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1HZ�GL�1�F\DQRPHWK\ODWHG� WHWUDD]D�PDFURF\FOH������ELV�F\DQRPHWK\O�������GLPHWK\O�����������WHWUDD]DWUL�
F\FOR>������������@GRFRVDQH� �/��� KDV� EHHQ� SUHSDUHG� E\� WKH� UHDFWLRQ� RI� �����GLPHWK\O�����������WHWUDD]DWUL�
F\FOR>������������@GRFRVDQH� �/���ZLWK� EURPRDFHWRQLWULOH�� 7KH� VTXDUH�SODQDU� FRPSOH[HV� >0/�@�&O2���� �0� 
1L�,,��RU�&X�,,���FDQ�EH�SUHSDUHG�E\�WKH�UHDFWLRQ�RI�/��ZLWK�WKH�FRUUHVSRQGLQJ�PHWDO�LRQ�LQ�DFHWRQLWULOH��7KH
F\DQRPHWK\O�JURXSV�RI�>0/�@�&O2����UHDGLO\�UHDFW�ZLWK�ZDWHU�WR�\LHOG�>0/�@�&O2����FRQWDLQLQJ�SHQGDQW�DPLGH
JURXSV��7KH�WUDQV�RFWDKHGUDO�FRPSOH[HV�>0/�@�&O2�����LQ�ZKLFK�WZR�LPLGDWH�HVWHU�JURXSV�DUH�FRRUGLQDWHG�WR
WKH�PHWDO�LRQ��FDQ�EH�DOVR�SUHSDUHG�E\�WKH�UHDFWLRQ�RI�>0/�@�&O2����ZLWK�PHWKDQRO�XQGHU�PLOG�FRQGLWLRQV��7KH
K\GURO\VLV�DQG�DOFRKRO\VLV�UHDFWLRQV�RI�>0/�@�&O2����DUH�SURPRWHG�E\�WKH�FHQWUDO�PHWDO�LRQ��LQ�VSLWH�RI�WKH�IDFW
WKDW�WKH�F\DQRPHWK\O�JURXS�LV�QRW�LQYROYHG�LQ�LQWUDPROHFXODU�FRRUGLQDWLRQ��7KH�UHDFWLRQV�DUH�DOVR�SURPRWHG�E\
D�EDVH�VXFK�DV�WULHWK\ODPLQH�EXW�DUH�UHWDUGHG�E\�DQ�DFLG��+&O2����,QWHUHVWLQJO\��WKH�LPLGDWH�HVWHU�JURXSV�RI
>0/�@���DUH�XQXVXDOO\�UHVLVWDQW�WR�K\GURO\VLV�HYHQ�LQ�����0�+&O2��RU�����0�1D2+�DTXHRXV�VROXWLRQ��&U\VWDO
VWUXFWXUH�RI�>1L/�@�&O2����VKRZV�WKDW�WKH�1L�1��SHQGDQW�LPLGDWH�HVWHU�JURXS��ERQG�LV�UHODWLYHO\�VWURQJ��WKH�1L�
1�ERQG�GLVWDQFH�LV�VKRUWHU�WKHQ�WKH�1L�1��WHUWLDU\��GLVWDQFH�DQG�LV�VLPLODU�WR�WKH�1L�1��VHFRQGDU\��GLVWDQFH�

.H\ZRUGV �0DFURF\FOLF�FRPSOH[HV��)XQFWLRQDO�SHQGDQW�DUPV��+\GURO\VLV��$OFRKRO\VLV��;�5D\�VWUXFWXUH�

,QWURGXFWLRQ

7KHUH� KDV� EHHQ� FRQVLGHUDEO\� LQWHUHVW� LQ� WKH� SUHSDUDWLRQ
DQG�UHDFWLRQV�RI�SRO\D]D�PDFURF\FOLF�OLJDQGV�DQG�FRPSOH[HV
FRQWDLQLQJ� YDULRXV� IXQFWLRQDO� SHQGDQW� DUPV�� ,Q� SDUWLFXODU�
WKH� LQWHUHVW� LQ� VXFK� FRPSRXQGV� ZLWK� ��&+��Q�&1� SHQGDQW
DUPV�PDLQO\�GHSHQGV�RQ�WKH�IDFW�WKDW�WKH�F\DQRDON\O�JURXSV
PD\� EH� FRQYHUWHG� WR� RWKHU� IXQFWLRQDO� JURXSV� ���� ,Q� PDQ\
WUDQVLWLRQ� PHWDO� FRPSOH[HV� RI� VLPSOH� RUJDQLF� QLWULOHV�� WKH
PHWDO� LRQ� SURPRWHV� RU� LQKLELWV� FHUWDLQ� UHDFWLRQV� RU� DOORZV
RQH�WR�SUHSDUH�QHZ�FRPSRXQGV��ZKLFK�FRXOG�QRW�EH�SUHSDUHG
ZLWKRXW� WKH� LQYROYHPHQW� RI�PHWDO� LRQV������ ,W� KDV�EHHQ� DOVR
UHSRUWHG� WKDW� UHDFWLRQV� RI� 1�F\DQRHWK\O� SHQGDQW� DUPV� LQ
VRPH�SRO\D]D�PDFURF\FOLF�FRPSOH[HV�DUH�SURPRWHG�E\� WKH
FHQWUDO�PHWDO�LRQV�HYHQ�LI�WKH�F\DQR�JURXSV�DUH�QRW�LQYROYHG
LQ� FRRUGLQDWLRQ����� )RU� H[DPSOH�� WKH� ���PHPEHUHG� WHWUDD]D
PDFURF\FOLF�FRPSOH[�>1L/�@���FRQWDLQLQJ�IRXU�1�F\DQRHWK\O
JURXSV� LV� K\GURO\]HG� WR� >1L/�@��� LQ� ERLOLQJ�ZDWHU�����+RZ�
HYHU��PRVW�1�F\DQRHWK\ODWHG�PDFURF\FOLF�FRPSOH[HV�VXFK�DV
>1L/�@��� DQG� >1L/�@��� XQGHUJR� PHWDO�SURPRWHG� GHF\DQR�
HWK\ODWLRQ�LQ�EDVLF�RU�QHXWUDO�FRQGLWLRQV�DQG��WKHUHIRUH��LW�LV
GLIILFXOW� WR�FRQWURO� WKH�FRQGLWLRQV� IRU� WKHLU�VHOHFWLYH�K\GUR�
O\VLV�����2Q�WKH�RWKHU�KDQG��WKH�PDFURF\FOH�/��FRQWDLQLQJ�1�
F\DQRPHWK\O� JURXSV� LV� QRW� VR� HDVLO\� GHF\DQRPHWK\ODWHG
HYHQ� LQ� EDVLF� FRQGLWLRQV� EXW� LV� VHOHFWLYHO\� K\GURO\]HG� WR
/������8QWLO�QRZ��H[DPSOHV�RI����PHPEHUHG�WHWUDD]D�PDFUR�
F\FOLF� FRPSOH[HV� FRQWDLQLQJ� 1�F\DQRPHWK\O� SHQGDQW� DUPV
DUH� UDUH�� DQG� UHSRUWV� RQ� WKH� XVH� RI� WKHLU� UHDFWLRQV� IRU� WKH
SUHSDUDWLRQ�RI�RWKHU� IXQFWLRQDOL]HG�PDFURF\FOLF� FRPSOH[HV
DUH�OLPLWHG�LQ�QXPEHU�����

,Q� WKLV�ZRUN��ZH�SUHSDUHG� WKH�GL�1�F\DQRPHWK\ODWHG����
PHPEHUHG� WHWUDD]D� PDFURF\FOLF� FRPSOH[HV� >0/ �@��� �0�  
1L�,,��RU�&X�,,���DQG�H[DPLQHG�WKHLU�K\GURO\VLV�DQG�DOFRKR�
O\VLV�� ,W� ZDV� IRXQG� WKDW� WKH� FRPSOH[HV� UHDGLO\� UHDFW� ZLWK
ZDWHU�RU�PHWKDQRO�WR�\LHOG�>0/�@���RU�>0/�@����LQ�ZKLFK�WZR
DPLGH�RU� LPLGDWH�HVWHU�JURXSV�DUH�FRRUGLQDWHG�WR� WKH�PHWDO
LRQ��7KLV�SDSHU�UHSRUWV�WKH�V\QWKHVLV�DQG�SURSHUWLHV�RI�QHZ
QLFNHO�,,�� DQG�FRSSHU�,,�� FRPSOH[HV�RI�/��DQG�/��� WRJHWKHU
ZLWK� WKH� FU\VWDO� VWUXFWXUH� RI� >1L/�@�&O2����� $� QXPEHU� RI



0DFURF\FOLF�&RPSOH[HV�&RQWDLQLQJ�1LWULOH�RU�,PLGDWH�(VWHU�*URXSV �%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

VWXGLHV� KDYH� UHSRUWHG� RQ� WKH� IRUPDWLRQ� RI� LPLGDWH� HVWHUV
�5&� 1+�25¶��IURP�WKH�PHWDO�SURPRWHG�UHDFWLRQ�RI�FRRU�
GLQDWHG�QLWULOHV��5&1��ZLWK�DOFRKROV��5¶2+��������+RZHYHU�
DV� IDU� DV� ZH� NQRZ�� H[DPSOHV� RI� VDWXUDWHG� ���PHPEHUHG
WHWUDD]D� PDFURF\FOLF� FRPSRXQGV� FRQWDLQLQJ� LPLGDWH� HVWHU
SHQGDQW�DUPV�DUH�QRW�UHSRUWHG�WR�GDWH�

([SHULPHQWDO�6HFWLRQ

0DWHULDOV� DQG� PHDVXUHPHQWV�� $OO� FKHPLFDOV� XVHG� LQ
V\QWKHVHV� ZHUH� RI� UHDJHQW� JUDGH� DQG� ZHUH� XVHG� ZLWKRXW
IXUWKHU�SXULILFDWLRQ��&DXWLRQ��3HUFKORUDWH�VDOWV�RI�PHWDO�FRP�
SOH[HV�ZLWK�RUJDQLF�OLJDQGV�DUH�RIWHQ�H[SORVLYH�DQG�VKRXOG
EH�KDQGOHG�ZLWK�JUHDW�FDXWLRQ�
(OHPHQWDO�DQDO\VHV�DQG�)$%�PDVV�VSHFWUD�ZHUH�SHUIRUPHG

DW�WKH�.RUHD�%DVLF�6FLHQFH�,QVWLWXWH��7DHJX��.RUHD��,QIUDUHG
VSHFWUD� ZHUH� UHFRUGHG� XVLQJ� D� 6KLPDG]X� ,5����� VSHFWUR�
SKRWRPHWHU��PDVV�VSHFWUD�ZLWK�D�6KLPDG]X�*&06'�43����
*&�0DVV�VSHFWURPHWHU��105�VSHFWUD�ZLWK�D�9DULDQ�0HFXU\
����105�VSHFWURPHWHU��HOHFWURQLF�DEVRUSWLRQ�VSHFWUD�ZLWK�D
6KLPDG]X� 89����� VSHFWURSKRWRPHWHU�� DQG� FRQGXFWDQFH
PHDVXUHPHQWV� ZLWK� D� 0HWURKP� +HULVDX� &RQGXFWRPHWHU
(����� 0DJQHWLF� PRPHQWV� ZHUH� FDOFXODWHG� IURP� PDJQHWLF
VXVFHSWLELOLW\� GDWD� REWDLQHG� DW� ��� R&� XVLQJ� D� -RKQVRQ
0DWWKH\�0.���PDJQHWLF�VXVFHSWLELOLW\�EDODQFH��
3UHSDUDWLRQ� RI� /���7KH� FRPSRXQG� /�� ZDV� SUHSDUHG� DV

GHVFULEHG�EHIRUH����$�FKORURIRUP�VROXWLRQ�����P/��RI�/������
J�� ����PPRO�� DQG� EURPRDFHWRQLWULOH� �����P/�� �����PPRO�
ZDV� UHIOX[HG� IRU� ��� K��$IWHU� WKH� VROYHQW� KDG� EHHQ� HYDSR�
UDWHG��PHWKDQRO�����P/��DQG�����0�1D2+�DTXHRXV�VROXWLRQ
��� FP���ZHUH� DGGHG� WR� WKH� UHVLGXH�� 7KH� UHVXOWLQJ� VROXWLRQ
ZDV�UDSLGO\�ILOWHUHG��DQG�����0�1D2+�VROXWLRQ�����P/���ZDV
DGGHG� WR� WKH�ILOWUDWH��7KH�ZKLWH�VROLG��ZKLFK�KDG�EHHQ�SUH�
FLSLWDWHG��ZDV�ILOWHUHG��ZDVKHG�ZLWK�PHWKDQRO�ZDWHU��� � ���
DQG� GULHG� LQ� DLU�� 7KH� FRPSRXQG� ZDV� UHFU\VWDOOL]HG� IURP
PHWKDQRO�FKORURIRUP� �� � ��� VROXWLRQ�� <LHOG� a����� $QDO�
)RXQG��&���������+���������1���������&DOF��IRU�&��+��1���&�
������� +�� ������� 1�� �������� 0DVV� �P�]��� ���� �0���� ��&
105� �&'&O���� δ� ������ ������ ������ ������ ������ ������ �����
������ ������ ������ ������ DQG� ������ �&≡1��� ,5� �FP−���� ����
>ν �1�+�@�DQG������>ν �&≡1�@�
3UHSDUDWLRQ�RI�>1L/�@�&O2�����$Q�DFHWRQLWULOH�VXVSHQVLRQ

���� P/�� RI� /�� ����� J�� DQG� 1L�2$F��Â�+�2� ����� J�� ZDV
UHIOX[HG� IRU����PLQ�DQG� WKHQ�FRROHG� WR� URRP� WHPSHUDWXUH�
7KH� DGGLWLRQ� RI� H[FHVV�+&O2�� WR� WKH� UHVXOWLQJ� VXVSHQVLRQ
SURGXFHG� DQ� RUDQJH�UHG� VROLG�� 7KH� VROLG� ZDV� FROOHFWHG� E\
ILOWUDWLRQ�DQG�ZDVKHG�ZLWK�ZDWHU��7KH�SURGXFW�ZDV�UHFU\VWDO�
OL]HG� IURP� D� KRW�'062�DFHWRQLWULOH� �� � ���PL[WXUH�� <LHOG
a�����$QDO��)RXQG��&���������+��������1���������&DOF��IRU
&��+��1�&O�1L2���&���������+��������1������������&�105
�'062�G����δ������������������������������������������������
�����������������DQG��������&1���,5��FP−���������>ν �1�+�@
DQG������>ν �&≡1�@��µHII� �������µ%��DW����R&��
3UHSDUDWLRQ� RI� >1L/�@�&O2����� 7R� D� KRW� '062�ZDWHU

�� � ���VROXWLRQ�����P/��RI�>1L/�@�&O2���������J��ZDV�DGGHG
WULHWK\ODPLQH������GURSV���7KH�VROXWLRQ�ZDV�KHDWHG�WR�UHIOX[
IRU���PLQ��'XULQJ�WKLV�WLPH�WKH�RUDQJH�UHG�VROXWLRQ�WXUQHG�WR

SDOH�SXUSOH��$IWHU�ILOWHULQJ�WKH�VROXWLRQ��DQ�H[FHVV�RI�1D&O2�

RU�+&O2��ZDV� DGGHG� WR� WKH� ILOWUDWH�� 7KH� SXUSOH� VROLG� ZDV
ILOWHUHG�� ZDVKHG�ZLWK�ZDWHU�� DQG� GULHG� LQ� DLU�� 7KH� SURGXFW
ZDV� UHFU\VWDOOL]HG� IURP� KRW� '062�ZDWHU� �� � ��� VROXWLRQ�
<LHOG�a�����$QDO��)RXQG��&���������+��������1���������&DOF�
IRU�&��+��1�&O�1L2����&���������+��������1����������)$%
0DVV��P�]�������^>0�&O2�@�`�DQG�����^>0�+��&O2�@�`��,5
�FP−���� ����� >ν �1�+�@�� ����� >ν �1�+�@�� ����� >ν �1�+�@�
�����>ν �1�+�@�������>ν �1�+�@�������>ν �& 2�@��DQG�����
>δ �1+��@��µHII� ������µ%��DW����R&��
3UHSDUDWLRQ�RI�>1L/�@�&O2�����7R�D�KRW�'062�PHWKDQRO

�� � ���VROXWLRQ�����P/��RI�>1L/�@�&O2���������J��ZDV�DGGHG
WULHWK\ODPLQH� ����� GURSV��� 7KH� VROXWLRQ� ZDV� UHIOX[HG� IRU
PRUH� WKHQ� ��PLQ��$IWHU� FRROLQJ�� DGGLWLRQ� RI�+&O2�� WR� WKH
VROXWLRQ� SURGXFHG� WKH� SXUSOH� FRPSOH[�� 7KH� SURGXFW� ZDV
ILOWHUHG��ZDVKHG�ZLWK�PHWKDQRO��DQG�UHFU\VWDOOL]HG�IURP�KRW
'062�ZDWHU��� � ���VROXWLRQ��<LHOG�a�����$QDO��)RXQG��&�
������� +�� ������ 1�� ������� &DOF�� IRU� &��+��1�&O�1L2���� &�
������� +�� ������ 1�� �������� )$%� 0DVV� �P�]��� ���� ^>0�
&O2�@�`� DQG�����^>0�+��&O2�@�`�� ,5� �FP−���� ����� >ν �1�
+�@�������>ν �1�+�@��DQG������>ν �& 1�@��µHII� ������µ%��DW
���R&�
3UHSDUDWLRQ� RI� >&X/�@�&O2����� 7KH� UHG� FRPSOH[� ZDV

SUHSDUHG� E\� WKH� PHWKRG� VLPLODU� WR� WKDW� IRU� >1L/�@�&O2���
H[FHSW� WKDW� &X�2$F���+�2� ����� J�� ZDV� XVHG� LQVWHDG� RI
&X�2$F��Â+�2������J���<LHOG�a�����$QDO��)RXQG��&��������
+��������1���������&DOF��IRU�&��+��1�&O�&X2���&���������+�
������ 1�� �������� ,5� �FP−���� ����� >ν �1�+�@� DQG� ����
>ν��&≡1�@��
3UHSDUDWLRQ� RI� >&X/�@�&O2����� 7KLV� FRPSRXQG� ZDV

SUHSDUHG� E\� WKH� PHWKRG� VLPLODU� WR� WKDW� IRU� >1L/�@�&O2���
H[FHSW� WKDW� >&X/�@�&O2���� ZDV� UHDFWHG� LQVWHDG� RI� >1L/�@
�&O2����� <LHOG� a�����$QDO�� )RXQG�� &�� ������� +�� ������ 1�
�������&DOF�� IRU�&��+��1�&O�&X2����&�� �������+�� ������1�
��������)$%�0DVV��P�]�������^>0�&O2�@�`�DQG�����^>0�+
��&O2�@�`��,5��FP−���������>ν �1�+�@�������>ν �1�+�@������
>ν �1�+�@�������>ν �1�+�@�������>ν �1�+�@�������>ν �& 2�@�
DQG������>δ �1+��@�
3UHSDUDWLRQ� RI� >&X/�@�&O2����� 7KH� EOXH� FRPSOH[� ZDV

SUHSDUHG� E\� D� SURFHGXUH� VLPLODU� WR� WKDW� IRU� >1L/�@�&O2���
H[FHSW� WKDW� >&X/�@�&O2���� ZDV� UHDFWHG� LQVWHDG� RI� >1L/�@
�&O2����� <LHOG� a�����$QDO�� )RXQG�� &�� ������� +�� ������ 1�
������� &DOF�� IRU� &��+��1�&O�1L2���� &�� ������� +�� ������ 1�
��������)$%�0DVV��P�]�������^>0�&O2�@�`�DQG�����^>0�+
��&O2�@�`��,5��FP−���������>ν �1�+�@�������>ν �1�+�@��DQG
�����>ν �& 1�@�
&U\VWDO� VWUXFWXUH� DQDO\VLV�� &U\VWDOV� RI� >1L/�@�&O2���

VXLWDEOH� IRU� ;�UD\� GLIIUDFWLRQ� VWXG\� ZHUH� JURZQ� IURP� DQ
DFHWRQLWULOH�ZDWHU� VROXWLRQ� RI� WKH� FRPSOH[�� 'DWD� ZHUH
FROOHFWHG�RQ�DQ�(QUDI�1RQLXV�&$'���GLIIUDFWRPHWHU� LQ� WKH
ω��θ� VFDQ� PRGH�� 'DWD� UHGXFWLRQ� ZDV� FDUULHG� RXW� XVLQJ� D
0ROHQ�SURJUDP�SDFNDJH�����$�GHFD\�FRUUHFWLRQ�EDVHG�RQ�WKH
LQWHQVLWLHV�RI�WZR�VWDQGDUG�UHIOHFWLRQV�DQG�PRQLWRULQJ�HYHU\
KRXU�ZDV�SHUIRUPHG��HPSLULFDO�DEVRUSWLRQ�FRUUHFWLRQV�ZHUH
DSSOLHG� EDVHG� RQ� <� VFDQV�� 7KH� VWUXFWXUH� LQ� &��F� IRU� WKH
FRPSOH[�ZDV�GHWHUPLQHG�E\�GLUHFW�PHWKRGV�DQG�UHILQHG�E\
IXOO�PDWUL[� OHDVW�VTXDUHV�XVLQJ�6+(/;6����DQG�6+(/;/�
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��� SURJUDP�SDFNDJHV����'LVRUGHUHG� R[\JHQ� DWRPV� DW�&O2�

ZHUH� UHILQHG� LVRWURSLFDOO\� DW� KDOI� RFFXSDQFLHV� DQG� DOO
UHPDLQLQJ�QRQ�K\GURJHQ�DWRPV�ZHUH�UHILQHG�DQLVRWURSLFDOO\�
+\GURJHQ�DWRPV�DW�QLWURJHQ�DWRPV�ZHUH�UHILQHG��DQG�RWKHUV
ZHUH� FRQVWUDLQHG� E\� XVLQJ� ULGLQJ� PRGHV�� 7KH� JHRPHWULF
SDUDPHWHUV�DUH�OLVWHG�LQ�7DEOH����

5HVXOWV�DQG�'LVFXVVLRQ

6\QWKHVLV�� 7KH� UHDFWLRQ� RI� /��ZLWK� DQ� H[FHVV� RI� F\DQR�
PHWK\O� EURPLGH� LQ� ERLOLQJ� FKORURIRUP� SURGXFHG� WKH� GL�1�
F\DQRPHWK\ODWHG�PDFURF\FOH� /�� DV� WKH� RQO\� SURGXFW�� $Q\
RWKHU�SDUWLDOO\�RU�IXOO\�1�F\DQRPHWK\ODWHG�PDFURF\FOH�FRXOG
QRW� EH� SUHSDUHG� XQGHU� WKH� SUHVHQW� H[SHULPHQWDO� FRQGLWLRQ�
7KH� PDVV�� ��&�105�� DQG� LQIUDUHG� VSHFWUD� RI� WKH� SURGXFW
FRUUHVSRQG� WR� /��� LQ� ZKLFK� WZR� F\DQRPHWK\O� JURXSV� DUH
DWWDFKHG�WR�WKH�VWHULFDOO\�OHVV�KLQGHUHG�QLWURJHQ�DWRPV��7KH
SRVLWLRQV�RI�WKH�1�VXEVWLWXHQWV�ZDV�FRQILUPHG�E\�WKH�FU\VWDO
VWUXFWXUH� RI� >1L/�@�&O2���� �VHH� EHORZ��� 7KH�PDFURF\FOH� LV
VROXEOH� LQ� FKORURIRUP� DQG� PHWKDQRO�� 7KH� VTXDUH�SODQDU
FRPSOH[HV�>1L/�@�&O2����DQG�>&X/�@�&O2����ZHUH�SUHSDUHG
E\�WKH�UHDFWLRQ�RI�/��ZLWK�WKH�PHWDO�LRQV�LQ�DFHWRQLWULOH�
7KH�FRPSOH[HV� >0/�@�&O2���� �0� �1L�,,��RU�&X�,,��� DUH

H[WUHPHO\� VWDEOH� LQ� WKH� VROLG� VWDWHV� DQG� LQ� WKH� VROXWLRQV� RI
'062��+RZHYHU�� WKH\� UDSLGO\� UHDFW�ZLWK�ERLOLQJ�ZDWHU� WR
\LHOG� >0/�@�&O2���� LQ� WKH� SUHVHQFH� RI� D� VPDOO� DPRXQW� RI
WULHWK\ODPLQH��7KH�RFWDKHGUDO�FRPSOH[HV�>0/�@�&O2����FRQ�
WDLQLQJ� WZR� LPLGDWH� HVWHU� JURXSV� FDQ� EH� SUHSDUHG� LQ� KLJK
\LHOG�E\�WKH�UHDFWLRQ�RI�>0/�@�&O2����ZLWK�PHWKDQRO�XQGHU
WKH�VLPLODU�FRQGLWLRQ��VHH�([SHULPHQWDO���$OWKRXJK�WKH�FRP�
SOH[HV�RI�/�� DQG�/�� FDQ�EH�DOVR�SUHSDUHG�E\� UHIOX[LQJ� WKH
FRUUHVSRQGLQJ�VROXWLRQV�RI� >0/�@�&O2���� LQ� WKH�DEVHQFH�RI
WULHWK\ODPLQH�� WKH� UHDFWLRQ� UDWH� LV� VORZHU� WKDQ� WKDW� LQ� WKH
SUHVHQFH� RI� WKH� EDVH�� WKH� K\GURO\VLV� DQG� DOFRKRO\VLV� UHDF�

WLRQV�RI�>1L/�@�&O2����UHTXLUH�PRUH�WKDQ���PLQ��
:H� DOVR� DWWHPSWHG� WKH� K\GURO\VLV� DQG� DOFRKRO\VLV� RI

>1L/�@�&O2����DQG�>&X/�@�&O2����LQ�WKH�SUHVHQFH�RU�DEVHQFH
RI� WULHWK\ODPLQH�� +RZHYHU�� WKH� RQO\� FRPSRXQG� SUHSDUHG
IURP�WKH�DWWHPSWV�ZDV�>1L/�@���RU�>&X/�@����DV�H[SHFWHG�IURP
WKH� UHSRUWHG� UHVXOW� WKDW� WKH� 1�F\DQRHWK\ODWHG� PDFURF\FOLF
FRPSOH[HV�DUH�UHDGLO\�GHF\DQRHWK\ODWHG�LQ�ERLOLQJ�ZDWHU�RU
LQ�EDVLF�DTXHRXV�VROXWLRQV��

&U\VWDO�VWUXFWXUH�RI�>1L/�@�&O2�����7KH�FU\VWDO�VWUXFWXUH
�)LJXUH����RI�>1L/�@�&O2����VKRZV�WKDW�WKH�WZR�LPLGDWH�HVWHU
JURXSV�DUH�FRRUGLQDWHG�WR�WKH�PHWDO�LRQ��7KH�FRPSOH[�KDV�D
GLVWRUWHG� WUDQV�RFWDKHGUDO� FRRUGLQDWLRQ� JHRPHWU\�� ZLWK� DQ
LQYHUVLRQ�FHQWHU�DW�WKH�PHWDO�LRQ��7KH�VL[�PHPEHUHG�FKHODWH
ULQJV�DQG�WKH�F\FORKH[DQH�ULQJV�DGRSW�FKDLU�FRQIRUPDWLRQV�
7KH�PDFURF\FOLF�OLJDQG�DGRSWV�WKH�WUDQV�,,,�VWHURFKHPLVWU\��
6HOHFWHG� ERQG� GLVWDQFHV� DQG� DQJOHV� RI� WKH� FRPSOH[� DUH

OLVWHG�LQ�7DEOH����7KH�&����1����ERQG�GLVWDQFH�����������c�
LV�PXFK�VKRUWHU�WKDQ�RWKHU�&�1�GLVWDQFHV�DQG�LV�FRUUHVSRQG�
LQJ�WR�WKH�& 1�ERQG�RI�WKH�LPLGDWH�HVWHU�JURXS��7KH�&����
&����>���������c@�DQG�&����2����>���������c@�GLVWDQFHV�DUH
VLJQLILFDQWO\�VKRUWHU�WKDQ�RWKHU�&�&�DQG�&����2����GLVWDQFHV�
UHVSHFWLYHO\��7KH�&����DWRP�LV�ORFDWHG�DW�WKH�WULJRQDO�SODQH
RI� WKH�1�����2�����DQG�&����DWRPV��$V�H[SHFWHG�� WKH�1����
&����2����DQG�1����&����&����ERQG�DQJOHV�DUH�PXFK�ODUJHU

