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3K\VLFDO�&KHPLVWU\��3RVWHU 3&����

(IIHFWV�RI�SUHVVXUH�DQG�WHPSHUDWXUH�RQ�SKRWRSK\VLFDO�SURSHUWLHV�RI�6P���LQ�%D),
FU\VWDOV

-��$IVKDQL�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD�6FLHQFH��������4XDL�(UQHVW�$QVHUPHW�
�����*HQHYH��6ZLW]HUODQG

,Q GLYDOHQW UDUH HDUWK �5(��� LRQV� WKH �I1���G FRQILJXUDWLRQ LV PXFK FORVHU LQ HQHUJ\ WR WKH JURXQG
�I1 FRQILJXUDWLRQ FRPSDUHG WR WULYDOHQW UDUH HUDWK �5(��� LRQV� 7KLV OHDGV WR UHODWLYHO\ VWURQJHU
LQWHUDFWLRQ EHWZHHQ WKH WZR FRQILJXUDWLRQV DQG ODUJHU DGPL[WXUH RI SDULW\�DOORZHG �G RUELWDO LQWR
WKH �I��I WUDQVLWLRQV >�@� +HQFH� WKH OXPLQHVFHQFH SURSHUWLHV RI 5(�� LRQV DUH DIIHFWHG E\ WKH
FKHPLFDO HQYLURQHPHQW DV ZHOO DV H[WHUQDO SK\VLFDO IDFWRUV LQFOXGLQJ SUHVXUH� $PRQJ WKH 5(��
LRQV� 6P�� KDV DWUDFWHG H[WHQVLYH DWWHQWLRQ GXH WR LWV KROH EXUQLQJ SURSHUWLHV >�@� 7KH ORZHVW�O\LQJ
H[FLWHG �I��G� FRQILJXUDWLRQ RI 6P�� LV RQO\ VOLJKWO\ DERYH WKH �'- H[FLWHG VWDWH LQ HQHUJ\� 8SRQ
LQGXFLQJ H[WHUQDO SUHVXUH RQ %D),�6P�� FU\VWDOV� ZH ZHUH DEOH WR WXQH WKH HQHUJ\ VHSHUDWLRQ
EHWZHHQ WKH �I��G� DQG �I� FRQILJXUDWLRQV� 7KH HQHUJ\ OHYHO RI �I��G� FRQILJXUDWLRQ GHFUHDVHV DV
WKH H[WHUQDO SUHVVXUH RQ WKH KRVW FU\VWDO HQKDQFHV� 7KLV OHDGV WR JUHDWHU LQWHUDFWLRQ RI �I��G� DQG
�I� FRQILJXUDWLRQV� ZKLFK LQ WXUQ UHVXOWV LQ DOWHUQDWLRQ RI RSWLFDO SURSHUWLHV RI 6P��� :H SUHVHQW
HIIHFWV RI SUHVVXUH �)LJXUH �� DQG WHPSHUDWXUH RQ WKH SKRWRSK\VLFDO SURSHUWLHV RI 6P�� LQ %D),
FU\VWDOV�

>�@�<RQJURQJ�6KHQ�DQG�.HYLQ�/��%UD\��3K\VLFDO�UHYLHZ�%�������������������������
>�@ 2SSHQO¦QGHU $�� 9LDO -��&�� 0DFIDUODQH 5� DQG &KDPLQDGH -��3�� -RXUQDO RI OXPLQHVFHQFH�� �����
������������
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3K\VLFDO�&KHPLVWU\��3RVWHU 3&����

&KHPLFDO�VKLIW�EDVHG�105�FU\VWDOORJUDSK\�GLUHFWHG�E\�XQELDVHG�SULRU�FRQVWUDLQWV

0��%DORGLV���$��+RIVWHWWHU���)��0��3DUX]]R���*��6WHYDQDWR���$��&��3LQRQ���&��:LGGLILHOG���3��%\JUDYH��
*��0��'D\���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/��6ZLW]HUODQ���,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH
&KLPLTXHV��(FR���2DNODQG�8QLYHUVLW\���'LYLVLRQ�RI�&KHPLVWU\��8QLYHUVLW\�RI�6RXWKDPSWRQ���'LYLVLRQ
RI�&KHPLVWU\��8QLYHUVLW\�RI�6RXWKDPSWRQ�����,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(3)

6WUXFWXUH HOXFLGDWLRQ RI DPRUSKRXV PDWHULDOV DQG PLFURFU\VWDOOLQH VROLGV SUHVHQWV RQH RI WKH NH\
FKDOOHQJHV LQ FKHPLVWU\ WRGD\� :KLOH WHFKQLTXHV VXFK DV VLQJOH FU\VWDO GLIIUDFWLRQ DQG FU\R�
HOHFWURQ PLFURVFRS\ DUH JHQHUDOO\ QRW DEOH WR FKDUDFWHUL]H VXFK PDWHULDOV� DQ DSSURDFK XVLQJ VROLG�
VWDWH 105 LQ FRPELQDWLRQ ZLWK FU\VWDO VWUXFWXUH SUHGLFWLRQ �&63� DSSHDUV WR EH VXFFHVIXO�>���@ 7KH
PDLQ FXUUHQW GRZQVLGH RI WKLV PHWKRG OLHV LQ WKH KLJK FRPSXWDWLRQDO FRVW DVVRFLDWHG ZLWK &63
PHWKRGV DQG WKH UHTXLUHG GHQVLW\ IXQFWLRQDO WKHRU\ �')7� FKHPLFDO VKLIW FDOFXODWLRQV� 7KHVH
ERWWOHQHFNV FXUUHQWO\ SUHYHQW HIILFLHQW KLJK WKURXJKSXW VWUXFWXUH HOXFLGDWLRQ E\ 105
FU\VWDOORJUDSK\�

+HUH ZH DFFHOHUDWH DQG JXLGH WKH &63 SURFHGXUH E\ LQWURGXFLQJ XQELDVHG SULRU FRQVWUDLQWV IURP VROLG�
VWDWH 105� 6SHFLILFDOO\� WKH FRQVWUDLQWV DOORZ XV WR UHVWULFW WKH &63 VHDUFK VSDFH WR WKH FRUUHFW VLQJOH
PROHFXOH FRQIRUPHU UHJLRQV� 7KH DSSURDFK GLUHFWV WKH GHWHUPLQDWLRQ SURFHGXUH IURP WKH ILUVW VWHSV
WRZDUGV WKH FRUUHFW FU\VWDO VWUXFWXUH� ZLWKRXW WKH QHHG IRU DVVXPSWLRQV� :H VKRZ WKDW WKH DSSURDFK FDQ
FRUUHFWO\ GHWHUPLQH WKH FU\VWDO VWUXFWXUHV RI FRFDLQH� IOXWDPLGH� DQG IOXIHQDPLF DFLG� ZLWK VLJQLILFDQW
DFFHOHUDWLRQ LQ FRPSXWDWLRQDO WLPHV� 0RVW VLJQLILFDQWO\� ZH FRUUHFWO\ GHWHUPLQH WKH FU\VWDO VWUXFWXUH RI
SRZGHUHG�DPSLFLOOLQ��ZKLFK�KDG�QRW�EHHQ�SUHYLRXVO\�SRVVLEOH�XVLQJ�FRQYHQWLRQDO�&63�105;�PHWKRGV�

)LJXUH �� 7KUHH VLQJOH PROHFXOH FRQIRUPHUV �$� % DQG &� RI DPSLFLOOLQ� 7KH GRWWHG OLQHV FRUUHVSRQG
WR WKH REVHUYHG H[SHULPHQWDO FRQVWUDLQWV� H[WUDFWHG GLUHFWO\ IURP 105 H[SHULPHQWV RQ WKH
FU\VWDOOLQH SRZGHU� 7KH RUDQJH GRWWHG OLQHV LQGLFDWH IXOILOOHG FRQVWUDLQWV DQG WKH EOXH GRWWHG OLQHV
LQGLFDWH YLRODWHG H[SHULPHQWDO FRQVWUDLQWV� +HUH� FRQIRUPHU $ KDV PLQLPXP YLRODWLRQV DQG LV
VHOHFWHG�IRU�WKH�VXEVHTXHQW�&63�SURFHGXUH��%�DQG�&�DUH�H[FOXGHG�

>�@ %DLDV� 0�� 'XPH]� -� 1�� 6YHQVVRQ� 3� +�� 6FKDQW]� 6�� 'D\� *� 0�� (PVOH\� /�� -$&6� ����� ����
������������
>�@ %DLDV� 0�� :LGGLILHOG� &� 0�� 'XPH]� -��1�� 7KRPSVRQ� +� 3� *�� &RRSHU� 7� *�� 6DODJHU� (�� %DVVLO�
6���6WHLQ��5��6���/HVDJH��$���'D\��*��0���(PVOH\��/���3&&3����������������������
>�@ 1LOVVRQ /LOO� 6� 2�� :LGGLILHOG� &� 0�� 3HWWHUVHQ� $�� 6YHQVN $QNDUEHUJ� $�� /LQGNYLVW� 0�� $OGUHG�
3�� *UDFLQ� 6�� 6KDQNODQG� 1�� 6KDQNODQG� .�� 6FKDQW]� 6�� (PVOH\� /�� 0RO 3KDUP� ����� ���
����������
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4XDQWXP�HIIHFWV�LQ�WKH�HOHFWURQ�HVFDSH�IURP�VXEPLFURQ�VL]HG�GURSOHWV

/��%DQ���7��(��*DUWPDQQ���%��/��<RGHU���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK�
9ODGLPLU�3UHORJ�:HJ���������=¾ULFK��6ZLW]HUODQG

3KRWRHOHFWURQ YHORFLW\�PDS�LPDJLQJ �90,� VWXGLHV RQ VXEPLFURQ�VL]HG GURSOHWV KDYH EHHQ
LQFUHDVLQJO\ LPSRUWDQW LQ HOXFLGDWLQJ WKH SURSHUWLHV RI ORZ�HQHUJ\ HOHFWURQV LQ WKH FRQGHQVHG
SKDVH >���@� $Q HVVHQWLDO VWHS LQ LQWHUSUHWLQJ VXFK H[SHULPHQWV LV WKH XQGHUVWDQGLQJ RI HOHFWURQ
HVFDSH DW WKH GURSOHW�YDFXXP LQWHUIDFH� 7KH GHJUHH RI FRQILQHPHQW >�@ DQG SUHVHQFH RI FKDUJH
>���@�DUH�DPRQJ�WKH�IDFWRUV�WKDW�FDQ�VLJQLILFDQWO\�DOWHU�WKH�SURSHUWLHV�RI�D�SKRWRHOHFWURQ�

,Q WKLV ZRUN� ZH SUHVHQW D FRPELQHG H[SHULPHQWDO DQG PRGHOLQJ VWXG\ RI WKH HOHFWURQ HVFDSH
SURFHVV IURP VXEPLFURQ�VL]HG GURSOHWV� :H UHFRUGHG SKRWRHOHFWURQ 90, VSHFWUD RI VL]H�VHOHFWHG
GLRFW\O SKWKDODWH �'23� GURSOHWV ZKLOH YDU\LQJ WKHLU FKDUJH GLVWULEXWLRQ LQ D FRQWUROOHG PDQQHU� $
SUREDELOLVWLF VFDWWHULQJ PRGHO >���@ ZDV H[WHQGHG WR LQFOXGH FKDUJH�GHSHQGHQW VKLIWV LQ WKH
ELQGLQJ HQHUJ\ RQVHW� DV ZHOO DV TXDQWXP�PHFKDQLFDO HIIHFWV LQ WKH HVFDSH SURFHVV� ,Q SDUWLFXODU�
WKH WUDQVPLVVLRQ SUREDELOLW\ ZDV FDOFXODWHG E\ VROYLQJ WKH UDGLDO 6FKU¸GLQJHU HTXDWLRQ IRU WKH
HVFDSLQJ�HOHFWURQ�XQGHU�WKH�LQWHUIDFLDO�SRWHQWLDO��LQFOXGLQJ�WKH�FKDUJH�HIIHFWV�

:H REWDLQHG ILUVW UHVXOWV SRLQWLQJ WRZDUGV WKH LPSRUWDQFH RI TXDQWXP SKHQRPHQD IRU WKH HOHFWURQ
HVFDSH DW WKH GURSOHW�YDFXXP LQWHUIDFH� 7KHVH ILQGLQJV DUH UHOHYDQW IRU WKH LQWHUSUHWDWLRQ RI
GURSOHW�90,�GDWD��HVSHFLDOO\�DW�YHU\�ORZ�HOHFWURQ�NLQHWLF�HQHUJLHV�

>�@�.��5��:LOVRQ��HW�DO���1DQR�/HWW����������������
>�@�0��*ROGPDQQ��HW�DO���-��&KHP��3K\V��������������������
>�@�5��6LJQRUHOO��HW�DO���&KHP��3K\V��/HWW���������������
>�@�0��,��-DFREV��HW�DO���3K\V��&KHP��&KHP��3K\V������������������
>�@�6��$PDQDWLGLV��HW�DO���-��&KHP��3K\V��������������������
>�@�:��'��:DWVRQ��-��2SW��6RF��$P����������������
>�@�/��6��:DQJ�DQG�;��%��:DQJ��-��3K\V��&KHP��$�����������������
>�@�3��-��=LHPDQQ��HW�DO���-��3K\V��&KHP�����������������
>�@�7��*RXOHW��HW�DO���-��(OHFWURQ��6SHFWURVF��5HODW��3KHQRP����������������
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105�6WXGLHV�RI�+LHUDUFKLFDO�3URWHLQ�'\QDPLFV

%��%DSWLVWH���<��-��5HGG\���$��+RIVWHWWHU���+��2VKNLQDW���1��6DOYL���0��%ODFNOHGJH���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/��6ZLW]HUODQG���'HSDUWPHQW�RI�105�6XSSRUWHG�6WUXFWXUDO
%LRORJ\��)03��%HUOLQ���,QVWLWXW�GH�%LRORJLH�6WUXFWXUDOH��8QLYHUVLW«�*UHQREOH�$OSHV

$ IXQGDPHQWDO FKDOOHQJH LQ ELRORJ\ LV WR GHVFULEH DQG XQGHUVWDQG WKH FRPSOH[ LQWHUDFWLRQ EHWZHHQ
SURWHLQ�PRWLRQ�DQG�IXQFWLRQ�

3URWHLQ PRWLRQ RFFXUV RYHU D ZLGH UDQJH RI WLPHVFDOHV DQG SOD\V D FUXFLDO UROH LQ IXQFWLRQ�
+RZHYHU� WKH PHFKDQLVPV WKDW OLQN PRWLRQ WR IXQFWLRQ DUH QRW IXOO\ XQGHUVWRRG� DQG WKH FDSDFLW\
WR SUHGLFW IXQFWLRQ IURP PRWLRQ UHPDLQV HOXVLYH� 7R DGGUHVV WKLV� RQH DSSURDFK LV WR PDS WKH
XQGHUO\LQJ HQHUJ\ ODQGVFDSH RI WKH SURWHLQ� 5HFHQWO\� /HZDQGRZVNL DQG FRZRUNHUV KDYH VKRZQ
XVLQJ WHPSHUDWXUH GHSHQGHQW PDJLF DQJOH VSLQQLQJ PXOWLQXFOHDU VROLG VWDWH 105 UHOD[DWLRQ
PHDVXUHPHQWV� DW WHPSHUDWXUHV UDQJLQJ IURP ��� WR ���.� KRZ WR REWDLQ D ZLQGRZ LQWR WKH
HQHUJHWLFV RI PXOWLSOH G\QDPLF SURFHVVHV LQ SURWHLQV��6ROLG�VWDWH 105 DOORZV VLPXOWDQHRXV DFFHVV
WR�D�ZLGH�UDQJH�RI�REVHUYDEOHV��KHUH�ZH�REVHUYH�VL[WHHQ�GLIIHUHQW�SUREHV�ZLWKLQ�RQH�SURWHLQ��

+HUH ZH H[WHQG WKH PHDVXUHPHQWV WR GLIIHUHQW PDJQHWLF ILHOG VWUHQJWKV ����� ���� ��� DQG ���
0+]���7KLV DOORZV XV WR LQFUHDVH WKH QXPEHU RI LQGHSHQGHQW WHPSHUDWXUH GHSHQGHQW GDWD VHWV
IURP �� WR ��� :H VKRZ WKDW WKLV DOORZV XV WR VLJQLILFDQWO\ LPSURYH WKH DFFXUDF\ RI WKH UHVXOWV� DQG
DOORZV XV WR WHVW WKH K\SRWKHVHV XQGHUO\LQJ WKH LQWHUSUHWDWLRQ� 7KH GDWD UHYHDO EDFNERQH DQG VLGH�
FKDLQ PRWLRQV� H[KLELWLQJ ORZ� DQG KLJK�HQHUJ\ PRGHV ZLWK WHPSHUDWXUH FRHIILFLHQWV DURXQG � DQG
�� N-yPROಗ�� 7KH UHVXOWV DUH FRPSDUHG WR YDULDEOH WHPSHUDWXUH PROHFXODU G\QDPLFV VLPXODWLRQ RI
WKH FU\VWDO ODWWLFH� SURYLGLQJ IXUWKHU VXSSRUW IRU WKH LQWHUSUHWDWLRQ RI WKH H[SHULPHQWDO GDWD LQ
WHUPV�RI�PROHFXODU�PRWLRQ�

:H ZLOO DOVR VKRZ UHVXOWV IURP D VHULHV RI SURWHLQV �6+�� 2PS*� 6HQGDL YLUXV /DUJH SURWHLQ ,'3
GRPDLQ� ZLOO EH SUHVHQWHG DQG ZLOO EH FRPSDUHG WR XQGHUVWDQG WR ZKDW H[WHQW WKH HQHUJHWLF
DFWLYDWLRQ�SURFHVVHV�DUH�FRPPRQ�RU�QRW�EHWZHHQ�GLIIHUHQW�FODVVHV�RI�SURWHLQ�

>�@ -µ]HI 5 /HZDQGRZVNL� 0HJKDQ ( +DOVH� 0DUWLQ %ODFNOHGJH� /\QGRQ (PVOH\� 6FLHQFH ���������
��������
>�@ %DSWLVWH %XVL� -D\DVXEED 5� <DUDYD� $OEHUW +RIVWHWWHU� 1LFRODV 6DOYL� 'LDQH &DOD�'H 3DHSH� -µ]HI
5�/HZDQGRZVNL��0DUWLQ�%ODFNOHGJH��/\QGRQ�(PVOH\��-�3K\V�&KHP�%���������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3K\VLFDO�&KHPLVWU\��3RVWHU 3&����

0DJQHWLF�VHOHFWLRQ�RI�QHXWUDO�DONDOL�PHWDO�GRSHG�FOXVWHUV

-��9��%DUQHV���6��+DUWZHJ���$��/XVNL���0��%HFN���%��<RGHU���(��1DUHYLFLXV���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��(7+�=¾ULFK��=¾ULFK�������6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLFDO
3K\VLFV��:HL]PDQQ�,QVWLWXWH�RI�6FLHQFH��������5HKRYRW��,VUDHO

6SLQ SDLULQJ RI VROYDWHG HOHFWURQV LQ DONDOL PHWDO DPPRQLD EXON VROXWLRQV LV D UHPDUNDEOH H[DPSOH
LQ HOHFWURQ FRUUHODWLRQ HIIHFWV LQ D FRQGHQVHG PROHFXODU HQYLURQPHQW� 6XFK HIIHFWV RI EXON
VROXWLRQV KDYH EHHQ SUREHG E\ PDJQHWLF PHDVXUHPHQWV >���@� (OHFWURQ FRUUHODWLRQ LQ DONDOL PHWDO
DPPRQLD�VROXWLRQV�LV�QRW�ZHOO�XQGHUVWRRG�ZLWK�HYHQ�WKH�LQYROYHG�VSHFLHV�EHLQJ�XQNQRZQ�>�@�

:H DUH GHYHORSLQJ D QHZ H[SHULPHQW WR FRXSOH D 6WHUQ�*HUODFK W\SH PDJQHWLF GHIOHFWRU WR D
SKRWRHOHFWURQ YHORFLW\ PDS LPDJLQJ DQG FOXVWHU LRQ WLPH�RI�IOLJKW PDVV VSHFWURPHWHU IRU VPDOO
DONDOL�PHWDO GRSHG DPPRQLD FOXVWHUV� :H H[SHFW WKHVH H[SHULPHQWV WR SURYLGH LQVLJKW LQWR FOXVWHU�
VL]H DQG FRQFHQWUDWLRQ GHSHQGHQW HOHFWURQLF DQG PDJQHWLF SURSHUWLHV RI WKHVH V\VWHPV� $
SDUWLFXODUO\ LQWHUHVWLQJ TXHVWLRQ LV ZKHWKHU VSLQ SDLUHG DQG XQSDLUHG VROYDWHG HOHFWURQV FDQ EH
GLVWLQJXLVKHG LQ DQJOH�UHVROYHG SKRWRHOHFWURQ VSHFWUD� ,Q WKH FXUUHQW FRQWULEXWLRQ� ZH SUHVHQW WKH
H[SHULPHQWDO VHWXS DORQJ ZLWK LWV H[SHULPHQWDO DQG WKHRUHWLFDO FKDUDFWHUL]DWLRQ� )RU DQ HIIXVLYH
EHDP RI DONDOL PHWDO DWRPV� WKH H[SHULPHQWDOO\ REVHUYHG EHKDYLRU DJUHHV TXDQWLWDWLYHO\ ZLWK
WKHRUHWLFDO H[SHFWDWLRQV� )RU VPDOO VRGLXP�GRSHG DPPRQLD FOXVWHUV� WKH DFKLHYHG GHIOHFWLRQ
UHPDLQV EHORZ WKH WKHRUHWLFDO H[SHFWDWLRQV� ,VVXHV ZLWK WKH FXUUHQW H[SHULPHQWDO VHWXS DQG
SRVVLEOH�VROXWLRQV�DUH�GLVFXVVHG�

>�@�1��:��7D\ORU��*��1��/HZLV��3URF��1DWO��$FDG��6FL��8�6�$�������������������
>�@�(��+XVWHU��$QQ��3K\V���������������
>�@�6��)UHHG��1��6XJDUPDQ��-��&KHP��3K\V����������������
>�@�(��=XUHN��3��3��(GZDUGV��5��+RIIPDQQ��$QJHZ��&KHP��,QW��(G�����������������
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3URWHLQ�G\QDPLFV�E\�0$6�105��WRZDUGV�WKH�LQYHVWLJDWLRQ�RI�SRVWWUDQVODWLRQDO
PRGLILFDWLRQV�LQ�WXEXOLQ

$��%HUWDUHOOR���%��%DSWLVWH���(��(EEHULQN���%��)LHU]���/��(PVOH\�

�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(3)/�/DXVDQQH

'\QDPLFV SOD\V D FUXFLDO UROH LQ GHWHUPLQLQJ SURWHLQ IXQFWLRQ� 0DJLF�DQJOH VSLQQLQJ �0$6� 105 LV D
SRZHUIXO WHFKQLTXH WR LQYHVWLJDWH ERWK VWUXFWXUH DQG G\QDPLFV RI SURWHLQV RI YDULDEOH VL]HV DQG LQ
GLIIHUHQW�DJJUHJDWLRQ�VWDWHV��

:H SUHVHQW KHUH UHFHQW ILQGLQJV IURP RXU JURXS RQ WKH FKDUDFWHUL]DWLRQ RI GLVWLQFW G\QDPLF PRGHV
LQ SURWHLQV� :H DLP WR DSSO\ WKHVH DSSURDFKHV WR GHWHUPLQH KRZ SRVWWUDQVODWLRQDO PRGLILFDWLRQV
�370� DIIHFW WXEXOLQ G\QDPLFV� DQG WKHUHIRUH LWV SURSHUWLHV� :H DUH RSWLPL]LQJ SURWRFROV IRU WKH
SURGXFWLRQ RI VHOHFWHG LVRW\SHV RI WXEXOLQ FDUU\LQJ GHILQHG 370V� LQ \LHOGV VXLWDEOH IRU 0$6 105
H[SHULPHQWV�
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3RODULPHWULF�DQJOH�UHVROYHG�VHFRQG�KDUPRQLF�VFDWWHULQJ�RQ�FROORLGDO�7L2��QDQRSDUWLFOHV
LQ�DTXHRXV�HQYLURQPHQWV

0��%LVFKRII���$��0DUFKLRUR���6��5RNH�

�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3���(3)/�/DXVDQQH

'XH WR LW
V KLJK SK\VLFDO DQG FKHPLFDO VWDELOLW\� WLWDQLXP GLR[LGH �7L2�� LV D SURPLVLQJ FDQGLGDWH IRU
WKH XVH LQ HQYLURQPHQWDO DQG HQHUJ\ DSSOLFDWLRQV� $PRQJ RWKHUV LW LV H[WHQVLYHO\ VWXGLHG DV
SKRWRDQRGH�PDWHULDO�LQ�SKRWRFDWDO\WLF�ZDWHU�VSOLWWLQJ�FHOOV��

,Q WKLV ZRUN� ZH LQYHVWLJDWH 7L2� FROORLGV LQ DTXHRXV HQYLURQPHQWV� DV WKLV PDWHULDO SRVVHVVHV
UHOHYDQW FKDUDFWHULVWLFV WR VSOLW ZDWHU DQG QDQRSDUWLFOHV DUH DQ LQWHUHVWLQJ V\VWHP WR VWXG\ GXH WR
WKHLU ODUJH VXUIDFH WR YROXPH UDWLR� :LWK WKH KHOS RI VXUIDFH VHQVLWLYH QRQOLQHDU RSWLFDO WHFKQLTXHV�
PRUH VSHFLILFDOO\ SRODULPHWULF DQJOH�UHVROYHG VHFRQG KDUPRQLF VFDWWHULQJ �$5�6+6�� ZH DFFHVV
LPSRUWDQW SDUDPHWHUV VXFK DV WKH QRQOLQHDU VHFRQG RUGHU VXUIDFH VXVFHSWLELOLW\ ̻V����� DV D
PHDVXUH RI PROHFXODU RUGHULQJ� DQG WKH VXUIDFH SRWHQWLDO ̺� RI WKH VHPLFRQGXFWRU ZLWK UHVSHFW WR
EXON ZDWHU� +HUH ZH VKRZ ILUVW UHVXOWV RQ KRZ WKH VXUIDFH PROHFXODU RULHQWDWLRQ RI ZDWHU DW WKH
7L2� LQWHUIDFH DQG WKH VXUIDFH SRWHQWLDO FKDQJH ZLWK SDUWLFOH FRQFHQWUDWLRQ DQG LQ GLIIHUHQW VDOW
DQG�S+�FRQGLWLRQV�
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6WDWH�WR�6WDWH�0ROHFXOH�6XUIDFH�6FDWWHULQJ�$SSDUDWXV�8VLQJ�%RORPHWULF�,QIUDUHG�/DVHU
7DJJLQJ�'HWHFWLRQ

%��&KHQ���'��$XHUEDFK���5��%HFN�

�/DERUDWRLUH�GH�&KLPLH�3K\VLTXH�0RO«FXODLUH���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH�
/DXVDQQH��6ZLW]HUODQG����'HSDUWPHQW�RI�'\QDPLFV�DW�6XUIDFHV��0D[�3ODQFN�,QVWLWXWH�IRU�%LRSK\VLFDO

&KHPLVWU\��*¸WWLQJHQ��*HUPDQ\�

6WDWH�WR�VWDWH PROHFXOH�VXUIDFH VFDWWHULQJ H[SHULPHQWV ZKLFK SUHSDUH WKH LQFLGHQW PROHFXOHV LQ D
VSHFLILF TXDQWXP VWDWH DQG SURYLGH LQIRUPDWLRQ RQ TXDQWXP VWDWH GLVWULEXWLRQ RI WKH VFDWWHUHG
PROHFXOHV FDQ EH D SRZHUIXO WRRO WR VWXG\ PROHFXOH�VXUIDFH LQWHUDFWLRQV� +HUH� ZH SUHVHQW D QHZ
DSSDUDWXV GHVLJQHG IRU VWDWH�WR�VWDWH VXUIDFH VFDWWHULQJ H[SHULPHQWV XVLQJ %RORPHWULF ,QIUDUHG
/DVHU 7DJJLQJ GHWHFWLRQ �%,/7� >�@� D WHFKQLTXH WKDW LV PRUH JHQHUDOO\ DSSOLFDEOH WKDQ WKH ZLGHO\
XVHG UHVRQDQFH�HQKDQFHG PXOWLSKRWRQ LRQL]DWLRQ �5(03,�� 7KH DSSDUDWXV FRQVLVWV RI D PROHFXODU
EHDP VRXUFH ZLWK WKUHH SXPSLQJ VWDJHV FRXSOHG WR D 8+9 FKDPEHU ZKHUH ZH SHUIRUP VXUIDFH
FKDUDFWHUL]DWLRQ DQG VFDWWHULQJ H[SHULPHQWV� 7KH VHHGHG PROHFXOHV LQ WKH LQFLGHQW PROHFXODU
EHDP ZLOO EH VWDWH�SUHSDUHG LQ D VSHFLILF URYLEUDWLRQDO VWDWH XVLQJ LQIUDUHG SXPSLQJ E\ D KLJK
SRZHU VLQJOH PRGH LQIUDUHG ODVHU� $IWHU WKH FROOLVLRQ RI WKH VWDWH SUHSDUHG PROHFXOHV� WKH TXDQWXP
VWDWH GLVWULEXWLRQ RI WKH VFDWWHUHG PROHFXOHV ZLOO EH LQWHUURJDWHG E\ VHOHFWLYHO\ H[FLWLQJ �WDJJLQJ�
LQGLYLGXDO TXDQWXP VWDWHV RI WKH VFDWWHUHG PROHFXOHV XVLQJ D PRGXODWHG LQIUDUHG ODVHU� /DVWO\� WKH
ODVHU WDJJHG� VFDWWHUHG PROHFXOHV ZLOO EH GHWHFWHG E\ D FU\RJHQLF ERORPHWHU ZLWK TXDQWXP VWDWH
UHVROXWLRQ XVLQJ ORFN�LQ GHWHFWLRQ� 7KH ERORPHWHU LV PRXQWHG RQ D URWDWLQJ SODWIRUP ZKLFK DOORZV WR
FKDQJH WKH LQFLGHQW DQG WKH VFDWWHULQJ DQJOHV LQGHSHQGHQWO\ LQ RUGHU WR H[SORUH GLIIHUHQW
VFDWWHULQJ JHRPHWULHV� 7KH DSSDUDWXV DOVR DOORZV WR SHUIRUP 'RSSOHU YHORFLPHWU\ PHDVXUHPHQWV
RI WKH VFDWWHUHG PROHFXOHV� 7KXV� ERWK WKH LQWHUQDO VWDWH GLVWULEXWLRQ DQG WKH NLQHWLF HQHUJ\ RI WKH
VFDWWHUHG PROHFXOHV FDQ EH PHDVXUHG� 7KLV PDNHV RXU QHZ DSSDUDWXV D SRZHUIXO WRRO WR VWXG\
PROHFXOH�VXUIDFH LQWHUDFWLRQV� %,/7 GHWHFWLRQ LV DSSOLFDEOH WR DQ\ PROHFXOH ZLWK URWDWLRQDOO\
UHVROYHG LQIUDUHG DFWLYH YLEUDWLRQDO PRGHV DQG ZLOO EH XVHG WR VWXG\ WKH VFDWWHULQJ RI VPDOO
PROHFXOHV�VXFK�DV�&+���&2��DQG�1+��IURP�FDWDO\WLFDOO\�DFWLYH�PHWDO�VXUIDFHV�

>�@ -¸UQ :HUGHFNHU� 0DDUWHQ (� 9DQ 5HLM]HQ� %R�-XQJ &KHQ� DQG 5DLQHU '� %HFN� 3K\V� 5HY� /HWW��
������������
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*DV�OLTXLG�6FDWWHULQJ�'\QDPLFV�LQ�&URVVHG�%HDPV

%��&UHGLGLR���$��2VWHUZDOGHU�

�,QVWLWXWH�IRU�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��(3)/�/DXVDQQH

*DV�OLTXLG LQWHUIDFHV DUH XELTXLWRXV DQG SOD\ D PDMRU UROH LQ VHYHUDO LPSRUWDQW SK\VLFDO�FKHPLFDO
SURFHVVHV��DQG�\HW�WKHUH�LV�D�GHDUWK�RI�PROHFXODU�FROOLVLRQ�VWXGLHV�RQ�ZDWHU�

:H UHSRUW RQ WKH VWDWXV RI DQ H[SHULPHQW RQ JDV�OLTXLG VFDWWHULQJ G\QDPLFV� ZKHUH ZH ZLOO
FRPELQH D VXSHUVRQLF H[SDQVLRQ ZLWK D OLTXLG VXUIDFH LQVLGH D YDFXXP FKDPEHU� )RU ORZ YDSRXU
SUHVVXUH OLTXLGV� RQH FDQ XVH WKH ZHOO�NQRZQ URWDWLQJ ZHWWHG ZKHHO� )RU KLJK YDSRXU SUHVVXUH
OLTXLGV� KRZHYHU� WKLV PHWKRG LV QRW VXLWDEOH� +HUH� WKH PRVW VXFFHVVIXO DSSURDFK KDV EHHQ WKH
FURVVLQJ RI D PROHFXODU EHDP ZLWK D OLTXLG PLFURMHW WKDW DOORZV WKH SUHSDUDWLRQ RI D OLTXLG VXUIDFH
LQVLGH�D�KLJK�YDFXXP�HQYLURQPHQW�

$ VLQJOH MHW ZLWK F\OLQGULFDO FURVV VHFWLRQ ZDV XVHG IRU WKH ILUVW VWXG\ RI WKLV NLQG�� 7KLV DSSURDFK LV
YHU\ SURPLVLQJ� EXW WKH VL]H PLVPDWFK EHWZHHQ PROHFXODU EHDP DQG PLFURMHW PDNHV WKH PHWKRG
UDWKHU LQVHQVLWLYH� 0RUHRYHU� WKH FXUYHG VXUIDFH PDNHV WKH DQDO\VLV RI VFDWWHULQJ DQJOHV YHU\
GLIILFXOW� ,Q RXU QHZ VHWXS� ZH RYHUFRPH WKHVH LVVXHV E\ UHSODFLQJ WKH F\OLQGULFDO MHW ZLWK D IODW૯MHW�
%\ FROOLGLQJ WZR F\OLQGULFDO PLFURMHWV� IODW OHDI�VKDSHG VXUIDFHV DUH REWDLQHG XQGHU WKH ULJKW
FRQGLWLRQV�

:H DUH FXUUHQWO\ LQ WKH SURFHVV RI VHWWLQJ XS RXU QHZ H[SHULPHQW� $V D FULWLFDO ILUVW VWHS� ZH DUH
FKDUDFWHUL]LQJ WKH ZDWHU VXUIDFHV DQG YDSRXU HQYLURQPHQW� 7KLV LV FUXFLDO WR XQGHUVWDQG WKH
FROOLVLRQ�G\QDPLFV�RI�JDV�PROHFXOHV�ZLWK�WKH�OLTXLG�ZDWHU�LQWHUIDFH�

>�@�1DWKDQVRQ�HW�DO���-��3K\V��&KHP��/HWW���������૱�������������
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1RQ�OLQHDU�HIIHFWV�LQ�&V3E%U��SHURYVNLWH�LQ�D�VWURQJ�TXDQWXP�FRQILQHPHQW�UHJLPH

%��'H�&DUYDOKR�9DOH�����$��%XUJRV�&DPLQDO���0��6FKLDYRQ���-��(��0RVHU�

�3KRWRFKHPLFDO�'\QDPLFV�*URXS��,QVWLWXWH�RI�&KHPLFDO�	�(QJLQHHULQJ���8QLYHUVLGDGH�)HGHUDO�GH
6¥R�-R¥R�GHO�5HL

+\EULG RUJDQLF�LQRUJDQLF DQG DOO�LQRUJDQLF OHDG KDOLGH SHURYVNLWHV KDYH HPHUJHG DV SURPLVLQJ
PDWHULDOV IRU GLIIHUHQW WHFKQRORJLFDO DSSOLFDWLRQV� VXFK DV SKRWRYROWDLF GHYLFHV� /('V� DQG /DVHUV�
7KHVH VHPLFRQGXFWRUV KDYH EHHQ VWXGLHG LQ WKH EXON DQG LQ WKH IRUP RI QDQRSDUWLFOHV ZLWK
GLIIHUHQW TXDQWXP FRQILQHPHQW JHRPHWULHV ��' WR �'�� +RZHYHU� PRVW SDSHUV LQ WKH OLWHUDWXUH
UHJDUGLQJ �' TXDQWXP FRQILQHG SHURYVNLWH RU TXDQWXP GRWV �4'V� ZHUH VWXGLHG LQ D ZHDN
FRQILQHPHQW UHJLPH� ZLWK SDUWLFOH VL]HV HTXDO RU ODUJHU WKDQ WKH H[FLWRQ %RKU UDGLXV� +HUH� ZH
H[SORUHG WKH QRQ�OLQHDU SURSHUWLHV RI SHURYVNLWHV LQ D VWURQJ TXDQWXP FRQILQHPHQW UHJLPH� :H
V\QWKHVL]HG FROORLGDO GLVSHUVLRQV RI &V3E%U� SHURYVNLWH 4'V ZLWK QDQRSDUWLFOH UDGLXV RI WKH RUGHU
RI ��� QP� 7KH 4'V ZHUH FKDUDFWHUL]HG E\ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\� ZKLOH WKHLU RSWLFDO
SURSHUWLHV ZHUH VWXGLHG E\ VWHDG\�VWDWH DQG WLPH�UHVROYHG SKRWROXPLQHVFHQFH VSHFWURVFRS\ DQG
XOWUDIDVW WUDQVLHQW DEVRUSWLRQ VSHFWURVFRS\� 7KH SKRWROXPLQHVFHQFH PD[LPXP DQG ILUVW H[FLWRQLF
DEVRUSWLRQ SHDN ZHUH REVHUYHG DW ZDYHOHQJWKV �  ������� QP� DQG ������� QP� UHVSHFWLYHO\�
%DVHG RQ 3RLVVRQ VWDWLVWLFV IRU H[FLWRQ SRSXODWLRQ LQ 4'V� ZH FDOFXODWHG WKH DEVRUSWLRQ FURVV�
VHFWLRQ RI WKH PDWHULDO DW ��� H9 WR EH ��� ૱ ��� ���૱�� FP૱�� GHSHQGLQJ RQ WKH VL]H RI WKH 4'�
7KH IRUPDWLRQ RI ELH[FLWRQV ZDV HYLGHQFHG E\ WKH QRQ�OLQHDU RSWLFDO UHVSRQVH RI 4'V VXEPLWWHG WR
LQFUHDVLQJ SKRWRH[FLWDWLRQ HQHUJ\ IOXHQFHV� 7KH ELH[FLWRQ OLIHWLPH ZDV IRXQG WR EH H[WUHPHO\ IDVW�
DERXW � � � SV� 7KH ELH[FLWRQ ELQGLQJ HQHUJ\ ZDV GHULYHG DV EHLQJ �� PH9� 7KLV YDOXH DUH
VLJQLILFDQWO\ ODUJHU WKDQ WKH W\SLFDO ELQGLQJ HQHUJ\ UHSRUWHG LQ WKH OLWHUDWXUH DQG LV FOHDUO\
DWWULEXWHG�WR�WKH�VWURQJ�TXDQWXP�FRQILQHPHQW�UHJLPH�
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0DVV�DFFRPPRGDWLRQ�FRHIILFLHQW�UHWULHYDO�WKURXJK�VLQJOH�SDUWLFOH�SKRWRDFRXVWLF
VSHFWURVFRS\

0��(��'LYHN\���6��5R\���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK�
6ZLW]HUODQG

7KH FRQFHSW RI HYDSRUDWLRQ DQG FRQGHQVDWLRQ SOD\V D NH\ UROH LQ UHVHDUFK DUHDV VXFK DV DHURVRO
QXFOHDWLRQ� HOHFWURVSUD\LQJ DQG GUXJ GHOLYHU\ WR WKH OXQJV� ,Q ���� 0D[ZHOO LQWURGXFHG WKH FRQFHSW
RI DFFRPPRGDWLRQ FRHIILFLHQW ZKLFK GHVFULEHV WKH SUREDELOLW\ RI DQ XSWDNH RI D PROHFXOH LQWR D
FRQGHQVHG SKDVH XSRQ FROOLVLRQ� 7KLV NLQHWLF SDUDPHWHU LV FUXFLDO IRU SURSHU GHVFULSWLRQ RI
HYDSRUDWLRQ DQG FRQGHQVDWLRQ SURFHVVHV� 'HVSLWH WKH H[WHQVLYH UHVHDUFK LQ WKLV DUHD IRU PDQ\
GHFDGHV� H[DFW YDOXHV RI WKHVH FRHIILFLHQWV DUH VWLOO KDUG WR UHWULHYH HYHQ IRU ZHOO�VWXGLHG V\VWHPV
VXFK�DV�ZDWHU�

:H KDYH GHYHORSHG D QHZ H[SHULPHQWDO VHW�XS WKDW RSHQV DQ H[SHULPHQWDO ZLQGRZ LQWR DFFHVVLQJ
PDVV DFFRPPRGDWLRQ FRHIILFLHQWV RI VLQJOH RSWLFDOO\�WUDSSHG DHURVRO SDUWLFOHV LQ WKH VXE�
PLFURPHWUH WR PLFURPHWUH VL]H UDQJH�� :H VWXG\ WKH HYDSRUDWLRQ DQG FRQGHQVDWLRQ RI ZDWHU RQ
WHWUDHWK\OHQH JO\FRO �7(*� DHURVROV WKURXJK WZR VLPXOWDQHRXV LQGHSHQGHQW WHFKQLTXHV EDVHG RQ
OLJKW�DEVRUSWLRQ�DQG�VFDWWHULQJ�

([SRVLQJ DQ RSWLFDOO\�WUDSSHG SDUWLFOH WR D PRGXODWHG ,5 ODVHU LQGXFHV D SHULRGLF YROXPH RVFLOODWLRQ
DURXQG WKH SDUWLFOHV HTXLOLEULXP VWDWH DQG RI WKH VXUURXQGLQJ DLU� 7KH YROXPH FKDQJH RI WKH DLU
FUHDWHV D SUHVVXUH �VRXQG� ZDYH� ZKLOH WKH SDUWLFOHV YROXPH FKDQJH LQGXFHV DQ RVFLOODWLRQ LQ WKH
HODVWLFDOO\ VFDWWHUHG OLJKW� :H HPSOR\ SKRWRDFRXVWLF VSHFWURVFRS\ WR PHDVXUH WKH SDUWLFOHV
DEVRUSWLRQ WKURXJK GHWHFWLQJ WKH VRXQG ZDYH XVLQJ D PLFURSKRQH�� 7KH HODVWLFDOO\ VFDWWHUHG OLJKW
LV FROOHFWHG XVLQJ DQ REMHFWLYH� SURMHFWHG RQWR D SKRWRGLRGH DQG GHPRGXODWHG DW WKH PRGXODWLRQ
IUHTXHQF\�RI�WKH�LQFLGHQW�,5�ODVHU�

3KRWRDFRXVWLF VLJQDO LV FRPSRVHG RI LWV DPSOLWXGH DQG SKDVH� ZKLFK DUH ERWK PHDVXUHG DQG XVHG
WR UHWULHYH WKH DFFRPPRGDWLRQ FRHIILFLHQW� 7KH GHPRGXODWHG VFDWWHULQJ WHFKQLTXH DORQJVLGH LWV
PDVV DFFRPPRGDWLRQ FRHIILFLHQW UHWULHYDO DOORZV IRU PHDVXULQJ VXE�QDQRPHWUH WR QDQRPHWUH VL]H
FKDQJHV RI DQ DHURVRO SDUWLFOH LQGXFHG E\ KHDW H[SDQVLRQ DQG PDVV IOX[� 3HUIRUPLQJ
PHDVXUHPHQWV DW GLIIHUHQW 5+ DQG ILWWLQJ WKHP WR WKH WKHRU\� DOORZV IRU PDVV DFFRPPRGDWLRQ
FRHIILFLHQW UHWULHYDO IURP ERWK PHWKRGV� 7KH WZR PHWKRGV VHHP WR EH YHU\ UHOLDEOH DV WKH\ \LHOG
RYHUODSSLQJ�YDOXHV�RI�WKH�PDVV�DFFRPPRGDWLRQ�FRHIILFLHQW�IRU�ZDWHU�RQ�7(*�

>�@ 0DWXV ( 'LYHN\� 6DQGUD 5R\� -RKDQQHV : &UHPHU� *UHJRU\ 'DYLG� 5XWK 6LJQRUHOO� 3&&3� �����
�������������
>�@ -RKDQQHV : &UHPHU� .OHPHQV 7KDOHU� &KULVWRSKHU +DLFK� 5XWK 6LJQRUHOO� 1DW� &RPPXQ�� �����
��������
>�@�'�0��0XUSK\��$HURVRO�6FL��7HFKQRO��������������������
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Calibrating a surface-sensitive molecular ruler with 2D ATR-IR spectroscopy: distance
dependence of vibrational energy transfer

R. J. Fernández-Terán1, P. Hamm1*

1Department of Chemistry, University of Zürich

Intermolecular vibrational energy transfer (VET) has been recently reported both in concentrated
aqueous solutions,[1] crystals[2] and on surfaces.[3] While it is theoretically expected that this
phenomenon has a similar r-6 distance dependence like FRET and NOESY (given by the transition
dipole-dipole coupling model), no systematic experimental verification of this model has been
reported yet. Our model system consists of the 12CO and 13CO isotopologues of [Re(dcbpy)(CO)3Br]
(dcbpy = 2,2’-bipyridine-4,4’-dicarboxylic acid), coadsorbed on a mesoporous TiO2 layer with
4-cyanobenzoic acid, or a third isotopologue of the complex, Re(13C18O), as a diluent. With these
experiments, we rigorously assess the distance dependence of VET by systematically changing the
ratio of the diluent molecule while keeping the ratio of the 12CO and 13CO isotopologues constant
and evaluating the effect in the cross-peak dynamics. We observe a significant effect of controlled
dilution on a TiO2 surface on the energy transfer dynamics, and they are discussed in the context
of the transition dipole-dipole model.
Upon dilution with the third isotopologue, Re(13C18O), we observe significant changes in both the
amplitude and the peak position of the kinetic traces of the cross peaks in the 2D-IR spectra
(Figure 1).

In contrast, when diluting with 4-cyanobenzoic acid, we observe a change only in the amplitudes of
the cross peaks, while the kinetics remain largely unchanged (Figure 2). We attribute these results
to two different surface morphologies, which are discussed and analysed by deriving qualitative
surface model.

[1] H. Bian, X. Wen, J. Li, H. Chen, S. Han, X. Sun, J. Song, W. Zhuang and J. Zheng, Proceedings of
the National Academy of Sciences, 2011, 108, 4737-4742.
[2] H. Chen, X. Wen, X. Guo and J. Zheng, Phys. Chem. Chem. Phys., 2014, 16, 13995-14014.
[3] J. P. Kraack, A. Frei, R. Alberto and P. Hamm, J Phys Chem Lett, 2017, 8, 2489-2495.
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3URELQJ�WKH�FKDUJH�WUDQVIHU�PHFKDQLVP�LQ�SHQWDPHWKLQH�F\DQLQH�G\HV

*��)LVK���-��(��0RVHU�

�3KRWRFKHPLFDO�'\QDPLFV�*URXS��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���FROH�SRO\
WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��&+������/DXVDQQH

&\DQLQH G\HV KDYH EHHQ H[SORLWHG IRU VHYHUDO \HDUV DV D PDWHULDO IRU XVH LQ RUJDQLF VRODU FHOOV
>�@ DV D UHVXOW RI WKHLU WXQHDEOH DEVRUSWLRQ ZDYHOHQJWK DQG KLJK H[WLQFWLRQ FRHIILFLHQWV� WKH ODWWHU
RI�ZKLFK�DOORZV�IRU�WKH�DFWLYH�OD\HU�RI�WKH�GHYLFH�WR�EH�YHU\�WKLQ�����QP���>�@

7KH G\H LV W\SLFDOO\ XVHG DORQJVLGH D IXOOHUHQH�EDVHG DFFHSWRU� VXFK DV &��� LQ D ELOD\HU
KHWHURMXQFWLRQ FRQILJXUDWLRQ� +RZHYHU� UHFHQW VWXGLHV KDYH VKRZQ WKDW KLJK EXON
SKRWRFRQGXFWLYLW\ FDQ EH VHHQ LQ SULVWLQH SHQWDPHWKLQH �&\�� ILOPV ZLWKRXW WKH SUHVHQFH RI D '�$
LQWHUIDFH��>�@

+HUH� IHPWRVHFRQG WUDQVLHQW DEVRUSWLRQ VSHFWURVFRS\ KDV EHHQ HPSOR\HG DORQJVLGH RWKHU
WHFKQLTXHV LQ RUGHU WR LQYHVWLJDWH WKH SKRWRSK\VLFV RI &\� V\VWHPV� DQG WR UDWLRQDOLVH WKH FKDUJH
WUDQVIHU PHFKDQLVP DQG UHGXFHG /DQJHYLQ UHFRPELQDWLRQ WKDW KDV EHHQ UHSRUWHG LQ WKH SULVWLQH
&\��ILOP��>�@

>�@�)��0HQJ��.��&KHQ��+��7LDQ��/��=XSSLUROL�DQG�)��1XHVFK��$SSO��3K\V��/HWW�����������������૱�����
>�@ %� )DQ� )� $UDXMR 'H &DVWUR� %� 7� 7H &KX� -� +HLHU� '� 2SULV� 5� +DQ\ DQG )� 1¾HVFK� -� 0DWHU�
&KHP�����������������૱���
>�@ /� :DQJ� 6� -HQDWVFK� %� 5XKVWDOOHU� &� +LQGHUOLQJ� '� *HVHYLÏLXV� 5� +DQ\ DQG )� 1¾HVFK� $GY�
)XQFW��0DWHU��������������૱�
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)HPWRVHFRQG�EURDGEDQG�IOXRUHVFHQFH�XSFRQYHUVLRQ�VSHFWURVFRS\�WR�VWXG\�YLEUDWLRQDO
HQHUJ\�UHOD[DWLRQ�G\QDPLFV

,��)XUHUDM���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

9LEUDWLRQDO HQHUJ\ UHOD[DWLRQ �9(5� LV RIWHQ WKH ILUVW SURFHVV RFFXUULQJ DIWHU SKRWRH[FLWDWLRQ RI D
PROHFXOH LQ WKH FRQGHQVHG SKDVH� 7KLV SURFHVV LV XVXDOO\ GLVFXVVHG LQ WHUPV RI WZR FRQVHFXWLYH
VWHSV� LQWUDPROHFXODU YLEUDWLRQDO HQHUJ\ UHGLVWULEXWLRQ �,95� DQG YLEUDWLRQDO FRROLQJ �9&��>�@ 7KH
WLPHVFDOHV RQ ZKLFK WKHVH SURFHVVHV RFFXU� PDNH WKHLU GHWDLOHG LQYHVWLJDWLRQ FKDOOHQJLQJ� DV KLJK
UHVROXWLRQ LQ ERWK WHPSRUDO DQG VSHFWUDO GRPDLQV LV UHTXLUHG� +RZHYHU� WKRURXJK XQGHUVWDQGLQJ RI
PDQ\ XOWUDIDVW SKRWRFKHPLFDO SURFHVVHV� VXFK DV HOHFWURQ WUDQVIHU LV FRQGLWLRQHG E\ D VXIILFLHQW
FRPSUHKHQVLRQ�RI�9(5�G\QDPLFV�DQG�RQ�KRZ�LW�LV�DIIHFWHG�E\�WKH�VXUURXQGLQJ�HQYLURQPHQW�>�@

:H DUH DSSO\LQJ IHPWRVHFRQG EURDGEDQG IOXRUHVFHQFH XS�FRQYHUVLRQ VSHFWURVFRS\ �)/836� ZLWK
VXE ��� IV UHVROXWLRQ DQG WXQDEOH H[FLWDWLRQ WR IROORZ WKH WLPH HYROXWLRQ RI WKH IOXRUHVFHQFH
VSHFWUXP RI RUJDQLF PROHFXOHV LQ GLIIHUHQW VROYHQWV DIWHU SKRWRH[FLWDWLRQ ZLWK YDULRXV DPRXQW RI
H[FHVV HQHUJ\�>�@ $QDO\VLV RI WKH WLPH GHSHQGHQFH RI WKH )UDQFN�&RQGRQ HQYHORSH� EDVHG RQ
UHVXOWV REWDLQHG IURP TXDQWXP FKHPLFDO 7'�')7 FDOFXODWLRQV LV XVHG WR GLVHQWDQJOH ,95 DQG 9&�
2XU ILUVW UHVXOWV REWDLQHG XVLQJ SHU\OHQH DV WKH PRGHO G\H DQG VHYHUDO RI LWV GHULYDWLYHV LQ
FRQGHQVHG�SKDVH�ZLOO�EH�SUHVHQWHG��

>�@�5RVVSHLQWQHU��$���/DQJ��%���9DXWKH\��(��$QQX��5HY��3K\V��&KHP�������������������૱����
>�@ *HUHFNH� 0�� %LHUKDQFH� *�� *XWPDQQ� 0�� (UQVWLQJ� 1� 3�� 5RVVSHLQWQHU� $�5HY� 6FL� ,QVWUXP�
����������������������

�
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'RXEO\�H[FLWHG��SQG�5\GEHUJ�6HULHV�RI�WKH�0DJQHVLXP�$WRP��7KHRU\�DQG�([SHULPHQW

0��*«Q«YULH]���'��:HKUOL���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

7KH 5\GEHUJ VHULHV RI GRXEO\�H[FLWHG VWDWHV RI DONDOLQH�HDUWK DWRPV FRQYHUJLQJ WR ORZ�O\LQJ
H[FLWHG VWDWHV RI WKH FRUUHVSRQGLQJ LRQ KDYH EHHQ WKH VXEMHFW RI FRQWLQXHG LQWHUHVW IRU WKH SDVW ��
\HDUV >�@� 7KH\ FRUUHVSRQG WR VWDWHV LQ ZKLFK RQH RI WKH WZR YDOHQFH HOHFWURQV LV H[FLWHG WR D
5\GEHUJ VWDWH ZKLOH WKH RWKHU LV H[FLWHG WR D ORZ�O\LQJ VWDWH� 6LQFH WKH\ OLH IDU DERYH WKH ILUVW
LRQL]DWLRQ WKUHVKROG� WKH GRXEO\�H[FLWHG VWDWHV FDQ GHFD\ UDSLGO\ E\ DXWRLRQL]DWLRQ� DQG WKHLU
VWUXFWXUDO DQG G\QDPLFDO SURSHUWLHV UHIOHFW WKH LQWHUSOD\ EHWZHHQ WKH LQWHUDFWLRQ ZLWK WKH &RXORPE
ILHOG RI WKH FRUH DQG HOHFWURQ�HOHFWURQ FRUUHODWLRQV� OHDGLQJ LQ SDUWLFXODU WR VWURQJ 5\GEHUJ�VHULHV
LQWHUDFWLRQV� 2I SDUWLFXODU LQWHUHVW LV WKH WUDQVLWLRQ IURP WKH UHJLPH ZKHUH WKH RXWHU� 5\GEHUJ
HOHFWURQ LV H[FLWHG WR UHODWLYHO\ ORZ�O\LQJ VWDWHV� UHVXOWLQJ LQ D VWURQJ LQWHUDFWLRQ EHWZHHQ WKH LQQHU
DQG RXWHU HOHFWURQV� WR D UHJLPH ZKHUH WKH 5\GEHUJ HOHFWURQ LV H[FLWHG WR KLJKHU�O\LQJ VWDWHV DQG
WKH LQWHUDFWLRQ EHWZHHQ WKH LQQHU DQG RXWHU HOHFWURQV LV VWURQJO\ UHGXFHG� ,Q WKH ODWWHU UHJLPH� WKH
5\GEHUJ HOHFWURQ LV H[SHFWHG WR DFW D VSHFWDWRU DQG QRW WR SHUWXUE DQ\ SURFHVV RFFXUULQJ LQ WKH
FRUH�UHJLRQ�

:H KDYH UHFRUGHG VHYHUDO DXWRLRQL]DWLRQ VSHFWUD RI WKH 0J��SQG� GRXEO\�H[FLWHG VWDWHV XVLQJ WKH
LVRODWHG�FRUH�H[FLWDWLRQ �,&(� WHFKQLTXH� ZLWK D UHVROXWLRQ PRUH WKDQ �� WLPHV KLJKHU WKDQ LQ
SUHYLRXV ZRUNV >�@� 7KH H[SHULPHQWV ZHUH FDUULHG RXW XVLQJ D FROG EHDP RI DWRPLF 0J SURGXFHG LQ
D ODVHU�DEODWLRQ VXSHUVRQLF�H[SDQVLRQ VRXUFH� *URXQG�VWDWH 0J DWRPV ��V� �6� ZHUH ILUVW H[FLWHG WR
D VSHFLILF �VQG �' 5\GEHUJ VWDWH E\ ����
� UHVRQDQFH�HQKDQFHG WZR�SKRWRQ H[FLWDWLRQ YLD WKH
�V�S �3 VWDWH XVLQJ WZR 1G�<$*�SXPSHG SXOVHG G\H ODVHUV� 6XEVHTXHQWO\� D WKLUG� IUHTXHQF\�
GRXEOHG WXQHDEOH G\H ODVHU ZLWK ZDYHQXPEHU ͑� ZDV VFDQQHG DFURVV WKH �V � �SM �M ���� ���� FRUH
UHVRQDQFHV DQG WKH QXPEHU RI 0J� LRQV SURGXFHG E\ DXWRLRQL]DWLRQ ZDV UHFRUGHG DV D IXQFWLRQ RI
͑�� 6SHFWUD RI WKH FRUH WUDQVLWLRQV ZHUH PHDVXUHG IRU SULQFLSDO TXDQWXP QXPEHUV RI WKH 5\GEHUJ
HOHFWURQ UDQJLQJ IURP Q �� WR Q ���� :KHUHDV WKH VSHFWUD REVHUYHG DW ORZ�Q YDOXHV VKRZ D
FRPSOH[ VWUXFWXUH ZLWK QXPHURXV OLQHV� ZH REVHUYH D JUDGXDO FRDOHVFHQFH RI WKH FRPSOH[
VWUXFWXUH LQWR D VLQJOH SHDN DV Q LQFUHDVHV� LQGLFDWLQJ WKH SURJUHVVLYH UHGXFWLRQ RI WKH LQWHUDFWLRQ
EHWZHHQ�WKH�H[FLWHG�FRUH�DQG�5\GEHUJ�HOHFWURQV�

,Q RUGHU WR JDLQ LQVLJKW LQWR WKH PHFKDQLVPV JRYHUQLQJ DXWRLRQL]DWLRQ DQG HOXFLGDWH WKH FRPSOH[
VWUXFWXUH DW ORZ Q YDOXHV� ZH FDOFXODWHG WKH HQHUJ\ DQG ZLGWKV RI GRXEO\�H[FLWHG �SMQG VWDWHV DQG
WKH SKRWRH[FLWDWLRQ FURVV VHFWLRQV FRUUHVSRQGLQJ WR WKH PHDVXUHG VSHFWUD� 7KH FDOFXODWLRQV DUH
EDVHG RQ D WZR�DFWLYH�HOHFWURQ DSSUR[LPDWLRQ DQG D PRGHO�SRWHQWLDO GHVFULSWLRQ RI WKH 0J�� FRUH
>�@� 7KH WZR�HOHFWURQ +DPLOWRQLDQ LV GLDJRQDOL]HG ZLWKLQ D ODUJH MM�FRXSOHG� FRQILJXUDWLRQ�
LQWHUDFWLRQ EDVLV EXLOW IURP RQH�HOHFWURQ RUELWDOV RI WKH 0J� LRQ� WKH ODWWHU EHLQJ FDOFXODWHG XVLQJ D
ILQLWH�HOHPHQW GLVFUHWH�YDULDEOH�UHSUHVHQWDWLRQ �)(0�'95� WHFKQLTXH >�@� 7KH IXUWKHU XVH RI WKH
H[WHULRU�FRPSOH[�VFDOLQJ �(&6� WHFKQLTXH DOORZV WKH WUHDWPHQW RI DXWRLRQL]LQJ UHVRQDQFHV >�@�
$JUHHPHQW EHWZHHQ WKH FDOFXODWHG FURVV VHFWLRQV XS WR Q �� DQG WKH PHDVXUHG VSHFWUD LV
H[FHOOHQW� ERWK IRU WKH HQHUJ\ DQG ZLGWK RI WKH UHVRQDQFHV� 7KH DXWRLRQL]DWLRQ G\QDPLFV VWURQJO\
GHSHQG RQ WKH WRWDO DQJXODU PRPHQWXP TXDQWXP QXPEHU M� RI WKH RXWHU HOHFWURQ� :H ZLOO SUHVHQW
D�GHWDLOHG�FRPSDULVRQ�EHWZHHQ�H[SHULPHQWDO�DQG�WKHRUHWLFDO�UHVXOWV�

>�@�0��$\PDU��&��+��*UHHQH��(��/XF�.RHQLJ��5HY��0RG��3K\V�������������������������
>�@�&��-��'DL��*��:��6FKLQQ��7��)��*DOODJKHU��3K\V��5HY��$����������������������
>�@�7��1��5HVFLJQR��&��:�0F&XUG\��3K\V��5HY��$�������������������
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6HPLFODVVLFDO�FDOFXODWLRQ�RI�WKH�HOHFWURQLF�FRKHUHQFHV�LQ�XOWUDIDVW�FKDUJH�PLJUDWLRQ
SURFHVV

1��*ROXEHY���7��%HJXVLF���-��9DQLFHN�

�/DERUDWRU\�RI�7KHRUHWLFDO�3K\VLFDO�&KHPLVWU\��,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(FROH
3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���&+������/DXVDQQH��6ZLW]HUODQG

,RQL]DWLRQ RI PROHFXOHV YHU\ RIWHQ SRSXODWHV VHYHUDO FDWLRQLF VWDWHV ODXQFKLQJ SXUH HOHFWURQ
G\QDPLFV WKDW DSSHDU DV XOWUDIDVW PLJUDWLRQ RI WKH KROH FKDUJH WKURXJKRXW WKH V\VWHP� $ FUXFLDO
TXHVWLRQ LQ WKH HPHUJLQJ ILHOG RI DWWRFKHPLVWU\ LV ZKHWKHU WKHVH SXUH HOHFWURQLF FRKHUHQFHV ODVW
ORQJ HQRXJK WR DOORZ IRU WKHLU HIILFLHQW REVHUYDWLRQ DQG HYHQWXDO PDQLSXODWLRQ ZLWK XOWUDVKRUW ODVHU
SXOVHV�

,Q RUGHU WR DGGUHVV WKLV TXHVWLRQ D IXOO TXDQWXP WUHDWPHQW RI WKH FRXSOHG HOHFWURQ�QXFOHDU
G\QDPLFV LV UHTXLUHG� (YHQ WKRXJK VXFK FDOFXODWLRQV ZHUH UHFHQWO\ SHUIRUPHG XVLQJ 0&7'+�EDVHG
DSSURDFKHV IRU VHYHUDO VPDOO PROHFXOHV >���@� LW LV VWLOO YHU\ FDVH VSHFLILF DQG UHTXLUHV FRQVWUXFWLRQ
RI�JOREDO�3(6��ZKLFK�LV�D�GDXQWLQJ�WDVN�E\�LWVHOI�

,Q FRQWUDVW� DSSUR[LPDWH VHPLFODVVLFDO PHWKRGV FDQ EH XVHG LQ FRPELQDWLRQ ZLWK RQ�WKH�IO\
HYDOXDWLRQ RI WKH HOHFWURQLF VWUXFWXUH ZKLFK DOORZV WR DYRLG WKH H[SRQHQWLDO VFDOLQJ SUREOHP� 2QH
RI WKH VLPSOHVW� \HW HIILFLHQW� VHPLFODVVLFDO DSSURDFKHV IRU PROHFXODU G\QDPLFV LV SURYLGHG E\ WKH
WKDZHG *DXVVLDQ DSSUR[LPDWLRQ �7*$� GHYHORSHG E\ +HOOHU DQG FR�ZRUNHUV >�@� :LWKLQ WKLV
DSSURDFK� WKH QXFOHDU ZDYHIXQFWLRQ LV GHVFULEHG E\ D VLQJOH *DXVVLDQ ZDYH SDFNHW ZKRVH WLPH�
GHSHQGHQW�ZLGWK�LV�SURSDJDWHG�XVLQJ�WKH�ORFDO�KDUPRQLF�DSSUR[LPDWLRQ�RI�WKH�3(6�

+HUH ZH SUHVHQW D VHPLFODVVLFDO 7*$ FDOFXODWLRQ RI WKH HOHFWURQLF FRKHUHQFHV LQLWLDWHG E\ RXWHU�
YDOHQFH LRQL]DWLRQ RI SURSLROLF DFLG PROHFXOH� $ YHU\ JRRG DJUHHPHQW EHWZHHQ IXOO\ TXDQWXP
0&7'+ FDOFXODWLRQV DQG VHPLFODVVLFDO 7*$ UHVXOWV DUH GHPRQVWUDWHG� :H DUJXH WKDW VLPSOH
VHPLFODVVLFDO VFKHPHV FDQ EH HIILFLHQWO\ XVHG WR VXSSRUW WKHRUHWLFDOO\ UHFHQW H[SHULPHQWDO VWXGLHV
RI�XOWUDIDVW�HOHFWURQLF�G\QDPLFV�LQ�UHDOLVWLF�PROHFXODU�V\VWHPV�

>�@�0��9DFKHU��0��-��%HDUSDUN��0��$��5REE��DQG�-��3��0DOKDGR��3K\V��5HY��/HWW����������������������
>�@�&��$UQROG��2��9HQGUHOO��DQG�5��6DQWUD��3K\V��5HY��$��������������������
>�@�9��'HVSUH��1��9��*ROXEHY��$��,��.XOHII��3K\V��5HY��/HWW���������������������
>�@�(��+HOOHU��-��&KHP��3K\V������������������
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,PDJLQJ�&KHPL�,RQLVDWLRQ�3URFHVVHV

6��'��*RUGRQ���6��7DQWHUL���$��2VWHUZDOGHU�

�(3)/��6%��/&30�������/DXVDQQH

3HQQLQJ LRQLVDWLRQ LV DQ HOHPHQWDU\ FKHPLFDO SURFHVV ZKLFK UHVXOWV LQ WZR QHXWUDO VSHFLHLV
JHQHUDWLQJ DQ LRQ DQG DQ HOHFWURQ� :H KDYH SHUIRUPHG H[SHULPHQWV RQ PHWDVWDEOH QHRQ �1H��3���
LQ ZKLFK WKH HOHFWURQLF DQJXODU PRPHQWXP RI WKH H[FLWHG 1H��3�� DWRP LV SURMHFWHG LQ GLIIHUHQW
GLUHFWLRQV RQ WKH PROHFXODU IUDPH E\ PHDQV RI DQ H[WHUQDO PDJQHWLF ILHOG�>���@ :H KDYH
GHPRQVWUDWHG WKH DELOLW\ WR FRQWURO WKH RXWFRPH RI WKH UHDFWLRQ EDVHG RQ WKH DSSOLHG ILHOG� 8SRQ
SHUIRUPLQJ H[SHULPHQWV ZLWK 1H��3�� DQG PROHFXODU QLRWRJHQ� ZH REVHUYHG D YHU\ ORZ FURVV
VHFWLRQ IRU DVVRFLDLWYH LRQLVDWLRQ HYHQWV ZKHQ FRPSDUHG ZLWK WKH 1HH�$U V\VWHP�>�@ ,Q RUGHU WR
VWXG\ WKLV� ZH GHYHORSHG DQ HOHFWRURQ LPDJLQJ DSSDUDWXV LQ RUGHU WR PHDVXUH WKH NLQHWLF HQHUJ\
DQG KHQFH WKH HQHUJ\ OHYHOV RI WKH HQFRXQWHU FRPSOH[ IURP WKH LRQLVDWLRQ UHDFWLRQ� 7KH HOHFWURQV�
MXVW OLNH LQ SKRWRHOHFWRQ VSHFWURVFRS\ HQFRGH LQIRUPDWLRQ DERXW WKH LQWHUQDO HQHUJ\ RI WKH
FRPSOH[ DW WKH WLPH RI LRQLVDWLRQ� 2QH VXFK LPDJH LV GLVSOD\HG EHORZ� 7KH LQWHQVH FHQWUDO VSRW LV
RI SDUWLFXODU LPSRUWDQFH� 7KHVH QHDU ]HUR NLQWHLF HQHUJ\ HOHFWURQV DSSHDU WKURXJK WKH Y �
YLEUDWLRQDO VWDWH RI WKH FRPSOH[ DQG E\ UHGXFLQJ WKH FROOLVLRQ HQHUJ\ ZH FDQ UHDFK EHORZ WKH
WKUHVKROG�DQG�SUREH�WKH�)HVFKEDFN�UHVRQDQFH�RI�WKLV�VWDWH�DV�ZH�LQFUHDVH�WKH�FROOLVLRQ�HQHUJ\�>�@

7KH LPDJH VKRZV D VHULHV RI FRQFHQWULF ULQJV HDFK FRUUHVSRQGLQJ WR LRQLVDWLRQ YLD GLIIHUHQW
UHDFWLRQ FKDQQHOV� %\ XVLQJ D QRYHO FURVVHG EHDP GHYLFH ZLWK D ZLGH WXQDEOH YHORFLW\ UDQJH RI
ERWK SULPDU\ DQG VHFRQGDU\ PROHFXODU EHDPV� ZH VFDQ WKH FROOLVLRQ HQHUJ\ RYHU WKH UHVRDRQFH
DQG�XQFRYHU�GHWDLOV�RI�WKH�HQFRXQWHU�FRPSOH[�DQG�WKH�LRQLVDWLRQ�PHFKDQLVP�LWVHOI�>�@

>�@�6'6�*RUGRQ��-�=RX��6�7DQWHUL��-�-DQNXQDV�DQG�$�2VWHUZDOGHU��35/������������������������
>�@ 6'6 *RUGRQ� -- 2PLVWH� - =RX� 6 7DQWHUL� 3 %UXPHU� $ 2VWHUZDOGHU� 1DW &KHP ��� ���������
������
>�@�6'6�*RUGRQ��-�=RX��6�7DQWHUL��$�2VWHUZDOGHU��-��&KHP��3K\V�������������������������
>�@ &KLQ &KHQJ� *ULPP 5XGROI� -XOLHQQH 3DXO� 7LHVLQJD (LWH� 5HY� 0RG� 3K\V�� �� ��� ����૱����
������
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+RZ�WKH�PHWK\O�JURXS�SRVLWLRQ�LQIOXHQFHV�WKH�XOWUDIDVW�GHDFWLYDWLRQ�LQ�DURPDWLF
UDGLFDOV

3��+HPEHUJHU���0��6WHJOLFK���*��.QRSS�

�3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ

$URPDWLF [\O\O UDGLFDOV �&�+�� H[KLELW DQ H[FHSWLRQDOO\ ORQJ OLIHWLPH LQ FRPEXVWLRQ HQJLQHV DQG FDQ
WKXV WULJJHU GLIIHUHQW FKHPLFDO UHDFWLRQV� ZKLFK GHSHQG RQ WKH SRVLWLRQ RI WKH PHWK\O JURXS� :KLOH
K\GURJHQ DEVWUDFWLRQ DW WKH &+� JURXS RI RUWKR� DQG SDUD�[\O\O OHDG WR IRUPDWLRQ RI RUWKR� DQG
SDUD�[\O\OHQHV �&�+��� WKH PHWD� LVRPHU GRHV QRW SURGXFH PHWD�[\O\OHQH GXH WR LWV ELUDGLFDO
FKDUDFWHU�DQG�KLJK�&�+�ERQG�HQHUJ\����
5HFHQW VSHFWURVFRSLF VWXGLHV� VXJJHVWHG WKDW + GLVVRFLDWLRQ KDSSHQV RQ D IDVWHU WKDQ QDQRVHFRQG
WLPHVFDOH DIWHU 89 H[FLWDWLRQ� ZKLFK PRWLYDWHG XV WR LQYHVWLJDWH WKH GHDFWLYDWLRQ RI [\O\O UDGLFDOV
XVLQJ�IHPWRVHFRQG�WLPH�UHVROYHG�SKRWRHOHFWURQ�VSHFWURVFRS\�
7KH WKUHH [\O\O UDGLFDO LVRPHUV DUH VHOHFWLYHO\ JHQHUDWHG XVLQJ IODVK S\URO\VLV IURP [\O\O EURPLGH
SUHFXUVRUV DQG ZHUH H[FLWHG LQWR WKH '� VWDWH �$� DW DURXQG ��� QP �� H9�� ZKLFK FDQ WULJJHU WKH
ILUVW�K\GURJHQ�ORVV�UHDFWLRQ��0XOWLSKRWRQ�LRQL]DWLRQ�DW�����QP�ZDV�XWLOL]HG�DV�SUREH�VWHS�

:KLOH RUWKR� DQG SDUD�[\O\O H[KLELW VLPLODU OLIHWLPHV� WKH GHDFWLYDWLRQ RI WKH PHWD�LVRPHU VWLFNV RXW
DQG GHSOHWHV WZLFH DV IDVW WR WKH YLEUDWLRQDOO\ KRW JURXQG VWDWH� :H IRXQG WKDW D ULQJ GHIRUPDWLRQ
PRGH UDWKHU WKDQ D PHWK\O SVHXGRURWDWLRQ HQDEOHV DFFHVV WR D FRQLFDO LQWHUVHFWLRQ VSHHGLQJ XS
WKH GHDFWLYDWLRQ LQ FDVH RI WKH PHWD�LVRPHU� 7LPH�UHVROYHG SKRWRHOHFWURQ VSHFWUD DUH VWUXFWXUHG
DQG FDQ EH DVVLJQHG WR 5\GEHUJ V� DQG G�VHULHV� 8SRQ DEVRUSWLRQ RI WZR SXPS SKRWRQV �� H9��
XOWUDIDVW�K\GURJHQ�GLVVRFLDWLRQ�LV�WULJJHUHG��ZKLFK�PD\�LQGLFDWH�LVRPHUL]DWLRQ�RI�WKH�PHWD�LVRPHU�
6LQFH WKH UHDFWLYLW\ GHSHQGV RQ WKH SRVLWLRQ RI WKH PHWK\O JURXS� LW FDQ EH VHHQ DV D VHQVLWLYH
SUREH WR HYDOXDWH WKHRUHWLFDO SUHGLFWLRQV DQG G\QDPLFV VLPXODWLRQV� ZKLFK DUH VWLOO VFDUFH IRU
UHDFWLYH�LQWHUPHGLDWHV�ZLWK�RSHQ�VKHOO�VWUXFWXUH�

>�@�3��+HPEHUJHU��$��-��7UHYLWW��(��5RVV��*��GD�6LOYD��-��3K\V��&KHP��/HWW�������������������
>�@ 7� %LHUNDQGW� 3� +HPEHUJHU� 3� 2¡ZDOG� 0� .¸KOHU� 7� .DVSHU� 3URF� &RPEXVW� ,QVW� ��� �����
�������
>�@�.��3DFKQHU��0��6WHJOLFK��3��+HPEHUJHU��,��)LVFKHU��-��&KHP��3K\V������������������������
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+LJK�5HVROXWLRQ�989�/DVHU�3),�=(.(�3KRWRHOHFWURQ�6SHFWURVFRS\�RI�WKH�$���̷��VWDWH�LQ
1�2�

+��+HUEXUJHU���8��+ROOHQVWHLQ���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

5RWDWLRQDOO\ UHVROYHG SXOVHG�ILHOG�LRQL]DWLRQ ]HUR�NLQHWLF HQHUJ\ �3),�=(.(� SKRWRHOHFWURQ VSHFWUD
RI VHYHUDO YLEUDWLRQDO EDQGV RI WKH $� �̷�క; �̷� SKRWRLRQL]LQJ WUDQVLWLRQ RI 1�2 KDYH EHHQ
PHDVXUHG LQ WKH ZDYH QXPEHU UDQJH IURP ������ FP૱� WR ������ FP૱�� 7KH URWDWLRQDO VWUXFWXUHV
RI WKHVH EDQGV ZHUH DQDO\VHG XVLQJ DQ RUELWDO LRQL]DWLRQ PRGHO >�� �@� 7KH DGLDEDWLF LRQL]DWLRQ
HQHUJ\ ZDV GHWHUPLQHG WR EH ������������� FP૱�� ZKLFK UHSUHVHQWV DQ LPSURYHPHQW LQ SUHFLVLRQ
DQG�DFFXUDF\�E\�PRUH�WKDQ�RQH�RUGHU�RI�PDJQLWXGH�RYHU�SUHYLRXV�PHDVXUHPHQWV�>����@�

7KH�H[SHULPHQWV�UHOLHG�RQ�D�QHZ�PHWKRG�WR�JHQHUDWH�WXQDEOH��QDUURZ�EDQGZLGWK�YDFXXP�
XOWUDYLROHW��989��UDGLDWLRQ�JHQHUDWHG�E\�UHVRQDQFH�HQKDQFHG�IRXU�ZDYH�PL[LQJ��͑989� ��͑89�s�͑��
LQ�D�SXOVHG�JDV�H[SDQVLRQ�RI�DUJRQ��XVLQJ�WKH��S��S
>���@��క��S���6��WZR�SKRWRQ�UHVRQDQFH�RI�$U�DW
D�ZDYH�QXPEHU�RI��͑89���F� �������������FP૱���7KH�ODVHU�UDGLDWLRQ�IRU�WKH�WZR�SKRWRQ
WUDQVLWLRQ�͑89��͏89� ��������QP��ZDV�JHQHUDWHG�E\�VXP�IUHTXHQF\�PL[LQJ�LQ�D�SULVP�FRXSOHG
.%H�%2�)���.%%)��FU\VWDO�GHYLFH�>�@�XVLQJ�WKH��WK�KDUPRQLF�RI�DQ�LQMHFWLRQ�VHHGHG�SXOVHG�1G�<$*
ODVHU��͏� �����QP��DQG�WKH�RXWSXW�RI�D�SXOVHG�DPSOLILHG�VLQJOH�PRGH�FRQWLQXRXV�ZDYH�ULQJ�G\H
ODVHU�>�@�RSHUDWLQJ�DW�D�ZDYHOHQJWK�RI�������QP��,Q�FRPELQDWLRQ�ZLWK�D�KRPH�EXLOW�VSHFWURPHWHU
DOORZLQJ�IRU�WKH�GHWHFWLRQ�RI�LRQV�RU�HOHFWURQV��WKLV�989�ODVHU�V\VWHP�DOORZV�WKH�UHFRUGLQJ�RI�KLJK�
UHVROXWLRQ�SKRWRLRQL]DWLRQ�DQG�SKRWRHOHFWURQ�VSHFWUD�LQ�WKH�ZDYH�QXPEHU�UDQJHV�IURP
������FP૱��WR�������FP૱��E\�GLIIHUHQFH�IUHTXHQF\�PL[LQJ�DQG�IURP��������FP૱��WR
�������FP૱��E\�VXP�IUHTXHQF\�PL[LQJ�

>�@�$��'��%XFNLQJKDP��%��-��2UU��DQG�-��0��6LFKHO��3KLO��7UDQV��5��6RF��/RQGRQ�6HU��$�����������������
>�@�6��:LOOLWVFK�DQG�)��0HUNW��,QW��-��0DVV�6SHFWURP�����������������
>�@�:��.RQJ��'��5RGJHUV��DQG�-��:��+HSEXUQ��&KHP��3K\V��/HWW������������������
>�@�:��&KHQ��-��/LX��DQG�&��<��1J��-��3K\V��&KHP��$������������������
>�@�&KXDQJ�7LDQ�&KHQ��-XQ�+XD�/¾��*XL�/LQJ�:DQJ��=X�<DQ�;X��-L�<DQJ�:DQJ��&KHQJ�4LDQ�=KDQJ�
DQG�<DR�*DQJ�/LX��&KLQ��3K\V��/HWW������������������
>�@�8��+ROOHQVWHLQ��+��3DOP��DQG�)��0HUNW��5HY��6FL��,QVWU������������������
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(UURUV�LQ�105�FU\VWDOORJUDSK\

$��+RIVWHWWHU���)��0��3DUX]]R���$��$QHOOL���(��$��(QJHO���0��%DORGLV���0��&HULRWWL���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/��6ZLW]HUODQG���/DERUDWRU\�RI�&RPSXWDWLRQDO�6FLHQFH�DQG
0RGHOOLQJ��(3)/��6ZLW]HUODQG

6WUXFWXUH HOXFLGDWLRQ RI DPRUSKRXV PDWHULDOV DQG PLFURFU\VWDOOLQH VROLGV SUHVHQWV RQH RI WKH NH\
FKDOOHQJHV LQ FKHPLVWU\ WRGD\� :KLOH WHFKQLTXHV VXFK DV VLQJOH FU\VWDO GLIIUDFWLRQ DQG FU\R�
HOHFWURQ PLFURVFRS\ DUH JHQHUDOO\ QRW DEOH WR FKDUDFWHULVH VXFK PDWHULDOV� DQ DSSURDFK XVLQJ VROLG�
VWDWH 105 LQ FRPELQDWLRQ ZLWK FU\VWDO VWUXFWXUH SUHGLFWLRQ �&63� DSSHDUV WR EH
VXFFHVVIXO�>���@ +RZHYHU� XQWLO UHFHQWO\ WKHUH ZHUH QR DSSURDFKHV WR GHWHUPLQLQJ WKH SRVLWLRQDO
XQFHUWDLQWLHV RQ WKH UHVXOWLQJ VWUXFWXUHV� DQG LQ WKDW VHQVH WKH\ UHPDLQHG PRGHOV� QRU ZDV WKHUH D
IXOO\ FRKHUHQW DSSURDFK WR WKH GHWHUPLQDWLRQ RI ZKLFK VWUXFWXUH ZDV LQ EHVW DJUHHPHQW ZLWK WKH
GDWD��DQG�ZKDW�ZDV�WKH�UHOLDELOLW\�RI�WKH�GHWHUPLQDWLRQ��

:H UHFHQWO\ LQWURGXFHG D FRPSXWDWLRQDO PHWKRG WR HVWLPDWH WKH FRUUHODWLRQ EHWZHHQ WKH HUURU LQ
FKHPLFDO VKLIW VSDFH DQG WKH SRVLWLRQDO HUURU IRU DQ LQYHVWLJDWHG VWUXFWXUH�>�@ WKDW DOORZV XV WR
H[SHULPHQWDOO\ TXDQWLI\ WKH SRVLWLRQDO HUURUV RI LQGLYLGXDO DWRPV LQ VWUXFWXUHV YDOLGDWHG RU
GHWHUPLQHG E\ 105 FKHPLFDO VKLIW EDVHG FU\VWDOORJUDSK\� )XUWKHUPRUH�ZH LQWURGXFH D SUREDELOLVWLF
%D\HVLDQ PRGHO WR GLVFULPLQDWH EHWZHHQ FDQGLGDWHV IRU FKHPLFDO VKLIW EDVHG 105 FU\VWDOORJUDSK\�
7KLV�PRGHO�DOORZV�XV�WR�UDQN�DQG�TXDQWLI\�WKH�UHOLDELOLW\�RI�GHWHUPLQHG�VWUXFWXUHV�

>�@ %DLDV� 0�� :LGGLILHOG� &� 0�� 'XPH]� -��1�� 7KRPSVRQ� +� 3� *�� &RRSHU� 7� *�� 6DODJHU� (�� %DVVLO�
6�� 6WHLQ� 5� 6�� /HVDJH� $�� 'D\� *� 0�� (PVOH\� /�� 3K\VLFDO &KHPLVWU\ &KHPLFDO
3K\VLFV������������������������
>�@ 1LOVVRQ /LOO� 6� 2�� :LGGLILHOG� &� 0�� 3HWWHUVHQ� $�� 6YHQVN $QNDUEHUJ� $�� /LQGNYLVW� 0�� $OGUHG�
3�� *UDFLQ� 6�� 6KDQNODQG� 1�� 6KDQNODQG� .�� 6FKDQW]� 6�� (PVOH\� /�� 0ROHFXODU
3KDUPDFHXWLFV�����������������������
>�@�+RIVWHWWHU��$���(PVOH\��/���-RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\������������������������
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$GLDEDWLF�,RQLVDWLRQ�(QHUJ\�RI�&2�

8��+ROOHQVWHLQ���.��'XOLW]���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

7KH DGLDEDWLF LRQLVDWLRQ HQHUJ\ (, RI &2�� FRUUHVSRQGLQJ WR WKH LQWHUYDO EHWZHHQ WKH ; �̷J�
�Y�� Y�� Y�  �� �� ��� -  � JURXQG VWDWH RI &2� DQG WKH ; �̵J���� ��� �� ��� -�  ��� JURXQG VWDWH RI
&2�� KDV EHHQ GHWHUPLQHG WR EH (,  KF y �������������FP�� E\ SXOVHG�ILHOG�LRQLVDWLRQ ]HUR�NLQHWLF�
HQHUJ\�SKRWRHOHFWURQ�VSHFWURVFRS\�RI�D�ORZ�SUHVVXUH�&2��JDV�VDPSOH�DW�URRP�WHPSHUDWXUH�

7KH�XVH�RI�D�PXOWLSXOVH�HOHFWULF�ILHOG�VHTXHQFH�IRU�WKH�VHOHFWLYH�ILHOG�LRQLVDWLRQ�RI�KLJK�5\GEHUJ�VWDWHV�>�@
OHG�WR�D�LPSURYHG�SUHFLVLRQ�DQG�DFFXUDF\�FRPSDUHG�WR�HDUOLHU�YDOXHV�>�ಗ�@��$GGLWLRQDOO\��WKH�XVH�RI�D
VWDWLRQDU\�JDV�VDPSOH�VXSSUHVVHG�XQFHUWDLQWLHV�IURP�'RSSOHU�VKLIWV�

>�@ 8� +ROOHQVWHLQ� 5� 6HLOHU� +� 6FKPXW]� 0� $QGULVW� DQG )� 0HUNW� -� &KHP� 3K\V�� ����� ����
����ಗ������GRL�������������������
>�@ &� &RVVDUW�0DJRV� 0� -XQJHQ� DQG )� /DXQD\� 0RO� 3K\V�� ����� ���
����ಗ������GRL���������������������������
>�@ )� 0HUNW� 6� 5� 0DFNHQ]LH� 5� -� 5HGQDOO� DQG 7� 3� 6RIWOH\� -� &KHP� 3K\V�� ����� ���
����ಗ������GRL������������������
>�@ )� 0HUNW� 6� 5� 0DFNHQ]LH� 5� -� 5HGQDOO� DQG 7� 3� 6RIWOH\� -� &KHP� 3K\V�� ����� ���
����ಗ������GRL������������������
>�@�3��5XSSHU�DQG�)��0HUNW��5HY��6FL��,QVWUXP����������������ಗ�����GRL�������������������

�
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3UHFLVLRQ�PHDVXUHPHQWV�RI�WKH�LRQL]DWLRQ�DQG�GLVVRFLDWLRQ�HQHUJLHV�RI�PROHFXODU
K\GURJHQ

1��+¸OVFK���0��%H\HU���&��-XQJHQ���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK���/DERUDWRLUH�$LP«�&RWWRQ��&156��2UVD\

+� DQG LWV GHXWHUDWHG LVRWRSRPHUV DUH WKH VLPSOHVW PROHFXOHV GLVSOD\LQJ DOO IHDWXUHV RI D FKHPLFDO
ERQG DQG DUH DV VXFK LPSRUWDQW V\VWHPV IRU WKH GHYHORSPHQW RI PROHFXODU TXDQWXP PHFKDQLFV�
7KHLU GLVVRFLDWLRQ DQG LRQL]DWLRQ HQHUJLHV DUH EHQFKPDUN TXDQWLWLHV IRU DE LQLWLR FDOFXODWLRQV� 7KH
ODWHVW QRQDGLDEDWLF FDOFXODWLRQV� ZKLFK LQFOXGH UHODWLYLVWLF DQG 4(' FRUUHFWLRQV� KDYH UHDFKHG D
SUHFLVLRQ RI EHWWHU WKDQ � 0+] IRU +� >�@� ZKLFK LV RI WKH VDPH RUGHU RI PDJQLWXGH DV WKH VKLIWV
UHVXOWLQJ�IURP�WKH�ILQLWH�VL]H�RI�WKH�SURWRQ�

:H VKDOO SUHVHQW VSHFWURVFRSLF PHDVXUHPHQWV RI WKH LRQL]DWLRQ HQHUJLHV RI +� DQG +' DQG
FRPSDUH WKHLU UHVXOWV ZLWK WKRVH RI WKH FDOFXODWLRQV� 7KH LRQL]DWLRQ HQHUJLHV DUH GHWHUPLQHG DV D
VXP RI WKUHH LQWHUYDOV >���@� WKH ILUVW EHWZHHQ WKH JURXQG VWDWH D ORZ�Q �Q ���� 5\GEHUJ VWDWH� WKH
VHFRQG EHWZHHQ WKH VHOHFWHG ORZ�Q DQG KLJK�Q �Q ������ 5\GEHUJ VWDWHV� DQG WKH WKLUG EHLQJ WKH
ELQGLQJ�HQHUJ\�RI�WKH�KLJK�Q�VWDWH�

7KLV FRQWULEXWLRQ ZLOO IRFXV RQ WKH GHWHUPLQDWLRQ RI WKH ODVW WZR LQWHUYDOV XVLQJ VORZ VXSHUVRQLF
EHDPV JHQHUDWHG E\ D FU\RJHQLF SXOVHG YDOYH� 7R DYRLG WKH JHQHUDWLRQ RI LRQV LQ WKH PHDVXUHPHQW
YROXPH� WKH ORZ�Q 5\GEHUJ VWDWH LV SRSXODWHG E\ DEVRUSWLRQ RI D 989 SKRWRQ IROORZHG E\
VSRQWDQHRXV HPLVVLRQ� 7KH ORZ�Q WR KLJK�Q LQWHUYDO LV PHDVXUHG XVLQJ D IUHTXHQF\�FRPE�FDOLEUDWHG
FZ 89 ODVHU� 7KH ELQGLQJ HQHUJLHV RI WKH KLJK 5\GEHUJ VWDWHV DQG WKHLU K\SHUILQH VWUXFWXUHV DUH
GHWHUPLQHG E\ FRPELQLQJ PLOOLPHWHU�ZDYH VSHFWURVFRS\ DQG PXOWLFKDQQHO TXDQWXP GHIHFW WKHRU\
�04'7��>�@��ZKLFK�DOVR�HQDEOHV�WKH�GHWHUPLQDWLRQ�RI�WKH�K\SHUILQH�VWUXFWXUH�RI�+���DQG�+'��

>�@ 0� 3XFKDOVNL� -� .RPDVD� 3� &]DFKRURZVNL DQG .� 3DFKXFNL� 3K\V� 5HY� /HWW�� ����� �������
�������
>�@ 1� +¸OVFK� 0� %H\HU� (� 6DOXPELGHV� .� (LNHPD� :� 8EDFKV� &K� -XQJHQ DQG )� 0HUNW� 3K\V� 5HY�
/HWW������������������������
>�@�'��6SUHFKHU��&K��-XQJHQ�DQG�)��0HUNW���-��&KHP��3K\V��������������������������
>�@�$��2VWHUZDOGHU��$��:¾HVW��)��0HUNW�DQG�&K��-XQJHQ��-��&KHP��3K\V�������������������
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0HUJHG�0ROHFXODU�%HDPV�WR�6WXG\�,RQ�0ROHFXOH�5HDFWLRQV�DW�7HPSHUDWXUHV�GRZQ�WR
���P.

.��+¸YHOHU���-��'HLJOPD\U���3��$OOPHQGLQJHU���-��$JQHU���+��6FKPXW]���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK���)HOL[�%ORFK�,QVWLWXWH��8QLYHUVLW¦W�/HLS]LJ

0HUJHG�EHDP H[SHULPHQWV HQDEOH WKH VWXG\ RI FKHPLFDO UHDFWLRQV D ORZ WHPSHUDWXUHV� ,RQ�
PROHFXOH UHDFWLRQV DUH LPSRUWDQW LQ ORZ�GHQVLW\ JDVHRXV HQYLURQPHQWV� VXFK DV FROG �� � �� .�
LQWHUVWHOODU FORXGV� 4XDQWXP�PHFKDQLFDO HIIHFWV VWDUW WR LQIOXHQFH WKH NLQHWLFV RI ELPROHFXODU
UHDFWLRQV�ZKHQ�WKH�FROOLVLRQ�HQHUJ\�DSSURDFKHV�]HUR�

7KH EDUULHUOHVV DQG VWURQJO\ H[RWKHUPLF LRQ�PROHFXOH UHDFWLRQ +� � +�� గ +�� � + SURYLGHV WKH
RSSRUWXQLW\ WR REVHUYH TXDQWXP HIIHFWV DW FROOLVLRQ HQHUJLHV EHORZ N% y � .� ,Q SDVW H[SHULPHQWV�
WKH FURVV VHFWLRQ FRXOG EH PHDVXUHG GRZQ WR FROOLVLRQ HQHUJLHV RI N% y �� .� OLPLWHG E\ WKH
SUHVHQFH�RI�VWUD\�HOHFWULF�ILHOGV��ZKLFK�KHDW�XS�WKH�LRQV��

7R DYRLG WKLV HIIHFW� ZH VXEVWLWXWH WKH +�� UHDFWDQW E\ WKH +�� FRUH RI D K\GURJHQ PROHFXOH H[FLWHG
WR D KLJK 5\GEHUJ VWDWH� 7KH 5\GEHUJ HOHFWURQ GRHV QRW LQIOXHQFH WKH UHDFWLRQ IRU VWDWHV ZLWK D
SULQFLSDO TXDQWXP QXPEHU Q ೪ �� EXW SURYLGHV HOHFWULF QHXWUDOLW\� 7R UHDFK YHU\ ORZ FROOLVLRQ
HQHUJLHV� ZH H[SORLW D FXUYHG 5\GEHUJ�6WDUN VXUIDFH�HOHFWURGH GHIOHFWRU WR PHUJH WZR VXSHUVRQLF
EHDPV� RQH FRQWDLQLQJ WKH GHIOHFWHG 5\GEHUJ +� PROHFXOHV� WKH RWKHU FRQWDLQLQJ +� PROHFXOHV LQ
WKH JURXQG YLEURQLF VWDWH �)LJXUH ��� 7KH FROOLVLRQ HQHUJ\ LV WXQHG E\ DGMXVWLQJ WKH WHPSHUDWXUH RI
WKH VXSHUVRQLF YDOYH RI WKH JURXQG�VWDWH EHDP RU E\ GHFHOHUDWLQJ WKH +� 5\GEHUJ PROHFXOHV
GXULQJ�GHIOHFWLRQ�

:H PHDVXUH WKH FURVV VHFWLRQ DW FROOLVLRQ HQHUJLHV IURP N% y �� . GRZQ WR WHPSHUDWXUHV EHORZ N% y
� .� ZKHUH GHYLDWLRQV IURP SUHGLFWLRQV EDVHG RQ WKH FODVVLFDO /DQJHYLQ FDSWXUH PRGHO DUH
REVHUYHG�� SULPDULO\ FDXVHG E\ WKH LQIOXHQFH RI WKH TXDGUXSROH PRPHQW RI WKH TXDQWL]HG URWDWLRQ
RI +��� 7KH XQLYHUVDO DSSURDFK ZDV DOVR XVHG WR GHWHUPLQH WKH UDWLR RI WKH +�'�� ' DQG '�+�� +
FKDQQHOV�RI�WKH�UHDFWLRQ�'����+�����

)LJXUH �� ([SHULPHQWDO VHWXS� 7KH ORZHU EHDP �EOXH� LV GHIOHFWHG E\ 5\GEHUJ�6WDUN GHFHOHUDWLRQ
RQWR WKH D[LV RI WKH RWKHU EHDP �EURZQ� FRQWDLQLQJ +� PROHFXOHV LQ WKH JURXQG YLEURQLF VWDWH ����
RUWKR +� �1  �� DQG ��� SDUD +� �1  ���� 7KH UHODWLYH UDWH FRQVWDQWV DUH GHWHUPLQHG E\
PRQLWRULQJ WKH +�� �RU +�'�� '�+�� UHDFWLRQ SURGXFWV E\ 72) PDVV VSHFWURPHWU\ DV D IXQFWLRQ RI
WKH�FROOLVLRQ�HQHUJ\�

>�@�7��*OHQHZLQNHO�0H\HU�DQG�'��*HUOLFK��,VUDHO�-RXUQDO�RI�&KHPLVWU\���������������������
>�@ 3� $OOPHQGLQJHU� -� 'HLJOPD\U� 2� 6FKXOOLDQ� .� +¸YHOHU� -� $JQHU� +� 6FKPXW]� )� 0HUNW� -RXUQDO RI
&KHPLFDO�3K\VLFV��������������������
>�@�(��,��'DVKHYVND\D��,��/LWYLQ��(��(��1LNLWLQ��DQG�-��7URH��-��&KHP��3K\V���������������������
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([SORULQJ�(OHFWURQ�1XFOHDU�&RXSOLQJ�LQ�0ROHFXOHV�ZLWK�0XOWLGLPHQVLRQDO�(OHFWURQLF
6SHFWURVFRS\

5��$��,QJOH���/��0HZHV���6��/LX���6��'HFXUWLQV���0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH���8QLYHUVLW¦W�%HUQ

8OWUDIDVW RSWLFDO VSHFWURVFRSLHV KDYH SURYHG D SRZHUIXO DQG ZLGHO\�DSSOLFDEOH WHFKQLTXH IRU
SURELQJ H[FLWHG VWDWH SKRWRFKHPLVWU\� +RZHYHU� IRU FRPSOH[ PROHFXODU V\VWHPV� VSHFWUDO
FRQJHVWLRQ LQ WUDQVLHQW HOHFWURQLF DEVRUSWLRQ VSHFWUD FDQ SURYH D VHYHUH KLQGUDQFH WR WKH
H[WUDFWLRQ RI WKH GHVLUHG VSHFWUDO DQG WHPSRUDO LQIRUPDWLRQ� 2QH DQVZHU WR WKLV LV
PXOWLGLPHQVLRQDO HOHFWURQLF VSHFWURVFRS\� ZKHUH WKH DELOLW\ WR UHVROYH RSWLFDO VSHFWUD DORQJ ERWK
WKH H[FLWDWLRQ DQG GHWHFWLRQ IUHTXHQFLHV PDNH LW SRVVLEOH WR XQUDYHO FRPSOH[ SKRWRFKHPLFDO
PHFKDQLVPV LQ XQSUHFHGHQWHG OHYHOV RI GHWDLO� +HUH� , ZLOO GHWDLO WKH GHYHORSPHQW RI QHZ�
EURDGEDQG FRKHUHQW HOHFWURQLF �' VHW�XS ZLWK VXE��� IV WLPH UHVROXWLRQ DQG LWV DSSOLFDWLRQ WR 4�
EDQG HQHUJ\ WUDQVIHU LQ D VHULHV RI SRUSK\ULQ GHULYDWLYHV� 7KH EURDGEDQG QDWXUH RI WKH
H[FLWDWLRQ�GHWHFWLRQ SXOVHV LQ WKLV H[SHULPHQW ���� ૱ ��� QP� PDNH LW SRVVLEOH WR VLPXOWDQHRXVO\
UHVROYH DQG PDS HQHUJ\ WUDQVIHU EHWZHHQ WKH PXOWLSOH HOHFWURQLF VWDWHV LQ WKLV UHJLRQ DQG
GLVHQWDQJOH WKH LQIOXHQFH RI GLIIHUHQW PHWDO FHQWUHV DQG VXEVWLWXHQWV RQ WKH SRUSK\ULQV HOHFWURQLF
DQG�VWUXFWXUDO�G\QDPLFV�
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/LJKW�LQGXFHG�SHSWLGH�XQELQGLQJ�LQ�WKH�51DVH�6�FRPSOH[

