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JDGROLQLXP� DONDQRDWHV�� 7KH� QHJDWLYH� HIIHFW� RI� *G� VDOWV� RQ� PHVRSKDVH� WKHUPDO� VWDELOLW\
LQFUHDVHG� LQ� WKH� RUGHU� VWHDUDWH� �� XQGHFDQRDWH� �� ��HWK\OKH[DQRDWH�� ZLWK� JDGROLQLXP�FRQ�
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5HFHQWO\� DQ� LQFUHDVHG� LQWHUHVW� KDV� EHHQ
QRWHG� LQ�FRQGHQVHG�SKDVHV�IRUPHG�E\�PHWDO
DONDQRDWHV��7KHVH�VXEVWDQFHV�FDQ�IRUP�ERWK
WKHUPRWURSLF� DQG� O\RWURSLF� PHVRSKDVHV�
/DQJPXLU�%ORGJHWW��/%��ILOPV��LVRWURSLF�DQG
PHVRPRUSKLF� JODVVHV��ZKLFK� FDQ� EH�XVHG� DV
PDWHULDOV� IRU� QRQ�OLQHDU� RSWLFV�� PHGLD� IRU
VWDELOL]DWLRQ�RI�QDQRSDUWLFOHV��HWF��>�Ü�@���

6\VWHPDWLF�VWXGLHV�RI�WKHUPRWURSLF�OLTXLG
FU\VWDOV� IRUPHG� E\� PHWDO� DONDQRDWHV� DQG
WKHLU� ELQDU\� PL[WXUHV� ZHUH� FDUULHG� RXW� E\
0LUQD\D� H�D�� >�Ü�@� DQG� %LQQHPDQV� H�D�� >��
�Ü��@�� ,Q� WKHVH� ZRUNV�� WKH� HIIHFWV� RI� XQL��
EL�� DQG� WULYDOHQW� PHWDO� LRQV�� DV� ZHOO� DV
VKRUWHU�DQG�ORQJHU�DON\O�FKDLQV��XSRQ�PHVR�
SKDVH�IRUPDWLRQ�KDYH�EHHQ�WKRURXJKO\�VWXG�
LHG�� $� VSHFLDO� LQWHUHVW� ZDV� QRWHG� IRU� DO�
NDQRDWHV� RI� UDUH�HDUWK� �5(�� PHWDOV�� ZKHUH
WKH� FRPELQDWLRQ� RI� RSWLFR�OXPLQHVFHQW� DQG

PDJQHWLF� SURSHUWLHV� RI� I�HOHPHQWV� ZLWK� OLT�
XLG�FU\VWDOOLQH�VXSUDPROHFXODU�RUGHULQJ�FDQ
DOORZ� FUHDWLRQ� RI� IXQFWLRQDO�PDWHULDOV� ZLWK
XQLTXH�SK\VLFDO�SURSHUWLHV�>��������@�

6WXGLHV� RI� PHVRPRUSKLF� SURSHUWLHV� RI
ODQWKDQLGH�DONDQRDWHV�KDYH�EHHQ�UHYLHZHG�LQ
>�@��7KH�FKDUDFWHULVWLF� OLTXLG�FU\VWDOOLQH�RU�
GHULQJ� LV� RI� VPHFWLF�$� �6P$�� W\SH�� 7KH
PDMRU� IDFWRUV� DIIHFWLQJ� WKH� PHVRPRUSKLF
SURSHUWLHV�DUH�WKH�5(�LRQ�VL]H�DQG�WKH�DON\O
FKDLQ� OHQJWK�� 7KH� OLTXLG� FU\VWDO� IRUPDWLRQ
LV�VXSSUHVVHG�ZLWK�KHDYLHU�5(�LRQV��WKXV��LQ
WKH�GRGHFDQRDWH�VHULHV��RQO\�/D����&H����3U��
DQG� 1G��� VDOWV� DSSHDU� WR� EH� PHVRPRUSKLF
>�@�� 1R� GDWD� KDYH� EHHQ� IRXQG� IRU� JDGROLQ�
LXP�VDOWV��ZKLFK��DFFRUGLQJ� WR�JHQHUDO� FRQ�
VLGHUDWLRQV��DUH�QRW�H[SHFWHG�WR�IRUP�PHVR�
SKDVHV�DV�LQGLYLGXDO�FRPSRXQGV�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

