
$XWRPDWHG�*HQHUDWLRQ�RI�8QFRQVWUDLQHG�&URVVZRUG�3X]]OHV�DQG�DQ
(VWLPDWH�RI�7KHLU�6ROXWLRQ�6SDFH

=DIHU�%DUXWoXR÷OX

'HSDUWPHQW�RI�0DWKHPDWLFV��%R÷D]LoL�8QLYHUVLW\��������%HEHN��øVWDQEXO��7XUNH\
EDUXWFXR#ERXQ�HGX�WU

$EVWUDFW
&URVVZRUG�SX]]OHV�DUH�WRGD\
V�PRVW�SRSXODU�ZRUG�JDPH��+RZHYHU��WKHLU�SURGXFWLRQ�E\�KDQG�LV�D�GLIILFXOW
DQG�WLPH�FRQVXPLQJ�SURFHVV��DQG�WKH�DXWRPDWLRQ�RI�WKLV�SURFHVV�KDV�LQWHUHVWHG�FRPSXWHU�VFLHQWLVWV�IURP
WLPH� WR� WLPH� LQ� WKH�SDVW� WKUHH�GHFDGHV�� ,Q� WKLV�SDSHU��ZH� ILUVW�PHQWLRQ� WKH�JXLGHOLQHV� VHW� E\�SUHYLRXV
ZRUN�RQ�WKH�VXEMHFW��DQG�WKHQ�LQWURGXFH�D�FURVVZRUG�SURGXFWLRQ�DOJRULWKP�ZKLFK�XVHV�WKH�DSSURDFK�RI
XQFRQVWUDLQHG�FRQVWUXFWLRQ�WR�SURGXFH�ODUJH�FURVVZRUG�SX]]OHV�LQ�UHDVRQDEOH�WLPH��)LQDOO\��ZH�DWWHPSW�D
PDWKHPDWLFDO�DQDO\VLV�RI�XQFRQVWUDLQHG�FURVVZRUG�SX]]OHV�WR�DFKLHYH�DQ�HVWLPDWLRQ�RI�WKH�WRWDO�QXPEHU
RI�VROXWLRQV�

���,1752'8&7,21
&URVVZRUG�SX]]OHV�DUH� D� VWDQGDUG� IHDWXUH� LQ�PDQ\�RI� WKH�ZRUOG
V�QHZVSDSHUV� DQG�PDJD]LQHV� WRGD\�

6LQFH�WKH�SXEOLFDWLRQ�RI�WKH�ILUVW�SX]]OH�LQ�D�VXSSOHPHQW� WR� WKH�1HZ�<RUN�:RUOG�RQ����'HFHPEHU������� WKH\
EHFDPH�LQFUHDVLQJO\�SRSXODU�WKURXJKRXW�WKH�ZRUOG�

7ZR�PDMRU� W\SHV�RI�FURVVZRUG�SX]]OHV�KDYH�HYROYHG�RQ� WKH� WZR� VLGHV�RI� WKH�$WODQWLF��7KH� �%ULWLVK�
FURVVZRUG�SX]]OHV�GLIIHU�IURP�WKHLU�RULJLQDO��$PHULFDQ��FRXQWHUSDUWV�LQ�WKDW�WKH\�DUH�UDWKHU�VSDUVH�ZLWK�UHVSHFW
WR� WKH� GHQVLW\� RI� ZRUGV�� ,Q� %ULWLVK� SX]]OHV�� LQWHUORFNLQJ� FHOOV�� RQHV� RQ� ZKLFK� WZR� ZRUGV� LQWHUVHFW�� DUH� QRW
DGMDFHQW��WKXV�VLJQLILFDQWO\�LQFUHDVLQJ�WKH�QXPEHU�RI�EODFN�FHOOV�RQ�WKH�JULG��$OVR��WKH�FOXHV�LQ�%ULWLVK�SX]]OHV
DUH�FU\SWLF��ZKHUHDV� WKH�$PHULFDQ�W\SH�FOXHV�DUH�GHILQLWLYH��6LQFH� WKHUH�DUH�FRPSDUDWLYHO\�IHZ�EODFN�FHOOV� LQ
$PHULFDQ�SX]]OHV�� WKHVH�FHOOV�DUH�JHQHUDOO\�GHWHUPLQHG�LQ�DGYDQFH�RI� FRPSLODWLRQ� LQ�D�SDWWHUQ� IRU� LQFUHDVHG
DHVWKHWLF�TXDOLW\�

3URGXFWLRQ�RI�FURVVZRUG�SX]]OHV�XVLQJ�FRPSXWHUV� LQYROYHV�PDQ\�EUDQFKHV�RI�FRPSXWHU�VFLHQFH��2QH
QHHGV�D�JRRG�GDWDEDVH�GHVLJQ�IRU�WKH�GLFWLRQDU\��DQG�D�VXLWDEOH�PRGHO�IRU�WKH�SUREOHP�ZKHUH�ORJLF��OLQHDU�DQG
LQWHJHU� SURJUDPPLQJ� DQG� FRPELQDWRULFV� KDYH� EHHQ� WULHG� DPRQJ� RWKHUV�� 6LQFH� WKH� FURVVZRUG� SX]]OH� FDQ� EH
DFWXDOO\�YLHZHG�GXULQJ�WKH�SURGXFWLRQ�SURFHVV��LW�DOORZV�YDULRXV�VHDUFK�PHWKRGV�WR�EH�REVHUYHG�LQ�DFWLRQ�ZLWK�D
FODULW\�XQHTXDOHG�LQ�RWKHU�DSSOLFDWLRQV�

7KLV� SDSHU� SULPDULO\� H[DPLQHV� WKH� JHQHUDWLRQ� RI� $PHULFDQ�W\SH� FURVVZRUG� SX]]OHV�� ZLWK� WKH
GLIIHUHQFH� WKDW� WKH� EODFN� FHOOV� DUH� QRW� SUHSODFHG� RQ� WKH� JULG� E\� WKH� XVHU�� EXW� E\� WKH� SURJUDP� GXULQJ� WKH
JHQHUDWLRQ� SURFHVV�� 7KLV� DSSURDFK� LV� FDOOHG� XQFRQVWUDLQHG�� DQG� ZDV� JLYHQ� YHU\� OLWWOH� DWWHQWLRQ� LQ� SUHYLRXV
SDSHUV�RQ�FURVVZRUG�JHQHUDWLRQ��$OWKRXJK�XQFRQVWUDLQHG�FRQVWUXFWLRQ�OLPLWV�WKH�XVHU
V�FRQWURO�RQ�WKH�VROXWLRQ
WR�EH�IRXQG�� WKH�SODFLQJ�RI� WKH�EODFN�FHOOV� LV� LQGHHG�D�GHPDQGLQJ� MRE�� HVSHFLDOO\� IRU� ODUJH�SX]]OHV��7KH�XVHU
VKRXOG�HQVXUH�WKDW�WKH�LQSXW�JULG�FRQWDLQV�QR�KRUL]RQWDO�RU�YHUWLFDO�ZRUG�VORWV�ORQJHU�WKDQ�WKH�ORQJHVW�ZRUG�LQ
WKH�GLFWLRQDU\�� ,Q�XQFRQVWUDLQHG� FRQVWUXFWLRQ�� LW� LV� VXIILFLHQW� WR� VSHFLI\�RQO\� WKH� GLPHQVLRQV�� DQG� HYHQ� ODUJH
SX]]OHV�FDQ�EH�FRQVWUXFWHG�ZLWKRXW�DQ\�SULRU�ZRUN�RQ�WKH�XVHU
V�VLGH��,QGHHG�WKLV�PHWKRG�GRHV�QRW�SUHYHQW�WKH
XVHU�IURP�VHWWLQJ�FRQVWUDLQWV�HLWKHU��$Q\�ZRUG�RU�EODFN�FHOO�PD\�VWLOO�EH�SUHSODFHG��EXW�WKH�DOJRULWKP�FDQ�IUHHO\
DGG��WKRVH�RI�LWV�RZQ�

���&216758&7,21
$IWHU�D�VKRUW�GLVFXVVLRQ�RI�SUHYLRXV�ZRUN�RQ�FURVVZRUG�SX]]OHV��ZH�ZLOO�GHVFULEH�D�FURVVZRUG�SX]]OH

FRPSLOHU�ZH�LPSOHPHQWHG�WKDW�ZRUNV�RQ�WKH�SULQFLSOHV�RI�XQFRQVWUDLQHG�SX]]OHV�



�����3UHYLRXV�:RUN
%DFN� LQ� ������ (�� 6�� 6SLHJHOWKDO� GHVFULEHG� D� SURJUDP� IRU� SURGXFLQJ� GRXEOH�FURVWLFV�� D� UHODWLYH� RI

FURVVZRUG� SX]]OHV� �6SLHJHOWKDO� ������� +H� FDQ� EH� FRQVLGHUHG� WKH� ILUVW� WR� XVH� FRPSXWHUV� IRU� D� ZRUG� VHDUFK
SUREOHP�

7KH�UHDO�HDUO\�ZRUNV�RQ�FURVVZRUGV�EHORQJ�WR�/��-��0D]ODFN�DQG�2��)HJHU� LQ� WKH�PLG���
V��0D]ODFN
GHILQHG� WZR� EDVLF� DSSURDFKHV� WR� FRQVWUXFW� FURVVZRUG� SX]]OHV�� /HWWHU�E\�OHWWHU� DQG� ZRUG�E\�ZRUG� �0D]ODFN
����D��� &KRRVLQJ� WKH� IRUPHU� DQG� XVLQJ� SUHFHGHQFH� UHODWLRQVKLSV�� KH� SURGXFHG� VRPH� YHU\� VLPSOH� SX]]OHV
�0D]ODFN�����E���+LV� GLFWLRQDU\� KDG� �����ZRUGV� RI�PD[LPXP� OHQJWK� ���ZKLFK� FRXOG� QRW� EH� NHSW� RQ�PDLQ
PHPRU\�ZLWK�WKH�WHFKQRORJ\�RI�WKH�WLPH�

)HJHU�SURGXFHG�EHWWHU�SX]]OHV�WKDQ�0D]ODFN��EXW�KLV�ZRUG�OLVW�ZDV� ODUJHU��)HJHU��������+H�XVHG�WKH
ZRUG�E\�ZRUG�DSSURDFK�ZLWK�ZRUG�VORW�RUGHULQJ�DW�LQLWLDOL]DWLRQ��2YHU�D�SUHVHW�RUGHU�DVVXPLQJ�QR�EODFN�FHOOV�
WKH�VORWV�ZHUH�UHRUGHUHG�ZLWK�UHVSHFW�WR�EODFN�FHOOV�XVLQJ�KHXULVWLFV�WKDW�WULHG�WR�PLQLPL]H�EDFNWUDFNLQJ�

7KH� ILUVW� SX]]OHV� WR� DFKLHYH�SXEOLVKDEOH�TXDOLW\�ZHUH�SURGXFHG�E\� WKH� FURVVZRUG� FRPSLOHU� E\� 3��'�
6PLWK�DQG�6��'��6WHHQ��6PLWK�DQG�6WHHQ��������7KH\�XVHG�DQ�HVWLPDWLRQ�EDVHG�VFKHPH�WKDW�GHWHUPLQHG�WKH�VORW
WR�ILOO�DW�UXQ�WLPH��7KH�DOJRULWKP�PDNHV�DQ�HVWLPDWH�RI�ZKLFK�VORW�ZDV�WKH�KDUGHVW�WR�ILOO�DW�WKDW�SRLQW�DQG�WULHG
WR�ILOO�LW�LI�SRVVLEOH��RWKHUZLVH�EDFNWUDFNLQJ��1RWH�WKDW�LI�WKH�HVWLPDWH�LV�ZURQJ��WKH�SURJUDP�FDQ�EDFNWUDFN�DQG
GLVFDUG� SURVSHFWLYH� VROXWLRQV�� 6PLWK� DQG� 6WHHQ� DUH� DOVR� WKH� ILUVW� RQHV� WR� XVH� WKH� EDVLF� WHUPV� RI� FURVVZRUG
SX]]OHV�WKDW�ZH�XVH�WRGD\��VXFK�DV�FURVVZRUG�FRPSLOHU��ZRUG�VORW��GHQVLW\�DQG�LQWHUORFNLQJ�

+��%HUJKHO�H[SUHVVHG�WKH�FURVVZRUG�SX]]OH�DV�D� ORJLF�SUREOHP��DQG�VKRZHG�WKDW�DQ\�JLYHQ�JULG�DQG
ZRUG�OLVW�FRXOG�EH�H[SUHVVHG�DV�D�VHW�RI�+RUQ�FODXVHV��%HUJKHO��������:LWK�&��<L��KH�H[WHQGHG�KLV�ZRUN�DQG
GHYHORSHG� D� FURVVZRUG�FRPSLOHU�FRPSLOHU� WKDW�� JLYHQ� D� JULG� FRQILJXUDWLRQ�� SURGXFHV� D� 3URORJ� SURJUDP� WKDW
VROYHV�LW��%HUJKHO�DQG�<L��������%HUJKHO�DQG�<L�ZHUH�VXFFHVVIXO�LQ�WKHLU�OLQH�RI�ZRUN��EXW�WKHLU�VROXWLRQV�ZHUH
QRZKHUH�QHDU�FRPPHUFLDO�TXDOLW\��VXIIHULQJ�ODUJHO\�IURP�WKH� LQHIILFLHQF\�RI� ORJLF� LQWHUSUHWHUV��3HUKDSV��ZLWK
WKH�KHOS�RI�SDUDOOHO�FRPSXWLQJ�DQG�RSWLPL]LQJ�FRPSLOHUV��WKHLU�DSSURDFK�PLJKW�JDLQ�SRSXODULW\�LQ�WKH�IXWXUH�

-��0��:LOVRQ�� FRQFXUUHQW�ZLWK� WKH�ZRUN� RI� %HUJKHO� DQG� <L�� IRUPXODWHG� WKH� SUREOHP� DV� DQ� LQWHJHU
SURJUDPPLQJ� SUREOHP�� DQG� JDYH� SXUH� ���� LQWHJHU� PRGHOV� IRU� ERWK� ZRUG�E\�ZRUG� DQG� OHWWHU�E\�OHWWHU
DSSURDFKHV� �:LOVRQ� ������� +RZHYHU�� DV� WKH� GLFWLRQDU\� VL]H� LQFUHDVHV�� LQWHJHU� SURJUDPPLQJ� FDQ� QR� PRUH
SURGXFH�VROXWLRQV�LQ�UHDVRQDEOH�WLPH��,QGHHG�WKH�QXPEHU�RI�YDULDEOHV�LQ�ERWK�PRGHOV�ZHUH�SURSRUWLRQDO�WR�WKH
QXPEHU�RI�ZRUGV� LQ�KLV�GLFWLRQDU\��UHQGHULQJ�WKH�SUREOHP�13�FRPSOHWH��DV�DOO�SXUH�����LQWHJHU�PRGHOV�ZHUH
ODWHU�VKRZQ�WR�EH�

*LQVEHUJ� HW� DO�� DSSOLHG� D� QXPEHU� RI� DUWLILFLDO� LQWHOOLJHQFH� WHFKQLTXHV� WR� WKH� FURVVZRUG� SUREOHP�
DOWKRXJK� WKHLU� ZRUN�� DV� WKH\� DOVR� VWDWHG�� ZDV� PRUH� RI� D� VWXG\� RI� VHDUFK� PHWKRGV� WKDQ� FURVVZRUG� SX]]OHV
�*LVEHUJ� HW� �DO� ������� $PRQJ� WKH� KHXULVWLFV� XVHG� ZHUH�� FKHDSHVW� ILUVW�� FRQQHFWLYLW\�� DGMDFHQF\�� LQWHOOLJHQW
LQVWDQWLDWLRQ��XVLQJ�GLFWLRQDU\�VWDWLVWLFV���DQG�ORRNDKHDG�

*��+��+DUULV�ZURWH� WKH� ILUVW� SDSHU�RQ�XQFRQVWUDLQHG�SX]]OHV� �+DUULV�������� ,QVWHDG� RI� D� EUXWH�IRUFH
DSSURDFK�WKDW�ZRXOG�JHQHUDWH�DOO�SRVVLEOH�JULGV�DQG�WU\� WR�ILOO� WKHP�LQ�WKH�FRQVWUDLQHG�VHQVH��KH�SURSRVHG�DQ
DOJRULWKP� WKDW� DYRLGHG� JULG� FRQILJXUDWLRQV� WKDW�ZHUH� LPSRVVLEOH� WR� VROYH�� 7KH� DOJRULWKP� VWDUWV� RXW� ZLWK� DQ
HPSW\�JULG��DQG�SODFHV�EODFN�FHOOV�DV�LW�SODFHV�WKH�ZRUGV��+DUULV�GHYHORSHG�D�G\QDPLF�VORW�WDEOH�LPSOHPHQWDWLRQ
WKDW�WUHDWHG�ZRUG�VORWV�OLNH�WKRVH�RI�FRQVWUDLQHG�SX]]OHV��EXW�GLYLGHG�DQG�XSGDWHG�WKHP�ZKHQ�QHFHVVDU\��+DUULV�
5RDFK��6PLWK�DQG�%HUJKHO�������

ø��%HUNHU�DQG�&��6D\�GHYHORSHG�D�FURVVZRUG�FRPSLOHU�� VHHPLQJO\� IRU�7XUNLVK��ZKLOH� WKH�SURJUDP� LV
LQGHHG� ODQJXDJH� LQGHSHQGHQW� �%HUNHU� DQG� 6D\� ������� 7KH\� VWDUWHG� RXW� E\� LQWHUYLHZLQJ� KXPDQ� FURVVZRUG
PDNHUV��DQG�LPSOHPHQWHG�WKHLU�PHWKRGV�RQ�WKH�FRPSXWHU��7KLV�LQYROYHG�ILOOLQJ�D�URZ�DQG�D�FROXPQ�DOWHUQDWHO\
WRS�OHIW� WR�ERWWRP�ULJKW��DQG�LV�DQ� LQWHUHVWLQJ� LOOXVWUDWLRQ�RI� WKH�GLIIHUHQFHV�EHWZHHQ�KXPDQV�DQG�FRPSXWHUV�
EHFDXVH�WKLV�VWUDWHJ\�SURYHG�WR�EH�YHU\�LQHIILFLHQW�LQ�VSHHG��7KH\�DOVR�SURSRVHG�VHYHUDO�RWKHU�VWUDWHJLHV�VXFK�DV
FLUFXODU�ILOO��GLYLGH�DQG�FRQTXHU�DQG�UDQGRP�ILOO��QRQH�RI�ZKLFK�WKH\�LPSOHPHQWHG�VLQFH� WKH\� MXGJHG�WKHP�WR
EH�LQIHULRU�WR�WKH�URZ�FROXPQ�ILOO�WKH\�XVHG�

7KH�ODVW�DQG�VR�IDU�WKH�PRVW�FRPSUHKHQVLYH�ZRUN�RQ�DXWRPDWHG�FURVVZRUG�FRPSLODWLRQ�ZDV�SXEOLVKHG
E\�6��&��-HQVHQ��-HQVHQ�������YHU\�UHFHQWO\�� WRZDUGV� WKH�HQG�RI�RXU� UHVHDUFK� IRU� WKLV�SDSHU��([DPLQLQJ�DQG
VXPPDUL]LQJ� WKH� ZRUN� LQ� DOO� ILHOGV� RI� FURVVZRUG� SX]]OH� UHVHDUFK�� -HQVHQ� V\VWHPDWLFDOO\� FODVVLILHG� WKH
FRQVWUDLQHG� JHQHUDWLRQ� VFKHPHV� SURSRVHG� VLQFH� 0D]ODFN�� EHQFKPDUNHG� WKHP�� DQG� GHYHORSHG� KLV� RZQ
FURVVZRUG� FRPSLOHU� ZKLFK� XVHV� D� K\EULG� RI� ZRUG�EDVHG� DQG� OHWWHU�EDVHG� DSSURDFKHV�� VXSSRUWHG� E\� WZR
FRPSOHPHQWLQJ�GLFWLRQDU\�DUFKLWHFWXUHV�IRU�GLIIHUHQW�VHDUFK�QHHGV�DW�GLIIHUHQW�SRLQWV� LQ� WKH�DOJRULWKP��2I� WKH
YDULRXV�VFKHPHV�-HQVHQ�FRPSDUHG�XVLQJ�SUHYLRXVO\�SURSRVHG�EHQFKPDUNV��%HUJKHO�DQG�5DQNLQ�������6SULQJ�
%HUJKHO��+DUULV�DQG�)RUVWHU��������KH�VKRZHG�WKDW�ILOOLQJ�LQ�D�VLQJOH�GLUHFWLRQ��KRUL]RQWDO�RU�YHUWLFDO��ZDV�EHVW
IRU�PLQLPL]LQJ�EDFNWUDFNV�



�����6WUDWHJ\
$IWHU�VRPH�HDUO\�DWWHPSWV�DW�GHYHORSLQJ�FURVVZRUG�FRPSLOHUV��ZH�UHDOL]HG�WKDW�D�SODFLQJ�VWUDWHJ\�ZDV

HVVHQWLDO� IRU� HIILFLHQF\�� 7KH� VWUDWHJ\� VKRXOG� DYRLG� GHDG� HQGV� DV� HDUO\� DV� SRVVLEOH� DQG� WKXV� FXW� GRZQ� RQ
EDFNWUDFNV��QRW�ORVLQJ�WLPH�LQ�VXEWUHHV��)LQDOO\�ZH�GHFLGHG�WKDW�ILOOLQJ�LQ�URZV�RQO\�DQG�FKHFNLQJ�FROXPQV�DV
WKH�ZRUGV� DUH� SODFHG� VDWLVILHV� WKHVH� SURSHUWLHV� SUHWW\�ZHOO�� EHWWHU� WKDQ� DQ\� RWKHU� VFKHPH� WKDW�ZH� H[DPLQHG�
-HQVHQ
V�WKHVLV�ZDV�QRW�\HW�SXEOLVKHG�DW�WKH�WLPH��DQG�KLV�EHQFKPDUNV�ODWHU�FRQILUPHG�WKH�ILWQHVV�RI�RXU�FKRLFH
�-HQVHQ�������

)LUVW��OHW�XV�EULHIO\�H[SODLQ�RXU�GLFWLRQDU\�DUFKLWHFWXUH��:H�VHQG�LW�D�TXHU\�VWULQJ�ZKHUH� OHWWHUV�PXVW
PDWFK��DQG�VSDFHV�FDQ�PDWFK�ZLWK�DQ\�OHWWHU��7KH�TXHU\�LV�FRPSDUHG�WR�WKH�VWULQJV�RI�PDWFKLQJ�OHQJWK�LQ�WKH
ZRUG�OLVW��,I�QR�PDWFK�LV�IRXQG��WKH�TXHU\�LV�WUXQFDWHG�DV�WKH�VSDFHV�LQ�LW�DOORZ��DQG�VKRUWHU�PDWFKHV�DUH�VRXJKW�
,I�QR�PDWFKHV�FDQ�EH�IRXQG��WKH�DOJRULWKP�PXVW�EDFNWUDFN�

7KH�DOJRULWKP�VWDUWV�IURP�WKH�FXUUHQW�SRVLWLRQ��DQG�JHWV�D�TXHU\�XQWLO�WKH�HQG�RI�WKH�URZ��7KLV�TXHU\�LV
FKHFNHG�DJDLQVW�WKH�GLFWLRQDU\�WR�ILQG�WKH�ORQJHVW�PDWFKLQJ�ZRUG��DQG�WKH�ZRUG�LV�SODFHG�RQ�WKH�ERDUG��1RZ�
IRU�HDFK�FROXPQ�LQWHUVHFWLQJ�WKLV�ZRUG��LQFOXGLQJ�WKH�FROXPQ�FRQWDLQLQJ�WKH�EODFN�ER[�DW�WKH�HQG�RI�WKH�ZRUG��
WKHUH�VKRXOG�ILW�DW� OHDVW�RQH�YHUWLFDO�ZRUG�WR� LQWHUVHFW� WKH�URZ��7KLV� LV� FDOOHG� WKH�SUHIL[� FRQVWUDLQW�� VLQFH� WKH
KRUL]RQWDO�ZRUGV�SODFHG�DERYH� WKH� ODVW�ZRUG� VR� IDU� IRUP� D� SUHIL[� WKDW� WKH� YHUWLFDO� LQWHUVHFWLQJ�ZRUG� VKRXOG
PDWFK�� ,I� WKH� DOJRULWKP� ILQGV� WKDW� WKHUH� LV� RQO\�RQH�ZRUG� WR�PDWFK� WKDW�SUHIL[�� WKH�YHUWLFDO�ZRUG� LV� DFWXDOO\
SODFHG�RQ�WKH�ERDUG��7KLV�FDXVHV�OHWWHUV�WR�DSSHDU�LQ�WKH�PLGGOH�RI�KRUL]RQWDO�TXHULHV�IXUWKHU�GRZQ�WKH�ERDUG�
ZKLFK�LV�HVVHQWLDOO\�ZK\�ZH�XVH�RXU�TXHU\�V\VWHP�

�����%DFNWUDFNLQJ
6LQFH�PRVW� FHOOV� EHORQJ� WR� WZR�ZRUGV� DW� WKH� VDPH� WLPH�� FKURQRORJLFDO� EDFNWUDFNLQJ� \LHOGV� SDWKHWLF

