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&DWDO\VLV�6FLHQFH�	�(QJLQHHULQJ��3RVWHU &(����

$JLQJ�RI�0RGHO�'LHVHO�2[LGDWLRQ�&DWDO\VWV��+\GURWKHUPDO�YV�&KHPLFDO�(IIHFWV

0��$JRWH�$U£Q���&��&RIIDQR�����2��.URFKHU�����'��)HUUL�


�3DXO�6FKHUUHU�,QVWLWXW��9LOOLJHQ��6ZLW]HUODQG���3ROLWHFQLFR�GL�0LODQR��0LODQR��,WDO\���(FROH
3RO\WHFKQLTXH�GH�/DXVDQQH��/DXVDQQH��6ZLW]HUODQG

$Q LQFUHDVHG FRQFHUQ DERXW DLU SROOXWLRQ LV OHDGLQJ WR VWULQJHQW UHJXODWLRQV WR UHGXFH JDV
HPLVVLRQV LQ DOO HQHUJ\�FRQVXPLQJ DFWLYLWLHV� LQFOXGLQJ WKH DXWRPRWLYH VHFWRU� 'LHVHO HQJLQHV DUH
ZLGHO\ VSUHDG LQ ERWK KHDY\�GXW\ DQG SDVVHQJHU YHKLFOHV GXH WR WKHLU KLJK HIILFLHQF\� GXUDELOLW\
DQG ORZ RSHUDWLQJ FRVW� )RU PLWLJDWLQJ 'LHVHO HPLVVLRQV �FRPSULVLQJ RI &2� 12 DQG K\GURFDUERQV��
'LHVHO R[LGDWLRQ FDWDO\VWV �'2&� DUH XVHG >�@� $Q LPSRUWDQW WDVN RI '2& LV WR R[LGL]H 12 WR 12� WR
DVVLVW WKH GRZQVWUHDP VHOHFWLYH FDWDO\WLF UHGXFWLRQ �6&5� SURFHVV FRQYHUWLQJ 12[ LQWR 1�� ,Q RUGHU
WR GHYHORS HIILFLHQW '2&� LW LV FUXFLDO WR XQGHUVWDQG FDWDO\VW GHDFWLYDWLRQ RYHU WLPH� 7KHUPDO
VLQWHULQJ DQG FKHPLFDO SRLVRQLQJ �HVSHFLDOO\ GXH WR DFFXPXODWLRQ RI 6 DQG 3 FRPSRXQGV SUHVHQW LQ
IXHO DQG OXEH RLOV� DUH WZR LPSRUWDQW DVSHFWV WKDW FRQWULEXWH WR WKH DJLQJ RI WKH '2& >�@� 7KLV
UHVHDUFK DLPV DW LQYHVWLJDWLQJ WKH FRPELQHG HIIHFWV RI WKHUPDO DV ZHOO DV 6 DQG 3 DJLQJ RQ D
PRGHO � ZW� 3W�$O�2� FDWDO\VW SUHSDUHG E\ LQFLSLHQW ZHWQHVV LPSUHJQDWLRQ� )RU WKLV SXUSRVH� 12
R[LGDWLRQ DFWLYLW\ DQG SK\VLFR�FKHPLFDO SURSHUWLHV ZHUH HYDOXDWHG IRU FDWDO\VWV ZLWK DQG ZLWKRXW 3
�DGGHG E\ LQFLSLHQW ZHWQHVV LPSUHJQDWLRQ RI DPPRQLXP SKRVSKDWH�� DV ZHOO DV DIWHU VXEVHTXHQW
K\GURWKHUPDO DJLQJ ���� r&� �� K� DQG 62� H[SRVXUH ��� SSP� ��� r&� �� K�� :KLOH K\GURWKHUPDO
DJLQJ RI WKH IUHVK FDWDO\VW UHVXOWHG LQ D VLJQLILFDQW LQFUHDVH RI 12 FRQYHUVLRQ �)LJXUH ��� D JUDGXDO
FDWDO\VW GHDFWLYDWLRQ ZDV REVHUYHG IRU 3 DQG SDUWLFXODUO\ 6 SRLVRQHG FDWDO\VWV� 6DPSOH
FKDUDFWHUL]DWLRQ DOORZHG WR XQGHUVWDQG WKH FDWDO\VW SURSHUWLHV DIWHU HDFK WUHDWPHQW� ,W ZDV
FRQFOXGHG WKDW K\GURWKHUPDO DJLQJ SURPRWHG WKH VHYHUH VLQWHULQJ RI 3W QDQRSDUWLFOHV �IURP � WR ��
QP�� %HVLGHV FKHPLFDO SRLVRQLQJ� WKH WUHDWPHQWV ZLWK 3 DQG 6 KDG DQ HIIHFW RQ WKH 3W QDQRSDUWLFOH
PRUSKRORJ\� 3 SUHYHQWHG VHYHUH WKHUPDO VLQWHULQJ ZKLOH 62� LV NQRZQ WR SURPRWH WKH 3W
QDQRSDUWLFOH�JURZWK�>����@�

>�@ $� 5XVVHOO� :�6� (SOLQJ� &DWDO� 5HY�� ����� ��� �������� >�@ $� :LQNOHU� '� )HUUL� 5� +DXHUW� &DWDO�
7RGD\� ����� ���� O �������� >�@ ;�3� $XYUD\� /� 2OVVRQ� ,QG� (QJ� &KHP� 5HV�� ����� ���
������������
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([VROXWLRQ�RI�0HWDOOLF�5X�1DQRSDUWLFOHV�WR�,PSDUW�6WDELOLW\�RQ�&DWDO\VWV�IRU�WKH�'U\
5HIRUPLQJ�RI�0HWKDQH

0��$ZDLV�1DHHP���3��0��$EGDOD���$��)HGRURY���&��5��0¾OOHU�


�/DERUDWRU\�RI�(QHUJ\�6FLHQFH�DQG�(QJLQHHULQJ��(7+�=¾ULFK

7KH GU\ UHIRUPLQJ RI PHWKDQH �'50� FRQYHUWV WZR PDMRU JUHHQKRXVH JDVHV �&+� DQG &2�� LQWR D
XVHIXO FKHPLFDO IHHGVWRFN �V\QWKHVLV JDV��� 2ZLQJ WR WKH HOHYDWHG RSHUDWLQJ WHPSHUDWXUHV RI WKH
'50 UHDFWLRQ ��������� r&�� FDWDO\VWV W\SLFDOO\ XQGHUJR VHYHUH GHDFWLYDWLRQ� PDLQO\ GXH WR
VLQWHULQJ� FRNH GHSRVLWLRQ� DQG WKH R[LGDWLRQ RI WKH DFWLYH 0��� SKDVH�� +HUH� ZH UHSRUW RQ WKH
IRUPDWLRQ RI PHWDOOLF 5X QDQRSDUWLFOHV �13V� YLD WKH LQ VLWX H[VROXVLRQ RI 5X IURP D GHIHFWLYH�
IOXRULWH�W\SH� 6P�5X[&H��[2� �[  ���� ���� ���� VROLG VROXWLRQV� 7KH PHWKRG GHVFULEHG KHUH OHDGV WR
KLJKO\ GLVSHUVHG� VXSSRUWHG 5X��� 13V �a � QP� WKDW DUH KLJKO\ DFWLYH IRU WKH '50 DQG� DW WKH
VDPH WLPH� VKRZ H[FHOOHQW WKHUPDO VWDELOLW\� 7KH LQFRUSRUDWLRQ RI UXWKHQLXP LQWR WKH 6P�&H�2�
ODWWLFH ZDV FRQILUPHG E\ ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ �;$6 DW 5X� 6P DQG &H .૯HGJHV�� ;�UD\
GLIIUDFWLRQ �;5'�� 5DPDQ VSHFWURVFRS\ DQG WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\� 7KH H[VROXWLRQ RI 5X
QDQRSDUWLFOHV ZDV VWXGLHG E\ WLPH�UHVROYHG� FRPELQHG ;$6 DQG ;5' XQGHU WHPSHUDWXUH
SURJUDPPHG UHGXFWLRQ� 8VLQJ ;5' DQDO\VLV� ZH REVHUYH WKDW WKH H[VROXWLRQ RI 5X��� 13V LV
DFFRPSDQLHG E\ D UHDUUDQJHPHQW RI R[\JHQ YDFDQFLHV ZLWKLQ WKH FU\VWDO ODWWLFH� ,PSRUWDQWO\� WKLV
WUDQVIRUPDWLRQ SURFHVV LV UHYHUVLEOH� 7KH RULJLQDO VWUXFWXUH RI WKH VROLG VROXWLRQ FDQ EH UHVWRUHG E\
WKH UH�GLVVROXWLRQ RI WKH H[VROYHG 5X 13V YLD DLU R[LGDWLRQ� 7KH PDWHULDOV ZHUH WHVWHG IRU '50 DQG
VKRZ RQO\ ೩ � � GHDFWLYDWLRQ DIWHU FD� ��� K WLPH RQ VWUHDP DW ��� r&� )XUWKHU XQGHUOLQLQJ WKLV
SHUIRUPDQFH� EHQFKPDUN FDWDO\VWV SUHSDUHG E\ ZHWQHVV LPSUHJQDWLRQ DQG VRGLXP ERURK\GULGH
UHGXFWLRQ PHWKRGV GLVSOD\ LQIHULRU VWDELOLW\� ORVLQJ FD� � DQG �� � RI WKH LQLWLDO DFWLYLW\ DIWHU RQO\
���K�RQ�VWUHDP��UHVSHFWLYHO\�

�

)LJXUH �� �D� ,Q VLWX ;$1(6� �E� ;5' SURILOH �͏ ������ �� RI 6P�5X���&H���2� XQGHU UHGXFLQJ DQG
'50 FRQGLWLRQV� �F� 67(0 LPDJH RI WKH UHGXFHG FDWDO\VW� �G� &RQYHUVLRQ RI &+� DQG &2� DQG +��&2
UDWLR�ZLWK�726�XQGHU�'50�FRQGLWLRQV�DW�����r&�

>�@�'HYHQGUD�3DNKDUH�DQG�-DPHV�6SLYH\��&KHPLFDO�6RFLHW\�5HYLHZV����������������૱�����
>�@ 6LEXGMLQJ .DZL� <DVRWKD .DWKLUDVHU� -XQ 1L� 8VPDQ 2HPDU� =LZHL /L� (QJ 7RRQ 6DZ�
&KHP6XV&KHP����������������૱�����
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,Q�VLWX�IRUPHG�KLJKO\�VWDEOH�&X�$O�FDWDO\VW�IRU�WKH�5HYHUVH�:DWHU�*DV�6KLIW�UHDFWLRQ

$��%DKPDQSRXU���)��+«URJXHO���&��%DUDQRZVNL���/��$UWLJOLD���-��6��/XWHUEDFKHU���8��5¸WKOLVEHUJHU���0�
.LOLF���2��.URFKHU���


�(3)�/DXVDQQH���3DXO�6FKHUUHU�,QVWLWXWH

([FHVVLYH HPLVVLRQ RI &2� DQG RWKHU JUHHQKRXVH JDVHV KDV FDXVHG FULWLFDO LVVXHV VXFK DV VHYHU
FKDQJHV LQ FOLPDWH DQG HFRV\VWHP� 6LQFH WKLV LVVXH KDV EHHQ QRWHG� WKH FDWDO\VLV VRFLHW\ KDV
WDFNOHG LW WKURXJK LQWURGXFWLRQ RI YDULRXV FDWDO\VWV WR FRQYHUW WKH JUHHQKRXVH JDVHV DQG &2�
VSHFLILFDOO\ WR YDOXH�DGGHG FKHPLFDOV VXFK DV PHWKDQRO >�@� &RQYHUVLRQ RI &2� WR &2� DOVR NQRZQ
DV WKH 5HYHUVH :DWHU *DV 6KLIW �5:*6� UHDFWLRQ KDV UHFHQWO\ JDLQHG PRUH DWWHQWLRQ WR SURGXFH
V\QJDV� 5:*6 UHDFWLRQ� KRZHYHU� UHTXLUHV KLJK WHPSHUDWXUH VLQFH LW LV WKHUPRG\QDPLFDOO\ OLPLWHG
DW ORZHU WHPSHUDWXUHV� &RSSHU�EDVHG FDWDO\VWV ZKLFK DUH KLJKO\ DFWLYH DQG VHOHFWLYH EXW VXIIHU
IURP VLQWHULQJ DW KLJK WHPSHUDWXUHV� +HUH LQ WKLV VWXG\� D FRSUHFLSLWDWHG &X�$O FDWDO\VW LV
LQWURGXFHG ZKLFK LV QRW RQO\ KLJKO\ DFWLYH WRZDUGV IRUPDWLRQ RI &2 IURP &2� WKURXJK WKH 5:*6
UHDFWLRQ ���� &2� FRQYHUVLRQ DW :+69  ������� P/ J�� K���� EXW DOVR KLJKO\ VWDEOH DW ��� r& �QR
VLJQ RI GHDFWLYDWLRQ DIWHU �� K�� 7KLV DFWLYLW\� VR IDU LV WKH KLJKHVW DFKLHYHG XVLQJ D FRSSHU�EDVHG
FDWDO\VW IRU WKLV UHDFWLRQ� 7KLV FDWDO\VW ZDV FRPSDUHG WR D FRQYHQWLRQDO &X�$O�2� FDWDO\VW ZKLFK
VHUYHG DV D UHIHUHQFH PDWHULDO� $ FRPPHUFLDO &X�=Q2�$O�2� DOVR ZDV WHVWHG IRU WKLV UHDFWLRQ IRU
FRPSDULVRQ� $PELHQW SUHVVXUH ;36 �$3;36�� &2�'5,)76� +��735� 1� SK\VLVRUSWLRQ� ,&3�2(6� ;5'�
(35� HWF� ZHUH XVHG WR FKDUDFWHUL]H WKH FDWDO\VWV DQG WR YHULI\ WKH UHDVRQV IRU GLIIHUHQW DFWLYLW\ DQG
VWDELOLW\ RI WKH FDWDO\VWV� 7KH UHVXOWV RI WKH FDWDO\WLF WHVW DUH VKRZQ LQ )LJXUH �� ,W FDQ EH VHHQ WKDW
�&X�$O�2� RXWSHUIRUPHG ERWK &X�=Q2�$O�2� DQG &X�$O�2� LQ WHUPV RI ERWK DFWLYLW\ DQG
VWDELOLW\� 7KURXJK FDWDO\VWV FKDUDFWHUL]DWLRQ PHWKRGV VXFK DV +��735 DQG (35� LW ZDV FRQFOXGHG
WKDW KLJKHU FRQFHQWUDWLRQ RI LVRODWHG &X�� LRQV ZHUH IRXQG RQ �&X�$O�2� FDWDO\VW ZKLFK FRXOG IRUP
VWURQJ PHWDO�VXSSRUW LQWHUDFWLRQV �606,�� %DVHG RQ WKH OLWHUDWXUH� LW LV NQRZQ WKDW LVRODWHG &X��
LRQV LQ WKH SUHVHQFH RI VWHDP �ZKLFK LQ WKLV FDVH FRXOG EH IRUPHG WKURXJK +� WUHDWPHQW� FDQ UHDFW
ZLWK DOXPLQD WR IRUP D VXUIDFH VSLQHO >�@� WKH H[LVWHQFH RI ZKLFK ZDV FRQILUPHG WKURXJK $3;36
DQG &2�'5,)76� 7KHUHIRUH� LW ZDV FRQILUPHG WKDW WKH DFWLYH VXUIDFH SDUWLFLSDWLQJ LQ WKH UHDFWLRQ
ZDV &X�$O VXUIDFH VSLQHO ZKLFK ZDV IRUPHG LQ�VLWX GXULQJ WKH +� WUHDWPHQW EHIRUH WKH UHDFWLRQ�
%DVHG RQ ')7 VWXGLHV� LW ZDV FRQFOXGHG WKDW GRXEO\ IROGHG &X LRQV DV ZHOO DV WKUHHIROG VXUIDFH
R[\JHQ�DWRPV�FRQVWLWXWH�WKH�DFWLYH�VLWHV�RI�WKLV�FDWDO\VW�SDUWLFLSDWLQJ�LQ�WKLV�UHDFWLRQ�

>�@ 1LDOO 0DF'RZHOO� 1LFN )ORULQ� $QWRLQH %XFKDUG� -DVRQ +DOOHWW� $PSDUR *DOLQGR� *HRUJH -DFNVRQ�
&ODLUH $GMLPDQ� &KDUORWWH :LOOLDPV� 1LOD\ 6KDK� 3DXO )HQQHOO� (QHUJ\ 	 (QYLURQPHQWDO
6FLHQFH���������������������
>�@ -L\DQJ <DQ� *XDQGDR /HL� :ROIJDQJ 6DFKWOHU� +DUROG .XQJ� -RXUQDO RI &DWDO\VLV� ����� ����
������
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(OHFWURFKHPLFDO�VWDELOLW\�DQG�PHFKDQLVWLF�VWXGLHV�RI�PL[HG�R[LGHV�XSRQ�ZDWHU�R[LGDWLRQ
LQYHVWLJDWHG�E\�LQ�VLWX�HOHFWURFKHPLFDO�;$6

6��(��%DODJKL���*��5��3DW]NH�


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

(IILFLHQW DQG GXUDEOH HOHFWURFDWDO\VWV DUH QHFHVVDU\ IRU R[\JHQ HYROXWLRQ UHDFWLRQ �2(5� ZKLFK LV
DQ HVVHQWLDO UHDFWLRQ LQ UHFKDUJHDEOH PHWDO�DLU� PHWDO�2� EDWWHULHV DQG ZDWHU VSOLWWLQJ GHYLFHV�>�@
'HVSLWH SURPLVLQJ UHVHDUFKHV RQ DSSOLFDWLRQ RI PL[HG R[LGHV LQ 2(5� WKHLU VWDELOLW\ GXULQJ ORQJ�
WHUP ZDWHU VSOLWWLQJ UHDFWLRQV LV VWLOO ZLGHO\ XQH[SORUHG� 2Q WKH FRQWUDU\� LW KDV WR EH QRWLFHG WKDW
WKH QXPEHU RI PL[HG R[LGH PDWHULDOV ZLWK 2(5 DFWLYLW\ GRHV QRW FHDVH WR JURZ� PDNLQJ WKH WRSLF
HYHQ PRUH SURPLVLQJ� 7KH DOPRVW LQILQLWH SRVVLEOH FRPSRVLWLRQV RI PL[HG R[LGHV PDNH LW D JUHDW
FKDOOHQJH WR ILQG WKH VWDEOH DQG WUXH DFWLYH VSHFLHV RI WKHP GXULQJ 2(5� +HUHLQ� ZH VWXG\ WKH
VWDELOLW\ DQG FRQYHUVLRQ EHKDYLRU RI /L1L����0Q����&R����2� PL[HG R[LGH DV D ZHOO�NQRZQ PL[HG R[LGH
LQ 2(5� 7KH WUDQVLWLRQ PHFKDQLVP RI WKLV FRPSRXQG� DV ZHOO DV WKH WUXH DFWLYH VLWHV GXULQJ WKH 2(5
DUH VWXGLHV E\ DSSO\LQJ LQ�VLWX HOHFWURFKHPLFDO ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ VXFK DV ;�UD\
DEVRUSWLRQ QHDU HGJH VWUXFWXUH �;$1(6� DQG H[WHQGHG ;�UD\ DEVRUSWLRQ ILQH VWUXFWXUH �(;$)6�
PHWKRGV� )XUWKHUPRUH� WKLV FRQYHUVLRQ SURFHVV KDV UHLQYHVWLJDWHG E\ VHYHUDO H[�VLWX PHWKRGV VXFK
DV ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\ �;36�� SRZGHU ;�UD\ GLIIUDFWLRQ �3;5'�� 5DPDQ VSHFWURVFRS\�
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\� �7(0�� VFDQQLQJ HOHFWURQ PLFURVFRS\ �6(0�� F\FOLF YROWDPPHWU\
�&9���OLQHDU�VZHHS�YROWDPPHWU\��/69��DQG�(OHFWURFKHPLFDO�LPSHGDQFH�VSHFWURVFRS\��(,6��

>�@ :� 7� +RQJ� 0� 5LVFK� .� $� 6WRHU]LQJHU� $� *ULPDXG� -� 6XQWLYLFK� <� 6KDR�+RUQ� (QHUJ\
(QYLURQ��6FL����������������
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,Q�VLWX�VSDWLDO�UHVROXWLRQ�LQ�FDWDO\VLV

$��%HFN�����;��+XDQJ���0��=DELOVNL\���/��$UWLJOLD�����0��*��:LOOLQJHU�
��-��$��YDQ�%RNKRYHQ���


�,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+�=XULFK���6FLHQWLILF�&HQWHU�IRU�2SWLFDO�DQG�(OHFWURQ
0LFURVFRS\��6FRSH0���(7+�=¾ULFK���/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO

6FKHUUHU�,QVWLWXWH���/DERUDWRU\�RI�(QYLURQPHQWDO�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH

7KH SKHQRPHQRQ RI VWURQJ PHWDO�VXSSRUW LQWHUDFWLRQV �606,� LQ FDWDO\WLF V\VWHPV ZDV GLVFRYHUHG
�� \HDUV DJR >�@� 606, ZDV REVHUYHG LQ PHWDO FDWDO\VWV VXSSRUWHG XSRQ UHGXFLEOH R[LGHV VXFK DV
7L2� DQG PDQLIHVWV DV D SURIRXQG ORVV RI FKHPLVRUSWLRQ FDSDELOLW\ DIWHU KLJK�WHPSHUDWXUH
UHGXFWLRQ� 7KH DEVRUSWLRQ VWUHQJWK RI PROHFXOHV RQ FDWDO\WLF VXUIDFHV LV WKH NH\ IDFWRU IRU LWV
DFWLYLW\� 7KXV� WKLV SKHQRPHQRQ LV RI XWWHUPRVW LPSRUWDQFH DQG LV KHDYLO\ GHEDWHG� ,Q WKH ��V� WKH
FRYHUDJH RI WKH PHWDO E\ VXSSRUW VSHFLHV DIWHU UHGXFWLRQ ZDV GHWHFWHG >�@� (YHU VLQFH� WKH RSLQLRQ
VROLGLILHG WKDW SDUWLDOO\ UHGXFHG R[LGH VSHFLHV FUHHS RYHU WKH PHWDO VXUIDFH DQG WKHUHE\ FDXVH WKH
HQFDSVXODWLRQ� 7KH SURFHVV LV EHOLHYHG WR EH UHYHUVLEOH E\ D KLJK WHPSHUDWXUH R[\JHQ WUHDWPHQW�
+RZHYHU� RQ UHDO FDWDO\WLF V\VWHPV OLWWOH SURRI IRU WKHVH DVVXPSWLRQV H[LVWV DV WKHVH HIIHFWV KDYH
DOPRVW XELTXLWRXVO\ EHHQ VWXGLHG LQ DQ H[ VLWX PDQQHU� ,W LV KLJK WLPH WR LQYHVWLJDWH VWURQJ PHWDO�
VXSSRUW LQWHUDFWLRQV ZLWK VWDWH�RI�WKH�DUW FKDUDFWHUL]DWLRQ WRROV WR FODULI\ DQG VHWWOH D VFLHQWLILF
DUJXPHQW H[LVWLQJ IRU GHFDGHV� :H SUHVHQW D FRPELQHG LQYHVWLJDWLRQ RI RSHUDQGR WUDQVPLVVLRQ
HOHFWURQ PLFURVFRS\ �7(0�� DPELHQW SUHVVXUH ;�UD\ SKRWR HPLVVLRQ VSHFWURVFRS\ �;36� DQG LQ
VLWX SRZGHU ;�UD\ GLIIUDFWLRQ �3;5'�� 2XU RQJRLQJ VWXGLHV RQ WKH SURWRW\SLFDO 3W�7L2� V\VWHP �)LJ��
UHYHDOHG WKDW WKH V\VWHP DFWXDOO\ EHKDYHV GLDPHWULFDOO\ RSSRVLWH WR WKH IRUPHU XQGHUVWDQGLQJ� $W
KLJK WHPSHUDWXUHV LQ 2� D PRVWO\ FU\VWDOOLQH 7L2� RYHUOD\HU RQ 3W QDQRSDUWLFOHV LV VWDEOH DQG +�
UHGXFWLRQ UHGXFHV WKH WKLFNQHVV RI WKLV OD\HU� :H WKHUHIRUH VXJJHVW WKDW VSHFXODWLRQV LQ WKH
RULJLQDO ZRUN RQ DOOR\ IRUPDWLRQ DV ILUVW VWHS FRXOG OHDG WR D UHDO XQGHUVWDQGLQJ RI WKH G\QDPLF
EHKDYLRXU RI WKLV V\VWHP� 7KLV ZRXOG KDYH VHYHUH FRQVHTXHQFHV RQ WKH XQGHUVWDQGLQJ RI LPSRUWDQW
FODVV RI R[LGH VXSSRUWHG PHWDO FDWDO\VWV� 7(0 YLGHRV RI WKH 7L2� HQFDSVXODWLRQ JURZWK DQG
GHFUHDVH�XQGHU�UHDOLVWLF�FRQGLWLRQV�VXSSRUWHG�ZLWK�LQ�VLWX�;36�ZLOO�EH�SUHVHQWHG�

)LJXUH� 7KH IRUPDWLRQ RI D FU\VWDOOLQH 7L2� RYHUJURZWK XQGHU 2� DQG WKH GHFUHDVH WR DQ DPRUSKRXV
VLQJOH�OD\HU�LQ�+��E\�RSHUDQGR�7(0�

>�@�6��-��7DXVWHU��)��&��)XQJ��5�/��*DUWHQ��-�$P�&KHP�6RF����������������������
>�@�$��'��/RJDQ��(��-��%UDXQVFKZHLJ��$��.��'DW\H��'��-��6PLWK��/DQJPXLU���������������
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+\GURJHQ�RQ�&X�=Q2�FDWDO\VWV

$��%RUJVFKXOWH�����-��7HUUHQL�����2��6DPEDORYD������3��7UWLN�

�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���$GYDQFHG�$QDOD\WLFDO�7HFKQRORJLHV���/DERUDWRU\�IRU�1HXWURQ
6FDWWHULQJ�DQG�,PDJLQJ��/16����8=+

5HFHQWO\� WKH FDUHIXO VWUXFWXUDO DQDO\VLV RI HVWDEOLVKHG LQGXVWULDO PHWKDQRO FDWDO\VWV WULJJHUHG WKH
K\SRWKHVLV WKDW ]LQF R[LGH KDV WKH LGHDO UHGXFLELOLW\ WR FDWDO\VH PHWKDQRO V\QWKHVLV� ZKLFK ZDV
IRXQG WR EH D FRQVHTXHQFH RI WKH VWDELOLW\ RI WKH &X�=Q2 QDQR�FRPSRVLWH ZLWK WKH ULJKW EXON
GHIHFWV� DQG SHFXOLDU LQWHUIDFH DQG VXUIDFH VWUXFWXUHV� 7KH DXWKRUV FRQFOXGHG WKDW WKH IXQFWLRQLQJ
RI WKH PHWKDQRO FDWDO\VW �FRXOG EH IXUWKHU HYDOXDWHG LI D PHWKRG RI TXDQWLWDWLYHO\ UHODWLQJ WKH
UHGXFLELOLW\ WR WKH FDWDO\WLF SURSHUWLHV FRXOG EH IRXQG�� >�@ 2XU DSSURDFK LV EDVHG RQ WKH
LQWHUDFWLRQ RI QHXWURQV ZLWK PDWWHU� ZKLFK LV LVRWRSH VHOHFWLYH� 7KH PHWKRG DOORZV IRU WKH
TXDQWLILFDWLRQ RI WKH DEVROXWH DPRXQW RI K\GURJHQ FRQWDLQLQJ FRPSRXQGV RQ D FDWDO\VW RYHU WKH
FRXUVH RI WKH UHDFWLRQ� DQG E\ UHODWLQJ WR WKH VXUIDFH DUHD� WKH QXPEHU RI RFFXSLHG VLWHV LV
HVWLPDWHG� 7KH VLPSOLFLW\ RI WKH PHWKRG PDNHV LW LGHDO WR DSSO\ LW WR GLIIHUHQW FDWDO\VW V\VWHPV� LQ
SDUWLFXODU� ZH DUH DEOH WR PHDVXUH WKH FRQFHSWXDO SDUDPHWHU �UHGXFLELOLW\� E\ K\GURJHQ GHXWHULXP
H[FKDQJH SUREHG E\ QHXWURQV� ,Q DGGLWLRQ� ZH PLPLF WKH QHXWURQ H[SHULPHQWV E\ K\GURJHQ
GHXWHULXP H[FKDQJH LQ ODERUDWRU\ H[SHULPHQWV� L�H�� WKH PHDVXUHPHQW RI ZHLJKW FKDQJHV XSRQ
+�'�H[FKDQJH�DQG�GLIIXVLYH�UHIOHFWDQFH�LQIUDUHG�VSHFWURVFRS\�

/HIW JUDSK� �H[FHVV K\GURJHQ� RQ D &X�=Q2 FDWDO\VW DV GHWHUPLQHG E\ 1HXWURQ LPDJLQJ XQGHU
RSHUDWLQJ FRQGLWLRQV DW �� EDU K\GURJHQ DV D IXQFWLRQ RI WKH &2� FRQFHQWUDWLRQ DQG WHPSHUDWXUH�
6LPXOWDQHRXVO\��WKH�0H2+�\LHOG��PLGGOH�JUDSK��DQG�&2�\LHOG��ULJKW�JUDSK��LV�PHDVXUHG�

7KH PDLQ RXWFRPH LV WKDW K\GURJHQ UHGXFWLRQ RI &X�=Q2 QDQR�FRPSRVLWHV PRGLILHV WKH FDWDO\VW LQ
ZD\ WKDW DW RSHUDWLQJ WHPSHUDWXUH K\GURJHQ LV G\QDPLFDOO\ DEVRUEHG DQG WKHUHE\ WKH
H[WUDRUGLQDU\ JRRG FDWDO\VLV RI FRSSHU LI VXSSRUWHG E\ =Q2 LV LWV DELOLW\ WR DFW DV D K\GURJHQ
UHVHUYRLU VXSSO\LQJ K\GURJHQ WR WKH VXUIDFH FRYHUHG E\ &2�� LQWHUPHGLDWHV� DQG SURGXFWV GXULQJ
FDWDO\VLV� 7KLV IRUP RI K\GURJHQ DWWDFKPHQW UHODWHG WR WKH UHGXFLELOLW\ RI FDWDO\VWV LV WR EH
GLVWLQJXLVKHG IURP FRPPRQ K\GURJHQ DG� RU DEVRUSWLRQ� 7KLV LV PDQLIHVWHG E\ LWV WHPSHUDWXUH
GHSHQGHQFH� WKH DPRXQW RI K\GURJHQ LQ &X�=Q2 FDWDO\VWV SHDNV DW D WHPSHUDWXUH� ZKLFK FRLQFLGHV
ZLWK�WKH�RSWLPXP�UHDFWLRQ�WHPSHUDWXUH��LQ�FRQWUDVW�WR�WKH�DGVRUSWLRQ�RI�K\GURJHQ�

>�@�-HIIUH\�*UHHOH\��$FWLYH�6LWH�RI�DQ�,QGXVWULDO�&DWDO\VW��6FLHQFH�����������������
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6HOHFWLYLW\�'HVFULSWRUV�IRU�1LFNHO�&DWDO\VWV�EDVHG�RQ�7DLORUHG�&DUERQV�LQ�WKH
(OHFWURUHGXFWLRQ�RI�&2�

6��%¾FKHOH���$��-��0DUWLQ���6��0LWFKHOO���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG

7KH GLUHFW HOHFWURFKHPLFDO UHGXFWLRQ RI &2� WR YDOXDEOH SURGXFWV UHFHLYHV FRQVLGHUDEOH LQWHUHVW DV
D SRVVLEOH VWUDWHJ\ IRU PDQDJLQJ WKH JOREDO FDUERQ EDODQFH�� 6LQJOH�DWRP FDWDO\VWV �6$&V� EDVHG
RQ QLFNHO DQG LURQ DUH UHSRUWHG WR EH KLJKO\ VHOHFWLYH IRU WKLV UHDFWLRQ� UHDFKLQJ KLJK )DUDGDLF
HIILFLHQF\ WRZDUGV &2�� 'HVSLWH WKH SURPLVLQJ UHVXOWV� XQGHUVWDQGLQJ RI WKH VWUXFWXUH�IXQFWLRQ
UHODWLRQVKLSV JRYHUQLQJ WKH SHUIRUPDQFH RI 6$&V UHPDLQV OLPLWHG� )XUWKHUPRUH� UHFHQW ZRUN
LQGLFDWHG WKDW VXUIDFH�PRGLILHG QLFNHO QDQRSDUWLFOHV RQ FDUERQ�EDVHG VXSSRUWV FRXOG DOVR GLVSOD\
KLJK VHOHFWLYLW\ OHDGLQJ WR XQFHUWDLQW\ RYHU WKH QDWXUH RI WKH RSWLPDO DFWLYH VLWH�� +HUH� ZH SUHSDUH
D VHULHV RI QLFNHO FDWDO\VWV FRPSULVLQJ VLQJOH DWRPV DQG QDQRSDUWLFOHV VXSSRUWHG RQ FDUERQ
QDQRWXEHV DQG QLWURJHQ�GRSHG DQDORJXHV� �)LJXUH ��� 7KH PHWDO VSHFLDWLRQ LV FRQWUROOHG E\
YDU\LQJ WKH QLWURJHQ FRQWHQW LQ WKH KRVW� WKH DPRXQW RI PHWDO LQWURGXFHG� DQG WKH WHPSHUDWXUH RI
WKHUPDO DFWLYDWLRQ� 7KH GHSRVLWLRQ RI FROORLGDO QDQRSDUWLFOHV HQVXUHV WKH DEVHQFH RI VLQJOH DWRPV�
ZKLOH QDQRSDUWLFOH�IUHH V\VWHPV DUH GHULYHG E\ VHOHFWLYH DFLG OHDFKLQJ� 'HWDLOHG FKDUDFWHUL]DWLRQ RI
WKH PHWDO VSHFLDWLRQ DQG HOHFWURQLF SURSHUWLHV GLVWLQJXLVKHV WKH FRQWULEXWLRQ RI WKH GLVWLQFW QLFNHO
VSHFLHV��LGHQWLI\LQJ�SHUIRUPDQFH�GHVFULSWRUV�

)LJXUH � 6\QWKHVLV RI GLVWLQFW QLFNHO VSHFLHV RQ QLWURJHQ�GRSHG FDUERQV DQG FRUUHVSRQGLQJ
)DUDGDLF�HIILFLHQFLHV�LQ�WKH�HOHFWURFKHPLFDO�&2��UHGXFWLRQ�UHDFWLRQ�

>�@�2��/DUUD]£EDO��$��-��0DUW¯Q��-��3«UH]�5DP¯UH]��-��3K\V��&KHP��/HWW�����������������
>�@ :� -X� $� %DJJHU� *��3� +DR� $� 6� 9DUHOD� ,� 6LQHY� 9� %RQ� %� 5� &XHQ\D� 6� .DVNHO� -� 5RVVPHLVO�
3��6WUDVVHU��1DW��&RPPXQ����������������
>�@ 0� -LD� &� &KRL� 7��6� :X� &� 0D� 3� .DQJ� +� 7DR� 4� )DQJ� 6� +RQJ� 6� /LX� <��/� 6RR� <� -XQJ� -�
4LX��=�6XQ��&KHP��6FL���������������
>�@ 6� %¾FKHOH� =� &KHQ� 6� 0LWFKHOO� 5� +DXHUW� )� .UXPHLFK� -� 3«UH]�5DP¯UH]�&KHP&DW&KHP�
������GRL���������FFWF����������5��
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0HWDO�2UJDQLF�)UDPHZRUNV�IRU�&DWDO\VLV��D�V\VWHPDWLF�VWXG\�RI�WKHLU�VWDELOLW\

'��&DUWDJHQRYD�����)��$��3HL[RWR�(VWHYHV�����-��$��YDQ�%RNKRYHQ�����0��5DQRFFKLDUL�


�3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ�36,��6ZLW]HUODQG���(7+�=¾ULFK��=¾ULFK��6ZLW]HUODQG

0HWDO�2UJDQLF )UDPHZRUNV DUH SURPLVLQJ PDWHULDOV IRU KHWHURJHQHRXV FDWDO\VLV�>�@ 7KHLU KLJK
VXUIDFH DUHD DQG FKHPLFDO YHUVDWLOLW\ KDV VKRZQ SRWHQWLDO LQ FDWDO\WLF DSSOLFDWLRQV DLPHG DW WKH
V\QWKHVLV RI RUJDQLF PROHFXOHV�>�@ 7KH VWUXFWXUH RI WKHVH PDWHULDOV DOORZV D UDWLRQDO GHVLJQ RI WKHLU
VWUXFWXUH DQG V\QWKHVLV ZLWK FKHPLFDO FRQWURO DW WKH DWRPLF OHYHO�>�@ 'HVSLWH WKHVH SURSHUWLHV� WKH\
DUH QRW JHQHUDOO\ DFFHSWHG DV SRWHQWLDO FDWDO\VWV� DW OHDVW SDUWLDOO\ EDVHG RQ FRQFHUQ DERXW WKHLU
VWDELOLW\� 02)V GR QRW VKRZ KLJK WKHUPDO DQG K\GURWKHUPDO VWDELOLW\ FRPSDUHG WR RWKHU LQRUJDQLF
PDWHULDOV�>�@ +RZHYHU� VXFK FRQGLWLRQV DUH QRW UHOHYDQW IRU RUJDQLF UHDFWLRQV� 6LQFH WKHUH LV D
JHQHUDO FRQVHQVXV DERXW WKH SRWHQWLDOLW\ LQ FDWDO\]LQJ FRPSOH[ RUJDQLF WUDQVIRUPDWLRQV�>�@ GDWD
DERXW WKHLU VWDELOLW\ LQ RUJDQLF VROYHQWV LV QHHGHG� :H V\VWHPDWLFDOO\ VWXGLHG WKH EHKDYLRU RI
ZLGHO\ XVHG 02)V ZLWK WRSRORJLHV VXFK DV 0,/����� 02)���� 8L2���� 02)�� DQG =,)��� DIWHU
WUHDWPHQW ZLWK RUJDQLF VROYHQWV DQG LQRUJDQLF DQG RUJDQLF DFLGV DQG EDVHV� 7KHLU VWDELOLW\ ZDV
DVVHVVHG YLD ;�UD\ GLIIUDFWLRQ DQG QLWURJHQ SK\VLVRUSWLRQ� :H H[SORUHG WKH HIIHFW RI WKH VROYHQW
XVHG� RI WKH H[FHVV DQG WKH VWUHQJWK RI WKH DFLG RU EDVH DQG RI WKH PHWDO LRQ LQ WKH QRGHV RI WKH
IUDPHZRUN� 7KHUH LV D FRPSOLFDWHG GHSHQGHQFH RQ PDQ\ SDUDPHWHUV� VLQFH WKH VROYHQW DIIHFWV
ERWK WKH VWDELOLW\ RI WKH IUDPHZRUN DQG WKH VWUHQJWK DQG VROXELOLW\ RI WKH DFLG RU EDVH� 7KH 02)V
VWXGLHG SURYHG WR EH SDUWLDOO\ FRPSDWLEOH ZLWK EDVHV RU DFLGV LQ RUJDQLF VROYHQWV DQG FDQ EH XVHG
WR FDWDO\]H RUJDQLF WUDQVIRUPDWLRQV� 7KH VWDELOLW\ LV VWURQJO\ GHSHQGHQW RQ WKH V\VWHP DQG RQ WKH
FRQGLWLRQV�XVHG�

>�@�+��)XUXNDZD��.��(��&RUGRYD��0��2૷.HHIIH��2��0��<DJKL��6FLHQFH�����������
>�@�0��5DQRFFKLDUL��-��$��Y��%RNKRYHQ��3&&3���������������������
>�@�&��'��:X��$��+X��/��=KDQJ��:��/LQ��-��$P��&KHP��6RF�����������������������
>�@ $� -� +RZDUWK� <� /LX� 3� /L� =� /L� 7� &� :DQJ� -� 7� +XSS� 2� .� )DUKD� 1DWXUH 5HYLHZV
0DWHULDOV����������������
>�@�$��&RUPD��+��*DUF¯D��)��;��/ODEU«V�L�;DPHQD��&KHP��5HY�����������������������
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1�KHWHURF\FOHV�IRU�+\GURJHQ�6WRUDJH�DQG�'HOLYHU\�XVLQJ�+RPRJHQHRXV�5XWKHQLXP�,,�
3KRVSKLQH�&DWDO\VWV

/��&KHQ���3��-��'\VRQ�
��*��/DXUHQF]\�


�(3)/�/DXVDQQH

+\GURJHQ FRXOG EHFRPH D PDMRU HQHUJ\ FDUULHU LI VDIH DQG VXLWDEOH ZD\V WR VWRUH DQG GHOLYHU
K\GURJHQ DUH GHYHORSHG� /LTXLG 2UJDQLF +\GURJHQ &DUULHU �/2+&� FRPSRXQGV UHSUHVHQW DQ
DWWUDFWLYH ZD\ WR SURYLGH K\GURJHQ IRU PRELOH DSSOLFDWLRQV DV WKH\ KDYH VLPLODU HQHUJ\ VWRUDJH
GHQVLWLHV DQG PDQDJHDELOLW\ DV IRVVLO IXHOV�� &RPSDUHG WR F\FORDONDQHV� 1�KHWHURF\FOHV KDYH ORZHU
HQWKDOS\ FKDQJHV ̩+� LQ GHK\GURJHQDWLRQ DQG K\GURJHQDWLRQ UHDFWLRQV� WKXV 1�KHWHURF\FOHV FRXOG
EH�VXLWDEOH�FDQGLGDWHV�DV�/2+&V��૱�

,Q WKH SUHVHQW ZRUN� ZH LQYHVWLJDWHG WKH K\GURJHQDWLRQ DQG GHK\GURJHQDWLRQ RI D VHULHV RI 1�
KHWHURF\FOHV FDWDO\]HG E\ KRPRJHQHRXV 5X�,,� SKRVSKLQH FRPSOH[HV� L�H� ZLWK PHWD�WULVXOIRQDWHG
WULSKHQ\OSKRVSKLQH �P73376�� PHWD�GLVXOIRQDWHG WULSKHQ\OSKRVSKLQH �P733'6�� PHWD�
PRQRVXOIRQDWHG WULSKHQ\OSKRVSKLQH �P73306� DQG WULSKHQ\OSKRVSKLQH �33K��� :LWK 5X�P73376 LQ
���+�2�'0)� WKH \LHOG IRU WKH GHK\GURJHQDWLRQ RI ��������WHWUDK\GURTXLQRDOLQH DW ��� ஖ LV ����
DQG WKH \LHOG IRU WKH K\GURJHQDWLRQ RI TXLQR[DOLQH DW �� ஖ DQG �� EDU +� LV ���� 7KHVH UHDFWLRQV
ZHUH�PRQLWRUHG�E\�105�VSHFWURVFRS\�WR�REWDLQ�PHFKDQLVWLF�LQVLJKWV��)LJ��������

$FNQRZOHGJHPHQWV

7KH�DXWKRUV�DUH�JUDWHIXO�WR�WKH�6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�DQG�(3)/�IRU�ILQDQFLDO�VXSSRUW�

>�@�$QGUHZ�'DOHEURRN��:HLMLD�*DQ��&KHPLFDO�&RPPXQLFDWLRQ���������������������૱�����
>�@ 0DVDKLUR 1DJDR� .D]X\R .RED\DVKL� -RXUQDO RI WKH (OHFWURFKHPLFDO 6RFLHW\� ����� ��� ����
���૱����
>�@�'DQLHO�7HLFKPDQQ��:ROIJDQJ�$UOW��(QHUJ\�	�(QYLURQPHQWDO�6FLHQFH������������૱�����
>�@�3KLOLSSH�0DNRZVNL��$UQH�7KRPDV��(QHUJ\�	�(QYLURQPHQWDO�6FLHQFH�����������૱����
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6FUHHQLQJ�$ONDOLQH�(DUWK�0HWDO�&DWDO\VWV�IRU�+\GURJHQDWLRQ�RI�$ONHQHV�XVLQJ�0ROHFXODU
9ROFDQR�3ORWV

6��'DV���&��&RUPLQERHXI���


�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��,6,&���1DWLRQDO�&HQWUH�IRU�&RPSXWDWLRQDO�'HVLJQ
DQG�'LVFRYHU\�RI�1RYHO�0DWHULDOV��0$59(/���(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH������

/DXVDQQH��6ZLW]HUODQG

+\GURJHQDWLRQ RI XQVDWXUDWHG ERQGV LV RQH RI WKH PRVW IXQGDPHQWDO WUDQVIRUPDWLRQV LQ FKHPLVWU\
DQG ILQGV EURDG DSSOLFDWLRQV LQ DOO VFDOHV RI FKHPLFDO SURGXFWLRQ� :LWK WKH FRQYHQWLRQDO
K\GURJHQDWLRQ FDWDO\VWV XWLOL]LQJ UDUH� H[SHQVLYH DQG RIWHQ WR[LF WUDQVLWLRQ PHWDOV� WKHUH H[LVWV D
JUHDW LQFHQWLYH IRU FKHPLVWV WR ILQG FKHDSHU DQG HQYLURQPHQW�IULHQGO\ DOWHUQDWLYHV� ,Q WKLV FRQWH[W�
SDUWLFXODUO\ VLJQLILFDQW LV WKH UHFHQW GHYHORSPHQW RI WKH DONDOLQH HDUWK PHWDO DPLGHV �$H1ጯጯ��
$H 0J� &D� 6U� %D� 1ጯጯ 1�6L0H���� DV HIIHFWLYH K\GURJHQDWLRQ FDWDO\VWV IRU YDULRXV DONHQHV DQG
LPLQHV >�@� $OWKRXJK FRPELQHG H[SHULPHQWDO�FRPSXWDWLRQDO VWXGLHV E\ %DXHU HW DO� GHPRQVWUDWHG
WKH DELOLW\ RI WKH $H1ጯጯ� FRPSOH[HV WR HIIHFW K\GURJHQDWLRQ� D FRPSUHKHQVLYH XQGHUVWDQGLQJ RQ
KRZ WR WDLORU WKH DFWLYLW\ RI WKHVH FDWDO\VWV FXUUHQWO\ GRHV QRW H[LVW� +HUH� ZH XVH OLQHDU VFDOLQJ
UHODWLRQVKLSV DQG PROHFXODU YROFDQR SORWV WR GHWHUPLQH WKH SRWHQWLDO RI WKH DONDOLQH HDUWK PHWDO�
EDVHG FDWDO\VWV IRU K\GURJHQDWLRQ RI DONHQHV� 7KH FUXFLDO UROH RI WKH FHQWUDO PHWDO LRQV� DV ZHOO DV
WKH DVVRFLDWHG OLJDQGV RQ WKH HQHUJHWLFV RI WKH FDWDO\WLF K\GURJHQDWLRQ F\FOH� LV DOVR UHYHDOHG� 2XU
ILQGLQJV KLJKOLJKW KRZ PROHFXODU YROFDQR SORWV >���@ FDQ EH XWLOL]HG IRU WKH UDSLG VFUHHQLQJ RI
SURVSHFWLYH DONDOLQH HDUWK PHWDO�EDVHG FDWDO\VWV WR HVWDEOLVK D JXLGHOLQH WR DFKLHYH D PD[LPXP
DFWLYLW\�LQ�IDFLOLWDWLQJ�WKH�K\GURJHQDWLRQ�SURFHVV�

>�@ +HLNR %DXHU� 0HUFHGHV $ORQVR� &KULVWLDQ )LVFKHU� %DVWLDQ 5RVFK� +ROJHU (OVHQ� DQG 6MRHUG
+DUGHU��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ���������������������������
>�@ 0LFKDHO %XVFK� 0DWWKHZ '� :RGULFK� DQG &OHPHQFH &RUPLQERHXI� &KHPLFDO 6FLHQFH� �����
����������������
>�@ 0DWWKHZ '� :RGULFK� %RRGVDULQ 6DZDWORQ� (SKUDWK 6ROHO� 6HEDVWLDQ .R]XFK� DQG &OHPHQFH
&RUPLQERHXI��$&6�&DWDO\VLV��������-XVW�$FFHSWHG

�
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1RQFRYDOHQW�,QWHUDFWLRQV�'ULYH�WKH�(IILFLHQF\�RI�0R�,PLGR�$ON\OLGHQH�&DWDO\VWV�IRU
2OHILQ�0HWDWKHVLV

-��'H�-HVXV�6LOYD���0��$��)HUUHLUD�����6��*URVVOLJKW���$��)HGRURY���0��6��6LJPDQ���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK���'HSDUWPHQW�RI�&KHPLVWU\�
8QLYHUVLW\�RI�8WDK���'�0$97��(7+�=¾ULFK���'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(���

'HSDUWPHQW�RI�&KHPLVWU\��)HGHUDO�8QLYHUVLW\�RI�6¥R�&DUORV

7KH ZLGHVSUHDG DSSOLFDWLRQ RI ROHILQ PHWDWKHVLV LQ YDULRXV ILHOGV RI FKHPLFDO V\QWKHVLV KDV IXHOHG
WKH FRQWLQXRXV VHDUFK IRU FDWDO\VWV ZLWK HQKDQFHG DFWLYLW\�>�@ :HOO�GHILQHG WXQJVWHQ DQG
PRO\EGHQXP LPLGR DON\OLGHQH FRPSOH[HV EHDULQJ DONR[\ OLJDQGV DUH FODVVLFDO 6FKURFN�W\SH
FDWDO\VWV IRU ROHILQ PHWDWKHVLV�>�@ ,Q DGGLWLRQ WR WKH GHYHORSPHQW RI PRUH DFWLYH FDWDO\VWV� WKH
VHDUFK IRU FDWDO\VWV ZLWK HQKDQFHG VHOHFWLYLW\ �=�(� RU VWDELOLW\ DJDLQVW GHDFWLYDWLRQ UHPDLQV D
PDMRU�FKDOOHQJH�LQ�WKH�ROHILQ�PHWDWKHVLV�ILHOG�>�@

+HUHLQ� ZH GHVFULEH D KLJK�WKURXJKSXW H[SHULPHQWDO �+7(� DSSURDFK WR LGHQWLI\ DFWLYH� LQ�VLWX�
JHQHUDWHG PRO\EGHQXP DON\OLGHQH FRPSOH[HV WHVWHG IRU D SURWRW\SLFDO PHWDWKHVLV UHDFWLRQ� WKH
KRPRGLPHUL]DWLRQ RI ��QRQHQH� 7KH +7( PHWKRGRORJ\ LV LQWHJUDWHG ZLWK PXOWLYDULDWH VWDWLVWLFDO
PRGHOOLQJ�VWUDWHJLHV�WKDW�JXLGH�WKH�VHDUFK�IRU�KLJKO\�HIILFLHQW�FDWDO\VWV�

+LJK�WKURXJKSXW H[SHULPHQWDWLRQ IRU LGHQWLILFDWLRQ RI DFWLYH FDWDO\VWV LQ KRPRGLPHUL]DWLRQ RI
��QRQHQH�

>�@�+LJPDQ��&��6���/XPPLVV��-��$��0���)RJJ��'��(���&KHP���,QW��(G�����������������
>�@�*UXEEV��5��+���(G���+DQGERRN�RI�0HWDWKHVLV��:LOH\�9&+��:HLQKHLP��*HUPDQ\�������
>�@ �D� 0RXJHO� 9�� 6DQWLDJR� &� %�� =KL]KNR� 3� $�� %HVV� (� 1�� 9DUJD� -�� )UDWHU� *�� 6LJPDQ� 0� 6��
&RS«UHW� &� -� $P� &KHP� 6RF� ����� ���� ����� �E� 6DQWLDJR� &� %�� *XR� -��<�� 6LJPDQ� 0� 6�
&KHP��6FL�����������������
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([SORULQJ�WKH�UROH�RI�VHFRQGDU\�PHWDOV�LQ�WKH�VHOHFWLYH�K\GURJHQDWLRQ�RI�&2��DW
VXSSRUWHG�SDOODGLXP�QDQRSDUWLFOHV���DQ�620&�DSSURDFK

6��'RFKHUW\���&��&RS«UHW�


�'�&+$%��(7+�=¾ULFK

7KH PLWLJDWLRQ�XWLOLVDWLRQ RI DQWKURSRJHQLF &2� HPLVVLRQV UHSUHVHQWV D KXJH FKDOOHQJH LQ WKH
PRGHUQ ZRUOG�>�@ (IILFLHQW FRQYHUVLRQ RI &2� WR IXHOV DQG IHHGVWRFN FKHPLFDOV SURYLGHV DQ
DSSHDOLQJ SRWHQWLDO VROXWLRQ WR WKLV SUREOHP�>�@ 7R WKLV HQG� ZH KDYH FKRVHQ WR H[SORLW WKH XQLTXH
UHDFWLYLW\ RI VXSSRUWHG SDOODGLXP�FRQWDLQLQJ QDQRSDUWLFOHV� ZKLFK DUH UHSRUWHG WR EH SURILFLHQW LQ
ERWK &2��WR�PHWKDQRO �3G,Q#6L2�� 3G=Q#6L2���>���@ DQG WKH FRQYHUVLRQ RI &2��WR�&�� DOFRKROV
�3G&X#02���>�@ +RZHYHU� WKH FKDUDFWHULVDWLRQ RI FRPSOH[ ELPHWDOOLF V\VWHPV �LQIRUPDWLRQ
UHJDUGLQJ PROHFXODU�OHYHO VWUXFWXUH RI QDQRSDUWLFOH� PHWDO VHJUHJDWLRQ� FRUH�VKHOO VWUXFWXUH HWF��
DORQJVLGH WKH EHKDYLRXU RI WKH PDWHULDO LQ G\QDPLF V\VWHPV� DQG WKH UROH RI VSHFLILF FRPSRQHQWV
LQ FDWDO\VLV PDNHV WKHP GLIILFXOW WR XQGHUVWDQG�LPSURYH LQ D UDWLRQDO PDQQHU� 2XU FXUUHQW ZRUN
KLJKOLJKWV WKH XQLTXH UROH RI PL[HG PHWDO QDQRSDUWLFOHV� DQG WKH GLYHUJHQW UHDFWLYLW\ ZKHQ
FRPSDUHG�WR�WKHLU�PRQRPHWDOOLF�FRXQWHUSDUWV�

8VLQJ D VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ �620&� DSSURDFK� ZH DUH DEOH WR JHQHUDWH ZHOO�GHILQHG�
XQLIRUP PDWHULDOV DV PRGHO V\VWHPV�>�@ 7KH XVH RI WDLORUHG RUJDQRPHWDOOLF SUHFXUVRUV FRQIHUV
FRQWURO RI FRPSRVLWLRQ DQG PHWDO GLVWULEXWLRQ� DQG VHTXHQWLDO JUDIWLQJ RI PHWDO LRQV RIIHUV XQLTXH
LQVLJKW LQWR WKH UROH RI HDFK FRPSRQHQW LQ PRQR�� EL� DQG WULPHWDOOLF V\VWHPV� 7KLV PHWKRGRORJ\
FDQ EH DSSOLHG WR D UDQJH RI FRPSRVLWH V\VWHPV �3G#02�� 3G0૷#02� HWF�� DOORZLQJ GLUHFW
FRPSDULVRQ RI GLIIHUHQW VHFRQGDU\ PHWDOV� DQG SURYLGLQJ RSSRUWXQLW\ WR SUREH WKH UROH RI DOOR\LQJ
LQ WKH UHDFWLYLW\ RI WKHVH V\VWHPV� 7KH YHUVDWLOLW\ RI WKLV DSSURDFK DOVR DOORZV XV WR GHOLQHDWH EXON
DQG VXUIDFH VXSSRUW HIIHFWV E\ FRPSDULQJ WDLORUHG VXSSRUWV WR EXON R[LGHV �H�J� 3G�0#6L2� DQG
3G#02��� DLGLQJ WKH GHYHORSPHQW RI WDLORUHG FDWDO\WLF V\VWHPV DQG RIIHULQJ LQVLJKW LQWR WKH UROH RI
HDFK PDWHULDO FRPSRQHQW �R[\JHQ YDFDQFLHV� /HZLV DFLG VLWHV� EXON గ VXUIDFH PLJUDWLRQ RI PHWDO
LRQV LQ UHGXFLEOH VXSSRUWV HWF�� 7KH PDWHULDO SURSHUWLHV RI WKHVH V\VWHPV FDQ WKHQ EH SUREHG XVLQJ
YDULRXV WHFKQLTXHV �LQ VLWX DQG H[ VLWX VSHFWURVFRSLHV� PDWHULDOV FKDUDFWHULVDWLRQ WHFKQLTXHV�
LPDJLQJ�DQG�FDWDO\WLF�WHVWV��DQG�FRUUHODWLRQV�FDQ�EH�PDGH�૱�IXUWKHU�DLGLQJ�UDWLRQDO�FDWDO\VW�GHVLJQ�

>�@ $� *RHSSHUW� 0� &]DXQ� -��3� -RQHV� *� .� 6XU\D 3UDNDVK� *� $� 2ODK� &KHP� 6RF� 5HY� ����� ���
����૱�����
>�@ $� �OYDUH]� $� %DQVRGH� $� 8UDNDZD� $� 9 %DY\NLQD� 7� $� :H]HQGRQN� 0� 0DNNHH� -� *DVFRQ� )�
.DSWHLMQ��&KHP��5HY�����������������૱�����
>�@ $� *DUF¯D�7UHQFR� $� 5HJRXW]� (� 5� :KLWH� '� -� 3D\QH� 0� 6� 3� 6KDIIHU� &� .� :LOOLDPV� $SSO�
&DWDO��%�(QYLURQ��������������૱���
>�@�-��$UD³D��1��+RPV��-��6DOHV��-��/��*��)LHUUR��3��GH�OD�3LVFLQD��&DWDO��/HWWHUV��������������૱����
>�@�6��%DL��4��6KDR��3��:DQJ��4��'DL��;��:DQJ��;��+XDQJ��-��$P��&KHP��6RF�����������������૱�����
>�@ &� &RS«UHW� $� &RPDV�9LYHV� 0� 3� &RQOH\� '� 3� (VWHV� $� )HGRURY� 9� 0RXJHO� +� 1DJDH� )�
1¼³H]�=DUXU��3��$��=KL]KNR��&KHP��5HY����������������૱����

�
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$WRPLF�6FDOH�(QJLQHHULQJ�RI�,QGLXP�2[LGH�3URPRWLRQ�E\�3DOODGLXP�IRU�0D[LPL]HG�DQG
6WDEOH�0HWKDQRO�3URGXFWLRQ�YLD�&2��+\GURJHQDWLRQ

0��6��)UHL���&��0RQGHOOL���5��*DUF¯D�0XHODV���.��.��.OH\���%��3X«UWRODV���1��/µSH]���2��9��6DIRQRYD���-�
$��6WHZDUW���'��&XUXOOD�)HUU«���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG���,&,4��6SDLQ���3DXO�6FKHUUHU�,QVWLWXWH��6ZLW]HUODQG���727$/�5HVHDUFK�	
7HFKQRORJ\�)HOX\��%HOJLXP

7KH FRQYHUVLRQ RI &2� LQWR HQHUJ\ FDUULHUV LV UHJDUGHG DV DQ HVVHQWLDO PHDVXUH WR FRPEDW JOREDO
ZDUPLQJ LQ WKH VKRUW WHUP� ,Q�2� KDV EHHQ GLVFRYHUHG DV D EUHDNWKURXJK V\VWHP IRU JUHHQ
PHWKDQRO V\QWKHVLV GXH WR LWV KLJK VHOHFWLYLW\ DQG VWDELOLW\�� $LPLQJ DW HQKDQFLQJ LWV DFWLYLW\�
SURPRWLRQ ZLWK WKH +��VSOLWWHU SDOODGLXP OHG WR SDUWLDO VXFFHVV VLQFH SDOODGLXP QDQRSDUWLFOHV
PHGLDWH WKH SDUDVLWLF UHYHUVH ZDWHU�JDV VKLIW �5:*6� UHDFWLRQ� UHGXFLQJ VHOHFWLYLW\� DQG VLQWHU RU
DOOR\ ZLWK LQGLXP� OLPLWLQJ PHWDO XWLOL]DWLRQ DQG UREXVWQHVV� +HUH� ZH VKRZ WKDW ORZ�QXFOHDULW\
SDOODGLXP FOXVWHUV ERXQG WR WKH DFWLYH HQVHPEOHV FXUWDLO WKHVH GUDZEDFNV� :H VXFFHVVIXOO\
SURGXFHG ,Q�2� IHDWXULQJ SDOODGLXP DWRPLFDOO\ GLVSHUVHG LQ WKH R[LGH PDWUL[ E\ FRSUHFLSLWDWLRQ�
ZKLFK VKRZV D VWDEOH DFWLYLW\ HQKDQFHPHQW FRPSDUHG WR EXON ,Q�2� H[FOXVLYHO\ GLUHFWHG WR
PHWKDQRO SURGXFWLRQ �)LJXUH �� OHIW�� 7KLV FRQWUDVWV WKH GHFD\LQJ LPSURYHPHQW RI ERWK PHWKDQRO
DQG &2 IRUPDWLRQ RYHU D EHQFKPDUN V\VWHP FRPSULVLQJ SDOODGLXP QDQRSDUWLFOHV DWWDLQHG E\ GU\
LPSUHJQDWLRQ� ,Q�GHSWK FKDUDFWHUL]DWLRQ E\ D EDWWHU\ RI WHFKQLTXHV� LQFOXGLQJ VROLG�VWDWH ���,Q 105�
LQWURGXFHG DV D QRYHO PHWKRG WR HOXFLGDWH YDFDQF\ IRUPDWLRQ DQG VKRUW�UDQJH FU\VWDOOLQLW\ LQ �3G�
SURPRWHG� ,Q�2� FDWDO\VWV� DQG H[WHQVLYH WKHRUHWLFDO PRGHOLQJ XQFRYHUHG WKDW HPEHGGLQJ RQH 3G
DWRP LQ WKH R[LGH PDWUL[ HQDEOHV D FRQWUROOHG JURZWK RI WKH H[WUD�ODWWLFH DWRPV� OHDGLQJ WR WKH
VWDELOL]DWLRQ RI ORZ�QXFOHDULW\ SDOODGLXP FOXVWHUV WKDW LPSURYH +� GLVVRFLDWLRQ DQG ZDWHU
GHVRUSWLRQ� 7KHLU VPDOO VL]H LV FUXFLDO WR DYRLG WKH RQVHW RI WKH 5:*6 UHDFWLRQ RQ SDOODGLXP VLWHV�
ZKLFK LV UHOHYDQW DOUHDG\ IRU FOXVWHUV RI � H[WUD�ODWWLFH SURPRWHU DWRPV �)LJXUH �� ULJKW�� 7KH HDV\
ZDWHU UHPRYDO DYRLGV VLQWHULQJ RI WKH ,Q�2� FU\VWDOV� GXH WR FRDOHVFHQFH RI VXUIDFH K\GUR[LGH
JURXSV� 2XU DWRPLF HQJLQHHULQJ RI SURPRWLRQ XQORFNV D UHFRUG VXVWDLQHG PHWKDQRO SURGXFWLYLW\
����� J0H2+ JFDWಗ� Kಗ�� DW KLJK VHOHFWLYLW\ DQG FRQYHUVLRQ DQG LPSUHVVLYHO\ VKRUW UHVLGHQFH WLPHV�
LPSO\LQJ VWURQJ HFRQRPLF DQG HFRORJLFDO EHQHILWV IRU D SURVSHFWLYH SURFHVV DQG KROGLQJ SRWHQWLDO
IRU�WDLORULQJ�QHZ�RU�H[LVWLQJ�SURPRWHG�V\VWHPV�LQ�RWKHU�DSSOLFDWLRQV�

)LJXUH � 0HWKDQRO VSDFH WLPH \LHOG �67<� YHUVXV WLPH�RQ�VWUHDP RYHU 3G����� ZW����,Q�2�
FDWDO\VWV DQG SXUH ,Q�2� GXULQJ &2� K\GURJHQDWLRQ DW ��� .� � 03D� DQG +��&2�  �� ('; PDSV RI
,Q DQG 3G DQG UHSUHVHQWDWLRQ RI WKH GLVWLQFW SURPRWLRQDO HIIHFW RI SDOODGLXP IRU WKH VDPH FDWDO\VWV
DIWHU�HTXLOLEUDWLRQ�

>�@ 2� 0DUWLQ� $� -� 0DUW¯Q� &� 0RQGHOOL� 6� 0LWFKHOO� 7� )� 6HJDZD� 5� +DXHUW� &� 'URXLOO\�
'��&XUXOOD૮)HUU«��-��3«UH]૮5DP¯UH]��$QJHZ��&KHP��,QW��(G�����������������



&DWDO\VLV�6FLHQFH�	�(QJLQHHULQJ��3RVWHU &(����

6XSHULRU�SHUIRUPDQFHV�RI�)H�)(5�FRPSDUH�WR�)H�=60��LQ�12[�DQG�1�2�DEDWHPHQWV

$��*DUEXMR���5��/DQ]D���(��5RKDUW���$��/DKRXJXH���*��*DXGU\���5��2VWXQL���3��%LDVL�


��/XJDQR��6ZLW]HUODQG���6WRFNKROP��6ZHGHQ���3ORHPHXU��)UDQFH���/XJDQR��6ZLW]HUODQG

1LWULF DFLG LV RQH RI WKH PRVW SURGXFHG FRPPRGLW\ ZRUOGZLGH� ,W LV PDLQO\ XVHG DV D VWUDWHJLFDO
FKHPLFDO IRU WKH V\QWKHVLV RI IHUWLOL]HUV DQG LQ ���� WKH SURGXFWLRQ UHDFKHG �� PLOOLRQ WRQV>�@ >�@�
,Q UHFHQW \HDUV� WKH KLJKHU DZDUHQHVV LQ WKH JUHHQKRXVH HIIHFW DQG LQ WKH HQYLURQPHQWDO SROOXWLRQ�
KDYH KLJKOLJKWHG WKH LPSRUWDQFH RI D QHZ GHYHORSPHQW LQ WKH QLWULF DFLG WDLO JDV WUHDWPHQW�
HVSHFLDOO\ FRQFHUQLQJ WKH 1�2 DQG 12[ VSHFLHV >�@� 0DQ\ PHWDO R[LGH DQG ]HROLWH FDWDO\VWV KDYH
EHHQ GHYHORSHG IRU 1�2 DQG 12[ DEHWPHQW� HDFK RQH ZLWK EHQHILWV DQG GUDZEDFNV� 7KH VWDWH RI
WKH DUW PDWHULDOV DUH EDVHG RQ )H�]HROLWHV ZKLFK ERWK VKRZ 12[ DQG 1�2 DEDWHPHQW ZLWK WKH VDPH
FDWDO\VW� 0DQ\ )H ]HROLWHV KDYH EHHQ H[SORUHG� VXFK DV )HUULHULWH �)(5�� =60� DQG %($ >�@� ,Q WKLV
SDSHU� WKH FRPSDULVRQ RI IUHVK DQG ODERUDWRU\ DJHG )H�)(5 DQG )H�=60� LQGXVWULDO FDWDO\VWV� ERWK
VXSSOLHG E\ $/6<6� KDV EHHQ FDUULHG RXW� )H�)(5 FDWDO\VW LV D SURSULHWDU\ FDWDO\VW RI &$6$/( DQG
$/6<6 DQG LV XVHG LQ QLWULF DFLG SODQWV >�@� 7KH UHVXOWV IURP ILHOG DQG ODERUDWRU\ VKRZHG WKDW )H�
)(5 ZLOO DOORZ FXVWRPHUV WR EHQHILW IURP D KLJKHU FDWDO\WLF DFWLYLW\ DQG JUHDWHU VWDELOLW\ FRPSDUH WR
WKH FXUUHQW FRPPHUFLDO VROXWLRQ ZLWK )H�=60�� 7KH H[WUXGHG FDWDO\VWV WHVWHG ZHUH SUHSDUHG DW
LQGXVWULDO VFDOH� IURP SURFHVV SURGXFWLRQ WR TXDQWLW\ VFDOH� E\ $/6<6� 7KH FDWDO\WLF WHVWV ZHUH
FDUULHG RXW LQ DQ ,QFRQHO UHDFWRU XQGHU LQGXVWULDO QLWULF DFLG SODQW FRQGLWLRQV� 7KH IHHG FRPSRVLWLRQV
DUH UHSRUWHG LQ ILJXUH � FDSWLRQ� 7KH *+69 XVHG ZDV ������ K��� 9HU\ KLJK VSDFH YHORFLW\ ZDV
FKRVHQ ZLWK WKH SXUSRVH WR KLJKOLJKW WKH GLIIHUHQFHV LQ FDWDO\WLF DFWLYLW\ DPRQJ WKH FDWDO\VWV
WHVWHG��7KH�GHWHFWRU�XVHG�ZDV�)7�,5�FRXSOHG�ZLWK�D�ODPEGD�SUREH�IRU�R[\JHQ�PHDVXUHPHQW�

,Q WKLV ZRUN� UHSUHVHQWDWLYH LQGXVWULDO FDWDO\VWV ZHUH LQYHVWLJDWHG LQ LQGXVWULDO FRQGLWLRQV EHIRUH DQG DIWHU
VHYHUH DJLQJ WUHDWPHQWV� 5HVXOWV VKRZHG WKDW )H�)(5 LV WKH PRVW VWDEOH FDWDO\VW DQG KLJK SHUIRUPDQFH
WKDW FDQ EH XVHG IRU WDLO JDV WUHDWPHQW LQ QLWULF DFLG SODQWV� 0RUHRYHU )H�)(5 LV H[WUHPHO\ VHOHFWLYH LQ 1�
HYHQ DIWHU VHYHUH DJLQJ ZKLOH WKH )H�=60� H[KLELWHG D ODUJHU XQGHVLUHG 1�2 IRUPDWLRQ� 7KH )H�)(5
FDWDO\VW�IRU�'H1�2�DQG�'H12[�DSSOLFDWLRQV�KDV�VXSHULRU�SHUIRUPDQFHV�FRPSDUHG�WR�WKH�)H�=60��

)LJXUH�����/HIW��GH1�2�FRQGLWLRQ��12����SSP��12�����SSP��1�2�����SSP��2��������+�2������DQG
1��EDODQFH���5LJKW��GH12[�FRQGLWLRQ��12�����SSP��12������SSP�1�2����SSP�1+������SSP��2�

������+�2������DQG�1��EDODQFH�

>��@�7KLHPDQQ��(��HW�DO���8OOPDQQਃV�(QF\FO��,QG��&KHP��9RO������YRO��������9RO�������������
>��@�$��*UDQGH�HW�DO���,QG��(QJ��&KHP��5HV���YRO������QR������SS������������૱������
>��@�6NDOVND��-��6��0LOOHU��6��/HGDNRZLF]��6FL��7RWDO�(QYLURQ���YRO�������QR�������������SS������૱�����
>��@�+DPRQ��'��/H�*XHUQ��2��/H�/DPHU��/��1DYDVFXHV��(3�������%��������
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)DEULFDWLRQ�DQG�LQ�VLWX�KHDWLQJ�7(0�VWXGLHV�RI�D�UHF\FODEOH�PDQJDQHVH�R[LGH�EDVHG
DQRGH�IRU�ZDWHU�R[LGDWLRQ

6��+HLGDUL���$��6RORJXEHQNR���*��5��3DW]NH�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��:LQWHUWKXUHUVWUDVVH������&+������=XULFK�
6ZLW]HUODQG���/DERUDWRU\�IRU�1DQRPHWDOOXUJ\��'HSDUWPHQW�RI�0DWHULDOV��9ODGLPLU�3UHORJ�:HJ���

�����=XULFK��6ZLW]HUODQG

(OHFWURFKHPLFDO ZDWHU VSOLWWLQJ WR +� DQG 2� LV D SURPLVLQJ PHWKRG WR UHSODFH SHWUROHXP IXHOV ZLWK
K\GURJHQ JDV� DV D FOHDQ IXHO IRU D VXVWDLQDEOH HQHUJ\ IXWXUH� $FFRUGLQJ WR LWV KLJK WKHUPRG\QDPLF
DQG NLQHWLF EDUULHUV� ZDWHU R[LGDWLRQ KDOI�UHDFWLRQ LV WKH ERWWOHQHFN RI WKLV SURFHVV� 7KHUHIRUH� DQ
HIILFLHQW FDWDO\VW LV QHHGHG WR ORZHU WKHVH EDUULHUV DQG ULVH WKH ZDWHU�VSOLWWLQJ UDWH� ,Q QDWXUH� D
&D0Q�2� LQ SKRWRV\VWHP ,, LV UHVSRQVLEOH IRU R[LGDWLRQ RI ZDWHU�� +HQFH� WKLV FOXVWHU KDV DWWUDFWHG
JUDWH DWWHQWLRQ DV D EOXHSULQW WR GHVLJQ DQG V\QWKHVL]H RI HIILFLHQW ZDWHU R[LGL]LQJ PROHFXOHV RU
PHWDO R[LGHV HVSHFLDOO\ PDQJDQHVH�EDVHG FDWDO\VWV���� (DUWK DEXQGDQF\� HQYLURQPHQWDOO\ IULHQGO\
DQG ORZ�FRVW RI PDQJDQHVH R[LGHV PDNH WKHP ZHOO�VXLWHG PDWHULDOV IRU ZDWHU R[LGDWLRQ� ,Q WKLV
ZRUN� ZH KDYH GHYHORSHG DQ LQH[SHQVLYH DQG UHF\FODEOH PDQJDQHVH R[LGH�EDVHG DQRGH IRU ZDWHU
R[LGDWLRQ DW S+ �� 7KH IDEULFDWHG HOHFWURGHV ZHUH FDOFLQHG DW GLIIHUHQW WHPSHUDWXUHV DQG WKH
GLIIHUHQFHV LQ ZDWHU R[LGDWLRQ DELOLW\ DPRQJ WKHVH FDWDO\VWV ZHUH SUREHG XVLQJ ;�UD\ GLIIUDFWLRQ
�;5'�� WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0�� VFDQQLQJ HOHFWURQ PLFURVFRS\ �6(0�� ;�UD\
SKRWRHOHFWURQ VSHFWURVFRS\ �;36� DQG ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ �;$6�� )RUPDWLRQ SDWK RI
PDQJDQHVH R[LGH ILOP DQG HIIHFW RI FDOFLQDWLRQ RQ LWV VWUXFWXUDO SURSHUWLHV KDYH EHHQ VWXGLHG ZLWK
DQ LQ�VLWX KHDWLQJ 7(0� 7KH PRVW DFWLYH FDWDO\VW VKRZHG D VWDEOH FXUUHQW GHQVLW\ RI ��� P$�FPಗ� DW
DQ RYHU SRWHQWLDO RI ��� P9 IRU PRUH WKDQ � GD\V� (YHQ JUHDWHU FXUUHQW GHQVLWLHV RI � DQG ��
P$�FP���KDYH�EHHQ�DFKLHYHG�DW�����DQG�����9��YV��$J_$J&O���UHVSHFWLYHO\�

>�@�<DVXIXPL�8PHQD��.HLVXNH�.DZDNDPL��-LDQ�5HQ�6KHQ��1REXR�.DPL\D��1DWXUH�������������������
>�@ )DQJ\XDQ 6RQJ� 5HQ« 0RU«� 0DXUR 6FKLOOLQJ� *ULJRU\ 6PROHQWVHY� 1LFROR $]]DUROL� 7KRPDV
)R[��6DQGUD�/XEHU��*UHWD�5��3DW]NH��-��$P��&KHP��6RF������������������૱������
>�@ 0RKDPPDG 0DKGL 1DMDISRXU� *HUQRW 5HQJHU� 0DĄJRU]DWD +RĄ\ĆVND� $WHIHK 1HPDWL
0RJKDGGDP� (YD�0DUL $UR� 5REHUW &DUSHQWLHU� +LURVKL 1LVKLKDUD� -XOLDQ -� (DWRQ�5\H� -LDQ�5HQ 6KHQ�
DQG�6XOH\PDQ�,��$OODNKYHUGLHY��&KHP��UHY�����������������૱������
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%LRJDV�IURP�PLFURELDO�HOHFWURO\VLV

0��-DXVVL���&��3��&DFKHOLQ���)��)LVFKHU���


�,QVWLWXWH�RI�/LIH�7HFKQRORJLHV��+(6�62�9DODLV��8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�:HVWHUQ�6ZLW]HUODQG�
5RXWH�GX�5DZ\O�����&+������6LRQ��6ZLW]HUODQG���6\VWHPV�(QJLQHHULQJ��+(6�62�9DODLV��8QLYHUVLW\�RI
$SSOLHG�6FLHQFHV�:HVWHUQ�6ZLW]HUODQG��5RXWH�GX�5DZ\O�����&+������6LRQ��6ZLW]HUODQG���,QVWLWXWH�RI
6XVWDLQDEOH�(QHUJ\��+(6�62�9DODLV��8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�:HVWHUQ�6ZLW]HUODQG�5RXWH�GX

5DZ\O�����&+������6LRQ��6ZLW]HUODQG

'RPHVWLF ZDVWHZDWHU DQG UHPDLQLQJ VOXGJHV IURP WKH VHZDJH WUHDWPHQW FRQWDLQV YDOXDEOH
FKHPLFDO HQHUJ\� ZKLFK FDQ EH KDUYHVWHG DV HOHFWULFLW\ RU ELRJDV E\ ELRHOHFWURFKHPLFDO V\VWHPV
�%(6� >�@� ,Q WKHVH V\VWHPV� HOHFWURJHQLF PLFURRUJDQLVPV DUH NH\�SOD\HUV DV WKH\ FDWDO\]H WKH
R[LGDWLRQ RI RUJDQLF FRPSRXQGV DQG UHOHDVH IUHH HOHFWURQV WR WKH V\VWHP� $PRQJ %(6� PLFURELDO
HOHFWURO\VLV FHOO �0(&� V\VWHP ERRVWV PHWKDQH RU K\GURJHQ IRUPDWLRQ E\ WKH DSSOLFDWLRQ RI
H[WHUQDO SRWHQWLDO EHWZHHQ DQRGH�V� DQG FDWKRGH�V� >�@� ,Q WKH UHQHZDEOH HQHUJ\ HUD� VXUSOXV LQ
HOHFWULFDO ZLQG DQG VRODU HQHUJ\ FRXOG WKHUHIRUH EH LQYHVWHG WKURXJK WKLV V\VWHP LQ WKH SURGXFWLRQ
RI�HDVLO\�VWRUHG�ELRJDV�>�@�

,Q RXU VWXG\� WZR 0(& UHDFWRUV ZLWK D FDSDFLW\ RI �� / ZHUH EXLOW WR SURGXFH ELRJDV DW URRP WHPSHUDWXUH
IURP ZDVWH VOXGJH �ZDVWHZDWHU WUHDWPHQW SODQW IURP &K¤WHDXQHXI� 96�� 6HYHUDO DSSOLHG YROWDJHV �� WR ���
9� ZHUH WHVWHG LQ RUGHU WR RSWLPL]H ELRJDV IRUPDWLRQ LQ WHUP RI SURGXFWLRQ UDWHV DQG PHWKDQH
FRQFHQWUDWLRQ� ,Q DOO VHW�XSV� WKH HQHUJ\ UHFRYHUHG DV PHWKDQH RYHUFDPH WKH VXSSOLHG HOHFWULFDO HQHUJ\�
0RUHRYHU� WKH ELRJDV IRUPHG LQ WKH 0(& UHDFWRUV KDG KLJKHU PHWKDQH FRQFHQWUDWLRQV FRPSDUHG ZLWK WKH
ELRJDV IRUPHG LQ RXU UHIHUHQFH ::73 DQDHURELF GLJHVWHU� KHDWHG DW ��r&� ,QFUHDVLQJ WKH DSSOLHG YROWDJH
LQFUHDVHG WKH UDWHV RI ELRJDV SURGXFWLRQ� EXW KDG D QHJDWLYH LPSDFW RQ WKH RYHUDOO PHWKDQH FRQFHQWUDWLRQ�
1RYHO PLFURELDO HOHFWURO\VLV FHOO V\VWHPV FDQ FRQWULEXWH WR VDYH HQHUJ\ LQ ZDVWHZDWHU WUHDWPHQW
SURFHVVHV��UHGXFH�FDUERQ�GLR[LGH�HPLVVLRQ�DQG�DFW�DV�LQWHUPHGLDWH�VWRUDJH�IRU�VXUSOXV�HOHFWULFLW\�

>�@ +XEHUWXV 9� 0� +DPHOHUV� $QQHPLHN 7HU +HLMQH� 7RP +� -� $� 6OHXWHOV� $GULDDQ :� -HUHPLDVVH�
'DYLG 3� %� 7� %� 6WULN DQG &HHV -� 1� %XLVPDQ� $SSOLHG 0LFURELRORJ\ DQG %LRWHFKQRORJ\� ����� ���
����������
>�@ 0DUF 6XJQDX[� 0DQXHO +DSSH� &KULVWLDQ 3� &DFKHOLQ� $QGUHD *DVSHULQL� 0D[LPH %ODWWHU DQG
)DELDQ�)LVFKHU��&KHPLFDO�(QJLQHHULQJ�-RXUQDO���������������������
>�@ $GUL¢Q (VFDSD� 5DXO 0DWHRV� (OLD -� 0DUW¯QH] DQG -RUJH %ODQHV� 5HQHZDEOH DQG 6XVWDLQDEOH
(QHUJ\�5HYLHZV��������������������
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(IILFLHQW�UHGXFWLYH�DPLQDWLRQ�RI�+0)�ZLWK�ZHOO�GLVSHUVHG�3G�QDQRSDUWLFOHV�LPPRELOL]HG
LQ�D�SRURXV�02)�SRO\PHU�FRPSRVLWH

9��9��.DUYH���'��7��6XQ���2��7UXNKLQD���6��<DQJ���(��2YHLVL���-��6��/XWHUEDFKHU���:��/��4XHHQ�


�/DERUDWRU\�IRU�)XQFWLRQDO�,QRUJDQLF�0DWHULDOV��(3)/�9DODLV�:DOOLV��6LRQ���&HQWUH�IRU�(OHFWURQ
0LFURVFRS\��(3)/��/DXVDQQH���/DERUDWRU\�RI�6XVWDLQDEOH�DQG�&DWDO\WLF�3URFHVVLQJ��(3)/��/DXVDQQH

$PLQDWHG GHULYDWLYHV RI ��K\GUR[\PHWK\OIXUIXUDO �+0)� DQG IXUIXUDO DUH HQYLVLRQHG WR EH FULWLFDO
LQWHUPHGLDWHV IRU WKH SKDUPDFHXWLFDO LQGXVWU\� 7KH VWDWH�RI�WKH�DUW FDWDO\VWV FXUUHQWO\ XVHG IRU WKH
FRQYHUVLRQ RI +0) DQG IXUIXUDO DUH PRVWO\ KRPRJHQHRXV LQ QDWXUH� PRWLYDWLQJ WKH GHVLJQ RI
UHF\FODEOH� KHWHURJHQHRXV FDWDO\WLF V\VWHPV� ,Q WKLV ZRUN� ZH UHSRUW D SDOODGLXP IXQFWLRQDOL]HG
02)�SRO\PHU FRPSRVLWH FDWDO\VW >)LJXUH �@ IRU WKH UHGXFWLYH DPLQDWLRQ RI +0) XQGHU PLOG
FRQGLWLRQV� 7KH FDWDO\VW VKRZV H[FHOOHQW FRQYHUVLRQ �!���� DQG VHOHFWLYLW\ �!����� ZKLFK LV
PDLQWDLQHG RYHU D VLJQLILFDQW QXPEHU RI UHDFWLRQ F\FOHV� ,W LV WKRXJKW WKDW WKH RULJLQ RI WKH FDWDO\VW
UHF\FODELOLW\ OLHV LQ SUHYHQWLQJ WKH DJJUHJDWLRQ DQG OHDFKLQJ RI WKH SDOODGLXP QDQRSDUWLFOHV� 7KLV LV
DFKLHYHG WKURXJK WKH GHYHORSPHQW RI D QRYHO PHWKRG WR LQWURGXFH SRO\�SDUD�SKHQ\OHQHGLDPLQH
�3S3'$� LQWR D 02) VWUXFWXUH YLD LQ�VLWXSRO\PHUL]DWLRQ� ,Q RUGHU WR XQGHUVWDQG WKH WUXH VWDELOLW\ RI
WKH FDWDO\VW� WKH NLQHWLFV RI WKH +0) FRQYHUVLRQ LV DOVR SUREHG RYHU �� F\FOHV� 7R WKH EHVW RI RXU
NQRZOHGJH� WKLV LV WKH ILUVW UHSRUW RI D 02) EDVHG FDWDO\VW WKDW LOOXVWUDWHV D VLJQLILFDQW NLQHWLF DQG
WKHUPRG\QDPLF UHF\FODELOLW\ FRXSOHG ZLWK D KLJK DFWLYLW\ DQG VHOHFWLYLW\ IRU WKH UHGXFWLYH
DPLQDWLRQ�RI����+0)�XQGHU�PLOG�UHDFWLRQ�FRQGLWLRQV�

9LNUDP�9��.DUYH�HW��DO���VXEPLWWHG�������
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6RUSWLRQ�HQKDQFHG�VWHDP�PHWKDQH�UHIRUPLQJ�RYHU�5X�&D�$O�2��&D2�EL�IXQFWLRQDO
FDWDO\VW�&2��VRUEHQW�IRU�WKH�SURGXFWLRQ�RI�KLJK�SXULW\�K\GURJHQ

6��.LP���3��0��$EGDOD���'��+RVVHLQL���$��$UPXWOXOX���7��0DUJRVVLDQ���&��5��0¾OOHU�


�'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK���'HSDUWPHQW�RI�&KHPLVWU\�DQG
$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK

7KH VRUSWLRQ�HQKDQFHG VWHDP PHWKDQH UHIRUPLQJ �6(�605� DOORZV WR SURGXFH KLJK SXULW\
K\GURJHQ E\ FRPELQLQJ WKH VWHDP PHWKDQH UHIRUPLQJ �605�� ZDWHU�JDV VKLIW UHDFWLRQ �:*6� DQG D
&2� DEVWUDFWLRQ UHDFWLRQ �&+� � �+�2 � &D2 ో �+� � &D&2�� ̩+  ��� N-�PRO��>�@ 7KH 6(�605
SURFHVV RSHUDWHV ZLWK DOWHUQDWLQJ 6(�605�VRUEHQW UHJHQHUDWLRQ F\FOHV� UHTXLULQJ D &2� VRUEHQW
ZLWK KLJK DQG VWDEOH &2� XSWDNH LQ WKH WHPSHUDWXUH UDQJH RI LQWHUHVW ����૱��� r&�� DQG KLJKO\
DFWLYH FDWDO\VWV IRU 605�>�@ 7R WKLV HQG� ZH GHYHORSHG D ELIXQFWLRQDO FDWDO\VW�VRUEHQW� YLD D FLWUDWH
VRO�JHO URXWH� WKDW FRQWDLQV &D2 DV WKH VROLG &2� VRUEHQW� D VWUXFWXUDO VWDELOL]HU �&D�$O�2�� DQG 5X
QDQRSDUWLFOHV �a� QP� � ZW� ��� IRUPHG XSRQ UHGXFWLRQ LQ +� IURP D &D5X2� SKDVH� 7KH GHYHORSHG
PDWHULDO� 5X�&D�$O�2��&D2� ZDV IRXQG WR RXWSHUIRUP VLJQLILFDQWO\ WKH EHQFKPDUNV 1L�&D2 DQG
5X�OLPHVWRQH LQ WHUPV RI \LHOG RI KLJK�SXULW\ K\GURJHQ� FRNH UHVLVWDQFH DQG F\FOLF VWDELOLW\� 7KH
KLJKO\ DFWLYH 5X QDQRSDUWLFOHV IRU WKH 605 DOORZHG WR PD[LPL]H WKH ZHLJKW IUDFWLRQ RI WKH &2�
VRUEHQW� &D2� ZLWK UHVSHFW WR 1L�&D2� ,Q DGGLWLRQ� ZH GHPRQVWUDWH WKDW WKH PDWHULDO
5X�&D�$O�2��&D2 GHYHORSHG ZDV YHU\ VWDEOH RYHU PXOWLSOH 6(�605�UHJHQHUDWLRQ F\FOHV� 7KH
&D�$O�2� VWDELOL]HG HIIHFWLYHO\ WKH PDWHULDO DJDLQVW VLQWHULQJ OHDGLQJ WR WKH LPSURYHG F\FOLF VWDELOLW\
ZLWK�UHVSHFW�WR�5X�&D2�

)LJXUH �� �D� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH 6(�605 RYHU ELIXQFWLRQDO 5X�&D2 FDWDO\VW�VRUEHQW�
�E� 2II�JDV FRPSRVLWLRQ RQ 6(�605 WHVW RQ 5X�&D�$O�2��&D2 LQ WKH �VW F\FOH� �F� 7KH +� \LHOG LQ WKH
SUHEUHDNWKURXJK�DV�D�IXQFWLRQ�RI�QXPEHU�RI�UHSHDWHG�6(�605�UHJHQHUDWLRQ�F\FOHV

>�@�$��/RSH]�2UWL]�DQG�'��3��+DUULVRQ��,QG��(QJ��&KHP��5HV����������������������
>�@�$��,XOLDQHOOL��6��/LJXRUL��-��:LOFR[��$��%DVLOH��&DWDO��5HY�����������������
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&RSSHU�H[FKDQJHG�RPHJD��0$=��]HROLWH��PRUSKRORJ\�GHSHQGHQW�FRQYHUVLRQ�RI�PHWKDQH
WR�PHWKDQRO

$��-��.QRUSS���$��%��3LQDU���0��1HZWRQ���-��$��YDQ�%RNKRYHQ���


�(7+�=¾ULFK���3DXO�6FKHUUHU�,QVWLWXW

'XULQJ SHWUROHXP H[WUDFWLRQ� PHWKDQH RIWHQ DFFRPSDQLHV FUXGH RLO DV LW LV FDUULHG WR WKH VXUIDFH�
8WLOL]LQJ WKLV PHWKDQH LV QRW DOZD\V HFRQRPLFDOO\ IHDVLEOH GXH WR WKH KLJK FRVWV RI WUDQVSRUWDWLRQ�
'HSHQGLQJ RQ ORFDO HQYLURQPHQWDO UHJXODWLRQV DQG HFRQRPLFV RI WUDQVSRUWDWLRQ� WKLV PHWKDQH LV
UHOHDVHG LQWR WKH DWPRVSKHUH� FRPEXVWHG �IODUHG�� RU UHLQMHFWHG� 2QH SURSRVHG DOWHUQDWLYH LV WR
XWLOL]H�WKLV�PHWKDQH�E\�FRQYHUWLQJ�LW�WR�PRUH�HDVLO\�WUDQVSRUWDEOH�SURGXFWV�OLNH�PHWKDQRO�>�@

'LUHFW FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO KDV EHHQ REVHUYHG ZKHQ D VWHSZLVH SURFHVV LV DSSOLHG
RYHU FRSSHU�H[FKDQJHG ]HROLWHV�>�@ 2YHU WKH FRXUVH RI WKH SDVW �� \HDUV RI UHVHDUFK RQ WKLV WRSLF�
WKH PHWKDQRO \LHOG KDV VWHDGLO\ LQFUHDVHG�>���@ +RZHYHU� FHUWDLQ LQFRQVLVWHQFLHV UHPDLQ� WKHUH DUH
D ZLGH UDQJH RI PHWKDQRO \LHOGV� SURSRVHG DFWLYH VLWHV�>���@ DQG REVHUYHG GLIIHUHQFHV LQ WKH
R[LGDWLRQ DQG UHGXFWLRQ RI WKH FRSSHU�>�@ +HUH ZH KDYH H[SORUHG RQH RI WKH PRVW SURPLVLQJ
]HROLWHV IRU WKLV LPSRUWDQW FRQYHUVLRQ� FRSSHU�H[FKDQJHG RPHJD ]HROLWH �0$=��>�@ %\ WDNLQJ D
]HROLWH V\QWKHVLV DSSURDFK� ZH REVHUYH WKDW GLIIHUHQW V\QWKHVL]HG PRUSKRORJLHV UHVXOW LQ ODUJH
GLIIHUHQFHV LQ WKH PHWKDQRO \LHOG GHVSLWH KDYLQJ VLPLODU 6L�$O� DOXPLQXP 7�VLWH RFFXSDQF\� FRSSHU
VSHFLDWLRQ��)7,5�DQG�(;$)6���DQG�;5'�>�@

6LQFH PRVW JURXSV WDFNOLQJ WKH PHWKDQH WR PHWKDQRO SUREOHP ZRUN RQ GLIIHUHQWO\ VRXUFHG ]HROLWHV�
WKH ZLGH UDQJH RI PHWKDQRO \LHOGV DQG REVHUYDWLRQV PD\ EH DW OHDVW SDUWLDOO\ H[SODLQHG E\
GLIIHUHQFHV LQ WKH SDUHQW ]HROLWH� 7KLV ZRUN VKRZV WKDW FDUH VKRXOG EH WDNHQ ZKHQ VHOHFWLQJ D
SDUHQW ]HROLWH IRU VXFK VWXGLHV� EXW PRUH LPSRUWDQWO\ LW KLJKOLJKWV WKH RSSRUWXQLW\ WKDW WKH ]HROLWH
LWVHOI�KDV�IRU�RSWLPL]LQJ�WKLV�SURFHVV�

>�@ *URRWKDHUW� 0� +�� 6PHHWV� 3� -�� 6HOV� %� )�� -DFREV� 3� $�� 6FKRRQKH\GW� 5� $� $P� &KHP� 6RF��
����������������
>�@ *UXQGQHU� 6�� 0DUNRYLWV� $� &�� /L� *�� 7URPS� 0�� 3LGNR� (� $�� +HQVHQ� (� -� 0�� -HQW\V� 6DQFKH]�
6DQFKH]��$��0���/HUFKHU���-��$��1DW��&RPPXQ�����������������
>�@ .QRUSS� $� -�� 1HZWRQ� 0� $�� 3LQDU� $� %�� YDQ %RNKRYHQ� -� $� ,QG� (QJ� &KHP� 5HV�� ����� ���
������
>�@ .QRUSS� $� -�� 3LQDU� $� %�� 1HZWRQ� 0�� 6XVKNHYLFK� 9� /�� YDQ %RNKRYHQ� -� $��
&KHP&DW&KHP�����������������
>�@ .QRUSS� $� -�� 1HZWRQ� 0� $�� 6XVKNHYLFK� 9� /�� =LPPHUPDQQ� 3� 3�� YDQ %RNKRYHQ� -� $��
&DWDO��6FL��7HFKQRO���������$FFHSWHG�
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5X�PRGLILHG�]HROLWH�FDWDO\]HG�LQGLUHFW�&2��PHWKDQDWLRQ��+\GURJHQRO\VLV�RI�F\FOLF
FDUERQDWHV

:��7��/HH���3��-��'\VRQ�


�(3)/�/DXVDQQH��,6,&�/&20��$Y��)��$��)RUHO���������/DXVDQQH���(3)/�/DXVDQQH

(IILFLHQW PHWKDQH DQG SURS\OHQH JO\FRO SURGXFWLRQ DUH DFKLHYHG WKURXJK K\GURJHQRO\VLV RI
SURS\OHQH FDUERQDWH ZLWK WKH HPSOR\PHQW RI UXWKHQLXP�PRGLILHG ]HROLWH XQGHU VROYHQW�IUHH
FRQGLWLRQV�� +LJK SURGXFW VHOHFWLYLW\ WRJHWKHU ZLWK WKH KHWHURJHQHRXV 5X FDWDO\VW PLQLPL]HV SRVW�
WUHDWPHQWV SULRU WR WKH XVH RI UHVXOWLQJ OLTXLG� DQG JDV�SURGXFWV �ZDWHU�FRQWDLQLQJ JO\FRO DV DQ DQWL�
IUHH]H VROXWLRQ DQG K\GURJHQ�HQULFKHG PHWKDQH DV DQ HQHUJ\ FDUULHU��� $GGLWLRQDOO\� LQYHVWLJDWLRQV
RQ FDWDO\WLF SHUIRUPDQFH DIWHU PXOWLSOH F\FOHV VKRZHG QR VLJQLILFDQW DJLQJ HIIHFWV� 7KLV
K\GURJHQRO\VLV SURFHVV RI FDUERQDWHV �&2� IL[DWLRQ FKHPLFDOV� ELQGV HQHUJ\ VWRUDJH VHFWLRQ DQG
FKHPLFDO�V\QWKHVLV�GRPDLQ�VXVWDLQDEO\����

>�@ /HH� :� 7�� YDQ 0X\GHQ� $� 3�� %REELQN� )� '�� +XDQJ� =�� '\VRQ� 3� -��$QJHZ� &KHPLH � ,QW� (G�
�����������������૱����
>�@�-RQHV��'��5���$O�0DVU\��:��$���'XQQLOO��&��:���6XVWDLQ��(QHUJ\�)XHOV�������������૱����
>�@�0LOOLJHQ��+DQ�YDQ��9DQGHU:LOS��%ULDQ��:HOOV��*��-���6KHOO�*ORE��6ROXW���������૱���
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7KH�DFWLYLW\�RI�VLQJOH�DWRPV�DQG�SDUWLFOHV�LQ�VWHDP�WUHDWHG�3W�&H2��FDWDO\VW�VWXGLHG
ZLWK�LQ�VLWX�DPELHQW�;�UD\�SKRWRHOHFWURQ�VSHFWURVFRS\

;��/L���/��$UWLJOLD�
��-��$��YDQ�%RNKRYHQ�


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\

,Q VLWX DPELHQW ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\ �$3�;36� ZDV XVHG WR HOXFLGDWH WKH DFWLYH VLWHV
DQG PHFKDQLVWLF VWHSV DVVRFLDWHG ZLWK WKH &2 R[LGDWLRQ UHDFWLRQ RYHU KLJK�WHPSHUDWXUH VWHDP�
WUHDWHG 3W�&H2� FDWDO\VWV�>L@ 2XU UHVXOWV VXJJHVW WKDW FDWLRQLF 3W�� LV WKH H[FOXVLYH DFWLYH VLWH RQ
WKH ૺDV V\QWKHVL]HGૻ 3W�&H2� FDWDO\VW ZKLOH PHWDOOLF 3W� VLWHV� ZKLFK DUH WKH OLNHO\ DFWLYH VSHFLHV
IRU WKH KLJKHU &2 R[LGDWLRQ DFWLYLW\� DUH GHWHFWHG DIWHU VWHDP WUHDWPHQW� 7KH FHULD VXSSRUW KDV DQ
DFWLYH UROH LQ WKH UHDFWLRQ� GLVSOD\LQJ UHYHUVLEOH UHGXFWLRQ�R[LGDWLRQ EHKDYLRU XQGHU GLIIHUHQW
UHDFWLRQ FRQGLWLRQV� :H LQWURGXFHG LQ VLWX WLPH�UHVROYHG>LL@ PHDVXUHPHQWV WR TXDQWLWDWLYHO\ IROORZ
WKH IUDFWLRQ RI &H�� DQG &H�� DV D IXQFWLRQ RI WKH UHDFWLRQ WHPSHUDWXUH DQG JDV HQYLURQPHQW� 7KH
NLQHWLF UDWHV RI FHULD R[LGDWLRQ DQG GHWHUPLQH WKH FHULD UHGXFWLRQ GHJUHH XQGHU UHDFWLRQ FRQGLWLRQV
DQG�WKHLU�UROH�LQ�WKH�UHDFWLRQ�PHFKDQLVP�DUH�HVWDEOLVKHG�

>�@�1LH��/�HW�DO��6FLHQFH������������������������������
>�@�$UWLJOLD�/��HW�DO��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�/HWWHUV�������������������
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'\QDPLF�UROH�RI�PROHFXODU�FRFDWDO\VWV�RQ�KHPDWLWH�SKRWRDQRGHV�IRU�ZDWHU�R[LGDWLRQ

-��/L���*��5��3DW]NH�


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

/RDGLQJ RI FRFDWDO\VWV LV RQH RI WKH PRVW HIILFLHQW ZD\ WR SURPRWH WKH SHUIRUPDQFH RI
SKRWRHOHFWURGHV� ZKLOH WKH XQGHUVWDQGLQJ RI WKHLU IXQFWLRQDOLW\ LV UDWKHU OLPLWHG� :H HPSOR\HG WKH
ZHOO�GHILQHG FREDOW�EDVHG PROHFXODU FRFDWDO\VWV RQ KHPDWLWH VXUIDFHV DV WKH PRGHO V\VWHP�
V\VWHPDWLF SKRWRHOHFWURFKHPLFDO DQDO\VLV UHYHDOHG DQ LQWHUHVWLQJ G\QDPLF IXQFWLRQ RI WKHVH
ORDGHG FRFDWDO\VWV� %DVLFDOO\� WKHLU UROH FKDQJHG IURP KROH FROOHFWRUV DW ORZHU ELDV WR FDWDO\WLF
FHQWHUV DW KLJKHU ELDV� .LQHWLF DQDO\VLV LQGLFDWHG WKDW WKH IXQFWLRQ WUDQVLWLRQ RULJLQDWHG IURP WKH
G\QDPLF HTXLOLEULD RI VXUIDFH FKDUJH FDUULHUV� 7KH IXQFWLRQDO WUDQVLWLRQ RI WKH FRFDWDO\VWV DQG WKH
UHODWHG NLQHWLF SURSHUWLHV FRXOG EH UHSURGXFHG E\ PDQ\ RWKHU FREDOW EDVHG PROHFXODU DQG
KHWHURJHQHRXV FDWDO\VWV� LQGLFDWLQJ WKH ZLGH DSSOLFDELOLW\ RI WKH REVHUYHG SKHQRPHQRQ� 2XU
FRQFOXVLRQV KHUH FRXOG KHOS WR FODULI\ WKH ORQJ�GHEDWLQJ 
FRFDWDO\VWV IXQFWLRQ
� DQG LQVSLUH WKH
GHVLJQ�RI�HIILFLHQW�SKRWRHOHFWURGH�IRU�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV�

/DVNRZVNL��)��$��/���1HOOLVW��0��5���4LX��-���%RHWWFKHU��6��:���-��$P��&KHP��6RF�����������������૱����
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8QFRYHULQJ�WKH�LQWHUIDFLDO�FDUULHU�G\QDPLFV�LQ�HPHUJLQJ�SKRWRHOHFWURGHV�IRU�VRODU�IXHO
SURGXFWLRQ�૱�DQ�RSHUDQGR�VSHFWURHOHFWURFKHPLFDO�VWXG\

<��/LX���.��6LYXOD���1��*XLMDUUR�


�/DERUDWRU\�IRU�0ROHFXODU�(QJLQHHULQJ�RI�2SWRHOHFWURQLF�1DQRPDWHULDOV��/,012����FROH
3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���6WDWLRQ����&+������/DXVDQQH��6ZLW]HUODQG

6WRULQJ VRODU HQHUJ\ LQ FKHPLFDO IRUP �H�J� K\GURJHQ IURP ZDWHU VSOLWWLQJ�� UHSUHVHQWV D SURPLVLQJ
URXWH WR HQDEOH D FDUERQ�QHXWUDO VRFLHW\� 3KRWRHOHFWURFKHPLFDO �3(&� ZDWHU VSOLWWLQJ KROGV WKH NH\
WR SHUIRUP WKLV SURFHVV ZLWK VLPSOLFLW\ DQG DW KLJK WKHRUHWLFDO FRQYHUVLRQ HIILFLHQF\� +RZHYHU� WKH
UHDOL]DWLRQ RI 3(& +� SURGXFWLRQ DW D JOREDO VFDOH LV OLPLWHG E\ WKH FXUUHQW SHUIRUPDQFH RI
VHPLFRQGXFWRU PDWHULDOV VXLWDEOH IRU 3(&� 7R DGYDQFH WKH ILHOG� DQ LPSURYHG IXQGDPHQWDO
XQGHUVWDQGLQJ RI WKH VHPLFRQGXFWRU�OLTXLG MXQFWLRQ �6&/-�� ZKHUHLQ WKH SKRWRHOHFWURV\QWKHWLF
UHDFWLRQ LV RFFXUULQJ� LV XUJHQWO\ QHHGHG WR LGHQWLI\ WKH SDUDPHWHUV OLPLWLQJ WKH SHUIRUPDQFH DQG
GLUHFW�DFWLRQV�IRU�WKHLU�LPSURYHPHQW�

+HUH� ZH VKRZ KRZ D WRROER[ RI RSHUDQGR DQG LQ VLWX FKDUDFWHUL]DWLRQ WHFKQLTXHV� QDPHO\�
LQWHQVLW\�PRGXODWHG SKRWRFXUUHQW�SKRWRYROWDJH VSHFWURVFRS\ �,036�,096�� WUDQVLHQW
SKRWRFXUUHQW�SKRWRYROWDJH VSHFWURVFRS\ �73&�739�� SKRWRHOHFWURFKHPLFDO LPSHGDQFH
VSHFWURVFRS\ �3(,6�� LQ VLWX 89�9LV VSHFWURVFRS\� DQG RSHUDQGR 5DPDQ VSHFWURVFRS\ FDQ EH XVHG
WR JDLQ GHHS LQVLJKW RI WKH FRPSHWLQJ SURFHVVHV DW WKH 6&/-� :H KLJKOLJKW RXU UHFHQW VWXGLHV ZLWK
HPHUJLQJ VHPLFRQGXFWLQJ SKRWRHOHFWURGHV �&X,Q���*D���6�� &X)H�2��>�@ =Q)H�2��>�@ 6Q6��>�@ DQG
/D)H2��� ZKLFK KDYH SURYLGHG LQVLJKWV LQWR WKH LQWHUIDFLDO FDUULHU EHKDYLRU� L�H�� HQHUJHWLF DFURVV
WKH LQWHUIDFH� NLQHWLFV RI FKDUJH WUDQVIHU DQG UHFRPELQDWLRQ� QDWXUH RI WKH VXUIDFH VWDWHV� DQG
FKHPLFDO LGHQWLW\ RI LQWHUPHGLDWH VSHFLHV� ,Q SDUWLFXODU� ZH LPSOHPHQW OLJKW PRGXODWLRQ WHFKQLTXHV
�,036�,096� RQ &X)H�2� WR UHYHDO DQ XQIDYRXUDEOH NLQHWLF FRPSHWLWLRQ ZKLFK VLJQLILFDQWO\ KDPSHUV
WKH FKDUJH WUDQVIHU HIILFLHQF\� /LNHZLVH� E\ ILWWLQJ WKH LPSHGDQFH UHVSRQVH ZLWK HTXLYDOHQW FLUFXLWV�
D FOHDU PDS RI WKH GHQVLW\ RI VXUIDFH VWDWHV LV VKRZQ� 2YHUDOO� WKHVH ILQGLQJV SURYLGH D EHWWHU
XQGHUVWDQGLQJ RQ WKH HOHFWURFKHPLFDO SKHQRPHQD DW WKH 6&/-� HVWDEOLVKLQJ D SUHFLVH URDGPDS WR
HQJLQHHU�WKH�LQWHUIDFH�DQG�RSWLPL]H�WKH�SHUIRUPDQFH�RI�VRODU�IXHO�GHYLFHV�

>�@ <RQJSHQJ /LX� )ORULDQ /H )RUPDO� )ORUHQW %RXGRLUH� /LDQJ <DR� .HYLQ 6LYXOD� 1«VWRU
*XLMDUUR��-RXUQDO�RI�0DWHULDOV�&KHPLVWU\�$���������������������
>�@ ;LDRGL =KX� 1«VWRU *XLMDUUR� <RQJSHQJ /LX� 3DVFDO 6FKRXZLQN� 5HEHNDK $� :HOOV� )ORULDQ /H
)RUPDO��6RQJ�6XQ��&KHQ�*DR��.HYLQ�6LYXOD��$GYDQFHG�0DWHULDOV��������������������
>�@ <RQJ =XR� <RQJSHQJ /LX� -XQVKDQ /L� 5XLIHQJ 'X� ;LDRWLQJ <X� &RQJFRQJ ;LQJ� 7LQJ =KDQJ�
/LDQJ <DR� -RUGL $UELRO� -RUGL /ORUFD� .HYLQ 6LYXOD� 1«VWRU *XLMDUUR� $QGUHX &DERW� $&6 $SSOLHG
0DWHULDOV�	�,QWHUIDFHV����������������������
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,PSDFW�RI�&DUULHU�$FLGLW\�RQ�WKH�&RQYHUVLRQ�RI�6\QJDV�WR�+LJKHU�$OFRKROV�RYHU�=HROLWH�
6XSSRUWHG�&RSSHU�,URQ�&DWDO\VWV

+��/XN���&��0RQGHOOL���-��$��6WHZDUW���'��&XUXOOD�)HUU«���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG���727$/�5HVHDUFK�	�7HFKQRORJ\�)HOX\��%HOJLXP

7KH GHYHORSPHQW RI FDWDO\VWV VKRZLQJ VDWLVIDFWRU\ SHUIRUPDQFH WR UHDOL]H D ODUJH�VFDOH V\QWKHVLV
RI KLJKHU DOFRKROV �+$� YLD &2 K\GURJHQDWLRQ� ZKLFK SURPLVHV KLJKHU VXVWDLQDELOLW\ FRPSDUHG WR
FXUUHQW LQGXVWULDO URXWHV� LV KLQGHUHG E\ OLPLWHG IXQGDPHQWDO XQGHUVWDQGLQJ�� ,Q WKLV FRQWULEXWLRQ�
WKH LPSDFW RI DFLGLW\ RI 0),�W\SH ]HROLWH FDUULHUV RQ WKH SURSHUWLHV RI &X)H FDWDO\VWV ZDV
HOXFLGDWHG� ,QWURGXFLQJ %UºQVWHG DFLGLW\ LQWR WKH VXSSRUW� ZKLOH PRVWO\ UHWDLQLQJ PHWDOV VWUXFWXUH
DQG PRUSKRORJ\� GUDPDWLFDOO\ DOWHUHG DFWLYLW\ DQG VHOHFWLYLW\� LQGXFLQJ D VWURQJ VKLIW LQ WKH +$
FRPSRVLWLRQ IURP SULPDU\ WR VHFRQGDU\ DOFRKROV� ,QGLYLGXDO IHHGLQJ RI PHWKDQRO� PL[WXUHV RI
VHOHFWHG SULPDU\ DQG VHFRQGDU\ DOFRKROV� DQG K\GURFDUERQV RYHU DQ DFLGLF ]HROLWH XQUDYHOOHG WKH
LQWULFDWH QHWZRUN RI UHDFWLRQV RFFXUULQJ LQ SDUDOOHO DQG FRQVHFXWLYHO\ �)LJXUH ��� 6HFRQGDU\ +$
RULJLQDWHG IURP WKH K\GUDWLRQ RI ROHILQV� IRUPHG WKURXJK WKH SDUDVLWLF )LVFKHU�7URSVFK V\QWKHVLV� DV
ZHOO DV IURP GHK\GUDWLRQ RI SULPDU\ +$ JHQHUDWHG IROORZHG E\ UHK\GUDWLRQ� 6WLOO� ROHILQV DOVR
XQGHUZHQW FRXSOLQJ UHDFWLRQV ZLWK VXEVHTXHQW K\GURJHQDWLRQ DQG FUDFNLQJ WR SDUDIILQV� . DV D
SURPRWHU ZDV LQFRUSRUDWHG E\ LRQ H[FKDQJH� GHSRVLWLRQ� RU WKHLU FRPELQDWLRQ� ZKHUHE\ WKH VHFRQG
ZDV VXSHULRU DQG LQFUHDVHG WKH +$ VHOHFWLYLW\ RYHU &X)H�VLOLFDOLWH WR ���� 7KH &2� VHOHFWLYLW\ ZDV
RXWVWDQGLQJO\ PLQLPL]HG WR ��� )LQDOO\� WKH +$ SURGXFWLYLW\ ZDV ERRVWHG E\ RSHUDWLQJ D ]HROLWH
ZLWK WXQHG DFLGLW\ LQ VHULHV WR D FDWDO\VW SURGXFLQJ D KLJK IUDFWLRQ RI ROHILQV�� 7KH FRPELQDWLRQ RI
WKH WZR V\VWHPV IDYRUHG WKH K\GUDWLRQ RI WKH ODWWHU DQG GRPLQDWHG RYHU RWKHU SDUDOOHO UHDFWLRQV�
OHDGLQJ�WR�D�VWDWH�RI�WKH�DUW�VSDFH�WLPH�\LHOG�RI�+$�RI������J+$�Kಗ��JFDWಗ��DW�D�+$�VHOHFWLYLW\�RI�����

)LJXUH � 5HDFWLRQ QHWZRUN IRU KLJKHU DOFRKROV V\QWKHVLV RYHU FRSSHU�LURQ FDWDO\VWV VXSSRUWHG RQ
DFLGLF�0),�]HROLWHV�

+� 7� /XN� &� 0RQGHOOL� '� &XUXOOD )HUU«� -� $� 6WHZDUW� -� 3«UH]�5DP¯UH]� &KHP� 6RF� 5HY� ����� ���
�����
+� 7� /XN� &� 0RQGHOOL� 6� 0LWFKHOO� '� &XUXOOD )HUU«� -� $� 6WHZDUW� -� 3«UH]�5DP¯UH]� -� &DWDO� �����
���������
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5HYLVLQJ�WKH�PHFKDQLVP�RI�WKH�FDWDO\WLF�HWKDQRO�R[LGDWLRQ

6��0RVWURX���1��1DJO���.��)¸WWLQJHU���-��$��YDQ�%RNKRYHQ���


�(7+�=XULFK���78�:LHQ���36,�9LOOLJHQ

7KH DHURELF R[LGDWLRQ RI DTXHRXV ELRHWKDQRO LV DQ HQYLURQPHQWDOO\�IULHQGO\ URXWH IRU WKH
SURGXFWLRQ RI DFHWLF DFLG DW ODUJH VFDOH� UHGXFLQJ RXU GHSHQGHQF\ RQ IRVVLO IHHGVWRFNV� $X�7L2� LV
UHODWLYHO\ VHOHFWLYH WR DFHWLF DFLG EXW DOVR SURGXFHV ODUJH TXDQWLWLHV RI E\�SURGXFWV� +LJK VHOHFWLYLW\
FRXOG EH DFKLHYHG E\ LPSURYHG FDWDO\VW GHVLJQV� ZKLFK UHTXLUHV D GHHSHU XQGHUVWDQGLQJ RI WKH
UHDFWLRQ PHFKDQLVP�>���@ (WKDQRO WR DFHWLF DFLG FRQVLVWV RI WZR NH\ VWHSV� GHK\GURJHQDWLRQ RI
HWKDQRO WR DFHWDOGHK\GH DQG R[LGDWLRQ RI DFHWDOGHK\GH WR DFHWLF DFLG�>�@ ([SHULPHQWDOO\� WKH
VHFRQG VWHS ZDV REVHUYHG SULPDULO\ LQ WKH OLTXLG�SKDVH RI DTXHRXV HWKDQRO� 7KH SKHQRPHQRQ ZDV
DWWULEXWHG WR WKH SUHVHQFH RI ZDWHU DQG D PHFKDQLVP ZKHUH WKH JROG VLWHV EHFRPH PRUH DFWLYH
ZKHQ FRYHUHG E\ K\GUR[LGHV�>�@ +RZHYHU� WKH DERYH PHFKDQLVP ZDV GHWHUPLQHG XQGHU VWURQJO\
DONDOLQH VROXWLRQ� ZKLFK PDNHV LW XQUHODWDEOH WR WKH W\SLFDO HWKDQRO�WR�DFHWLF DFLG UHDFWLRQ
FRQGLWLRQV� L�H� S+�QHXWUDO HWKDQRO VROXWLRQV�>���@ +HQFH� WKH UHVHDUFK ILHOG VWLOO QHFHVVLWDWHV D
PRUH XQLYHUVDOO\ DSSOLHG UHDFWLRQ PHFKDQLVP� +HUHLQ� ZH VWXGLHG WKH FULWHULD IRU DFHWDOGHK\GH
R[LGDWLRQ DV SDUW RI WKH RYHUDOO PHFKDQLVP RI WKH R[LGDWLRQ RI HWKDQRO DQG LWV HIIHFW RI WKH SURGXFW
VHOHFWLYLW\�

7KH VWXG\ RI WKH DFHWDOGHK\GH R[LGDWLRQ� XQGHU WKH VDPH UHDFWLRQ FRQGLWLRQV DV W\SLFDO HWKDQRO
R[LGDWLRQ� UHYHDOHG WKDW WKH UHDFWLRQ SURFHHGV LQGHSHQGHQWO\ RI WKH SUHVHQFH RI WKH FDWDO\VW� 7KH
UHDFWLRQ PHFKDQLVP ZDV H[SHULPHQWDOO\ DWWULEXWHG WR WKH IRUPDWLRQ RI UDGLFDOV� VLPLODUO\ WR WKH
QRQ�FDWDO\WLF R[LGDWLRQ RI DURPDWLF DOGHK\GHV�>�@ )XUWKHU VWXGLHV UHYHDOHG WKH FULWHULD IRU WKH QRQ�
FDWDO\WLF DFHWDOGHK\GH R[LGDWLRQ� RSHUDWLRQ LQ OLTXLG�SKDVH DQG WKH SUHVHQFH RI ERWK ZDWHU DQG
R[\JHQ� :H IXUWKHU HVWDEOLVKHG WKH UHODWLRQ EHWZHHQ WKH FDWDO\WLF R[LGDWLRQ RI HWKDQRO DQG WKH
UDGLFDO�GULYHQ� QRQ�FDWDO\WLF R[LGDWLRQ RI DFHWDOGHK\GH E\ DOWHULQJ WKH FULWHULD UHTXLUHG IRU WKH
ODWHU� :KHQ RSHUDWLQJ LQ JDV�SKDVH� HYHQ LQ H[FHVV RI ZDWHU DQG R[\JHQ� $X�7L2� GLG QRW R[LGLVH
WKH LQWHUPHGLDWH DFHWDOGHK\GH WR DFHWLF DFLG �ILJXUH�� +HQFH� LQ WKH RYHUDOO FDWDO\WLF R[LGDWLRQ RI
DTXHRXV HWKDQRO� VXSSRUWHG JROG FDWDO\VHG RQO\ WKH R[LGDWLYH GHK\GURJHQDWLRQ RI HWKDQRO WR
DFHWDOGHK\GH��ZKLFK�LV�VXEVHTXHQWO\�R[LGLVHG�LQ�WKH�OLTXLG�SKDVH�WR�DFHWLF�DFLG�
7KHVH ILQGLQJV FKDOOHQJH WKH HVWDEOLVKHG FDWDO\WLF HWKDQRO R[LGDWLRQ PHFKDQLVP� ZKLFK FRXOG DOVR
KDYH LPSOLFDWLRQV RQ WKH R[LGDWLRQ RI RWKHU SULPDU\ DOFRKROV� 2XU VWXG\ SURYLGHV D GHHSHU
XQGHUVWDQGLQJ RI WKH LQWHUSOD\ EHWZHHQ FDWDO\WLF DQG QRQ�FDWDO\WLF UHDFWLRQ VWHSV DQG RXWOLQHV
JXLGLQJ�SULQFLSOHV�IRU�WKH�GHVLJQ�RI�QHZ�DQG�PRUH�VHOHFWLYH�DOFRKRO�R[LGDWLRQ�FDWDO\VWV�

>�@�&��+��&KULVWHQVHQ��HW�DO���$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ %� -ºUJHQVHQ� 6� (JKROP &KULVWLDQVHQ� 0� /� 'DKO 7KRPVHQ� &� +� &KULVWHQVHQ� -� &DWDO� �����
��������૱����
>�@ 6� 0RVWURX� 7� 6LSF]� $� 1DJO� %� )RGL� )� 'DUYDV� .� )¸WWLQJHU� -� $� 9DQ %RNKRYHQ� 5HDFW� &KHP�



(QJ��������������૱����
>�@�%��1��=RSH��'��'��+LEELWWV��0��1HXURFN��5��-��'DYLV��6FLHQFH��������������૱���
>�@�.��-��/LX��HW�DO���$&6�6XVWDLQ��&KHP��(QJ���������������૱�����
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'HIHFW�LQGXFHG�HQKDQFHG�DFWLYLW\�LQ�&H�VXEVWLWXWHG�/D���6U���0Q2�s͈��D�SURPLVLQJ
SHURYVNLWH�UHGR[�PDWHULDO�FODVV�IRU�VRODU�WKHUPRFKHPLFDO�&2��VSOLWWLQJ

