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$EVWUDFW

:LWK�K\GURJHQ�FRQYHUVLRQ�DQG�VWRUDJH�WHFKQRORJLHV�SURPLVLQJ�D�UHYROXWLRQ LQ�WKH�

HQHUJ\�LQGXVWU\ LI�YROXPHWULF�HQHUJ\�GHQVLW\�LV�LQFUHDVHG��WKH�ORDGLQJ�RI�K\GURJHQ�WR�KLJK�

FRQFHQWUDWLRQV�LQ�PHWDO�ODWWLFHV�KDV�EHFRPH�RI�VSHFLDO�LQWHUHVW� +HUH�ZH�XVH�3URMHFWRU

$XJPHQWHG�ZDYH�GHQVLW\�IXQFWLRQDO�WKHRU\�PHWKRGV WR�VHDUFK�WKH�3G�7L�+�V\VWHP�IRU�VWDEOH�

LQVWDQFHV�RI�PL[HG�WHWUDKHGUDO�RFWDKHGUDO�VLWH�RFFXSDWLRQ� :H�FRPSXWH WKH�HQHUJLHV�RI����

K\GULGHV�FRQVWUXFWHG�IURP�VHYHQ�PHWDO�VXEODWWLFHV��1L�7L�SURWRW\SH�3G�7L��&G,��SURWRW\SH�

3G7L���DQG�)&&�IRXU�DWRP�XQLW�FHOOV�RI�3G��3G�7L��3G7L��3G7L���DQG�7L� 2XU�UHVXOWV�VXJJHVW�

WKDW�PL[HG�RFWDKHGUDO�WHWUDKHGUDO�RFFXSDWLRQ�LV�HQHUJHWLFDOO\�XQIDYRUDEOH�LQ�PRVW�FDVHV��EXW D

/L�%L�SURWRW\SH�K\GULGH PD\�EH�VWDEOH�ZLWKLQ�WKH 3G��[7L[+� V\VWHP��
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,QWURGXFWLRQ

3DOODGLXP�K\GULGH��3G+��[��LV�WKH�SURWRW\SLFDO�PHWDO�K\GURJHQ�SKDVH��ILUVW�REVHUYHG�LQ�

WKH�����V��3G+��[ KDV�VLQFH�UHPDLQHG�WKH�PRVW�DFDGHPLFDOO\�LQWHUHVWLQJ�RI�DOO�PHWDO�K\GULGHV��

7KH�VSHFLDO�LQWHUHVW�LQ�DQG�LQWULJXLQJ�SURSHUWLHV�RI�3G+��[ VWHP�SDUWLDOO\�IURP�WKH�IDFW�WKDW�LW�LV�

QRW�D�WUXH�K\GULGH��IRU�ZKLFK�K\GURJHQ�ZRXOG�EH�DQ�DQLRQ���EXW�LQVWHDG�D�VROLG�VROXWLRQ�RI�

PHWDOOLF�K\GURJHQ�LQ�SDOODGLXP��+\GURJHQ�DWRPV�RFFXS\�RFWDKHGUDO�VLWHV�LQ�WKH�SDOODGLXP�

)&&�ODWWLFH �ILJ���D��XS�WR�D 3G�+�UDWLR�RI������IRUPLQJ�D�URFN�VDOW�VWUXFWXUH��ILJ���E��
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3DOODGLXP�LV�E\�QR�PHDQV�WKH�RQO\�PHWDO�ZKLFK�DFFHSWV�K\GURJHQ��LQGHHG��QHDUO\�DOO�

PHWDOV�ZLOO�IRUP�ELQDU\�0�+�FRPSRXQGV��DOWKRXJK�WKHVH�DUH�XVXDOO\�RI�DQ�LRQLF�FKDUDFWHU��

7LWDQLXP��IRU�H[DPSOH��IRUPV�WKH�VHPL�LRQLF�K\GULGH�7L+��[��7LWDQLXP�K\GULGH�H[KLELWV�

VHYHUDO�SKDVH�WUDQVLWLRQV�DV�K\GURJHQ�ORDGLQJ�LV�LQFUHDVHG��)RU�ORZ�K\GURJHQ�FRQFHQWUDWLRQV��

7L+��[ UHWDLQV�WKH�+&3�VWUXFWXUH�RI�SXUH�WLWDQLXP��$V�>+@�LQFUHDVHV�D�IOXRULWH�SKDVH�EHJLQV�WR�

HPHUJH �ILJ���G���ZLWK�+�RFFXS\LQJ�WKH�WHWUDKHGUDO�VLWHV�RI�DQ�)&& 7L�ODWWLFH �ILJ��E���1HDU�

VWRLFKLRPHWU\�7L+� DGRSWV�D�GLVWRUWHG��ERG\�FHQWHUHG�WHWUDJRQDO�VWUXFWXUH��ZKLFK�LV�XQVWDEOH�

XQOHVV�LW�UHPDLQV�XQGHU�K\GURJHQ�DWPRVSKHUH�

%HVLGHV�WKH�URFN�VDOW�DQG�IOXRULWH�VWUXFWXUHV��RWKHU�RSWLRQV�IRU�LQWHUVWLWLDO�RFFXSDWLRQ

LQFOXGH�]LQFEOHQGH��LQ�ZKLFK�HYHU\�RWKHU�WHWUDKHGUDO�VLWH�LV�RFFXSLHG��WKH�/L�%L SURWRW\SH��DOVR�

IRUPHG�E\�/D+����LQ�ZKLFK�DOO�WHWUDKHGUDO�DQG�RFWDKHGUDO�VLWHV�DUH�RFFXSLHG��DQG�WKH�$J$V0J�

SURWRW\SH��LQ�ZKLFK�]LQFEOHQGH VLWHV�DQG�RFWDKHGUDO�VLWHV DUH�RFFXSLHG� ,Q�D�KH[DJRQDO�VXEODWWLFH��

K\GURJHQ�PLJKW RFFXS\�RFWDKHGUDO�VLWHV��1L$V���DOWHUQDWLQJ�WHWUDKHGUDO�VLWHV��ZXUW]LWH���ERWK�

RFWDKHGUDO�DQG�ZXUW]LWH�VLWHV��WHWUDKHGUDO�VLWHV��RU�ERWK�RFWDKHGUDO�DQG�WHWUDKHGUDO�VLWHV��7KH�ODVW�

WKUHH� VWUXFWXUHV�DUH�XQOLNHO\� WR EH�VWDEOH�� VLQFH QHDUHVW�QHLJKERU KH[DJRQDO WHWUDKHGUDO VLWHV�

VKDUH�IDFHV�DQG�WKHUHIRUH�WKHUH�ZRXOG�EH�OLWWOH�VFUHHQLQJ�EHWZHHQ�K\GURJHQ�QXFOHL�

*LYHQ�WKDW�3G+�H[KLELWV�RFWDKHGUDO�RFFXSDWLRQ�RI�K\GURJHQ��DQG�7L+� WHWUDKHGUDO�

RFFXSDWLRQ��LW�LV�SRVVLEOH�WKDW�PL[HG�WHWUDKHGUDO�RFWDKHGUDO�RFFXSDWLRQ�PD\�RFFXU�ZLWKLQ�3G+�

� 7L+� DOOR\V� 7KH�/L�%L VWUXFWXUH PLJKW�EHFRPH�VWDEOH�DW�KLJK�K\GURJHQ�SUHVVXUH��
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$OWHUQDWHO\��VRPH��3G�7L��ODWWLFH�PLJKW�DFFHSW�+�LQWHUVWLWLDOO\ LQ�DQ�$J$V0J�SURWRW\SH�

FRQILJXUDWLRQ��7KLV�WKHVLV�ZLOO�XVH�GHQVLW\�IXQFWLRQDO�WKHRU\��')7��PHWKRGV�WR VHDUFK�IRU�

VWDEOH�LQVWDQFHV�RI�PL[HG�RFFXSDWLRQ�ZLWKLQ�WKH�3G�7L�+�WHUQDU\ SKDVH�GLDJUDP�

ࢻ

ࢾ
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0HWKRGV

L� $ EULHI RYHUYLHZ�RI�GHQVLW\�IXQFWLRQDO�WKHRU\

'HQVLW\�IXQFWLRQDO�WKHRU\�KDV�HPHUJHG�LQ�WKH�ODVW����\HDUV�DV�DQ�LPPHQVHO\�XVHIXO�

WRRO�IRU�WKH�SUHGLFWLRQ�RI�PROHFXODU�VWUXFWXUH�DQG�SURSHUWLHV��,Q�JHQHUDO��')7�ILQGV�LWV�XVH�LQ�

WKH�WUHDWPHQW�RI�PDQ\�ERG\�TXDQWXP�V\VWHPV��)RU�SUREOHPV�LQ�ZKLFK�')7�LV�UHOHYDQW��WKH�

V\VWHP�LV�D�FROOHFWLRQ�RI�HOHFWURQV�DQG�QXFOHL�� IRU�H[DPSOH��WKH�XQLW�FHOO�RI�D�FU\VWDO��RU�D�

PROHFXOH�LQ�D�JDV��$�PDQ\�ERG\�ZDYHIXQFWLRQ ߰ WKHQ�GH¿QHV�WKH�SRVLWLRQ�RI�HDFK�HOHFWURQ�

DQG�QXFOHXV�LQ�VSDFH��

0RVW�TXDQWXP�FKHPLVWU\�PHWKRGV�EHJLQ�E\�LQYRNLQJ�WKH�%RUQ�2SSHQKHLPHU�

DSSUR[LPDWLRQ��ZKLFK�DUJXHV�WKDW�WKH�ODUJH�GLIIHUHQFH�LQ�PDVV�EHWZHHQ�DQ�HOHFWURQ�DQG�D�

QXFOHXV�JLYHV�WKH�WZR�SDUWLFOHV�GUDVWLFDOO\�GLIIHUHQW�WLPH�VFDOHV�RI�PRWLRQ��VXFK�WKDW�QXFOHDU�

NLQHWLF�HQHUJLHV�FDQ�EH�QHJOHFWHG�DQG�QXFOHDU�SRVLWLRQV�FDQ�HQWHU�WKH�+DPLOWRQLDQ�

SDUDPHWULFDOO\��8VLQJ�WKH�%RUQ�2SSHQKHLPHU�DSSUR[LPDWLRQ��WKH�HOHFWURQV�LQ�WKH�V\VWHP�FDQ�

EH�WUHDWHG�DV�PRYLQJ�LQ�D�IL[HG�SRWHQWLDO�ILHOG�JHQHUDWHG�E\�WKH�QXFOHL��7KH�6FKURGLQJHU�

HTXDWLRQ�RI�D�V\VWHP�RI�1�HOHFWURQV�LV WKHQ�UHZULWWHQ�DV
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ZKHUH� ݎ LV�WKH�SRVLWLRQ�RI�WKH�LWK HOHFWURQ��)URP�OHIW�WR�ULJKW��WKH�OHIW�KDQG�VLGH�WHUPV�JLYH�

WKH�WRWDO�HOHFWURQ�NLQHWLF�HQHUJ\�7��WKH�HOHFWURQ�HQHUJ\�IURP�WKH�QXFOHDU�SRWHQWLDO�ILHOG

ܸ௫௧ሺݎሻ DQG�WKH�HOHFWURQ�HOHFWURQ�LQWHUDFWLRQ�HQHUJ\� ܷሺݑǡ �ሻ��6ROYLQJ�WKLV�HTXDWLRQ�JLYHVݒ
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DQ�³DGLDEDWLF�SRWHQWLDO�HQHUJ\�VXUIDFH´�� ሺܴଵǡܧ ܴଶǡ ǥ ǡ ܴெሻ��ZKLFK�LV�D�IXQFWLRQ�RI�WKH�

ORFDWLRQV�RI�WKH�0�QXFOHL�LQ�WKH�V\VWHP��)LQGLQJ�WKH�ORZHVW�HQHUJ\�HLJHQVWDWH� ߰ீௌ DQG�

HLJHQYDOXH� ௌீܧ RI�WKLV�HTXDWLRQ�DQG�PLQLPL]LQJ� ௌீܧ ZLWK�UHVSHFW�WR�QXFOHDU�SRVLWLRQV�JLYHV�

WKH��QHDUO\��H[DFW�JURXQG�VWDWH�FRQ¿JXUDWLRQ�RI�WKH�1�HOHFWURQ��0�QXFOHXV�V\VWHP��

,Q�SUDFWLFH��VXFK�D�GLUHFW�DSSURDFK�LV�LQWUDFWDEOH�H[FHSW�IRU�WULYLDOO\�VLPSOH�SUREOHPV��

(DFK�HOHFWURQ�KDV�WKUHH�VSDWLDO�GHJUHHV�RI�IUHHGRP��JLYLQJ��1�WRWDO�GHJUHHV RI�IUHHGRP�IRU�WKH�

HOHFWURQLF�FRPSRQHQW�RI WKH�V\VWHP�DORQH��)RU�PRVW�PROHFXOHV�DQG�VROLGV�RI�LQWHUHVW�IRU�')7��

WKH�6FKURGLQJHU�HTXDWLRQ�LV�D�PDQ\�ERG\�SUREOHP�ZLWK�VHYHUDO�KXQGUHG�WR�VHYHUDO�WKRXVDQG�

GLPHQVLRQV��7KH�VROXWLRQ�WR�VXFK�DQ�HTXDWLRQ�LV�IDU�EH\RQG�WKH�FDSDELOLWLHV�RI�DQ\�SUHVHQW�

FRPSXWHU��

7KH�XWLOLW\�RI�')7�OLHV�LQ�LWV�DELOLW\�WR�¿QG�DSSUR[LPDWH�QXPHULFDO�VROXWLRQV�WR�VXFK�

PDQ\�ERG\�TXDQWXP�V\VWHPV�HIILFLHQWO\��,Q�RWKHU�ZRUGV��')7�FDQ�VLPXODWH�WKH�VWUXFWXUH�DQG�

EHKDYLRU�RI�PROHFXOHV�DQG�VROLGV��3UHGLFWLRQV�IURP�')7�FDQ�EH�XVHG�WR�LQIRUP�SK\VLFDO�

H[SHULPHQWV��RU�WR�GLVFHUQ�WKH�FDXVH�RI�REVHUYHG�FKHPLFDO�SKHQRPHQD��,Q�ERWK�FDVHV��WKH�XVH�

RI�')7�DOORZV�IRU�D�JUHDWHU�XQGHUVWDQGLQJ�RI�WKH�V\VWHP�XQGHU�REVHUYDWLRQ�ZLWK�IDU�IHZHU�

H[SHULPHQWV�

')7�KLQJHV�RQ�D�SURRI�E\�3��+RKHQEHUJ�DQG�:��.RKQ >�@��JLYHQ�LQ�������WKDW�WKH�

SRVLWLRQ RI�HOHFWURQV�DV�GH¿QHG�E\�D�ZDYHIXQFWLRQ� ߰ KDV�WKH�VDPH�SK\VLFDO�VLJQL¿FDQFH�DV�

WKH�GHQVLW\�RI�WKH�HOHFWURQ�SUREDELOLW\�FORXG� ݊ሺݎሻ ؠ σ ȁ߰ሺݎሻȁ
ଶே

ୀଵ ��ZKHUH� ߰ሺݎሻ LV�WKH�
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ZDYHIXQFWLRQ�RI�WKH�LWK HOHFWURQ��,PSRUWDQWO\��WKH�HOHFWURQ�GHQVLW\�LV�D�IXQFWLRQ�RI�RQO\�WKUHH�

VSDWLDO�FRRUGLQDWHV�UDWKHU�WKDQ��1� VROYLQJ�IRU�DQ�HQHUJ\�PLQLPL]LQJ�HOHFWURQ�GHQVLW\��WKHQ��

ZRXOG�VHHP�D�PXFK�PRUH�WUDFWDEOH�SUREOHP�WKDQ�VHDUFKLQJ�IRU�D�JURXQG�VWDWH�HOHFWURQ�

FRQ¿JXUDWLRQ��7KH�¿UVW�RI�WKH�+RKHQEHUJ�.RKQ�WKHRUHPV VWDWHV�WKDW�WKH�JURXQG�VWDWH�HQHUJ\�

RI�D�PDQ\�SDUWLFOH�V\VWHP�LV�D�XQLTXH�IXQFWLRQDO�RI�HOHFWURQ�GHQVLW\��7KDW�LV��JLYHQ�D�VHW�RI�1�

LQWHUDFWLQJ�HOHFWURQV�LQ�DQ�H[WHUQDO�SRWHQWLDO� ܸ௫௧ሺݎሻ��WKHUH�LV�D�RQH�WR�RQH�FRUUHVSRQGHQFH�

EHWZHHQ� ܧ DQG ݊ሺݎሻ��7KH�VHFRQG�+RKHQEHUJ�.RKQ�WKHRUHP�VKRZV WKDW�ZH�FDQ�FRQVWUXFW�

DQ�HQHUJ\�IXQFWLRQDO� ሻሿݎሾ݊ሺܧ ZKLFK�FDQ�EH�PLQLPL]HG�RYHU� ݊ሺݎሻ WR�REWDLQ�WKH�WUXH�JURXQG�

VWDWH�HQHUJ\� ܧ ൌ �ሻሿ��ZLWKݎሾ݊ሺܧ ݊ሺݎሻ WKH�HOHFWURQ�GHQVLW\�RI�WKH�JURXQG�VWDWH��

7KH�+RKHQEHUJ�.RKQ�WKHRUHPV�SURYH�WKDW�D�PDQ\�SDUWLFOH�TXDQWXP�V\VWHP�FDQ�EH�

GHVFULEHG�XQLTXHO\�E\�LWV�HOHFWURQ�SUREDELOLW\�GHQVLW\��DQG�WKDW�WKH�JURXQG�VWDWH�RI�VXFK�D�

V\VWHP�FDQ�EH�IRXQG�E\�PLQLPL]LQJ�DQ�HQHUJ\�IXQFWLRQDO�ZLWK�UHVSHFW�WR�WKLV�GHQVLW\�

+RZHYHU��WKHVH�UHVXOWV�VD\�QRWKLQJ�DERXW�KRZ�WR�FRQVWUXFW�DQ�HQHUJ\�IXQFWLRQDO�DQG�SHUIRUP�

XVHIXO�FDOFXODWLRQV��)RU�WKLV�ZH�UHTXLUH�WKH�.RKQ�6KDP�HTXDWLRQV >�@��D�VHW�RI�QRQ�SK\VLFDO�

HTXDWLRQV�ZKLFK�UH�LPDJLQHV�WKH�WUXH�HOHFWURQ�GHQVLW\� ݊ሺݎሻ DV�WKH�VXP�RI�GHQVLW\�

FRQWULEXWLRQV�IURP�1�ILFWLWLRXV�QRQ�LQWHUDFWLQJ�HOHFWURQ ZDYHIXQFWLRQV ߶ ZLWKLQ�VRPH�

H൵HFWLYH�SRWHQWLDO�FDOOHG�WKH�.RKQ�6KDP�SRWHQWLDO�� ܸௌ��VXFK�WKDW

ቈ
ଶ
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ଶ  ܸௌሺݎሻ߶ሺݎሻ ൌ ߳߶ሺݎሻǤ ሺʹሻ

,Q�JHQHUDO��QHLWKHU�WKH� ߶
ᇱݏ QRU�WKH� ߳

ᇱݏ DERYH�KDYH�DQ\ SK\VLFDO�VLJQL¿FDQFH��+RZHYHU��WKH�
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DPSOLWXGH�VTXDUHG�RI�WKH�6ODWHU�GHWHUPLQDQW�RI�WKH�1�ORZHVW�HQHUJ\�VROXWLRQV� ߶ WR�WKLV�

.RKQ�6KDP�HTXDWLRQ JLYHV�Q�U���DQG�WKH�VXP�RI�WKH�1�ORZHVW� ߳¶V�JLYHV� ���&RPSDULQJ�WKLVܧ

HTXDWLRQ�ZLWK�HTQ����ZH�VHH�WKDW�ZH¶YH�FLUFXPYHQWHG�WKH�PDQ\�ERG\�FRPSOLFDWLRQV�RI�WKLV�

SUREOHP��JUHDWO\�VLPSOLI\LQJ�WKH�+DPLOWRQLDQ��E\�ZUDSSLQJ�DOO�PDQ\�ERG\�HIIHFWV�LQWR�WKH�

.RKQ�6KDP�SRWHQWLDO� 7KH�WUDGH�RII�LV�WKDW� ܸௌ LV�XQNQRZQ��EXW�IRUWXQDWHO\�LW�FDQ�EH�

DSSUR[LPDWHG�

.RKQ�DQG�6KDP�VKRZHG�WKDW� ܸௌ FRXOG�EH�H[SDQGHG�WR�JLYH

ܸௌሺݎሻ ൌ ܸ௫௧ሺݎሻ 
݁ଶ

ʹ
න

݊ሺݎᇱሻ
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ᇱݎ݀  ܸሺݎሻǡ ሺ͵ሻ

ZKHUH� ܸ௫௧ሺݎሻ LV�WKH�QXFOHDU�SRWHQWLDO�ILHOG��
మ

ଶ


൫ᇲ൯

ȁିᇲȁ
ᇱݎ݀ LV�WKH�&RXORPE�ILHOG�FUHDWHG�E\�

WKH�HOHFWURQ�GHQVLW\��DQG� ܸሺݎሻ LV�WKH�VR�FDOOHG�³H[FKDQJH�FRUUHODWLRQ�SRWHQWLDO�´�(YHU\�

WHUP�LQ� ܸௌ LV�NQRZQ�EHVLGHV� ܸ��ZKLFK�KROGV�WKH�HIIHFWV�RI�H[FKDQJH �ZKLFK�JLYHV�ULVH�WR�

WKH�UHSXOVLYH�IRUFH�RI�WKH�3DXOL�H[FOXVLRQ�SULQFLSOH� DQG�FRUUHODWLRQ �WKH�TXDQWXP�H൵HFW�E\�

ZKLFK�WKH�VWDWH�RI�RQH�SDUWLFOH FDQ�D൵HFW�WKH�VWDWH�RI�DQRWKHU���0RVW�DWWHPSWV�WR�TXDQWLI\� ܸ

EHJLQ�ZLWK�D�ORFDO�GHQVLW\�DSSUR[LPDWLRQ��/'$���ZKLFK�WUHDWV� ܸሺݎሻ DV�WKH�FRUUHVSRQGLQJ�

NQRZQ�SRWHQWLDO�RI�D�XQLIRUP�HOHFWURQ�JDV� ܸ
ି௦ሾ݊ሺݎሻሿ��ZKHUH�Q�U��LV�WKH�HOHFWURQ�GHQVLW\�DW�

WKH�SRLQW�U�

ܸሺݎሻ ൎ ܸ
ሺݎሻ ൌ ܸ

ି௦ሾ݊ሺݎሻሿǤ ሺͶሻ

$V�RQH�PLJKW�H[SHFW�� ܸ
 LV�RIWHQ�D�SRRU�DSSUR[LPDWLRQ�WR�WKH�WUXH� ܸ��7KH�JHQHUDOL]HG�

JUDGLHQW�DSSUR[LPDWLRQ��**$��WDNHV�D�VOLJKWO\�PRUH�QXDQFHG�DSSURDFK��LQFRUSRUDWLQJ�WKH�
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ORFDO�JUDGLHQW�RI�HOHFWURQ�GHQVLW\�DV D�VR�FDOOHG�³HQKDQFHPHQW�IDFWRU´�� ሻǡݎሾ݊ሺܨ �ሻሿݎሺ݊