UHVXOWV��DQG�WKH�QHHG�WR�XVH�D�GHSHQGHQF\�GLUHFWHG�PHWKRG�DULVHV�

$�GHDG�HQG�UHVXOWV�IURP�RQH�RI�WZR�WKLQJV��HLWKHU�DQ�LPSRVVLEOH�TXHU\��)LJXUH�����RU�DQ�LPSRVVLEOH�VHW
RI�SUHIL[HV��)LJXUH�����6LQFH�WKH�FRQVWUDLQWV��OHWWHUV��RQ�KRUL]RQWDO�TXHULHV�DUH�LPSRVHG�E\�WKH�ZRUGV�DERYH�WRR�
WKH�FDXVH�LV�WKH�OHWWHUV�DERYH�WKH�TXHU\�DORQH��7KH�PRVW�REYLRXV�PHWKRG�LV�WR�EDFNWUDFN�XQWLO� WKH�ZRUG�DERYH
WKH�TXHU\�LV�EDFNWUDFNHG��2QH�SUREOHP�LV�WKDW�TXHULHV�H[WHQG�XQWLO�WKH�HQG�RI�WKH�URZ��DQG�ZH�GRQ
W�UHDOO\�NQRZ
ZKLFK�ZRUG�DERYH�FDXVHV�WKH�SUREOHP�LQ�WKH�TXHU\��:H�PD\�EDFNWUDFN�MXVW�XQWLO�WKH�ODVW�ZRUG�LQ�WKH�URZ�DERYH�
EXW�WKLV�LV�QRW�YHU\�HIILFLHQW��$QRWKHU�ZD\�LV�WR�DQDO\]H�WKH�TXHU\�DQG�WKH�SUHIL[HV��ILQG�RXW�ZKHUH�WKH�SUREOHP
LV�� DQG� EDFNWUDFN� XQWLO� DERYH� LW�� 7KLV� LV� DOVR� LQHIILFLHQW� IRU� D� IUHTXHQWO\� H[HFXWHG� URXWLQH��:H� VKDOO� GR� WKH
VLPSOHVW��DQG�IL[�D�QXPEHU�FDOOHG�0D[2YHUODS�DQG�VXSSRVH�WKH�SUREOHP�LV�DW�WKLV�SRLQW�DIWHU�WKH�EHJLQQLQJ�RI
WKH�TXHU\��)LJXUH�����7KLV�LV�QRW�DQ�LQDSSURSULDWH�DVVXPSWLRQ��EHFDXVH�WKH�TXHU\�LV�FRQWLQXRXVO\�WUXQFDWHG�DQG
LI� WKH�SUREOHP�ZDV� WRZDUGV� WKH� HQG�RI� WKH�TXHU\�� FKDQFHV� DUH� WKDW� D� VKRUWHU�PDWFK�ZRXOG� EH� IRXQG�� 6R� WKH
SUREOHP� PXVW� RFFXU� DW� WKH� ILUVW� IHZ� OHWWHUV�� :H� JHQHUDOO\� XVHG� ��� ��� RU� �� IRU� 0D[2YHUODS� DQG� REWDLQHG
VDWLVIDFWRU\�UHVXOWV��:KLOH�QR�������SX]]OH�FRXOG�EH�IRXQG�LQ�OHVV�WKDQ����KRXUV�EHIRUH��WKLV�KHXULVWLF�EURXJKW
WKH�W\SLFDO�WLPH�IRU�D�������SX]]OH�GRZQ�WR���PLQXWHV�
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$� OLWWOH� WKRXJKW�RQ�RXU�EDFNWUDFNLQJ� VFKHPH�ZLOO� VKRZ� WKDW� LW� LV� QRW� �FRUUHFW��� 7KLV� LV� EHFDXVH� WKH
TXHU\� LV�QRW� LQGHHG� LQGHSHQGHQW�RI� WKH�ZRUGV� WR� WKH� OHIW� RQ� WKH� VDPH� URZ�� VLQFH� WKH\� GHWHUPLQH� LWV� VWDUWLQJ
SRLQW��$�VKRUWHU�PDWFK�WR�RQH�RI� WKH�ZRUGV�RQ�WKH� OHIW�FRXOG�UHVXOW� LQ� WKH�RWKHUZLVH�XQPDWFKLQJ�TXHU\� WR�EH
UHVROYHG��SRVVLEO\�UHVXOWLQJ�LQ�D�VROXWLRQ��,I�ZH�KDYH�YHU\�IHZ�VROXWLRQV�LQ�WKH�VROXWLRQ�VSDFH�DQG�WKH�DOJRULWKP
KDSSHQV�WR�EDFNWUDFN�RYHU�WKHP��WKH�SURJUDP�ZLOO�UHSRUW�D�QR�VROXWLRQ��DQG�ZLOO�KDYH�HUUHG��)RUWXQDWHO\��WKLV�LV
H[WUHPHO\�XQOLNHO\��HYHQ�YLUWXDOO\� LPSRVVLEOH�ZLWK�D�UHDVRQDEOH�ZRUG�OLVW��$V�ZH� VKDOO� IXUWKHU�ZLWQHVV� LQ� WKH
VHFWLRQ�RQ�HVWLPDWLRQ��WKH�VROXWLRQ�VSDFH�RI�DQ�XQFRQVWUDLQHG�SX]]OH�LV�YDVWO\�ODUJHU�WKDQ�WKDW�RI�D�FRQVWUDLQHG
RQH��%HVLGHV��LI�WKH�SURJUDP�LV�VHW�WR�UHSHDW�WKH�ZKROH�VHDUFK�ZLWKRXW�XVLQJ�WKLV�EDFNWUDFNLQJ�VFKHPH�LI�WKH�ILUVW
UXQ�FDQQRW�ILQG�D�VROXWLRQ��WKH�RYHUDOO�DOJRULWKP�ZLOO�KDYH�EHFRPH��FRUUHFW���WKH�ILUVW�UXQ�VXSSRVHGO\�EHLQJ�D
�KHXULVWLF���$�KHXULVWLF�WKDW�UHVXOWHG�LQ�GHFUHDVHV�RI�RYHU�WZR�RUGHUV�RI�PDJQLWXGH�LQ�WLPH�

�����'LFWLRQDU\
$�YHU\� LPSRUWDQW� IDFWRU� LQ� WKH�RYHUDOO�SHUIRUPDQFH�RI� WKH�SURJUDP�LV� WKH�VWUXFWXUH�RI� WKH�GLFWLRQDU\

ZKHUH� WKH� ZRUGV� WR� EH� SODFHG� DUH� VWRUHG�� &RXQWLQJ� RQ� WKH� FRQWHPSRUDU\� VWDWH� RI� SHUVRQDO� FRPSXWHUV�� WKH
GLFWLRQDU\� LV� VWRUHG� LQ� SULPDU\� PHPRU\� IRU� WKH� PLQLPXP� DFFHVV� WLPH�� 7KH� ZRUGV� DUH� UHDG� IURP� GLVN� DW
LQLWLDOL]DWLRQ�DQG�DOO�IXUWKHU�GLFWLRQDU\�DFFHVV�LV�SHUIRUPHG�LQ�WKH�PHPRU\�

7KH�QDWXUH�RI�WKH�W\SLFDO�TXHU\�UHQGHUV�WKH�XVH�RI�VHDUFK�WUHHV�LPSRVVLEOH��DQG�D�OLQHDU�VWUXFWXUH�PXVW
EH�XVHG��/LQHDU�OLVWV�RI�ZRUGV�LQ�OH[LFRJUDSKLF�RUGHU�DUH�PDLQWDLQHG�IRU�HDFK�ZRUG�OHQJWK��$OWKRXJK�WKH�W\SLFDO
TXHU\�FDQ�KDYH�VSDFHV�DQG�OHWWHUV�DQ\ZKHUH��PRVW�RI� WKH�TXHULHV�FRPH�IURP�WKH�SUHIL[�FRQVWUDLQW�ZKLFK�YHU\
FRPPRQO\�KDYH�OHWWHUV�IROORZHG�E\�VSDFHV��$V�D�UHVXOW��PRUH�WKDQ������GHFUHDVH�LQ�DFFHVV�WLPH�ZDV�DFKLHYHG
XVLQJ�HIILFLHQW�LQGH[LQJ�DQG�HDUO\�WHUPLQDWLRQ�RI�VHDUFK��7R�KDQGOH�V\QRQ\PV��WKH�GLFWLRQDU\�DOORZV�PXOWLSOH
RFFXUHQFHV�RI�HQWULHV��DQG�ZRUGV�DSSHDU�LQ�D�VROXWLRQ�DW�PRVW�DV�PDQ\�WLPHV�DV�WKH\�RFFXU�LQ�WKH�GLFWLRQDU\�

�����5HVXOWV
:H�SXW�WKHVH�HOHPHQWV�WRJHWKHU�DORQJ�ZLWK�VRPH�RSWLRQDO�FRQVWUDLQWV�WR�GHFUHDVH�WKH�EODFN�FHOO�GHQVLW\

DQG�D�XVHU�IULHQGO\�LQWHUIDFH�LQ�D�VRIWZDUH�SDFNDJH��ZLWK�WKH�FRUH�URXWLQHV�LPSOHPHQWHG�LQ�&����2Q�D�FRPSXWHU
XVLQJ�D����0+]�3RZHU3&�5,6&�SURFHVVRU��DQG�ZLWK�D�GLFWLRQDU\�RI�������ZRUGV�RI�PD[LPXP�OHQJWK����� LW
W\SLFDOO\�SURGXFHV�������SX]]OHV� LQ�XQGHU���� VHFRQGV�� DQG�������SX]]OHV� LQ� DERXW� ���PLQXWHV�� GHVSLWH� WKH
GHJUDGDWLRQ�FDXVHG�E\� WKH�IRXUWK�JHQHUDWLRQ�ODQJXDJH�KDQGOLQJ�WKH�XVHU� LQWHUIDFH��VXFK�DV�SURJUHVV�EDUV�DQG
XVHU�LQWHUUXSWLRQ� FKHFNV�� &URVVZRUG� SX]]OHV� DSSHDULQJ� LQ� 7XUNLVK� QHZVSDSHUV� DUH� JHQHUDOO\� RI� DQ
XQFRQVWUDLQHG� QDWXUH�� L�H��� WKHUH� LV� QR� VSHFLDO� SDWWHUQ� RI� EODFN� FHOOV�� 7KHUHIRUH�� D� 7XUNLVK� QHZVSDSHU� WKDW
SXEOLVKHV�D�������SX]]OH�HDFK�GD\�FDQ�SURGXFH�DOO� WKH�SX]]OHV�QHHGHG�IRU�D�\HDU� LQ�DERXW���KRXUV�XVLQJ�RXU
SURJUDP�

���(67,0$7,21
7KHUH�DUH�WZR�W\SHV�RI�SUREDELOLVWLF�DOJRULWKPV��WKRVH�WKDW�DUH�DOZD\V�FRUUHFW�DQG�SUREDEO\�HIILFLHQW�DUH

FDOOHG�/DV�9HJDV��DQG�WKRVH�WKDW�DUH�DOZD\V�HIILFLHQW�DQG�SUREDEO\�FRUUHFW�DUH�FDOOHG�0RQWH�&DUOR��+DUHO�������
7KH�EDFNWUDFNLQJ�VFKHPH�RI�RXU�DOJRULWKP�LV�PRUH�RI�WKH�ODWWHU�QDWXUH�LQ�WKDW�LW�GLVFDUGV�SUREDEOH�VROXWLRQV�IRU
WKH�DGYDQWDJH�RI�UHVROYLQJ�SUREDEOH�FRQIOLFWV�DW�RQFH��7KLV�EULQJV�WKH�SRVVLELOLW\�RI�UXQQLQJ�RXW�RI�VROXWLRQV�LQ
D�QDUURZ�VROXWLRQ�VSDFH��VR�ZH�QHHG�WR�KDYH�DQ�HVWLPDWLRQ�RI�WKH�VL]H�RI�RXU�VROXWLRQ�VSDFH��LI�QRW�WKH�H[DFW�VL]H�
1DPHO\�� ZH� DUH� ORRNLQJ� IRU� D� IXQFWLRQ� RI� WKH� GLFWLRQDU\� DQG� WKH� JULG� GLPHQVLRQV� ZKLFK� ZLOO� \LHOG� XV� WKH
H[SHFWHG�QXPEHU�RI�SX]]OHV�WKDW�FDQ�EH�FRQVWUXFWHG�RQ�D�JULG�RI�WKH�JLYHQ�VL]H��XVLQJ�WKH�JLYHQ�GLFWLRQDU\�

�����3UHYLRXV�:RUN
7KHUH�DUH�WZR�SUHYLRXV�SDSHUV�RQ�WKH�VXEMHFW�RI�FURVVZRUG�VROXWLRQ�HVWLPDWLRQ��7KH\�ERWK�XVH�%D\HVLDQ

HVWLPDWHV��DQG�QHLWKHU�H[DPLQHV�XQFRQVWUDLQHG�SX]]OHV��7KH�ILUVW�SDSHU�E\�&��/RQJ�LV�VSHFLILFDOO\�RQ�IXOO�VTXDUH
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SX]]OHV��Q�Q�SX]]OHV�ZLWKRXW�DQ\�EODFN�FHOOV��/RQJ��������&OHDUO\��WKLV�ZRXOG�EH�RI�OLWWOH�XVH�IRU�RXU�SXUSRVHV�
7KH� VHFRQG� SDSHU�� E\� *�� +�� +DUULV� DQG� -�� -�� +�� )RUVWHU�� ZHQW� IXUWKHU� DQG� GHYLVHG� DQ� HVWLPDWH� IRU� D� JLYHQ
GLFWLRQDU\�DQG�SX]]OH�JHRPHWU\��PDNLQJ�XVH�RI�WKH�GLVWULEXWLRQ�RI�ZRUG�VORWV�DQG�SRVVLEOH� OHWWHU� LQWHUVHFWLRQV
EHWZHHQ�ZRUGV� �+DUULV� DQG�)RUVWHU��������:H�ZLOO� WU\� WR� DGDSW� WKHLU� IRUPXOD� WR� WKH�XQFRQVWUDLQHG� SUREOHP�
+RZHYHU�� WKHUH� DUH� QR� SUHGHILQHG� ZRUG� VORWV� LQ� XQFRQVWUDLQHG� FURVVZRUG� SX]]OHV�� 7KHUHIRUH�� ZH� ZLOO� QHHG
DSSUR[LPDWLRQV�RI�ZRUG�VORWV�DQG�LQWHUVHFWLRQV�IRU�JLYHQ�GLPHQVLRQV�DQG�QXPEHU�RI�EODFN�FHOOV�

+DUULV�DQG�)RUVWHU�GHULYHG�WKLV�HVWLPDWH�IRU�WKH�QXPEHU�RI�VROXWLRQV�
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ZKHUH�GL�LV�WKH�QXPEHU�RI�ZRUGV�RI�OHQJWK�L�LQ�WKH�GLFWLRQDU\��HL�LV�WKH�QXPEHU�RI�ZRUG�VORWV�RI�OHQJWK�L�
DQG�3Z�D�L��LV�WKH�SUREDELOLW\�RI�D�Z�OHWWHU�ZRUG�LQ�WKH�GLFWLRQDU\�KDYLQJ�WKH�D
WK�OHWWHU�RI�WKH�DOSKDEHW�LQ�WKH�L
WK
SRVLWLRQ�ZLWKLQ�WKH�ZRUG��L���Z���7KHUH�DUH�V�LQWHUVHFWLRQV�ZKLFK�DUH�HQXPHUDWHG�LQ�VRPH�ZD\�

�����:RUG�6ORWV
:H�QHHG�DSSUR[LPDWH�GLVWULEXWLRQV�IRU�WKH�OHQJWKV�RI�ZRUG�VORWV�DQG�WKHLU� LQWHUVHFWLRQV��)RUWXQDWHO\�

WKHVH�ERLO�GRZQ�WR�FRXQWLQJ�SUREOHPV��ZKHUH�ZH�FRXQW�DOO�SRVVLEOH�JULG�FRPELQDWLRQV�LQ�ZKLFK�D�JLYHQ�SDWWHUQ
�VORW�RU�LQWHUVHFWLRQ��PD\�DSSHDU��7R�DFFRPSOLVK�WKLV��ZH�IL[�VRPH�SRVVLEOH�SRVLWLRQ�IRU�RXU�SDWWHUQ�DQG�FRXQW
WKH�FRPELQDWLRQV�RI�UHPDLQLQJ�EODFNV�IRU�WKH�UHVW�RI�WKH�JULG��:KHQ�ZH�GR�WKLV�IRU�DOO�SRVVLEOH�SRVLWLRQV�RI�WKH
SDWWHUQ��ZH�GLYLGH�LW�E\�WKH�WRWDO�QXPEHU�RI�SRVVLEOH�JULGV��DQG�ZH�KDYH�RXU�SUREDELOLW\�IRU�WKDW�VSHFLILF�SDWWHUQ�

/HW�XV�LOOXVWUDWH�WKLV�LGHD�RQ�ZRUG�VORWV�LQ�RQH�GLPHQVLRQ�IRU�VLPSOLFLW\��2Q�D�URZ�RI�FHOOV�RI�OHQJWK�P�
D�ZRUG�VORW�RI�OHQJWK�O�FDQ�EH�HLWKHU�DGMDFHQW�WR�RQH�RI�WKH�WZR�VLGHV�ERXQGHG�E\�D�VLQJOH�EODFN�FHOO��RU�LQ�RQH�RI
WKH� �P�O���� LQWHUPHGLDWH� ORFDWLRQV� ERXQGHG� E\� WZR� EODFN� FHOOV�� VXSSRVLQJ� O�P��� IRU� WKH�PRPHQW�� 7KHQ� WKH
QXPEHU�RI�JULG�FRPELQDWLRQV�LQ�ZKLFK�WKLV�VORW�PD\�DSSHDU�LV�
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:KHQ�ZH�H[WHQG�WKLV�LGHD�WR�WZR�GLPHQVLRQV��ZH�VWLOO�FRQVLGHU�URZV�DQG�FROXPQV�VHSDUDWHO\��)RU�HDFK
URZ��RU�FROXPQ��ZH�FRQVLGHU�HYHU\�SRVVLEOH�QXPEHU�RI�EODFNV�LQ�WKLV�URZ�DQG�DSSO\�WKH�DERYH�LGHD��7KLV�JLYHV
XV�WKH�HTXDWLRQ�IRU�URZV�
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5HYHUVLQJ�WKH�P�DQG�Q
V�JLYHV�XV�WKH�IRUPXOD�IRU�WKH�FROXPQV��1RZ�DOO�ZH�KDYH�WR�GR�LV�WR�DGG�WKHP
XS��DQG�GLYLGH�E\�WKH�WRWDO�QXPEHU�RI�FRPELQDWLRQV�RI�E�EODFNV�FHOOV�LQ�PQ�FHOOV�WR�ILQG�WKH�DYHUDJH�QXPEHU�RI
ZRUG� VORWV� RI� D� JLYHQ� OHQJWK�� 7KLV�� DIWHU� VRPH� VLPSOLILFDWLRQ�� \LHOGV� WKH� IRUPXOD� IRU� WKH� DSSUR[LPDWHG� HL� WR
VXEVWLWXWH�LQ�+DUULV�DQG�)RUVWHU
V�HTXDWLRQ�
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7KH�FRQVWUDLQW�RQ�E�UHVXOWV�IURP�WKH�FDVH�E\�FDVH�QDWXUH�RI�WKH�GHULYDWLRQ��DQG�FDQ�EH�HDVLO\�RYHUFRPH
E\�KDQGOLQJ�WKH�FDVH� WKDW�E ������DQG�GHILQLQJ� WKH�DERYH� IRUPXOD�SLHFHZLVH� DFFRUGLQJO\��+RZHYHU�� LW� LV�QRW
OLNHO\� WKDW� WKH�QXPEHU�RI�SX]]OHV�ZLWK�VR�IHZ�EODFN� FHOOV� LV� RI� VLJQLILFDQFH� FRPSDUHG� WR� WKH� WRWDO�QXPEHU�RI
SX]]OHV�� UHJDUGLQJ� WKDW� LW� LV� KDUGHU� WR� ILQG� VROXWLRQV� RI� D� JUHDWHU� GHJUHH� RI� LQWHUORFNLQJ� DV� LQ� WKH� FDVH� RI
E ��������,Q�FRQILUPDWLRQ��SX]]OHV�ZLWK�E ���FDOOHG�IXOO�SX]]OHV��DUH�H[WUHPHO\�UDUH�ZKHQ�P�DQG�Q�DUH�DERYH��
LQ�JHQHUDO��DQG�WKHLU�VHDUFK�LV�D�SRSXODU�SDUW�RI�FURVVZRUG�SX]]OH�UHVHDUFK��)XOO�SX]]OHV�RI�VL]H�JUHDWHU� WKDQ
������KDYH�QRW�\HW�EHHQ�IRXQG�LQ�DQ\�VSRNHQ�ODQJXDJH��DV�RI�WKLV�WLPH��

1RWH�WKDW�ZLWK�QR�EODFN�FHOOV�RQ�WKH�ERDUG��ZH�KDYH�P�Q�VORWV��(YHU\�EODFN�FHOO�DGGHG�LQFUHDVHV�WKLV
QXPEHU�E\���XQOHVV�LW�LV�DGMDFHQW�WR�WKH�VLGHV�RU�DQRWKHU�EODFN�FHOO��7KXV��DQ�XSSHU�ERXQG�IRU�WKH�WRWDO�QXPEHU
RI�ZRUG�VORWV�LV��P�Q��E���7KLV�DOORZV�XV�WR�YHULI\�RXU�IRUPXOD�IRU�HL��VLQFH�LW�ERXQGV�WKH�VXP�
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7KH�VXP�ZDV�ORRVHO\�DERXW�����RI�WKH�XSSHU�ERXQG�LQ�JHQHUDO�IRU�WKH�YDOXHV�ZH�WHVWHG��7DEOH�����2Q
H[DPLQLQJ�UHDO�SX]]OHV�ZLWK� WKH�JLYHQ�PHDVXUHV�� WKH� H[SHULPHQWDO� YDOXHV�ZH� IRXQG�ZHUH�JHQHUDOO\�KDOI�ZD\
EHWZHHQ�WKH�VXP�DQG�WKH�XSSHU�ERXQG��FRQYHUJLQJ�WR�WKH�XSSHU�ERXQG�DV�P�DQG�Q�LQFUHDVH��VLQFH�WKH�SRVVLELOLW\
WKDW�D�EODFN�FHOO�LV�DGMDFHQW�WR�D�VLGH�RU�DQRWKHU�EODFN�FHOO�GHFUHDVHV�ZLWK�WKH�SHULPHWHU�SHU�DUHD�UDWLR��6LQFH�ZH
DUH�LQGHHG�LQWHUHVWHG�LQ�WKH�GLVWULEXWLRQ�RI�VSHFLILF�OHQJWKV��WKLV�H[SHULPHQWDO�HUURU�EHORZ�����LQ�WKH�VXP�LV�D
TXLWH�VDWLVIDFWRU\�YHULILFDWLRQ�RI�RXU�GLVWULEXWLRQ�

�����,QWHUVHFWLRQV
1RZ��ZKDW�UHPDLQV�LV�WKH�DSSUR[LPDWH�GLVWULEXWLRQ�IRU�WKH�LQWHUVHFWLRQV��/HW�V�[�\��EH� WKH�QXPEHU�RI

LQWHUVHFWLRQV�EHWZHHQ�ZRUG�VORWV�RI�OHQJWK�[�DQG�\��7KH\�ZLOO�LQWHUVHFW�DW�VRPH�IL[HG�OHWWHU�SRVLWLRQV��EXW� WKLV
ZLOO�QRW�DIIHFW�WKH�UHVXOW��,PDJLQH�WKH�SDWWHUQ�RI�WZR�LQWHUVHFWLQJ�ZRUG�VORWV�WKDW�ZH�PD\�IUHHO\�SRVLWLRQ�RQ�WKH
JULG�� DV� LQ� WKH�SUHYLRXV�GHULYDWLRQ��2QO\��ZH� FDQ�QR� ORQJHU� FRQVLGHU� WKH�SUREOHP� LQ� RQH� GLPHQVLRQ�� DQG� VR
WKHUH� DUH�PRUH� FDVHV� WR� KDQGOH�� 7KH� SDWWHUQ�PD\� EH� SODFHG� DW� D� FRUQHU� VR� ERXQGHG� E\� WZR� EODFN� FHOOV�� RU
DGMDFHQW�WR�D�VLGH�RQO\��VR�ERXQGHG�E\�WKUHH�EODFN�FHOOV��RU�LQ�WKH�PLGGOH��VR�ERXQGHG�E\�IRXU�EODFN�FHOOV��/HW�XV
DVVXPH�WKH�XVXDO�FDVH�WKDW�E!���DQG�ZULWH�GRZQ�WKH�IRUPXOD�
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:KHQ� ZH� GLYLGH� WKLV� E\� WKH� WRWDO� QXPEHU� RI� SRVVLEOH� JULGV�� DIWHU� VRPH� VLPSOLILFDWLRQ� IRU� HDVH� RI
FRPSXWDWLRQ�� ZH� JHW� WKH� IROORZLQJ� IRUPXOD� RI� V�[�\��� LQGHHG� V�[�\�P�Q�E��� IRU� IL[HG� OHWWHU� SRVLWLRQV� RI
LQWHUVHFWLRQ�
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7KLV�VHHPLQJO\�FRPSOLFDWHG�EXW�FRPSXWDWLRQDOO\�WULYLDO�IRUPXOD�ILOOV�WKH�ODVW�JDS�LQ�RXU�H[WHQVLRQ�RI

WKH�HVWLPDWLRQ�IRUPXOD�WR�XQFRQVWUDLQHG�SX]]OHV�

�����$GDSWDWLRQ
$OO�WKDW�UHPDLQV�LV�WR�SXW�WKH�HTXDWLRQ�LQ�WKH�FRUUHFW�IRUP�ZLWK�UHVSHFW�WR�LWV�QHZ�VWUXFWXUH�
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7KH� IL[HG� YDOXHV� RI� WKH� RULJLQDO� HTXDWLRQ� KDYH� QRZ� EHFRPH� VXPV� RI� SUREDELOLW\� GLVWULEXWLRQV�� 7KH
PXOWLSOLFDWLRQ�RI�LQWHUVHFWLRQV�LQ�WKH�ILUVW�IRUPXOD�LV�QRZ�D�SRZHU�VLQFH�DOO�WHUPV�DUH�LGHQWLFDO�DSSUR[LPDWLRQV�
$OVR��WKH�FRPELQDWLRQ�DW�WKH�YHU\�HQG�RI�WKH�IRUPXOD�IRU�V�[�\�P�Q�E��LV�QRW�GHSHQGHQW��RQ�[�DQG�\��VR�PD\�EH
PRYHG�RXWVLGH�WKH�RXWHUPRVW�VXPPDWLRQV�IRU�HDVH�RI�FRPSXWDWLRQ��EXW�LV�OHIW�KHUH�DV�VXFK�IRU�FODULW\�

1RWH�WKDW�WKLV�IRUPXOD�LV�GHSHQGHQW�RQ�E��)RU�WKH�WRWDO�QXPEHU�RI�HVWLPDWHG�VROXWLRQV��ZH�VKRXOG�DGG
XS�WKH�UHVXOWV�IRU�HDFK�YDOXH�RI�E��:H�PD\�DV�ZHOO�H[FOXGH�WKH�GHJHQHUDWH�VROXWLRQV�WKDW�KDYH�WRR�PDQ\�EODFN
FHOOV��VLPSO\�E\�SHUIRUPLQJ�WKLV�VXPPDWLRQ�XS�WR�D�FHUWDLQ�PD[LPXP�YDOXH�RI�E�
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:H�SUHVHQWHG� WKH�PHWKRG�RI�XQFRQVWUDLQHG� FRQVWUXFWLRQ�RI�SX]]OHV��ZKLFK� UHOLHYHV� WKH� XVHU� RI� KRVW