��� )XQFWLRQDO�PDWHULDOV�������������



*DGROLQLXP�LV�D�YHU\�LQWHUHVWLQJ�HOHPHQW
IURP� WKH� YLHZSRLQW� RI� SRVVLEOH� DSSOLFDWLRQV
GXH�WR�LWV�LQWULQVLF�PDJQHWLF�PRPHQW��ODUJH
QHXWURQ�FDSWXUH�FURVV�VHFWLRQ�� DQG� OXPLQHV�
FHQW� SURSHUWLHV�� 7KH� XVH� RI� JDGROLQLXP� DO�
NDQRDWHV� LQ� OLTXLG� RUJDQLF� VFLQWLOODWRUV� IRU
QHXWURQ� GHWHFWLRQ� KDV� EHHQ� UHSRUWHG� >��@�
(YHQ� PRUH� SURPLVLQJ� FDQ� EH� JDGROLQLXP�
FRQWDLQLQJ�DQLVRWURSLF�PHGLD��WKXV��JDGROLQ�
LXP� VWHDUDWH� /%� ILOPV� ZHUH� FRQVLGHUHG� DV
WZR�GLPHQVLRQDO�PDJQHWLFV�>��@��,W�KDV�EHHQ
DOVR� NQRZQ� WKDW�PHVRPRUSKLF� SURSHUWLHV� RI
5(�DONDQRDWHV�FDQ�EH�HQKDQFHG�E\�XVLQJ�EL�
QDU\�V\VWHPV�RI��PHVRJHQ�Û�QRQ�PHVRJHQ�
W\SH�>��@�

7KH�DLP�RI�WKH�SUHVHQW�ZRUN�ZDV�WR�RXW�
OLQH�WKH�ZD\�IRU�SUHSDUDWLRQ�RI�JDGROLQLXP�
FRQWDLQLQJ� PHVRSKDVHV� ZLWK� VXIILFLHQWO\
EURDG� WHPSHUDWXUH� UDQJHV� DQG�KLJK�FRQFHQ�
WUDWLRQ� RI� JDGROLQLXP� LQ� PHWDO� DONDQRDWH
PL[WXUHV��:H�XVHG�OHDG�GHFDQRDWH�DV�D�EDVLF
�PDWUL[�� FRPSRXQG� RI� WKHVH� PL[WXUHV�� GXH
WR� LWV� EURDG� PHVRPRUSKLF� UDQJH�� UHODWLYHO\
ORZ� WHPSHUDWXUH� RI� OLTXLG� FU\VWDO� Û� LVR�
WURSLF� WUDQVLWLRQ�� DQG� JRRG� VROYHQW� SURSHU�
WLHV� ZLWK� UHVSHFW� WR� PDQ\� PHVRJHQV� DQG
QRQ�PHVRJHQV� RI� GLIIHUHQW� FKHPLFDO� FODVVHV
>��@�� $OVR�� ELQDU\� V\VWHPV� RI� PHWDO� DO�
NDQRDWHV� RI� GLIIHUHQW� YDOHQFH� �LQ� RXU� FDVH�
3E���DQG�*G����FRXOG�EH�H[SHFWHG�WR�VKRZ�D
WHQGHQF\� WR� JODVV� IRUPDWLRQ� >��@�� ZKLFK
FRXOG�UHVXOW�LQ�SUHSDUDWLRQ�RI�5(�FRQWDLQLQJ
DQLVRWURSLF�RUJDQLF�JODVVHV�

,Q�RXU�H[SHULPHQWV��WHPSHUDWXUHV�DQG�HQ�
WKDOSLHV� RI� SKDVH� WUDQVLWLRQV� ZHUH� GHWHU�
PLQHG�XVLQJ�D�0HWWOHU�7$������WKHUPRDQD�

O\WLFDO� V\VWHP� XQGHU� DUJRQ� IORZ� ERWK� RQ
KHDWLQJ�DQG�FRROLQJ��ZLWK�WHPSHUDWXUH�VFDQ�
QLQJ�UDWH�RI���.�PLQ�

7KH� OHDG� GHFDQRDWH� �3E&���� VDPSOH� ZDV
WKH�VDPH�DV�XVHG�LQ�RXU�SUHYLRXV�ZRUN�>��@�
LWV� PHDVXUHG� SKDVH� WUDQVLWLRQV� ZHUH
&U��o������&�o�&U��o������&�o�6P$�o�
������&�o�,�� ZKLFK� ZDV� LQ� JRRG� DJUHHPHQW
ZLWK�WKH�OLWHUDWXUH�GDWD�>������@��

*DGROLQLXP�VWHDUDWH� �*G&����ZDV�V\QWKH�VL]HG�IURP�IUHVKO\�SUHSDUHG�DPRUSKRXV�JDG�
ROLQLXP� K\GUR[LGH� LQ� LVRSURSDQRO�WROXHQH
VROYHQW��7KH�WHPSHUDWXUH�ZDV�LQFUHDVHG�IURP
���&�WR����Ü����&��DQG�RFWDGHFDQRLF�DFLG�ZDV
DGGHG�GURSZLVH��ZLWK�WKH�UHDFWLRQ�ZDWHU�FRQ�
WLQXRXVO\� UHPRYHG�� *DGROLQLXP� ��HWK\O� KH[�
DQRDWH� �*G&������ ZDV� V\QWKHVL]HG� LQ� D� VLPL�
ODU�ZD\��XVLQJ�HWK\OKH[DQRLF�DFLG��

*DGROLQLXP�XQGHFDQRDWH� �*G&����ZDV�RE�WDLQHG� IURP� IUHVKO\� SUHSDUHG� VRGLXP�XQGH�
FDQRDWH� DQG�ZDWHU�IUHH� JDGROLQLXP� FKORULGH
LQ�WROXHQH�DW�URRP�WHPSHUDWXUH�XQGHU�DUJRQ
IORZ���

$OO� WKH� HVWHUV� REWDLQHG�ZHUH� SXULILHG� E\
UHFU\VWDOOL]DWLRQ�IURP�KH[DQH��WKH�PHDVXUHG
PHOWLQJ� WHPSHUDWXUHV� ZHUH�� UHVSHFWLYHO\�
�����&� �*G&����� ������&� �*G&������� DQG
������&� �*G&����� $V� LW� FRXOG� EH� H[SHFWHG�QR�PHVRSKDVH�IRUPDWLRQ�ZDV�QRWHG��

7KH�SKDVH�GLDJUDP�RI� WKH� ELQDU\� V\VWHP
3E&���*G&���LV�VKRZQ�LQ�)LJ�����7KH�OLTXLGFU\VWDO�SKDVH�SHUVLVWHG�XS�WR�a�����*G&���8S� WR� a������ JDGROLQLXP� VWHDUDWH� GLG� QRW
FDXVH�QDUURZLQJ�RI�WKH�PHVRSKDVH�WHPSHUD�
WXUH� UDQJH�� DOO� SKDVH� WUDQVLWLRQ� WHPSHUD�
WXUHV� ZHUH� PRQRWRQRXVO\� GHFUHDVLQJ�� 7KH
VWURQJHVW�VXSSUHVVLRQ�RI�WKH�&U��o�6P$�DQG
6P$�o�,� WUDQVLWLRQ� WHPSHUDWXUHV� �a��� .�

)LJ����� 3KDVH� WUDQVLWLRQ� WHPSHUDWXUHV� LQ
3E&���*G&��� ELQDU\� V\VWHP�� ,� Û� LVRWURSLF
SKDVH�� 6P$� Û� VPHFWLF�$�� &U�� DQG� &U�� Û
VROLG� FU\VWDO� SKDVHV�� 6ROLG� OLQHV� Ü� KHDWLQJ�
GDVKHG�OLQHV�Û�FRROLQJ�

)LJ����� 3KDVH� WUDQVLWLRQ� WHPSHUDWXUHV� LQ
3E&���*G&��� ELQDU\� V\VWHP�� 1RWDWLRQ� V\P�EROV�DUH�VLPLODU�WR�)LJ����
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ZDV� QRWHG� IRU� ��� �� RI�*G&��� LQ� OHDG� GH�FDQRDWH��:LWK�JDGROLQLXP�XQGHFDQRDWH�� WKH
JHQHUDO�SLFWXUH�ZDV�VLPLODU��)LJ������WKRXJK
WKH�PHVRSKDVH�UDQJH�EHFDPH�QRWLFHDEO\�QDU�
URZHU� DW� a��� ��� ZKHUH� WKH� ZLGHQLQJ� FDO�
RULPHWULF�SHDNV�EHFDPH�VPHDUHG�

8QOLNH� *G&��� DQG� *G&���� WKH� VKRUW�FKDLQHG� DQG� EUDQFKHG� JDGROLQLXP� ��HWK\O�
KH[DQRDWH� VKRZHG� PXFK� ZRUVH� VROXELOLW\
LQ� WKH� 3E&��� PHVRSKDVH� Û� XS� WR� �� �� �
�)LJ������7KLV�FRXOG�EH�H[SHFWHG��VLQFH�JDG�
ROLQLXP���HWK\OKH[DQRDWH�PROHFXOHV��GXH�WR
WKHLU� VKDSH�� FRXOG� QRW� EH� LQFRUSRUDWHG� LQWR
VPHFWLF� OD\HUV� RI� WKH� PDWUL[� ZLWKRXW� GLV�
UXSWLQJ�RI�WKH�DON\O�FKDLQV�SDFNLQJ��

:LWK� ORQJHU�DON\O�FKDLQV��WKH�GHSUHVVLRQ
UDWH�RI�WKH�OLTXLG�FU\VWDO�Ü�LVRWURSLF�WUDQVL�
WLRQ� WHPSHUDWXUH� 7L� LV� GHFUHDVLQJ�� )RU� LQ�LWLDO� VHJPHQWV�RI�SORWV� LQ�)LJ�����ZKHUH� WKH
GHSHQGHQFH� RI�7L� RQ� FRQFHQWUDWLRQ� F� LV� OLQ�HDU��WKH�YDOXHV�RI�G7L�GF� IRU�*G&����*G&��DQG� *G&����� DUH� ���� .���� ���� .��� DQG
����.���� UHVSHFWLYHO\�� )RU� WKH�&U��o�6P$
WUDQVLWLRQ�� WKH� YDOXHV� RI� G7F�GF� DUH� ORZHUDQG� FORVH� IRU� DOO� WKUHH� JDGROLQLXP� DO�
NDQRDWHV��a����.�����

)XUWKHU� EURDGHQLQJ� RI� WKH� PHVRSKDVH
UDQJH� DQG� LWV� VKLIW� WR� ORZHU� WHPSHUDWXUHV
FDQ�EH�DFKLHYHG�E\�XVLQJ�WHUQDU\�PL[WXUHV�
H�J��� 3E&�����*G&�����*G&���� � $GGLWLRQ� RI�� �� *G&��� WR� WKH� 3E&���*G&��� PL[WXUH
ZLWK� ��� �� *G&��� �)LJ����� ORZHUV� 7L� E\����&� �IURP� ����� WR� �����&��� DQG�7V�Û� E\
����&��IURP������WR������&���EURDGHQLQJ�WKH
PHVRSKDVH�UDQJH�E\�����&����

7KXV��ZH�KDYH�GHPRQVWUDWHG�D�SRVVLELOLW\
WR�REWDLQ�VXIILFLHQWO\�VWDEOH�JDGROLQLXP�FRQ�
WDLQLQJ� PHVRSKDVHV� E\� LQFRUSRUDWLQJ� JDG�

ROLQLXP� DONDQRDWHV� LQWR� PL[WXUHV� EDVHG� RQ
OHDG�GHFDQRDWH��)RU�VXFK�V\VWHPV��WKH�HIIHFW
RI� DON\O� FKDLQ� RQ� WKH�PD[LPXP� FRQWHQW� RI
JDGROLQLXP�LRQV�LQ�WKH�PHVRSKDVH�DQG�RQ�LWV
WKHUPDO�VWDELOLW\�KDYH�EHHQ�GHWHUPLQHG��DQG
ZD\V�IRU�LPSURYHPHQW�RI�PHVRPRUSKLF�FKDU�
DFWHULVWLFV�DUH�RXWOLQHG�

5HIHUHQFHV
� ���.�%LQQHPDQV��&KHP��5HY��������������������
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� ���7�$�0LUQD\D��'�9�%\OLQD��6�9�9RONRY��HW�DO���LQ�

0ROWHQ�6DOWV�&KHPLVWU\�DQG�7HFKQRORJ\��06���
HG�� 3�7D[LO�� 3XEO��8QLYHUVLWDLUH� 3DXO� 6DEDWLHU�
7RXORXVH��)UDQFH���������S�����

� ���7�$�0LUQD\D�� 9�'�3ULV\D]KQ\L�� 9�'�6KFKHU�
EDNRY��8VSHNKL�.KLPLL�����������������
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����������
� ���.�%LQQHPDQV�� /�-RQJHQ�� &�*RUOOHU�:DUODQG�

3K\V��&KHP��&KHP��3K\V������������������
����.�%LQQHPDQV�� /�-RQJHQ�� &�*RUOOHU�:DUODQG�

HW� DO��� (XURSHDQ� -��,QRUJ��&KHP��� ���� ����
�������

����.�%LQQHPDQV�� /�-RQJHQ�� *�0H\HU�� '�+LQ]�
&KHP��0DW�������������������

����+�/L�� :�%X�� :�4L�� /�:X�� -��3K\V��&KHP��%�
�������������������

����3�.�/LJKWIRRW�� 9�$�.XGU\DYWVHY�� 1�-�&�6SRRQHU
HW�DO���1XFO��,QVWU��DQG� 0HWK��LQ� 3K\V�� 5HV�� $�
����������������

)LJ����� 3KDVH� WUDQVLWLRQ� WHPSHUDWXUHV� LQ
3E&���*G&����� ELQDU\� V\VWHP��1RWDWLRQ� V\P�EROV�DUH�VLPLODU�WR�)LJ����

)LJ����� ,VRWURSLF� WUDQVLWLRQ� WHPSHUDWXUHV� LQ
ELQDU\� V\VWHPV� EDVHG� RQ� OHDG� GHFDQRDWH� DV
IXQFWLRQ� RI� JDGROLQLXP� DONDQRDWH� FRQFHQWUD�
WLRQ����Û�*G&������Û�*G&������Û�*G&�����

/�1�=DYRUD�HW�DO����/LTXLG�FU\VWDO�IRUPDWLRQ�LQ����
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����� (�.�.RY\HY�� 6�1�3RO\DNRY�� $�0�7LVKLQ�
7�9�<XURYD��*�%�.KRPXWRY��.ULVWDOORJUDIL\D�
���������������

����7�$�0LUQD\D��/�1�/LVHWVNL��9�'�3DQLNDUVND\D�
1�$�.LUHHYD��8NU��.KLP��=K�����������������

����7�$�0LUQD\D��*�*�<DUHPFKXN��9�6�'UDGUDNK�
6�9�9RONRY��=K��1HRUJ��.KLPLL�����������������

����+�$�(OOLV�� 0RO��&U\VW��/LT��&U\VW��� ����� ���
�������

����7�$�0LUQD\D�� *�*�<DUHPFKXN�� 9�$�3HVKNRY�
6�9�9RONRY��8NU��.KLP��=K�����������������
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