ܸ
ீீሺݎሻ ൌ ܸ

ି௦ሾ݊ሺݎሻሿ ሻǡݎሾ݊ሺܨ ሻሿǤݎሺ݊ ሺͷሻ

+HUH� ܨ LV�VRPH�XQVSHFLILHG�IXQFWLRQDO�ZKLFK�GHSHQGV�VRPHKRZ�RQ�ERWK� ݊ሺݎሻ DQG�LWV�

JUDGLHQW��7KH�HQKDQFHPHQW�IDFWRU�FDQ�GLIIHU�EDVHG�RQ�WKH�')7�DOJRULWKP�LQ�XVH��DQG�GLIIHUHQW�

�¶V�SHUIRUP�EHWWHU�LQ�GLIIHUHQW�V\VWHPVܨ

:LWK�WKH�.RKQ�6KDP�HTXDWLRQV�LQ�KDQG��DQ�DOJRULWKPLF�DSSURDFK�WR�VROYLQJ�D�

SUREOHP�ZLWK�')7�FDQ�EH�HQYLVLRQHG��7KH�JRDO�RI�D�')7�FDOFXODWLRQ�LV�WR�FRQYHUJH�RQ�D�

JURXQG�VWDWH�HOHFWURQ�GHQVLW\� ݊ሺݎሻ ZKLFK�VROYHV�WKH�.RKQ�6KDP�HTXDWLRQV��)URP� ݊ሺݎሻ��WKH�

HOHFWURQLF�FRQ¿JXUDWLRQ�DQG�HQHUJ\�RI�WKH�V\VWHP�FDQ�EH�IRXQG��7KH�VNHOHWRQ�RI�DQ�DOJRULWKP��

DV�RXWOLQHG�LQ�>�@� LV�DV�IROORZV�

���'H¿QH�D�WULDO�HOHFWURQ�GHQVLW\� ݊௧௦௧ሺݎሻ DQG XVH�LW�WR�DSSUR[LPDWH� ܸௌ��XVLQJ�

VRPH�DSSUR[LPDWH� ܸ��:H�REWDLQ� ݊௧௦௧ሺݎሻ ZLWK�D�VLQJOH�6ODWHU�GHWHUPLQDQW�³UHIHUHQFH�

ZDYHIXQFWLRQ�´�XVXDOO\�KDYLQJ�WKH�V\PPHWU\�SURSHUWLHV�RI�WKH�V\VWHP��)RU�VROLGV��WKH�6ODWHU�

GHWHUPLQDQW�LV�IRUPHG�IURP�D�EDVLV�VHW�RI�SODQH�ZDYHV�

���8VLQJ� ܸௌ��¿QG�WKH�1�ORZHVW�HQHUJ\�VLQJOH�SDUWLFOH�ZDYHIXQFWLRQV� ߶ IURP�WKH�

.RKQ�6KDP�HTXDWLRQV��

���8VLQJ ݊ሺݎሻ ൌ σȁ߶ሺݎሻȁ
ଶ� ILQG WKH�HOHFWURQ�GHQVLW\� ݊ௌ FRUUHVSRQGLQJ�WR�WKH ߶�

���,I� ݊ௌሺݎሻ ൌ ݊௧௦௧ሺݎሻ WR�ZLWKLQ�WKH�WROHUDQFHV�RI�WKH�FRPSXWDWLRQ��WKDW�LV��LI� ݊௧௦௧

LV�VHOI�FRQVLVWHQW��� ݊௧௦௧ሺݎሻ LV�WKH�JURXQG�VWDWH�HOHFWURQ�GHQVLW\��,I�QRW��XSGDWH� ݊௧௦௧ XVLQJ�



��

WKH�UHVXOWV�RI�WKH�FRPSXWDWLRQ�

+RZ�H[DFWO\�WR�JR�DERXW�XSGDWLQJ� ݊௧௦௧ LQ�VWHS���LV�D�SUREOHP�IRU�WKH�ZULWHU�RI�WKH�

')7�DOJRULWKP��EXW WKH�SUREOHP LVQ¶W�PHDQLQJIXOO\�GL൵HUHQW�IURP�WKDW�RI�RWKHU�DOJRULWKPV�

ZKLFK�VHDUFK�IRU�VHOI�FRQVLVWHQF\�

LL� $WRPLF�6LPXODWLRQ�(QYLURQPHQW��$6(�

&DOFXODWLRQV�IRU WKLV�WKHVLV�ZHUH�SHUIRUPHG�WKURXJK�$6( >�@��D�IUHH�S\WKRQ�EDVHG�

DWRPLF�VLPXODWLRQ�HQYLURQPHQW��$6(�LWVHOI�GRHVQ¶W�SHUIRUP�')7�FDOFXODWLRQV��UDWKHU��LW�RIIHUV�

D�SODWIRUP�WR�FRQILJXUH�DWRPLF�HQYLURQPHQWV��DQG�H[SRUWV�FDOFXODWLRQV�WR�RQH RI�WKH�VHYHUDO

³FDOFXODWRUV´�FRPSDWLEOH�ZLWK�WKH�SODWIRUP��

$6(�OHWV�WKH XVHU�FUHDWH�DQ�DWRPLF�HQYLURQPHQW�WKURXJK�³$WRPV´�REMHFWV��ZKLFK�

GHILQH�WKH�DWRPLF�QXPEHUV�DQG�SRVLWLRQV�RI�D�FROOHFWLRQ�RI�DWRPV�LQ�D�VLPXODWLRQ��3URSHUWLHV�

RI�HDFK�HOHPHQW��PDVV��UDGLXV��HWF���DUH�VWRUHG�ZLWKLQ�$6(¶V�³GDWD�PRGXOH�´ $WRPV�FDQ�EH�

SODFHG�ZLWKLQ�D�XQLW�FHOO�XVLQJ�WKH�³&HOO´�REMHFW��ZKLFK�GHILQHV�WKH�OHQJWKV�DQG�DQJOHV�RI�WKH�

VLPXODWHG�FU\VWDO¶V�ODWWLFH�YHFWRUV� $�XQLW�FHOO�FDQ�EH�YDULHG�DQG�UHVFDOHG EHWZHHQ�

PHDVXUHPHQWV WR�PLQLPL]H�HQHUJ\�ZLWK�UHVSHFW�WR�ODWWLFH�SDUDPHWHUV��2QFH�DQ�LQSXW�XQLW�FHOO�

LV�GHILQHG��$6(�FDQ�XVH�D�³&DOFXODWRU´ REMHFW�WR�ILQG�WKH�HQHUJ\�RI�WKH�V\VWHP��ZKLFK�DOORZV�

WKH�XVHU�WR�RSWLPL]H�VWUXFWXUHV�DQG�FRPSDUH�UHODWLYH�VWDELOLW\�RI�SKDVHV� $6(�FDQ EH�XVHG�DV�D�

SODWIRUP�IRU�SUDFWLFDOO\�DQ\�TXDQWXP�FKHPLVWU\�VLPXODWLRQ��DQG�LV�FRPPRQO\�XVHG�WR�
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FDOFXODWH�SKDVH�GLDJUDPV�DQG�EDQG�VWUXFWXUHV�DQG�WR�SHUIRUP�QXGJHG�HODVWLF�EDQG�DQG�

PROHFXODU�G\QDPLFV�VLPXODWLRQV��

LLL� 7KH�3URMHFWRU�$XJPHQWHG�:DYH��3$:��PHWKRG

7KH�FDOFXODWRU�XVHG�IRU�VLPXODWLRQV�LQ�WKLV�WKHVLV�ZDV�*3$:��ZKLFK�XVHV�WKH�

SURMHFWRU DXJPHQWHG�ZDYH��3$:��PHWKRG >�@��3$: LV�D�JHQHUDOL]HG�SVHXGRSRWHQWLDO�

DSSURDFK ZKLFK�ZDV�FUHDWHG�WR�FLUFXPYHQW�WKH�LVVXHV�HQFRXQWHUHG�E\�')7�LQ�UHJLRQV�QHDU�

DWRPLF�QXFOHL��7KH�FRQWULEXWLRQ�RI�FRUH�VKHOO�HOHFWURQ�ZDYHIXQFWLRQV�QHDU�QXFOHL�JLYH�WKH�

.RKQ�6KDP�SRWHQWLDO�VKDUS�IHDWXUHV�ZKLFK�PDNHV�WKH�FRQYHUJHQFH�RI�')7 VLPXODWLRQV�

GLIILFXOW��6LQFH�FRUH�VKHOO�HOHFWURQV�DUH�VWURQJO\�ORFDOL]HG� HDFK�QXFOHDU�SRWHQWLDO�FDQ�EH�

UHSODFHG ZLWK�DQ�HIIHFWLYH ³SVHXGRSRWHQWLDO´�WKDW�DFFRXQWV�IRU�ERWK�WKH�QXFOHXV�DQG�FRUH�VKHOO�

HOHFWURQV��DQG�VROYLQJ�WKH�.RKQ�6KDP�HTXDWLRQV�RQO\�IRU�WKH�YDOHQFH�HOHFWURQV��7DNLQJ�WKH�

³IUR]HQ�FRUH´�DSSUR[LPDWLRQ��ZH�FDQ�HVWLPDWH�DQ�DWRP¶V�SVHXGRSRWHQWLDO�DV V\VWHP�

LQGHSHQGHQW��VXFK�WKDW�LW FDQ�EH�WDEXODWHG�LQ�DGYDQFH�IRU�HYHU\�HOHPHQW��+RZHYHU��WKH�ORVV�RI�

LQIRUPDWLRQ�QHDU�QXFOHL�FDQ�UHGXFH WKH�DFFXUDF\�RI�')7�FDOFXODWLRQV�XVLQJ�SVHXGRSRWHQWLDOV�

7KH�3$:�PHWKRG�IRUPDOL]HV�WKH�SVHXGRSRWHQWLDO�DSSURDFK�WR�VPRRWK�WKH�

ZDYHIXQFWLRQ�ZLWKRXW�ORVV�RI�FRUH�HOHFWURQ�LQIRUPDWLRQ��,W�EHJLQV�E\�LPDJLQLQJ�D�OLQHDU�

WUDQVIRUPDWLRQ�RSHUDWRU� ܶ ZKLFK�WDNHV�WKH �QRW�\HW�GHILQHG� SVHXGRSRWHQWLDO�ZDYHIXQFWLRQ�

ȁ ෨߰ൿ WR�WKH�DOO�HOHFWURQ�VLQJOH�SDUWLFOH�ZDYHIXQFWLRQ� ȁ߰ۧ WKDW�HQWHUV�WKH�.RKQ�6KDP�

HTXDWLRQ�
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ȁ߰ۧ ൌ ܶ ȁ ෨߰ൿǤ ሺሻ

2QFH�DJDLQ�� ȁ߰ۧ LV�WKH�VODWHU�GHWHUPLQDQW�RI�WKH�1�VLQJOH�HOHFWURQ�ZDYHIXQFWLRQV� ȁ߶ۧ ZKLFK�

DSSHDU�DV�VROXWLRQV�WR HTXDWLRQ��� ܶ QHHG�RQO\�DFW�QHDU�WKH�QXFOHL��DQG�LQ�VPRRWK�UHJLRQV�

ȁ ෨߰ൿ FDQ�EH�VHW�HTXDO�WR� ȁ߰ۧ� :H�FDQ�WKHQ�ZULWH� ܶ DV

ܶ ൌ ͳ ܶ

ெ

ୀଵ

ሺሻ

:KHUH� ܶ LV�ORFDOL]HG�RQ�WKH�DWK QXFOHXV��DQG�WKH�VXP�UXQV�RYHU�DOO�0�QXFOHL�LQ�WKH�V\VWHP��

:H�FDOO�WKH�UHJLRQ�LQ�ZKLFK� ܶ DFWV�WKH�³DXJPHQWDWLRQ�VSKHUH�´ DQG�ZH FDQ�H[SDQG WKH�

SVHXGR�ZDYHIXQFWLRQ ȁ߰෪ൿ LQ�HDFK�VSKHUH DV�D�OLQHDU�FRPELQDWLRQ�RI�RUWKRJRQDO�RQH�HOHFWURQ�

SVHXGR�ZDYHIXQFWLRQV �DOVR QRW�\HW�GHILQHG��

ȁ߰෪ൿ ൌ ܿȁ߶ప෩

ൿ

ே

ୀଵ

Ǥ ሺͺሻ

6LQFH�ZH�PDGH� ȁ߶ప෪ൿ RUWKRJRQDO�DQG�ZH�PDGH� ܶ OLQHDU� WKH�FRHIILFLHQWV� ܿ
 DUH�JXDUDQWHHG�

WR�EH�WKH�LQQHU�SURGXFWV�RI� ȁ߰෪ൿ ZLWK�VRPH�VHW�RI�³SURMHFWLRQ�ZDYHV´ ȁ
ۧ�

ۦ
ห߶ఫ

෪ൿ ൌ ߜ ՜ ܿ
 ൌ ۦ

ห߰෪ൿ ሺͻሻ

:LWK�VRPH�PDQLSXODWLRQ��ZH�FDQ�XVH�WKH�DERYH�H[SUHVVLRQV�WR�UHZULWH ܶ DV�

ܶ ൌ ͳ ൫ȁ߶
ۧ െ ȁ߶ప

෪ൿ൯ ۦ
ȁ

ே

ୀଵ

ǡ ሺͳͲሻ

DQG�FRPELQLQJ�WKH�LWK ȁ߶ప෩

ൿ IURP�HDFK�RI�WKH�0�DXJPHQWDWLRQ�VSKHUHV�LQWR�RQH�VLQJOH�

HOHFWURQ�ZDYHIXQFWLRQ� ȁ߶ప෩ ൿ��ZH�FDQ�ZULWH�
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ܶ ൌ ͳ  ൫ȁ߶ۧ െ ȁ߶ప෩ ൿ ൯ ȁǤۦ

