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��� 2XWFURSV 6WXG\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 5HPRWH 6HQVLQJ 'HYHORSPHQW � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� ,PDJH 'HVFULSWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� ,PDJH $QDO\VLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� ,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH ([WUDFWLRQ ��
��� 6WUDLJKWIRUZDUG )UDFWXUHV 7UDFLQJ 0HWKRG � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 7KH VQDNH PHWKRG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 7KH $GYDQFHG 6NHOHWRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH +RXJK 7UDQVIRUP 0HWKRG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 7KH +RXJK WUDQVIRUPDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 0HWKRGRORJ\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� %LQDUL]DWLRQ DQG &ULWHULRQ 6WXG\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� +RXJK 7UDQVIRUP XVLQJ 0RQWH &DUOR 6LPXODWLRQ � � � � � � � � � � � � � � � � � � � ��

��� 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 8VLQJ +RXJK 7UDQVIRUP IRU 1HWZRUN &KDUDFWHUL]DWLRQ ��
��� +RXJK &KDUDFWHUL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DVH 6WXG\� &DUERQDWHV 2XWFURS LQ 3RWLJXjU %DVLQ � � � � � � � � � � � � � � � � � � � � � ��

����� *HRORJLFDO %DFNJURXQG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� +RXJK GLDJUDP GHVFULSWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6WRFKDVWLF 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ ��
��� 0HWKRGRORJ\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 5HVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� *HRPHWULFDO &RPSDULVRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &OXVWHULQJ &RPSDULVRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� :HOO &RQQHFWLYLW\ &RPSDULVRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 9DULDELOLW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� &RQFOXVLRQ ��

$SSHQGLFHV ��

$ :HOOV¶ &RQQHFWLYLW\ 0HWKRGRORJ\ ��

%LEOLRJUDSK\ ��
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/LVW RI )LJXUHV

��� $ 8$9 ZLWK LWV PRYDEOH GLJLWDO FDPHUD XQGHUQHDWK� 7KH 8$9 KDV D GLDPHWHU RI ��� PP
DQG D KHLJKW RI ��� PP� 7KLV GURQH KDV EHHQ XVHG LQ RXWFURSV LPDJHV DFTXLVLWLRQ IRU
PRVW RI WKH RXWFURSV LPDJHV XVHG LQ WKLV WKHVLV� 6RXUFH� YDQ (LMN ������ � � � � � � � � � �

��� 6NHWFK PDS RI RYHUODSSLQJ LPDJHV DFTXLUHG E\ D 8$9� � � � � � � � � � � � � � � � � � � �
��� 2XWFURS LPDJHV DFTXLUHG ZLWK OLJKW�ZHLJKW 8$9� 6RXUFH� %LVGRP ���� � � � � � � � � � � �
��� �D� 7KH QDWXUDO SDWWHUQ PDSSHG IURP DQ �� [ �� P DUHD RQ WKH VXUIDFH RI D VDQGVWRQH

OD\HU IURP ZHVWHUQ 1RUZD\� �E� $Q H[DPSOH RI WKH UHDOL]DWLRQV RI UDQGRPO\ VSDWLDOO\
GLVWULEXWHG OLQH VHJPHQWV ZKLFK KDYH VLPLODU RULHQWDWLRQV DQG OHQJWK GLVWULEXWLRQV DQG
OLQH VHJPHQW GHQVLW\ WR WKH QDWXUDO SDWWHUQ� 6RXUFH� 2GOLQJ ������� � � � � � � � � � � � � �

��� 'HWHFWHG WUDFH ZLWK WKH VQDNH IXQFWLRQ� XVHG RQ D VDWHOOLWH LPDJH RI D ULYHU � � � � � � � � ��
��� �D� 'HWHFWHG WUDFH ZLWK WKH VQDNH IXQFWLRQ� XVHG RQ D DHULDO LPDJH RI DQ RXWFURS� �E�

*UD\ OHYHO IROORZHG DIWHU HDFK LWHUDWLRQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 7KUHVKROGLQJ DW GLIIHUHQW JUD\ OHYHO� IURP OHIW WR ULJKW� RULJLQDO SLFWXUH� WKUHVKROG DW ���

DQG ��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &RQFHSWXDO GHVFULSWLRQ RI WKH 6NHOHWRQ 2SHUDWRU RQ D ELQDU\ LPDJH� &UHGLW� $SDFKH

7HFKQRORJ\ /WG� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� �D� 7KH LQLWLDO VNHOHWRQ� �E� $GYDQFHG VNHOHWRQ �DIWHU � VXFFHVVLYH EUDQFK UHPRYDO RSHU�

DWLRQ�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� SDUDPWHULF HTXDWLRQ RI D OLQH 6RXUFH� 'XG DQG +DUW ������ � � � � � � � � � � � � � � � � ��
��� 6LQXVRLGDO WUDFH RI D SRLQW LQ WKH +RXJK VSDFH� � � � � � � � � � � � � � � � � � � � � � � � ��
��� �D� � FROLQHDU SRLQWV� �E� ,Q WKH +RXJK GRPDLQ� HDFK VLQXVRLGDO WUDFH LV WKH WUDQVIRUP RI

� SRLQW� �F� (DFK ELQ YDOXH LV WKH WKH QXPEHU RI WUDFHV �SRLQWV� JRLQJ WKURXJK WKLV ELQ� $
SHDN �YDOXH �� LV VHHQ DW WKH FRRUGLQDWH RI WKH FROLQHDU D[LV� � � � � � � � � � � � � � � � ��

��� &RPSDULVRQ RI WZR ELQDUL]DWLRQ WHFKQLTXHV� �D� &DQQ\ (GJH 'HWHFWRU �E� $6 PHWKRG �E�� ��
���� &RPSDULVRQ EHWZHHQ DQ XQERXQGHG +RXJK 'RPDLQ �/()7� DQG D 'RPDLQ OLPLWHG WR

DQJOH UDQJH RI ���� WR ���� �5,*+7�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� &RPSDULVRQ EHWZHHQ D PLQLPXP OHQJWK RI �� SL[HOV �/()7� DQG �� SL[HOV �5,*+7�� � � ��
���� &RPSDULVRQ EHWZHHQ PD[LPXP JDS RI �� SL[HOV �/()7� DQG �� SL[HOV �5,*+7�� � � � � ��
���� $Q H[DPSOH RI PXOWLSOH LQ +70 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� 5HVXOWV RI WKH 0RQWH &DUOR 6LPXODWLRQ ZLWK ���� 5XQV � � � � � � � � � � � � � � � � � � � ��
���� )HDWXUHV GHWHFWHG �D� ��� WLPHV RU PRUH� �E� ��� WLPHV RU PRUH� �F� ��� WLPHV RU PRUH� ��

��� &RQYHQWLRQ XVHG IRU GHWHUPLQLQJ IUDFWXUH RULHQWDWLRQ � � � � � � � � � � � � � � � � � � � � ��
��� &DVH $ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DVH % � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DVH & � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DVH ' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DVH ( � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� &DVH ) � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2XWFURS $3�� XVHG DV H[SHULPHQWDO GDWD VHW� DQG LWV PDQXDOO\ WUDFNHG IUDFWXUH QHWZRUN

LQ UHG� 6RXUFH� YDQ (LMN ������ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� �D� +RXJK 'LDJUDP RI WKH IUDFWXUH QHWZRUN RI $3�� �E� =RRP RI WKH +RXJK GLDJUDP� � � ��
���� +RXJK 'LDJUDP ]RRPHG RQ ER[ $� ZLWK WKH FRUUHVSRQGLQJ IUDFWXUHV � � � � � � � � � � � ��
���� +RXJK 'LDJUDP ]RRPHG RQ ER[ %� ZLWK WKH FRUUHVSRQGLQJ IUDFWXUHV � � � � � � � � � � � ��
���� +RXJK 'LDJUDP ]RRPHG RQ ER[ &� ZLWK WKH FRUUHVSRQGLQJ IUDFWXUHV � � � � � � � � � � � ��

��� 0$7/$% 3URJUDP¶V ZRUN IORZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 'HVFULSWLRQ RI HDFK VWHS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

Y



YL /LVW RI )LJXUHV

��� &HQWURLG DGPLVVLEOH SRVLWLRQ ZLWK VDPSOHG RULJLQ� GLVWDQFH WR WKH RULJLQ DQG ERXQGLQJ ER[� ��
��� �D� 7KH VRXUFH ')1� �E� 6WRFKDVWLF UHDOL]DWLRQ ZLWK VLPXODWLRQ GULYHQ E\ +RXJK WUDQVIRUP�

�F� 6WRFKDVWLF UHDOL]DWLRQ ZLWK IXOO\ UDQGRP VLPXODWLRQ� 7KH \HOORZ ER[ UHSUHVHQWV WKH
VRXUFH ')1 ERXQGDULHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� /HQJWK GLVWULEXWLRQ GLIIHUHQW FDVH� 6RXUFH ')1 �EOXH�� +RXJK GULYHQ VLPXODWLRQ �UHG� DQG
IXOO\ UDQGRP �JUHHQ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2ULHQWDWLRQ GLVWULEXWLRQ GLIIHUHQW FDVH� 6RXUFH ')1 �OHIW�� +RXJK GULYHQ VLPXODWLRQ �PLG�
GOH� DQG IXOO\ UDQGRP �ULJKW� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &RPSDULVRQ RI WKH FOXVWHU VL]H FXPXODWLYH GLVWULEXWLRQ EHWZHHQ GLIIHUHQW UHDOL]DWLRQV � � ��
��� �D� /DUJHVW FOXVWHU LQ WKH VRXUFH ')1� �E� /DUJHVW FOXVWHU� ZLWK VLPXODWLRQ GULYHQ E\ +RXJK

WUDQVIRUP� �F� /DUJHVW FOXVWHU� ZLWK IXOO\ UDQGRP VLPXODWLRQ� � � � � � � � � � � � � � � � � ��
��� 3RVLWLRQ RI WKH SURGXFLQJ ZHOOV �UHG� DQG WKH LQMHFWRU �EODFN�� ZLWK RQH �DUELWUDU\� QHW�

ZRUN JHQHUDWHG ZLWK RXU +RXJK EDVHG VLPXODWRU �D� DQG IRU D VLPXODWRU XVLQJ UDQGRP
SRVLWLRQLQJ �E�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� &RPSDULVRQ EHWZHHQ FOXVWHU VL]H FXPXODWLYH GLVWULEXWLRQ EHWZHHQ UHDOL]DWLRQ � � � � � � ��
���� &RQQHFWHG ZHOOV¶ PD[LPXP VSDFLQJ FXPXODWLYH GLVWULEXWLRQ IRU D VLPXODWRU SRVLWLRQLQJ

IUDFWXUHV EDVHG RQ WKH +RXJK WUDQVIRUP� DQG D VLPXODWRU SRVLWLRQLQJ IUDFWXUHV UDQGRPO\� ��

��� , ZRXOG DOVR OLNH WR WKDQNV WKH RLO SULFHV ���EDUUHO�� � � � � � � � � � � � � � � � � � � � � � ��

$�� 3RVLWLRQ RI WKH SURGXFLQJ ZHOOV �UHG� DQG WKH LQMHFWRU �EODFN�� ZLWK RQH �DUELWUDU\� QHW�
ZRUN JHQHUDWHG ZLWK RXU +RXJK EDVHG VLPXODWRU �D� DQG IRU D VLPXODWRU XVLQJ UDQGRP
SRVLWLRQLQJ �E�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��



$EVWUDFW

8$9 LPDJLQJ LV D FXWWLQJ HGJH WRRO IRU RXWFURS DQDO\VLV� LQ SDUWLFXODU EHFDXVH ODUJH DQG�RU UHPRWH
DUHDV FDQ EH FRYHUHG LQ D PDWWHU RI PLQXWHV� 7R FRSH ZLWK WKH ODUJH DPRXQW RI LPDJHV SURYLGHG E\
8$9 VXUYH\� ZH KDYH LPSOHPHQWHG DQG WHVWHG � PHWKRGV WR DXWRPDWLFDOO\ H[WUDFW IUDFWXUH SDWWHUQV� �
PHWKRGV EDVHG RQ WKH FRORULPHWU\ RI WKH LPDJH DQG RQH EDVHG RQ WKH IUDFWXUH JHRPHWU\� WKH +RXJK
WUDQVIRUP� 7KHVH � PHWKRGV OHDG WR PL[HG UHVXOWV� EXW WKH +RXJK 7UDQVIRUP RIIHUV DQ LQWHUHVWLQJ
IUDFWXUH QHWZRUN SDUDPHWUL]DWLRQ� :H KDYH VKRZQ KRZ WKLV SDUDPHWUL]DWLRQ FDQ EH XVHG WR GHVFULEH
WKH VSDWLDO GLVWULEXWLRQ RI IUDFWXUHV� :H ODWHU XVHG WKLV SDUDPHWUL]DWLRQ WR FUHDWH D GLVFUHWH IUDFWXUH
QHWZRUN VLPXODWRU ZKLFK WDNHV LQWR DFFRXQW WKH VSDWLDO GLVWULEXWLRQ� )LQDOO\� ZH KDYH FRPSDUHG WKH
SHUIRUPDQFH RI WKLV VLPXODWRU ZLWK D UDQGRP VLPXODWRU ZKLFK GLVUHJDUGV WKH VSDWLDO GLVWULEXWLRQ� 7R
TXDQWLI\ WKH SHUIRUPDQFH RI WKH VLPXODWRUV ZH KDYH WHVWHG WKHLU ZHOO FRQQHFWLYLW\ SUHGLFWLRQV IRU YDULRXV
ZHOO VSDFLQJV� 7KHVH UHVXOWV VKRZHG WKH VLJQLILFDQFH RI RXU DSSURDFK DQG HQFRXUDJHG XV WR IXUWKHU
WKH UHVHDUFK WR EHWWHU XQGHUVWDQG KRZ LPDJH DQDO\VLV WHFKQLTXHV FRXOG HQKDQFH RXU FDSDELOLWLHV WR
FDSWXUH IUDFWXUH QHWZRUN JHRPHWU\ DQG VSDWLDO GLVWULEXWLRQ� DQG HYHQWXDOO\ VLPXODWH VWRFKDVWLF GLVFUHWH
IUDFWXUH QHWZRUN�

�
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5RFNV DUH FRQVWLWXWHG E\ PLQHUDO DJJUHJDWHV� ZKLFK IRUP VROLG PDWUL[ DQG YRLGV ZKLFK DOORZ IOXLG WUDQV�
IHU� 7KHVH YRLGV FDQ EH SRUHV RU IUDFWXUHV �LQ WKH IROORZLQJ ZH ZLOO XVH WKH JHQHULF WHUP RI IUDFWXUHV WR
GHVLJQDWH DQ\ GLVFRQWLQXLWLHV LQ WKH URFN PDVV VXFK DV IDXOWV� MRLQWV DQG IUDFWXUHV�� 6LQFH WKH ��¶V� LW KDV
EHHQ VKRZQ WKDW IUDFWXUHV FDQ EH WKH PDLQ PRGH RI IOXLG IORZ LQ QDWXUDOO\ IUDFWXUHG PHGLD >�@� 7RGD\�
QDWXUDOO\ IUDFWXUHG UHVHUYRLUV PDNH XS D ODUJH DQG LQFUHDVLQJ SHUFHQWDJH RI WKH ZRUOG¶V K\GURFDUERQ
UHVHUYHV� ��� RI ZRUOG SURYHQ RLO UHVHUYHV DQG ��� RI ZRUOG¶V JDV UHVHUYHV�� 7KHUHIRUH� XQGHUVWDQG�
LQJ IOXLG WUDQVIHU LQ WKHVH UHVHUYRLUV KDV VHHQ D JURZLQJ LQWHUHVW LQ RUGHU WR HQKDQFH WKH K\GURFDUERQ
UHFRYHU\�

7KH LPSRUWDQFH RI IUDFWXUHV KDV OHDG WKH LQGXVWU\ WR HQGHDYRU WR HQKDQFH WKHLU FDSDELOLWLHV WR FDS�
WXUH DQG FKDUDFWHUL]H WKH LQ�VLWX IUDFWXUH QHWZRUN¶V JHRPHWULFDO SURSHUWLHV DQG VSDWLDO GLVWULEXWLRQ >��@�
$PRQJ RWKHU WHFKQLTXHV� RXWFURS VWXGLHV RIIHU KDQGV�RQ DFFHVV WR IUDFWXUHV� HQDEOLQJ XV WR SHUIRUP
VRPH PHDVXUHPHQWV QRW DFKLHYDEOH LQ DQ\ RWKHU VXUYH\� VXFK DV WKH IUDFWXUH OHQJWK GLVWULEXWLRQ >�@�
EXW DOVR WR REVHUYH VRPH VSDWLDO WUHQGV RI WKH IUDFWXUH QHWZRUN >��@�
+RZHYHU� RXU FDSDELOLWLHV WR DFTXLUH WKLV LQIRUPDWLRQ DUH OLPLWHG WR VRPH H[WHQW� 7KH ORFDWLRQ DQG�RU
VL]H RI VRPH RXWFURSV >�@ LV DQ LVVXH VLQFH WKH DFTXLVLWLRQ DQG WKH SURFHVVLQJ LV GRQH PDQXDOO\� OLPLWLQJ
WKH DPRXQW RI GDWD ZH FDQ SURFHVV� &KDUDFWHUL]LQJ WKH VSDWLDO WUHQGV RI IUDFWXUHV DQG UHSUHVHQWLQJ LW
LQ RXU SUHGLFWLYH IUDFWXUH PRGHO DUH RWKHU FRPPRQ LVVXHV >��@�

5HFHQW GHYHORSPHQWV LQ UHPRWH VHQVLQJ WHFKQRORJ\ RIIHU OHDGV WR DGGUHVV ERWK WKH LVVXH RI DFTXLULQJ
JHRORJLFDOO\ UHOHYDQW IHDWXUHV VXFK DV IUDFWXUHV LQ RXWFURSV >��@ LQ DQ DFFXUDWH DQG TXDQWLWDWLYH ZD\
DQG FKDUDFWHUL]LQJ IUDFWXUH VSDWLDO GLVWULEXWLRQ LQ D EHWWHU ZD\ >��@�

7KH DLP RI WKLV WKHVLV LV WR GHYHORS D FRPSUHKHQVLYH ZRUN IORZ WKDW EULGJHV UHPRWH VHQVLQJ� DQG LQ
SDUWLFXODU LPDJH DQDO\VLV� DQG IUDFWXUH QHWZRUN FKDUDFWHUL]DWLRQ� 7KLV ZRUN IORZ LQWHJUDWHV DXWRPDWLF
IUDFWXUH QHWZRUN H[WUDFWLRQ IURP RXWFURS LPDJHV DQG IUDFWXUH QHWZRUN VLPXODWLRQ EDVHG RQ WKH RSSRU�
WXQLWLHV RIIHUHG E\ LPDJH DQDO\VLV LQ WKH ILHOG RI IUDFWXUH QHWZRUN VSDWLDO GLVWULEXWLRQ FKDUDFWHUL]DWLRQ�

,Q WKH ILUVW SDUW RI WKLV WKHVLV ZH ZLOO LPSOHPHQW DQG WHVW DXWRPDWHG IUDFWXUH GHWHFWLRQ PHWKRGV EDVHG
RQ LPDJH DQDO\VLV WHFKQLTXHV DQG DSSUDLVH WKHLU HIILFLHQF\� :H ZLOO DOVR VHH WKDW EH\RQG H[WUDFWLQJ
WKH IUDFWXUH SDWWHUQ� WKH\ RIIHU D QHZ SDUDPHWUL]DWLRQ RI WKH IUDFWXUH QHWZRUN�
6HFRQGO\� ZH ZLOO HPSKDVL]H KRZ WKH SUHYLRXVO\ LQWURGXFHG SDUDPHWUL]DWLRQ FDQ VXFFHVVIXOO\ FDSWXUH
WKH VSDWLDO GLVWULEXWLRQ RI WKH QHWZRUN DQG ZKDW WKH OLPLWDWLRQV DUH�
,Q WKH WKLUG DQG ODVW SDUW� ZH ZLOO KLJKOLJKW KRZ WKLV SDUDPHWUL]DWLRQ FDQ GULYH D VWRFKDVWLF IUDFWXUH VLP�
XODWRU ZLWK HQKDQFHG UHSURGXFWLRQ RI WKH VSDWLDO GLVWULEXWLRQ�

7KLV GRFXPHQW GRHV QRW LQWHQG WR SURYLGH D SOXJ�DQG�SOD\ VROXWLRQ WR EULGJH RXWFURS LPDJHV DQDO\VLV
DQG IUDFWXUH QHWZRUN VLPXODWLRQ� +RZHYHU� ZH ZDQW WR KLJKOLJKW WKH SRWHQWLDO EHQHILW RI DQ H[WHQGHG
�6FKOXPEHUJHU 0DUNHW $QDO\VLV� ����

�
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PXOWL�GLVFLSOLQDU\ FROODERUDWLRQ EHWZHHQ WKH UHPRWH VHQVLQJ� DQG LQ SDUWLFXODU LPDJH DQDO\VLV� DQG JHR�
VFLHQFHV ILHOGV RI UHVHDUFK� 7KLV VWXG\ VKRZV KRZ WKLV ZRXOG ERWK LPSURYH RXU RXWFURS LQWHUSUHWDWLRQ
FDSDELOLWLHV DQG RXU XQGHUVWDQGLQJ RI KRZ PXFK LQIRUPDWLRQ RXWFURS LPDJHV KROG ZLWK UHVSHFW WR XS�
VFDOH VSDWLDO GLVWULEXWLRQ SURSHUWLHV�



�
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7KLV VHFWLRQ LQWHQGV WR SURYLGH WKH UHDGHU ZLWK VRPH FRQWH[W DERXW WKH VXEMHFW RI RXU WKHVLV� :H ILUVW
HPSKDVL]H KRZ RXWFURS DQDO\VHV DUH PDGH DQG WKHLU OLPLWDWLRQV� :H WKHQ UHYLHZ WKH UHFHQW GHYHO�
RSPHQWV LQ UHPRWH VHQVLQJ DQG LQ LPDJH DQDO\VLV� )LQDOO\� ZH ZLOO KLJKOLJKW KRZ SUHGLFWLYH IUDFWXUH
QHWZRUN PRGHOV DUH FUHDWHG� ZKDW WKHLU OLPLWDWLRQV DUH� DQG KRZ LPDJH DQDO\VLV WHFKQLTXHV FRXOG RIIHU
DOWHUQDWLYHV�

���� 2XWFURSV 6WXG\
2QH RI WKH PDLQ IRFXVHV RI WKH LQGXVWU\ KDV EHHQ WR DFFXUDWHO\ FDSWXUH WKH LQ�VLWX IUDFWXUH QHWZRUN
JHRPHWU\ DQG LWV VSDWLDO GLVWULEXWLRQ� ,QGHHG� QDWXUDOO\ IUDFWXUHG UHVHUYRLUV PD\ SUHVHQW H[WUHPHO\
FRPSOH[ DQG KHWHURJHQHRXV QHWZRUNV WKDW FDQ KDYH D VLJQLILFDQW LPSDFW RQ WKH UHVHUYRLU SURGXFWLRQ
EHKDYLRU >��@�

:HOO FRUHV DQG LPDJH ORJV SURYLGH YDOXDEOH LQ�VLWX IUDFWXUH QHWZRUN LQIRUPDWLRQ RQ� IRU H[DPSOH� WKH
IUDFWXUH VSDFLQJ� WKH RULHQWDWLRQ� WKH DSHUWXUH� DQG FHPHQWDWLRQ� +RZHYHU� VRPH LQIRUPDWLRQ FDQQRW
EH DFTXLUHG WKURXJK WKLV VDPSOLQJ� VXFK DV IUDFWXUH OHQJWK >�@� VHFRQGO\� WKH IUDFWXUH VDPSOLQJ VWURQJO\
GHSHQGV RQ ZHOO ORFDWLRQ DQG LQFOLQDWLRQ� DQG� ILQDOO\� WKH DUHD FRYHUHG E\ D ERUHKROH LV H[WUHPHO\ VPDOO
FRPSDUHG WR WKH UHVHUYRLU VFDOH >��@�
�' VHLVPLF VXUYH\V FRYHU D PXFK ODUJHU DUHD� XS WR D UHVHUYRLU VFDOH DQG EH\RQG� EXW DW D UHVROXWLRQ
WKDW LV W\SLFDOO\ WRR ORZ WR GHWHFW PRVW RI WKH IUDFWXUHV >��@�
7KHUHIRUH� D FRPPRQ FRPSOHPHQWDU\ PHWKRG LV WKH FKDUDFWHUL]DWLRQ RI IUDFWXUH QHWZRUNV IURP RXW�
FURSSLQJ VXEVXUIDFH DQDORJV� 7KLV PHWKRG RIIHUV KDQGV�RQ DFFHVV WR IUDFWXUHV� HQDEOLQJ XV WR SHUIRUP
VRPH PHDVXUHPHQWV QRW DFKLHYDEOH LQ RWKHU VXUYH\V� VXFK DV WKH OHQJWK GLVWULEXWLRQ� 2XWFURSV DOVR
KDYH WKH DGYDQWDJH RI KDYLQJ D KLJKHU UHVROXWLRQ WKDQ VHLVPLF VXUYH\V DQG FRYHU D ODUJHU DUHD WKDQ
ERUHKROH LPDJHV� KRZHYHU� WKHLU FRYHUDJH LV VWLOO W\SLFDOO\ EHORZ WKH UHVHUYRLU VFDOH >��@� ,Q DGGLWLRQ WR
WKDW� RXWFURSV GR QRW SURYLGH LQIRUPDWLRQ DERXW WKH LQ�VLWX IUDFWXUH QHWZRUN LQ WKH VXEVXUIDFH� 7KHUH�
IRUH� RXWFURSV FDQQRW EH XVHG DORQH WR EXLOG D UHVHUYRLU PRGHO >��@�

7ZR ILHOG WHFKQLTXHV DUH XVXDOO\ XVHG WR REWDLQ GDWD IURP RXWFURSSLQJ VXUIDFHV� :LWK WKH ILUVW� VFDQ
OLQH DQDO\VLV� ZH FRQVLGHU WKH IUDFWXUHV WKDW LQWHUVHFW D VHW RI UHIHUHQFHV OLQHV �VFDQ OLQHV� FURVVLQJ WKH
URFN ERG\� %\ FKDUDFWHUL]LQJ HDFK IUDFWXUH FURVVLQJ WKH OLQH� GDWD UHSUHVHQWDWLYH RI WKH IRUPDWLRQ FDQ
EH REWDLQHG� VXFK DV DPRXQW RI IUDFWXUHV RU IUDFWXUH RULHQWDWLRQ >��@�
7KH VHFRQG� RXWFURS PDSSLQJ� XVXDOO\ XVHV JHR�UHIHUHQFHG SKRWRJUDSKV RQ ZKLFK WKH IUDFWXUHV FDQ
EH PDQXDOO\ LQWHUSUHWHG DQG WUDFHG� 7KHLU FRUUHVSRQGLQJ DWWULEXWHV VXFK DV VWULNH� GLS� OHQJWK DQG ILOOLQJ
FDQ EH DGGHG� 7KH IUDFWXUHV DUH WKHQ VWRUHG DV GLVFUHWH IHDWXUHV ZLWK WKHLU FRUUHVSRQGLQJ SURSHUWLHV
LQ D GDWDEDVH� ZKLFK LV FDOOHG D 'LVFUHWH )UDFWXUH 1HWZRUN �')1� >�@� 7KH VXEVHTXHQW DQDO\VLV RI WKH
GDWDEDVH DLPV WR HVWDEOLVK VWDWLVWLFDO GLVWULEXWLRQV DQG UHODWLRQVKLSV EHWZHHQ WKHVH DWWULEXWHV >��@�
+RZHYHU� WKLV PHWKRGV LV IXOO\ GHSHQGHQW RQ WKH DELOLW\ RI WKH JHRORJLVW WR DFFXUDWHO\ LQWHUSUHW ODUJH
RXWFURSV� 0RUHRYHU� WKH DPRXQW RI LPDJHV WR EH LQWHUSUHWHG FDQ EH H[WUHPHO\ ODUJH� FDXVLQJ D UHDO
IHDVLELOLW\ LVVXH >�@�

�
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���� 5HPRWH 6HQVLQJ 'HYHORSPHQW
5HPRWH VHQVLQJ WHFKQRORJ\ KDV LPSURYHG D JUHDW GHDO LQ UHFHQW GHFDGHV DQG WKH PLQLDWXUL]DWLRQ RI
VHQVRUV DQG LPDJHU\ V\VWHPV KDV SDYHG WKH ZD\ IRU WKH XVH RI 8QPDQQHG $HULDO 9HKLFOHV �8$9V� IRU
D ZLGH UDQJH RI UHPRWH VHQVLQJ DSSOLFDWLRQV� 7KHVH LPSURYHPHQWV KDYH RQO\ EHFRPH SRVVLEOH UHFHQWO\
DV WKHVH V\VWHPV KDYH EHFRPH DIIRUGDEOH IRU UHVHDUFK DQG FRPPHUFLDO HQWLWLHV� KLWKHUWR FRQILQHG WR
PLOLWDU\ >��@� 7KH VSDWLDO UHVROXWLRQ DYDLODEOH IURP FRQYHQWLRQDO LPDJLQJ WHFKQLTXHV� VXFK DV VDWHOOLWHV
DQG PDQQHG DLUFUDIW� LV W\SLFDOO\ LQ WKH UDQJH RI ��±�� FP�SL[HO� ZKHUHDV 8$9V DUH DEOH WR IO\ DW PXFK
ORZHU DOWLWXGH� WKHUHIRUH ZLWK D FRQVLGHUDEO\ LPSURYHG UHVROXWLRQ� XS WR �FP >��@�

)LJXUH ���� $ 8$9 ZLWK LWV PRYDEOH GLJLWDO FDPHUD XQGHUQHDWK� 7KH 8$9 KDV D GLDPHWHU RI ��� PP DQG D KHLJKW RI ��� PP�
7KLV GURQH KDV EHHQ XVHG LQ RXWFURSV LPDJHV DFTXLVLWLRQ IRU PRVW RI WKH RXWFURSV LPDJHV XVHG LQ WKLV WKHVLV� 6RXUFH� YDQ (LMN
������

&RQFXUUHQW WR WKH GHYHORSPHQW RI DFTXLVLWLRQ WHFKQLTXHV� LPSURYHPHQW DOVR KDV EHHQ PDGH ZLWK LPDJH
SURFHVVLQJ WHFKQLTXHV� LQ SDUWLFXODU SKRWRJUDPPHWU\� 3KRWRJUDPPHWU\ LV D WHFKQLTXH WKDW FDSWXUHV �'
LQIRUPDWLRQ RI IHDWXUHV IURP WZR RU PRUH SKRWRJUDSKV RI WKH VDPH REMHFW� REWDLQHG IURP GLIIHUHQW DQ�
JOHV >��@� 6SHFLILFDOO\� VWUXFWXUH IURP 0RWLRQ �6I0� LV D SKRWRJUDPPHWU\ DOJRULWKP WKDW FUHDWHV �' SRLQW
FORXGV IURP D VHULHV RI RYHUODSSLQJ SKRWRV �ILJXUH ����� 6I0 DOORZV XV WR EXLOG D VXUIDFH PRGHO DQG
HYHQWXDOO\ JHQHUDWHV RUWKRUHFWLILHG SKRWRPRVDLFV >��@� 7KH RUWKRUHFWLILFDWLRQ DLPV WR FRUUHFW WKH LQFOL�
QDWLRQ RI WKH FDPHUD� FRUUHFW WKH SDUDOOD[ HUURU FRPPLWWHG DQG� ILQDOO\� WKH RSWLFDO GLVWRUWLRQV RI WKH OHQV
DQG FDPHUD >��@�

7KHVH KLJK GHILQLWLRQ VXUIDFHPRGHOV� UHPRWHO\ DFTXLUHG� HQDEOH XV WR RYHUFRPHPDQ\ SUREOHPV FDXVHG
E\ GLUHFW ILHOGZRUN REVHUYDWLRQV� :H FDQ FLWH WKH GLIILFXOW\ WR DFFHVV WKH RXWFURSV RU WKHLU LQWULQVLF KD]�
DUGV �H�J� VWHHS VORSH RU FOLIIV� >�@ DV UHDVRQV ZK\ ILHOG REVHUYDWLRQV PD\ EH GLIILFXOW� 7KLV DFTXLVLWLRQ
WHFKQLTXH LV HYHQ PRUH XVHIXO IRU KRUL]RQWDO RXWFURSV� ZKHUH DHULDO LPDJLQJ SURYLGHV WKH QHFHVVDU\
SHUVSHFWLYH� )XUWKHUPRUH� YHU\ ODUJH GLJLWDO GDWDVHWV FDQ EH FROOHFWHG LQ D PDWWHU RI PLQXWHV� >��@�



���� ,PDJH 'HVFULSWLRQ �

)LJXUH ���� 6NHWFK PDS RI RYHUODSSLQJ LPDJHV DFTXLUHG E\ D 8$9�

���� ,PDJH 'HVFULSWLRQ
$Q H[DPSOH RI RXWFURS LPDJH DFTXLUHG ZLWK D OLJKW�ZHLJKW 8$9 FDQ EH VHHQ LQ ILJXUH ����

)LJXUH ���� 2XWFURS LPDJHV DFTXLUHG ZLWK OLJKW�ZHLJKW 8$9� 6RXUFH� %LVGRP ����

,Q WKH LPDJH� IUDFWXUHV FDQ EH YLVXDOO\ REVHUYHG GXH WR WKHLU IXUURZ�OLNH WUDFHV RQ WKH WHUUDLQ� 7KHVH
JURRYHV UHVXOW LQ VKDGRZV WKDW VKDGH WKH IUDFWXUHV� ZKLFK DSSHDU DV GDUN�FRORUHG IHDWXUHV� 2WKHU
GDUNHU IHDWXUHV DUH DOVR SUHVHQW RQ WKH LPDJH� PDLQO\ YHJHWDWLRQ� 7KHUHIRUH� IUDFWXUHV DUH DOVR FKDU�
DFWHUL]HG E\ WKHLU JHRPHWU\� ZKLFK LV PRVWO\ OLQHDU�
,Q WKH IUDPHZRUN RI WKLV WKHVLV� ZH ZLOO PDLQO\ ZRUN RQ WKHVH W\SHV RI IUDFWXUH QHWZRUNV GXH WR WKH YL�
VXDO HYLGHQFH RI IUDFWXUH WUDFHV� ,W PDNHV WKH LQWHUSUHWDWLRQ SURFHVV HDVLHU EXW� DV FRYHUHG LQ WKH QH[W
VHFWLRQ� DOVR DOORZ XV WR XVH LDPJH DQDO\VLV EDVHG PHWKRGV�
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���� ,PDJH $QDO\VLV
8$9 LPDJLQJ LV DQ HGJH�FXWWLQJ WRRO LQ WHUPV RI DFTXLVLWLRQ� EXW� LQ WHUPV RI SURFHVVLQJ� PDQXDO LQWHU�
SUHWDWLRQ UHPDLQV WKH PRVW FRPPRQO\ XVHG DSSURDFK� +RZHYHU� PDQXDO LQWHUSUHWDWLRQ LV D VXEMHFWLYH
DQG WLPH FRQVXPLQJ SURFHVV DQG LV KLJKO\ GHSHQGHQW RQ KXPDQ H[SHULHQFH DQG DELOLW\� 7KHUHIRUH�
WR EHFRPH D UHDO DOWHUQDWLYH �ERWK LQ WHUPV RI SURGXFWLYLW\ DV ZHOO DV DFFXUDF\� WR D WUDGLWLRQDO VXUYH\�
DHULDO LPDJLQJ QHHGV WR EH FRPSOHWHG ZLWK DXWRPDWHG SURFHVVLQJ VRIWZDUH WRROV� QHFHVVDU\ WR DOORZ
WKH HIILFLHQW GHWHFWLRQ RI IUDFWXUHV IURP D ODUJH GDWD VHW RI LPDJHV� <HW� FXUUHQWO\ QR HVWDEOLVKHG IXOO\
DXWRPDWHG PHWKRG H[LVWV >�@�

'HWHFWLQJ IHDWXUHV LQ DHULDO LPDJHV LV D OLYH LVVXH LQ 5HPRWH 6HQVLQJ UHVHDUFK� 6RPH PHWKRGV LQWHQG
WR DGGUHVV WKLV LVVXH EDVHG RQ WKH FRORULPHWU\ RI WKH LPDJH� $Q H[DPSOH LV URDG GHWHFWLRQ IURP DHULDO
LPDJHV� %DVHG RQ WKH REVHUYDWLRQ WKDW URDGV KDYH VLPLODU SL[HO FRORUV RQ WKH LPDJHV� WKH\ FDQ EH
GHWHFWHG E\ GHWHFWLQJ FRORU LQYDULDQW IHDWXUHV >��@� $ PHGLFDO LQYHVWLJDWLRQ DOVR DGGUHVVHG WKH LVVXH RI
GHWHFWLQJ IUDFWXUHV LQ ERQHV XVLQJ LPDJH FRORULPHWU\ >��@� ,Q KLV ZRUN� 0DKHQGUDQ ������ VKRZV WKH
SRVVLELOLW\ RI DXWRPDWLFDOO\ GHWHFWLQJ IUDFWXUHV LQ ;�5D\ LPDJHV E\ ILQGLQJ VKDUS YDULDWLRQV LQ FRORU LQ
WKH LPDJH� LQGLFDWLQJ ERQH GLVFRQWLQXLW\� XVLQJ YDULRXV HGJH GHWHFWRUV�
7KHVH DSSOLFDWLRQV DUH WUDQVSRVDEOH LQ WKH ILHOG RI JHRORJLFDO IUDFWXUH GHWHFWLRQ�

,QVWHDG RI XVLQJ WKH FRORULPHWU\� 9DVXNL HW DO� ������ LQWURGXFHG D VHPL�DXWRPDWHG PHWKRG EDVHG RQ
WKH K\SRWKHVLV WKDW IUDFWXUHV DUH OLQHDPHQWV� XVLQJ WKH +RXJK 7UDQVIRUP WR H[WUDFW OLQHDU IUDFWXUHV RQ
�' ELQDU\ LPDJHV� 7KH +RXJK WUDQVIRUP LV D PDWKHPDWLFDO PHWKRG ZKLFK LQWHQGV WR LGHQWLI\ FROLQHDU
SRLQWV LQ D ELQDU\ LPDJH� 7KLV LV GRQH WKURXJK D YRWLQJ SURFHGXUH FDUULHG RXW LQ WKH SDUDPHWHULF VSDFH
XVHG WR GHVFULEH OLQHDPHQWV� HDFK SRLQW YRWHV IRU DOO OLQHV SRVVLEO\ JRLQJ WKURXJK WKHP� /LQHDPHQWV
DUH WKHQ WKH ORFDO PD[LPD LQ WKH SDUDPHWULF VSDFH��
,Q WKLV PHWKRG WKH +RXJK WUDQVIRUP LV XVHG WR SURSRVH WR WKH XVHU DQ H[KDXVWLYH VHW RI OLQHV� SRWHQWLDOO\
IUDFWXUHV� DPRQJ ZKLFK WKH\ FDQ VHOHFW WKH RQHV WKDW DUH JHRORJLFDOO\ VLJQLILFDQW DQG WKHQ HYHQWXDOO\
PHUJH WKH WUDFHV WKDW EHORQJ WR WKH VDPH IUDFWXUH�
7KLV PHWKRG DFKLHYHV SURPLVLQJ UHVXOWV ZLWK D ELW OHVV WKDQ ��� RI WKH IUDFWXUHV FRUUHFWO\ GHWHFWHG
ZKHQ FRPSDUHG WR D PDQXDO LQWHUSUHWDWLRQ� 7KH WLPH HIILFLHQF\ LV DOVR GHPRQVWUDWHG ZLWK RQO\ �� PLQ�
XWHV RI SURFHVVLQJ FRPSDUHG WR �K RI PDQXDO WUDFNLQJ� 7KLV PHWKRG LV FXWWLQJ�HGJH VLQFH LW XVHV D
UHODWLYHO\ QHZ WRRO� WKH +RXJK 7UDQVIRUP� WR SDUDPHWUL]H IUDFWXUHV� +RZHYHU� WKLV PHWKRG LV OLPLWHG
GXH WR WKH QHHG RI D XVHU IRU SRVW SURFHVVLQJ� DQG DOVR GXH WR GHWHFWLRQ UDWHV WKDW DUH VWLOO WRR ORZ�

7KH QHHG WR UHO\ RQ D VHPL�DXWRPDWHG +RXJK PHWKRG FDQ EH H[SODLQHG E\ WKH OLPLWDWLRQ RI WKH +RXJK
7UDQVIRUP KLJKOLJKWHG E\ .DUQLHOL HW DO� ������� ,Q WKLV VWXG\ KLJKWOLJKWV WKH GLIILFXOWLHV WKH +RXJK $S�
SURDFK KDV LQ GHDOLQJ ZLWK PXOWL�VFDOH IUDFWXUH QHWZRUNV� DQG WKH WHQGHQF\ RI GHWHFWLQJ RQO\ PDMRU
OLQHDPHQWV� 7R GHDO ZLWK WKLV LVVXH� 9DVXNL HW DO� ������ LQWURGXFHG VRPH SDUDPHWHUV WKDW FDQ EH WXQHG
LQ WKH +RXJK VSDFH DQDO\VLV WR DOORZ WKH GHWHFWLRQ RI IUDFWXUHV RI GLIIHUHQW VFDOHV� %XW� WKLV WXQLQJ LV
GRQH PDQXDOO\� OHDYLQJ DQ LPSRUWDQW JDS EHWZHHQ LWV FXUUHQW VWDWH DQG WKH IXOO DXWRPDWLRQ RI +RXJK�
EDVHG IUDFWXUH GHWHFWLRQ WRROV�

,I WKH SRVVLELOLWLHV RI DXWRPDWLRQ RI WKH +RXJK 7UDQVIRUP PHWKRG WR GHWHFW IUDFWXUHV LQ RXWFURS LPDJHV
DUH VWLOO OLPLWHG WR VHPL DXWRPDWHG PHWKRGV� VRPH VKRZ WKH SRVVLELOLW\ WR FKDUDFWHUL]H WKH VSDWLDO GLV�
WULEXWLRQ RI H[LVWLQJ GDWD VHWV XVLQJ WKH +RXJK SDUDPHWUL]DWLRQ >��@�

,Q WKHLU ZRUN� 3RFKHW HW DO� ������ VKRZ WKH SRVVLELOLW\ WR GULYH D GLVFUHWH IUDFWXUH QHWZRUN VLPXODWRU
EDVHG RQ WKH +RXJK WUDQVIRUP� DQG LQ SDUWLFXODU KRZ WR GHGXFH RULHQWDWLRQ DQG SRVLWLRQ RI IUDFWXUH
SODQHV IURP +RXJK VSDFH DQDO\VLV� %DVHG RQ PLFUR VHLVPLF HYHQW RFFXUULQJ GXULQJ K\GUDXOLF IUDFWXUD�
WLRQ� RQH PD\ WUDQVSRVH HDFK RI WKHVH HYHQW LQ WKH +RXJK VSDFH� $ VXEVHTXHQW DQDO\VLV RI WKH +RXJK
VSDFH PD\ UHYHDO VRPH VSDWLDO WUHQGV RI WKH IUDFWXUHV� +RZHYHU WKLV GHVFULSWLRQ LV DSSOLHG RQO\ WR D
FORXG RI SRLQWV� DQG QRW WR WKH HQWLUH QHWZRUN� 7KHUHIRUH WKLV GHVFULSWLRQ REWDLQHG LQ WKH +RXJK VSDFH
GRHVQ¶W LQWHQG WR IXOO\ FKDUDFWHUL]H WKH HQWLUHW\ RI WKH QHWZRUN EXW RQO\ WKH IUDFWXUHV WKDW SOD\ D UROH
GXULQJ WKH K\GUDXOLF IUDFWXUDWLRQ�

�0RUH ZLOO EH FRYHUHG DERXW +RXJK WUDQVIRUP LQ FKDSWHU ��



���� 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ �

���� 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ
2XWFURSV� DQG HYHQ PRUH VR ERUHKROHV� DUH XVXDOO\ VPDOO FRPSDUHG WR WKH UHVHUYRLU VL]H >��@� 7KXV ZH
QHHG WR H[WHQG RXU SDUWLDO NQRZOHGJH RI WKH UHVHUYRLU� 7R GR VR� ZH FDQ FRQVWUXFW D VWDWLVWLFDO GLVFUHWH
IUDFWXUH PRGHO VSDQQLQJ RYHU WKH HQWLUH UHVHUYRLU� 7KLV PRGHO WDNHV� DV LQSXW� WKH IUDFWXUH SURSHUWLHV¶
VWDWLVWLFDO GLVWULEXWLRQ REVHUYHG LQ ERUHKROH ORJV� VHLVPLF VXUYH\V� DQG RXWFURSV VWXGLHV >�@>��@� DQG
LQWHJUDWHV WKHVH GLVWULEXWLRQV WKURXJK VSDFH >�@>��@� 7KH SRVLWLRQ RI WKH IUDFWXUHV LV WKHQ VWRFKDVWLFDOO\
GHWHUPLQHG ZLWK D KHWHURJHQHRXV 3RLVVRQ 3RLQW 3URFHVV >��@ IROORZLQJ D IUDFWXUH GHQVLW\ PDS� 0DQ\
VWXGLHV KDYH VKRZQ WKH SRVVLELOLW\ WR JHQHUDWH D UHVHUYRLU VFDOH IUDFWXUH PRGHO EDVHG RQ WKH VSDWLDO
LQWHJUDWLRQ RI WKHVH VWDWLVWLFDO GLVWULEXWLRQV GHULYHG IURP ILHOG DQG RXWFURSV PHDVXUHPHQWV >��@�

1HYHUWKHOHVV� WKHUH LV QR JXDUDQWHH DERXW WKH TXDOLW\ RI WKH PRGHO� DQG� LQ SDUWLFXODU� VRPH VSDWLDO
WUHQGV REVHUYHG LQ WKH ILHOG� VXFK DV WKH VSDFLQJ RI WKH IUDFWXUHV� DUH QRW WULYLDO WR UHSURGXFH LQ D
VWRFKDVWLF VLPXODWRU� )DLOLQJ WR FDSWXUH WKH VSDWLDO WUHQGV RI WKH QHWZRUN PD\ LPSDLU WKH TXDOLW\ RI WKH
PRGHO� DQG HYHQWXDOO\ UHVXOW LQ SRRU UHVHUYRLU SUHGLFWLRQV�

+HUH ZH SURSRVH DQ H[DPSOH WR LOOXVWUDWH WKH LPSRUWDQFH RI FDSWXULQJ WKH VSDWLDO GLVWULEXWLRQ RI WKH IUDF�
WXUH QHWZRUN� ,Q ILJXUH ���� ZH FRPSDUH D QDWXUDO IUDFWXUH QHWZRUN� REVHUYHG LQ DQ ��[��P VDQGVWRQH
RXWFURS LQ 1RUZD\� DQG D VWRFKDVWLF UHDOL]DWLRQ RI UDQGRPO\ ORFDWHG VWUDLJKW�OLQHV ZKLFK DUH VLPLODU
WR WKH QDWXUDO SDWWHUQ LQ DOO UHVSHFWV� LQFOXGLQJ OHQJWK DQG RULHQWDWLRQ GLVWULEXWLRQ� EXW QRW WKH VSDWLDO
GLVWULEXWLRQ� 7KH IUDFWXUHV KDYH EHHQ LPSODQWHG XVLQJ WKH 3RLVVRQ 3RLQW 3URFHVV

)LJXUH ���� �D� 7KH QDWXUDO SDWWHUQ PDSSHG IURP DQ �� [ �� P DUHD RQ WKH VXUIDFH RI D VDQGVWRQH OD\HU IURP ZHVWHUQ 1RUZD\�
�E� $Q H[DPSOH RI WKH UHDOL]DWLRQV RI UDQGRPO\ VSDWLDOO\ GLVWULEXWHG OLQH VHJPHQWV ZKLFK KDYH VLPLODU RULHQWDWLRQV DQG OHQJWK
GLVWULEXWLRQV DQG OLQH VHJPHQW GHQVLW\ WR WKH QDWXUDO SDWWHUQ� 6RXUFH� 2GOLQJ �������

7KH GLIIHUHQFH EHWZHHQ WKH QDWXUDO QHWZRUN DQG WKH UDQGRP UHDOL]DWLRQ LV YLVXDOO\ SHUFHSWLEOH� GHVSLWH
KDYLQJ VLPLODU RULHQWDWLRQV DQG OHQJWK GLVWULEXWLRQV DQG IUDFWXUH GHQVLW\� 7KLV LV EHFDXVH LQ ILJXUH ����D�
QHLJKERULQJ IUDFWXUHV VKRZ VLPLODU RULHQWDWLRQV� DQG WHQG WR EH FRD[LDO� JLYLQJ WKH LPSUHVVLRQ� RQ RQH
KDQG� RI ORQJHU IUDFWXUHV LQ FDVH �D� DQG� RQ WKH RWKHU KDQG� RI SDUDOOHOLVP� ZKLFK LV QRW DSSDUHQW LQ
FDVH �E��
:H FDQ DOVR KLJKOLJKW WKH GLIIHUHQFH RI WRSRORJ\� 7KH WRSRORJ\ HVVHQWLDOO\ GHVFULEHV WKH UHODWLRQVKLS
EHWZHHQ IUDFWXUHV LQ D QHWZRUN DQG� LQ SDUWLFXODU� WKH ZD\ WKH\ LQWHUVHFW DQG WHUPLQDWH� ,Q WKH QDWXUDO
QHWZRUN� WKHUH LV D VLJQLILFDQW DPRXQW RI W\SH 7 FRQQHFWLRQV �L�H� IUDFWXUH WLS WHUPLQDWLQJ RQ WKH WUDFH RI
DQRWKHU�� ZKLFK DUH D UDULW\ LQ WKH UDQGRP PRGHO ZKHUH DOPRVW DOO WKH LQWHUVHFWLRQV DUH RI W\SH ; �L�H�
IUDFWXUH WUDFHV FURVVLQJ HDFK RWKHU�� RU W\SH , �L�H� ORRVH HQGLQJ IUDFWXUHV��



�� �� /LWHUDWXUH 5HYLHZ

,Q WHUPV RI WKH PDWUL[ SURSHUWLHV DQG� LQ SDUWLFXODU� WKH FRQQHFWLYLW\� WKHVH WZR QHWZRUNV VWURQJO\ GLI�
IHU� 7KH FRQGLWLRQ IRU WZR IUDFWXUHV EHLQJ FRQQHFWHG LV LI WKHUH LV D FOXVWHU �D VHW RI IUDFWXUHV WKDW DUH
FRQQHFWHG >�@� ZKHUH FRQQHFWLYLW\ UHIHUV� LQ WKLV WKHVLV� WR WKH LQVWDQFHV ZKHUH IUDFWXUHV LQWHUVHFW RQH
DQRWKHU� FRQWDLQLQJ ERWK RI WKHP�
7KHUHIRUH� WKH PDLQ DWWULEXWHV WKDW FRQWURO FRQQHFWLYLW\ DUH WKH FOXVWHULQJ� DQG� LQ SDUWLFXODU� WKH VL]H RI
WKH ODUJHVW FOXVWHU >��@�
,Q WKH QDWXUDO FDVH� FOXVWHUV WHQG WR EH ODUJHU� ,Q SDUWLFXODU� WKH ODUJHVW FOXVWHUV UHSUHVHQW ��� RI WKH
WRWDO QHWZRUN WUDFH OHQJWK� ZKLOH� LQ WKH UDQGRP UHDOL]DWLRQ� WKH\ RQO\ UHSUHVHQW ��� >��@� 7KHUHIRUH
KLJKHU FRQQHFWLYLW\ FDQ EH H[SHFWHG LQ WKH QDWXUDO QHWZRUN�
6XFK VWRFKDVWLF PRGHOLQJ ZLOO IDLO WR FDSWXUH WKH VWUXFWXUH RI WKH QHWZRUN DQG� KHQFH� PD\ IDLO WR PRGHO
WKH XQGHUO\LQJ WUDQVSRUW SURSHUWLHV RI WKH V\VWHP >��@� ZKLFK PD\� LQ WXUQ� UHVXOW LQ XQUHDOLVWLF SUHGLF�
WLRQV RI HLWKHU IOXLG IORZ RU SURGXFWLRQ EHKDYLRU >��@� 2GOLQJ ������ VKRZV LQ KHU ZRUN WKDW UDQGRP
UHDOL]DWLRQV XQGHUHVWLPDWH WKH SUREDELOLW\ RI FRQQHFWLYLW\ EHWZHHQ WZR ZHOOV VSDFHG E\ �� P E\ D IDFWRU
RI ���

7KH VSHFLILF VSDWLDO DUUDQJHPHQW RI WKH QDWXUDO QHWZRUN LV QRW WULYLDO WR UHSURGXFH LQ D VWRFKDVWLF ZD\�
'LIIHUHQW ZD\V H[LVW HQGHDYRULQJ WR UHSURGXFH WKH VSDWLDO VWUXFWXUH RI WKH QHWZRUN� 2GOLQJ ������ SUR�
SRVHV WR WDFNOH WKLV LVVXH E\ XVLQJ DQ DSSURDFK EDVHG RQ WKH 3�� �L�H� WKH IUDFWXUH LQWHQVLW\� WKH WRWDO
WUDFH OHQJWK SHU XQLW DUHD�� ,Q WKLV PHWKRG WKH RXWFURS LV GLYLGHG LQWR PXOWLSOH ER[HV DQG WKHLU DYHUDJH
3�� LV FRPSXWHG� 7KHQ ZH FUHDWH D QHZ ER[ RI D VLPLODU VL]H ZKHUH ZH VXFFHVVLYHO\ DGG IUDFWXUHV WR
LW� $IWHU HDFK OLQH VHJPHQW LV DGGHG� WKH 3�� ZLWKLQ WKH ER[ LV FDOFXODWHG DQG JHQHUDWLRQ LV VWRSSHG
ZKHQ WKH GHQVLW\ UHDFKHV WKH DYHUDJH 3�� RI WKH QDWXUDO SDWWHUQ� :H WKHQ UHSHDW WKLV SURFHVV XQWLO WKH
QXPEHU RI ER[HV ZH FUHDWHG FRYHUV WKH GHVLUHG DUHD�

$QRWKHU ZD\ WR NHHS WKH QHWZRUN VWUXFWXUH LV WR XVH WKH WRSRORJ\� ,Q 6DQGHUVRQ DQG 1L[RQ ������ D
VWRFKDVWLF VLPXODWLRQ KRQRULQJ WKH SURSRUWLRQ RI HDFK W\SH RI IUDFWXUH WHUPLQDWLRQ DQG LQWHUVHFWLRQ WHQGV
WR LPSURYH WKH UHQGHULQJ RI VRPH QHWZRUN FKDUDFWHULVWLFV VXFK DV FRQQHFWLYLW\�

,Q WKLV WKHVLV� ZH ZLOO WU\ DQ DOWHUQDWH PHWKRG� WKH +RXJK WUDQVIRUP� DV D ZD\ WR FRQQHFW WKH GRWV EH�
WZHHQ 5HPRWH 6HQVLQJ� DQG LQ SDUWLFXODU LPDJH DQDO\VLV� DQG IUDFWXUH QHWZRUN DQDO\VLV DQG� XOWLPDWHO\�
VLPXODWLRQ�



�
,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH

([WUDFWLRQ
7KH DLP RI WKLV VHFWLRQ LV WR HYDOXDWH KRZ DXWRPDWLF PHWKRGV FDQ EH XVHG WR KHOS JHRORJLVWV H[WUDFW
UHOHYDQW IUDFWXUH QHWZRUN LQIRUPDWLRQ IURP RXWFURS LPDJHV� $IWHU SUHVHQWLQJ WKH W\SH RI LPDJHV XVHG
LQ WKLV WKHVLV� ZH DUH JRLQJ WR WHVW D QXPEHU RI DXWRPDWHG WUDFLQJ PHWKRGV WR VHH LI WKH\ FDQ EH XVHG
WR H[WUDFW IUDFWXUH GDWD� 7KH LPSOHPHQWDWLRQ DQG WHVWLQJ RI WKHVH WHFKQLTXHV ZLOO EH SHUIRUPHG ZLWK
0$7/$%� :H ZLOO IRFXV RQ WKH WUDFLQJ LWVHOI EXW ZH ZLOO DOVR VHH WKDW WKH\ FDQ RIIHU D PHDQV WR FDSWXUH
WKH VSDWLDO GLVWULEXWLRQ RI WKH QHWZRUN�

%HIRUHKDQG ZH ZLOO LQWURGXFH WZR PHWULFV WR TXDQWLI\ WKH DFFXUDF\ RI WKH DXWRPDWHG GHWHFWLRQ�

� )DOVH SRVLWLYH UDWLR LV WKH SURSRUWLRQ RI GHWHFWHG IHDWXUHV LQ WKH DXWRPDWHG PHWKRG WKDW DUH QRW
IUDFWXUHV DFFRUGLQJ D PDQXDO LQWHUSUHWDWLRQ� 7KH UDWLR LV FDOFXODWHG DV ോ  ፋᑨ

ፋᑕ � ZKHUH ፰ LV WKH
WRWDO WUDFH OHQJWK RI GHWHFWHG IHDWXUHV WKDW DUH QRW DFWXDO IUDFWXUHV DQG ፝ LV WKH WRWDO WUDFH OHQJWK
RI GHWHFWHG IHDWXUHV�

� 5HFDOO UDWLR LV WKH SURSRUWLRQ RI WKH PDQXDOO\ LQWHUSUHWHG IUDFWXUH QHWZRUN WKDW KDYH EHHQ FRUUHFWO\
GHWHFWHG� 7KH UDWLR LV FDOFXODWHG DV ൗ  ፋᑔ

ፋᑥ � ZKHUH  LV WKH WRWDO OHQJWK RI WKH IDXOWV LGHQWLILHG E\
WKH DXWRPDWHG PHWKRG DQG DQG ፭ LV WKH WRWDO OHQJWK RI IDXOWV LGHQWLILHG LQ PDQXDO LQWHUSUHWDWLRQ�
7KH DPRXQW RI XQGHWHFWHG IUDFWXUHV LV WKHQ� �� ࢿ ൗ�፭�

���� 6WUDLJKWIRUZDUG )UDFWXUHV 7UDFLQJ 0HWKRG
6WUDLJKW IRUZDUG PHWKRGV DLP WR WUDFH IUDFWXUH QHWZRUNV H[FOXVLYHO\ EDVHG RQ WKH FRORULPHWU\ RI WKH
LPDJH� ,Q WKLV DSSURDFK ZH GHWHFW IUDFWXUHV XVLQJ EDVLF LPDJH SURFHVVLQJ DQG FRPSXWHU YLVLRQ DOJR�
ULWKPV� 7KH\ DUH FDOOHG VWUDLJKWIRUZDUG EHFDXVH WKH\ DUH IDVW DQG HDV\ WR LPSOHPHQW� EXW WKH\ GLVUHJDUG
DQ\ JHRORJLFDO LQSXW VXFK DV H[SHFWHG IUDFWXUH GHQVLW\ RU OHQJWK�RULHQWDWLRQ GLVWULEXWLRQ WKDW PD\ GH�
WHUPLQH LI WKH GHWHFWHG IHDWXUHV DUH UHDOO\ IUDFWXUHV� :H KDYH WHVWHG WZR RI WKHVH PHWKRGV� WKH 6QDNH
0HWKRG DQG WKH $GYDQFHG 6NHOHWRQ �$6��

������ 7KH VQDNH PHWKRG
7KH VQDNH PHWKRG GHULYHV IURP D UHPRWH VHQVLQJ DSSOLFDWLRQ WR GHWHFW URDG QHWZRUNV RQ DHULDO LPDJHV
E\ GHWHFWLQJ FRORU LQYDULDQW IHDWXUHV DV GHVFULEHG LQ WKH OLWHUDWXUH UHYLHZ >��@� ,Q VRPH ZD\V IUDFWXUH
QHWZRUNV FDQ EH VLPLODU WR URDG QHWZRUNV� LQ SDUWLFXODU LQ WHUPV RI JHRPHWU\ �L�H� D QHWZRUN RI OLQHDU
IHDWXUHV� DQG FRORU LQYDULDQFH� WKHUHIRUH VLPLODU PHWKRGV FDQ EH DSSOLHG�

:H KDYH LPSOHPHQWHG D IXQFWLRQ WR GHWHFW VXFK LQYDULDQW IHDWXUHV EDVHG RQ WKH JUD\ OHYHO JUDGLHQW RI
WKH JUD\VFDOH LPDJH� 7KH IXQFWLRQ� ZKHQ JLYHQ D VHHG SRLQW LQ D IUDFWXUH� VWDUWV WR SURSDJDWH IROORZLQJ
WKH SDWK ZKHUH WKH JUD\ OHYHO UHPDLQV WKH PRVW FRQVWDQW� WKHUHIRUH ZLWKLQ RXU FRORU LQYDULDQW IHDWXUH�
/LNH D VQDNH FUDZOLQJ LQ WKH IUDFWXUH SDWWHUQ� LW ZLOO MXPS IURP D SL[HO WRZDUG WKH QH[W LQ WKH GLUHFWLRQ

��



�� �� ,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH ([WUDFWLRQ

ZKHUH LW GHWHFWV WKH IODWWHVW JUD\ OHYHO JUDGLHQW� (YHQWXDOO\� WKH SDWK IROORZHG E\ WKH ´VQDNH´ LV WKH
IUDFWXUH SDWWHUQ�

7KH IXQFWLRQ GHWHFWV WKH IODWWHVW JUDGLHQW XVLQJ D ILQLWH GLIIHUHQFH PHWKRG �)'0�� 7KH SUHFLVLRQ RI WKH
)'0 LV FDOOHG WKH UDGLXV RI LQYHVWLJDWLRQ� 7KH XVHU FDQ VHW WKLV UDGLXV� G� ZLWKLQ ZKLFK WKH VQDNH ZLOO
GHWHFW WKH IODWWHVW VORSH� +HQFH WKH )'0 IRUPXOD LV JLYHQ E\�

൫൧൬��ൣ

፝
ᔤ
።ኻ
_൮ኺ ࢿ ൮።_� IRU HDFK GLUHFWLRQ� �����

)LJXUH ���� 'HWHFWHG WUDFH ZLWK WKH VQDNH IXQFWLRQ� XVHG RQ D
VDWHOOLWH LPDJH RI D ULYHU

������� 5HVXOWV
:H¶YH WHVWHG RXU IXQFWLRQ RQ WZR LPDJHV� )LUVW�
D VDWHOOLWH LPDJH RI D ULYHU� ZKLFK LV VLPL�
ODU WR D IUDFWXUH LQ WKH VHQVH WKDW ZH RE�
VHUYH D FOHDU FRQWUDVW EHWZHHQ WKH REMHFW �ULYHU�
DQG WKH VXUURXQGLQJV� 2XU GHWHFWLRQ SHU�
IRUPHG DFFXUDWHO\ EXW KDV EHHQ OLPLWHG LQ WKH
ILQDO UHVXOW GXH WR LWV LQDELOLW\ WR IROORZ PXOWL�
SOH WUDFHV LI ZH UHDFK D EUDQFK SRLQW �ILJXUH
�����
6HFRQGO\� ZH WHVWHG WKH PHWKRG RQ DQ RXWFURS
LPDJH �ILJXUH ����D��� 7KLV WHVW KDV KLJKOLJKWHG
WKDW WKH VQDNH IXQFWLRQ PD\ EH H[WUHPHO\ XQVWD�
EOH� 7KLV LV FKDUDFWHUL]HG E\ WKH IDFW WKDW LI WKH
VQDNH JHWV RXW RI WKH WUDFH LW ZLOO SURSDJDWH SHU�
PDQHQWO\ RXWVLGH VLQFH LW ZLOO IROORZ D JUD\ OHYHO
ZKLFK LV QRW UHSUHVHQWDWLYH RI WKH IUDFWXUH DQ\�
PRUH�

7KH VQDNH JRHV RXW RI WKH WUDFH ZKHQ WKH JUD\ OHYHO JUDGLHQW ZLWKLQ WKH IUDFWXUH WUDFH LV VWHHSHU WKDQ
WKH HGJH JUDGLHQW� 7KLV VLWXDWLRQ LV REVHUYHG LI WKH JUDGLHQW ZLWKLQ WKH IUDFWXUH LV VKDUS� VXFK DV� IRU
H[DPSOH� IUDFWXUH GLVFRQWLQXLW\ RU YHJHWDWLRQ LQVLGH WKH IUDFWXUH� RU LI WKH JUD\ OHYHO JUDGLHQW RI WKH HGJH
LV VPRRWK� VXFK DV� IRU H[DPSOH� LI WKH LPDJH LV ORFDOO\ EOXUUHG� 7KLV FDQ EH VHHQ LQ ILJXUH ���� DIWHU
LWHUDWLRQ ��� GXH WR EOXUULQJ� WKH VQDNH FKRRVHV D ZURQJ GLUHFWLRQ� 7KLV LV LUUHYHUVLEOH� DQG WKH VQDNH
IROORZV D JUD\ OHYHO� FRUUHVSRQGLQJ WR WKH VXUURXQGLQJV� SHUPDQHQWO\ DV VHHQ LQ ILJXUH ����E��

)LJXUH ���� �D� 'HWHFWHG WUDFH ZLWK WKH VQDNH IXQFWLRQ� XVHG RQ D DHULDO LPDJH RI DQ RXWFURS� �E� *UD\ OHYHO IROORZHG DIWHU HDFK
LWHUDWLRQ�

$ ZD\ WR GHDO ZLWK WKLV UHFXUUHQW LVVXH ZRXOG EH WR VWRS WKH WUDFNLQJ ZKHQ ZH REVHUYH D ODUJH YDULDWLRQ
LQ WKH JUD\ OHYHO� DV REVHUYHG LQ ILJXUH ����E�� 7KHQ� UHTXHVW WKH XVHU WR SURYLGH D QHZ VHHG� +RZHYHU�



���� 6WUDLJKWIRUZDUG )UDFWXUHV 7UDFLQJ 0HWKRG ��

WKDW ZRXOG GHILQLWHO\ LPSDLU WKH DELOLW\ RI WKH VQDNH WR EH DXWRQRPRXV� ZKLFK LV WKH SXUSRVH ZH HQGHDYRU
WR DFKLHYH�

7KHVH FRQVLGHUDWLRQV VKRZ WKDW WKH VQDNH FDQ EH YHU\ SRZHUIXO LI WKH FRQGLWLRQV DUH VXLWDEOH� DV LQ
WKH ILJXUH ���� ZLWK VKDUS IUDFWXUHV HGJHV� FRQWLQXRXV WUDFHV DQG QR EOXUULQJ� %XW� VLQFH LW FDQQRW GHDO
FRQFXUUHQWO\ ZLWK PXOWLSOH WUDFHV DQG LV XQDEOH WR GHDO ZLWK IUDFWXUH GLVFRQWLQXLW\ DQG ORFDO EOXUULQJ� WKH
DSSOLFDWLRQ RI WKLV PHWKRG WR DQ RXWFURS LPDJH LV WKHUHIRUH OLPLWHG WR VRPH VSHFLILF FDVHV WKDW PHHW DOO
WKHVH FULWHULD�

������ 7KH $GYDQFHG 6NHOHWRQ
������� 0HWKRGRORJ\
2EVHUYDWLRQV RI DQ RXWFURS SLFWXUH VKRZ XV WKDW IUDFWXUHV DUH XVXDOO\ WKH GDUNHU HOHPHQWV� GXH WR WKH
VKDGRZ LQGXFHG E\ WKH UHOLHI� 7KHUHIRUH� LI ZH WKUHVKROG WKH SLFWXUH WR WKH KLJKHVW JUD\�OHYHO� ZH FRXOG
H[WUDFW D URXJK QHWZRUN VKDSH� 7KH $GYDQFHG 6NHOHWRQ �$6� LV D ZD\ WR UHILQH WKLV LPSHUIHFW VKDSH
DQG HYHQWXDOO\ SURYLGH D IUDFWXUH QHWZRUN UHSUHVHQWHG E\ D FROOHFWLRQ RI OLQHV�

)LJXUH ���� 7KUHVKROGLQJ DW GLIIHUHQW JUD\ OHYHO� IURP OHIW WR ULJKW� RULJLQDO SLFWXUH� WKUHVKROG DW ��� DQG ���

:H FDQ VHH RQ ILJXUH ���� IRU LQFUHDVLQJ WKUHVKROG YDOXHV� WKH GHSLFWLRQ RI WKH IUDFWXUH QHWZRUN LQ�
FUHDVHV� PRUH IUDFWXUHV DUH GHWHFWHG DQG WKH\ ORRN PRUH FRQWLQXRXV� %XW� LQFUHDVLQJ WKH WKUHVKROG
DOVR OHDGV WR D QRLVLHU LPDJH� :H REVHUYH KHUH WKUHH W\SHV RI QRLVH� VDOW�DQG�SHSSHU QRLVH �L�H� GH�
WHFWHG IHDWXUHV RI WKH VL]H RI RQO\ IHZ SL[HOV >�@�� H[WHUQDO QRLVH �L�H� IHDWXUHV WKDW DUH QRW IUDFWXUHV VXFK
DV YHJHWDWLRQ� DQG GLVVROXWLRQ QRLVH �L�H� FRPSOH[ DQG WRUWXRXV IUDFWXUH HGJHV��
,Q SDUWLFXODU� VDOW�DQG�SHSSHU DQG H[WHUQDO QRLVH WHQG WR LQFUHDVH ZLWK D KLJKHU WKUHVKROG� 7KLV FRUUH�
ODWLRQ FDQ EH H[SODLQHG E\ WKH IDFW WKDW DV WKH WKUHVKROG LQFUHDVHV� PRUH H[WHUQDO IHDWXUHV� VXFK DV
WUHHV� DUH FDSWXUHG UHVXOWLQJ LQ H[WHUQDO QRLVH� DV DUH VRPH VPDOO ORFDO EDFNJURXQG HOHPHQWV� UHVXOWLQJ
LQ VDOW�DQG�SHSSHU QRLVH�

'LVVROXWLRQ QRLVH DSSHDUV ZKHQ WKH HGJH RI WKH IUDFWXUHV DUH YDJXH� HLWKHU GXH WR QDWXUDO ZHDWKHULQJ
RU EHFDXVH WKH LPDJH LV ORFDOO\ EOXUUHG� 7KHVH XQFOHDU PDUJLQV WHQG WR EH GHWHFWHG DORQJVLGH WKHLU
UHVSHFWLYH IUDFWXUHV� 7KHUHIRUH WKLV QRLVH LV SUHVHQW DW HYHU\ WKUHVKROG OHYHO�
7KHUHIRUH� D JRRG EDODQFH QHHGV WR EH UHDFKHG EHWZHHQ DQ H[KDXVWLYH GHWHFWLRQ ZKLFK LV QRLVH SURQH�
RU D OLPLWHG GHWHFWLRQ ZLWK OLWWOH QRLVH�

:H LQWURGXFHG WKH $6 PHWKRG WR DOORZ D KLJK WKUHVKROG ZKLOH HOLPLQDWLQJ WKH VDOW�DQG�SHSSHU DQG GLV�
VROXWLRQ QRLVH� )LUVW� ZH SHUIRUP D PRUSKRORJLFDO ILOWHULQJ RSHUDWLRQ WR UHPRYH VDOW�DQG�SHSSHU QRLVH�



�� �� ,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH ([WUDFWLRQ

7KLV LV DFKLHYHG E\ UHPRYLQJ HYHU\ IHDWXUHV RI D VL]H XQGHU D FHUWDLQ WKUHVKROG >�@� 7KH WKUHVKROG LV
HDV\ WR VHOHFW VLQFH WKHUH LV D GLIIHUHQFH LQ PDJQLWXGH E\ D IDFWRU ��� EHWZHHQ VDOW�DQG�SHSSHU QRLVH
DQG DFWXDO IUDFWXUHV�

7KHQ ZH XVH WKH D VNHOHWRQ RSHUDWRU WR WULP WKH QRLVH GLVVROXWLRQ DQG UHGXFH WKH ELQDU\ LPDJH WR D
EXQGOH RI VWULQJV� ZKLFK DUH UHSUHVHQWDWLYH RI WKH IUDFWXUHV� 7KH VNHOHWRQ RSHUDWRU LV D DQ DOJRULWKP
WKDW FRQWLQXRXVO\ UHPRYHV SL[HOV RQ WKH ERXQGDULHV RI REMHFWV EXW ZLOO QRW DOORZV REMHFWV WR EUHDN DSDUW
>�@� 7KH SL[HOV UHPDLQLQJ PDNH XS WKH LPDJH VNHOHWRQ� DV VHHQ LQ ILJXUH ����

)LJXUH ���� &RQFHSWXDO GHVFULSWLRQ RI WKH 6NHOHWRQ 2SHUDWRU RQ D ELQDU\ LPDJH� &UHGLW� $SDFKH 7HFKQRORJ\ /WG�

,Q WKLV SURFHVV� PDQ\ XQZDQWHG VNHOHWRQ EUDQFKHV DUH FUHDWHG� WULJJHUHG E\ WKH XQHYHQ HGJHV RI IUDF�
WXUHV RQ WKH ELQDU\ LPDJH �WKH GLVVROXWLRQ QRLVH�� 7KLV HIIHFW FDQ EH VHHQ LQ ILJXUH ���� ZH KDYH D
VHPLFLUFXODU IHDWXUH ZLWK XQHYHQ HGJHV� IRU LQVWDQFH� ZH REVHUYH D OLWWOH VSXU RQ WKH WRS�OHIW� 7KLV VSXU
ZLOO OHDG WR WKH FUHDWLRQ RI D EUDQFK WKDW LV QRW UHSUHVHQWDWLYH RI WKH IHDWXUH�
5HPRYLQJ XQZDQWHG EUDQFKHV LV D GLIILFXOW VWHS VLQFH ZH GRQ¶W KDYH D XQLYHUVDO FULWHULRQ WR GHWHUPLQH LI
D EUDQFK LV UHOHYDQW RU QRW� :KDW ZH FDQ GR KRZHYHU� VLQFHPRVW RI WKH EUDQFKHV DUH WULJJHUHG E\ VSXUV�
LV WR UHPRYH DOO WKH WHUPLQDWLQJ EUDQFKHV �EHWZHHQ DQ HQGSRLQW RI WKH VNHOHWRQ DQG WKH QH[W EUDQFK
FRQQHFWLRQ�� DQG UHSHDW WKLV RSHUDWLRQ� :H WKHQ PDNH WKH DVVXPSWLRQ WKDW PRVW RI WKH EUDQFKHV DUH
DUWLIDFWV�

������� 5HVXOWV
,Q WKH ILJXUH ���� ZH VHH WKH UHVXOW RI WKH DSSOLFDWLRQ RI WKH VNHOHWRQ DQG WKH $GYDQFHG 6NHOHWRQ DIWHU
� VXEVHTXHQW EUDQFK UHPRYDOV� ,Q SDUWLFXODU� ZH FDQ REVHUYH WKH GLIIHUHQFH EHWZHHQ WKH WZR� 7KH
UHVXOWV DUH HQFRXUDJLQJ� VLQFH D FRPSUHKHQVLYH GHWHFWLRQ KDYH EHHQ SHUIRUPHG ZLWK D YHU\ OLPLWHG
DPRXQW RI QRLVH� 7KH UHFDOO UDWH LV YHU\ KLJK FRPSDUHG ZLWK WKH PRGHO SHUIRUPHG PDQXDOO\ E\ D WUDLQHG
JHRORJLVW� ZKLFK WHQGV WR FRQILUP WKDW RXU DVVXPSWLRQ RI PRVW RI WKH EUDQFKHV EHLQJ DUWLIDFWV LV FRUUHFW�

<HW� WKLV PRGHO KDV D IODZ� DV VHHQ LQ WKH UHG ER[ LQ ILJXUH ���� D SUHYLRXVO\ FRQWLQXRXV WUDFH KDV EHHQ
GLYLGHG LQ WZR GLVWLQFW VHJPHQWV E\ WKH EUDQFK UHPRYDO� 7KH RXWSXW ZH JHQHUDWH ZLWK WKH $6 PHWKRG
LV WKHUHIRUH TXHVWLRQDEOH VLQFH VRPH IUDFWXUHV PD\ KDYH EHHQ DOWHUHG� ,Q DGGLWLRQ WR WKDW� WKH RXWSXW
RI WKH $6 PHWKRG LV QRW UHDOO\ QHDW LQ WKH VHQVH WKDW WKHUH DUH VWLOO XQZDQWHG EUDQFKHV DQG GHWHFWHG
IUDFWXUH DUH WRUWXRXV �ZKHUH WUDGLWLRQDO LQWHUSUHWDWLRQ XVXDOO\ IDYRUV VWUDLJKW OLQHV�� )XUWKHUPRUH� H[WHU�
QDO QRLVH� VXFK DV YHJHWDWLRQ� UHPDLQV GHVSLWH WKH EUDQFK UHPRYDO�

7R DGGUHVV WKHVH LVVXHV DQG HQKDQFH RXU $6 PHWKRG� ZH SURSRVH D PHWKRG LQ WKH QH[W VHFWLRQ ZKLFK
FDQ WDNH LQWR DFFRXQW VRPH JHRORJLFDO LQSXW �XQOLNH VWUDLJKWIRUZDUG PHWKRGV�� VXFK DV WKH VKDSH RI WKH
IUDFWXUH �OLQHDPHQW�� WKH PLQLPXP OHQJWK RI WKH IUDFWXUHV RU WKH SRVVLEOH RULHQWDWLRQV�



���� 7KH +RXJK 7UDQVIRUP 0HWKRG ��

)LJXUH ���� �D� 7KH LQLWLDO VNHOHWRQ� �E� $GYDQFHG VNHOHWRQ �DIWHU � VXFFHVVLYH EUDQFK UHPRYDO RSHUDWLRQ��

���� 7KH +RXJK 7UDQVIRUP 0HWKRG
$V FRYHUHG LQ WKH OLWHUDWXUH UHYLHZ� WKH +RXJK 7UDQVIRUP 0HWKRG �+70� RIIHUV DQ ZD\ WR H[WUDFW OLQHDU
IHDWXUHV LQ D ELQDU\ LPDJH� )UDFWXUHV FDQ EH FRQVLGHUHG WR VRPH H[WHQW DV OLQHDU� WKHUHIRUH WKLV PHWKRG
ZRXOG RIIHU DQ LQQRYDWLYH ZD\ WR LGHQWLI\ IUDFWXUHV RQ RXWFURS LPDJHV�
7KLV PHWKRG FDQ DOVR DFFRXQW IRU JHRORJLFDO LQSXW EHFDXVH ZH FDQ OLPLW WKH GHWHFWLRQ WR FHUWDLQ VKDSHV
�OLQHV� DQG FHUWDLQ SDUDPHWHUV �L�H� RULHQWDWLRQ GLVWULEXWLRQ� IUDFWXUH GHQVLW\� PLQLPXP IUDFWXUH WUDFH
OHQJWK�����

������ 7KH +RXJK WUDQVIRUPDWLRQ
7KH HTXDWLRQ RI D OLQH FDQ EH H[SUHVVHG LQ D SDUDPHWULF IRUP DV� ဃ  ൶ൢ൭൱�� � ൷൱൧൬��� ZKHUH ဃ LV
WKH GLVWDQFH WR DQ DUELWUDU\ RULJLQ RI WKH FORVHVW SRLQW RQ WKH D[LV RI WKH OLQH� DQG  WKH DQJOH EHWZHHQ
WKH [�D[LV DQG WKH OLQH FRQQHFWLQJ WKH RULJLQ WR WKDW FORVHVW SRLQW �ILJXUH ���� >�@�

)LJXUH ���� SDUDPWHULF HTXDWLRQ RI D OLQH 6RXUFH� 'XG DQG +DUW
������

7KH +RXJK WUDQVIRUP ZLOO WDNH DGYDQWDJH RI WKLV
SDUDPHWUL]DWLRQ WR GHWHFW WKH SUHVHQFH RI OLQHV
GHVFULEHG E\ ဃ  ൶ൢ൭൱�� � ൷൱൧൬���
*LYHQ D SRLQW �൶� ൷� RQ WKH LPDJH� ZH FDQ
LGHQWLI\ DOO WKH SDUDPHWHUV �ဃ� � WKDW ³DJUHH´
ZLWK WKDW SRLQW DV WKRVH WKDW FRUUHVSRQG WR
DOO WKH OLQHV WKDW SDVV WKURXJK �൶� ൷�� (DFK
LPDJH SRLQW �൶� ൷� ZLOO WKXV FRUUHVSRQG WR D
VLQXVRLGDO WUDFH LQ WKH +RXJK VSDFH �ILJXUH
����

7KLV PHWKRG LV LPSOHPHQWHG LQ 0$7/$%�� D � GL�
PHQVLRQDO PDWUL[� DOVR FDOOHG D +RXJK 0DWUL[ RU
DFFXPXODWRU DUUD\� ZKHUH HDFK ELQ FRUUHVSRQGV
WR D SDLU RI � ဃ�  !� LV FUHDWHG� 7KHQ� IRU HDFK
QRQ�QXOO SL[HO LQ D ELQDU\ LPDJH� ZH ZLOO FDOFXODWH
DOO WKH SRVVLEOH SDLUV RI � ဃ�  !� FRUUHVSRQGLQJ
WR DOO WKH SRVVLEOH OLQHV JRLQJ WKURXJK LW� DQG LQ�
FUHPHQW WKH FRUUHVSRQGLQJ ELQ LQ WKH DFFXPXODWRU >�@� 7KHUHIRUH FROLQHDU SRLQWV ZLOO YRWH PXOWLSOH WLPHV
IRU WKH VDPH ELQ� KLJKOLJKWLQJ WKH SUHVHQFH RI D OLQHDPHQW�
�,Q 0$7/$% ᎕� LV GHILQHG E\ WKH DQJOH RI WKH OLQHDPHQW LWVHOI ZLWK WKH \�D[LV� FORFNZLVH >��@



�� �� ,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH ([WUDFWLRQ

)LJXUH ���� 6LQXVRLGDO WUDFH RI D SRLQW LQ WKH +RXJK VSDFH�

$V DQ H[DPSOH� LQ ILJXUH ���� � SL[HOV DUH DOLJQHG RQ DQ D[LV FKDUDFWHUL]HG E\� ဃ  ���  �൰ൠൣ !� :H
VHH WKHLU UHVSHFWLYH VLQXVRLGDO WUDFHV LQ WKH +RXJK VSDFH LQ ILJXUH �E�� (DFK WUDFH �SRLQW� ZLOO LQFUHPHQW
RQFH IRU HDFK ELQ WKDW LW FURVVHV� 7KLV YRWLQJ DSSURDFK VKRZV HYLGHQFH RI OLQHV IRU HDFK SHDN SUHVHQW
LQ WKH DFFXPXODWRU� 7KH ORQJHU WKH OLQHDPHQW LV� WKH KLJKHU SHDN�
2EYLRXVO\ LI D SL[HO KDV D VOLJKW RIIVHW WR WKH D[LV� IRU H[DPSOH LQ WKH FDVH RI D FXUY\ WUDFH� LW ZLOO QRW
LQFUHPHQW WKH FRUUHFW ELQ� 7KHUHIRUH LW ZLOO OHDG WR D VR�FDOOHG SHDN¶V GLOXWLRQ� ZKHUH WKH YDOXH RI WKH
SHDN LV EHORZ WKH UHDO DPRXQW RI SL[HOV SUHVHQW LQ WKH WUDFH�

)LJXUH ���� �D� � FROLQHDU SRLQWV� �E� ,Q WKH +RXJK GRPDLQ� HDFK VLQXVRLGDO WUDFH LV WKH WUDQVIRUP RI � SRLQW� �F� (DFK ELQ YDOXH
LV WKH WKH QXPEHU RI WUDFHV �SRLQWV� JRLQJ WKURXJK WKLV ELQ� $ SHDN �YDOXH �� LV VHHQ DW WKH FRRUGLQDWH RI WKH FROLQHDU D[LV�

������ 0HWKRGRORJ\
,GHQWLI\LQJ OLQHDPHQWV� DQG WKXV IUDFWXUHV� RQ WKH RXWFURS LPDJHV FDQ EH DFKLHYHG LQ WZR VWHSV� ILUVW
WUDQVIRUPLQJ WKH LPDJH LQWR D ELQDU\ LPDJH WKDW NHHSV RQO\ IUDFWXUH�OLNH HOHPHQWV� WKHQ WUDQVIRUPLQJ
WKH ELQDU\ LPDJH LQWR WKH +RXJK VSDFH DQG H[WUDFWLQJ WKH OLQHDPHQWV IURP WKH +RXJK GLDJUDP�



���� 7KH +RXJK 7UDQVIRUP 0HWKRG ��

7KLV PHWKRG DOUHDG\ KDV EHHQ LPSOHPHQWHG RQ D VHPL�DXWRPDWHG EDVLV� ,Q WKHLU ZRUN� 9DVXNL HW DO�
������ ELQDUL]H WKH LPDJH XVLQJ DQ HGJH GHWHFWRU� WKHQ WKH\ WUDQVIRUP LW LQWR WKH +RXJK VSDFH� 7KHQ�
WKH SHDNV DUH GHWHFWHG LQ WKH +RXJK VSDFH� +RZHYHU� WKH SHDN H[WUDFWLRQ FDQQRW EH GRQH VWUDLJKW�
IRUZDUGO\� QRQ IUDFWXUHV HOHPHQW RQ WKH ELQDU\ LPDJH FDQ HLWKHU FUHDWH XQZDQWHG SHDNV RU PDVN DFFX�
UDWH RQHV� 7R RYHUFRPH WKLV LVVXH� 9DVXNL HW DO� ������ LQWURGXFHV � FULWHULD DV D ZD\ WR GLVFULPLQDWH
ZKHWKHU SHDNV FRUUHVSRQG WR D IUDFWXUH WUDFH RU QRW� 7KHVH FULWHULD ZLOO EH� WKH UDQJH RI SRVVLEOH RUL�
HQWDWLRQV� WKH PLQLPDO OLQHDPHQW OHQJWK� WKH PD[LPDO GLVFRQWLQXLW\ ZLWKLQ D OLQHDPHQW DQG WKH PLQLPDO
VSDFLQJ EHWZHHQ WZR OLQHDPHQWV� 7KH FULWHULD YDOXHV DUH VHOHFWHG HPSLULFDOO\ RQ RQH VSHFLILF LPDJH�
DQG WKH XVHU LV XOWLPDWHO\ UHVSRQVLEOH WR UHILQH WKH RXWSXW E\ UHPRYLQJ IDOVH SRVLWLYHV DQG DGGLQJ WUDFHV
OHIW XQGHWHFWHG E\ WKH PHWKRG >��@�

:H SURSRVH KHUH DQ DOWHUQDWLYH PHWKRG ZKLFK LV IXOO\ DXWRPDWHG� ,Q D ILUVW VWDJH� ZH SURSRVH WR VWXG\
KRZ ZH FDQ HQKDQFH WKH ELQDUL]DWLRQ XVLQJ RXU SUHYLRXVO\ LQWURGXFHG $GYDQFHG 6NHOHWRQ�
7KHQ ZH ZLOO VWXG\ WKH LQIOXHQFH DQG VHQVLWLYLW\ RI WKH � FULWHULD� :H ZDQW WR XQGHUVWDQG KRZ GLIIHUHQW
FULWHULRQ YDOXHV LQIOXHQFH WKH HIILFLHQF\ RI WKH +RXJK PHWKRG WR XOWLPDWHO\ GHYHORS DQ DXWRPDWHG VH�
OHFWLRQ VWUDWHJ\ WKDW FRXOG DGDSW WR PDQ\ GLIIHUHQW LPDJHV RU IUDFWXUH QHWZRUNV� ,QGHHG� DQ HPSLULFDO
VHOHFWLRQ RI WKH FULWHULD ZLWK D ODUJH GDWD VHW LV QRW SRVVLEOH VLQFH LPDJHV� EXW DOVR IUDFWXUHV� PD\ EH
H[WUHPHO\ GLIIHUHQW�
(YHQWXDOO\� EDVHG RQ RXU UHVXOW ZH ZLOO LQWURGXFH DQ DXWRPDWLRQ RI WKH +RXJK 7UDQVIRUP 0HWKRG�

������ %LQDUL]DWLRQ DQG &ULWHULRQ 6WXG\
%LQDUL]DWLRQ RI WKH LPDJH
7R REWDLQ WKH ELQDU\ LPDJH� LQSXW IRU WKH +RXJK WUDQVIRUP� 9DVXNL HW DO� ������ VXJJHVW WR XVH D &DQQ\
HGJH GHWHFWRU� 7KLV GHWHFWRU ZLOO ILQG VKDUS JUDGLHQWV LQ WKH JUD\ OHYHO DQG H[WUDFW WKHP DV WKH ERXQG�
DULHV RI HOHPHQWV �ILJXUH ����� 7KLV DSSURDFK LV QRW VXLWDEOH LQ RXU FDVH IRU WZR PDLQ UHDVRQV�
)LUVW� IUDFWXUHV PD\ QRW EH WKH RQO\ IHDWXUHV SUHVHQW RQ WKH LPDJH� 8QHYHQQHVV RI WKH URFN� YHJHWDWLRQ�
SRZHU OLQHV DQG URDGV ZLOO SURYLGH PDQ\ XQZDQWHG HGJHV�
7KH VHFRQG UHDVRQ LV GXH WR WKH YDJXHQHVV RI WKH HGJHV� 7KHUHIRUH� WKH HGJHV RI IUDFWXUHV ZLOO EH
HLWKHU QRW GHWHFWHG RU WKH\ ZLOO EH YHU\ LUUHJXODU� 7KLV ZLOO ODWHU OHDG WR WKH VRIWHQLQJ RI WKH SHDNV LQ WKH
+RXJK 7UDQVIRUP� VLQFH SHDNV DUH HQKDQFHG E\ WKH DPRXQW RI DOLJQHG SL[HOV�

)LJXUH ���� &RPSDULVRQ RI WZR ELQDUL]DWLRQ WHFKQLTXHV� �D� &DQQ\ (GJH 'HWHFWRU �E� $6 PHWKRG �E��

7KHUHIRUH� ZH GHFLGHG WR ELQDUL]H WKH LPDJH XVLQJ WKH $6 PHWKRG� 7KH $6 DSSURDFK KDV SURYHQ LWV
DELOLW\ WR GHDO ZLWK GLVVROXWLRQ QRLVH DQG SURYLGHV D ELQDU\ LPDJH WKDW LV DOUHDG\ UHSUHVHQWDWLYH RI WKH
IUDFWXUH QHWZRUN�

7KH GRPDLQ RI WKH +RXJK 7UDQVIRUP
:LWK UHJXODU SDWWHUQV� LQ ZKLFK DOO WKH IUDFWXUHV IROORZ RQH RU WZR PDLQ GLUHFWLRQV� ZH FDQ GHILQH WKH
ERXQGDULHV RI WKH +RXJK 'RPDLQ WR FHUWDLQ DQJOHV� %\ OLPLWLQJ WKH DGPLVVLEOH OLQHV WR D FHUWDLQ UDQJH
RI DQJOHV� PDQ\ IDOVH SRVLWLYHV ZLOO EH UHPRYHG ZLWKRXW IXUWKHU SURFHVVLQJ�
,Q WKH H[DPSOH ����� ERXQGLQJ WKH GRPDLQ DYRLGV PDQ\ IDOVH SRVLWLYHV� +RZHYHU ZLWK PRUH FRPSOH[



�� �� ,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH ([WUDFWLRQ

SDWWHUQV� ZKHUH WKH UDQJH RI IUDFWXUH RULHQWDWLRQV LV YHU\ ZLGH� WKLV FRQFHSW EHFRPH REVROHWH�

)LJXUH ����� &RPSDULVRQ EHWZHHQ DQ XQERXQGHG +RXJK 'RPDLQ �/()7� DQG D 'RPDLQ OLPLWHG WR DQJOH UDQJH RI ���� WR ����
�5,*+7��

0LQLPXP /HQJWK
7KLV FULWHULRQ GHILQHV WKH PLQLPDO OHQJWK RI GHWHFWHG IHDWXUHV� %HORZ WKLV PLQLPXP� REMHFW DUH GLVUH�
JDUGHG�
,Q WKH ILJXUH ����� UHGXFLQJ WKH PLQLPDO OHQJWK WULJJHUV WKH GHWHFWLRQ RI PDQ\ VPDOO VFDOH DUWLIDFWV� KRZ�
HYHU� LW DOVR LQFUHDVHV WKH GHWHFWLRQ RI UHDO IUDFWXUHV� ZKLFK DUH RIWHQ D FROOHFWLRQ RI VPDOO OLQHDPHQW
VHJPHQWV�

)LJXUH ����� &RPSDULVRQ EHWZHHQ D PLQLPXP OHQJWK RI �� SL[HOV �/()7� DQG �� SL[HOV �5,*+7��

0D[LPXP /LQHDPHQW 'LVFRQWLQXLW\
7R RYHUFRPH WKH SUHYLRXVO\ PHQWLRQHG GLVFRQWLQXLW\ LVVXH� ZH FDQ DOVR GHFLGH WKDW EHORZ D FHUWDLQ
JDS� OLQHV WKDW DUH RQ WKH VDPH D[LV VKRXOG EH PHUJHG�
,W LV GLIILFXOW WR DVVHV ZHDWKHU WZR WUDFHV RQ WKH VDPH D[LV DUH UHDOO\ PHPEHUV RI D XQLTXH IUDFWXUH�
,Q WKH ILJXUH ���� PDQ\ VPDOO IHDWXUHV RQ WKH D[LV ���� DUH HUURQHRXVO\ PHUJHG� +RZHYHU FRQWLQXLW\
RI UHDO IUDFWXUHV LV PRUH UHVSHFWHG� 2QO\ D WKRURXJK JHRORJLFDO DVVHVVPHQW� ZKLFK WKH FRPSXWHU LV
XQDEOH WR GR� FDQ LW EH GHWHUPLQHG ZKLFK PHUJHG OLQHDPHQWV DUH UHOHYDQW RU QRW�



���� 7KH +RXJK 7UDQVIRUP 0HWKRG ��

)LJXUH ����� &RPSDULVRQ EHWZHHQ PD[LPXP JDS RI �� SL[HOV �/()7� DQG �� SL[HOV �5,*+7��

7KH &DQFHOODWLRQ 5DQJH
:KHQ ZH H[WUDFW WKH SHDNV� ZH VHW WKH DFFXPXODWRU LQ D FHUWDLQ UDQJH DURXQG WKH SHDN WR ]HUR� LQ ZKDW
ZH FDOO WKH FDQFHOODWLRQ ]RQH� 7KLV DLPV WR DYRLG SLFNLQJ XS WZR SHDNV WKDW DUH YHU\ FORVH DQG PD\
UHSUHVHQW WKH VDPH IHDWXUH� ([WHQGLQJ WKH FDQFHOODWLRQ ]RQH PD\ UHPRYH PXOWLSOHV �L� H� GHWHFWHG
IHDWXUHV UHSUHVHQWLQJ WKH VDPH IUDFWXUH� ILJXUH ������ EXW PD\ DOVR FDQFHO RWKHU GLVWLQFW IUDFWXUH FORVH
WR HDFK RWKHUV�

)LJXUH ����� $Q H[DPSOH RI PXOWLSOH LQ +70

'LVFXVVLRQ
$V H[HPSOLILHG LQ WKH DERYH ILJXUHV� YDULDWLRQ LQ WKH FULWHULRQ YDOXHV JHQHUDWHV GLIIHUHQW UHVXOWV� 7KH
UHVXOWV GLIIHU LQ WKHLU SUHFLVLRQ� WKHLU DFFXUDF\ DQG WKHLU UHVROXWLRQ� \HW QR RSWLPXP LV HDVLO\ UHDFKDEOH�
:H DOZD\V HLWKHU IDYRU D FRQVHUYDWLYH DSSURDFK ZLWK D ORZ UHFDOO UDWH EXW D YHU\ ORZ UDWH RI IDOVH
SRVLWLYHV� RU WKH RSSRVLWH� DQ RSWLPLVWLF DSSURDFK ZLWK D KLJK IDOVH SRVLWLYH UDWH� EXW D KLJK UHFDOO UDWH�
7KLV FDQ VHHQ LQ WDEOH ����

)LJXUH 5HFDOO UDWLR )DOVH SRVLWLYH UDWLR
�����D� +LJK +LJK
�����E� 0RGHUDWH /RZ
�����D� +LJK 0RGHUDWH
�����E� 9HU\ /RZ 9HU\ /RZ
�����D� 0RGHUDWH /RZ
�����E� +LJK +LJK

4XDOLW\ 6FDOH
*RRG
0RGHUDWH
3RRU
9HU\ SRRU

7DEOH ���� 4XDOLWDWLYH UHFDOO DQG IDOVH SRVLWLYH UDWLRV IRU WKH DERYH ILJXUHV� 7KHUH DUH QR FDVHV RI D JRRG UHFDOO DQG IDOVH SRVLWLYH
UDWLR�



�� �� ,PDJH $QDO\VLV IRU )UDFWXUH 7UDFH ([WUDFWLRQ

7KHVH UHVXOWV WHQG WR LQGLFDWH D KLJK YDULDELOLW\ LQ RXWSXWV� DQG VKRZ WKDW DQ RSWLPDO GHWHUPLQLVWLF VHW RI
FULWHULD GRHV QRW QHFHVVDULO\ H[LVW� %\ RSWLPXP ZH PHDQ D VHW RI YDOXHV WKDW WULJJHU D FRPSUHKHQVLYH
QHWZRUN GHWHFWLRQ �KLJK UHFDOO UDWLR� ZLWK D ORZ DPRXQW RI QRLVH �IDOVH SRVLWLYH UDWLR��

+RZHYHU� ZH DOVR QHHG WR ZHLJK WKHVH GLIIHUHQW UHVXOWV IURP D JHRORJLFDO SHUVSHFWLYH� ,QGHHG� VRPH
UHVXOWV� GHVSLWH KDYLQJ ORZHU UHFDOO UDWLRV� LQFUHDVH WKH JHRORJLFDO VLJQLILFDQFH� )RU LQVWDQFH� WKH PLQ�
LPDO OHQJWK FULWHULRQ LV UHOHYDQW ZKHQ ZH VWXG\ PXOWL�VFDOH IUDFWXUH QHWZRUNV� ZKHUH ZH DUH LQWHUHVWHG
LQ RQO\ RQH JLYHQ VL]H VFDOH� :LWKDO� WKH PD[LPXP OLQHDPHQW GLVFRQWLQXLW\ FULWHULRQ DOORZ XV WR DFFX�
UDWHO\ GHWHFW ODUJH IUDFWXUHV GHVSLWH WKH IDFW WKDW WKH\ DSSHDU GLVFRQWLQXRXV LQ WKH RXWFURS� )LQDOO\� WKH
GHILQLWLRQ RI WKH +RXJK GRPDLQ DOORZV XV WR IRFXV RQ RQO\ RQH JLYHQ IUDFWXUH RULHQWDWLRQ VHW�

������ +RXJK 7UDQVIRUP XVLQJ 0RQWH &DUOR 6LPXODWLRQ
7R RYHUFRPH WKH GLIILFXOW\ RI ILQGLQJ D GHWHUPLQLVWLF VHW RI RSWLPDO FULWHULD YDOXHV� D VWRFKDVWLF DSSURDFK�
XVLQJ 0RQWH�&DUOR PHWKRG� KDV EHHQ LPSOHPHQWHG� ,Q WKLV DSSURDFK ZH UXQ WKH GHWHFWLRQ PHWKRG
PXOWLSOH WLPHV� DSSO\LQJ GLIIHUHQW FULWHULD YDOXHV ZLWKLQ D SUHGHILQHG UDQJH IRU HDFK UHDOL]DWLRQ� (DFK
UHDOL]DWLRQ LV LQ WKH IRUP RI D ELQDU\ LPDJH ZKHUH IUDFWXUHV DUH � ZKLOH EDFNJURXQG LV �� 7KHQ ZH VXSHU�
LPSRVH WKH PXOWLSOH UHDOL]DWLRQV E\ DGGLQJ WKH GLIIHUHQW ELQDU\ LPDJHV� 7KLV LQWHQGV WR FUHDWH D IUDFWXUH
SUHVHQFH SUREDELOLW\ PDS ZKHUH UHDO IUDFWXUHV� RIWHQ GHWHFWHG� DUH GLVFULPLQDWHG IURP IDOVH IUDFWXUHV�
VHOGRP GHWHFWHG� RQ WKH EDVLV RI WKH VXPPHG XS SL[HO YDOXHV�

)LJXUH ����� 5HVXOWV RI WKH 0RQWH &DUOR 6LPXODWLRQ ZLWK ���� 5XQV

7KH ILJXUH� ����� UHSUHVHQWV D 0RQWH�&DUOR VLPXODWLRQ ZLWK ���� UHDOL]DWLRQV DSSOLHG WR WKH VDPH RXW�
FURS LPDJH DV LQ VHFWLRQ ���� :H FDQ VHH LQ WKLV SUREDELOLW\ PDS WKDW VRPH FOHDU IUDFWXUH WUHQG DSSHDUV�
7KLV FDQ EH VHHQ LQ ILJXUH ����� ZKHQ ZH FRPSDUH WKH IHDWXUHV WKDW KDYH EHHQ GHWHFWHG ���� ��� DQG
��� WLPHV RU PRUH�

7KHVH UHVXOWV DUH HQFRXUDJLQJ EHFDXVH WKH\ VKRZ WKH SRVVLELOLW\ RI DFKLHYLQJ H[WHQVLYH GHWHFWLRQ RI
WKH QHWZRUN IXOO\ DXWRPDWLFDOO\� +RZHYHU� ZH REVHUYH WKDW WKH H[WUDFWHG QHWZRUN LV VWLOO LPSDLUHG E\
IDOVH SRVLWLYH GHWHFWLRQ DQG E\ WKH GLVFRQWLQXLW\ LVVXH� ,Q SDUWLFXODU� IRU WKH IHDWXUHV GHWHFWHG ��� WLPHV
RU PRUH� WKHUH DUH QR IUDFWXUH WUDFHV ZKLFK UHPDLQ FRQWLQXRXV�



���� 'LVFXVVLRQ ��

Fracture trace map

Cumulative detection:10

Fracture trace map

Cumulative detection:15

Fracture trace map

Cumulative detection:20

)LJXUH ����� )HDWXUHV GHWHFWHG �D� ��� WLPHV RU PRUH� �E� ��� WLPHV RU PRUH� �F� ��� WLPHV RU PRUH�

���� 'LVFXVVLRQ
,Q WKLV FKDSWHU ZH¶YH EHHQ LQYHVWLJDWLQJ WKH SRVVLELOLW\ RI KDYLQJ DQ DXWRPDWHG PHWKRG IRU IUDFWXUH
WUDFLQJ� 7KH WKUHH GLIIHUHQW DSSURDFKHV SURSRVHG RIIHU SURPLVLQJ SDWKV RI UHVHDUFK� :H FDQ FRPSDUH
RXU WKUHH DSSURDFKHV ZLWK WKH IROORZLQJ WDEOH�

)LJXUH 5HFDOO UDWLR )DOVH SRVLWLYH UDWLR *HRORJLFDO LQSXW
6QDNH )XQFWLRQ � � 1R
$GYDQFHG 6NHOHWRQ 9HU\ +LJK 0RGHUDWH 1R
+RXJK 7UDQVIRUP �EHVW DFKLHYHG� +LJK 0RGHUDWH <HV
+RXJK 7UDQVIRUP �0RQWH�&DUOR� 9DULDEOH 9DULDEOH <HV

7DEOH ���� 5HFDOO DQG )DOVH SRVLWLYH UDWLR IRU WKH 6QDNH� $GYDQFHG 6NHOHWRQ DQG +RXJK 7UDQVIRUP PHWKRG�

7KH VQDNH IXQFWLRQ KDVQ¶W EHHQ WHVWHG VLQFH LW KDV VKRZQ WRR PXFK LQVWDELOLW\ WR EH SURSHUO\ XVHG ZLWK
RXU GDWD VHW� +RZHYHU� DV GHVFULEHG HDUOLHU� LQ DSSURSULDWH VLWXDWLRQV LW PD\ OHDG WR EHWWHU UHVXOWV�
7KH $GYDQFHG 6NHOHWRQ LV WKH IXQFWLRQ WKDW RIIHUV WKH PRVW UHOLDEOH UHVXOW� ZLWK D YHU\ KLJK UHFDOO UDWLR�
+RZHYHU� D PRGHUDWH IDOVH SRVLWLYH UDWLR� LQGXFHG E\ WKH H[WHUQDO QRLVH� WKH WRUWXRVLW\ RI GHWHFWHG IHD�
WXUHV� DQG� ILQDOO\� WKH GLVFRQWLQXLW\ LVVXH UDLVHG E\ EUDQFK UHPRYDO PDNH LW GLIILFXOW WR XVH DV D UHOLDEOH
PRGHO FDSDEOH RI UHSODFLQJ PDQXDO IUDFWXUH WUDFLQJ GRQH E\ D WUDLQHG JHRORJLVW�

7KH +RXJK DSSURDFK VKRZV VRPH HQFRXUDJLQJ UHVXOWV� LQ SDUWLFXODU ZKHQ XVHG LQ D 0RQWH�&DUOR VLPX�
ODWLRQ� ,Q SDUWLFXODU� IURP D JHRORJLFDO SHUVSHFWLYH� WKLV DSSURDFK LV DQ DEVROXWH LPSURYHPHQW� FRPSDUHG
WR WKH SUHYLRXV PHWKRGV� LQ WKH VHQVH WKDW ZH FDQ OLPLW RXU GHWHFWLRQ WR VRPH IHDWXUHV RI LQWHUHVW HLWKHU
LQ WHUPV RI VKDSH �VWUDLJKW OLQHV�� VL]H RU RULHQWDWLRQ� ZKLFK LV D PLVVLQJ FRQVLGHUDWLRQ LQ WKH VWUDLJKW�
IRUZDUG PHWKRGV�

)LQDOO\� WKH +RXJK WUDQVIRUP RIIHUV DQ LQQRYDWLYH SDUDPHWUL]DWLRQ RI WKH QHWZRUN� 7KH WUDQVIRUPDWLRQ
FRPELQHV WKH WUDFH OHQJWK� WKH RULHQWDWLRQ DQG WKH VSDWLDO GLVWULEXWLRQ LQ WKH VDPH VSDFH� DOORZLQJ D
FURVV FRUUHODWLRQ EHWZHHQ D IUDFWXUH¶V OHQJWK�RULHQWDWLRQ�SRVLWLRQ�
'HVSLWH QRW KDYLQJ H[WUDFWHG WKH QHWZRUN LWVHOI� ZH PD\ KDYH H[WUDFWHG YDOXDEOH LQIRUPDWLRQ WR FKDU�
DFWHUL]H LW� ,Q WKH IROORZLQJ VHFWLRQV ZH ZLOO GLVFXVV WKH DFFXUDF\ DQG VLJQLILFDQFH RI WKH +RXJK�EDVHG
IUDFWXUH QHWZRUN FKDUDFWHUL]DWLRQ�





�
8VLQJ +RXJK 7UDQVIRUP IRU 1HWZRUN

&KDUDFWHUL]DWLRQ
,Q WKH SUHYLRXV FKDSWHU ZH¶YH LQWURGXFHG KRZ DQ LPDJH DQDO\VLV EDVHG PHWKRG� WKH +RXJK WUDQVIRUP�
FRXOG RIIHU D QHZ SDUDPWHUL]DWLRQ WR FKDUDFWHUL]H IUDFWXUH QHWZRUNV� ,Q WKLV FKDSWHU ZH ZLOO HPSKDVL]H
KRZ WKLV WHFKQLTXH FDQ H[WHQG RXU FDSDELOLWLHV WR FDSWXUH WKH VSDWLDO GLVWULEXWLRQ DQG JHRPHWU\ RI D
IUDFWXUH QHWZRUN� ,Q WKH IROORZLQJ ZH GHILQH VSDWLDO GLVWULEXWLRQ DV WKH ZD\ IUDFWXUHV DUH SRVLWLRQHG�
XQGHUO\LQJ WKDW WKHLU UHVSHFWLYH SRVLWLRQ LV QRW UDQGRP� 7KLV LPSURYHG FKDUDFWHUL]DWLRQ LV WKH VHFRQG
EULGJH LQ RXU ZRUN IORZ EHWZHHQ LPDJH DQDO\VLV DQG JHRORJ\�

,Q WKH IUDPHZRUN RI WKLV WKHVLV� ZH ZLOO FRQVLGHU IUDFWXUHV DV D VHJPHQW RI D OLQH� WKXV OLPLW WKH QHWZRUN
FKDUDFWHUL]DWLRQ WR WKH JHRPHWULFDO DQG VSDWLDO GRPDLQ� 7KHUHIRUH ZH ZLOO QRW FRYHU WKH FKDUDFWHUL]DWLRQ
RI IUDFWXUH¶V ZLGWK� DJH� PLQHUDO ILOO RU PRUSKRORJ\�

���� +RXJK &KDUDFWHUL]DWLRQ
7KH +RXJK WUDQVIRUP FRPELQHV LQ WKH VDPH PDWKHPDWLFDO VSDFH WKH IUDFWXUH JHRPHWULFDO DQG VSDWLDO
DWWULEXWHV� WKH RULHQWDWLRQ� WKH WUDFH OHQJWK DQG WKH SRVLWLRQ� 7KHUHE\� WKH +RXJK GLDJUDP SURYLGHV D
YLVXDO RYHUYLHZ RI WKH JHRPHWU\ DQG WKH VSDWLDO GLVWULEXWLRQ RI WKH IUDFWXUHV� 7KH RULHQWDWLRQ DQG GLV�
WDQFH WR WKH RULJLQ �SUR[\ IRU SRVLWLRQ� RI D IUDFWXUH FDQ EH UHDG LPPHGLDWHO\ IURP WKH ORFDWLRQ RI LWV
UHVSHFWLYH SHDN LQ WKH GLDJUDP� ZKLOH LWV WUDFH OHQJWK FDQ EH LQIHUUHG WKURXJK LWV SHDN LQWHQVLW\� 7KH
VSDWLDO GLVWULEXWLRQ RI IUDFWXUHV FDQ EH REVHUYHG RQ WKH GLDJUDP XVLQJ� DV SUR[\� WKH GLVWULEXWLRQ RI WKH
SHDNV LQ WKH GLDJUDP� ,Q SDUWLFXODU� IUDFWXUH FOXVWHUV DSSHDU DV SHDN FOXVWHUV LQ WKH +RXJK DFFXPXOD�
WRU� ,Q WKLV FKDSWHU� ZH UHIHU WR WKH FOXVWHU DV D JURXS RI IUDFWXUHV FORVHO\ VSDFHG WR HDFK RWKHU� ZLWKRXW
QHFHVVDULO\ LQWHUVHFWLQJ�

)LJXUH ���� &RQYHQWLRQ XVHG IRU GHWHUPLQLQJ IUDFWXUH RULHQWDWLRQ

7R XQGHUVWDQG KRZ ZH FDQ KDYH DQ RYHUYLHZ RI D
QHWZRUN JHRPHWU\ DQG VSDWLDO GLVWULEXWLRQ� XVLQJ
WKH +RXJK WUDQVIRUP� ZH SURSRVH WR ILUVW VWXG\
KRZ GLIIHUHQW FRQFHSWXDO IUDFWXUH QHWZRUNV DUH
UHSUHVHQWHG LQ WKH +RXJK VSDFH� 7KHQ� LQ WKH
QH[W VHFWLRQ� ZH ZLOO DSSO\ WKLV PHWKRG RQ D UHDO
FDVH VWXG\� 7KHUH DUHPXOWLSOH FRQYHQWLRQV WR GH�
WHUPLQH WKH RULHQWDWLRQ RI D IUDFWXUH� ,Q WKH IROORZ�
LQJ ZH ZLOO XVH WKH RULHQWDWLRQ FRQYHQWLRQ XVHG LQ
WKH 0$7/$% LPSOHPHQWDWLRQ RI WKH +RXJK WUDQV�
IRUP� DV VHHQ LQ ILJXUH ���� DQG DUELWUDULO\ SRVLWLRQ
WKH RULJLQ DW WKH WRS OHIW FRUQHU RI WKH LPDJH�

��

Origin



�� �� 8VLQJ +RXJK 7UDQVIRUP IRU 1HWZRUN &KDUDFWHUL]DWLRQ

)LJXUH ���� &DVH $

,Q FDVH $� ZH KDYH D QHWZRUN RI WZR SDUDOOHO OLQHV ZLWK VDPH RULHQWDWLRQ EXW ZLWK GLIIHUHQW OHQJWKV DQG
D[HV� 7KLV FRUUHVSRQGV� LQ WKH +RXJK GLDJUDP� WR WZR FRORUHG WUDFHV� KHUHE\ FDOOHG WKH VSHFWUXP� RI
GLIIHUHQW ZLGWKV DQG ZLWK YDU\LQJ LQWHQVLWLHV� 7KH SHDNV RI LQWHQVLW\ LQGLFDWH WKH SUHVHQFH RI OLQHDPHQWV�
7KH\ DUH ERWK ORFDWHG RQ WKH VDPH RULHQWDWLRQ YDOXH �H�J�  ����pࢿ  EXW DW GLIIHUHQW GLVWDQFHV IURP
WKH RULJLQ �ဃ��
7KH ZLGHVW VSHFWUXP FRUUHVSRQGV WR WKH ORQJHVW OLQH� 7KH ZLGH VSDQ RI WKH VSHFWUXP UHVXOWV IURP D
ODUJHU DPRXQW RI SL[HOV ´YRWLQJ´ LQ WKH DFFXPXODWRU� 0RUHRYHU� SHDN LQWHQVLWLHV DUH DOVR GLIIHUHQW� 7KH
ORQJHVW OLQH OHDGV WR D KLJKHU SHDN� DV VHHQ LQ WKH ]RRP RI WKH +RXJK GLDJUDP� VLQFH WKHUH DUH PRUH
SL[HOV WR VXP XS LQ WKH DFFXPXODWRU DUUD\�

1HYHUWKHOHVV� FRPSXWLQJ WKH IUDFWXUH OHQJWK EDVHG RQ WKH SHDN LQWHQVLW\ PD\ QRW EH VWUDLJKWIRUZDUG�
,QGHHG� LI WKH WUDFH LV QRW D SHUIHFW OLQHDPHQW� WKH SL[HOV EHORQJLQJ WR WKH FXUY\ SDUW RI WKH IUDFWXUH ZLOO
EH HUURQHRXVO\ DFFRXQWHG LQ WKH DFFXPXODWRU�� DQG WKH SHDN LQWHQVLW\ ZLOO EH VRIWHQHG� ,Q RWKHU ZRUGV�
WKH SHDN ZLOO QRW EH DV EULJKW DV LW VKRXOG EH� ZKLFK ZLOO OHDG WR D XQGHUHVWLPDWLRQ RI WKH IUDFWXUH OHQJWK�
7KLV HIIHFW LV FOHDUO\ REVHUYDEOH LQ FDVH '� 7KHUHIRUH� LW LV SUHIHUDEOH� IRU WUDFH OHQJWK HVWLPDWLRQ� WR OLPLW
WKH XVH RI WKH +RXJK GLDJUDP WR WUDFHV WKDW DUH IXOO OLQHDPHQWV�

)LJXUH ���� &DVH %

�$V GHVFULEHG LQ VHFWLRQ �����

origin

origin



���� +RXJK &KDUDFWHUL]DWLRQ ��

,Q FDVH %� ZH KDYH WKUHH FOXVWHUV RI RULHQWDWLRQV� 7KLV OHDGV WR WKUHH FOXVWHUV RI SHDNV� HDFK ORFDWHG
DW WKHLU UHVSHFWLYH DQJOH �L�H�  ���pࢿ  ��p� ��p�� 7KH LQWHQVLW\ RI HDFK SHDN DQG WKH VSDQ RI HDFK
VSHFWUXP DUH VLPLODU VLQFH WKH OHQJWK RI WKH WUDFHV DUH VLPLODU�

)LJXUH ���� &DVH &

,Q FDVH &� ZH KDYH DJDLQ WZR FOXVWHUV RI SHDNV LQ WKH +RXJK VSDFH� 7KH FOXVWHU RI IUDFWXUHV ZLWK DQ
RULHQWDWLRQ RI ���p LV GHQVHU� WKHUHIRUH LW OHDGV WR D QDUURZHU VSUHDG RI WKH SHDNV� ZKLFK DOPRVW OHDGV
WR D PHUJLQJ LQ RQH PDLQ SHDN�� <HW� WKLV GRHVQ¶W DIIHFW WKH SHDN¶V LQWHQVLW\� ZKLFK UHPDLQ VLPLODU IRU
WKH VL[ SHDNV�

)LJXUH ���� &DVH '

,Q FDVH '� ZH KDYH D IHDWXUH ZKLFK LV FXUY\� :H FDQ VWLOO GHWHFW D SHDN LQ WKH +RXJK WUDQVIRUP VLQFH
WKHUH DUH VWLOO VRPH OLQHDPHQWV LQ WKH FXUYH� HVSHFLDOO\ DW ���pࢿ <HW� WKH OLQH WUDFH LV GLOXWHG LQ PXOWL�
SOH VPDOO VFDOH VHJPHQWV DQG ZH FDQ KDUGO\ JUDVS WKH UHDO QDWXUH RI WKH FXUYH� HVSHFLDOO\ WKH SHDN¶V
LQWHQVLW\ ZKLFK LV IDU EHORZ WKH WRWDO IUDFWXUH WUDFH OHQJWK� 7KLV LV D SHUIHFW H[DPSOH RI WKH GLOXWLRQ SKH�
QRPHQRQ GHVFULEHG HDUOLHU� 7KHUHIRUH� DSSO\LQJ WKH +RXJK WUDQVIRUP WR QRQ�OLQHDU IUDFWXUH QHWZRUNV
�,W LV LQWHUHVWLQJ WR QRWH WKDW DV PHQWLRQHG LQ VHFWLRQ �������� D FDQFHOODWLRQ ]RQH WKDW LV WRR ODUJH PD\ OHDG WR WKH GHWHFWLRQ RI
RQO\ RQH RI WKH OLQHV

origin

origin



�� �� 8VLQJ +RXJK 7UDQVIRUP IRU 1HWZRUN &KDUDFWHUL]DWLRQ

LV PRVWO\ LUUHOHYDQW�

)LJXUH ���� &DVH (

,Q FDVH (� ZH GHDO ZLWK D PXFK PRUH UHDOLVWLF IUDFWXUH QHWZRUN� ,Q WKH +RXJK GLDJUDP ZH FDQ RE�
VHUYH D VHW RI � SHDNV DW ��p� $Q DQRWKHU VHW RI � ORZHU LQWHQVLW\ SHDNV DUH VHHQ EHWZHHQ ��pࢿ DQG
���pࢿ 7KHVH SHDNV KDYH D ORZHU LQWHQVLW\� WKLV FDQ EH VHHQ ZLWK WKHLU GLPPHU DQG QDUURZHU VSHFWUXP�
FRPSDUHG ZLWK WKH EURDGV DQG EULJKWV VSHFWUXP DURXQG WKH � SHDNV� )URP WKHVH REVHUYDWLRQV ZH
FDQ FRQFOXGH WKDW ZH KDYH D QHWZRUN ZLWK D PDLQ WUHQG RI ��p� ZLWK PXOWLSOH VPDOOHU IUDFWXUHV RULHQWHG
SHUSHQGLFXODUO\�

)LJXUH ���� &DVH )