7DEOH����&U\VWDO�GDWD�DQG�VWUXFWXUH�UHILQHPHQW�IRU�>1L/�@�&O2���

)RUPXOD� &��+��&O�1�1L2���

0� ������

&U\VWDO�V\VWHP��VSDFH�JURXS�� 0RQRFOLQLF��&��F�1R�������

D��c�� ����������

E��c�� �����������

F��c�� ����������

E��R�� �����������

9��c��� ����������

=� ��

'F��JFP−��� �����

P��FP−��� �����

)������ �����

θ�UDQJH��R�� ����������

,QGH[�UDQJHV� ��úKú�����úNú�������ú Oú���

1R��RI�FROOHFWHG���XQLTXH� �������������5LQW� ��������

'DWD���UHVWUDLQWV���SDUDPHWHUV� ���������������

*RRGQHVV�RI�ILW�RQ�)�� ������

5�DQG�5¶�LQGLFHV�>,!�σ �,�@� �������������

5�DQG�5¶�LQGLFHV��DOO�GDWD�� �������������

/DUJHVW�GLII��SHDN�DQG�KROH��Hc−���������DQG�������

7DEOH� ��� 6HOHFWHG� ERQG� GLVWDQFHV� �c�� DQG� DQJOHV� �R�� RI� >1L/�@
�&O2���

1L�1���� ��������� 1L�1���� ��������

1L�1���� ��������� &����1���� ��������

&����1���� ��������� &����1���� ���������

&����&���� ��������� &����&���� ��������

&����&���� ��������� &�����&����� ��������

&����2���� ��������� &����2���� ��������

1����1L�1��¶�� ��������� 1����1L�1��¶�� ��������

1����1L�1���� �������� 1����1L�1���� �������

1����1L�1���� �������� 1����1L�1��¶�� �������

1����&����2���� ��������� 1����&����&���� ���������

2����&����&���� ��������� &����2����&���� ��������

)LJXUH����$Q�257(;�GUDZLQJ�RI�>1L/�@���
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WKDQ�WKH�2����&����&����DQJOH��7KH�1L�1�GLVWDQFHV�>���������
��������� c@� DUH� W\SLFDO� IRU� KLJK�VSLQ� RFWDKHGUDO� QLFNHO�,,�
FRPSOH[HV�ZLWK����PHPEHUHG�WHWUDD]D�PDFURF\FOLF�OLJDQGV�
7KH�1L�1���� �WHUWLDU\�� GLVWDQFH� LV� ORQJHU� WKDQ� WKH�1L�1���
�VHFRQGDU\��GLVWDQFH��DV�XVXDO��2QH�RI�WKH�PRVW�UHPDUNDEOH
VWUXFWXUDO� IHDWXUHV� RI� WKH� FRPSOH[� LV� WKDW� WKH� 1L�1���
�SHQGDQW�DUP��GLVWDQFH�����������c��LV�VLPLODU�WR�WKH�1L�1���
GLVWDQFH�DQG�LV�GLVWLQFWO\�VKRUWHU�WKDQ�WKH�1L�1����GLVWDQFH�
7KLV�LQGLFDWHV�WKDW�WKH�QLWURJHQ�DWRPV�RI�WKH�SHQGDQW�LPLGDWH
HVWHU�JURXSV�DUH�VWURQJO\�ERQGHG�WR� WKH�PHWDO� LRQ��7KH�1L�
1�����SHQGDQW�DUP��GLVWDQFH�LV�DOVR�FRQVLGHUDEO\�VKRUWHU�WKDQ
WKH�D[LDO�1L�2��SHQGDQW�DPLGR�JURXS��GLVWDQFH�����������c�
RI� WKH� WUDQV�RFWDKHGUDO� FRPSOH[� >1L/�@�&O2������� 7KH� 1L�
1����ERQG�LV�QRW�SHUSHQGLFXODU�WR�WKH�LQ�SODQH�1L�1�ERQGV�
WKH�1����1L�1����DQG�1����1L�1����DQJOHV�DUH��������R�DQG
�������R��UHVSHFWLYHO\��
6SHFWUD� DQG� SURSHUWLHV�� 7KH� VSHFWUDO� GDWD� RI� >1L/�@

�&O2����DQG�>&X/�@�&O2�����WRJHWKHU�ZLWK�HOHPHQWDO�DQDO\]HV�
DUH� WKH� VDPH� DV� WKRVH� UHSRUWHG� IRU� WKH� FRUUHVSRQGLQJ
FRPSOH[HV��ZKLFK�KDYH�EHHQ�SUHSDUHG�IURP�WKH�UHDFWLRQ�RI
/��ZLWK�1L�,,��RU�&X�,,��LRQ��WKH�PDFURF\FOH�/��ZDV�V\QWKH�
VL]HG�E\�WKH�UHDFWLRQ�RI�/��ZLWK���FKORURDFHWDPLGH����
�7KH�FRPSOH[HV�>0/@�&O2�����0� �1L�,,��RU�&X�,,���/� �/�

RU�/���DUH�VROXEOH�LQ�'062�EXW�DUH�LQVROXEOH�LQ�ZDWHU�DQG
PHWKDQRO� DW� URRP� WHPSHUDWXUH�� ,Q� WKH� LQIUDUHG� VSHFWUD� RI
>0/�@�&O2�����ν �& 1��RI��&� 1+��20H�JURXSV�LV�REVHUYHG
DW� FD�� ����� FP−��� 7ZR� EDQGV� DW� FD�� ����� DQG� ����� FP−�

FRUUHVSRQGLQJ�WR�ν �1�+��RI�WKH�LPLGDWH�HVWHU�JURXSV�DQG�WKH
VHFRQGDU\� DPLQR�JURXSV� DUH� DOVR�REVHUYHG��7KH� ��&�105
VSHFWUXP� RI� >1L/�@�&O2���� LV� VLPLODU� WR� WKDW� RI� /��� 7KH
HOHFWURQLF� DEVRUSWLRQ� VSHFWUDO� GDWD� RI� WKH� FRPSOH[HV� DUH
VXPPDUL]HG� LQ� 7DEOH� ��� 7KH� VSHFWUXP� RI� >1L/�@�&O2���
PHDVXUHG� LQ�'062�VKRZV�RQH�G�G� WUDQVLWLRQ�EDQG� DW� ���
QP�DQG�LV�FRPSDUDEOH�ZLWK�WKRVH�UHSRUWHG�IRU�VTXDUH�SODQDU
QLFNHO�,,��FRPSOH[HV�RI�/��DQG�RWKHU�UHODWHG�GL�1�DON\ODWHG
���PHPEHUHG�WHWUDD]D�PDFURF\FOHV������7KLV�UHVXOW�DV�ZHOO�DV
WKH�PDJQHWLF�PRPHQW� �������µ%�� LQGLFDWHV� WKDW� WKH� F\DQR�
PHWK\O� JURXSV�RI� >1L/�@�&O2���� DUH�QRW� FRRUGLQDWHG� WR� WKH
PHWDO� LRQ��7KH� VSHFWUD� RI� >1L/�@�&O2���� VKRZ� WKUHH� EDQGV
�����������DQG�����QP��DQG�DUH�FRPSDUDEOH�ZLWK� WKRVH�RI
>1L/�@�&O2���� DQG� RWKHU� UHODWHG� WUDQV�RFWDKHGUDO� QLFNHO�,,�
FRPSOH[HV�������7KH�ZDYHOHQJWK������QP��IRU�>&X/�@�&O2���
PHDVXUHG� LQ� 1XMRO� PXOO� LV� FRPSDUDEOH� ZLWK� WKDW� IRU� WKH

