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6HPLFRQGXFWRU� ILOPV� DUH� ZLGHO\� XVHG� LQ
GHYHORSPHQW�RI�VRODU�HQHUJ\�FRQYHUWHUV�DQG
VLJQDO� WUDQVPLVVLRQ� GHYLFHV�� ,Q� SDUWLFXODU�
&G7H�WKLQ�ILOPV�DUH�XVHG�LQ�HOHFWUROXPLQHV�
FHQFH�GHYLFHV�DV�HPLWWHUV�DV�ZHOO�DV�IRU�SUR�
WHFWLRQ� RI� OLJKW� HQHUJ\� UHFHLYHU� VXUIDFHV� LQ
QHDU�LQIUDUHG�VSHFWUDO�UHJLRQ��7R�GHVLJQ�WKH
ILOP�GHYLFHV��LW�LV�QHFHVVDU\�WR�NQRZ�RSWLFDO
SDUDPHWHUV� RI� ILOP� DQG� LWV� WKLFNQHVV�� GLV�
WULEXWLQJ�RI�WKH�ILOP�WKLFNQHVV�RYHU�WKH�VXU�
IDFH� DUHD�� WKH�UDGLDWLRQ�DQG�FKHPLFDO� UHVLV�
WDQFH� RI� ILOP� VWUXFWXUHV�� 7KH� UHIOHFWLYH� HO�
OLSVRPHWU\� EDVHG� RQ� WKH� DQDO\VLV� RI
SRODUL]DWLRQ� FKDUDFWHULVWLFV� RI� WKH� ZDYH� UH�
IOHFWHG� IURP� WKH� WHVWHG� VDPSOH� LV� DQ� HIIHF�
WLYH� ILOP� FRQWURO� PHWKRG�� ,Q� WKLV� ZRUN�� D
FRPSXWHU�SURJUDP�IRU�JUDSKLF�SURFHVVLQJ�RI
WKH� HOOLSVRPHWULFDO� GDWD� REWDLQHG� E\� SULQFL�
SDO�DQJOH�HOOLSVRPHWU\�DQG�GHWHUPLQDWLRQ�RI
RSWLFDO� SDUDPHWHUV� �UHIUDFWLRQ� DQG� DEVRUS�
WLRQ� LQGLFHV�� DQG� WKLFNQHVV� RI� D� ILOP�� 7KH
SURJUDP�LV�FKHFNHG� WDNLQJ�DV�DQ�H[DPSOH�D
&G7H� VHPLFRQGXFWRU� ILOP� GHSRVLWHG� RQWR
VLOLFRQ�VLQJOH�FU\VWDO��,W�LV�WR�QRWH�WKDW�RSWL�

FDO� SURSHUWLHV� RI� &G7H� ILOPV� RQ� VLOLFRQ� DUH
VFDUFHO\� VWXGLHV� XS� WR� QRZ�� 7KH� NQRZQ� GDWD
>�Ü�@�RQ�&G7H�ILOPV�RQ�RWKHU�VXEVWUDWHV�VKRZ
WKDW�WKH�VXUIDFH�VWUXFWXUH�DQG�RSWLFDO�SDUDPH�
WHUV� RI� WKH� ILOP� GHSHQG� FRQVLGHUDEO\� RQ� WKH
GHSRVLWLRQ� FRQGLWLRQV�� 7KHUHIRUH�� WKH� WHFKQRO�
RJ\�RI�ILOP�VWUXFWXUHV�UHTXLUHV�FRQYHQLHQW�DQG
UHOLDEOH�QRQ�FRQWDFW�FRQWURO�PHWKRGV�

6WXGLHG�ZDV�D�WKLQ�&G7H�ILOP�REWDLQHG�E\
WKH� YDFXXP� HSLWD[LDO� �KRW� ZDOO�� PHWKRG�
7KH�ILOP�SUHSDULQJ�WHFKQRORJ\�KDV�EHHQ�GH�
VFULEHG�LQ�GHWDLOV�HOVHZKHUH�>�@��7KH�VDPSOH
ZDV� VKDSHG� DV�D� WKLQ� �a��PP��SODWH� RI� VLQ�
JOH�FU\VWDOOLQH�6L� FRDWHG� LQ� LWV� FHQWUDO� SDUW
ZLWK� WKH� ILOP� VSRW� RI� DERXW� ���PP�GLDPH�
WHU�� 7KH� FRDWLQJ� WKLFNQHVV� ZLWKLQ� OLPLWV� RI
WKH� VSRW� ZDV� YDULHG� DORQJ� WKH� UDGLDO� GLUHF�
WLRQ��ZKDW�WKH�FRUUHVSRQGLQJ�GLVWULEXWLRQ�RI
WKH� LQWHUIHUHQFH� FRORULQJ� WHVWLILHG� DERXW�
7KH� HOOLSVRPHWULF� PHDVXUHPHQWV� ZHUH� FDU�
ULHG�RXW�DW��������������������DQG�����QP
ZDYHOHQJWKV� RI� D� PHUFXU\� ODPS� HPLVVLRQ
VSHFWUXP� XVLQJ� D� KRPH�PDGH� SKRWRPHWULF
HOOLSVRPHWHU� ZLWK� YDULDEOH� LQFLGHQFH� DQJOH�
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FDOLEUDWHG� XVLQJ� D� VLQJOH�FU\VWDO� VLOLFRQ
SODWH�� 7KH� HOOLSVRPHWHU� KDV� EHHQ� GHVLJQHG
DFFRUGLQJ� WR� WKH� QRQ�FRPSHQVDWHG� �DQD�
O\]HU�VDPSOH�SRODUL]HU��VFKHPH��,Q� WKH�XVHG
PRGLILFDWLRQ� RI� SKRWR�HOHFWULF� HOOLSVRPHWULF
PHWKRG� >�@�� WKH� HOOLSVRPHWULF� SDUDPHWHUV
FRV'� DQG� WJ<� DUH� WKH� PHDVXUHG� YDOXHV�
ZKHUH�'�LV�WKH�SKDVH�GLIIHUHQFH�EHWZHHQ�WKH
S�� DQG� V�FRPSRQHQW� RI� WKH� UHIOHFWHG� OLJKW
ZDYH� HOHFWULF� YHFWRU�� DQG� WJ\�� WKH� UDWLR� RI
UHIOHFWLRQ�FRHIILFLHQW� LQ� WKH� LQFLGHQFH�SODQH
�S�SODQH�� WR� WKDW� LQ� WKH� V�SODQH�SHUSHQGLFX�
ODU� WKHUHWR�� 7KH� HOOLSVRPHWULFDO� SDUDPHWHUV
DUH�GHWHUPLQHG�E\�PHDVXULQJ�LQWHQVLWLHV�,��

,����,����,Ü���RI�UDGLDWLRQ�UHIOHFWHG�IURP�WKH
VDPSOH�DW�IRXU�D]LPXWKV�RI�WKH�DQDO\]HU�DF�
FRUGLQJ� WR� ���� ����� ����� Ü���� UHVSHFWLYHO\
ZLWK�UHVSHFW�WR�WKH�LQFLGHQFH�SODQH�DQG�DW�D
IL[HG�D]LPXWK�RI�SRODUL]HU�\3�
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)LJ�����(OOLSVRPHWULF�SDUDPHWHUV�)�DQG�WJ\��SRLQWV��PHDVXUHG�RQ�VHYHUDO�ZDYHOHQJWKV��DÜH��DW�OLJKW
UHIOHFWLRQ� IURP� GLIIHUHQW� VDPSOH� DUHDV� LQ� FRPSDULVRQ� ZLWK� WKH� YDOXHV� FDOFXODWHG� XVLQJ� WKH� HOOLS�
VRPHWU\� HTXDWLRQ� LQ� WKH� VLQJOH�OD\HU� PRGHO� RI� WKH� UHIOHFWLYH� V\VWHP� �FRQWLQXRXV� FXUYHV��� 7KH
QXPEHUV�QHDU�PDUNV�RQ�WKHRUHWLFDO�FXUYHV� LQGLFDWH�WKH� OD\HU�XVHG� LQ�RI�FDOFXODWLRQV�DUH�SUHVHQWHG
LQ�WKH�7DEOH�

z�1�.RUQLHQNR�HW�DO����'HWHUPLQDWLRQ�RI�RSWLFDO����

��� )XQFWLRQDO�PDWHULDOV�������������



7KH�SKDVH�GLIIHUHQFH�'�LV�IRXQG�DV�DYHUDJH
RI� '�� DQG� '��� %HIRUH� PHDVXULQJ�� WKH� HOOLS�VRPHWHU�VKRXOG�EH�DGMXVWHG�DFFRUGLQJ�WR�>�@�

,W� LV� ZHOO� NQRZQ� WKDW� WKH� VHQVLWLYLW\� RI
HOOLSVRPHWULF� SDUDPHWHUV� WR� FKDUDFWHULVWLFV
RI�WKH�UHIOHFWLQJ�V\VWHP�LV�WKH�KLJKHVW�LI�WKH
PHDVXUHPHQWV� DUH� FDUULHG� RXW� DW� WKH� VR�
FDOOHG� SULQFLSDO� DQJOH�� L�H��� DQJOH� RI� LQFL�
GHQFH�M�DW�ZKLFK�'� ������FRV'� �����,Q�WKLV
ZRUN�� WKH� SULQFLSDO� DQJOH� DQG� WJ\� DW� WKLV
DQJOH��HOOLSWLFLW\��KDYH�EHHQ�IRXQG�E\�PHDV�
XULQJ�WKH�HOOLSVRPHWULFO�SDUDPHWHUV�DW�WKUHH
DQJOHV� RI� LQFLGHQFH� RQ� ERWK� VLGHV� IURP� WKH
SULQFLSDO� RQH� EXW� QHDU� WKHUHWR�� WKDW� LV�� DW
WKRVH� DQJOHV� ZKHUH� FRV'� FKDQJHV� LWV� VLJQ
DQG�LWV�YDOXHV�DUH�ZLWKLQ�OLPLWV�FRV'�|�r����
5HDOO\�� WKH� DQJOH� RI� LQFLGHQFH� ZDV� WR� EH
YDULHG�ZLWKLQ�r���DQJXODU�PLQXWHV�ZLWK�UH�
VSHFW� WR� WKH� SULQFLSDO� DQJOH�� ,Q�PRVW� FDVHV
RI� QRQ�WKLFN� ILOPV�� FRV'� LQ� WKH� VXFK� VPDOO
DQJXODU� LQWHUYDO�YDULHV�OLQHDUO\�DQG�WJ\�UH�
PDLQV�HVVHQWLDOO\�XQFKDQJHG�� WKHUHIRUH��WKH
SULQFLSDO� DQJOH� YDOXH� ZDV� IRXQG� E\� OLQHDU
LQWHUSRODWLRQ�RI�FRV'� �I�\��GHSHQGHQFH��7KH
SURELQJ� OLJKW� EHDP� ZDV� GLUHFWHG� WR� DUHDV
ZLWK�D�GLIIHUHQW�LQWHUIHUHQFH�FRORULQJ��XS�WR
VHYHQ�DUHDV��ORFDWHG�DORQJ�WKH�VSUD\LQJ�VSRW
UDGLXV��WKDW�DOORZHG�WR�GHWHUPLQH�WKH�GLVWUL�
EXWLRQ�RI�WKH�ILOP�WKLFNQHVV�DQG�RSWLFDO�FRQ�
VWDQWV�RYHU�WKH�VDPSOH�VXUIDFH�DUHD�

/HW�WKH�PHDVXUHPHQW�UHVXOWV�EH�SUHVHQWHG
DV� GLDJUDPV� ZKHUH� WKH� PHDVXUHG� YDOXHV� RI
HOOLSVRPHWULF� SDUDPHWHUV�� SULQFLSDO� DQJOH�)
DQG� HOOLSWLFLW\� WJ\�� DUH� ODLG� RQ� RUWKRJRQDO
D[HV��WKHQ�HYHU\�SDLU�RI�WKHVH�YDOXHV�ZLOO�EH
UHSUHVHQWHG�E\�D�SRLQW�RQ�WKH�GLDJUDP�

)LJ����SUHVHQWV�WKH�H[SHULPHQWDO�GDWD�RE�
WDLQHG�DW�WKH�OLJKW�UHIOHFWLRQ�IURP�GLIIHUHQW
DUHDV� RI� WKH� VDPSOH�� 7KH� H[SHULPHQWDO
SRLQWV�RQ�WKH�GLDJUDP�DUH�VHHQ�WR�IRUP�VHF�
WLRQV�RI�D�VSLUDO��7KLV�LV�VHHQ�HVSHFLDOO\�ZHOO
IRU� VKRUW� ZDYHOHQJWKV�� $V� WKHVH� SRLQWV� DUH
REWDLQHG� DW� WKH� OLJKW� UHIOHFWLRQ� IURP� DUHDV
RI� GLIIHUHQW� WKLFNQHVV�� LW� LV� EHOLHYHG� WKDW
WKH� FXUYHV� FRUUHVSRQG� WR� SHUPDQHQW� YDOXHV

