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(YROXÉQÊ VWUDWÊJLH

���� +LVWRULFNÞ ÛYRG

(YROXÉQÂ VWUDWÊJLD SDWUÎ KLVWRULFN\ PHG]L SUYÊ ÛVSH{QÊ VWRFKDVWLFNÊ DOJRULWP\� %ROD QDYUKQXWÂ X�
SRÉLDWNRP ���W\FK URNRY 5HFKHQEHUJRP D 6FKZHIHORP� DM NHÐ NQL�QH SXEOLNRYDQÂ EROD D� QHVNRU{LH
>���@� 3RGUREQÞ SRSLV MH PR�QÊ QÂMV~ Y SRVOHGQHM 6FKZHIHORYHM NQLKH >�@� DOH GREUÞ SUHK�DG SRVN\WQÛ
DM ÉDVRSLVHFNÊ ÉOÂQN\� NRQIHUHQFLH D VSUÂY\ >����@� (YROXÉQÂ VWUDWÊJLD Y\FKÂG]D ]R Y{HREHFQÞFK
SUHGVWÂY SULURG]HQÊKR YÞEHUX� QR R PQRKR YÂJQHM{ÎFK DNR QDSUÎNODG X JHQHWLFNÊKR DOJRULWPX� 1DYLDF�
QD UR]GLHO RG YÅÉ{LQ\ RVWDWQÞFK VWRFKDVWLFNÞFK PHWÔG� HYROXÉQÂ VWUDWÊJLD QLH MH ]DOR�HQÂ QD ELQÂUQHM
UHSUH]HQWÂFLL SUHPHQQÞFK� PDQLSXOXMH SULDPR V �UHÂOQRX� UHSUH]HQWÂFLRX SUHPHQQÞFK �DNR Y{DGH� DM
WX H[LVWXMÛ YÞQLPN\� GLVNUÊWQD RSWLPDOL]ÂFLD EROD SRX�LWÂ QDSU� +HUG\P >��@� NWRUÞ VPHURGDMQÛ
RGFKÞONX QDKUDG]RYDO UÕ]Q\PL SDUDPHWUDPL XUÉXMÛFLPL tYH�NRV~u PXWÂFLH � X SUREOÊPX REFKRGQÊKR
FHVWXMÛFHKR MH WR GÆ�ND SRGUH~D]FD SHUPXWÂFLH XUÉXMÛFHM SRUDGLH PLHVW� NWRUÞ EXGH LQYHUWRYDQÞ��

,GH WHGD R PLQLPDOL]ÂFLX IXQNFLH I�[�� NGH [ ∈ 5
Q� WHGD IXQNFLD PÂ DNR QH]ÂYLVOÊ SUHPHQQÊ Q

UHÂOQ\FK ÉÎVLHO ]RUDGHQÞFK GR YHNWRUD [� 3UÎSXVWQÊ KRGQRW\� NWRUÞFK PÕ�X MHGQRWOLYÊ SUYN\ �SUHPHQQÊ�
YHNWRUD [ QDGREÛGD~� PÕ�X E\~ SULWRP REPHG]HQÊ� QDSU� GROQRX D KRUQRX KUDQLFRX� [L∈〈D�E〉� WHGD
[∈〈D�E〉Q�

,QJR 5HFKHQEHUJ� +DQV�3DXO 6FKZHIHO �WHUD] X� RELGYD SURIHVRUL� D %LHQHUW VD ]DÉDOL Y U�
���� DNR {WXGHQWL QD 7HFKQLFNHM XQLYHU]LWH Y %HUOÎQH ]DREHUD~ H[SHULPHQWPL YR YHWHUQRP WXQHOL� NGH
RSWLPDOL]RYDOL WYDU WHOLHV� DE\ WLHWR NOÂGOL ÉR QDMPHQ{Î RGSRU Y SUÛGHQÎ� 3UHWR�H DQL LQWXLWÎYQ\ SUÎVWXS� DQL
MHGQRGXFKÊ JUDGLHQWRYÊ PHWÔG\ QHEROL YH�PL ÛVSH{QÊ� ]DÉDOL VD ]DREHUD~ P\{OLHQNRX QÂKRGQÞFK
]PLHQ SDUDPHWURY GHILQXMÛFLFK WYDU� SRGREQH DNR MH WRPX X PXWÂFLÎ�

(YROXÉQÊ VWUDWÊJLH VD RG WHM GRE\ UR]YLQXOL� QR VWÂOH RVWÂYDMÛ VSRMHQÊ SUHGRY{HWNÞP V
WHFKQLFNÞPL DSOLNÂFLDPL Y LQ�LQLHUVN\FK REODVWLDFK� D SRX�ÎYDMÛ VD QDMYLDF Y 1HPHFNX� 3UYÊ HYROXÉQÊ
VWUDWÊJLH� NWRUÊ VL WHUD] RSÎ{HPH� SRX�ÎYDOL DNR MHGLQÞ UHNRPELQDÉQÞ RSHUÂWRU PXWÂFLX� D LED MHGQR
ULH{HQLH Y SRSXOÂFLL� V PD[LPÂOQH GYRPD tMHGLQFDPLu XFKRYÂYDQÞPL VÛÉDVQH � URGLÉ D QDYUKRYDQÞ
SRWRPRN� 7DNÞ SUÎVWXS VD YROÂ GYRMÉOHQQÂ HYROXÉQÂ VWUDWÊJLD� DOHER ������(6�

=ÂNODGRP HYROXÉQHM VWUDWÊJLH MH QDVOHGXMÛFL SUHGSLV� NWRUÞ �PXWXMH� DNWXÂOQH ULH{HQLH [ QD
QRYÊ ULH{HQLH [
 �YLÐ REU� ��� D �����

[
  [ � 1���σ� � �����
NGH 1���σ� MH YHNWRU QH]ÂYLVOÞFK QÂKRGQÞFK ÉÎVHO V QXORYRX VWUHGQRX KRGQRWRX D {WDQGDUGQRX
RGFKÞONRX σ� 7LHWR MHGQRWOLYÊ ÉÎVOD VÛ QÂKRGQH GLVWULEXRYDQÊ SRG�D *DXVVRYHM GLVWULEÛFLH� WHGD PHQ{LH
ÉÎVOD VD REMDYLD YLDF SUDYGHSRGREQH DNR YÅÉ{LH ÉÎVOD� lWDQGDUGQÂ RGFKÞOND MH PHUÎWNRP UR]SW\OX
JHQHURYDQÞFK KRGQÕW� PHUÎWNRP YDULÂFLH QÂKRGQHM SUHPHQQHM� 8UÉXMH {ÎUNX GYRMUR]PHUQÊKR tNRSÉHND
SUDYGHSRGREQRVWLu� NWRUÊKR ]ÂNODGÓX WYRUÎ RV PR�QÞFK KRGQÕW Y\JHQHURYDQÞFK ÉÎVHO D NWRUÊKR YÞ{ND
Y WRP NWRURP ERGH RGSRYHGÂ SUDYGHSRGREQRVWL� V DNRX EXGH WDNÊ ÉÎVOR Y\JHQHURYDQÊ� 7HQWR tNRSÉHN
SUDYGHSRGREQRVWLu VD YROÂ KXVWRWQÂ IXQNFLD D SUH QRUPÂOQX JDXVVRYVNÛ GLVWULEÛFLX MH RSÎVDQÞ DNR
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NGH µ MH VWUHGQÂ KRGQRWD SUHPHQQHM [ D σ MH {WDQGDUGQÂ RGFKÞOND� ©ÎP YÅÉ{LD MH {WDQGDUGQÂ
RGFKÞOND� WÞP YÅÉ{LD EXGH QDMVNÕU Y]GLDOHQRV~ PHG]L URGLÉRP D Y\JHQHURYDQÞP SRWRPNRP�

3UREOÊP DNFHSWÂFLH QRYÊKR ULH{HQLD [
 MH VWULNWQH GHWHUPLQLVWLFNÞ� ULH{HQLH [
 MH DNFHSWRYDQÊ
�ÛVSH{QÊ�� NHÐ I�[s� � I�[�� 7HGD JHQHUXMHPH ] URGLÉD SR MHGQRP SRWRPNRYL� NWRUÞ VD OÎ{L VNÕU PÂOR
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DNR YH�D RG URGLÉD� .HÐ SRWRPRN RGSRYHGÂ KRU{LHPX ULH{HQLX DNR URGLÉ� Y\PD�HPH SRWRPND D

JHQHUXMHPH LQÊKR� 7R UREÎPH WDN GOKR� GRNLD� SRWRPRN QHRGSRYHGÂ OHS{LHPX ULH{HQLX DNR URGLÉ D

QH]DXMPH MHKR PLHVWR� 7R SUDNWLFN\ RGSRYHGÂ JUDGLHQWRYÊPX SUÎVWXSX DOHER KLOOFOLPELQJX�

���� 6WUDWÊJLD ������ WHGD MHGHQ URGLÉ D MHGHQ SRWRPRN

6WUDWÊJLD� NHG\ VD GR ÐDO{HM JHQHUÂFLH Y\EHUÛ OHS{Î MHGLQFL �WX LED MHGHQ MHGLQHF� WDN ]

SRSXOÂFLH URGLÉRY� DNR DM SRWRPNRY� VD YROÂ 3/86 VWUDWÊJLD� 3UH MHGQÊKR URGLÉD D MHGQÊKR SRWRPND MH

WR WHGD ����� VWUDWÊJLD� 5HFKHQEHUJ URELO ]ÂNODGQÊ SRNXV\ QD GYRFK ]ÂNODGQÞFK IXQNFLÂFK� WHGD QD

tVIÊULFNHM IXQNFLLu� NGH YUVWHYQLFH URYQDNÞFK KRGQÕW IXQNFLH WYRUÎ SUH RVL WYRUHQÊ DNÞPLNR�YHN GYRPD

SUHPHQQÞPL VÛVWUHGQÊ NUX�QLFH I [
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� NGH WYRULD

WLHWR YUVWHYQLFH URYQREH�QÊ ÉLDU\ �SULGDQÊ RKUDQLÉHQLD WYRULD REGÆ�QÎN� NX NWRUÊKR GOK{HM VWUDQH VÛ
YUVWHYQLFH NROPÊ�� 3UHWR�H LGH R ]MHGQRGX{HQÛ VWUDWÊJLX >�@� PRKRO E\~ 5HFKHQEHUJRP RGYRGHQÞ
SUHGSLV QD ]PHQX YH�NRVWL tPXWÂFLHu � WHGD Y]GLDOHQRVWL SRWRPND RG URGLÉD� D QD t]PHQX WHMWR ]PHQ\u�
lWDQGDUGQÂ RGFKÞOND σ VD Y SULHEHKX HYROXÉQHM VWUDWÊJLH PHQÎ SRG�D SUDYLGOD ��� ÛVSH{QRVWL� 1HFK
ϕ�N� MH NRHILFLHQW ÛVSH{QRVWL GHILQRYDQÞ DNR SRPHU SRÉWX ÛVSH{QÞFK PXWÂFLÎ Y SULHEHKX SRVOHGQÞFK N

LWHUÂFLÎ N SRÉWX N LWHUÂFLÎ� ] NWRUÞFK EROD ÛVSH{QRV~ PHUDQÂ� SRWRP

( )( )
( )( )
( )( )

σ
σ ϕ
σ ϕ

σ ϕ
′ =

<
>
=







F N

F N

N

G

L

�

�

� �

��

��

�����

NGH FL !� D FG �� ULDGLD ]YÅÉ{RYDQLH UHVS� ]PHQ{RYDQLH {WDQGDUGQHM RGFKÞON\� Y OLWHUDWÛUH >�����@ VÛ
WLHWR NRHILFLHQW\ {SHFLILNRYDQÊ FG ���� D FL ��FG ����� ,QWXLWÎYQH ]GÕYRGQHQLH SUDYLGOD ��� ÛVSHFKX MH
]YÞ{HQLH HIHNWÎYQRVWL SUHK�DGÂYDQLD� SUL ÛVSH{QRVWL E\ PDOR SUHK�DGÂYDQLH SRNUDÉRYD~ YR YÅÉ{ÎFK

2EUÂ]RN ���� -H ULH{HQÂ RSWLPDOL]ÂFLD IXQNFLH I�[�� [�� GYRFK SUHPHQQÞFK [� D [� ]QÂ]RUQHQHM QD
REUÂ]NX QHSUHUX{RYDQÞPL YUVWHYQLFDPL URYQDNÞFK KRGQÕW IXQNFLH� NHG\ Y SUDYRP KRUQRP URKX
MH RSWLPXP� ©LDUNRYDQRX ÉLDURX MH R]QDÉHQÂ YUVWHYQLFD URYQDNHM SUDYGHSRGREQRVWL
Y\JHQHURYDQLD SRWRPND� 7R DOH QH]QDPHQÂ� �H SRWRPRN EXGH QLHNGH QD WHMWR NUX�QLFL� ©ÎP
EOL�{LH N URGLÉRYL MH QRYÂ SR]ÎFLD� WÞP SUDYGHSRGREQHM{LH SRG�D *DXVVRYHM NULYN\ QRUPÂOQHKR
UR]GHOHQLD WDP EXGH SRWRPRN XPLHVWQHQÞ� 9\JHQHUXMHPH QDSU� SRWRPND É� �� 3UHWR�H
RGSRYHGÂ KRU{LHPX ULH{HQLX DNR URGLÉ �ÉR MH YLGQR ] YUVWHYQÎF IXQNFLH�� ]DEXGQHPH QD WRKWR
SRWRPND D Y\JHQHUXMHPH ÐDO{LHKR SRWRPND É� �� 7HQ RGSRYHGÂ OHS{LHPX ULH{HQLX DNR URGLÉ�
URGLÉD WHGD QDKUDGÎPH SRWRPNRP É� � D ÐDO{ÎFK SRWRPNRY X� JHQHUXMHPH ] SRWRPND É� ��
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NURNRFK� SUL QHÛVSH{QRVWL E\ PDOL E\~ NURN\ NUDW{LH� 7RWR SUDYLGOR RGYRGHQÊ SUH XYHGHQÊ GYH IXQNFLH