-��1DLN���$��6WHLQIHOG���*��5��3DW]NH�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK���(7+�=XULFK��'HSDUWPHQW�RI�0HFKDQLFDO�DQG
3URFHVV�(

6RODU WKHUPRFKHPLFDO &2��+�2 VSOLWWLQJ KDV WKH SRWHQWLDO WR JHQHUDWH LQGXVWULDO�VFDOH TXDQWLWLHV RI
V\QWKHWLF OLTXLG IXHOV ZKLOH VLPXOWDQHRXVO\ FXUELQJ JUHHQKRXVH JDV HPLVVLRQV� 7KHUPRFKHPLFDO
SDWKZD\ XWLOL]H FRQFHQWUDWHG VRODU UDGLDWLRQ DV D VRXUFH RI KLJK�WHPSHUDWXUH SURFHVV KHDW WR VSOLW
&2� DQG +�2 LQWR &2 DQG +� �V\QJDV�� D SUHFXUVRU IRU V\QWKHWLF OLTXLG K\GURFDUERQ IXHOV� 7KH WZR�
VWHS WKHUPRFKHPLFDO WHPSHUDWXUH�VZLQJ F\FOH LQYROYHV DQ HQGRWKHUPLF UHGXFWLRQ VWHS RI D UHGR[
PHWDO R[LGH DW KLJK WHPSHUDWXUHV ����� .�� JHQHUDWLQJ R[\JHQ YDFDQFLHV� IROORZHG E\ DQ
H[RWKHUPLF UH�R[LGDWLRQ VWHS ZLWK &2� DQG +�2 DW ORZ WHPSHUDWXUHV ����� .�� 3DUWLFXODUO\� QRQ�
VWRLFKLRPHWULF FHULD �&H2��͈�� LV FRQVLGHUHG DV WKH VWDWH RI WKH DUW UHGR[ PDWHULDO EHFDXVH RI LWV
SKDVH VWDELOLW\� YDULDEOH &H���&H�� YDOHQFH� DQG UDSLG NLQHWLFV�>�@ 8QIRUWXQDWHO\� FHULD VXIIHUV IURP
ORZ UHGXFLELOLW\ DQG GHPDQGV KLJK�WHPSHUDWXUHV �!���� .� WR DFKLHYH HYHQ PRGHUDWH R[\JHQ QRQ�
VWRLFKLRPHWU\ �̩͈��>���@ +RZHYHU� PDWHULDO LQQRYDWLRQV WKDW FDQ RYHUFRPH WKH WKHUPRG\QDPLF
OLPLWDWLRQV RI WKH FXUUHQW FODVV RI UHGR[ PDWHULDO DUH UHTXLUHG WR LQFUHDVH HIILFLHQFLHV� 3HURYVNLWHV
R[LGH PDWHULDOV DUH FXUUHQWO\ HPHUJLQJ DV DQ DOWHUQDWH FODVV RI UHGR[ PDWHULDOV� PDLQO\ EHFDXVH RI
LWV WKHUPRG\QDPLF DQG VWUXFWXUDO WXQLQJ GHULYHG WKURXJK HQJLQHHUHG FRPSRVLWLRQ� +HUH� ZH KDYH
LGHQWLILHG D QRYHO FODVV RI &H VXEVWLWXWHG �DW $�DQG %�VLWHV� SHURYVNLWH UHGR[ PDWHULDOV
/D���6U���0Q2�s͈ �/60�� ZKLFK FDQ RYHUFRPH WKH LQGLYLGXDO OLPLWDWLRQV RI FHULD DQG SHURYVNLWHV�
$PRQJVW WKHP� ��� &H�VXEVWLWXWHG /D���6U���0Q2� GLVSOD\HG � WLPHV KLJKHU UHGXFWLRQ H[WHQW WKDQ
SXUH FHULD DQG � WLPHV IDVWHU UHR[LGDWLRQ NLQHWLFV WKDQ SXUH /60 SHURYVNLWH GXULQJ 7*$ UHGR[
F\FOLQJ H[SHULPHQWV DW ORZHU UHGXFWLRQ WHPSHUDWXUHV ����� .�� ,Q DGGLWLRQ� FRPSDULVRQ RI
DQDO\WLFDO FKDUDFWHUL]DWLRQV RI UHGR[ DFWLYH PDWHULDOV EHIRUH DQG DIWHU 7*$ F\FOLQJ H[SHULPHQWV E\
;5'� 5DPDQ� )7�,5 	 6(0�('; HOXFLGDWH WKH UROH RI LQGXFHG GHIHFW�VWDWHV LQ HQKDQFLQJ WKH
WKHUPRFKHPLFDO�&2��VSOLWWLQJ�DELOLW\�

>�@�&��&KXHK��&��)DOWHU��0��$EERWW��'��6FLSLR��3��)XUOHU��6��0��+DLOH��$��6WHLQIHOG��6FLHQFH������������
����૱������
>�@�'��0DU[HU��3��)XUOHU��0��7DNDFV��$��6WHLQIHOG��(QHUJ\�(QYLURQ��6FL�����������������૱�����
>�@�5�-DFRW��-��0DGKXVXGKDQ�1DLN��5��0RU«��5��0LFKDOVN\��$��6WHLQIHOG��*��5��3DW]NH��-��0DWHU��&KHP�
$���������������૱�����
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*HQHUDWLRQ�DQG�XQGHUVWDQGLQJ�RI�ORZ�YDOHQW�0RO\EGHQXP�VLWHV�WRZDUGV�ROHILQ
PHWDWKHVLV

'��)��1DWHU���1��.DHIIHU���&��&RS«UHW�


�(7+�=¾ULFK

5HFHQW VWXGLHV KDYH VKRZQ PRUH FRQFLVH HYLGHQFH RI WKH SUHVHQFH RI D 0R�,9� VSHFLHV DFWLQJ DV
WKH SUH�FDWDO\VW LQ 2OHILQ PHWDWKHVLV�>���@ &RQFXUUHQWO\� ZH DUH LQYHVWLJDWLQJ WKH V\QWKHWLF
JHQHUDWLRQ RI VXFK VSHFLHV WR VLPXOWDQHRXVO\ SURYLGH IXUWKHU SURYH RI WKH SURSRVHG PHFKDQLVP
DQG�WR�EHWWHU�XQGHUVWDQG�WKH�XQGHUO\LQJ�UHGR[�SURFHVVHV�

7R LQWHUURJDWH WKH UHGR[ SURFHVVHV� ZH KDYH DSSOLHG ERWK SUHSDUDWLYH PHWKRGRORJLHV LQFRUSRUDWLQJ
FKHPLFDO�UHGXFLQJ�DJHQWV��DV�ZHOO�DV�HOHFWURFKHPLFDO�PHWKRGRORJ\�

>�@ <DPDPRWR� .�� &KDQ� .� :�� 0RXJHO� 9�� 1DJDH� +�� 7VXUXJL� +�� 6DIRQRYD� 2� 9�� 0DVKLPD� .��
&RS«UHW��&���&KHP��&RPPXQ����������������������
>�@�&KDNUDEDUWL�$���:DFKV�,�(���-��3K\V��&KHP��&��������$UWLFOH�$6$3
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0RGXODWHG�([FLWDWLRQ�6SHFWURVFRS\�RI�&X�66=�����8QUDYHOLQJ�WKH�0HFKDQLVP�RI
6HOHFWLYH�&DWDO\WLF�5HGXFWLRQ��6&5�

5��*��1XJXLG�����$��+��&ODUN���0��1DFKWHJDDO���'��)HUUL���2��.URHFKHU���


�3DXO�6FKHUUHU�,QVWLWXW���(FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH

&X�66=��� KDV HPHUJHG DV D FRPPHUFLDO VROXWLRQ IRU WKH VHOHFWLYH FDWDO\WLF UHGXFWLRQ �6&5� RI 12[
LQ DXWRPRWLYH YHKLFOHV� 1RW RQO\ GRHV LW SRVVHVV VXSHULRU DFWLYLW\ DW ORZ WHPSHUDWXUH� EXW LW FDQ
DOVR UHVLVW VLJQLILFDQW GHDFWLYDWLRQ LQ WKH SUHVHQFH RI ZDWHU DQG K\GURFDUERQV� 7KH VFLHQWLILF
OLWHUDWXUH DERXQGV ZLWK VSHFWURVFRSLF LQYHVWLJDWLRQV RI &X�66=���� EXW WUDQVLHQW UHVSRQVH VWXGLHV
KDYH QRW EHHQ XWLOL]HG IXOO\ WR H[WUDFW NH\ PHFKDQLVWLF LQVLJKWV� $V D UHVXOW� PDQ\ FDWDO\WLF
IHDWXUHV RI WKH &X�66=��� V\VWHP VWLOO UHPDLQ XQUHVROYHG� 3HUKDSV RQH RI WKH PRVW GHEDWHG RQHV LV
WKH LQYROYHPHQW RI QLWUDWH VSHFLHV LQ WKH FDWDO\WLF F\FOH� ,5 VSHFWURVFRS\ FRXOG SRWHQWLDOO\ SURYLGH
DQ DQVZHU� EXW WKLV LV QRW VWUDLJKWIRUZDUG� XQGHU 6&5 FRQGLWLRQV� WKH VSHFWUD DUH GRPLQDWHG E\ WKH
VWURQJ VLJQDOV RI WKH LQWHUDFWLRQ EHWZHHQ 1+� PROHFXOHV DQG WKH FDWDO\VW WKXV SUHFOXGLQJ
XQHTXLYRFDO�LGHQWLILFDWLRQ�RI�RWKHU�DGVRUEHG�VSHFLHV�

7R VROYH WKLV GLIILFXOW\� ZH KDYH DSSOLHG WKH WHFKQLTXH RI PRGXODWHG H[FLWDWLRQ �0(� DQG SKDVH�
VHQVLWLYH GHWHFWLRQ E\ UHSHDWHGO\ SXOVLQJ 12 LQ D JDV IHHG RI 1+��+�2�2��$U ZKLOH FRQWLQXRXVO\
UHFRUGLQJ ,5 VSHFWUD� 7KH WLPH�UHVROYHG VSHFWUD RI &X�66=��� DW ��� r& DQG ��� r& UHYHDOHG WKH
SUHVHQFH RI RQO\ DGVRUEHG ZDWHU DQG 1+�� ,Q FRQWUDVW� WKH SKDVH�UHVROYHG VSHFWUD SURYLGHG D
PXFK GHWDLOHG YLHZ RI WKH PROHFXODU VSHFLHV RQ WKH FDWDO\VW VXUIDFH� $W ��� r&� DGVRUEHG 1+��
12�� DQG QLWUDWH VSHFLHV ZHUH IRXQG WR EH SUHVHQW� $ FRQWURO H[SHULPHQW DW WKLV WHPSHUDWXUH ZLWK
WKH PHWDO�IUHH ]HROLWH GLG QRW GLVSOD\ DQ\ FKDQJH LQ WKH QLWUDWH UHJLRQ RI WKH VSHFWUD� 12 SXOVHV LQ
+�2�2��$U �L�H�� ZLWKRXW 1+�� VKRZHG QR SKDVH�UHVROYHG QLWUDWH VLJQDO DV ZHOO� 7KHVH GDWD VXJJHVW
WKDW DW ��� r&� QLWUDWH FDQ EH IRUPHG RQ WKH FDWDO\VW VXUIDFH DQG PD\ EH LPSRUWDQW DV UHDFWLRQ
LQWHUPHGLDWHV� $ YHU\ GLIIHUHQW VHW RI SKDVH�UHVROYHG VSHFWUD ZDV REWDLQHG DW ��� r&� 1+� ZDV WKH
RQO\ VLJQLILFDQWO\ DGVRUEHG VSHFLHV� $W WKLV WHPSHUDWXUH� QLWUDWHV DUH QR ORQJHU VWDEOH DQG 12
SUREDEO\�UHDFWV�ZLWK�1+��LQ�D�GLIIHUHQW�PHFKDQLVP�

7KH GHSWK RI WKLV PROHFXODU LQIRUPDWLRQ H[FHHGV ZKDW FDQ EH SURYLGHG E\ FRQYHQWLRQDO ,5
H[SHULPHQWV XQGHU VWHDG\�VWDWH FRQGLWLRQV� 7KHUHIRUH� WUDQVLHQW�UHVSRQVH DQG 0( VWXGLHV FRXOG
SRWHQWLDOO\�DGYDQFH�RXU�IXQGDPHQWDO�XQGHUVWDQGLQJ�RI�6&5�
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+DORJHQ�0HGLDWHG�9DORUL]DWLRQ�RI�0HWKDQH�RYHU�=HROLWHV�,QWHUDFWLRQ�RI�+DORJHQDWHG
&RPSRXQGV�ZLWK�0),

9��3DXQRYLÉ���6��0LWFKHOO���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG

&DWDO\WLF KDORJHQDWLRQ RI PHWKDQH LQWR KDORPHWKDQHV �&+�;� ;  &O� %U� IROORZHG E\ WKHLU FRXSOLQJ
LQWR YDOXH�DGGHG FKHPLFDOV DQG OLTXLG IXHOV RYHU ]HROLWH FDWDO\VWV FRQVWLWXWHV D ૶GUHDP WHFKQRORJ\૷
WKDW FRXOG WUDQVILJXUH WKH YDORUL]DWLRQ RI DEXQGDQW QDWXUDO JDV E\ DYRLGLQJ WKH FRVWO\ DQG HQHUJ\�
LQWHQVLYH V\QJDV JHQHUDWLRQ�� +HUHLQ� ZH SHUIRUPHG WKH ILUVW FRPSUHKHQVLYH HYDOXDWLRQ RI D ODUJH
OLEUDU\ RI FDUULHUV� QREOH PHWDOV� PHWDO R[LGHV� FKORULGHV� DQG R[\IORXULGHV VXSSRUWHG RYHU GLIIHUHQW
FDUULHUV� VXOIDWHG V\VWHPV� DQG ]HROLWHV LQ FKORULQDWLRQ DQG EURPLQDWLRQ RI PHWKDQH XQGHU
SUDFWLFDOO\�UHOHYDQW FRQGLWLRQV� :KLOH WKH EURPLQDWLRQ UDWH ZDV DOPRVW XQDIIHFWHG E\ WKH VROLGV LQ
WKH ZKROH WHPSHUDWXUH UDQJH ����૯��� .�� WKH FKORULQDWLRQ DFWLYLW\ RI GLIIHUHQW FDWDO\VW EHGV DW ORZ
WHPSHUDWXUHV ����૯��� .� ZDV �૯��� KLJKHU FRPSDUHG WR WKH QRQ૯FDWDO\WLF UHDFWLRQ� =HROLWHV
GLVSOD\HG WKH KLJKHVW SURPRWLQJ HIIHFW LQ FKORULQDWLRQ� ZKLFK IROORZHG D YROFDQR૯OLNH GHSHQGHQFH
RQ WKHLU PLFURSRUH VL]H� 6WULNLQJO\� WKH PD[LPXP ZDV DFKLHYHG IRU WKH =60�� PLFURSRUHV� WKH VL]H
RI ZKLFK FRLQFLGHV ZLWK WKH VXP RI NLQHWLF GLDPHWHUV RI PHWKDQH DQG FKORULQH UDGLFDO �)LJXUH �D�
WKDW SDUWLFLSDWH LQ WKH UDWH�OLPLWLQJ VWHS� 7KLV DORQJ ZLWK WKH PDUJLQDO LPSDFW RI 6L�$O UDWLR�
FRXQWHU૯LRQV� DQG H[WUDIUDPHZRUN DOXPLQLXP VSHFLHV RQ LWV FDWDO\WLF EHKDYLRU� DV ZHOO DV PRUH
SURPLQHQW SHUIRUPDQFH GLIIHUHQFHV LQGXFHG E\ LQWUDFU\VWDOOLQH PHVRSRURVLW\ DQG UHGXFWLRQ RI
FU\VWDOOLWH VL]H� LQGLFDWH WKDW FRQILQHPHQW HIIHFWV DUH UHOHYDQW LQ WKLV UHDFWLRQ� ,Q DGGLWLRQ� LQ�GHSWK
FKDUDFWHUL]DWLRQ RI WKH =60�� FDWDO\VWV HTXLOLEUDWHG LQ PHWKDQH KDORJHQDWLRQ� DV ZHOO DV LQ SXUH
KDORJHQV� K\GURJHQ KDOLGHV� RU &+�; IHHGV E\ D EURDG VHW RI FRPSOHPHQWDU\ FKDUDFWHUL]DWLRQ
WHFKQLTXHV UHYHDOHG VXEWOH FKDQJHV LQ WKH VSHFLDWLRQ RI $O VLWHV DVVRFLDWHG ZLWK WKH FRRUGLQDWLRQ RI
KDORJHQDWHG FRPSRXQGV� ZKLFK GR QRW DIIHFW WKH ORQJ�UDQJH FU\VWDOOLQH RUGHU DQG DUH UHYHUVLEOH LQ
QDWXUH �)LJXUH �E�F�� 7KH ILQGLQJV SURYLGH IXQGDPHQWDO LQVLJKWV LQWR KDORJHQ DFWLYDWLRQ E\
]HROLWHV DQG SDYH WKH ZD\ IRU WKH SUDFWLFDO LPSOHPHQWDWLRQ RI KDORJHQ�PHGLDWHG QDWXUDO JDV
YDORUL]DWLRQ�

)LJXUH � D� &RQYHUVLRQ RI PHWKDQH RYHU GLIIHUHQW ]HROLWHV DW ��� . DV D IXQFWLRQ RI WKHLU
PLFURSRUH VL]H� E� ;�UD\ GLIIUDFWLRQ SDWWHUQ RI =60�� FDWDO\VWV LQ IUHVK IRUP DQG DIWHU HTXLOLEUDWLRQ
LQ VWUHDPV FRQWDLQLQJ GLIIHUHQW KDORJHQ FRPSRXQGV� F� ��$O PDJLF DQJOH VSLQQLQJ QXFOHDU PDJQHWLF
UHVRQDQFH VSHFWUD RI =60�� FDWDO\VWV LQ IUHVK IRUP� DIWHU HTXLOLEUDWLRQ LQ VWUHDPV FRQWDLQLQJ
PROHFXODU�KDORJHQV��&O���%U����DQG�VXEVHTXHQW�FDOFLQDWLRQ�LQ�DLU��&O����2���%U����2���

>�@�5��/LQ��$��3��$PUXWH��-��3«UH]�5DP¯UH]��&KHP��5HY������������������
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+HWHURJHQHRXV�2OHILQ�0HWDWKHVLV�&DWDO\VWV�SUHSDUHG�YLD�620&��ZKLFK�PHWDO��ZKLFK
OLJDQG�IRU�ZKLFK�ROHILQV

0��3XFLQR���&��&RS«UHW�
��&��3��*RUGRQ�

�(7+�=XULFK���(7+�=¾ULFK

2OHILQ PHWDWKHVLV LV D NH\ UHDFWLRQ WR WKH IRUPDWLRQ RI QHZ & & ERQG� LW H[WUHPHO\ LPSRUWDQW ERWK
DW DFDGHPLD DQG LQGXVWULDO OHYHO DQG WKH GHVLJQ RI KHWHURJHQHRXV FDWDO\VWV ZLWK KLJK DFWLYLW\ DQG
VWDELOLW\ LV VWLOO D FKDOOHQJH� 6HYHUDO ZHOO�GHILQHG : 1$U� : 2� 0R 1$U DON\OLGHQH KDYH EHHQ
GHYHORSHG DV KRPRJHQHRXV DQG VXSSRUWHG V\VWHPV�>�@ :KLOH :� DQG 0R�,PLGR QHXWUDO FRPSOH[HV
VKRZ VLPLODU UHDFWLYLW\ WRZDUGV LQWHUQDO ROHILQV�>�@ : 2[R VSHFLHV GLVSOD\ JUHDWO\ LPSURYHG DFWLYLW\
IRU WHUPLQDO ROHILQ PHWDWKHVLV�>�@ LQ SDUWLFXODU IRU FDWLRQLF VSHFLHV FRQWDLQLQJ 1+& OLJDQG�>�@ $IWHU
\HDUV RI UHVHDUFK� ZHOO�GHILQHG 0R�R[R DON\OLGHQHV KDYH HPHUJHG DV D QHZ FODVV RI FDWDO\VW� RQFH
VXSSRUWHG� WKHVH VSHFLHV VKRZ JUHDW DFWLYLW\ WRZDUGV ERWK LQWHUQDO DQG WHUPLQDO ROHILQV�>�@ +HUH�
ZH SUHVHQW WKH V\QWKHVLV RI ZHOO�GHILQHG VXSSRUWHG VSHFLHV RI DOO WKHVH VSHFLHV DQG WKHLU FRPSDUHG
DFWLYLW\�LQ�ROHILQ�PHWDWKHVLV��

>�@ 5� 5� 6FKURFN� &KHP� 5HY�� ����� ��� ���� ����� &� &RS«UHW� )� $OORXFKH� .� :� &KDQ� 0� 3�
&RQOH\� 0� )� 'HOOH\� $� )HGRURY� ,� %� 0RUR]� 9� 0RXJHO� 0� 3XFLQR� .� 6HDUOHV� .� <DPDPRWR� 3� $�
=KL]KNR��$QJHZ��&KHP��,QW��(G��������������
>�@�3��=KL]KNR��9��0RXJHO��-��'H�-HVXV�6LOYD�DQG�&��&RS«UHW��+HOYHWLFD�&KLP��$FW������������
>�@�9��0RXJHO��0��3XFLQR�DQG�&��&RS«UHW��2UJDQRPHWDOOLFV���������������
>�@ 0� 3XFLQR� 9� 0RXJHO� 5� 6FKRZQHU� $� )HGHURY� 0� 5� %XFKPHLVHU DQG &� &RS«UHW $QJHZ� &KHP�
,QW��(G��������������
>�@ 0DUJKHULWD 3XFLQR� )HQJ =KDL� &KULVWRSKHU 3� *RUGRQ� 'HQL 0DQFH� $PLU +RYH\GD� 5LFKDUG 5�
6FKURFN�&KULVWRSKH�&RS«UHW��$QJHZ��&KHP��,QW��(G���LQ�SUHVV�

�

�
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)DVW�3\URO\VLV�RI�/LJQLQ�0RGHO�&RPSRXQGV

$��3XHQWH�8UELQD���5��+DDULQJ���=��3DQ�����3��+HPEHUJHU���-��$��YDQ�%RNKRYHQ���


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+
=XULFK��+&,�(������9ODGLPLU�3UHORJ�:HJ���������=XULFK��6ZLW]HUODQG���/DERUDWRU\�IRU

)HPWRFKHPLVWU\�DQG�6\QFKURWURQ�5DGLDWLRQ��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG���
/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ�

6ZLW]HUODQG

/LJQLQ LV D KLJKO\ DEXQGDQW QDWXUDO SRO\PHU ZLWK D VWUXFWXUH WKDW PDNHV LW DQ DSSHDOLQJ VRXUFH RI
IXHOV�DQG�FKHPLFDOV�ZLWK�ORZ�FDUERQ�IRRWSULQW�>���@�

$ VXFFHVVIXO FRQYHUVLRQ RI OLJQLQ WR YDOXH�DGGHG SURGXFWV UHTXLUHV RSWLPL]HG GHSRO\PHUL]DWLRQ
PHWKRGV >���@� )DVW S\URO\VLV KDV DWWUDFWHG LQWHUHVW LQ WKH ODVW GHFDGHV DV LW SURYLGHV ORJLVWLFDO DQG
HFRQRPLF DGYDQWDJHV RYHU RWKHU WKHUPRFKHPLFDO SURFHVVHV >�@� +RZHYHU� WKHUH LV VWLOO D ODFN RI
GHHS PHFKDQLVWLF XQGHUVWDQGLQJ DQG FRQWURO RI XQGHVLUHG VLGH UHDFWLRQV WKDW KLQGHU VLJQLILFDQW
DGYDQFHV LQ WHUPV RI \LHOG DQG VHOHFWLYLW\� ,Q WKLV UHJDUG� IDVW S\URO\VLV RI PRGHO FRPSRXQGV ZLWK
OLQNDJHV WKDW UHVHPEOH WKRVH SUHVHQWHG LQ OLJQLQ SURYLGH LQVLJKW LQWR WKH GHFRPSRVLWLRQ RI WKLV
SRO\PHU�>���@�

$ VWXG\ RI IDVW S\URO\VLV RI OLJQLQ PRGHO FRPSRXQGV >H�J�
�������GLPHWKR[\SKHQ\O�������PHWKR[\SKHQR[\�SURSDQH�����GLRO@ DQG S\URO\VLV SURGXFWV LV
SURSRVHG� 3\URO\VLV H[SHULPHQWV XQGHU FROOLVLRQ�UHGXFHG KLJK YDFXXP HQYLURQPHQW �S\�L3(3,&2�
SURYLGH DFFHVV WR UHDFWLYH PROHFXOHV DQG WKH XQLPROHFXODU FKHPLVWU\� %DWFK�W\SH UHDFWRU
H[SHULPHQWV XVLQJ *&�06 GHWHFWLRQ �S\�*&�06� VKRZ RQO\ VWDELOL]HG SURGXFWV EXW DW PRUH SURFHVV�
OLNH FRQGLWLRQV� 7KDQNV WR WKH FRPELQDWLRQ RI ERWK WHFKQLTXHV� UHDFWLRQ PHFKDQLVPV ZLOO EH
SURSRVHG� DFKLHYLQJ D EHWWHU XQGHUVWDQGLQJ RI OLJQLQ PRGHO FRPSRXQGV DQG S\URO\VLV SURGXFWV LQ
JHQHUDO�

>�@ 6XUHHUDW -DPSD� $OOHQ 3XHQWH�8UELQD� =KLTLDQJ 0D� 6XMLWUD :RQJNDVHPMLW� -HUHP\ 6�
/XWHUEDFKHU� -HURHQ $� YDQ %RNKRYHQ� $&6 6XVWDLQDEOH &KHPLVWU\ 	 (QJLQHHULQJ� ����� ��
����������
>�@ =KLTLDQJ 0D� $VKLP *KRVK� 1DYLQFKDQGUD $VWKDQD� -HURHQ YDQ %RNKRYHQ� &KHP&DW&KHP�
�����������������
>�@ 3DWULFN +HPEHUJHU� 9LFWRULD %� )� &XVWRGLV� $QGUDV %RGL� 7KRPDV *HUEHU� -HURHQ $� YDQ
%RNKRYHQ��1DWXUH�&RPPXQLFDWLRQV�����������������
>�@ :RXWHU 6FKXW\VHU� 7RP 5HQGHUV� 6DQGHU 9DQ GHQ %RVFK� 6WHYHQ�)ULVR .RHOHZLMQ� *UHJJ 7�
%HFNKDP��%HUW�)��6HOV��&KHPLFDO�6RFLHW\�5HYLHZV��������������������
>�@ $QWKRQ\ %ULGJZDWHU� 'LHWULFK 0HLHU� 'HVPRQG 5DGOHLQ� 2UJDQLF *HRFKHPLVWU\� ����� ���
����������
>�@ 9LFWRULD %� )� &XVWRGLV� 3DWULFN +HPEHUJHU� -HURHQ $� YDQ %RNKRYHQ� &KHPLVWU\ ৽ $ (XURSHDQ
-RXUQDO����������������������
>�@ 9LFWRULD %� )� &XVWRGLV� 3DWULFN +HPEHUJHU� =KLTLDQJ 0D� -HURHQ $� YDQ %RNKRYHQ� -RXUQDO RI
3K\VLFDO�&KHPLVWU\�%�����������������������
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/LJQLQ�6WDELOL]DWLRQ�WR�,PSURYH�)DVW�3\URO\VLV

$��3XHQWH�8UELQD���$��6LQJK�0RUJDQ���-��6��/XWHUEDFKHU���-��$��YDQ�%RNKRYHQ���


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+
=XULFK��+&,�(������9ODGLPLU�3UHORJ�:HJ���������=XULFK��6ZLW]HUODQG���/DERUDWRU\�RI�6XVWDLQDEOH�DQG
&DWDO\WLF�3URFHVVLQJ��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���FROH�3RO\WHFKQLTXH�)«G«UDOH

GH�/DXVDQQH��(3)/��������/DXVDQQH��6ZLW]HUODQG���/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH
&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG

,Q UHFHQW GHFDGHV� WKH XVH RI OLJQRFHOOXORVLF ELRPDVV DV D UHQHZDEOH IHHGVWRFN IRU FKHPLFDOV�
PDWHULDOV DQG IXHOV� KDV GHYHORSHG FRQVLGHUDEO\ >�@� 'HVSLWH WKLV� WKH SRWHQWLDO RI OLJQLQ� ZKLFK
FRQVWLWXWHV FD� �� � RI OLJQRFHOOXORVLF ELRPDVV� KDV QRW EHHQ UHDFKHG >�@� 'XH WR LWV UHFDOFLWUDQFH�
OLJQLQ LV FXUUHQWO\ FRQVLGHUHG D ORZ�YDOXH E\�SURGXFW RI OLJQRFHOOXORVLF SURFHVVLQJ SODQWV DQG LW LV
PDLQO\ FRPEXVWHG >�@� +RZHYHU� DV LW LV KLJKO\ ULFK LQ DURPDWLF VWUXFWXUHV� OLJQLQ KDV JUHDW
SRWHQWLDO WR SURGXFH YDOXH�DGGHG FKHPLFDOV LI LW LV GHSRO\PHUL]HG >�@� )DVW S\URO\VLV LV RQH RI WKH
PRVW SURPLVLQJ PHWKRGV IRU OLJQLQ GHSRO\PHUL]DWLRQ >�@� +RZHYHU� VLGH UHDFWLRQV �H�J�
UHSRO\PHUL]DWLRQ UHDFWLRQV� VKRXOG EH KLQGHUHG DQG UHDFWLRQ FRQGLWLRQV RSWLPL]HG WR LQFUHDVH WKH
\LHOG WR VSHFLILF GHVLUHG SURGXFWV� 2QH DSSURDFK WR DFKLHYH WKLV LV WR FRQYHUW OLJQLQ vV UHDFWLYH
JURXSV LQWR PRUH VWDEOH PRLHWLHV >���@� $ VWXG\ RI WKH LQIOXHQFH RI OLJQLQ H[WUDFWLRQ DQG FKHPLFDO
VWDELOL]DWLRQ RI WKH DOLSKDWLF DQG SKHQROLF K\GUR[\O JURXSV LQ IDVW S\URO\VLV LV SURSRVHG� /LJQLQ LV
H[WUDFWHG XVLQJ WKH JUHHQ VROYHQW ͇�YDOHURODFWRQH �*9/� DQG GLIIHUHQW VWDELOL]DWLRQ PHWKRGV DUH
WHVWHG GXULQJ RU SRVW H[WUDFWLRQ SURFHVVHV� 6WUXFWXUDO DQDO\VLV LV FDUULHG RXW XVLQJ 105
VSHFWURVFRS\� LQIUDUHG VSHFWURVFRS\ DQG WKHUPRJUDYLPHWULF DQDO\VLV� )DVW S\URO\VLV LV DFKLHYHG
XVLQJ D WDQGHP S\URO\VLV UHDFWRU FRXSOHG WR D JDV FKURPDWRJUDSK�PDVV VSHFWURPHWHU �S\�*&�06��
8VLQJ WKLV LQIRUPDWLRQ� WKH HIIHFW RI VWUXFWXUDO PRGLILFDWLRQV RQ WKH \LHOG DQG VHOHFWLYLW\ RI OLJQLQ
IDVW�S\URO\VLV�FDQ�EH�EHWWHU�XQGHUVWRRG�

>�@ 'DYLG 0� $ORQVR� 6LNDQGHU +� +DNLP� 6KHQJIHL =KRX� :DQJ\XQ :RQ� 2PLG +RVVHLQDHL� -LQJPLQJ
7DR� 9DOHULH *DUFLD�1HJURQ� $OL +� 0RWDJDPZDOD� 0D[ $� 0HOOPHU� .HIHQJ +XDQJ� &DUO -� +RXWPDQ�
1LFROH /DEE«� 'DYLG 3� +DUSHU� &KULVWRV 7� 0DUDYHOLDV� 7UR\ 5XQJH� -DPHV $� 'XPHVLF� 6FLHQFH
$GYDQFHV�����������H��������
>�@ :RXWHU 6FKXW\VHU� 7RP 5HQGHUV� 6DQGHU 9DQ GHQ %RVFK� 6WHYHQ�)ULVR .RHOHZLMQ� *UHJJ 7�
%HFNKDP��%HUW�)��6HOV��&KHPLFDO�6RFLHW\�5HYLHZV��������������������
>�@ -RVHSK =DN]HVNL� 3LHWHU &� $� %UXLMQLQF[� $QQD /� -RQJHULXV� %HUW 0� :HFNKX\VHQ� &KHPLFDO
5HYLHZV�����������������������
>�@ 6XUHHUDW -DPSD� $OOHQ 3XHQWH�8UELQD� =KLTLDQJ 0D� 6XMLWUD :RQJNDVHPMLW� -HUHP\ 6�
/XWHUEDFKHU� -HURHQ $� YDQ %RNKRYHQ� $&6 6XVWDLQDEOH &KHPLVWU\ 	 (QJLQHHULQJ� ����� ��
����������
>�@ 3DWULFN +HPEHUJHU� 9LFWRULD %� )� &XVWRGLV� $QGUDV %RGL� 7KRPDV *HUEHU� -HURHQ $� YDQ
%RNKRYHQ��1DWXUH�&RPPXQLFDWLRQV�����������������
>�@ /L 6KXDL� 0DVRXG 7� $PLUL� <GQD 0� 4XHVWHOO�6DQWLDJR� )ORUHQW +«URJXHO� <DQGLQJ /L� +RRQ .LP�
5LFKDUG�0HLODQ��&OLQW�&KDSSOH��-RKQ�5DOSK��-HUHP\�6��/XWHUEDFKHU��6FLHQFH������������������������
>�@ :X /DQ� 0DVRXG 7� $PLUL� &KULVWRSKHU 0� +XQVWRQ� -HUHP\ 6� /XWHUEDFKHU� $QJHZDQGWH &KHPLH
,QWHUQDWLRQDO�(GLWLRQ��������������������������
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(YROXWLRQ�RI�3RUH�1HWZRUNV�LQ�WKH�6\QWKHVLV�DQG�&DWDO\WLF�$SSOLFDWLRQ�RI�+LHUDUFKLFDO
0),�=HROLWHV

%��3X«UWRODV���/��*HUFKRZ���3��&ULYHOOL���-��.HQYLQ���6��0LWFKHOO�
��-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG���0LFURPHULWLFV�,QVWUXPHQWV�&RUSRUDWLRQ��86$

8QGHUVWDQGLQJ WKH RUJDQL]DWLRQ RI FRPSOH[ SRUH QHWZRUNV LV HVVHQWLDO LQ JXLGLQJ WKH GHVLJQ RI
PDWHULDOV ZLWK HQKDQFHG IXQFWLRQDOLW\� +HUH� D PXOWL�WHFKQLTXH DSSURDFK FRPELQLQJ GLIIHUHQWLDO
K\VWHUHVLV VFDQQLQJ �'+6� PHDVXUHPHQWV E\ KLJK�UHVROXWLRQ DUJRQ VRUSWLRQ�� SRVLWURQ DQQLKLODWLRQ
VSHFWURVFRS\ �3$6�� DQG HOHFWURQ PLFURVFRS\ LV DSSOLHG WR TXDQWLWDWLYHO\ DVVHVV WKH HYROXWLRQ RI
WKH SRUH DUFKLWHFWXUH LQ WKH SUHSDUDWLRQ DQG DSSOLFDWLRQ RI KLHUDUFKLFDO 0), ]HROLWHV�� %RWK GLUHFW
�WHPSODWHG� DQG SRVW�V\QWKHWLF �GHVLOLFDWLRQ� V\QWKHWLF URXWHV DUH FRPSDUHG� VWXG\LQJ WKH LPSDFW
RI NH\ YDULDEOHV VXFK DV WKH GHJUHH RI WHPSODWH UHPRYDO� EDVH FRQFHQWUDWLRQ� DQG SUHVHQFH RI
SRUH�GLUHFWLQJ DJHQWV RQ WKH ORFDWLRQ� JHRPHWU\� DQG FRQQHFWLYLW\ RI WKH PHVRSRUHV GHYHORSHG
�)LJXUH ��� (YDOXDWLRQ LQ WKH FRQYHUVLRQ RI PHWKDQRO�WR�ROHILQV HVWDEOLVKHV WKH HIIHFWLYHQHVV RI WKH
GLIIHUHQW SRUH QHWZRUNV DW DOOHYLDWLQJ GHDFWLYDWLRQ GXH WR WKH GHSRVLWLRQ RI FDUERQDFHRXV VSHFLHV
�FRNH�� FRQILUPLQJ WKH LQFUHDVHG EORFNDJH LQ WKH SUHVHQFH RI RFFOXGHG RU FRQVWULFWHG PHVRSRUHV�
7KH VXEVHTXHQW PRQLWRULQJ LQ WKH R[LGDWLYH UHJHQHUDWLRQ DOVR SURYLGHV LQVLJKWV LQWR WKH
FRPSDUDWLYH HDVH RI FRNH UHPRYDO� 7KH V\QWKHVLV�SURSHUW\�IXQFWLRQ UHODWLRQVKLSV GHYHORSHG RYHU
WKHVH 0), ]HROLWH FDWDO\VWV SURYLGH XQSUHFHGHQWHG LQVLJKWV LQWR WKH LPSRUWDQFH RI FRQWUROOLQJ WKH
KLHUDUFKLFDO�SRUH�VWUXFWXUH�

)LJXUH � $GYDQFHG DSSURDFK WR PRQLWRULQJ WKH HYROXWLRQ RI WKH ORFDWLRQ� JHRPHWU\� DQG
FRQQHFWLYLW\�RI�PHVRSRUHV�GXULQJ�WKH�V\QWKHVLV�DQG�DSSOLFDWLRQ�RI�KLHUDUFKLFDO�0),�]HROLWHV�

>�@ -� .HQYLQ� 6� 0LWFKHOO� 0� 6WHUOLQJ� 5� :DUULQJKDP� 7� &� .HOOHU� 3� &ULYHOOL� -� -DJLHOOR� -� 3HUH]�
5DPLUH]��$GY��)XQFW��0DWHU������������������
>�@ 6� 0LWFKHOO� /� *HUFKRZ� 5� :DUULQJKDP� 3� &ULYHOOL� -� 3«UH]�5DP¯UH]� 6PDOO 0HWKRGV� ����� ��
��������
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7UHQGV�DQG�DGYDQFHV�LQ�WKH�VHOHFWLYH�SDUWLDO�R[LGDWLRQ�RI�PHWKDQH

0��5DYL���-��$��YDQ�%RNKRYHQ���


�(7+�=XULFK���3DXO�6FKHUUHU�,QVWLWXWH

,QWHUHVWV LQ YDORUL]LQJ PHWKDQH� DQ DEXQGDQW FRPSRQHQW RI FRQYHQWLRQDO DVVRFLDWHG JDV GHSRVLWV
DQG VKDOH JDV� KDV UHVXOWHG LQ FRQVLGHUDEOH VFLHQWLILF HIIRUW LQ QXPHURXV GLUHFWLRQV� ZLWK RQH RI
WKHP EHLQJ� WKH VHOHFWLYH SDUWLDO R[LGDWLRQ WR PHWKDQRO� 7KH REMHFWLYH RI WKLV SUHVHQWDWLRQ LV WR
LGHQWLI\ WUHQGV RI WKH PRVW SURPLVLQJ V\VWHPV DQG H[SDQG RQ WKHP WR GLVFXVV LQ�KRXVH
H[SHULPHQWDO DGYDQFHV� 7KH IDFLOH RYHU�R[LGDWLRQ RI PHWKDQRO LQ FRQGLWLRQV WKDW DFWLYDWH PHWKDQH
LPSHGHV WKH 
GLUHFW PHWKDQH WR PHWKDQRO
 �'070� SURFHVVHV IURP UHDFKLQJ KLJK \LHOGV�>���@ 7KH
FRPPRQ GHQRPLQDWRU LQ EHWWHU�SHUIRUPLQJ V\VWHPV LV WKH DELOLW\ WR SUHVHUYH WKH GHVLUHG SURGXFW
DQG�GHWHU�VXFFHVVLYH�R[LGDWLRQ�>�����@

