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Abstract 

+LJK�HQWURS\�DOOR\V��+($V��DUH�D�FODVV�RI�PXOWL�HOHPHQW�PDWHULDOV�WKDW�H[KLELW�XQLTXH�VWUXFWXUDO�

DQG� IXQFWLRQDO� SURSHUWLHV�� 7KLV� VWXG\� UHSRUWV� RQ� WKH� V\QWKHVLV� DQG� FKDUDFWHUL]DWLRQ� RI� D�

VXSHUFRQGXFWLQJ�+($���1E7D������+I7L=U������IDEULFDWHG�XVLQJ�WKH�YDFXXP�DUF�PHOWLQJ�WHFKQLTXH��

6FDQQLQJ� HOHFWURQ� PLFURVFRS\� �6(0�� DQG� HQHUJ\�GLVSHUVLYH� ;�UD\� VSHFWURVFRS\� �('6�� ZHUH�

HPSOR\HG�WR�DQDO\]H�WKH�PDWHULDO
V�PRUSKRORJ\�DQG�FRPSRVLWLRQ��;�UD\�GLIIUDFWLRQ��;5'��DQDO\VLV�

UHYHDOHG�D� VLQJOH�SKDVH�ERG\�FHQWHUHG�FXELF� �%&&��VWUXFWXUH�ZLWK�D�PHDVXUHG�QDQRLQGHQWDWLRQ�

KDUGQHVV�RI�����*3D�DQG�<RXQJ¶V�PRGXOXV�RI�����*3D��7KLV�+($�VXSHUFRQGXFWRU�ZDV�LQYHVWLJDWHG�

E\�[�UD\�GLIIUDFWLRQ�DW�%HDPOLQH���%0�&��$GYDQFHG�3KRWRQ�6RXUFH�DQG�WKH�%&&�SKDVH�ZDV�VWDEOH�

WR�WKH�KLJKHVW�SUHVVXUH�RI����*3D��6XSHUFRQGXFWLYLW\�ZDV�FKDUDFWHUL]HG�E\�IRXU�SUREH�UHVLVWLYLW\�

PHDVXUHPHQWV�LQ�D�4XDQWXP�'HVLJQ�3K\VLFDO�3URSHUW\�0HDVXUHPHQW�6\VWHP��3306���\LHOGLQJ�D�

VXSHUFRQGXFWLQJ�WUDQVLWLRQ�WHPSHUDWXUH��7F��RI�����.�DW�DPELHQW�SUHVVXUH�DQG�UHDFKLQJ�D�PD[LPXP�

RI������.�DW�WKH�KLJKHVW�DSSOLHG�SUHVVXUH�RI������*3D��7KH�FRPELQDWLRQ�RI�KLJK�VWUXFWXUDO�VWDELOLW\�

HQKDQFHG� VXSHUFRQGXFWLQJ� SHUIRUPDQFH� XQGHU� SUHVVXUH�� DQG� VXSHULRU� PHFKDQLFDO� SURSHUWLHV�

KLJKOLJKWV��1E7D������+I7L=U�������DV�D�SURPLVLQJ�VXSHUFRQGXFWRU�XQGHU�H[WUHPH�HQYLURQPHQWV�� 
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Introduction 

+LJK�HQWURS\� DOOR\V� �+($V�� UHSUHVHQW� DQ� HPHUJLQJ� PDWHULDO� FODVV� WKDW� KDV� JDWKHUHG�

VLJQLILFDQW�DWWHQWLRQ� LQ� WKH�JOREDO�VFLHQWLILF�FRPPXQLW\��7KHVH�DOOR\V�DUH�GLVWLQJXLVKHG�E\� WKHLU�

XQLTXH� FRPSRVLWLRQ�� FRQVLVWLQJ� RI� ILYH� RU� PRUH� SULQFLSDO� HOHPHQWV� UDQGRPO\� RFFXS\LQJ� WKH�

FU\VWDOORJUDSKLF�VLWHV�ZLWKLQ�WKHLU�VWUXFWXUH������7KH�UHPDUNDEOH�SURSHUWLHV�RI�KLJK�HQWURS\�DOOR\V�

�+($V��DUH�IXQGDPHQWDOO\�DWWULEXWHG�WR�IRXU�FRUH�HIIHFWV�WKDW�GLVWLQJXLVK�WKHP�IURP�FRQYHQWLRQDO�

DOOR\V������)LUVW��WKH�KLJK�HQWURS\�HIIHFW�VWDELOL]HV�VROLG�VROXWLRQ�SKDVHV�E\�VLJQLILFDQWO\�UHGXFLQJ�

WKH�*LEEV�IUHH�HQHUJ\��*LEE¶V�IUHH�HQHUJ\�IRU�WKLV�PL[LQJ�FDQ�EH�H[SUHVVHG�DVܩ߂�௠௜௫ ൌ ௠௜௫ܪ߂ െ

�PL[ �LV�WKHܵ߂�௠௜௫�LV�WKH�HQWKDOS\�RI�PL[LQJ��7�LV�WKH�DEVROXWH�WHPSHUDWXUH��DQGܪ߂�௠௜௫����:KHUHܵ߂ܶ

HQWURS\� RI� PL[LQJ�� 7KH� H[SUHVVLRQ� RI� HQWURS\� RI� PL[LQJ� LV� UHSUHVHQWHG� DV� PL[ ൌܵ߂ FRQIܵ߂ ൌ

െܴσ ԝ௡
௜ୀଵ ௜ݔ ݈݊ �௜ݔ ����� 7KH� SUHVHQFH� RI� PXOWLSOH� SULQFLSDO� HOHPHQWV� VLJQLILFDQWO\� LQFUHDVHV� WKH�

FRQILJXUDWLRQDO�HQWURS\�RU�HQWURS\�RI�PL[LQJ��7KLV�HOHYDWHG�HQWURS\�RIWHQ�RXWZHLJKV�WKH�HQWKDOS\�

RI�PL[LQJ��UHVXOWLQJ�LQ�D�VXEVWDQWLDO�UHGXFWLRQ�LQ�WKH�*LEEV�IUHH�HQHUJ\��&RQVHTXHQWO\��WKH�*LEEV�

IUHH� HQHUJ\� EHFRPHV� QHJDWLYH�� IDYRULQJ� WKH� VWDELOL]DWLRQ� RI� VROLG� VROXWLRQ� SKDVHV� RYHU� PRUH�

FRPSOH[�RU�RUGHUHG�VWUXFWXUHV����6HFRQG��WKH�ODWWLFH�GLVWRUWLRQ�HIIHFW�DULVHV�IURP�WKH�YDU\LQJ�DWRPLF�

VL]HV�RI�WKH�FRQVWLWXHQW�HOHPHQWV��FDXVLQJ�ORFDOL]HG�ODWWLFH�VWUDLQV��7KHVH�GLVWRUWLRQV�LPSHGH�WKH�

PRYHPHQW�RI�GLVORFDWLRQV��WKHUHE\�HQKDQFLQJ�WKH�PHFKDQLFDO�VWUHQJWK�DQG�KDUGQHVV�RI�WKH�PDWHULDO��

7KLUG�� WKH� VOXJJLVK� GLIIXVLRQ� HIIHFW� UHIOHFWV� WKH� UHGXFHG� DWRPLF�PRELOLW\� LQ�+($V� GXH� WR� WKHLU�

FRPSRVLWLRQDO�FRPSOH[LW\��7KLV�HIIHFW� LPSURYHV�WKHUPDO�VWDELOLW\��GHOD\V�SKDVH� WUDQVIRUPDWLRQV��

DQG�FRQWULEXWHV�WR�WKH�PDWHULDO¶V�UHVLVWDQFH�WR�KLJK�WHPSHUDWXUH�GHJUDGDWLRQ��)LQDOO\��WKH�FRFNWDLO�

HIIHFW� UHIHUV� WR� WKH� V\QHUJLVWLF� LQWHUDFWLRQV� DPRQJ� WKH� PXOWLSOH� SULQFLSDO� HOHPHQWV�� OHDGLQJ� WR�

SURSHUWLHV�WKDW�VXUSDVV�WKRVH�SUHGLFWHG�E\�WKH�LQGLYLGXDO�FRQWULEXWLRQV�RI�WKH�FRQVWLWXHQW�HOHPHQWV�

������7KLV�HIIHFW�DOORZV�IRU�WKH�RSWLPL]DWLRQ�RI�+($V�IRU�D�ZLGH�UDQJH�RI�DSSOLFDWLRQV�E\�OHYHUDJLQJ�
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WKH� XQLTXH� FRPELQDWLRQV� RI� WKHLU� FRPSRQHQWV�� 7KHVH� FRUH� HIIHFWV� VWUHQJWKHQ� WKH� H[FHSWLRQDO�

PHFKDQLFDO��WKHUPDO��DQG�FKHPLFDO�SHUIRUPDQFH�RI�+($V��PDNLQJ�WKHP�D�IRFXV�RI�LQWHQVH�UHVHDUFK�

LQ�FRQGHQVHG�PDWWHU�SK\VLFV�DQG�PDWHULDOV�VFLHQFH� 

6XSHUFRQGXFWLYLW\� UHSUHVHQWV� RQH� RI� WKH� PRVW� LQWULJXLQJ� GLVFRYHULHV� LQ� +($V�� 7KLV�

EUHDNWKURXJK�KDV�RSHQHG�QHZ�IURQWLHUV�LQ�XQGHUVWDQGLQJ�DQG�GHYHORSLQJ�PDWHULDOV�ZLWK�UHPDUNDEOH�

HOHFWURQLF�SURSHUWLHV��7KH�ILUVW�LQVWDQFH�RI�VXSHUFRQGXFWLYLW\�LQ�DQ�+($�ZDV�UHSRUWHG�LQ�WKH�DOOR\�

7D��1E��+I�=U��7L���� DV� GRFXPHQWHG� E\� .RåHOM� HW� DO� ���� 7KLV� DOOR\� ZDV� LGHQWLILHG� DV� D� W\SH�,,�

VXSHUFRQGXFWRU��H[KLELWLQJ�D�FULWLFDO�WHPSHUDWXUH�RI�����.�DQG�DQ�XSSHU�FULWLFDO�PDJQHWLF�ILHOG�RI�

���N2H��7KH�GLVFRYHU\�RI�VXSHUFRQGXFWLYLW\�LQ�7D��1E��+I�=U��7L���QRW�RQO\�PDUNHG�D�VLJQLILFDQW�

PLOHVWRQH� EXW� DOVR� LQVSLUHG� H[WHQVLYH� UHVHDUFK� IRU� RWKHU� KLJK�HQWURS\� DOOR\V� ZLWK� VLPLODU�

FDSDELOLWLHV��7KLV�HIIRUW�OHG�WR�WKH�LGHQWLILFDWLRQ�RI�DGGLWLRQDO�+($�VXSHUFRQGXFWRUV��SDUWLFXODUO\�

WKRVH� FRPSRVHG� RI� WUDQVLWLRQ�PHWDOV��1RWDEOH� H[DPSOHV� LQFOXGH�+I��1E��7L��9��=U��� ���� ZKLFK�

GHPRQVWUDWHG� SURPLVLQJ� VXSHUFRQGXFWLQJ� SURSHUWLHV�� DV� ZHOO� DV� 7D���1E���+I���ၶ=U���7L���� DQG�

1E����[0R���[5X���[5K��3G��� �ZKHUH� ��[���� ������� 6XSHUFRQGXFWLQJ� +($� WKLQ� ILOPV� VXFK�

DV� �7D1E���[�=U+I7L�[��DQG��7D1E��±[�=U+I7L�[0R\�KDV�DOVR�EHHQ�V\QWKHVL]HG�UHFHQWO\������� 

3UHVVXUH�LV�D�IXQGDPHQWDO�WKHUPRG\QDPLF�YDULDEOH�WKDW�FDQ�SURIRXQGO\�DOWHU�WKH�VWUXFWXUDO��

HOHFWURQLF��DQG�PDJQHWLF�SURSHUWLHV�RI�PDWHULDOV��RIWHQ� OHDGLQJ� WR� WKH�HPHUJHQFH�RI�XQH[SHFWHG�

SK\VLFDO�SKHQRPHQD��������2QH�RI�WKH�PRVW�ZHOO�NQRZQ�HIIHFWV�RI�SUHVVXUH�LQ�VXSHUFRQGXFWRUV�LV�

WKH�PDQLSXODWLRQ�RI�FULWLFDO�WUDQVLWLRQ�WHPSHUDWXUHV��7KLV�KDV�EHHQ�H[WHQVLYHO\�REVHUYHG�LQ�FRSSHU�

R[LGH� �FXSUDWH�� VXSHUFRQGXFWRUV� DQG� LURQ�EDVHG� �SQLFWLGH�� VXSHUFRQGXFWRUV� �������$GGLWLRQDOO\��

SUHVVXUH�KDV�EHHQ�VKRZQ�WR�LQGXFH�VXSHUFRQGXFWLYLW\�LQ�V\VWHPV�ZKHUH�LW�ZDV�SUHYLRXVO\�DEVHQW�

RU�VXSSUHVVHG��)RU�H[DPSOH��LQ�DONDOLQH�LURQ�VHOHQLGH�DQG�KHDY\�IHUPLRQ�VXSHUFRQGXFWRUV��SUHVVXUH�

SOD\V�D�FUXFLDO�UROH� LQ�UHVWRULQJ�VXSHUFRQGXFWLQJ�RUGHU�E\�PRGLI\LQJ�PDJQHWLF�IOXFWXDWLRQV�DQG�
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HOHFWURQLF�FRUUHODWLRQV��������%H\RQG�WKHVH�HQKDQFHPHQWV��SUHVVXUH�KDV�DOVR�EHHQ�LQVWUXPHQWDO�LQ�

WKH�GLVFRYHU\�RI�HQWLUHO\�QHZ�VXSHUFRQGXFWLQJ�VWDWHV��$�VWULNLQJ�H[DPSOH�LV�+�6��D�K\GURJHQ�VXOILGH�

FRPSRXQG� WKDW� H[KLELWV� VXSHUFRQGXFWLYLW\� DW� H[FHSWLRQDOO\� KLJK� WHPSHUDWXUHV� XQGHU� PHJDEDU�

SUHVVXUHV��������*LYHQ�WKH�UHPDUNDEOH�LQIOXHQFH�RI�SUHVVXUH�RQ�VXSHUFRQGXFWLQJ�PDWHULDOV��LW�LV�RI�

JUHDW� LQWHUHVW� WR� LQYHVWLJDWH� LWV� HIIHFWV� RQ� +($� VXSHUFRQGXFWRUV�� 8QGHUVWDQGLQJ� KRZ�

VXSHUFRQGXFWLQJ�+($V� UHVSRQG� WR� H[WUHPH� SUHVVXUH� FRQGLWLRQV�PD\� SURYLGH� LQVLJKW� LQWR� WKHLU�

HOHFWURQLF�LQWHUDFWLRQV��VWDELOLW\��DQG�SRWHQWLDO�IRU�HQKDQFHG�VXSHUFRQGXFWLQJ�SHUIRUPDQFH��,Q�WKLV�

VWXG\��ZH�V\QWKHVL]HG�D�VXSHUFRQGXFWLQJ�+($��1E7D������+I7L=U�������FKDUDFWHUL]HG�LWV�VWUXFWXUH�

DQG�PHFKDQLFDO�SURSHUW\��DQG�H[SORUHG�WKH�FU\VWDO�VWUXFWXUH�DQG�VXSHUFRQGXFWLQJ�EHKDYLRUV�XQGHU�

KLJK�SUHVVXUH��DLPLQJ�WR�XQFRYHU�QHZ�VXSHUFRQGXFWLQJ�SKHQRPHQD�DQG�EURDGHQ�WKH�VFRSH�RI�+($�

EDVHG�VXSHUFRQGXFWRUV�LQ�H[WUHPH�HQYLURQPHQWV͘ 

0DWHULDOV�DQG�0HWKRGV 

7KH��1E7D������+I=U7L������VDPSOH�ZDV�V\QWKHVL]HG�XVLQJ�0$0���YDFXXP�DUF�PHOWHU��$W�

ILUVW�� KLJK�SXULW\� PHWDOV� ��������� ZHUH� SUHFLVHO\� ZHLJKHG� LQ� VWRLFKLRPHWULF� SURSRUWLRQV� DQG�

FRPSDFWHG�LQWR�D�SHOOHW�XVLQJ�D�K\GUDXOLF�SUHVV��7KH�SDOOHW�ZDV�SODFHG�RQ�D�ZDWHU�FRROHG�FRSSHU�

FUXFLEOH�RQ�WKH�DUF�PHOWHU�WR�HQVXUH�UDSLG�FRROLQJ�DQG�SUHYHQW�UHDFWLRQ�ZLWK�WKH�FUXFLEOH�PDWHULDO�

GXULQJ�WKH�PHOW��7R�HQVXUH�XQLIRUP�PHOWLQJ��WKH�VDPSOH�ZDV�IOLSSHG�DQG�UH�PHOWHG�IRXU�WLPHV��ZLWK�

HDFK�VLGH�H[SRVHG� WR� WKH�DUF� LQGLYLGXDOO\��7KLV� UHSHDWHG�PHOWLQJ�F\FOH�HQVXUHG�D�KRPRJHQHRXV�

FRPSRVLWLRQ� WKURXJKRXW� WKH� EXON� VDPSOH��$IWHU� V\QWKHVLV�� VPDOOHU� SLHFHV� RI� WKH� VDPSOH� ZHUH�

FOHDYHG� IURP� WKH� EXON� VWUXFWXUH� XVLQJ� D� GLDPRQG� VDZ� IRU� IXUWKHU� FKDUDFWHUL]DWLRQ��7KH� FU\VWDO�

VWUXFWXUH�ZDV�REWDLQHG�E\�D�3DQDO\WLFDO�(PS\UHDQ�;�UD\�GLIIUDFWRPHWHU��&RSSHU�.Į���O� ���������

c��� 
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$�%;���� GLDPRQG� DQYLO� FHOO� �'$&�� HTXLSSHG�ZLWK� ���� ȝP� FXOHW� GLDPRQG� DQYLOV� ZDV�

XWLOL]HG� IRU� WKH� KLJK�SUHVVXUH�;�UD\� GLIIUDFWLRQ� �;5'�� H[SHULPHQWV� DW� WKH�%HDPOLQH� ��%0�&��

$GYDQFHG�3KRWRQ�6RXUFH��$UJRQQH�1DWLRQDO�/DERUDWRU\��7KH�;�UD\�ZDYHOHQJWK�ZDV�VHW�WR��������

c��DQG�WKH�EHDP�IRFXVHG�WR�D����î����ȝP��VL]H�DW�WKH�VDPSOH�SRVLWLRQ��7R�LQFUHDVH�WKH�PD[LPXP�

�&%1��VHDW�ZDV�XVHG�LQ�WKH�GRZQVWUHDP�IDFLQJ�WKH�GHWHFWRU��$�5H���DQJOH��D�FXELF�ERURQ�QLWULGHߠ�

JDVNHW�ZLWK�DQ�LQLWLDO�WKLFNQHVV�RI�����ȝP��SUH�LQGHQWHG�WR�D�WKLFNQHVV�RI����ȝP��ZDV�XVHG�WR�FUHDWH�

D� VDPSOH�FKDPEHU�ZLWK�D�GLDPHWHU�RI�����ȝP�GULOOHG�ZLWK�HOHFWULFDO�GLVFKDUJH�PDFKLQLQJ��7KH�

VDPSOH�GLPHQVLRQV�ZHUH�PHDVXUHG�WR�EH���î���ȝP��DQG����ȝP�WKLFN��3UHVVXUH�ZDV�PHDVXUHG�XVLQJ�

UXE\�IOXRUHVFHQFH�����'DSKQH�RLO������ZDV�HPSOR\HG�DV�WKH�SUHVVXUH�WUDQVPLWWLQJ�PHGLXP��370��

WR� HQVXUH� TXDVL�K\GURVWDWLF� FRQGLWLRQV�� $Q� LQLWLDO� SUHVVXUH� RI� ���� *3D� ZDV� DSSOLHG� SULRU� WR�

WUDQVSRUWDWLRQ� WR� VHDO� WKH� SUHVVXUH� PHGLXP�� 7KH� WZR�GLPHQVLRQDO� GLIIUDFWLRQ� LPDJHV� ZHUH�

LQWHJUDWHG� LQ�',237$6� VRIWZDUH� ���� /H�%DLO� UHILQHPHQWV� RQ� WKH�;5'�GDWD�ZHUH� SHUIRUPHG� LQ�

*6$6�,,�WR�H[WUDFW�WKH�ODWWLFH�SDUDPHWHU�DQG�YROXPH���� 

7KH� VDPSOH� PLFURVWUXFWXUHV� ZHUH� DQDO\]HG� XVLQJ� D� -(2/� -60�����)� ILHOG� HPLVVLRQ�

VFDQQLQJ�HOHFWURQ�PLFURVFRSH��)(6(0��-(2/�86$��3HDERG\��0$��RSHUDWHG�DW�DQ�DFFHOHUDWLQJ�

YROWDJH� RI� ��� N9��0HFKDQLFDO� SURSHUWLHV� VXFK� DV� QDQRLQGHQWDWLRQ� KDUGQHVV� DQG�PRGXOXV�ZHUH�

PHDVXUHG�XVLQJ�DQ�$JLOHQW�1DQR�,QGHQWHU�*����ZLWK�WKH�FRQWLQXRXV�VWLIIQHVV�PHDVXUHPHQW��&60��

WHFKQLTXH��$�%HUNRYLFK�GLDPRQG�LQGHQWHU�WLS�ZLWK�D�QRPLQDO�UDGLXV�RI����QP�ZDV�HPSOR\HG�IRU�

WKH� WHVWV��7R�HQVXUH� DFFXUDF\�DQG� UHOLDELOLW\�� WKH� LQVWUXPHQW�ZDV� FDOLEUDWHG�XVLQJ�D� IXVHG� VLOLFD�

UHIHUHQFH�VWDQGDUG�ZLWK�D�<RXQJ¶V�PRGXOXV�RI�����*3D��&DOLEUDWLRQ�LQGHQWDWLRQV�ZHUH�SHUIRUPHG�

RQ�WKH�VLOLFD�VWDQGDUG�EHIRUH�DQG�DIWHU�WHVWLQJ�WKH�VDPSOH��7KH�FRQVLVWHQW�<RXQJ¶V�PRGXOXV�YDOXHV�

REWDLQHG�GXULQJ�WKHVH�FDOLEUDWLRQV�FRQILUPHG�WKH�VWDELOLW\�RI�WKH�LQGHQWHU�WLS�JHRPHWU\��HQVXULQJ�

SUHFLVH�DQG�UHSURGXFLEOH�KDUGQHVV�DQG�PRGXOXV�PHDVXUHPHQWV�� 
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(OHFWULFDO�UHVLVWDQFH�PHDVXUHPHQWV�RI��1E7D������+I7L=U������VDPSOH�ZDV�SHUIRUPHG�XVLQJ�

WKH� 4XDQWXP� 'HVLJQ� 3K\VLFDO� 3URSHUW\� 0HDVXUHPHQW� 6\VWHP� �3306�'\QD&RRO�� ZLWK� WKH�

(OHFWULFDO�7UDQVSRUW�2SWLRQ��(72��IRU�IRXU�SUREH�UHVLVWDQFH�PHDVXUHPHQWV��,Q�DPELHQW�SUHVVXUH�

UHVLVWDQFH�PHDVXUHPHQW��IRXU�3W�ZLUHV�RI�����P�GLDPHWHU�ZHUH�DWWDFKHG�WR�D�WKLQ�SODWH�OLNH�VDPSOH�

XVLQJ�VLOYHU�SDLQW����7KH�KLJK�SUHVVXUH�HQYLURQPHQW�ZDV�DFKLHYHG�XVLQJ�D�%H�&X�DOOR\�'$&�ZLWK�

����ȝP�FXOHW�GLDPRQG�DQYLOV��7KH�UHVLVWDQFH�PHDVXUHPHQWV�ZHUH�FRQGXFWHG�ZLWK�DQ�$&�FXUUHQW�RI�

����P$�DW������+]��$�VWDLQOHVV�VWHHO�JDVNHW��LQLWLDOO\�����ȝP�WKLFN��ZDV�SUH�FRPSUHVVHG�WR����ȝP��

DQG�D�����ȝP�GLDPHWHU�KROH�ZDV�GULOOHG�DW�LWV�FHQWHU��7KH�JDVNHW�ZDV�WKHQ�LQVXODWHG�ZLWK�D�PL[WXUH�

RI�FXELF�ERURQ�QLWULGH�DQG�HSR[\��DQG�D�����ȝP�GLDPHWHU�VDPSOH�FKDPEHU�ZDV�FUHDWHG��3ODWLQXP�

IRLOV� VKDSHG� LQWR� WKLQ� ZHGJHV� VHUYHG� DV� HOHFWURGHV�� 7KH� �1E7D������+I7L=U������ VDPSOH� ZDV�

SRVLWLRQHG�DW� WKH�FHQWHU�RI� WKH� VDPSOH�FKDPEHU� LQ� FRQWDFW�ZLWK� IRXU�SUREHV��([SHULPHQWV�ZHUH�

FRQGXFWHG�XQGHU�QRQ�K\GURVWDWLF�FRQGLWLRQV��ZLWK�SUHVVXUH�PHDVXUHG�DW�URRP�WHPSHUDWXUH�XVLQJ�

UXE\�IOXRUHVFHQFH�PHWKRGV�����3UHVVXUH�PHDVXUHPHQWV�ZHUH�WDNHQ�ERWK�EHIRUH�DQG�DIWHU�UHVLVWDQFH�

PHDVXUHPHQWV�DW�ORZ�WHPSHUDWXUHV��DQG�QR�SUHVVXUH�FKDQJH�ZDV�REVHUYHG�� 

 

Results 

(QHUJ\�'LVSHUVLYH�;�UD\�$QDO\VLV 

(QHUJ\�GLVSHUVLYH�;�UD\�DQDO\VLV�ZDV�FDUULHG�RXW� WR�PHDVXUH� WKH�HOHPHQWDO�FRPSRVLWLRQ�RI� WKH�

+($�VDPSOH��)URP�)LJXUH���ZH�FDQ�FOHDUO\�VHH�WKDW�WKHUH�LV�QR�HOHPHQWDO�VHJUHJDWLRQ��DQG�DOO�WKH�

HOHPHQWV�ZHUH�XQLIRUPO\�GLVWULEXWHG�WKURXJKRXW�WKH�VDPSOH� 



� 

 

 
)LJXUH� ��� 6(0� PLFURJUDSK� �WRS� OHIW� LPDJH�� DQG� ('6� HOHPHQWDO� PDSSLQJ� �RWKHU� LPDJHV�� RI� WKH�
�1E7D������+I7L=U������VDPSOH�VKRZLQJ�WKH�XQLIRUP�GLVWULEXWLRQ�RI�FRQVWLWXHQW�HOHPHQWV�LQ�WKH�DOOR\��('6�
$WRPLF���LV�DOVR�SUHVHQWHG�KHUH�� 

 

;�UD\�'LIIUDFWLRQ� 

 
)LJXUH�����;�UD\�GLIIUDFWLRQ�RI�V\QWKHVL]HG��1E7D������+I7L=U������VDPSOH�VKRZLQJ�D�VLQJOH�SKDVH�%&&�
FU\VWDO�VWUXFWXUH� 

)LJ����UHSUHVHQWV�WKH�;5'�RI�WKH�V\QWKHVL]HG�+($�VDPSOH�LQGLFDWLQJ�D�ERG\�FHQWHUHG�FXELF�

�%&&��FU\VWDO�VWUXFWXUH��VSDFH�JURXS�,P��P���1R�UHIOHFWLRQV�FRUUHVSRQGLQJ�WR�VHFRQGDU\�SKDVHV�



� 

 

ZHUH�REVHUYHG��7KH�UHIOHFWLRQV�IURP�WKH�WZR�WKHWD�SRVLWLRQV��LQ�GHJUHHV��DW�������������������DQG�

����� UHSUHVHQWV� WKH� ������� ������� ������� DQG� ������ FU\VWDO� SODQHV� RI� WKH�%&&� FU\VWDO� VWUXFWXUH��

UHVSHFWLYHO\�� �7KH�GDWD� SURYLGHV� QR� HYLGHQFH�RI� HOHPHQWDO� RUGHULQJ�RU� WKH� IRUPDWLRQ�RI� ORZHU�

V\PPHWU\�VWUXFWXUHV��UHLQIRUFLQJ�WKH�FRQFOXVLRQ�WKDW�WKH�DOOR\�PDLQWDLQV�D�GLVRUGHUHG�VROLG�VROXWLRQ�

FKDUDFWHULVWLF�RI�KLJK�HQWURS\�DOOR\V��7KH�ODWWLFH�SDUDPHWHU�ZDV�REWDLQHG�E\�5LHWYHOG�UHILQHPHQW��

$FFRUGLQJ�WR�WKH�DQDO\VLV��WKH�ODWWLFH�SDUDPHWHU�RI�WKH�V\QWKHVL]HG�VDPSOH�ZDV�����c��7KH�XQLW�FHOO�

SDUDPHWHU� IRU� WKH� REVHUYHG� %&&� +($� H[KLELWV� YDULDWLRQ� ZLWKLQ� WKH� VROLG� VROXWLRQ�� UDQJLQJ� IURP�

DSSUR[LPDWHO\������c�WR������c���������� 

 

+LJK�3UHVVXUH�6\QFKURWURQ�;�UD\�'LIIUDFWLRQ� 

7R�LQYHVWLJDWH�WKH�VWUXFWXUDO�VWDELOLW\�RI��1E7D������+I7L=U������XQGHU�KLJK�SUHVVXUH�;5'�

GDWD�ZHUH�FROOHFWHG�XQGHU�FRPSUHVVLRQ� WR����*3D��$V�VKRZQ�LQ�)LJXUH���� WKH�GLIIUDFWLRQ�SHDNV�

H[KLELW� D� FRQWLQXRXV� VKLIW� WRZDUG� WKH� KLJKHU� DQJOH� ZLWK� LQFUHDVLQJ� SUHVVXUH�� LQGLFDWLYH� RI� WKH�

VWDELOLW\�RI�WKH�%&&�FU\VWDO�VWUXFWXUH�WKURXJKRXW�WKH�LQYHVWLJDWHG�SUHVVXUH�UDQJH��7KLV�LV�IXUWKHU�

VXSSRUWHG�E\�WKH�SUHVVXUH±YROXPH�UHODWLRQVKLS�SUHVHQWHG�LQ�)LJXUH����$�ILW�WR�WKH�HTXDWLRQ�RI�VWDWH�

GDWD�ZDV�DWWHPSWHG�XVLQJ�D�WKLUG�RUGHU�%LUFK�0XUQDJKDQ�HTXDWLRQ�RI�VWDWH�����)URP�WKH�ILWWLQJ��WKH�

]HUR�SUHVVXUH�EXON�PRGXOXV� �%���ZDV�GHWHUPLQHG� WR�EH�����*3D��ZLWK� D�%¶�RI�������7KH�]HUR�

SUHVVXUH� XQLW� FHOO� YROXPH� �9���ZDV� ������c���FRQVLVWHQW�ZLWK� WKH� YROXPH� REWDLQHG� DW� DPELHQW�

SUHVVXUH�XVLQJ�WKH�LQ�KRXVH�;5'�� 



� 

 

 
)LJXUH����;5'�SDWWHUQV�DW�YDULRXV�SUHVVXUHV�IURP�����*3D�WR������*3D��7KH�V\QFKURWURQ�;�UD\�ZDYHOHQJWK�
LV��������c��7KH�;5'�GDWD�ZDV�FROOHFWHG�DW�DPELHQW� WHPSHUDWXUH�� DQG�SUHVVXUH�ZDV�PHDVXUHG�E\� UXE\�
IOXRUHVFHQFH� 

 
)LJXUH����3UHVVXUH�GHSHQGHQFH�RI�WKH�XQLW�FHOO�YROXPH��7KH�UHG�FXUYH�VKRZV�WKH�ILWWLQJ�E\�WKLUG�RUGHU�%LUFK±
0XUQDJKDQ�HTXDWLRQ�RI�VWDWH��%0�(26�� %��ZDV�GHWHUPLQHG�WR�EH����ௗ*3D��ZLWK�D�9��RI���������c���7KH�
VFDWWHU�LQ�WKH�GDWD�EHORZ����*3D�LV�GXH�WR�PDWHULDOV�VWUHQJWK�HIIHFWV�LQ�D�QRQ�K\GURVWDWLF�FRPSUHVVLRQ� 

 



�� 

 

(OHFWULFDO�5HVLVWDQFH�0HDVXUHPHQWV� 

�������  

)LJXUH�����D��6XSHUFRQGXFWLQJ�WUDQVLWLRQ�XQGHU�YDULRXV�PDJQHWLF�ILHOGV��E��/LQHDU�ILW�WR�ILQG�+F��XVLQJ�:++�
PRGHO�DW�DPELHQW�SUHVVXUH� 

 

7KH�VXSHUFRQGXFWLYLW\�RI��1E7D������+I7L=U������ZDV�H[DPLQHG�XVLQJ�WKH�IRXU�SUREH�PHWKRG�

XQGHU�D�PDJQHWLF�ILHOG�UDQJLQJ�IURP��7�WR��7��)LJXUH���D��LOOXVWUDWHV�WKH�QRUPDOL]HG�UHVLVWDQFH�DV�

D�IXQFWLRQ�RI�WHPSHUDWXUH�IRU�YDULRXV�DSSOLHG�PDJQHWLF�ILHOGV��$�VKDUS�GURS�LQ�UHVLVWDQFH�WR�]HUR�

VLJQLILHV� WKH� RQVHW� RI� VXSHUFRQGXFWLYLW\�� D� KDOOPDUN� RI� WKH� PDWHULDO
V� WUDQVLWLRQ� LQWR� WKH�

VXSHUFRQGXFWLQJ� VWDWH�� 7KH� VXSHUFRQGXFWLQJ� FULWLFDO� WHPSHUDWXUH� �7F�� ZDV� GHWHUPLQHG� DV� WKH�

WHPSHUDWXUH� FRUUHVSRQGLQJ� WR� ���� RI� WKH� UHVLVWDQFH� GURS� IURP� LWV� QRUPDO�VWDWH� YDOXH��$V� WKH�

DSSOLHG�PDJQHWLF�ILHOG�LQFUHDVHV��WKH�7F�V\VWHPDWLFDOO\�GHFUHDVHV��7KLV�SKHQRPHQRQ�UHIOHFWV�WKH�

VXSSUHVVLRQ�RI� VXSHUFRQGXFWLYLW\�XQGHU�H[WHUQDO�PDJQHWLF� ILHOGV�� DWWULEXWHG� WR�EUHDNLQJ�&RRSHU�

SDLUV�RU�PRGLILFDWLRQV�WR�WKH�VXSHUFRQGXFWLQJ�RUGHU�SDUDPHWHU��7KH�XSSHU�FULWLFDO�ILHOG�+F��FDQ�EH�

GHULYHG� IURP� WKH� VORSH� RI� WKH� FULWLFDO� WHPSHUDWXUH� YHUVXV� WKH� PDJQHWLF� ILHOG� FXUYH� XVLQJ� WKH�

:HUWKLPHU�+HOIDQG�+RKHQEHUJ��:++��PRGHO���� 

௖ଶܪ ൌ െͲǤ͸ͻ ௖ܶሺͲሻ ൬
ܪ݀
݀ܶ൰்ୀ ೎்
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�:KHUH�ቀௗு
ௗ்
ቁ
்ୀ ೎்

��LV��WKH�VORSH�RI�WKH�FULWLFDO�WHPSHUDWXUH�YHUVXV�WKH�PDJQHWLF�ILHOG�FXUYH�DQG�ܶ ௖ሺͲሻ�

LV�WKH�FULWLFDO�WHPSHUDWXUH��7F��ZLWKRXW�DQ\�PDJQHWLF�ILHOG��)URP�)LJ����E���WKH�VORSH�RI�WKH�FXUYH�

LV� PHDVXUHG� DQG� XVHG� LQ� WKH� :++� PRGHO� WR� FDOFXODWH� WKH� XSSHU� FULWLFDO� ILHOG� RI�

�1E7D������+I7L=U������VDPSOH�DV������7� 

�������  

)LJXUH�����D��6XSHUFRQGXFWLQJ�WUDQVLWLRQ�DW�SUHVVXUHV�IURP�����*3D�WR������*3D���E��3UHVVXUH�GHSHQGHQFH�
RI�7F 

 

7KH� HIIHFW� RI� KLJK� SUHVVXUH� RQ� VXSHUFRQGXFWLQJ� �1E7D������+I7L=U������ZDV� LQYHVWLJDWHG�

XVLQJ�WKH�IRXU�SUREH�PHWKRG�XQGHU�SUHVVXUHV�UDQJLQJ�IURP�����*3D�WR������*3D��7KH�)LJXUH���D��

GLVSOD\V�WKH�QRUPDOL]HG�UHVLVWDQFH�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH��ZLWK�WKH�GURS�WR�]HUR�UHVLVWDQFH�

PDUNLQJ� WKH�RQVHW�RI�VXSHUFRQGXFWLYLW\��7KH�VXSHUFRQGXFWLQJ�7F�ZDV�GHWHUPLQHG�DW�����RI� WKH�

RQVHW� RI� WKH� WUDQVLWLRQ��$Q� LQFUHDVH� LQ� SUHVVXUH� OHDGV� WR� D� FRQWLQXRXV� ULVH� LQ�7F��$W� �����*3D��

DOWKRXJK�WKH�UHVLVWDQFH�GRHV�QRW�GURS�FRPSOHWHO\�WR�]HUR��OLNHO\�GXH�WR�VKRUWLQJ�RI�WKH�VDPSOH�WR�

WKH�PHWDOOLF�JDVNHW��7KH�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�LV�FOHDUO\�YLVLEOH�DQG�VXSSRUWHG�E\�KLJK�ILHOG�

PHDVXUHPHQWV�� )LJXUH� ��E�� IXUWKHU� LOOXVWUDWHV� WKH� FRQWLQXRXV� LQFUHDVH� LQ� 7F� DV� D� IXQFWLRQ� RI�

SUHVVXUH��UHLQIRUFLQJ�WKH�WUHQG�RI�SUHVVXUH�HQKDQFHG�VXSHUFRQGXFWLYLW\�LQ�WKLV�PDWHULDO�� 



�� 

 

���� ���� 

)LJXUH����1RUPDOL]HG�UHVLVWDQFH�DW�GLIIHUHQW�WHPSHUDWXUHV�XQGHU�GLIIHUHQW�DSSOLHG�PDJQHWLF�ILHOGV�IRU��D��
�����*3D�DQG��E�������*3D� 

 

)LJXUH���D��DQG���E��UHSUHVHQWV�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�QRUPDOL]HG�UHVLVWDQFH�DV�D�

IXQFWLRQ�RI�DQ�DSSOLHG�SHUSHQGLFXODU�PDJQHWLF�ILHOG��XS�WR���7��ZLWKLQ�WKH�WHPSHUDWXUH�UDQJH�RI��±

���.�IRU�WZR�SUHVVXUHV�������*3D�DQG������*3D�UHVSHFWLYHO\��7KH�QRUPDO�VWDWH�UHVLVWDQFH�UHPDLQV�

XQDIIHFWHG�E\�WKH�PDJQHWLF�ILHOG��+RZHYHU��DV�WKH�ILHOG�VWUHQJWK�LQFUHDVHV��7F��VKLIWV�WR�ORZHU�YDOXHV��

FRQILUPLQJ�WKH�SUHVHQFH�RI�VXSHUFRQGXFWLYLW\� 

7KH�7F�DW�GLIIHUHQW�DSSOLHG�PDJQHWLF�ILHOGV�IRU�SUHVVXUHV�RI������*3D�DQG������*3D�FDQ�EH�

GHWHUPLQHG�IURP�)LJXUH���D��DQG�)LJXUH���E���UHVSHFWLYHO\��8VLQJ�WKLV�GDWD��WKH�GHSHQGHQFH�RI�7F�

RQ�WKH�PDJQHWLF�ILHOG�FDQ�EH�SORWWHG�IRU�HDFK�SUHVVXUH��DV�VKRZQ�LQ�)LJXUH���D��IRU������*3D�DQG�

)LJ����E��IRU������*3D��)URP�WKHVH�SORWV��WKH�VORSH�RI�WKH�7F�YV��PDJQHWLF�ILHOG�FXUYHV�SURYLGHV�D�

NH\�SDUDPHWHU�IRU�HVWLPDWLQJ�WKH�XSSHU�FULWLFDO�ILHOG�DW�HDFK�SUHVVXUH��%DVHG�RQ�WKH�:++�PRGHO��

WKH�XSSHU�FULWLFDO�ILHOG�YDOXHV�ZHUH�FDOFXODWHG�WR�EH������7�IRU������*3D�DQG������7�IRU������*3D� 

 



�� 

 

������  

)LJXUH�����D��/LQHDU�ILW�WR�ILQG�+F��XVLQJ�:++�PRGHO�IRU������*3D�DQG��E�������*3D�� 

 

1DQRLQGHQWDWLRQ�+DUGQHVV�DQG�0RGXOXV�� 

$OO� QDQRLQGHQWDWLRQ� WHVWV�� LQFOXGLQJ� WKRVH� SHUIRUPHG� RQ� VLOLFD� IRU� FDOLEUDWLRQ�� ZHUH�

FRQGXFWHG� XVLQJ� WKH� FRQWLQXRXV� VWLIIQHVV� PHDVXUHPHQW� �&60�� PHWKRG� ZLWK� D� PD[LPXP�

SHQHWUDWLRQ� GHSWK� RI� ����� QP�� )LJXUH� ��D�� SUHVHQWV� WKH� YDULDWLRQ� RI� KDUGQHVV� DV� D� IXQFWLRQ� RI�

GLVSODFHPHQW� LQWR� WKH� VXUIDFH�� DV� GHWHUPLQHG� E\� WKH� &60� WHFKQLTXH�� +DUGQHVV� YDOXHV� ZHUH�

FDOFXODWHG�ZLWKLQ�D�GHSWK�UDQJH�RI����±����QP��$FURVV�WKLV�UDQJH��WKH�KDUGQHVV�H[KLELWHG�PLQLPDO�

YDULDWLRQ��\LHOGLQJ�DQ�DYHUDJH�YDOXH�RI�����*3D�ZLWK�D�VWDQGDUG�GHYLDWLRQ�RI�����*3D��7KH�ORZ�

YDULDELOLW\� LQGLFDWHV� H[FHOOHQW� PHDVXUHPHQW� UHOLDELOLW\� DQG� XQLIRUP� PHFKDQLFDO� SURSHUWLHV�

WKURXJKRXW�WKH�VDPSOH�GHSWK��6LPLODUO\��)LJXUH���E��GLVSOD\V�WKH�YDULDWLRQ�RI�<RXQJ¶V�PRGXOXV�DV�

D�IXQFWLRQ�RI�GLVSODFHPHQW�LQWR�WKH�VXUIDFH��0RGXOXV�YDOXHV�ZHUH�DOVR�FRPSXWHG�ZLWKLQ�WKH����±

����QP�UDQJH��$FURVV�WKLV�GHSWK�UDQJH��WKH�PRGXOXV�UHPDLQHG�FRQVLVWHQW��ZLWK�D�PHDQ�YDOXH�RI�

������*3D�DQG�D�VWDQGDUG�GHYLDWLRQ�RI���*3D��7KLV�FRQVLVWHQF\�LQ�PRGXOXV�DFURVV�WKH�GHSWK�UDQJH�

KLJKOLJKWV� WKH� KRPRJHQHLW\� RI� WKH� VDPSOH¶V� HODVWLF� SURSHUWLHV�� )LJXUH� ��F�� SUHVHQWV� ORDG�

GLVSODFHPHQW�FXUYHV�REWDLQHG�IURP����LQGHQWDWLRQV�SHUIRUPHG�DFURVV�YDULRXV�UHJLRQV�RI�WKH�+($�



�� 

 

VDPSOH�� 7KH� QHDUO\� LGHQWLFDO� EHKDYLRU� RI� WKHVH� FXUYHV� DFURVV� DOO� WHVW� SRLQWV� GHPRQVWUDWHV� WKH�

VDPSOH
V� VWUXFWXUDO� DQG�PHFKDQLFDO�XQLIRUPLW\��7KH� UHODWLYH� FRQWULEXWLRQV�RI� HODVWLF� DQG�SODVWLF�

GHIRUPDWLRQ�FDQ�EH�DVVHVVHG�E\�DQDO\]LQJ�WKH�XOWLPDWH�XQORDGLQJ�GHSWK�RI�WKHVH�ORDG�GLVSODFHPHQW�

FXUYHV��7KLV�FRPSUHKHQVLYH�DQDO\VLV�FRQILUPV�WKH�FRQVLVWHQF\�RI�WKH�PHFKDQLFDO�SURSHUWLHV�DFURVV�

WKH�VDPSOH�DQG�KLJKOLJKWV�WKH�UREXVWQHVV�RI�WKH�&60�PHWKRG�IRU�FKDUDFWHUL]LQJ�FRPSOH[�PDWHULDOV� 

������  

 

)LJXUH� ��� �D�� &RQWLQXRXV� VWLIIQHVV� PHDVXUHPHQW� KDUGQHVV� GDWD� IURP� ��� LQGHQWV�� GLVSOD\LQJ� WKH� PHDQ�
KDUGQHVV�YDOXH�RI�����*3D���E��&RQWLQXRXV�VWLIIQHVV�PHDVXUHPHQW�PRGXOXV�GDWD�IURP����LQGHQWV�VKRZV�WKH�
PHDQ�PRGXOXV�YDOXH�RI�������*3D���F��7KH�QDQRLQGHQWDWLRQ�ORDG�GLVSODFHPHQW�FXUYH�ZDV�REWDLQHG�IURP����
LQGHQWV��UHYHDOLQJ�D�PHDQ�KDUGQHVV�RI�����*3D�DW�D�GHSWK�RI������QP� 



�� 

 

'LVFXVVLRQ 

7KH� VXSHUFRQGXFWLQJ� DQG� VWUXFWXUDO� SURSHUWLHV� RI� WKH� KLJK�HQWURS\� DOOR\�

�1E7D������+I7L=U������ ZHUH� V\VWHPDWLFDOO\� LQYHVWLJDWHG� XQGHU� KLJK�SUHVVXUH� FRQGLWLRQV�� 7KH�

H[SHULPHQWDO� ILQGLQJV� FRQILUP� WKH� VWDELOLW\� RI� WKLV�PDWHULDO
V� %&&� VWUXFWXUH� XS� WR� ���*3D�� DV�

REVHUYHG�WKURXJK�KLJK�;5'�PHDVXUHPHQWV��,Q�FRQWUDVW��PDQ\�FRQYHQWLRQDO�DOOR\V�XQGHUJR�SKDVH�

FKDQJHV�RU�FKHPLFDO�VHJUHJDWLRQ�DW�VLJQLILFDQWO\�ORZHU�SUHVVXUHV��������7KH�UHWHQWLRQ�RI�WKH�%&&�

SKDVH��HYHQ�DV� WKH�XQLW�FHOO�YROXPH�VWHDGLO\�GHFUHDVHV��XQGHUVFRUHV�WKH�V\QHUJLVWLF� LQIOXHQFH�RI�

UHIUDFWRU\�HOHPHQWV��1E��7D��+I��=U��7L��DQG�KLJK�FRQILJXUDWLRQDO�HQWURS\�����7KH�VWDELOLW\�RI�WKH�

%&&� SKDVH� XQGHU� H[WUHPH� FRQGLWLRQV� KLJKOLJKWV� WKH� DOOR\¶V� UHVLOLHQFH�� PDNLQJ� LW� D� SURPLVLQJ�

FDQGLGDWH�IRU�VXSHUFRQGXFWLQJ�DSSOLFDWLRQV�LQ�KLJK�SUHVVXUH�HQYLURQPHQWV� 

7KH� SUHVVXUH�GHSHQGHQW� VXSHUFRQGXFWLQJ� EHKDYLRU� RI� �1E7D������+I7L=U������ SURYLGHV�

YDOXDEOH� LQVLJKW� LQWR� LWV� HOHFWURQLF� SURSHUWLHV�� 7KH�PDWHULDO� H[KLELWV� D�7F� RI� ���� .� DW� DPELHQW�

SUHVVXUH��+RZHYHU��ZLWK�LQFUHDVLQJ�SUHVVXUH��7F�ULVHV�VWHDGLO\��UHDFKLQJ�D�PD[LPXP�RI������.�DW�

�����*3D��3UHVVXUH�FDQ�PRGLI\�VXSHUFRQGXFWLQJ�SURSHUWLHV�WKURXJK�FKDQJHV�LQ�WKH�GHQVLW\�RI�VWDWHV�

DW�WKH�)HUPL�OHYHO��SKRQRQ�IUHTXHQFLHV��DQG�HOHFWURQ�SKRQRQ�FRXSOLQJ�FRQVWDQWV��������,Q�SDUWLFXODU��

WKH� DEVHQFH� RI� DQ\� SUHVVXUH�GULYHQ� SKDVH� WUDQVLWLRQ� ZLWKLQ� WKH� VWXGLHG� UDQJH� LPSOLHV� WKDW� WKH�

REVHUYHG�7F�HQKDQFHPHQW�DULVHV�SULPDULO\�IURP�HOHFWURQLF�DQG�ODWWLFH�G\QDPLFDO�HIIHFWV�UDWKHU�WKDQ�

FKDQJHV�LQ�FU\VWDO�V\PPHWU\��7KH�REVHUYHG�LQFUHDVH�LQ�7F�LV�OLNHO\�DWWULEXWHG�WR�DQ�LQFUHDVH�LQ�WKH�

'HE\H� WHPSHUDWXUH�� ZKLFK� HQKDQFHV� HOHFWURQ�SKRQRQ� FRXSOLQJ� ������� 7KH� LQFUHDVH� LQ� 'HE\H�

WHPSHUDWXUH� XQGHU� FRPSUHVVLRQ� LV� D� ZHOO�NQRZQ� IDFWRU� WKDW� VWUHQJWKHQV� HOHFWURQ�SKRQRQ�

LQWHUDFWLRQV�� WKHUHE\� SURPRWLQJ� VXSHUFRQGXFWLYLW\� ������� 3UHVVXUH� W\SLFDOO\� LQFUHDVHV� SKRQRQ�

IUHTXHQFLHV� �UHIOHFWHG� LQ� D� KLJKHU�'HE\H� WHPSHUDWXUH��� WKHUHE\� HQKDQFLQJ� WKH� HOHFWURQ�SKRQRQ�

FRXSOLQJ�FRQVWDQW�Ȝ��6LQFH�Ȝ�IHDWXUHV�SURPLQHQWO\�LQ�WKH�$OOHQ�'\QHV�HTXDWLRQ�IRU�7F��LWV�LQFUHDVH�



�� 

 

