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7DGHXV]�&KPLHOQLDN� :áRG]LPLHU]�:UyEOHZVNL��6áDZRPLU�'\NDV�
6LOHVLDQ�8QLYHUVLW\�RI�7HFKQRORJ\��,QVWLWXWH�RI�3RZHU�(QJLQHHULQJ�DQG�7XUERPDFKLQHU\��

�������*OLZLFH��3RODQG�
�
6XPPDU\ ,Q�WKH�SUHVHQWHG�ZRUN�WKH�DQDO\VLV�RI�HQHUJ\�GLVVLSDWLRQ�LQ�VWHDP�H[SDQVLRQ�IORZV�LV�FDUULHG�RXW��7KH�DGLDEDWLF�IORZ��ZLWK�
KRPRJHQHRXV� DQG� ZLWK� KHWHURJHQHRXV� FRQGHQVDWLRQ� LV� FRQVLGHUHG�� 7KH� LQIOXHQFH� RI� WKH� FRQGHQVDWLRQ� SKHQRPHQRQ� DQG� VWHDP�LPSXULW\� RQ� WKH� ORVVHV� LV� DQDO\]HG�� )RU� PRGHOOLQJ� RI� WKH� VWHDP� SURSHUWLHV� WKH� ,$3:6�,)¶��� IRUPXODWLRQ� LV� LPSOHPHQWHG�� 7KH�QXPHULFDO�FRPSXWDWLRQV�DUH�SHUIRUPHG�XVLQJ�DQ�LQ�KRXVH�PXOWL�EORFN�FRGH�DQG�FRPPHUFLDO�FRGH�7DVF)ORZ��

,172'8&7,21��
)URP� WKH� WHFKQLFDO�SRLQW�RI�YLHZ� LQ� WKH� IOXLG�IORZ�PDFKLQHU\�DQDO\VLV�DQG� LPSURYHPHQW� LV�YHU\� LPSRUWDQW� WR�

ORFDOL]H�WKH�HQHUJ\�GLVVLSDWLRQ�VRXUFHV�LQ�WKH�IORZ�DQG�UHGXFH�WKHP��,Q�WKH�VWHDP�WXUELQH�DQ�LPSURYHPHQW�LQ�ODVW�VWDJH�
HIILFLHQF\� FDQ� VLJQLILFDQWO\� LPSDFW� WKH� RXWSXW� RI� WKH� WRWDO� XQLW�� FRQVLGHULQJ� WKH� IDFW� WKDW� WKH� ODVW� VWDJHV� SURGXFHV� D�
VLJQLILFDQW�SDUW�RI�WKH�WRWDO�XQLW�RXWSXW��,Q�WKH�ODVW�VWDJHV�RI�WKH�VWHDP�WXUELQH�IORZ�RFFXUV�FRQGHQVDWLRQ�SURFHVV�DQG�WKH�
IORZ�LV�WZR�SKDVH����

7KH�DLP�RI�WKLV�UHVHDUFK�LV�WR�HVWLPDWH�WKH�HQHUJ\�GLVVLSDWLRQ�LQ�WKH�FRQGHQVLQJ�VWHDP�IORZ��,Q�WKH�EODGH�FDVFDGH�
IORZV� H[LVW� WKH� WZR� W\SHV� RI� ORVVHV�� DUH� DHURG\QDPLF� ORVVHV� �SURILOH�� VHFRQGDU\� IORZ�� DQG� WKHUPRG\QDPLF� �FDXVHG�E\�
FRQGHQVDWLRQ�SKHQRPHQRQ���%HFDXVH�WKH�VWHDP�LQ�SRZHU�F\FOH�LQFOXGHV�DOZD\V�VRPH�LPSXULWLHV��WKH�TXHVWLRQ�FRQQHFWHG�
ZLWK�LQIOXHQFH�RI�VWHDP�LPSXULWLHV�RQ�WKH�ORVVHV�LV�FRQVLGHUHG��7KH�FRPSDULVRQ�EHWZHHQ�WKH�IORZ�ZLWK�KRPRJHQHRXV�DQG�
KHWHURJHQHRXV�FRQGHQVDWLRQ�ZLWK�UHVSHFW�WR�WKH�ORVVHV�LV�LQWHQGHG��7KH�FRQGHQVDWLRQ�SURGXFHV�WKHUPRG\QDPLF�ORVVHV�LQ�
WKH�IORZ�DQG�FKDQJHV�WKH�IORZ�SDUDPHWHUV��ZKLFK�LQIOXHQFHV�WKH�DHURG\QDPLF�ORVVHV��7R�GDWH�WKH�HVWLPDWLRQV�RI�WKH�ORVVHV�
LQ� WKH� WXUELQH� IORZ� DUH� LQ� WKH� FHQWUH� RI� LQWHUHVW� IRU�PDQ\� UHVHDUFKHUV��+RZHYHU�� WKH� UHVHDUFK� RQ� WKH� LQIOXHQFH� RI� WKH�
FRQGHQVDWLRQ�SKHQRPHQRQ�RQ�WKH�ORVVHV�LV�QRW�RIWHQ�SXEOLVKHG���7KHUH�DUH�ZHOO�NQRZQ�WKH�ZRUNV�RI�6FKQHUU�>�@��6WDVWQ\�
>�@� RU�:KLWH� >�@� GHDOLQJ�ZLWK� WKH� LQYHVWLJDWLRQV� RI� WKH� ��'� FDVFDGH� IORZ�ZLWK� FRQGHQVDWLRQ��7KLV� SDSHU� LQFOXGHV� WKH�
FRPSOHWH�DQDO\VLV�RI� WKH�DGLDEDWLF�VWHDP�IORZ�DQG� WKH�VWHDP�IORZ�ZLWK�KRPRJHQHRXV�DQG�KHWHURJHQHRXV�FRQGHQVDWLRQ�
ZLWK�UHVSHFW�WR�WKH�ORVVHV�LQ�WKH�/DYDO�QR]]OH�DQG�WKURXJK�WKH���'�EODGH�WR�EODGH�FKDQQHO��7KH�QXPHULFDO�LQYHVWLJDWLRQV�
SUHVHQWHG�LQ�WKLV�SDSHU�DUH�SHUIRUPHG�RQ�D�JHRPHWU\�RI�WKH�ORZ�SUHVVXUH�SDUW�RI�WKH�ODUJH�VWHDP�WXUELQH��

3+<6,&$/�$1'�180(5,&$/�02'(/�� 7KH� QXPHULFDO� VLPXODWLRQ� LV� EDVHG� RQ� WKH� WLPH� GHSHQGHQW� ��'�5H\QROGV� DYHUDJHG�1DYLHU�6WRNHV� HTXDWLRQV��
ZKLFK�DUH�FRXSOHG�ZLWK�D�WZR�HTXDWLRQ�WXUEXOHQFH�PRGHO��N�Z 667�PRGHO��DQG�DGGLWLRQDO�PDVV�FRQVHUYDWLRQ�HTXDWLRQV�
IRU�WKH�OLTXLG�SKDVH��WZR�IRU�KRPRJHQHRXV�DQG�RQH�IRU�KHWHURJHQHRXV�FRQGHQVDWLRQ���7KH�VHW�RI�JRYHUQLQJ�HTXDWLRQV�LV�
FORVHG�E\�PHDQV�RI�D�UHDO�JDV�HTXDWLRQ�RI�VWDWH�>�@��7KH�µORFDO¶�IRUP�RI�WKH�UHDO�JDV�HTXDWLRQ�RI�VWDWH�LV�XVHG��

7KH� FRQGHQVDWLRQ� SKHQRPHQD� DUH�PRGHOHG� EDVHG� RQ� WKH� FODVVLFDO� QXFOHDWLRQ� WKHRU\� RI�9ROPHU�� )UHQNHO� DQG�
=HOGRYLFK��ZKLFK� LV�ZHOO� VXLWHG� IRU�PRGHOLQJ� WHFKQLFDO� IORZV� >�����@��7KH� � �GURSOHW�JURZWK�HTXDWLRQ�RI�*\DUPDWK\� LV�
XVHG��7KH�V\VWHP�RI�JRYHUQLQJ�HTXDWLRQV�LV�GLVFUHWL]HG�RQ�D�PXOWL�EORFN�VWUXFWXUHG�JULG�XVLQJ�WKH�ILQLWH�YROXPH�PHWKRG�
DQG�LQWHJUDWHG�LQ�WLPH�XVLQJ�DQ�H[SOLFLW�5XQJH�.XWWD�PHWKRG���$Q�XSZLQG�VFKHPH�SURSRVHG�E\�*RGXQRY��LV�XVHG�DV�WKH�
5LHPDQQ�VROYHU��7KH�086&/�WHFKQLTXH�LV�LPSOHPHQWHG�WR�DSSURDFK�WKH�79'�VFKHPH�ZLWK�WKH�YDQ�$OEDGD�IOX[�OLPLWHU�
WR�DYRLG�RVFLOODWLRQV�>�@��

7KH�FRPPHUFLDO�FRGH�7DVF)ORZ�LV�D�ZLGHO\�XVHG�FRGH�IRU�WKH�WXUERPDFKLQHU\�DSSOLFDWLRQV��7DVF)ORZ�LV�EDVHG�
RQ� WKH� DYHUDJHG� 1DYLHU�6WRNHV� HTXDWLRQV� HPSOR\LQJ� WKH� ILQLWH� YROXPH�PHWKRG� �)90�� ZLWK� DQ� LPSOLFLW�� PXOWL�EORFN�
DOJRULWKP��7KH�VROXWLRQ�VWUDWHJ\�LV�EDVHG�RQ�WKH�$OJHEUDLF�0XOWL�JULG�PHWKRG��7KH�VWHDP�SURSHUWLHV�DUH�PRGHOOHG�XVLQJ�
WKH�YLULDO�HTXDWLRQ�RI�VWDWH�ZLWK�WKUHH�YLULDO�FRHIILFLHQWV��7KH�IORZ�LV�FRQVLGHUHG�DV�DQ�HTXLOLEULXP�GU\�ZHW�VWHDP�PRGHO�
ZLWKRXW�QXFOHDWLRQ�SURFHVV����

�5(68/76��
7KH�QXPHULFDO�FDOFXODWLRQV�DUH�FDUULHG�RXW�IRU�WKH�/DYDO�QR]]OH�DQG�IRU�WKH�ODVW�DQG�SHQXOWLPDWH�VWDJHV�RI�WKH�

ORZ�SUHVVXUH� SDUW� RI� VWHDP� WXUELQH�� 7KH� QR]]OH� IORZ� LV� WKH� VLPSOHVW� WHVW� FDVH� IRU� FRPSDULVRQ� ZLWK� H[SHULPHQWV� DQG�
YDOLGDWLRQ� RI� WKH� QXPHULFDO� FRGHV�� )RU� QR]]OH� IORZV� GLIIHUHQW� H[SDQVLRQ� SURFHVVHV� DUH� FRQVLGHUHG�� DGLDEDWLF�� GLDEDWLF�
ZLWK� KRPRJHQHRXV� DQG� KHWHURJHQHRXV� FRQGHQVDWLRQ�� ([SDQVLRQ� OLQHV� REWDLQHG� IRU� WKLV� FDVHV� DUH� VKRZQ� LQ� K�V� FKDUW�
�)LJ�����

)RU�WKH�WXUELQH�VWDJHV�GLIIHUHQW�RSHUDWLQJ�FRQGLWLRQV�DUH�FRQVLGHUHG��7KH�GLVWULEXWLRQV�RI�WKH�IORZ�SDUDPHWHUV��
GLVWULEXWLRQV�RI� WKH� ORVVHV� �)LJ�� ���� HIILFLHQF\� DQG�SRZHU�JHQHUDWHG� WKURXJK� WKH� VWDJH�DUH� LQYHVWLJDWHG��&RPSXWDWLRQDO�
GRPDLQ�ZDV�GLVFUHWL]HG�XVLQJ�WKH�VWUXFWXUDO�PXOWL�EORFN�JULG��LQ�ZKLFK�WKH�2�W\SH�JULG�QHDU�WKH�EODGH�LV�HPEHGGHG�ZLWKLQ�
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D &�W\SH�JULG�DQG�LQ�WKH�LQOHW�DQG�RXWOHW�GRPDLQ�WKH�+�W\SH�JULG�LV�XVHG��7KH�HQHUJ\�GLVVLSDWLRQ�LV�GHVFULEHG�XVLQJ�ORVV�
FRHIILFLHQW���

)LJ���([SDQVLRQ�OLQH�LQ�WKH�/DYDO�QR]]OH� )LJ����/RVV�FRHIILFLHQW�GLVWULEXWLRQV�DORQJ�WKH�EODGH�OHQJWK�
�

&21&/86,216��
7KH� DQDO\VHV� RI� WKH� ORVVHV� LQ� WKH� IORZ� ZLWKRXW� FRQGHQVDWLRQ�� ZLWK� KRPRJHQHRXV� DQG� KHWHURJHQHRXV�

FRQGHQVDWLRQ� DUH� FDUULHG� RXW�� 7KH� LQIOXHQFH� RI� WKH� LPSXULWLHV� FRQFHQWUDWLRQ� RQ� WKH� ORVVHV� LV� DOVR� LQYHVWLJDWHG�� 7KH�
SUHVHQWHG�QXPHULFDO�UHVXOWV�IRU�WKH�IORZ�ZLWKRXW�FRQGHQVDWLRQ�DUH�SHUIRUPHG�RQ�DQ�LQ�KRXVH�QXPHULFDO�FRGH�DV�ZHOO�DV�
FRPPHUFLDO� FRGH�&);�7DVF)ORZ�� ,Q� WKH� FDVH� RI� FRQGHQVLQJ� IORZ� WKH� LQ�KRXVH� FRGH� LV� XVHG�� 7KH� FRPSDULVRQ� RI� WKH�
UHVXOWV�REWDLQHG�E\�PHDQV�RI�WKH�LQ�KRXVH�FRGH�DQG�7DVF)ORZ�FRGH�VKRZV��

� YHU\�JRRG�DJUHHPHQW�UHJDUGLQJ�WKH�IORZ�ILHOG�SDUDPHWHUV�DQG�HQHUJ\�GLVVLSDWLRQ�GLVWULEXWLRQV��
� YHU\�JRRG�DJUHHPHQW�LQ�WKH�PRGHOOLQJ�RI�WKH�VWHDP��UHDO�JDV��SURSHUWLHV��7KH�VLPSOHVW�HTXDWLRQ�RI�VWDWH�XVHG�
LQ� WKH� LQ�KRXVH� FRGH� JLYHV� LGHQWLFDO� UHVXOWV� OLNH� WKH� YLULDO� HTXDWLRQ� RI� VWDWH� ZLWK� WKUHH� YLULDO� FRHIILFLHQWV�
DSSOLHG�LQ�7DVF)ORZ������

)RU�WKH���'�IORZ�WKURXJK�WKH�/3�VWHDP�WXUELQH�JHRPHWU\��WKH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH�GUDZQ���
� IRU�WKH�IORZ�ZLWK�KHWHURJHQHRXV�FRQGHQVDWLRQ�WKH�ZHWQHVV�LV�WKH�KLJKHVW��
� WKH�ZRUVW�ZLWK�UHVSHFW�WR�HIILFLHQF\�DQG�ORVVHV�LV�WKH�IORZ�ZLWK�KRPRJHQHRXV��KHWHURJHQHRXV�FRQGHQVDWLRQ��
� WKH�FRQGHQVDWLRQ�SKHQRPHQRQ�FDQ�GHFUHDVH�RU�LQFUHDVH�WKH�SRZHU�JHQHUDWHG�LQ�WKH�WXUELQH�VWDJH��GHSHQGV�RQ�
WKH�RSHUDWLQJ�FRQGLWLRQV��

� LQIOXHQFH�RI�WKH�LPSXULWLHV��KHWHURJHQHRXV�FRQGHQVDWLRQ��RQ�WKH�ORVVHV�LV�QRW�DV�VLJQLILFDQW��FRPSDUHG�WR�WKH�
FRQGHQVDWLRQ�LWVHOI��

� TXDOLW\� RI� WKH� FRGH� DQG� QXPHULFDO� JULG� LQIOXHQFHV� WKH� DFFXUDWH� VROXWLRQV� RI� DHURG\QDPLF� DV� ZHOO�
WKHUPRG\QDPLF�ORVVHV���

�5HIHUHQFHV�� >�@� 6FKQHUU�� *�+��� +HLOHU�� 0��� ������ ³7ZR�3KDVH� )ORZ� ,QVWDELOLWLHV� LQ� &KDQQHOV� DQG� 7XUELQH� &DVFDGH´�� &)'�
5HYLHZ�±������9RO��,,��:RUOG�6FLHQWLILF��SS����������

>�@� 6WDVWQ\� 0��� 6HMQD� 0��� ³1XPHULFDO� DQDO\VLV� RI� KHWHUR�KRPRJHQHRXV� FRQGHQVDWLRQ� RI� WKH� VWHDP� IORZLQJ� LQ�
WXUELQH� FDVFDGH´� ,PHFK(�� &RQIHUHQFH� 7UDQVDFWLRQV�� 7XUERPDFKLQHU\� 9RO�%�� ���� 0DUFK�� 5R\DO� 1DWLRQDO�
+RWHO��/RQGRQ�������

>�@� :KLWH� $�-��� <RXQJ� -�%��� :DOWHUV� 3�7��� ������ ´([SHULPHQWDO� 9DOLGDWLRQ� RI� &RQGHQVLQJ� )ORZ� 7KHRU\� IRU� D�
6WDWLRQDU\�&DVFDGH�RI�6WHDP�7XUELQH�%ODGHV´��3KLO��7UDQV��5��6RF��/RQGRQ�$��9RO������SS�������

>�@� '\NDV��6���������Ä1XPHULFDO�FDOFXODWLRQ�RI�WKH�VWHDP�FRQGHQVLQJ�IORZ³� 7DVN�4XDUWHUO\��6FLHQWLILF�%XOOHWLQ�RI�
$FDGHPLF�&RPSXWHU�&HQWHU�LQ�*GDQVN��9RO�����1R����SS����������*GDQVN��3RODQG�

>�@� :UyEOHZVNL��:���������Ä1XPHU\F]QD�V\PXODFMD�]MDZLVN�SU]HSá\ZRZ\FK�Z�WXUELQDFK�FLHSOQ\FK´� (QHUJHW\ND�
9RO������=HV]\W\�1DXNRZH�3ROLWHFKQLNL� O VNLHM���*OLZLFH��3RODQG�

>�@� &KPLHOQLDN�� 7��� àXNRZLF]�� +��� ������ Ä1XPHULFDO� &DOFXODWLRQ� RI� 7XUELQH� 6WDJH� IRU2II�'HVLJQ� &RQGLWLRQ´�
=HV]\W\�1DXNRZH�3ROLWHFKQLNL�àyG]NLHM��&LHSOQH�0DV]\Q\�3U]HSO\ZRZH���9RO������SS����������àyG]��3RODQG�

�
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