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$%675$&7

7KH 6$56�&R9�� 1XFOHRFDSVLG �1� SURWHLQ LV UHVSRQVLEOH IRU FRQGHQVDWLRQ RI WKH YLUDO

JHQRPH� &KDUDFWHUL]LQJ WKH PHFKDQLVPV FRQWUROOLQJ QXFOHLF DFLG ELQGLQJ LV D NH\ VWHS LQ

XQGHUVWDQGLQJ KRZ FRQGHQVDWLRQ LV UHDOL]HG� +HUH� ZH IRFXV RQ WKH UROH RI WKH 51$ %LQGLQJ

'RPDLQ �5%'� DQG LWV IODQNLQJ GLVRUGHUHG 1�7HUPLQDO 'RPDLQ �17'� WDLO� XVLQJ

VLQJOH�PROHFXOH )|UVWHU 5HVRQDQFH (QHUJ\ 7UDQVIHU DQG FRDUVH�JUDLQHG VLPXODWLRQV� :H

TXDQWLILHG FRQWDFW VLWH VL]H DQG ELQGLQJ DIILQLW\ IRU QXFOHLF DFLGV DQG FRQFRPLWDQW

FRQIRUPDWLRQDO FKDQJHV RFFXUULQJ LQ WKH GLVRUGHUHG UHJLRQ� :H IRXQG WKDW WKH GLVRUGHUHG

17' LQFUHDVHV WKH DIILQLW\ RI WKH 5%' IRU 51$ E\ DERXW ���IROG� %LQGLQJ RI ERWK QRQVSHFLILF

DQG VSHFLILF 51$ UHVXOWV LQ D PRGXODWLRQ RI WKH WDLO FRQILJXUDWLRQV� ZKLFK UHVSRQG LQ DQ 51$

OHQJWK�GHSHQGHQW PDQQHU� 1RW RQO\ GRHV WKH GLVRUGHUHG 17' LQFUHDVH DIILQLW\ IRU 51$� EXW

PXWDWLRQV WKDW RFFXU LQ WKH 2PLFURQ YDULDQW PRGXODWH WKH LQWHUDFWLRQV� LQGLFDWLQJ D IXQFWLRQDO

UROH RI WKH GLVRUGHUHG WDLO� )LQDOO\� ZH IRXQG WKDW WKH 17'�5%' SUHIHUHQWLDOO\ LQWHUDFWV ZLWK

VLQJOH�VWUDQGHG 51$ DQG WKDW WKH UHVXOWLQJ SURWHLQ�51$ FRPSOH[HV DUH IOH[LEOH DQG G\QDPLF�

:H VSHFXODWH WKDW WKLV PHFKDQLVP RI LQWHUDFWLRQ HQDEOHV WKH 1XFOHRFDSVLG SURWHLQ WR VHDUFK

WKH�YLUDO�JHQRPH�IRU�DQG�ELQG�WR�KLJK�DIILQLW\�PRWLIV�
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,1752'8&7,21�

7KH 6$56�&R9�� YLUXV LV D SRVLWLYH�VHQVH VLQJOH�VWUDQGHG 51$ FRURQDYLUXV ZLWK D

JHQRPH RI QHDUO\ ����� QXFOHRWLGHV>�@� 7KLV ODUJH JHQRPH LV SDFNDJHG LQWR VPDOO YLUDO

SDUWLFOHV RI a���������QP GLDPHWHU>�@� 6XFK D GHJUHH RI SDFNDJLQJ LV PHGLDWHG E\ WKH LQWHUDFWLRQ

RI WKH YLUDO JHQRPH ZLWK PXOWLSOH FRSLHV RI WKH 1XFOHRFDSVLG �1� SURWHLQ� 7KH ³EHDGV RQ D

VWULQJ VWUXFWXUHV´>���@ IRUPHG E\ WKH 6$56�&R9�� 1 SURWHLQ LQVLGH WKH YLULRQ DUH DW YDULDQFH

ZLWK SUHYLRXVO\ SURSRVHG KHOLFDO VWUXFWXUHV VHHQ LQ RWKHU FRURQDYLUXVHV>���@ DQG WKH

PHFKDQLVP RI WKHLU IRUPDWLRQ LV QRW ZHOO XQGHUVWRRG� )URP D ELRSK\VLFDO VWDQGSRLQW� WKH

FRPSDFWLRQ RI D VLQJOH YLUDO JHQRPH DQG WKH SKDVH VHSDUDWLRQ RI WKH SURWHLQ ZLWK PXOWLSOH

QXFOHLF DFLGV SRWHQWLDOO\ VWHP IURP WKH VDPH VHW RI LQWHUDFWLRQV>�@� ,QGHSHQGHQW H[SHULPHQWV

IURP PDQ\ ODEV �LQFOXGLQJ RXUV� KDYH GHPRQVWUDWHG WKDW 1 SURWHLQ FDQ XQGHUJR SKDVH

VHSDUDWLRQ ZLWK QXFOHLF DFLG� ERWK LQ YLWUR DQG LQ OLYLQJ FHOOV>�±��@� 3KDVH VHSDUDWLRQ FDQ EH

IDYRUHG E\ VSHFLILF 51$ VHTXHQFH PRWLIV>��@ DQG DOWHUHG� LQ FHOOV� E\ LQWHUDFWLRQV ZLWK VPDOO

PROHFXOHV>��@� 4XDQWLI\LQJ WKH PROHFXODU LQWHUDFWLRQV DW SOD\ LV WKHUHIRUH NH\ WR LGHQWLI\LQJ WKH

SURFHVVHV�FRQWUROOLQJ�FRQGHQVDWLRQ�RQ�WKH�VLQJOH��DQG�PXOWL��FKDLQ�VFDOH�

7KH 6$56�&R9�� 1 SURWHLQ VKDUHV D VLPLODU GRPDLQ DUFKLWHFWXUH WR DQDORJRXV 1

SURWHLQV IURP RWKHU FRURQDYLUXVHV� LQFOXGLQJ DQ 51$ %LQGLQJ 'RPDLQ �5%'�� D GLPHUL]DWLRQ

GRPDLQ� DQG WKUHH LQWULQVLFDOO\ GLVRUGHUHG UHJLRQV �,'5V� WKDW IODQN WKH IROGHG GRPDLQV� %\

FRPELQLQJ VLQJOH�PROHFXOH H[SHULPHQWV DQG 0RQWH &DUOR VLPXODWLRQV� ZH SUHYLRXVO\ VKRZHG

WKDW 1 SURWHLQ DGRSWV D FRPSOH[ DQG G\QDPLF FRQIRUPDWLRQDO HQVHPEOH DV D UHVXOW RI LWV

GLVRUGHUHG UHJLRQV>�@� :KLOH PDQ\ H[SHULPHQWV KDYH IRFXVHG RQ WKH LQWHUDFWLRQ RI WKH WZR

IROGHG UHJLRQV �5%' DQG GLPHUL]DWLRQ GRPDLQ� ZLWK 51$� OLWWOH LV NQRZQ DERXW WKH UROH

SOD\HG E\ WKH WKUHH GLVRUGHUHG UHJLRQV LQ DLGLQJ WKH FDSWXUH DQG RUJDQL]DWLRQ RI WKH QXFOHLF

DFLG� 7KH VR�FDOOHG IO\�FDVWLQJ PRGHO>��@ VXJJHVWV WKDW ,'5V KDYH D ODUJHU FDSWXUH UDGLXV

FRPSDUHG WR ULJLG SURWHLQV� UHVXOWLQJ LQ DQ DPSOLILHG UHFUXLWPHQW RI OLJDQGV� $W WKH VDPH WLPH�

UHFHQW H[SHULPHQWV KDYH SRLQWHG RXW WKH SHFXOLDULW\ RI GLVRUGHUHG UHJLRQV LQ HQFRGLQJ IRU

DQG PRGXODWLQJ ELQGLQJ DIILQLW\� VKRZLQJ WKDW FRPSOH[HV RI RSSRVLWHO\ FKDUJHG ELRSRO\PHUV

PD\�DFKLHYH�KLJK�DIILQLW\�DQG�UHWDLQ�IDVW�G\QDPLF�HQVHPEOHV>��@�
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+HUH� ZH IRFXVHG RXU LQYHVWLJDWLRQ RQ WKH 51$ %LQGLQJ 'RPDLQ �5%'� RI WKH

6$56�&R9�� 1 SURWHLQ DQG VWXGLHG LWV LQWHUDFWLRQ ZLWK QXFOHLF DFLGV� LQ WKH SUHVHQFH DQG

DEVHQFH RI WKH GLVRUGHUHG 1�7HUPLQDO 'RPDLQ �17'�� :H UHVWULFWHG RXU DQDO\VLV WR WKH 5%'

DQG WKH FRQWLJXRXV 17' �)LJ� � DQG 6XSSOHPHQWDU\ 7DEOHV � DQG �� WR LGHQWLI\ WKH VSHFLILF

FRQWULEXWLRQV RI WKH ,'5 WR WKH IROGHG GRPDLQ� ZKLFK RWKHUZLVH ZRXOG EH PDVNHG RU DOWHUHG

E\ WKH HIIHFW RI RWKHU GRPDLQV� :H K\SRWKHVL]HG WKDW WKH 17' SOD\V DQ LPSRUWDQW UROH VLQFH

LW FRQWULEXWHV WR ORFDOL]DWLRQ RI WKH 1 SURWHLQ LQWR VWUHVV JUDQXOHV>������@ LQ D 51$

GRVH�GHSHQGHQW PDQQHU>�@� VXJJHVWLQJ WKDW ORFDOL]DWLRQ LV DOVR PHGLDWHG E\ LWV LQWHUDFWLRQ

ZLWK�QXFOHLF�DFLG�

6LQJOH�PROHFXOH )|UVWHU 5HVRQDQFH (QHUJ\ 7UDQVIHU �)5(7�>��±��@ SURYLGHV DQ

HIIHFWLYH PHWKRG WR GHWHUPLQH WKH DIILQLW\ DQG VWRLFKLRPHWU\ RI WKH ELQGLQJ RI 51$V WR ERWK

5%' DQG 17'�5%'� ZKLOH PRQLWRULQJ FRQIRUPDWLRQDO DQG G\QDPLF FKDQJHV RFFXUULQJ LQ WKH

17' ZLWKLQ WKH VDPH VHW RI H[SHULPHQWV� 6LQJOH�PROHFXOH GHWHFWLRQ VLPSOLILHV LGHQWLILFDWLRQ

RI WKH FRQWDFW VLWH VL]H DQG DIILQLW\ RI WKH SURWHLQ HYHQ IRU ORQJ QXFOHLF DFLGV VLQFH DOO

SURWHLQ�51$ FRPSOH[HV FRQWDLQ RQO\ RQH VLQJOH SURWHLQ �DV PRQLWRUHG E\ 3XOVHG ,QWHUOHDYHG

([FLWDWLRQ>��@�� ZKHUHDV LQ W\SLFDO HQVHPEOH H[SHULPHQWV RQH KDV WR DFFRXQW IRU WKH

FRQWULEXWLRQ�RI�GLIIHUHQW�SURWHLQ�QXFOHLF�DFLG�VWRLFKLRPHWULHV�WR�WKH�RYHUDOO�VLJQDO�

:H H[DPLQHG 51$ ELQGLQJ XVLQJ ERWK ³QRQVSHFLILF´ DQG VSHFLILF 51$ PROHFXOHV� ,Q

FHOO FURVVOLQNLQJ H[SHULPHQWV IRXQG WKDW 1 SURWHLQ LV ERXQG WR P51$V VLWHV FRQWDLQLQJ

PXOWLSOH U8¶V>��@� ZKLOH RWKHUV IRXQG LW GLVSHUVHG RYHU WKH YLUDO JHQRPH� FRPSULVLQJ ERWK

VLQJOH�VWUDQGHG DQG GRXEOH�VWUDQGHG UHJLRQV>�����@� *LYHQ WKH ODFN RI FRQVHQVXV LQ WKH

OLWHUDWXUH� ZH KDYH RSWHG IRU ³QRQVSHFLILF´ SRO\�U8�Q VHTXHQFHV WKDW DUH ZHOO�EHKDYHG

SRO\HOHFWURO\WHV DQG� GLIIHUHQWO\ IURP SRO\�U$� DQG SRO\�U*�� GR QRW XQGHUJR VWDFNLQJ DW KLJK

QXFOHLF DFLG FRQFHQWUDWLRQV� $V VSHFLILF VHTXHQFHV� ZH KDYH IRFXVHG RQ D VLQJOH�VWUDQGHG

51$ �VV51$� HOHPHQW RI �� QXFOHRWLGHV WKDW KDV EHHQ LVRODWHG IURP WKH �¶ 875 RI WKH YLUDO

JHQRPH �ZKLFK ZH ZLOO UHIHU WR DV 9��� DQG RQ KDLUSLQV IURP WKH �¶ 875 �6/�%� DQG D

SXWDWLYH�SDFNDJLQJ�VLJQDO�163��>��@ �6XSSOHPHQWDU\ 7DEOH����
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0$7(5,$/�$1'�0(7+2'6�

3URWHLQ H[SUHVVLRQ DQG SXULILFDWLRQ� *67�+LV��6$56�&R9� 17'�5%'/ DQG 17'/�5%'

1XFOHRFDSVLG FRQVWUXFWV ZHUH H[SUHVVHG UHFRPELQDQWO\ LQ *ROG %/���'(�� FHOOV �$JLOHQW�� �

/ FXOWXUHV ZHUH JURZQ LQ /% PHGLXP ZLWK FDUEHQLFLOOLQ ���� XJ�P/� WR 2'��� a��� DQG

LQGXFHG ZLWK ���� P0 ,37* IRU � KRXUV DW �� �&� +DUYHVWHG FHOOV ZHUH O\VHG ZLWK VRQLFDWLRQ

DW � �& LQ O\VLV EXIIHU ��� P0 7ULV S+ �� ��� P0 1D&O� ��� JO\FHURO� �� PJ�P/ O\VR]\PH� �

P0 ȕ0(� F2PSOHWH� ('7$�IUHH 3URWHDVH ,QKLELWRU &RFNWDLO �5RFKH�� '1$VH , �1(%��

51$VH + �1(%��� 7KH VXSHUQDWDQW ZDV FOHDUHG E\ FHQWULIXJDWLRQ �������� [ J IRU � KU� DQG

ERXQG WR D +LV7UDS )) FROXPQ �*( +HDOWKFDUH� LQ EXIIHU $ ��� P0 7ULV S+ �� ��� P0 1D&O�

��� JO\FHURO� �� P0 LPLGD]ROH� � P0 ȕ0(�� 7KH FROXPQ ZDV WKHQ ZDVKHG ZLWK +LJK 6DOW

%XIIHU ��� P0 7ULV S+ �� �0 1D&O� ��� JO\FHURO� � P0 ȕ0(� IRU WHQ FROXPQ YROXPHV

IROORZHG E\ WHQ FROXPQ YROXPHV RI %XIIHU $� *67�+LV� �1 SURWHLQ IXVLRQ ZDV HOXWHG ZLWK

EXIIHU % �EXIIHU $ � ��� P0 LPLGD]ROH� DQG GLDO\]HG LQWR FOHDYDJH EXIIHU ��� P0 7ULV S+ ��

�� P0 1D&O� ��� JO\FHURO� � P0 '77� ZLWK +59 �& SURWHDVH� WKXV FOHDYLQJ WKH *67�+LV�

�1 IXVLRQ \LHOGLQJ 1 SURWHLQ ZLWK WZR DGGLWLRQDO 1�WHUP UHVLGXHV �*O\3UR�� 1 SURWHLQ ZDV WKHQ

ERXQG WR DQ 63 VHSKDURVH )) FROXPQ �*( +HDOWKFDUH� DQG HOXWHG XVLQJ D JUDGLHQW RI

������ EXIIHU % �EXIIHU $� �� P0 7ULV S+ �� �� P0 1D&O� ��� JO\FHURO� � P0 ȕ0(� EXIIHU

%� EXIIHU $ � � 0 1D&O� RYHU ��� PLQ� 3XULILHG 17'�5%'/ DQG 17'/�5%' FRQVWUXFWV ZHUH

DQDO\]HG XVLQJ 6'6�3$*( DQG WKHLU FRQFHQWUDWLRQV ZHUH GHWHUPLQHG VSHFWURVFRSLFDOO\ LQ

�� P0 7ULV �S+ ����� ��� P0 1D&O� ��� �Y�Y� JO\FHURO XVLQJ DQ H[WLQFWLRQ FRHIILFLHQW RI

������0�� FP�� DW�����QP�

*67�+LV��6$56�&R9� 5%'/ 1XFOHRFDSVLG FRQVWUXFW ZDV H[SUHVVHG UHFRPELQDQWO\

LQ *ROG %/���'(�� FHOOV �$JLOHQW�� � / FXOWXUHV ZHUH JURZQ LQ /% PHGLXP ZLWK FDUEHQLFLOOLQ

���� XJ�P/� WR 2'��� a ��� DQG LQGXFHG ZLWK ��� P0 ,37* IRU � KRXUV DW �� �&� +DUYHVWHG

FHOOV ZHUH O\VHG ZLWK VRQLFDWLRQ DW � �& LQ O\VLV EXIIHU ��� P0 7ULV S+ �� ��� P0 1D&O� ���

JO\FHURO� �� PJ�P/ O\VR]\PH� � P0 ȕ0(� F2PSOHWH� ('7$�IUHH 3URWHDVH ,QKLELWRU &RFNWDLO

�5RFKH�� '1$VH , �1(%�� 51$VH + �1(%��� 7KH VXSHUQDWDQW ZDV FOHDUHG E\ FHQWULIXJDWLRQ
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�������� [ J IRU � KU� DQG ERXQG WR D +LV7UDS )) FROXPQ �*( +HDOWKFDUH� LQ EXIIHU $ ��� P0

7ULV S+ �� ��� P0 1D&O� ��� JO\FHURO� �� P0 LPLGD]ROH� � P0 ȕ0(��7KH FROXPQ ZDV WKHQ

ZDVKHG ZLWK +LJK 6DOW %XIIHU ��� P0 7ULV S+ �� �0 1D&O� ��� JO\FHURO� � P0 ȕ0(� IRU WHQ

FROXPQ YROXPHV IROORZHG E\ WHQ FROXPQ YROXPHV RI %XIIHU $� *67�+LV� �1 SURWHLQ IXVLRQ

ZDV HOXWHG ZLWK EXIIHU % �EXIIHU $ � ��� P0 LPLGD]ROH� DQG GLDO\]HG LQWR FOHDYDJH EXIIHU ���

P0 7ULV S+ �� �� P0 1D&O� ��� JO\FHURO� � P0 '77� ZLWK +59 �& SURWHDVH� WKXV FOHDYLQJ

WKH *67�+LV� �1 IXVLRQ \LHOGLQJ 1 SURWHLQ ZLWK WZR DGGLWLRQDO 1�WHUP UHVLGXHV �*O\3UR�� 7KH

1 SURWHLQ ZDV WKHQ UXQ RYHU D +LV7UDS )) FROXPQ �*( +HDOWKFDUH� LQ %XIIHU $ ��� P0 7ULV

S+ �� �� P0 1D&O� ��� JO\FHURO� DQG WKH IORZ WKURXJK ZDV FROOHFWHG� 1 SURWHLQ ZDV WKHQ

ERXQG WR DQ 63 VHSKDURVH )) FROXPQ �*( +HDOWKFDUH� DQG HOXWHG XVLQJ D JUDGLHQW RI

������ EXIIHU % �EXIIHU $� �� P0 7ULV S+ �� �� P0 1D&O� ��� JO\FHURO� � P0 ȕ0(� EXIIHU

%� EXIIHU $ � � 0 1D&O� RYHU ��� PLQ� 3XULILHG 5%'/ FRQVWUXFW ZDV DQDO\]HG XVLQJ

6'6�3$*( DQG LWV FRQFHQWUDWLRQ ZDV GHWHUPLQHG VSHFWURVFRSLFDOO\ LQ �� P0 7ULV �S+ �����

����P0�1D&O�������Y�Y��JO\FHURO�XVLQJ�DQ�H[WLQFWLRQ�FRHIILFLHQW�RI�������0�� FP�� DW�����QP�

3ODVPLG�'1$�VHTXHQFHV�IRU�WKH�FRQVWUXFWV�FDQ�EH�IRXQG�LQ 6XSSOHPHQWDU\�,QIRUPDWLRQ�

3URWHLQ ODEHOLQJ� $OO 1XFOHRFDSVLG YDULDQWV ZHUH ODEHOHG ZLWK $OH[D )OXRU ��� PDOHLPLGH

�0ROHFXODU 3UREHV� 86$� XQGHU GHQDWXULQJ FRQGLWLRQV LQ EXIIHU $ ��� P0 7ULV S+ ���� � 0

8UHD� DW D G\H�SURWHLQ PRODU UDWLR RI ����� IRU � KUV DW URRP WHPSHUDWXUH� 6LQJOH ODEHOHG

SURWHLQ ZDV LVRODWHG YLD LRQ�H[FKDQJH FKURPDWRJUDSK\ �0RQR 6 ���� */� *( +HDOWKFDUH �

SURWHLQ ERXQG LQ EXIIHU $ ��� P0 ȕ0(� DQG HOXWHG ZLWK ����� EXIIHU % �EXIIHU $ � � 0 1D&O�

JUDGLHQW RYHU �� PLQ� DQG 89�9LV VSHFWURVFRSLF DQDO\VLV WR LGHQWLI\ IUDFWLRQV ZLWK ���

G\H�SURWHLQ ODEHOLQJ� 6LQJOH GRQRU ODEHOHG 1 SURWHLQ ZDV WKHQ VXEVHTXHQWO\ ODEHOHG ZLWK

$OH[D )OXRU ��� PDOHLPLGH DW D G\H�SURWHLQ PRODU UDWLR RI ����� IRU � KUV DW URRP

WHPSHUDWXUH� 'RXEOH�ODEHOHG ��������� SURWHLQ ZDV WKHQ IXUWKHU SXULILHG YLD LRQ�H[FKDQJH

FKURPDWRJUDSK\��0RQR�6������*/��*(�+HDOWKFDUH��

51$ SUHSDUDWLRQ� 6LQJOH�VWUDQGHG 51$V ZHUH SXUFKDVHG IURP ,'7 �86$� DQG +RUL]RQ

'LVFRYHU\ �86$�� +DLUSLQ 51$V ZHUH WUDQVFULEHG ZLWK 7� 51$ SRO\PHUDVH IURP '1$
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ROLJRQXFOHRWLGHV �,'7�� XVLQJ 7� 51$ SRO\PHUDVH �1(% 86$� LQ DQ RSWLPL]HG UHDFWLRQ PL[�

51$V ZHUH SXULILHG E\ GHQDWXULQJ SRO\DFU\ODPLGH JHO HOHFWURSKRUHVLV ���� DFU\ODPLGH� ����

ELV� � 0 XUHD� 7ULV�%RUDWH�('7$�� EDQGV ZHUH YLVXDOL]HG E\ 89 VKDGRZLQJ DQG FXW RXW� *HO

VOLFHV ZHUH VRDNHG LQ ��� 0 VRGLXP DFHWDWH RYHUQLJKW DW �� �& LQ D URWDWLQJ PL[HU� WKH

VROXWLRQ ZDV UHFRYHUHG DQG JHO GHEULV UHPRYHG E\ FHQWULIXJDWLRQ� 51$ ZDV SUHFLSLWDWHG

RYHUQLJKW DW ��� �& LQ WKH SUHVHQFH RI JO\FRJHQ ZLWK �; YROXPH ���� HWKDQRO� DQG WKH SHOOHW

UHVXVSHQGHG LQ 0LOOL�4 ZDWHU �0LOOLSRUH�6LJPD� 86$�� +DLUSLQV ZHUH DQQHDOHG LQ �� P0

+(3(6 S+ ���� �� P0 .&O EXIIHU DQG WKHLU LQWHJULW\ DQG VWDELOLW\ PHDVXUHG LQ 89 PHOWLQJ

H[SHULPHQWV DV D IXQFWLRQ RI WKHLU FRQFHQWUDWLRQ� 51$ FRQFHQWUDWLRQV ZHUH GHWHUPLQHG

VSHFWURSKRWRPHWULFDOO\�HPSOR\LQJ�WKHLU�FRPSXWHG�H[WLQFWLRQ�FRHIILFLHQWV�DW�����QP�

,QVWUXPHQWDWLRQ� 6LQJOH�PROHFXOH H[SHULPHQWV ZHUH SHUIRUPHG RQ D PRGLILHG 3LFRTXDQW

07��� LQVWUXPHQW �3LFRTXDQW� *HUPDQ\� XVLQJ 3XOVHG ,QWHUOHDYHG ([FLWDWLRQ WR HQDEOH

LGHQWLILFDWLRQ RI WKH GRQRU� DQG DFFHSWRU�RQO\ DV ZHOO DV GRQRU�DFFHSWRU SRSXODWLRQV� $OO GDWD

UHSRUWHG LQ WKLV ZRUN DUH VHOHFWHG IRU WKH GRQRU�DFFHSWRU SRSXODWLRQ� 6LQJOH�PROHFXOH

PHDVXUHPHQWV� XQOHVV RWKHUZLVH VWDWHG� KDYH EHHQ SHUIRUPHG LQ �� P0 7ULV� S+ ��� DW

URRP�WHPSHUDWXUH����������&��

$QDO\VLV RI ELQGLQJ H[SHULPHQWV� %LQGLQJ RI 51$ OLJDQGV WR ODEHOHG 1 SURWHLQ FRQVWUXFWV

ZDV PRQLWRUHG E\ IROORZLQJ HLWKHU WKH PHDQ YDOXH RI WKH WUDQVIHU HIILFLHQF\ GLVWULEXWLRQ RU WKH

IUDFWLRQ RI EXUVWV DVVRFLDWHG ZLWK WKH ERXQG DQG XQERXQG SRSXODWLRQ �ZKHQ WKH\ FDQ EH

UHVROYHG��

,Q�WKH�ILUVW�FDVH��WLWUDWLRQ�FXUYHV�ZHUH�DQDO\]HG�DFFRUGLQJ�WR�
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ZKHUH DQG DUH WKH PHDQ WUDQVIHU HIILFLHQFLHV IRU WKH IUHH DQG ERXQG SURWHLQ� .$ LV WKHԳ
Վ

Գ
Պ

DVVRFLDWLRQ FRQVWDQW DQG >51$@ LV WKH WRWDO FRQFHQWUDWLRQ RI 51$� 1RWH WKDW XQGHU DOO

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2023. ; https://doi.org/10.1101/2023.02.10.527914doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527914
http://creativecommons.org/licenses/by/4.0/


FRQGLWLRQV WKH IUHH 51$ FRQFHQWUDWLRQ LV DOZD\V PXFK KLJKHU WKDQ WKH FRQFHQWUDWLRQ RI D

ERXQG�FRPSOH[�EHFDXVH�RI�WKH�VLQJOH�PROHFXOH�FRQFHQWUDWLRQV�XVHG�LQ�WKH�H[SHULPHQW�

,Q WKH VHFRQG FDVH� ZKHQ WKH IUDFWLRQ RI ERXQG SURWHLQ LV GLUHFWO\ HVWLPDWHG� WLWUDWLRQՎ
Պ

FXUYHV�ZHUH�DQDO\]HG�DFFRUGLQJ�WR�
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IRU�WKH�����FDVH�WUHDWHG�LQ�WKLV�ZRUN�

)RU WKH VSHFLDO FDVH RI WKH ELQGLQJ WR WKH SRO\QXFOHRWLGH SRO\�U8�� WLWUDWLRQ FXUYHV ZHUH

REWDLQHG DQG DQDO\]HG DV D IXQFWLRQ RI WKH WRWDO FRQFHQWUDWLRQ RI QXFOHRWLGH UHVLGXHV

>SRO\�U8�@� QRW 51$ PROHFXOHV� 7KLV LV MXVWLILDEOH EHFDXVH XQGHU WKH H[SHULPHQWDO FRQGLWLRQV

HPSOR\HG� ZKHUH WKH SURWHLQ FRQFHQWUDWLRQ LV VR PXFK ORZHU WKDQ 51$ FRQFHQWUDWLRQ� WKH

0F*KHH�YRQ +LSSHO IRUPXODWLRQ IRU WKH ELQGLQJ RI ODUJH OLJDQGV WR RQH GLPHQVLRQDO ODWWLFHV

UHGXFHV�WR�
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ZKHUH .LQW LV�WKH�LQWULQVLF�DVVRFLDWLRQ�FRQVWDQW�

6WDWLVWLFDO $QDO\VLV� 9DOXHV DVVRFLDWHG ZLWK PXOWLSOH PHDVXUHPHQWV DUH SUHVHQWHG DV PHDQ

DQG VWDQGDUG GHYLDWLRQ RI WKH PHDVXUHG SRLQWV RI DW OHDVW WZR SRLQWV� 5HVXOWV RI PRGHO ILW WR
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WKH GDWD DUH SUHVHQWHG DV EHVW YDOXH DQG FRUUHVSRQGLQJ HUURU RI WKH ILW DV GHWHUPLQHG XVLQJ

QRQ�OLQHDU�UHJUHVVLRQ�DOJRULWKPV�LQ�0DWKHPDWLFD��:ROIUDP�5HVHDUFK�,QF��86$��

'DWD $YDLODELOLW\� 6RIWZDUH� $OJRULWKPV� 'DWD DQDO\VLV RI VLQJOH�PROHFXOH GDWD KDV EHHQ

SHUIRUPHG XVLQJ WKH )UHWLFD SDFNDJH IRU 0DWKHPDWLFD �:ROIUDP 5HVHDUFK ,QF� 86$�

GHYHORSHG E\ WKH 6FKXOHU JURXS

�KWWSV���VFKXOHU�ELRF�X]K�FK�ZS�FRQWHQW�XSORDGV���������)UHWLFD���������]LS�� $OO

VLQJOH�PROHFXOH GDWD UHSRUWHG LQ WKLV ZRUN DUH GHSRVLWHG DW

KWWSV���JLWKXE�FRP�KROHKRXVH�ODE�VXSSRUWLQJGDWD�WUHH�PDVWHU������FXEXNB�����

5DZ�SKRWRQ�WUDFHV�RI�VLQJOH�PROHFXOH�GDWD�ZLOO�EH�PDGH�DYDLODEOH�XSRQ�UHTXHVW�

6LPXODWLRQV� &RDUVH�JUDLQHG PROHFXODU G\QDPLFV �0'� VLPXODWLRQV ZHUH SHUIRUPHG LQ WKH

197 HQVHPEOH XVLQJ WKH /$0036 VLPXODWLRQ HQJLQH ZLWK 0SLSL PRGHO XVLQJ WKH GHIDXOW

SDUDPHWHUV GHYHORSHG E\ -RVHSK HW DO�>��@� 0SLSL LV D RQH�EHDG�SHU UHVLGXH FRDUVH JUDLQHG

IRUFH ILHOG GHYHORSHG VSHFLILFDOO\ IRU ZRUNLQJ ZLWK LQWULQVLFDOO\ GLVRUGHUHG SURWHLQV�

1RQ�ERQGHG LQWHUDFWLRQV DUH GULYHQ E\ D VKRUW�UDQJH SRWHQWLDO DQG� ZKHUH DSSOLFDEOH� D

ORQJ�UDQJH &RXORPELF SRWHQWLDO� %RQGHG LQWHUDFWLRQV DUH HQFRGHG YLD D VLPSOH KDUPRQLF

SRWHQWLDO� 6LPXODWLRQV ZHUH SHUIRUPHG ZLWK 17'�5%'� 5%'� DQG 17'� ZLWK DQG ZLWKRXW �U8�Q

RI OHQJWKV Q  ��� ��� ��� ��� ��� ��� ��� ��� �� DQG ��� QXFOHRWLGHV� :H DOVR SHUIRUPHG

VLPXODWLRQV RI WKH 2PLFURQ YDULDQW RI WKH 17'�5%'� ZLWK VXEVWLWXWLRQ RI WKH SUROLQH UHVLGXH LQ

SRVLWLRQ �� ZLWK D OHXFLQH �3��/� DQG GHOHWLRQ RI UHVLGXHV IURP �� WR �� �ǻ������� )RU

DVVHVVLQJ WKH UROH RI HDFK VLWH� DOVR ZH SHUIRUPHG VLPXODWLRQV RI WKH 3��/ PXWDWLRQ DORQH

YHUVXV WKH ǻ����� DORQH� $OO VLPXODWLRQV RI WKH 2PLFURQ FRQVWUXFWV ZHUH SHUIRUPHG ZLWK DQG

ZLWKRXW�U8����

$OO VLPXODWLRQV ZHUH UXQ ZLWK PXOWLSOH LQGHSHQGHQW UHSHDWV XVLQJ D �� QP� VLPXODWLRQ ER[

DQG SHULRGLF ERXQGDU\ FRQGLWLRQV� $V LQ SUHYLRXV ZRUN� IROGHG GRPDLQV ZHUH PRGHOHG DV

ULJLG ERGLHV� ZKHUHDV LQWULQVLFDOO\ GLVRUGHUHG UHJLRQV DQG VV51$ ZHUH GHVFULEHG DV IOH[LEOH
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SRO\PHUV>�����@� )RU VLPXODWLRQV ZKHUH IROGHG GRPDLQV ZHUH SUHVHQW �L�H� WKRVH ZLWK WKH 5%'��

VL[ GLVWLQFW 5%' FRQIRUPDWLRQV ZHUH WDNHQ IURP DOO�DWRP VLPXODWLRQV RI WKH 5%' SHUIRUPHG

XVLQJ WKH )ROGLQJ#+RPH GLVWULEXWHG FRPSXWLQJ SODWIRUP>�������@� 7KLV HQDEOHV XV WR HQVXUH

FRQFOXVLRQV REWDLQHG DUH QRW GHSHQGHQW RQ D VSHFLILF 5%' FRQIRUPDWLRQ� )RU WKH VL[

LQGHSHQGHQW VWDUWLQJ FRQILJXUDWLRQV� ILYH UHSHDWV ZHUH SHUIRUPHG� ZLWK ��� PLOOLRQ VWHSV SHU

UHSHDW� VXFK WKDW �� LQGHSHQGHQW VLPXODWLRQV ZHUH UXQ IRU HDFK XQLTXH SURWHLQ�51$

FRPELQDWLRQ� 6LPXODWLRQ FRQILJXUDWLRQ GDWD ZDV UHFRUGHG HYHU\ ������� VWHSV� DQG WKH ILUVW

������� VWHSV ����� RI WKH VLPXODWLRQ� GLVFDUGHG DV HTXLOLEUDWLRQ� $FURVV WKH ��

LQGHSHQGHQW VLPXODWLRQV IRU HDFK SURWHLQ�51$ FRPELQDWLRQ ZH JHQHUDWHG DSSUR[LPDWHO\

������� IUDPHV� $ VXPPDU\ RI WKH VLPXODWLRQV SHUIRUPHG LV SURYLGHG LQ 6XSSOHPHQWDU\

7DEOH���

6LPXODWLRQV ZHUH DQDO\]HG XVLQJ 6285623 �KWWSV���VRXUVRS�UHDGWKHGRFV�LR�� DQG 0'7UDM

>��@� $OO DQDO\VLV FRGH IRU VLPXODWLRQV LV SURYLGHG DW

KWWSV���JLWKXE�FRP�KROHKRXVH�ODE�VXSSRUWLQJGDWD�WUHH�PDVWHU������FXEXNB����� )RU PRUH

GHWDLOV RQ WKH VLPXODWLRQV VHH H[WHQGHG PDWHULDOV DQG PHWKRGV LQ WKH 6XSSOHPHQWDU\

,QIRUPDWLRQ�

'DWDEDVH 5HIHUHQFLQJ� 6HTXHQFH GDWD IRU WKH 1XFOHRFDSVLG YDULDQWV� LQFOXGLQJ WKH

2PLFURQ YDULDQW� ZHUH REWDLQHG IURP WKH *,6$,' OLQHDJH�FRPSDULVRQ GDWDEDVH�

KWWSV���JLVDLG�RUJ�OLQHDJH�FRPSDULVRQ�

([WHQGHG GHVFULSWLRQ RI H[SHULPHQWDO SURFHGXUHV� PDWHULDO DQG PHWKRGV� DQG GDWD DQDO\VLV

DUH�SUHVHQWHG�LQ 6XSSOHPHQWDU\�,QIRUPDWLRQ�

5(68/76�

,Q RUGHU WR LQYHVWLJDWH WKH ELQGLQJ DQG FRQIRUPDWLRQDO FKDQJHV RI WKH 1�WHUPLQDO GLVRUGHUHG

WDLO DQG 51$�ELQGLQJ GRPDLQ RI 6$56�&R9�� 1XFOHRFDSVLG SURWHLQ YLD VLQJOH�PROHFXOH

)5(7� ZH FUHDWHG WZR WUXQFDWHG FRQVWUXFWV� RQH VSDQQLQJ WKH IXOO 1�WHUPLQDO VHJPHQW RI WKH

SURWHLQ FRPSULVLQJ ERWK WKH 17' DQG 5%' DQG DQRWKHU FRPSULVLQJ WKH 5%' DORQH �)LJ� ���
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&\VWHLQH PXWDWLRQV ZHUH LQWURGXFHG LQ WKH ZLOG�W\SH VHTXHQFH WR HQDEOH IOXRURSKRUH DGGLWLRQ

WR WKH FRQVWUXFWV YLD PDOHLPLGH�WKLRO FKHPLVWU\� 6SHFLILFDOO\� ZH LQWURGXFHG F\VWHLQH

PXWDWLRQV LQ WKH 5%' VHTXHQFH LQ SRVLWLRQV �� DQG ��� RI WKH 17'�5%' DQG 5%'

FRQVWUXFWV WR PRQLWRU FRQIRUPDWLRQV RI WKH 5%'� ,Q FRQWUDVW� ZH LQWURGXFHG F\VWHLQH UHVLGXHV

LQ SRVLWLRQV � DQG �� RI WKH 17'�5%' FRQVWUXFW WR PRQLWRU FRQIRUPDWLRQV RI WKH 17' �)LJ�

��� :H ZLOO UHIHU WR WKHVH FRQVWUXFWV DV 5%'/� 17'�5%'/� DQG 17'/�5%' UHVSHFWLYHO\�

ZKHUH WKH / VXEVFULSW LGHQWLILHV WKH UHJLRQ SUREHG E\ WKH ODEHOV� $OO FRQVWUXFWV KDYH EHHQ

H[SUHVVHG�LQ (�FROL��SXULILHG��DQG�ODEHOHG�ZLWK�$OH[D )OXRU�����DQG�$OH[D�)OXRU�����

)ROGLQJ VWDELOLW\ RI 5%'� $V D SUHOLPLQDU\ VWHS� ZH WHVWHG ZKHWKHU WUXQFDWLRQ RI WKH 17'

LPSDFWV WKH FRQIRUPDWLRQV DGRSWHG E\ WKH 5%' DQG LWV IROGLQJ VWDELOLW\� VLQFH WKLV ZRXOG DOWHU

WKH DELOLW\ RI WKH GRPDLQ WR LQWHUDFW ZLWK QXFOHLF DFLGV� 2XU SUHYLRXV VLQJOH�PROHFXOH

H[SHULPHQWV>�@ VKRZHG WKDW WKH 5%' LV HTXDOO\ VWDEOH ZKHQ LW LV SDUW RI WKH IXOO�OHQJWK SURWHLQ

RU RI WKH LVRODWHG 17'�5%' FRQVWUXFW� VXJJHVWLQJ WKDW WKH OLQNHU UHJLRQ GRHV QRW LPSDFW LWV

IROGLQJ VWDELOLW\� )ROORZLQJ WKLV HDUOLHU ZRUN� ZH QH[W GLUHFWO\ PHDVXUH WKH VWDELOLW\ RI WKH 5%'

LQ�WKH�DEVHQFH�RI�WKH�17'�

6LQJOH�PROHFXOH )5(7 PHDVXUHPHQWV RI WKH 5%' FRQVWUXFW VKRZ D VLQJOH SHDN ZLWK

KLJK WUDQVIHU HIILFLHQF\ �)LJ� �� WKDW LV FRPSDWLEOH ZLWK SUHYLRXV REVHUYDWLRQV RI WKH

FRPSOHWHO\ IROGHG 5%' LQ WKH FRQWH[W RI WKH 17'�5%' DQG IXOO�OHQJWK SURWHLQ>�@� 7R FRQILUP

WKH REVHUYDWLRQ� ZH IXUWKHU TXDQWLILHG WKH IROGLQJ VWDELOLW\ RI WKH 5%' LQ WKH DEVHQFH RI WKH

17' E\ WLWUDWLQJ *XDQLGLQLXP &KORULGH �*GP&O� LQWR WKH 5%'/ FRQVWUXFW� ,QFUHDVLQJ WKH

FRQFHQWUDWLRQ RI GHQDWXUDQW UHYHDOHG WKH DSSHDUDQFH RI XS WR WZR VSHFLHV� ZKLFK PLUURUV

SUHYLRXV REVHUYDWLRQV RI DQ LQWHUPHGLDWH DQG XQIROGHG VWDWH LGHQWLILHG IRU WKH VDPH

GRPDLQ>�@� $Q HVWLPDWH RI WKH UHODWLYH DEXQGDQFH RI HDFK VSHFLHV FDQ EH FRPSXWHG E\

FRPSDULQJ WKH UHODWLYH DUHDV RI WKH GLVWLQFW SRSXODWLRQV� 7KH GDWD FDQ EH ZHOO GHVFULEHG

DVVXPLQJ D WKHUPRG\QDPLF HTXLOLEULXP EHWZHHQ WKUHH VWDWHV ZLWK ǻ*8,  ��� � ��� NFDO PRO��

DQG F8,����  ���� � ���� 0 DQG ǻ*,)  ��� � ��� NFDO PRO�� DQG F,)����  ���� � ���� 0 �)LJ� �

DQG 6XSSOHPHQWDU\ ,QIRUPDWLRQ�� 2YHUDOO� RXU REVHUYDWLRQV FRQILUP WKDW 5%' LV FRPSOHWHO\
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IROGHG XQGHU DTXHRXV EXIIHU FRQGLWLRQV� &RPSDUHG WR WKH IXOO�OHQJWK SURWHLQ� WUXQFDWLRQ RI WKH

