?2b2 `2H�iBQMbǶ 2ti2MbBQMb Ui?2 T�`iB+mH�` Q#D2+ib

i?2v �TTHv iQf`2H�i2VX _�i?2` Bi K2�Mb T`2b2`pBM; i?2 T�ii2`M Q7 ?Qr �HH

i?2b2 `2H�iBQMb �TTHvX aQ- 7Q` 2t�KTH2- K2i�T?vbB+�HHv TQbbB#H2 b+2M�`BQb

r?2`2 QM2 +�i /B2b 2�`Hv �M/ QM2 FBii2M Bb #Q`M 2�`Hv rBHH +QmMi �b T`2@

b2`pBM; i?2 bi`m+im`�H 7�+ib �#Qmi r?�i +�ib �M/ #�bF2ib i?2`2 �`2 UBX2X- i?2

T�ii2`M 7Q`K2/ #v ?Qr +�i?QQ/ �M/ #�bF2i?QQ/ �TTHvVX �M/ T`2b2`pBM; i?2

bi`m+im`�H 7�+ib �#Qmi ?Qr +�i(·) �M/ #�bF2i(·) rBHH `2[mB`2 T`2b2`pBM;, i?2

MmK#2` Q7 +�ib- i?2 MmK#2` Q7 #�bF2ib �M/ i?2 MmK#2` Q7 i?BM;b UyV i?�i �`2

#Qi? +�ib �M/ #�bF2ibX AM KQ`2 7�KBHB�` SH�iQMBbiB+ H�M;m�;2- r2 KB;?i b�v

Bi K2�Mb ?QH/BM; i?2 2ti2MbBQMb Ur?2`2 i?2b2 �`2 n@imTH2b 7Q` n@�`v `2H�iBQMbV

Q7 i?2b2 `2H�iBQMb }t2/ mT iQ BbQKQ`T?BbKX

hQ #`BM; Qmi i?2 /Bz2`2M+2 #2ir22M T`2b2`pBM; bi`m+im`2 �M/ T`2b2`pBM; Q#@

D2+ib �i Bbbm2- MQi2 i?�i A +�M bmbT2M/ Dm/;2K2Mi UQ` /2Mv i?�i i?2`2Ƕb �

H2;BiBK�i2 [m2biBQMV �#Qmi r?B+? T`QT2`iB2b LBtQM ?�/ 2bb2MiB�HHv UTQHBiB@

+B�M- ?mK�M- HB�`- K�MV r?BH2 �++2TiBM; �M/ 2p�Hm�iBM; +H�BKb �#Qmi r?�iǶb

K2i�T?vbB+�HHv Q` HQ;B+�HHv TQbbB#H2 ;Bp2M i?2 bi`m+im`2 Q7 ?Qr +2`i�BM T`QT@

2`iB2b �M/ `2H�iBQMb U2X;X- ǵ`2TQ`ib iQǶ �M/ ǵBb � TQHBiB+B�MǶV i?�i �`2 �+im�HHv

b�iBb}2/ #v LBtQM �M/ ?Bb +`QMB2b �TTHvX

h?B`/- MQi2 i?�i A /QMǶi i�F2 bi`m+im`2 T`2b2`p�iBQM iQ `2[mB`2 ?QH/BM; }t2/

i?2 r?QH2 bBx2 Q7 i?2 mMBp2`b2X h?2 bi`m+im`2 r?B+? ♦R1,...Rn +H�BKb ?QH/

}t2/ Bb i?2 bi`m+im`2 7Q`K2/ #v i?2 Q#D2+ib r?B+? �i H2�bi QM2 Q7 i?2 `2H�iBQMb

R1, . . . Rn �TTHv iQ- +QMbB/2`2/ mM/2` i?2 `2H�iBQMb R1, . . . RnX AM i?Bb +�b2

i?�i K2�Mb +QMbB/2`BM; i?2 bi`m+im`2 Q7 i?2 +�ib �M/ #�bF2ib mM/2` i?2
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`2H�iBQMb +�i(·) Q` #�bF2i(·)V jX

hQ KQiBp�i2 i?Bb r�v Q7 i?BMFBM; �#Qmi r?�i Bi i�F2b iQ T`2b2`p2f�;`22 QM

bi`m+im`�H 7�+ib �#Qmi bQK2 HBbi Q7 `2H�iBQMb- +QMbB/2` r?2M r2Ƕ/ b�v irQ

/Bz2`2Mi BMi2`T`2i�iBQMb Q7 bQK2 T2`bQMǶb H�M;m�;2 �;`22 QM i?2 bi`m+im`2 Q7

i?2 M�im`�H MmK#2`b UmM/2` bm++2bbQ`VX hrQ BMi2`T`2i�iBQMb rBHH �;`22 QM i?2

bi`m+im`2 Q7 i?2 M�im`�H MmK#2`b B7 i?2v #Qi? i�F2 ǵMmK#2`Ƕ �M/ ǵbm++2bbQ`Ƕ

iQ �TTHv iQ bQK2 ω b2[m2M+2-Ĝ 2p2M B7 i?2v /Bb�;`22 �#Qmi i?2 iQi�H bBx2 Q7

i?2 mMBp2`b2 Q` r?2i?2` CmHBmb *�2b�` Q` i?2 2KTiv b2i �`2 B/2MiB+�H iQ �Mv

MmK#2`b 2i+9 Jv mM/2`bi�M/BM; Q7 r?�i Bi i�F2b iQ F22T bi`m+im`�H 7�+ib

}t2/ ;2M2`�HBx2b i?Bb r�v Q7 i?BMFBM; �#Qmi Q7 r?�iǶb `2[mB`2/ iQ T`2b2`p2

i?2 M�im`�H MmK#2` bi`m+im`2 Ui?2 bi`m+im`2 Q7 Q#D2+ib mM/2` i?2 `2H�iBQMb

ǵM�im`�H MmK#2`Ƕ �M/ ǵbm++2bbQ`ǶVX

9XkXk *H�`B}+�iBQMb �M/ *QKT�`BbQMb

a?�TB`Q PM ai`m+im`2b

PM2 +�M 7m`i?2` 2tTH�BM �M/ KQiBp�i2 Kv i?2 MQiBQM Q7 +QM/BiBQM�H UBX2X

bi`m+im`2 T`2b2`pBM;V HQ;B+�H TQbbB#BHBiv #v `2H�iBM; Bi iQ ai2r�`i a?�TB`QǶb

MQiBQM Q7 bi`m+im`2b BM (RyN)X h?2M ?2 b�vb i?�i � bi`m+im`2b �`2 ǵi?2 �#@

bi`�+i 7Q`KǶ Q7 � bvbi2K- r?B+? r2 ;2i #v ǳ?B;?HB;?iBM; i?2 BMi2``2H�iBQMb?BTb

�KQM; i?2 Q#D2+ib- �M/ B;MQ`BM; �Mv 72�im`2b Q7 i?2K i?�i /Q MQi �z2+i ?Qr
jaT2�FBM; K2i�T?Q`B+�HHv- r2 r�Mi iQ +QMbB/2` HQ;B+�HHv TQbbB#H2 b+2M�`BQb r?2`2 i?2`2Ƕb

� #BD2+iBQM f #2ir22M i?2 b2i Q7 Q#D2+ib r?B+? �i H2�bi QM2 Q7 i?2 `2H�iBQMb R1 . . . Rn �TTHv
iQ BM i?2 �+im�H rQ`H/- �M/ i?2 b2i Q7 Q#D2+ib i?2b2 `2H�iBQMb �TTHv iQ BM i?�i HQ;B+�HHv
TQbbB#H2 bBim�iBQM- bm+? i?�i R(x, y) Bz R(f(x), f(y))X

9P` +QMbB/2` i?2 r�v i?�i � SH�iQMBbi rQmH/ b�v i?2 bi`m+im`2 Q7 i?2 M�im`�H MmK#2`b Bb
}t2/ M2+2bb�`BHv �M/ rBHH �Hr�vb `2K�BM i?2 b�K2- 2p2M B7 i?2 iQi�H bBx2 Q7 i?2 mMBp2`b2 +�M
#2 +?�M;2/ #v i?2 +`2�iBQM Q` /2bi`m+iBQM Q7 T?vbB+�H Q#D2+ib Q` +?�M;2b iQ i?2 bi`m+im`2
Q7 bT�+2 2i+X
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i?2v `2H�i2 iQ Qi?2` Q#D2+ib BM i?2 bvbi2KXǴ h?mb- 7Q` 2t�KTH2- ǳh?2 M�im`�H@

MmK#2` bi`m+im`2 Bb 2t2KTHB}2/ #v i?2 bi`BM;b QM � }MBi2 �HT?�#2i BM H2tB+�H

Q`/2`- �M BM}MBi2 b2[m2M+2 Q7 bi`QF2b- �M BM}MBi2 b2[m2M+2 Q7 /BbiBM+i KQ@

K2Mib Q7 iBK2- �M/ bQ QMXǴ �M/ �//BM; Q` bm#i`�+iBM; Q#D2+ib iQ i?2 rQ`H/

QmibB/2 Q7 � ;Bp2M bvbi2K- rBHH K�F2 MQ /Bz2`2M+2 iQ r?B+? bi`m+im`2 i?�i

bvbi2K BMbi�MiB�i2bX

�Hi?Qm;? A K2�M iQ T`QTQb2 i?2K �b +QM+2Tim�H T`BKBiBp2b- QM2 +�M U`Qm;?HvV

2tTH�BM Kv MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv U�F� bi`m+im`2 T`2b2`pBM;

HQ;B+�H TQbbB#BHBivV BM i2`Kb Q7 a?�TB`QǶb MQiBQMb �b 7QHHQrb,

Ai Bb HQ;B+�HHv TQbbB#H2- ;Bp2M i?2 R1 . . . Rn 7�+ib- i?�i φ UBX2X- ♦R1...Rn Bz bQK2

HQ;B+�HHv TQbbB#H2 b+2M�`BQ K�F2b φ i`m2 r?BH2 ?QH/BM; }t2/ r?�i bi`m+im`2

UBM a?�TB`QǶb b2Mb2V i?2 bvbi2K 7Q`K2/ #v i?2 Q#D2+ib `2H�i2/ #v R1 . . . Rn

U+QMbB/2`2/ mM/2` i?2 `2H�iBQMb R1 . . . RnV BMbi�MiB�i2bX

*QKT�`BbQM iQ GQ;B+�HHv SQbbB#H2 qQ`H/b

:Bp2M Kv `2�/2`bǶ T`2bmK2/ T`BQ` 7�KBHB�`Biv rBi? b2i i?2Q`v �M/ K2i�@

T?vbB+b- Bi K�v ?2HT BM/B+�i2 i?2 KQ/�H MQiBQM A ?�p2 BM KBM/ iQ `2H�i2

+QM/BiBQM�H HQ;B+�H TQbbB#BHBiv 7�+ib iQ +QKKQM B/2�b �#Qmi b2i i?2Q`v �M/

TQbbB#H2 rQ`H/bX >Qr2p2`- Bi b?QmH/ #2 MQi2/ i?�i i?Bb +QKT�`BbQM Bb K�/2

Tm`2Hv 7Q` 2tTQbBiQ`v 2{+B2M+vX AǶK TmiiBM; +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv

7Q`r�`/ �b � +QM+2Tim�H �M/ K2i�T?vbB+�H T`BKBiBp2 r?B+? r2 +QmH/ H2�`M #v

BKK2`bBQM- BM i?2 b�K2 r�v r2 H2�`M ǵb2iǶ �M/ ǵ∈ǶX

A7 r2 +QmH/ i�HF �#Qmi 7mM+iBQMb #2ir22M Ui?2 Q#D2+ib BMV /Bz2`2Mi HQ;B+�HHv

TQbbB#H2 rQ`H/b- i?2M r2 +QmH/ bT2+B7v r?�i Bi i�F2b iQ ?QH/ i?2 bi`m+im`�H



9XkX *PL.AhAPL�G GP:A*�G SPaaA"AGAhu Ryj

7�+ib �#Qmi ?Qr bQK2 `2H�iBQM Ub�v- ǵ�/KB`2bUVǶV �TTHB2b }t2/- BM i2`Kb Q7

BbQKQ`T?BbKb �b 7QHHQrbX

� rQ`H/ w2 +QmMib �b ?QH/BM; }t2/ i?2 bi`m+im`�H 7�+ib �#Qmi ?Qr ǵ�/KB`2bǶ

�TTHB2b BM w1 Bz i?2 Q#D2+ib `2H�i2/ #v �/KB`�iBQM w1 �`2 BbQKQ`T?B+ iQ i?Qb2

`2H�i2/ #v �/KB`�iBQM BM w2 UvQm +�M K�T QM2 +QHH2+iBQM Q7 Q#D2+ib iQ i?2

Qi?2` BM � r�v i?�iǶb R@R �M/ `2bT2+ib �/KB`�iBQMVX

� HQ;B+�HHv TQbbB#H2 rQ`H/ w2 +QmMib �b ?QH/BM; }t2/ i?2 bi`m+@

im`�H 7�+ib �#Qmi ?Qr �/KB`2bUV �TTHB2b BM w1 Bz bQK2 7mM+iBQM f

#BD2+iBp2Hv K�Tb i?2 Q#D2+ib r?B+? 2Bi?2` �/KB`2 Q` �`2 �/KB`2/

BM w1 iQ i?2 Q#D2+ib r?B+? 2Bi?2` �/KB`2 Q` �`2 �/KB`2/ BM w2-

bQ i?�i 7Q` �HH Q#D2+ib x �M/ y BM w1 r?B+? 2Bi?2` �/KB`2 Q` �`2

�/KB`2/ BM w1- r2 ?�p2 x �/KB`2b y Bz f(x) �/KB`2b f(y)8

q2 rBHH �HbQ b22 i?�i 7�+ib �#Qmi TQi2MiB�HBbi b2i i?2Q`v +�M #2 KBKB+2/ #v

i�HF �#Qmi KQ/2Hb BM b2i i?2Q`v rBi? m`@2H2K2Mib- BM Ȝ. #2HQrX

9XkXj L2bi2/ GQ;B+�H SQbbB#BHBiv *H�BKb

A7 r2 �++2Ti i?2 MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv- r2 +�M �HbQ K�F2

M2bi2/ HQ;B+�H TQbbB#BHBiv +H�BKbX h?�i Bb- r2 +�M K�F2 +H�BKb �#Qmi i?2

HQ;B+�H TQbbB#BHBiv Q7 b+2M�`BQb r?B+? �`2 i?2Kb2Hp2b /2b+`B#2/ BM i2`Kb Q7

HQ;B+�H TQbbB#BHBivX aQ- 7Q` 2t�KTH2- A +QmH/ b�v i?�i Bi rQmH/ #2 HQ;B+�HHv

TQbbB#H2 7Q` i?2 *`Qr/2/ *�ib +H�BK �#Qp2 iQ #2 i`m2X
8�M/ KQ`2 ;2M2`�HHv- � HQ;B+�HHv TQbbB#H2 rQ`H/ w2 T`2b2`p2b i?2 bi`m+im`�H 7�+ib �#Qmi

?Qr `2H�iBQMb R1, . . . , Rn Ub�v �/KB`2bUV �M/ +�iUVV �TTHv Bz bQK2 7mM+iBQM f #BD2+iBp2Hv
K�Tb i?2 Q#D2+ib r?B+? R1, . . . , Rn �TTHv iQ BM w1 UBX2X i?Qb2 i?BM;b r?B+? �`2 2Bi?2` +�ib
Q` �/KB`2 bQK2i?BM; Q` �`2 �/KB`2/ #v bQK2i?BM;V iQ i?2 Q#D2+ib r?B+? R1, . . . , Rn �TTHv
iQ BM w2 BM � r�v i?�i `2bT2+ib �HH i?2b2 `2H�iBQMbX
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SQbbB#Hv *`Qr/2/ *�ib, ♦(¬♦cat,basket(1�+? +�i bH2Ti BM �

/Bz2`2Mi #�bF2iX)V

q?2M 2p�Hm�iBM; bm+? b2Mi2M+2b- A i?BMF r2 b?QmH/ ?QH/ }t2/ i?2 K2�MBM; Q7

i?2 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ` UBX2X- i`2�i Bi �b � TB2+2 Q7 HQ;B+�H

pQ+�#mH�`vVX �M/ A i�F2 i?2 �#Qp2 b2Mi2M+2- ♦U*∧"V- iQ � i`mi? #2+�mb2

U`2�/BM; 7`QK i?2 QmibB/2 BMV,

Ç Ai Bb HQ;B+�HHv TQbbB#H2 U?QH/BM; }t2/ MQi?BM;V i?�i i?2`2 �`2 9 +�ib �M/

j #�bF2ibX

Ç _2H�iBp2 iQ i?2 HQ;B+�HHv TQbbB#H2 b+2M�`BQ r?2`2 i?2`2 �`2 9 +�ib �M/ j

#�bF2ib- Bi Bb MQi HQ;B+�HHv TQbbB#H2 U;Bp2M r?�i +�ib �M/ #�bF2ib i?2`2

�`2V- i?�i 2�+? +�i bH2Ti BM � #�bF2i �M/ MQ irQ +�ib bH2Ti BM i?2 b�K2

#�bF2iX

LQi2 i?�i BM � M2bi2/ +H�BK rBi? i?2 7Q`K U♦¬♦RψV- i?2 bm#b+`BTi 7`22x2b

i?2 7�+ib �#Qmi ?Qr i?2 `2H�iBQM R �TTHB2b BM i?2 b+2M�`BQ #2BM; +QMbB/2`2/-

r?B+? K�v MQi #2 i?2 bi�i2 Q7 �z�B`b BM i?2 �+im�H rQ`H/eX

"�b2/ QM i?2b2 FBM/ Q7 2t�KTH2b- A i�F2 HQ;B+�H TQbbB#BHBiv b2Mi2M+2b Q7 i?2

7Q`K ♦R1,...,Rnφ iQ #2 K2�MBM;7mH- 2p2M BM +�b2b r?2`2 φ Bb Bib2H7 � b2Mi2M+2

r?B+? K�F2b �TT2�H iQ 7�+ib �#Qmi HQ;B+�H TQbbB#BHBivX �M/ A rBHH rQ`F BM

� 7Q`K�H H�M;m�;2 L♦- r?B+? A rBHH +�HH i?2 H�M;m�;2 Q7 HQ;B+�H TQbbB#BHBiv-

eaQ- 7Q` 2t�KTH2- ♦*�ha 2tT`2bb2b � K2i�T?vbB+�HHv M2+2bb�`v i`mi?X 6Q`- r?�i2p2`
i?2 �+im�H rQ`H/ Bb HBF2- Bi rBHH �Hr�vb #2 HQ;B+�HHv TQbbB#H2 7Q` i?2`2 iQ #2- b�v- 3 +�ib �M/
2 #�bF2ibX �M/ �Mv bm+? b+2M�`BQ Bb QM2 BM r?B+? Bi Bb HQ;B+�HHv M2+2bb�`v U?QH/BM; }t2/
i?2 bi`m+im`�H 7�+ib �#Qmi r?�i +�ib �M/ #�bF2ib i?2`2 �`2V i?�i, B7 2�+? +�i bH2Ti BM �
#�bF2i i?2M KmHiBTH2 +�ib bH2Ti BM i?2 b�K2 #�bF2iX aQ Bi Bb K2i�T?vbB+�HHv M2+2bb�`v i?�i
♦*�ha 2p2M B7 i?2 �+im�H rQ`H/ +QMi�BMb KQ`2 #�bF2ib i?�M +�ibX
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i?�i �HHQrb bm+? +H�BKbdX >Qr2p2`- �b 7Q`2b?�/Qr2/ �#Qp2- i?2 H�M;m�;2 Q7

HQ;B+�H TQbbB#BHBiv rBHH MQi BM+Hm/2 b2Mi2M+2b r?B+? [m�MiB7v BM iQ i?2 ♦ Q7

HQ;B+�H TQbbB#BHBiv- BX2X b2Mi2M+2b Q7 i?2 7Q`K (∃x)♦φ(x)X

9XkX9 *QKT�`BbQM iQ a2i h?2Q`v qBi? l`@1H2K2Mib

q2 +�M mb2 i?2 7�KBHB�` #�+F;`QmM/ Q7 �+im�HBbi b2i i?2Q`v KBKB+ BMi2M/2/

i`mi? +QM/BiBQMb 7Q` bi�i2K2Mib BM i?2 � H�M;m�;2 +QMi�BMBM; i?2 HQ;B+�H

TQbbB#BHBiv QT2`�iQ` ♦ �HQM;bB/2 mbm�H }`bi Q`/2` HQ;B+�H pQ+�#mH�`v Ur?2`2

/BbiBM+i `2H�iBQM bvK#QHb R1 �M/ R2 �Hr�vb 2tT`2bb /BbiBM+i `2H�iBQMbV �b

7QHHQrbX

� 7Q`KmH� ψ Bb i`m2 `2H�iBp2 iQ � KQ/2H M U M |= ψ V �M/ �M

�bbB;MK2Mi ρ r?B+? i�F2b i?2 7`22 p�`B�#H2b BM ψ iQ 2H2K2Mib BM

i?2 /QK�BM Q7 M 3 Dmbi B7,

Ç ψ = Rk
n(x1 . . . xk) �M/ M |= Rk

n(ρ(x1), . . . , ρ(xk))X

Ç ψ = x = y �M/ ρ(x) = ρ(y)X

Ç ψ = ¬φ �M/ φ Bb MQi i`m2 `2H�iBp2 iQ M , ρX

Ç ψ = φ ∧ ψ �M/ #Qi? φ �M/ ψ �`2 i`m2 `2H�iBp2 iQ M , ρX

Ç ψ = φ ∨ ψ �M/ 2Bi?2` φ Q` ψ �`2 i`m2 `2H�iBp2 iQ M , ρX
dhQ /2b+`B#2 i?Bb H�M;m�;2 KQ`2 2tTHB+BiHv- }t bQK2 BM}MBi2 +QHH2+iBQM Q7 p�`B�#H2b �M/

`2H�iBQM bvK#QHb Q7 2p2`v �`Biv iQ;2i?2` rBi? ⊥ �M/ /2}M2 i?2 H�M;m�;2 Q7 HQ;B+�H TQbbB#BHBiv
iQ #2 i?2 bK�HH2bi H�M;m�;2 #mBHi 7`QK i?2b2 p�`B�#H2b mbBM; i?2b2 `2H�iBQM bvK#QHb �M/
2[m�HBiv +HQb2/ mM/2` �TTHB+�iBQMb Q7 i?2 MQ`K�H }`bi Q`/2` +QMM2+iBp2b �M/ [m�MiB}2`b �M/
♦... Ur?2`2 ♦... 2tT`2bbBQMb +�M QMHv #2 �TTHB2/ iQ b2Mi2M+2b UbQ i?2`2 Bb MQ [m�MiB7vBM;
BMVX q2 rBHH �HbQ mb2 "... BM Qm` b2Mi2M+2b #mi `2;�`/ Bi �b �M �##`2pB�iBQM 7Q` ¬♦...¬X

3aT2+B}+�HHv, � T�`iB�H 7mM+iBQM ρ 7`QK i?2 +QHH2+iBQM Q7 p�`B�#H2b BM i?2 H�M;m�;2 Q7
HQ;B+�H TQbbB#BHBiv iQ Q#D2+ib BM M - bm+? i?�i i?2 /QK�BM Q7 ρ Bb }MBi2 �M/ BM+Hm/2b U�i
H2�biV �HH 7`22 p�`B�#H2b BM ψ
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Ç ψ = ∃xφ(x) �M/ i?2`2 Bb �M �bbB;MK2Mi ρ′ r?B+? 2ti2M/b

ρ #v �bbB;MBM; � p�Hm2 iQ �M �//BiBQM�H p�`B�#H2 v MQi BM φ

�M/ φ[x/v] Bb i`m2 `2H�iBp2 iQ M , ρ′NX

Ç ψ = ♦R1...Rnφ �M/ i?2`2 Bb �MQi?2` KQ/2H M ′ r?B+? �bbB;Mb

i?2 b�K2 imTH2b iQ i?2 2ti2MbBQMb Q7 R1 . . . Rn �b M �M/

M ′ |= φXRy

LQi2 i?�i i?Bb K2�Mb i?�i ⊥ Bb MQi i`m2 `2H�iBp2 iQ �Mv KQ/2H M �M/

�bbB;MK2Mi ρX

A7 r2 B;MQ`2 i?2 TQbbB#BHBiv Q7 b2Mi2M+2b r?B+? /2K�M/ bQK2i?BM; +Q?2`2Mi

#mi 7�BH iQ ?�p2 b2i KQ/2Hb #2+�mb2 i?2B` i`mi? rQmH/ `2[mB`2 i?2 2tBbi2M+2

Q7 iQQ K�Mv Q#D2+ib- r2 +QmH/ i?2M +?�`�+i2`Bx2 HQ;B+�H TQbbB#BHBiv �b 7QHHQrb,

a2i h?2Q`2iB+ �TT`QtBK�iBQM, � b2Mi2M+2 BM i?2 H�M;m�;2 Q7

HQ;B+�H TQbbB#BHBiv Bb i`m2 UQM bQK2 BMi2`T`2i�iBQM Q7 i?2 [m�MiB}2`

�M/ �iQKB+ `2H�iBQM bvK#QHb Q7 i?2 H�M;m�;2 Q7 HQ;B+�H TQbbB#BHBivV

Bz Bi Bb i`m2 `2H�iBp2 iQ � b2i i?2Q`2iB+ KQ/2H r?Qb2 /QK�BM �M/

2ti2MbBQMb 7Q` �iQKB+ `2H�iBQMb +�Tim`2b r?�i Q#D2+ib i?2`2 �`2

�M/ ?Qr i?2b2 �iQKB+ `2H�iBQMb �+im�HHv �TTHv U�++Q`/BM; iQ i?Bb

BMi2`T`2i�iBQMV �M/ i?2 2KTiv �bbB;MK2Mi 7mM+iBQM ρX

N�b mbm�H U\V φ[x/v] bm#biBimi2b p 7Q` t 2p2`vr?2`2 r?2`2 t Q++m`b 7`22 BM φ
Ry�b mbm�H- A �K i�FBM; " iQ �##`2pB�i2 ¬♦¬
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9Xj �/p�Mi�;2b

:Bp2M i?�i r2 +�M bi�i2 SmiM�KB�M TQi2MiB�HBbi b2i i?2Q`v BM i?2 i2`Kb

>2HHK�M T`QpB/2b- r?v b?QmH/ r2 +QMbB/2` �/QTiBM; �M mM7�KBHB�` MQiBQM HBF2

bi`m+im`2 T`2b2`pBM; HQ;B+�H TQbbB#BHBiv U�F� +QM/BiBQM�H HQ;B+�H TQbbB#BHBivV\

�Hi?Qm;? Bi KB;?i b22K i?�i i�FBM; i?2 MQiBQM Q7 bi`m+im`2 T`2b2`p�iBQM �b

� T`BKBiBp2 Bb � p2`v bm#bi�MiB�H �bbmKTiBQM- A i?BMF i?2 +Qbi Bb KQ`2 i?�M

Qzb2i #v i?2 #2M2}ib Bi T`QpB/2bX

6B`bi- Q7 +Qm`b2- Bi H2ib vQm /Q TQi2MiB�HBbi b2i i?2Q`v rBi?Qmi BM+m``BM; +QM@

i`Qp2`bB�H +QKKBiK2Mib iQ Q#D2+i 2bb2M+2b �M/ +`Qbb@rQ`H/ B/2MiBiv 7�+ib �b

/Bb+mbb2/ BM b2+iBQM jX8X aQ Bi H2ib vQm �bb2`i �tBQKb r?B+? +�M #2 �++2Ti2/

#v i?Qb2 r?Q b?�`2 ZmBM2Ƕb /Qm#ib �#Qmi r?2i?2` [m�MiB7vBM; BM Bb K2�M@

BM;7mH �M/ �pQB/ GBMM2#QǶb b?vM2bb rQ``v RRX

a2+QM/- 2p2M B7 vQm /QMǶi Q#D2+i iQ i?2 K2i�T?vbB+�H T`BKBiBp2b `2[mB`2/ iQ

K�F2 b2Mb2 Q7 [m�MiB7vBM;@BM U�M/ 722H i?�i KQbi `2H2p�Mi /Bb�;`22K2Mi +QmH/

#2 `2p2�H2/ iQ #2 K2`2 p2`#�H /BbTmi2b #v KQ`2 +�`27mHHv 2pQFBM; >2HHK�MǶb

BMi2M/2/ `2�/BM; Q7 [m�MiB7vBM;@BMV bi�iBM; �tBQKb BM i2`Kb Q7 +QM/BiBQM�H

HQ;B+�H TQbbB#BHBiv ?2HTb mb �`iB+mH�i2 T`BM+BTH2b i?�i +�M #2 rB/2Hv �M/ 2�bBHv

`2+Q;MBx2/ �b i`m2X P7 +Qm`b2- i?Bb Bb MQi iQ b�v i?�i T2QTH2 +�MǶi T?BHQ@
RRLQi2 i?�i QM2 KB;?i r2HH �++2Ti i?�i i?2`2 �`2 /2}MBi2 7�+ib �#Qmi K2i�T?vb+B�H Q`

HQ;B+�H TQbbB#BHBiv bm+? �b +QmH/ #2 ǵ+Q/2/Ƕ #v b2i i?2Q`2iB+ KQ/2Hb bT2+B7vBM; i?2 bBx2 Q7
i?2 /QK�BM �M/ 2ti2MbBQMb 7Q` T`QT2`iB2b- r?BH2 MQi i?BMFBM; i?2`2 �`2 K2�MBM;7mH UQ` MQM@
+QMi2ti `2H�iBp2V 7�+ib �#Qmi 2bb2M+2bX A +�M bT2+B7v i?2 7�+ib �#Qmi r?�i K2i�T?vbB+�HHv
TQbbB#H2 rQ`H/b i?2`2 �`2 BM i2`Kb Q7 ?Qr K�Mv Q#D2+ib 2tBbi BM 2�+? �M/ ?Qr �HH T`QT2`iB2b
�TTHv U?2M+2 TBMBM; /QrM 7�+ib �#Qmi r?�iǶb +QM/BiBQM�HHv HQ;B+�HHv TQbbB#H2 rBi? `2bT2+i
iQ 2�+? TQbbB#H2 rQ`H/ r �M/ HBbi Q7 `2H�iBQM R1 . . . Rn V- rBi?Qmi i2HHBM; vQm �Mvi?BM;
�#Qmi 2bb2M+2b Q` +QmMi2`T�`i ?QQ/ `2H�iBQMb r?B+? rQmH/ H2i vQm /2i2`KBM2 7�+ib �#Qmi
r?�iǶb /2 `2 K2i�T?vbB+�HHv TQbbB#H2 7Q` � ;Bp2M BM/BpB/m�HX h?mb QM2 KB;?i r2HH i?BMF
BiǶb K2�MBM;7mH iQ �bF �#Qmi r?2i?2` BiǶb bi`m+im`2 T`2b2`pBM;Hv TQbbB#H2 i?�i φ rBi?Qmi
�bFBM; r?2i?2` +2`i�BM T�`iB+mH�` Q#D2+ib +QmH/ 2tBbi BM � rQ`H/ r?2`2 φX
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bQT?B+�HHv /Bb�;`22 �#Qmi i?2 K2�MBM; Q7 i?2 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv

QT2`�iQ`Rk- Q` i?�i /Bb�;`22K2Mi Qp2` K�i?2K�iB+�H �tBQKb Bb +QKTH2i2Hv BK@

TQbbB#H2X >Qr2p2`- i?2`2 �`2MǶi KmHiBTH2 rB/2Hv ?2H/ pB2rb �#Qmi i?2 M�im`2

Q7 HQ;B+�H TQbbB#BHBiv r?B+? rQmH/ �bbB;M /Bz2`2Mi i`mi? p�Hm2b iQ +QKKQMHv

mb2/ b2Mi2M+2bX

h?B`/- i?2`2Ƕb � T`�+iB+�H #2M2}i iQ mbBM; i?2 +QM/BiBQM�H HQ;B+�H TQbbB#BH@

Biv QT2`�iQ` `�i?2` i?�M [m�MiB7vBM; #2+�mb2 Bi BM UBM 2z2+iV +H2�p2b ;QQ/

`2�bQMBM; �#Qmi HQ;B+�H TQbbB#BHBiv BMiQ irQ T�`ibX

Ç AM QM2 T�`i r2 mb2 bi�M/�`/ }`bi@Q`/2` HQ;B+ iQ `2�bQM �#Qmi � ;Bp2M

HQ;B+�HHv TQbbB#H2 b+2M�`BQfr?�i �M �`#Bi`�`v HQ;B+�HHv TQbbB#H2 b+2M�`BQ

Kmbi #2 HBF2X

Ç AM �MQi?2` T�`i r2 mb2 bT2+B�H KQ/�H@bi`m+im`�H T`BM+BTH2b iQ 2bi�#HBb?

r?B+? b+2M�`BQb �`2 HQ;B+�HHv TQbbB#H2- �M/ ǵi`�Mb72`Ƕ 7�+ib �#Qmi QM2

b+2M�`BQ iQ �MQi?2`X

h?Bb ?2HTb mb �pQB/ i?2 TQi2MiB�HHv +QM7mbBM; �M/ ?�`/ iQ bm`p2v BMi2`�+iBQMb

#2ir22M KQ/�H T`BM+BTH2b �M/ 7`22 p�`B�#H2b i?�i r2 b22 BM 2t�KTH2b HBF2

i?2 T`QQ7 Q7 i?2 +QMp2`b2 "�`+�M J�`+mb 7Q`KmH�X h?Bb Bb �M 2bT2+B�HHv

BKTQ`i�Mi T`QT2`iv 7Q` 7QmM/�iBQM�H �tBQKb iQ ?�p2 �b i?2B` i`mi? b?QmH/

#2 2pB/2MiX

Rkh?2`2 �`2 TH2Miv Q7 r�vb Q7 /Bb�;`22BM; �#Qmi ?Qr i?2 BMimBiBp2 MQiBQM Q7 +QM/BiBQM�H
HQ;B+�H TQbbB#BHBiv b?QmH/ #2 +�b?2/ Qmi 2X;X- /Bb�;`22K2Mib �#Qmi r?2i?2` HQ;B+�H TQbbB#BH@
Biv bBKTHB+Bi2` b?QmH/ #2 mM/2`biQQ/ BM i2`Kb Q7 TQbbB#H2 BMi2`T`2i�iBQMb 7Q` rQ`/b i`�Mb72`
iQ i?Bb +�b2X
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9XjXR PMiQHQ;v �M/ *QM+2Tim�H S`BKBiBp2b

6BM�HHv- H2i K2 2M/ rBi? � #`B27 `2K�`F �#Qmi i?2 BKT�+i Q7 i?Bb MQiBQM Q7

+QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QM /2#�i2b �#Qmi QMiQHQ;vX

AM i?Bb #QQF A rBHH �`;m2 i?�i U�i H2�bi 7Q` � +2`i�BM 7QmM/�iBQM�H T`QD2+iV

r2 b?QmH/ K�F2 QM2 +?QB+2 Q7 T`BKBiBp2- r?BH2 �MQi?2` ?�b #22M ?BbiQ`B+�HHv

7�KBHB�`X AǶHH bm;;2bi i?�i T?BHQbQT?v Q7 b2i i?2Q`v rBHH ;Q #2ii2` BM +2`i�BM

r�vb U2X;X- r2 +�M /Q � #2ii2` DQ# �pQB/BM; BMimBiBp2 T�`�/Qt2b �M/ ~2b?BM;

Qmif2tTH�BMBM; r?v �TT�`2MiHv ;QQ/ K�i?2K�iB+�H �`;mK2Mib �`2 DmbiB}2/

�M/ +Q``2+iV B7 b2i i?2Q`v 7Q`KmH�i2/ TQi2MiB�HBbiB+�HHv- mbBM; i?2 +QM/BiBQM�H

HQ;B+�H TQbbB#BHBiv QT2`�iQ` BM/B+�i2/ �#Qp2X RjX A �bF i?�i `2�/2`b 2p�Hm�i2

i?Bb +?QB+2 Q7 T`BKBiBp2b QM i?2 #�bBb Q7 T?BHQbQT?B+�H 7`mBi7mHM2bb- T`Q#H2Kb

`�Bb2/ �M/ bQHp2/- �M/ �pQB/�M+2 Q7 `2/mM/�M+v- `�i?2` i?�M #v 7�KBHB�`Biv

#B�bX A7 i�FBM; +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv �b � T`BKBiBp2 Bb 7�pQ`2/ QM i?2

7Q`K2` ;`QmM/b- i?2M UA i�F2 BiV mbBM; Bi �b � T`BKBiBp2 r?2M 7Q`K�HBxBM; b2i

i?2Q`v Bb UBM bQK2 b2Mb2V �TT`QT`B�i2 �M/ �++2Ti�#H2X

aQK2 `2�/2`b K�v 72�` i?�i i?2 MQiBQM �#Qp2 Bb- Q` 2M�#H2b- +?2�iBM; �i i?2

T`QD2+i Q7 QMiQHQ;vX >Qr2p2`- Bi b?QmH/ #2 MQi2/ i?�i Kv �BK Bb MQi iQ /272M/

�Mv FBM/ Q7 K�i2`B�HBbK Q` MQKBM�HBbK UAǶHH mHiBK�i2Hv �`;m2 7Q` i?2 2tBbi2M+2

Q7 bQK2 Tm`2 K�i?2K�iB+�H Q#D2+ibV Q` �`;m2 i?�i 7�+ib �#Qmi b2i i?2Q`v �`2

bQK2?Qr K2i�T?vbB+�HHv Q` 2TBbi2KB+�HHv i`BpB�H UQ` BM �Mv Qi?2` b2Mb2 �

ǵ7`22 HmM+?ǶVX �++Q`/BM;Hv A /QMǶi K2�M iQ T`2bmK2 i?�i 7�+ib �#Qmi HQ;B+�H

TQbbB#BHBiv �`2 +Q;MBiBp2Hv Q` K2i�T?vbB+�HHv i`BpB�H Ĝ Q` 2p2M QMiQHQ;B+�HHv

Rja22 +?�Ti2` RR 7Q` Km+? KQ`2 /2i�BH �#Qmi i?BbX
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BMMQ+2MiR9X 6Q` 2t�KTH2- A i�F2 i?2 +QM+2Ti Q7 HQ;B+�H TQbbB#BHBiv iQ #2 �

bB;MB}+�Mi T�`i Q7 7mM/�K2Mi�H B/2QHQ;v UbQK2i?BM; i?�i- 2X;X- b?QmH/ #2

+QmMi2/ r?2M 2p�Hm�iBM; i?2 K2i�T?vbB+�H T�`bBKQMv Q7 �Mv i?2Q`v i?�i

2KTHQvb BiVX

"mi ?Qr /Q2b i?Bb �`;mK2Mi 7Q` bT2+B}+ T`�+iB+�H #2M2}ib #2�` QM QMiQHQ;v\

aQK2 `2�/2`b KB;?i BM/22/ i`2�i Kv �`;mK2Mib UB7 i?2v �`2 bm++2bb7mHV �b

bm;;2biBM; i?2 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ` Bb �KQM; i?2 aB/2`B�M

B/2QHQ;B+�H 7mM/�K2Mi�HB�- �M/ ?2M+2 i?�i b?QmH/ 7Q`K�HBx2 Qm` #2bi i?2Q`v

mbBM; Bi 7Q` i?2 Tm`TQb2b Q7 �TTHvBM; ZmBM2Ƕb +`Bi2`BQM �M/ rBM/ mT #2BM;

MQKBM�HBbib �#Qmi b2i i?2Q`vX �M/ i?2v KB;?i /272M/ i?Bb bi�M+2 �b 7QHHQrb,

SQbbB#H2 �`;mK2Mi 7Q` PMiQHQ;B+�H AMMQ+2M+2 Q7 *QM/B@

iBQM�H GQ;B+�H SQbbB#BHBiv �/KBii2/Hv Bi K�v #2 TQbbB#H2 iQ

i?BMF �#Qmi +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv BM � `2B7vBM; r�v U2X;X

BM i2`Kb Q7 a?�TB`QǶb bi`m+im`2b Q` BbQKQ`T?BbKb #2ir22M HQ;B@

+�HHv TQbbB#H2 rQ`H/bVX >Qr2p2`- bm+? `2B7vBM; `2@BMi2`T`2i�iBQMb

�`2 MQ KQ`2 BMi`BMbB+�HHv +H2�` Q` �++2Ti�#H2 i?�M i?2 KQ/�H

r�v Q7 i?BMFBM; �#Qmi i?2b2 7�+ib i?�i AǶp2 �/pQ+�i2/X �M/

A i�F2 i?2 `2~2+iBQMb KQiBp�iBM; �++2TiBM; �Mv TQi2MiB�HBbK iQ

b?Qr i?�i Dmbi #2+�mb2 vQm +�M `2B7v � MQiBQM /Q2bMǶi K2�M vQm

b?QmH/X q?2M r2 b22 i?�i K�i?2K�iB+�HHvfBM72`2MiB�HHv bBKBH�`

rQ`F +�M #2 /QM2 #v 2Bi?2` �//BM; iQ Qm` QMiQHQ;v Q` B/2QHQ;v-

r2 b?QmH/MǶi �Hr�vb �bbmK2 i?�i �//BM; iQ Qm` QMiQHQ;v Bb i?2

`B;?i r�v iQ ;QX
R9A rBHH +QMbB/2` r?�i � MQKBM�HBbi r?Q i?BMFb HQ;B+�H TQbbB#BHBiv 7�+ib �`2 QMiQHQ;B+�HHv

BMMQ+2Mi +�M b�v �#Qmi BM/2bT2Mb�#BHBiv rQ``B2b BM S�`i AA
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h�FBM; +H�BKb �#Qmi HQ;B+�H TQbbB#BHBiv iQ #2 QMiQHQ;B+�HHv BMMQ@

+2Mi /Q2bMǶi pBQH�i2 i?2 H2ii2` Q7 ZmBM2Ƕb +`Bi2`BQM 7Q` QMiQHQ;B+�H

+QKKBiK2Mi UMQ [m�MiB}+�iBQM Qp2` �Mvi?BM; Qi?2` i?�M +QmM@

i`B2b Bb BMpQHp2/VX �M/ A i?BMF �Mv b2Mb2 BM r?B+? Bi +QmH/ #2

b�B/ iQ pBQH�i2 i?2 bTB`Bi Q7 ZmBM2Ƕb +`Bi2`BQM BMpQHp2b i?2 FBM/

Q7 mMDmbiB}2/ T`2bmKTiBQM BM 7�pQ` Q7 2tT�M/BM; QMiQHQ;v `�i?2`

i?�M B/2QHQ;v- Dmbi +`BiB+Bb2/R8X

>Qr2p2` MQi?BM; BM i?2 K�BM T`QD2+i Q7 i?Bb #QQF UM2Bi?2` i?2 DmbiB}+�iBQM

7Q` i?2 w6* �tBQKb BM S�`i AA MQ` i?2 /2p2HQTK2Mi Q7 M2Q@+�`M�TB�M `2�HBbK

�#Qmi KQi? K�i?2K�iB+�H Q#D2+ib �M/ �++QmMi Q7 �TTHB2/ K�i?2K�iB+b BM

S�`i AAAV /2T2M/b QM �++2TiBM; i?2 �#Qp2 HBM2 Q7 i?Qm;?iX

R8�/KBii2/Hv KQ`2 �mbi2`2 T?BHQbQT?2`b K�v `2D2+i i?2 r?QH2 B/2� i?�i r2 +�M }M/
i?2 ǵi`m2Ƕ +QM+2Tim�H T`BKBiBp2b Ui?2 B/2QHQ;v Q7 � aB/2`2�M(RRk) K�tBK�HHv DQBMi +�`pBM;
H�M;m�;2V #v +QMbB/2`�iBQMb Q7 T`Q#H2K bQHpBM;- mMB}+�iBQM- 7`mBi7mHM2bb 2i+X- �M/ i?2M mb2
i?2b2 MQiBQMb r?2M �TTHvBM; ZmBM2Ƕb +`Bi2`BQMX h?2v K�v b�v, i?2 QMHv K2�MBM; QMiQHQ;@
B+�H [m2biBQMb ?�p2 Bb �b [m2biBQMb Q7 r?�i r2 [m�MiB7v Qp2` r?2M bi�iBM; Qm` i?2Q`B2b BM
� bT2+B}+ HQ;B+�H H�M;m�;2 U6PGV r?B+? /Q2bMǶi ?�TT2M iQ BM+Hm/2 i?2 +QM/BiBQM�H HQ;B+�H
TQbbB#BHBiv QT2`�iQ`X aQ B7 r2 i`v iQ BMi`Q/m+2 � M2r HQ;B+�H QT2`�iQ`- HBF2 Kv ♦...- iQ
7Q`KmH�i2 K�i?2K�iB+�H +H�BKb KQ/�HHv- r2Ƕ`2 TmHHBM; i?2 `m; Qmi 7`QK mM/2` Qm`b2Hp2b,
bi2TTBM; QmibB/2 Q7 i?2 `2�HK Q7 QMiQHQ;v �HH iQ;2i?2`X

A i�F2 i?Bb iQ #2 � KBMQ`Biv TQbBiBQM- BMbQ7�` �b Bi rQmH/ 2[m�HHv r2HH BKK2/B�i2Hv `mH2
Qmi �ii2KTib iQ 7Q`KmH�i2 i?2Q`B2b mbBM; � K2i�T?vbB+�H Q` HQ;B+�H TQbbB#BHBiv UbBKTHB+B2`V
QT2`�iQ` 7Q` i?2 Tm`TQb2b Q7 �TTHvBM; ZmBM2Ƕb +`Bi2`BQM �M/ �bb2bbBM; QMiQHQ;B+�H +QK@
KBiK2Mib �b MQMb2MbB+�H ě bQK2i?BM; r?B+? A i�F2 KQbi K2i�T?vbB+B�Mb r?Q i?BMF bm+?
pB2rb �`2 r`QM; �`2 MQi rBHHBM; iQ /QX

>Qr2p2`- iQ bm+? `2�/2`b A rQmH/ b�v i?2 7QHHQrBM;X AM �//BiBQM iQ i?2 +H�bbB+ ZmBM2�M
T`QD2+i Q7 b22BM; r?�i 2tBbi2MiB�H +H�BKb vQm +�M T`Qp2 7`QK vQm` #2bi i?2Q`v r?BH2 bT2�F@
BM; 6PG- i?2`2Ƕb � bBKBH�`Hv 7Q`K�HHv +QMbi`�BM2/ǵTQbi ZmBM2B�M QMiQHQ;vǶ T`QD2+i Q7 b22BM;
r?�i 2tBbi2MiB�H +H�BKb vQm +�M /2`Bp2 7`QK 7Q`K�HBxBM; i?2Q`B2b mbBM; i?2 6PG +QMM2+@
iBp2b �M/ i?2 L♦ X 6`QK i?2 K2i�T?vbB+b /2~�iBM; TQBMi Q7 pB2r- i?2`2Ƕb MQ H2bb2MBM; Q7
K2i�T?vbB+�H BMbB;?i BM ;QBM; 7`QK QM2 T`QD2+i iQ i?2 Qi?2`X �M/- A bm#KBi i?�i- i?2`2 �`2
bQK2 T`�+iB+�H �/p�Mi�;2bX
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9X9 GQQFBM; 6Q`r�`/

AM +?�Ti2` R9 A rBHH b?Qr ?Qr iQ mb2 UM2bi2/V +QM/BiBQM�H HQ;B+�H TQbbB#BH@

Biv +H�BKb iQ bi�i2 SmMi�KB�M TQi2MiB�HBbi T�`�T?`�b2b Q7 b2i i?2Q`v r?B+?

�pQB/b [m�MiB7vBM; BM U�M/ THm`�H �M/ b2+QM/ Q`/2` [m�MiB}+�iBQMVX Jv biQ`v

rBHH `2H�i2 iQ SmiM�K �M/ >2HHK�MǶb 7Q`KmH�iBQMb �b 7QHHQrbX

lMHBF2 SmiM�K Kv T�`�T?`�b2b rBHH BMpQF2 � MQiBQM Q7 HQ;B+�H TQbbB#BHBiv

bT2+B}+�HHv UbQ K2i�T?vbB+�H HBKBib QM i?2 +�`/BM�HBiv Q7 Q#D2+ib �`2 B``2H2@

p�MiV- �M/ A rBHH /2p2HQT TQi2MiB�HBbK rBi?Qmi +H�BKBM; i?�i bQK2 �+im�HBbi

T2`bT2+iBp2 QM b2i i?2Q`v Bb 2[m�HHv ;QQ/X "mi lMHBF2 >2HHK�M A rBHH 2KTHQv

bT2+B}+ MQM@K�i?2K�iB+�H `2H�iBQMb Q7 bmBi�#H2 �`BiB2b U2X;X- ǵT2M+BH TQBMiǶ

�M/ ǵ �M �``Qr 7`QKXXXiQXXXǶ Q` ǵ�M;2HǶ �M/ ǵ�/KB`2bǶV iQ i�HF �#Qmi i?2 TQb@

bB#H2 2tBbi2M+2 Q7 Bi2`�iBp2 ?B2`�`+?B2b bi`m+im`2b- `�i?2` i?�M b2+QM/ Q`/2`

p�`B�#H2b X, f UQ` THm`�HBiB2b bBKmH�iBM; bm+? p�`B�#H2bVX A rBHH �HbQ /Bz2`

>2HHK�M BM +QMbB/2`BM; Bi2`�iBp2 ?B2`�`+?B2b b�iBb7vBM; A>q `�i?2` i?�M ?B@

2`�`+?B2b b�iBb7vBM; ZFC2X

P#pBQmbHv- mMHBF2 #Qi? SmiM�K �M/ >2HHK�M- AǶHH Qz2` T�`�T?`�b2b 7Q` b2i

i?2Q`v i?�i /QMǶi ǵ[m�MiB7v BMǶ _�i?2`- AǶHH mb2 +QM/BiBQM�H HQ;B+�H TQbbB#BH@

Biv QT2`�iQ` iQ 2tT`2bb +H�BKb �#Qmi i?2 TQbbB#BHBiv Q7 2ti2M/BM; Bi2`�iBp2

?B2`�`+?v Q7 b2ib bi`m+im`2b- rBi?Qmi /2iQm` i?`Qm;? +H�BKb �#Qmi HQ;B+�H

2bb2M+2bReX

"mi BM 7�+i- AǶHH 7m`i?2` /Bp2`;2 7`QK SmiM�K �M/ >2HHK�M #v 2HBKBM�iBM;

�HH b2+QM/ Q`/2` �M/ THm`�H [m�MiB}+�iBQMX 6Q` Bi im`Mb Qmi i?�i i?2 +QM@
Re�M/ r2 rBHH b22 i?�i i�HF �#Qmi r?�iǶb TQbbB#H2 r?BH2 T`2b2`pBM; � ;Bp2M +?QB+2 Q7

Q#D2+ibfTQbBiBQMb x, y rBi?BM bm+? ?B2`�`+?B2b +�M #2 ?�M/H2/ bBKBH�`HvX
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/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ` +�M /Q i?2 b�K2 rQ`F �b b2+QM/ Q`/2`

[m�MiB}+�iBQM BM +�i2;Q`B+�HHv /2b+`B#BM; i?2 BMi2M/2/ bi`m+im`2 Q7 Bi2`�iBp2

?B2`�`+?B2bX

h?mb- `27Q`KmH�iBM; >2HHK�MǶb TQi2MiB�HBbK rBi? i?2 +QM/BiBQM�H HQ;B+�H TQb@

bB#BHBiv QT2`�iQ` im`Mb Qmi iQ ?�p2 � 7m`i?2` �/p�Mi�;2 �b `2;�`/b +QM+2Tim�H

T�`bBKQMvX

>2HHK�M mb2b, }`bi Q`/2` HQ;B+�H pQ+�#mH�`v- b2+QM/ Q`/2` [m�M@

iB}+�iBQM- HQ;B+�H TQbbB#BHBiv �M/ UiQ K�F2 b2Mb2 Q7 �TTHB2/ K�i?@

2K�iB+bV bQK2i?BM; HBF2 �M �+im�HBiv QT2`�iQ`X

A rBHH mb2, }`bi Q`/2` HQ;B+�H pQ+�#mH�`v �M/ i?2 +QM/BiBQM�H HQ;@

B+�H TQbbB#BHBiv QT2`�iQ`X

AMbQ7�` �b � bBM;H2 KQ/�H MQiBQM im`Mb Qmi iQ #2 �#H2 iQ /Q #Qi? Q7 i?2

7QHHQrBM; DQ#b BM TQi2MiB�HBbi i`�MbH�iBQM- Bi Bb �TT2�HBM; iQ mb2 BiX

Ç /2b+`B#2 i?2 U}`bi Q`/2` HQ;B+ i`�Mb+2M/2MiV bi`m+im`2 Q7 i?2 T�`iB�H

?B2`�`+?B2b Q7 b2ib TQi2MiB�HBbib r�Mi iQ +QMbB/2`

Ç �`iB+mH�i2 i?2 b2Mb2 BM r?B+? bQK2 bm+? bi`m+im`2b �`2 TQbbB#H2 �M/

+QmH/ #2 2ti2M/2/ BM +2`i�BM r�vbX

hQ Tmi i?Bb B/2� �#Qmi +QM+2Tim�H T�`bBKQMv �MQi?2` r�v- i?2`2 +�M b22K

iQ #2 � FBM/ Q7 mM/2bB`�#H2 +QM+2Tim�H /mTHB+�iBQM BM 2KTHQvBM; #Qi? i?2 ♦

Q7 HQ;B+�H TQbbB#BHBiv �M/ � MQiBQM Q7 b2+QM/ Q`/2` [m�MiB}+�iBQM r?BH2 i`2�i@

BM; i?2b2 �b mM`2H�i2/ T`BKBiBp2b U�b >2HHK�M /Q2bVX 6Q`- BMimBiBp2Hv- i?2`2Ƕb

bQK2i?BM; BM +QKKQM #2ir22M i?2 r�v r2 +QMbB/2` ǵ�HH TQbbB#BHBiB2bǶ 7Q` ?Qr
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bQK2 }`bi Q`/2` T`2/B+�i2b +QmH/ �TTHv r?2M 2p�Hm�iBM; HQ;B+�H TQbbB#BHBiv

�M/ i?2 r�v r2 +QMbB/2` ǵ�HH TQbbB#BHBiB2bǶ 7Q` +?QQbBM; bQK2 }`bi Q`/2` Q#@

D2+ib 7`QK � ;Bp2M +QHH2+iBQM r?2M +QMbB/2`BM; r?�i b2+QM/ Q`/2` Q#D2+ib

2tBbiX

S2`?�Tb �+im�HBbib �#Qmi b2i i?2Q`v +�M bi`�B;?i7Q`r�`/Hv 2tTH�BM i?Bb bBK@

BH�`BivX 6Q` i?2v +�M /2}M2 #Qi? MQiBQMb BM i2`Kb Q7 r?�i b2ib 2tBbiRdX AM

T�`iB+mH�` i?2v +�M �TT2�H iQ i?2 b�K2 MQiBQM Q7 ǵ�HH bm#b2ib Qp2` � ;Bp2M

}`bi Q`/2` /QK�BMǶ r?2M /2}MBM; HQ;B+�H TQbbB#BHBiv BM i2`Kb Q7 i?2 2tBbi2M+2

Q7 � KQ/2H �M/ r?2M +�b?BM; Qmi b2+QM/ Q`/2` [m�MiB}+�iBQM BM i2`Kb Q7 b2ib

2tBbi2M+2X

"mi TQi2MiB�HBbib +�MMQi /Q i?2 b�K2X 6Q` r2 TQi2MiB�HBbib mM/2`bi�M/ b2i

2tBbi2M+2 BM i2`Kb Q7 HQ;B+�HfBMi2`T2`2i�iBQM�Hfr?�i2p2` TQbbB#BHBiv- `�i?2`

i?�M i?2 Qi?2` r�v �`QmM/X aQ r2 +�MǶi �++QmMi 7Q` i?2 b2Mb2 Q7 +QM+2Tim�H

Qp2`H�T #2ir22M i?2 MQiBQMb Q7 HQ;B+�H TQbbB#BHBiv �M/ b2+QM/ Q`/2` [m�MiB}@

+�iBQM #v +�b?BM; Qmi #Qi? MQiBQMb BM i2`Kb Q7 b2i i?2Q`vX h?mb r2 HQb2

i?2 �#Qp2 #2M2}i �M/- 2X;X- >2HHK�M �M/ GBMM2#Q rBM/ mT i`2�iBM; HQ;B@

+�H TQbbB#BHBiv �M/ b2+QM/ Q`/2` [m�MiB}+�iBQM �b Dmbi b2T�`�i2 +QM+2Tim�H

T`BKBiBp2bX

>�TTBHv- ?Qr2p2`- r2 +�M bQHp2 i?Bb T`Q#H2K B7 r2 2K#`�+2 i?2 MQiBQM Q7

+QM/BiBQM�H HQ;B+�H TQbbB#BHBiv- 7Q` i?Bb bBM;H2 MQiBQM +�M #2 mb2/ iQ �`iB+@

mH�i2 �M/ �M�Hvx2 #Qi? +H�BKb �#Qmi HQ;B+�H TQbbB#BHBiv �M/ b2+QM/ Q`/2`

[m�MiB}+�iBQMR3X

RdP` �i H2�bi- i?2v +�M /Q i?Bb B7 r2 #`�+F2i 6B2H/Ƕb Q#D2+iBQM iQ B/2MiB7vBM; +H�BKb �#Qmi
HQ;B+�H TQbbB#BHBiv rBi? +H�BKb �#Qmi b2i i?2Q`v /Bb+mbb2/ BM jX8

R3q2 ?�p2 b22M ?Qr iQ /Q i?Bb BM 7Q` i?2 Tm`TQb2b Q7 b2+QM/ Q`/2` +H�BKb M22/2/ iQ
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7Q`KmH�i2 TQi2MiB�HBbi b2i i?2Q`vX a22 (3) 7Q` �M �`;mK2Mi i?�i r2 +�M `27Q`KmH�i2 b2+QM/
Q`/2` +H�BKb KQ`2 ;2M2`�HHv
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*?�Ti2` 8

S�`bQMB�M SQi2MiB�HBbK

8XR AMi`Q/m+iBQM

A rBHH +QM+Hm/2 S�`i A Q7 i?Bb #QQF #v +QMi`�biBM; i?2 SmiM�KB�M b+?QQH Q7

TQi2MiB�HBbK iQ #2 /2p2HQT2/ BM i?2 `2bi Q7 i?Bb #QQF rBi? � /Bz2`2Mi- S�`bQ@

MB�M- �TT`Q�+? /2p2HQT2/ #v S�`bQMb(38- 3e- 3d)- GBMM2#Q(dR- \) aim//(RRj)

�M/ _Q#2`ib (Ry8- Ry9)X AM � Mmib?2HH- i?2 /Bz2`2M+2 #2ir22M i?2 S�`bQMB�M

�M/ SmiM�KB�M b+?QQHb Bb i?�i S�`bQMB�Mb BMi2`T`2i b2i i?2Q`v �b i�HFBM;

�#Qmi r?�i b2ib U�b Q#D2+ib rBi? � bT2+B�H FBM/ Q7 2bb2M+2V +QmH/ #2 7Q`K2/-

r?BH2 SmiM�KB�Mb mM/2`bi�M/ b2i i?2Q`v �b +H�BKb �#Qmi ?Qr bi`m+im`2b b�i@

Bb7vBM; �M 2tTHB+Bi �tBQKBiBx�iBQM 7Q` �M BMBiB�H b2;K2Mi Q7 i?2 b2i@i?2Q`2iB+

?B2`�`+?v U2X;X w6*2 Q` A>q2V +QmH/ #2 2ti2M/2/X

�i }`bi ;H�M+2- i?2 +?QB+2 #2ir22M S�`bQMB�M �M/ SmiM�KB�M �TT`Q�+?2b

iQ b2i i?2Q`v K�F2b HBiiH2 /Bz2`2M+2 iQ Qm` 7QmM/�iBQM�H T`QD2+iX �/pQ+�i2b

Q7 #Qi? pB2rb ?�p2 T`Qp2/ i?�i i?2B` 7�pQ`2/ TQi2MiB�HBbi i`�MbH�iBQMb Q7

RRd
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�HH i?2Q`2Kb Q7 w6* �`2 T`Qp�#H2 7`QK +2`i�BM KQ/�H T`BM+BTH2b- #mi /QMǶi

+H�BK T`BK� 7�+B2 Q#pBQmbM2bb 7Q` U�HHV i?2b2 KQ/�H T`BM+BTH2bX AM/22/ #Qi?

bB/2b i2M/ iQ- BM 2z2+i- i�F2 i?2B` TQi2MiB�HBbi i`�MbH�iBQM Q7 `2TH�+2K2Mi

�b �M �tBQK UbQK2iBK2b MQiBM; i?�i bBKBH�` �bbmKTiBQMb ?�p2 #22M K�/2

2Hb2r?2`2 (\)VX >Qr2p2`- r2ǶHH b22 i?�i Bi im`Mb Qmi iQ #2 KQ`2 +QMp2MB2Mi iQ

�/QTi � SmiM�KB�M 7`�K2rQ`F U�i H2�bi i2KTQ`�`BHvV 7Q` i?Bb DmbiB}+�iQ`v

T`QD2+iX

AM i?Bb +?�Ti2`- AǶHH /Bb+mbb K�DQ` 2tBbiBM; S�`bQMB�M T`QTQb�Hb- �M/ KQiBp�i2

Kv +?QB+2 iQ mb2 i?2 SmiM�KB�M 7`�K2rQ`FX AM Ȝ8Xk AǶHH /2b+`B#2 i?2 #�bB+

bi`m+im`2 Q7 S�`bQMB�M T�`�T?`�b2b 7Q` b2i i?2Q`vX AM Ȝ8Xj AǶHH +QMi`�bi bQ+B�H

+QMbi`m+iBpBbi �M/ BMi2`T`2i�iBQM�HBbi S�`bQMB�MBbKX AM Ȝ8X9XR AǶHH /Bb+mbb i?2

T�`iB+mH�` p2`bBQMb Q7 BMi2`T`2i�iBQM�HBbK /2p2HQT2/ #v aim// �M/ GBMM2#QX

AM Ȝ8X8 AǶHH �`;m2 i?�i BiǶb �++2Ti�#H2 U�M/ 7Q`2b?�/Qr r?v BiǶb mb27mHV iQ

rQ`F BM � SmiM�KB�M 7`�K2rQ`F- 2p2M B7 r2 mHiBK�i2Hv r�Mi iQ #2 S�`bQMB�M

TQi2MiB�HBbibX 6BM�HHv- BM Ȝ8Xe AǶHH +QKT�`2 i?2 K2`Bib Q7 SmiM�KB�M �M/

S�`bQMB�M �TT`Q�+?2b UrBi? bT2+B�H 7Q+mb QM i?2 7Q`Kb Q7 BMi2`T`2i�iBQM�HBbi

S�`bQMB�MBbK /2p2HQT2/ #v GBMM2#Q �M/ aim//VX

8Xk h?2 S�`bQMB�M �TT`Q�+?