XQGHU�FRPSUHVVLRQ�FDQ�ERRVW�VXSHUFRQGXFWLQJ�SURSHUWLHV������)XUWKHUPRUH��WKH�XSSHU�FULWLFDO�ILHOG�

�+F���HYDOXDWHG�E\�WKH�:HUWKDPHU�+HOIDQG�+RKHQEHUJ��:++��PRGHO������7�DW�DPELHQW�SUHVVXUH��

VXJJHVWV� WKDW� WKLV� DOOR\� FDQ� VXVWDLQ� VXSHUFRQGXFWLYLW\� LQ� UHODWLYHO\� KLJK� PDJQHWLF� ILHOGV�� 7KH�

VXSSUHVVLRQ� RI� 7F� ZLWK� LQFUHDVLQJ� PDJQHWLF� ILHOG� DOLJQV� ZLWK� W\SLFDO� W\SH�,,� VXSHUFRQGXFWLQJ�

EHKDYLRU��ZKHUH�WKH�IRUPDWLRQ�RI�YRUWH[�VWDWHV�JRYHUQV�WKH�VXSHUFRQGXFWLQJ�VWDWH¶V�VWDELOLW\�����7KLV�

FKDUDFWHULVWLF� VXJJHVWV� WKDW� �1E7D������+I7L=U������ IROORZV� D� FRQYHQWLRQDO� SKRQRQ�PHGLDWHG�

VXSHUFRQGXFWLQJ�PHFKDQLVP�GHVSLWH�LWV�FRPSRVLWLRQDOO\�FRPSOH[�QDWXUH���7KH�:++�PRGHO�DOVR�

SURYLGHG�HVWLPDWHV�RI�WKH�+F��ZLWK�DSSOLHG�SUHVVXUH��7KLV��+F��XQGHU�FRPSUHVVLRQ�FRUURERUDWHV�WKH�

QRWLRQ�RI�VWUHQJWKHQHG�VXSHUFRQGXFWLYLW\�VLQFH�W\SH�,,�VXSHUFRQGXFWRUV�ZLWK�PRUH�UREXVW�SDLULQJ�

FRUUHODWLRQV�W\SLFDOO\�WROHUDWH�KLJKHU�PDJQHWLF�ILHOGV�EHIRUH�UHYHUWLQJ�WR�D�QRUPDO�VWDWH�����1RWDEO\��

WKLV�DWWULEXWH�LV�FUXFLDO�IRU�WHFKQRORJLFDO�XVHV�LQ�KLJK�ILHOG�PDJQHWV�DQG�FU\RJHQLF�V\VWHPV��ZKHUH�

PDWHULDOV�RIWHQ�FRQIURQW�LQWHQVH�PDJQHWLF�DQG�PHFKDQLFDO�VWUHVVHV� 

7DEOH�����6XSHUFRQGXFWLQJ�SDUDPHWHUV�RI�VRPH�RI�WKH�+($�DQG�+LJK�HQWURS\�FHUDPLFV 

&RPSRVLWLRQ 7F��.� +LJKHVW�7F��.��
�DW�DSSOLHG�
SUHVVXUH� 

ȝ�+F������7� 
�DW�DPELHQW�
SUHVVXUH� 

5HIHUHQFHV 

$J,Q6Q3E%L7H� ��� ���������*3D� 1RW�FDOFXODWHG �� 

�7L���=U���1E���+I���7D����& ���� ���������*3D� ���� �� 

7L���=U���1E���0R���7D���&� ��� �����������*3D� ��� �� 

�1E7D������=U+I7L����� ��� 1RW�FDOFXODWHG ���� �� 

�1E7D������+I7L=U����� ��� �������*3D� � �� 

7D1E+I=U ��� �����������*3D� ���� �� 

�1E7D������+I7L=U����� ��� �����������*3D� ���� 7KLV�ZRUN 
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$V�VKRZQ�LQ�WKH�WDEOH����WKH�KLJK�HQWURS\�FDUELGHV�7L����=U����1E����0R���7���&��DQG��7L���

=U���1E���+I���7D����&�VKRZ�UHODWLYHO\�ORZHU�7F�DW�DPELHQW�SUHVVXUH��EXW�DOVR�XQGHUJR�PRGHVW�VKLIWV�

XQGHU�FRPSUHVVLRQ��+($�VXSHUFRQGXFWRUV�H[KLELW�DPELHQW�SUHVVXUH�7F�YDOXHV� W\SLFDOO\� UDQJLQJ�

IURP� DERXW� �ௗ.� WR� �ௗ.�� ZKLOH� DSSOLHG� SUHVVXUHV� FDQ� VLJQLILFDQWO\� HQKDQFH� WKHLU� 7F�� 1RWDEO\��

7D1E+I=U�DWWDLQV� WKH�KLJKHVW�UHSRUWHG�7F�RI����ௗ.�DW�DPELHQW�SUHVVXUH�DQG�����ௗ.�DW�����ௗ*3D��

DFFRPSDQLHG�E\�D�ODUJH�XSSHU�FULWLFDO�ILHOG�RI�����ௗ7��$SSOLHG�KLJK�SUHVVXUH�FDQ�QRWDEO\�LQFUHDVH�

7F�� DV� GHPRQVWUDWHG� E\� 7D1E+I=U�� ZKLFK� DWWDLQV� ����ௗ.� DW� ����ௗ*3D�� WKH� KLJKHVW� WUDQVLWLRQ�

WHPSHUDWXUH�DPRQJ�WKHVH�H[DPSOHV��6LPLODUO\���1E7D������+I7L=U������DSSURDFKHV���ௗ.�DW���ௗ*3D��

2XU�V\QWKHVL]HG�VDPSOH� �1E7D������+I7L=U������H[KLELWV�7F� ���.�DQG� LQFUHDVHV� WR�����.�XQGHU�

����ௗ*3D�� DQG�ZH� EHOLHYH� WKH�7F� ZRXOG� FRQWLQXH� WR� ULVH� DW� KLJKHU� SUHVVXUHV�� KRZHYHU�� GXH� WR�

WHFKQLFDO�LVVXHV�GXULQJ�WKH�H[SHULPHQW��ZH�ZHUH�XQDEOH�WR�SURFHHG�EH\RQG�����ௗ*3D��6XFK�SUHVVXUH�

GHSHQGHQFH�VXJJHVWV�VWURQJ�HOHFWURQ�SKRQRQ�FRXSOLQJ�WKDW�FDQ�EH�WXQHG�E\�PRGLI\LQJ�WKH�ODWWLFH�

SDUDPHWHUV� 

7KH� PDLQ� UDWLRQDOH� IRU� V\QWKHVL]LQJ� D� �1E7D������+I7L=U������ ZDV� WR� GHYHORS� D�

VXSHUFRQGXFWLQJ� �1E7D���[�+I7L=U�[�ZLWK� D� KLJKHU� XSSHU� FULWLFDO� ILHOG� �+F����$FFRUGLQJ� WR� WKH�

OLWHUDWXUH�� WKH� +F�� RI� WKH� � �1E7D���[�+I7L=U�[� � LQFUHDVHV� ZLWK� LQFUHDVLQJ� [�� 7KH� +F�� RI� WKH��

�1E7D�����+I7L=U����� VDPSOH� LV� ����� 7� ZLWK� D� 7F� RI� ����� .� ���� 2XU� SULPDU\� REMHFWLYH� ZDV� WR�

V\QWKHVL]H�D�VDPSOH�ZLWK�DQ�HQKDQFHG�+F��ZKLOH�PLQLPL]LQJ�WKH�UHGXFWLRQ�LQ�WKH�VXSHUFRQGXFWLQJ�

7F��,Q�RXU�VWXG\��ZH�VXFFHVVIXOO\�DFKLHYHG�D�VXEVWDQWLDO�LQFUHDVH�LQ�WKH�+F���UHDFKLQJ������7��ZKLFK�

PDUNV� D� VLJQLILFDQW� ���� LPSURYHPHQW� FRPSDUHG� WR� �1E7D�����+I7L=U������ $OWKRXJK� WKLV�

HQKDQFHPHQW�FDPH�DW�WKH�H[SHQVH�RI�D�VOLJKW�GHFUHDVH�LQ�7F��WKH�REVHUYHG�WUDQVLWLRQ�WHPSHUDWXUH�RI�

RXU�VDPSOH�UHPDLQHG�UHODWLYHO\�KLJK�DW�����.��UHIOHFWLQJ�RQO\�D�PRGHVW�����UHGXFWLRQ��7KLV�WUDGH�
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RII�XQGHUVFRUHV�WKDW�RXU�V\QWKHVLV�DSSURDFK�VXFFHVVIXOO\�LPSURYHV�WKH�PDWHULDO¶V�SHUIRUPDQFH�LQ�

KLJK�ILHOG�DSSOLFDWLRQV�ZKLOH�PDLQWDLQLQJ�UREXVW�VXSHUFRQGXFWLYLW\� 

%H\RQG� LWV� VXSHUFRQGXFWLQJ� FKDUDFWHULVWLFV�� �1E7D������+I=U7L������ GLVSOD\V� YHU\� JRRG�

PHFKDQLFDO� VWUHQJWK��ZLWK�D�KDUGQHVV�RI�����*3D�DQG�D�<RXQJ¶V�PRGXOXV�RI�������*3D��7KHVH�

UHVXOWV�XQGHUVFRUH�WKH�DGYDQWDJH�RI�HPSOR\LQJ�UHIUDFWRU\�HOHPHQWV�NQRZQ�IRU�WKHLU�KLJK�PHOWLQJ�

SRLQWV�DQG�VWURQJ�ERQGLQJ�LQ�KLJK�HQWURS\�DOOR\V��������7KHVH�UHVXOWV�VXJJHVW�WKDW�WKH�PDWHULDO�FDQ�

ZLWKVWDQG�KLJK�SUHVVXUH�FRQGLWLRQV�ZLWKRXW�VLJQLILFDQW�VWUXFWXUDO�GHJUDGDWLRQ��IXUWKHU�UHLQIRUFLQJ�

LWV� SRWHQWLDO� IRU� DSSOLFDWLRQV� LQ� H[WUHPH� HQYLURQPHQWV�� &RPSDUHG� WR� FRQYHQWLRQDO� PHWDOOLF�

VXSHUFRQGXFWRUV��H�J���QLRELXP�RU�1E�7L�DOOR\V���ZKLFK�W\SLFDOO\�H[KLELW�ORZHU�KDUGQHVV��RIWHQ����

*3D���WKLV�DOOR\�SURYLGHV�D�XQLTXH�EDODQFH�RI�PHFKDQLFDO�DQG�VXSHUFRQGXFWLQJ�SURSHUWLHV��������7KH�

XQLIRUPLW\� LQ� QDQRLQGHQWDWLRQ� UHVSRQVHV� DFURVV� GLIIHUHQW� UHJLRQV� RI� WKH� VDPSOH� SRLQWV� WR� D�

KRPRJHQHRXV�GLVWULEXWLRQ�RI�WKH�FRQVWLWXHQW�HOHPHQWV��FRQVLVWHQW�ZLWK�SULRU�ILQGLQJV�WKDW�LOOXVWUDWH�

VOXJJLVK�GLIIXVLRQ�DQG�KLJK�VROXELOLW\�LQ�+($V������� 

7KH�KDUGQHVV�YDOXHV�RI�+($V�VSDQV�D�EURDG�UDQJH��)RU�H[DPSOH��WKH�KDUGQHVV�YDOXHV������

����*3D��RI�D�IHZ�FRPPRQ�+($V�KDYH�EHHQ�OLVWHG�LQ�7DEOH����7KH�PHDVXUHG�KDUGQHVV�RI�����*3D�

IRU�WKH��1E7D������+I7L=U������DOOR\�LQ�WKLV�VWXG\�IDOOV�ZLWKLQ�WKH�XSSHU�UDQJH�FRPPRQO\�REVHUYHG�

IRU�+($V� 

7DEOH����+DUGQHVV�YDOXHV�RI�WKH�PRVW�VWXGLHG�+($V 

&RPSRVLWLRQ +DUGQHVV��*3D� 5HIHUHQFHV 

)H1L&U&R$O���� ��� �� 

&R&U)H0Q1L ��� �� 
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7L=U+I1E7D ��� �� 