2QH VXFK DSSURDFK LV WKH GHULYDWL]DWLRQ WR PHWK\O HVWHUV� EXW VXFK SURFHVVHV HPSOR\ FDWDO\VWV
ZLWK FRPSOH[ RUJDQLF OLJDQGV WR UHDFK KLJK \LHOGV DW UHODWLYHO\ KLJK WHPSHUDWXUH �!��� .� DQG
SUHVVXUH ������ EDU��>�@ :H GLVFRYHUHG WKH SRVVLELOLW\ WR XVH D VLPSOH FRSSHU FRPSRXQG� FRSSHU �,,�
R[LGH� DV D UHF\FODEOH KRPRJHQHRXV FDWDO\VW WR FRQYHUW PHWKDQH WR PHWK\O WULIOXRURDFHWDWH LQ KLJK
\LHOGV �XS WR ���� DW ORZ SUHVVXUH �� EDU��>�@ +RZHYHU� IURP D SURGXFW DQG FDWDO\VW UHFRYHU\
SHUVSHFWLYH� KHWHURJHQHRXV FDWDO\VLV UHPDLQV WKH PRUH DWWUDFWLYH FKRLFH� 7R WKLV HQG� ZH
LGHQWLILHG D KHWHURJHQHRXV ORZ�WHPSHUDWXUH DFWLYDWLRQ RI PHWKDQH ZLWK K\GURJHQ SHUR[LGH E\
DOXPLQXP LQ ]HROLWHV� 2FWDKHGUDOO\ FRRUGLQDWHG IUDPHZRUN�DVVRFLDWHG DOXPLQXP LQ ]HROLWHV� ZKLFK
KDV /HZLV DFLGLF FKDUDFWHU�>�@ LV WKH DFWLYH VLWH IRU WKH FRQYHUVLRQ RI PHWKDQH LQ WULIOXRURDFHWLF
DFLG�>�@ 7KH ORDGLQJ RI FRSSHU WR WKH ]HROLWH PDNHV WKH UHDFWLRQ VHOHFWLYH WR WKH HVWHU �!��� DW ��
PHWKDQH FRQYHUVLRQ��>�@ 'HVSLWH WKHLU LPSUHVVLYH SHUIRUPDQFH� WKH DIRUHPHQWLRQHG V\VWHPV XVH
SRWDVVLXP SHUVXOIDWH DQG K\GURJHQ SHUR[LGH� ZKLFK DUH ERWK H[SHQVLYH R[LGDQWV� 2Q WKLV IURQW� ZH
KDYH QRZ HQJLQHHUHG DQ DHURELF OLTXLG�SKDVH SURFHVV IRU WKH R[LGDWLRQ RI PHWKDQH WR PHWK\O
WULIOXRURDFHWDWH� 7KLV LVRWKHUPDO ORZ�SUHVVXUH V\VWHP ZLWK FREDOW FDWDO\VWV UHVXOWV LQ D VSDFH�WLPH
\LHOG RI DERYH �� wPRO�J���K���>�@ :LWK IXUWKHU PDWHULDOV DQG SURFHVV RSWLPL]DWLRQ� KLJKHU \LHOGV PD\
EH DFFRPSOLVKHG� 2YHUDOO� WKHUH LV D JHQXLQH SDXFLW\ RI VXFK KHWHURJHQHRXVO\ FDWDO\]HG DHURELF
SURFHVVHV IRU SDUWLDO PHWKDQH R[LGDWLRQ DQG FRQVHTXHQWO\� WKHVH V\VWHPV UHTXLUH LQFUHDVHG
DWWHQWLRQ����

>�@ 0� 5DYL� 0� 5DQRFFKLDUL� -� $� YDQ %RNKRYHQ� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ �����
����������������
>�@�0��5DYL�HW�DO���1DWXUH�&DWDO\VLV�������DFHHSWHG
>�@ 0� $KOTXLVW� 5� -� 1LHOVHQ� 5� $� 3HULDQD� :� $� *RGGDUG ,,,� -RXUQDO RI WKH $PHULFDQ &KHPLFDO
6RFLHW\������������������������
>�@�5��$��3HULDQD��'��-��7DXEH��6��*DPEOH��+��7DXEH��7��6DWRK��+��)XMLL��6FLHQFH��������������������
>�@�0��5DYL��-��$��YDQ�%RNKRYHQ��&KHP&DW&KHP���������������������
>�@�0��5DYL��9��6XVKNHYLFK��-��$��YDQ�%RNKRYHQ��VXEPLWWHG�WR�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&�����
>�@�0��5DYL�HW�DO���0DQXVFULSW�LQ�SUHSDUDWLRQ
>�@�0��5DYL�HW�DO���8QSXEOLVKHG�UHVXOWV
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'HYHORSPHQW�RI�D�+HWHURJHQHRXV�3W�=Q�&DWDO\VW�IRU�3URSDQH�'HK\GURJHQDWLRQ�IURP
6XUIDFH�2UJDQRPHWDOOLF�&KHPLVWU\�3ULQFLSOHV

/��6��5RFKOLW]���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK

$ VKLIW IURP RLO�EDVHG QDSKWKD FUDFNLQJ WR VKDOH�EDVHG HWKDQH FUDFNLQJ KDV FUHDWHG DQ LPEDODQFH
LQ WKH SURGXFWLRQ DQG GHPDQG RI SURS\OHQH�>���@ 7KLV KDV UHVXOWHG LQ VWURQJ GHPDQGV IRU
DOWHUQDWLYH OLJKW ROHILQ SURGXFWLRQ URXWHV� :KLOH RQ�GHPDQG SURSDQH GHK\GURJHQDWLRQ LV SUDFWLFHG
LQGXVWULDOO\� WKH FXUUHQW LQGXVWULDO FDWDO\VWV VXIIHU IURP IDVW GHDFWLYDWLRQ DQG UHTXLUH IUHTXHQW
UHJHQHUDWLRQ�>���@ ,Q DWWHPSWV WR GHFRQYROYH VSHFLILF IDFWRUV ZKLFK HIIHFW FDWDO\VW VWDELOLW\ DQG
VHOHFWLYLW\� DQG XOWLPDWHO\ GHVLJQ PRUH HIIHFWLYH FDWDO\WLF V\VWHPV� ZH SUHSDUHG D ZHOO�GHILQHG
3W�=Q FDWDO\VW XVLQJ 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\�>�@ 7KLV LQYROYHV D WZR�VWHS DSSURDFK
ZKHUH D PROHFXODU =Q SUHFXUVRU ZDV ILUVW JUDIWHG WR WKH VXUIDFH RI D 6L2� VXSSRUW IROORZHG E\ D
WKHUPRO\VLV VWHS� ,Q D VHFRQG JUDIWLQJ VWHS D 3W SUHFXUVRU ZDV JUDIWHG WR WKH =Q GRSHG 6L2�
VXSSRUW IROORZHG E\ D UHGXFWLRQ WUHDWPHQW� 7KH UHVXOWLQJ FDWDO\VW VKRZV XQSUHFHGHQWHG
SHUIRUPDQFH LQ WKH SURSDQH GHK\GURJHQDWLRQ UHDFWLRQ FRPSDUHG WR RWKHU 3W�=Q FDWDO\VWV� 7KLV
FRQWULEXWLRQ ZLOO SUHVHQW VWUXFWXUDO FKDUDFWHUL]DWLRQ RI WKLV KHWHURJHQHRXV V\VWHP SURYLGLQJ LQVLJKW
LQ WKH GLIIHUHQW IDFWRUV OHDGLQJ WR WKH LQFUHDVHG FDWDO\WLF SHUIRUPDQFH� SDYLQJ WKH ZD\ WR IXWXUH
UDWLRQDO�GHVLJQ�RI�KLJKO\�DFWLYH�FDWDO\VWV�LQ�WKH�ILHOG�RI�PXOWLPHWDOOLF�FDWDO\VLV�

>�@ 6DWWOHU� -� -� +� %�� 5XL]�0DUWLQH]� -�� 6DQWLOODQ�-LPHQH]� (�� :HFNKX\VHQ� %� 0� &KHP� 5HY� �����
�����������������
>�@�0F)DUODQG��(��6FLHQFH�����������������
>�@ =KX� *�� ;LH� &�� /L� =�� :DQJ� ;� ������ &DWDO\WLF 3URFHVVHV IRU /LJKW 2OHILQ 3URGXFWLRQ� ,Q� +VX
&�6�� 5RELQVRQ 3�5� �HGV� 6SULQJHU +DQGERRN RI 3HWUROHXP 7HFKQRORJ\� 6SULQJHU +DQGERRNV�
6SULQJHU��&KDP
>�@ &RS«UHW� &�� &RPDV�9LYHV� $�� &RQOH\� 0� 3�� (VWHV� '� 3�� )HGRURY� $�� 0RXJHO� 9�� 1DJDH� +��
1¼³H]�=DUXU��)���=KL]KNR��3��$��&KHP��5HY���������������������
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3RO\RO�V\QWKHVLV�URXWH�RI�FHULD�]LUFRQLD�R[LGHV�IRU�PHWKDQH�R[LGDWLRQ�XQGHU
VWRLFKLRPHWULF�FRQGLWLRQV

0��5RJHU�����$��7HVWLQR���2��.URFKHU���
��'��)HUUL�


�3DXO�6FKHUUHU�,QVWLWXW��9LOOLJHQ��6ZLW]HUODQG���(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

1DWXUDO JDV YHKLFOHV �1*9� DUH DQ DWWUDFWLYH VROXWLRQ IRU WKH UHGXFWLRQ RI JUHHQKRXVH JDV
HPLVVLRQV DULVLQJ IURP URDG WUDQVSRUWDWLRQ GXH WR LWV ORZ VSHFLILF &2� DQG 12; HPLVVLRQV� +RZHYHU�
GXH WR WKH KLJK JOREDO ZDUPLQJ SRWHQWLDO RI PHWKDQH DQG WR LQFUHDVLQJO\ VWULQJHQW OHJLVODWLRQ� SRVW�
FRPEXVWLRQ WUHDWPHQW RI XQEXUQW &+� LV FUXFLDO� 7KH VFDUFH OLWHUDWXUH FRQFHUQLQJ WKUHH�ZD\
FDWDO\VWV �7:&� IRU 1*9 DSSOLFDWLRQV DQG WKH REVHUYDWLRQ WKDW WKH FKHPLVWU\ RI VXFK D FDWDO\VW LV
GLIIHUHQW IURP WKDW RI D 7:& IRU JDVROLQH YHKLFOHV LQGLFDWHG WKH QHFHVVLW\ WR GHYHORS DQG RSWLPLVH
FDWDO\WLF FRQYHUWHUV IRU VWRLFKLRPHWULF JDV HQJLQHV�� ,Q WKLV FRQWH[W� D V\VWHPDWLF VWXG\ ZDV
LQLWLDWHG IRU WKH GHYHORSPHQW RI D SDOODGLXP�EDVHG 7:& �3G�$O�2��&H=U2�� E\ DSSO\LQJ D VWHS�E\�
VWHS PHWKRGRORJ\ WR JHW DQ LQ�GHSWK FRPSUHKHQVLRQ RI WKH LPSOLFDWLRQ RI HDFK HOHPHQW SUHVHQW LQ
WKH�PDWHULDO���

7KH V\QWKHVLV PHWKRG LV FULWLFDO LQ WKLV ZRUN EHFDXVH ZH ZDQW WR DFKLHYH TXDOLWDWLYH DQG
UHSURGXFLEOH PDWHULDO FRPSRVLWLRQV DQG VWUXFWXUHV� 7KH SRO\RO V\QWKHVLV ZDV VHOHFWHG DV WKH
PHWKRG RI FKRLFH EHFDXVH LW DOORZV WKH SUHFLVH FRQWURO RI WKH HOHPHQWDO FRPSRVLWLRQ RI WKH FDWDO\VW
DQG WKH SUHSDUDWLRQ RI KRPRJHQHRXV QDQRSDUWLFOHV ZLWK D QDUURZ SDUWLFOH VL]H GLVWULEXWLRQ DQG D
KLJK VXUIDFH DUHD�� 0RUHRYHU� WKH UROH RI HWK\OHQH JO\FRO �(*� DV KLJK�ERLOLQJ VROYHQW� FRPSOH[LQJ
DJHQW DQG UHDFWDQW PDNHV WKH XVH RI D FDSSLQJ DJHQW PHDQLQJOHVV� DQG WKH UHDFWLRQ FRQGLWLRQV
PLOGHU�

$V D ILUVW VWHS� WKH FDWDO\VW VXSSRUW �$&=� ZDV RSWLPL]HG EDVHG RQ WKH DFWLYLW\ DQG VWDELOLW\ RI WKH
PDWHULDO� &HULD�=LUFRQLD R[LGHV ZLWK YDU\LQJ &H�=U UDWLR ZHUH V\QWKHVL]HG DQG WHVWHG XQGHU
RSHUDWLRQ FRQGLWLRQV VSHFLILF IRU D 1*9 FDWDO\WLF FRQYHUWHU� 7KHQ� DIWHU GHWHUPLQDWLRQ RI WKH LGHDO
&= UDWLR� $O�2� ZDV LQFRUSRUDWHG LQ GLIIHUHQW IUDFWLRQV LQWR WKH VWUXFWXUH� $GGLWLRQDOO\� VLQFH WKH
H[KDXVW JDV WHPSHUDWXUH LQ WKLV DSSOLFDWLRQ LV KLJK �! ���r&�� WKH WKHUPDO VWDELOLW\ RI WKH VXSSRUWV
LV RI PDLQ LPSRUWDQFH� +HQFH� WKH DJHG VXSSRUW PDWHULDOV ����r&� ZHUH FKDUDFWHUL]HG WR DVVHVV
WKH�VWUXFWXUDO�FKDQJHV�WKDW�KDG�EHHQ�JHQHUDWHG�

7KH ,&3�2(6 UHVXOWV FRQILUPHG WKDW WKH V\QWKHVLV DOORZV D SUHFLVH LQFRUSRUDWLRQ RI WKH HOHPHQWV
LQWR WKH PDWHULDO VWUXFWXUH� 7KH ;5' SDWWHUQV� (;$)6 GDWD DQG 7(0 LPDJHV GHPRQVWUDWHG WKH
SUHVHQFH RI D VLQJOH SKDVH PDWHULDO ZLWK D IDFH FXELF FHQWHUHG VWUXFWXUH� :H REVHUYHG WKDW WKH
DGGLWLRQ RI ]LUFRQLD LQ WKH ODWWLFH LPSURYHG WKH WKHUPDO VWDELOLW\ RI WKH VDPSOHV �QR SKDVH
VHSDUDWLRQ FRPSDUH WR SXUH &H2��� 2[\JHQ VWRUDJH FDSDFLW\ PHDVXUHPHQWV ZHUH SHUIRUPHG DW
GLIIHUHQW WHPSHUDWXUHV WR DVVHVV WKH TXDQWLW\ RI R[\JHQ WKDW WKH V\QWKHVL]HG VXSSRUWV FDQ
H[FKDQJH ZLWK WKH HQYLURQPHQW� )LQDOO\� %(7 DQDO\VLV VKRZHG WKDW &= ZLWK DQ HTXLPRODU UDWLR
H[SRVHG D VLJQLILFDQWO\ KLJKHU VXUIDFH DUHD RI �� P��J DIWHU DJHLQJ FRPSDUHG WR ��� P��J IRU WKH
RWKHU�VDPSOHV�

>�@�)HUUL��'���(OVHQHU��0��	�.U¸FKHU��2��$SSO�&DWDO�%���������������૱���
>�@�)��(3)/�GLVVHUWDWLRQ��(3)/B7+������������
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(SLWD[LDOO\�'LUHFWHG�,ULGLXP�1DQRVWUXFWXUHV�RQ�5XWLOH�7\SH�&DUULHUV�IRU�WKH�6HOHFWLYH
&DWDO\WLF�+\GURGHFKORULQDWLRQ�RI�'LFKORURPHWKDQH

$��-��6DDGXQ���*��=LFKLWWHOOD���9��3DXQRYLÉ���%��$��0DUNDLGH�$LDVWXL���6��0LWFKHOO���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG

7KH YDORUL]DWLRQ RI PHWKDQH �&+��� WKH PDLQ FRPSRQHQW RI XQGHUXWLOL]HG QDWXUDO JDV �1*�� LQWR
FKHPLFDOV DQG IXHOV LV D FULWLFDO VWHS IRU WUDQVLWLRQLQJ IURP WKH RLO WR WKH UHQHZDEOHV HUD� &XUUHQWO\�
WKH IODULQJ RI D VWDJJHULQJ ���� RI WKH JOREDO DQQXDO 1* SURGXFWLRQ�� HPLWV PRUH WKDQ ��� PLOOLRQ
WRQV RI &2�� WKHUHE\ ZHDNHQLQJ LQWHUQDWLRQDO HIIRUWV WR PHHW JUHHQKRXVH JDV UHGXFWLRQ WDUJHWV�
7KLV ZDVWHIXO SUDFWLFH VWHPV IURP WKH SURKLELWLYH H[SHQVH RI VKLSSLQJ 1* IURP UHPRWH ORFDWLRQV WR
FHQWUDOL]HG SODQWV DQG WKH ODFN RI YLDEOH RSWLRQV IRU RQ�VLWH XSJUDGLQJ LQ FRPSDFW� PRGXODU SODQWV�
)RU WKLV SXUSRVH� FKORULQH�PHGLDWHG SURFHVVHV KDYH HPHUJHG DV DQ DWWUDFWLYH RSWLRQ� HQDEOLQJ
GLUHFW PHWKDQH IXQFWLRQDOL]DWLRQ XQGHU PLOG RSHUDWLQJ FRQGLWLRQV LQ FRQWUDVW WR WKH WUDGLWLRQDO
V\QJDV FKHPLVWU\ �)LJXUH �D��� 7KH PHWK\O FKORULGH �&+�&O� DWWDLQHG LV D SODWIRUP FKHPLFDO IRU WKH
PDQXIDFWXUH RI UHDGLO\ WUDQVSRUWDEOH FRPPRGLWLHV ZLWK VLPLODU FRQYHUVLRQ SDWKV WR PHWKDQRO
�&+�2+�� 7KH LQGXVWULDO GHSOR\PHQW RI WKLV QHZ WHFKQRORJ\ UHTXLUHV RYHUFRPLQJ D FKDOOHQJH�
XQGHU SUDFWLFDOO\�UHOHYDQW UHDFWLRQ FRQGLWLRQV� KLJK VHOHFWLYLW\ WR GLFKORURPHWKDQH �&+�&O�� '&0�
RIWHQ H[FHHGLQJ ���� LQ WKH PHWKDQH FKORULQDWLRQ�R[\FKORULQDWLRQ VWHS FRPSURPLVHV WKH
SURGXFWLRQ RI WKH WDUJHW &+�&O���� 7KHUHIRUH� LQQRYDWLYH DSSURDFKHV IRU UHIRUPLQJ SRO\KDORJHQDWHG
FRPSRXQGV DUH FUXFLDO WR PHHW WRGD\૷V QHHG IRU 1* H[SORLWDWLRQ� 7KLV ZRUN GHVFULEHV WKH
GHYHORSPHQW RI DQ LULGLXP FDWDO\VW ZLWK XQHTXDOHG VSHFLILF DFWLYLW\ LQ WKH K\GURGHFKORULQDWLRQ RI
'&0 WR &+�&O� RULJLQDWLQJ IURP WKH HSLWD[LDO GLUHFWLRQ RI D QREOH�PHWDO�EDVHG QDQRVWUXFWXUH YLD WKH
VHTXHQWLDO LPSUHJQDWLRQ� WKHUPDO DQQHDOLQJ� DQG UHGXFWLRQ RQ UXWLOH WLWDQLXP R[LGH� &RPSDUHG WR
LULGLXP QDQRSDUWLFOHV� WKH ILOPV DWWDLQ VXSHULRU PHWK\O FKORULGH VHOHFWLYLW\ ����� DQG LPSURYHG
VWDELOLW\ �)LJXUH �E�� 7KHVH ILQGLQJV FRQVWLWXWH D EDVLV WRZDUGV WKH GHVLJQ RI PRUH HIILFLHQW
K\GURGHFKORULQDWLRQ�FDWDO\VWV�

)LJXUH � D� 3URFHVV GLDJUDP IRU FKORULQH�PHGLDWHG QDWXUDO JDV XSJUDGLQJ DQG E� ,U�7L2�૯UXWLOH
K\GURGHFKORULQDWLRQ�SHUIRUPDQFH�

>�@�-��7ROOHIVRQ��1DWXUH��������GRL���������QDWXUH������������
>�@�(��0F)DUODQG��6FLHQFH�����������������
>�@�5��/LQ��$��3��$PUXWH��-��3«UH]�5DP¯UH]��&KHP��5HY�������������������
>�@�9��3DXQRYLÉ��*��=LFKLWWHOOD��3��+HPEHUJHU��$��%RGL��-��3«UH]�5DP¯UH]��$&6�&DWDO�����������������
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0HFKDQLVP�RI�SUHIHUHQWLDO�FDUERQ�PRQR[LGH�R[LGDWLRQ�RQ�VXSSRUWHG�3W�)H�FDWDO\VWV

,��,��6DG\NRY���0��=DELOVNL\���-��$��YDQ�%RNKRYHQ�����2��9��6DIRQRYD�


�3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG����,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ�
(7+�=XULFK�������=XULFK��6ZLW]HUODQG�

1RZDGD\V� SUHIHUHQWLDO R[LGDWLRQ RI FDUERQ PRQR[LGH LQ K\GURJHQ LV RI JUHDW LPSRUWDQFH GXH WR
WKH GHPDQG IRU FDUERQ PRQR[LGH IUHH K\GURJHQ IRU SURWRQ�H[FKDQJH PHPEUDQH IXHO FHOOV >�@�
5HFHQW VWXGLHV FRQILUP WKDW R[\JHQ DFWLYDWLRQ IRU FDUERQ PRQR[LGH R[LGDWLRQ DW ORZ WHPSHUDWXUHV
LV SRVVLEOH E\ FRQVWUXFWLQJ DQ HIILFLHQW 3W�02[ LQWHUIDFH� ZKHUH 02[ ૱ LV D UHGXFLEOH PHWDO R[LGH
>�@� )RU H[DPSOH� LQ VXSSRUWHG 3W�)H FDWDO\VWV� ZKLFK FDQ R[LGL]H FDUERQ PRQR[LGH LQ K\GURJHQ
VWUHDPV�HYHQ�DW�URRP�WHPSHUDWXUH�>�@�

+RZHYHU� WKH UHODWLRQV EHWZHHQ WKH 3W�)H VWUXFWXUH DQG WKH FDWDO\WLF SHUIRUPDQFH UHPDLQ GHEDWHG�
:KHWKHU WKH 3W�)H LQWHUDFWLRQ RU EORFNDJH RI 3W DFWLYH VLWHV E\ )H2[ VSHFLHV LV UHVSRQVLEOH IRU WKH
GLIIHUHQFHV LQ WKH FDUERQ PRQR[LGH DGVRUSWLRQ PHFKDQLVP LV XQFOHDU� )H2[ VSHFLHV LQ FRQWDFW ZLWK
3W FRXOG DOVR WDNH SDUW LQ WKH IRUPDWLRQ RI DGVRUEHG ZDWHU� K\GUR[\OV DQG RWKHU VSHFLHV DIIHFWLQJ
WKH R[\JHQ DFWLYDWLRQ PHFKDQLVP >�� �@� 3W DQG )H R[LGDWLRQ VWDWHV VLJQLILFDQWO\ DOWHU GHSHQGLQJ RQ
WKH ZRUNLQJ FRQGLWLRQV DQG LW LV QRW FOHDU ZKHWKHU )H���)H�� UHGR[ SDLU LV GLUHFWO\ LQYROYHG LQ WKH
PHFKDQLVP�RI�R[\JHQ�DFWLYDWLRQ�>�@�

,Q WKH FXUUHQW ZRUN� ZH V\QWKHVL]HG ELPHWDOOLF 3W૱)H�$O�2� FDWDO\VWV ZLWK GLIIHUHQW 3W�)H UDWLRV DQG
DOVR PRGHO 3W�)H2[ V\VWHPV� :H FKDUDFWHUL]HG WKHP E\ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\� ;�UD\
GLIIUDFWLRQ DQDO\VLV� K\GURJHQ DQG FDUERQ PRQR[LGH FKHPLVRUSWLRQ� &DWDO\WLF DFWLYLW\ GHSHQGV RQ
WKH SUHWUHDWPHQW FRQGLWLRQV� )H FRQWHQW� R[\JHQ DQG K\GURJHQ FRQFHQWUDWLRQ LQ WKH UHDFWLRQ
VWUHDP� ,Q VLWX WLPH�UHVROYHG ;�UD\ DGVRUSWLRQ VSHFWURVFRS\ DQG LQIUDUHG VSHFWURVFRS\
H[SHULPHQWV DUH LQ SURJUHVV WR XQFRYHU VWUXFWXUH�DFWLYLW\ UHODWLRQVKLSV DQG GHWHFW UHDFWLRQ
LQWHUPHGLDWHV�LQYROYHG�LQ�WKH�DFWLYDWLRQ�RI�FDUERQ�PRQR[LGH�DQG�R[\JHQ�LQ�WKH�FDWDO\WLF�F\FOH�

>�@�)UDQR�%DUELU��3(0�)XHO�&HOOV��৽��QG�(GLWLRQ��(OVHYLHU����������������
>�@�:HLWLQJ�<X��0DUF�'��3RURVRII��-LQJJXDQJ�*��&KHQ��&KHPLFDO�5HYLHZV�����������������૱�����
>�@�/LQD�&DR��:HL�/LX��4LTXDQ�/XR�HW�DO���1DWXUH���������������������
>�@�,VDLDV�%��$UDJDR��-RVH�0��%XHQR��'DQLHOD�=DQFKHW��$SSOLHG�&DWDO\VLV�$�������������������
>�@�6X\LQJ�/L��0LQJMXQ�-LD��-XQ�*DR�HW�DO��-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�&�����������������������
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3\ULG\OLGHQH�$PLGH�/LJDQGV�IRU�+LJKO\�(IILFLHQW�2OHILQ�2[LGDWLRQ

.��6DO]PDQQ���&��6HJDUUD���0��$OEUHFKW�


�'HSDUWHPHQW�I¾U�&KHPLH�	�%LRFKHPLH���8QLYHUVLW¦W�%

(OHFWURQLFDOO\ IOH[LEOH OLJDQGV FDQ YDU\ WKHLU GHJUHH RI GRQRU DELOLW\ DQG PD\ VWDELOL]H VHYHUDO
LQWHUPHGLDWHV RI WKH FDWDO\WLF F\FOH� 7KLV FDQ SOD\ D FUXFLDO UROH LQ FDWDO\VLV DV WKH PHWDO FHQWHU
FKDQJHV LWV R[LGDWLRQ VWDWH WKURXJK WKH FDWDO\WLF F\FOH� 3\ULG\OLGHQHDPLGHV �3<$V� VHH )LJXUH ��
DUH DQ LQQRYDWLYH FODVV RI VXFK QRQ�LQQRFHQW OLJDQGV� 7KH\ VKRZ D IOH[LEOH HOHFWURQLF FKDUDFWHU
GHSHQGLQJ RQ WKHLU HQYLURQPHQW DQG DUH VXLWDEOH IRU PHWDO FRRUGLQDWLRQ���� 7KHLU V\QWKHWLF
YHUVDWLOLW\ FDQ DOVR EH HDVLO\ H[SORLWHG E\ FKDQJLQJ WKH FKHODWLQJ GRQRU JURXS RU E\ FKDQJLQJ WKH
3<$ SRVLWLRQ� UHVXOWLQJ LQ GLIIHUHQW GRQRU SURSHUWLHV� +HUH ZH LQWURGXFH ELV�3<$ OLJDQGV FRRUGLQDWHG
WR WKH >5X�S�F\P�&O�@� SUHFXUVRU� ZKLFK DIIRUGV KLJKO\ HIILFLHQW FDWDO\VWV VXLWDEOH IRU ROHILQ
R[LGDWLRQ�

)LJXUH � 6FKHPDWLF UHSUHVHQWDWLRQ RI D UXWKHQLXP FRPSOH[ FRQWDLQLQJ D ELV�S\ULG\OLGHQH DPLGH�
OLJDQG�WKDW�LV�VXLWDEOH�IRU�ROHILQ�R[LGDWLRQ�

>�@�0��(��'RVWHU��6��$��-RKQVRQ��$QJHZ��&KHP��,QW��(G�����������������������
>�@�0��1DYDUUR��0��/L��+��0¾OOHU�%XQ]��6��%HUQKDUG��0��$OEUHFKW��&KHP��(XU��-���������������������
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0LQLQJ�WKH�&�&�&URVV�&RXSOLQJ�*HQRPH�XVLQJ�0DFKLQH�/HDUQLQJ

%��6DZDWORQ���0��'��:RGULFK���%��0H\HU�����$��)DEUL]LR�����&��&RUPLQERHXI���


�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��/&0'���(3)/��&+������/DXVDQQH��6ZLW]HUODQG���
1DWLRQDO�&HQWUH�IRU�&RPSXWDWLRQDO�'HVLJQ�DQG�'LVFRYHU\�RI�1RYHO�0DWHULDOV��0$59(/���(3)/�

&+������/DXVDQQH��6ZLW]HUODQG

7KH VSHHG DQG SUHFLVLRQ RI PDFKLQH�OHDUQLQJ �0/� WHFKQLTXHV LQ GHWHUPLQLQJ TXDQWXP FKHPLFDO
SURSHUWLHV KDYH UHVXOWHG LQ D FRQVLGHUDEOH FRPSXWDWLRQDO VSHHG XS LQ FRPSDULVRQ WR WUDGLWLRQDO
TXDQWXP FKHPLFDO PHWKRGV� DQG QRZ DOORZV D GHVLUHG SURSHUW\ RI WKRXVDQGV RI PROHFXOHV WR EH
DVVHVVHG YLUWXDOO\ LQVWDQWDQHRXVO\� 7KH ODUJH GDWDEDVHV WKDW UHVXOW IURP HPSOR\LQJ 0/ FDQ� LQ WXUQ�
EH PLQHG ZLWK WKH JRDO RI XQFRYHULQJ UHODWLRQVKLSV WKDW PD\ EH PLVVHG WKURXJK WKH PRUH
FRPPRQO\ XVHG VPDOO VFDOH VFUHHQLQJ SURFHGXUHV� 'XH WR LWV SURPLQHQW SODFH LQ FKHPLVWU\�
FDWDO\VLV UHSUHVHQWV D SDUWLFXODUO\ IUXLWIXO SOD\JURXQG� ZKHUH GUDZLQJ FRQQHFWLRQV EHWZHHQ WKH
TXDQWXP FKHPLFDO SURSHUWLHV RI FDWDO\VWV DQG WKHLU RYHUDOO FDWDO\WLF SHUIRUPDQFH PD\ OHDG WR WKH
LGHQWLILFDWLRQ RI QHZ KLJKO\ IXQFWLRQDO VSHFLHV� ,Q WKLV VSLULW� ZH SUHYLRXVO\ WUDLQHG 0/ PRGHOV WR
SUHGLFW WKH SHUIRUPDQFH RI ������ SURVSHFWLYH FDWDO\VWV IRU D 6X]XNL FRXSOLQJ UHDFWLRQ XVLQJ
PROHFXODU YROFDQR SORWV� +HUH� ZH DSSO\ FRQFHSWV IURP ELJ GDWD WR SUREH D W\SH RI ૺ&�& FURVV�
FRXSOLQJ JHQRPHૻ WKDW H[SORUHV UHVXOWV IURP PDQ\ GLIIHUHQW QDPHG FURVV�FRXSOLQJ UHDFWLRQV� 7KH
XVH RI GLPHQVLRQDOLW\�UHGXFLQJ GDWD�FOXVWHULQJ DOJRULWKPV IDFLOLWDWHV WKH LGHQWLILFDWLRQ RI
UHODWLRQVKLSV EHWZHHQ WKH WKHUPRG\QDPLFV RI GLIIHUHQW FDWDO\VWV DQG WKH FKHPLFDO SURSHUWLHV RI
WKHLU FRQVWLWXHQW PHWDO DQG OLJDQGV� $QDO\]LQJ ODUJH QXPEHUV RI VSHFLHV LQ WKLV PDQQHU OHDGV WR WKH
LGHQWLILFDWLRQ RI QRW RQO\ XQH[SHFWHG FDWDO\VWV WKDW KDYH WKHUPRG\QDPLFDOO\ LGHDO SURILOHV WR
FDWDO\]H &�& FURVV�FRXSOLQJ UHDFWLRQV� EXW DOVR UHYHDOV D ZHDOWK RI LQWHUHVWLQJ FKHPLFDO WUHQGV
UHJDUGLQJ WKH LQIOXHQFH SOD\HG E\ GLIIHUHQW PHWDOV DQG OLJDQGV� DV ZHOO DV WKHLU XQLTXH
FRPELQDWLRQV�
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$QK\GURXV�FRQGLWLRQV�HQDEOH�WKH�FDWDO\VW�IUHH�FDUER[\ODWLRQ�RI�DON\QHV�ZLWK�&2��XQGHU
DPELHQW�FRQGLWLRQV�

'��7RQLROR���)��%REELQN���0��0D]]DQWL�
��3��-��'\VRQ�


�(3)/�/DXVDQQH

7KH GLUHFW FDUER[\ODWLRQ RI &�+ ERQG HPSOR\LQJ FDUERQ GLR[LGH DV &� VRXUFH SURYLGHV DQ DWWUDFWLYH
URXWH WR EXLOG KLJKHU YDOXH RUJDQLF PROHFXOHV VWDUWLQJ IURP FKHDS IHHGVWRFNV�>�@ 5HFHQW \HDUV KDYH
VHHQ WKH HPHUJHQFH RI PDQ\ UHDFWLRQV EXLOGLQJ RUJDQLF PROHFXOHV ZLWK &2� LQFOXGLQJ WKH
V\QWKHVLV RI F\FOLF FDUERQDWH>�@� IRUP\ODWHG DPLQHV>�@� SURSLROLF DFLG GHULYDWLYHV>�@ DQG QXPHURXV
RWKHU KHWHURF\FOHV� $PRQJ WKH PHQWLRQHG UHDFWLRQV WKH FDUER[\ODWLRQ RI WHUPLQDO DON\QHV LV RI
LQWHUHVW EHFDXVH RI WKHLU LPSRUWDQFH DV SUHFXUVRUV LQ PHGLFLQDO FKHPLVWU\�>�@ 7R GDWH� PDQ\ VWXGLHV
KDYH EHHQ FDUULHG RXW WR RSWLPL]H WKH FRQGLWLRQV IRU WKH FDUER[\ODWLRQ RI WHUPLQDO DON\QHV WKDW LV
JHQHUDOO\ SHUIRUPHG E\ XVLQJ WUDQVLWLRQ PHWDO EDVHG FDWDO\VW �&X� $J� LQ SUHVHQFH RI
VWRHFKLRPHWULF DPRXQWV RI EDVH �)LJXUH ���>�@ 'LUHFW FDUER[\ODWLRQ RI WHUPLQDO DON\QHV ZLWK &V�&2�
LQ WKH DEVHQFH RI FDWDO\VW KDV DOVR EHHQ UHSRUWHG EXW UHTXLUHV KLJK WHPSHUDWXUHV ����r&� DQG &2�
SUHVVXUHV RI ��� DWP>�@� +HUH ZH VKRZ WKDW LI ULJRURXVO\ DQK\GURXV FRQGLWLRQV DUH XVHG WKH GLUHFW &�
+�FDUER[\ODWLRQ�RI�DON\QHV�FDQ�EH�SHUIRUPHG�ZLWK�KLJK�\LHOG�LQ�PLOG�FRQGLWLRQV�

�

)LJXUH����*HQHUDO�UHDFWLRQ�VFKHPH��&DWDO\VWV�DQG�FRQGLWLRQV�XVHG�LQ�OLWHUDWXUH�

>�@�4LDQJ�/LX��/LSHQJ�:X��5DOI�-DFNVWHOO��0DWWKLDV�%HOOHU��1DWXUH�&RPPXQLFDWLRQV���������������
>�@ )HOL[ '� %REELQN� 'PLWU\ 9DVLO\HY� 0DUWLQ +XOOD� 6DPL &KDPDP� )ORUHQW 0HQRXG� *DEʲRU
/DXUHQF]\��6HUJH\�.DWV\XED��3DXO�-��'\VRQ��$&6�&DWDO\VLV�������������������
>�@ 0DUWLQ +XOOD� )HOL[ '� %REELQN� 6KRXEKLN 'DV� 3DXO -� '\VRQ� &KHP&DW&KHP� ����� �� ���� ૱
����
>�@ <H <XDQ� &KHQJ &KHQ� &KHQJ =HQJ� %LELPDU\DP 0RXVDYL� 6RPERRQ &KDHPFKXHQ� )UDQFLV
9HUSRRU��&KHP&DW&KHP���������������૱����
>�@ )LOLSH 0DQMROLQKR� 0DWWKLDV $UQGW� .DWKH *RR¡HQ� /XNDV -� *RR¡HQ� $&6 &DWDO\VLV� ����� ��
����૱����
>�@�-XQWLQJ�+RQJ��0DQ�/L��-LDQQLQJ�=KDQJ��%HLTL�6XQ��)DQ\DQJ��&KHP6XV&KHP�������������૱��
>�@�<X�'LQJ\L��=KDQJ�<XJHQ��*UHHQ�&KHPLVWU\���������������������

�

�
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(YLGHQFHV�DQG�&RQMHFWXUHV�RQ�WKH�,QLWLDWLRQ�3URFHVV�LQ�&U�EDVHG�HWK\OHQH
SRO\PHUL]DWLRQ

'��7UXPPHU���)��$OORXFKH���.��6HDUOHV���5��$��$QGHUVHQ���&��&RS«UHW�


�(7+�=¾ULFK���8&�%HUNHOH\

)ROORZLQJ WKH &U�EDVHG 3KLOOLSV SRO\PHUL]DWLRQ FDWDO\VWV� &U2��6L2�� 8QLRQ &DUELGH GLVFRYHUHG LQ
���� DQ DOWHUQDWLYH V\VWHP EDVHG RQ VLOLFD�VXSSRUWHG FKURPRFHQH� 7KH FDWDO\VW LV REWDLQHG E\
JUDIWLQJ ELV�F\FORSHQWDGLHQ\O FKURPLXP �,,�� &S�&U� RQWR VLOLFD� SUREDEO\ RQH RI WKH ILUVW LQGXVWULDO
V\VWHPV SUHSDUHG YLD VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ �620&����� 'HVSLWH LWV LQGXVWULDO UHOHYDQFH�
WKH QDWXUH RI DFWLYH VLWHV DQG RSHUDWLQJ PHFKDQLVP UHPDLQV YLUWXDOO\ XQNQRZQ DQG SDUDOOHOV WKH
GHEDWH�UHODWHG�WR�WKH�3KLOOLSV�FDWDO\VW�
5HFHQWO\� WKH FRUUHVSRQGLQJ VLOLFD�VXSSRUWHG 6P�,,� DQG <E�,,� V\VWHPV� SUHSDUHG E\ JUDIWLQJ
&S
�/Q
�/Q  6P DQG <E� &S
  SHQWDPHWK\OF\FORSHQWDGLHQ\O� RQWR VLOLFD� ZHUH VKRZQ WR SRO\PHUL]H
HWK\OHQH ZLWKRXW FR�FDWDO\VW� VLPLODUO\ WR ZKDW LV REVHUYHG IRU WKH 8QLRQ &DUELGH V\VWHP�� 7KH
PROHFXODU DQG ZHOO�GHILQHG VLOLFD�VXSSRUWHG VSHFLHV DUH KLJKO\ DFWLYH DQG SURSRVHG WR LQLWLDWH
SRO\PHUL]DWLRQ YLD D VLQJOH HOHFWURQ WUDQVIHU �6(7�� JHQHUDWLQJ KLJKO\ DFWLYH /DQWKDQLGH�,,,��DON\O
VSHFLHV �VHH 6FKHPH EHORZ�� 7KLV SURSRVHG DFWLYDWLRQ VWHS ZDV IXUWKHU VXSSRUWHG E\ WKH LQDFWLYLW\
RI WKH (X DQDORJXHV WKDW DUH PXFK OHVV UHGXFLQJ FRPSDUHG WR 6P DQG <E� &KURPRFHQH LWVHOI LV
VOLJKWO\ OHVV UHGXFLQJ WKDQ &S
�(X EXW VWLOO DFWLYDWHV HWK\OHQH DIWHU UHDFWLRQ ZLWK VLOLFD LQ WKH
DEVHQFH�RI�DGGLWLRQDO�DON\ODWLQJ�FR�FDWDO\VWV��

+HUH� ZH ZLOO GLVFXVV VLPLODULWLHV DQG GLIIHUHQFHV REVHUYHG EHWZHHQ &U �,,� DQG /Q �,,� VLOLFD�
VXSSRUWHG V\VWHPV SUHSDUHG E\ JUDIWLQJ &S�&U �,,� DQG &S
�/Q �,,� RQWR VLOLFD SDUWLDOO\
GHK\GUR[\ODWHG DW ��� r& FRQWDLQLQJ LVRODWHG 2+ JURXS �4 � � 2+
QP���� )LUVW� ZKLOH PRQRPHULF
VSHFLHV DUH REWDLQHG ZLWK /Q  6P� (X DQG <E� GLPHULF VSHFLHV DUH SUHGRPLQDQWO\ REWDLQHG ZLWK &U
DFFRUGLQJ WR H[WHQGHG ;�UD\ DGVRUSWLRQ ILQH VWUXFWXUH �(;$)6� VWXGLHV� EHQFKPDUNHG ZLWK
PROHFXODU DQDORJXHV� FRQVLVWHQW ZLWK SUHYLRXV ILQGLQJV�� 5HPDUNDEO\� HYHQ LI WKH LQLWLDO 2+ GHQVLW\
LV ORZ DQG VKRXOG \LHOG LVRODWHG PRQRPHULF VSHFLHV� DV REVHUYHG ZLWK WKH ODQWKDQLGH HTXLYDOHQWV�
PRVWO\ GLPHULF VLWHV DUH IRUPHG IRU &U� &RQVLGHULQJ UHDFWLYLW\ WRZDUGV HWK\OHQH� ZKHUHDV LVRODWHG
<E DQG 6P VXUIDFH VLWHV DUH SUREDEO\ UHGXFLQJ HQRXJK WR LQLWLDWH SRO\PHUL]DWLRQ� LW LV OLNHO\ WKDW
GLPHULF &U VXUIDFH VLWHV KDYH ORZ �RU QR� DFWLYLW\ GXH WR WKH SUHVHQFH RI &U�&U ERQGLQJ� ,Q IDFW�
VLOLFD�VXSSRUWHG GLPHULF &U VSHFLHV SUHSDUHG E\ JUDIWLQJ >&U&S2W%X@� XVLQJ 620& GR QRW VKRZ DQ\
DFWLYLW\ LQ HWK\OHQH SRO\PHUL]DWLRQ� )URP WKHVH GDWD� RQH PD\ WKXV SURSRVH WKDW SUR[LPDO ૱ QRW
GLUHFWO\ ERQGHG ૱ &U �,,� VLWHV DUH SRWHQWLDO DFWLYH VLWHV� ([SHULPHQWDO HYLGHQFHV DQG FRQMHFWXUHV LQ
WKDW�GLUHFWLRQ�ZLOO�EH�GLVFXVVHG�LQ�GHWDLO�

>�@ .DURO� )� -�� .DUDSLQND� *� /�� :X� &�� 'RZ� $� :�� -RKQVRQ� 5� 1�� &DUULFN� :� /�� 3RO\P� 6FL� $���
������������������������
>�@�8QLRQ�&DUELGH�&RUS��86�3DWHQW���������������
>�@ &RS«UHW� &�� &RPDV�9LYHV� $�� &RQOH\� 0� 3�� (VWHV� '� 3�� )HGRURY� $�� 0RXJHO� 9�� 1DJDH� +��
1¼³H]�=DUXU��)���=KL]KNR��3��$���&KHP��5HY���������������������
>�@ $OORXFKH� )�� &KDQ� .� :�� )HGRURY� $�� $QGHUVHQ� 5� $�� &RS«UHW� &�� $QJHZ� &KHP� ,QWHU� (G�



��������������������
>�@�)LQNH��5��*���.HHQDQ��6��5���6FKLUDOGL��'��$���:DWVRQ��3��/���2UJDQRPHWDOOLFV������������������
>�@�6FKQHOOEDFK��0���.¸KOHU��)��+���%O¾PHO��-���-RXUQDO�RI�2UJDQRPHW��&KHP���������������������
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'HYHORSPHQW�RI�D�PLFURIOXLGLFV�EDVHG�DVVD\�IRU�WKH�HYROXWLRQ�RI�DUWLILFLDO
PHWDOORHQ]\PHV�XVLQJ�D�FHOO�VXUIDFH�GLVSOD\�VWUDWHJ\

-��9DOODSXUDFNDO���$��6WXFNL���3��'LWWULFK�
��7��:DUG�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO���'HSDUWPHQW�RI�%LRV\VWHPV�6FLHQFH�DQG
(QJLQHHULQJ��(7+�=XULFK

,QFRUSRUDWLRQ RI D WUDQVLWLRQ PHWDO FDWDO\VW ZLWKLQ D SURWHLQ VFDIIROG HQDEOHV WKH IRUPDWLRQ RI
DUWLILFLDO PHWDOORHQ]\PHV �$U0V� ZLWK QRQ�QDWXUDO UHDFWLYLWLHV�>�@7KH FDWDO\WLF DFWLYLW\ DQG VHOHFWLYLW\
RI VXFK V\VWHPV FDQ EH RSWLPL]HG E\ HLWKHU FKHPLFDO RSWLPL]DWLRQ RI WKH PHWDO FRIDFWRU RU JHQHWLF
HYROXWLRQ RI WKH KRVW SURWHLQ� ,QWHJUDWLRQ RI WKH ELRWLQ\ODWHG UXWKHQLXP FRPSOH[>&S5X�%LRW�
4XLQROLQH��+�2�@>�@LQWR WKH ELQGLQJ SRFNHW RI VWUHSWDYLGLQ �6DY� DIIRUGV DQ DUWLILFLDO GHDOO\ODVH
FDSDEOH�RI�XQFDJLQJ�D�SURWHFWHG�FRXPDULQ�\LHOGLQJ�D�IOXRUHVFHQW�UHDGRXW�>�@

+HUHLQ� ZH SUHVHQW D PLFURIOXLGLFV�EDVHG KLJK�WKURXJKSXW DVVD\>�@WR HYROYH WKH FDWDO\WLF DFWLYLW\ RI
DQ DUWLILFLDO GHDOO\ODVH� 6LQJOH (� FROLFHOOV ZLWK VXUIDFH�GLVSOD\HG 6DY DUH HQFDSVXODWHG LQ GURSOHWV
WRJHWKHU ZLWK WKH SURWHFWHG FRXPDULQ VXEVWUDWH DQG WKH ELRWLQ\ODWHG FRIDFWRU� 7KH FDWDO\WLFDOO\
DFWLYH PXWDQWV FDQ EH VRUWHG E\ IOXRUHVFHQFH�DVVLVWHG GURSOHW VRUWLQJ �)$'6� DQG WKH LGHQWLILHG
KLWV FDQ EH VXEMHFWHG WR D IXUWKHU URXQG RI RSWLPL]DWLRQ� 7KLV PHWKRG FDQ EH DSSOLHG WR HYROYH
YDULRXV $U0V LQ YLYRDQG HQDEOH WKH VFUHHQLQJ RI ODUJH OLEUDULHV LQ DQ LWHUDWLYH DQG VWUDLJKWIRUZDUG
PDQQHU�

>�@ )DELDQ 6FKZL]HU� <DVXQRUL 2NDPRWR� 7LOOPDQQ +HLQLVFK� <LIDQ *X� 0LFKHOD 0� 3HOOL]]RQL� 9LQFHQW
/HEUXQ� 5DSKDHO 5HXWHU� 9DOHQWLQ .¸KOHU� -DUHG &� /HZLV� 7KRPDV 5� :DUG� &KHP� 5HY�� ����� ����
���૱����
>�@ 7� 9¸ONHU� )� 'HPSZROII� 3� /� *UDXPDQQ� (� 0HJJHUV� $QJHZ� &KHP�� ,QW� (G�� ����� ���
�����૱������
>�@ 7� +HLQLVFK� )� 6FKZL]HU� %� *DUHEHGLDQ� (� &VLEUD� 0� -HVFKHN� -� 9DOODSXUDFNDO� 9� %� 3LQKHLUR�
3�0DUOLªUH��6��3DQNH��7��5��:DUG��&KHP��6FL����������������૱�����
>�@ 5� 2EH[HU� $� *RGLQD� ;� *DUUDERX� 3� 5� 0LWWO� $� '� *ULIILWKV� '� +LOYHUW� 1DW� &KHP�� ����� ��
��૱���
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1LWULGH�'HULYHG�&RSSHU�0RGLILHG�ZLWK�,QGLXP�DV�D�+LJKO\�6WDEOH�DQG�6HOHFWLYH�&DWDO\VW
IRU�WKH�(OHFWURUHGXFWLRQ�RI�&2�

)��/��9HHQVWUD���$��-��0DUW¯Q����-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG

7KH ODFN RI HIILFLHQW FDWDO\VWV SUHYHQWV WKH HOHFWURFDWDO\WLF UHGXFWLRQ RI FDUERQ GLR[LGH IURP
FRQWULEXWLQJ WR WKH SUHVVLQJ WDUJHW RI D FDUERQ�QHXWUDO HFRQRP\� ,Q WKLV VWXG\� ZH UHYHDO LQGLXP�
PRGLILHG FRSSHU QLWULGH DV D KLJKO\ VWDEOH HOHFWURFDWDO\VW VHOHFWLYH WRZDUG &2� ,Q�2��&X�1 VKRZHG
D )DUDGDLF HIILFLHQF\ RI ��� WRZDUG &2 DW DQ RYHUSRWHQWLDO RI ��� 9 IRU ��� K� LQ VWDUN FRQWUDVW WR
WKH YHU\ PRGHVW VWDELOLW\ RI WKH EHQFKPDUN ,Q�2��&X�2 �)LJXUH �D����� 0LFURIDEULFDWHG V\VWHPV
DOORZHG WR FRUUHODWH WKH VXSHULRU SHUIRUPDQFH RI LQGLXP�PRGLILHG FRSSHU QLWULGH ZLWK KLJKO\ VWDEOH
LQWHUIDFLDO VLWHV �)LJXUH �E�F��� 6SHFWURVFRSLF HYLGHQFH VXJJHVWHG D PRGLILHG UHGXFWLRQ SURFHVV RI
WKH QLWULGH SKDVH LQ WKH SUHVHQFH RI LQGLXP� ,Q WKH FDVH RI WKH FRSSHU R[LGH�EDVHG HOHFWURFDWDO\VW�
H[FHVVLYH LQGLXP GLIIXVLRQ P UHVXOWHG LQ XQVWDEOH LQWHUIDFHV �)LJXUH �G�� 2YHUDOO� WKLV ZRUN
XQFRYHUV WKH VWDELOL]LQJ SURSHUWLHV RI QLWULGH�GHULYHG FRSSHU WRZDUG SUDFWLFDO PXOWLFRPSRQHQW
FDWDO\VWV�

)LJXUH � D� (OHFWURFDWDO\WLF DFWLYLW\ IRU ,Q�2��&X�1 DQG WKH UHIHUHQFH ,Q�2��&X�2� E� 5HODWLRQ
EHWZHHQ SDUWLDO FXUUHQW GHQVLW\ IRU &2 DQG &X�,Q LQWHUIDFLDO GHQVLW\ REVHUYHG RQ PLFURIDEULFDWHG
,Q�2��&X�1 HOHFWURGHV� 6(0�('; LQGLXP GLVWULEXWLRQ PDS IRU F� PLFURIDEULFDWHG ,Q�2��&X�1 DQG G�
PLFURIDEULFDWHG ,Q�2��&X�2 DIWHU WKH UHDFWLRQ� 7KH ODWWHU VKRZV WKH &X�,Q LQWHUIDFH FUHDWHG E\ WKH
GLIIXVLRQ�RI�LQGLXP�IURP�WKH�LVODQGV�

>�@ 6� 5DVXO� '� +� $QMXP� $� -HGLGL� <� 0LQHQNRY� /� &DYDOOR� .� 7DNDQDEH�$QJHZ� &KHP� ,QW� (G��
���������������
>�@ *� 2� /DUUD]£EDO� $� -� 0DUW¯Q� )� .UXPHLFK� 5� +DXHUW� -� 3«UH]�5DP¯UH]� &KHP6XV&KHP� �����
���������
>�@�*��2��/DUUD]£EDO��7��6KLQDJDZD��$��-��0DUW¯Q��-��3«UH]�5DP¯UH]��1DW��&RPPXQ�����������������
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$WRP�E\�$WRP�5HVROXWLRQ�RI�6WUXFWXUH�)XQFWLRQ�5HODWLRQV�RYHU�/RZ�1XFOHDULW\�0HWDO
&DWDO\VWV

(��9RURE\HYD���(��)DNR���=��&KHQ���1��/µSH]���2��9��6DIRQRYD���6��0LWFKHOO�
��-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG���,&,4��6SDLQ���3DXO�6FKHUUHU�,QVWLWXWH��6ZLW]HUODQG

&RQWUROOLQJ WKH VWUXFWXUH VHQVLWLYLW\ RI FDWDO\]HG UHDFWLRQV RYHU PHWDOV LV FHQWUDO WR GHYHORSLQJ
DWRP�HIILFLHQW FKHPLFDO SURFHVVHV� $SSURDFKLQJ WKH PLQLPXP HQVHPEOH VL]H� WKH SURSHUWLHV HQWHU
D QRQVFDODEOH UHJLPH� $OPRVW DOO WUHQGV LQ WKLV XOWUD�VPDOO IURQWLHU GHULYH IURP VXUIDFH VFLHQFH
DSSURDFKHV XVLQJ PRGHO V\VWHPV� EHFDXVH RI ERWK V\QWKHWLF DQG DQDO\WLFDO FKDOOHQJHV� ([SORLWLQJ
WKH XQLTXH FRRUGLQDWLRQ FKHPLVWU\ RI FDUERQ QLWULGH���� ZH GLVFULPLQDWH WKURXJK H[SHULPHQWV DQG
VLPXODWLRQV WKH LQWHUSOD\ EHWZHHQ WKH JHRPHWU\� HOHFWURQLF VWUXFWXUH� DQG UHDFWLYLW\ RI SDOODGLXP
DWRPV� GLPHUV� DQG WULPHUV �)LJXUH ���� &DWDO\WLF WHVWV HYLGHQFH DSSOLFDWLRQ�GHSHQGHQW
UHTXLUHPHQWV RI WKH DFWLYH HQVHPEOH� 3G WULPHUV ZHUH PRUH DFWLYH LQ WKH VHOHFWLYH K\GURJHQDWLRQ
RI YDULRXV IXQFWLRQDOL]HG DON\QHV� ZKLFK ZDV OLQNHG WR WKH UHGXFHG K\GURJHQ DFWLYDWLRQ EDUULHU ZLWK
UHVSHFW WR VLQJOH DWRPV DQG GLPHUV� ,Q FRQWUDVW� 3G VLQJOH DWRPV VXUSDVV HQVHPEOHV LQ 6X]XNL
FRXSOLQJ H[KLELWLQJ GLVWLQFW FKHPRVHOHFWLYLW\ WR WKH GLPHUV DQG WULPHUV� ZKLFK DOVR HQVXUHG KLJKHU
VWDELOLW\� 7KLV SRZHUIXO DSSURDFK ZLOO SURYLGH SUDFWLFDO LQVLJKWV LQWR WKH GHVLJQ RI KHWHURJHQHRXV
FDWDO\VWV�FRPSULVLQJ�ZHOO�GHILQHG�QXPEHUV�RI�DWRPV�

)LJXUH � &DOFXODWHG VWUXFWXUHV RI SDOODGLXP VLQJOH DWRPV� GLPHUV� DQG WULPHUV VWDELOL]HG RQ FDUERQ
QLWULGH�DQG�FDWDO\WLF�SHUIRUPDQFH�LQ�6X]XNL�FRXSOLQJ�DQG�DON\QH�VHPL૯K\GURJHQDWLRQ�

>�@ =� &KHQ� (� 9RURE\HYD� 6� 0LWFKHOO� (� )DNR� 1� /µSH]� 6� 0� &ROOLQV� 5� .� /HDU\� 3� $� 0LGJOH\� 5�
+DXHUW��-��3«UH]�5DP¯UH]��1DWO��6FL��5HY����������������
>�@ (� 9RURE\HYD� =� &KHQ� 6� 0LWFKHOO� 5� .� /HDU\� 3� 0LGJOH\� -� 0� 7KRPDV� 5� +DXHUW� (� )DNR� 1�
/µSH]��-��3«UH]�5DP¯UH]��-��0DWHU��&KHP��$�����������������
>�@ =� &KHQ� (� 9RURE\HYD� 6� 0LWFKHOO� (� )DNR� 0� $� 2UWX³R� 1� /µSH]� 6� 0� &ROOLQV� 3� $� 0LGJOH\�
6��5LFKDUG��*��9LO«��-��3«UH]�5DP¯UH]��1DW��1DQRWHFKQRO�����������������
>�@ (� 9RURE\HYD� (� )DNR� =� &KHQ� 6� 0� &ROOLQV� '� -RKQVWRQH� 3� $� 0LGJOH\� 5� +DXHUW� 2� 9�
6DIRQRYD� *� 9LO«� 1� /µSH]� 6� 0LWFKHOO� -� 3«UH]�5DP¯UH]� $QJHZ� &KHP� ,QW� (G�� �����
GRL���������DQJH�����������
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7UDQVLWLRQ�PHWDO�HOHFWURFDWDO\VWV�HQFDSVXODWHG�LQWR�1�GRSHG�FDUERQ�QDQRWXEHV�RQ
JUDSKHQH�QDQRVKHHWV��(IILFLHQW�ZDWHU�VSOLWWLQJ�WKURXJK�V\QHUJLVWLF�HIIHFWV

:��:DQ���-��5��/L���&��$��7ULDQD���*��5��3DW]NH�


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

7KH GHYHORSPHQW RI HIILFLHQW QREOH�PHWDO IUHH HOHFWURFDWDO\VWV LV FUXFLDO IRU FOHDQ K\GURJHQ
SURGXFWLRQ WKURXJK ZDWHU VSOLWWLQJ� $V FDUERQ�EDVHG VXSSRUWV DUH H[SHFWHG WR SOD\ D PDMRU UROH LQ
ORZ�FRVW HOHFWURFDWDO\VLV� LPSURYHG V\QWKHWLF PHWKRGV DQG D GHHSHU XQGHUVWDQGLQJ RI WKHLU
PHFKDQLVPV RI DFWLRQ DUH QRZ UHTXLUHG� 7R WKLV HQG� ZH V\QWKHVL]HG WUDQVLWLRQ PHWDO FDWDO\VWV IRU
RYHUDOO ZDWHU VSOLWWLQJ HQFDSVXODWHG LQWR QLWURJHQ�GRSHG FDUERQ QDQRWXEHV �0�1�&17V� 0  1L� &R�
)H� WKURXJK D GLUHFW DQG FRQYHQLHQW S\URO\VLV RI EXON J�&�1�� )XUWKHUPRUH� WKH DGGLWLRQ RI
JUDSKHQH R[LGH OHDGV WR D VLJQLILFDQW GLVSHUVLRQ RI WKH FDWDO\WLF 1�&17V� $PRQJ WKH REWDLQHG
FDWDO\VW VHULHV� 1L)H�1�&17 ZLWK JUDSKHQH �1L)H�1�&17�*� H[KLELWV H[WUHPHO\ ORZ RYHUSRWHQWLDO RI
��� P9 �RQ JODVV\ FDUERQ� IRU WKH R[\JHQ HYROXWLRQ UHDFWLRQV DW D FXUUHQW GHQVLW\ RI �� P$�FP��
7KLV SHUIRUPDQFH LV VXSHULRU WR PRVW RI WKH SUHYLRXVO\ UHSRUWHG QREOH PHWDO�IUHH FDWDO\VWV IRU 2(5�
2XU FRPSUHKHQVLYH VWXG\ XQUDYHOV WKDW WKH JURZWK RI &17V IROORZV D ૺUHGXFWLRQ�QXFOHDWLRQ�
JURZWKૻ SURFHVV� 7KH WKHUPDOO\ UHGXFHG PHWDOOLF QDQRSDUWLFOHV �13V� VHUYH DV QXFOHDWLRQ VLWHV RI
FDUERQ VSHFLHV RQ WKHLU VXUIDFH WR IXUWKHU SURPRWH 1�&17 JURZWK� 'HQVLW\ IXQFWLRQDO WKHRU\ �')7�
FDOFXODWLRQV UHYHDO WKDW WKH &17 ZDOOV DQG 1�GRSDQWV LQ WKH FDWDO\VWV PRGLI\ WKH HOHFWURQLF
VWUXFWXUH DQG DGMXVW WKH IUHH HQHUJ\ WRZDUG WKH DGVRUSWLRQ RI LQWHUPHGLDWHV� 7KH RQH�VWHS +(5
SURFHVV LV LQIOXHQFHG PRUH VWURQJO\ E\ 1�FHQWHUV ZKHQ FRPSDUHG WR WKH IRXU�HOHFWURQ WUDQVIHU 2(5
SURFHVV� 7KH VFDODEOH DQG VWUDLJKWIRUZDUG V\QWKHVLV WRJHWKHU ZLWK H[FHOOHQW HOHFWURFDWDO\WLF
SHUIRUPDQFH UHQGHUV WKH 1L)H�1�&17 K\EULG FDWDO\VW TXLWH SURPLVLQJ IRU ODUJH�VFDOH ZDWHU VSOLWWLQJ
DSSOLFDWLRQV�

>�@�/��=KDQJ��-��;LDR��+��:DQJ��0��6KDR��$&6�&DWDO�����������������
>�@�;��=KDQJ�HW�DO���$&6�&DWDO����������������
>�@�;��&XL��;��%DR�HW�DO���(QHUJ\�(QYLURQ��6FL����������������
>�@ ;� =RX� ;� +XDQJ� $� *RVZDPL� 5� 6LOYD� %� 5� 6DWKH� (� 0LNPHNRY£� 7� $VHID� $QJHZ� &KHP� ,QW�
(G�������������������
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6WDELOLW\�RI�DWRPLFDOO\�GLVSHUVHG�SODWLQXP�FDWDO\VWV�RQ�ORZ�LQGH[�DQG�VWHSSHG�&H2�
VXUIDFH�IURP�GHQVLW\�IXQFWLRQDO�WKHRU\

;��:DQJ�����-��$��YDQ�%RNKRYHQ�
��'��3DODJLQ�


�(7+�=¾ULFK���3DXO�6FKHUUHU�,QVWLWXWH

$WRPLFDOO\ GLVSHUVHG FDWDO\VWV DWWUDFW JUHDW DWWHQWLRQ GXH WR KLJK DWRPLF XWLOL]DWLRQ HIILFLHQF\ DV
ZHOO DV WKHLU FDWDO\WLF DFWLYLW\ DQG VHOHFWLYLW\� >�@ 3W�&H2� LV ZLGHO\ XVHG LQ D UDQJH RI LPSRUWDQW
FDWDO\WLF DSSOLFDWLRQV� VXFK DV YHKLFOH HPLVVLRQV FRQWURO� ZDWHU�JDV VKLIW UHDFWLRQ� PHWKDQRO
UHIRUPLQJ DQG FDUERQ PRQR[LGH R[LGDWLRQ� 5HFHQWO\� -RQHV HW DO� >�@ VKRZHG WKDW YRODWLOH SODWLQXP
VSHFLHV FDQ EH WUDSSHG E\ WKH FHULD VWHS VLWHV WR IRUP DWRPLFDOO\ GLVSHUVHG SODWLQXP� ZKLFK FDQ EH
VWDELOL]HG DW WHPSHUDWXUH DV KLJK DV ���r&� $W WKH VDPH WLPH� DWRPLFDOO\ GLVSHUVHG SODWLQXP
DWRPV RIWHQ H[KLELW KLJKO\ G\QDPLF EHKDYLRU� DQG WKXV WKH JHRPHWULFDO VWUXFWXUHV RI DFWLYH VLWHV RI
DWRPLFDOO\�GLVSHUVHG�3W�&H2��LV�VWLOO�KLJKO\�GHEDWHG�

+HUHLQ� WKURXJK WKH FRPELQDWLRQ RI ILUVW�SULQFLSOHV FDOFXODWLRQV DQG DE LQLWLR DWRPLVWLF
WKHUPRG\QDPLFV� ZH GHPRQVWUDWH WKDW DWRPLFDOO\ GLVSHUVHG SODWLQXP VSHFLHV RQ FHULD VXUIDFHV
FDQ DGRSW D UDQJH RI ORFDO FRRUGLQDWLRQ FRQILJXUDWLRQV DQG R[LGDWLRQ VWDWHV WKDW GHSHQG RQ WKH
VXUIDFH VWUXFWXUH� FRYHUDJH DQG HQYLURQPHQWDO FRQGLWLRQV� 8QVDWXUDWHG R[\JHQ DWRPV RQ WKH FHULD
VXUIDFHV SOD\ WKH OHDGLQJ UROH LQ VWDELOL]DWLRQ RI 3W2[ VSHFLHV� $Q\ 3W� VSHFLHV DUH
WKHUPRG\QDPLFDOO\ XQVWDEOH FRPSDUHG WR WKH EXON SKDVH� DQG R[LGDWLRQ RI 3W� WR 3W�� RU 3W�� LV
QHFHVVDU\ WR VWDELOL]H PRQR�GLVSHUVHG SODWLQXP DWRPV� %RWK 3W�� DQG 3W�� SUHIHU WR IRUP VTXDUH�
SODQDU >3W2�@ VWUXFWXUHV� 7KH WZR PRVW VWDEOH 3W�� VSHFLHV RQ WKH ����� DQG ����� VXUIDFHV DUH
WKHUPRG\QDPLFDOO\ IDYRUDEOH EHWZHHQ ��� DQG ���� .� 7KH PRVW VWDEOH 3W�� VSHFLHV RQ WKH �����
VXUIDFH WHQGV WR GHVRUE IURP WKH VXUIDFH DV JDV SKDVH DERYH �������� .� 7KH UHVXOWLQJ SKDVH
GLDJUDPV RI WKH DWRPLFDOO\ GLVSHUVHG 3W2[ VSHFLHV RQ YDULRXV FHULD VXUIDFHV XQGHU D UDQJH RI
H[SHULPHQWDOO\ UHOHYDQW FRQGLWLRQV FDQ EH XVHG WR SUHGLFW G\QDPLF UHVWUXFWXULQJ RI DWRPLFDOO\
GLVSHUVHG�SODWLQXP�FDWDO\VWV�DQG�GHVLJQ�QHZ�FDWDO\VWV�ZLWK�HQJLQHHUHG�SURSHUWLHV�

>�@�$��:DQJ�HW�DO��1DWXUH�5HYLHZV�&KHPLVWU\�������������૱��
>�@�-��-RQHV��HW�DO��6FLHQFH����������������૱����
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2Q�WKH�SKRWRLRQL]DWLRQ�RI�WKH�YLQ\O�UDGLFDO

;��:X�����;��=KRX�
��3��+HPEHUJHU���$��%RGL�


�3DXO�6FKHUUHU�,QVWLWXWH���8QLYHUVLW\�RI�6FLHQFH�DQG�7HFKQRORJ\�RI�&KLQD

9LQ\O UDGLFDOV ZHUH SURGXFHG LQ IODVK S\URO\VLV RI GLYLQ\O VXOIRQH� DQG WKHLU SKRWRLRQL]DWLRQ
LQYHVWLJDWHG DW WKH 6ZLVV /LJKW 6RXUFH XVLQJ GRXEOH LPDJLQJ SKRWRHOHFWURQ SKRWRLRQ FRLQFLGHQFH
�L�3(3,&2� VSHFWURVFRS\ LQ WKH ����૱����� H9 SKRWRQ HQHUJ\ UDQJH� 7KUHH IHDWXUHV FRXOG EH
LGHQWLILHG LQ WKH ULVLQJ HGJH RI WKH SKRWRLRQL]DWLRQ VSHFWUXP �3,( FXUYH�� DW RQVHW HQHUJLHV RI FD�
����� ����� DQG ���� H9� $XWRLRQL]LQJ ILQH VWUXFWXUH KDV DOVR EHHQ REVHUYHG DV SUHYLRXVO\ UHSRUWHG
E\ %HUNRZLW] HW DO�� 7KH WKUHVKROG SKRWRHOHFWURQ VSHFWUXP �73(6� KDV EHHQ UHFRUGHG IRU WKH ILUVW
WLPH� ,Q DJUHHPHQW ZLWK WKH SKRWRHOHFWURQ VSHFWUXP�� QR YLEUDWLRQDO VWUXFWXUH ZDV REVHUYHG LQ WKH
JURXQG VWDWH EDQG� 7KH YHUWLFDO LRQL]DWLRQ HQHUJ\ �,(Y� RI WKH YLQ\O UDGLFDO ZDV IRXQG WR EH ���� H9�
%DVHG RQ WKH $FWLYH 7KHUPRFKHPLFDO 7DEOHV DQG FRQILUPHG E\ RXU FDOFXODWLRQV� WKH DGLDEDWLF ,( RI
&�+� LV ����� s ����� H9� VLJQLILFDQWO\ DERYH WKH LRQL]DWLRQ RQVHW DW ���� H9� +RZHYHU� WKH
)UDQN૱&RQGRQ IDFWRUV IRU WKH WUDQVLWLRQ IURP WKH EHQW <�VKDSHG QHXWUDO PLQLPXP WR WKH EULGJH�
VKDSHG LRQLF PLQLPXP DUH QHJOLJLEOH� DQG ZH SURSRVH WKDW WKLV WUDQVLWLRQ GRHV QRW FRQWULEXWH WR
WKH SKRWRLRQL]DWLRQ VLJQDO� ,QVWHDG� LW LV DVFULEHG WR WKH WKUHH WUDQVLWLRQV EHWZHHQ VWUDLJKW <�
VKDSHG &�+�૿ ��! EULGJHG &�+��� VWUDLJKW <�VKDSHG &�+�૿ ��!VWUDLJKW <�VKDSHG &�+�� DQG EHQW <�
VKDSHG�&�+����!�VWUDLJKW�<�VKDSHG�&�+����WHQWDWLYHO\�DVVLJQHG�WR�WKH�REVHUYHG�3,(�IHDWXUHV�

>�@�%HUNRZLW]�-���0D\KHZ�&���5XģÏLÉ�%���-��&KHP��3K\V�����������������������
>�@�%OXVK�-��$���&KHQ�3���-��3K\V��&KHP�����������������������
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5HYLVLQJ�WKH�PHFKDQLVP�RI�DOFRKRO�R[LGDWLRQ�RYHU�9�2��7L2��FDWDO\VWV

$��=DELOVND���$��+��&ODUN���2��.URHFKHU�����2��9��6DIRQRYD�


�3DXO�6FKHUUHU�,QVWLWXWH���(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

6XSSRUWHG PHWDO R[LGHV DUH ZLGHO\ XVHG LQ LQGXVWULDO FDWDO\VWV IRU D ODUJH YDULHW\ RI UHDFWLRQV�
9DQDGLXP R[LGH LV D FRPPRQ FRPSRQHQW RI VHOHFWLYH R[LGDWLRQ FDWDO\VWV� ,QWHUDFWLRQ RI KLJKO\
GLVSHUVHG YDQDGLXP VSHFLHV ZLWK R[LGH VXSSRUWV �6L2�� $O�2�� 7L2�� &H2�� =U2� HWF�� VWURQJO\
LQIOXHQFHV WKH FDWDO\WLF SURSHUWLHV >�@� ,Q VSLWH RI D QXPEHU RI VSHFWURVFRSLF VWXGLHV RQ VXSSRUWHG
YDQDGLD VSHFLHV RYHU WKH SDVW �� \HDUV� GHWDLOV DERXW WKH UHDFWLRQ PHFKDQLVPV RQ WKH DWRPLF
VFDOH UHPDLQ GHEDWHG� 7KH PHFKDQLVP RI VHOHFWLYH R[LGDWLRQ RI DOFRKRO LQWR DOGHK\GH H[LVWV LQ D
QXPEHU RI YLVLRQV VWDUWLQJ ZLWK GLIIHUHQW PHFKDQLVPV RI DOFRKRO DGVRUSWLRQ DQG HQGLQJ ZLWK
GLIIHUHQW ORFDWLRQV RI R[\JHQ YDFDQF\ >���@� 6R IDU� QR GLUHFW VSHFWURVFRSLF HYLGHQFH KDV EHHQ
SURYLGHG IRU WKH LQYROYHPHQW RI WKH VXSSRUW LQ WKH UHDFWLRQ PHFKDQLVP� ,Q SDUW� WKLV LV GXH WR WKH
OLPLWDWLRQV RI VSHFWURVFRSLF PHWKRGV� VXFK DV ODFN RI FKHPLFDO VSHFLILFLW\� LQVXIILFLHQW VHQVLWLYLW\ WR
ORZ�FRQFHQWUDWLRQ�RI�DFWLYH�VSHFLHV�DQG�WKH�VKRUW�OLIH�WLPHV�RI�UHDFWLRQ�LQWHUPHGLDWHV�

7KH DLP RI WKLV SURMHFW LV WR UHYLVH WKH PHFKDQLVP RI DOFRKRO R[LGDWLRQ RYHU WLWDQLD�VXSSRUWHG
YDQDGLD� 7R IDFLOLWDWH SURELQJ WKH UHDFWLYLW\ RI 7L DQG 9 LQ WKLV UHDFWLRQ� ZH IRFXVHG RXU VWXG\ RQ D
VHULHV RI WDLORUHG ELOD\HUHG ����ZW���9�2�������ZW���7L2��6L2� FDWDO\VWV >�@� $IWHU FDUHIXO
H[DPLQDWLRQ RI FDWDO\WLF SURSHUWLHV� ZH SHUIRUPHG RSHUDQGR WLPH�UHVROYHG 9 .�HGJH DQG 7L .�HGJH
TXLFN�;$6 H[SHULPHQWV RQ VHOHFWHG 9�2��7L2��6L2� DQG 9�2��6L2� V\VWHPV� ([SHULPHQWV KDYH EHHQ
SHUIRUPHG XQGHU VWHDG\ VWDWH DQG XQGHU WUDQVLHQW FRQGLWLRQV� XSRQ VZLWFKLQJ RQ DQG RII R[\JHQ LQ
D IORZ RI HWKDQRO� :H REVHUYHG FKDQJHV LQ KHLJKW RI WKH SUH�HGJH SHDN DQG VKDSH RI WKH HGJH LQ
WKH VSHFWUD RI YDQDGLXP XSRQ UHYHUVLEOH DGVRUSWLRQ RI HWKDQRO DW ORZ WHPSHUDWXUHV DQG LWV
R[LGDWLRQ DERYH ��� r&� %RWK SURFHVVHV SURGXFHG LGHQWLFDO VSHFWURVFRSLF VLJQDWXUHV DFFRUGLQJ WR
9 .�HGJH ;$1(6 EXW FDQ EH GLVWLQJXLVKHG E\ 9 .�HGJH (;$)6� ,Q VLWX 5DPDQ� 105� DQG (35
H[SHULPHQWV DUH LQ SURJUHVV WR FODULI\ WKH PHFKDQLVPV RI HWKDQRO DGVRUSWLRQ DQG WKH ORFDWLRQ RI
R[\JHQ YDFDQFLHV LQ WKH ILUVW FRRUGLQDWLRQ VKHOO RI YDQDGLXP� 7L .�HGJH ;$1(6 FRXOG QRW GHWHFW
VLJQLILFDQW FKDQJHV LQ WKH VWUXFWXUH RI WLWDQLXP VLWHV XSRQ DGVRUSWLRQ DQG R[LGDWLRQ RI HWKDQRO�
ZKLFK�ZH�SODQ�WR�FRQILUP�XVLQJ�WKH�PRUH�VHQVLWLYH�PRGXODWLRQ�H[FLWDWLRQ�DSSURDFK�

>�@ %HQMDPLQ %HFN� 0DQXHO +DUWK� 1HLO +DPLOWRQ� &DUORV &DUUHUR� -RKQ 8KOULFK� $QQHWWH 7UXQVFKNH�
6KDPLO 6KDLNKXWGLQRY� +HOPXW 6FKXEHUW� +DQV�-RDFKLP )UHXQG� 5REHUW 6FKO¸JO� -RDFKLP 6DXHU�
5HLQKDUG�6FKRP¦FNHU��-RXUQDO�RI�&DWDO\VLV���������������������
>�@ 9DVLO\ .DLFKHY� <XUL\ &KHVDORY� $QGUH\ 6DUDHY� $OH[DQGHU .O\XVKLQ� $[HO .QRS�*HULFNH� 7DPDUD
$QGUXVKNHYLFK��9DOHULL�%XNKWL\DURY��-RXUQDO�RI�&DWDO\VLV�������������������
>�@�%HUW�:HFNKX\VHQ��'DSKQH�.HOOHU��&DWDO\VLV�7RGD\������������������
>�@ %HDWD .LORV� $OH[LV %HOO� (QULTXH ,JOHVLD� 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ &� ����� ����
����������
>�@ ;LQJWDR *DR� 6LPRQ %DUH� -RVH )LHUUR� ,VUDHO :DFKV� 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ %� �����
�������������
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7KH�UROH�RI�FRSSHU�]LQF�DOOR\�LQ�FDWDO\WLF�FDUERQ�GLR[LGH�K\GURJHQDWLRQ�WR�PHWKDQRO

0��=DELOVNL\���9��/��6XVKNHYLFK���'��3DODJLQ���0��1HZWRQ���)��.UXPHLFK���-��$��YDQ�%RNKRYHQ���


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH���,QVWLWXWH�IRU�&KHPLFDO
DQG�%LRHQJLQHHULQJ��(7+�=XULFK

&DUERQ GLR[LGH LV D JUHHQKRXVH JDV DQG PDMRU DQWKURSRJHQLF SROOXWDQW UHVSRQVLEOH IRU FOLPDWH
FKDQJH DQG RFHDQ DFLGLILFDWLRQ >�@� 7KH GHYHORSPHQW RI DQ DSSURSULDWH KHWHURJHQHRXV FDWDO\VW
WKDW ZLOO DFWLYHO\ DQG VHOHFWLYHO\ FRQYHUW PL[WXUHV RI &2� DQG +� WR PHWKDQRO� FDQ VLJQLILFDQWO\
FRQWULEXWH WR D PRUH ZLGHVSUHDG ODUJH�VFDOH XWLOL]DWLRQ RI &2� DQG UHQHZDEOH HQHUJ\� 2QH RI WKH
PRVW DFWLYH FDWDO\VW LQ &2� WR PHWKDQRO K\GURJHQDWLRQ LV EDVHG RQ DOXPLQD VXSSRUWHG FRSSHU�]LQF�
ZKLFK LV ZLGHO\ XVHG IRU V\QJDV WUDQVIRUPDWLRQ WR PHWKDQRO� 7KH DFWLYLW\ LV VWLOO IDU IURP
FRPPHUFLDO XWLOL]DWLRQ DQG IXUWKHU FDWDO\VW LPSURYHPHQW LV VWLOO UHTXLUHG >�@� 0RVW SUHYLRXV VWXGLHV�
LQYHVWLJDWLQJ PHFKDQLVWLF DVSHFWV RI PHWKDQRO V\QWKHVLV� DUH EDVHG RQ H[SHULPHQWV PDGH XQGHU
FRQGLWLRQV �ORZ WHPSHUDWXUH� YDFXXP� WKDW DUH IDU DZD\ IURP WKH UHDO FDWDO\WLF H[SHULPHQW �!��
EDU� ������� |&�� +HQFH� HYHQ WKH VWUXFWXUH RI DFWLYH VLWHV DQG HVSHFLDOO\ WKH UROH RI FRSSHU�]LQF
DOOR\V�LQ�WKLV�FDWDO\WLF�V\VWHP��DUH�VXEMHFW�RI�LQWHQVH�GHEDWH�>���@��

7KLV VLWXDWLRQ KDV PRWLYDWHG XV� WR SHUIRUP RSHUDQGR LQYHVWLJDWLRQV XVLQJ WLPH�UHVROYHG ;$6 �DW
ERWK &X DQG =Q .�HGJHV� DQG ;5' XQGHU UHOHYDQW FDWDO\WLF FRQGLWLRQV� VXSSRUWHG E\ WKHRUHWLFDO
PRGHOOLQJ DQG 7(0� LQ DQ HIIRUW WR EULGJH WKH ૺSUHVVXUH JDSૻ DQG SURYLGH XQDPELJXRXV
XQGHUVWDQGLQJ RI WKH UROH RI WKH DOOR\ LQ WKLV UHDFWLRQ� :H VKRZ WKDW VXUIDFH &X=Q DOOR\� ZKLFK IRU D
ORQJ WLPH ZDV FRQVLGHUHG DQ DFWLYH VLWH IRU PHWKDQRO V\QWKHVLV� LV RQO\ SUHVHQW XQGHU KLJKO\
UHGXFWLYH DWPRVSKHUH DQG LV UDSLGO\ UHDFWHG DZD\ XSRQ VZLWFKLQJ WR WKH FDWDO\WLF &2��+� UHDFWLRQ
PL[WXUH� )RUPDWLRQ DQG GHFRPSRVLWLRQ RI WKH &X=Q DOOR\ IDFLOLWDWH IRUPDWLRQ RI D ZHOO�GHYHORSHG
&X�=Q2 LQWHUIDFH� ZKHUH PHWDOOLF &X DFWLYDWHV K\GURJHQ� ZKLOH WKH ]LQF SKDVH LV UHVSRQVLEOH IRU
&2� DGVRUSWLRQ DQG IROORZHG K\GURJHQDWLRQ� 7KH LQWLPDWH FRQWDFW EHWZHHQ WKHVH WZR SKDVHV
SURPRWHV HIILFLHQW PHWKDQRO V\QWKHVLV� 8OWLPDWHO\� WKH UROH RI &X=Q DOOR\ IRUPDWLRQ DQG LWV
GHFRPSRVLWLRQ LQ IRUPLQJ WKH DFWLYH LQWHUIDFH UHSUHVHQWV D QRYHO SDUDGLJP LQ WKLV PXFK�UHVHDUFK
V\VWHP� ,W FDQ EH FRQVLGHUHG DV DQ H[HPSODU PRGHO IRU VWUXFWXUDO FKDQJHV LQ PXOWLFRPSRQHQW
PDWHULDOV�DQG�FDWDO\VWV�

>�@�6�-��'DYLV�HW�DO���6FLHQFH������������������૱�����
>�@�0�'��3RURVRII�HW�DO���(QHUJ\�(QYLURQ��6FL��������������૱���
>�@�6��.DWWHO�HW�DO���6FLHQFH�����������������૱�����
>�@�-��1DNDPXUD�HW�DO���6FLHQFH�������������HDDQ�����
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=Q2�%DVHG�&DWDO\VWV�WKURXJK�$WRPLF�/D\HU�'HSRVLWLRQ�IRU�&2��+\GURJHQDWLRQ�WR
0HWKDQRO

0��:DQJ���6��.LP���$��7VRXNDORX���<��;X���3��0��$EGDOD���$��)HGRURY�
��&��5��0¾OOHU�


�'�0$97��(7+�=¾ULFK

:KLOH K\GURJHQDWLRQ RI &2� WR PHWKDQRO LV D SURPLVLQJ WHFKQRORJ\ IRU HQHUJ\ VWRUDJH� LWV IXOO VFDOH
LQGXVWULDO LPSOHPHQWDWLRQ LV KLQGHUHG E\ WKH GHDFWLYDWLRQ RI WKH &X�=Q2�$O�2� FDWDO\VW� LQ DGGLWLRQ
WR WKH ORZ VHOHFWLYLW\ WR PHWKDQRO���� 5HFHQWO\� &X�IUHH R[LGHV KDYH HPHUJHG DV FDWDO\VWV IRU &2� WR
PHWKDQRO UHDFWLRQ DQG GLVSOD\HG D KLJK VWDELOLW\ DQG VHOHFWLYLW\ WR PHWKDQRO���� ,Q WKLV VWXG\� ZH
KDYH V\QWKHVL]HG D VHULHV RI =Q2 FRDWLQJV RQ GLIIHUHQW SRO\PRUSKV RI =U2� ZKLOH FRQWUROOLQJ WKH
WKLFNQHVV RI WKH =Q2 OD\HU E\ DWRPLF OD\HU GHSRVLWLRQ �$/'� ZLWK �QJVWURP UHVROXWLRQ� :H IRXQG
WKDW =Q2 FRDWHG RQ PRQRFOLQLF =U2� �P�=U2�� ZLWK �� $/' F\FOHV FRXOG DFKLHYH D PHWKDQRO
VHOHFWLYLW\ RI a��� DW �� EDU �+��&2�  ���� DQG ��� r&� 0RUHRYHU� QR GHDFWLYDWLRQ ZDV IRXQG
GXULQJ D ��� K VWDELOLW\ WHVW� :H DOVR SUREHG WKH HIIHFW RI WKH VXSSRUW RQ WKH FDWDO\WLF SHUIRUPDQFH
E\ FRPSDULQJ PRQRFOLQLF� WHWUDJRQDO �W�=U2��� DQG DPRUSKRXV =U2� �DP�=U2�� DQG IRXQG WKDW P�
=U2� LV WKH PRVW HIIHFWLYH VXSSRUW� :H REVHUYH IXUWKHU WKDW WKH UHGXFWLRQ RI =Q2�P�=U2� DW ��� r&
XQGHU +� SURPRWHV WKH LQWHUDFWLRQ EHWZHHQ WKHVH R[LGHV DQG HQKDQFHV WKH PHWKDQRO VHOHFWLYLW\
FRPSDUHG�WR�UHGXFWLRQ�DW�����r&�

>�@ $� *RHSSHUW� 0� &]DXQ� -��3� -RQHV� *� .� 6XU\D 3UDNDVK DQG *� $� 2ODK�&KHP 6RF 5HY� �����
��������૱�����
>�@ 0� %HKUHQV� )� 6WXGW� ,� .DVDWNLQ� 6� .¾KO� 0� +¦YHFNHU� )� $ELOG�3HGHUVHQ� 6� =DQGHU� )�
*LUJVGLHV��3��.XUU�DQG�%��/��.QLHS��6FLHQFH����������������
>�@ 2� 0DUWLQ� $� -� 0DUW¯Q� &� 0RQGHOOL� 6� 0LWFKHOO� 7� )� 6HJDZD� 5� +DXHUW� &� 'URXLOO\� '� &XUXOOD�
)HUU«�DQG�-��3«UH]�5DP¯UH]��$QJHZ��&KHP��,QW��(G�����������������૱�����
>�@ -� :DQJ� *� /L� =� /L� &� 7DQJ� =� )HQJ� +� $Q� +� /LX� 7� /LX DQG &� /L� 6FL� $GY�� ����� ��
H�������
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'LUHFW�&RQYHUVLRQ�RI�0HWKDQH�WR�0HWKDQRO�RYHU�&X�(ULRQLWH�=HROLWH

-��=KX�����9��/��6XVKNHYLFK���$��-��.QRUSS���0��1HZWRQ���6��&��0L]XQR���7��:DNLKDUD���7��2NXER���=�
/LX���-��$��YDQ�%RNKRYHQ���


�,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+�=XULFK���/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH
&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH���'HSDUWPHQW�RI�&KHPLFDO�6\VWHP�(QJLQHHULQJ��7KH�8QLYHUVLW\�RI

7RN\R

'LUHFW FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO KDV EHHQ DQ DWWUDFWLYH \HW FKDOOHQJLQJ SURFHVV LQ
K\GURFDUERQ FKHPLVWU\ ILHOG� ,Q UHFHQW \HDU� FRSSHU�H[FKDQJHG ]HROLWHV KDYH HPHUJHG DV D
SURPLVLQJ FODVV RI PDWHULDOV FDSDEOH RI VHOHFWLYHO\ R[LGL]LQJ &+� LQWR VXUIDFH�ERXQG PHWKR[\
VSHFLHV E\ KRVWLQJ DFWLYH VLWHV DNLQ WR WKRVH IRXQG LQ &+� PRQRR[\JHQDVHV�>���@ 6R IDU� WKH PRVW
VWXGLHG ]HROLWHV IRU GLUHFW FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO DUH PRUGHQLWH DQG =60��� DQG WKH
RYHUDOO PHWKDQRO \LHOG KDV EHHQ FRQWLQXRXVO\ LQFUHDVLQJ WKURXJK HIIRUWV RI GHFDGHV�>���@ 7KH GLUHFW
FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO RYHU &X�]HROLWHV UHTXLUHV D VWHSZLVH SURFHGXUH� ZKHUH D KLJK�
WHPSHUDWXUH DFWLYDWLRQ �W\SLFDOO\� ��� r&� LV QHHGHG WR FUHDWH WKH DFWLYH VLWHV DQG VXEVHTXHQWO\
WKH V\VWHP LV FRROHG GRZQ WR D ORZHU WHPSHUDWXUH �FD� ��� r&� LQ WKH UHDFWLRQ VWDJH WR DYRLG WKH
RYHU R[LGDWLRQ DQG WKXV DFKLHYH DQ RSWLPDO PHWKDQRO \LHOG� ,Q WKLV VWXG\� ZH VKRZ IRU WKH ILUVW WLPH
WKDW D &X�HULRQLWH �&X�(5,� ]HROLWH DFKLHYHG D KLJK PHWKDQRO \LHOG XQGHU DQ LVRWKHUPDO FRQGLWLRQ�
ZKLFK�ZDV�FRPSDUDEOH�WR�WKRVH�REWDLQHG�RQ�RWKHU�]HROLWHV�LQ�WKH�FRQYHQWLRQDO�FRQGLWLRQ�

)LJXUH ��D� VKRZV WKH PHWKDQRO \LHOG RYHU WKH &X�(5, ]HROLWHV ZLWK GLIIHUHQW &X�$O UDWLRV� :LWK
KLJK WHPSHUDWXUH DFWLYDWLRQ DW ��� r&� WKH &X�(5, VDPSOH ZLWK &X�$O ��� SURGXFHG ��� XPRO�
PHWKDQRO�JUDP FDWDO\VW DW ��� r& XQGHU �� EDU PHWKDQH �DIWHU WKUHH H[WUDFWLRQV� VHH WKH DUURZHG
SRLQW�� 7KH \LHOGV REWDLQHG XQGHU WKH LVRWKHUPDO FRQGLWLRQ ZHUH FORVH WR WKRVH LQ WKH FRQYHQWLRQDO
FRQGLWLRQ� LQGLFDWLQJ WKDW WKH VDPH DPRXQWV RI DFWLYH VLWHV ZHUH JHQHUDWHG� 7KH PHWKDQRO \LHOG
SHU FRSSHU �UHG OLQH� GHFUHDVHG ZLWK WKH LQFUHDVH LQ FRSSHU ORDGLQJ� VXJJHVWLQJ RQO\ D VPDOO
IUDFWLRQ RI WKH DGGLWLRQDO FRSSHU ZDV DFWLYH ZLWK WKH PDMRULW\ UHPDLQLQJ LQDFWLYH� ,Q�VLWX )7,5
VSHFWUD LQ )LJXUH ��E� GHPRQVWUDWH WKDW WKH &X�(5, ]HROLWH VKRZHG VXSHULRU VHOHFWLYLW\ WRZDUGV
PHWKDQRO HYHQ DW ��� r&� ZKLFK LV SUREDEO\ GXH WR D XQLTXH HQYLURQPHQW RI WKH DFWLYH VLWHV�
,GHQWLILFDWLRQ RI &X VSHFLDWLRQ LQ WKH &X�(5, ]HROLWH� IRU H[DPSOH WKURXJK WKH LQ�VLWX &X . HGJH ;$6�
LV�FUXFLDO�WR�XQGHUVWDQG�WKH�SRVVLEOH�PHFKDQLVPV��ZKLFK�ZLOO�EH�SXUVXHG�LQ�WKH�QHDU�IXWXUH�

>�@ 3� 7RPNLQV� 0� 5DQRFFKLDUL� -� $� YDQ %RNKRYHQ� $FF� &KHP� 5HV� ������ ��� ���� >�@ .� 7�
'LQK� 0� 0� 6XOOLYDQ� 3� 6HUQD� 5� -� 0H\HU� 0� 'LQFDʷ� <� 5RPDʲQ�/HVKNRY� $&6 &DWDO� ������ �� �����
>�@ -� 6� :RHUWLQN� 3� -� 6PHHWV� 0� +� *URRWKDHUW� 0� $� 9DQFH� %� )� 6HOV� 5� $� 6FKRRQKH\GW� (� ,�
6RORPRQD� 3URF 1DWO $FDG 6FL 8 6 $� ������ ���� ������ >�@ (� 0� &� $OD\RQ� 0� 1DFKWHJDDO� $�
%RGL��-��$��YDQ�%RNKRYHQ��$&6�&DWDO���������������
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'HVLJQHU��'�<RON#6KHOO�7L2��[�/'+�$UFKLWHFWXUH�IRU�3RZHUIXO�9LVLEOH�/LJKW�&2�
&RQYHUVLRQ

$��=LDUDWL���7��%¾UJL�


�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

7KH ZRUOG૷V LQFUHDVLQJ SRSXODWLRQ DQG SURPSW JURZWK RI HFRQRP\ DQG LQGXVWU\ FRPHV DORQJ ZLWK
KXJH DPRXQW RI IRVVLO IXHO FRPEXVWLRQ� 7KH UHVXOWLQJ LQFUHDVH RI FDUERQ GLR[LGH �&2��
FRQFHQWUDWLRQ RQ HDUWK FRQWULEXWHV WR WKH JUHHQKRXVH HIIHFW� 'LIIHUHQW VWUDWHJLHV DUH SURSRVHG DW
PLWLJDWLQJ &2� HPLVVLRQV LQFOXGLQJ FDUERQ UHF\FOLQJ XVHG LQ HQHUJ\ VXSSO\� 6LPLODU WR
SKRWRV\QWKHVLV LQ SODQWV� GLUHFW SKRWR FRQYHUVLRQ RI &2� WR IXHOV RU RUJDQLF UDZ PDWHULDOV IRU
FKHPLFDO SURGXFWV E\ H[WUDFWLQJ SURWRQV DQG HOHFWURQV IURP ZDWHU PROHFXOHV FDQ EH WKH XOWLPDWH
ZD\ WR UHDOL]H D VXVWDLQDEOH FDUERQ�QHXWUDO VRFLHW\� 7KH PDLQ FKDOOHQJH LQ WKLV UHVSHFW LV
SURGXFWLRQ RI DSSURSULDWH� VWDEOH� DQG HIIHFWLYH SKRWRFDWDO\WLF PDWHULDOV� 7R DFKLHYH WKHVH DLPV D
SURPLVLQJ URXWH LV WKH GHVLJQ RI HQJLQHHUHG K\EULG VHPLFRQGXFWRUV ZLWK KLJK HIILFLHQF\ RI YLVLEOH
OLJKW XWLOL]DWLRQ� ,Q WKLV UHJDUG� WKUHH GLPHQVLRQDO \RON#VKHOO K\GURJHQDWHG 7L2��&R�$O OD\HUHG
GRXEOH K\GUR[LGH ��' <#6 7L2��[�/'+� DUFKLWHFWXUH ZDV VXFFHVVIXOO\ DVVHPEOHG E\ VHTXHQWLDO
VROYRWKHUPDO� K\GURJHQ WUHDWPHQW DQG K\GURWKHUPDO SUHSDUDWLRQ VWHSV� 7KLV DUFKLWHFWXUH UHYHDOHG
D KLJK DFWLYLW\ DQG VHOHFWLYLW\ IRU WKH SKRWRFDWDO\WLF UHGXFWLRQ RI &2� WR VRODU IXHOV� ZLWKRXW D QREOH
PHWDO FR�FDWDO\VW� 7KH WLPH GHSHQGHQW H[SHULPHQW LQGLFDWHG WKDW WKH SURGXFWLRQ RI &+�2+ ZDV
DOPRVW VHOHFWLYH XQWLO �K �XS WR ��� wPRO�JFDW� K��� ZKHUHDV WKH &+� ZDV SURGXFHG JUDGXDOO\ E\
LQFUHDVLQJ WKH WLPH RI UHDFWLRQ WR ��K �XS WR �� wPRO�JFDW� K��� 7KLV VXSHULRU DFWLYLW\ FDQ EH
DWWULEXWHG WR WKH GHVLJQ RI �' <#6 7L2��[�/'+ DUFKLWHFWXUH ZLWK KLJK &2� DGVRUSWLRQ DELOLW\ LQ
PHVRSRURXV \RON#VKHOO VWUXFWXUH� DQG /'+ LQWHUOD\HU VSDFHV� $OVR� R[\JHQ YDFDQFLHV LQ 7L2��[
FRXOG SURYLGH H[FHVV VLWHV IRU DGVRUSWLRQ� DFWLYDWLRQ DQG GLVVRFLDWLRQ RI &2�� )XUWKHUPRUH� WKH
JHQHUDWHG 7L�� VSHFLHV RQ WKH VXUIDFH RI <#6 7L2� DV ZHOO DV FRQQHFWLQJ RI VWUXFWXUH ZLWK /'+
SODWHV� FDQ IDFLOLWDWH WKH HOHFWURQ�KROH VHSDUDWLRQ DQG GHFUHDVH WKH EDQG JDS RI QDQRDUFKLWHFWXUH
WR WKH YLVLEOH UHJLRQ� 7KLV UHVHDUFK FDQ SDYH WKH ZD\ WR IXUWKHU SURJUHVV LQ WKH GHVLJQ RI DGYDQFHG
VWUXFWXUHV ZLWK JUHDWO\ LPSURYHG SKRWR�HIILFLHQFLHV �H�J� K\GURJHQ SURGXFWLRQ� VRODU FHOOV� DQG VRODU
HQKDQFHG�IXHO�FHOOV��WKDW�ZLOO�EH�UHSRUWHG�LQ�GXH�FRXUVH�

>�@�.DQ�/L��%RVL�3HQJ��7LDQ\RX�3HQJ��$&6�&DWDO\VLV���������������������
>�@ $EROID]O =LDUDWL� $OLUH]D %DGLHL� 5DIDHO /XTXH� :HL\L 2X\DQJ� -RXUQDO RI 0DWHULDOV &KHPLVWU\ $�
�������������������
>�@ $EROID]O =LDUDWL� $OLUH]D %DGLHL� 5RVHOOD *ULOOR� 7KRPDV %XUJL� $&6 $SSOLHG 0DWHULDOV 	 ,QWHUIDFHV�
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6HOHFWLYH�3URS\OHQH�3URGXFWLRQ�YLD�3URSDQH�2[\FKORULQDWLRQ�RQ�0HWDO�3KRVSKDWH
&DWDO\VWV

*��=LFKLWWHOOD���*��6W¦KHOLQ���)��0��*RHGLFNH���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG

&DWDO\WLF SURSDQH R[\FKORULQDWLRQ �32&�� FRPSULVLQJ WKH UHDFWLRQ RI WKLV DONDQH ZLWK 2� DQG
K\GURJHQ FKORULGH �+&O�� UHSUHVHQWV D YHU\ LQWHUHVWLQJ URXWH IRU WKH GLUHFW DQG VHOHFWLYH SURGXFWLRQ
RI SURS\OHQH� D NH\ FRPPRGLW\ RI WKH FKHPLFDO LQGXVWU\�� )HZ FDWDO\WLF V\VWHPV KDYH EHHQ
GLVFORVHG IRU WKLV UHDFWLRQ� JHQHUDWLQJ JUHDW SRWHQWLDO IRU QHZ GLVFRYHULHV� +HUH� ZH DVVHVVHG WKH
SHUIRUPDQFH RI SKRVSKDWHV RI WUDQVLWLRQ PHWDOV� LQFOXGLQJ 7L� 9� &U� 0Q� )H� &R� 1L� DQG &X LQ 32&�
)RXU FDWHJRULHV RI FDWDO\VWV ZHUH LGHQWLILHG� GHSHQGLQJ RQ WKH SUHIHUHQWLDOO\ JHQHUDWHG SURGXFWV�
SURS\OHQH �&U DQG )H SKRVSKDWHV�� FUDFNLQJ SURGXFWV �0Q� 7L� &R� 1L SKRVSKDWHV�� FKORULQDWHG
K\GURFDUERQV �&X SKRVSKDWH�� RU FDUERQ R[LGHV �9 SKRVSKDWH�� $PRQJ WKHP� FKURPLXP SKRVSKDWH
�&U32� VWRRG RXW DV D VHOHFWLYH �XS WR ���� FDWDO\VW IRU SURS\OHQH SURGXFWLRQ� ,WV ROHILQ \LHOGV RI XS
WR ��� UHQGHU LW RQH RI WKH EHVW FDWDO\VWV DPRQJ WKRVH DSSOLHG WR DQ\ SURSDQH�WR�SURS\OHQH
WHFKQRORJ\� )XUWKHUPRUH� ORQJ૯WHUP UXQV DQG LQ�GHSWK FKDUDFWHUL]DWLRQ GHPRQVWUDWHG WKDW WKLV
FDWDO\VW FDQ SUHVHUYH LWV VWUXFWXUH DQG SHUIRUPDQFH IRU RYHU �� K RQ VWUHDP� )LQDOO\�
UHSUHVHQWDWLYH V\VWHPV RI HDFK FDWHJRU\ ZHUH DVVHVVHG LQ WKH R[LGDWLRQ RI SURSDQH DQG RI +&O DV
ZHOO DV LQ SURS\O FKORULGH GHK\GURFKORULQDWLRQ WR JDWKHU LQVLJKWV HQDEOLQJ UDWLRQDOL]DWLRQ RI WKH
FDWDO\WLF SHUIRUPDQFH �)LJXUH ��� 7KLV NLQHWLF DQDO\VLV UHYHDOHG WKDW WKH UHDFWLYLW\ RI WKH
SKRVSKDWH FDWDO\VWV OLQHDUO\ FRUUHODWHV ZLWK WKH PDWHULDO૷V DELOLW\ WR HYROYH FKORULQH� ZKLOH D KLJK
SURS\OHQH VHOHFWLYLW\ RULJLQDWHV IURP IDVW GHK\GURFKORULQDWLRQ NLQHWLFV LQ FRPELQDWLRQ ZLWK D
KLQGHUHG DELOLW\ WR JHQHUDWH PROHFXODU FKORULQH LQ WKH JDV SKDVH DQG D ORZ SURSHQVLW\ WRZDUGV
SURSDQH�FUDFNLQJ�DQG�FRPEXVWLRQ�

)LJXUH � 5DWLRQDOL]DWLRQ RI WKH VHOHFWLYLW\ SDWWHUQV LQ 32& RYHU UHSUHVHQWDWLYH FDWDO\VWV RI HDFK RI
WKH�FDWHJRULHV�LGHQWLILHG�

>�@ *� =LFKLWWHOOD� 1� $HOOHQ� 9� 3DXQRYLÉ� $� 3� $PUXWH� -� 3«UH]�5DP¯UH]� $QJHZ� &KHP� ,QW�
(G������������������
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&DWDO\VLV�6FLHQFH�	�(QJLQHHULQJ��,QYLWHG�OHFWXUH &(����

5HGHILQLQJ�1XFOHRVLGH�$QDORJ�7RWDO�6\QWKHVLV�DQG�0DQXIDFWXULQJ

/��&��&DPSHDX�

�3URFHVV�5HVHDUFK�	�'HYHORSPHQW��0HUFN�	�&R���,QF������(��/LQFROQ�$YH���5DKZD\�1-��������86$��
OF�FDPSHDX#PHUFN�FRP

1XFOHRVLGH DQDORJXHV DUH XELTXLWRXV LQ QDWXUH DQG DUH FULWLFDO FRPSRQHQW RI OLIH�VDYLQJ WKHUDSLHV
XVHG LQ WKH WUHDWPHQW RI YLUDO GLVHDVH DQG FDQFHU� 'HVSLWH WKHLU ZLGHVSUHDG XVH DQG FRPPHUFLDO
YDOXH� WKH VWDWH�RI�WKH�DUW PHWKRGV IRU WKHLU SUHSDUDWLRQ LQ GUXJ GLVFRYHU\� GUXJ GHYHORSPHQW DQG
HYHQWXDO FRPPHUFLDOL]DWLRQ DUH ODFNLQJ DQG UHPDLQ D SRRUO\ VROYHG SUREOHP LQ RUJDQLF V\QWKHVLV�
,Q DGGLWLRQ WR SRVLQJ V\QWKHWLF FKDOOHQJHV� FXVWRP QXFOHRVLGH WRWDO V\QWKHVLV SUHVHQWV VHYHUDO
FKDOOHQJHV ZLWK UHVSHFW WR JUHHQ DQG VXVWDLQDEOH FKHPLVWU\� ZKHUH FXUUHQW PHWKRGV ODUJHO\ UHO\ RQ
FKLUDO SRRO IHHGVWRFNV DQG SURWHFWLQJ JURXS FKHPLVWU\� :H KDYH GHYHORSHG D VXLWH RI QRYHO
PHWKRGV IRU WKH V\QWKHVLV DQG VFDOH�XS RI QXFOHRVLGHV� DV H[HPSOLILHG E\ WKH V\QWKHVLV RI 0.�����
IRU WKH WUHDWPHQW RI +,9 LQIHFWLRQ� 7KHVH HIIRUWV KDYH FXOPLQDWHG LQ DQ DVSLUDWLRQDO V\QWKHVLV IURP
FRPPRGLW\�FKHPLFDOV�XVLQJ�D�ELRFDWDO\WLF�LQ�YLWUR�FDVFDGH�IRU�FRQVWUXFWLRQ�RI�WKH�QXFOHRVLGH�
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1DWXUH�RI�WKH�V\QHUJ\�EHWZHHQ�%UºQVWHG�DQG�/HZLV�DFLG�VLWHV�LQ�6Q�%HWD�]HROLWHV�IRU�WKH
V\QWKHVLV�RI�SRO\R[\PHWK\OHQH�GLPHWK\O�HWKHUV��20(�

&��-��%DUDQRZVNL���0��5RJHU���$��%DKPDQSRXU����2��.URFKHU�


�*URXS�RI�&DWDO\VLV�IRU�%LRIXHOV���(3)/���3DXO�6FKHUUHU�,QVWLWXW��9LOOLJHQ��6ZLW]HUODQG���3DXO�6FKHUUHU
,QVWLWXWH

'LHVHO FRQVXPSWLRQ LV H[SHFWHG WR JURZ EHWZHHQ �� DQG ��� � FRPSDUHG WR LWV ���� OHYHO GXULQJ
WKH QH[W IRXU GHFDGHV� DFFRUGLQJ WR WKH :RUOG (QHUJ\ &RXQFLO�>�@ 0HDQZKLOH� DLU SROOXWLRQ KDV
UHDFKHG DODUPLQJ OHYHOV LQ ODUJH FLWLHV IRUFLQJ JRYHUQPHQWV WR DGRSW PRUH VWULQJHQW HPLVVLRQ
VWDQGDUGV� ,Q WKLV FRQWH[W� SRO\R[\PHWK\OHQH GLPHWK\O HWKHUV �20(� KDYH UHFHQWO\ JDLQHG
DWWHQWLRQ DV D QHZ W\SH RI GLHVHO DGGLWLYH RU VXEVWLWXWH GXH WR WKHLU DSSHDOLQJ SURSHUWLHV�>�@ 7KHLU
ODUJH�VFDOH LPSOHPHQWDWLRQ UHTXLUHV VWDEOH DQG DFLGLF FDWDO\VWV� +RZHYHU� WKH UROH RI /HZLV DQG
%UºQVWHG DFLG VLWHV� DQG WKHLU SRWHQWLDO V\QHUJ\ UHPDLQV DPELJXRXV IRU WKH V\QWKHVLV RI 20(�
7KHUHIRUH� WKH JRDOV RI WKLV VWXG\ ZHUH WZRIROG� )LUVW� ZH VRXJKW WR DFTXLUH D GHHSHU XQGHUVWDQGLQJ
RI WKH W\SH RI DFLGLW\ ZKLFK LV LQYROYHG LQ WKH GLIIHUHQW 20( V\QWKHVLV VWHSV� 6HFRQG� ZH DLPHG DW
LQYHVWLJDWLQJ�WKH�QDWXUH�RI�WKH�V\QHUJ\�EHWZHHQ�/HZLV�DQG�%UºQVWHG�DFLG�VLWHV�

7KHVH�REMHFWLYHV�ZHUH�SXUVXHG�E\�V\QWKHWL]LQJ�D�VHULHV�RI�%($�]HROLWHV�ZLWK�YDULRXV�DPRXQWV�RI
%UºQVWHG�DQG�/HZLV�DFLG�VLWHV�DSSOLHG�WR�VHYHUDO�UHDFWLRQV�IRU�20(�V\QWKHVLV��/HZLV�DFLGLW\�ZDV
LQWURGXFHG�LQ�WKH�]HROLWH�IUDPHZRUN�YLD�6Q�LQFRUSRUDWLRQ�E\�JUDIWLQJ�LQ�GLFKORURPHWKDQH��DV�LW�ZDV
VKRZQ�WR�OHDG�WR�KLJK�6Q�FRQWHQW�ZLWK�OLWWOH�H[WUD�IUDPHZRUN�6Q��9DULRXV�FKDUDFWHUL]DWLRQ
WHFKQLTXHV�VXFK�DV�1��SK\VLVRUSWLRQ��VROLG�VWDWH�105�RU�LQIUDUHG�VSHFWURVFRS\�RI�DGVRUEHG�S\ULGLQH
ZHUH�XVHG�WR�VWXG\�WKH�FDWDO\VWV�VWUXFWXUH�DQG�DFLGLW\��7KH�V\QWKHVL]HG�FDWDO\VWV�ZHUH�XVHG�WR
SURGXFH�20(�XVLQJ�YDULRXV�UHDFWLRQV�LQYROYLQJ�GLIIHUHQW�UHDFWDQWV��$GGLWLRQDOO\��DWWHQXDWHG�WRWDO
WUDQVPLWWDQFH�)RXULHU�WUDQVIRUP�LQIUDUHG�VSHFWURVFRS\�ZDV�XVHG�WR�VWXG\�WKH�DGVRUSWLRQ�PRGHV�RI
20(�DQG�WULR[DQH��75,��RQ�WKH�V\QWKHVL]HG�FDWDO\VWV�

7KH FKDUDFWHUL]DWLRQ UHVXOWV FRQILUPHG WKDW 6Q JUDIWLQJ UHVXOWHG LQ WKH LQFRUSRUDWLRQ RI 6Q LQ D
WHWUDKHGUDO FRRUGLQDWLRQ ZLWKLQ WKH GHDOXPLQDWHG %($ IUDPHZRUN� 7KHQ� RXU UHDFWLRQ UHVXOWV
GHPRQVWUDWHG WKDW %UºQVWHG VLWHV ZHUH DFWLYH LQ DOO VWHSV RI 20( V\QWKHVLV ZKLOH /HZLV DFLG VLWHV
ZHUH RQO\ DFWLYH LQ 20( JURZWK� SDUDIRUPDOGHK\GH �3)� GHFRPSRVLWLRQ DQG KHPLDFHWDO
DFHWDOL]DWLRQ� 1RWDEO\� 75, GLVVRFLDWLRQ DQG 20(�DFWLYDWLRQ GLG QRW RFFXU RQ /HZLV DFLG VLWHV� 7KH
SUHVHQFH RI ERWK VLWHV UHVXOWHG LQ D V\QHUJ\ ZKHQ 20(�ZDV XVHG ZLWK 3) RU 75,� 3DUWLDOO\
GHDOXPLQDWHG� 6Q�PRGLILHG %HWD ]HROLWHV H[KLELWHG D VLJQLILFDQW LQFUHDVH LQ WXUQRYHU IUHTXHQF\ DQG
UHGXFWLRQ LQ E\SURGXFW JHQHUDWLRQ FRPSDUHG WR WKH SDUHQW +�%HWD ]HROLWH� 7KLV V\QHUJLVWLF HIIHFW LV
H[SODLQHG E\ D PRUH HIILFLHQW IRUPDOGHK\GH �)$� LQVHUWLRQ LQWR 20( RQ /HZLV DFLG VLWHV� ZKLOH
JHQHUDWLRQ RI )$ XQLWV E\ 75, RU 3) GHFRPSRVLWLRQ RFFXUUHG RQ %UºQVWHG DFLG VLWHV� 7KH LQWHUDFWLRQ
EHWZHHQ WHWUDKHGUDO 6Q DQG WKH FDUERQ\O JURXS RI )$ UHVXOWHG LQ DQ DFWLYDWHG )$� OLNHO\ WR EH
LQVHUWHG�LQWR�20(�

>�@ :RUOG (QHUJ\ &RXQFLO� *OREDO 7UDQVSRUW 6FHQDULRV ����� ����� '2,�
��������M�HQSRO�������������
>�@ &� -� %DUDQRZVNL� $� 0� %DKPDQSRXU� 2� .U¸FKHU� $SSO� &DWDO� % (QYLURQ� ����� ���� '2,�
��������M�DSFDWE�������������
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8QGHUVWDQGLQJ�WKH�1DWXUH�RI�6XUIDFH�6LWHV�LQ�*D�2�૯%DVHG�&DWDO\VWV�IRU�3URSDQH
'HK\GURJHQDWLRQ��$FLGLW\��'HDFWLYDWLRQ��DQG�WKH�6XSSRUW�(IIHFW

3��&DVWUR�)HUQ£QGH]���'��0DQFH���,��%��0RUR]���&��&RS«UHW���$��)HGRURY���&��5��0¾OOHU�


�'�0$97��(7+�=¾ULFK���'�&+$%��(7+�=¾ULFK

*D�2��EDVHG FDWDO\VWV IRU WKH GHK\GURJHQDWLRQ RI SURSDQH �3'+� IHDWXUH KH[D� DQG
WHWUDFRRUGLQDWHG *D�� VLWHV� WKH ODWWHU DUH OLNHO\ WKH DFWLYH FHQWHUV IRU 3'+�>�@ +RZHYHU� OLWWOH LV
NQRZQ DERXW WKH GLVWULEXWLRQ DQG QDWXUH RI VXUIDFH VLWHV LQ *D�2��EDVHG 3'+ FDWDO\VWV DQG WKH
LQIOXHQFH RI VXUIDFH DFLGLW\� VWUXFWXUDO GHIHFWV DQG WKH VXSSRUW RQ WKH FDWDO\WLF DFWLYLW\� +HUH� ZH
UHSRUW WKDW WKH VSHFLILF DFWLYLW\ RI VLOLFD�VXSSRUWHG ͇૱*D�2� QDQRSDUWLFOHV �͇૱*D�2��6L2�� LQ 3'+ LV
KLJKHU WKDQ WKDW RI ͆૱*D�2��6L2� DQG D *D�12����GHULYHG EHQFKPDUN� *D�6L2�� :H FKDUDFWHUL]HG
VXUIDFH VLWHV E\ S\ULGLQH�)7,5 DQG ��1 '13 105 DQG GHYHORSHG VWUXFWXUH�DFWLYLW\ UHODWLRQVKLSV IRU
WKLV FODVV RI FDWDO\VWV� ͇૱*D�2��6L2� LV D PRUH DFWLYH EXW OHVV VHOHFWLYH FDWDO\VW WKDQ XQVXSSRUWHG
͇૱*D�2� �)LJ� �� $� %�� 6XUIDFH DFLGLW\ VWXGLHV UHYHDO PLOG %UºQVWHG DFLG VLWHV RQO\ IRU ͇૱*D�2��6L2��
6XFK VLWHV OLNHO\ UHVXOW IURP WKH LQWHUDFWLRQ EHWZHHQ ͇૱*D�2� DQG 6L2� DQG PD\ EH DVVRFLDWHG ZLWK
WKH KLJK VSHFLILF DFWLYLW\ DQG ORZHU VHOHFWLYLW\ RI ͇૱*D�2��6L2�� 7KH GHIHFW�VSLQHO VWUXFWXUH RI
͇૱*D�2� FRQWDLQV VWUXFWXUDO YDFDQFLHV VXVFHSWLEOH WR FDWLRQLF VXEVWLWXWLRQV�>�@ ZKLFK FRXOG
SURPRWH DQ LQWHUDFWLRQ ZLWK WKH VLOLFD VXSSRUW� WKXV \LHOGLQJ PLOG %UºQVWHG DFLGLW\ ZLWK GLVWLQFW
FDWDO\WLF SHUIRUPDQFH� ,QWHUDFWLRQV EHWZHHQ /HZLV DFLG VLWHV DQG VXUIDFH VLODQRO JURXSV JHQHUDWLQJ
%UºQVWHG DFLGLF VLWHV KDYH EHHQ GHVFULEHG IRU ]HROLWHV DQG VLOLFD�DOXPLQDV�>���@ EXW WR RXU
NQRZOHGJH� WKH\ KDYH QRW \HW EHHQ FKDUDFWHUL]HG IRU LQWHUIDFLDO VLWHV LQ 6L2��VXSSRUWHG PHWDO�
R[LGH QDQRSDUWLFOHV� ,Q FRQWUDVW WR DOO RWKHU FDWDO\VWV LQ WKLV ZRUN� *D�6L2�� WKH EHQFKPDUN
IHDWXULQJ RQO\ WHWUDFRRUGLQDWHG *D VLWHV� GRHV QRW GHSRVLW DQ\ FRNH DQG GRHV QRW GHDFWLYDWH RQ
VWUHDP� ��1 '13 105 VSHFWUD �)LJ� �&� VKRZ IHDWXUHV DW FD� ��� SSP DVFULEHG WR *D�,9� VLWHV IRU DOO
FDWDO\VWV H[FHSW ͅ૱*D�2�� 7KLV VXJJHVWV WKDW KLJKHU�FRRUGLQDWHG *D VLWHV FRXOG EH DVVRFLDWHG ZLWK
FRNH�UHODWHG GHDFWLYDWLRQ LQ 3'+� 2YHUDOO� ZH HVWDEOLVK VWUXFWXUH�DFWLYLW\ UHODWLRQVKLSV IRU
*D�2��EDVHG 3'+ FDWDO\VWV E\ HOXFLGDWLQJ WKH VXUIDFH VLWHV RI VLOLFD�VXSSRUWHG DQG XQVXSSRUWHG
SRO\PRUSKV RI *D�2�� DOVR SURYLGLQJ LQVLJKW IRU WKH LQWHUDFWLRQ EHWZHHQ ͇૱*D�2� DQG WKH VLOLFD
VXSSRUW�

)LJXUH �� 3'+ VSHFLILF DFWLYLW\ �$� DQG VHOHFWLYLW\ �%� IRU *D�2� FDWDO\VWV� ��1 '13 105 UHVXOWV�
UHODWLQJ�IHDWXUHV�DW�GLIIHUHQW�FKHPLFDO�VKLIWV�ZLWK�WKH�S\ULGLQH�ERXQG�VXUIDFH�*D�VLWHV��&��

>�@�)DQ��.�1���HW�DO���-��&DWDO�����������������૱����
>�@�*XSWD��3��HW�DO���-��3K\V��&KHP��&�������������������ಗ������
>�@�0HULDXGHDX��3���HW�DO���-��0RO��&DWDO�������������/�����/���
>�@�+HQVHQ��-��0���HW�DO���-�3K\V��&KHP��&�������������������૱������
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$�6LOLFRQ�EDVHG�0LFURIOXLGLFV�3ODWIRUP�IRU�+HWHURJHQHRXV�&DWDO\VLV�LQ�:DOO�FRDWHG�)ORZ
5HDFWRUV

'��6FKHUUHU�����8��'UHFKVOHU���$��2O]LHUVN\���=��-RQFHY���'��0LODGLQRY���0��0D\RU���&��6SDUU�
��(�
/¸UWVFKHU�


�8QLYHUVLW\�RI�%DVHO���,%0�5HVHDUFK�૱�=XULFK

2Q�FKLS IORZ PLFURUHDFWRUV PD\ LQFUHDVH VSDFH�WLPH HIILFLHQF\ IRU UHDFWLRQ VFUHHQLQJ DQG
FRPSRXQG OLEUDU\ V\QWKHVLV �H�J� IRU GUXJ GLVFRYHU\� DV WKH\ HQDEOH PLQLDWXUL]DWLRQ DQG SURFHVV
DXWRPDWLRQ� &XWWLQJ�HGJH PLFURIDEULFDWLRQ RI KLJKO\ FKHPLFDOO\ LQHUW VLOLFRQ�EDVHG PLFURIOXLGLFV
FRPSDWLEOH ZLWK 0(06 �PLFURHOHFWURPHFKDQLFDO V\VWHPV� DQG &026 �FRPSOHPHQWDU\ PHWDO�R[LGH�
VHPLFRQGXFWRU� IDEULFDWLRQ WHFKQRORJLHV DOORZV QRYHO UHDFWRU GHVLJQV DQG IXQFWLRQDOLWLHV WR EH
UHDOL]HG DQG WKXV WKH H[SORUDWLRQ RI QHZ FKHPLFDO UHDFWLYLWLHV DQG WHVWLQJ RI QHZ FRPSRXQGV >�@�
2Q�FKLS IHDWXUHV VXFK DV HOHFWULFDOO\ GULYHQ MRXOH KHDWHUV� HOHFWURGHV RU ILHOG�HQKDQFHG
QDQRSKRWRQLF VXUIDFH WH[WXUHV PD\ DOORZ VLWH�VHOHFWLYH HOHFWURFKHPLFDO VXUIDFH IXQFWLRQDOL]DWLRQ
>���@��SUHFLVH�UHDFWLRQ�FRQWURO�DQG�RQ�OLQH�DQDO\WLFV�

6LOLFRQ�EDVHG PLOOL� DQG PLFURIOXLGLF GHYLFHV DUH GHYHORSHG IRU VROLG�SKDVH V\QWKHVLV RI FDWDO\WLFDOO\
DFWLYH VXUIDFHV� ,Q FRQWUDVW WR IUHTXHQWO\ XWLOL]HG JODVV FKDQQHO ZDOOV DV FDWDO\VW DGKHVLRQ OD\HUV
>�@� ZH XVH PHWDOOLF FRDWLQJV DORQJ PLFURFKDQQHOV WKDW SHUPLW WKH IRUPDWLRQ RI VHJUHJDWHG WKLQ�
ILOPV SDWWHUQV WR VLWH�VHOHFWLYHO\ IXQFWLRQDOL]H VXUIDFHV DORQJ D VLQJOH FKDQQHO� 7KH PHWDOOLF
DGKHVLRQ OD\HUV WKHUHE\ DFW DV HOHFWURGHV IRU HOHFWURV\QWKHVLV� FDWDO\VW LPPRELOL]DWLRQ DQG
HOHFWURFKHPLFDO DQDO\VLV� 7KHVH ZDOO�FRDWHG PLFURUHDFWRUV ZLWK D KLJK VXUIDFH�WR�YROXPH UDWLR DUH
HPSOR\HG WR VFUHHQ VLQJOH� DQG PXOWLVWHS FKHPLFDO UHDFWLRQV ZLWK RUJDQR� DQG RUJDQRPHWDOOLF
FDWDO\VWV� ,Q DGGLWLRQ� QDQRIDEULFDWHG UHVRQDQW SODVPRQLF QDQRKROH DUUD\V HPEHGGHG LQ WKH
HOHFWURGHV DUH GHVLJQHG WR FKDUDFWHUL]H FDWDO\VW PRQROD\HUV E\ VXUIDFH�HQKDQFHG 5DPDQ
VSHFWURVFRS\��6(56��

>�@�5��0XQLUDWKLQDP��-��+XVNHQV��:��9HUERRP��$GY��6\QWK��&DWDO������������������������
>�@ 0� +HOOVWHUQ� 0� *DQWHQEHLQ� /� /H 3OHX[� *� 3XHEOD�+HOOPDQQ� (� /¸UWVFKHU� 0� 0D\RU� $GY�
0DWHU��,QWHUIDFHV�������������������
>�@ 0� +HOOVWHUQ� 0� *DQWHQEHLQ� *� 3XHEOD�+HOOPDQQ� 0� 0D\RU� (� /¸UWVFKHU� ૺ(OHFWURFKHPLFDO
'HSURWHFWLRQ IRU 6LWH�VHOHFWLYH ,PPRELOL]DWLRQ DQG /RFDO $VVHPEO\ RI 0ROHFXOHV E\ &OLFN�
&KHPLVWU\ૻ�86�3DWHQW�$SSOLFDWLRQ�1R��3���������86����������
>�@�5��5LFFLDUGL��-��+XVNHQV��:��9HUERRP��-��)ORZ�&KHP��������������������
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3RVW�V\QWKHVLV�GHSRVLWLRQ�RI�PHVRSRURXV�QLRELF�DFLG�ZLWK�LPSURYHG�WKHUPDO�VWDELOLW\�E\
NLQHWLFDOO\�FRQWUROOHG�VRO૱JHO�RYHUFRDWLQJ

<��'X���)��+«URJXHO���-��6��/XWHUEDFKHU�


�/DERUDWRU\�RI�6XVWDLQDEOH�DQG�&DWDO\WLF�3URFHVVLQJ��(3)/

1LRELD LV D ZHOO�NQRZQ VROLG DFLG FDWDO\VW RZLQJ WR LWV LQWULQVLF %UºQVWHG DQG /HZLV DFLGLW\�
+RZHYHU� FDWDO\VW GHYHORSPHQW ZLWK WKLV R[LGH KDV EHHQ OLPLWHG E\ RXU DELOLW\ WR FRQWURO LWV SRUH
VWUXFWXUH DQG WKHUPDO VWDELOLW\� +HUH ZH UHSRUW D QRYHO SRVW�V\QWKHWLF DSSURDFK IRU SUHSDULQJ
PHVRSRURXV QLRELD FDWDO\VWV� 7KLV PHWKRG UHOLHV RQ FRQWUROOLQJ WKH NLQHWLFV RI QLRELXP�9� HWKR[LGH
WR GHSRVLW FRQIRUPDO 1E�2� RYHUFRDWV RQ 6%$��� LQ D W\SLFDO 6W¸EHU VROXWLRQ� )XOO 1E�2� FRYHUDJH
RYHU WKH PHVRSRUHV RI 6%$��� ZDV DFKLHYHG E\ DGGLQJ � PRQROD\HU HTXLYDOHQWV RI SUHFXUVRU
��1E�2�#6%$����� ZKLFK ZDV YHULILHG E\ ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\� 7KLV RYHUFRDWHG
6%$��� KDG D KLJK VXUIDFH DUHD DQG UHWDLQHG D QDUURZ DV ZHOO DV RUGHUHG SRUH VL]H GLVWULEXWLRQ�
,PSRUWDQWO\� WKH W\SLFDO VWUXFWXUDO WUDQVLWLRQ IURP WKH DPRUSKRXV WR SVHXGR�KH[DJRQDO 1E�2� SKDVH
GLG QRW RFFXU ZLWK WKH RYHUFRDW DIWHU FDOFLQDWLRQ DW ��� .� /LPLWLQJ WKLV FU\VWDOOL]DWLRQ LPSDUWV DQ
XQSUHFHGHQWHG WKHUPDO VWDELOLW\ WR RXU QLRELD RYHUFRDW� ZKLFK HQDEOHV WKH DFLG VLWHV WR EH ZHOO
SUHVHUYHG DIWHU FDWDO\VW UHJHQHUDWLRQ� )XUWKHUPRUH� �1E�2�#6%$��� VKRZHG KLJKHU \LHOGV WKDQ
FRPPHUFLDO QLRELD �+<����� DQG ODE�V\QWKHVL]HG EXON QLRELD LQ WZR SUREH UHDFWLRQV� [\ORVH
GHK\GUDWLRQ WR IXUIXUDO DQG )ULHGHO૱&UDIWV DON\ODWLRQ� ,Q ERWK FDVHV� WKH LPSURYHPHQW FRXOG EH
H[SODLQHG E\ WKH XQLTXH VWUXFWXUDO IHDWXUHV RI WKH QLRELD RYHUFRDW� LQFOXGLQJ D IDYRUDEOH UDWLR RI
%UºQVWHG DQG /HZLV DFLG VLWHV LQ WKH FDVH RI [\ORVH GHK\GUDWLRQ DQG D KLJK SURSRUWLRQ RI LVRODWHG
1E૱2+ JURXSV IRU WKH DON\ODWLRQ UHDFWLRQ� 6XFK VWUXFWXUDO IHDWXUHV DQG XQSUHFHGHQWHG WKHUPDO
VWDELOLW\ SURYLGH DGGLWLRQDO WRROV IRU V\QWKHWL]LQJ XQLTXH VROLG DFLG FDWDO\VWV XVLQJ D VLPSOH SRVW�
V\QWKHVLV�GHSRVLWLRQ�PHWKRG�
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0HWDO�'HSHQGHQW�6WUXFWXUH�$FWLYLW\�5HODWLRQV�LQ�$FHW\OHQH�+\GURFKORULQDWLRQ

6��.��.DLVHU���5��/LQ���*��0DQ]RFFKL���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��6ZLW]HUODQG

7KH VXEVWLWXWLRQ RI WKH WR[LF PHUFXULF FKORULGH FDWDO\VW LQ SRO\YLQ\O FKORULGH SURGXFWLRQ YLD
DFHW\OHQH K\GURFKORULQDWLRQ LV DQ LPSHUDWLYH VWHS WR UHGXFH WKH HQYLURQPHQWDO LPSDFW RI WKLV ORQJ�
HVWDEOLVKHG LQGXVWULDO WHFKQRORJ\�� ,Q WKLV FRQWH[W� PHUJLQJ IXQGDPHQWDO DQG DSSOLHG UHVHDUFK WR
GHULYH VWUXFWXUH�DFWLYLW\ UHODWLRQV RI SURPLVLQJ PHWDO�EDVHG FDWDO\VWV �$X� 5X� 3W� ,U� DQG 5K� LV NH\
WR JXLGH WKH GHYHORSPHQW RI D PRUH VXVWDLQDEOH SURFHVV� )RU WKLV SXUSRVH� ZH V\QWKHVL]HG D
SODWIRUP RI PHWDO QDQRVWUXFWXUHV� UDQJLQJ IURP VLQJOH DWRPV ZLWK WXQDEOH R[LGDWLRQ VWDWH WR
PHWDOOLF QDQRSDUWLFOHV� E\ YDU\LQJ WKH VWUXFWXUH RI IXQFWLRQDOL]HG FDUERQ DQG FRQWUROOHG WKHUPDO
DFWLYDWLRQ� &RPELQLQJ DGYDQFHG FKDUDFWHUL]DWLRQ WHFKQLTXHV� VWHDG\�VWDWH H[SHULPHQWV� GHQVLW\
IXQFWLRQDO WKHRU\� DQG PHFKDQLVWLF VWXGLHV� ZH LGHQWLILHG WZR PDLQ FDWDO\VW IDPLOLHV� �L� $X�� 3W� DQG
�LL� 5X�� ,U�� 5K�EDVHG V\VWHPV� ZKLFK VKRZ IXQGDPHQWDO GLIIHUHQFHV UHJDUGLQJ WKH VWUXFWXUH RI WKH
DFWLYH VLWH �VLQJOH DWRPV YHUVXV QDQRSDUWLFOHV� )LJXUH �� DQG WKH SUHYDLOLQJ GHDFWLYDWLRQ
PHFKDQLVPV �VLQJOH DWRP DJJORPHUDWLRQ YHUVXV QDQRSDUWLFOH UH�GLVSHUVLRQ�� :LWK WKLV
XQGHUVWDQGLQJ� ZH GHYHORSHG V\VWHP�RULHQWHG RSWLPL]DWLRQ VWUDWHJLHV� LQFOXGLQJ VLQJOH�OD\HU
JUDSKHQH HQFDSVXODWLRQ RI PHWDO QDQRSDUWLFOHV WR SUHYHQW XQGHVLUHG UH�GLVSHUVLRQ DQG R[\JHQ FR�
IHHGLQJ WR LQKLELW FRNH IRUPDWLRQ DW WKH PHWDO VLWHV� IRVWHULQJ WKH GHVLJQ RI KLJK�SHUIRUPDQFH
K\GURFKORULQDWLRQ�FDWDO\VWV��

)LJXUH���6LQJOH�DWRPV�YHUVXV�QDQRSDUWLFOHV�DV�WKH�DFWLYH�VLWH�LQ�DFHW\OHQH�K\GURFKORULQDWLRQ�

>�@�5��/LQ��$��3��$PUXWH��-��3«UH]�5DP¯UH]��&KHP��5HY������������������
>�@ .� .DLVHU� 5� /LQ� 6� 0LWFKHOO� (� )DNR� )� .UXPHLFK� 5� +DXHUW� 2� 9� 6DIRQRYD� 9� $� .RQGUDWHQNR�
(� 9� .RQGUDWHQNR� 6� 0� &ROOLQV� 3� $� 0LGJOH\� 1� /µSH]� -� 3«UH]�5DP¯UH]� &KHP� 6FL� ����� ���
����
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3URFHVV�5HODWHG�$VSHFWV�RI�,QGXVWULDO�)OXRULQH�&KHPLVWU\

&��7¦VFKOHU�

�/RQ]D�/WG��/RQ]DVWUDVVH�������9LVS��6ZLW]HUODQG���FKULVWRSK�WDHVFKOHU#ORQ]D�FRP

1XPHURXV DFWLYH LQJUHGLHQWV LQ WKH SKDUPDFHXWLFDO DQG DJUR FKHPLFDO LQGXVWU\ DV ZHOO DV PDWHULDO
VFLHQFHV>�@ FRQWDLQ IOXRULQH DV D FUXFLDO SDUW� GHWHUPLQLQJ WKH GHVLUHG SURSHUWLHV RI WKH LQJUHGLHQW
WR�D�ODUJH�H[WHQW>�@��

7KH SURGXFWLRQ RI IOXRULQH FRQWDLQLQJ LQJUHGLHQWV RQ DQ LQGXVWULDO VFDOH� KRZHYHU� SRVHV VHYHUDO
FKDOOHQJHV DGGUHVVLQJ UHDFWLYLW\� WR[LFLW\� PDWHULDO RI FRQVWUXFWLRQ DQG PRUH� 7KH FRPELQDWLRQ RI
WKHVH FKDOOHQJHV ZLWK LQFUHDVLQJO\ FRPSOH[ DFWLYHV DV ZHOO DV WKH H[SHFWDWLRQV IRU IDVW DQG FRVW
HIILFLHQW�ODXQFK�RI�QHZ�SURGXFWV�IRUFHV�RQH�WR�XVH�HIILFLHQW�ZD\V�WR�PDNH�WKHVH�SURGXFWV��
6RPH DVSHFWV RI VXFK QHZ ZD\V PD\ QRW RQO\ LQYROYH WKH XVH RI W\SLFDO PRGHUQ LQGXVWULDO
FRQFHSWV EXW DOVR UHTXLUH QHZ FKHPLFDO PHWKRGV VXFK DV FDWDO\WLFDO IOXRURDON\ODWLRQV DYRLGLQJ WKH
XVH�RI�FRVWO\�DQG�ZDVWH�LQWHQVLYH�UHDJHQWV��

>�@ *� 6LHJHPXQG� :� 6FKZHUWIHJHU� $� )HLULQJ� %� 6PDUW� )� %HKU� +� 9RJHO� %� 0F.XVLFN� 3� .LUVFK�
LQ�8OOPDQQ
V�(QF\FORSHGLD�RI�,QGXVWULDO�&KHPLVWU\��������
>�@ +� *URXOW� )� /HURX[� $� 7UHVVDXG� 0RGHUQ 6\QWKHVLV 3URFHVVHV DQG 5HDFWLYLW\ RI )OXRULQDWHG
&RPSRXQGV��(OVHYLHU��������
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6WUXFWXUH�DFWLYLW\�GHVFULSWRUV�IRU�WKH�UDWLRQDO�GHVLJQ�RI�PDWHULDOV�LQ�GLUHFW�FRQYHUVLRQ�RI
PHWKDQH�WR�PHWKDQRO

9��/��6XVKNHYLFK���-��$��YDQ�%RNKRYHQ�

�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\���,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ�
(7+�=XU

0HWKDQH� WKH VLPSOHVW DONDQH� LV WKH SULQFLSDO FRPSRQHQW RI QDWXUDO JDV� ZKLFK LV RQH RI WKH
FKHDSHVW DQG PRVW DEXQGDQW VRXUFHV RI K\GURFDUERQV� ,WV GLUHFW FRQYHUVLRQ WR DQ R[\JHQDWH� VXFK
DV PHWKDQRO� D ODUJH�VFDOH SURGXFW LQ WKH FKHPLFDO LQGXVWU\� LV DQ H[FLWLQJ JRDO� +RZHYHU� WKH ORZ
FKHPLFDO UHDFWLYLW\ RI PHWKDQH DQG WKH WHQGHQF\ RI PHWKDQRO WRZDUGV R[LGDWLRQ WR FDUERQ R[LGHV
PHDQ WKDW WKH GLUHFW R[LGDWLRQ RI PHWKDQH ZLWK R[\JHQ LQ RQH VWHS LV FKDOOHQJLQJ� LI QRW
LPSRVVLEOH�>�@ 2QH RI WKH DSSURDFKHV WR WKH VHOHFWLYH R[LGDWLRQ RI PHWKDQH WR PHWKDQRO LV VR�
FDOOHG ૺFKHPLFDO ORRSLQJૻ� LPSO\LQJ F\FOLF H[SRVXUH RI WKH PDWHULDO SRVVHVVLQJ UHGR[ SURSHUWLHV WR
DQ R[LGDQW DQG PHWKDQH DW GLIIHUHQW WHPSHUDWXUHV ZLWK WKH VXEVHTXHQW H[WUDFWLRQ RI WKH R[LGDWLRQ
SURGXFWV�>���@ 'HVSLWH PXOWLSOH VWXGLHV LQ WKLV ILHOG DQG WKH SDUWLDO LGHQWLILFDWLRQ RI WKH DFWLYH
VSHFLHV DQG UHDFWLRQ PHFKDQLVP� LW KDV QRW EHHQ SRVVLEOH WR GHVLJQ WKH EHVW PDWHULDO DQG
GHWHUPLQH WKH LGHDO SURFHVV FRQGLWLRQV IRU LQGXVWULDO LPSOHPHQWDWLRQ� 2XU SUHVHQW VWXG\ VKRZV
KRZ WR GHVLJQ D VLJQLILFDQWO\ EHWWHU SHUIRUPLQJ PDWHULDO DQG WKH UHDFWLRQ SDUDPHWHUV WR HQKDQFH
WKH PHWKDQRO \LHOG� 7KLV OHG WR WKH KLJKHVW PHWKDQRO SURGXFWLYLW\ WR GDWH� XVLQJ D PDWHULDO WKDW
XQWLO UHFHQWO\ ZDV FRQVLGHUHG WR EH LQDFWLYH� RSHQLQJ D QRYHO GLUHFWLRQ IRU WKH GHVLJQ RI DFWLYH
PDWHULDOV�

:H SHUIRUPHG D V\VWHPDWLF VWXG\ RI WKH FRSSHU�H[FKDQJHG ]HROLWHV ZLWK 025� 0),� %($ DQG )$8
VWUXFWXUHV ZLWK VLPLODU 6L�$O UDWLR DQG FRSSHU ORDGLQJ LQ WKH FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO�
)7,5 VSHFWURVFRS\ RI DGVRUEHG QLWURJHQ PRQR[LGH DQG PROHFXODU K\GURJHQ GHWHUPLQHG WKH FRSSHU
VSHFLDWLRQ� ZKLOH WKH UHGR[ SURSHUWLHV RI WKH PDWHULDOV ZHUH HYDOXDWHG E\ PHDQV RI WKH
WHPSHUDWXUH�SURJUDPPHG UHDFWLRQ �735� ZLWK PHWKDQH� PRQLWRUHG E\ PDVV VSHFWURPHWU\ DQG LQ
VLWX ;�UD\ DEVRUSWLRQ VSHFWURVFRS\� 7KH UHGR[ SURSHUWLHV RI WKH &X�,,��R[R VLWHV LQ FRSSHU�
H[FKDQJHG ]HROLWHV� JRYHUQHG E\ WKH ]HROLWH IUDPHZRUN DQG FRSSHU VSHFLDWLRQ� FRUUHODWH ZLWK
DFWLYLW\ DQG VHOHFWLYLW\ LQ WKH GLUHFW V\QWKHVLV RI PHWKDQRO IURP PHWKDQH� 6XFK UHGR[ SURSHUWLHV
FDQ EH H[WUDFWHG ZLWK HDVH IURP 735 H[SHULPHQWV DQG WKHQ VHUYH DV D JXLGH IRU VHOHFWLQJ WKH
FRQGLWLRQV ZKHQ WHVWLQJ QHZ PDWHULDOV DQG SUHGLFWLQJ WKH RSWLPDO WHPSHUDWXUH IRU DFWLYDWLRQ RI
PHWKDQH� 7KH GDWD RQ WKH FRSSHU�R[R UHGXFLELOLW\ FDQ EH XVHG WR RSWLPL]H WKH UHDFWLRQ FRQGLWLRQV
WR DFKLHYH WKH KLJKHVW PHWKDQRO \LHOG� ,Q WKLV ZD\� LW ZDV HVWDEOLVKHG WKDW WKH UHDFWLRQ RI
&X)$8�6L�$O  �� ZLWK PHWKDQH LQ DQ LVRWKHUPDO UHJLPH DW ���. DQG �� EDU OHDGV WR D PHWKDQRO
\LHOG RI ��� wPRO�J� ZKLFK LV WKH KLJKHVW PHWKDQRO \LHOG DFKLHYHG RYHU FRSSHU�H[FKDQJHG ]HROLWH
LQ�RQH�F\FOH�

7KH GLVFRYHUHG SURFHVV DQVZHUV QHHGHG DGYDQFHPHQW IRU LQGXVWULDO IHDVLELOLW\ RI WKH GLUHFW
FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO DQG SURYLGHV D URXWH IRU IXUWKHU RSWLPL]DWLRQ RI WKH UHDFWLYH
PDWHULDO�DQG�UHDFWLRQ�FRQGLWLRQV�

>�@ 0� 5DYL� 0� 5DQRFFKLDUL� -� YDQ %RNKRYHQ� $QJHZ� &KHP� ,QW� (G�� ����� ��� ������������ >�@
0� +� *URRWKDHUW� 3� -� 6PHHWV� %� )� 6HOV� 3� $� -DFREV� 5� $� 6FKRRQKH\GW� -� $P� &KHP� 6RF�� �����
���� ����� >�@ -� 6� :RHUWLQN� 3� -� 6PHHWV� 0� +� *URRWKDHUW� 0� $� 9DQFH� %� )� 6HOV� 5� $�
6FKRRQKH\GW� (� ,� 6RORPRQ� 3URF� 1DWO� $FDG� 6FL� 8� 6� $�� ����� ���� ������ >�@ 6� *UXQGQHU� 0�
$� &� 0DUNRYLWV� *� /L� 0� 7URPS� (� $� 3LGNR� (� -� 0� +HQVHQ� $� -HQW\V� 0� 6DQFKH]�6DQFKH]� -� $�
/HUFKHU� 1DW� &RPPXQ�� ����� �� QFRPPV����� >�@ 9� /� 6XVKNHYLFK� '� 3DODJLQ� 0� 5DQRFFKLDUL�
-� $� YDQ %RNKRYHQ� 6FLHQFH� ����� ���� ���� >�@ 9� /� 6XVKNHYLFK� '� 3DODJLQ� -� $� YDQ %RNKRYHQ�
$QJHZ��&KHP��,QW��(G�����������������������
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'HYHORSPHQW�RI�D�PLFURIOXLGLFV�EDVHG�DVVD\�IRU�WKH�HYROXWLRQ�RI�DUWLILFLDO
PHWDOORHQ]\PHV�XVLQJ�D�FHOO�VXUIDFH�GLVSOD\�VWUDWHJ\

-��9DOODSXUDFNDO���$��6WXFNL���3��'LWWULFK�
��7��:DUG�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO���'HSDUWPHQW�RI�%LRV\VWHPV�6FLHQFH�DQG
(QJLQHHULQJ��(7+�=XULFK

,QFRUSRUDWLRQ RI D WUDQVLWLRQ PHWDO FDWDO\VW ZLWKLQ D SURWHLQ VFDIIROG HQDEOHV WKH IRUPDWLRQ RI
DUWLILFLDO PHWDOORHQ]\PHV �$U0V� ZLWK QRQ�QDWXUDO UHDFWLYLWLHV�>�@7KH FDWDO\WLF DFWLYLW\ DQG VHOHFWLYLW\
RI VXFK V\VWHPV FDQ EH RSWLPL]HG E\ HLWKHU FKHPLFDO RSWLPL]DWLRQ RI WKH PHWDO FRIDFWRU RU JHQHWLF
HYROXWLRQ RI WKH KRVW SURWHLQ� ,QWHJUDWLRQ RI WKH ELRWLQ\ODWHG UXWKHQLXP FRPSOH[>&S5X�%LRW�
4XLQROLQH��+�2�@>�@LQWR WKH ELQGLQJ SRFNHW RI VWUHSWDYLGLQ �6DY� DIIRUGV DQ DUWLILFLDO GHDOO\ODVH
FDSDEOH�RI�XQFDJLQJ�D�SURWHFWHG�FRXPDULQ�\LHOGLQJ�D�IOXRUHVFHQW�UHDGRXW�>�@

+HUHLQ� ZH SUHVHQW D PLFURIOXLGLFV�EDVHG KLJK�WKURXJKSXW DVVD\>�@WR HYROYH WKH FDWDO\WLF DFWLYLW\ RI
DQ DUWLILFLDO GHDOO\ODVH� 6LQJOH (� FROLFHOOV ZLWK VXUIDFH�GLVSOD\HG 6DY DUH HQFDSVXODWHG LQ GURSOHWV
WRJHWKHU ZLWK WKH SURWHFWHG FRXPDULQ VXEVWUDWH DQG WKH ELRWLQ\ODWHG FRIDFWRU� 7KH FDWDO\WLFDOO\
DFWLYH PXWDQWV FDQ EH VRUWHG E\ IOXRUHVFHQFH�DVVLVWHG GURSOHW VRUWLQJ �)$'6� DQG WKH LGHQWLILHG
KLWV FDQ EH VXEMHFWHG WR D IXUWKHU URXQG RI RSWLPL]DWLRQ� 7KLV PHWKRG FDQ EH DSSOLHG WR HYROYH
YDULRXV $U0V LQ YLYRDQG HQDEOH WKH VFUHHQLQJ RI ODUJH OLEUDULHV LQ DQ LWHUDWLYH DQG VWUDLJKWIRUZDUG
PDQQHU�

>�@ )DELDQ 6FKZL]HU� <DVXQRUL 2NDPRWR� 7LOOPDQQ +HLQLVFK� <LIDQ *X� 0LFKHOD 0� 3HOOL]]RQL� 9LQFHQW
/HEUXQ� 5DSKDHO 5HXWHU� 9DOHQWLQ .¸KOHU� -DUHG &� /HZLV� 7KRPDV 5� :DUG� &KHP� 5HY�� ����� ����
���૱����
>�@ 7� 9¸ONHU� )� 'HPSZROII� 3� /� *UDXPDQQ� (� 0HJJHUV� $QJHZ� &KHP�� ,QW� (G�� ����� ���
�����૱������
>�@ 7� +HLQLVFK� )� 6FKZL]HU� %� *DUHEHGLDQ� (� &VLEUD� 0� -HVFKHN� -� 9DOODSXUDFNDO� 9� %� 3LQKHLUR�
3�0DUOLªUH��6��3DQNH��7��5��:DUG��&KHP��6FL����������������૱�����
>�@ 5� 2EH[HU� $� *RGLQD� ;� *DUUDERX� 3� 5� 0LWWO� $� '� *ULIILWKV� '� +LOYHUW� 1DW� &KHP�� ����� ��
��૱���
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6WDEOH�DQG�WXQDEOH�SKRVSKRQLF�DFLG�GLSROH�OD\HU�IRU�EDQG�HGJH�HQJLQHHULQJ�RI
SKRWRHOHFWURFKHPLFDO�DQG�SKRWRYROWDLF�KHWHURMXQFWLRQ�GHYLFHV

5��:LFN�-ROLDW���7��0XVVR���5��5��3UDEKDNDU���6��6LRO���:��&XL���-��/¸FNLQJHU���-��6XK���'��7LOOH\�


�8QLYHUVLW\�RI�=XULFK���(PSD

3KRWRHOHFWURFKHPLFDO ZDWHU VSOLWWLQJ LV SHUIRUPHG LQ DTXHRXV HOHFWURO\WH� +LJK SHUIRUPDQFH
VHPLFRQGXFWRUV DUH QRW VWDEOH XQGHU WKRVH FRQGLWLRQV DQG D FRUURVLRQ SURWHFWLRQ OD\HU� VXFK DV
7L2�� KDV WR EH XVHG� 7KH SKRWRDEVRUELQJ PDWHULDO DQG WKH 7L2� IRUP D KHWHURMXQFWLRQ DQG WKH
SKRWRYROWDJH RI VXFK D GHYLFH LV XVXDOO\ VPDOO VLQFH PRVW KLJK SHUIRUPDQFH VHPLFRQGXFWRUV �H�J�
6L� KDYH D SRRU EDQG DOLJQPHQW ZLWK 7L2�� :H SUHVHQW D PHWKRG WR RYHUFRPH WKLV OLPLWDWLRQ E\
SODFLQJ D SKRVSKRQLF DFLG �+�32�� GLSROH OD\HU LQ EHWZHHQ S�6L DQG Q�7L2�� 7KH GLSROH LQGXFHG
EDQG�VKLIW�OHDGV�WR�DQ�LQFUHDVH�LQ�SKRWRYROWDJH�E\�����P9��VHH�)LJXUH��

:H IRXQG WKDW WKH SKRWRYROWDJH FDQ EH WXQHG E\ YDU\LQJ WKH WKLFNQHVV RI WKH SKRVSKRQLF DFLG
OD\HU� ZKLFK ZDV FRQILUPHG E\ ')7 FDOFXODWLRQV� 7KH YHUVDWLOLW\ RI WKH PHWKRG ZDV GHPRQVWUDWHG
E\�LQFUHDVLQJ�WKH�SKRWRYROWDJH�RI�7L2��SURWHFWHG�HPHUJLQJ�PDWHULDOV��&X�2�DQG�6E�6H��

�

>�@ 5HQ« :LFN�-ROLDW� 7L]LDQD 0XVVR� 5DMLY 5DPDQXMDP 3UDEKDNDU� -RKDQQHV /¸FNLQJHU� 6HEDVWLDQ
6LRO� :HL &XL� /DXUHQW 6«YHU\� 7KRPDV 0RHKO� -LK\H 6XK� -¾UJ +XWWHU� 0DUFHOOD ,DQQX]]L� 6� 'DYLG
7LOOH\��(QHUJ\�(QYLURQ��6FL���������'2,����������&�((�����%�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&DWDO\VLV�6FLHQFH�	�(QJLQHHULQJ��6KRUW�WDON &(����

$FWLYH�6LWH�6WUXFWXUHV�LQ�7LWDQLXP�6LOLFDOLWH����$Q�105�3RLQW�RI�9LHZ

&��3��*RUGRQ���$��3DUYXOHVFX���-��+��7HOHV���&��&RS«UHW�


�(7+�=¾ULFK���%$6)�6(

7LWDQLXP�6LOLFDOLWH � �76��� LV D XQLTXH R[LGDWLRQ FDWDO\VW WKDW DOORZV IRU WKH HIILFLHQW DFWLYDWLRQ RI
K\GURJHQ SHUR[LGH �+�2�� DV D WHUPLQDO R[LGDQW�>�@ ,Q SDUWLFXODU� LW DOORZV IRU WKH FDWDO\WLF
HSR[LGDWLRQ RI SURSHQH RQ LQGXVWULDO VFDOH OHDYLQJ RQO\ ZDWHU DV E\SURGXFW� 76�� KDV EHHQ VWXGLHG
LQ JUHDW GHWDLO� ZLWK WKH DLP WR XQGHUVWDQG WKH QDWXUH RI WKH DFWLYH VLWHV WKDW DUH VWLOO KLJKO\
GHEDWHG� 1XPHURXV VWXGLHV EDVHG RQ ERWK VSHFWURVFRSLF PHWKRGV �,5� 89�9,6� (;$)6� 105� ;5'�
QHXWURQ GLIIUDFWLRQ�>�@ DQG FRPSXWDWLRQDO DSSURDFKHV �00� 40�00� ')7�>�@ OHG WR LVRODWHG
WLWDQLXP�SHUR[R�DQG�WLWDQLXP�K\GURSHUR[R�VSHFLHV�EHLQJ�PRVW�FRPPRQO\�SURSRVHG�DV�DFWLYH�VLWHV�

+HUH� WKURXJK WKH XVH RI VROLG�VWDWH 105 VSHFWURVFRS\ DXJPHQWHG E\ FRPSXWDWLRQDO VWXGLHV DQG
FRPSOHPHQWDU\ VSHFWURVFRSLF PHWKRGV� ZH ZLOO GLVFXVV WKH QDWXUH RI WKH DFWLYH VLWHV LQ WKH 76��
FDWDO\VW� &RQWUDU\ WR ZKDW LV UHSRUWHG LQ WKH OLWHUDWXUH� QRQ�LVRODWHG 7L VLWHV DUH SURSRVHG WR EH NH\
WR�WKH�XQLTXH�FDWDO\WLF�SURSHUWLHV�RI�76���

>�@ D� %UXQR 1RWDUL� &DWDO� 7RGD\� ����� ��� �������� E� 0DULR *� &OHULFL LQ 0HWDO 2[LGH
&DWDO\VLV��(GV��6��'DYLG�-DFNVRQ��-XVWLQ�6��-��+DUJUHDYHV��:LOH\�9&+�������
>�@ 6LOYLD %RUGLJD� $OHVVDQGUR 'DPLQ� )UDQFHVFD %RQLQR� &DUOR /DPEHUWL LQ 6XUIDFH DQG ,QWHUIDFLDO
2UJDQRPHWDOOLF &KHPLVWU\ DQG &DWDO\VLV� 7RSLFV LQ 2UJDQRPHWDOOLF &KHPLVWU\� (GV� &KULVWRSKH
&RS«UHW��%UXQR�&KDXGUHW��6SULQJHU�������
>�@ ;DYLHU 6RODQV�0RQIRUW� &KULVWRSKH &RS«UHW� 2GLOH (LVHQVWHLQ LQ 4XDQWXP &KHPLFDO &DOFXODWLRQV
RI 6XUIDFHV DQG ,QWHUIDFHV� (GV� 9ODGLPLU $� %DVLXN� 3LHUR 8JOLHQJR� $PHULFDQ 6FLHQWLILF
3XEOLVKHUV��������
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8QFRYHULQJ�WKH�LQWHUIDFLDO�FDUULHU�G\QDPLFV�LQ�HPHUJLQJ�SKRWRHOHFWURGHV�IRU�VRODU�IXHO
SURGXFWLRQ�૱�DQ�RSHUDQGR�VSHFWURHOHFWURFKHPLFDO�VWXG\

<��/LX���.��6LYXOD���1��*XLMDUUR�


�/DERUDWRU\�IRU�0ROHFXODU�(QJLQHHULQJ�RI�2SWRHOHFWURQLF�1DQRPDWHULDOV��/,012����FROH
3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���6WDWLRQ����&+������/DXVDQQH��6ZLW]HUODQG

6WRULQJ VRODU HQHUJ\ LQ FKHPLFDO IRUP �H�J� K\GURJHQ IURP ZDWHU VSOLWWLQJ�� UHSUHVHQWV D SURPLVLQJ
URXWH WR HQDEOH D FDUERQ�QHXWUDO VRFLHW\� 3KRWRHOHFWURFKHPLFDO �3(&� ZDWHU VSOLWWLQJ KROGV WKH NH\
WR SHUIRUP WKLV SURFHVV ZLWK VLPSOLFLW\ DQG DW KLJK WKHRUHWLFDO FRQYHUVLRQ HIILFLHQF\� +RZHYHU� WKH
UHDOL]DWLRQ RI 3(& +� SURGXFWLRQ DW D JOREDO VFDOH LV OLPLWHG E\ WKH FXUUHQW SHUIRUPDQFH RI
VHPLFRQGXFWRU PDWHULDOV VXLWDEOH IRU 3(&� 7R DGYDQFH WKH ILHOG� DQ LPSURYHG IXQGDPHQWDO
XQGHUVWDQGLQJ RI WKH VHPLFRQGXFWRU�OLTXLG MXQFWLRQ �6&/-�� ZKHUHLQ WKH SKRWRHOHFWURV\QWKHWLF
UHDFWLRQ LV RFFXUULQJ� LV XUJHQWO\ QHHGHG WR LGHQWLI\ WKH SDUDPHWHUV OLPLWLQJ WKH SHUIRUPDQFH DQG
GLUHFW�DFWLRQV�IRU�WKHLU�LPSURYHPHQW�

+HUH� ZH VKRZ KRZ D WRROER[ RI RSHUDQGR DQG LQ VLWX FKDUDFWHUL]DWLRQ WHFKQLTXHV� QDPHO\�
LQWHQVLW\�PRGXODWHG SKRWRFXUUHQW�SKRWRYROWDJH VSHFWURVFRS\ �,036�,096�� WUDQVLHQW
SKRWRFXUUHQW�SKRWRYROWDJH VSHFWURVFRS\ �73&�739�� SKRWRHOHFWURFKHPLFDO LPSHGDQFH
VSHFWURVFRS\ �3(,6�� LQ VLWX 89�9LV VSHFWURVFRS\� DQG RSHUDQGR 5DPDQ VSHFWURVFRS\ FDQ EH XVHG
WR JDLQ GHHS LQVLJKW RI WKH FRPSHWLQJ SURFHVVHV DW WKH 6&/-� :H KLJKOLJKW RXU UHFHQW VWXGLHV ZLWK
HPHUJLQJ VHPLFRQGXFWLQJ SKRWRHOHFWURGHV �&X,Q���*D���6�� &X)H�2��>�@ =Q)H�2��>�@ 6Q6��>�@ DQG
/D)H2��� ZKLFK KDYH SURYLGHG LQVLJKWV LQWR WKH LQWHUIDFLDO FDUULHU EHKDYLRU� L�H�� HQHUJHWLF DFURVV
WKH LQWHUIDFH� NLQHWLFV RI FKDUJH WUDQVIHU DQG UHFRPELQDWLRQ� QDWXUH RI WKH VXUIDFH VWDWHV� DQG
FKHPLFDO LGHQWLW\ RI LQWHUPHGLDWH VSHFLHV� ,Q SDUWLFXODU� ZH LPSOHPHQW OLJKW PRGXODWLRQ WHFKQLTXHV
�,036�,096� RQ &X)H�2� WR UHYHDO DQ XQIDYRXUDEOH NLQHWLF FRPSHWLWLRQ ZKLFK VLJQLILFDQWO\ KDPSHUV
WKH FKDUJH WUDQVIHU HIILFLHQF\� /LNHZLVH� E\ ILWWLQJ WKH LPSHGDQFH UHVSRQVH ZLWK HTXLYDOHQW FLUFXLWV�
D FOHDU PDS RI WKH GHQVLW\ RI VXUIDFH VWDWHV LV VKRZQ� 2YHUDOO� WKHVH ILQGLQJV SURYLGH D EHWWHU
XQGHUVWDQGLQJ RQ WKH HOHFWURFKHPLFDO SKHQRPHQD DW WKH 6&/-� HVWDEOLVKLQJ D SUHFLVH URDGPDS WR
HQJLQHHU�WKH�LQWHUIDFH�DQG�RSWLPL]H�WKH�SHUIRUPDQFH�RI�VRODU�IXHO�GHYLFHV�

>�@ <RQJSHQJ /LX� )ORULDQ /H )RUPDO� )ORUHQW %RXGRLUH� /LDQJ <DR� .HYLQ 6LYXOD� 1«VWRU *XLMDUUR�
-RXUQDO�RI�0DWHULDOV�&KHPLVWU\�$���������������������
>�@ ;LDRGL =KX� 1«VWRU *XLMDUUR� <RQJSHQJ /LX� 3DVFDO 6FKRXZLQN� 5HEHNDK $� :HOOV� )ORULDQ /H
)RUPDO��6RQJ�6XQ��&KHQ�*DR��.HYLQ�6LYXOD��$GYDQFHG�0DWHULDOV��������������������
>�@ <RQJ =XR� <RQJSHQJ /LX� -XQVKDQ /L� 5XLIHQJ 'X� ;LDRWLQJ <X� &RQJFRQJ ;LQJ� 7LQJ =KDQJ�
/LDQJ <DR� -RUGL $UELRO� -RUGL /ORUFD� .HYLQ 6LYXOD� 1«VWRU *XLMDUUR� $QGUHX &DERW� $&6 $SSOLHG
0DWHULDOV�	�,QWHUIDFHV����������������������
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