VD SRWRP Y{HREHFQH SRX�ÎYD DM SUH ÐDO{LH QH]QÂPH IXQNFLH� SUHWR�H SUH PQRKÊ SUREOÊP\ MHKR

SRX�ÎYDQLH SRPÂKDOR XGU�D~ QDMUÞFKOHM{Î SRVWXS N RSWLPX� $OJRULWPXV HYROXÉQHM VWUDWÊJLH Y

SVHXGRSDVFDOH PÂ WHQWR WYDU�

(YROXÉQÂ VWUDWÊJLD�

� [� QÂKRGQH JHQHURYDQÞ YHNWRU UHÂOQ\FK SUHPHQQÞFK�

� W� �� σ� σLQL� [
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$OJRULWPXV ���� (YROXÉQÂ VWUDWÊJLD �����

3UHPHQQÂ W MH SRÉÎWDGOR HSRFK HYROXÉQHM VWUDWÊJLH� $OJRULWPXV REVDKXMH GYD :+,/(�F\NO\� YRQNDM{Î D
YQÛWRUQÞ� 9R YQÛWRUQRP F\NOH VD SUH GDQÊ σ RSDNXMH HOHPHQWÂUQ\ NURN HYROXÉQHM VWUDWÊJLH LPD[�NUÂW�
SULÉRP SUHPHQQÂ N ]D]QDPHQÂYD ÛVSH{QRV~ PXWÂFLÎ Y WRPWR YQÛWRUQRP F\NOH� 9RQNDM{Î F\NOXV� V
SRÉÎWDGORP W� DSOLNXMH SUH UÕ]QH KRGQRW\ σ HYROXÉQÛ VWUDWÊJLX WPD[ �NUÂW� lWDQGDUGQÂ RGFKÞOND σ MH Y ��
ULDGNX LQLFLDOL]RYDQÂ KRGQRWRX σLQL� 9 �� ULDGNX VD Y\NRQÂYD PRGLILNÂFLD ULH{HQLD [ SRPRFRX

JHQHUÂWRUX QÂKRGQÞFK ÉÎVHO V QXORYRX VWUHGQRX KRGQRWRX D ]R {WDQGDUGQRX RGFKÞONRX σ� 9R�ED

]ÂNODGQÞFK SDUDPHWURY HYROXÉQHM VWUDWÊJLH �WPD[ � σLQL � LPD[ D NPD[� VL Y\�DGXMH XUÉLWÊ H[SHULPHQWRYDQLH�

SRPRFRX NWRUÊKR WLHWR NRQ{WDQW\ QDVWDYÎPH� =Y\ÉDMQH MH σLQL EOÎ]NH MHGQRWNH� D NRQ{WDQWD LPD[ VD URYQÂ

UÂGRYR WLVÎFRP�

$NR SUH ND�GÞ DOJRULWPXV� DM SUH WHQWR H[LVWXMÛ GUREQÊ PRGLILNÂFLH� 1DSUÎNODG ]PHQD

VPHURGDMQHM RGFKÞON\ VD PÕ�H UREL~ SR ND�GÞFK Q JHQHUÂFLÂFK� ]DÉÎQDMÛF �� Q JHQHUÂFLDPL�

6SRÉÎWDPH Y�G\� NR�NR ÛVSH{QÞFK SRWRPNRY� NWRUÎ QDKUDGLOL URGLÉD� EROR Y\JHQHURYDQÞFK ]D

SRVOHGQÞFK �� Q JHQHUÂFLÎ� 3RNLD� MH WR PHQHM DNR �Q� Y\QÂVREÎPH YH�NRV~ VPHURGDMQHM RGFKÞON\ WDN�

2EUÂ]RN ���� 3UÎNODG PXWÂFLH YHNWRUD V UHÂOQ\PL SUHPHQQÞPL ]D SRX�LWLD

*DXVVRY\ GLVWULEÛFLH SUDYGHSRGREQRVWL SUH XUÉHQLH PDOHM QÂKRGQHM ]PHQ\

�QH Y�G\ MH QXWQÊ PXWRYD~ Y{HWN\ KRGQRW\ YHNWRUD� VWDÉÎ VL QÂKRGQH

Y\EUD~� NWRUÞ SUYRN VD EXGH PXWRYD~��
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DE\ VD ]PHQ{LOD �QDSU� ÉÎVORP ������ NHÐ EROR YLDF DNR �Q SRNXVRY ÛVSH{QÞFK� SRWRP QÂVREÎPH

VPHURGDMQÛ RGFKÞONX WDN� DE\ VD ]YÅÉ{LOD �QDSU� ÉÎVORP ������

-H DOH Y�G\ SRWUHEQÊ RKUDQLÉL~ ]PHQ\ VPHURGDMQHM RGFKÞON\ WDN� DE\ QHGRVLDKOD QXORYÛ

KRGQRWX SUH GDQÛ SUHVQRV~�

.HÐ QLHNWRUÂ KRGQRWD [L QH]DSDGÂ GR VYRMKR Y\PHG]HQÊKR LQWHUYDOX SR SULSRÉÎWDQÎ YHNWRUX

PXWÂFLH N SÕYRGQÊPX YHNWRUX� W�M� [L∉〈D�E〉� MH SRWUHEQÊ SRX�L~ RSUDYQÞ SURFHV� DE\ VD ]DLVWLOR� �H

RSUDYHQÂ KRGQRWD VSDGÂ GR Y\PHG]HQÊKR LQWHUYDOX� 1DMMHGQRGXFK{Î WDNÞ RSUDYQÞ SURFHV MH W]Y�

]UNDGORYÞ RGUD]� NHG\ XPLHVWQLPH KRGQRWX [L QD RSDÉQÛ VWUDQX KUDQLFH LQWHUYDOX� Y URYQDNHM

Y]GLDOHQRVWL RG KUDQLFH� 7HGD NHÐ MH QDSU� E ��� D [L �� SRWRP QRYÂ KRGQRWD [L �� WHGD MH Y]GLDOHQÂ

��� RG KRGQRW\ E� LED QD RSDÉQÛ VWUDQX� 3RNLD� VD KRGQRWD [L GRVWDQH WÞPWR SUHVXQRP ]D KUDQLFH

LQWHUYDOX D QD RSDÉQHM VWUDQH� SRVWXSXMHPH URYQDNR� $OJRULWPLFN\ WHQWR SUÎVWXS Y\MDGUHQÞ SURFHGÛURX

3HUWXUEDWLRQ QDKUDGÎ YÞUD] [
� [�1���σ� Y ULDGNX � DOJRULWPX ���� 6\PERO 1��� σ� WX Y\MDGUXMH MHGQR

QÂKRGQÊ ÉÎVOR Y\JHQHURYDQÊ SRG�D *DXVVRYHM GLVWULEÛFLH V QXORYRX VWUHGQRX KRGQRWRX D {WDQGDUGQRX

RGFKÞONRX σ�

3UÎNODG ���� 1DSURJUDPXMWH HYROXÉQÛ VWUDWÊJLX ����� D DSOLNXMWH MX SUH RSWLPDOL]ÂFLX IXQNFLH \ [
�
�

SULÉRP σLQL � D {WDUWRYQÞ ERG EXGH ���� 3RX�LWH SUDYLGOR ]PHQ\ σ ��� ÛVSH{QRVWL D QDNUHVOLWH JUDI�

NGH QD YRGRURYQHM RVL EXGH SRÉHW JHQHUÂFLÎ D QD ]YLVOHM PRPHQWÂOQD KRGQRWD URGLÉD� 3RURYQDMWH

SULHEHK WRKWR JUDIX V REGREQÞP JUDIRP� NGH VD Y DOJRULWPH VPHURGDMQÂ RGFKÞOND σ QHEXGH PHQL~ D

RVWDQH NRQ{WDQWQÂ� WHGD URYQÂ MHGQHM�

���� 'LVWULEÛFLD SUDYGHSRGREQRVWL D JHQHURYDQLH QÂKRGQÞFK ÉÎVHO

3UHÉR MH *DXVVRYD GLVWULEÛFLD OHS{LD DNR SUHKDG]RYDQLD ELWRY Y ELQÂUQRP NÔGH"

0DMPH UHÂOQH ÉÎVOR ] LQWHUYDOX >������@ SRYHG]PH URYQÊ QXOH� ]DNÔGRYDQÊ GR �� ELQÂUQ\FK ÉÎVOLF�

%XGH WUDQVIRUPRYDQÊ QD
� ��

�� ��
� � ���� �
��− −

− −
− =

0 5
0 5 4 9 �

� ÉR EXGH ELQÂUQH ]DNÔGRYDQÊ ������������

0XWÂFLRX ND�GÊKR ELWX E\ VPH GRVWDOL ÉÎVOD

������������ → ����� ������������ → �������

������������ → �������� ������������ → ���������

������������ → �������� ������������ → ��������

������������ → �������� ������������ → ��������

������������ → �������� ������������ → �������

������������ → �������� ������������ → ����������

352&('85( 3HUWXUEDWLRQ�[�[s�σ�
%(*,1 )25 ,� � 72 1 '2

%(*,1 [sL� [L � 1��� σ��
:+,/( �[sL !E� 25 �[sL �D� '2

,) [sL ! E 7+(1 [sL � � E � [sL (/6(

,) [sL � D 7+(1 [sL � � D � [sL�

(1'�

(1'�

$OJRULWPXV ���� t=UNDGOHQLH KUDQLFH t � ÛSUDYD KRGQÕW QDYUKRYDQÊKR ULH{HQLD� NHÐ

DOJRULWPXV SUHNURÉÎ GHILQLÉQÞ RERU RSWLPDOL]RYDQHM IXQNFLH�
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$NR MH PR�QÊ YLGLH~� PXWRYDQÊ ÉÎVOD QHPDMÛ GREUÛ GLVWULEÛFLX RNROR QXO\� 1DVOHGXMÛFL SUÎNODG

SRWYUG]XMH� �H WR QLH MH QÂKRGD� ÉL�H WHQWR SUREOÊP H[LVWXMH YR Y{HREHFQRVWL�

%LQÂUQH ÉÎVOR ������������ EROR PXWRYDQÊ ����� NUÂW� ND�GÞ ELW Y ND�GHM PXWÂFLL V

2EUÂ]RN ���� 'LVWULEÛFLD SUDYGHSRGREQRVWL YÞVOHGNX PXWÂFLH ELQÂUQHKR

ÉÎVOD ������������ MH YH�PL QHURYQRPHUQÂ� D GRNRQFD QLH MH

V\PHWULFNÂ� 3UHÉR" 'ÕYRGRP MH W]Y� +DPPLQJRYD EDULÊUD� ELQÂUQH

ÉÎVOD ������������ D ������������ VÛ VXVHGPL Y UHÂOQHM

UHSUH]HQWÂFLL� QR EROR E\ SRWUHEQÊ ]PHQL~ KRGQRW\ Y{HWNÞFK �� ELWRY�

DE\ VPH ] SUYÊKR ÉÎVOD GRVWDOL WR GUXKÊ�

KHOS� ��

)81&7,21 UHWXUQJDXVVGHY� UHDO�

%(*,1

,) KHOS  � 7+(1 %(*,1

D� − ∗� �� OQ� ���UDQGRP

E� � π UDQGRP���

VDYHJDXVVGHY� D∗FRV�E��
UHWXUQJDXVVGHY� D∗VLQ�E��
KHOS� ��

(1'

(/6( %(*,1

KHOS� ��

UHWXUQJDXVVGHY� VDYHJDXVVGHY�

(1'

(1'

$OJRULWPXV ���� *HQHUÂWRU QÂKRGQHM SUHPHQQHM V

QRUPÂOQ\P �*DXVVRYVNÞP� UR]GHOHQÎP V QXORYRX

VWUHGQRX KRGQRWRX D MHGQRWNRYRX VPHURGDMQRX

RGFKÞONRX� -HGQRGXFK{LD YHU]LD �QR Y]K�DGRP N

SRX�LWLX WULJRQRPHWULFNÞFK IXQNFLÎ YÞSRÉWRYR R

QLHÉR QÂURÉQHM{LD� SRX�ÎYDQÂ 6FKZHIHORP >�@�

KHOS� ��

)81&7,21 UHWXUQJDXVVGHY� UHDO�
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$OJRULWPXV ���� *HQHUÂWRU QÂKRGQHM
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SUDYGHSRGREQRV~RX ���� �YLDF DNR MHGHQ ELW PRKRO ]PHQL~ VYRMX KRGQRWX�� 3R WUDQVIRUPÂFLL

