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&KDSWHU��� &XVWRP�,QWHJUDWHG�&LUFXLWV

$FDGHPLF�DQG�5HVHDUFK�6WDII
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8QGHUJUDGXDWH�6WXGHQWV

1HHOLPD�<HGGDQDSXGL

7HFKQLFDO�DQG�6XSSRUW�6WDII

6XVDQ�(��&KDIH��'RURWK\�$��)OHLVFKHU

��� ,QWHUDFWLYH�/HDUQLQJ�(QYLURQPHQW�
IRU�,QWHJUDWHG�&LUFXLW�'HVLJQ

6SRQVRU

,%0�&RUSRUDWLRQ

3URMHFW�6WDII

3URIHVVRU�-RQDWKDQ�$OOHQ��'U��&KULVWRSKHU�-��7HUPDQ

3URJUHVV� FRQWLQXHV� RQ� WKH� LPSOHPHQWDWLRQ� RI� DQ
LQWHUDFWLYH�OHDUQLQJ�HQYLURQPHQW�IRU�9/6,�GHVLJQ��7KH
PDMRU�JRDO�RI�WKLV�UHVHDUFK�LV�WR�GHVLJQ�D�FRPSXWHU�
EDVHG�OHDUQLQJ�HQYLURQPHQW�WKDW�LQFOXGHV�D�WH[W�ZLWK
DFWLYH� OLQNV� WR� VFKHPDWLF� DQG� OD\RXW� HGLWRUV�� DORQJ
ZLWK� H[WUDFWLRQ� DQG� VLPXODWLRQ� SURJUDPV��8VLQJ� WKLV
DUUDQJHPHQW�� WKH� YDOXH� DGGHG� RYHU� FXUUHQWO\� DYDLO�
DEOH�WHFKQLTXHV�LV�WKDW�VHYHUDO�WRROV�DQG�GLVSOD\V�DUH
VHDPOHVVO\� LQWHJUDWHG�� XVLQJ� HDV\� FRPPDQGV�� WR
SURYLGH�D�³ORZ�EDUULHU´�PHDQV�WR�H[SORUH�WKH�GHWDLOHG
EHKDYLRU�RI�LQWHJUDWHG�FLUFXLWV��

7H[W� FKDSWHUV� DUH� FRRUGLQDWHG� ZLWK� DQ� H[SDQGDEOH
WDEOH�RI�FRQWHQWV��PXFK�OLNH�D�3&�ILOH�V\VWHP�GHVFULS�
WLRQ��VR�LW�LV�HDV\�WR�MXPS�DURXQG�LQ�WKH�WH[W�LQ�D�³QRQ�
OLQHDU´�PDQQHU��7KH�ILJXUHV�LQLWLDOO\�SURYLGHG�ZLWK�WKH
WH[W�FKDSWHUV�KDYH�EHHQ�UHGUDZQ�LQ�GLJLWDO�IRUP�DQG
LQVHUWHG�LQ�WKH�DSSURSULDWH�SODFH�ZLWKLQ�WKH�WH[W��)RU
DOO�WKH�WH[W�ILJXUHV�WKDW�DUH�FLUFXLW�VFKHPDWLFV��DQG�WKH
FLUFXLW�OHYHO�RI�UHSUHVHQWDWLRQ�LV�FRQVLGHUHG�FHQWUDO�LQ
WKLV�DSSURDFK���D�EXWWRQ�LV�SURYLGHG�LQ�WKH�WH[W�QH[W�WR

WKH�ILJXUH��:KHQ�WKH�XVHU�FOLFNV�RQ�WKLV�EXWWRQ��D�QHZ
HQYLURQPHQW� ZLQGRZ�� FDOOHG� -$'(�� LV� RSHQHG�� ,QL�
WLDOO\��WKLV�ZLQGRZ�VKRZV�WKH�FLUFXLW�VFKHPDWLF��EXW�LW
LV� QRZ� WKH� GLVSOD\� RI� D� FLUFXLW� VFKHPDWLF� HGLWRU�� $
FRPSOHWH� OLEUDU\� RI� FLUFXLW� SULPLWLYHV� LV� SURYLGHG�� D
YDULHW\� RI� VRXUFHV� DQG� VLPXODWLRQ� DLGV� �VXFK� DV
³DPPHWHUV´�� LV� DYDLODEOH�� DQG� WKH� XVHU� FDQ� DFFHVV
VHYHUDO�OLEUDULHV�WKDW�FRQWDLQ�SUHYLRXVO\�GHVLJQHG�FLU�
FXLW�PRGXOHV��,Q�WKLV�ZD\��WKH�FLUFXLW�SUHVHQWHG�LQ�WKH
WH[W�FDQ�EH�HDVLO\�PRGLILHG���2I�FRXUVH��WKH�XVHU�FDQ
DOVR�GHVLJQ�D�FLUFXLW�IURP�VFUDWFK��ZKLFK�FDQ�WKHQ�EH
FRPSDUHG�ZLWK�RWKHU�GHVLJQV� WKDW�SURYLGH� WKH�VDPH
IXQFWLRQDOLW\��

2QFH�WKH�XVHU�KDV�GHWHUPLQHG�D�VFKHPDWLF�GHVLJQ��LW
FDQ� EH� ³H[WUDFWHG´� LQWR� WKH� IRUP� RI� D� 63,&(� LQSXW
GHFN��,W� LV�RIWHQ�XVHIXO� WR� LQVSHFW� WKLV�UHSUHVHQWDWLRQ
RI�WKH�FLUFXLW��DQG�LW�FDQ�EH�HDVLO\�HGLWHG�DV�D�WH[W�ILOH�
1H[W�� WKH� XVHU� FDQ� VLPXODWH� WKH� FLUFXLW� E\� XVLQJ� D
PRGLILHG�YHUVLRQ�RI�63,&(��$�ZDYHIRUP�GLVSOD\�SUR�
JUDP�LV�SURYLGHG�WKDW�VHHNV�WR�HPXODWH�WKH�ORRN�DQG
IHHO� �LQ� WHUPV� RI� FRQWUROV�� RI� DQ� RVFLOORVFRSH�� ,W� LV
HDV\�WR�UHDG�RII�WLPH�DQG�YROWDJH��RU�FXUUHQW��YDOXHV
IURP� ZDYHIRUPV�� DQG� WR� FRPSXWH� WLPH� DQG� YROWDJH
�RU� FXUUHQW�� GLIIHUHQFHV�� ZKLFK� DUH� FRQYHQLHQW� WR
KDYH��7KH�GLVSOD\�FDQ�EH�VFDOHG�DQG�]RRP�FRQWURO�LV
SURYLGHG��7KH�GLVSOD\�RI�WKH�FLUFXLW�VFKHPDWLF�DQG�WKH
FRUUHVSRQGLQJ�ZDYHIRUP�GLVSOD\�DUH�VKRZQ�VLGH�E\
VLGH�� VR� WKDW� WKH� XVHU� FDQ� HDVLO\� PRGLI\� WKH� FLUFXLW
DQG� DVFHUWDLQ� WKH� ZDYHIRUP� UHVXOWV� RI� WKH� FKDQJH
TXLFNO\�DQG�HDVLO\�
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  Chapter 1.  Custom-Integrated Circuits

288   RLE Progress Report Number 140 

,Q�RUGHU�WR�JDLQ�D�VHQVH�RI�WKH�XWLOLW\�RI�WKLV�OHDUQLQJ
HQYLURQPHQW�� FRQVLGHU� WKH� GHVLJQ� RI� D� VLPSOH� WZR�
LQSXW� 1$1'� JDWH� LQ� &026�� :KLOH� PRVW� VWXGHQWV
UHDGLO\� XQGHUVWDQG� WKH� '&� EHKDYLRU� RI� WKH� 1$1'
JDWH�DQG�WKH�FRPSOHPHQWDU\�QDWXUH�RI�WKH�SXOOXS�DQG
SXOOGRZQ�FLUFXLWV��LW�LV�OHVV�FRPPRQ�WR�SUREH�WKH�LQWH�
ULRU�QRGHV�RI�WKH�FLUFXLW�LQ�RUGHU�WR�XQGHUVWDQG�IDFWRUV
WKDW� GHWHUPLQH� WKH� SHUIRUPDQFH� RI� WKH� FLUFXLW�� )RU
H[DPSOH��LI�WKH�VHTXHQFH�RI� LQSXWV�LV�VXFK�WKDW�ERWK
SXOOGRZQ�)(7V�DUH�21��DQG� WKHQ� WKH�ERWWRP�RQH� LV
WXUQHG�RII��WKH�QRGH�EHWZHHQ�WKHP�ZLOO�FKDUJH�XS�WR
RQH�WKUHVKROG��LQFOXGLQJ�ERG\�HIIHFW��GRZQ�IURP�WKH
VXSSO\�YROWDJH��DQG�WKH�XSSHU�)(7�LV��MXVW��FXW�RII��,Q
DGGLWLRQ��WKLV�XSSHU�)(7�KDV�D�ODUJH�ERG\�HIIHFW��DQG
ZKHQ�WKH�ERWWRP�)(7�JRHV�21��LW�LV�LPSRUWDQW�WR�SXOO
GRZQ�WKLV�LQWHULRU�QRGH�DV�IDVW�DV�SRVVLEOH�VR�WKDW�WKH
XSSHU� SXOOGRZQ�)(7� JRHV�21� TXLFNO\�� 7KLV� FDQ� EH
IDFLOLWDWHG� E\� ZLGHQLQJ� WKH� ERWWRP� SXOOGRZQ� )(7�
7KXV��WKH�HIIHFW�RQ�WKH�VSHHG�RI�WKH�1$1'�JDWH�FDQ
EH�HDVLO\�VHHQ�LQ�WKLV�OHDUQLQJ�HQYLURQPHQW��DQG�WKH
HIIHFW� RQ� FLUFXLW� SHUIRUPDQFH� RI� GHYLFH� SDUDPHWHU
FKDQJHV�LV�HDVLO\�XQGHUVWRRG��,W�LV�LPSRUWDQW�WR�UHDO�
L]H�WKDW�HYHQ�VLPSOH�FLUFXLWV��VXFK�DQG�WKH�WZR�LQSXW
1$1'��RIWHQ�KDYH�LQWHUHVWLQJ�DVSHFWV�UHYHDOHG�E\�D
GHWDLOHG�VLPXODWLRQ��DQG� WKDW�D�VWXGHQW¶V� FRQILGHQFH
LQ�XQGHUVWDQGLQJ� LV�HQKDQFHG�E\�XVLQJ� WKLV� OHDUQLQJ
HQYLURQPHQW��

6XEVWDQWLDO�³WXQLQJ´�RI�WKH�HQYLURQPHQW�LV�XQGHUZD\�
$OVR��WKH�OD\RXW�HQYLURQPHQW��ZLWK�HGLWRU�DQG�GLVSOD\
PXVW�EH�FRPSOHWHG�DQG� LQWHJUDWHG� LQWR� WKH�HQYLURQ�
PHQW��:KHQ�WKLV�LV�GRQH��LW�ZLOO�EH�SRVVLEOH�WR�H[WUDFW
WKH�63,&(�LQSXW�³GHFN´�IURP�WKH�FLUFXLW�VFKHPDWLF��RU
WKH� OD\RXW�� RU� ERWK�� VR� WKH\� FDQ� EH� FRPSDUHG��7KH
HQYLURQPHQW�LV�FRGHG�LQ�-DYD��DQG�KHQFH�FDQ�UXQ�RQ
PDQ\� SODWIRUPV�� LQFOXGLQJ� RYHU� WKH� QHWZRUN� DV� DQ
DSSOLFDWLRQ�FRQWUROOHG�E\�D�EURZVHU��7KXV�� WKH�HQYL�
URQPHQW�VKRXOG�EH�KLJKO\�SRUWDEOH�DQG�DFFHVVLEOH�

��� 9LVLRQ�3URMHFW

6SRQVRUV

:�0��.HFN�)RXQGDWLRQ
&DWDO\VW�)RXQGDWLRQ

3URMHFW�6WDII

'U��-RVHSK�)��5L]]R��,,,��3URIHVVRU�-RKQ�/��:\DWW��-U��
0LFKDHO�6RFKD���'U��0RKDPHG�6KDKLQ���'U��'RXJODV
6KLUH��� -DPHV� +RZDUG��� 7HUU\� +HUQGRQ��� 'U�� 5DOSK
-HQVHQ���'U�� -RKQ�/RHZHQVWHLQ���'DQLHOOH�/H%ODQF��

$QGUHZ� (��*UXPHW�� %UDGOH\� -�� /LFKWHQVWHLQ�� 6KDZQ
*��.HOO\��-RVKXD�'��0RVV��1HHOLPD�<HGGDQDSXGL

����� 'HVFULSWLRQ�RI�3URJUHVV�WR�'DWH

7KH� YLVLRQ� SURMHFW� VHHNV� WR� GHYHORS� DQ� LPSODQWDEOH
UHWLQDO� SURVWKHVLV� WR� UHVWRUH� YLVLRQ� WR� EOLQG�SDWLHQWV�
,QGLYLGXDOV�ZKR�DUH�ERUQ�ZLWK�QRUPDO�VLJKW�EXW� WKHQ
ORVH�YLVLRQ�VORZO\�IURP�GHJHQHUDWLRQ�RI�WKHLU�URGV�DQG
FRQHV�DUH�SRWHQWLDO�FDQGLGDWHV���5HWLQLWLV�SLJPHQWRVD
DQG� DJH�UHODWHG� PDFXODU� GHJHQHUDWLRQ� DUH� WZR
LPSRUWDQW�IRUPV�RI�EOLQGQHVV�ZH�KRSH�WR�WUHDW�

2XU� SULPDU\� LPPHGLDWH� JRDOV� DUH� WR� SHUIRUP� WZR
SURRI�RI�FRQFHSW� H[SHULPHQWV�� 7KH� ILUVW� FRQVLVWV� RI
KXPDQ�VXUJLFDO�WULDOV�ODVWLQJ�RQO\�WZR�WR� WKUHH�KRXUV
WR�DVVHVV�ZKDW�EOLQG�SDWLHQWV�FDQ�VHH�ZLWK�D�VLPSOH
���[����PLFURHOHFWURGH�DUUD\�SODFHG�DJDLQVW�WKH�UHW�
LQD�� 7KLV� GHYLFH� ZLOO� EH� UHPRYHG� LPPHGLDWHO\� DIWHU
WKH� H[SHULPHQW�� DV� LW� LV� QRW� LQ� D� IRUP� VXLWDEOH� IRU
FKURQLF� LPSODQWDWLRQ��7KH�VHFRQG� LV�D�VHULHV�RI�DQL�
PDO�VXUJLFDO� WULDOV� LQ�ZKLFK�D�VLPSOH�SURWRW\SH�SURV�
WKHVLV�LV�VXUJLFDOO\�LPSODQWHG��WKH�UDEELW�H\H�LV�VHZQ
XS�ZLWK�QR�KDUGZDUH�SHQHWUDWLQJ� WKH�H\H�� WKH�SURV�
WKHVLV�LV�VWLPXODWHG�YLD�ODVHU�DQG�WKH�LQGXFHG�DFWLYLW\
LQ� WKH� YLVXDO� FRUWH[� LV� HOHFWULFDOO\� UHFRUGHG�� ,I� VXF�
FHVVIXO�� WKLV� H[SHULPHQW� ZLOO� GHPRQVWUDWH� WKDW� RXU
FRQFHSW� LV� IHDVLEOH� LQ� SULQFLSOH�� ZKLOH� WKH� ILUVW� ZLOO
KRSHIXOO\�GHPRQVWUDWH�WKDW�SHUFHSWXDO�TXDOLW\�LV�VXIIL�
FLHQWO\� KLJK� WR� EH� RI� SUDFWLFDO� XVH� WR� EOLQG� SDWLHQWV�
7KH�UHPDLQLQJ�SUREOHP�RI� ORQJ�WHUP�ELRFRPSDWLELOLW\
ZLOO�UHTXLUH�PDMRU�DGGLWLRQDO�HIIRUW�
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3UHSDUDWLRQ�IRU�+XPDQ�6XUJLFDO�7ULDOV

'U�� 'RXJODV� 6KLUH� DQG� 3URIHVVRU� -RKQ�:\DWW� KDYH
GHVLJQHG�D�WKLQ��IOH[LEOH����[����PLFURHOHFWURGH�DUUD\
WKDW�LV�PHFKDQLFDOO\�VXLWDEOH�IRU�VXUJLFDO�LPSODQWDWLRQ
LQ�WKH�H\H�RI�D�EOLQG�YROXQWHHU�IRU�VHYHUDO�KRXUV��'U�
6KLUH�KDV�QRZ�IDEULFDWHG�D�QXPEHU�RI�WKHVH��(OHFWUL�
FDO�WHVWV�RQ�WKH�SODWLQXP�DUUD\V�GHOLYHUHG�VKRZ�WKH\
DUH� RI� KLJK� TXDOLW\�� ZLWK� YHU\� IHZ� RSHQ� FLUFXLWV� RU
VKRUW�FLUFXLWV�DPRQJ� WKH�����PLFURHOHFWURGHV��+RZ�
HYHU� DQ� DOWHUQDWH�PDWHULDO�� DFWLYDWHG� LULGLXP�� DOORZV
URXJKO\� WHQ� WLPHV�PRUH� FKDUJH� WKDQ� SODWLQXP� WR� EH
DSSOLHG�VDIHO\�WR�WKH�UHWLQD��:H�KDYH�GHFLGHG�WR�XVH
DFWLYDWHG� LULGLXP� PLFURHOHFWURGHV� LQ� WKH� KXPDQ
H[SHULPHQWV�DV�VRRQ�DV�WKH\�DUH�UHDG\��EHFDXVH�WKH
H[SDQGHG� VDIH� VWLPXODWLRQ� OHYHOV� LQFUHDVH� RXU
FKDQFHV� RI� FROOHFWLQJ� XVHIXO� GDWD� IURP� WKH� SDWLHQWV�
'U��6KLUH�KDV�GHOLYHUHG�WKH�ILUVW�WZR�EDWFKHV�RI�LULGLXP
DUUD\V�� DQG� 3URIHVVRU� :\DWW� DQG� JUDGXDWH� VWXGHQW
6KDZQ� .HOO\� KDYH� WHVWHG� DQG� DFWLYDWHG� �L�H��� R[L�
GL]HG��VHYHUDO�RI� WKHVH�DUUD\V� LQ�SUHSDUDWLRQ�IRU� WKH
ILUVW�KXPDQ�WULDO�

7HUU\�+HUQGRQ�DQG�-DPHV�+RZDUG�DVVLVW�DV�SDUW�WLPH
FRQVXOWDQWV��0U��+HUQGRQ�GHVLJQHG�WKH�SULQWHG�FLUFXLW
FRQQHFWRU�ZKLFK�DWWDFKHV�WR�WKH�HOHFWURGH�DUUD\V��DV
ZHOO�DV�WKH�JROG�ZHLJKW�ZKLFK�DWWDFKHV�WR�WKH�UHWLQDO
HQG�RI� WKH�HOHFWURGH�DUUD\� WR� IDFLOLWDWH�VXUJLFDO�KDQ�
GOLQJ��0U��+RZDUG�KDV�EXLOW�VHYHUDO�RI�WKH�SULQWHG�FLU�
FXLW� FRQQHFWRUV�� DQG� WKHLU� FDEOH� KDUQHVVHV� WR
FRQQHFW� WR� WKH�VWLPXODWRU�XQLW��DQG�KH�KDV�EXLOW�VHY�
HUDO�JROG�ZHLJKWV�DQG�GHYHORSHG�D�PHWKRG�IRU�DWWDFK�
LQJ�WKHP�WR�WKH�DUUD\V�LQ�D�ELRFRPSDWLEOH�ZD\�

*UDGXDWH�VWXGHQWV�6KDZQ�.HOO\�DQG�%UDGOH\�/LFKWHQ�
VWHLQ�DUH�UHWDLQHG�DV�UHVHDUFK�DVVLVWDQWV�WR�GHYHORS
WKH�HOHFWURQLFV�DQG�VRIWZDUH�QHHGHG� IRU� WKH�KXPDQ
VXUJLFDO� WULDOV��0U�� .HOO\� KDV� GHVLJQHG� DQG� EXLOW� WKH
VWLPXODWRU�V\VWHP�WR�EH�XVHG�LQ�WKH�ILUVW�KXPDQ�WHVWV�
7KH�EDWWHU\�SRZHUHG�V\VWHP�FRQVLVWV�RI�VHYHUDO�GLI�
IHUHQW�XQLWV��7KH�GLJLWDO�XQLW�FRQWUROV� WLPLQJ�SDUDPH�
WHUV� RI� WKH� VWLPXOXV� ZDYHIRUP�ZKLOH� DQ� DQDORJ� XQLW
JHQHUDWHV�WKH�GHVLUHG�ZDYHIRUP�VKDSH��$Q�DUUD\�RI
WHQ�FXUUHQW� VRXUFHV�DQG�GHPXOWLSOH[HUV�GHOLYHUV� WKH
VWLPXOXV�FXUUHQW�SXOVHV�WR�WKH�DSSURSULDWH�RXWSXWV��$
VZLWFKLQJ�FRQWURO�JULG��FRQVLVWLQJ�RI�����VZLWFKHV�� LV
XVHG� WR� VHW� WKH� VWLPXOXV� SDWWHUQ�� ZLWK� HDFK� VZLWFK
GHWHUPLQLQJ� ZKHWKHU� D� JLYHQ� HOHFWURGH� ZLOO� GHOLYHU
FXUUHQW�WR�WKH�UHWLQD��7KH�XVHU�LQWHUIDFHV�WKH�VWLPXOD�
WLRQ� V\VWHP� WKURXJK� DQ� DUUD\� RI� VZLWFKHV�� EXWWRQV�
DQG�NQREV�WR�VHW�WKH�WLPLQJ�DQG�VKDSH�SDUDPHWHUV�RI
WKH� VWLPXOXV�� WKH� OHYHO� RI� VWLPXOXV� FXUUHQW�� DQG� WKH
FRQILJXUDWLRQ�RI�WKH�RXWSXW��7KLV�V\VWHP�LV�DOVR�XVHG

LQ�WHVWLQJ�WKH�DUUD\V�IRU�HOHFWULFDO�IODZV�UHVXOWLQJ�IURP
WKH�IDEULFDWLRQ�SURFHVV��,W�LV�QRZ�UHDG\�IRU�XVH�LQ�WKH
HDUO\�KXPDQ�VXUJLFDO�WULDOV�

0U��/LFKWHQVWHLQ�KDV�GHVLJQHG�D�PRUH�DGYDQFHG�VHF�
RQG�JHQHUDWLRQ� VWLPXODWRU� ZLWK� WZR� QHZ� LQWHUUHODWHG
IHDWXUHV� IRU� KXPDQ� WHVWLQJ�� D� XVHU�IULHQGO\� JUDSKLF
XVHU� LQWHUIDFH��*8,�� WKDW�DOORZV�XV� WR� LQWXLWLYHO\�DQG
HDVLO\� FRQWURO� ZLWK� D� SHUVRQDO� FRPSXWHU� �3&�� WKH
FRXUVH�RI�D�KXPDQ�WHVW�LQ�DQ�RSHUDWLQJ�URRP��DQG�WKH
HOHFWURQLFV� RXWVLGH� WKH� 3&� ZKLFK� WKH� 3&� PXVW
UHVSRQG� WR�DQG�FRQWURO� LQ�RUGHU� WR�VWLPXODWH� WKH�UHW�
LQD�� :KHQ� FRPSOHWH�� WKLV� V\VWHP� ZLOO� DOORZ� XV� WR
SUHVHQW�PRYLQJ�LPDJHV�WR�WKH�SDWLHQW��WR�UDSLGO\�DOWHU
WKH�VWLPXOXV� LQ�UHVSRQVH� WR�SDWLHQW� UHDFWLRQ�� WR�FRQ�
WLQXRXVO\�PRQLWRU�WKH�HOHFWULFDO�FRQGLWLRQ�RI�WKH�VWLPX�
ODWLQJ� DUUD\� DQG� WR� DXWRPDWLFDOO\� UHFRUG� WKH� HQWLUH
VWLPXODWLRQ� KLVWRU\� WKURXJKRXW� WKH� VXUJHU\� IRU� ODWHU
UHSOD\�

7KH�UHWLQDO�VXUJHRQ��'U��-RKQ�/RHZHQVWHLQ��FDPH�WR
WKH�ODERUDWRU\�RQ�ILYH�RFFDVLRQV�WR�OHDUQ�DQG�SUDFWLFH
WKH�VXUJLFDO�WHFKQLTXHV�IRU�UHWLQDO�VWLPXODWLRQ�WKDW�ZH
KDG� OHDUQHG� LQ� WKH� UDEELW�� 3UDFWLFLQJ� RQ� KXPDQ
FDGDYHU�H\HV��'U��/RHZHQVWHLQ�TXLFNO\�EHFDPH�FRP�
IRUWDEOH�ZLWK�WKH�WHFKQLTXHV��6HYHUDO�VPDOO�EXW�VLJQLI�
LFDQW� GHVLJQ� FKDQJHV� ZHUH� LPSOHPHQWHG� IRU� WKH
PHWDO�ZHLJKW�DQG�SRVW�XVHG�WR�SODFH�WKH�DUUD\�RQ�WKH
UHWLQD�� $OVR�� ZH� DGGHG� D� ORQJ� VXWXUH� WR� WKH� PHWDO
ZHLJKW� WKDW� ZLOO� HPHUJH� IURP� WKH� H\H� GXULQJ� WKH
KXPDQ� WHVW�� SHUPLWWLQJ� D� PRUH� VHFXUH� PHWKRG� RI
UHWULHYLQJ� WKH� DUUD\� IURP� WKH� H\H� LI� DQ\� SUREOHPV
GHYHORS��$OVR��QHZ�LQWUDRFXODU�IRUFHSV�ZHUH�RUGHUHG
WR�IDFLOLWDWH�WKH�SURFHGXUH�

'HVSLWH� WKH� IDFW� WKDW� RQO\� EOLQG� VXUJLFDO� YROXQWHHUV
DUH�DFFHSWHG��ZH�QHHG�WR�EH�FHUWDLQ�WKDW�QRQH�RI�WKH
WR[LF� FKHPLFDOV� XVHG� LQ� IDEULFDWLQJ� WKH� PLFURHOHF�
WURGHV� UHPDLQ� SUHVHQW� LQ� WKH� FRPSOHWHG� DUUD\V� LQ� D
IRUP�WKDW�FRXOG�IXUWKHU�GDPDJH�WKH�SDWLHQW¶V�H\H�GXU�
LQJ�RU�DIWHU� VXUJHU\��:LWK� WKH�KHOS�RI�$QQ�+\QHV��D
FKHPLVW� DW� 'UDSHU� /DERUDWRULHV�� ZH� KDYH� EHJXQ� D
VHTXHQFH�RI�H[SHULPHQWV�LQ�ZKLFK�WKH�HOHFWURGHV�DUH
LPPHUVHG�LQ�DTXHRXV�VROXWLRQV�XQGHU�FRQGLWLRQV�WKDW
FORVHO\� LPLWDWH� WKH� SODQQHG� H\H� VXUJHU\�� 7KH� VROX�
WLRQV� DUH� VXEMHFWHG� WR� FKHPLFDO� WHVWV� IRU� FRQWDPL�
QDQWV�� 7KH� LQLWLDO� WHVWV� KDYH� JLYHQ� HQFRXUDJLQJ
UHVXOWV�

'U��5L]]R�KDV�PHW�VHYHUDO�WLPHV�ZLWK�D�EOLQG�UHWLQLWLV
SLJPHQWRVD�SDWLHQW�ZKR�KDV�YROXQWHHUHG�IRU�WKH�ILUVW
KXPDQ� WULDO��+LV�PHGLFDO�KLVWRU\�VHHPV�DSSURSULDWH�
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DQG�KLV�DWWLWXGH� LQ�FRQYHUVDWLRQV�ZLWK�'U��5L]]R�DQG
3URIHVVRU�:\DWW�DSSHDUV�LQWHUHVWHG��DOHUW��DQG�FRRS�
HUDWLYH�

'U�� 5L]]R� DQG� 3URIHVVRU� :\DWW� KDYH� REWDLQHG� ILQDO
DSSURYDO� WR� SURFHHG� ZLWK� KXPDQ� WULDOV� IURP� 0,7¶V
&RPPLWWHH�RQ� WKH�8VH�RI�+XPDQV�DV�([SHULPHQWDO
6XEMHFWV�� 7KH\� KDYH� REWDLQHG� DSSURYDO� IURP� WKH
0DVVDFKXVHWWV�(\H�DQG�(DU� ,QILUPDU\�+XPDQ�6WXG�
LHV� &RPPLWWHH�� FRQGLWLRQDO� RQ� WKH� FKHPLFDO� WHVWV
GHVFULEHG�DERYH�

%LRFRPSDWLELOLW\�7HVWV

'U��5L]]R��ZLWK�DVVLVWDQFH�IURP�'U��0RKDPHG�6KDKLQ�
KDV� FDUULHG� RXW� LQ� YLYR� ELRFRPSDWLELOLW\� H[SHULPHQWV
RQ� WZR� UDEELWV�� $� PLFURIDEULFDWHG� HOHFWURGH� DUUD\�
GHVFULEHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� ZDV� SODFHG� LQWR
WKH�PLG�YLWUHRXV�FDYLW\�RI�RQH�H\H�RI�HDFK�UDEELW��7KH
SURWRFRO� LV� WKH� VDPH� DV� WKDW� XVHG� WR� DVVHVV� WKH
VDIHW\�RI�VL[�RWKHU�PDWHULDOV�LQ�WKH�H\H��HOHFWURUHWLQR�
JUDPV��WR�PHDVXUH�WKH�HOHFWULFDO�DFWLYLW\�RI�WKH�UHWLQD�
DUH� FDUULHG� RXW� RQFH� EHIRUH� VXUJHU\� DQG� ILYH� WLPHV
DIWHU�LPSODQWDWLRQ�

7KH� ILUVW� DQLPDO� VKRZV� QR� SUREOHPV� DIWHU� WKUHH
ZHHNV�� � 7KH� VHFRQG� DQLPDO� GLHG� RQH� ZHHN� DIWHU
LPSODQWDWLRQ� IRU� UHDVRQV� QRW� UHODWHG� WR� WKH� LPSODQW�
$IWHU� WKH� SUH�RSHUDWLYH� VHGDWLRQ�� XVHG� WR� REWDLQ� D
EDVHOLQH�(5*��WKH�UDEELW�EHFDPH�LOO��EXW�DSSHDUHG�WR
WKH�YHWHULQDULDQ�WR�KDYH�ODUJHO\�UHFRYHUHG�DIWHU�VHY�
HUDO�GD\V�RI�SRRU�IHHGLQJ���%XW�WKH�UDEELW�GLHG�KRXUV
DIWHU� WKH� VHFRQG� DQHVWKHVLD�� 7KLV� W\SH� RI� SUREOHP
KDV�RFFXUUHG�LQWHUPLWWHQWO\�DW�0,7�DQG�KDV�SURPSWHG
D� SURVSHFWLYH� HYDOXDWLRQ� E\� WKH� VWDII� YHWHULQDULDQV�
7KH\� VWURQJO\� VXVSHFW� WKDW� VRPH� UDEELWV� GHYHORS� D
FDUGLDF�SUREOHP�IURP�WKH�DQHVWKHWLF��ZKLFK�LV�LPSRU�
WDQW�EHFDXVH� LW� LV� WKH�VWDQGDUG�DQHVWKHWLF� IRU� UDEELW
UHVHDUFK�� 7KH� VWDII� YHWHULQDULDQ� XQHTXLYRFDOO\� GLV�
PLVVHV�WKH�SRVVLELOLW\�WKDW�WKH�DUUD\�ZDV�UHVSRQVLEOH
IRU�WKH�GHDWK��:H�KDYH�UHFRUGHG�D�SUHRSHUDWLYH�(5*
IURP�D�WKLUG�UDEELW��DQG�LPSODQWDWLRQ�RI�WKH�WHVW�DUUD\
ZLOO�EH�PDGH�QH[W�ZHHN�

,Q�9LYR�5HWLQDO�6WLPXODWLRQ�LQ�5DEELWV

'UV��5L]]R�DQG�6KDKLQ�DQG�0U��.HOO\�KDYH�SHUIRUPHG
LQ� YLYR� UDEELW� VWLPXODWLRQ� VWXGLHV� ZLWK� SODWLQXP� DQG
WKHQ� LULGLXP� DUUD\V� VLPLODU� WR� WKH� DUUD\� WKDW� ZLOO� EH
XVHG� IRU� WKH� KXPDQ� WHVW�� %RWK� DUUD\V� JDYH� VLPLODU
UREXVW� FRUWLFDO� VLJQDOV�� :H� DOVR� OHDUQHG� WKDW� LQLWLDO
QHJDWLYH�JRLQJ� VWLPXODWLRQ� SXOVHV� FRQVLVWHQWO\� JLYH
ODUJHU� FRUWLFDO� UHVSRQVHV�� 7KLV� SXOVH� SDWWHUQ� ZDV
VXJJHVWHG�WR�XV�LQ�D�PHHWLQJ�RI�WKH�.HFN�JURXS�

7KH� LPPHGLDWH� JRDO� IRU� RXU� DQLPDO� VWXGLHV� ZDV
GHVFULEHG�LQ�WKH�VHFRQG�SDUDJUDSK�DW�WKH�EHJLQQLQJ�
7RZDUG�WKLV�JRDO��0U��0RVV�DQG�'U��5L]]R�DUH�GHYHO�
RSLQJ�DQ� LQWUDRFXODU� OHQV�WR�ILW� LQ� WKH�UDEELW�H\H�DQG
VHUYH� DV� D� VXSSRUW� VWUXFWXUH� IRU� WKH� SKRWRGLRGH
SRZHU�VRXUFH��0U��0RVV��ZRUNLQJ�ZLWK�0LFKDHO�6RFKD
DW�'UDSHU��KDV� OHDUQHG� WR�XVH�D�KLJK�SRZHUHG�HQJL�
QHHULQJ�GHVLJQ�VRIWZDUH�SURJUDP��WKH�RXWSXW�RI�ZKLFK
FRQWUROV� D� OLWKRJUDSK\� PDFKLQH�� ,PSURYHPHQWV� WKDW
KH� KDV�PDGH� LQFOXGH� HQODUJLQJ� WKH� FHQWUDO� DUHD�� WR
IDFLOLWDWH�VXUJLFDO� LPSODQWDWLRQ��DQG�ERULQJ�H[WUHPHO\
ILQH�KROHV� WR�SODFH��ZLQJV�� WKDW�VHUYH�DV�VXSSRUWLQJ
VWUXFWXUHV�� 8QIRUWXQDWHO\�� WKH� OLWKRJUDSK\� PDFKLQH
FDQQRW�PDNH� VXFK� ILQH� VWUXFWXUHV��0U��0RVV� GHYHO�
RSHG� D� WHFKQLTXH� WR� PRXQW� FRPPHUFLDO� KDSWLFV� E\
GULOOLQJ�WLQ\���PLO�KROHV�ZLWKRXW�UHO\LQJ�RQ�WKH�OLWKRJUD�
SK\� PDFKLQH�� :RUNLQJ� ZLWK� 0U�� +HUQGRQ� DQG� 0U�
+RZDUG��KH�KDV�PRXQWHG�D�SKRWRGLRGH�DUUD\�RQ�WKH
OHQV��WR�ZKLFK�ZH�DWWDFKHG�WKH�HOHFWURGH�DUUD\�XVLQJ
HSR[\�� ,Q� WKH� HDUO\� GHVLJQV� ZH� DOVR� DWWDFK� WZR
XOWUDILQH�ZLUHV�WR�DOORZ�XV�WR�PHDVXUH�FXUUHQW�RXWSXW
RI�WKH�DUUD\�GXULQJ�SUHOLPLQDU\�VXUJLFDO�WULDOV�

:H� DUH� DOVR� LQYHVWLJDWLQJ� ELRFRPSDWLEOH� DGKHVLYHV
IRU� VDIHO\� DWWDFKLQJ� WKH�PLFURHOHFWURGH� DUUD\� WR� WKH
UDEELW�UHWLQD��:H�KDYH�PHW�VHYHUDO�WLPHV�ZLWK�D�ORFDO
FRPSDQ\�WR�EHJLQ�WHVWLQJ�D�PDWHULDO�RI�WKHLUV�WKDW�ZH
SUHYLRXVO\� DVVHVVHG� DQG� IRXQG� WR� KDYH� H[FHOOHQW
DWWULEXWHV� �ELRFRPSDWLEOH�� WUDQVSDUHQW�� FDQ� EH� KDUG�
HQHG�LQ�WKH�H\H�E\�VKRUW�H[SRVXUH�WR�89�OLJKW��ZKLFK
PDNHV�LW�VXUJLFDOO\�IULHQGO\����:H�ZLOO�EHJLQ�DGGLWLRQDO
WHVWV�ZLWKLQ�WZR�ZHHNV�

7KH� QH[W� JRDO� IRU� RXU� DQLPDO� VWXGLHV� LV� FKURQLF
LPSODQWDWLRQ�RI�D�VWLPXODWLRQ�V\VWHP�LQ�WKH�UDEELW�H\H�
7KH� LPSODQW�PXVW�EH�HQFDSVXODWHG� LQ�PDWHULDOV� WKDW
SURWHFW� LW� IURP� WKH� VDOLQH� LQWUDRFXODU� HQYLURQPHQW�
:LWKLQ�WKH�QH[W�ZHHN�ZH�ZLOO�HQFDSVXODWH�DQ�LQWUDRF�
XODU�OHQV�SKRWRGLRGH�V\VWHP�XVLQJ�1X6LO�FRPSRXQGV
SUHYLRXVO\�VKRZQ�E\�(GHOO�WR�EH�HIIHFWLYH��0U��6RFKD
DQG�0U��0RVV� KDYH� FRSLHG� D� UHVLVWLYH� OHDNDJH� WHVW
V\VWHP�IRU�WKHVH�GHYLFHV�WKDW�ZDV�GHYHORSHG�E\�'U�
(GHOO�DQG�LW�LV�QRZ�UHDG\�IRU�XVH�LQ�GHYLFH�WHVWLQJ�

,Q�9LWUR�5HWLQDO�6WLPXODWLRQ�6WXGLHV�LQ�
5DEELWV

'RFWRUDO� VWXGHQW�$QGUHZ�*UXPHW� FRQGXFWHG�H[SHUL�
PHQWV�WR�FKDUDFWHUL]H�UHWLQDO�UHVSRQVHV�WR�PLFURHOHF�
WURGH� DUUD\� VWLPXODWLRQ�� DQG� PDGH� PHWKRGRORJLFDO
UHILQHPHQWV�� +LV� ILUVW� URXQG� RI� LQ� YLWUR� H[SHULPHQWV�
SHUIRUPHG� RYHU� WKH� VXPPHU�� UHYHDOHG� LQWHUHVWLQJ
SK\VLRORJLF� SKHQRPHQD� DV� ZHOO� DV� WHFKQLFDO� OLPLWD�
WLRQV� RI� KLV� H[SHULPHQWDO� DSSDUDWXV�� 1HXUDO� VSLNH
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DFWLYLW\� FRXOG� EH� SURGXFHG�ZLWK� VWLPXODWLRQ� FXUUHQWV
DV�ORZ�DV���PLFURDPSHUH��RIWHQ�LQ�WUDLQV�ODVWLQJ�XS�WR
WKLUW\�PLOOLVHFRQGV�DIWHU�WKH�WHUPLQDWLRQ�RI�WKH�VWLPX�
OXV��7KH�ORQJ�VSLNH�ODWHQFLHV�VXJJHVWHG�D�WUDQV�V\Q�
DSWLF�PHFKDQLVP��LQ�ZKLFK�GHOD\�SURGXFLQJ�FKHPLFDO
V\QDSVHV� VHSDUDWH� WKH� GLUHFWO\� VWLPXODWHG� FHOO� IURP
WKH� FHOO� XQGHU� VWXG\�� %XW� LQ� H[SHULPHQWV� SHUIRUPHG
WKLV�IDOO��DGGLWLRQ�RI�WKH�V\QDSWLF�EORFNHU�FDGPLXP�WR
WKH� EDWKLQJ� VROXWLRQ� IDLOHG� WR� HOLPLQDWH� WKH� ODWHQW
DFWLYLW\��$Q�DOWHUQDWH�H[SODQDWLRQ� LV� WKDW� WKH�VWLPXOD�
WLRQ� FXUUHQWV� XVHG�� WKRXJK� VHHPLQJO\� VPDOO�� DUH
QRQHWKHOHVV� IDU� DERYH� WKH� JDQJOLRQ� FHOO� VWLPXODWLRQ
WKUHVKROG�IRU�SURGXFLQJ�VLQJOH�VSLNHV�

7KUHVKROGV�IRU�SURGXFLQJ�VLQJOH�VSLNHV��ZKLFK�RFFXU
ZLWKLQ� WKH� ILUVW� IHZ� PLOOLVHFRQGV� IROORZLQJ� VWLPXOXV
DSSOLFDWLRQ�� FRXOG�QRW�EH�PHDVXUHG�GXH� WR�VWLPXOXV
DUWLIDFWV��:LWK�WKH�KHOS�RI�3URIHVVRU�:\DWW��0U��*UX�
PHW� SHUIRUPHG� D� GHWDLOHG� HOHFWULFDO� FKDUDFWHUL]DWLRQ
RI�WKH�H[SHULPHQWDO�DSSDUDWXV��ZLWK�WKH�JRDO�RI�LGHQWL�
I\LQJ�DQG�UHGXFLQJ�WKH�GRPLQDQW�VRXUFH�V��RI�WKH�DUWL�
IDFW���7KH�HIIRUW�LGHQWLILHG�D�QXPEHU�RI�VXFK�VRXUFHV�
WKH� PDMRU� RQH� EHLQJ� OHDNDJH� SDWKV� RQ� WKH� DUUD\
EHWZHHQ�OHDG�ZLUHV�IURP�DGMDFHQW�HOHFWURGHV�

0U��*UXPHW�LV�QRZ�GHVLJQLQJ�QHZ�HOHFWURGH�DUUD\V�WR
PLQLPL]H�VXFK�SDWKV��'U��6KLUH�ZLOO�IDEULFDWH�WKHP�DW
&RUQHOO�� DQG� 0U�� *UXPHW� ZLOO� VKRUWO\� FRQGXFW� QHZ
H[SHULPHQWV� WR� SUREH� WKH� ORZHU� OLPLWV� RI� FXUUHQW
UHTXLUHG�WR�SURGXFH�QHXURQDO�DFWLYLW\�

����� 5HFHQW�3UREOHPV�DQG�8QH[SHFWHG�
'HYHORSPHQWV

,W�LV�KDUGHU�WKDQ�ZH�KDG�KRSHG�WR�PDNH�LULGLXP�PLFUR�
HOHFWURGH�DUUD\V�ZLWK�OHVV�WKDQ�����HOHFWURGH�IDXOWV�
GXH�WR�LULGLXP�VSXWWHULQJ�GXULQJ�GHSRVLWLRQ��7KH� LULG�
LXP�OD\HU�DOVR�GHYHORSV�WKRXVDQGV�RI�VXUIDFH�FUDFNV
ZLWK�RXU�SUHVHQW�GHSRVLWLRQ�WHFKQLTXH��

6HULRXV� OLDELOLW\� DQG� LQVXUDQFH� SUREOHPV� DW� 'UDSHU
/DE�KDG�WR�EH�UHVROYHG�EHIRUH�'UDSHU�FRXOG�KHOS�XV
ZLWK�FKHPLFDO�DQDO\VLV�RI�SRVVLEOH�FRQWDPLQDQWV��

'XULQJ�RXU�ELRFRPSDWLELOLW\�VWXG\��RQH�UDEELW�GLHG�IRU
UHDVRQV�XQUHODWHG�WR�WKH�LPSODQW�

����� )XUWKHU�3URJUHVV�([SHFWHG�:LWKLQ�WKH�
1H[W�6L[�0RQWKV

:H�H[SHFW�WR�FDUU\�RXW�LQLWLDO�YHUVLRQV�RI�WKH�WZR�NH\
SURRI�RI�FRQFHSW�H[SHULPHQWV�LQ�WKH�QH[W�VL[�PRQWKV�

�� 2QH�RU�PRUH�VKRUW�WHUP�KXPDQ�VXUJLFDO�WULDOV�
WR�GHWHUPLQH�ZKDW�WKH�SDWLHQW�FDQ�SHUFHLYH�ZLWK�
D����[����PLFURHOHFWURGH�DUUD\�

�� 5DEELW�WULDOV�LQ�ZKLFK�ZH�LPSODQW�D�VLPSOH�
ODVHU�GULYHQ�VWLPXODWRU�DQG�UHFRUG�D�FRUWLFDO�
VLJQDO�

:H�DOVR�H[SHFW�WR�DFKLHYH�VKRUW�WHUP�HQFDSVXODWLRQ
RI�D�SURVWKHVLV�LQ�ELRFRPSDWLEOH�PDWHULDOV�DQG�YHULI\
WKH� SURWHFWLRQ� LW� SURYLGHV� DJDLQVW� VDOLQH� OHDNDJH
XVLQJ� WKH� UHVLVWDQFH� WHVWV�� :H� EHOLHYH� 0U�� *UXPHW
ZLOO�KDYH�PDGH�JRRG�TXDOLW\�LQ�YLWUR�UHFRUGLQJV�RI�UDE�
ELW�UHWLQD�UHVSRQVH�WR�HOHFWULFDO�VWLPXODWLRQ�XVLQJ�WKH
QHZ�PLFURHOHFWURGH�DUUD\V�KH�KDV�GHVLJQHG�WKDW�'U�
6KLUH� ZLOO� KDYH� IDEULFDWHG�� :H� H[SHFW� 0U�� /LFKWHQ�
VWHLQ�ZLOO�KDYH�FRPSOHWHG�D�ZRUNLQJ�JUDSKLFV�GULYHQ
VWLPXODWLRQ�V\VWHP�IRU�XVH�LQ�VXEVHTXHQW�KXPDQ�WUL�
DOV��0U��*UXPHW�ZLOO�KDYH�SUHVHQWHG�D�SRVWHU�VHVVLRQ
DW�D�PDMRU�FRQIHUHQFH��$592��RQ�KLV�ZRUN��DQG�0U�
.HOO\�ZLOO�KDYH�FRPSOHWHG�KLV�0�6��WKHVLV�RQ�WKH�VWLP�
XODWRU�IRU�KXPDQ�WULDOV��:H�H[SHFW�WKDW�'U��6KLUH�ZLOO
KDYH� RYHUFRPH� WKH� ILQDO� GLIILFXOWLHV� DQG� ZLOO� KDYH
GHOLYHUHG� LULGLXP�DUUD\V�ZLWK�YHU\� IHZ�VKRUW� FLUFXLWV�
RSHQ�FLUFXLWV�RU�VXUIDFH�PHWDO�FUDFNV�IRU�XVH�LQ�IXWXUH
KXPDQ�H[SHULPHQWV�

����� 3XEOLFDWLRQV

5L]]R� -�)��� DQG� -�/�� :\DWW�� �3URVSHFWV� IRU� D� 9LVXDO
3URVWKHVLV���1HXURVFLHQWLVW���������������������

5L]]R��-�)���$�(��*UXPHW��'�-��(GHOO��-�/��:\DWW��DQG
5�-�� -HQVHQ�� �6LQJOH�8QLW�5HFRUGLQJV�)ROORZLQJ
([WUDFHOOXODU� 6WLPXODWLRQ� RI� 5HWLQDO� *DQJOLRQ
$[RQV�LQ�5DEELWV���$QQXDO�0HHWLQJ�RI�WKH�$VVRFL�
DWLRQ�IRU�5HVHDUFK�LQ�9LVLRQ�DQG�2SKWKDOPRORJ\�
)RUW�/DXGHUGDOH��)ORULGD��0D\������

:\DWW�� -�� �6WHSV� WRZDUG� WKH� 'HYHORSPHQW� RI� DQ
,PSODQWDEOH�5HWLQDO�3URVWKHVLV���&KDUOHV�8QLYHU�
VLW\�� 'HSDUWPHQW� RI� 2SKWKDOPRORJ\�� 3UDJXH�
&]HFK�5HSXEOLF�

:\DWW�� -�� �6WHSV� WRZDUG� WKH� 'HYHORSPHQW� RI� DQ
,PSODQWDEOH�5HWLQDO�3URVWKHVLV���(XURSHDQ�&RQ�
JUHVV�RI�2SKWKDOPRORJ\��%XGDSHVW��+XQJDU\�

:\DWW�� -�� �6WHSV� WRZDUG� WKH� 'HYHORSPHQW� RI� DQ
,PSODQWDEOH� 5HWLQDO� 3URVWKHVLV��� $OOJHPHLQH
.UDQNHQKDXV�� 'HSDUWPHQW� RI� 2SKWKDOPRORJ\�
9LHQQD��$XVWULD�
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:\DWW�� -�� �6WHSV� WRZDUG� WKH� 'HYHORSPHQW� RI� DQ
,PSODQWDEOH� 5HWLQDO� 3URVWKHVLV��� (LJKWK� *UHDW
/DNHV� 6\PSRVLXP� RQ� 9/6,�� /DID\HWWH�� /RXLVL�
DQD�

:\DWW�� -�� �6WHSV� WRZDUG� WKH� 'HYHORSPHQW� RI� DQ
,PSODQWDEOH� 5HWLQDO� 3URVWKHVLV��� 'HSDUWPHQW� RI
(OHFWULFDO� (QJLQHHULQJ�� *HRUJLD� 7HFK�� $WODQWD�
*HRUJLD��

��� &RVW�(IIHFWLYH�+\EULG�9LVLRQ�
6\VWHPV�IRU�,QWHOOLJHQW�+LJKZD\�
$SSOLFDWLRQV

6SRQVRU

1DWLRQDO�6FLHQFH�)RXQGDWLRQ�
*UDQW�0,3���������

3URMHFW�6WDII

3URIHVVRU�%HUWKROG�.�3��+RUQ��3URIHVVRU�+DH�6HXQJ
/HH��'U�� ,FKLUR�0DVDNL��3URIHVVRU�&KDUOHV�*��6RGLQL�
3URIHVVRU� -RKQ�/��:\DWW�� -U���+DLJLDQ�&KHQJ��<DMXQ
)DQJ�� 1LFROH� 6�� /RYH�� 3DEOR� $�� 6HUDILQL�� 0DUN� *�
6SDHWK��=XEDLU�7DOLE��&KLQJ�&KXQ�:DQJ

����� 3URMHFW�6XPPDU\

$�NH\�FRQFHSW�DW�0,7¶V� ,QWHOOLJHQW�9HKLFOH�5HVHDUFK
3URJUDP�LV�WKH�LQWHJUDWLRQ�RI�PXOWLSOH�DVSHFWV�RI�WKH
ILHOG�RI�LQWHOOLJHQW�WUDQVSRUWDWLRQ�V\VWHPV��,76��WR�SUR�
GXFH� FRVW�HIIHFWLYH� K\EULG� YLVLRQ� V\VWHPV� IRU� LQWHOOL�
JHQW�KLJKZD\�DSSOLFDWLRQV��:H�DUH�WU\LQJ�WR�LQWHJUDWH
UHVHDUFK� RQ� GLIIHUHQW� VFDOH� V\VWHPV� UDQJLQJ� IURP
VPDOO�QRYHO�LQWHJUDWHG�FKLSV��PHGLXP�VFDOH�SURMHFWV�
VXFK�DV� WKUHH�GLPHQVLRQDO�PDFKLQH�YLVLRQ�V\VWHPV�
DQG�ODUJH�VFDOH��VXFK�DV�WRWDO�WUDQVSRUWDWLRQ�V\VWHPV�
7KH� FRPSRQHQW� UHVHDUFK� DW� HDFK� VWDJH� LQGLFDWHV
ZKDW�RSWLRQV�DUH�DYDLODEOH� LQ�HDFK� IUDPH� IRU�D� WRWDO
WUDQVSRUWDWLRQ� V\VWHP� DUFKLWHFWXUH�� 7KLV� LQWHJUDWLRQ
UHTXLUHV� WKH� FRRSHUDWLRQ� RI� UHVHDUFKHUV� LQ� YDULRXV
ILHOGV�� 7KH� IROORZLQJ� VHFWLRQV� GHWDLO� VXEVWDQWLDO
SURJUHVV�LQ�IRXU�VXESURMHFWV�

����� %ULJKWQHVV�$GDSWLYH�7HOHYLVLRQ�
&DPHUD�&KLS

)RU� PRQLWRULQJ� WUDIILF� DQG� GHWHFWLQJ� REVWDFOHV� RQ
KLJKZD\V��WKH�LQWHQVLW\�G\QDPLF�UDQJH�RI����������LV
UHTXLUHG� IRU� WHOHYLVLRQ� FDPHUDV�� &RQYHQWLRQDO� FDP�
HUDV�� KRZHYHU�� FDQ� SURYLGH� RQO\� ����� ZLWK� FKHDS
FDPHUDV�RU���������ZLWK�FRROHG�H[SHQVLYH�VORZ�FDP�

HUDV��7KH�JRDO�RI�WKLV�SURMHFW�LV�WR�GHYHORS�D�79�FDP�
HUD� ZKLFK� KDV� HQRXJK� LQWHQVLW\� G\QDPLF� UDQJH� IRU
,76�DSSOLFDWLRQV��

2QH�ZD\�WR�H[WHQG�WKH�LQWHQVLW\�G\QDPLF�UDQJH�LV�WR
FRQYHUW� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� LQFRPLQJ� OLJKW
DQG�WKH�FDPHUD�RXWSXW�YROWDJH�IURP�OLQHDU�WR�ORJDULWK�
PLF�FKDUDFWHULVWLF��DV�VKRZQ�LQ�)LJXUH����$�GUDZEDFN
RI� WKLV� DSSURDFK� LV� WKDW� LQWHQVLW\� UHVROXWLRQ� LV
GHFUHDVHG��

)LJXUH��� ��/LQHDU�YHUVXV�ORJDULWKPLF�

2XU�DSSURDFK�WR�G\QDPLFDOO\�FKDQJH�WKH�UHODWLRQVKLS
EHWZHHQ� WKH� LQFRPLQJ� OLJKW� DQG� WKH� FDPHUD� RXWSXW
YROWDJH� IURP� IUDPH� WR� IUDPH�� GHSHQGLQJ� RQ� WKH
UHTXLUHG�G\QDPLF�UDQJH��:KHQ�WKH�UHTXLUHG�G\QDPLF
UDQJH�LV�VPDOO��WKH�LQSXW�RXWSXW�UHODWLRQVKLS�EHFRPHV
FORVHU� WR� WKH� FRQYHQWLRQDO� OLQHDU� VFKHPH� IRU� EHWWHU
LQWHQVLW\� UHVROXWLRQ��7KH� ORJDULWKPLF�FKDUDFWHULVWLF� LV
LQFUHDVHG�DV� WKH� UHTXLUHG�G\QDPLF� UDQJH� LQFUHDVHV
DW�D�FRVW�RI�LQWHQVLW\�UHVROXWLRQ�

7KH�ILUVW�YHUVLRQ�RI����[����SL[HOV�FDPHUD�KDV�EHHQ
GHYHORSHG��7KLV�YHUVLRQ�KDV�WZR�DGGLWLRQDO�IHDWXUHV�
����&026� WHFKQRORJ\�ZDV�XVHG� LQVWHDG�RI� FRQYHQ�
WLRQDO� &&'�� DQG� ���� SDUDOOHO� ���ELW� DQDORJ�WR�GLJLWDO
FRQYHUWHUV� ZHUH� LQFOXGHG� LQ� WKH� LPDJHU� FKLS�� 7KH
SL[HO� VL]H� LV� ��[��� PLFURQV�� 5HDO�WLPH� IRUPDW� FRQ�
YHUWHU�LV�XQGHU�GHYHORSPHQW�WR�SURYLGH����IUDPHV�SHU
VHFRQG�� )LJXUH� �� VKRZV� WKDW� WKH� LQWHQVLW\� G\QDPLF
UDQJH�FDQ�EH�H[WHQGHG�RYHU����������UDWLR�ZLWK� WKH
FRPSUHVVLYH�PRGH��
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)LJXUH��� ��([SHULPHQWDO�UHVXOWV��IURQW�YLHZ�RI�WUDFN��

����� 3L[HO�3DUDOOHO�,PDJH�3URFHVVLQJ�
6\VWHP�IRU�,QWHOOLJHQW�7UDQVSRUWDWLRQ�
6\VWHP�$SSOLFDWLRQV

3DUDOOHO� SURFHVVLQJ� V\VWHPV� DUH� H[SHFWHG� WR� RIIHU
PRUH� IOH[LELOLW\� WKDQ� DSSOLFDWLRQ�VSHFLILF� KDUGZDUH
DQG�KLJKHU� VSHHG� WKDQ� VHULDO� SURFHVVRUV��+RZHYHU�
WKLV� W\SH� RI� V\VWHP� LV� FRQYHQWLRQDOO\� WRR� H[SHQVLYH
DQG� ODUJH� IRU� LQWHOOLJHQW� WUDQVSRUWDWLRQ�V\VWHP�DSSOL�
FDWLRQV��7KH�FKDOOHQJH�LV�WR�GHYHORS�D�UHDO�WLPH�SL[HO�
SDUDOOHO� LPDJH�SURFHVVLQJ�V\VWHP�ZLWK�HQRXJK�IOH[L�
ELOLW\�WR�KDQGOH�D�ZLGH�YDULHW\�RI�DOJRULWKPV�DW�UHDVRQ�
DEOH�FRVW�

$Q�DGGLWLRQDO�SUREOHP�IRU�WKLV�W\SH�RI�V\VWHP�LV�UDSLG
SURWRW\SLQJ� ZLWKRXW� DFFHVV� WR� KDUGZDUH� IRU� WHVWLQJ�
7KLV� V\VWHP� LQFOXGHV� DQ� DSSOLFDWLRQ� IUDPHZRUN� LQ
ZKLFK�SURJUDPV�H[HFXWH�HQWLUHO\�ZLWKLQ�VRIWZDUH�VLP�
XODWLRQ� RI� WKH� V\VWHP� SURYLGLQJ� DFFXUDWH� RXWSXW� WR
DOORZ�DSSOLFDWLRQ� GHEXJJLQJ� EHIRUH� WKH� WDVN� LV� H[H�
FXWHG�LQ�KDUGZDUH�

0RVW�SUHYLRXV�LPDJH�UDGDU�SURFHVVLQJ�V\VWHPV�XVHG
DSSOLFDWLRQ�VSHFLILF�LQWHJUDWHG�FLUFXLWV��$6,&V���GLJLWDO
VLJQDO� SURFHVVRUV� �'63V��� DQG�RU� SHUVRQDO� FRPSXW�
HUV��3&V���7KH�$6,&V�DUH�GLIILFXOW�WR�FDUU\�RXW�YDULRXV
DOJRULWKPV�LQ�D�WLPH�VKDULQJ�IDVKLRQ��DQG�WKH�3&V�DUH
WRR�VORZ�LQ�PDQ\�FDVHV�

2XU�DSSURDFK�LV�WR�GHYHORS�D�SURJUDPPDEOH�SDUDOOHO
SURFHVVRU�ZKLFK�FDUULHV�RXW�YDULRXV�DOJRULWKPV��VXFK
DV�VWHUHR�DQG�RSWLFDO�IORZ�� LQ�D�WLPH�VKDULQJ�IDVKLRQ

