
-RXUQDO RI 7KHUPDO $QDO\VLV DQG &DORULPHWU\� 9RO� �� ������ �������

678'<�21�7+(�0(/7,1*�352&(66�2)
1,752&(//8/26(�%<�7+(50$/�$1$/<6,6�0(7+2'

1��%LQNH���
��/��5RQJ���&��;LDQTL���:��<XDQ���+X�5RQJ]X�

DQG�<��4LQJVHQ�

�
'HSDUWPHQW RI &KHPLVWU\� =KHMLDQJ 8QLYHUVLW\� +DQJ]KRX ������

�
;LDQ 0RGHUQ &KHPLVWU\ 5HVHDUFK ,QVWLWXWH� ;LDQ ������

�
'HSDUWPHQW RI )RRG (QJLQHHULQJ� 1DQFKDQJ 8QLYHUVLW\� 1DQFKDQJ ������� 3� 5� &KLQD

$EVWUDFW

7KH PHOWLQJ SURFHVV RI 1& LV VWXGLHG E\ XVLQJ PRGXODWHG GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\

�0'6&� WHFKQLTXH� WKH PLFURVFRSH FDUULHU PHWKRG IRU PHDVXULQJ WKH PHOWLQJ SRLQW DQG WKH VLPXO�

WDQHRXV GHYLFH RI WKH VROLG UHDFWLRQ FHOO LQ VLWX�56)7�,5� 7KH UHVXOWV VKRZ WKDW WKH HQGRWKHUPLF

SURFHVV LQ WKH 0'6& FXUYH LV UHYHUVLEOH� ,W LV FDXVHG E\ WKH SKDVH FKDQJH IURP VROLG WR OLTXLG RI

WKH PL[WXUH RI LQLWLDO 1&� GHFRPSRVLWLRQ SDUWO\ LQWR FRQGHQVHG SKDVH SURGXFWV� 7KH YDOXHV RI WKH

PHOWLQJ SRLQW� PHOWLQJ HQWKDOS\ �∆+P
�� PHOWLQJ HQWURS\ �∆6P�� WKH HQWKDOS\ RI GHFRPSRVLWLRQ

�∆+GHF
� DQG WKH KHDW�WHPSHUDWXUH TXRWLHQW �∆6GHF� REWDLQHG E\ WKH 0'6& FXUYH RI 1& DW D KHDWLQJ

UDWH RI �� . PLQ−� DUH ������ .� ����� - J−�� ������ - J−� .
±�
� −������ - J−� DQG −����� - J−� .

±�
�

UHVSHFWLYHO\� 7KH 0'6& UHVXOWV RI 1& ZLWK GLIIHUHQW QLWURJHQ FRQWHQWV VKRZ WKDW ZLWK LQFUHDVLQJ

WKH QLWURJHQ FRQWHQW LQ 1&� WKH DEVROXWH YDOXHV RI ∆+P
� ∆6P� ∆+GHF

DQG ∆6GHF LQFUHDVH�

.H\ZRUGV� 0'6&� PHOWLQJ SURFHVV� PLFURVFRSH FDUULHU PHWKRG� 1&� VLPXOWDQHRXV GHYLFH RI
VROLG UHDFWLRQ FHOO�56)7�,5

,QWURGXFWLRQ

:LWK UHJDUG WR WKH SUREOHP ZKHWKHU WKH PHOWLQJ SRLQW RI QLWURFHOOXORVH �1&� H[�

LVWV RU QRW� WKHUH DUH WZR SRLQWV RI YLHZ� ��� +XLOX >�@� %DRJXDQ >�@ DQG 0RUURZ HW

DO� >�� �@ FRQVLGHUHG WKDW WKH PHOWLQJ SRLQW RI 1& FDQQRW EH GHWHUPLQHG EHFDXVH 1&

GRHV QRW PHOW� ��� %LQKH HW DO� >�@ PHDVXUHG WKH PHOWLQJ SRLQW RI 1& E\ WKH SRODUL]�

LQJ PLFURVFRSH� LQIUDUHG VSHFWURVFRS\ �,5� DQG GLIIHUHQWLDO WKHUPDO DQDO\VLV�WKHU�

PRJUDYLPHWU\ �'7$�7*� WHFKQLTXHV� DQG SRLQWHG RXW WKDW WKH PHOWLQJ SRLQW RI 1&

H[LVWV DQG ILUVW PHOWLQJ WDNHV SODFH DQG WKHQ GHFRPSRVHV� ,Q RUGHU WR WHVW DQG YHULI\

WKH DERYH�PHQWLRQHG YLHZV� ZH LQYHVWLJDWHG WKH PHOWLQJ SURFHVV RI 1& E\ PRGX�

ODWHG GLIIHUHQWLDO VFDQQLQJ FDORULPHWU\ �0'6&� WHFKQLTXH� WKH PLFURVFRSH FDUULHU

����±�������� � ����

 ���� $NDGpPLDL .LDGy� %XGDSHVW

$NDGpPLDL .LDGy� %XGDSHVW

.OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW


 $XWKRUV WR ZKRP DOO FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG 1� %LQNH DQG +� 5RQJ]X�



PHWKRG IRU PHDVXULQJ WKH PHOWLQJ SRLQW DQG WKH VLPXOWDQHRXV GHYLFH RI WKH VROLG UH�

DFWLRQ FHOO LQ VLWX�UDSLG�VFDQ )RXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\ �56)7�,5��

([SHULPHQWDO

0DWHULDOV

7KH KLJKO\ QLWUDWHG 1& FRQWDLQLQJ ����� DQG ������ RI QLWURJHQ XVHG LQ WKLV ZRUN
ZHUH SUHSDUHG DQG SXULILHG DW RXU LQVWLWXWH LQ ;LDQ DQG RWKHU 1& FRQWDLQLQJ ������ �����
DQG ������ RI QLWURJHQ ZHUH SURYLGHG E\ +XLDQ &KHPLFDO )DFWRU\ LQ ;LDQ� &KLQD�

,QVWUXPHQWV

7KH GHWHUPLQDWLRQ RI WKH PHOWLQJ SURFHVV RI 1& ZDV FDUULHG RXW RQ D 0HW�
WOHU¶V 0RGHO 3)� PLFURVFRSH FDUULHU IRU PHDVXULQJ WKH PHOWLQJ SRLQW� 0'6& LQVWUX�
PHQW �0RGHO 7$����� 7$ &R� 86$� DQG WKH VROLG UHDFWLRQ FHOO LQ VLWX �;LDPHQ 8QL�
YHUVLW\� ;LDPHQ� &KLQD� LQ FRQMXQFWLRQ ZLWK 56)7�,5 �0RGHO ��6;5 )7�,5� 1L�
FROHW &R��� 7KH RSHUDWLRQ IRU WKH PLFURVFRSH FDUULHU PHWKRG ZDV� KHDWLQJ UDWH�
� . PLQ

−�� PXOWLSOLFDWLRQ FRQVWDQW� ���� )RU 0'6&� WKH VDPSOH PDVV� DERXW � PJ�
KHDWLQJ UDWH� �� . PLQ

−�� UHIHUHQFH VDPSOH� α�$O�2�� DWPRVSKHUH� D IORZLQJ UDWH RI

)LJ� � 3KRWRJUDSKV RI 1& ������ 1� REWDLQHG E\ WKH PLFURVFRSH FDUULHU PHWKRG DW URRP
WHPSHUDWXUH �,�� ��� �,,�� ��� �,,,�� ��� �,9�� ��� �9� DQG ��� .�9,�
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�� PO PLQ
−� RI 1� � PRGXODWLRQ� VLQH� DPSOLWXGH� ±����� .� SHULRG� �� V� 7KH RSHUD�

WLRQ IRU WKH VROLG UHDFWLRQ FHOO LQ VLWX�56)7�,5 ZDV� WKH VDPSOH PDVV� DERXW ��� PJ�
VDPSOH�.%U �PDVV UDWLR�� ������ KHDWLQJ UDWH� �� . PLQ

−�� 7KH H[SHULPHQWV ZHUH
FRQGXFWHG LQ WKH VROLG UHDFWLRQ FHOO LQ VLWX ZLWKRXW FRYHU� �� ILOHV PLQ

−� DQG
� VFDQV ILOH

−� ZHUH UHFRUGHG DW D UHVROXWLRQ RI � FP
−�� DQG LQIUDUHG VSHFWUD RI 1&

ZHUH REWDLQHG XVLQJ '7*6 GHWHFWRU�

5HVXOWV�DQG�GLVFXVVLRQ

7KH SKRWRJUDSKV RI 1& ������� 1� REWDLQHG E\ WKH PLFURVFRSH FDUULHU PHWKRG

DW GLIIHUHQW WHPSHUDWXUHV DUH SUHVHQWHG LQ )LJ� �� ,W LV FOHDU WKDW GXULQJ WKH XQLIRUP

KHDWLQJ RI 1&� WKH ILEHUV RI 1& DW URRP WHPSHUDWXUH �)LJ� �−,� ZHUH ORQJHU DQG ZHUH
JUDGXDOO\ VWUDLJKWHQHG� DQG H[SDQGHG ZLWK VRPH VPDOO OLTXLG GURSV DSSHDULQJ� 7KHQ

WKH ILEHUV EHFDPH WUDQVSDUHQW �)LJV �−,,� ,,,� DQG HPLWWHG EXEEOHV� EHLQJ JDV SKDVH

GHFRPSRVLWLRQ SURGXFWV� 7KH V\VWHP ZDV FKDQJHG FRPSOHWHO\ LQWR OLTXLG

�)LJV �−,9� 9�� )LQDOO\ WKH ILEHUV VWRSSHG EXEEOLQJ� VWUDLJKWHQHG DQG EHFDPH WUDQV�

SDUHQW FRPSOHWHO\� DQG WKH UHPQDQWV ZHUH WXUQHG LQWR JOXH ZLWK WKHLU FRORXU GHHS�

HQHG �)LJ� �−9,�� 7KHVH SKHQRPHQD UHYHDO WKDW 1& PHOWHG DQG ZDV DFFRPSDQLHG E\

WKH FRPSOLFDWHG GHFRPSRVLWLRQ SURFHVV GXULQJ KHDWLQJ�

7KH W\SLFDO 0'6& FXUYHV RI 1& ������� ������ ����� DQG ������ 1� DW D KHDWLQJ

UDWH RI �� . PLQ±� DUH SUHVHQWHG LQ )LJV �−�� ,Q WKH 0'6& FXUYHV� WKH LQYHUVH HQGR�

WKHUPLF SURFHVV ZDV DWWULEXWHG WR WKH PHOWLQJ RI 1&� DQG WKH LUUHYHUVLEOH H[RWKHUPLF

SURFHVV ZDV DWWULEXWHG WR WKH GHFRPSRVLWLRQ RI 1&� 7KH WKHUPRG\QDPLF GDWD GHWHU�

PLQHG E\ 0'6&� LQFOXGLQJ WKH PHOWLQJ SRLQW �7P�� PHOWLQJ HQWKDOS\ �∆+P�� PHOWLQJ

HQWURS\ �∆6P�� H[WUDSRODWHG WR RQVHW WHPSHUDWXUH �7H�� HQWKDOS\ RI GHFRPSRVLWLRQ

�∆+GHF� DQG WKH KHDW�WHPSHUDWXUH TXRWLHQW �∆6GHF�� DUH DOO OLVWHG LQ 7DEOH ��

7KH GDWD LQ 7DEOH � VXJJHVW WKDW ZLWK LQFUHDVLQJ WKH QLWURJHQ FRQWHQW LQ 1&� WKH

DEVROXWH YDOXHV RI ∆+P� ∆6P� ∆+GHF DQG ∆6GHF LQFUHDVH� 7KH IDFW WKDW 7P LV KLJKHU

WKDQ 7F VKRZV WKDW 1& KDV GHFRPSRVHG SDUWO\ EHIRUH PHOWLQJ� DQG WKH PHOWLQJ SURF�

)LJ� � 7\SLFDO 0'6& FXUYHV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ
−�
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HVV LV WKDW RI WKH PL[WXUH RI WKH RULJLQDO 1& DQG LWV GHFRPSRVLWLRQ SURGXFWV LQ FRDF�

HUYDWH SKDVH� 7KH YDOXHV RI 7P LQ 7DEOH � DUH DFWXDOO\ PHOWLQJ SRLQWV RI WKH PL[WXUHV�

)LJ� � 7\SLFDO 0'6& FXUYHV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ
−�

)LJ� � 7\SLFDO 0'6& FXUYHV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ
−�

)LJ� � 7\SLFDO 0'6& FXUYHV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ
−�
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%HVLGHV WKH DERYH�PHQWLRQHG PHWKRG� WKH PHOWLQJ SURFHVV RI 1& ZDV DOVR LQYHVWL�
JDWHG E\ WKH VROLG UHDFWLRQ FHOO LQ VLWX ZLWKRXW FRYHU� 7KH REWDLQHG VSHFWUD �)LJV �−��

)LJ� � ,5 VSHFWUD RI WKH GHFRPSRVLWLRQ SURGXFWV LQ FRDFHUYDWH SKDVH GXULQJ WKH WKHUPDO GH�
FRPSRVLWLRQ SURFHVV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ

−�
�FROOHFWLQJ

WLPHV RI ,5 VSHFWUD IURP ERWWRP WR WRS LV ����� ����� ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ����� PLQ� UHVSHFWLYHO\�

7DEOH � 7KHUPRG\QDPLF GDWD RI 1& GHWHUPLQHG E\ 0'6&

6DPSOH
1&��1

0HOWLQJ SURFHVV 'HFRPSRVLWLRQ SURFHVV

7P�.
∆+P�

- J
±�

∆6P�
- J

±�
.

±� 7H�.
−∆+GHF�

- J
±�

−∆6GHF�
- J

±�
.

±�

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

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

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

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

)LJ� � ,5 VSHFWUD RI WKH GHFRPSRVLWLRQ SURGXFWV LQ FRDFHUYDWH SKDVH GXULQJ WKH WKHUPDO GH�
FRPSRVLWLRQ SURFHVV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ

−�
�FROOHFWLQJ

WLPHV RI ,5 VSHFWUD DUH WKH VDPH DV )LJ� ��
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)LJ� � ,5 VSHFWUD RI WKH GHFRPSRVLWLRQ SURGXFWV LQ FRDFHUYDWH SKDVH GXULQJ WKH WKHUPDO GH�
FRPSRVLWLRQ SURFHVV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ

−�
�FROOHFWLQJ

WLPHV RI ,5 VSHFWUD DUH WKH VDPH DV )LJ� ��

)LJ� � ,5 VSHFWUD RI WKH GHFRPSRVLWLRQ SURGXFWV LQ FRDFHUYDWH SKDVH GXULQJ WKH WKHUPDO GH�
FRPSRVLWLRQ SURFHVV RI 1& ������� 1� DW D KHDWLQJ UDWH RI �� . PLQ

−�
�FROOHFWLQJ

WLPHV RI ,5 VSHFWUD DUH WKH VDPH DV )LJ� ��

)LJ� �� ,5 VSHFWUD LQ WKH WKHUPDO GHFRPSRVLWLRQ SURFHVV RI .%U DW D KHDWLQJ UDWH RI
�� . PLQ

−�
�FROOHFWLQJ WLPHV RI ,5 VSHFWUD IURP ERWWRP WR WRS LV ����� ����� �����

����� ����� ����� PLQ� UHVSHFWLYHO\�
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)LJ� �� ,5 VSHFWUD LQ WKH WKHUPDO GHFRPSRVLWLRQ SURFHVV RI 3(* ���� DW D KHDWLQJ UDWH RI
�� . PLQ

−�
�FROOHFWLQJ WLPHV RI ,5 VSHFWUD IURP ERWWRP WR WRS LV ����� ����� �����

����� ����� ����� ����� ���� PLQ� UHVSHFWLYHO\�

)LJ� �� ,5 VSHFWUD LQ WKH WKHUPDO GHFRPSRVLWLRQ SURFHVV RI (9$ DW D KHDWLQJ UDWH RI
�� . PLQ

−�
�FROOHFWLQJ WLPHV RI ,5 VSHFWUD IURP ERWWRP WR WRS LV ����� ����� �����

����� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����� �����
���� PLQ� UHVSHFWLYHO\�

)LJ� �� ,5 VSHFWUD LQ WKH WKHUPDO GHFRPSRVLWLRQ SURFHVV RI 3( DW D KHDWLQJ UDWH RI �� . PLQ
−�

�FROOHFWLQJ WLPHV RI ,5 VSHFWUD IURP ERWWRP WR WRS LV ����� ����� ����� ����� ����� �����
����� ����� ����� ����� ���� PLQ� UHVSHFWLYHO\�
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RI WKH WKHUPDO GHFRPSRVLWLRQ SURGXFWV LQ FRDFHUYDWH SKDVH VKRZ WKH EDVHOLQHV RI ,5
PDNH D VXGGHQ OHDS WRZDUG WKH GHFUHDVH RI WUDQVPLVVLYLW\ LQ WKH WHPSHUDWXUH UDQJH
IURP ��� WR ��� .� ,Q RUGHU WR FRQILUP WKH VXGGHQ OHDS RZLQJ WR WKH PHOWLQJ RI 1&�
ZH FROOHFWHG WKH VSHFWUD RI WKH WDEOHW RI .%U� DQG WKH PL[WXUHV RI .%U YDULRXVO\ ZLWK
SRO\HWK\OHQH JO\FRO �3(* ������ SRO\HWK\OHQH �3(�� HWK\OHQH YLQ\O DFHWDWH FRSRO\�
PHU �(9$� �)LJV ��−��� XQGHU WKH VDPH FRQGLWLRQV DV WKDW RI 1&� 7KH UHVXOWV VKRZ
WKDW VLPLODU VXGGHQ OHDSV RI EDVHOLQHV LQ ,5 VSHFWUD RI WKHVH SRO\PHUV WDNH SODFH LQ
WKHLU LQGLYLGXDO WHPSHUDWXUH UDQJHV RI PHOWLQJ SURFHVV� WKH SURFHVV LV D OLTXHIDFWLRQ
SURFHVV DQG WKH WHPSHUDWXUH UDQJH RI WKH VXGGHQ OHDS LV WKH WHPSHUDWXUH UDQJH RI
PHOWLQJ SURFHVV� ,Q WKH EHJLQQLQJ RI WKH VXGGHQ OHDS RI EDVHOLQH� WKH LQWHQVLW\ YDOXH
RI 2−12� JURXS KDV GHFUHDVHG� ZKLFK VXJJHVWV WKDW 1& KDG GHFRPSRVHG SDUWO\ EH�
IRUH PHOWLQJ�

&RQFOXVLRQV

2Q WKH EDVLV RI WKH UHVXOWV REWDLQHG E\ PLFURVFRSH FDUULHU PHWKRG� 0'6& DQG
WKH VROLG UHDFWLRQ FHOO LQ VLWX�56)7�,5� LW LV FRQILUPHG WKDW 1& GHFRPSRVHV SDUWO\
EHIRUH PHOWLQJ� DQG WKH PHOWLQJ LV DFFRPSDQLHG E\ GHFRPSRVLWLRQ� 7KH VR�FDOOHG
µPHOWLQJ SRLQW¶ RI 1& LV PHOWLQJ SRLQW RI WKH PL[WXUH RI WKH RULJLQDO 1& DQG LWV GH�
FRPSRVLWLRQ SURGXFWV�

5HIHUHQFHV

� :X +XLOX� o1LWURFHOOXORVHp� 7KH 3UHVV RI 1DWLRQDO 'HIHQVH� %HLMLQJ ����� S� ���
� /L %DRJXDQ DQG )X 5XRQRQJ� o7KH &KHPLVWU\ DQG 7HFKQRORJ\ RI 1LWURJO\FHULQH DQG 1L�

WURFHOOXORVHp� 7KH (GLWRULDO 'HSDUWPHQW RI %HLMLQJ 6FLHQFH DQG 7HFKQRORJ\� %HLMLQJ �����
S� ���

� 6� ,� 0RUURZ� 0LFURVFRSH� �� ������ ����
� 6� ,� 0RUURZ� 0LFURVFRSH� �� ������ ����
� /XR %LQKH� /LX -LKXD HW DO�� -� %HLMLQJ ,QVWLWXWH RI 7HFKQRORJ\� �� ������ ����
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