AM (dj) GBMM2#Q 2tTH�BMb i?2 +QMi`�bi #2ir22M ?Bb T`272``2/ S�`bQMB�M �T@

T`Q�+? iQ TQi2MiB�HBbi b2i i?2Q`v �M/ i?2 SmiM�KB�M TQi2MiB�HBbK /Bb+mbb2/

�#Qp2 �b 7QHHQrbX

(PM � S�`bBQMB�M �TT`Q�+? iQ b2i i?2Q`v) i?2 B/2� Bb MQi iQ
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ǵi`�/2 BMǶ QM2Ƕb K�i?2K�iB+�H Q#D2+ib BM 7�pQ` Q7 KQ/�H +H�BKb

�#Qmi TQbbB#H2 `2�HBx�iBQMb Q7 bi`m+im`2b #mi `�i?2` iQ HQ+�i2

bQK2 KQ/�HHv +?�`�+i2`Bx2/ 72�im`2b BM i?2 K�i?2K�iB+�H Q#D2+ib

i?2Kb2Hp2bX h?2 K�i?2K�iB+�H mMBp2`b2 Bb MQi ǵ~�iǶX _�i?2`-

bQK2 Q7 Bib Q#D2+ib bi�M/ BM `2H�iBQMb Q7 QMiQHQ;B+�H /2T2M/2M+2-

�M/ i?2 2tBbi2M+2 Q7 bQK2 Q7 Bib Q#D2+ib Bb K2`2Hv TQi2MiB�H `2H�@

iBp2 iQ i?�i Q7 Qi?2`bX

ǵ� KmHiBTHB+Biv Q7 Q#D2+ib i?�i 2tBbi iQ;2i?2` +�M +QMbiBimi2 �

b2i- #mi Bi Bb MQi M2+2bb�`v i?�i i?2v /QX :Bp2M i?2 2H2K2Mib

Q7 � b2i- Bi Bb MQi M2+2bb�`v i?�i i?2 b2i 2tBbib iQ;2i?2` rBi?

i?2KX XXX >Qr2p2`- i?2 +QMp2`b2 /Q2b ?QH/ �M/ Bb 2tT`2bb2/ #v

i?2 T`BM+BTH2 i?�i i?2 2tBbi2M+2 Q7 � b2i BKTHB2b i?�i Q7 �HH Bib

2H2K2MibXǶ US�`bQMb- RNdd- TTX kNjĜ9V(39)

�b S�`bQMb 2KT?�bBx2b- i?Bb �TT`Q�+? +�M �HbQ #2 mb2/ iQ 2tTHB@

+�i2 i?2 BM~m2MiB�H Bi2`�iBp2 +QM+2TiBQM Q7 b2ib- r?B+? i2M/b iQ

#2 2tTH�BM2/ #v bm;;2biBp2 #mi HQQb2 i�HF �#Qmi � ǵT`Q+2bbǶ Q7 ǵb2i

7Q`K�iBQMǶX Ai rQmH/ #2 #2ii2`- S�`bQMb +H�BKb- iQ `2TH�+2 i?Bb

i�HF Q7 iBK2 �M/ +QMbi`m+iBQM rBi? ǵi?2 KQ`2 #HQQ/H2bb H�M;m�;2

Q7 TQi2MiB�HBiv �M/ �+im�HBivǶX

aQ i?2 S�`bQMB�M i�F2b i?2 i2`K ǵb2iǶ iQ ?�p2 T`2@2tBbiBM; K2�MBM; U�M/

7�+ib �#Qmi i?2 2bb2MiB�H M�im`2 Q7 b2ib iQ /Q +`BiB+�H rQ`F BM i?2B` i?2Q`vV-

r?BH2 U�b r2 ?�p2 b22MV i?2 i2`K ǵb2iǶ Bb +QKTH2i2Hv 2HBKBM�#H2 7`QK i?2 Smi@

M�KB�MǶb i?2Q`vX �M/ S�`bQMB�M TQi2MiB�HBbib i�F2 7�+ib �#Qmi r?�i Tm`2

b2ib 2tBbi iQ #2 UBM bQK2 b2Mb2 Q7 i?2 rQ`/V +QMiBM;2Mi- rBi? i?2 2tBbi2M+2 Q7
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� b2i `2[mB`BM; i?2 2tBbi2M+2 Q7 i?�i b2iǶb 2H2K2Mib- #mi i?2 Qp2`�HH ?2B;?i Q7

i?2 ?B2`�`+?v Q7 b2ib #2BM; +QMiBM;2MiX �++Q`/BM;Hv- S�`bQMB�M T�`�T?`�b2b

Q7 b2i i?2Q`2iB+ b2Mi2M+2b ?�p2 � bBKBH�` H�`;2@b+�H2 bi`m+im`2 iQ SmiM�KB�M

T�`�T?`�b2b- `2TH�+BM; ∃ +H�BKb rBi? ♦+H�BKb �M/ ∀ +H�BKb rBi? "bX >Qr@

2p2`- i?2v i�F2 i?2 `2H2p�Mi MQiBQM Q7 TQbbB#BHBiv iQ +QM+2`M r?�i b2ib +QmH/

UBM bQK2 `2H2p�Mi b2Mb2V #2 7Q`K2/X �M/ S�`bQMB�Mb /QMǶi r`Bi2 �Mv /2b+`BT@

iBQM Q7 i?2 Bi2`�iBp2 ?B2`�`+?v bi`m+im`2 BMiQ i?2B` TQi2MiB�HBbi T�`�T?`�b2bX

AMbi2�/- i?2v i�F2 i?2 7�+i i?�i r?�i2p2` b2ib 2tBbi Kmbi 7Q`K UT�`i Q7V �M

Bi2`�iBp2 ?B2`�`+?v iQ 7�HH Qmi Q7 ě �M/ #2 2tTH�BM2/ #v ě 7�+ib �#Qmi i?2

2bb2M+2b Q7 b2ib �M/ /2T2M/2M+v `2H�iBQMb #2ir22M i?2KX

6Q` 2t�KTH2- r2 b�r i?�i � SmiM�KB�M HBF2 >2HHK�M KB;?i T�`�T?`�b2

ǳ(∀x)(∃y)(x ∈ y)Ǵ R- �b 7QHHQrbX

"(∀V1)(∀x)[x ∈ V1 → ♦(∃V2)(∃y)(y ∈ V2 ∧ V2 ≥ V1,∧x ∈ y)]

A7 r2 r2`2 iQ 7mHHv 2tT�M/ Qmi i?2 MQi�iBQM �#Qp2- i?2 `2bmHiBM; b2Mi2M+2

rQmH/ QMHv mb2 KQ/�H �M/ HQ;B+�H T`BKBiBp2b UMQi BM+Hm/BM; 2Bi?2` b2i Q` ∈VX

AM +QMi`�bi S�`bQMB�Mb rQmH/ i`�MbH�i2 ǳ(∀x)(∃y)(x ∈ y)Ǵ KQ`2 bBKTHv �HQM;

i?2 7QHHQrBM; HBM2bX

"(∀x)[set(x)→ ♦(∃y)(set(y) ∧ x ∈ y)]

h?2vǶ/ i?2M �TT2�H iQ bm#bi�MiBp2 �bbmKTiBQMb �#Qmi b2i 2bb2M+2b �M/ r?�i

i?2v 2Mi�BH �#Qmi i?2 TQbbB#BHBiv Q7 b2i 7Q`K�iBQMX 6Q` 2t�KTH2 GBMM2#Q �M/

aim// i�F2 i?2 7�+i i?�i r?�i2p2` b2ib ?�p2 #22M 7Q`K2/ �Hr�vb }i BMiQ �M
R_2+�HH i?�i ?2`2 r2 �`2 mbBM; [m�MiB}+�iBQM Qp2` �HH Vi �b b?Q`i?�M/ 7Q` [m�MiB}+�iBQM

Qp2` �HH b2+QM/ Q`/2` Q#D2+ib X, f UQ` THm`�HBiB2b bBKmH�iBM; i?2KV b�iBb7vBM; bQK2 �tBQKb
HBF2 ZFC2 UBM i?2 b2Mb2 i?�i ZFC2[set/X,∈ /f ] V



8XkX h>1 S�_aPLA�L �SS_P�*> RkR

Bi2`�iBp2 ?B2`�`+?v iQ #2 2tTH�BM2/ #v 7�+ib �#Qmi b2ib �M/ THm`�Hb HBF2 i?2

7QHHQrBM;X

Ç h?2`2 �`2 THm`�HBiB2b xx +Q``2bTQM/BM; iQ UbQ iQ bT2�FV �HH TQbbB#H2

r�vb Q7 +?QQbBM; bQK2 Q#D2+ib i?�i �H`2�/v 2tBbi U2X;X- bQK2 b2ib i?�i

?�p2 �H`2�/v #22M 7Q`K2/V

Ç q?2M2p2` i?2`2Ƕb � THm`�HBiv xx Q7 b2ib- � +Q``2bTQM/BM; b2i UBX2X- �

b2i r?Qb2 2H2K2Mib �`2 2t�+iHv i?2 K2K#2`b Q7 i?2 THm`�HBivV +QmH/ #2

7Q`K2/X

Ç a2ib �M/ THm`�HBiB2b ?�p2 i?2B` 2H2K2Mib M2+2bb�`BHv UbQ � b2i +�MǶi #2

7Q`K2/ #27Q`2 Bib 2H2K2Mib ?�p2 #22M 7Q`K2/V- �M/ b2ib �`2 2ti2MbBQM�H

UBX2X- irQ b2ib �`2 B/2MiB+�H Bz i?2v ?�p2 i?2 b�K2 2H2K2MibVX

h?mb r2 +QmH/ BK�;BM2 � S�`bQMB�M ?B2`�`+?v Q7 b2ib ;`QrBM; �b 7QHHQrb UB7

r2 FM2r r?�i 7Q`KBM; � b2i BMpQHp2/VX h?2 2KTiv THm`�HBiv �Hr�vb 2tBbibX

aQ �M 2KTiv b2i +QmH/ #2 7Q`K2/X 6Q`K BiX LQr i?2`2Ƕb � THm`�HBiv xx r?Qb2

bQH2 K2K#2` Bb i?2 2KTiv b2i- bQ � b2i {{ }} +QmH/ #2 7Q`K2/X 6Q`K i?�iX

LQr i?�i #Qi? i?2b2 b2ib 2tBbi i?2M bQ i?2`2 �`2 7Qm` THm`�HBiB2b xx Q7 b2ibX

�M/ irQ Q7 i?2K +Q``2bTQM/ iQ b2ib r2 /QMǶi �H`2�/v ?�p2X aQ r2 +QmH/

7Q`K {{{ }}} �M/ {{{ }}, {}} 2i+X

_2K2K#2`- ?Qr2p2`- i?2`2 �`2 irQ `2�/BM;b Q7 b2i i?2Q`2iB+ i�HFX AM bT2+B�HHv

HBi2`�H T?BHQbQT?B+�H +QMi2tib- HBF2 i?2 T�`�;`�T? �#Qp2- r2 +�M [m�MiB7v Qp2`

i?2 b2ib i?�i HBi2`�HHv 2tBbiX >Qr2p2`- BM K�i?2K�iB+�H +QMi2tib- i�HF r?B+?

�TT2�`b iQ b�v i?�i +2`i�BM b2ib 2tBbi Bb �Hr�vb b?Q`i?�M/ 7Q` +Q``2bTQM/BM;

+H�BKb �#Qmi r?�i b2ib +QmH/ #2 7Q`K2/X
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8XkXR q?B+? KQ/�H MQiBQM\

PM2 Q#pBQmb [m2biBQM U�M/ TQi2MiB�H bQm`+2 Q7 T`Q#H2Kb 7Q` i?2 S�`bQMB�MV

Bb i?Bb, ?Qr b?�HH r2 mM/2`bi�M/ i?2 S�`bQMB�MǶb KQ/�H MQiBQM ♦\ AM r?�i

b2Mb2 +QmH/ i?2`2 ?�p2 #22M � /Bz2`2Mi MmK#2` Q7 UTm`2V b2ib\ �M/ ?Qr

K�Mv b2ib �`2 i?2`2 `2�HHv\ 6Q` 2t�KTH2- B7 r2 mM/2`bi�M/ i�HF Q7 TQbbB#H2

b2i 7Q`K�iBQM �b K�FBM; � +H�BK �#Qmi ?Qr QM2 +QmH/ `2+QM+2Tim�HBx2 i?2

rQ`H/ iQ i?BMF BM i2`Kb Q7 KQ`2 b2ib U�b GBMM2#Q /Q2bV- ?Qr K�Mv b2ib

�`2 K�i?2K�iB+B�Mb +m``2MiHv i?BMFBM; �M/ i�HFBM; BM i2`Kb Q7\ AiǶb T`BK�

7�+B2 mM+H2�` ?Qr i?2 S�`bQMB�Mb +�M `2bQHp2 i?Bb i2MbBQM BM � T`BM+BTH2/

7�b?BQM U2bT2+B�HHv B7 K�i?2K�iB+�H T`�+iB+2b Bb �Hr�vb #2ii2` mM/2`biQQ/ #v

BMi2`T`2iBM; K�i?2K�iB+B�Mb �b i?BMFBM; TQi2MiB�HBbiB+�HHvVX

S�`bQMb () �`;m2b i?�i r2 +�MǶi mM/2`bi�M/ i?2 TQbbB#BHBiv BMpQF2/ BM S�`bQ@

MB�M T�`�T?`�b2b �b K2�MBM; T?vbB+�H- K2i�T?vbB+�H- K�i?2K�iB+�H Q` HQ;@

B+�H TQbbB#BHBiv �b 7QHHQrbX PM2 +�MǶi �TT2�H iQ T?vbB+�H Q` K2i�T?vbB+�H

TQbbB#BHBiv- #2+�mb2 i?2 2tBbi2M+2 Q7 b2ib BbMǶi T?vbB+�HHv Q` K2i�T?vbB+�HHv

+QMiBM;2MiX aBKBH�`Hv S�`bQMb mM/2`bi�M/b K�i?2K�iB+�H TQbbB#BHBiv iQ K2�M

TQbbB#BHBiv /`QTTBM; ǵ�HH +QMbi`�BMib Q7 � K2i�T?vbB+�H M�im`2Ƕ �M/ +QMbB/2`@

BM; QMHv r?�i Bb ǵ+QKT�iB#H2 rBi? i?2 H�rb Q7 K�i?2K�iB+bǶ Ur?2`2 i?2 H�ii2`

BM+Hm/2 7�+ib �#Qmi r?�i b2i 2tBbiVX h?mb ?2 �HbQ ?QH/b i?�i Bi rQmH/MǶi #2

K�i?2K�iB+�HHv TQbbB#H2 7Q` i?2`2 iQ #2 � H�`;2`fbK�HH2` b2i i?2Q`2iB+ mMB@

p2`b2X

q?�i �#Qmi HQ;B+�H TQbbB#BHBiv\ GBMM2#Q MQi2b i?�i (dk) �TT2�H iQ ǳǵHQ;B+�H

KQ/�HBiv BM i?2 bi`B+i b2Mb2ǶXX Bb 7�B`Hv [mB+FHv b2i �bB/2 #v S�`bQMb- r?Q

}M/b Bi iQ #2 ǵ2Bi?2` XXX �M �rFr�`/ MQiBQM ;2M2`�HHv Q` MQi BM i?2 2M/
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(/Bz2`2Mi) 7`QK K�i?2K�iB+�H KQ/�HBivXǴ LQr A i�F2 i?2 �`;mK2Mib Q7 ȜjX8 iQ

b?Qr i?�i i?2`2 Bb � p2`v M�im`�H �M/ �TT2�HBM; MQiBQM Q7 HQ;B+�H TQbbB#BHBiv

UBMi2`/2}M�#H2 rBi? p�HB/BivV i?�i /Bz2`b 7`QK i?2 FBM/ Q7 K�i?2K�iB+�H

TQbbB#BHBiv S�`bQMb b22Kb iQ ?�p2 BM KBM/X >Qr2p2` r2 +�MMQi BMi2`T`2i

i?2 ♦ Q++m``BM; BM S�`bQMB�M 7Q`K�HBx�iBQM Q7 b2i i?2Q`v iQ K2�M HQ;B+�H

TQbbB#BHBiv BM i?Bb b2Mb2X 6Q` F2v +H�BKb i?�i i?2 S�`bQMB�M r�Mib iQ b�v

�`2 M2+2bb�`v U2X;X- i?2 7�+i i?�i i?2 b2ib �`2 2ti2MbBQM�HV �`2MǶi HQ;B+�HHv

M2+2bb�`vkX

aQ r?�i KQ/�H MQiBQM b?QmH/ i?2 S�`bQMB�M BMpQF2\

8Xj *QMbi`m+iBpBbi pbX AMi2`T`2i�iBQM�HBbi PTiBQMb

8XjXR h?2 *QMbi`m+iBpBbi PTiBQM

PM2 QTiBQM- bm;;2bi2/ #v i�HF �#Qmi ;2M2`�iBM; b2ib �i 7�+2 p�Hm2- rQmH/

#2 b�v i?�i b2ib �`2 HBi2`�HHv #`Qm;?i BMiQ #2BM; ě T2`?�Tb #v bQK2 �+i

Q7 bQ+B�H +QMbi`m+iBQM- HBF2 i?�i r?B+? +`2�i2b +QMi`�+ib �M/ +Q`TQ`�iBQMbjX

6Q` 2t�KTH2- QM2 KB;?i b�v i?�i �/QTiBM; �M �++2Ti�#H2 M2r �tBQK Q7 b2i

i?2Q`v bm{+2b iQ bQ+B�HHv +QMbi`m+i Q` 2ti2M/ i?2 ?B2`�`+?v Q7 b2ib mT iQ �

bm{+B2Mi ?2B;?i iQ b�iBb7v �HH Q7 QM2b UMQr 2tT�M/2/V b2i i?2Q`2iB+ �tBQKbX

LQr r?�i �#Qmi S�`bQMbǶ TQBMi i?�i b2ib 2tBbi K2i�T?vbB+�HHv M2+2bb�`BHv\

PM2 r�v Q7 /2p2HQTBM; i?Bb bQ+B�H +QMbi`m+iBpBbi �TT`Q�+? rQmH/ #2 iQ #Bi2

i?2 #mHH2i �M/ `2D2+i i?2 �#Qp2 B/2�X PM2 KB;?i T`QTQb2 �M 2``Q` i?2Q`v
kEBi 6BM2 K�F2b � p2`bBQM Q7 i?Bb TQBMi BM ()X
ja22 (k9) 7Q` � T`QTQb�H i?�i K�i?2K�iB+�H Q#D2+ib �`2 bQ+B�HHv +QMbi`m+i2/ BM i?2 b�K2

r�v �b K�``B�;2b �M/ +Q`TQ`�iBQMbX "mi MQi2 i?�i *QH2 /Q2bMǶi /Q2bMǶi i�F2 K�i?2K�iB+�H
Q#D2+ib ?�p2 i?2 i2KTQ`�H 72�im`2b M22/2/ iQ /`Bp2 i?2 TQi2MiB�HBbi biQ`vX
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�#Qmi r?v r2 7�Hb2Hv i?BMF i?2 b2ib 2tBbi M2+2bb�`BHv �HQM; i?2 7QHHQrBM; HBM2bX

Ai bQmM/b Q// iQ /2Mv i?�i b2ib 2tBbi M2+2bb�`BHv �M/ iBK2H2bbHv #2+�mb2 U�b

MQi2/ �#Qp2V BM �HH MQ`K�H K�i?2K�iB+�H +QMi2tib �TT�`2Mi +H�BKb �#Qmi

b2i 2tBbi2M+2 `2�HHv 2tT`2bb KQ/�H +H�BKb U�b T2` i?2 S�`bQMB�M T�`�T?`�b2

bi`�i2;vVX �M/ i?2 TQi2MiB�HBbi T�`�T?`�b2 Q7 i?2 +H�BK i?�i bQK2 b2ib 2tBbi

`2�HHv Bb � iBK2H2bb M2+2bb�`v i`mi?X

�Hi2`M�i2Hv- QM2 KB;?i `2+QM+BH2 i?2 B/2� Q7 H�v2`b Q7 i?2 b2i i?2Q`2iB+ ?B2`@

�`+?v #2BM; bQ+B�HHv +QMbi`m+i2/ rBi? i?2 B/2� i?�i �HH K�i?2K�iB+�H Q#D2+ib

�`2 K2i�T?vbB+�HHv M2+2bb�`v �M/ iBK2H2bb- #v /`�rBM; QM bQK2 B/2�b 7`QK

*QH2(k8) �M/ a2�`H2(Rye) �#Qmi bQ+B�H +QMbi`m+iBQM �M/ i?2 TQbbB#BHBiv Q7 /2@

+BbBQMb U�#Qmi r?2M � +QKT�Mv +�K2 iQ 2tBbi- Q` r?2M � TH�v2` }`bi [m�HB}2/

�b QM i?2 BMDm`2/ HBbiV i�FBM; 2z2+i `2i`Q�+iBp2Hv9X

>Qr2p2`- A i�F2 Bi i?�i bB;MB}+�Mi rQ`F rQmH/ #2 M22/2/ 2Bi?2` Q7 i?2 �#Qp2

TQbBiBQMbX aQ- BiǶb MQi bm`T`BbBM; i?�i 2tBbiBM; S�`bQMB�Mb i2M/ iQ i�F2 �

/Bz2`2Mi �TT`Q�+?X

8XjXk 6BM2 QM aBim�iBQM�H pbX AMi2`T`2i�iBQM�H JQ/�HBiv

AM (9k- 9R) EBi 6BM2 T`QTQb2b � MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv r?B+?

?�b #22M i�F2M mT #v i?2 irQ KQbi /2p2HQT2/ p2`bBQMb Q7 S�`bQMB�M b2i

i?2Q`v BM i?2 +m``2Mi HBi2`�im`2X

6BM2 BMi`Q/m+2b i?2 MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv #v � FBM/ Q7 B/2�H@

Bx�iBQM QM +H�BKb �#Qmi ?Qr Bi Bb UT?vbB+�HHv Q` K2i�T?vbB+�HHvV TQbbB#H2 iQ
9"Qi? ?�p2 bm;;2bi2/ i?�i Q#D2+ib r?B+? �`2 +QMiBM;2MiHv bQ+B�HHv +QMbi`m+i2/ �i �

+2`i�BM iBK2 U2X;X- ?mK�M `B;?ib +QMbi`m+i2/ #v � +Qm`iV KB;?i MQM2i?2H2bb #2 M2+2bb�`v
�M/ 2tBbi 2i2`M�HHvX
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`2BMi2`T`2i �i ;Bp2M bT2�F2`X >2 bm;;2bib i?�i +2`i�BM �+ib Q7 `2BMi2`T`2iBM;

� bT2�F2` U2X;X- #v i�FBM; i?2B` [m�MiB}2`b iQ `�M;2 Qp2` �M �//BiBQM�H H�v2`

Q7 b2ibV rBiM2bb- #mi �`2 MQi M2+2bb�`v 7Q`- i?2 BMi2`T`2i�iBQM�H TQbbB#BHBiv Q7

i?2`2 #2BM; KQ`2 b2ibX 6Q` 2t�KTH2- 6BM2 r`Bi2b

(A)i b22Kb +H2�` i?�i i?2`2 Bb � MQiBQM Q7 (Q7 TQbbB#BHBiv) bm+? i?�i

i?2 TQbbB#H2 2tBbi2M+2 Q7 � #`Q�/2` BMi2`T`2i�iBQM Bb XXX bm{+B2Mi

iQ b?Qr i?�i (�) ;Bp2M M�``Qr2` BMi2`T`2i�iBQM Bb MQi �#bQHmi2Hv

mM`2bi`B+i2/X 6Q` bmTTQb2 bQK2QM2 T`QTQb2b �M BMi2`T`2i�iBQM Q7

i?2 [m�MiB}2` �M/ A i?2M �ii2KTi iQ /Q � ǵ_mbb2HHǶ QM ?BKX 1p@

2`vQM2 +�M �;`22 i?�i B7 A bm++22/ BM +QKBM; mT rBi? � #`Q�/2`

BMi2`T`2i�iBQM- i?2M i?Bb b?Qrb i?2 Q`B;BM�H BMi2`T`2i�iBQM MQi iQ

?�p2 #22M �#bQHmi2Hv mM`2bi`B+i2/X amTTQb2 MQr i?�i MQ QM2 BM

7�+i /Q2b /Q � _mbb2HH QM ?BKX .Q2b i?�i K2�M i?�i ?Bb BMi2`T`2@

i�iBQM r�b mM`2bi`B+i2/ �7i2` �HH\ *H2�`Hv MQiX �HH i?�i K�ii2`b

Bb i?�i i?2 BMi2`T`2i�iBQM b?QmH/ #2 TQbbB#H2X "mi i?2 `2H2p�Mi

MQiBQM Q7 TQbbB#BHBiv Bb i?2M i?2 QM2 r2 r2`2 �7i2`c Bi #2�`b /B@

`2+iHv QM i?2 Bbbm2 Q7 mM`2bi`B+i2/ [m�MiB}+�iBQM- rBi?Qmi `2;�`/

7Q` i?2 2KTB`B+�H pB+BbbBim/2b Q7 �+im�H BMi2`T`2i�iBQMX(9k)

6BM2 +QMi`�bib i?2 MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv rBi? ǵ+B`+mKbi�M@

iB�HǶ KQ/�HBiB2b HBF2 T?vbB+�H �M/ K2i�T?vbB+�H TQbbB#BHBivX AMi2`T`2i�iBQM�H

TQbbB#BHBiB2b �`2 bmTTQb2/ iQ #2 U�b 6BM2 Tmib BiV � FBM/ Q7- ǳTQbbB#BHBiB2b 7Q`

i?2 �+im�H rQ`H/Ǵ- `�i?2` i?�M ǳTQbbB#H2 �Hi2`M�iBp2b iQ i?2 �+im�H rQ`H/XǴ

J�Mv /Bz2`2Mi i?BM;b �`2 BMi2`T`2i�iBQM�HHv TQbbB#H2 `2H�iBp2 iQ i?2 �+im�H

rQ`H/ U�b- T2`?�Tb- rBiM2bb2/ #v i?2 7�+i i?�i r2 +QmH/ BMi2`T`2i bQK2QM2
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�b bT2�FBM; rBi? BKTHB+Bi [m�MiB}2` `2bi`B+iBQMb �M/ i�HFBM; �#Qmi KQ`2 Q`

72r2` Q7 i?2 Q#D2+ib r2 �`2 +m``2MiHv [m�MiB7vBM; Qp2`VX *QMiBM;2Mi /Bz2`@

2M+2b iQ r?�i i?2 rQ`H/ Bb �+im�HHv HBF2 �`2 bmTTQb2/ iQ K�F2 MQ /Bz2`2M+2

iQ BMi2`T`2i�iBQM�H TQbbB#BHBivX 6BM2 r`Bi2b- ǳ*B`+mKbi�M+2 +QmH/ ?�p2 #22M

/Bz2`2Mic "mb? KB;?i M2p2` ?�p2 #22M S`2bB/2Mic Q` K�Mv mM#Q`M +?BH/`2M

KB;?i ?�p2 #22M #Q`MX "mi �HH bm+? p�`B�iBQM BM i?2 +B`+mKbi�M+2b Bb B``2H2@

p�Mi iQ r?�i Bb Q` Bb MQi (BMi2`T`2i�iBQM�HHv) TQbbB#H2XǴ(9k)

�++Q`/BM;Hv- i?2`2 Bb MQ +QM~B+i #2ir22M b�vBM; BiǶb K2i�T?vbB+�HHv M2+2bb�`v

i?�i i?2 ?B2`�`+?v Q7 b2ib biQTb �i � +2`i�BM ?2B;?i �M/ i?�i BiǶb Bb BMi2`T`2@

i�iBQM�Hv TQbbB#H2 7Q` Bi iQ ?�p2 � /Bz2`2Mi ?2B;?iX �M/ BMi2`T`2i�iQM�HBbib

S�`bQMB�Mb b22 MQ i2MbBQM #2ir22M mM/2`bi�M/BM; TQbbB#H2 b2i 7Q`K�iBQM BM

i2`Kb Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv �M/ �++2TiBM; i?2 BMimBiBQM i?�i b2ib

2tBbi M2+2bb�`BHvX

6BM2 mHiBK�i2Hv `2D2+ib mM/2`bi�M/BM; K�i?2K�iB+b BM i2`Kb Q7 BMi2`T`2i�@

iBQM�H TQbbB#BHBiv- #mi U�b MQi2/ �#Qp2V #Qi? GBMM2#Q �M/ aim// BMpQF2 mb2

?Bb MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv iQ /2p2HQT i?2B` p2`bBQMb Q7 S�`bQ@

MB�M b2i@i?2Q`2iB+ TQi2MiB�HBbKX

8X9 GBMM2#Q �M/ aim//

AM i?Bb b2+iBQM AǶHH /Bb+mbb ?Qr p2`bBQMb Q7 6BM2Ƕb MQiBQM Q7 BMi2T`2i�iBQM�H

TQbbB#BHBiv ?�p2 #22M mb2/ #v GBMM2#Q �M/ aim// iQ /2p2HQT S�`bQMB�M TQ@

i2MiB�HBbKX AǶHH �HbQ 7Q`2b?�/Qr bQK2 rQ``B2b UiQ #2 `�Bb2/ #2HQrV �#Qmi

i?2 T`BM+BTH2/M2bb �M/ �ii`�+iBp2M2bb Q7 i?2b2 p2`bBQMb Q7 BMi2`T`2i�iBQM�H
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TQbbB#BHBiv �b � +?QB+2 Q7 +QM+2Tim�H T`BKBiBp2X

8X9XR GBMM2#QǶb AMi2`T`2i�iBQM�H SQbbB#BHBiv

AM (d8) GBMM2#Q /2p2HQTb � p2`bBQM Q7 S�`bQMB�M TQi2MiB�HBbi b2i i?2Q`v r?B+?

