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GYD�RGYRMHQD�RSWLaND�VWROD��2ED�PHWDOQD�VWROD�OHCDOD�VX�QD�DQGH]LWQLP�SRV�
WROMLPD��/DVHU��SROXSURSXVQR�RJOHGDOR�L�MHGQR�UDYQR�RJOHGDOR�PRQWLUDQL�VX
QD�MHGDQ�VWR��D�GUXJR�UDYQR�RJOHGDOR�MH�SRVWDYOMHQR�QD�VWR�NRML�MH�WUHEDOR
SREX_LYDWL�XGDURP��VOLND�����6YDNL�RG�QDYHGHQLK�GHORYD�SULaYU^`HQ�MH�PDJ�
QHWQLP�SRVWROMLPD��]DKYDOMXMX`L�NRMLPD�QLMH�ELOR�PRJX`H�NUHWDQMH�DSDUDWXUH
X�RGQRVX�QD�VWR�
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SUHNR�QMHJD��,]OD]�QD�GLVSOHMX�PHUDaD�VQDJH�MH�VUHGQMD�VQDJD�SR�MHGLQLFL
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WHUIHUHQFLRQLK�PLQLPXPD�L�PDNVLPXPD��L�^DOMH�HOHNWULaQL�VLJQDO�X�UDaXQDU�
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QRQ��XaHVWDQRVW�L]QRVL������+]��2YD�XaHVWDQRVW�MH�RGUH_HQD�L]UD]RP

νF�=�τ������$QLaLQ��������9HOLaLQD�τ�MH�EU]LQD�X]RUNRYDQMD��VDPSOLQJ�UDWH��
8aHVWDQRVW�νF�RGUH_XMH�VSHNWUDOQL�RSVHJ�VLJQDOD�MHU�MH�)XULMHRY�WUDQVIRUP

VNXS�KDUPRQLMVNLK�NRPSRQHQWL�
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VH�QH�SRNDCH�NDR�SHULRGLaQD�X�LQWHUYDOX�GXCLQH�7�=�����τ�QH�PRCH�VH�GH�
WHNWRYDWL�NDR�KDUPRQLMVND��8�QD^HP�VOXaDMX�7 �������VHNXQGL��7R�]QDaL

GD�VH�IUHNYHQFLMH�YH`H�RG�>HQRQRYH�QH�PRJX�UHJLVWURYDWL�EU]LQRP�X]RUN�

RYDQMD�NRMX�VPR�PL�NRULVWLOL��)XULMHRY�WUDQVIRUP�VLJQDOD�MH�LVWL�NDR�GD�YL^LK

IUHNYHQFLMD�L�QHPD��6YDNR�VQLPDQMH�MH�QHND�YUVWD�ILOWHUD�NRML�RGVHFD�VYH

IUHNYHQFLMH�YL^H�RG�NULWLaQH�]ERJ�NRQDaQRJ�EURMD�X]RUDND�X�VHNXQGL��=ERJ

WRJD�MH�GRYROMQR�X�QD^HP�VOXaDMX�L]D]YDWL�LPSXOV�NRML�LPD�IUHNYHQWQL�RSVHJ

RG���GR������+]��8VWYDUL��XSUDYR�RYD�EU]LQD�VHPSORYDQMD�MH�RGDEUDQD��MHU

MH�UHODWLYQR�ODNR�RVWYDULWL�LPSXOV�SRPHQXWH�VSHNWUDOQH�^LULQH�
8UD_HQH�VX�GYH�VHULMH�PHUHQMD�VD�SR����VQLPDND�GXCLQH�WUDMDQMD�SR�

QDRVRE�RG�RNR����VHNXQGL��=DSLV�MH����ELWQL�
3ULOLNRP�PHUHQMD�WUHED�YRGLWL�UDaXQD�R�EURMX�LQWHUIHUHQFLRQLK�SUXJD

NRMH�RVFLOXMX�SUHNR�RWYRUD�PHUDaD�VQDJH��]ERJ�HIHNWD�NRML�`H�NDVQLMH�ELWL

L]ORCHQ���8�WX�VYUKX�XSRWUHEOMHQR�MH�MHGQR�UDVLSQR�VRaLYR�NRMH�MH�SRYH`DOR

LQWHUIHUHQFLRQX�VOLNX�GRYROMQR��GD�SUHNR�RWYRUD�SDGD�VDPR�MHGQD�OLQLMD�NRMD

RGJRYDUD�PDNVLPXPX�
7DNR_H��VPDQMHQL�VX�XWLFDML�OMXGVNLK�IDNWRUD�QD�YLEUDFLMH��KRGDQMH�SR

SRGX��JRYRU�L�VOLaQR��]ERJ�RVHWOMLYRVWL�DSDUDWXUH��DOL�L�SRUHG�WRJD�SRVWRML

SRaHWQL�^XP�NRML�ELYD�SULVXWDQ�WRNRP�FHORJ�VQLPDQMD�
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ELMHQL�VX�RVFLORJUDPL�VLJQDOD�L�RGJRYDUDMX`L�VSHNWUL��-HGDQ�WDNDY�SDU�RV�
FLORJUDP�¬�VSHNWURJUDP�SULND]DQ�MH�QD�VOLFL����1D�VSHNWURJUDPX�VH
XRaDYDMX�NDUDNWHULVWLaQH�IUHNYHQFLMH��WM��IUHNYHQFLMH�QD�NRMLPD�VH�DPSOLWXGD
RGUCDYD�LOL�QDJOR�RSDGD��

9LGLPR�GD�QD�IUHNYHQFLMDPD�GR�����+]�SRVWRML�^XP�]ERJ�NRMHJ�QLMH
PRJX`H�UD]OXaLWL�^WD�VH�GH^DYD�VD�DPSOLWXGRP�X�WRP�RSVHJX��8�SRaHWQRP
WUHQXWNX�X�VSHNWUX�VX�]DVWXSOMHQH�JRWRYR�VYH�IUHNYHQFLMH�X�LQWHUYDOX�RG��
GR������+]��^WR�]QDaL�GD�MH�RVWYDUHQ�]DGRYROMDYDMX`L�XOD]QL�LPSXOV��$P�
SOLWXGD�RVFLORYDQMD�VWROD�RSDGD�HNVSRQHQFLMDOQR��VOLND�����^WR�SRND]XMH�GD
MH�DSURNVLPDFLMD�VLVWHPD�RGJRYDUDMX`D��
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1D�IUHNYHQFLMDPD�YH`LP�RG������+]�DPSOLWXGD�VH�SUDNWLaQR�QH�RGU�

CDYD��0H_XWLP��X�REODVWL���������+]�LPDPR�YHRPD�VSRUR�RSDGDQMH�DP�

SOLWXGH��=DQLPOMLYR�MH�GD�SRVWRMH�REODVWL�QD�HNYLGLVWDQWQLP�UDVWRMDQMLPD�RG

RYH��RNROLQH�XaHVWDQRVWL�����L������+]���JGH�DPSOLWXGD�WDNR_H�VSRUR�RSD�

GD��PDGD�QHNROLNR�SXWD�EUCH�QR�X�SUHWKRGQRP�VOXaDMX��
8�WRNX�RVFLORYDQMD�GROD]L�GR�SRPHUDQMD�DPSOLWXGQLK�YUHGQRVWL�SR�IUH�

NYHQFLMDPD��(IHNDW�MH�XVORYOMHQ�RVFLORYDQMHP�YL^H�RG�MHGQH�LQWHUIHUHQFLRQH

SUXJH�SUHNR�RWYRUD�PHUDaD�VQDJH��1HND�MH�S�EURM�SUXJD�NRMH�X�WRNX�MHGQRJ

SROXSHULRGD�SUH_X�SUHNR�RWYRUD��1D]RYLPR�WDM�EURM�LQWHUIHUHQFLRQRP�DP�

SOLWXGRP��0HUDa�VQDJH�UHJLVWUXMH�S�SURPHQD�LQWHQ]LWHWD��WM��S�SXWD�YH`X�IUH�

NYHQFLMX��ADN�L�NDGD�VH�DSDUDWXUD�SRVWDYL�WDNR�GD�VDPR�MHGQD�SUXJD�SUHOD]L

SUHNR�RWYRUD��^WR�MH�X�QD^HP�VOXaDMX�XUD_HQR���DNR�MH�DPSOLWXGD�SRVOH�SR�

EXGH�YH`D�RG�WDODVQH�GXCLQH�ODVHUVNRJ�VQRSD��YL^H�LQWHUIHUHQFLRQLK�PDN�

VLPXPD��L�PLQLPXPD��RVFLOXMH�SUHNR�RWYRUD��5HDOQD�VLWXDFLMD�MH�WDNYD�GD

MH�SRaHWQD�DPSOLWXGD�EDU�UHGD�YHOLaLQH�GHVHWRJ�GHOD�PLNURQD�WDNR�GD�VH

SUDNWLaQR�HIHNDW�SRPHUDQMD�QH�PRCH�L]EH`L�
.DNR�VX�RVFLODFLMH�SULJX^HQH��SULURGQR�MH�GD�VH�L�SDUDPHWDU�S�PHQMD

X�WRNX�YUHPHQD��L�WR�WDNR�GD�MH�SURPHQD�S�X�QHNRP�YUHPHQVNRP�LQWHUYDOX

SURSRUFLRQDOQD�SURWHNORP�YUHPHQX��WUDMDQMX�WRJ�LQWHUYDOD���6WRJD�MH

S�=�SR�⋅�H−�F�W��JGH�MH�SR�LQWHUIHUHQFLRQD�DPSOLWXGD�QHSRVUHGQR�SRVOH�SR�

EXGH�VWROD��(NVSRQHQFLMDOQD�SURPHQD�LQWHUIHUHQFLRQH�DPSOLWXGH�SRYODaL�VD

VRERP�HNVSRQHQFLMDOQX�SURPHQX�UHJLVWURYDQH�IUHNYHQFLMH��7R�]QDaL�GD�DP�

SOLWXGD�RVFLORYDQMD�RSDGD�HNVSRQHQFLMDOQR�X�YUHPHQX�L�SR�IUHNYHQFLMDPD�
9HURYDWQR�MH�EU]�SDG�DPSOLWXGH�QD�IUHNYHQFLMDPD�L]QDG�����+]�XV�

ORYOMHQ�SRPHUDQMHP�DPSOLWXGH�SR�IUHNYHQFLMDPD��.ROLNR�DPSOLWXGD�EU]R

6OLND����

$WHQXDFLMH�]D

UD]OLaLWH�IUHNYHQFLMH�

)LJXUH���

$WWHQXDWLRQ�IRU

GLIIHUHQW�IUHTXHQFHV�
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RSDGD�QD�RGUH_HQRM�IUHNYHQFLML��SRX]GDQR�VH�PRCH�]QDWL�WHN�SRVOH�YUHPHQ�

VNRJ�WUHQXWND�]D�NRML�MH�LVSXQMHQD�UHODFLMD�S�≤���
1DSRPHQXOL�VPR�GD�]ERJ�^XPD�QH�]QDPR�^WD�VH�GH^DYD�QD�QLVNLP

IUHNYHQFLMDPD��0H_XWLP�VPDWUDPR�GD�MH�X�WRM�REODVWL�VSHNWUD�RGUCDYDQMH
DPSOLWXGH�QDML]UDCHQLMH�

,]ORCHQL�HIHNDW�SUHGVWDYOMD�PDQX�VYDNRJ�VHL]PRJUDID�LOL�XRS^WH�ELOR
NDNYRJ�VHQ]RUD�]D�SUD`HQMH�RVFLORYDQMD�QD�SULQFLSX�LQWHUIHURPHWU LMH��'DOMH
SHUVSHNWLYH�RYRJ�UDGD�OHCH�X�RWNODQMDQMX�WRJ�SUREOHPD�QDODCHQMHP�WUDQV�
IRUPDFLMD�NRMH�YUD`DMX�QD�RYDM�QDaLQ�GHIRUPLVDQL�VSHNWDU�X�VWYDUQL�VSHNWDU
RVFLORYDQMD��7LPH�EL�ELOR�RPRJX`HQR�SUD`HQMH�RVFLODWRUQRJ�NUHWDQMD�SURL]�
YROMQH�DPSOLWXGH��

/LWHUDWXUD

$QLaLQ��,��������2EUDGD�UH]XOWDWD�PHUHQMD��%HRJUDG��8QLYHU]LWHW�X
%HRJUDGX��)L]LaNL�IDNXOWHW�

0DWYHHY��$��1��������0HFKDQLFV�DQG�WKH�WKHRU\�RI�UHODWLYLW\��0RVFRZ�
0LU�

0LOLFD�0DNVL`�DQG�-RYDQ�9DVLOMHYL`

9LEUDWLRQV�RI�2SWLFDO�'HVN

:H�XVHG�QRQVWDQGDUG�PHWKRG�IRU�PHDVXULQJ�YLEUDWLRQV��0LFKHOVRQ�LQ�
WHUIHURPHWHU�ZDV�XVHG�WR�WUDQVIHU�PHFKDQLFDO�YLEUDWLRQV�WR�RVFLOODWLRQ�RI
OLJKW�LQWHQVLW\��7KHHVH�RVFLOODWLRQV�ZHUH�FRQYHUWHG�LQWR�HOHFWULFDO�VLJQDO�DS�
SO\LQJ�OLJKW�SRZHU�PHWHU�DQG�VRXQGEODVWHU�DV�DQ�$'�FRQYHUWHU��(DFK�VLJQDO
LV�VDYHG�DV�ZDY�ILOH�E\�6RXQGIRUJH��7KH�DSSOLDQFH�LV�VKRZQ�RQ�SLFWXUH���
7KH�SULPDU\�JRDO�RI�RXU�H[SHULPHQW�ZDV�WR�REVHUYH�FKDQJHV�LQ�VSHFWUXP
GXULQJ�WKH�YLEUDWLRQ�RI�VRPH�VSHFLILF�ERG\�¬�RSWLFDO�GHVN��6XFK�LQIRUPD�
WLRQ�FDQ�EH�YHU\�XVHIXO�LQ�H[SHULPHQWV�ZLWK�VRPH�RSWLFDO�V\VWHPV�ZKHUH
VPDOO�GHYLDWLRQV�FDXVH�XQZDQWHG�HIIHFWV��KRORJUDSK\��LQWHUIHURPHWU\�IRU
H[DPSOH���EHFDXVH�WKH�GHVN�ZDV�PDGH�WR�DWWHQXDWH�YLEUDWLRQV�

,Q�RUGHU�WR�PRQLWRU�WKH�YDULHW\�RI�VSHFWUXP�LQ�D�ODUJH�LQWHUYDO�RI�IUH�

TXHQFLHV�ZH�IRXQG�WKDW��WKHRUHWLFDOO\��WKH�GHVN�VKRXOG�EH�LQLWLDWHG�E\�δ�
IXQFWLRQ�����DV�DQ�LQSXW��$OWKRXJK��LQ�WKH�H[SHULPHQW��WKH�GHVN�ZDV

LQGXFHG�E\�DQ�LPSXOVH�IXQFWLRQ�����¬�UHDO�DSSUR[LPDWLRQ�RI�δ�IXQFWLRQ�
7KH�OHVV�LPSXOVH�ODVWV��WKH�JUHDWHU�LQWHUYDO�RI�IUHTXHQFLHV�FDQ�EH�REVHUYHG�

7KLV�IROORZV�IURP�UHODWLRQ�∆�ω�⋅�∆�W�� �FRQVW��&RPELQLQJ�WKH�GXUDWLRQ�RI
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LPSXOVH�IXQFWLRQ�ZLWK�VDPSOLQJ�UDWH�RI�RXU�$'�FRQYHUWHU�ZH�FDQ�REWDLQ
IRU�RXU�QHHGV�VDWLVI\LQJ�H[WHQW�RI�IUHTXHQFLHV�

$OO��ZDY�ILOHV�DUH�SURFHVVHG�LQ�0DWODE��$V�D�UHVXOW��IRU�HDFK�VLJQDO�LV
SURGXFHG�RVFLORJUDP�DQG�VSHFWURJUDP��)LJXUH�����2EWDLQHG�IUHTXHQW�LQWHU�
YDO�LV��������+]��%HFDXVH�RI�QRLVH�ZH�FRXOG�QRW�NQRZ�ZKDW�KDSSHQV�RQ
ORZ�IUHTXHQFLHV��EHOORZ�����+]���7KH�OHDVW�GXPSLQJ�LV�LQ�LQWHUYDO��������
+]��ZKLOH�RQ�KLJKHU�IUHTXHQFLHV��HVSHFLDOO\�DERYH������+]��RSWLFDO�GHVN
TXLFNO\�DWWHQXDWHV�DOO�RI�YLEUDWLRQV��+RZHYHU��WKHUH�LV�DQ�H[FHSWLRQ��:H
QRWLFHG�LQWHUYDOV�HTXLGLVWDQW�IURP�LQWHUYDO�PHQWLRQHG�DERYH��L�H��DURXQG
����+]�������+]���ZKHUH�DPSOLWXGH�GHFUHDVHV�VORZ�DV�VKRZQ�RQ�)LJXUH
���7KLV�SKHQRPHQD�PD\�FRPH�RQ�DFFRXQW�RI�RQH�GHIHFW�RI�$'�FRQYHUWHU
ZH�PDGH��*HQHUDOO\�VSHDNLQJ��HYHU\�RSWLFDO�YLEURPHWHU��VHLVPRJUDSK�
JLYHV�UHOLDEOH��LQIRUPDWLRQ�RQO\�LQ�FDVH�ZKHQ�DPSOLWXGH�RI�RVFLOODWLRQV�LV
VPDOOHU�WKHQ�KDOI�RI�OHQJWK�VL]H�RI�OLJKW�XVHG�WR�REWDLQ�LQWHUIHUHQFH��)XUWKHU
UHVHDUFK�FDQ�EH�FRQGXFWHG�LQ�RUGHU�WR�ILQG�WUDQVIRUPDWLRQ�RI�VSHFWUXP�WKDW
JLYHV�XV�WUXH�LQIRUPDWLRQ�DERXW�YLEUDWLQJ�RI�D�ERG\��L��H��RSWLFDO�GHVN�
ZKHQ�DPSOLWXGHV�DUH�JUHDWHU��
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