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�
/DQWKLSHSWLGHV�DUH�D�IDPLO\�RI�ULERVRPDOO\�V\QWKHVL]HG��SRVW�WUDQVODWLRQDOO\�PRGLILHG�SHSWLGHV�
WKDW�DUH�ZLGHVSUHDG�DPRQJ�EDFWHULD��W\SLFDOO\�IXQFWLRQLQJ�DV�DQWLEDFWHULDOV��7KH�PDULQH�
SLFRF\DQREDFWHULD��3URFKORURFRFFXV��DQG��6\QHFKRFRFFXV� �SURGXFH�DQ�XQXVXDO�DQG�GLYHUVH�VHW�RI�
ODQWKLSHSWLGHV�RI�XQNQRZQ�IXQFWLRQ�FDOOHG�SURFKORURVLQV��:KLOH�ZHOO�VWXGLHG�PRGHO�EDFWHULD�
SURGXFH�RQH�RU�WZR�GLIIHUHQW�PROHFXOHV�RI�WKLV�W\SH��D�VLQJOH�SLFRF\DQREDFWHULXP�FDQ�SURGXFH�
DV�PDQ\�DV�����WKH�FRPPXQLW\�RI�SLFRF\DQREDFWHULD�LQ�D�VLQJOH�PLOOLOLWHU�RI�VHDZDWHU�FDQ�
FROOHFWLYHO\�HQFRGH�XS�WR��������SURFKORURVLQV��7KH�PROHFXODU�HYHQWV�WKDW�OHG�WR�WKLV�H[SDQVLRQ�
DQG�GLYHUVLILFDWLRQ�RI�WKH�ODQWKLSHSWLGH�UHSHUWRLUH�LQ�SLFRF\DQREDFWHULD�±�WKH�QXPHULFDOO\�
GRPLQDQW�SKRWRV\QWKHVL]HUV�LQ�WKH�RFHDQV�±�LV�XQNQRZQ�� �
�
:H�SUHVHQW�HYLGHQFH�IRU�DQ�XQXVXDO�DVVRFLDWLRQ�EHWZHHQ�SURFKORURVLQ�JHQHV�ZLWK�D�
VLQJOH�VWUDQGHG�'1$�WUDQVSRVDVH�EHORQJLQJ�WR�WKH�7QS$ �5(3��IDPLO\��7KH�JHQHV�FR�RFFXU�DQG�
FR�ORFDOL]H�DFURVV�WKH�SK\ORJHQ\�RI�PDULQH�SLFRF\DQREDFWHULD�IRUPLQJ�D�GLVWLQFW�DVVRFLDWLRQ�
SDWWHUQ�ZLWKLQ�JHQRPHV��PRVW�OLNHO\�UHVXOWLQJ�IURP�WKH�WUDQVSRVDVH�DFWLYLW\��*LYHQ�WKH�UROH�RI�
7QS$�5(3��KRPRORJV�LQ�RWKHU�EDFWHULD��ZH�SURSRVH���EDVHG�RQ�JHQRPLF�VWUXFWXUHV���WKDW�WKH\�
FRQWULEXWH�WR�WKH�FUHDWLRQ�RI�WKH�SURFKORURVLQ�VWUXFWXUDO�GLYHUVLW\�WKURXJK�D�GLYHUVLI\LQJ�
UHFRPELQDWLRQ�PHFKDQLVP��
�
�
,03257$1&(�
�
2QO\�D�IHZ�PHFKDQLVPV�KDYH�EHHQ�GHVFULEHG�WKDW�SURPRWH�WKH�GLYHUVLILFDWLRQ�RI�D�WDUJHWHG�JHQH�
UHJLRQ�LQ�EDFWHULD��:H�SUHVHQW�LQGLUHFW�HYLGHQFH�WKDW�WKH�7QS$ �5(3��WUDQVSRVDVHV�DVVRFLDWHG�ZLWK�
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SURFKORURVLQV�LQ�SLFRF\DQREDFWHULD�FRXOG�UHSUHVHQW�D�QRYHO�VXFK�PHFKDQLVP��DQG�H[SODLQ�WKH�
H[WUHPH�H[SDQVLRQ�DQG�GLYHUVLILFDWLRQ�RI�SURFKORURVLQV�LQ�WKLV�DEXQGDQW�PDULQH�PLFUREH�� �
�
�
2%6(59$7,21�
�
&XELOORV�5XL]�HW�DO�� �>�@��UHYHDOHG�WKDW��SURFKORURVLQV�±�ODQWKLSHSWLGHV�SURGXFHG�E\�PDULQH�
SLFRF\DQREDFWHULD�±��UHSUHVHQW�DQ�H[WUHPH�H[SDQVLRQ�DQG�GLYHUVLILFDWLRQ�RI�WKH�ODQWKLSHSWLGH�
IDPLO\�GHVFULEHG�LQ�RWKHU�EDFWHULD��>�@���:KLOH�W\SLFDO�PRGHO�EDFWHULD�HQFRGH���RU���RI�WKHVH�
FRPSRXQGV��VHOHFW�VWUDLQV�RI�SLFRF\DQREDFWHULD�HQFRGH�XS�WR����GLIIHUHQW�RQHV ��±��UHSUHVHQWLQJ�
DQ�H[WHQVLYH�GLYHUVLW\�RI�F\FOLF�SHSWLGH�VWUXFWXUHV��7KH�XQXVXDO�DEXQGDQFH�RI�WKHVH�JHQHV�LQ�WKH�
RWKHUZLVH�YHU\�VWUHDPOLQHG�JHQRPHV�RI�WKHVH�WLQ\�FHOOV�VXJJHVWV�D�VWURQJ�VHOHFWLRQ�SUHVVXUH�WR�
PDLQWDLQ�DQG�GLYHUVLI\�WKHP� �>�@���7KHLU�ELRORJLFDO�IXQFWLRQ�LQ�WKH�HFRV\VWHP�LV�XQNQRZQ��
�
3URFKORURVLQ�ELRV\QWKHVLV�LQYROYHV�WKH�SURGXFWLRQ�RI�SUHFXUVRU�SHSWLGHV��3URF$��ZKLFK�DUH�
PDWXUHG�E\�D�SURPLVFXRXV�PRGLI\LQJ�HQ]\PH��3URF0���3URF$�SHSWLGHV�DUH�FRPSRVHG�RI�DQ�
1�WHUPLQDO�VLJQDO�SHSWLGH ��±��WKH�³OHDGHU�SHSWLGH �́�±��GLUHFWLQJ�WKH�VHTXHQFH�WR�3URF0�ZKLFK�
F\FOL]HV�WKH�&�WHUPLQDO�³FRUH�SHSWLGH´�E\�DGGLQJ�LQWUDPROHFXODU�ODQWKLRQLQH�ERQGV��WKH�GHILQLQJ�
IHDWXUH�RI�ODQWKLSHSWLGHV��>�@���7KH�OHDGHU�SHSWLGH�LV�VXEVHTXHQWO\�FOHDYHG��\LHOGLQJ�WKH�ILQDO�F\FOLF�
SURFKORURVLQ��:KLOH�WKH�OHDGHU�SHSWLGH�HQFRGLQJ�VHTXHQFH�LV�ZHOO�FRQVHUYHG�DFURVV�
SLFRF\DQREDFWHULD��WKH�FRUH�SHSWLGH�HQFRGLQJ�VHTXHQFH�LV�UHVSRQVLEOH�IRU�WKH�LPPHQVH�
GLYHUVLW\�RI�SURFKORURVLQV��WKURXJK�WKH�DFFXPXODWLRQ�RI�VPDOO�LQVHUWLRQ�GHOHWLRQ�HYHQWV� �>�@���7KH�
SUHFLVH�PROHFXODU�HYHQWV�OHDGLQJ�WR�WKLV�XQLTXH�H[SDQVLRQ�DQG�GLYHUVLILFDWLRQ�KDV�UHPDLQHG�
HOXVLYH��
�
$�OLNHO\�PHFKDQLVP�IRU�WKH�H[SDQVLRQ�RI�SURFKORURVLQV�PLJKW�EH�GLYHUVLI\LQJ�UHFRPELQDWLRQ�±�D�
SURFHVV�E\�ZKLFK�D�ORFDOL]HG�UHJLRQ�RI�'1$��ZLWK�UHVSHFW�WR�D�JLYHQ�JHQH��LV�PRGLILHG�WKURXJK�D�
GHGLFDWHG�UHFRPELQDWLRQ�PHFKDQLVP��OHDGLQJ�WR�D�KRWVSRW�RI�VHTXHQFH�GLYHUVLW\�DFURVV�FORVHO\�
UHODWHG�EDFWHULDO�FHOOV��'LYHUVLILFDWLRQ�FDQ�OHDG�WR�YDULDELOLW\�LQ�JHQH�H[SUHVVLRQ��RU�VWUXFWXUDO�
FKDQJHV�LQ�D�SDUWLFXODU�SURWHLQ�GRPDLQ�±�DQG�WKH�VHOHFWLYH�DGYDQWDJH�LW�SURYLGHV�LV�RIWHQ��EXW�QRW�
H[FOXVLYHO\��UHODWHG�WR�µFDPRXIODJH¶��OLNH�DYRLGLQJ�LQIHFWLRQ�E\�SKDJHV�RU�DYRLGLQJ�GHWHFWLRQ�E\�
WKH�LPPXQH�V\VWHP��3UHFLVH�PHFKDQLVPV�RI�GLYHUVLI\LQJ�UHFRPELQDWLRQ�WKDW�KDYH�EHHQ�
GHVFULEHG�LQ�RWKHU�EDFWHULD�DUH�����ORFDOL]HG�KRPRORJRXV�UHFRPELQDWLRQ��EDFWHULRFLQV��OLNH�
FROLFLQV� �>�@��>�@��RU�V\ULQJDFLQV��>�@���FDSVXOH�VHURW\SHV��>�@���DGKHVLQV��>�@���RU�UHVWULFWLRQ�PRGLILFDWLRQ�
V\VWHPV��>�@������LQYHUWDVH�PHGLDWHG�VKXIIOLQJ��SLOLQV��>�@���FDSVXOH�VHURW\SHV�DQG�YDULRXV�
VXUIDFH�H[SRVHG�DQWLJHQV� �>��@��>��@������GLYHUVLW\�JHQHUDWLQJ�UHWURHOHPHQWV��WUDQVFULSWLRQDO�
UHJXODWRUV��SLOLQ�OLNH�SURWHLQV�DQG�VLJQDOLQJ�SURWHLQV� �>��@���DQG����LQWHJURQV��VKXIIOLQJ�RI�JHQHV�
FDVVHWWHV�LQFOXGLQJ�DQWLELRWLF�UHVLVWDQFH�DQG�RWKHU�YLUXOHQFH�JHQHV� �>��@��>��@���:H�FRQGXFWHG�
%/$67�VHDUFKHV�RI�D�YDVW�SURFKORURVLQ�GDWDEDVH�IRU�WKH�PDFKLQHU\�RSHUDWLQJ�LQ�WKHVH�IRXU�RWKHU�
EDFWHULDO�V\VWHPV�DQG�IRXQG�QRWKLQJ�VLPLODU�� �
�
,Q�WKH�SURFHVV�RI�RXU�GHWDLOHG�H[SORUDWLRQ�RI�SURFKORURVLQ�JHQRPLF�VWUXFWXUH�DQG�FRQWH[W��
KRZHYHU��ZH��REVHUYHG�WKH�DVVRFLDWLRQ�RI�SURFKORURVLQ�JHQHV�ZLWK��D�VLQJOH�VWUDQGHG�'1$�
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WUDQVSRVDVH�IURP�WKH�7QS$�5(3��IDPLO\��>��@±>��@���)LJ������7QS$�5(3��WUDQVSRVDVHV�DUH�
VLQJOH�VWUDQGHG�'1$�UHFRPELQDVHV�WKDW ��±��XQOLNH�WKH�FORVHO\�UHODWHG�,6����OLNH�WUDQVSRVDVHV��±�
DUH�FRQVLGHUHG�GRPHVWLFDWHG�LQ�WKH�VHQVH�WKDW�WKH\�GR�QRW�PRYH�DFURVV�JHQRPHV�LQ�D�W\SLFDO�
WUDQVSRVRQ�VWUXFWXUH��EXW�UDWKHU�DUH�LQYROYHG�LQ�FUHDWLQJ�ODUJH�UHSHDW�UHJLRQV�FRQWDLQLQJ�
5(3V
�
�5HSHWLWLYH�([WUDJHQLF�3DOLQGURPHV��PRWLIV�WKDW�IRUP�'1$�KDLUSLQ�VWUXFWXUHV�� �>��@��>��@±>��@���)RU�
H[DPSOH��WKHUH�DUH�����5(3�UHSHDWV�LQ� �(��FROL���UHSUHVHQWLQJ�a���RI�LWV�JHQRPH��>��@���
,PSRUWDQWO\���WQS$�5(3��JHQHV�DUH�SK\VLFDOO\�DVVRFLDWHG�ZLWK�5(3�UHSHDW�UHJLRQV��XVXDOO\�IODQNLQJ�
WKHP���DQG�VHYHUDO�VWXGLHV�KDYH�FRQILUPHG�D�ELRFKHPLFDO�OLQN�EHWZHHQ�7QS$�5(3��DQG�5(3�PRWLIV��
VXSSRUWLQJ�WKHLU�UROH�DV�WKH�SULPDU\�GULYHU�IRU�WKH�H[SDQVLRQ�DQG�GLYHUVLILFDWLRQ�RI�5(3�UHJLRQV�LQ�
EDFWHULDO�JHQRPHV��>��@��>��@��>��@��>��@���D�IHDWXUH�WKDW�LV�UHPLQLVFHQW�ZLWK�WKH�SDWWHUQ�RI�VXVWDLQHG�
H[SDQVLRQ��GLYHUVLILFDWLRQ��DQG�HOLPLQDWLRQ�RI� �SURF$��JHQHV�ZH�KDYH�REVHUYHG�LQ�PDULQH�
SLFRF\DQREDFWHULD��>�@����
�
:H�IRXQG�D�QXPEHU�RI�7QS$�5(3��IDPLO\�WUDQVSRVDVH�KRPRORJV�LQ�PDULQH�SLFRF\DQREDFWHULD��DOO�RI�
WKHP�IRUPLQJ�D�PRQRSK\OHWLF�JURXS�WKDW�DSSHDUV�WR�EH�GHVFHQGHG�IURP�7QS$�5(3��LQ�RWKHU�
F\DQREDFWHULD�VXFK�DV� �7ULFKRGHVPLXP�HU\WKUDHXP���6XS�)LJ��������7KH\�EHORQJ�WR�D�VXEFODVV�RI�
7QS$�5(3���5$<7�JURXS���LQ��>��@���RU�VXEFODVV�����LQ��>��@���ZKLFK�SRVVHVV�DQ�DGGLWLRQDO�FRQVHUYHG�
GRPDLQ�LQ�WKH�&�WHUPLQDO�UHJLRQ��OLNHO\�LQYROYHG�LQ�'1$�ELQGLQJ� �>��@���,Q�PDULQH�
SLFRF\DQREDFWHULD��WKH��WQS$�5(3��JHQHV�WHQG�WR�FR�ORFDOL]H�ZLWK�FOXVWHUV�RU�LQGLYLGXDO��SURF$��JHQHV��
ZKLFK�HQFRGH�IRU�WKH�SHSWLGHV�WKDW�DUH�F\FOL]HG�E\�3URF0�WR�EHFRPH�WKH�ILQDO�SURGXFW��
SURFKORURVLQV��)LJ���$���2XW�RI�WKH����� �WQS$�5(3��VHTXHQFHV��LQFOXGLQJ�IXOO�OHQJWK�FRSLHV�DQG�
IUDJPHQWV��IRXQG�LQ�PDULQH�SLFRF\DQREDFWHULD�������DUH�ZLWKLQ�����ES�RI�D��SURF$��JHQH��OLNHO\�
DQ�XQGHUHVWLPDWH�EHFDXVH�UHSHDW�FRQWDLQLQJ�UHJLRQV�RI�WKH�JHQRPH�DUH�GLIILFXOW�WR�DVVHPEOH�
DQG�FRQWLJV�RIWHQ�HQG�QH[W�WR�WUDQVSRVDVHV�JHQHV��6XS�)LJ�����)XOO�OHQJWK�WUDQVSRVDVH�FRSLHV ��±�
DV�ZHOO�DV�QXPHURXV�FRSLHV�RI�WUXQFDWHG�IUDJPHQWV��RIWHQ�FRUUHVSRQGLQJ�WR�WKH�&�WHUPLQDO�
H[WUHPLW\�RI�7QS$ �5(3���6XS�)LJ�����±��DUH�LQWHUVSHUVHG�ZLWK��SURF$��JHQH�FOXVWHUV��)LJ���$��6XS�)LJ�
����,Q�DGGLWLRQ��WKH�FR�RFFXUUHQFH�RI� �WQS$�5(3��JHQHV�LQ�D�JHQRPH�ZLWK��SURF$��JHQHV�LV�QHDUO\�
XQLYHUVDO��$PRQJ�WKH�����JHQRPHV�RI� �3URFKORURFRFFXV���WKH�7QS$�5(3��DUH�RQO\�IRXQG�ZLWKLQ�WKH�
//,9�FODGH�����JHQRPHV���OLNH�SURFKORURVLQV��>�@���([FHSW�IRU�D�IHZ�H[FHSWLRQV��OLNHO\�GXH�WR�
JHQRPH�LQFRPSOHWHQHVV��LI�D�JHQRPH�HQFRGHV�SURFKORURVLQV�LW�KDV��WQS$�5(3��JHQHV��DQG�YLFH�
YHUVD��)LJ��%����
�
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�
�
),*�� ����$���([DPSOH�RI�FR�ORFDOL]DWLRQ�RI��WQS$�5(3 ��DQG��SURF$��JHQHV�LQ�VHYHUDO�SURFKORURVLQ�FOXVWHUV�LQ�WKH�
3URFKORURFRFFXV ��0,7�����JHQRPH��3URFKORURVLQ�JHQHV�LQ�EOXH�ZHUH�DQQRWDWHG�IROORZLQJ� �>�@���%UDFNHWV�
LQGLFDWH�WKH�UHSHDWHG�DUUDQJHPHQW�SDWWHUQ�RI��SURF$��JHQHV�IDFLQJ��WQS$�5(3 ��JHQHV����%���&R�RFFXUUHQFH�RI�
SURF$��DQG��WQS$�5(3 ��JHQHV�LQ�PDULQH�SLFRF\DQREDFWHULD��7KH�SK\ORJHQHWLF�GLVWDQFH�WUHH�ZDV�EXLOW�XVLQJ�WKH�
EXLOW�LQ�,0*�3URSRUWDO�SK\ORJHQ\�WRRO�DQG�WKH�WUHH�ZDV�DQQRWDWHG�XVLQJ�WKH�,QWHUDFWLYH�7UHH�2I�/LIH��L72/���
3URFKORURFRFFXV ��JHQRPHV�DUH�UHVWULFWHG�WR�WKH�//,9�FODGH��DV�DOO�RWKHU�FODGHV�DUH�ODFNLQJ�ERWK��WQS$�5(3�
JHQHV��QRW�VKRZQ��DQG�3URFKORURVLQV��>�@���7KH�EDU�GLDJUDP�RQ�WKH�WUHH�LQGLFDWHV�WKH�QXPEHU�RI�LQGLYLGXDO�
SURF$��JHQHV��EOXH��DQG�LQGLYLGXDO��WQS$�5(3 ��JHQHV��RQO\�µIXOO�OHQJWK¶�JHQHV�HQFRGLQJ�IRU�!�����DPLQR�DFLGV�
7QS$�5(3���LQ�UHG��ZLWKLQ�D�JLYHQ�VWUDLQ��QR�EDU�LQGLFDWHV�WKH�DEVHQFH�RI�WKH�JHQHV���%UDFNHWHG�QXPEHUV�RQ�
WKH�UHG�DQG�EOXH�EDUV�LQGLFDWH�VFDOH��
�
0RUHRYHU��WKH�DUUDQJHPHQW�RI� �WQS$�5(3���IXOO�OHQJWK�DQG�WUXQFDWHG�IUDJPHQWV��DQG��SURF$��JHQHV�
VKRZV�D�FOHDU�SDWWHUQ�RI�DVVRFLDWLRQ��)LUVW��WKH�JHQHV�DUH�DOZD\V�IDFLQJ�HDFK�RWKHU�LQ�RSSRVLWH�
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GLUHFWLRQV��VHH�EUDFNHWV�LQ�)LJ��$��)LJ�����ZKLOH� �SURF$��JHQHV�DUH�DOZD\V�LQ��FLV��ZLWK�HDFK�RWKHU��
DQG�RIWHQ�UHJXODUO\�VSDFHG�LQ�FOXVWHUV��>�@���7KH�GLVWDQFH�EHWZHHQ�WKH�IDFLQJ��WQS$�5(3��JHQHV�DQG�
WKH�IDFLQJ��SURF$��LV�H[WUHPHO\�ZHOO�FRQVHUYHG�DFURVV�GLVWDQWO\�UHODWHG�VWUDLQV��)LJ��%��6XS�)LJ�����
7KLV�FRQVHUYDWLRQ�RI�LQWHUJHQLF�GLVWDQFH�LV�XQOLNHO\�WR�KDSSHQ�E\�FKDQFH�DQG�VXJJHVWV�D�
PHFKDQLVP�SK\VLFDOO\�OLQNLQJ�WKH�JHQHV��SRVVLEO\�WKURXJK�PRELOL]DWLRQ�E\�WKH�WUDQVSRVDVH��
6HFRQG��WKH�LQWHUJHQLF�VHTXHQFH�EHWZHHQ�WKH�IDFLQJ� �WQS$�5(3��DQG��SURF$��JHQHV�LV�
ZHOO�FRQVHUYHG�DPRQJ�PDULQH��6\QHFKRFRFFXV��WR��3URFKORURFRFFXV ��JHQRPHV��DV�ZHOO�FRQVHUYHG�
DV�WKH�OHDGHU�SHSWLGH�HQFRGLQJ�VHTXHQFH��)LJ��$���VXJJHVWLQJ�WKDW�LW�SOD\V�D�UROH�LQ�WKH�
DVVRFLDWLRQ���
�
7R�EHJLQ�WR�XQUDYHO�WKH�PHFKDQLVP�RI�DVVRFLDWLRQ�ZH�VHDUFKHG�IRU�SRWHQWLDO�7QS$�5(3��UHFRJQLWLRQ�
WDUJHWV��2I�QRWH��PDULQH�SLFRF\DQREDFWHULD�EHORQJ�WR�D�7QS$�5(3��VXEJURXS�WKDW�ZDV�QRW�IRXQG�WR�
DVVRFLDWH�ZLWK�5(3�OLNH�VHTXHQFHV��EXW�UDWKHU�ZLWK�LQYHUWHG�UHSHDWV��FRQVHQVXV�VHTXHQFH�
****>$7@>&*@$>&*@���>��@��>��@���:H�FRXOG�QRW�ILQG�DQ\�VLJQ�RI�DVVRFLDWLRQ�ZLWK�LQYHUWHG�
UHSHDWV��EXW�ZH�GLG�GHWHFW�PRWLIV�IRUPLQJ�'1$�VHFRQGDU\�VWUXFWXUHV��D�KDLUSLQ�VWUXFWXUH��)LJ��$��
LQ�WKH�LQWHUJHQLF�VHTXHQFH��DQG�D�*XDQLQH�TXDGUXSOH[��*���VWUXFWXUH��)LJ��$���VHH�PHWKRGV�IRU�
GHWDLOV���ERWK�RI�WKHVH�VWUXFWXUH�W\SHV�KDYH�EHHQ�VKRZQ�WR�EH�SRWHQWLDO�UHFRJQLWLRQ�WDUJHWV�IRU�
7QS$�5(3��WUDQVSRVDVHV��>��@��>��@��>��@���:LWKRXW�IXUWKHU�FOXHV��WKH�KDLUSLQ�VWUXFWXUH�FRXOG�VLPSO\�
FRUUHVSRQG�WR�FRQVHUYHG�UKR�LQGHSHQGHQW�WHUPLQDWRUV��ZKLFK�DUH�FRPPRQ�LQ�F\DQREDFWHULD��
7KH�*��VWUXFWXUHV�DUH�PRUH�FRQVSLFXRXV�DV�WKH\�IRUP�DURXQG�D�KLJKO\�FRQVHUYHG�**&**�PRWLI�
ZKLFK�GHOLQHDWHV�WKH�WUDQVLWLRQ�IURP�WKH�OHDGHU�WR�WKH�FRUH�SHSWLGH��7KLV�VLWH�VHUYHV�DV�DQ�DQFKRU�
SRLQW�IRU�WKH�3URF0�PRGLI\LQJ�HQ]\PH��>�@���'HVSLWH�EHLQJ�D�IHDWXUH�RI�RQO\�VRPH�RI�WKH��SURF$�
JHQHV��*��LV�SUHGLFWHG�WR�IRUP�LQ����WR�����RI� �SURF$��JHQHV�DFFRUGLQJ�WR�GLIIHUHQW�SUHGLFWLRQ�
VRIWZDUH��VHH�PHWKRGV�IRU�GHWDLOV���WKH�FRQVHUYDWLRQ�RI�RFFXUUHQFH�DW�WKLV�SDUWLFXODU�VLWH�
VXJJHVWV�WKDW�LW�FRXOG�SOD\�D�UROH��,QWHUHVWLQJO\��*��VWUXFWXUHV�KDYH�EHHQ�VKRZQ�WR�SDUWLFLSDWH�LQ�
SLOLQ�DQWLJHQLF�YDULDWLRQ���RQH�RI�WKH�EHVW�GHVFULEHG�GLYHUVLI\LQJ�UHFRPELQDWLRQ�PHFKDQLVPV���LQ�
GLIIHUHQW�SURWHREDFWHULD�VXFK�DV� �1��JRQRUUKRHDH���>��@���+RZHYHU��WKH�FRQILJXUDWLRQ�LQ�WKH�ODWWHU�LV�
VLJQLILFDQWO\�GLIIHUHQW��DV�WKHUH�WKH�*��LV�SODFHG�D�IHZ�KXQGUHG�EDVH�SDLUV�XSVWUHDP�RI�WKH�
UHFRPELQDWLRQ�KRWVSRW��DQG�UHFRPELQDWLRQ�RFFXUV�E\�VZDSSLQJ�D�GRPDLQ�RI�WKH�DFWLYH�SLOLQ�ORFXV�
ZLWK�WKH�GRPDLQ�RI�LGOH�SLOLQ�ORFL�LQ�WKH�JHQRPH��,Q�FRQWUDVW��SURFKORURVLQV�GRQ¶W�UHVXOW�IURP�
GRPDLQ�VZDSSLQJ��EXW�UDWKHU�IURP�LQGHOV�LQ�WKH�FRUH�SHSWLGH�UHJLRQ� �>�@���
�
�
�

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

The copyright holder for this preprintthis version posted March 11, 2020. ; https://doi.org/10.1101/2020.03.09.984088doi: bioRxiv preprint 

https://paperpile.com/c/ZTDUuB/1pYU
https://paperpile.com/c/ZTDUuB/cPJd+uRi9
https://paperpile.com/c/ZTDUuB/Jasu+gmIc+Shoa0
https://paperpile.com/c/ZTDUuB/J6BR
https://paperpile.com/c/ZTDUuB/NuZX
https://paperpile.com/c/ZTDUuB/1pYU
https://doi.org/10.1101/2020.03.09.984088
http://creativecommons.org/licenses/by/4.0/


�
�
)LJ�� ����$���$OLJQPHQW�RI�VHOHFWHG�JHQRPLF�UHJLRQV�FRQWDLQLQJ�IXOO�OHQJWK� �WQS$�5(3 ���UHG��IDFLQJ��SURF$��JHQHV�
�EOXH��DFURVV�WKH�SK\ORJHQ\�RI�PDULQH�SLFRF\DQREDFWHULD��7KH�XSSHU�SDQHO�VKRZV�WKH�SHUFHQWDJH�RI�
QXFOHRWLGH�VHTXHQFH�LGHQWLW\��FRORUV�IRU�HDFK�JLYHQ�SRVLWLRQ�DUH�JUHHQ�IRU������LGHQWLW\��\HOORZ�EHWZHHQ�
�����������UHG�EHORZ�������7KH�ERUGHU�EHWZHHQ�OHDGHU�WR�FRUH�SHSWLGH�UHJLRQ�LV�LQGLFDWHG��WULDQJOH�DW�WKH�
HQG�RI�WKH�OHDGHU�SHSWLGH�HQFRGLQJ�UHJLRQ���$V�SUHYLRXVO\�GHVFULEHG� �>�@��WKH�OHDGHU�SHSWLGH�HQFRGHG�
UHJLRQ�RI��SURF$��LV�FRQVHUYHG�DFURVV�VWUDLQV�ZKLOH�WKH�FRUH�SHSWLGH�HQFRGLQJ�UHJLRQ�LV�KLJKO\�YDULDEOH�DQG�
FRQWDLQV�ODUJH�QXPEHUV�RI�LQGHOV��,QWHUHVWLQJO\��LQ�WKH�FDVH�RI�IDFLQJ��WQS$�5(3 ��DQG��SURF$��JHQHV��WKH��WQS$�5(3�
DQG�WKH�LQWHUJHQLF�UHJLRQ�DUH�HTXDOO\�ZHOO�FRQVHUYHG��VKRZLQJ�WKDW�GLYHUVLW\�LV�SUHFLVHO\�IRFXVHG�RQ�WKH�
FRUH�SHSWLGH�HQFRGLQJ�UHJLRQ�DV�WKH�JHQH�SDLU�HYROYHV��7ZR�W\SHV�RI�'1$�VHFRQGDU\�VWUXFWXUHV�DUH�
SUHGLFWHG�WR�IRUP��VHH�PHWKRGV�IRU�GHWDLO���D�µKDLUSLQ¶�VWUXFWXUH�LQ�WKH�LQWHUJHQLF�UHJLRQ��DQG�D�JXDQLQH�
TXDGUXSOH[��*���VWUXFWXUH�H[DFWO\�DW�WKH�HQG�RI�WKH�OHDGHU�SHSWLGH�UHJLRQ�� ��%���'LVWDQFH�EHWZHHQ��WQS$�5(3�
DQG��SURF$��JHQH�SDLUV�LQ�DOO����LQVWDQFHV�LQ�WKH�GDWD�VHW��VHH�6XS�)LJ����ZKHUH�WKH�JHQHV�IDFH�HDFK�RWKHU��
6LQFH�WKH�FRUH�SHSWLGH�HQFRGLQJ�UHJLRQ�WHQGV�WR�YDU\�LQ�OHQJWK��ERWK�GLVWDQFH�IURP�WKH�WLS�RI� �WQS$�5(3 ��WR�WKH�
WLS�RI�IDFLQJ��SURF$ ���SXUSOH��DQG�WR�WKH�HQG�RI�WKH�OHDGHU�SHSWLGH�RI�IDFLQJ��SURF$���WXUTXRLVH��DUH�VKRZQ��
�
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2YHUDOO��WKHVH�UHVXOWV�VKRZ�WKDW��WQS$�5(3��DQG��SURF$��JHQHV�DUH�SK\VLFDOO\�OLQNHG�LQ�
SLFRF\DQREDFWHULDO�JHQRPHV�LQ�D�QRQ�UDQGRP�SDWWHUQ��DQG�WKLV�OLQNDJH�LV�PRVW�SUREDEO\�WKH�
UHVXOW�RI�WKH�7QS$�5(3��HQ]\PH�DFWLYLW\��,PSRUWDQWO\��WKH�FORVHVW�7QS$�5(3��UHODWLYHV�LQ�F\DQREDFWHULD�
�6XS�)LJ����GR�QRW�FRORFDOL]H�ZLWK�ODQWKLSHSWLGH�UHODWHG�JHQHV��VXJJHVWLQJ�WKDW�WKLV�DVVRFLDWLRQ�LV�
XQLTXH�WR�PDULQH�SLFRF\DQREDFWHULD�UHVXOWLQJ�LQ�WKH�XQLTXH�PXOWLSOLFDWLRQ�DQG�GLYHUVLILFDWLRQ�RI�
ODQWKLSHSWLGH�JHQHV��7KXV��ZH�SURSRVH�WKDW�VLPLODU�WR�KRZ�7QS$�5(3��GULYHV�WKH�H[SDQVLRQ�DQG�
GLYHUVLILFDWLRQ�RI�WKH�5(3�VHTXHQFHV�UHSHUWRLUH�LQ�RWKHU�EDFWHULDO�JHQRPHV��WKH�7QS$ �5(3�
KRPRORJV�LQ�PDULQH�SLFRF\DQREDFWHULD�JHQRPHV�KDYH�DVVRFLDWHG�ZLWK�ODQWKLSHSWLGH�JHQHV��
FRQWULEXWLQJ�WR�WKHLU�H[SDQVLRQ�DQG�GLYHUVLILFDWLRQ�DQG�UHVXOWLQJ�LQ�WKH�H[WUHPH�GLYHUVLW\�ZH�VHH�
DPRQJ�SURFKORURVLQV��:H�VXJJHVW�WKDW�WKH� �WQS$�5(3�����SURF$��DVVRFLDWLRQ�HQDEOHV�D�SRZHUIXO�
GLYHUVLI\LQJ�UHFRPELQDWLRQ�PHFKDQLVP��SUHFLVHO\�IRFXVHG�RQ�PRGLI\LQJ�WKH�FRUH�SHSWLGH�
HQFRGLQJ�VHTXHQFH��ZKLOH�PDLQWDLQLQJ�WKH�OHDGHU�SHSWLGH�VHTXHQFH�XQFKDQJHG��:H�QRWH�WKDW�
DQRWKHU�PRGHO�IRU�WKH�GULYLQJ�IRUFH�RI�SURFKORURVLQ�GLYHUVLW\�KDV�EHHQ�SURSRVHG�E\�&XELOORV�5XL]�
������� �>��@���,Q�WKDW�PRGHO��D�SXWDWLYH��FKL��VLWH�ZLWKLQ�WKH�SUHFXUVRU�SHSWLGH�LV�SRVWXODWHG�WR�VHUYH�
DV�D�KRWVSRW�IRU�ORFDOL]HG�KRPRORJRXV�UHFRPELQDWLRQ��PHGLDWHG�E\�WKH�5HF%&'�'1$�UHSDLU�
SDWKZD\��7KH�WZR�PRGHOV�DUH�QRW�QHFHVVDULO\�PXWXDOO\�H[FOXVLYH�DQG�FRXOG�ZRUN�LQ�FRQFHUW��
7HVWLQJ�WKH��FKL��VLWH�K\SRWKHVLV�ZRXOG�LQYROYH�GHPRQVWUDWLQJ�WKH�FKL�VLWH�DFWLYLW\��ZKHUHDV�
YDOLGDWLRQ�RI�WKH�PRGHO�ZH�SURSRVH�ZRXOG�UHTXLUH�H[SHULPHQWDO�DVVD\V�GHWHUPLQLQJ�WKH�
UHFRJQLWLRQ�VHTXHQFH�DQG�FDWDO\WLF�DFWLYLW\�RI�D� �3URFKORURFRFFXV��7QS$�5(3��WUDQVSRVDVH�DV�
SHUIRUPHG�IRU�WKH�7QS$ �5(3��KRPRORJV�LQ��(��FROL���>��@��>��@���
�
�
� �
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0$7(5,$/6�$1'�0(7+2'6�
�
'DWDVHW���7KH�JHQRPHV�RI��3URFKORURFRFFXV ��//,9�FODGH�DQG�PDULQH��6\QHFKRFRFFXV ��ZHUH�WDNHQ�
IURP�WKH�,0*�3UR3RUWDO�GDWDEDVH���KWWSV���LPJ�MJL�GRH�JRY�FJL�ELQ�SURSRUWDO�PDLQ�FJL ���KRVWHG�
ZLWKLQ�WKH�-*,�,QWHJUDWHG�0LFURELDO�*HQRPHV�V\VWHP��$�IHZ�DGGLWLRQDO� �6\QHFKRFRFFXV��JHQRPHV�
IURP�1DWLRQDO�&HQWHU�IRU�%LRWHFKQRORJ\�,QIRUPDWLRQ��1&%,��GDWDEDVH�ZHUH�DGGHG�WR�WKH�GDWDVHW��
:+������8:���$��8:�����%6��'��DQG�WKH�PHWDJHQRPH�DVVHPEOHG�JHQRPH�($&�����7KH�
VHW�RI��3URFKORURFRFFXV ��DQG��6\QHFKRFRFFXV ��JHQRPHV�FRQWDLQLQJ��WQS$�5(3��DQG�RU��SURF$��JHQHV�
WKDW�ZHUH�XVHG�LQ�WKLV�VWXG\�DUH�OLVWHG�LQ�7DEOH�6���
�
*HQH�DQQRWDWLRQ��VHTXHQFH�DOLJQPHQWV��DQG�SK\ORJHQHWLF�WUHH�FRQVWUXFWLRQ���3URFKORURVLQ�
DQQRWDWLRQV�ZHUH�WDNHQ�IURP� �>�@���DQG�7QS$�5(3��IURP��>��@��>��@���3UHGLFWLRQ�RI��SURF$��DQG��WQS$�5(3�
JHQHV�ZDV�H[SDQGHG�WR�QHZ�VWUDLQV�XVLQJ�%/$673��(�YDOXH�RI��H����ZLWK�3URF$�RU�7QS$ �5(3�
SURWHLQ�VHTXHQFH�TXHU\��)RU�3URFKORURVLQV��WKH�HQG�RI�WKH�OHDGHU�SHSWLGH�ZDV�SUHGLFWHG�E\�
VHDUFKLQJ�WKH�PRWLI�*&7**>7$*&@**�LQ�WKH��SURF$��VHTXHQFH��)RU�VWUDLQ�SK\ORJHQ\��ZH�XVHG�
WKH�EXLOW�LQ�,0*�3URSRUWDO�SK\ORJHQ\�WRRO�DQG�DQQRWDWHG�WKH�WUHH��)LJ��%��XVLQJ�WKH�,QWHUDFWLYH�
7UHH�2I�/LIH��L72/���7KH�IDFLQJ��SURF$�WQS$�5(3��QXFOHRWLGH�VHTXHQFH�DOLJQPHQW��)LJ��$��ZDV�
SHUIRUPHG�LQ�*HQHLRXV�3ULPH����������XVLQJ�WKH�JHQHLRXV�DOLJQHU��7KH�7QS$ �5(3��SURWHLQ�
VHTXHQFH�DOLJQPHQW�ZDV�SHUIRUPHG�XVLQJ�086&/(�DQG�WKH�WUHH��6XS�)LJ����ZDV�EXLOW�XVLQJ�WKH�
*HQHLRXV�WUHH�EXLOGHU��1HLJKERXU�-RLQLQJ���2QO\�WKH�7QS$�5(3��VHTXHQFHV�DERYH�����DPLQR�DFLGV�
ZHUH�NHSW�IRU�WKH�DOLJQPHQW��7KH� �3URFKORURFRFFXV��0,7�����7QS$�5(3��IUDJPHQWV�SURWHLQ�
VHTXHQFH�DOLJQPHQW��6XS�)LJ����ZDV�SHUIRUPHG�XVLQJ�WKH�*HQHLRXV�DOLJQHU��
�
'1$�VHFRQGDU\�VWUXFWXUH�SUHGLFWLRQ�� �+DLUSLQ�VWUXFWXUH�IRUPDWLRQ�ZDV�SUHGLFWHG�XVLQJ�
51$VWUXFWXUH��>��@���7KH�FRQVHQVXV�VHTXHQFH�
$&7&$�$$*&&&77*&$77$*&$****&77 �777$77�LQ�WKH�)LJ��$�DOLJQPHQW�LQWHUJHQLF�UHJLRQ�
LV�SUHGLFWHG�WR�IRUP�D�KDLUSLQ�VWUXFWXUH��EROG�QXFOHRWLGHV��ZLWK�D�IUHH�HQHUJ\�RI�������NFDO�PRO��
*XDQLQH�TXDGUXSOH[HV��*���ZHUH�DVVHVVHG�XVLQJ�WKH�GDWDVHW�RI������GLVWLQFW��SURF$��JHQHV�
�2SHUDWLQJ�3URFKORURVLQ�8QLWV��238��IURP� �>�@���,Q�WRWDO��WKH�*��35(',&725�9���VRIWZDUH�
SUHGLFWV�*��VWUXFWXUHV�LQ�����RI�238V��ZKLOH�WKH�*�KXQWHU�VRIWZDUH�SUHGLFWV�*��VWUXFWXUHV�LQ�
������RI�238V��
�
�'�VWUXFWXUH�PRGHOLQJ�� �7KH��LQ�VLOLFR��SUHGLFWLRQ�RI��3URFKORURFRFFXV ��0,7�����307B�����
7QS$�5(3���'�VWUXFWXUH�ZDV�SHUIRUPHG�XVLQJ�6:,66�02'(/��ZLWK�WKH��(��FROL��7QS$�5(3����3'%B,'�
�(5���VHUYLQJ�DV�WKH�WHPSODWH�IRU�KRPRORJ\�PRGHOLQJ��
�
�
$&.12:/('*0(176�
�
7KLV�VWXG\�ZDV�VXSSRUWHG�LQ�SDUW�E\�WKH�6LPRQV�)RXQGDWLRQ��/LIH�6FLHQFHV�3URMHFW�$ZDUG�,'V�
��������������6&)<�����������DQG�6&23(�$ZDUG�,'���������WR�6:&���DQG�DQ�16)�('*(�
JUDQW����������WR�6:&��� �
�
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:H�JUDWHIXOO\�WKDQN�<YHV�4XHQWLQ�IRU�KLV�GHWDLOHG�UHYLHZ�RI�WKH�PDQXVFULSW�DQG�KHOSIXO�
VXJJHVWLRQV���
�
�
&203(7,1*�,17(5(676�
�
7KH�DXWKRUV�GHFODUH�QR�FRQIOLFW�RI�LQWHUHVW��
�
� �
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5()(5(1&(6�
�

>�@ $��&XELOORV�5XL]��-��:��%HUWD�7KRPSVRQ��-��:��%HFNHU��:��$��YDQ�GHU�'RQN��DQG�6��:��
&KLVKROP��³(YROXWLRQDU\�UDGLDWLRQ�RI�ODQWKLSHSWLGHV�LQ�PDULQH�F\DQREDFWHULD�´� �3URF��1DWO��
$FDG��6FL��8��6��$����YRO�������QR������SS��(����±(������-XO��������

>�@ /��0��5HSND��-��5��&KHNDQ��6��.��1DLU��DQG�:��$��YDQ�GHU�'RQN��³0HFKDQLVWLF�
8QGHUVWDQGLQJ�RI�/DQWKLSHSWLGH�%LRV\QWKHWLF�(Q]\PHV�´��&KHP��5HY����YRO�������QR�����SS��
����±������$SU��������

>�@ 0��$��5LOH\�DQG�-��(��:HUW]��³%DFWHULRFLQ�GLYHUVLW\��HFRORJLFDO�DQG�HYROXWLRQDU\�
SHUVSHFWLYHV�´��%LRFKLPLH���YRO������QR���±���SS�����±�����0D\�������

>�@ 0��*��.��*KHTXLUH��6��.��%XFKDQDQ��DQG�5��'H�0RW��³7KH�&RO0�)DPLO\��3RO\PRUSKLF�7R[LQV�
%UHDFKLQJ�WKH�%DFWHULDO�&HOO�:DOO�´��0%LR���YRO�����QR�����SS��H�����±��±����)HE��������

>�@ '��$��%DOWUXV��0��&ODUN��&��6PLWK��DQG�.��/��+RFNHWW��³/RFDOL]HG�UHFRPELQDWLRQ�GULYHV�
GLYHUVLILFDWLRQ�RI�NLOOLQJ�VSHFWUD�IRU�SKDJH�GHULYHG�V\ULQJDFLQV�´��,60(�-����YRO������QR�����SS��
�±����'HF��������

>�@ 5��'��:DLWH��-��.��6WUXWKHUV��DQG�&��*��'RZVRQ��³6SRQWDQHRXV�VHTXHQFH�GXSOLFDWLRQ�ZLWKLQ�
DQ�RSHQ�UHDGLQJ�IUDPH�RI�WKH�SQHXPRFRFFDO�W\SH���FDSVXOH�ORFXV�FDXVHV�KLJK�IUHTXHQF\�
SKDVH�YDULDWLRQ�´��0RO��0LFURELRO����YRO������QR�����SS������±������'HF��������

>�@ 1��%LOHN��&��$��,VRQ��DQG�%��*��6SUDWW��³5HODWLYH�&RQWULEXWLRQV�RI�5HFRPELQDWLRQ�DQG�
0XWDWLRQ�WR�WKH�'LYHUVLILFDWLRQ�RI�WKH�RSD�*HQH�5HSHUWRLUH�RI� �1HLVVHULD�JRQRUUKRHDH��´��-��
%DFWHULRO����YRO�������QR�����SS������±������)HE��������

>�@ <��1��6ULNKDQWD��HW�DO� ���³3KDVHYDULRQV�PHGLDWH�UDQGRP�VZLWFKLQJ�RI�JHQH�H[SUHVVLRQ�LQ�
SDWKRJHQLF��1HLVVHULD��´��3/R6�3DWKRJ� ���YRO�����QR�����S��H���������$SU��������

>�@ $��*\RKGD��1��)XUX\D��$��,VKLZD��6��=KX��DQG�7��.RPDQR��³6WUXFWXUH�DQG�IXQFWLRQ�RI�WKH�
VKXIIORQ�LQ�SODVPLG�5���´� �$GY��%LRSK\V����YRO������QR��&RPSOHWH��SS�����±�����������

>��@ &��0��.ULQRV��0��-��&R\QH��.��*��:HLQDFKW��$��2��7]LDQDERV��'��/��.DVSHU��DQG�/��(��
&RPVWRFN��³([WHQVLYH�VXUIDFH�GLYHUVLW\�RI�D�FRPPHQVDO�PLFURRUJDQLVP�E\�PXOWLSOH�'1$�
LQYHUVLRQV�´��1DWXUH���YRO�������QR��������SS�����±�����1RY��������

>��@ 5��&��-RKQVRQ��³6LWH�VSHFLILF�'1$�,QYHUVLRQ�E\�6HULQH�5HFRPELQDVHV�´��0LFURELRORJ\�
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