BMpQF2b i?2 �#Qp2 MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv �M/ +QMM2+ib Bi p2`v

/B`2+iHv iQ 6`2;2Ƕb MQiBQM Q7 �#bi`�+iBQM T`BM+BTH2bX >2 /2p2HQTb � p2`bBQM

Q7 S�`bQMB�M TQi2MiB�HBbK rBi?BM � H�`;2` �++QmMi Q7 ?Qr r2 +�M b?B7i Qm`

H�M;m�;2 UiQ +QM+2Tim�HBx2 i?2 �+im�H rQ`H/ BM i2`Kb Q7 KQ`2 Q#D2+ibV #v

�/QTiBM; �#bi`�+iBQM T`BM+BTH2bX >2 bm;;2bib i?�i bQK2 Q#D2+ib �`2 ǵi?BMǶ

UrBi? `2bT2+i iQ bQK2 Qi?2` Q#D2+ibV- BM i?2 b2Mb2 i?�i r2 +�M +QK2 iQ FMQr

i?BM;b �#Qmi i?2 7Q`K2` i?BM Q#D2+ib #v BMi`Q/m+BM; �#bi`�+iBQM T`BM+BTH2b

i?�i bT2+B7v BM/2MiBiv +QM/BiBQMb 7Q` i?2K #v �TT2�H iQ i?2 Q#D2+ib i?2v �`2

i?BM rBi? `2bT2+i iQX 6Q` 2t�KTH2- BM 6`2;2Ƕb +H�bbB+ +�b2- B7 vQm �`2 �H`2�/v

i�HFBM; �#Qmi HBM2b- vQm +�M bi�`i i�HFBM; BM i2`Kb Q7 i?2 �#bi`�+i Q#D2+ib

r2 +�HH ǵ/B`2+iBQMbǶ- #v biBTmH�iBM; i?�i irQ HBM2b ?�p2 i?2 b�K2 /B`2+iBQM Bz

i?2v �`2 T�`�HH2HX

�++Q`/BM;Hv- r2 +�M BMi2`T`2i i�HF Q7 ǵ7Q`KBM;Ƕ M2r Q#D2+ib �b K�FBM; +H�BKb

�#Qmi ?Qr QM2 +QmH/ U`2V+QM+2Tim�HBx2 i?2 rQ`H/ �b +QMi�BMBM; �//BiBQM�H

Q#D2+ibX GBMM2#Q r`Bi2b i?�i ?2 rBHH i�F2- ǳKQ/�H QT2`�iQ`b " �M/ ♦ iQ /2@

b+`B#2 ?Qr i?2 BMi2`T`2i�iBQM Q7 i?2 H�M;m�;2 +�M #2 b?B7i2/@�M/ i?2 /QK�BM

2tT�M/2/@�b � `2bmHi Q7 �#bi`�+iBQMXǴ(d8) ♦φ Bb bmTTQb2/ iQ #2 i`m2 B7 vQm

+QmH/ K�F2 φ i`m2 pB� bQK2 r2HH@Q`/2`2/ b2[m2M+2 Q7 �+ib Q7 `2+QM+2Tim�HBx@

BM; i?2 rQ`H/ pB� �/QTiBM; �#bi`�+iBQM T`BM+BTH2b- r?2i?2` Q` MQi Bi rQmH/ #2

K2i�T?vbB+�HHv TQbbB#H2 7Q` �MvQM2 iQ K�F2 bm+? � b2[m2M+2 Q7 �#bi`�+iBQMbX
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LQi2 i?�i i?2 �/QTiBQM Q7 bm+? �#bi`�+iBQM T`BM+BTH2b /Q2bMǶi #`BM; �Mvi?BM;

BMiQ #2BM; Ĝ r?2i?2` Bi #2 � T?vbB+�H Q#D2+i Q` �M �#bi`�+i Q#D2+iX _�i?2`

Bi BMpQHp2b ǳ`2+QM+2Tim�HBxBM;Ǵ i?2 rQ`H/ pB� i?2 �/QTiBQM Q7 �#bi`�+iBQM

T`BM+BTH2bX �HbQ MQi2 i?�i GBMM2#Q QMHv +QMbB/2`b `2QM+2Tim�HBx�iBQMb r?B+?

`2+Q;MBx2 KQ`2 Q#D2+ib MQi QM2b r?B+? `2KQp2 Q#D2+ib r2 +m``2MiHv `2+Q;MBx2X

aBM+2 ?Bb MQiBQM Q7 TQbbB#BHBiv QMHv �HHQrb i?2 rQ`H/ iQ ;`Qr- Bi /Q2bMǶi b�iBb7v

a8 UmMHBF2 HQ;B+�H TQbbB#BHBivV8 �M/ GBMM2#Q �++2Tib i?2 +QMp2`b2 "�`+�M

J�`+mb 7Q`KmH� �b i`m2 rBi? `2;�`/ iQ BMi2`T`2i�iBQM�H TQbbB#BHBivX

AKTQ`i�MiHv GBMM2#Q �TT2�Hb iQ � MQiBQM Q7 /vM�KB+ �#bi`�+iBQM- r?B+?

H2ib QM2 2tT�M/ i?2 �TTHB+�iBQM Q7 bQK2 T`2pBQmbHv mM/2`biQQ/ MQiBQM #v

�/QTiBM; �M �#bi`�+iBQM T`BM+BTH2X PM2 +�M- BM 2z2+i- BMi`Q/m+2 � T`2/B+�i2

ǵPH/UVǶ i?�i �TTHB2b iQ �HH Q7 QM2b QH/ Q#D2+ib �M/ i?2M �/QTi �#bi`�+iBQM

T`BM+BTH2b i?�i b�v i?�i 7Q` 2p2`v THm`�HBiv Q7 QH/ b2ib i?2`2Ƕb ǵb2iǶ +QHH2+iBM;

2t�+iHv i?2b2 Q#D2+ibX q2 KB;?i i?BMF Q7 i?2 �#Qp2 �#bi`�+iBQM T`BM+BTH2

�b b�vBM;- ǵAǶHH +QMiBMm2 iQ `272` iQ �HH i?2b2 QH/ Q#D2+ib �M/ bi�`i �++2TiBM;

+2`i�BM �#bi`�+iBQM b2Mi2M+2b BKTHvBM; i?2`2 �`2 M2r QM2b r?B+? `2H�i2 iQ i?2

QH/ Q#D2+ib BM � +2`i�BM r�vXǶ h?Bb ?�b i?2 BKTQ`i�Mi 2z2+i i?�i `2T2�i2/Hv

�/QTiBM; UbvMi�+iB+�HHvV i?2 b�K2 �#bi`�+iBQM T`BM+BTH2 +�M H2�/ vQm iQ i�HF

BM i2`Kb Q7 HQM;2` �M/ HQM;2` ?B2`�`+?B2b Q7 b2ibX

6BM�HHv- GBMM2#Q ?QH/b vQm +�M QMHv bi�`i i?BMFBM; BM i2`Kb Q7 � b2i B7 vQm �`2

�H`2�/v UQ` bBKmHi�M2QmbHv bi�`iV i?BMFBM; BM i2`Kb Q7 Bib 2H2K2Mib UT�`�/B;@

K�iB+�HHv � b2i Bb BMi`Q/m+2/ #v �/QTiBM; �#bi`�+iBQM T`BM+BTH2b i?�i b�v

i?�i i?`2`2Ƕb � b2i +QHH2+iBM; 2p2`v THm`�HBiv Q7 QH/ b2ibVX h?Bb ;Bp2b mb i?2
8aT2�FBM; BM i2`Kb Q7 E`BTF2 KQ/2Hb- r?2M Bi +QK2b iQ BMi2`T`2i�iBQM�H TQbbB#BHBiv QMHv

rQ`H/b i?�i T`2b2`p2 Q` �// iQ i?2 Q#D2+ib 2tBbiBM; BM � rQ`H/ w0 �`2 �++2bbB#H2 7`QK w0X
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/2T2M/2M+2 Q7 b2ib QM i?2B` 2H2K2Mib `272`2M+2/ BM Ȝ8Xk �#Qp2X

LQr- HBF2 >2HHK�M- GBMM2#Q b?Qrb i?�i r2 +�M DmbiB7v i?2 mb2 Q7 i?2 w6*

�tBQKb 7`QK +2`i�BM KQ/�H �bbmKTiBQMb Ĝ BM i?Bb +�b2- �bbmKTiBQMb �#Qmi

r?�iǶb BMi2`T`2i�iBQM�HHv TQbbB#H2X >Qr2p2`- Bi b22Kb iQ K2 i?�i bQK2 Q7

i?2 �bbmKTiBQMb mb2/ BM i?Bb T`QQ7 `�Bb2 �M BKTQ`i�Mi [m2biBQM �#Qmi ?Qr

GBMM2#QǶb MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv Bb iQ #2 mM/2`biQQ/X AM T�`@

iB+mH�`- GBMM2#Q �TT2�Hb iQ i?2 7QHHQrBM; K�tBK�HBiv T`BM+BTH2X

ǳJ�tBK�HBiv, �i 2p2`v bi�;2- �HH i?2 2MiBiB2b i?�i +�M #2 BMi`Q@

/m+2/ �`2 BM 7�+i BMi`Q/m+2/XǴ

"mi i?Bb T`BM+BTH2 b22Kb p2`v BKTH�mbB#H2 QM i?2 BMimBiBp2 mM/2`bi�M/BM; Q7

BMi2`T`2i�iBQM�H TQbbB#BHBiv �b TQbbB#BHBiv rBi? `2bT2+i iQ ?Qr- ǳi?2 BMi2`@

T`2i�iBQM Q7 i?2 H�M;m�;2 +�M #2 b?B7i2/ ě �M/ i?2 /QK�BM 2tT�M/2/ ě

�b � `2bmHi Q7 �#bi`�+iBQMǴ 2pQF2/ �#Qp2X 6Q` bm`2Hv r2 /QMǶi BMi`Q/m+2 �HH

TQbbB#H2 �#bi`�+iBQM T`BM+BTH2b �i QM+25

S2`?�Tb QM2 +�M bQHp2 i?Bb T`Q#H2K #v bBKTHv mM/2`bi�M/BM; GBMM2#QǶb MQ@

iBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv KQ`2 M�``QrHv U�b +QM+2`MBM; ?Qr i?2

rQ`H/ +QmH/ #2 `2+QM+2Tim�HBx2/ �i bQK2 bi�;2 Q7 � T`Q+2bb i?�i /B/ bB@

KmHi�M2QmbHv BMi`Q/m+2 �HH TQbbB#H2 �#bi`�+iBQM T`BM+BTH2b �i 2�+? bi�;2VX

>Qr2p2`- bm+? �/ ?Q+ `2bi`B+iBQM Q7 i?2 BMimBiBp2 MQiBQM Q7 ǵr?�i +�M #2

;Qi iQ #v BMi`Q/m+BM; �#bi`�+iBQM T`BM+BTH2bǶ �#Qp2 +�M K�F2 i?2 +QM+2Ti Q7

BMi2`T`2i�iBQM�H TQbbB#BHBiv b22K bB;MB}+�MiHv H2bb T`BM+BTH2/ U�M/ ?2M+2 H2bb

�ii`�+iBp2 �b � +?QB+2 Q7 i?2Q`2iB+�H T`BKBiBp2V i?�M HQ;B+�H TQbbB#BHBiv
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8X9Xk aim// QM AMi2`T`2i�iBQM�H SQbbB#BHBiv

AM (RRj) /2p2HQTb i?2 MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv BM � r�v i?�i UAǶHH

bm;;2biV `�Bb2b � bBKBH�` +QM+2`M �#Qmi r?2i?2` BMi2`T`2i�iBQM�H TQbbB#BHBiv

Bb �M �ii`�+iBp2 +?QB+2 Q7 i?2Q`2iB+�H T`BKBiBp2X

AMi2`2biBM;Hv- aim// BMi`Q/m+2b ?Bb MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv #v

+QMi`�biBM; Bi rBi? HQ;B+�H TQbbB#BHBiv- b�vBM; i?�i BMi2`T`2i�iBQM�H TQbbB#BH@

Biv Bb HBF2 HQ;B+�H TQbbB#BHBiv #mi rBi? � bi`B+i2` �++2bbB#BHBiv `2H�iBQMX >2

i?2M b�vb ?Bb MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv Bb p2`v bBKBH�` iQ GBM@

M2#QǶbX >Qr2p2`- r?2`2 GBMM2#Q i�HFb �#Qmi BMi2`T`2i�iBQM�H TQbbB#BHBiB2b

�b +Q``2bTQM/BM; iQ r�vb Q7 `2+QM+2Tim�HBxBM; i?2 rQ`H/- aim// i�HFb �#Qmi

ǵ�/KBbbB#H2 BMi2`T`2i�iBQMbǶ 7Q` � +2`i�BM H2tB+QMX �M/ r?2`2 GBMM2#Q i�HFb

�#Qmi �#bi`�+iBQM T`BM+BTH2b- aim// i�HFb �#Qmi bm++2bb7mH �ii2KTib iQ HB#@

2`�HBx2 Qm` H�M;m�;2 U#v �/QTiBM; � M2r- KQ`2 HB#2`�H- BMi2`T`2i�iBQM 7Q`

i?2 H2tB+QM BM Qm` H�M;m�;2V #v ě bQ iQ bT2�F ě 2tT�M/BM; i?2 /QK�BM

Q7 [m�MiB}+�iBQM �M/ �//BM; bQK2 Q7 i?2b2 M2r Q#D2+ib iQ i?2 2ti2MbBQM Q7

T`2/B+�i2b HBF2 ǵb2iǶX

aim// r`Bi2b- ǳh?2 i`mi? Q7 "φ /2T2M/b QM r?2i?2` i?2 T`QTQbBiBQM i?�i

rQmH/ #2 2tT`2bb2/ #v φ mM/2` Qi?2` �/KBbbB#H2 BMi2`T`2i�iBQMb Q7 i?2 H2t@

B+QM Bb i`m2 UBM i?2 �+im�H rQ`H/VǴ �M/ b�vb i?2 7QHHQrBM; �#Qmi �/KBbbB#H2

BMi2`T`2i�iBQMbX

�/KBbbB#H2 BMi2`T`2i�iBQMb `2bmHi 7`QK b?B7ib Q7 BMi2`T`2i�iBQM Q7

i?2 FBM/ i?�i � ([m�MiB}2`) `2H�iBpBbi K�v #`BM; �#Qmi BM ?2` �i@

i2KTi iQ 2tT�M/ i?2 mMBp2`b2X am+? BMi2`T`2i�iBQMb +QK2 rBi?
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� M�im`�H Q`/2`BM;, �M �/KBbbB#H2 BMi2`T`2i�iBQM D Bb b�B/ iQ bm+@

+22/ �MQi?2` B Bz D `2bmHib 7`QK QM2 Q` KQ`2 `2H�iBpBbi �ii2KTib

iQ �/KBbbB#Hv HB#2`�HBx2 i?2 BMi2`T`2i�iBQM BX AM i?Bb +�b2 r2 �HbQ

b�v i?�i B T`2+2/2b DX

aim// MQi2b i?�i ?Bb +QM+2Ti Q7 ǵ�/KBbbB#H2 BMi2`T`2i�iBQMǶ U�M/ ?2M+2 BM@

i2`T`2i�iBQM�H TQbbB#BHBivV /Bz2`b 7`QK i?2 M�im`�H H�M;m�;2 MQiBQM Q7 r?�i

r2 +QmH/ ;2i Qm` rQ`/b iQ K2�MeX AMbi2�/ ?2 mb2b E`BTF2@HBF2 KQ/2Hb �M/ �

T`BM+BTH2 i?�i i?2b2 KQ/2Hb Kmbi b�iBb7v +2`i�BM KQMBiQMB+Biv �M/ bi�#BHBiv

`2[mB`2K2Mib iQ +QMp2v ?Bb +QM+2Ti Q7 �/KBbbB#H2 BMi2`T`2i�iBQMb �M/ HB#2`@

�HBx�iBQMbX h?Bb �KQmMib iQ `2[mB`BM; i?�i `2H2p�Mi K2�MBM; +?�M;2 2p2Mib

?�p2 �i H2�bi i?2 7QHHQrBM; 72�im`2b, i?2v QMHv BMi`Q/m+2 M2r Q#D2+ib iQ

i?2 /QK�BM Q7 i?2 [m�MiB}2`b �M/ i?2 2ti2MbBQM Q7 ǵb2iǶ �M/ ǵ2H2K2MiǶ rBi?@

Qmi biQTTBM; vQm` [m�MiB}2`b 7`QK `�M;BM; Qp2` �Mvi?BM; vQm �`2 +m``2MiHv

[m�MiB7vBM; Qp2` UJQMQiQMB+BivV Q` +?�M;BM; ?Qr ǵb2iǶ �M/ ǵ2H2K2MiǶ �TTHv

iQ i?2b2 +m``2Mi Q#D2+ib Uai�#BHBivVd

e>2 r`Bi2b- ǳAM i?2 +�b2 Q7 i?2 T`2b2Mi p2`bBQM Q7 1M;HBb?- 7Q` BMbi�M+2- i?2`2Ƕb MQi?BM;
iQ biQT mb 7`QK �ii�+?BM; M2r K2�MBM;b iQ i2`Kb HBF2 ǵb2iǶ �M/ ǵ2H2K2MiǶ i?�i �`2 r?QHHv
mM+QMM2+i2/ rBi? i?2B` +m``2Mi K2�MBM;bX h?2 M2r BMi2`T`2i�iBQM +QmH/ `2BMi2`T`2i i?2b2
i2`Kb iQ #2 +Q2ti2MbBp2 rBi? ǵbHQi?Ƕ �M/ ǵ2�ibǶ U�b i?2 H�ii2` i2`Kb �`2 T`2b2MiHv BMi2`@
T`2i2/VX h?2 `2bmHiBM; BMi2`T`2i�iBQM Bb +H2�`Hv �p�BH�#H2 iQ mb #mi BM�/KBbbB#H2 #2+�mb2 Bi
7�BHb iQ K22i i?2 ai�#BHBiv +QMbi`�BMiX �HH i?2 b�K2- bBM+2 i?Bb bQ`i Q7 `2BMi2`T`2i�iBQM Bb
+H2�`Hv Q`i?Q;QM�H iQ Bbbm2b +QM+2`MBM; �#bQHmi2 ;2M2`�HBiv- MQi?BM; Bb HQbi #v i�FBM; i?2
BMi2`T`2i�iBQM�H KQ/�H QT2`�iQ`b iQ QMHv ;2M2`�HBx2 Qp2` �/KBbbB#H2 BMi2`T`2i�iBQMbXǴ

dJQ`2 bT2+B}+�HHv ?2 2tTH�BMb ?Bb K2�MBM; K2i�T?Q`B+�HHv #v T`QpB/BM; bQK2i?BM; HBF2 �
E`BTF2 � KQ/2H 7Q` ?Bb KQ/�H MQiBQM UrBi? Q#D2+ib +�HH2/ BM/2t2b +Q``2bTQM/BM; iQ bT2+B}+
BMi2`T`2i�iBQM�H TQbbB#BHBiB2bVX �7i2` +QMDm`BM; i?2 BK�;2 Q7 bi�;2b BM � ;`QrBM; ?B2`�`+?v
Q7 b2ib rBi? BM/2t2b +Q``2bTQM/BM; iQ T�`iB+mH�` bi�;2b Q7 ;`Qri?- aim// r`Bi2b-

ǳG2bb K2i�T?Q`B+�HHv- r2 +�M ?2HT7mHHv i?BMF Q7 i?2 BM/B+2b (Q7 i?2b2 E`BTF2
KQ/2Hb) �b �/KBbbB#H2 BMi2`T`2i�iBQMb Q7 i?2 bQ`i i?�i i?2 KQ/�HBiv Bb BMi2M/2/
iQ ;2M2`�HBx2 Qp2`- rBi? JQMQiQMB+Biv �M/ ai�#BHBiv b2`pBM; iQ +QMbi`�BM i?2
bQ`ib Q7 BMi2`T`2i�iBQM i?2 KQ/�HBiv ;2M2`�HBx2b �#QmiXǴ

AM i?Bb KQ/2H r2 ?�p2 � b2i B Q7 BM/2t2b 7Q` �/KBbbB#H2 BMi2`T`2i�iBQMb i1 i2 2i+X 7Q` ǳaǴ
�M/ ǳ1Ǵ U7Q` ǵb2iǶ �M/ ǵ2H2K2Mi Q7ǶV
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>Qr2p2` i?2b2 +QMbi`�BMib +�MMQi #2 �HH i?�iǶb `2[mB`2/ Q7 �/KBbbB#H2 BMi2`@

T`2i�iBQMbX 6Q` 2t�KTH2- 2tT�MbBQMb Q7 � H�M;m�;2 r?B+? �// � M2r Q#D2+i

iQ i?2 2ti2MbBQM Q7 ǵb2iǶ �M/ MQi i?2 2ti2MbBQM Q7 ǵ2H2K2MiǶ /2bTBi2 i?�i

H�M;m�;2 �H`2�/v `2+Q;MBxBM; �M 2KTiv b2i UbQ i?2 2ti2MbBQM�HBiv �tBQK Bb

pBQH�i2/V- �`2 T`2bmK�#Hv MQi �/KBbbB#H2 BMi2`T`2i�iBQMbX �M/ H�i2`- r?2M

DmbiB7vBM; K�i?2�KiB+B�MbǶ mb2 Q7 i?2 w6* �tBQKb- aim// K�F2b � TH2MBim/2

�bbmKTiBQM i?�i �KQmMib iQ b�vBM; i?�i r?2M2p2` vQm HB#2`�HBx2 i?2 K2�M@

BM; Q7 b2i iQ ǵ�//Ƕ QM2 b2i- vQm Kmbi i?2`2#v �// U�i H2�biV � 7mHH H�v2` Q7

M2r b2ibX

Pp2`�HH aim// b�vb `�i?2` HBiiH2 �#Qmi ?Qr ?2 mM/2`bi�M/b BMi2`T`2i�iBQM�H

TQbbB#BHBiv- #2vQM/ i?2 TQBMib bmKK�`Bx2/ �#Qp2 �M/ bQK2 7m`i?2` T`BM+BTH2b

bT2+B}+ iQ b2i i?2Q`vX AiǶb MQi +H2�` iQ K2 i?�i �Mv bBM;H2 mMB}2/ BMimBiBp2

MQiBQM BKTHB2b �HH i?2 +QMbi`�BMib QM BMi2`T`2i�iBQM�H TQbbB#BHBiv aim// �bb2`ib

UQ` r?2i?2` aim// 2p2M +H�BKb iQ ?�p2 H�i+?2/ QM iQ bm+? � MQiBQMVX h?mb-

A i?BMF aim//Ƕb MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv +�M- HBF2 GBMM2#QǶb-

b22Kb mMT`BM+BTH2/ �M/ �/ ?Q+ BM � r�v i?�iǶb mM/2bB`�#H2 r?2M /2p2HQTBM;

� 7QmM/�iBQMb 7Q` K�i?2K�iB+b U2p2M B7 BiǶb MQ T`Q#H2K 7Q` i?2 T`QD2+i Q7

� KQ/2H@i?2Q`2iB+ UQ` Jh@V BMi2`T`2i�iBQM Q7 i?2 MQM@KQ/�H H�M;m�;2 LSU

Bb � b2i@bi`m+im`2〈M,S,E〉 i?�i bmTTHB2b � MQM@2KTiv b2i M �b i?2 mMBp2`b2
Q7 /Bb+Qm`b2- �M/ 2ti2MbBQMb S �M/ E #�b2/ QM M 7Q` i?2 H�M;m�;2Ƕb irQ
MQM@HQ;B+�H T`2/B+�i2b- i?2 b2i �M/ 2H2K2MiĜb2i T`2/B+�i2b Uβ �M/ εVX
XXX�M Jh@?B2`�`+?v Bb �M BM/2t2/@b2i Q7 i`BTH2b {〈Mi, Si, Ei〉 : i ∈ I} 2�+?
K2K#2` Q7 r?B+? Bb 2Bi?2` �M Jh@BMi2`T`2i�iBQM Q` i?2 2KTiv BMi2`T`2i�iBQM
UrBi? Mi MQM@2KTiv 7Q` bQK2 i ∈ I)- �M/ r?B+? K22ib i?2 XXX i?`22 +QM/BiBQMb
(b2`B�H r2HH Q`/2`- KQMQiQMB+Biv- �M/ bi�#BHBiv )

JQMQiQMB+BivX ǳq?2M2p2` B �M/ D �`2 BM/B+2b BM A rBi? i <I j,Mi Bb � bm#mMBp2`b2 Q7 Mj

UBX2X Mi ⊆ Mj)XǴ
aim// �HbQ ?�b � `2[mB`2K2Mi Q7 bi�#BHBiv r?B+? `2[mB`2b i?�i /Bz2`2Mi �/KBbbB#H2 BMi2`@

T`2i�iBQMb �;`22 QM i?2 �TTHB+�iBQM Q7 2H2K2Mi@Q7 QM b2ib i?2v #Qi? �+FMQrH2/;2X
ai�#HBiv ǳq?2M2p2` B �M/ D �`2 BM/B+2b BM A- i?2 2ti2MbBQMb Si �M/ Sj �M/ i?2 2ti2MbBQMb

Ei �M/ Ej �;`22 QM i?2B` +QKKQM /QK�BM Mi ∩MjǴ X
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/272M/BM; [m�MiB}2` `2H�iBpBbK r?B+? KQbi BMi2`2bib aim// BM (RRj)VX

8X8 q?B+? h?2Q`v iQ *?QQb2\

qBi? i?Bb TB+im`2 Q7 i?2 KQbi /2p2HQT2/ p2`bBQMb Q7 S�`bQMB�M b2i i?2Q`v BM

KBM/- A rBHH MQr �ii2KTi iQ KQiBp�i2 Kv +?QB+2 iQ rQ`F BM i?2 SmiM�KB�M

7`�K2rQ`F U�i H2�bi 7Q` i2KTQ`�`v T`�+iB+�H Tm`TQb2bVX

AǶHH �`;m2 i?�i S�`bQMB�Mb 7�+2 bQK2 T`2bbm`2 iQ �++2Ti i?2 2[mBTK2Mi M22/2/

7Q` SmiM�KB�M T�`�T?`�b2 U�M/ T2`?�Tb i?2 +Q``2+i i`mi? p�Hm2b Q7 i?2b2

T�`�T?`�b2bVX h?2M AǶHH 2tTH�BM U`�i?2` �#bi`�+iHvV r?v rQ`FBM; BM � Smi@

M�KB�M 7`�K2rQ`F rBHH #2 +QMp2MB2Mi 7Q` Kv DmbiB}+�iQ`v T`QD2+iX

8X8XR �++2Ti�#BHBiv Q7 GQ;B+�H SQbbB#BHBiv iQ S�`bQMB�Mb

6B`bi MQi2 i?�i S�`bQMB�Mb GBMM2#Q �M/ aim// /Q b22K iQ �++2Ti i?2 K2�M@

BM;7mHM2bb Q7 HQ;B+�H TQbbB#BHBiv �M/ b22KBM;Hv �;`22 i?�i U�i H2�bi bQK2 p2`@

bBQMb Q7V SmiM�KB�M T�`�T?`�b2b ?�p2 i?2 +Q``2+i i`mi?@p�Hm2bX �b r2 b�r

�#Qp2- aim// BMi`Q/m+2b ?Bb MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv #v �TT2�H

iQ HQ;B+�H TQbbB#BHBiv- �M/ ?2 2p2M b22Kb iQ UBM bQK2 b2Mb2V 2M/Q`b2 i?2 �/@

2[m�+v Q7 >2HHK�MǶb SmiM�KB�M TQi2MiB�HBbK3X �M/ GBMM2#QǶb +`BiB+BbKb Q7
3AM � 7QQiMQi2 iQ ?Bb +?�Ti2` QM TQi2MiB�HBbi b2i i?2Q`v- aim// r`Bi2b i?2 7QHHQrBM;

�#Qmi >2HHK�MǶb KQ/�H bi`m+im`�HBbi �TT`Q�+? U�M/ ;Bp2b MQ H�i2` +`BiB+BbK Q7 i?�i pB2rV-
ǳ�M �Hi2`M�iBp2 Bb 7Q` i?2 `2H�iBpBbi iQ �/QTi KQ/�H@bi`m+im`�HBbK BM i?2 bivH2
Q7 >2HHK�M URN3NVXh?Bb T2`KBib ?2` iQ BMi2`T`2i " bBKTHv �b HQ;B+�H M2+2b@
bBivX PM i?Bb pB2r- i?2`2 Bb MQ M22/ 7Q` �/KBbbB#H2 BMi2`T`2i�iBQMb iQ b�iBb7v
i?2 ai�#BHBiv +QMbi`�BMi QM i?2 BMi2`T`2i�iBQM Q7 i?2 MQM@HQ;B+�H pQ+�#mH�`v
b2i Qmi #2HQrX h?Bb Bb #2+�mb2 KQ/�H bi`m+im`�HBbK i�F2b b2i@i?2Q`2iB+ bi�i2@
K2Mib iQ #2 2HHBTiB+�H 7Q` bi�i2K2Mib BM � ?B;?2`@Q`/2` KQ/�H H�M;m�;2- r?B+?
2HBKBM�i2b Q++m``2M+2b Q7 i?2 b2i �M/ 2H2K2MiĜb2i T`2/B+�i2X a22 �HbQ >2HH@
K�M XXX r?Q �TTHB2b KQ/�H@bi`m+im`�HBbK iQ Qz2` � TQi2MiB�HBbi w2`K2HHB�M
`2bTQMb2 iQ i?2 b2i@i?2Q`2iB+ T�`�/Qt2bXǴ
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>2HHK�M@bivH2 SmiM�KB�M TQi2MiB�HBbK BM i?2 ?Bb ?2�/@iQ@?2�/ +QKT�`BbQM