RI� RSWLFDO� FRQVWDQWV�� DORQJ� HDFK� FXUYHV� WKH
OD\HU�WKLFNQHVV�YDULHV�ZKLOH� LWV�RSWLFDO�FRQ�
VWDQWV� UHPDLQ�XQFKDQJHG��1DWXUDO� LV� WR� DV�
VXPH� DOVR� WKDW� WKH� LQYHVWLJDWHG� OD\HUV� DUH
DEVRUELQJ��VLQFH�WKH�LQWULQVLF�DEVRUSWLRQ�UH�
JLRQ� RI� WKH� OD\HU� PDWHULDO� �FDGPLXP� WHOOX�
ULGH�� OLHV� MXVW� LQ� WKH� YLVLEOH� SDUW� RI� VSHF�
WUXP�� 7KH� RSWLFDO� FRQVWDQWV� RI� VXEVWUDWH
�VLQJOH�FU\VWDOOLQH� VLOLFRQ�� DUH� ZHOO� NQRZQ
>����@�� WKXV�� LW� LV� WKH� ILOP�RSWLFDO�FRQVWDQWV
Q���N�� DQG� LWV� WKLFNQHVV�G�� DUH� WR�EH�GHWHU�PLQHG�

7KH� ILWWLQJ� SURFHGXUH� RI� UHIUDFWLRQ� �Q��DQG� DEVRUSWLRQ� �N��� LQGLFHV� RI� &G7H� ILOPVZDV�FDUULHG�RXW�XVLQJ�D�VSHFLDO�JUDSKLF�SUR�
JUDP��$OO�FDOFXODWLRQV�ZHUH�PDGH�XVLQJ�D�RI
VRIWZDUH� SDFNDJH� >����@�� 7KH� ILWWLQJ� UHVXOWV
RI� WKHRU\� WR� H[SHULPHQWDO� GDWD� DUH� SUH�
VHQWHG� LQ� )LJ���� DV� WKH� FRUUHVSRQGLQJ
FXUYHV�� ,Q� WKH�7DEOH�� WKH�VXEVWUDWH�SDUDPH�
WHUV� �VLQJOH�FU\VWDOOLQH�6L��XVHG� LQ�FRPSXWD�
WLRQV�DUH�JLYHQ�DV�ZHOO�DV� WKH�REWDLQHG�YDO�
XHV� RI� WKH�&G7H� ILOP� WKLFNQHVV� DQG� RSWLFDO
FRQVWDQWV� LQ� FRPSDULVRQ� ZLWK� RSWLFDO� FRQ�
VWDQWV�RI�&G7H�VLQJOH�FU\VWDO�

,W�LV�VHHQ�IURP�UHVXOWV�SUHVHQWHG�LQ�)LJ���
WKDW�WKHRUHWLFDO�FXUYHV�GHVFULEH�ZHOO�WKH�H[�
SHULPHQWDO� UHVXOWV�� SDVVLQJ� WKH� H[SHULPHQ�
WDO� SRLQWV� IRU� PRVW� DUHDV�� +RZHYHU�� WKH
SRLQW� IRU� WKH� DUHD� �� �ZKHUH�� MXGJLQJ� IURP
WKH�LQWHUIHUHQFH�FRORULQJ��WKH�ILOP�WKLFNQHVV
LV� WKH� VPDOOHVW�� IRU� DOO� ZDYHOHQJWKV� RI� WKH
VWXGLHG� UDQJH� GRHV� QRW� JHW� RQ� WKHRUHWLFDO
FXUYHV� GLVSRVHG� LQ� WKDW� UHJLRQ� RI� GLDJUDP
ZKHUH� WKH� UHIUDFWLRQ� LQGH[HV� DUH� FRQVLGHU�
DEO\�ORZHU�WKDQ�WKRVH�IRU�WKHRUHWLFDO�FXUYHV�
-XGJLQJ� IURP� WKH� H[SHULPHQWDO� SRLQW� ORFD�
WLRQ��ZH�HVWLPDWH�WKH�ILOP�WKLFNQHVV�LQ�WKLV
DUHD� DV� G�� ���Ü��� QP�� 7KH� ILOP� RSWLFDOFRQVWDQWV�IRU�WKDW�DUHD�DUH�FDOFXODWHG�E\�DQ
LWHUDWLYH�PHWKRG� >�@�� WKH� OD\HU� WKLFNQHVV� LQ
WKH�EHLQJ�DVVXPHG�WR�EH�RI����QP��7KH�ILOP
RSWLFDO�FRQVWDQWV�IRU�WKDW�DUHD�DUH�VKRZQ�LQ
VHSDUDWH�FROXPQV�RI�WKH�7DEOH�

,W� LV� HYLGHQW� IURP� WKH� GDWD� SUHVHQWHG� LQ
WKH� 7DEOH� WKDW� WKH� ILOP� WKLFNQHVV� UDQJH

7DEOH��2SWLFDO�FRQVWDQWV�Q��DQG�N��DQG�WKLFNQHVV�RI�LQYHVWLJDWHG�ILOP
O��QP 6L�>����@ )LOP )LOP�

RQ�DQ�DUHD��
5HJLRQ�RI�WKLNQHVV
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&G7H�>������@

Q� N� Q� N� Q� N� G�PLQ G�PD[ Q� N�
������ ���� ����� ���� ���� ���� ���� �� �� ���� ����
������ ���� ����� ���� ���� ���� ���� �� �� ���� ����
������ ���� ����� ���� ���� ���� ���� �� �� ���� ����
������ ���� ����� ���� ���� ���� ���� �� �� ���� ����
������ ���� ����� ���� ���� ���� ���� �� �� ���� ����

z�1�.RUQLHQNR�HW�DO����'HWHUPLQDWLRQ�RI�RSWLFDO����

)XQFWLRQDO�PDWHULDOV������������� ���



IRXQG� IURP� PHDVXULQJ� RQ� GLIIHUHQW� ZDYH�
OHQJWKV� LV� HVVHQWLDOO\� WKH� VDPH�� 7KLV� FDQ
WHVWLI\� WR� UHOLDELOLW\� RI� WKH�PHWKRG�XVHG� WR
FDOFXODWH�WKH�ILOP�SDUDPHWHUV��7KH�WKLFNQHVV
YDOXHV� IRU� FRUUHVSRQGLQJ� DUHDV� REWDLQHG
IURP�HOOLSVRPHWULF�GDWD� IRU�GLIIHUHQW�ZDYH�
OHQJWKV� FRLQFLGH� WR� ZLWKLQ� 'G�� �r��QP�WKDW� YDOXH� FDQ� EH� DFFHSWHV� DV� WKH� HUURU� RI
WKH� DSSOLHG� ILOP� WKLFNQHVV� GHWHUPLQDWLRQ
SURFHGXUH�� ,Q� WKH� VWXGLHG� VSHFWUDO� UHJLRQ�
WKH� UHIUDFWLRQ� LQGH[� LQFUHDVHV� DV� WKH�ZDYH�
OHQJWK� GLPLQLVKHV�� DQG� LWV� YDOXHV� DUH� VXE�
VWDQWLDOO\� ORZHU� WKDQ� WKDW�RI� VLQJOH�FU\VWDO�
OLQH� &G7H�� XQOLNH� WKH� DEVRUSWLRQ� LQGH[
ZKLFK�LV�RQO\�D�ELW�ORZHU�WKDQ�WKDW�RI�&G7H�

,Q�RXU�RSLQLRQ��WKLV�LV�FDXVHG�E\�WKH�IDFW
WKDW� WKH� VWXGLHG� ILOP� LV� QRW� VLQJOH�FU\VWDO�
OLQH� EXW� LV� ORRVH�� KDYLQJ� D� FKDQJHG� VWUXF�
WXUH�ZKLFK�LQFOXGHV�SRUHV�EHWZHHQ�WKH�VHSD�
UDWH�JUDLQV�RI�EDVLF�PDWHULDO��,Q�DFFRUGDQFH
ZLWK�GDWD�RI�;�UD\�GLIIUDFWLRQ�>�@��WKH�ILOP
VWUXFWXUH� LV� SRO\FU\VWDOOLQH�� 7KH� SRUHV� LQ
WKH� ILOP� EXON� FRQWDLQ� DLU�� WKXV�� WKH� HIIHF�
WLYH� UHIUDFWLRQ� LQGH[� RI� WKH� ILOP� LV� ORZHU
WKDQ� WKDW� RI� FRQWLQXRXV� PDWHULDO�� 2EYL�
RXVO\�� WKH� SRURVLW\� GHJUHH� GHFUHDVHV� DV� WKH

ILOP� WKLFNQHVV� LQFUHDVHV�� VR� WKH� UHIUDFWLRQ
LQGH[�JURZV��6XFK�VWUXFWXUH�RI�ILOPV�LV�H[�
SHFWDEOH�� VLQFH� WKH� ODWWLFH� FRQVWDQWV� RI� VLOL�
FRQ� ��������c�� DQG� &G7H� �������c�� GLIIHU
FRQVLGHUDEO\�� IRUPDWLRQ� RI� HSLWD[LDO� VLQJOH�
FU\VWDOOLQH�VWUXFWXUHV�IRU�WKDW�SDLU�RI�PDWH�
ULDOV�LV�KLQGHUHG�
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