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�
$EVWUDFW�� &RKHUHQW� V\QWKHVLV� RI� D� FRPSOH[� PRGXODWHG� VLJQDO� LV� DFKLHYHG� E\� VLPXOWDQHRXVO\�
LQMHFWLRQ� ORFNLQJ� WZR � GLUHFW O\�PRGXODWHG� VHPLFRQGXFWRU� ODVHUV��%HWWHU� PRGXODWLRQ� OLQHDULW\� DQG�
FRPSDUDEOH� SHUIRUPDQFH�WR�/L1E2�� ,�4�PRGXODWRU� LV�GHPRQVWUDWHG��
2&,6� FRGHV�� ����������� &RKHUHQW� FRPPXQLFDWLRQV�� �����������/DVHUV�� LQMHFWLRQ�ORFNHG�� ����������� /DVHUV�� IUHTXHQF\�
PRGXODWHG�

�
���,QWURGXFWLRQ� �

0RGHUQ�RSWLFDO�FRPPXQLFDW LRQ�V\VWHPV�UHO\ �RQ�DGYDQFHG�PRGXODWLRQ�IRUPDWV�DQG�FRKHUHQW�GHWHFWLRQ��$GYDQFHG�
PRGXODWLRQ� IRUPDWV� VXFK� DV� RSWLFDO� 2UWKRJRQDO� )UHTXHQF\� 'LYLVLRQ� 0XOW LSOH[LQJ� �2)'0�� DQG� 4XDGUDWXUH�
$PSOLWXGH�0RGXODWLRQ� �4$0�� UHTXLUH� LQGHSHQGHQW�PRGXODWLRQ� RI� WKH� DPSOLWXGH� DQG� SKDVH� �RU� WKH� LQ�SKDVH� DQG�
TXDGUDWXUH� FRPSRQHQWV�� RI� D� VLJQDO�� 7KLV� KDV� EHHQ� FRQYHQWLRQDOO\� DFKLHYHG� E\� D� /L1E2�� ,�4� PRGXODWRU�ZKLFK�
FRQVLVWV� RI� WZR�0DFK�=HKQGHU�PRGXODWRUV� �0=0�� LQ� D� QHVWHG�VWUXFWXUH� >�@��$OWKRXJK�/L1E2��EDVHG�PRGXODWRUV�
RIIHU�XQSDUDOOHOHG�SHUIRUPDQFH��WKH\�DUH�ORQJ��FHQWLPHWHU�VFDOH���H[SHQVLYH��DQG�GLIILFX OW�WR�LQWHJUDWH�ZLWK�WKH�ODVHU��
PDNLQJ�WKH�GHQVH�LQWHJUDWLRQ�RI�WHQV �WR�KXQGUHGV�RI�WUDQVPLWWHUV�DV�QRZ�UHTXLUHG�FKDOOHQJLQJ��&RQVHTXHQWO\��PDMRU�
HIIRUW� KDV� EHLQJ� GLUHFWHG� WR� REWDLQ� HTXLYDOHQW� SHUIRUPDQFH� XVLQJ� RWKHU�PDWHULDOV� IRU� WKH� PRGXODWRU� LQFOXGLQJ� ,Q3 �
>���@��*D$V>�@��DQG�VLOLFRQ>�@��+RZHYHU��EHVLGHV�SDUDVLWLF�UHVLGXDO�SKDVH�PRGXODWLRQ��WKHVH�PRGXODWRUV�VXIIHU�IURP�
KLJK�SURSDJDWLRQ�ORVV��UHODWLYHO\�ODUJHU�PRGXODWLRQ�QRQOLQHDULW\�DQG�UHTXLULQJ�EURDGEDQG�5)�DPSOLILHUV�IRU�G ULY LQJ ��
1HYHUWKHOHVV��WKURXJK�LQWHQVLYH�UHVHDUFK�GHYLFHV�JHQHUDWLQJ�4$0�VLJQDOV�KDYH�UHFHQWO\�DSSHDUHG�HQDEOHG�ERWK�E\�
LPSURYHG� PRGXODWRU� GHVLJQ� DQG� WKH� XVH� RI� 'LJ LWDO� 6LJQDO� 3URFHVVLQJ� �'63�� DW � ERWK� WUDQVPLWWHU� DQG� UHFHLYHU� WR�
FRPSHQVDWH�IRU�WKH�QRQ�LGHDO�SKDVH�DQG�DPSOLWXGH� WUDQVIHU�IXQFWLRQV �>���@��

&RPSDUHG� WR� H[WHUQDO� PRGXODWLRQ�� GLUHFW� ODVHU� PRGXODWLRQ� RIIHUV� PDQ\� DGYDQ WDJHV� VXFK� DV� ORZ� FRVW��
FRPSDFWQHVV�� ORZ� SRZHU� FRQVXPSWLRQ�� UHODWLYHO\ � ORZ� GULYH� YROWDJH� DQG� K LJK� RXWSXW� SRZHU�� +RZHYHU�� FXUUHQW�
PRGXODWLRQ�RI�D�G LUHFW O\�PRGXODWHG�VHPLFRQGXFWRU�ODVHU�LV�DVVRFLDWHG�ZLWK�D�ODUJH�IUHTXHQF\�FKLUS�> �@�ZKLFK�KHDYLO\�
FRPSURPLVHV� WKH� LQGHSHQGHQFH� RI� LQ�SKDVH� DQG� TXDGUDWXUH� FRPSRQHQW� RI� D� FRPSOH[� RSWLFDO� VLJQDO�� OLPLWLQJ� WKH�
GLUHFWO\�PRGXODWHG�ODVHUV�WR�DSSOLFDWLRQV�UHTXLULQJ�RQO\ �LQWHQVLW\�PRGXODWLRQ��$GGLWLRQDOO\��ZKHQ�XVHG�LQ �ILEHU�RSWLF�
FRPPXQLFDW LRQV��WKH�PRGXODWLRQ�FKLUS�EURDGHQV�WKH�RSWLFDO�VSHFWUXP��WKXV�ORZHULQJ�WKH�VLJQDO�VSHFWUXP�HIILFLHQF\��
DQG�VHYHUHO\�GHJUDGHV�WKH�WUDQVPLVVLRQ�UHDFK���

5HFHQWO\� ZH� SURSRVHG� D� ZDYHOHQJWK�WXQHDEOH� 4$0� WUDQVPLWWHU� XVLQJ� RSWLFDO� LQ MHFWLRQ� ORFNLQJ� RI� GLUHFWO\ �
PRGXODWHG�VHPLFRQGXFWRU�ODVHUV�WR�VXSSUHVV�WKH�IUHTXHQF\�FKLUS�DOORZLQJ�JHQHUDWLRQ�RI�FRPSOH[�PRGXODW LRQ�IRUPDWV�
DQG� VKRZLQJ� GLVWLQFW� DGYDQWDJHV� RYHU� FXUUHQW� DQG� RWKHU� FXUUHQWO\� UHVHDUFKHG� VROXWLRQV� >�@�� 2XU� DSSURDFK� WR� ,�4�
PRGXODWLRQ�DOORZV�IR U�DOO�WKH�EHQHILWV�RI�GLUHFW�PRGXODW LRQ�� LQFOXGLQJ�K LJK�OLQHDULW\�� UHGXFHG�SRZHU�FRQVXPSWLRQ��
VPDOO�IRRWSULQW�DQG�HDVH�RI�LQWHJUDWLRQ�DQG�RSHQV�XS�D�SURPLVLQJ�QHZ�URXWH�WR�WKH�UHDOL]DWLRQ�RI�FRVW �HIIHFWLYH��KLJK�
SHUIRUPDQFH�PRQROLWKLFDOO\� LQWHJUDWHG�4$0�WUDQVPLWWHUV��

����2SHUDWLRQ� 3ULQFLSOH�

7KH�VFKHPDWLF�RI�RXU�WUDQVPLWWHU�LV�VKRZQ�LQ �)LJ����&RQWLQXRXV�ZDYH��&:��OLJKW�IURP�D�PDVWHU�ODVHU�LV�IHG �LQWR�WZR�
VODYH� ODVHUV� WR� SKDVH� ORFN� WKHLU� RSWLFDO� FDUULHU��:KHQ� WKH� VODYH� ODVHUV� DUH� NHSW�ZLWKLQ� WKH� ORFNLQJ� UDQJH� >�@�� WKH�
PRGXODWLRQ� FKLUS� LV� VXSSUHVVHG� DQG� WKH� ODVHUV¶� PRGXODWLRQ� EDQGZLGWK� FDQ� EH� VLJQLILFDQWO\� LQFUHDVHG � >��� ��@��
0RUHRYHU�� ORFNLQJ� WKH� VODYHV� WR� WKH�PDVWHU� DOORZV� PXWXDO� FRKHUHQFH� EHWZHHQ� WKH� WKUHH� ODVHUV� WR� EH� HVWDEOLVKHG��
PHDQLQJ�WKDW�WKH�VODYH�IUHTXHQF\�IROORZV�WKDW�RI�WKH�PDVWHU�HYHQ� LQ�WKH�SUHVHQFH�RI�PRGXODWLRQ�R I�WKH�VODYH� ODVHU�
FXUUHQW�� 7KLV�PXWXDO� FRKHUHQFH� LV� FULWLFDO� LQ� RXU� WUDQVPLWWHU²LW� DOORZV� XV� WR� FRPELQH� WKH� WZR� GLUHFWO\�PRGXODWHG�
VODYHV�ZLWK�D�����VKLIW��DV�ZHOO�DV�WR�SURYLGH�FDUULHU�VXSSUHVVLRQ�WKURXJK�GHVWUXFWLYH�LQWHUIHUHQFH�Z LWK�D�FRPSRQHQW�
RI�WKH�PDVWHU�VLJQDO��

%HVLGHV�LQKHUHQW�OLQHDULW\�LQ�WKH�PRGXODWLRQ�UHVSRQVH�LQ�RXU�WUDQVPLWWHU��WKDW�ZH�G LVFXVV�ODWHU���RXU�W UDQVPLWWHU��DV�
FRPSDUHG� WR� FRQYHQWLRQDO� /L1E2�� ,4� PRGXODWRU�� DOORZV� IRU� HDV\� PDQLSXODWLRQ� RI� FDUULHU� WRQH�� 7KLV� FDUULHU�
PDQLSXODWLRQ�KDV�PDQ\�SRWHQWLDO�EHQHILWV�LQ�FRKHUHQW�RSWLFDO�FRPPXQLFDWLRQV�VXFK�DV�HDV\�FDUULHU�SKDVH�HVWLPDWLRQ�
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>��@�� HIIHFWLYH� ILEHU� QRQOLQHDU� FRPSHQVDWLRQ� DV�ZHOO� DV� DOO�RSWLFDO� FDUULHU� UHFRYHU\� >��@��$V� VKRZQ� LQ� )LJ���� RXU�
WUDQVPLWWHU�FKDQJHV�WKH�FDUULHU�OHYHO�E\�FRQWUROOLQJ�WKH�SRZHU�RI�WKH�&:�OLJKW�IURP�WKH�UHIOHFWLRQ�EUDQFK��$V�D�UHVXOW��
WKH�FDUULHU�SRZHU�FDQ �EH�PDQLSXODWHG�ZLWKRXW�DQ\�ZDYHIRUP�GLVWRUWLRQ��&RQWURO�RI�WKH�FDUULHU�VLJQDO�XVLQJ�WKH�0=0��
LV� XVXDOO\� GRQH� YLD� WXQLQJ� WKH� PRGXODWRU� E LDV� VOLJKWO\� DZD\� IURP� LWV� WUDQVPLVVLRQ� ]HUR�� 7KLV� LV�� KRZHYHU��
DFFRPSDQLHG�E\�D�SDUDVLWLF�QRQOLQHDU�GLVWRUWLRQ�RI�WKH�RXWSXW�ZDYHIRUP�� ZKLFK�GHJUDGHV�WKH�V\VWHP�SHUIRUPDQFH�� �

�
����0RGXODWLRQ� OLQHDULW\�

7KH�OLQHDULW\�RI�WKH�PRGXODWLRQ� UHVSRQVH�LV�FKDUDFWHUL]HG �E\�WKH�VSXULRXV�IUHH�G\QDPLF�UDQJH��6)'5��>��@��)LJ����
VKRZV�WKH�6)'5�RI�DQ�LQMHFW LRQ�ORFNHG�VODYH�ODVHU�DQG�DQ�0=0�RSHUDWHG�RYHU�D�OLPLWHG�UDQJH�IRU�PLQLPL]LQJ�QRQ�
OLQHDU�PRGXODWLRQ� UHVSRQVH��9SS� � ���9ʌ�DSSOLHG� LQ�SXVK�SXOO�PDQQHU�RQ�WZR�HOHFWURGHV���$V�VKRZQ�LQ�)LJ�� ���WKH�
6)'5�RI�WKH�OLQHDULW\�RSWLPL]HG�/L1E2��0=0�DQG�LQMHFWLRQ�ORFNHG�G LUHFWO\�PRGXODWHG�ODVHU�ZDV����G%�DQG����G%�
UHVSHFWLYHO\��KLJKOLJKWLQJ�WKH�OHYHO� RI�WKH�LQKHUHQW�OLQHDU�UHVSRQVH�H[SHFWHG�IURP�RXU�WUDQVPLWWHU�� ��

�
)LJ���6HWXS�IRU�HYDOXDWLQJ�WKH�6)'5�RI��D��/L1E2��0=0���E��,QMHFWLRQ�ORFNHG�VODYH�ODVHU��7KH�VSHFWUXP�RI�WKH�UHFHLYHG�VLJQDO��DIWHU�'&�

EORFN��LV�VKRZQ�ZLWK�DW�D�UHVROXWLRQ�RI����0+]�IRU��F��/L1E2��0=0���G��,QMHFWLRQ�ORFNHG�VODYH�ODVHU��

����3URRI�RI�FRQFHSW� H[SHULPHQW�

7KH�H[SHULPHQWDO�VHWXS�RI�RXU�SURRI�RI�FRQFHSW�LV�VKRZQ�LQ�)LJ����$�GHWDLOHG�GHVFULSWLRQ�RI�WKH�WUDQVPLWWHU�VHWXS�DQG�
FRQWURO� FDQ� EH� IRXQG� LQ� UHIHUHQFH� >�@��:H� JHQHUDWHG� ���*%DXG� RSWLFDO� 2)'0� ZLWK� VXEFDUULHUV� PRGXODWLRQ�ZLWK�
��4$0�������*ELW�V��DQG�XS�WR����*EDXG�VLQJOH�FDUULHU�436.����*ELW�V��VLJQDOV�XVLQJ�RXU�WUDQVPLWWHU��$�/L1E2��
EDVHG�,4�WUDQVPLWWHU�ZDV�XVHG�IRU�SHUIRUPDQFH� FRPSDULVRQ���

�
)LJ���([SHULPHQWDO�6HWXS�

7KH�WUDQVPLVVLRQ�OLQN�FRQVLVWHG�RI�WKUHH�VSDQV�ZLWK�WRWDO�WUDQVPLVVLRQ�GLVWDQFH�RI����� NP��FRPSULVLQJ����� NP�
60)����DQG����NP�ODUJH�HIIHFW LYH�DUHD�ILEUH��/($)����7KH�RSWLFDO�SRZHU�ODXQFKHG�LQWR�WKH�WUDQVPLVVLRQ�OLQN�ZDV����
G%P��$W�WKH�UHFHLYHU�VLGH��$6(�JHQHUDWHG�QRLVH�ORDGLQJ�ZDV�XVHG�WR�DGMXVW�WKH�RSWLFDO�VLJQDO�WR�QRLVH�UDWLR ��2615��
EHIRUH� SDVV� D� ����QP�RSWLFDO� EDQG� SDVV� ILOWHU� �2%3)���$� FRPSRQHQW� RI�&:� OLJKW� ��� G%P�� ZDV� WDSSHG� IURP� WKH�

�
)LJ���2SHUDWLRQ�SULQFLSOH�RI�RXU�WUDQVPLWWHU��
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PDVWHU�ODVHU�DQG�XVHG�DV�D�ORFDO�RVFLOODWRU��/2��IRU�VLQJOH�SR ODUL]DWLRQ�KRPRG\QH�UHFHSWLRQ��7KH�SRODUL]DW LRQ�RI�WKH�
UHFHLYHG� VLJQDO�ZDV� PDQXDOO\� DOLJQHG�ZLWK� WKDW� RI� WKH�/2� DW� WKH� UHFHLYHU��$IWHU� FRKHUHQW� GHWHFWLRQ� WKH� HOHFWULFDO�
VLJQDO�ZDV�WKHQ�VDPSOHG�E\�D����*+]�� ���*6�V� UHDO�WLPH� RVFLOORVFRSH�EHIRUH�RIIOLQH� SURFHVVLQJ��

,Q�WKH�WUDQVPLVVLRQ�H[SHULPHQW��WKH�RSWLFDO�FDUULHU�LV�QRW�IXOO\�FDQFHOOHG�WR�JHQHUDWH�2)'0�ZLWK�D�FDUULHU�WRQH��
ZKLFK� UHVXOWV� LQ� D� FDUULHU�VLJQDO� UDWLR� �&65�� RI� ��G%�� 7R� LPSURYH� WKH� OLQHDULW\� RI� WKH� /L1E2�� ,�4� PRGXODWRU��
ZDYHIRUPV�ZLWK�D�SHDN�WR�SHDN�GULYH�YROWDJH�RI�����9��a����9ʌ��ZHUH�XVHG��UHVXOWLQJ�LQ �DQ� LQFUHDVH�LQ �LQVHUWLRQ�
ORVV��a��G%���7KH�FDUULHU�DVVLVWHG�2)'0�ZDV�JHQHUDWHG�E\�ELDVLQJ�WKH� ,�4�PRGXODWRU� ����9ʌ�DZD\�IURP�WKH�QXOO�
SRLQW���

����([SHULPHQWDO� 5HVXOWV��

7KH�ELW�HUURU�UDW LR��%(5��FXUYHV�IRU�WKH�2)'0�DQG�436.�VLJQDOV�DUH�VKRZQ�LQ �)LJ�����D��DQG��E���UHVSHFWLYHO\��7KH�
VSHFWUD�DQG�FRQVWHOODWLRQ�GLDJUDP��REWDLQHG�DIWHU�����NP�WUDQVPLVVLRQ��RI�WKH�GHPRGXODWHG�VLJQDOV�DUH�VKRZQ�RQ�WKH�
ULJKW� VLGH� RI� WKH� %(5� UHVXOWV�� &OHDU� FRQVWHOODWLRQ� FOXVWHUV� ZHUH� REWDLQHG� DIWHU� VLJQDO� GHPRGXODWLRQ�� 7KH� %(5�
FKDUDFWHULVWLFV�VKRZ�WKDW�DOWKRXJK�RXU�WUDQVPLWWHU� LV�VOLJKWO\�LQIHULRU�WR�RXU�/L1E2��,4�PRGXODWRU�ELDVHG�DW�9ʌ������
G%�2615�SHQDOW\�DW�D �%(5�RI� ������� LW�SHUIRUPV�EHWWHU�WKDQ�RXU�/L1E2��,4�PRGXODWRU�ELDVHG�DW� ����9ʌ� �XVHG�WR�
JHQHUDWH�WKH�FDUULHU�S LORW�WRQH���7KLV� LPSURYHPHQW� LV�PRVWO\�DWWULEXWHG�WR�WKH�EHWWHU�OLQHDULW\�R I�G LUHFW�PRGXODW LRQ ��
)XUWKHU��ZH�LQYHVWLJDWHG�WKH�PD[LPXP�EDXG�UDWH�DW�ZKLFK �ZH�FDQ�RSHUDWH�RXU�WUDQVPLWWHU��$V�VKRZQ�LQ�)LJ����E���E\�
LQMHFWLRQ�ORFNLQJ�WKH�VODYH�ODVHUV�RSWLPL]HG�IRU�����*+]�RSHUDWLRQ��ZH�DFKLHYHG�D�PRGXODW LRQ�EDQGZLGWK�RI����*+]��
DOORZLQJ� XV�WR�REWDLQ�HUURU�IUHH�436.� VLJQDO�DW����*%DXG� DQG�VXE�)(&� OLPLW� ���*%DXG� 436.� VLJQDO���

������ �
)LJ���3HUIRUPDQFH�RI�RXU�WUDQVPLWWHU�ZLWK�GLIIHUHQW�PRGXODWLRQ�IRUPDWV� �D��2)'0���4$0���E����*%DXG�DQG���*%DXG�436.��

����&RQFOXVLRQ� �

:H�JHQHUDWHG����*%DXG�FRKHUHQW�RSWLFDO�2)'0�DQG�XS�WR����*%DXG�436.�VLJQDOV�XVLQJ�D�WUDQVPLWWHU�EDVHG�RQ�
GLUHFW�PRGXODWLRQ�RI�VHPLFRQGXFWRU�ODVHUV��2XU�WUDQVPLWWHU�SURYLGHV�JRRG�PRGXODWLRQ�OLQHDULW\�DQG�QHHG�RQO\�KDOI�DV�
PDQ\� 5)� VLJQDOV� FRPSDUHG� WR� 0DFK�=HKQGHU� VW\OH� ,4� PRGXODWRUV�� :H� H[SHFW� VLJQLILFDQW� LPSURYHPHQWV � RI�
PRGXODWLRQ�EDQGZLGWK�ZKHQ�XVLQJ�RSWLPL]HG�GLUHFWO\�PRGXODWHG�ODVHUV��HVSHFLDOO\�ZKHQ�WKHVH�DUH�LQWHJUDWHG�RQWR�D�
VLQJOH�SKRWRQLF�FKLS��IRU�H[DPSOH�� ,Q3��DV�ZH�HQYLVDJH�GRLQJ��:H�FRQVLGHU�WKDW�WKLV�PDNHV�RXU�WUDQVPLWWHU�DQ�LGHDO�
FDQGLGDWH�IRU�0HWUR�DQG�$FFHVV�QHWZRUNV�ZKHUH�SRZHU�FRQVXPSWLRQ�LV�WKH�SULPDU\� FRQFHUQ��
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