Q7 SmiM�KB�M �M/ S�`bQMB�M TQi2MiB�HBbK BM (dj) �`2 bi`BFBM;Hv KQ/2`�i2

�M/ /QMǶi +2Mi2` QM `�BbBM; /Qm#ib �#Qmi i?2 BMi2HHB;B#BHBiv Q7 >2HHK�MǶb

T`QTQb�HXN

A i?BMF i?Bb �TT�`2Mi rBHHBM;M2bb iQ �++2Ti i?2 K2�MBM;7mHM2bb Q7 � MQiBQM Q7

HQ;B+�H TQbbB#BHBiv U�M/ bQK2i?BM; HBF2 i?2 BMimBiBQMb �#Qmi Bi i?2 SmiM�KB�M

TQi2MiB�HBbi M22/b iQ �TT2�H iQV Bb MQ �++B/2Mi- #mi `�i?2` ~Qrb 7`QK bQK2@

i?BM; #�bB+ �#Qmi SmiM�KB�M T�`�T?`�b2bX

6Q`- MQi2 i?�i #Qi? aim// �M/ GBMM2#Q #Qi? i�F2 7Q` ;`�Mi2/ i?2 MQiBQM

Q7 r2HH@7QmM/2/ b2[m2M+2b Q7 `2+QM+2Tim�HBx�iBQMfHB#2`�HBx�iBQM 2p2Mib BM /2@

p2HQTBM; i?2B` +QM+2Tib Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv �M/ TQi2MiB�HBbi b2i

i?2Q`vX �M/- �`;m�#Hv �Mv KQ/�H MQiBQM i?�i +QmH/ /Q i?2 rQ`F i?2 S�`bQ@

MB�M M22/b Kmbi �TT2�H iQ � p2`v B/2�HBx2/ MQiBQM Q7 ?Qr bQK2 Q#D2+ib +QmH/

N�7i2` `�BbBM; i?2 K2i�T?vbB+�H b?vM2bb �M/ +QKTQbbB#BHBiv rQ``v r2 /Bb+mbb2/ BM Ȝ9XjXR
- GBMM2#Q MQi2b,

G2i K2 #2 p2`v +H2�` �#Qmi Kv +QKTH�BMib BM i?Bb b2+iBQMX A �K MQi �b@
b2`iBM; i?�i K2i�@ T?vbB+�HHv b?v Q#D2+ib �`2 BM 7�+i TQbbB#H2 Q` i?�i i?2`2
KB;?i MQi #2 bQK2 +H2p2` r�v iQXXX+B`+mKp2Mi i?2 T`Q#H2Kb ;2M2`�i2/ #v
i?2 T?2MQK2MQM Q7 BM+QKTQbbB#H2bX Jv TQBMi Bb QMHv i?�i i?2 2ti`� 7`22@
/QK Q7 SmiM�KǶb �TT`Q�+?- r?B+? BMBiB�HHv b22K2/ Tm`2Hv �/p�Mi�;2Qmb-?�b
i?2 mMBMi2M/2/ bB/2 2z2+i Q7 BM+m``BM; TQi2MiB�HHv T`Q#H2K�iB+ K2i�T?vbB+�H
+QKKBiK2Mib- r?B+? �`2 �pQB/2/ QM i?2 S�`bQMb �TT`Q�+?X

GBMM2#QǶb Qi?2` TQBMib �;�BMbi p2`bBQMb Q7 i?2 SmiM�KB�M �TT`Q�+? BM i?�i T�T2` K2`2Hv
BMpQHp2 +Q``2+iHv TQBMiBM; Qmi p2`bBQM Q7 bQK2 TQBMib �H`2�/v /Bb+mbb2/ �#Qp2, i?�i BiǶb
?�`/ iQ K�F2 b2Mb2 Q7 SmiM�KǶb /m�H T2`bT2+iBp2 UK�i?2K�iB+b #2BM; 2[m�HHv r2HH mM/2`@
bi�M/�#H2 BM KQ/�H �M/ QMiQHQ;B+�H i2`KbV- �M/ i?�i >2HHK�MǶb `2[mB`2K2Mi i?�i BMBiB�H
b2;K2Mib #2 KQ/2Hb Q7 w6*2 b22Kb mMKQiBp�i2/ �M/ i`Qm#H2bQK2X 6BM�HHv- AǶp2 �`;m2/
i?�i GBMM2#QǶb b?vM2bb #�b2/ +`BiB+BbK Q7 SmiM�KǶb �++QmMi +�M #2 �pQB/2/ #v `27Q`KmH�i@
BM; SmiM�KB�M T`QTQb�Hb mbBM; i?2 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ` �b T2` *?�Ti2`
9X aQK2 MQKBM�HBbib KB;?i rQ``v �#Qmi BKTHB+Bi +QKKBiK2Mi iQ �#bi`�+i Q#D2+ib Ĝ #mi
S�`bQMB�M TQi2MiB�HBbib r?Q 2K#`�+2 i?2 2tBbi2M+2 UQ` �i H2�bi TQbbB#BHBivV Q7 b2ib rBHH MQi
?�p2 i?�i /Qm#iX
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#2 r2HH Q`/2`2/ #v � `2H�iBQMX "mi BiǶb ?�`/ iQ b22 ?Qr QM2 +QmH/ mM/2`@

bi�M/ i?2 MQiBQM Q7 � r2HH@Q`/2`2/ b2[m2M+2 Q7 H�M;m�;2 +?�M;2b- rBi?Qmi �

#�+F;`QmM/ MQiBQM Q7 bQK2i?BM; HBF2 HQ;B+�H TQbbB#BHBivX

S`2bbm`2 7Q` i?2 S�`bQMB�M iQ �++2Ti � MQiBQM Q7 ?Qr Bi rQmH/ #2 TQbbB#H2

UBM bQK2 b2Mb2 i?�i BbMǶi ?Qbi�;2 iQ 7�+ib �#Qmi K2i�T?vbB+�H TQbbB#BHBivV iQ

?�p2 � b2[m2M+2 Q7 b2i@7Q`K�iBQM 2p2Mib b�iBb7vBM; i?2 r2HH Q`/2`BM; �tBQKb

Bb +H2�`2bi B7 r2 mM/2`bi�M/ i?2 S�`bQMB�M iQ �HHQr QMHv �//BM; � bBM;H2

H�v2` Q7 b2ib �i 2�+? bi�;2X "mi- 2p2M B7 r2 �HHQr �`#Bi`�`BHv K�Mv b2ib

iQ #2 BMi`Q/m+2/ �i �Mv bi�;2- i?2 S�`bQMB�M rQmH/ #2 ?�`/ T`2bb2/ iQ

i`v �M/ BMbBbi i?�i BiǶb 2MQm;? iQ +QMbB/2` QMHv r2HH@Q`/2`2/ b2[m2M+2 Q7

`2+QM+2Tim�HBx�iBQMf 2p2Mib Q7 bQK2 HBKBi2/ ?2B;?iRy

h?mb- QM2 KB;?i �`;m2 i?�i i?2 S�`bQMB�M �H`2�/v M22/b iQ mM/2`bi�M/ �HH

i?2 MQiBQMb M22/2/ 7Q` SmiM�KB�M TQi2MiB�HBbKX AM/22/ QM2 KB;?i �`;m2

i?�i i?2 S�`bQMB�M Bb �H`2�/v �TT2�HBM; iQ � SmiM�KB�M TQi2MiB�HBbi TB+im`2

Q7 i?2 Q`/BM�Hb iQ KQiBp�i2 i?2B` biQ`vX 6Q`- i?2 S�`bQMB�M Kmbi �H`2�/v

i�F2 i?2`2 iQ #2 � 7�+i Q7 i?2 K�ii2` �#Qmi r?�i r2HH@Q`/2`2/ b2[m2M+2b

�`2 TQbbB#H2 BM bQK2 b2Mb2 i?�iǶb Q#pBQmbHv K2�Mi iQ #2 7`22 Q7 �Mv Tm`2Hv

T?vbB+�H Q` 2p2M K2i�T?vbB+�H HBKBi�iBQMbX A7 i?2v �`2 ;QBM; iQ �++2Ti i?2

K2�MBM;7mHM2bb Q7 �bFBM; B7 i?2`2 Bb � r2HH@Q`/2`2/ b2[m2M+2 rBi? � +2`i�BM

T`QT2`iv- Bi rQmH/ #2 mM�ii`�+iBp2 iQ bm;;2bi i?�i bm+? i�HF Q7 +Q?2`2M+2 Q`
Ry6Q` 2t�KTH2- bmTTQb2 i?�i �HH `2H2p�Mi ?2B;?i BM+`2�b2b +QmH/ #2 T2`7Q`K2/ #v `2@

T2�iBM; � bBM;H2 b2i ;2M2`�iBM; +2`2KQMv < α K�Mv iBK2bX AM �+im�HBbi i2`Kb i?Bb rQmH/
�KQmMi iQ �bbmKBM; i?�i i?2 r?QH2 ?B2`�`+?v ?�b +Q}M�HBiv α UbQK2i?BM; rB/2Hv `2;�`/2/
�b BKTH�mbB#H2 #v K�i?2K�iB+B�MbVX 6Q`- BM �+im�HBbi i2`Kb Bi rQmH/ BKTHv i?�i bQK2 b2+@
QM/ Q`/2` 7mM+iBQM f �M/ T2`?�Tb 2p2M bQK2 }`bi Q`/2` /2}M�#H2 `2H�iBQM φ +QmH/ K�T
α iQ �HH i?2 Q`B/BM�Hb- +QMi`�`v iQ i?2 Ui?2 bTB`Bi Q7- �M/ b2+QM/ Q`/2` 7Q`KmH�iBQMb Q7V
�tBQK Q7 `2TH�+2K2Mi5 �M/ � bBKBH�` +QM+HmbBQM 7QHHQrb B7 K2Mm Q7 /Bz2`2Mi �#bi`�+iBQM
i2+?MB[m2b QM2 +�M BM T`BM+BTH2 �TTHv Bb bK�HH `2H�iBp2 iQ αX
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HQ;B+�H TQbbB#BHBiv Bb QMHv K2�MBM;7mH 7Q` r2HH@Q`/2`BM;b �M/ MQi?BM; 2Hb2RRX

�++Q`/BM;Hv- A i�F2 Bi i?�i S�`bQMB�M TQi2MiB�HBbib ;2M2`�HHv /Q �M/ TH�mbB#Hv

b?QmH/ �++2Ti i?2 K2�MBM;7mHM2bb Q7 HQ;B+�H TQbbB#BHBiv UiQ;2i?2` rBi? Qi?2`

iQQHb M22/2/ iQ /2p2HQT SmiM�KB�M b2i i?2Q`vVX

8X8Xk SmiM�K�BM SQi2MiB�HBbK �M/ GQ;B+�H SQbbB#BHBiv

LQr- QM2 KB;?i mb2 i?2 TQBMi �#Qp2 iQ �`;m2 i?�i SmiM�KB�M TQi2MiB�HBbK

U+�b?2/ Qmi BM i2`Kb Q7 bQK2 7Q`K Q7 HQ;B+�H TQbbB#BHBivV b?QmH/ #2 7�pQ`2/

QM ;`QmM/b Q7 B/2QHQ;B+�H T�`bBKQMvX A7 QM2 �H`2�/v ?�b iQ �++2Ti HQ;B+�H

TQbbB#BHBiv- �M/ i?�i bm{+2b iQ H2i vQm `2+QMbi`m+i b2i i?2Q`v �M/ �Mbr2`

"m`HHB 6Q`iB T�`�/Qt BM KQbiHv i?2 r�v i?2 S�`bQMB�M r�Mib- r?v �++2Ti

�Mv �//BiBQM�H KQ/�H T`BKBiBp2\ A rBHH +QMbB/2` bm+? �M �`;mK2Mi #2HQrX

>Qr2p2`- BM i?Bb b2+iBQM A Dmbi r�Mi iQ K�F2 i?2 7QHHQrBM; T`�+iB+�H TQBMiX A7

A bm++22/ BM T`QpB/BM; BM DmbiB7vBM; i?2 SmiM�KB�M TQi2MiB�HBbi p2`bBQM Q7 i?2

�tBQK Q7 `2TH�+2K2Mi 7`QK T`BM+BTH2b i?�i b22K +H2�`Hv i`m2- S�`bQMB�Mb +�M

TH�mbB#Hv mb2 i?Bb `2bmHi iQ U�i H2�bi bQK2r?�iV 7m`i?2` DmbiB7v i?2B` p2`bBQM

Q7 i?2 �tBQK Q7 `2TH�+2K2Mi #v BM72``BM; Bi 7`QK i?2 SmiM�KB�M p2`bBQM Q7

`2TH�+2K2MiX

h?Bb Bb 7Q`imM�i2 #2+�mb2 rQ`FBM; BM � SmiM�KB�M 7`�K2rQ`F UQ7 i?2 FBM/

�/pQ+�i2/ BM T`2pBQmb +?�Ti2`bV im`Mb Qmi iQ #2 [mBi2 +QMp2MB2MiX 6Q` Kv

RRLQi2 i?�i i?2 b2+QM/ Q`/2`fTHm`�H [m�MiB}+�iBQM pQ+�#mH�`v ivTB+�HHv mb2/ iQ 7Q`Km@
H�i2 i?2 +H�BK i?�i � b2[m2M+2 Q7 ;`Qri? 2p2Mib Bb r2HH Q`/2`2/ �HbQ H2ib vQm TBM /QrM
BMi2M/2/ KQ/2Hb Q7 i?2 Bi2`�iBp2 ?B2`�`+?v mT iQ rB/i?X aQ i?2v M22/ iQ �++2Ti MQi Dmbi
i?2 HQ;B+�H TQbbB#BHBiv Q7 }`bi Q`/2` 7�+ib #mi UbQK2i?BM; HBF2V HQ;B+�H TQbbB#BHBiv +H�BKb
�#Qmi � ?B2`�`+?v Q7 ;`Qri?f`2+QM+2Tim�HBx�iBQM 2p2Mib b�iBb7vBM; i?2 MQM@}`bi Q`/2` H2�bi
2H2K2Mi +QM/BiBQM Q7 r2HH 7QmM/2/M2bbX
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T`QTQb2/ DmbiB}+�iBQM Q7 i?2 �tBQK Q7 `2TH�+2K2Mi H2p2`�;2b BMimBiBQMb �#Qmi

HQ;B+�H TQbbB#BHBiv ;2M2`�HHv BM � r�v i?�i b22Kb /B{+mHi B7 MQi BKTQbbB#H2

iQ `2T`Q/m+2 `2�bQMBM; bQH2Hv �#Qmi TQbbB#H2 2ti2MbBQMb Q7 i?2 b2i@i?2Q`2iB+

?B2`�`+?vX

aT2+B}+�HHv- Kv DmbiB}+�iBQM T`QpB/2b bQK2i?BM; �M�HQ;Qmb iQ � ǵMQM@2H2K2Mi�`v

T`QQ7ǶRk BM i?�i #v +QMbB/2`BM; i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv ;2M2`�HHv r2

+�M /2`Bp2 `2bmHib �#Qmi i?2 bT2+B}+ HQ;B+�H TQbbB#BHBiv +H�BKb mb2/ BM TQi2M@

iB�HBbiB+ b2i i?2Q`vX Ai DmbiB}2b i?2 TQi2MiB�HBbi i`�MbH�iBQMb Q7 b2i i?2Q`2iB+

+H�BKb U+H�BKb �#Qmi ?Qr Bi2`�iBp2 ?B2`�`+?B2b +�M #2 2ti2M/2/ #v Qi?2` Bi@

2`�iBp2 ?B2`�`+?B2bV #v }`bi T`QpBM; i?BM;b �#Qmi ?Qr �Mv ?B2`�`+?v Q7 b2ib

bi`m+im`2 +QmH/ #2 2ti2M/2/ #v +2`i�BM H�`;2` bi`m+im`2b i?�i �`2MǶi Bi2`�iBp2

?B2`�`+?B2bX "mi BiǶb /B{+mHi iQ b22 ?Qr iQ `2+QMbi`m+i bm+? `2�bQMBM; �#Qmi

2ti2M/�#BHBiv pB� H�`;2` HQ;B+�HHv TQbbB#H2 bi`m+im`2b U+?Qb2M 7Q` K�i?2K�i@

B+�H +QMp2MB2M+2 �HQM2V rQ`FBM; Tm`2Hv rBi?BM BM �M BMi2`T`2i�iBQM�HBbi S�`@

bQMB�M 7`�K2rQ`F- r?2`2 ;`Qri? 2p2Mib b22KBM;Hv QMHv �// Q#D2+ib 7�HHBM;

mM/2` bQK2 +m``2MiHv mM/2`biQQ/ BM/2}MBi2Hv 2ti2MbB#H2 +QM+2TiRjVX

RkaQK2iBK2b i?2 2�bB2bi Q` KQbi BHHmKBM�iBM; r�v iQ T`Qp2 bQK2i?BM; �#Qmi i?2 M�im`�H
MmK#2`b Bb iQ +QMbB/2` i?2K rBi?BM bQK2 H�`;2` bi`m+im`2 HBF2 i?2 `2�H MmK#2`bX am+?
T`QQ7b �`2 +�HH2/ MQM@2H2K2Mi�`v T`QQ7bX

Rj6Q` 2t�KTH2- i?2 S�`bQMB�M KB;?i i`v iQ KB``Q` i?2 `2�bQMBM; �#Qp2 #v +QMbB/2`BM;
i?2 BMi2`T`2i�iBQM�H TQbbB#BHBiv Q7 � ?B2`�`+?v Q7 b2ib 2tBbiBM; �HQM;bB/2 Qi?2` UMQM@b2iV
Q#D2+ibX "mi MQi2- Bi b22Kb i?�i i?2`2 KB;?i MQi #2 �Mv +QM+2Tib BM Qm` +m``2Mi H�M;m�;2
r?Qb2 `B+? K2�MBM; UBM i?2 b2Mb2 bT2+B}2/ BM Ȝ8XeXR #2HQrV �HHQrb i?2K iQ 7Q`K i?2 FBM/ Q7
bi`m+im`2 r2 r�Mi iQ +QMbB/2` Qm` Bi2`�iBp2 ?B2`�`+?v 2K#2//2/ BM 7Q` Qmi ǵMQM2H2K2Mi�`v
T`QQ7ǶX Ai b22Kb BKTH�mbB#H2 i?�i- 7Q` 2p2`v /2b+`B#�#H2 r�v Bi rQmH/ #2 HQ;B+�HHv TQbbB#H2
7Q` bQK2 `2H�iBQMb R1...Rn iQ TB+F Qmi � H�`;2` bi`m+im`2 BiǶb mb27mH iQ +QMbB/2` � ?B2`�`+?v
Q7 b2ib #2BM; 2K#2//2/ rBi?BM- BiǶb BMi2`T`2i�iBQM�HHv TQbbB#H2 7Q` bQK2 `2H�iBQMb R′

1...R
′
n

iQ �TTHv BM 2t�+iHv i?�i r�vX _2+�HH i?�i aim// �M/ GBMM2#Q i�F2 i?2`2 iQ #2 p�`BQmb
BKTQ`i�Mi 7�+ib �#Qmi i?2 K2�MBM; Q7 b2i �M/ 2H2K2Mi- r?B+? 2Mbm`2 i?�i- 2X;X- vQm +�MǶi
i?BMF BM i2`Kb Q7 KmHiBTH2 b2ib i?�i ?�p2 2t�+iHv i?2 b�K2 2H2K2MibX �M/ T`2bmK�#Hv i?2
b�K2 �TTHB2b iQ Qi?2` +m``2Mi 1M;HBb? H�M;m�;2 +QM+2Tib �b r2HHX S2`?�Tb r2 +QmH/ ;2i
�`QmM/ i?Bb T`Q#H2K #v +QMbB/2`BM; BMi2T`2i�iBQM�H TQbbB#BHBiB2b +Q``2bTQM/BM; iQ H�M;m�;2
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8Xe q?B+? 6`�K2rQ`F iQ UlHiBK�i2HvV *?QQb2\

LQr H2ib im`M iQ i?2 [m2biBQM Q7 r?2i?2` SmiM�KB�M Q` S�`bQMB�M TQi2MiB�H@

BbK Bb mHiBK�i2Hv iQ #2 T`272``2/X �/KBii2/Hv- i?Bb [m2biBQM Bb � HBiiH2 �K@

#B;mQmbc vQm KB;?i �bF ǵr?B+? p2`bBQM Q7 TQi2MiB�HBbK b?QmH/ r2 T`272` 7Q`

r?�i Tm`TQb2b\ǶX 6Q` 2t�KTH2- r2 KB;?i �bF UBM � aB/2`�M T`Q@K2i�T?vbB+b

bTB`BiV- r?B+? 7Q`K�HBx�iBQM Q7 b2i i?2Q`v #2bi `2p2�Hb i?2 7�+ib �#Qmi 7mM/�@

K2Mi�H QMiQHQ;v �M/ B/2QHQ;v i?�i ;`QmM/ i?2 i`mi? Q7 b2i i?2Q`2iB+ +H�BKbX

�Hi2`M�i2Hv QM2 KB;?i �bF r?B+? i?2Q`v T`QpB/2b i?2 #2bi *�`M�TB�M 2tTHB+�@

iBQM Q7 TQi2MiB�HBbi b2i i?2Q`v �HQM; HBM2b /2p2HQT2/ BM *?�Ti2` RRX >Qr2p2`-

Kv `2K�`Fb #2HQr rBHH KQiBp�i2 7�pQ`BM; SmiM�KB�M TQi2MiB�HBbi b2i i?2Q`v

BM #Qi? Q7 i?2b2 r�vb- bQ A rQMǶi bi`2bb i?2 /BbiBM+iBQM ?2`2R9X

8XeXR lM�TT2�HBM; *?QB+2 Q7 *QM+2Tim�H S`BKBiBp2b

J�BM *QM+2`Mb

PM2 �`;mK2Mi �;�BMbi UBMi2`T`2i�iBQM�HBbiV S�`bQMB�MbBK [m2biBQMb i?2 �i@

i`�+iBp2M2bb Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv �b � +QM+2Tim�H T`BKBiBp2 U�b +QK@

T�`2/ iQ HQ;B+�H TQbbB#BHBivVX AM i?Bb b2+iBQM AǶHH MQi2 bQK2 r�vb i?�i BMi2`@

+?�M;2b i?�i �//BM; M2r �iQKB+ T`2/B+�i2b �M/ `2H�iBQMb iQ Qm` H�M;m�;2X
"mi i?Bb �TT`Q�+? Bb /B{+mHi iQ /2p2HQT BM GBMM2#Q Q` aim//Ƕb bvbi2KX 6Q` aim//Ƕb i�HF

�#Qmi BMi2`T`2i�iBQM�H TQbbB#BHBiv `2~2+ib �/KBbbB#H2 BMi2`T`2i�iBQMb Q7 ǵi?2Ƕ H2tB+QM U`�i?2`
i?�M +QMbB/2`BM; � H2tB+QM i?�i +QmH/ #2 �`#Bi�`BHv 2ti2M/2/VX �M/- r?BH2 GBMM2#QǶb bvbi2K
b22Kb iQ #2 KQ`2 QT2M iQ BMi`Q/m+BM; M2r +QM+2Tib- ?2 b�vb BMi2`T`2i�iBQM�H TQbbB#BHBiB2b
+Q``2bTQM/ iQ r2 +QmH/ bi�`i i�HFBM; BM i2`Kb Q7 #v �/QTiBM; �#bi`�+iBQM T`BM+BTH2b- �M/
BiǶb MQi +H2�` i?�i 2p2`v H�`;2` bi`m+im`2 r?B+? Bi Bb mb27mH iQ `2�bQM �#Qmi BMBiB�H b2;K2Mib
#2BM; 2K#2//2/ BM U7Q` i?2 Tm`TQb2b Q7 MQM@2H2K2Mi�`v T`QQ7b �b �#Qp2V +�M #2 BMi`Q/m+2/
#v biBTmH�iBQMb r?B+? i�F2 i?2 7Q`K Q7 �#bi`�+iBQM T`BM+BTH2bX

R9LQi2 i?�i bQK2 i`�/BiBQM�H `2�bQMb 7Q` 7�pQ`BM; TH�iQMBbiB+ pB2rb Qp2` KQ/�H T2`bT2+@
iBp2b QM K�i?2K�iB+b /QMǶi #2�` QM Qm` +?QB+2 ?2`2X L2Bi?2` S�`bQMB�M MQ` SmiM�KB�M
TQi2MiB�HBbib i�F2 b2i i?2Q`BbibǶ �TT�`2Mi [m�MiB}+�iBQM �i 7�+2 p�Hm2- �M/ #Qi? BMi`Q/m+2b
M2r KQ/�H MQiBQMb ;Q #2vQM/ 6PG BM �M�HvxBM; b2i i?2Q`2iB+ +H�BKbX
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T`2i�iBQM�H TQbbB#BHBiv +�M b22K Km+? H2bb T`BM+BTH2/ �M/ +H2�`Hvf+QM+`2i2Hv

mM/2`biQQ/ i?�M i?2 MQiBQM Q7 HQ;B+�H TQbbB#BHBiv- �M/ ?2M+2 HBF2 � H2bb �i@

i`�+iBp2 +?QB+2 Q7 � +QM+2Tim�H T`BKBiBp2 7Q` T?BHQbQT?B+�H �M�HvbBbX

q?BH2- T2`?�Tb- MQi p2`v 7Q`+27mH QM i?2B` QrM- bm+? rQ``B2b i�F2 QM KQ`2

7Q`+2 ;Bp2M i?2 TQBMi i?�i bQK2i?BM; p2`v bBKBH�` iQ i?2 TQi2MiB�HBbi bQHmiBQM

iQ b2i i?2Q`2iB+ T�`�/Qt2b SmiM�KB�Mb r�Mi iQ 2M/Q`b2 +�M #2 /2p2HQT2/

mbBM; � MQiBQM Q7 HQ;B+�H TQbbB#BHBiv i?�i S�`bQMB�Mb b22K iQ U�M/ b22K iQ

?�p2 `2�bQM iQV �++2TiX � F2v +QMi`�bi #2ir22M i?2 SmiM�KB�M TQi2MiB�HBbK

/2p2HQT2/ BM i?Bb #QQF �M/ i?2 S�`bQMB�M TQi2MiB�HBbK �/pQ+�i2/ #v aim//

�M/ GBMM2#Q +QM+2`Mb +?QB+2 Q7 T`BKBiBp2b, Qm;?i r2 �M�Hvx2 b2i i?2Q`v

mbBM; � T`BKBiBp2 BMi2`T`2i�iBQM�H TQbbB#BHBiv QT2`�iQ` Q` iQ �M�Hvx2 #Qi? b2i

i?2Q`v �M/ UbQK2i?BM; HBF2V BMi2`T`2i�iBQM�H TQbbB#BHBiv BM i2`Kb Q7 HQ;B+�H

TQbbB#BHBiv\

AM Ȝ8X9XR �M/ Ȝ\\ r2 �H`2�/v b�r bQK2 `2�bQMb 7Q` +QM+2`M i?�i GBMM2#Q �M/

aim//Ƕb MQiBQMb Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv Kmbi #2 �`#Bi`�`BHv `2bi`B+i2/fMQM@

DQBMi@+�`pBM; BM r�vb i?�i K�F2b i?2K � #�/ +?QB+2 7Q` � +QM+2Tim�H T`BK@

BiBp2 UB7 i?2v �`2 iQ b�iBb7v i?2 p�`BQmb �bbmKTiBQMb GBMM2#Q �M/ aim// mb2

iQ pBM/B+�i2 mb2 Q7 i?2 w6* �tBQKbVX �//BiBQM�HHv- GBMM2#Q ?BKb2H7 MQi2b �

r�v i?�i BMi2`T`2i�iBQM�H TQbbB#BHBiv 7�+ib `2~2+i �`#Bi`�`v +QMp2MiBQMb rBi?

`2bT2+i iQ ǵCmHBmb *�2b�` T`Q#H2KbǶ �#Qmi r?2M i?2 Q#D2+ib 7�HHBM; mM/2`

i?2 +QM+2Ti BMi`Q/m+2/ Q` HB#2`�HBx2/ #v �/QTiBM; bQK2 �#bi`�+iBQM T`BM+B@

TH2 U2X;X- i?2 MmK#2` RV �`2 B/2MiB+�H iQ Q#D2+ib QM2 r�b T`2pBQmbHv i�HFBM;

BM i2`Kb Q7 U2X;X CmHBmb *�2b�`VR8X
R8>2 r`Bi2b- ǳ XXXr?2M r2 /2p2HQT Qm` HBM;mBbiB+ T`�+iB+2b- r2 ?�p2 bQK2 /2;`22 Q7 +?QB+2

�#Qmi r?2i?2` Q` MQi iQ �HHQr +�i2;Q`B2b iQ Qp2`H�TX hQ ?�M/H2 KBt2/ B/2MiBiv bi�i2K2Mib-
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AMi2`T`2i�iBQM�H TQbbB#BHBiv 7�+ib �HbQ `2~2+i b22KBM;Hv ?B;?Hv BM/2i2`KBM�i2

�M/fQ` /BbTmi2/ 7�+ib �#Qmi r?�i AǶHH +�HH ǵ`B+? K2�MBM;bǶ- BM � r�v i?�i

+�M K�F2 i?2 BMi2`T`2i�iBQM�H TQbbB#BHBiv QT2`�iQ` b22K HBF2 �M mM�ii`�+iBp2

+?QB+2 Q7 T`BKBiBp2X h?2 BMi2`T`2i�iBQM�HBbi S�`bQMB�M M22/b iQ /BbiBM;mBb?