YÞVOHGQÞFK ELQÂUQ\FK ÉÎVHO QD UHÂOQH ÉÎVOD VPH UR]GHOLOL LQWHUYDO >������@ GR �� REODVWÎ D VSRÉÎWDOL� NR�NR

ÉÎVHO VD QDFKÂG]DOR Y ND�GHM REODVWL �YLÐ REU� �����

$NR GRVWD~ QÂKRGQÊ ÉÎVOD V QRUPÂOQ\P UR]OR�HQÎP SRG�D *DXVVRYHM GLVWULEÛFLH" $OJRULWP\ ���

D ��� VD ]DNODGDMÛ QD SRX�LWÎ %R[�0XOOHURY\ PHWÔG\� LPSOHPHQWÂFLX PÕ�HWH QÂMV~ Y NQLKÂFK 1XPHULFDO

5HFLSHV �H[LVWXMÛ SUH 3DVFDO� &� DM )RUWUDQ >��@�� 7LHWR SVHXGRSDVFDORYVNÊ DOJRULWP\ YUDFLD QÂKRGQÛ

SUHPHQQÛ V QXORYRX VWUHGQRX KRGQRWRX D MHGQRWNRYRX VPHURGDMQRX RGFKÞONRX� 3RX�ÎYDMÛ SULWRP

JHQHUÂWRUD QÂKRGQÞFK SUHPHQQÞFK ] LQWHUYDOX ����@ V XQLIRUPQÞP UR]OR�HQÎP � WHGD ND�GÊ ÉÎVOR ]

WRKWR LQWHUYDOX GRVWDQHWH V URYQDNRX SUDYGHSRGREQRV~RX� 3RNLD� MH N GLVSR]ÎFLL LED JHQHUÂWRU

QÂKRGQÞFK SULURG]HQÞFK ÉÎVHO� Y\JHQHUXMWH WDNÊ ÉÎVOR� SUHYHÐWH QD UHÂOQH ÉÎVOR D Y\GH�WH KR

PD[LPÂOQRX PR�QRX KRGQRWRX GRVLDKQXWH�QRX JHQHUÂWRURP� WR E\ PDOR RGSRYHGD~ YÞVOHGNX IXQNFLH

UDQGRP��� )XQNFLD YODVWQH Y\UÂED Y�G\ GYH QÂKRGQÊ SUHPHQQÊ V QRUPÂOQ\P UR]OR�HQÎP

UHWXUQJDXVVGHY D VDYHJDXVVGHY� 3UYÛ GÂYD DNR YÞVOHGRN KQHÐ� GUXKÛ SUL ÐDO{RP YRODQÎ IXQNFLH�

=OR�LWHM{Î� QR Y PQRKÞFK SUÎSDGRFK UÞFKOHM{Î MH W]Y� WUDSÊ]RYÞ DOJRULWPXV� RSÎVDQÞ Y >��@�

NWRUÊKR NÔG YR IRUWUDQH MH XYHGHQÞ Y >�@�

3UHWR�H DOH JHQHUÂWRU QÂKRGQÞFK ÉÎVHO V QRUPÂOQRX GLVWULEÛFLRX MH SRX�ÎYDQÞ ÉDVWR D

SRGVWDWQH RYSO\YÓXMH ÉDVRYÛ QÂURÉQRV~ YÞSRÉWX� REUÂWLPH SR]RUQRV~ QD ORJLVWLFNÛ GLVWULEÛFLX �YLÐ REU�

����� 7ÂWR GLVWULEÛFLD MH YH�PL SRGREQÂ QRUPÂOQHM GLVWULEÛFLL� DOH MH MHGQRGXFK{LD QD YÞSRÉHW� D

SRPHUQH ÉDVWR QÂP Y\KRYXMÛFR PÕ�H VOÛ�L~ DNR MHGQRGXFK{LD DOWHUQDWÎYD� )RUPÂOQH VD WYDU ORJLVWLFNHM

GLVWULEXÉQHM IXQNFLH Iσ�[�� GÂ Y\MDGUL~ SRPRFRX QDVOHGRYQH� NGH IXQNFLD ωσ�[� SUHGVWDYXMH

RGSRYHGDMÛFX KXVWRWQÛ IXQNFLX�
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NGH SDUDPHWHU σ V NODGQRX KRGQRWRX �SULEOL�QH RGSRYHGDMÛFL {WDQGDUGQHM RGFKÞONH X QRUPÂOQHM

GLVWULEÛFLH� XUÉXMH t{ÎUNXu KXVWRWQHM IXQNFLH ωσ�[�� 'LVWULEÛFLD Iσ�[� PDSXMH FHOÛ UHÂOQX RV QD RWYRUHQÞ

LQWHUYDO ������ Iσ� 5 → ������ 0Õ�H E\~ SRX�LWÂ QD MHGQRGXFKÛ NRQ{WUXNFLX JHQHUÂWRUD QÂKRGQÞFK

UHÂOQ\FK ÉÎVHO ]DFKRYÂYDMÛFLFK ORJLVWLFNÛ GLVWULEÛFLX� .HÐ Y\ULH{LPH URYQLFX
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7HGD� NHÐ U MH QÂKRGQÊ ÉÎVOR V XQLIRUPQRX GLVWULEÛFLRX� SRWRP [ XUÉHQÊ SRPRFRX ����� MH QÂKRGQÊ

ÉÎVOR V QXORYRX VWUHGQRX KRGQRWRX� VSOÓXMÛFH ORJLVWLFNÛ GLVWULEÛFLX� $NR LQWHUSUHWRYD~ D XUÉL~ SDUDPHWHU

σ" 3R�DGXMHPH� DE\ ��� S � QÂKRGQÞFK ÉÎVHO �SUH ��S��� MH JHQHURYDQÊ ] LQWHUYDOX �−σ�σ�� SRWRP
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1DSUÎNODG� Y SUÎSDGH �H S ���� �WHGD ��� JHQHURYDQÞFK QÂKRGQÞFK ÉÎVHO SDWUÎ GR LQWHUYDOX �−σ�σ��
SRWRP
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7R ]KUXED ]QDPHQÂ� �H σ E\ PDOR E\~ SULEOL�QH SÅ~NUÂW PHQ{LH DNR ρ� ]D SUHGSRNODGX� �H ���
QÂKRGQÞFK ÉÎVHO SDWUÎ GR LQWHUYDOX �−σ�σ��

3RGREQH� DNR SUH VLPXORYDQÊ �ÎKDQLH� EROR GRNÂ]DQÊ DM SUH HYROXÉQÛ VWUDWÊJLX >����@� �H
SRWHQFLÂOQH SRVN\WXMH JOREÂOQ\ H[WUÊP RSWLPDOL]RYDQHM IXQNFLH I�[�� =D SUHGSRNODGX UHJXOÂUQRVWL
RSWLPDOL]RYDQÊKR SUREOÊPX �WHGD �H RSWLPDOL]RYDQÂ IXQNFLD MH VSRMLWÂ D GHILQLÉQÞ RERU IXQNFLH WYRUÎ
X]DWYRUHQÛ PQR�LQX D QLHNR�NÞFK ÐDO{ÎFK SRGPLHQRN YÅÉ{LQRX VSOQHQÞFK X LQ�LQLHUVN\FK SUREOÊPRY�
MH PR�QÊ GRNÂ]D~ NRQYHUJHQÉQÞ WHRUÊP �SUHK�DG Y >�@� REHFQH >��� ��@�� 7HQWR NRQYHUJHQÉQÞ WHRUÊP
WYUGÎ� �H JOREÂOQH RSWLPXP EXGH GRVLDKQXWÊ V MHGQRWNRYRX SUDYGHSRGREQRV~RX� QHKRYRUÎ DOH� ]D DN
GOKR JHQHUÂFLÎ�

���� 9LDFÉOHQQÊ VWUDWÊJLH D NRYDULDQFLH

6FKZHIHORP VR VSROXSUDFRYQÎNPL >�����@ EROL QDYUKQXWÊ ÐDO{LH VRILVWLNRYDQHM{LH YHU]LH
HYROXÉQHM VWUDWÊJLH� WDN�H Y VÛÉDVQRVWL MH PR�QÊ X� KRYRUL~ R FHOHM WULHGH HYROXÉQÞFK VWUDWÊJLÎ� 2GSDGÂ
WX QXWQRV~ ]DYÂG]DQLD SUDYLGLHO SUH ]PHQ\ {WDQGDUGQHM RGFKÞON\� ÉR PÕ�H YLHV~ N SUHGÉDVQÊPX
XNRQÉHQLX RSWLPDOL]ÂFLH� DNR MH WRPX QD REUÂ]NX ����

6FKZHIHO QRY{LH ]DYLHGRO YLDFÉOHQQÊ HYROXÉQÊ VWUDWÊJLH� R]QDÉRYDQÊ �P�O� DOHER �P�O�� NWRUÊ
LPLWXMÛ ÐDO{LH ]ÂNODGQÊ SULQFÎS\ RUJDQLFNHM HYROÛFLH� 3UDFXMH VD WX SRWRP V FHOÞP VÛERURP
URGLÉRYVNÞFK YHNWRURY [� NWRUÞFK SRÉHW MH P� 9 SUÎSDGH 3/86 VWUDWÊJLH �P�O� Y\JHQHUXMHPH ] WÞFKWR
URGLÉRY O SRWRPNRY� 3RWRP WDNWR QDYUKQXWÞFK YHNWRURY � SRWRPNRY D SÕYRGQÞFK tURGLÉRYVNÞFKu
YHNWRURY GRYHGQD ]RUDGÎPH SRG�D RSWLPÂOQRVWL ULH{HQÎ� D SUYÞFK P QDMOHS{ÎFK MHGLQFRY � ULH{HQÎ
]REHULHPH DNR URGLÉRY GR ÐDO{HM SRSXOÂFLH� 9 SUÎSDGH t©,$5.$u VWUDWÊJLH �P�O� Y\EHUÂPH EXGÛFLFK P

URGLÉRY LED ] PRPHQWÂOQH Y\JHQHURYDQÞFK O SRWRPNRY� D URGLÉLD WÞFKWR SRWRPNRY Y\PLHUDMÛ� pLYRW
ND�GÊKR MHGLQFD MH REPHG]HQÞ LED QD MHGQX JHQHUÂFLX� 2NUHP PXWÂFLH MH X RELGYRFK VWUDWÊJLÎ
SRX�ÎYDQÊ NUÎ�HQLH� WHGD ÉLDVWRÉQÂ YÞPHQD LQIRUPÂFLÎ PHG]L YHNWRUPL UHÂOQ\FK ÉÎVHO �YLÐ REU� ����� QD
UR]GLHO RG NUÎ�HQLD ELWRYÞFK UH~D]FRY SRX�ÎYDQÊKR X ÐDOHM SUHEHUDQÞFK JHQHWLFNÞFK DOJRULWPRY�

2EUÂ]RN ���� =REUD]HQLH ORJLVWLFNHM GLVWULEXÉQHM IXQNFLH Iσ�[� D MHM KXVWRWQHM

IXQNFLH ωσ�[� SUH σ  ��
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.UÎ�HQLH GYRFK DOHER YLDFHUÞFK URGLÉRY Y�G\ SURGXNXMH MHGQÊKR SRWRPND� QD UR]GLHO RG JHQHWLFNÞFK

DOJRULWPRY� NHG\ GYDMD URGLÉLD JHQHUXMÛ Y�G\ GYRFK SRWRPNRY� 5RYQDNR DNR X JHQHWLFNÞFK DOJRULWPRY

PÕ�H E\~ FKURPR]ÔP Y\EUDQÞ DNR URGLÉ DM QLHNR�NRNUÂW�

1DMYÅÉ{ÎP tREMDYRPu HYROXÉQHM VWUDWÊJLH MH DOH PR�QRV~ QHEUD~ MHGQX KRGQRWX {WDQGDUGQHM

VPHURGDMQHM RGFKÞON\ SUH Y{HWN\ KRGQRW\ RSWLPDOL]RYDQÊKR YHNWRUD UHÂOQ\FK ÉÎVHO [� QR XFKRYÂYD~

SUH ND�GÛ SUHPHQQÛ ] YHNWRUD [ YODVWQÛ KRGQRWX VPHURGDMQHM RGFKÞON\ �UR]SW\O�� .D�GÞ MHGLQHF MH

WHGD WYRUHQÞ GYRPD YHNWRUPL� YHNWRURP [ D YHNWRURP VPHURGDMQÞFK RGFK\OLHN σ� 1HVLH VL WDN ]R

2EUÂ]RN ���� 8NÂ�ND ]O\KDQLD SUÎVWXSX ]PHQ{RYDQLD {WDQGDUGQHM RGFKÞON\

ULDGHQHM SUDYLGORP ��� ÛVSH{QÞFK SRNXVRY� 7RWR SUDYLGOR EROR SÕYRGQH

Y\WYRUHQÊ� DE\ DOJRULWPXV UÞFKOR QD{LHO PLQLPXP� NHÐ VD GRVWDQH GR MHKR

EOÎ]NRVWL� 9WHG\ QÂMGH PHQHM DNR ��� OHS{ÎFK ULH{HQÎ� D WHGD VR ]PHQ{HQÎP

{WDQGDUGQHM RGFKÞON\ ]DÉQH SUHK�DGÂYD~ EOL�{LH RNROLH� .HÐ PÂ DOH IXQNFLD

�Û]NH ÛGROLH�� DOHER VÛ DNWÎYQH LQÊ RKUDQLÉHQLD� GÆ�ND NURNX EXGH VWÂOH NOHVD~
EH] WRKR� �H E\ VD ]Y\{RYDOD ÛVSH{QRV~ DOJRULWPX� D WHQ SRWRP �]DPU]QH�
ÐDOHNR RG PLQLPD�

2EUÂ]RN ���� 'YD ] PQRKÞFK GUXKRY NUÎ�HQLD SRX�ÎYDQÞFK X HYROXÉQHM
VWUDWÊJLH� .UÎ�HQLH tSULHPHURPu ]REHULH GYD YHNWRU\� ]RVXPXMH KRGQRW\ LFK
SUYNRY QD RGSRYHGDMÛFLFK PLHVWDFK D Y\GHOÎ FHOÞ YHNWRU GYRPD� .UÎ�HQLH
tGLVNUÊWQHu SUHEHUÂ KRGQRW\ QD RGSRYHGDMÛFLFK PLHVWDFK QÂKRGQÞP YÞEHURP
] MHGQÊKR DOHER GUXKÊKR YHNWRUD tURGLÉRYVNÞFK MHGLQFRYu�
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VHERX DM LQIRUPÂFLX R GLVWULEÛFLL SUH QRYÛ PXWÂFLX� 0XWÂFLH VÛ REHFQH UREHQÊ URYQDNR DNR X VWUDWÊJLH

����� V SRPRFRX {WDWLVWLFNÊKR UR]GHOHQLD WDN� �H GUREQÊ ]PHQ\ VÛ YLDF SUDYGHSRGREQÊ D ]ÂYD�QÊ

]PHQ\ QHSUDYGHSRGREQÊ� 7ÂWR WHQGHQFLD VD V ÉDVRP ]Y\{XMH VSROX V SULEOL�RYDQÎP SRSXOÂFLH N

RSWLPX� WHGD EOÎ]NR RSWLPD VÛ PXWÂFLH X� OHQ PDOÊ� $NR DOH SR]QD~� �H VPH X� EOÎ]NR RSWLPD"

9LDFÉOHQQÊ HYROXÉQÊ VWUDWÊJLH WÛWR RWÂ]NX REFKÂG]DMÛ PHWD�HYROXÉQRX VDPRDGDSWDÉQRX WHFKQLNRX�

NHG\ DM YH�NRV~ PXWÂFLÎ VD Y SULHEHKX DOJRULWPX PHQÎ� (YROÛFLD WHGD QHEXGH SUHELHKD~ LED X

SUHPHQQÞFK XUÉXMÛFLFK ULH{HQLH� DOH VÛÉDVQH VD EXGH Y\YÎMD~ LQIRUPÂFLD R WRP� DNR ND�GÊ ] ULH{HQÎ

EXGH JHQHURYD~ QRYÊKR SRWRPND� W]Y� VWUDWHJLFNÊ SUHPHQQÊ� .HÐ SUL VÛÉDVQHM KRGQRWH MHGQHM

SUHPHQQHM MHM ]PHQD QHSULQÂ{D YH�NÊ HIHNW\ QD KRGQRWX RSWLPDOL]RYDQHM IXQNFLH� SRWRP DM KRGQRWD

VPHURGDMQHM RGFKÞON\ SULUDGHQHM WHMWR SUHPHQQHM VD Y\YLQLH DNR YH�NÂ� 7HGD� ]PHQ\ PDMÛ LQÊ PHUÎWNR

X SUHPHQQÞFK� NWRUÊ PDMÛ YÅÉ{Î YSO\Y QD KRGQRWX IXQNFLH DNR LQÊ SUHPHQQÊ� .D�GÞ QRYÞ MHGLQHF MH

RKRGQRWHQÞ ÛÉHORYRX IXQNFLRX� 8ÉHQLH SUHELHKD QD GYRFK ÛURYQLDFK� MHGQD ÛURYHÓ KRGQRWÎ GRVLDKQXWÊ

YÞVOHGN\ IXQNFLH� GUXKÂ ÛURYHÓ SUHGVWDYXMH VFKRSQRV~ MHGLQFD XÉL~ VD� ]DNÔGRYDQÛ Y VPHURGDMQHM

RGFKÞONH XUÉXMÛFHM YH�NRV~ PXWÂFLH �DM NHÐ WÂWR VFKRSQRV~ VD ]KRGQRFXMH OHQ QHSULDPR SRPRFRX

RKRGQRWHQÎ YÞVOHGNRY IXQNFLH��

3UL WHMWR SRX�LWÎ VPHURGDMQHM RGFKÞON\ SUH ND�GÛ SUHPHQQÛ SRVN\WXMH YÅÉ{LQRX OHS{LH YÞVOHGN\

tÉLDUNRYÂu VWUDWÊJLD� NGH SRSXOÂFLD URGLÉRY FHONRP Y\PLHUD� $M NHÐ PRPHQWÂOQH PÕ�H GRMV~ N

]DEXGQXWLX QDMOHS{LHKR GRWHUD] QÂMGHQÊKR ULH{HQLD� Y GOKRGRERP PHUÎWNX WÂWR VWUDWÊJLD IXQJXMH OHS{LH�

OHER VD GRVWDQH FH] ORNÂOQH PLQLPÂ� NHG\ QHMDNÊ ULH{HQLH PÂ VÎFH PRPHQWÂOQH Y\VRNÛ KRGQRWX

RSWLPDOL]RYDQHM IXQNFLH� DOH QDVWDYHQLH VPHURGDMQÞFK RGFK\OLHN MH ]OÊ� =DEÛGDQLH URGLÉRYVNÞFK

FKURPR]ÔPRY SUHIHUXMH Y\EXGRYDQLH YQÛWRUQHM {WUXNWÛU\ � WHGD VPHURGDMQÞFK RGFK\OLHN � RSWLPÂOQH

QDVWDYHQÞFK QD ÐDO{Î YÞYRM� 7DNÞWR SUÎVWXS SRWRP IXQJXMH OHS{LH SUH RSWLPDOL]ÂFLX ]D{XPHQÞFK DOHER

ÉDVRYR SUHPHQQÞFK IXQNFLÎ� 0Õ�HPH VL SUHGVWDYL~ KRGQRW\ YHNWRUD [ DNR DQDOÔJLX IHQRW\SX D KRGQRW\

VPHURGDMQÞFK RGFK\OLHN DNR JHQRW\S� 9ÞEHURP XUÉLWÊKR SRPHUX SRÉWX URGLÉRY D SRWRPNRY P�O MH

PR�QÊ QDVWDYRYD~ UÞFKORV~ NRQYHUJHQFLH HYROXÉQHM VWUDWÊJLH� .HÐ FKFHPH UÞFKOX� QR ORNÂOQX

NRQYHUJHQFLX� ]YROÎPH VL VLOQH UH{WULNWÎYQX VHOHNFLX� QDSU� �������� .HÐ K�DGÂPH JOREÂOQH RSWLPXP�

PXVÎPH VHOHNFLX ]PLHUQL~� QDSU� ��������� 3RG�D VIÊULFNÊKR PRGHOX MH LGHÂOQ\ SRPHU

URGLÉLD�SRWRPNRYLD DVL ���� QR URGLÉRY PXVÎ E\~ SULWRP UÂGRYR DVSRÓ GHVD~�

5RGLÉLD SUH NUÎ�HQLH VD Y\EHUDMÛ ] FHOHM SRSXOÂFLH V URYQDNRX SUDYGHSRGREQRV~RX� QH]ÂOH�Î

WHGD QD RSWLPÂOQRVWL ULH{HQLD �NRQYHUJHQFLD MH GRVWDWRÉQH ]DEH]SHÉHQÂ VHOHNFLRX SRWRPNRY SUH

2EUÂ]RN ���� *OREÂOQH XQLIRUPQÊ NUÎ�HQLD �DOHER LQÂÉ JOREÂOQD UHNRPELQÂFLD�� NHG\

SRWRPRN PÂ YLDF DNR GYRFK URGLÉRY �QHH[LVWRYDOR E\ UR]OÎ{HQLH QD tPX�VNÊu D

t�HQVNÊu SRKODYLH� XYHGHQÞ SUÎVWXS E\ RGSRYHGDO YLDFHUR URYQRFHQQÞP SRKODYÎP��

.D�GÞ SUYRN YHNWRUD ULH{HQLD �SUHPHQQÂ� MH EUDQÞ ] QÂKRGQH ]YROHQÊKR URGLÉRYVNÊKR

YHNWRUD�
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ÐDO{LX JHQHUÂFLX URGLÉRY�� 3UH NUÎ�HQLH VD YÅÉ{LQRX SRX�ÎYD tXQLIRUPQÊKR NUÎ�HQLDu� ]QÂPHKR ]
DQDOÔJLH ] JHQHWLFNÞFK DOJRULWPRY� NGH SRWRPRN SUHEHUÂ KRGQRW\ SRVWXSQH ] MHGQÊKR DOHER GUXKÊKR
URGLÉD V URYQDNRX SUDYGHSRGREQRV~RX �YLÐ� REU� ����� .UÎ�HQLH WHUD] X� ]DKÁÓD QLHOHQ YÞPHQX KRGQÕW
YHNWRUD [� QR WLH� KRGQÕW YHNWRUD RGSRYHGDMÛFLFK VPHURGDMQÞFK RGFK\OLHN σ�

°DO{ÎP ] PR�QÞFK VSÕVRERY NUÎ�HQÎ MH NUÎ�HQLH SULHPHURP� NWRUÊ DOH ÉDVWR YHGLH N SUÎOL{ UÞFKOHM
ORNÂOQHM NRQYHUJHQFLL�

1DMQRY{LH VD REMDYLOL ÐDO{LH GUXK\ NUÎ�HQLD� NWRUÊ EROL SRX�LWÊ DN Y JHQHWLFNÞFK DOJRULWPRFK� WDN
Y HYROXÉQHM VWUDWÊJLL VÛÉDVQH >��@� 'YD YHNWRU\ [� D [� SURGXNXMÛ GYRFK SRWRPNRY \� D \�� NWRUÊ VÛ
OLQHÂUQRX NRPELQÂFLRX VYRMLFK URGLÉRY

\�  D [� � ���D� [� ������
\�  ���D� [� � D [�

2NUHP WRKWR NUÎ�HQLD EROR H{WH QDYUKQXWÊ GLVNUÊWQH JOREÂOQH XQLIRUPQÊ NUÎ�HQLH� NWRUÊ VL
KRGQRW\ YHNWRURY [ D σ QHY\EHUÂ SRVWXSQH QÂKRGQH ] GYRFK YHNWRURY� QR PÕ�H VL Y\EHUD~ ]R
Y{HWNÞFK URGLÉRYVNÞFK YHNWRURY �YLÐ� REU� ����� 2EGRERX tNUÎ�HQLD SULHPHURPu SUH JOREÂOQH XQLIRUPQÊ
NUÎ�HQLH MH SRX�LWLH KRGQÕW MHGQÊKR URGLÉD SUH Y{HWN\ SUHPHQQÊ� ]DWLD� ÉR GUXKÞ URGLÉ VD Y\EHUÂ SUH
ND�GÛ SUHPHQQÛ ]YOÂ{~� 3RG�D 6FKZHIHORYÞFK VNÛVHQRVWÎ >���@ VD RVYHGÉLOR GLVNUÊWQH NUÎ�HQLH V
GYRPD URGLÉPL SUH SUHPHQQÊ [L VSROX V NUÎ�HQÎP SULHPHURP �SUÎSDGQH DM MHKR JOREÂOQ\P YDULDQWRP�
SUH VPHURGDMQÊ RGFKÞON\ D XKO\ α RSÎVDQÊ ÐDOHM�

3UH ]PHQX VPHURGDMQÞFK RGFK\OLHN VD SUL YLDFÉOHQQÞFK HYROXÉQÞFK VWUDWÊJLÂFK X� QHSRX�ÎYD
GHWHUPLQLVWLFNÊKR DOJRULWPX� DNR EROR SUDYLGOR ��� ÛVSH{QRVWL� 1DPLHVWR WRKR VÛ VPHURGDMQÊ RGFKÞON\
SRGUREHQÊ HYROXÉQÊPX SURFHVX� .D�GÂ VPHURGDMQÂ RGFKÞOND MH WHUD] PXWRYDQÂ