VTXDUH�SODQDU� FRSSHU�,,�� FRPSOH[� >&X/�@�&O2����PHDVXUHG
LQ�QLWURPHWKDQH���LQGLFDWLQJ�WKDW�WKH�F\DQRPHWK\O�JURXSV�DUH
QRW� FRRUGLQDWHG� WR� WKH� PHWDO� LRQ�� ,Q� WKH� VSHFWUD� RI� WKH
FRPSOH[�PHDVXUHG� LQ�'062� DQG� DFHWRQLWULOH�� WKH� EDQG� LV
REVHUYHG�DW�FD������QP��7KH�UHG�VKLIW�LQ�WKH�VROXWLRQV�PD\�EH
UHVXOWHG�IURP�WKH�FRRUGLQDWLRQ�RI�WKH�VROYHQW�PROHFXOH���7KH
VSHFWUD� RI� >&X/�@�&O2���� DUH� DOVR� VLPLODU� WR� WKRVH� RI
>&X/�@�&O2����DQG�RWKHU�UHODWHG�WUDQV�RFWDKHGUDO�FRSSHU�,,�
FRPSOH[HV������

5HDFWLYLW\�RI�WKH�IXQFWLRQDO�SHQGDQW�DUPV��$V�PHQWLRQ�
HG�DERYH��WKH�FRPSOH[HV�>0/�@�&O2�����0� �1L�,,��RU�&X�,,��
UDSLGO\� UHDFW� ZLWK� ERLOLQJ� ZDWHU� RU� PHWKDQRO� WR� SURGXFH
>0/�@�&O2���� RU� >0/�@�&O2����� UHVSHFWLYHO\��:H�H[DPLQHG
WKH�UHDFWLRQV�XQGHU�YDULRXV�FRQGLWLRQV�DW����R&�WR�LQYHVWLJDWH
WKH� IDFWRUV� DIIHFWLQJ� WKH� UHDFWLYLW\� RI� WKH� SHQGDQW� F\DQR�
PHWK\O� JURXSV�� ,W� ZDV� IRXQG� WKDW� WKH� UHDFWLRQ� UDWH� LV
UHODWLYHO\� VORZ� LQ� WKH� DEVHQFH� RI� DQ\� EDVH� DW� ��� R&�� WKH
YLVLEOH� DEVRUSWLRQ� VSHFWUD� RI� >1L/�@�&O2���� ���� × ��−��0�
PHDVXUHG�LQ�ZDWHU�'062��� � ���RU�PHWKDQRO�'062��� � ��
VROXWLRQ� LQGLFDWHG� WKDW� FD�� ���� RU� OHVV� WKDQ� ��� RI� WKH
FRPSOH[�ZDV�FRQYHUWHG�WR�>1L/�@�&O2����RU�>1L/�@�&O2����LQ
��K��,Q�WKH�VROXWLRQV�FRQWDLQLQJ�����GURSV�RI�WULHWK\ODPLQH�
KRZHYHU�� WKH� UHDFWLRQV� ZHUH� FRPSOHWHG� ZLWKLQ� ��� PLQ�� $
VLPLODU� UHVXOW� ZDV� DOVR� REVHUYHG� E\� DGGLWLRQ� RI� 1D2+
LQVWHDG� RI� WULHWK\ODPLQH�� ,W� LV� FOHDU� WKDW� WKH� UHDFWLRQV� DUH
DFFHOHUDWHG�E\�EDVH��DV�XVXDO��2Q�WKH�RWKHU�KDQG��DGGLWLRQ�RI
DQ� DFLG� VXFK� DV� +&O2�� WR� WKH� VROXWLRQV� RI� >0/�@�&O2���
UHWDUGV�WKH�UHDFWLRQV��7KH�VSHFWUD�RI�>1L/�@�&O2�������� × ��−�

0�� PHDVXUHG� LQ� ���� 0� +&O2�� ZDWHU�'062� �� � ��� RU
PHWKDQRO�'062��� � ���VROXWLRQ�VKRZHG�WKDW�RQO\�OHVV�WKDQ
���RU����RI�WKH�FRPSOH[�ZDV�FRQYHUWHG�WR�>1L/�@�&O2����RU
>1L/�@�&O2����LQ����K��,Q�WKH�FDVH�RI�WKH�IUHH�PDFURF\FOH�/��
VXFK�UHDFWLRQV�ZHUH�QRW�REVHUYHG�GXULQJ�VHYHUDO�KRXUV�HYHQ
LQ� ERLOLQJ� DTXHRXV� RU� PHWKDQRO� VROXWLRQV� FRQWDLQLQJ
WULHWK\ODPLQH��FD����� × ��−��0���
$ERYH�UHVXOWV�VKRZ�WKDW�WKH�K\GURO\VLV�DQG�DOFRKRO\VLV�RI

