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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6SRQVRU�/HFWXUH ,&����

&DVDOH�6WUDWHJ\�LQ�DPPRQLD�V\QWKHVLV��+RZ�WR�XVH�HQJLQHHULQJ�VROXWLRQV�WR�H[SORLW�WKH
PD[LPXP�EHQHILWV�RI�WKH�FDWDO\VWV

3��%LDVL�����(��)LOLSSL�

�&DVDOH�6$��/XJDQR��6ZLW]HUODQG����S�ELDVL#FDVDOH�FK

&$6$/( LV D JOREDO VXSSOLHU RI WHFKQRORJLHV DQG HQJLQHHULQJ VROXWLRQV IRU WKH SURGXFWLRQ RI
$PPRQLD� 8UHD� 0HWKDQRO� 1LWUDWHV� 3KRVSKDWHV� FRPSOH[ IHUWLOL]HUV� 6\QJDV DQG 0HODPLQH� :LWK D
ODUJH QXPEHU RI UHYDPSLQJ SURMHFWV VXFFHVVIXOO\ FDUULHG RXW LQ WKH ODVW GHFDGHV� &$6$/( LV QRZ
WKH ZRUOG OHDGHU LQ SODQW UHYDPSLQJ DQG LWV WHFKQRORJLHV DUH LQVWDOOHG LQ PDQ\ DPPRQLD� XUHD DQG
PHWKDQRO SODQWV DOO RYHU WKH ZRUOG� $PRQJ DOO WKH DFWLYLWLHV� DPPRQLD WHFKQRORJ\ LV WKH ILUVW DQG
WKH�PRVW�LPSRUWDQW�FRUH�EXVLQHVV�RI�&DVDOH�

&DWDO\WLF DPPRQLD V\QWKHVLV IURP +� DQG 1� UHSUHVHQWV RQH RI WKH PRVW LPSRUWDQW LQGXVWULDO
UHDFWLRQV WRGD\ DQG GHVSLWH WKH +DEHU�%RVFK SURFHVV EHLQJ PRUH WKDQ ��� \HDUV ROG >�@� RQO\
VOLJKW LPSURYHPHQWV KDYH EHHQ DFKLHYHG XQWLO UHFHQWO\� 7KH UHDFWLRQ �+� � 1�  �1+� �̩+r���  
��� N-�PRO� LV IDYRXUHG E\ KLJKHU SUHVVXUH DFFRUGLQJ WR WKH &KDWHOLHU SULQFLSOH DQG� DV LW LV DQ
H[RWKHUPLF UHDFWLRQ� WKH ORZHU WKH WHPSHUDWXUH WKH EHWWHU WKH HTXLOLEULXP FRQFHQWUDWLRQ RI
DPPRQLD� &$6$/( DORQJ WKH \HDUV KDV ZRUNHG WR RSWLPL]H WKH SHUIRUPDQFHV RI WKH FDWDO\VW�
UHDFWRU V\PELRVLV� 7KH WHFKQRORJ\ GHYHORSHG WR PD[LPL]H WKH SHUIRUPDQFHV RI WKH DPPRQLD
V\QWKHVLV�FDWDO\VW�GHYHORSHG�E\�&$6$/(�ZDV�WKH�D[LDO�UDGLDO�UHDFWRU��)LJXUH����

)RU WKLV UHDVRQ� WKH GHVLJQ RI DPPRQLD FRQYHUWHU LV D GHPDQGLQJ FKHPLFDO HQJLQHHULQJ WDVN DQG
&DVDOH KDV DOZD\V LQYHVWHG LQ WKH UHVHDUFK IRU D QHZ W\SH RI UHDFWRU WKDW FRXOG YDORULVH WKH
SHUIRUPDQFH RI WKH FDWDO\VW� 5HFHQWO\ &DVDOH KDV GHYHORSHG WRJHWKHU ZLWK &/$5,$17 WKH QHZ
$PRPD[�&$6$/( FDWDO\VW� WKDW WRJHWKHU ZLWK D QHZ SURSULHWDU\ &$6$/( GHVLJQ IRU DPPRQLD
FRQYHUWHUV��DOORZV�WR�PD[LPL]H�WKH�SURGXFWLRQ�RI�DPPRQLD����������������������������������������

7KHUHIRUH� WKURXJK WKH XQGHUVWDQGLQJ RI WKH SHUIRUPDQFH RI WKH FDWDO\VW LW LV SRVVLEOH WR LPSURYH
DQG RSWLPL]H WKH GHVLJQ RI WKH UHDFWRU� RIIHULQJ QHZ HQJLQHHULQJ VROXWLRQV WR YDORULVH WKH FDWDO\VW
DQG�WKH�HQWLUH�SURFHVV�

>�@�/��+XD]KDQJ��&KHP��,QGXVWU\�3UHVV������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

6\QWKHVLV�DQG�VWUXFWXUDO�FKDUDFWHUL]DWLRQ�RI�VRGDOLWH�QDQRVKHHWV�DQG�WKHLU�ILOPV

0��'DNKFKRXQH���.��9��$JUDZDO�


�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���,6,&��(3)/

7KH V\QWKHVLV RI ]HROLWH PHPEUDQHV IRU HQHUJ\�HIILFLHQW JDV VHSDUDWLRQ XQGHU WKHUPDOO\ DQG
FKHPLFDOO\ KDUVK FRQGLWLRQV IRU VHYHUDO GHFDGHV >�@� +RZHYHU� WKHLU LPSOHPHQWDWLRQ LQ WKH JDV DQG
YDSRU VHSDUDWLRQV KDV EHHQ KDPSHUHG EHFDXVH RI WKH UHSURGXFLELOLW\ LVVXH DULVLQJ IURP WKH
FRPSOH[ K\GURWKHUPDO V\QWKHVLV URXWH DQG WKH GHIHFW IRUPDWLRQ GXULQJ WKH DFWLYDWLRQ VWHS >�@� 7KH
V\QWKHVLV RI PROHFXODU�VLHYLQJ ]HROLWLF PHPEUDQHV E\ WKH DVVHPEO\ RI KLJK�DVSHFW UDWLR DQG
FU\VWDOOLQH QDQRVKHHWV DV EXLOGLQJ�EORFNV FDQ KHOS WKH VFDODELOLW\ DQG UHSURGXFLELOLW\ VLQFH WKH
K\GURWKHUPDO VWHS LV QRW UHTXLUHG >�@� +RZHYHU� WKH LQWHUVKHHW JDSV WHQG WR GRPLQDWH WKH RYHUDOO
WUDQVSRUW�OHDGLQJ�WR�SRRU�SHUIRUPDQFH�XQOHVV�WKH�XQGHVLUHG�VHFRQGDU\�JURZWK�VWHS�LV�SHUIRUPHG�

+HUHLQ� ZH UHSRUW WKH H[IROLDWLRQ RI WKH OD\HUHG ]HROLWH SUHFXUVRU RI VRGDOLWH� 58%���� LQWR VLQJOH ��� QP�
WKLFN QDQRVKHHWV KRVWLQJ K\GURJHQ�VLHYLQJ VL[�PHPEHUHG ���05� ULQJV RI 6L2� WHWUDKHGUD DQG WKHLU
DVVHPEO\ E\ VLPSOH ILOWUDWLRQ LQWR WKLQ ILOPV IRU +� VLHYLQJ �)LJ� �G� \LHOGLQJ +��&2� RYHU ��� >�@� 58%���
OD\HUV ZHUH V\QWKHVL]HG YLD K\GURWKHUPDO V\QWKHVLV URXWH XVLQJ D PRGLILHG PHWKRG UHSRUWHG E\ *LHV DQG
FR�ZRUNHUV >�@� 6ZHOOLQJ RI 58%��� ZLWK D &�� FDWLRQLF VXUIDFWDQW ZDV SHUIRUPHG WR LQFUHDVH WKH LQWHUOD\HU
G�VSDFLQJ DQG ZHDNHQ WKH LQWHUOD\HU LQWHUDFWLRQV� )LQDOO\� WR RYHUFRPH WKH HOHFWURVWDWLF ELQGLQJ HQHUJ\�
ZKLFK KROGV WKH QDQRVKHHWV WRJHWKHU� PHOW�FRPSRXQGLQJ WHFKQLTXH ZDV HPSOR\HG �)LJ� �D� >�@� $V�ILOWHUHG
PHPEUDQHV VKRZHG D SHULRGLFDO DUUDQJHPHQW RI WKH QDQRVKHHWV DORQJ WKH ]�D[LV ZLWK D G�VSDFLQJ RI ����
� �)LJ� �E DQG �H EOXH�� ,QWHUVKHHW JDSV GRPLQDWHG WKH RYHUDOO WUDQVSRUW OHDGLQJ WR D FXW�RII LQ WKH NLQHWLF
GLDPHWHU RI ��� � \LHOGLQJ +��1� VHOHFWLYLWLHV RYHU ��� ZKLOH &2� ZDV DEOH WR SDVV EHWZHHQ WKH JDOOHU\
VSDFLQJV� 7KH SUHVHQFH RI UHDFWLYH WHUPLQDO VLODQRO JURXSV LQ WKH 58%��� QDQRVKHHWV SUHVHQWHG D XQLTXH
RSSRUWXQLW\ IRU WKH HOLPLQDWLRQ RI WKH QDQRVKHHWV JDSV� 1HLJKERULQJ VLODQRO JURXSV �6L�2+� FRXOG EH
FRQGHQVHG E\ KHDWLQJ WR IRUP FRYDOHQW 6L�2�6L ERQGV� UHGXFLQJ WKH G�VSDFLQJ WR ��� � DQG EORFNLQJ WKH
PROHFXODU WUDQVSRUW DORQJ WKHVH JDSV �)LJ� �F DQG �H UHG�� 8SRQ FDOFLQDWLRQ� WKH GRPLQDWHG WUDQVSRUW ZDV
WKURXJK WKH ��05 \LHOGLQJ +��&2� LQ WKH UDQJH ������ DQG +� SHUPHDQFH LQ WKH UDQJH ������� *38 DW
�������|&�DQG�ZHUH�VWDEOH�IRU�����K�XQGHU�WKH�SUHVHQFH�RI����YROXPH�RI�ZDWHU�YDSRU�DW�����r&��)LJ���I��
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

*UDSKHQH�QDQRIODNH�DQWLERG\�FRQMXJDWHV�IRU�PXOWL�PRGDO�LPDJLQJ

-��/DPE���&��6DO]PDQQ����-��3��+ROODQG�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\���8QLYHUVLW\�&ROOHJH�/RQGRQ

*UDSKHQH QDQRIODNHV �*1)V� FRQVLVW RI D JUDSKHQH VKHHW DSSUR[LPDWHO\ �� QP LQ GLDPHWHU ZLWK D
SULVWLQH DURPDWLF V\VWHP DQG DQ HGJH WHUPLQDWHG ZLWK FDUER[\OLF DFLG JURXSV�>���@ 7KH KLJK ZDWHU
VROXELOLW\� QHJDWLYH ]HWD SRWHQWLDO� DQG UHODWLYH HDVH RI IXQFWLRQDOLVDWLRQ XVLQJ FDUER[\ODWH
FKHPLVWU\ PHDQV WKDW *1)V DUH LGHDO VFDIIROGV IRU PXOWL�IXQFWLRQDOLVDWLRQ� 2XU SUHYLRXV ZRUN
GHPRQVWUDWHG WKDW *1)V FDQ EH ORDGHG ZLWK WKH *OX�1+�&�2��1+�/\V SURVWDWH�VSHFLILF PHPEUDQH
DQWLJHQ �360$� ELQGLQJ PRWLI� D SRWHQW DQWL�PLWRWLF GUXJ �5��LVSLQHVLE� DQG WKH FKHODWH
GHVIHUULR[DPLQH % �')2�� WR FUHDWH WKHUDQRVWLF DJHQWV�>�@ +HUH� *1)V ZHUH IXQFWLRQDOLVHG ZLWK D
YDULHW\ RI FRPSRXQGV LQFOXGLQJ *G'27$*$ IRU 05, LPDJLQJ� ')2 IRU ��=U�UDGLRODEHOOLQJ IRU
SRVLWURQ HPLVVLRQ WRPRJUDSK\ LPDJLQJ DQG %2',3< IRU IOXRUHVFHQW LPDJLQJ� &RQVWUXFWV ZHUH
WDJJHG WR WKH WXPRXU WDUJHWLQJ P$E� WUDVWX]XPDE� FUHDWLQJ D ELRORJLFDO WDUJHWHG SODWIRUP IRU
IOXRUHVFHQFH�DQG�3(7�05�LPDJLQJ�

$PLGH FRXSOLQJ FKHPLVWU\ ZDV VXFFHVVIXOO\ DGDSWHG WR IXQFWLRQDOLVH WKH *1)V ZLWK ')2�
*G'27$*$ RU %2',3<� )XQFWLRQDOLVHG *1)V ZHUH SXULILHG RQ VLOLFD JHO DQG WKHQ FRXSOHG WR
WUDVWX]XPDE XVLQJ ('&�1+6� )OXRUHVFHQFH DVVLVWHG FHOO VRUWLQJ �)$&6� DQDO\VLV XVLQJ WKH
IOXRUHVFHQW %2',3<�*1)�P$E FRQVWUXFW LQGLFDWHG WKDW FHOOV VHOHFWLYHO\ ELQG WR +(5��QHX
H[SUHVVLQJ FHOO OLQHV� $ ����IROG LQFUHDVHG XSWDNH LQ WKH 6.29�� FHOO OLQH ZDV VHHQ LQ %2',3<�*1)�
P$E FRPSDUHG WR %2',3<�*1)� FRQILUPLQJ WKDW WKH *1) GRHV QRW SUHYHQW ELQGLQJ WR WKH WDUJHW
+(5��QHX� 7KH ')2�*1)�P$E FRQVWUXFW ZDV UDGLRODEHOOHG ZLWK ��=U �5&<  ������ LVRODWHG 5&3  
������ DQG VXEVHTXHQW /LQGPR FHOOXODU DVVD\ LQGLFDWHG ELQGLQJ WR 6.29�� FHOOV ZLWK
LPPXQRUHDFWLYLW\ RI ����s����� 3UHOLPLQDU\ 3(7 LPDJLQJ LQ DWK\PLF QXGH PLFH EHDULQJ D
VXEFXWDQHRXV 6.29�� WXPRXU� LQGLFDWHG VLJQLILFDQW WXPRXU XSWDNH� $ ')2�'27$*$�*1)�P$E
FRQVWUXFW KDV DOVR EHHQ V\QWKHVLVHG� 5DGLRODEHOOLQJ� FHOOXODU DVVD\V DQG LQ YLYR LPDJLQJ ZLOO
HYDOXDWH�WKH�SRWHQWLDO�RI�WKH�FRQVWUXFW�DV�D�PXOWL�PRGDOLW\�3(7�05�LPDJLQJ�DJHQW�

>�@�&��*��6DO]PDQQ�DQG�0��/��+��*UHHQ��-��0DWHU��&KHP����������������૱����
>�@ 0� 5RVLOOR�ORSH]� -� /HH� 0� %HOOD� 0� +DUW DQG &� *� 6DO]PDQQ� 56& $GY�� ����� ��
������૱�������
>�@ -� /DPE� (� )LVFKHU� 0� 5RVLOOR�/RSH]� &� *� 6DO]PDQQ DQG -� 3� +ROODQG� &KHP� 6FL�� ��������
���������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

$ONDOL�0HWDO�0HGLDWHG�)HUUDWLRQ��$00)H���6\QWKHWLF�DQG�6WUXFWXUDO�6WXGLHV�ZLWK
)OXRURDUHQHV�DQG�%H\RQG

/��&��0DGGRFN���(��+HYLD�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW¦W�%HUQ��)UHLHVWUDVVH����������%HUQ�
6ZLW]HUODQG

'HSURWRQDWLYH PHWDOODWLRQ FRQVWLWXWHV RQH RI WKH PRVW SRZHUIXO PHWKRGV WR IXQFWLRQDOLVH DURPDWLF
PROHFXOHV� 7KHVH UHDFWLRQV DUH XVXDOO\ SHUIRUPHG E\ SRODU V�EORFN PHWDO EDVHV VXFK DV OLWKLXP
DPLGHV RU DON\OOLWKLXPV�>�@ 3UHYLRXV VWXGLHV KDYH VKRZQ WKDW EXLOGLQJ ELPHWDOOLF EDVHV FRPELQLQJ DQ
DONDOL�PHWDO ZLWK D ORZHU SRODULW\ PDLQ JURXS PHWDO� OLNH =Q RU 0J� LW LV SRVVLEOH WR SURPRWH ORZ
SRODULW\�PHWDOODWLRQV�>�@

([SDQGLQJ FRRSHUDWLYH ELPHWDOOLF FKHPLVWU\ LQWR QHZ WHUULWRU\� WKLV FRQWULEXWLRQ ZLOO UHSRUW WKH ILUVW
H[DPSOHV RI GLUHFW IHUUDWLRQ RI VHQVLWLYH IOXRURDURPDWLFV�>�@ %\ SDLULQJ VRGLXP DQG LURQ �,,� ZLWKLQ WKH VDPH
PROHFXODU VFDIIROG D SRZHUIXO EDVH KDV EHHQ GHYHORSHG� ZKLFK HQDEOHV GLUHFW )H�+ H[FKDQJH UHDFWLRQV WR
RFFXU VHOHFWLYHO\ DQG LQ H[FHOOHQW \LHOGV� .H\ DVSHFWV FRQWUROOLQJ WKLV XQLTXH UHDFWLYLW\� LQFOXGLQJ WKH
PRGXV RSHUDQGL RI WKLV 1D�)H ELPHWDOOLF SDUWQHUVKLS� WKH NH\ UROH RI WKH DONDOL�PHWDO DV D IDFLOLWDWRU RI WKH
IHUUDWLRQ�SURFHVV�DV�ZHOO�DV�WKH�LQIOXHQFH�RI�VROYHQW�HIIHFWV�ZLOO�DOVR�EH�GLVFXVVHG�

>�@ 0� 6FKORVVHU LQ 2UJDQRPHWDOOLFV LQ 6\QWKHVLV� $ 0DQXDO �(G�� 0� 6FKORVVHU�� :LOH\� &KLFKHVWHU�
�������૱����
>�@�5��(��0XOYH\��)��0RQJLQ��0��8FKL\DPD��<��.RQGR��$QJHZ��&KHP��,QW��(G����������������૱���
>�@ /� &� +� 0DGGRFN� 7� 1L[RQ� $� 5� .HQQHG\� 0� 5� 3UREHUW� :� &OHJJ� (� +HYLD� $QJHZ� &KHP� ,QW�
(G���������������૱����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

)URP�ZDWHU�VWDEOH�XUDQ\O�9��WR�XUDQLXP�,9��SRO\R[RPHWDODWHV�

5��)DL]RYD���/��&KDWHODLQ���5��%HUQLHU�/DWPDQL���$��&KDXYLQ���)��)DGDHL�7LUDQL���5��6FRSHOOLWL���0�
0D]]DQWL�


�6ZLVV�)HGHUDO�,QVWLWXWH�RI�7HFKQRORJ\�/DXVDQQH��(3)/�

7UDGLWLRQDOO\ SHQWDYDOHQW XUDQ\O ZDV WKRXJKW RI DV D KLJKO\ XQVWDEOH VSHFLHV RI OLPLWHG
HQYLURQPHQWDO LPSRUWDQFH EHFDXVH RI WKH WHQGHQF\ RI DTXHRXV 8�9� WR GLVSURSRUWLRQDWH XQGHU
PRVW (K�S+ FRQGLWLRQV� +RZHYHU� LQ WKH ODVW GHFDGH� LW KDV EHHQ GHPRQVWUDWHG WKDW XUDQ\O�9� LV D
SHUVLVWHQW LQWHUPHGLDWH LQ WKH ELRORJLFDO DQG DELRWLF WUDQVIRUPDWLRQ RI VROXEOH XUDQ\O�9,�
FRPSRXQGV�LQWR�LQVROXEOH�XUDQLXP�,9��VSHFLHV��82��RU�8�,9��GLVFUHWH�FOXVWHUV��

,Q SDUWLFXODU� 8�9� LV RIWHQ IRXQG LQ DVVRFLDWLRQ ZLWK )H�FRQWDLQLQJ PLQHUDOV VXFK DV JRHWKLWH DQG
PDJQHWLWH� %HVLGHV WKH LPSRUWDQFH RI WKLV SURFHVV IRU JURXQG�ZDWHU UHPHGLDWLRQ� WKH UROH RI 8�9�
UHPDLQV�XQFOHDU�DV�WKHUH�LV�QR�DSSURSULDWH�V\QWKHWLF�PRGHO�WR�SHUIRUP�WKH�UHTXLUHG�VWXGLHV�

7KH ILUVW H[DPSOH RI D VWDEOH XUDQ\O�9� FRPSOH[ LQ RUJDQLF PHGLD ZDV UHSRUWHG PRUH WKDQ �� \HDUV
DJR� LQVSLULQJ YHU\ IDVW GHYHORSPHQW LQ WKH ILHOG� EXW QRQH RI WKH UHSRUWHG FRPSRXQGV KDYH VKRZQ
VWDELOLW\�LQ�DTXHRXV�PHGLD�DW�HQYLURQPHQWDOO\�UHOHYDQW�S+�

:H ZLOO SUHVHQW WKH V\QWKHVLV RI WKH ILUVW XUDQ\O�9� FRPSOH[ WKDW LV VWDEOH LQ ERWK RUJDQLF DQG
DTXHRXV PHGLD� 7KLV ZDV DFKLHYHG E\ XVLQJ DQ DPLQRSLFROLQDWH OLJDQG� FRPELQLQJ WKH
SHQWDGHQWDWH ELQGLQJ PRGH ZLWK WKH DELOLW\ WR IRUP VWDEOH FRPSOH[HV ZLWK PHWDO LRQV LQ ZDWHU�>�@
$GGLWLRQDOO\� WKH HIIHFW RI )H�� RQ WKH VWDELOLW\ RI 8�9� WRZDUG SURWRQ LQGXFHG GLVSURSRUWLRQDWLRQ
DQG UHGR[ UHDFWLRQV ZDV LQYHVWLJDWHG� &DWLRQ�FDWLRQ LQWHUDFWLRQ EHWZHHQ XUDQ\O�9� R[\JHQ DQG
)H�� ZDV VKRZQ WR SOD\ DQ LPSRUWDQW UROH LQ WKH VWDELOL]DWLRQ RI 8�9��>�@ )XUWKHU� WKH IRUPDWLRQ RI
GLVFUHWH XUDQLXP�,9� FOXVWHUV RI YDULRXV QXFOHDULWLHV �8� ૱ 8��� DQG WKH WLPH GHSHQGHQFH RI WKH
DVVHPEO\ RI XUDQLXP R[R FOXVWHUV LQ K\GURO\WLF FRQGLWLRQV LQ RUJDQLF VROYHQW ZLOO DOVR EH
GHPRQVWUDWHG�>�@ )LQDOO\� WKH ILUVW H[DPSOH RI GLUHFW FRQYHUVLRQ RI D XUDQ\O�9,� FRPSOH[ WR D ZHOO�
GHILQHG�PROHFXODU�8�,9��R[R�K\GUR[R�FOXVWHU�LQ�DTXHRXV�FRQGLWLRQV�ZLOO�EH�SUHVHQWHG�>�@

>�@ 5DGPLOD )DL]RYD� 5RVDULR 6FRSHOOLWL� $QQH�6RSKLH &KDXYLQ� 0DULQHOOD 0D]]DQWL� -RXUQDO RI
$PHULFDQ�&KHPLFDO�6RFLHW\������������������������
>�@ 5DGPLOD )DL]RYD� 6DUDK :KLWH� 5RVDULR 6FRSHOOLWL� 0DULQHOOD 0D]]DQWL� &KHPLFDO 6FLHQFH �����
�������������
>�@ /XFLOH &KDWHODLQ� 5DGPLOD )DL]RYD� )DU]DQHK )DGDHL�7LUDQL� -DFTXHV 3«FDXW� 0DULQHOOD 0D]]DQWL�
$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ���������������������
>�@ 5DGPLOD )DL]RYD� )DU]DQHK )DGDHL�7LUDQL� 5L]ODQ %HUQLHU�/DWPDQL� 0DULQHOOD 0D]]DQWL�
$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ���������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

3RO\PRUSKLVP�DQG�3RO\W\SLVP�LQ�WKH�1E6��6\VWHP

&��:LWWHYHHQ�����)��2��YRQ�5RKU���

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG����'HSDUWPHQW�RI
3K\VLFV��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG

1E6� LV D PHWDOOLF OD\HUHG WUDQVLWLRQ PHWDO GLFKDOFRJHQLGH� :KLOH WKH OD\HUV FRQVLVW RI FRYDOHQWO\
ERXQG DWRPV� ZHDN YDQ GHU :DDOV IRUFHV KROG WKH OD\HUV WRJHWKHU� 7KH OD\HU FDQ KDYH WZR
GLIIHUHQW VWDFNLQJ VHTXHQFHV� UHVXOWLQJ LQ WZR GLIIHUHQW VWDEOH SRO\W\SHV� �+૱ DQG �5૱1E6�� ,Q WKLV
ZRUN� WKH IRUPDWLRQ RI WKRVH WZR SRO\W\SHV KDV EHHQ DQDO\]HG IRU D VROLG�VWDWH UHDFWLRQ RI D IL[HG
GXUDWLRQ RI WKUHH GD\V� $ SKDVH GLDJUDP ZDV HVWDEOLVKHG DIWHU FDUHIXO 3;5' DQDO\VLV� DQG WKH
QRUPDO�VWDWH DQG VXSHUFRQGXFWLQJ SURSHUWLHV RI D SKDVH SXUH �+ DQG �5 VDPSOH� DV ZHOO DV RI D
PL[ RI ERWK� KDYH EHHQ DQDO\]HG DQG FRPSDUHG� 7KH KHUH REWDLQHG V\QWKHVLV SDUDPHWHUV DOORZ IRU
DQ�LPSURYHG�FRQWURO�RI�WKH�SKDVH�SXULW\�DQG�SKDVH�IRUPDWLRQ�LQ�WKH�1E6��V\VWHP��
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��,QYLWHG�/HFWXUH ,&����

0DNLQJ��%UHDNLQJ��DQG�(OXFLGDWLQJ�8UDQLXP�1LWURJHQ�0XOWLSOH�%RQGV

6��&��%DUW���7��6��&ROOLQV���(��&RXJKOLQ���0��=HOOHU�

�+�&��%URZQ�/DERUDWRU\��3XUGXH�8QLYHUVLW\��:HVW�/DID\HWWH��,QGLDQD���������86$�

5HGR[ DFWLYH OLJDQGV KDYH SURYHQ WR EH YHUVDWLOH IUDPHZRUNV IRU WUDQVLWLRQ PHWDOV GXH WR WKHLU
DELOLW\ WR VXSSRUW ORZ�YDOHQW PHWDOV LQ D YDULHW\ RI R[LGDWLRQ VWDWHV�� 2XU ODERUDWRU\ KDV
GHPRQVWUDWHG VXFK OLJDQGV DUH HIIHFWLYH DW PHGLDWLQJ RUJDQRPHWDOOLF DQG PXOWL�HOHFWURQ WUDQVIHU
UHDFWLRQV DW ORZ�YDOHQW XUDQLXP FHQWHUV� 5HFHQWO\� ZH KDYH V\QWKHVL]HG WHWUDYDOHQW XUDQLXP
FRPSOH[HV ZLWK UHGXFHG S\ULGLQH�GLLPLQH� OLJDQGV�� 7KH HOHFWURQV VWRUHG LQ WKHVH OLJDQGV IDFLOLWDWH
PXOWL�HOHFWURQ UHDFWLYLW\� HQDEOLQJ WKH V\QWKHVLV RI XQSUHFHGHQWHG XUDQLXP LPLGR >8�15�[@
FRPSOH[HV ZLWK XQLTXH HOHFWURQLF VWUXFWXUHV� $FFRUGLQJO\� WKHVH UHVXOWV ZLOO EH FRQWUDVWHG ZLWK
DWWHPSWV WR JHQHUDWH WKHVH XQLTXH VSHFLHV LQ WKH DEVHQFH RI WKH UHGR[�DFWLYH OLJDQG� ,QGHSHQGHQW
V\QWKHVHV KDYH EHHQ GHYHORSHG IRU QHZ LPLGR FRPSOH[HV ZLWK QR DQFLOODU\ OLJDQGV���� 2YHUDOO�
WKHVH VSHFLHV VKRZ ORDGLQJ LPLGR VXEVWLWXHQW RQ D VLQJOH PHWDO FHQWHU UHVXOWV LQ YHU\ DFWLYDWHG
8 1 ERQGV� )XOO FKDUDFWHUL]DWLRQ RI WKH PXOWLSO\ ERQGHG VSHFLHV� LQFOXGLQJ LQWHUHVWLQJ VWUXFWXUDO
SDUDPHWHUV��ZLOO�DOVR�EH�GLVFXVVHG�

)LJXUH����7UHQGV�LQ�8 1�%RQGV�LQ�D�)DPLO\�RI�8UDQLXP�,PLGR�6SHFLHV�

>�@�'H�%UXLQ��%���HW�DO���,QRUJ��&KHP����������������������
>�@�$QGHUVRQ��1��+���HW�DO���1DW��&KHP�������������������
>�@�$QGHUVRQ��1��+���HW�DO����$QJHZ��&KHP���,QW��(G����������������������
>�@�$QGHUVRQ��1��+���HW�DO���1DW��&KHP�������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

5DGLRFKHPLVWU\�DW�36,�DQG�WKH�&KHPLVWU\�RI�7UDQVDFWLQLGH�(OHPHQWV

3��6WHLQHJJHU�

�/DERUDWRU\�RI�5DGLRFKHPLVWU\��3DXO�6FKHUUHU�,QVWLWXW��)RUVFKXQJVVWUDVVH�����������9LOOLJHQ�36,

$ERXW D WKLUG RI DOO H[LVWLQJ HOHPHQWV WRGD\ GR QRW KDYH D VWDEOH LVRWRSH DQG DUH WKXV UDGLRDFWLYH
�VHH )LJ� ��� )XUWKHUPRUH� LI ZH WDNH D ORRN DW DOO NQRZQ LVRWRSHV RI DOO NQRZQ HOHPHQWV� D YDVW
PDMRULW\ RI PRUH WKDQ ��� DUH LQ IDFW UDGLRDFWLYH �VHH )LJ� ��� &KHPLVWU\ H[SHULPHQWV ZLWK WKHVH
UDGLRQXFOLGHV DUH VXEMHFW RI QXFOHDU DQG UDGLRFKHPLVWU\� 7KH FRUUHVSRQGLQJ� GLYHUVH DFWLYLWLHV LQ
6ZLW]HUODQG UDQJH IURP IXQGDPHQWDO WRSLFV UHJDUGLQJ WKH FKHPLVWU\ RI WUDQVDFWLQLGH HOHPHQWV RU
WKH GHWHUPLQDWLRQ RI KLJK�SUHFLVLRQ QXFOHDU GDWD� VXFK DV KDOI�OLYHV RU QHXWURQ FDSWXUH FURVV
VHFWLRQV� WR PRUH DSSOLHG ILHOGV OLNH QXFOHDU ZDVWH VHSDUDWLRQ DQG GLVSRVDO� UHVHDUFK RQ JHQHUDWLRQ
,9 QXFOHDU SRZHU UHDFWRUV� UDGLRSKDUPDFHXWLFDO VFLHQFHV DQG QXFOHDU IRUHQVLFV� +HUH D VKRUW
RYHUYLHZ RI WKH UDGLRFKHPLFDO DFWLYLWLHV RI WKH /DERUDWRU\ RI 5DGLRFKHPLVWU\ DW WKH 3DXO 6FKHUUHU
,QVWLWXWH �36,� LV SUHVHQWHG WRJHWKHU ZLWK D VHFRQG SDUW IRFXVLQJ RQ FKHPLVWU\ H[SHULPHQWV ZLWK
WUDQVDFWLQLGH HOHPHQWV� L�H�� WKH QHZHVW PHPEHUV RI WKH SHULRGLF WDEOH RI HOHPHQWV� 7KH FKHPLFDO
FKDUDFWHUL]DWLRQ RI WKHVH H[WUDRUGLQDU\ HOHPHQWV DOORZV WRGD\૷V VFLHQWLVW WR IROORZ LQ WKH IRRWVWHSV
RI HDUOLHVW FKHPLVWV VXFK DV '� ,� 0HQGHOHHY DQG FROOHDJXHV� 7KH JDWKHUHG UHVXOWV ZLWK WKHVH QHZ
HOHPHQWV FRQWULEXWH WR D JHQHUDOO\ EHWWHU XQGHUVWDQGLQJ RI KRZ VR�FDOOHG UHODWLYLVWLF HIIHFWV JRYHUQ
SK\VLFRFKHPLFDO�SURSHUWLHV�RI�KHDY\�HOHPHQWV�

)LJXUH �� 3LH FKDUWV RI VWDEOH�SULPRUGLDO QXFOLGHV YHUVXV UDGLRQXFOLGHV �$� DQG VWDEOH HOHPHQWV
YHUVXV�UDGLRHOHPHQWV��%��
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

7KH�$WRPLF�/HYHO�6WUXFWXUH�RI�&HPHQWLWLRXV�&DOFLXP�$OXPLQDWH�6LOLFDWH�+\GUDWH

3��0RXW]RXUL�

�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(3)/�/DXVDQQH��&+������/DXVDQQH��6ZLW]HUODQG

$� .XQKL 0RKDPHG���� 3� %HUUX\HU�� %� -� :DOGHU�� -� 6LUDPDQRQW���� 0� +DUULV�� 0� 1HJURQL�� 6� &�
*DOPDULQL���6��&��3DUNHU���.��/��6FULYHQHU���/��(PVOH\���DQG�3��%RZHQ�

� /DERUDWRU\ RI &RQVWUXFWLRQ 0DWHULDOV� ,QVWLWXW GHV 0DW«ULDX[� (3)/ /DXVDQQH� &+����� /DXVDQQH�
6ZLW]HUODQG� � 6&* &(0(17 &R�� /WG�� 6DUDEXUL ������ 7KDLODQG� � %XLOGLQJ (QHUJ\ 0DWHULDOV DQG
&RPSRQHQWV� (03$� 6ZLW]HUODQG� � &RPSXWDWLRQDO 6ROLG 6WDWH &KHPLVWU\ *URXS� 'HSDUWPHQW RI
&KHPLVWU\� 8QLYHUVLW\ RI %DWK� 8.� � ,QVWLWXWH IRU %XLOGLQJ 0DWHULDOV� 'HSDUWPHQW RI &LYLO�
(QYLURQPHQWDO�DQG�*HRPDWLF�(QJLQHHULQJ��(7+�=¾ULFK��&+�������6ZLW]HUODQG

&DOFLXP VLOLFDWH K\GUDWH �&�6�+� LV WKH PDLQ K\GUDWLRQ SURGXFW RI RUGLQDU\ 3RUWODQG FHPHQW DQG KDV
D OD\HUHG FDOFLXP�VLOLFDWH VKHHW VWUXFWXUH ZLWK D GLVRUGHUHG LQWHUOD\HU VSDFH WKDW FRQWDLQV ZDWHU
PROHFXOHV� K\GUR[\O JURXSV DQG FDOFLXP LRQV� :KHQ SUHVHQW� DOXPLQXP FDQ EH LQFRUSRUDWHG LQWR
WKH &�6�+ DV DOXPLQDWH VSHFLHV� IRUPLQJ FDOFLXP DOXPLQDWH VLOLFDWH K\GUDWH �&�$�6�+�� ,Q &�$�6�+
DOXPLQXP VSHFLHV DUH IRXQG KDYLQJ FRRUGLQDWLRQ QXPEHUV RI IRXU� ILYH� DQG VL[� +HUH� XVLQJ ILUVW
SULQFLSOHV FDOFXODWLRQV DQG DGYDQFHG VROLG�VWDWH 105 WHFKQLTXHV� ZH SUHGLFW WKDW DW KLJK &D�6L DQG
+�2 UDWLRV� WKH VWDEOH FRRUGLQDWLRQ QXPEHU RI DOXPLQXP LV VL[ DQG WKDW WKLV DOXPLQXP VSHFLHV LV
LQFRUSRUDWHG LQWR WKH EULGJLQJ VLWHV RI WKH OLQHDU VLOLFDWH FKDLQV� 7KLV LV FRQILUPHG H[SHULPHQWDOO\
E\ RQH� DQG WZR�GLPHQVLRQDO '\QDPLF 1XFOHDU 3RODUL]DWLRQ �'13� HQKDQFHG ��$O DQG ��6L VROLG�
VWDWH 105 H[SHULPHQWV� ,Q VRPH RI WKH KLJKHVW ILHOG '13 0$6 105 H[SHULPHQWV WR GDWH� ZH VKRZ
WKDW D QDUURZ SHDN DSSHDULQJ DW � SSP LQ WKH ��$O 105 VSHFWUXP DW ����� 7 FDQ EH DVVLJQHG WR WKH
VLOLFDWH�EULGJLQJ >$O2��2+��@�� VLWHV� $ '13 HQKDQFHG �' ��$O���6L UHIRFXVHG GLSRODU ,1(37 0$6 105
H[SHULPHQW DW ���� 7 ZDV DOVR XVHG WR FRUUHODWH 105 VLJQDOV IURP ��$O QXFOHL WKDW DUH OHVV WKDQ
a��� � IURP ��6L �)LJXUH ��� 7KLV H[SHULPHQW VKRZV FRUUHODWLRQ RI WKH � SSP ��$O 105 VLJQDO ZLWK
��6L 105 VLJQDOV DW ��� SSP� 8VLQJ ')7 VKLHOGLQJ FDOFXODWLRQV ZH VKRZ WKDW WKLV ��6L FKHPLFDO VKLIW
LV FRQVLVWHQW ZLWK VL[�FRRUGLQDWH DOXPLQDWH LQVHUWHG DV D EULGJH EHWZHHQ VLOLFDWH FKDLQV� :H
WKHUHIRUH DQVZHU WKH GHEDWHG DQG ORQJ�VWDQGLQJ TXHVWLRQ RI WKH VWUXFWXUDO QDWXUH RI DOXPLQXP LQ &�
$�6�+�

)LJXUH �� '13 HQKDQFHG WZR�GLPHQVLRQDO ^��6L`��$O UHIRFXVHG GLSRODU ,1(37 0$6 VSHFWUXP
DFTXLUHG IRU D V\QWKHWLF &�$�6�+ VDPSOH �&D�6L UDWLR RI ��� DQG $O�6L UDWLR RI ����� DW ���� 7� ��� .�
DQG����N+]�0$6�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

7ZR�JDS�WR�VLQJOH�JDS�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�LQ�WKH�&D��[6U[$O6L�6ROLG�6ROXWLRQ

'��,��:DOLFND���=��*XJXFKLD���-��/DJR���2��%ODFTXH���5��/HIªYUH���.��0D���)��2��YRQ�5RKU���


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG���/DERUDWRU\�IRU�0XRQ
6SLQ�6SHFWURVFRS\��3DXO�6FKHUUHU�,QVWLWXWH��&+������9LOOLJHQ�36,��6ZLW]HUODQG���'HSDUWDPHQWR�GH
4X¯PLFD�,QRUJ£QLFD��8QLYHUVLGDG�GHO�3D¯V�9DVFR��893�(+8��(��������%LOEDR��6SDLQ���'HSDUWPHQW�RI

3K\VLFV��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG

7KH LQWHUHVW LQ FRPSRXQGV ZLWK $O%� VWUXFWXUH W\SH UDLVHG VLJQLILFDQWO\ DIWHU WKH GLVFRYHU\ RI WKH
VXSHUFRQGXFWLYLW\ LQ WKH OD\HUHG FRPSRXQG 0J%� ZLWK D FULWLFDO WHPSHUDWXUH RI 7F  �� . >�@�
&D$O6L DQG 6U$O6L DUH WHUQDU\ VXSHUFRQGXFWRUV ZLWK WKH KLJKHVW FULWLFDO WHPSHUDWXUHV RI 7F  � .�
DQG � .� UHVSHFWLYHO\� ZLWKLQ WKLV JURXS >�@� 7KH\ VXUSULVLQJO\ GLIIHU LQ SURSHUWLHV DPRQJ HDFK
RWKHU� H�J� RSSRVLWH SUHVVXUH HIIHFW� DOWKRXJK WKH\ KDYH VLPLODU HOHFWURQLF DQG FU\VWDOORJUDSKLF
VWUXFWXUHV�>�@�

:LWKLQ WKLV ZRUN ZH KDYH V\QWKHVL]HG DQG FKDUDFWHUL]HG WKH FRQWLQXRXV &D��[6U[$O6L VROLG VROXWLRQ�
:H SUHVHQW DQ LPSURYHG VWUXFWXUDO PRGHO IRU WKH SDUHQW FRPSRXQG &D$O6L DQG ZH VKRZ DQ
HYLGHQFH IRU WKH VWUXFWXUDO LQVWDELOLW\ LQ &D$O6L WR HQKDQFH WKH VXSHUFRQGXFWLYLW\ DFURVV WKH VROLG
VROXWLRQ� )XUWKHUPRUH� E\ PHDQV RI PXRQ�VSLQ URWDWLRQ H[SHULPHQWV ZH SURYH WKDW &D$O6L LV D WZR�
JDS VXSHUFRQGXFWRU ZKLOH 6U$O6L LV D VLQJOH�JDS VXSHUFRQGXFWRU� DQG WKDW WKHVH WZR GLIIHUHQW
HOHFWURQLF�VWDWHV�DUH�FRQQHFWHG�E\�D�FRQWLQXRXV�WUDQVLWLRQ�

>�@�-��1DJDPDWVX��1��1DNDJDZD��7��0XUDQDND��<��=HQLWDQL��-��$NLPLWVX��1DWXUH���������������૱���
>�@ 0� -� (YDQV� <� :X�9�) .UDQDN� 1� 1HZPDQ� $� 5HOOHU� )�-� *DUFLD�*DUFLD� 8� +¦XVVHUPDQQ�
3K\VLFDO�5HYLHZ�%�������������������
>�@�%��/RUHQ]��-��&PDLGDOND��5�/��0HQJ��&�:��&KX��3K\VLFDO�5HYLHZ�%����������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

6LOLFRQ�2[\FDUELGH�DV�D�+RVW�0DWUL[�RI�&KRLFH�WR�6WDELOL]H�/L�,RQ�6WRUDJH�LQ�1DQRVL]HG
$OOR\LQJ�(OHPHQWV

5��'XEH\�����3��9DOODFKLUD���)��.UXPHLFK���*��%OXJDQ���.��9��.UDYFK\N�����7��*UDXOH�
��0��9�
.RYDOHQNR���


�/DERUDWRU\�RI�,QRUJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK���/DERUDWRU\�IRU�+LJK�3HUIRUPDQFH
&HUDPLFV��(PSD���/DERUDWRU\�IRU�7KLQ�)LOPV�DQG�3KRWRYROWDLFV��(PSD

7KH HYHU�LQFUHDVHG GHPDQG LQ HQHUJ\ KDV OHG WR D KLJK QHFHVVLW\ IRU LQQRYDWLYH HQHUJ\ VWRUDJH
V\VWHPV>�����@ ZLWK KLJK HQHUJ\ GHQVLWLHV� VXFK DV /L�LRQ EDWWHULHV �/L%V�� 7R PD[LPL]H WKH DQRGLF
FKDUJH VWRUDJH FDSDFLW\ RI /L%V� DOOR\LQJ�W\SH DQRGH PDWHULDOV VXFK DV 6Q DQG 6E KDYH DWWUDFWHG
FRQVLGHUDEOH LQWHUHVW EHFDXVH RI WKHLU KLJK WKHRUHWLFDO FDSDFLW\ RI ��� DQG ��� P$K Jಗ� DQG D
VXLWDEOH OLWKLDWLRQ�GHOLWKLDWLRQ YROWDJH ZLQGRZ RI ����૱��� 9 YV� /L��/L� 5HFHQW DGYDQFHV LQ
QDQRVWUXFWXULQJ RI WKH DOOR\LQJ�W\SH DQRGHV SURYLGH DQ HIIHFWLYH ZD\ RI PLWLJDWLQJ WKH FKDOOHQJHV
RI WKHLU YROXPH H[SDQVLRQ XSRQ OLWKLDWLRQ WKDW VHYHUHO\ KLQGHU WKH F\FOLQJ VWDELOLW\�>�@ %HVLGHV� RQH
RI WKH SUHYDLOLQJ DSSURDFKHV WRZDUG VWDELOL]DWLRQ RI VXFK HOHFWURGHV LV WKH HPEHGGLQJ RI 6Q RU 6E
LQ WKH IRUP RI QDQRSDUWLFOHV �13V� LQ D PDWUL[� 7KH PDWUL[ KHOSV WR EXIIHU WKH YROXPH FKDQJHV�
LPSDUW EHWWHU HOHFWURQLF FRQQHFWLYLW\� DQG SUHYHQW SDUWLFOH DJJUHJDWLRQ XSRQ OLWKLDWLRQ�GHOLWKLDWLRQ�
,Q WKLV FRQWH[W� SRO\PHU૮GHULYHG FHUDPLFV� QDPHO\� VLOLFRQ R[\FDUELGH �6L2&�� LV DQ DSSHDOLQJ
FDQGLGDWH IRU VWDELOL]LQJ 6Q DQG 6E LQFOXVLRQV� 7KLV PDWUL[ IHDWXUHV D KLJK /L૮LRQ VWRUDJH FDSDFLW\
UDQJLQJ IURP ��� WR ��� P$K Jಗ�� ORZ YROXPH H[SDQVLRQ XSRQ OLWKLDWLRQ RI DERXW ��� DQG KLJK
HOHFWURQLF FRQGXFWLYLW\� ,Q WKLV VWXG\� ZH UHSRUW D IDFLOH V\QWKHVLV RI 6Q>�@ DQG 6E>�@ 13V HPEHGGHG
LQ D 6L2& PDWUL[ YLD WKH S\URO\VLV RI D FURVV�OLQNHG SUHFHUDPLF SRO\PHU� 7KH 13V DUH IRUPHG LQ�VLWX
YLD D FDUERWKHUPDO UHGXFWLRQ GXULQJ WKH S\URO\VLV� :H GHWHUPLQHG WKDW D NH\ HOHPHQW WR REWDLQ D
KRPRJHQHRXV GLVWULEXWLRQ RI 13V LQ 6L2& LV WKH HPSOR\PHQW RI SUHFXUVRUV ZLWK FRPSDWLEOH
SRODULWLHV� DOORZLQJ IRU DQ LQWLPDWH EOHQGLQJ RI WKH IXQFWLRQDOL]HG SRO\VLOR[DQHV ZLWK WKH 6Q RU 6E
SUHFXUVRUV� 7KLV DSSURDFK SURYHG WR EH HIIHFWLYH IRU EXIIHULQJ YROXPH FKDQJHV ZKLOH UHWDLQLQJ
SUDFWLFDO HQHUJ\ GHQVLWLHV DQG KLJK UDWH FDSDELOLWLHV� )RU LQVWDQFH� 6L2&�6Q QDQRFRPSRVLWH
H[KLELWHG D KLJK UDWH FDSDELOLW\� GHOLYHULQJ D KLJK FDSDFLW\ RI ��� P$K J૮� DW D FXUUHQW GHQVLW\ RI
���� P$ J૮� �್ �& IRU D JUDSKLWH DQRGH�� $GGLWLRQDOO\� WKH HOHFWURFKHPLFDO SHUIRUPDQFH RI 6L2&
ZDV DVVHVVHG LQ IXOO FHOO FRQILJXUDWLRQ XVLQJ DUHDO FDSDFLWLHV RI ��� P$K FP�� EHLQJ UHOHYDQW IRU
KLJK�SRZHU LQGXVWULDO DSSOLFDWLRQV� 7KH PHFKDQLVP RI 6Q OLWKLDWLRQ LQ 6L2& ZDV HYDOXDWHG E\ LQ�VLWX
SRZGHU�;�UD\�GLIIUDFWLRQ�

>�@�5��'XEH\�HW�DO��$&6�$SSOLHG�0DWHU��,QWHUIDFHV�����������������
>�@�.��.UDYFK\N��5��'XEH\�HW�DO��6FL��5HS���������������
>�@�5��'XEH\��HW�DO��$&6�$SSOLHG�0DWHU��,QWHUIDFHV�����������������
>�@�0��1DVLU��HW�DO��$GY��(QHUJ\�0DWHU�������������������
>�@�5��'XEH\��HW�DO��$GY��6FL�������������������
>�@�5��'XEH\�HW�DO��������LQ�UHYLVLRQ�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

,PSURYHPHQW�RI�D�6LQJOH�,RQ�0DJQHW�3HUIRUPDQFH�8VLQJ�WKH�6XUIDFH�2UJDQRPHWDOOLF
&KHPLVWU\�$SSURDFK

0��'��.RU]\ĆVNL���=��-��%HUNVRQ���2��&DGRU���%��/H�*XHQQLF���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��9ODGLPLU�3UHORJ�:HJ�������������
=¾ULFK��6ZLW]HUODQG���,QVWLWXW�GHV�6FLHQFHV�&KLPLTXHV�GH�5HQQHV��8QLYHUVLW«�GH�5HQQHV���������

5HQQHV��)UDQFH

'HYHORSPHQW RI PROHFXOHV H[KLELWLQJ VORZ UHOD[DWLRQ RI PDJQHWL]DWLRQ KDV EHHQ DQ DFWLYH DUHD RI
UHVHDUFK IRU PRUH WKDQ �� \HDUV�>�@ 7KHVH VLQJOH�PROHFXOH PDJQHWV �600V� KROG SURPLVH IRU KLJK
GHQVLW\ LQIRUPDWLRQ VWRUDJH� TXDQWXP FRPSXWLQJ DQG VSLQWURQLFV DSSOLFDWLRQV� 0RUH UHFHQW
IRFXVLQJ RQ ODQWKDQLGH�EDVHG VLQJOH LRQ PDJQHWV �6,0V� KDV EHHQ D SDUWLFXODUO\ ZRUWKZKLOH
HQGHDYRU DV LW OHG QRW RQO\ WR GLVFRYHU\ RI WKH EHVW SHUIRUPLQJ 600V WR GDWH� EXW DOVR WR IXUWKHU
HODERUDWLRQ RI RUJDQRODQWKDQLGH FKHPLVWU\� 7KH ODWWHU VWHPV IURP WKH IDFW WKDW FODVVLFDO
RUJDQRPHWDOOLF OLJDQGV VXFK DV F\FORSHQWDGLHQLGH DQG F\FORRFWDWHWUDHQLGH �&27� DOLJQ ZHOO ZLWK
WKH�WKHRUHWLFDO�GHVLJQ�SULQFLSOHV�IRU�DFKLHYLQJ�VXSHULRU�6,0V�

+HWHURJHQL]DWLRQ RI WKHVH PROHFXODU FRPSOH[HV KDV UHFHLYHG PXFK OHVV DWWHQWLRQ LQ WKH OLWHUDWXUH�
GHVSLWH LWV SDUDPRXQW LPSRUWDQFH IURP WKH SHUVSHFWLYH RI SUDFWLFDO LPSOHPHQWDWLRQ LQ GHYLFHV�>�@
0RVW RI WKH ZRUN GRQH WR GDWH H[SORUHG WKH QRQ�FRYDOHQW GHSRVLWLRQ RI NQRZQ 600V RQ PHWDO
VXUIDFHV� EXW VXFK LPPRELOL]DWLRQ VWUDWHJ\ W\SLFDOO\ OHDGV WR D VKDUS GHFUHDVH RI PDJQHWLF
SHUIRUPDQFH SUHVXPDEO\ GXH WR D SHUWXUEDWLRQ RI WKH GHVLUHG PHWDO JHRPHWU\�HOHFWURQLFV DQG D
PLVDOLJQPHQW RI PDJQHWL]DWLRQ HDV\�D[HV XSRQ JUDIWLQJ� :KLOH GLUHFW FRYDOHQW DWWDFKPHQW RI 600
FRXOG�LQ�SULQFLSOH�SURYLGH�PRUH�FRQWURO�RYHU�GLUHFWLRQDOLW\��LW�KDV�VR�IDU�EHHQ�KDUGO\�H[SORUHG�

,Q WKLV FRQWULEXWLRQ ZH GHPRQVWUDWH WKDW FRYDOHQW JUDIWLQJ RI DQ HVWDEOLVKHG &27�EDVHG 6,0 RQ WKH
VXUIDFH RI SDUWLDOO\ GHK\GUR[\ODWHG VLOLFD WKURXJK VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ �620&�>�@ FDQ
VLJQLILFDQWO\ LPSURYH LWV PDJQHWLF SHUIRUPDQFH� 7KLV DSSURDFK DOORZV XV QRW RQO\ WR PDLQWDLQ
K\VWHUHWLF EHKDYLRU RI WKH SDUHQW V\VWHP� EXW DOVR SURYLGH PDJQHWLF VLWH VHSDUDWLRQ DQG LQFUHDVH
WKH UHOD[DWLRQ WLPH E\ WZR RUGHUV RI PDJQLWXGH� :LWK WKH SUHHPLQHQFH RI RUJDQRODQWKDQLGH
V\VWHPV�RXU�DSSURDFK�KROGV�SURPLVH�IRU�EURDGHU�DSSOLFDELOLW\�LQ�WKH�ILHOG�

$FNQRZOHGJHPHQWV�
7KH DXWKRUV DFNQRZOHGJH (5& 08/7,352600 SURMHFW �JUDQW QR� �������� 0'. ZRXOG OLNH WR WKDQN
(7+�=XULFK�3RVWGRFWRUDO�)HOORZVKLSV�SURJUDP��)(/����������

>�@�/D\ILHOG��5��$��2UJDQRPHWDOOLFV�����������������
>�@�+ROPEHUJ��5��-���0XUXJHVX��0��-��0DWHU��&KHP��&�����������������
>�@ &RS«UHW� &�� &RPDV�9LYHV� $�� &RQOH\� 0� 3�� (VWHV� '�� )HGRURY� $�� 0RXJHO� 9�� 1DJDH� +��
1¼³H]��=DUXU��)���=KL]KNR��3��$��&KHP��5HY������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

1XFOHDU�4XDGUXSROH�5HVRQDQFH�RI�PXOWLQDU\�)$��[&V[3E,��\%U\�3HURYVNLWHV

0��$HEOL�����0��9��.RYDOHQNR���


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��9ODGLPLU�3UHORJ�:HJ�����
&+�������6ZLW]HUODQG����(PSD�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\�

'¾EHQGRUI���EHUODQGVWUDVVH������&+�������6ZLW]HUODQG�

)RUPDPLGLQLXP �)$��EDVHG K\EULG OHDG LRGLGH SHURYVNLWHV �)$3E;�� ; , RU %U�,� KDYH UHFHQWO\ OHG WR
VLJQLILFDQW LPSURYHPHQWV LQ WKH SHUIRUPDQFH RI SHURYVNLWH SKRWRYROWDLFV� 2QH RI WKH UHPDLQLQJ
PDMRU KXUGOHV LV WKH LQVWDELOLW\ RI ͅ�)$3E,�� ZKLFK XQGHUJRHV D SKDVH WUDQVLWLRQ IURP WKH GHVLUHG
WKUHH�GLPHQVLRQDO FXELF SHURYVNLWH SKDVH WR D QRQ�SHURYVNLWH RQH�GLPHQVLRQDO KH[DJRQDO ODWWLFH�
3DUWLDO VXEVWLWXWLRQ RI )$ ZLWK &V DQG� FRQFRPLWDQWO\� LRGLGH ZLWK EURPLGH LV NQRZQ WR VWDELOL]H WKH
PDWHULDO
V FXELF SHURYVNLWH VWUXFWXUH� DV VKRZQ E\ ;�UD\ GLIIUDFWLRQ� 1XFOHDU TXDGUXSROH UHVRQDQFH
�145� KDV EHHQ UHSRUWHG WR UHVROYH VWUXFWXUDO FKDQJHV ZLWK DFFXUDFLHV FRPPHQVXUDWH ZLWK
V\QFKURWURQ ;�UD\ GLIIUDFWLRQ DQG VFDWWHULQJ�>�@ :H UHSRUW WKH ���, 145 VSHFWUD RI )$�ಗ[&V[3E,�ಗ\%U\
�[ ������ \ ���� VKRZLQJ QRW RQO\ WKH DYHUDJHG EXW DOVR WKH ORFDO LRGLGH VWUXFWXUHV� 8SRQ LRQ
UHSODFHPHQW� PDVVLYH OLQH EURDGHQLQJ DQG QHZ VSHFLHV FDQ EH REVHUYHG� ZKLFK FRXOG EH DVVLJQHG
WR YDULRXV FRRUGLQDWLRQ HQYLURQPHQWV� 7KHVH ILQGLQJV VKRZFDVH WKH JUHDW SRWHQWLDO RI KDOLGH 145
IRU�FKDUDFWHUL]LQJ�SHURYVNLWH�EDVHG�PDWHULDOV�

>�@ /� 3LYHWHDX� HW DO�� ૺ%XON DQG 1DQRFU\VWDOOLQH &HVLXP /HDG +DOLGH 3HURYVNLWHV DV VHHQ E\ +DOLGH
0DJQHWLF�5HVRQDQFHૻ��$&6�&HQWUDO�6FLHQFH��������DFFHSWHG�

�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

$ONR[LGH�0HGLDWHG�0HWDO�+DORJHQ�([FKDQJH�5HDFWLRQV

/��-��%ROH���1��5��-XGJH���(��+HYLD�


�8QLYHUVLW\�RI�%HUQ����8QLYHUVLW\�RI�%HUQ

&ODVVLFDO OLWKLXP�KDORJHQ H[FKDQJH UHDFWLRQV DUH RQH RI WKH FRUQHUVWRQH V\QWKHWLF SURWRFROV LQ
RUJDQRPHWDOOLF FKHPLVWU\� $OWKRXJK LQGLVSHQVDEOH� WKHVH WUDQVIRUPDWLRQV VXIIHU GUDZEDFNV LQ WKH
HVVHQWLDO XVH RI FU\RJHQLF WHPSHUDWXUHV DQG HWKHUHDO VROYHQWV� DORQJVLGH WKH SUREOHP RI OLPLWHG
IXQFWLRQDO JURXS WROHUDQFH� GXH WR WKH KLJKO\ UHDFWLYH QDWXUH RI WKH RUJDQROLWKLXP UHDJHQWV
HPSOR\HG�>�@ &RPELQLQJ WKH HIILFLHQF\ RI RUJDQROLWKLXPV ZLWK WKH VHOHFWLYLW\ RI D ORZHU SRODULW\
RUJDQRPHWDOOLF VSHFLHV VXFK DV 5�0J RU 5�=Q �5  DON\O�� SHUPLWV PLOGHU FRQGLWLRQV DQG EURDGHU
FRPSDWLELOLW\ ZLWK PRUH HODERUDWH IXQFWLRQDO JURXSV�>�@ 5HFHQW DGYDQFHV KDYH VKRZQ WKDW UHSODFLQJ
5/L ZLWK /L25૷ �5૷  &+�&+�&+��&�+� RU &�+��10H�&�+��10H��� OHDGV WR HIILFLHQW 0J�%U DQG =Q�%U
H[FKDQJH UHDFWLRQV DW URRP WHPSHUDWXUH LQ WKH LQGXVWULDOO\ IULHQGO\ VROYHQW
WROXHQH�>�@ 1HYHUWKHOHVV� WKH UDWLRQDOH EHKLQG WKHVH HQKDQFHG UHDFWLYLWLHV DQG WKH H[DFW HIIHFW RI
/L25�VWLOO�UHPDLQ�WR�EH�HVWDEOLVKHG�

6KHGGLQJ OLJKW LQWR WKH KLGGHQ FRQVWLWXWLRQ RI WKHVH PXOWLPHWDOOLF V\VWHPV� WKLV ZRUN SURYLGHV WKH
ILUVW VWUXFWXUDO DQG VSHFWURVFRSLF HYLGHQFH IRU WKH IRUPDWLRQ RI KHWHUROHSWLF PL[HG�PHWDO H[FKDQJH
UHDJHQWV DQG WKH PHWDOODWHG LQWHUPHGLDWHV WKDW WKH\ JLYH ULVH WR� 7KH NH\ HIIHFWV WKDW GRQRU
VROYHQWV DQG IXQFWLRQDO JURXS VXEVWLWXHQWV RQ WKH DURPDWLF VXEVWUDWH SOD\ LQ FRQWUROOLQJ WKH
HIILFLHQF\�DQG�VHOHFWLYLW\�RI�WKH�H[FKDQJH�UHDFWLRQV�ZLOO�DOVR�EH�SUHVHQWHG�

>�@�2UJDQRPHWDOOLFV�7KLUG�(G���(OVFKHQEURLFK�&����:LOH\�9&+��0DUEXUJ�������
>�@ 7� )XUD\DPD� 0� <RQHKDUD� 6� $ULPRWR� 0� .RED\DVKL� <� 0DWVXPRWR� 0� 8FKL\DPD� &KHP� (XU�
-�� ����� ��� ������ 7� '� %OXHPNH� :� &OHJJ� 3� *DUF¯D�$OYDUH]� $� 5� .HQQHG\� .� .RV]LQRZVNL� 0�
'��0F&DOO��/��5XVVR��(��+HYLD��&KHP��6FL�����������������
>�@ '� 6� =LHJOHU� .� .DUDJKLRVRII� 3� .QRFKHO� $QJHZ� &KHP� ,QW� (G�� ����� ��� ����� 0�
%DONHQKRKO� '� 6� =LHJOHU� $� 'HVDLQWMHDQ� /� -� %ROH� $� 5� .HQQHG\� (� +HYLD 3� .QRFKHO� $QJHZ�
&KHP��,QW��(G�������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

7KH�RULJLQ�RI�WUDS�VWDWHV�LQ�PRQRGLVSHUVH�IRUPDPLGLQLXP�WLQ�LRGLGH�QDQRFU\VWDOV

'��1��'LULQ�����$��9LYDQL�����0��,��%RGQDUFKXN���0��$HEOL���,��&KHUQLXNK�����$��*XDJOLDUGL�����0��9�
.RYDOHQNR���


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK���/DERUDWRU\�IRU�7KLQ�)LOPV�DQG
3KRWRYROWDLFV��(PSD����8QLYHUVLW\�RI�,QVXEULD��'HSDUWPHQW�RI�6FLHQFH�DQG�+LJK�7HFKQRORJ\���

,QVWLWXWH�RI�&U\VWDOORJUDSK\��,WDO\

2YHU WKH ODVW QLQH \HDUV� OHDG KDOLGH SHURYVNLWHV KDYH EHHQ D VXEMHFW RI FRQWLQXRXV LQWHUHVW GXH WR
D FRPELQDWLRQ RI VHYHUDO XQLTXH SURSHUWLHV� SDUWLFXODUO\ ORQJ GLIIXVLRQ OHQJWK RI FDUULHUV�
RSWRHOHFWURQLF WROHUDQFH WR LQWULQVLF GHIHFWV� DQG KLJKO\ G\QDPLF FU\VWDO ODWWLFH� 7KHVH PDWHULDOV
KDYH H[KLELWHG WKH ZHOO�UHFRJQL]HG VXFFHVV WRZDUGV DSSOLFDWLRQ LQ VRODU FHOOV� OLJKW�HPLWWLQJ
GHYLFHV� DQG KLJK�HQHUJ\ UDGLDWLRQ GHWHFWRUV� 7KHUH ZDV DOVR VLJQLILFDQW SURJUHVV LQ WKH
XQGHUVWDQGLQJ RI WKH RULJLQ RI WKHLU XQLTXH RSWRHOHFWURQLF SURSHUWLHV RQ ERWK EXON� DQG QDQR�VFDOH
OHYHOV� 7KLV QHZ XQGHUVWDQGLQJ LQGLFDWHV WKDW ILQGLQJ DQ DOWHUQDWLYH OHDG�IUHH PDWHULDO ZLWK VLPLODU
RSWRHOHFWURQLF SURSHUWLHV DPRQJ RWKHU� QRQ�JURXS��� PHWDO KDOLGHV FDQ EH YHU\ FKDOOHQJLQJ LI
SRVVLEOH DW DOO� 2Q WKH RWKHU KDQG� UHFHQW DGYDQFHV LQ PHWDO KDOLGH SHURYVNLWH SKRWRYROWDLFV
LQGLFDWH WKDW WKH FORVHVW DQDORJ WR OHDG KDOLGH SHURYVNLWHV� QDPHO\ IRUPDPLGLQLXP WLQ LRGLGH� FRXOG
H[KLELW VLPLODUO\ H[FLWLQJ SHUIRUPDQFH LI V\QWKHVL]HG ZLWK D ORZ QXPEHU RI WUDS VWDWHV� 7KH PDLQ
FKDOOHQJH ZLWK WKLV PDWHULDO UHODWHV WR WKH HDVLQHVV RI WUDS VWDWHV JHQHUDWLRQ GXULQJ WKH SURFHVVLQJ
RI WKLV PDWHULDO� ZKLFK LV RIWHQ DVFULEHG WR WKH R[LGDWLRQ RI 6Q�,,� WR 6Q�,9�� ,Q WKLV ZRUN ZH SUHVHQW
D QHZ V\QWKHVLV RI FROORLGDO IRUPDPLGLQLXP WLQ LRGLGH QDQRFU\VWDOV ZLWK D KLJK GHJUHH RI
PRQRGLVSHUVLW\ DQG VKRZ WKDW VXFK R[LGDWLRQ LV QRW WKH RQO\ SDWKZD\ RI IRUPDPLGLQLXP WLQ LRGLGH
GHJUDGDWLRQ�DQG�ORZ�SKRWROXPLQHVFHQFH�TXDQWXP�\LHOG��
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

([SORULQJ�WKH�FKHPLFDO�VFRSH�RI�OLJKW�DFWLYDWHG�SURWHLQ�FRQMXJDWLRQ�XVLQJ
GHVIHUULR[DPLQH�%�GHULYDWLYHV

'��)��(DUOH\���$��*XLOORX���-��3��+ROODQG�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\���8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\�
=XULFK

'XH WR WKHLU XQLTXH VWUXFWXUH� IXQFWLRQ� KLJK�DIILQLW\ DQG WDUJHW VSHFLILFLW\� SURWHLQ FRQMXJDWHV KDYH
IDVW EHFRPH HVVHQWLDO WRROV LQ PHGLFDO LPDJLQJ� )RU H[DPSOH� LQ WKH FOLQLF� PRQRFORQDO DQWLERGLHV
�P$EV� IXQFWLRQDOLVHG ZLWK PHWDO�ELQGLQJ FKHODWHV VXFK DV GHVIHUULR[DPLQH % �')2�� DQG
UDGLRODEHOOHG ZLWK ]LUFRQLXP��� ���=U�P$EV� SURYLGH VRSKLVWLFDWHG� UDWLRQDOO\�GHVLJQHG� SURWHLQ�
EDVHG UDGLRSKDUPDFHXWLFDOV IRU XVH LQ SRVLWURQ HPLVVLRQ WRPRJUDSK\ �3(7�� ,Q WKLV FRQWH[W� WKH
SUHSDUDWLRQ RI UDGLRODEHOOHG SURWHLQ FRQMXJDWHV UHTXLUHV WKH IRUPDWLRQ RI D QHZ FRYDOHQW ERQG
EHWZHHQ WKH SURWHLQ DQG WKH OLJDQG� ZKLFK PXVW EH DFKLHYHG ZLWKRXW GLVUXSWLQJ WKH VWUXFWXUDO DQG
ELRORJLFDO SURSHUWLHV RI WKH WDUJHW SURWHLQ� 3KRWRFKHPLVWU\ RIIHUV QHZ V\QWKHWLF URXWHV WRZDUG
SURWHLQ FRQMXJDWHV LQFOXGLQJ ��=U�P$EV� WKURXJK WKH XVH RI SKRWRDFWLYDWDEOH UDGLR�PHWDO ELQGLQJ
FKHODWHV� +HUH� ZH UHSRUW WKH V\QWKHVLV RI D VHULHV RI SKRWRDFWLYDWDEOH ')2�GHULYDWLYHV
IXQFWLRQDOLVHG ZLWK D YDULHW\ RI SKRWRDFWLYDWDEOH JURXSV LQFOXGLQJ DU\O D]LGHV� GLD]DULQHV� DQG
EHQ]RSKHQRQHV� WR H[SORUH WKH FKHPLFDO VFRSH RI SKRWRDFWLYDWHG SURWHLQ FRQMXJDWLRQ UHDFWLRQV YLD
VHYHUDO GLVWLQFW PHFKDQLVPV� LQFOXGLQJ NHWHQLPLQHV� VWDELOLVHG VLQJOHW QLWUHQHV� FDUEHQHV DQG
UDGLFDOV� :H HYDOXDWH WKHLU XVH IRU WKH SKRWRUDGLRV\QWKHVLV RI ��=U�ODEHOOHG SURWHLQ FRQMXJDWHV DQG
GHPRQVWUDWH�UDGLRFKHPLFDO�\LHOGV�XS�WR�����s�������XVLQJ�S�$U1��3(*��')2��
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

5HYHUVLEOH�&\FORPHWDOODWLRQ�RI�$U\O�3\D�,ULGLXP�&RPSOH[HV

$��)DUUH���0��$OEUHFKW�


�'HSDUWPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ

&ODVVLFDOO\� OLJDQGV RI KRPRJHQHRXV FDWDO\VWV KDYH D VHW RI LQWULQVLF DQG VWDWLF HOHFWURQLF
SURSHUWLHV WKDW VWDELOL]H WKH PHWDO FHQWHU DQG LPSDUW VSHFLILF DFWLYLW\ DQG VHOHFWLYLW\�>�@ ,Q WKH ODVW
GHFDGHV� WKH GHYHORSPHQW RI IXQFWLRQDO OLJDQG PRWLYHV VXFK DV 1R\RUL૷V GLDPLQH OLJDQG>�@ KDV
EHFRPH D PDMRU HIIRUW LQ WKH ILHOG RI RUJDQRPHWDOOLF FKHPLVWU\� $V DQ DOWHUQDWLYH VWUDWHJ\� OLJDQGV
ZLWK IOH[LEOH GRQRU SURSHUWLHV DUH KLJKO\ DWWUDFWLYH IRU VWDELOL]LQJ PHWDOV LQ GLIIHUHQW R[LGDWLRQ
VWDWH� H�J� RQ D FDWDO\WLF F\FOH�>�@ 3\ULG\OLGHQHDPLGHV �3<$� DUH VXFK HOHFWURQLFDOO\ IOH[LEOH OLJDQGV
WKDW FDQ PRGXODWH WKH HOHFWURQ GRQDWLRQ E\ FRRUGLQDWLQJ WR WKH PHWDO FHQWHU DV D ͔�DFLGLF LPLQH� RU
DV D ͔�EDVLF ]ZLWWHULRQLF S\ULGLQLXP DPLGH� +HUHLQ� ZH SUHVHQW D VHW RI DU\O�3<$ LULGLXP FRPSOH[HV
WKDW H[KLELW UHYHUVLEOH F\FORPHWDOODWLRQ LQGLFDWHG E\ GHXWHULXP LQFRUSRUDWLRQ RQ WKH DU\O PRLHW\
�VHH )LJXUH ��� 7KLV SURFHVV LV HQKDQFHG ZLWK WKH LQWURGXFWLRQ RI HOHFWURQ GRQDWLQJ VXEVWLWXHQWV RQ
WKH�DU\O�ULQJ�

>�@ -RKQ )� +DUWZLJ� 2UJDQRWUDQVLWLRQ 0HWDO &KHPLVWU\� 8QLYHUVLW\ 6FLHQFH %RRNV� 0LOO +LOO 9DOOH\�
&DOLIRUQLD�������
>�@�5\RML�1R\RUL��7DNHVKL�2NKXPD��$QJHZ��&KHP��,QW��(G������������������
>�@ 0LTXHO 1DYDUUR� 0R /L� +HOJH 0¾OOHU�%XQ]� 6WHIDQ %HUQKDUG� 0DUWLQ $OEUHFKW� &KHP� (XU�-� �����
��������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

7KH�LQWURGXFWLRQ�RI����7E�WR�WKH�FOLQLF�WKURXJK�WKH�*RRG�0DQXIDFWXULQJ�3UDFWLFH
FRPSOLDQW�SURGXFWLRQ�RI����7E�'27$72&

&��)DYDUHWWR�����=��7DOLS���3��9��*UXQGOHU���6��*HLVWOLFK���6��/DQGROW���-��5��=HHYDDUW���8��.¸VWHU���5�
6FKLEOL�����1��3��YDQ�GHU�0HXOHQ�


�&HQWHU�IRU�5DGLRSKDUPDFHXWLFDO�6FLHQFHV�(7+�36,�86���5DGLRFKHPLVWU\�1(&6$���,QVWLWXW�/DXH�
/DQJHYLQ��*UHQREOH��)UDQFH���'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV�(7+���/DERUDWRU\

RI�5DGLRFKHPLVWU\�(7+�36,�86

7KH UDGLRQXFOLGH ���7E �7���  ���� G >�@� VKRZV VLPLODU GHFD\ FKDUDFWHULVWLFV DQG FKHPLFDO
EHKDYLRU WR ���/X� ZKLFK LV FXUUHQWO\ UHJDUGHG DV WKH ૺJROG VWDQGDUGૻ RI WDUJHWHG UDGLRQXFOLGH
WKHUDS\� +RZHYHU� RQ D SUHFOLQLFDO OHYHO� ���7E KDV SURYHQ WR EH VXSHULRU DV D UHVXOW RI LWV FR�
HPLVVLRQ RI FRQYHUVLRQ DQG $XJHU HOHFWURQV >���@� 7KH DLP RI WKLV VWXG\ ZDV WR GHPRQVWUDWH WKH
SRVVLELOLW\ WR SURGXFH ���7E ZLWK D UREXVW SURFHVV WR HQVXUH UHSURGXFLEOH TXDOLW\ DQG TXDQWLW\ RI
SURGXFW IRU LWV LQWURGXFWLRQ WR WKH FOLQLF� ,Q SDUWLFXODU� HIIRUWV ZHUH SXW LQWR WKH FKDUDFWHUL]DWLRQ RI
WKH QRYHO UDGLRQXFOLGH DQG WKH GHYHORSPHQW RI D SURWRFRO WRZDUGV *RRG 0DQXIDFWXULQJ 3UDFWLFH
�*03��FRPSOLDQW�SURGXFWLRQ�RI����7E�'27$72&�

���7E SURGXFWLRQ ZDV FDUULHG RXW ZLWK D SUHYLRXVO\�HVWDEOLVKHG PHWKRG E\ QHXWURQ LUUDGLDWLRQ RI
HQULFKHG ���*G R[LGH WDUJHWV� XVLQJ WKH ���*G�Q�͇����*Gగ���7E QXFOHDU UHDFWLRQ >�@� 1R�FDUULHU�
DGGHG �Q�F�D�� ���7E ZDV REWDLQHG DIWHU LWV VHSDUDWLRQ IURP ���*G WDUJHW PDWHULDO XVLQJ FDWLRQ
H[FKDQJH FKURPDWRJUDSK\ DQG H[WUDFWLRQ FKURPDWRJUDSK\� 7KH SURFHVV OHG WR D SURGXFWLRQ \LHOG
LQ WKH UDQJH RI ���� *%T ���7E DW FRQFHQWUDWLRQV RI ���� 0%T�w/� 7KH TXDOLW\ RI WKH ODEHOLQJ
VROXWLRQ REWDLQHG ZDV HYDOXDWHG� LQ SDUWLFXODU� S+� UDGLRQXFOLGLF SXULW\� UDGLRFKHPLFDO SXULW\ DQG
WKH OLPLW RI HQGRWR[LQV RI WKH ���7E&O� ODEHOLQJ VROXWLRQ ZHUH DVVHVVHG� LQ RUGHU WR YDOLGDWH WKH
FKDUDFWHULVWLFV QHFHVVDU\ IRU LWV LQWURGXFWLRQ WR D FOLQLFDO VHWWLQJ� 0RUHRYHU� XVLQJ WKLV ODEHOLQJ
VROXWLRQ� LW ZDV SRVVLEOH WR FDUU\ RXW D SURPLVLQJ SUHOLPLQDU\ VWXG\ IRU WKH SURGXFWLRQ RI ���7E�
'27$72& FRPSOLDQW ZLWK WKH SULQFLSOHV RI *RRG 0DQXIDFWXULQJ 3UDFWLFH �*03�� ���7E�'27$72&
ZDV V\QWKHVL]HG� IRU WKH ILUVW WLPH XVLQJ D PRGXODU DXWRPDWHG V\VWHP� DV D SURGXFW ZLWK
VSHFLILFDWLRQV DQG DFWLYLW\ OHYHOV VXLWDEOH IRU FOLQLFDO XVH� L�H� IURP ��� WR ��� *%T LQ �� P/ DW ��
0%T�QPRO PRODU DFWLYLW\� 7KH SURGXFWLRQ \LHOG ZDV GHPRQVWUDWHG WR EH !��� DQG WKH SURGXFW
VWDEOH RYHU D �� KRXUV SHULRG� +LJK�SHUIRUPDQFH OLTXLG FKURPDWRJUDSK\ DQG JDV FKURPDWRJUDSK\
WHFKQLTXHV ZHUH XVHG IRU TXDOLW\ FRQWURO� $ VXLWDEOH PHWKRG ZDV HVWDEOLVKHG IRU ERWK WKH
WHFKQLTXHV DQG WKH UDQJH DQG OLQHDULW\ RI WKH GHWHFWLRQ ZHUH DVVHVVHG� UHVSHFWLYHO\� $ PDWUL[�
EDVHG EXEEOH SRLQW WHVW IRU WKH FRQWURO RI WKH VWHULOL]LQJ ILOWHU DIWHU WKH YLDO ILOOLQJ SURFHVV ZDV DOVR
GHYHORSHG�

,Q FRQFOXVLRQ� KLJK \LHOGV RI ���7E&O� ZHUH SURGXFHG LQ D TXDQWLW\ DQG TXDOLW\ VXLWDEOH IRU SRWHQWLDO
FOLQLFDO DSSOLFDWLRQV� %DVHG RQ WKH TXDOLW\ RI WKH SURGXFW� D *03�FRPSOLDQW SURGXFWLRQ DQG TXDOLW\
FRQWURO SURFHVV RI ���7E�'27$72& ZDV SUHOLPLQDULO\ HYDOXDWHG� )XUWKHU VWXGLHV WR YDOLGDWH WKH
SURGXFWLRQ DQG TXDOLW\ FRQWURO RI WKH ZKROH SURFHVV ZLOO EH SHUIRUPHG DQG WKH GRFXPHQWDWLRQ
SUHSDUHG�IRU�VXEPLVVLRQ�WR�WKH�UHJXODWRU\�DXWKRULWLHV�

>�@�0��7HUHVD�'XU£Q�HW�DO���$SSOLHG�5DGLDWLRQ�DQG�,VRWRSHV���������������������૱��
>�@ &ULVWLQD 0¾OOHU HW DO�� (XURSHDQ -RXUQDO RI 1XFOHDU 0HGLFLQH DQG 0ROHFXODU ,PDJLQJ� ����� �����
���૱����
>�@ &ULVWLQD 0¾OOHU HW DO�� (XURSHDQ -RXUQDO RI 1XFOHDU 0HGLFLQH DQG 0ROHFXODU ,PDJLQJ� ����� �����
����૱�����
>�@�1DGH]GD�*UDFKHYD�HW�DO����(-100,�5DGLRSKDUPDF\�DQG�&KHPLVWU\���������������૱���
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

'HYHORSPHQW�RI�WKH�PDWFKHG�SDLU�6F����6F����IRU�GLDJQRVLV�DQG�WKHUDS\

3��9��*UXQGOHU���5��+DVOHU���&��)DYDUHWWR�����=��7DOLS���*��'HOOHSLDQH���7��6��&DU]DQLJD���6��%UDFFLQL��
8��.¸VWHU���&��0¾OOHU���1��3��YDQ�GHU�0HXOHQ���


�&HQWHU�IRU�5DGLRSKDUPDFHXWLFDO�6FLHQFHV�(7+�36,�86=��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ�36,�
6ZLW]HUODQG���$OEHUW�(LQVWHLQ�&HQWHU�IRU�)XQGDPHQWDO�3K\VLFV��/DERUDWRU\�RI�+LJK�(QHUJ\�3K\VLFV�
8QLYHUVLW\�RI�%HUQ��%HUQ��6ZLW]HUODQG���,QVWLWXW�/DXH�/DQJHYLQ��*UHQREOH��)UDQFH���'HSDUWPHQW�RI

&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��=XULFK��6ZLW]HUODQG���/DERUDWRU\�RI
5DGLRFKHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ�36,��6ZLW]HUODQG

,Q QXFOHDU PHGLFLQH� WKH FRQFHSW RI WKHUDJQRVWLFV LPSOLHV WKH XVH RI WZR UDGLRQXFOLGHV ZLWK YHU\
VLPLODU FKHPLFDO SURSHUWLHV� LGHDOO\ IURP WKH VDPH HOHPHQWV� EXW ZLWK HPLVVLRQ RI GLIIHUHQW W\SHV RI
UDGLDWLRQ� VXLWHG IRU HLWKHU LPDJLQJ RU WKHUDS\ � UDUHO\ IRU ERWK� 6FDQGLXP FDQ SURYLGH VXFK D
PDWFKHG�SDLU�ZLWK�LWV�UDGLRLVRWRSHV���6F�DQG���6F�>�@�

7KH IDYRXUDEOH GHFD\ SURSHUWLHV RI ��6F �7���  ���� K� ,͆�  ���� (͆�DY  ��� NH9� >�� �@ IRU
FDQFHU GLDJQRVLV XVLQJ SRVLWURQ HPLVVLRQ WRPRJUDSK\ �3(7� PDNHV LW D SURPLVLQJ FDQGLGDWH IRU
DSSOLFDWLRQ LQ QXFOHDU PHGLFLQH >�@� 2Q WKH RWKHU KDQG� ��6F LV D ORZ�HQHUJ\ ͆��HPLWWHU �7���  ����
G� (͆�DY  ��� NH9� ZKLFK LV SRWHQWLDOO\ XVHIXO IRU UDGLRQXFOLGH WXPRXU WKHUDS\ VLPLODU WR WKH
FOLQLFDOO\�ZHOO�HVWDEOLVKHG����/X��7���� ������G��(͆�DY� �����NH9��>�@�

7R WKLV HQG� WKH SURGXFWLRQ RI ��6F IURP D &D&2� WDUJHW YLD WKH ��&D�S�Q���6F QXFOHDU UHDFWLRQ XVLQJ
D F\FORWURQ ZDV GHYHORSHG >�@� 1DWXUDO &D FDQ EH XVHG� EXW HQULFKHG ��&D LQFUHDVHV WKH \LHOG DQG
UHGXFHV WKH VLGH SURGXFWV� 5HFHQWO\� WKLV DSSURDFK KDV EHHQ LPSURYHG IRU SURGXFWLRQ ZLWK D
PHGLFDO F\FORWURQ >�� �@� 2Q WKH RWKHU KDQG QR FDUULHU DGGHG ��6F LV SURGXFHG DW D QHXWURQ VRXUFH
YLD WKH ��&D�Q�J���&D QXFOHDU UHDFWLRQ >�� �@ IROORZHG E\ ͆� GHFD\ RI WKH LQWHUPHGLDU\ SURGXFW ��&D
�7���  ���� G� WR ��6F� ,Q ERWK FDVHV� WKH UHFRYHU\ RI WKH 6F IURP WKH &D WDUJHW LV HDVLO\ DFKLHYHG
E\�GLVVROYLQJ�WKH�WDUJHW�LQ�+12��DQG�XVLQJ�D�'*$�H[WUDFWLRQ�UHVLQ�

7KH SURGXFWV IURP ERWK SURGXFWLRQ URXWHV ZHUH VXFFHVVIXOO\ XVHG IRU UDGLRODEHOOLQJ� ELRGLVWULEXWLRQ
DQG LQ YLYR LPDJLQJ RU SUH�FOLQLFDO WKHUDSHXWLF VWXGLHV� WKXV� KLJKOLJKWLQJ WKH SRWHQWLDO RI WKLV
PDWFKHG�SDLU�

>�@ 0¾OOHU� &�� %XQND� 0�� +DOOHU� 6�� .¸VWHU� 8�� *URHKQ� 9�� %HUQKDUGW� 3�� YDQ GHU 0HXOHQ� 1��
7¾UOHU��$���6FKLEOL��5���-RXUQDO�RI�1XFOHDU�0HGLFLQH��������������������������
>�@ *DUF¯D�7RUD³R� (�� 3H\U«V� 9�� 5RWHWD� 0�� 6£QFKH]�&DEH]XGR� $� ,�� 5RPHUR� (�� 0DUW¯QH] 2UWHJD�
$���$SSOLHG�5DGLDWLRQ�DQG�,VRWRSHV��������������������
>�@�1X'DW������KWWSV���ZZZ�QQGF�EQO�JRY�QXGDW���
>�@�5¸VFK��)���%DXP��5��3���'DOWRQ�7UDQVDFWLRQV��������������������������
>�@ 'RPQDQLFK� .� $�� 0¾OOHU� &�� %HQHģRY£� 0�� 'UHVVOHU� 5�� +DOOHU� 6�� .¸VWHU� 8�� 3RQVDUG� %��
6FKLEOL��5���7¾UOHU��$���YDQ�GHU�0HXOHQ��1��3���(-100,�5DGLRSKDUPDF\�DQG�&KHPLVWU\����������������
>�@ YDQ GHU 0HXOHQ� 1� 3�� %XQND� 0�� 'RPQDQLFK� .� $�� 0¾OOHU� &�� +DOOHU� 6�� 9HUPHXOHQ� &�� 7¾UOHU�
$���6FKLEOL��5���1XFOHDU�0HGLFLQH�DQG�%LRORJ\�����������������������
>�@ %UDFFLQL� 6�� %HOYHU�$JXLODU� &�� &DU]DQLJD� 7� 6�� 'HOOHSLDQH� *�� +DHIIQHU� 3�� 6FDPSROL� 3� ,Q
1RYHO ,UUDGLDWLRQ 0HWKRGV IRU 7KHUDQRVWLF 5DGLRLVRWRSH 3URGXFWLRQ :LWK 6ROLG 7DUJHWV DW WKH %HUQ
0HGLFDO &\FORWURQ� ,QWHUQDWLRQDO &RQIHUHQFH RQ &\FORWURQV DQG WKHLU $SSOLFDWLRQV� &DSH 7RZQ�
6RXWK $IULFD� �������� 6FKDD� 9� 5� :�� (G� -$&R: 3XEOLVKLQJ� &DSH 7RZQ� 6RXWK $IULFD� ����� SS
��������
>�@�YDQ�GHU�0HXOHQ��1�3���HW�DO���LQ�SUHSDUDWLRQ
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

)XQFWLRQDOL]HG�VLQJOH�OD\HU�JUDSKHQH�IRU�FDUERQ�FDSWXUH

.��+VX�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���/DXVDQQH

&DUERQ FDSWXUH E\ PHPEUDQHV VHSDUDWLRQ IURP IOXH KDV DWWUDFWHG PXFK DWWHQWLRQ LQ UHGXFLQJ
JUHHQKRXVH JDV HPLVVLRQV GXH WR WKH PRGXODULW\ DQG HDVH RI UHWURILWWLQJ PHPEUDQHV� $V LW LV
RSHUDWHG ZLWK ORZ HQHUJ\ UHTXLUHPHQWV DQG ZLWKRXW JHQHUDWLQJ FKHPLFDO ZDVWH� PHPEUDQHV
VHSDUDWLRQ LV DQ HQYLURQPHQWDO�IULHQGO\ URXWH� (VSHFLDOO\� PROHFXODU�VLHYLQJ PHPEUDQHV ZLWK
SHUPHDQFH RYHU ���� *38 ZLWK D &2��1� VHOHFWLYLW\ H[FHHGLQJ �� VLJQLILFDQWO\ LPSURYH WKH HQHUJ\
HIILFLHQF\�RI�VHSDUDWLRQ>�@�

,GHDOO\� KLJK�SHUIRUPDQFH PROHFXODU�VLHYLQJ PHPEUDQHV VKRXOG KDYH &2� VHOHFWLYH WUDQVSRUW
FKDQQHO� KLJK SRURVLW\� DQG D VPDOO GLIIXVLRQ SDWK�OHQJWK� 6LQJOH�OD\HU JUDSKHQH �6/*� LV KLJKO\
SURPLVLQJ IRU WKLV EXW KDV DQ LPSHUPHDEOH ODWWLFH� $ SUHFLVH HWFKLQJ RI VXE�DQJVWURP SRUHV LQ
JUDSKHQH LV UHJDUGHG DV D ERWWOHQHFN IRU WKH GHYHORSPHQW RI 6/* PHPEUDQHV� 7KH SRUH
JHQHUDWLRQ LQ WKH JUDSKHQH ODWWLFH LQYROYHV QXFOHDWLRQ DQG JURZWK KDSSHQLQJ VLPXOWDQHRXVO\�
OHDGLQJ D EURDG SRUH VL]H GLVWULEXWLRQ �36'�� $ QDUURZ 36' DOORZV KLJK UHVROXWLRQ RI PROHFXODU�
VLHYLQJ� OLNH VHSDUDWLQJ RQO\ ��� � GLIIHUHQFH EHWZHHQ &2� DQG 1�� 7R IXOILOO WKLV� GHFRXSOLQJ
QXFOHDWLRQ DQG JURZWK RI SRUHV LV RQH RI WKH PRVW SURPLVLQJ ZD\V>�@� 5HFHQWO\� ZH GHYHORSHG
SUHFLVH R]RQH�OHG JDVLILFDWLRQ FKHPLVWU\ WKDW JHQHUDWHV D KLJK QXPEHU RI SRUHV IROORZHG E\
H[FOXVLYH SRUH JURZWK� 7XQDEOH R]RQH FRQFHQWUDWLRQ GHWHUPLQHV SRUH QXFOHDWLRQ DQG SRUH JURZWK�
%\ WKLV QHZ DSSURDFK� JDV�VLHYLQJ QDQRSRURXV VLQJOH�OD\HU JUDSKHQH PHPEUDQHV� ZLWK UHFRUG�KLJK
&2��SHUPHDQFH�DQG�PROHFXODU�VLHYLQJ�UHVROXWLRQ�GRZQ�WR��������KDV�EHHQ�DFKLHYHG�

7R IXUWKHU HQKDQFH WKH JDV VHOHFWLYLW\� IXQFWLRQDOL]LQJ D &2��SKLOLF OD\HU RQ SRURXV JUDSKHQH LV D
SURPLVLQJ DSSURDFK� 3RO\PHU�IXQFWLRQDOL]HG QDQRSRURXV JUDSKHQH �6321*� PHPEUDQHV RIIHU D
SODWIRUP IRU VHOHFWLYHO\ DGVRUELQJ &2�� LQFUHDVLQJ WKH VHSDUDWLRQ IDFWRU>�@� 7KH HSR[\ JURXSV RQ
JUDSKHQH DUH WKH JUDIWLQJ VLWH IRU DPLQH�WHUPLQDWHG SRO\PHUV YLD WKH ULQJ�RSHQLQJ FKHPLVWU\� 6XFK
SRO\PHULF OD\HUV RQ JUDSKHQH FDQ EH IXUWKHU HQJLQHHUHG� E\ VZHOOLQJ RI SRO\PHULF FKDLQV�
,PSUHJQDWLRQ RI SRO\�HWK\OHQH JO\FRO��GLPHWK\O�HWKHU �3(*'(� LQWR SRO\HWK\OHQLPLQH �3(,� QHWZRUN
LQFUHDVHV WKH IUHH�YROXPH EHWZHHQ WKH SRO\PHU FKDLQ E\ DOWHULQJ WKH K\GURJHQ�ERQGLQJ EHWZHHQ
SRO\PHU�FKDLQ�QHWZRUN�

)LQDOO\� D QRYHO JDVLILFDWLRQ UHDFWRU KDV EHHQ GHYHORSHG ZKLFK DOORZV IRU LPSURYHG FRQWURO RYHU WKH
HWFKLQJ NLQHWLFV �UHDFWLRQ WLPH� WHPSHUDWXUH� FRQFHQWUDWLRQ�� 7KH UDSLG VDPSOH KHDWLQJ �����
PLOOLVHFRQGV� LQ WKLV JDVLILFDWLRQ UHDFWRU RIIHUV SRWHQWLDO IRU VWXG\LQJ R]RQH HWFKLQJ PHFKDQLVPV�
OLNH�FKHPLVRUSWLRQ��FOXVWHULQJ��DQG�JDVLILFDWLRQ�

>�@�0HUNHO��7�&���HW�DO���-RXUQDO�RI�0HPEUDQH�6FLHQFH���������������������
>�@6KLTL +XDQJ� /�)�9�� 6KDR[LDQ /L� 'HHSX -� %DEX� 0RKDPPDG 7RKLGL 9DKGDW� (PDG 2YHLVL� .XPDU
9DURRQ�$JUDZDO��VXEPLWWHG�
>�@+H��*���HW�DO���(QHUJ\�	�(QYLURQPHQWDO�6FLHQFH����������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

,QFRUSRUDWLQJ�YDFDQF\�GHIHFWV�LQ�VLQJOH�OD\HU�JUDSKHQH�ODWWLFH�ZLWK�D�VXE�����UHVROXWLRQ

6��+XDQJ���.��9��$JUDZDO�


�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6����FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

*UDSKHQH� DV WKH WKLQQHVW PROHFXODU EDUULHU ZLWK WKH H[WUDRUGLQDU\ PHFKDQLFDO DQG WKHUPDO
VWDELOLW\� FDQ EH H[WUHPHO\ DWWUDFWLYH SRURXV LQWHUIDFH WR UHDOL]H HQHUJ\�HIILFLHQW PROHFXODU VLHYLQJ�
1DQRSRUH ZLWK VXLWDEOH DSHUWXUH VL]H FDQ EH LQFRUSRUDWHG LQ WKH JUDSKHQH ODWWLFH WR VHOHFWLYLW\
DOORZ WKH SDVVDJH RI VSHFLILF PROHFXOHV���� +RZHYHU� WKH VWDWH�RI�WKH�DUW FDUERQ HWFKLQJ
FKHPLVWULHV DUH QRW HDV\ WR FRQWURO DW WKH DWRPLF VFDOH� $V D UHVXOW� LQFRUSRUDWLRQ RI D QDUURZ
HQRXJK SRUH�VL]H�GLVWULEXWLRQ WKDW LV QHHGHG IRU WKH VHSDUDWLRQ RI VLPLODUO\�VL]HG JDV PROHFXOHV
�&2���1���&+���KDV�EHHQ�HOXVLYH�

,Q WKLV WDON� , ZLOO GLVFXVV D QRYHO R]RQH�EDVHG FDUERQ JDVLILFDWLRQ FKHPLVWU\ DSSOLHG LQ WKH FXVWRP�
PDGH PLOOLVHFRQG JDVLILFDWLRQ UHDFWRU �0*5�� ZKLFK FRQWUROV WKH HWFKLQJ NLQHWLFV �YDFDQF\
QXFOHDWLRQ� DQG SRUH H[SDQVLRQ� WR D IHZ PLOOLVHFRQGV�� 5DSLG DQG FRQWUROODEOH HWFKLQJ RI WKH
JUDSKHQH ODWWLFH FRXOG EH DFKLHYHG E\ LQWURGXFLQJ D PLOOLVHFRQG SXOVH RI R]RQH DW PRGHUDWHO\ KLJK
WHPSHUDWXUH �������� |&�� IROORZHG E\ V\QFKURQRXV VSRQWDQHRXV SXUJLQJ RI R]RQH� 2SWLPL]HG
R]RQH GRVH OHG WR DWWUDFWLYH SRUH GHQVLW\ ����� FP���� ZKLOH KLJK�UHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ DQG ORZ�WHPSHUDWXUH VFDQQLQJ WXQQHOLQJ PLFURVFRS\ VWXG\ UHYHDOHG WKDW PRVW RI WKH
QDQRSRUHV ZHUH VPDOOHU WKDQ WKRVH FUHDWHG E\ PLVVLQJ �� FDUERQ DWRPV� 5HODWLYH WUDQVSRUW UDWHV
RI +�� &2�� 2�� 1�� DQG &+�� ZLWK WKH NLQHWLF GLDPHWHU LQ WKH UDQJH RI ����� ૱ ���� QP� ZHUH XVHG
DV FKDUDFWHUL]H WKH JDV VLHYLQJ SHUIRUPDQFH� 2YHUDOO� WKHVH QDQRSRUHV FRXOG VLHYH &2� �NLQHWLF
GLDPHWHU RI ��� �� DQG 2� �NLQHWLF GLDPHWHU RI ���� �� IURP 1� �NLQHWLF GLDPHWHU ���� ��� ZLWK
&2��2� DQG &2��1� VHOHFWLYLWLHV RI �� DQG ��� UHVSHFWLYHO\� FRUUHVSRQGLQJ WR D PROHFXODU VLHYLQJ
UHVROXWLRQ RI ��� �� )XUWKHUPRUH� WKH VORZ H[SDQVLRQ RI YDFDQF\�GHIHFWV ZLWK R[\JHQ H[SRVXUH DW
��� |& FRXOG VKLIW WKH PROHFXODU FXW�RII E\ ��� �� 7KH PHPEUDQH UHDFKHG &2��1� VHOHFWLYLW\ RI ����
ZLWK D UHFRUG�KLJK &2� SHUPHDQFH RI ����� *38� 7KH PLOOLVHFRQG JDVLILFDWLRQ FKHPLVWU\ GLVFXVVHG
KHUH ZLOO JHQHUDWH QHZ DYHQXHV IRU PDWHULDO FKHPLVWU\ LQ WKH FRQWH[W RI FRQWUROOHG IRUPDWLRQ RI
GHIHFWV�LQ�WZR�GLPHQVLRQDO�PDWHULDOV�

>�@�:DQJ��/��DQG��.DUQLN��5��1DWXUH�1DQRWHFKQRORJ\��������������૱����
>�@�+XDQJ��6��DQG�$JUDZDO��.��9��1DWXUH�&RPPXQLFDWLRQV�����������૱���
>�@�=KDR��-��DQG�$JUDZDO��.��9��6FLHQFH�$GYDQFHV����������HDDY�����
>�@�+XDQJ��6��DQG�$JUDZDO��.��9��6XEPLWWHG�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

'1$�IHUURFHQH�DV�WZR�VWHS�PHFKDQRSKRUH

(��-($1�3,(55(���(��-$1(77���&��%RFKHW���.��0��)URPP�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�)ULERXUJ�

'HSXLV GH QRPEUHXVHV DQQ«HV� OHV FKHUFKHXUV FKHUFKHQW DX[ FRPSOH[HV GH W\SH VDQGZLFK TXL
SHXYHQW ¬WUH XWLOLV«V GDQV GLYHUV GRPDLQHV FRPPH OD FDWDO\VH� O
«OHFWURFKLPLH� OHV DSSOLFDWLRQV
DJURFKLPLTXHV RX SRXU OD SURGXFWLRQ GH SURGXLWV SKDUPDFHXWLTXHV HW G
DU¶PHV� >�� �@ 5«FHPPHQW�
QRXV DYRQV PRQWU« TXH OH IHUURFªQH SHXW ¬WUH XWLOLV« FRPPH P«FDQRSKRUH GDQV OHV SRO\PªUHV�
GRQF�FRPPH�SRLQW�GH�UXSWXUH�SU«I«UHQWLHO�GDQV�OH�SRO\�P«WK\ODFU\ODWH�HW�OH�SRO\XU«WKDQH��>�@

1RXV DYRQV PDLQWHQDQW LQWURGXLW XQH IRQFWLRQQDOLW« VXSSO«PHQWDLUH HQ DVVRFLDQW OHV IUDJPHQWV
IHUURFªQHV YLD XQ OLQNHU >�@ ¢ XQ GXSOH[ G
$'1� /
LQFRUSRUDWLRQ G
XQH WHOOH HQWLW« GDQV XQ SRO\PªUH
GHYUDLW GRQQHU QDLVVDQFH ¢ XQ P«FDQRSKRUH HQ GHX[ «WDSHV >�@ �ILJXUH �� GDQV ODTXHOOH OHV
OLDLVRQV + GH O
$'1� SXLV OH FRPSOH[H VDQGZLFK VRQW FOLY«V ¢ PHVXUHU TX
XQH IRUFH V 
DFFXPXOHQW
HVW H[HUF«H� /HV P«VDSSDULHPHQWV LQWURGXLWV GDQV O
DSSDULHPHQW G
$'1 RQW XQH LQIOXHQFH VXU OD
U«VLVWDQFH�P«FDQLTXH�GX�P«FDQRSKRUH�

>�@�7-�&RODFRW��1RXYHOOH��FRVVH�+RVPDQH��=��$QRUJ��$OOJ��&KHP�������������������������
>�@�&��6XL��<��=KRX��0��:DQJ��+��<LQ��3��:DQJ��6��$L��6HQVRUV�DQG�$FWXDWRUV�%�������������������
>�@ 0� 'L *LDQQDQWRQLR� 0$ $\HU� (� 9HVWHU�6HVWR� 0� /DWWXDGD� &� :HGHU� .0 )URPP�
$QJHZ�&KHP�,QW��(G����������������������૱������
>�@�5��&ODXV��-3�/HZWDN��7-�0XOOHU��-&�6ZDUWV��-��2UJDQRPHW��&KHP�����������������������
>�@�-��/L��&��1DJDPDQL��-6�0RRUH��$FF��&KHP��5HV�����������������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

&DUERQ�'LR[LGH�5HGXFWLYH�'LVSURSRUWLRQDWLRQ�'ULYHQ�E\�(OHFWURQ�5LFK�I�(OHPHQWV
&RPSOH[HV�6XSSRUWHG�E\�+HSWDGHQWDWH�1RQ�,QQRFHQW�/LJDQGV

1��-RUL���0��)DOFRQH���'��7RQLROR���5��6FRSHOOLWL���0��0D]]DQWL�


�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(3)/

7KH XVH RI QRQ�LQQRFHQW UHGR[ OLJDQGV LQ WKH V\QWKHVLV RI FRRUGLQDWLRQ FRPSRXQGV LV JDLQLQJ
FRQVLGHUDEOH DWWHQWLRQ LQ UHFHQW \HDUV� 7KH FRRSHUDWLYLW\ EHWZHHQ WKH PHWDO FHQWHU DQG WKH
OLJDQGV� ZKLFK FDQ DFW DV HOHFWURQ UHVHUYRLUV� >�@ FDQ DOORZ WKHLU LQYROYHPHQW LQ PXOWL�HOHFWURQ UHGR[
SURFHVVHV� 8UDQLXP FRPPRQO\ HQJDJHV LQ PRQRHOHFWURQ WUDQVIHU SURFHVVHV� WKHUHIRUH WKH
SRVVLELOLW\ RI VWRULQJ H[WUD HOHFWURQV LQ WKH OLJDQG IUDPHZRUN FDQ RSHQ QHZ SDWKZD\V LQ LWV UHGR[
DFWLYLW\�WRZDUGV�WKH�VPDOO�PROHFXOH�DFWLYDWLRQ�

3RO\GHQWDWH 6FKLII EDVHV ZHUH VKRZQ PRUH WKDQ WZR GHFDGHV DJR WR DFW DV UHGR[ DFWLYH OLJDQGV�
WKURXJK WKH UHYHUVLEOH IRUPDWLRQ DQG FOHDYDJH RI &�& ERQGV� +RZHYHU� WKH XVH RI WKHVH OLJDQGV WR
IDFLOLWDWH HOHFWURQ WUDQVIHU LQ I HOHPHQWV FRPSOH[HV UHPDLQV VLJQLILFDQWO\ OHVV H[SORUHG WKDQ IRU WKH
WUDQVLWLRQ�PHWDOV��>�@

:H ZLOO SUHVHQW WKH V\QWKHVLV� VWUXFWXUDO SURSHUWLHV DQG UHDFWLYLW\ RI I�HOHPHQWV FRPSOH[HV ZLWK WKH
KHSWDGHQWDWH 7UHQVDO OLJDQG� 7KHVH FRPSOH[HV DUH QRW RQO\ DEOH WR VWRUH XS WR � HOHFWURQV LQ WKH
OLJDQG IUDPHZRUN� EXW DOVR DUH FDSDEOH RI LQVHUW RU UHGXFH &2� ZLWK FRQFRPLWDQW IRUPDWLRQ RI
FDUERQDWH��>�@

>�@��9RORG\P\U�/\DVNRYVN\\��%DV�GH�%UXLQ��$&6�&DWDO\VLV����������������������
>�@ -XOLH $QGUH]� 9DOHQWLQ *XLGDO� 5RVDULR 6FRSHOOLWL� -DFTXHV 3«FDXW� 6HUJH *DPEDUHOOL� 0DULQHOOD
0D]]DQWL��-��$P��&KHP��6RF���������������������������
>�@ 1DGLU -RUL� 0DUWD )DOFRQH� 5RVDULR 6FRSHOOLWL� � 0DULQHOOD 0D]]DQWL� 2UJDQRPHWDOOLFV ����� ��� ��
����૱����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

6KHGGLQJ�OLJKW�RQ�/LWKLXP�$ONR[LGH�0HGLDWHG�0DJQHVLXP�%URPLQH�([FKDQJH�5HDFWLRQ�

1��5��-XGJH�

�8QLYHUVLW\�RI�%HUQ

0HWDO�KDORJHQ H[FKDQJH UHDFWLRQV FRQVWLWXWH RQH RI WKH PRVW SRZHUIXO PHWKRGRORJLHV IRU WKH
IXQFWLRQDOLVDWLRQ RI DURPDWLF KDOLGHV� :KLOH FRQYHQWLRQDO *ULJQDUG UHDJHQWV DUH W\SLFDOO\ VOXJJLVK
WR UHDFW ZLWK EURPRDUHQHV� 7XUER *ULJQDUG UHDJHQWV �50J&O�/L&O� KDYH HPHUJHG DV HIILFLHQW DQG
VHOHFWLYH V\VWHPV FDSDEOH RI SURPRWLQJ 0J�EURPLQH H[FKDQJH XQGHU PLOG UHDFWLRQ FRQGLWLRQV�>���@
0RUH UHFHQWO\ D QHZ W\SH RI PL[HG OLWKLXP�PDJQHVLXP UHDJHQWV� QDPHO\ V%X�0J��/L25 �5  
��HWK\OKH[\O�� KDV EHHQ LQWURGXFHG ZKLFK RIIHUV HYHQ PRUH HQKDQFHG UHDFWLYLWLHV DQG JUHDWHU
IXQFWLRQDO JURXS WROHUDQFH DV ZHOO DV EHLQJ FRPSDWLEOH ZLWK WKH XVH RI WROXHQH DV D VROYHQW�>�@
1HYHUWKHOHVV�WKH�UHDVRQV�EHKLQG�WKHVH�XQLTXH�EHKDYLRXUV�VWLOO�UHPDLQ�XQNQRZQ�

)LOOLQJ WKLV JDS LQ WKH NQRZOHGJH� WKLV ZRUN SUHVHQWV WKH ILUVW VWUXFWXUDO DQG VSHFWURVFRSLF LQVLJKWV
LQWR WKH KLGGHQ FRQVWLWXWLRQ RI WKHVH ELPHWDOOLF V\VWHPV DQG WKHLU DELOLWLHV WR SHUIRUP VHOHFWLYH 0J�
%U H[FKDQJH �VHH )LJXUH�� 7KH LQIOXHQFH WKDW GLUHFWLQJ JURXSV SUHVHQW RQ WKH DURPDWLF VXEVWUDWH
DQG�GRQRU�VROYHQWV�SOD\�LQ�WKHVH�0J�%U�LQWHUFRQYHUVLRQV�ZLOO�DOVR�EH�SUHVHQWHG�

>�@�$��.UDVRYVNL\�DQG�3��.QRFKHO��$QJHZ��&KHP��,QW��(G������������������
>�@�%DR��5��/��<���=KDR��5���6KL��/��&KHP��&RPPXQ�����������������
>�@�'��6��=LHJOHU��.��.DUDJKLRVRII��3��.QRFKHO��$QJHZ��&KHP��,QW��(G�����������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

6FDOH�XS�RI�JDV�VLHYLQJ�QDQRSRURXV�VLQJOH�OD\HU�JUDSKHQH�PHPEUDQH�

:��/HH���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�	�(QJLQHHULQJ��,6,&��
�FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/����/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6��

(3)/

1DQRSRURXV VLQJOH�OD\HU JUDSKHQH �16/*� PHPEUDQHV DUH SURPLVLQJ IRU JDV VHSDUDWLRQ� FDSDEOH
RI \LHOGLQJ ODUJH \HW PROHFXOH�VHOHFWLYH SHUPHDQFH�� +RZHYHU� WKH VFDOH�XS RI VXFK 16/*
PHPEUDQH UHPDLQV FKDOOHQJLQJ� 7\SLFDOO\� FUDFNV DQG WHDUV DUH LQWURGXFHG LQWR WKH VXVSHQGHG
JUDSKHQH GXULQJ WKH PHPEUDQH IDEULFDWLRQ� DQG GRPLQDWH WKH RYHUDOO JDV WUDQVSRUW�� +HUHLQ� ZH
ZLOO GHPRQVWUDWH WKH IDEULFDWLRQ RI FHQWLPHWHU�VFDOH FUDFN�IUHH JDV�VLHYLQJ 16/* PHPEUDQHV� RQ D
ORZ�FRVW PDFURSRURXV VXSSRUW� E\ PHFKDQLFDOO\ UHLQIRUFLQJ WKH JUDSKHQH ILOP ZLWK D WZR�OD\HU
FRPSRVLWH FDUERQ ILOP WKDW SUHYHQWV FUDFN JHQHUDWLRQ DQG SURSDJDWLRQ LQ WKH JUDSKHQH ILOP �)LJ�
�D�� 7KH FRPSRVLWH OD\HU FRQVLVWV RI D EORFN�FRSRO\PHU GHULYHG QDQRSRURXV FDUERQ ILOP DV ZHOO DV
D PXOWL�ZDOOHG FDUERQ QDQRWXEH PHVK� 7KH PHPEUDQHV DUH PHFKDQLFDOO\ UREXVW DQG FDQ EH
VXFFHVVIXOO\ SUHVVXUL]HG WR � EDU ZLWKRXW LQGXFLQJ IDLOXUH� +��&+� DQG +��&2� VHOHFWLYLWLHV RI ��૱��
DQG �૱�� UHVSHFWLYHO\� KLJKHU WKDQ WKH FRUUHVSRQGLQJ .QXGVHQ VHOHFWLYLWLHV RI ��� DQG ����
UHVSHFWLYHO\� FDQ EH REWDLQHG IURP WKH FHQWLPHWHU�VFDOH 16/* PHPEUDQHV �)LJ� �E�� )LQDOO\� ZH
ZLOO VKRZ WKH DQDO\VLV RI WKH FRQFHQWUDWLRQ RI QRQ�VHOHFWLYH SRUHV LQ WKHVH PHPEUDQHV XVLQJ D
ELPRGDO SRUH�VL]H�GLVWULEXWLRQ PRGHO� 2YHUDOO� WKH DSSURDFK UHSRUWHG KHUH KHOSV DFFHOHUDWH WKH
DGRSWLRQ�RI�16/*�PHPEUDQHV�IRU�JDV�VHSDUDWLRQ�

>�@ /HH� :��&�� %RQGD]� /�� +XDQJ� 6�� +H� *�� 'DNKFKRXQH� 0� DQG $JUDZDO� .�9�� &HQWLPHWHU�6FDOH
*DV�6LHYLQJ�1DQRSRURXV�6LQJOH�/D\HU�*UDSKHQH�0HPEUDQH��6XEPLWWHG
>�@ +XDQJ� 6�� 'DNKFKRXQH� 0�� /XR� :�� 2YHLVL� (�� +H� *�� 5H]DHL� 0�� =KDR� -�� $OH[DQGHU� '� 7� /��
=¾WWHO� $�� 6WUDQR� 0� 6�� HW DO� 6LQJOH�/D\HU *UDSKHQH 0HPEUDQHV E\ &UDFN�)UHH 7UDQVIHU IRU *DV
0L[WXUH�6HSDUDWLRQ��1DW��&RPPXQ��������������������
>�@ %RXWLOLHU� 0� 6� +�� +DGMLFRQVWDQWLQRX� 1� *�� .DUQLN� 5� .QXGVHQ (IIXVLRQ WKURXJK 3RO\PHU�
&RDWHG�7KUHH�/D\HU�3RURXV�*UDSKHQH�0HPEUDQHV��1DQRWHFKQRORJ\�����������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

0HWDO�VRDS�PHPEUDQHV�IRU�JDV�VHSDUDWLRQ

4��/LX�

�(3)/��/$6

0HWDO VRDSV� RU PHWDO DONDQRDWHV� DV D NLQG RI OLTXLG FU\VWDO ZKHQ KHDWLQJ� DUH FRQVWUXFWHG E\
PHWDO FDWLRQV DQG RUJDQLF PROHFXOHV FRPSRVHG RI D YDULHW\ RI IXQFWLRQDO JURXSV OLQNHG WR
K\GURFDUERQ FKDLQV���� 7KH\ KDYH D EL�OD\HUHG DUUDQJHPHQW ZLWK D OD\HU PDGH RI PHWDO FDWLRQV
OLQNHG ZLWK WKH IXQFWLRQDO JURXSV DQG DQRWKHU OD\HU PDGH RI OLSLGLF K\GURFDUERQ FKDLQV� 7KH PHWDO
FDWLRQV DUH OLQNHG E\ IXQFWLRQDO JURXSV� IRUPLQJ D OD\HU RI URGV�FKDLQV DQG VKHHWV� ZKLOH WKH
IXQFWLRQDO JURXSV DUH FR�ERQGHG WR K\GURFDUERQ FKDLQV� ZKLFK DFW DV WKH RWKHU OD\HUV �)LJXUH ���
'XH WR WKH KLJK IOH[LELOLW\ RI ORQJ DON\O FKDLQV LQ WKH VWUXFWXUHV� PRVW PHWDO VRDSV FDQ PHOW DW D
FHUWDLQ WHPSHUDWXUH� IRUPLQJ D GLVRUGHUHG�DPRUSKRXV OLTXLG SKDVH RU D PHVRSKDVH� 7KH OLTXLG
SKDVH FDQ EH UHDGLO\ TXHQFKHG E\ FRROLQJ GRZQ XSRQ ZKLFK WKH GLVRUGHUHG VWUXFWXUHV TXLFNO\ WXUQ
EDFN WR WKH RULJLQDO FU\VWDOOLQH VWDWH� 7KLV SUHVHQWV DQ RSSRUWXQLW\ WR HYDOXDWH WKLV FODVV RI
PDWHULDO IRU JDV VHSDUDWLRQ PHPEUDQHV HVSHFLDOO\ LQ WKH FRQWH[W RI ODUJH QXPEHU RI SRVVLEOH
RUGHUHG SRURXV PHWDO VRDS ZKLFK FRXOG DOORZ VHSDUDWLRQ RI D QXPEHU RI JDV SDLUV E\ VL]H VLHYLQJ�
$GGLWLRQDOO\� PHWDO VRDS SURYLGH SURFHVVDELOLW\ DGYDQFHV DV RQH FRXOG V\QWKHVL]H PHPEUDQHV E\
XVLQJ VROLG WR OLTXLG WUDQVLWLRQ DELOLW\ RI PHWDO VRDSV� PDNLQJ VXFK PHPEUDQHV HDV\ WR VFDOH�XS� ,Q
WKLV SUHVHQWDWLRQ� ILUVWO\� , ZLOO LQWURGXFH WZR IDFLOH PHWKRGV� LQWHUIDFLDO FU\VWDOOL]DWLRQ DQG PHOWLQJ
PHWKRG� WR V\QWKHVL]H PHPEUDQHV ZKLFK FRQVWUXFWHG E\ WKUHH PHWDO VRDSV� &D&��
�&D�62�&��+������ =Q&� �=Q�&22&�+����� DQG &X&� �&X�&22&�+������ 5HJDUGLQJ WR PHOWLQJ PHWKRG�
WKH PHPEUDQH IRUPHG E\ KHDWLQJ WKH SRZGHUV RI WKHVH VWUXFWXUHV LQ ORZ WHPSHUDWXUHV ���� ����
ʜ&� LQ OHVV WKDQ � KRXU �)LJXUH �$�� :KLOH DV WR LQWHUIDFLDO FU\VWDOOL]DWLRQ� WKH FRQWLQXRXV ILOP LV
IRUPHG RQ WKH ZKROH DUHD RI ZDWHU VXUIDFH LQ IHZ VHFRQGV �ZKLFK ZH IRXQG WR EH D IDFLOH ZD\ WR
V\QWKHVL]H ILOP ZLWK YHU\ ORZ WKLFNQHVV�� $QG WKH ILOP FRXOG EH HDVLO\ WUDQVSRUWHG E\ VFRRSLQJ ZLWK
DQ\ VXEVWUDWH �)LJXUH �%�� %RWK PHWKRGV VKRZ SRWHQWLDO RI HDV\�SURFHVVDELOLW\ DQG IDFLOH VFDOH�XS�
6HFRQGO\� , ZLOO GLVFXVV WKH FU\VWDO VWUXFWXUHV DQG FKDUDFWHUL]DWLRQV RI WKHVH PHWDO VRDSV� $OO RI
WKHP KDYH SRUHV FRPLQJ IURP WKH JDSV DURXQG � �� ZKLFK PHDQV WKH\ FRXOG EH XVHG LQ K\GURJHQ
VLHYLQJ �+�� ���� �� RU FDUERQ FDSWXUH �&2�� ��� ��� 6FDQQLQJ HOHFWURQLF PLFURVFRSH �6(0� LPDJHV
VKRZHG WKH WKLFNQHVV RI WKHVH PHPEUDQHV DUH OHVV WKDQ � ͐P �)LJXUH �&��(�� ;�UD\ GLIIUDFWLRQ
�;5'� GDWD FRQILUPHG WKH KLJK FU\VWDOOLQLW\ RI DOO PHPEUDQHV� )LQDOO\� , ZLOO GLVFXVV WKH JDV
VHSDUDWLRQ SURSHUW\ RI WKHVH PHPEUDQHV� 0ROHFXODU VLHYLQJ LV GHPRQVWUDWHG ZLWK LGHDO JDV
VHOHFWLYLWLHV�XS�WR������������DQG������IRU�+��&2���+��&+��DQG�&2��1���UHVSHFWLYHO\��)LJXUH��)��+��

>�@�*��.OLPXVKHYD��7��0LUQD\D��<��*DUERYVNL\��/LT��&U\VW��5HY������������������
>�@�5��&RUEHU\��&XUU��2SLQ��&ROORLG�,Q��6FL����������������૱����
>�@ 9� /X]]DWL� $� 7DUGLHX� 7� *XOLN�.U]\ZLFNL� (� 5LYDV� )� 5HLVV�+XVVRQ� 1DWXUH ����� ����
����������
>�@�-��3HXOWLHU��(��5RFFD��-��6WHLQPHW]��&RUURV��6FL�����������������૱�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

'LUHFW�&R�+�H[FKDQJH�RI�)OXRURDUHQHV�PHGLDWHG�E\�D�PL[HG�PHWDO�1D�&R�,,��EDVH

$��/RJDOOR���(��+HYLD�


�8QLYHUVLW\�RI�%HUQ��'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��)UHLHVWUDVVH���������%HUQ�
6ZLW]HUODQG

)OXRULQDWHG RUJDQLF FRPSRXQGV LQFUHDVLQJO\ JDLQ LPSRUWDQFH LQ QXPHURXV DUHDV RI FKHPLVWU\ DQG
HYHU\GD\ OLIH� DV EXLOGLQJ EORFNV FRQWDLQLQJ IOXRULQDWHG HQWLWLHV DUH RI KLJK VLJQLILFDQFH LQ DUHDV
VXFK DV PDWHULDOV VFLHQFH� FDWDO\VLV� PHGLFLQH� DQG ELRFKHPLVWU\� >�@ 'HSURWRQDWLYH PHWDOODWLRQ LV D
SRZHUIXO PHWKRGRORJ\ IRU WKH IXQFWLRQDOL]DWLRQ RI DURPDWLF PROHFXOHV� KRZHYHU GHSURWRQDWLRQ RI
IOXRURDUHQHV XVLQJ SRODU RUJDQRPHWDOOLF UHDJHQV OLNH 5/L LV SDUWLFXODUO\ FKDOOHQJLQJ GXH WR WKH ODFN
RI�VWDELOLW\�RI�WKH�UHOHYDQW�PHWDOODWHG�LQWHUPHGLDWHV�

%UHDNLQJ QHZ JURXQG LQ WKLV DUHD� WKLV SRVWHU SUHVHQWV RXU ILQGLQJV LQ WKH GHYHORSPHQW RI D PL[HG�
PHWDO EDVH FRPELQLQJ 1D DQG &R�,,� LQ WKH VDPH PROHFXOH WKDW HQDEOHV WKH HIIHFWLYH DQG
UHJLRVHOHFWLYH GHSURWRQDWLRQ RI D UDQJH RI IOXRURDUHQHV ZKLOH RSHUDWLQJ DW URRP WHPSHUDWXUH�
)XUWKHUPRUH� 105 VSHFWURVFRSLF DQG ;�UD\ FU\VWDOORJUDSKLF VWXGLHV KDYH HVWDEOLVKHG WKHVH
UHDFWLRQV FRQVWLWXWH WKH ILUVW H[DPSOHV RI VRGLXP�PHGLDWHG�FREDOWDWLRQ �$00&R�� ZKHUH &R
DVVLVWHG�E\�WKH�DONDOL�PHWDO�SURPRWHV�WKH�GLUHFW�&R�+�H[FKDQJH�SURFHVV�

>�@ 7KHUHVLD $KUHQV� -RKDQQHV .RKOPDQQ� 0LNH $KUHQV� 7KRPDV %UDXQ� &KHPLFDO 5HYLHZV� �����
��������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

([WUHPHO\�/DUJH�8SSHU�&ULWLFDO�)LHOG�LQ�WKH�,VRWURSLF�͋�&DUELGH�6XSHUFRQGXFWRU
1E�5K�&��͈

.��0D���.��*RUQLFND���5��/HIªYUH���+��2��-HVFKNH���7��.OLPF]XN���)��2��YRQ�5RKU���


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG����)DFXOW\�RI�$SSOLHG
3K\VLFV�DQG�0DWKHPDWLFV��*GDQVN�8QLYHUVLW\�RI�7HFKQRORJ\��*GDQVN���������3RODQG���5HVHDUFK

,QVWLWXWH�IRU�,QWHUGLVFLSOLQDU\�6FLHQFH��2ND\DPD�8QLYHUVLW\��2ND\DPD�����������-DSDQ���
'HSDUWPHQW�RI�3K\VLFV��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG

7KH XSSHU FULWLFDO ILHOG +F���� LV D IXQGDPHQWDO PHDVXUH RI WKH VWUHQJWK RI VXSHUFRQGXFWLYLW\ LQ
D PDWHULDO� ,W DULVHV GXH WR SDLU EUHDNLQJ DW D OLPLWLQJ ILHOG GXH WKH 3DXOL SDUDPDJQHWLVP RI WKH
HOHFWURQV� 7KH PD[LPDO SRVVLEOH PDJQHWLF ILHOG VWUHQJWK IRU WKLV HIIHFW LV FRPPRQO\ NQRZQ DV WKH
3DXOL SDUDPDJQHWLF OLPLW +3DXOL� ZKLFK LV JLYHQ E\ ����7F� 7KH YLRODWLRQ RI WKLV OLPLW LV UDUHO\
REVHUYHG� ([FHSWLRQV LQFOXGH VRPH ORZ�WHPSHUDWXUH KHDY\�IHUPLRQLF DQG VRPH VWURQJO\
DQLVRWURSLF VXSHUFRQGXFWRUV� +HUH� ZH VKRZ WKH VXSHUFRQGXFWLYLW\ DW ��� . LQ WKH FXELF ͋�FDUELGH�
W\SH FRPSRXQG 1E�5K�&��͈� :H ILQG WKDW WKLV PDWHULDO KDV D UHPDUNDEO\ KLJK XSSHU FULWLFDO ILHOG RI
+F���� ್ ���� 7� ZKLFK LV H[FHHGLQJ E\ IDU WKH 3DXOL SDUDPDJQHWLF OLPLW RI ͐�+3DXOL ್���� 7� 7KLV
PDWHULDO KDV� DW WKH VDPH WLPH� D ORZHU FULWLFDO ILHOG RI RQO\ +F����  ���� P7� 7KLV ODUJH FULWLFDO
ILHOG GLIIHUHQFH PDNHV LW DQ H[WUHPH W\SH�,, VXSHUFRQGXFWRU ZLWK D UHPDUNDEO\ VKRUW
VXSHUFRQGXFWLQJ FRKHUHQFH OHQJWK DQG D ODUJH VXSHUFRQGXFWLQJ SHQHWUDWLRQ GHSWK ͏*/�
'HWHUPLQDWLRQ RI WKH RULJLQ DQG FRQVHTXHQFHV RI WKLV HIIHFW ZLOO UHSUHVHQW D VLJQLILFDQW QHZ
GLUHFWLRQ LQ WKH VWXG\ RI FULWLFDO ILHOGV LQ VXSHUFRQGXFWRUV� )XUWKHUPRUH� RXU UHVXOWV VKRZ WKDW ͋
�FDUELGHV DUH UHPDUNDEO\ SURPLVLQJ FDQGLGDWHV IRU WKH SUHSDUDWLRQ RI QH[W�JHQHUDWLRQ
VXSHUFRQGXFWLQJ�PDJQHWV�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

0L[HG�$ONDOL�=LQF�%DVHV�LQ�'LUHFW�0HWDOODWLRQ��$ON\O�9HUVXV�$PLGH�.LQHWLF�%DVLFLW\�DQG
6WDELOL]DWLRQ�RI�'HOLFDWH�)OXRURDUHQH�$QLRQV

3��0DVWURSLHUUR�����0��8]HDOF���(��+HYLD���


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW¦W�%HUQ��)UHLHVWUDVVH����������%HUQ���
:HVW&+(0��'HSDUWPHQW�RI�3XUH�DQG�$SSOLHG�&KHPLVWU\��8QLYHUVLW\�RI�6WUDWKFO\GH������&DWKHGUDO

6WUHHW��*ODVJRZ��*���;/��8.

)OXRUR�VXEVWLWXWHG DURPDWLFV DUH EHLQJ LQFUHDVLQJO\ HPSOR\HG DV VFDIIROGV LQ DJURFKHPLFDOV DQG
DFWLYH SKDUPDFHXWLFDO LQJUHGLHQWV� 7KXV� QHZ UHJLRVHOHFWLYH DSSURDFKHV WR DFFHVV IXQFWLRQDOL]HG
IOXRULQDWHG DURPDWLF VNHOHWRQV DUH LQ KLJK GHPDQG� ZLWK VSHFLDO HPSKDVLV FXUUHQWO\ RQ DFWLYDWLQJ
WKHLU &�+ ERQGV� 'HSURWRQDWLYH PHWDOODWLRQ RI IOXRURDUHQHV XVLQJ FRQYHQWLRQDO V�EORFN EDVHV
UHSUHVHQWV D IRUPLGDEOH FKDOOHQJH GXH WR WKH K\SHUVHQVLWLYLW\ RI WKH PHWDOOR�LQWHUPHGLDWHV� ZKLFK
KDYH D WHQGHQF\ WR XQGHUJR GHFRPSRVLWLRQ WKURXJK EHQ]\QH IRUPDWLRQ� FRQFRPLWDQW IOXRULGH VDOW
HOLPLQDWLRQ�RU�UHODWHG�FDVFDGH�SURFHVVHV�>�@

+HUH ZH H[SORLW V�EORFN ELPHWDOOLF FRRSHUDWLYH HIIHFWV LQ UHSRUWLQJ WKH RSHQLQJ DSSOLFDWLRQ RI D
VSHFLDOO\ GHVLJQHG SRWDVVLXP DPLGR ]LQFDWH EDVH VXSSRUWHG E\ WKH VWHULFDOO\ GHPDQGLQJ
ELV�DPLGH� OLJDQG 3K�6L�1$U
��q �$U
 ����GLLVRSURS\O�SKHQ\O�>�@ IRU UHJLRVHOHFWLYH PHWDODWLRQ RI
K\SHUVHQVLWLYH IOXRULQDWHG RUJDQLF EXLOGLQJ EORFNV� 2YHUFRPLQJ FRPPRQ OLPLWDWLRQV RI VWDQGDUG V�
EORFN PHWDOODWLQJ EDVHV� WKLV V\VWHP HQDEOHV UHDFWLRQV WR EH FDUULHG RXW DW URRP WHPSHUDWXUH�
WUDSSLQJ� DQG SURWHFWLQJ IOXRURDU\O DQLRQV WKDW FDQ WKHQ EH IXUWKHU IXQFWLRQDOL]HG YLD 1HJLVKL FURVV�
FRXSOLQJ�SURWRFROV�

:LWK PRUH DFWLYDWHG VXEVWUDWH OLNH �૷��૷��૷�WULPHWK\ODFHWRSKHQRQH� WKLV VWHULFDOO\ GHPDQGLQJ DQLRQ
GHPRQVWUDWHV LWV QRQ�LQQRFHQW EHKDYLRXU LQ PHWDOODWLRQ� 3K�6L�1$U
��q GHPRQVWUDWHV HYHQ VXSHULRU
NLQHWLF�EDVLFLW\�WKDQ�WKH�&+�6L0H��DON\O�JURXS�ZKHQ�SDUW�RI�D�KHWHUROHSWLF�]LQFDWH�

>�@�0DQIUHG�6FKORVVHU��/DXUHQFH�*XLR��)U«G«ULF�/HURX[��-��$P��&KHP��6RF������������������
>�@ 9LFWRULD /� %ODLU� :LOOLDP &OHJJ� $ODQ 5� .HQQHG\� =RH /LYLQJVWRQH� /XFD 5XVVR� (YD +HYLD�
$QJHZ��&KHP��,QW��(G����������������૱����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

1�KHWHURF\FOLF�FDUEHQH�LURQ�SLDQR�VWRRO�FRPSOH[HV�IRU�ODFWLGH�SRO\PHULVDWLRQ�FDWDO\VLV

3��9��1\OXQG���0��$OEUHFKW�


�'HSDUWPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ

3URGXFWLRQ RI FKHDS GXUDEOH SRO\PHUV ZLWK PDQ\ DSSOLFDWLRQV VXFK DV IRRG SDFNDJLQJ� EXLOGLQJ
PDWHULDOV DQG HOHFWURQLF FRPSRQHQWV PDLQO\ GHSHQG RQ SHWURFKHPLFDOV DQG WKH\ DUH GLIILFXOW WR
UHSODFH� 7KLV IRVVLO GHSHQGHQFH DQG WKH FXUUHQW VLWXDWLRQ RI SODVWLF SROOXWLRQ LQ PRVW SDUWV RI WKH
JOREH PRWLYDWHV D VHDUFK RI DOWHUQDWLYH PDWHULDOV��૱�� 7KH ELRGHJUDGDEOH� QRQ�IRVVLO DQG UHF\FODEOH
SRO\ODFWLF DFLG DOUHDG\ VXEVWLWXWHV VRPH IRVVLO GHULYHG SRO\PHUV VXFK DV 3(7���� (DUOLHU ZRUN LQ RXU
JURXS DQG RWKHUV KDV VKRZQ WKDW LURQ SLDQR VWRRO FRPSOH[HV DUH DFWLYH IRU & 2 DFWLYDWLRQ�૱� DQG
ZH ZHUH FXULRXV WR VHH LI WKHVH W\SH RI FRPSOH[HV FRXOG DOVR EH XVHG IRU ULQJ�RSHQLQJ
SRO\PHULVDWLRQ�RI�ODFWLGH�

)LJXUH���6LPSOLILHG�OLIHF\FOH�RI�SRO\ODFWLF�DFLG�DQG�DQ�DFWLYH�LURQ�FDWDO\VW

+HUHLQ ZH SUHVHQW VWDEOH 1+& LURQ�,,� SLDQR VWRRO FRPSOH[HV ZLWK UHPDUNDEOH /$ SRO\PHULVDWLRQ
DFWLYLWLHV� $IWHU RSWLPLVDWLRQ� WKH EHVW FRPSOH[ GLVSOD\HG� WR WKH EHV RI RXU NQRZOHGJH� WKH KLJKHVW
DFWLYLW\�VR�IDU�

>�@ 6WHYH $OOHQ� 'HRQLH $OOHQ� 9HUQRQ 5� 3KRHQL[� *D­O /H 5RX[� 3LODU 'XU£QWH] -LP«QH]� $QD­OOH
6LPRQQHDX��6WªSKDQH�%LQHW��'LGLHU�*DORS��1DW��*HRVFL���������������૱����
>�@ /DXUHQW &�0� /HEUHWRQ� -RRVW YDQ GHU =ZHW� -DQ�:LOOHP 'DPVWHHJ� %R\DQ 6ODW� $QWKRQ\ $QGUDG\
	�-XOLD�5HLVVHU��1DW��&RPPXQ������������૱���
>�@ &KULVWLDQ 6FKPLGW� 7RELDV .UDXWK�6WHSKDQ :DJQHU� (QYLURQ� 6FL� 7HFKQRO� �����
���������૱������
>�@�0HUM¦�,W¦YDDUD��6DUL�.DUMRPDD��-RKQD�)UHGULN�6HOLQ��&KHPRVSKHUH���������������૱����
>�@�-DVLP�$KPHG��6XQLO�.��9DUVKQH\��,QWHUQDWLRQDO�-RXUQDO�RI�)RRG�SURSHUWLHV�����������������
>�@ )DQ -LDQJ� 'DYLG %«]LHU� -HDQ�%DSWLVWH 6RUWDLV� &KULVWRSKH 'DUFHO� $GY� 6\QWK� &DWDO� ����� ����
���૱����
>�@�5LWD�/RSHV��0DULHWWH�0�3HUHLUD��%HDWUL]�5R\R��&KHP&DW&KHP��������������૱�����
>�@�&KOR­�-RKQVRQ���0DUWLQ�$OEUHFKW��2UJDQRPHWDOOLFV����������������૱�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

0HWDOOD�DVVHPEOLHV�IRU�SKRWRG\QDPLF�WKHUDS\

&��3DSDGLPRX���%��7KHUULHQ�


�,QVWLWXWH�RI�&KHPLVWU\��8QLYHUVLW\�RI�1HXFK¤WHO��6ZLW]HUODQG

3KRWRG\QDPLF WKHUDS\ �3'7� LV D PHGLFDO WUHDWPHQW IRU VNLQ GLVRUGHUV� LQIHFWLRXV GLVHDVHV DQG
YDULRXV W\SHV RI FDQFHU� 3'7 DFWV WKURXJK D FRPELQDWLRQ RI WKUHH LQGLYLGXDOO\ KDUPOHVV HOHPHQWV� D
OLJKW�DEVRUELQJ PROHFXOH RU SKRWRVHQVLWL]HU �36�� R[\JHQ DQG D OLJKW�VRXUFH >�@� :KHQ WKH 36 LV
H[SRVHG WR FHUWDLQ ZDYHOHQJWKV RI OLJKW� LW EHFRPHV DFWLYDWHG IURP D JURXQG VWDWH WR DQ H[FLWHG
RQH� $V WKH 36 WXUQV EDFN WR LWV JURXQG VWDWH� LW UHOHDVHV HQHUJ\� ZKLFK LV WUDQVIHUUHG WR R[\JHQ WR
JHQHUDWH UHDFWLYH R[\JHQ VSHFLHV� WKXV PHGLDWLQJ FHOOXODU WR[LFLW\ >�@� :DWHU�VROXEOH DUHQH�
UXWKHQLXP PHWDOOD�DVVHPEOLHV FDQ KRVW LQ WKHLU FDYLW\ D 36 DQG WUDQVSRUW LW WR WKH WXPRU FHOOV�
ZKHUH�WKH�36�FDQ�EH�DFWLYDWHG�DQG�EH�F\WRWR[LF�>�@�

$ PDMRU 3'7 OLPLWDWLRQ LV K\SR[LD� D ORZ�R[\JHQ WHQVLRQ FRQGLWLRQ FKDUDFWHULVWLF RI WKH SRRU EORRG�
VXSSOLHG FHQWUDO WXPRU UHJLRQ >�� �@� $Q DQWKUDFHQH PROHFXOH FDQ FDUU\ �2� LQWR FDQFHU FHOOV LQ WKH
IRUP RI DQ HQGRSHUR[LGH >�@� &RQVHTXHQWO\� LQWURGXFWLRQ RI PRUH �2� PROHFXOHV LQWR VROLG WXPRUV
WKURXJK WKH SKRWR�DFWLYDWHG 5X�EDVHG FRPSRXQGV� IROORZHG E\ DSSOLFDWLRQ RI 3'7 RQ WKH FDQFHU�
FDQ�SRVVLEO\�WUHDW�K\SR[LF�WXPRUV�E\�HQKDQFLQJ�WKH�3'7�HIIHFW���

0\ SURMHFW WDUJHWV WKH V\QWKHVLV RI DQWKUDFHQH�IXQFWLRQDOL]HG�UXWKHQLXP PHWDOOD�DVVHPEOLHV IRU
3'7 DSSOLFDWLRQV� 7KHVH QHZ PHWDOOD�DVVHPEOLHV FDQ LQ SULQFLSOH DXJPHQW WKH QXPEHU RI �2�
PROHFXOHV LQ WXPRU FHOOV� DQG UHOHDVH WKHVH NLOOLQJ DJHQWV QHDU WKH SKRWRVHQVLWL]HU KRVWHG LQ WKH
PHWDOOD�FDJH��WKXV�EULQJLQJ�WRJHWKHU�WKH�36�DQG��2��

>�@ $�&�(� 0RRU� %� 2UWHO� 7� +DVDQ� 3KRWRG\QDPLF 7KHUDS\� 5R\DO 6RFLHW\ RI &KHPLVWU\� &DPEULGJH�
������SS����૱���
>�@�'�(�-�*�-��'ROPDQV��'��)XNXPXUD��5�.��-DLQ��1DWXUH�5HYLHZV�&DQFHU�������������������
>�@ )� 6FKPLWW� -� )UHXGHQUHLFK� 1�3�(� %DUU\� /� -XLOOHUDW�-HDQQHUHW� *� 6¾VV�)LQN� %� 7KHUULHQ� -�
$P��&KHP��6RF�����������������૱����
>�@ '� *DQWHQ� .� 5XFNSDXO� (GV�� (QF\FORSHGLF 5HIHUHQFH RI *HQRPLFV DQG 3URWHRPLFV LQ 0ROHFXODU
0HGLFLQH��6SULQJHU�9HUODJ��%HUOLQ��+HLGHOEHUJ��������SS����૱����
>�@ $� 6KDUPD� -�)� $UDPEXOD� 6� .RR� 5� .XPDU� +� 6LQJK� -�/� 6HVVOHU� -�6� .LP�&KHP� 6RF� 5HY��
������������������
>�@�0��*DVFKDUG��)��1HK]DW��7��&KHPLQHO��%��7KHUULHQ��,QRUJDQLFV��������������

�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

6SLQ�IOLS�OXPLQHVFHQFH�LQ�VL[�FRRUGLQDWH�FRPSOH[HV�RI�QLFNHO�,,���DWWHPSWV�DQG
FKDOOHQJHV

&��5HEHU���&��'DE���&��)¸UVWHU���.��+HLQ]H�

�8QLYHUVLW«�GH�0RQWU«DO��'«SDUWHPHQW�GH�FKLPLH���-RKDQQHV�*XWHQEHUJ�8QLYHUVLW¦W�0DLQ]�
'HSDUWHPHQW�I¾U�&KHPLH

/XPLQHVFHQW FRPSOH[HV RI HDUWK�DEXQGDQW ILUVW�URZ WUDQVLWLRQ PHWDOV DUH RI UHQHZHG LQWHUHVW GXH
WR WKHLU VSHFWURVFRSLF DQG SKRWRFKHPLFDO SURSHUWLHV�>���@ 3DUWLFXODUO\� FKURPLXP�,,,� FRPSOH[HV
ZLWK 1�1૷�GLPHWK\O�1�1૷�GLS\ULGLQH���\O�S\ULGLQH�����GLDPLQH �GGSG� DQG UHODWHG OLJDQGV KDYH EHHQ
ZLGHO\ VWXGLHG DQG VKRZ LQWHQVH VSLQ�IOLS OXPLQHVFHQFH� 1L�GGSG���� KDV D VWURQJ OLJDQG ILHOG DQG
VSLQ�IOLS�OXPLQHVFHQFH�FDQ�EH�H[SHFWHG��DV�VKRZQ�LQ�WKH�OHIW�KDQG�VFKHPH�

:H KDYH DWWHPSWHG WR REVHUYH VSLQ�IOLS OXPLQHVFHQFH IRU WKH 1L�GGSG���� FRPSOH[ >�@ EXW KDYH QRW
GHWHFWHG DQ\ VLJQDO LQ WKH ZDYHOHQJWK UDQJH H[SHFWHG� HYHQ DW KLJK H[WHUQDO SUHVVXUH �ULJKW�KDQG
ILJXUH��>�@ $V SUHVVXUH LQFUHDVHV� 5DPDQ VSHFWUD EURDGHQ� GRFXPHQWLQJ D GHWHULRUDWLRQ RI WKH
FU\VWDO TXDOLW\� 7KLV DOVR OHDGV WR GHIHFW VLWHV WKDW RIWHQ TXHQFK OXPLQHVFHQFH DW SUHVVXUHV ZHOO
EHORZ ��� NEDU� 7KH SUHVHQWDWLRQ KLJKOLJKWV WKH FUXFLDOO\ GLIIHUHQW H[FLWHG�VWDWH ODQGVFDSHV
OHDGLQJ WR WKH OXPLQHVFHQFH SURSHUWLHV LQGLFDWLQJ KRZ WR SRWHQWLDOO\ DFKLHYH VSLQ�IOLS OXPLQHVFHQFH
LQ�QLFNHO�,,��FRPSOH[HV�

>�@ 6YHQ 2WWR� 0DUNXV *UDEROOH� &KULVWRSK )¸UVWHU� &KULVWRSK .UHLWQHU� 8WH 5HVFK૮*HQJHU� .DWMD
+HLQ]H��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ�����������������૱������
>�@ .DVSHU 6NRY .M¨U� 1LGKL .DXO� 2P 3UDNDVK� 3DYHO &K£EHUD� 1LOV :� 5RVHPDQQ� $OLUH]D +RQDUIDU�
2OJD *RUGLYVND� /LVD $� )UHGLQ� .DUO�(ULN %HUJTXLVW� /HQQDUW +¦JJVWU¸P� 7RUH (ULFVVRQ� /LQQHD
/LQGK� $UNDG\ <DUWVHY� 6WHQEM¸UQ 6W\ULQJ� 3LQJ +XDQJ� -HQV 8KOLJ� -HVSHU %HQGL[� 'DQLHO 6WUDQG�
9LOO\�6XQGVWU¸P��3HWWHU�3HUVVRQ��5HLQHU�/RPRWK��.HQQHWK�:¦UQPDUN��6FLHQFH���������������������
>�@�&KULVWRSK�)¸UVWHU��.DWMD�+HLQ]H��&KHPLFDO�6RFLHW\�5HYLHZV����������������������
>�@ 6YHQ 2WWR� -RH 3� +DUULV� .DWMD +HLQ]H� &KULVWLDQ 5HEHU� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO
(GLWLRQ������������������������
>�@ 0DWWKLDV 'RUQ� .DWKDULQD 0DFN� /XFD 0� &DUUHOOD� (YD 5HQWVFKOHU� &KULVWRSK )¸UVWHU� .DWMD
+HLQ]H��=HLWVFKULIW�I¾U�DQRUJDQLVFKH�XQG�DOOJHPHLQH�&KHPLH����������������૱����
>�@�&KDKLQH]�'DE��.DWMD�+HLQ]H��&KULVWLDQ�5HEHU�HW�DO���LQ�SUHSDUDWLRQ�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

%LRLQVSLUHG�0HWDO�&RPSOH[HV�DV�&KHODWRUV�RI�%DFWHULDO�0HWDOOR�͆�/DFWDPDVH�=LQF�,RQV

-��9��6FKZDUWH���%��*LHVH�


�)URPP�*URXS��'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�)ULERXUJ

7KH EDFWHULDO PHWDOOR�͆�ODFWDPDVHV DUH D FXUUHQW DQG SUHVVLQJ WDUJHW IRU GUXJ GHVLJQ� ,QGHHG� WKH\
LQGXFH DQWLELRWLF UHVLVWDQFH E\ SDUWLFLSDWLQJ LQ WKH K\GURO\VLV RI D ZKROH FODVV RI DQWLELRWLFV� WKH ͆�
ODFWDPV��H[FHSW�PRQREDFWDPV���ZKLFK�DUH�FXUUHQWO\�XVHG�ZRUOGZLGH�>�@

$V LOOXVWUDWHG EHORZ� WKHLU PHFKDQLVP RI DFWLRQ LPSOLHV WKH SDUWLFLSDWLRQ RI ZDWHU PROHFXOHV DQG
]LQF�LRQV�

2QH SRVVLEOH ZD\ WR LQDFWLYDWH WKHVH PHWDOOR�SURWHLQV FRXOG EH WKH XVH RI FKHODWLQJ GUXJV WR
UHPRYH WKH LRQV�>�@ 7KHUHIRUH� DIWHU V\QWKHVL]LQJ D PRGHO SHSWLGH RI WKH DFWLYH VLWH� WKH SURMHFW
DLPV DW WKH H[WUDFWLRQ RI WKH ]LQF LRQV� DQG WKHLU UHSODFHPHQW E\ D OLJDQG RU RWKHU PHWDO LRQV� 7KLV
UHTXLUHV WR GHWHUPLQH WKH DIILQLW\ RI WKH PRGHO SHSWLGH DQG WKH SRWHQWLDO OLJDQGV IRU WKH WHVWHG
PHWDO�LRQV�

>�@ <XVRI� '� 7� &� 7DQ� 2� .� $UMRPDQGL� *� 6FKHQN� 5� 3� 0F*HDU\� %LRRUJDQLF DQG 0HGLFLQDO
&KHPLVWU\�/HWWHUV����������������������
>�@ 1� 0LWLF� 0� 0LUDXOD� &� 6HOOHFN� .� 6� +DGOHU� (� 8ULEH� 0� 0� 3HGURVR� *� 6FKHQN� $GYDQFHV LQ
3URWHLQ�&KHPLVWU\�DQG�6WUXFWXUDO�%LRORJ\������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

6\QWKHVLV�RI�FU\VWDOOLQH�DWRP�WKLFN�SRO\�WULD]LQH�LPLGH��QDQRVKHHWV�IRU�HQHUJ\�HIILFLHQW
PROHFXODU�VHSDUDWLRQ

/��)��9LOODORERV���.��9��$JUDZDO�


�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���(3)/�/DXVDQQH

3RO\�WULD]LQH LPLGH� RU 37, �)LJXUH �$�%��>�@ RQH RI WKH IHZ WUXO\ FU\VWDOOLQH JUDSKLWLF FDUERQ QLWULGHV
V\QWKHVL]HG VR IDU� LV D KLJKO\ SURPLVLQJ PDWHULDO IRU HQHUJ\ VWRUDJH DQG FRQYHUVLRQ� VHQVRUV� DQG
HQHUJ\�HIILFLHQW WZR�GLPHQVLRQDO PHPEUDQHV�>�@ 37, LV DQ H[WUHPHO\ VWDEOH PDWHULDO WKDW FDQ
ZLWKVWDQG DFLGLF DQG EDVLF HQYLURQPHQWV�>�@ DV ZHOO DV WHPSHUDWXUHV RI XS WR ��� r&� >�@ 7KLV RSHQV
XS WKH SRVVLELOLW\ RI XVLQJ 37, ILOPV IRU +� DQG 2+� WUDQVSRUW LQ HOHFWURO\WLF FHOOV� DQG WR UHFRYHU
+� GLUHFWO\ IURP WKH HIIOXHQW RI WKH VWHDP UHIRUPLQJ SURFHVV ZLWKRXW KDYLQJ WR FRRO LW GRZQ�
+RZHYHU� WKH IXOO SRWHQWLDO RI 37, FDQ RQO\ EH KDUQHVVHG E\ �L� GHYHORSLQJ D VFDODEOH VROLG�VWDWH
FKHPLVWU\ IRU WKH OD\HUHG 37,� �LL� H[IROLDWLQJ 37, FU\VWDOV LQWR VLQJOH�OD\HU QDQRVKHHWV DQG� �LLL�
GHYHORSLQJ VHOI�DVVHPEO\ VWUDWHJLHV WR SURFHVV VXFK QDQRVKHHWV LQWR FRDWLQJV RU WKLQ ILOPV ZLWK D
FRQWUROOHG QXPEHU RI OD\HUV� ,Q WKLV SUHVHQWDWLRQ� , ZLOO GLVFXVV RXU UHFHQW VXFFHVV LQ L� V\QWKHVL]LQJ
FU\VWDOOLQH 37, LQ DPELHQW�SUHVVXUH FRQGLWLRQV� LL� HIILFLHQW H[IROLDWLRQ RI 37, WR VLQJOH�OD\HU� DQG LLL�
IDEULFDWLRQ RI H[IROLDWHG 37,�EDVHG PHPEUDQHV IRU K\GURJHQ VLHYLQJ >�@� &XUUHQWO\� OD\HUHG�37, LV
V\QWKHVL]HG LQ SRWHQWLDOO\ XQVDIH YDFXXP DPSXOHV LQ PLOOLJUDP TXDQWLWLHV� ,WV FU\VWDOOL]DWLRQ WDNHV
SODFH LQ PROWHQ /L&O ZKHUH WKH UROH RI PROWHQ VDOW LV ZLGHO\ EHOLHYHG WR EH WKDW RI D VROYHQW� +HUH� ,
ZLOO GLVFXVV RXU UHVXOWV WKDW QHJDWHV WKLV K\SRWKHVLV DQG VKRZ WKDW WKH UROH RI PROWHQ /L&O LV DNLQ WR
D VWUXFWXUH GLUHFWLQJ DJHQW ZKHUH /L� DQG &O� IDFLOLWDWH DQ RUGHUHG FRQGHQVDWLRQ RI PHODP� , ZLOO
GLVFXVV RXU VFDODEOH UHDFWRU GHVLJQ ZKLFK RSHUDWHV DW DPELHQW SUHVVXUH� DQG \LHOGV VHYHUDO JUDPV
RI OD\HUHG 37, SODWHOHWV LQ D VLQJOH EDWFK ZLWK ��� \LHOG �)LJXUH �&�� , ZLOO IXUWKHU GLVFXVV KLJK�\LHOG
H[IROLDWLRQ RI 37, XVLQJ DQ DQK\GURXV VROYHQW VWUDWHJ\� 7KH WULDQJXODU QDQRSRUHV RI 37, KDYH QHYHU
EHHQ REVHUYHG EHIRUH� DWWULEXWLQJ WR WKH IDFW WKDW VLQJOH�OD\HU 37, KDYH QRW EHHQ LVRODWHG VR IDU� $
RQH�VWHS H[IROLDWLRQ XVLQJ DQK\GURXV '0$F ZLOO EH GLVFXVVHG ZKLFK OHDGV WR D KLJK SHUFHQWDJH RI
DWRP�WKLFN 37, QDQRVKHHWV �)LJXUH �'� HYLGHQFHG E\ WKH REVHUYDWLRQ RI WKH WULDQJXODU QDQRSRUHV RI
JUDSKLWLF FDUERQ QLWULGH IRU WKH ILUVW WLPH �)LJXUH �( DQG )�� 7KH VWURQJ LQWHUDFWLRQ RI '0$F
PROHFXOHV ZLWK /L� LRQV GULYHV WKH H[IROLDWLRQ DW KLJK WHPSHUDWXUHV� )LQDOO\� JDV SHUPHDWLRQ
VWXGLHV DQG ILUVW�SULQFLSOHV VLPXODWLRQV GHPRQVWUDWLQJ WKH DELOLW\ RI 37, QDQRSRUHV WR VLHYH +H DQG
+��IURP�ODUJHU�PROHFXOHV�ZLOO�EH�GLVFXVVHG��)LJXUH��*�DQG�+����

>�@ (� :LUQKLHU� HW DO�� &KHP� � $ (XU� -� ����� ��� ������ >�@ )� .� .HVVOHU� HW DO�� 1DW� 5HY�
0DWHU� ����� �� ������ >�@ .� 6FKZLQJKDPPHU� HW DO�� $QJHZ� &KHPLH ,QW� (G� ����� ��� ����� >�@
7� 6� 0LOOHU� HW DO�� 1DQR /HWW� ����� ��� ����� >�@ /�)� 9LOODORERV� HW DO�� 6FL� $GY� ����� ��
HDD\�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��9LUWXDO�3RVWHU ,&����

6WDELOL]LQJ�0ROHFXODU�&RPSOH[HV�RI�7HUELXP�,9��DQG�$FFHVVLQJ�0ROHFXODU�&RPSOH[HV�RI
3UDVHRG\PLXP�LQ�WKH��,9�2[LGDWLRQ�6WDWH�

$��5��:LOODXHU���&��7��3DOXPER���5��6FRSHOOLWL���)��)DGDHL�7LUDQL���,��=LYNRYLF���,��'RXDLU���/��0DURQ���0�
0D]]DQWL�


�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(3)/���,QVWLWXWH�RI�3K\VLFV��(3)/���,QVWLWXW�1DWLRQDO
GHV�6FLHQFHV�$SSOLTX«HV��7RXORXVH

7KH PROHFXODU FKHPLVWU\ RI ODQWKDQLGH LRQV LV GRPLQDWHG E\ WKH �,,, R[LGDWLRQ VWDWH� ,Q FRQWUDVW�
PROHFXODU FRPSOH[HV RI ODQWKDQLGHV LQ WKH �,9 R[LGDWLRQ VWDWH ZHUH OLPLWHG WR FHULXP IRU D ORQJ
WLPH� ,W LV RQO\ LQ ���� WKDW WKH ILUVW WZR H[DPSOHV RI PROHFXODU FRPSOH[HV RI 7E�,9��
>7E�26L�2W%X����@� ��7E2W%X�� DQG >7E�13�����ELV�W%X�GLDPLGRHWKDQH��1(W����@� ��7E1 3�� ZHUH
LVRODWHG� +RZHYHU� DWWHPSWV WR DFFHVV WKH DQDORJXH �>3U,9�26L�2W%X����@� IDLOHG DQG RQO\ UHVXOWHG LQ
WKH LVRODWLRQ RI D WULYDOHQW VSHFLHV� +HUH ZH VKRZ WKDW 7E�,9� FKHPLVWU\ FDQ EH H[WHQGHG WR WKH
PRQRGHQWDWH WULSKHQ\OVLOR[LGH OLJDQG ZLWK WKH LVRODWLRQ RI WKH WKLUG H[DPSOH RI D 7E�,9� PROHFXODU
FRPSOH[ >7E�26L3K����0H&1��@� ��7E3K� VKRZLQJ DQ XQVDWXUDWHG 7E FRRUGLQDWLRQ VSKHUH DQG DQ
RYHUDOO KLJKHU WKHUPRG\QDPLF DQG NLQHWLF VWDELOLW\ FRPSDUHG WR ��7E2W%X�� 0RUH LPSRUWDQWO\� ZH
GLVFRYHUHG WKDW WKLV OLJDQG FDQ DOVR OHDG WR WKH LVRODWLRQ RI WKH ILUVW PROHFXODU FRPSOH[ RI
SUDVHRG\PLXP�LQ�WKH��,9�R[LGDWLRQ�VWDWH�>3U�26L3K����0H&1��@����3U3K��

2[LGDWLRQ RI >./Q�26L3K����7+)�[@ �/Q  7E� [  �� /Q  3U� [  ��� ��/Q3K ZLWK >1�&�+�%U��@>6E&O�@
LQ 0H&1 DOORZHG WKH LVRODWLRQ RI ��7E3K DQG ��3U3K LQ �� � DQG �� � \LHOG UHVSHFWLYHO\� %RWK
��7E3K DQG ��3U3K FRPSOH[HV ZHUH FKDUDFWHUL]HG E\ ;�UD\ FU\VWDOORJUDSK\� F\FOLF YROWDPPHWU\�
PDJQHWRPHWU\� HOHFWURQ SDUDPDJQHWLF UHVRQDQFH DQG GHQVLW\ IXQFWLRQDO WKHRU\ FDOFXODWLRQV
FRUURERUDWLQJ WKH �,9 R[LGDWLRQ VWDWH� 6ROXWLRQ VWDELOLW\ VWXGLHV LQ 7+) VKRZHG D VLJQLILFDQWO\ ORZHU
GHFRPSRVLWLRQ UDWH IRU FRPSOH[ ��7E3K FRPSDUHG WR ��7E2W%X VXJJHVWLQJ D PRUH LPSRUWDQW
VWDELOL]DWLRQ RI WKH �,9 R[LGDWLRQ VWDWH E\ WKH VXSSRUWLQJ WULSKHQ\OVLOR[LGH OLJDQGV� )XUWKHUPRUH�
F\FOLF YROWDPPHWU\ H[SHULPHQWV RQ ��7E3K VKRZV UHGR[ SRWHQWLDO YDOXHV ು ��� 9 VPDOOHU
FRPSDUHG WR ��7E2W%X� 0RUH LPSRUWDQWO\� D VWDELOL]DWLRQ RI WKH � ,9 R[LGDWLRQ VWDWH ZDV QRWLFHG LQ
WKH SUHVHQFH RI RXWHUVSKHUH FRXQWHUFDWLRQV FRPSDUHG WR DONDOL PHWDO LRQV� ,QGHHG� F\FOLF
YROWDPPRJUDPV RI ��7E3K� SUHVHQWLQJ D ERXQG .� RU ��7E3K PHDVXUHG LQ WKH SUHVHQFH RI 1D�
HOHFWURO\WH VKRZ D UHGXFWLRQ SRWHQWLDO VKLIWHG ು ��� 9 WRZDUGV PRUH SRVLWLYH YDOXHV FRPSDUHG WR
��7E3K PHDVXUHG LQ D 1%X�� HOHFWURO\WH� ')7 FDOFXODWLRQV DVVLJQHG WKH LQFUHDVHG VWDELOLW\ RI
��7E3K WR D VWURQJ ͔�2૱7E� LQWHUDFWLRQ� &RPSOH[ ��3U3K VKRZV DQ R[LGDWLRQ SRWHQWLDO ZDYH DW D
YDOXH ���� 9 PRUH SRVLWLYH WKDQ ��7E3K ZKLFK LV FRQVLVWHQW ZLWK WKH VOLJKW GLIIHUHQFH LQ WKH
FDOFXODWHG UHGR[ SRWHQWLDOV RI WKH /Q�,9��/Q�,,,� FRXSOHV �/Q  7E� 3U�� )XUWKHUPRUH� FRPSXWDWLRQDO
VWXGLHV VKRZV WKDW WKH XQSDLUHG VSLQ GHQVLW\ LV RQO\ ORFDWHG DW WKH PHWDO FHQWHUV DQG WKDW ��3U3K
GLVSOD\V DQ LQFUHDVHG FRYDOHQW LQWHUDFWLRQ ZLWK WKH OLJDQG FRPSDUHG WR ��7E3K� 7KHVH QHZ UHVXOWV
SURYLGH NH\ LQIRUPDWLRQ LQ ODQWKDQLGHV WHWUDYDOHQW FKHPLVWU\ DQG SURYLGH D QHZ DUHD RI VWXG\ IRU
UHGR[�UHDFWLYLW\�DQG�VHSDUDWLRQ�FKHPLVWU\�

>�@ 3DOXPER &� 7� HW DO�� -� $P� &KHP� 6RF�� ����� ���� ���������� >�@ 5LFH 1� 7� HW DO�� -� $P�
&KHP��6RF��������������������������
>�@ :LOODXHU $� 5� HW DO�� $QJHZ� &KHP� ,QW�(G�� ����� ��� ���������� >�@ :LOODXHU $� 5� HW DO�� -� $P�
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