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&RPSXWHU�VLPXODWLRQ�RI�VWDJHV�RI�JODVV�PDQXIDFWXULQJ�KDV�D�IDLU�FKDQFH�WR�EHFRPH�D�SRZHUIXO�WRRO�IRU�

RSWLPL]DWLRQ�RI�PHOWLQJ��IRUPLQJ��DQQHDOLQJ��DQG�WHPSHULQJ�RSHUDWLRQV��0RGHOLQJ�RI�KHDW�WUDQVIHU�LQ�PROWHQ�

JODVVHV�LV�DQ�LPSRUWDQW�SDUW�RI�FRPSXWHU�VLPXODWLRQ�SURJUDPV��2QH�RI�WKH�ELJJHVW�SUREOHPV�LV�FRPSXWDWLRQ�

RI�UDGLDWLYH�SDUW�RI�KHDW�WUDQVIHU��)RU�VXFFHVVIXO�VROXWLRQ�RI�WKLV�SUREOHP�FRUUHFW�PDWKHPDWLFDO�GHVFULSWLRQ�

RI� WUDQVSRUW� RI� UDGLDWLRQ� DQG� GHSHQGDEOH� H[SHULPHQWDO� GDWD� RQ� RSWLFDO� DQG� WKHUPDO� FKDUDFWHULVWLFV� RI� DOO�

REMHFWV�FRQWULEXWLQJ�LQ�KHDW�H[FKDQJH�E\�UDGLDWLRQ�DUH�UHTXLUHG��$EVRUSWLRQ�VSHFWUD�RI�PROWHQ�JODVVHV��DQG�

HPLVVLRQ� VSHFWUD� RI� FHUDPLFV� DQG�PHWDOV� DUH� WKH�PRVW� LPSRUWDQW� RQHV�� ,Q� VRPH� FDVHV� GDWD� RQ� UHIOHFWLRQ�

VSHFWUD�RI�JODVVHV�DQG�PHWDOV�DUH�QHHGHG��7DNLQJ�LQWR�DFFRXQW�QHFHVVLW\�RI�FRPSXWDWLRQ�RI�KHDW�H[FKDQJH�LQ�

PROWHQ� JODVVHV� FRQWDLQLQJ� LQFOXVLRQV� �EXEEOHV�� VHHGV�DQG�SDUWLFOHV�� DQG� DW� JODVV�UHIUDFWRU\�RU� JODVV�PHWDO�

LQWHUIDFHV�RQH�VKRXOG�EH�DEOH�WR�VWXG\�WKHVH�FRPSRXQG�VXEMHFWV�DV�ZHOO���

,Q�����������LQ�WKH�/DERUDWRU\�RI�*ODVV�3URSHUWLHV�XQGHU�VXSSRUW�RI�WKH�&HQWHU�IRU�*ODVV�5HVHDUFK�DW�

$OIUHG�8QLYHUVLW\� �$OIUHG��1<��GHYHORSPHQW�RI�PHWKRG�RI�PHDVXUHPHQW�RI�DEVRUSWLRQ�VSHFWUD�RI�PROWHQ�

JODVVHV� KDG� EHHQ� SHUIRUPHG�� ,Q� ���������� WKH� GHYLFHV� DQG� PHWKRGV� ZHUH� LPSURYHG� LQ� RUGHU� WR� VWXG\�

JODVVHV�� ZKLFK� DUH� VXEMHFWV� WR� LUUHYHUVLEOH� FKDQJHV� DW� KLJK� WHPSHUDWXUHV�� 5HDO�WLPH� YLGHR�PRQLWRULQJ� RI�

FU\VWDOOL]DWLRQ�DQG�EXEEOHV�IRUPDWLRQ�LQ�WKH�FRXUVH�RI�UHJLVWUDWLRQ�RI�KLJK�WHPSHUDWXUH�VSHFWUD�RI�WKH�PROWHQ�

JODVV�ZDV�DSSOLHG�DW�WKH�ILUVW�WLPH���

,Q�WKLV�DUWLFOH�D�QHZ�GHVLJQ�RI�H[SHULPHQWDO�IDFLOLW\��ZKLFK�DOORZV�VWXG\LQJ�GLIIHUHQW�W\SHV�RI�VSHFWUD�

RI�ERWK� VHPL�WUDQVSDUHQW� DQG�RSDTXH�PDWHULDOV�� FRQWURO� DQG� UHJLVWHU�GLIIHUHQW�SK\VLFR�FKHPLFDO� SURFHVVHV�

WDNLQJ�SODFH�LQ�PROWHQ�JODVVHV�DQG�FRQWDFW�LQWHUIDFHV��LV�GHVFULEHG���

�

,QWURGXFWLRQ�

7KH�SXUSRVH�RI�WKLV�SDSHU�LV�WR�DFTXDLQW�WKH�VSHFLDOLVWV�ZRUNLQJ�LQ�PDWHULDO�VFLHQFH�ZLWK�
RXU� DSSURDFK� WR� H[SHULPHQWDO� VWXGLHV� RI� RSWLFDO� SURSHUWLHV� LQ� LQIUDUHG� UDQJH� �DEVRUSWLRQ��
HPLVVLRQ�� DQG� UHIOHFWLRQ� VSHFWUD�� YLGHR�PRQLWRULQJ���'HSHQGDEOH�GDWD� RQ�KLJK�WHPSHUDWXUH�
RSWLFDO� SURSHUWLHV� RI� JODVVHV� DQG� RWKHU� PDWHULDOV� �FHUDPLFV�� PHWDO�� HWF��� XVHG� DW� JODVV�
PDQXIDFWXULQJ�DUH�UHTXLUHG�IRU�VXFFHVVIXO�FRPSXWHU�PRGHOLQJ�RI�JODVV�PHOWLQJ��IRUPLQJ��DQG�
DQQHDOLQJ�RSHUDWLRQV��,Q�WKH�SUHVHQW�SDSHU�ZH�WULHG�WR�GHVFULEH�EULHIO\�H[SHULPHQWDO�GHYLFHV�
XVHG� IRU�REWDLQLQJ�RSWLFDO� FKDUDFWHULVWLFV�RI� JODVVHV� DQG�PHOWV� HVVHQWLDO� IRU� FRPSXWDWLRQ�RI�
UDGLDWLYH� KHDW� WUDQVIHU�� 6RPH� PHWKRGV� PHQWLRQHG� LQ� WKLV� DUWLFOH� ZHUH� UHFHQWO\� GHYHORSHG�
VSHFLDOO\�IRU�WKH�VWXGLHV�RI�GLIIHUHQW�HQJLQHHULQJ�PDWHULDOV�SOD\LQJ�LPSRUWDQW�UROH�LQ�WKH�KHDW�
H[FKDQJH�ZLWK�PROWHQ�JODVVHV�LQ�WKH�FRXUVH�RI�JODVV�IXVLRQ�DQG�SURFHVVLQJ������

$EVRUSWLRQ�VSHFWUD�

)RU�FRPSXWDWLRQ�RI�KHDW�WUDQVIHU�ZLWKLQ�WKH�V\VWHP�FRQWDLQLQJ�VHPL�WUDQVSDUHQW�REMHFWV�
RQH� QHHGV� H[SHULPHQWDO� GDWD� RQ� RSWLFDO� DEVRUSWLRQ� RI� WKLV� REMHFW� ZLWKLQ� LQIUDUHG� UDQJH�
UHJDUGOHVV� RI� PDWKHPDWLFDO� DSSURDFK� XVHG� IRU� WKHUPDSK\VLF� FDOFXODWLRQV�� (TXDWLRQ� RI�
WUDQVSRUW�RI�UDGLDWLRQ��DFFXUDWH�VROXWLRQ��DQG�DSSUR[LPDWLRQ�RI�GLIIXVLRQ�RI�UDGLDWLRQ�UHTXLUH�
GLUHFW� LQSXW� RI� DEVRUSWLRQ� VSHFWUD�� ZKHUHDV� 5RVVHODQG� DQG�05&$� DSSUR[LPDWLRQV� RI� XVH�

YDOXHV�RI�λλλλU��UDGLDWLYH�FRQGXFWLYLW\��DQG�ε ε ε ε �HPLVVLYLW\��GHWHUPLQHG�IURP�WKH�VSHFWUD��7KXV�IRU�



GHWHUPLQDWLRQ� RI� WHPSHUDWXUH� GLVWULEXWLRQ� ZLWKLQ� WKH� EXON� RI� JODVV� PDVV� RU� JODVV� DUWLFOHV�
GXULQJ�PHOWLQJ�RU�IRUPLQJ�RQH�QHHG�WR�KDYH�LWV�DEVRUSWLRQ�VSHFWUD�PHDVXUHG�ZLWKLQ�D�ZLGH�
WHPSHUDWXUH�UDQJH���

$IWHU� D� WKRURXJK� VWXG\� RI� SXEOLFDWLRQV� RQ� KLJK�WHPSHUDWXUH� DEVRUSWLRQ� VSHFWUD� RI�PROWHQ�
JODVVHV� ZH� FDPH� WR� WKH� FRQFOXVLRQ� WKDW� DPRQJ� WKH� PHWKRGV� GHVFULEHG� LQ� WKH� OLWHUDWXUH�
VRXUFHV� QRQH� FDQ� EH� WDNHQ� DV� D� SURWRW\SH� IRU� GHYHORSPHQW� RI� VLPSOH� DQG� GHSHQGDEOH�
PHWKRG��2XU�DQDO\VLV�RI�VRPH�UHVXOWV�SXEOLVKHG�LQ������²������LV�JLYHQ�LQ�����

:H�KDYH�GHYHORSHG�H[SHULPHQWDO�GHYLFHV�DQG�PHWKRG��ZKLFK�DOORZHG�REWDLQLQJ�WHPSHUDWXUH�
GHSHQGHQFH�RI�LQIUDUHG�DEVRUSWLRQ�VSHFWUD�RI�JODVVHV�DQG�PHOWV�ZLWKLQ�D�EURDG�WHPSHUDWXUH�
UDQJH� ���� ±� ����R&��� 7KLV� PHWKRG� EDVHG� RQ� VWHS�E\�VWHS� PHDVXUHPHQWV� RI� FKDQJHV� RI�
DEVRUSWLRQ�FRHIILFLHQWV�FDXVHG�E\�WKH�WHPSHUDWXUH�LQFUHDVH�LV�GHVFULEHG�LQ�GHWDLO�LQ�����

*HQHUDO� VFKHPH� RI� KLJK�WHPSHUDWXUH� VSHFWURSKRWRPHWHU� LV� SUHVHQWHG� LQ� )LJ�� ��� +LJK�
LOOXPLQDWLRQ�RI�WKH�GHYLFH�RSWLFDO� V\VWHP�DOORZV�PHDVXULQJ�VDPSOHV�KDYLQJ�RSWLFDO�GHQVLWLHV�
'� XS� WR� ����� 1DUURZ�DQJOH� OLJKW� EHDP� WUDQVPLWWHG� WKURXJK� WKH� VDPSOH� FKDPEHU� PDNHV�
SRVVLEOH� SUHFLVH� PHDVXUHPHQWV� RI� WKLFN� �XS� WR� ���� PP�� VSHFLPHQV� RI� KLJKO\� WUDQVSDUHQW�
JODVVHV����

��

�

)LJ�����*HQHUDO�VFKHPH�RI�KLJK�WHPSHUDWXUH�VSHFWURSKRWRPHWHU��

�� �� OLJKW� VRXUFH�� �� �� PHFKDQLFDO� LQWHUUXSWHU�� �� �� IXUQDFH�� �� �� WKHUPRFRXSOH�� �� �� FHOO�������������

����OLJKW�ILOWHUV�WXUUHW������PRQRFKURPDWRU������GHWHFWRU�FHOO������IODW�DQG�SDUDEROLF�PLUURUV�����

�����FRQWURO�XQLW�������3&�����±�VWDELOL]HG�SRZHU�VXSSO\��

8VLQJ� QDUURZ�DQJOH� �VLQJOH�� EHDP� RSWLFDO� VFKHPH� WKUHH� GHYLFHV� �6)������/*3�� 6)������
/*3� DQG� 6)������/*3�� ZHUH� EXLOW�� 5HFHQWO\� WKH� VSHFWURSKRWRPHWHUV� ZHUH� VXSSOLHG� ZLWK�
SURJUDPPDEOH� DOO�LQ�RQH� SRUWDEOH� FRQWURO� XQLWV� RI� D� QHZ� JHQHUDWLRQ� ����� ZLWK� EXLOW�LQ�
PXOWLGLJLW� $'� FRQYHUWHUV�� &RPELQDWLRQ� RI� DGYDQFHG� KDUGZDUH� DQG� SRZHUIXO� VRIWZDUH� �DOO�
GHYHORSHG� E\� /*3� VSHFLDOLVWV�� DOORZHG� VHWWLQJ� FRPSOLFDWHG� WLPH�WHPSHUDWXUH� UHJLPHV� RI�
UHJLVWUDWLRQ� RI� VSHFWUD�� 6HOHFWLRQ� RI� WKH� UHJLPHV� RI�PHDVXUHPHQWV� LV�PDGH� RQ� WKH� EDVH� RI�
SUHOLPLQDU\�VWXG\�RI�KLJK�WHPSHUDWXUH�EHKDYLRU�RI�WKH�VWXGLHG�JODVV�E\�XVLQJ�VSHFWURYLVLRQ�
WHFKQLTXH� �VHH�EHORZ� LQ� WKH� WH[W��� ,W�KHOSHG� WR� LQFUHDVH� UHSURGXFLELOLW\�RI�PHDVXUHPHQWV�RI�
VSHFWUD�RI�PDQ\�PROWHQ�JODVVHV�XQVWDEOH�DW�KLJK�WHPSHUDWXUHV��(�JODVVHV��DPEHU�JODVVHV��79�
IXQQHO�JODVVHV����



���

(PLVVLRQ�VSHFWUD�

8QOLNH� VSHFWUDO� HPLVVLYLW\� RI� PROWHQ� JODVVHV� WKLV� FKDUDFWHULVWLF� RI� RSDTXH� PDWHULDOV�
�PHWDOV��FHUDPLFV��HWF���FDQ·W�EH�FDOFXODWHG�IURP�WKH�DEVRUSWLRQ�VSHFWUD��,Q�RUGHU�WR�PHDVXUH�
HPLVVLRQ�VSHFWUD�ZLWKLQ�WKH�WHPSHUDWXUH�UDQJH�����������R&�GHYLFHV�6)������/*3�DQG�6)�
�����/*3� ZHUH� VXSSOLHG� ZLWK� DGGLWLRQDO� SDUWV� �VHH� )LJ�� ����0HFKDQLF� LQWHUUXSWHU� ��D�� DQG�
WXUUHW� FRQWDLQLQJ� VFUHHQ� ILOWHUV� ��D��ZHUH� SRVLWLRQHG� EHWZHHQ� WKH� IXUQDFH� ���� DQG� WKH� OLJKW�
ILOWHUV� WXUUHW� �����7KH� LQWHUUXSWHU� ��D��PDGH�SRVVLEOH� UHJLVWUDWLRQ�RI� UDGLDWLRQ�RI� WKH� VDPSOH�
SRVLWLRQHG�LQVLGH�WKH�IXUQDFH�E\�D�GHWHFWRU�FHOO�����VHQVLWLYH�WR�LPSXOVH�VLJQDO��7KH�WXUUHW���D��
VHUYHV� DV� DQ� DWWHQXDWRU� FRPSHQVDWLQJ� VKDUS� LQFUHDVH� RI� OHYHO� RI� UDGLDWLRQ� RI� WKH� VSHFLPHQ�
FDXVHG�E\�WHPSHUDWXUH�LQFUHDVH��$V�WKH�UHIHUHQFH�VDPSOH�JUDSKLWH�F\OLQGHU�PRXQWHG�LQVLGH�DQ�
DUJRQ�ILOOHG�FHUDPLF�FHOO�LV�XVHG���

�

�

)LJ�����6FKHPH�RI�KLJK�WHPSHUDWXUH�GHYLFH�IRU�PHDVXUHPHQWV�RI�HPLVVLRQ�VSHFWUD��

�D���PHFKDQLFDO�LQWHUUXSWHU������IXUQDFH������WKHUPRFRXSOH������FHOO������OLJKW�ILOWHUV�WXUUHW��

�D� ±� VFUHHQ� ILOWHUV� WXUUHW�� �� �� PRQRFKURPDWRU�� �� �� GHWHFWRU� FHOO�� �� �� IODW� DQG� SDUDEROLF�

PLUURUV�������FRQWURO�XQLW�������3&�������VWDELOL]HG�SRZHU�VXSSO\��

�

5HIOHFWLRQ�VSHFWUD�

,Q�PDQ\� FDVHV� ORRVHV� RI� HQHUJ\� FRQQHFWHG� ZLWK� UHIOHFWLRQ� RI� OLJKW� IURP� VXUIDFH� RI� D�
UHJXODU�FRPPHUFLDO�JODVV�FDQ�EH�WDNHQ�LQWR�DFFRXQW�XVLQJ�VHPL�HPSLULFDO�HTXDWLRQV��VHH�LQ�����
7HPSHUDWXUH� DQG�ZDYHOHQJWK�GHSHQGHQFHV�RI� UHIOHFWLRQ�FRHIILFLHQWV�RI� JODVVHV� FRDWHG�ZLWK�
UHIOHFWLYH�ILOPV�RU�DQWL�UHIOHFWLQJ�FRDWLQJV��PHWDOV��DQG�RWKHU�PDWHULDOV�VKRXOG�EH�PHDVXUHG��,Q�
)LJ����VFKHPH�RI�WKH�GHYLFH�XVHG�IRU�PHDVXUHPHQWV�RI�UHIOHFWLRQ�VSHFWUD�LV�SUHVHQWHG��$V�WKH�
UHIHUHQFH�VDPSOH�SROLVKHG�SODWLQXP�SODWH�LV�XVHG���

�
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)LJ�����6FKHPH�RI�KLJK�WHPSHUDWXUH�GHYLFH�IRU�PHDVXUHPHQWV�RI�UHIOHFWLRQ�VSHFWUD��

�� ±� OLJKW� VRXUFH�� �� �� PHFKDQLFDO� LQWHUUXSWHU�� �� �� IXUQDFH�� �� �� WKHUPRFRXSOH�� �� �� FHOO������������

����OLJKW�ILOWHUV�WXUUHW������PRQRFKURPDWRU������GHWHFWRU�FHOO������IODW�DQG�SDUDEROLF�PLUURUV��

�����FRQWURO�XQLW�������3&�����±�VWDELOL]HG�SRZHU�VXSSO\��

�����

'LJLWDO�YLGHR�PRQLWRULQJ�

7KH� RSWLFDO� DEVRUSWLRQ� RI� WKH�PROWHQ� JODVVHV� LV� YHU\� VHQVLWLYH� WR� GLIIHUHQW� LUUHYHUVLEOH�
SURFHVVHV� WDNLQJ� SODFH� DW� WKH� WHPSHUDWXUHV� DERYH� a����R&�� )RUPDWLRQ� RI� EXEEOHV� DQG�
FU\VWDOV�LQ�WKH�EXON�RI�WKH�PROWHQ�JODVV�VSHFLPHQ�RU�DQG�DW�PHOW�VDSSKLUH�LQWHUIDFHV�OHDGV�WR�
VXIILFLHQW� LQFUHDVH� RI� LWV� RSWLFDO� DEVRUSWLRQ�� ,UUHYHUVLEOH� FKDQJHV� RI� UHG�R[� VWDWH� RI� WKH�
PROWHQ�JODVVHV� FRQWDLQLQJ�GLIIHUHQW� WUDQVLWLRQ�PHWDOV�R[LGHV� FDQ�HLWKHU�GHFUHDVH�RU� LQFUHDVH�
WKHLU�DEVRUSWLRQ��,UUHJXODU�GHFUHDVH�RU�LQFUHDVH�RI�RSWLFDO�DEVRUSWLRQ�OHDG�WR�JURVV�HUURUV�RI�
PHDVXUHPHQWV�RI�DEVRUSWLRQ�VSHFWUD�DQG�GHWHUPLQDWLRQ�RI�WKHUPDSK\VLFDO�FKDUDFWHULVWLFV�RI�
PROWHQ�JODVVHV���

,Q� RUGHU� WR� PDNH� WKH� SURFHVV� RI� UHJLVWUDWLRQ� RI� LUUHYHUVLEOH� FKDQJHV� DXWRPDWLF� DQG�
TXDQWLWDWLYH� ZH� VXSSOLHG� 6)������/*3� VSHFWURSKRWRPHWHU� ZLWK� GLJLWDO� YLGHR� PRQLWRULQJ�
V\VWHP� LQFOXGLQJ� &&'� FDPHUD�� YLGHR� SURFHVVRU�� DQG� VSHFLDO� LPDJLQJ� VRIWZDUH�� 'HWDLOHG�
GHVFULSWLRQ�RI� WKLV� V\VWHP��VSHFWURYLVLRQ��DQG�H[DPSOHV�RI� LWV�XVH�FDQ�EH� IRXQG� LQ� ���7KH�
GHYLFH��ZKLFK�DOORZV�VLPXOWDQHRXV�UHJLVWUDWLRQ�RI�KLJK�WHPSHUDWXUH�VSHFWUD�DQG�LPDJHV�RI�WKH�
VWXGLHG�VSHFLPHQ�RI�WKH�PROWHQ�JODVV��LV�SUHVHQWHG�LQ�)LJ������

�
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)LJ�� ��� 6FKHPH� RI� KLJK�WHPSHUDWXUH� VSHFWURSKRWRPHWHU� VXSSOLHG� ZLWK� GLJLWDO� YLGHR�

PRQLWRULQJ�V\VWHP��VSHFWURYLVLRQ�V\VWHP���

�� ±� OLJKW� VRXUFH�� �� �� PHFKDQLFDO� LQWHUUXSWHU�� �� �� IXUQDFH�� �� �� WKHUPRFRXSOH�� �� �� FHOO������������

����OLJKW�ILOWHUV�WXUUHW������PRQRFKURPDWRU������GHWHFWRU�FHOO������IODW�DQG�SDUDEROLF�PLUURUV���������

�����FRQWURO�XQLW�������3&�����±�VWDELOL]HG�SRZHU�VXSSO\�����±�YLGHR�SURFHVVRU�����±�&&'�

FDPHUD��

������������������������������ �������������������

��2�$��3URNKRUHQNR�DQG�2�9��0D]XULQ��*ODVV�3K\V��&KHP������S������������������

��2�$��3URNKRUHQNR��2�9��0D]XULQ��0�9��&KLVWRNRORYD��6�9��7DUDNDQRY��<X�(��5H]QLN�DQG�,�1��

$QILPRYD��*ODVV�3K\V��&KHP������S������������������

��2�$��3URNKRUHQNR�LQ�,&*�$QQXDO�PHHWLQJ�������*ODVV�LQ�WKH�1HZ�0LOOHQQLXP��&KDOOHQJHV�DQG�
%UHDN�WKURXJK�7HFKQRORJLHV���$PVWHUGDP��1HWKHUODQGV��������RQ�&'��S��7�����

��2�$��3URNKRUHQNR�LQ��WK�,QWHUQDWLRDQDO�&RQIHUHQFH��$GYDQFHV�LQ�)XVLRQ�DQG�3URFHVVLQJ�RI�*ODVV��8OP�
�*HUPDQ\��������S���������
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