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ILUVW�RI�DOO��E\�WKH�YROXPH�GHQVLW\�RI�WKH�WKHUPDO�SRZHU��7KH�ODWWHU��LQ�WXUQ��LV�GHWHUPLQHG�E\�WKH�G\QDPLF�SUHVVXUH�
RI�WKH�IORZ�RI�WKH�ZRUNLQJ�IOXLG��DV�ZHOO�DV��LQ�FHUWDLQ�OLPLWV��E\�WKH�SRODULW\�RI�WKH�HOHFWURGHV��,Q�WKLV�FRQQHFWLRQ��
LW�LV�SRVVLEOH�WR�HDVLO\�FRQWURO�WKH�TXDOLW\�RI�WKH�KHDW�VRXUFHV�RQ�WKH�HOHFWURGHV��DQG�FRQVHTXHQWO\�WKH�TXDOLW\�RI�
WKH�HURVLRQ�SURFHVV��SHUIRUPLQJ�SURFHVVLQJ�LUUHVSHFWLYH�RI�WKH�FXUUHQW�LQ�D�ZLGH�UDQJH�RI�PRGHV��EHJLQQLQJ�IURP�
URXJK�VL]HG�PHOWLQJ�DQG�WR�SUHYDLOLQJ�WKLQ�GLPHQVLRQDO�HYDSRUDWLRQ��

7KH�SK\VLFDO�SURFHVV�RI�HOHFWULF�HURVLRQ�GXULQJ�GLPHQVLRQDO�SURFHVVLQJ�E\�HOHFWULF�DUF�LV�FKDUDFWHUL]HG�
E\� D� FRQWLQXRXV� VXSSO\� RI� HQHUJ\� WR� WKH� WUHDWPHQW� ]RQH�� FRQWLQXRXV� EXUQLQJ� RI� WKH� DUF� DQG� WKH� FRQWLQXRXV�
H[LVWHQFH�RI�KHDW�VRXUFHV�DW�WKH�HOHFWURGHV��6R�WKH�WKHUPDO�HIIHFW�RI�WKH�GLVFKDUJH�RQ�WKH�HOHFWURGHV�LV�FRQWLQXRXV�
DQG�WKH�SURFHVV�RI�HURVLRQ�LV�FRQWLQXRXVO\�SURFHHGLQJ��

'HVFULEHG� DFFRUGLQJ� WR� WKH� H[LVWLQJ� LGHDV� LQ� WKH� ILHOG� RI� WKH� SK\VLFV� RI� WKHUPDO� SURFHVVHV�� VRPH�
TXDOLWDWLYH�FKDUDFWHULVWLFV�RI�KHDW�VRXUFHV�RQ�HOHFWURGHV�XQGHU�FRQGLWLRQV�RI�GLPHQVLRQDO�SURFHVVLQJ�E\�DQ�HOHFWULF�
DUF�DQG�WKHLU�FRUUHVSRQGHQFH�WR�H[SHULPHQWDO�GDWD�IRU�HOHFWURGHV�IURP�LURQ�DQG�VWHHOV��
HOHFWULF�DUF��DQRGH��FDWKRGH��DUF�FROXPQ��VRXUFH�RI�KHDW��ZRUNLQJ�IOXLG��FXUUHQW�GHQVLW\�

Ɉɞɟɪɠɚɧɨ��5HFHLYHG��������������

ɍȾɄ������������

2OH[VDQGU�0D]KH\ND��SURI���3K'�WHFK��VFL��
ɋHQWUDO�8NUDLQLDQ�QDWLRQDO�WHFKQLFDO�XQLYHUVLW\��.URS\YQLFNL\��8NUDLQH
(�PDLO��SURINRP������#XNU�QHW�

,PSURYHG�TXDOLW\�FRQWURO�RI�ZHOGHG�MRLQWV�

,Q�WKLV�ZRUN��WKH�PDJQHWLF�ILHOG�ZDV�UHFRQILJXUHG�WR�FRQWURO�WKH�VXWXUH��$�FRPSXWDWLRQDO�PRGHO�ZLWK�D�
OD\RXW�VFKHPH�IRU�WKH�KRUL]RQWDO�DQG�YHUWLFDO�PDJQHWLF�ILHOGV�RI� WKH�VHDP�EHDG�ZLWK�UHIHUHQFH�WR�WKH�&DUWHVLDQ�
FRRUGLQDWH�V\VWHP�LV�SURSRVHG��7KH�PDJQHWLF�FKDUJHV�IRU�D�JLYHQ�ZHOGLQJ�UROOHU�DUH�FDOFXODWHG��7KH�WRSRJUDSK\�
RI� WKH� GHIHFW� ILHOG� RQ� WKH� VXUIDFH� RI� WKH� EXWW� ZHOG� KDV� EHHQ� HVWLPDWHG�� 7KH� UHVXOWV� RI� WKH� FDOFXODWLRQ� RI� WKH�
WDQJHQWLDO� FRPSRQHQW� RI� WKH� ILHOG� RI� FRQYH[LW\� RI� WKH�ZHOG� DUH� REWDLQHG�ZKHQ� WKH� REMHFW� LV�PDJQHWL]HG� DW� DQ�
DQJOH� WR� WKH� VXUIDFH� E\� WKH� SULPDU\�� 7KH� UHVXOWV� RI� WKHRUHWLFDO� DQG� H[SHULPHQWDO� VWXGLHV� KDYH� VKRZQ� KLJK�
FRQVLVWHQF\��LW�LV�HVWDEOLVKHG�WKDW�ZKHQ�WKH�REMHFW�LV�PDJQHWL]HG�VLPXOWDQHRXVO\�SHUSHQGLFXODU�DQG�SDUDOOHO�WR�LWV�
VXUIDFH�� WKH� WDQJHQWLDO�FRPSRQHQW�RI� WKH� ILHOG�7KH�FRQYH[LW\�RI� WKH� VHDP�LV�VNHZ�V\PPHWULF�� UHPLQLVFHQW�RI�D�
VLQXVRLG�� 7KH� FKDQJH� LQ� WKH� FRQYH[LW\� SDUDPHWHUV� RI� WKH� ZHOG� GRHV� QRW� FKDQJH� WKH� ILHOG� LQ� WKH� SODQH� RI� LWV�
V\PPHWU\��
ɫRQWURO��TXDOLW\��REMHFW��ZHOGLQJ�FRPSRXQG��UROOHU��WRSRJUDSK\��ILHOG��UHOLDELOLW\��MRLQW�ZHOGLQJ�MRLQW��GHIHFW��
VXUIDFH��PDJQHW��&DUWHVLDQ�FRRUGLQDWH�V\VWHP�

Ⱥ�ɂ��Ɇɚɠɟɣɤɚ��ɩɪɨɮ���ɤɚɧɞ��ɬɟɯɧ��ɧɚɭɤ�
ɐɟɧɬɪɚɥɶɧɨɭɤɪɚɢɧɫɤɢɣ�ɧɚɰɢɨɧɚɥɶɧɵɣ�ɬɟɯɧɢɱɟɫɤɢɣ�ɭɧɢɜɟɪɫɢɬɟɬ��ɝ��Ʉɪɨɩɢɜɧɢɰɤɢɣ��ɍɤɪɚɢɧɚ�
ɉɨɜɵɲɟɧɢɟ�ɤɨɧɬɪɨɥɹ�ɤɚɱɟɫɬɜɚ�ɫɜɚɪɧɵɯ�ɫɨɟɞɢɧɟɧɢɣ

ȼ�ɪɚɛɨɬɟ�ɩɪɨɜɟɞɟɧɨ�ɩɟɪɟɫɬɪɨɟɧɢɟ�ɦɚɝɧɢɬɧɨɝɨ�ɩɨɥɹ�ɞɥɹ�ɤɨɧɬɪɨɥɹ�ɫɜɚɪɨɱɧɨɝɨ�ɲɜɚ��ɉɪɟɞɥɨɠɟɧɚ�
ɪɚɫɱɟɬɧɚɹ�ɦɨɞɟɥɶ� ɫɨ� ɫɯɟɦɨɣ� ɪɚɫɩɨɥɨɠɟɧɢɹ� ɝɨɪɢɡɨɧɬɚɥɶɧɨɝɨ� ɢ� ɜɟɪɬɢɤɚɥɶɧɨɝɨ� ɦɚɝɧɢɬɧɵɯ� ɩɨɥɟɣ� ɜɚɥɢɤɚ�
ɲɜɚ�ɫ�ɩɪɢɜɹɡɤɨɣ�ɤ�ɞɟɤɚɪɬɨɜɨɣ�ɫɢɫɬɟɦɟ�ɤɨɨɪɞɢɧɚɬ��ɉɪɨɢɡɜɟɞɟɧ�ɪɚɫɱɟɬ�ɦɚɝɧɢɬɧɵɯ�ɡɚɪɹɞɨɜ�ɞɥɹ�ɡɚɞɚɧɧɨɝɨ�
ɫɜɚɪɨɱɧɨɝɨ� ɜɚɥɢɤɚ�� Ɉɰɟɧɟɧɚ� ɬɨɩɨɝɪɚɮɢɹ� ɩɨɥɹ� ɞɟɮɟɤɬɚ� ɧɚ� ɩɨɜɟɪɯɧɨɫɬɢ� ɫɬɵɤɨɜɨɝɨ� ɫɜɚɪɧɨɝɨ� ɲɜɚ��
ɉɨɥɭɱɟɧɵ�ɪɟɡɭɥɶɬɚɬɵ�ɪɚɫɱɟɬɚ�ɬɚɧɝɟɧɰɢɚɥɶɧɨɣ�ɫɨɫɬɚɜɥɹɸɳɟɣ�ɩɨɥɹ�ɜɵɩɭɤɥɨɫɬɢ�ɲɜɚ�ɩɪɢ�ɧɚɦɚɝɧɢɱɢɜɚɧɢɢ�
ɨɛɴɟɤɬɚ� ɩɨɞ� ɭɝɥɨɦ� ɤ� ɩɨɜɟɪɯɧɨɫɬɢ� ɩɟɪɜɢɱɧɵɦ� Ɋɟɡɭɥɶɬɚɬɵ� ɬɟɨɪɟɬɢɱɟɫɤɢɯ� ɢ� ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ�
ɢɫɫɥɟɞɨɜɚɧɢɣ� ɩɨɤɚɡɚɥɢ� ɜɵɫɨɤɭɸ� ɫɨɝɥɚɫɨɜɚɧɧɨɫɬɶ�� ɭɫɬɚɧɨɜɥɟɧɨ�� ɱɬɨ� ɤɨɝɞɚ� ɨɛɴɟɤɬ� ɧɚɦɚɝɧɢɱɟɧ�
ɨɞɧɨɜɪɟɦɟɧɧɨ� ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ� ɢ� ɩɚɪɚɥɥɟɥɶɧɨ� ɟɝɨ� ɩɨɜɟɪɯɧɨɫɬɢ�� ɬɚɧɝɟɧɰɢɚɥɶɧɚɹ� ɫɨɫɬɚɜɥɹɸɳɚɹ� ɩɨɥɹ�
ɜɵɩɭɤɥɨɫɬɢ� ɲɜɚ� ɹɜɥɹɟɬɫɹ� ɤɨɫɨɫɢɦɦɟɬɪɢɱɧɨɣ�� ɧɚɩɨɦɢɧɚɸɳɟɣ� ɫɢɧɭɫɨɢɞɭ� ɂɡɦɟɧɟɧɢɟ� ɩɚɪɚɦɟɬɪɨɜ�
ɜɵɩɭɤɥɨɫɬɢ�ɲɜɚ�ɧɟ�ɩɪɢɜɨɞɢɬ�ɤ�ɢɡɦɟɧɟɧɢɸ�ɩɨɥɹ�ɜ�ɩɥɨɫɤɨɫɬɢ�ɟɝɨ�ɫɢɦɦɟɬɪɢɢ��
ɤɨɧɬɪɨɥɶ��ɤɚɱɟɫɬɜɨ��ɨɛɴɟɤɬ��ɫɜɚɪɨɱɧɨɟ�ɫɨɟɞɢɧɟɧɢɟ��ɜɚɥɢɤ��ɬɨɩɨɝɪɚɮɢɹ��ɩɨɥɟ��ɧɚɞɟɠɧɨɫɬɶ��ɫɬɵɤɨɜɨɣ�
ɫɜɚɪɨɱɧɵɣ�ɲɨɜ��ɞɟɮɟɤɬ��ɩɨɜɟɪɯɧɨɫɬɶ��ɦɚɝɧɢɬ��ɞɟɤɚɪɬɨɜɚ�ɫɢɫɬɟɦɚ�ɤɨɨɪɞɢɧɚɬ
BBBBBBBBBBB�
��2OH[VDQGU�0D]KH\ND������
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6WDWHPHQW� RI� WKH� SUREOHPV�� :HOGLQJ� ZRUNV� RFFXS\� D� VLJQLILFDQW� VKDUH� LQ� WKH�
SURGXFWLRQ� RI� PDFKLQH� EXLOGLQJ� DQG� FRQVWUXFWLRQ�� $Q� LPSRUWDQW� IDFWRU� LQ� LQFUHDVLQJ� WKH�
VHUYLFH� OLIH� RI� ZHOGHG� MRLQWV� LV� LPSURYLQJ� WKH� FRQWURO� RI� ZHOGHG� MRLQWV�� 7R� LQFUHDVH� WKH�
UHOLDELOLW\�RI� WKH�PDJQHWRJUDSKLF� LQVSHFWLRQ�RI�EXWW�ZHOGHG� MRLQWV�� LW� LV� QHFHVVDU\� WR� UHEXLOG�
IURP�WKH�ILHOGV�GXH�WR�WKH�SUHVHQFH�RI�WKH�FRQYH[LW\�RI�WKH�ZHOGHG�VHDP���

$QDO\VLV� RI� UHFHQW� UHVHDUFKHV� DQG� SXEOLVKLQJ�7KH� UHVXOWV� RI� WKHRUHWLFDO� DQG�
H[SHULPHQWDO� VWXGLHV� RI� PDJQHWRVWDWLF� ILHOGV� RQ� WKH� VXUIDFH� RI� WKH� FRQYH[LW\� RI� WKH� VHDP�
GXULQJ�PDJQHWL]DWLRQ� E\� D� ILHOG� GLUHFWHG� SDUDOOHO� WR� WKH� VXUIDFH� RI� WKH� FRQWUROOHG� DUWLFOH� DUH�
JLYHQ�LQ�>���@��7R�H[WHQG�WKH�FDSDELOLWLHV�RI�WKH�PDJQHWRJUDSKLF�PHWKRG�RI�FRQWURO�DOORZV�WKH�
XVH� RI� D� SHUPDQHQW� VPDOO�VL]HG� PDJQHW� LQ� WKH� IRUP� RI� D� SDUDOOHOHSLSHG�� ZKLFK� LV� PRYHG�
GLUHFWO\�DERYH�WKH�FRQWUROOHG�VXUIDFH�RQ�ZKLFK�WKH�PDJQHWLF�WDSH�LV�ODLG��DQG�D�IDFH�ZLWK�RQH�
SROH� IDFLQJ� LW�� WR�PDJQHWL]H� LQVWHDG� RI� DQ� HOHFWURPDJQHW� >�@�� ,Q� WKLV� FDVH�� WKH� SULPDU\� ILHOG�

�+ LQ� WKH� FRQWURO� ]RQH� EHFRPHV� LQKRPRJHQHRXV� DQG� FRQWDLQV� ERWK� QRUPDO� DQG� WDQJHQWLDO�
FRPSRQHQWV��$Q�LQYHVWLJDWLRQ�RI�WKH�PDJQHWRVWDWLF�ILHOG�RI�WKH�FRQYH[LW\�RI�WKH�ZHOGHG�MRLQW�
ZDV�FDUULHG�RXW�LQ�>�@�IRU�WKH�FDVH�ZKHQ�WKH�SULPDU\�ILHOG�LV�GLUHFWHG�QRUPDOO\�WR�WKH�VXUIDFH�RI�
WKH�DUWLFOH�

7KH� PDLQ� PDWHULDO�� 7KH� WDVN� RI� WKLV� ZRUN� ZDV� WR� VWXG\� WKH� WRSRJUDSK\� RI� WKH�
PDJQHWRVWDWLF�ILHOG�FDXVHG�E\�D�GHIHFW�IUHH�ZHOGHG�UROOHU�RQ�WKH�VXUIDFH�RI�D�ZHOGHG�MRLQW�XQGHU�
WKH�DFWLRQ�RI�D�QRUPDO�1R[�DQG�WKH�WDQJHQWLDO�+R�RI�WKH�FRPSRQHQWV�RI�WKH�SULPDU\�ILHOG��

/HW
V� DVVXPH� WKDW� WKH�ZHOGHG� VHDP� LV�PDGH� RQ� WKH� VXUIDFH� RI� D� IHUURPDJQHWLF� SODWH�
PDGH�RI� ORZ�FDUERQ�VWHHO��ZKLFK�PDNHV� LW�SRVVLEOH� WR�QHJOHFW� WKH� LQIOXHQFH�RI�FKHPLFDO�DQG�
VWUXFWXUDO�LQKRPRJHQHLWLHV�RQ�WKH�PDJQHWLF�SURSHUWLHV�RI�WKH�ZHOG�DQG�WKH�ZHOG�]RQH��/HW�WKH�
KHLJKW�RI� WKH�VHDP�EHDG�F��ZLGWK�E��)LJ������7KH�H[WHUQDO�ILHOG�LV�GLUHFWHG�DW�DQ�DQJOH�WR�WKH�
VXUIDFH�RI�WKH�SODWH��7KH�SRVLWLRQ�RI�WKH�&DUWHVLDQ�FRRUGLQDWH�V\VWHP�LV�VKRZQ�LQ�)LJ�����,Q�WKLV�
FDVH��WKH�=�D[LV�LV�GLUHFWHG�DORQJ�WKH�ORQJLWXGLQDO�D[LV�RI�WKH�VHDP��

6LQFH�WKH�YDOXH�RI�WKH�QRUPDO�FRPSRQHQW�+R\�RI�WKH�SULPDU\�ILHOG�XQGHU�WKH�PDJQHW�
SROH�FDQ�EH�UHJDUGHG�DV�D�ILUVW�DSSUR[LPDWLRQ�LQ�WKH�FRQVWDQW�

'LYLGLQJ�WKH�UHLQIRUFHPHQW�KHLJKW�RI�WKH�VHDP�E\�SODQHV�SDUDOOHO�WR�;=�LQWR� � � QFF � �
HTXDO� SDUWV�� ZKHUH� F��  � �� PP�� ZH� XVH� IRU� DQDO\VLV� WKH� DSSUR[LPDWLRQ� RI� WKH� VXUIDFH� RI�
UHLQIRUFHPHQW�RI�WKH�VHDP�E\�WKH�EURNHQ�VXUIDFH�$%&'(�>�@��)LJ������:KHQ�D�SHUSHQGLFXODU�
SODWH�LV�PDJQHWL]HG�E\�DQ�H[WHUQDO�ILHOG�RQ�LWV�VXUIDFH��_[_!�E����DQG�RQ�DOO�SODQHV�RI�D�EURNHQ�
VXUIDFH�SDUDOOHO�WR�;=��QHJDWLYH�ERXQG��PDJQHWLF�FKDUJHV��ZLWK�GHQVLW\��ı�� �NÂ+Rɭ� �ıǜVLQȕ�������
6LQFH�WKH�YDOXH�RI�WKH�QRUPDO�FRPSRQHQW�+R\�RI�WKH�SULPDU\�ILHOG�XQGHU�WKH�PDJQHW�SROH�FDQ�
EH� UHJDUGHG� DV� D� FRQVWDQW� LQ� WKH� ILUVW� DSSUR[LPDWLRQ�� WKHQ� WKH� YDOXH� RI� ı�� FDQ� EH� DVVXPHG�
XQFKDQJHG�RQ�DOO�KRUL]RQWDO�DUHDV��2Q�DOO�YHUWLFDO�IDFHV�RI�WKH�EURNHQ�VXUIDFH�SDUDOOHO�WR�<=��
SRVLWLYH��FKDUJHV�� DULVH�ZLWK� D� VXUIDFH�GHQVLW\�ı�N� �N� ��+R[N� �ı� FRVȕ�� WKH�YDOXH�RI�ZKLFK�
GHSHQGV�RQ� WKH�GLVWDQFH�EN� IURP� WKH�<�D[LV� WR� WKH�N�WK�SDG��VLQFH�WKH�YDOXH�RI� WKH� WDQJHQWLD�
FRPSRQHQW�RI�WKH�SULPDU\�ILHOG�+R[�YDULHV�OLQHDUO\�ZLWK�UHVSHFW�WR�WKH�ZLGWK�RI�WKH�SROH�DQG�LV�
]HUR�IRU�[� ����

7KH�FDOFXODWLRQ�SURFHGXUH�LV�VLPLODU�WR�>����@��
7KH�WDQJHQWLDO�+[�DQG�QRUPDO�+\�FRPSRQHQWV�RI�WKH�ILHOG�VWUHQJWK�DW�DQ�DUELWUDU\�SRLQW�

DUH�GHWHUPLQHG�E\�VXPPLQJ��UHVSHFWLYHO\��+[L�DQG�+ɭL�RI�WKH�ILHOG�FRPSRQHQWV�IURP�WKH�DFWLRQ�
RI� WKH� �PDJQHWLF� FKDUJHV�� RI� HDFK� RI� WKH� VHFWLRQV� RI� WKH� FRPSXWDWLRQDO� PRGHO� >��� �@�� 7KH�
FRPSRQHQWV�RI�WKH�ILHOG�VWUHQJWK��GXH�WR�WKH�FKDUJH�GHQVLW\�ı��RQ�WKH�KRUL]RQWDO�VHFWLRQV�RI�WKH�

SODWH�DW� ��
E[ �ddf� �DQG� fdd �� [E ��DUH�GHILQHG�DV�



,661������������������������������������������0DFKLQHU\�LQ�DJULFXOWXUDO�SURGXFWLRQ��LQGXVWU\�PDFKLQH�EXLOGLQJ��DXWRPDWLRQ��������&RO���

��

)LJXUH���±��&DOFXODWLRQ�PRGHO�

���
�

�
�� ��

� G[
\[[

[[
G+[ ��

�
V� ���������������������������������������������������

���
�

�� ��
� G[

\[[

\
G+ \ ��

V� ��������������������������������������������������

)URP� WKH� FKDUJHG� HOHPHQW� G[�N� N�� WK� KRUL]RQWDO� SODWIRUP� IRU� �� ��dd� NNN E[E � ɢ�

NNN E[E dd� ��

N
NN

N
N[ G[

\\[[

[[
G+ ���

�

�
�� ����

�
���

�
V� �����������������������������������

N
NN

N
N\ G[

\\[[

\\
G+ ���

�
�� ����

�
���

�
V� �����������������������������������

)URP�WKH�FKDUJHG�HOHPHQW�GȘ�N��WK�YHUWLFDO�SODWIRUP�OHIW�IRU� �� � dd�
N[E

K
K����

�
V G

\\E[

E[
G+

NN

N
N

ɥɟɜ

N[ ��� ����
�

�
����������������������������������

K
K����

K��
V G

\\E[

\\
G+

NN

N
N

ɥɟɜ

N\ ��� ����
�

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

)URP�WKH�FKDUJHG�HOHPHQW�GȘ�N��WK�YHUWLFDO�SODWIRUP�RQ�ULJKW�IRU� �� �
E[ N dd

K
K����

�
V G

\\E[

E[
G+

NN

N
N

ɩɪ

N[ ��� ����
�

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

K
K����

K��
V G

\\E[

\\
G+

NN

N
N

ɩɪ

N\ ��� ����
�

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

ZKHUH�

<

;Ⱥ
ɋ%

'

E

�EN

F

K F��Q

�

+R\

ȿ

1

+R[

+R�
+R\

+R[

+R�
E

V�N
V�N

V� V�

V� V�



,661���������������Ɍɟɯɧɿɤɚ�ɜ�ɫɿɥɶɫɶɤɨɝɨɫɩɨɞɚɪɫɶɤɨɦɭ�ɜɢɪɨɛɧɢɰɬɜɿ��ɝɚɥɭɡɟɜɟ�ɦɚɲɢɧɨɛɭɞɭɜɚɧɧɹ��ɚɜɬɨɦɚɬɢɡɚɰɿɹ��������ɜɢɩ����

��

Q

F
N\N

� ��DW��_[_���E�����
Q

F
N\N

�� ��DW��_[_�t�E����

$IWHU�LQWHJUDWLRQ�RI�H[SUHVVLRQV�����������ZLWK�UHVSHFW�WR�ɯ�LQ�WKH�LQGLFDWHG�OLPLWV��DQG�
H[SUHVVLRQV� ���� �� ���� ZLWK� UHVSHFW� WR� Ș� LQ� WKH� UDQJH� IURP� �� WR� K� DQG� WKHLU� VXPPDWLRQ�� ZH�
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7KH�GHSHQGHQFHV�����DQG������PDNH� LW�SRVVLEOH� WR�GHWHUPLQH�WKH�WDQJHQWLDO�ɇɯ���DQG�
WKH� QRUPDO�ɇ\��� FRPSRQHQWV� RI� WKH�PDJQHWLF� ILHOG� VWUHQJWK� RXWVLGH� WKH� VHDP�� VLQFH� LQ� WKLV�
FDVH�WKH�D[HV�W�DQG�Q�FRLQFLGH�ZLWK�;�DQG�<��2Q�WKH�VXUIDFH�RI�WKH�ZHOGHG�MRLQW��_[_��E�����WKH�
D[LV�W�LV�WDQJHQWLDO�WR�WKH�FRQYH[LW\�RI�WKH�VHDP�>����@�DQG�IRUPV�WKH�DQJOH�D��[��ZLWK�WKH�;�
D[LV�� ,Q� WKLV� FDVH�� WKH� WDQJHQWLDO� DQG�QRUPDO� FRPSRQHQWV�RI� WKH� MRLQW� FRQYH[LW\� ILHOG�RQ� WKH�
MRLQW�VXUIDFH�DUH�GHWHUPLQHG�IURP�WKH�H[SUHVVLRQV��

+W�� �+[�� FRV�Į�[��±�+\�� VLQ�D�[�������������������������������������������������

+Q�� �+[���VLQ�D�[��±�+\���FRV�Į�[�������������������������������������������������

7KH� UHVXOWV� RI� FDOFXODWLQJ� WKH� WDQJHQWLDO� FRPSRQHQW� RI� WKH� ILHOG� RI� FRQYH[LW\� RI� WKH�
VHDP�ZKHQ�WKH�REMHFW�LV�PDJQHWL]HG�DW�DQ�DQJOH�WR�WKH�VXUIDFH�E\�WKH�SULPDU\�ILHOG�DUH�VKRZQ�
LQ�)LJ�����
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��

)LJXUH�����'HSHQGHQFH�RI�WKH�WDQJHQWLDO�FRPSRQHQW�RQ�WKH�VXUIDFH�RI�WKH�ZHOGHG�MRLQW�
RQ�WKH�PDJQHWL]DWLRQ�FRQGLWLRQV�E� ����PP��F� ���PP��V�� �����$���P��V�� ���������������$���P�

7R� DVVHVV� WKH� DQDO\WLFDO� GHSHQGHQFLHV� REWDLQHG�� H[SHULPHQWDO� VWXGLHV� RI� WKH�
WRSRJUDSK\�RI� WKH� WDQJHQWLDO�FRPSRQHQW�RI� WKH�PDJQHWLF� ILHOG�VWUHQJWK�RQ� WKH�VXUIDFH�RI� WKH�
ZHOGHG� VXUIDFH� RI� WKH� ZHOG� KDYH� EHHQ� FDUULHG� RXW�� VLQFH� LW� LV� WKLV� ILHOG� FRPSRQHQW� WKDW� LV�
UHFRUGHG� RQ� WKH� PDJQHWLF� WDSH�� 7R� FUHDWH� D� PDJQHWL]LQJ� ILHOG� GLUHFWHG� DW� DQ� DQJOH� WR� WKH�
VXUIDFH�RI�WKH�WHVW�VDPSOH��D�SHUPDQHQW�PDJQHW�ZDV�XVHG��7KH�VDPSOH�ZDV�PDGH�LQ�WKH�IRUP�
RI�D�VWHHO�SODWH�ZLWK�D�ZHOGHG�EHDG�RQ�LWV�VXUIDFH��7R�PHDVXUH�WKH�PDJQHWLF�ILHOG�VWUHQJWK��D�
PLOOLVORWRPHWHU�,21���ZDV�XVHG��7KH�UHVXOWV�RI�WKH�PHDVXUHPHQWV�DUH�VKRZQ�LQ�)LJ�����

)LJXUH���±�([SHULPHQWDO�WRSRJUDSK\�RI�WKH�WDQJHQWLDO�FRPSRQHQW�RI�WKH�ILHOG�RI�FRQYH[LW\�RI�WKH�VHDP���
FDXVHG�E\�WKH�QRUPDO�DQG�WDQJHQWLDO�FRPSRQHQWV�RI�WKH�H[WHUQDO�PDJQHWLF�ILHOG�����E� ����PP��F� �����PP���

���E� ������PP��F� �����PP�����E� ����PP��F� ���PP�

&RQFOXVLRQ��7KXV��EDVHG�RQ�WKH�UHVXOWV�RI�FDOFXODWLRQ�DQG�H[SHULPHQW��LW�LV�HVWDEOLVKHG�
WKDW�ZKHQ�WKH�REMHFW�LV�PDJQHWL]HG�VLPXOWDQHRXVO\�SHUSHQGLFXODUO\�DQG�SDUDOOHO�WR�LWV�VXUIDFH��
WKH�WDQJHQWLDO�FRPSRQHQW�RI�WKH�ILHOG�RI�FRQYH[LW\�RI�WKH�VHDP�LV�VNHZ�V\PPHWULF��UHVHPEOLQJ�
D� VLQXVRLG�� 7KH� FKDQJH� LQ� WKH� SDUDPHWHUV� RI� WKH� FRQYH[LW\� RI� WKH� VHDP� GRHV� QRW� OHDG� WR� D�
FKDQJH�LQ�WKH�ILHOG�LQ�WKH�SODQH�RI�LWV�V\PPHWU\��$Q�LQFUHDVH�LQ�WKH�KRUL]RQWDO�FRPSRQHQW�RI�
WKH�SULPDU\�ILHOG��ZKLFK�LV�HTXLYDOHQW�WR�DQ�LQFUHDVH�LQ�ı���OHDGV�WR�DQ�LQFUHDVH�LQ�WKH�PRGXOXV�
RI� WHQVLRQ�+W��� LQ� WKH�PLGGOH�SDUW� RI� WKH� VHDP��EXW�QRW� LQ� WKH�SODQH�RI� V\PPHWU\��DQG� WR�D�
GHFUHDVH�LQ�WKH�DSSURDFK�WR�WKH�HGJHV�RI�WKH�VHDP���
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5HIHUHQFHV�
�� 0D]KHLND��$�,��$SSOLFDWLRQ�RI�FRPELQHG�ODVHU�WUHDWPHQW�IRU�KDUGHQLQJ�RI�FULWLFDO�SDUWV��DEVWUDFWV�RI�SDSHUV�DQG�

SURJUDP� RI� WKH� IRXUWK� LQWHUQDWLRQDO� FRQIHUHQFH� >7H[W@ͬ� >� /DVHU� WHFKQRORJLHV� LQ� ZHOGLQJ� DQG� PDWHULDOV�
SURFHVVLQJ@��������PD\���������.LHY��(�2�3DWRQ�(OHFWULF�:HOGLQJ�,QVWLWXWH�RI�1$6�8NUDLQH��������±�3���������

�� �Ʉɚɲɭɛɚ�Ʌ�Ⱥ��ɑɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ�ɦɚɝɧɢɬɨɝɪɚɮɢɱɟɫɤɨɝɨ�ɦɟɬɨɞɚ�ɤɨɧɬɪɨɥɹ�ɫɜɚɪɧɵɯ�ɲɜɨɜ�˃̡̖̭̯���ɋɛ��
Ʉɨɧɬɪɨɥɶ�ɤɚɱɟɫɬɜɚ�ɫɜɚɪɧɵɯ�ɫɨɟɞɢɧɟɧɢɣ��Ɇ���ɐȿɌɂ������������ɋ�����������

�� ɇɨɜɢɤɨɜ�ȼ��Ⱥ��Ɉɫɨɛɟɧɧɨɫɬɢ�ɮɨɪɦɢɪɨɜɚɧɢɹ�ɦɚɝɧɢɬɨɫɬɚɬɢɱɟɫɤɨɝɨ�ɩɨɥɹ�ɜɚɥɢɤɚ�ɲɜɚ�ɧɚ�ɩɨɜɟɪɯɧɨɫɬɢ�
ɫɬɵɤɨɜɨɝɨ� ɫɜɚɪɧɨɝɨ� ɫɨɟɞɢɧɟɧɢɹ� ˃̡̖̭̯�� ȼ�� Ⱥ�� ɇɨɜɢɤɨɜ� ��� Ⱦɢɚɝɧɨɫɬɢɤɚ� ɢ� ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ�
ɪɚɡɪɭɲɟɧɢɹ�ɫɜɚɪɧɵɯ�ɤɨɧɫɬɪɭɤɰɢɣ��±�������±�ʋ����±�ɋ���������

�� ɒɚɪɨɜɚ��Ⱥ��Ɇ��Ɍɨɩɨɝɪɚɮɢɹ�ɩɨɥɹ�ɞɟɮɟɤɬɚ�ɧɚ�ɩɨɜɟɪɯɧɨɫɬɢ�ɫɬɵɤɨɜɨɝɨ�ɫɜɚɪɧɨɝɨ�ɲɜɚ� ˃̡̖̭̯��Ⱥ��Ɇ��
ɒɚɪɨɜɚ��ȼ��Ⱥ��ɇɨɜɢɤɨɜ����Ⱦɟɮɟɤɬɨɫɤɨɩɢɹ��±�������±�ʋ����±�ɋ���������

�� ɒɭɪ�� Ɇ�� Ʌ�� Ɍɟɨɪɟɬɢɱɟɫɤɨɟ� ɢ� ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ� ɢɫɫɥɟɞɨɜɚɧɢɟ� ɬɚɧɝɟɧɰɢɚɥɶɧɨɣ� ɫɨɫɬɚɜɥɹɸɳɟɣ�
ɩɨɥɹ� ɜɚɥɢɤɚ� ɭɫɢɥɟɧɢɹ� ɫɜɚɪɧɨɝɨ� ɲɜɚ˃̡̖̭̯�� Ɇ�� Ʌ�� ɒɭɪ�� ɋ�� Ʌ�� ȼɚɭɥɢɧ�� ȼ�� ȿ�� ɓɟɪɛɢɧɢɧ� ���
Ⱦɟɮɟɤɬɨɫɤɨɩɢɹ��±������±�ʋ�����±�ɋ���������

5HIHUHQFHV�
�� 0D]KHLND��$�,����������$SSOLFDWLRQ�RI�FRPELQHG�ODVHU�WUHDWPHQW�IRU�KDUGHQLQJ�RI�FULWLFDO�SDUWV��DEVWUDFWV�

RI�SDSHUV�DQG�SURJUDP�RI�WKH�IRXUWK�LQWHUQDWLRQDO�FRQIHUHQFH�>7H[W@ͬ�>�/DVHU�WHFKQRORJLHV�LQ�ZHOGLQJ�DQG�
PDWHULDOV� SURFHVVLQJ@� �������PD\�� �������.LHY��(�2�3DWRQ�(OHFWULF�:HOGLQJ� ,QVWLWXWH�RI�1$6�8NUDLQH��
������±�3���������

�� .DVKXED��/�$����������&KXYVWYLWHO
QRVW
�PDJQLWRJUDILFKHVNRJR�PHWRGD�NRQWUROMD�VYDUQ\K�VKYRY�
>6HQVLWLYLW\�RI�PDJQHWRJUDSKLF�FRQWURO�PHWKRG�RI�ZHOG�VHDPV@��0RVFRZ��&(7,��

�� 1RYLNRY��9�$����������2VREHQQRVWL�IRUPLURYDQLMD�PDJQLWRVWDWLFKHVNRJR�SROMD�YDOLND�VKYD�QD�SRYHUKQRVWL�
VW\NRYRJR�VYDUQRJR�VRHGLQHQLMD�>)HDWXUHV�RI�IRUPDWLRQ�RI�D�PDJQHWRVWDWLF�ILHOG�RI�D�UROO�RI�D�VHDP�RQ�D�
VXUIDFH�RI�D�MRLQW�ZHOGLQJ�FRPSRXQG@���'LDJQRVWLND�L�SURHNWLURYDQLH�UD]UXVKHQLMD�VYDUQ\K�NRQVWUXNFLM�±
'LDJQRVWLFV�DQG�GHVLJQ�RI�ZHOGHG�VWUXFWXUHV�IUDFWXUH������������

�� 6KDURYD��$�0��	�1RYLNRY��9�$�����������7RSRJUDILMD�SROMD�GHIHNWD�QD�SRYHUKQRVWL�VW\NRYRJR�VYDUQRJR�
VKYD�>7RSRJUDSK\�RI�WKH�GHIHFW�ILHOG�RQ�WKH�VXUIDFH�RI�WKH�MRLQW�ZHOG@��'HIHNWRVNRSLMD�±�'HIHFWRVFRS\�����
�������

�� 6KXU��0��/���9DXOLQ��6��/��	�6KKHUELQLQ��9��(����������7HRUHWLFKHVNRH�L�MHNVSHULPHQWDO
QRH�LVVOHGRYDQLH�
WDQJHQFLDO
QRM�VRVWDYOMDMXVKKHM�SROMD�YDOLND�XVLOHQLMD�VYDUQRJR�VKYD>7KHRUHWLFDO�DQG�H[SHULPHQWDO�VWXG\�RI�
WKH�WDQJHQWLDO�FRPSRQHQW�RI�WKH�ZHOG�UHLQIRUFHPHQW�UROOHU�ILHOG@��'HIHNWRVNRSLMD�±�'HIHFWRVFRS\�������������

Ɉ�Ƀ��Ɇɚɠɟɣɤɚ��ɩɪɨɮ���ɤɚɧɞ��ɬɟɯɧ��ɧɚɭɤ�
ɐɟɧɬɪɚɥɶɧɨɭɤɪɚʀɧɫɶɤɢɣ�ɧɚɰɿɨɧɚɥɶɧɢɣ�ɬɟɯɧɿɱɧɢɣ�ɭɧɿɜɟɪɫɢɬɟɬ��ɦ��Ʉɪɨɩɢɜɧɢɰɶɤɢɣ��ɍɤɪɚʀɧɚ�
ɉɿɞɜɢɳɟɧɧɹ�ɤɨɧɬɪɨɥɸ�ɹɤɨɫɬɿ�ɡɜɚɪɧɢɯ�ɡ
ɽɞɧɚɧɶ�

Ⱦɥɹ�ɞɨɫɬɨɜɿɪɧɨɫɬɿ� ɬɚ� ɩɿɞɜɢɳɟɧɧɹ� ɹɤɨɫɬɿ�ɦɚɝɧɿɬɨɝɪɚɮɿɱɧɨɝɨ� ɤɨɧɬɪɨɥɸ� ɩɪɨɜɟɞɟɧɨ�ɞɨɫɥɿɞɠɟɧɧɹ�
ɦɚɝɧɿɬɧɨɝɨ�ɩɨɥɹ�ɡɜɚɪɸɜɚɥɶɧɢɯ�ɲɜɿɜ�ɧɚ�ɩɨɜɟɪɯɧɿ�ɨɩɭɤɥɨɫɬɿ�ɲɜɚ��Ɇɟɬɨɸ�ɞɚɧɨʀ�ɪɨɛɨɬɢ�ɽ�ɚɧɚɥɿɡ� ɿɫɧɭɸɱɢɯ�
ɦɟɬɨɞɿɜ� ɦɚɝɧɿɬɧɨɝɨ� ɤɨɧɬɪɨɥɸ� ɡɜɚɪɧɢɯ� ɲɜɿɜ� ɿ� ɩɿɞɜɢɳɟɧɧɹ� ɹɤɨɫɬɿ� ɤɨɧɬɪɨɥɸ� ɡɜɚɪɧɢɯ� ɡ
ɽɞɧɚɧɶ� ɲɥɹɯɨɦ�
ɮɨɪɦɭɜɚɧɧɹ�ɦɚɝɧɿɬɨɫɬɚɬɿɱɟɫɤɨɝɨ�ɩɨɥɹ�ɜ�ɡɨɧɿ�ɡɜɚɪɧɨɝɨ�ɡ
ɽɞɧɚɧɧɹ�ɩɪɢ�ɧɚɦɚɝɧɿɱɭɜɚɧɧɿ�ɩɨɥɟɦ��ɫɩɪɹɦɨɜɚɧɢɦ�
ɩɚɪɚɥɟɥɶɧɨ�ɿ�ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɨ�ɩɨɜɟɪɯɧɿ�ɤɨɧɬɪɨɥɶɨɜɚɧɨɝɨ�ɜɢɪɨɛɢ��

Ⱦɥɹ�ɩɿɞɜɢɳɟɧɧɹ�ɧɚɞɿɣɧɨɫɬɿ�ɦɚɝɧɿɬɨɝɪɚɮɿɱɟɫɤɿɟ�ɤɨɧɬɪɨɥɸ�ɫɬɢɤɨɜɢɯ�ɡɜɚɪɧɢɯ�ɡ
ɽɞɧɚɧɶ��ɧɟɨɛɯɿɞɧɨ�
ɩɟɪɟɛɭɞɭɜɚɬɢ� ɦɚɝɧɿɬɧɿ� ɩɨɥɹ� ɱɟɪɟɡ� ɧɚɹɜɧɿɫɬɶ� ɨɩɭɤɥɨɫɬɿ� ɡɜɚɪɧɨɝɨ� ɲɜɚ�� Ɂɚɩɪɨɩɨɧɨɜɚɧɨ� ɪɨɡɪɚɯɭɧɤɨɜɭ�
ɦɨɞɟɥɶ� ɡɿ� ɫɯɟɦɨɸ� ɪɨɡɬɚɲɭɜɚɧɧɹ� ɝɨɪɢɡɨɧɬɚɥɶɧɨɝɨ� ɿ� ɜɟɪɬɢɤɚɥɶɧɨɝɨ� ɦɚɝɧɿɬɧɢɯ� ɩɨɥɿɜ� ɜɚɥɢɤɚ� ɲɜɚ� ɡ�
ɩɪɢɜ
ɹɡɤɨɸ� ɞɨ� ɞɟɤɚɪɬɨɜɿɣ� ɫɢɫɬɟɦɿ� ɤɨɨɪɞɢɧɚɬ�� Ɂɪɨɛɥɟɧɨ� ɪɨɡɪɚɯɭɧɨɤ� ɦɚɝɧɿɬɧɢɯ� ɡɚɪɹɞɿɜ� ɞɥɹ� ɡɚɞɚɧɨɝɨ�
ɡɜɚɪɸɜɚɥɶɧɨɝɨ�ɜɚɥɢɤɚ��Ɉɰɿɧɟɧɚ�ɬɨɩɨɝɪɚɮɿɹ�ɩɨɥɹ�ɞɟɮɟɤɬɭ�ɧɚ�ɩɨɜɟɪɯɧɿ�ɫɬɢɤɨɜɨɝɨ�ɡɜɚɪɧɨɝɨ�ɲɜɚ���Ɉɬɪɢɦɚɧɨ�
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