ே

ୀଵ

ሺͳͳሻ

:KDW�ZH¶YH�JDLQHG�IURP�WKLV�QHZ�SLFWXUH�RI�SVHXGRSRWHQWLDOV�LV�WKH�DELOLW\�WR�JR�EDFN�DQG�

IRUWK�EHWZHHQ�URXJK�³WUXH´�RQH�HOHFWURQ�ZDYHIXQFWLRQV�DQG�VPRRWK�RQH�HOHFWURQ�SVHXGR�

ZDYHIXQFWLRQV��:H�FDQ�QRZ�FKRRVH WKH�SVHXGRSRWHQWLDO�E\�GHILQLQJ�D�VHW�RI�SURMHFWLRQ�ZDYHV�

ZLWKLQ�WKH�DXJPHQWDWLRQ�VSKHUHV��KHQFH�WKH�QDPH�³SURMHFWRU�DXJPHQWHG�ZDYH´�

7KH�*3$:�FDOFXODWRU�>�@�XVHV�WKH�3$:�PHWKRG DQG�DVVXPHV�WKH�IUR]HQ�FRUH�

DSSUR[LPDWLRQ�KROGV��7KH� ۦ

ȁ SURMHFWLRQ�ZDYHV�IRU�HDFK�DWRPLF�QXPEHU�=�KDYH�EHHQ�

WDEXODWHG�LQ�DGYDQFH��PDNLQJ�*3$:�ERWK�DFFXUDWH�DQG�HIILFLHQW IRU�D�YDULHW\�RI�V\VWHPV��

LY� $OJRULWKP

7KLV�SDSHU�FRPSDUHV�WKH�UHODWLYH�VWDELOLW\�RI�YDULRXV�3G�7L�+�SKDVHV�WR�SUHGLFW�ZKLFK�

DUH�SK\VLFDOO\�UHDOL]DEOH��:H�HVWLPDWH�VWDELOLW\�E\�FDOFXODWLQJ�WKH SRWHQWLDO�HQHUJ\�SHU�DWRP�RI�

D�EXON�SKDVH��DQG�ZH�WKHQ�FRPSDUH�WKH�HQHUJ\�RI�SKDVHV�ZLWK�WKH�VDPH�FRPSRVLWLRQ�WR�ILQG�

WKH�ORZHVW�HQHUJ\�VWDWH�

:H�GHPRQVWUDWH�RXU�DOJRULWKP�RQ�D�3G+�)&&�XQLW�FHOO��7R�DFWXDOO\�FDOFXODWH�WKH�

VWDELOLW\�RI�D�SKDVH�XVLQJ�WKH�*3$:�FDOFXODWRU�RQ�$6(��ZH�ILUVW�LPSRUW�WKH�³$WRPV´�REMHFW�

DQG�WKH�³*3$:´�FDOFXODWRU��DQG�VSHFLI\�WKDW�*3$:�XVH�D�VHW�RI�SODQH�ZDYH�EDVLV�VWDWHV�WR�

EXLOG�LWV .RKQ�6KDP�RQH�HOHFWURQ�ZDYHIXQFWLRQV��

�������� ������������

��������� �������
���ř��
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*3$:�FDOFXODWHV�HQHUJ\�E\�LQWHJUDWLQJ�RYHU�UHFLSURFDO�VSDFH��ZKLFK�LW�GRHV�E\�

GLVFUHWL]LQJ�UHFLSURFDO�VSDFH�LQWR�D��'�JULG�RI�HYHQO\�VSDFHG�³N�SRLQWV�´�:H�VHW�WKH�QXPEHU�

RI�N�SRLQWV�EHIRUH�WKH�FDOFXODWLRQ��,Q�JHQHUDO�WKH�VPDOOHVW�QXPEHU�RI�N�SRLQWV�LV�FKRVHQ�VXFK�

WKDW�WKH�FDOFXODWHG�HQHUJ\�LV�ZLWKLQ����H9�RI�WKH�HQHUJ\�ZLWK�DGGLWLRQDO�N�SRLQWV��)RU�WKHVH�

FDOFXODWLRQV��ZH�XVH�N ��

��ʰ�ɭ�

�����ʰ�
���ſ����ʰ��ſɪɥɥƀř����ʰſ�ř��ř��ƀƀ

:H�WKHQ�GHILQH�WKH�SRVLWLRQV�DQG�DWRPLF�QXPEHUV�RI�HDFK�DWRP�LQ�RXU�XQLW�FHOO��

DVVXPLQJ�D�ODWWLFH�FRQVWDQW�DURXQG��� 7KLV�LQIRUPDWLRQ�LV�VWRUHG�LQ�DQ�³$WRPV´�REMHFW��DORQJ�

ZLWK�RXU�FDOFXODWRU�DQG�RXU�ERXQGDU\�FRQGLWLRQV�

��ʰ�ɫ

��������ʰƃƃ�ŵɩř�ŵɩřɥƄřƃ�ŵɩřɥř�ŵɩƄřƃɥř�ŵɩř�ŵɩƄƄ

����ʰ�����ſŧ���Ũř ���������ʰƃƃɥřɥřɥƄřƃ�ŵɩř�ŵɩř�ŵɩƄƄř

����ʰ��������ř ���ʰ����ř ����������ʰ����ƀ

:H�FDQ YDU\�WKH�ODWWLFH�FRQVWDQW�SDUDPHWULFDOO\�WR�PLQLPL]H�WKH�HQHUJ\�ZLWK�UHVSHFW�WR�µD¶��

������ʰƃƄ

����� �� ������ſɬƀś

�ʰŜɰʫŜɥɬƋ�

����Ŝ���ɏ����ſ��������Ƌ�ř������ɏ�����ʰ����ƀ

������Ŝ������ſ����Ŝ���ɏ���������ɏ������ſƀƀ



��

7KH PLQLPXP�HQHUJ\�LV�WDNHQ�DV�WKH�HQHUJ\�RI�WKH�SKDVH��DQG WKLV�HQHUJ\ FDQ�EH�

FRPSDUHG�WR�WKDW�RI�RWKHU�SKDVHV�ZLWK�WKH�VDPH�FRPSRVLWLRQ WR�MXGJH�UHODWLYH�VWDELOLW\� 7R�

GLUHFWO\�FRPSDUH�VWDELOLW\�EHWZHHQ�VWUXFWXUHV�RI�GLIIHUHQW�K\GURJHQ�FRQFHQWUDWLRQ��ZH�PXVW�

DFFRXQW�IRU�WKH�IUHH�HQHUJ\�RI�JDVHRXV�+���ZKLFK�LV�D�IXQFWLRQ�RI�K\GURJHQ�SDUWLDO�SUHVVXUH��,Q�

JHQHUDO��DV�WKH�SDUWLDO�SUHVVXUH�RI�+� LQFUHDVHV DEVRUSWLRQ�LQWR�D�VROLG�SKDVH EHFRPHV�PRUH�

IDYRUDEOH��

([SHULPHQWV

(YHQ�ZLWK�GHQVLW\�IXQFWLRQDO�WKHRU\��IXOO\�PDSSLQJ�WKH�WHUQDU\�3G�7L�+�SKDVH�

GLDJUDP�ZRXOG�EH�WRR�FRPSXWDWLRQDOO\�LQWHQVLYH��,I�WKH�SRVLWLRQV�RI�WLWDQLXP��SDOODGLXP��DQG�

K\GURJHQ�QXFOHL�DUH�WDNHQ�DV�IUHH�YDULDEOHV��ZH�ZRXOG�KDYH�WR�VHDUFK�RYHU�DOO�SRVVLEOH XQLW�

FHOOV�IRU�DQ\�JLYHQ�FRPSRVLWLRQ�WR�ILQG�WKH�PLQLPXP�HQHUJ\�FRQILJXUDWLRQ��,QVWHDG��WKH�



��

DSSURDFK�WDNHQ�KHUH�ZLOO�EH�WR�LQYHVWLJDWH�WKH�K\GURJHQ�RFFXSDQF\�RI�D�IHZ�FDQGLGDWH�3G�7L�

VXEODWWLFHV�ZKLFK�DUH�OLNHO\ WR�EH VWDEOH��6SHFLILFDOO\��WZR�FDWHJRULHV�RI�VXEODWWLFHV�ZLOO�EH�

H[DPLQHG��UHOHYDQW�VWDEOH�VWUXFWXUHV�LQ�WKH�3G�7L�ELQDU\�SKDVH�GLDJUDP��DQG�)&&�SURWRW\SH

3G�7L�VXEODWWLFHV��,Q�HDFK�FDVH��K\GURJHQ�ZLOO�EH�SODFHG�DW�LQWHUVWLWLDO�VLWHV�LQ�WKH�XQLW�FHOO��DQG�

JURXQG�VWDWH�HQHUJ\�ZLOO�EH�FDOFXODWHG�

L� 5HOHYDQW�VWUXFWXUHV�LQ�WKH�3G�7L�ELQDU\�SKDVH�GLDJUDP

0RYLQJ�DFURVV�WKH�3G�7L�SKDVH�GLDJUDP�QHDU�URRP�WHPSHUDWXUH��RQH�HQFRXQWHUV�WHQ

SKDVHV��SXUH�)&&�SDOODGLXP��SXUH�+&3�WLWDQLXP��DQG�HLJKW LQWHUPHGLDWH�FRPSRXQGV��7KH�

VWUXFWXUH�RI�HDFK�RI�WKHVH�SKDVHV�LV�JLYHQ�LQ�WDEOH����UHSURGXFHG�KHUH�IURP�>��@��$�UHDVRQDEOH�
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SODFH WR�EHJLQ�WKH�VHDUFK�IRU�VWUXFWXUHV�H[KLELWLQJ�PL[HG�RFFXSDQF\ LV�WR�ORDG�HDFK�RI�WKH�

FU\VWDOV�LQ WKLV�ELQDU\�SKDVH�GLDJUDP�ZLWK�K\GURJHQ�DQG�REVHUYH ZKLFK LQWHUVWLWLDO�VLWHV�DUH

SUHIHUHQWLDOO\ RFFXSLHG��7KH�LPSOLFLW�DVVXPSWLRQ�XQGHUO\LQJ�WKLV�H[SHULPHQW�LV�WKDW�K\GURJHQ�

ZLOO�LQFRUSRUDWH�LQWR�WKH LQWHUVWLFHV�RI�WKH 3G�7L�ODWWLFH�ZLWKRXW D�SKDVH�FKDQJH��:H�FDQ�VHH�

LPPHGLDWHO\�WKDW�WKLV�DVVXPSWLRQ�LV�IODZHG�IURP�WKH�3G�7L�SKDVH�GLDJUDP��ZKLFK�KDV�D�SKDVH�

FKDQJH�IURP�D�KH[DJRQDO�WR�D�FXELF�XQLW�FHOO�DV�WKH�FRPSRVLWLRQ�RI�K\GURJHQ�LV�LQFUHDVHG��

1HYHUWKHOHVV��LW�JLYHV�XV�D�MXPSLQJ�RII�SRLQW�IRU�DQ�RWKHUZLVH�LQWUDFWDEOH�SUREOHP�

&RQVWUDLQLQJ RXU�VHDUFK�WR�SKDVHV�WKDW�VKDUH�)&&¶V�RFWDKHGUDO�DQG�WHWUDKHGUDO�

LQWHUVWLWLDO�JHRPHWULHV��WKUHH SKDVHV�IURP�WDEOH���GLVWLQJXLVK�WKHPVHOYHV��7KH�FXELF ߛ SKDVH�

WKH KH[DJRQDO�3G�7L�SKDVH��DQG�WKH�KH[DJRQDO�3G7L� SKDVH�

3KDVH &RPSRVLWLRQ �DW��7L� 3HDUVRQ�V\PERO��3URWRW\SH ,OOXVWUDWLRQ

�3G� ���� F)��&X �)&&�

ߛ ������� F3��$X&X�
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3G�7L �� K3���1L�7L