7KH QHWZRUN GHSLFWHG LQ FDVH ) LV VLPLODU WR FDVH (� H[FHSW IRU WKH VPDOO SHUSHQGLFXODU IUDFWXUHV ZKLFK
DUH VKLIWHG DORQJ WKHLU D[LV� FKDQJLQJ WKHLU DEXWPHQW ZLWK WKH PDLQ IUDFWXUHV� ,I� SUHYLRXVO\� ZH KDG
IUDFWXUHV WKDW ZHUH DEXWWLQJ ZLWK 7 FRQQHFWLRQV� ZH QRZ KDYH� LQ WKLV QHZ FDVH� PDLQO\ ; DQG , FRQQHF�
WLRQV� 7KLV QHZ FDVH KLJKOLJKWV RQH RI WKH PDLQ OLPLWDWLRQV RI WKH +RXJK FKDUDFWHUL]DWLRQ� WKH +RXJK
GLDJUDP LV H[DFWO\ WKH VDPH DV LQ (� ,QGHHG WKH GLVWDQFH WR WKH RULJLQ GHSLFWHG E\ WKH SDUDPHWHU ဃ
GHILQHV WKH SRVLWLRQ RI WKH D[LV RI WKH IUDFWXUH DQG QRW LWV DFWXDO SRVLWLRQ DORQJ WKLV D[LV� 7KHUHIRUH
WKH H[DFW SRVLWLRQLQJ FDQQRW EH GHVFULEHG LQ WKH +RXJK VSDFH� 7KLV OLPLWV RXU DSSUDLVDO RI QHWZRUN
WRSRORJ\ DQG DEXWPHQW FKDUDFWHUL]DWLRQ� +RZHYHU LW LV LPSRUWDQW WR QRWH WKDW WKLV OLPLWDWLRQ LV YDOLG RQO\

origin

origin



���� &DVH 6WXG\� &DUERQDWHV 2XWFURS LQ 3RWLJXjU %DVLQ ��

LI WKH IUDFWXUHV DUH VKRUWHU WKDQ WKH VDPSOH DUHD� ,QGHHG� LI WKH\ DUH ORQJHU� WKH D[LV DQG WKH IUDFWXUH
DUH RQH� DQG WKLV OLPLWDWLRQ EHFRPH REVROHWH�

���� &DVH 6WXG\� &DUERQDWHV 2XWFURS LQ 3RWLJXjU %DVLQ
,Q WKLV VHFWLRQ ZH SURSRVH WR FKDUDFWHUL]H D IUDFWXUH QHWZRUN EDVHG RQ WKH +RXJK WUDQVIRUP WR FDSWXUH
WKH QHWZRUN VSDWLDO GLVWULEXWLRQ�
7KH GDWD VHW XVHG IRU WKLV FDVH VWXG\ LV D FDUERQDWH RXWFURS ORFDWHG LQ 1RUWK (DVW %UD]LO�

)LJXUH ���� 2XWFURS $3�� XVHG DV H[SHULPHQWDO GDWD VHW� DQG LWV PDQXDOO\ WUDFNHG IUDFWXUH QHWZRUN LQ UHG� 6RXUFH� YDQ (LMN
������

������ *HRORJLFDO %DFNJURXQG
7KH RXWFURS EHORQJV WR WKH &UHWDFHRXV -DQGDtUD )RUPDWLRQ ZKLFK LV D FDUERQDWH SODWIRUP XVHG DV DQ
DQDORJXH IRU WKH IUDFWXUHG UHVHUYRLUV LQ WKH GHHS VXEVXUIDFH� RIIVKRUH %UD]LO� ZKLFK ZHUH GHSRVLWHG LQ
WKH VDPH IDFLHV VHWWLQJ DV WKH -DQGDtUD IRUPDWLRQ >��@�
7KH RXWFURS LWVHOI LV ��� PHWHUV ORQJ DQG ��� ZLGH� 'LVVROXWLRQ RFFXUUHG DORQJ IUDFWXUHV� IDXOWV DQG
EHGGLQJ SODQHV� FUHDWLQJ OHDFKLQJ SDWKZD\V RI LQFUHDVHG VHFRQGDU\ SRURVLW\ DQG SHUPHDELOLW\ >��@�
$W WKH VXUIDFH� IUDFWXUHV� DOVR NQRZQ DV EDUUHQ IUDFWXUHV� KDYH EHHQ HQODUJHG E\ GLVVROXWLRQ DQG ZHDWK�
HULQJ� 7KHUHIRUH� LQ DQ DHULDO YLHZ� IUDFWXUH SDWWHUQV FDQ EH FOHDUO\ LGHQWLILHG GXH WR WKHLU VKDGRZV�

7KH GDWD VHW KDV EHHQ DFTXLUHG E\ %LVGRP ������ DQG LQWHUSUHWHG E\ YDQ (LMN ������� 7KH RXWFURS
LPDJHV KDYH EHHQ DFTXLUHG WKURXJK 8$9 KLJK GHILQLWLRQ LPDJHU\ �L�H� UHVROXWLRQ RI �FP�SL[HO�� 7KH



�� �� 8VLQJ +RXJK 7UDQVIRUP IRU 1HWZRUN &KDUDFWHUL]DWLRQ

LPDJHV ZHUH WKHQ H[SRUWHG DV RUWKRSKRWRV LQWR $UF*,6� ZKHUH IUDFWXUHV ZHUH WUDFHG XVLQJ WUDFHU OLQHV�
7KH FRRUGLQDWHV RI WKH VWDUW DQG HQG SRLQWV RI HDFK WUDFH ZHUH OLVWHG LQ DQ DWWULEXWH WDEOH LQ $UF*,6� DV
D ')1� 7KH ')1 SURSHUWLHV DUH VXPPDUL]HG LQ WKH IROORZLQJ WDEOH�

2XWFURS $3�� 6XPPDU\
$UHD ������൫ኼ
1XPEHU RI )UDFWXUHV ����
$YHUDJH /HQJWK �����P
)UDFWXUH 'HQVLW\ @�൫ኼࢿ<������

7DEOH ���� 2XWFURS $3� 6XPPDU\ 6RXUFH� YDQ (LMN ������

������ +RXJK GLDJUDP GHVFULSWLRQ
,Q WKLV VHFWLRQ ZH ZLOO DQDO\]H WKH +RXJK GLDJUDP RI WKH IUDFWXUH QHWZRUN� DQG VHH KRZ LW FDQ SURYLGH
XV JRRG LQGLFDWLRQV RI WKH IUDFWXUHV VSDWLDO GLVWULEXWLRQ�

7KH RXWFURS LPDJH KDV EHHQ PDQXDOO\ SURFHVVHG DQG LQWHUSUHWHG E\ JHRORJLVWV WR H[WUDFW D GLVFUHWH
IUDFWXUH QHWZRUN� 7KH ')1 LV WKHQ WUDQVIRUPHG LQWR D ELQDU\ LPDJH ZKHUH IUDFWXUH WUDFHV DUH UHSUH�
VHQWHG E\ D � ZKLOH EDFNJURXQG LV D �� :H WKHQ WUDQVIRUP WKH ELQDU\ LPDJH LQ WKH +RXJK VSDFH� 7R
PDNH LW HDVLHU WR VHH VPDOOHU SHDNV RI LQWHQVLW\ LQ WKH +RXJK GLDJUDP� ZH KDYH FKRVHQ WR XVH D VXUIDFH
SORW WR GLVSOD\ WKH GLDJUDP� 3HDNV DSSHDU DV PD[LPD� LQ WKH SORW�

)LJXUH ���� �D� +RXJK 'LDJUDP RI WKH IUDFWXUH QHWZRUN RI $3�� �E� =RRP RI WKH +RXJK GLDJUDP�

7KH ILUVW REVHUYDWLRQ DERXW WKH GLDJUDP LQ ILJXUH ����D� LV WKDW WKH PDMRULW\ RI WKH VLJQLILFDQW PD[LPD
DSSHDU LQ D RULHQWDWLRQ UDQJH FRPSULVHG EHWZHHQ ���� DQG ��� IRUPLQJ D FOXVWHU RI SHDNV� ,Q WKLV VHFWLRQ
ZH GHILQH FOXVWHU DV D D JURXS RI FORVHO\ VSDFHG IUDFWXUHV� ZKLFK GR QRW QHFHVVDULO\ LQWHUVHFW� 7KHUHIRUH
D PDMRU SURSRUWLRQ RI WKH IUDFWXUHV ZLOO KDYH DQ RULHQWDWLRQ IDOOLQJ ZLWKLQ WKDW UDQJH� 7KLV REVHUYDWLRQ
FDQ EH LPPHGLDWHO\ FRQILUPHG ZKHQ ORRNLQJ DW WKH FURVV SORW LQ ILJXUH ���� ZKHUH ZH VHH WKDW WKH PDLQ
RULHQWDWLRQ WUHQG LV 1RUWK�1RUWK�:HVW�
:H VXEGLYLGH WKH FOXVWHU LQ WKUHH VHFWLRQV �ER[ $ % DQG & LQ ILJXUH �����E��� WKHQ VKRZ WKHLU UHVSHFWLYH
IUDFWXUH VHWV �RI RULHQWDWLRQ FRUUHVSRQGLQJ WR WKH UDQJH RI WKH ER[�� WR LQYHVWLJDWH WKH LQIRUPDWLRQ FRQ�
WDLQHG LQ WKH +RXJK GLDJUDP PRUH FORVHO\�

)LUVW� DURXQG ��pࢿ �ER[ $� ILJXUH ����� ZH FDQ REVHUYH LQ WKH +RXJK GLDJUDP D OLPLWHG DPRXQW RI LVR�
ODWHG ORFDO PD[LPD ZLWK D UHODWLYHO\ ORZ LQWHQVLW\� 7KLV ZRXOG WHQG WR VKRZ WKDW LQ WKLV RULHQWDWLRQ ZH
KDYH D OLPLWHG DPRXQW RI PHGLXP WR VKRUW IUDFWXUHV� EXW VSUHDG DFURVV WKH RXWFURS ZLWK D UHODWLYHO\
ODUJH VSDFLQJ EHWZHHQ HDFK RWKHU� ,Q ILJXUH �E� ZH VHH� DV SUHGLFWHG� D FRXSOH RI PHGLXP IUDFWXUHV
�7R EH FRQVLVWHQW ZLWK RXU XVH RI D VXUIDFH SORW� ZH ZLOO XVH WKH WHUP PD[LPD LQVWHDG RI SHDN
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���� &DVH 6WXG\� &DUERQDWHV 2XWFURS LQ 3RWLJXjU %DVLQ ��

)LJXUH ����� +RXJK 'LDJUDP ]RRPHG RQ ER[ $� ZLWK WKH FRUUHVSRQGLQJ IUDFWXUHV

DFFRPSDQLHG ZLWK VRPH VPDOOHU IUDFWXUHV HYHQO\ VSUHDG RYHU WKH RXWFURS ERXQGDULHV�

,I ZH PRYH WRZDUG RULHQWDWLRQV DURXQG ��pࢿ �ER[ %� ILJXUH ������ WKHUH DUH DQ LQFUHDVLQJ DPRXQW RI
ORFDO PD[LPD� WKHLU LQWHQVLW\ DOVR WHQG WR LQFUHDVH� 7KLV LQGLFDWHV WKDW WKH IUDFWXUHV WHQG WR EH ORQJHU
DQG PRUH QXPHURXV� 0RUHRYHU� ZH FDQ VHH LQ WKH ILJXUH �D� WKDW WKH PD[LPD WHQG WR FRQFHQWUDWH LQ
D VXE FOXVWHU LQ WKH PLGGOH� 7KLV LV DQ LQGLFDWLRQ WKDW ZH ZLOO REVHUYH D FOXVWHU RI IUDFWXUHV RI SDUDOOHO
RULHQWDWLRQ DW WKLV ORFDWLRQ�
,QGHHG� ZKHQ ORRNLQJ ILJXUH �E� D FOHDU FOXVWHU RI IUDFWXUHV DSSHDUV RQ WKH XSSHU ULJKW VLGH RI WKH LP�
DJH� +RZHYHU� LW LV LPSRUWDQW WR UHPHPEHU DW WKLV VWDJH WKH OLPLWDWLRQ RI WKH +RXJK WUDQVIRUP ZKHQ
GHVFULELQJ WKH SRVLWLRQ RI IUDFWXUHV� SUHVHQWHG LQ WKH SUHYLRXV VHFWLRQ� 7KH +RXJK WUDQVIRUP GHVFULEHV
WKH SRVLWLRQ RI WKH D[LV RI WKH IUDFWXUH DQG QRW WKH IUDFWXUH LWVHOI� 7KHUHIRUH LW LV SRVVLEOH WKDW D EXQGOH RI
FRD[LDO IUDFWXUHV JUHDWO\ VSDFHG IURP HDFK RWKHU DSSHDU DV RQH FOXVWHU LQ WKH +RXJK GLDJUDP� ,QGHHG�
WKH VPDOO FOXVWHU ORFDWHG DW WKH ERWWRP RI WKH RXWFURS RQ ILJXUH �E� ZLOO EH� LQ WKH GLDJUDP� ZLWKLQ WKH
PDLQ FOXVWHU� VLQFH WKH\ VKDUH WKH VDPH D[LV�

:KHQ VKLIWLQJ WR RULHQWDWLRQV DURXQG �p �ER[ &� ILJXUH ������ D VWURQJ VXE�FOXVWHU UHPDLQV ZLWK KLJK
LQWHQVLW\ SHDNV� 2XWVLGH WKH FOXVWHUV WKH PD[LPD EHFRPH OHVV SURQRXQFHG WKDQ LQ WKH SUHYLRXV ER[�
7KHUHIRUH� LQ WKH IUDFWXUH WUDFH PDS� ZH FDQ VWLOO H[SHFW WR ILQG D FOXVWHU RI SDUDOOHO IUDFWXUHV ZLWK D IHZ
PHGLXP VFDOH IUDFWXUHV ORFDWHG RXWVLGH� ,Q DFFRUGDQFH ZLWK RXU SUHGLFWLRQ� ZH KDYH OHVV IUDFWXUHV DQG
WKH H[SHFWHG FOXVWHU LV REVHUYDEOH RQ WKH ORZHU ULJKW�

,Q FRQFOXVLRQ� WKH $3� FDVH LV D SRZHUIXO SURRI RI WKH SRWHQWLDO RI XVLQJ +RXJK WUDQVIRUP WR FDSWXUH WKH
VSDWLDO GLVWULEXWLRQ RI D GLVFUHWH IUDFWXUH QHWZRUN� ,QGHHG� D FRPSUHKHQVLYH RYHUYLHZ RI WKH QHWZRUN¶V
VSDWLDO GLVWULEXWLRQ KDV EHHQ REWDLQHG E\ VRPH TXLFN REVHUYDWLRQV LQ WKH +RXJK 'LDJUDP� 2ULHQWDWLRQ
DQG GLVWDQFH WR WKH RULJLQ KDYH EHHQ SUHGLFWHG IURP HDFK PD[LPD ORFDWLRQ LQ +RXJK VSDFH� ZKLOH OHQJWK
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�� �� 8VLQJ +RXJK 7UDQVIRUP IRU 1HWZRUN &KDUDFWHUL]DWLRQ

)LJXUH ����� +RXJK 'LDJUDP ]RRPHG RQ ER[ %� ZLWK WKH FRUUHVSRQGLQJ IUDFWXUHV

RI OLQHDPHQWV KDV EHHQ TXDOLWDWLYHO\ LQIHUUHG WKURXJK PD[LPD YDOXH�
7KH VSDWLDO GLVWULEXWLRQ DQG FOXVWHULQJ RI IUDFWXUHV KDYH EHHQ SDUWLDOO\ FDSWXUHG ZLWK WKH +RXJK GLDJUDP�
VLQFH IUDFWXUHV WKDW DUH FORVHO\ VSDFHG DSSHDU DV FORVHO\ VSDFHG H[WUHPD LQ WKH +RXJK DFFXPXODWRU�
<HW� ZH FDQ RQO\ ORFDWH IUDFWXUH D[HV DQG QRW WKHLU H[DFW ORFDWLRQ�
%DVHG RQ WKLV SRWHQWLDO� WKHUH LV QR GRXEW WKDW LQWURGXFLQJ D PRUH TXDQWLWDWLYH DQDO\VLV RI WKH +RXJK
VSDFH FRXOG HQKDQFH RXU DELOLW\ WR JUDVS WKH VSDWLDO GLVWULEXWLRQ RI DQ DUELWUDU\ IUDFWXUH QHWZRUN�
1HYHUWKHOHVV� WKLV QHZ GRPDLQ UHSUHVHQWDWLRQ FDQ EH XVHG WR UHFRQVWLWXWH VSDWLDO GLVWULEXWLRQV ZKHQ
FUHDWLQJ VWRFKDVWLF GLVFUHWH IUDFWXUH QHWZRUNV� ,QGHHG� LI ZH KRQRU WKH SHDN GLVWULEXWLRQ LQ WKH +RXJK
VSDFH� ZH ZLOO KRQRU� LQ WKH VDPH ZD\� WKH VSDWLDO DUUDQJHPHQW� ,Q WKH IROORZLQJ VHFWLRQ ZH ZLOO VWXG\
KRZ WKH +RXJK 7UDQVIRUP RI D GLVFUHWH IUDFWXUH QHWZRUN FDQ EH XVHG WR GULYH D VWRFKDVWLF IUDFWXUH
QHWZRUN VLPXODWRU�
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���� &DVH 6WXG\� &DUERQDWHV 2XWFURS LQ 3RWLJXjU %DVLQ ��

)LJXUH ����� +RXJK 'LDJUDP ]RRPHG RQ ER[ &� ZLWK WKH FRUUHVSRQGLQJ IUDFWXUHV
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�
6WRFKDVWLF 'LVFUHWH )UDFWXUH 1HWZRUN

6LPXODWLRQ

,Q WKLV FKDSWHU ZH SUHVHQW D VWRFKDVWLF GLVFUHWH IUDFWXUH QHWZRUN �')1� VLPXODWRU� IXOO\ LPSOHPHQWHG RQ
0$7/$%� EDVHG RQ WKH +RXJK SDUDPHWUL]DWLRQ�

:H ZLOO VKRZ KRZ WKH +RXJK SDUDPHWUL]DWLRQ KDV EHHQ XVHG WR GULYH RXU VLPXODWRU WR HYHQWXDOO\ FUHDWH
D ')1 ZKLFK FRQVHUYHV WKH JHRPHWULFDO DWWULEXWHV GLVWULEXWLRQ DQG WKH VSDWLDO GLVWULEXWLRQ RI D IUDFWXUH
QHWZRUN REVHUYHG LQ D RXWFURS �WKH VRXUFH ')1�� 7KLV ZLOO HQDEOH XV WR UHSURGXFH VSDWLDO WUHQGV RE�
VHUYHG LQ WKH ILHOG DQG LQWHJUDWH WKHP LQ VWRFKDVWLF VLPXODWLRQ WR HYHQWXDOO\ LQFUHDVH WKH TXDOLW\ RI WKH
IUDFWXUH QHWZRUN PRGHO�
%\ GRLQJ VR� ZH FUHDWH D WKLUG EULGJH LQ RXU ZRUN IORZ EHWZHHQ LPDJH DQDO\VLV DQG IUDFWXUH VLPXODWLRQ�

���� 0HWKRGRORJ\
2XU SURJUDP JHQHUDWHV D IUDFWXUH QHWZRUN EDVHG RQ D VRXUFH GLVFUHWH IUDFWXUH QHWZRUN� LQ RXU FDVH
WKH RXWFURS $3� LQWURGXFHG LQ WKH SUHYLRXV FKDSWHU�

7KH VRXUFH ')1� DV ZHOO DV WKH JHQHUDWHG QHWZRUN� DUH UHDG DQG ZULWWHQ LQ D GDWDEDVH XQGHU WKH �VKS
IRUPDW� ZKLFK LV D VWUXFWXUH RI  HOHPHQWV� ZKHUH 1 LV WKH QXPEHU RI IUDFWXUHV� (DFK HOHPHQW KDV �
ILHOGV�

� ;� ; FRRUGLQDWHV RI WKH HQGSRLQWV RI WKH IUDFWXUH

� <� < FRRUGLQDWHV RI WKH HQGSRLQWV RI WKH IUDFWXUH

� %RXQGLQJ %R[� 7KH FRRUGLQDWH RI WKH VPDOOHVW UHFWDQJOH WKDW FRQWDLQV WKH IUDFWXUH�

)URP WKHVH GDWD ZH FDQ FRPSXWH DQG FUHDWH � DGGLWLRQDO ILHOGV XVHG LQ WKH +RXJK SDUDPHWUL]DWLRQ� WKH
OHQJWK RI WKH IUDFWXUH ��� WKH RULHQWDWLRQ �� DQG WKH GLVWDQFH WR WKH RULJLQ �ဃ��

�   Ꮄᔂ�൝��� ࢿ ൝����ኼ � �൞��� ࢿ ൞����ኼ

�   DUFWDQ�ፗ�ኼ�ዅፗ�ኻ�ፘ�ኼ�ዅፘ�ኻ� �

� ဃ  ൝��� ࣄ ൢ൭൱�� � ൞��� ࣄ ൱൧൬��

2XU ZRUN IORZ ZLOO FUHDWH IUDFWXUHV LWHUDWLYHO\� RQH E\ RQH� DV GHVFULEHG LQ WKH ILJXUH ��� H[SODLQLQJ RXU
ZRUN IORZ�

��



�� �� 6WRFKDVWLF 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ

)LJXUH ���� 0$7/$% 3URJUDP¶V ZRUN IORZ

)LJXUH ���� 'HVFULSWLRQ RI HDFK VWHS

7KH IXQGDPHQWDO SULQFLSOH RI RXU PHWKRGRORJ\ LV WR VDPSOH DWWULEXWHV IURP WKH GDWDEDVH WR FUHDWH D QHZ
IUDFWXUH� 7R GR VR� ZH XVH WKH ERRWVWUDSSLQJ VDPSOLQJ� 7KLV PHWKRG GUDZV YDOXHV� ZLWK UHSODFHPHQW�
GLUHFWO\ IURP WKH GDWD VHW� ZLWKRXW DQ\ DVVXPSWLRQV DV WR ZKDW VWDQGDUG SUREDELOLW\ GHQVLW\ IXQFWLRQ WKH



���� 5HVXOWV ��

GDWD VHW ILWV >�@�

)LJXUH ���� &HQWURLG DGPLVVLEOH SRVLWLRQ ZLWK VDPSOHG RULJLQ� GLVWDQFH
WR WKH RULJLQ DQG ERXQGLQJ ER[�

7KH UHDVRQ WR VDPSOH DWWULEXWHV IURP D VXE�
VHW DW HDFK VWHS DQG QRW IURP WKH HQWLUH
GDWDVHW LV WR SUHVHUYH WKH FRUUHODWLRQ EH�
WZHHQ WKH OHQJWK ��� WKH RULHQWDWLRQ �� DQG
WKH GLVWDQFH WR WKH RULJLQ �ဃ�� ,QGHHG� LI
ZH VDPSOH DQ RULHQWDWLRQ DPRQJ D VXE�
VHW RI IUDFWXUHV RI VLPLODU OHQJWK� ZH DYRLG
GUDZLQJ DQ RULHQWDWLRQ YDOXH WKDW LV QRW RE�
VHUYHG LQ WKH VRXUFH ')1� IRU WKDW JLYHQ
OHQJWK�

7KH VDPSOHG RULHQWDWLRQ DQG GLVWDQFH WR WKH
RULJLQ DOORZ XV RQO\ WR GHVFULEH WKH D[LV WR
ZKLFK WKH IUDFWXUH EHORQJV� EXW QRW WKH H[DFW
SRVLWLRQ RI WKH IUDFWXUH FHQWURwG� 7KLV LV WKH
UHDVRQ ZK\ ZH VDPSOH WKH ERXQGLQJ ER[ DW
WKH VDPH WLPH DV WKH GLVWDQFH WR WKH RULJLQ�
:H WKHQ DGG D FRQVWUDLQW RQ WKH FHQWURwG OR�

FDWLRQ� EHLQJ ZLWKLQ WKH VDPSOHG ERXQGLQJ ER[ �ILJXUH �����

,W LV LPSRUWDQW WR QRWH WKDW ZH GLGQ¶W XVH WKH +RXJK WUDQVIRUP GLUHFWO\ LQ RXU VWRFKDVWLF ')1 VLPXODWRU�
+RZHYHU� RXU ZRUN IORZ UHPDLQV DSSOLFDEOH WR WKH +RXJK WUDQVIRUP� ,QVWHDG RI VDPSOLQJ D OHQJWK� DQ
RULHQWDWLRQ DQG D GLVWDQFH WR WKH RULJLQ IURP WKH �VKS GDWDEDVH� ZH FDQ VDPSOH WKHP IURP WKH +RXJK
GLDJUDP� ,QGHHG� ZH FDQ VDPSOH D SHDN¶V LQWHQVLW\� D SHDN¶V RULHQWDWLRQ �� DQG D SHDN¶V GLVWDQFH WR
WKH RULJLQ �ဃ� IURP WKH GLDJUDP DV UHVSHFWLYH SUR[LHV IRU IUDFWXUH OHQJWK� RULHQWDWLRQ DQG GLVWDQFH WR WKH
RULJLQ�

���� 5HVXOWV
%DVHG RQ WKH $3� RXWFURSV� ZH GLG � UHDOL]DWLRQV �ILJXUH ����� WKDW DUH VLPLODU LQ DOO DVSHFWV �IUDFWXUH
QXPEHU� 3��� OHQJWK DQG RULHQWDWLRQ GLVWULEXWLRQ� WKHLU FRUUHODWLRQ� DV VHHQ LQ WDEOH ���� H[FHSW WKHLU
VSDWLDO GLVWULEXWLRQ� ,Q WKH ILUVW UHDOL]DWLRQ� IUDFWXUHV DUH SRVLWLRQHG EDVHG RQ WKH +RXJK SDUDPHWUL]DWLRQ
�UHIHUUHG LQ WKH IROORZLQJ DV +RXJK SRVLWLRQLQJ�� ZKLOH LQ WKH VHFRQG PRGHO� IUDFWXUHV DUH SRVLWLRQHG
FRPSOHWHO\ UDQGRPO\ LQVLGH WKH ERXQGDULHV RI WKH VRXUFH ')1� XVLQJ D 3RLVVRQ 3RLQW 3URFHVV�

2XWFURS $3�� 6XPPDU\
$UHD ������൫ኼ
1XPEHU RI )UDFWXUHV ����
$YHUDJH /HQJWK �����P
3�� @�൫ኼࢿ<������

7DEOH ���� 6XPPDU\ RI WKH LQSXW XVHG IRU WKH VLPXODWLRQ� 6RXUFH� YDQ (LMN ������

:H LPPHGLDWHO\ REVHUYH WKDW WKH +RXJK SRVLWLRQLQJ UHFRQVWLWXWHV WKH VSDWLDO VWUXFWXUH RI WKH SULPDU\
QHWZRUN PXFK PRUH DFFXUDWHO\� ,Q RUGHU WR TXDQWLI\ WKLV REVHUYDWLRQ ZH ZLOO FRPSDUH WKH UHDOL]DWLRQV
EDVHG RQ FOXVWHULQJ DQG JHRPHWULFDO SURSHUWLHV�



�� �� 6WRFKDVWLF 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ

)LJXUH ���� �D� 7KH VRXUFH ')1� �E� 6WRFKDVWLF UHDOL]DWLRQ ZLWK VLPXODWLRQ GULYHQ E\ +RXJK WUDQVIRUP� �F� 6WRFKDVWLF UHDOL]DWLRQ
ZLWK IXOO\ UDQGRP VLPXODWLRQ� 7KH \HOORZ ER[ UHSUHVHQWV WKH VRXUFH ')1 ERXQGDULHV�

������ *HRPHWULFDO &RPSDULVRQ
'XH WR RXU ERRWVWUDSSLQJ VDPSOLQJ PHWKRG� ZH NHHS WKH LQLWLDO GLVWULEXWLRQ RI JHRPHWULFDO DWWULEXWHV�
QR PDWWHU WKH SRVLWLRQLQJ� 7KLV FDQ EH VHHQ LQ ILJXUH ���� ZKHQ ZH FRPSDUH WKH OHQJWK DQG RULHQWD�
WLRQ GLVWULEXWLRQV� 7KH VLPLODULW\ EHWZHHQ WKRVH � GLVWULEXWLRQV KLJKOLJKWV WKH IDFW WKDW WKH JHRPHWULFDO
DWWULEXWHV¶ GLVWULEXWLRQV DUH LQYDULDQW QR PDWWHU ZKLFK SRVLWLRQLQJ DSSURDFK ZH¶YH FKRVHQ�
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)LJXUH ���� /HQJWK GLVWULEXWLRQ GLIIHUHQW FDVH� 6RXUFH ')1 �EOXH�� +RXJK GULYHQ VLPXODWLRQ �UHG� DQG IXOO\ UDQGRP �JUHHQ�
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���� 5HVXOWV ��
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)LJXUH ���� 2ULHQWDWLRQ GLVWULEXWLRQ GLIIHUHQW FDVH� 6RXUFH ')1 �OHIW�� +RXJK GULYHQ VLPXODWLRQ �PLGGOH� DQG IXOO\ UDQGRP �ULJKW�

������ &OXVWHULQJ &RPSDULVRQ
:H¶YH KLJKOLJKWHG LQ WKH OLWHUDWXUH UHYLHZ WKH LPSRUWDQFH RI FOXVWHULQJ �D VHW RI IUDFWXUHV WKDW DUH FRQ�
QHFWHG >�@� ZKHUH FRQQHFWLYLW\ UHIHUV� LQ WKLV WKHVLV� WR WKH LQVWDQFHV ZKHUH IUDFWXUHV LQWHUVHFW RQH
DQRWKHU� IRU WUDQVSRUW SURSHUWLHV VXFK DV FRQQHFWLYLW\� :H FDQ ILUVW FRPSDUH WKH DPRXQW RI FOXVWHUV� ��
FOXVWHUV LQ WKH RULJLQDO ')1� �� ZLWK D VLPXODWLRQ XVLQJ +RXJK DQG ��� ZLWK IXOO\ UDQGRP SRVLWLRQLQJ�
7KLV LPSDFWV WKH VL]H RI WKH GLIIHUHQW FOXVWHUV ZKHQ ZH FRPSDUH WKHLU UHVSHFWLYH FXPXODWLYH GLVWULEX�
WLRQV >��@� VXFK DV LQ ILJXUH ���� ,Q WKLV SORW ZH VHH WKDW WKH +RXJK SRVLWLRQLQJ NHHSV WKH FOXVWHU VL]H
GLVWULEXWLRQ DOPRVW XQFKDQJHG� ZKLOH WKH UDQGRP SRVLWLRQLQJ OHDGV WR VLJQLILFDQWO\ VPDOOHU FOXVWHUV�
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Initial DFN
Hough Positioning DFN
Random positioning DFN

)LJXUH ���� &RPSDULVRQ RI WKH FOXVWHU VL]H FXPXODWLYH GLVWULEXWLRQ EHWZHHQ GLIIHUHQW UHDOL]DWLRQV

)LQDOO\� ZH FRPSDUH WKH VL]H RI WKH ODUJHVW FOXVWHU IRU WKH WKUHH GLIIHUHQW FDVHV� VLQFH LW LV WKH OLPLWLQJ
IDFWRU LQ WHUPV RI QHWZRUN FRQQHFWLYLW\ >��@� :H KDYH D FXPXODWLYH WUDFH OHQJWK RI ������ P LQ WKH
ODUJHVW FOXVWHU RI WKH LQLWLDO QHWZRUN� ���� P IRU WKH +RXJK SRVLWLRQLQJ DQG ILQDOO\ ��� P IRU WKH UDQGRP
UHDOL]DWLRQ �ILJXUH �����



�� �� 6WRFKDVWLF 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ

)LJXUH ���� �D� /DUJHVW FOXVWHU LQ WKH VRXUFH ')1� �E� /DUJHVW FOXVWHU� ZLWK VLPXODWLRQ GULYHQ E\ +RXJK WUDQVIRUP� �F� /DUJHVW
FOXVWHU� ZLWK IXOO\ UDQGRP VLPXODWLRQ�

������ :HOO &RQQHFWLYLW\ &RPSDULVRQ
:H FDQ SRVLWLRQ DQ LQMHFWRU DQG D SURGXFHU ZHOO �D GRXEOHW� DW DQ DUELWUDU\ ORFDWLRQ� VLPLODU IRU ERWK
UHDOL]DWLRQ� DQG REVHUYH WKH PD[LPXP VSDFLQJ DW ZKLFK WKH GRXEOHW UHPDLQV FRQQHFWHG �ILJXUH ������

)LJXUH ���� 3RVLWLRQ RI WKH SURGXFLQJ ZHOOV �UHG� DQG WKH LQMHFWRU �EODFN�� ZLWK RQH �DUELWUDU\� QHWZRUN JHQHUDWHG ZLWK RXU +RXJK
EDVHG VLPXODWRU �D� DQG IRU D VLPXODWRU XVLQJ UDQGRP SRVLWLRQLQJ �E��

,Q WKH VRXUFH ')1 WKH PD[LPXP VSDFLQJ LV �� P� ��� P LQ WKH +RXJK EDVHG UHDOL]DWLRQ� DQG �� P LQ
WKH UHDOL]DWLRQ ZLWK UDQGRP SRVLWLRQLQJ�
,Q WKDW VHQVH� WKH ZHOO FRQQHFWLYLW\ REVHUYHG LQ WKH RXWFURS LV EHWWHU SUHVHUYHG LQ WKH +RXJK EDVHG
�7KH PHWKRGRORJ\ WR DFKLHYH WKLV FDOFXODWLRQ LV GRFXPHQWHG LQ $SSHQGL[ $�
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���� 5HVXOWV ��

VLPXODWRU WKDQ LQ WKH VLPXODWLRQ SRVLWLRQLQJ IUDFWXUHV UDQGRPO\�

,QGHHG� ZH FKRVH RXU ZHOO RULHQWDWLRQV WR EH SHUSHQGLFXODU WR WKH ORQJHVW REVHUYHG IUDFWXUHV LQ WKH
VRXUFH ')1� ZKLFK DUH 1�6 WUHQGLQJ� 7KHUHIRUH� WKHVH SDUWLFXODU IUDFWXUHV ZLOO KDYH D ODUJH LQIOXHQFH
LQ ZHOO FRQQHFWLYLW\ VLQFH� LI SODFHG FRUUHFWO\� WKH\ ZLOO V\VWHPDWLFDOO\ LQWHUVHFW WKH LQMHFWRU DQG WKH SUR�
GXFHU� ,Q WKH +RXJK GULYHQ VLPXODWLRQ� WKHVH IUDFWXUHV ZLOO UHPDLQ SHUSHQGLFXODU WR WKH SDLU RI ZHOOV�
VLQFH WKH OHQJWK�RULHQWDWLRQ�SRVLWLRQ FRUUHODWLRQ LV SUHVHUYHG� +RZHYHU� ZLWK WKH UDQGRP SRVLWLRQLQJ
VLPXODWRU� WKLV VSHFLILF VSDWLDO DUUDQJHPHQW ZLOO QRW EH UHSUHVHQWHG� WKH RULHQWDWLRQ DQG SRVLWLRQ EHLQJ
UDQGRPO\ GUDZQ� WKH ORQJHVW WUDFHV PD\ EHFRPH UDWKHU SDUDOOHO WR WKH SDLU RI ZHOOV� WKHUHIRUH XQGHUHV�
WLPDWLQJ WKH ZHOO FRQQHFWLYLW\�

������ 9DULDELOLW\
6LQFH RXU SURFHVV LV VWRFKDVWLF� ZH FDQ H[SHFW YDULDWLRQV EHWZHHQ HDFK ')1 ZH JHQHUDWH HDFK WLPH�
4XDQWLI\LQJ WKLV YDULDELOLW\ LV LPSRUWDQW WR DSSUDLVH WKH FRQVLVWHQF\ RI RXU VLPXODWRU�

)LUVW� ZH JHQHUDWH � ')1V ZLWK RXU +RXJK EDVHG VLPXODWRU� DQG FRPSDUH WKHLU FXPXODWLYH FOXVWHU VL]H
GLVWULEXWLRQ�
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)LJXUH ����� &RPSDULVRQ EHWZHHQ FOXVWHU VL]H FXPXODWLYH GLVWULEXWLRQ EHWZHHQ UHDOL]DWLRQ

:H REVHUYH LQ WKH ILJXUH ����� WKDW WKH FOXVWHU VL]H FXPXODWLYH GLVWULEXWLRQ GRHV QRW YDU\ VLJQLILFDQWO\
EHWZHHQ HDFK ')1� 7KHUHIRUH RXU VLPXODWRU VKRZV WKH VDPH FOXVWHULQJ WUHQG IRU HDFK UHDOL]DWLRQ�

,Q WKH VDPH PDQQHU� WKH PD[LPXP VSDFLQJ EHWZHHQ D FRQQHFWHG SDLU RI ZHOOV LV H[SHFWHG WR YDU\
DPRQJ WKH GLIIHUHQW UHDOL]DWLRQV� )RU WKDW SXUSRVH� ZH JHQHUDWHG �� ')1V ZLWK ERWK VLPXODWRUV ��� LQ
WRWDO�� DQG FRPSDUHG WKHLU GRXEOHW PD[LPXP VSDFLQJ FXPXODWLYH GLVWULEXWLRQV �ILJXUH �����

,Q WKLV SORW ZH VHH WKDW WKH PHGLDQ RI WKH PD[LPXP VSDFLQJ IRU WZR FRQQHFWHG ZHOOV LV ��� P ZLWK WKH
+RXJK EDVHG VLPXODWRU� ZKLFK LV D GHYLDWLRQ RI � P ZLWK WKH GRXEOHW¶V PD[LPXP VSDFLQJ REVHUYHG LQ
WKH RXWFURS� 7KLV GHYLDWLRQ LQFUHDVHV WR ��P ZLWK WKH UDQGRP SRVLWLRQLQJ VLPXODWRU �PHGLDQ DW ��� P��
7KHUH LV DOVR OHVV YDULDELOLW\ LQ WHUPV RI PD[LPXP VSDFLQJ ZLWK WKH +RXJK EDVHG VLPXODWRU �VWHHSHVW
VORSH RI WKH FXPXODWLYH FXUYH�� ,QGHHG� DPRQJ WKH �� ')1V PDGH ZLWK UDQGRP SRVLWLRQLQJ� WKH RE�
VHUYHG GRXEOHW¶V PD[LPXP VSDFLQJ YDULHV EHWZHHQ �� P WR ��� P� ZKLOH LW YDULHV EHWZHHQ �� P DQG
��� P ZLWK WKH �� ')1V PDGH ZLWK WKH +RXJK EDVHG VLPXODWRU�
7KLV UHVXOW ZDV H[SHFWHG� EHFDXVH WKH +RXJK EDVHG VLPXODWRU XVHV RQH PRUH FKDUDFWHUL]DWLRQ SD�



�� �� 6WRFKDVWLF 'LVFUHWH )UDFWXUH 1HWZRUN 6LPXODWLRQ
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)LJXUH ����� &RQQHFWHG ZHOOV¶ PD[LPXP VSDFLQJ FXPXODWLYH GLVWULEXWLRQ IRU D VLPXODWRU SRVLWLRQLQJ IUDFWXUHV EDVHG RQ WKH +RXJK
WUDQVIRUP� DQG D VLPXODWRU SRVLWLRQLQJ IUDFWXUHV UDQGRPO\�

UDPHWHU� WKH +RXJK WUDQVIRUP� WKDQ D VLPXODWRU XVLQJ UDQGRP SRVLWLRQLQJ� 7KXV� LQ RQH VHQVH� RXU
VLPXODWRU KDV OHVV GHJUHHV RI IUHHGRP� VR WKH GLIIHUHQW UHDOL]DWLRQV ZLOO WHQG WR ORRN PRUH RU OHVV VLPLODU
WR HDFK RWKHU�

���� 'LVFXVVLRQ
7KH UHVXOWV SUHVHQWHG LQ WKH SUHYLRXV VHFWLRQ KLJKOLJKW WKH SRWHQWLDO RI RXU VLPXODWLRQ DSSURDFK EDVHG
RQ WKH +RXJK VSDFH� 2XU UHVXOWV GLG VKRZ WKDW RXU DSSURDFK UHFUHDWHV WKH VSDWLDO GLVWULEXWLRQ RI WKH
IUDFWXUHV REVHUYHG LQ RXWFURSV ZLWK PRUH DFFXUDF\ �ILJXUH ����� 7KLV REVHUYDWLRQ LV FRQILUPHG ZKHQ
ZH FRPSDUH WKH FOXVWHU VL]H FXPXODWLYH GLVWULEXWLRQ �ILJXUH ����� WKH FOXVWHU PD[LPDO VL]H �ILJXUH ���� RU
WKH ZHOOV¶ FRQQHFWLYLW\ RI RXU UHDOL]DWLRQV �ILJXUH ����� ,Q WHUPV RI JHRPHWU\� WKH OHQJWK DQG RULHQWDWLRQ
GLVWULEXWLRQV DUH FRQVHUYHG �ILJXUH �����
7KH YDULDELOLW\ DQDO\VLV VKRZV WKDW WKH PRGHOHG ')1V DUH FRQVLVWHQW LQ WKH VHQVH WKDW WKH\ VKDUH WKH
VDPH FOXVWHULQJ DQG ZHOO FRQQHFWLYLW\ WUHQGV�

$QRWKHU PDMRU LPSURYHPHQW RI RXU PHWKRG LV WKH XVH RI WKH +RXJK WUDQVIRUP DV LQSXW IRU RXU VLPXODWLRQ�
7KLV HYHQWXDOO\ HQDEOHV XV WR UXQ D VWRFKDVWLF ')1 VLPXODWRU EDVHG RQ WKH +RXJK WUDQVIRUP RI DQ DHULDO
LPDJH RI DQ RXWFURS� DYRLGLQJ WKH WLPH FRQVXPLQJ VWHS RI WKH PDQXDO LQWHUSUHWDWLRQ DQG GLJLWL]DWLRQ RI
WKH RXWFURS LPDJH�

7KLV LQQRYDWLYH DSSURDFK QHHGV WR EH SXW LQ SHUVSHFWLYH RI WKH LQWULQVLF LVVXHV RI WKH TXDQWLWDWLYH +RXJK
VSDFH DQDO\VLV GLVFXVVHG LQ WKH FKDSWHU �� ,Q SDUWLFXODU� FXUY\ IUDFWXUHV FDQQRW EH SURSHUO\ VHHQ LQ WKH
+RXJK VSDFH� RU DW OHDVW WKHLU OHQJWK FDQQRW EH SURSHUO\ HVWLPDWHG� $OVR� ZH FDQQRW GHWHUPLQH LI D
SHDN LQ WKH +RXJK GLDJUDP FRUUHVSRQGV WR D VLQJOH WUDFH� RU WR PXOWLSOH FRD[LDO WUDFHV� 7KHUHIRUH� WKH
VDPSOLQJ RI IUDFWXUH DWWULEXWHV IURP WKH +RXJK GLDJUDP UHPDLQ GLIILFXOW� 2YHUFRPLQJ WKLV LVVXH ZRXOG
HQDEOH XV WR DFFXUDWHO\ XVH WKH +RXJK GLDJUDP DV LQSXW IRU RXU VWRFKDVWLF VLPXODWLRQ DQG JUHDWO\ HQ�
KDQFH RXU VLPXODWLRQ FDSDELOLWLHV�

%H\RQG WKH LQWULQVLF LVVXH RI WKH +RXJK WUDQVIRUP� ZH FDQ DOVR SRLQW RXW WKH GLIILFXOW\ RI XSVFDOLQJ RXU
PRGHO�
,W LV GXH WR WUXQFDWLRQ ELDV� WKH IUDFWXUHV SUHVHQW LQ WKH RXWFURS DUH QRW H[KDXVWLYH RI DOO WKH IUDFWXUHV
SRWHQWLDOO\ SUHVHQW LQ WKH VXEVXUIDFH� )RU H[DPSOH� LI RXU RXWFURS GRPDLQ LV ���[���P� ZH ZLOO EH



���� 'LVFXVVLRQ ��

XQDEOH WR REVHUYH IUDFWXUHV ORQJHU WKDQ ���P� 7KH FRUROODU\ EHLQJ WKDW ZH ZLOO QRW VDPSOH IUDFWXUHV
ORQJHU WKDQ ���P LQ RXU VWRFKDVWLF ')1�
,W LV DOVR EHFDXVH WKH +RXJK WUDQVIRUP LV GHILQHG ZLWKLQ D ILQLWH UDQJH RI GLVWDQFH WR WKH RULJLQ �ဃ� FRU�
UHVSRQGLQJ WR WKH ODUJHVW ဃ REVHUYHG LQ WKH RXWFURS� 7KXV� LI ZH ZDQW WR JHQHUDWH D ODUJHU PRGHO �H�J�
DW UHVHUYRLU VFDOH�� VDPSOLQJ D GLVWDQFH WR WKH RULJLQ EH\RQG WKH +RXJK GLDJUDP UDQJH ZLOO QRW EH SRV�
VLEOH� 7KH FRUROODU\ EHLQJ WKDW SRVLWLRQLQJ IUDFWXUHV� EDVHG RQ WKH +RXJK GLDJUDP� RXWVLGH WKH RXWFURS
ERXQGDULHV LV FXUUHQWO\ QRW SRVVLEOH�

,Q FRQFOXVLRQ� WKH PHWKRG LV� LQ LWV FXUUHQW IRUP� DOUHDG\ D YDOXDEOH HQKDQFHPHQW FRPSDUHG WR RWKHU
VWRFKDVWLF PHWKRGV�
,QGHHG� RXU ZRUN IORZ KLJKOLJKWV WKH SRVVLELOLW\ WR UXQ IUDFWXUH QHWZRUNV VLPXODWLRQ EDVHG RQ WKH +RXJK
WUDQVIRUP RI RXWFURS DHULDO LPDJHV� )XUWKHUPRUH� RXU PHWKRG VLJQLILFDQWO\ FRQWULEXWHV WR WKH HQKDQFH�
PHQW RI WKH UHSURGXFWLRQ RI VSDWLDO WUHQGV� VXFK DV FOXVWHULQJ DQG ZHOO FRQQHFWLYLW\� REVHUYHG LQ WKH
ILHOG� PDNLQJ VWRFKDVWLF QHWZRUNV FORVHU WR ZKDW LV REVHUYHG LQ WKH QDWXUH�





�
&RQFOXVLRQ

,Q WKLV SURMHFW ZH¶YH GHYHORSHG D FRPSUHKHQVLYH ZRUN IORZ WKDW LQWHQGHG WR EULGJH D JDS EHWZHHQ WKH
ILHOGV RI UHPRWH VHQVLQJ DQG JHRORJ\� LQ SDUWLFXODU IUDFWXUH QHWZRUN FKDUDFWHUL]DWLRQ DQG VWRFKDVWLF QHW�
ZRUN JHQHUDWLRQ�

,Q WKH ILUVW SKDVH RI WKLV SURMHFW ZH¶YH IRFXVHG RQ LPDJH DQDO\VLV WHFKQLTXHV WKDW FRXOG DXWRPDWH IUDF�
WXUH GHWHFWLRQ� ,I RXU UHVXOWV KLJKOLJKW WKH GLIILFXOW\ RI DGGUHVVLQJ WKLV VSHFLILF WDVN� PDLQO\ GXH WR WKH
FRPSOH[LW\ RI DHULDO LPDJHV� ZH LQWURGXFH DQ LQWHUHVWLQJ ZD\ WR FKDUDFWHUL]H WKH LPDJH� WKH +RXJK
WUDQVIRUP PHWKRG� ,I WKLV PHWKRG VKRZV VRPH OLPLWDWLRQV WR DFFXUDWHO\ H[WUDFW WKH IUDFWXUH SDWWHUQ� LW
RIIHUV D QHZ ZD\ WR FDSWXUH WKH VSDWLDO DUUDQJHPHQW RI WKH IUDFWXUH QHWZRUN�

:H¶YH VKRZHG LQ WKH IRXUWK FKDSWHU KRZ WKLV GHVFULSWLRQ ZDV LQQRYDWLYH� SDUWLFXODUO\ EHFDXVH LW LQWH�
JUDWHV IUDFWXUH OHQJWK� RULHQWDWLRQ DQG VSDWLDO GLVWULEXWLRQ LQ WKH VDPH VSDFH HQDEOLQJ XV WR PDNH FURVV
FRUUHODWLRQV� :LWK D FRXSOH RI FRQFHSWXDO H[DPSOHV� DQG WKHQ D FDVH VWXG\ LQ %UD]LO� ZH¶YH KLJKOLJKWHG
WKH SRZHU DQG WKH SRWHQWLDO RI WKH +RXJK FKDUDFWHUL]DWLRQ� 8QIRUWXQDWHO\� WKLV PHWKRG KDV OLPLWDWLRQV�
DQG� LI D TXDOLWDWLYH GHVFULSWLRQ RI WKH VSDWLDO DUUDQJHPHQW LV SRVVLEOH� WKH URDG WR REWDLQLQJ DQ DFFXUDWH
TXDQWLWDWLYH FKDUDFWHUL]DWLRQ LV VWLOO ORQJ�

1HYHUWKHOHVV� LQ WKH ILIWK FKDSWHU� ZH VDZ KRZ WKH +RXJK WUDQVIRUP RIIHUV DQ LQQRYDWLYH ZD\ WR HQKDQFH
WKH IUDFWXUH¶V VSDWLDO GLVWULEXWLRQ LQ VWRFKDVWLF GLVFUHWH IUDFWXUH QHWZRUN VLPXODWLRQ� PDNLQJ ')1V FORVHU
WR ZKDW LV REVHUYHG LQ WKH ILHOG� LQ WHUPV RI FOXVWHULQJ RU ZHOOV¶ FRQQHFWLYLW\� %XW� ZH DOVR KLJKOLJKWHG
WKH GLIILFXOW\ WR DFFXUDWHO\ VDPSOH IUDFWXUHV DWWULEXWHV LQ WKH +RXJK GLDJUDP DQG VKRZHG WKH GLIILFXOW\ RI
XSVFDOLQJ RXU PRGHO WR DQ DUHD ODUJHU WKDQ WKH GRPDLQ RI WKH RXWFURS� ,Q SDUWLFXODU� WKH +RXJK GLDJUDP
LV QRW GHILQHG EH\RQG WKH RXWFURS GRPDLQ� WKHQFHIRUWK ZH FDQ QRW XVH WKH +RXJK WUDQVIRUP WR SRVLWLRQ
WKH IUDFWXUHV RXWVLGH WKH RXWFURS ERXQGDULHV� 6ROYLQJ WKHVH LVVXHV ZRXOG JUHDWO\ LPSURYH RXU ')1
VLPXODWLRQ FDSDELOLWLHV�

,Q FRQFOXVLRQ� ZKDW LV QHZ LQ WKLV WKHVLV LV WKH LGHD WR XVH WR WKH +RXJK VSDFH WR FKDUDFWHUL]H D IUDFWXUH
QHWZRUN� 7KLV DSSURDFK RIIHUV XV D ZD\ WR FKDUDFWHUL]H WKH QHWZRUN GLUHFWO\ IURP DQ DHULDO LPDJH RU
D IUDFWXUH WUDFH PDS� 7KLV FKDUDFWHUL]DWLRQ RIIHUV DQ LQQRYDWLYH DSSURDFK WR H[WUDFW IUDFWXUH SDWWHUQV
IURP DHULDO LPDJHV� EXW DOVR HQKDQFHV RXU VWRFKDVWLF QHWZRUN VLPXODWLRQ FDSDELOLWLHV� ,QGHHG WKH XVH
RI +RXJK EDVHG SRVLWLRQLQJ PDNHV VWRFKDVWLF IUDFWXUH QHWZRUNV PRUH QDWXUDO LQ WKH VHQVH WKH\ FDQ
GHVFULEH SKHQRPHQRQ REVHUYHG LQ RXWFURS VXFK DV FOXVWHULQJ FRUUHODWLRQ�

7KLV ZRUN VKRXOG EH DQ LQFHQWLYH WR HQGHDYRU WR LQWHJUDWH PRUH UHVHDUFK EHWZHHQ LPDJH DQDO\VLV�
UHPRWH VHQVLQJ� JHRORJ\ DQG UHVHUYRLU HQJLQHHULQJ� ,QGHHG ZH KDYH VKRZQ WKH SRWHQWLDO RI WKH DSSOL�
FDWLRQ RI LPDJH DQDO\VLV WRROV WR D JHRORJLFDO LVVXH� WKH FKDUDFWHUL]DWLRQ RI IUDFWXUH QHWZRUNV�

��



�� �� &RQFOXVLRQ

$FNQRZOHGJPHQW
, ZRXOG OLNH WR WKDQNV P\ VXSHUYLVRUV� *LRYDQQL %HUWRWWL� 1LFR +DUGHERO� .HYLQ %LVGRP DQG %HULO 6LUPD�
FHN� IRU WKHLU FRQWLQXRXV DQG WKRURXJK JXLGDQFH� FRPPHQWV� UHYLHZV DQG VXSSRUW�

, WKDQNV HYHU\RQH ZKR KHOSHG PH� LQ D GLUHFW RU LQGLUHFW ZD\� WR FRPSOHWH P\ WKHVLV� DQG LQ SDUWLFXODU
%DUQHV DQG &KULV�

7KLV EHLQJ WKH ODVW OLQH ,¶YH ZURWH LQ P\ WKHVLV� DQG WKXV LQ P\ HQWLUH XQLYHUVLW\ HGXFDWLRQ� , ZRXOG OLNH
WR HPSKDVL]H P\ JUDWLWXGH WR P\ VXSSRUWHUV GXULQJ WKHVH � ORQJ \HDUV� P\ SDUHQWV� :LWKRXW WKHP�
QRWKLQJ ZRXOG KDYH EHHQ SRVVLEOH� WKH\ GHVHUYH DOO WKH FUHGLWV IRU ZKDW KDYH EHHQ DFKLHYHG GXULQJ
WKHVH � \HDUV�

)LJXUH ���� , ZRXOG DOVR OLNH WR WKDQNV WKH RLO SULFHV ���EDUUHO��



$SSHQGLFHV

��





"
:HOOV¶ &RQQHFWLYLW\ 0HWKRGRORJ\

7KH SUREDELOLW\ WKDW D SDLU RI ZHOOV VHSDUDWHG E\ D GLVWDQFH ൱ LV FRQQHFWHG LQ D QHWZRUN JHQHUDWHG E\ D
VWRFKDVWLF VLPXODWLRQ LV GHVLJQHG E\ ൮፡�൱�� LI WKH VLPXODWRU LV EDVHG RQ WKH +RXJK WUDQVIRUP� DQG ൮፫�൱�
LI WKH VLPXODWRU SRVLWLRQ IUDFWXUHV UDQGRPO\� 7R FRPSXWH WKHVH IXQFWLRQV� ZH ZLOO FUHDWH D QXPEHU RI
')1V� ፡ ZLWK RXU +RXJK EDVHG VLPXODWRU� DQG ፫ ZLWK D VLPXODWRU ZKLFK SRVLWLRQV IUDFWXUHV UDQGRPO\�
DOO ')1V DUH UHFRQVWUXFWHG EDVHG RQ WKH VDPH VRXUFH ')1�
)RU D SDLU RI ZHOOV VHSDUDWHG E\ D GLVWDQFH ൱˃ �ILJXUH $���� LGHQWLFDOO\ SRVLWLRQQHG LQ HYHU\ ')1V� ZH ZLOO
REVHUYH ፡�൱˃� FRQQHFWHG GRXEOHW LQ WKH ILUVW VHW DQG ፫�൱˃� LQ WKH VHFRQG� 7KHUHIRUH� WR HVWLPDWH WKH
SUREDELOLW\ WKDW WKH WZR ZHOOV DUH FRQQHFWHG� ZH ZLOO XVH WKH IROORZLQJ HVWLPDWRU�

൮ˁ።�൱�  
።�൱�
።

:KHUH ൧ FDQ HLWKHU EH ߶ RU ൰� GHSHQGLQJ WKH VLPXODWRU ZH DUH FRQVLGHULQJ�

7R GHWHUPLQH LI WKH SDLU RI ZHOOV LQ D JLYHQ ')1 LV FRQQHFWHG RU QRW� ZH XVH WKH 'LMNVWUD $OJRULWKP� 7KLV
DOJRULWKP� LQKHULWHG IURP *UDSK 7KHRU\� GHWHUPLQHV LI WZR VHW RI IUDFWXUHV DUH FRQQHFWHG E\ DW OHDVW
RQH SDWK >�@�
7KH ILUVW VWHS RI WKH DOJRULWKP LV WR FUHDWH � VHWV RI IUDFWXUHV� RQH PDGH RI IUDFWXUHV LQWHUFHSWLQJ WKH
SURGXFHU ZHOO� ZKLOH WKH VHFRQG LV PDGH RI IUDFWXUHV LQWHUFHSWLQJ WKH LQMHFWRU ZHOO�
7KHQ� IRU D IUDFWXUH QHWZRUN PDGH RI  IUDFWXUHV� ZH ODEHO HDFK IUDFWXUH ZLWK D XQLTXH QXPEHU FRP�
SULVHG EHWZHHQ � DQG �
6XEVHTXHQWO\� ZH FUHDWH D ൶ PDWUL[ GHILQH DV IROORZ�

ᗡ
ኻ�ኻ জ ኻ�ፌ
ছ ঞ ছ

ፌ�ኻ জ ፌ�ፌ
ᗢ ZKHUH ᗟ ።�፣  �� LI IUDFWXUH L LQWHUVHFW IUDFWXUH M

።�፣  �� RWKHUZLVH ᗠ

7KH 0$7/$% LPSOHPHQWDWLRQ RI WKH 'LMNVWUD DOJRULWKP XVH WKLV PDWUL[ DV DQ LQSXW WR GHWHUPLQH LI WKH
WZR VHWV RI IUDFWXUHV DUH FRQQHFWHG E\� DW OHDVW� RQH SDWK� ,I D SDWK H[LVWV� WKH ZHOOV DUH FRQQHFWHG�

:H VXPPDUL]H WKH ZRUN IORZ WR FRQVWUXFW WKH SUREDELOLW\ IXQFWLRQ LQ WKH IROORZLQJ VFKHPH�

� 6WHS �� &UHDWH ፡ ')1V ZLWK RXU +RXJK EDVHG VLPXODWRU DQG ፫ ZLWK WKH IXOO\ UDQGRP
VLPXODWRU�
,Q RXU FDVH ፡  ፫  ���

� 6WHS �� 6HW WKH ORFDWLRQ RI WKH LQMHFWRU ZHOO LGHQWLFDOO\ LQ HYHU\ ')1V�
,Q RXU FDVH� ZLWK DQ RULHQWDWLRQ :HVW�(DVW �VHH ILJXUH $����

� 6WHS �� 3LFN D ZHOO VSDFLQJ YDOXH ൱˃� DQG SRVLWLRQ WKH SURGXFHU ZHOO LGHQWLFDOO\ LQ HYHU\
')1V� SDUDOOHO WR WKH LQMHFWRU�

��



�� $� :HOOV¶ &RQQHFWLYLW\ 0HWKRGRORJ\

� 6WHS �� 8VH 'LMNVWUD $OJRULWKP RQ HYHU\ ')1V DQG FDOFXODWH WKH DPRXQW RI FRQQHFWHG
GRXEOHW ፡�൱˃� DQG ፫�൱˃�

� 6WHS �� &DOFXODWH GRXEOHW FRQQHFWLYLW\ SUREDELOLW\ ൮ˁ IRU WKH VSDFLQJ ൱˃
� 6WHS �� 5HSHDW IURP VWHS � ZLWK D GLIIHUHQW VSDFLQJ YDOXH

)LJXUH $��� 3RVLWLRQ RI WKH SURGXFLQJ ZHOOV �UHG� DQG WKH LQMHFWRU �EODFN�� ZLWK RQH �DUELWUDU\� QHWZRUN JHQHUDWHG ZLWK RXU +RXJK
EDVHG VLPXODWRU �D� DQG IRU D VLPXODWRU XVLQJ UDQGRP SRVLWLRQLQJ �E��

40m



%LEOLRJUDSK\
>�@ .HYLQ %LVGRP� 0RGHOOLQJ �G GLVFUHWH IUDFWXUH QHWZRUNV XVLQJ �G RXWFURS GDWD� 78 'HOIW� 0DVWHU

7KHVLV LQ $SSOLHG (DUWK 6FLHQFHV� �����

>�@ 2OLYLHU %RXU� 7UDQVIHUWV GHV IOXLGHV HQ PLOLHX[ SRUXH[� HIIHWV G¶HFKHOOH� >IOXLG WUDQVIHU LQ SRURXV
PHGLD� VFDOLQJ HIIHFW@� 8QLYHUVLWp GH 5HQQHV� 3K' 7KHVLV� �����

>�@ %� %RXUELDX[� 5� %DVTXHW� 0&� &DFDV� DQG -0� 'DQLHO� $Q LQWHJUDWHG ZRUNIORZ WR DFFRXQW IRU
PXOWL�VFDOH IUDFWXUHV LQ UHVHUYRLU VLPXODWLRQ PRGHOV� ,PSOHPHQWDWLRQ DQG EHQHILWV� 63( ������
�����

>�@ -&� 'HOYHQQH� 7KpRULH HW DOJRULWKPLTXH GHV JUDSKHV� 1RWHV GH FRXUV >JUDSK WKHRU\ DQG DOJRULWKP�
V\OODEXV@� $SSOLHG 0DWKHPDWLFV GHSW�� &DWKROLF 8QLYHUVLW\ RI /RXYDLQ �%HOJLXP�� �����

>�@ 3� 'LDFRQLV DQG %� (IURQ� &RPSXWHU�LQWHQVLYH PHWKRGV LQ VWDWLVWLFV� 6FLHQWLILF $PHULFDQ� SDJHV
���±���� �����

>�@ 5LFKDUG 2� 'XG DQG 3HWHU (� +DUW� 8VH RI WKH KRXJK WUDQVIRUPDWLRQ WR GHWHFW OLQHV DQG FXUYHV LQ
SLFWXUHV� &RPPXQLFDWLRQ RI WKH $&0� �����±��� �����

>�@ 7RP %UDWWRQ HW $O� 7KH QDWXUH RI QDWXUDOO\ IUDFWXUHG UHVHUYRLUV� 6FKOXPEHUJHU 2LOILHOGV 5HYLHZ�
SDJHV �±��� �����

>�@ $� 0� )HUUHUR� *� )RUODQL� 5� 5RQFHOOD� DQG +� ,� 9R\DW� $GYDQFHG JHRVWUXFWXUDO VXUYH\ PHWKRGV
DSSOLHG WR URFN PDVV FKDUDFWHUL]DWLRQ� 5RFN 0HFK 5RFN (QJ� ������±���� �����

>�@ 5DIDHO &� *RQ]DOH] DQG 5LFKDUG (� :RRGV� 'LJLWDO LPDJH SURFHVVLQJ� 3UHQWLFH +DOO� SDJH ����
�����

>��@ 6WHYH +DUZLQ DQG $UNR /XFLHHU� $VVHVVLQJ WKH DFFXUDF\ RI JHRUHIHUHQFHG SRLQW FORXGV SURGXFHG
YLD PXOWL�YLHZ VWHUHRSVLV IURP XQPDQQHG DHULDO YHKLFOH �XDY� LPDJHU\� 5HPRWH 6HQVLQJ� ������±
����� �����

>��@ -RKQ $� +RZHOO� $OODUG:� 0DUWLQLXV� DQG 7LPRWK\ 5� *RRG� 7KH DSSOLFDWLRQ RI RXWFURS DQDORJXHV LQ
JHRORJLFDO PRGHOLQJ� D UHYLHZ� SUHVHQW VWDWXV DQG IXWXUH RXWORRN� 7KH *HRORJLFDO 6RFLHW\� 6SHFLDO
3XEOLFDWLRQV� �����±��� �����

>��@ -RKQ +XGVRQ� 5RFN FKDUDFWHUL]DWLRQ� ,650 6\PSRVLXP� (XURFN� �����

>��@ /� -LQJ� $ UHYLHZ RI WHFKQLTXHV� DGYDQFHV DQG RXWVWDQGLQJ LVVXHV LQ QXPHULFDO PRGHOOLQJ IRU URFN
PHFKDQLFV DQG URFN HQJLQHHULQJ� -RXUQDO RI 5RFN 0HFKDQLFV DQG 0LQLQJ 6FLHQFHV� ������±����
�����

>��@ $UQRQ .DUQLHOL� $PQRQ 0HLVHOV� /HRQLG )LVKHU� DQG <DDFRY $UNLQ� $XWRPDWLF H[WUDFWLRQ DQG HYDOX�
DWLRQ RI JHRORJLFDO OLQHDU IHDWXUHV IURP GLJLWDO UHPRWH VHQVLQJ GDWD XVLQJ D KRXJK WUDQVIRUP� 3KR�
WRJUDPPHWULF (QJLQHHULQJ DQG 5HPRWH 6HQVLQJ�� ������±���� ����� GRL� �����OOO������������

>��@ -� /RQJ DQG '� %LOOLDX[� )URP ILHOG GDWD WR IUDFWXUHV PRGHOLQJ� DQ H[DPSOH XVLQJ VSDWLDO VWUXFWXUH�
:DWHU 5HVRXUFHV 5HV�� �������±����� �����

>��@ 6FKOXPEHUJHU /WG� &KDUDFWHUL]DWLRQ RI IUDFWXUHG UHVHUYRLU� SUHGLFWLYH PRGHOV WR RSWLPL]H FDUERQDWH
UHVHUYRLU SHUIRUPDQFH� 6FKOXPEHUJHU ,QIRUPDWLRQ %URFKXUH� �����

>��@ 6� 0DKHQGUDQ� $ FRPSDUDWLYH VWXG\ RQ HGJH GHWHFWLRQ DOJRULWKPV IRU FRPSXWHU DLGHG IUDFWXUH
GHWHFWLRQ V\VWHPV� ,QWHUQDWLRQDO -RXUQDO RI (QJLQHHULQJ DQG ,QQRYDWLYH 7HFKQRORJ\� �� �����

��
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>��@ 0$7/$%� +RXJK IXQFWLRQ GRFXPHQWDWLRQ� YHUVLRQ ������ �5����D�� 7KH 0DWK:RUNV ,QF�� 1DWLFN�
0DVVDFKXVHWWV� �����

>��@ 1RHOOH (� 2GOLQJ� 1HWZRUN SURSHUWLHV RI D WZR�GLPHQVLRQDO QDWXUDO IUDFWXUH SDWWHUQ� -RXUQDO RI
1DWXUDO *DV 6FLHQFH DQG (QJLQHHULQJ� ������±���� �����

>��@ 0RKVHQ 1D]DUL 2VWDG� 2PLG $VJKDUL� ;DYLHU (PHU\� 0HKUDQ $]L]]DGHK� DQG )DUKDG .KRVKEDNKW�
)UDFWXUH QHWZRUN PRGHOLQJ XVLQJ SHWURSK\VLFDO GDWD� DQ DSSURDFK EDVHG RQ JHRVWDWLVWLFDO FRQ�
FHSWV� -RXUQDO RI 1DWXUDO *DV 6FLHQFH DQG (QJLQHHULQJ� ������±���� �����

>��@ $[HOOH 3RFKHW� )UDQFRLV %RQQHDX� *XLOODXPH &DXPRQ� DQG -XGLWK 6DXVVH� 'LVFUHWH IUDFWXUH QHW�
ZRUN JHQHUDWLRQ IURP LQGXFHG PLFURVHLVPLFLW\ GDWD� D PHWKRG EDVHG RQ �G KRXJK WUDQVIRUP� ��UG
*2&$'�0((7,1*� �����

>��@ 'DYLG -� 6DQGHUVRQ DQG &DVH\:� 1L[RQ� 7KH XVH RI WRSRORJ\ LQ IUDFWXUH QHWZRUN FKDUDFWHUL]DWLRQ�
-RXUQDO RI 6WUXFWXUDO *HRORJ\� �����±��� �����

>��@ $XJXVWR 6DUWL DQG 6WHIDQR 7XEDUR� 'HWHFWLRQ DQG FKDUDFWHULVDWLRQ RI SODQDU IUDFWXUHV XVLQJ D �G
KRXJK WUDQVIRUP� 6LJQDO 3URFHVVLQJ� ������� ± ����� �����

>��@ %HULO 6LUPDoHN DQG &HP hQVDODQ� 5RDG GHWHFWLRQ IURP UHPRWHO\ VHQVHG LPDJHV XVLQJ FRORU IHD�
WXUHV� *HUPDQ $HURVSDFH &HQWHU �'/5�� 5HPRWH 6HQVLQJ 7HFKQRORJ\ ,QVWLWXWH� $6. &203/(7(
5()�

>��@ '� 6WR\DQ DQG +� 6WR\DQ� )UDFWDO� UDQGRP VKDSHV DQG SRLQW ¿HOGV� -RKQ :LOH\ DQG VRQV� �����

>��@ -RKQ %� 7KXUPRQG� 7RUH 0� /¡VHWK�� -DQ &� 5LYHQ V� 2OH -� 0DUWLQVHQ� &DUORV $LNHQ� DQG ;XHP�
LQJ ;X� 8VLQJ RXWFURS GDWD LQ WKH ��VW FHQWXU\ ± QHZ PHWKRGV DQG DSSOLFDWLRQV� ZLWK H[DPSOH
IURP WKH DLQVD WXUELGLWH V\VWHP� DLQVD� VSDLQ� 8QLYHUVLW\ RI 7H[DV LQ 'DOODV� &HQWHU IRU /LWKRVSKHULF
6WXGLHV� �����

>��@ '� 7XUQHU� $� /XFLHHU� DQG &�:DWVRQ� $Q DXWRPDWHG WHFKQLTXH IRU JHQHUDWLQJ JHRUHFWLILHGPRVDLFV
IURP XOWUD�KLJK UHVROXWLRQ XQPDQQHG DHULDO YHKLFOH LPDJHU\� EDVHG RQ VWUXFWXUH IURP PRWLRQ SRLQW
FORXGV� 5HPRWH 6HQVLQJ� ������±����� �����

>��@ 0DULVND 0� YDQ (LMN� $QDO\VLV RI WKH IUDFWXUH QHWZRUN LQ FDUERQDWH URFNV RI WKH MDQGDtUD IRUPDWLRQ
LQ QRUWKHDVW EUD]LO� 78 'HOIW� 0DVWHU 7KHVLV LQ $SSOLHG (DUWK 6FLHQFHV� �����

>��@ <DWKXQDQWKDQ 9DVXNL� (XQ�-XQJ +ROGHQ� 3HWHU .RYHVL� DQG 6WHYHQ 0LFNOHWKZDLWH� 6HPL�
DXWRPDWLF PDSSLQJ RI JHRORJLFDO VWUXFWXUHV XVLQJ XDY�EDVHG SKRWRJUDPPHWULF GDWD� $Q LPDJH
DQDO\VLV DSSURDFK� &RPSXWHUV DQG *HRVFLHQFHV� �����±��� �����

>��@ &RQQ\ =HHE� (QULTXH *RPH]�5LYDV� 3DXO '� %RQV� DQG 3KLOLSS %OXP� (YDOXDWLRQ RI VDPSOLQJ
PHWKRGV IRU IUDFWXUH QHWZRUN FKDUDFWHUL]DWLRQ XVLQJ RXWFURSV� $$3* %XOOHWLQ� ��� �����

>��@ <RQJMXQ =KDQJ� /LMXDQ +DR� DQG -LQ[LQ ;LRQJ� 3KRWRJUDPPHWULF SURFHVVLQJ RI ORZ�DOWLWXGH LPDJHV
DFTXLUHG E\ XQSLORWHG DHULDO YHKLFOHV� 7KH 3KRWRJUDPPHWULF 5HFRUG� ������±���� �����


