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H�PDLO���MVRPFKDL#FKXOD�DF�WK

$%675$&7

7KH�UHFRJQLWLRQ�RI�WHQ�7KDL�LVRODWHG�QXPHUDOV�IURP�]HUR�WR�QLQH
DQG����7KDL�SRO\V\OODELF�ZRUGV�DUH�FRPSDUHG�EHWZHHQ�GLIIHUHQW
UHFRJQLWLRQ� WHFKQLTXHV�� QDPHO\�� 1HXUDO� 1HWZRUN�� 0RGLILHG
%DFNSURSDJDWLRQ�1HXUDO�1HWZRUN�� )X]]\�1HXUDO�1HWZRUN�� DQG
+LGGHQ� 0DUNRY� 0RGHO�� � 7KH� ���VWDWH� OHIW�WR�ULJKW� GLVFUHWH
KLGGHQ� PDUNRY� PRGHO� LQ� FRRSHUDWLRQ� ZLWK� WKH� YHFWRU
TXDQWL]DWLRQ�WHFKQLTXH�KDV�EHHQ�VWXGLHG�DQG�FRPSDUHG�ZLWK�WKH
PXOWLOD\HU� SHUFHSWURQ� QHXUDO� QHWZRUN� XVLQJ� WKH� HUURU
EDFNSURSDJDWLRQ�� WKH�PRGLILHG� EDFNSURSDJDWLRQ�� DQG� DOVR�ZLWK
WKH� IX]]\�QHXUDO� QHWZRUN� ZLWK� WKH� VDPH� FRQILJXUDWLRQ�� � 7KH
UHFRJQLWLRQ� HUURU� RQ� 7KDL� LVRODWHG� QXPHUDOV� XVLQJ� WKH
FRQYHQWLRQDO�QHXUDO�QHWZRUN�� WKH�PRGLILHG�QHXUDO� QHWZRUN�� WKH
IX]]\�QHXUDO�QHWZRUN��DQG�WKH�KLGGHQ�PDUNRY�PRGHO�WHFKQLTXHV
DUH� ������ SHUFHQW�� ������ SHUFHQW�� ����� SHUFHQW�� DQG� �����
SHUFHQW�UHVSHFWLYHO\�

���,1752'8&7,21

9DULRXV�VSHHFK�UHFRJQLWLRQ�WHFKQLTXHV�KDYH�EHHQ�SURSRVHG�DQG
DSSOLHG� WR� (QJOLVK� ODQJXDJH�� � 7KH� KLGGHQ� PDUNRY� PRGHO
�+00�� DQG� WKH� QHXUDO� QHWZRUN� �11�� DUH� DPRQJ� WKH� PRVW
SRSXODU� DSSURDFKHV� WKDW� KDYH� EHHQ� LPSOHPHQWHG�� � 7KH� IX]]\
WHFKQLTXHV� LQ� FRRSHUDWLRQ� ZLWK� WKH� QHXUDO� QHWZRUN� KDYH� DOVR
EHHQ�DSSOLHG�RQ�FODVVLILFDWLRQ�VFKHPH�� �7KH� LPSOHPHQWDWLRQ�RI
WKHVH� DSSURDFKHV� WR� 7KDL� VSHHFK� UHFRJQLWLRQ� KDV� EHHQ� VWXGLHG
DQG�FRPSDUHG���7KH����7KDL�SRO\V\OODELF�ZRUGV�FRPSULVH�VLQJOH
V\OODEOH� ZRUGV�� GRXEOH� V\OODEOHV� ZRUGV�� DQG� WULSOH� V\OODEOHV
ZRUGV�� ���ZRUGV� LQ� HDFK� VHW�� DQG� WKH� RWKHU� WHQ� 7KDL� QXPHUDOV
IURP�]HUR�WR�QLQH���7KH�VSHFLILF�FKDUDFWHULVWLFV�RI�7KDL�QXPHUDO
XWWHUDQFHV�KDYH� VRPH� UHVHPEODQFH�EHWZHHQ� HDFK� XWWHUDQFH�� IRU
LQVWDQFH�� WRQDO� OHYHOV� DQG� LQLWLDO� FRQVRQDQW� VRXQG�� WKDW� PDNH
UHFRJQLWLRQ�PRUH�FRPSOLFDWHG� WKDQ�RWKHU� ODQJXDJHV�� �+RZHYHU�
WKHUH� DUH� PDQ\� UHVHDUFKHV� RQ� 7KDL� VSHHFK� UHFRJQLWLRQ
DSSURDFKHV��IRU�H[DPSOH��G\QDPLF�WLPH�ZDUSLQJ��'7:��>�@�>�@�
/3&�ZLWK� EDFNSURSDJDWLRQ� QHXUDO� QHWZRUN� >�@�>�@�� DQG� KLGGHQ
PDUNRY� PRGHO� ZLWK� YHFWRU� TXDQWL]DWLRQ� >�@�>�@�� KDYH� EHHQ
FRQGXFWHG���7KLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��,Q�6HFWLRQ����WKH
7KDL� VSHHFK� UHFRJQLWLRQ� DSSURDFKHV� DUH� LQWURGXFHG� LQ� GHWDLOV�
,Q� 6HFWLRQ� ��� WKH� H[SHULPHQWDO� UHVXOWV� DUH� FRPSDUHG� DQG
GLVFXVVHG�� � )LQDOO\�� WKH� FRQFOXVLRQ� RI� WKH� VSHHFK� UHFRJQLWLRQ
DSSURDFKHV�ZLWK�WKH�UHFRJQLWLRQ�V\VWHP�FRQILJXUDWLRQ�DV�VKRZQ
LQ�)LJXUH���DW�WKH�HQG�RI�WKLV�FRUUHVSRQGHQFH�

���7+$,�63((&+�5(&2*1,7,21
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7KH�VSHHFK�UHFRJQLWLRQ�DSSURDFKHV�DSSOLHG�WR�7KDL� ODQJXDJH²
WKH� KLGGHQ� PDUNRY� PRGHO�� WKH� QHXUDO� QHWZRUN�� WKH� PRGLILHG
EDFNSURSDJDWLRQ� QHXUDO� QHWZRUN�� DQG� WKH� IX]]\�QHXUDO
QHWZRUN²DUH�GHVFULEHG�LQ�GHWDLOV�DV�IROORZV�

���� 1HXUDO�1HWZRUN

7KH� QHXUDO� QHWZRUN� �11�� HPSOR\HG� LQ� 7KDL� QXPHUDOV
UHFRJQLWLRQ� LV� WKH�PXOWLOD\HU�SHUFHSWURQ�QHXUDO�QHWZRUN� �0/3�
11��XVLQJ�WKH�HUURU�EDFNSURSDJDWLRQ�DOJRULWKP�LQ�WUDLQLQJ��>�@�
>�@��7KH�QHXUDO�QHWZRUN�FRQILJXUDWLRQ�KDV�����LQSXW�QRGHV�ZLWK
RQH����QRGH�RU�RQH����QRGH�KLGGHQ�OD\HU�DQG����RXWSXW�QRGHV
FRUUHVSRQGLQJ�WR����7KDL�QXPHUDOV���7KH�LQSXW�VSHHFK�VHTXHQFH
PXVW� EH� WLPH�QRUPDOL]HG� WR� ILW� WKH� LQSXW� QRGH� RI� WKH� QHWZRUN�
7KH� LQSXW� VHTXHQFHV� FRPSRVH� RI� ��� IHDWXUH� YHFWRUV�� HDFK
FRPSULVHV���� OLQHDU�SUHGLFWLRQ�FRHIILFLHQWV� IRU� WKH� WRWDO� RI� ���
FRHIILFLHQWV� IRU� LQSXW� QRGHV� LQ� WKH� LQSXW� OD\HU�� � 7KH� QHXUDO
QHWZRUN�FRQILJXUDWLRQ�LV�VKRZQ�LQ�)LJXUH���

���� 0RGLILHG�%DFNSURSDJDWLRQ
1HXUDO�1HWZRUN

7KH� PRGLILHG� HUURU� EDFNSURSDJDWLRQ� QHXUDO� QHWZRUN� KDV� EHHQ
SURSRVHG�DQG�DSSOLHG�WR�WKH�7KDL�QXPHUDO�UHFRJQLWLRQ�>�@���7KH
FODVVLFDO�HUURU�EDFNSURSDJDWLRQ�DOJRULWKP�KDV�EHHQ�PRGLILHG� WR
LPSURYH� WKH� VORZQHVV� RI� FRQYHUJHQFH� DQG� WKH� UHFRJQLWLRQ
DFFXUDF\�RI�D�FRQYHQWLRQDO�QHXUDO�QHWZRUN�� �7KH�PRGLILFDWLRQV
KDYH� EHHQ� PDGH� RQ� WKH� VORSH� DGDSWDWLRQ� RI� WKH� DFWLYDWLRQ
IXQFWLRQ� DQG� WKH� PRPHQWXP� ZHLJKWLQJ� DGMXVWPHQW� SDUDPHWHU
KDV�EHHQ�DGGHG�

7KH� VLJPRLG� DFWLYDWLRQ� IXQFWLRQ� XVHG� LQ� WKH� QHXUDO� QHWZRUN� LV
VKRZQ�LQ������ �7KH�VORSH�D�RI� WKH�DFWLYDWLRQ� IXQFWLRQ�KDV�EHHQ
PRGLILHG� WR� EH� DGDSWLYH� WR� WKH� HUURU� GXULQJ� WUDLQLQJ�� � 7KH
XSGDWLQJ�VFKHPH�RI�WKH�DFWLYDWLRQ�IXQFWLRQ�LV�VKRZQ�LQ�����DQG
����XVLQJ�WKH�JUDGLHQW�GHVFHQW�PHWKRG���7KH�P

D
�LV�WKH�PRPHQWXP

DGMXVWPHQW� SDUDPHWHU� IRU� D�� WKHQ�� WKH� PRPHQWXP� DGMXVWPHQW
SDUDPHWHU�IRU�ZHLJKW�XSGDWLQJ�KDV�EHHQ�DGGHG�DV�VKRZQ�LQ� WKH
ODVW�WHUP�RI�������7KLV�ZLOO�KHOS�WKH�XSGDWHG�ZHLJKW�YDOXH�QRW�WR
EH� D� ORFDO�PLQLPD� YDOXH� DQG� FRXOG� OHDG� WR� WKH� ORFDO� RSWLPXP
YDOXH�
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7HVWLQJ�3URFHGXUHV7UDLQLQJ�3URFHGXUHV

6LJQDO�3UHSURFHVVLQJ

)HDWXUH�0HDVXUHPHQW

)X]]\

)HDWXUH
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)X]]\

2XWSXW

9HFWRU

0/3

1HXUDO�1HWZRUN

6LJQDO�3UHSURFHVVLQJ

)HDWXUH�0HDVXUHPHQW

)X]]\�)HDWXUH�0HDVXUHPHQW

0/3

1HXUDO�1HWZRUN

'HFLVLRQ�0DNLQJ�$OJRULWKP

)LJXUH����)X]]\�1HXUDO�1HWZRUN�3URFHVVLQJ�'LDJUDP��>�@
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���� )X]]\�1HXUDO�1HWZRUN