WDLO VOLJKWO\ VKLIWV WKH XQIROGLQJ WUDQVLWLRQ WRZDUGV ORZHU *GP&O FRQFHQWUDWLRQV� EXW GRHV QRW

VLJQLILFDQWO\ DIIHFW WKH IUDFWLRQ IROGHG LQ WKH DEVHQFH RI GHQDWXUDQW �6XSSOHPHQWDU\ 7DEOH

���

%LQGLQJ RI QRQVSHFLILF 51$ WR 5%'� *LYHQ RXU JRDO LV WR TXDQWLI\ DQG FRPSDUH WKH

ELQGLQJ DIILQLW\ RI WKH 5%' IRU 51$� ZH VRXJKW WR GHYHORS D VLQJOH�PROHFXOH DVVD\ WKDW

ZRXOG OHW XV TXDQWLI\ WKH IUDFWLRQ RI ERXQG SURWHLQ DV D IXQFWLRQ RI 51$ FRQFHQWUDWLRQ� :H

ILUVW WHVWHG ZKHWKHU ELQGLQJ RI 51$ WR 5%' FDQ EH YLVXDOL]HG YLD FKDQJHV LQ WUDQVIHU

HIILFLHQF\� :LWK LQFUHDVLQJ FRQFHQWUDWLRQ RI D a��� QXFOHRWLGH ORQJ SRO\�U8�� ZH QRWLFHG D

VPDOO EXW PHDVXUDEOH VKLIW WRZDUG KLJKHU YDOXHV RI WUDQVIHU HIILFLHQFLHV� IURP D PHDQ WUDQVIHU

HIILFLHQF\�RI�a������WR�a��������)LJ����

$ SORW RI WKH GHYLDWLRQ LQ PHDQ WUDQVIHU HIILFLHQF\ DV D IXQFWLRQ RI QXFOHLF DFLG

FRQFHQWUDWLRQ UHYHDOV D VLJPRLGDO WUHQG WKDW VDWXUDWHV DW KLJK FRQFHQWUDWLRQ� DV H[SHFWHG IRU

D ELQGLQJ LVRWKHUP RI WKH 51$ WR 5%' RQ D ORJDULWKPLF VFDOH� :H QRWH WKDW LQ W\SLFDO

HQVHPEOH H[SHULPHQWV� D ��� SURWHLQ�QXFOHLF DFLG ELQGLQJ VWRLFKLRPHWU\ FDQQRW EH

DXWRPDWLFDOO\ DVVXPHG ZKHQ WLWUDWLQJ D ORQJ QXFOHLF DFLG ZLWK PXOWLSOH ELQGLQJ VLWHV DJDLQVW

SURWHLQ� +RZHYHU� KHUH WKH ��� ELQGLQJ VWRLFKLRPHWU\ FDQ EH LQYRNHG EHFDXVH RI WKH

VLQJOH�PROHFXOH QDWXUH RI WKH H[SHULPHQWV� ZKHUH RQO\ ODEHOHG SURWHLQV DUH SUHVHQW LQ WKH

VROXWLRQ DQG RQO\ RQH ODEHOHG SURWHLQ SHU WLPH LV REVHUYHG LQ WKH FRQIRFDO YROXPH� 7KLV LV

FRQILUPHG E\ 3XOVHG ,QWHUOHDYHG ([FLWDWLRQ� ZKLFK SURYLGHV D TXDQWLILFDWLRQ RI WKH ODEHOLQJ

VWRLFKLRPHWU\ RI WKH PHDVXUHG PROHFXOHV DQG VXSSRUWV WKDW WKH SURWHLQ UHPDLQV ³PRQRPHULF´

DFURVV WKH ZKROH WLWUDWLRQ� 7KLV GRHV QRW H[FOXGH WKH SRVVLELOLW\ RI WZR XQODEHOHG QXFOHLF

DFLGV ELQGLQJ WR WKH SURWHLQ� WKRXJK ZH ZRXOG H[SHFW D FKDQJH LQ WKH

FRQFHQWUDWLRQ�UHVSRQVH �VHH IRU FRPSDULVRQ ELQGLQJ RI 17'�5%'/ WR VSHFLILF

VLQJOH�VWUDQGHG 51$�� $ ILW RI WKH PHDQ WUDQVIHU HIILFLHQFLHV DFURVV WKH WLWUDWLRQ WR WKH ���

ELQGLQJ PRGHO UHYHDOV DQ LQWULQVLF DVVRFLDWLRQ FRQVWDQW .LQW RI �� � �� [ ���� ᶞ0�� �)LJ� ��

6XSSOHPHQWDU\�7DEOH����DW�WKH�VWDQGDUG�EXIIHU�FRQGLWLRQV RI����P0�7ULV��S+�����
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7R IXUWKHU WHVW ZKHWKHU WKH VLJQDO GRHV LQGHHG UHSRUW RQ ELQGLQJ� ZH LQYHVWLJDWHG WKH

HIIHFW RI QXFOHLF DFLG OHQJWK RQ WKH GHWHFWHG ELQGLQJ DIILQLW\� $ GHFUHDVH LQ WKH OHQJWK RI WKH

QXFOHLF DFLG LV H[SHFWHG WR UHVXOW LQ ZHDNHU ELQGLQJ DIILQLWLHV EHFDXVH RI WKH UHGXFWLRQ LQ

SURGXFWLYH ELQGLQJ FRQILJXUDWLRQV IRU VKRUW ROLJRQXFOHRWLGHV� :KHQ UHSHDWLQJ WKH VDPH

WLWUDWLRQ� IRU �U8�Q ROLJRQXFOHRWLGHV ZLWK OHQJWK Q  ��� ��� ��� ��� ��� ��� ��� DQG ��

QXFOHRWLGHV� ZH REVHUYH DQ DQDORJRXV UHVSRQVH RI WKH WUDQVIHU HIILFLHQF\ GLVWULEXWLRQ� ZLWK

WKH PHDQ WUDQVIHU HIILFLHQF\ LQFUHDVLQJ ZLWK LQFUHDVLQJ 51$ FRQFHQWUDWLRQ �)LJ� � DQG

6XSSOHPHQWDU\ )LJ� ��� $V IRU SRO\�U8�� HDFK WLWUDWLRQ FXUYH FDQ EH ZHOO GHVFULEHG E\ D ���

ELQGLQJ PRGHO DQG WKH FRUUHVSRQGLQJ HTXLOLEULXP ELQGLQJ FRQVWDQWV FDQ EH HVWLPDWHG� :KHQ

SORWWHG DJDLQVW WKH OHQJWK RI WKH ROLJRQXFOHRWLGH� D FOHDU LQFUHDVH LQ WKH DVVRFLDWLRQ FRQVWDQW

.$ �SHU PROHFXOH� LV REVHUYHG ZLWK LQFUHDVLQJ OHQJWK RI WKH 51$� UDQJLQJ IURP �� � �� [ ����

ȝ0�� WR�������������ȝ0�� �6XSSOHPHQWDU\ 7DEOH����

$VVXPLQJ D VLPSOH XQLGLPHQVLRQDO ODWWLFH PRGHO ZLWK DQ LQWULQVLF DVVRFLDWLRQ FRQVWDQW

.LQW� D JLYHQ OHQJWK RI WKH QXFOHLF DFLG Q� DQG D FRQWDFW VLWH VL]H RI 0 QXFOHRWLGHV �WKH QXPEHU

RI FRQWLJXRXV QXFOHRWLGHV LQYROYHG LQ WKH LQWHUDFWLRQ ZKHQ D ³FRPSOHWH´ FRQWDFW LV UHDOL]HG

ZLWK SURWHLQ�� ZH H[SHFW D OLQHDU WUHQG DV D IXQFWLRQ RI H[WUDSRODWLQJ WKURXJK WKH [�D[LV �WKHՖ

OHQJWK�RI�WKH�QXFOHLF�DFLG��DW ���L�H�ഈԻ ࡠ ɘഉ

(T���Թ
Չ
ࡦ Թ

ՑՖ՜
Ֆ ࡠ Ի ࡟ ɘഈ ഉ

,QGHHG� PHDVXUHG DVVRFLDWLRQ FRQVWDQWV IROORZ D OLQHDU WUHQG DQG ILW WR (T� � UHVXOWV LQ DQ

LQWULQVLF�DVVRFLDWLRQ�FRQVWDQW .LQW  ������������ [����� ȝ0�� DQG�D�FRQWDFW�VLWH�VL]H 0� �������

7KH PRGHO FDQ EH IXUWKHU GHYHORSHG WR LQFRUSRUDWH WKH FRQWULEXWLRQ RI SDUWLDO LQWHUDFWLRQV RI

WKH SURWHLQ ZLWK WKH QXFOHLF DFLG DQG LQFOXGH RYHUKDQJ HIIHFWV� ZKLFK LQ D ILUVW DSSUR[LPDWLRQ

FDQ�EH�GHVFULEHG�E\�

(T���DԹ
ԯ
ࡦ Թ

ՑՖ՜ŜԻ
ഈՖ ࡠ Ի ࡟ ɘഉ ࡟ ə

Ւࡦɘ

Իࡠɘ

ʜ Թ
ՑՖ՜ŜՒ

������Վ՗՚�Ի ࡩ Ֆ
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(T���EԹ
ԯ
ࡦ Թ

ՑՖ՜
ഈԻ ࡠ Ֆ ࡟ ɘഉ ࡟ ə

Ւࡦɘ

Իࡠɘ

ʜ Թ
ՑՖ՜ŜՒ

������Վ՗՚�Ի ࡬ Ֆ

ZKHUH .LQW�M UHSUHVHQWV D PRGLILHG .LQW WR DFFRXQW IRU WKH RYHUKDQJ HIIHFWV �6XSSOHPHQWDU\

,QIRUPDWLRQ��

7KH HTXDWLRQ SURYLGHV D TXDQWLWDWLYH UHSUHVHQWDWLRQ RI WKH FRPSOHWH GDWDVHW DQG LGHQWLILHV D

.LQW  ���� � ���� [ ���� ȝ0�� DQG D FRQWDFW VLWH VL]H 0  �� � �� 1RWH WKDW .LQW LV ZLWKLQ HUURU RI

WKH YDOXH GHWHUPLQHG ZLWK (T� � DQG LV FRQVLVWHQW ZLWK WKH FRUUHVSRQGLQJ LQWULQVLF

DVVRFLDWLRQ FRQVWDQW PHDVXUHG ZLWK WKH a��� QXFOHRWLGH�ORQJ SRO\�U8�� +RZHYHU� LQWURGXFLQJ

SDUWLDO ELQGLQJ DW WKH HQGV RI WKH FKDLQ OHDGV WR DQ LQFUHDVH LQ WKH HVWLPDWH RI WKH VLWH VL]H�

7KLV LV D UHIOHFWLRQ RI D VWURQJ DVVXPSWLRQ LQ WKH PRGHO� L�H� WKDW WKH VDPH DYHUDJH

LQWHUDFWLRQ LV UHDOL]HG WKURXJK DOO DPLQR DFLGV DQG QXFOHRWLGHV DFURVV WKH FRQWDFW VLWH

�6XSSOHPHQWDU\ ,QIRUPDWLRQ�� 7KLV REYLRXVO\ LV DQ RYHUVLPSOLILFDWLRQ WKDW GRHV QRW DFFRXQW

IRU WKH FRQWULEXWLRQ RI LRQ UHOHDVH WR WKH DVVRFLDWLRQ FRQVWDQW DV ZHOO DV VHTXHQFH�VSHFLILF

HIIHFWV RI WKH FRQWDFW VLWH� 7KHUHIRUH� WKH DEVROXWH YDOXH RI WKH FRQWDFW VLWH VL]H LV OLNHO\ WR EH

RYHUHVWLPDWHG E\ WKH ILW WR (T� �� 7KH YDOXH IDOOV EHWZHHQ WKH HVWLPDWHV REWDLQHG ZLWK (T� �

DQG (T� �� +DYLQJ HVWLPDWHG WKH DVVRFLDWLRQ FRQVWDQW DQG FRQWDFW VLWH VL]H IRU WKH 5%'� ZH

WKHQ SURFHHGHG WR LQYHVWLJDWH KRZ WKH DGGLWLRQ RI WKH 17' DOWHUV WKHVH LQWHUDFWLRQ

SDUDPHWHUV�

%LQGLQJ RI QRQVSHFLILF 51$ WR 17'�5%'� 7R WHVW ZKHWKHU WKH DGGLWLRQ RI WKH GLVRUGHUHG

WDLO OHDGV WR D FKDQJH LQ WKH ELQGLQJ DIILQLW\� ZH PHDVXUHG WKH DVVRFLDWLRQ RI WKH VDPH

SRO\�U8� XVLQJ WKH FRQVWUXFW 17'�5%'/� 7LWUDWLRQ RI WKH 51$ UHYHDOV D VKLIW LQ WKH PHDQ

WUDQVIHU HIILFLHQF\ WKDW LV DQDORJRXV WR WKH RQH REVHUYHG IRU WKH 5%'/� EXW WKH WUDQVLWLRQ

DVVRFLDWHG ZLWK ELQGLQJ LV QRZ VKLIWHG WR ORZ QDQRPRODU FRQFHQWUDWLRQV� )LW RI WKH PHDQ

WUDQVIHU�HIILFLHQF\�ZLWK�D�����ELQGLQJ�PRGHO�UHYHDOV�D .LQW  �������������ȝ0�� �

7R FRQILUP WKDW WKLV HIIHFW LV GXH WR WKH GLVRUGHUHG WDLO� ZH WXUQ WR D VHFRQG FRQVWUXFW�

WKH 17'/�5%' ZLWK ODEHOV LQ SRVLWLRQV � DQG ��� ZKLFK KDV EHHQ VKRZQ SUHYLRXVO\ WR UHSRUW
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RQ WKH FRQILJXUDWLRQV RI WKH GLVRUGHUHG 1�WHUPLQDO WDLO DQG LV LQ JRRG DJUHHPHQW ZLWK WKH

UHVXOWV IURP DWRPLVWLF 0RQWH &DUOR VLPXODWLRQV>�@� ,Q WKH DEVHQFH RI 51$� WKLV 17'/�5%'

FRQVWUXFW LQ DTXHRXV EXIIHU FRQGLWLRQV UHSRUWV RQ RQH QDUURZ GLVWULEXWLRQ WKDW UHIOHFWV WKH IDVW

DYHUDJLQJ RYHU WKH FRQIRUPDWLRQDO HQVHPEOH RI WKH GLVRUGHUHG WDLO� :H SURFHHG E\ WHVWLQJ LI

WKH VDPH FRQVWUXFW FDQ UHSRUW RQ 51$ ELQGLQJ� :LWK LQFUHDVLQJ FRQFHQWUDWLRQ RI SRO\�U8�� ZH

REVHUYH D PRGXODWLRQ RI WKH WUDQVIHU HIILFLHQF\ GLVWULEXWLRQ ZLWK D VKLIW WRZDUG ORZHU WUDQVIHU

HIILFLHQFLHV� IURP D PHDQ WUDQVIHU HIILFLHQF\ (  ����� � ����� LQ DEVHQFH RI 51$ WR (  

����� � ����� LQ SUHVHQFH RI �� ȝ0 RI SRO\�U8� �)LJ� ��� 7KLV REVHUYDWLRQ FOHDUO\ VXSSRUWV

WKDW�WKH�GLVRUGHUHG�WDLO�LV�GLUHFWO\�DIIHFWHG�E\�WKH�ELQGLQJ�RI�51$�

$QDORJRXV WR WKH FDVH RI 17'�5%'/ DQG 5%'/� DQ HVWLPDWH RI WKH ELQGLQJ DIILQLW\ FDQ

EH REWDLQHG E\ SORWWLQJ WKH PHDQ WUDQVIHU HIILFLHQF\ �DV ILWWHG E\ D *DXVVLDQ GLVWULEXWLRQ� DV D

IXQFWLRQ RI WKH 51$ FRQFHQWUDWLRQ� 6XFK DQDO\VLV FDQ EH LQWHUSUHWHG LQ WHUPV RI D VLPSOH ���

ELQGLQJ PRGHO� UHVXOWLQJ LQ D .LQW  ���� � ���� ȝ0�� � %\ D FDUHIXO LQVSHFWLRQ RI WKH ZLGWK RI WKH

GLVWULEXWLRQ� D EURDGHQLQJ LV REVHUYHG IRU LQWHUPHGLDWH FRQFHQWUDWLRQV RI 51$� VXJJHVWLQJ

WKDW WKH PHDVXUHG GLVWULEXWLRQ LV LQGHHG WKH UHVXOWLQJ DYHUDJH RI DQ XQERXQG DQG ERXQG

SRSXODWLRQ� 8QGHU WKLV DVVXPSWLRQ� GDWD FDQ EH UHILWWHG XVLQJ WZR *DXVVLDQ GLVWULEXWLRQV DQG

WKH FRUUHVSRQGLQJ DUHDV FDQ EH XVHG WR LQIHU WKH IUDFWLRQ ERXQG DQG XQERXQG �)LJ� ���

7KHVH TXDQWLWLHV FDQ EH IXUWKHU DQDO\]HG WR H[WUDFW ELQGLQJ DIILQLW\ IRU WKH QXFOHLF DFLG� .LQW  

���� � ���� ȝ0�� � ZKLFK LV LQ YHU\ JRRG DJUHHPHQW ZLWK WKH RQH REWDLQHG IURP WKH PHDQ

YDOXH RI WKH GLVWULEXWLRQ� %RWK HVWLPDWHV RI LQWULQVLF DVVRFLDWLRQ FRQVWDQWV IRU WKH 17'/�5%'

FRQVWUXFWV DUH LQ FORVH DJUHHPHQW ZLWK WKH RQH REWDLQHG IRU 17'�5%'/� FRQILUPLQJ ERWK

FRQVWUXFWV UHSRUW RQ WKH VDPH 51$ ELQGLQJ LQGHSHQGHQW RI WKH ODEHOLQJ SRVLWLRQ� %DVHG RQ

WKHVH REVHUYDWLRQV� WKH DIILQLW\ RI WKH 17'�5%' FRQVWUXFWV DSSHDUV WR EH a����� WLPHV

WLJKWHU WKDQ WKDW RI WKH 5%' DORQH� SRLQWLQJ WR D GLUHFW FRQWULEXWLRQ RI WKH GLVRUGHUHG UHJLRQ LQ

IDYRULQJ�51$�ELQGLQJ�

6LQFH WKH WDLO XQHTXLYRFDOO\ IDYRUV ELQGLQJ� WKH FRQIRUPDWLRQV RI 17'/�5%' XSRQ

51$ ELQGLQJ UHSUHVHQW GLUHFW LQWHUDFWLRQV RI WKH WDLO ZLWK 51$� 7KLV SRVHV D IXUWKHU TXHVWLRQ

RI ZKHWKHU WKH FRQIRUPDWLRQDO FKDQJH RI WKH 17' UHSUHVHQWV D VSHFLILF VWUXFWXUDO
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UHDUUDQJHPHQW GXH WR DQ LQWULQVLF HQFRGHG ERXQG FRQIRUPDWLRQ RU ZKHWKHU WKH