>0/�@�&O2����WDNH�SODFH�HYHQ�XQGHU�WKH�PLOG�FRQGLWLRQV�DQG
DUH� SURPRWHG� E\� WKH� FHQWUDO� PHWDO� LRQ� HYHQ� LI� WKH� F\DQR�
PHWK\O�JURXSV�DUH�QRW�GLUHFWO\�FRRUGLQDWHG�WR�WKH�PHWDO�LRQ�
,W� VKRXOG� EH�PHQWLRQHG� WKDW� WKH� SHQGDQW� DUPV� RI� WKH� SUR�
GXFWV�>0/�@�&O2����DQG�>0/�@�&O2����DUH�FRRUGLQDWHG�WR�WKH
PHWDO� LRQ��7KH� IRUPDWLRQ�RI� WKH� FRRUGLQDWLRQ�ERQGV� LQ� WKH
SURGXFWV�PD\�EH�DQ�LPSRUWDQW�IDFWRU�DIIHFWLQJ�WKH�UHDFWLRQV�
WRJHWKHU� ZLWK� WKH� LQGXFWLYH� HIIHFW� RI� WKH� PHWDO� LRQ� LQ� WKH
UHDFWDQW��������

7KH�LPLGDWH�HVWHU�JURXSV�RI�>1L/�@�&O2����DQG�>&X/�@�&O2���
DUH�H[WUHPHO\�VWDEOH�LQ�DTXHRXV�VROXWLRQV��S+  ������DW�URRP
WHPSHUDWXUH��LQGLFDWLQJ�WKDW�WKH\�DUH�UHVLVWDQW�WR�K\GURO\VLV�
7KLV�ZDV�DOVR�DVVLVWHG�E\�WKH�IDFW�WKDW�WKH�FRPSOH[HV�FDQ�EH
UHFU\VWDOOL]HG� IURP� KRW� +&O2�� �����0�� RU� 1D2+� �����0�
VROXWLRQV�ZLWKRXW� DQ\� FRQVLGHUDEOH� K\GURO\VLV�� 6XFK� EHKD�
YLRU�LV�LQ�VKDUS�FRQWUDVW�WR�WKH�JHQHUDOO\�REVHUYHG�WUHQG�WKDW
PRVW� FRRUGLQDWHG� RU� XQFRRUGLQDWHG� LPLGDWH� HVWHUV� UHDGLO\
UHDFW�ZLWK�ZDWHU�HYHQ�DW�URRP�WHPSHUDWXUH�WR�JLYH�RUGLQDU\
HVWHUV�RU�DPLGHV�������)RU�LQVWDQFH��WKH�FRPSOH[�>1L/�1+� 
&�25�5�@&O2���/� �D�WULGHQWDWH�DQLRQ��5� �0H�RU�(W��5� 
0H� RU� (W��� ZKLFK� FDQ� EH� SUHSDUHG� E\� WKH� DOFRKRO\VLV� RI

7DEOH����(OHFWURQLF�DEVRUSWLRQ�VSHFWUD�RI�WKH�1LFNHO�,,��FRPSOH[HVD

&RPSOH[� λPD[��QP��ε��0−�FP−��

>1L/�@�&O2���E� �������F

>1L/�@�&O2���� ��������

>1L/�@�&O2���� ��������� �������� ����VK�G

>1L/�@�&O2���H� ��������

>&X/�@�&O2���E� ��������F

>&X/�@�&O2���� ��������� ��������F� ����I

>&X/�@�&O2���� ��������� ��������J

>&X/�@�&O2���H� ��������� ��������F�
D,Q�'062� VROXWLRQ� DW� ���R&� XQOHVV� RWKHUZLVH� VSHFLILHG��E5HI�� ���� F,Q
DFHWRQLWULOH��GVK� �VKRXOGHU��H5HI�����I,Q�1XMRO�PXOO��J,Q�QLWURPHWKDQH�
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>1L/�1&5�@&O2��� LV� VWDEOH� LQ� GU\� 52+� EXW� LV� UDSLGO\
K\GURO\]HG�WR�SURGXFH�WKH�DPLGR�FRPSOH[�>1L/�1+�&25�@�
&O2��LI�WKH�VROYHQW�LV�ZHW����7KH�FRSSHU�,,��FRPSOH[�>&X/��@���
LQ�ZKLFK�WKH�PHWKR[\�JURXS�LV�DWWDFKHG�WR�WKH�LPLQR�JURXS
RI� WKH� PDFURF\FOH�� LV� DOVR� UHDGLO\� K\GURO\]HG� LQ� EDVLF
PHGLD����7R�RXU�NQRZOHGJH��>1L/�@�&O2����DQG�>&X/�@�&O2���
DUH�UDUH�H[DPSOHV�RI����PHPEHUHG�WHWUDD]D�PDFURF\OLF�FRP�
SOH[HV� FRQWDLQLQJ� SHQGDQW� LPLGDWH� HVWHU� JURXSV��ZKLFK� DUH
UHVLVWDQW�WR�DFLG�DQG�EDVH�K\GURO\VLV��2QH�RI�WKH�UHDVRQV�IRU
WKH� LQHUWQHVV� RI� WKH� FRPSOH[HV� PD\� EH� WKH� VWURQJ� 0�1
�LPLGDWH�HVWHU�JURXS��ERQG��

&RQFOXVLRQV

1HZ�GL�1�F\DQRPHWK\ODWHG�WHWUDD]D�PDFURF\FOLF�QLFNHO�,,�
DQG�FRSSHU�,,��FRPSOH[HV�>0/�@���KDYH�EHHQ�SUHSDUHG��7KLV
ZRUN� VKRZV� WKDW� WKH� FRPSOH[HV� >0/�@���DQG� >0/�@��� FRQ�
WDLQLQJ� DPLGH� RU� LPLGDWH� HVWHU� JURXSV� FDQ� EH� SUHSDUHG
VHOHFWLYHO\�E\�WKH�PHWDO�SURPRWHG�K\GURO\VLV�RU�DOFRKRO\VLV
RI�>0/�@���XQGHU�PLOG�FRQGLWLRQV��7KH�SHQGDQW�LPLGDWH�HVWHU
JURXSV�RI�>1L/�@���DQG�>&X/�@���DUH�VWURQJO\�FRRUGLQDWHG�WR
WKH�PHWDO� LRQ� DQG� DUH� XQXVXDOO\� UHVLVWDQW� WR� DFLG� DQG� EDVH
K\GURO\VLV��
$FNQRZOHGJPHQW��7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�JUDQW

RI�'DHJX�8QLYHUVLW\��������
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