7KH� )X]]\� WHFKQLTXH� LQ� FRRSHUDWLRQ� ZLWK� WKH� 1HXUDO� 1HWZRUN
KDV� EHHQ� DSSOLHG� WR� UHFRJQL]H� WKH� VSHDNHU�LQGHSHQGHQW� 7KDL
QXPHUDOV� UHFRJQLWLRQ� >�@� FRPSDUHG� WR� WKH� FRQYHQWLRQDO
PXOWLOD\HU� SHUFHSWURQ� QHXUDO� QHWZRUN�� )URP� WKH� IX]]\� VHW
WKHRU\��D�SDWWHUQ�³U´�VXEVHW�RI�WKH�XQLYHUVH�³5´�KDV�EHHQ�FUHDWHG
GXH�WR� WKH�JUDGH�RI�PHPEHUVKLS�ZLWK� WKH�PHPEHUVKLS� IXQFWLRQ
P$�U�� WR� D� IX]]\� VHW� $� DV� VKRZQ� LQ� ����� � 7KH� PRGLILHG
RYHUODSSLQJ� WUDSH]RLGDO� IX]]\�PHPEHUVKLS� IXQFWLRQV� DV� VKRZQ
LQ� )LJXUH� �� KDYH� EHHQ� IXQFWLRQHG� WR� FRQYHUW� D� ���RUGHU� /3
IHDWXUH�YHFWRU� LQWR�D����RUGHU�IX]]\�PHPEHUVKLS�IHDWXUH�YHFWRU
DV�VKRZQ�LQ�����DQG�WKHQ�SDVV�WR�WKH�QHXUDO�QHWZRUN�LQSXWV���7KH
FODVV�PHPEHUVKLS�IXQFWLRQ�KDV�EHHQ�PRGLILHG�WR�KDYH�WKH�RXWSXW
YDOXH�ZLWKLQ�WKH�UDQJH�RI�]HUR�WR�RQH��>���@��ZKLFK�LQGLFDWHV�WKH
GHJUHH�RI� VLPLODULW\� WR� WKDW� FODVV�� � 7KH� SURFHVV� RI� WUDLQLQJ� DQG
WHVWLQJ�XVLQJ�IX]]\�QHXUDO�QHWZRUN�LV�VKRZQ�LQ�)LJXUH���ZKHUH
WKH�FODVV�PHPEHUVKLS�IXQFWLRQ�KDV�EHHQ�HPSOR\HG�LQ� WKH�IX]]\
IHDWXUH�PHDVXUHPHQW�DQG�IX]]\�RXWSXW�YHFWRU�
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���� +LGGHQ�0DUNRY�0RGHO

7KH� GLVFUHWH� KLGGHQ� PDUNRY� PRGHO� �'+00�� DSSOLHG� WR� 7KDL
VSHHFK�UHFRJQLWLRQ�>�@�LV�D����VWDWH�OHIW�WR�ULJKW�PRGHO�DV�VKRZQ
LQ�)LJXUH���ZLWK�WKH�SURSHUW\�RI�VWDWH�WUDQVLWLRQ�SUREDELOLWLHV�DLM
DV� VKRZQ� LQ� ����� � 7KH�PRGHO� FRQILJXUDWLRQ� KDV� EHHQ�PRGLILHG
DQG� DGDSWHG� WR� DFFRPPRGDWH� WKH� FKDUDFWHULVWLFV� RI� 7KDL
ODQJXDJH� DQG� WKH�SRO\V\OODELF�ZRUGV�� � 7KH� YHFWRU� TXDQWL]DWLRQ
DOJRULWKP� LQ�FRRSHUDWLRQ�ZLWK� WKH�'+00�KDV�EHHQ�DSSOLHG� WR
UHSODFH� D� ���RUGHU� /3� FRHIILFLHQW� IHDWXUH� YHFWRU� ZLWK� D� VLQJOH
VFDODU�YDOXH�RI�����YHFWRU� FRGHERRN�ZLWK�PLQLPXP�GLVWRUWLRQ�
7KH� .�0HDQ� FOXVWHULQJ� DOJRULWKP� KDV� EHHQ� HPSOR\HG� LQ
FRGHERRN� WUDLQLQJ� WR�FUHDWH� WKH�����YHFWRU� UHIHUHQFH�FRGHERRN
IRU� YHFWRU� TXDQWL]DWLRQ� XVLQJ� PHDQ�VTXDUHG� HUURU� �06(�
GLVWRUWLRQ�PHDVXUH�� � 7KH� IRUZDUG�EDFNZDUG� SURFHGXUH� DQG� WKH
%DXP�:HOFK� UHHVWLPDWLRQ� SURFHGXUH� KDYH� EHHQ� HPSOR\HG
GXULQJ� WUDLQLQJ� SURFHVV�� � 2Q� XQNQRZQ� XWWHUDQFHV� WHVWLQJ�� WKH
9LWHUEL�DOJRULWKP�KDV�EHHQ�DSSOLHG�
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7KH� UHFRJQLWLRQ� V\VWHPV� SUHVHQWHG� LQ� WKLV� FRUUHVSRQGHQFH� DUH
EDVHG�RQ�WKH�VDPH�FRQILJXUDWLRQ�DQG�VSHHFK�GDWDEDVHV�EXW�ZLWK
GLIIHUHQW� UHFRJQLWLRQ� DSSURDFKHV� DV� VKRZQ� LQ� )LJXUH� ��� � 7KH
������ 7KDL� XWWHUDQFHV� RI� ��� SRO\V\OODELF� ZRUGV� IURP� ���PDOH
DQG� IHPDOH� VSHDNHUV� DUH� UHFRUGHG� WZLFH� DW� ���ELW� DQG� ������
.+]�VDPSOLQJ�UDWH���7KH�VSHHFK�VDPSOHV�DUH�SDVVHG�WKURXJK�WKH
VLJQDO� SUHSURFHVVLQJ��VLJQDO� SUHHPSKDVLV�� IUDPH� EORFNLQJ�� DQG
VPRRWKLQJ� ZLQGRZ�� � 7KH� VLJQDO� LV� SUHHPSKDVL]HG� XVLQJ� WKH
WUDQVIHU� IXQFWLRQ�������]���DQG� VPRRWKLQJ�ZLQGRZHG�XVLQJ���
PV� +DPPLQJ� ZLQGRZ� ZLWK� �� PV� IUDPH� VKLIW�� � � 7KH� ���RUGHU
/LQHDU�3UHGLFWLRQ��/3��FRHIILFLHQW�DQDO\VLV�LV�DSSOLHG�IRU�VSHHFK
IHDWXUH� H[WUDFWLRQ� IURP� HDFK� VSHHFK� IUDPH� DV� D� IHDWXUH� YHFWRU
IRUPLQJ�IHDWXUH�YHFWRU�VHTXHQFH�RI�VSHHFK�XWWHUDQFH�IRU�WUDLQLQJ
DQG�WHVWLQJ�

7KH�UHFRJQLWLRQ�UHVXOWV�RQ�7KDL�QXPHUDOV�DQG�SRO\V\OODELF�ZRUG
UHFRJQLWLRQ� XVLQJ� WKH� KLGGHQ� PDUNRY� PRGHO�� QHXUDO� QHWZRUN�
DQG� IX]]\�QHXUDO� QHWZRUN� DUH� VKRZQ� LQ� 7DEOH� ��� � 7KH
UHFRJQLWLRQ� HUURU� UDWH� XVLQJ� WKH� KLGGHQ� PDUNRY� PRGHO�� WKH
QHXUDO� QHWZRUN�� WKH� PRGLILHG� QHXUDO� QHWZRUN�� DQG� WKH� IX]]\�
QHXUDO� QHWZRUN� DUH� ��������� ��������� ������ ��� DQG� ����� �
UHVSHFWLYHO\�� � )URP� WKH� UHFRJQLWLRQ� UHVXOW�� WKH� KLGGHQ� PDUNRY
PRGHO� KDV� WKH� KLJKHVW� DFFXUDF\� DPRQJ� RWKHU� WHFKQLTXHV��QRW
UHTXLUHG� WR� KDYH� WKH� VLJQDO� WLPH�QRUPDOL]HG� FRPSDUHG� WR� WKH
QHXUDO�QHWZRUN���,Q�RWKHU�ZRUGV�� WKH�KLGGHQ�PDUNRY�PRGHO�KDV
QR�FRQVWUDLQW�RQ�WKH�OHQJWK�RI�WKH�LQSXW�VHTXHQFHV���,Q�QXPHUDOV
UHFRJQLWLRQ�� HUURU� UDWH� KDV� EHHQ� UHGXFHG� E\� ������ �� XVLQJ
+00� FRPSDUHG� WR� WKH� FRQYHQWLRQDO� QHXUDO� QHWZRUN�� � 7KH
UHFRJQLWLRQ�HUURU�UDWH�KDV�EHHQ�UHGXFHG�E\���������DQG��������
XVLQJ�WKH�PRGLILHG�QHXUDO�QHWZRUN�DQG�WKH�IX]]\�QHXUDO�QHWZRUN
UHVSHFWLYHO\�FRPSDUHG�WR�WKH�FRQYHQWLRQDO�QHXUDO�QHWZRUN�

7KH� VXEVWDQWLDO� GHFOLQH� RQ� WKH� UHFRJQLWLRQ� HUURU� UDWH� RI� WKH
PRGLILHG�QHXUDO�QHWZRUN�RYHU� WKH�FRQYHQWLRQDO�QHXUDO�QHWZRUN
UHVXOWV�IURP�WKH�FDSDELOLW\�DQG�IOH[LELOLW\�RI�WKH�VORSH�DGDSWDWLRQ
WR�HUURUV�DQG�WKH�PRPHQWXP�SDUDPHWHUV�RQ�ZHLJKW�XSGDWLQJ� LQ
WKH� HUURU� EDFNSURSDJDWLRQ� DOJRULWKP� GXULQJ� WUDLQLQJ�� � 7KH
PRGLILFDWLRQ� RQ� WKH� EDFNSURSDJDWLRQ� DOJRULWKP� RIIHUV� D
VLJQLILFDQW�LPSURYHPHQW�WR�WKH�QHXUDO�QHWZRUN�

7KH�IX]]\�QHXUDO�QHWZRUN�KDV�VKRZQ�D�YDVW�LPSURYHPHQW�LQ�WKH
UHFRJQLWLRQ�DFFXUDF\�RYHU�WKH�PRGLILHG�QHXUDO�QHWZRUN�DQG�WKH
FRQYHQWLRQDO� QHXUDO� QHWZRUN�� � 7KH� FODVV� PHPEHUVKLS� IXQFWLRQ
RXWSXW� YDOXH� RI� WKH� IX]]\�QHXUDO� QHWZRUN� KDV� EHHQ� PRGLILHG
RYHU� WKH�FRQYHQWLRQDO�FODVV�PHPEHUVKLS�YDOXH�WR�EH�ZLWKLQ� WKH
UDQJH� RI� ]HUR� WR� RQH�� � 7KLV� PRGLILFDWLRQ� OHDGV� WR� D� PDMRU
LPSURYHPHQW� LQ� UHFRJQLWLRQ� UDWH� RYHU� WKH� UHJXODU� FODVV
PHPEHUVKLS�YDOXH�DV�ZHOO�

���6800$5<

7KLV� FRUUHVSRQGHQFH� KDV� SUHVHQWHG� WKH� FRPSDUDWLYH� UHYLHZ� RI
GLIIHUHQW� UHFRJQLWLRQ�DSSURDFKHV�RQ� WKH� LVRODWHG�7KDL�QXPHUDOV
DQG� WKH� 7KDL� SRO\V\OODELF� ZRUGV� UHFRJQLWLRQ�� � 7KH� KLGGHQ
PDUNRY�PRGHO�VKRZV�SURPLVLQJ�UHFRJQLWLRQ�DFFXUDF\�RYHU�RWKHU
DSSURDFKHV�� �0RGLILFDWLRQ� RQ� HUURU� EDFNSURSDJDWLRQ� DOJRULWKP
DQG� WKH� IX]]\� HPEHGGHG� LQWR� QHXUDO� QHWZRUN� KDYH� VKRZQ� WKH
VXEVWDQWLDO� LPSURYHPHQW� LQ� UHFRJQLWLRQ� UDWH� RYHU� WKH
FRQYHQWLRQDO� QHXUDO� QHWZRUN�� � )URP� WKHVH� UHVHDUFKHV� DQG

H[SHULPHQWV��WKH�DSSOLFDWLRQ�RI�7KDL�VSHHFK�UHFRJQLWLRQ�V\VWHP
FRXOG�EH�UHDOLVWLF�LQ�WKH�QHDU�IXWXUH�

���$&.12:/('*(0(17

7KH� DXWKRUV� ZRXOG� OLNH� WR� DFNQRZOHGJH� WKH� 'LJLWDO� 6LJQDO
3URFHVVLQJ� 5HVHDUFK� /DERUDWRU\�� 'HSDUWPHQW� RI� (OHFWULFDO
(QJLQHHULQJ��)DFXOW\�RI�(QJLQHHULQJ��&KXODORQJNRUQ�8QLYHUVLW\
DQG� WKH� 7HOHFRPPXQLFDWLRQ� &RQVRUWLXP� 6FKRODUVKLS�� 1DWLRQDO
6FLHQFH�DQG�7HFKQRORJ\�'HYHORSPHQW�$JDQF\��167'$��RQ�WKH
VXSSRUW�RI�WKHVH�UHVHDUFKHV�
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