
�
�

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

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

+LUR\XNL 7DNDJL� <DVXDNL 7HUDGD� ,VDR 0XUDWD� $NLWR 7DNDKDVKL

'HSDUWPHQW RI 1XFOHDU (QJLQHHULQJ� 2VDND 8QLYHUVLW\

<DPDGDRND ���� 6XLWD� 2VDND� ��������� -DSDQ

(�PDLO� WDNDJL#QHZMDSDQ�QXFO�HQJ�RVDND�X�DF�MS

,Q WKH PHDVXUHPHQW RI FKDUJHG SDUWLFOH HPLVVLRQ VSHFWUXP LQGXFHG E\ QHXWURQV� FRUUHFWLQJ

WKH HQHUJ\ ORVV RI FKDUJHG SDUWLFOH LQ VDPSOH PDWHULDOV EHFRPHV D YHU\ LPSRUWDQW LQYHUVH SUREOHP� 7R

GHDO ZLWK WKLV LQYHUVH SUREOHP� ZH KDYH DSSOLHG WKH %D\HVLDQ XQIROGLQJ PHWKRG WR FRUUHFW WKH HQHUJ\

ORVV� DQG WHVWHG WKH SHUIRUPDQFH RI WKH PHWKRG� $OWKRXJK WKLV PHWKRG LV YHU\ VLPSOH� LW ZDV FRQILUPHG

IURP WKH WHVW WKDW WKH SHUIRUPDQFH ZDV QRW LQIHULRU WR RWKHU PHWKRGV DW DOO� DQG WKHUHIRUH WKH PHWKRG

FRXOG EH D SRZHUIXO WRRO IRU FKDUJHG SDUWLFOH VSHFWUXP PHDVXUHPHQW�

�� ,QWURGXFWLRQ

&RUUHFWLRQ IRU WKH HQHUJ\ ORVV RI FKDUJHG SDUWLFOH LQ VDPSOH PDWHULDOV LV D VHULRXV SUREOHP LQ

PHDVXUHPHQW RI FKDUJHG SDUWLFOH HPLVVLRQ VSHFWUXP LQGXFHG E\ QHXWURQV� 5HFHQWO\� D QHZ VLPSOH

PHWKRG ZDV GHYHORSHG IRU XQIROGLQJ YDULRXV PHDVXUHG UDGLDWLRQ VSHFWUD E\ H[WHQGLQJ %D\HV WKHRUHP

>�@� ,Q WKH SUHVHQW VWXG\� ZH KDYH� WKXV� WULHG WR DSSO\ WKLV PHWKRG WR RXU H[SHULPHQWDO GDWD RI FKDUJHG

SDUWLFOH HPLVVLRQ FURVV�VHFWLRQ PHDVXUHG E\ WKH (�72) WZR�GLPHQVLRQDO DQDO\VLV DW 2.7$9,$1 RI

2VDND 8QLYHUVLW\ >�@�

,Q WKH SDVW� RXU H[SHULPHQWDO GDWD �GRXEOH GLIIHUHQWLDO FKDUJHG SDUWLFOH HPLVVLRQ FURVV VHFWLRQ

�'';F� LQGXFHG E\ '7 QHXWURQV� ZHUH FRUUHFWHG E\ WKH FRQYHQWLRQDO PHWKRG EDVHG RQ DQ DVVXPSWLRQ

WKDW DQ\ FKDUJHG SDUWLFOH SDVVHV KDOI WKLFNQHVV RI VDPSOH PDWHULDO� 7KLV PHWKRG ZDV DSSOLFDEOH LI RQO\

WKH HQHUJ\ ORVV FRXOG EH VXSSUHVVHG WR YHU\ VPDOO YDOXH E\ XVLQJ D WKLQ VDPSOH IRLO� )RU H[DPSOH� ZH

XVHG ��XP DQG ��XP WKLFN IRLO IRU SURWRQ DQG M�SDUWLFOH PHDVXUHPHQWV� UHVSHFWLYHO\� +RZHYHU�

UHFHQWO\ HOHPHQWV WKDW FDQQRW EH VXSSOLHG DV DQ HQRXJK WKLQ VDPSOH DUH SODQQLQJ WR EH XVHG IRU FURVV

VHFWLRQ PHDVXUHPHQW� OLNH OLJKW HOHPHQWV� ,Q WKLV VWXG\� IRFXVLQJ RQ D PHDVXUHPHQW LQ ZKLFK WKHUH

H[LVWV D UHPDUNDEOH HQHUJ\ ORVV LQ WKH VDPSOH PDWHULDO DV D UHVXOW RI XVLQJ D WKLFN VDPSOH IRLO� ZH

GHYHORSHG DQ XQIROGLQJ FRGH EDVHG RQ WKH %D\HV WKHRUHP WR DFFXUDWHO\ FRUUHFW WKH HQHUJ\ ORVV�

�� 7KH 1HZ 0HWKRG

7KH %D\HV¶ XQIROGLQJ PHWKRG LV DSSOLFDEOH WR DOPRVW DOO NLQG RI UDGLDWLRQ PHDVXUHPHQW

DQDO\VLV� 7KHUH DUH VRPH YDULDWLRQV LQ WKH %D\HV¶ HVWLPDWLRQ PHWKRG� ,Q WKLV ZRUN� VSHFWUXP W\SH

%D\HV HVWLPDWLRQ PHWKRG KDV EHHQ DSSOLHG WR RXU FKDUJHG SDUWLFOH VSHFWUXP XQIROGLQJ SUREOHP� ,Q WKH

PHWKRG� HVWLPDWLRQ FDOFXODWLRQ FDQ EH UHDOL]HG XVLQJ MXVW PHDVXUHG SXOVH KHLJKW VSHFWUXP �KLVWRJUDP�

GDWD�

7KH HVWLPDWLRQ SURFHGXUH LV H[SUHVVHG DV

ZKHUH ULM FDOOHG OLNHOLKRRG LV WKH UHVSRQVH RI WKH GHWHFWLRQ V\VWHP ZKLFK SURYLGHV WKH SUREDELOLW\ RI D
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GHWHFWLRQ HYHQW JLYLQJ SXOVH KHLJKW KL IRU WKH FKDUJHG SDUWLFOH HQHUJ\ (M� GL �L ��P� LV WKH GHWHFWHG SXOVH