%��-DQNRYLF���&��=DQRELQL���2��%R]RYLF���3��+DPP�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

8QGHUVWDQGLQJ WKH QRQ�HTXLOLEULXP SDWKZD\V RI SURWHLQ�SHSWLGH LQWHUDFWLRQV UHPDLQV RQH RI WKH
PRVW LQWULJXLQJ SUREOHPV LQ ELRSK\VLFV� 7LPH�UHVROYHG WHFKQLTXHV �H�J� WUDQVLHQW LQIUDUHG
VSHFWURVFRS\� FRXSOHG ZLWK XOWUDIDVW WULJJHUHG SHSWLGH XQELQGLQJ FDQ SURYLGH D GHWDLOHG SLFWXUH RI
FRQIRUPDWLRQDO FKDQJHV WKDW KDSSHQ DV D FRQVHTXHQFH RI WKH XQELQGLQJ HYHQW� 8OWUDIDVW WLPH�
UHVROXWLRQ RI VXFK PHDVXUHPHQWV FDQ FODULI\ WKH VHTXHQFH RI HYHQWV RIIHULQJ LQVLJKW LQWR WKH
XQELQGLQJ YV FRQIRUPDWLRQDO UHVSRQVHV RI WKH SHSWLGH DQG WKH SURWHLQ� 5LERQXFOHDVH 6 �QRQ�
FRYDOHQW FRPSOH[ RI 6�SURWHLQ DQG 6�SHSWLGH� UHSUHVHQWV DQ H[FHOOHQW PRGHO V\VWHP XVHG WR VWXG\
SURWHLQ�SHSWLGH LQWHUDFWLRQV�� $PRQJ ILYH GHVLJQHG SKRWRVZLWFKDEOH 6�SHSWLGHV� FRPSOHWH
XQELQGLQJ ZDV DFKLHYHG LQ RQH 6�SHSWLGH YDULDQW XSRQ OLJKW�LQGXFHG LVRPHUL]DWLRQ RI WKH
D]REHQ]HQH EDVHG FURVVOLQNHU� 7KLV UHVXOW UHSUHVHQWV D VWDUWLQJ SRLQW IRU WLPH�UHVROYHG
PHDVXUHPHQWV�

>�@ %DFKPDQQ $�� :LOGHPDQQ '�� 3UDHWRULXV )�� )LVFKHU *�� .LHIKDEHU 7�� 3URFHHGLQJV RI WKH 1DWLRQDO
$FDGHP\�RI�6FLHQFHV����������������������������
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+LJK�5HVROXWLRQ�6SHFWURVFRS\�RI�PHWDVWDEOH�+H��DQG�+H��

3��-DQVHQ���/��6HPHULD���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

+DYLQJ RQO\ WKUHH HOHFWURQV� +H�� UHSUHVHQWV D V\VWHP IRU ZKLFK KLJKO\ DFFXUDWH DE LQLWLR
FDOFXODWLRQV DUH SRVVLEOH� 7KH PRVW DFFXUDWH SRWHQWLDO HQHUJ\ VXUIDFH �3(6� RI +H�� DYDLODEOH LQ
OLWHUDWXUH GRHV QRW LQFOXGH UHODWLYLVWLF RU UDGLDWLYH FRUUHFWLRQV DQG WUHDWV QRQ�DGLDEDWLF HIIHFWV RQO\
SDUWLDOO\ >�@� :H KDYH SHUIRUPHG V\VWHPDWLF VWXGLHV RI WKH URYLEUDWLRQDO VWUXFWXUH RI +H�� XVLQJ
04'7�DVVLVWHG 5\GEHUJ�VHULHV H[WUDSRODWLRQ LQ FROG PROHFXODU EHDPV RI PHWDVWDEOH +H� �+H��
>���@� 7KHVH PHDVXUHPHQWV LQGLFDWH D GLVFUHSDQF\ EHWZHHQ WKHRU\ DQG H[SHULPHQW WKDW UDSLGO\
LQFUHDVHV ZLWK WKH URWDWLRQDO TXDQWXP QXPEHU 1�� ERWK IRU WKH URWDWLRQDO OHYHOV RI WKH YLEUDWLRQDO
JURXQG VWDWH DQG ILUVW H[FLWHG YLEUDWLRQDO VWDWH� 5HFHQWO\� 0£W\XV REWDLQHG PRUH DFFXUDWH YDOXHV
IRU WKH QRQ�DGLDEDWLF FRUUHFWLRQV WR WKH URYLEUDWLRQDO OHYHOV RI +H�� XVLQJ 5�GHSHQGHQW URWDWLRQDO
DQG YLEUDWLRQDO UHGXFHG PDVVHV IRU VROYLQJ WKH QXFOHDU +DPLOWRQLDQ ZLWK WKH 3(6 RI 5HI� � >�@� 7KH
ZRUN RI 0£W\XV VKRZV WKDW SDUW RI WKH GLVFUHSDQF\ LQ WKH URWDWLRQDO HQHUJLHV FDQ LQGHHG EH
DWWULEXWHG WR WKH QHJOHFW RI QRQ�DGLDEDWLF HIIHFWV� EXW WKH QRQ�DGLDEDWLF FRUUHFWLRQV ZRUVHQHG WKH
GLIIHUHQFH EHWZHHQ WKHRU\ DQG H[SHULPHQW IRU WKH YLEUDWLRQDO HQHJ\� ,Q DGGLWLRQ WR WKH JURVV
URYLEUDWLRQDO VWUXFWXUH RI +H��� ZH GHWHUPLQHG WKH ILQH�VWUXFWXUH LQWHUYDOV RI WKH URWDWLRQDO OHYHOV
RI WKH YLEUDWLRQDO JURXQG VWDWH RI +H�� IURP WKH REVHUYHG ILQH�VWUXFWXUH RI KLJK WULSOHW QS 5\GEHUJ
VWDWHV RI +H� DQG WKH URWDWLRQDO ILQH VWUXFWXUH RI +H� >���@� (IIHFWLYH ILQH�VWUXFWXUH FRQVWDQWV
H[WUDFWHG IURP WKH REVHUYHG VSOLWWLQJV GLVDJUHH ZLWK WKH LVRWRSLFDOO\ VFDOHG DE LQWLR UHVXOW IRU �
+H�+H� >�@� 2XU PHDVXUHPHQWV PD\ WKHUHIRUH VHUYH DV D EHQFKPDUN WR WHVW DQG LPSURYH
DGYDQFHG�FDOFXODWLRQV�RI�WKUHH�HOHFWURQ�PROHFXOHV��

>�@�7XQJ�HW�DO���-��&KHP��3K\V��������������������
>�@�-DQVHQ�HW�DO���3K\V��5HY��/HWW���������������������
>�@�6HPHULD�HW�DO���-��&KHP��3K\V���������������������
>�@�-DQVHQ�HW�DO���-��&KHP��3K\V���������������������
>�@�0£W\XV��-��&KHP��3K\V���������������������
>�@�-DQVHQ�HW�DO���3K\V��5HY��/HWW���������������������
>�@�6HPHULD�HW�DO���3K\V��5HY��$�������������������
>�@�<X�HW�DO���3K\V��5HY��/HWW�����������������
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+LJK�5HVROXWLRQ�*LJDKHUW]�DQG�7HUDKHUW]�6SHFWURVFRS\�RI�WKH�,VRWRSLFDOO\�&KLUDO
0ROHFXOH�WUDQV�����GLGHXWHUR�R[LUDQH��F�&+'�&+'2�

.��.HSSOHU���=��&KHQ�����6��$OEHUW���9��6FKXULJ���2��7UDSS���0��4XDFN�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK��&+������=¾ULFK��6ZLW]HUODQG���&ROOHJH�RI
&KHPLVWU\�DQG�&KHPLFDO�(QJLQHHULQJ��/DQ]KRX�8QLYHUVLW\��/DQ]KRX���������&KLQD���,QVWLWXW�I¾U
2UJDQLVFKH�&KHPLH��(EHUKDUG�.DUOV�8QLYHUVLW¦W��'�������7¾ELQJHQ��*HUPDQ\���'HSDUWPHQW

&KHPLH��/XGZLJ�0D[LPLOLDQV�8QLYHUVLW¦W��'�������0¾QFKHQ��*HUPDQ\

7KH URWDWLRQDO VSHFWUD RI WKH LVRWRSLFDOO\ FKLUDO PROHFXOH WUDQV�����GLGHXWHUR�R[LUDQH �F�&+'�
&+'2� KDYH EHHQ PHDVXUHG DQG DVVLJQHG LQ WKH *LJDKHUW] UHJLRQ EHWZHHQ �� DQG ��� *+] �ಋ͑�͑
 ��ಗ��� DQG LQ WKH 7HUDKHUW] UDQJH IURP ����� FP�� �̩͑  ������� FPಗ��� 7KH SDUHQW LVRWRSRPHU
R[LUDQH �F�&�+�2� KDV EHHQ GHWHFWHG E\ DVWURSK\VLFDO VSHFWURVFRS\ LQ VSDFH >�@� $ VPDOO QXPEHU
RI OLQHV RI WUDQV�����GLGHXWHUR�R[LUDQH KDG EHHQ SUHYLRXVO\ DQDO\]HG LQ WKH PLFURZDYH UHJLRQ
>�@ XS WR �� *+]� :H KDYH UHFHQWO\ >�@ PHDVXUHG DQG VXFFHVVIXOO\ DQDO\]HG WKH URWDWLRQDO
VSHFWUXP RI PRQRGHXWHUR�R[LUDQH EHWZHHQ �� DQG ��� *+] XVLQJ RXU *+] VSHFWURPHWHU >�@� DQG
LQ WKH ���� WR ��� 7+] UDQJH PHDVXUHG ZLWK RXU )7,5 VHWXS >�@ DW WKH 6ZLVV /LJKW 6RXUFH� +HUH ZH
GLVFXVV RXU UHFHQW VWXG\ RI WKH VSHFWUXP RI WUDQV�����GLGHXWHUR�R[LUDQH� :H ZHUH DEOH WR DVVLJQ
DQG DQDO\]H PRUH WKDQ ���� URWDWLRQDO WUDQVLWLRQV RI WKH YLEURQLF JURXQG VWDWH RI
WUDQV�����GLGHXWHUR�R[LUDQH XS WR - ��� 7KLV PROHFXOH LV DOVR LPSRUWDQW LQ WKH FRQWH[W RI PROHFXODU
SDULW\ YLRODWLRQ� VLPLODU WR WKH UHODWHG PROHFXOH IOXRUR�R[LUDQH >�@� 7KH UHVXOWV RI WKLV VWXG\ DUH
LPSRUWDQW DV WKH\ SHUWDLQ WR LVRWRSLF FKLUDOLW\ DQG SDULW\ YLRODWLRQ >�@� DQG WR WKH SRVVLEOH
DVWURSK\VLFDO�REVHUYDWLRQ�RI�WKLV�PROHFXOH�

>�@ -� (� 'LFNHQV� HW DO�� $S-� ����� ���� ���� 0� ,NHGD� HW DO�� $VWURSK\V� -RXUQDO� ����� ����
���������(UUDWXP����������������������-��0��/\NNH��HW�DO���$	$������������$���
>�@�&��+LURVH��%XOO��&KHP��6RF��-DS�����������������������
>�@ 6� $OEHUW� =� &KHQ� .� .HSSOHU� 3� /HUFK� 0� 4XDFN� 9� 6FKXULJ� DQG 2� 7UDSS� 3K\V� &KHP� &KHP�
3K\V�����������������������'2,����������F�FS�����D
>�@ 0� 6XWHU� 0� 4XDFN� $SSOLHG 2SWLFV� ����� �� ����� ����� 6� $OEHUW� =� &KHQ� &� )DEUL� 3K� /HUFK�
5��3UHQWQHU��0��4XDFN��0RO��3K\V������������������������DQG�UHIHUHQFHV�FLWHG�WKHUHLQ�
>�@ 6� $OEHUW� 3K� /HUFK� 0� 4XDFN� &KHP3K\V&KHP� ����� ��� ���������� 6� $OEHUW� .� .� $OEHUW�
3K� /HUFK� 0� 4XDFN� )DUDGD\ 'LVFXVV�� ����� ���� ������ 6� $OEHUW� .�.� $OEHUW DQG 0� 4XDFN�
+LJK૱UHVROXWLRQ )RXULHU 7UDQVIRUP ,QIUDUHG 6SHFWURVFRS\� LQ +DQGERRN RI +LJK�UHVROXWLRQ
6SHFWURVFRS\��0��4XDFN��)��0HUNW��(GV��9RO����SS�����������:LOH\�&KLFKHVWHU������
>�@ +� +ROOHQVWHLQ� '� /XFNKDXV� -� 3RFKHUW� 0� 4XDFN� *� 6H\IDQJ� $QJHZ� &KHPLH� ��������
���������������5��%HUJHU��0��4XDFN��-��6WRKQHU��$QJHZ��&KHP��,QWO��(G���������������������
>�@ 0� 4XDFN� )XQGDPHQWDO 6\PPHWULHV DQG 6\PPHWU\ 9LRODWLRQV IURP +LJK 5HVROXWLRQ
6SHFWURVFRS\� LQ +DQGERRN RI +LJK�UHVROXWLRQ 6SHFWURVFRS\� 0� 4XDFN� )� 0HUNW HGV�� 9RO��� SS�
������� :LOH\� &KLFKHVWHU ����� VHH DOVR 0� 4XDFN DQG -� +DFNHU� HGV�� 6\PPHWULH XQG
$V\PPHWULH�LQ�:LVVHQVFKDIW�XQG�.XQVW��1RYD�$FWD�/HRSROGLQD�1)��������%DQG������1U������
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6SLQ�DQG�([FLWHG�6WDWH�&KDUJH�'\QDPLFV�LQ�0\RJORELQ

'��.LQVFKHO���&��%DFHOODU���2��&DQQHOOL���*��)��0DQFLQL���%��6RURNLQ���)����/LPD���7��.DWD\DPD���:�
*DZHOGD���0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH���(3)/���(XURSHDQ�;)(/���-DSDQ�6\QFKURWURQ�5DGLDWLRQ
5HVHDUFK�,QVWLWXWH��-$

1LWULF R[LGH �12� ERXQG WR 0\RJORELQV �0E� H[KLELWV VHYHUDO UHPDUNDEOH SK\VLRORJLFDO IXQFWLRQV
WKDW DUH VWLOO EHLQJ H[SORUHG� H�J� DV D QHXURWUDQVPLWWHU� LQ VLJQDO WUDQVGXFWLRQ� HWF� 7KH
GLVVRFLDWLRQ IURP DQG UHELQGLQJ RI OLJDQGV WR WKH )H LQ WKH KHPH �UHVSLUDWLRQ� FDQ EH PLPLFNHG E\
SKRWR�GLVVRFLDWLQJ WKHP ZLWK D SXOVH RI OLJKW DQG PRQLWRULQJ WKH UHFRPELQDWLRQ ZLWK D SUREH SXOVH�
:KLOH VHYHUDO VWXGLHV RI WKHVH SURFHVVHV KDYH EHHQ FDUULHG RXW XVLQJ YLVLEOH� LQIUDUHG DQG 5DPDQ
SUREHV� QRQH LV FDSDEOH RI HOHPHQW�VSHFLILFLW\ DQG VWUXFWXUDO�VHQVLWLYLW\ DW WKH )H VLWH� ,Q
UHFRPELQLQJ WR WKH )H DWRP� WKH 12 ELQGV LQ D GRPHG JHRPHWU\ RI WKH KHPH� DV VXJJHVWHG E\
SUHYLRXV WLPH�UHVROYHG UHVRQDQFH 5DPDQ VWXGLHV� >�@� :H ZLOO SUHVHQW UHVXOWV RI RXU VWXG\ RQ
0E12 XVLQJ ERWK ;�UD\ DEVRUSWLRQ DQG HPLVVLRQ VSHFWURVFRS\ �;$6 DQG ;(6�� ZKLFK ZH
FRPSOHPHQWHG E\ ;�UD\ GLIIXVH VFDWWHULQJ �;'6�� FDUULHG RXW DW WKH (;)(/� 6$&/$ DQG 6ZLVV)(/�
7KH FXUUHQW XQGHUVWDQGLQJ RI UHVSLUDWLRQ LQ KHPH SURWHLQV LV� GLVVRFLDWLRQ DQG GRPLQJ RFFXU LQ D
VLQJOH VWHS� IROORZHG E\ WKH VR FDOOHG ૺSURWHLQ TXDNHૻ �VWUXFWXUDO FKDQJHV LQ WKH SURWHLQ�� 7KLV
VHUYHV DV WKH EDVLF PHFKDQLVP IRU UHVSLUDWLRQ LQ DOO PDPPDOV� &RQWUDU\ WR WKLV� RXU VWXG\ UHYHDOV D
��VWHS SURFHVV IRU WKH GLVVRFLDWLRQ DQG GRPLQJ� ;$6 DQG ;(6 VKRZ WKDW XSRQ SURPSW GLVVRFLDWLRQ
�� �� IV�� WKH 12 OLJDQG LV GLVVRFLDWHG� DIWHU ZKLFK GRPLQJ RFFXUV JRLQJ WKURXJK DQ �7 VWDWH LQWR
WKH ILQDO TXLQWHW VWDWH� WR ZKLFK 12 UHFRPELQHV LQ D PXOWLH[SRQHQWLDO IDVKLRQ RYHU WLPH VFDOHV RI D
IHZ WHQV RI SV WR a��� SV� ZKLFK LV LQ DJUHHPHQW ZLWK RXU SUHYLRXV VWXG\ >�@� %RWK WKH ;(6 .ͅ DQG
WKH .͆ VKRZ D FOHDU VLJQDWXUH RI WKH WULSOHW DQG TXLQWHW VWDWH DQG FRPELQDWLRQ ZLWK ;$6 HQDEOHV
FRUUHODWLRQ WR WKH VWUXFWXUDO FKDQJHV DURXQG WKH )H�DWRP� ;'6 LQVWHDG LV VHQVLWLYH WR JOREDO
VWUXFWXUDO FKDQJHV RI WKH SURWHLQ DQG WKH FRPELQDWLRQ RI WKHVH WKUHH WHFKQLTXHV FDQ SRWHQWLDOO\
UHYHDO�D�XQLTXH�SLFWXUH�RI�HOHFWURQLF��ORFDO�DQG�JOREDO�VWUXFWXUDO�FKDQJHV�RI�0E�

>�@�6LODWDQL��0��HW�DO��31$6������������������૱�������
>�@�.UXJOLN��6��*��HW�DO��31$6������������������૱������
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7UDFLQJ�QXFOHDWLRQ�RQ�D�PROHFXODU�OHYHO

-��.URKQ���0��/LSSH���&��/L���.��'LQJLOLDQ���%��:\VORX]LO���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��'HS��RI�&KHPLVWU\��(7+�=¾ULFK���'HS��RI�&KHPLFDO�DQG
%LRPROHFXODU�(QJLQHHULQJ��2KLR�6WDWH�8QLYHUVLW\

1XFOHDWLRQ LV WKH ILUVW VWHS LQ PDQ\ SKDVH WUDQVLWLRQ SURFHVVHV� KRZHYHU LWV XQGHUO\LQJ PROHFXODU
PHFKDQLVPV DUH VWLOO SRRUO\ XQGHUVWRRG�>�� �@ :H KDYH GHPRQVWUDWHG KRZ LQIRUPDWLRQ RQ WKH
QXFOHDWLRQ EHKDYLRU RI &2� DW KLJK VXSHUVDWXUDWLRQV FDQ EH REWDLQHG XVLQJ PDVV VSHFWURPHWU\�
UHYHDOLQJ�GHWDLOV�RI�WKH�FRQGHQVDWLRQ�SURFHVV�RQ�D�PROHFXODU�OHYHO�>�@

,Q RXU H[SHULPHQW FOXVWHUV DUH IRUPHG LQ WKH XQLIRUP SRVW�QR]]OH IORZ RI D SXOVHG /DYDO H[SDQVLRQ
DQG GHWHFWHG E\ VRIW VLQJOH SKRWRQ LRQL]DWLRQ� 7KH XQLIRUPLW\ RI WKH IORZ HQDEOHV PHDVXUHPHQWV DW
FRQVWDQW WHPSHUDWXUHV DQG VXSHUVDWXUDWLRQV DQG WKH LRQL]DWLRQ WHFKQLTXH PLQLPL]HV GLVVRFLDWLRQ
RI WKH FRQGHQVHG DJJUHJDWHV� %RWK DUH FULWLFDOO\ LPSRUWDQW WR VWXG\ WKH QXFOHDWLRQ SURFHVV LQ D
ZHOO GHILQHG PDQQHU�>�@ ([SHULPHQWDOO\ ZH FDQ GLUHFWO\ DVVHVV WKH RQVHW RI QXFOHDWLRQ E\ YDU\LQJ
WKH�IORZ�WHPSHUDWXUH�DQG�WKH�WLPLQJ�RI�WKH�PHDVXUHPHQW�

+HUH ZH SUHVHQW GDWD RQ WKH RQVHW RI KRPRJHQHRXV QXFOHDWLRQ RI &2� LQ WKH UDQJH EHWZHHQ �� .
WR �� .� :H DOVR GHWHUPLQH QXPEHU FRQFHQWUDWLRQV RI FOXVWHUV ZKLFK HQDEOHV XV WR GHULYH
QXFOHDWLRQ UDWHV� 2XU UHVXOWV RQ WKH RQVHW RI QXFOHDWLRQ DUH LQ JRRG DJUHHPHQW ZLWK PHDVXUHPHQWV
IURP RWKHU JURXSV DQG H[WHQG WKH UDQJH RI DYDLODEOH GDWD IRU &2� WRZDUGV ORZHU WHPSHUDWXUHV�>��
�� �@ ,Q WKLV UHJLPH ZH ILQG D VWURQJ LQGLFDWLRQ IRU WKH WUDQVLWLRQ IURP QXFOHDWLRQ EHKDYLRU LQ WKH
SUHVHQFH�RI�D�EDUULHU��WR�EDUULHU�OHVV�FRQGHQVDWLRQ��

>�@�0��.��<DX�DQG�5��5��5RJHUV��,QWHUQDWLRQDO�6HULHV�LQ�1DWXUDO�3KLORVRSK\��������7KLUG�(GLWLRQ�
>�@�%��:\VORX]LO�DQG�-��:¸ON��-RXUQDO�RI�&KHPLFDO�3K\VLFV��������������������
>�@�0��/LSSH�HW�DO���-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�����������������������
>�@�%��6FKO¦SSL�HW�DO���3K\VLFDO�&KHPLVWU\�&KHPLFDO�3K\VLFV������������������������
>�@�.��'LQJLOLDQ�HW�DO���0DQXVFULSW�LQ�SUHSDUDWLRQ�������
>�@�.��0��'XII��0,7�/LEUDULHV�������
>�@�&��/HWWLHUL�HW�DO���-RXUQDO�RI�(QJLQHHULQJ�IRU�*DV�7XUELQHV�DQG�3RZHU��������������������
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8QW\LQJ�WKH�3K\VLFR�&KHPLFDO�3URSHUWLHV�RI�4XLQROLQLXP�%DVHG�0ROHFXODU�.QRWV�DQG
/LQNV

7��.XPSXODLQHQ���.��&DSULFH���$��$VWHU���)��&RXJQRQ�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\�
8QLYHUVLW\�RI�*HQHYD

.QRWV IXOILOO LPSRUWDQW WDVNV LQ WKH PDFURVFRSLF ZRUOG� 7KH\ DUH HTXDOO\ LPSRUWDQW DW WKH PROHFXODU
VFDOH DQG VSRQWDQHRXVO\ RFFXU LQ '1$� SURWHLQV DQG SRO\PHUV� $UWLILFLDO PROHFXODU NQRWV DQG OLQNV
PRUH FRPSOH[ WKDQ WKH VLQJO\ LQWHUORFNHG >�@FDWHQDQH DUH VWLOO GLIILFXOW WR V\QWKHVL]H DQG WKHUHIRUH
V\VWHPDWLF VWXGLHV RQ WKH SK\VLFR�FKHPLFDO SURSHUWLHV RI WKHVH PROHFXOHV DUH VFDUFH�>�@ :KLOH LW
KDV EHHQ HVWDEOLVKHG WKDW WKH SK\VLFDO DQG FKHPLFDO SURSHUWLHV DUH VLJQLILFDQWO\ DOWHUHG LQ WKH
NQRWWHG VWUXFWXUHV� GHWDLOHG NQRZOHGJH DERXW WKH H[DFW UROH SOD\HG E\ WRSRORJ\ LQ VXFK FRPSOH[
V\VWHPV�LV�RIWHQ�OLPLWHG�

)LJXUH����&KHPLFDO�VWUXFWXUHV�RI�WKH�PROHFXODU�NQRWV�DQG�OLQNV�

+HUH LQ� ZH UHSRUW RQ D V\VWHPDWLF FRPSDUDWLYH LQYHVWLJDWLRQ RQ WKH LQIOXHQFH RI WRSRORJ\ RQ WKH
SKRWRSK\VLFDO DQG FKHPLFDO SURSHUWLHV RI D IDPLO\ RI FORVHO\�UHODWHG TXLQROLQLXP�EDVHG NQRWV DQG
OLQNV� 7KH FRPSRXQGV DUH V\QWKHVL]HG YLD VHOI�DVVHPEO\ GULYHQ E\ K\GURSKRELF LQWHUDFWLRQV
EHWZHHQ WKH TXLQROLQLXP PRLHWLHV DQG WKH K\GURFDUERQ OLQNHU XQLWV LQ DTXHRXV HQYLURQPHQW
�)LJXUH ���>�@ 8VLQJ D FRPELQDWLRQ RI H[SHULPHQWDO DQG FRPSXWDWLRQDO DSSURDFKHV� ZH DUH DEOH WR
GLVHQWDQJOH WKH HIIHFW RQ WKH SURSHUWLHV GXH FKHPLFDO VWUXFWXUH DQG FRQIRUPDWLRQDO IOH[LELOLW\ IURP
WKDW SXUHO\ DULVLQJ IURP WKH WRSRORJ\� ,Q DGGLWLRQ� ZH ZLOO GHPRQVWUDWH KRZ WKH WKUHH�GLPHQVLRQDO
FRQIRUPDWLRQV RI WKHVH VWUXFWXUHV DQG WKHLU DELOLW\ WR SHUIRUP PROHFXODU UHFRJQLWLRQ LQ ZDWHU FDQ
EH�FRQWUROOHG�LQ�D�S+�GHSHQGHQW�PDQQHU�

>�@ 5RVV 6� )RUJDQ� -HDQ�3LHUUH 6DXYDJH� -� )UDVHU 6WRGGDUW� &KHPLFDO 5HYLHZV� ����� ����
����������
>�@ )DELHQ %� /� &RXJQRQ� .HQML &DSULFH� 0DULRQ 3XSLHU� $QWRQLR %DX]£� $QWRQLR )URQWHUD� -RXUQDO RI
$PHULFDQ�&KHPLFDO�6RFLHW\�������������������������

�
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5XWKHQLXP�EDVHG�S\URFKORUHV�IRU�R[\JHQ�HYROXWLRQ�FDWDO\VLV

'��$��.X]QHWVRY���0��$ZDLV�1DHHP���$��)HGRURY���&��5��0¾OOHU�

�(7+�=¾ULFK��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ

(OHFWURFKHPLFDOO\�GULYHQ SURFHVVHV� VXFK DV ZDWHU VSOLWWLQJ RU &2� UHGXFWLRQ WR IXHOV DUH SURPLVLQJ
WHFKQRORJLHV HQDEOLQJ VXVWDLQDEOH HQHUJ\ FRQYHUVLRQ DQG VWRUDJH�� 7KH HIILFLHQF\ RI WKHVH
SURFHVVHV LV VHYHUHO\ OLPLWHG E\ WKH VOXJJLVK NLQHWLFV RI DQRGLF R[\JHQ HYROXWLRQ UHDFWLRQ �2(5��
ZKLFK SURYLGHV SURWRQV DQG HOHFWURQV UHTXLUHG IRU WKH UHGXFWLRQ KDOI�UHDFWLRQ� ,Q WKLV UHVSHFW� 5X�
DQG ,U�EDVHG HOHFWURFDWDO\VWV DUH RI SDUWLFXODU LQWHUHVW GXH WR WKHLU KLJK DFWLYLW\ DQG GXUDELOLW\ LQ
DFLGLF�HQYLURQPHQW��WKH�PDUN�\HW�WR�EH�DFKLHYHG�E\�QRQ�QREOH�PHWDO�EDVHG�FDWDO\VWV��

,Q WKLV ZRUN� ZH KDYH LQYHVWLJDWHG D VHULHV RI $�VLWH VXEVWLWXWHG S\URFKORUH R[LGHV� <���0���5X�2��͈
�0  &X� &R� 0Q� )H� <�� WR DVVHVV WKH FRUUHODWLRQV EHWZHHQ WKH 2(5 DFWLYLW\ DQG R[LGH VWUXFWXUDO
IHDWXUHV� %\ WDLORULQJ PHWDO VXEVWLWXWLRQ� ZH FRXOG FRQWURO WKH R[\JHQ QRQ�VWRLFKLRPHWU\ �͈� DQG
LQFUHDVH LW ZLWK WKH FRQFRPLWDQW FRQWUDFWLRQ RI D 5X�2 ERQG GLVWDQFH DQG HQKDQFHPHQW RI WKH 2(5
DFWLYLW\� 7KHVH UHVXOWV SRLQW RXW WKDW VXUIDFH R[\JHQ H[FKDQJH NLQHWLFV DQG 5X�2 ERQG FRYDOHQF\
DUH DPRQJ WKH NH\ SDUDPHWHUV JRYHUQLQJ WKH UHDFWLYLW\ RI 5X�EDVHG R[LGHV LQ 2(5� 2YHUDOO� WKHVH
LQVLJKWV FODULI\ WKH SRVVLEOH XQGHUO\LQJ HIIHFWV RI PHWDO VXEVWLWXWLRQ LQ S\URFKORUHV RQ 2(5
SHUIRUPDQFH��ZKLFK�LV�LQVWUXFWLYH�IRU�WKH�UDWLRQDO�GHVLJQ�RI�WKH�QHZ�FDWDO\VWV�IRU�ZDWHU�VSOLWWLQJ�

>�@ =KL :HL 6HK� -DNRE .LEVJDDUG� &ROLQ )� 'LFNHQV� ,E &KRUNHQGRUII� -HQV .� 1ºUVNRY� 7KRPDV )�
-DUDPLOOR��6FLHQFH�������������HDDG�����
>�@ &KDUOHV &� /� 0F&URU\� 6XKR -XQJ� ,YRQQH 0� )HUUHU� 6KDZQ 0� &KDWPDQ� -RQDV &� 3HWHUV�
7KRPDV�)��-DUDPLOOR��-���$P��&KHP��6RF������������������������
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([WUDFWLRQ�RI�0RQRPHU�&OXVWHU�$VVRFLDWLRQ�5DWH�&RHIILFLHQWV�IURP�:DWHU�1XFOHDWLRQ
'DWD�0HDVXUHG�DW�([WUHPH�6XSHUVDWXUDWLRQV

&��/L���0��/LSSH���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��'HS��RI�&KHPLVWU\�DQG�$SSOLHG�%LRVF���(7+�=XULFK

:H KDYH UHFHQWO\ UHSRUWHG GDWD� IRU ZDWHU QXFOHDWLRQ LQ WKH XQLIRUP SRVW�QR]]OH IORZ RI SXOVHG
/DYDO H[SDQVLRQV DW IORZ WHPSHUDWXUHV RI �� DQG ���� . DQG KLJK VXSHUVDWXUDWLRQV RI OQ6a�� DQG
���� UHVSHFWLYHO\� 7KH FOXVWHU VL]H GLVWULEXWLRQV ZHUH PHDVXUHG DW GLIIHUHQW QXFOHDWLRQ WLPHV E\
PDVV VSHFWURPHWU\ FRXSOHG ZLWK VRIW VLQJOH�SKRWRQ LRQL]DWLRQ DW ���� H9� 7KH VRIW LRQL]DWLRQ
PHWKRG HQVXUHV WKDW WKH RULJLQDO FOXVWHU VL]H GLVWULEXWLRQV DUH ODUJHO\ SUHVHUYHG XSRQ LRQL]DWLRQ�
DQG DOORZV XV WR H[WUDFW PRQRPHU DVVRFLDWLRQ UDWH FRHIILFLHQWV IURP WKH PHDVXUHG FOXVWHU VL]H
GLVWULEXWLRQV� $VVXPLQJ FOXVWHU HYDSRUDWLRQ WR EH QHJOLJLEOH� ZH ILUVW GHULYHG WKH GLPHUL]DWLRQ UDWHV
IURP H[SHULPHQWDOO\ GHWHUPLQHG QXFOHDWLRQ UDWHV� ZKLFK ZHUH DSSUR[LPDWHO\ �y���� FP�� V�� DQG
�y���� FP�� V�� IRU OQ6 ು �� DQG ���� UHVSHFWLYHO\� :H WKHQ VHTXHQWLDOO\ GHWHUPLQHG WKH DVVRFLDWLRQ
UDWH FRHIILFLHQWV EHWZHHQ PRQRPHU DQG FOXVWHU M� N�M� E\ ILWWLQJ FOXVWHU FRQFHQWUDWLRQV SUHGLFWHG E\
D NLQHWLF PRGHO� WR H[SHULPHQWDO YDOXHV� 7KH ILWWHG UHVXOWV FRQILUPHG HDUOLHU ILQGLQJV WKDW
GLPHUL]DWLRQ LV WKH OLPLWLQJ VWHS IRU ZDWHU QXFOHDWLRQ DW RXU H[SHULPHQWDO FRQGLWLRQV� 7KH
GLPHUL]DWLRQ UDWH OLHV ��� RUGHUV RI PDJQLWXGH EHORZ WKH JDV NLQHWLF FROOLVLRQ OLPLW DQG DJUHHV ZLWK
DQ HDUOLHU SUHGLFWLRQ EDVHG RQ DE LQLWLR WUDQVLWLRQ VWDWH WKHRU\�� 2WKHU WKDQ WKH GLPHUL]DWLRQ UDWH�
KRZHYHU� WKH ILWWHG UDWH FRHIILFLHQWV �N��M!�� DUH RQ WKH VDPH RUGHU RI PDJQLWXGH DV WKH NLQHWLF
FROOLVLRQ OLPLW� ,Q SDUWLFXODU� WKH ILWWHG UDWHV DUH VLJQLILFDQWO\ KLJKHU WKDQ WKRVH SUHGLFWHG E\
WUDQVLWLRQ�VWDWH�WKHRU\��IRU�M �����DQG�������

>�@ 0� /LSSH� 6� &KDNUDEDUW\� -� -� )HUUHLUR� .� .� 7DQDND DQG 5� 6LJQRUHOO� 7KH -RXUQDO RI &KHPLFDO
3K\VLFV��������������������
>�@�3��+��0F0XUU\�DQG�&��/L��$HURVRO�6FLHQFH�DQG�7HFKQRORJ\����������������������
>�@ -� %RXUJDODLV� 9� 5RXVVHO� 0� &DSURQ� $� %HQLGDU� $� :� -DVSHU� 6� -� .OLSSHQVWHLQ� /� %LHQQLHU DQG
6��'��/H�3LFDUG��3K\V��5HY��/HWW����������������������������
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2SHUDQGR�,GHQWLILFDWLRQ�RI�$FWLYH�&HQWHUV�RI�1LFNHO�,URQ�&DWDO\VWV�IRU�:DWHU�6SOLWWLQJ
DQG�WKH�5ROH�RI�,URQ�LQ�WKH�&DWDO\WLF�$FWLYLW\

<��/LDQJ���.��%DQMDF���)��&RPHWWR���;��+X�����0��/LQJHQIHOGHU�

�0D[�3ODQFN�(3)/�/DE�IRU�0ROHFXODU�1DQRVFLHQFH�DQG�7HFKQRORJ\�DQG�,QVWLWXWH�RI�3K\VLFV��(3)/�
&+૯�����/DXVDQQH��6ZLW]HUODQG���/DERUDWRU\�RI�,QRUJDQLF�6\QWKHVLV�DQG�&DWDO\VLV��,QVWLWXWH�RI

&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��(3)/��&+������/DXVDQQH��6ZLW]HUODQG

(IILFLHQW ZDWHU VSOLWWLQJ LV LPSHUDWLYH LQ WKH FDUERQ QHXWUDOLW\ SURFHVV� DV K\GURJHQ LV WKH SULPDU\
HQHUJ\ FDUULHU IRU WKH SURSRVHG K\GURJHQ HFRQRP\�� 2QH RI WKH PDMRU SHUIRUPDQFH ORVVHV LQ WKH
HOHFWUR�SKRWRFDWDO\WLF ZDWHU VSOLWWLQJ LV RZLQJ WR WKH ODUJH RYHUSRWHQWLDO UHTXLUHG RQ WKH DQRGH VLGH
IRU WKH R[\JHQ HYROXWLRQ UHDFWLRQ �2(5��� 1LFNHO �1L��,URQ �)H� EDVHG PDWHULDOV DUH DPRQJ WKH PRVW
SURPLVLQJ HDUWK�DEXQGDQW FRPSHWLWRUV IRU FDWDO\]LQJ WKH 2(5 LQ DONDOLQH PHGLD� +RZHYHU� WKH
QDWXUH RI DFWLYH FHQWHUV DW 1L�)H EDVHG FDWDO\VWV DUH VWLOO XQGHU GHEDWH� 0RUHRYHU� WKH DPRXQW RI
)H GHWHUPLQHV WKH DFWLYLW\ RI PL[HG 1L�)H FRPSRXQGV� ,W LV NQRZQ WKDW HYHQ WUDFH DPRXQWV RI )H
H[LVWLQJ�LQ�WKH�HOHFWURO\WH�QRWLFHDEO\�HQKDQFH�WKH�DFWLYLW\�RI�SXUH�1L�R[LGH�K\GUR[LGH��

)XQGDPHQWDO XQGHUVWDQGLQJ RI WKH DFWLYH FHQWHUV XQGHU RSHUDQGR FRQGLWLRQV LV HVVHQWLDO WR WKH
GHYHORSPHQW DQG SUDFWLFDO DSSOLFDWLRQV RI 1L)H FDWDO\VWV� %\ XVLQJ D UHFHQWO\ GHPRQVWUDWHG
WHFKQLTXH RI GLUHFW LGHQWLILFDWLRQ RI FDWDO\WLFDOO\ DFWLYH FHQWHUV XVLQJ HOHFWURFKHPLFDO 670 XQGHU
UHDFWLRQ FRQGLWLRQV� RQH FDQ PDS WKH DFWLYLW\ GLVWULEXWLRQ DW WKH FDWDO\VW VXUIDFH� ,W LV EDVHG RQ WKH
FRQFHSW WKDW� GXULQJ FDWDO\WLF UHDFWLRQV� HOHFWURFKHPLFDO 670 FDQ FDSWXUH XQH[SHFWHG
GLVWXUEDQFHV LQ WKH WXQQHOLQJ FXUUHQW RQ DFWLYH FHQWHUV ZKLOH VFDQQLQJ� ZKLFK FRUUHODWH WKH
ORFDWLRQ�RI�DFWLYH�FHQWHUV�RQ�WKH�VXE�QDQRPHWHU�VFDOH��

,Q WKLV ZRUN� WZR�GLPHQVLRQDO 1L DQG 1L)H OD\HUHG GRXEOH K\GUR[LGHV �/'+V� LPPRELOL]HG RQ LQHUW
VXEVWUDWHV SUHSDUHG E\ WKH PHWKRG GHVFULEHG HOVHZKHUH��� KDYH EHHQ XVHG DV WKH VDPSOHV IRU
HOHFWURFKHPLFDO 670 LQYHVWLJDWLRQV� )H�FRQWDLQLQJ DQG )H�IUHH .2+ DTXHRXV HOHFWURO\WHV DUH
XWLOL]HG LQ RUGHU WR UHYHDO WKH DFWXDO PHFKDQLVP WKDW LQFUHDVHV WKH 2(5 DFWLYLW\ RI SXUH 1L
FDWDO\VWV FDXVHG E\ WKH )H LQ WKH HOHFWURO\WH� )XUWKHUPRUH� PRUSKRORJLFDO IDFWRUV �H�J�� GHIHFWV�
WHUUDFHV��WKDW�DIIHFW�WKH�2(5�DFWLYLW\�DUH�WUDFNHG�LQ�WKLV�RSHUDQGR�VWXG\�

>�@�1DWXUH�(QHUJ\�����������������
>�@ 'DQLHO )ULHEHO� 0DU\ :� /RXLH� 0LFKDO %DMGLFK� .DL (� 6DQZDOG� <XQ &DL� $QQD 0� :LVH� 0X�-HQJ
&KHQJ� 'LPRVWKHQLV 6RNDUDV� 7VX�&KLHQ :HQJ� 5REHUWR $ORQVR�0RUL� 5\DQ &� 'DYLV� -RKQ 5� %DUJDU�
-HQV .� 1ºUVNRY� $QGHUV 1LOVVRQ� $OH[LV 7� %HOO� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\� �����
���������૱�����
>�@ =KL :HL 6HK� -DNRE .LEVJDDUG� &ROLQ )� 'LFNHQV� ,E &KRUNHQGRUII� -HQV .� 1ºUVNRY� 7KRPDV )�
-DUDPLOOR��6FLHQFH�������������HDDG�����
>�@ -RQDV +� .� 3ILVWHUHU� <XQFKDQJ /LDQJ� 2OLYHU 6FKQHLGHU� $OLDNVDQGU 6� %DQGDUHQND�1DWXUH�
�������������૱���
>�@�)DQJ�6RQJ��;LOH�+X��1DWXUH�&RPPXQLFDWLRQ����������������
>�@ )DQJ 6RQJ� 0LFKDHO 0� %XVFK� %HQHGLNW /DVVDOOH�.DLVHU� &KLD�6KXR +VX� (OLWVD 3HWNXFKHYD�
0LFKDO %HQVLPRQ� +DR 0LQJ &KHQ� &OHPHQFH &RUPLQERHXI� ;LOH +X� $&6 &HQWUDO 6FLHQFH� ����� ��
���ಗ���
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8OWUDIDVW�SKRWRUHGXFWLRQ�RI�VROYDWHG�LURQ�FRPSRXQGV�SUREHG�E\�989�SKRWRHOHFWURQ
VSHFWURVFRS\

/��/RQJHWWL���7��5��%DULOORW���0��3XSSLQ���-��2MHGD���&��$UUHOO�����)��YDQ�0RXULN���0��&KHUJXL�

�/DERUDWRWU\�RI�8OWUDIDVW�6SHFWURVFRS\��/68��DQG�/DXVDQQH�&HQWHU�IRU�8OWUDIDVW�6FLHQFH��/$&86��
(3)/��VWDWLRQ���������/DXVDQQH��6ZLW]HUODQG���36,�9LOOLJHQ

7UDQVLWLRQ PHWDO FRPSOH[HV FDQ H[LVW LQ KLJK�VSLQ �+6� RU ORZ�VSLQ �/6� FRQILJXUDWLRQ >�@� ZKRVH
HTXLOLEULXP GHSHQGV RQ R[LGDWLRQ VWDWH� QDWXUH RI WKH OLJDQGV DQG FRRUGLQDWLRQ QXPEHU� /LJKW
LQWHUDFWLRQ WULJJHUV XOWUDIDVW HOHFWURQLF DQG VWUXFWXUDO G\QDPLFV VXFK DV ERQG FOHDYDJH� V\PPHWU\
UHDUUDQJHPHQW� VSLQ�FURVVRYHU �6&2�� DQG FKDUJH WUDQVIHU >�@� 7KHVH FRPSRXQGV FDQ KDUGO\ EH
LVRODWHG� KHQFH SKRWRFKHPLVWU\ RI VROXWLRQV LV VWXGLHG� ZKHUH VROYHQW SOD\V D UHOHYDQW UROH >�@� $
JRRG H[DPSOH LV IHUULF WULVR[DODWH >)H,,,�R[��@�� �IHUULR[DODWH�� WKDW XSRQ 89 H[FLWDWLRQ H[SHULHQFHV
OLJDQG GLVVRFLDWLRQ EHFDXVH RI IRUHUXQQHU SURFHVVHV \HW WR EH FODULILHG� 7KH ILQDO SKRWRSURGXFW
ODFNV RI D OLJDQG DQG WKH LURQ LV UHGXFHG >�@� 7KLV LPSOLHV D OLJDQG�WR�PHWDO FKDUJH WUDQVIHU �/0&7�
SURFHVV� D OLJDQG�ILHOG VWUHQJWK UHGXFWLRQ DQG D SRVVLEOH 6&2� 5HFHQW ;�UD\ VWXGLHV DW WKH LURQ .�
HGJH FRQFOXGHG IUDJPHQWDWLRQ ZLWKLQ � SV >�@� RWKHU ,5 PHDVXUHPHQWV GHPRQVWUDWHG OLJDQG ERQG
EUHDNDJH ZLWKLQ WKH ILUVW SV >�@� 7KRXJK� LW LV QRW \HW FODULILHG ZKHWKHU WKH PHWDO UHGXFWLRQ LV D
FRQVHTXHQFH RI WKH FOHDYDJH RU QRW� DQG KRZ VWUXFWXUDO DQG HOHFWURQLF G\QDPLFV LQWHUSOD\ DW HDUO\
WLPHV� :H SUHVHQW D WLPH�UHVROYHG VWXG\ RI SKRWRH[FLWHG IHUULR[DODWH DTXHRXV VROXWLRQ E\ PHDQV
RI SKRWRHOHFWURQ VSHFWURVFRS\ �3(6� >���@� ZKLFK LV WKH RQO\ WHFKQLTXH WKDW SURYLGHV WKH ZKROH
DFFHVVLEOH HOHFWURQLF VWUXFWXUH RI WKH VDPSOH >�@� 7KLV DOORZV XV WR VLPXOWDQHRXVO\ WUDFN HOHFWURQLF
DQG VWUXFWXUDO G\QDPLFV RI SKRWRH[FLWHG VROYDWHG PROHFXOHV� 8SRQ ��� QP�ZDYHOHQJWK H[FLWDWLRQ�
ZH REVHUYH WKH )H �G SKRWRHOHFWURQ VLJQDO WR VKLIW WRZDUGV WKH IHUURXV VSHFWUDO SRVLWLRQ �VHH
ILJXUH�� L�H� PHWDO SKRWRUHGXFWLRQ LV SURPSW ���� IV�� ZKLFK DVFHUWDLQV WKH /0&7 DV SULPDU\ DQG
GULYLQJ PHFKDQLVP� )XUWKHUPRUH� WKH WUDQVLHQW SKRWRHOHFWURQ LURQ VLJQDO GRHV QRW XQGHUJR SHDN
QDUURZLQJ ZKLWKLQ RXU SUREH UDQJH �� SV�� RWKHUZLVH H[SHFWHG LQ FDVH RI +6 WR /6 6&2 >��@� 7KHVH
UHVXOWV� WRJHWKHU ZLWK SUHYLRXV LQIUDUHG >�@ DQG ;�UD\ VWXGLHV >�@� \LHOG D FRPSOHWH SLFWXUH RI WKH
SKRWRLQGXFHG�G\QDPLFV�

)LJXUH� D� 6WDWLF 3(6 VLJQDO RI )H�,,,�R[DODWH LURQ �G RUELWDOV �EODFN�� DQG WUDQVLHQW )H�,,� XSRQ ���
QP H[FLWDWLRQ �UHG� VKLIWLQJ WRZDUGV WKH ILQDO SURGXFW )H�,,� VSHFWUDO VLJQDWXUH �GDVKHG�� E� WKH
LQWHJUDWHG 3(6 )H�,,� WUDQVLHQW LQWHQVLW\ ULVHV DQG UHPDLQV FRQVWDQW� F� VNHWFK RI IHUULR[DODWH ZLWK
/0&7�PHFKDQLVP�

>�@ -� %HDWWLH� $GYDQFHV LQ ,QRUJDQLF &KHPLVWU\� ����� ��� ����� >�@ -� 2MHGD HW DO�� 3K\V� &KHP�
&KHP� 3K\V�� ����� ��� ������������ >�@ 7� 3HQIROG HW DO�� -� 3K\V� &KHP� $� ����� ����
����૱����� >�@ +DWFKDUG DQG 3DUNHU� 3URF� 5R\DO 6RFLHW\ RI /RQGRQ 6HULHV $� ����� ���� ��������
>�@ <� 2JL HW DO�� 6WUXFWXUDO '\QDPLFV� ����� �� ������ >�@ 6� 6WUDXE HW DO�� 3K\V� &KHP� &KHP�
3K\V�� ����� ��� ������ >�@ %� :LQWHU DQG 0� )DXEHO� &KHP� 5HY�� ����� ���� ����ಗ����� >�@ &�
$UUHOO HW DO�� &KLPLD� ����� ��� �������� >�@ -� 2MHGD HW DO�� 6WUXFWXUDO '\QDPLFV� ����� �� �������
>��@�5��6HLGHO�HW�DO���-��3K\V��&KHP��%������������������������
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0HFKDQLVP�RI�XQLYHUVDO�IOXRUHVFHQFH�TXHQFKLQJ�RI�RUJDQLF�G\HV�E\�ZDWHU