#2ir22M �+ib Q7 M2Q@*�`MT�B�M H�M;m�;2 +?�M;2 i?�i K2`2Hv +?�M;2 �TTHB+�@

iBQM Q7 i?2 rQ`/ ǵb2iǶ �M/ i?Qb2 r?B+? �HbQ +QmMi i�HFBM; �#Qmi KQ`2 b2ib pbX

#2;BMMBM; iQ mb2 i?2 rQ`/ ǵb2iǶ iQ 2tT`2bb bQK2 Qi?2` +QMi2MiX 6Q` 2t�KTH2-

i?2v +�MǶi �HHQr i?�i BiǶb BMi2`T`2i�iBQM�HHv TQbbB#H2 i?�i ǵi?2`2 �`2 irQ b2ib

rBi? 2t�+iHv i?2 b�K2 2H2K2MibǶ- �Hi?Qm;? Q#pBQmbHv QM2 +QmH/ +?�M;2 i?2

K2�MBM;b Q7 1M;HBb? rQ`/b bQ i?2 +Q``2bTQM/BM; b2Mi2M+2 2tT`2bb2/ � i`mi?X

�M/ T`2bmK�#Hv i?2 +m``2Mi K2�MBM; Q7 i?2 rQ`/ ǵb2iǶ UT2`?�Tb iQ;2i?2`

rBi? #�+F;`QmM/ HBM;mBbiB+ +QMp2MiBQMb �M/ T`2+2/2MibV Bb r?�i /Q2b i?Bb

rQ`FReX

r2 Q7i2M M22/ +QM+2Tim�H /2+BbBQMb- MQi Dmbi 7�+im�H /Bb+Qp2`B2bXXXX q?2M Qm` �M+2biQ`b }`bi
+QM7`QMi2/ *�2b�`@bivH2 [m2biBQMb (BX2X- [m2biBQMb HBF2 r?2i?2` CmHBmb *�2b�` Bb B/2MiB+�H iQ
i?2 MmK#2` QM2)- i?2v ?�/ � +?QB+2 r?B+? r�v iQ ;Qc �M/ i?Bb +?QB+2 TH�v2/ � `QH2 BM
b?�TBM; i?2 +QM+2Tib i?�i i?2v i?2`2#v 7Q`;2/X hQ/�v r2 }M/ Qm`b2Hp2b BM � /Bz2`2Mi
bBim�iBQM- bBM+2 K�Mv +?QB+2b �`2 �H`2�/v BKTHB+Bi BM i?2 HBM;mBbiB+ T`�+iB+2b i?�i r2 ?�p2
BM?2`Bi2/X P7 +Qm`b2- BMbQ7�` �b r2 �`2 rBHHBM; iQ `2pBb2 i?2b2 T`�+iB+2b- r2 biBHH ?�p2 i?2
b�K2 +?QB+2 �b Qm` �M+2biQ`b ?�/X "mi r2 7�+2 �M BKTQ`i�Mi �//BiBQM�H [m2biBQM MQi
2M+QmMi2`2/ #v Qm` TBQM22`BM; �M+2biQ`b- M�K2Hv r?�i +QM+2Tim�H /2+BbBQMb �`2 BKTHB+Bi
BM Qm` BM?2`Bi2/ HBM;mBbiB+ T`�+iB+2bX A b?�HH �`;m2 i?�i i?2b2 T`�+iB+2b ?�p2 #v �M/ H�`;2
H2;BbH�i2/ �;�BMbi i?2 Qp2`H�T Q7 +�i2;Q`B2bX "mi 2t+2TiBQMb �`2 +2`i�BMHv TQbbB#H2 �M/ p2`v
HBF2Hv 2p2M �+im�HXǴ(d8)

Re�M �M�HQ;Qmb �`;mK2Mi +�M #2 K�/2 2p2M B7 r2 �bbmK2 i?�i BMi2`T`2i�iBQM�H TQbbB#BHBiv
Kmbi b�iBb7v aim//Ƕb J�tBK�HBiv �M/ ai�#BHBiv �bbmKTiBQMbX 6Q` UB7 vQm �++2Ti i?2 M2Q@
*�`M�TB�M pB2r �i �HHV BiǶb BMimBiBp2Hv TQbbB#H2 iQ +?�M;2 vQm` H�M;m�;2fi?Qm;?i bQ �b iQ
�// � M2r Q#D2+i iQ i?2 2ti2MbBQM Q7 ǵb2iǶ �M/ MQi i?2 2ti2MbBQM Q7 ǵ2H2K2MiǶ UbQ- ;Bp2M i?�i
r2Ƕ`2 �H`2�/v i�HFBM; BM i2`Kb Q7 2KTiv b2i- i?2 2ti2MbBQM�HBiv �tBQK #2;BMb iQ 2tT`2bb
� 7�Hb2?QQ/VX "mi i?2 BMi2`T`2i�iBQM�HBbi +�MǶi �HHQr i?�i BiǶb BMi2`T`2i�iBQM�HHv TQbbB#H2
7Q` i?2`2 iQ #2 irQ b2ib rBi? 2t�+iHv i?2 b�K2 2H2K2Mib UA7 i?2 BMi2`T`2i�iBQM�H S�`bQMB�M
�HHQr2/ i?Bb- i?2B` T�`�T?`�b2b Q7 i?2 �tBQK Q7 2ti2MbBQM�HBiv +QKBM; Qmi 7�Hb2VX h?mb-
i?2`2 Kmbi #2 bQK2 `2�bQM i?�i +?�M;BM; vQm` H�M;m�;2 mb2 BM i?2 r�v BM/B+�i2/ �#Qp2
QMHv b�vb bQK2i?BM; �#Qmi ?Qr QM2 +QmH/ +?�M;2 i?2 K2�MBM; Q7 i?2 rQ`/ ǵb2iǶ �M/ MQi
�#Qmi r?�i b2ib Bi rQmH/ #2 BMi2`T`2i�iBQM�HHv TQbbB#H2 7Q` i?2`2 iQ #2X �M/ T`2bmK�#Hv
i?2 +m``2Mi K2�MBM; Q7 i?2 rQ`/ ǵb2iǶ Bb r?�i /Q2b i?Bb rQ`FX
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�++Q`/BM;Hv A BMi2`T`2i�iBQM�HBbi S�`bQMB�Mb b22K iQ #2 +QKKBii2/ iQ Qm`

rQ`/b HBF2 b2i ?�pBM; ǵ`B+? K2�MBM;bǶ- r?B+? bT2+B7v r?�iǶb M22/2/ iQ T`2@

b2`p2 i?2 K2�MBM; Q7 � rQ`/ UiQ +QMiBMm2 i�HFBM; �#Qmi b2ibV mM/2` bQK2

M2Q@+�`M�TB�M H�M;m�;2 +?�M;2 i?�i ;2ib mb iQ bi�`i i�HFBM; BM i2`Kb Q7 M2r

Q#D2+ib U2X;X #v BMi`Q/m+BM; �M �#bi`�+iBQM T`BM+BTH2VX

LQr A �/KBi i?�i r2 ?�p2 bQK2 b?�`2/ �M/ +Q``2H�i2/ BMimBiBQMb �#Qmi

?Qr i?2 K2�MBM; Q7 i?2 i2`Kb ǵb2iǶ �M/ ǵ2H2K2MiǶ +QmH/ #2 T`2b2`p2/ M2Q@

*�`M�TB�M H�M;m�;2 +?�M;2X >Qr2p2` Bi b22Kb iQ K2 i?�i bm+? �;`22K2Mi Bb

HBKBi2/ �M/ p2t2/ BM i?2 b�K2 r�vb �b �;`22K2Mi QM i?2 `B;?i r�v iQ 2tT�M/

i?2 K2�MBM; Q7 vQm` i2`Kb 7Q` i?2 Tm`TQb2b Q7 2M;�;BM; rBi? � K2i�T?Q`X

6Q` 2t�KTH2- A i�F2 Bi i?�i KQbi T2QTH2 KB;?i �;`22 i?�i b�vBM; i?2 H2�/2` Q7

� +QmMi`v Bb Bib ǵ?2�/Ƕ Bb `2�bQM�#H2 r�v iQ T`2b2`p2f?QMQ` i?2 +m``2MifHBi2`�H

K2�MBM; Q7 i?2 i2`K ǵ?2�/Ƕ BM � K2i�T?Q`B+�H +QMi2ti r?B+? BMpBi2b mb iQ

�TTHv ?mK�M �M�iQKB+�H H�M;m�;2 iQ T�`ib Q` �bT2+ib Q7 � +QmMi`vX "mi

i?Bb HBKBi2/ �;`22K2Mi /Q2bMǶi T`QpB/2 UQ` 2pB/2M+2V b?�`2/ mM/2`bi�M/BM;

Q7 � bm{+B2MiHv T`2+Bb2 �M/ +QM+`2i2Hv ;`�bT2/ MQiBQM Q7 K2i�T?Q`B+�H i`mi?

UQ` TQbbB#BHBivV iQ K�F2 i?2 H�ii2` +QM+2Ti �M �ii`�+iBp2 +?QB+2 Q7 T`BKBiBp2

r?2M HQ;B+�HHv `2;BK2MiBM; K�i?2K�iB+bX

Pm` BMimBiBQMb �#Qmi `B+? K2�MBM;b- 2p2M BM i?2 BMi2`T`2i�iBQM�HBbiǶb F2v +�b2

Q7 i?2 +QM+2Tib b2i �M/ 2H2K2Mi +�M b22K bBKBH�`Hv HBKBi2/X A i�F2 Bi i?�i

KQbi T2QTH2 rQmH/ �;`22 i?�i B7 r2 i?BMF BM i2`Kb Q7 KQ`2 b2ib- BiǶb M�im`�H

iQ bmTTQb2 i?2b2 b2ib rQmH/ biBHH ?�p2 iQ b�iBb7v 2ti2MbBQM�HBivX "mi- bmTTQb2

A �K +m``2MiHv i?BMFBM; BM i2`Kb Q7 +2`i�BM ?B2`�`+?v Q7 b2ib VαX A7 A r2`2 iQ

�/QTi �M �#bi`�+iBQM T`BM+BTH2 r?B+? �//b �M 2ti`� H�v2` Q7 ǵb2ibǶ- rQmH/ i?Bb
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`2�HHv #2 � r�v Q7 i?BMFBM; BM i2`Kb Q7 KQ`2 b2ib UQM Kv +m``2Mi K2�MBM; Q7

i?2 i2`KV- �b i?2 S�`bQMB�M �++QmMi M22/b\ Ai b22Kb 2[m�HHv Q` KQ`2 M�im`�H

iQ K2 iQ b�v i?�i- �7i2` K�FBM; i?Bb brBi+?- QMHv i?2 ǵb2ibǶ mT iQ Vα �`2 b2ib

QM Kv +m``2Mi b2Mb2 Q7 i?2 i2`K- �M/ r?2M 2tT�M/BM; Kv [m�MiB}2`b BM i?2

r�v bm;;2bi2/ A ?�p2 BMbi2�/ ;Qi i?2 rQ`/ ǳb2iǴ iQ 2tT`2bb � M2r +QM+2Ti

HBF2 ǵ+H�bbǶX LQi2 i?�i- 2X;X- i?2 M2r b2ib i?mb BMi`Q/m+2/ rQMǶi b�iBb7v i?2

T�B`BM; �tBQKX

P#D2+i A/2MiBiv mM/2` L2Q@*�`M�TB�M G�M;m�;2 *?�M;2

� bBKBH�` TQBMi �#Qmi BMi2`T`2i�iBQM�H TQbbB#BHBiv 7�+ib #2BM; b22KBM;Hv +QM@

i`Qp2`bB�H �M/fQ` BM/2i2`KBM�i2 K�v �`Bb2 BM +QMM2+iBQM iQ Dm/;2K2Mib �#Qmi

Q#D2+i T`2b2`p�iBQM mM/2` M2Q@*�`M�TB�M H�M;m�;2 +?�M;2X GBMM2#Q �M/

aim// +�M b22K iQ 2M/Q`b2 ;2M2`�HHv /2i2`KBM�i2 7�+ib �#Qmi r?2M /Bz2`2Mi

b2[m2M+2b Q7 �#bi`�+iBQM T`BM+BTH2b rBM/ mT BMi`Q/m+BM; i?2 b�K2 Q#D2+iRd

u2i Bi +�M b22K BKTH�mbB#H2 i?�i i?2`2 �`2- BM ;2M2`�H- bm+? /2i2`KBM�i2 7�+ib

�#Qmi r?2M �/QTiBM; QM2 b2[m2M+2 Q7 �#bi`�+iBQM T`BM+BTH2b BMi`Q/m+2b i?2

b�K2 2MiBiv vQm +QmH/ ?�p2 BMi`Q/m+2/ #v bQK2 Qi?2` b2[m2M+2 Q7 �#bi`�+iBQM

T`BM+BTH2bX

6Q` 2t�KTH2- �`2 i?2 Q#D2+ib vQm rQmH/ ?�p2 BMi`Q/m+2/ #v BMi`Q/m+BM; i?2
Rd6Q` 2t�KTH2- BM KQiBp�iBM; � +2`i�BM +QMp2`;2M+2 �bbmKTiBQM �#Qmi BMi2`T`2i�iBQM�H

TQbbB#BHBiv GBMM2#Q r`Bi2b,
ǳh?Bb T`BM+BTH2 2Mbm`2b i?�i- r?2M2p2` r2 ?�p2 � +?QB+2 �#Qmi r?B+? 2M@
iBiB2b iQ BMi`Q/m+2- i?2 Q`/2` BM r?B+? r2 +?QQb2 iQ T`Q+22/ Bb B``2H2p�MiX
q?B+?2p2` 2MiBiv r2 +?QQb2 iQ BMi`Q/m+2 }`bi- i?2 Qi?2`b +�M �Hr�vb #2
BMi`Q/m+2/ H�i2`X lMH2bb ≤ r�b +QMp2`;2Mi- Qm` +?QB+2 �#Qmi r?2i?2` iQ 2t@
i2M/ i?2 QMiQHQ;v Q7 w0 iQ i?�i Q7 w1 Q` i?�i Q7 w2 rQmH/ ?�p2 �M 2M/m`BM;
2z2+iXǴ

X
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+QM+2Ti Q7 ǵhm`BM; /2;`22bǶ #v �#bi`�+iBQM Qp2` +QKTmi�iBQMb 7Q`K�HBx2/

mbBM; hm`BM; K�+?BM2b HBi2`�HHv i?2 b�K2 2MiBiB2b �b i?Qb2 BMi`Q/m+2/ pB�

�#bi`�+iBQM Qp2` +QKTmi�iBQMb 7Q`K�HBx2/ mbBM; ;2M2`�H `2+m`bBp2 7mM+iBQMb\

�M/ bmTTQb2 bQK2QM2 r?Q FMQrb i?�i i?2b2 irQ MQiBQMb Q7 +QKTmi�#BHBiv �`2

2[mBp�H2Mi BMi`Q/m+2b � +QM+2Ti Q7 ǵhm`BM; /2;`22bǶ pB� �#bi`�+iBQM T`BM+B@

TH2b BMpQHpBM; �M mMbT2+B}2/ MQiBQM Q7 QM2 b2i Q7 MmK#2`b #2BM; ǵ+QKTmi�#H2

7`QKǶ �MQi?2` r?B+? Bb 2[m�HHv �M+?Q`2/ iQ #Qi? /2}MBiBQMb Q7 +QKTmi�#BH@

BivX Ab i?Bb � r�v Q7 BMi`Q/m+BM; HBi2`�HHv i?2 b�K2 2MiBiB2b vQm +QmH/ ?�p2

BMi`Q/m+2/ #v BMi`Q/m+BM; ǵhm`BM; /2;`22bǶ BM QM2 Q7 i?2 irQ r�vb K2MiBQM2/

�#Qp2 UQ` K2`2Hv bQK2 BbQKQ`T?B+�HHv bi`m+im`2/ K�i?2K�iB+�H Q#D2+ibV\

q2 /Q- bQK2iBK2b- b�v i?�i T2QTH2 r?Qb2 K�i?2K�iB+�H /2}MBiBQMb /Bz2`

bHB;?iHv 7`QK Qm`b +�M ǵFMQr i?BM;b �#QmiǶ bi`m+im`2b HBF2 i?2 M�im`�H MmK@

#2`b Q` hm`BM; /2;`22bX "mi �`;m�#Hv r?�iǶb `2[mB`2/ 7Q` bm+? +H�BKb iQ

#2 i`m2 Bb ?B;?Hv BM/2i2`KBM�i2 �M/fQ` +QMi2ti /2T2M/2MiX 6Q` 2t�KTH2-

BM KQbi bBim�iBQMb Bi b22Kb `2�bQM�#H2 iQ /2b+`B#2 T2QTH2 r?Q FMQr i?�i

bQK2 +H�BK φ ?QH/b 7Q` �Mv Q7 i?2 hm`BM;@/2;`22@HBF2 K�i?2K�iB+�H bi`m+im`2b

BMi`Q/m+2/ #v �Mv Q7 i?2 �+ib Q7 �#bi`�+iBQM �#Qp2 �b FMQrBM; bQK2i?BM;

ǵ�#Qmi i?2 hm`BM; /2;`22bǶX >Qr2p2`- BM +�b2b r?2`2 FMQrBM; i?2 +QMM2+iBQM

#2ir22M hm`BM; /2;`22b �M/ ;2M2`�H `2+m`bBp2 7mM+iBQMb Q` hm`BM; K�+?BM2b

bT2+B}+�HHv K�ii2`b- r2 K�v /`�r }M2` /BbiBM+iBQMbR3X

�M/ MQi2 i?�i K�Mv T?BHQbQT?2`b HBF2 J+:22(3y) }M/ Bi TQbBiBp2Hv �ii`�+iBp2

iQ b�v i?�i `272`2M+2 7Q` �#bi`�+i i2`Kb HBF2 M�im`�H MmK#2` U� T�`�/B;K�iB+
R3�HbQ BiǶb �TT2�HBM; iQ b�v i?�i � T�B` Q7 T2QTH2 r?Q B/2MiB7v i?2 MmK#2`b rBi? /Bz2`2Mi

ω@b2[m2M+2b Q7 b2ib U� H� "2M�+2`�zǶb 7�KQmb T�T2`(j)V #Qi? biBHH ǵFMQr i?BM;b �#Qmi i?2
MmK#2`bǶX "mi QM2 +�MǶi b�v i?Bb Bb i`m2 BM pB`im2 Q7 i?2K HBi2`�HHv i�HFBM; �#Qmi i?2 b�K2
Q#D2+ibfMmK#2`b- bBM+2 i?2 MmK#2` j +�MǶi #2 B/2MiB+�H iQ irQ /Bz2`2Mi b2ibX
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+�b2 Q7 Q#D2+ib GBMM2#Q �M/ Qi?2`b r�Mi iQ b�v �`2 bmTTQb2/ iQ #2 BMi`Q@

/m+2/ pB� �#bi`�+iBQM T`BM+BTH2bV Bb QMHv /2i2`KBM�i2 mT iQ BbQKQ`T?BbKX

h?mb r2 �TT2�` iQ ?�p2 �MQi?2` /BK2MbBQM �HQM; r?B+? Bi b22Kb i?�i 7�+ib

�#Qmi BMi2`T`2i�iBQM�H TQbbB#BHBiv Kmbi #2 +QMi`Qp2`bB�H- �`#Bi`�`v �M/fQ`

BM/2i2`KBM�i2X

o2BH@HB7iBM; SB+im`2

�/KBii2/Hv- i?2`2 Bb � +2`i�BM TB+im`2 r?B+? KB;?i KQiBp�i2 i?BMFBM; i?2`2

�`2 T`BM+BTH2/ /2i2`KBM�i2 �Mbr2`b iQ i?2 [m2biBQMb �#Qmi `B+? K2�MBM; �M/

i?2 B/2MiBiv Q7 Q#D2+ib BMi`Q/m+2/ #v �#bi`�+iBQM T`BM+BTH2b �#Qp2X >Qr2p2`-

i?Bb TB+im`2 ?�b Qi?2`- p2`v mM�ii`�+iBp2 72�im`2bX A rBHH +QM+Hm/2 i?Bb bm#@

b2+iBQM #v /Bb+mbbBM; Bi- �Hi?Qm;? A /QMǶi K2�M iQ +H�BK GBMM2#Q Q` aim//

rQmH/ 2M/Q`b2 BiRNX Jv TQBMi Bb QMHv i?�i- mMH2bb r2 i�F2 2p2`vQM2 iQ #2

mMp2BHBM; TQ`iBQMb Q7 bQK2 b?�`2/ iQi�H rQ`H/ UBM i?2 b2Mb2 bF2i+?2/ #2HQrV-

BiǶb mM+H2�` r?�i rQmH/ 2tTH�BM i?2`2 �Hr�vb #2BM; /2}MBi2 7�+ib �#Qmi r?B+?

*�`M�TB�M H�M;m�;2 +?�M;2b T`2b2`p2 i?2 K2�MBM; Q7 T`2/B+�i2b Q` rBM/ mT

BMi`Q/m+BM; i?2 b�K2 Q#D2+iX

o2BH GB7iBM; SB+im`2, h?2`2Ƕb � b?�`2/ iQi�H rQ`H/ +QMi�BMBM;

�HH i?2 /Bz2`2Mi FBM/b Q7 Q#D2+ib �MvQM2 +QmH/ 2p2` i�HF BM i2`Kb

Q7X h?2 K2�MBM; Q7 2�+? �iQKB+ T`2/B+�i2 Q` `2H�iBQM /2i2`KBM2b

Bib 2ti2MbBQM rBi?BM i?Bb iQi�H mMBp2`b2X �+ib Q7 M2Q@*�`M�TB�M

H�M;m�;2 +?�M;2 ǵ;2i vQm iQ i�HF BM i2`Kb Q7 KQ`2Ƕ Q#D2+ib #v HB7i@

RN"Qi? +2`i�BMHv b�v i?�i i?2v K2�M BMi2`T`2i�iBQM�H TQbbB#BHBiv iQ `2~2+i �M 2tT�M@
bBQM�`v KQ/�HBiv `�i?2` i?�M K2`2 `2KQpBM; Q7 [m�MiB}2` `2bi`B+iBQMb 7`QK bQK2 }t2/
mMBp2`b2X
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BM; T�`ib Q7 i?2 p2BHǶ +Qp2`BM; � TH2MiB7mH mMBp2`b2- 2tT�M/BM; i?2

/QK�BM Q7 Q#D2+ib vQm` [m�MiB}2`b `�M;2` Qp2` iQ BM+Hm/2 KQ`2

i?BM;bX uQm +�MǶi 2p2` `2�+? � TQBMi �i r?B+? vQm +QmH/MǶi 2t@

T�M/ vQm` [m�MiB}2`b 7m`i?2`X "mi i?Bb Bb Dmbi #2+�mb2 U7Q` bQK2

`2�bQMV MQ b2`B2b Q7 HBM;mBbiB+ �+ib +QmH/ HB7i i?2 p2BH +QKTH2i2Hv-

bQ i?�i vQm` [m�MiB}2`b rQmH/ `�M;2 Qp2` �#bQHmi2Hv �HH Q#D2+ib

i?�i QM2 +QmH/- BM T`BM+BTH2- i�HF BM i2`Kb Q7X

A7 r2 i�F2 i?Bb TB+im`2 Q7 M2Q@*�`M�TB�M H�M;m�;2 +?�M;2 �b [m�MiB}2` `2@

bi`B+iBQM HB7iBM; b2`BQmbHv- r2 �miQK�iB+�HHv ;2i i?2 `2[mB`2/ `B+? K2�MBM;b

U/2i2`KBM�i2 7�+ib �#Qmi ?Qr 2�+? T`QT2`iv r2 +m``2MiHv i�HF BM i2`Kb Q7

rBHH �TTHv mM/2` [m�MiB}2` K2�MBM; b?B7iV �M/ /2i2`KBM�i2 7�+ib �#Qmi r?B+?

�+ib Q7 `2@+QM+2Tim�HBx�iBQM #v �/QTiBM; �#bi`�+iBQM T`BM+BTH2b rQmH/ BMi`Q@

/m+2 i?2 b�K2 Q#D2+ibX 6Q` 2t�KTH2 i?2`2 rBHH- T`BK� 7�+B2- #2 /2i2`KBM�i2

7�+ib �#Qmi r?2i?2` T2QTH2 r?Q ǵTmb? #�+F i?2 p2BHǶ #v BMi`Q/m+BM; ǵhm`BM;

/2;`22bǶ pB� �#bi`�+iBQM Qp2` r?�i ;2M2`�H `2+m`bBp2 7mM+iBQMb �`2 mMp2BHBM;

i?2 b�K2 Q#D2+ibX

>Qr2p2` 2M/Q`bBM; ;2M2`�H /2i2`KBM�i2 7�+ib Q7 i?Bb FBM/ +�M b22K mM�ii`�+@

iBp2 U�b MQi2/ �#Qp2VX �M/ i?2 MQi2 i?�i i?Bb p2BH HB7iBM; TB+im`2 �//b �

T`2bmKTiBQM Q7 /2i2`KBM�+v r?B+? ;Q2b #2vQM/ i`�/BiBQM�H K2i�T?Q`b 7Q`

M2Q@*�`M�TB�M H�M;m�;2 +?�M;2- QM r?B+? ǵ/Bz2`2Mi H�M;m�;2b +�`p2 mT i?2

rQ`H/ BMiQ Q#D2+ib BM /Bz2`2Mi r�vbǶky �M/ BM *?�Ti2` RN A rBHH T`QTQb2 �
kyA7 A +�`p2 mT bQK2 /Qm;? QM2 r�v- #mi A +QmH/ ?�p2 +�`p2/ Bi mT �MQi?2` r�v- r2 /QMǶi

b22K 7Q`+2/ iQ �++2Ti /2i2`KBM�i2 /2 `2 7�+ib �#Qmi r?2i?2` � +2`i�BM +QQFB2 #`Qm;?i BMiQ
#2BM; #v QM2 +�`pBM; +QmH/ BMbi2�/ ?�p2 #22M #`Qm;?i BMiQ #2BM; #v �MQi?2` +�`pBM; �M/
#�+FBM; b2[m2M+2X � K2i�T?vbB+B�M HBF2 E`BTF2 KB;?i +?QQb2 iQ /B`2+iHv 2M/Q`b2 bm+?
7�+ibX "mi i?2v KB;?i 2[m�HHv r2HH �M�Hvx2 bm+? 7�+ib �r�v BM i2`Kb Q7 +H�BKb �#Qmi +QM@
i2tim�HHv `2H2p�Mi +QmMi2`T�`ib- HBF2 G2rBbX P` i?2v KB;?i +?QQb2 iQ `2D2+i bm+? [m2biBQMb
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KQ`2 +QM+`2i2 �TT`Q�+? iQ M2Q@*�`M�TB�M H�M;m�;2 +?�M;2 r?B+? �HbQ �pQB/b

i?Bb T`2bmKTiBQM Q7 /2i2`KBM�+vX

PM2 KB;?i 2p2M 72�` i?�i �/QTiBM; i?Bb p2BH HB7iBM; mM/2`KBM2 i?2 KQiBp�iBQMb

7Q` TQi2MiB�HBbK /Bb+mbb2/ BM ȜkXkX 6Q` QM i?2 p2BH HB7iBM; TB+im`2 Bi �TT2�`b

i?2`2Ƕb bQK2 b?�`2/ BM2z�#H2 /QK�BM Q7 �HH Q#D2+ib r?B+? �HH M2Q@*�`M�TB�M

H�M;m�;2 b?B7ib +Q``2bTQM/ iQ [m�MiB7vBM; Qp2` TQ`iBQMb Q7c r2 Dmbi +�MǶi

bm++22/ BM 7Q`+BM; Qm` [m�MiB}2`b iQ #2 BMi2`T`2i2/ �b `�M;BM; Qp2` �HH i?Bb

bi`m+im`2X "mi i?2 BMimBiBQM /`BpBM; TQi2MiB�HBbK BM ȜkXk r�b i?�i 7Q` �Mv

�+im�H THm`�HBiv Q7 Q#D2+ib i?2`2 +QmH/ #2 � H�`;2` QM2- MQi Dmbi i?�i �Mv 7Q`

THm`�HBiv Q7 Q#D2+ib r2 +�M ;2i Qm` [m�MiB}2`b iQ `�M;2 Qp2` i?2`2 +QmH/ #2

� H�`;2` QM2X aQ A i?BMF BiǶb /2bB`�#H2 iQ �pQB/ i?2 �#Qp2 p2BH HB7iBM; TB+im`2

B7 r2 +�MX

aQ- iQ bmKK�`Bx2- 7�+ib �#Qmi BMi2`T`2i�iBQM�H TQbbB#BHBiv +�M b22K mMT`BM@

+BTH2/ UMQi DQBMi +�`pBM;V- MQM@7mM/�K2Mi�H- /BbTmi2/- �M/fQ` 7`2[m2MiHv BM@

/2i2`KBM�i2 BM r�vb i?�i K�F2 BMi2`T`2i�iBQM�H TQbbB#BHBiv �M mM�ii`�+iBp2

T`BKBiBp2 7Q` K�i?2K�iB+�H Q` T?BHQbQT?B+�H �M�HvbBbX

8XeXk A/2QHQ;B+�H S�`bBKQMv �M/ *QMb2`p�iBbK

� /Bz2`2Mi KQiBp�iBQM 7Q` 7�pQ`BM; SmiM�KB�M b2i i?2Q`v /`�rb QM +QMbB/@

2`�iBQMb Q7 B/2QHQ;B+�H T�`bBKQMvX AM UȜjX8V �M/ UȜ8X8V r2 b�r bQK2 `2�bQMb

iQ i?BMF i?�i 2p2M S�`bQMB�Mb b?QmH/ �++2Ti i?2 SmiM�KB�Mb MQiBQM Q7 HQ;@

B+�H TQbbB#BHBivX �++Q`/BM;Hv- �b MQi2/ �#Qp2- QM2 KB;?i i?BMF SmiM�KB�M

TQi2MiB�HBbK b?QmH/ #2 7�pQ`2/ QM ;`QmM/b Q7 B/2QHQ;B+�H T�`bBKQMv UH2i mb

�b K2�MBM;H2bb U�b ZmBM2 /Q2b BM `2D2+iBM; [m�MiB7vBM; BMVX
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MQi KmHiBTHv T`BK�iBp2 KQ/�H MQiBQMb #2vQM/ M2+2bbBiv5V �M/ �pQB/BM; `2@

pBbBQM�`v �M/ +QMi`Qp2`bB�H +QKKBiK2Mib �#Qmi Qi?2` �`2�b Q7 T?BHQbQT?v

r?2`2 TQbbB#H2X A7 S�`bQMB�Mb Kmbi �++2Ti SmiM�KB�M T`BKBiBp2b #mi MQi

pB+2 p2`b� i?2M T�`bBKQMv bm`2Hv 7�pQ`b i?2 SmiM�KB�M �TT`Q�+?X

�/KBii2/Hv S�`bQMB�Mb +QmH/ #HQ+F i?Bb �`;mK2Mi B7 i?2v +QmH/ b?Qr i?�i

SmiM�KB�Mb �HbQ +�MǶi /Q rBi?Qmi S�`bQMB�M T`BKBiBp2bX AMi2`T`2i�iBQM�HBbi

T�`bQMB�MMb KB;?i �`;m2 i?�i r2 BM/2T2M/2MiHv M22/ i?2 MQiBQM Q7 BMi2`@

T`2i�iBQM�H TQbbB#BHBiv iQ K�F2 b2Mb2 Q7 M2Q@*�`M�TB�M H�M;m�;2 +?�M;2X

>Qr2p2` R3 AǶHH �`;m2 i?�i i?Bb Bb MQi i?2 +�b2X q2 +�M /2p2HQT � M2Q@

*�`M�TB�M T?BHQbQT?v Q7 H�M;m�;2 bm{+B2Mi iQ /Q i?2 UH2;BiBK�i2V rQ`F Q7

M2Q@+�`M�TB�M T?BHQbQT?v Q7 H�M;m�;2 2[m�HHv r2HH Q` #2ii2` mbBM; i?2 +QM@

/BiBQM�H HQ;B+�H TQbbB#BHBiv QT2`�iQ`X LQi�#Hv- AǶHH bm;;2bi i?�i /QBM; i?Bb

H2;BiBK�i2 rQ`F /Q2bMǶi `2[mB`2 bi�iBM; +H�BKb �#Qmi i?2 TQbbB#BHBiv Q` BK@

TQbbB#BHBiv Q7 ǵ�#bQHmi2 ;2M2`�HBivǶf[m�MiB7vBM; Qp2` �Mvi?BM; BM bQK2 MQM@

i`pB�H b2Mb2 Ui?2 K�BM i?BM;- QmibB/2 b2i i?2Q`v- GBMM2#Q �M/ aim// mb2 i?2

BMi2`T`2i�iBQM�H TQbbB#BHBiv QT2`�iQ` iQ /QVX

AM �//BiBQM iQ �//BM; � M2r KQ/�H QT2`�iQ`- BMi2`T2i�iBQM�HBbi S�`bQMB�MBbK

�HbQ `2[mB`2b mb iQ K�F2 bQK2 T`BK� 7�+B2 mMBMimBiBp2 +?�M;2b iQ T?BHQbQT?v

Q7 H�M;m�;2kRX GBMM2#Q ?BKb2H7 b�vb,
kR:QBM; 7m`i?2`- GBMM2#QǶb 2K#`�+2 Q7 bQK2i?BM; HBF2 .mKK2iiǶb BM/2}MBi2 2ti2Mb�#BHBiv

BM i?2 [mQi2 �#Qp2 K�v `�Bb2 T`BK� 7�+B2 T?BHQbQT?B+�H TmxxH2b- r?B+? +QmH/ 2�bBHv #2
�pQB/2/ #v 7�pQ`BM; SmiM�KB�M TQi2MiB�HBbKX 6Q` Bi b22Kb iQ K2 i?�i i?2 T�bb�;2 �#Qp2
bm;;2bib i?2 7QHHQrBM; TB+im`2X h?2`2 �`2MǶi Dmbi /Bz2`2Mi 2[m�HHv H2;BiBK�i2 r�vb Q7 ǵi�HFBM;
BM i2`Kb Q7 KQ`2 b2ibǶ U7Q` BM i?Bb +�b2 Qm` +QM+2Ti Q7 � ?B2`�`+?v rQmH/ K2`2Hv MQi #2
ǳT`2+Bb2ǴV #mi `�i?2` r2 ?�p2 � T`2+Bb2 +QM+2Ti rBi? � FBM/ Q7 BM�/2[m�+v Q` BMi2`M�H
i2MbBQM- r?2`2#v 2p2`v H�M;m�;2 BM+Hm/BM; i?2 +QM+2Ti b2i Bb ?2H/ iQ #2 BM bQK2 r�v
H2�pBM; bQK2 i?BM;b Qmi bQ i?�i- 2X;X- H�M;m�;2b i?�i i�HF BM i2`Kb Q7 KQ`2 b2ib �`2 H2bb
BM�/2[m�i2 i?�M H�M;m�;2b i?�i i�HF BM i2`Kb Q7 72r2` b2ibX "mi bm+? B/2�b �#Qmi `2�HBiv
7Q`2p2` i`�Mb+2M/BM; H�M;m�;2 �M/ i?Qm;?i +�M b22K T`BK� 7�+B2 T`Q#H2K�iB+ �M/- �M/
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amTTQb2 r2 ?�p2 7Q`KmH�i2/ � T2`72+iHv T`2+Bb2 MQiBQM Q7 � bi�`X

6Q` �Mv Q#D2+i r?�ibQ2p2`- i?Bb MQiBQM 2M�#H2b � /2}MBiBp2 p2`/B+i

�b iQ r?2i?2` Q` MQi i?2 Q#D2+i Bb � bi�`X q?2M i?Bb T`2+Bb2 BMi2M@

bBQM Bb �TTHB2/ iQ i?2 rQ`H/- `2�HBiv �Mbr2`b rBi? � /2i2`KBM�i2

2ti2MbBQM- M�K2Hv i?2 THm`�HBiv Q7 Q#D2+ib i?�i b�iBb7v i?2 BMi2M@

bBQMX �M/ i?2`2 Bb MQi?BM; mMmbm�H �#Qmi bi�`b BM i?Bb `2;�`/X AM

KQbi Q`/BM�`v 2KTB`B+�H +�b2b- � T`2+Bb2 BMi2MbBQM /2i2`KBM2b �M

2ti2MbBQM r?2M �TTHB2/ iQ i?2 rQ`H/X "mi BM K�i?2K�iB+�H +�b2b-

�M/ Qi?2` +�b2b BMpQHpBM; �#bi`�+iBQM- i?Bb Bb MQ HQM;2` bQX >2`2

� T`2+Bb2 BMi2MbBQM Q7i2M 7�BHb iQ /2i2`KBM2 �M 2ti2MbBQMX

h?mb- Qp2`�HH- QM2 KB;?i �`;m2 i?�i i?2 K�BM KQiBp�iBQM 7Q` �++2TiBM; BM@

i2`T`2i�iBQM�H TQbbB#BHBiv U�M/ i?2 +H�BK i?�i T`2+Bb2 BMi2MbBQMb /QMǶi /2@

i2`KBM2 T`2+Bb2 2ti2MbBQMb �#Qp2V Bb iQ �++QmMi 7Q` b2i i?2Q`2iB+ T�`�/Qt2b

r?BH2 �pQB/BM; �`#Bi`�`BM2bb BMimBiBQMbkkX "mi- B7 � SmiM�KB�M �TT`Q�+? +�M

/Q i?2 b�K2 rQ`F rBi?Qmi `2[mB`BM; mb iQ �// iQ Qm` 7mM/�K2Mi�H B/2QHQ;v

Q` `2pBb2 ;2M2`�H T?BHQbQT?v Q7 H�M;m�;2- +QMbB/2`�iBQMb Q7 T�`bBKQMv 7�pQ`

i?2 SmiM�KB�M 7`�K2rQ`FX

8XeXj .Qm#H2 .miv

h?2 S`Q#H2K

6BM�HHv- � i?B`/ +?�HH2M;2 7Q` S�`bQMB�Mb +QM+2`Mb i?2 /Qm#H2 /miv b2i i�HF

Bb bmTTQb2/ iQ TH�v BM S�`bQMB�M i?2Q`B2bX

?2M+2 /2bB`�#H2 iQ �pQB/ r?2`2 TQbbB#H2X
kk*2`i�BMHv i?2 +�b2 Q7 b2i i?2Q`v Bb i?2 K�BM KQiBp�iBQM +Bi2/ 7Q` .mKK2iiǶb T`QD2+i

BM (jy) �M/ aim//Ƕb T`QD2+i Q7 /272M/BM; [m�MiB}2` `2H�iBpBbK BM (RRj)X
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_2+�HH i?�i i?2 SmiM�KB�M TQi2MiB�HBbi M2p2` 2KTHQvb � T`2/B+�i2 ǵb2iǶ BM

?2` HQ;B+�H `2;BK2Mi�iBQMb Q7 b2i i?2Q`2iB+ i�HFX h?mb b?2 +QmH/ /2Mv i?�i

i?2`2 Bb � T`QT2`iv Q7 #2BM; � b2iX P` B7 b?2 /Q2b �++2Ti bm+? � MQiBQM- b?2

+�M b�v i?�i Bi ?�b �M 2KTiv 2ti2MbBQM- 7Q` i?2 b�K2 `2�bQM ǵT?BHQ;BbiQMǶ

/Q2b Ub2ib �`2 Q#D2+ib ?vTQi?2bBx2/ #v i?2 r`QM; �++QmMi Q7 r?�i b2i i?2Q`v

Bb i2�+?BM; mb �#QmiVX

AM +QMi`�bi- i?2 S�`bQMB�M i�F2b Q`/BM�`v K�i?2K�iB+�H mb�;2 iQ ?�p2 ;Bp2M

ǵb2iǶ � /2}MBi2 K2�MBM; ě 2MQm;? i?�i i?2`2 �`2 /2}MBi2 UMQM@i`BpB�HV 7�+ib

�#Qmi ?Qr i�HH � ?B2`�`+?v Q7 b2ib �+im�HHv 2tBbibfK�i?2K�iB+B�Mb �`2 +m`@

`2MiHv i?BMFBM; BM i2`Kb Q7X "mi Bi +�M b22K TmxxHBM; ?Qr K�i?2K�iB+B�MbǶ

b2i i?2Q`2iB+ i�HF +�M /Q i?Bb r?BH2 bBKmHi�M2QmbHv #2BM; #2bi mM/2`biQQ/

BM � TQi2MiB�HBbiB+ 7�b?BQMX >Qr +�M bm+? i�HF /2i2`KBM2 UBM �Mv T`BM+B@

TH2/ 7�b?BQMV 7�+ib �#Qmi r?�i ?2B;?i �+im�HBbi ?B2`�`+?v Q7 b2ib i?2v �`2

bmTTQb2/ iQ #2 i?BMFBM; �#Qmi\

6Q` BMi2`T`2i�iBQM�HBbi S�`bQMB�Mb- i?2 +?�HH2M;2 HQQFb HBF2 i?BbX AM r?�i

b2Mb2 +�M bQK2QM2 b�B/ iQ #2 ǵi?BMFBM; BM i2`Kb Q7Ƕ �Mv ?B2`�`+?v Q7 �+@

im�HBbi b2ib rBi? ?2B;?i α- B7 i?2B` b2i i�HF b?QmH/ �Hr�vb #2 BMi2`T`2i2/

TQi2MiB�HBbiB+�HHv\ >Qr K�Mv b2ib �`2 GBMM2#Q �M/ aim// +m``2MiHv i?BMF@

BM; BM i`Kb Q7\ �M/ r?�i T`BM+BTH2/ ;`QmM/b �`2 i?2`2 7Q` i?2 �Mbr2` iQ

i?Bb [m2biBQM\

hQ T`2bb i?Bb rQ``v U�M/ 7m`i?2` +H�`B7v aim//Ƕb MQiBQM Q7 BMi2`T`2i�iBQM�H

TQbbB#BHBivV- A rBHH MQr /Bb+mbb aim//Ƕb biQ`v �#Qmi Qm` b2i i?2Q`2iB+ T`�+iB+2

KB;?i mMFMQrBM;Hv ;2i Qm` [m�MiB}2`b iQ `�M;2 Qp2` KQ`2 �M/ KQ`2 b2ibX

Ai b22Kb iQ K2 i?�i B7 i?Bb biQ`v rQ`F2/ Bi KB;?i �ii`�+iBp2Hv �Mbr2` i?2
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+?�HH2M;2 �#Qp2 , T`QpB/BM; � T`BM+BTH2/ �++QmMi Q7 ?Qr K�Mv b2ib K�i?2@

K�iB+B�Mb �`2 +m``2MiHv i?BMFBM; BM i2`Kb Q7X >Qr2p2` A rBHH �`;m2 i?�i Bi

/Q2b MQi rQ`F- bQ i?2 /Qm#H2 /miv T`Q#H2K `2K�BMbX

aim// QM 1tT�MbBQM �M/ �+im�H a2i h?2Q`v

AM *?�Ti2` 3 Q7 (RRj) aim//Ƕb bF2i+?2b � biQ`v ?Qr T2QTH2 rBi? � b2i i?2Q`2iB+

T`�+iB+2 HBF2 Qm`b +QmH/ mMFMQrBM;Hv +?�M;2 i?2B` [m�MiB}2` K2�MBM;b �M/

+QK2 iQ i�HF BM i2`Kb Q7 � T`Q;`2bbBp2Hv H�`;2` �+im�HBbi ?B2`�`+?v Q7 b2ibX

aim// }`bi +QMbB/2`b � bBim�iBQM r?2`2 T2QTH2 FMQrBM;Hv bi�`i i�HFBM; �M/

i?BMFBM; BM i2`Kb Q7 2ti`� b2ibX AK�;BM2 i?�i bQK2 T2QTH2 bi�`i Qmi bT2�FBM;

� H�M;m�;2 ZX h?2M i?2v /2+B/2 iQ bTHBi Qz 7`QK i?2 K�BM #Q/v Q7 Z bT2�F2`b

�M/ /2p2HQT � M2r H�M;m�;2 1- r?B+? ǵi�HFb BM i2`Kb Q7Ƕ 2ti`� b2ibX

hQ /Q i?Bb i?2v �/QTi +2`i�BM T`BM+BTH2b- KQbi BKTQ`i�MiHv i?2 BM72`2M+2

b+?2K�b 7Q` `2�bQMBM; 7`QK +H�BKb BM i?2 QH/ H�M;m�;2 Z UBM/B+�i2/ #2HQr

#v TmiiBM; ǵZ,Ƕ BM 7`QMi Q7 i?2KV iQ +H�BKb BM i?2 M2r H�M;m�;2 1 UBM/B+�i2/

#2HQr #v TmiiBM; ǵ1,Ƕ BM 7`QMi Q7 i?2KV - �M/ pB+2 p2`b�X X

(UE − {})

Q : things(vv)⇒ E : thing({vv})

Q : things(vv), Q : v ≺ vv ⇒ E : v ∈ {vv}
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Q : things(vv), E : v ∈ {vv}⇒ Q : v ≺ vv

AMimiBp2Hv i?2b2 b+?2K�b 2K#Q/v i?2 B/2� i?�i 2�+? THm`�HBiv vv Q7 Q#D2+ib

[m�MiB}2/ Qp2` BM i?2 QH/ H�M;m�;2 Z Bb bmTTQb2/ iQ 7Q`K � b2i BM i?2 M2r

H�M;m�;2kjX Jm+? KB;?i #2 b�B/ �#Qmi bm+? 2tQiB+ T`BM+BTH2bX LQi2- 7Q`

2t�KTH2- i?�i vv Bb � THm`�H p�`B�#H2X aQ r2 �`2MǶi `2�bQMBM; 7`QK b2Mi2M+2b

BM QM2 H�M;m�;2 r2 bT2�F iQ �MQi?2`- #mi bmTTQbBM; i?�i r2 +�M UbQ iQ bT2�FV

`2�+? Qmi �M/ +�i+? i?2 `272`2M+2 Q7 � 7`22 p�`B�#H2 BM bQK2 7Q`KmH� BM QM2

H�M;m�;2- #v � 7Q`KmH� BM �MQi?2` H�M;m�;2X "mi A i�F2 i?2 ;2M2`�H TB+im`2

Q7 �++2TiBM; bm+? BM72`2M+2b 7Q`+BM; � +?�`Bi�#H2 BMi2`T`2i2` iQ BMi2`T`2i i?2

[m�MiB}2`b BM vQm` M2r H�M;m�;2 1 �b `�M;BM; Qp2` bi`B+iHv KQ`2 Q#D2+ib

i?�M i?2v /B/ BM vQm` Q`B;BM�H Z iQ #2 +H2�`X �M/ A rQMǶi Q#D2+i iQ �Mv Q7

i?2b2 /2i�BHb ?2`2X Jv Q#D2+iBQMb +QM+2`M i?2 M2ti T�`i Q7 i?2 biQ`vX

qBi? i?Bb #�+F;`QmM/ BM TH�+2- aim// i?2M +QMbB/2`b ?Qr r2 +�M +?�`Bi�#Hv

BMi2`T`2i bT2�F2`b r?Q �++2Ti bQK2i?BM; HBF2 i?2 BM72`2M+2 `mH2b �#Qp2 #mi

?�p2 bm#iHv BM+Q?2`2Mi #2HB27bk9,

things(vv)⇒ thing({vv})

things(vv), v ≺ vv ⇒ v ∈ {vv}

kja22 T�;2 kj8
k9a22 T; kjN



R8k *>�Sh1_ 8X S�_aPLA�L SPh1LhA�GAaJ

things(vv), v ∈ {vv}⇒ v ≺ vv

h?2 �#Qp2 BM72`2M+2 T`BM+BTH2b H2i vQm BM72` i?�i- 7Q` �Mv THm`�HBiv Q7 i?BM;b

vv- i?2`2Ƕb � b2i {vv} r?Qb2 2H2K2Mib �`2 2t�+iHv i?2 Q#D2+ib v BM i?Bb THm@

`�HBiv vv Ur`Bii2M v ≺ vvVX h?mb �++2TiBM; Bi UiQ;2i?2` rBi? MQ`K�H THm`�H

+QKT`2?2MbBQM T`BM+BTH2b b�vBM; i?�i 7Q` �Mv φ i?2`2Ƕb � THm`�HBiv vv Q7 i?2

Q#D2+ib bm+? i?�i φv V H2ib vQm /2`Bp2 i?2 2tBbi2M+2 Q7 i?2 _mbb2HH b2i �M/

?2M+2 +QMi`�/B+iBQMX

aim// �`;m2b i?�i i?2b2 bT2�F2`b +QmH/ mM/2`;Q � FBM/ Q7 mMrBiiBM; [m�M@

iB}2` K2�MBM; +?�M;2- 7Q` i?2 7QHHQrBM; `2�bQMX AM ;2M2`�H- � +?�`Bi�#H2

BMi2`T`2i2` +�M i`v iQ �++QKKQ/�i2 � bT2�F2`Ƕb `2�bQMBM; #v +?�M;BM; i?2

/QK�BM Q7 Q#D2+ib i?2v i�F2 i?2 bT2�F2` iQ [m�MiB7v Qp2`k8 �M/ i?2 H�M;m�;2

i?2v i�F2 i?2K iQ #2 bT2�FBM;X AM i?Bb +�b2- aim// bm;;2bib- +?�`Bi�#H2 BMi2`@

T`2i�iBQM KB;?i i�F2 i?2 bT2�F2` iQ #2 ;QBM; i?`Qm;? bQK2i?BM; �M�HQ;Qmb

iQ i?2 H�M;m�;2 brBi+? 7`QK Z iQ 1 2MpBb�;2/ �#Qp2X �M/ B7 K2�MBM; `2~2+ib

+?�`Bi�#H2 BMi2`T`2i�iBQM- i?2M r2 +�M ?�p2 � FBM/ Q7 mMrBiiBM; [m�MiB}2`

K2�MBM; 2tT�MbBQM BM i?Bb r�vX

h?Bb Bb- A i�F2 Bi- aim//Ƕb T`QTQb�H 7Q` ?Qr Bi +QmH/ #2 i`m2 i?�i UmM#2@

FMQrMbi iQ mbV Qm` +m``2Mi [m�MiB}2`b `�M;2 Qp2` bQK2 bi2�/BHv ;`QrBM;

`�M;2 Q7 b2ibX >2 Tmib Bi 7Q`r�`/b �b i?2 ǳ#�bBb 7Q` �M B/2�HBx2/ �++QmMi Q7

mMBp2`b2 2tT�MbBQM �TTHB+�#H2 iQ i?2 Q`/BM�`v 1M;HBb? bT2�F2`ǴX A ?�p2 i?2

7QHHQrBM; +QM+2`MbX
k8aim// ;Bp2b i?Bb 2t�KTH2- ǳA mii2` ǵ8kW Q7 T2QTH2 pQi2/ 7Q` "`2tBiǶ �M/ r2 BKK2/B�i2Hv

HBKBi i?2 /QK�BM iQ 2t+Hm/2 i?Qb2 r?Q /B/MǶi im`M Qmi Q` r2`2 BM2HB;B#H2 iQ pQi2Ǵ
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6B`bi- bm`2Hv r2 /QMǶi �+im�HHv- �7i2` i?2 /Bb+Qp2`v Q7 _mbb2HHǶb T�`�/Qt- ?�p2

i?2 /BbTQbBiBQM iQ BM72` i?�i �`#Bi`�`v THm`�HBiB2b 7Q`K � b2iX

a2+QM/- �M/ T2`?�Tb KQbi BKTQ`i�MiHv �b `2;�`/b �Mbr2`BM; i?2 /Qm#H2 /miv

T`Q#H2K- aim//Ƕb biQ`v /Q2bMǶi bm;;2bi �Mv T`BM+BTH2/ �Mbr2` iQ r?2M �M/

?Qr [mB+FHv bT2�F2`b �`2 bmTTQb2/ iQ ;Q i?`Qm;? H�M;m�;2 +?�M;2 2p2Mib

?2 T`QTQb2bX >Qr Q7i2M rQmH/ i?2 +?�`Bi�#H2 BMi2`T`2i2` rQmH/ b�v i?�i

bQK2QM2 rBi? i?2 BM72`2M+2 /BbTQbBiBQMb �#Qp2 ?�b brBi+?2/ H�M;m�;2b U2p2`v

8 KBMmi2b\ 2p2`v Ry KBMmi2b\VX A7 A HB2 �`QmM/- ?�pBM; i?2 BM+QMbBbi2Mi

BM72`2M+2 /BbTQbBiBQMb aim// K2MiBQMb �M/ MQi i?BMFBM; �#Qmi b2i i?2Q`v

7Q` �M ?Qm`- ?Qr K�Mv iBK2b b?QmH/ i?2 +?�`Bi�#H2 BMi2`T`2i2` i�F2 Kv

H�M;m�;2 iQ ?�p2 +?�M;2/ /m`BM; i?�i iBK2\ AMbQ7�` �b bi�M/BM; /BbTQbBiBQMb

iQ K�F2 BM72`2M+2b UQ` `2;�`/ 7�BHm`2 iQ K�F2 BM72`2M+2b �b B``�iBQM�HV /`Bp2

i?2 �#Qp2 +?�`Bi�#H2 BMi2`T`2i�iBQM- Bi Bb ?�`/ iQ b22 ?Qr QM2 +QmH/ ;Bp2 �Mv

MQM@�`#Bi`�`v �Mbr2` iQ i?2 �#Qp2 [m2biBQMX

h?B`/- BiǶb MQi +H2�` r?2i?2` i?2 #�H�M+2 Q7 +?�`Bi�#H2 BMi2`T`2i�iBQM 7�pQ`b

aim//Ƕb bi`�i2;v- QM+2 r2 }HH BM `2H2p�Mi bT2�F2`bǶ Qi?2` BM72`2M+2 /BbTQ@

bBiBQMb BM � `2�HBbiB+ r�vX 6Q` QM2 i?BM;- T2QTH2 �`2 /BbTQb2/ iQ BMi2`T`2i

i?BM;b i?2v r`Qi2 v2bi2`/�v ?QKQT?QMB+�HHv- �M/ �bbmK2 i?�i i?2 i`mi?

p�Hm2 Q7 b2Mi2M+2b /2T2M/BM; QM i?2 ?2B;?i Q7 i?2 b2ib /Q2bMǶi +?�M;2 7`QK

/�v iQ /�i2X "mi aim//Ƕb 7�pQ`2/ +?�`Bi�#H2 BMi2`T`2i�iBQM rQmH/ K�F2 i?Bb

i`�Mb@H�M;m�;2 BM72`2M+2 b+?2K� 7�BHX

6Q` �MQi?2` i?BM;- Bi b22Kb iQ K2 i?2`2Ƕb � /BH2KK� �#Qmi r?�i /Bz2`2Mi

bi�;2b Q7 ;`Qri? BM i?2 ?B2`�`+?v Q7 b2ib �`2 bmTTQb2/ iQ HQQF HBF2X A7 i?2

?B2`�`+?v Q7 b2ib ;`Qrb QM2 H�v2` �i � iBK2- i?2M Bi HQQFb HBF2 `2BMi2`T`2iBM;
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bQK2QM2 �b i�HFBM; �#Qmi � H�`;2` ?B2`�`+?v rBHH bQK2iBK2b #2 p2`v mM+?�`@

Bi�#H2X 6Q` 2t�KTH2- /Q2bMǶi ;QBM; 7`QK BMi2`T`2iBM; bQK2QM2 �b i�HFBM;

�#Qmi Vω iQ Vω+1 K�F2 p�`BQmb i?BM;b i?2v #2HB2p2 HBF2 i?2 T�B`BM; �tBQK

+QK2 Qmi r`QM;\

"mi B7 r2 �pQB/ i?Bb T`Q#H2K #v b�vBM; i?�i 2�+? `2BMi2`T`2i�iBQM Q7 b2i

i?2Q`2iB+ i�HF Kmbi BMi2`T`2i T2QTH2 �b [m�MiB7vBM; Qp2` � /QK�BM Q7 Q#D2+ib

b�iBb7vBM; bQK2i?BM; HBF2 ZFC2- r2 rBHH ǵ�b+2M/ BM #B; H2�TbǶ HBF2 >2HHK�M

`�i?2` i?�M BM bBM;H2 bi2Tb �b GBMM2#Q �M/ A T`272`- �M/ 7�+2 i?2 BM+QMp2@

MB2M+2b /Bb+mbb2/ BM *?�Ti2` jX

�HbQ- �i i?2 `BbF Q7 bQmM/BM; +`m/2- r?v BbMǶi SmiM�KB�M TQi2MiB�HBbK

Ur?B+?- �b r2 b�r- aim// �+FMQrH2/;2b i?2 �++2Ti�#BHBiv Q7V � KQ`2 +?�`Bi�@

#H2 BMi2`T`2i�iBQM i?�M �Mv Q7 i?2b2\ q?v BbMǶi i?2 S�`bQMB�M BMi2`T`2i�iBQM

Bib2H7 � #2ii2` BMi2`T`2i�iBQM\

aQ- Qp2`�HH A /QMǶi ?Qr iQ ;2i �Mv +H2�` �ii`�+iBp2 �Mbr2` iQ i?2 [m2biBQM

ǵ?Qr K�Mv �+im�HBbi b2ib �K A +m``2MiHv i?BMFBM; BM i2`Kb Q7\Ƕ 7`QK aim//Ƕb

�++QmMiX

8Xd *QM+HmbBQM

AM i?Bb +?�Ti2` AǶp2 /Bb+mbb2/ i?2 /Bz2`2M+2b #2ir22M SmiM�KB�M �M/ S�`@

bQMB�M �TT`Q�+?2b iQ SQi2MiB�HBbK- �M/ `2pB2r2/ bQK2 K�DQ` 7Q`Kb Q7 S�`@

bQMB�M TQi2MiB�HBbKX

AǶp2 i?2M i`B2/ iQ DmbiB7v Kv mb2 Q7 � SmiM�KB�M 7`�K2rQ`F iQ S�`bQMB�M

`2�/2`b r?Q K�v }M/ Bi mM7�KBHB�`X AǶp2 �`;m2/ i?�i S�`bQMB�Mb +�M �M/
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b?QmH/ �++2Ti i?2 K2�MBM;7mHM2bb Q7 #�bB+ +QM+2Tib HBF2 HQ;B+�H TQbbB#BHBiv �M/

+�M HBF2Hv mb2 Kv SmiM�KB�M p2`bBQM Q7 `2TH�+2K2Mi iQ 7m`i?2` DmbiB7v i?2B`

p2`bBQM Q7 `2TH�+2K2Mi U�i H2�bi iQ bQK2 2ti2MiVX AǶp2 �HbQ UHQQb2HvV BM/B+�i2/

i?2 `2�bQMb r?v rQ`FBM; BM i?2 SmiM�KB�M bvbi2K rBHH #2 T`�+iB+�HHv mb27mHX

JQ`2 i2Mi�iBp2Hv- AǶp2 �`;m2/ i?�i r2 b?QmH/ 7�pQ` SmiM�KB�M Qp2` S�`bQ@

MB�M �TT`Q�+?2b iQ TQi2MiB�HBbi b2i i?2Q`v QM �TT`QtBK�i2Hv i?2 7QHHQrBM;