3G�7Lߙ ����� W,��0R6L�

3G�7L� ���� W,��aa aaa

3G�7L� �� R&���aa aaa

3G7Lߙ ������� R3��$X&G

3G7L� ���� K3��&G,�

3G7L� �� F3��&U�6L
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7Lߙ ������ K3��0J��+&3�

�� 7KH� ߛ SKDVH

7KH� ߛ SKDVH�RI�WKH�3G�7L�V\VWHP��3G�7L��[ ��KDV�DQ�$X&X� SURWRW\SH��7L�DWRPV�

RFFXS\�VRPH�RI�WKH�FRUQHUV�RI�DQ�)&&�XQLW�FHOO��ZLWK�3G�DWRPV�RFFXS\LQJ�WKH�IDFH�FHQWHUV��

:LWK�7L�DW�HYHU\�FRUQHU�WKH�XQLW�FHOO�ZRXOG�KDYH�D�FKHPLFDO�IRUPXOD�3G�7L��DOWKRXJK�WKH�

SKDVH�EHFRPHV�WKHUPRG\QDPLFDOO\�XQIDYRUDEOH�EHIRUH�WKLV�FRQFHQWUDWLRQ��7KH�XQLW�FHOO�RI� �ߛ

3G�7L�LV�VKRZQ�LQ�ILJ�����DQG�WKH�SRVLWLRQV�RI�WKH�IRXU DWRPV��IRXU RFWDKHGUDO�LQWHUVWLWLDO�VLWHV��

DQG�HLJKW WHWUDKHGUDO�LQWHUVWLWLDO�VLWHV�DUH�OLVWHG�LQ�DSSHQGL[�$� :KLOH�ILQLWH FRPSXWDWLRQDO�

UHVRXUFHV SUHYHQWHG DQ�DQDO\VLV�RI�WKH�RII�VWRLFKLRPHWU\�3G�7L��[ SKDVH��)&&�3G�7L ZDV�

H[DPLQHG�DV RQH�RI�WKH�ILYH ³VROLG�VROXWLRQ´ VWUXFWXUHV�

�� 3G�7L

7KH�3G�7L�SKDVH�RQ�WKH�3G�7L�SKDVH�GLDJUDP�DGRSWV�D�1L�7L�SURWRW\SH��7KLV�VWUXFWXUH

KDV�D����DWRP�XQLW�FHOO��ZKLFK�DUUDQJH�WKHPVHOYHV�LQ�D�KH[DJRQDO�FRQILJXUDWLRQ��&U\VWDO�HQHUJ\�

ZDV�WHVWHG�ZLWK�VL[�GLIIHUHQW�K\GURJHQ�LQWHUVWLWLDO�RFFXSDWLRQV��:LWK�QR�K\GURJHQ��3G�7L���ZLWK

RFWDKHGUDO�VLWHV�RU�ZXUW]LWH�VLWHV�RFFXSLHG��3G�7L+����ZLWK�ERWK�RFWDKHGUDO�VLWHV�DQG�ZXUW]LWH�

VLWHV�� RU� ZLWK� WHWUDKHGUDO� VLWHV�� RFFXSLHG� �3G�7L+���� DQG� ZLWK ERWK� RFWDKHGUDO VLWHV� DQG�



��

WHWUDKHGUDO� VLWHV� RFFXSLHG� �3G�7L+���� 7KH� SRVLWLRQV� RI� WKH� ��� DWRPV�� WKH� ��� RFWDKHGUDO�

LQWHUVWLWLDO�VLWHV��WKH����ZXUW]LWH�VLWHV��DQG�WKH����WHWUDKHGUDO�LQWHUVWLWLDO�VLWHV�RI�3G�7L�DUH�OLVWHG�

LQ�DSSHQGL[�$�

�� 3G7L�

3G7L� LV�DQRWKHU�KH[DJRQDO�SKDVH�RQ�WKH�3G�7L�SKDVH�GLDJUDP��,W�KDV�WKH�SURWRW\SH�RI�

&G,���VXFK�WKDW�7L�DWRPV�IRUP�DQ�+&3�VXEODWWLFH�ZLWK�3G�DWRPV�RFFXS\LQJ�DOWHUQDWLQJ�OD\HUV�

RI�RFWDKHGUDO�VLWHV��7KH�RWKHU�KDOI�RI�RFWDKHGUDO�VLWHV�DQG�DOO�WHWUDKHGUDO�VLWHV�DUH�DYDLODEOH�IRU�

K\GURJHQ�DWRPV�WR�ILOO� &U\VWDO�HQHUJ\�ZDV�WHVWHG�ZLWK�VL[�GLIIHUHQW�K\GURJHQ�LQWHUVWLWLDO�

RFFXSDWLRQV��:LWK�QR�K\GURJHQ��3G7L����ZLWK RFWDKHGUDO�VLWH RFFXSLHG��3G7L�+���ZLWK�ZXUW]LWH�

VLWHV RFFXSLHG��3G7L�+����ZLWK�ERWK�RFWDKHGUDO�VLWH�DQG�ZXUW]LWH�VLWHV��3G7L�+����ZLWK�

WHWUDKHGUDO�VLWHV �3G7L�+����DQG�ZLWK ERWK�RFWDKHGUDO VLWH DQG�WHWUDKHGUDO�VLWHV��3G7L�+��� 7KH�

SRVLWLRQV�RI�WKH�WKUHH PHWDO�DWRPV��RQH RFWDKHGUDO�VLWH��WZR ZXUW]LWH�VLWHV��DQG�IRXU�WHWUDKHGUDO�

VLWHV�DUH�OLVWHG�LQ�DSSHQGL[�$�

,W LV�XQOLNHO\�WKDW�KH[DJRQDO�VWUXFWXUHV ZLWK�PL[HG�RFFXSDWLRQ�RU�ZLWK�IXOO�WHWUDKHGUDO�

RFFXSDWLRQ�ZLOO�EH�VWDEOH��GXH�WR�WKH�SUR[LPLW\ DQG�SRRU�VFUHHQLQJ EHWZHHQ RFFXSLHG�

LQWHUVWLWLDO�VLWHV��7KH�OLNHOLKRRG�RI�VWDELOLW\�GLPLQLVKHV�LI�K\GURJHQ�DGRSWV�DQ�LRQLF FKDUDFWHU�

LQ�WKH�ODWWLFH��DV�LW�VKRXOG�DV�WKH�UDWLR�RI�WLWDQLXP�WR�SDOODGLXP�LV�LQFUHDVHG��1HYHUWKHOHVV��D�

VWDEOH�LQVWDQFH�RI�VXFK�D�VWUXFWXUH�FDQQRW�EH�UXOHG�RXW�FRPSOHWHO\ DQG�ZRXOG�EH�YHU\�

LQWHUHVWLQJ�LI�SUHGLFWHG��VR�WKHVH�LPSUREDEOH�SKDVHV�DUH�H[DPLQHG�DORQJ�ZLWK�WKH�PRUH�



��

FRPPRQ�SURWRW\SHV�

LL� )&&�3G�7L 6ROLG�6ROXWLRQ�PHDVXUHPHQWV

:KHQ�ORDGHG�ZLWK�K\GURJHQ��ERWK�3G+��[ DQG�7L+��[ H[KLELW�)&&�VXEODWWLFHV��LW�LV�D�

UHDVRQDEOH�K\SRWKHVLV�WKDW�D�PL[HG��3G�7L��SKDVH�PD\�DOVR�VKRZ�)&&�VWUXFWXUH�XQGHU�

K\GURJHQ�ORDGLQJ��HVSHFLDOO\�VLQFH�FXELF�SKDVHV�DUH�PRUH�FRQGXFLYH�WR�LQWHUVWLWLDO�RFFXSDWLRQ��

,Q�WKLV�FDVH��3G[7L��[ ZRXOG�EHFRPH�D�VROLG�VROXWLRQ�RI�3G�DQG�7L�ZLWK�DQ�)&&�VWUXFWXUH�ZKHQ�

ORDGHG�ZLWK�K\GURJHQ��DQG�+�ZRXOG�RFFXS\�VRPH�VXEVHW�RI�WKH�IRXU RFWDKHGUDO�VLWHV�DQG�HLJKW�
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WHWUDKHGUDO�VLWHV�ZLWKLQ�HDFK�)&&�FHOO��:LWK�WKLV�K\SRWKHVLV�LQ�PLQG��ZH�FDQ�LPDJLQH�FUHDWLQJ�

UDQGRP�)&&�PDWULFHV�RI�3G[7L��[ DW�YDULRXV�FRPSRVLWLRQV��ORDGLQJ HDFK�ZLWK�K\GURJHQ��DQG�

REVHUYLQJ WKH ORZHVW�HQHUJ\�VLWH�RFFXSDQF\�LQ�HDFK�FDVH��7KH HQHUJ\�RI�HDFK�VROLG�VROXWLRQ�

SKDVH�FDQ�WKHQ�EH�FRPSDUHG�WR�WKDW�RI�WKH�ORDGHG�ELQDU\�SKDVHV��WR�VHH�LI�WKHVH�VWUXFWXUHV�DUH�

LQGHHG�SK\VLFDO�

$OWKRXJK�WKH�FRPSXWDWLRQDO�UHVRXUFHV�DYDLODEOH�IRU�WKLV�WKHVLV�PDGH�VXFK�D�VWXG\�

XQIHDVLEOH�RYHU�D�ODUJH�VXSHUFHOO��LQVWHDG�RXU�³VROLG�VROXWLRQ´ H[SHULPHQWV�FRPSDUHG�WKH�ILYH�

VWUXFWXUHV�ZKLFK�FDQ�EH�FUHDWHG�IURP�D�IRXU�DWRP�EDVLV�RYHU�WKH�FXELF�XQLW�FHOO�VKRZQ�LQ�ILJ��

���3G��3G�7L��3G7L��3G7L���DQG�7L� 2QH�RI�WKHVH�VWUXFWXUHV��3G�7L��LV�WKH RQ�VWRLFKLRPHWU\

YHUVLRQ�RI�WKH� ߛ SKDVH� )RU�HDFK�RI�WKHVH�VWUXFWXUHV��WKH�HQHUJLHV�RI�VL[ LQWHUVWLWLDO�
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RFFXSDWLRQV ZHUH�FRPSDUHG��ZLWK�QR�K\GURJHQ��0����ZLWK�RFWDKHGUDO RU�]LQFEOHQGH