)H1L&U&R$O���� ��� �� 

$O&U)H1L&R&X ��� �� 

$O���&U)H1L&R���&��� ��� �� 

)H1L&U&R���$O��� ��� �� 

$O&R&U)H1L9� ��� �� 

&R&U)H0Q1L9 ��� �� 

&R&U)H1L0Q$O ��� �� 

$O���&R1L)H7L��� ��� �� 

$O&R&U)H1L��� ��� �� 

$O&R1L)H&U1E��� ��� �� 

&X1L&R=Q$O7L ��� �� 

 

7KH� V\QHUJ\� EHWZHHQ� PHFKDQLFDO� VWUHQJWK� DQG� SUHVVXUH�HQKDQFHG� VXSHUFRQGXFWLYLW\�

XQGHUVFRUHV� WKH� SRWHQWLDO� RI� �1E7D������+I7L=U������ ZKHUH� PDWHULDOV� DUH� VXEMHFWHG� WR� VHYHUH�

RSHUDWLQJ� FRQGLWLRQV��)RU� LQVWDQFH�� KLJK�ILHOG�PDJQHWV� IRU� IXVLRQ� UHDFWRUV� RU� VSDFH� H[SORUDWLRQ�

DSSOLFDWLRQV� UHTXLUH� VXSHUFRQGXFWRUV� WKDW� FDQ� ZLWKVWDQG� ERWK� FU\RJHQLF� WHPSHUDWXUHV� DQG�

PHFKDQLFDO� ORDGV� ����0DLQWDLQLQJ� �DQG� HYHQ� HQKDQFLQJ�� VXSHUFRQGXFWLQJ�SURSHUWLHV� DW� HOHYDWHG�

SUHVVXUHV�FRXOG�DOVR�EH�DGYDQWDJHRXV�LQ�VSHFLDOL]HG�LQVWUXPHQWDWLRQ��7KH�PHFKDQLFDO�SURSHUWLHV�

DQG� HQKDQFHG� VXSHUFRQGXFWLYLW\� XQGHU� SUHVVXUH� PDNH� WKLV� �1E7D������+I7L=U������ KLJK�HQWURS\�

DOOR\� D� FRPSHOOLQJ� PDWHULDO� IRU� WHFKQRORJLFDO� DSSOLFDWLRQV� UHTXLULQJ� PHFKDQLFDO� VWDELOLW\� DQG�

VXSHUFRQGXFWLQJ�IXQFWLRQDOLW\� 
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7KH� LQWHUSOD\� EHWZHHQ� SUHVVXUH� DQG� VXSHUFRQGXFWLYLW\� LQ� WKLV� DOOR\� LV� FUXFLDO� IRU�

XQGHUVWDQGLQJ� LWV� EHKDYLRU
V� XQGHUO\LQJ�PHFKDQLVPV��7KH� LQFUHDVLQJ�7F�ZLWK� SUHVVXUH� VXJJHVWV�

WXQLQJ�WKH�HOHFWURQLF�EDQG�VWUXFWXUH�WKURXJK�H[WHUQDO�FRPSUHVVLRQ�FDQ�RSWLPL]H�VXSHUFRQGXFWLQJ�

SURSHUWLHV��)XUWKHU�WKHRUHWLFDO�PRGHOLQJ�DQG�VSHFWURVFRSLF�VWXGLHV��VXFK�DV�KLJKဨSUHVVXUH�WXQQHOLQJ�

VSHFWURVFRS\�RU�QHXWURQ�VFDWWHULQJ��ZRXOG�EH�KLJKO\�EHQHILFLDO�IRU�HOXFLGDWLQJ�WKH�GHWDLOHG�FKDQJHV�

LQ�WKH�HOHFWURQLF�VWDWHV�DQG�SKRQRQ�FRQWULEXWLRQV�XQGHU�FRPSUHVVLRQ��2YHUDOO��WKHVH�UHVXOWV�DOLJQ�

ZLWK�WKH�EURDGHU�WUHQG�LQ�KLJK�HQWURS\�PDWHULDOV�UHVHDUFK��ZKHUH�FRPSRVLWLRQDOO\�FRPSOH[�DOOR\V�

DUH� LQFUHDVLQJO\� UHFRJQL]HG� IRU� WKHLU� QRYHO� SKDVH� VWDELOLW\�� PHFKDQLFDO� UHVLOLHQFH�� DQG� WXQDEOH�

SK\VLFDO�SURSHUWLHV���������� 

 

&RQFOXVLRQ 

,Q� VXPPDU\�� �1E7D������+I=U7L������ DOOR\� VWDQGV� RXW� DV� D� UREXVW� KLJK�HQWURS\� DOOR\�

FRPELQLQJ�H[FHSWLRQDO�VWUXFWXUDO�VWDELOLW\��HQKDQFHG�VXSHUFRQGXFWLYLW\��DQG�VXSHULRU�PHFKDQLFDO�

SHUIRUPDQFH��6SHFLILFDOO\��WKH�PDWHULDO�UHWDLQV�LWV�%&&�SKDVH�XS�WR���ௗ*3D�ZLWK�QR�HYLGHQFH�RI�

SKDVH�WUDQVLWLRQV��H[KLELWV�D�SUHVVXUH�LQGXFHG�LQFUHDVH�LQ�VXSHUFRQGXFWLQJ�WUDQVLWLRQ�WHPSHUDWXUH�

�7F��UHDFKLQJ�����ௗ.��DQG�GHPRQVWUDWHV�D�KDUGQHVV�RI�DSSUR[LPDWHO\����ௗ*3D�DORQJ�ZLWK�D�<RXQJ¶V�

PRGXOXV�RI�DERXW������ௗ*3D��7KH�XSSHU�FULWLFDO�ILHOG�REVHUYHG�XQGHU�FRPSUHVVLRQ�DOLJQV�ZLWK�D�

SKRQRQ�PHGLDWHG� VXSHUFRQGXFWLQJ� PHFKDQLVP� WKDW� EHQHILWV� IURP� H[WHUQDO� SUHVVXUH�� 7KHVH�

DWWULEXWHV�FROOHFWLYHO\�XQGHUVFRUH�WKH�DOOR\¶V�VWURQJ�SRWHQWLDO�IRU�GHPDQGLQJ�DSSOLFDWLRQV�LQ�KLJK�

SUHVVXUH�WHFKQRORJLHV��VXSHUFRQGXFWLQJ�PDJQHWV��DQG�TXDQWXP�GHYLFHV� 
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5HIHUHQFHV 
ϭ ^͘��͘�<ƌŝƐŚŶĂ͕�E͘�EŽďůĞ͕�E͘�ZĂĚŚŝŬĂ͕�ĂŶĚ��͘�^ĂůĞŚ͕� :ŽƵƌŶĂů�ŽĨ�DĂŶƵĨĂĐƚƵƌŝŶŐ�WƌŽĐĞƐƐĞƐ�ϭϬϵ͕�ϱϴϯ�

;ϮϬϮϰͿ͘ 
Ϯ �͘�>ŝ͕�W͘ �<͘�>ŝĂǁ͕�>͘�yŝĞ͕�z͘ ��ŚĂŶŐ͕�ĂŶĚ�t͘�tĂŶŐ͕�:ŽƵƌŶĂů�ŽĨ�DĂƚĞƌŝĂůƐ�^ĐŝĞŶĐĞ�Θ�dĞĐŚŶŽůŽŐǇ�ϭϴϲ͕�Ϯϭϵ�

;ϮϬϮϰͿ͘ 
ϯ z͘ �&͘ �zĞ͕�Y͘�tĂŶŐ͕�:͘�>Ƶ͕��͘�d͘ �>ŝƵ͕�ĂŶĚ�z͘ �zĂŶŐ͕�DĂƚĞƌŝĂůƐ�dŽĚĂǇ�ϭϵ͕�ϯϰϵ�;ϮϬϭϲͿ͘ 
ϰ >͘�^ƵŶ�ĂŶĚ�Z͘�:͘��ĂǀĂ͕�WŚǇƐŝĐĂů�ZĞǀŝĞǁ�DĂƚĞƌŝĂůƐ�ϯ�;ϮϬϭϵͿ͘ 
ϱ ^͘�<ƵŵĂƌ͕ �^ƵƌĨĂĐĞ�ĂŶĚ��ŽĂƟŶŐƐ�dĞĐŚŶŽůŽŐǇ�ϰϳϳ͕�ϭϯϬϯϮϳ�;ϮϬϮϰͿ͘ 
ϲ �͘�zŝŶ͕�&͘ �DĂƌĞƐĐĂ͕�ĂŶĚ�t͘��͘��ƵƌƟŶ͕��ĐƚĂ�DĂƚĞƌŝĂůŝĂ�ϭϴϴ͕�ϰϴϲ�;ϮϬϮϬͿ͘ 
ϳ :͘��ČďƌŽǁĂ͕�'͘��ŝĞƑůĂŬ͕�D͘�̂ ƚǇŐĂƌ͕ �<͘�DƌŽĐǌŬĂ͕�<͘��ĞƌĞŶƚ͕�d͘ �<ƵůŝŬ͕�ĂŶĚ�D͘��ĂŶŝĞůĞǁƐŬŝ͕�/ŶƚĞƌŵĞƚĂůůŝĐƐ�

ϴϰ͕�ϱϮ�;ϮϬϭϳͿ͘ 
ϴ :͘�>Ƶ͕�z͘ ��ŚĞŶ͕�,͘��ŚĂŶŐ͕�>͘�>ŝ͕�>͘�&Ƶ͕�y͘��ŚĂŽ͕�&͘ �'ƵŽ͕�ĂŶĚ�W͘ �yŝĂŽ͕��ŽƌƌŽƐŝŽŶ�^ĐŝĞŶĐĞ�ϭϳϬ͕�ϭϬϴϲϵϭ�

;ϮϬϮϬͿ͘ 
ϵ D͘�:͘�zĂŽ͕�<͘�'͘�WƌĂĚĞĞƉ͕��͘��͘�dĂƐĂŶ͕�ĂŶĚ��͘�ZĂĂďĞ͕�^ĐƌŝƉƚĂ�DĂƚĞƌŝĂůŝĂ�ϳϮͲϳϯ͕�ϱ�;ϮϬϭϰͿ͘ 
ϭϬ �͘��͘�DŝƌĂĐůĞ�ĂŶĚ�K͘�E͘�^ĞŶŬŽǀ͕ ��ĐƚĂ�DĂƚĞƌŝĂůŝĂ�ϭϮϮ͕�ϰϰϴ�;ϮϬϭϳͿ͘ 
ϭϭ W͘ � <ŽǌĞůũ͕� ^͘� sƌƚŶŝŬ͕� �͘� :ĞůĞŶ͕� ^͘� :ĂǌďĞĐ͕� �͘� :ĂŐůŝĐŝĐ͕� ^͘�DĂŝƟ͕�D͘� &ĞƵĞƌďĂĐŚĞƌ͕ �t͘� ^ƚĞƵƌĞƌ͕ � ĂŶĚ� :͘�

�ŽůŝŶƐĞŬ͕�WŚǇƐ�ZĞǀ�>ĞƩ�ϭϭϯ͕�ϭϬϳϬϬϭ�;ϮϬϭϰͿ͘ 
ϭϮ E͘�/ƐŚŝǌƵ�ĂŶĚ�:͘�<ŝƚĂŐĂǁĂ͕�ZĞƐƵůƚƐ�ŝŶ�WŚǇƐŝĐƐ�ϭϯ͕�ϭϬϮϮϳϱ�;ϮϬϭϵͿ͘ 
ϭϯ '͘�<ŝŵ͕�D Ͳ͘,͘�>ĞĞ͕�:͘�,͘�zƵŶ͕�W͘ �ZĂǁĂƚ͕�^͘Ͳ'͘�:ƵŶŐ͕�t͘��ŚŽŝ͕�d͘ Ͳ^͘�zŽƵ͕�^͘�:͘�<ŝŵ͕�ĂŶĚ�: Ͳ͘^͘�ZŚǇĞĞ͕��ĐƚĂ�

DĂƚĞƌŝĂůŝĂ�ϭϴϲ͕�ϮϱϬ�;ϮϬϮϬͿ͘ 
ϭϰ �͘�>ŝƵ͕�:͘�tƵ͕�z͘ ��Ƶŝ͕�Y͘��ŚƵ͕�'͘�yŝĂŽ͕�^͘�tƵ͕�'͘��ĂŽ͕�ĂŶĚ��͘�ZĞŶ͕�^ĐƌŝƉƚĂ�DĂƚĞƌŝĂůŝĂ�ϭϴϮ͕�ϭϬϵ�;ϮϬϮϬͿ͘ 
ϭϱ y͘��ŚĂŶŐ͕�Z͘�^ŚƵ͕�,͘�>ŝƵ͕��͘��ůƐƵŬŽǀĂ͕�W͘ �K͘��͘�WĞƌƐƐŽŶ͕��͘�^ĐŚŝůůŝŶŐ͕�&͘ �K͘�ǀŽŶ�ZŽŚƌ͕ �ĂŶĚ�W͘ ��ŬůƵŶĚ͕�

�ŽŵŵƵŶŝĐĂƟŽŶƐ�WŚǇƐŝĐƐ�ϱ�;ϮϬϮϮͿ͘ 
ϭϲ y͘��ŚĂŶŐ͕�W͘ ��ŬůƵŶĚ͕�ĂŶĚ�Z͘�^ŚƵ͕��ƉƉůŝĞĚ�WŚǇƐŝĐƐ�>ĞƩĞƌƐ�ϭϮϯ�;ϮϬϮϯͿ͘ 
ϭϳ Z͘�:͘�,ĞŵůĞǇ�ĂŶĚ�E͘�t͘��ƐŚĐƌŽŌ͕�WŚǇƐŝĐƐ�dŽĚĂǇ�ϱϭ͕�Ϯϲ�;ϭϵϵϴͿ͘ 
ϭϴ , Ͳ͘<͘�DĂŽ͕��͘��ŚĞŶ͕�:͘��ŚĞŶ͕�<͘�>ŝ͕�: Ͳ͘&͘ �>ŝŶ͕�t͘�zĂŶŐ͕�ĂŶĚ�,͘��ŚĞŶŐ͕�DĂƩĞƌ�ĂŶĚ�ZĂĚŝĂƟŽŶ�Ăƚ��ǆƚƌĞŵĞƐ�

ϭ͕�ϱϵ�;ϮϬϭϲͿ͘ 
ϭϵ Z͘�W͘ ��ŝĂƐ�ĂŶĚ�/͘�&͘ �^ŝůǀĞƌĂ͕�^ĐŝĞŶĐĞ�ϯϱϱ͕�ϳϭϱ�;ϮϬϭϳͿ͘ 
ϮϬ z͘ �DĂ͕�D͘��ƌĞŵĞƚƐ͕��͘�Z͘�KŐĂŶŽǀ͕ � z͘ �yŝĞ͕� /͘�dƌŽũĂŶ͕�^͘�DĞĚǀĞĚĞǀ͕ ��͘�K͘�>ǇĂŬŚŽǀ͕ �D͘�sĂůůĞ͕�ĂŶĚ�s͘ �

WƌĂŬĂƉĞŶŬĂ͕�EĂƚƵƌĞ�ϰϱϴ͕�ϭϴϮ�;ϮϬϬϵͿ͘ 
Ϯϭ :͘�'ƵŽ͕�,͘�tĂŶŐ͕�&͘ �ǀŽŶ�ZŽŚƌ͕ ��͘�tĂŶŐ͕�^͘��Ăŝ͕�z͘ ��ŚŽƵ͕�<͘�zĂŶŐ͕��͘�>ŝ͕�^͘�:ŝĂŶŐ͕�Y͘�tƵ͕�Z͘�:͘��ĂǀĂ͕�ĂŶĚ�

>͘�^ƵŶ͕�WƌŽĐ�EĂƚů��ĐĂĚ�^Đŝ�h�^���ϭϭϰ͕�ϭϯϭϰϰ�;ϮϬϭϳͿ͘ 
ϮϮ �͘�t͘��ŚƵ͕�>͘�'ĂŽ͕�&͘ ��ŚĞŶ͕��͘�:͘�,ƵĂŶŐ͕�Z͘�>͘�DĞŶŐ͕�ĂŶĚ�z͘ �z͘ �yƵĞ͕�EĂƚƵƌĞ�ϯϲϱ͕�ϯϮϯ�;ϭϵϵϯͿ͘ 
Ϯϯ y͘�:͘��ŚĞŶ͕�s͘ �s͘ �^ƚƌƵǌŚŬŝŶ͕�z͘ �zƵ͕��͘�&͘ �'ŽŶĐŚĂƌŽǀ͕ ��͘�d͘ �>ŝŶ͕�,͘�<͘�DĂŽ͕�ĂŶĚ�Z͘�:͘�,ĞŵůĞǇ͕ �EĂƚƵƌĞ�ϰϲϲ͕�

ϵϱϬ�;ϮϬϭϬͿ͘ 
Ϯϰ ,͘�dĂŬĂŚĂƐŚŝ͕�<͘�/ŐĂǁĂ͕�<͘��ƌŝŝ͕�z͘ �<ĂŵŝŚĂƌĂ͕�D͘�,ŝƌĂŶŽ͕�ĂŶĚ�,͘�,ŽƐŽŶŽ͕�EĂƚƵƌĞ�ϰϱϯ͕�ϯϳϲ�;ϮϬϬϴͿ͘ 
Ϯϱ ^͘�DĞĚǀĞĚĞǀ͕ � d͘ �D͘�DĐYƵĞĞŶ͕� /͘��͘�dƌŽǇĂŶ͕� d͘ �WĂůĂƐǇƵŬ͕�D͘� /͘��ƌĞŵĞƚƐ͕�Z͘� :͘��ĂǀĂ͕�^͘�EĂŐŚĂǀŝ͕� &͘ �

�ĂƐƉĞƌ͕ �s͘ �<ƐĞŶŽĨŽŶƚŽǀ͕ �'͘�tŽƌƚŵĂŶŶ͕�ĂŶĚ��͘�&ĞůƐĞƌ͕ �EĂƚ�DĂƚĞƌ�ϴ͕�ϲϯϬ�;ϮϬϬϵͿ͘ 
Ϯϲ >͘�^ƵŶ͕�y͘�:͘��ŚĞŶ͕�:͘�'ƵŽ͕�W͘ �'ĂŽ͕�Y͘��͘�,ƵĂŶŐ͕�,͘�tĂŶŐ͕�D͘�&ĂŶŐ͕�y͘��ŚĞŶ͕�'͘��ŚĞŶ͕�Y͘�tƵ͕��͘��ŚĂŶŐ͕�

�͘�'Ƶ͕�y͘��ŽŶŐ͕�>͘�tĂŶŐ͕�<͘�zĂŶŐ͕��͘�>ŝ͕�y͘��Ăŝ͕�,͘�<͘�DĂŽ͕�ĂŶĚ��͘��ŚĂŽ͕�EĂƚƵƌĞ�ϰϴϯ͕�ϲϳ�;ϮϬϭϮͿ͘ 
Ϯϳ ,͘�Y͘�zƵĂŶ͕�&͘ �D͘�'ƌŽƐĐŚĞ͕�D͘��ĞƉƉĞ͕��͘�'ĞŝďĞů͕�'͘�^ƉĂƌŶ͕�ĂŶĚ�&͘ �̂ ƚĞŐůŝĐŚ͕�̂ ĐŝĞŶĐĞ�ϯϬϮ͕�ϮϭϬϰ�;ϮϬϬϯͿ͘ 
Ϯϴ �͘��ƵĂŶ͕�z͘ �>ŝƵ͕�&͘ �dŝĂŶ͕��͘�>ŝ͕�y͘�,ƵĂŶŐ͕��͘��ŚĂŽ͕�,͘�zƵ͕��͘�>ŝƵ͕�t͘�dŝĂŶ͕�ĂŶĚ�d͘ ��Ƶŝ͕�^Đŝ�ZĞƉ�ϰ͕�ϲϵϲϴ�

;ϮϬϭϰͿ͘ 
Ϯϵ �͘�W͘ ��ƌŽǌĚŽǀ͕ �D͘�/͘��ƌĞŵĞƚƐ͕�/͘��͘�dƌŽǇĂŶ͕�s͘ �<ƐĞŶŽĨŽŶƚŽǀ͕ �ĂŶĚ�^͘�/͘�^ŚǇůŝŶ͕�EĂƚƵƌĞ�ϱϮϱ͕�ϳϯ�;ϮϬϭϱͿ͘ 
ϯϬ /͘� dƌŽǇĂŶ͕� �͘� 'ĂǀƌŝůŝƵŬ͕� Z͘� ZƵīĞƌ͕ � �͘� �ŚƵŵĂŬŽǀ͕ � �͘� DŝƌŽŶŽǀŝĐŚ͕� /͘� >ǇƵďƵƟŶ͕� �͘� WĞƌĞŬĂůŝŶ͕� �͘� W͘ �

�ƌŽǌĚŽǀ͕ �ĂŶĚ�D͘�/͘��ƌĞŵĞƚƐ͕�^ĐŝĞŶĐĞ�ϯϱϭ͕�ϭϯϬϯ�;ϮϬϭϲͿ͘ 



�� 

 

ϯϭ '͘� ^ŚĞŶ͕� z͘ �tĂŶŐ͕� �͘� �ĞǁĂĞůĞ͕� �͘�tƵ͕� �͘� �͘� &ƌĂƚĂŶĚƵŽŶŽ͕� :͘� �ŐŐĞƌƚ͕� ^͘� <ůŽƚǌ͕� <͘� &͘ � �ǌŝƵďĞŬ͕� W͘ �
>ŽƵďĞǇƌĞ͕�K͘�s͘ �&Ăƚ͛ǇĂŶŽǀ͕ �W͘ ��͘��ƐŝŵŽǁ͕�d͘ �DĂƐŚŝŵŽ͕�ĂŶĚ�Z͘�D͘�D͘�tĞŶƚǌĐŽǀŝƚĐŚ͕�,ŝŐŚ�WƌĞƐƐƵƌĞ�
ZĞƐĞĂƌĐŚ�ϰϬ͕�Ϯϵϵ�;ϮϬϮϬͿ͘ 

ϯϮ �͘�WƌĞƐĐŚĞƌ�ĂŶĚ�s͘ ��͘�WƌĂŬĂƉĞŶŬĂ͕�,ŝŐŚ�WƌĞƐƐƵƌĞ�ZĞƐĞĂƌĐŚ�ϯϱ͕�ϮϮϯ�;ϮϬϭϱͿ͘ 
ϯϯ �͘�,͘�dŽďǇ�ĂŶĚ�Z͘��͘�sŽŶ��ƌĞĞůĞ͕�:ŽƵƌŶĂů�ŽĨ��ƉƉůŝĞĚ��ƌǇƐƚĂůůŽŐƌĂƉŚǇ�ϰϲ͕�ϱϰϰ�;ϮϬϭϯͿ͘ 
ϯϰ &͘ �ǀŽŶ�ZŽŚƌ͕ �D͘�:͘�tŝŶŝĂƌƐŬŝ͕�:͘�dĂŽ͕�d͘ �<ůŝŵĐǌƵŬ͕�ĂŶĚ�Z͘�:͘��ĂǀĂ͕�WƌŽĐ�EĂƚů��ĐĂĚ�^Đŝ�h�^���ϭϭϯ͕��ϳϭϰϰ�

;ϮϬϭϲͿ͘ 
ϯϱ K͘�E͘�^ĞŶŬŽǀ͕ �:͘�D͘�^ĐŽƩ͕�^͘�s͘ �^ĞŶŬŽǀĂ͕��͘��͘�DŝƌĂĐůĞ͕�ĂŶĚ��͘�&͘ �tŽŽĚǁĂƌĚ͕�:ŽƵƌŶĂů�ŽĨ��ůůŽǇƐ�ĂŶĚ�

�ŽŵƉŽƵŶĚƐ�ϱϬϵ͕�ϲϬϰϯ�;ϮϬϭϭͿ͘ 
ϯϲ &͘ ��ŝƌĐŚ͕�:ŽƵƌŶĂů�ŽĨ�'ĞŽƉŚǇƐŝĐĂů�ZĞƐĞĂƌĐŚ͗�^ŽůŝĚ��ĂƌƚŚ�ϴϯ͕�ϭϮϱϳ�;ϮϬϭϮͿ͘ 
ϯϳ E͘�Z͘�tĞƌƚŚĂŵĞƌ͕ ��͘�,ĞůĨĂŶĚ͕�ĂŶĚ�W͘ ��͘�,ŽŚĞŶďĞƌŐ͕�WŚǇƐŝĐĂů�ZĞǀŝĞǁ�ϭϰϳ͕�Ϯϵϱ�;ϭϵϲϲͿ͘ 
ϯϴ :͘�t͘�zĞŚ͕�^͘�<͘��ŚĞŶ͕�^͘�:͘�>ŝŶ͕�:͘�z͘ �'ĂŶ͕�d͘ �^͘��ŚŝŶ͕�d͘ �d͘ �^ŚƵŶ͕��͘�,͘�dƐĂƵ͕�ĂŶĚ�^͘�z͘ ��ŚĂŶŐ͕��ĚǀĂŶĐĞĚ�

�ŶŐŝŶĞĞƌŝŶŐ�DĂƚĞƌŝĂůƐ�ϲ͕�Ϯϵϵ�;ϮϬϬϰͿ͘ 
ϯϵ �͘��ĂŶƚŽƌ͕ �/͘�d͘ �,͘��ŚĂŶŐ͕�W͘ �<ŶŝŐŚƚ͕�ĂŶĚ��͘�:͘��͘�sŝŶĐĞŶƚ͕�DĂƚĞƌŝĂůƐ�^ĐŝĞŶĐĞ�ĂŶĚ��ŶŐŝŶĞĞƌŝŶŐ͗���ϯϳϱͲ

ϯϳϳ͕�Ϯϭϯ�;ϮϬϬϰͿ͘ 
ϰϬ :͘�:͘�,ĂŵůŝŶ͕�WŚǇƐŝĐĂ��͗�^ƵƉĞƌĐŽŶĚƵĐƟǀŝƚǇ�ĂŶĚ�ŝƚƐ��ƉƉůŝĐĂƟŽŶƐ�ϱϭϰ͕�ϱϵ�;ϮϬϭϱͿ͘ 
ϰϭ <͘�:ĂƐŝĞǁŝĐǌ͕��͘�tŝĞŶĚůŽĐŚĂ͕�<͘�'ſƌŶŝĐŬĂ͕�<͘�'ŽĨƌǇŬ͕�D͘�'ĂǌĚĂ͕�d͘ �<ůŝŵĐǌƵŬ͕�ĂŶĚ�:͘�dŽďŽůĂ͕�WŚǇƐŝĐĂů�

ZĞǀŝĞǁ���ϭϬϬ�;ϮϬϭϵͿ͘ 
ϰϮ W͘ ��͘��ůůĞŶ�ĂŶĚ�Z͘��͘��ǇŶĞƐ͕�WŚǇƐŝĐĂů�ZĞǀŝĞǁ���ϭϮ͕�ϵϬϱ�;ϭϵϳϱͿ͘ 
ϰϯ D͘�Z͘�<ĂƐĞŵ͕�z͘ �EĂŬĂŚŝƌĂ͕�,͘�zĂŵĂŽŬĂ͕�Z͘�DĂƚƐƵŵŽƚŽ͕��͘�zĂŵĂƐŚŝƚĂ͕�,͘�/ƐŚŝŝ͕�E͘�,ŝƌĂŽŬĂ͕�z͘ �dĂŬĂŶŽ͕�

z͘ �'ŽƚŽ͕�ĂŶĚ�z͘ �DŝǌƵŐƵĐŚŝ͕�^ĐŝĞŶƟĮĐ�ZĞƉŽƌƚƐ�ϭϮ�;ϮϬϮϮͿ͘ 
ϰϰ >͘��ĞŶŐ͕��͘�tĂŶŐ͕�:͘�^ŽŶŐ͕�'͘�>ŝŶ͕�Z͘�'ƵŽ͕�^͘��͘�>ƵŽ͕�^͘�'ƵŽ͕�<͘�>ŝ͕�W͘ �zƵ͕��͘��ŚĂŶŐ͕�t͘�D͘�'ƵŽ͕�:͘�DĂ͕�

z͘ �,ŽƵ͕�ĂŶĚ�,͘�>ƵŽ͕��ĚǀĂŶĐĞĚ�&ƵŶĐƟŽŶĂů�DĂƚĞƌŝĂůƐ�ϯϯ�;ϮϬϮϯͿ͘ 
ϰϱ >͘��ĞŶŐ͕�y͘�,Ƶ͕�z͘ ��ŚŽƵ͕�D͘��ŽƵďĞĐŚĞ͕�Z͘�'ƵŽ͕�z͘ �>ŝƵ͕�^͘��͘�>ƵŽ͕�^͘�'ƵŽ͕�<͘�>ŝ͕�W͘ �zƵ͕��͘��ŚĂŶŐ͕�t͘�D͘�

'ƵŽ͕�>͘�^ƵŶ͕��͘�y͘�zĂŽ͕�ĂŶĚ�,͘�>ƵŽ͕��Ěǀ�^Đŝ�;tĞŝŶŚͿ�ϭϭ͕�ĞϮϯϬϱϬϱϰ�;ϮϬϮϰͿ͘ 
ϰϲ Z͘�^ĞƌĞŝŬĂ͕�^͘�/ǁĂŶ͕�W͘ ��͘��ĂŬĞƌ͕ �t͘��ŝ͕�ĂŶĚ�z͘ �<͘�sŽŚƌĂ͕��/W��ĚǀĂŶĐĞƐ�ϭϰ�;ϮϬϮϰͿ͘ 
ϰϳ >͘�tƵ͕�:͘�^ŝ͕�^͘�'ƵĂŶ͕�,͘��ŚĂŶŐ͕�:͘��ŽƵ͕�:͘�>ƵŽ͕�:͘�zĂŶŐ͕�,͘�zƵ͕�:͘��ŚĂŶŐ͕�y͘�DĂ͕�W͘ �zĂŶŐ͕�Z͘��ŚŽƵ͕�D͘�>ŝƵ͕�

&͘ �,ŽŶŐ͕�ĂŶĚ�y͘�zƵ͕�WŚǇƐ�ZĞǀ�>ĞƩ�ϭϯϮ͕�ϭϲϲϬϬϮ�;ϮϬϮϰͿ͘ 
ϰϴ ,͘�,ŝƐĂǌĂǁĂ͕�z͘ �dĞƌĂĚĂ͕�&͘ ��ĚǌŝŵĂŶ͕��͘��ƌƵĚĚĞŶ͕��͘��ŽůůŝŶƐ͕��͘��ƌŵƐƚƌŽŶŐ͕�ĂŶĚ�Z͘�ZĞĞĚ͕�DĞƚĂůƐ�ϳ͕�ϳϭ�

;ϮϬϭϳͿ͘ 
ϰϵ �͘�>ĂƌďĂůĞƐƟĞƌ͕ ��͘�'ƵƌĞǀŝĐŚ͕��͘�D͘�&ĞůĚŵĂŶŶ͕�ĂŶĚ��͘�WŽůǇĂŶƐŬŝŝ͕�EĂƚƵƌĞ�ϰϭϰ͕�ϯϲϴ�;ϮϬϬϭͿ͘ 
ϱϬ z͘Ͳ&͘ �<ĂŽ͕�d͘ Ͳ:͘��ŚĞŶ͕�^ Ͳ͘<͘��ŚĞŶ͕�ĂŶĚ�: Ͳ͘t͘�zĞŚ͕�:ŽƵƌŶĂů�ŽĨ��ůůŽǇƐ�ĂŶĚ��ŽŵƉŽƵŶĚƐ�ϰϴϴ͕�ϱϳ�;ϮϬϬϵͿ͘ 
ϱϭ E͘��͘�^ƚĞƉĂŶŽǀ͕ ��͘�'͘�^ŚĂǇƐƵůƚĂŶŽǀ͕ �'͘��͘�^ĂůŝƐŚĐŚĞǀ͕ �D͘��͘�dŝŬŚŽŶŽǀƐŬǇ͕ ��͘��͘�KůĞǇŶŝŬ͕��͘�^͘�dŽƌƟŬĂ͕�

ĂŶĚ�K͘�E͘�^ĞŶŬŽǀ͕ �:ŽƵƌŶĂů�ŽĨ��ůůŽǇƐ�ĂŶĚ��ŽŵƉŽƵŶĚƐ�ϲϮϴ͕�ϭϳϬ�;ϮϬϭϱͿ͘ 
ϱϮ t͘�zĂŶŐ͕�^͘�WĂŶŐ͕�z͘ �>ŝƵ͕�Y͘�tĂŶŐ͕�W͘ �<͘�>ŝĂǁ͕�ĂŶĚ�d͘ ��ŚĂŶŐ͕�/ŶƚĞƌŵĞƚĂůůŝĐƐ�ϭϰϭ͕�ϭϬϳϰϮϭ�;ϮϬϮϮͿ͘ 
ϱϯ y Ͳ͘t͘�YŝƵ͕�:ŽƵƌŶĂů�ŽĨ��ůůŽǇƐ�ĂŶĚ��ŽŵƉŽƵŶĚƐ�ϱϱϱ͕�Ϯϰϲ�;ϮϬϭϯͿ͘ 
ϱϰ ^͘�&ĂŶŐ͕�t͘��ŚĞŶ͕�ĂŶĚ��͘�&Ƶ͕�DĂƚĞƌŝĂůƐ�Θ��ĞƐŝŐŶ�;ϭϵϴϬͲϮϬϭϱͿ�ϱϰ͕�ϵϳϯ�;ϮϬϭϰͿ͘ 
ϱϱ t͘��ŚĞŶ͕��͘�&Ƶ͕�^͘�&ĂŶŐ͕�,͘�yŝĂŽ͕�ĂŶĚ��͘��ŚƵ͕�DĂƚĞƌŝĂůƐ�Θ��ĞƐŝŐŶ�ϱϭ͕�ϴϱϰ�;ϮϬϭϯͿ͘ 
ϱϲ z͘ ��ŽŶŐ͕�<͘��ŚŽƵ͕�z͘ �>Ƶ͕�y͘�'ĂŽ͕�d͘ �tĂŶŐ͕�ĂŶĚ�d͘ �>ŝ͕�DĂƚĞƌŝĂůƐ�Θ��ĞƐŝŐŶ�ϱϳ͕�ϲϳ�;ϮϬϭϰͿ͘ 
ϱϳ �͘�tĂŶŐ͕�t͘�:ŝ͕�ĂŶĚ��͘�&Ƶ͕��ĚǀĂŶĐĞĚ�WŽǁĚĞƌ�dĞĐŚŶŽůŽŐǇ�Ϯϱ͕�ϭϯϯϰ�;ϮϬϭϰͿ͘ 
ϱϴ t͘��ŚĞŶ͕��͘�&Ƶ͕�^͘�&ĂŶŐ͕�z͘ �tĂŶŐ͕�,͘�yŝĂŽ͕�ĂŶĚ��͘��ŚƵ͕�DĂƚĞƌŝĂůƐ�^ĐŝĞŶĐĞ�ĂŶĚ��ŶŐŝŶĞĞƌŝŶŐ͗���ϱϲϱ͕�

ϰϯϵ�;ϮϬϭϯͿ͘ 
ϱϵ <͘��ŚĂŬƌĂďĂƌƚǇ͕ ��͘��͘�WŽƉĞ͕��͘�zĂĚĂǀ͕ �t͘�zĂŶŐ͕�:͘�ZĞŶ͕�s͘ �ZĂŶŐĂƌŝ͕�t͘��ŚĞŶ͕�ĂŶĚ�z͘ �<͘�sŽŚƌĂ͕�:ŽƵƌŶĂů�

ŽĨ��ůůŽǇƐ�ĂŶĚ��ŽŵƉŽƵŶĚƐ�ϭϬϮϬ͕�ϭϳϵϰϳϬ�;ϮϬϮϱͿ͘ 
ϲϬ ^͘�'͘�DĂ�ĂŶĚ�z͘ ��ŚĂŶŐ͕�DĂƚĞƌŝĂůƐ�^ĐŝĞŶĐĞ�ĂŶĚ��ŶŐŝŶĞĞƌŝŶŐ͗���ϱϯϮ͕�ϰϴϬ�;ϮϬϭϮͿ͘ 
ϲϭ ^͘�sĂƌĂůĂŬƐŚŵŝ͕�D͘�<ĂŵĂƌĂũ͕�ĂŶĚ��͘�^͘�DƵƌƚǇ͕ �DĞƚĂůůƵƌŐŝĐĂů�ĂŶĚ�DĂƚĞƌŝĂůƐ�dƌĂŶƐĂĐƟŽŶƐ���ϰϭ͕�ϮϳϬϯ�

;ϮϬϭϬͿ͘ 



�� 

 

ϲϮ �͘�^ƚŽƌŬ͕�W͘ ��ŐŽƐƟŶŝ͕�:͘�>͘��ŽƵƚĂƌĚ͕��͘��ƵĐŬƚŚŽƌƉĞ͕��͘��ŝĞŐĞůĞ͕�^͘�>͘��ƵĚĂƌĞǀ͕ ��͘��ŶŐůŝƐŚ͕�'͘�&ĞĚĞƌŝĐŝ͕�
D͘�Z͘�'ŝůďĞƌƚ͕�^͘�'ŽŶǌĂůĞǌ͕��͘�/ďĂƌƌĂ͕��͘�>ŝŶƐŵĞŝĞƌ͕ ��͘�>ŝ�WƵŵĂ͕�'͘�DĂƌďĂĐŚ͕�W͘ �&͘ �DŽƌƌŝƐ͕�>͘�t͘�WĂĐŬĞƌ͕ �
�͘�ZĂũ͕�D͘�ZŝĞƚŚ͕�D͘�Y͘�dƌĂŶ͕��͘�:͘�tĂƌĚ͕�ĂŶĚ�^͘� :͘��ŝŶŬůĞ͕� :ŽƵƌŶĂů�ŽĨ�EƵĐůĞĂƌ�DĂƚĞƌŝĂůƐ�ϰϱϱ͕�Ϯϳϳ�
;ϮϬϭϰͿ͘ 

 