KHLJKW VSHFWUXP� HVWM
�O�
�M ��Q� LV WKH HVWLPDWHG VSHFWUXP UHYLVHG E\ OWK HVWLPDWLRQ FDOFXODWLRQ� 7KH

DERYH IRUPXOD LV UHSHDWHGO\ XVHG IRU WKH SXOVH KHLJKW VSHFWUXP GL LQ WKLV ZRUN� 5HYLVHG HVWM
�O�
LV XVHG

IRU SULRU LQIRUPDWLRQ WR WKH QH[W UHYLVH FDOFXODWLRQ�

�� $SSOLFDWLRQ DQG YHULILFDWLRQ

,Q RUGHU WR YHULI\ WKH DERYH PHWKRG LQ WKH FKDUJHG SDUWLFOH VSHFWUXP XQIROGLQJ SUREOHP�

VHYHUDO DQDO\VHV ZHUH FDUULHG RXW XVLQJ QXPHULFDO VLPXODWLRQ DQG SUDFWLFDO PHDVXUHG UHVXOWV� L�H�� M

�SDUWLFOHV VSHFWUXP PHDVXUHPHQW DQG LWV XQIROGLQJ IRU
��
$O VDPSOHV ���PPb
��XP� ��XP� ���X

P WKLFN� ZLWK LQFLGHQW '7 QHXWURQV�

���� (YDOXDWLRQ RI 5HVSRQVH )XQFWLRQ

,Q RUGHU WR FDUU\ RXW XQIROGLQJ� WKH UHVSRQVH IXQFWLRQ VKRXOG EH SUHSDUHG� 7KH\ DUH HYDOXDWHG

RQ WKH DVVXPSWLRQ WKDW HQHUJ\ ORVV RFFXUV RQO\ LQ VDPSOH PDWHULDO QRW LQ WKH GHWHFWRU� ,W PHDQV WKDW

UHVSRQVH� LQ WKLV FDVH� LV PDGH FRQVLGHULQJ HQHUJ\ ORVV LQ WKH VDPSOH� 7KH UHVSRQVH IXQFWLRQ LV

FDOFXODWHG E\ XVLQJ 65,0 �75,0���� FRGH� 7KH REWDLQHG UHVSRQVH IXQFWLRQ LV VKRZQ LQ )LJ� ��

���� 9HULILFDWLRQ 8VLQJ 1XPHULFDO 6LPXODWLRQV IRU
��
$O 6DPSOH

7KH YHULILFDWLRQ RI WKH QHZ XQIROGLQJ PHWKRG ZDV FRQILUPHG WKURXJK QXPHULFDO VLPXODWLRQ

XVLQJ LQILQLWH VWDWLVWLF SVHXGR�PHDVXUHG VSHFWUXP �IROGHG VSHFWUXP� �
�

�� ZKLFK ZDV JLYHQ DV

��
�

�

⋅= � ���

ZKHUH � LV WKH UHVSRQVH IXQFWLRQ� �
�

LV WKH LGHDO VSHFWUXP TXRWHG IURP WKH HYDOXDWHG QXFOHDU

GDWD�-(1'/�))�� )LJ� � VKRZV WKH XQIROGHG UHVXOWV� ,Q WKHVH ILJXUHV� DQ H[FHOOHQW VSHFWUXP

UHSURGXFWLRQ LV VHHQ HYHQ LI WKH GLDJRQDOLW\ RI UHVSRQVH IXQFWLRQ LV QRW JRRG� L�H�� LQ FDVH RI ���XP LQ

WKLFNQHVV� ,Q VXFK D FDVH� PRUH LWHUDWLRQ LV UHTXLUHG WR UHSURGXFH WKH LGHDO VSHFWUXP WKDQ WKLQQHU RQHV�

)RU HYDOXDWLQJ UHSURGXFLELOLW\� ZH LQWURGXFH WKH DPRXQW RI LQIRUPDWLRQ HQWURS\� %� ZKLFK LV GHILQHG DV

ZKHUH SM�M ��Q� LV WKH LGHDO VSHFWUXP� HVWM�M ��Q� LV WKH XQIROGHG VSHFWUXP� 8QIROGLQJ SHUIRUPDQFH LV

)LJ� � 5HVSRQVH )XQFWLRQ IRU
��
$O�Q�[M� PHDVXUHPHQW FDOFXODWHG E\ 65,0 �T ��GHJ���
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HVWLPDWHG E\ WKLV YDOXH� 7KH ODUJHU WKH % YDOXH