-��0DLOODUG���.��.OHKV���&��5XPEOH���$��3REODGRU�%DKDPRQGH���0��+HLOHPDQQ���$��)¾UVWHQEHUJ�

�'HSDUWPHQW�RI�,QRUJDQLF�DQG�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���,QVWLWXWH�RI�3K\VLFDO�DQG
7KHRUHWLFDO�&KHPLVWU\��*RHWKH�8QLYHUVLW\�)UDQNIXUW���'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\

RI�*HQHYD���'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

)OXRUHVFHQFH VSHFWURVFRS\ DQG LPDJLQJ KDYH EHFRPH VWDQGDUG WRROV WR DGGUHVV ELRORJLFDO
TXHVWLRQV� ([WULQVLF IOXRUHVFHQW SUREHV DUH W\SLFDOO\ VHOHFWLYHO\ DWWDFKHG WR ELRPROHFXOHV RI
LQWHUHVW LQ RUGHU WR HQDEOH WKHLU GHWHFWLRQ� :KHQ LW FRPHV WR FKRRVLQJ WKH IOXRURSKRUH� LW LV
KRZHYHU RIWHQ RYHUORRNHG WKDW ZDWHU� ZKLFK LV XELTXLWRXV LQ ELRORJLFDO HQYLURQPHQWV� TXHQFKHV WKH
HPLVVLRQ RI PDQ\ IOXRURSKRUHV� )UHTXHQWO\� IOXRUHVFHQFH LV UHVWRUHG LQ DSURWLF DQG GHXWHUDWHG
VROYHQWV DQG ZH SUHYLRXVO\ VKRZHG WKDW VLQJOH�PROHFXOH EDVHG VXSHU�UHVROXWLRQ LPDJLQJ
VLJQLILFDQWO\�EHQHILWV�IURP�UHSODFLQJ�+�2�E\�'�2�>����@�

:KHUHDV WKH PHFKDQLVP OHDGLQJ WR IOXRUHVFHQFH TXHQFKLQJ E\ ZDWHU KDV EHHQ GLVFXVVHG LQ GHWDLO
IRU LQRUJDQLF LRQV LQ FRRUGLQDWLRQ FRPSOH[HV >�@� LWV QDWXUH UHPDLQV HOXVLYH IRU RUJDQLF
IOXRURSKRUHV VXUURXQGHG E\ ORRVH ZDWHU DV WKH VROYHQW� ,Q WKLV FRQWULEXWLRQ� ZH V\VWHPDWLFDOO\
H[SORUH WKH TXHQFKLQJ RI �� RUJDQLF IOXRURSKRUHV E\ ZDWHU DQG RWKHU VROYHQWV� :H REVHUYH WKDW
TXHQFKLQJ E\ VROYHQWV LV VWURQJHU IRU UHG�HPLWWLQJ IOXRURSKRUHV DQG GHSHQGV RQ WKH VSHFWUDO
RYHUODS EHWZHHQ IOXRURSKRUH HPLVVLRQ DQG RYHUWRQHV RI VROYHQW 2�+ YLEUDWLRQDO PRGHV� :H IXUWKHU
UHODWH WKH TXHQFKLQJ HIILFLHQF\ WR WKH QXPEHU RI ZDWHU PROHFXOHV LQ WKH ILUVW IOXRURSKRUH
FRRUGLQDWLRQ VSKHUH DQG VKRZ WKDW WKLV VWUDWHJ\ FDQ EH XVHG WR TXDQWLI\ WKH ZDWHU DPRXQW LQ
FRQWDFW�ZLWK�WKH�IOXRURSKRUH��IRU�H[DPSOH�DW�D�SURWHLQ�LQWHUIDFH�

�

>�@��6��)��/HH��4��9«UROHW��$��)¾UVWHQEHUJ��$QJHZ��&KHP��,QW��(G����������������������
>�@ .� .OHKV� &� 6SDKQ� 8� (QGHVIHOGHU� 6� )� /HH� $� )¾UVWHQEHUJ� 0� +HLOHPDQQ�&KHP3K\V&KHP
������������������
>�@��<��+DDV��*��6WHLQ��-��3K\V��&KHP����������������������
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/RQJ�WHUP�WUDSSLQJ�RI�6WDUN�GHFHOHUDWHG�SRODU�PROHFXOHV

&��0DQJHQJ���'��+DDV���&��YRQ�3ODQWD���7��.LHUVSHO���'��=KDQJ���6��:LOOLWVFK�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6ZLW]HUODQG���,QVWLWXWH�RI�$WRPLF�DQG�0ROHFXODU
3K\VLFV��-LOLQ�8QLYHUVLW\��&KLQD

7UDSSLQJ SDUWLFOHV IRU H[WHQGHG GXUDWLRQV LV D NH\ IDFWRU IRU KLJK�UHVROXWLRQ VSHFWURVFRSLF
PHDVXUHPHQWV DQG VXFFHVVIXO FROOLVLRQ H[SHULPHQWV LQ WKH FROG UHJLPH �7WUDQV � � .�� HVSHFLDOO\ LQ
FDVHV ZKHUH GHQVLWLHV DUH ORZ� 6XFK H[SHULPHQWV DOORZ WR VWXG\ IXQGDPHQWDO LQWHUDFWLRQV EHWZHHQ
SDUWLFOHV DQG WR JHW LQVLJKW LQWR WKHLU TXDQWXP QDWXUH� :KLOH K\EULG V\VWHPV RI WUDSSHG FROG DWRPV
DQG LRQV KDYH EHHQ SURYHQ WR SURYLGH D VXLWDEOH EDVLV IRU WKHVH H[SHULPHQWV� WKH IRFXV LV QRZ
VKLIWLQJ�WRZDUGV�PROHFXODU�V\VWHPV�GXH�WR�WKHLU�LQFUHDVHG�YHUVDWLOLW\�>����@�

+HUH� ZH UHSRUW RQ WKH WUDSSLQJ RI FROG 2+ UDGLFDOV XQGHU FU\RJHQLF FRQGLWLRQV� 7KH UDGLFDOV DUH
SURGXFHG YLD D SLQKROH GLVFKDUJH RI +�2 LQ D VXSHUVRQLF H[SDQVLRQ� DQG DUH VORZHG GRZQ ZLWK D
6WDUN GHFHOHUDWRU IURP ��� P�V WR �� P�V� $ ILQDO VWRSSLQJ ILHOG LV DSSOLHG FORVH WR WKH FHQWHU RI D
PDJQHWLF WUDS� ZKLFK UHVXOWV LQ DQ DYHUDJH YHORFLW\ RI � P�V RU D QRQWKHUPDO WUDQVODWLRQDO
WHPSHUDWXUH RI �� P.� 6XFFHVVIXO WUDSSLQJ RI 2+ LV FRQILUPHG YLD ODVHU�LQGXFHG IOXRUHVFHQFH DQG
��H WUDS OLIHWLPHV FORVH WR KDOI D PLQXWH ZHUH DFKLHYHG XQGHU FU\RJHQLF FRQGLWLRQV >�@� 7KH
PDJQHWLF WUDS LV SDUW RI D K\EULG V\VWHP WKDW IXUWKHU HPSOR\V D UDGLRIUHTXHQF\ LRQ WUDS DQG DOORZV
WR PHFKDQLFDOO\ VKXWWOH WKH QHXWUDO PROHFXOHV WR WKH LRQ WUDS� 7KXV� VWXGLHV RI HODVWLF� LQHODVWLF DQG
UHDFWLYH FROOLVLRQV EHWZHHQ TXDQWXP�VWDWH VHOHFWHG FROG SRODU PROHFXOHV DQG DWRPLF�PROHFXODU
LRQV DUH SRVVLEOH� :H IXUWKHU SUHVHQW WKH GHYHORSPHQW RI DQ LPSURYHG YHUVLRQ RI WKH K\EULG WUDS
V\VWHP�WKDW�HOLPLQDWHV�WKH�QHHG�IRU�D�VKXWWOH�PRWRU�

>�@�6��:LOOLWVFK��$GY��&KHP��3K\V������������������
>�@ 3� (EHUOH� $� '� '¸UIOHU� &� YRQ 3ODQWD� 5� .ULVKQDPXUWK\� '� +DDV� '� =KDQJ� 6� <� 7� YDQ GH
0HHUDNNHU��6��:LOOLWVFK��-��3K\V��&RQI��6HU���������������������
>�@�'��+DDV��&��YRQ�3ODQWD��7��.LHUVSHO��'��=KDQJ��6��:LOOLWVFK��DU;LY������������������
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6WXG\�RI�WKH�6WUXFWXUDO�DQG�/XPLQHVFHQW�3URSHUWLHV�RI�,QRUJDQLF�&U\VWDOV�GRSHG�ZLWK
5DUH�(DUWK�(OHPHQWV

$��0DQVRXUL���-��&KULVWPDQQ���+��+DJHPDQQ�

�8QLYHUVLW«�GH�*HQªYH

7KH DONDOLQH HDUWK PHWDO R[\KDOLGH 6U�2&O��(X�� LV FKDUDFWHUL]HG E\ JRRG WKHUPDO VWDELOLW\ DQG D
WLQ\�FKURPDWLFLW\�VKLIW��,W�HPLWV�HIILFLHQWO\�LQ�EOXH�XSRQ�H[FLWDWLRQ�ZLWK�D�QHDU�89�/('�FKLS�>�@�>�@�

,Q WKLV ZRUN� LQRUJDQLF FU\VWDOV RI 0�2;� �0 6U� %D� &D DQG ; &O� %U� GRSHG ZLWK (X�� DUH
V\QWKHVL]HG� FKDUDFWHUL]HG DQG WKHLU OXPLQHVFHQW SURSHUWLHV DUH VWXGLHG� /RZ WHPSHUDWXUH DQG
KLJK SUHVVXUH PHDVXUHPHQWV DUH XVHG WR KDYH D GHHSHU XQGHUVWDQGLQJ RI WKH UHODWLRQVKLS EHWZHHQ
WKH�HQYLURQPHQW�RI�WKH�OXPLQHVFHQW�FHQWHU�DQG�LWV�HPLVVLRQ�SURSHUWLHV�LQ�WKLV�W\SH�RI�KRVWV�

3HULRGLFDO ')7 FDOFXODWLRQV KDYH EHHQ SHUIRUPHG LQ RUGHU WR KDYH DQ DFFXUDWH VSHFWURVFRSLF
VLJQDWXUH RI WKHVH V\VWHPV� $OVR� LW KHOSHG XV LQYHVWLJDWH WKH YDOLGLW\ RI WKH XQXVXDO GHVFULSWLRQ RI
WKH�VWUXFWXUH�XVLQJ�DQLRQ�FHQWHUHG�WHWUDKHGUD�DV�LQGHSHQGHQW�VXEXQLWV�>�@

7KH ODVW SDUW RI WKLV ZRUN LV WKH LQYHVWLJDWLRQ RI WKH RSWLFDO SURSHUWLHV DQG WKH FU\VWDO ILHOG DQDO\VLV
RI�7HUELXP��,,,��LQ�ERURK\GULGH�FRPSRXQGV�

)LJXUH� D� &U\VWDO VWUXFWXUH RI ͅ�7E�%+��� E� 7E�%+����'06 F� (QHUJ\ GLDJUDP RI 7HUELXP �,,,��
7DNHQ�IURP�UHIHUHQFH�>�@�

>�@ 6� -� *ZDN� 3� $UXQNXPDU� DQG :� %� ,P� -� 3K\V� &KHP� &� YRO� ���� QR� �� SS� ����૱����� )HE�
�����
>�@��<��&KHQ�HW�DO��-��0DWHU��&KHP��&��YRO�����QR������SS������૱������0DU������
>�@ .ULYRYLFKHY� 6� 9�� 0HQWUH� 2�� 6LLGUD� 2� ,�� &ROPRQW� 0�� 	 )LODWRY� 6� .� ������� $QLRQ�FHQWHUHG
WHWUDKHGUD�LQ�LQRUJDQLF�FRPSRXQGV��&KHPLFDO�5HYLHZV��������������������
>�@ 5DNRY� 1�� /R]DQR� :�� )DOFDR�)LOKR� (� /�� *XLPDU¥HV� 5� %�� 0DFLHO� *� 6�� 	 GH $UD¼MR� &� %�
��������2SWLFDO�0DWHULDOV�([SUHVV�������������������
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$�VHW�RI�WHPSHUDWXUH�FRQWUROOHG�VRXUFHV�DV�ELRSK\VLFDO�WRROV�IRU�QDWLYH�PDVV
VSHFWURPHWU\

$��0DUFKDQG���5��=HQREL�

�(7+�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV

8QGHUVWDQGLQJ KRZ QRQFRYDOHQW LQWHUDFWLRQV GULYH WKH IROGLQJ RI ELRPROHFXOHV DQG WKHLU
LQWHUDFWLRQV FRQVWLWXWHV DQ LPSRUWDQW FKDOOHQJH LQ ELRSK\VLFV� 2Q WKH RQH KDQG� WR JHW DFFHVV WR
WKH UHVSHFWLYH VWDELOLWLHV RI ELRPROHFXODU VSHFLHV� RQH FDQ SHUIRUP LVRWKHUPDO WLWUDWLRQ
H[SHULPHQWV� 2Q WKH RWKHU KDQG� NLQHWLFV JLYH DFFHVV WR WKH PHFKDQLVP DQG DOORZ WKH VWXG\ RI
LQWHUPHGLDWHV�DQG�NLQHWLF�WUDSV�

0DQ\ FRPPRQ ELRSK\VLFDO WHFKQLTXHV DUH VXLWDEOH IRU WKH LQYHVWLJDWLRQ RI WKHUPRG\QDPLFDOO\
VWDEOH VWDWHV RU WR PRQLWRU NLQHWLFV� +RZHYHU� DOO WKHVH WHFKQLTXHV DUH SHUIRUPHG LQ VROXWLRQ DQG
XVXDOO\ VWUXJJOH ZKHQ PRUH WKDQ WZR VSHFLHV FRH[LVW� 8VLQJ PDVV VSHFWURPHWU\ DQG LWV DELOLW\ WR
VHSDUDWH WKHVH FRH[LVWLQJ VSHFLHV� LW LV SRVVLEOH WR VWXG\ HTXLOLEULD RI QRQFRYDOHQW FRPSOH[HV�
7KHVH PDVV VSHFWURPHWULF H[SHULPHQWV DUH KRZHYHU W\SLFDOO\ SHUIRUPHG DW URRP WHPSHUDWXUH DQG
RQO\�SURYLGH�WKHUPRG\QDPLF�RU�NLQHWLF�FRQVWDQWV�DW�URRP�WHPSHUDWXUH�

+HUH� ZH SUHVHQW D VHW RI WZR WHPSHUDWXUH�FRQWUROOHG HOHFWURVSUD\ LRQL]DWLRQ �(6,� VRXUFHV IRU
PDVV VSHFWURPHWHUV� 7KH ILUVW RQH� IROORZLQJ D GHVLJQ E\ RWKHU JURXSV >�@�>�@� FRQVLVWV LQ D
WHPSHUDWXUH�FRQWUROOHG FRSSHU EORFN LQ ZKLFK LV HPEHGGHG DQ (6, HPLWWHU ILOOHG ZLWK WKH VROXWLRQ RI
LQWHUHVW� :H PRQLWRUHG WKH UHODWLYH HQHUJ\ OHYHOV RI VHYHUDO FRH[LVWLQJ VSHFLHV DV D IXQFWLRQ RI
WHPSHUDWXUH DQG GHPRQVWUDWH WKDW WKHUPDO GHQDWXUDWLRQ HYHQ RI VLPSOH FRPSOH[HV FDQ EH TXLWH
FRPSOLFDWHG >�@� 7KH VHFRQG VRXUFH LV VXLWDEOH WR PRQLWRU IDVW NLQHWLFV DW GLIIHUHQW WHPSHUDWXUHV� ,Q
D W\SLFDO H[SHULPHQW� D VROXWLRQ FRQWDLQLQJ D FRPSOH[ RI LQWHUHVW LV IORZQ WKURXJK D FDSLOODU\
HPEHGGHG LQVLGH WZR LQGHSHQGHQW WHPSHUDWXUH�FRQWUROOHG FRSSHU EORFNV� )LUVW� DQ HTXLOLEULXP DW
WKH WHPSHUDWXUH RI WKH ILUVW EORFN LV UHDFKHG� 7KLV HTXLOLEULXP LV WKHQ SHUWXUEHG E\ D VXGGHQ
FKDQJH LQ WHPSHUDWXUH ZKHQ WKH VROXWLRQ HQWHUV WKH VHFRQG EORFN� %\ YDU\LQJ WKH IORZ UDWHV�
GLIIHUHQW�WLPH�VFDOHV�FDQ�EH�DFFHVVHG�DQG�NLQHWLFV�FDQ�EH�UHFRUGHG�

7R GHPRQVWUDWH WKH FDSDELOLWLHV RI WKH VRXUFHV� ZH UHFRUGHG WKH WKHUPRG\QDPLFV DQG NLQHWLFV RI
IRUPDWLRQ RI D '1$ WULSOH[ DW PXOWLSOH WHPSHUDWXUHV� 8VLQJ WKH WUDQVLWLRQ VWDWH WKHRU\� ZH PDSSHG
WKH IXOO SRWHQWLDO HQHUJ\ VXUIDFH IRU WKH IRUPDWLRQ RI WKLV FRPSOH[� 7KLV ZRUN LOOXVWUDWHV KRZ QDWLYH
PDVV VSHFWURPHWU\� VXSSOHPHQWHG E\ WKH ULJKW WRROV� FDQ EHFRPH D PDMRU ELRSK\VLFDO PHWKRG WR
VWXG\�ELRPROHFXODU�LQWHUDFWLRQV�

>�@�%HQHVFK��-��/��3���6RERWW��)���5RELQVRQ��&��9��$QDO��&KHP����������������������૱�����
>�@ (O�%DED� 7� -�� :RRGDOO� '� :�� 5DDE� 6� $�� )XOOHU� '� 5�� /DJDQRZVN\� $�� 5XVVHOO� '� +��
&OHPPHU��'��(��-��$P��&KHP��6RF�����������������������૱�����
>�@ &RQJ� ;�� /LX� <�� /LX� :�� /LDQJ� ;�� 5XVVHOO� '� +�� /DJDQRZVN\� $� -� $P� &KHP� 6RF�� ����� ���
����������૱�����
>�@ 0DUFKDQG� $�� 5RVX� )�� =HQREL� 5�� *DEHOLFD� 9� -� $P� &KHP� 6RF�� ����� ��� �����
�����૱������
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6XUIDFH�&KDUDFWHUL]DWLRQ�RI�&ROORLGDO�6LOLFD�1DQRSDUWLFOHV�E\�6HFRQG�+DUPRQLF
6FDWWHULQJ��6XUIDFH�3RWHQWLDO�DQG�,QWHUIDFLDO�:DWHU�2UGHU

$��0DUFKLRUR���&��/¾WJHEDXFNV���0��%LVFKRII���6��5RNH�

�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3���(3)/�/DXVDQQH

6XUIDFH SURSHUWLHV RI FROORLGDO QDQRSDUWLFOHV �13V� DUH NH\ WR D ODUJH QXPEHU RI LQGXVWULDO
DSSOLFDWLRQV� LQ SDUWLFXODU WKRVH UHODWHG WR KHWHURJHQHRXV FDWDO\VLV� +RZHYHU� EXULHG LQWHUIDFHV
DQG VXUIDFHV RI SDUWLFOHV LQ VROXWLRQ DUH FKDOOHQJLQJ WR SUREH VHOHFWLYHO\ DV WKH EXON FRQWULEXWLRQ
RIWHQ GRPLQDWH� DQG LQ PDQ\ FDVHV WKH VXUIDFH SURSHUWLHV RI D FROORLGDO V\VWHP FDQQRW EH LQIHUUHG
IURP�VWXGLHV�RI�WKH�FRUUHVSRQGLQJ�SODQDU�VXUIDFH�

+HUH ZH VKRZ WKDW WKH HOHFWULFDO GRXEOH OD\HU RI VLOLFD 13V LQ VROXWLRQ FDQ EH SUREHG ZLWK
SRODULPHWULF DQJOH�UHVROYHG VHFRQG KDUPRQLF VFDWWHULQJ �$5�6+6�� 7KLV QRQOLQHDU RSWLFDO WHFKQLTXH
VHOHFWLYHO\ SUREHV WKH LQWHUIDFLDO UHJLRQ DQG RIIHUV DQ DOO�RSWLFDO DOWHUQDWLYH WR VXUIDFH૯VHQVLWLYH
WHFKQLTXHV WKDW XVXDOO\ UHTXLUH PRUH VRSKLVWLFDWHG UHVRXUFHV� DV IRU H[DPSOH [�UD\ SKRWRHOHFWURQ
VSHFWURVFRS\� )XUWKHUPRUH� $5�6+6 JLYHV DFFHVV WR TXDQWLWLHV VXFK DV VXUIDFH SRWHQWLDO DQG
PROHFXODU RULHQWDWLRQ DW WKH LQWHUIDFH� WZR SDUDPHWHUV QRW HDVLO\ REWDLQHG H[SHULPHQWDOO\� ZLWKRXW
WKH XVH RI DQ\ ODEHOLQJ PROHFXOH RU D SULRUL PRGHOV IRU WKH VWUXFWXUH RI WKH LQWHUIDFH� 7KH $5�6+6
GDWD FDQ WKXV EH XVHG WR PRQLWRU VXUIDFH FKDQJHV DV D IXQFWLRQ RI S+ DQG VDOW FRQFHQWUDWLRQ�
DQG�SURYLGHV�DQ�DFFXUDWH�GHVFULSWLRQ�RI�WKH�LQWHUIDFH�RI�FROORLGDO�13V�LQ�ZDWHU��

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3K\VLFDO�&KHPLVWU\��3RVWHU 3&����

0LPLFNLQJ�QDFUH�WKURXJK�PDJQHWLFDOO\�GULYHQ�VHOI�DVVHPEO\�RI�FROORLGV

-��0HGLQJHU���0��/DWWXDGD�

�8QLYHUVLW\�RI�)ULERXUJ

1DWXUHV LQWHOOLJHQW GHVLJQ RI FRPSRVLWH PDWHULDOV OHDGV WR HQKDQFHG PHFKDQLFDO SURSHUWLHV
FRPSDUHG WR WKH LQGLYLGXDO FRQVWLWXHQWV� ZKLFK FDQ IRU H[DPSOH OHDG WR D FRPELQDWLRQ RI KLJK
VWLIIQHVV DQG WRXJKQHVV >�@� 1DWXUH GHVLJQ SULQFLSOHV KDYH LQVSLUHG VFLHQWLVWV WR IDEULFDWH
UHLQIRUFHG V\QWKHWLF PDWHULDOV E\ PLPLFNLQJ WKH DUFKLWHFWXUH RI ELRORJLFDO V\VWHPV� 1DFUH LV RQH RI
WKH PRVW VWXGLHG V\VWHPV >���@� ,W LV D FRPSRVLWH PDWHULDO IRUPHG RI DOWHUQDWLQJ OD\HUV RI LQRUJDQLF
DUDJRQLWH SODWHOHWV LQWHUFDODWHG E\ D ELRSRO\PHU� 1DFUH GLVSOD\V UHPDUNDEO\ KLJK PHFKDQLFDO
SURSHUWLHV JRLQJ IDU EH\RQG WKH UXOH RI PL[WXUH RI LWV FRQVWLWXHQWV�:H WULHG WR PLPLF WKLV OD\HUHG
FRPSRVLWH VWUXFWXUH XVLQJ VLOLFD DV LQRUJDQLF PDWHULDO� ,Q RUGHU WR REWDLQ D OD\HUHG SRURXV DQG
DQLVRWURSLF VLOLFD QHWZRUN� ZH PRGLILHG WKH FRQYHQWLRQDO VRO�JHO SURFHVV� ZKLFK OHDGV WR SRURXV
VLOLFD PRQROLWKV� E\ DGGLQJ VXSHUSDUDPDJQHWLF LURQ R[LGH QDQRSDUWLFOHV �63,216� DQG DSSO\LQJ DQ
H[WHUQDO URWDWLQJ PDJQHWLF ILHOG GXULQJ WKH VRO�JHO WUDQVLWLRQ >�@� 7KH PDJQHWLF QDQRSDUWLFOHV ZLOO
VHOI�DVVHPEOH LQWR OD\HUHG VWUXFWXUHV LQ WKH SUHVHQFH RI D KLJK IUHTXHQF\ URWDWLQJ ILHOG� DOLJQHG LQ
WKH SODQH RI URWDWLRQ RI WKH ILHOG� 6LOLFD KDYLQJ DQ DIILQLW\ IRU WKH LURQ R[LGH QDQRSDUWLFOHV ZLOO
QXFOHDWH RQ WKHP DGRSWLQJ WKH VDPH VWUXFWXUH DV WKH 63,216� ZKLFK DFW DV VPDUW WHPSODWHV WR
GLFWDWH WKH ILQDO VWUXFWXUH RI WKH PRQROLWK� ZKLFK LV SHUPDQHQWO\ IL[HG DIWHU JHODWLRQ� 7KH ILQDO
LQRUJDQLF�RUJDQLF QDFUH LQVSLUHG FRPSRVLWH LV FUHDWHG E\ ILOOLQJ WKH SRURXV VWUXFWXUH ZLWK D
SRO\PHU� &RPSUHVVLRQV WHVWV RI WKH SODWHOHW�VWUXFWXUHG FRPSRVLWH VKRZ WKH GHVLUHG LQFUHDVH RI WKH
PHFKDQLFDO�SURSHUWLHV�RI�WKH�VLOLFD�PRQROLWK�

>�@�0��0H\HUV��3�<��&KHQ��$��/LQ��<��6HNL��3URJUHVV�LQ�0DWHULDOV�6FLHQFH��������������
>�@�)��%DUWKHODW��&0��/L��&��&RPL�DQG�+�'��(VSLQRVD��-RXUQDO�RI�0DWHULDOV�5HVHDUFK�����������������
>�@ 7� 1LHEHO� )� %RXYLOOH� '� .RNNLQLV DQG $�5� 6WXGDUW� -RXUQDO RI WKH 0HFKDQLFV DQG 3K\VLFV RI
6ROLGV����������������
>�@�0��)XUODQ��%��%UDQG�DQG�0��/DWWXDGD��6RIW�0DWWHU����������������
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7KH�OLQN�EHWZHHQ�HQHUJ\�UHOD[DWLRQ�DQG�VWUXFWXUDO�G\QDPLFV��$�UHILQHG�PHFKDQLVWLF
SLFWXUH�RI�WKH�>3W�SS\��w૯W%X�S]�@��SKRWRSK\VLFV

/��0HZHV���5��$��,QJOH���(��%DUDQRII���6��0HJRZ���+��%¸KQNH���)��7HPSV���0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��6ZLW]HUODQG���8QLYHUVLW\�RI�%LUPLQJKDP��8.���&KULVWLDQ�
$OEUHFKWV�8QLYHUVLW¦W�]X�.LHO��*HUPDQ\

$GUHVVLQJ WKH FRQQHFWLRQ EHWZHHQ PROHFXODU VWUXFWXUH� HOHFWURQLF SURSHUWLHV DQG UHDFWLYLW\ LV
IXQGDPHQWDO IRU UDWLRQDO PROHFXODU GHVLJQ DQG EHQHILFLDO IRU DSSOLFDWLRQV VXFK DV SKRWRYROWDLFV�
OLJKW HPLWWLQJ GLRGHV� FDWDO\VLV� HWF� +HUH� ZH LQYHVWLJDWH WKH SKRWRSK\VLFV RI
>3W�SS\��w�W%X�S]�@� �SS\� ��SKHQ\OS\ULGLQH� W%X�S]� ����GL�WHUW�EXW\OS\UD]RODWH� )LJ� ��� D PRGHO
IURP WKH IDPLO\ RI G��G� GL�PHWDO FRPSOH[HV� ZKRVH VWUXFWXUDO G\QDPLFV DQG HOHFWURQLF UHOD[DWLRQ
FKDQQHOV DUH LQWLPDWHO\ OLQNHG�>�@ OHDGLQJ WR WKH EUHDNGRZQ RI WKH %RUQ�2SSHQKHLPHU
DSSUR[LPDWLRQ�

7KH FRPPRQ PRWLI LQ WKHVH FRPSOH[HV LV WKDW RSWLFDO H[FLWDWLRQ RI WKHLU ORZHVW HOHFWURQLF VWDWH
SURPRWHV DQ HOHFWURQ DZD\ IURP D ͗૯DQWLERQGLQJ RUELWDO� UHVXOWLQJ LQ WKH VKRUWHQLQJ RI WKH PHWDO�
PHWDO GLVWDQFH� ,Q >3W�SS\��w�W%X�S]�@� WKH HOHFWURQLF WUDQVLWLRQ LV RI PHWDO�PHWDO�WR�OLJDQG FKDUJH�
WUDQVIHU �00/&7� FKDUDFWHU DQG WKH UHOD[DWLRQ WR WKH WULSOHW 00/&7 VWDWH ��00/&7� RFFXUV RQ DQ
XOWUDIDVW WLPH VFDOH� 7KH GHWDLOV RI WKLV LQWHUV\VWHP FURVVLQJ �,6&� KDV EHHQ VXEMHFW RI
GHEDWH>���@ DQG KHUH ZH XQDPELJRXVO\ LGHQWLI\ WKH PHFKDQLVP XVLQJ XOWUDIDVW VSHFWURVFRS\�
3DUWLFXODUO\� WUDQVLHQW DEVRUSWLRQ DQLVRWURS\ PHDVXUHPHQWV DOORZ WR GLVHQWDQJOH WKH FRQJHVWHG
WUDQVLHQW DEVRUSWLRQ VSHFWUD� ,6& RFFXUV LQ ���૯��� SV DQG WKH JURXQG� DQG H[FLWHG VWDWH YLEUDWLRQDO
FRKHUHQFHV RI WKH 3W�3W PRGH GHSKDVH EHIRUH ,6&� :LWK WKH KHOS RI DE LQLWLR FDOFXODWLRQV ZH
LGHQWLI\ D ZHDN VLJQDO FRUUHVSRQGLQJ WR WKH LQWHUQDO FRQYHUVLRQ SURFHVV 7� గ 7�� DQG VKRZ WKDW WKH
,6&�RFFXUV�EHWZHHQ�6��DQG�7���VLQFH�WKH�GLUHFW�6��గ�7��,6&�LV�V\PPHWU\�IRUELGGHQ�

2XU DQG SUHYLRXV>�@ VWXGLHV VXJJHVW WKDW WKH FKDUJH�WUDQVIHU FKDUDFWHU RI WKH H[FLWHG VWDWH OLNHO\
SOD\V D PRUH JHQHUDO UROH LQ PHGLDWLQJ WKH ,6& ZKHQ GLUHFW VSLQ�RUELW FRXSOLQJ LV V\PPHWU\
IRUELGGHQ� 7KLV LPSURYHG PHFKDQLVWLF SLFWXUH SURYHV DGYDQWDJHRXV ZKHQ WXQLQJ WKH HOHFWURQLF
SURSHUWLHV�RI�PROHFXOHV�DQG�FRPSOH[HV�YLD�GHOLEHUDWH�VWUXFWXUDO�PRGLILFDWLRQV�

>�@�+��%��*UD\��6��=£OLģ��DQG�$��9OÏHN��&RRUGLQDWLRQ�&KHPLVWU\�5HYLHZV����������������૱����
>�@�6��&KR�HW�DO���-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�$�����������������૱�����
>�@�3��.LP�HW�DO���7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&������������������૱������
>�@�5��0RQQL�HW�DO���3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�������������(����૱(�����

�

�
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)URP�0ROHFXODU�0RGXODWLRQ�WR�6XSUDPROHFXODU�(QJLQHHULQJ�IRU�+\EULG�3HURYVNLWH�6RODU
&HOOV

-��9��0LOLÉ���'��-��.XELFNL���<��/L���-��,P���/��(PVOH\���0��*U¦W]HO�

�/DERUDWRU\�RI�3KRWRQLFV�DQG�,QWHUIDFHV��(3)/��6ZLW]HUODQG���/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH�
(3)/��6ZLW]HUODQG

+\EULG SHURYVNLWH VRODU FHOOV DWWUDFW FRQVLGHUDEOH DWWHQWLRQ GXH WR WKHLU UHPDUNDEOH SRZHU
FRQYHUVLRQ HIILFLHQFLHV� +RZHYHU� WKHLU OLPLWHG VWDELOLW\ DQG PROHFXODU�OHYHO HQJLQHHULQJ UHPDLQ
FKDOOHQJLQJ�>�૱�@ ,Q FRQWUDVW WR WKUHH�GLPHQVLRQDO SHURYVNLWHV� WKHLU OD\HUHG DQDORJXHV KDYH
GHPRQVWUDWHG SURPLVLQJ VWDELOLWLHV�>���@ 7KH\ FRPSULVH RUJDQLF VSDFHU OD\HUV FRQQHFWLQJ WKH K\EULG
SHURYVNLWH VODEV� ,Q RUGHU WR EHQHILW IURP WKHLU HQKDQFHG VWDELOLWLHV ZLWKRXW FRPSURPLVLQJ WKH
SHUIRUPDQFH� ZH GHPRQVWUDWH D VXSUDPROHFXODU VWUDWHJ\ EDVHG RQ ILQH�WXQLQJ QRQFRYDOHQW
LQWHUDFWLRQV FRPSOHPHQWHG E\ VWUXFWXUDO DGDSWDELOLW\ LQ WKH GHVLJQ RI PROHFXODU
PRGXODWRUV>�૱�@ DQG RUJDQLF VSDFHUV�>���@ 7KHVH V\VWHPV DUH GHYLVHG WR LQWHUDFW ZLWK WKH SHURYVNLWH
VXUIDFH LQ D PDQQHU XQLTXHO\ DVVHVVHG E\ VROLG�VWDWH 105 VSHFWURVFRS\ DW WKH DWRPLF OHYHO�>�����@
$V D UHVXOW� ZH REWDLQ VRODU FHOOV ZLWK VXSHULRU SURSHUWLHV EDVHG RQ IRUPDPLGLQLXP OHDG LRGLGH
FRPSRVLWLRQV ZLWK HIILFLHQFLHV VXUSDVVLQJ WKRVH RI WKH VWDWH�RI�WKH�DUW IRUPDPLGLQLXP�EDVHG
SHURYVNLWHV� DFFRPSDQLHG E\ HQKDQFHG VWDELOLWLHV�>���@ 7KLV KDV EHHQ LQYHVWLJDWHG XVLQJ D
FRPELQDWLRQ RI WHFKQLTXHV WR XQUDYHO WKH GHVLJQ SULQFLSOHV DQG H[HPSOLI\ WKH UROH RI
VXSUDPROHFXODU�HQJLQHHULQJ�LQ�DGYDQFLQJ�SHURYVNLWH�VRODU�FHOO�UHVHDUFK�

�6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH��D��PRGXODWHG�SHURYVNLWH�VWUXFWXUH�ZLWK�WKH��E��HYROXWLRQ�RI�WKH
SHUIRUPDQFH�RI�WKH�FRUUHVSRQGLQJ�VRODU�FHOOV�RYHU�WLPH�DQG�WKH��F��OD\HUHG�K\EULG�SHURYVNLWH

SURWRW\SH�

>�@ -� 9� 0LOLÉ� '� -� .XELFNL� /� (PVOH\� 0� *UDHW]HO� &KLPLD ����� ��� ���� >�@ -� 9� 0LOLÉ� 0� ,� 'DU� 1�
$URUD� 6� 0� =DNHHUXGGLQ� 0� *UDHW]HO $GY� 0DWHU� ,QWHUIDFHV ����� �������� >�@ 0� 0� 7DYDNROL� :�
7UHVV� -� 9� 0LOLÉ� '� -� .XELFNL� /� (PVOH\� 0� *UDHW]HO� (QHUJ\ (QYLURQ� 6FL� ����� ��� ����� >�@ '�
%L� ;� /L� -� 9� 0LOLFʲ� '� -� .XELFNL� 1� 3HOOHW� -� /XR� 7� /D*UDQJH� 3� 0HWWUDX[� /� (PVOH\� 6� 0�
=DNHHUXGGLQ� 0� *UDHW]HO� 1DWXUH &RPPXQ� ����� �� ����� >�@ <� /L� -� 9� 0LOLFʲ� $� 8PPDGLVLQJX�
-��<� 6HR� -��+� ,P� +��6� .LP� <� /LX� 0� ,� 'DU� 6� 0� =DNHHUXGGLQ� 3� :DQJ� $� +DJIHOGW� 0� *UDHW]HO�
1DQR /HW� ����� ��� ���� >�@ -� 9� 0LOLFʲ� -��+� ,P� '� -� .XELFNL� $� 8PPDGLVLQJX� -��<� 6HR� <� /L� 0� $�
5XL] 3UHFLDGR� 0� ,� 'DU� 6� 0� =DNHHUXGGLQ� /� (PVOH\� 0� *UDHW]HO� $GY� (QHUJ\ 0DWHU� ����� ����
��������

�
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7RZDUGV�SDULW\�YLRODWLRQ�LQ�FKLUDO�PROHFXOHV��+LJK�UHVROXWLRQ�)7,5�VSHFWURVFRS\�RI
����GLIOXRURDOOHQH��DQKDUPRQLF�FDOFXODWLRQV�DQG�UR�YLEUDWLRQDO�DQDO\VLV�RI�LWV�&)�

V\PPHWULFDO�͑��DQG�DV\PPHWULFDO�͑���VWUHWFKLQJ�EDQGV

(��0LORJO\DGRY���6��$OEHUW���.��.HSSOHU���0��*RWWVHOLJ���0��4XDFN�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

$FFRUGLQJ WR RUGLQDU\ TXDQWXP FKHPLVWU\ LQFOXGLQJ RQO\ WKH HOHFWURPDJQHWLF LQWHUDFWLRQ WKH
JURXQG VWDWH HQHUJLHV RI HQDQWLRPHUV RI FKLUDO PROHFXOHV DUH H[DFWO\ HTXDO E\ V\PPHWU\�
+RZHYHU� WKLV V\PPHWU\ LV EURNHQ E\ WKH HOHFWURZHDN LQWHUDFWLRQ DQG D VOLJKW HQHUJ\ GLIIHUHQFH
̩39( LV LQWURGXFHG EHWZHHQ WKH JURXQG VWDWHV RI WKH WZR HQDQWLRPHUV� WKH DFFXUDWH WKHRU\ DQG
PHDVXUHPHQW RI ZKLFK EHLQJ WKH JRDOV RI RXU VWXGLHV >���@� :H VKRZ VRPH H[SHULPHQWDO UHVXOWV RQ
����GLIOXRURDOOHQH FDOFXODWHG WR EH D SRVVLEOH FDQGLGDWH IRU WKH SDULW\ YLRODWLRQ H[SHULPHQW >�@� 7KH
PROHFXOH LV VWDEOH DQG JDVHRXV DW URRP WHPSHUDWXUH� $V D VWDUWLQJ SRLQW IRU RXU VWXGLHV RI SDULW\
YLRODWLRQ LQ WKLV PROHFXOH XVLQJ WKH H[SHULPHQWDO VHWXS UHSRUWHG LQ >�@ ZH SUHVHQW KHUH KLJK
UHVROXWLRQ�,5�VSHFWURVFRSLF�UHVXOWV�DV�RXWOLQHG�LQ�WKH�WLWOH�

>�@�0��4XDFN��&KHP��3K\V��/HWW�����������������
>�@�$��%DNDVRY��7��.��+D��0��4XDFN��-��&KHP��3K\V������������������
>�@�5��%HUJHU�DQG�0��4XDFN��-��&KHP��3K\V������������������
>�@�0��4XDFN�DQG�-��6WRKQHU��3K\V��5HY��/HWW�����������������
>�@�0��4XDFN�DQG�-��6WRKQHU��-��&KHP��3K\V�������������������
>�@�0��4XDFN��-��6WRKQHU��0��:LOOHNH��$QQX��5HY��3K\V��&KHP����������������
>�@ 0� 4XDFN� )XQGDPHQWDO 6\PPHWULHV DQG 6\PPHWU\ 9LRODWLRQV IURP +LJK�UHVROXWLRQ
6SHFWURVFRS\� LQ +DQGERRN RI +LJK�UHVROXWLRQ 6SHFWURVFRS\� 9RO��� SDJHV ��� ૱ ���� 0�4XDFN DQG
)�0HUNW��HGV����:LOH\��&KLFKHVWHU�����
>�@�0��*RWWVHOLJ�DQG�0��4XDFN��-��&KHP��3K\V��������������������
>�@ 3� 'LHWLNHU� (� 0LORJO\DGRY� 0� 4XDFN� $� 6FKQHLGHU� DQG *� 6H\IDQJ� -� &KHP� 3K\V�� ����� ����
������
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7RZDUGV�0HDVXULQJ�WKH�3DULW\�9LRODWLQJ�(QHUJ\�'LIIHUHQFH��̩39(��EHWZHHQ�WKH
(QDQWLRPHUV�RI�&KLUDO�0ROHFXOHV��7KHRU\�DQG�6SHFWURVFRSLF�([SHULPHQW

(��0LORJO\DGRY���*��:LFKPDQQ���.��.HSSOHU���*��6H\IDQJ���0��4XDFN�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

$FFRUGLQJ WR WKH WUDGLWLRQDO SRLQW RI YLHZ� WKH JURXQG VWDWH HQHUJLHV DQG DOO WKH FRUUHVSRQGLQJ
H[FLWHG TXDQWXP VWDWHV RI WKH HQDQWLRPHUV RI FKLUDO PROHFXOHV DUH H[DFWO\ LGHQWLFDO E\ V\PPHWU\�
+RZHYHU� EHFDXVH RI WKH HOHFWURZHDN SDULW\ YLRODWLQJ LQWHUDFWLRQ NQRZQ IURP WKH 6WDQGDUG 0RGHO
RI 3DUWLFOH 3K\VLFV �6033� D YHU\ VPDOO 
SDULW\ YLRODWLQJ
 HQHUJ\ GLIIHUHQFH ̩39( EHWZHHQ WKH
HQDQWLRPHUV RI FKLUDO PROHFXOHV LV SUHGLFWHG E\ WKHRU\� 7KLV PLJKW EH PHDVXUDEOH DFFRUGLQJ WR
>���@� 7KHRUHWLFDO SURJUHVV LQ RXU JURXS LQ WKH ����V KDV VKRZQ WKDW WKH YDOXHV RI ̩39( DUH
W\SLFDOO\ RQH WR WZR RUGHUV RI PDJQLWXGH ODUJHU WKDQ SUHYLRXVO\ DQWLFLSDWHG� 7KLV KDV EHHQ
FRQILUPHG E\ FDOFXODWLRQV LQ RWKHU JURXSV �VHH WKH UHYLHZV LQ >���@ IRU WKH FXUUHQW VWDWXV�� $ W\SLFDO
YDOXH LV DERXW ��� DH9 �RU ����� -�PRO� DV FDOFXODWHG IRU WKH SURWRW\SLFDO FKLUDO PROHFXOH &+)&O%U
>�@� EXW VWURQJO\ GHSHQGV XSRQ WKH PROHFXOH� +RZHYHU� H[SHULPHQWDO FRQILUPDWLRQ LV VWLOO PLVVLQJ
DQG WKLV UHPDLQV RQH RI WKH PDMRU RSHQ TXHVWLRQV LQ SK\VLFDO�FKHPLFDO VWHUHRFKHPLVWU\� UHODWHG
DOVR WR WKH RSHQ TXHVWLRQ RI WKH HYROXWLRQ RI ELRPROHFXODU KRPRFKLUDOLW\ >�@ DQG WR FRQVHTXHQFHV
IRU IXQGDPHQWDO V\PPHWULHV LQ SK\VLFV >���@� :H SURYLGH LQ WKLV SRVWHU D JXLGHG WRXU WKURXJK WKH
EDVLF LGHD RI WKH H[SHULPHQW >���@� WKHRUHWLFDO FDOFXODWLRQV RQ SURPLVLQJ FDQGLGDWH PROHFXOHV IRU
WKH H[SHULPHQW >�������������@ DQG KLJK UHVROXWLRQ )7,5 VSHFWURVFRSLF H[SHULPHQWV� SURYLGLQJ
VRPH JURXQG ZRUN IRU WKH ODVHU VSHFWURVFRSLF H[SHULPHQWV >�� ��@� :H VKRZ WKH FXUUHQWO\ H[LVWLQJ
VHW�XS ZLWK DQ H[SHULPHQWDO SURRI RI SULQFLSOH IRU WKH DFKLUDO PROHFXOH DPPRQLD 1+��
GHPRQVWUDWLQJ WKDW HQHUJ\ GLIIHUHQFHV DV VPDOO DV ��� DH9 DUH PHDVXUDEOH >��@� 7KHVH GLIIHUHQFHV
DUH�]HUR�IRU�1+���VHH�DOVR�WKH�FRPSOHWH�WKHRUHWLFDO�VLPXODWLRQ�IRU�&O22&O�>��@��

>�@�0��4XDFN��&KHP��3K\V��/HWW�����������������
>�@�0��4XDFN��$QJHZDQGWH�&KHPLH��������������������
$QJHZDQGWH�&KHPLH��,QWO�(G���������������������
>�@�/��+RUQ¿��0��4XDFN��0RO��3K\V������������������૱����
>�@ 0� 4XDFN� )XQGDPHQWDO 6\PPHWULHV DQG 6\PPHWU\ 9LRODWLRQV IURP +LJK�UHVROXWLRQ
6SHFWURVFRS\� LQ +DQGERRN RI +LJK�UHVROXWLRQ 6SHFWURVFRS\� 9RO��� ����� SDJHV ��� ૱ ����
0�4XDFN�DQG�)�0HUNW��HGV����:LOH\��&KLFKHVWHU
>�@�0��4XDFN��$GY��&KHP��3K\V�����������������૱���
>�@�0��4XDFN�DQG�-��6WRKQHU��3K\V��5HY��/HWW�����������������
>�@�0��4XDFN��1RYD�$FWD�/HRSROGLQD�1)�%DQG�������������1U����������૱����
>�@�6��$OEHUW��,��%RORWRYD��=��&KHQ��&��)£EUL��/��+RUQ¿��0��4XDFN��*��6H\IDQJ�DQG�'��=LQGHO
3K\V��&KHP��&KHP��3K\V��3&&3������������������૱�����
>�@�&��)£EUL��/��+RUQ¿��0��4XDFN�&KHP3K\V&KHP����������������૱����
>��@�0��*RWWVHOLJ��0��4XDFN��-��&KHP��3K\V����������������������૱���������
>��@�5��3UHQWQHU��0��4XDFN��-��6WRKQHU��0��:LOOHNH��-��3K\V��&KHP��$������������������૱�����
>��@ 6� $OEHUW� ,� %RORWRYD� =� &KHQ� &� )£EUL� 0� 4XDFN� *� 6H\IDQJ DQG '� =LQGHO� 3K\V� &KHP�
&KHP��3K\V������������������������
>��@�3��'LHWLNHU��(��0LORJO\DGRY��0��4XDFN��$��6FKQHLGHU��*��6H\IDQJ��-��&KHP�3K\V��������
�������������૱���������
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1R�LQFRUSRUDWLRQ�RI�GLPHWK\ODPPRQLXP�LQWR�WKH�EODFN�SHURYVNLWH�SKDVH�RI�&V3E,�
HYLGHQFHG�E\�VROLG�VWDWH�105

$��0LVKUD���'��-��.XELFNL�����'��3URFKRZLF]���=��:DQJ���$��+DJIHOGW���0��*U¦W]HO���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/�/DXVDQQH���,QVWLWXWH�RI�3K\VLFDO�&KHPLVWU\��3ROLVK
$FDGHP\�RI�6FLHQFHV���/DERUDWRU\�RI�3KRWRPROHFXODU�6FLHQFH��(3)/�/DXVDQQH���/DERUDWRU\�RI

3KRWRQLFV�DQG�,QWHUIDFHV��(3)/�/DXVDQQH

7KH EODFN DOO�LQRUJDQLF &V3E,� �' SHURYVNLWH LV DWWUDFWLQJ DWWHQWLRQ RZLQJ WR LWV FRQVLGHUDEO\ KLJKHU
WKHUPDO VWDELOLW\� DV FRPSDUHG WR PHWK\ODPPRQLXP� DQG IRUPDPLGLQLXP�EDVHG PDWHULDOV�
+RZHYHU� LW LV WKHUPRG\QDPLFDOO\ XQVWDEOH DQG VSRQWDQHRXVO\ WUDQVIRUPV WR \HOORZ ͈�&V3E,� ZKLFK
KLQGHUV LWV XVH LQ 39 GHYLFH IDEULFDWLRQ�>�@ 2QH RI WKH VWUDWHJLHV WR VWDELOL]H WKH EODFN SKDVH RI
&V3E,� FRQVLVWV LQ XVLQJ K\GULRGLF DFLG� ZKLFK ZDV K\SRWKHVL]HG WR OHDG WR WKH IRUPDWLRQ RI +3E,�
DV DQ LQWHUPHGLDWH SUHFXUVRU�>�@ 7KLV KDV EHHQ UHFHQWO\ VKRZQ QRW WR EH WKH FDVH ૱ UDWKHU� WKH
DGGLWLRQ RI +, OHDGV WR K\GURO\VLV RI '0)� ZKLFK LV SUHVHQW LQ WKH SUHFXUVRU VROXWLRQ DV D VROYHQW�
DQG WKH IRUPDWLRQ RI D QHZ FDWLRQ ૱ GLPHWK\ODPPRQLXP �'0$� ૱ ZKRVH SXUSRUWHG LQFRUSRUDWLRQ
LQWR WKH &V3E,� SHURYVNLWH ODWWLFH KDV EHHQ VXJJHVWHG WR VWDELOL]H WKH EODFN SKDVH�>�@ :H KDYH
UHFHQWO\ VKRZQ WKDW VROLG�VWDWH 105 SURYLGHV D YHUVDWLOH PHDQV RI SURELQJ FDWLRQ LQFRUSRUDWLRQ
DQG SKDVH VHJUHJDWLRQ LQ OHDG KDOLGH SHURYVNLWHV�>���@ +HUH� XVLQJ VROLG�VWDWH FHVLXP���� DQG
FDUERQ��� PDJLF DQJOH VSLQQLQJ �0$6� 105� ZH VKRZ WKDW '0$ LV QRW LQFRUSRUDWHG LQWR WKH �'
SHURYVNLWH ODWWLFH RI &V3E,�� 2XU UHVXOWV GHPRQVWUDWH WKDW WKH VWDELOL]DWLRQ RI '0$�GRSHG &V3E,� LV
FDXVHG E\ SK\VLFDO VFUHHQLQJ RI WKH SHURYVNLWH FU\VWDOOLWHV UDWKHU WKDQ D FKDQJH LQ WKH XQGHUO\LQJ
DWRPLF�OHYHO�PLFURVWUXFWXUH�

>�@�*��(��(SHURQ��HW�DO��-��0DWHU��&KHP��$�����������������૱������
>�@�)��:DQJ��+XL�<X��+DLKXD�;X��1L�=KDR��$GY��)XQFW��0DWHU�����������������૱����
>�@�:��.H��,��6SDQRSRXORV��&��&��6WRXPSRV��0��*��.DQDW]LGLV�1DW��&RPP�����������������
>�@�'��-��.XELFNL�HW�DO��-��$P��&KHP��6RF�������������������૱������
>�@�'��-��.XELFNL�HW�DO��-��$P��&KHP��6RF������������������૱�����
>�@�'��-��.XELFNL�HW�DO��-��$P��&KHP��6RF������������������૱�����
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7UDQVLHQW�$EVRUSWLRQ�VWXG\�RI�GLOXWH�VPDOO�PROHFXOH�RUJDQLF�VRODU�FHOOV

*��0RRUH���$��-XQJEOXWK���0��&DXVD
���$��3ULYLWHUD���,��5DPLUH]���1��%DQHUML���0��5LHGH�

�8QLYHUVLW\�RI�%HUQ��'HSDUWHPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\���8QLYHUVLW\�RI�2[IRUG�
'HSDUWPHQW�RI�3K\VLFV

2UJDQLF SKRWRYROWDLFV KDYH EHHQ D ULFK VRXUFH RI VWXG\ LQ UHFHQW \HDUV ZLWK D P\ULDG RI YDULDEOHV
HIIHFWLQJ WKH SURSHUWLHV DQG SHUIRUPDQFH RI VRODU FHOOV� 7KHVH RUJDQLF VPDOO PROHFXOHV DUH
HVSHFLDOO\ LQWHUHVWLQJ EHFDXVH RI WKHLU KLJKO\ WXQDEOH RSWRHOHFWULF SURSHUWLHV DQG WKH DELOLW\ WR
FRQWURO PRUSKRORJ\ RI DFWLYH OD\HUV WKURXJK PROHFXODU HQJLQHHULQJ� 7UDGLWLRQDO LGHDV DERXW WKH
QHFHVVLW\ RI ERWK SHUFRODWHG DQG SKDVH VHSDUDWHG GRQRU DQG DFFHSWRU UHJLRQV KDV EHHQ
FKDOOHQJHG E\ WKH REVHUYDWLRQ RI HIILFLHQW FKDUJH VHSDUDWLRQ LQ IXOOHUHQH EDVHG VRODU FHOOV ZLWK
���� GRQRU FRQFHQWUDWLRQ� 7KH PHFKDQLVPV DQG XQGHUO\LQJ SULQFLSOHV RI WKHVH GLOXWH FHOOV DUH \HW
WR EH FRPSOHWHO\ LOOXPLQDWHG� DQG VR VLJQLILFDQW UHVHDUFK VWLOO QHHGV WR EH GRQH LQ RUGHU WR IXOO\
XQGHUVWDQG�DQG�WDNH�DGYDQWDJH�RI�WKHVH�V\VWHPV�

7KLV VWXG\ ORRNV DW D &�� DFFHSWRU�EDVHG V\VWHP ZLWK GLOXWH DQG HTXDO UDWLR VPDOO PROHFXOH GRQRUV�
7KH GRQRUV LQ WKH V\VWHP EHLQJ ͅ�6H[LWKLRSKHQH �ͅ�7� DQG
���૮ELV૮��૮ELV��૮PHWK\O૮SKHQ\O�૮DPLQR૮SKHQ\O�૮F\FORKH[DQH �7$3&� FUHDWHG XVLQJ YDFXXP
GHSRVLWLRQ WHFKQLTXHV� $ ORZ IOXHQFH IHPWRVHFRQG WUDQVLHQW DEVRUSWLRQ �7$� VWXG\ LV PDGH
FRPSDULQJ WKH HIIHFW RI GLIIHUHQW FRQFHQWUDWLRQV RI GRQRU RQ FKDUJH JHQHUDWLRQ SURSHUWLHV� DQG
KRZ WKHVH FKDQJH LQ WKH GLIIHUHQW VPDOO PROHFXOH GRQRU V\VWHPV� )XUWKHU 7$ VWXGLHV FRPSDUH
WKHVH UHVXOWV WR WKRVH RI SXUH &��� ELOD\HUV DQG IXOO GHYLFHV� FRPSDULQJ DW WKH FKDUJH JHQHUDWLRQ
DQG�UHFRPELQDWLRQ�SURFHVVHV�LQ�GLIIHUHQW�FRQILJXUDWLRQV�RI�GLOXWH�DQG�XQGLOXWHG�V\VWHPV�
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&DSWXULQJ�WKH�XOWUDIDVW�HYROXWLRQ�RI�H[FLWHG�VWDWH�FKLUDOLW\�ZLWK�WLPH�UHVROYHG�&'�LQ�WKH
GHHS�XOWUDYLROHW

0��2SSHUPDQQ���)��=LQQD���-��/DFRXU���0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH���8QLYHUVLW¢�GL�3LVD���8QLYHUVLW\�RI�*HQHYD

)RU XQGHUVWDQGLQJ WKH IXQFWLRQLQJ RI PDQ\ SKRWR�GULYHQ PROHFXODU PDFKLQHV� LW LV FUXFLDO WR
FDSWXUH WKH WHPSRUDO HYROXWLRQ RI WKHLU FKLUDOLW\ DQG WKXV VWUXFWXUH XSRQ SKRWR�H[FLWDWLRQ� 7KLV LV
HVSHFLDOO\ UHOHYDQW IRU XQGHUVWDQGLQJ� H�J� WKH ELRORJLFDO V\VWHPV� VXFK DV SKRWR�DFWLYH SURWHLQV
DQG WKH NLQHWLFV RI QRYHO V\QWKHWLF PDFKLQHV� VXFK DV XQLGLUHFWLRQDO PROHFXODU PRWRUV� 6WHDG\�
VWDWH FLUFXODU GLFKURLVP �&'� KDV EHFRPH D VWDQGDUG DQDO\WLFDO WRRO WR REWDLQ VROXWLRQ�SKDVH
VWUXFWXUDO LQIRUPDWLRQ YLD D PROHFXOHV FKLUDO SURSHUWLHV� (VSHFLDOO\ LQ WKH GHHS XOWUDYLROHW �89�
VSHFWUDO UDQJH �� ��� QP�� LW LV VHQVLWLYH WR WKH 89�WUDQVLWLRQV LQ SURWHLQV DQG PDQ\ RUJDQLF
OLJDQGV LQ IXQFWLRQDO FKLUDO FRPSOH[HV� +RZHYHU� SXVKLQJ &' VSHFWURVFRS\ LQWR WKH WLPH�GRPDLQ WR
GLUHFWO\ FDSWXUH WKH XOWUDIDVW HYROXWLRQ RI FKLUDOLW\ RI WKH SKRWR�H[FLWHG V\VWHPV KDV UHPDLQHG D
FKDOOHQJH��ZLWK�RQO\�IHZ�LVRODWHG�UHSRUWV�ZLWK�VXE�QDQRVHFRQG�UHVROXWLRQ�����

+HUH� ZH SUHVHQW WKH ILUVW WLPH�UHVROYHG &' VSHFWURPHWHU LQ WKH GHHS�89 UHJLRQ ����૱��� QP�
ZLWK VXE�SLFRVHFRQG WLPH�UHVROXWLRQ ���� 'XH WR LWV XQLTXH EURDGEDQG GHWHFWLRQ VFKHPH ZLWK
XQSUHFHGHQWHG VHQVLWLYLW\� LW LV QRZ SRVVLEOH WR H[WUDFW WKH &' VSHFWUD RI SKRWR�H[FLWHG VWDWHV DQG
PDS WKHLU WHPSRUDO HYROXWLRQ ZLWK IHPWRVHFRQG UHVROXWLRQ� :H EHQFKPDUN WKH VHW�XS WKURXJK WKH
FKDUDFWHULVDWLRQ RI WKH VWUXFWXUDOO\ ZHOO�GHILQHG SKRWR�H[FLWHG WULSOHW PHWDO�WR�OLJDQG FKDUJH
WUDQVIHU �0/&7� VWDWH LQ HQDQWLRSXUH VDPSOHV RI >5X�ES\��@��� 7KLV OHWV XV SURFHHG WR WKH PRUH
FRPSOLFDWHG G\QDPLFV RI H[FLWHG VXSUDPROHFXODU V\VWHPV� >)H�ES\��@�� LV FRQILJXUDWLRQDOO\ ODELOH LQ
VROXWLRQ DQG LWV FRQILJXUDWLRQ QHHGV WR EH FRQWUROOHG E\ VXSUDPROHFXODU FRPSOH[ IRUPDWLRQ ZLWK
HQDQWLRSXUH FRXQWHULRQV� WKH GLDVWHUHRPHULF LQWHUDFWLRQV ZLWKLQ WKH LRQ SDLU OHDGLQJ WR D
SUHIHUHQWLDO ̰ RU ̩ FRQILJXUDWLRQ ���� +HUH� ZH VWXG\ WKH WUDQVIHU RI WKLV LQWHUDFWLRQ WR WKH SKRWR�
H[FLWHG QHXWUDO TXLQWHW VWDWH� ZKLFK FRXSOHV WR DQ DFFRPSDQ\LQJ XOWUDIDVW H[SDQVLRQ RI WKH PHWDO�
OLJDQG�GLVWDQFHV�

7KH DFKLHYHG FRPELQDWLRQ RI WHPSRUDO DQG VSHFWUDO UHVROXWLRQ LQ WKH GHHS�89 GHPRQVWUDWHV� WKDW
WKH PHDVXUHPHQW RI XOWUDIDVW FKLUDOLW\ FKDQJHV LQ SKRWR�DFWLYH IXQFWLRQDO FRPSOH[HV DQG ELRORJLFDO
V\VWHPV LV QRZ IHDVLEOH� RSHQLQJ DQ DYHQXH WKDW ZDV SUHYLRXVO\ QRW DFFHVVLEOH LQ FKLURSWLFDO
VSHFWURVFRS\�

>�@�0H\HU�,OVH�HW�DO���/DVHU�3KRWRQ��5HY��������������
>�@�2SSHUPDQQ�HW�DO���2SWLFD������������
>�@�/DFRXU�HW�DO���$QJHZ��&KHP��,QW��(G����������������
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105�%DVHG�'HWHUPLQDWLRQ�RI�WKH��'�6WUXFWXUH�RI�WKH�/LJDQG�3URWHLQ�,QWHUDFWLRQ�6LWH
ZLWKRXW�3URWHLQ�5HVRQDQFH�$VVLJQPHQW

-��2UWV�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��+&,�)�����9ODGLPLU�3UHORJ�:HJ����=¾ULFK��6ZLW]HUODQG

;�UD\ FU\VWDOORJUDSK\ PROHFXODU UHSODFHPHQW �05� LV D KLJKO\ YHUVDWLOH WRRO IRU WKH GHWDLOHG
FKDUDFWHUL]DWLRQ RI OHDG FRPSRXQG DQG ELQGLQJ PRGHV LQ WKH SKDUPDFHXWLFDO LQGXVWU\� 7KH WZR
PDMRU OLPLWDWLRQV RI LWV DSSOLFDWLRQ WR GUXJ UHVHDUFK DUH �L� WKH DYDLODELOLW\ RI D VLPLODU SURWHLQ
VWUXFWXUH� DQG �LL� REWDLQLQJ ZHOO�GLIIUDFWLQJ FU\VWDOV RI WKH OLJDQG�SURWHLQ FRPSOH[HV RI LQWHUHVW�
:KLOH QRZDGD\V WKH ILUVW SRLQW LV RIWHQ QRW D OLPLWDWLRQ DQ\PRUH� REWDLQLQJ ZHOO�GLIIUDFWLQJ FU\VWDOV
PLJKW EH GLIILFXOW� ,Q VXFK VLWXDWLRQV VWUXFWXUH GHWHUPLQDWLRQ RI SURWHLQ�OLJDQG FRPSOH[HV E\ OLTXLG�
VWDWH 105 LV D JRRG RSWLRQ� 8QIRUWXQDWHO\� WKH HVWDEOLVKHG VWDQGDUG VWUXFWXUH GHWHUPLQDWLRQ
SURWRFRO LV LQ JHQHUDO WLPH�FRQVXPLQJ� DQG D VKRUWFXW XVLQJ DYDLODEOH VWUXFWXUDO GDWD DV LQ WKH FDVH
RI�05�LQ�;�UD\�FU\VWDOORJUDSK\�LV�QRW�DYDLODEOH�

+HUH� ZH SUHVHQW 105� �105 0ROHFXODU 5HSODFHPHQW�� D 05�OLNH DSSURDFK LQ 105 WR GHWHUPLQH
WKH VWUXFWXUHV RI WKH ELQGLQJ SRFNHWV RI OLJDQGV DW DWRPLF UHVROXWLRQ� 7KH FDOFXODWLRQ RI VWUXFWXUHV
RI SURWHLQ�OLJDQG FRPSOH[HV UHOLHV RQ WKH FROOHFWLRQ RI XQDVVLJQHG VHPL�TXDQWLWDWLYH LQWHU�
PROHFXODU 12( GLVWDQFH UHVWUDLQWV DQG RQ SUHYLRXVO\ VROYHG VWUXFWXUHV�>�@ 7KH 105� PHWKRG XVHV D
KLJK WKURXJKSXW VWUXFWXUH FDOFXODWLRQ SURWRFRO� UDWKHU WKDQ D GRFNLQJ�VFRULQJ VLPXODWLRQ� ,W LV IDVW
VLQFH LW UHTXLUHV RQO\ D IHZ GD\V RI PHDVXULQJ WLPH DQG E\SDVVHV WKH WLPH�FRQVXPLQJ VHTXHQWLDO
DVVLJQPHQW�VWHSV�IRU�WKH�SURWHLQ�

:H ZLOO SUHVHQW PXOWLSOH 105� DSSOLFDWLRQV FRYHULQJ VHYHUDO OLJDQG WRSRORJLHV UDQJLQJ IURP
SHSWLGRPLPHWLF WR VPDOO PROHFXOHV WKDW ELQG VWURQJO\ RU ZHDNO\ WR SURWHLQ UHFHSWRUV� :H DOVR
UHSRUW KRZ 105� FDQ PDNH XVH RI SDUWLDOO\ ODEHOOHG SURWHLQ XVLQJ PHWK\O�VSHFLILF LVRWRSH ODEHOOLQJ�
2XU ILQGLQJV GHPRQVWUDWH WKDW 105� PD\ RSHQ DQ DYHQXH IRU WKH IDVW DQG UREXVW GHWHUPLQDWLRQ RI
WKH�ELQGLQJ�SRFNHW�VWUXFWXUH�RI�OLJDQG�SURWHLQ�FRPSOH[HV�DW�DWRPLF�UHVROXWLRQ�

�

>�@ -� 2UWV� 0� $� :DOWL� 0� 0DUVK� /� 9HUD� $� '� *RVVHUW� 3� *XQWHUW� 5� 5LHN� -RXUQDO RI WKH $PHULFDQ
&KHPLFDO 6RFLHW\ ����� ���� ���������� E0� $� :DOWL� 5� 5LHN� -� 2UWV� $QJHZ &KHP ,QW (GLW �����
���������������F0��:¦OWL��-��2UWV��0DJQHWRFKHPLVWU\�������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3K\VLFDO�&KHPLVWU\��3RVWHU 3&����

&DWDO\WLF�)DVW�3\URO\VLV�RI�/LJQLQ�0RGHO�&RPSRXQGV�E\�'HWHFWLQJ�5HDFWLYH
,QWHUPHGLDWHV

=��3DQ�����$��3XHQWH�8UELQD���-��$��YDQ�%RNKRYHQ���3��+HPEHUJHU�

�/DERUDWRU\�RI�6\QFKURWURQ�5DGLDWLRQ�DQG�)HPWRFKHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH���'HSDUWPHQ�RI
&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFH��(7+�=¾ULFK���(7+�=¾ULFK

/LJQLQ LV RQH RI WKH WKUHH PDLQ FRPSRQHQWV RI OLJQRFHOOXORVLF ELRPDVV DQG KDV KLJK SRWHQWLDO DV D
IHHGVWRFN IRU EXON DQG ILQH FKHPLFDOV�>�� �@ 7KH PRVW SURPLVLQJ PHWKRG WR GHSRO\PHUL]H LWV
VWUXFWXUH DQG WR JHW VXVWDLQDEOH IXHOV LV SUREDEO\ FDWDO\WLF IDVW S\URO\VLV �&)3��>�@ +RZHYHU� WKHUH
DUH RQO\ D IHZ PHFKDQLVWLF VWXGLHV RQ &)3 RI OLJQLQ RU LWV PRGHO FRPSRXQGV� GXH WR WKH FRPSOH[LW\
RI WKH OLJQLQ VWUXFWXUH DQG WKH OLPLWDWLRQ RI DQDO\WLFDO LQVWUXPHQWDWLRQ WR GHWHFW HOXVLYH DQG
UHDFWLYH VSHFLHV� 7R RYHUFRPH WKHVH LVVXHV� UHDFWLYH LQWHUPHGLDWHV LQ FDWDO\WLF IDVW S\URO\VLV FDQ
EH GLUHFWO\ GHWHFWHG XVLQJ LPDJLQJ 3KRWRHOHFWURQ 3KRWRLRQ &RLQFLGHQFH 6SHFWURVFRS\ �L3(3,&2��
7KLV WHFKQLTXH SURYLGHV VSHFWURVFRSLF LQVLJKW WR LVRPHU�VHOHFWLYHO\ DVVLJQ UHDFWLYH LQWHUPHGLDWHV
LQ�FRPSOH[�UHDFWLRQ�PL[WXUHV�UDQJLQJ�IURP�FRPEXVWLRQ�WR�FDWDO\VLV�>�������@

&)3 RI WZR EHQ]HQHGLROV� FDWHFKRO DQG UHVRUFLQRO� ZDV LQYHVWLJDWHG LQ D QHZO\ EXLOG FDWDO\WLF
UHDFWRU XVLQJ PROHFXODU EHDP VDPSOLQJ DQG L3(3,&2 WHFKQLTXHV DW WKH YDFXXP XOWUDYLROHW �989�
EHDPOLQH RI WKH 6ZLVV /LJKW 6RXUFH� 2XU UHVXOWV VKRZ WKDW FDWHFKRO ZDV PXFK PRUH UHDFWLYH WKDQ
UHVRUFLQRO� :KLOH WKH IXOYHQRQH NHWHQH ZDV IRXQG DV WKH FHQWUDO UHDFWLYH LQWHUPHGLDWH GXULQJ WKH
+=60�� FDWDO\]HG &)3 RI FDWHFKRO� QR UHDFWLRQ LQWHUPHGLDWHV RU SURGXFWV ZHUH REVHUYHG LQ WKH
H[DFW�VDPH�UHDFWLRQ�XVLQJ�UHVRUFLQRO��0HFKDQLVWLF�LQVLJKWV�ZLOO�EH�GLVFXVVHG�LQ�WKLV�FRQWULEXWLRQ�

>�@�%ULGJZDWHU��$��9����%LRPDVV�	�%LRHQHUJ\������������������
>�@ 6FKXW\VHU� :� � 5HQGHUV� 7� � 9DQ� G� %� 6� � .RHOHZLMQ� 6� )� � %HFNKDP� *� 7� � 	 6HOV� %� )� �
&KHPLFDO�6RFLHW\�5HYLHZV��������������������
>�@ 9LVSXWH� 7� 3� � =KDQJ� +� � 6DQQD� $� � ;LDR� 5� � 	 +XEHU� *� :� � 6FLHQFH� ����� ����������
����������
>�@ +HPEHUJHU� 3� � &XVWRGLV� 9� %� )� � %RGL� $� � *HUEHU� 7� � 	 9DQ %RNKRYHQ� -� $� � 1DWXUH
&RPPXQLFDWLRQV�����������������
>�@ &XVWRGLV� 9� %� )� � +HPEHUJHU� 3� � 	 9DQ %RNKRYHQ� -� $� �&KHPLVWU\�$ (XURSHDQ -RXUQDO�
��������������������
>�@�+HPEHUJHU��3��%RGL��$����&KHPLVWU\�&+,0,$��������������������
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+HWHURQXFOHDU�ORQJ�UDQJH�5\GEHUJ�PROHFXOHV�ERXQG�E\�HOHFWURQ�DWRP�VFDWWHULQJ

0��3HSHU���)��0HUNW���-��'HLJOPD\U���

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK���)HOL[�%ORFK�,QVWLWXW��8QLYHUVLW¦W�/HLS]LJ

,Q�������$PDOGL�DQG�6HJU«�>�@�REVHUYHG�SUHVVXUH�GHSHQGHQW�VKLIWV�DQG�EURDGHQLQJV�LQ�5\GEHUJ
VSHFWUD��7KH�SUHVVXUH�VKLIW�UHVXOWV�IURP�LQWHUDFWLRQV�RI�WKH�5\GEHUJ�HOHFWURQ�ZLWK�JURXQG�VWDWH
DWRPV�O\LQJ�ZLWKLQ�WKH�5\GEHUJ�HOHFWURQ
V�RUELW��)HUPL�>�@�H[SODLQHG�WKLV�LQWHUDFWLRQ�DV�DULVLQJ�IURP
WKH�V�ZDYH�VFDWWHULQJ�RI�WKH�VORZ�5\GEHUJ�HOHFWURQ�ZLWK�WKH�JURXQG�VWDWH�DWRP�

$V�ILUVW�SUHGLFWHG�E\�*UHHQH�HW�DO��>�@�DQG�ILUVW�REVHUYHG�E\�%HQGNRZVN\�HW�DO��>�@��WKH�LQWHUDFWLRQ
UHVXOWV�LQ�RVFLOODWRU\�SRWHQWLDOV�WKDW�PD\�VXSSRUW�ERXQG�VWDWHV�RI�ORQJ�UDQJH�GLDWRPLF�PROHFXOHV�LQ
FDVH�RI�D�QHJDWLYH�V�ZDYH�VFDWWHULQJ�OHQJWK��,Q�DONDOL�PHWDO�GLPHUV��WKH�VSLQV�RI�WKH�5\GEHUJ
HOHFWURQ�DQG�WKH�YDOHQFH�HOHFWURQ�RI�WKH�JURXQG�VWDWH�DWRP�SDLU�HLWKHU�LQ�D�VLQJOHW�RU�WULSOHW
FRQILJXUDWLRQ��7KH�WULSOHW�VFDWWHULQJ�OHQJWK�LV�QHJDWLYH�ZKHUHDV�WKH�VLQJOHW�VFDWWHULQJ�OHQJWK�LV�YHU\
VPDOO�RU�HYHQ�SRVLWLYH��6LQJOHW�DQG�WULSOHW�VFDWWHULQJ�FKDQQHOV�DUH��KRZHYHU��PL[HG�E\�WKH
K\SHUILQH�LQWHUDFWLRQ�LQ�WKH�JURXQG�VWDWH�DWRP�>�@��7KLV�PL[LQJ�DOORZHG�IRU�D�ILUVW�GHWHUPLQDWLRQ�RI
WKH�]HUR�HQHUJ\�VLQJOHW�V�ZDYH�VFDWWHULQJ�OHQJWK�RI�FDHVLXP�>�@�

7KH�RIWHQ�QHJOHFWHG�S�ZDYH�FRQWULEXWLRQ�LV�NQRZQ�WR�ORZHU�WKH�SRWHQWLDO�EDUULHU�WRZDUGV�VPDOOHU
LQWHUQXFOHDU�VHSDUDWLRQV�>���@��7KH�H[FLWHG�PROHFXOHV�PD\�WKHUHIRUH�GHFD\�E\�WXQQHOOLQJ�WKURXJK
WKH�SRWHQWLDO�EDUULHU��0HDVXUHPHQWV�RI�WKH�OLIHWLPHV�RI�WKH�PROHFXOHV�FDQ�SURYLGH�D�VHQVLWLYH�SUREH
RI�WKH�SRWHQWLDO�HQHUJ\�VWUXFWXUH��:H�ZLOO�SUHVHQW�VWXGLHV�RQ�WKH�IRUPDWLRQ�DQG�G\QDPLFV�RI�KRPR�
DQG�KHWHURQXFOHDU�ORQJ�UDQJH�5\GEHUJ�PROHFXOHV�LQ�XOWUDFROG�FDHVLXP�DQG�SRWDVVLXP�5\GEHUJ
JDVHV�XVLQJ�KLJK�UHVROXWLRQ�SKRWRDVVRFLDWLRQ�VSHFWURVFRS\��7KHVH�VWXGLHV�LPSURYH�RXU
XQGHUVWDQGLQJ�RI�WKH�ELQGLQJ�PHFKDQLVP�DQG�UHSUHVHQW�D�VWULQJHQW�WHVW�DE�LQLWLR�ORZ�HQHUJ\
HOHFWURQ�DWRP�VFDWWHULQJ�SKDVH�VKLIWV�>�@�

>�@�(��$PDOGL��DQG�(��6HJU«��,O�1XRYR�&LPHQWR����������������
>�@�(��)HUPL��,O�1XRYR�&LPHQWR����������������
>�@�&��+��*UHHQH��$��6��'LFNLQVRQ��DQG�+��5��6DGHJKSRXU��3K\V��5HY��/HWW������������������
>�@�9��%HQGNRZVN\�HW�DO���1DWXUH������������������
>�@�'��$��$QGHUVRQ��6��$��0LOOHU��DQG�*��5DLWKHO��3K\V��5HY��$�������������������
>�@�+��6D¡PDQQVKDXVHQ��)��0HUNW��DQG�-��'HLJOPD\U��3K\V��5HY��/HWW���������������������
>�@�0��7��(LOHV��DQG�&��+��*UHHQH��3K\V��5HY��$�������������������
>�@�6��0DUNVRQ�HW�DO���&KHP3K\V&KHP�����������������
>�@�0��7��(LOHV��3K\V��5HY��$�������������������
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0DJLF�5\GEHUJ�5\GEHUJ�WUDQVLWLRQV�LQ�HOHFWULF�ILHOGV

0��3HSHU���-��'HLJOPD\U�����&��6DQQD���+��%��YDQ�/LQGHQ�YDQ�GHQ�+HXYHOO���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK���9DQ�GHU�:DDOV�=HHPDQ�,QVWLWXXW��8QLYHUVLW\
RI�$PVWHUGDP���)HOL[�%ORFK�,QVWLWXW��8QLYHUVLW¦W�/HLS]LJ

5\GEHUJ VWDWHV RI DWRPV DQG PROHFXOHV DUH YHU\ VHQVLWLYH WR HOHFWULF ILHOGV� 7KLV SURSHUW\ PDNHV
WKHP LGHDO HOHFWULF�ILHOG VHQVRUV >���@ EXW LV GHWULPHQWDO WR DSSOLFDWLRQV RI 5\GEHUJ VWDWHV LQ
TXDQWXP�RSWLFV� TXDQWXP�LQIRUPDWLRQ SURFHVVLQJ DQG TXDQWXP VLPXODWLRQ EHFDXVH RI
LQKRPRJHQHRXV 6WDUN EURDGHQLQJ DQG WKH UHVXOWLQJ ORVV RI TXDQWXP FRKHUHQFH >����@� :H
GHPRQVWUDWH� ZLWK WKH H[DPSOH RI 5\GEHUJ VWDWHV RI ��.� WKH H[LVWHQFH RI 5\GEHUJ�5\GEHUJ
WUDQVLWLRQV ZLWK H[WUHPHO\ VPDOO GLIIHUHQWLDO GF 6WDUN VKLIWV� ZKLFK ZH FDOO GF�ILHOG�PDJLF 5\GEHUJ�
5\GEHUJ�WUDQVLWLRQV�

7KHVH WUDQVLWLRQV KDUGO\ H[KLELW DQ\ 6WDUN EURDGHQLQJ� HYHQ ZKHQ WKH HOHFWULF�ILHOG VWUHQJWK YDULHV
E\ DV PXFK DV �� 9FP�� RYHU WKH H[SHULPHQWDO YROXPH� :H SUHVHQW D V\VWHPDWLF VWXG\ RI GF�ILHOG�
PDJLF 5\GEHUJ�5\GEHUJ WUDQVLWLRQV FRPELQLQJ H[SHULPHQW DQG FDOFXODWLRQV� DQG FODVVLI\ WKHP LQ
WKUHH PDLQ W\SHV� ZKLFK VKRXOG DOVR EH HQFRXQWHUHG LQ WKH RWKHU DONDOL�PHWDO DWRPV� LQ DONDOLQH�
HDUWK�PHWDO DWRPV� DQG HYHQ LQ PROHFXOHV� 7KH REVHUYHG LQVHQVLWLYLW\ WR GF HOHFWULF ILHOGV GRHV QRW
UHGXFH WKH LQWHUDFWLRQV EHWZHHQ 5\GEHUJ DWRPV� HYHQ LI WKH\ DUH GRPLQDQWO\ HOHFWULF GLSROH�GLSROH
LQ QDWXUH� 5\GEHUJ VWDWHV FRXSOHG E\ GF�ILHOG�PDJLF 5\GEHUJ�5\GEHUJ WUDQVLWLRQV WKHUHIRUH KDYH
JUHDW�SRWHQWLDO�DV�TXELWV�

>�@ 0� 7� )UH\� ;� /LQJ� %� *� /LQGVD\� .� $� 6PLWK� DQG )� %� 'XQQLQJ� 5HY� 6FL� ,QVWU�� ����� ���
�����
>�@ +� +RWRS� '� .ODU� -� .UHLO� 0��:� 5XI� $� 6FKUDPP� DQG -� 0� :HEHU� 7KH ��WK LQWHUQDWLRQDO
FRQIHUHQFH RQ WKH SK\VLFV RI HOHFWURQLF DQG DWRPLF FROOLVLRQV� :KLVWOHU� %ULWLVK &ROXPELD �&DQDGD��
���-XO�৽���$XJ�������$,3�&RQI��3URF������������������
>�@�$��2VWHUZDOGHU�DQG�)��0HUNW��3K\V��5HY��/HWW������������������
>�@ 7� 7KLHOH� -� 'HLJOPD\U� 0� 6WDPPHLHU� -� $� $JQHU� +� 6FKPXW]� )� 0HUNW� DQG $� :DOOUDII� 3K\V�
5HY��$�������������������
>�@ 6� +DURFKH DQG -��0� 5DLPRQG� ([SORULQJ WKH 4XDQWXP� $WRPV� &DYLWLHV DQG 3KRWRQV �2[IRUG
8QLYHUVLW\�3UHVV��2[IRUG��������
>�@ 0� '� /XNLQ� 0� )OHLVFKKDXHU� 5� &¶W«� /� 0� 'XDQ� '� -DNVFK� -� ,� &LUDF� DQG 3� =ROOHU� 3K\V� 5HY�
/HWW��������������������
>�@�0��6DIIPDQ��7��*��:DONHU��DQG�.��0ºOPHU��5HY��0RG��3K\V������������������
>�@ '� 3HWURV\DQ� *� %HQVN\� *� .XUL]NL� ,� 0D]HWV� -� 0DMHU� DQG -� 6FKPLHGPD\HU�3K\V� 5HY� $�
�����������������5��
>�@�+��:HLPHU��0��0¾OOHU��,��/HVDQRYVN\��3��=ROOHU��DQG�+��3��%¾FKOHU��1DW��3K\V����������������
>��@ 6� '� +RJDQ� -� $� $JQHU� )� 0HUNW� 7� 7KLHOH� 6� )LOLSS� DQG $� :DOOUDII� 3K\V� 5HY� /HWW�� �����
������������
>��@ +� /DEXKQ� '� %DUUHGR� 6� 5DYHWV� 6� GH /«V«OHXF� 7� 0DFU®� 7� /DKD\H� DQG $� %URZDH\V�
1DWXUH�����������������
>��@ -� =HLKHU� -��<� &KRL� $� 5XELR�$EDGDO� 7� 3RKO� 5� YDQ %LMQHQ� ,� %ORFK� DQG &� *URVV� 3K\V� 5HY�
;������������������
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6XSUDPROHFXODU�HQFDSVXODWLRQ�RI�PHWDVWDEOH�VWDWH�SKRWRDFLGV

&��3H]]DWR���&��%HUWRQ���.��6HYHULQ�

�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

0HWDVWDEOH�VWDWH SKRWRDFLGV� �3$+V� DUH D VSHFLILF FODVV RI PROHFXODU VZLWFKHV FDSDEOH RI UHOHDVLQJ
SURWRQV WKURXJK YLVLEOH OLJKW DEVRUSWLRQ DQG XSWDNH WKHP VSRQWDQHRXVO\ XQGHU GDUN FRQGLWLRQV
�)LJXUH ��� 7KHVH FRPSRXQGV LPSDFW PDQ\ GLIIHUHQW ILHOGV RI UHVHDUFK� DV WKH\ RIIHU WKH
RSSRUWXQLW\ WR PDNH XVH RI D FKHPLFDO SRWHQWLDO IRU FRQWUROOLQJ UHYHUVLEO\ DQ\ DFLG�VHQVLWLYH
V\VWHP� ,Q UHFHQW \HDUV� WKH\ KDYH IRXQG DSSOLFDWLRQV WKDW VSDQ IURP SRO\PHU VFLHQFH� DQG
VXSUDPROHFXODU FKHPLVWU\� WR QDQRWHFKQRORJ\� DQG SKDUPDFHXWLFDO VFLHQFHV�� +RZHYHU� ZKHQ
XVLQJ ZDWHU DV WKH VROYHQW� VHYHUH OLPLWDWLRQV SHUVLVW� VROXELOLW\ DQG FKHPLFDO VWDELOLW\ DUH JHQHUDOO\
ORZ� ZKHUHDV GDUN DFLGLW\ ૱ L�H�� WKH DFLGLW\ RI 063V LQ WKH DEVHQFH RI OLJKW ૱ LV QRW DV ZHDN DV LW LV
LQ RUJDQLF VROYHQWV� $OO WKHVH IDFWRUV� WRJHWKHU ZLWK PRGHUDWHO\ VKRUW OLIHWLPHV� OLPLW WKH H[WHQW DQG
WKH UHOLDELOLW\ RI SURWRQ UHOHDVH LQ DTXHRXV VROXWLRQV� +HUHLQ� ZH VKRZ KRZ VXLWDEOH FXFXUELW>Q@XULO
DQG F\FORGH[WULQV ૱ PDFURF\FOLF KRVW PROHFXOHV ZHOO NQRZQ IRU WKHLU ELQGLQJ FDSDELOLWLHV ૱ FDQ ELQG
3$+V��)LJXUH�����WXQLQJ�WKHLU�OLJKW�GULYHQ�RSHUDWLRQ�LQ�ZDWHU�

>�@ =KHQJ 6KL� 3LQJ 3HQJ� 'DQLHO 6WURKHFNHU� <L /LDR� -� $P� &KHP� 6RF�� ����� ���� ������������
<L�/LDR��$FF��&KHP��5HV�����������������������
>�@ 7KDDHU .KDOLO� $UZD $OKDUEL� &OD\WRQ %DXP� <L /LDR� 0DFURPRO� 5DSLG &RPPXQ�� ����� ���
�������� /RQJ <DQJ� /XFDV &DLUH GD 6LOYD� +«OR±VH 7K«ULHQ�$XELQ� 0DUNXV %� %DQQZDUWK� .DWKDULQD
/DQGIHVWHU��0DFURPRO��5DSLG�&RPPXQ���������������������
>�@ 6HUHQD 6LOYL� $UWXUR $UGXLQL� $QGUHD 3RFKLQL� $QGUHD 6HFFKL� 0DVVLPLOLDQR 7RPDVXORR� )UDQ©LVFR
0� 5D\PR� 0DVVLPR %DURQFLQL� $OEHUWR &UHGL� -� $P� &KHP� 6RF�� ����� ���� ������������ /XNH $�
7DWXP� -XVWLQ 7� )R\� ,YDQ $SUDKDPLDQ� -� $P� &KHP� 6RF�� ����� ���� ��������� 6X]DQQH 0�
-DQV]H��*LDFRPR�&HFRW��.D\�6HYHULQ��&KHP��6FL����������������������
>�@ 3LQWX .� .XQGX� 'LSDN 6DPDQWD� 5RQ /HL]URZLFH� %DUXFK 0DUJXOLV� +XL =KDR� 0DUWLQ %¸UQHU� 7�
8GD\DEKDVNDUDUDR��'HEDVLVK�0DQQD��5DIDO�.ODMQ���1DW��&KHP�������������������
>�@ <DQJ /XR� &KDRPLQJ :DQJ� 3LQJ 3HQJ� 0DLQXO +RVVDLQ� 7LDQOXQ -LDQJ� :HLOLQJ )X� <L /LDR� 0LQJ
6X� -� 0DWHU� &KHP� %� ����� �� ��������� 7DR -LDQJ� ;LQ :DQJ� *H :DQJ� <DIX :DQJ� ;LDRSHQJ
;XDQ��&KDQJSR�&KHQ��.DL�-LDQJ��+XD�=KDQJ��&KHP��&RPPXQ�����������������������
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'HWHUPLQDWLRQ�RI�6L]H��6KDSH��0DVV�DQG�&RQFHQWUDWLRQ�RI�6LQJOH�$TXHRXV
6XSHUVDWXUDWHG�$HURVRO�3DUWLFOHV

2��5HLFK���.��(VDW���*��'DYLG���-��&UHPHU���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��'HS��RI�&KHPLVWU\

$HURVRO SDUWLFOHV RIIHU D XQLTXH RSSRUWXQLW\ WR VWXG\ YDULRXV FKHPLFDO DQG SK\VLFDO SURFHVVHV LQ
SLFR� WR DWWROLWHU VDPSOHV� ,Q SDUWLFXODU� DTXHRXV VDOW SDUWLFOHV DUH D VXLWDEOH V\VWHP IRU VWXG\LQJ
SKDVH WUDQVLWLRQV OLNH WKH HIIORUHVFHQFH� ZKHUH D QHZ SKDVH QXFOHDWHV LQVLGH D VXSHUVDWXUDWHG
GURSOHW� 7KLV SURFHVV KDV EHHQ XQGHU LQWHQVH LQYHVWLJDWLRQ IRU GHFDGHV� EXW RSHQ TXHVWLRQV VWLOO
UHPDLQ >���@� $ SUHUHTXLVLWH RI DQ\ VXFFHVVIXO LQYHVWLJDWLRQ RI WKLV SKDVH WUDQVLWLRQ LV WKH SUHFLVH
PRQLWRULQJ�RI�WKH�SDUWLFOHV�SURSHUWLHV�

5HFHQWO\ ZH GHPRQVWUDWHG PHWKRGV WR UHWULHYH VLPXOWDQHRXVO\ NH\ SDUWLFOH SURSHUWLHV OLNH VL]H�
UHIUDFWLYH LQGH[ DQG FKHPLFDO FRPSRVLWLRQ RI VSKHULFDO� RSWLFDOO\ WUDSSHG SDUWLFOHV UDQJLQJ IURP
VXEPLFURPHWHU WR PLFURPHWHU VL]H >�@� &XUUHQW ZRUN IRFXVHV RQ WZR DGGLWLRQDO PHDVXUHPHQW
WHFKQLTXHV WR REWDLQ FRPSOHPHQWLQJ SDUWLFOH GDWD� 7KH ILUVW PHWKRG LV EDVHG RQ D PRGXODWHG
RSWLFDO WUDS ZKHUH WKH SDUWLFOH LV IRUFHG LQWR D TXDVL�KDUPRQLF PRWLRQ� 7KH PDVV RI WKH SDUWLFOH LV
UHWULHYHG IURP WKH PHDVXUHG UHVRQDQFH IUHTXHQF\ DQG GDPSLQJ UDWLR RI WKH RVFLOODWLRQ�
6LPXOWDQHRXVO\� ZH XVH D GLJLWDO LQ�OLQH KRORJUDSK\ VHWXS IRU LPDJLQJ RI WKH SDUWLFOH >�@� )URP WKLV�
WKH SDUWLFOH VL]H DQG PRUSKRORJ\ DUH REWDLQHG ZLWK KLJK VSDWLDO DQG WHPSRUDO UHVROXWLRQ ����QP�
���͐V��

7KH FRPELQHG VHWXS LV XVHG WR FKDUDFWHUL]H DTXHRXV VDOW SDUWLFOHV� LQ SDUWLFXODU LQ WKH
VXSHUVDWXUDWHG UHJLPH WKDW LV UHDFKHG XSRQ GU\LQJ RI DQ XQGHUVDWXUDWHG GURSOHW� 7KLV GDWD LV
QHHGHG WR EHWWHU XQGHUVWDQG WKH HIIORUHVFHQFH SKDVH WUDQVLWLRQ RI PLFURQ DQG VXEPLFURQ VL]HG
DHURVRO�SDUWLFOHV�

>�@ *DEULHOH 6RVVR� -L &KHQ� 6WHSKHQ &R[� 0DUWLQ )LW]QHU� 3KLOLSS 3HGHYLOOD� $QGUHD =HQ� $QJHORV
0LFKDHOLGHV��&KHPLFDO�5HYLHZV����������������������
>�@ 'HQLV *HEDXHU� 0DWWKLDV .HOOHUPHLVWHU� -XOLDQ *DOH� /HQQDUW %HUJVWU¸P� +HOPXW
&¸OIHQ��&KHPLFDO�6RFLHW\�5HYLHZ���������������������
>�@ .óYDQ© (VDW� *U«JRU\ 'DYLG� 7KHRGRURV 3RXONDV� 0LNKDLO 6KHLQ� 5XWK 6LJQRUHOO� 3K\VLFDO
&KHPLVWU\�&KHPLFDO�3K\VLFV�����������������������
>�@ *U«JRU\ 'DYLG� .óYDQ© (VDW� ,RDQQLV 7KDQRSXORV� 5XWK 6LJQRUHOO�&RPPXQLFDWLRQV &KHPLVWU\�
�����������
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7KH�FKHPLFDO�QDWXUH�RI�&2��DGVRUSWLRQ�RQ�]HROLWHV

3��5]HSND���1��+HGLQ�

�(7+�=XULFK��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��&+�������=XULFK��6ZLW]HUODQG���'HSDUWPHQW
RI�0DWHULDOV�DQG�(QYLURQPHQWDO�&KHPLVWU\��6WRFNKROP�8QLYHUVLW\��6(��������6WRFNKROP��6ZHGHQ

$GVRUSWLRQ�GULYHQ &2� FDSWXUH LV RQH RI WKH PRVW SURPLVLQJ FDUERQ FDSWXUH DQG VWRUDJH �&&6�
WHFKQRORJLHV� ZKLFK DLP WR UHPRYH &2� IURP 1� LQ SRVW�FRPEXVWLRQ IOXH JDV� 1DQR�SRURXV ]HROLWHV
DUH RI SDUWLFXODU LQWHUHVW WR DGVRUSWLRQ DSSOLFDWLRQV EHFDXVH RI WKHLU &2� FDSDFLWLHV DQG
VHOHFWLYLWLHV� UREXVWQHVV� DQG RIWHQ ORZ FRVWV� 7KH QDWXUH RI &2� DGVRUSWLRQ LV YDULRXV� 7KH SURFHVV
PD\ DFW DV SK\VLFDO DGVRUSWLRQ ZLWK LQWHUPROHFXODU LQWHUDFWLRQV RI WKH YDQ GHU :DDOV W\SH RU DV
FKHPLVRUSWLRQ ZLWK D VLJQLILFDQWO\ SHUWXUEHG HOHFWURQLF VWUXFWXUH RI &2� DQG WKH IRUPDWLRQ RI &2���
DQG�+&2���VSHFLHV��

$GVRUSWLRQ�GULYHQ SURFHVVHV FDQ EH LPSOHPHQWHG RQO\ LI KLJKO\ IXQFWLRQDO DGVRUEHQW PDWHULDOV
KDYH EHHQ GHYHORSHG� =HROLWH $ LV RQH RI WKH PRVW VXFFHVVIXO DGVRUEHQWV� 5]HSND HW DO�� EURDGO\
GLVFXVVHG WKH SRWHQWLDO HQKDQFHPHQW RI WKH VHOHFWLYLW\ RI &2� RYHU 1� DQG &+� E\ UHSODFLQJ
1D� ZLWK ODUJHU PRQRYDOHQW FDWLRQ H�J� .� LQ WKH SRUH ZLQGRZV RI ]HROLWH $� )LJXUH � VKRZV WKH
FDWLRQV SRVLWLRQHG DW WKH �� DQG ��ULQJV DQG WKH ��ULQJ DSHUWXUHV RI WKH DOXPLQRVLOLFDWH IUDPHZRUN
RI ]HROLWH $� .� LRQ ZDV IDYRUHG DW WKH ��ULQJ VLWHV� DQG DOVR JUDGXDOO\ VXEVWLWXWHG WKH ��ULQJ VLWHV
ZLWK LQFUHDVLQJ [ LQ _1D���[.[_�$�� /DUJH FDWLRQ GLG QRW ILW WKH PLUURU SODQH RI WKH ��ULQJ DQG ZDV
SODFHG RQ LWV ERWK VLGHV�� &DWLRQV VLWWLQJ LQ ��ULQJV DQG ��ULQJV DSSHDU WR WDLORU WKH VL]H RI PDLQ
SRUH�ZLQGRZV�
7KH HIIHFWLYH SRUH VL]H ZDV VKRZQ WR GHSHQG RQ WKH .� FRQWHQW DQG WR VHSDUDWH VPDOO &2�
PROHFXOHV IURP ODUJH 1� DQG &+� GXH WR GLIIHUHQFHV LQ WKHLU GLIIXVLYLWLHV� 9DULRXV FRPSRVLWLRQV RI
_1D���[.[_�$ GHPRQVWUDWHG JUDGXDO GHFOLQH RI &2� XSWDNH ZLWK [ DQG D WRWDO H[FOXVLRQ RI 1� DQG &+�
DOUHDG\ IRU ORZ [�� 0RVW RI DOUHDG\ DEVRUEHG &2� PROHFXOHV ZHUH UHYHDOHG WR EULGJH DGMDFHQW
��ULQJ VLWHV �)LJXUH ��� 7KH\ DUH UHODWLYHO\ ZHDNO\ SK\VLVRUEHG� DQG WKHUHIRUH PRVW RI WKH ZRUNLQJ
FDSDFLW\ RI &2� DGVRUSWLRQ LV UHODWHG WR WKLV VLWH�� 2Q WKH RWKHU KDQG VRPH RI &2� PROHFXOHV
FRRUGLQDWHG WR D FDWLRQ LQ WKH ��ULQJ SODQH �WKH VHFRQG PRVW SRSXODWHG VLWH RI &2� DGVRUSWLRQ�
GHPRQVWUDWHG SHUWXUEHG HOHFWURQLF VWUXFWXUH�� 7KHVH FKHPLVRUEHG FDUERQDWH VSHFLHV FDQQRW EH
UHPRYHG�E\�VLPSOH�HYDFXDWLRQ��

5]HSND HW DO�� DOVR UHSRUWHG WKDW DGVRUEHG &2� PROHFXOHV GLVSODFHG WKH FDWLRQV LQWR WKH D�FDJHV
DQG UHVXOWHG LQWR D VOLJKW FRQWUDFWLRQ RI WKH RYHUDOO GLVWULEXWLRQ RI H[WUD�IUDPHZRUN FDWLRQV LQ
]HROLWH VWUXFWXUH XSRQ WKH DGVRUSWLRQ RI &2��� �� DQG ��ULQJ VLWHV FDWLRQV DUH DWWUDFWHG E\ &2�
PROHFXOHV DQG VKLIWHG WRZDUGV WKH FHQWHU RI ]HROLWH FDYLWLHV�� 7KH WLPH�DYHUDJHG UHSRVLWLRQLQJ
VWDQGV LQ DQ DJUHHPHQW ZLWK WKH ૺWUDSGRRUૻ PHFKDQLVP UHSRUWHG DOVR IRU ]HROLWHV 5KR� ; DQG
FKDED]LWH�

)LJXUH �� 6HOHFWLYH DGVRUSWLRQ RI &2� RQ _1D�.�_�$ �OHIW�� 1D� DQG .� SRVLWLRQV UHSUHVHQWHG E\
\HOORZ�DQG�PDJHQWD�EDOOV��1XFOHDU�GHQVLWLHV�RI�DGVRUEHG�&2��PROHFXOHV��ULJKW��

>�@ 3U]HP\VĄDZ 5]HSND� =ROW£Q %DFVLN� 6WHI 6PHHWV� 7KRPDV &� +DQVHQ� 1LNODV +HGLQ� 'DULXV]
:DUGHFNL���-��3K\V��&KHP��&�����������������������૱������
>�@ 3U]HP\VĄDZ 5]HSND� 'DULXV] :DUGHFNL� 6WHI 6PHHWV� 0HODQLH 0¾OOHU� +HUPDQQ *LHV� ;LDRGRQJ
=RX��1LNODV�+HGLQ��-��3K\V��&KHP��&����������������������૱�������
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6WXG\�RQ�12�2�DQG�1�2��FROOLVLRQ�RQ��$
���$
�DQG��$

�SRWHQWLDO�HQHUJ\�VXUIDFHV�

-��6DQ�9LFHQWH�9HOL]���'��.RQHU�

�'HSDUWHPHQW�&KHPLH��8QLYHUVLW¦W�%DVHO���'HSDUWHPHQW�&KHPLH��8QLYHUVLW¦W�%DVHO

,Q DWPRVSKHULF FKHPLVWU\ WKH VWXG\ RI KLJK WHPSHUDWXUH ������������ .� QRQ�HTXLOLEULXP
UHDFWLRQV LV RI JUHDW LPSRUWDQFH� ,Q SDUWLFXODU WKH VWXG\ RI UHDFWLRQV LQYROYLQJ 12 � 2 RU 2� � 1�
ZKLFK�DUH�SUHVHQW�LQ�WKLQ�VKRFN�OD\HU�UHJLRQV�OLNH�WKH�RQHV�FUHDWHG�E\�K\SHUVRQLF�YHKLFOHV�

,Q WKLV ZRUN ZH VWXG\ WKH IRUZDUG DQG UHYHUVH UHDFWLRQ XVLQJ 4&7 �TXDVL�FODVVLFDO WUDMHFWRU\�
UHDFWLRQ G\QDPLFV FDOFXODWLRQV� )RU WKLV SXUSRVH� ZH KDYH FRQVWUXFWHG D IXOO GLPHQVLRQDO SRWHQWLDO
HQHUJ\ VXUIDFHV �3(6� IRU WKH �$� �$ DQG �$ HOHFWURQLF VWDWHV RI 12�� 2YHU ����� DE LQLWLR
SRLQWV DUH FDOFXODWHG DW WKH 05&,�4�DXJ�FF�S97= OHYHO� )ROORZLQJ D UHSURGXFLQJ NHUQHO +LOEHUW
VSDFH DSSURDFK >�@ D IXOO GLPHQVLRQDO VXUIDFH LV FRQVWUXFWHG� 6WDWH WR VWDWH FURVV VHFWLRQ� UDWH
FRHIILFLHQWV DQG HTXLOLEULXP FRQVWDQW KDYH EHHQ FRPSXWHG RYHU D ZLGH UDQJH RI WHPSHUDWXUH ����
� ����� .�� 2XU UHVXOWV RI FURVV VHFWLRQ DQG WRWDO UDWH FRHIILFLHQWV DUH FRPSDUHG ZLWK DYDLODEOH
WKHRUHWLFDO >�������@ DQG H[SHULPHQWDO UHVXOWV >���@ UHSRUWHG LQ OLWHUDWXUH� 2XU UHSRUWHG YDOXH RI
HTXLOLEULXP�FRQVWDQW��FDQ�VHUYH�DV�ZLGH�WHPSHUDWXUH�EHQFKPDUN�IRU�WKLV�UHDFWLRQ�

>�@�8QNH��2��7���0HXZO\��0��-��&KHP��,QI��0RGHO����������������૱�����
>�@�&DVWUR�3DODFLR��-��&���1DJ\��7���%HPLVK��5��-���-��&KHP��3K\V��������������������
>�@�&DVWUR�3DODFLR��-��&���%HPLVK��5��-���0HXZO\��0��-��&KHP��3K\V��������������������
>�@�&DULGDGH��3��-��%��6���9DUDQGDV��$��-��&��-��3K\V��&KHP��$����������������૱�����
>�@�6D\µV��5���2OLYD��&���*RQ]£OH]��0��-��&KHP��3K\V����������������૱����
>�@�&DOHGRQLD��*��(���.UHFK��5��+���2DNHV��'��%���-��*HRSK\V��5HV������������������૱������
>�@�&DULGDGH��3��-��%��6���9DUDQGDV��$��-��&���-LQJ�/L��-��3K\V��&KHP��$������������������
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0DQLSXODWLQJ�WKH�WUDQVODWLRQDO�DQG�LQWHUQDO�GHJUHHV�RI�IUHHGRP�RI�K\GURJHQ�DWRPV

6��6FKHLGHJJHU���3��-DQVHQ���+��6FKPXW]���-��$JQHU���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

���7KH�ILUVW�H[SHULPHQWV�GHVLJQHG�WR�FRQWURO�WKH�WUDQVODWLRQDO�PRWLRQ�DQG�WKH�LQWHUQDO�VWDWH�RI
WKH�K\GURJHQ�DWRP�ZHUH�SHUIRUPHG�DOPRVW�����\HDUV�DJR�E\�5DEL�>�@�XVLQJ�WKH�EHDP�PHWKRGV
GHYHORSHG�E\�*HUODFK�DQG�6WHUQ�>�@��:H�SUHVHQW�D�PHWKRG�ZLWK�ZKLFK�SDUDPDJQHWLF�DWRPV
DQG�PROHFXOHV�FDQ�EH�JHQHUDWHG�LQ�D�VSHFLILF�PDJQHWLF�VXEOHYHO�RI�D�VHOHFWHG�LQWHUQDO�VWDWH
DQG�ZLWK�ZKLFK�WKH�DWRP�RU�PROHFXOH�YHORFLW\�FDQ�EH�PDQLSXODWHG�DW�ZLOO��7KH�VHOHFWHG
PDJQHWLF�VWDWH�DQG�YHORFLW\�LV�DFKLHYHG�E\�PXOWLVWDJH�=HHPDQ�GHFHOHUDWLRQ�>����@�
2I�SDUWLFXODU�LQWHUHVW�DUH�VORZ�EHDPV��Y�೩�����P�Vಗ����RI�FROG�K\GURJHQ�DWRPV�LQ�YLHZ�RI�SUH�
FLVLRQ�IUHTXHQF\�PHDVXUHPHQWV�RI�ILQH��DQG�K\SHUILQH�VWUXFWXUH�LQWHUYDOV�DV�ZHOO�DV�LQWHUYDOV
WR�KLJK�5\GEHUJ�VWDWHV��ZKLFK�DUH�UHOHYDQW�LQ�WKH�FRQWH[W�RI�WKH�SURWRQ�FKDUJH�UDGLXV�SX]]OH
>����@��,Q�RXU�H[SHULPHQW�ZH�JHQHUDWH�WKH�K\GURJHQ�DWRPV�E\�SKRWRGLVVRFLDWLRQ�RI�1+��LQ�D
FDSLOODU\�PRXQWHG�DW�WKH�RULILFH�RI�D�SXOVHG�YDOYH��7KH�K\GURJHQ�DWRPV�DUH�HQWUDLQHG�LQ�WKH
VXSHUVRQLF�H[SDQVLRQ�DQG�HQWHU�D����VWDJH�=HHPDQ�GHFHOHUDWRU��ZLWK�ZKLFK�WKH\�DUH�VORZHG
GRZQ�IURP�LQLWLDOO\�����P�Vಗ��WR����������P�Vಗ��>�@��$IWHU�OHDYLQJ�WKH�GHFHOHUDWRU�WKH\�DUH
SKRWRH[FLWHG�WR�5\GEHUJ�VWDWHV�LQ�D�����UHVRQDQW�WKUHH�SKRWRQ�H[FLWDWLRQ�VHTXHQFH�YLD�WKH
�V��6����LQWHUPHGLDWH�VWDWH�DQG�GHWHFWHG�E\�SXOVH�ILHOG�LRQL]DWLRQ��:H�ZLOO�UHSRUW�RQ�RXU
H[SHULPHQWDO�SURJUHVV�RQ�WKH�SUHFLVLRQ�PHDVXUHPHQWV�RI�QS��V�WUDQVLWLRQ�IUHTXHQFLHV�

>�@�,��,��5DEL��-��0��%��.HOORJJ��DQG�-��5��=DFKDULDV��3K\V��5HY�����������������
>�@�:��*HUODFK�DQG�2��6WHUQ��=��3K\V����������������
>�@ 1� 9DQKDHFNH� 8� 0HLHU� 0� $QGULVW� %� +� 0HLHU� DQG )� 0HUNW� 3K\V� 5HY� $� ����� ���
�������5��
>�@�3��-DQVHQ�HW�DO���3K\V��5HY��/HWW��������������������
>�@�5��3RKO�HW�DO���1DWXUH����������������
>�@�$��%H\HU�HW�DO���6FLHQFH����������������
>�@�6��'��+RJDQ��$��:��:LHGHUNHKU��0��$QGULVW��+��6FKPXW]��DQG�)��0HUNW��-��3K\V��%��$W��0RO�
2SW��3K\V�������������������
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,QYHVWLJDWLRQ�RI�0LUURU�,PDJH�%UHDNGRZQ�LQ�WKH�6WDWLRQDU\�(OHFWURQLF�6SHFWUD�RI
�����%LV�SKHQ\OHWK\Q\O�DQWKUDFHQH�E\�8OWUDIDVW�%URDGEDQG�)OXRUHVFHQFH�

.��6HLQWLV���*��&RKHQ���+��$UURX�9LJQRG���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD��&+������*HQHYD��6ZLW]HUODQG

,Q WKLV VWXG\ ZH LQVSHFW WKH PLUURU�LPDJH LQFRQVLVWHQF\ LQ WKH HOHFWURQLF VSHFWUD RI
�����ELV�SKHQ\OHWK\Q\O�DQWKUDFHQH �%3($� )LJ� OHIW�� XVLQJ EURDGEDQG IOXRUHVFHQFH XSFRQYHUVLRQ
VSHFWURVFRS\ �EURDGEDQG )/836�� )OXRUHVFHQFH G\QDPLFV LV WKH RQO\ FOHDU DQG GLUHFW ZD\ RI
PRQLWRULQJ WKLV SURFHVV DQG WR RXU NQRZOHGJH WKLV LV WKH ILUVW WLPH WKLV PHWKRG LV XVHG IRU WKLV
SXUSRVH� ,Q SUHYLRXV VWXGLHV� YLVLEOH WUDQVLHQW DEVRUSWLRQ VSHFWURVFRS\� DQG VLQJOH ZDYHOHQJWK
GHWHFWLRQ IOXRUHVFHQFH VSHFWURVFRS\� KDYH EHHQ XWLOL]HG� ,Q WKH ODWWHU FDVH� WKH VSHFWUD KDYH EHHQ
UHFRQVWUXFWHG�E\�WKH�VLQJOH�ZDYHOHQJWK�GHFD\V��ZLWK�DOO�WKH�VKRUWFRPLQJV�HQVXLQJ�WKLV�PHWKRG��

7KLV PLUURU�LPDJH EUHDNGRZQ KDV EHHQ VWXGLHG LQ WKH SDVW IRU ROLJRPHUV� DQG ZDV H[SODLQHG LQ
WHUPV RI D SODQDU JHRPHWU\ LQ WKHLU H[FLWHG VWDWH ZLWK UHVSHFW WR D WRUVLRQDO GLVRUGHUHG JURXQG
VWDWH FRQILJXUDWLRQ RZLQJ WR ORZHU URWDWLRQDO EDUULHU� 6WUXFWXUDO UHOD[DWLRQ RI WKH H[FLWHG VWDWH WR
WKH SODQDU JHRPHWU\ LV H[SHFWHG WR FDXVH D VLJQLILFDQW HYROXWLRQ RI WKH HPLVVLRQ VSHFWUXP� %3($
DSSHDUV WR EH DQ H[FHOOHQW FDQGLGDWH IRU WKLV VWXG\ XVLQJ EURDGEDQG )/836 FRQVLGHULQJ LWV KLJK
RVFLOODWRU VWUHQJWK DQG VROXELOLW\ LQ QXPHURXV RUJDQLF VROYHQWV� 7R H[DPLQH IXUWKHU WKLV
SODQDUL]DWLRQ SURFHVV� ZH DOVR XVHG D EXONLHU FRPSRXQG� %3($2 �)LJ� ULJKW�� 7KHVH PHDVXUHPHQWV
UHYHDO EURDG DQG VWUXFWXUHOHVV HDUO\ WLPH HPLVVLRQ VSHFWUD IRU ERWK FRPSRXQGV� FRPSDUHG WR WKH
ODWH WLPH DQG VWDWLRQDU\ VSHFWUD� 5HVXOWV REWDLQHG XVLQJ GLIIHUHQW SXPS ZDYHOHQJWKV� L�H�� XSRQ
SKRWRH[FLWDWLRQ�RI�PROHFXOHV�ZLWK�GLIIHUHQW�H[WHQW�RI�WRUVLRQDO�GLVRUGHU��ZLOO�DOVR�EH�SUHVHQWHG�

>�@ *XLOODXPH 'XYDQHO� -DNRE *ULOM� $QQH 6FKXZH\� $OEHUW *RVVDXHU� (ULF 9DXWKH\� 3KRWRFKHP�
3KRWRELRO��6FL��������������������
>�@ 0LNKDLO ,� 6OXFK� $GHOKHLG *RGW� 8ZH +� )� %XQ]� 0DUN $� %HUJ� -� $P� &KHP� 6RF�� ����� ����
����������
>�@ 7DWX .XPSXODLQHQ� $UQXOI 5RVVSHLQWQHU� (ULF 9DXWKH\� 3K\V� &KHP� &KHP� 3K\V�� ����� ���
����������

�
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&RPSDUDWLYH�VWXGLHV�RQ�/L1L���0Q����[&R[2�����೩�[�೩������FDWKRGH�PDWHULDOV�IRU�OLWKLXP�
LRQ�EDWWHULHV

5��6HQWKLO�$UXPXJDP���5��6KXQPXJDVXQGDUDP���9��&��:RRG�

�(7+�=¾ULFK

/LWKLXP�LRQ EDWWHULHV DUH RQH RI WKH EHVW SRZHU VRXUFHV IRU DSSOLFDWLRQV VXFK DV HOHFWULF YHKLFOHV�>�@
7KH PRVW FRPPRQO\ XVHG FDWKRGH PDWHULDOV LQ /L�LRQ EDWWHULHV DUH OD\HUHG OLWKLXP PHWDO R[LGHV
�/L702�� 70 LV WUDQVLWLRQ PHWDO� GXH WR WKHLU ODUJH WKHRUHWLFDO FDSDFLWLHV ���� P$K�J�� $PRQJ WKH
OD\HUHG FDWKRGH PDWHULDOV� OLWKLXP QLFNHO PDQJDQHVH FREDOW R[LGHV �/L�1L[0Q\&R��[�\�2� RU 10&�
H[KLELW SURPLVLQJ HOHFWURFKHPLFDO SURSHUWLHV� ZKLFK SULPDULO\ GHSHQGV RQ WKH DWRPLF FRPSRVLWLRQ
RI 1L� 0Q DQG &R LQ WKH VWUXFWXUH�>�@ 6HYHUDO 10& FRPSRVLWLRQV VXFK DV 10& ���� ���� ���� ���
DQG ��� �WKH WKUHH QXPEHUV GHQRWH WKH UDWLR RI 1L WR 0Q WR &R� KDYH EHHQ VWXGLHG H[WHQVLYHO\�
$PRQJ WKHP� 10& ��� VKRZV VRPH GHFHQW SURSHUWLHV WKDW DUH GHVLUDEOH WR LQGXVWULDO DSSOLFDWLRQV
LQFOXGLQJ HOHFWULF YHKLFOHV� +HQFH� WKLV VWXG\ IRFXVHV RQ FDWKRGH PDWHULDO FRPSRVLWLRQV RI WKH
VHULHV /L1L���0Q����[&R[2� �� ೩ [ ೩ ���� WKDW LQFOXGHV /L1L���0Q���&R���2� RU 10& ���� 7KH PDLQ JRDO
RI WKLV VWXG\ LV WR XQGHUVWDQG WKH HIIHFW RI &R�0Q DV ZHOO DV WKH PRUSKRORJ\ RQ WKH HOHFWURFKHPLFDO
EHKDYLRXU�RI�FDWKRGH�PDWHULDOV�

,Q WKLV VWXG\� FDWKRGH PDWHULDOV ZHUH V\QWKHVL]HG E\ V\VWHPDWLFDOO\ YDU\LQJ WKH FRQFHQWUDWLRQV RI
0Q DQG &R EXW NHHSLQJ WKH QLFNHO FRQWHQW FRQVWDQW� 7KH DV�V\QWKHVL]HG FRPSRXQGV RI WKH VHULHV
/L1L���0Q����[&R[2� � 10& ���� 10& ���� 10& ��� DQG 10& ��� ZHUH VWUXFWXUDOO\ FKDUDFWHUL]HG
XVLQJ ;�UD\ GLIIUDFWLRQ� %\ FRQVWUXFWLQJ FRLQ�FHOOV DQG WHVWLQJ� WKHLU HOHFWURFKHPLFDO SURSHUWLHV
ZHUH FRPSDUHG� 5HVXOWV VKRZLQJ WKHLU HOHFWURFKHPLFDO EHKDYLRXU VXFK DV WKHLU YROWDJH SURILOH DQG
F\FODELOLW\ ZLOO EH SUHVHQWHG� )RU WKH VDPH DWRPLF FRPSRVLWLRQ� WZR PRUSKRORJLFDO YDULDQWV ZHUH
PDGH� DQG WKHLU UHVSHFWLYH SURSHUWLHV ZHUH DOVR FRPSDUHG� 7KH UHVXOWV RI WKLV VWXG\ ZLOO UHYHDO �D�
ZKHWKHU 10& ��� LV VXSHULRU LQ WKH VHULHV /L1L���0Q����[&R[2� �� ೩ [ ೩ ���� RU QRW� �E� LI WUXH� ZKDW
UHDVRQ PDNHV 10& ��� VXSHULRU DQG �F� KRZ PRUSKRORJ\ DIIHFWV WKH SURSHUWLHV RI FDWKRGH
PDWHULDOV�ZLWK�UHVSHFW�WR�WKHLU�FKHPLFDO�FRPSRVLWLRQV�

>�@ $QWRQLQR 6DOYDWRUH $ULFR� 3HWHU %UXFH� %UXQR 6FURVDWL� -HDQ�0DULH7DUDVFRQ� :DOWHU YDQ
6FKDONZLMN��1DWXUH�0DWHULDOV�������������������
>�@ 6XQJ�-XQ <RRQ� 6HXQJ�7DHN 0\XQJ� <DQJ�.RRN 6XQ� -RXUQDO RI WKH (OHFWURFKHPLFDO 6RFLHW\�
�����������$�����$�����
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3UHFLVLRQ�6SHFWURVFRS\��&RKHUHQW�0DQLSXODWLRQ�DQG�6WDWH�WR�6WDWH�&KHPLVWU\�RI�6LQJOH
0ROHFXODU�,RQV

0��6LQKDO���=��0HLU���.��1DMDILDQ���6��:LOOLWVFK�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW¦W�%DVHO��.OLQJHOEHUJVWUDVVH�����%DVHO�������6ZLW]HUODQG

5HFHQW SURJUHVV LQ ODVHU WHFKQRORJ\� IUHTXHQF\ PHWURORJ\ DQG PROHFXOH RSWLFV KDYH HQDEOHG XOWUD�
SUHFLVH PHDVXUHPHQWV RI PROHFXODU IUHTXHQFLHV >� � �@� :H DUH GHYHORSLQJ D FRPSOHWH
H[SHULPHQWDO DQG WKHRUHWLFDO WRROER[ IRU QRQ�GHVWUXFWLYH VSHFWURVFRS\ RI VLQJOH PROHFXODU LRQV
XVLQJ TXDQWXP�ORJLF WHFKQLTXHV >� � �@� ,Q D ILUVW VWDJH� ZH WDUJHW UHODWLYH PHDVXUHPHQW DFFXUDFLHV
RI RUGHU ��ಗ�� ૱ ��ಗ��� DQ LPSURYHPHQW RI VHYHUDO RUGHUV RI PDJQLWXGH LQ FRPSDULVRQ WR WKH
SUHVHQW VWDWH RI WKH DUW RI ��ಗ� >�� �@� 7KHVH DGYDQFHPHQWV ZLOO SDYH WKH ZD\ IRU XVLQJ PROHFXOHV
DV QHZ KLJK�SUHFLVLRQ IUHTXHQF\ VWDQGDUGV DQG FORFNV� IRU DGGUHVVLQJ IXQGDPHQWDO SK\VLFDO
SUREOHPV VXFK DV WKH SURWRQ�UDGLXV SX]]OH DQG D SRVVLEOH WHPSRUDO YDULDWLRQ RI IXQGDPHQWDO
SK\VLFDO FRQVWDQWV >�� ��@ DQG IRU SUHFLVLRQ WHVWV RI TXDQWXP HOHFWURG\QDPLFV� ,W ZLOO DOVR HQDEOH
WKH REVHUYDWLRQ DQG FRQWURO RI FKHPLFDO UHDFWLRQV RI VLQJOH SDUWLFOHV RQ WKH TXDQWXP OHYHO� 7KH
GUDPDWLF DGYDQFHPHQW LQ PHDVXUHPHQW DFFXUDF\ WDUJHWHG KHUH LV HQDEOHG E\ WKH LPSOHPHQWDWLRQ
RI QHZ VSHFWURVFRSLF PHWKRGRORJLHV EDVHG RQ TXDQWXP WHFKQRORJLHV >�@ DQG E\ WKH GHYHORSPHQW
RI XOWUD�QDUURZ 	 XOWUD�VWDEOH TXDQWXP�FDVFDGH ODVHU VRXUFHV WDLORUHG WR WKH FXUUHQW QHHGV� :H
SUHVHQW D GHWDLOHG GLVFXVVLRQ RI RXU DSSURDFK DQG D FKDUDFWHULVDWLRQ RI WKH TXDQWXP�ORJLF UHDGRXW
RI�VLQJOH�PROHFXODU�LRQV�IRU�VSHFWURVFRS\�

:H XVH 1�� DV D SURWRW\SH PROHFXOH LQ WKLV ZRUN� DOWKRXJK RXU PHWKRGV FDQ EH H[WHQGHG WR D
JHQHUDO FODVV RI GLDWRPLF DQG SRO\DWRPLF PROHFXOHV� 7KH HOHFWURQLF JURXQG VWDWH RI 1�� IHDWXUHV
QDUURZ HOHFWULF�GLSROH�IRUELGGHQ WUDQVLWLRQV DQG LQVHQVLWLYLW\ WR 6WDUN 	 %%5 VKLIWV WR WKH ILUVW�
UHQGHULQJ�1���DQ�DWWUDFWLYH�FDQGLGDWH�IRU�SUHFLVLRQ�VSHFWURVFRS\�>����@�

>�@ -� %LHVKHXYHO� -� 3� .DUU� /� +LOLFR� .� 6� (� (LNHPD� :� 8EDFKV� DQG -� &� -� .RHOHPHLM� 1DW�
&RPPXQ������������������
>�@�6��$OLJKDQEDUL��0��*��+DQVHQ��9��,��.RURERY��DQG�6��6FKLOOHU��1DW��3K\V�����������������
>�@�0��*HUPDQQ��;��7RQJ�DQG�6��:LOOLWVFK��1DW��3K\V�����������������
>�@�0HLU��+HJL��1DMDILDQ��6LQKDO�DQG�:LOOLWVFK��)DU��'LVF���������'2,����������F�IG�����E�
>�@�0��*HUPDQQ�DQG�6��:LOOLWVFK��-��&KHP��3K\V���������������������
>�@�0��*HUPDQQ�DQG�6��:LOOLWVFK��-��&KHP��3K\V���������������������
>�@�0��*HUPDQQ�DQG�6��:LOOLWVFK��0RO��3K\V����������������������
>�@ '� +XPH� &� :� &KRX� '� 5� /HLEUDQGW� 0� -� 7KRUSH� '� -� :LQHODQG� DQG 7� 5RVHQEDQG� 3K\V�
5HY��/HWW���������������������
>�@ (� 5HLQKROG� 5� %XQLQJ� 8� +ROOHQVWHLQ� :� 8EDFKV� DQG 3� 3HWLWMHDQ� 3K\V� 5HY� /HWW�� ����� ���
�������
>��@�0��*HUPDQQ��;��7RQJ�DQG�6��:LOOLWVFK��&+,0,$��������������������
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(IIHFW�RI�,RQLF�/LTXLGV�RQ�WKH�([FLWHG�6WDWHV�'\QDPLFV�RI�0DODFKLWH�*UHHQ�DW
'RGHFDQH�:DWHU�,QWHUIDFH

-��6LVVDRXL���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\�
8QLYHUVLW\�RI�*H

7KH LQWHUIDFHV EHWZHHQ WZR LVRWURSLF PHGLD KDYH JDLQHG FRQVLGHUDEOH DWWHQWLRQ RYHU WKH SDVW
GHFDGHV DV WKH\ SOD\ D FUXFLDO UROH LQ PDQ\ DUHDV RI VFLHQFH�>�@ )RU H[DPSOH� LQWHUIDFHV ZLWK D
URRP WHPSHUDWXUH LRQLF OLTXLG �57,/� DV RQH RI WKH SKDVHV FRXOG KDYH SURPLVLQJ DSSOLFDWLRQV LQ
H[WUDFWLRQ SURFHVVHV DQG DLU WUHDWPHQW EXW UHPDLQ ODUJHO\ XQH[SORUHG�>���@ $ PDMRU H[SHULPHQWDO
GLIILFXOW\ IRU LQYHVWLJDWLQJ LQWHUIDFHV LV WKDW WKH VLJQDO IURP WKH LQWHUIDFLDO UHJLRQ LV FRPSOHWHO\
KLGGHQ E\ WKDW RULJLQDWLQJ IURP WKH EXON ZKHQ FRQYHQWLRQDO VSHFWURVFRSLF PHWKRGV DUH XVHG� :H
DUH LQYHVWLJDWLQJ OLTXLG�OLTXLG LQWHUIDFHV XVLQJ D VXUIDFH VSHFLILF WHFKQLTXH� VXUIDFH VHFRQG
KDUPRQLF JHQHUDWLRQ �66+*�� 7KLV WHFKQLTXH LV EDVHG RQ WKH VHFRQG RUGHU QRQ�OLQHDU UHVSRQVH�
ZKLFK�ZLWKLQ�GLSRODU�DSSUR[LPDWLRQ�RULJLQDWHV�IURP�WKH�LQWHUIDFLDO�UHJLRQ�RQO\�

+HUH LQ� ZH SUHVHQW DQ LQYHVWLJDWLRQ RQ WKH LQIOXHQFH D URRP�WHPSHUDWXUH LRQLF OLTXLG �57,/� RQ WKH
H[FLWHG�VWDWH SURSHUWLHV RI DQ RUJDQLF G\H� 0DODFKLWH *UHHQ �0*�� DW ZDWHU�GRGHFDQH LQWHUIDFH� 0*
LV SRVLWLYHO\ FKDUJHG DQG LWV SURSHUWLHV DW WKH LQWHUIDFH DUH PRGXODWHG E\ WKH SUHVHQFH RI LRQV�>�@
)LUVW� ZH ZLOO VKRZ WKH 66+* UHVSRQVH DW GLIIHUHQW FRQFHQWUDWLRQV RI 0* DW QHDW ZDWHU�GRGHFDQH
LQWHUIDFH� 6HFRQG� WKH LQIOXHQFH RI WKH 57,/ RQ WKH 66+* VLJQDO LV GHVFULEHG� ,QIRUPDWLRQ DERXW WKH
LQWHUIDFLDO FKDUJH� L�H� ZKLFK RI FDWLRQ RU DQLRQ KDV WKH KLJKHVW DIILQLW\ IRU WKH LQWHUIDFH� ZLOO EH
GLVFXVVHG�

>�@ $OH[DQGUH * 9RONRY� 'DYLG : 'HDPHU� /LTXLG�OLTXLG LQWHUIDFHV� WKHRU\ DQG PHWKRGV� ����� )/�
&5&�3UHVV�
>�@ )UDQ©RLV 2 /DIRUJH� 7DNDVKL .DNLXFKL� )XPLNR 6KLJHPDWVX� 0LFKDHO 9 0LUNLQ� -RXUQDO RI WKH
$PHULFDQ�&KHPLFDO�6RFLHW\�������������������������������
>�@ *XLOOHUPR 4XLMDQR� $QQDEHOOH &RXYHUW� $EGHOWLI $PUDQH� *XLOODXPH 'DUUDFT� &DWKHULQH &RXULRO�
3LHUUH�/H�&ORLUHF��/XGRYLF�3DTXLQ��'DQLHO�&DUUL«��:DWHU��$LU��	�6RLO�3ROOXWLRQ�����������������
>�@ 0DULQD )HGRVHHYD� 3LRWU )LWD� $QJHOD 3XQ]L� (ULF 9DXWKH\� -RXUQDO RI 3K\VLFDO &KHPLVWU\
&�����������������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3K\VLFDO�&KHPLVWU\��3RVWHU 3&����

%URDGEDQG�)OXRUHVFHQFH�8S�&RQYHUVLRQ�6SHFWURVFRS\���$�3RZHUIXO�7RRO�WR�$VVHVV
8OWUDIDVW�'\QDPLFV�RI�&KDUJH�&DUULHUV�DQG�([FLWRQV�LQ�/HDG�7ULKDOLGH�3HURYVNLWHV

(��6RFLH���-��(��0RVHU�

�3KRWRFKHPLFDO�'\QDPLFV�*URXS��,QVWLWXWH�RI�&KHPLFDO�(QJLQHHULQJ��(3)/�/DXVDQQH

7LPH�UHVROYHG IOXRUHVFHQFH VSHFWURVFRS\ LV D SRZHUIXO WRRO WR LQYHVWLJDWH WKH SKRWR�OXPLQHVFHQFH
G\QDPLFV RI VHPLFRQGXFWRU V\VWHPV RQ WKH IHPWRVHFRQG WLPHVFDOH� $YDLODEOH H[SHULPHQWDO
WHFKQLTXHV� VXFK DV WKRVH EDVHG RQ WKH XVH RI VWUHDN FDPHUDV RU WLPH�FRUUHODWHG VLQJOH SKRWRQ
FRXQWLQJ �7&63&� DUH OLPLWHG E\ D WHPSRUDO UHVROXWLRQ RI D IHZ SLFRVHFRQGV >�@� $ UHVROXWLRQ RI DW
PRVW ������� SV� KRZHYHU� LV GHHPHG QHFHVVDU\ WR PRQLWRU WKH HDUO\ HYHQWV RFFXUULQJ GXULQJ WKH
UHOD[DWLRQ RI KRW FDUULHUV DQG WKH IRUPDWLRQ RI H[FLWRQV LQ GLUHFW EDQGJDS PDWHULDOV� 7R DOORZ IRU
VXFK D WLPH�UHVROXWLRQ� WKH HPLVVLRQ RI WKH VDPSOH FDQ EH XSFRQYHUWHG �JDWHG� E\ VXP�IUHTXHQF\
PL[LQJ�ZLWK�DQ�XOWUDVKRUW�SXOVH�LQ�D�QRQOLQHDU�RSWLFDO�FU\VWDO�

+HUH� ZH DUH SUHVHQWLQJ D QHZ EURDGEDQG �͏  ������� QP� IOXRUHVFHQFH XS�FRQYHUVLRQ VHWXS
�)/836� GHYHORSHG E\ (UQVWLQJ HW DO� >�@� ZKLFK DOORZV VLQJOH�VFDQ SXPS�JDWH PHDVXUHPHQWV� 7KH
WLPH UHVROXWLRQ RI WKH )/836 LQVWUXPHQW LV RQO\ OLPLWHG E\ WKH JDWH SXOVH GXUDWLRQ DQG KDV EHHQ
IRXQG WR EH � ��� IV IRU RXU VHWXS� $ VSHFWUDO GLVFULPLQDWLRQ RI OHVV WKDQ �� FP૱� LV DFKLHYHG�
PRUHRYHU��XVLQJ�DQ�XQIROGHG�&]HUQ\�7XUQHU�VSHFWURPHWHU�IRU�VLJQDO�GHWHFWLRQ�

:H GHPRQVWUDWH WKH DELOLW\ RI )/836 E\ LQYHVWLJDWLQJ WKH HDUO\�WLPH HYROXWLRQ RI WKH IOXRUHVFHQFH
RI WZR�GLPHQVLRQDO OHDG WULKDOLGH SHURYVNLWHV� 7KH ULVH RI WKH SKRWRHPLVVLRQ RI VXFK ��' ILOPV KDV
EHHQ IRXQG WR EH RI WKH RUGHU RI ��� SV WR ��� SV� GHSHQGLQJ RQ WKH FDWLRQ DQG IOXHQFH� ZKLFK LV
ZHOO DERYH WKH H[SHULPHQWDO UHVSRQVH IXQFWLRQ� $ GHHSHU DQDO\VLV RI WKH NLQHWLFV RI WKH
IOXRUHVFHQFH ULVH ZLOO SURYLGH LQVLJKWV LQWR WKH G\QDPLFV RI WKH FKDUJH FDUULHUV DQG SVHXGR�
SDUWLFOHV XSRQ OLJKW H[FLWDWLRQ RI ORZ�GLPHQVLRQDOLW\ SHURYVNLWHV RI YDULRXV FRPSRVLWLRQV DQG
DUFKLWHFWXUHV�

>�@��6KDK��-���'DPHQ��7�&���'HYHDXG��%���%ORFN��'��$SS��3K\V��/HWW����������������������
>�@ *HUHFNH� 0�� %LHUKDQFH� *�� *XWPDQQ� 0�� (UQVWLQJ� 1�3�� 5RVVSHLQWQHU� $� 5HY� 6FL� ,QVW� �����
�����������
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.LQHWLFV�RI�H[RQ�XQELQGLQJ�LQ�JURXS�,,�LQWURQV�E\�VLQJOH�PROHFXOH�)5(7�DQG�PROHFXODU
G\QDPLFV

)��'��6WHIIHQ���0��.KLHU���'��.RZHUNR�����5��%¸UQHU���5��2��6LJHO�

�8QLYHUVLW\�RI�=XULFK���&KHPQLW]�8QLYHUVLW\�RI�7HFKQRORJ\

)RUPDWLRQ RI VWDEOH 51$ WHUWLDU\ FRQWDFWV LV LQH[WULFDEO\ OLQNHG WR PHWDO FDWLRQV WR FRPSHQVDWH WKH
HOHFWURVWDWLF VWUHVV DQG JXLGH 51$ IROGLQJ� 6HOI�VSOLFLQJ JURXS ,, LQWURQV HVWDEOLVK ORQJ�UDQJH
WHUWLDU\ LQWHUDFWLRQV EHWZHHQ GRPDLQ � DQG WKH XSVWUHDP H[RQ WR DFFXUDWHO\ SRVLWLRQ WKH �
�VSOLFH
VLWH ZLWKLQ WKH ULER]\PH
V DFWLYH FRUH�>�@ +HUH ZH XVH VLQJOH�PROHFXOH )5(7 DQG FRPSXWHU
VLPXODWLRQV RQ D PRGHO 51$ KDLUSLQ WR PRQLWRU WKH NLQHWLFV RI H[RQ UHFRJQLWLRQ DQG UHOHDVH LQ
UHVSRQVH�WR�.��DQG�0J���>�@

:H ILQG WKDW H[RQ XQELQGLQJ UDWHV DUH KHWHURJHQHRXV DV D UHVXOW RI GHJHQHUDF\ LQ WKH )5(7 VWDWHV
ZKLFK LQ WXUQ RULJLQDWHV IURP WKH SUHVHQFH RU DEVHQFH RI VSHFLILFDOO\ FRRUGLQDWHG 0J�� LRQV�>���@ :H
VROYH WKH UDWH V\VWHP E\ KLGGHQ 0DUNRY PRGHOLQJ DQG LGHQWLI\ WKH VWUXFWXUDO RULJLQ RI WKH NLQHWLF
KHWHURJHQHLW\� :KLOH PHWDO LRQ ELQGLQJ ORFNV WKH 51$ WHUWLDU\ FRQWDFW LQ D ULJLG FRQIRUPDWLRQ�
PROHFXODU G\QDPLFV VLPXODWLRQ VKRZ WKDW VWUDLQ RQ WKH VXJDU SKRVSKDWH EDFNERQH LV DOOHYLDWHG
WKURXJK IDVW VXJDU SXFNHULQJ� 6ZLWFKLQJ EHWZHHQ SXFNHU FRQIRUPDWLRQV LV SURQRXQFHG LQ '1$
H[RQV�ZKLFK�H[SODLQV�WKHLU�ORZHU�DIILQLW\�WRZDUGV�JURXS�,,�LQWURQV�
)LQDQFLDO VXSSRUW E\ WKH 6ZLVV 1DWLRQDO 6FLHQFH )RXQGDWLRQ �5.26�� WKH 8=+ )RUVFKXQJVNUHGLW
�)'6�DQG�5%��DQG�WKH�8QLYHUVLW\�RI�=XULFK�LV�JUDWHIXOO\�DFNQRZOHGJHG�

>�@�$QQD�0DULH�3\OH��$QQX��5HY��%LRSK\V���������������������
>�@ )DELR 6WHIIHQ� 0RNUDQH .KLHU� 'DQQ\ .RZHUNR� 5LFKDUG %¸UQHU� 5RODQG .�2� 6LJHO�VXEPLWWHG�
�����
>�@ 'DQQ\ .RZHUNR� 6HEDVWLDQ /�%� .¸QLJ� 0LULDP 6NLODQGDW� '� .UXVFKHO� 0«ORGLH &�$�6� +DG]LF�
/XFLD�&DUGR��5RODQG�.�2��6LJHO��3URF��1DWO��$FDG��6FL��8�6�$������������������������
>�@ 5LFKDUG %¸UQHU� 'DQQ\� .RZHUNR� +HOHQD 0LVHUDFKV�*XLVHW� 0LFKHOOH 6FKDIIHU� 5RODQG .�2� 6LJHO�
&RRUG��&KHP��5HY�������������������������
>�@�'DQLHOD�.UXVFKHO��0LULDP�6NLODQGDW��5RODQG�.�2��6LJHO��51$��������������������
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([FLWHG�VWDWH�V\PPHWU\�EUHDNLQJ�LQ�QRYHO�S\UURORS\UUROHV���7KH�HIIHFW�RI�WKH�SRVLWLRQ
DQG�WKH�VWUHQJWK�RI�WKH�DFFHSWRU�JURXS

=��6]DN£FV���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD�����4XDL�(UQHVW�$QVHUPHW��&+�����
*HQHYD����6ZLW]HUODQG

([FLWHG�VWDWH V\PPHWU\ EUHDNLQJ �(66%� LQ FHQWURV\PPHWULF DFFHSWRU�GRQRU�DFFHSWRU �$'$� RU
'$' W\SH PROHFXOHV KDV DWWUDFWHG D ODUJH DPRXQW RI DWWHQWLRQ RYHU WKH SDVW IHZ \HDUV� 7KHVH
FRPSRXQGV DUH FKDUDFWHULVHG E\ D ODUJH WZR�SKRWRQ DEVRUSWLRQ FURVV VHFWLRQ ZKLFK PDNHV WKHP
DWWUDFWLYH�IRU�PDQ\�DSSOLFDWLRQV�

7KHLU HOHFWURQLF JURXQG�VWDWH LV SXUHO\ TXDGUXSRODU� EXW WKHLU H[FLWHG�VWDWH EHKDYLRXU SRLQWV WR D
VWURQJO\ GLSRODU FKDUDFWHU� :KLOVW� LQ DSRODU PHGLD� WKH V\PPHWU\ RI WKH HOHFWURQ GLVWULEXWLRQ LV
UHWDLQHG XSRQ H[FLWDWLRQ� LQ SRODU VROYHQWV� WKH V\PPHWU\ EUHDNV DQG WKH PROHFXOHV EHFRPH
GLSRODU� ,W ZDV UHFHQWO\ VKRZQ WKDW WKLV SURFHVV LV WULJJHUHG E\ WKH LQVWDQWDQHRXV DV\PPHWU\ RI WKH
VXUURXQGLQJ�VROYHQW�ILHOG�DQG�HQKDQFHG�E\�VROYHQW�UHOD[DWLRQ�>�@

+HUH� ZH LQYHVWLJDWH (66% LQ WKUHH QRYHO S\UURORS\UUROH GHULYDWLYHV>�@ �VHH JUDSKLF�� 7KH HIIHFW RI
WKH SRVLWLRQ DQG VWUHQJWK RI WKH HOHFWURQ ZLWKGUDZLQJ JURXSV LV VWXGLHG E\ WLPH�UHVROYHG LQIUDUHG
�75,5� VSHFWURVFRS\� 7KH FKDQJHV RI WKH HOHFWURQLF VWUXFWXUH DIWHU WKH H[FLWDWLRQ DUH PRQLWRUHG E\
ORRNLQJ DW WKH &೦1 DQG &೦& VWUHWFKLQJ PRGHV� :H ZLOO VKRZ WKDW ZHDN TXDGUXSRODU LQWHUDFWLRQV
ZLWK�WKH�VROYHQW�VXIILFH�WR�EUHDN�WKH�V\PPHWU\�RI�WKH�H[FLWHG�VWDWH�HOHFWURQLF�VWUXFWXUH�

$FNQRZOHGJHPHQW� 7KH DXWKRUV DUH JUDWHIXO WR 3URI� '� 7� *U\NR IRU SURYLGLQJ WKH LQYHVWLJDWHG
FRPSRXQGV�

)XQGLQJV��)LQDQFLDO�VXSSRUW�IURP�WKH�61)��QU�����������������LV�DFNQRZOHGJHG�

>�@�%RJGDQ�'HUHND��(ULF�9DXWKH\��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�/HWWHUV��������������������
>�@ 0DULXV] 7DVLRU� *XLOODXPH &OHUPRQW� 0LUHLOOH %ODQFKDUG�'HVFH� 'HQLV -DFTXHPLQ� 'DQLHO 7�
*U\NR��&KHPLVWU\���$�(XURSHDQ�-RXUQDO�������������������
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7RZDUGV�FROG�GLSROH�GLSROH�FROOLVLRQV�LQ��'�SULQWHG�PHUJHG�HOHFWULF�JXLGHV

6��7DQWHUL���1��*NRJNRJORX���-��=RX���6��'��*RUGRQ���$��2VWHUZDOGHU�

�,QVWLWXWH�IRU�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��(3)/�/DXVDQQH

0HUJHG EHDP H[SHULPHQWV RQ QHXWUDO PROHFXOHV UHFHQWO\ DOORZHG IRU ILUVW PROHFXODU EHDP VWXGLHV
RI UHDFWLYH VFDWWHULQJ EHORZ � .� ,Q WKHVH H[SHULPHQWV� D PDJQHWLFDOO\ JXLGHG EHDP ZDV PHUJHG
ZLWK D GLUHFW H[SDQVLRQ RU DQ HOHFWULFDOO\ JXLGHG EHDP RI SRODU PROHFXOHV>�@� :H KDYH GHVLJQHG D
QHZ PHUJHG EHDP VHWXS WKDW SHUPLWV WR VWXG\ FROG FROOLVLRQV EHWZHHQ WZR EHDPV RI SRODU
PROHFXOHV� WKXV JLYLQJ DFFHVV WR WKH LQYHVWLJDWLRQ RI GLSROH�GLSROH LQWHUDFWLRQV LQ WKH VXE�.HOYLQ
UDQJH�7KH 6WDUN HIIHFW FDQ EH XVHG WR PDQLSXODWH SRODU QHXWUDO PROHFXOHV LQ DQ HOHFWURVWDWLF JXLGH
EXW WKH HOHFWURGH VWUXFWXUH QHFHVVDU\ WR PHUJH WZR SRODU PROHFXODU EHDPV LV FRPSOLFDWHG EHFDXVH
RQH EHDP FDQQRW EH LQVHUWHG LQWR WKH JXLGH RI WKH RWKHU EHDP LQ WKH VDPH PDQQHU DV LV GRQH LQ
SUHYLRXV PHUJHG EHDP H[SHULPHQWV� 7KH UHTXLUHG VWUXFWXUH LV KLJKO\ FRPSOH[ DQG GLIILFXOW WR EXLOG
E\ WUDGLWLRQDO PHDQV� 7KH �' SULQWLQJ�PHWDO FRDWLQJ DSSURDFK� GHYHORSHG LQ RXU JURXS>�@� PDNHV
SRVVLEOH WKH SURGXFWLRQ RI DQ <�VKDSHG HOHFWURVWDWLF JXLGH� ,Q WKLV VHWXS WZR EHQW TXDGUXSROHV
JXLGHV DUH VPRRWKO\ PHUJLQJ LQ DQ KH[DSROH JXLGH�$ VHULHV RI VLPXODWLRQV KDV EHHQ SHUIRUPHG WR
HVWLPDWH WKH WUDQVPLVVLRQ RI WKH JXLGH DV D IXQFWLRQ RI WKH YHORFLW\ LQ RUGHU WR GHVLJQ WKH PHUJHG
EHDPV H[SHULPHQW� 7KH FRUUHFW IXQFWLRQLQJ RI WKH GHYLFH LV GHPRQVWUDWHG E\ VWXG\LQJ 1'��1'�
VFDWWHULQJ�

>�@�2VWHUZDOGHU��$��(3-�7HFKQLTXHV�DQG�,QVWUXPHQWDWLRQ������������
>�@�*RUGRQ��6�'�6���2VWHUZDOGHU��$��3K\VLFDO�5HYLHZ�$SSOLHG����������������
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6LWH�VHOHFWLYH�DQG�ERQG�VSHFLILF�GLVVRFLDWLRQ�RI�PHWKDQH�PROHFXOH

+��9HMD\DQ���$��*XWLHUUH]�*RQ]DOH]���5��%HFN�

�(3)/�/DXVDQQH

6WHDP UHIRUPLQJ SURFHVV LV XVHG LQ WKH IRUPDWLRQ RI K\GURJHQ IURP PHWKDQH DW LQGXVWULDO OHYHO�
7KH UDWH OLPLWLQJ VWHS LQ WKLV UHDFWLRQ LV WKH GLVVRFLDWLRQ RI PHWKDQH� 7KHUHIRUH� VWXG\LQJ WKLV VWHS
LQ GHWDLO ZRXOG JLYH XV D EHWWHU XQGHUVWDQGLQJ RI WKH SURFHVV� ,Q RXU ODE� ZH VWXG\ VXUIDFH
G\QDPLFV RI JDV�VROLG LQWHUDFWLRQV� &XUUHQWO\� RXU VWXGLHV PDLQO\ UHYROYHG DURXQG XQGHUVWDQGLQJ
WKH GLVVRFLDWLRQ RI PHWKDQH XVLQJ YLEUDWLRQDO VSHFWURVFRSLHV �5$,56�� ,Q RXU H[SHULPHQWV� ZH WU\ WR
FRQWURO DV PDQ\ SDUDPHWHUV DV SRVVLEOH LQ WKH UDWH OLPLWLQJ VWHS RI WKH VWHDP UHIRUPLQJ SURFHVV
DQG XQGHUVWDQG KRZ WKH GLIIHUHQW SDUDPHWHUV FRQWULEXWH WR WKH HIILFLHQF\ RI PHWKDQH GLVVRFLDWLRQ�
7KH VXUIDFH WKDW ZH XVHG IRU RXU VWXG\ LV 3W� :H ZRUNHG RQ WKH GLIIHUHQW VXUIDFHV RI 3W EHFDXVH
H[SRVLQJ GLIIHUHQW SODQHV WR D EHDP RI PHWKDQH PROHFXOHV PHDQV WKDW PROHFXOHV FRPH LQWR
FRQWDFW ZLWK GLIIHUHQW W\SH RI VXUIDFH DWRPV� )RU H[DPSOH 3W����� VXUIDFH KDV WKUHH W\SHV RI
VXUIDFH DWRPV ZKLFK DUH VWHS DWRPV� WHUUDFH DWRPV DQG FRUQHU DWRPV� 0HDQZKLOH� 3W����� RQO\ KDV
RQH W\SH RI VXUIDFH DWRP DYDLODEOH IRU WKH LQWHUDFWLRQ RI WKH LQFLGHQW PHWKDQH PROHFXOHV ZKLFK LV
WKH�WHUUDFH�DWRP�

:H IRXQG LQWHUHVWLQJ UHVXOWV ZKHQ ZH GLUHFWHG D PROHFXODU EHDP RI PHWKDQH RQWR GLIIHUHQW 3W
VXUIDFHV� )RU H[DPSOH� WKH GLVVRFLDWLRQ RI PHWKDQH LV PRUH HIIHFWLYH RQ WKH VWHS VLWHV RI 3W�����
VXUIDFH FRPSDUHG WR WKH WHUUDFH DWRPV RI WKH VDPH VXUIDFH� 7KLV LV GXH WR WKH ORZHU GLVVRFLDWLRQ
DFWLYDWLRQ EDUULHU RQ WKH VWHS DWRPV FRPSDUHG WR WKH WHUUDFH DWRPV� 0HDQZKLOH� WKH FRUQHU DWRPV
KDYH YHU\ KLJK DFWLYDWLRQ EDUULHU WKDW QR GLVVRFLDWLRQ WDNHV SODFH WKHUH� 7KLV H[SHULPHQW ZDV DQ
HYLGHQFH�IRU�WKH�VLWH�VHOHFWLYLW\�RI�WKH�GLVVRFLDWLRQ�RI�PHWKDQH�PROHFXOHV�RQ�3W�

$SDUW IURP WKH DERYH LQIRUPDWLRQ� WKH LQFLGHQW PROHFXOHV WKDW ZH XVH DUH SUHSDUHG LQ D VSHFLILF UR�
YLEUDWLRQDO VWDWH ZLWK ODVHU H[FLWDWLRQ� 7KH DELOLW\ WR SUHSDUH RXU PROHFXOHV LQ D VSHFLILF TXDQWXP
VWDWH DOORZV XV WR FDUU\ RXW H[SHULPHQWV ZKLFK DUH TXDQWXP�VWDWH UHVROYHG� $Q H[SHULPHQW WKDW ZH
GLG LQ WKH ODE LQFOXGHV SUHSDULQJ WKH LQFLGHQW GHXWHUDWHG PHWKDQH PROHFXOHV� &+�' ZLWK H[FLWDWLRQ
RI WKH DQWLV\PPHWULF &�+ ERQG� 7KLV DOORZHG XV WR VWXG\ WKH ERQG�VHOHFWLYLW\ LQ WKH PHWKDQH
GLVVRFLDWLRQ� :H IRXQG WKDW WKH VLQJOH TXDQWXP H[FLWDWLRQ ZDV HQRXJK WR FDXVH ERQG�VHOHFWLYH
GLVVRFLDWLRQ�LQ�WKH�GLVVRFLDWLRQ�RI�PHWKDQH�PROHFXOHV�

>�@�+��&KDGZLFN�DQG�5��'��%HFN��$QQX��5HY��&KHP����������������
>�@ +� &KDGZLFN� +� *XR� $� *XWLHUUH]�*RQ]DOH]� -� 3� 0HQ]HO� %� -DFNVRQ DQG 5� '� %HFN� -� &KHP�
3K\V�������������������
>�@ $� *XWLHUUH]�*RQ]DOH]� 0� (� 7RULR� +� &KDGZLFN� )� %XVQHQJR DQG 5� '� %HFN� 7RSLFV LQ
&DWDO\VLV��6SULQJHU��������
>�@�$��*XWLHUUH]�*RQ]DOH]��)��)��&ULP�DQG�5��'��%HFN��-��&KHP��3K\V��������������������
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3ODVPRQ�LQGXFHG�VORZ�(OHFWURQ�,QMHFWLRQ�RI�*ROG�QDQRSDUWLFOHV�LQWR�WLWDQLXP�GLR[LGH

/��:DQJ���7��5RVVL���0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

%\ XVLQJ WKH FRUH�VKHOO $X�7L2� QDQRSDUWLFOHV �13V�� ZH PRQLWRU WKH HOHFWURQ LQMHFWLRQ LQWR DQDWDVH
7L2� XQGHU SODVPRQ H[FLWDWLRQ RI WKH JROG XVLQJ EURDGEDQG GHHS�XOWUDYLROHW �GHHS�89� WUDQVLHQW
DEVRUSWLRQ VSHFWURVFRS\� :H REVHUYH D VLJQLILFDQWO\ ORQJ�OLYHG EOHDFK RI WKH 7L2� H[FLWRQLF
UHVRQDQFH DW a��� QP ZKLFK LV GXH WR WKH LQMHFWHG HOHFWURQV� 7KH WHPSRUDO EHKDYLRXU RI WKH
EOHDFK VKRZV WKDW WKH SODVPRQ�LQGXFHG HOHFWURQ LQMHFWLRQ RFFXUV RQ WZR WLPHVFDOHV� D SURPSW
UHJLPH�ZLWKLQ�a����IV��DQG�D�ODUJHU�RQH�RYHU�������SV�ZKLFK�UHSUHVHQWV�WKH�GRPLQDQW�FKDQQHO�
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$XWRLRQL]DWLRQ�UDWHV�RI�FRUH�H[FLWHG�PDJQHVLXP�5\GEHUJ�DWRPV�LQ�HOHFWULF�ILHOGV�XVLQJ
WKH�FRUH�IOXRUHVFHQFH�DV�D�UHIHUHQFH

'��:HKUOL���0��*«Q«YULH]���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

>0�ಜ@QO FRUH�H[FLWHG 5\GEHUJ VWDWHV RI WKH DONDOLQH�HDUWK PHWDO DWRPV FDQ GHFD\ E\ HOHFWURQLF
DXWRLRQL]DWLRQ �>0�ಜ@QO గ 0� � ͉O
 � RU E\ IOXRUHVFHQFH RI WKH FRUH �>0�ಜ@QO గ >0�@QO � K͑� >�@� 7KH
WZR SURFHVVHV FDQ EH GHWHFWHG VHSDUDWHO\ E\ PRQLWRULQJ WKH SURPSW 0� DXWRLRQL]DWLRQ \LHOG DQG
WKH GHOD\HG SXOVHG�ILHOG�LRQL]DWLRQ \LHOG RI WKH >0�@QO 5\GEHUJ VWDWHV� :KHUHDV WKH IRUPHU SURFHVV
VWURQJO\ GHSHQGV RQ WKH SULQFLSDO �Q� DQG RUELWDO DQJXODU�PRPHQWXP �O� TXDQWXP QXPEHUV� WKH
ODWWHU LV LQGHSHQGHQW RI Q DQG O EHFDXVH LW LV HVVHQWLDOO\ D SURSHUW\ RI WKH LRQ FRUH� :H SUHVHQW DQ
H[SHULPHQWDO VWXG\ RI WKH FRPSHWLWLRQ EHWZHHQ DXWRLRQL]DWLRQ DQG FRUH IOXRUHVFHQFH LQ
>1H@�S���QO FRUH�H[FLWHG 5\GEHUJ VWDWHV RI 0J DWRPV DQG RI LWV GHSHQGHQFH RQ Q DQG ZHDN HOHFWULF
ILHOGV >�@� :H DQDO\]H WKH H[SHULPHQWDO UHVXOWV XVLQJ D NLQHWLF PRGHO� IURP ZKLFK ZH H[WUDFW WKH
HOHFWURQLF�DXWRLRQL]DWLRQ UDWHV E\ XVLQJ WKH 0J� �S��� ૱ �V��� FRUH IOXRUHVFHQFH �͘IO  ��� QV >�@� DV
DQ LQWHUQDO FORFN� 7KH DXWRLRQL]DWLRQ UDWH RI WKH �S���QG��� �-  �� DQG RI WKH IXOO\ 6WDUN�PL[HG
�S���QN �P  �� s�� VHULHV DUH ���� y ���� �Qಜ�ಗ� � Vಗ� DQG ����� y ���� Qಗ� � Vಗ�� ZKLFK ZRXOG
WUDQVODWH IRU WKH ORZHVW 5\GEHUJ VWDWHV ��G ZLWK Qಜ  ����� WR DXWRLRQL]DWLRQ UDWHV RI ು���� Vಗ� DQG
ು�����Vಗ���UHVSHFWLYHO\��DV�IDVW�DV�$XJHU�GHFD\�SURFHVVHV�>�@�

>�@ -� %HUNRZLW]� 3KRWRDEVRUSWLRQ� SKRWRLRQL]DWLRQ DQG SKRWRHOHFWURQ VSHFWURVFRS\ �$FDGHPLF
3UHVV��1HZ�<RUN��������
>�@�'��:HKUOL��0��*«Q«YULH]��DQG�)��0HUNW��6XEPLWWHG�
>�@ $� .UDPLGD� <X� 5DOFKHQNR� -� 5HDGHU� DQG 1,67 $6' 7HDP� 1,67 $WRPLF 6SHFWUD 'DWDEDVH �YHU�
������� >2QOLQH@� $YDLODEOH� KWWSV���SK\VLFV�QLVW�JRY�DVG >����� -DQXDU\ ��@� 1DWLRQDO ,QVWLWXWH RI
6WDQGDUGV�DQG�7HFKQRORJ\��*DLWKHUVEXUJ��0'���������
>�@ &� 0LURQ DQG 3� 0RULQ� LQ +DQGERRN RI +LJK�5HVROXWLRQ 6SHFWURVFRS\� 9RO� �� HGLWHG E\ 0� 4XDFN
DQG�)��0HUNW��-RKQ�:LOH\�	�6RQV��&KLFKHVWHU��������SS������૱�����
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7RZDUGV�SDULW\�YLRODWLRQ�DQG�WXQQHOLQJ�LQ�FKLUDO�PROHFXOHV��$Q�H[SHULPHQW�LQ�WKH�PLG�
LQIUDUHG�UDQJH�XVLQJ�D�SXOVHG�VOLW�MHW�H[SDQVLRQ�

*��:LFKPDQQ���(��0LORJO\DGRY���*��6H\IDQJ���0��4XDFN�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

,Q RXU VFKHPH SURSRVHG WR PHDVXUH WKH SDULW\ YLRODWLQJ HQHUJ\ GLIIHUHQFH EHWZHHQ WKH
HQDQWLRPHUV RI FKLUDO PROHFXOHV >�@� D SXUH SDULW\ VWDWH KDV WR EH SUHSDUHG LQ D WZR SKRWRQ SURFHVV
LQ ZKLFK WKH PROHFXOHV DUH H[FLWHG WR D URYLEUDWLRQDO VWDWH ZLWK DQ H[FLWDWLRQ HQHUJ\ FORVH WR RU
DERYH WKH EDUULHU IRU WKH LQWHUFRQYHUVLRQ RI WKH WZR HQDQWLRPHUV >�@� )RU WKH SUHSDUDWLRQ VWHS D
FRPSOHWH XQGHUVWDQGLQJ RI WKH ,5�VSHFWUXP LQ WKLV HQHUJ\ UHJLRQ ZKHUH WXQQHOLQJ VSOLWWLQJV DUH
ODUJH LV HVVHQWLDO� 7R PHDVXUH VXFK LQIUDUHG VSHFWUD ZLWK KLJK DFFXUDF\ D QHZ VHWXS KDV EHHQ EXLOW
WR LQYHVWLJDWH SRO\DWRPLF PROHFXOHV RI PRGHUDWH VL]H LQ WKH UHTXLUHG VSHFWUDO UDQJH IURP ���� WR
���� FP�� XVLQJ DQ 232 UHIHUHQFHG WR D IUHTXHQF\ FRPE UHDFKLQJ DQ DFFXUDF\ EHWWHU WKDQ �� N+]
IRU WKH PLG�,5 ODVHU IUHTXHQF\� 7KH VSHFWUD DUH PHDVXUHG LQ D VOLW MHW PROHFXODU EHDP H[SDQVLRQ
XVLQJ FDYLW\ ULQJ�GRZQ VSHFWURVFRS\ >�� �@� 'XH WR WKH 'RSSOHU VKLIW WKH HIIHFWLYH IUHTXHQF\
XQFHUWDLQW\ LV DERXW � 0+]� :H ZLOO SUHVHQW WHVW UHVXOWV IRU DPPRQLD �1+��� ZKLFK LV DOVR RI JHQHUDO
LQWHUHVW DV D SURWRW\SH WXQQHOLQJ PROHFXOH >�@� DV ZHOO DV IRU QXFOHDU VSLQ V\PPHWU\ �VHH >�@ DQG
5HIV� FLWHG�� 7KH UHVXOWV RI WKH H[SHULPHQWV DUH FRQVLVWHQW ZLWK QXFOHDU VSLQ V\PPHWU\
FRQVHUYDWLRQ LQ VHHGHG VXSHUVRQLF MHW H[SDQVLRQV SURYLGLQJ FRROLQJ WR WHPSHUDWXUHV EHORZ � .� ,Q
WKH DFKLUDO PROHFXOH 1+� RQH DOVR KDV HIIHFWLYH SDULW\ FRQVHUYDWLRQ >�@� 5HVXOWV RQ SRWHQWLDO FKLUDO
FDQGLGDWHV�IRU�PHDVXULQJ�SDULW\�YLRODWLRQ�ZLOO�EH�SUHVHQWHG�DV�DYDLODEOH�DW�WKH�WLPH�RI�WKH�PHHWLQJ�

>�@��0��4XDFN��&KHP��3K\V��/HWWHUV������������������
>�@ 3� 'LHWLNHU� (� 0LORJ\DGRY� 0� 4XDFN� $� 6FKQHLGHU� DQG *� 6H\IDQJ� -� &KHP� 3K\V�� ����� ����
�������
>�@��+��+LSSOHU��/��2HOWMHQ��0��4XDFN���-�3K\V�&KHP��$�������������������������
>�@��&��0DQFD�7DQQHU��0��4XDFN��'��6FKPLGLJHU���0RO�3K\V������������������������
>�@��&��)£EUL��5��0DUTXDUGW��$��&V£V]£U��DQG�0�4XDFN��-��&KHP��3K\V��������������������������
>�@ 0� 4XDFN� )XQGDPHQWDO 6\PPHWULHV DQG 6\PPHWU\ 9LRODWLRQV IURP +LJK 5HVROXWLRQ
6SHFWURVFRS\ LQ +DQGERRN RI +LJK�5HVROXWLRQ 6SHFWURVFRS\� �� ��� ������� 0� 4XDFN� DQG )�
0HUNW��(GV��:LOH\��&KLFKHVWHU��������,6%1�����������������������
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7UDQVLHQW�LQIUDUHG�UHVSRQVH�RI�D�3'=��GRPDLQ�SURWHLQ�XSRQ�OLJKW�LQGXFHG�OLJDQG
SHUWXUEDWLRQ

&��=DQRELQL���2��%R]RYLF���%��-DQNRYLF���3��+DPP�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

$ SKRWR�FRQWUROODEOH SHSWLGH OLJDQG>�@ ZDV HPSOR\HG WR SURPRWH D QRQ�HTXLOLEULXP VWUXFWXUDO
WUDQVLWLRQ RI D 3'=� GRPDLQ ZKLFK KDV EHHQ UHFRUGHG E\ WUDQVLHQW LQIUDUHG VSHFWURVFRS\� :LWK WKH
KHOS RI LVRWRSH ODEHOOLQJ VWUDWHJ\� D KHDYLHU ���&��1� 3'=� GRPDLQ YHUVLRQ ZDV H[SUHVVHG E\ ZKLFK
WKH 3'=� GRPDLQ DPLGH , UHVSRQVH ZDV LVRODWHG IURP WKH RQH RI WKH SKRWR�FRQWUROODEOH SHSWLGH
OLJDQG� 3KRWR�LQGXFHG LVRPHUL]DWLRQ RI WKH ODWWHU OHDGV WR FD� � IROG GLIIHUHQFH LQ DIILQLW\ WRZDUGV
WKH 3'=� GRPDLQ� 7KH WUDQVLHQW LQIUDUHG VSHFWUD UHYHDO UHDUUDQJHPHQWV RI WKH SURWHLQ VWUXFWXUH
KDSSHQLQJ RQ PDQ\ WLPHVFDOHV ZKLFK LV LQ DJUHHPHQW ZLWK WKH UHVXOWV SUHYLRXVO\ REWDLQHG IRU D
VLPLODU�PRGHO�V\VWHP>�@�

>�@ =DQRELQL &�� %R]RYLF 2�� -DQNRYLF %�� .R]LRO .�� -RKQVRQ 3�� +DPP 3�� *XO]DU $�� :ROI 6�� 6WRFN
*��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�%����������������������૱������
>�@ %XFKOL %�� :DOGDXHU 6� $�� :DOVHU 5�� 'RQWHQ 0� /�� 3ILVWHU 5�� %O¸FKOLJHU 1�� 6WHLQHU 6�� &DIOLVFK
$�� =HUEH 2�� +DPP 3�� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI
$PHULFD�����������������૱������
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)OXRUHVFHQFH�OLIHWLPH�OLPLWHG�WUDSSLQJ�RI�5\GEHUJ�+H�DWRPV�RQ�D�FKLS

0��=HVNR���9��=KHO\D]NRYD���-��$JQHU���+��6FKPXW]���)��0HUNW�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK

7KH PDQLSXODWLRQ RI DWRPV DERYH VXUIDFHV LV DQ LPSRUWDQW REMHFWLYH LQ DWRPLF DQG PROHFXODU
SK\VLFV� LQ FDYLW\ 4(' >�@� LQ FROG FKHPLVWU\ >�@� RU DWRP LQWHUIHURPHWHU\ >�@� ,I WKH QHXWUDO DWRPV
DUH LQ KLJKO\ H[FLWHG 5\GEHUJ VWDWHV� WKH\ FDQ VHUYH DV VXEVWLWXWHV IRU LRQV EHFDXVH WKH PHDQ
UDGLXV RI WKH H[FLWHG�HOHFWURQ RUELW LV YHU\ ODUJH DQG VFDOHV ZLWK WKH VTXDUH RI WKH SULQFLSDO
TXDQWXP QXPEHU Q� ,Q WKLV ZRUN� ZH UHSRUW RQ H[SHULPHQWV LQ ZKLFK FROG PHWDVWDEOH ��V���V� �6�
+H DWRPV JHQHUDWHG LQ D VXSHUVRQLF�EHDP VRXUFH ZHUH H[FLWHG WR 5\GEHUJ VWDWHV LQ WKH Q  �� ૱
�� UDQJH� VXEVHTXHQWO\ GHFHOHUDWHG E\ D VXUIDFH�HOHFWURGH GHFHOHUDWRU LQ D FU\RJHQLF
HQYLURQPHQW� DQG WKHQ KHOG LQ WUDSV DERYH LWV VXUIDFH� 7KH DWRPV ZHUH GHFHOHUDWHG WR ]HUR
YHORFLW\ RYHU D GLVWDQFH RI �� PP LQ �� ͐V DQG NHSW WUDSSHG IRU WLPHV LQ WKH � ૱ ��� ͐V UDQJH�
DIWHU�ZKLFK�WKH\�ZHUH�UH�DFFHOHUDWHG�IRU�GHWHFWLRQ�E\�SXOVHG�ILHOG�LRQLVDWLRQ��3),��

7KH ORQJ WUDSSLQJ WLPHV DFKLHYHG LQ WKLV ZRUN UHVXOW IURP WZR LPSURYHPHQWV RYHU SUHYLRXV +H
WUDSSLQJ H[SHULPHQWV >�@� �L� DQ LQ�KRXVH�EXLOW YDOYH SURGXFLQJ JDV SXOVHV RI DERXW �� ͐V GXUDWLRQ
HQDEOHG WKH UHGXFWLRQ RI ORVVHV IURP FROOLVLRQV ZLWK DWRPV LQ WKH WUDLOLQJ SDUW RI WKH JDV SXOVH� DQG
�LL� FRROLQJ WKH HQYLURQPHQW VXSSUHVVHG ORVVHV IURP EODFNERG\�UDGLDWLRQ�LQGXFHG SURFHVVHV� $W ���
.� WKH H[FLWHG�DWRP ORVVHV IURP WKH WUDS ZHUH IRXQG WR FRPH DOPRVW H[FOXVLYHO\ IURP WKH
IOXRUHVFHQFH RI WKH 5\GEHUJ VWDWHV� ,QFUHDVLQJ WKH WHPSHUDWXUH RI WKH HQYLURQPHQW WR ��� .
UHGXFHG�WKH�WUDSSLQJ�WLPHV�EHFDXVH�RI�WUDQVLWLRQV�VWLPXODWHG�E\�EODFNERG\�UDGLDWLRQ�

>�@ 6� '� +RJDQ� -� $� $JQHU� )� 0HUNW� 7� 7KLHOH� 6� )LOLSS� DQG $� :DOOUDII� 3K\V� 5HY� /HWW�� �����
�����������
>�@ 3� $OOPHQGLQJHU� -� 'HLJOPD\U� 2� 6FKXOOLDQ� .� +¸YHOHU� -� $� $JQHU� +� 6FKPXW]� DQG )� 0HUNW�
&KHP��3K\V��&KHP��������������������������
>�@�-��3DOPHU��DQG�6��'��+RJDQ��3K\V��5HY��$������������������
>�@�3��$OOPHQGLQJHU��-��$��$JQHU��+��6FKPXW]��DQG�)��0HUNW���3K\V��5HY��$���������������������

�
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Studying ion-molecule reactions at low temperatures with a merged-beam set-up

V. Zhelyazkova1, M. Zesko1, J. A. Agner1, H. Schmutz1, F. Merkt1*

1Laboratorium für Physikalische Chemie, ETH Zürich

Reactions involving highly reactive species, such as ions or radicals, often proceed without an
activation barrier and readily take place even at low temperatures with large rate coefficients
(~10-9 cm3/s). Reactions involving the helium ion in particular have importance in astrochemistry
[1] and atmospheric physics [2].
Studying ion-molecules reactions at low temperatures is experimentally challenging - stray electric
fields as small as 2 mV/cm cause ion-heating of kB·12 K and at high ion sample densities heating
because of Coulomb repulsion can arise.
Here we present the results of experiments in which ion-molecule reactions involving the helium
ion are probed at temperatures in the 0 - 40 K range. To avoid heating of the ions by stray electric
fields, we excite the He atoms to high Rydberg states and study the reaction within the orbit of the
Rydberg electron [3]. The Rydberg electron acts as a spectator and does not significantly affect
the outcome of the reaction. We use the large dipole moments of the He Rydberg states to deflect
a He-Rydberg-atom beam with a curved 50-electrode chip device and merge it with a ground-state
beam of either N2 , CH4 or CH3F. The principle can be extended to study reactions between the
helium ion and a wide range of molecules.

The helium atoms are produced in a home-built pulsed supersonic valve that can be temperature-
stabilized in the 35 - 100 K range. A dc electric discharge at the valve orifice populates the
metastable (1s)(2s) 3S1 state of helium, from which the atoms are excited to Rydberg-Stark states
with principal quantum number n = 30. The velocity of the He-Rydberg-atom beam can be set to a
value in the 600 – 1200 m/s range. After the He-Rydberg-atom beam is merged with the ground-
state molecular beam, the two beams traverse a reaction zone and the product ions are detected
with a microchannel-plate detector.
The energy of the collision, Ecoll, is determined by the relative velocity of the Rydberg and ground
state beams and the reduced mass of the system. By integrating the product ion yield as a
function of Ecoll, it is possible to determine the energy dependence of the relative reaction rate at
collision energies below kB·1 K.
Because of the well-defined velocity and compact spatial extent of the Rydberg atoms transported
by the chip-device, it is possible to achieve an energy resolution of better than kB·1 K.

[1] D. Smith, Chem. Rev. 92, 1473 – 1485 (1992).
[2] S. J. Bauer, J. Geophys. R. 71, 1508 (1966).
[3] P. Allmendinger, J. Deiglmayr, K. Hoveler, O. Schullian and F. Merkt, J. Chem. Phys. 145,
244316 (2016).
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6XE�SLFRVHFRQG�FKDUJH�WUDQVIHU�LQ�SRO\PHU�QRQ�IXOOHUHQH�KHWHURMXQFWLRQ

<��=KRQJ���0��&DXVD
���1��%DQHUML�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ

7KH UHFHQW GHYHORSPHQW RI QRQ�IXOOHUHQH DFFHSWRU �1)$� KDV WDNHQ WKH RUJDQLF SKRWRYROWDLFV �239�
FRPPXQLW\ E\ VWRUP� 7KH UHPDUNDEOH HIILFLHQFH QRW RQO\ GHULYHV IURP EHWWHU DEVRUSWLRQ VSHFWUXP
RI 1)$� EXW DOVR GXH WR KLJK RSHQ FLUFXLW YROWDJH FRPLQJ IURP ORZ LQWHUIDFLDO GULYLQJ IRUFH� <HW WKH
H[FDFW UHODWLRQVKLS EHWZHHQ HQHUJLWLF GULYLQJ IRUFH DQG FKDUJH WUDQVIHU DW SRO\PHU�1)$ LQWHUIDFH LV
QRW FOHDU� 6RPH UHSRUWV VKRZ VORZ FKDUJH WUDQVIHU WDNHV SODFH DW ORZ GULYLQJ IRUFH� VHWWLQJ
IXQGDPHQWDO WUDGH�RII UHODWLRQVKLS EHWZHHQ REWDLQLQJ KLJKHU 9RF DQG HIILFLHQW FKDUJH
JHQHUDWLRQ�:H KHUHLQ VKRZ WKDW FKDUJH WUDQVIHU LQ SRO\PHU�1)$ V\VWHP KDV � VHSHUDWH SDWKZD\V�
2Q RQH KDQG� HOHFWURQ WUDQVIHU IURP SRO\PHU WR 1)$ UHPDLQV XOWUDIDVW LUUHVSHFWLYH WR GULYLQJ IRUFH�
ZKLOH KROH WUDQVIHU LV GULYLQJ IRUFH GHSHQGHQW EXW UHPDLQ UHODWLYHO\ IDVW ��� SV� HYHQ GULYLQJ IRUFH
LV DSSURDFKLQJ ]HUR� 6XFK UHVXOWV LQGLFDWH WKHRUDWLFDO IUDPHZRUN RI 0DUFXV WKRHU\ FDQ QRW EH
DSSOLHG WR VXFK VROLG LQWHUIDFH� SRVVLEO\ GXR WR VWURQJ LQWHUDFWLRQ� 0RUH SUDFWLFDOO\� LQWHUIDFLDO
GULYLQJ IRUFH FDQ EH PLQLPL]HG WR HQKDQFH 9RF RI WKH GHYLFH� SXVKLQJ HIILFLHQF\ RI 239 WR D KLJKHU
OHYHO�

:H KHUHLQ VKRZ WKDW FKDUJH WUDQVIHU LQ SRO\PHU�1)$ V\VWHP KDV � VHSHUDWH SDWKZD\V� 2Q RQH
KDQG��HOHFWURQ�WUDQVIHU�IURP�SRO\PHU�WR�1)$�UHPDLQV�XOWUDIDVW��
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1DQRJUDSKHQH�)DYRUV�,QWHUDFWLRQV�ZLWK�WKH�(OHFWURQ�$FFHSWRU�5DWKHU�7KDQ�WKH�(OHFWURQ
'RQRU�LQ�D�3ODQDU�)XVHG�3XVK�3XOO�&RQMXJDWH

3��=KRX���0��9ROODQG���/��:LEPHU���5��+¦QHU���6��'HFXUWLQV���7��)HXUHU���6��/LX���'��*XOGL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ���'HSDUWPHQW�RI�&KHPLVWU\�DQG
3KDUPDF\�	�,QWHUGLVFLSOLQDU\�&HQWHU�IRU�0ROHFXODU�0DWHULDOV��,&00���)ULHGULFK�$OH[DQGHU�

8QLYHUVLW¦W�(UODQJHQ�1¾UQEHUJ���,QVWLWXWH�RI�$SSOLHG�3K\VLFV��8QLYHUVLW\�RI�%HUQ

*UDSKHQH ILOPV KDYH DWWUDFWHG D ORW DWWHQWLRQ GXH WR WKHLU SRWHQWLDO DSSOLFDWLRQ LQ QDQRHOHFWURQLF
GHYLFHV�>�@ 1RQFRYDOHQW IXQFWLRQDOL]DWLRQ RI JUDSKHQH GRHV QRW GLVUXSW WKH H[WHQGHG ͔�FRQMXJDWLRQ�
,QFRUSRUDWLRQ RI LQWHUFDODWRUV LQ WKH IRUP RI UHGR[� DQG�RU SKRWRDFWLYH EXLOGLQJ EORFNV HQDEOHV WKH
XVDJH RI HOHFWURQ GRQRU�DFFHSWRU �'૱$� LQWHUDFWLRQV� $FFRUGLQJO\� WKH QRQFRYDOHQW IXQFWLRQDOL]DWLRQ
RI QDQRJUDSKHQH �1*� RU JUDSKHQH VKHHWV ZLWK HLWKHU DURPDWLF HOHFWURQ GRQRUV RU DFFHSWRUV� DV
GHPRQVWUDWHG LQ WKH FDVH RI FDUERQ QDQRWXEHV� LV ZLGHO\ H[SORLWHG LQ FRQWHPSRUDU\ UHVHDUFK�>�@
+HUHLQ� ZH UHSRUW WKH H[IROLDWLRQ RI JUDSKLWH YLD LQWHUFDODWLRQ DQG LPPRELOL]DWLRQ RI SODQDU S�
FRQMXJDWHV WHWUDWKLDIXOYDOHQH૱SHU\OHQHGLLPLGH �77)૱3',�� 7KH UHVXOWDQW QDQRK\EULGV KDYH EHHQ
FKDUDFWHUL]HG�E\�FRPSOHPHQWDU\�VSHFWURVFRSLF�DQG�PLFURVFRSLF�WHFKQLTXHV�>�@

>�@�$��.��*HLP��6FLHQFH����������������������
>�@ ;LDRFKHQ 'RQJ� 'RQJOLDQJ )X� :HQMLQJ )DQJ� <XQPHQJ 6KL� 3HQJ &KHQ� /� -� /L� 6PDOO ����� ��
����������
>�@ 0LFKHO 9ROODQG� 3LQJ =KRX� /HRQLH :LEPHU� 5REHUW +¦QHU� 6LOYLR 'HFXUWLQV� 6KL[LD� /LX� 'LUN 0�
*XOGL��1DQRVFDOH�������'2,����������F�QU�����D�
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6XE�.HOYLQ�VWHUHRG\QDPLFV�VWXG\�RI�WKH�1H��3�����1��UHDFWLRQ

-��=RX���6��'��*RUGRQ���$��2VWHUZDOGHU�

�,QVWLWXWH�IRU�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ

:H KHUH UHSRUW WKH ILUVW H[SHULPHQWDO VWHUHRG\QDPLFV VWXG\ RI D SRO\DWRPLF FROOLVLRQ V\VWHP DW
FROOLVLRQ HQHUJLHV EHORZ � .� 7KH UHDFWLRQ EHWZHHQ 1H��3�� DQG JURXQG VWDWH 1� ZDV VWXGLHG LQ D
UDQJH RI FROOLVLRQ HQHUJLHV EHWZHHQ �� P. DQG ��� .� 1H��3�� LV SDUDPDJQHWLF DQG FDQ EH RULHQWHG
E\ DQ H[WHUQDO PDJQHWLF ILHOG� DQG WKH RULHQWDWLRQ DIIHFWV WKH EUDQFKLQJ UDWLR EHWZHHQ 3HQQLQJ
LRQL]DWLRQ �IRUPDWLRQ RI 1��� DQG DVVRFLDWLYH LRQL]DWLRQ �IRUPDWLRQ RI 1H1������� ,Q SUHYLRXV VWXGLHV
ZH LQYHVWLJDWHG WKH 1H��3�� � 1� UHDFWLRQ DW KLJK FROOLVLRQ HQHUJLHV� DQG WKH UHVXOWV LQGLFDWH WKDW
SUHGLVVRFLDWLRQ WDNHV SODFH DIWHU FROOLVLRQ ZKHQ D SURGXFW LRQ 1H1�� LV IRUPHG LQ D YLEUDWLRQDOO\
H[FLWHG VWDWH� 7KLV FDQ GLVWRUW WKH H[WUDFWHG EUDQFKLQJ UDWLRV EHFDXVH GLIIHUHQW SDWKZD\V OHDG WR
WKH�IRUPDWLRQ�RI�1�������

)URP WKH H[SHULPHQWDO GDWD ZH H[WUDFW� E\ DFFRXQWLQJ IRU SUHGLVVRFLDWLRQ� HQHUJ\�GHSHQGHQW
UHODWLYH UHDFWLRQ FURVV VHFWLRQV IRU VWDWHV WKDW GLIIHU RQO\ LQ ̽� WKH SURMHFWLRQ RI WKH QHRQ WRWDO
DQJXODU PRPHQWXP YHFWRU RQ WKH LQWHU�SDUWLFOH D[LV� $W WKH ORZHVW FROOLVLRQ HQHUJLHV� ZH REVHUYH D
UH�RULHQWDWLRQ RI 1H WR WKH HQG ZKHUH QR VWHULF HIIHFW FDQ EH REVHUYHG� :H ILQG WKDW DVVRFLDWLYH
LRQL]DWLRQ SURGXFWV� 1H1�� SUHGLVVRFLDWH FORVH WR ��� H[FHSW LQ DQ HQHUJ\ UDQJH DURXQG ��� .
ZKHUH�ZH�H[SHFW�D�YLEUDWLRQDO�)HVKEDFK�UHVRQDQFH�

>�@ 6HDQ *RUGRQ� -XDQ -� 2PLVWH� -XQZHQ =RX� 6LOYLD 7DQWHUL� 3DXO %UXPHU� DQG $QGUHDV
2VWHUZDOGHU��1DWXUH�&KHPLVWU\����������������������
>�@ -XQZHQ =RX� 6HDQ *RUGRQ� 6LOYLD 7DQWHUL� DQG $QGUHDV 2VWHUZDOGHU� 7KH -RXUQDO RI &KHPLFDO
3K\VLFV��������������������
>�@ 6HDQ *RUGRQ� -XQZHQ =RX� 6LOYLD 7DQWHUL� -XVWLQ -DQNXQDV� DQG $QGUHDV 2VWHUZDOGHU� 3K\VLFDO
5HYLHZ�/HWWHUV��������������������
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3K\VLFDO�&KHPLVWU\��,QYLWHG�OHFWXUH 3&����

0DQ\�ERG\�HODVWLF�VFDWWHULQJ�RI�H[FLWRQ�SRODURQV�LQ�RUJDQLF�LQRUJDQLF�K\EULG
SHURYVNLWHV

&��6LOYD���

�6FKRRO�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��*HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\������$WODQWLF�'ULYH�1:�
$WODQWD��*HRUJLD��������8QLWHG�6WDWHV���6FKRRO�RI�3K\VLFV��*HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\�����

6WDWH�6WUHHW�1:��$WODQWD��*HRUJLD��������8QLWHG�6WDWHV

2ZLQJ WR ERWK HOHFWURQLF DQG GLHOHFWULF FRQILQHPHQW HIIHFWV� WZR�GLPHQVLRQDO RUJDQLF�LQRUJDQLF
K\EULG SHURYVNLWHV VXVWDLQ VWURQJO\ ERXQG H[FLWRQV DW URRP WHPSHUDWXUH� 7KH LQWULQVLF RSWLFDO
OLQHVKDSH UHIOHFWV PXOWLSOH H[FLWRQV ZLWK GLVWLQFW ELQGLQJ HQHUJLHV� HDFK GUHVVHG GLIIHUHQWO\ E\ WKH
K\EULG ODWWLFH� *LYHQ WKLV FRPSOH[LW\� D IXQGDPHQWDOO\ IDU�UHDFKLQJ LVVXH LV KRZ &RXORPE�PHGLDWHG
PDQ\�ERG\ LQWHUDFWLRQV ��� HODVWLF VFDWWHULQJ VXFK DV H[FLWDWLRQ�LQGXFHG GHSKDVLQJ� LQHODVWLF
H[FLWRQ ELPROHFXODU VFDWWHULQJ� DQG PXOWL�H[FLWRQ ELQGLQJ ��� GHSHQG XSRQ WKH VSHFLILF H[FLWRQ�
ODWWLFH FRXSOLQJ� :H UHSRUW WKH LQWULQVLF DQG GHQVLW\�GHSHQGHQW H[FLWRQ SXUH GHSKDVLQJ UDWHV DQG
WKHLU GHSHQGHQFH RQ WHPSHUDWXUH E\ PHDQV RI D FRKHUHQW QRQOLQHDU VSHFWURVFRS\� :H ILQG
H[FHSWLRQDOO\ VWURQJ VFUHHQLQJ HIIHFWV RQ PXOWL�H[FLWRQ VFDWWHULQJ UHODWLYH WR RWKHU WZR�
GLPHQVLRQDO VLQJOH�DWRPLF�OD\HU VHPLFRQGXFWRUV� ,PSRUWDQWO\� WKH H[FLWRQ�GHQVLW\ GHSHQGHQFH RI
WKH GHSKDVLQJ UDWHV LV PDUNHGO\ GLIIHUHQW IRU GLVWLQFW H[FLWRQV� 7KHVH ILQGLQJV HVWDEOLVK WKH
FRQVHTXHQFHV RI SDUWLFXODU ODWWLFH GUHVVLQJ RQ H[FLWRQ PDQ\�ERG\ TXDQWXP G\QDPLFV� ZKLFK
FULWLFDOO\ GHILQH IXQGDPHQWDO RSWLFDO SURSHUWLHV WKDW XQGHUSLQ SKRWRQLFV DQG TXDQWXP
RSWRHOHFWURQLFV�LQ�UHOHYDQW�H[FLWRQ�GHQVLW\�UHJLPHV�
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+RW�&DUULHU�'\QDPLFV�LQ�/HDG�+DOLGH�3HURYVNLWHV�IURP�D�7+]�0RELOLW\�3HUVSHFWLYH�

$��%XUJRV�&DPLQDO���$��:LOODXHU�����-��0��0RUHQR�1DUDQMR���$��$MGDU�=DGHK���-��(��0RVHU�

�3KRWRFKHPLFDO�'\QDPLFV�*URXS��,QVWLWXWH�RI�&KHPLFDO�6FLHQFH�DQG�(QJLQHHULQJ���*URXS�RI
&RRUGLQDWLRQ�&KHPLVWU\��,QVWLWXWH�RI�&KHPLFDO�6FLHQFH�DQG�(QJLQHHULQJ

8OWUDIDVW WLPH�UHVROYHG WHUDKHUW] VSHFWURVFRS\ �7576� DOORZV IRU WKH GLUHFW SURELQJ RI FKDUJH
FDUULHUV DQG TXDVL�SDUWLFOHV LQ VHPLFRQGXFWRUV� 7KH VHQVLWLYLW\ RI WKH WHFKQLTXH WR ERWK WKH FDUULHU
PRELOLW\ DQG LWV GHQVLW\ FDQ KHOS HOXFLGDWH WKH PHFKDQLVPV RI WKHLU WHPSRUDO HYROXWLRQ� 7KH XVH RI
JDV SKRWRQLFV SURYLGHV VKRUW� XOWUD�EURDGEDQG 7+] SXOVHV DQG� WKXV� RIIHUV DQ LPSURYHG WLPH�
UHVROXWLRQ�

+HUH� ZH SUHVHQW D VWXG\ RI WKH HDUO\ VWHSV RI WKH FKDUJH FDUULHU G\QDPLFV LQ OHDG KDOLGH
SHURYVNLWH WKLQ ILOPV IURP WKH SRLQW RI YLHZ RI WKH 7+] PRELOLW\� 7DNLQJ DGYDQWDJH RI D ��� IV WLPH�
UHVROXWLRQ� ZH ZHUH DEOH WR WHPSRUDOO\ IROORZ WKH FRROLQJ RI KRW FDUULHUV WKURXJK WKH REVHUYDWLRQ RI
D FKDQJH LQ WKHLU PRELOLW\� 7KLV FKDQJH LV XQGHUVWRRG DV UHVXOWLQJ IURP D PRGLILFDWLRQ RI WKH FDUULHU
HIIHFWLYH�PDVV�>�@�

2XU UHVXOWV DUH FRPSDWLEOH ZLWK D KRW FDUULHU FRROLQJ PHFKDQLVP LPSO\LQJ /2 SKRQRQ HPLVVLRQ�
7KLV LV VXEMHFWHG WR D SKRQRQ ERWWOHQHFN >�@� DQG FRPSHWHV ZLWK D G\QDPLF VFUHHQLQJ SURFHVV�
ZKLFK WLPH�FRQVWDQW ZDV LGHQWLILHG DV EHLQJ GXH WR SRODURQ IRUPDWLRQ >�@� :KLOH WKH VFUHHQHG KRW
FDUULHUV WDNH ORQJHU WR FRRO GRZQ >�@� WKH G\QDPLF VFUHHQLQJ SURFHVV GRHV QRW SURGXFH D FKDQJH LQ
PRELOLW\�ZKHQ�RQO\�FROG�FDUULHUV�DUH�LQYROYHG�

0HDVXUHPHQWV DSSOLHG WR SHURYVNLWH VDPSOHV RI YDULRXV FRPSRVLWLRQV DUH FRPSDUHG WR HOXFLGDWH
WKH�UROH�RI�FDWLRQV�DQG�DQLRQV�LQ�ERWK�SURFHVVHV�

>�@�&��%HDUG��*��0��7XUQHU�DQG�&��$��6FKPXWWHQPDHU��3K\V��5HY��%������������������������
>�@�)X��4��;X��*��+DQ��%��:X��&��+��$�+XDQ��HW�DO���1DW��&RPPXQ�����������������
>�@�0L\DWD��'��0HJJLRODUR��0��7��7ULQK��3��3��-RVKL��(��0RVFRQL��HW�DO���6FL��$GY������������H��������
>�@�3��-RVKL��6��)��0DHKUOHLQ�DQG�;��=KX��$GY��0DWHU�����������������
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8QGHUHVWLPDWHG�(IIHFW�RI�D�3RO\PHU�0DWUL[�RQ�WKH�/LJKW�(PLVVLRQ�RI�6LQJOH�&V3E%U�
1DQRFU\VWDOV

*��5DLQ´�����$��/DQGX\W�����)��.ULHJ�����&��%HUQDVFRQL�����6��2FKVHQEHLQ�����'��1��'LULQ�����0�
%RGQDUFKXN���0��9��.RYDOHQNR���

�,QVWLWXWH�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK�
&+������=¾ULFK��6ZLW]HUODQG���/DERUDWRU\�IRU�7KLQ�)LOPV�DQG�3KRWRYROWDLFV��(PSD�૱�6ZLVV�)HGHUDO

/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��&+������'¾EHQGRUI��6ZLW]HUODQG

/HDG�KDOLGH SHURYVNLWH $3E;� �$ &V RU RUJDQLF FDWLRQ� ; &O� %U� ,� QDQRFU\VWDOV �1&V� DUH VXEMHFW
RI LQWHQVH UHVHDUFK GXH WR WKHLU H[FHSWLRQDO SURSHUWLHV DV ERWK FODVVLFDO� DQG TXDQWXP OLJKW
VRXUFHV���� 0DQ\ FKDOOHQJHV RIWHQ IDFHG ZLWK WKLV PDWHULDO FODVV FRQFHUQ WKH ORQJ�WHUP RSWLFDO
VWDELOLW\� D VHULRXV LQWULQVLF LVVXH FRQQHFWHG ZLWK WKH ODELOH DQG SRODU FU\VWDO VWUXFWXUH RI $3E;�
FRPSRXQGV� :KHQ FRQGXFWLQJ VSHFWURVFRS\ DW D VLQJOH SDUWLFOH OHYHO� GXH WR WKH KLJKO\ HQKDQFHG
FRQWDPLQDQWV �H�J�� ZDWHU PROHFXOHV� R[\JHQ� RYHU 1& UDWLR� GHWHULRUDWLRQ RI 1& RSWLFDO SURSHUWLHV
RFFXUV ZLWKLQ WHQV RI VHFRQGV� ZLWK W\SLFDOO\ XVHG H[FLWDWLRQ SRZHU GHQVLWLHV ������ :�FP��� DQG LQ
DPELHQW�FRQGLWLRQV�

+HUH�� ZH GHPRQVWUDWH WKDW FKRRVLQJ D VXLWDEOH SRO\PHU PDWUL[ LV RI SDUDPRXQW LPSRUWDQFH IRU
REWDLQLQJ VWDEOH VSHFWUD IURP D VLQJOH 1& DQG IRU VXSSUHVVLQJ WKH G\QDPLF SKRWROXPLQHVFHQFH
�3/� EOXHVKLIW� ,Q SDUWLFXODU� SRO\VW\UHQH �36�� WKH PRVW K\GURSKRELF DPRQJVW IRXU WHVWHG SRO\PHUV�
OHDGV WR WKH EHVW RSWLFDO VWDELOLW\� RQH�WR�WZR RUGHUV RI PDJQLWXGH KLJKHU WKDQ WKDW REWDLQHG ZLWK
SRO\��PHWK\O PHWKDFU\ODWH� �300$�� D FRPPRQ SRO\PHULF HQFDSVXODQW FRQWDLQLQJ SRODU HVWHU
JURXSV� 0ROHFXODU PHFKDQLFV VLPXODWLRQV EDVHG RQ D IRUFH�ILHOG DSSUR[LPDWLRQ FRUURERUDWH WKH
K\SRWKHVLV WKDW 36 DIIRUGV IRU D GHQVHU PROHFXODU SDFNLQJ DW WKH 1& VXUIDFH� 7KHVH ILQGLQJV
XQGHUVFRUH WKH RIWHQ�QHJOHFWHG UROH RI WKH VDPSOH SUHSDUDWLRQ PHWKRGRORJLHV IRU WKH DVVHVVPHQW
RI WKH RSWLFDO SURSHUWLHV RI SHURYVNLWH 1&V DW D VLQJOH�SDUWLFOH OHYHO DQG JXLGH WKH IXUWKHU GHVLJQ RI
UREXVW�VLQJOH�SKRWRQ�VRXUFHV��

>�@�$NNHUPDQ�HW�DO��1DWXUH�0DWHULDOV���������������૱����
>�@�%HFNHU�HW�DO��1DWXUH����������������૱����
>�@�5DLQ´�HW�DO��1DWXUH����������������૱����
>�@�8W]DW�HW�DO��6FLHQFH�����������������૱�����
>�@�5DLQ´�HW�DO��VXEPLWWHG�����
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:KDW�GHWHUPLQHV�WKH�RSHQ�FLUFXLW�YROWDJH�RI�3HURYVNLWH�VRODU�FHOOV"

1��'URVHURV���'��7VRNNRX���9��%UHKP���3��%RL[���+��-��%ROLQN���1��%DQHUML�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ���,QVWLWXWR�GH�&LHQFLD�0ROHFXODU�
8QLYHUVLW\�RI�9DOHQFLD

'HVSLWH WKH UDSLG LQFUHDVH LQ WKH HIILFLHQF\ �3&(� RI SHURYVNLWH VRODU FHOOV� WKHLU RSHQ FLUFXLW
YROWDJH �9RF� OLPLWV WKHLU FRPPHUFLDOL]DWLRQ� &RQWUDGLFWRU\ UHVXOWV H[LVW LQ WKH OLWHUDWXUH FRQFHUQLQJ
WKH GHSHQGHQFH RI WKH 9RF RQ WKH LRQL]DWLRQ HQHUJ\ �,(� RI WKH KROH WUDQVSRUWLQJ OD\HU �+70� ZKLOH
GLIIHUHQW WLPHVFDOHV KDYH EHHQ UHSRUWHG FRQFHUQLQJ WKH LQMHFWLRQ RI SKRWRJHQHUDWHG KROHV IURP
&+�1+�3E,� HYHQ WRZDUGV WKH VDPH +70� +HUH� ZH SUHVHQW D VHULHV RI IXOO\ HYDSRUDWHG GHYLFHV
HPSOR\LQJ +70V ZLWK GLIIHUHQW ,(V� 7KH 9RF RI WKH GHYLFHV DORQJ ZLWK WKH SURFHVVHV RI KROH LQMHFWLRQ
DQG WUDSSLQJ DUH VWXGLHG LQ WHUPV RI LGHDOLW\ IDFWRUV DQG IV�WUDQVLHQW DEVRUSWLRQ �7$� VSHFWURVFRS\�
:H SURYH WKDW WKH 9RF LV PDLQO\ GHWHUPLQHG E\ WKH EXON DQG VXUIDFH UHFRPELQDWLRQ UDWKHU WKDQ E\
WKH HQHUJHWLF RIIVHW EHWZHHQ WKH YDOHQFH EDQG �9%� RI WKH SHURYVNLWH DQG WKH ,( RI WKH +70�
)XUWKHUPRUH� ZH ILQG WKDW KROH LQMHFWLRQ FRPSHWHV ZLWK FDUULHU WKHUPDOL]DWLRQ DQG WDNHV SODFH IURP
KRW VWDWHV LQ WKH 9% LQGHSHQGHQWO\ RI WKH ,( RI WKH +70V� )LQDOO\� WKH REVHUYHG GLIIHUHQFH LQ WKH
WLPHVFDOH EHWZHHQ KROH LQMHFWLRQ DQG LQWHUIDFLDO WUDSSLQJ LV IRXQG WR FRQWULEXWH WR WKH KLJK
HIILFLHQF\ RI WKH VWXGLHG +70V ZKHQ HPSOR\HG LQ VRODU FHOO GHYLFHV� 2XU UHVXOWV SURYLGH DQ
XQGHUVWDQGLQJ RI WKH RULJLQ RI WKH 9RF DQG SRLQW WR RWKHU FUXFLDO IDFWRUV WKDW VKRXOG EH FRQVLGHUHG
ZKHQ�VHDUFKLQJ�IRU�QRYHO�+70V�UDWKHU�WKDQ�WKHLU�,(�

>�@�1��'URVHURV�HW�DO���$3/�0DWHU������������������
>�@�'¦QHNDPS�HW�DO���-��0DWHU��&KHP��&�����������������
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%XON�K\SHUSRODUL]DWLRQ�RI�LQRUJDQLF�PDWHULDOV

6��%M¸UJYLQVGµWWLU���%��-��:DOGHU���3��0RXW]RXUL���1��0DWWKH\���/��(PVOH\�

�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/��
&+������/DXVDQQH��6ZLW]HUODQG�

6ROLG�VWDWH 105 FDQ EH XVHG WR REWDLQ DWRPLF OHYHO VWUXFWXUH DQG G\QDPLFV RI LQRUJDQLF PDWHULDOV�
EXW LWV DSSOLFDWLRQ LV VRPHWLPHV OLPLWHG E\ LWV UHODWLYHO\ ORZ VHQVLWLYLW\� ,PSUHJQDWLRQ G\QDPLF
QXFOHDU SRODUL]DWLRQ �'13� LV D VWUDWHJ\ WKDW FDQ EH XVHG WR LPSURYH VHQVLWLYLW\ LQ VROLG�VWDWH 105
H[SHULPHQWV RI SRZGHUV� SURYLGHG WKDW K\SHUSRODUL]DWLRQ WKDW LV JHQHUDWHG FORVH WR WKH SDUWLFOH
VXUIDFH�FDQ�EH�UHOD\HG�WRZDUGV�WKH�EXON�E\�VSRQWDQHXV��+�VSLQ�GLIIXVLRQ�

+HUH ZH VKRZ KRZ WKH UHOD\HG '13 PHWKRG FDQ EH H[WHQGHG WR SURWRQ�IUHH LQRUJDQLF PDWHULDOV�
E\ XVLQJ D FRPELQDWLRQ RI LPSUHJQDWLRQ '13� FURVV�SRODUL]DWLRQ� DQG VORZ VSLQ GLIIXVLRQ EHWZHHQ
ZHDNO\ PDJQHWLF QXFOHL VXFK DV ���6Q DQG ��3�� 7KH PHWKRG LV GHPRQVWUDWHG WR SURYLGH D
VHQVLWLYLW\ JDLQ RI D IDFWRU �� IRU WKH ���6Q VSHFWUD RI 6Q2�� ZLWK DQ DGGLWLRQDO IDFWRU RI ��� ZKHQ
WKH PDJLF�DQJOH�VSLQQLQJ UDWH LV PRGXODWHG GXULQJ WKH H[SHULPHQW�� 7KLV FRUUHSRQGV WR
DFFHOHUDWLRQ RI XS WR D IDFWRU RI �� ��� LQ DFTXLVLWLRQ WLPHV� DOORZLQJ DFFHVV WR PDWHULDOV WKDW ZHUH
SUHYLRXVO\ XQIHDVLEOH� :H DOVR VKRZ KRZ WKH SDWKZD\V RI VSLQ GLIIXVLRQ FDQ EH SUREHG ZLWK PXOWL�
GLPHQVLRQDO�H[SHULPHQWV�

)LJXUH �� $� ,PSUHJQDWLRQ '13 RI D SRZGHUHG VROLG� %� 6SRQWDQHXV ���6Q����6Q VSLQ GLIIXVLRQ UHOD\V
K\SHUSRODUL]DWLRQ�IURP�VXUIDFH�WR�EXON�LQ�WKH����6Q�VSHFWUXP�RI�6Q2��

>�@ 6� %MRUJYLQVGRWWLU� %� -� :DOGHU� $� &� 3LQRQ� /� (PVOH\� - $P &KHP 6RF� ����� ��� ��������
����������
>�@�6��%MRUJYLQVGRWWLU��%��-��:DOGHU��1��0DWWKH\��/��(PVOH\��-�0DJQ�5HVRQ����������������������
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7RZDUGV�WLPH�UHVROYHG�ODVHU�7�MXPS�;�UD\�DEVRUSWLRQ�SUREH�VSHFWURVFRS\

2��&DQQHOOL���&��%DFHOODU�����5��$��,QJOH���5��%RKLQF���'��.LQVFKHO���'��)HUUHLUD�6DQFKH]���'�
*UROLPXQG���*��)��0DQFLQL�����0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH���3DXO�6FKHUUHU�,QVWLWXWH

0RVW RI �ELR�FKHPLFDO UHDFWLRQV LQ 1DWXUH DQG LQ LQGXVWULDO SURFHVVHV DUH GULYHQ E\ WKHUPDO HIIHFWV
WKDW EULQJ WKH V\VWHPV DERYH WKH EDUULHU IRU UHDFWLRQ� 7KLV SURFHVV FDQ DOVR EH WULJJHUHG E\ WKH
7HPSHUDWXUH�MXPS �7�MXPS� PHWKRG� 7KH ODWWHU LV LGHDO LQ DTXHRXV VROYHQWV� ZKHUH� E\ GLUHFWO\
H[FLWLQJ WKH ZDWHU KLJK IUHTXHQF\ YLEUDWLRQDO DQG�RU EHQGLQJ PRGHV�>���@ LW OHDGV WR DQ XOWUDIDVW
���� SV� LQFUHDVH LQ WKH WHPSHUDWXUH RI WKH LUUDGLDWHG YROXPH� ORFDOO\ WULJJHULQJ FKHPLFDO UHDFWLRQV�
,PSOHPHQWLQJ WKH ODVHU 7�MXPS PHWKRG ZLWK ;�UD\ WHFKQLTXHV LQ WKH SLFRVHFRQG WLPH GRPDLQ
ZRXOG DGG HOHPHQW�VSHFLILFLW\ DQG VWUXFWXUDO�VHQVLWLYLW\� KHOSLQJ WKH LGHQWLILFDWLRQ RI WKH
LQWHUPHGLDWHV RI UHDFWLRQV� +HUH ZH GHPRQVWUDWH WKH ODVHU 7�MXPS�;�UD\ DEVRUSWLRQ SUREH PHWKRG
WR SUREH WKH VHTXHQWLDO VXEVWLWXWLRQ SURFHVV RI D &REDOW FHQWHU IURP WKH RFWDKHGUDO DTXHRXV
FRPSOH[ WR WKH WHWUDKHGUDO FKORULQDWHG VSHFLHV� >&R�+�2��@�� � �&Oಗ  >&R&O�@�ಗ � �+�2� 7KLV
UHDFWLRQ KDG SUHYLRXVO\ EHHQ LQYHVWLJDWHG LQ WKH RSWLFDO GRPDLQ >�@� DQG LW SURFHHGV YLD VHYHUDO
LQWHUPHGLDWH VWHSV �)LJ���D�� WKURXJK HTXLOLEULD WKDW FDQ EH FRQWUROOHG E\ FKDQJLQJ WKH
WHPSHUDWXUH�DQG�RU�WKH�FKORULGH�FRQFHQWUDWLRQ�>�@�

7KH H[SHULPHQWV ZHUH FDUULHG RXW DW WKH 6ZLVV /LJKW 6RXUFH �6/6�� SXPSLQJ WKH DTXHRXV VROXWLRQ
DW ���� QP DQG SURELQJ WKH VDPSOHV �FRQVLVWLQJ RI DQ DTXHRXV VROXWLRQ RI &R&O� DW D FRQFHQWUDWLRQ
RI >&R��@ ���P0 DQG >&O�@ �0� E\ &R .�HGJH DEVRUSWLRQ VSHFWURVFRS\� *LYHQ WKH MHW VSHHG ��
P�V� DQG WKH ODVHU DQG ;�UD\V VSRW VL]HV �ODVHU VSRW� ��[�� wP�� ;�UD\V VSRW� ��[�� wP� �� WKH
ODVHU UHSHWLWLRQ UDWH ZDV VHW WR �� N+] WR DYRLG PXOWLSOH SXPSLQJ RI WKH VDPH YROXPH RI VROXWLRQ
DQG WR LQFUHPHQW WKH HQHUJ\ SHU SXOVH GHSRVLWHG RQWR WKH VDPSOH� 8QGHU WKHVH FRQGLWLRQV� WKH
ORFDO 7�MXPS� HVWLPDWHG DFFRUGLQJ WR UHI� >�@� FRUUHVSRQGV WR D ̩7 ���. ZKHQ XVLQJ D ODVHU IOXHQFH
RI ��� P-�FP�� )LJXUH ��E� VKRZV WKH VWHDG\�VWDWH &R .�HGJH VSHFWUD RI WKH VROXWLRQ DW � GLIIHUHQW
WHPSHUDWXUHV� DORQJ ZLWK WKH WUDQVLHQW VSHFWUXP DW � QV WLPH GHOD\ RI D ��ಝ& VROXWLRQ� 7KH
GLIIHUHQFH RI WKH VWHDG\ VWDWH VSHFWUD LV VKRZQ LQ UHG DQG LW UHSURGXFHV QHDUO\ DOO WKH IHDWXUHV RI
WKH WUDQVLHQW �EOXH OLQH�� 7KLV VKRZV WKDW HYHQ D PLOG LQFUHDVH LQ WHPSHUDWXUH FDQ EH PRQLWRUHG
ZLWK JUHDW VHQVLWLYLW\ E\ ;�UD\ DEVRUSWLRQ VSHFWURVFRS\� )XUWKHU GHWDLOV RI WKLV VWXG\ ZLOO VRRQ EH
SXEOLVKHG >�@� 7KH LPSOHPHQWDWLRQ RI WKH 7�MXPS PHWKRG IRU WLPH�UHVROYHG ;�UD\ SURELQJ LV QRW
OLPLWHG WR ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ EXW LW DOVR LQFOXGHV ;�UD\ HPLVVLRQ DQG ;�UD\ VFDWWHULQJ�
*LYHQ WKH XOWUDIDVW ���� SV� WLPH VFDOH RI WKH ODVHU KHDWLQJ LQ DTXHRXV VROXWLRQV� WKH SUHVHQW UHVXOWV
RSHQ YHU\ SURPLVLQJ SHUVSHFWLYHV IRU WKH LQYHVWLJDWLRQ RI WHPSHUDWXUH�GULYHQ ELRFKHPLFDO
SURFHVVHV�DW�;�UD\�)UHH�HOHFWURQV�ODVHUV�

>�@�=��:DQJ��<��3DQJ��'��'��'ORWW���7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�$���������������������������
>�@�:HUQHW��3��HW�DO���$SSOLHG�3K\VLFV�$�����������������������
>�@ +� 0D� &� :DQ� $� +� =HZDLO� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\� ����� ��������
����������



>�@ +� 0D� &� :DQ� $� +� =HZDLO� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV� ����� ��������
������������
>�@�:��/LX�HW�DO���*HRFKLPLFD�HW�&RVPRFKLPLFD�$FWD�������������������������
>�@�2��&DQQHOOL�HW�DO��૱�LQ�SUHS��
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6WUXFWXUDO�'\QDPLFV�RI�DQ�([FLWHG�'RQRU�$FFHSWRU�&RPSOH[��8OWUDIDVW�3RODUL]HG�,QIUDUHG
6SHFWURVFRS\�DQG�0L[HG�4XDQWXP�&ODVVLFDO�6LPXODWLRQV

&��5XPEOH���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\

,Q VROXWLRQ� SDUWLFXODU FRPELQDWLRQV RI GRQRU DQG DFFHSWRU PROHFXOHV FDQ IRUP JURXQG�VWDWH SDLUV
WKDW H[KLELW D QHZ� UHG�VKLIWHG� HOHFWURQLF DEVRUSWLRQ EDQG QRW SUHVHQW LQ WKH LQGLYLGXDO GRQRU RU
DFFHSWRU VSHFWUD� 7KLV QHZ DEVRUSWLRQ LV WHUPHG D FKDUJH�WUDQVIHU �&7� EDQG DQG FRUUHVSRQGV WR
H[FLWDWLRQ IURP WKH +202 RI WKH GRQRU WR WKH /802 RI WKH DFFHSWRU� HIIHFWLQJ QHDUO\
LQVWDQWDQHRXV WUDQVIHU RI RQH HOHFWURQ IURP GRQRU WR DFFHSWRU� &KDUJH�UHFRPELQDWLRQ �&5� WKHQ
RFFXUV LQ FRQFHUW ZLWK VROYHQW DQG YLEUDWLRQDO UHOD[DWLRQ DQG VWUXFWXUDO G\DPLFV RI WKH LRQ SDLU �,3��
'XH WR WKH ODUJH GLVWULEXWLRQ RI JURXQG�VWDWH FRPSOH[ VWUXFWXUHV� WKH H[FLWHG VWDWH RI WKH V\VWHP LV
D FRPSRVLWH RI PDQ\ GLIIHUHQW VSHFLHV� $OWKRXJK WKH WKHUPRG\QDPLFV DQG &5 SURFHVVHV RI VXFK
FRPSOH[HV KDYH EHHQ WKH VXEMHFW RI LQWHQVH VWXG\� WKH VWUXFWXUDO G\QDPLFV RI WKH SDLUV DQG WKHLU
UHODWLRQ�WR�&5�DUH�VWLOO�SRRUO\�XQGHUVWRRG�

:H ZLOO SUHVHQW UHVXOWV RI XOWUDIDVW YLVLEOH �YLV7$� DQG LQIUDUHG �75,5� WUDQVLHQW DEVRUSWLRQ
H[SHULPHQWV RQ WKH EHQ]HQH�WHWUDF\DQRHWK\OHQH �%]�7&1(� SDLU LQ DGGLWLRQ WR D PL[HG
TXDQWXP�FODVVLFDO FRPSXWDWLRQDO VWXG\ RI WKH V\VWHP� 3RSXODWLRQ G\QDPLFV IURP WKH YLV7$ DQG
75,5 H[SHULPHQWV UHYHDO FRPSOH[ VXE��� SV G\QDPLFV IROORZHG E\ &5 RQ D ����� SV WLPHVFDOH�
3RODUL]HG 75,5 DQLVRWURS\ PHDVXUHPHQWV UHYHDO ULFK VWUXFWXUDO G\QDPLFV LQYROYLQJ ODUJH�VFDOH
UHRUJDQL]DWLRQ RI %]�7&1( UDGLFDO LRQ SDLUV IROORZLQJ H[FLWDWLRQ� $ GHWDLOHG FRPSXWDWLRQDO VWXG\ RI
WKH V\VWHP FRPELQLQJ TXDQWXP FKHPLFDO FDOFXODWLRQV DQG FODVVLFDO PROHFXODU G\QDPLFV
VLPXODWLRQV ZDV DEOH WR UHSURGXFH WKH H[SHULPHQWDO HOHFWURQLF DEVRUSWLRQ OLQHVKDSH DQG 75,5
DQLVRWURS\ G\QDPLFV� DOORZLQJ IRU D PRUH GHWDLOHG LQWHUSUHWDWLRQ RI WKH VWUXFWXUDO G\QDPLFV� :H
ILQG WKDW QHLWKHU WKH JURXQG QRU H[FLWHG VWDWH RI WKH %]�7&1( SDLU FDQ EH GHVFULEHG XVLQJ D VLQJOH
ZHOO�GHILQHG VWUXFWXUH� DQG WKDW WKH ,3V FRQYHUW IURP SUHGRPLQDWHO\ IDFH�WR�IDFH ͔ VWDFNV WR HGJH�
WR�IDFH 7�VKDSHG VWUXFWXUHV� *LYHQ WKH VHQVLWLYLW\ RI FKDUJH�WUDQVIHU SURFHVVHV WR GRQRU�DFFHSWRU
RULHQWDWLRQ� WKHRUHWLFDO GHVFULSWLRQV RI WKH UHFRPELQDWLRQ G\QDPLFV PXVW WDNH LQWR DFFRXQW WKH
VWUXFWXUDO�GLYHUVLW\�DQG�HYROXWLRQ�RI�WKH�H[FLWHG�VWDWH�
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6LJQDWXUHV�RI�LQWUD��LQWHUPROHFXODU�YLEUDWLRQDO�FRXSOLQJ�LQ�KDORJHQDWHG�OLTXLGV�UHYHDOHG
E\��'�5DPDQ�7+]�VSHFWURVFRS\

*��&LDUGL���$��%HUJHU���$��6KDOLW���3��+DPP�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

7KH VSHFWUDO SURSHUWLHV RI OLTXLGV LQ WKH WHUDKHUW] �7+]� UHJLRQ SOD\ DQ LPSRUWDQW UROH LQ FKHPLVWU\�
DV WKH\ UHIOHFW PRWLRQV RI ODUJH PROHFXOHV DQG PROHFXODU FRPSOH[HV ZKLFK� LQ WXUQ� JRYHUQ
FKHPLFDO UHDFWLYLW\ DQG SURFHVVHV OLNH VROYDWLRQ� 7KHVH VSHFLILF SURSHUWLHV RI OLTXLGV FDQ EH
DGGUHVVHG HLWKHU YLD UHVRQDQW 7+] VSHFWURVFRS\ RU 5DPDQ VSHFWURVFRS\� +RZHYHU� GXH WR WKH
XOWUDIDVW G\QDPLFV DQG WKH ODUJH DQKDUPRQLFLW\ RI LQWHUPROHFXODU PRGHV� ORZ IUHTXHQF\ RQH�
GLPHQVLRQDO VSHFWUD �ERWK 5DPDQ DQG 7+]� DUH PRVWO\ EOXUUHG DQG LQGLVWLQFW� 0XOWLGLPHQVLRQDO
VSHFWURVFRS\ FDQ HQKDQFH VSHFWUDO UHVROXWLRQ E\ VSUHDGLQJ VSHFWUD LQ PRUH WKDQ RQH IUHTXHQF\
GLPHQVLRQ��WKXV�LQFUHDVLQJ�VLJQLILFDQWO\�WKH�DPRXQW�RI�LQIRUPDWLRQ�WKDW�LV�SRVVLEOH�WR�H[WUDFW�>�@�

+HUH� ZH GHPRQVWUDWH WKH XQLTXH FDSDELOLWLHV RI �' 5DPDQ�7+] VSHFWURVFRS\� D QRYHO
��GLPHQVLRQDO VSHFWURVFRSLF WHFKQLTXH GHYHORSHG LQ RXU JURXS >�@� RI PHDVXULQJ FRXSOLQJ EHWZHHQ
ORZ�IUHTXHQF\ YLEUDWLRQDO PRGHV� LQIRUPDWLRQ WKDW DUH QRW SUHVHQW LQ D �' OLQHDU VSHFWUXP� 7R WKDW
HQG� ZH UHFRUGHG WKH �' 5DPDQ�7+] UHVSRQVHV LQ WKH VSHFWUDO UDQJH EHWZHHQ � DQG a �7+] RI
OLTXLG EURPRIRUP DQG GLEURPRPHWKDQH� 7KH VSHFWUD UHYHDO FURVV SHDNV ZKLFK ZH DWWULEXWH WR WKH
FRXSOLQJ EHWZHHQ WKH UHODWLYHO\ VKDUS LQWUDPROHFXODU PRGHV DQG WKH PXFK EURDGHU LQWHUPROHFXODU
GHJUHHV�RI�IUHHGRP�RI�WKHVH�VROYHQWV�

>�@ +DPP 3�� =DQQL 0�7� &RQFHSWV DQG 0HWKRGV RI �' ,QIUDUHG 6SHFWURVFRS\� &DPEULGJH 8QLYHUVLW\
3UHVV������
>�@�6DYRODLQHQ�-���$KPHG��6��	�+DPP�3�������������৽������31$6�����
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6ROYDWLRQ�LQ�D�3URS\O�$FHWDWH�%XW\URQLWULOH�0L[WXUH

3��9HUPD���7��.XPSXODLQHQ�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

6ROYDWLRQ G\QDPLFV SOD\ DQ LPSRUWDQW UROH LQ PDQ\ XOWUDIDVW SKRWRFKHPLFDO UHDFWLRQV LQ VROXWLRQV�
>�@ ,Q SDUWLFXODU� GLHOHFWULF VWDELOL]DWLRQ FDQ VLJQLILFDQWO\ LQIOXHQFH WKH GULYLQJ IRUFH RI FKHPLFDO
UHDFWLRQV LQYROYLQJ FKDUJHG LQWHUPHGLDWHV RU SURGXFWV� VXFK DV HOHFWURQ DQG SURWRQ WUDQVIHU
UHDFWLRQV� >�@ 6ROYHQW PL[WXUHV RI YDU\LQJ GLHOHFWULF FRQVWDQW HQDEOH V\VWHPDWLF VWXGLHV RQ WKH
LQIOXHQFH RI VROYHQW VWDELOL]DWLRQ RQ VXFK UHDFWLRQV� ,GHDOO\� RWKHU VROYHQW SDUDPHWHUV VXFK DV
YLVFRVLW\ DQG UHIUDFWLYH LQGH[ VKRXOG UHPDLQ FRQVWDQW LQ WKH PL[WXUH� 7R LQYHVWLJDWH WKH HIIHFW RI
VROYHQW VWDELOL]DWLRQ RQ WKHVH XOWUDIDVW SKRWRFKHPLFDO UHDFWLRQV� ZH XVH EURDGEDQG IHPWRVHFRQG
�IV� IOXRUHVFHQFH XS�FRQYHUVLRQ WHFKQLTXH� >�@ ZKLFK SURYLGHV WKH HQWLUH IOXRUHVFHQFH VSHFWUXP DV
D�IXQFWLRQ�RI�WLPH�ZLWK�IV�WLPH�UHVROXWLRQ�

)LJXUH��$EVRUSWLRQ�RI�5HLFKDUGWV�G\H�LQ�VROYHQW�PL[WXUHV���$��$EVRUSWLRQ�VSHFWUXP�VKLIW�RI�5'�ZLWK
LQFUHDVLQJ�EXW\URQLWULOH�FRQFHQWUDWLRQ��%��5HDFWLRQ�ILHOG�IDFWRU��I�[�� ��[������[�����YHUVXV�(7����

$ ELQDU\ PL[WXUH EHWZHHQ SURS\O DFHWDWH DQG EXW\URQLWULOH LV LGHDOO\ VXLWHG IRU LQYHVWLJDWLQJ WKH
HIIHFW RI GLHOHFWULF VWDELOL]DWLRQ� 7KH GLHOHFWULF FRQVWDQW �͉U� LQFUHDVHV IURP � WR ���� XSRQ
LQFUHDVLQJ IUDFWLRQ RI EXW\URQLWULOH IURP � WR � ZKHUHDV WKH YLVFRVLW\ DQG UHIUDFWLYH LQGH[ UHPDLQ
FRQVWDQW� +RZHYHU� D WKRURXJK FKDUDFWHUL]DWLRQ RI WKH GLHOHFWULF VWDELOL]DWLRQ LQ WKH PL[WXUH LV
QHFHVVDU\ EHIRUH GHWDLOHG VWXGLHV RQ XOWUDIDVW UHDFWLRQV� +HUH LQ� ZH SUHVHQW VLPSOH DQG UHOLDEOH
ZD\V IRU WKH SXULILFDWLRQ RI WKH VROYHQWV DQG FKDUDFWHUL]H ERWK WKH VWDWLF DQG G\QDPLF GLHOHFWULF
VWDELOL]DWLRQ LQ WKLV PL[WXUH� 7KH VWDWLF GLHOHFWULF VWDELOL]DWLRQ LV LQYHVWLJDWHG E\ PHDVXULQJ WKH
VWHDG\�VWDWH DEVRUSWLRQ HQHUJLHV RI 5HLFKDUGW
V G\H ZKHUHDV WKH G\QDPLF VROYHQW HIIHFWV DUH
PRQLWRUHG IURP WKH WLPH�UHVROYHG IOXRUHVFHQFH RI VWDQGDUG SXVK�SXOO G\HV� /DVW� ZH ZLOO
GHPRQVWUDWH WKH LQIOXHQFH RI GLHOHFWULF VWDELOL]DWLRQ RQ ERWK JURXQG� DQG H[FLWHG�VWDWH DFLG�EDVH
UHDFWLRQV�EHWZHHQ�D�SKRWRDFLG�DQG�RUJDQLF�EDVHV�LQ�WKHVH�PL[WXUHV�

>�@ 7DWX .XPSXODLQHQ� %HUQKDUG /DQJ� $UQXOI 5RVVSHLQWQHU� DQG (ULF 9DXWKH\�&KHPLFDO 5HYLHZV�
����������������������������
>�@ 7DWX .XPSXODLQHQ� $UQXOI 5RVVSHLQWQHU� %RJGDQ 'HUHND� DQG (ULF 9DXWKH\� -RXUQDO RI 3K\VLFDO
&KHPLVWU\�/HWWHUV��������������������������
>�@ ;LQ�;LQJ =KDQJ� &KULVWLDQ :¾UWK� /LMXDQ =KDR� 8WH 5HVFK�*HQJHU� 1LNRODXV 3� (UQVWLQJ� 0RKVHQ
6DMDGL��5HYLHZ�RI�6FLHQWLILF��,QVWUXPHQWV��������������������
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8VLQJ�,53'�VSHFWURVFRS\�IRU�RQLXP�LRQV�VHUYLQJ�DV�D�PROHFXODU�EDODQFH�IRU�WKH
HVWLPDWLRQ�RI�QRQ�FRYDOHQW�LQWHUDFWLRQV

9��*RUEDFKHY���$��7V\EL]RYD���/��)ULWVFKH���/��0LORJO\DGRYD���3��&KHQ�

�(7+�=¾ULFK��/DERUDWRULXP�I¾U�2UJDQLVFKH�&KHPLH

/RQGRQ GLVSHUVLRQ� ZKLFK LV D SDUW RI WKH IDPRXV YDQ GHU :DDOV SRWHQWLDO� PD\ EH DQ LPSRUWDQW
HOHPHQW RI VWUXFWXUDO VWDELOLW\� DQG WKXV DIIHFWV FKHPLFDO UHDFWLYLW\ DQG VHOHFWLYLW\>�@� 5HFHQWO\ ZH
KDYH VKRZQ WKDW DWWUDFWLYH� QRQ�FRYDOHQW LQWHUDFWLRQV LQ WKH JDV SKDVH DUH ODUJHO\� EXW QRW HQWLUHO\�
VFUHHQHG RXW LQ VROXWLRQ>�@� &RPSDULQJ H[SHULPHQWDO JDV�SKDVH ERQG GLVVRFLDWLRQ HQHUJLHV DQG
GLVSHUVLRQ�FRUUHFWHG ')7 RU ORFDO FRXSOHG�FOXVWHU PHWKRGV UHVXOWV� ZH VKRZHG WKDW WKH ZHDNHVW
SRLQW LQ WKH FRPSXWDWLRQDO PRGHOV LV WKH WUHDWPHQW RI VROYDWLRQ� $V DQ LQGHSHQGHQW WHVW� ZH KDYH
SHUIRUPHG WKH H[SHULPHQW LQ WKH JDV SKDVH DW WHPSHUDWXUHV RI ���� . XVLQJ DQ ,5 DFWLRQ
VSHFWURPHWHU ZLWK D FU\RJHQLF 3HQQLQJ WUDS WKDW ZDV UHFHQWO\ WHVWHG LQ RXU JURXS �)7�,&5�06�>�@ ,Q
SDUWLFXODU� ZH KDYH PHDVXUHG &,93�VSHFWUD RI S\ULGLQHV� TXLQRORQHV� DQG S\ULGLQLXP GLPHUV� 7KH
IUHTXHQF\ RI WKH 1�+�1 DV\PPHWULF VWUHWFKLQJ PRGH LV VWURQJO\ UHG�VKLIWHG UHODWLYH WR WKDW IRU DQ
XQSHUWXUEHG 1�+ VWUHWFK LQ D QRQ�K\GURJHQ�ERQGHG S\ULGLQLXP� 7KH 1�+ VWUHWFK RI D S\ULGLQLXP
FDWLRQ LV QRW LQYROYHG LQ DQ LRQLF K\GURJHQ ERQG LV ���� FP��� :KHQ LW LV K\GURJHQ�ERQGHG� RXU
FRPSXWDWLRQDO VWXGLHV VXJJHVW WKH IUHTXHQF\ GURSV WR DURXQG ���� FP�� �)LJXUH ��� ,I WKH K\GURJHQ
ERQG LV EHQW� WKH SURWRQ WHQGV WR ORFDOL]H DQG WKH IUHTXHQF\ VKLIWV EDFN WRZDUGV ���� FP���
GHSHQGLQJ RQ KRZ PXFK WKH 1�+�1 DQJOH LV EHQW� ,I D SURWRQ�ERXQG GLPHU LV EXLOW ZLWK VLGH FKDLQV
WKDW FDQ LQWHUDFW E\ GLVSHUVLRQ� WKHQ WKH PROHFXOH VHUYHV DV D PROHFXODU EDODQFH� 7KH VWURQJHU WKH
QRQ�FRYDOHQW LQWHUDFWLRQ LV� WKH PRUH WKH SURWRQ�ERXQG GLPHUV K\GURJHQ ERQG LV EHQW� DQG WKH
PRUH�WKH�IUHTXHQF\�VKLIWV�WR�KLJKHU�HQHUJ\���

)LJXUH �� ([SHULPHQWDO GHVLJQ LQ ZKLFK WKH 1�+�1 IUHTXHQF\ RI WKH LRQLF K\GURJHQ ERQG LV XVHG DV
D SUREH IRU WKH VWUHQJWK RI WKH QRQFRYDOHQW LQWHUDFWLRQV EHWZHHQ WZR VXEVWLWXHQWV� ZKRVH
LQWHUDFWLRQ�LV�EDODQFHG�DJDLQVW�WKH�EHQGLQJ�SRWHQWLDO�RI�WKH�1�+�1�OLQNDJH�
7KHUHIRUH� WKH SURWRQ�ERXQG GLPHU DFWV DV D PROHFXODU EDODQFH ZKHUH WKH DWWUDFWLYH GLVSHUVLRQ
IRUFH LV ZHLJKHG DJDLQVW WKH EHQGLQJ SRWHQWLDO RI WKH 1�+�1 PRLHW\� 7KXV WKH ,53' VSHFWUXP
EHFRPHV D VHQVLWLYH PHDVXUH RI JDV�SKDVH JHRPHWU\ DQG� LQ WXUQ� D TXDQWLWDWLYH PHDVXUH RI WKH
GLVSHUVLRQ�LQWHUDFWLRQV�EHWZHHQ�WKH�VXEVWLWXHQWV�
7KH FRQGXFWHG H[SHULPHQW ZLOO KHOS WR UHVROYH WKH GLVFUHSDQF\ EHWZHHQ WKHRU\ DQG H[SHULPHQW LQ
WKH GLVSHUVLRQ FRQWULEXWLRQ WR ERQG GLVVRFLDWLRQ HQHUJLHV LQ ODUJH PROHFXOHV DV ZHOO DV WR ILOO WKH
JDS�LQ�WKH�HVWLPDWLRQ�RI�VROYHQW�HIIHFWV�LQ�FDOFXODWLRQV�

>�@�3KLOLSS�:DJQHU��3HWHU�6FKUHLQHU��$QJHZ��&KHP��,QW��(G��(QJO������������������������
>�@ 5REHUW 3ROOLFH� 0DUHN %RW� ,OLD .RE\OLDQVNLL� ,O\D 6KHQGHURYLFK� 3HWHU &KHQ� -� $P� &KHP� 6RF��
���������������૱������
>�@ /XNDV )ULWVFKH� $QGUHDV %DFK� /DULVD 0LORJO\DGRYD� $OH[DQGUD7V\EL]RYD� 3HWHU &KHQ� 5HY� 6FL
,QVW���������������������ಗ����������
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3KRWRFKHPLVWU\�RI�VLQJOH�RSWLFDOO\�WUDSSHG�RUJDQLF�DHURVRO�GURSOHWV��7KH
SKRWRGHJUDGDWLRQ�RI�ROHLF�DFLG�E\�R[\JHQ

(��$��3DUPHQWLHU���*��'DYLG���3��&RUUDO�$UUR\R���6��%LEDZL���5��6LJQRUHOO�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��'HS��RI�&KHPLVWU\

2UJDQLF DHURVROV UHSUHVHQW �� WR �� � RI WKH WRWDO WHUUHVWULDO DHURVROV DW FRQWLQHQWDO PLG�ODWLWXGHV
DQG WKHUHIRUH LPSDFW WKH FOLPDWH� DLU TXDOLW\ DQG KHDOWK >�@� 'XULQJ WKHLU OLIHWLPH� WKH\ XQGHUJR
WUDQVIRUPDWLRQV WKDW DOWHU WKHLU SK\VLFDO SURSHUWLHV DQG WKH\ DUH H[SRVHG WR VXQOLJKW DQG FKHPLFDO
VSHFLHV ZKLFK FDQ OHDG WR FRPSOH[ FKHPLFDO HYROXWLRQ >�@� 7KHVH SURFHVVHV DUH NQRZQ DV DHURVRO
DJLQJ��1HYHUWKHOHVV��WKH�WHPSRUDO�HYROXWLRQ�RI�WKH�DJLQJ�SURFHVV�LV�QRW�ZHOO�XQGHUVWRRG�

:H SUHVHQW D PHWKRG WR VWXG\ WKH FKHPLFDO DJLQJ RI RUJDQLF DHURVROV� 3DUWLFOHV DUH RSWLFDOO\
WUDSSHG LQ DLU ZLWK D FRXQWHU SURSDJDWLQJ WZHH]HU ZLWK D ODVHU ZDYHOHQJWK RI ��� QP >�@� 7KH
FKHPLFDO DJLQJ RI WKH SDUWLFOH FDQ EH LQGXFHG E\ OLJKW RU E\ D VXUURXQGLQJ JDV� 7KH PRQLWRULQJ RI
WKH HODVWLFDOO\ VFDWWHUHG OLJKW JLYHV LQIRUPDWLRQ RQ WKH WHPSRUDO VL]H HYROXWLRQ RI WKH WUDSSHG
GURSOHW >�@� 7KH LQHODVWLF VFDWWHUHG OLJKW LV PRQLWRUHG WR JLYH WLPH GHSHQGHQW 5DPDQ VSHFWUD ZKLFK
SURYLGH LQ�VLWX LQIRUPDWLRQ RQ WKH GURSOHWV FKHPLFDO FRPSRVLWLRQ� :LWK WKLV DSSURDFK� ZH DUH DEOH
WR�VWXG\�WKH�WHPSRUDO�HYROXWLRQ�RI�VL]H�DQG�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�DJLQJ�SDUWLFOH�

,Q WKLV ZRUN� ZH DSSO\ RXU PHWKRG WR VWXG\ WKH SKRWRGHJUDGDWLRQ RI LVRODWHG ROHLF DFLG GURSOHWV
LQGXFHG E\ ��� QP OLJKW� 7KH WUDSSLQJ ODVHU ZDYHOHQJWK PDWFKHV WKH H[FLWDWLRQ ZDYHOHQJWK RI
JURXQG VWDWH R[\JHQ WR VLQJOHW R[\JHQ ��2�� >�@� 7KH SURGXFHG �2� UHDFWV ZLWK ROHLF DFLG OHDGLQJ WR
WKH SURGXFWLRQ RI YRODWLOH FRPSRXQGV UHVXOWLQJ LQ D GHFUHDVH RI GURSOHW VL]H� 7KH WHPSRUDO 5DPDQ
VSHFWUD DUH XVHG WR LGHQWLI\ WKH GHJUDGDWLRQ RI FKHPLFDO ERQGV DQG UHWULHYH UHDFWLRQ UDWHV RI WKH
SKRWRUHDFWLRQ RI ROHLF DFLG� :H VWXG\ WKH LQIOXHQFH RI WKH H[FLWDWLRQ OLJKW SRZHU DQG R[\JHQ
FRQFHQWUDWLRQ RQ WKH UHDFWLRQ SDWK DQG LWV NLQHWLFV� )XUWKHUPRUH� D NLQHWLF�PXOWLOD\HU PRGHO ZDV
GHYHORSHG WR TXDOLWDWLYHO\ VXSSRUW WKH H[SHULPHQWDO UHVXOWV JLYLQJ LQVLJKW LQWR WKH PDVV WUDQVSRUW
DQG�SURGXFWLRQ�UDWHV�RI�WKH�YRODWLOH�FRPSRXQGV�LQ�WKH�GURSOHW�

>�@�-�/��-LPHQH]�HW�DO��6FLHQFH�����������������������������
>�@�3DXO�-��=LHPDQQ��5RJHU�$WNLQVRQ��&KHP��6RF��5HY�����������������������
>�@ .� (VDW� *� 'DYLG� 7� 3RXONDV� 0� 6KHLQ� 5� 6LJQRUHOO� 3K\V�&KHP� &KHP� 3K\V�� ����� ���
������������
>�@ 0� (� 'LYHN\� 6� 5R\� -�:� &UHPHU� *� 'DYLG� 5� 6LJQRUHOO� 3K\V�&KHP� &KHP� 3K\V�� ����� ���
����������
>�@ *� '� *UHHQEODWW� -� -� 2UODQGR� -� %� %XUNKROGHU� $� 5� 5DYLVKDQNDUD� -RXUQDO RI *HRSK\VLFDO
5HVHDUFK�����������'�����������������
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+LJK�5HVROXWLRQ�,QIUDUHG�6SHFWURVFRS\�RI�0RQRGHXWHUDWHG�(WK\OHQH�2[LGH�F�&�'+�2�
$QDO\VLV�RI�WKH�,QIUDUHG�6SHFWUXP�RI�VHYHUDO�5LQJ�'HIRUPDWLRQ�DQG�6WUHWFKLQJ

)XQGDPHQWDOV

.��.HSSOHU���6��$OEHUW���=��&KHQ�����&��0DQFD�7DQQHU���9��6FKXULJ���-��6WRKQHU���2��7UDSS���0��4XDFN�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=¾ULFK��&+������=¾ULFK��6ZLW]HUODQG���&ROOHJH�RI
&KHPLVWU\�DQG�&KHPLFDO�(QJLQHHULQJ��/DQ]KRX�8QLYHUVLW\��/DQ]KRX���������&KLQD���,QVWLWXW�I¾U
2UJDQLVFKH�&KHPLH��(EHUKDUG�.DUOV�8QLYHUVLW¦W�7¾ELQJHQ��'�������7¾ELQJHQ��*HUPDQ\���,QVWLWXWH

IRU�&KHPLVWU\�	�%LRWHFKQRORJ\�,&%��=¾ULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�=+$:��&+�����
:¦GHQVZLO��6ZLW]HUODQG���'HSDUWPHQW�&KHPLH��/XGZLJ�0D[LPLOLDQV�8QLYHUVLW¦W��'�������0¾QFKHQ�

*HUPDQ\

0RQRGHXWHUDWHG HWK\OHQH R[LGH F�&�'+�2 �'��2[LUDQH�� LV D VPDOO F\FOLF PROHFXOH� DQ DV\PPHWULF
WRS DQG DQ H[FHOOHQW H[DPSOH RI D VLPSOH LVRWRSLFDOO\ FKLUDO PROHFXOH� 1RUPDO R[LUDQH �F�&�+�2�
KDV EHHQ GHWHFWHG LQ 6J5 %�1 >�@� 6HYHUDO UR�YLEUDWLRQDO EDQGV RI WKH SDUHQW VSHFLHV KDYH EHHQ
H[DPLQHG E\ RWKHU LQYHVWLJDWRUV >�@� 2QO\ D IHZ OLQHV RI '��2[LUDQH KDYH SUHYLRXVO\ EHHQ DQDO\VHG
LQ WKH PLFURZDYH UHJLRQ >�@ XS WR �� *+]� 7KH URWDWLRQDO FRQVWDQWV RI '��R[LUDQH KDYH EHHQ
FDOFXODWHG DE LQLWLR >�@� :H KDYH REWDLQHG DQ H[WHQVLYH DQDO\VLV RI RXU QHZ UHVXOWV >�@ LQFOXGLQJ
JURXQG VWDWH FRQVWDQWV DQG HQHUJ\ OHYHOV REWDLQHG IURP WKH DQDO\VLV RI WKH URWDWLRQDO VSHFWUXP RI
'��R[LUDQH IURP ������ *+] XVLQJ RXU *+] VSHFWURPHWHU >�@ DQG LQ WKH �������� 7+] UDQJH
PHDVXUHG ZLWK RXU )7,5 VHWXS >�@ DW WKH 6ZLVV /LJKW 6RXUFH� +HUH ZH UHSRUW WKH LQIUDUHG VSHFWUXP
UHFRUGHG DW D UHVROXWLRQ RI ������ FP�� XVLQJ WKH %UXNHU ,)6 +5 =3���� =¾ULFK SURWRW\SH
VSHFWURPHWHU >�@� 6SHFWURVFRSLF SDUDPHWHUV IRU WKH YLEUDWLRQDO JURXQG VWDWH DQG WKH ͑�� DQG ͑��
IXQGDPHQWDOV �͑��  ������� FP�� DQG ͑��  ������� FP��� KDYH EHHQ GHWHUPLQHG� :H KDYH
H[SDQGHG WKH UDQJH RI VWXG\ LQWR WKH UHJLRQ RI WKH VWUHWFKLQJ IXQGDPHQWDO YLEUDWLRQV QHDU ����
FP�� DQG VKDOO SUHVHQW ILUVW UHVXOWV RI WKLV DQDO\VLV� 2XU UHVXOWV ZLOO EH GLVFXVVHG LQ UHODWLRQ WR
LVRWRSLF FKLUDOLW\ DQG SDULW\ YLRODWLRQ� DV WKH\ UHODWH WR PRQRIOXRURR[LUDQH >�@ DQG LQ WKH EURDGHU
FRQWH[W�RI�IXQGDPHQWDO�V\PPHWULHV�DQG�V\PPHWU\�YLRODWLRQV�>��@�

>�@�-��(��'LFNHQV��$S-�����������������
>�@ -��0� )ODXG� HW DO�� -06� ����� ���������� )� .ZDELD 7FKDQD� HW DO� -06� ����� �������� '�.�
5XVVHOO�DQG�5��:HVHQGUXS��-06�������������������
>�@�&��+LURVH��%XOO��&KHP��6RF��-DS�����������������������
>�@�&��3X]]DULQL��0��%LF]\VNR��-��%ORLQR�DQG�9��%DURQH��$S-�����������������
>�@ 6� $OEHUW� =� &KHQ� HW DO� 3K\V�&KHP�&KHP�3K\V�� ����� ��� ���������� '2,�
��������F�FS�����D
>�@ 0� 6XWHU� 0� 4XDFN� $SSOLHG 2SWLFV� ������������� 6� $OEHUW� HW DO�� 0RO� 3K\V�� ����� ����
����������
>�@ 6� $OEHUW� HW DO��&KHP3K\V&KHP� ������������������ 6� $OEHUW� HW DO�� )DUDGD\
'LVFXVV������������������
>�@ 6�$OEHUW� .�$�.HSSOHU� 0�4XDFN�7UHQGV LQ 2SWLFV DQG 3KRWRQLFV�����������������6�$OEHUW�HW
DO��-06� ����� ������������6� $OEHUW�HW DO��+LJK 5HVROXWLRQ )RXULHU 7UDQVIRUP ,QIUDUHG
6SHFWURVFRS\ LQ +DQGERRN RI +LJK 5HVROXWLRQ 6SHFWURVFRS\�0�4XDFN�)�0HUNW�HGV� 9RO� ��
���������:LOH\�&KLFKHVWHU������
>�@ +� +ROOHQVWHLQ�HW DO�� $QJHZ�&KHPLH�������������� 5� %HUJHU�HW DO�� $QJHZ�&KHP�,QWO�(G��
�������������
>��@ 0� 4XDFN� -� +DFNHU� HGV�� 6\PPHWULH XQG $V\PPHWULH LQ :LVVHQVFKDIW XQG .XQVW� 1RYD $FWD
/HRSROGLQD 1)� ����� %DQG ���� 1U� ���� �ERRN ZLWK ��� SDJHV DQG FRQWULEXWLRQV LQ (QJOLVK DQG
*HUPDQ��
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3K\VLFDO�&KHPLVWU\��6KRUW�WDON 3&����

5HDFWLRQ�NLQHWLFV�RI�WUDSSHG�PROHFXODU�LRQV�ZLWK�FRQIRUPHU��DQG�LVRPHU�VHOHFWHG
QHXWUDO�PROHFXOHV

$��.LODM���+��*DR���'��5¸VFK���8��5LYHUR���6��:LOOLWVFK���-��.¾SSHU���

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO�������%DVHO��6ZLW]HUODQG���&HQWHU�IRU�)UHH�(OHFWURQ
/DVHU�6FLHQFH��'(6<��������+DPEXUJ��*HUPDQ\���'HSDUWPHQW�RI�3K\VLFV�DQG�7KH�+DPEXUJ�&HQWHU

IRU�8OWUDIDVW�,PDJLQJ��8QLYHUVLW\�RI�+DPEXUJ��*HUPDQ\

7KH H[SHULPHQWDO FKDOOHQJHV LQ SUHSDULQJ SXUH VDPSOHV RI LQGLYLGXDO PROHFXODU LVRPHUV DQG
FRQIRUPHUV KDYH WKXV IDU SUHFOXGHG D FKDUDFWHUL]DWLRQ RI WKHLU GLVWLQFW FKHPLFDO EHKDYLRU� 5HFHQW
SURJUHVV LQ PDQLSXODWLQJ SRODU PROHFXOHV XVLQJ HOHFWURVWDWLF ILHOGV KDV PDGH LW SRVVLEOH WR VHOHFW
DQG VSDWLDOO\ VHSDUDWH GLIIHUHQW FRQIRUPHUV DQG URWDWLRQDO VWDWHV RI PROHFXOHV LQ VXSHUVRQLF
PROHFXODU EHDPV >���@� %\ FRPELQLQJ WKLV WHFKQRORJ\ ZLWK D VWDWLRQDU\ UHDFWLRQ WDUJHW RI &RXORPE�
FU\VWDOOL]HG LRQV LQ D OLQHDU TXDGUXSROH LRQ WUDS >�@ ZH KDYH UHFHQWO\ H[SORUHG FRQIRUPHU VHOHFWHG
PROHFXOH�LRQ UHDFWLRQ G\QDPLFV DQG REVHUYHG WKDW UHDFWLRQ�UDWH FRQVWDQWV FDQ VWURQJO\ GHSHQG RQ
PROHFXODU FRQIRUPDWLRQ >���@� 0RUH UHFHQWO\� ZH KDYH H[WHQGHG WKLV PHWKRG WR WKH VHSDUDWLRQ RI
GLIIHUHQW QXFOHDU�VSLQ LVRPHUV IRU VWXGLHV RI LRQ�PROHFXOH UHDFWLRQV ZLWK FRQWURO RYHU WKH URWDWLRQDO
DQG�QXFOHDU�VSLQ�VWDWH�RI�WKH�QHXWUDO�UHDFWLRQ�SDUWQHU�

:DWHU LV RQH RI WKH IXQGDPHQWDO PROHFXOHV LQ FKHPLVWU\� ELRORJ\ DQG DVWURSK\VLFV� ,W H[LVWV DV WZR
GLVWLQFW QXFOHDU�VSLQ LVRPHUV� SDUD� DQG RUWKR�ZDWHU� ZKLFK GR QRW LQWHUFRQYHUW LQ LVRODWHG
PROHFXOHV� :H KDYH VXFFHVVIXOO\ VWXGLHG WKH SURWRQ�WUDQVIHU UHDFWLRQ RI WKH VSDWLDOO\ VHSDUDWHG
JURXQG VWDWHV RI SDUD� DQG RUWKR�ZDWHU ZLWK FROG LRQLF GLD]HQ\OLXP �1�+��� DQ LPSRUWDQW PROHFXOH
LQ DVWURFKHPLVWU\� :H IRXQG D ������ KLJKHU UHDFWLYLW\ IRU WKH SDUD QXFOHDU�VSLQ LVRPHU ZKLFK ZH
DWWULEXWH WR WKH VPDOOHU GHJUHH RI URWDWLRQDO DYHUDJLQJ RI WKH LRQ�GLSROH ORQJ�UDQJH LQWHUDFWLRQ
FRPSDUHG WR WKH RUWKR�VSHFLHV >�@� 7KLV ILQGLQJ LV LQ TXDQWLWDWLYH DJUHHPHQW ZLWK D PRGHOOLQJ RI
WKH UHDFWLRQ NLQHWLFV XVLQJ URWDWLRQDOO\ DGLDEDWLF FDSWXUH WKHRU\ >�@ DQG KLJKOLJKWV WKH UDPLILFDWLRQV
RI�QXFOHDU�VSLQ�V\PPHWU\�RQ�FKHPLFDO�UHDFWLYLW\�

'HVSLWH WKHLU VLJQLILFDQFH LQ RUJDQLF V\QWKHVLV� WKH PHFKDQLVWLF GHWDLOV RI 'LHOV�$OGHU
F\FORDGGLWLRQV� LQ ZKLFK D GLHQH DQG D GLHQRSKLOH UHDFW WR IRUP D F\FOLF SURGXFW� VWLOO UHPDLQ DQ
H[WHQVLYHO\ GLVFXVVHG TXHVWLRQ� 7KH LRQLF YDULDQWV� SRODU F\FORDGGLWLRQV� KDYH SURYHQ WR EH D
SDUWLFXODUO\ HIILFLHQW URXWH WR IRUP F\FOLF FRPSRXQGV� EXW LW KDV SURYHQ GLIILFXOW WR GHWHUPLQH
ZKHWKHU RQO\ WKH FLV FRQIRUPHU �FRQFHUWHG PHFKDQLVP� RU ERWK FLV DQG WUDQV FRQIRUPHUV �VWHSZLVH
PHFKDQLVP� RI WKH LQYROYHG GLHQH UHDFW WR IRUP WKH F\FOLF SURGXFW >�@� ,Q RUGHU WR VKHG OLJKW RQ
WKHVH TXHVWLRQV ZH DUH FXUUHQWO\ LQYHVWLJDWLQJ WKH LRQLF F\FORDGGLWLRQ UHDFWLRQ RI
����GLEURPR�����EXWDGLHQH ZLWK LRQLF SURSHQH� +DYLQJ VXFFHVVIXOO\ YHULILHG WKH VHSDUDWLRQ RI WKH
WZR FRQIRUPHUV XVLQJ VRIW YDFXXP�XOWUDYLROHW LRQL]DWLRQ ZH DUH QRZ DEOH WR SHUIRUP H[SHULPHQWV
WKDW�GLUHFWO\�WHVW�WKH�XQGHUO\LQJ�PHFKDQLVP�RI�SRODU�F\FORDGGLWLRQV�

>�@�'�$��+RUNH��<��3��&KDQJ��.��'OXJROHFNL��-��.XʹSSHU��$QJHZ��&KHP��,QW��(G�������������������
>�@�<��3��&KDQJ��'�$��+RUNH��6��7ULSSHO��-��.XʹSSHU��,QW��5HY��LQ�3K\V��&KHP�����������������
>�@�6��:LOOLWVFK��$GY��&KHP��3K\V������������������
>�@�<��3��&KDQJ��.��'OXJROHFNL��-��.XʹSSHU��'��5¸VFK��'��:LOG��6��:LOOLWVFK��6FLHQFH����������������
>�@�'��5¸VFK��6��:LOOLWVFK��<��3��&KDQJ��-��.XʹSSHU��-��&KHP��3K\V���������������������
>�@�$��.LODM��+��*DR��'��5¸VFK��8��5LYHUR��-��.XʹSSHU�DQG�6��:LOOLWVFK��1DW��&RPPXQ�����������������
>�@�'��&ODU\��-��RI�&KHP��6RF���)DUDGD\�7UDQV�������������������
>�@�0��(EHUOLQ��,QW��-��0DVV��6SHFWURP������������������
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