;`QmM/bX

6B`bi- SmiM�KB�M TQi2MiB�HBbK +�M #2 /2p2HQT2/ mbBM; � DQBMi +�`pBM; MQiBQM

Q7 HQ;B+�H TQbbB#BHBiv r?B+? 2p2`vQM2 ?�b `2�bQM iQ �++2Ti U�M/ SmiM�KB�Mb

?�p2 2ti`� `2�bQM iQ �++2TiVX h?mb UBMi2`T`2i�iBQM�HBbiV S�`bQMB�M b2i i?2Q`v

+�M b22K mMT�`bBKQMBQmb �M/ M22/H2bbHv `2pBbBQM�`v- BMbQ7�` �b Bi `2[mB`2b

�//BM; �M BMi2`T`2i�iBQM�H TQbbB#BHBiv QT2`�iQ` iQ Qm` B/2QHQ;v �M/ K�F2

+2`i�BM Qi?2`rBb2 mMM22/2/ `2pBbBQMb iQ Qm` T?BHQbQT?v Q7 H�M;m�;2 U/2MvBM;

i?�i ǵT`2+Bb2 BMi2MbBQMb �Hr�vb /2i2`KBM2 T`2+Bb2 2ti2MbBQMbǶVX

a2+QM/- i?2 MQiBQM Q7 BMi2`T`2i�iBQM�H TQbbB#BHBiv +�M b22K HBF2 �M mM�ii`�+@

iBp2 +?QB+2 Q7 i?2Q`2iB+�H T`BKBiBp2X 6Q` 7�+ib �#Qmi BMi2T`2i�iBQM�H TQbbB@

#BHBiv ;2M2`�HHv rQmH/ b22K iQ #2 7`2[m2MiHv BM/2i2`KBM�i2- ?B;?Hv /BbTmi2/

�M/fQ` mMT`BM+BTH2/ 7�+ibX �M/ GBMM2#Q �M/ aim//Ƕb T�`Bi+mH�` p2`bBQMb Q7

i?Bb +QM+2Ti +�M b22K �/ ?Q+ `2bi`B+i2/ iQ �HHQr �bbmKTiBQMb M22/2/ iQ Dmb@

iB7v b2i i?2Q`v- X h?mb QM2 KB;?i 7�pQ` S�`bQMB�M TQi2MiB�HBbK QM ;`QmM/b

Q7 +QM+2Tim�H T�`bBKQMvX h?2`2 Bb �HbQ � rQ``v i?�i i?2 SmiM�KB�M TQ@

i2MiB�HBbi M22/b iQ @ BM 2z2+i@ BMpQF2 � SmiM�KB�M �TT`Q�+? iQ i?2 Q`/BM�Hb

U� MQiBQM Q7 �`#Bi`�`v b2[m2M+2b `2+QM+2Tim�HBx�iBQM 2p2Mib b�iBb7vBM; i?2

�tBQKb 7Q` #2BM; � r2HH Q`/2`BM;V- BM r?B+? +�b2 �//BM; � T?BHQbQT?B+�HHv
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/Bz2`2Mi S�`bQMB�M �TT`Q�+? iQ i?2 b2ib b22Kb T�`iB+mH�`Hv mMKQiBp�i2/X

h?B`/ S�`bQMB�Mb 7�+2/ � ǵ/Qm#H2 /mivǶ T`Q#H2K r?B+? S�`bQMB�M pB2rb

�pQB/X 6Q` 2t�KTH2- BMi2`T`2i�iBQM�HBbi S�`bQMB�Mb 7�+2 �rFr�`/M2bb �#Qmi

?Qr iQ �Mbr2` i?2 [m2biBQM ǵ?Qr K�Mv b2ib �`2 vQm +m``2MiHv i?BMFBM; BM

i2`Kb Q7\Ƕ i?�i Bb MQi �Mbr2`2/ #v aim//Ƕb TB+im`2 Q7 mMBMi2MiBQM�H H�M;m�;2

+?�M;2X

AM +HQbBM; A rBHH K2MiBQM i?`22- r2�F2`- KQiBp�iBQMb 7Q` 7�pQ`BM; i?2 Smi@

M�KB�M �TT`Q�+? X

6B`bi- SmiM�KB�M T�`�T?`�b2b T`QKBb2 iQ K�F2 i?2 BMimBiBp2Hv +HQb2 `2H�@

iBQMb?BT #2ir22M K�i? �M/ HQ;B+ 2tTHB+Bi UbT2+B}+�HHv i?2 MQiBQM Q7 HQ;B+�H

TQbbB#BHBiv BMi2`/2}M�#H2 rBi? 2Mi�BHK2MiVX

a2+QM/- i?2 T`�+iB+�H +QMp2MB2M+2 Q7 rQ`FBM; BM � SmiM�KB�M 7`�K2rQ`F

U�M/ +�b?BM; Qmi b2i i?2Q`v BM i2`Kb Q7 HQ;B+�H TQbbB#BHBivV /Bb+mbb2/ BM

Ȝ8X8Xk- KB;?i #2 i�F2M �b 2pB/2M+2 7Q` i?2 T?BHQbQT?B+�H +Q``2+iM2bb Q7 i?Bb

�TT`Q�+?X :QBM; SmiM�KB�M T`QKBb2b iQ H2ib mb `�iBQM�HHv `2+QMbi`m+i i?2

DmbiB}+�iBQM 7Q` Qm` b2i i?2Q`2iB+ #2HB27b 7`QK T`2KBb2b i?�i b22K +H2�`Hv i`m2

KQ`2 /B`2+iHv- mbBM; 72r2` T`BKBiBp2bX

h?B`/- U�Hi?Qm;? A T2`bQM�HHv i?BMF r2 b?QmH/ �++2Ti � #`Q�/Hv M2Q@*�`M�TB�M

T?BHQbQT?v Q7 H�M;m�;2V- BiǶb rQ`i? MQiBM; i?�i SmiM�KB�M TQi2MiB�HBbi b2i

i?2Q`v /Q2bMǶi `2[mB`2 mb iQ �++2Ti i?Bb +QMi`Qp2`bB�H T?BHQbQT?B+�H i?2bBb

r?BH2 UBMi2`T`2i�iBQM�HBbiV S�`bQMB�MBbK /Q2bkeX h?mb T?BHQbQT?2`b r?Q `2@
keh?2 BMi2`T`2i�iBQM�H S�`bQMB�M +�MǶi K2�M BMi2`T`2iBQM�H TQbbB#BHBiv BM i?2 7�KBHB�`

h�`bFB�M b2Mb2 r?2`2 �HH BMi2`T`2i�iBQMb +?QQb2 i?2B` /QK�BMb 7`QK �KQM; bQK2 }t2/
mMBp2`b2 Q7 Q#D2+ib- Qi?2`rBb2 r2 rBHH ?�p2 � K�tBKmK bBx2 r?B+? �HH BMi2`T`2i�iBQMb Q7
i?2 b2ib ?�p2 iQ #2 7QmM/ rBi?BMX PM bm+? � pB2r �+im�HBbib �TT�`2Mi +QKKBiK2Mi iQ
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D2+i bm+? M2Q@*�`M�TB�M T?BHQbQT?v Q7 H�M;m�;2 rBHH +2`i�BMHv 7�pQ` i?2 Smi@

M�KB�M �TT`Q�+? Qp2` i?2 BMi2`T`2i�iBQM�HBbi S�`bQMB�M QM2X �M/ T2`?�Tb

i?2 b�K2 ;Q2b 7Q` T?BHQbQT?2`b r?Q rQmH/ T`272` iQ H2�p2 72r ǵ?Qbi�;2b iQ

7Q`imM2Ƕ �M/ �pQB/BM; 2Mi�M;HBM; i?2 T?BHQbQT?v Q7 b2i i?2Q`v rBi? mM`2H�i2/

T?BHQbQT?B+�H +QMi`Qp2`bB2bX

�M �`#Bi`�`v biQTTBM; TQBMib- r?B+? TQi2MiB�HBbK T`QKBb2/ iQ H2i mb �pQB/- b22Kb iQ ;2i
/`�;;2/ #�+F BMX
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S�`i AA

R8N





ReR

AM S�`i A r2 /Bb+mbb2/ bQK2 2tBbiBM; TQi2MiB�HBbi �M/ �+im�HBbi �TT`Q�+?2b

iQ i?2 7QmM/�iBQMb Q7 b2i i?2Q`v- �M/ MQi2/ bQK2 T`Q#H2Kb 7Q` i?2KX q2

b�r i?�i �+im�HBbib 7�+2 �M �`#Bi`�`BM2bb T`Q#H2K `2H�i2/ iQ i?2 "m`�HHB@6Q`iB

T�`�/QtX SQi2MiB�HBbib 7�+2 � T`Q#H2K �#Qmi +H�`B7vBM; i?2 BMi2M/2/ K2�MBM;

i?2B` TQbbB#BHBiv �M/ 2ti2M/�#BHBiv +H�BKb U2X;X- i?2 BMi2M/2/ BMi2`T`2i�iBQM

Q7 i?2 " �M/ ♦V BM � r�v i?�i bmTTQ`ib i?2B` T`QD2+iX �M/ #Qi? �+im�HBbib

�M/ TQi2MiB�HBbib 7�+2 � T`Q#H2K �#Qmi DmbiB7vBM; i?2 w6* �tBQKb- 2bT2+B�HHv

i?2 �tBQK Q7 _2TH�+2K2MiX qBi? i?Bb TB+im`2 BM TH�+2- r2 +�M MQr #2;BM

i?Bb #QQFǶb TQbBiBp2 T`QD2+iX q2 �HbQ BMi`Q/m+2/ Kv T`272``2/ MQiBQM Q7

+QM/BiBQM�H HQ;B+�H TQbbB#BHBiv �M/ b�r b�r ?Qr B7 +�M #Qi? 2tT`2bb bi�M/�`/

+H�BKb �#Qmi HQ;B+�H TQbbB#BHBiv �M/ /Q i?2 rQ`F Q7 b2+QM/ Q`/2` HQ;B+X

AM S�`i AA Q7 i?Bb #QQF A rBHH /2p2HQT Kv T�`iB+mH�` p2`bBQM Q7 USmiM�KB�MV

SQi2MiB�HBbi b2i i?2Q`v mbBM; +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv �M/ �`;m2 i?�i

Bi H2ib mb �pQB/ K�Mv Q7 i?2 T`Q#H2Kb /Bb+mbb2/ �#Qp2X �b r2 ?�p2 b22M-

TQi2MiB�HBbi T�`�T?`�b2b Q7 b2i i?2Q`v K�F2 +H�BKb �#Qmi ?Qr Bi rQmH/ #2

UBM bQK2 b2Mb2V TQbbB#H2 iQ 2ti2M/ �M BMBiB�H b2;K2Mi Q7 i?2 ?B2`�`+?v Q7 b2ibX

AM +?�Ti2` e A rBHH ;Bp2 �M BM7Q`K�H bmKK�`v Q7 ?Qr +QM/BiBQM�H HQ;B+�H

TQbbB#BHBiv U�M/ }`bi@Q`/2` HQ;B+V H2ib mb 7Q`KmH�i2 � p2`bBQM Q7 SmiM�KǶb

TQi2MiB�HBbi b2i i?2Q`v r?B+? /Bz2`b 7`QK- �M/ bBKTHB}2b- >2HHK�MǶb 7Q`Km@

H�iBQM BM � 72r F2v r�vbX aT2+B}+�HHv- AǶHH K�F2 Bi +H2�` ?Qr +QM/BiBQM�H

HQ;B+�H TQbbB#BHBiv �HHQrb mb iQ +QKTH2i2Hv 2HBKBM�i2 [m�MiB7vBM;@BM iQ i?2

HQ;B+�H TQbbB#BHBiv QT2`�iQ`X

h?2 `2K�BM/2` Q7 i?Bb T�`i rBHH #2 /2pQi2/ iQ T`QpB/BM; � b2i Q7 �tBQKb 7Q`

+QM/BiBQM�H HQ;B+�H TQbbB#BHBiv �M/ �`;mBM; 7Q` i?2 i`mi? Q7 i?2b2 �tBQKbX



Rek



*?�Ti2` e

Sm`B}2/ SQi2MiB�HBbi a2i

h?2Q`v, �M AM7Q`K�H aF2i+?

AM i?Bb +?�Ti2` A rBHH BM7Q`K�HHv T`2b2Mi Kv T`272``2/ p2`bBQM Q7 TQi2MiB�HBbi

b2i i?2Q`v UmbBM; i?2 MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBivV- �M/ +H�`B7v

bQK2 T?BHQbQT?B+�H Bbbm2b �#Qmi BiX

A rBHH 2KTHQv � p2`bBQM Q7 SmMi�KǶb �TT`Q�+?- #mi �TT2�H iQ HQ;B+�H TQbbB#BH@

Biv bT2+B}+�HHv UKm+? �b >2HHK�M /Q2bV `�i?2` i?�M K2i�T?vbB+�H TQbbB#BHBivX

aQ r?2M A b�v i?�i Bi rQmH/ #2 TQbbB#H2 iQ ?�p2 �M BMBiB�H b2;K2Mi V - A rBHH

K2�M UbQK2i?BM; HBF2V i?�i Bi rQmH/ #2 HQ;B+�HHv TQbbB#H2 7Q` i?2 Q#D2+ib

b�iBb7v ǵBb � T2M+BH2/ TQBMiǶ- ǵBb +QMM2+i2/ #v �M �``QrǶ iQ 7Q`K �M BMi2M/2/@

rB/i? BMBiB�H b2;K2Mi Q7 b2ib r?2M +QMbB/2`2/ mM/2` i?2b2 `2H�iBQMbRX "v
RaQ- 7Q` 2t�KTH2- �Hi?Qm;? A K�v +�bm�HHv i�HF �#Qmi i?2 TQbbB#H2 2tBbi2M+2 Q7 BMBiB�H

b2;K2Mi bi`m+im`2b Vi- A /QMǶi K2�M iQ �bb2`i i?�i i?2`2 �`2 UQ` +QmH/ #2V bT2+B�H Q#D2+ib
+�HH2/ bi`m+im`2b- �b 2X;X a?�TB`Q /Q2bX P` �i H2�bi- A /QMǶi r�Mi iQ b�v i?�i r2 M22/ bm+?
Q#D2+ib iQ mM/2`bi�M/ b2i i?2Q`vX �HH i�HF �#Qmi Ƕi?2 TQbbB#BHBiv Q7 � bi`m+im`2 2tBbiBM;Ƕ-

Rej



Re9*>�Sh1_ eX Sl_A6A1. SPh1LhA�GAah a1h h>1P_u, �L AL6P_J�G aE1h*>

mbBM; MQM@K�i?2K�iB+�H `2H�iBQMb r2 �pQB/ ?�pBM; iQ T`2bmK2 i?2`2 Bb �M

�Mi2+2/2MiHv K2�MBM;7mH MQiBQM Q7 b2i Q` Qi?2` K�i?2K�iB+�H `2H�iBQMX

>Qr2p2` i?2`2 �`2 � MmK#2` Q7 /2i�BHb iQ MQi2X

eXR hrQ aQ`i2/ AMBiB�H a2;K2Mi ai`m+im`2b

6B`bi- A rBHH QMHv `2[mB`2 Kv Bi2`�iBp2 ?B2`�`+?B2b iQ b�iBb7v A>q- MQi ZFC2

�b >2HHK�M /Q2b- 7Q` i?2 `2�bQMb /Bb+mbb2/ BM Ȝ\\X .QBM; i?Bb K�F2b Bi

+QMp2MB2Mi iQ �/KBi i?2 H2p2Hb BM Qm` ?B2`�`+?B2b Q7 b2ib �b T`BKBiBp2 Q#@

D2+ib BM i?2B` QrM `B;?i `�i?2` i?�M `2Hv QM i?2 UMQM@Q#pBQmbV 7�+i i?�i oQM

L2mK�MM Q`/BM�Hb +�M b2`p2 i?�i 7mM+iBQM BMbB/2 i?2 b2ibX aQ Kv Bi2`�iBp2

?B2`�`+?B2b rBHH ?�p2 irQ FBM/b Q7 U}`bi Q`/2`V Q#D2+ib TH�vBM; irQ /Bz2`2Mi

`QH2b, i?Qb2 Q7 b2ib �M/ Q`/BM�H H2p2HbX rBi? b2ib #2BM; `2H�i2/ iQ QM2 �MQi?2`

#v 2H2K2Mi?QQ/- Q`/BM�H H2p2Hb #2BM; `2H�i2/ iQ QM2 �MQi?2` #v H2bb i?�M-

�M/ 2p2`v b2i #2BM; ǵ�p�BH�#H2 �iǶ bQK2 Q`/BM�H H2p2HX hQ `2Bi2`�i2- QM Kv

+m``2Mi r�v Q7 i�HFBM; i?2 Q`/BM�Hb �`2 MQi i?2Kb2Hp2b b2ibkX

h?mb- A rBHH 2KTHQv }p2 `2H�iBQMb UQ7 �Mv FBM/V iQ +?�`�+i2`Bx2 i?2 MQiBQM Q7

BMBiB�H b2;K2Mi, irQ QM2 TH�+2 `2H�iBQMb TH�vBM; i?2 `QH2 Q7 set() �M/ ord()-

�M/ i?`22 irQ TH�+2 `2H�iBQMb TH�vBM; i?2 `QH2b Q7 ∈- < UQ`/BM�H Q`/2`BM;V

�M/ @ UǵBb �p�BH�#H2 �iǶ- r?2`2 � b2i x Bb �p�BH�#H2 �i � bi�;2 s B7 Bi ?�b #22M

+QMbi`m+i2/ �i Q` #27Q`2 bi�;2 sVX

BM i?2 TQi2MiB�HBbi T�`�T?`�b2 bi`�i2;v �#Qp2 Bb K2`2Hv b?Q`i?�M/ 7Q` +H�BKb �#Qmi i?2
TQbbB#BHBiv Q7 i?2`2 #2BM; Q#D2+ib r?B+? BMbi�MiB�i2 bT2+B}+ MQM@K�i?2K�iB+�H }`bi Q`/2`
T`2/B+�i2b �M/ `2H�iBQMb BM � +2`i�BM r�vX

kP7 +Qm`b2- b?QmH/ QM2 /2bB`2- QM2 +�M T`Qp2 i?�i Kv Q`/BM�Hb +�M #2 mMB[m2Hv B/2MiB}2/
rBi? i?2 b2ib 7Q`KBM; i?2 oQM L2mK�MM Q`/BM�Hb BM Kv bvbi2KX



eXkX ah_l*hl_1 S_1a1_oAL: LPh P"1C1*h S_1a1_oAL: 1sh1L.�"AGAhu Re8

aQ- 7Q` 2t�KTH2- r2 KB;?i mb2 i?2 7QHHQrBM; }`bi Q`/2` T`QT2`iB2b �M/ `2H�@

iBQMb, XXX Bb � T2M+BH2/ TQBMi- XXXBb � T2M+BH2/ bi�`- XXXBb +QMM2+i2/ iQXX #v �

/Qii2/f/�b?2/fbQHB/ �``QrX

�M/ A rBHH /2}M2 � 7Q`KmH� V (set, ord, <,∈,@) r?B+? �bb2`ib i?2 `2H�iBQMb

set, ord, <,∈,@ �TTHv iQ � Q#D2+ib BM bm+? � r�v �b iQ b�iBb7v Qm` +QM+2TiBQM

A>q Q7 �M BMBiB�H b2;K2Mi Q7 b2ib U7Q` #`2pBiv A rBHH Q7i2M bBKTHv +�HH i?2b2

BMBiB�H b2;K2MibVX

eXk ai`m+im`2 S`2b2`pBM; LQi P#2D2+i S`2b2`pBM;

1ti2M/�#BHBiv

a2+QM/ A rBHH mb2 i?2 MQiBQM Q7 +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv iQ i�HF �#Qmi

?Qr QM2 bm+? ?B2`�`+?v Q7 b2ib HBF2 bi`m+im`2 +QmH/ 2ti2M/ �MQi?2`X

A rBHH /2}M2 � 7Q`KmH� V ′ ≥ V r?B+? b�vb i?�i QM2 bm+? BMBiB�H b2;K2Mi

2ti2M/b �MQi?2` UBM i?2 BMimBiBp2 b2Mb2 r?2`2 QM2 BMBiB�H b2;K2Mi Q7 i?2 b2ib

+�M 2ti2M/ �MQi?2`V- r?2`2 V �##`2pB�i2b � HBbi Q7 `2H�iBQMb set, ord, <,∈,@

�M/ V ′ �##`2pB�i2b set′, ord′, <′,∈′ @ jX

LQr r2 +�M b�v i?�i BiǶb HQ;B+�HHv TQbbB#H2 7Q` �M BMBiB�H b2;K2Mi V iQ 2t@

i2M/2/ #v �M BMBiB�H b2;K2Mi V ′ #v bBKTH2 ?QH/BM; }t2/ Ui?2 `2H�iBQMb BMV

V X A �/QTi i?2 7QHHQrBM; �##`2pB�iBQM 7Q` i?Bb 7`2[m2MiHv mb2/ 2tT`2bbBQMX

♦V (V
′ ≥ V )

/27↔ ♦set,ord,∈,<,@(V
′ ≥ V )

jaQ V ′ ≥ V b�vb i?�i i?2 Q#D2+ib b�iBb7vBM; set′, ord′, <′,∈′ @ 7Q`K �M BMiB�H b2;K2Mi
2ti2M/BM; i?2 BMBiB�H b2;K2Mi 7Q`K2/ #v i?2 Q#D2+ib b�iBb7vBM; set, ord, <,∈,@ X
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h?Bb KB;?i #2 `2�/ �b b�vBM;9 i?�i BiǶb HQ;B+�HHv TQbbB#H2 U?QH/BM; }t2/ i?2

bi`m+im`2 Q7 oV 7Q` �MQi?2` BMBiB�H b2;K2Mi oǶ iQ 2ti2M/ oX

eXj �bbB;MK2Mi 6mM+iBQMb �M/ >B2`�`+?B2b

h?B`/- iQ +QKTH2i2Hv 2HBKBM�i2 [m�MiB7vBM; BM A rQMǶi Dmbi i?BMF �#Qmi ?Qr

�M BMBiB�H b2;K2Mib +�M #2 2ti2M/2/- #mi `�i?2` ?Qr BMBiB�H b2;K2Mib �m;@

K2Mi2/ rBi? � Ƕ7mM+iBQMǶ `2T`2b2MiBM; i?2 �bbB;MK2Mi Q7 p�`B�#H2b +�M #2

2ti2M/2/X h?mb- `�i?2` i?�M i�HFBM; �#Qmi r?�iǶb TQbbB#H2 ;Bp2M �M BMBiB�H

b2;K2Mi V �M/ i?2 Q#D2+i #QmM/ iQ i?2 p�`B�#H2 x �b >2HHK�M rQmH/- A i�HF

�#Qmi r?�iǶb TQbbB#H2 ;Bp2M �M BMBiB�H b2;K2Mi V �M/ �M ǵ�bbB;MK2Mi 7mM+@

iBQMǶ ρ- r?2`2 ρ(#x$) Bb K2�Mi iQ +�Tim`2 i?2 �bbB;MK2Mi Q7 i?2 p�`B�#H2

H2ii2` ǵxǶX

AM T�`iB+mH�`- AǶHH �bbQ+B�i2 2�+? BMBiB�H b2;K2Mi V rBi? � +QTv Q7 i?2 M�im`�H

MmK#2`b N �M/ �bbB;MK2Mi 7mM+iBQM ρ �bbB;MBM; ǵMmK#2`bǶ iQ b2ib BM i?�i

BMBiB�H b2;K2MiX *�HH i?2 `2bmHiBM; bi`m+im`2 �M AMi2`T`2i2/ BMBiB�H b2;K2MiX

�M/ H2i "V
(
"V
)

�##`2pB�i2b i?2 +QMDmM+iBQM Q7 i?2 `2[mB`2K2Mi i?�i V Bb

BMBiB�H b2;K2Mi- N Bb � +QTv Q7 i?2 M�im`�H MmK#2`b �M/ ρ Bb � 7mM+iBQM 7`QK

N iQ i?2 b2ib BM V 8X

aQ- `2+�HH i?�i iQ ;Bp2 � >2HHK�M bivH2 TQi2MiB�HBbi i`�MbH�iBQM Q7 � b2Mi2M+2

HBF2 (∀x)(∃y)φ(x, y) r?2`2 φ Bb [m�MiB}2` 7`22 r2 r�Mi iQ b�v bQK2i?BM; HBF2
9AM 2p2M KQ`2 /2i�BH- Bi KB;?i #2 `2�/ �b b�vBM;, AiǶb HQ;B+�HHv TQbbB#H2 U;Bp2M i?2

bi`m+im`2 Q7 i?2 T2M+BH TQBMib �M/ �``Qrb 2i+XV i?2 T2M TQBMib �M/ �``Qrb 2i+X 7Q`K �M
BMBiB�H b2;K2Mi 2ti2M/BM; �M BMBiB�H b2;K2Mi bi`m+im`2 7Q`K2/ #v i?2 T2M+BH TQBMib �M/
�``QrbX

8>2`2 A mb2 p�`B�#H2b (V , (V ′ iQ �##`2pB�i2 +Q``2bTQM/BM; HBbib Q7 `2H�iBQMb V,N, ρ �M/
V ′,N′, ρ′
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i?BbX

AiǶb HQ;B+�HHv M2+2bb�`v i?�i ?Qr2p2` QM2 +?QQb2b � b2i x 7`QK �M BMBiB�H

b2;K2Mi V - BiǶb HQ;B+�HHv TQbbB#H2 iQ 2ti2M/ i?Bb V rBi? �M BMBiB�H b2;K2Mi

V ′ +QMi�BMBM; � b2i x K�FBM; φ(x, y) i`m2X

q2 +�M +�Tim`2 i?2 b�K2 +QMi2Mi �b i?2 �#Qp2 b2Mi2M+2 �b 7QHHQrbeX

"
[
"V
(
"V
)
→ ♦&V ["V

′ ≥y
"V ∧ φ(ρ(#x$), ρ′(#y$))][∈ / ∈′]

]

>2`2 #x$, #y$ �`2 Q#D2+ib BM N d +Q/BM; i?2 p�`B�#H2 ǵxǶ �M/ ǵyǶX �M/ "V ′

2ti2M/b �MQi?2` 2Mb2K#H2 "V 2t+2Ti QM ǵvǶ Ur`Bii2M "V ′ ≥y
"V V b�vb

i?�i i?2 BMBiB�H b2;K2Mi V ′ ≥ V BM i?2 mbm�H r�v- U`2H2p�Mi +QTB2b Q7 i?2

MmK#2`b N �M/ N′ �`2 +Q2tBi2MbBp23 �M/V i?2 �bbB;MK2Mi 7mM+iBQM ρ′ K�Tb

N′ iQ i?2 b2ib BM V ′ bm+? i?�i ρ(n) = ρ′(n) 7Q` �HH MmK#2`b n 2t+2Ti #y$X

A;MQ`BM; i?2 /2i�BHb 7Q` i?2 KQK2Mi- i?2 F2v BMbB;?i ?2`2 i?2 BMBiB�H HQ;B+�H

M2+2bbBiv QT2`�iQ` H2ib ρ `�M;2 Qp2` �HH TQbbB#H2 `2H�iBQMb- bQ i?2 +QMb2[m2Mi

Kmbi ?QH/ ;Bp2M �Mv TQbbB#H2 b2i UTQbBiBQMV BM V +?Qb2M #v ρ(#x$) X

aQ i?2 +H�BK �#Qp2 b�vb UBM 2z2+iV �Mv r�v i?�i ρ(#x$) +QmH/ +?QQb2 �M ǵtǶ

BM �M BMBiB�H b2;K2Mi o- Bi rQmH/ #2 HQ;B+�HHv TQbbB#H2 7`22xBM; i?Bb +?QB+2-

iQ ?�p2 �M 2ti2M/BM; BMi2`T`2i2/ BMBiB�H b2;K2Mi "V ′ rBi? � ρ′ �bbB;MBM; ǵtǶ

i?2 b�K2 r�v �M/ ǵvǶ bQ i?�i φ(x, y) ?QH/b #2ir22M i?2 Q#D2+ib �bbB;M2/ iQ

ǵtǶ �M/ ǵvǶ `2bT2+iBp2HvX
eLQi2- ?2`2 A mb2 7mM+iBQM�H MQi�iBQM 7Q` ρ BX2X- A r`Bi2 ρ(x) = y `�i?2` i?�M ρ(x, y)
d#x$ Bb `2T`2b2Mi2/ �b S(S(S(. . . S(0))) 7Q` bQK2 MmK#2` Q7 bm++2bbQ` QT2`�iQ`b �M/ 0 b

i?2 mMB[m2 2H2K2Mi Q7 N i?�i BbMǶi � bm++2bbQ` �M/ S Bb � `2H�iBQM i?�i r2 r`Bi2 7mM+iBQM�HHvX
3h?�i Bb- �HH `2H�iBQMb BM N′ �`2 +Q2ti2MbBp2 rBi? +Q``2bTQM/BM; `2H�iBQMb BM N′
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eX9 �iQKB+ S`2/B+�i2 lb2 _2/m+BM; h`B+F

PM2 }M�H [m2biBQM r?B+? M�im`�HHv �`Bb2b Bb r?2i?2` i?Bb bivH2 Q7 TQi2M@

iB�HBbi T�`�T?`�b2 `2[mB`2b �TT2�H iQ BM}MBi2Hv K�Mv �iQKB+ T`2/B+�i2bX �b

bi�i2/ bQ 7�`- Kv bi`�i2;v rQmH/ `2[mB`2 �++2bb iQ BM}MBi2Hv K�Mv �iQKB+

`2H�iBQMb B7 r2 r�Mi iQ #2 �#H2 iQ i`�MbH�i2 b2i i?2Q`2iB+ b2Mi2M+2b rBi? �`#B@

i`�`BHv /22T M2bi2/ [m�MiB}2`bX 6Q` BMbi�M+2- i?2 TQi2MiB�HBbi i`�MbH�iBQM Q7

∀x∃y∀zφ(x, y, z) rQmH/ b22KBM;Hv `2[mB`2 i?`22 /BbiBM+i imTH2b Q7 `2H�iBQMb
"V , "V ′, "V ′′X

>Qr2p2`- � +�`27mH 2t�KBM�iBQM Q7 Qm` i`�MbH�iBQMb b?Qrb i?�i r2 QMHv T`2@

b2`p2 i?2 `2H�iBQMb 7`QK i?2 T`BQ` TQbbB#BHBiv +QMi2tiX h?mb- B7 /2bB`2/- BM i?2

�#Qp2 TQi2MiB�HBbi T�`�T?`�b2b r2 +�M `2TH�+2 V n rBi? V n mod 2 Ur?2`2 V 1

Bb Dmbi V ′- V 2 Bb V ′′ 2i+XXV rBi?Qmi �z2+iBM; i?2 i`mi? p�Hm2 Q7 i?2 i`�MbH�@

iBQMX h?Bb �HHQrb mb iQ i`�MbH�i2 b2Mi2M+2b rBi? �`#Bi`�`BHv K�Mv [m�MiB}2`

�Hi2`M�iBQMb mbBM; � }t2/ }MBi2 MmK#2` Q7 �iQKB+ `2H�iBQMbX

>2`2Ƕb r?�i A K2�MX q2 i`�MbH�i2 � b2Mi2M+2 rBi? i?`22 [m�MiB}2`b ∀x∃y∀zφ(x, y, z)

�b 7QHHQrb,

"( "V (V )→ ♦&V ["V
′ ≥y

"V ∧" &V ′("V
′′ ≥z

"V ′ → φ(x, y, z))]

"mi MQi2 i?�i HQ;B+�H TQbbB#BHBiv i`2�ib �HH `2H�iBQMb Q7 i?2 b�K2 �`Biv i?2

b�K2X �M/ +QM/BiBQM�H HQ;B+�H TQbbB#BHBiv i`2�ib �HH `2H�iBQMb Ui?�i �`2MǶi

#2BM; ?2H/ }t2/V Q7 i?2 b�K2 �`Biv i?2 b�K2X aQ i?Bb �bb2`iBQM ,
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" &V ′("V
′′ ≥z

"V ′ → φ(x, y, z))

Bb i`m2 B7 �M/ QMHv B7,

" &V ′("V ≥z
"V ′ → φ(x, y, z))

h?�i Bb- `2TH�+BM; V ′′ rBi? V ?�b MQ 2z2+iX aQ r2 +�M 7Q`K�HBx2 i?2 b�K2

+H�BK HBF2 i?BbX

"( "V (V )→ ♦&V ["V
′ ≥y

"V ∧" &V ′("V ≥z
"V ′ → φ(x, y, z))]

6Q` `2�/�#BHBiv AǶHH r`Bi2 �b B7 A ?�p2 �++2bb iQ �M BM}MBi2 MmK#2` Q7 /Bb@

iBM+i `2H�iBQMb Q7 2�+? �`BivX "mi F22T BM KBM/ i?�i i?2 �`;mK2Mi �#Qp2

/2KQMbi`�i2b r2 +�M HBKBi Qm`b2Hp2b iQ QMHv Re /BbiBM+i �iQKB+ `2H�iBQMbX
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