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6HVVLRQH�3RVWHU�
*LRYHGu����6HWWHPEUH���������²�������
�
�
�
8��%DILOH���)��%DURFFKL���(��*XDULQL���0��6DPSROL��*��9HQWXUL��
´/DUJH�ZDYH�YHFWRUV�VRXQG�H[FLWDWLRQV�LQ�WKH�FROOHFWLYH�G\QDPLFV�RI�IOXLGVµ�
�
)��*UD]]L��/��%DUWROL��0��&HOOL��6��,PEHUWL��0��=RSSL�
´7KH�,WDOLDQ�1HXWURQ�([SHULPHQWDO�6WDWLRQ��,1(6��DW�,6,6���VWDWXV�DQG�GHYHORSPHQWµ�
�
&��&KLDSSRQL��0�7��'L�%DUL��$��'HULX��)��6RQYLFR��3��6DQWL��6��1LFROL��&��3DGXOD��-��2OOLYLHU��
´:DWHU��GLIIXVLYLLW\�LQ�39$�EDVHG�WUDQVGHUPDO�SDWFKHVµ�
�
5��)DYLOOLQL��8��%DILOH��)��%DURFFKL���)��)RUPLVDQR��(��*XDULQL��$��2UHFFKLQL��0��6DPSROL��*��9HQWXUL�
´1HXWURQ�VFDWWHULQJ�GHWHUPLQDWLRQ�RI�WKH�G\QDPLF�VWUXFWXUH�IDFWRU�RI�OLTXLG�&2	 µ
�
<��*HUHOOL��07�'L�%DUL��$��'HULX��)��6RQYLFR��&��&RPR��3��&RORPER��
´1HXWURQ�LQYHVWLJDWLRQ�RI�WKH�VWUXFWXUH�DQG�RUJDQL]DWLRQ�RI��SKRVSKROLSLG�VDFFKDULGH�QDQRSDUWLFOHVµ�
�
)��5XVWLFKHOOL��)��)LRUL��&��5HQJKLQL��(��*LUDUGLQ��*��$OEHUWLQL��.��.RQRSND�
´6PDOO�$QJOH�1HXWURQ�6FDWWHULQJ�FKDUDFWHULVDWLRQ�RI�$O	 2 
 �1L�3�QDQRFRPSRVLWHVµ�
�
5��0DJOL��6��%LDQFKL��*��$QGUq��0��%HQYHQXWL��3��&RVWDJOLROD�
´(WUXVFDQ�ZHDSRQV�LQYHVWLJDWHG�WKURXJK�QHXWURQ�UDGLRJUDSK\�DQG�GLIIUDFWLRQµ��
�
0��*��2UWRUH��5��6LQLEDOGL��)��6SLQR]]L��3��0DULDQL�
´&RPELQHG�6$16�6$;6�VWXG\�RI�WKH�%6$�VROYDWLRQ�OD\HU�LQ�XUHD�DTXHRXV�VROXWLRQVµ�
�
0��3OD]DQHW��6��(LEO��+��6FKREHU��
´'\QDPLFV�LQ�DQ�XOWUD�IUDJLOH�JODVV�IRUPHU��'HFDOLQµ�
�
6��'DQWH��$��5HOLQL��6��7RUUDVVD��7��+DXVV��0��%XFFLDQWLQL��0��6WHIDQL��$��*OLR]]L��5��5RODQGL�
´,QWHUDFWLRQ��EHWZHHQ��DP\ORLG�DJJUHJDWHV�DQG�SKRVSKROLSLG�PHPEUDQHV��D�QHXWURQ�GLIIUDFWLRQ�VWXG\µ��
�
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,O�FRPLWDWR�ULQJUD]LD�JOL�VSRQVRU�FKH��LQ�YDULH�IRUPH��KDQQR�SHUPHVVR�O¶RUJDQL]]D]LRQH�GHO�

FRQJUHVVR�6,61�������
6L�ULQJUD]LDQR�LQ�SDUWLFRODUH�

�
&HQWUR�GL�5LFHUFD�H�6YLOXSSR�62)7�GHO�&15�,1)0�

�&RQVLJOLR�1D]LRQDOH�GHOOH�5LFHUFKH�²�,VWLWXWR�1D]LRQDOH�SHU�OD�)LVLFD�GHOOD�0DWHULD��
�
H��
�

&1,60�
�&RQVRU]LR�1D]LRQDOH�,QWHUXQLYHUVLWDULR�SHU�OH�6FLHQ]H�ILVLFKH�GHOOD�0DWHULD��

�
�
�

/D�JLXQWD�6,61�H�L�GLUHWWRUL�GHOOH�*LRUQDWH�'LGDWWLFKH�6,61������ULQJUD]LDQR�LQROWUH�
O¶�,QVWLWXW�/DXH�/DQJHYLQ��,//��GL�*UHQREOH�SHU�OD�FROODERUD]LRQH�H�GLVSRQLELOLWj�

DOO¶RUJDQL]]D]LRQH�GHOOH�VHVVLRQL�VSHULPHQWDOL�SHU�JOL�VWXGHQWL��
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Complex Dynamics in Structured Systems 
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$EVWUDFWV�
�
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5HOD]LRQL�DG�LQYLWR�
�
�
�

6SLQ�G\QDPLFV�LQ�PDJQHWLF�PROHFXOHV�SUREHG�E\�LQHODVWLF�QHXWURQ�VFDWWHULQJ�
6WHIDQR�&DUUHWWD � � � �

� � � �'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�GL�3DUPD��,WDO\�
0DJQHWLF�PROHFXOHV�DUH�RQH�RI� WKH�EHVW�H[DPSOHV�RI�HQVHPEOH�RI�QRQLQWHUDFWLQJ�TXDQWXP�REMHFWV�HPEHGGHG� LQ�D�
VROLG�VWDWH�HQYLURQPHQW��2I�SDUWLFXODU� UHOHYDQFH�DUH�PROHFXOHV� FRQWDLQLQJ� WUDQVLWLRQ�PHWDO� LRQV�ZKRVH� VSLQV�DUH� VR�
VWURQJO\�H[FKDQJH�FRXSOHG�WKDW�DW�ORZ�WHPSHUDWXUH�HDFK�PROHFXOH�EHKDYHV�OLNH�D�VLQJOH�GRPDLQ�SDUWLFOH�ZLWK�IL[HG�
WRWDO� VSLQ� 6�� 7ZR�PDMRU� DGYDQWDJHV� LQ� WKH� UHVHDUFK� RQ� WKHVH� V\VWHPV� DUH� RQ� RQH� VLGH� WKH� RXWVWDQGLQJ� GHJUHH� RI�
DFFXUDF\� E\� ZKLFK� WKHLU� PDJQHWLF� G\QDPLFV� FDQ� XVXDOO\� EH�PRGHOOHG�� DQG� RQ� WKH� RWKHU� VLGH� WKH� RSSRUWXQLW\� WR�
FKHPLFDOO\� HQJLQHHU�PROHFXOHV�SRVVHVVLQJ�GHVLUHG�SK\VLFDO�SURSHUWLHV��%HVLGHV�KDYLQJ�REYLRXV� IXQGDPHQWDO� LQWHUHVW��
WKH� FRPSUHKHQVLRQ� DQG� FRQWURO� RI� WKH� G\QDPLFV� RI� WKHVH� V\VWHPV� LV� QHFHVVDU\� IRU� LPSOHPHQWLQJ� WKH� HQYLVDJHG�
WHFKQRORJLFDO�DSSOLFDWLRQV�DV�QDQRVFRSLF�FODVVLFDO�RU�TXDQWXP�ELWV��7KH�FUXFLDO�VWHS�WR�UHDFK�D�GHHS�XQGHUVWDQGLQJ�RI�
WKH�PDJQHWLF�G\QDPLFV�RI�WKHVH�PROHFXOHV�LV�WKH�GHWHUPLQDWLRQ�RI�WKH�PROHFXODU�HLJHQVWDWHV�DQG�HLJHQYDOXHV���
,Q� WKLV� WDON�� ,� ZLOO� VKRZ� WKDW� LQHODVWLF� QHXWURQ� VFDWWHULQJ� �,16�� LV� WKH� PRVW� SRZHUIXO� WHFKQLTXH� WR� LQYHVWLJDWH� WKH�
PROHFXODU� VSLQ�G\QDPLFV� RYHU�GLIIHUHQW� WLPHVFDOHV�� 6RPH� UHFHQW� UHVXOWV� RQ�GLIIHUHQW� IDPLOLHV� RI�PDJQHWLF�PROHFXOHV�
ZLOO� EH�EULHIO\� UHYLHZHG�� ,Q�SDUWLFXODU�� ,�ZLOO� FRQFHQWUDWH�RQ�WKH�SRVVLELOLW\� WR� LQYHVWLJDWH�E\� ,16�TXDQWXP�FRKHUHQW�
SKHQRPHQD�OLNH�4XDQWXP�2VFLOODWLRQV�RI�WKH�7RWDO�6SLQ�RU�WKH�SRWHQWLDO�H[SORLWDWLRQ�RI�WKHVH�V\VWHPV�IRU�4XDQWXP�
,QIRUPDWLRQ�3URFHVVLQJ��
�
�

6WXG\�RI�WKH�G\QDPLFV�RI�K\GURJHQ�ERQGV�LQ�ZDWHU�DQG�FRQVHTXHQFHV�IRU�WKH�XQXVXDO�
EHKDYLRXU�RI�VXSHUFRROHG�ZDWHU�

-RVq�7HL[HLUD�DQG�6WpSKDQH�/RQJHYLOOH � � � �
� � � �/DERUDWRLUH�/pRQ�%ULOORXLQ��&($�6DFOD\��������*LI�VXU�<YHWWH��)UDQFH
6LQFH�PRUH�WKDQ����\HDUV�WKH�SX]]OH�RI�VXSHUFRROHG�ZDWHU�UHPDLQV�REMHFW�RI�GHEDWH��7KH�PRUH�UHFHQW�GHYHORSPHQWV�
KDYH�EHHQ�DFKLHYHG�DOPRVW�H[FOXVLYHO\�E\�FRPSXWHU�VLPXODWLRQV�RI�WKH�PROHFXODU�G\QDPLFV�XVLQJ�GLIIHUHQW��HIIHFWLYH��
SRWHQWLDOV�� 6RPH�RI� WKHP�GHPRQVWUDWH� WKH�H[LVWHQFH�RI� OLTXLG�OLTXLG�SKDVH� WUDQVLWLRQV�DQG�RI�D�FULWLFDO�SRLQW�XQGHU�
WHPSHUDWXUH�SUHVVXUH� FRQGLWLRQV� QRW� DFFHVVLEOH� WR� UHDO� H[SHULPHQWV�� ,W� LV� QRW� REYLRXV� WKDW� VXFK� UHVXOWV� DSSO\� WR�
VXSHUFRROHG�ZDWHU��
:H� XVH� FRKHUHQW� TXDVL�HODVWLF� QHXWURQ� VFDWWHULQJ� LQ� DQ� RULJLQDO� ZD\� WKDW� SDUWO\� GLVFULPLQDWHV� WKH� G\QDPLFV� RI�
GLIIHUHQW�SDUWLDO�FRPSRQHQWV�RI�WKH�VFDWWHULQJ�ODZ��7KH�UHVXOWV�FRQILUP�WKDW�WKH�G\QDPLFV�RI�K\GURJHQ�ERQGV�IROORZV�
DQ�$UUKHQLXV�EHKDYLRXU��:H�DUJXH�WKDW�WKH�G\QDPLFV�RI� VXSHUFRROHG�ZDWHU�EHWZHHQ�WKH�KRPRJHQHRXV�QXFOHDWLRQ�
WHPSHUDWXUH� �QRW� DFFHVVLEOH� WR� VLPXODWLRQV�� DQG� WKH� JODVV� WUDQVLWLRQ� LV� GHWHUPLQHG� E\� WKH� G\QDPLFV� RI� WKH� ERQGV�
VLPLODUO\�WR�EHWD�UHOD[DWLRQ�LQ�SRO\PHU�PHOWV��
�
�
�
�
�
�
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1HXWURQV�LQ�DUFKDHRPHWU\�
*LOEHUWR�$UWLROL

� � � �
� � � �'LSDUWLPHQWR�GL�*HRVFLHQ]H��8QLYHUVLWj�GL�3DGRYD��,WDO\�

1HXWURQ�SUREHV�DUH�SULPDU\�VRXUFHV�IRU�WKH�QRQ�LQYDVLYH�FKDUDFWHUL]DWLRQ�RI�PDWHULDOV� UHODWHG�WR�FXOWXUDO�KHULWDJH��
7KHLU� HPSOR\PHQW� LQ� WKH� LQYHVWLJDWLRQ� RI� DUFKDHRORJLFDO� REMHFWV� DQG� DUW� ZRUNV� HQFRPSDVVHV� LPDJLQJ�� FKHPLFDO�
DQDO\VLV�� DQG� FU\VWDOORJUDSKLF� DQDO\VLV�� LQFOXGLQJ� SKDVH� LGHQWLILFDWLRQ�� WH[WXUH� DQDO\VLV�� DQG� VWUXFWXUH� DQG�
PLFURVWUXFWXUH�DQDO\VLV��,Q�SULQFLSOH��PDQ\�RI�WKHVH�LQIRUPDWLRQ�PD\�EH�REWDLQHG�VLPXOWDQHRXVO\�LQ�D�VLQJOH�FRPELQHG�
H[SHULPHQW��WKXV�PLQLPL]LQJ�QHXWURQ�H[SRVXUH�DQG�WKH�ULVNV�DQG�WKH�FRVWV�UHODWHG�WR�REMHFW·V�KDQGOLQJ���
$V�D� VXFFHVVIXO�H[DPSOH��GLIIUDFWLRQ�EDVHG� FU\VWDOORJUDSKLF� WH[WXUH�DQDO\VLV� �&7$��KDV�EHHQ� UHFHQWO\�DSSOLHG� WR� WKH�
LQYHVWLJDWLRQ�RI�DUFKDHRORJLFDO�PHWDOV��:KHQ�SHUIRUPHG�XVLQJ�SHQHWUDWLQJ�SUREHV�DQG�DGHTXDWH�GHWHFWRU�FRYHUDJH�
RI�UHFLSURFDO�VSDFH��IRU�H[DPSOH�XVLQJ�ODUJH�GHWHFWRU�DUUD\V�DQG�RU�7R)�PRGH��&7$�DOORZV�VLPXOWDQHRXV�LGHQWLILFDWLRQ�
DQG�TXDQWLILFDWLRQ�RI�FU\VWDOOLQH�SKDVHV��EHVLGHV�WKH�PLFURVWUXFWXUDO�DQG�WH[WXUDO�FKDUDFWHUL]DWLRQ�RI�WKH�REMHFW��&7$�
FDQ� WKHUHIRUH� EH� HIIHFWLYHO\� XVHG� DV� D� WRWDOO\� QRQ� LQYDVLYH� WRRO� IRU�PHWDOORJUDSKLF� DQDO\VLV�� WKXV� SURYLQJ� WR� EH� D�
SRZHUIXO�WRRO�IRU�WKH�LQWHUSUHWDWLRQ�RI�DQFLHQW�PHWDO�ZRUNLQJ�WHFKQLTXHV��)LJ����VKRZV�DQ�$HQHROLWKLF�FRSSHU�D[H�IURP�
0RQWHFFKLR�(PLOLD��,WDO\��DQG�)LJ����WKH�SROH�ILJXUHV�UHFRQVWUXFWHG�IURP�QHXWURQ�7R)�GLIIUDFWLRQ�GDWD�FROOHFWHG�RQ�WKH�
WKH�D[H�DW�*(0�LQVWUXPHQW�DW�,6,6��
�
�
�

)LJ�� ��� $HQHROLWKLF� FRSSHU� D[H� IURP� 0RQWHFFKLR� (PLOLD��
,WDO\�QRZ�LQ�WKH�0XVHR�$UFKHRORJLFR�GL�UHJJLR�(PLOLD��

)LJ�� ��� 5HFRQVWUXFWHG� SROH� ILJXUHV� IRU� WKH� FRSSHU� D[H�
REWDLQHG� IURP�7R)�QHXWURQ�GLIIUDFWLRQ�GDWD�FROOHFWHG�DW�
*(0��
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1HXWURQV�IRU�ELRORJLFDO�VRIW�PDWWHU�
/DXUD�&DQW� � � � �

� � � �'LSDUWLPHQWR�&KLPLFD��%LRFKLPLFD�H�%LRWHFQRORJLH�SHU�OD�0HGLFLQD��8QLYHUVLWj�GL�0LODQR��,WDO\�

*DQJOLRVLGHV� DUH� DQLRQLF� JO\FRVSKLQJROLSLGV�� QDWXUDOO\� RFFXUULQJ� LQ� WKH� RXWHU� OHDIOHW� RI� SODVPD�PHPEUDQHV�� ZKHUH�
WKH\� SDUWLFLSDWH� LQ� OLSLG�GULYHQ�PLFURGRPDLQV�� 7KH� WHQGHQF\� WR� FOXVWHU�ZLWK� UHVSHFW� WR� VRPH� RWKHU� DGPL[HG� OLSLGV�
VHHPV�WR�EH�SUHVHUYHG�DOVR� LQ�VLPSOH�ELRPLPHWLF�PHPEUDQHV��DIIHFWLQJ�WKHLU�VWUXFWXUDO�DQG�G\QDPLF�SURSHUWLHV�LQ�D�
QRQ�WULYLDO� IDVKLRQ�� GHSHQGLQJ� RQ� WKHLU� VSDWLDO� GLVWULEXWLRQ� >���@�� 0RUHRYHU�� JDQJOLRVLGH� DVVHPEOLHV� GLVSOD\� FRXSOHG�
FROOHFWLYH�EHKDYLRXUV�WDNLQJ�SODFH�ERWK�LQ�WKHLU�K\GURSKRELF�DQG�K\GURSKLOLF�UHJLRQV�>���@��7KLV�REVHUYDWLRQ�WULEXWHV�
WR� WKHLU� VWUXFWXUH�G\QDPLFV�EHKDYLRXU�D�SXWDWLYH�ELRIXQFWLRQDO� VLJQLILFDQFH��ZLWK� WKH� LQWHUYHQWLRQ�RI�RQH��RU�PRUH��
UHJXODWRU\�IDFWRU��1RQHWKHOHVV��WKH�H[WHQVLRQ�DQG�SHUVLVWHQFH�RI�OLSLG�GULYHQ�PLFURGRPDLQV�FRQWDLQLQJ�JDQJOLRVLGHV�LV�
FRQWURYHUVLDO��$�GLUHFW� REVHUYDWLRQ� LQ� ´XQSHUWXUEHGµ�GLVSHUVH� V\VWHPV� LV� VWLOO� ODFNLQJ��'XULQJ� WKH� ODVW� \HDUV�ZH�KDYH�
WULHG� WR� DSSO\� QHXWURQ� VSHFWURVFRS\� WHFKQLTXHV� WR� JDLQ� GHHSHU� VWUXFWXUH�G\QDPLFV� LQVLJKW� LQ� VLPSOH� ELRPLPHWLF�
V\VWHPV� FRQWDLQLQJ�JDQJOLRVLGHV��2IWHQ�ZH�XVHG�6$16�RQ�DTXHRXV� VROXWLRQV�RI�SXUH�DQG�PL[HG� V\VWHPV�� VRPHWLPHV�
HPSOR\LQJ�SDUWLDOO\�GHXWHUDWHG�DGPL[HG�SKRVSKROLSLGV�� VRPHWLPHV�4(16� >�@�DQG�DOVR� WKH�QHXWURQ�EDFNVFDWWHULQJ�
WHFKQLTXH�RQ�RULHQWHG�ODPHOODU�VWDFNV�>�@��:H�DOVR�DSSOLHG�QHXWURQ�GLIIUDFWLRQ�DQG�UHIOHFWLRQ�RQ�ODPHOODU�VWDFNV�DQG�
D�WULDO�KDV�EHHQ�SHUIRUPHG�ZLWK�WKH�IORDWLQJ�ELOD\HU�FRQILJXUDWLRQ��)HZ�PHDVXUHPHQWV�ZLWK�:$16�KDYH�DOVR�EHHQ�
WULHG��1HXWURQ�VSHFWURVFRS\�H[SHULPHQWV�KDYH�RIWHQ�EHHQ�SDUDOOHOHG�E\�WKHLU�;�UD\�FRXQWHUSDUW��WR�SURILW�IURP�WKHLU�
FRPSOHPHQWDU\� LQIRUPDWLRQ�DQG�WR�RYHUFRPH�WKH�GLIILFXOW\�RI�JDQJOLRVLGHV�GHXWHUDWLRQ�E\�H[SORLWLQJ� WKH�GLIIHUHQW�
FKDUDFWHULVWLFV�RI�QHXWURQ�DQG�;�UD\�FRQWUDVW�SURILOHV��7KH�REWDLQHG�UHVXOWV�VXSSRUW�WKH�FRQFHSW�RI�XQHYHQ�GLVWULEXWLRQ�
RI� JDQJOLRVLGHV�� GHSHQGLQJ� RQ� WKH� V\VWHP� ZKHUH� WKH\� DUH� HPEHGGHG�� ZLWK� D� SURQRXQFHG� LQIOXHQFH� RQ� WKHLU�
HQYLURQPHQW��
�
>�@�/��&DQW��HW�DO���&KHP��3K\V��/LSLGV�����������������
>�@�3��%URFFD�HW�DO���/DQJPXLU����������������������
>�@�/��&DQW��HW�DO���/DQJPXLU�����������������
>�@�3��%URFFD�HW�DO���/DQJPXLU��LQ�SUHVV���
>�@�3��%URFFD�HW�DO���3K\VLFD%������H������������
>�@�&��&DURQQD�HW�DO���,&16������
�
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+LJK�SUHVVXUH�VWXGLHV�RI�WKH�PDJQHWLF�SKDVH�GLDJUDP�RI�/D ��� ��� &D ��� ��� 0Q2 � �DQG�

/D�0Q ��� � *D ��� � 2 � �
0��%DOGLQL � � � ��/��&DSRJQD � ��� ��(��$UFDQJHOHWWL � � � ��,��*RQFKDUHQNR � ��� ��3��3RVWRULQR � � � �

� � � �'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�/D�6DSLHQ]D�3�OH�$��0RUR��������5RPD��,WDO\�� ���
� ,1)0�&15�62)7��2**���5XH�-��+RURZLW]��������*UHQREOH��)UDQFH�� ���
� /DERUDWRLUH�/pRQ�%ULOORXLQ��&($�6DFOD\�������*LI�VXU�<YHWWH�FHGH[�3DULV��)UDQFH�

:H� KDYH� LQYHVWLJDWHG� WKH� HIIHFW� RI� KLJK� SUHVVXUH� RQ� WKH� PDJQHWLF� VWUXFWXUH� RI� WKH� SURWRW\SLFDO� FRORVVDO�
PDJQHWRUHVLVWLYH�PDQJDQLWH��&05��/D ��� � � &D ��� ��� 0Q2 � �DQG�RI�D�*D  � �GRSHG�PDQJDQLWH�/D0Q ��� � *D ��� � 2 � XVLQJ�QHXWURQ�
SRZGHU�GLIIUDFWLRQ��5DUH�HDUWK�PDQJDQLWHV�$ ! " # $· # 0Q2 � ���ZKHUH�$�LV�D�WULYDOHQW�UDUH�HDUWK�DQG�$·�D�GLYDOHQW�DONDOL�
HDUWK�� H[KLELW� &RORVVDO� 0DJQHWR�5HVLVWDQFH� �&05�� LQ� WKH� GRSLQJ� UDQJH� ����[������ 'RXEOH�([FKDQJH� �'(��
TXDOLWDWLYHO\� DFFRXQWV� IRU� WKH� FORVHO\� UHODWHG� SKHQRPHQD� RI� &05� DQG� WHPSHUDWXUH�GULYHQ� WUDQVLWLRQ� IURP� WKH�
SDUDPDJQHWLF� LQVXODWLQJ�SKDVH� �KLJK�WHPSHUDWXUH��WR�WKH� IHUURPDJQHWLF�PHWDOOLF�RQH� �ORZWHPSHUDWXUH���+RZHYHU�
WKH�-DKQ�7HOOHU��-7��HIIHFW��L�H��WKH�VSRQWDQHRXV�GLVWRUWLRQ�RI�WKH�0Q2 $ �RFWDKHGURQ��FRPSHWHV�ZLWK�WKH�GHORFDOL]LQJ�'(�
PHFKDQLVP�� ,QGHHG� -7� LV�QDWXUDOO\�DVVRFLDWHG�ZLWK�D�VL]HDEOH�HOHFWURQ�SKRQRQ�FRXSOLQJ��ZKLFK�UHGXFHV�WKH�HOHFWURQ�
PRELOLW\��$� FRPSOHWH�GHVFULSWLRQ�RI� WKH�PDQJDQLWH�SURSHUWLHV� DW�D�PLFURVFRSLF� OHYHO� LV� IXUWKHU� FRPSOLFDWHG�E\� WKH�
SUHVHQFH�RI�DQ�DQWLIHUURPDJQHWLF��$)��6XSHU�([FKDQJH��6(�� LQWHUDFWLRQ�EHWZHHQ�WKH�6 ����VSLQV�RI�WKH�ORFDOL]HG�W ��% �
HOHFWURQV��$)�6(�LV�UHOHYDQW�LQ�WKH�HOHFWURQ�GRSHG�UHJLPH��[!�����EXW�FRXOG�SOD\�D�UROH�DOVR�LQ�WKH�&05�UHJLRQ��
7KH� DSSOLFDWLRQ� RI� DQ� H[WHUQDO� SUHVVXUH�� DW� OHDVW� LQ� SULQFLSOH�� V\PPHWUL]HV� WKH� 0Q2 $ � RFWDKHGUD�� WKXV� HQKDQFLQJ�
FDUULHUV� PRELOLW\�� ,Q� DJUHHPHQW� ZLWK� WKLV� RYHUVLPSOLILHG� SLFWXUH�� D� SUHVVXUH�GULYHQ� LQFUHDVH� RI� WKH� PHWDO�LQVXODWRU�
WUDQVLWLRQ� WHPSHUDWXUH� 7 & ' � KDV� EHHQ� REVHUYHG� LQ� VHYHUDO�PDQJDQLWHV� RYHU� D�PRGHUDWH�SUHVVXUH� UDQJH� �����*3D���
+RZHYHU� LQ� WKH� KLJK�SUHVVXUH� UHJLPH� �3� !� ���� *3D�� WKH� 7 & ' �3�� FXUYH� EHQGV� GRZQ� DQG� VHHPV� WR� DSSURDFK� DQ�
DV\PSWRWLF�YDOXH��:H�KDYH�REVHUYHG�WKLV�EHKDYLRXU�LQ�/D ��� � � &D ��� �(� 0Q2 � �ZKHUH�7 & ' �3 ��� �����.���7KH�KLJK�SUHVVXUH�
HIIHFW�KDV�EHHQ�DVFULEHG�WR�WKH�RQVHW�RI�D�ORFDOL]LQJ�PHFKDQLVP�ZKLFK�LV�FRPSHWLQJ�ZLWK�WKH�QDWXUDO�SUHVVXUH�LQGXFHG�
FKDUJH�GHORFDOL]DWLRQ��8VLQJ�SRZGHU�QHXWURQ�GLIIUDFWLRQ�ZH�KDYH�GHWHUPLQHG�WKH�PDJQHWLF�SKDVH�GLDJUDP�DQG� LQ�
SDUWLFXODU�WKH�IHUURPDJQHWLF�WUDQVLWLRQ�WHPSHUDWXUH�7 ) �3��OLQH�RYHU�D�ZLGH�SUHVVXUH�UDQJH������*SD���:H�FRPSDUH�LW�
ZLWK�WKH�PHWDO�LQVXODWRU�WUDQVLWLRQ�WHPSHUDWXUH�7 & ' �3��GHWHUPLQHG�ZLWK�5DPDQ�VFDWWHULQJ��:H�GLVFXVV�ZKHWKHU�WKH�
GRXEOH�H[FKDQJH��'(��PHFKDQLVP��ZKLFK�DW�3 �� LV�UHVSRQVLEOH�IRU�WKH�FORVH�FRQQHFWLRQ�EHWZHHQ�WKH�PDJQHWLF�DQG�
WKH� HOHFWURQLF� WUDQVLWLRQ�� VWLOO� KROGV� LQ� WKH� KLJK�SUHVVXUH� UHJLPH�� $W� ORZ� WHPSHUDWXUH� ZH� REVHUYH� WKH� RQVHW� RI�
DQWLIHUURPDJQHWLF�RUGHU�GULYHQ�E\�WKH�DSSOLHG�SUHVVXUH��2Q�WKH�EDVLV�RI�ERWK�WKHRUHWLFDO�DQG�H[SHULPHQWDO�UHVXOWV�ZH�
SURSRVH�WKDW�DQ�$)�6(�FRXSOLQJ�EHWZHHQ�WKH�W �(% �FRUH�VSLQV�FRXOG�SURYLGH�WKH�KLJK�SUHVVXUH�H[WUD�ORFDOL]LQJ�FKDQQHO��
7KH�VHFRQG�V\VWHP�/D0Q ��� � *D ��� � 2 � �EHORQJV�WR�D�IDPLO\�RI�PDQJDQLWHV�/D0Q ! " # *D # 2 � �ZKLFK�VKRZ�QHZ�DQG�LQWHUHVWLQJ�
PDJQHWLF�DQG�VWUXFWXUDO�SURSHUWLHV�DULVLQJ�IURP�D�QRQ�-DKQ�7HOOHU��-�7��DQG�QR�PDJQHWLF�LRQ��*D  � ��VXEVWLWXWLQJ�IRU�D�
-�7� LRQ� �0Q  � ���$� VXUSULVLQJ� IHUURPDJQHWLF� LQVXODWRU�JURXQG� VWDWH� LV� REVHUYHG� LQ� WKH�*D�GRSLQJ� UDQJH����� �� [� ������
ZKLFK� FDQQRW� EH� DVFULEHG� WR� D� GRXEOH�H[FKDQJH� �'(�� PHFKDQLVP� EHFDXVH� RI� WKH� DEVHQFH� RI� KROH� GRSLQJ�� 7KH�
XQGRSHG� FRPSRXQG� /D0Q2 � � LV� FRQVLGHUHG� DV� WKH� SURWRW\SH� RI� D� -DKQ�7HOOHU� �-�7�� V\VWHP� ZKHUH� D� FRRSHUDWLYH�
WHWUDJRQDO� GHIRUPDWLRQ� RI� WKH� 0Q2 $ � RFWDKHGUD� RFFXUV�� 7KH� /D0Q2 � � VWUXFWXUH� FDQ� EH� YLHZHG� DV� D� VHTXHQFH� RI�
DOWHUQDWH�VKRUW�DQG�ORQJ�0Q�2�ERQGV�LQ�WKH�DF�SODQH��)XUWKHUPRUH��WKH�RFFXUUHQFH�RI�RUELWDO�RUGHUHG�VWDWHV�SOD\V�D�
IXQGDPHQWDO�UROH�LQ�VWDELOL]LQJ�WKH�DQLVRWURSLF�$�DQWLIHUURPDJQHWLF�VWDWH�KDV�DOVR�EHHQ�HVWDEOLVKHG��$OO�WKH�VWUXFWXUDO�
VWXGLHV� RQ� WKH� *D�GRSHG� FRPSRXQGV� /D0Q ! " # *D # 2 � � VKRZ� WKDW� WKH� *D� VXEVWLWXWLRQ� GUDPDWLFDOO\� UHGXFHV� WKH� -�7�
GLVWRUWLRQ� OHDGLQJ�� IRU� [� !� ����� WR� D� FU\VWDOORJUDSKLF� VWUXFWXUH� ZLWK� DOO� WKH� 0Q2 $ � RFWDKHGUD� LQ� D� V\PPHWULF�
FRQILJXUDWLRQ��+\GURVWDWLF� SUHVVXUH� KDV� DOVR� EHHQ� VKRZQ� WR� V\PPHWUL]H� WKH�0Q2 $ � RFWDKHGUD�ZKLOVW� WKH�PDJQHWLF�
VWUXFWXUH�DW�3� ���*SD�LV�D�FDQWHG�DQWLIHUURPDJQHWLF�VWUXFWXUH�RI�W\SH�$��:H�UHSRUW�WKH�PDJQHWLF�SKDVH�GLDJUDP�DV�
D�IXQFWLRQ�RI�DQ�DSSOLHG�SUHVVXUH�IRU�[� ������ZKLFK�LV�VWLOO�D�GLVWRUWHG�V\VWHP��LQ�D�ZLGH�SUHVVXUH�UDQJH������*SD��DQG�
FRPSDUH�LW�ZLWK�RXU�5DPDQ�VFDWWHULQJ�VWXGLHV��$W�3� ���*3D�ZH�REVHUYH�DQ�DQWLIHUURPDJQHWLF�VWUXFWXUH�RI�W\SH�$�
�ZLWK� WKH� PDJQHWLF� PRPHQWV� DOLJQHG� DORQJ� WKH� D�D[LV�� DQG� D� IHUURPDJQHWLF� FRQWULEXWLRQ� DORQJ� WKH� E�D[LV�� LQ�
DJUHHPHQW� ZLWK� ZKDW� SUHYLRXVO\� IRXQG� DW� DPELHQW� SUHVVXUH�� $V� SUHVVXUH� LV� DSSOLHG�� WKH� V\VWHP� GHYHORSV� DQ�
DQWLIHUURPDJQHWLF�FRPSRQHQW�DORQJ�WKH�E�D[LV�ZKLFK�LV�DEVHQW�DW�DPELHQW�SUHVVXUH��:H�GLVFXVV�RXU�ILQGLQJV�LQ�WHUPV�
RI� �G� RUELWDO� IOXFWXDWLRQV�� ZKLFK� SURPRWH� IHUURPDJQHWLF� RUGHU� DQG� H % � RUELWDO� RUGHULQJ�� ZKLFK� SURPRWH�
DQWLIHUURPDJQHWLF�RUGHU��

&RQJUHVVR�$QQXDOH��������6HWWHPEUH�������
6HVWUL�/HYDQWH�



 

�
�

4XDQWXP�UDWWOLQJ�PRWLRQ�RI�K\GURJHQ�PROHFXOHV�LQ�FODWKUDWH�K\GUDWH�
/RUHQ]R�8OLYL � � � ��0LOYD�&HOOL � � � ��$OHVVDQGUD�*LDQQDVL � � � ��0DUFR�=RSSL � � � ��$��-��5DPLUH]�&XHVWD � ��� �

� � �
�,VWLWXWR�GHL�6LVWHPL�&RPSOHVVL�&15��6H]��)LUHQ]H��6HVWR�)LRUHQWLQR��,WDO\�� ���
�,6,6�)DFLOLW\��5XWKHUIRUG�$SSOHWRQ�/DERUDWRU\��'LGFRW��8.�

&ODWKUDWH� K\GUDWHV� DUH� LQFOXVLRQ� FRPSRXQGV�� IRUPHG� E\� D� QHWZRUN� RI� K\GURJHQ�ERQGHG� ZDWHU�PROHFXOHV� WKDW� LV�
VWDELOL]HG�E\�WKH�SUHVHQFH�RI�IRUHLJQ��JHQHUDOO\�K\GURSKRELF��PROHFXOHV��KRVWHG�LQ�FDJHV�RI�GLIIHUHQW�IRUP�SUHVHQW�LQ�
WKH�VWUXFWXUH��7KH�VWDELOLW\�RI�D�ELQDU\�FODWKUDWH�K\GUDWH�ZLWK�K\GURJHQ�DV�D�JXHVW�PROHFXOH�KDV�EHHQ�GHPRQVWUDWHG�
UHFHQWO\� >���@�� 7KHVH� FRPSRXQGV� FDQ�EH� V\QWKHVL]HG�DW� D�SUHVVXUH� DURXQG� ����03D�� $�GLIIHUHQW� WHUQDU\� FODWKUDWH�
K\GUDWH� FRPSRXQG�� VWDEOH� DW� PXFK� ORZHU� SUHVVXUH�� KDV� EHHQ� VWXGLHG� UHFHQWO\� >���@�� ,W� FRQVLVWV� RI� WKH� FODVVLFDO� V,,�
VWUXFWXUH��FXELF��ZLWK�����+ � 2�PROHFXOHV�SHU�XQLW�FHOO��VWDELOL]HG�E\�WKH�SUHVHQFH�RI�WHWUD�K\GURIXUDQ��7+)���%HVLGHV�
WKH� WHFKQRORJLFDO� LQWHUHVW� RI� WKHVH� FRPSRXQGV� DV� SRVVLEOH� PDWHULDOV� IRU� K\GURJHQ� VWRUDJH�� WKH\� UHSUHVHQW� WHVW�
PDWHULDOV�WR�VWXG\�WKH�TXDQWXP�G\QDPLFV�RI�FRQILQHG�K\GURJHQ�PROHFXOHV��,Q�WKLV�WDON�WKH�UHVXOWV�RI�D�UHFHQW�LQHODVWLF�
QHXWURQ�VFDWWHULQJ�PHDVXUHPHQWV�ZLOO�EH�SUHVHQWHG�DQG�GLVFXVVHG��7KH�PHDVXUHPHQWV�KDYH�EHHQ�SHUIRUPHG�RQ�WKH�
726&$�VSHFWURPHWHU�DW�,6,6�ZLWK�PROHFXODU�K\GURJHQ�LQWR�D�KHDY\�ZDWHU�FODWKUDWH��ZLWK�FRPSOHWHO\�GHXWHUDWHG�7+)��
7KH� KLJK�UHVROXWLRQ� VSHFWUD� UHFRUGHG� RQ� 726&$� VKRZ� XQLTXH� IHDWXUHV� RI� WKH� TXDQWXP� G\QDPLFV� RI� + � �� %\� D�
VHSDUDWLRQ�RI�RUWKR��DQG�SDUD�+ � �VSHFWUD��ZH�DUH�DEOH�WR�DVVLJQ�WKH�VSHFWUDO�EDQGV�WR�URWDWLRQDO�DQG�FHQWHU�RI�PDVV�
WUDQVODWLRQDO� WUDQVLWLRQV� RI� HLWKHU� SDUD�� RU� RUWKR�+� �� 7KH� +�� PROHFXOH� URWDWHV� DOPRVW� IUHHO\�� ZKLOH� SHUIRUPLQJ� D�
WUDQVODWLRQDO� PRWLRQ� �UDWWOLQJ�� LQ� WKH� FDJH�� UHVXOWLQJ� D� SDUDGLJPDWLF� H[DPSOH� RI� TXDQWXP� G\QDPLFV� LQ� D� QRQ�
KDUPRQLF�SRWHQWLDO�ZHOO��%RWK� WKH�+ � �URWDWLRQDO�WUDQVLWLRQ�DQG�WKH�IXQGDPHQWDO�RI�WKH�UDWWOLQJ�WUDQVLWLRQ�VSOLW� LQWR�
WULSOHWV�� KDYLQJ�GLIIHUHQW� VHSDUDWLRQ�� 7KH� VSOLWWLQJ� LV�D� FRQVHTXHQFH�RI�D� VXEVWDQWLDO�DQLVRWURS\�RI� WKH� HQYLURQPHQW�
ZLWK� UHVSHFW� WR�WKH�RULHQWDWLRQ�RI� WKH�PROHFXOH� LQ� WKH�FDJH�� LQ� WKH� ILUVW� FDVH�� RU�ZLWK� UHVSHFW� WR� WKH�FHQWHU�RI�PDVV�
SRVLWLRQ�LQVLGH�WKH�FDJH�� LQ�WKH�VHFRQG�FDVH��7KH�YDOXHV�RI�WKH�WUDQVLWLRQ�IUHTXHQFLHV�DQG�EDQG�LQWHQVLWLHV�KDYH�EHHQ�
TXDQWLWDWLYHO\�UHODWHG�WR�WKH�GHWDLOV�RI� WKH� LQWHUDFWLRQ�SRWHQWLDO�EHWZHHQ�+ � �DQG�WKH�ZDWHU�PROHFXOHV��ZLWK�D�YHU\�
JRRG�DJUHHPHQW��7KH�VWXG\�RI�VXFK�URWDWLRQDO�G\QDPLFV�RI�WKH�VLQJOH�PROHFXOH�DQG�RI�SRVVLEOH�FOXVWHUV�>�@��ZLOO�UHYHDO�
GHWDLOV� RI� WKH� ZDWHU�KRVW� LQWHUPROHFXODU� SRWHQWLDO�� WKDW�� LQ� WXUQ�� ZLOO� EH� XVHIXO� WR� PRGHO� WKH� LQWHUDFWLRQ� DQG� WR�
FDOFXODWH�PRUH�SUDFWLFDO�FRQGLWLRQV�IRU�WKH�V\QWKHVLV�RI�K\GURJHQFODWKUDWH��
>�@�<�$��'\DGLQ�HW�DO���-��6WUXFW��&KHP������������������
>�@�:��/��0DR�HW�DO���6FLHQFH�������������������
>�@�/��-��)ORUXVVH�HW�DO���6FLHQFH������������������
>�@�+��/HH�HW�DO���1DWXUH������������������
�
�
 

6WUXFWXUH�DQG�G\QDPLFV�RI�390(���
$�QHXWURQ�VFDWWHULQJ�DQG�PROHFXODU�G\QDPLFV�VLPXODWLRQ�VWXG\���

6��&DSSRQL � � � ��)��$OYDUH] � � * ��� ��$��$UEH � ��� ��-��&ROPHQHUR � � * ��* ��� �
� � �
'HSDUWDPHQWR�GH�)LVLFD�GH�0DWHULDOHV��839�(+8��$SGR��������������6DQ�6HEDVWLDQ��� ���
&HQWUR�GH�)LVLFD�GH�0DWHULDOHV�&6,&�839�(+8���$SGR�������������6DQ�6HEDVWLDQ��� ���
'RQRVWLD�,QWHUQDWLRQDO�3K\VLFV�&HQWHU��3DVHR�0DQXHO�GH�/DUGL]DEDO����������6HEDVWLDQ��

7KH�MRLQW�XVH�RI�QHXWURQ�VFDWWHULQJ��16��PHDVXUHPHQWV�DQG�IXOO\�DWRPLVWLF�PROHFXODU�G\QDPLFV��0'��VLPXODWLRQV�LV�D�
SRZHUIXO� PHWKRG� WR� LQYHVWLJDWH� WKH� VWUXFWXUDO� DQG� G\QDPLFDO� SURSHUWLHV� RI� D� JODVV�IRUPLQJ� SRO\PHU� VXFK� DV�
SRO\�YLQ\O�PHWK\O�HWKHU�� �390(���+HUH�ZH�H[SORLW� WKLV� FRPELQDWLRQ�WR� VWXG\�WKH� VKRUW�UDQJH�RUGHU�GHWDLOV�DQG�WKH�
DWRPLF�PRWLRQV�ZHOO�DERYH�WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH��)RU�WKLV�SXUSRVH��ZH�KDYH�ILUVW�YHULILHG�WKH�UHOLDELOLW\�RI�
WKH� VLPXODWHG� FHOO��:H� KDYH� VLPXODWHG� WKH� VWDWLF� VWUXFWXUH� IDFWRU� DQG� FRPSDUHG� LW� WR� WKDW�PHDVXUHG� E\� QHXWURQ�
GLIIUDFWLRQ��5HJDUGLQJ�WKH�G\QDPLFDO�DVSHFWV��ZH�KDYH�FKHFNHG�WKH�UHVXOWV�RI�0'�VLPXODWLRQV�DJDLQVW�TXDVLHODVWLF�16�
OLWHUDWXUH�GDWD�RQ�PHWK\O�JURXS�URWDWLRQV�>�@�DQG�RQ�WKH�K\GURJHQ�PRWLRQV� LQ�WKH�VWUXFWXUDO�UHOD[DWLRQ�UHJLPH�>�@��
2QFH� YDOLGDWHG�� WKH� DGGLWLRQDO� LQIRUPDWLRQ� SURYLGHG� E\� WKH�0'� VLPXODWLRQV� KDV� EHHQ� H[SORLWHG� WR� KDYH� D�PRUH�
SUHFLVH�LQVLJKW�LQWR�WKH�VKRUW�UDQJH�RUGHU�DQG�WKH�DWRPLF�PRWLRQV�LQ�WKLV�SRO\PHU��)LQDOO\��XVLQJ�WKLV�VWUDWHJ\��ZH�DUH�
FXUUHQWO\�H[SORULQJ�DOVR�WKH�LQIOXHQFH�RI�ZDWHU�RQ�390(�G\QDPLFV��3UHOLPLQDU\�UHVXOWV�PLJKW�EH�SUHVHQWHG�DV�ZHOO���
�
>�@�$��&KDKLG��$��$OHJUtD��-��&ROPHQHUR��0DFURPROHFXOHV������������������
>�@�-��&ROPHQHUR��$��$OHJUtD��$��$UEH��%��)ULFN��3K\V��5HY��/HWW������������������
 
 



 

 
 
 
 
 
'HWHUPLQDWLRQV�RI�6�4� ��RI�OLTXLG�&' + �UHYHDOLQJ�WKH�PROHFXODU�DUUDQJHPHQW�DQG�WKH�UROH�

RI�DQLVRWURSLF�LQWHUDFWLRQV�
*��9HQWXUL � � � ��(��*XDULQL � ��� ��)��%DURFFKL � ��� ��0��6DPSROL � ��� ��8��%DILOH � ,�� �

� � �
�&15�,1)0�DQG�&56�6RIW��F�R�'LSDUWLPHQWR�GL�)LVLFD�8QLYHUVLWj�GL�)LUHQ]H��6HVWR�)LRUHQWLQR��,WDO\�� ���
�'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\�� ���
�'LSDUWLPHQWR�GL�(QHUJHWLFD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\�� ,��
�,VWLWXWR�GHL�6LVWHPL�&RPSOHVVL�&15��6H]��)LUHQ]H��6HVWR�)LRUHQWLQR��,WDO\�

$�GHWDLOHG�0ROHFXODU�'\QDPLFV� �0'�� VWXG\�RI� WKH�G\QDPLF� VWUXFWXUH� IDFWRU�6�4� �� RI� OLTXLG�GHXWHURPHWKDQH�KDV�
EHHQ� SHUIRUPHG� XVLQJ� IRXU� PRGHOV� IRU� WKH� VLWH�VLWH� LQWHUDFWLRQV� RI� WKH� PHWKDQH� GLPHU�� 5HFHQW� QHXWURQ� LQHODVWLF�
VFDWWHULQJ�GDWD�DQG�WKHLU�FRPSDULVRQ�ZLWK�WKH�TXRWHG�0'�UHVXOWV�FOHDUO\� VKRZ�WKH�HIILFLHQF\�RI�QHXWURQ�G\QDPLFDO�
PHDVXUHPHQWV� LQ� WKH� GLVFULPLQDWLRQ� DPRQJ� SRVVLEOH� PHWKDQH� SRWHQWLDOV�� %\� IXUWKHU� LQYHVWLJDWLQJ� WKH� VDOLHQW�
GLIIHUHQFHV� LQ� WKH�DQLVRWURSLF� FKDUDFWHU� RI� WKH� LQWHUDFWLRQ�PRGHOV� XVHG� LQ�RXU� VLPXODWLRQV��DQG�E\� FRPSDULQJ� WKHLU�
DELOLW\�WR�UHSURGXFH�WKH�QHXWURQ�LQHODVWLF�VSHFWUD�DW�ORZ�DQG�LQWHUPHGLDWH�4�YDOXHV������4������QP " ! ���ZH�FRXOG�HYHQ�
LQGLYLGXDWH� WKH�SUHIHUHQWLDO� DUUDQJHPHQW� RI� WKH�PROHFXOHV� LQ�PHWKDQH�DW� OLTXLG�GHQVLWLHV�� 6XFK�XQH[SHFWHGO\� ULFK�
DQG�QHZ�RXWFRPHV�RI� WKH� FRPELQDWLRQ�RI�0'� VLPXODWLRQV�ZLWK� FDUHIXO�QHXWURQ�G\QDPLFDO�PHDVXUHPHQWV�� LV�PRUH�
WKDQ� SURPLVLQJ� IRU� WKH� VWXG\� DQG� LQWHUSUHWDWLRQ� RI� WKH� G\QDPLF� DQG� VWDWLF� VWUXFWXUH� RI�PRUH� FRPSOH[�PROHFXODU�
OLTXLGV��
 
 
 
 
 
 
 
 
 

6WXGLR�FRPSDUDWLYR�GHOOD�GLQDPLFD�YHORFH�GL�OLVR]LPD�H�'1$�H�UXROR�GHOO·HQYLURQPHQW�
(OHQD�&RUQLFFKL

� � � ��0DWWHR�0DUFRQL � � � ��*LXVHSSH�2QRUL � � � ��$OHVVDQGUR�3DFLDURQL � � � �
� � �
'LSDUWLPHQWR�GL�)LVLFD�GHOO·8QLYHUVLWj�GL�3HUXJLD��&(0,1��&HQWUR�GL�(FFHOOHQ]D�SHU�L�0DWHULDOL�,QQRYDWLYL�

1DQRVWUXWWXUDWL��DQG�,1)0�&56�62)7��9LD�3DVFROL�������3HUXJLD��,WDO\� 
/·LPSRUWDQ]D�IRQGDPHQWDOH�FKH�OH�PROHFROH�ELRORJLFKH�KDQQR�SHU�RJQL�RUJDQLVPR�YLYHQWH�q�VWUHWWDPHQWH�OHJDWD�DOOD�
ORUR�IXQ]LRQDOLWj�ELRORJLFD��3URWHLQH�HG�HQ]LPL��FRVu�FRPH�LO�'1$��HVHUFLWDQR�VSHFLILFKH�IXQ]LRQL�ELRORJLFKH�SHU�OH�TXDOL�
VRQR� DOWDPHQWH� VSHFLDOL]]DWL� H� FKH� ULFKLHGRQR� XQD� QRWHYROH� IOHVVLELOLWj� FRQIRUPD]LRQDOH� GD� SDUWH� GHOOD�
PDFURPROHFROD�� 8Q� FRQWULEXWR� IRQGDPHQWDOH� SHU� LO� UDJJLXQJLPHQWR� GL� TXHVWD� IOHVVLELOLWj� q� GDWR� GDOOH� IOXWWXD]LRQL�
WHUPLFKH�� RYYHUR� PRWL� LQWHUQL� YHORFL� FRQ� WHPSL� FDUDWWHULVWLFL� GHOO·RUGLQH� GHL� QDQR�� H� SLFRVHFRQGL� HG� DPSLH]]H�
GHOO·RUGLQH�GHOOD�IUD]LRQH�GL�$QJVWURP��
8WLOL]]DQGR� OD� WHFQLFD�GHOOR� VFDWWHULQJ� HODVWLFR� GL� QHXWURQL�� DEELDPR� VWXGLDWR�TXHVWL�PRWL� YHORFL� FRQIURQWDQGR�GXH�
ELRPROHFROH� PROWR� GLYHUVH� IUD� ORUR�� LO� OLVR]LPD�� XQD� SLFFROD� SURWHLQD� JOREXODUH�� H� LO� '1$�� LQWUDSSRODWH� LQ� PDWULFL�
YHWURVH� GL� JOXFRVLR�DFTXD�� /H� PLVXUH�� UHDOL]]DWH� VXL� GXH� VSHWWURPHWUL� EDFNVFDWWHULQJ� ,1��� H� ,1���� FRQ� GLYHUVD�
ULVROX]LRQH� LQ� HQHUJLD�� VRQR� VWDWH� IDWWH� LQ� IXQ]LRQH� GHO� OLYHOOR� G·LGUDWD]LRQH� �J�'� 2�J� JOXFRVLR�� H� LQ� IXQ]LRQH� GHOOD�
WHPSHUDWXUD��$IILQLWj�H�GLIIHUHQ]H�VRQR�VWDWH�ULOHYDWH�WUD�OH�GLQDPLFKH�GHOOH�GXH�ELRPROHFROH��
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'HWDLOLQJ�WKH�VROYDWLRQ�OD\HU�FRPSRVLWLRQ�RI�SURWHLQV�LQ�PL[HG�VROXWLRQV��D�6$16�VWXG\�

5��6LQLEDOGL
� � � ��0��*��2UWRUH � � � ��)��6SLQR]]L � � � ��)��&DUVXJKL � � � ��3��0DULDQL � � � �

� � �
'LSDUWLPHQWR�GL�6FLHQ]H�DSSOLFDWH�DL�6LVWHPL�&RPSOHVVL��8QLYHUVLWj�3ROLWHFQLFD�GHOOH�0DUFKH��$QFRQD��,WDO\�

7KHUH�LV�D�ELJ�HIIRUW�WR�LQYHVWLJDWH�KRZ�QRQ�DTXHRXV�VROYHQWV�DIIHFW�LQWHUPROHFXODU�IRUFHV��VLQFH�FHUWDLQ�FR�VROXWHV�DUH�
VWRUHG�LQ� ODUJH�FRQFHQWUDWLRQV�LQ�RUJDQLVPV�OLYLQJ�LQ�FRQGLWLRQV�RI�VWUHVVHV�DQG�SOD\�D�NH\�UROH�LQ�PRGXODWLQJ�SURWHLQ�
VWDELOLW\��7KH�XQGHUVWDQGLQJ�RI� WKH�UROH�SOD\HG�E\�K\GUDWLRQ� LQ�DFWLYDWLQJ�SURWHLQ� LQWULQVLF�G\QDPLFV��DV�ZHOO�DV�WKH�
OLQN� EHWZHHQ� SUHIHUHQWLDO� K\GUDWLRQ�� VWUXFWXUDO� UHDUUDQJLQJ� DQG� ELRORJLFDO� IXQFWLRQDOLW\�� UHTXLUHV� D� GLUHFW�
FKDUDFWHUL]DWLRQ�RI�SURWHLQ�VROYHQW� LQWHUIDFH��:H�XVHG�6$16�WHFKQLTXH�WR� LQYHVWLJDWH�VROYHQW�FRPSRVLWLRQ�QHDU�WKH�
SURWHLQ� VXUIDFH�� IRFXVLQJ�RXU�DWWHQWLRQ�WR�D�PRGHO�SURWHLQ�� O\VR]\PH��GLVVROYHG� LQ�ZDWHU�JO\FHURO� >�@�DQG� LQ�ZDWHU�
XUHD�PL[WXUHV��*O\FHURO�GRHV� QRW� FKDQJH� VHFRQGDU\�DQG� WHUWLDU\� VWUXFWXUH� RI� O\VR]\PH�DQG� LW�KDV�EHHQ� IRXQG�WKDW�
O\VR]\PH� UHJDLQV� LWV� FDWDO\WLF� DFWLYLW\� HYHQ� LQ� QHDUO\� DQK\GURXV� JO\FHURO� ZLWK� HIILFLHQF\� FRPSDUDEOH� ZLWK� WKDW� LQ�
DTXHRXV�VROXWLRQV��8UHD�LV�D�ZHOO�NQRZQ�SURWHLQ�GHQDWXUDQW��GHVSLWH�LWV�XELTXLWRXV�XVH��RQO\�OLWWOH�LV�NQRZQ�DERXW�WKH�
PROHFXODU� PHFKDQLVP� XQGHUO\LQJ� XUHD�LQGXFHG� SURWHLQ� XQIROGLQJ�� 6$16� H[SHULPHQWV� KDYH� EHHQ� SHUIRUPHG� DW�
)RUVFKXQJHUV]HQWUXP�LQ�-�OLFK��*HUPDQ\��DQG�DW�+DKQ�0HLWQHU�,QVWLWXW�LQ�%HUOLQ��$V�GLIIHUHQFHV�LQ�WKH�VROYDWLRQ�VKHOO�
ZHUH� H[SHFWHG� WR� EH� TXLWH� VPDOO�� WKH� H[SHULPHQWDO� FRQGLWLRQV� WR� EH� LQYHVWLJDWHG� ZHUH� VHOHFWHG� RQ� WKH� EDVLV� RI�
QXPHULFDO� VLPXODWLRQV� RI� 6$16� FXUYHV� DW� GLIIHUHQW� FRVROYHQW� FRPSRVLWLRQ� DQG� GHXWHUDWLRQ� JUDGHV�� +HQFH� VDPSOHV�
ZHUH�SUHSDUHG�XVLQJ�FRQYHQLHQW�SURWHLQ�FRQFHQWUDWLRQV��FRVROYHQW�DQG�GHXWHULXP�DPRXQWV��$�JOREDO�ILW�PHWKRG�>���@�
KDV� EHHQ� XVHG� WR� HVWLPDWH� D� WKHUPRG\QDPLF� PRGHO� >�@� WKDW� GHVFULEHV� WKH� H[FKDQJH� HTXLOLEULXP� RI� ZDWHU� DQG�
FRVROYHQW� EHWZHHQ� SURWHLQ� VXUIDFH� DQG� EXON�� 7KH� WKHUPRG\QDPLF� FRQVWDQWV� .� REWDLQHG� E\� WKH� WZR� VHW� RI�
H[SHULPHQWDO�GDWD�FOHDUO\�LQGLFDWH�WKDW�JO\FHURO�LV�SUHIHUHQWLDOO\�H[FOXGHG�IURP�O\VR]\PH�VROYDWLRQ�VKHOO��ZKLOH�XUHD�LV�
PRUH� FRQFHQWUDWHG� LQ� WKH� VROYDWLRQ� VKHOO� LQ� UHVSHFW� WR� WKH� EXON�� 7KH� FRPPRQ� ILWWHG� SDUDPHWHUV�� WKH� .� DQG� WKH�
PROHFXODU�YROXPH�RI�ZDWHU�LQ�FRQWDFW�ZLWK�SURWHLQ�VXUIDFH��DOORZ�WR�HVWLPDWH�WKH�SUHIHUHQWLDO�ELQGLQJ�FRHIILFLHQW�DQG�
WKH� H[FHVV� VROYDWLRQ� QXPEHU�� DV� D� IXQFWLRQ� RI� FR�VROYHQW� PRODU� IUDFWLRQ�� 7KHVH� UHVXOWV� DUH� LQ� DJUHHPHQW� ZLWK�
SUHIHUHQWLDO� LQWHUDFWLRQ� FRHIILFLHQW� HVWLPDWHG� ZLWK� FKHPLFDO�SK\VLFDO� WHFKQLTXHV�� 7KH�PRVW� LQWHUHVWLQJ� UHVXOW� LV� WKH�
VHWWLQJ�RI�D�QHZ�PHWKRG�WR�LQYHVWLJDWH�LQ�GHWDLO�SURWHLQV�K\GUDWLRQ�IHDWXUHV�LQ�PL[HG�VROYHQWV�YLD�6$16�H[SHULPHQWV��
UHVXOWLQJ�WR�EH�DEOH�WR�FRQILUP�WKDW�VWDELOL]LQJ�DQG�GHQDWXULQJ�HIIHFWV�GXH�WR�WKH�SUHVHQFH�RI�D�FRVROYHQW�DUH�VWULFWO\�
FRUUHODWHG�WR�WKHLU�DIILQLW\�ZLWK�WKH�SURWHLQ�VXUIDFH��
>�@�7��.QXERYHWV�HW�DO���3URF��1DWO��$FDG��6FL������������������������
>�@�5��6LQLEDOGL��0��*��2UWRUH��)��6SLQR]]L��)��&DUVXJKL��+��)ULHQOLQJKDXV��6��&LQHOOL��*��2QRUL��DQG�3��0DULDQL�� -��&KHP�

3K\V���������������������
>�@�0�*��2UWRUH�HW�DO���&KHP��3K\V��/HWW����������������������
>�@�-��$��6FKHOOPDQQ��%LRSK\V��-���������������������
 
 
 

6WXG\LQJ�WKH�ORZ�IUHTXHQF\�YLEUDWLRQDO�IHDWXUHV�RI�ZDWHU�DW�WKH�LQWHUIDFH�ZLWK�D�
GHXWHUDWHG�SURWHLQ��

$��3DFLDURQL � � * ��* ��� ��$��2UHFFKLQL � � * ��� ��(��&RUQLFFKL � � * ��* ��� ��0��0DUFRQL � � * ��* ��� ��&��3HWULOOR � � * ��� ��)��6DFFKHWWL � � * ��� ��
0��+DHUWOHLQ � ,�� ��0��7DUHN � -�� �

� � � �'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�GHJOL�6WXGL�GL�3HUXJLD�� ���
�6RIW�,1)0�&15��� ���
�&(0,1�3HUXJLD�� ,��
�'HXWHUDWLRQ�/DERUDWRU\��,//��*UHQREOH�� -��
�&156��1DQF\�

:H�UHSRUW�D�QHXWURQ�VFDWWHULQJ� LQYHVWLJDWLRQ�IRFXVVHG�RQ�WKH�YLEUDWLRQDO�EHKDYLRXU�RI�WKH�0DOWRVH�%LQGLQJ�3URWHLQ�
�0%3��DQG� LWV� K\GUDWLRQ�ZDWHU� LQ� WKH�SLFRVHFRQG� WLPHVFDOH�� L�H�� WKH� WLPHVFDOH�RI� ORZ�IUHTXHQF\� FROOHFWLYH�PRWLRQV��
'XH�WR�WKH�YHU\�KLJK�FURVV�VHFWLRQ�RI�K\GURJHQ�DWRPV��QHXWURQ�VFDWWHULQJ�LV�D�YHU\�VXLWDEOH�WHFKQLTXH�WR� LQYHVWLJDWH�
WKH�G\QDPLFDO�SURSHUWLHV�RI�ELRPROHFXOHV�LQ�WKH�SLFRVHFRQG�WLPHVFDOH��$W�ORZ�K\GUDWLRQ�GHJUHH�WKH�FRQWULEXWLRQ�IURP�
WKH�GHXWHUDWHG�VROYHQW�FDQ�EH�UHDVRQDEO\�QHJOHFWHG��WKXV�DOORZLQJ�WR�VLQJOH�RXW�GLUHFWO\�WKH�SURWHLQ�VSHFWUXP��2Q�WKH�
FRQWUDU\��WKH�VLJQDO�IURP�WKH�VROH�VROYHQW�FDQ�EH�SODXVLEO\�PHDVXUHG�LQ�SUHVHQFH�RI�D�SHUGHXWHUDWHG�SURWHLQ�VDPSOH��
7R� SURSHUO\� VHSDUDWH� WKH� SURWHLQ� DQG� VROYHQW� ORZ�IUHTXHQF\� FRQWULEXWLRQV�� ZH� WKHUHIRUH� PHDVXUHG� SURWRQDWHG�
0%3�' � 2��GHXWHUDWHG�0%3�+ � 2�DQG�SURWRQDWHG�0%3�+ � 2��E\�PHDQV�RI�WKH�WLPH�RI�IOLJKW�VSHFWURPHWHU�,1����
7KH�VLJQDWXUH�RI�D�VWURQJ�FRXSOLQJ�EHWZHHQ�WKH�SURWHLQ�DQG�K\GUDWLRQ�ZDWHU�YLEUDWLRQDO�G\QDPLFV�LV�IRXQG�DURXQG���
PH9��7KH�GHQVLW\�RI�VWDWHV�RI�SURWHLQ�K\GUDWLRQ�ZDWHU�FDQ�EH�GHFRPSRVHG�LQ�WHUPV�RI�WKH�GHQVLW\�RI�VWDWHV�RI�KLJK��
DQG�ORZ�GHQVLW\�DPRUSKRXV�LFH��+'$�DQG�/'$�UHVSHFWLYHO\���ZLWK�WKH�ODUJH�SUHGRPLQDQFH�RI�+'$�LFH��



 

$�QHZ�SK\VLFDO�DSSURDFK�WR�XQGHUVWDQGLQJ�GHP\HOL]DWLRQ��LQYHVWLJDWLRQ�RI�WKH�VWUXFWXUH�
DQG�G\QDPLFV�RI�PRGHO�P\HOLQ�VKHDWKV��
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$OHVVLR�'H�)UDQFHVFR � � � �
� � � �&15�,1)0�DQG�&56�6RIW��F�R�,QVWLWXW�/DXH�/DQJHYLQ��*UHQREOH��)UDQFH�
7KH�P\HOLQ�VKHDWK�LV�D�PHPEUDQH�RI�WKH�SHULSKHUDO�QHUYRXV�V\VWHP�ZKLFK�DFWV�DV�DQ�HOHFWULFDO�LQVXODWRU�DURXQG�WKH�
QHUYH�D[RQV�� 7KLV�PHPEUDQH��ZKRVH� WDVN� LV� WR� LQFUHDVH� WKH� VSHHG�RI� WKH� QHXUDO� VLJQDOV�� LV� FRPSRVHG�RI�D� FRPSOH[�
VWUXFWXUH�RI�OLSLGV�DQG�SURWHLQV�RUJDQLVHG�LQ�D�PXOWLOD\HU�VWUXFWXUH�>�@��,WV�GHJUDGDWLRQ��GHP\HOL]DWLRQ��LV�REVHUYHG�LQ�
GLVHDVHV�OLNH�0XOWLSOH�6FOHURVLV��ZKHUH�WKH�P\HOLQ�VWUXFWXUHV�EUHDNV�GRZQ�ZLWKRXW�HYLGHQW�GDPDJH�WR�WKH�XQGHUO\LQJ�
D[RQ�>�@���
,W�LV�NQRZQ�WKDW�WKLV�LOOQHVV�LV�FDXVHG�E\�DQ�DXWRLPPXQH�UHVSRQVH�DJDLQVW�RQH�RU�PRUH�P\HOLQ�DQWLJHQV�WULJJHUHG�E\�D�
FRPELQDWLRQ�RI�JHQHWLF�SUHGLVSRVLWLRQ�DQG�HQYLURQPHQWDO�IDFWRUV��7KH�ODWWHU�LV�WKRXJKW�EH�FDXVHG�E\�YLUDO�LQIHFWLRQV�LQ�
HDUO\�VWDJHV�RI�WKH�LQGLYLGXDO·V�OLIH��7KH�DXWRLPPXQH�UHVSRQVH�FRXOG�EH�UHODWHG�WR�VLPLODULW\�LQ�WKH�SULPDU\�VHTXHQFH�
EHWZHHQ�VRPH�YLUDO�SURWHLQV�DQG�SURWHLQV�SUHVHQWV�LQ�WKH�P\HOLQ��P\HOLQ�EDVLF�SURWHLQ�>�@��SURWHROLSLG�SURWHLQ�>�@��RU�
EHWZHHQ�OLSLGLF�FRPSRQHQWV�>�@��+RZHYHU��QHLWKHU�D�XQLTXH�DQG�VSHFLILF�06�YLUXV��QRU�GHILQLWLYH�DQWLJHQV�KDYH�EHHQ�
LGHQWLILHG��DQG�WKH�FRPELQDWLRQ�RI�PRUH�RI�WKHVH�FDQGLGDWHV�PLJKW�LQVWHDG�KDYH�D�´FDWDO\WLF�UROHµ�RQ�WKH�RQVHW�RI�WKH�
LOOQHVV�>�@���
,W� LV� WKHUHIRUH� HVVHQWLDO� WR� DFTXLUH� D� GHWDLOHG� NQRZOHGJH� RI� WKH� SK\VLFDO� FKHPLFDO� SURSHUWLHV� RI�P\HOLQ�� DQG� RI� LWV�
VWUXFWXUH�DQG�RUJDQL]DWLRQ� LQ�RUGHU�WR�UHYHDO�KRZ�DQG�ZK\�VSHFLILF�DQWLJHQV�EHFRPH� VHOHFWHG� IURP�WKH�DQWLERGLHV��
1HXWURQ�DQG�;�UD\�UHIOHFWRPHWU\�DUH�SRZHUIXO�PHDQV�WR�HOXFLGDWH�VWUXFWXUDO�DVSHFW�RI�WKH�PXOWLOD\HUV�DGVRUEHG�RQ�
SODQDU�VXEVWUDWHV�GXH�WR�WKHLU�VHQVLWLYLW\�WR�VXUIDFH�SURSHUWLHV���
2WKHU� DVSHFWV� WR� EH� WDFNOHG� DUH� FROOHFWLYH� G\QDPLFDO� LVVXHV� UHODWHG� WR� WKH� GHP\HOLQL]DWLRQ� SURFHVV�� 7KH� VWUXFWXUDO�
FKDQJHV�RFFXUULQJ�LQ�WKLV�FDVH�UHVHPEOH�WKH�ELRSK\VLFDO�FKDQJHV�RFFXUULQJ�LQ�PHPEUDQH�IXVLRQ�DQG�DGKHVLRQ��ZKHUH�
�FROOHFWLYH�� FKDQJHV� LQ� FXUYDWXUH� SOD\� D� UHOHYDQW� UROH� >�@�� &ROOHFWLYH� G\QDPLFV� KDYH� EHFRPH� YLVLEOH� UHFHQWO\� E\�
,QHODVWLF�1HXWURQ�6FDWWHULQJ�H[SHULPHQWV�>�@��7KHVH�H[SHULPHQWV�SHUIRUPHG�E\�YDU\LQJ�WKH�FRQWHQW�DQG�WKH�W\SH�RI�
WKH�P\HOLQ�SURWHLQV�FRXOG�VKHG�OLJKW�LQ�ZKDW�GHWHUPLQH�WKH�VWDELOLW\�DQG�WKH�LQVWDELOLW\�RI�WKHVH�V\VWHPV�ZLWK�REYLRXV�
EHQHILW�LQ�WKH�XQGHUVWDQGLQJ�ZKDW�FDQ�IDYRXU�DQG�KLQGHU�GHP\HOLQL]DWLRQ���
$�SRVVLEOH�SUREOHP�WKDW�FRXOG�EH�HQFRXQWHUHG� LQ�WKLV� VWXG\�LV�KRZ�FORVH�D�P\HOLQ�V\VWHP�RQ�D�PRGHO� VXUIDFH�FRXOG�
UHSUHVHQW�WKH�UHDO�P\HOLQ�V\VWHP��VLQFH� LWV�´LQ�YLYRµ�VWUXFWXUH�DQG�IXQFWLRQDOLW\�DUH�KLJKO\�GHSHQGHQW�RQ�LQWHUDFWLRQV�
ZLWK�WKH�XQGHUO\LQJ�D[RQV��$Q�DGHTXDWH�LQWHUIDFLDO�FXVKLRQ�WKDW�FRXOG�PLPLF�´LQ�YLYRµ�FRQGLWLRQV�VKRXOG�WKHUHIRUH�EH�
GHYHORSHG� LQ�FROODERUDWLRQ�ZLWK�ELRORJ\�JURXSV�DQG�H[SHUWLVH� LQ�WKH�ILHOG�RI�QHXURORJ\��3UHOLPLQDU\�FRQWDFWV�PDGH�
WKURXJK�WKH�0F*LOO�1HXURHQJLQHHULQJ�&HQWHU� �FRQVWLWXWHG�RI� UHVHDUFKHUV� LQ�&KHPLVWU\��3K\VLFV�DQG�WKH�1HXURORJLFDO�
,QVWLWXWH��UHYHDO�WKDW�HIIRUWV�WR�FUHDWH�KLJKO\�ELRPLPHWLF�´LQ�YLWURµ�FHOO�JURZWK�FRQGLWLRQ�DUH�ZHOO�XQGHUZD\���
�
>�@�.��$��:LOOLDPV��&��0��'HEHU��&ULWLFDO�5HYLHZV�LQ�&OLQLFDO�/DERUDWRU\�6FLHQFHV�����������������������
>�@�2OGVWRQH��&HOO������������������
>�@�6�<��6KDZ��5��$��/DXUVHQ��0�%��/HHV��)(%6�/HWW�������������������
>�@�1��.DVDL��$��5��3DFKQHU��5��.��<X��-��1HXURO�6FL������������������
>�@�%��2KOHU��.��*UDI��5��%UDJJ��7��/HPRQV��5�&RH��&��JHQLDQ��-��,VUDHODFKYLOL��&��+XVWHG��%LRFKLPLFD�DQG�ELRSK\VLFD�$FWD�

������������������
>�@�0��&��5KHLQVWlGWHU��&��2OOLQJHU��*��)UDJQHWR��)��'HPPHO��DQG�7��6DOGLWW��3K\V��5HY��/HWW���������������������
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0LFURVFRSLF�VWUXFWXUH�RI�VLQJOH�ZDOOHG�FDUERQ�QDQRWXEHV�DQG�DOORWURSLF�LPSXULWLHV�
0LOYD�&HOOL � � � ��$OHVVDQGUD�*LDQQDVL � � � ��0DUFR�=RSSL � � � �

� � �
�,VWLWXWR�GHL�6LVWHPL�&RPSOHVVL�&15��6H]��)LUHQ]H��6HVWR�)LRUHQWLQR��,WDO\�

3XOVHG�QHXWURQ�GLIIUDFWLRQ�KDV�EHHQ�XVHG�WR�FKDUDFWHUL]H�WKH�PLFURVFRSLF�VWUXFWXUH�DQG�SXULW\�RI�VLQJOH�ZDOOHG�FDUERQ�
QDQRWXEHV� VDPSOHV� SURGXFHG� E\� DUF� GLVFKDUJH�� :H� XVHG� WKH� 6$1'$/6� WLPH� RI� IOLJKW� GLIIUDFWRPHWHU�� ZKRVH�
SHUIRUPDQFH�LQ�PHDVXULQJ�WKH�PLFURVFRSLF�VWUXFWXUDO�SURSHUWLHV�RI�OLJKW�PDVV�PDWHULDOV�LV�ZHOO�NQRZQ�DQG�UHFRJQL]HG��
7KH�H[WHQGHG�4�UDQJH�RI�WKH�LQVWUXPHQW�DOORZV�IRU�D�GLUHFW�LQYHUVLRQ�RI�WKH�GDWD�WR�GHWHUPLQH�WKH�UDGLDO�GLVWULEXWLRQ�
IXQFWLRQ�RI�WKH�FDUERQ�DWRPV��7KLV�LV�FRPSDUHG�ZLWK�WKH�FRUUHVSRQGLQJ�IXQFWLRQ�SURGXFHG�E\�FRPSXWHU�VLPXODWLRQ��,Q�
DGGLWLRQ�� WKH�DEVROXWH�FDOLEUDWLRQ�RI�WKH�QHXWURQ�GLIIUDFWLRQ�GDWD�HYLGHQFHV�DQRPDOLHV� LQ�WKH�GLIIUDFWLRQ�VSHFWUD�RI�
WKH�FDUERQ�QDQRWXEHV��HVSHFLDOO\�DW�WKH�OHYHO�RI�WKH�WRWDO�VFDWWHULQJ�VHFWLRQ��WKDW�FRXOG�QRW�EH�REVHUYHG�LQ�SUHYLRXV�
QHXWURQ� VFDWWHULQJ� H[SHULPHQWV�� 7KHVH� DUH� DWWULEXWHG� WR� WKH� SUHVHQFH� RI� D� VXEVWDQWLDO� DPRXQW� RI� VSXULRXV�
FDUERQDFHRXV�PDWHULDO�WKDW�ZDV�QRW�TXDQWLWDWLYHO\�GHWHFWHG�ZLWK�PRUH�FRQYHQWLRQDO�GLDJQRVWLF�WHFKQLTXHV��
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3RVWHU�
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/DUJH�ZDYH�YHFWRUV�VRXQG�H[FLWDWLRQV�LQ�WKH�FROOHFWLYH�G\QDPLFV�RI�IOXLGV�
8��%DILOH � � � ��)��%DURFFKL � ��� ��(��*XDULQL � ��� ��0��6DPSROL � ��� ��*��9HQWXUL � ,�� �

� � �
�&15�,VWLWXWR�GHL�6LVWHPL�&RPSOHVVL��VH]LRQH�GL�)LUHQ]H��)LUHQ]H��,WDO\�� ���
�'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\�� ���
�'LSDUWLPHQWR�GL�(QHUJHWLFD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\�� ,��
�&15�,1)0�DQG�&56�6RIW��F�R�'LSDUWLPHQWR�GL�)LVLFD��)LUHQ]H��,WDO\�

$� WZR�GHFDGH� GHYHORSPHQW� RI� GHGLFDWHG� KLJK�SHUIRUPDQFH� LQVWUXPHQWDWLRQ� DW� PDMRU� QHXWURQ� DQG� V\QFKURWURQ�
UDGLDWLRQ�VRXUFHV�KDV�VWLPXODWHG�QXPHURXV�VSHFWURVFRSLF�VWXGLHV�RI�WKH�FROOHFWLYH�G\QDPLFV�RI�IOXLGV��ULVLQJ�WKH�QHXWURQ�
DQG�[�UD\�YHUVLRQV�RI�%ULOORXLQ�VFDWWHULQJ�WR�ZHOO�HVWDEOLVKHG�DQG�IUXLWIXO�H[SHULPHQWDO�PHWKRGV�LQ�WKLV�ILHOG��+RZHYHU��
LQ�FRQWUDVW�ZLWK�WKH�ODUJH�DPRXQW�RI�G\QDPLFDO�VWXGLHV�SHUIRUPHG�DW�ZDYH�YHFWRUV�4�EHORZ�WKH�SRVLWLRQ�4 M �RI�WKH�
PDLQ�SHDN�LQ�WKH�VWDWLF�VWUXFWXUH�IDFWRU�6�4���YHU\�OLWWOH�LV�NQRZQ�DERXW�WKH�EHKDYLRXU�RI�DFRXVWLF�H[FLWDWLRQV�DW�TXLWH�
ODUJHU�4�YDOXHV��:H�SUHVHQW�PROHFXODU�G\QDPLFV�VLPXODWLRQ�UHVXOWV�IRU�WKH�WUDQVODWLRQDO�SDUW�RI�WKH�G\QDPLF�VWUXFWXUH�
IDFWRU�RI�WKH�PROHFXODU�OLTXLG�&' � �XS�WR�UDWKHU�KLJK�ZDYH�YHFWRUV��4�a��4 M ���DQDO\]HG�E\�PHDQV�RI�WKH�YLVFRHODVWLF�
PRGHO� OLQH� VKDSH�� 2XU� LQYHVWLJDWLRQ� VKRZV� WKDW� XQGHUGDPSHG� VRXQG�PRGHV� SHUVLVW� XS� WR� VXFK� KLJK�4� YDOXHV�� LQ�
DJUHHPHQW�ZLWK�D�QRQ�YDQLVKLQJ�GLVWLQFW�SDUW� LQ�6�4���ZLWK�WKH�H[FHSWLRQ�RI�D�UHVWULFWHG� LQWHUYDO�DURXQG�4 M �ZKHUH�
WKH�FROOHFWLYH�RVFLOODWLRQV�XQGHUJR�D�WUDQVLWRU\�RYHUGDPSLQJ��
�
 
 
 

:DWHU�GLIIXVLYLW\�LQ�39$�EDVHG�WUDQVGHUPDO�SDWFKHV�
&��&KLDSSRQL � � � ��0�7��'L�%DUL � � � ��$��'HULX � � � ��)��6RQYLFR � ��� ��3��6DQWL � ��� ��6��1LFROL � ��� ��&��3DGXOD � ��� ��������������

-��2OOLYLHU � ���   
� � �
�8QLYHUVLWj�GL�3DUPD��'LSDUWLPHQWR�GL�)LVLFD�DQG�&1,60��3DUPD��,WDO\��� ���
�8QLYHUVLWj�GL�3DUPD��'LSDUWLPHQWR�)DUPDFHXWLFR��3DUPD��,WDO\��� ���
�,//��*UHQREOH��)UDQFH��

7UDQVGHUPDO�SDWFKHV�DUH�LQQRYDWLYH�GUXJ�GHOLYHU\�V\VWHPV�LQWHQGHG�IRU�VNLQ�DSSOLFDWLRQ��:H�SUHVHQW�KHUH�WKH�UHVXOWV�
RI�D�4(16�H[SHULPHQW�RQ�D�ZDWHU�EDVHG�DQG�YDSRU�SHUPHDEOH�ELRDGKHVLYH� ILOP�LQWHQGHG�IRU�GHUPDO�WUDQVGHUPDO�
GHOLYHU\�� 7KH� ILOP� LV� REWDLQHG� E\� PL[LQJ� ZDWHU� VROXWLRQV� RI� D� ILOP�IRUPLQJ� SRO\PHU� �SRO\YLQ\O� DOFRKRO��� D� ZDWHU�
VROXEOH� DGKHVLYH�� D� SODVWLFL]HU� �JO\FHULQ� RU� VRUELWRO�� DQG� D� PRGHO� GUXJ�� 7KH� UHVXOWLQJ� VROXWLRQ� LV� ODPLQDWHG� RQ�
VLOLFRQL]HG�SDSHU�DQG�RYHQ�GULHG�DW�����&��7KH�REWDLQHG�ILOP�LV�QRW�DGKHVLYH�LQ�WKH�GU\�VWDWH�EXW�RQO\�ZKHQ�DSSOLHG�
RQ�ZHW�VNLQ��)LOP�ZDWHU�LQWHUDFWLRQ�LV�D�NH\�IDFWRU�IRU�WKH�EHKDYLRU�RI�WKH�ILOP�LWVHOI��7KLV�LV�VXSSRUWHG�E\�WKH�IROORZLQJ�
REVHUYDWLRQV��L��WKH�ILOP�EHFRPHV�DGKHVLYH�RQO\�ZKHQ�LQ�FRQWDFW�ZLWK�ZDWHU��LL��WKH�HIILFLHQF\�RI�GUXJ�UHOHDVH�IURP�WKH�
ILOP�GHSHQGV�RQ�WKH�DPRXQW�RI�ZDWHU�DSSOLHG��LLL��WKH�ILOP�LV�KLJKO\�ZDWHU�SHUPHDEOH�������J�P " � LQ����KUV��DQG�ZDWHU�
VROXEOH���
8VLQJ� WKH�72)� VSHFWURPHWHU� ,1��DW� WKH� ,//�ZH�KDYH�PHDVXUHG�TXDVLHODVWLF� VFDWWHULQJ� VSHFWUD�RI� WKH� ILOP�DW� URRP�
WHPSHUDWXUH�DQG�DW�VHYHUDO�K\GUDWLRQ�OHYHOV�IURP�WKH�DOPRVW�GU\�VWDWH�XS�WR�DERXW�����ZDWHU�FRQWHQW��E\�ZHLJKW��
WKDW� FRUUHVSRQGV� WR� WKH� FRQGLWLRQV� RI� PHGLFDO� DSSOLFDWLRQ�� 7KH� HIIHFW� RI� WKH� SUHVHQFH� RI� D� GUXJ� KDV� DOVR� EHHQ�
LQYHVWLJDWHG�ORDGLQJ�WKH�ILOP�ZLWK�D�PRGHO�GUXJ��OLGRFDLQH��a����E\�ZHLJKW����
8S� WR�DERXW� ����K\GUDWLRQ� WKH�TXDVLHODVWLF� VSHFWUD�DUH� VLPLODU� LQ� VKDSH� WR� WKDW�RI� WKH�GU\� VDPSOH� LQGLFDWLQJ� WKDW�
PRVW�K\GUDWLRQ�ZDWHU�LV�ERXQG�WR�WKH�ILOP��)XUWKHU�ZDWHU�DGGLWLRQ�JLYHV�ULVH�WR�D�EURDG�TXDVLHODVWLF�FRPSRQHQW�GXH�
WR� ZDWHU� PROHFXOHV� ZHDNO\� ERXQG� WR� WKH� ILOP�� DQG� ZLWK� SURSHUWLHV� VLPLODU� WR� WKRVH� RI� EXON� ZDWHU�� $GGLWLRQ� RI�
OLGRFDLQH�GRHV�QRW�FKDQJH�VLJQLILFDQWO\�WKH�GLIIXVLYLW\�SURSHUWLHV�RI�K\GUDWLRQ�PROHFXOHV���

&RQJUHVVR�$QQXDOH��������6HWWHPEUH�������
6HVWUL�/HYDQWH�



 

 
 
 
 
 
 
 

7KH�,WDOLDQ�1HXWURQ�([SHULPHQWDO�6WDWLRQ��,1(6��DW�,6,6��VWDWXV�DQG�GHYHORSPHQW�
)UDQFHVFR�*UD]]L � � � ��/DXUD�%DUWROL � � � ��0LOYD�&HOOL � � � ��6LOYLD�,PEHUWL � ��� ��0DUFR�=RSSL � � � �

� � �
,6&�&15��6HVWR�)LRUHQWLQR��),���,WDO\�� ���
,6,6�5$/��&KLOWRQ��'LGFRW��2;21���*UHDW�%ULWDLQ�

7KH� ,1(6�SURMHFW� FRQFHUQV� WKH� UHDOL]DWLRQ� RI�D�PXOWLSXUSRVH�H[SHULPHQWDO� VWDWLRQ��EXLOW� E\�&15�DW� WKH� ,6,6� SXOVHG�
QHXWURQ� VRXUFH� �5XWKHUIRUG�$SSOHWRQ� /DERUDWRU\��8.��� 7KLV� LQVWUXPHQW� LV�PDLQO\� LQWHQGHG� WR� RSHUDWH�DV� WHVW� DQG�
WUDLQLQJ� IDFLOLW\� IRU� WKH� ,WDOLDQ� QHXWURQVFDWWHULQJ� FRPPXQLW\�� 7KH� H[SHULPHQWDO� VWDWLRQ� LV� HTXLSSHG� ZLWK� D�
PXOWLSXUSRVH�WLPH�RI�IOLJKW�QHXWURQ�GLIIUDFWRPHWHU��7KLV� LV� ORFDWHG�GRZQVWUHDP�D�ZDWHU�PRGHUDWRU�RI�WKH�QHXWURQ�
VRXUFH��ZLWK�DQ�H[FHOOHQW�WLPH�UHVROXWLRQ��,Q�WKH�SUHVHQW�FRQILJXUDWLRQ�WKH�,1(6�
GLIIUDFWRPHWHU�FRQWDLQV�D�KLJKO\�HIILFLHQW�ODUJH�GHWHFWRU�DUHD�FRYHULQJ�D�UDQJH�RI�DERXW������RQ�WKH�KRUL]RQWDO�SODQH��
0RUHRYHU�LW�RIIHUV�D�ODUJH�VDPSOH�YROXPH��DERXW������P � ���DOORZLQJ�WKH�VWXG\�RI�DOPRVW�DQ\�NLQG�RI�REMHFW��LQFOXGLQJ�
EXON\�DUFKDHRORJLFDO�DUWLIDFWV��7KH�SRVVLELOLW\�WR�VHSDUDWHO\�DQDO\]H�HDFK�VLQJOH�GHWHFWRU�PDNHV�WH[WXUH�DQDO\VLV�DOVR�
SRVVLEOH�� 7KH� RSSRUWXQLW\� WR� RSHUDWH� H[SHULPHQWV� LQ� SDUWLFXODU� WKHUPRG\QDPLF� FRQGLWLRQV� �L�H�� KLJK� SUHVVXUH�� KLJK�
DQG�ORZ�WHPSHUDWXUHV��LV�DOVR�XQGHU�LQYHVWLJDWLRQ��
 
 
 
 
 
 

1HXWURQ�VFDWWHULQJ�GHWHUPLQDWLRQ�RI�WKH�G\QDPLF�VWUXFWXUH�IDFWRU�RI�OLTXLG�&2 � �
5��)DYLOOLQL � � � ��8��%DILOH � ��� ��)��%DURFFKL � � � ��)��)RUPLVDQR � ��� ��(��*XDULQL � � � ��$��2UHFFKLQL � ,�� ��0��6DPSROL � -�� ��

*��9HQWXUL � N�� �
� � �
'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\ � ���
&15�,VWLWXWR�GHL�6LVWHPL�&RPSOHVVL��VH]LRQH�GL�)LUHQ]H��,WDO\�� ���
&15�,1)0�DQG�&56�6RIW��F�R�,QVWLWXW�/DXH�/DQJHYLQ��*UHQREOH��)UDQFH�� ,��
'LSDUWLPHQWR�GL�)LVLFD��8QLYHUVLWj�GL�3HUXJLD��,WDO\ � -��
'LSDUWLPHQWR�GL�(QHUJHWLFD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\ � N��
&15�,1)0�DQG�&56�6RIW��F�R�'LSDUWLPHQWR�GL�)LVLFD��)LUHQ]H��,WDO\ 

:H� UHSRUW� RQ�D� UHFHQW� QHXWURQ� LQHODVWLF� VFDWWHULQJ�PHDVXUHPHQW� RI� WKH�G\QDPLF� VWUXFWXUH� IDFWRU� RI� OLTXLG� FDUERQ�
GLR[LGH�LQ�WKH�UDQJH�������4������QP " ! ��$IWHU�D�GHWDLOHG�GDWD�WUHDWPHQW��LQFOXGLQJ�WKH�XVXDO�FRUUHFWLRQV�IRU�EDFNJURXQG��
DWWHQXDWLRQ� DQG� PXOWLSOH� VFDWWHULQJ�� H[SHULPHQWDO� VSHFWUD� KDYH� EHHQ� FRPSDUHG� ZLWK� PROHFXODU� G\QDPLFV�
VLPXODWLRQV�XVLQJ�XS�WR�IRXU�GLIIHUHQW� VLWH�VLWH�PRGHO�SRWHQWLDOV��:LWKLQ�WKH�LQVWUXPHQWDO�UHVROXWLRQ��DOO�XVHG�PRGHOV�
UHDVRQDEO\�GHVFULEH�WKH�REVHUYHG�G\QDPLFV��+RZHYHU��WKHUH�DUH� LQGLFDWLRQV�WKDW�DOO�WULDO�LQWHUDFWLRQ�PRGHOV�VOLJKWO\��
WKRXJK� V\VWHPDWLFDOO\�� RYHUHVWLPDWH� WKH�GDPSLQJ� RI� WKH� FROOHFWLYH�PRGHV�� DV� VRRQ� DV� WKH�K\GURG\QDPLF� UHJLPH� LV�
DEDQGRQHG� �4� !� �� QP " ! ��� 7KH� H[SHULHQFH� UHFHQWO\� JDLQHG� DERXW� WKH� FRQQHFWLRQ� RI� FROOHFWLYH� SURSHUWLHV� ZLWK� WKH�
LQWHUDFWLRQ�IHDWXUHV�LQ�DQRWKHU�PROHFXODU�OLTXLG��QDPHO\�GHXWHURPHWKDQH��PD\�VXJJHVW�WKDW�WKH�PRGHO�SRWHQWLDOV�ZH�
HPSOR\HG�IRU�&2 � �VXIIHU�IURP�DQ�H[FHVVLYHO\�KDUG�VKRUW�UDQJH�EHKDYLRXU��
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 

1HXWURQ�LQYHVWLJDWLRQ�RI�WKH�VWUXFWXUH�DQG�RUJDQLVDWLRQ�RI�SKRVSKROLSLG�VDFFKDULGH�
QDQRSDUWLFOHV��

<��*HUHOOL � � � ��0�7��'L�%DUL � � � ��$��'HULX � � � ��)��6RQYLFR � ��� ��&��&RPR � ��� ��3��&RORPER � ��� ��5��0D\ � ���  
� � �
�8QLYHUVLWj�GL�3DUPD��'LSDUWLPHQWR�GL�)LVLFD�DQG�&1,60��3DUPD��,WDO\��� ���
�8QLYHUVLWj�GL�3DUPD��'LSDUWLPHQWR�)DUPDFHXWLFR��3DUPD��,WDO\�� ���
�,QVWLWXW�/DXH�/DQJHYLQ��*UHQREOH��)UDQFH�

,Q� UHFHQW� \HDUV� QDQR�� DQG�PLFUR�SDUWLFOHV� FRPSRVHG� RI� SRO\PHULF� RU� OLSLG�PDWHULDO� KDYH� EHHQ� SURSRVHG� DV� GUXJ�
FDUULHUV�WR�LPSURYH�WKH�ELRORJLFDO�DYDLODELOLW\�DQG�KHQFH�WKH�HIILFDF\�RI�WKH�HQFDSVXODWHG�GUXJ��)RU�WKH�SURGXFWLRQ�RI�
WKHVH� GHOLYHU\� V\VWHPV� D� QXPEHU� RI� GLIIHUHQW� PDWHULDOV� KDYH� EHHQ� SURSRVHG�� VXFK� DV� SRO\VDFFKDULGHV�� V\QWKHWLF�
SRO\PHUV��OLSLGV�HWF��$PRQJ�WKHP�SKRVSKROLSLGV�DQG�SRO\VDFFKDULGHV�KDYH�UHFHLYHG�D�FRQVLGHUDEOH�DWWHQWLRQ�GXH�WR�
WKHLU�ELRFRPSDWLELOLW\��ELRGHJUDGDELOLW\��ORZ�FRVW��DQG�VDIHW\���
7KH�XQGHUVWDQGLQJ�RI�WKH�VWUXFWXUH�DQG�RI�WKH� LQWHUDFWLRQV� LQYROYHG�LQ�QDQRSDUWLFOH�IRUPDWLRQ�KDV�PDMRU�UHOHYDQFH�
IRU�WKH�WDLORULQJ�RI�WKH�SURSHUWLHV�RI�WKH�FDUULHU�DQG�RI�WKH�UHOHDVH�RI�WKH�GUXJ�LQ�RUGHU�WR�REWDLQ�VSHFLILF�WKHUDSHXWLF�
HIIHFWV�� :H� UHSRUW� KHUH� WKH� UHVXOWV� RI� D� VWUXFWXUDO� LQYHVWLJDWLRQ�� SHUIRUPHG� XVLQJ� '��� DW� WKH� ,//�� RQ� QDQRSDUWLFOHV�
�W\SLFDO�DYHUDJH�VL]H� ����QP��SUHSDUHG�E\�VHOI�DVVHPEOLQJ�RI�SKRVSKROLSLGV��VR\EHDQ� OHFLWKLQ�� LQ�DTXHRXV�PHGLXP�
FRQWDLQLQJ�D�IL[HG�DPRXQW�RI�FKLWRVDQ��D�SRVLWLYHO\�FKDUJHG�SRO\VDFFKDULGH��7KH�6$16�GDWD�LQGLFDWH�WKH�SUHVHQFH�RI�
DQ�LQQHU�UHJLRQ�RI�DERXW����QP�PRVWO\�RFFXSLHG�E\�WKH�VROYHQW�VXUURXQGHG�E\�D� OLSLG�VKHOO�a���QP�WKLFN��&KLWRVDQ�
SURYLGHV�DQ�RXWHU�FRDWLQJ�WKDW�FRQWULEXWHV�WR�WKH�SDUWLFOH�VWDELOLW\��,Q�WKH�H[SHULPHQW�ZH�LQYHVWLJDWHG�DOVR�WKH�HIIHFW�
RI� WKH�DGGLWLRQ�RI� WDPR[LIHQ� �7$0��� D�SRVLWLYHO\� FKDUJHG�GUXJ�XVHG� LQ� EUHDVW�FDQFHU� WUHDWPHQWV�� 7KH�SUHVHQFH� RI�
WDPR[LIHQ� LQGXFHV� D� LPSRUWDQW� VWUXFWXULQJ� RI� WKH� OLSLG� FRPSRQHQW� RI� WKH� QDQRSDUWLFOHV� WKDW� LV� UHYHDOHG� E\� WKH�
DSSHDUDQFH� RI� D� EURDG� SHDN� DW� DERXW� a� ����� c " ! � WKDW� FDQ� EH� DVFULEHG� WR� WKH� IRUPDWLRQ� RI� D� UHODWLYHO\� UHJXODU�
PXOWLOD\HU�VWUXFWXUH�LQ�WKH�OLSLG�FRPSRQHQW�RI�WKH�QDQRSDUWLFOHV���
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 

6PDOO�$QJOH�1HXWURQ�6FDWWHULQJ�FKDUDFWHULVDWLRQ�RI�$O � 2 � �1L�3�QDQRFRPSRVLWHV�
)��5XVWLFKHOOL � � � ��)��)LRUL � � � ��&��5HQJKLQL � � � ��(��*LUDUGLQ � ��� ��*��$OEHUWLQL � ��� ��.��.RQRSND � ��� �

� � �
8QLYHUVLWj�3ROLWHFQLFD�GHOOH�0DUFKH��'LSDUWLPHQWR�6$6&��6H]LRQH�GL�6FLHQ]H�)LVLFKH���9LD�%UHFFH�%LDQFKH��������
$QFRQD��,WDO\�� ���
8QLYHUVLWj�3ROLWHFQLFD�GHOOH�0DUFKH��'LSDUWLPHQWR�),0(7��$QFRQD��,WDO\�� ���
)DFXOW\�RI�0DWHULDOV�6FLHQFH�	�(QJLQHHULQJ��:DUVDZ�8QLYHUVLW\�RI�7HFKQROJ\��:RORVND�������������:DUVDZ��3RODQG�

6PDOO� $QJOH� 1HXWURQ� 6FDWWHULQJ� �6$16�� LQYHVWLJDWLRQ� RI� WKH� GLVWULEXWLRQ� RI� WKH� PHWDOOLF� SDUWLFOHV� LQ� KRW� SUHVVHG�
$O � 2 � �1L�3�QDQRFRPSRVLWHV�KDV�EHHQ�FDUULHG�RXW�DW�WKH�3$;(�LQVWUXPHQW�RI�WKH�/DERUDWRLUH�/pRQ�%ULOORXLQ���&�(�$���
6DFOD\��)UDQFH��7KH�JRDO�RI�WKLV�H[SHULPHQW�ZDV�WR�JHW�LQIRUPDWLRQ�DERXW�WKH�PRUSKRORJ\�RI�WKH�PHWDOOLF�SDUWLFOHV��,Q�
SDUWLFXODU��WKHLU�VL]H�DQG�IUDFWDO�EHKDYLRXU�ZHUH�GHWHUPLQHG��DV�IXQFWLRQV�RI�WKH�VLQWHULQJ�WHPSHUDWXUH���
��DOXPLQD�SRZGHU�ZLWK�DQ�DYHUDJH�JUDLQ� VL]H�RI� ����PP�DQG�D�SXULW\� RI� ������ZDV� XVHG� LQ� WKH�H[SHULPHQW�� 7KH�
SRZGHU�ZDV�SODWHG�ZLWK�DQ�1L�3�DOOR\� LQ�DQ�HOHFWUROHVV�QLFNHO�RU�ERURQ�EDWK��$IWHU�GU\LQJ��WKH�SODWHG�SRZGHU�ZDV�
VLQWHUHG�DW�YDULRXV�WHPSHUDWXUHV� �5RRP�WHPSHUDWXUH������&������&�� �����&��YLD�D�KRW�SUHVVLQJ�PHWKRG�XQGHU�D�
SUHVVXUH� RI� ��*3D�� 7KH� VDPSOHV�ZHUH� REWDLQHG� LQ� WKH� IRUP� RI� F\OLQGHUV�� ��PP� LQ� GLDPHWHU� DQG� ��PP� LQ� KHLJKW��
$FFRUGLQJ�WR�SUHYLRXV�FKDUDFWHUL]DWLRQV��WKH�FRDWHG�SRZGHU�FRQVLVWHG�RI�a���ZW���RI�1L�3��ZKLFK�FRQWDLQHG�a�ZW���
RI�3��7KH�OD\HU�ZDV�PDGH�XS�RI�QDQR�DJJUHJDWHV�RI�SDUWLFOHV�KDYLQJ�D�GLDPHWHU�FORVH�WR����QP�DW�URRP�WHPSHUDWXUH�
JURZLQJ�ZLWK�WKH�VLQWHULQJ�WHPSHUDWXUH��
7KH� LQYHVWLJDWHG� VFDWWHULQJ� YHFWRU� �4�� UDQJH� ZDV� ������ c " ! �� 4� �� ���� c " ! �� 7KH� ORZ�� 4� EHKDYLRXU� DOORZV� WKH�
GHWHUPLQDWLRQ� RI� WKH� *XLQLHU� �J\UDWLRQ�� UDGLXV� 5 O RI� WKH� SDUWLFOHV�� LQ� SDUWLFXODU� LW� FDQ� EH� VKRZQ� WKDW� WKH� FXUYH�
�G6�G:��4�� � YHUVXV�4�� ZKHUH� �G6�G:�� LV� WKH� 6$16� FURVV� VHFWLRQ�� KDV� D�PD[LPXP�DW�4� �� ! P � ���5 O �� VR� WKDW�5 O � FDQ� EH�
REWDLQHG�E\�ILWWLQJ�WKH�WKHRUHWLFDO�FXUYH�WR�WKH�H[SHULPHQWDO�GDWD��,Q�WKH�FDVH�RI�VSKHULFDO�SDUWLFOHV�5 O � � �����U� �DQG�VR�
WKH� UDGLXV� RI� WKH� VSKHUH� LV� U� ������ ! P � � 5 O �� JLYLQJ� U�  � ��� QP�DW� 57�� LQ� DJUHHPHQW�ZLWK� 6(0� REVHUYDWLRQV�� )RU� KLJKHU�
VLQWHULQJ�WHPSHUDWXUHV�WKH�SDUWLFOHV�WHQG�WR�FRDUVH��VR�WKDW�WKH\�DUH�QRW�VSKHULFDO�DQ\PRUH�DQG�WKH�HYROXWLRQ�RI�WKHLU�
*XLQLHU�UDGLXV�LV�GHWHUPLQHG�E\�ERWK�WKHLU�VL]H�LQFUHDVH�DQG�JHRPHWU\�FKDQJH��
$W�ODUJHU�4��WKH�VFDWWHUHG�LQWHQVLW\�REH\V�D�SRZHU�ODZ�GHVFULELQJ�WKH�VXUIDFH�JHRPHWU\��:KHQ�IODW��WKH�SRZHU�KDV�WKH�
YDOXH� RI� ��� �3RURG·V� ODZ���ZKHQ� IUDFWDO�� LW� GHYLDWHV�� WDNLQJ� D�YDOXH�EHWZHHQ� ��� DQG� ����$Q� REMHFW� LV� VDLG� WR� EH�D�
IUDFWDO�ZKHQ�LW�VKRZV�D�VFDOH�LQYDULDQFH�RYHU�D�FHUWDLQ�OHQJWK�UDQJH��,Q�WKH�FDVH�RI�D�VXUIDFH��6�v�5� QIR �ZKHUH�6��LV�WKH�
DUHD�RI�WKH�VXUIDFH��5�WKH�UDGLXV�RI�WKH�REMHFW�DQG�' R WKH�VXUIDFH�GLPHQVLRQ��7KH�VXUIDFH�IUDFWDO�GLPHQVLRQ�' R �LV�OLQNHG�
WR� WKH� PLQLPXP� QXPEHU� 1� RI� EDOOV� RI� UDGLXV� D� QHHGHG� WR� FRYHU� D� VXUIDFH� FRPSOHWHO\�� )RU� D� IUDFWDO� VXUIDFH��
1� �1 � �D�� " Q9R ��ZKHUH�����' R ������
,Q�WKH�FDVH�RI�6$16�IURP�IUDFWDO�VXUIDFHV� �G6�G:��v�4 QIR " $ �� VR�WKDW�WKH�VXUIDFH�IUDFWDO�GLPHQVLRQ�' R LV�REWDLQHG�E\�
WKH�FXUYH�VORSH�LQ�D�ORJDULWKPLF�VFDOH��
5HVXOWV� VKRZ� WKDW� WKH� VXUIDFH� IUDFWDO� GLPHQVLRQ� GHFUHDVHV� ZLWK� WKH� LQFUHDVLQJ� VLQWHULQJ� WHPSHUDWXUH�� 7KLV� LV� LQ�
DFFRUGDQFH� ZLWK� WKH� PLFURVFRSLF� REVHUYDWLRQV�� DW� URRP� WHPSHUDWXUH� WKH� PHWDOOLF� SDUWLFOHV� DUH� VSKHULFDO� DQG�� DV�
VWDWHG�DERYH��DV�WKH�VLQWHULQJ�WHPSHUDWXUH�LQFUHDVHV�WKH�SDUWLFOHV�DUH�PHOWHG��WKXV�DSSURDFKLQJ�D�PRUH�´IODWµ�VXUIDFH�
VKDSH��
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(WUXVFDQ�ZHDSRQV�LQYHVWLJDWHG�WKURXJK�QHXWURQ�UDGLRJUDSK\�DQG�GLIIUDFWLRQ��
5��0DJOL � � � ��6��%LDQFKL � ��� ��*��$QGUq � ��� ��0��%HQYHQXWL � ��� ��3��&RVWDJOLROD � ��� �

� � � �'LSDUWLPHQWR�GL�&KLPLFD��%LRFKLPLFD�H�%LRWHFQRORJLH�SHU�OD�0HGLFLQD��8QLYHUVLWj�GL�0LODQR��,WDO\ � ��� �'LSDUWLPHQWR�6FLHQ]H�GHOOD�7HUUD��8QLYHUVLWj�GL�)LUHQ]H��,WDO\ � ��� �/DERUDWRLUH�/pRQ�%ULOORXLQ���&($�&156��&($�6DFOD\��)UDQFH 
3RSXORQLD��VRXWKHUQ�7XVFDQ\��,WDO\��UHSUHVHQWHG�D�YHU\�LPSRUWDQW�PHWDO�SURGXFWLRQ�FHQWUH�GXULQJ�(WUXVFDQ���WK��UG�
FHQWXU\�%&�� DQG�5RPDQ� ��QG� FHQWXU\�%&�²� �QG� FHQWXU\�$'�� WLPHV��1RWZLWKVWDQGLQJ�SURGXFWLRQ� RI� LURQ�� FRSSHU��
EURQ]H�DQG�RWKHU�PHWDO� DUWHIDFWV� LV� DUFKDHRORJLFDOO\�ZHOO� HVWDEOLVKHG�� VWLOO�PDQ\�DVSHFWV� DZDLW� EHWWHU� GHILQLWLRQ� LQ�
WHUPV�RI�PHWDOOXUJLFDO�WHFKQRORJLHV��SURYHQDQFHV�RI�UDZ�PHWDOV��WUDGH�H[FKDQJHV�ZLWK�RWKHU�WRZQV�IURP�(WUXULD�DQG�
HOVHZKHUH��SDUWO\�EHFDXVH�RI�WKH�VFDUFLW\�RI�ZHOO�SUHVHUYHG�LWHPV�IURP�ORFDO�ZRUNVKRSV��7KH�REMHFWV�DQDO\VHG� LQ�WKLV�
VWXG\� FDPH� WR� OLJKW� MXVW� XQGHUQHDWK� WKH�3RSXORQLD� DFURSROLV�� DV� WKH� VHD� HURGHG� DZD\� SDUW� RI� D� ODUJH� GHSRVLW� RI�
PHWDOOXUJLFDO�GHEULV�H[WHQGLQJ�DORQJ�WKH� VKRUHOLQH��7KH�GHSRVLW� �DSSUR[�� ��[��[��� FP�� LV� FRPSRVHG�RI� VHYHUDO� LURQ�
DQG� EURQ]H� ZHDSRQV�� PRVW� RI� ZKLFK� VWURQJO\� ZHOGHG� E\� FRUURVLRQ� SURGXFWV�� %URQ]H� DUWHIDFWV� DUH� UHODWLYHO\� ZHOO�
SUHVHUYHG�ZKHUHDV�LURQ�REMHFWV�DUH�FRYHUHG�E\�WKLFN�FRDWLQJV�RI�DOWHUDWLRQ�SURGXFWV��7KH�SUHVHQW�SURMHFW�DLPV�WR�IXOO\�
FKDUDFWHUL]H�WKH�YDULRXV�LWHPV�IURP�D�PRUSKRORJLFDO��FRPSRVLWLRQDO�DQG�WHFKQRORJLFDO�SRLQW�RI�YLHZ��'XH�WR�WKH�KLJK�
DUFKDHRORJLFDO�YDOXH�RI�WKH�ILQGLQJ�DQG�WR� LWV�FRPSOH[�QDWXUH�DQG�PRUSKRORJ\��DQ�H[KDXVWLYH�LQYHVWLJDWLRQ�FDQ�EH�
SHUIRUPHG�RQO\�WKURXJK�WKH�XVH�RI�GLIIHUHQW�DQG�FRPSOHPHQWDU\�QRQ�GHVWUXFWLYH�DQDO\WLFDO�PHDQV���
1HXWURQRJUDSK\�KDV�EHHQ�EHQHILFLDO� IRU�JHWWLQJ� LQIRUPDWLRQ�DERXW� WKH�JHQHUDO� VKDSH�DQG�DOVR� WKH�FRQWHQW�RI�WKH�
VLQJOH� DUWHIDFWV� FRQVWLWXWLQJ� WKH� GHSRVLW�� ,Q� RUGHU� WR� SHUIRUP� D� FRPSUHKHQVLYH� FRPSRVLWLRQ� VWXG\� DOVR� D� QHXWURQ�
GLIIUDFWLRQ� DQDO\VLV� KDV� EHHQ� SHUIRUPHG� XVLQJ� WKH� *���� �//%�� GLIIUDFWRPHWHU�� 7KH� GDWD� KDYH� EHHQ� SURFHVVHG� E\�
DSSO\LQJ�VWDQGDUG�5LHWYHOG�UHILQHPHQWV�LQ�RUGHU�WR�JHW�D�TXDOLWDWLYH�DQG�TXDQWLWDWLYH�PLQHUDORJLFDO�FRPSRVLWLRQ�RI�
WKH�LQYHVWLJDWHG�LWHPV��:H�UHSRUW�DQG�GLVFXVV�KHUH�WKH�UHVXOWV�RI�WKH�DQDO\VLV�SHUIRUPHG�XS�WR�QRZ���
)XUWKHU� DQDO\VLV�� LQFOXGLQJ� DQ� LQYHVWLJDWLRQ� RI� WKH� UHVLGXDO� VWUHVVHV� ILHOGV� SRVVLEO\� VWLOO� SUHVHQW� DV� ZHOO� DV� D� WH[WXUH�
HYDOXDWLRQ�RI�WKH�VDPSOHV�DUH�VKRUWO\�IRUHVHHQ�DW�,//��:H�H[SHFW�WKDW�WKH�UHVXOWV��WRJHWKHU�ZLWK�QHXWURQRJUDSK\�DQG�
GLIIUDFWLRQ�GDWD�� FDQ�SURYLGH�XVHIXO� KLQWV� WR� LGHQWLI\� WKH�PHWDOZRUNLQJ� WHFKQLTXHV� DQG�� E\� FRPSDULVRQ�ZLWK� GDWD�
REWDLQHG�IRU�FRHYDO�DQG�RU�VLPLODU�ZHDSRQV��WR�GHILQH�SRVVLEOH�HYROXWLRQDU\�WUHQGV�LQ�(WUXVFDQ�PHWDOOXUJ\��7KLV�FRXOG�
KDYH�REYLRXV� UHOHYDQW� LPSOLFDWLRQV� IURP�D�VWULFWO\�DUFKDHRORJLFDO�SRLQW�RI�YLHZ��KRSHIXOO\�� LW� FRXOG�DOVR�UHSUHVHQW�D�
VWDUWLQJ�SRLQW�IRU�DSSOLFDWLRQ�RI�VXFK�WHFKQLTXHV�WR�WKH�VWXG\�RI�VR�FRPSOH[�DUFKDHR�PHWDOOXUJLFDO�REMHFWV���
 
 
 
 

&RPELQHG�6$16�6$;6�VWXG\�RI�WKH�%6$�VROYDWLRQ�OD\HU�LQ�XUHD�DTXHRXV�VROXWLRQV�
0��*��2UWRUH

� � � ��5��6LQLEDOGL � � � ��)��6SLQR]]L � � � ��3��0DULDQL � � � �
� � �
'LSDUWLPHQWR�GL�6FLHQ]H�DSSOLFDWH�DL�6LVWHPL�&RPSOHVVL��8QLYHUVLWj�3ROLWHFQLFD�GHOOH�0DUFKH��$QFRQD��,WDO\�

:H�SUHVHQW�D�VHW�RI�6$16�DQG�6$;6�H[SHULPHQWV�FRQFHUQLQJ�%RYLQH�6HUXP�$OEXPLQH��%6$��LQ�XUHD�ZDWHU�PL[WXUHV��
EHIRUH�WKH�XQIROGHG�VWDWH��$�QHZ�PHWKRG�DEOH�WR�TXDQWLWDWLYHO\�GHWHUPLQH�WKH�FRPSRVLWLRQ�RI�WKH�VROYDWLRQ�VKHOO�RI�
SURWHLQV� LQ�D�PL[WXUH�>�@�KDV�EHHQ�VXFFHVVIXOO\�DSSOLHG� WR�WKH�FDVH�RI�%6$��%RWK�6$16�DQG�6$;6�H[SHULPHQWV�ZHUH�
SHUIRUPHG� ZLWK� GLIIHUHQW� SURWHLQ� FRQFHQWUDWLRQ� YDOXHV� DQG� XUHD� PRODU� IUDFWLRQV� LQ� VROXWLRQ�� (DFK� VHW� RI� 6$6�
H[SHULPHQW� ZDV� DQDO\VHG� XVLQJ� D� JOREDO� ILW� VWUDWHJ\�� E\� PHDQV� RI� D� WKHUPRG\QDPLF� PRGHO� WKDW� GHVFULEHV� WKH�
H[FKDQJH� HTXLOLEULXP� EHWZHHQ� PROHFXOHV� LQ� WKH� EXON� DQG� LQ� SURWHLQ� VROYDWLRQ� VKHOO� >�@�� 7KLV� VWXG\� FRQILUPV� WKH�
HIILFLHQF\� RI� WKH� QHZ�PHWKRGRORJ\�DSSOLHG� WR� ERWK� 6$16�DQG� 6$;6� H[SHULPHQWV�� LW� SURYHV� WKDW� XUHD�SUHIHQWLDOO\�
ELQGV�WR�SURWHLQ�VXUIDFH�LQ�HYHU\�H[SHULPHQWDO�FRQGLWLRQV�DQG�GHVFULEHV�LQ�GHWDLO�KRZ�SURWHLQ�SURWHLQ�LQWHUDFWLRQV�DUH�
PRGLILHG�E\�WKH�SUHVHQFH�RI�XUHD�LQ�VROXWLRQ��
�
>�@�5��6LQLEDOGL��0��*��2UWRUH��)��6SLQR]]L��)��&DUVXJKL��+��)ULHQOLQJKDXV��6��&LQHOOL��*��2QRUL��DQG�3��0DULDQL�� -��&KHP�

3K\V����������������������
>�@�-��$��6FKHOOPDQ��4XDW��5HY��%LRSK\V������������������
 
 
 



 

 
 
 

'\QDPLFV�LQ�DQ�XOWUD�IUDJLOH�JODVV�IRUPHU��'HFDOLQ�
0��3OD]DQHW

� � * ��� ��6��(LEO � ��� ��+��6FKREHU � ��� �
� � � �/(16��)LUHQ]H��,WDO\�� ��� �,QVWLWXW�/DXH�/DQJHYLQ��%3������*UHQREOH��)UDQFH�
7KH� PLFURVFRSLF� G\QDPLFV� RI� WKH� JODVV� IRUPHU� FLV�'HFDOLQ� KDV� EHHQ� LQYHVWLJDWHG� E\� LQHODVWLF� DQG� TXDVL�HODVWLF�
LQFRKHUHQW�QHXWURQ�VFDWWHULQJ�JLYLQJ�WKH�VLQJOH�SDUWLFOH�VHOI�FRUUHODWLRQ�IXQFWLRQ��7KH�QRQ�HUJRGLFLW\�SDUDPHWHU��ORZ�
IUHTXHQF\�YLEUDWLRQDO�G\QDPLFV�DQG�IDVW�UHOD[DWLRQ�G\QDPLFV�DUH�UHSRUWHG�KHUH��%RWK�LQ�WKH�JODVV�DQG�LQ�WKH�FU\VWDO�
WKH� YLEUDWLRQV� VKRZ� VWURQJ� DQKDUPRQLF� EHKDYLRU�� ,Q� WKH� JODVV� SKDVH�� WKH� VKRUW� WLPH�PLFURVFRSLF� G\QDPLFV� HYROYH�
UDSLGO\�ZLWK�WHPSHUDWXUH��KRZHYHU�GR�QRW�H[KLELW�DQ\�VLJQLILFDQW�FKDQJH�DURXQG�7 % ��7KH�FXVS�EHKDYLRU�SUHGLFWHG�E\�
WKH�0RGH�&RXSOLQJ�7KHRU\�LV�SDUWLFXODUO\�ZHOO�REVHUYHG��ZKLFK�HQDEOHV�WKH�GHWHUPLQDWLRQ�RI�WKH�FULWLFDO�WHPSHUDWXUH�
7 S � �������.��7KLV�LV�RQO\������WLPHV�KLJKHU�WKDQ�7 % ��7KH�PHDQ�VTXDUH�GLVSODFHPHQWV�DUH�FRPSDUDEOH�WR�WKRVH�PHDVXUHG�
LQ� RWKHU� IUDJLOH�JODVV� IRUPHUV��DOWKRXJK� WKH� WHPSHUDWXUH� LV�PXFK� ORZHU� LQ� WKH�SUHVHQW� FDVH�� 7KH�EHWD� UHOD[DWLRQ� LV�
FOHDUO\�YLVLEOH�DQG�GLVFXVVHG�LQ�WKH�IUDPHZRUN�RI�WKH�0RGH�&RXSOLQJ�7KHRU\�DQG�WKH�IUDJLOLW\�FRQFHSW��7KH�UHVXOWV�DUH�
SXW�LQWR�FRQWH[W�ZLWK�UHVSHFW�WR�WKH�DUFKHW\SLFDO�IUDJLOH�JODVV�273��
 
 
 
 
 

,QWHUDFWLRQ�EHWZHHQ�DP\ORLG�DJJUHJDWHV�DQG�SKRVSKROLSLG�PHPEUDQHV��D�QHXWURQ�
GLIIUDFWLRQ�VWXG\��

6LOYLD�'DQWH � � � ��$QQDOLVD�5HOLQL � ��� ��6LOYLD�7RUUDVVD � ��� ��7KRPDV�+DXVV � � � ��0RQLFD�%XFFLDQWLQL � ��� ��0DVVLPR�
6WHIDQL � ��� ��$OHVVDQGUD�*OLR]]L � ��� ��5DQLHUL�5RODQGL � ��� �

� � �
�+DKQ�0HLWQHU�,QVWLWXW�*PE+��$EWHLOXQJ�6)��%LRSK\VLN��%HUOLQ��*HUPDQ\��� ���
�8QLYHUVLW\�RI�*HQRD��'HSDUWPHQW�RI�3K\VLFV��*HQRD��,WDO\��� ���
�8QLYHUVLW\�RI�)ORUHQFH��'HSDUWPHQW�RI�%LRFKHPLFDO�6FLHQFHV��)ORUHQFH��,WDO\��

 
$P\ORLG� DJJUHJDWLRQ� LV� LQYROYHG� LQ� VHYHUDO� IDWDO� GLVHDVHV�� VXFK� DV� $O]KHLPHU·V� GLVHDVH�� 3DUNLQVRQ·V� GLVHDVH� DQG�
V\VWHPLF�DP\ORLGRVHV�� ,QFUHDVLQJ�H[SHULPHQWDO�HYLGHQFHV� LQGLFDWH�WKDW�SURWHLQ�ROLJRPHUV�� UDWKHU� WKDQ�PDWXUH�ILEULOV�
DUH�WKH�PDMRU�UHVSRQVLEOH�RI�F\WRWR[LF�HIIHFWV�WKURXJK�WKH�LQWHUDFWLRQ�ZLWK�FHOO�PHPEUDQHV���
+\S)�1� �0:� ������ 'D�� LV� WKH� 1�WHUPLQDO� GRPDLQ� RI� D� EDFWHULDO� K\GURJHQDVH� PDWXUDWLRQ� IDFWRU�� 7KLV� SURWHLQ�
XQGHUJRHV�DP\ORLG�DJJUHJDWLRQ�LQ�WKH�SUHVHQFH�RI�WULIOXRURHWKDQRO��7)(��DQG�LWV�SUH�ILEULOODU�DJJUHJDWHV�DUH�WR[LF�WR�
FXOWXUHG�FHOOV��7KHUHIRUH�� LW� UHSUHVHQWV�D�XVHIXO�PRGHO� WR� VWXG\� ILEULOORJHQHVLV�DQG� WKH� LQWHUDFWLRQ�RI�SUHILEULOODU�DQG�
ILEULOODU�DJJUHJDWHV�ZLWK�FHOO�PHPEUDQHV�� ,Q� WKLV�ZRUN�ZH�XVH�QHXWURQ�GLIIUDFWLRQ� WR� VWXG\� WKH� LQWHUDFWLRQ�RI�+\S)�
DQG� LWV� DP\ORLG� DJJUHJDWHV� ZLWK� SKRVSKROLSLG�PHPEUDQH�PRGHOV�� 1HXWURQ� GLIIUDFWLRQ�PHDVXUHPHQWV� KDYH� EHHQ�
FDUULHG�RXW�DW�%(16&�ZLWK�WKH�9��GLIIUDFWRPHWHU�RQ�323&�3236�������PRO�PRO�� VXSSRUWHG�PHPEUDQHV�FRQWDLQLQJ�
QDWLYH��ROLJRPHULF�DQG�ILEULOODU�+\S)��323&�3236� OLSRVRPHV�ZHUH� LQFXEDWHG�HLWKHU�ZLWK�+\S)� LQ� WKH�QDWLYH�VWDWH��
ROLJRPHULF�+\S)�REWDLQHG�DIWHU� ��� K�DJJUHJDWLRQ�RU�+\S)�PDWXUH� ILEULOV� REWDLQHG�DIWHU� ��GD\V��$IWHU� LQFXEDWLRQ��
OLSRVRPHV�ZHUH�GHSRVLWHG�RQWR�TXDUW]�VOLGHV�DQG�GULHG�XVLQJ�D�ODPLQDU�IOX[�KRRG��6DPSOHV�ZHUH�SUHSDUHG�XVLQJ�ERWK�
QRQ�GHXWHUDWHG�+\S)�DQG�+\S)�FDUU\LQJ����GHXWHUDWHG�JO\FLQHV���
7KH� SUHOLPLQDU\� DQDO\VLV� RI� WKH� UHVXOWV� VKRZV� WKDW� WKH� VWUXFWXUH� RI� WKH� OLSLG� ELOD\HU� LV� VWURQJO\� DIIHFWHG� E\� WKH�
LQWHUDFWLRQ� ZLWK� WKH� SURWHLQ�� 7KH� SXUH� OLSLG� VDPSOH� LV� FRQVWLWXWHG� E\� ZHOO� RUGHUHG� ODPHOODU� VWUXFWXUHV� ZLWK� ORZ�
PRVDLFLW\�DV�VKRZQ�E\�WKH�VKDUS�UHIOHFWLRQV�GHWHFWDEOH�XS�WR�WKH�ILIWK�RUGHU��7KH�SUHVHQFH�RI�WKH�SURWHLQ�VXSSUHVVHV�
UHIOHFWLRQV� KLJKHU� WKDQ� WKH� WKLUG� RUGHU� DQG� LQFUHDVHV� VDPSOH� PRVDLFLW\�� 0RVDLFLW\� ZDV� VWURQJO\� LQFUHDVHG� LQ� WKH�
SUHVHQFH� RI� QDWLYH� +\S)�� WKLV� HIIHFW� ZDV� VPDOOHU� LQ� WKH� SUHVHQFH� RI� +\S)� ROLJRPHUV� DQG� IXUWKHU� UHGXFHG� LQ� WKH�
SUHVHQFH�RI�+\S)�ILEULOV��,QWHUHVWLQJO\��LQ�WKH�SUHVHQFH�RI�DP\ORLG�ILEULOV��UHIOHFWLRQ�VKDSHV�LQGLFDWH�D�EURDGHQLQJ�RI�WKH�
VSDFLQJ�*DXVVLDQ�GLVWULEXWLRQ��7KLV�HIIHFW�FRXOG�EH�GXH�WR�WKH�SUHVHQFH�RI�D�QHZ�VSDFLQJ�YHU\�FORVH�WR��EXW�GLIIHUHQW�
IURP�WKDW�RI�WKH�SKRVSKROLSLG�ELOD\HU��7KLV�EHKDYLRU��ZKLFK�LV�DEVHQW�LQ�WKH�SUHVHQFH�RI�QDWLYH�+\S)��LV�REVHUYHG�DW�D�
OHVVHU�H[WHQW�ZLWK�ROLJRPHUV���
 
 
 
 


