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%LRGHVLJQ�DQG�WKH�$OOXUH�RI�³*URZ�PDGH´�7H[WLOHV��
$Q�,QWHUYLHZ�ZLWK�&DUROH�&ROOHW

1LQD�:LOOLDPV
816:�&DQEHUUD��$XVWUDOLD�

&DUROH�&ROOHW
8QLYHUVLW\�RI�WKH�$UWV�/RQGRQ��8.�

$PLGVW� WKH� JURZLQJ� FRQVFLRXVQHVV� DURXQG� HFRORJLFDO� FULVHV�� SXEOLF� DWWHQWLRQ� LV� LQFUHDVLQJO\�
IRFXVHG�RQ�WKH�XQVXVWDLQDEOH�SUDFWLFHV�DQG�PLQGVHWV�IRVWHUHG�WKURXJK�SURGXFWLRQ�DQG�FRQVXPS�
WLRQ�ZLWKLQ� WKH� IDVKLRQ� DQG� WH[WLOH� LQGXVWULHV�� %LRGHVLJQ� LV� DW� WKH� IRUHIURQW� RI� LQQRYDWLRQV� LQ�
DGYDQFHG�WH[WLOHV�DQG�PDWHULDO�IXWXUHV��,QFRUSRUDWLQJ�SULQFLSOHV�RI�ELRPLPLFU\��ELRHQJLQHHULQJ��
DQG�V\QWKHWLF�ELRORJ\��D�FRPPRQ�OHLWPRWLI�ZLWKLQ�ELRGHVLJQ� LQLWLDWLYHV� LV�DQ�HWKRV�RI�ZRUNLQJ�
ZLWK�RU�OHDUQLQJ�IURP�RUJDQLF�SURFHVVHV��)LJXUH����

(PEUDFHG�DV�DQ�DOWHUQDWLYH�WR�WKH�WUDGLWLRQDO�FDUERQ�LQWHQVLYH�LQGXVWULDO�SUDFWLFHV�DQG�RYHU�
FRQVXPSWLRQ� SXUFKDVLQJ� KDELWV� WKDW� PDUN� WKH� FRQWHPSRUDU\� IDVKLRQ� DQG� WH[WLOH� LQGXVWULHV��
ELRGHVLJQHUV��LQ�IDVKLRQ�DV�LQ�RWKHU�ILHOGV��YDOXH�UHJHQHUDWLYH�SURGXFWLRQ��ELRGHJUDGDEOH�PDWHUL�
DOV�� DQG� FLUFXODU� HFRQRPLF�PRGHOV�� (FRORJLFDO� FRQFHUQ� LV� FHQWUDO� WR� WKH� ELRGHVLJQ� GLVFRXUVH��
ZKHUH�WKH�NH\�SRWHQWLDO�RI�ELRGHVLJQ�LV�XQGHUVWRRG�DV�LWV�DELOLW\�WR�RYHUWXUQ�PRGHOV�RI�IDVW�DQG�
FKHDS� SURGXFWLRQ� DQG� HQHUJ\�LQWHQVLYH� SURFHGXUHV� WKDW� KDYH� FRQWULEXWHG� WR� WKH� GDPDJLQJ�
FDUERQ� IRRWSULQW� RI� WKH� IDVKLRQ� LQGXVWU\�� &DUROH� &ROOHW²3URIHVVRU� LQ�'HVLJQ� IRU� 6XVWDLQDEOH�
)XWXUHV�DW�&HQWUDO�6DLQW�0DUWLQV��8$/�DQG�GLUHFWRU�RI�WKH�'HVLJQ�DQG�/LYLQJ�6\VWHPV�/DE�LQ�
/RQGRQ²LV�DW�WKH�IRUHIURQW�RI�ZRUNLQJ�WRZDUG�D�PRUH�VXVWDLQDEOH�WH[WLOHV�IXWXUH�ZLWK�ELRGHVLJQ�
SULQFLSOHV��7KLV�SDSHU�SUHVHQWV�D�FRQYHUVDWLRQ�EHWZHHQ�&DUROH�&ROOHW�DQG�1LQD�:LOOLDPV�KHOG�DW�
&HQWUDO� 6DLQW�0DUWLQV��8$/�� LQ� /RQGRQ� LQ�'HFHPEHU� ������ DORQJVLGH� LPDJHV� WKDW� VKRZFDVH�
&ROOHW¶V�GHVLJQ�ZRUN��$V�EHFRPHV�DSSDUHQW�LQ�WKH�GLDORJXH��ELRGHVLJQ�LV�QRW�VLPSO\�D�SUDFWLFDO�
HQGHDYRU�RI�SURGXFLQJ�DOWHUQDWLYH�PDWHULDOV��$OWKRXJK�WKH�³SURPLVH´�RI�WKH�ELRGHVLJQ�LQLWLDWLYH�
LV�RIWHQ�VHHQ�DV�WKH�SURGXFWLRQ�RI�DOWHUQDWLYHV�WR�SHWUROHXP�EDVHG�RU�HQHUJ\�LQWHQVLYH�PDWHULDOV�

*HR+XPDQLWLHV����������������±������&RS\ULJKW������E\�$PHULFDQ�$VVRFLDWLRQ�RI�*HRJUDSKHUV��
,QLWLDO�VXEPLVVLRQ��$SULO�������UHYLVHG�VXEPLVVLRQ��-XO\�������ILQDO�DFFHSWDQFH��-XO\������
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VXFK� DV� SRO\HVWHU� DQG� FRWWRQ�� WKH� HWKRV� RI� ELRGHVLJQ� HTXDOO\� GLVUXSWV� FRQWHPSRUDU\� KDELWV� RI�
SURGXFLQJ�DQG�SXUFKDVLQJ�WKDW�KDYH�SURYHG�HFRORJLFDOO\�GHWULPHQWDO��$W�WKLV�FRQFHSWXDO� OHYHO��
WKH� WKHRU\� RI� ELRGHVLJQ� LQWHUVHFWV� D� QXPEHU� RI� WKHPHV� DQG� FRQFHUQV� WKDW� DUH� VHQWLHQW� WR�
JHRJUDSKHUV�� &ROOHW� VWDWHV� GXULQJ� RXU� FRQYHUVDWLRQ� WKDW� ³LI� \RX� ORRN� DW� FRQYHQWLRQDO� FRWWRQ�
FURS�LW¶V�RQH�RI�WKH�PRVW�WR[LF�FURSV�ZH�DUH�JURZLQJ�RQ�RXU�SODQHW�EHFDXVH�RI�WKH�LQWHQVLYH�XVH�
RI�SHVWLFLGHV�DQG�IHUWLOL]HUV��7R�JURZ�FRQYHQWLRQDO�FRWWRQ��ZH�KDYH�GHYHORSHG�D�KLJKO\�XQVXV�
WDLQDEOH��LQWHQVLYH�DQG�FKHPLFDOO\�HQKDQFHG�PRQRFXOWXUH�IRUP�RI�SURGXFWLRQ��2QFH�KDUYHVWHG��
LW� WUDYHOV� DURXQG� WKH� JOREH� WR� XQGHUJR� GLIIHUHQW� WUDQVIRUPDWLYH� SURFHVVHV�� ,I� XVHG� LQ� D� IDVW�
IDVKLRQ�FRQWH[W��D�FRWWRQ�JDUPHQW�ZLOO�EH�ZRUQ�DV�OLWWOH�DV�RQFH�EHIRUH�LW�JHWV�GLVFDUGHG��:KDW�
,¶P� ORRNLQJ� IRU� LV� D� UHDO�SDUDGLJP�VKLIW� LQ�KRZ�ZH�FDQ� OHDUQ� IURP�QDWXUH� DQG�ZLWK�QDWXUH� WR�
GHYHORS�WKH�DELOLW\�WR�ELRIDEULFDWH�PDWHULDOV�DQG�SURGXFWV�LQ�D�ZD\�WKDW�LV�QRW�GHWULPHQWDO�WR�RXU�
ORFDO� VSDFH� RU� WR� RXU� SODQHW´� �)LJXUH� ���� 7KH� SRWHQWLDO� RI� ELRGHVLJQ� WKHUHIRUH� OLHV� HTXDOO\� LQ�
UHWKLQNLQJ�WKH�LGHDWLRQDO�SURSV�WKDW�KDYH�VXVWDLQHG�IDVW�IDVKLRQ��IRU�H[DPSOH��E\�DIILUPLQJ�WKH�
DOWHUHG�GXUDWLRQV� WKDW�³JURZ�PDGH´�PDWHULDOV�QHFHVVLWDWH� LQ�FRQWUDVW� WR� UDSLG�SURGXFWLRQ�VFKH�
GXOHV�W\SLFDO�RI�WKH�FXUUHQW�HFRQRPLF�PRGHO�DQG�VHDVRQDO�IDVKLRQ�V\VWHP��&ROOHW��������%H\RQG�
WKH�DOWHUQDWLYH�PDWHULDOV�SURGXFHG��WKHQ��ZH�GHPRQVWUDWH�LQ�WKLV�SDSHU�WKDW�ELRGHVLJQ�PLJKW�KDYH�
WKH� DELOLW\� WR� UHIUDPH� WKH� VRFLDO� DQG� FROOHFWLYH� GHVLUHV�� KDELWV� DQG� YDOXHV� WKDW� KDYH� GULYHQ�
XQVXVWDLQDEOH�SUDFWLFH�ZLWKLQ� WKH� IDVKLRQ� LQGXVWU\�� WKURXJK�QRWLRQV�RI� VSHFXODWLYH�DQG�H[SHUL�
PHQWDO� GHVLJQ� WHFKQLTXHV� DV� ZHOO� DV� DWWHQWLRQ� WR� WKH� PXOWLVSHFLHV� DVVHPEODJHV� PDNLQJ� XS�
D� GHVLJQ� SURFHVV�� 7KH� VWUXFWXUH� RI� WKH� SDSHU� KDV� EHHQ� RUJDQL]HG� DURXQG� WKUHH� NH\� WKHPHV��
HDFK� RI� ZKLFK� LV� VXJJHVWLYH� RI� ULFK� SRLQWV� RI� FRQYHUJHQFH� EHWZHHQ� ELRGHVLJQ� SUDFWLFH� DQG�
JHRJUDSKLF� WKRXJKW��1DPHO\�� WKHVH� DUH� WKH� LQWHUVHFWLRQV� EHWZHHQ� GHVLJQ� DQG� VFLHQFH�� H[SHUL�
PHQWDO�WHFKQLTXH��DQG�XQUXO\�PDWHULDOV�

FIGURE 1 )UDPHZRUN� IRU� GHVLJQLQJ�ZLWKLQ� OLYLQJ� V\VWHPV� E\�&DUROH�
&ROOHW��������
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,Q�WKH�GLDORJXH�LQWURGXFHG�DV�SDUW�RI�WKH�ILUVW�WKHPH��³'HVLJQ�6FLHQFH�´�ELRGHVLJQ�LV�XQGHU�
VWRRG� WR� LQWHUVHFW� SULQFLSOHV� LQ� DUW�	� GHVLJQ� DQG� VFLHQFH� LQ� D�PDQQHU� WKDW� UHVRQDWHV�ZLWK� WKH�
LQWHUHVW� LQ� DUW�VFLHQFH� FROODERUDWLRQV� LQ� JHRJUDSK\� �'L[RQ� ������ )DQQLQ� HW� DO�� ������ *LEEV�
������/DSZRUWK� �������$Q� LPSRUWDQW� WHQHW� RI� WKLV� UHODWLRQVKLS� IRU�&ROOHW� LV� WKDW� WKH� FUHDWLYH�
DVSHFWV�RI�ELRGHVLJQ�DUH�QRW�VLPSO\�HQUROOHG�WR�FRPPXQLFDWH�VFLHQWLILF�LVVXHV�WR�ZLGHU�SXEOLFV��
DV�WHQGV�WR�EH�VHHQ�DV�WKH�EHQHILW�RI�FROODERUDWLRQV�EHWZHHQ�WKH�DUWV�DQG�VFLHQFHV��&ROOHW�YDOXHV�
D�PRUH�DFWLYH�UROH�IRU�FUHDWLYH�SUDFWLFH�WKDQ�VLPSO\�³HQKDQFLQJ�µSXEOLF�DZDUHQHVV¶´��/DSZRUWK�
����������ZKHUH�WKH�H[SUHVVLYH�FDSDFLW\�RI�DHVWKHWLFV�LV�YDOXHG�VLPSO\�DV�D�FRQQRWDWLRQDO�IRUFH��
,QVWHDG��&ROOHW�LV�LQWHUHVWHG�LQ�ZKDW�GHVLJQ�FDQ�OHDUQ�IURP�OLIH�DQG�ELRORJLFDO�SULQFLSOHV��VR�WKDW�
KHU�GHVLJQ�SUDFWLFH�PLJKW�RSHUDWH�ZLWKLQ�D�FLUFXODU�HFR�V\VWHP�

7KH�VHFRQG�WKHPH��³([SHULPHQWDO�3UDFWLFH´�LV�RUJDQL]HG�DURXQG�D�VHQVH�RI�H[SHULPHQWDOLVP�
LQ�&ROOHW¶V�SKLORVRSK\�RI�SUDFWLFH��RQH�ZKLFK� UHVRQDWHV�ZLWK� FRQWHPSRUDU\�DWWHPSWV� WR� IUDPH�
H[SHULPHQWDWLRQ�LQ�JHRJUDSKLF�PHWKRG��-HOOLV�������/DVW�������:LOOLDPV�HW�DO���������&ROOHW�LV�
XVLQJ�D�WDFLW�NQRZOHGJH�LQ�FUDIW�DQG�WH[WLOHV�WR�VHW�XS�H[SHULPHQWV�ZLWK�OLYLQJ�V\VWHPV��ZKHUH�DQ�
LPSRUWDQW� DSSURDFK� WR� ZRUNLQJ� ZLWK� QDWXUH� LV� WKURXJK� VHUHQGLSLW\�� IDLOXUH�� DQG� WKH� KDSS\�
DFFLGHQW��(PSKDVL]LQJ�DQG�HPEUDFLQJ�IDLOLQJ�LQ�D�%HFNHWWLDQ�VSLULW�KDV�ORQJ�EHHQ�HQGRUVHG�DV�
SDUW�RI�JHRJUDSKLF�WKRXJKW��'HZVEXU\��������DQG�&ROOHW¶V�SUDFWLFH�KHUH�LV�DOLJQHG�ZLWK�,QJROG¶V�
FRQFHSWXDOL]DWLRQ�RI� ³PDNLQJ´�DV� ³WKH� IORZV�DQG� WUDQVIRUPDWLRQ�RI�PDWHULDOV´� UDWKHU� WKDQ� WKH�
HQG�SURGXFWV� ������������� LQ�RWKHU�ZRUGV�� DV�RSHQ�HQGHG�H[SHULPHQWDO�SURFHVV� UDWKHU� WKDQ�DV�
ILQDOLVWLF�HQGHDYRU��,PSRUWDQWO\��WKLV�FKDOOHQJHV�WKH�SRVWXODWHV�RI�WKH�IDVKLRQ�LQGXVWU\�WKDW�&ROOHW�
ZRUNV� ZLWKLQ�� LQFOXGLQJ� WKH� WUDGLWLRQDO� WHORV� RI� PDWHULDO� WR� SURGXFW�� DV� ZHOO� DV� WUDGLWLRQDO�
GXUDWLRQV� RI� SUDFWLFH�� ([SHULPHQWLQJ� ZLWK� SODQW� V\VWHPV� LQ� WKLV� ZD\� QHFHVVLWDWHV� D� PRGH� RI�
VORZ� WH[WLOH� SURGXFWLRQ�� WKH� WLPH� RI� ZDLWLQJ� IRU� D� SODQW� WR� JURZ�� IRU� LQVWDQFH�� UHTXLUHV� QHZ�
H[SHFWDWLRQV� DQG�ZD\V� RI� UHVSRQGLQJ� WR� WKH�PDWHULDOV� LQYROYHG� LQ� D� GHVLJQ� SURFHVV�� &ROOHW¶V�
H[SHULPHQWDO� DSSURDFK� LQYLWHV� XV� WR� FRQVLGHU� WKH� DOWHUQDWLYH� WHPSRUDOLWLHV� WKDW� WKH� WH[WLOH�

FIGURE 2 0\FHOLXP� 7H[WLOHV� VDPSOHV� H[KLELWHG� DW� /D� )DEULTXH� GX�
9LYDQW��3RPSLGRX�&HQWHU��3DULV��E\�&DUROH�&ROOHW��������
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LQGXVWU\� FDQ� ZRUN� ZLWKLQ� DV� SDUW� RI� DQ� HQGHDYRU� WR� ZRUN� WRZDUG� PRUH� VXVWDLQDEOH� IDVKLRQ�
IXWXUHV�

:LWKLQ�WKH�ELRGHVLJQ�GLVFRXUVH��D�NH\�FRQFHUQ�LV�WR�FKDOOHQJH�DQ�H[WUDFWLYH�DQG�LQVWUXPHQWDO�
SURFHVV�RI�HQJDJLQJ�ZLWK�QRQKXPDQ�OLYLQJ�V\VWHPV�DQG�WKH�FRQFRPLWDQW�UHFRJQLWLRQ�WKDW�WKRVH�
V\VWHPV�SHUWDLQ�WKHLU�RZQ�³OLYHO\´�FDSDFLWLHV�DV�DJHQWV�LQ�WKH�ZRUOG��5HVHPEOLQJ�WKH�HPHUJHQW�
LQWHUHVWV�LQ�PXOWLVSHFLHV�DSSURDFKHV��YDQ�'RRUHQ��.LUNVH\��DQG�0�QVWHU�������DQG�SKLORVRSKLHV�
RI�³SODQW�WKLQNLQJ´��*LQQ�������0DUGHU�������LQ�JHRJUDSK\��DV�ZHOO�DV�WKH�GLVFLSOLQH¶V�UHMHFWLRQ�
RI�D� WUDGLWLRQDO�RQWRORJLFDO�GLVWLQFWLRQ�EHWZHHQ�QDWXUH�DQG�FXOWXUH� �:KDWPRUH��������FRQWHP�
SRUDU\� GHVLJQ� ILHOGV� DUH� YHUVHG� LQ� D� UKHWRULF� RI� FROODERUDWLQJ� ZLWK�� DV� RSSRVHG� WR� H[WUDFWLQJ�
IURP��³QDWXUH´��(VFREDU�������)OHWFKHU��3LHUUH��DQG�7KDP�������*DWWR�DQG�0F&DUGOH��������,Q�
WKH�WKLUG�VHFWLRQ��³8QUXO\�0DWHULDOV�´�RXU�GLVFXVVLRQ�RI�WKH�SODQW�V\VWHPV�HQJDJHG�LQ�ELRGHVLJQ�
PDNHV�PDQLIHVW�D�FHUWDLQ�FXULRVLW\�IRU�DJHQFLHV��EH\RQG�WKH�UDWLRQDO�DFWLRQV�RI�KXPDQ�EHLQJV��
WKDW�VKDSH�ZKDW�KDSSHQV�LQ�WKH�ZRUOG��:KDW�IRU�JHRJUDSKHUV�PLJKW�EH�QRYHO�KHUH��LV�WKDW��LQ�DV�
PXFK�DV�ELRGHVLJQ�LV�VHQWLHQW� WR�WKH�DJHQF\�WKH�PDWHULDOV�KDYH� LQ�VKDSLQJ� WKH�GHVLJQ�SURFHVV��
WKH�ILHOG�LV�RI�FRXUVH�DWWXQHG�WRZDUG�D�XWLOLWDULDQ�DQG�QHHGV�GULYHQ�SURMHFW�RI�GHVLJQ��,Q�WKLV�ZD\��
WKH�GLDORJXH�JLYHV�ULVH�WR�D�OHVV�KDUPRQLRXV�YLHZ�RI�D�GHVLJQHU¶V�³FROODERUDWLRQV´�ZLWK�QDWXUH��
SUHFLVHO\� EHFDXVH� &ROOHW� LV� XSIURQW� DERXW� PDQLSXODWLQJ� JHRWURSLF� IRUFHV� RU� NLOOLQJ� D� SODQW�
RUJDQLVP� WR� SURGXFH� DQ� HQG� SURGXFW�� 7KH� ELRGHVLJQ� VWDJH� RI� NLOOLQJ� WKH� SODQW� LQ� SDUWLFXODU�
FDQ�SURYLGH�D�FULWLFDO�DQJOH�LQWR�WKHRULHV�RI�PXOWLVSHFLHV�UHODWLRQV��E\�DFFHSWLQJ�WKDW�³NLOOLQJ�DQG�
GHDWK�FLUFXODWH�DORQJVLGH�FDUH�DQG�OLIH´��*LQQ��%HLVHO��DQG�%DUXD������������

:KDW� RXU� FRQYHUVDWLRQ� SRLQWV� WRZDUG� LV� D�PRGH�RI� HWKLFV�QRW� SUHGLFDWHG�XSRQ� WKH� KXPDQ��
UDLVLQJ� TXHVWLRQV� DERXW� ELRGHVLJQ� SUDFWLFH� WKDW� DUH� HTXDOO\� SHUWLQHQW� WR� JHRJUDSKLF� HQTXLU\��
)URP�D�JHRJUDSKLFDO�SHUVSHFWLYH��RQH�TXHVWLRQ�ZRXOG�EH�DERXW�ZKHUH�HWKLFV�VWDUWV�DQG�ZKDW�LW�
PLJKW�LQFOXGH��RI�³ZKR�RU�ZKDW�UHFHLYHV�HWKLFDO�VWDQGLQJ��WUHHV��FDWV��EDFWHULD��RU�PRQXPHQWV��´�
DQG�RI�WKH�IUDXJKW�UHODWLRQV�EHWZHHQ�WKRVH�WKLQJV��5XGGLFN�������������2QH�ZD\�RI�QDYLJDWLQJ�
VXFK�D�FRPSOLFDWHG�HWKLFV��IROORZLQJ�0DULD�3XLJ�GH�OD�%HOOD�&DVD��LV�WR�GR�VR�VSHFXODWLYHO\��VR�
WKDW�³WKH�³HWKLFV´�LQ�DQ�HWKLFV�RI�FDUH�FDQQRW�EH�DERXW�D�UHDOP�RI�QRUPDWLYH�PRUDO�REOLJDWLRQV�
EXW� UDWKHU�«� D� KDQGV�RQ�� RQJRLQJ� SURFHVV� RI� UH�FUHDWLRQ� RI� ³DV�ZHOO� DV� SRVVLEOH´� UHODWLRQV´�
�����������&HUWDLQO\�� WKH�ELRGHVLJQ�HWKRV�HYLQFHV�D�SULQFLSOH�RI�FDUH� WKDW�GRHVQ¶W�VWDUW�DQG�HQG�
ZLWK�WKH�KXPDQ��$QG�\HW�&ROOHW¶V�SUDFWLFH�RIIHUV�D�SURYRFDWLRQ�WR�WKH�LGHD�WKDW�FDULQJ�PXVW�EH�
FRQIODWHG� ZLWK� VXVWDLQLQJ� OLIH�� RU� WKDW� GHDWK� LV� WKH� QHFHVVDU\� OLPLW� RI� OLIH�� 'RQQD�+DUDZD\¶V�
QRWLRQ�RI�FRPSRVWLQJ� ������� LV�SHUWLQHQW� LQ� WKLV�FRQWH[W��DV�D� VSDFH�DQG�SURFHVV� LQ�ZKLFK� WKH�
³TXHVWLRQV� RI� ILQLWXGH� DQG�PRUWDOLW\� DUH� SURPLQHQW�� QRW� LQ� VRPH� NLQG� RI� GHSUHVVLYH� RU� WUDJLF�
ZD\´� EXW� DV� IDFWV� FRH[LVWHQW�ZLWK� WKH� RQJRLQJ� YLWDOLWLHV� RI� FRPSRVWLQJ� V\VWHPV� �+DUDZD\� LQ�
)UDQNOLQ� ������ ����7KH�SRWHQWLDO� SURYRFDWLRQ�RI�&ROOHW¶V� VSHFXODWLYH�SUDFWLFH�� WKHQ�� LV� WKDW�� LQ�
OLHX�RI�D�QRUPDWLYH��PRUDOL]LQJ�HWKLFDO�VHQWLPHQW��LW�³LQVWHDG�WUDQVSRVHV�REOLJDWLRQV�LQWR�W\SHV�RI�
JHQHUDWLYH�FRQVWUDLQW�ZKLFK�WKHPVHOYHV�GHYHORS�RQO\�LQ�UHODWLRQ�WR�VSHFLILF�HYHQWV�DQG�PLOLHXV�
DQG�WKHLU�FRQFRPLWDQW�XQIROGLQJ´��*HUODFK�������������%LRGHVLJQ�WKXV�SUHVHQWV�DQ�RSSRUWXQLW\�
WR� HODERUDWH� D� VSHFXODWLYH�HWKLFV� DV� DQ�RQJRLQJ�� FRQWH[WXDOO\� VSHFLILF�� H[SHULPHQWDO� HQGHDYRU��
+HUH�� WKH�TXHVWLRQV�DERXW�³JRRG´�SUDFWLFH�UHPDLQ�RSHQ�DQG�VHQWLHQW� WR�ERWK� WKH�VLQJXODULW\�RI�
D�VLWXDWLRQ�DQG�WKH�EURDGHU�FRQWH[WV�LW�WUDYHUVHV��:KDW�UHPDLQV�SDUDPRXQW��WDNLQJ�D�SURPSW�IURP�
*XDWWDUL¶V�7KUHH�(FRORJLHV��LV�WKDW�³LQVWHDG�RI�FOLQJLQJ�WR�JHQHUDO�UHFRPPHQGDWLRQV�ZH�ZRXOG�
EH�LPSOHPHQWLQJ�HIIHFWLYH�SUDFWLFHV�RI�H[SHULPHQWDWLRQ��DV�PXFK�RQ�D�PLFURVRFLDO� OHYHO�DV�RQ�
D�ODUJHU�LQVWLWXWLRQDO�VFDOH´������������
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DESIGN-SCIENCE

1LQD�� $V� D� WH[WLOH� ELRGHVLJQHU� \RX� DUH� GUDZLQJ�RQ� D� EDFNJURXQG� LQ� WH[WLOHV�ZKLOVW� DOVR�
H[SHULPHQWLQJ�ZLWK�ELRORJLFDO�SULQFLSOHV��:KHUH�GR�\RX�HQYLVDJH�\RXU�ZRUN�DW�WKLV�
LQWHUVHFWLRQ�EHWZHHQ�DUW�DQG�VFLHQFH"�

&DUROH�� 6R�,�GRQ¶W�WDON�DERXW�WKH�DUWV�ZKHQ�,�WDON�DERXW�P\�ZRUN��,�UHDOO\�WDON�DERXW�GHVLJQ��
,� GR� XVH� FUHDWLYH� DQG� DUWLVWLF� WRROV� LQ�P\�ZRUN�EXW� LW¶V� VLWXDWHG� LQ� WKH� FRQWH[W� RI�
GHVLJQ� SUDFWLFH�� ZKLFK� LV� GHVLJQLQJ� IRU� VRPHRQH�� IRU� KXPDQ� DQG� QRQ�KXPDQ�
VSHFLHV�� RU� IRU� D� SODFH�� ,� WKLQN� WKHUH¶V� EHHQ� D� VKLIW� IURP� VFLHQFH� WKLQNLQJ� DUWLVWV�
DQG� GHVLJQHUV� FDQ� FRPPXQLFDWH� VFLHQFH�� \HV�ZH� FDQ� GR� WKDW� EXW� WKDW¶V� QRW� ZKDW�
GULYHV�P\�ZRUN�� ,¶P� LQWHUHVWHG� LQ�ZKDW� GHVLJQ� FDQ� OHDUQ� IURP� SULQFLSOHV� RI� OLIH��
ELRORJLF� SULQFLSOHV�� DQG� KRZ�ZH� FDQ� OHDUQ� WR� PDNH� WKLQJV� WKH� ZD\� QDWXUH� GRHV��
)XQGDPHQWDOO\�,�WKLQN�WKH�ELRORJLFDO�DGYDQWDJH�LV�WKDW�LQ�QDWXUH�DQ\WKLQJ�RSHUDWHV�
ZLWKLQ� D� FLUFXODU� HFR�V\VWHP�� %XW� LI� \RX� ORRN� DW� PDWHULDOV� LQ� SDUWLFXODU�� OLYLQJ�
PDWHULDOV�DUH�PDGH�DW�DPELHQW�WHPSHUDWXUHV�ZLWK�ORFDO�LQJUHGLHQWV��ZLWKRXW�FUHDWLQJ�
WR[LF�E\�SURGXFWV��$Q\WKLQJ�ZH�FDOO�ZDVWH�LQ�RXU�KXPDQ�GHVLJQHG�V\VWHPV�DFWXDOO\�
EHFRPHV�QXWULHQWV�LQ�D�QDWXUDO�V\VWHP��,I�ZH�FRXOG�OHDUQ�WR�PDQXIDFWXUH�LQ�VXFK�D�
ZD\��ZH�ZRXOGQ¶W�EH�IDFLQJ�FXUUHQW�HQYLURQPHQWDO�SUREOHPV��

1LQD�� :KDW� OLQJXLVWLF� EDUULHUV� RU� RWKHU� FKDOOHQJHV� DULVH� IRU� \RX� ZKHQ� DWWHPSWLQJ� WR�
SURGXFH�ZRUN�WKDW�LQWHUVHFWV�GHVLJQ�DQG�VFLHQFH"�

&DUROH�� %DFN� LQ� ������ LQ� GLVFXVVLRQ� ZLWK� 3URIHVVRU� 'DPH� $PDQGD� )LVKHU� �+HDG� RI� WKH�
,QVWLWXWH�RI�&OLQLFDO�6FLHQFHV�LQ�WKH�8.��,�OHDUQW�WKDW�WKHUH�DUH�SDUDOOHOV�EHWZHHQ�WKH�
ODQJXDJH�RI�ELRORJ\�DQG�WKH�ODQJXDJH�RI�WH[WLOHV��)RU�LQVWDQFH��ZH�FRPSDUH�'1$�WR�
D�WKUHDG��LQ�ELRORJLFDO�WHUPV��\RX�FDQ�³XQ]LS´�D�FHOO��3URIHVVRU�)LVKHU�LQVWLJDWHG�WKH�
SURMHFW�³1REHO�7H[WLOHV�´�D�FROODERUDWLRQ�EHWZHHQ�WKH�0HGLFDO�UHVHDUFK�&RXQFLO�DQG�
&HQWUDO�6DLQW�0DUWLQV�8$/�WR�H[SORUH�WRSRORJLHV�DQG�ODQJXDJH�DFURVV�ELRORJ\�DQG�
WH[WLOHV��)LYH� UHVHDUFKHUV�DW�&HQWUDO�6DLQW�0DUWLQV� DQG� ILYH�1REHO�/DXUHDWHV�ZHUH�
SDLUHG�XS��7KH�REMHFWLYH�ZDV�IRU�XV�DV�GHVLJQ�UHVHDUFKHUV�WR�WUDQVODWH��FRQFHSWXDOLVH�
DQG� XQGHUVWDQG� WKH� 1REHO� /DXUHDWHV¶� FRQWULEXWLRQ� WR� ELRORJLFDO� NQRZOHGJH� WR�
SURGXFH� D� ILQDO� GHVLJQ� DUWHIDFWV� WR� EH� H[KLELWHG� DW� WKH� ,QVWLWXWH� RI� &RQWHPSRUDU\�
$UW�DQG�*UHHQ�3DUN�LQ�/RQGRQ��,�ZDV�SDLUHG�ZLWK�±�ZHOO�,�SLFNHG�±�6LU�-RKQ�6XOVWRQ�
ZKR�LV�NQRZQ�IRU�KLV�UHVHDUFK�LQWR�WKH�JHQHWLF�SURJUDPPDWLRQ�RI�$SRSWRVLV��XVLQJ�
D�ZRUP�FDOOHG�³&�HOHJDQV´�DV�D�PRGHO�RUJDQLVP��7KH� WHUP�UHIHUV� WR� VXLFLGDO�FHOO�
EHKDYLRXU�� $SRSWRVLV� LV� LQVWUXPHQWDO� WR� PRUSKRJHQHVLV�� DQG� WKLV� LV� KRZ� KH�
H[SODLQHG� LW� WR�PH��'XULQJ� WKH� HPEU\RQLF� SURFHVV� RI� JURZWK�� RQH� FHOO�PXOWLSOLHV�
LQWR�WZR��WKHQ�LQWR�IRXU�DQG�VR�RQ�DQG�VR�IRUWK��WKDW¶V�KRZ�DQ�RUJDQLVP�JURZV��%XW�
VRPH� FHOOV� DFWXDOO\� ³FRPPLW� VXLFLGH´� VR� WKDW� RWKHUV� FDQ� JURZ� LQ� WKHLU� SODFH��
5HVHDUFK� LQWR� DSRSWRVLV� LV� FULWLFDO� WR� PHGLFDO� UHVHDUFK� EHFDXVH� LI� FHOOV� RYHU�
³FRPPLW� VXLFLGH�´� WKLV� FDQ� OHDG� WR� GHJHQHUDWLYH� GLVHDVH� IRU� LQVWDQFH�� $QG� ZKHQ�
FHOOV�GRQ¶W�³FRPPLW�VXLFLGH´�HQRXJK��WKDW�FDQ�OHDG�WR�WKH�GHYHORSPHQW�RI�WXPRXUV�
DQG� FDQFHU�� VR� WKH� UHJXODWLRQ� RI� WKH� JHQH� WKDW� VD\V�� ³NLOO� \RXUVHOI�´� LV� DFWXDOO\�
LQWHJUDO�WR�RXU�KHDOWK�V\VWHP��,�KDG�VHYHUDO�FRQYHUVDWLRQV�ZLWK�-RKQ�6XOVWRQ�DERXW�
WKLV�SURFHVV�DQG�WKH�SULQFLSOHV�RI�DSRSWRVLV��7KLV�ZDV�TXLWH�LQWLPLGDWLQJ�EHFDXVH�RI�
FRXUVH� KH�ZDV� D�ZHOO�NQRZQ� DQG� D� KLJKO\� NQRZOHGJHDEOH� ELRORJLVW� EXW� KH� KDG� D�
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EULOOLDQW�DELOLW\�WR�WUDQVODWH�YHU\�FRPSOH[�ELRORJ\�SULQFLSOHV�LQWR�YHU\�VLPSOH�WHUPV��
)RU�LQVWDQFH��GHVFULELQJ�$SRSWRVLV��KH�VDLG�³WKH�FHOOV�LQ�EHWZHHQ�\RXU�ILQJHUV�KDYH�
NLOOHG�WKHPVHOYHV�VR�WKDW�\RXU�ILQJHUV�FDQ�JURZ�´�DQG�,�WKRXJKW�³VR��LW�WKDW¶V�OLNH�D�
VFXOSWLQJ�WHFKQLTXH�´�7KDW�PHDQV�LI�\RX�FRXOG�FRQWURO�WKLV��\RX�FRXOG�SURJUDPPH�D�
ELRIDEULFDWLRQ� SURFHVV� DQG� FRQWURO� WKH� VKDSH� RI� DQ� RUJDQLVP�� )RU� PH�� EHWZHHQ�
UHDGLQJ� -DQLQH� %HQ\XV� >DXWKRU� RI� %LRPLPLFU\�� LQQRYDWLRQ� LQVSLUHG� E\� QDWXUH�
������@� DQG� WKRVH� FRQYHUVDWLRQV�ZLWK�6LU� -RKQ�6XOVWRQ�� ,� VWDUWHG� WR� WKLQN� ³WKHUH¶V�
VRPHWKLQJ�UHDOO\�LQWHUHVWLQJ�WKHUH��VRPHWKLQJ�GLIIHUHQW�WR�KRZ�,�ZDV�WDXJKW�LQ�WHUPV�
RI�WH[WLOH�PDNLQJ�´�,W�ZDV�TXLWH�GLIILFXOW�WR�XQGHUVWDQG�DW�ILUVW�KRZ�,�FRXOG�WUDQVODWH�
ELRORJ\� SULQFLSOHV� LQWR� DQ� DFWXDO� GHVLJQ� RU� PDWHULDO�� %XW� WKHVH� ZHUH� WZR� NH\�
DIILUPDWLRQ�PRPHQWV�LQ�WHUPV�RI�WKLQNLQJ�WKDW�DV�GHVLJQHUV�ZH�QHHG�WR�ILUVW�XQGHU�
VWDQG� KRZ� QDWXUH� ZRUNV� VR� WKDW� ZH� FDQ� WKHQ� DGRSW� ELRORJLFDO� SULQFLSOHV� LQ� WKH�
GHVLJQLQJ�DQG�PDNLQJ�SURFHVV��5HDGLQJ�ELRORJ\� LV�QRZ�SDUW�RI�P\�HYHU\GD\�VR� ,�
FDQ�FRQYHUJH�DQG�³WUDYHO´�WKH�ODQJXDJH�RI�ELRORJ\�DQG�WKH�ODQJXDJH�RI�GHVLJQ��

EXPERIMENTAL TECHNIQUE

1LQD�� <RX�WDON�DERXW�\RXU�GHVLJQ�SUDFWLFH�DV�H[SHULPHQWDO��LQGLFDWLQJ�DQ�DG�KRF�DSSURDFK�
WR� WKH� PDWHULDOV� DQG� SURFHVV�� DV� ZHOO� DV� DIILUPLQJ� IDLOLQJ� LQ� WKH� GHVLJQ� SURFHVV��
&RXOG� \RX� HODERUDWH� RQ� WKH� H[SHULPHQWDO� QDWXUH� RI� VRPH� RI� \RXU� ELRGHVLJQ�
WHFKQLTXHV"�

&DUROH�� ,�VWDUW�ZLWK�YHU\�H[SHULPHQWDO�ZRUN��QRW�QHFHVVDULO\�NQRZLQJ�ZKHUH�LW¶V�WDNLQJ�PH�DQG�
WKDW¶V�ZKDW�,�OLNH��WKDW�VRUW�RI�VHQVH�RI�HQTXLU\�EXW�QRW�NQRZLQJ�ZKHUH�,¶OO�JR�ZLWK�LW��
7KDW�LV�ZKDW�,� OLNH�DERXW�DFDGHPLF�SUDFWLFH�EDVHG�UHVHDUFK��VWDUWLQJ�ZLWK�D�UHVHDUFK�
TXHVWLRQ� DV� RSSRVHG� WR� D� FRPPHUFLDO� GHVLJQ� EULHI�� ,Q� LQGXVWU\�� WKH� SDFH� DW� ZKLFK�
GHVLJQHUV�KDYH�WR�ZRUN�LV�YHU\�LQWHQVH�DQG�GLFWDWHG�E\�VHDVRQDO�WUHQGV�DQG�UK\WKPV��
<RX�FRXOG�KDYH�WR�GHVLJQ�WHQ��WZHQW\��RU�PRUH�FROOHFWLRQV�D�\HDU��VR�LQ�D�FRPPHUFLDO�
WH[WLOH�DQG�IDVKLRQ�GHVLJQ�VHWWLQJ��WKHUH
V�QR�WLPH�IRU�D�SURIRXQG�UHWKLQN�RI�KRZ�ZH�
GHVLJQ�DQG�PDNH�PDWHULDOV�DQG�KRZ�ZH�FDQ�DGDSW�RXU�SURGXFWLRQ�V\VWHP�WR�EHFRPH�
LQKHUHQWO\�HFRORJLFDO��,�VLWXDWH�P\�HQTXLULHV�ZLWKLQ�VXVWDLQDEOH�DQG�UHJHQHUDWLYH�GHVLJQ�
DQG�XVXDOO\�VWDUW�D�SURMHFW�E\�DVNLQJ�YHU\�VLPSOH�TXHVWLRQV�³+DYH�ZH�ORRNHG�LQWR�WKLV"�
:KDW�FDQ�ZH�OHDUQ�IURP�WKDW"�$QG�ZKHUH�GRHV�WKDW� WDNH�XV"�:KDW�ZRXOG�EH�D�OLIH��
FRQGXFLYH� DQG� UHJHQHUDWLYH� DOWHUQDWLYH"�:KR� HOVH� LV� UHVHDUFKLQJ� WKLV´"� 6R� IDLOLQJ�
H[SHULPHQWV�LV�SDUW�RI�WKH�SURFHVV�WR�DQVZHU�WKH�UHVHDUFK�TXHVWLRQV��,W�LV�DV�LPSRUWDQW�
WR�LGHQWLI\�ZKDW�ZRUNV�DV�ZKDW�GRHV�QRW�ZRUN��

1LQD�� 6R�ZKDW�GRHV�WKDW�ORRN�OLNH�LQ�WKH�FRQWH[W�RI�\RXU�SUDFWLFH"�
&DUROH�� 7KH� IXQGDPHQWDO� TXHVWLRQ� WKDW� GULYHV� P\� ZRUN�� LV� ³+RZ� GRHV� QDWXUH� PDNH�

D� WH[WLOH"�´� (YHU\� SURMHFW� VWDUWV� ZLWK� IUDPLQJ� D� TXHVWLRQ�� DQG� WKHQ� ,� UHVHDUFK�
D� WHFKQLTXH�RU� D� UHFLSH�� EXW� LW� LV� YHU\� H[SHULPHQWDO� DQG� KDQGV�RQ�� ,� DP�D�PDNHU��
:KHQ�ZRUNLQJ�ZLWK�P\FHOLXP�IRU�LQVWDQFH��FKDQJLQJ�WKH�WHPSHUDWXUH�RU�WKH�JURZWK�
PHGLXP�KDV�UDGLFDO�LPSOLFDWLRQV�IRU�WKH�ILQDO�UHVXOW��6R��ZKHQ�,�GHYHORS�ELRPDWHU�
LDOV�� P\� UROHV� DUH� WR� VHW� XS� WKH� H[SHULPHQWV�� WHVW�� SURWRW\SH� DQG� GRFXPHQW�� DQG�
WKDW¶V� ZKDW� ,� OLNH� DERXW� D� SUDFWLFH�EDVHG� H[SHULPHQWDO� DSSURDFK�� 7KH�0\FHOLXP�
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7H[WLOHV�SURMHFW�,�DP�FXUUHQWO\�ZRUNLQJ�RQ�DLPV�DW�LQYHVWLJDWLQJ�ZKHWKHU�ZH�FRXOG�
XVH� P\FHOLXP� DV� D� SDWWHUQLQJ� WHFKQLTXH� WR� UHSODFH� FXUUHQW� RLO�EDVHG� ILQLVKLQJ�
SURFHVVHV��)RU�LQVWDQFH��FDQ�ZH�UHSURGXFH�WKH�H[SDQGLQJ�SXII�ELQGHU�FRDWLQJ�HIIHFW�
ZLWK� P\FHOLXP� �)LJXUH� ��"� &DQ� ZH� XVH� P\FHOLXP� DV� D� ELQGLQJ� DJHQW� WR� FUHDWH�
WH[WLOH�DVVHPEOLHV"�&DQ�ZH�UHYLVLW�WKH�WUDGLWLRQDO�SURFHVV�RI�WLH�G\H�ZLWK�P\FHOLXP�
�)LJXUH���"�2U�DV�D�PHDQV�WR�SOHDW�QDWXUDO�IDEULF�DW�DPELHQW�WHPSHUDWXUH��)LJXUH���"�
,� DOVR� ZRUN� RQ� GLIIHUHQW� SURMHFWV� LQ� SDUDOOHO� IRU� ZKLFK� ,� KDYH� WR� GHYHORS� QHZ�
WHFKQLTXHV�DQG�SURWRFROV��VR�WKHUH�LV�XVXDOO\�TXLWH�D�KXJH�OHDUQLQJ�FXUYH�IRU�HDFK�RI�
P\�UHVHDUFK�HQTXLULHV��

1LQD�� %\�FDOOLQJ�IRU�D�UHQHZHG�XQGHUVWDQGLQJ�RI�WKH�UHODWLRQ�EHWZHHQ�IRUP�DQG�PDWWHU�LQ�
WKH�GHVLJQ�SURFHVV��\RX�SUHVHQW�D�FRQFHSW�RI�IRUP�WKDW�GRHV�QRW�H[LVW�SULRU� WR� WKH�
GHVLJQ� SUDFWLFH�� ,�ZDV�ZRQGHULQJ� KRZ�\RXU� UHVLVWDQFH� WR� WKH� K\ORPRUSKLF�PRGHO�
FRLQFLGHV�ZLWK�WKH�H[SHULPHQWDOLVP�WKDW�\RX�GHVFULEH�LQ�\RXU�DSSURDFK"�

&DUROH�� ([DFWO\��WR�ZKDW�H[WHQW�IRUP�FRPHV�EHIRUH�PDWWHU�RU�PDWWHU�FRPHV�EHIRUH�IRUP�DQG�ZKHUH�
LV� WKH� KLHUDUFK\"� %XW� ,� WKLQN� ZKDW¶V� UHDOO\� LQWHUHVWLQJ� LV� WKDW� ZKHQ� \RX� ZRUN� ZLWK�
ELRGHVLJQ� WRROV��\RX�HQJDJH�ZLWK�D� OLYLQJ�RUJDQLVP� IRU� WKH�SURGXFWLRQ�RI�D�PDWHULDO��
7UDGLWLRQDOO\��D� WH[WLOH�GHVLJQHU�ZRXOG�VWDUW� WKHLU� WUDQVIRUPDWLYH�SURFHVV�ZLWK�DQ� LQHUW�
PDWHULDO��FRWWRQ�RU�SRO\HVWHU�IRU�LQVWDQFH���(YHQ�LI�LW�ZDV�JURZQ��WKH�GHVLJQ�VWDJH�KDSSHQV�
RQFH�KDUYHVWHG�RU�SURGXFHG�LQWR�D�WH[WLOH�ILEHU��6R��\RX�VWDUW�ZLWK�D�JLYHQ�PDWHULDO�DQG�WR�
WUDQVIRUP�DQG�VKDSH�LW�LQWR�D�ILQLVKHG�SURGXFW²WKHUH�LV�DQ�RUGHU�RI�WKLQJV²EXW�ZKHQ�\RX�
ZRUN�ZLWK�P\FHOLXP�WR�JURZ�PDWHULDOV�RU�WR�GHYHORS�D�ELR�EDVHG�ILQLVKLQJ�SURFHVV��\RX�
JURZ�WKH�VKDSH�DW�WKH�VDPH�WLPH�DV�WKH�PDWHULDO�DQG�WKDW¶V�D�YHU\�GLIIHUHQW�ZD\�RI�WKLQNLQJ�
FUHDWLYHO\�� <RX¶UH� QRW� DSSO\LQJ� IRUFH� WR� DQ� H[LVWLQJ�PDWHULDO�� \RX¶UH� FRQWUROOLQJ� WKH�

FIGURE 3 /HIW��FRQYHQWLRQDO�RLO�EDVHG�SXII�ELQGHU��5LJKW��%LRGHJUDGDEOH�
P\FHOLXP�EDVHG� FRDWLQJ� WKDW� DFKLHYH� D� VLPLODU� HIIHFW� E\� &DUROH� &ROOHW�
�������
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SDUDPHWHUV�DQG�OLYLQJ�IRUFHV�WR�JURZ�WKH�PDWHULDO�LQ�WKH�VKDSH�\RX�ZDQW��DQG�WKDW¶V�D�YHU\�
H[SHULPHQWDO�SURFHVV�IRU�PH��,I�\RX�WKLQN�RI�LW�LQ�WHUPV�RI�DUFKLWHFWXUH��LQVWHDG�RI�WDNLQJ�
EULFN�DQG�PRUWDU�WR�VORZO\�EXLOG�D�KRXVH��\RX�JURZ�D�KRXVH�DV�D�ZKROH��6R��\RX�KDYH�WR�
FRQWURO�WKH�SDUDPHWHUV�RI�OLIH�RI�DQ�RUJDQLVP�VR�WKDW�LW�JURZV�LQ�WKH�VKDSH�\RX�ZDQW�DQG�
WKDW�LV�D�IDVFLQDWLQJ�HPHUJHQW�SURFHVV��,�WKLQN�LW�LV�D�FRPSOHWHO\�QHZ�ZD\�RI�WKLQNLQJ�DERXW�
EHLQJ� FUHDWLYH� DV� D� GHVLJQHU��ZKHQ�GHVLJQLQJ�ZLWK� OLYLQJ� V\VWHPV�� WKH� JRDO� LV� QRW� WR�
WUDQVIRUP�LQHUW�PDWWHU��LW�LV�WR�JXLGH�OLYLQJ�PDWWHU��7KDW¶V�D�UHDO�VKLIW�LQ�WKLQNLQJ��

UNRULY MATERIALS

1LQD�� <RX�VRPHWLPHV�UHIHU�WR�WKH�PDWHULDOV�RI�\RXU�SUDFWLFH�DV�D�ELW�RI�DQ�³XQUXO\�ZRUNLQJ�
SDUWQHU�´� FRXOG� \RX� VD\� D� ELW� PRUH� DERXW� \RXU� ZRUNLQJ� UHODWLRQVKLS� ZLWK� SODQW�
V\VWHPV"�

&DUROH�� 6RPHWLPHV�� QRW� DOZD\V�� 6R� LQ� RQH� RI� WKH� H[SHULPHQWV�� WKH� P\FHOLXP� EHFDPH� TXLWH�
XQUXO\�� DQG� FUHDWHG� SDWWHUQV� ZLWKRXW� P\� LQWHUYHQWLRQ� RU� FRQWURO� �)LJXUH� ���� 7KLV� LV�
ZKHUH� ,¶P� LQWHUHVWHG� LQ� D� VRUW� RI� IHHGEDFN� UHVSRQVH�� WKH� LQKHUHQW� SURSHUWLHV� RI�

FIGURE 4 7LH�*URZ��0\FHOLXP�RQ�FRWWRQ�E\�&DUROH�&ROOHW���������
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D�ELRORJLFDO�V\VWHP�DUH�WKDW�LW�LV�UHO\LQJ�RQ�VHOI�DVVHPEO\�DQG�LW�LV�G\QDPLF��7KLV�VDPSOH�
FRQVLVWV�RI������ZDVWH�FRIIHH�JURXQG�DV�IHHGVWRFN��DQG�RQH�FXOWXUH�RI�P\FHOLXP��JURZQ�
RYHU�WKUHH�ZHHNV��,W�ZDV�VWLOO�FRYHUHG�LQ�FRIIHH�ZKHQ�,�GHFLGHG�WR�VWRS�WKH�H[SHULPHQW��
,�WKRXJKW�LW�KDG�QRW�ZRUNHG��DQG�WKHQ�,�EDNHG�LW�WR�NLOO�WKH�OLYLQJ�FXOWXUH��,�WKHQ�WRRN�LW�RXW�
RI�WKH�RYHQ�WR�ZDVK�LW��LW¶V�RQO\�XQGHU�WKH�WDS�WKDW�IRXU�IUDFWDO�SDWWHUQV�EHFDPH�FOHDUO\�
YLVLEOH��7KLV�ZDV�SXUH�VHUHQGLSLW\�DV�,�KDG�QRW�LQWHQGHG�WR�FUHDWH�DQ\�SDWWHUQ��EXW�UDWKHU�
ZDQWHG� WR�NQRZ�KRZ�WKLV�SDUWLFXODU�FXOWXUH�RI�P\FHOLXP�JUHZ�RQ�FRIIHH�JURXQGV�� ,Q�
VFLHQWLILF� UHVHDUFK�� KDSS\� DFFLGHQWV� KDSSHQ� WRR� DQG� RIWHQ� OHDG� WR� QHZ� GLVFRYHULHV��
6RPHWLPHV�EHFDXVH�D�SURWRFRO�ZDVQ¶W�UHDOO\�IROORZHG�SURSHUO\�RU�EHFDXVH�WKHUH�ZDV�D�
WUDFH�RI� VRPHWKLQJ� OHIW� LQ� WKH� HTXLSPHQW� DQG� WKHQ� VXGGHQO\� DQ�XQIRUHVHHQ�GLVFRYHU\�
KDSSHQV�� ,Q�FUHDWLYH�SUDFWLFH�ZH�DOVR�FHOHEUDWH� WKH�³KDSS\�DFFLGHQW´�DQG�,�UHDOO\� OLNH�
ZKHQ�D�ZKROH�QHZ�SDWWHUQ�HPHUJHV�RXW�RI�VHUHQGLSLW\��
6RPHWLPHV�P\� UHVHDUFK� LV�PRUH�DSSOLHG�DQG� VRPHWLPHV� LW� LV� SXUHO\�FXULRVLW\�GULYHQ��
3URFHVVHV�RI�QDWXUH�IRU�PH²ZKHWKHU�D�V\VWHP��D�PDWHULDO��D�EHKDYLRU²DUH�PRGHOV�RI�
H[FHOOHQFH�ZKHQ�LW�FRPHV�WR�VXVWDLQDEOH�ELRORJLFDO�HFR�V\VWHP��/HW¶V�WKLQN�RI�D�WUHH�IRU�
LQVWDQFH��$� WUHH�ZLOO�PDNH�PDWWHU� �FHOOXORVH� IRU� LQVWDQFH�� DQG� JURZ� XVLQJ� ORFDO� VRLO�
QXWULHQWV� WKDW� DUH� HQULFKHG� E\� IDOOHQ� OHDYHV�� ,W� UXQV� RQ� UDLQZDWHU� DQG� VXQOLJKW�� DQG� LW�
IDEULFDWHV�LWV�FRPSRQHQWV�DW�DPELHQW�WHPSHUDWXUH�ZLWKRXW�GDPDJLQJ�LWV�RZQ�HFR�V\VWHP��
,Q�D�VHQVH��WKDW¶V�KRZ�,�ORRN�DW�QDWXUH��QRW�DV�D�URPDQWLF�VSDFH��QRW�DV�D�VHSDUDWH�VSDFH�

FIGURE 5 3HUPDQHQW� SOHDWLQJ� RI� FRWWRQ� ZLWK� P\FHOLXP� E\� &DUROH�
&ROOHW��������
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HYHQ�EHFDXVH�ZH�DUH�SDUW�RI� LW��EXW�DV�D� WHPSRUDO� IOXLG�HFRV\VWHP��� ,�DP�SDUWLFXODUO\�
LQWHUHVWHG�LQ�SODQW�V\VWHPV��DQG�URRW�V\VWHPV��

1LQD�� $�NH\�DVSHFW�RI�WKH�ELRGHVLJQ�GLVFRXUVH�LV�WR�XQVHWWOH�DQ�H[WUDFWLYH�PRGHO�RI�GHVLJQ�
DQG�ZRUN�PRUH�FROODERUDWLYHO\�ZLWK�OLYLQJ�V\VWHPV��,Q�ZKDW�ZD\V�GR�\RX�VHH�\RXU�
ZRUN�DV�D�IRUP�RI�FROODERUDWLQJ�ZLWK�WKH�PDWHULDOV�RI�\RXU�SUDFWLFH"�

&DUROH�� %LRPLPLFU\� LV� DERXW� XQGHUVWDQGLQJ� WKDW� HYHU\� OLYLQJ� WKLQJ� EHORQJV� WR� DQ� HFR��
V\VWHP�� ZKLFK� E\� GHIDXOW� LV� D� VHW� RI� UHODWLRQV�� 7KHUH� DUH� GLIIHUHQW� ZD\V� WR� WDON�
DERXW�LW�DQG�WKHUH�DUH�GLIIHUHQW�WHUPLQRORJLHV��EXW�WKDW¶V�ZK\�IRU�PH�ELRPLPLFU\�LV�
WKH� PRGHO� ZH� DOO� QHHG� WR� H[SORUH� WR� XQGHUVWDQG� WKH� UHJHQHUDWLYH� DQG� FLUFXODU�
LQWHUFRQQHFWHGQHVV� RI� QDWXUH�� ,I� DV� D� GHVLJQHU�� LI� \RX� VLPSO\� IRFXV� RQ� XSF\FOLQJ�
IRU� LQVWDQFH�� LW� LV� QRW� HQRXJK�� <RX� QHHG� WR� WKLQN� DERXW� WKH� HQWLUH� V\VWHP�� IURP�
FUDGOH�WR�JUDYH��,I�\RX�ORRN�DW�FLUFXODU�GHVLJQ��ZKLFK�FRPHV�IURP�ELRPLPLFU\��LW�LV�
UHDOO\�DERXW�FRQQHFWLQJ�WKH�GRWV�EHWZHHQ�VHJUHJDWHG�V\VWHPV�VR�WKDW�ZH�FDQ�FUHDWH�
D�IORZ�RI�QXWULHQWV�DV�RSSRVHG�WR�JHQHUDWH�WR[LF�E\�SURGXFWV�DQG�QRQ�ELRGHJUDGDEOH�
ZDVWH��:LWK�WKH�0\FHOLXP�7H[WLOH�SURMHFW��,¶P�H[SHULPHQWLQJ�ZLWK�GHYHORSLQJ�QHZ�
UHFLSHV�IRU�WH[WLOH�ILQLVKLQJ�SURFHVV�LQ�FROODERUDWLRQ�ZLWK�P\FHOLXP�FXOWXUHV�ZKLFK�
GLFWDWH�ZKDW�LV�ELRORJLFDOO\�SRVVLEOH��%XW�,�DOVR�NLOO�P\�FRZRUNHU�DV�VXFK��2QFH�WKH�
SURFHVV� LV�FRPSOHWH��,�EDNH� WKH�VDPSOHV� WR�NLOO� WKH�P\FHOLXP�FXOWXUH�DQG�VWRS� WKH�
JURZLQJ� SKDVH�� 6R� \HV�� LW¶V� QLFH� WR� WDON� DERXW� FR�ZRUN� DQG� FR�GHVLJQ� EXW�
,�HYHQWXDOO\�EDNH� LW� WR�NLOO� LW� VR� WKDW� WKH�HQG�PDWHULDO�EHFRPHV� LQHUW� DQG� LQDFWLYH��
$QG�WKDW�FDXVHV�D� ORW�RI�FRQIXVLRQ��RIWHQ�SHRSOH�DVN��³2K�EXW� LV� LW�VWLOO�DOLYH"´�,Q�

FIGURE 6 6HOI�SDWWHUQLQJ�P\FHOLXP�UXEEHU�E\�&DUROH�&ROOHW���������
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DQRWKHU� SURMHFW� ³%RWDQLFDO� )XU´� �)LJXUH� ���� ,� XVH� JHRWURSLVPV� WR� JURZ� WH[WLOH�
DVVHPEODJH�ZLWK� OLYLQJ� URRW� V\VWHPV�� RQFH� WKH� SDWWHUQ� LV� DFKLHYHG�� ,� UHPRYH� WKH�
URRWV�IRUP�WKH�DJDU�SODWH�WR�GU\�WKHP��DQG�E\�GHIDXOW�NLOO�WKH�SODQW�V\VWHPV��

1LQD�� ,�ILQG�WKLV�VWDJH�RI�NLOOLQJ�WKH�SODQW�IDVFLQDWLQJ�EHFDXVH�LW�FKDOOHQJHV�D�URPDQWLFL]HG�
YLHZ� RI� FROODERUDWLRQ� DV� EHLQJ� PXWXDOO\� EHQHILFLDO� WR� DOO� SDUWLHV�� DQG� EHFDXVH� LW�
GHPRQVWUDWHV�WKDW�PXOWLVSHFLHV�UHODWLRQVKLSV��ZKHWKHU�WKH\�LQYROYH�KXPDQV�RU�QRW��
PLJKW�LQGHHG�EH�GHDGO\��

&DUROH�� ,� WKLQN� LW� LV� LQWHUHVWLQJ�EHFDXVH� LI� \RX� ORRN�DW���WK� FHQWXU\�SRHWU\�� WKHUH¶V� D� ORW�
RI�UHIHUHQFH�WR�QDWXUH�DV�D�VRUW�RI�URPDQWLF�VSDFH�EXW�DFWXDOO\�,¶P�QRW�VXUH�KRZ�
PXFK� RXU� FROOHFWLYH� FRQVFLRXVQHVV� KDV� HYROYHG� WR� UHDOL]H� KRZ� GDPDJHG� DQG�
HQGDQJHUHG� 1DWXUH� KDV� EHFRPH�� :H¶YH� SHQHWUDWHG� HYHU\� OLWWOH� FRUQHU� RI� WKH�
SODQHW� ZLWK� PLFUR�SODVWLF� IURP� $QWDUFWLFD� WR� WKH� HTXDWRU�� VR� LW� LV� D� QHZ� W\SH�
RI� QDWXUH� ZH� KDYH� WR� GHDO� ZLWK�� DQ� DUWLILFLDOO\� LQWR[LFDWHG� QDWXUH�� ,� WKLQN� LW¶V�
LPSRUWDQW� WR� DFNQRZOHGJH� WKDW�XQGHUVWDQGLQJV�RI�QDWXUH� WRGD\�DUH�QRW� WKH� VDPH�
DV� QDWXUH� ��� \HDUV� DJR� DQG� WR� QRW� ORRN� DW� DQ� RXWPRGHG� QRWLRQ� RI� QDWXUH� DV�
D�URPDQWLF�VSDFH�� LQ� WKH�ZD\�QDWXUH�GRFXPHQWDULHV�KDYH� WHQGHG� WR��EHFDXVH�WKDW�
ZRUNV� DJDLQVW� HYROYLQJ� HFRV\VWHPV��:H� DUH� SDUW� RI� QDWXUH�� EXW�ZH� DUH� WKH� RQO\�
VSHFLHV�WKDW�LV�QRZ�LPSDFWLQJ�RQ�WKH�JHRORJLFDO�IRUFHV�RI�WKH�SODQHW�WR�D�SRLQW�RI�
MHRSDUGL]LQJ�RXU�RZQ�VXUYLYDO��WKDW¶V�QHYHU�KDSSHQHG�EHIRUH��%\�H[SORULQJ�ZKDW�
ZH� FDQ� OHDUQ� IURP� SODQW� V\VWHPV�� WKHLU� LQWHUDFWLRQV�� WKHLU� VHQWLHQW� DELOLWLHV� DQG�

FIGURE 7 ([SORULQJ�JHRWURSLF�IRUFHV�WR�JURZ�WH[WLOH�OLNH�SDWWHUQV�ZLWK�
IXUU\�URRW�V\VWHPV�E\�&DUROH�&ROOHW��������
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WKHLU� VXUYLYDO� VWUDWHJLHV��ZH� FDQ� GHULYH� QHZ�ZD\V� WR� GHVLJQ� DQG�PDNH��2YHUDOO�
P\�ZRUN� LV�DERXW�JDLQLQJ�D�EHWWHU�XQGHUVWDQGLQJ�RI�KRZ�OLYLQJ�V\VWHPV�ZRUN²�
ZKDW�FDQ�ZH� OHDUQ� IURP�WKHP�DQG�ZKDW�FDQ�ZH�DGRSW� WR� LQIRUP�EHWWHU�SUDFWLFHV�
LQ� IDEULFDWLRQ�� LQ� SDUWLFXODU� IRU� IXWXUH� VXVWDLQDEOH� DQG� UHJHQHUDWLYH� WH[WLOHV� DQG�
PDWHULDOV��

ACKNOWLEDGMENTS

:H� ZRXOG� OLNH� WR� WKDQN� 7LP� &UHVZHOO� IRU� KLV� HQJDJHPHQW� ZLWK� WKH� DUWLFOH� DV� ZHOO� DV� DQ�
DQRQ\PRXV� UHIHUHH� IRU� WKHLU� IHHGEDFN�ZKLFK� FRQVLGHUDEO\� KHOSHG� WR� LPSURYH� RXU� IUDPLQJ� RI�
WKH�SDSHU�

ORCID

1LQD�:LOOLDPV� KWWS���RUFLG�RUJ��������������������

REFERENCES

&ROOHW��&��������*URZ�PDGH�WH[WLOHV��,Q�$OLYH�$FWLYH�$GDSWLYH��3URFHHGLQJV�RI�(.6,*������,QWHUQDWLRQDO�&RQIHUHQFH�
RQ� ([SHULHQWLDO� .QRZOHGJH� DQG� (PHUJLQJ� 0DWHULDOV�� HGV�� (�� *�� .DUDQD�� 1�� 1LPNXOUDW�� .�� 1LHGGHUHU�� DQG�
6��&DPHUH����±����'HOIW��7KH�1HWKHUODQGV��-XQH���±���

'HZVEXU\��-��'��������3HUIRUPDWLYH��QRQ�UHSUHVHQWDWLRQDO��DQG�DIIHFW�EDVHG�UHVHDUFK��6HYHQ�LQMXQFWLRQV��,Q�7KH�6$*(�
KDQGERRN�RI�TXDOLWDWLYH�JHRJUDSK\��HG��'��'HO\VHU��6��+HUEHUW��6��$LWNHQ��DQG�0��&UDQJ�����±����/RQGRQ��6$*(�

'L[RQ��'�� ������7KH� EODGH� DQG� WKH� FODZ�� 6FLHQFH�� DUW� DQG� WKH� FUHDWLRQ� RI� WKH� ODE�ERUQH�PRQVWHU��6RFLDO�	�&XOWXUDO�
*HRJUDSK\����������±����GRL���������������������������

(VFREDU��$��������'HVLJQV�IRU�WKH�SOXULYHUVH��5DGLFDO�LQWHUGHSHQGHQFH��DXWRQRP\��DQG�WKH�PDNLQJ�RI�ZRUOGV��'XUKDP��
'XNH�8QLYHUVLW\�3UHVV�

)DQQLQ��0���.��&RQQRU��'��5RGHQ��DQG�'��0HDFKDP��������%ULV6\Q%LR�DUW�VFLHQFH�GRVVLHU��1DQR(WKLFV����������±����
GRL���������V������������������

)OHWFKHU��.���/��6��3LHUUH��DQG�0��7KDP��HGV��������'HVLJQ�DQG�QDWXUH��$�SDUWQHUVKLS��/RQGRQ��5RXWOHGJH�
)UDQNOLQ�� 6�� ������ 6WD\LQJ� ZLWK� WKH� PDQLIHVWR�� $Q� LQWHUYLHZ� ZLWK� 'RQQD� +DUDZD\�� 7KHRU\�� &XOWXUH� 	� 6RFLHW\� ���

������±����GRL��������������������������
*DWWR��*���DQG�-��5��0F&DUGOH��������0XOWLVSHFLHV�GHVLJQ�DQG�HWKQRJUDSKLF�SUDFWLFH��)ROORZLQJ�RWKHU�WKDQ�KXPDQV�DV�

D�PRGH�RI�H[SORULQJ�HQYLURQPHQWDO�LVVXHV��6XVWDLQDELOLW\���������������GRL���������VX���������
*HUODFK��-��������$�EULHI�ZRUG�RQ�HWKLFV��*HR+XPDQLWLHV����������±�����GRL����������������;��������������
*LEEV��/��������$UWV�VFLHQFH�FROODERUDWLRQ��HPERGLHG�UHVHDUFK�PHWKRGV��DQG�WKH�SROLWLFV�RI�EHORQJLQJ��µVLWHZRUNV¶�DQG�

WKH�6KRDOKDYHQ�5LYHU��$XVWUDOLD��&XOWXUDO�*HRJUDSKLHV�����������±����GRL��������������������������
*LQQ��)��������'RPHVWLF�ZLOG��0HPRU\��QDWXUH�DQG�JDUGHQLQJ�LQ�VXEXUELD��/RQGRQ��5RXWOHGJH�
*LQQ�� )��� 8�� %HLVHO�� DQG�0�� %DUXD�� ������ )ORXULVKLQJ� ZLWK� DZNZDUG� FUHDWXUHV�� 7RJHWKHUQHVV�� YXOQHUDELOLW\�� NLOOLQJ��

(QYLURQPHQWDO�+XPDQLWLHV����������±����GRL��������������������������
*XDWWDUL��)��������7KH�WKUHH�HFRORJLHV��7UDQV��3LQGDU�DQG�3��6XWWRQ��/RQGRQ��$WKORQH�3UHVV�
+DUDZD\��'��-��������6WD\LQJ�ZLWK�WKH�WURXEOH��0DNLQJ�NLQ�LQ�WKH�&KWKXOXFHQH��'XUKDP��'XNH�8QLYHUVLW\�3UHVV�
,QJROG��7��������%HLQJ�DOLYH��(VVD\V�RQ�PRYHPHQW��NQRZOHGJH�DQG�GHVFULSWLRQ��/RQGRQ��5RXWOHGJH�
-HOOLV�� 7�� ������ 6SDWLDO� H[SHULPHQWV�� $UW�� JHRJUDSK\�� SHGDJRJ\�� &XOWXUDO� *HRJUDSKLHV� ��� �������±���� GRL����������

�����������������

356 :,//,$06�$1'�&2//(7



/DSZRUWK��$��������*LOEHUW�6LPRQGRQ�DQG�WKH�WHFKQLFDO�PHQWDOLWLHV�DQG�WUDQVLQGLYLGXDO�DIIHFWV�RI�DUW�VFLHQFH��%RG\�	�
6RFLHW\�����������±����GRL����������������;���������

/DVW��$��������([SHULPHQWDO�JHRJUDSKLHV��*HRJUDSK\�&RPSDVV�����������±����GRL���������JHF��������
0DUGHU��0��������3ODQW�WKLQNLQJ��$�SKLORVRSK\�RI�YHJHWDO�OLIH���±����1HZ�<RUN��&ROXPELD�8QLYHUVLW\�3UHVV�
3XLJ�GH�OD�%HOODFDVD��0��������0DWWHUV�RI�&DUH��6SHFXODWLYH�HWKLFV�LQ�PRUH�WKDQ�KXPDQ�ZRUOGV�����±����0LQQHDSROLV��

8QLYHUVLW\�RI�0LQQHVRWD�3UHVV�
5XGGLFN�� 6�� 0�� ������ 5HWKLQNLQJ� WKH� VXEMHFW�� UHLPDJLQLQJ� ZRUOGV��'LDORJXHV� LQ� +XPDQ� *HRJUDSK\� �� �������±����

GRL��������������������������
YDQ�'RRUHQ��7���(��.LUNVH\��DQG�(��0�QVWHU��������0XOWLVSHFLHV�VWXGLHV��&XOWLYDWLQJ�DUWV�RI�DWWHQWLYHQHVV��(QYLURQPHQWDO�

+XPDQLWLHV��������±����GRL��������������������������
:KDWPRUH��6��������+\EULG�JHRJUDSKLHV��1DWXUHV�FXOWXUHV�VSDFHV��/RQGRQ��6$*(�
:LOOLDPV��1���0��3DWFKHWW��$��/DSZRUWK��7��5REHUWV��DQG�7��.HDWLQJ��������3UDFWLVLQJ�SRVW�KXPDQLVP�LQ�JHRJUDSKLFDO�

UHVHDUFK��7UDQVDFWLRQV�RI�WKH�,QVWLWXWH�RI�%ULWLVK�*HRJUDSKHUV�����������±����GRL���������WUDQ�������

1,1$�:,//,$06�LV�/HFWXUHU�LQ�&XOWXUDO�*HRJUDSK\�LQ�WKH�6FKRRO�RI�6FLHQFH�DW�WKH�8QLYHUVLW\�RI�1HZ�6RXWK�:DOHV�
&DQEHUUD��$&7�������$XVWUDOLD��(�PDLO��QLQD�ZLOOLDPV#DGID�HGX�DX��1LQD¶V�UHVHDUFK�H[SORUHV�FRQFHSWXDO� LQQRYDWLRQV�
LQ� WKH� ILHOGV� RI� QRQUHSUHVHQWDWLRQDO� WKHRU\�� SURFHVV� WKLQNLQJ� DQG� SRVW�KXPDQLVP�� SDUWLFXODUO\� DV� WKH\� DUH� GHULYHG�
WKURXJK�WKH�SKLORVRSKLHV�RI�)HOL[�*XDWWDUL��*LOOHV�'HOHX]H�DQG�+HQUL�%HUJVRQ��$�FHQWUDO�SXUVXLW�LQ�1LQD¶V�UHVHDUFK�LV�
WR�DPSOLI\�DHVWKHWLFV�DQG�FUHDWLYLW\�DV�VDOLHQW�PRGHV�RI�VHQVLQJ�DQG�HQJDJLQJ�JHRJUDSKLF�ZRUN�LQ�GLYHUVH�HFRORJLHV�RI�
SUDFWLFH��7KLV�DSSURDFK�KDV�OHG�1LQD�WR�FRQGXFW�UHVHDUFK�SURMHFWV�DQG�GHYHORS�H[SHULPHQWDO�PHWKRGRORJLFDO�WHFKQLTXHV�
LQ�WKH�FRQWH[WV�RI�DUW�DQG�FXUDWLRQ��IDVKLRQ�DQG�WH[WLOHV��ELRGHVLJQ�DQG�VSHFXODWLYH�GHVLJQ��ZDONLQJ�DQG�PDSPDNLQJ��DQG�
VRQLF�JHRJUDSKLHV��

&$52/(�&2//(7� LV� 3URIHVVRU� LQ�'HVLJQ� IRU� 6XVWDLQDEOH� )XWXUHV� DW�&HQWUDO� 6DLQW�0DUWLQV��8QLYHUVLW\� RI� WKH�$UWV�
/RQGRQ��/RQGRQ�1�&��$$��8.��(�PDLO�� F�FROOHW#FVP�DUWV�DF�XN��&DUROH�&ROOHW� LV�'LUHFWRU� RI�0DLVRQ���� WKH�&60��
/90+�6XVWDLQDEOH�,QQRYDWLRQ�3URJUDPPH�VHW�XS�LQ������LQ�SDUWQHUVKLS�ZLWK�WKH�OX[XU\�JURXS�/90+��6KH�LV�DOVR�FR��
GLUHFWRU�RI�WKH�'HVLJQ�	�/LYLQJ�6\VWHPV�/DE��D�UHVHDUFK�ODE�ZKLFK�H[SORUHV�WKH�LQKHUHQW�SURSHUWLHV�RI�ELRORJLFDO�OLYLQJ�
V\VWHPV�WR�GHYHORS�QHZ�NQRZOHGJH�LQ�WKH�ILHOG�RI�HFRORJ\�YLD�FUHDWLYH�SUDFWLFHV�LQ�DUW��GHVLJQ�DQG�DUFKLWHFWXUH��$V�DQ�
HGXFDWRU�� VKH�KDV�SLRQHHUHG� WKH� LQWHJUDWLRQ�RI� VXVWDLQDELOLW\� LQ� WKH�FXUULFXOXP�E\� IRXQGLQJ�QHZ�FRXUVHV� VXFK�DV�0$�
7H[WLOH�)XWXUHV�LQ�������QRZ�0DWHULDO�)XWXUHV��DQG�WKH�ILUVW�0$�LQ�%LRGHVLJQ�LQ�������,Q�KHU�UHVHDUFK��&ROOHW�TXHVWLRQV�
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