σLs σL H[S�1��� ∆σ��� ������
NGH 1��� ∆σ�� MH QÂKRGQÂ SUHPHQQÂ Y\JHQHURYDQÂ V QRUPÂOQ\P UR]GHOHQÎP VR VWUHGRP Y � D
VPHURGDMQRX RGFKÞONRX ∆σ�� 7ÂWR VPHURGDMQÂ RGFKÞOND ∆σ� MH SDUDPHWURP PHWÔG\� NRQ{WDQWRX�
NWRUÂ MH URYQDNÂ SUH Y{HWN\ VPHURGDMQÊ RGFKÞON\ Y{HWNÞFK SUHPHQQÞFK Y FHORP ÉDVRYRP SULHEHKX
DOJRULWPX� 1RYR Y\WYRUHQÂ VPHURGDMQÂ RGFKÞOND σLs SRWRPND� SUÎVOX{QÂ QHMDNHM L�WHM KRGQRWH [L YR
YHNWRUH SUHPHQQÞFK [ VD KQHÐ SRX�LMH QD Y\JHQHURYDQLH QRYHM KRGQRW\

[Ls [L � 1 ���σ,r�� ������
2NUHP YODVWQHM KRGQRW\ SUHPHQQHM YR YHNWRUH D MHM VPHURGDMQHM RGFKÞON\ PÕ�H E\~ VÛERU

SUHPHQQÞFK FKDUDNWHUL]RYDQÞ DM ÐDO{ÎP YHNWRURP tVWUDWHJLFNÞFKu SUHPHQQÞFK� NWRUÞ ULDGL NRUHOÂFLX
PXWÂFLÎ� 3UH GYH SUHPHQQÊ V UÕ]Q\PL KRGQRWDPL VPHURGDMQHM RGFKÞON\ YUVWHYQLFH SUDYGHSRGREQRVWL
XPLHVWHQLD PXWRYDQÊKR YHNWRUX QHSUHGVWDYXMÛ NUX�QLFX� DOH HOLSVX� 7ÂWR HOLSVD Y{DN MH RULHQWRYDQÂ Y
VPHUH VÛUDGQLFRYÞFK RV� 0Õ�HPH VL DOH SUHGVWDYL~� �H RSWLPXP QLH MH XPLHVWQHQÊ Y VPHUX GOK{HM RV\
HOLSV\� DOH QLHNGH QDSULHÉ� ,GHÂOQH E\ SRWRP EROR� NHE\ VPH PRKOL WÛWR HOLSVX YUVWHYQÎF
SUDYGHSRGREQRVWÎ XPLHVWQHQLD PXWRYDQÊKR YHNWRUX QDWRÉL~ WDN� DE\ KODYQÂ RV HOLSV\ VPHURYDOD N
RSWLPX� 7DN E\ PXWRYDQÞ YHNWRU PDO QDMYÅÉ{LX {DQFX ÉR QDMYLDF VD SULEOÎ�L~ N RSWLPX �YLÐ REU� �����
7RWR QDWRÉHQLH LGH ]DLVWL~ NRYDULDQFLDPL� 9HNWRU tVWUDWHJLFNÞFKu SUHPHQQÞFK WHGD PÕ�H SUH Q�
UR]PHUQÞ YHNWRU [ ]DKÁÓD~ Q UR]SW\ORY FLL  σ,

� URYQDNR DNR Q�Q����� NRYDULDQFLÎ FLM ]REHFQHQHM Q�
UR]PHUQHM QRUPÂOQHM GLVWULEÛFLH V KXVWRWRX SUDYGHSRGREQRVWL YHNWRUX PXWÂFLÎ ]
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2VL PXWDÉQÞFK HOLSVRLGRY �SRYUFKX URYQDNHM KXVWRW\ SUDYGHSRGREQRVWL XPLHVWQHQLD SRWRPND

Y\WYRUHQÊKR PXWÂFLRX ] URGLÉD XPLHVWQHQÊKR Y VWUHGH HOLSVRLGX� VÛ SRWRP URYQREH�QÊ V

NRRUGLQDÉQÞPL RVDPL LED DN NRYDULDQÉQÂ PDWLFD MH GLDJRQÂOQD� 9 REHFQHM{RP SUÎSDGH QHQXORYÞFK

NRYDULDQFLÎ PÕ�H E\~ HOLSVRLG �XERYROQH QDWRÉHQÞ Y SULHVWRUH ULH{HQÎ D PXWÂFLH SUHPHQQÞFK VÛ
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OLQHÂUQH NRUHORYDQÊ� 7DNWR Y\WYRUHQÎ SRWRPNRYLD VD PÕ�X DGDSWRYD~ QD �XERYR�QÞ YÞKRGQÞ VPHU

SUHK�DGÂYDQLD� ÉR MH YÞKRGQÊ Y SUÎSDGH H[LVWHQFLH Û]N\FK ÛGROÎ Y RSWLPDOL]RYDQHM IXQNFLL�

0XWÂFLH� NWRUÊ EHUÛ GR ÛYDK\ DM NRYDULDQFLX VÛ UREHQÊ QDVOHGRYQH

σLs σL ⋅ H[S�τ�⋅ 1����� �τ1L������

αMs αM�β ⋅ 1M����� ������

[Ls [L � ]L �σr�αr�

1RWÂFLD 1����� R]QDÉXMH Y\JHQHURYDQÛ QRUPÂOQH GLVWULEXRYDQÛ MHGQRUR]PHUQÛ QÂKRGQÛ

SUHPHQQÛ SUL QXORYHM VWUHGQHM KRGQRWH D MHGQRWNRYHM VPHURGDMQHM RGFKÞONH� ]DWLD� ÉR 1L����� R]QDÉXMH�

�H QÂKRGQÂ SUHPHQQÂ MH Y\JHQHURYDQÂ Y�G\ ]QRYD SUH ND�GÛ KRGQRWX ÉÎWDÉD ,� 7ÂWR VDGD Y]RUFRY MH

SRX�LWÂ SUH ∀L∈^������Q`� ∀M∈^������Q⋅�Q−����`� *OREÂOQ\ IDNWRU H[S�τ�⋅ 1������ GRYR�XMH FHONRYÛ ]PHQX

YH�NRVWL Y{HWNÞFK PXWÂFLÎ� ]DWLD� ÉR H[S�τ⋅ 1L������ SRYR�XMH LQGLYLGXÂOQX ]PHQX VWUHGQHM YH�NRVWL NURNX

σ,� 9ÞUD] H[S�τ⋅ 1L������ MH WHGD LQGLYLGXÂOQ\P SDUDPHWURP JHQHURYDQÞP ]YOÂ{~ SUH ND�GÛ SUHPHQQÛ ]

YHNWRUD [� GRYR�XMÛF WDN LQGLYLGXÂOQH ]PHQ\ tSULHPHUQÞFKu ]PLHQ σL ND�GHM SUHPHQQHM [L YHNWRUD [�

7ÞPWR VSÕVRERP VÛ PXWÂFLH SUHPHQQÞFK NRUHORYDQÊ SRPRFRX KRGQÕW YHNWRUD α �YLÐ REU�

����� .RQ{WDQW\ τ�� τ D β VÛ SDUDPHWUH� NWRUÊ 6FKZHIHO >���@ QDYUKXMH QDVWDYL~ τ
�

� �∝ Q D

τ ∝� �Q D β≈����� � �
R
Y UDGLÂQRFK�� 3UL SRX�LWÎ NRYDULDQFLÎ� WHGD XKORY� QHPXVÎPH EUD~ GR ÛYDK\

Y]~DK\ PHG]L Y{HWNÞPL SUHPHQQÞPL� WHGD SRÉHW XKORY PÕ�H E\~ DM PHQ{Î DNR Q �Q−����� 7R E\ DOH

2EUÂ]RN ���� 3UYÞ JUDI XND]XMH ÉLDU\ URYQDNHM KXVWRW\ XPLHVWQHQLD SRWRPND ] URGLÉRYVNÊKR

FKURPR]ÔPX XPLHVWQHQÊKR Y VWUHGH ÉLDUNRYDQÊKR RYÂOX� .HÐ VD {WDQGDUGQÊ RGFKÞON\ SUH RELGYH

SUHPHQQÊ URYQDMÛ� ÉLDUD MH WYRUHQÂ NUX�QLFRX� 1R SULDOL E\ VPH VL� DE\ SRWRPRN PDO YÅÉ{LX {DQFX E\~

XPLHVWQHQÞ Y VPHUH PLQLPD R]QDÉHQÊKR VÛVWUHGQÞPL YUVWHYQLFDPL� .HÐ ]PHQÎPH {WDQGDUGQÊ

RGFKÞON\� GRVWDQHPH ] NUX�QLFH XUÉXMÛFHM SUDYGHSRGREQÊ XPLHVWQHQLH SRWRPND HOLSVX� 1R RV\ WHMWR

HOLSV\ VÛ VWÂOH URYQREH�QÊ ]R VÛUDGQLFRYÞPL RVDPL� 1DWRÉL~ HOLSVX WDN� DE\ VYRMRX KODYQRX RVRX

VPHURYDOD N PLQLPX GRNÂ�HPH LED SRRWRÉHQÎP R XKRO α� NWRUÊ MH UHDOL]ÂFLRX NRYDULDQFLH�
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Y\�DGRYDOR SUHGEH�QÛ DQDOÞ]X DOHER RSWLPDOL]ÂFLX YÞEHUX XKORY� NWRUÊ MH PR�QÊ ]DQHGED~� .RQ{WDQW\
τ�� τ PÕ�X E\~ LQWHUSUHWRYDQÊ DNR tUÞFKORVWL XÉHQLDu� SRGREQH DNR MH WRPX X QHXUÔQRYÞFK VLHWÎ�
1DMOHS{LH QDVWDYHQLH WÞFKWR SDUDPHWURY PÕ�H ]ÂYLVLH~ RG GUXKX RSWLPDOL]RYDQHM IXQNFLH� 5RYQDNR DNR
X ����� VWUDWÊJLH� VPHURGDMQÊ RGFKÞON\ PXVLD RVWD~ YÅÉ{LH DNR QHMDNÂ PLQLPÂOQD QHQXORYÂ KRGQRWD�
6FKZHIHO SR�DGXMH VSOQHQLH SRGPLHQN\ σL≥ε[L� NGH ε!� MH PDOÊ NODGQÊ ÉÎVOR� 3RNLD� XKO\ αMs SUHNURÉLD
KUDQLFH �−π�π�� SRX�ÎYDPH ]UNDGORYÊKR RGUD]X SRGREQH DNR Y SURFHGÛUH 3(5785%$7,21 RSÎVDQHM
SUL ����� VWUDWÊJLL�

pLD�� JHQHURYD~ QÂKRGQÞ YHNWRU PXWÂFLÎ V ÉOHQPL ]L�σr�αr� XYHGHQÞPL Y ������ V GLVWULEÛFLRX
SUDYGHSRGREQRVWL S�]� XYHGHQRX Y ������ QHPXVÎ E\~ WULYLÂOQ\P SUREOÊPRP �MH REWLD�QH JDUDQWRYD~
RUWRJRQÂOQRV~ YÞVOHGQÊKR NRRUGLQDÉQÊKR V\VWÊPX� ÉR RGSRYHGÂ SR]LWÎYQH GHILQLWQHM NRRUGLQDÉQHM
PDWLFL�� 9 SUD[L VD WHQWR SUREOÊP QDKUDG]XMH SRVWXSQRX URWÂFLRX� 3RYHG]PH� �H PÂPH GYH SUHPHQQÊ
[� D [� ]R VPHURGDMQÞPL RGFKÞONDPL σ� D σ�� WDN�H YUVWHYQLFH URYQDNÞFK KRGQÕW SUDYGHSRGREQRVWL E\
Y\WYÂUDOL HOLSVX V RVDPL URYQREH�QÞPL V KODYQÞPL RVDPL� .RUHODÉQÞ NRHILFLHQW F�� RGSRYHGÂ XKOX α� R
NWRUÞ VD WÂWR HOLSVD SUDYGHSRGREQRVWL SRRWRÉÎ �YLÐ REU� ���� ���� D ������ 7DN�H NHÐ VÛ SÕYRGQÊ
RGFKÞON\ SUHPHQQÞFK [� D [� VR VPHURGDMQÞPL RGFKÞONDPL σ� D σ� URYQÊ ∆[� D ∆[�� SRWRP RGFKÞON\
XSUDYHQÊ SRPRFRX NRUHODÉQÊKR NRHILFLHQWX PDMÛ WYDU ∆[�s ∆[� FRV α � ∆[� VLQ α� ∆[�s ∆[� VLQ α � ∆[�
FRV α�
3UH WUL SUHPHQQÊ E\ PXVHOL E\~ XUREHQÊ WUL QÂVOHGQÊ URWÂFLH� Y URYLQH �∆[�� ∆[�� R XKRO α� V YÞVOHGNRP
∆[�s D ∆[�s� Y URYLQH �∆[�s� ∆[�� R XKRO α� V YÞVOHGNRP ∆[�ss D ∆[�s� D Y URYLQH �∆[�s� ∆[�s� R XKRO α� V
YÞVOHGNRP ∆[�ss� ∆[�ss� 9ÞVOHGQÊ ]PHQ\ SUHPHQQÞFK E\ WHGD EROL ∆[�ss� ∆[�ss D ∆[�ss�

3UH YLDF SUHPHQQÞFK VD GDQÞ SUÎVWXS MHGQRGXFK{LH Y\MDGUÎ SRPRFRX URWDÉQÞFK PDWÎF� .D�GÂ
PDWLFD RGSRYHGÂ MHGQÊPX XKOX� WHGD MHGQHM NRYDULDQFLL GYRMLFH SUHPHQQÞFK YHNWRUD [� %XGHPH PD~

2EUÂ]RN ���� 3RRWRÉHQLH HOLSV\ URYQDNÞFK KRGQÕW SUDYGHSRGRE�

QRVWL Y\JHQHURYDQLD ]PLHQ ∆[� D ∆[��

2EUÂ]RN ����� =REUD]HQLH YUVWHYQÎF KRGQÕW IXQNFLH GYRFK SUHPHQQÞFK V

RSWLPDPL R]QDÉHQÞPL VYHWORX IDUERX� %LHOH ERGNRYDQÊ RYÂO\ R]QDÉXMÛ

PLHVWD URYQDNHM SUDYGHSRGREQRVWL XPLHVWHQLD SRWRPND Y]QLNOÊKR

PXWÂFLRX ] URGLÉD XPLHVWQHQÊKR Y VWUHGX RYÂOX R]QDÉHQÊKR NUÎ�HQÎP RV�

'OK{LD RV RYÂORY MH QDVPHURYDQÂ VPHURP N RSWLPX� WDN DNR VD WR

tMHGLQHFu QDXÉLO Y SULHEHKX RSWLPDOL]ÂFLH� NHG\ ND�GÂ ] SUHPHQQÞFK VL

XVFKRYÂYD YODVWQÛ KRGQRWX VPHURGDMQHM RGFKÞON\� D H{WH VD XVFKRYÂYD

YÞKRGQÞ VPHU NRUHORYDQÞFK RGFKÞORN�
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WHGD Q �Q−���� URWDÉQÞFK PDWÎF 5�αLM� �UNO�� 7LHWR PDWLFH VÛ MHGQRWNRYÊ� WHGD QD KODYQHM GLDJRQÂOH
PDMÛ VDPÊ MHGQLÉN\ D LQGH VDPÊ QXO\� V YÞQLPNRX {W\URFK SUYNRY� ULL  UMM  FRV αLM� D ULM  − UML  − VLQ αLM�
7ULJRQRPHWULFNÊ YÞUD]\ VÛ WHGD XPLHVWQHQÊ Y�G\ Y SULHVHÉQÎNRFK ULDGNRY D VWÆSFRY L D M� 1ÂVREHQLH
WÞPLWR PDWLFDPL RGSRYHGÂ YODVWQH WUDQVIRUPÂFLL VÛUDGQÎF Y]K�DGRP N RVÂP L D M SUL RWRÉHQÎ R XKRO αLM�
0Õ�HPH QÂVREL~ Y�G\ SUYÛ PDWLFX 5�α���� V YHNWRURP RGFKÞORN SUHPHQQÞFK �∆[�� ∆[�� ���� ∆[Q�
SUHPHQQÞFK [�� [�� ��� � [Q VR VPHURGDMQÞPL RGFKÞONDPL σ�� σ�� ���� σQ � D SRWRP QÂVREÎPH ÐDO{LX
PDWLFX 5�α���� V YÞVOHGQÞP YHNWRURP SUHGFKÂG]DMÛFHKR QÂVREHQLD �∆[�s� ∆[�s� ∆[�� ���� ∆[Q�� DWÐ�
-HGQRGXFK{LH MH DOH QDMVNÕU Y\QÂVREL~ Y{HWN\ PDWLFH PHG]L VHERX D D� YÞVOHGRN QÂVREL~ YHNWRURP
�∆[�� ∆[�� ���� ∆[Q�� )RUPÂOQH VD WR GÂ Y\MDGUL~ Y]RUFRP

URWÂFLD ∆ ∆ ∆ ∆ ∆ ∆[ [ [ [ [ [Q LM
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9ÞVNXP 5XGROSKD >��@ SRWYUG]XMH VSUÂYQRV~ WRKWR SUÎVWXSX� SUHWR�H XNÂ]DO� �H WHQWR SUÎVWXS JDUDQWXMH
RUWRJRQÂOQRV~ WUDQVIRUPÂFLÎ D VÛÉDVQH XPR�ÓXMH Y\WYRUHQLH DNÞFKNR�YHN RUWRJRQÂOQ\FK WUDQVIRUPÂFLÎ�
3RX�LWLH URWDÉQÞFK XKORY WHGD QLMDNR QHREPHG]XMH PR�QRV~ Y\JHQHURYD~ DNÛNR�YHN PXWÂFLX�

8� ]PLHQHQÂ YLDFÉOHQQÂ HYROXÉQÂ VWUDWÊJLD GRYR�XMH ND�GÊPX ÉOHQX Y\WYRUL~ QLHNR�NR
SRWRPNRY� = WÞFK �t©,$5.$u VWUDWÊJLD�� D SUÎSDGQH H{WH ] SÕYRGQÞFK ÉOHQRY � URGLÉRY �3/86
VWUDWÊJLD�� VD Y\EHULH ÐDO{LD VNXSLQD URGLÉRY SUH QRYÛ JHQHUÂFLX QD ]ÂNODGH LFK ]RUDGHQLD SRPRFRX LP
RGSRYHGDMÛFLFK KRGQÕW PLQLPDOL]RYDQHM IXQNFLH� 3VHXGRNÔG MH XYHGHQÞ Y DOJRULWPX ����

3UL NUÎ�HQÎ QHNRPELQXMHPH KRGQRW\ SUHPHQQÞFK [�� [�� ��� � [Q� QR DM VWUDWHJLFNÊ SUHPHQQÊ�
WHGD VPHURGDMQÊ RGFKÞON\ σ�� σ�� ���� σQ D XKO\ α�� α�� ���� αQ⋅�Q−����� 0Õ�X E\~ SULWRP SRX�LWÊ UÕ]QH W\S\
UHNRPELQDÉQÞFK RSHUÂWRURY SUH KRGQRW\ SUHPHQQÞFK� VPHURGDMQÊ RGFKÞON\ D XKO\� lWDQGDUGQÊ
QDVWDYHQLH SDUDPHWURY HYROXÉQHM VWUDWÊJLH MH σLQL  � SUH IXQNFLH� R NWRUÞFK QLÉ QHSR]QÂPH� SRÉHW
URGLÉRY _3W _  ��� SRÉHW SRWRPNRY _4_  ���� VWUDWÊJLD YÞEHUX MH tÉLDUNDu� WHGD 3W� ^QDMOHS{LH
FKURPR]ÔP\ ] 4`� 3RNLD� VD WÞND VPHURGDMQÞFK RGFK\OLHN D XKORY� QDMMHGQRGXFK{LH MH SRX�L~ LED MHGQX
VPHURGDMQÛ RGFKÞONX SUH FHOÞ FKURPR]ÔP V GLVNUÊWQ\P NUÎ�HQÎP� 2 WURFKD ]OR�LWHM{LH IXQNFLH
Y\�DGXMÛ SRX�LWLH FHOÊKR YHNWRUD VPHURGDMQÞFK RGFK\OLHN SUH ND�GÞ FKURPR]ÔP� ]DVD V GLVNUÊWQ\P
NUÎ�HQÎP� DOH H{WH EH] SRX�LWLH XKORY α� .RQHÉQH QDMNRPSOH[QHM{Î DOJRULWPXV SRX�ÎYD DM Q⋅�Q−����
XKORY α D NUÎ�HQLD SULHPHURP PHG]L WÞPLWR XKODPL�

(YROXÉQÂ VWUDWÊJLD� SRNURÉLOÂ YLDFÉOHQQÂ YHU]LD

� W �� σ� σLQL�

� 3�� ^QÂKRGQH JHQHURYDQÂ SRSXOÂFLD FKURPR]ÔPRY � YHNWRURY

UHÂOQ\FK SUHPHQQÞFK VSROX VR {WDQGDUGQÞPL RGFKÞONDPL D SUÎSDGQH

YDULDQFHPL�`

� 2KRGQRWHQLH ND�GÊKR FKURPR]ÔPX ] SRSXOÂFLH 3� RGSRYHGDMÛFRX

IXQNÉQRX KRGQRWRX�

� :+,/( W�WPD[ 25 GRVWDWRÉQH GREUÊ ULH{HQLH QLH MH QÂMGHQÊ '2

� %(*,1 W� W���

� 4 ^QRYÊ FKURPR]ÔP\ Y\WYRUHQÊ NUÎ�HQÎP D Y�G\ SRX�LWRX PXWÂFLRX ]

QÂKRGQH Y\EUDQÞFK FKURPR]ÔPRY ] 3W�� `�

� 2KRGQRWHQLH ND�GÊKR FKURPR]ÔPX ] 4 RGSRYHGDMÛFRX IXQNÉQRX

KRGQRWRX�

� 3W� ^QDMOHS{LH FKURPR]ÔP\ ] 4� WLH� VWUDWÊJLD YÞEHUX QDMOHS{ÎFK ] 3W��

∪4 MH SUÎSXVWQÂ�`

� (1'�

$OJRULWPXV ���� (YROXÉQÂ VWUDWÊJLD W\SX �P�Q� DOHER �P�Q� Y ]ÂYLVORVWL QD WYRUEH 3W� 3RÉHW

FKURPR]ÔPRY SRGSRSXOÂFLH 4 MH RKUDQLÉHQÞ SRGPLHQNRX _4_! _3W _



��

���� 8NÂ�ND DSOLNÂFLH DOJRULWPX QD 5RVHQEURFNRYX IXQNFLX

$NR SUÎNODG ULH{HQLD RSWLPDOL]DÉQÊKR SUREOÊPX SRPRFRX HYROXÉQHM VWUDWÊJLH VL WX XYHGLHPH ULH{HQLH

5RVHQEURFNRYHM IXQNFLH >��@� 7ÂWR IXQNFLD GYRFK SUHPHQQÞFK PÂ KOERNÊ tÛGROLHu� NGH LED Y MHGQHM

ÉDVWL �Y ERGH [� �� [� �� VD QDFKÂG]D PLQLPXP� YLÐ REU� ����� 7DNÂWR IXQNFLD E\ VD �DKNR ULH{LOD

JUDGLHQWRYRX PHWÔGRX� QR QDSU� SUH JHQHWLFNÞ DOJRULWPXV SUHGVWDYXMH WÂWR IXQNFLD tQRÉQÛ PRUXu�

SUHWR�H JHQHWLFNÞ DOJRULWPXV QHPÂ QDVWDYHQÞ VPHU PXWÂFLÎ  VPHU SRK\EX Y SULHVWRUH ULH{HQÎ� D QLH MH

VFKRSQÞ t]DKÞED~u� *HQHWLFNÞ DOJRULWPXV E\ SRPHUQH UÞFKOR QD{LHO ÛGROLH Y\]QDÉHQÊ QD REUÂ]NX ����

ÉLDUNRYDQRX ÉLDURX� QR QHERO E\ X� VFKRSQÞ GRVWD~ VD Y UR]XPQRP ÉDVH GR JOREÂOQHKR RSWLPD�

)XQNFLD MH GHILQRYDQÂ QDVOHGRYQH�

I [ [ [� �  ����
�

[ − + −
�

� �

�

��� � � ������

0LQLPXP I����� � MH QD REUÂ]NX ���� Y\]QDÉHQÊ YH�NÞP ERGRP�

7ÂWR IXQNFLD EROD ULH{HQÂ YLDFÉOHQQRX YHU]LRX HYROXÉQHM VWUDWÊJLH V SRX�LWÎP VPHURGDMQÞFK RGFK\OLHN

SUH ND�GÛ SUHPHQQÛ ]YOÂ{~ D NRYDULDQFLH PHG]L SUHPHQQÞPL� WHGD XKOX α� .D�GÞ FKURPR]ÔP VD WHGD

VNODGDO ] SLDWLFK ÉOHQRY�

FKURPR]ÔP ^ [�� [�� σ�� σ�� α` ������

3RÉLDWRÉQÊ KRGQRW\ SUHPHQQÞFK EROL SUH [ ]YROHQÊ QÂKRGQH ] LQWHUYDOX �−��������� VPHURGDMQÊ
RGFKÞON\ EROL URYQÊ ��� D XKRO α ERO QXORYÞ� 3RX�LOL VPH VWUDWÊJLX ��������� WR ]QDPHQÂ� �H ] ��

FKURPR]ÔPRY Y�G\ Y\UREÎPH NUÎ�HQÎP D QÂVOHGQRX PXWÂFLRX ��� FKURPR]ÔPRY� 3UL SUREOÊPRFK

YÅÉ{HM GLPHQ]LH E\ VD VDPR]UHMPH KRGLOR YLDF FKURPR]ÔPRY� 5RGLÉRYVNÞFK FKURPR]ÔPRY SR

Y\JHQHURYDQÎ SRWRPNRY ]PD�HPH� 9]K�DGRP N WRPX� �H ] SRWRPNRY EHULHPH Y�G\ VWULNWQH LED

QDMOHS{LH FKURPR]ÔP\� QLH MH WUHED SUHSRÉÎWDYD~ IXQNÉQÊ KRGQRW\ QD ILWQHVV DNR X JHQHWLFNÞFK

DOJRULWPRY� VWDÉÎ LED ]RUDGL~ ��� QRYR Y\WYRUHQÞFK FKURPR]ÔPRY SRG�D YH�NRVWL IXQNÉQÞFK KRGQÕW RG

QDMPHQ{HM N QDMYÅÉ{HM �DOHER QDRSDN� SRNLD� K�DGÂPH PD[LPXP� D ]REUD~ LED SUYÞFK ��

FKURPR]ÔPRY GR ÐDO{HM JHQHUÂFLH�

%ROR SRX�LWÊ XQLIRUPQÊ NUÎ�HQLH V QÂKRGQÞP YÞEHURP Y�G\ GYRFK URGLÉRY SUH SUHPHQQÊ [��

2EUÂ]RN ����� 9UVWHYQLFRYÞ JUDI 5RVHQEURFNRYHM IXQNFLH�

NGH KRUL]RQWÂOQD RV MH [� D YHUWLNÂOQD RV [�� 9H�NÞ ERG

SUHGVWDYXMH XPLHVWQHQLH PLQLPD Y tÛGROLXu Y\]QDÉHQRP

ÉLDUNRYDQRX SDUDERORX�
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[�� D NUÎ�HQLH SULHPHURP SUH VWUDWHJLFNÊ SUHPHQQÊ σ�� σ�� α� 3UHWR�H SRÉHW SUHPHQQÞFK Q �� EROL

SRX�LWÊ NRQ{WDQW\ V QDVOHGXMÛFLPL KRGQRWDPL� τ
�

� � � ����= =Q � � τ = =� � � �Q � � β �������
-HGQRWOLYÊ SUHPHQQÊ VÛ WHGD SR NUÎ�HQÎ FKURPR]ÔPRY PXWRYDQÊ SRPRFRX Y]RUFRY

σLs σL H[S�τ�1������ H[S�τ1L������� WHGD

NRQ{WDQWD 1������ σ�s σ� H[S��������NRQ{WDQWD� H[S���� 1������

D σ�s σ� H[S��������NRQ{WDQWD� H[S���� 1������ ������

αs α�β ∆α � WHGD αs α������� 1����� ������

NGH 1����� MH YÞVOHGRN JHQHUÂWRUD QÂKRGQÞFK ÉÎVHO V QRUPÂOQ\P UR]GHOHQÎP� V QXORYRX VWUHGQRX

KRGQRWRX D MHGQRWNRYRX VPHURGDMQRX RGFKÞONRX� 3UHWR�H SUH GYH SUHPHQQÊ MH LED MHGQD NRYDULDQFLD�

SRX�ÎYDPH LED MHGHQ XKRO α EH] LQGH[RY� 3UL YÞSRÉWH ]PLHQ SUHPHQQÞFK [� D [� SRX�ÎYDPH URYQDNÞ

JHQHUÂWRU� LED V QRYR ]PXWRYDQRX VPHURGDMQRX RGFKÞONRX�

∆[�  1��� σ�s� D ∆[�  1��� σ�s� ������

7LHWR KRGQRW\ H{WH tSRRWRÉÎPHu SRPRFRX XKOD α�
∆[�s ∆[� FRV αr � ∆[� VLQ αr� ∆[�s ∆[� VLQ αr � ∆[� FRV αr ������

7HUD] NRQHÉQH PÕ�HPH GRVWD~ QRYÊ KRGQRW\ YHNWRUD [�

[�s [� � ∆[�s D [�s [� � ∆[�s D ] WÞFKWR KRGQÕW Y\SRÉÎWD~ IXQNÉQÛ KRGQRWX I�[�s� [�s�� NWRURX EXGH

FKURPR]ÔP RKRGQRWHQÞ� 1DVOHGXMH SUÎNODG WYRUE\ QRYÊKR FKURPR]ÔPX �NWRUÞ EXGH ]DUDGHQÞ GR

PHG]L ��� QRYÞFK� ] GYRFK QÂKRGQH ]YROHQÞFK URGLÉRYVNÞFK FKURPR]ÔPRY �] �� PR�QÞFK��

SUHPHQQÂ [� [� σ� σ� α I�[��[��

URGLÉB�  ^ �������� �������� �������� �������� �������� �������� `

↓ ↓ ↓ ↓
SRWRPRN  ^ �������� �������� ���������

 
�������� ���������

�

��������� �������� ;;;;;; `

↑ ↑ ↑ ↑
URGLÉB�  ^ �������� �������� �������� �������� �������� �������� `

9 SUYHM IÂ]H VD WHGD ]D SUHPHQQÛ [� ]REUDOD SUHPHQQÂ ] GUXKÊKR URGLÉD� D ]D SUHPHQQÛ [� KRGQRWD

WHMWR SUHPHQQHM ] SUYÊKR URGLÉD �X ND�GHM ] SUHPHQQÞFK VPH VL tKRGLOL NRUXQRXu� ] NWRUÊKR URGLÉD MX

]REUD~�� ]DWLD� ÉR QDPLHVWR KRGQÕW σ�� σ� D α VD GRVDGLOL SULHPHU\ RELGYRFK URGLÉRY� 6DPR]UHMPH�

KRGQRWD I�[��[�� SRWRPND VD VSRÉÎWD D� SR VNRQÉHQÎ PXWÂFLÎ� $NR SUYÂ EROL ]PXWRYDQÊ KRGQRW\ σ�� σ� D

α�

NRQ{WDQWD 1����� ���������

σ�s σ� H[S��������NRQ{WDQWD� H[S�����1������

 ��������� H[S����������������� H[S������������� �  ��������

σ�s σ� H[S��������NRQ{WDQWD� H[S�����1������

 �������� H[S����������������� H[S������−����������  ��������
αs α������� 1�����
 �������� ���������������� ��������

∆[�  1��� σ�s�  1��� ���������  ��������

∆[�  1��� σ�s�  1��� ���������  −��������
∆[�s ∆[� FRV α � ∆[� VLQ α

 �������� FRV���������� −� −��������� VLQ����������  ��������
∆[�s ∆[� VLQ α � ∆[� FRV α

 �������� VLQ����������� � −��������� FRV����������  −��������
[�s [� � ∆[�s  �������� ���������  ��������

[�s [� � ∆[�s  �������� ��−���������  ��������
I�[��[��  ��������
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9ÞVOHGQÞ SRWRPRN XSUDYHQÞ PXWÂFLRX VPHURGDMQÞFK RGFK\OLHN� XKOX α� D PXWÂFLRX SUHPHQQÞFK [�� [�
V SRX�LWÎP QRYÞFK PXWRYDQÞFK RGFK\OLHN� V QDVOHGRYQÞP SRRWRÉHQÎP WÞFKWR VÛUDGQÎF SRPRFRX

]PXWRYDQÊKR XKOX α Y\]HUÂ QDVOHGRYQH�

SUHPHQQÂ [� [� σ� σ� α I�[��[��

SRWRPRN  ^ �������� �������� �������� �������� �������� �������� `

3UÎNODG ���� 3RX�LWH YLDFÉOHQQÊ VWUDWÊJLH SUH QÂMGHQLH RSWLPD 5RVHQEURFNRYHM IXQNFLH� 3URJUDP

]EHKQLWH ���× D Y\SRÉÎWDMWH SULHPHUQÞ SRÉHW JHQHUÂFLÎ� NWRUÞ ERO SRWUHEQÞ� DE\ QDMOHS{LD QÂMGHQÂ

IXQNÉQÂ KRGQRWD EROD QL�{LD DNR ��
��
� 3RURYQDMWH WR V SULHPHUQÞP SRÉWRP JHQHUÂFLÎ� QXWQÞP N

QÂMGHQLX URYQDNHM IXQNÉQHM KRGQRW\� DOH EH] SRX�LWLD NRYDULDQFLH� WHGD EH] SRX�LWLD XKOX α� 3RGREQH
VNÛVWH RGVWUÂQL~ NUÎ�HQLH SUL ]DFKRYDQÎ SRX�LWLD NRYDULDQFLÎ� D GLVNXWXMWH YSO\Y WYDUX DOHER W\SX IXQNFLH

QD HIHNWÎYQRV~ SRX�LWLD NUÎ�HQLD DOHER NRYDULDQFLH SUL QÂMGHQÎ PLQLPD� �6\PHWULD D PXOWLPRGÂOQRV~

LQGLNXMÛ SUDYGHSRGREQÛ YÞKRGQRV~ DSOLNÂFLH NUÎ�HQLD� PLQLPÂ XOR�HQÊ Y tÛGROLDFKu XPLHVWQHQÞFK

QDSULHÉ N RVÂP VÛUDGQLFRYÊKR V\VWÊPX EXGÛ QÂMGHQÊ UÞFKOHM{LH SUL SRX�LWÎ NRYDULDQFLÎ� ÉR SODWÎ DM SUH

tYLDFUR]PHUQÊ ÛGROLDu��

���� (YROXÉQÊ SURJUDPRYDQLH

(YROXÉQÊ SURJUDPRYDQLH MH SUÎVWXS Y\X�ÎYDMÛFL VLPXOÂFLX HYROÛFLH QD SRSXOÂFLL VÛ~D�LDFLFK DOJRULWPRY�

9 SRÉLDWNRFK WRKWR SUÎVWXSX QDYUKQXWÊKR RNROR U� ���� /DZUHQFRP )RJHORP >�����@ EROR FLH�RP

SUHGSRYHGD~ QRYÊ VWDY\ SURVWUHGLD D XGDORVWL D QD ]ÂNODGH SUHGSRYHGL SULVSÕVREL~ YODVWQÛ UHDNFLX

SRG�D GDQÊKR FLH�D� ÉR MH ]ÂNODGQRX SRGPLHQNRX LQWHOLJHQFLH RUJDQL]PX� (YROXÉQÊ SURJUDPRYDQLH

2EUÂ]RN ����� 7URMVWDYRYÞ NRQHÉQÞ
DXWRPDW� 9VWXSQÊ V\PERO\ VÛ XYHGHQÊ
QD�DYR� YÞVWXSQÊ QDSUDYR RG ORPÎWND�
lWDUWRYQÂ SR]ÎFLD MH Y $ �SRG�D )RJHOD >��@��

0RPHQWÂOQ\ VWDY $ $ % % & $

9VWXSQÞ V\PERO � � � � � �

%XGÛFL VWDY $ % % & $ %

9ÞVWXSQÞ V\PERO β β γ α γ β

7DEX�ND ���� 2GSRYHGH NRQHÉQÊKR DXWRPDWX ] REUÂ]NX ���� Y
]ÂYLVORVWL QD YVWXSQÞFK V\PERORFK� 2KRGQRWHQLH DXWRPDWX MH GDQÊ
IXQNFLRX� RKRGQRFXMÛFRX YÞVWXSQÊ V\PERO\ Y ]ÂYLVORVWL QD
YVWXSQÞFK �VWDYX SURVWUHGLD��
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URYQDNR DNR HYROXÉQÂ VWUDWÊJLD NODGLH VNÕU GÕUD] QD SRGREQRV~ VSUÂYDQLD VD URGLÉRY D LFK SRWRPNRY
DNR QD QDSRGREÓRYDQLH JHQHWLFNÞFK RSHUÂWRURY WDN� DNR WR PÕ�HPH SR]RURYD~ Y ELRORJLFNÞFK
SURFHVRFK QD PROHNXOÂUQHM ÛURYQL� )RJHO ]DÉDO X HYROXÉQÊKR SURJUDPRYDQLD V SUHGSRYHÐDPL
V\PEROLFNÞFK UH~D]FRY JHQHURYDQÞFK NRQHÉQÞPL DXWRPDWPL ] W]Y� 0DUNRYRYVNÞFK SURFHVRY D
QHVWDFLRQÂUQ\FK ÉDVRYÞFK VÊULÎ�
6SUDFRYDQLH YVWXSX DXWRPDWRP VD Y SUÎSDGH WDEX�N\ ���� ]DÉÎQD Y VWDYH $� QD NWRUÞ SULFKÂG]D
YVWXSQÂ KRGQRWD �� 3UHWR�H ] tNUÛ�NXu $ YHGLH {ÎSND ��β SUHVXQLHPH VD SR]GÆ� WHMWR {ÎSN\� +RGQRWD ]D
ORPÎWNRP� WHGD β� WYRUÎ RGSRYHÐ DXWRPDWX� lÎSND MH DOH V�XÉNRX D GRVWÂYDPH VD ]DVD GR VWDYX $�
1RYÞ YVWXS MH �� D SR]G�� {ÎSN\ ��β VD GRVWÂYDPH GR VWDYX %� SURÉRP β MH RGSRYHÐ DXWRPDWX� 7DNWR
SRNUDÉXMHPH� D� SRNLDO QD VDGX VLJQÂORY ������ QHGRVWDQHPH RGSRYHÐ β β γ α γ β� 7ÛWR RGSRYHÐ
RKRGQRWÎPH KRGQRWLDFRX IXQNFLRX� QHFK X� Y\]HUÂ DNRNR�YHN�

8 WDNÞFKWR NRQHÉQÞFK DXWRPDWRY H[LVWXMH Y ]ÂVDGH SÅ~ SULURG]HQÞFK W\SRY PXWÂFLÎ� ]PHQD
YÞVWXSQÊKR V\PEROX� ]PHQD EXGÛFHKR VWDYX SUH QDVWDYHQÞ NRQHÉQÞ VWDY D YÞVWXSQÞ V\PERO
�SUHPLHVWQHQLH {ÎSN\�� SULGDQLH VWDYX� Y\PD]DQLH VWDYX� ]PHQD SRÉLDWRÉQÊKR VWDYX�

1D UR]GLHO RG -RKQD .R]\ >��@� NWRUÞ Y VYRMRP JHQHWLFNRP SURJUDPRYDQÎ SUDFXMH V
SURJUDPDPL YR IRUPH RKRGQRWHQÞFK VWURPRY D SRX�ÎYD RNUHP PXWÂFLH DM NUÎ�HQLH� )RJHO VD Y SRÉLDWNX
REPHG]LO YR VYRMLFK ÛYDKÂFK QD NRQHÉQÊ DXWRPDW\ EH] SRX�LWLD NUÎ�HQLD� (YROXÉQÊ SURJUDPRYDQLH
QDSRGREÓXMH WRWL� YÞYRM GUXKRY� NWRUÊ PHG]L VHERX VÛ~D�LD D PHG]LGUXKRYÊ NUÎ�HQLH YÅÉ{LQRX
QHQDVWÂYD� 3ULQFÎS VÛ~D�HQLD MH Y WRPWR SUÎVWXSX SRGREQÞ DNR SUL HYROXÉQHM VWUDWÊJLL� ]R VNXSLQ\
URGLÉRY D SRWRPNRY VD Y\EHUÛ GR ÐDO{HM SRSXOÂFLH LED VWULNWQH QDMOHS{Î MHGLQFL� = ND�GÊKR URGLÉD VD
SULWRP Y\UÂED PXWÂFLRX LED MHGHQ SRWRPRN� WHGD ]R VNXSLQ\ URGLÉRY D SRWRPNRY VD Y\EHULH OHS{LD
SRORYLQD DNR URGLÉLD GR ÐDO{HM SRSXOÂFLH�

9 QRYÞFK YDULDQWRFK HYROXÉQÊKR SURJUDPRYDQLD PDMÛ DM KRU{Î SRWRPFL H{WH {DQFX� SRNLD� VÛ
Y\EUDQÎ GR VODE{HM VNXSLQ\� 6NXSLQN\ VÛ QÂKRGQH Y\EUDQÊ ] QRYÞFK �W�M� PXWRYDQÞFK� MHGLQFRY DM ]
URGLÉRYVNÞFK MHGLQFRY� 9 VNXSLQNÂFK SRWRP GRFKÂG]D N tWXUQDMLu� SRWRPFL VÛ ]RUDGHQÎ SRG�D VYRMLFK
YÞVOHGNRY Y WXUQDML� D WÎ V QDMOHS{ÎPL YÞVOHGNDPL Y WXUQDML VÛ Y\EUDQÎ GR ÐDO{HM SRSXOÂFLH� 3RÉHW
MHGLQFRY Y SRSXOÂFLL QHPXVÎ E\~ NRQ{WDQWQÞ D MHGLQHF PÕ�H SURGXNRYD~ DM YLDF SRWRPNRY�

(YROXÉQÊ SURJUDPRYDQLH VD SRVWXSQH UR]YÎMDOR URYQDNÞP VPHURP DNR HYROXÉQÊ VWUDWÊJLH�
9ÞVOHGQÊ DOJRULWP\ VÛ Y VÛÉDVQHM GREH QDWR�NR SRGREQÊ� �H LFK UR]OL{RYDQLH QHPÂ YÞ]QDP� 3UHWR�H
DOH WLHWR DOJRULWP\ PDMÛ UR]GLHOQ\ KLVWRULFNÞ SÕYRG� Y 86$ VD HYROXÉQÊ SURJUDPRYDQLH VWÂOH XGU�LDYD
DNR VDPRVWDWQÞ DOJRULWPXV >�����@�

6SRORÉQRX ÉUWRX HYROXÉQÊKR SURJUDPRYDQLD D HYROXÉQHM VWUDWÊJLH� NWRUÂ MH UR]GLHOQD RG
JHQHWLFNÞFK DOJRULWPRY� MH UHSUH]HQWÂFLD MHGLQFD �ULH{HQLD�� 7Â VD SRGULDÐXMH SUREOÊPX� 3RYHG]PH� �H
PÂPH SUREOÊP� NWRUÊKR ULH{HQLH ]DKÁÓD QLH OHQ UHÂOQH SUHPHQQÊ� DOH DM ÐDO{LH SUYN\� 7DN MH WRPX
QDSU� X ]DGDQLD QHXUÔQRYHM VLHWH >��@� NGH RNUHP YÂKRYÞFK SDUDPHWURY �ÉÎVHO FKDUDNWHUL]XMÛFLFK
VSRMHQLH PHG]L X]ODPL VLHWH� XUÉXMHPH DM YODVWQÛ WRSROÔJLX� WHGD SRÉHW X]ORY D H[LVWHQFLX VSRMHQÎ
PHG]L QLPL� 1HPXVÎPH VD SUHGVD ]DREHUD~ WÞP� DNR FHOÛ VLH~ ]DNÔGRYD~ GR ELWRYÊKR UH~D]FD� DNR WR
URELD JHQHWLFNÊ DOJRULWP\� 6WDÉÎ VL SUHGVWDYL~ MHGLQFD DNR VLH~� D PXWÂFLH EXGÛ UÕ]QHKR GUXKX� MHGQ\
SUH YÂKRYÊ IDNWRU\� WHGD UHÂOQH ÉÎVOD� D LQÊ SUH WRSROÔJX VLHWH� WHGD SUH SULGÂYDQLH DOHER XEHUDQLH
X]ORY D VSRMHQÎ PHG]L QLPL�

���� =ÂYHU

=R]QDP YLDF DNR ��� DSOLNÂFLÎ HYROXÉQÞFK VWUDWÊJLÎ VD GÂ QÂMV~ QDSU� Y 6\6����� UHSRUW >��@� (YROXÉQÊ
VWUDWÊJLH VÛ VFKRSQÊ ULH{L~ PXOWLGLPHQ]LRQÂOQH QHOLQHÂUQH SUREOÊP\ V YH�D ORNÂOQ\PL RSWLPDPL D V
OLQHÂUQ\PL DOHER QHOLQHÂUQ\PL REPHG]HQLDPL� 2SWLPDOL]RYDQÂ IXQNFLD PÕ�H WLH� E\~ YÞVOHGNRP
VLPXOÂFLH� QHPXVÎ E\~ Y SUHVQH GHILQRYDQHM IRUPH� 7R VD WÞND WLH� REPHG]HQÎ� NWRUÊ PÕ�X
SUHGVWDYRYD~ YÞVOHGRN QDSU� PHWÔG\ NRQHÉQÞFK SUYNRY �)(0�� 5RYQDNR DNR RVWDWQÊ HYROXÉQÊ
DOJRULWP\� HYROXÉQÊ VWUDWÊJLH EROL SRX�LWÊ DM QD QDVWDYRYDQLH SDUDPHWURY �XÉHQLH� QHXUÔQRYÞFK VLHWÎ
>��@� (YROXÉQÊ VWUDWÊJLH EROL Y\WYRUHQÊ QD RSWLPDOL]ÂFLX YHNWRURY UHÂOQ\FK ÉÎVHO� QR PÕ�X VOÛ�L~ WLH�
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DNR KHXULVWLND SUH 13�ÛSOQÊ NRPELQDWRULÂOQH SUREOÊP\ DNR SUREOÊP REFKRGQÊKR FHVWXMÛFHKR� DOHER

SUREOÊP\ V ÉDVRYR SUHPHQQÞPL DOHER ]D{XPHQÞPL KRGQRWDPL RSWLPDOL]RYDQHM IXQNFLH�

'LVWULEXÉQÂ IXQNFLD PXWÂFLH QHXUÉXMH VPHU PXWÂFLH� LED YH�NRV~� WDN�H N YH�NHM PXWÂFLL PÕ�H

GRMV~ V URYQDNRX SUDYGHSRGREQRV~RX DM Y RSDÉQRP VPHUH� SUHÉ RG PLQLPD� =DXMÎPDYÊ DOH MH� �H SUL

QÂYUKX SUDYGHSRGREQRVWL YÞVN\WX QRYÊKR SRWRPND VD QHRSODWÎ SRVXQÛ~ VWUHG NUX�QLFH DOHER HOLSV\

WDN� DE\ VD QH]KRGRYDO V SR]ÎFLRX URGLÉD� DOH DE\ ERO SRGVWDWQH SRVXQXWÞ VPHURP� Y NWRURP QDVWDO

SUHGFKÂG]DMÛFL SRVXQ RG URGLÉD N SRWRPNRYL � WHUDM{LHPX URGLÉRYL� 6ÎFH E\ WR ]YÞ{LOR PRPHQWÂOQX

ÛVSH{QRV~ JHQHURYDQÞFK SRWRPNRY� QR Y GOKRGRERP PHUÎWNX SUH ]OR�LWÊ PXOWLPRGÂOQH IXQNFLH

Y{HREHFQH QLH MH WHQWR SUÎVWXS YÞKRGQÞ� 3UH MHGQRGXFK{LH IXQNFLH DOH PÕ�H E\~ YÞKRGQÞ�

/LWHUDWÛUD

>�@ ,� 5HFKHQEHUJ� (YROXWLRQVVWUDWHJLH� 2SWLPLHUXQJ WHFKQLVFKHU 6\VWHPH QDFK 3ULQ]LSLHQ GHU

ELRORJLVFKHQ (YROXWLRQ� �(YROXWLRQ 6WUDWHJ\� 2SWLPL]DWLRQ RI WHFKQLFDO V\VWHPV E\ PHDQV RI

ELRORJLFDO HYROXWLRQ�� )URPPDQ�+RO]ERRJ� 6WXWWJDUW� ����� ���� �QG HGQ�

>�@ +��3� 6FKZHIHO� 1XPHULVFKH 2SWLPLHUXQJ YRQ &RPSXWHUPRGHOOHQ PLWWHOV GHU

(YROXWLRQVVWUDWHJLH� %LUNKÅXVHU� %DVHO� �����

>�@ +��3� 6FKZHIHO� 1XPHULFDO 2SWLPL]DWLRQ IRU &RPSXWHU 0RGHOV� :LOH\� &KLFKHVWHU� 8.� �����

>�@ +��3� 6FKZHIHO� (YROXWLRQ DQG 2SWLPXP 6HHNLQJ� -� :LOH\� 1HZ <RUN� �����

>�@ +��3� 6FKZHIHO DQG 5� 0DQQHU� �HGV�� 3URFHHGLQJV RI WKH )LUVW ,QWHUQDWLRQDO &RQIHUHQFH RQ

3DUDOOHO 3UREOHP 6ROYLQJ IURP 1DWXUH� 'RUWPXQG� *HUPDQ\� �����

>�@ )� +RIIPHLVWHU DQG 7� %ÅFN� *HQHWLF $OJRULWKPV DQG (YROXWLRQ 6WUDWHJLHV� 6LPLODULWLHV DQG

'LIIHUHQFHV� 8QLYHUVLW\ RI 'RUWPXQG� 'HSW� RI &6� 6\6������ ������ ������ $YDLODEOH E\ IWS IURP

IWS���OXPSL�LQIRUPDWLN�XQL�GRUWPXQG�GH

>�@ 7� %ÅFN� )� +RIIPHLVWHU� DQG +��3� 6FKZHIHO� $ 6XUYH\ RI (YROXWLRQ 6WUDWHJLHV� ,Q 5�.� %HOHZ

DQG /�%� %RRNHU� �HGV�� 3URFHHGLQJV RI WKH )RXUWK ,QWHUQDWLRQDO &RQIHUHQFH RQ *HQHWLF

$OJRULWKPV� SS� ���� 0RUJDQ .DXIPDQQ� 6DQ 0DWHR� &$ �����

>�@ 7� %ÅFN DQG +��3� 6FKZHIHO� $Q 2YHUYLHZ RI (YROXWLRQDU\ $OJRULWKPV IRU 3DUDPHWHU

2SWLPL]DWLRQ� (YROXWLRQDU\ &RPSXWDWLRQ� ���� ������ �����

>�@ 7� %ÅFN� *� 5XGROSK� DQG +��3� 6FKZHIHO� (YROXWLRQDU\ 3URJUDPPLQJ DQG (YROXWLRQ 6WUDWHJLHV�

6LPLODULWLHV DQG 'LIIHUHQFHV� ,Q 3URF� RI WKH �QG $QQXDO &RQI� RQ (YROXWLRQDU\ 3URJUDPPLQJ�

'�%� )RJHO DQG :� $WPDU �HGV�� SXEOLVKHG E\ WKH (YROXWLRQDU\ 3URJUDPPLQJ 6RFLHW\� �$WWQ� %LOO

3RUWR� 7UHDVXUHU�� ���� 7RZQH &HQWUH 'U�� 6DQ 'LHJR� &$ ������ ����� SS� ������
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