EHFRPHV� WKH EHWWHU UHSURGXFWLRQ RI WKH LGHDO

VSHFWUXP LV UHDOL]HG� 7KH UHODWLRQ EHWZHHQ WKH %

YDOXH DQG WKH QXPEHU RI LWHUDWLRQ LV VKRZQ LQ )LJ���

,W LV YHULILHG IURP WKH ILJXUH WKDW WKH XQIROGHG

VSHFWUXP DSSURDFKHV WKH LGHDO VSHFWUXP ZLWK

LQFUHDVH RI WKH QXPEHU RI LWHUDWLRQ� DQG WKHUHIRUH

WKH LGHDO VSHFWUXP FDQ EH UHSURGXFHG E\ VXIILFLHQW

LWHUDWLRQ HYHQ LI XVLQJ D WKLFN VDPSOH�

,Q WKH QH[W VWHS� DQ XQIROGLQJ WHVW XVLQJ

ILQLWH VWDWLVWLF SVHXGR�PHDVXUHG VSHFWUXP� GHULYHG

IURP UDQGRP VDPSOLQJ RI LQILQLWH VWDWLVWLF IROGHG

VSHFWUXP �WKH QXPEHU RI VDPSOLQJ� 1UDQ�� ZDV

FDUULHG RXW� 7KH XQIROGHG UHVXOWV DUH VKRZQ LQ )LJV�

���� 7KHVH ILJXUHV VKRZ WKDW WKLV PHWKRG FDQ

UHSURGXFH WKH LGHDO VSHFWUXP WR D FHUWDLQ H[WHQW�

+RZHYHU� DV LQFUHDVLQJ LWHUDWLRQ� DQ XQSOHDVDQW

RVFLOODWLRQ LV REVHUYHG DV D UHVXOW RI SURSDJDWLRQ RI WKH VWDWLVWLFDO IOXFWXDWLRQ LQ WKH LQLWLDO IROGHG

VSHFWUXP� DV VKRZQ LQ )LJV� � DQG �� )URP WKH )LJV� � DQG �� LW LV IRXQG WKDW WKHUH LV DQ RSWLPXP

LWHUDWLRQ QXPEHU ZKLFK LQFUHDVHV ZLWK LQFUHDVH RI WKH VWDWLVWLFDO DFFXUDF\� �1UDQ�� ,W FDQ EH FRQFOXGHG

WKDW DQ DFFHSWDEOH UHVXOW FDQ EH H[SHFWHG� LI 1UDQ LV VHW WR EH DQ HQRXJK ODUJH �PHDQLQJ WKDW D KLJK

VWDWLVWLFDO DFFXUDF\ LV UHTXLUHG LQ DFWXDO FDVH��� WKRXJK LQ VXFK D FDVH WKH QXPEHU RI LWHUDWLRQ LV REOLJHG

WR LQFUHDVH�

���� 9HULILFDWLRQ 8VLQJ ([SHULPHQWDO 5HVXOWV IRU
��
$O 6DPSOH

7R FRQILUP WKH FRQFOXVLRQ LQ WKH SUHYLRXV VHFWLRQ� WKH GHYHORSHG PHWKRG ZDV DSSOLHG WR D

PHDVXUHG VSHFWUXP GDWD� 'RXEOH GLIIHUHQWLDO FURVV VHFWLRQ �'';� RI
��
$O�Q�[M� UHDFWLRQ LQGXFHG E\

'7 QHXWURQV KDYH EHHQ PHDVXUHG DW 2.7$9,$1 RI 2VDND XQLYHUVLW\� ([SHULPHQWV ZHUH FDUULHG RXW

θ ��GHJ�

)ROGHG 6SHFWUXP

8QIROGHG 6SHFWUD

� �� ��
α�SDUWLFOH HQHUJ\>0H9@

,GHDO 6SHFWUXP �-(1'/�))� (Q ����0H9� $O�Q�[α��

$O��FPφ×��μP�
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,GHDO 6SHFWUXP �-(1'/�))� (Q ����0H9� $O�Q�[α��
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$O��FPφ×���μP�

8QIROGHG 6SHFWUD��
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,WHUDWLRQ

)LJ� � 8QIROGLQJ WHVWV XVLQJ LQILQLWH VWDWLVWLF VSHFWUD�

)LJ� � %HKDYLRU RI FRQYHUJHQFH LQ WKH FDVH

RI LQILQLWH VWDWLVWLF DV D IXQFWLRQ RI WKH QXPEHU

RI LWHUDWLRQ�
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E\ XVLQJ WKH FKDUJHG SDUWLFOH VSHFWURPHWHU EDVHG RQ WKH WZR�GLPHQVLRQDO DQDO\VLV RI HQHUJ\ DQG

WLPH�RI�IOLJKW RI HPLWWHG FKDUJHG SDUWLFOH >�@� 7KH VFKHPDWLF DUUDQJHPHQW RI WKH VSHFWURPHWHU LV VKRZQ

LQ )LJ� �� 7KH &V,�7O� VFLQWLOODWRU� �PP LQ WKLFNQHVV DQG ��PP LQ GLDPHWHU� ZDV XVHG DV D FKDUJHG

SDUWLFOH GHWHFWRU�

)LJ� � 8QIROGLQJ XVLQJ ILQLWH VWDWLVWLF VSHFWUD

RI ���� FRXQWV IRU
��
$O���XP� VDPSOH�
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�����FRXQW

-(1'/�))� $O�Q�[α��θ ��GHJ�

$O��FP×��μP�

)LJ� � 8QIROGLQJ SHUIRUPDQFH XVLQJ ILQLWH VWDWLVWLF

VSHFWUD RI YDULRXV FRXQWV IRU
��
$O���XP� VDPSOH�

)LJ� � 8QIROGLQJ XVLQJ ILQLWH VWDWLVWLF VSHFWUD RI ���� FRXQWV DQG �����

FRXQWV IRU
��
$O����XP� VDPSOH�
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6LPLODU WR WKH SUHYLRXV VHFWLRQ� WKUHH
��
$O VDPSOHV ZLWK GLIIHUHQW WKLFNQHVV ���PP

b
��XP� ��XP� ���XP WKLFN� ZHUH XVHG�

7KH PHDVXUHG UDZ VSHFWUD IRU HDFK VDPSOH DUH

VKRZQ LQ )LJ� �� 7KH RSWLPL]HG LWHUDWLRQ

IUHTXHQF\� WKDW LV WKH UHYLVH QXPEHU RI

HVWLPDWLRQ FDOFXODWLRQ� ZDV HYDOXDWHG IURP WKH

DPRXQW RI LQIRUPDWLRQ HQWURS\ % FDOFXODWHG

XVLQJ -(1'/�)) GDWD� 8QIROGLQJ ZDV FDUULHG

RXW E\ IRUPXOD ��� IRU HDFK VSHFWUXP� )LJ� ��

VKRZV WKH UHVSHFWLYH XQIROGHG VSHFWUD �'';