FRQIRUPDWLRQDO FKDQJH UHIOHFWV D G\QDPLF FRQIRUPDWLRQDO HQVHPEOH IRU WKH 17'�5%'�51$

FRPSOH[� ,Q WKH ILUVW FDVH VFHQDULR� ZH H[SHFW WKDW DOWHULQJ WKH OHQJWK RI WKH

KRPR�SRO\QXFOHRWLGH VHTXHQFH ZRXOG SRVVLEO\ UHVXOW LQ D FKDQJH RI DIILQLW\� EXW ZRXOG QRW

DOWHU WKH PHDQ WUDQVIHU HIILFLHQF\� ,Q WKH VHFRQG FDVH VFHQDULR� LQVWHDG� ZH H[SHFW WR

REVHUYH�D�FKDQJH�LQ�ERWK�DIILQLW\�DQG�PHDQ�WUDQVIHU�HIILFLHQF\�

7R WHVW WKLV K\SRWKHVLV� ZH LQYHVWLJDWHG WKH ELQGLQJ RI �U8�Q ROLJRQXFOHRWLGHV ZLWK Q

UDQJLQJ IURP �� WR �� QXFOHRWLGHV �)LJ� ��� )RU DOO RI WKH VHTXHQFHV ZH REVHUYH D FRQWLQXRXV

VKLIW LQ WKH PHDQ WUDQVIHU HIILFLHQF\� UHIOHFWLQJ ELQGLQJ RI WKH 51$� 6LJQLILFDQWO\� WKH PHDQ

WUDQVIHU HIILFLHQF\ FRUUHVSRQGLQJ WR WKH ERXQG VWDWH GHSHQGV RQ WKH OHQJWK RI WKH QXFOHLF

DFLG� 7KH GHSHQGHQFH RI WKH PHDQ WUDQVIHU HIILFLHQF\ ZLWK WKH OHQJWK RI QXFOHLF DFLG

VXJJHVWV D VDWXUDWLRQ HIIHFW WKDW LV UHDFKHG IRU VXIILFLHQWO\ ORQJ 51$� ,QVSHFWLRQ RI WKH

ELQGLQJ HTXLOLEULXP FRQVWDQW DV D IXQFWLRQ RI OHQJWK UHYHDOV WZR GLVWLQFW UHJLPHV� ZKLFK � DV D

ILUVW DSSUR[LPDWLRQ � FDQ EH GHVFULEHG E\ XVLQJ (T� � DQG �� $ OLQHDU ILW XVLQJ (T� � IRU 51$V

ZLWK OHQJWK EHWZHHQ �� DQG �� QXFOHRWLGHV UHVXOWV LQ D .LQW  ���� � ���� ȝ0�� DQG 0  �� � �

QXFOHRWLGHV� $ FRPSOHWH ILW RI WKH GDWDVHW XVLQJ (T� � UHVXOWV LQ DQ LQWULQVLF DVVRFLDWLRQ

FRQVWDQW .LQW  ���� � ���� ȝ0�� DQG 0  �� � � QXFOHRWLGHV� 7KH FKDQJH LQ VORSH DW

DSSUR[LPDWHO\ �� QXFOHRWLGHV LQGLFDWHV WKDW WKLV OHQJWK RI QXFOHLF DFLG LV UHTXLUHG WR VDWLVI\ DOO

WKH FRQWDFWV EHWZHHQ WKH QXFOHLF DFLG DQG WKH 17'/�5%' FRQVWUXFW� ZKLFK UHVXOWV LQ D ODUJHU

FRQWDFW VLWH VL]H� ,Q DGGLWLRQ WR D ODUJHU FRQWDFW VL]H� WKH LQWHUDFWLRQ SHU QXFOHRWLGH LV WLJKWHU

WKDQ WKH RQH GHWHUPLQHG IRU WKH 5%' DORQH� DV LQGLFDWHG E\ WKH 17'�5%' .LQW� ,QWHUHVWLQJO\�

D VKLIW LQ WUDQVIHU HIILFLHQF\ LV REVHUYHG IRU OHQJWKV VKRUWHU WKDQ WKH FRQWDFW VLWH VL]H RI 5%'�

LPSO\LQJ WKDW HYHQ IRU VKRUW ROLJRV QRW DOO WKH FRQWDFWV RFFXU ZLWKLQ WKH IROGHG GRPDLQ� DQG

LQWHUDFWLRQV�ZLWK�WKH�WDLO�QHHG�WR�EH�IRUPHG�

7DNHQ WRJHWKHU ZLWK WKH WLJKWHU .LQW REVHUYHG IRU 17'�5%'� WKHVH REVHUYDWLRQV

LQGLFDWH WKDW WKH FRPSOH[ EHWZHHQ 51$ DQG 17'�5%' LV QRW VROHO\ LQLWLDWHG E\ FRQWDFWV ZLWK

WKH 5%' GRPDLQ EXW LQVWHDG UHOLHV RQ G\QDPLF LQWHUDFWLRQV EHWZHHQ WKH 51$ DQG ERWK 5%'

DQG 17'� )XUWKHUPRUH� WKH WUDQVIHU HIILFLHQF\ VKLIW GRHV QRW VDWXUDWH DW WKH FRQWDFW VLWH VL]H
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RI WKH 17'�5%' FRQVWUXFW ��� QXFOHRWLGHV�� LQVWHDG� D FRQWLQXRXV FKDQJH LV REVHUYHG IRU

ORQJHU OHQJWKV� DSSURDFKLQJ VDWXUDWLRQ DW DSSUR[LPDWHO\ �� QXFOHRWLGHV� 7KHVH REVHUYDWLRQV

IXUWKHU VXJJHVW D G\QDPLF FRPSOH[ EHWZHHQ WKH SURWHLQ DQG 51$� ZKHUH WKH SRVLWLRQ RI WKH

FRQWDFWV IRUPHG GHSHQGV RQ WKH QXPEHU RI DYDLODEOH QXFOHRWLGHV DQG WKH FRQWDFW VLWH VL]H

UHSUHVHQWV D PHDQ QXPEHU RI PLQLPXP FRQWDFWV WKDW DUH IRUPHG DERYH D JLYHQ OHQJWK RI WKH

ROLJR�

7R WHVW WKLV K\SRWKHVLV� ZH SHUIRUPHG QV�)&6 PHDVXUHPHQWV RI WKH 17'/�5%' LQ WKH

SUHVHQFH RI 51$� :H SUHYLRXVO\ VKRZHG WKDW WKH 17' UHJLRQ LQ DEVHQFH RI 51$ LV IOH[LEOH

DQG G\QDPLF>�@� QV�)&6 PHDVXUHPHQWV RI WKH 17'/�5%' LQ WKH DEVHQFH RI 51$ UHYHDOV D

UHFRQILJXUDWLRQ WLPH RI DSSUR[LPDWHO\ ��� � �� QV� ZKLFK LV PDUJLQDOO\ DIIHFWHG XSRQ ELQGLQJ

51$� ZLWK D UHFRQILJXUDWLRQ WLPH RI WKH 17' VSDQQLQJ D UDQJH EHWZHHQ �� DQG ��� QV

DFURVV WKH GLIIHUHQW OHQJWKV WHVWHG IURP �U8��� WR �U8��� �6XSSOHPHQWDU\ )LJ� ��� 7KLV

LQGLFDWHV WKDW WKH 17' UHPDLQV ODUJHO\ G\QDPLF DQG FRQWDFWV PXVW RFFXU RQO\ DFURVV D VPDOO

VHW�RI�QXFOHRWLGHV�

6LPXODWLRQV RI 51$ ELQGLQJ WR 17'�5%'� 7R JDLQ D PROHFXODU XQGHUVWDQGLQJ RI WKH

LQWHUDFWLRQ EHWZHHQ 51$ DQG WKH 17'�5%'� ZH WXUQHG WR FRDUVH�JUDLQHG PROHFXODU

G\QDPLFV VLPXODWLRQV� :H XWLOL]HG WKH 0SLSL IRUFH ILHOG� D UHFHQWO\�GHYHORSHG PRGHO WKDW

FRPELQHV VKRUW�UDQJH LQWHUDFWLRQV DQG ORQJ�UDQJH HOHFWURVWDWLFV DQG HQFRGHV HDFK DPLQR

DFLG RU QXFOHRWLGH DV D FKHPLFDOO\�GLVWLQFW HQWLW\ �)LJ� �$� >��@� 0SLSL ZDV VSHFLILFDOO\

GHYHORSHG ZLWK LQWULQVLFDOO\ GLVRUGHUHG UHJLRQV LQ PLQG>��@� 3UHYLRXV ZRUN KDV VKRZQ JRRG

DJUHHPHQW EHWZHHQ VLPXODWLRQV DQG H[SHULPHQWV ZKHQ WKLV PRGHO KDV EHHQ XVHG WR DVVHVV

QRQ�VSHFLILF�SURWHLQ�SURWHLQ�DQG�SURWHLQ�51$�LQWHUDFWLRQV�OHDGLQJ�WR�SKDVH�VHSDUDWLRQ >��������@�

:H ILUVW VLPXODWHG 5%' ZLWK �U8��� WR LGHQWLI\ UHVLGXHV RQ WKH IROGHG GRPDLQ WKDW

FRQWULEXWH WR VV51$ ELQGLQJ �)LJ� �%�� :H FDOFXODWHG SURWHLQ�51$ FRQWDFWV IURP WKHVH

VLPXODWLRQV DQG REVHUYHG UHDVRQDEOH DJUHHPHQW ZLWK SUHYLRXVO\�UHSRUWHG 105 FKHPLFDO

VKLIW SHUWXUEDWLRQ H[SHULPHQWV RI WKH 5%' ZLWK VV51$� SHUIRUPHG ZLWK D ���PHU 51$ RI
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�¶�8&8&8$$$&*��¶>��@� 7KLV UHVXOW VXJJHVWV WKDW RXU VLPXODWLRQV� DW OHDVW TXDOLWDWLYHO\� DUH

DEOH�WR�UHFDSLWXODWH�H[SHULPHQWDOO\�PHDVXUHG�SURWHLQ�51$�LQWHUDFWLRQV��)LJ���%��

+DYLQJ ILUVW SHUIRUPHG VLPXODWLRQV RI �U8��� ZLWK WKH 5%'� ZH QH[W SHUIRUPHG

VLPXODWLRQV RI 17'�5%' DQG �U8���� ,Q DGGLWLRQ WR WKH SUHYLRXVO\ REVHUYHG 5%' LQWHUDFWLRQV

ZLWK �U8���� ZH QRZ REVHUYHG DGGLWLRQDO LQWHUDFWLRQV EHWZHHQ WKH GLVRUGHUHG 17' DQG �U8���

�)LJ� �%� 6XSSOHPHQWDU\ )LJ� ��� 7KH 17' UHPDLQV IXOO\ GLVRUGHUHG LQ WKH ERXQG VWDWH RI

17'�5%'��U8��� �6XSSOHPHQWDU\ )LJ� �� DQG WKH SDWWHUQ RI 5%' ± �U8��� LQWHUDFWLRQV LV

FRPSDUDEOH LQ ERWK WKH SUHVHQFH DQG DEVHQFH RI WKH GLVRUGHUHG 17'� :KLOH WKH VDPH 5%'

UHVLGXHV HQJDJH ZLWK 51$ LQ WKH SUHVHQFH YV� DEVHQFH RI WKH 17'� WKH IUHTXHQF\ LV DOWHUHG�

6SHFLILFDOO\� WKH 17' HQKDQFHV LQWHUDFWLRQV EHWZHHQ UHVLGXHV �� ± ��� RI WKH 5%' ZLWK

51$ �6XSSOHPHQWDU\ )LJ���� 7KLV UHJLRQ PDSV WR WKH ȕ�H[WHQVLRQ SUHYLRXVO\ LGHQWLILHG DV

HQJDJLQJ LQ 51$ LQWHUDFWLRQV >��@� :LWKLQ WKH 17'� UHVLGXHV ����� FRQWDLQ ILYH SRVLWLYHO\

FKDUJHG DPLQR DFLGV �IRXU DUJLQLQHV DQG RQH O\VLQH� DQG LQWHUDFW GLUHFWO\ ZLWK �U8���� LQ JRRG

DJUHHPHQW ZLWK UHFHQWO\ SXEOLVKHG 105 H[SHULPHQWV>��@ �)LJ� �%�� 7DNHQ WRJHWKHU� WKHVH

UHVXOWV VXJJHVW WKDW WKH SUHVHQFH RI WKH 17' SRWHQWLDWHV 5%'�51$ LQWHUDFWLRQV DV ZHOO DV

HQJDJLQJ�LQ�D�QHZ�VHW�RI�LQWHUDFWLRQV�ZLWK�51$�

:H WKHQ WHVWHG ZKHWKHU RXU VLPXODWLRQV FDSWXUH WKH HQKDQFHG DIILQLW\ RI 17'�5%'

ZLWK 5%' DQG WKH OHQJWK GHSHQGHQFH RI WKH ELQGLQJ PRGHO� %\ GHILQLQJ WKH IUDFWLRQ RI WKH

VLPXODWLRQ LQ ZKLFK WKH SURWHLQ DQG 51$ DUH ERXQG WR RQH DQRWKHU� ZH FDQ FDOFXODWH DQ

DSSDUHQW ELQGLQJ DVVRFLDWLRQ FRQVWDQW �.$� IRU VLPXODWLRQV ZLWK HLWKHU 5%' RU 17'�5%' DQG

FRPSDUH WKH UHODWLYH YDOXHV �VHH 6XSSOHPHQWDU\ 7DEOHV ��� DQG 6XSSOHPHQWDU\ )LJ� ���

&RPSDULQJ WKH ELQGLQJ RI WKHVH WZR FRQVWUXFWV WR �U8��� �ZKLFK LV ODUJHU WKDQ WKH PHDVXUHG

FRQWDFW VLWH VL]H RI 5%' DQG HTXLYDOHQW WR WKH XSSHU OLPLW RI WKH RQH RI 17'�5%'�� WKH

SUHVHQFH RI WKH 17' LQFUHDVHV WKH .$ E\ D IDFWRU RI ��� � ��� �� LQ JRRG DJUHHPHQW ZLWK RXU

H[SHULPHQWDOO\ PHDVXUHG UDWLR RI DVVRFLDWLRQ FRQVWDQWV RI � � � � IRU .$�5%'�.$�17'�5%' �)LJ�

�'� 6XSSOHPHQWDU\ 7DEOH ���� ,QWULJXLQJO\� VLPXODWLRQV RI 17' DORQH ZLWK �U8��� UHYHDOHG

VXEVWDQWLDOO\ ZHDNHU ELQGLQJ FRPSDUHG WR HLWKHU WKH 5%' RU 17'�5%' �)LJ� �'�*�� 7KLV

VXJJHVWV WKDW WKH 17'¶V DELOLW\ WR HQKDQFH 51$ ELQGLQJ ± DW OHDVW LQ WKH FRQWH[W RI SRO\�U8� ±
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LV DQ HPHUJHQW SURSHUW\ RI WKH 17'V ORFDWLRQ UHODWLYH WR WKH 5%'� DV RSSRVHG WR VROHO\ DQ

LQWULQVLF�DELOLW\�WR�ELQG�51$�WLJKWO\�

2XU VLQJOH�PROHFXOH )5(7 H[SHULPHQWV UHYHDOHG DQ H[SDQVLRQ RI WKH 17' XSRQ

ELQGLQJ WR 51$� ZKHUH ORQJHU VLQJOH�VWUDQGHG 51$V OHDG WR D KLJKHU GHJUHH RI 17'

H[SDQVLRQ �)LJ� ��� 7KLV LV LQ FRQWUDVW WR VLPSOH H[SHFWDWLRQV IRU SRO\HOHFWURO\WH

FRQGHQVDWLRQ� ZKHUH RSSRVLWHO\ FKDUJHG SRO\PHUV DUH H[SHFWHG WR FRPSDFW XSRQ LQWHUDFWLRQ

ZLWK RQH DQRWKHU>�����@� 7KLV 51$�GHSHQGHQW H[SDQVLRQ RI WKH 17' LV UHSURGXFHG LQ RXU

VLPXODWLRQV� ZKHUH ZH REVHUYHG DQ LQFUHDVH LQ WKH URRW PHDQ VTXDUH GLVWDQFH �506'�

EHWZHHQ UHVLGXHV � DQG �� RI WKH 17' XSRQ 51$ ELQGLQJ� IROORZHG E\ D PRGHVW LQFUHDVH LQ

506' DV WKH 51$ OHQJWK LQFUHDVHV XS WR �U8��� �)LJ� �&�� 7KHVH WUHQGV DUH LQ TXDOLWDWLYH

DJUHHPHQW ZLWK WKH VLQJOH�PROHFXOH )5(7 PHDVXUHPHQWV �)LJ� �)�� 7KHVH UHVXOWV FRQILUP

RXU DELOLW\ WR FDSWXUH WKH FRQIRUPDWLRQDO EHKDYLRU RI WKH 17' XSRQ 51$ ELQGLQJ� ZKLOH

DGGLQJ�IXUWKHU�HYLGHQFH�RI�51$�OHQJWK�GHSHQGHQW�H[SDQVLRQ�RI�WKH�17'�

,PSRUWDQWO\� LQ DOO WKH VLPXODWLRQV WKH ERXQG VWDWH LV D G\QDPLF FRPSOH[ WKDW LV

FRPSDWLEOH ZLWK WKH G\QDPLFV REVHUYHG LQ QV)&6 H[SHULPHQWV �)LJ� �$� 6XSSOHPHQWDU\

0RYLH ��� 7DNHQ WRJHWKHU� RXU UHVXOWV VXJJHVW WKDW 17'�5%' LQWHUDFWV ZLWK 51$ IRUPLQJ D

GLVRUGHUHG ³IX]]\´ FRPSOH[ ODUJHO\ GULYHQ E\ WKH LQWHUDFWLRQ ZLWK SRVLWLYHO\ FKDUJHG JURXSV LQ

WKH�17'�DQG�5%'�

(IIHFW RI VDOW� 3URWHLQ�51$ LQWHUDFWLRQV DUH NQRZQ WR EH VHQVLWLYH WR VDOW FRQFHQWUDWLRQV GXH

WR WKH ODUJH FRQWULEXWLRQ RI HOHFWURVWDWLFV� $ VLJQLILFDQW FRQWULEXWLRQ WR ELQGLQJ FDQ DULVH IURP

FRQGHQVHG LRQV RQ SURWHLQ DQG 51$� ZKLFK FDQ EH UHOHDVHG XSRQ ELQGLQJ� 7R HVWLPDWH WKH

H[WHQW RI LRQ UHOHDVH� ZH PHDVXUHG WKH DVVRFLDWLRQ FRQVWDQW DV D IXQFWLRQ RI WKH VDOW

FRQFHQWUDWLRQ� :H UHVWULFW RXU LQYHVWLJDWLRQ WR �U8��� DQG �U8���� ZKHUH ZH FDQ TXDQWLI\

DIILQLWLHV XS WR ��� P0 .&O LQ WKH UDQJH RI DYDLODEOH FRQFHQWUDWLRQV RI WKH OLJDQG� $V VKRZQ

LQ 6XSSOHPHQWDU\ )LJ� � DQG �� WKH PHDQ WUDQVIHU HIILFLHQF\ RI WKH 17'/�5%' LV PDUJLQDOO\

DOWHUHG E\ VDOW VFUHHQLQJ LQ DEVHQFH RI WKH OLJDQG� ZKLFK LV FRQVLVWHQW ZLWK SUHYLRXV

REVHUYDWLRQV>�@�
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17'/�5%' ZDV WLWUDWHG ZLWK �U8�Q DW GLIIHUHQW .&O FRQFHQWUDWLRQV� 5HSUHVHQWDWLYH