JULG� SURGXFWLRQ� E\� KDQG�� ,W� DOVR� ODUJHO\� LQFUHDVHV� WKH� VROXWLRQ� VSDFH� VLQFH� WKH� FRQVWUDLQWV� DUH� DEVHQW�� DQG
UHO\LQJ�RQ�WKLV�ZH�LQWURGXFHG�DQ�DOJRULWKP�XVLQJ�D�EDFNWUDFNLQJ�VFKHPH�WKDW�LV�QRW�DOJRULWKPLFDOO\��FRUUHFW��LQ
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WKHRU\��EXW�LV�HIILFLHQW�LQ�UHVROYLQJ�FRQIOLFWV�WR�PLQLPL]H�VHDUFK�WLPH��:H�LPSOHPHQWHG�WKLV�DOJRULWKP�LQ�&��
DV�D�VRIWZDUH�SDFNDJH�ZKLFK�LV�DEOH�WR�SURGXFH�FRPPHUFLDO�TXDOLW\�FURVVZRUG�SX]]OHV��)LJXUH����

,Q�WKH�VHFRQG�SDUW�ZH�DWWHPSWHG�WR�DGDSW�D�SUHYLRXVO\�GHYHORSHG�%D\HVLDQ�HVWLPDWH�RI�D�FRQVWUDLQHG
SX]]OH
V�VROXWLRQ�VSDFH�IRU�WKH�XQFRQVWUDLQHG�SX]]OH��DQG�VXFFHHGHG��7KLV�DOVR�KHOSHG�GHPRQVWUDWH�WKH�VROXWLRQ
VSDFH
V� YDVW� LQFUHDVH� LQ� VL]H��PDNLQJ�XV� IHHO�PRUH� VHFXUH� LQ� ULVNLQJ� WR�PLVV� VHYHUDO� VROXWLRQV� WR� ILQG� RQH� DV
TXLFN�DV�SRVVLEOH�

3RVVLEOH�IXWXUH�UHVHDUFK�RQ�XQFRQVWUDLQHG�SX]]OHV�LQFOXGHV�WKH�GHYHORSPHQW�RI�D�EHQFKPDUN�VSHFLILF
WR�� RU� LQFOXGLQJ��XQFRQVWUDLQHG�PHWKRGV��:KLOH� WKHUH� DUH� WZR� SDSHUV� SURSRVLQJ� EHQFKPDUNV� IRU� FRQVWUDLQHG
SX]]OHV��WKHUH�LV�\HW�QRQH�WKDW�DSSOLHV�WR�XQFRQVWUDLQHG�FRQVWUXFWLRQ��$SDUW�IURP�WKDW��WKHUH�LV�DOZD\V�URRP�IRU
D�EHWWHU�HVWLPDWH��$OVR��QHLWKHU�WKH�VWUDWHJ\�QRU�WKH�GLFWLRQDU\�FDQ�EH�VDLG�ZLWK�FHUWDLQW\� WR�EH� WKH�EHVW� LW�FDQ
JHW�� 7KHUH� LV� HYHQ� ZRUN� WR� GR� LQ� RXU� VSHFLILF� DSSURDFK�� :H� XVHG� H[SHULPHQWDOO\� FRQYHQLHQW� YDOXHV� IRU
0D[2YHUODS� LQ� EDFNWUDFNLQJ�� 7KHUH� PXVW� EH� D� PHWKRG� WR� RSWLPL]H� WKLV� YDOXH� HLWKHU� WKURXJK� D� GLFWLRQDU\
DQDO\VLV�DW�LQLWLDOL]DWLRQ��RU�G\QDPLFDOO\��DW�UXQ�WLPH�

)XWXUH�ZRUN�RQ�FURVVZRUG�SX]]OH�UHVHDUFK�LQ�JHQHUDO�PD\�LQFOXGH�WKH�H[WHQVLRQ�RI�YDULRXV�FURVVZRUG
FRQVWUXFWLRQ�PHWKRGV�WR�GLIIHUHQW�WRSRORJLHV��3X]]OHV�LQ�D�VSDFH�RI�PRUH�WKDQ�WZR�GLPHQVLRQV�ZRXOG�EH�D�JRRG
FKDOOHQJH�� EXW� RI� OLWWOH� FRPPHUFLDO� YDOXH�RI�SXEOLVKDELOLW\�� HYHQ�ZKHQ�FRPSDUHG� WR� SX]]OHV�ZUDSSHG� DURXQG
F\OLQGHUV��FXEHV��RWKHU�SRO\KHGUD�� WKH�0|ELXV�EDQG��RU�DQ\�RWKHU�IDQF\�VXUIDFH� WKDW�FRPHV�WR�PLQG��7KHUH� LV
DOVR� D�ZKROH�RWKHU�ZRUOG�RI�SX]]OHV�ZH� GLG� QRW� H[DPLQH� LQ� WKLV� SDSHU�� WKH�%ULWLVK� W\SH��$OWKRXJK� QRW� YHU\
LQWHUHVWLQJ�LQ�FRQVWUXFWLRQ��%ULWLVK�SX]]OHV�XVH�FU\SWLF�FOXHV�ZKLFK�LQFRUSRUDWH�DQDJUDPV��V\QRQ\PV��DFURVWLFV
DQG�VXFK�WR�KLQW�IRU�WKH�VROXWLRQ�LQ�D�VHHPLQJO\�LUUHOHYDQW�VHQWHQFH��7KH�SURGXFWLRQ�RI�WKHVH�W\SHV�RI�FOXHV�LV
JHQHUDOO\�UHVHUYHG�WR�YHU\�IHZ�JLIWHG�SHRSOH��DQG�WKH�DXWRPDWLRQ�RI�WKLV�SURFHVV�XVLQJ�$UWLILFLDO�,QWHOOLJHQFH�LV
D�YHU\�SX]]OLQJ�UHVHDUFK�DUHD�LQ�LWVHOI�
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%HUJKHO��+������������&URVVZRUG�&RPSLODWLRQ�ZLWK�+RUQ�&ODXVHV���7KH�&RPSXWHU�-RXUQDO��9RO������1R�����SS����������
%HUJKHO��+���DQG�&��<L�����������&URVVZRUG�&RPSLOHU�&RPSLODWLRQ���7KH�&RPSXWHU�-RXUQDO��9RO������1R�����SS����������
%HUJKHO�� +��� DQG� 5�� 5DQNLQ�� �������� �$� 3URSRVHG� 6WDQGDUG� IRU� 0HDVXULQJ� &URVVZRUG� &RPSLODWLRQ� (IILFLHQF\��� 7KH
&RPSXWHU�-RXUQDO��9RO������1R�����SS����������
%HUNHU�� ø��� DQG� &�� 6D\�� �������� �$� &URVVZRUG� 3X]]OH� *HQHUDWRU� IRU� 7XUNLVK��� 3URFHHGLQJV� RI� WKH� �WK� ,QWHUQDWLRQDO
6\PSRVLXP�RQ�&RPSXWHU�DQG�,QIRUPDWLRQ�6FLHQFHV�
)HJHU��2������������$�3URJUDP�IRU�WKH�&RQVWUXFWLRQ�RI�&URVVZRUG�3X]]OHV���$QJHZDQGWH� ,QIRUPDWLN��9RO������1R�����SS�
��������������
*LQVEHUJ�� 0�� /��� HW� DO��� �������� �6HDUFK� /HVVRQV� /HDUQHG� IURP� &URVVZRUG� 3X]]OHV��� 3URFHHGLQJV� RI� $$$,� ���
KWWS���PHGJ�OFV�PLW�PSI�SDSHUV�*LQVEHUJ�*LQVEHUJ�HW�DO����KWPO�
+DUHO��'�����������$OJRULWKPLFV��7KH�6SLULW�RI�&RPSXWLQJ��$GGLVRQ�:HVOH\�
+DUULV�� *�� +��� �������� �*HQHUDWLRQ� RI� 6ROXWLRQ� 6HWV� IRU� 8QFRQVWUDLQHG� &URVVZRUG� 3X]]OHV��� 6\PSRVLXP� RQ� $SSOLHG
&RPSXWU\��7+�������������������&RS\ULJKW������,(((�
+DUULV��*��+���DQG�-��-��+��)RUVWHU�����������2Q�WKH�%D\HVLDQ�(VWLPDWLRQ�DQG�&RPSXWDWLRQ�RI�WKH�1XPEHU�RI�6ROXWLRQV�WR
&URVVZRUG�3X]]OHV���6\PSRVLXP�RQ�$SSOLHG�&RPSXWU\��7+��������������������&RS\ULJKW������,(((�
+DUULV�� *�� +��� '�� 5RDFK�� 3�� '�� 6PLWK�� DQG� +�� %HUJKHO�� �������� �'\QDPLF� &URVVZRUG� 6ORW� 7DEOH� ,PSOHPHQWDWLRQ��
6\PSRVLXP�RQ�$SSOLHG�&RPSXWU\��&RS\ULJKW������$&0�������������;���������
-HQVHQ��6��&��� �������� �'HVLJQ�DQG� ,PSOHPHQWDWLRQ�RI�&URVVZRUG�&RPSLODWLRQ�3URJUDPV�8VLQJ�6HTXHQWLDO�$SSURDFKHV��
0�6��7KHVLV��2GHQVH�8QLYHUVLW\��'HQPDUN�
/RQJ��&������������0DWKHPDWLFV�RI�6TXDUH�&RQVWUXFWLRQV���:RUG�:D\V��9RO������1R����
0D]ODFN�� /�� -��� �����D��� �&RPSXWHU� &RQVWUXFWLRQ� RI� &URVVZRUG� 3X]]OHV� 8VLQJ� 3UHFHGHQFH� 5HODWLRQVKLSV��� $UWLILFLDO
,QWHOOLJHQFH��9RO�����1R�����SS�������
0D]ODFN��/��-��������E����0DFKLQH�6HOHFWLRQ�RI�(OHPHQWV�LQ�&URVVZRUG�3X]]OHV���6,$0�-RXUQDO�RI�&RPSXWLQJ��9RO�����1R�
���SS��������
6PLWK��3��'��� �������� �;(12��&RPSXWHU�$VVLVWHG�&RPSLODWLRQ�RI�&URVVZRUG�3X]]OHV���7KH�&RPSXWHU� -RXUQDO��9RO�� ���
1R�����SS����������
6PLWK��3��'���DQG�6��<��6WHHQ�����������$�3URWRW\SH�&URVVZRUG�&RPSLOHU���7KH�&RPSXWHU�-RXUQDO��9RO������1R�����SS������
����
6SLHJHOWKDO��(��6������������5HGXQGDQF\�([SORLWDWLRQ�LQ�WKH�&RPSXWHU�&RQVWUXFWLRQ�RI�'RXEOH�FURVWLFV���3URFHHGLQJV�RI�WKH
(-&&��SS��������������



6SULQJ��/��-���+��%HUJKHO��*��+��+DUULV��DQG�-��-��+��)RUVWHU�����������$�3URSRVHG�%HQFKPDUN�IRU�7HVWLQJ�,PSOHPHQWDWLRQV
RI� &URVVZRUG� 3X]]OH� $OJRULWKPV��� 6\PSRVLXP� RQ� $SSOLHG� &RPSXWU\�� 9RO�� ��� &RS\ULJKW� ����� $&0� ������������
[��������������
:LOVRQ��-��0������������&URVVZRUG�&RPSLODWLRQ�8VLQJ�,QWHJHU�3URJUDPPLQJ���7KH�&RPSXWHU�-RXUQDO��9RO������1R�����SS�
��������

)LJXUH����([DPSOH���[���SX]]OH�RXWSXW
����������������������������������������������������
�ÕVFÕV�XOXVODUDUDVÕ�ELOJLVD\DU�ELOLPOHUL�VHPSR]\XPX�
�NODVPDQ�FXUQDWD�DKEDSRO�DEÕKD\DW�DQDVDQOÕ�DVWURQRP�
�ODN�RG�DXW�DODQWDODQ�EDNWHULVLW�DG�KLVWHUH]LV�PY�D�
�D\D�NDELQ�EHO�WHGDYL�XVXO��WDULKoH�DUJDo�GRNXQ�D�U�
��W�ELWRWX�DUL]D�HP��|WH�ÕKÕ�WLNH��DQ�HQH�LWLOD�QD��
�W�GRQDP�FHQN�QE�WXJD\��DFHOH�N�EDG\D�OLNLW�\�DF�ED�
�DEDQ�Y�PX]OLP�OD�UHJODQ�DEÕUX�EDEDo�EH\��|�DQWLMHQ�
�ELQEDúÕ�QDLO�H�EH�SUHVH�QHP�FDU�DULIH�HPDUHW��EHUL�
�DOWR�DKD��\�DEGDO�JD�DED�Q�NDIHLQ�oDNÕ�DI�EUH�LWD��
�V�HQ�Q�EDú|UW��GLUHQo�HIHQGL�D]�RSHUD�DUWHULW�O�VE�
�EDO�FÕGD÷Õ�ELOGLN�QG�HYHOH�SLOL�]D÷�UDFD�EX�DGL�\D�
�XI�DO�DMDQV��\H��LoLW�LU�NJ�KDON�OLWHUDW�U�DP�\�RK�
�VDER�RPXUJD�ERNV|U�VDF�LFDU�DI\RQ��DW�\R�XU�LGH�QL�
��NDUDU�U�ÕOÕ�VRP�IO|UH�QH�H�PDDULI�Q�\LQHOH�QDWR�V�
�GDNWLOR�DUDS�NU�FD�UDKW�EDQW�O�DOLFHQDS�ELEL�U�EL��
�DQD�GRNX�G�Õ�R�EHQW�VWDWLN�DJ�IO�W�QDK�FH�DPFD]DGH�
�P�ODLQ�WDDVVXS�DK�DNV�FLQPÕVÕUÕ�ILO�DQFD�LSWLGD�DN�
�DIL�\�EDE�DOW�]RUXQOX�LP�DV�NDQGHOD�úLU\DQ�LPDQ�GR�
�FHWYHO�oDO\DND�EHN�DWÕO�DQOD�SG�U�EU���ÕúWÕQ�UD�LO�
�DY�RWD�ÕU��NXNOD�DOS�U�DUWÕXo�Õ��KDQLGLU�DODQ�D\�R�
�QHRQ�G�PWHN��WRSDO�HEDW�NDN�DKNDP�G�VRQWDNÕ�HUWH�M�
�DUPRQL���EHOJLW�EDN�DEHV�U�HWÕEED�DPDQVÕ]�FDGÕ�JUL�
��D�]ÕQJDGDN�DID]L�DNOL\DW�RPXULOLN�REXD�DGD�HK�D���
�DQW�VLON�EHUW�U�GDK�ROLYLQ�SU�WDOL�WHNQH�LNRQ�DKDU�
�Q�FLI�LNOLP�R�\�HFLU�LWDS�GRo�L��IOLW�EORN�RVXU�FR�
�D÷�IÕUND�OHE�EDúYXU�SP�QRW�]XP�DJD�Y�GLNVH�OHWDIHW�
�V�ED\�RQD��DEX��LQ�FE�D�JHQHWLN�D\ODN�OL�Q�L�DoÕP��
�DFÕ�H�M�EDNOL\DW��FX�DQDUúL�XOD�IH�VDNLW�FHW�Q�WE��
�DGOL�IHPLQLVW�ED÷UÕNDUD�DUW�UHPL�W�\E�PDEHW�KJ�WRN�
�W�GDODQ�GDPD�DOD��NRED\�ILUH�ODND�GROX�E��DEUD�ÕUD�
��EÕUDN�FHS�PDKDOOL�WX�D�\�DJX�QDWURQ�o�Õ�|S�Lo�UXI�
�W|UHGÕúÕ�D��EXWODQ�X]�V�DUWHU�o�EDQ�DND�FF�FV�W�VH�
��VF�LUL\DUÕ�D�\XYD�UDNDP�H�PD\R�DFHS�XOX��UDW�ROXú�
�P�Õ�Q�NDNDYDQ�DNDN��PH�HYHJHQ��DOR�H÷ULFH�HOR÷OX�D�
�D\QL�VHNV�Õ�GH�D��NDE]ÕPDO�Q�GD÷ÕQÕN�XOXV�IL��HWHQ�
�HX�EDS�OX�U�RQDW�DUVD�ODO�K�GLPD÷�VHPW�E�GLSGLUL�W�
�VW�G\R�D�H]DQL��L�LON�JOLNR]�G\�ÕúÕQ�DGHW�N�DOD�ID�
�W�PDYQD�DNÕ�HUEDS�SD�NDLGH�LWDDW�|UW�QR�HN�EUDQú�Q�
�RKP�DWLN�RYD��DKODW�PHUNHS�NDUQL�\��P�EDNÕúÕP�VDI��
�VDLU�DOL�VÕOD�NULNR�HW���DFL]�WULORML�U�DYXNDW�EDU�
�RI�D\QHQ�HUDW�NDN�O�EH]]D]�UDI�DQHPRQ�DKOD��GD\DOÕ�
��DU]�HYHU��PDOD]��R�G�HRJHQ�ODVWD�DUL�G�LQL�XODQ�K�
��N�D��LVDI�DNLP�EHM�HPDUH�DNODQ�GU�M�SR�I�FDPLW�JG�
�EDONDQ�WK�RQ�S�DONLO�DPDO�G��Q�NÕK�HGHEL�NDEDKDW�D�
�|Q�ÕVÕ�HOD�DODEURV�DGoHN�IDUPDVRQ�RWR�U�EL]RQ�\X�Q�
�F�o�LV�]HNL�|U�LNL�IU�WLP�V��KDPDLO�NODVLN�U�L�KD��
�HGDW�I�L�LY�VL�IDQL�HY��RO�E�WoH�GHVWH�HKOLGLO��FI�
�NDORPHO�DWHK�WL�M�ELQLW�W�YDQD�GHP�NRI�GXD�DNDUODU�
��GDVLWDQ��GDO�OZ�DUú�G�úHV�ELUH\�DPLU�EHú�W�DPD�UH�
�IÕUW��P�GULN�IHFL�H�KDPDO�NDNÕ�D\Q��D��I�DOD]�PJ�Q�
����������������������������������������������������
%ODFNV���������
'XUDWLRQ�������VHF�
0D[2YHUODS���


