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6��=,$((� �0�+��.$',9$5�$1'�.��-$)$5385��'HSW��RI�0HFKDQLFDO�(QJLQHHULQJ��6KLUD]�8QLYHUVLW\��6KLUD]��,��5��RI�,UDQ�(PDLO��VLPDB]LDHH#\DKRR�FRP��$EVWUDFW±�:HOGLQJ�LQGXFHV�UHVLGXDO�VWUHVVHV�LQ�VWUXFWXUHV�ZKLFK�PD\�FDXVH�EXFNOLQJ�GLVWRUWLRQ��LI�
WKH\�H[FHHG�WKH�FULWLFDO�EXFNOLQJ�VWUHVV�RI�WKH�VWUXFWXUH��7KLV�SDSHU�SUHVHQWV�D�SUHGLFWLYH�GLVWRUWLRQ�
DQDO\VLV�DSSURDFK�IRU�D�ZHOGHG�VWUXFWXUH��,Q�DGGLWLRQ��WKH�HIIHFW�RI�H[WHUQDO�FRQVWUDLQW�RQ�EXFNOLQJ�
EHKDYLRU�LV�VWXGLHG��DV�ZHOO��$���'�WKHUPR�PHFKDQLFDO�ZHOGLQJ�SURFHVV�VLPXODWLRQ�LV�SHUIRUPHG�WR�
GHWHUPLQH�WKH�UHVLGXDO�VWUHVVHV�DQG�GHIRUPDWLRQ��0RUHRYHU��WKH�FULWLFDO�EXFNOLQJ�VWUHVV�DORQJ�ZLWK�
WKH� EXFNOLQJ� PRGH� LV� FRPSXWHG� WKURXJK� ��'� HLJHQYDOXH� DQDO\VLV�� $OVR�� WKH� PRGHO� LV� YDOLGDWHG�
DJDLQVW� WKH� H[SHULPHQWDO� ZRUN�� 7KH� SUHVHQW� UHVXOWV� FOHDUO\� GHPRVWUDWH� WKDW� WKH� SURSRVHG� �'�
ZHOGLQJ� DQDO\VLV� FDQ� SUHGLFW� QRW� RQO\� WKH� WLPH�� EXW� DOVR� WKH� VKDSH� RI� EXFNOLQJ� GXULQJ�ZHOGLQJ��
)LQDOO\��WKLV�VWXG\�DOVR�UHYHDOV�WKDW�H[WHUQDO�UHVWUDLQW�HIIHFW�RQ�EXFNOLQJ�PRGH�DV�ZHOO�DV�D�VXLWDEOH�
FRPELQDWLRQ�RI�WKLFNQHVV�DQG�H[WHUQDO�UHVWUDLQW�FDQ�HOLPLQDWH�EXFNOLQJ�������������.H\ZRUGV±�$QDQG
V�PRGHO��EXFNOLQJ�EHKDYLRU��H[WHUQDO�UHVWUDLQW��WKLQ�VKHOO��ZHOGLQJ�GLVWRUWLRQ���

���,1752'8&7,21��
:HOGLQJ�� DPRQJ� DOO� PHFKDQLFDO� MRLQLQJ� SURFHVVHV�� KDV� EHHQ� HPSOR\HG� DW� DQ� LQFUHDVLQJ� UDWH� IRU� LWV�
DGYDQWDJH�LQ�GHVLJQ�IOH[LELOLW\��FRVW�VDYLQJV��UHGXFHG�RYHUDOO�ZHLJKW�DQG�HQKDQFHG�VWUXFWXUDO�SHUIRUPDQFH��
+RZHYHU��ZHOGLQJ�LQGXFHV�YDULRXV�W\SHV�RI�GLVWRUWLRQ�DV�GLVFXVVHG�LQ�GHWDLO�E\�0DVXEXFKL�>�@��7R�VWXG\�
WKH� HIIHFW� RI� ZHOGLQJ� RQ� VWUXFWXUH� HIILFLHQF\�� DQG� LQ� WXUQ� WR� LPSOHPHQW� YDULRXV� GLVWRUWLRQ� PLWLJDWLRQ�
WHFKQLTXHV��D�YDOLG�PHWKRG�IRU�SUHGLFWLQJ�ZHOGLQJ�LQGXFHG�GLVWRUWLRQ�LV�QHFHVVDU\��

7KLQQHU�VHFWLRQ�FRPSRQHQWV�DUH�FRPPRQO\�XWLOL]HG�LQ�IDEULFDWLQJ�ODUJH�VWUXFWXUHV�WR�DFKLHYH�UHGXFWLRQ�
LQ�RYHUDOO�ZHLJKW�DQG�PRUH�FRQWUROODEOH�PDQXIDFWXULQJ��+RZHYHU�� IRU� VWUXFWXUHV�PDGH�RI� UHODWLYHO\� WKLQ�
FRPSRQHQWV��ZHOGLQJ�FDQ� LQWURGXFH�VLJQLILFDQW�EXFNOLQJ�GLVWRUWLRQ��FDXVLQJ�ORVV�RI�GLPHQVLRQDO�FRQWURO��
VWUXFWXUDO�LQWHJULW\�DQG�LQFUHDVHG�IDEULFDWLRQ�FRVWV�GXH�WR�SRRU�ILW�XS�EHWZHHQ�SDQHOV��$�SUHGLFWLYH�DQDO\VLV�
WHFKQLTXH�FDQ�GHWHUPLQH�WKH�VXVFHSWLELOLW\�RI�D�SDUWLFXODU�GHVLJQ�WR�EXFNOLQJ�GLVWRUWLRQ���

:HOGLQJ�LQGXFHG� EXFNOLQJ� RI� WKLQ� ZDOOHG� VWUXFWXUHV� KDV� EHHQ� LQYHVWLJDWHG� LQ� JUHDW� GHWDLO� LQ� >���@��
8HGD�HW�DO��>�@�SUHVHQWHG�D�PHWKRGRORJ\�WR�GHWHUPLQH�WKH�EXFNOLQJ�EHKDYLRU�RI�SODWHV�E\�ODUJH�GHIRUPDWLRQ�
HODVWLF�ILQLWH�HOHPHQW�PHWKRG��)(0��DQG�HPSOR\LQJ�LQKHUHQW�VWUDLQ�GLVWULEXWLRQV��0LFNDOHULV�HW�DO��>�������@�
GHYHORSHG�D�SUHGLFWLYH�EXFNOLQJ�DQDO\VLV�WHFKQLTXH�IRU�WKLQ�VHFWLRQ�SDQHOV��FRPELQLQJ�GHFRXSOHG���'�ZHOG�
SURFHVV� VLPXODWLRQV� DQG� ��'� HLJHQYDOXH� EXFNOLQJ� DQDO\VLV�� 3KDVH� WUDQVIRUPDWLRQ� DQG� WUDQVIRUPDWLRQ�
SODVWLFLW\�KDYH�DOVR�EHHQ�LQFRUSRUDWHG�LQ�WKH�DQDO\VLV�DV�VKRZQ�E\�UHFHQW�GHYHORSPHQWV�>����@�����

,Q�WKLV�ZRUN����'�WKHUPR�HODVWLF�YLVFRSODVWLF�ILQLWH�HOHPHQW�DQDO\VLV�WHFKQLTXH�LV�DSSOLHG�WR�HYDOXDWH�
ZHOGLQJ�LQGXFHG�EXFNOLQJ�RI�WKH�ZHOGHG�VKHOOV��7KH�UHVXOWV�DUH�FKHFNHG�E\���'�HLJHQYDOXH�VLPXODWLRQV�DQG�
H[SHULPHQWDO� GDWD�� � 0RUHRYHU�� WKH� HIIHFWV� RI� WKH� VKHOO� WKLFNQHVV� DQG� PHFKDQLFDO� FRQVWUDLQWV� DUH� DOVR�
LQYHVWLJDWHG��
5HFHLYHG�E\�WKH�HGLWRUV�-XO\����������$FFHSWHG�-XQH�����������
&RUUHVSRQGLQJ�DXWKRU�
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���:(/',1*�$1$/<6,6��

:HOGLQJ�LV�D�FRXSOHG�WKHUPR�PHFKDQLFDO�SURFHVV�DQG�LWV�PDWKHPDWLFDO�PRGHOLQJ�FRQVLVWV�RI�WZR�SULQFLSOHV�
H[SUHVVLQJ� WKHUPDO� DQG� PHFKDQLFDO� HTXLOLEULXP�� L�H�� WKH� EDODQFH� RI� LQWHUQDO� HQHUJ\� DQG� EDODQFH� RI�
PRPHQWXP�DV�ZHOO�DV�VDWLVI\LQJ�LQLWLDO�DQG�ERXQGDU\�FRQGLWLRQV��7R�VLPSOLI\�WKH�ZHOGLQJ�VLPXODWLRQ��LW�LV�
FRPSXWDWLRQDOO\�HIILFLHQW�WR�SHUIRUP�WKH�WKHUPDO�DQG�PHFKDQLFDO�DQDO\VLV�VHSDUDWHO\�>�@��3K\VLFDOO\��LW�LV�
DVVXPHG�WKDW�FKDQJHV�LQ�WKH�PHFKDQLFDO�VWDWH�GR�QRW�FDXVH�D�FKDQJH�LQ�WKH�WKHUPDO�VWDWH�>�@��&RPSXWDWLRQ�
RI� WKH� WHPSHUDWXUH� KLVWRU\� GXULQJ� ZHOGLQJ� DQG� VXEVHTXHQW� FRROLQJ� LV� FRPSOHWHG� ILUVW�� DQG� WKHQ� WKLV�
WHPSHUDWXUH�ILHOG�LV�DSSOLHG�WR�WKH�PHFKDQLFDO�PRGHO�WR�SHUIRUP�UHVLGXDO�VWUHVV�DQDO\VLV���D��0HFKDQLFDO�PRGHO� �

$ VLPSOH� VHW�RI� FRQVWLWXWLYH�HTXDWLRQV� IRU� ODUJH�� LVRWURSLF��YLVFR�SODVWLF�GHIRUPDWLRQV� LV� WKH� VLQJOH�
VFDODU� LQWHUQDO� YDULDEOH�PRGHO� SURSRVHG� E\�$QDQG� >��@�� 7ZR� EDVLF� IHDWXUHV� H[LVW� LQ� WKH�$QDQG�PRGHO��
)LUVW��WKLV�PRGHO�QHHGV�QR�H[SOLFLW�\LHOG�FRQGLWLRQ�DQG�QR�ORDGLQJ�XQORDGLQJ�FULWHULRQ��6HFRQG��WKLV�PRGHO�
HPSOR\V� D� VLQJOH� VFDODU� DV� DQ� LQWHUQDO� YDULDEOH� WR� UHSUHVHQW� WKH� DYHUDJHG� LVRWURSLF� UHVLVWDQFH� WR� SODVWLF�
IORZ��7KH�LQHODVWLF�VWUDLQ�UDWH�(� IRU�WKH�$QDQG�PRGHO�LV�GHILQHG�E\�>��@���
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ZKHUH�WKH�FRQVWLWXWLYH�IXQFWLRQ� 3Ha ZDV�SURSRVHG�E\�$QDQG�>��@��7KH�HTXDWLRQV�RI�WKH�LQWHUQDO�YDULDEOH�
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�ZKHUH �������� � ]DK]P4$ [ DQG�K DUH� FRQVWDQWV� RI� WKH�$QDQG�PRGHO� DQG� 5 LV� WKH�%ROW]PDQ
V� FRQVWDQW��

7KH�PDWHULDO�FRQVWDQWV�IRU�WKH�$QDQG�PRGHO��ZKLFK�DUH�XVHG�LQ�WKH�SUHVHQW�ZRUN��DUH�OLVWHG�LQ�7DEOH�����7DEOH����&RQVWDQWV�RI�$QDQG
V�YLVFRSODVWLF�PRGHO�IRU�WKH�VHOHFWHG�PDWHULDO�>��@��3DUDPHWHU� 9DOXH� 8QLW� 0HDQLQJ�
= ����� 0SD� ,QLWLDO�YDOXH�RI�GHIRUPDWLRQ�UHVLVWDQFH�
4�5�

.PROHN-
PROHN-

$�
�

FRQWHQWJDV8QLYHUVDO
HQHUJ\$FWLYDWLRQ

$ ����H�� 6HF � 3UH�H[SRQHQWLDO�IDFWRU�9 � 'LPHQVLRQ�OHVV� 0XOWLSOLHU�RI�VWUHVV�
0 �������� 'LPHQVLRQ�OHVV� 6WUDLQ�UDWH�VHQVLWLYLW\�RI�VWUHVV�
K ������� 03D� +DUGHQLQJ�VRIWHQLQJ�FRQVWDQW�] ����� 03D� &RHIILFLHQW�IRU�GHIRUPDWLRQ�UHVLVWDQFH�VDWXUDWLRQ�YDOXH�
1 ������� 'LPHQVLRQ�OHVV� 6WUDLQ�UDWH�VHQVLWLYLW\�RI�VDWXUDWLRQ�YDOXH�
$ ���� 'LPHQVLRQ�OHVV� 6WUDLQ�UDWH�VHQVLWLYLW\�RI�KDUGHQLQJ�VRIWHQLQJ�
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([SHULPHQWDO�HYDOXDWLRQ�RI�WKH�HIIHFW�RI�H[WHUQDO«��
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���
E��7KHUPDO�PRGHO� �

%HFDXVH� RI� WKH� VPDOO� VL]H� RI� WKH� PHOWHG� UHJLRQ� �ZHOG� SRRO�� WKH� KHDW� VRXUFH� PRGHO� GHYHORSHG� E\�
�PRYLQJ�LVRWKHUP�SRRO��LV�XVHG�LQ�WKLV�UHVHDUFK���

7KH� DSSOLHG� KHDW� LV� WUDQVIHUUHG� WR� WKH� RWKHU� UHJLRQV� E\� FRQGXFWLQJ� WKURXJK� WKH� VROLG�PDWHULDOV� DQG�
FRQYHFWLRQ� WR� WKH�VXUURXQGLQJV��'XULQJ�D�VKRUW� WLPH� LQ�ZHOGLQJ�� WKH�ZHOGHG� UHJLRQ�UHPDLQV�UHG�FRORUHG�
DQG�D�SRUWLRQ�RI�KHDW�LV�DOVR�GLVVLSDWHG�E\�UDGLDWLRQ���

:HOGLQJ� WLPH� LQ� WKLV� ZRUN� LV� FDOFXODWHG� E\� GLYLGLQJ� WKH� ZHOGHU� VSHHG� WKDW� LV� REWDLQHG� IURP� WKH�
SUDFWLFDO� ZHOGLQJ� FKDUDFWHULVWLF� GDWD� E\� WKH� OHQJWK� RI� WKH� ZHOGHG� UHJLRQ�� 7KH� WHPSHUDWXUH� GHSHQGHQW�
WKHUPDO�SURSHUWLHV�RI�WKH�PDWHULDO�ZHUH�DOVR�LQFRUSRUDWHG�LQWR�WKH�PRGHO��7DEOH������7DEOH����9DULDWLRQ�RI�PDWHULDO�WKHUPDO�DQG�PHFKDQLFDO�SURSHUWLHV�ZLWK�WHPSHUDWXUH��7� &�� 7KHUPDO�FRQGXFWLYLW\�N�:�P�.��

6SHFLILF�KHDW�& �-�NJ�.�� &RHII��RI�WKHUPDO�H[SDQVLRQ���� �
<RXQJV�PRGXOXV�(�*3D��
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F��)LQLWH�HOHPHQW�DSSUR[LPDWLRQ�
7KH� ILQLWH� HOHPHQW� PHWKRG� IRU� XQFRXSOHG� WKHUPR�PHFKDQLFDO� SUREOHP� LV� EDVHG� RQ� WKH� 5LW]¶V�

DSSUR[LPDWLRQ�RI�YDULDWLRQDO�HTXDWLRQ��L�H��WKH�SULQFLSOH�RI�YLUWXDO�ZRUN�DQG�WKH�EDODQFH�RI�LQWHUQDO�HQHUJ\��
7KH� FRPELQHG� JOREDO� ILQLWH� HOHPHQW� HTXDWLRQ� IRU� WKH� XQFRXSOHG� WKHUPR�PHFKDQLFDO� SUREOHP� LV�
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ZKHUH� QX. LV� WKH� VWLIIQHVV� PDWUL[� FRUUHVSRQGLQJ� WR� PHFKDQLFDO� HIIHFWV�� QXT. LV� WKH� PDWUL[� ZKLFK�
WUDQVIRUPV�WKHUPDO�HQHUJ\�LQWR�D�PHFKDQLFDO�RQH��7KH�WKHUPDO�VWLIIQHVV� QT. LV�WKH�VXP�RI�VWLIIQHVV�PDWUL[�
FRUUHVSRQGLQJ�WR�FRQGXFWLRQ��WKH�VWLIIQHVV�UHODWHG�WR�FRQYHFWLRQ�SKHQRPHQD��DQG�WKH�VWLIIQHVV�DVVRFLDWHG�
ZLWK� UDGLDWLRQ� HIIHFWV�� � �_X' DQG� LT' DUH� � WKH� YHFWRU� RI� GLVSODFHPHQW� DQG� WHPSHUDWXUH� LQFUHPHQWV��
UHVSHFWLYHO\�� ��QX5 LV�WKH�YHFWRU�RI�H[WHUQDOO\�DSSOLHG�QRGDO�SRLQW�ORDGV� �� _ �� LQX) LV�WKH�YHFWRU�RI�QRGDO�
SRLQW�IRUFHV�HTXLYDOHQW�WR�WKH�LQWHUQDO�VWUHVVHV�� ��QT5 LV�WKH�VXPPDWLRQ�RI�YHFWRUV�RI�QRGDO�WKHUPDO�ORDGV�
FRUUHVSRQGLQJ� WR� WKH� WKHUPDO� ERXQGDU\� FRQGLWLRQ�� ) LV� WKH� YHFWRU� RI� QRGDO� WKHUPDO� ORDGV�
FRUUHVSRQGLQJ�WR�WKH�LQWHUQDO�KHDW�IOX[�WKURXJK�WKH�ERG\�VXUIDFH� �9w
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���
7KH�PDWUL[HV�LQ�HTXDWLRQ�����DUH�WDNHQ�DW�WKH�FXUUHQW��Q����DQG�SUHYLRXV��Q��WLPH�VWHSV�DQG�FXUUHQW���L���

DQG�SUHYLRXV���L����LWHUDWLRQV�DW�WKH�FXUUHQW�WLPH�VWHS���
7KH�QRQOLQHDU�ILQLWH�HOHPHQW�V\VWHP�RI�HTXDWLRQV�LV�VROYHG�LWHUDWLYHO\�E\�1HZWRQ�5DSKVRQ�VFKHPH���

G��(OHPHQW�UHELUWK�WHFKQLTXH� �
,I� PDWHULDO� LV� DGGHG� WR� �RU� UHPRYHG� IURP�� D� V\VWHP�� FHUWDLQ� HOHPHQWV� LQ� WKH� PRGHO� PD\� EHFRPH�

�H[LVWHQW���RU��QRQH[LVWHQW����7KH�HOHPHQW�ELUWK�DQG�GHDWK�RSWLRQV�FDQ�EH�XVHG�WR�GHDFWLYDWH�RU�UHDFWLYDWH�
VHOHFWHG�HOHPHQWV� LQ� VXFK�FDVHV�� �7R�DFKLHYH� WKH� �HOHPHQW�GHDWK��HIIHFW�� WKH�SURJUDP�GRHV�QRW�DFWXDOO\�
UHPRYH��NLOOHG��HOHPHQWV�� ,QVWHDG�� LW�GHDFWLYDWHV� WKHP�E\�PXOWLSO\LQJ�WKHLU�VWLIIQHVV��RU�FRQGXFWLYLW\��RU�
RWKHU�DQDORJRXV�TXDOLW\��E\�D�VHYHUH�UHGXFWLRQ�IDFWRU��7KLV�IDFWRU�LV�XVXDOO\�VHW�WR�D�VPDOO�YDOXH��RUGHU�RI�
��H�����(OHPHQW�ORDGV�DVVRFLDWHG�ZLWK�GHDFWLYDWHG�HOHPHQWV�DUH�]HURHG�RXW�RI�WKH�ORDG�YHFWRU��6LPLODUO\��
PDVV��GDPSLQJ��VSHFLILF�KHDW�DQG�RWKHU�VXFK�HIIHFWV�DUH�VHW�]HUR�IRU�GHDFWLYDWHG�HOHPHQWV��7KH�PDVV�DQG�
HQHUJ\�RI�GHDFWLYDWHG�HOHPHQWV�DUH�QRW�LQFOXGHG�LQ�VXPPDWLRQV�RYHU�WKH�PRGHO��$Q�HOHPHQW
V�VWUDLQ�LV�DOVR�
VHW�WR�]HUR�DV�VRRQ�DV�WKDW�HOHPHQW�LV�NLOOHG��
,Q� D� OLNH�PDQQHU��ZKHQ�HOHPHQWV� DUH��ERUQ��� WKH\�DUH�QRW� DFWXDOO\� DGGHG� WR� WKH�PRGHO�� WKH\�DUH� VLPSO\�
UHDFWLYDWHG��:KHQ� DQ� HOHPHQW� LV� UHDFWLYDWHG�� LWV� VWLIIQHVV�� PDVV�� HOHPHQW� ORDGV�� HWF�� UHWXUQ� WR� WKHLU� IXOO�
RULJLQDO�YDOXHV��
� �� 7+5((�',0(16,21$/�(,*(19$/8(�$1$/<6,6��
7KH� EXFNOLQJ� GLVWRUWLRQ� DQG� FULWLFDO� EXFNOLQJ� VWUHVVHV� DUH� FRQVHTXHQWO\� GHWHUPLQHG� E\� DQ� HLJHQYDOXH�
DQDO\VLV� DSSO\LQJ� WKH�PRVWO\� XQLIRUP�DQG�FRPSUHVVLYH� ORQJLWXGLQDO�SODVWLF� VWUDLQ� ILHOG�RI� WKH���'�ZHOG�
PRGHO�RQ�WKH���'�VWUXFWXUDO�PRGHO�DV�HTXLYDOHQW�ORDG��

0LFKDOHULV�HW�DO�� >���@�DSSOLHG�D�FRQVWDQW��QHJDWLYH� WKHUPDO�ORDG�DW�WKH�ZHOG�UHJLRQ�WR�LQWURGXFH�WKH�
HIIHFW�RI�ZHOGLQJ�LQWR���'�VWUXFWXUHV��7KHUPDO�ORDGLQJ�LV�XVHG�UDWKHU�WKDQ�PDSSLQJ�WKH�SODVWLF�VWUDLQ�ILHOG��
ZKLFK� ZRXOG� UHTXLUH� D� FRPSOH[� DQDO\VLV� SURFHGXUH�� DIWHU� WKDW�� DQ� HLJHQYDOXH� DQDO\VLV� LV� SHUIRUPHG� WR�
GHWHUPLQH� WKH� FULWLFDO� UHVLGXDO� VWUHVVHV� DQG� EXFNOLQJ� GLVWRUWLRQ�� 7KLV� YDOXH� LV� WKHQ� FRPSDUHG� ZLWK� WKH�
ORQJLWXGLQDO�UHVLGXDO�VWUHVV�WKDW�LV�REWDLQHG�E\��'�ILQLWH�HOHPHQW�DQDO\VLV�RI�ZHOGLQJ��)LQDOO\��WKH�DELOLW\�RI�
WKLV�PHWKRG�WR�HVWLPDWH�WKH�FULWLFDO�VWUHVVHV�DQG�EXFNOLQJ�PRGH�LV�HYDOXDWHG�E\�H[SHULPHQWDO�GDWD�>����@��
7KH�SURSRVHG�PHWKRG�E\�0LFKDOHULV�RQO\�SUHGLFWV�LI�WKH�SODWH�EXFNOHV�RU�QRW�DQG�LV�VLOHQW�DERXW�WKH�WLPH�RI�
EXFNOLQJ�DQG�WKH�EHKDYLRU�RI�WKH�SODWH�DIWHU�EXFNOLQJ��
,Q� WKH� SUHVHQW� ZRUN�� WKH� DFWXDO� VWUHVV� SDWWHUQ� RI� WKH� VKHOO� LQ� HDFK� WLPH� VWHS� LV� XVHG� LQ� �'� HLJHQYDOXH�
DQDO\VLV�WR�GHWHUPLQH�WKH�FULWLFDO�UHVLGXDO�VWUHVVHV�DQG�WR�HVWLPDWH�WKH�WLPH�RI�EXFNOLQJ��GXULQJ�DQG��RU�DIWHU�
RSHQLQJ�WKH�IL[WXUHV���7KHQ��WKH�RXWFRPH�LV�XVHG�WR�ILQG�D�VLPSOH�ZD\�WR�HVWLPDWH�EXFNOLQJ�ZLWK��'�ZHOGHG�
DQDO\VLV��7R�YDOLGDWH�WKH�UHVXOWV��DQ�H[SHULPHQWDO�PHWKRG�LV�GHVLJQHG�DQG�XVHG���
�

���9$/,',7<�2)�02'(/��
7R� FKHFN� WKH� DFFXUDF\� RI� WKH� SURSRVHG�PHWKRG�� D� VSHFLPHQ�ZDV� FRQVWUXFWHG�ZLWK� D� OHQJWK��ZLGWK� DQG�
WKLFNQHVV� RI� / ������: � ����� W � ���� PP�� UHVSHFWLYHO\�� )LJXUH� �� VKRZV� WKH� YDULDWLRQ� RI� ORQJLWXGLQDO�
UHVLGXDO� VWUHVV� RI� D� PLGGOH� SRLQW� RI� WKH� VKHOO� ZLWK� UHVSHFW� WR� WLPH� IRU� WKH� SUHVHQW� PRGHO� DQG� 3DWWHH
V�
H[SHULPHQWDO�ZRUN�>��@��$V�)LJ����LOOXVWUDWHV��WKH�YDULDWLRQ�RI�FRPSXWHG�VWUHVV�KDV�D�SDWWHUQ�VLPLODU�WR�WKH�
SDWWHUQ�RI�H[SHULPHQWDO�GDWD�DQG�VKRZV�D�JRRG�FRPSDWLELOLW\�EHWZHHQ�WKH�UHVXOWV��7KHUHIRUH��WKH�SURFHGXUH�
SUHVHQWHG�KHUH�LV�VXLWDEOH�IRU�DQDO\VLV�RI�WUDQVLHQW�DQG�UHVLGXDO�VWUHVVHV�GXH�WR�ZHOGV���
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���

)LJ�����&RPSDULVRQ�EHWZHHQ�WKH�SUHVHQW�PHWKRG�DQG�WKH�H[SHULPHQWDO�GDWD�RI�>��@�
�

�� 02'(/�$1$/<6,6��
,Q� WKLV�ZRUN�� WZR� WKLQ�ZDOO� VKHOO� VHFWLRQV� DUH� MRLQWHG� E\� D� VLQJOH� SDVV� EXWW�ZHOGHG��7KH� OHQJWK��ZLGWK��
WKLFNQHVV�� DQG� UDGLXV� RI� WKH� VKHOO� DUH� DVVXPHG� WR� EH� ����� ����� ���� DQG� �����PP�� UHVSHFWLYHO\�� 6HYHQ�
WKRXVDQG��'�HOHPHQWV�DUH�XVHG�WR�FRQVWUXFW�WKH�PRGHO��)LQH�PHVKHV�DUH�XVHG�QHDU�WKH�ZHOG�OLQH�DQG�ZLWK�
LQFUHDVLQJ�GLVWDQFH�IURP�WKH�ZHOG�OLQH�WKH�PHVK�GHQVLW\�LV�GHFUHDVHG��,Q�RUGHU�WR�REWDLQ�D�KLJKO\�SUHFLVH�
SUHGLFWLRQ� RI� ZHOGLQJ� GLVWRUWLRQ�� PDWHULDO� QRQOLQHDULW\� �WKHUPR�YLVFRSODVWLF��� JHRPHWULFDO� QRQOLQHDULW\�
�ODUJH� GHIRUPDWLRQ��� DQG� FRQWDFW� QRQOLQHDULW\� DUH� WDNHQ� LQWR� DFFRXQW�� +RZHYHU�� XQFRXSOHG� WKHUPR�
PHFKDQLFDO�DQDO\VLV�LV�XVHG�WR�VDYH�FRPSXWDWLRQDO�WLPH��7KH�PHFKDQLFDO�SURSHUWLHV�DUH�GHSHQGHQW�RQ�WKH�
WHPSHUDWXUH�KLVWRU\�DV�OLVWHG�LQ�7DEOH�����

�
�� (;3(5,0(17$/�02'(/6��

,Q�RUGHU�WR�YDOLGDWH�WKH�UHVXOWV�RI�WKH�SURSRVHG�ILQLWH�HOHPHQW�PHWKRG��VRPH�H[SHULPHQWV�DUH�GHVLJQHG��7KH�
H[SHULPHQWDO� PRGHOV� DUH� FRQVWUXFWHG� RI� $O����� DQG� LWV� PHFKDQLFDO� SURSHUWLHV� OLVWHG� LQ� 7DEOH� ��7KH�
H[SHULPHQWDO�PRGHOV�DUH�ZHOGHG�XVLQJ�7,*�PHWKRG��WKH�GHWDLOV�RI�ZKLFK�ZLOO�EH�JLYHQ�LQ�WKH�QH[W�VHFWLRQ��
:HOGLQJ� SDUDPHWHUV� DUH� VKRZQ� LQ�7DEOH� ���7KH� HPSKDVLV� RQ� WKH� H[SHULPHQWDO� SDUW�ZDV� WR� REVHUYH� WKH�
EHKDYLRU�RI�WKH�ZHOGHG�VKHOOV�GXULQJ�ZHOGLQJ�ZLWKRXW�IL[WXUHV�RU�ZLWK�IL[WXUHV�DW�GLIIHUHQW�SRVLWLRQV���7DEOH����:HOGLQJ�SDUDPHWHUV��9ROWDJH� �����9ROWV�

&XUUHQW� ���$PSV�
7UDYHO�VSHHG��$YHUDJH�� ���PP�PLQXWH�

���5(68/76��
7R�HYDOXDWH�WKH�UHVSRQVH�RI�D�ZHOGHG�VWUXFWXUH��HODVWLF�VPDOO�GHIRUPDWLRQ�HLJHQYDOXH�DQDO\VLV�LV�VXJJHVWHG��
6PDOO�GHIRUPDWLRQ�DQDO\VLV�UHTXLUHV�OLPLWHG�FRPSXWDWLRQDO�UHVRXUFHV��DQG�IRU�WKLV�UHDVRQ��LW�FDQQRW�SUHGLFW�
EXFNOLQJ�EHKDYLRU��+RZHYHU��KHUH�LW�LV�RQO\�XVHG�WR�HVWLPDWH�WKH�VWUHVV�SDWWHUQ�WKDW�FDXVHV�EXFNOLQJ�LQ�HDFK�
WLPH�VWHS� RI� ZHOGLQJ�� )RU� WKLV� SXUSRVH�� WKH� DFWXDO� VWUHVV� SDWWHUQ� RI� WKH� VKHOO� LV� XVHG� LQ� �'�HLJHQYDOXH�
DQDO\VLV� LQ� HDFK� WLPH�VWHS� RI�ZHOGLQJ� DQG� WKH� WLPH� RI� EXFNOLQJ� LV� WKH� WLPH� VWHS� LQ�ZKLFK� WKH� VPDOOHVW�
SURGXFHG�HLJHQYDOXH�LV�VPDOOHU�RU�HTXDO�WR����,W�LV�SUHGLFWHG�WKDW�WKH�VKDSH�RI�WKH�EXFNOLQJ�PRGH�LV�YHU\�
VLPLODU�WR�WKH�HLJHQPRGH�FRUUHVSRQGLQJ�WR�WKH�QHDUHVW�HLJHQYDOXH�HTXDO�WR������
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���
&DVH����IUHH�IUHH�����PP�VKHOO��$FFRUGLQJ�WR��'�HLJHQYDOXH�DQDO\VLV�XVLQJ�WKH�WUXH�VWUHVV�SDWWHUQ�RI�VKHOOV�
SURGXFHG�E\��'�WKHUPR�YLVFRSODVWLF�� WKH� WKLQ� VKHOO� ORVHV� LWV� VWDELOLW\� WZR� WLPHV�GXULQJ� WKH�ZHOGLQJ�� WKH�
ILUVW�RQH�RFFXUV���V�DIWHU� VWDUWLQJ�ZHOGLQJ� �  �������DQG� WKH�VHFRQG� LV� VHHQ�DW� WLPH���V� �  ��������7KH�
SUHGLFWHG�VKDSH�RI�WKH�EXFNOLQJ�PRGH�EHORQJLQJ�WR�WKH�ILUVW�LQVWDELOLW\��WKH�HLJHQPRGH�RI�  ������LV�VKRZQ�
LQ� )LJ�� �D�� )LJXUH� �E� UHYHDOV� WKH� VKDSH� RI� WKH� ZHOGHG� VKHOOV� H[DFWO\� DIWHU� EXFNOLQJ� WLPH�� &RPSDULVRQ�
EHWZHHQ�)LJ���D�DQG�)LJ���E�VKRZV�VRPH�VLPLODULWLHV�EHWZHHQ�WKH�SUHGLFWHG�HLJHQPRGH�DQG�WKH�GHIRUPHG�
VKDSH�RI�WKH�ZHOGHG�VKHOOV�DW�WKH�WLPH�RI�EXFNOLQJ��$QJXODU�GHIRUPDWLRQ�DQG�D�ELJKW�QHDU�WKH�ZHOG�OLQH�DUH�
VHHQ�LQ�ERWK�RI�WKH�GHIRUPHG�VKDSHV��5HYLHZLQJ�WKH�KLVWRU\�RI�GHIRUPDWLRQ�ZRXOG�UHYHDO�WKDW�PRVW�RI�WKH�
VKHOO�SRLQWV�KDYH�D�VXGGHQ�YDULDWLRQ�LQ�WKH�UDGLDO�GLUHFWLRQ�DW�EXFNOLQJ�WLPH��FRPSDULVRQ�EHWZHHQ�)LJ���E�
DQG�)LJ���F��DV�0DVXEXFKL�KDV�SRLQWHG�RXW�>�@��7KLV�EHKDYLRU� LV� UHSHDWHG�DW� WKH�VHFRQG�EXFNOLQJ�RI� WKH�
ZHOGHG�VKHOOV��

D��(LJHQPRGH�EHORQJ�WR�WKH�ILUVW�LQVWDELOLW\�RI�ZHOGHG�VKHOOV�ZKLFK�LV�SUHGLFWHG�E\��'�HLJHQYDOXH�DQDO\VLV��

E��'HIRUPHG�VKDSH�RI�ZHOGHG�VKHOOV�H[DFWO\�DIWHU�WKH�ILUVW�EXFNOLQJ�VFDOH����
�

F��'HIRUPHG�VKDSH�RI�ZHOGHG�VKHOOV�H[DFWO\�EHIRUH�WKH�ILUVW�EXFNOLQJ��VFDOH�����)LJ�����&RPSDULVRQ�EHWZHHQ�WKH�GHIRUPHG�VKDSH�RI�ZHOGHG�VKHOOV�DW�WLPH�RI�EXFNOLQJ�SURGXFHG�E\��'�WKHUPR�YLFRSODVWLF�DQDO\VLV�DQG�SUHGLFWHG�HLJHQPRGH�SURGXFHG�E\��'�HLJHQYDOXH�DQDO\VLV���
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���
%RWK�EXFNOLQJ�PRGHV�DUH�YHU\�VLPLODU��D�VXGGHQ�MXPS�DW�WKH�HGJH�RI�VKHOO�DQG�DSSHDUDQFH�RI�D�QHZ�FDYLW\�
QHDU� WKH� ZHOG� DUH� VSHFLDO� FKDUDFWHULVWLFV� RI� EXFNOLQJ� PRGHV�� $IWHU� WKH� ZHOGLQJ� LV� FRROHG� GRZQ�� WZR�
FRPSOHWH�VLQH�ZDYH�DQG�RQH�KDOI�ZDYH�DUH�VHHQ�QHDU�WKH�ZHOG�OLQH��)LJ���D�DQG��E���DQG�RQO\�D�VLQH�ZDYH�
LV�EHKHOG�QHDU�WKH�HGJH��)LJ���D��DQG��E����PRUHRYHU��DQJXODU�GLVWRUWLRQ�GXH�WR�EXFNOLQJ�LV�QRWLFHDEOH�DV�
ZHOO��)LJ���D���
�

D��7KH�ILQDO�GHIRUPHG�VKDSH�RI�WKLQ�VKHOO�DIWHU�EXFNOLQJ�WZR�WLPHV��EDVHG�RQ�WKH�SURSRVHG��'�DQDO\VLV��

E��3UHVHQW�H[SHULPHQWDO�UHVXOW�������������������������F��2XW�RI�SODQH�GLVSODFHPHQW�LV�QHDUO\��FP�LQ�WKLV������������ SUHVHQW�H[SHULPHQW�)LJ�����7KH�ILQDO�GHIRUPHG�VKDSH�RI�WKLQ�VKHOO��D��SURSRVHG��'�DQDO\VLV��E�F��SUHVHQW�H[SHULPHQW�UHVXOWV��

D��3UHVHQW�H[SHULPHQW�

���7KH�ILUVW�GLPSOLQJ��������������������������7KH�PLGGOH�GLPSOLQJ���������������7KH�ODVW�GLPSOLQJ��

E����7KH�ZDYH�VKDSH�RI�HGJH��VFDOH���������������������������������E����7KH�ZDYH�VKDSH�RI�XSSHU�SRUWLRQ��VFDOH�����)LJ�����&RPSDULVRQ�EHWZHHQ�WKH�ZDYH�VKDSH�RI�WKH�XSSHU�SRUWLRQ�RI�WKH�VKHOO��QHDU�ZHOG���DQG�LWV�HGJH��D��SUHVHQW�H[SHULPHQW�UHVXOWV��WKH�ZDYH�RI�XSSHU�SRUWLRQ�LV��VKRZQ�ZLWK�D�UXOHU���E��SURSRVHG�DQDO\VLV��
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���
7ZHQW\�VHFRQGV�DIWHU�ZHOGLQJ�KDV�VWDUWHG��VXGGHQ�YDULDWLRQ�LQ�WKH�UDGLDO�GLUHFWLRQ�FDQ�EH�REVHUYHG�DW�D�

VPDOO�]RQH�RI�VKHOO�QHDU�WKH�ZHOG�OLQH�DQG�D�KLOO\�VKDSH�LV�SURGXFHG��7KLV�DFFLGHQW�KDV�OHVV�LQIOXHQFH�RQ�WKH�
RYHUDOO�GHIRUPDWLRQ�RI�WKH�ZHOGHG�VKHOOV��)LJXUH���VKRZV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�GHIRUPDWLRQ�RI�WKLV�
DUHD� EHIRUH� DQG� DIWHU� ORFDO� EXFNOLQJ� ZLWK� WKH� XVH� RI� WZR� SHUSHQGLFXODU� VWULSV�� ,W� LV� HDVLO\� VHHQ� WKDW�
ERUGHUOLQH�QRGHV�GR�QRW�H[SHULHQFH�RXW�RI�SODQH�GLVSODFHPHQW��7KHQ��RQH�FDQ�LVRODWH�WKLV�DUHD�ZLWK�WKH�XVH�
RI�VLPSO\�VXSSRUW�ERXQGDU\�FRQGLWLRQ�DQG�GHWHUPLQH�LI�WKH�WUXH�VWUHVV�GLVWULEXWLRQ�EHORQJLQJ�WR�WKLV�DUHD�
FDQ�OHDG�WR�LWV�EXFNOLQJ��(LJHQYDOXH�DQDO\VLV�JLYHV�D�SRVLWLYH�DQVZHU�WR�WKLV�TXHVWLRQ�� ��� O ���7KHQ��RQH�
FDQ�FODVVLI\�WKLV�SKHQRPHQRQ�DV�ORFDO�EXFNOLQJ�DQG�H[DFWO\���V�DIWHU�WKDW��WKH�ILUVW�JOREDO�EXFNOLQJ�RFFXUV���
7KLV�EHKDYLRU�LV�VHHQ�DIWHU���V�DJDLQ��� �

)LJ�����,VRODWHG�ORFDO�EXFNOLQJ�DUHD��3HUSHQGLFXODU�VWULSV�DUH�XVHG�IRU�D�EHWWHU�FRPSDULVRQ��EHWZHHQ�GLVSODFHPHQWV�EHIRUH�EXFNOLQJ�DQG�DIWHU�EXFNOLQJ��
)LJXUH� �� VKRZV� WKH� VKDSH�RI� WKH�XSSHU�SRUWLRQ�RI� WKH� VKHOO� DIWHU� WKH� VHFRQG� ORFDO�EXFNOLQJ�RFFXUV��

7KXV�� WKH�ZDYH�VKDSH�QHDU� WKH�ZHOG� OLQH� LV�SURGXFHG�E\�D�FRPELQDWLRQ�RI�JOREDO�DQG� ORFDO�EXFNOLQJ�RI�
VKHOOV� GXULQJ� ZHOGLQJ��:LWK� WKH� XVH� RI� WKH� SUHVHQW� H[SHULPHQWDO� GDWD�� WKH� FRUUHFWQHVV� RI� WKH� UHVXOW� LV�
FRQILUPHG��7KH�ILQDO�VKDSH�RI�WKH�EXFNOLQJ�PRGH�WKDW�LV�REWDLQHG�E\�WKH�H[SHULPHQWDO�PHWKRG�LV�VKRZQ�LQ�
)LJ���E��$OVR�� WKH�GLIIHUHQFH�EHWZHHQ�WKH�VKDSH�RI� WKH�HGJH�DQG�WKH�XSSHU�SRUWLRQ�RI�WKH�VKHOO��QHDU�WKH�
ZHOG�OLQH�WKDW�DUH�SURGXFHG�E\�WKH�H[SHULPHQW�DQG�WKH�SURSRVHG�ILQLWH�HOHPHQW�PHWKRG�LV�LOOXVWUDWHG�LQ�)LJ��
��� %DVHG� RQ� WKLV� ILJXUH�� RQH� FDQ� VHH� VRPH� VLPLODULWLHV� EHWZHHQ� WKH� ZDYH� VKDSHV� SURGXFHG� E\� WKH�
H[SHULPHQW�DQG�WKH�SURSRVHG�ILQLWH�HOHPHQW�PRGHO��$FFRUGLQJ�WR�)LJ���D��WKH�ZDYH�QHDU�WKH�ZHOG�OLQH�LV�
VPDOOHU�WKDQ�WKH�ZDYH�QHDU�WKH�HGJH�DQG�KDV�D�VLQH�VKDSH��%HFDXVH�RI�WKH�V\PPHWULFDO�UHVSRQVH��RQO\�RQH�
KDOI� RI� WKH� ILQLWH� HOHPHQW� PRGHO� LV� VKRZQ� LQ� DOO� ILJXUHV�� ,Q� FRPSDULVRQ�� EHWZHHQ� WKH� RXW� RI� SODQH�
GLVSODFHPHQW�RI�WKH�HGJH�WKDW�LV�SURGXFHG�E\�WKH�H[SHULPHQW��)LJ���F���DQG�WKH�SURSRVHG�)(0��)LJ���D���
WKH�DPRXQW�RI�HUURU�PD\�EH�HVWLPDWHG�WR�EH�DURXQG�����������

)LJ�����'HIRUPHG�VKDSH�RI�VKHOO��QHDU�WKH�ZHOG�OLQH��DIWHU�WKH�VHFRQG�ORFDO�EXFNOLQJ���6FDOH�������
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���
%DVHG�RQ�WKH�ZRUN�RI�RWKHU�UHVHDUFKHUV�>����������@�ZKR�EHOLHYH�ORQJLWXGLQDO�UHVLGXDO�VWUHVVHV�FDQ�OHDG�

WR�EXFNOLQJ�RI�ZHOGPHQWV��WKH�DSSUR[LPDWHG�ORQJLWXGLQDO�WUDQVLHQW�VWUHVVHV�WKDW�DUH�SURGXFHG�LQ�HDFK�WLPH�
VWHS� DUH� DSSOLHG� WR� �'�HLJHQYDOXH� DQDO\VLV� WR� SUHGLFW� EXFNOLQJ� WLPH� DQG� FRUUHVSRQGLQJ� HLJHQPRGH��
$OWKRXJK� WKLV� PHWKRG� UHSHDWHG� WKH� VDPH� EXFNOLQJ� WLPHV�� VRPH� GLIIHUHQFHV� DUH� VHHQ� LQ� WKH� SUHGLFWHG�
HLJHQPRGHV��)LJXUH���VKRZV�WKH�SUHGLFWHG�HLJHQPRGH�EHORQJV�WR�WKH�ILUVW�EXFNOLQJ�RI�ZHOGHG�VKHOOV���

)LJ�����(LJHQPRGH�SUHGLFWHG�E\�DSSO\LQJ�DSSUR[LPDWHG�ORQJLWXGLQDO��WUDQVLHQW�VWUHVVHV�WR��'�HLJHQYDOXH�DQDO\VLV���
&RPSDULVRQ� EHWZHHQ� )LJ�� �� DQG� )LJ�� �D� FOHDUO\� UHYHDOV� WKDW� RQH� FDQ� SUHGLFW� EXFNOLQJ� WLPH� DQG�
DSSUR[LPDWHG� EXFNOLQJ� VKDSH� XVLQJ� ORQJLWXGLQDO� WUDQVLHQW� VWUHVVHV�� 7KLV� VKRZV� WKH� LPSRUWDQFH� RI�
ORQJLWXGLQDO�VWUHVVHV�LQ�EXFNOLQJ�RFFXUUHQFH��'LVWULEXWLRQ�RI�ORQJLWXGLQDO�UHVLGXDO�VWUHVVHV��GXH�WR�ZHOGLQJ�
DQG�EXFNOLQJ��LV�VKRZQ�LQ�)LJ�����([FHSW�IRU�SRLQWV�QHDU�WKH�ZHOG�OLQH��RWKHU�SRLQWV�H[SHULHQFH�FRPSUHVVLYH�
ORQJLWXGLQDO�VWUHVV��DV�ZDV�H[SHFWHG����

�

)LJ�����'LVWULEXWLRQ�RI�ORQJLWXGLQDO�UHVLGXDO�VWUHVV��
&DVH���IUHH�IL[HG�����PP�VKHOO��7KH�JOREDO�EXFNOLQJ�RI�IUHH�IL[HG�VKHOO�RFFXUV�DW���V�DIWHU�WKH�ZHOGLQJ�KDV�
VWDUWHG��6XGGHQ�DQJXODU�GLVWRUWLRQ�DQG�WKH�WHQGHQF\�RI�WKH�ZHOG�OLQH�WR�EHFRPH�HUHFWHG�IURP�LWV�VXSSRUW�DUH�
WKH�FKDUDFWHULVWLFV�RI�WKH�EXFNOLQJ�PRGH��(LJHQYDOXH�DQDO\VLV�FRQILUPV�WKH�WLPH�RI�EXFNOLQJ��&RQWLQXLQJ�
ZHOGLQJ�LQGXFHV�WKH�VSDFH�EHWZHHQ�WKH�VKHOOV�DQG�LQIHULRU�VXSSRUW�WR�LQFUHDVH��7KLV�GHIRUPDWLRQ�LV�VLPLODU�
WR� WKH� ILUVW� PRGH� RI� IL[HG�IUHH� EHDP� XQGHU� FRQFHQWUDWHG� FRPSUHVVLRQ� ORDG�� )LJXUH� �� DQG� ��� VKRZ� WKH�
FRPSDULVRQ� EHWZHHQ� WKH� DQDO\WLFDO� DQG� H[SHULPHQWDO� VKDSHV� RI� WKH� ZHOGHG� VKHOOV� EHIRUH� DQG� DIWHU�
UHPRYLQJ�WKH�WRUFK��UHVSHFWLYHO\��7KLV�PHFKDQLFDO�FRQVWUDLQW�GRHV�QRW�HOLPLQDWH�ORFDO�EXFNOLQJ�DQG�FDQ�EH�
VHHQ�DURXQG�DUF�ZHOGV��
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D��2EWDLQHG�E\�SURSRVHG�)(0������������������������E��([SHULPHQW��)LJ�����7KH�IURQW�YLHZ�RI�GHIRUPHG�ZHOGHG�VKHOOV�H[DFWO\�EHIRUH�UHPRYLQJ�WRUFK��

D��2EWDLQHG�E\�SURSRVHG�)(0��������������������������E��([SHULPHQW�)LJ������7KH�ODWHUDO�YLHZ�RI�GHIRUPHG�ZHOGHG�OLQH�H[DFWO\�DIWHU�UHPRYLQJ�WRUFK��
)LJXUH����VKRZV�WKH�GLVWULEXWLRQ�RI�ORQJLWXGLQDO�VWUHVV�PLG�OLQH�RI�WKH�VKHOOV�WKUHH�WLPHV��EHIRUH�EXFNOLQJ�
DQG�DW� WKH� WLPH�RI�EXFNOLQJ��ZKHQ� WKH� WRUFK�KDV�QRW� UHDFKHG� WKH�PLG� OLQH�RI� WKH�VKHOOV�\HW��7KLV� ILJXUH�
FOHDUO\� UHYHDOV� UDSLG� JURZWK� RI� ORQJLWXGLQDO� FRPSUHVVLYH� VWUHVVHV� QHDU� WKH� ZHOG� OLQH� DW� WKH� WLPH� RI�
EXFNOLQJ�� $W� WKLV� WLPH�� PRVW� RI� WKH� DUHD� QHDU� WKH� ZHOG� OLQH� �HVSHFLDOO\� WKH� DUHD� DKHDG� RI� WKH� WRUFK��
H[SHULHQFHV�FRPSUHVVLYH�ORQJLWXGLQDO�VWUHVVHV��)LJ������DQG�LW�VHHPV�WKDW�WKLV�GLVWULEXWLRQ�RI�ORQJLWXGLQDO�
VWUHVV�LV�HQRXJK�WR�EXFNOH�WKH�VKHOOV��EDVHG�RQ�HLJHQYDOXH�DQDO\VLV���

)LJ������'LVWULEXWLRQ�RI�ORQJLWXGLQDO�VWUHVV�DORQJ�WKH�OLQH�PLG�VSDFH�RI�WKH�VKHOO��� WKUHH�WLPHV�DIWHU�ZHOGLQJ�KDV�VWDUWHG��[�DQG�/�DUH�GLVWDQFH�IURP��� ZHOG�OLQH�DQG�WRWDO�ZLGWK�RI�VKHOO��UHVSHFWLYHO\��
$IWHU� FRPSOHWLQJ� WKH� FRROLQJ� VWDJH�� RQO\� WKH� DQJXODU� GLVWRUWLRQ�GXH� WR� EXFNOLQJ� UHPDLQV� DQG� WKH�

VKHOOV�OLH�RQ�WKHLU�VXSSRUW��)LJXUH����VKRZV�WKH�IURQW�YLHZ�RI�VKHOOV�DIWHU�FRPSOHWHG�FRROLQJ��([SHULPHQW�
YHULILHV�WKLV�SKHQRPHQRQ��� �

D��2EWDLQHG�E\�SURSRVHG�)(0�

E��3URGXFHG�E\�H[SHULPHQW�)LJ������)URQW�YLHZ�RI�ILQDO�VKDSH�GLVWRUWLRQ�DIWHU�FRROLQJ�VWDJH��
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���
)LJXUH����UHYHDOV�WKH�GLVWULEXWLRQ�RI�ORQJLWXGLQDO�VWUHVV�DIWHU�FRPSOHWLQJ�WKH�FRROLQJ�VWDJH��7KH�FRPSDULVRQ�
EHWZHHQ�)LJ�� �� DQG� ��� FOHDUO\� VKRZV� WKDW� FKDQJLQJ�ERXQGDU\� FRQGLWLRQ� LQIOXHQFHV� WKH� GLVWULEXWLRQ� DQG�
PDJQLWXGH� RI� VWUHVV� DQG� LW� FDQ� EH� D� JRRG� H[SODQDWLRQ� IRU� WKH� GLIIHUHQFH� EHWZHHQ� WKH� SURGXFHG� ILQDO�
EXFNOLQJ�PRGHV�� �

)LJ������'LVWULEXWLRQ�RI�ORQJLWXGLQDO�UHVLGXDO�VWUHVV�DW�IUHH�IL[HG�ZHOGHG�VKHOOV��
&DVH� �� IL[HG�IL[HG� �SHUSHQGLFXODU� WR� ZHOG� OLQH�� ����PP� VKHOO��7KH� IL[HG�IL[HG� VKHOO� H[SHULHQFHV� VL[�
GLIIHUHQW�ORFDO�EXFNOLQJV�GXULQJ�WKH�ZHOGLQJ��7KH�ILUVW�RQH�RFFXUV��V�DIWHU�VWDUWLQJ�ZHOGLQJ�DQG�WKH�ODVW�LV�DW�
��V��ZKLFK�LV�FRLQFLGHQW�ZLWK�WKH�WLPH�RI�WKH�ODVW�EXFNOLQJ�RI�WKH�IUHH�IUHH�VKHOO��7KH�ILUVW�ORFDO�EXFNOLQJ�RI�
IL[HG�IL[HG�DQG�IUHH�IUHH�VKHOO�LV�VLPLODU��EXW�WKH�ODVW�RQHV�DUH�GLIIHUHQW��RQH�RI�WKHP�LV�FRQFDYH�DQG�WKH�
RWKHU� LV� FRQYH[�� )LQDOO\�� WZR� FRPSOHWH� ZDYHV� DUH� VHHQ� RQ� WKH� XSSHU� SRUWLRQ� RI� WKH� VKHOO�� )LJXUH� ���
LOOXVWUDWHV�WKH�VKDSH�RI�WKH�VKHOO�DIWHU�WKH�ODVW�ORFDO�EXFNOLQJ�LV�EHLQJ�JHQHUDWHG����

)LJ�������6KDSH�RI�VKHOO�DIWHU�SURGXFLQJ�WKH�ODVW�ORFDO�EXFNOLQJ��VFDOH������
$W� WKH� HQG�RI�ZHOGLQJ�DQG�DIWHU� WKH� VKHOOV�KDYH�EHHQ�FRROHG�GRZQ�ZLWK� WKH� IL[WXUHV� UHPRYHG� IURP� WKH�
VLGHV��WKH�RYHUDOO�MXPS�VKRZLQJ�WKH�ILUVW�JOREDO�EXFNOLQJ�RI�WKH�VKHOO�DIWHU�FRROLQJ�LV�VHHQ��)LJXUH����DQG�
���VKRZ�WKH�GLVWULEXWLRQ�RI�ORQJLWXGLQDO�VWUHVV�EHIRUH�WKH�IL[WXUHV�DUH�UHPRYHG�DQG�WKH�EXFNOLQJ�PRGH�RI�
WKH� VKHOOV� DIWHU� WKDW�� UHVSHFWLYHO\�� (LJHQYDOXH� DQDO\VLV� DQG� H[SHULPHQW� FRQILUP� WKH� EXFNOLQJ� WLPH�� 2I�
FRXUVH��EXFNOLQJ�PRGH�LV�YHULILHG�E\�H[SHULPHQW��)LJ�����DQG�)LJ�����VKRZ�VLPLODU�GHIRUPDWLRQ�HVSHFLDOO\�
DW�WKH�PDUNHG�]RQHV��� �
&DVH���IL[HG�IL[HG��SDUDOOHO�WR�ZHOG�OLQH�����PP�VKHOO���,Q�WKLV�FDVH��LQVWHDG�RI�VLGHV�WKDW�DUH�SHUSHQGLFXODU�
WR�WKH�ZHOG�OLQH��FDVH�����SDUDOOHO�VLGHV�ZLWK�WKH�ZHOG�OLQH�DUH�IL[HG��$OWKRXJK�WKLV�FDVH�GRHV�QRW�H[SHULHQFH�
JOREDO�EXFNOLQJ�XQWLO�EHIRUH�UHPRYLQJ�IL[WXUHV��OLNH�FDVH�����WKH�PRGH�VKDSH�LV�FRPSOHWHO\�GLIIHUHQW��7KH�
FRPSDULVRQ�EHWZHHQ�WKH� ORQJLWXGLQDO�FRPSUHVVLRQ�VWUHVVHV�VKRZV�WKH�SRVLWLRQ�RI� WKH�H[WHUQDO�FRQVWUDLQW�
LQIOXHQFHV� RQ� WKH� GLVWULEXWLRQ� DQG� YDOXH� RI� ORQJLWXGLQDO� VWUHVVHV�� 7KLV� IDFW� FDQ� H[SODLQ� WKH� GLIIHUHQFH�
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���
EHWZHHQ�WKH�UHVXOWDQW�PRGH�VKDSHV��)LJXUH����VKRZV�WKH�DQDO\WLFDO�DQG�H[SHULPHQWDO�PRGH�VKDSH�RI�WKH�
VKHOOV�DIWHU�UHPRYLQJ�WKH�IL[WXUHV��(LJHQYDOXH�DQDO\VHV�DOVR�UDWLI\�WKH�WLPH�DQG�WKH�PRGH�RI�EXFNOLQJ��
�

)LJ������'LVWULEXWLRQ�RI�ORQJLWXGLQDO�VWUHVV�EHIRUH�IL[WXUH�UHPRYDO��

D�2YHUDOO�VKDSH�RI�EXFNOLQJ�PRGH�

E��'HIRUPHG�VKDSH�QHDU�ZHOG�OLQH��)LJ������0RGH�VKDSH�RI�VKHOOV�DIWHU�IL[WXUH�UHPRYDO���

)LJ������([SHULPHQWDO�GHIRUPHG�VKDSH�RI�VKHOOV�DIWHU�IL[WXUH�UHPRYDO�
�
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���

D��0RGH�VKDSH�RI�VKHOOV�DIWHU�IL[WXUHV�UHPRYDO��

E��([SHULPHQWDO�GHIRUPHG�VKDSH�RI�VKHOOV�DIWHU�IL[WXUH�UHPRYDO��)LJ������&RPSDULVRQ�EHWZHHQ�PRGH�VKDSH�RI�ZHOGHG�VKHOOV�SURGXFHG�E\�)(0�DQG�H[SHULPHQW��
,Q�WKLV�FDVH�ORFDO�EXFNOLQJ�FDQ�EH�VHHQ�GXULQJ�WKH�ZHOGLQJ�DQG�WKHLU�ORFDWLRQ�LV�DURXQG�WKH�ZHOG�WRUFK���

7KLV�FDVH�DQG�FDVH�QXPEHU���ERWK�RQO\�H[SHULHQFH�ORFDO�EXFNOLQJ�GXULQJ�ZHOGLQJ��DQG�DIWHU�UHPRYLQJ�
IL[WXUHV� WKHLU� HTXLOLEULXP� VKDSHV� FKDQJH� DQG� WKH\� EXFNOH�� $OWKRXJK� PDJQLWXGH� DQG� GLVWULEXWLRQ� RI�
FRPSUHVVLYH�UHVLGXDO�VWUHVV�EHORQJLQJ�WR� WKHVH�FDVHV�DUH�GLIIHUHQW��)LJ����DQG�)LJ������ERWK�RI� WKHP�DUH�
PRUH�WKDQ�WKH�FULWLFDO�FRPSUHVVLYH�UHVLGXDO�ORQJLWXGLQDO�VWUHVVHV�RI�IUHH�IUHH�ZHOGHG�VKHOOV�DQG�OHVV�WKDQ�
WKH�FULWLFDO�YDOXHV�WKDW�EHORQJ�WR�WKH�UHVWUDLQHG�VKHOOV��6R�WKHVH�ZHOGHG�VKHOOV�GR�QRW�H[SHULHQFH�EXFNOLQJ�
XQWLO�UHPRYLQJ�WKH�IL[WXUHV��EXW�H[DFWO\�ZLWK�RSHQLQJ�IL[WXUHV��EXFNOLQJ�RFFXUV��7KLV�PHDQV�WKDW�WKH�SDWWHUQ�
RI�VWUHVV�DW�WKH�PRPHQW�RI�RSHQLQJ�IL[WXUHV�LV�HQRXJK�IRU�EXFNOLQJ�DQG�WKH�GLIIHUHQFH�EHWZHHQ�WKH�SDWWHUQ�
DQG� PDJQLWXGH� RI� UHVLGXDO� VWUHVV� OHDGV� WR� WKH� GLIIHUHQFH� EHWZHHQ� WKH� SURGXFHG� PRGH� VKDSHV�� � 7KH�
PDJQLWXGH� RI� UHVLGXDO� ORQJLWXGLQDO� VWUHVVHV� FKDQJHV� DIWHU� HVWDEOLVKLQJ� WKH� QHZ� VKDSH� RI�ZHOGHG� VKHOOV��
)LJXUH����VKRZV� WKH� WLPH�KLVWRU\�RI� WKH� ORQJLWXGLQDO� VWUHVV�RI�GLIIHUHQW�QRGHV�DORQJ�WKH�PLG�OLQH�RI� WKH�
VKHOO�LQ�FDVH����7KLV�ILJXUH�FOHDUO\�UHYHDOV�WKDW�DIWHU�UHPRYLQJ�WKH�IL[WXUHV�DQG�LQ�WKH�QHZ�HTXLOLEULXP�SDWK�
RI�ZHOGHG�VKHOOV��WKH�PDJQLWXGH�RI�FRPSUHVVLYH�UHVLGXDO�ORQJLWXGLQDO�VWUHVV�LV�UHGXFHG���

)LJ������'LVWULEXWLRQ�RI�ORQJLWXGLQDO�VWUHVV�EHIRUH�IL[WXUH�UHPRYDO�
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)LJ������7LPH�KLVWRU\�RI�VRPH�QRGHV�DORQJ�WKH�PLG�OLQH�RI�VKHOO��3DUDPHWHU�[��UHSUHVHQWV�WKH�GLVWDQFH�IURP�ZHOG�OLQH��
&DVH���IXOO\�UHVWUDLQHG����PP�VKHOO��,Q�WKLV�FDVH�IRXU�VLGHV�RI�VKHOOV�ZHUH�UHVWUDLQHG�RQO\�LQ�WKH�UDGLDO�
GLUHFWLRQ��]HUR�RXW�RI�SODQH�GLVSODFHPHQWV�DW�WKHVH�SODFHV���)LJXUH����VKRZV�WKH�GLVWULEXWLRQ�RI�ORQJLWXGLQDO�
UHVLGXDO�VWUHVV�DIWHU�FRPSOHWLQJ�WKH�FRROLQJ�VWDJH��&RPSDULVRQ�RI�WKLV�ILJXUH�ZLWK�)LJ�����FOHDUO\�GLVSOD\V�
PDQ\�VLPLODULWLHV�LQ�GLVWULEXWLRQ�DQG�PDJQLWXGH�RI�VWUHVV��7KLV�FDVH�H[SHULHQFHV�EXFNOLQJ�DIWHU�UHPRYLQJ�
IL[WXUHV�WRR��DQG�LWV�ILQDO�VKDSH�PRGH�LV�YHU\�VLPLODU�WR�FDVH����)LJXUH����D��VKRZV�WKLV�PRGH�VKDSH��7KH�
H[SHULPHQW�YHULILHV�WKLV�SUHGLFWLRQ��)LJ����E�����

�

)LJ������'LVWULEXWLRQ�RI�UHVLGXDO�ORQJLWXGLQDO�VWUHVV�DIWHU�FRPSOHWLQJ�FRROLQJ�DQG�EHIRUH�UHPRYLQJ�IL[WXUHV��
&DVH����IUHH�IUHH��PP�VKHOO� %\�LQFUHDVLQJ�WKH�WKLFNQHVV�RI�WKH�VKHOO�ORFDO�EXFNOLQJ�LV�HOLPLQDWHG��EXW����
VHFRQGV�DIWHU�VWDUWLQJ�ZHOGLQJ��RYHUDOO�MXPSLQJ�FDQ�EH�VHHQ�DQG�WKH�VKHOO�ORVHV�LWV�VWDELOLW\��)LJ�������7KH�
FRUUHFWQHVV�RI�WKLV�SUHGLFWLRQ�FDQ�EH�VHHQ�E\�FRPSDULVRQ�EHWZHHQ�WKLV�PHWKRG�DQG�WKH�0LFKDOHULV�PHWKRG�
>����@��7KH�DYHUDJH�VWUHVV�DW�WKH�PLGGOH�RI�WKH�VKHOO��H[DFWO\�EHIRUH�EXFNOLQJ��LV���03D�DQG�WKH�0LFKDOHULV
�
PHWKRG�>����@�SUHGLFWV�WKH�FULWLFDO�VWUHVV�QHDU����03D�IRU�WKLV�FDVH����

�
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���

D��3URGXFHG�E\�)(0�

E��3URGXFHG�E\�H[SHULPHQW��)LJ������0RGH�VKDSH�RI�ZHOGHG�VKHOOV�DIWHU�RSHQLQJ�IL[WXUHV��

)LJ������EXFNOLQJ�VKDSH�RI��PP�VKHOO��
&DVH���IXOO\�IL[HG��PP�VKHOO��,Q�WKH�ODVW�H[DPSOH��WKH�EXFNOLQJ�EHKDYLRU�RI�WKH��PP�VKHOO�ZLWK�IXOO\�IL[HG�
ERXQGDU\�FRQGLWLRQV�LV�DQDO\]HG��%\�LQFUHDVLQJ�WKH�WKLFNQHVV�RI�WKH�VKHOO�QRW�RQO\�JOREDO�EXFNOLQJ��EXW�DOVR�
ORFDO�EXFNOLQJ�DUH�HOLPLQDWHG�DQG�QR�MXPS��RYHUDOO�RU�ORFDO��FDQ�EH�VHHQ�GXULQJ�ZHOGLQJ�DQG�DIWHU�RSHQLQJ�
WKH�IL[WXUHV��)LJ�������7KH�DYHUDJH�VWUHVV�DW�WKH�PLGGOH�RI�WKH�VKHOO��DIWHU�FRROLQJ�DQG�RSHQLQJ�WKUHH�VLGHV��LV�
�����03D�DQG�LW�LV�VPDOOHU�WKDQ�WKH�VPDOOHVW�FULWLFDO�VWUHVVHV�WKDW�DUH�SUHGLFWHG�E\�WKH�0LFKDOHULV�PHWKRG�
>��� �@� IRU� GLIIHUHQW� ERXQGDU\� FRQGLWLRQV� RI� VKHOO� ���� 03D� IRU� IUHH�IL[HG� DQG� ��03D� IRU� IUHH�IUHH�
FRQGLWLRQV���2Q�WKH�EDVLV�RI�WKLV�FRPSDULVRQ��WKH�FRUUHFWQHVV�RI�WKH�SUHGLFWLRQ�LV�FRQILUPHG��
�

)LJ������7KH�ILQDO�GHIRUPHG�VKDSH�RI�WKLQ�VKHOO�
�

Archive of SID

www.SID.ir
2FWREHU���������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

www.SID.ir
2FWREHU���������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

www.SID.ir


6��=LDHH�HW�DO���
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���
���&21&/86,21��

,Q� WKLV� ZRUN�� ZHOGLQJ� GLVWRUWLRQV�� HVSHFLDOO\� EXFNOLQJ� EHKDYLRU�� LV� VWXGLHG� ZLWK� WKH� XVH� RI� �'� WKHUPR�
HODVWLF� YLVFR�SODVWLF� ILQLWH� HOHPHQW� DQDO\VLV�� $OVR�� WKH� HIIHFWV� RI� H[WHUQDO� FRQVWUDLQW� DQG� WKLFNQHVV� RQ�
EXFNOLQJ�EHKDYLRU�DUH�HYDOXDWHG��2Q�WKH�EDVLV�RI�WKH�SURSRVHG�PRGHO��RQH�FDQ�FOHDUO\�HYDOXDWH�QRW�RQO\�WKH�
EXFNOLQJ� VKDSH�� EXW� DOVR� WKH� WLPH� RI� EXFNOLQJ�� ,W� LV� VHHQ� WKDW� WKH� VXGGHQ� YDULDWLRQ� RI� RXW� RI� SODQH�
GLVSODFHPHQW� DOPRVW� DOZD\V� RFFXUV� GXULQJ� EXFNOLQJ�� ,I� EXFNOLQJ� RFFXUV� GXULQJ� ZHOGLQJ�� WKH� SURSRVHG�
PRGHO�DOORZV�EHKDYLRU�HYDOXDWLRQ�RI�ZHOGPHQWV�DIWHU�EXFNOLQJ��,Q�DGGLWLRQ��WKH�UHVXOWV�FOHDUO\�VKRZ�WKDW�
WKLFNQHVV� DQG� H[WHUQDO� FRQVWUDLQWV� DUH� HIIHFWLYH� RQ� WKH� EXFNOLQJ� UHVLVWDQFH� RI� VKHOOV�� $OWKRXJK� ERWK�
SDUDPHWHUV� LQFUHDVH�EXFNOLQJ� UHVLVWDQFH� WKH\�FDQ�QRW� HOLPLQDWH�EXFNOLQJ�DORQH�� ,Q� WKH�FDVH�RI� WKH� VKHOOV�
���PP�WKLFN��ZLWK�FKDQJLQJ�ERXQGDU\�FRQGLWLRQV��JOREDO�EXFNOLQJ�FDQ�EH�HOLPLQDWHG�GXULQJ�WKH�ZHOGLQJ�
EXW�LW�LV�VHHQ�DIWHU�RSHQLQJ�WKH�IL[WXUHV��$OVR��ERXQGDU\�FRQGLWLRQV�DUH�LQHIIHFWLYH�RQ�ORFDO�EXFNOLQJ��,W�LV�
VHHQ� WKDW� WKH� EXFNOLQJ� LV� PRUH� ORFDOL]HG� LQ� WKH� ZHOGHG� VKHOOV� ���PP� WKLFN�� (DFK� ]RQH� RI� VKHOO� WKDW�
H[SHULHQFHV�FRPSUHVVLYH�ORQJLWXGLQDO�VWUHVVHV�JUHDWHU�WKDQ�WKH�FULWLFDO�RQHV�DQG�KDYLQJ�D�VL]H�DURXQG�KDOI�
RI� WKH�ZDYH� OHQJWK� ORVHV� LWV� VWDELOLW\�� 7KHVH� ]RQHV� FDQ� EH� IRXQG� QHDU� WKH�ZHOG� OLQH� DQG� DSSUR[LPDWHO\�
DURXQG�WKH�ZHOG�WRUFK�EHFDXVH�RI�WKH�FUHDWHG�WUDQVLHQW�FRPSUHVVLYH�ORQJLWXGLQDO�VWUHVVHV�LQ�WKLV�DUHD�GXULQJ�
WKH�ZHOGLQJ��,W�LV�VHHQ�WKDW�FKDQJLQJ�ERXQGDU\�FRQGLWLRQV�LQ�WKH�FDVH�RI�VKHOOV�����PP�WKLFN�FKDQJHV�WKH�
PRGH�VKDSH�RI�EXFNOLQJ�EHFDXVH�RI�YDU\LQJ�WKH�YDOXH�DQG�GLVWULEXWLRQ�RI�ORQJLWXGLQDO�FRPSUHVVLYH�VWUHVV��
$Q�LQFUHDVH�LQ� WKH�WKLFNQHVV��IURP����PP�WR��PP��RQO\�RPLWV� WKH� ORFDO�EXFNOLQJ��EXW� LI� LW� LV�FRPELQHG�
ZLWK� VXLWDEOH� ERXQGDU\� FRQGLWLRQV�� WKH� JOREDO� EXFNOLQJ� FDQ� EH� HOLPLQDWHG�� WRR�� 3URSHU� UHVWUDLQWV� FDQ�
LQFUHDVH� EXFNOLQJ� VWUHQJWK� DQG� SUHYHQW� LW� GXULQJ� ZHOGLQJ�� DQG� LI� WKH� SURGXFHG� UHVLGXDO� VWUHVVHV� DIWHU�
FRROLQJ�WKH�ZHOGPHQWV�DUH�VPDOOHU�WKDQ�WKH�FULWLFDO�VWUHVVHV��EXFNOLQJ�ZLOO�QRW�EH�VHHQ�DIWHU�WKH�IL[WXUHV�DUH�
UHPRYHG��7KXV��EXFNOLQJ�RI�VKHOO�GXH�WR�ZHOGV�FDQ�EH�RPLWWHG�E\�XVLQJ�D�VXLWDEOH�FRPELQDWLRQ�RI�WKLFNQHVV�
DQG�H[WHUQDO�FRQVWUDLQW���
�

5()(5(1&(6��
��� 0DVXEXFKL��.����������$QDO\VLV�RI�ZHOGHG�VWUXFWXUHV� 3HUJDPRQ�3UHVV��2[IRUG���
��� 0XUDNDZD��+���8HGD��<��	�=KRQJ��;��0�� ��������%XFNOLQJ�EHKDYLRU�RI�SODWHV�XQGHU� LGHDOL]HG� LQKHUHQW�VWUDLQ��

7UDQVDFWLRQV�RI�-:5,� 9RO������1R�����SS���������
��� 0LFKDOHULV��3��	�'HELFFDUL��$�� ��������3UHGLFWLRQ�RI�ZHOGLQJ�GLVWRUWLRQ��:HOGLQJ�-RXUQDO� 9RO������1R�����SS��

���������
��� 7VDL�� &�� /��� 3DUN�� 6�� &�� 	�&KHQJ��:�� 7�� ��������:HOGLQJ� GLVWRUWLRQ� RI� D� WKLQ�SODWH� SDQHO� VWUXFWXUH�� $�:�6���

:HOGLQJ�-RXUQDO� 5HVHDUFK�6XSSOHPHQW��9RO������SS�����V����V��
��� 0LFKDOHULV��3��	�'HELFFDUL��$����������$�SUHGLFWLYH�WHFKQLTXH�IRU�EXFNOLQJ�DQDO\VLV�RI�WKLQ�VHFWLRQ�SDQHOV�GXH�WR�

ZHOGLQJ��-RXUQDO�RI�6KLS�3URGXFWLRQ� 9RO������1R�����SS�����������
��� 0LFKDOHULV��3���'HR��0��9��	�6XQ��-����������3UHGLFWLRQ�RI�EXFNOLQJ�GLVWRUWLRQ�RI�ZHOGHG�VWUXFWXUHV��6FLHQFH�DQG�

7HFKQRORJ\�RI�:HOGLQJ�	�-RLQLQJ� 9RO�����1R�����SS���������
��� 2GG\��$��6���*ROGDN��-��$��	�0F'LOO��-��0��-����������1XPHULFDO�DQDO\VLV�RI�WUDQVIRUPDWLRQ�SODVWLFLW\�LQ��'�ILQLWH�

HOHPHQW�DQDO\VLV�RI�ZHOGV��(XURSHDQ�-RXUQDO�RI�0HFKDQLFV�$�6ROLGV� 9RO�����1R�����SS�����������
��� :DWW�� '�� )��� &RRQ�� /��� %LEE\�� 0�� 	� +HQZRRG�� &�� �������� $Q� DOJRULWKP� IRU� PRGHOLQJ� PLFURVWUXFWXUDO�

GHYHORSPHQW�LQ�ZHOG�KHDW�DIIHFWHG�]RQHV��SDUW�D��UHDFWLRQ�NLQHWLFV��$FWD�0HWDO���9RO������1R������SS�������������
��� =LDHH��6���.DGLYDU��0��+��	�-DIDUSXU��.����������$�VHTXHQFH�VFKHPH�WR�UHGXFH�WKH�UHVLGXDO�VWUHVVHV�LQ�ZHOGLQJ�RI�

FLUFXODU�HOHPHQWV��,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ� 9RO������1R��%���SS��
��������
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([SHULPHQWDO�HYDOXDWLRQ�RI�WKH�HIIHFW�RI�H[WHUQDO«��

2FWREHU���������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

���
���� %URZQ��6��%���.LP��.��+��	�$QDQG��/����������$Q�LQWHUQDO�YDULDEOH�FRQVWLWXWLYH�PRGHO�IRU�KRW�ZRUNLQJ�RI�PHWDOV��

,QWHUQDWLRQDO�-RXUQDO�RI�3ODVWLFLW\� 9RO�����SS���������
���� 5RQGD��-��	�2OLYHU��*��-����������&RPSDULVRQ�RI�DSSOLFDELOLW\�RI�YDULRXV�WKHUPR�YLVFRSODVWLF�FRQVWLWXWLYH�PRGHOV�

LQ�PRGHOLQJ�RI�ZHOGLQJ��&RPSXW��0HWKRGV�$SSO��0HFK��(QJUJ���9RO�������SS�����������
���� 3DWWHH��)��0�� ��������%XFNOLQJ�GLVWRUWLRQ�RI� WKLQ�DOXPLQLXP�SODWHV�GXULQJ�ZHOGLQJ��7KHVLV��0DVWHU�RI�6FLHQFH��

0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\��
�
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