RFFXSDWLRQ �0�+��� ZLWK PL[HG�RFWDKHGUDO�]LQFEOHQGH RU�WHWUDKHGUDO�RFFXSDWLRQ��0�+����DQG�

ZLWK PL[HG�RFWDKHGUDO�WHWUDKHGUDO�RFFXSDWLRQ �0�+���� 7KH�SRVLWLRQV�RI�WKH�PHWDO DWRPV DQG

LQWHUVWLWLDO�VLWHV�DUH�OLVWHG�LQ�DSSHQGL[�$��

LLL� 3KDVH�'LDJUDP

7KH ���FDQGLGDWH�SDOODGLXP WLWDQLXP�K\GULGH SKDVHV�H[DPLQHG LQ�WKLV�VWXG\ �VL[�

3G�7L�SKDVHV��VL[�3G7L� SKDVHV��DQG����VROLG�VROXWLRQ�SKDVHV� FDQ�EH�SODFHG�RQ�D�SDOODGLXP�

WLWDQLXP�K\GURJHQ�WHUQDU\�SKDVH�GLDJUDP��ILJ������(DFK�SRLQW�FDQ�EH�JLYHQ�DQ�HQHUJ\�

FRRUGLQDWH�FRUUHVSRQGLQJ�WR�WKH�HQHUJ\�RI�WKH�SKDVH��7KH�FRQYH[�KXOO�RI�WKHVH����FRRUGLQDWHV

ZLOO�WKHQ�IRUP�WKH�WHUQDU\�SKDVH�GLDJUDP�FRPSLOHG�IURP�WKHVH����SKDVHV��ZLWK�VWDEOH�SKDVHV�

DW�WKH�VXUIDFH�RI�WKH�KXOO�DQG�XQVWDEOH�SKDVHV�EHQHDWK�WKH�VXUIDFH�

$V�D�UHVXOW�RI�QRW�LQFOXGLQJ�HYHU\�SRVVLEOH�SKDVH�LQ�RXU�WHUQDU\�SKDVH�GLDJUDP��DQG�

HVSHFLDOO\�EHFDXVH�RI�QHJOHFWLQJ�D�SXUH�K\GURJHQ�SKDVH �WKH�HQHUJ\�RI�SXUH�K\GURJHQ�ZDV�

DUELWUDULO\�VHW�WR�]HUR�WR�SURGXFH�WKH�FRQYH[�KXOO��D�SKDVH¶V�VWDELOLW\�RQ�WKH�SKDVH�GLDJUDP�

GRHV�QRW�JXDUDQWHH�WKDW�LW�ZLOO�EH�SK\VLFDOO\ UHDOL]DEOH��,Q�SDUWLFXODU��SKDVHV�WKDW�ERXQG�WKH�

HGJHV�RI�WKH�GLDJUDP�DUH�JXDUDQWHHG�WR�WRXFK WKH�FRQYH[�KXOO��+RZHYHU��SKDVHV�LGHQWLILHG�DV�

VWDEOH�DUH�JRRG�FDQGLGDWHV�IRU�IXUWKHU�LQYHVWLJDWLRQ ZLWK�PRUH�D�PRUH�ULJRURXV�FRPSXWDWLRQDO�

SURFHGXUH��
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7KH�WHUQDU\�SKDVH�GLDJUDP�SURGXFHG�KHUH�DOVR�LV�IRU�DQ�DUELWUDU\�SUHVVXUH��DQG�ZLOO�

FKDQJH DV�WKH�SDUWLDO�SUHVVXUH�RI�+� FKDQJHV� ,W LV�WKHUHIRUH�DOVR�ZRUWKZKLOH�WR�H[DPLQH�WKH�

ELQDU\�3G�7L�SKDVH�GLDJUDPV�IRUPHG�E\�KRUL]RQWDO�VOLFHV�DFURVV�WKH�WHUQDU\�GLDJUDP��ZKLFK�

FDSWXUHV�WKH�VWDELOLW\�RI�SKDVHV�DW�IL[HG�K\GURJHQ�FRQFHQWUDWLRQ��

5HVXOWV DQG�'LVFXVVLRQ

7KH�HQHUJ\�RI�HDFK�RI�WKH����VWUXFWXUHV�XQGHU�VWXG\ ZDV�PLQLPL]HG�ZLWK�UHVSHFW�WR�

ODWWLFH�SDUDPHWHU��)LYH�ODWWLFH�FRQVWDQWV ZHUH�FKRVHQ�QHDU WKH�SUHGLFWHG�YDOXH�DQG�WKH�HQHUJ\�

IURP HDFK ZDV�ILWWHG�WR�D SDUDEROLF�FXUYH��7KHVH�ILWV�DUH�UHSURGXFHG�LQ�$SSHQGL[�&�

L� 3G7L�
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7KH�UHVXOWV�RI�WKH�3G7L� FDOFXODWLRQV�DUH�VXPPDUL]HG�LQ�ILJ� ���:H�VHH�DQ�

DSSUR[LPDWHO\�OLQHDU�GHFUHDVH LQ�HQHUJ\�DV�K\GURJHQ�LV�DGGHG�WR�WKH�ODWWLFH �ILJ���D���7KH�

OLQHDU�FRPSRQHQW�RI�WKLV�WUHQG�LV�DQ�DUWLIDFW�RI�WKH�*3$:�FDOFXODWLRQ DQG�LV�SURSRUWLRQDO�WR�

WKH�QXPEHU�RI�DWRPV�LQ�WKH�XQLW�FHOO��7KLV�LV�FRUUHFWHG�IRU�LQ�ILJ���E��VKRZLQJ�WKH�FR�

RFFXSDQF\�RI�RFWDKHGUDO�DQG�ZXUW]LWH�VLWHV�WR�EH�HVSHFLDOO\�VWDEOH��)XOO�WHWUDKHGUDO�RFFXSDWLRQ��

RQ�WKH�RWKHU�KDQG��WHQGV�WR�GHVWDELOL]H�WKH�ODWWLFH��



��

LL� 3G�7L

7KH�UHVXOWV�RI�WKH�3G�7L�FRPSXWDWLRQ�DUH�VXPPDUL]HG�LQ ILJ�����7KH UDQJH�RI�FRUUHFWHG�

HQHUJLHV�LQ�ILJ���E��a���H9��LV�PXFK�ODUJHU�WKDQ�WKDW�RI�ILJ���E��a�H9���SDUWLDOO\�EHFDXVH�WKH�

3G�7L�XQLW�FHOO�KDV����PHWDO�DWRPV�ZKHUHDV�WKH�3G7L� XQLW�FHOO�KDV RQO\�WKUHH��(YHQ�DFFRXQWLQJ�
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IRU�WKH�ODUJHU�XQLW�FHOO��IURP�ILJ���D�RQH�FDQ�VHH�WKDW�GHYLDWLRQV IURP�WKH�H[SHFWHG�OLQHDU�WUHQG�

LQ�HQHUJ\�DUH�DERXW�ILYH�WLPHV PRUH�SURQRXQFHG�LQ�3G�7L��VXJJHVWLQJ WKDW�LQWHUVWLWLDO�RFFXSDQF\�

KDV�D�PXFK�JUHDWHU�HIIHFW RQ�WKH�VWDELOLW\�RI�WKH�VWUXFWXUH��

$V�LQ�3G7L���IXOO�RFFXSDWLRQ�RI�DOO�WHWUDKHGUDO�DQG�RFWDKHGUDO LQ�3G�7L LV�TXLWH�XQVWDEOH��

+RZHYHU�� WHWUDKHGUDO� RFFXSDWLRQ� DORQH� LVQ¶W� DV� XQVWDEOH� DV� KDG EHHQ� SUHGLFWHG�� GHVSLWH� WKH�

SUR[LPLW\� DQG� ODFN� RI� VFUHHQLQJ� EHWZHHQ� WHWUDKHGUDO� VLWHV�� ,W� LV� OLNHO\� WKDW� WKH� ORZHU�

FRQFHQWUDWLRQ�RI�7L�DWRPV�LQ�3G�7L�PDNHV�WKH�K\GURJHQ�LQ�WKH�VWUXFWXUH�OHVV�LRQLF��UHGXFLQJ�WKH�

K\GURJHQ�K\GURJHQ�UHSXOVLRQ�DQG�PDNLQJ�WHWUDKHGUDO�RFFXSDQF\�OHVV�XQVWDEOH��6WLOO� WHWUDKHGUDO�

RFFXSDQF\� LQ� KH[DJRQDO� VWUXFWXUHV� LV� H[WUHPHO\� UDUH�� DQG� WKLV� UHVXOW� UHTXLUHV� IXUWKHU�

LQYHVWLJDWLRQ��

LLL� )&&�3G�7L 6ROLG�6ROXWLRQV

7KH�UHVXOWV�RI�WKH�VROLG�VROXWLRQ�FRPSXWDWLRQV�DUH�VXPPDUL]HG�LQ�ILJ������,Q�HDFK�

JUDSK��WKH�HQHUJ\�RI�WKH�XQK\GULGHG�SKDVH�KDV�EHHQ�VHW�WR�]HUR��DQG�WKH�OLQHDU�WUHQG�LQ�GDWD�

KDV�EHHQ�UHPRYHG��$V�VKRXOG�EH�H[SHFWHG��WKH�HQHUJ\�RI�K\GULGHG 7L�ULFK�SKDVHV LV�PXFK�

ORZHU�WKDQ�WKDW�RI�K\GULGHG 3G�ULFK�SKDVHV��EHFDXVH�WKH�VWUXFWXUH�WDNHV�RQ�DQ�LRQLF�FKDUDFWHU��

&RQWUDU\�WR�H[SHULPHQW� ILJ����D SUHGLFWV�WKDW�3G+�ZLOO IRUP�D�]LQFEOHQGH�VWUXFWXUH�

UDWKHU�WKDQ�URFN�VDOW��7KLV�LPSOLHV WKDW�WKH�GLIIHUHQFH�LQ�HQHUJ\ EHWZHHQ WKH�URFN�VDOW�DQG�

]LQFEOHQGH�SKDVHV�LV�VPDOOHU�WKDQ WKH�WROHUDQFH�RI�RXU�FDOFXODWLRQ� 2Q�WKH�RWKHU�KDQG��WKH�

IOXRULWH�SKDVH�RI 7L+� LV�SUHGLFWHG�VXFFHVVIXOO\ E\�D�VLJQLILFDQW�PDUJLQ��1RWDEO\� LQ QRQH�RI�
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WKH�FDVHV�LV�IXOO�WHWUDKHGUDO�RFWDKHGUDO�RFFXSDWLRQ�WKH�ORZHVW�HQHUJ\�SKDVH��DQG�LQ�PRVW LW�LV�

E\�IDU�WKH�OHDVW�VWDEOH�

)LJ�����FRPSDUHV�VWUXFWXUHV RI�HTXDO�K\GURJHQ�FRQFHQWUDWLRQ�IRU�DOO�ILYH VROLG�VROXWLRQ�

VXEODWWLFHV��0+� VHHPV�WR�SUHIHU�D URFN�VDOW�VWUXFWXUH�RYHU�]LQFEOHQGH IRU�HYHU\ VROLG�VROXWLRQ�

H[FHSW��VWUDQJHO\��SXUH�3G��0+� SUHIHUV�D�IOXRULWH�VWUXFWXUH�RYHU DQ $J$V0J PL[HG�



��

RFFXSDWLRQ�VWUXFWXUH IRU�HYHU\�VROLG�VROXWLRQ��FDVWLQJ�GRXEW�RQ�WKH�OLNHOLKRRG RI�ILQGLQJ�D

VWDEOH�LQVWDQFH�RI�PL[HG�RFFXSDWLRQ�H[SHULPHQWDOO\�

LY� 3KDVH�'LDJUDP

7KH�FRPSXWDWLRQDO�UHVXOWV�ZHUH�FRPSLOHG�WR�IRUP�3G�7L ELQDU\�SKDVH�GLDJUDPV��ILJ��

����DQG�D 3G�7L�+ WHUQDU\�SKDVH�GLDJUDP��ILJ�������7KH�FRQYH[�KXOO�RI�WKH�XQFRUUHFWHG�

HQHUJLHV RI�WKH�SKDVHV�ZDV�XVHG�WR�LGHQWLI\�WKRVH�ZKLFK�ZRXOG�EH�H[SUHVVHG� 2I�WKH�
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KH[DJRQDO�VWUXFWXUHV��RQO\�WKH�XQK\GULGHG�SKDVH�RI�3G�7L�ZDV�IRXQG�WR�EH�VWDEOH ± QRQH�RI�WKH�

ILYH 3G�7L�K\GULGHV DQG�QRQH�RI�WKH�3G7L� SKDVHV ZDV FORVH�LQ�HQHUJ\ WR�WKH�FRQYH[�KXOO��

)LJ�����DOVR�VKRZV�WKDW�PL[HG RFWDKHGUDO�]LQFEOHQGH�RU�RFWDKHGUD�ZXUW]LWH�RFFXSDWLRQ�LV�OHVV�

HQHUJHWLFDOO\�IDYRUDEOH�WKDQ�WHWUDKHGUDO�RFFXSDWLRQ LQ�HYHU\�LQVWDQFH�



��

)LJ���� VKRZV�WKH WHUQDU\�SKDVH�GLDJUDP�IRUPHG�E\�WDNLQJ�WKH�FRQYH[�KXOO�RI�WKH�

FRRUGLQDWHV�DQG�HQHUJLHV�RI�DOO ���XQGHU�VWXG\��7KLV�WHUQDU\�SKDVH�GLDJUDP�LV�QHFHVVDULO\�

LQFRPSOHWH�EHFDXVH�LW�ODFNV�D�SXUH�K\GURJHQ�SKDVH��EXW�LW�QRQHWKHOHVV�FDQ�SURYLGH�VRPH�

LQVLJKW��$V�H[SHFWHG�IURP�WKH�ELQDU\�SKDVH�GLDJUDPV��QRQH�RI�WKH�K\GULGH KH[DJRQDO�SKDVHV�

DSSHDU��$�IHZ�LQWHUHVWLQJ�SKDVHV�GR�DSSHDU�WR�EH�VWDEOH��KRZHYHU��IOXRULWH�SURWRW\SH 3G+ DQG

/L�%L�SURWRW\SHV 7L+���3G+���DQG�3G7L�+����,Q�IDFW��DOO�ILYH�/L�%L�SURWRW\SHV�OLH�QHDUO\�

SHUIHFWO\�DORQJ�WKH�HGJH�RI�WKH�FRQYH[�KXOO� 8QIRUWXQDWHO\��PRVW�RU�DOO�RI�WKHVH�SKDVHV�DUH�

OLNHO\�DUWLIDFWV�RI�WKH�LQFRPSOHWH�WHUQDU\�SKDVH�GLDJUDP��DQG�WKH�FRQYH[�KXOO SLQQLQJ�RQ WKH�

ERXQGLQJ�UHJLRQ�RI�WKH�GLDJUDP��1RQHWKHOHVV��WKHVH�/L�%L VWUXFWXUHV�PLJKW EH�LQWHUHVWLQJ�WR�

H[DPLQH�LQ�PRUH�GHWDLO�
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&RQFOXVLRQ

7KLV�VWXG\�XVHG�GHQVLW\�IXQFWLRQDO�WKHRU\�WRROV�WR�VHDUFK�IRU�VWDEOH�LQVWDQFHV�RI�

PL[HG�WHWUDKHGUDO�RFWDKHGUDO�LQWHUVWLWLDO�RFFXSDWLRQ�LQ�K\GULGHG�3G�7L�ODWWLFHV��$�FRPSDULVRQ�

RI�WKH�HQHUJLHV�RI����PHWDO�K\GULGH SKDVHV�EXLOW�IURP�WKUHH�W\SHV�RI�3G�7L�VXEODWWLFH

VXJJHVWHG�WKDW�FXELF�VWUXFWXUHV PRUH�UHDGLO\�DFFHSW�LQWHUVWLWLDO K\GURJHQ�WKDQ�KH[DJRQDO�

VWUXFWXUHV��EXW�WKDW�HYHU\�VWUXFWXUH SUHIHUV WR�ILOO�DOO WHWUDKHGUDO�VLWHV�EHIRUH�EHJLQQLQJ�WR�ILOO�

RFWDKHGUDO�VLWHV��7KH�WHUQDU\�SKDVH�GLDJUDP�FRQVWUXFWHG�IURP�WKH����SKDVHV�LV�ELDVHG�WRZDUGV�

SKDVHV�ZLWK�KLJK�K\GURJHQ�ORDGLQJ��EXW�QRQHWKHOHVV�LGHQWLILHV�3G��[7L[+� DV�RQH�FDQGLGDWH�

V\VWHP�WR�VHDUFK IRU�PL[HG�RFWDKHGUDO�WHWUDKHGUDO�VLWH�RFFXSDWLRQ��7KH�KH[DJRQDO�3G�7L+�

SKDVH�ZLWK�IXOO�WHWUDKHGUDO�RFFXSDWLRQ�ZDV DOVR IRXQG�WR�EH�PRUH�VWDEOH�WKDQ�H[SHFWHG��WKRXJK�

QRW�VWDEOH�HQRXJK�WR�DSSHDU�RQ�WKH�SKDVH�GLDJUDP��)XWXUH�ZRUN�FDQ H[DPLQH�7L+� DQG�

3G�7L+� PRUH�ULJRURXVO\��ILUVW�IURP�D�FRPSXWDWLRQDO�VWDQGSRLQW�DQG�WKHQ�H[SHULPHQWDOO\��WR�

FRQILUP�RU�UHIXWH�WKH�VWDELOLW\�RI�WKH�SKDVH�
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:RUNV�&LWHG

>�@ /��*LOOHVSLH�DQG�/�*DOVWDXQ��³7KH�3DOODGLXP�+\GURJHQ�(TXLOLEULXP�DQG�1HZ�3DOODGLXP�

+\GULGHV´��-��$P��&KHP��6RF� �������

>�@�3KDVH�'LDJUDPV��$60�,QWHUQDWLRQDO

>�@ 3��+RKHQEHUJ�DQG�:��.RKQ��³,QKRPRJHQHRXV�(OHFWURQ�*DV´��3K\V��5HY����������

>�@�:��.RKQ�DQG�/��6KDP��³6HOI�&RQVLVWHQW�(TXDWLRQV�,QFOXGLQJ�([FKDQJH�DQG�&RUUHODWLRQ�

(൵HFWV´��3K\V��5HY���������

>�@ '��6KROO�DQG�-��6WHFNHO��³'HQVLW\�)XQFWLRQDO�7KHRU\��$�3UDFWLFDO�,QWURGXFWLRQ´��-RKQ�

:LOH\�	�6RQV��,QF��������

>�@ $��/DUVHQ�HW�DO���³7KH�DWRPLF�VLPXODWLRQ�HQYLURQPHQW²D�3\WKRQ�OLEUDU\�IRU�ZRUNLQJ�ZLWK�

DWRPV´�-��3K\V���&RQGHQV��0DWWHU �������

>�@�&��5RVWJDDUG��³7KH�3URMHFWRU�$XJPHQWHG�ZDYH�0HWKRG´��$U;LY�RUJ�������

>�@�-��(QNRYDDUD��&��5RVWJDDUG��-� 0RUWHQVHQ�HW�DO�� ³(OHFWURQLF�VWUXFWXUH�FDOFXODWLRQV�ZLWK�

*3$:��D�UHDO�VSDFH�LPSOHPHQWDWLRQ�RI�WKH�SURMHFWRU�DXJPHQWHG�ZDYH�PHWKRG´� -��3K\V���

&RQGHQV��0DWWHU�������

>�@ +��2NDPRWR��³3G�7L��3DOODGLXP�7LWDQLXP�´�-��3KDVH�(TXLO� 'LII� �������

>��@ 0� 0HKO HW�DO���³7KH�$)/2:�/LEUDU\�RI�&U\VWDOORJUDSKLF�3URWRW\SHV��3DUW��´��&RPS�

0DW��6FL����������



��

$SSHQGL[�$��$WRPLF�3RVLWLRQV�DQG�8QLW�&HOOV

L� 3G7L�

/DWWLFH�

9HFWRUV

�ɨ�ʰ�ƃ�ŵɩřŞ����ſɪƀƋ�ŵɩřɥƄ

�ɩ�ʰ�ƃ�ŵɩř ����ſɪƀƋ�ŵɩřɥƄ

�ɪ�ʰ�ƃɥřɥř�Ƅ �ʰɨŜɭɪɪƋ��ř��ʰɥŜɩɬɩ

0HWDO�

DWRPV

��ś ƃɥřɥřɥƄ

��ś ƃ�ŵɩř�ŵſ����ſɪƀƋɩƀř�Ƌ�Ƅ�

ƃ�ŵɩřŞ�ŵſ�����ſɪƀƋɩƀřŞ�Ƌ�Ƅ

,QWHUVWLWLDO�

VLWHV

2FWDKHGUD :XUW]LWH 7HWUDKHGUD

ƃɥřɥř�ŵɩƄ ƃ�ŵɩř�ŵſ����ſɪƀƋɩƀřſɪ�Ş

ɩ��ƀŵɫƄ

ƃ�ŵɩřŞ�ŵſ����ſɪƀƋɩƀř�Ƌ�ŵɩƄ

ƃ�ŵɩř�ŵſ����ſɪƀƋɩƀřſɪ�Şɩ��ƀŵɫƄ

ƃ�ŵɩř�ŵſ����ſɪƀƋɩƀřŞ�Ƌ�ŵɩƄ

ƃ�ŵɩřŞ�ŵſ����ſɪƀƋɩƀř�Ƌ�ŵɩƄ

ƃ�ŵɩřŞ�ŵſ����ſɪƀƋɩƀřſŞɪ�ʫɩ��ƀŵɫƄ

LL� 3G�7L

/DWWLFH�

9HFWRUV

�ɨ�ʰ�ƃ�ŵɩřŞ����ſɪƀƋ�ŵɩřɥƄ

�ɩ�ʰ�ƃ�ŵɩř�����ſɪƀƋ�ŵɩřɥƄ

�ɪ�ʰ�ƃɥřɥř�Ƅ�������������������ʰɨŜɭɪɪƋ��ř��ɫʰ Şɨŵɭ

0HWDO�

DWRPV

��ś�ƃ�ŵɫřŞ����ſɪƀƋ�ŵɫřɥƄ

ƃ�ŵɫř����ſɪƀƋ�ŵɫřɥƄ

ƃ�ŵɩřɥřɥƄ

ƃ�ŵɫř����ſɪƀƋ�ŵɫř�ŵɩƄ

ƃ�ŵɫř����ſɪƀƋ�ŵɫř�ŵɩƄ

ƃ�ŵɩřɥř�ŵɩƄ

ƃɪƋ�Ƌ�ɫŵɩř����ſɪƀƋ�ɫƋ�ŵɩř�ŵɫƄ

ƃŞɪƋ�Ƌ�ɫŵɩř����ſɪƀƋ�ɫƋ�ŵɩř�ŵɫƄ

ƃɥřŞ����ſɪƀƋ�ɫƋ�ř�ŵɫƄ

ƃŞɪƋ�ɫƋ�ŵɩřŞ����ſɪƀƋ�ɫƋ�ŵɩřɪƋ�ŵɫƄ

ƃɪƋ�ɫƋ�ŵɩřŞ����ſɪƀƋ�ɫƋ�ŵɩřɪƋ�ŵɫƄ

ƃɥř����ſɪƀƋ�ɫƋ�řɪƋ�ŵɫƄ

��ś ƃɥřɥřɥƄ

ƃɥřɥř�ŵɩƄ

ƃ�ŵɩř�ŵſɩƋ����ſɪƀƀř�ŵɫƄ

ƃ�ŵɩřŞ�ŵſɩƋ����ſɪƀƀřɪƋ�ŵɫƄ



��

,QWHUVWLWLDO�

VLWHV

2FWDKHGUD :XUW]LWH 7HWUDKHGUD

>D�����D���VTUW������F��@

>D�����D���VTUW��������F���@

>����D[������������VTUW���D[��

F��@

>����D[������������VTUW���D[�

��F���@

>��D[�����������VTUW���D[��

F��@

>��D[�����������VTUW���D[�

��F���@

>��VTUW���D[��F��@

>��VTUW���D[����F���@

>D���D���VTUW�������F���@

>D���D���VTUW�������F���@

>��D[��������VTUW���D[��

��F���@

>��D[��������VTUW���D[��

��F���@

>����D[���������VTUW���D[��

��F���@

>����D[���������VTUW���D[��

��F���@

>���VTUW���D[����F���@

>���VTUW���D[����F���@

>�������F����@

>������F����@

>D������VTUW���D��������F����@

>D������VTUW���D�������F����@

>D����VTUW���D�������F����@

>D����VTUW���D������F����@

>D��������F����@

>D�������F����@

>D�����D���VTUW���������F����@

>D�����D���VTUW��������F����@

>����D[�������

�����VTUW���D[�����F����@

>����D[������������VTUW���D[��

��F����@

>��D[�����������VTUW���D[�

���F����@

>��D[�����������VTUW���D[�

��F����@

>��VTUW���D[�����F����@

>��VTUW���D[����F����@

>�������F����@

>������F����@

>������F����@

>��������F�����@

>D������VTUW���D��������F����@

>D������VTUW���D�������F����@

>D������VTUW���D�������F����@

>D������VTUW���D���������F�����@

>D����VTUW���D�������F����@

>D����VTUW���D������F����@

>D����VTUW���D������F����@

>D����VTUW���D��������F�����@

>D��������F����@

>D�������F����@

>D�������F����@

>D���������F�����@

>D�����D���VTUW���������F����@

>D�����D���VTUW��������F����@

>D�����D���VTUW��������F����@

>D�����D���VTUW������F���@

>����D[������������VTUW���D[��

���F����@

>����D[������������VTUW���D[��

��F����@

>����D[������������VTUW���D[��

��F����@

>����D[������������VTUW���D[��

F���@

>��D[�����������VTUW���D[��

���F����@

>��D[�����������VTUW���D[��

��F����@

>��D[�����������VTUW���D[��

��F����@

>��D[�����������VTUW���D[��

F���@
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>��VTUW���D[�����F����@

>��VTUW���D[����F����@

>��VTUW���D[����F����@

>��VTUW���D[��F���@

LLL� 6ROLG�6ROXWLRQ

/DWWLFH�

9HFWRUV

�ɨ�ʰ�ƃ�řɥřɥƄ

�ɩ�ʰ�ƃɥř�řɥƄ

�ɪ�ʰ�ƃɥřɥř�Ƅ������������

0HWDO�

DWRPV

ƃɥřɥřɥƄ

ƃ�ŵɩř�ŵɩřɥƄ

ƃ�ŵɩřɥř�ŵɩƄ

ƃɥř�ŵɩř�ŵɩƄ

,QWHUVWLWLDO�

VLWHV

2FWDKHGUD =LQFEOHQGH 7HWUDKHGUD

ƃ�ŵɩřɥřɥƄ

ƃɥř�ŵɩřɥƄ

ƃɥřɥř�ŵɩƄ

ƃ�ŵɩř�ŵɩř�ŵɩƄ

ƃ�ŵɫř�ŵɫř�ŵɫƄ

ƃ�ŵɫřŞ�ŵɫřŞ�ŵɫƄ

ƃŞ�ŵɫř�ŵɫřŞ�ŵɫƄ

ƃŞ�ŵɫřŞ�ŵɫř�ŵɫƄ

ƃ�ŵɫř�ŵɫř�ŵɫƄ

ƃ�ŵɫř�ŵɫřŞ�ŵɫƄ

ƃ�ŵɫřŞ�ŵɫř�ŵɫƄ

ƃ�ŵɫřŞ�ŵɫřŞ�ŵɫƄ

ƃŞ�ŵɫř�ŵɫř�ŵɫƄ

ƃŞ�ŵɫř�ŵɫřŞ�ŵɫƄ

ƃŞ�ŵɫřŞ�ŵɫř�ŵɫƄ

ƃŞ�ŵɫřŞ�ŵɫřŞ�ŵɫƄ



��

$SSHQGL[�%��$6(�&RGH

L� 3G7L�

���������������������

�����������������
���ř���

��ʰ ɭ�ɤ�����Ş������

�����ʰ�
���ſ����ʰ��ſɪɥɥƀř����ʰſ�ř��ř��ƀƀ�

�ʰɪ

�ʰɨŜɭɪɪƋ�

�ʰŜɩɬɩ

��������ʰƃƃ�ŵɩřŞɨŜɮɪɩɥɬƋ�ŵɩřɥƄřƃ�ŵɩřɨŜɮɪɩɥɬƋ�ŵɩřɥƄřƃɥřɥř�ƄƄ

���ʰƃƃɥřɥřɥƄřƃ�ŵɩř�ŵſɨŜɮɪɩɥɬƋɩƀř�Ƌ�Ƅřƃ�ŵɩřŞ�ŵſɨŜɮɪɩɥɬƋɩƀřŞ�Ƌ�ƄƄ

����������ʰ�����ſɐ�ɫɐřƃƃ�ŵɩř�ŵſɨŜɮɪɩɥɬƋɩƀřſɪƋ�ŞɩƋ�Ƌ�ƀŵɫƄřƃ�ŵɩř�ŵſɨŜɮɪɩɥɬƋɩƀřŞ�Ƌ�ŵɩƄřƃ�ŵɩřŞ

�ŵſɨŜɮɪɩɥɬƋɩƀř�Ƌ�ŵɩƄřƃ�ŵɩřŞ�ŵſɨŜɮɪɩɥɬƋɩƀřſŞɪƋ�ʫɩƋ�Ƌ�ƀŵɫƄƄř����ʰ��������ř���ʰ����ƀ

��������ʰ�����ſɐ�ɩɐřƃƃ�ŵɩř�ŵſɨŜɮɪɩɥɬƋɩƀřſɪƋ�ŞɩƋ�Ƌ�ƀŵɫƄřƃ�ŵɩřŞ

�ŵſɨŜɮɪɩɥɬƋɩƀř�Ƌ�ŵɩƄƄř����ʰ��������ř���ʰ����ƀ

���������ʰ�����ſɐ�ɐřƃƃɥřɥř�ŵɩƄƄř����ʰ��������ř���ʰ����ƀ

��������ʰƃƄ

��������������ſɭƀś

����ɩʰ�����ſɐ����ɩɐř���������ʰ���ř����ʰ��������ř���ʰ����ř����������ʰ����ƀ

�������������ſɪƀś

����ɩŜ������ſ���������ƀ

��������ƃɥřɪƄś

����ɩŜ������ſ��������ƀ

��������ƃɨřɫƄś

����ɩŜ������ſ����������ƀ

��������������ſɬƀś

�ʰŜɰʫŜɥɬƋ�

���������ʰƃƃ�Ƌ�ŵɩřŞɨŜɮɪɩɥɬƋ�Ƌ�ŵɩřɥƄřƃ�Ƌ�ŵɩřɨŜɮɪɩɥɬƋ�Ƌ�ŵɩřɥƄřƃɥřɥř�Ƌ�ƄƄ



��

����ɩŜ���ɏ����ſ���������ř������ɏ�����ʰ����ƀ�ɤ���������������

������ʰ����ɩŜ���ɏ���������ɏ������ſƀ�ɤ�����������

��������Ŝ������ſ������ƀ�ɤ������������

������ʰƃƄ

ɤɤɤɤɤɤɤɤ������	�	��������ɤɤɤɤɤɤɤɤ

�����ſ��������ƀ

LL� 3G�7L

���������������������

�����������������
���ř���

��ʰ�ɭ�ɤ�����Ş������Ŝ�

�����ʰ�
���ſ����ʰ��ſɪɥɥƀř����ʰſ�ř��ř��ƀƀ��ɤ������������

�ʰɬ

�ʰɨŜɭɪɪƋ�

�ɫʰŞɨŵɭ

��������ʰƃƃ�ŵɩřŞɨƋɨŜɮɪɩɥɬƋ�ŵɩřɥƄřƃ�ŵɩřɨŜɮɪɩɥɬƋ�ŵɩřɥƄřƃɥřɥř�ƄƄ

����������ʰ�����ſɐ�ɪɩɐř���������ʰƃƃɥřɥřſɨɨƋ�ƀŵɨɭƄřƃɥřɥřſɬƋ�ƀŵɨɭƄřƃɥřɥřſɪƋ�ƀŵɨɭƄřƃɥřɥřŞ

ɨƋſſɪƋ�ƀŵɨɭƀƄřƃ�ŵɫřŞɨƋſſɨŜɮɪɩɥɬƋ�ƀŵɫƀřſɨɨƋ�ƀŵɨɭƄřƃ�ŵɫřŞɨƋſſɨŜɮɪɩɥɬƋ�ƀŵɫƀřſɬƋ�ƀŵɨɭƄřƃ�ŵɫřŞ

ɨƋſſɨŜɮɪɩɥɬƋ�ƀŵɫƀřſɪƋ�ƀŵɨɭƄřƃ�ŵɫřŞɨƋſſɨŜɮɪɩɥɬƋ�ƀŵɫƀřŞ

ɨƋſſɪƋ�ƀŵɨɭƀƄřƃ�ŵɫřſɨŜɮɪɩɥɬƋ�ƀŵɫřſɨɨƋ�ƀŵɨɭƄřƃ�ŵɫřſɨŜɮɪɩɥɬƋ�ƀŵɫřſɬƋ�ƀŵɨɭƄřƃ�ŵɫřſɨŜɮɪɩɥɬƋ�ƀŵɫřſɪƋ�ƀŵɨɭƄř

ƃ�ŵɫřſɨŜɮɪɩɥɬƋ�ƀŵɫřŞɨƋſſɪƋ�ƀŵɨɭƀƄřƃ�ŵɩřɥřſɨɨƋ�ƀŵɨɭƄřƃ�ŵɩřɥřſɬƋ�ƀŵɨɭƄřƃ�ŵɩřɥřſɪƋ�ƀŵɨɭƄřƃ�ŵɩřɥřŞ

ɨƋſſɪƋ�ƀŵɨɭƀƄřƃ�ŵɩřŞɨƋſ�ŵſɩƋɨŜɮɪɩɥɬƀƀřſɨɬƋ�ƀŵɨɭƄřƃ�ŵɩřŞɨƋſ�ŵſɩƋɨŜɮɪɩɥɬƀƀřſɰƋ�ƀŵɨɭƄřƃ�ŵɩřŞ

ɨƋſ�ŵſɩƋɨŜɮɪɩɥɬƀƀřſɮƋ�ƀŵɨɭƄřƃ�ŵɩřŞɨƋſ�ŵſɩƋɨŜɮɪɩɥɬƀƀř�ŵɨɭƄřƃŞɨƋſſɪƋ�Ƌ�ɫƀŵɩƀřŞ

ɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɨɬƋ�ƀŵɨɭƄřƃŞɨƋſſɪƋ�Ƌ�ɫƀŵɩƀřŞɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɰƋ�ƀŵɨɭƄřƃŞɨƋſſɪƋ�Ƌ�ɫƀŵɩƀřŞ

ɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɮƋ�ƀŵɨɭƄřƃŞɨƋſſɪƋ�Ƌ�ɫƀŵɩƀřŞɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫř�ŵɨɭƄřƃſɪƋ�Ƌ�ɫƀŵɩřŞ

ɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɨɬƋ�ƀŵɨɭƄřƃſɪƋ�Ƌ�ɫƀŵɩřŞɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɰƋ�ƀŵɨɭƄřƃſɪƋ�Ƌ�ɫƀŵɩřŞ

ɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɮƋ�ƀŵɨɭƄřƃſɪƋ�Ƌ�ɫƀŵɩřŞ

ɨƋſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫř�ŵɨɭƄřƃɥřɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɨɬƋ�ƀŵɨɭƄřƃɥřɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɰƋ�ƀŵɨɭƄřƃɥřɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɮƋ�ƀŵ

ɨɭƄřƃɥřɨŜɮɪɩɥɬƋ�Ƌ�ɫř�ŵɨɭƄƄř����ʰ��������ř���ʰ����ƀ

��������ʰ�����ſɐ�ɨɭɐř���������ʰƃƃɥřɥřſɨɨƋ�ƀŵɨɭƄřƃɥřɥřſɪƋ�ƀŵɨɭƄřƃ�ŵɫřŞſſɨŜɮɪɩɥɬƋ�ƀŵɫƀřſɨɨƋ�ƀŵɨɭƄřƃ�ŵɫřŞ

ſſɨŜɮɪɩɥɬƋ�ƀŵɫƀřſɪƋ�ƀŵɨɭƄřƃ�ŵɫřſɨŜɮɪɩɥɬƋ�ƀŵɫřſɨɨƋ�ƀŵɨɭƄřƃ�ŵɫřſɨŜɮɪɩɥɬƋ�ƀŵɫřſɪƋ�ƀŵɨɭƄřƃ�ŵɩřɥřſɨɨƋ�ƀŵɨɭƄ

řƃ�ŵɩřɥřſɪƋ�ƀŵɨɭƄřƃ�ŵɩřŞſ�ŵſɩƋɨŜɮɪɩɥɬƀƀřſɨɬƋ�ƀŵɨɭƄřƃ�ŵɩřŞſ�ŵſɩƋɨŜɮɪɩɥɬƀƀřſɮƋ�ƀŵɨɭƄřƃŞſſɪƋ�Ƌ�ɫƀŵɩƀřŞ

ſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɨɬƋ�ƀŵɨɭƄřƃŞſſɪƋ�Ƌ�ɫƀŵɩƀřŞſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɮƋ�ƀŵɨɭƄřƃſɪƋ�Ƌ�ɫƀŵɩřŞ

ſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɨɬƋ�ƀŵɨɭƄřƃſɪƋ�Ƌ�ɫƀŵɩřŞ



��

ſɨŵɩƀƋɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɮƋ�ƀŵɨɭƄřƃɥřɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɨɬƋ�ƀŵɨɭƄřƃɥřɨŜɮɪɩɥɬƋ�Ƌ�ɫřſɮƋ�ƀŵɨɭƄƄř����ʰ��������ř���ʰ�
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