GDWD� WRJHWKHU ZLWK WKH FRUUHFWHG VSHFWUXP

REWDLQHG E\ WKH FRQYHQWLRQDO PHWKRG ���XP

WKLFN VDPSOH�>�@� $OWKRXJK WKH PHDVXUHG UDZ

VSHFWUD IRU WKUHH WKLFNQHVVHV VKRZ GLIIHUHQW

VKDSH� XQIROGHG VSHFWUD SUHVHQW HTXDO GDWD�

)XUWKHU� WKH XQIROGHG VSHFWUXP IRU ��XP

VKRZV DOPRVW WKH VDPH DV WKH FRUUHFWHG

VSHFWUXP ZLWK WKH FRQYHQWLRQDO FRUUHFWLRQ

PHWKRG� ,W VKRXOG EH QRWHG WKDW WKH

FRQYHQWLRQDO PHWKRG FDQ QRW GHDO ZLWK WKH

UHVXOWV IRU ��XP DQG ���XP� 7KHVH UHVXOWV

SURYH WKH DSSOLFDELOLW\ RI WKLV QHZ PHWKRG WR

PHDVXUHPHQWV IRU WKLFNHU VDPSOHV�

�� 'LVFXVVLRQ

7DNLQJ LQWR DFFRXQW WKH XQIROGLQJ

UHVXOWV XVLQJ QXPHULFDO VLPXODWLRQ LQ 6HF� ����

RQH FDQ XQGHUVWDQG WKH IROORZLQJ RSSRVLWH

WZR UHTXLUHPHQWV H[LVW� 2QH LV UHTXLUHPHQW RI

WKLQQHU VDPSOH� EHFDXVH WKLFNHU VDPSOH PDNHV

GLDJRQDOLW\ RI UHVSRQVH IXQFWLRQ ZRUVH� 7KH

RWKHU LV WKLFNHU VDPSOH� EHFDXVH VXIILFLHQWO\

DFFXUDWH UHVXOW FDQQRW EH REWDLQHG ZLWK D

WKLQQHU VDPSOH� 7KXV� ³2SWLPXP VDPSOH

WKLFNQHVV´ H[LVWV� 7KH WKLFNQHVV VKRXOG EH

GHWHUPLQHG FRQVLGHULQJ WKHVH LQFRQVLVWHQW

UHTXLUHPHQWV DV ZHOO DV DYDLODEOH PHDVXUHPHQW WLPH�

8QIROGLQJ WHVWV XVLQJ WKH PHDVXUHG ''; VSHFWUD VKRZ D IDLUO\ JRRG DJUHHPHQW DPRQJ

XQIROGHG VSHFWUD� +RZHYHU� WKHUH LV D VOLJKW GLIIHUHQFH ZLWK HDFK RWKHU� 7KHVH GLIIHUHQFHV PLJKW EH

FDXVHG E\ VHOHFWLRQ RI WKH VDPSOH WKLFNQHVV� L�H�� WKH QXPEHU RI LWHUDWLRQ FRQVLGHULQJ WKH PHDVXUHPHQW

DFFXUDF\� RU E\ WKH GLIIHUHQFH EHWZHHQ WKH VLPXODWHG UHVSRQVH IXQFWLRQ DQG DFWXDO RQH� 7KRXJK WKH

GLIIHUHQFH LV PRVWO\ ZLWKLQ WKH VWDWLVWLFDO HUURU� IXUWKHU LQYHVWLJDWLRQ DERXW LW VKRXOG EH SHUIRUPHG LQ

WKH IXWXUH�

�� &RQFOXVLRQ

7KH %D\VLDQ VWDWLVWLFDO XQIROGLQJ PHWKRG KDV EHHQ DSSOLHG WR FRUUHFWLRQ IRU HQHUJ\ ORVV RI

FKDUJHG SDUWLFOH LQ VDPSOH PDWHULDOV RQ PHDVXUHPHQW RI FKDUJHG SDUWLFOH HPLVVLRQ FURVV VHFWLRQ ZLWK

'7 QHXWURQV� $QG WKH XQIROGLQJ DSSOLFDELOLW\ KDV EHHQ WHVWHG XVLQJ QXPHULFDOO\ VLPXODWHG VSHFWUD DQG

SUDFWLFDO PHDVXUHG UHVXOWV� )URP WKH WHVW UHVXOWV� LW LV LPSRUWDQW LQ WKH XVH RI WKH PHWKRG WR GHWHUPLQH

RSWLPXP FRQGLWLRQ� VXFK DV VDPSOH WKLFNQHVV� LWHUDWLRQ IUHTXHQF\ DQG VR RQ� $OVR WKH UHVXOWV VKRZHG
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-(1'/�))� $O�Q�[α��θ ��GHJ�

$O��FP×���μP�

)LJ� � 8QIROGLQJ SHUIRUPDQFH XVLQJ ILQLWH VWDWLVWLF

VSHFWUD RI YDULRXV FRXQWV IRU
��
$O����XP� VDPSOH�
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