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7KLV� DUWLFOH� SURYLGHV� D� ILUVW� V\VWHPDWLF� PDSSLQJ� RI� 4&$� DSSOLFDWLRQV�� EXLOGLQJ� XSRQ� D� GDWDEDVH� RI� ���� SHHU�UHYLHZHG�

MRXUQDO� DUWLFOHV�� :H� ILQG� RXW� WKDW� WKH� QXPEHU� RI� 4&$� DSSOLFDWLRQV� KDV� GUDPDWLFDOO\� LQFUHDVHG� GXULQJ� WKH� SDVW� IHZ� \HDUV��
7KH� PDSSLQJ� DOVR� UHYHDOV� WKDW� FV4&$� UHPDLQV� WKH� PRVW� IUHTXHQWO\� XVHG� WHFKQLTXH�� WKDW� SROLWLFDO� VFLHQFH�� VRFLRORJ\��
DQG� PDQDJHPHQW� DUH� WKH� FRUH� GLVFLSOLQHV� RI� DSSOLFDWLRQ�� WKDW� PDFUROHYHO� DQDO\VHV�� PHGLXP�1� GHVLJQV�� DQG� D� PRQR�

PHWKRG� XVH� RI� 4&$� UHPDLQ� SUHGRPLQDQW�� $� SDUWLFXODU� IRFXV� LV� DOVR� ODLG� RQ� WKH� UDWLR� EHWZHHQ� WKH� QXPEHU� RI� FDVHV� DQG�

QXPEHU� RI� FRQGLWLRQV� DQG� WKH� FRPSOLDQFH� WR� EHQFKPDUNV� LQ� WKLV� UHVSHFW��

,QWURGXFWLRQ� WKLV� HQG�� LQ� D� FROOHFWLYH� HIIRUW��ZH� KDYH� XSGDWHG� WKH�
&203$666� LQWHUQDWLRQDO�ELEOLRJUDSKLFDO�GDWDEDVH���)LUVW��

2YHU�WKH�SDVW�IHZ�\HDUV�HVSHFLDOO\�� LW�VHHPV�WKDW�GLIIHUHQW� FRQGXFWLQJ�DQ�H[WHQVLYH�VHDUFK�ERWK�WKURXJK�ELEOLRJUDSK�
YDULDQWV� RI� 4&$� KDYH� EHHQ� LQFUHDVLQJO\� GLVFXVVHG� DQG� LFDO� GDWDEDVHV� DQG� UHTXHVWV� WR� WKH� FRUH� JURXS� RI� VFKRODUV�

DSSOLHG�� LQ�D�EURDG�UDQJH�RI�GLVFLSOLQHV� DQG�DURXQG�GLIIHU�� LQ�WKH�&203$666� QHWZRUN��ZH� KDYH� JDWKHUHG�DOO�SHHU�
HQW� VXEVWDQWLDO� WRSLFV�� 6R� IDU�� QR� V\VWHPDWLF� PDSSLQJ� RI� UHYLHZHG� DUWLFOHV� FRQWDLQLQJ� RQH� 4&$� DSSOLFDWLRQ��

WKH� 4&$� OLWHUDWXUH� KDV� EHHQ� SURGXFHG�� DSDUW� IURP� D� IHZ� )RU� HDFK� SXEOLFDWLRQ�� DSDUW� IURP� WKH� JHQHULF� HOHPHQWV�

UHFHQW�DUWLFOHV�ZLWK�D�PRUH�IRFXVHG� WRSLF�LQ�WKH�ILHOGV�RI� RI�WKH�ELEOLRJUDSKLFDO� UHIHUHQFHV��ZH�KDYH� DOVR� FRPSLOHG�
PDQDJHPHQW� VWXGLHV� �&KDQVRQ� HW� DO�� ������ 0DU[� HW� DO�� WKH� DEVWUDFW�� DQG� V\VWHPDWLFDOO\� FRGHG� VRPH� FRUH� IHDWXUHV�

������ RU� SXEOLF� SROLF\� DQDO\VLV� �5LKRX[�� 5H]V¶KD]\�� DQG� RQ� WKH� EDVLV� RI� WKH� IXOO�WH[W� ILOH�� WKH� W\SH� RI� 4&$�

%RO� ������� 2QH� H[FHSWLRQ� LV�D�UHFHQW�DUWLFOH�E\�-RUGDQ�HW� WHFKQLTXH�V�� XVHG��WKH�VFLHQWLILF�GLVFLSOLQH�V��� WKH�OHYHO�V��
DO�� �������� ZKLFK� SURYLGHV� D� ILUVW� DWWHPSW� WRZDUG� DQ� RI� DQDO\VLV�� WKH� QXPEHU� RI� FDVHV� XVHG� IRU� WKH� 4&$�� WKH�

LQYHQWRU\� RI� 4&$�UHODWHG� MRXUQDO� DUWLFOHV�� 3HUIRUPLQJ� D� QXPEHU� RI� FRQGLWLRQV�� DQG� WKH� FRPELQDWLRQ� ZLWK� RWKHU�

YHU\� LQFOXVLYH� VHDUFK� WKURXJK� :HE� RI� 6FLHQFH�� WKH\� LGHQ�� PHWKRGV�� LI� DQ\�� 7KLV� VSHFLILF� VHW� RI� IHDWXUHV� KDV� EHHQ�

WLILHG� ���� SXEOLVKHG� MRXUQDO� DUWLFOHV� UHIHUHQFLQJ� 5DJLQ
V� VHOHFWHG� RQ� WZR� PDLQ� JURXQGV�� 2Q� RQH� KDQG�� VRPH� RI�

������� VHPLQDO� ERRN� 7KH� &RPSDUDWLYH� 0HWKRG�� WKHVH� KDYH� UHJXODUO\� EHHQ� XVHG� LQ� SUHYLRXV� PHWKRGRORJLFDO�

$FFRUGLQJ� WR� WKHLU�RZQ� FRGLQJ�� DQG� H[SHFWHGO\�� WKH\� PDSSLQJ� H[HUFLVHV� �H�J��� %HQQHWW��%DUWK��DQG�5XWKHUIRUG�
HVWDEOLVKHG� WKDW�WKH�PDMRULW\�RI�WKHVH�DUWLFOHV�ZHUH�LQ�WKH� ������ )UDQFKLQR�������� 2Q�WKH�RWKHU�KDQG��4&$� ZDV� LQL�

ILHOGV�RI�VRFLRORJ\� ������ DQG�SROLWLFDO� VFLHQFH� �JRYHUQ�� GDLO\� GHVLJQHG� �5DJLQ� ������ WR� KDQGOH� VPDOO�� DQG�
PHQW�DQG�SXEOLF� DGPLQLVWUDWLRQ�������� 7KH\� DOVR� IRXQG� LQWHUPHGLDWH�$� UHVHDUFK� VLWXDWLRQV�� PDFUROHYHO� FDVHV�
RXW�WKDW�WKH�QXPEHU�RI�DUWLFOHV� SHU�\HDU�LQFUHDVHG� TXLWH� �FRXQWULHV��� LQ�WKH�ILHOGV�RI�KLVWRULFDO�VRFLRORJ\� DQG�FRP�

VLJQLILFDQWO\� IURP������ RQZDUG�� $UJXDEO\�� WKRXJK�� D� SDUDWLYH� SROLWLFV�� UHTXHVWLQJ� D� UHODWLYHO\� ORZ� QXPEHU�RI�

VLJQLILFDQW�SURSRUWLRQ�RI�WKRVH� DUWLFOHV�GR�QRW�FRQWDLQ� D� FRQGLWLRQV�� DQG�QRW�H[SOLFLWO\�WR�EH�XVHG� LQ�FRPELQDWLRQ�

IXOO�IOHGJHG�4&$� DSSOLFDWLRQ�� ZLWK�RWKHU�PHWKRGV��2XU�RYHUDOO�K\SRWKHVLV�LV�WKDW��JLYHQ�
7KH� DPELWLRQ�RI�WKLV�FRQWULEXWLRQ�LV�WR�PRYH� EH\RQG�

WKLV� EURDG� LQYHQWRU\� DQG� WR� SURYLGH� D� ILUVW� FRPSUHKHQVLYH� �a�
aa�

��
�� a�

7a�
L� �� B� 8QLYHUVLW«� FDWKROLTXH� GH� /RXYDLQ�� /RXYDLQ�/D�1HXYH�� %HOJLXP�

PDSSLQJ� DQG� DQDO\VLV� RI� 4&$� DSSOLFDWLRQV� IRFXVLQJ� VSH�� 8QLYHUVLW\� RI�0RQWUHDO�� 4XHEHF�� &DQDGD�

FLILFDOO\� RQ� SXEOLVKHG� SHHU�UHYLHZHG� MRXUQDO� DUWLFOHV�� 7R� 8QLYHUVLW\� RI�/HXYHQ�� %HOJLXP�
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<HDU�

WKH�JURZWK�RI�WKH�ILHOG�DQG�GLYHUVLILFDWLRQ�RI�4&$� XVHUV��
4&$� DSSOLFDWLRQV� KDYH�PRYHG� DZD\� IURP�5DJLQ
V� LQLWLDO�

GHVLJQ�� %\� FRQFHQWUDWLQJ� RQ� WKHVH� IHDWXUHV��� ZH� ZLOO� EH�

DEOH� WR� DVVHVV� WKLV� K\SRWKHVLV��

$UJXDEO\��WKH�&203$666� LQWHUQDWLRQDO�ELEOLRJUDSKL�
FDO� GDWDEDVH� KDV� E\� QRZ� DFKLHYHG� D� TXLWH� H[KDXVWLYH� LQYHQ�

WRU\�RI�WKH�ILHOG�LQ�WHUPV�RI�SXEOLFDWLRQV�� HVSHFLDOO\� ZLWK�

UHJDUG�WR�MRXUQDO� DUWLFOHV��$W�WKH�WLPH�RI�ZULWLQJ��SXWWLQJ�D�

FDS� RQ� 'HFHPEHU� ���� ������ ZH� KDYH� JDWKHUHG� ���� SHHU�

UHYLHZHG� MRXUQDO� DUWLFOHV� ZLWK� 4&$� DSSOLFDWLRQV� �DV�
GHILQHG� LQ� WKH� QH[W� VHFWLRQ�ᒫZH� FDQ� HVWLPDWH� WKDW� RXU� FRY�

HUDJH� IRU� WKHVH� LV� FORVH� WR� ���� SHUFHQW�� :H� KDYH� DOVR� LGHQWL�

ILHG�DQG� FRPSLOHG� ��� RWKHU�MRXUQDO� DUWLFOHV�FRQWDLQLQJ�D�
GLVFXVVLRQ� DERXW�4&$� �ZLWKRXW�D�IXOO�IOHGJHG�DSSOLFDWLRQ���
��� IXOO�ERRNV� DQG���� FKDSWHUV�LQ�HGLWHG�ERRNV� GLVFXVVLQJ�
DQG�RU�DSSO\LQJ�4&$�� DQG�����SXEOLFDWLRQV�RU�PDQXVFULSWV�
LQ� RWKHU� IRUPDWV��� 2XU� FRYHUDJH� IRU� WKHVH� YDULRXV� RWKHU�

GRFXPHQWV� DSDUW� IURP� RXU� ���� FRUH� DUWLFOHV� LV� GLIILFXOW� WR�

HVWLPDWHᒫSUREDEO\� EHWZHHQ� ��� DQG� ��� SHUFHQW�� DQG� GLPLQ�

LVKLQJ� GXULQJ�WKH�SDVW� IHZ�\HDUV� JLYHQ� WKH�GLVFLSOLQDU\�
GLYHUVLILFDWLRQ� RI� 4&$�UHODWHG� ZRUN� �VHH� 6HFWLRQ� ����
2YHUDOO�� ZH� KDYH� WKXV� LGHQWLILHG� ���� LWHPV�� RXW� RI� D� WRWDO� RI� )LJXUH� ,�� 1XPEHU� RI�DUWLFOHV� E\�4&$� WHFKQLTXH�� �����������

SUREDEO\����� WR������� DV�RI�ODWH������� &RQVLGHULQJ� WKHVH�
YDULRXV� IRUPDWV� RI� SXEOLFDWLRQV�� RXU� PDLQ� REVHUYDWLRQ� LV�

WKDW�WKH�EURDGHU�XVH� RI�4&$� VWDUWHG�WR�SLFN�XS�TXLWH�ODWH� 7KH�ILUVW�SHULRG������������� LV�RQH�RI�PRGHVW�JURZWK��
DIWHU� WKH� SXEOLFDWLRQ� RI� &KDUOHV� 5DJLQ
V� VHPLQDO� YROXPH� DOPRVW� H[FOXVLYHO\� FRUUHVSRQGLQJ� WR� FV4&$� DSSOLFDWLRQV��

������ᒫRQO\� IURP�WKH�ODWH�����V� RQZDUG� RQ�WKH�ZKROH�� 7KH� VHFRQG� SHULRG� ������ DQG� ������ LV� RQH� RI�GHFOLQH��
DQG� RQO\� IURP� ����� WR� ����� RQZDUG� IRU�MRXUQDO� DUWLFOHV�� $SSDUHQWO\�� RQH� FDQQRW� H[SODLQ� WKLV� GHFOLQH� E\� D� ORQJ�

,Q� WKH� UHPDLQLQJ� SDUW� RI� WKLV� FRQWULEXWLRQ�� ZH� KDYH� ODVWLQJ� GHFOLQH� RI� LQWHUHVW� IRU� FV4&$�� DV� WKH� XVH� RI� WKLV�

FKRVHQ� WR�IRFXV�RQ�WKH����� IXOO�VL]H�DUWLFOHV�SXEOLVKHG� LQ� WHFKQLTXH� JUHZ� DJDLQ� LQ�WKH�QH[W�SHULRGV� �VHH� EHORZ���
GRXEOH�EOLQG� SHHU�UHYLHZHG� MRXUQDOV�� ZKLFK� FRQWDLQ� DW� 7ZR� K\SRWKHVHV� FDQ� EH� SXW� IRUZDUG�� 2Q� RQH� KDQG�� WKLV�

OHDVW� RQH� 4&$� DSSOLFDWLRQ�� DQG� WKDW� DUH� DYDLODEOH� LQ� IXOO�� FRXOG� KDYH� EHHQ� WKH� UHVXOW� RI� &KDUOHV� 5DJLQ
V� ������� VHF�

WH[W� IRUPDW� IRU� FRGLQJ� DQG� YHULILFDWLRQ� SXUSRVHV�� :H� RQG� DJHQGD�VHWWLQJ� ERRN� RQ� IX]]\� VHWV�� LQ� WKH� ZDNH� RI� WKH�

FKRVH� WR� DGRSW� D� UDWKHU� LQFOXVLYH� GHILQLWLRQ� RI� DQ� �DSSOLFD�� SXEOLFDWLRQ�� UHVHDUFKHUV� PLJKW� KDYH� ZDQWHG� WR� H[SORUH� WKH�

WLRQ���DQ\�IRUP�RI�GDWD�SURFHVVLQJ�ZLWK�D�4&$� WHFKQLTXH� SRVVLELOLWLHV� RI�IX]]\�VHWV�DQG�SXW�WKH�XVH� RI�FV4&$� RQ�

�FULVS�VHW��PXOWLYDOXH�� DQG�RU�IX]]\�VHW�4&$��� HLWKHU�RQ� KROG�� 2Q� WKH�RWKHU�KDQG�� DQG� LQ�FRQMXQFWLRQ�� WKH������
UHDO�OLIH�GDWD�RU�ZLWK�FRQVWUXFWHG�GDWD�RU�UHSOLFDWHG�DQDO\�� ERRN�ZDV� QRW�DFFRPSDQLHG� E\�WKH�TXLFN� DYDLODELOLW\� RI�D�
VHV�� 7KH� JURXS� RI� DUWLFOHV� WKDW� VLPSO\� FRQWDLQV� GLVFXVVLRQV� FRPSOHWH� VRIWZDUH� RSHUDWLQJ� XQGHU� ZLQGRZV�� RQH� KDG� WR�

RI�YDULRXV� DVSHFWV� RI�4&$�� ZLWKRXW�D� UHDO�OLIH� RU�FRQ�� ZDLW�XQWLO������ WR������ WR�KDYH� IXOO�YHUVLRQV� RI�WKH�)6��
VWUXFWHG� DSSOLFDWLRQ�� LV� D� PXFK� EURDGHU� DQG� OHVV� SUHFLVH� 4&$� VRIWZDUH��

JURXS�WKDW�OLHV�EH\RQG�WKH�VFRSH� RI�RXU�FRQWULEXWLRQ�� 7KH� WKLUG�SHULRG� ������������ LV� RQH� RI� H[SDQVLRQ��
7KH�YDVW�PDMRULW\�RI�WKRVH����� DUWLFOHV�DUH�LQ�(QJOLVK�� ILUVW�PRVWO\�GXH�WR�FV4&$� DSSOLFDWLRQV� ������� DQG�WKHQ�WR�

D� VPDOO� UHPDLQLQJ� PLQRULW\�EHLQJ� SXEOLVKHG� PDLQO\� LQ� IV4&$� DSSOLFDWLRQV� �������� $�FORVHU�ORRN�DW������ DUWLFOHV�

)UHQFK�� *HUPDQ�� DQG� -DSDQHVH�� ,Q� WKH� QH[W� VHFWLRQV�� ZH� VKRZV� WKDW� WKLV� ILUVW� ZDYH� RI� IV4&$� DSSOLFDWLRQV� FRUUH�

V\VWHPDWLFDOO\� VXUYH\� WKLV� FRUSXV� RI� DUWLFOHV� ZLWK� UHJDUG� VSRQGV� WR� D� JURZLQJ� GLYHUVLILFDWLRQ� LQ� GLVFLSOLQDU\� WHUPV�

WR� VRPH� RI� WKHLU� FRUH� IHDWXUHV� RXWOLQHG� DERYH�� �VHH� DOVR� )LJXUH� �� EHORZ���

7KH�IRXUWK�SHULRG��WKH�\HDU������ VSHFLILFDOO\�� LV�RQH�RI�

:KLFK� 7HFKQLTXH"� &ULVS�6HW��

0XOWLYDOXH�� RU� )X]]\�6HW� 4&$"�

D� VHFRQG�� OHVV� VKDUS� GHFOLQH�� PRVWO\� QRW� RQO\� GXH� WR� D�

VKDUS� GHFUHDVH� RI� IV4&$� DSSOLFDWLRQV� EXW� DOVR� GXH� WR� D�

VWDJQDWLRQ� LQ� FV4&$� DSSOLFDWLRQV� EHWZHHQ� ����� DQG�

)LJXUH� �� LQGLFDWHV�� RQ� WKH� ZKROH�� WKDW� WKH� RYHUDOO� HYROX�� ������ 2QH� H[SODQDWLRQ� FRXOG� EH� WKDW� WKH� ILUVW� PRUH� FRP�

WLRQ�RI�SXEOLVKHG� 4&$� DSSOLFDWLRQV� DV� MRXUQDO� DUWLFOHV� SOHWH�YHUVLRQV�RI�ERWK�)6�4&$� DQG�7260$1$� �WKH�WZR�
KDV� IROORZHG� ILYH� SHULRGV�� PRVW� RIWHQ� XVHG� VRIWZDUH� VR� IDU�� RQO\� EHFDPH� DYDLODEOH� LQ�

UD�������� ���� ������
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<HDU�

)LJXUH� ,�� 1XPEHU� RI�DUWLFOHV� E\�4&$� WHFKQLTXH�� ����ᒫ�������
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<HDU�

/RX�

:KLFK� 'LVFLSOLQH"�

2YHU�WKH�ZKROH�SHULRG��WKH�WKUHH�FRUH�GLVFLSOLQDU\�ILHOGV�RI�

4&$� DSSOLFDWLRQV� DUH�� UHVSHFWLYHO\�� SROLWLFDO� VFLHQFH�

������ PRUH� VSHFLILFDOO\�� FRPSDUDWLYH� SROLWLFV� DQG� FRP�

SDUDWLYH� SROLF\� DQDO\VLV��� VRFLRORJ\� DQG� DQWKURSRORJ\�

������ VSHFLILFDOO\�PDFURKLVWRULFDO�VRFLRORJ\��ZHOIDUH�VWDWH�

VWXGLHV�� DQG� VRFLRORJ\� RI� ODERU� DQG� RUJDQL]DWLRQV��� DQG�

HFRQRPLFV� DQG� PDQDJHPHQW� VWXGLHV� ������ PRVWO\� PDQ�

DJHPHQW�VWXGLHV�LQ�IDFW���1RWH� WKDW�WKH�WRWDO�LV�KLJKHU�WKDQ�

���� SHUFHQW� DV� VRPH� DUWLFOHV� DUH� FRGHG� LQWR� PRUH� WKDQ� RQH�

GLVFLSOLQH��$OO�RWKHU�GLVFLSOLQHV� DUH�VWLOO�UDWKHU�PDUJLQDO�DW�

WKLV� VWDJH�� DV� WKH\� HDFK� DFFRXQW� IRU� OHVV� WKDQ� �� SHUFHQW� RI�

WKH� DSSOLFDWLRQV�� WKRXJK� WKH\� WRJHWKHU� UHSUHVHQW� DV� PDQ\� DV�

���SHUFHQW�RI�DOO� DSSOLFDWLRQV�� 7KHVH� FRYHU�PDQ\�ILHOGV��
VXFK�DV��LQ�GHFUHDVLQJ�RUGHU�RI�IUHTXHQF\���SV\FKRORJ\�DQG�

HGXFDWLRQ� VWXGLHV�� OHJDO� VWXGLHV� DQG� FULPLQRORJ\��KHDOWK�

VFLHQFHV�� DSSOLHG� VFLHQFHV�� GHPRJUDSK\� DQG� GHYHORSPHQW�

VWXGLHV��KLVWRU\��JHRJUDSK\��DQG�SKLORVRSK\��
7KH� WZR� SUHGRPLQDQW� GLVFLSOLQDU\� ILHOGV�PHQWLRQHG�

DERYH�� WKDW� LV�� SROLWLFDO� VFLHQFH� DQG� VRFLRORJ\�� FRUUHVSRQG�

DV� LW�ZHUH�WR�WKH�GLVFLSOLQDU\� GRPDLQV� RI�&KDUOHV� 5DJLQ�
)LJXUH� ��� 1XPEHU� RI�DUWLFOHV� E\�GLVFLSOLQH�� �����������

KLPVHOI�� DQG� KHQFH�� RQH� PD\� DVVXPH� WKDW� WKH� VSUHDG� RI�

4&$� RFFXUUHG�� DW� OHDVW� XQWLO� WKH� ODWH�����V�� DORQJ� WKRVH�

VSHFLILF� GLVFLSOLQDU\� QHWZRUNV��7KLV� DVVXPSWLRQ� FDQ� EH�

����� WR������� SURGXFLQJ� D� VHFRQG� �RQ� KROG�� HIIHFW��,Q� WHVWHG�E\�ORRNLQJ� DW�)LJXUH����ZKLFK�GLVSOD\V� WKH�HYROX�

DGGLWLRQ�� QR� WH[WERRN� WKDW� ZRXOG� KDYH� PDGH� 4&$� DFFªV�� WLRQ� RQ� D� \HDUO\� EDVLV��

VLEOH� WR� D� EURDGHU� SXEOLF� RI� UHVHDUFKHUV� ZDV� \HW� RQ� WKH� ,QGHHG�� IURP� ����� �WKH� YHU\� ILUVW� DSSOLFDWLRQ�� LQ�

PDUNHW��� $PHULFDQ� 6RFLRORJLFDO� 5HYLHZ�� E\� 5DJLQ�� 0D\HU�� DQG�

)LQDOO\��WKH�UHFHQW�SHULRG������������� LV�RQH�RI�VKDUS� 'UDVV�� WR� ������ DSSOLFDWLRQV� FRUUHVSRQG� DOPRVW� H[FOX�

LQFUHDVH� RI�ERWK� FV4&$� DQG� IV4&$�� DV� ZHOO� DV� D� ILUVW� VLYHO\�WR�SROLWLFDO� VFLHQFH� DQG�VRFLRORJ\�� WKH�RQO\�H[FHS�

XSZDUG� WUHQG� IRU� PY4&$�� %\� WKHQ�� PDQ\� HOHPHQWV� ZHUH� WLRQV� EHLQJ� HDUO\� DUWLFOHV� LQ� WKH� ILHOG� RI� FULPLQRORJ\�� WKH�

LQ�SODFH�� D� ILUVW�(QJOLVK�ODQJXDJH� WH[WERRN� �5LKRX[� DQG� GLVFLSOLQH� RI�WKH�ILUVW�SURJUDPPHU�RI�4&$� VRIWZDUH��WKH�

5DJLQ� ������ FRYHULQJ� WKH�GLIIHUHQW�WHFKQLTXHV���YDULRXV� ODWH�.ULV�'UDVV��

VRIWZDUH�RSWLRQV� �LQFOXGLQJ� JUDGXDO� GHYHORSPHQWV� LQ�5� %\�FRQWUDVW��WKH�ZKROH� SHULRG� DIWHU������ XQWLO�QRZ� LV�

DQG� 67$7$��� DQG� D� EURDGHU� WUDLQLQJ�RIIHU�WKURXJK�D� RQH� RI�GLVFLSOLQDU\� GLYHUVLILFDWLRQ�� ,Q�SDUWLFXODU��PDQ�

EURDGHU�SRRO� RI�TXDOLILHG� LQVWUXFWRUV�� DJHPHQW� VWXGLHV� KDYH� EHHQ� WKH�IDVWHVW�JURZLQJ�ILHOG�RI�

2Q� WKH� ZKROH�� WKH� PRVW� IUHTXHQWO\� XVHG� WHFKQLTXH� LV� SXEOLVKHG� DSSOLFDWLRQV� LQ� WKH� PRVW� UHFHQW� SHULRGᒫQRW�

VWLOO�FV4&$�� WKDW�LV��WKH�WHFKQLTXH� WKDW�ZDV� ILUVW�GHYHO�� VXUSULVLQJO\� EHFDXVH� 4&$� DSSHDUV� SDUWLFXODUO\� ZHOO�

RSHG�� ,W� VWLOO� DPRXQWV� WR� ��� SHUFHQW� RI� DSSOLFDWLRQV�� FRP�� VXLWHG� IRU� PDQ\� FRUH� PDQDJHPHQW� VWXGLHV� WRSLFV� �0DU[��

SDUHG�ZLWK����SHUFHQW�IRU�IV4&$� DQG�RQO\���SHUFHQW�IRU� &DPEU«�� DQG�5LKRX[� ������� 7KH� IUHTXHQF\�RI�DUWLFOHV�LQ�

PY4&$� WKDW�UHPDLQV� UDWKHU�PDUJLQDO� DW�WKLV�VWDJH�� ,W�LV� RWKHU�GLYHUVH�GLVFLSOLQHV� LV�DOVR� ULVLQJ�JUDGXDOO\�RYHU�WKH�

ZRUWK� QRWLQJ� WKDW�� DW� WKLV� VWDJH�� WKH� URXJKHU� ELQDU\� SDVW� IHZ� \HDUV�� 1RWH�� KRZHYHU�� WKDW� WKH� SUHGRPLQDQW�

FV4&$� KDV� QRW�EHHQ� WDNHQ� RYHU� E\� WKH� ILQHU�JUDLQHG� ILHOG� LV� VWLOO�SROLWLFDO� VFLHQFH�� DOVR� GXULQJ�WKH�SDVW� IHZ�

IV4&$�� 2QH� UHDVRQ� PD\� OLH� LQ� WKH� IDFW� WKDW� TXLWH� VRPH� \HDUVᒫD� FORVHU� ORRN� DW� WKH� DUWLFOHV� GHPRQVWUDWHV� WKDW�

FRPSDUDWLYH� UHVHDUFKHUV� VHH� GLVWLQFW� YDOXH� LQ� XVLQJ� WKLV� FRUUHVSRQGV� ILUVW� DQG� IRUHPRVW� WR� D� VKDUS� LQFUHDVH� RI�

GLFKRWRPRXV� YDULDEOHV� IRU�DQDO\WLF� SXUSRVHV� �&ROOLHU� DSSOLFDWLRQV� LQ�WKH�VXEGLVFLSOLQH� RI�SROLF\� DQDO\VLV� �DOVR�
DQG�$GFRFN� ������ 'H� 0HXU� DQG�5LKRX[� ������ *URIPDQ� KLJKOLJKWHG�E\�5LKRX[�� 5H]V¶KD]\�� DQG�%RO� �������
DQG�6FKQHLGHU� �����ᒫLQGHHG�� WKH�UHVRUW�WR�GLFKRWRPLHV�

SURYLGHV� WKH�VLPSOHVW� RSHUDWLRQDOL]DWLRQ� RI�UHOHYDQW�GLI�� O�� ᦔ� �� �� �� ,� ᒹ� "�
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IHUHQFH� DQG� WKHUHIRUH� SURYLGHV� VWURQJ� DQDO\WLF� OHYHUDJH�
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<HDU�

���� 3ROLWLFDO�5HVHDUFK�4XDUWHUO\�����,��

UHVHDUFK� GHVLJQV� �'H� 0HXU� DQG� 5LKRX[� ������ 5DJLQ�
������� &ORVHO\� OLQNHG�WR�WKLV�LVVXH� LV�WKH�QXPEHU�RI�FRQ�
GLWLRQV� LQ�WKH�PRGHO�� WKH�XVXDO� VWDWHPHQW�EHLQJ� WKDW�LQ�
VPDOO�� DQG� PHGLXP�79� VLWXDWLRQV�� WKH� QXPEHU� RI� FRQGL�

WLRQV� VKRXOG� EH� NHSW� LQ� EDODQFH� ZLWK� WKH� QXPEHU� RI� FDVHV��

DQG� KHQFH� VKRXOG� EH� NHSW� UDWKHU� ORZ� �0DU[� ������ 0DU[�

DQG�'XVD� ������� :KDW�GRHV�WKH�DFWXDO�SLFWXUH�ORRN�OLNH�LQ�
WKH�SXEOLVKHG� DUWLFOHV"�

7R� SURGXFH� )LJXUHV� �� DQG� ��� H[WUHPH� RXWOLHUV� LQ� WHUPV�

RI� QXPEHUV� RI� FDVHV�� WKDW� LV�� IRXU� DUWLFOHV� ZLWK� PRUH� WKDQ�

������� FDVHV� �$ORQ� ������ &KLDSSHUR�0DUWLQHWWL� ������
0LHWKH�DQG�'UDVV� ������ 5HJRHF]L� DQG�0LHWKH������� ZHUH�

GLVUHJDUGHG�� :H� FURVVHG� WKH� WZR� IHDWXUHV� RI� LQWHUHVW�

�QXPEHU� RI� FDVHV� DQG� QXPEHU� RI� FRQGLWLRQV�� ZLWK� WKH�

WHFKQLTXHV� XVHG�� FRQIURQWLQJ� WKH� WZR� �FULVS�� 4&$� WHFK�

QLTXHV� �FV4&$� DQG� PY4&$���� ZLWK� WKH�IV4&$� WHFK�

QLTXH�� (DFK� ER[� SORW� LQ�)LJXUHV� �� DQG� �� YLVXDOL]H� WKH�
PHGLDQ��KRUL]RQWDO�OLQH���WKH�VHFRQG�TXDUWLOH��JUD\�VKDGHG�
DUHD� EHORZ� WKH�PHGLDQ��� WKH�WKLUG�TXDUWLOH� �JUD\�VKDGHG�
DUHD� DERYH� WKH� PHGLDQ��� WKH� ORZHVW� GDWXP� RI� WKH� ORZHU�

TXDUWLOH�VWLOO�ZLWKLQ�����RI�WKH�LQWHUTXDUWLOH�UDQJH�DQG�WKH�
)LJXUH� ��� 1XPEHU� RI� DUWLFOHV� E\� OHYHO� RI�DQDO\VLV�� ������������ KLJKHVW� GDWXP� RI� WKH� XSSHU� TXDUWLOH� VWLOO� ZLWKLQ� ���� RI� WKH�

LQWHUTXDUWLOH� UDQJH� �WKH� WZR� H[WUHPLWLHV� RI� WKH� ZKLVNHUV���

DQG� WKH� �RXWOLHU�� YDOXHV��� LI� DSSOLFDEOH��

V\VWHPV� RU� ZHOIDUH� VWDWHV�� ,I� ZH� FRQVLGHU� WKH� ZKROH� :LWK� UHJDUG� WR� WKH� QXPEHU� RI� FDVHV�� RXU� H[SHFWDWLRQ�

SHULRG�� KRZHYHU�� ZKLOH� WKH� SURSRUWLRQ� RI� PDFUROHYHO� ZDV� WKDW� IV4&$� DSSOLFDWLRQV� ZRXOG� WHQG� WR� EH� ODUJHU�79�

DSSOLFDWLRQV� ������ LV� LQGHHG� TXLWH� KLJK��WKHUH�DUH� DOVR� WKDQ�FULVS� �FV4&$� RU�PY4&$�� DSSOLFDWLRQV�� 7KH� WZR�
��� SHUFHQW� PHVROHYHO� DQG� ��� SHUFHQW� PLFUROHYHO� DSSOLFD�� ER[� SORWV� LQ� )LJXUH� �� VKRZ� WKDW� WKLV� LV� QRW� WKH� FDVH�� WKH�

WLRQV��7KH� SLFWXUH�RYHU�WKH�ZKROH� SHULRG� LV�LQ�IDFW�VRPH�� PHGLDQ� LV�DOPRVW� HTXDO� ���� DQG���� FDVHV� IRU�IV4&$� DQG�
ZKDW� PRUH� FRPSOH[�� FV�PY4&$�� UHVSHFWLYHO\��� DQG� WKH� TXDUWLOHV� GR� QRW� GLIIHU�

)LJXUH� �� VKRZV� ILUVW� WKDW�� XQWLO� ������ WKHUH� ZHUH� QR� VR� PXFK�� DSDUW� IURP� D� VOLJKWO\� KLJKHU� SURSRUWLRQ� RI�

V\VWHPDWLF� GLIIHUHQFHV� LQ� WKH� UHVSHFWLYH� SURSRUWLRQV� RI� IV4&$� DSSOLFDWLRQV� WRZDUG� PHGLXP�WR�ODUJH�79� FDVHV��

PLFUR���PHVR�� DQG�PDFUROHYHO� DSSOLFDWLRQV�� ,Q�IDFW��WKHUH� 7KH�WZR�GLVWULEXWLRQV�GR�QRW�GLIIHU�VLJQLILFDQWO\�LQ�VWDWLV�
ZHUH� VRPH� PLFUROHYHO� DSSOLFDWLRQV� IURP� TXLWH� HDUO\� RQ� WLFDO� WHUPV��

�H�J���$EHOO� ������'UDVV� DQG�6SHQFHU� ������5DJLQ��0D\HU�� 7R� REWDLQ� D�PRUH� G\QDPLF� YLHZ�� ZLWK�UHJDUG�WR�WKH�
DQG� 'UDVV� ������ :LOOLDPV� DQG� )DUUHOO� ������� 6HFRQG�� WKH� QXPEHU� RI� FDVHV�� ZH� KDYH� HVWDEOLVKHG� D� VLPSOH� GLVWLQFWLRQ�

UHDO� GLIIHUHQFHV� DUH� REVHUYHG� IURP� ����� RQZDUG�� ZLWK� WKH� EHWZHHQ� �VPDOO�79�� �OHVV� WKDQ� ��� FDVHV��� �PHGLXP�79��

VKDUS� ULVH� RI� PDFUROHYHO� DSSOLFDWLRQV�� ZKLFK� KDYH� WKXV� �EHWZHHQ� ��� DQG� ��� FDVHV�� DQG� �ODUJH�79�� �PRUH� WKDQ� ���

EHFRPH� SUHGRPLQDQW� RYHU� WKH� SDVW� IHZ� \HDUV�� $JDLQ�� WKLV� FDVHV�� GHVLJQV�� DQG� H[DPLQHG� WUHQGV� RYHU� WLPH� �)LJXUH� ����

LV� VWURQJO\� OLQNHG� ZLWK� WKH� VKDUS� LQFUHDVH� RI� PDFUROHYHOᒫ� 2YHU� WKH� ZKROH� SHULRG�� WKH� UHVSHFWLYH� SURSRUWLRQV� RI�

WKDW� LV�� PDLQO\� FURVV�FRXQWU\ᒫFRPSDULVRQV� LQ� WKH� ILHOG� RI� VPDOO��� PHGLXP��� DQG� ODUJH�79� DSSOLFDWLRQV� DPRXQW� WR� ����

SROLF\� DQDO\VLV� �5LKRX[�� 5H]V¶KD]\�� DQG� %RO� ������� ����DQG����SHUFHQW��7KXV��PHGLXP�79�DSSOLFDWLRQV� DUH�RQ�

7KLUG�� DQG� ODVW� EXW� QRW� WKH� OHDVW�� PHVR�� DV� ZHOO� DV� PLFUR�� WKH� ZKROH� PXFK� PRUH� IUHTXHQW�� ,I� ZH� FRQVLGHU� WKH� ODUJHU�

OHYHO� DSSOLFDWLRQV� KDYH� DOVR� EHHQ� RQ� WKH� ULVH� LQ� WKH� PRVW� 79� VSHFWUXP� RI� DSSOLFDWLRQV�� WKHUH� LV� TXLWH� D� VSUHDG� RI�

UHFHQW� SHULRG� ������������� ,Q� RWKHU� ZRUGV�� WKH� UHFHQW� GLV�� GHVLJQV�� IRU� LQVWDQFH�� �� SHUFHQW� RI� DSSOLFDWLRQV� EHWZHHQ�

FLSOLQDU\�GLYHUVLILFDWLRQ��LQ�SDUWLFXODU�LQ�WKH�ILHOG�RI�PDQ�� ����DQG� ����FDVHV�� ��SHUFHQW�EHWZHHQ����� DQG����� FDVHV��

DJHPHQW� DQG� RUJDQL]DWLRQ� VWXGLHV�� DOVR� JRHV� DORQJ� ZLWK� DQG� �� SHUFHQW� DERYH� ���� FDVHV�� ,Q� RWKHU� ZRUGV�� URXJKO\�

QRQQHJOLJLEOH� SURSRUWLRQV� RI� PLFUR�� DQG� PHVROHYHO� RQH�WHQWK� RI� DOO� 4&$� DSSOLFDWLRQV� VR� IDU� DUH� XVLQJ� QXP�

DQDO\VHV�� EHUV� RI� FDVHV� WKDW� ZRXOG� XVXDOO\� EH� DVVRFLDWHG� ZLWK� VWDWLV�

WLFDO� DQDO\VHV��

+RZ� 0DQ\� &DVHV��
)LJXUH� �� VKRZV� WKDW�� XQWLO� ������ WKHUH� ZDV� QR� V\VWHP�

DWLF� SUHGRPLQDQFH� RI� RQH� W\SH� RI� UHVHDUFK� GHVLJQ�� ZLWK�
+RZ� 0DQ\� &RQGLWLRQV"� VL]DEOH� VKDUHV�RI�ERWK�PHGLXP�79�DQG�ODUJH�79�DSSOLFDWLRQV��
4&$� KDV� EHHQ� RIWHQ� SUHVHQWHG�� LQLWLDOO\� DW� OHDVW�� DV� DQ� ZKLOH� VPDOO�79� DSSOLFDWLRQV� UHPDLQHG� DOPRVW� QRQH[LVWHQW��

DSSURDFK� DQG� VHW� RI� WHFKQLTXHV� JHDUHG� WRZDUG� PHGLXP�79� %\� FRQWUDVW�� IURP� ����� RQZDUG�� PHGLXP�79� DSSOLFDWLRQV�
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5LKRX[� DQG� 0DU[� ����

)LJXUH� ��� 1XPEHU� RI�FDVHV� E\�WHFKQLTXH����

)LJXUH� ��� 1XPEHU� RI�FRQGLWLRQV� E\�WHFKQLTXH����

KDYH� FOHDUO\�EHFRPH� SUHGRPLQDQW�� LQ�OLQH�ZLWK�5DJLQ
V� $V� IRU�WKH�QXPEHU�RI�FRQGLWLRQV� �)LJXUH� ����WKH�GLIIHU�

LQLWLDOO\� LGHQWLILHG��QLFKH�� IRU�4&$�� HYHQ� LI�WZR� RWKHU� HQHHV� EHWZHHQ� FULVS� DQG� IX]]\� YDULDQWV� RI� 4&$� DUH�

�QLFKHV�� RI� ODUJH�79� DQG� VPDOO�79� DSSOLFDWLRQV� KDYH� DOVR� DOPRVW� QRQH[LVWHQW� �DSDUW� IURP� D� IHZ� FV4&$� DSSOLFDWLRQV�

EHHQ�GHYHORSLQJ� WR�VRPH� H[WHQW�� ZLWK� YHU\�KLJK� QXPEHU� RI� FRQGLWLRQV��� WKH�PHGLDQ� LV�

This content downloaded from 164.15.69.19 on Wed, 06 May 2015 10:38:49 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


���� 3ROLWLFDO�5HVHDUFK�4XDUWHUO\�����,��

<HDU�

)LJXUH� ��� 1XPEHU� RI�DUWLFOHV� E\�UHVHDUFK� GHVLJQV�� ����ᒫ���� ,����

7DEOH� ,�� 'LYHUVLW\� RI� 3UDFWLFHV� LQ�$SSO\LQJ� 4&$�� &RQGLWLRQV�

&RQGLWLRQV�

)HZ� 0DQ\�
��� !��

&DVHV� )HZ� ��� DSSOLFDWLRQV� ��� DSSOLFDWLRQV�
���� ���� ����

0DQ\� ��� DSSOLFDWLRQV� ���� DSSOLFDWLRQV�
!� ��� ���� ����

������ ZKLFK� HQDEOHV� UHVHDUFKHUV� WR� DVVHVV� WKH� FKDQFHV� RI�

DFFHSWLQJ� D� PRGHO� IRU� IXUWKHU� DQDO\VLV� RQ� WKH� EDVLV� RI� UDQ�

GRP� GDWD�� ,I� WKLV� FKDQFH� LV� WRR� KLJK�� D� UHVHDUFKHU� VKRXOG�

QRW�SURFHHG� ZLWK�DQDO\]LQJ� WKH�VHOHFWHG�PRGHO� LQ�FV4&$�
EHFDXVH� KH� RU� VKH� ZLOO� QRW� EH� DEOH� WR� GLVWLQJXLVK� DQ� DQDO\�

VLV� RQ� WKH� EDVLV� RI� UDQGRP� GDWD� YHUVXV� UHDO� GDWD�� +HQFH��

WKH� EHQFKPDUNV� DVVHVV� ZKHWKHU� D� PRGHO� FDQ� EH� DFFHSWHG�

IRU� IXUWKHU� DQDO\VLV�� DQG� JXLGH� UHVHDUFKHUV� LQ�PRGHO� VSHFL�

ILFDWLRQ��$V�LQ�PRUH�TXDQWLWDWLYH�DSSURDFKHV�� FV4&$� DOVR�

UHTXLUHV� UHVHDUFKHUV� WR� LQFUHDVH� WKH� QXPEHU� RI� FDVHV� LI�

RQH� ZDQWV� WR� WDNH� RQ� ERDUG� DGGLWLRQDO� FRQGLWLRQ� YDULDEOHV��

7KH� WKUHVKROG� IRU� DFFHSWLQJ� D� PRGHO� LV� VHW� DW� ��� SHU�

FHQW�� WKDW� LV�� WKHUH� LV� D� ��� SHUFHQW� FKDQFH� RI� DFFHSWLQJ� D�

HTXLYDOHQW� �ILYH� FRQGLWLRQV�� DV� ZHOO� DV� WKH� ��WK� DQG� PRGHO�� ZKLFK� FRXOG� DOVR� KDYH� EHHQ� JHQHUDWHG� RQ� UDQGRP�

��WK� SHUFHQWLOHV� �IRXU� DQG� VL[� FRQGLWLRQV�� UHVSHFWLYHO\��� ,Q� GDWD�� 0RUH� VWULQJHQW� EHQFKPDUNV� DUH� �� SHUFHQW� DQG� ��SHU�

RWKHU� ZRUGV�� ZKDWHYHU� WKH� WHFKQLTXH�� WKH� XVXDO� SUDFWLFH� FHQW�� UHVSHFWLYHO\�� D� �� SHUFHQW� DQG� �� SHUFHQW� FKDQFH� RI�

UDQJHV� EHWZHHQ� IRXU� DQG� VL[� FRQGLWLRQV�� DFFHSWLQJ� D� PRGHO�� ZKLFK� FRXOG� DOVR� EH� JHQHUDWHG� RQ� UDQ�

:H� SHUIRUPHG� GLIIHUHQW� VWDWLVWLFDO� WHVWV�� IRU� H[DPSOH�� GRP� GDWD�� 3XEOLFDWLRQV� RQ� WKH� EHQFKPDUNV� DUH� UHFHQW�� DQG�

FRUUHODWLQJ� WKH� QXPEHU� RI� FDVHV� E\� QXPEHU� RI� FRQGLWLRQV�� SUHYLRXV� DSSOLFDWLRQV� GLG� QRW� SD\� DWWHQWLRQ� WR� WKH� QXPEHU�

FRQWUROOHG� E\� 4&$� WHFKQLTXH�� DQG� RYHU� WLPH�� 1RQH� RI� RI� FRQGLWLRQV� LQFOXGHG� LQ� DQ� H[SODQDWRU\� PRGHO�� 3UDFWLFHV�

WKHVH� WHVWV� SURYHG� VWDWLVWLFDOO\� VLJQLILFDQW���� +HQFH�� RYHU� YDULHG� VLJQLILFDQWO\� EHWZHHQ� DSSOLFDWLRQV� DV� LV� SUHVHQWHG�

WKH� ZKROH� SHULRG�� DQG� ZKDWHYHU� WKH� WHFKQLTXH� XVHG�� WKH� LQ� 7DEOH� ��� VRPH� LQFOXGH� IHZ� FRQGLWLRQV� ZLWK� PDQ\� FDVHV�

XVXDO� SUDFWLFHV� KDYH� QRW� FKDQJHG� VLJQLILFDQWO\�� 2QH� RU� IHZ� FRQGLWLRQV� ZLWK� IHZ� FDVHV� RU� PDQ\� FRQGLWLRQV� ZLWK�

H[SODQDWLRQ� FRXOG� EH� WKDW�� LI�RQH� PRYHV� ZD\� DERYH� WKH� VL[� IHZ� FDVHV� RU� PDQ\� FRQGLWLRQV� ZLWK� PDQ\� FDVHV�,V�

FRQGLWLRQV��WKH�LQWHUSUHWDWLRQ�EHFRPHV� LQFUHDVLQJO\�GLIIL�� :H� DQDO\]HG� WKH����� FV4&$� DSSOLFDWLRQV� LQ�RXU�GDWD�

FXOW� LQ� WKHRUHWLFDO� DQG� FRQFHSWXDO� WHUPV�� QRW� WR� PHQWLRQ� VHW�� RI� ZKLFK� ���� ����� RI� WKH� DSSOLFDWLRQV�� SDVV� WKH�

RWKHU� WHFKQLFDO� GLIILFXOWLHV� VXFK� DV� WKH� H[SRQHQWLDOO\� ���SHUFHQW�EHQFKPDUN�WHVW������������ SDVV� WKH���SHUFHQW�

JURZLQJ� QXPEHU� RI� �ORJLFDO� UHPDLQGHU�� FDVHV� DQG� WKH� EHQFKPDUN� WHVW�� DQG� ���� ������ SDVV� WKH� ��SHUFHQW� EHQFK�

DVVRFLDWHG� SUREOHP� RI� OLPLWHG� GLYHUVLW\�� PDUN� WHVW�� 7KXV�� DOWKRXJK� D� ODUJH� SURSRUWLRQ� RI� DSSOLFD�

)LQDOO\�� FRQFHUQLQJ� WKH� UDWLR� EHWZHHQ� WKH� QXPEHU� RI� WLRQV� SDVV� WKH� ��� SHUFHQW� DQG� �� SHUFHQW� EHQFKPDUN� WHVWV�� D�

FRQGLWLRQV� DQG� QXPEHU� RI� FDVHV�� ZH� KDYH� WHVWHG� WKH� SXE�� VLJQLILFDQW� SURSRUWLRQ� RI� DSSOLFDWLRQV� GR� IDLO� WKH� WHVW�� 7KLV�

OLVKHG� DSSOLFDWLRQV� DJDLQVW� WKH� EHQFKPDUNV� GHYHORSHG� E\� PHDQV� WKDW� UHVHDUFKHUV� SURFHHGHG� ZLWK� DQDO\]LQJ� D� 4&$�

0DU[� DQG� 'XVD� ������ �� VHH� DOVR� 0DU[� ������� 0DU[� ������� PRGHO�� ZKLFK� FRXOG� DOVR� KDYH� EHHQ� JHQHUDWHG� RQ� WKH� EDVLV�

VKRZHG� WKDW� FV4&$� JHQHUDWHG� H[SODQDWRU\� PRGHOV� �L�H��� RI� UDQGRP� GDWD�� )RU� WKHVH� DSSOLFDWLRQV�� LW� LV� QRW� SRVVLEOH�

PRGHOV� ZLWK� QR� FRQWUDGLFWLRQV� DQG�RU� KLJK� FRQVLVWHQF\���� WR� DVFHUWDLQ� WKDW� WKH� 4&$� PRGHO� KROGV� DQ\� H[SODQDWRU\�

RQ� WKH� EDVLV� RI� UDQGRP� GDWD� LI� RQH� GRHV� QRW� WDNH� LQWR� SRZHU� EHFDXVH� RWKHU� PRGHOV� ZLWK� FRPSOHWHO\� GLIIHUHQW�

DFFRXQW� D� EDODQFH� EHWZHHQ� WKH� QXPEHU� RI� FRQGLWLRQV� DQG� H[SODQDWRU\� FRQGLWLRQV� ZRXOG� HTXDOO\� JHQHUDWH� KLJK� FRQ�

FDVHV�� ZLWK� DQ� XSSHU� OLPLW� WR� WKH� QXPEHU� RI� FRQGLWLRQV�� VLVWHQF\� VFRUHV� RU� ZRXOG� QRW� VKRZ� DQ\� FRQWUDGLFWLRQV����

7KLV� LV� WURXEOHVRPH� EHFDXVH� WKH� UHVHDUFKHU� FDQQRW� GLVWLQ�� $V� LQGLFDWHG� DERYH�� PRVW� FV4&$� DSSOLFDWLRQV� FRQWDLQ� D�

JXLVK� ZKHWKHU� D� PRGHO� KDV� DQ\� H[SODQDWRU\� SRZHU�� DV� LW� VPDOO� WR� PHGLXP� QXPEHU� RI� FDVHV�� 7KH� VLJQLILFDQW� FKDQJH�

PLJKW� DOVR� EH� DFFHSWHG� RQ� WKH� EDVLV� RI� UDQGRP� GDWD�� 0DU[� IURP� WKH� ��� SHUFHQW� WR� WKH� �� SHUFHQW� WHVW� LQGLFDWHV� WKDW�

DQG� 'XVD� ������� GHYHORSHG� D� EHQFKPDUN� WDEOH���� IRU� HDFK� VHYHUDO� FV4&$� DSSOLFDWLRQV� XVH� D� VPDOO� WR� D� PHGLXP�

FRPELQDWLRQ� RI� FRQGLWLRQV� �XS� WR� ���� DQG� FDVHV� �XS� WR� QXPEHU� RI� FDVHV�� LQ� ZKLFK� FRQWH[W�� WKH� LQFOXVLRQ� RU�

(�DW�
2� ��+�

ᒹ�/DUJHa1�
ᒹ0HGLXP�1�

ᒫ��6PDOOa1�

LR�WImLmLHLH}LRLH�LRLR�LIL}RRRRRRRRRRRR�FX.RVPRV04HLHDLFZDLIOLLLDRRRRRRRRR2I�L�ML�YLFIW02}!RRW�0Z$YQ}�mM}LRR+:Z$ZP!MR�LR2+�

<HDU�

)LJXUH� ��� 1XPEHU� RI�DUWLFOHV� E\�UHVHDUFK� GHVLJQV�� ����ᒫ���� ,���

7DEOH� ,�� 'LYHUVLW\� RI� 3UDFWLFHV� LQ�$SSO\LQJ� 4&$�� &RQGLWLRQV�

DQG� &DVHV���

&RQGLWLRQV�

)HZ� 0DQ\�
��� !��

&DVHV� )HZ� ��� DSSOLFDWLRQV� ��� DSSOLFDWLRQV�
���� ���� ����

0DQ\� ��� DSSOLFDWLRQV� ���� DSSOLFDWLRQV�
!� ��� ���� ����
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)LJXUH� ��� (YROXWLRQ� RI�QXPEHU� RI� FV4&$� DSSOLFDWLRQV� WKDW� SDVV� �JUD\�� RU� IDLO��EODFN�� WKH� ��� EHQFKPDUN� WHVW����

������

������

ᦔᒫ1R�RWKHU�PHWKRG�
B� &RPELQHG�ZLWK�

TXDQWLWDWLYH�PHWKRGV�
����&RPELQHG�ZLWK�

TXDOLWDWLYH�PHWKRGV�
����,QWHJUDWHG�LQ�D�PL[HG�

PHWKRGV�GHVLJQ�
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-��
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H[FOXVLRQ� RI� RQO\� D� IHZ� FDVHV� FDQ� PDNH� DQ� LPSRUWDQW� GLI�

IHUHQFH� DQG� FDQ� LQIOXHQFH� WKH� DQDO\VLV�� (PPHQHJJHU��

.YLVW��DQG�6NDDQLQJ�� LQ�WKHLU�FRQWULEXWLRQ�RQ�4&$� DSSOL�
FDWLRQV� LQ� ZHOIDUH�VWDWH� UHVHDUFK�� LGHQWLI\� DQG� GLVFXVV�

VHYHUDO� VWXGLHV� WKDW� IDLOHG� WKH� EHQFKPDUN� WHVW��

$Q� DQDO\VLV� RI� WKH� HYROXWLRQ� RI� DSSOLFDWLRQV� WKDW� SDVV�

RU� IDLO� WKH� WHVW� VKRZV� WKDW� WKHUH� LV� QR� VLJQLILFDQW� FKDQJH� LQ�

WKH� SURSRUWLRQV� RYHU� WLPH�� 2Q� WKH� FRQWUDU\�� )LJXUH� �� SUHV�

HQWV� WKH� HYROXWLRQ� IRU� WKH� �� SHUFHQW� EHQFKPDUN� WHVW� DQG�

VKRZV� WKDW�� GXULQJ� WKH� SDVW� WKUHH� \HDUV� ������������ PRUH�

DSSOLFDWLRQV� KDYH� IDLOHG� WKDQ� SDVVHG� WKH� WHVW�� %\� FRQWUDVW��

GXULQJ� WKH� ILYH� SUHYLRXV� \HDUV� ������������ ZLWK� WKH�

H[FHSWLRQ� RI� ������ PRUH� DSSOLFDWLRQV� KDG� SDVVHG� WKDQ�

IDLOHG� WKH� EHQFKPDUN� WHVW��

&RXOG� WKRVH� OHVV� IDYRUDEOH� UHVXOWV� LQ� WKH� PRVW� UHFHQW�

SHULRG� ����������� ��EH�WKH�UHVXOW�RI�WKH�TXLFN� VSUHDG� RI�

FV4&$� SXEOLFDWLRQV� LQ�MRXUQDOV�� ZLWK�SHUKDSV� OHVV�ULJRU�
RXV� XVH� RI� WKH� FV4&$� WHFKQLTXHV� E\� D� EURDGHU� DQG� PRUH�

GLYHUVH� JURXS� RI� UHVHDUFKHUV"� 2U� FRXOG� LW� EH� WKDW� WKH�

EURDGHQLQJ� DUUD\� RI� MRXUQDOV� �VHH� WKH� H[SRQHQWLDO� GLYHU�

VLW\�RI�MRXUQDOV� KDYLQJ�SXEOLVKHG� 4&$� DSSOLFDWLRQV� GXU�

LQJ� WKH� SDVW� IHZ� \HDUV�� )LJXUH� ��� PHDQV� WKDW� WKH� SRRO� RI�
X� M� M� L�� L� �L� U�)LJXUH� ��� 1XPEHU� RI� DUWLFOHV� DQG� FRPELQHG� PHWKRGV��

SHHU� UHYLHZHUV� KDV� H[SDQGHG� EH\RQG� WKH� FRUH� RI� WKH� PRUH�
_�JJAB�����

���

�SXULVW�� FV4&$� GHYHORSHUV�� DQG� KHQFH� WKDW� VRPH� UHYLHZ�

HUV� KDYH� EHFRPH� PRUH� OHQLHQW� RQ� LVVXHV� VXFK� DV� WKH�

FRQGLWLRQV[DVHV� UDWLR"� :KDWHYHU� WKH� H[SODQDWLRQ�� IXWXUH�

DSSOLFDWLRQV� VKRXOG� WDNH� WKH� EHQFKPDUNV� PRUH� VHULRXVO\� WHFKQLTXH� DUH� TXLWH� IUHTXHQW� ��������� ZKHUHDV� FRPELQDWLRQV�

LQWR�DFFRXQW�ZKHQ�SHUIRUPLQJ�D�FV4&$�� ZLWK�DW�OHDVW�RQH�TXDOLWDWLYH�WHFKQLTXH��������� DQG��PL[HG��
PHWKRGV� GHVLJQV� FRPELQLQJ� 4&$� ZLWK�ERWK�TXDOLWDWLYH�

�IOL&8LIOG8%LL,IOOL8W½WIXLOWWL½±L222222222222�

<HDU�

&RPELQDWLRQV� ZLWK�

2WKHU� 0HWKRGV"�

DQG� TXDQWLWDWLYH� WHFKQLTXHV� ������� UHPDLQ� OHVV� IUHTXHQW�� 2I�

FRXUVH� WKLV� FRXOG� SDUWO\� EH� GXH� WR� WKH� VSDFH� OLPLWDWLRQV� LQ�

MRXUQDO� DUWLFOH� IRUPDWVᒫFRPELQHG� PHWKRGV� DUH� SUREDEO\�

)LQDOO\�� WR�ZKDW� H[WHQW� KDYH� 4&$� WHFKQLTXHV� EHHQ� H[SOLFLWO\� PRUH� IUHTXHQWO\� REVHUYHG� LQ� ODUJHU�IRUPDW� SXEOLFDWLRQV� VXFK�

FRPELQHG� ZLWK� RWKHU� PHWKRGV�� EH� WKH\� TXDQWLWDWLYH� �VWDWLVWL�� DV� PRQRJUDSKV� RU� UHVHDUFK� UHSRUWV�� $OVR� QRWHZRUWK\� LV� WKDW�

FDO�� RU� TXDOLWDWLYH"� ,QGHHG�� VRPH� 4&$� GHYHORSHUV� WHQG� WR� WKH� FRPELQDWLRQ� EHWZHHQ� 4&$� DQG� TXDOLWDWLYH� WHFKQLTXHV�

VXJJHVW� WKDW� WKLV� VKRXOG� JUDGXDOO\� EHFRPH� D� �JRRG� SUDFWLFH�� KDV� ULVHQ� VKDUSO\� RYHU� WKH� SDVW� IHZ� \HDUVᒫD� VLJQ� WKDW� DQ�

LQ� WKH� XVH� RI� 4&$� �5LKRX[� HW� DO�� ������ �������� 6FKQHLGHU� LQFUHDVLQJ� QXPEHU� RI� UHVHDUFKHUV� JR� EH\RQG� WKH� �VLPSOH��

DQG� :DJHPDQQ� ������� 7KH� DQVZHU� LV� YHU\� FOHDU�� 7KH� PRVW� H[SORLWDWLRQ� RI� FDVH� VWXGLHV� DQG� QRZ� H[SORLW� VSHFLILF� TXDOL�

IUHTXHQW�SUDFWLFH��E\�IDU��LV�VWLOO�WR�XVH�4&$� DV�WKH�VLQJOH� WDWLYH�WHFKQLTXHV� �H�J��� LQWHUYLHZV��GLUHFW�REVHUYDWLRQ���
DQDO\WLFDO� WRRO� ������� RI�WKH�DSSOLFDWLRQV��� 3XEOLFDWLRQV� 7KH� RYHUULGLQJ�IHDWXUH�IURP�)LJXUH���LV�WKDW�WKH�WUHQG�

FRPELQLQJ� 4&$� ZLWK�DW�OHDVW�RQH� TXDQWLWDWLYH�VWDWLVWLFDO� RI� �PRQR�PHWKRG�� H[SORLWDWLRQ� RI� 4&$� KDV� EHFRPH�

���

���

���

)LJXUH� ��� (YROXWLRQ� RI� QXPEHU� RI� FV4&$� DSSOLFDWLRQV� WKDW� SDVV� �JUD\�� RU� IDLO� �EODFN�� WKH� ��� EHQFKPDUN� WHVW����
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<HDU�

)LJXUH� ��� 1XPEHU� RI�DUWLFOHV� DQG� FRPELQHG� PHWKRGV��
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)LJXUH� ��� &XPXODWLYH� QXPEHU� RI�MRXUQDOV� KDYLQJ� SXEOLVKHG� 4&$� DSSOLFDWLRQV����

PRUH� SUHGRPLQDQW� RYHU� WKH� SDVW� IHZ� \HDUV�� IURP� ����� XQWLO� ODWH������� 6RPH� TXLWH� FOHDU� WUHQGV� DUH� HPHUJLQJ��

RQZDUG�� 2QH� LQWHUSUHWDWLRQ� FRXOG� EH� WKDW� WKH� PDLQVWUHDP�� �D�� 7KH� GLIIXVLRQ� RI� 4&$� UHPDLQHG� TXLWH� PRGHVW� XQWLO�

LQJ�RI�WKH�PHWKRG��DFFRPSDQLHG� E\�LWV�LQFUHDVHG� DFFHSW�� ������ EXW�KDV� LQFUHDVHG� VLJQLILFDQWO\�RYHU� WKH�SDVW� IHZ�

DELOLW\�E\�MRXUQDO� HGLWRUV�DQG�SHHU�UHYLHZHUV��PDNHV� LW�LV� \HDUV�HVSHFLDOO\�� �E�� WKH�PRVW�IUHTXHQWO\�XVHG� WHFKQLTXH�
HDVLHU�IRU�D�PDQXVFULSW�WR�EH�DFFHSWHG� ZLWK��RQO\��D�4&$� LV�VWLOO�FV4&$�� DOWKRXJK� IV4&$� KDV� DOVR� H[SDQGHG� VLJ�
DQDO\VLV�� DV� WKH�PHWKRG� KDV� JDLQHG� OHJLWLPDF\� DV� VXFK�� QLILFDQWO\�GXULQJ�WKH�SDVW� IHZ�\HDUV�� �F�� WKH�WZR� SUH�
6HFRQG�� DV�WKH�SRRO� RI�ZHOO�TXDOLILHG� 4&$� XVHUV�EURDG�� GRPLQDQW� ILHOGV� RI�DSSOLFDWLRQ� UHPDLQ� SROLWLFDO� VFLHQFH�

HQV�� DOVR� DFURVV� GLVFLSOLQHV�� DQG� DV� WKH� WHFKQLTXHVᒫ� DQG� VRFLRORJ\�� EXW� PDQDJHPHQW� VWXGLHV� KDV� UHFHQWO\�

LQFOXGLQJ� VRIWZDUHᒫEHFRPH� PRUH� HODERUDWH�� PRUH� EHFRPH� WKH� IDVWHVW�JURZLQJ� ILHOG�� �G�� PDFUROHYHO� DSSOLFD�

ZHOO�LQIRUPHG� DQG� WHFKQLFDOO\� VKDUSHU���� 4&$� DSSOLFD�� WLRQV� WHQG� WR� EH� PRUH� QXPHURXV�� �H�� WKH� XVH� RI� GLIIHUHQW�

WLRQV�ILQG�WKHLU�ZD\� WKURXJK�D�JURZLQJ�YDULHW\�RI�HVWDE�� WHFKQLTXHV� �FV�� PY��RU�IV4&$�� KDV� OLWWOH�LPSDFW� RQ� WKH�

OLVKHG�MRXUQDOV�� $V�WKH�4&$� DSSOLFDWLRQV� EHFRPH� VKDUSHU�� QXPEHU� RI� FRQGLWLRQV� RU� FDVHV�� �I�� 4&$� DSSOLFDWLRQV�
WKH\� UHTXHVW� D� JUHDWHU� OHYHO� RI� GHWDLO� LQ� WKHLU� SUHVHQWDWLRQ� UHPDLQ� SUHGRPLQDQWO\� DWWDFKHG� WR� PHGLXP�79� GHVLJQV�� �J��

LQ� DQ� DUWLFOH�OHQJWK� IRUPDW�� ZKLFK� PDNHV� LW� GLIILFXOW� WR� WKH� EHQFKPDUNV� LQ� WHUPV� RI� QXPEHU� RI� FDVHV�QXPEHU� RI�

FRPELQH� ZLWK� DQRWKHU� PHWKRG�� $� WKLUG� LQWHUSUHWDWLRQ� LV� FRQGLWLRQV� UDWLR� DUH� QRW� EHWWHU� DELGHG� E\� LQ� WKH� PRUH�

WKDW�WKH�4&$� WHFKQLTXHV� KDYH� JDLQHG� LQ�OHYHUDJH�� ZLWK� UHFHQW�SHULRG� WKDQ�LQ�SUHYLRXV� SHULRGV�� DQG� �K�� 4&$� LV�

PRUH� SUHFLVH� DQG� TXDOLILHG� UHVXOWV� �WDNLQJ� DGYDQWDJH� RI� PRVW� RIWHQ� XVHG� DV� D� VLQJOH� WHFKQLTXH�� QRW� FRPELQHG� ZLWK�

ULFKHU� PRGHV� RI� FDOLEUDWLRQ�� PRUH� UHILQHG� XVHV� RI� �ORJLFDO� RWKHU� TXDQWLWDWLYH� RU� TXDOLWDWLYH� WHFKQLTXHV�� ,Q� RWKHU�

UHPDLQGHU�� FDVHV�� PRUH� WKHRU\�LQIRUPHG� DUELWUDWLRQV�� ZRUGV�� LQ� VSLWH� RI� WKH� GHYHORSPHQW� RI� IV4&$� DQG� D� UHOD�

PRUH� HODERUDWH� FDXVDO�FRQILJXUDWLRQDO� UHDVRQLQJ�� ULFKHU� ILYH� GLVFLSOLQDU\� GLYHUVLILFDWLRQ�� DQG� FRQWUDU\� WR� RXU� RYHU�

PRGHOV�� WKH� XVH� RI� FRQVLVWHQF\� DQG� FRYHUDJH� FRHIILFLHQWV�� DOO� K\SRWKHVLV�� 4&$� DSSOLFDWLRQV� KDYH� QRW� RQ� WKH� ZKROH�

HWF���� DQG� WKHUHIRUH� HQDEOH� D� UHVHDUFKHU� WR� VXFFHVVIXOO\� PRYHG� UDGLFDOO\� DZD\� IURP� WKH� FULVS�VHW� DSSURDFK��

SXVK� DUWLFOHV� UHO\LQJ� VROHO\� RQ� 4&$� WKURXJK�WKH�SHHU� ZKLFK� ZDV� GHYHORSHG� E\� &KDUOHV� 5DJLQ� ������� LQ�KLV�

UHYLHZ� SURFHVV�� VHPLQDO� ERRN��

7R� ZKDW� H[WHQW� KDYH� 4&$� WHFKQLTXHV� DFWXDOO\� UHDFKHG�

B� �� �� �� �L�� M� D� VWDJH� DW� ZKLFK� WKH\� DUH� PDLQVWUHDPHG� LQ� MRXUQDOV�� WKDW�
RQH� 86LRQ��

A�
RZDU�

A� UHF�JQM]HFL�DV�D�YDOLG� DQFM�OHJLWLPDWH�VHW�RI�WHFKQLTXHV��
0DLQVWUHDPLQJ"� MQ��KHLU�RZQ� ULJKW��LQ�WKH�UHVSHFWLYH� GLVFLSOLQHV"� $� ILUVW�

7KH�SXUSRVH� RI�WKLV�DUWLFOH�ZDV� WR�SURYLGH� D�ILUVW�FRPSUH�� ZD\� WR�REMHFWLI\�WKLV�LV�WR�H[DPLQH� WKH�HYROXWLRQ� RI�WKH�
KHQVLYH� PDSSLQJ� RI� 4&$� DSSOLFDWLRQV� LQ� SHHU�UHYLHZHG� FXPXODWLYH� QXPEHU� RI� GLIIHUHQW� SHHU�UHYLHZHG� MRXUQDOV�

MRXUQDO� DUWLFOHV�� IURP�WKH�YHU\�ILUVW�DSSOLFDWLRQ� LQ� ����� WKDW�KDYH�SXEOLVKHG� 4&$� DUWLFOHV��

�-1&L2+I1I2QMPL'122&Q2+L1PAOIOO2122&Q2UW�
24222222222&QFUL&Q222222222222U+U+�
FU!FU!FQFQFQFU!�U!FU!FULFQFQFU}FU}kRRRRRRRRRkR�U+U�IU�+U+U+U+U+U+U+U�+U+U��UaL�1MUVMUV-I0I?MU0U?_UVM� ��?-�,1� 1� �1�

)LJXUH� ��� &XPXODWLYH� QXPEHU� RI�MRXUQDOV� KDYLQJ� SXEOLVKHG� 4&$� DSSOLFDWLRQV����
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7DEOH� ��� 3HHU�5HYLHZHG� -RXUQDOV� ZLWK� +LJKHVW� 1XPEHU� RI�

4&$� $SSOLFDWLRQV����

-RXUQDO� WLWOH� 1R�� RI�DUWLFOHV�

<HDU� RI�ILUVW�

4&$� DUWLFOH�

$PHULFDQ� -RXUQDO� RI�6RFLRORJ\� ��� �����
$PHULFDQ� 6RFLRORJLFDO� 5HYLHZ� ��� �����

(XURSHDQ� -RXUQDO� RI�3ROLWLFDO� �� �����
5HVHDUFK�

-RXUQDO� RI�%XVLQHVV� 5HVHDUFK� �� �����

6RFLRORJLFDO� 0HWKRGV� DQG� �� �����

5HVHDUFK�

5HYXH� LQWHUQDWLRQDOH� GH� �� �����
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