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>����@� DQG� H[KLELW� DQWL�LQIODPPDWRU\� DQGDQWLEDFWHULDO� DFWLYLW\� LQ� DQLPDOV� DQG� KX �PDQV�>����@�,W� KDV� UHFHQWO\� EHHQ� IRXQG� WKDW� IODYRQHFRPSOH[HV� ZLWK� JURXS� ,,� PHWDO� LRQV� DGGL �WLRQDOO\�SRVVHVV�SKRWRFKURPLF�DQG�HOHFWUROX �PLQHVFHQW�SURSHUWLHV��,Q�YLHZ�RI�WKLV��LW�KDVEHHQ� VXJJHVWHG� WKDW� IODYRQH�PHWDO� FRP �SOH[HV� EH� XVHG� DV� OLJKW� VRXUFHV� LQ� GLVSOD\V>�@�� 7KHVH� FRPSOH[HV� PD\� WKHUHIRUH� EH� UH �JDUGHG�DV�QHZ�IXQFWLRQDO�PDWHULDOV�)ODYRQHV�FDQ�FRQWDLQ�IURP�RQH�WR�WHQ�K\ �GUR[\� JURXSV� �)LJ������ KHQFH�� PHWDO� LRQFRPSOH[HV� RI� YDULRXV� FRPSRVLWLRQV� DUH� SRV �VLEOH��ZLWK�GLIIHUHQW�VWDELOLWLHV�DQG�VSHFWUDOSURSHUWLHV�>�@��,Q�WKLV�SDSHU�ZH�SUHVHQW�WKHUHVXOWV� RI� H[SHULPHQWDO� LQYHVWLJDWLRQV� DQGWKHRUHWLFDO� VWXGLHV� RQ� JURXS� ,,� PHWDO� LRQ�%H���� 0J���� &D���� =Q���� &G���� FRPSOH[HVZLWK� SHQWDK\GUR[\IODYRQH� �TXHUFHWLQH�� DQGLWV�DON\O�GHULYDWLYHV��)LJ������$�IXUWKHU�DLPRI� WKH� LQYHVWLJDWLRQV� ZDV� WR� ILQG� UHODWLRQVEHWZHHQ� WKH� VWDELOLWLHV�� SURSHUWLHV� DQG� FRQ �VWLWXWLRQV�RI�WKHVH�FRPSOH[HV�7KH� REMHFWV� RI� WKH� LQYHVWLJDWLRQV� ZHUHPHWDO�LRQ�FRPSOH[HV�ZLWK�TXHUFHWLQH�� ,��DQGLWV� PHWKR[\�� DQG� PHWK\OHQHGLR[\� GHULYD �WLYHV��UHIHUUHG�WR�DV�IODYRQHV���7KH�IRUPXODVDQG�QDPHV�RI� WKH� IODYRQHV� LQYHVWLJDWHG�DUHJLYHQ� LQ� )LJ����� 4XHUFHWLQH� ZDV� SXUFKDVHGIURP� $OGULFK�� DQG� LWV� PHWKR[\�� DQGPHWK\OHQHGLR[\� GHULYDWLYHV� ZHUH� V\QWKH �VL]HG� DFFRUGLQJ� WR� UHIV�� �� DQG� ���� 7KHLUSXULW\�ZDV�FRQWUROOHG�E\�WKLQ�OD\HU�FKURPD �WRJUDSK\�0HWDO�VDOWV��PDJQHVLXP�DQG�FDOFLXP�SHU �FKORUDWHV��DQG�EHU\OOLXP��]LQF�DQG�FDGPLXPFKORULGHV� Û� DOO� IURP� $OGULFK�� ZHUH� GULHGXQGHU�YDFXXP�DW�����&��0HWKDQRO��XVHG�DVVROYHQW��ZDV�GLVWLOOHG�DIWHU�EHLQJ�GULHG�RYHUPDJQHVLXP�SRZGHU�>��@�7KH� FRQFHQWUDWLRQ� VWDELOLW\� FRQVWDQWV� �D����PHWDO�IODYRQH�VWRLFKLRPHWU\�RI�WKH�FRP �SOH[HV� ZDV� DVVXPHG�� ZHUH� GHWHUPLQHG� E\VSHFWURSKRWRPHWULF� RU� VSHFWURIOXRURPHWULFWLWUDWLRQ�� SHUIRUPHG� E\� PHDVXULQJ� WKH� DE �VRUSWLRQ� RU� IOXRUHVFHQFH� VSHFWUD� IROORZLQJWKH� DGGLWLRQ� RI� PHWKDQROLF� VROXWLRQV� RIPHWDO� VDOWV� WR� VROXWLRQV� RI� IODYRQHV� LQ� WKHVDPH� VROYHQW�� 7KH� H[FLWDWLRQ� ZDYHOHQJWKVDOZD\V� FRUUHVSRQGHG� WR� WKH� LVRVEHVWLFSRLQWV�� ZKLFK� ZHUH� ORFDWHG� RQ� WKH� EDVLV� RIDQDO\VLV� RI� DEVRUSWLRQ� VSHFWUD�� 6WDELOLW\FRQVWDQWV� ZHUH� GHWHUPLQHG� XVLQJ� WKH� 6SHF �WUDO�'DWD� /DE� SURJUDP� >��@�ZKLFK� LQFOXGHVWKH�6WDUN�%DUEDQHO�PHWKRG�>��@�$EVRUSWLRQ� DQG� IOXRUHVFHQFH� VSHFWUD� ZHUHUHFRUGHG�RQ�D�+LWDFKL�8�����VSHFWURSKRWRPH �WHU� DQG� D� +LWDFKL� )����� VSHFWURIOXRULPHWHU�

UHVSHFWLYHO\�� �+ 105� VSHFWUD� ZHUH� PHDV�XUHG� RQ� D� 9DULDQ� ���� VSHFWURPHWHU� XVLQJ'062�G� DV�VROYHQW�8QFRQVWUDLQHG�JHRPHWU\�RSWLPLVDWLRQV�RISRVVLEOH� VROYDWHG� FRPSOH[HV� RI� 0J�� ZLWK� ,LQ�WKH�JURXQG�VWDWH��6���DQG�H[FLWHG�VLQJOHW�6���HOHFWURQLF�VWDWHV�ZHUH�FDUULHG�RXW�DW�WKHVHPLHPSLULFDO� 30�� �6� VWDWH�� DQG� 30��&,�6� VWDWH�� OHYHOV� RI� WKHRU\� >��@�ZLWK� VWDQG �DUG� SURFHGXUHV� EHLQJ� HPSOR\HG� WRJHWKHUZLWK�WKH�%)*6�PHWKRG�>��Ü��@�LPSOHPHQWHGLQ� WKH� 023$&� ��� SURJUDP� SDFNDJH� >��@�7KH� ZDYHOHQJWKV� RI� WKH� HOHFWURQLF� DEVRUS �WLRQ� �6� → 6��� DQG� IOXRUHVFHQFH� �6� → 6��WUDQVLWLRQV� LQ� WKH� DERYH�PHQWLRQHG� FRP �SOH[HV� ZHUH� SUHGLFWHG� DW� WKH� 30��&,� OHYHO>��@�� ,Q� WKH� ODWWHU� FDVH�� ���� JURXQG� DQGVLQJOH�H[FLWHG�VWDWH�FRQILJXUDWLRQV�ZHUH� LQ �FOXGHG� LQ� WKH� FDOFXODWLRQV��5HDVRQDEOH� GDWDZHUH� REWDLQHG� LI� �Ü�� PROHFXOHV� RI� WKH� VRO �YHQW� �PHWKDQRO��ZHUH�LQFOXGHG�LQ�WKH�FDOFX �ODWLRQV�� +HDWV� RI� IRUPDWLRQ� DQG� 0XOOLNHQSDUWLDO� FKDUJHV� >��@�ZHUH�H[WUDFWHG�GLUHFWO\IURP�GDWD�ILOHV�IROORZLQJ�WKH�JHRPHWU\�RSWL �PLVDWLRQV��DQG�WKH�ODWWHU�ZHUH�XVHG�IRU�FRP �SXWLQJ� WKH� HOHFWURQ�GHQVLW\� FKDQJHV� DFFRP �SDQ\LQJ�6� → 6� WUDQVLWLRQV��7KHUH� DUH� WZR� FRPSOH[HV� RI�0J�� ZLWK� ,LQ�ZKLFK�WKH�PHWDO� LRQ�FRRUGLQDWHV�WKURXJKWKH� FDUERQ\O� R[\JHQ�DWRP�DQG� WKH�K\GUR[\
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)LJ����� &RQVWLWXWLRQ� RI� IODYRQHV� RFFXUULQJ�DVOLJDQGV� LQ� WKH� PHWDO� LRQ� RI� JURXS� ,,� FRP�SOH[HV�IODYRQH 5� 5� 5� 5� 5�, + + + + +,, + + + &+�,,, + + &+� &+� &+�,9 + &+� &+� &+� &+�9 &+� &+� &+� &+� &+�,�� �������'LK\GUR[\SKHQ\O��������WULK\GUR[\��+�FKURPHQ���RQH,,�� �������%HQ]RGLR[RO���\O��������WULK\GUR[\��+�FKURPHQ���RQH,,,�� �������'LPHWKR[\SKHQ\O������GLK\GUR[\���PHWKR[\��+�FKURPHQ���RQH,9�� �������'LPHWKR[\SKHQ\O����K\GUR[\�����GLPHWKR[\��+�FKURPHQ���RQH9��������'LPHWKR[\SKHQ\O��������WULPHWKR[\��+�FKURPHQ���RQH
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JURXS� LQ� HLWKHU� SRVLWLRQ� �� �W\SH� $�� RU� ��W\SH� %�� �)LJ������ 6LPLODUO\�� WZR� FRPSOH[HV�W\SHV�& DQG�'��DUH�SRVVLEOH�ZKHQ�WKH�PHWDOLRQ� FRRUGLQDWHV� WKURXJK� WKH� R[\JHQ� DWRPVRI� WKH� K\GUR[\� JURXSV� DWWDFKHG� WR� WKHSKHQ\O�ULQJ�LQ�SRVLWLRQV���DQG����)LQDOO\��DFRPSOH[�FDQ�DOVR�RFFXU� LI� WKH�PHWDO� LRQ�FR �

RUGLQDWHV�WKURXJK�WKH�FDUERQ\O�R[\JHQ�DWRPRQO\��W\SH�(���&DOFXODWLRQV�VKRZHG�WKDW�W\SH$��%��& DQG�' FRPSOH[HV� DUH� VWDEOH� ZKHQ�GXULQJ�FRPSOH[DWLRQ��RQH�SURWRQ�LV�UHPRYHGIURP�RQH�K\GUR[\�JURXS�LQ�SRVLWLRQV���RU���W\SHV� $ DQG� %��� RU� RQH� RI� WKH� K\GUR[\JURXSV�LQ�SRVLWLRQV���DQG����W\SHV�& DQG�'��7KLV�PHDQV� WKDW� W\SH� $��%��& DQG�' FRP�SOH[HV� H[KLELW� D� IRUPDO� FKDUJH� RI� ��� DQGWKH� W\SH� ( FRPSOH[� D� FKDUJH� RI� ���� 7KHHQWKDOSLHV�RI�IRUPDWLRQ�RI�$ DQG�% DUH�FRQ�VLGHUDEO\� ORZHU� WKDQ� WKRVH�RI� & DQG�'�� WKHIRUPHU� DUH� WKHUHIRUH� PRVW� SUREDEO\� SUH �GRPLQDQW�LQ�VROXWLRQV��7DEOH����$V� IDU� DV� FRPSOH[HV� RI� TXHUFHWLQH� � ,�ZLWK� RWKHU� PHWDOV� DUH� FRQFHUQHG�� ZH� KDGGHPRQVWUDWHG�HDUOLHU�WKDW�WKHLU�FRPSRVLWLRQDQG� VWUXFWXUH� DUH� VXEVWDQWLDOO\� DIIHFWHG� E\WKH� UDGLXV� DQG� HOHFWURQLF� FRQILJXUDWLRQ� RIWKH� SDUWLFXODU� LRQV� >��@�� ,Q� WKH� FDVH� RI� ���

7DEOH����(QWKDOSLHV�RI�IRUPDWLRQ��∆I����+��LQ� N-�PRO�� RI� ,�0J�� FRPSOH[HV� LQ� WKHJURXQG� �6��� DQG� H[FLWHG� �6��� HOHFWURQLFVWDWHV
(QWLW\��)LJ���� ∆I����+� �6�� ∆I����+� �6��$ Ü������ Ü�����% Ü������ Ü�����& Ü������ Ü�����' Ü������ Ü�����( Ü����� Ü�����

)LJ�����30��RSWLPL]HG�JHRPHWULHV�RI�SRVVLEOH� ,�0J�� FRPSOH[HV�LQ�WKH�JURXQG�HOHFWURQLF�VWDWH
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PHWDO�IODYRQH�FRPSOH[HV��W\SHV�$ DQG�% DUHWKHUPRG\QDPLFDOO\� DOZD\V� WKH�PRVW� VWDEOH�6RPH� PHWDO� LRQV� FDQ�� KRZHYHU�� IRUP� FRP �SOH[HV� ZLWK� D� ���� VWRLFKLRPHWU\� LQ� ZKLFKWZR�IODYRQH�PROHFXOHV�PRVW�SUREDEO\�FRRUGL �QDWH�WKURXJK�FDUERQ\O�R[\JHQ�DWRPV�:KLFK� W\SHV�RI�FRPSOH[HV�IODYRQHV�IRUPZLWK� PHWDO� LRQV� LV� VKRZQ� LQ� 7DEOH���� 7KHGDWD�LQ�WKLV�7DEOH�LQGLFDWH�WKH�FRRUGLQDWLRQVLWHV� E\� PHWDO� LRQV�� 7KXV�� %H�� DOZD\VIRUPV�D�W\SH�$ FRPSOH[��ZKHUHDV�WKH�RWKHULRQV�Û�0J����&D����=Q�� DQG�&G�� Û�IRUPW\SH� % FRPSOH[HV� ZLWK� ,�� ,, DQG� ,,,�� 7KHK\GURJHQ� DWRPV� RI� ERWK� ��2+ DQG� ��2+JURXSV� DOZD\V�H[KLELW� WKH�KLJKHVW� FKHPLFDOVKLIWV� IRU� QRQ�FRPSOH[HG� IODYRQHV�� 7KHFKHPLFDO�VKLIWV�RI�WKHVH�K\GURJHQ�DWRPV�IDOOLQ�YDOXH�ZKHQ�IODYRQHV�EHFRPH�OLJDQGV��7KH�+ FKHPLFDO� VKLIW� RI� WKH�K\GURJHQ� DWRP�LQWKH� ��2+ JURXS� GHFUHDVHV� TXDOLWDWLYHO\� LQWKH� RUGHU�� QRQ�FRPSOH[HG� !�&D�� !�&G�� !0J�� !�=Q���� ZKLFK� FRUUHODWHV� ZLWK� WKHRUGHU� RI� LRQLF� UDGLL� �LQ� c��� &D���������!&G��������� �!�0J���������!�=Q��������� >��@�7KLV� LPSOLHV� WKDW� WKH� ODUJHU� LRQV� EULQJDERXW�D�UHGXFWLRQ�LQ�WKH�DWWHQXDWLRQ�RI�K\ �GURJHQ� DWRP� QXFOHL� DQG�� FRQVHTXHQWO\�� LQ �FUHDVH�RI�FKHPLFDO�VKLIWV�0HWK\ODWLRQ�RI�WKH�K\GUR[\�JURXS�LQ�SR �VLWLRQ� �� SUHYHQWV� ,9 IURP� IRUPLQJ� W\SH� %FRPSOH[HV�� $� W\SH� $ FRPSOH[� LV�� KRZHYHU�IRUPHG� E\� ,9 ZLWK� %H�� �UDGLXV� ������ c>��@�� DQG� PRVW� SUREDEO\� ZLWK� 0J�� DQG=Q����ZKRVH�UDGLL� ILW� WKH�GLPHQVLRQV�RI� WKHFDYLW\� FUHDWHG� E\� WKH� FDUERQ\O� DQG� ��2+JURXSV��7KLV�FDYLW\�LV�SUREDEO\�WRR�VPDOO�WRFRQWDLQ�WKH�ODUJHU�&G�� RU�&D�� LRQV��,Q�WKHFDVH�RI�WKH�ODWWHU�WZR�LRQV��KRZHYHU��WKH� �+VLJQDO�RI�WKH���2+ JURXS�GRHV�DSSHDU�DQG�LVDOPRVW� LGHQWLFDO� WR� RQH� RI� WKH� QRQ�FRP �SOH[HG�,9��:H�GR�QRW�WKLQN��WKHUHIRUH��WKDW&G�� DQG� &D�� FRRUGLQDWH� ,9�� $EVRUSWLRQ

DQG�IOXRUHVFHQFH�LQYHVWLJDWLRQV�VKRZHG�WKDWD� FRPSOH[� LV� IRUPHG� EHWZHHQ� 9 DQG�0J���ZKLFK� FDQ� RQO\� EH� RI� W\SH� (�� ,W� LV� ZRUWKPHQWLRQLQJ�WKDW�W\SH�( FRPSOH[HV�ZHUH�LGHQ�WLILHG�ZKHQ�PHWDO�LRQV�FRRUGLQDWHG ��PHWKR[\���SKHQ\O��+�FKURPHQ���RQH� ���PHWKR[\IOD �YRQH�� >��@�7KH� ORQJ�ZDYHOHQJWK� DEVRUSWLRQ� RI� QRQ�FRPSOH[HG� IODYRQHV� �,�� ,,�� ,,,�� ,9 DQG� 9�IDOOV� ZLWKLQ� WKH� ORQJ�ZDYHOHQJWK� UDQJH� RIWKH� XOWUDYLROHW� UHJLRQ� �EHWZHHQ� ���Ü����QP�� �7DEOH����� ,QYROYHPHQW� RI� IODYRQHVLQ�FRPSOH[HV�ZLWK�PHWDO�LRQV�VKLIWV�WKLV�DE �VRUSWLRQ� WR� WKH� YLVLEOH� UHJLRQ�� L�H�� EHWZHHQ���� DQG� ���� QP�� ,W� VKRXOG�� KRZHYHU�� EHQRWHG� WKDW� WKH� DEVRUSWLRQ� RI� WKH� 9�0J��FRPSOH[� DSSHDUV� DW� D� VKRUWHU� ZDYHOHQJWKWKDQ�DQ\�RI�WKH�RWKHU�FRPSOH[HV��7KH�ORQJ�ZDYHOHQJWK�VKLIW�RI�DEVRUSWLRQ�RI�FRPSOH[HGDV� RSSRVHG� WR�QRQ�FRPSOH[HG� IODYRQHV�PRVWSUREDEO\� UHVXOWV� IURP� WKH� IDFW� WKDW� LQ� DOOFRPSOH[HV��H[FHSW�WKRVH�RI�9 ZLWK�0J����WKHOLJDQGV�� RQ� ORVLQJ� D� SURWRQ�� DUH� PRUHVWURQJO\�ERXQG�WR�PHWDOV��1RQ�FRPSOH[HG�IODYRQHV�IOXRUHVFH�ZHDNO\�9���YHU\�ZHDNO\��, DQG�,,��RU�QRW�DW�DOO��,,,DQG�,9���7DEOH�����&RPSOH[HG�IODYRQHV�IOXR �UHVFH� PXFK� PRUH� VWURQJO\� Û� IOXRUHVFHQFHTXDQWXP�\LHOGV�DWWDLQ�YDOXHV�DV�KLJK�DV�VHY �HUDO�SHU�FHQW��)OXRUHVFHQFH� LV� WKH� VWURQJHVWLQ� WKH� FDVH� RI� FRPSOH[HV� RI� , DQG� ,, ZLWKPHWDO� LRQV�� 7KH� 9�0J�� FRPSOH[� DOVR� IOXR�UHVFHV� UHODWLYHO\� VWURQJO\�� )OXRUHVFHQFH� GH �FUHDVHV�DV�WKH�GHJUHH�RI�PHWK\ODWLRQ�RI�WKHK\GUR[\�JURXSV� LQFUHDVHV��&RPSOH[HV�RI� ,,,DQG�,9 ZLWK�PHWDO�LRQV�H[KLELW�WKH�ZHDNHVWIOXRUHVFHQFH�� 0RUHRYHU�� LQ� WKH� ODWWHU� FDVHWKH� 6WRNHV� VKLIW�� LV�PXFK� VWURQJHU� WKDQ� LQWKH� FDVH� RI� WKH� UHVSHFWLYH� FRPSOH[HV� RI� ,DQG�,, ZLWK�PHWDO�LRQV��7KLV�FRXOG�EH�GXH�WRVWHULF� LQWHUIHUHQFH� E\� WKH� � PHWKR[\� JURXSLQ� SRVLWLRQ� ��� DV� ZHOO� DV� LQWHQVLILFDWLRQ� RI

7DEOH�����+ 105�VLJQDOV�RULJLQDWLQJ�IURP�SURWRQV�RI�VHOHFWHG�K\GUR[\�JURXSV�LQ�QRQ�FRPSOH[HGDQG�FRPSOH[HG�IODYRQHV
)ODYRQH 3RVLWLRQ�RIWKH�2+JURXS 1RQ�FRPSOH[HG &RPSOH[HG%H�� 0J�� &D�� =Q�� &G��

, � ���� ����� ����� ����� ����� ����� �����,, � ���� ����� ����� ����� ����� ����� �����,,, � ���� ����� ����� ����� ����� ����� �����,9 � ����� ����� �����
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7DEOH���� ([SHULPHQWDOO\� REWDLQHG� VSHFWUDO� FKDUDFWHULVWLFV� RI� QRQ�FRPSOH[HG� IODYRQHV� DQG� WKH LUFRPSOH[HV�ZLWK�PHWDO�LRQV
)ODYRQH νDEV��FPÜ� νIO��FPÜ� ∆ν6W��FPÜ� ϕ���1RQ�FRPSOH[HG, ����� ����� ���� ZHDN,, ����� ����� ���� ZHDN,,, ����� QR�IOXRUHVFHQVH,9 ����� QR�IOXRUHVFHQVH9 ����� ����� ���� ���&RPSOH[HG�ZLWK�%H��, ����� ����� ���� ���,, ����� ����� ���� ���,,, ����� ����� ���� ���,9 ����� ����� ���� ���9 ������ QR�IOXRUHVFHQVH&RPSOH[HG�ZLWK�0J��, ����� ����� ���� ���,, ����� ����� ���� ���,,, ����� ����� ���� ���,9 ����� ����� ���� ���9 ����� ����� ���� ���&RPSOH[HG�ZLWK�&D��, ����� ����� ���� ���,, ����� ����� ���� ���,,, ����� ����� ���� ���,9 ����� QR�IOXRUHVFHQVH�9 ����� QR�IOXRUHVFHQVH�&RPSOH[HG�ZLWK�=Q��, ����� ����� ���� ���,, ����� ����� ���� ���,,, ����� ����� ���� ���,9 ����� ����� ���� ���9 ����� QR�IOXRUHVFHQVH&RPSOH[HG�ZLWK�&G��, ����� ����� ���� ���,, ����� ����� ���� ���,,, ����� ����� ���� ���,9 ����� QR�IOXRUHVFHQVH��9 ����� QR�IOXRUHVFHQVH�

 νDEV� DQG�νIO LQGLFDWH� WKH� SRVLWLRQV� RI� ORQJ�ZDYHOHQJWK�PD[LPD� LQ� DEVRUSWLRQ� DQG� IOXRUHVFHQFHVSHFWUD��FPÜ����∆ν6W Û�6WRNHV�VKLIWV�DQG�ϕ Û�SHUFHQWDJH�IOXRUHVFHQFH�TXDQWXP�\LHOGV
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WKH� LQWHUIUDJPHQWDO� �FKURPHQHSKHQ\O�FKDUJH� WUDQVIHU� XSRQ� H[FLWDWLRQ�� 7KH� ODWWHUSRVVLELOLW\�ZDV�WDNHQ� LQWR�DFFRXQW�ZKHQ�ZHFRPSDUHG� WKH� FKDQJHV� LQ� WKH� VXP� RI� 0XO �OLNHQ� SDUWLDO� FKDUJHV� FRUUHVSRQGLQJ� WR� WKHFKURPHQH�DQG�SKHQ\O�IUDJPHQWV�UHOHYDQW�WRWKH�6� → 6� WUDQVLWLRQ� �ZKLFK� DFFRXQWV� IRUWKH� LQWHUIUDJPHQWDO� FKDUJH� WUDQVIHU� DFFRP �SDQ\LQJ�H[FLWDWLRQ���,Q�WKH�FDVH�RI�WKH�FRP �SOH[HV�RI�, DQG�,, ZLWK�%H����FKDUJH�VHSDUD�WLRQ� LQFUHDVHV� E\� ����� DQG� ������ ZKLOH� IRUWKH�FRPSOH[HV�RI� ,,, DQG� ,9 LW� LQFUHDVHV�E\DV�PXFK�DV������DQG�������UHVSHFWLYHO\��2QHRI� WKH� FRQVHTXHQFHV� RI� WKLV� HIIHFW� LV� D� GH �FUHDVH�LQ�WKH�π�FRQWULEXWLRQ�WR�WKH�ERQG�EH�WZHHQ�WKH�FKURPHQH�DQG�SKHQ\O�PRLHWLHV� LQWKH� H[FLWHG� VWDWH�� 7KLV� FDQ� ZLGHQ� WKH� WRU �VLRQ� DQJOH� EHWZHHQ� WKH� FKURPHQH� PRLHW\DQG� WKH� SKHQ\O� ULQJ�� DQG� UDLVH� WKH�QXPEHURI� VSLQ�RUELWDO� LQWHUDFWLRQV�� WKHUHE\� GH �FUHDVLQJ� WKH� IOXRUHVFHQFH� TXDQWXP� \LHOG>��@��7KH�UHVXOWV�RI�JHRPHWU\�RSWLPLVDWLRQVRI� WKH�%H�� FRPSOH[HV� RI� , DQG� ,9 GHPRQ�VWUDWHG� WKDW� WKH� DQJOH� EHWZHHQ� WKHFKURPHQH� PRLHW\� DQG� WKH� SKHQ\O� ULQJFKDQJHV�XSRQ�H[FLWDWLRQ�IURP�����WR���� � LQWKH� IRUPHU� FDVH�� EXW� IURP������ WR����� � LQWKH�ODWWHU��7KHUHIRUH��KLJK�6WRNHV�VKLIWV�DQGORZ� IOXRUHVFHQFH� TXDQWXP� \LHOGV� RI� FRP �SOH[HV� ,,, DQG� ,9 ZLWK� PHWDO� LRQV� PD\� EHWKH� UHVXOW� RI� PDUNHG� FRQIRUPDWLRQDOFKDQJHV� DFFRPSDQ\LQJ� HOHFWURQLF� WUDQVL �WLRQV��$QDO\VLV� RI� HOHFWURQLF� DEVRUSWLRQ� DQGIOXRUHVFHQFH�VSHFWUD��7DEOH����JHQHUDOO\�FRQ �ILUPV� WKH�FRQFOXVLRQV�GUDZQ�IURP�H[DPLQD �WLRQ�RI��+ 105�VSHFWUD��7DEOH�����,W�ZRXOG�KRZHYHU��EH�GLIILFXOW�WR�VD\�DQ\WKLQJ�DERXWWKH�FRQVWLWXWLRQ�RI�FRPSOH[HV�H[FOXVLYHO\�RQWKH�EDVLV�RI�WKH�GDWD�LQ�7DEOH����7R�DFKLHYHD� GHHSHU� LQVLJKW� LQWR� WKH�QDWXUH� RI� DEVRUE �LQJ�DQG�HPLWWLQJ�HQWLWLHV�ZH�RSWLPLVHG�WKHLUVWUXFWXUHV�� LQ� WKH�FDVH�RI� ,�0J�� FRPSOH[HVVROYDWHG�E\�PHWKDQRO�PROHFXOHV��)LJ����SUR �YLGHV� SRVVLEOH� VWUXFWXUHV� RI� WKHVH� LQ� WKHJURXQG� HOHFWURQLF� VWDWHV��� DQG� SUHGLFWHGZDYH� QXPEHUV� RI� DEVRUSWLRQ� DQG� IOXRUHV �FHQFH� WUDQVLWLRQV� �7DEOH����� &RPSDULVRQ� RIWKH� GDWD� LQ� 7DEOHV� �� DQG� �� UHYHDOV� TXLWHJRRG� FRQIRUPLW\� EHWZHHQ� H[SHULPHQWDO� DQGWKHRUHWLFDO� �IRU� W\SH� % FRPSOH[HV�� DEVRUS�WLRQ� WUDQVLWLRQV� LQ� ,�0J���� ZKLFK� IXUQLVKHVDGGLWLRQDO� SURRI� WKDW� WKH� % IRUP� SUHGRPL�QDWHV�LQ�WKH�6� VWDWH��7KH�WKHRUHWLFDOO\�SUH�GLFWHG�YDOXHV�RI�IOXRUHVFHQFH�WUDQVLWLRQV�IRUW\SH�% DQG�( FRPSOH[HV� ILW� WKH�H[SHULPHQ�WDO� YDOXH� HTXDOO\�ZHOO��ZKLFK� VXJJHVWV� WKDWERWK� IRUPV� PD\� HPLW� UDGLDWLRQ�� +RZHYHU�

WKH� FRQIRUPLW\� EHWZHHQ� H[SHULPHQWDO� DQGWKHRUHWLFDO� 6WRNHV� VKLIWV� LV� EHVW� LQ� W\SH� (FRPSOH[HV�� QRW� TXLWH� VR� JRRG� LQ� % FRP�SOH[HV�� ,W� LV� GLIILFXOW� WR� VD\� KRZ� IDU� WKHVHILQGLQJV� VXSSRUW� WKH� FRH[LVWHQFH� RI� WKH� %DQG� ( IRUPV� RI� WKH� ,�0J�� FRPSOH[� LQ� WKH6� VWDWH�� HVSHFLDOO\� DV� H[SHULPHQWDO� DQGWKHRUHWLFDO� GDWD� LQGLFDWH� WKDW� W\SH� % FRP�SOH[HV�SUHGRPLQDWH�LQ�WKH�6� VWDWH��1R�VLP�SOH� H[SODQDWLRQ� FDQ� EH� RIIHUHG� QRZ�� DO �WKRXJK�LW�PD\�EH�WKDW�WKH�GLVFUHSDQFLHV�EH �WZHHQ� WKH� H[SHULPHQWDO� DQG� WKHRUHWLFDOFKDUDFWHULVWLFV� DUH� GXH� WR� FRQVWLWXWLRQDOFKDQJHV� LQ� WKH� VROYDWLRQ� VSKHUHV� WKDW� DF �FRPSDQ\� WKH� UHOD[DWLRQ� RI� H[FLWHG� PROH �FXOHV�� DQG� ZKLFK� FRXOG� QRW� EH� HDVLO\� WDNHQLQWR�DFFRXQW�LQ�WKH�FDOFXODWLRQV��7KH�VWDELOLW\�FRQVWDQWV�IRU�WKH�FRPSOH[HVLQYHVWLJDWHG� DUH� OLVWHG� LQ� 7DEOH���� 7KH\ZHUH�DOO�FDOFXODWHG�RQ�WKH�EDVLV�RI�HOHFWURQLFDEVRUSWLRQ� DQG� IOXRUHVFHQFH� VSHFWUDO� GDWDDVVXPLQJ� ���� PHWDO�IODYRQH� VWRLFKLRPHWU\�7KHUH�DUH�VRPH�LQGLFDWLRQV�WKDW�QRW�RQO\����FRPSOH[HV�EXW�DOVR����� FRPSOH[HV�FDQ� H[LVW>��@��+RZHYHU��VLQFH�LW�LV�SRVVLEOH�WR�GLIIHU �HQWLDWH� WKH� DEVRUSWLRQ� DQG� IOXRUHVFHQFH� RI���� DQG� ���� FRPSOH[HV�� LW� LV� GLIILFXOW� WRMXGJH� ZKLFK� RQHV� SUHGRPLQDWH�� 6WDELOLW\FRQVWDQWV�IRU�WKH�JURXQG�DQG�H[FLWHG�VWDWHVDUH�FRPSDUDEOH��ZKLFK�LPSOLHV�WKDW�WKH�FRP �SOH[HV� LQYHVWLJDWHG� SUHVHUYH� WKHLU� FRPSRVL �WLRQ� DQG� FKHPLFDO� FRQVWLWXWLRQ� XSRQ� HOHF �WURQLF� H[FLWDWLRQ�� XQOLNH� RWKHU� IODYRQHV�ZKLFK�PD\�XQGHUJR�GLVVRFLDWLRQ�XQGHU�VXFKFRQGLWLRQV�>��@��7KH�LQFUHDVH�LQ�WKH�QXPEHURI�PHWKR[\�JURXSV�LQ�IODYRQHV�JHQHUDOO\�UH �VXOWV� LQ� VRPH� LQFUHDVH� LQ� WKH� FRPSOH[DWLRQDELOLW\�� ,Q� WKH� FDVH� RI� 0J�� DQG� =Q���� DQLQFUHDVH�LQ�WKH�GHJUHH�RI�PHWK\ODWLRQ�FDXVHVD� FKDQJH� DW� WKH� FRPSOH[DWLRQ� VLWH� DQG� LVDFFRPSDQLHG� E\� D� FKDQJH� LQ� WKH� VWDELOLW\FRQVWDQW�� 6WDELOLW\� FRQVWDQWV� LQFUHDVHJUDGXDOO\� IRU� W\SH� % FRPSOH[HV� RI� 0J��

7DEOH����7KHRUHWLFDOO\�SUHGLFWHG�ZDYH�QXP�EHUV� RI� ORQJ�ZDYHOHQJWK� DEVRUSWLRQ� DQGIOXRUHVFHQFH�WUDQVLWLRQV�IRU�QRQ�FRPSOH[HGTXHUFHWLQH��,��DQG�,�0J�� FRPSOH[HV(QWLW\ νDEV��FPÜ� νIO��FPÜ� ∆ν6W��FPÜ�, ����� ����� ����,Ü0J�� Ü$ ����� ����� ����Ü% ����� ����� ����Ü& ����� ����� ����Ü' ����� ����� ����Ü( ����� ����� ����
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ZLWK� ,�� ,, DQG� ,,, DQG� GHFUHDVH� IRU� W\SH� $DQG� ( FRPSOH[HV� ZLWK� ,9 DQG� 9�� UHVSHF�WLYHO\�� ,W�LV�FOHDU�IURP�WKHVH�GDWD�WKDW�W\SH( FRPSOH[HV� DUH� UHODWLYHO\� OHVV� VWDEOH� WKDQWKRVH�RI�W\SH�$ RU�%�6WDELOLW\� FRQVWDQWV� DUH� JHQHUDOO\� KLJK�KHQFH� FRPSRQHQWV� DUH� DOPRVW� FRPSOHWHO\FRPSOH[HG� LQ� VROXWLRQ��2QH� FDQ� DOVR� H[SHFWVXFK�FRPSOH[HV�WR�EH�UHDGLO\� IRUPHG� LQ�WKHVROLG� SKDVH�� 6LQFH�� IROORZLQJ� SKRWRH[FLWD �WLRQ�� WKHVH�FRPSRXQGV�HPLW�UDGLDWLRQ�PXFKPRUH� HIILFLHQWO\� WKDQ� QHDW� IODYRQHV�� WKH\FDQ� EH� FRQVLGHUHG� SRWHQWLDO� FKURPRSKRULFPDWHULDOV�7KLV�SDSHU�SURYLGHV�EDVLF�LQIRUPDWLRQ�RQWKH�VWUXFWXUH��VWDELOLW\�DQG�VSHFWUDO�SURSHU �WLHV� RI� WKH� FRPSOH[HV� RI� SHQWDK\GUR[\IOD �YRQH� �TXHUFHWLQH�� DQG� LWV� DON\O� GHULYDWLYHV�IODYRQHV�� ZLWK� VHOHFWHG� LRQV� RI� JURXS� ,,�QDPHO\� %H���� 0J���� &D���� =Q�� DQG� &G���7KH� PRVW� VWDEOH� FRPSOH[HV� DUH� WKRVH� LQZKLFK� WKH� FDUERQ\O� R[\JHQ� DWRP� DQG� WKHR[\JHQ� DWRP� RI� D� QHLJKERXULQJ� K\GUR[\JURXS� DUH� LQYROYHG�� 7KH� FRPSOH[HV� IRUPHGH[KLELW� FRPSDUDEOH� VWDELOLW\� LQ� WKH� JURXQGDQG�H[FLWHG�HOHFWURQLF�VWDWHV���$EVRUSWLRQ�RIFRPSOH[HV�LV�VKLIWHG�WRZDUGV�WKH�ORQJ�ZDYH �OHQJWK� UHJLRQ� UHODWLYH� WR� WKDW� RI� QRQ�FRP �SOH[HG�IODYRQHV��$OPRVW�QRQ�IOXRUHVFLQJ�IOD �YRQHV�EHJLQ�WR�HPLW�UDGLDWLRQ�ZKHQ�WKH\�DUHERXQG� LQ� FRPSOH[HV�� 7KLV� IOXRUHVFHQFHZHDNHQV� LI� WKH� K\GUR[\� JURXSV� RQ� WKH� ODW �HUDO�SKHQ\O�ULQJ�DUH�PHWK\ODWHG��7KH�UHVXOWVRI� FRPSOHPHQWDU\� WKHRUHWLFDO� VWXGLHV� FRQ �ILUPHG� WKH� H[SHULPHQWDO� ILQGLQJV� DQGKHOSHG� WR� H[SODLQ� WKHP��7KH�UHVXOWV�RI� WKLVVWXG\� VXJJHVW� WKDW� WKH� DSSOLFDWLRQ� RI� IOD �

YRQH�PHWDO� LRQ� FRPSOH[HV� DV� SKRWRFKURPR �SKRUHV�ORRNV�SURPLVLQJ��$FNQRZOHGJHPHQWV�� 7KH� DXWKRUV� WKDQNWKH� 3ROLVK� 6WDWH� &RPPLWWHH� IRU� 6FLHQWLILF5HVHDUFK� IRU� ILQDQFLDO� VXSSRUW� WKURXJK� WKH3ROLVK�8NUDLQLDQ� ([HFXWLYH� 3URJUDPPH� RI5HVHDUFK� DQG� 7HFKQLFDO� &RRSHUDWLRQ� �JUDQW1R�352�,,,���������� &RQWUDFW� 1R������ DQG'6���������������JUDQWV�5HIHUHQFHV���9�3�*HRUJLMHYVNL�� $�,�5\EDFKHQNR�� $�/�.D]DNRY�3K\VLFR�FKHPLFDO�DQG�$QDO\WLFDO�&KDUDFWHULVWLFV�RI)ODYRQRLG� &RPSRXQGV�� 5*8� HG��� 5RVWRY� ������>LQ�5XVVLDQ@����/�.�.O\VKHY�� 9�$�%DQGLXNRYD�� $�6�$OLXNLQD�3ODQW�)ODYRQRLGV��1DXND��$OPD�$WD��������>LQ5XVVLDQ@�����-�%URZQ��+�.KRGU��5�&�+LGHU�HW�DO���%LRFKHP�-�����������������������4�=KDQJ�� /�:DQJ�� .�/L�� :XML� +XD[XH� ;XH�EDR����������������������3�%RULVVRYD�� 6�9DOFKHYD�� $�%HOFKHYD�� $FWD3K\VLRO��3KDUP��%XOJ��������������������$�%UDYR�� -�5�$QDFRQD�� 7UDQV��0HWDO� &KHP����������������������1�<�+LPHMLPD�� 3DWHQW� 1R����������� -SQ�.RNDL�7RNN\R�.RKR���������������1�$�1HYVND\D�� 9�$�1D]DUHQNR�� =K��$QDO�.KLP����������������������%�.�%KDUDGZDM�� 6�&�-DLQ�� ,QGLDQ� -��&KHP��%���������������������$�&�-DLQ��1�.�1D\\DU�� ,QGLDQ�-��&KHP���%�������������������$�:HLVVEHUJHU�� (�6�3URVNDXHU�� -�$�5LGGLN�(�(�7RRSV��2UJDQLF�6ROYHQWV��3K\VLFDO�3URSHU�WLHV�DQG�0HWKRGV�RI�3XULILFDWLRQ��,QWHUVFLHQFH3XEOLVKHUV��1HZ�<RUN���������

7DEOH����%DVH����ORJDULWKPV�RI�WKH�VWDELOLW\�FRQVWDQWV�RI�IODYRQH�FRPSOH[HV�ZLWK�PHWDO�LRQV�LQ WKHJURXQG�DQG� H[FLWHG�HOHFWURQLF� VWDWHV�GHWHUPLQHG�RQ� WKH� EDVLV� RI�HOHFWURQLF� DEVRUSWLRQ� �DEV��D QGIOXRUHVFHQFH��IO��VSHFWUDO�GDWD)ODYRQH 0HWKRG &RPSOH[HV%H�� 0J�� &D�� =Q�� &G��, DEV $ ����±���� % ����±���� % ����±���� % ����±���� % ����±����IO ����±���� ����±���� ����±���� ����±����,, DEV $ ����±���� % ����±���� % ����±���� % ����±���� % ����±����IO ����±���� ����±���� ����±���� ����±����,,, DEV $ ����±���� % ����±���� % ����±���� % ����±���� % ����±�����IO ����±���� ����±���� ����±���� ����±���� ����±����,9 DEV $ ����±���� $ ����±���� $ ����±����IO ����±���� ����±���� ����±����9 DEV ( ����±����IO ����±����

$�'�5RVKDO�HW�DO����6WUXFWXUH��VWDELOLW\�DQG����

��� )XQFWLRQDO�PDWHULDOV�������������



����$�2�'RURVKHQNR��6SHFWUDO�'DWD�/DE�6RIWZDUH�1DWLRQDO�8QLYHUVLW\��.KDUNLY���������������0�,�%XODWRY�� ,�3�.DOLQNLQ�� +DQGERRN� RI3KRWRPHWULF� 0HWKRGV� RI� $QDO\VLV�� .KLPL\D�/HQLQJUDG�������������-�-�3�6WHZDUW��-��&RPS��&KHP��������������������� &�*�%UR\GHQ��-��,QVW��0DWK��$SSO���������������������5�)OHWFKHU��&RPSXWHU�-����������������������'�*ROGIDUE��0DWK��&RPSXW���������������������'�)�6KDQQR��0DWK��&RPSXW����������������������-�-�3�6WHZDUW�� 023$&� ���� )XMLWVX�� 7RN\R�����������5�6�0XOOLNHQ��-��&KHP��3K\V�������������������
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