KLVWRJUDPV DQG WKH REVHUYHG GHSHQGHQFH RI .$ RQ VDOW FRQFHQWUDWLRQ DUH VKRZQ LQ )LJ� �

DQG 6XSSOHPHQWDU\ )LJ� ���� %RWK �U8��� DQG �U8��� GDWDVHWV UHYHDO D OLQHDU WUHQG RQ WKH

ORJ�ORJ SORW RI .$ DQG .� FRQFHQWUDWLRQ� $QDORJRXV UHVXOWV DUH REWDLQHG ZKHQ FRQVLGHULQJ WKH

WRWDO FRQFHQWUDWLRQ RI FDWLRQV .� DQG 7ULV� �6XSSOHPHQWDU\ )LJ� ��� 7KH ODFN RI FXUYDWXUH LQ

.� WLWUDWLRQ VXJJHVWV WKDW LQWHUDFWLRQV ZLWK 7ULV� LRQV GR QRW FRQWULEXWH VXEVWDQWLDOO\ WR LRQ

UHOHDVH� 7KH VORSH RI WKH OLQHDU WUHQG LV HTXDO WR ���� � ��� DQG ���� � ��� IRU �U8��� DQG �U8����

UHVSHFWLYHO\� LQGLFDWLQJ D QHW UHOHDVH RI a � LRQV XSRQ LQWHUDFWLRQ>��@ �VHH 6XSSOHPHQWDU\

7DEOH ���� )LQDOO\� RXU PHDVXUHPHQWV DOVR SURYLGH D TXDQWLILFDWLRQ RI WKH 51$ ELQGLQJ

DVVRFLDWLRQ FRQVWDQWV DW WKH SK\VLRORJLFDO FRQFHQWUDWLRQV IRXQG LQ FHOOV �a��� P0 .��� :KHQ

FRPSDUHG WR FRUUHVSRQGLQJ YDOXHV REVHUYHG LQ WKH UHIHUHQFH EXIIHU FRQGLWLRQ� ZH REVHUYH

DQ GHFUHDVH RI WKH DVVRFLDWLRQ FRQVWDQW .$ WR ����� � ����� ȝ0�� IRU �U8��� DQG ����� � �����

ȝ0�� IRU �U8���� FRUUHVSRQGLQJ WR D ZHDNHU DIILQLW\ LQ KLJKHU VDOW FRQFHQWUDWLRQ �VHH

6XSSOHPHQWDU\�7DEOH�����

,QWHUDFWLRQ ZLWK VSHFLILF VLQJOH�VWUDQGHG 51$� 7R WHVW ZKHWKHU VHTXHQFH VSHFLILFLW\ FDQ

DIIHFW DIILQLW\ DQG PRGH RI ELQGLQJ RI WKH VSHFLILF 51$ ZLWK WKH GLVRUGHUHG UHJLRQ� ZH VWXGLHG

WKH LQWHUDFWLRQV ZLWK D �� QXFOHRWLGH VHTXHQFH �9��� IURP WKH �¶ 875 RI WKH YLUDO JHQRPH�

7KLV UHJLRQ RI WKH JHQRPH ZDV SUHYLRXVO\ IRXQG LQWHUDFWLQJ ZLWK WKH 1 SURWHLQ LQ LQ FHOO

FURVVOLQNLQJ VWXGLHV >��@ DQG KDV EHHQ FRQILUPHG WR DGRSW QR VHFRQGDU\ VWUXFWXUH DW URRP

WHPSHUDWXUH>��@�

:H TXDQWLILHG ELQGLQJ RI 9�� XVLQJ WKH 17'/�5%' FRQVWUXFW� $V IRU WKH FDVH RI

QRQVSHFLILF VLQJOH�VWUDQGHG 51$� DW LQFUHDVLQJ FRQFHQWUDWLRQ RI 9��� ZH QRWLFH D VKLIW RI WKH

PHDQ WUDQVIHU HIILFLHQF\ WKDW UHDFKHV D VDWXUDWLQJ YDOXH DW a � ȝ0 51$ FRQFHQWUDWLRQ� ZKLFK

ZH LQWHUSUHW DV UHSUHVHQWLQJ WKH ELQGLQJ EHWZHHQ RQH SURWHLQ DQG RQH 51$ VWUDQG� +RZHYHU�

DW FRQFHQWUDWLRQV RI 9�� KLJKHU WKDQ � ȝ0� ZH REVHUYH WKH DSSHDUDQFH RI D VHFRQG

SRSXODWLRQ DW ORZHU WUDQVIHU HIILFLHQF\� ZKLFK LV FRQVLVWHQW ZLWK D VHFRQG ELQGLQJ HYHQW RI WKH

QXFOHLF DFLG WR WKH SURWHLQ� L�H� D ��� 51$�SURWHLQ VWRLFKLRPHWU\� 7KLV FRQIRUPDWLRQDO FKDQJH
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LV DVVRFLDWHG ZLWK D PHDQ WUDQVIHU HIILFLHQF\ WKDW LV VLJQLILFDQWO\ ORZHU WKDQ DQ\ RI WKH PHDQ

WUDQVIHU HIILFLHQFLHV WKDW KDV EHHQ REVHUYHG IRU SRO\�U8� �( a ������ LQGLFDWLQJ D GLVWLQFW

PRGH RI ELQGLQJ DQG VWUXFWXUDO RUJDQL]DWLRQ RI WKH 17'� :H LQWHUSUHW VXFK DQ H[WHQGHG

FRQILJXUDWLRQ DV DQ H[SDQVLRQ RI WKH WDLO WR DFFRPPRGDWH WZR QXFOHLF DFLG PROHFXOHV� 6LQFH

ZH REVHUYH WKLV VHFRQG PRGH RI ELQGLQJ RQO\ IRU 9�� EXW IRU QRQH RI WKH SRO\�U8�

VHTXHQFHV� ZH SURSRVH WKDW WKLV VHFRQG ERXQG VWDWH LV WKH UHVXOW RI D SDUWLDO K\EULGL]DWLRQ RI

WKH�9���VHTXHQFH�

7R TXDQWLI\ WKH DVVRFLDWLRQ FRQVWDQWV FRUUHVSRQGLQJ WR WKH GLIIHUHQW ELQGLQJ HYHQWV�

ZH JOREDOO\ ILW WKH FKDQJH LQ WKH PHDQ WUDQVIHU HIILFLHQF\ DVVRFLDWHG ZLWK WKH ILUVW ELQGLQJ

HYHQW DQG WKH FKDQJH LQ UHODWLYH DUHD RI WKH VHFRQG SRSXODWLRQ DVVRFLDWHG ZLWK WKH VHFRQG

ELQGLQJ HYHQW �)LJ� �� 6XSSOHPHQWDU\ 7DEOH ���� 'DWD DUH JOREDOO\ ILW WR D PRGHO WKDW

DFFRXQWV IRU WZR GLVWLQFW ERXQG VWDWHV ZLWK FRUUHVSRQGLQJ DVVRFLDWLRQ FRQVWDQWV .$�
9�� RI ����

� ���� ȝ0�� DQG .$�
9�� RI ����� � ����� ȝ0��� .$�

9�� LV a ��� ODUJHU WKDQ WKH FRUUHVSRQGLQJ

DVVRFLDWLRQ FRQVWDQW IRU U�8��� � .$�
U8��  ���� � ���� ȝ0��� ZKHUHDV WKH PHDQ WUDQVIHU

HIILFLHQF\ RI WKH ERXQG VWDWH DSSHDUV RQO\ VOLJKWO\ VPDOOHU WKDQ WKDW IRU U�8���� 7R EHWWHU

XQGHUVWDQG LI WKH VHFRQG PRGH RI ELQGLQJ LV FRPSDWLEOH ZLWK GRXEOH�VWUDQGHG VHTXHQFHV� ZH

WXUQHG�WR�WKH�LQYHVWLJDWLRQ�RI�VSHFLILF�GRXEOH�VWUDQGHG�51$�VHTXHQFHV�

,QWHUDFWLRQ ZLWK VSHFLILF 51$ KDLUSLQV� 7KH �¶ 875 RI WKH 6$56�&R9� JHQRPH FRQWDLQV

VKRUW VLQJOH�VWUDQGHG UHJLRQV DQG YDULRXV FRQVHUYHG KDLUSLQV� ZKLFK FDQ RIIHU DGGLWLRQDO

ELQGLQJ VLWHV WR WKH 17'�5%'� ,Q DGGLWLRQ� GRXEOH�VWUDQGHG UHJLRQV RI WKH JHQRPLF 51$

KDYH EHHQ SURSRVHG DV SXWDWLYH SDFNDJLQJ VLJQDOV>��@� LQFOXGLQJ WKH 6/�% KDLUSLQ LQ WKH �¶

875 DQG WKH 163�� KDLUSLQ IURP WKH P51$ RI WKH 1RQVWUXFWXUDO 3URWHLQ ��>��������@ �VHH )LJ�

�� 6XSSOHPHQWDU\ )LJ� �� 6XSSOHPHQWDU\ 7DEOH ���� *LYHQ WKH SRWHQWLDO UROH RI WKHVH

UHJLRQV LQ GULYLQJ FRQGHQVDWLRQ RI WKH QXFOHLF DFLG� ZH IRFXVHG RQ WKHVH WZR DUFKHW\SDO

VHTXHQFHV� 163�� DQG 6/�% ZHUH WUDQVFULEHG LQ YLWUR� DQG WKHLU KDLUSLQ VWUXFWXUH DW URRP

WHPSHUDWXUH�ZDV�FRQILUPHG�E\�WKHUPDO�PHOWLQJ�H[SHULPHQWV��6XSSOHPHQWDU\�)LJ������
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6LQJOH�PROHFXOH )5(7 PHDVXUHPHQWV RI WKH 17'/�5%' FRQVWUXFW ERXQG WR HLWKHU

6/�% RU 163�� UHYHDO D FOHDU VKLIW RI WKH WUDQVIHU HIILFLHQF\ GLVWULEXWLRQ WRZDUG ORZHU YDOXHV�

L�H� PRUH H[WHQGHG FRQILJXUDWLRQV� 'HYLDWLRQ RI PHDQ WUDQVIHU HIILFLHQF\ FDQ EH ILW DV LQ WKH

FDVH RI VLQJOH�VWUDQGHG 51$ WR GHWHUPLQH WKH DVVRFLDWLRQ FRQVWDQWV� .$
163��  ���� � ���� [

���� ȝ0�� DQG .$
6/�%  ���� � ���� [ ���� ȝ0��� 7KHVH YDOXHV DUH FRPSDWLEOH ZLWK WKH RQH

DVVRFLDWHG ZLWK WKH VHFRQG ELQGLQJ PRGH RI 9��� .$�
9��� VXSSRUWLQJ WKH K\SRWKHVLV WKDW WKLV

ELQGLQJ PRGH LV GXH WR K\EULGL]DWLRQ RI D GRXEOH�VWUDQGHG 51$� ,QWHUHVWLQJO\� WKH

FRQIRUPDWLRQDO FKDQJHV RI 17'/�5%' ERXQG WR WKH KDLUSLQV DSSHDU WR EH ODUJHU WKDQ ZKDW LV

REVHUYHG IRU WKH PDMRULW\ RI VLQJOH�VWUDQGHG 51$� HYHQ LI WKH ELQGLQJ DIILQLW\ LV ZHDNHU� :H

DWWULEXWH WKH LQFUHDVHG H[SDQVLRQV RI WKH GLVRUGHUHG WDLO WR WKH ODUJHU H[FOXGHG YROXPH RI WKH

GRXEOH�VWUDQGHG�KDLUSLQ�

)LQDOO\� ZH WXUQHG WR LQYHVWLJDWH ZKLFK UHJLRQV RI WKH KDLUSLQV PD\ FRQWULEXWH WR WKH

ELQGLQJ� 'XH WR WKH VLPLODU DIILQLW\ RI WKHVH VHTXHQFHV WR WKDW RI �U8���� ZH K\SRWKHVL]HG WKDW

17'�5%' PD\ SUHIHUHQWLDOO\ ELQG WR WKH 51$ KDLUSLQ WKURXJK LWV ORRS UHJLRQ� :H FKRVH WKH

163�� VHTXHQFH DV D UHIHUHQFH DQG GHVLJQHG 51$ KDLUSLQV �KS51$� ZLWK SHUIHFW GXSOH[

VWHPV DQG ORRSV RI HLWKHU � RU �� QXFOHRWLGHV �)LJ� ��� :H UHIHU WR WKHVH FRQVWUXFWV DV

7HWUD/RRS DQG 'HFD/RRS� 7KH IRXU QXFOHRWLGH ORRS LQ WKH 7HWUD/RRS LV F88&*J� DQG LV

H[SHFWHG WR UHVXOW LQ D XQLTXH DQG VWDEOH VWUXFWXUH� ZKLOH WKH WHQ QXFOHRWLGH ORRS FRQWDLQV

VHYHQ 8¶V DQG LV XQOLNHO\ WR IRUP LQWHUQDO VWUXFWXUH� :H IRXQG WKDW WKH ELQGLQJ DIILQLW\ RI WKHVH

WZR KS51$V GRHV VHHP WR GHSHQG RQ WKH OHQJWK RI WKH ORRS� ZLWK D .$
7HWUDORRS  ���� � ���� [

���� ȝ0�� DQG D .$
'HFDORRS  ���� � ���� ȝ0��� VXJJHVWLQJ WKDW WKH VLQJOH�VWUDQGHG ORRS GRHV

LQIOXHQFH WKH DIILQLW\ DQG� WKHUHIRUH� FRXOG EH WKH PDLQ VLWH RI LQWHUDFWLRQ� +RZHYHU� DIILQLW\ LV

VWURQJHU WKDQ WKDW RI �U8���� LQGLFDWLQJ WKDW ELQGLQJ LQYROYHV ERWK VLQJOH� DQG GRXEOH�VWUDQGHG

UHJLRQV�RI�WKH�QXFOHLF�DFLG�

7R SUREH WKH SRVVLEOH UROHV RI GHIHFWV LQ GRXEOH�VWUDQGHG UHJLRQV� ZH WHVWHG ZKHWKHU

LQWURGXFLQJ DQ XQSDLUHG $ LQ WKH WHWUDORRS KDLUSLQ VWHP ZRXOG DIIHFW ELQGLQJ� :H GR QRW ILQG

VLJQLILFDQW GLIIHUHQFHV IURP WKH SHUIHFW VWHP �.$
7HWUDEXOJH  ���� � ���� [ ���� ȝ0���� VXJJHVWLQJ
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WKDW VPDOO GHIHFWV LQ WKH GXSOH[ GR QRW LQIOXHQFH WKH 17'�5%' UHJLRQ� /DUJHU LQWHUQDO ORRSV

FRXOG�DFW�DV�ELQGLQJ�VLWHV��EXW�WKHVH�ZRXOG�GHSHQG�RQ�VHTXHQFH�DQG�FRQWH[W�

2PLFURQ YDULDQW� 0DQ\ PXWDWLRQV LQ WKH 1 SURWHLQ RFFXU ZLWKLQ WKH GLVRUGHUHG UHJLRQV>��@�

7KH 2PLFURQ YDULDQW RIIHUV D FRQYHQLHQW SRLQW RI FRPSDULVRQ� ZLWK WKUHH NH\ PXWDWLRQV IRXQG

LQ WKH 17'� 0RUH WKDQ ��� RI VHTXHQFHV RQ WKH *,6$,' GDWDEDVH �DFFHVVHG RQ )HEUXDU\ �

����� UHSRUW D SUROLQH WR OHXFLQH VXEVWLWXWLRQ LQ SRVLWLRQ �� DQG GHOHWLRQ RI WKUHH UHVLGXHV

EHWZHHQ SRVLWLRQV �� DQG ��>��@ �6XSSOHPHQWDU\ 7DEOH ��� 5HVLGXH �� LV SDUW RI D SUHGLFWHG

VKRUW KHOL[ PRWLI >�@ WKDW PD\ RIIHU DQ LQWHUDFWLRQ VLWH IRU 51$ ELQGLQJ� ZKHUHDV UHVLGXHV ��

DQG �� FRQWDLQ WZR RSSRVLWHO\ FKDUJHG UHVLGXHV� 7R WHVW WKH LPSDFW RI WKHVH PXWDWLRQV� ZH

H[SUHVVHG��SXULILHG��DQG�ODEHOHG�WKH�2PLFURQ�17'/�5%' �2P17'/�5%'��

:H ILUVW FKDUDFWHUL]HG WKH FRQIRUPDWLRQV RI WKH WDLO LQ DEVHQFH RI 51$� *LYHQ WKH

VPDOO YDULDWLRQV LQ WKH VHTXHQFH� ERWK LQ WHUPV RI K\GURSKRELFLW\ DQG QHW FKDUJH� ZH H[SHFW

QHJOLJLEOH YDULDWLRQV� ,QGHHG� ZH REVHUYHG QR VLJQLILFDQW VKLIW LQ WUDQVIHU HIILFLHQF\ �)LJ� ���

:H WKHQ SHUIRUPHG ELQGLQJ H[SHULPHQWV DW LQFUHDVLQJ FRQFHQWUDWLRQV RI SRO\�U8�� :H

REVHUYHG DQ LGHQWLFDO PHDQ WUDQVIHU HIILFLHQF\ DW VDWXUDWLRQ FRQFHQWUDWLRQV RI SRO\�U8� DQG

.$  �� � �� ���� ȝ0��� DSSUR[LPDWHO\ � WLPHV ZHDNHU ELQGLQJ DIILQLW\ WKDQ IRU WKH ZLOG�W\SH

VHTXHQFH� 7KHVH REVHUYDWLRQV RYHUDOO VXSSRUW WKDW WKH PRGH RI ELQGLQJ RI 51$ LV VLPLODU

EHWZHHQ 17'/�5%' �:XKDQ�+X��� DQG 2P17'/�5%' �DV VXSSRUWHG E\ WKH VDPH WUDQVIHU

HIILFLHQF\ LQ WKH ERXQG VWDWH�� EXW ZLWK GLIIHUHQW DIILQLWLHV �DV LQGLFDWHG E\ WKH FRQFHQWUDWLRQ

GHSHQGHQFH��

:H IXUWKHU LQYHVWLJDWH PROHFXODU LQVLJKWV E\ SHUIRUPLQJ FRUUHVSRQGLQJ

FRDUVH�JUDLQHG VLPXODWLRQV� +HUH� ZH REVHUYHG D GHFUHDVH LQ ELQGLQJ DIILQLW\ EHWZHHQ

:XKDQ�+X�� DQG WKH 2PLFURQ YDULDQWV� :H WKHQ WHVWHG ZKHWKHU WKLV GLIIHUHQFH LV GULYHQ E\

WKH ODFN RI WKH SUROLQH VXEVWLWXWLRQ RU E\ WKH FKDUJH VXSSUHVVLRQ �)LJ� ��� 0XWDWLQJ RQO\ WKH

SUROLQH WR OHXFLQH LQ RXU VLPXODWLRQV UHVXOWHG LQ QR GHWHFWDEOH FKDQJH LQ WKH ELQGLQJ DIILQLW\� ,Q

FRQWUDVW� PDLQWDLQLQJ WKH SUROLQH DQG GHOHWLQJ UHVLGXHV �� WR �� UHVXOWV LQ D VXSSUHVVLRQ RI

ELQGLQJ DIILQLW\� VXJJHVWLQJ WKDW WKH FKDQJH LQ 51$ ELQGLQJ DIILQLW\ REVHUYHG IRU 2PLFURQ
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17'�5%' LV GRPLQDWHG E\ FKDUJH HIIHFWV �6XSSOHPHQWDU\ 7DEOH ���� 2YHUDOO� RXU

REVHUYDWLRQV LQGLFDWH WKDW VPDOO FKDQJHV LQ WKH VHTXHQFH FRPSRVLWLRQ RI 17' PD\ QRW DOWHU

WKH RYHUDOO FRQIRUPDWLRQDO EHKDYLRU RI WKH FKDLQ� EXW FDQ VLJQLILFDQWO\ LPSDFW WKH ELQGLQJ

DIILQLW\�

',6&866,21�

7KH 17' LV HVVHQWLDO IRU 5%' IXQFWLRQ� 7KH 1 SURWHLQ LV UHVSRQVLEOH IRU SDFNDJLQJ WKH

6$56�&RY�� JHQRPH� EXW WKH PROHFXODU PHFKDQLVP RI WKLV SURFHVV UHPDLQV

XQGHUGHWHUPLQHG� :KLOH SUHYLRXV ZRUN KDV IRFXVHG RQ IROGHG GRPDLQV RI WKH SURWHLQ DV

SRVVLEOH FHQWHUV IRU LQWHUDFWLRQV� KHUH ZH KDYH EHHQ H[SORULQJ WKH UROH SOD\HG E\ RQH RI WKH

GLVRUGHUHG UHJLRQV WR GHWHUPLQH LI WKH GLVRUGHUHG UHJLRQ LV D GLVSRVDEOH DSSHQGDJH WR WKH

IROGHG GRPDLQ RU SOD\V D UROH LQ GHWHUPLQLQJ SURWHLQ IXQFWLRQ� ,Q SDUWLFXODU� ZH LQYHVWLJDWHG

WKH 17'�5%' UHJLRQ DQG TXDQWLILHG KRZ WKH GLVRUGHUHG 17' FRQWULEXWHV WR WKH PRGH RI

ELQGLQJ DQG DIILQLWLHV IRU 51$� 7KURXJK RXU H[SHULPHQWV� ZH KDYH GLVFRYHUHG WKDW WKH 5%'

DORQH ELQGV YHU\ ZHDNO\ WR VLQJOH�VWUDQGHG 51$V� ZKLOH WKH 17' VLJQLILFDQWO\ LQFUHDVHV 51$

ELQGLQJ DIILQLW\� $OWRJHWKHU� RXU GDWD VXJJHVW WKDW WKH 5%' DORQH FDQQRW EH FRQVLGHUHG D

SULPDU\ GHWHUPLQDQW RI 51$ ELQGLQJ� DQG DVVRFLDWLRQ LV PRVW OLNHO\ WKH UHVXOW RI WKH

FRQFHUWHG�LQWHUDFWLRQ�RI�WKH�5%'�DQG�VXUURXQGLQJ�GLVRUGHUHG�UHJLRQV�ZLWK�51$�

7KH 17'�5%' IRUPV D G\QDPLF FRPSOH[ ZLWK 51$� 2XU GDWD FRQILUP WKH SUHYLRXV

REVHUYDWLRQV WKDW WKH 17' LV D IOH[LEOH DQG G\QDPLF UHJLRQ>�@� ZKRVH ODUJH GHJUHH RI

FRQIRUPDWLRQDO KHWHURJHQHLW\ LV UHWDLQHG ZKHQ WKH SURWHLQ LV ERXQG WR 51$� 7KXV LQ GHILQLQJ

WKH LQWHUDFWLRQV EHWZHHQ WKH 17' DQG 51$� ZH FDQQRW PRGHO WKH FRPSOH[ DV D ULJLG ERG\

ZLWK IL[HG LQWHUDFWLRQV� UDWKHU� ZH KDYH WR FRQVLGHU WKH SRLQWV RI LQWHUDFWLRQ WKDW FDQ EH

VDPSOHG E\ WKH GLVRUGHUHG SURWHLQ DQG QXFOHLF DFLG� ,QVSHFWLRQ RI WKH VHTXHQFH FRPSRVLWLRQ

�6XSSOHPHQWDU\ 7DEOH �� UHYHDOV � SRVLWLYH FKDUJHG UHVLGXHV �� $UJ DQG � /\V� DQG �

K\GURSKRELF UHVLGXHV �� 3KH DQG � 7US�� ZKLFK RIIHU SRVVLEOH VLWHV RI LQWHUDFWLRQ ZLWK WKH

QXFOHLF DFLG� ,QGHHG� DUJLQLQHV FDQ QHXWUDOL]H SKRVSKDWH JURXSV RQ WKH 51$ DQG DURPDWLF
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JURXSV RI 3KH DQG 7US FDQ VWDFN ZLWK 51$ EDVHV� )URP D SRLQW RI YLHZ RI WKH VHTXHQFH

SDWWHUQ� WZR $UJ DQG RQH 3KH UHVLGXHV RFFXU LQ D SXWDWLYH KHOL[ �LGHQWLILHG LQ RXU SUHYLRXV

VLPXODWLRQV>�@� WKDW VSDQ IURP UHVLGXH �� WR ��� RQH 7US DQG 3KH DUH SRVLWLRQHG DW WKH

MXQFWLRQ EHWZHHQ WKH 17' DQG 5%'� DQG WKH UHPDLQLQJ $UJ DQG /\V UHVLGXHV DUH FOXVWHUHG

EHWZHHQ�SRVLWLRQ����DQG����

2XU FRDUVH�JUDLQHG VLPXODWLRQV SRLQW WR D NH\ UROH RI HOHFWURVWDWLF LQWHUDFWLRQV LQ

UHJXODWLQJ WKH ELQGLQJ RI WKH QXFOHLF DFLG WR WKH 17'�5%' UHJLRQ� LQ SDUWLFXODU� WKH VWUHWFK

EHWZHHQ UHVLGXHV �� DQG �� LQ WKH 17' DQG EHWZHHQ UHVLGXHV �� DQG ��� LQ WKH 5%'

�6XSSOHPHQWDU\ )LJ� �� DQG ���� 7KHVH 5%' UHVLGXHV FRPSULVH WKH SRVLWLYHO\ FKDUJHG

ȕ�H[WHQVLRQ� D IOH[LEOH SDLU RI EHWD VWUDQGV WKDW SULRU ZRUN KDV LGHQWLILHG DV ZUDSSLQJ DURXQG

VLQJOH�VWUDQGHG 51$ GXULQJ ELQGLQJ >��@� 3UHYLRXV FRPSXWDWLRQDO ZRUN SURSRVHG WKDW WKH

LQWHUSOD\ EHWZHHQ FKDUJHG UHVLGXHV RQ WKH 5%' VXUIDFH DQG LQ WKH 17' FDQ WXQH 17'

FRQIRUPDWLRQDO EHKDYLRU>��@� $Q DGGLWLRQDO H[SODQDWLRQ IRU WKHVH SUHYLRXV REVHUYDWLRQV FRXOG

EH RQH LQ ZKLFK 1 SURWHLQ KDV HYROYHG DFURVV FRURQDYLULGDH WR HQVXUH KLJK�DIILQLW\ 51$

ELQGLQJ� ZLWK FRPSHQVDWRU\�FR�HYROXWLRQDU\ FKDQJHV LQ WKH 17' DQG 5%' HQVXULQJ WKDW

QRQ�VSHFLILF HOHFWURVWDWLFDOO\�GULYHQ LQWHUDFWLRQV DUH FRQVHUYHG LQ VSLWH RI VHTXHQFH YDULDWLRQ

LQ�ERWK�WKH�17'�DQG�5%'�

2XU VLPXODWLRQV DOVR DOORZ XV WR GHFRQYROYH WKH UHODWLYH FRQWULEXWLRQV RI WKH 17' DQG

5%' WR 51$ ELQGLQJ� LOOXVWUDWLQJ WKH EHQHILW RI D FRPELQHG� PXOWL�SURQJHG DSSURDFK LQ

PROHFXODU GLVVHFWLRQ >��@� $OWKRXJK WKH DGGLWLRQ RI WKH 17' WR WKH 5%' OHDGV WR D VXEVWDQWLDO

LQFUHDVH LQ ELQGLQJ DIILQLW\� RXU VLPXODWLRQV SUHGLFW WKDW� LQ LVRODWLRQ� WKH 17' ELQGV 51$

PRUH ZHDNO\ WKDQ HLWKHU WKH 5%' RU WKH 17'�5%'� :LWK WKLV LQ PLQG� WKH LPSDFW RI WKH 17'

DSSHDUV WR EH PHGLDWHG E\ LWV SRVLWLRQ UHODWLYH WR WKH SRVLWLYHO\�FKDUJHG ȕ�H[WHQVLRQ RQ WKH

5%'� 7KH UHVXOWLQJ RULHQWDWLRQ RIIHUV D G\QDPLF� SRVLWLYHO\ FKDUJHG ELQGLQJ VXUIDFH� VXFK

WKDW WKH HPHUJHQW ELQGLQJ DIILQLW\ LV VXEVWDQWLDOO\ KLJKHU WKDQ ZRXOG EH QDLYHO\ H[SHFWHG�

OLNHO\ WKURXJK ERWK DQ DYLGLW\ HIIHFW DQG E\ SUHSD\LQJ WKH HQWURSLF FRVW RI EULQJLQJ WZR

SRVLWLYHO\�FKDUJHG�SURWHLQ�UHJLRQV�LQWR�UHODWLYHO\�FORVH�FRQWDFW�ZLWK�RQH�DQRWKHU�
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,Q DGGLWLRQ� WKH VLPXODWLRQV FRUURERUDWH WKH H[SHULPHQWDO LQWXLWLRQ RI D G\QDPLF

FRPSOH[ ZKHUH QRW RQO\ WKH SURWHLQ EXW DOVR WKH QXFOHLF DFLG LV H[SORULQJ KHWHURJHQHRXV

FRQIRUPDWLRQV LQ WKH ERXQG VWDWH� 2YHUDOO� WKHVH REVHUYDWLRQV DVFULEH WKH 17'�5%'�51$

FRPSOH[ WR WKH FDWHJRU\ RI VR�FDOOHG ³IX]]\´ FRPSOH[HV� 7KH VWURQJ HOHFWURVWDWLF QDWXUH RI

WKH LQWHUDFWLRQV LV FRQVLVWHQW ZLWK WKH UHFHQW REVHUYDWLRQ RI KLJKO\ G\QDPLF FRPSOH[HV

IRUPHG E\ RSSRVLWHO\ FKDUJHG ELRSRO\PHUV>��@� DV IRU WKH FDVH RI SURWK\PRVLQ DOSKD DQG

KLVWRQH�+�>�����@�

7KH 17'�5%' UHJLRQ SUHIHUV VLQJOH�VWUDQGHG 51$� 2XU GDWD FOHDUO\ VXSSRUW WKH

FRQFOXVLRQ WKDW WKH 17'�5%' H[KLELWV VRPH GLVFULPLQDWLRQ DPRQJ 51$ WDUJHWV� :H ILQG D

JHQHUDOO\ KLJKHU DIILQLW\ IRU ERWK VSHFLILF DQG QRQ�VSHFLILF VHTXHQFHV RI VLQJOH�VWUDQGHG

51$� 7KLV LV FRQVLVWHQW ZLWK SUHYLRXV VWXGLHV RI 1 SURWHLQ>�����@� LQFOXGLQJ LQ FHOO FURVVOLQNHG

VWXGLHV RI WKH SURWHLQ WR WKH �¶ 875>��@� ZKHUH VLQJOH�VWUDQGHG UHJLRQV� VHYHUDO ODUJH ORRSV

DQG MXQFWLRQV SUHGRPLQDWHG WKH LQWHUDFWLRQV� $GGLWLRQDO VWXGLHV DOVR LGHQWLILHG VKRUW 8�WUDFWV

DV SRVVLEOH WDUJHWV RI WKH LQWHUDFWLRQ� &RPSDUHG WR VLQJOH�VWUDQGHG 51$� RXU ZRUN ILQGV

ORZHU DIILQLWLHV IRU GRXEOH�VWUDQGHG 51$ VHTXHQFHV� ,Q SDUWLFXODU� RXU LQYHVWLJDWLRQ RI PRGHO

KDLUSLQV EDVHG RQ WKH 163�� JHQRPH UHJLRQ WHVWHG WKH UROH RI 51$ GXSOH[HV� KDLUSLQ ORRSV�

DQG GXSOH[ GHIRUPDWLRQV LQ 17'�5%' DVVRFLDWLRQ� :H IRXQG WKDW VPDOO GHIRUPDWLRQV LQ WKH

GXSOH[ GR QRW VLJQLILFDQWO\ DOWHU WKH LQWHUDFWLRQ ZLWK WKH SURWHLQ� ZKHUHDV DQ LQFUHDVH LQ WKH

VL]H RI WKH ORRS UHJLRQ UHVXOWV LQ DQ LQFUHDVH RI WKH ELQGLQJ DIILQLW\� FRQILUPLQJ D SUHIHUHQWLDO

LQWHUDFWLRQ�RI�WKLV�SURWHLQ�UHJLRQ�ZLWK�VLQJOH�VWUDQGHG�51$�

17' PXWDWLRQV DOWHU 51$ ELQGLQJ� $ KLJK QXPEHU RI PXWDWLRQV RFFXU LQ GLVRUGHUHG UHJLRQV

RI WKH 1XFOHRFDSVLG SURWHLQ>��@� 2XU UHVXOWV RQ WKH LPSDFW RI WKH 2PLFURQ 17' PXWDWLRQV

FOHDUO\ VKRZ WKDW DOWHUDWLRQV RI WKUHH DPLQR DFLGV LQ WKLV ,'5 DUH VXIILFLHQW WR GHFUHDVH WKH

LQWHUDFWLRQ DIILQLW\ EHWZHHQ WKH FRQVWUXFW DQG WKH QXFOHLF DFLG� 7KLV LPSOLHV QRW RQO\ WKDW WKH

1 SURWHLQ ,'5V SOD\ D UROH LQ WKH LQWHUDFWLRQ RI WKH SURWHLQ ZLWK QXFOHLF DFLGV� EXW WKDW

PXWDWLRQV LQ WKH VDPH UHJLRQV FDQ HIIHFWLYHO\ DOWHU WKH IXQFWLRQ RI WKH SURWHLQ� 0RUHRYHU�
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ZKLOH LW LV RIWHQ DVVXPHG WKDW VPDOO FKDQJHV LQ ,'5V PD\ QRW VXEVWDQWLDOO\ LQIOXHQFH

PROHFXODU IXQFWLRQ� RXU UHVXOWV KHUH SURYLGH D FOHDU FRXQWHU�H[DPSOH� ZKHUHE\ D ��WLPHV

FKDQJH LQ ELQGLQJ DIILQLW\ LV GULYHQ E\ MXVW D IHZ PXWDWLRQV� 7KH VHQVLWLYLW\ RI 51$ ELQGLQJ WR

VPDOO VHTXHQFH FKDQJHV WKDW DOWHU WKH FKDUJH RI WKH SURWHLQ DOVR UDLVHV WKH SRVVLELOLW\ WKDW

SKRVSKRU\ODWLRQ PD\ SOD\ D UROH LQ WXQLQJ 51$ ELQGLQJ DIILQLW\� DV KDV EHHQ SURSRVHG

SUHYLRXVO\ >����@�

7KH IDFW WKDW PXWDWLRQV PLQLPDOO\ DOWHU WKH FRQIRUPDWLRQDO HQVHPEOH� EXW GR DOWHU LQWHUDFWLRQ

ZLWK WKH QXFOHLF DFLG VXJJHVWV DQ DGGLWLRQDO OD\HU RI FRPSOH[LW\ HQFRGHG LQ GLVRUGHUHG

SURWHLQV� RQ RQH VLGH� WKH RYHUDOO FRQIRUPDWLRQV RI WKH SURWHLQ PD\ LPSDFW WKH FDSWXULQJ

UDGLXV RI WKH SURWHLQ� ZKHUHDV WKH VSHFLILFLW\ RI UHVLGXHV LQ WKH VHTXHQFH PD\ PRGXODWH WKH

ELQGLQJ DIILQLW\� 7KLV LV SDUWLFXODUO\ LQWHUHVWLQJ VLQFH WKH SURSHUWLHV RI GLVRUGHUHG UHJLRQV FDQ

EH UREXVW WR VHTXHQFH PXWDWLRQV� DV GLIIHUHQW UHVLGXHV FDQ HQFRGH IRU VLPLODU SURSHUWLHV RI

SURWHLQ FRQIRUPDWLRQV� G\QDPLFV� DQG LQWHUDFWLRQV� ,QGHHG� DYDLODEOH VHTXHQFHV RI WKH

6$56�&R9�� JHQRPH DUH GHULYHG IURP SDWLHQWV DQG� WKHUHIRUH� DUH LQWULQVLFDOO\ ELDVHG WR EH

IXQFWLRQDOO\ DFWLYH �JHQRPH PXVW EH SDFNDJHG DQG YLUXV PXVW EH LQIHFWLYH�� )XWXUH VWXGLHV

ZLOO EH UHTXLUHG WR XQGHUVWDQG ZKDW W\SH RI VHTXHQFH PXWDWLRQV LQ ,'5V FDQ EH WROHUDWHG E\

WKH�YLUXV�WR�PDLQWDLQ�WKH�DELOLW\�RI�FRQGHQVLQJ�WKH�QXFOHLF�DFLG�

&RQFOXVLRQV� 2YHUDOO� RXU PHDVXUHPHQWV VXSSRUW D PRGHO LQ ZKLFK WKH GLVRUGHUHG 17'

IDYRUV ELQGLQJ RI WKH 51$ WR WKH 5%' E\ GLUHFWO\ SDUWLFLSDWLQJ LQ WKH LQWHUDFWLRQ ZLWK WKH

OLJDQG DQG FRQIRUPDWLRQV DUH DGDSWHG EDVHG RQ WKH OHQJWK RI WKH QXFOHLF DFLG� 7KH G\QDPLF

QDWXUH RI WKH FRPSOH[ FRPELQHG ZLWK WKH SUHIHUHQFH RI VLQJOH�VWUDQGHG 51$V PD\ VHUYH DV

D VHDUFKLQJ PHFKDQLVP DORQJ WKH YLUDO JHQRPH IRU LGHQWLI\LQJ KLJK DIILQLW\ UHJLRQV� 7KH

DELOLW\ RI WKH 17' GRPDLQ WR DFFRPPRGDWH PRUH WKDQ RQH 51$� SRVVLEO\ KDUQHVVLQJ WKH

K\EULGL]DWLRQ�RI�WKH�VHTXHQFH��PD\�FRQWULEXWH�WR�WKH�SDFNDJLQJ�RI�WKH�YLUDO�JHQRPH�

&RQWULEXWLRQV� -�&� H[SUHVVHG� SXULILHG� DQG ODEHOHG DOO SURWHLQ FRQVWUXFWV� -�&� SHUIRUPHG

DOO VLQJOH�PROHFXOH H[SHULPHQWV ZLWK VLQJOH�VWUDQGHG 51$ DQG IROGLQJ VWDELOLW\ RI 5%'/�
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LQFOXGLQJ QDQRVHFRQG )&6 PHDVXUHPHQWV� -�-�$� SHUIRUPHG DOO VLQJOH�PROHFXOH H[SHULPHQWV

ZLWK GRXEOH�VWUDQGHG 51$� IROGLQJ VWDELOLW\ PHDVXUHPHQWV RI 51$� DQG VLPXODWLRQV� .�+�

DQG -�-�$� LQ�YLWUR WUDQVFULEHG DQG SXULILHG 51$� -�&� DQG 0�'�6��%� GHVLJQHG WKH 17'�5%'/

DQG 5%'/ QXFOHLF DFLG ELQGLQJ DVVD\� -�-�,� GHYHORSHG DQDO\WLFDO WRROV IRU ELQGLQJ PRGHOV�

-�-�$� DQG $�6�+� GHYHORSHG FRPSXWDWLRQDO WRROV IRU VLPXODWLRQV� -�&�� .�%�+� 0�'�6��%� -�-�,�

-�-�$� $�6�+�� DQG $�6� ZURWH WKH SDSHU� 0�'�6��%� DQG $�6� VXSHUYLVHG H[SHULPHQWV DQG

GDWD�DQDO\VLV��-�-�,��-�&���0�'�6��%���.�+���DQG�$�6��FRQFHLYHG�WKH�H[SHULPHQWV�

$FNQRZOHGJHPHQWV� :H WKDQN 7LP /RKPDQ DQG 5REHUWR *DOOHWWR IRU XVHIXO LQVLJKWV DQG

GLVFXVVLRQV RQ QXFOHLF DFLG ELQGLQJ DQG 6$56�&R9�� 1XFOHRFDSVLG� %HQ 6FKXOHU DQG 'DQLHO

1HWWHOV IRU GHYHORSLQJ DQG PDLQWDLQLQJ WKH )UHWLFD SDFNDJH XVHG IRU WKH DQDO\VLV RI

VLQJOH�PROHFXOH GDWD� 6LOYLD -DQVHQ IRU VKDULQJ UHDJHQWV� 9DFODY 9HYHUND DQG (Y]HQ %RXUD

IRU VKDULQJ WKHLU FKHPLFDO VKLIW SHUWXUEDWLRQ GDWD� DQG *LXOLR 7HVHL IRU XVHIXO LQVLJKWV

UHJDUGLQJ WKH VLPXODWLRQ DQDO\VLV� 7KLV UHVHDUFK ZDV VXSSRUWHG E\ WKH 1,+ 1DWLRQDO ,QVWLWXWH

RQ $OOHUJLF DQG ,QIHFWLRXV 'LVHDVHV ZLWK 5��$,������ �WR $�6�� .�%�+�� DQG $�6�+�� DQG E\

WKH 1,+ 1DWLRQDO &DQFHU ,QVWLWXWH )��&$������ �WR -�-�$��� 7KH FRQWHQW LV VROHO\ WKH

UHVSRQVLELOLW\�RI�WKH�DXWKRUV�DQG�GRHV�QRW�QHFHVVDULO\�UHSUHVHQW�WKH�RIILFLDO�YLHZV�RI�WKH�1,+�

௑
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),*85(6�

)LJXUH �� 1XFOHRFDSVLG SURWHLQ FRQVWUXFWV LQ WKLV VWXG\� �OHIW� 51$ %LQGLQJ 'RPDLQ

�5%'� ZLWK G\HV LQ SRVLWLRQ �� DQG ���� �FHQWHU� 17'�5%' FRQVWUXFW ZLWK G\HV LQ SRVLWLRQ �

DQG ��� VDPSOLQJ WKH GLVRUGHUHG UHJLRQ� �ULJKW� 17'�5%' FRQVWUXFW ZLWK G\HV LQ SRVLWLRQ ��

DQG�����WR�VDPSOH�FRQIRUPDWLRQDO�FKDQJHV�DQG�LQWHUDFWLRQV�LQ�WKH�5%'�GRPDLQ�
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)LJXUH �� 51$ %LQGLQJ 'RPDLQ �5%'� IROGLQJ� $� 5HSUHVHQWDWLYH GLVWULEXWLRQV RI WUDQVIHU

HIILFLHQFLHV DW GLIIHUHQW *GP&O FRQFHQWUDWLRQV� 7KH WUDQVIHU HIILFLHQF\ GLVWULEXWLRQV DUH ILWWHG

ZLWK XS WR WKUHH *DXVVLDQ GLVWULEXWLRQV� 7KH IROGHG FRQILJXUDWLRQ ZLWK KLJK PHDQ WUDQVIHU

HIILFLHQF\ LV FRQYHUWHG LQWR DQ LQWHUPHGLDWH DQG XQIROGHG VWDWH ZLWK ORZHU PHDQ WUDQVIHU

HIILFLHQFLHV ZLWK LQFUHDVLQJ *GP&O FRQFHQWUDWLRQ� %� 0HDQ WUDQVIHU HIILFLHQFLHV REWDLQHG

IURP D JOREDO ILW RI WKH KLVWRJUDPV �VHH 6XSSOHPHQWDU\ ,QIRUPDWLRQ� IRU WKH IROGHG

�PDJHQWD�� LQWHUPHGLDWH �SXUSOH�� DQG XQIROGHG �EOXH� SRSXODWLRQV� /LQHV DUH JXLGHV IRU WKH

H\HV� &� &RUUHVSRQGLQJ IUDFWLRQV RI WKH IROGHG �PDJHQWD�� LQWHUPHGLDWH �SXUSOH�� DQG

XQIROGHG �EOXH� SRSXODWLRQV� /LQHV UHSUHVHQW D ILW WR WKH FRUUHVSRQGLQJ WKHUPRG\QDPLF

HTXLOLEULXP�DFFRUGLQJ�WR (T��6� DQG 6��
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)LJXUH �� SRO\�U8� ELQGLQJ WR 5%' DQG 17'�5%'� $� 5HSUHVHQWDWLYH GLVWULEXWLRQV RI

WUDQVIHU HIILFLHQFLHV DW GLIIHUHQW FRQFHQWUDWLRQV RI SRO\�U8� IRU 5%'/� 'LVWULEXWLRQV DUH ILWWHG WR

D VLQJOH *DXVVLDQ GLVWULEXWLRQ� %� 5HSUHVHQWDWLYH GLVWULEXWLRQV RI WUDQVIHU HIILFLHQFLHV DW

GLIIHUHQW FRQFHQWUDWLRQV RI SRO\�U8� IRU 17'�5%'/� 'LVWULEXWLRQV DUH ILWWHG WR D VLQJOH

*DXVVLDQ GLVWULEXWLRQ� &� 5HSUHVHQWDWLYH GLVWULEXWLRQV RI WUDQVIHU HIILFLHQFLHV DW GLIIHUHQW

FRQFHQWUDWLRQV RI SRO\�U8� IRU 17'/�5%'� 'LVWULEXWLRQV DUH ILWWHG WR WZR *DXVVLDQ

GLVWULEXWLRQV� '�9DULDWLRQV LQ WKH PHDQ WUDQVIHU HIILFLHQF\ RI 5%'/ XSRQ ELQGLQJ SRO\�U8�� (�

9DULDWLRQV LQ WKH PHDQ WUDQVIHU HIILFLHQF\ RI 17'�5%'/ XSRQ ELQGLQJ SRO\�U8�� )� )UDFWLRQ

ERXQG RI 17'/ �5%' DV D IXQFWLRQ RI SRO\�U8� FRQFHQWUDWLRQ� 6ROLG OLQHV UHSUHVHQW WKH ILW WR

WKH�ELQGLQJ�HTXDWLRQV (T� ���%HVW�ILW�YDOXHV�RI .LQW DUH�VKRZQ�LQ�6XSSOHPHQWDU\�7DEOH���
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)LJXUH �� /HQJWK GHSHQGHQFH RI SRO\�U8� ELQGLQJ WR 17'�5%' DQG 5%'� $�%�

5HSUHVHQWDWLYH KLVWRJUDPV RI 17'/�5%' �$� DQG 5%'/ �%� IRU U8Q ZLWK QXFOHRWLGH OHQJWK Q

HTXDO WR ��� ��� ��� ��� ��� ��� 7KH OLQH RI WKH WUDQVIHU HIILFLHQF\ GLVWULEXWLRQ YDULHV IURP

EODFN �QR 51$� VWDUWLQJ FRQGLWLRQ� WR WKH UHSUHVHQWDWLYH FRORU RI WKH VSHFLILF OHQJWK ZLWK

LQFUHDVLQJ FRQFHQWUDWLRQ RI 51$� %ODFN VROLG YHUWLFDO OLQH LGHQWLILHV WKH PHDQ WUDQVIHU
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HIILFLHQF\ DW WKH VWDUWLQJ FRQGLWLRQ �(��� UHG YHUWLFDO GDVKHG OLQH LGHQWLILHV WKH PHDQ WUDQVIHU

HIILFLHQF\ DW ³VDWXUDWLRQ´� &�'� 7UDQVIHU HIILFLHQF\ FKDQJHV XSRQ �U8�Q ELQGLQJ� (�(�� IRU 5%'/

�&� DQG 17'/�5%' �'� IRU DOO QXFOHRWLGH OHQJWKV� &RPSDUH ZLWK VLQJOH WLWUDWLRQV LQ

6XSSOHPHQWDU\ )LJ� � IRU UHSOLFDWHV DQG HUURUV DVVRFLDWHG ZLWK HDFK SRLQW� 6ROLG OLQHV DUH ILW

WR (T� �� (� 9DULDWLRQ UDQJH RI WUDQVIHU HIILFLHQF\ ( ZLWK UHVSHFW WR WKH WUDQVIHU HIILFLHQF\ (�

PHDVXUHG LQ DEVHQFH RI OLJDQGV IRU ERWK 17'/�5%' DQG 5%'/ FRQVWUXFWV� )�

5RRW�PHDQ�VTXDUH �UPV� LQWHUG\H GLVWDQFH RI WKH GLVRUGHUHG WDLO DV PHDVXUHG E\ WKH ODEHOLQJ

SRVLWLRQV LQ 17'/�5%' DQG DV D IXQFWLRQ RI QXFOHLF DFLG OHQJWK� *�+� $VVRFLDWLRQ FRQVWDQWV

DV�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�QXFOHRWLGH�EDVHV�LQ��U8�Q�
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)LJXUH �� &RDUVH�JUDLQHG VLPXODWLRQV RI WKH 1XFOHRFDSVLG SURWHLQ ZLWK VV51$� $� 7KH

0SLSL IRUFHILHOG LV XVHG WR PRGHO 6$56�&R9 � 1�SURWHLQ LQWHUDFWLRQV ZLWK VV51$ �U8�Q>��@�

(DFK DPLQR DFLG DQG QXFOHRWLGH LV UHSUHVHQWHG DV D VLQJOH EHDG �VHH 0HWKRGV�� 7KH

1XFOHRFDSVLG�51$ ERXQG VWDWH LV KLJKO\ G\QDPLF �ERWWRP�� %� 6LPXODWLRQV RI 5%' � �U8���

�PLGGOH� RU 17'�5%' � �U8��� �ERWWRP� HQDEOH WKH DVVHVVPHQW RI ZKLFK UHVLGXHV HQJDJH LQ

GLUHFW 51$ LQWHUDFWLRQV� 3URWHLQ�51$ FRQWDFWV DUH TXDQWLILHG E\ FDOFXODWLQJ WKH FRQWDFW

IUDFWLRQ� GHILQHG DV WKH IUDFWLRQ RI WKH VLPXODWLRQ LQ ZKLFK HDFK DPLQR DFLG�QXFOHRWLGH SDLU LV

XQGHU D WKUHVKROG GLVWDQFH RI �� c� 7KH VSHFLILF WKUHVKROG FKRVHQ GRHV QRW DOWHU ZKLFK

UHVLGXHV DUH LGHQWLILHG DV 51$�LQWHUDFWLQJ �6XSSOHPHQWDU\ )LJ� ��� 7KH SDWWHUQ RI UHVLGXHV

LGHQWLILHG IURP VLPXODWLRQV VKRZV TXDOLWDWLYH DJUHHPHQW ZLWK FKHPLFDO VKLIW SHUWXUEDWLRQ GDWD
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RI WKH 5%' �DPLQR DFLGV ������� REVHUYHG XSRQ ELQGLQJ WR D ���PHU VV51$ ��¶�

8&8&8$$$&*��¶�>��@� &� 5RRW�PHDQ�VTXDUH GLVWDQFH �506'� EHWZHHQ UHVLGXHV � DQG ��

LQFUHDVHV XSRQ VV51$ ELQGLQJ� ZLWK D PRGHVW LQFUHDVH REVHUYHG LQ WKH 51$�ERXQG VWDWH DV

D IXQFWLRQ RI 51$ OHQJWK XS WR �U8���� ' 7KH QRUPDOL]HG ELQGLQJ DIILQLW\ �.$

� RI WKH 17'�

5%'� RU 17'�5%' ELQGLQJ WR �U8�Q LV FDOFXODWHG DV WKH DSSDUHQW ELQGLQJ DIILQLW\ GLYLGHG E\

WKH DSSDUHQW ELQGLQJ DIILQLW\ IRU 17'�5%' ELQGLQJ �U8���� .$

 FDQ EH FDOFXODWHG LQ D

VHOI�FRQVLVWHQW PDQQHU IRU VLPXODWLRQV �OHIW� DQG H[SHULPHQW �ULJKW�� ) /HQJWK GHSHQGHQW .$



RI WKH 17' � �U8�Q� * /HQJWK GHSHQGHQW .$

 RI WKH 5%' � �U8�Q� +� /HQJWK�GHSHQGHQW .$


 RI

WKH 17'�5%' � �U8�Q� )RU )�* DQG +� .$

 LV FDOFXODWHG E\ GLYLGLQJ WKH DSSDUHQW .$ IURP WKH

VSHFLILF��U8�Q OHQJWK�E\�WKH�DSSDUHQW�.$ IURP�WKH 17'�5%'����U8��� VLPXODWLRQ�
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)LJXUH �� 6DOW GHSHQGHQFH RI ELQGLQJ DVVRFLDWLRQ FRQVWDQW� )UDFWLRQ ERXQG LV

GHWHUPLQHG IURP VLQJOH�PROHFXOH )5(7 H[SHULPHQWV RI WKH 17'/�5%' DV D IXQFWLRQ RI �U8���

�$� DQG �U8��� �%� FRQFHQWUDWLRQ� (DFK FXUYH LV PHDVXUHG LQ �� P0 7ULV EXIIHU DQG

LQFUHDVLQJ .&O FRQFHQWUDWLRQ� �� P0 �SXUSOH�� ��� P0 �PDJHQWD�� ��� P0 �F\DQ�� ��� P0

�JUHHQ�� ��� P0 �EOXH� .&O� 6HH FRUUHVSRQGLQJ KLVWRJUDPV LQ 6XSSOHPHQWDU\ )LJ� ��� DQG

�� 6ROLG OLQHV DUH ILW WR (T� �D� &� $VVRFLDWLRQ FRQVWDQWV GHWHUPLQHG IURP WKH PHDVXUHPHQWV

LQ SDQHO $ ��U8���� SLQN� DQG SDQHO % ��U8���� F\DQ� DUH SORWWHG DJDLQVW WKH FRQFHQWUDWLRQ RI .�

LRQV RQ D ORJ�ORJ SORW� 6ROLG OLQHV UHSUHVHQW WKH OLQHDU ILW RI /RJ�.$� DV D IXQFWLRQ RI /RJ�>.�@��

5HVXOWV IRU WRWDO LRQ FRQFHQWUDWLRQ DUH UHSRUWHG LQ 6XSSOHPHQWDU\ )LJ� �� 7KH VLPLODU VORSH

RI �U8��� DQG �U8��� GDWD VXJJHVWV WKDW WKH VDPH QHW LRQ UHOHDVH RFFXUV XSRQ ELQGLQJ RI WKH

WZR�GLIIHUHQW�OHQJWKV�RI�QXFOHLF�DFLGV��VHH 6XSSOHPHQWDU\ 7DEOH�����
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)LJXUH �� 6SHFLILF VV51$ ELQGLQJ WR 17'/�5%'� $� 5HSUHVHQWDWLYH GLVWULEXWLRQV RI

WUDQVIHU HIILFLHQFLHV XSRQ ELQGLQJ RI 9��� ,QFUHDVLQJ FRQFHQWUDWLRQ RI 51$ OHDGV WR D ILUVW

FRQIRUPDWLRQDO FKDQJH RI WKH WDLO WKDW DSSHDUV WR EH ODUJHO\ FRPSOHWHG DW a� ȝ0� )XUWKHU

LQFUHDVLQJ WKH FRQFHQWUDWLRQ RI 9�� OHDGV WR D VHFRQG FRQIRUPDWLRQDO FKDQJH RI WKH

GLVRUGHUHG UHJLRQ� LQGLFDWLQJ WKDW WKH SURWHLQ LV ELQGLQJ WZR FRSLHV RI WKH QXFOHLF DFLGV� $UHDV

DUH ILWWHG DFFRUGLQJ WR (T� �E DQG �F� %� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH 6$56�&R9�� �¶

875 EDVHG RQ ,VHUPDQ HW DO�>��@� KLJKOLJKWLQJ WKH UHJLRQ FRUUHVSRQGLQJ WR 9��� &� )UDFWLRQ RI

HDFK VWDWH� XQERXQG �IX�� ERXQG WR RQH 9�� PROHFXOH �IE��� DQG ERXQG WR WZR 9�� PROHFXOHV

�IE����&RUUHVSRQGLQJ�YDOXHV�RI�WKH�ILW�DUH�UHSRUWHG LQ 6XSSOHPHQWDU\�7DEOH����
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)LJXUH �� 6SHFLILF KDLUSLQ 51$ �KS51$� ELQGLQJ WR 17'�5%'� $� 3RVLWLRQ RI VWXGLHG

KS51$ VHTXHQFHV LQ WKH YLUDO JHQRPH� %� +DLUSLQ VWUXFWXUH DQG VHTXHQFH� &� 9DULDWLRQ LQ

WKH PHDQ WUDQVIHU HIILFLHQFLHV RI WKH 17'/�5%' DV D IXQFWLRQ RI KS51$ FRQFHQWUDWLRQ� :KHQ

QR KS51$ LV SUHVHQW� WUDQVIHU HIILFLHQF\ LV a���� �FRPSDUH ZLWK 6XSSOHPHQWDU\ )LJXUH ���

6ROLG�OLQHV�DUH�ILW�WR (T����
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)LJXUH �� 2PLFURQ YDULDQW� $� 7UDQVIHU HIILFLHQF\ GLVWULEXWLRQV IRU WKH 2PLFURQ YDULDQW DV

IXQFWLRQ RI SRO\�U8� FRQFHQWUDWLRQ� 'LVWULEXWLRQV DUH ILWWHG ZLWK XS WR WZR *DXVVLDQ

GLVWULEXWLRQV WR TXDQWLI\ WKH PHDQ WUDQVIHU HIILFLHQF\ DQG UHODWLYH IUDFWLRQ RI ERXQG DQG

XQERXQG IUDFWLRQV� %� &RPSDULVRQ RI XQERXQG FRQILJXUDWLRQ RI GLVRUGHUHG WDLO IRU

:XKDQ�+X�� �UHG� DQG 2PLFURQ YDULDQW �F\DQ� UHYHDOV QR VLJQLILFDQW YDULDWLRQV LQ RYHUDOO

FRQIRUPDWLRQV� &� &RPSDULVRQ RI ELQGLQJ DIILQLW\ IRU :XKDQ�+X�� �UHG� DQG 2PLFURQ YDULDQW

�F\DQ� UHYHDOV GLIIHUHQW DIILQLWLHV IRU SRO\�U8�� 6ROLG OLQHV DUH ILW WR (T� �D� '� 7UHQG RI WKH

QRUPDOL]HG ELQGLQJ DIILQLW\ �.$

� SUHGLFWHG E\ VLPXODWLRQV ZLWK 0SLSL PRGHO IRU WKH 2PLFURQ

PXWDQW�DQG�DGGLWLRQDO�YDULDQWV�
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5()(5(1&(6

>�@ 5� /X� ;� =KDR� -� /L� 3� 1LX� %� <DQJ� +� :X� :� :DQJ� +� 6RQJ� %� +XDQJ� 1� =KX� <�
%L� ;� 0D� )� =KDQ� /� :DQJ� 7� +X� +� =KRX� =� +X� :� =KRX� /� =KDR� -� &KHQ� <� 0HQJ�
-� :DQJ� <� /LQ� -� <XDQ� =� ;LH� -� 0D� :� -� /LX� '� :DQJ� :� ;X� (� &� +ROPHV� *� )�
*DR��*��:X��:��&KHQ��:��6KL��:��7DQ� /DQFHW ����� ��������±����

>�@ 0� /DXH� $� .DXWHU� 7� +RIIPDQQ� /� 0|OOHU� -� 0LFKHO� $� 1LWVFKH� 6FL� 5HS� ����� ���
�����

>�@ 6� .OHLQ� 0� &RUWHVH� 6� /� :LQWHU� 0� :DFKVPXWK�0HOP� &� -� 1HXIHOGW� %� &HULNDQ� 0�
/� 6WDQLIHU� 6� %RXODQW� 5� %DUWHQVFKODJHU� 3� &KODQGD� Q�G�� '2,
��������������������������

>�@ +� <DR� <� 6RQJ� <� &KHQ� 1� :X� -� ;X� &� 6XQ� -� =KDQJ� 7� :HQJ� =� =KDQJ� =� :X� /�
&KHQJ��'��6KL��;��/X��-��/HL��0��&ULVSLQ��<��6KL��/��/L��6��/L� &HOO ����� ��������±����H���

>�@ 0� %iUFHQD� *� 7� 2RVWHUJHWHO� :� %DUWHOLQN� )� *� $� )DDV� $� 9HUNOHLM� 3� -� 0� 5RWWLHU� $�
-��.RVWHU��%��-��%RVFK� 3URF��1DWO��$FDG��6FL��8� 6��$� ����� ��������±����

>�@ 0��5��0DFQHXJKWRQ��+��$��'DYLHV� -��*HQ��9LURO� ����� �������±����
>�@ -� &XEXN� -� -� $OVWRQ� -� -� ,QFLFFR� 6� 6LQJK� 0� '� 6WXFKHOO�%UHUHWRQ� 0� '� :DUG� 0� ,�

=LPPHUPDQ� 1� 9LWKDQL� '� *ULIILWK� -� $� :DJRQHU� *� 5� %RZPDQ� .� %� +DOO� $�
6RUDQQR� $� 6� +ROHKRXVH� 1DWXUH &RPPXQLFDWLRQV ����� ��� '2,
��������������������������

>�@ $� 6DYDVWDQR� $� ,EixH] GH 2SDNXD� 0� 5DQNRYLF� 0� =ZHFNVWHWWHU� 1DW� &RPPXQ�
����� ���������

>�@ -� :DQJ� &� 6KL� 4� ;X� +� <LQ� &HOO 'LVFRYHU\ ����� �� '2,
��������V������������������

>��@ &� ,VHUPDQ� &� $� 5RGHQ� 0� $� %RHUQHNH� 5� 6� *� 6HDOIRQ� *� $� 0F/DXJKOLQ� ,�
-XQJUHLV� (� -� )ULWFK� <� -� +RX� -� (NHQD� &� $� :HLGPDQQ� &� /� 7KHHVIHOG� 0� .HOOLV�
2� *� 7UR\DQVND\D� 5� 6� %DULF� 7� 3� 6KHDKDQ� .� 0� :HHNV� $� 6� *ODGIHOWHU� 0RO� &HOO
����� ��������±�����H��

>��@ +� &KHQ� <� &XL� ;� +DQ� :� +X� 0� 6XQ� <� =KDQJ� 3��+� :DQJ� *� 6RQJ� :� &KHQ� -�
/RX� &HOO�5HV� ����� ��������±�����

>��@ 7� 0� 3HUGLNDUL� $� &� 0XUWK\� 9� +� 5\DQ� 6� :DWWHUV� 0� 7� 1DLN� 1� /� )DZ]L� Q�G�� '2,
��������������������������

>��@ <� :X� /� 0D� 6� &DL� =� =KXDQJ� =� =KDR� 6� -LQ� :� ;LH� /� =KRX� /� =KDQJ� -� =KDR� -�
&XL� 6LJQDO�7UDQVGXFW�7DUJHW�7KHU ����� �������

>��@ &� $� 5RGHQ� <� 'DL� ,� 6HLP� 0� /HH� 5� 6HDOIRQ� *� $� 0F/DXJKOLQ� 0� $� %RHUQHNH� &�
,VHUPDQ� 6� $� :H\� -� /� (NHQD� 2� *� 7UR\DQVND\D� .� 0� :HHNV� /� <RX� $� &KLONRWL�
$��6��*ODGIHOWHU� ELR5[LY ������'2, ��������������������������

>��@ &� 5� &DUOVRQ� -� %� $VIDKD� &� 0� *KHQW� &� -� +RZDUG� 1� +DUWRRQL� 0� 6DIDUL� $� '�
)UDQNHO��'��2��0RUJDQ� 0RO��&HOO ����� ��������±�����H��

>��@ ,��6HLP��&��$��5RGHQ��$��6��*ODGIHOWHU� %LRSK\V� -� ����� ���������±�����
>��@ $� -DFN� /� 6� )HUUR� 0� -� 7UQND� (� :HKUL� $� 1DGJLU� ;� 1JX\HQOD� '� )R[� .� &RVWD� 6�

6WDQOH\��-��6FKDOHW]N\��$��<LOGL]� 3/R6�%LRO� ����� ����H��������
>��@ <��/HY\��-��1��2QXFKLF��3��*��:RO\QHV� -��$P� &KHP��6RF� ����� ��������±����
>��@ 5� 9DQFUDHQHQEURHFN� <� 6� +DUHO� :� =KHQJ� +� +RIPDQQ� 3URF� 1DWO� $FDG� 6FL� 8� 6�

$� ����� ����������±������
>��@ 7� .UXVH� &� %HQ]� '� +� *DUYDQVND� 5� /LQGTYLVW� )� 0LKDOLF� )� &RVFLD� 5� ,QWXUL� $�

6D\DGL� /� 6LPRQHWWL� (� 1LOVVRQ� 0� $OL� -� .OLFKH� $� 0ROLQHU 0RUUR� $� 0XQG� (�
$QGHUVVRQ� *� 0F,QHUQH\� 0� 0DQQ� 3� -HPWK� 1� (� 'DYH\� $� .� gYHUE\� -� 1LOVVRQ� <�
,YDUVVRQ� 1DW��&RPPXQ� ����� ���������

>��@ 1� )� 'XSXLV� (� '� +ROPVWURP� '� -� 1HVELWW� 3URF� 1DWO� $FDG� 6FL� 8� 6� $� ����� ����
����±�����

>��@ 6� 6HQ� (� '� +ROPVWURP� LQ 51$ 1DQRWHFKQRORJ\ DQG 7KHUDSHXWLFV� &5& 3UHVV� %RFD
5DWRQ� ������SS�����±����

>��@ ;��$��)HQJ��0��)��3R\WRQ��7��+D� &XUU��2SLQ� 6WUXFW��%LRO� ����� ������±���

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2023. ; https://doi.org/10.1101/2023.02.10.527914doi: bioRxiv preprint 

http://paperpile.com/b/gyq3j7/aiwx
http://paperpile.com/b/gyq3j7/aiwx
http://paperpile.com/b/gyq3j7/aiwx
http://paperpile.com/b/gyq3j7/aiwx
http://paperpile.com/b/gyq3j7/XzCb
http://paperpile.com/b/gyq3j7/XzCb
http://paperpile.com/b/gyq3j7/n1R8
http://paperpile.com/b/gyq3j7/n1R8
http://dx.doi.org/10.1101/2020.06.23.167064
http://paperpile.com/b/gyq3j7/n1R8
http://paperpile.com/b/gyq3j7/yRfl
http://paperpile.com/b/gyq3j7/yRfl
http://paperpile.com/b/gyq3j7/9s35
http://paperpile.com/b/gyq3j7/9s35
http://paperpile.com/b/gyq3j7/RfMK
http://paperpile.com/b/gyq3j7/054R
http://paperpile.com/b/gyq3j7/054R
http://paperpile.com/b/gyq3j7/054R
http://dx.doi.org/10.1101/2020.06.17.158121
http://paperpile.com/b/gyq3j7/054R
http://paperpile.com/b/gyq3j7/EVmC
http://paperpile.com/b/gyq3j7/EVmC
http://paperpile.com/b/gyq3j7/7zLe
http://dx.doi.org/10.1038/s41421-020-00240-3
http://paperpile.com/b/gyq3j7/7zLe
http://paperpile.com/b/gyq3j7/biqH
http://paperpile.com/b/gyq3j7/biqH
http://paperpile.com/b/gyq3j7/biqH
http://paperpile.com/b/gyq3j7/biqH
http://paperpile.com/b/gyq3j7/VhfY
http://paperpile.com/b/gyq3j7/VhfY
http://paperpile.com/b/gyq3j7/kWXQ
http://dx.doi.org/10.1101/2020.06.09.141101
http://paperpile.com/b/gyq3j7/kWXQ
http://paperpile.com/b/gyq3j7/l1k8
http://paperpile.com/b/gyq3j7/l1k8
http://paperpile.com/b/gyq3j7/mlC1
http://paperpile.com/b/gyq3j7/mlC1
http://paperpile.com/b/gyq3j7/mlC1
http://dx.doi.org/10.1101/2021.06.14.448452
http://paperpile.com/b/gyq3j7/mlC1
http://paperpile.com/b/gyq3j7/YDgL
http://paperpile.com/b/gyq3j7/YDgL
http://paperpile.com/b/gyq3j7/79VN
http://paperpile.com/b/gyq3j7/2p4k
http://paperpile.com/b/gyq3j7/2p4k
http://paperpile.com/b/gyq3j7/CsOC
http://paperpile.com/b/gyq3j7/2297
http://paperpile.com/b/gyq3j7/2297
http://paperpile.com/b/gyq3j7/nTpR
http://paperpile.com/b/gyq3j7/nTpR
http://paperpile.com/b/gyq3j7/nTpR
http://paperpile.com/b/gyq3j7/nTpR
http://paperpile.com/b/gyq3j7/J5SY
http://paperpile.com/b/gyq3j7/J5SY
http://paperpile.com/b/gyq3j7/ae4v
http://paperpile.com/b/gyq3j7/ae4v
http://paperpile.com/b/gyq3j7/M7vP
https://doi.org/10.1101/2023.02.10.527914
http://creativecommons.org/licenses/by/4.0/


>��@ -��+HQGUL[��'��&��/DPE� 0HWKRGV�(Q]\PRO� ����� ��������±����
>��@ 6� 1DEHHO�6KDK� +� /HH� 1� $KPHG� *� /� %XUNH� 6� )DUKDQJPHKU� .� $VKUDI� 6� 3X� 8�

%UDXQVFKZHLJ� *� =KRQJ� +� :HL� +� 7DQJ� -� <DQJ� (� 0DUFRQ� %� -� %OHQFRZH� =�
=KDQJ��-��)��*UHHQEODWW� L6FLHQFH ����� �����������

>��@ -� 6� ;LDQJ� -� 5� 0XHOOHU� (��&� /XR� %� $� <HH� '� 6FKDIHU� -� &� 6FKPRN� )� (� 7DQ� .�
5RWKDPHO� 5� 1� 0F9LFDU� (� 0� .ZRQJ� .� /� -RQHV� +��/� +HU� &��<� &KHQ� $� 4� 9X� :�
-LQ� 6� 6� 3DUN� 3� /H� .� :� %UDQQDQ� (� 5� .RIPDQ� <� /L� $� 7� 7DQNND� .� '� 'RQJ� <�
6RQJ� $� )� &DUOLQ� (� /� 9DQ 1RVWUDQG� 6� /� /HLEHO� *� :� <HR� Q�G�� '2,
��������������������������

>��@ 3��.� +VLHK� 6� &� &KDQJ� &��&� +XDQJ� 7��7� /HH� &��:� +VLDR� <��+� .RX� ,��<� &KHQ�
&��.��&KDQJ��7��+��+XDQJ��0��)��&KDQJ� -��9LURO� ����� ���������±������

>��@ -� $� -RVHSK� $� 5HLQKDUGW� $� $JXLUUH� 3� <� &KHZ� .� 2� 5XVVHOO� -� 5� (VSLQRVD� $�
*DUDL]DU��5��&ROOHSDUGR�*XHYDUD� %LRSK\VLFDO�-RXUQDO ����� ��������D�

>��@ ,� 6DQFKH]�%XUJRV� -� 5� (VSLQRVD� -� $� -RVHSK� 5� &ROOHSDUGR�*XHYDUD� 3/R6
&RPSXW��%LRO� ����� ����H��������

>��@ 0� ,� =LPPHUPDQ� -� 5� 3RUWHU� 0� '� :DUG� 6� 6LQJK� 1� 9LWKDQL� $� 0HOOHU� 8� /�
0DOOLPDGXJXOD� &� (� .XKQ� -� +� %RURZVN\� 5� 3� :LHZLRUD� 0� )� '� +XUOH\� $� 0�
+DUELVRQ� &� $� )RJDUW\� -� (� &RIIODQG� (� )DGGD� 9� $� 9RHO]� -� '� &KRGHUD� *� 5�
%RZPDQ� 1DWXUH�&KHPLVWU\ ����� �������±����

>��@ '� &� 'LQHVK� '� &KDOXSVND� -� 6LOKDQ� (� .RXWQD� 5� 1HQFND� 9� 9HYHUND� (� %RXUD�
3/R6�3DWKRJ� ����� ����H��������

>��@ 5� 7� 0F*LEERQ� .� $� %HDXFKDPS� 0� 3� +DUULJDQ� &� .OHLQ� -� 0� 6ZDLOV� &� ;�
+HUQiQGH]� &� 5� 6FKZDQWHV� /��3� :DQJ� 7� -� /DQH� 9� 6� 3DQGH� %LRSK\V� -� �����
���������±�����

>��@ +� =KX� 0� 1DULWD� -� $� -RVHSK� *� .UDLQHU� :� (� $UWHU� ,� 2ODQ� .� /� 6DDU� 1� (UPDQQ�
-� 5� (VSLQRVD� <� 6KHQ� 0� $� .XUL� 5� 4L� 7� -� :HOVK� 5� &ROOHSDUGR�*XHYDUD� 0�
1DULWD��7��3��-��.QRZOHV� &KHPELRFKHP ����� ����H����������

>��@ $� 5� 7HMHGRU� ,� 6DQFKH]�%XUJRV� 0� (VWHYH]�(VSLQRVD� $� *DUDL]DU� 5�
&ROOHSDUGR�*XHYDUD��-��5DPLUH]��-��5��(VSLQRVD� 1DW� &RPPXQ� ����� ���������

>��@ /� 3RQWRULHUR� 0� 6FKLDYLQD� 6� 0� .RUQ� $� 6FKOXQGW� 5� 3LHUDWWHOOL� ,� &� )HOOL�
%LRPROHFXOHV ����� ����'2, ��������ELRP���������

>��@ *��6��0DQQLQJ� -��&KHP��3K\V� ����� �������±����
>��@ (� '� +ROPVWURP� =� /LX� '� 1HWWHOV� 5� %� %HVW� %� 6FKXOHU� 1DW� &RPPXQ� ����� ���

�����
>��@ 9DQGHU�0HXOHQ��6DHFNHU� -��0RO��$SSO��*HQHW� Q�G�
>��@ 6� .RUQ� .� 'KDPRWKDUDQ� $� 6FKOXQGW� 5HVHDUFK 6TXDUH ����� '2,

���������UV���UV���������Y��
>��@ 3��6��0DVWHUV� 9LURORJ\ ����� ��������±����
>��@ 6��&��&KHQ��5��&��/��2OVWKRRUQ� 9LURORJ\ ����� �������±���
>��@ +� =KDR� $� 1JX\HQ� '� :X� <� /L� 6� $� +DVVDQ� -� &KHQ� +� 6KURII� *� 3LV]F]HN� 3�

6FKXFN� 31$6�1H[XV ����� ���JDF����
>��@ .� *DQJDYDUDSX� $� $� /DWLI� -� /� 0XOOHQ� 0� $ONX]ZHQ\� (� +XIEDXHU� *� 7VXHQJ� (�

+DDJ� 0� =HOOHU� &� 0� $FHYHV� .� =DLHWV� 0� &DQR� -� =KRX� =� 4LDQ� 5� 6DWWOHU� 1� /�
0DWWHVRQ� -� ,� /HY\� 5� 7� &� /HH� /� )UHLWDV� 6� 0DXUHU�6WURK� 0� $� 6XFKDUG� &� :X� $�
,� 6X� .� *� $QGHUVHQ� /� '� +XJKHV� *,6$,' FRUH DQG FXUDWLRQ WHDP� ELR5[LY ����� '2,
����������������������������

>��@ ,��7DQHMD��$��6��+ROHKRXVH� &XUU�5HV�6WUXFW�%LRO ����� ������±����
>��@ -��-��$OVWRQ��$��6RUDQQR��$��6��+ROHKRXVH� 0HWKRGV ����� ��������±����
>��@ +ROPVWURP��1HWWHOV��6RWWLQL� &XUU��2SLQ��$OOHUJ\ &OLQ��,PPXQRO� Q�G�
>��@ $� %RUJLD� 0� %� %RUJLD� .� %XJJH� 9� 0� .LVVOLQJ� 3� 2� +HLGDUVVRQ� &� %� )HUQDQGHV� $�

6RWWLQL� $� 6RUDQQR� .� -� %XKRO]HU� '� 1HWWHOV� %� %� .UDJHOXQG� 5� %� %HVW� %� 6FKXOHU�
1DWXUH ����� ��������

>��@ $� 6RWWLQL� $� %RUJLD� 0� %� %RUJLD� .� %XJJH� '� 1HWWHOV� $� &KRZGKXU\� 3� 2�
+HLGDUVVRQ� )� =RVHO� 5� %� %HVW� %� %� .UDJHOXQG� %� 6FKXOHU� 1DW� &RPPXQ� ����� ���
�����

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2023. ; https://doi.org/10.1101/2023.02.10.527914doi: bioRxiv preprint 

http://paperpile.com/b/gyq3j7/Qx9X
http://paperpile.com/b/gyq3j7/lwn5
http://paperpile.com/b/gyq3j7/lwn5
http://paperpile.com/b/gyq3j7/lwn5
http://paperpile.com/b/gyq3j7/d7pG
http://paperpile.com/b/gyq3j7/d7pG
http://paperpile.com/b/gyq3j7/d7pG
http://paperpile.com/b/gyq3j7/d7pG
http://dx.doi.org/10.1101/2022.02.21.481223
http://paperpile.com/b/gyq3j7/d7pG
http://paperpile.com/b/gyq3j7/CosE
http://paperpile.com/b/gyq3j7/CosE
http://paperpile.com/b/gyq3j7/MKpr
http://paperpile.com/b/gyq3j7/MKpr
http://paperpile.com/b/gyq3j7/gN65
http://paperpile.com/b/gyq3j7/gN65
http://paperpile.com/b/gyq3j7/8xDt
http://paperpile.com/b/gyq3j7/8xDt
http://paperpile.com/b/gyq3j7/8xDt
http://paperpile.com/b/gyq3j7/8xDt
http://paperpile.com/b/gyq3j7/9Eym
http://paperpile.com/b/gyq3j7/9Eym
http://paperpile.com/b/gyq3j7/ZbcS
http://paperpile.com/b/gyq3j7/ZbcS
http://paperpile.com/b/gyq3j7/ZbcS
http://paperpile.com/b/gyq3j7/SLgc
http://paperpile.com/b/gyq3j7/SLgc
http://paperpile.com/b/gyq3j7/SLgc
http://paperpile.com/b/gyq3j7/pqXM
http://paperpile.com/b/gyq3j7/pqXM
http://paperpile.com/b/gyq3j7/GSPl
http://paperpile.com/b/gyq3j7/GSPl
http://dx.doi.org/10.3390/biom12070929
http://paperpile.com/b/gyq3j7/GSPl
http://paperpile.com/b/gyq3j7/MpM8
http://paperpile.com/b/gyq3j7/mbj4
http://paperpile.com/b/gyq3j7/mbj4
http://paperpile.com/b/gyq3j7/xwU1
http://paperpile.com/b/gyq3j7/ncgB
http://dx.doi.org/10.21203/rs.3.rs-1445747/v1
http://paperpile.com/b/gyq3j7/ncgB
http://paperpile.com/b/gyq3j7/7v16
http://paperpile.com/b/gyq3j7/Z3zs
http://paperpile.com/b/gyq3j7/QIxj
http://paperpile.com/b/gyq3j7/QIxj
http://paperpile.com/b/gyq3j7/G7Ad
http://paperpile.com/b/gyq3j7/G7Ad
http://paperpile.com/b/gyq3j7/G7Ad
http://paperpile.com/b/gyq3j7/G7Ad
http://dx.doi.org/10.1101/2022.01.27.22269965
http://paperpile.com/b/gyq3j7/G7Ad
http://paperpile.com/b/gyq3j7/Onp1
http://paperpile.com/b/gyq3j7/mi7O
http://paperpile.com/b/gyq3j7/bll0
http://paperpile.com/b/gyq3j7/GQFR
http://paperpile.com/b/gyq3j7/GQFR
http://paperpile.com/b/gyq3j7/GQFR
http://paperpile.com/b/gyq3j7/50h9
http://paperpile.com/b/gyq3j7/50h9
http://paperpile.com/b/gyq3j7/50h9
https://doi.org/10.1101/2023.02.10.527914
http://creativecommons.org/licenses/by/4.0/


>��@ &� :X� $� -� 4DYL� $� +DFKLP� 1� .DYLDQ� $� 5� &ROH� $� %� 0R\OH� 1� '� :DJQHU� -�
6ZHHQH\�*LEERQV� +� :� 5RKUV� 0� /� *URVV� -� 6� 0DOLN 3HLULV� &� )� %DVOHU� &� :�
)DUQVZRUWK� 6� $� 9DONHQEXUJ� *� .� $PDUDVLQJKH� '� :� /HXQJ� L6FLHQFH ����� ���
�������

>��@ 6� /X� 4� <H� '� 6LQJK� <� &DR� -� .� 'LHGULFK� -� 5� <DWHV �UG� (� 9LOOD� '� :� &OHYHODQG�
.��'��&RUEHWW� 1DW��&RPPXQ� ����� ��������

>��@ ,��$��6KNHO��-��'��%DOOLQ��0��7��5HFRUG�-U� %LRFKHPLVWU\ ����� ��������±�����
>��@ +��/XR��.��6KDUS� 3URF��1DWO��$FDG��6FL��8��6� $� ����� ���������±������
>��@ '� 1HWWHOV� ,� 9� *RSLFK� $� +RIIPDQQ� %� 6FKXOHU� 3URF� 1DWO� $FDG� 6FL� 8� 6� $� �����

���������±�����
>��@ '��1HWWHOV��$��+RIIPDQQ��%��6FKXOHU� -��3K\V� &KHP��% ����� ���������±�����
>��@ ,��9��*RSLFK��'��1HWWHOV��%��6FKXOHU��$��6]DER� -��&KHP��3K\V� ����� ������������
>��@ ;� :DQJ� 6� 5DPtUH]�+LQHVWURVD� -� 'REQLNDU� '� )UHQNHO� 3K\V� &KHP� &KHP� 3K\V�

����� ���������±������
>��@ *� 7HVHL� 7� .� 6FKXO]H� 5� &UHKXHW� .� /LQGRUII�/DUVHQ� 3URF� 1DWO� $FDG� 6FL� 8� 6� $�

����� �����'2, ��������SQDV������������
>��@ 7� 6LHEHQPRUJHQ� 0� =DFKDULDV�:LOH\ ,QWHUGLVFLS� 5HY� &RPSXW� 0RO� 6FL� ����� ��� '2,

��������ZFPV������

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 13, 2023. ; https://doi.org/10.1101/2023.02.10.527914doi: bioRxiv preprint 

http://paperpile.com/b/gyq3j7/CLsj
http://paperpile.com/b/gyq3j7/CLsj
http://paperpile.com/b/gyq3j7/CLsj
http://paperpile.com/b/gyq3j7/CLsj
http://paperpile.com/b/gyq3j7/vsnh
http://paperpile.com/b/gyq3j7/vsnh
http://paperpile.com/b/gyq3j7/OKqN
http://paperpile.com/b/gyq3j7/Mb25
http://paperpile.com/b/gyq3j7/GbIqy
http://paperpile.com/b/gyq3j7/GbIqy
http://paperpile.com/b/gyq3j7/lHL0r
http://paperpile.com/b/gyq3j7/mVbYm
http://paperpile.com/b/gyq3j7/aQbv
http://paperpile.com/b/gyq3j7/aQbv
http://paperpile.com/b/gyq3j7/Ss7j
http://paperpile.com/b/gyq3j7/Ss7j
http://dx.doi.org/10.1073/pnas.2111696118
http://paperpile.com/b/gyq3j7/Ss7j
http://paperpile.com/b/gyq3j7/807t
http://dx.doi.org/10.1002/wcms.1448
http://paperpile.com/b/gyq3j7/807t
https://doi.org/10.1101/2023.02.10.527914
http://creativecommons.org/licenses/by/4.0/