ZLWK�D�UHDVRQDEOH�FRVW�DQG�V\VWHP�VL]H��7KH�NH\�ZDV
WR�VLPSOLI\�WKH�SURFHVVRU�DUFKLWHFWXUH�ZLWKRXW�VDFULILF�
LQJ�SHUIRUPDQFH�IRU�LQWHOOLJHQW�WUDQVSRUWDWLRQ�DSSOLFD�
WLRQV�� 7KH� KLJK�GHQVLW\� SL[HO�SDUDOOHO� LPDJH
SURFHVVLQJ� V\VWHP� DOORZV� ���[���� JUD\� VFDOH
LPDJHV�WR�EH�WUDQVIHUUHG�LQWR�WKH�DUUD\�DW�IUDPH�UDWH�
ZLWK�DQ�RYHUKHDG�RI�VOLJKWO\�PRUH�WKDQ��PV�

7KH�DUUD\�FRQVLVWV�RI���+'33�FKLSV��7KH�+'33�FKLS
ZDV�GHYHORSHG� LQ�RXU�JURXS�� WKH�DUHD�RI� WKH�FKLS� LV
OHVV�WKDQ����PP��ZLWK�����µ�WHFKQRORJ\��(DFK�FKLS�LV
FDSDEOH�RI�SURFHVVLQJ���[���SL[HO� LPDJHV�� FRQWDLQ�
LQJ� RQH� SURFHVVLQJ� HOHPHQW� IRU� HDFK� SL[HO�� (DFK
SL[HO�SURFHVVLQJ�HOHPHQW�FRQWDLQV�����ELWV�RI�PHP�
RU\� DQG� D� RQH� ELW� ���� IXQFWLRQ� DULWKPHWLF� ORJLF� XQLW
�$/8��E\�ZKLFK�WR�SHUIRUP�WKH�DFWXDO�SURFHVVLQJ��

$� &��� VRIWZDUH� IUDPHZRUN� ZDV� GHYHORSHG� IRU� WKH
V\VWHP��7KH� VRIWZDUH� IUDPHZRUN� SURYLGHV�D�PHDQV
IRU� DSSOLFDWLRQ� SURJUDPPHUV� WR� ZULWH� DQG� GHYHORS
KLJK�OHYHO� SURJUDPV� WKDW� FDQ� EH� WHVWHG� DQG
GHEXJJHG� LQ�D�VRIWZDUH�VLPXODWLRQ�HQYLURQPHQW�DQG
WKHQ�FRPSLOHG�WR�UXQ�LQ�WKH�KDUGZDUH�LPSOHPHQWDWLRQ�
7R�SUHFOXGH�WKH�SURJUDPPHU�IURP�QHHGLQJ�WR�XQGHU�
VWDQG� WKH�DFWXDO�KDUGZDUH� LPSOHPHQWDWLRQ��D�KLJKHU
OHYHO�&���EDVHG�LQVWUXFWLRQ�VHW�ZDV�GHYHORSHG��7KH
SURJUDPPHU�GHYHORSV�DQ�DSSOLFDWLRQ�E\�FRQVWUXFWLQJ
VHTXHQFHV�RI�LQVWUXFWLRQV��,QVWUXFWLRQV�H[LVW�IRU�PDQ\
XVHIXO�RSHUDWLRQV�LQ�WKH�DUUD\�VXFK�DV�DGGLQJ��PXOWL�
SO\LQJ��FRPSDULQJ��HWF��

7KH�FXUUHQW�YHUVLRQ�RI�WKH�V\VWHP�LV�D����[����SL[HO
SURFHVVRU��6HYHUDO�DSSOLFDWLRQV�KDYH�EHHQ�WHVWHG�RQ
WKH�V\VWHP�ZLWK�WKH�UHVXOWV�VKRZQ�LQ�7DEOH���

7DEOH��� 5HVXOWV�RI�WHVW�RI�DSSOLFDWLRQV�RQ�WKH�
V\VWHPV�

$SSOLFDWLRQ ([HFXWLRQ�7LPH

(GJH�'HWHFWLRQ ����µV�

�[��0HGLDQ�)LOWHULQJ �����µV��

7HPSODWH�0DWFKLQJ
�����PV

6WHUHR�9LVLRQ� ������PV

2SWLFDO�)ORZ ������PV
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����� &RPSDFW�6L]H�$UUD\�3URFHVVRU�ZLWK�
0XOWL�,QVWUXFWLRQ�0XOWL�'DWD��0,0'��
&DSDELOLW\

0XOWL�LQVWUXFWLRQ�PXOWL�GDWD� �0,0'��DUUD\�SURFHVVRUV
KDYH�KLJK�SHUIRUPDQFH� IRU� LPDJH�SURFHVVLQJ�� UDGDU
VLJQDO� SURFHVVLQJ�� DQG� RWKHU� VLJQDO� SURFHVVLQJ
EHFDXVH�RI�WKHLU�KLJK�SDUDOOHOLVP�DQG�IOH[LELOLW\��&RQ�
YHQWLRQDO�0,0'�SURFHVVRUV�DUH�WRR�ODUJH�DQG�H[SHQ�
VLYH� IRU� LQWHOOLJHQW� WUDQVSRUWDWLRQ� DSSOLFDWLRQV�� 7KH
JRDO� ZDV� WR� GHYHORS� D� FRPSDFW�VL]H�� LQH[SHQVLYH
DUUD\�SURFHVVRU�ZLWK�D�0,0'�FDSDELOLW\��

)RU�VLJQDO�SURFHVVLQJ�DSSOLFDWLRQV�ZKLFK�KDYH�VWULFW
OLPLWDWLRQV�LQ�WHUPV�RI�WKH�V\VWHP�FRVW�DQG�VL]H��VLQ�
JOH�LQVWUXFWLRQ� PXOWL� GDWD� �6,0'�� DUUD\� SURFHVVRUV�
GLJLWDO�VLJQDO�SURFHVVRUV��'63V���RU�DSSOLFDWLRQ�VSH�
FLILF� LQWHJUDWHG� FLUFXLWV� �$6,&V�� ZHUH� FRPPRQO\
XVHG�

(DFK�SURFHVVLQJ�HOHPHQW�FRQVLVWV�RI�DQ�$/8��$ULWK�
PHWLF�/RJLF�8QLW���D�GDWD�IORZ�FRQWURO�XQLW��LQVWUXFWLRQ
PHPRU\��DQG�GDWD�PHPRU\��5HSODFLQJ�D�FRQYHQWLRQDO
GLJLWDO�$/8�ZLWK�D�PL[HG�VLJQDO�$/8�UHGXFHG�WKH�VL]H
RI�WKH�SURFHVVLQJ�HOHPHQW��7KH�PL[HG�VLJQDO�$/8�XWL�
OL]HV�ERWK�DQDORJ�DQG�GLJLWDO� FLUFXLWV�� ,WV� VSHFLDOL]HG
IHDWXUH�LV�D�VPDOO�VLOLFRQ�DUHD�WR�DFKLHYH�OLPLWHG�DFFX�
UDF\��7KH�VPDOO�VL]H�KHOSHG�WR� LPSOHPHQW� WKH�0,0'
FDSDELOLW\� DW� ORZ� FRVW�� 7KH� VL]H� RI� HDFK� SURFHVVLQJ
HOHPHQW�RI�RXU�SURWRW\SH�� IDEULFDWHG� LQ�D��9�����µP
WULSOH�PHWDO� &026�SURFHVV�� LV� ����µP�E\� ����µP�
DQG� WKHUHIRUH� ���� SURFHVVLQJ� HOHPHQWV� FRXOG� EH
LPSOHPHQWHG�ZLWKLQ���FP��VLOLFRQ�DUHD��7KH�DFFXUDF\
LV�FRPSDUDEOH�WR�D���ELW�GLJLWDO�SURFHVVRU�

7KH� SURWRW\SH� FKLS� ZDV� DSSOLHG� WR� D� VWHUHR� YLVLRQ
DOJRULWKP�VXFFHVVIXOO\�LQ�DQ�RII�OLQH�PRGH��7KH�DOJR�
ULWKP�LQFOXGHV�JUDGLHQW�FDOFXODWLRQV��FRUUHODWLRQV��DQG
VXESL[HO�LQWHUSRODWLRQV��$�UHDO�WLPH�RSHUDWLRQ�LV�XQGHU
GHYHORSPHQW�

����� &RVW�(IIHFWLYH�5HDO�7LPH�7KUHH�
'LPHQVLRQDO�9LVLRQ�6\VWHP

$�PDMRU�REVWDFOH�LQ�WKH�DSSOLFDWLRQ�RI�VWHUHR�YLVLRQ�WR
LQWHOOLJHQW� WUDQVSRUWDWLRQ� V\VWHPV� LV� KLJK� FRPSXWD�
WLRQDO�FRVW��6WHUHR�YLVLRQ�V\VWHPV�DUH�HLWKHU�WRR�VORZ
RU�XVH�D�ODUJH�DPRXQW�RI�SURFHVVLQJ�KDUGZDUH��,QWHOOL�
JHQW�WUDQVSRUWDWLRQ�V\VWHPV�UHTXLUH�UHDO�WLPH�UHVXOWV
DW�D�UHDVRQDEOH�FRVW�

2XU� JRDO� LV� WR� EXLOG� D� V\VWHP� WKDW� DFKLHYHV� DQ
DFFHSWDEOH� OHYHO� RI� SHUIRUPDQFH� XVLQJ� RII�WKH�VKHOI
FRPSRQHQWV��7KHUHIRUH��ZH�FKRVH�RII�WKH�VKHOI�FRP�

SRQHQWV� WR� PLQLPL]H� WKH� FRVW� RI� WKH� V\VWHP� DV
RSSRVHG� WR� DSSOLFDWLRQ� VSHFLILF� LQWHJUDWHG� FLUFXLWV
�$6,&V��

,QWHOOLJHQW� WUDQVSRUWDWLRQ�V\VWHPV�XVH�PDLQO\�RQH�RU
WZR�GLPHQVLRQDO� PHDVXUHPHQWV� IRU� DSSOLFDWLRQV�
&RQYHQWLRQDOO\� ODVHU�UDGDU�VHQVRUV�DUH�XVHG�IRU�RQ�
YHKLFOH� DSSOLFDWLRQV�� DQG� ORRS� GHWHFWRUV�DQG� FORVHG
FLUFXLW� WHOHYLVLRQ� DUH� XVHG� IRU� RQ�URDG� DSSOLFDWLRQV�
6WHUHR� YLVLRQ� V\VWHPV� KDYH� EHHQ� VWXGLHG� IRU�PDQ\
\HDUV�EXW�KDYH�EHHQ�WRR�FRVWO\�IRU�UHDO�WLPH�DSSOLFD�
WLRQV��3UHYLRXV�VWHUHR�V\VWHPV�KDYH�IRFXVHG�RQ�DUHD
FRUUHODWLRQV� WR� DFKLHYH� WKUHH�GLPHQVLRQDO�PHDVXUH�
PHQWV�ZKLFK�UHTXLUH�D� ODUJH�DPRXQW�RI�FRPSXWDWLRQ
PDNLQJ� WKH� V\VWHPV�H[WUHPHO\� VORZ�RU� YHU\� H[SHQ�
VLYH�

2XU� DSSURDFK� LV� DQ� HGJH�EDVHG�� VXESL[HO� VWHUHR
DOJRULWKP� ZKLFK� LV� DGDSWHG� WR� SHUPLW� DFFXUDWH� GLV�
WDQFH�PHDVXUHPHQWV� WR� REMHFWV� LQ� WKH� ILHOG� RI� YLHZ�
7KH��'�VFHQH�LQIRUPDWLRQ�PD\�EH�GLUHFWO\�DSSOLHG�WR
D� QXPEHU� RI� LQ�YHKLFOH� DSSOLFDWLRQV� VXFK� DV� LQWHOOL�
JHQW� FUXLVH� FRQWURO�� REVWDFOH� GHWHFWLRQ�� DQG� ODQH
WUDFNLQJ�� DV� ZHOO� DV� RQ�URDG� DSSOLFDWLRQV� VXFK� DV
YHKLFOH� FRXQWLQJ�� FODVVLILFDWLRQ�� VSHHG� PHDVXUH�
PHQWV��DQG�LQFLGHQW�GHWHFWLRQ�

2XU� V\VWHP� KDV� WKUHH� PDMRU� FRPSRQHQWV�� FDPHUD
DVVHPEO\�� 3&�EDVHG� LPDJH� SURFHVVLQJ� KDUGZDUH�
DQG� WKH�3&� LWVHOI�� 7KH� V\VWHP� XVHV� WKUHH� VWDQGDUG
FDPHUDV��7KH�FDPHUDV�DUH�HTXDOO\�VSDFHG�ZLWK�WKHLU
RSWLFDO�D[HV�DOLJQHG�� ,Q�RXU�H[SHULPHQWDO�VHWXS�� WKH
OHIW� DQG� ULJKW� FDPHUDV� DUH� ���� PP� DSDUW� ZLWK� WKH
FHQWHU� FDPHUD� ORFDWHG�PLGZD\� EHWZHHQ� WKHP�� 7KH
OHQVHV�KDYH�IRFDO�OHQJWK����PP��\LHOGLQJ�D�KRUL]RQWDO
ILHOG�RI�YLHZ�RI������GHJUHHV�DQG�YHUWLFDO�ILHOG�RI�YLHZ
RI�����GHJUHHV�ZKHQ�XVHG�ZLWK�RXU�FDPHUDV�

7KH� LPDJHV� DUH� DFTXLUHG� VLPXOWDQHRXVO\� IURP� DOO
WKUHH�FDPHUDV��7KH�ILUVW�VWHS�LV�WR�JHQHUDWH�WKH�YHUWL�
FDO� HGJH�JUDGLHQW� IRU� HDFK� LPDJH��ZKLFK� LV� DFFRP�
SOLVKHG� LQ� WKH� LPDJH� SURFHVVLQJ� KDUGZDUH� DV� D
FRQYROXWLRQ��(GJH�SRLQWV�LQ�WKH�OHIW�DQG�ULJKW�LPDJHV
DUH�PDWFKHG�XVLQJ� WKH�FHQWHU�FDPHUD� WR�KHOS�HOLPL�
QDWH� IDOVH�FRUUHVSRQGHQFHV��)RU�FRUUHVSRQGLQJ�SL[�
HOV�� HGJH� SRVLWLRQV� LQ� WKH� OHIW� DQG� ULJKW� LPDJHV� DUH
HVWLPDWHG�WR�VXESL[HO�UHVROXWLRQV�DQG�XVHG�WR�DUULYH
DW�D�VXESL[HO�GLVSDULW\��

6XESL[HO�UHVROXWLRQ�LV�XVHG�WR�DFKLHYH�JUHDWHU�DFFX�
UDF\� LQ� GHSWK� FRPSXWDWLRQ�� *LYHQ� WKUHH� JUDGLHQW
DPSOLWXGHV�� TXDGUDWLF� LQWHUSRODWLRQ� LV� SHUIRUPHG� WR
DUULYH� DW� D� VXESL[HO� HGJH� ORFDWLRQ�� )URP� HDFK� VXE�
SL[HO� GLVSDULW\�� WKH� GHSWK�PD\�EH�FDOFXODWHG�GLUHFWO\
IURP�
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ZKHUH�E� LV� WKH� OHQJWK� RI� WKH�EDVHOLQH�� I� LV� WKH� IRFDO
OHQJWK��DQG� WKH�[� YDULDEOHV�DUH�[�FRRUGLQDWHV� LQ� WKH
OHIW�DQG�ULJKW�LPDJHV�UHVSHFWLYHO\�

��� &RPSXWHU�$LGHG�'HVLJQ�7HFKQLTXHV�
IRU�(PEHGGHG�6\VWHP�'HVLJQ

6SRQVRU

1DWLRQDO�6FLHQFH�)RXQGDWLRQ�
&RQWUDFW�0,3��������

3URMHFW�6WDII

3URIHVVRU�6ULQLYDV�'HYDGDV��'DQLHO�(QJHOV��*HRUJH
,��+DGML\LDQQLV��6LOYLQD�=��+DQRQR

����� (PEHGGHG�6\VWHPV

5HFHQW� \HDUV� KDYH� VHHQ�DQ� DPD]LQJ� JURZWK� LQ� WKH
XVH� RI� FRQVXPHU� HOHFWURQLF� SURGXFWV� VXFK� DV� SHU�
VRQDO�GLJLWDO�DVVLVWDQWV��PXOWLPHGLD�V\VWHPV��DQG�FHO�
OXODU�SKRQHV��'XH�WR�WKHLU�HQRUPRXV�PDUNHW�GHPDQG�
WKH�PDQXIDFWXULQJ�RI�HOHFWURQLF�V\VWHPV�LV�YHU\�VHQ�
VLWLYH�WR�FRVW�DQG�WLPH�UHTXLUHPHQWV��0RUHRYHU��PDQ\
DSSOLFDWLRQV� �H�J��� FHOOXODU� SKRQHV�� KDYH� VWULQJHQW
UHTXLUHPHQWV�RQ�VL]H�DQG�SRZHU�FRQVXPSWLRQ��IRU�WKH
VDNH�RI�SRUWDELOLW\��)RU�WKHVH�UHDVRQV��PDQXIDFWXUHUV
SURILW� IURP� LQWHJUDWLQJ� DQ�HQWLUH� V\VWHP� RQ� D� VLQJOH
LQWHJUDWHG�FLUFXLW��,&��

$V�WLPH�WR�PDUNHW�UHTXLUHPHQWV�SODFH�JUHDWHU�EXUGHQ
RQ�GHVLJQHUV�IRU�VKRUW�GHVLJQ�F\FOHV��SURJUDPPDEOH
FRPSRQHQWV�DUH� LQWURGXFHG� LQWR�WKH�V\VWHP��DQG�DQ
LQFUHDVLQJ� DPRXQW� RI� V\VWHP� IXQFWLRQDOLW\� LV� LPSOH�
PHQWHG� LQ� VRIWZDUH� UHODWLYH� WR� KDUGZDUH�� 6\VWHPV

FRQWDLQLQJ� SURJUDPPDEOH� SURFHVVRUV� WKDW� DUH
HPSOR\HG� IRU� DSSOLFDWLRQV� RWKHU� WKDQ� JHQHUDO�SXU�
SRVH� FRPSXWLQJ� DUH� FDOOHG� HPEHGGHG� V\VWHPV�� $Q
H[DPSOH�LV�D�V\VWHP�FRQVLVWLQJ�RI�D�GLJLWDO�VLJQDO�SUR�
FHVVRU��'63��FRUH�RU�DQ�DSSOLFDWLRQ�VSHFLILF�LQVWUXF�
WLRQ�VHW� SURFHVVRU� �$6,3��� D� SURJUDP� 520�� 5$0�
DSSOLFDWLRQ�VSHFLILF� FLUFXLWU\� �$6,&��� DQG� SHULSKHUDO
FLUFXLWU\�

����� +DUGZDUH�6RIWZDUH�&R�'HVLJQ

5DWKHU� WKDQ� GHVLJQLQJ� WKH� VRIWZDUH� DQG� KDUGZDUH
FRPSRQHQWV� RI� DQ� HPEHGGHG� V\VWHP� VHSDUDWHO\�
KDUGZDUH�VRIWZDUH� FR�GHVLJQ� LV� PRUH� FRVW� HIIHFWLYH
DQG�UHVXOWV�LQ�D�VKRUWHU�WLPH�WR�PDUNHW��,Q�SDUWLFXODU�
LQ�RUGHU�WR�DGGUHVV�WKH�FRQVWUDLQWV�RI�FRVW��VL]H��DQG
SRZHU� FRQVXPSWLRQ�� LW� LV� LPSRUWDQW� WR� PDWFK� WKH
DUFKLWHFWXUH�RI�WKH�HPEHGGHG�SURFHVVRU�WR�WKH�DSSOL�
FDWLRQ�DW�KDQG�

,Q� D� FR�GHVLJQ�PHWKRGRORJ\�� GHVLJQHUV�SDUWLWLRQ� WKH
V\VWHP� IXQFWLRQDOLW\� LQWR� KDUGZDUH� DQG� VRIWZDUH�
$GGLWLRQDOO\��D�WDUJHW�SURFHVVRU�LV�FKRVHQ�IURP�H[LVW�
LQJ� SURFHVVRU� GHVLJQV�� RU� DQ� $6,3� LV� GHVLJQHG� WR
H[HFXWH� WKH� VRIWZDUH�� 7KH�KDUGZDUH�� VRIWZDUH�� DQG
$6,3�DUH� LPSOHPHQWHG�� DQG� WKH� UHVXOWLQJ� V\VWHP� LV
HYDOXDWHG� XVLQJ� D� KDUGZDUH�VRIWZDUH� FR�VLPXODWRU�
7KH�SDUWLWLRQLQJ�DQG�SURFHVVRU�GHVLJQ�DUH� UHSHDWHG
XQWLO� DQ� DFFHSWDEOH� V\VWHP� LV� GHYHORSHG��:LWK� WKLV
PHWKRGRORJ\�� WRROV� IRU� FRGH� JHQHUDWLRQ� DQG� KDUG�
ZDUH�VRIWZDUH� FR�VLPXODWLRQ� DUH� HVVHQWLDO� IRU� WKH
VXFFHVVIXO�HYDOXDWLRQ�RI�FDQGLGDWH�DUFKLWHFWXUHV�

$V�WKH�FRPSOH[LW\�RI�HPEHGGHG�V\VWHPV�JURZV��SUR�
JUDPPLQJ�LQ�DVVHPEO\�ODQJXDJH�DQG�RSWLPL]DWLRQ�E\
KDQG�DUH� QR� ORQJHU� SUDFWLFDO� H[FHSW� IRU� WLPH�FULWLFDO
SRUWLRQV�RI�WKH�SURJUDP�WKDW�DEVROXWHO\�UHTXLUH�LW��)XU�
WKHU��KDQG�FRGLQJ�YLUWXDOO\�HOLPLQDWHV�WKH�SRVVLELOLW\�RI
FKDQJLQJ�WKH�SURFHVVRU�DUFKLWHFWXUH��7KXV��DQ�DXWR�
PDWLF� FRGH� JHQHUDWLRQ� PHWKRGRORJ\� LV� UHTXLUHG� IRU
DGHTXDWH� HYDOXDWLRQ� RI� FDQGLGDWH� DUFKLWHFWXUHV� DQG
HIIHFWLYH� DUFKLWHFWXUH� H[SORUDWLRQ�� ,Q� DGGLWLRQ�� WKH
DXWRPDWLF�FRGH�JHQHUDWLRQ�PHWKRGRORJ\�ZLOO�EH�PRVW
XVHIXO�LI�LW�FDQ�EH�HDVLO\�DGDSWHG�WR�JHQHUDWLQJ�FRGH
IRU�GLIIHUHQW�SURFHVVRUV��7KH�VDPH�KROGV�IRU�WKH�VLP�
XODWLRQ�HQYLURQPHQW��7KLV�SURSHUW\��FRPPRQO\�FDOOHG
UHWDUJHWDELOLW\�� LV� GLVFXVVHG� LQ� WKH� IROORZLQJ� VHFWLRQ�
:H� DUJXH� WKDW� WR� EH� DEOH� WR� H[SORUH� WKH� SURFHVVRU
GHVLJQ� VSDFH�� D� VHW� RI� DXWRPDWLFDOO\� UHWDUJHWDEOH
GHVLJQ� WRROV� LQFOXGLQJ� FRGH� JHQHUDWRUV� DQG� VLPXOD�
WRUV�LV�HVVHQWLDO�

7DEOH��� 6XPPDU\�RI�SHUIRUPDQFH�EHQFKPDUNV�
RI�RXU�V\VWHP���7KH�SHUIRUPDQFH�
EHQFKPDUNV�IURP�RQ�URDG�WULDOV�
LQGLFDWH�UHDO�WLPH�GHSWK�UHFRYHU\�

&38 ����0+]�
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����� $�0DFKLQH�'HVFULSWLRQ�/DQJXDJH�IRU�
(DV\�5HWDUJHWDELOLW\

,Q�RUGHU�WR�GHWHUPLQH�WKH�DSSURSULDWH�DUFKLWHFWXUH�IRU
WKH�SURFHVVRU�EHLQJ�GHVLJQHG��WKH�GHVLJQ�VSDFH�PD\
EH�H[SORUHG�XVLQJ�LWHUDWLYH�LPSURYHPHQW��)LUVW��DQ�LQL�
WLDO�DUFKLWHFWXUH� LV�JHQHUDWHG�DQG�GHVFULEHG�XVLQJ�D
PDFKLQH� GHVFULSWLRQ� ODQJXDJH�� 7KLV� PDFKLQH
GHVFULSWLRQ� LV� WKHQ� IHG� LQWR� D� UHWDUJHWDEOH� FRPSLOHU
DORQJ� ZLWK� WKH� DSSOLFDWLRQ� VRXUFH� FRGH�� 7KH� UHWDU�
JHWDEOH� FRPSLOHU� WUDQVODWHV� WKH� VRXUFH� FRGH� WR
DVVHPEO\�FRGH�IRU�WKH�WDUJHW�SURFHVVRU��RSWLPL]HG�IRU
VSHHG�DQG�FRGH�VL]H��7KH�VDPH�PDFKLQH�GHVFULSWLRQ
LV�DOVR�SDVVHG�WR�D�UHWDUJHWDEOH�DVVHPEOHU�WKDW�FRQ�
YHUWV�WKH�DVVHPEO\�FRGH�WR�ELQDU\�FRGH�IRU�WKH�WDUJHW
SURFHVVRU�� 1H[W�� D� UHWDUJHWDEOH� VLPXODWRU� UHFHLYHV
WKH� PDFKLQH� GHVFULSWLRQ� DQG� WKH� ELQDU\� FRGH� DV
LQSXWV�DQG�H[HFXWHV�WKH�FRGH��7KH�VLPXODWRU�JHQHU�
DWHV�D�VHW�RI�PHDVXUHPHQWV�WKDW�FDQ�EH�XVHG�WR�HYDO�
XDWH�WKH�DUFKLWHFWXUH�DQG�SRLQW�RXW�SRVVLEOH�LPSURYH�
PHQWV�� ,I� WKH� SHUIRUPDQFH� RI� WKH� DUFKLWHFWXUH� GRHV
QRW� PHHW� WKH� GHVLJQ� VSHFLILFDWLRQV�� RU� LI� WKH� FRVW�
VL]H��RU�SRZHU�FRQVXPSWLRQ�FDQ�EH�UHGXFHG�ZLWKRXW
VDFULILFLQJ� SHUIRUPDQFH�� WKHQ� WKH� DSSURSULDWH
FKDQJHV� DUH� PDGH� WR� WKH� DUFKLWHFWXUH� DQG� D� QHZ
PDFKLQH� GHVFULSWLRQ� LV� JHQHUDWHG�� 2QFH� WKH� ILQDO
DUFKLWHFWXUH� KDV� EHHQ� GHWHUPLQHG�� WKH� PDFKLQH
GHVFULSWLRQ�FDQ�EH�XVHG�WR�JHQHUDWH�DQ�LPSOHPHQWD�
WLRQ�RI�WKH�DUFKLWHFWXUH�

7KH�PDFKLQH�GHVFULSWLRQ�ODQJXDJH� LV�WKH�IRFDO�SRLQW
RI�DOO�WKH�WRROV�XVHG�IRU�DUFKLWHFWXUH�H[SORUDWLRQ��,W�LV�D
FULWLFDO�FRPSRQHQW� LQ� WKH�GHVLJQ� IORZ�DQG�VKRXOG�EH
FDSDEOH�RI�SHUIRUPLQJ�WKH�IROORZLQJ�IXQFWLRQV��

• 6SHFLI\�D�ZLGH�YDULHW\�RI�DUFKLWHFWXUHV��,Q�SDUWLFX�
ODU��LW�VKRXOG�VXSSRUW�YHU\�ORQJ�LQVWUXFWLRQ�ZRUG��
�9/,:��DUFKLWHFWXUHV�EHFDXVH�WKH\�DUH�YHU\�HIIL�
FLHQW�IRU�FXVWRP�DSSOLFDWLRQV��DQG�EHFDXVH�PRUH�
WUDGLWLRQDO�DUFKLWHFWXUHV�FDQ�EH�WUHDWHG�DV�GHJHQ�
HUDWH�FDVHV�RI�9/,:�DUFKLWHFWXUHV��

• ([SOLFLWO\�VXSSRUW�FRQVWUDLQWV�WKDW�GHILQH�YDOLG�
LQVWUXFWLRQV��

• %H�HDVLO\�XQGHUVWDQGDEOH�DQG�PRGLILDEOH�E\�D�
FRPSLOHU�ZULWHU�RU�KDUGZDUH�DUFKLWHFW��

• 6XSSRUW�DXWRPDWLFDOO\�UHWDUJHWDEOH�FRGH�JHQHUD�
WLRQ��

• 6XSSRUW�WKH�DXWRPDWLF�JHQHUDWLRQ�RI�DQ�DVVHPEOHU�
DQG�GLVDVVHPEOHU��

• 6XSSRUW�WKH�DXWRPDWLF�JHQHUDWLRQ�RI�D�F\FOH�DFFX�
UDWH�LQVWUXFWLRQ�OHYHO�VLPXODWRU��

• 3URYLGH�DGHTXDWH�LQIRUPDWLRQ�WR�DOORZ�IRU�FRGH�
RSWLPL]DWLRQV��

• 6XSSRUW�WKH�JHQHUDWLRQ�RI�DQ�LPSOHPHQWDWLRQ�RI�
WKH�DUFKLWHFWXUH�IURP�WKH�PDFKLQH�GHVFULSWLRQ�

:H�KDYH�GHYHORSHG�D�PDFKLQH�GHVFULSWLRQ�ODQJXDJH�
,6'/� LQVWUXFWLRQ� VHW� GHVFULSWLRQ� ODQJXDJH� �,6'/��
ZKLFK�KDV�DOO�RI�WKH�DERYH�IHDWXUHV��:H�KDYH�ZULWWHQ
FRPSOHWH� ,6'/� GHVFULSWLRQV� IRU� $6,3V�� DV� ZHOO� DV
FRPPHUFLDO�'63�FRUHV��LQ�SDUWLFXODU��D�SRZHUIXO�$6,3
9/,:�DUFKLWHFWXUH�DQG�WKH�0RWRUROD�������'63�

����� 5HWDUJHWDEOH�&RGH�*HQHUDWLRQ

:H� DUH� GHYHORSLQJ� D� UHWDUJHWDEOH� FRGH� JHQHUDWRU�
$9,9��ZKRVH�LQSXWV�DUH�WKH�DSSOLFDWLRQ�SURJUDP�DQG�D
,6'/�GHVFULSWLRQ�WKH�WDUJHW�SURFHVVRU��$9,9�SURGXFHV
FRGH��RSWLPL]HG�IRU�PLQLPDO�VL]H��WKDW�FDQ�UXQ�RQ�WKH
WDUJHW�SURFHVVRU��&RGH�VL]H� LV�RXU�RSWLPL]DWLRQ�FRVW
IXQFWLRQ�EHFDXVH�ZH�DUH�IRFXVLQJ�RQ�HPEHGGHG�SUR�
FHVVRUV�ZKHUH�WKH�VL]H�RI�WKH�RQ�FKLS�520�LV�D�FULWL�
FDO�LVVXH�

%\� YDU\LQJ� WKH� PDFKLQH� GHVFULSWLRQ� DQG� HYDOXDWLQJ
WKH� UHVXOWLQJ� REMHFW� FRGH�� WKH� GHVLJQ� VSDFH�RI� ERWK
KDUGZDUH� DQG� VRIWZDUH� FRPSRQHQWV� FDQ� EH� HIIHF�
WLYHO\�H[SORUHG��$9,9�IRFXVHV�RQ�DUFKLWHFWXUHV�H[KLELW�
LQJ�LQVWUXFWLRQ�OHYHO�SDUDOOHOLVP��,/3���LQFOXGLQJ�9/,:
DUFKLWHFWXUHV�

$9,9�XVHV�WKH�6WDQIRUG�8QLYHUVLW\�LQWHUPHGLDWH�IRUPDW
�68,)�� DQG� 6\QRSV\V�� 3ULQFHWRQ�� $DFKHQ�� 0,7
�63$0��FRPSLOHUV�DV�D�IURQW�HQG��7KH�IURQW�HQG�SHU�
IRUPV�PDFKLQH� LQGHSHQGHQW� RSWLPL]DWLRQV� DQG� JHQ�
HUDWHV�DQ� LQWHUPHGLDWH� UHSUHVHQWDWLRQ�RI� WKH�VRXUFH
SURJUDP�ZKLFK�FRQVLVWV�RI�EDVLF�EORFN�GLUHFWHG�DF\�
FOLF� JUDSKV� �'$*V�� FRQQHFWHG� WKURXJK� FRQWURO� IORZ
LQIRUPDWLRQ�

5HWDUJHWDEOH�FRGH�RSWLPL]DWLRQ�UHTXLUHV�WKH�GHYHORS�
PHQW� RI� SDUDPHWHUL]DEOH� DOJRULWKPV� IRU� LQVWUXFWLRQ
VHOHFWLRQ�� UHVRXUFH� DOORFDWLRQ�� DQG� VFKHGXOLQJ�� $9,9

DGGUHVVHV�WKHVH�FRGH�JHQHUDWLRQ�VXESUREOHPV�FRQ�
FXUUHQWO\��ZKHUHDV�PRVW�FXUUHQW�FRGH�JHQHUDWLRQ�V\V�
WHPV� DGGUHVV� WKHP� VHTXHQWLDOO\�� 7KH� PDLQ� UHDVRQ
ZK\� FXUUHQW� FRGH� JHQHUDWRUV� DGGUHVV� WKHVH� SURE�
OHPV� VHTXHQWLDOO\� LV� WR� VLPSOLI\� GHFLVLRQ�PDNLQJ� LQ
FRGH� JHQHUDWLRQ�� +RZHYHU�� GHFLVLRQV� PDGH� LQ� RQH
SKDVH�KDYH�D�SURIRXQG�HIIHFW�RQ�WKH�RWKHU�SKDVHV�

$9,9�FRQYHUWV�WKH�LQWHUPHGLDWH�UHSUHVHQWDWLRQ�JHQHU�
DWHG�E\�WKH�IURQW�HQG�WR�D�JUDSKLFDO��6SOLW�1RGH�'$*�
UHSUHVHQWDWLRQ� WKDW� VSHFLILHV� DOO� SRVVLEOH� ZD\V� RI
LPSOHPHQWLQJ�WKH�EDVLF�EORFNV�RQ�WKH�WDUJHW�SURFHV�
VRU��7KH�LQIRUPDWLRQ�HPEHGGHG�LQ�WKLV�UHSUHVHQWDWLRQ
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LV�WKHQ�XVHG�WR�VHW�XS�D�KHXULVWLF�EUDQFK�DQG�ERXQG
VWHS�WKDW�SHUIRUPV�IXQFWLRQDO�XQLW�DVVLJQPHQW��RSHUD�
WLRQ�JURXSLQJ��UHJLVWHU�EDQN�DOORFDWLRQ��DQG�VFKHGXO�
LQJ�FRQFXUUHQWO\��:KLOH�GHWDLOHG�UHJLVWHU�DOORFDWLRQ�LV
FDUULHG� RXW� DV� D� VHFRQG� VWHS�� UHTXLUHG� ORDGV� DQG
VSLOOV�GXH� WR� OLPLWV�RQ�DYDLODEOH� UHJLVWHUV�DUH�JHQHU�
DWHG� DQG� VFKHGXOHG� GXULQJ� WKH� ILUVW� VWHS�� 7KLV
HQVXUHV� WKDW�D� YDOLG�GHWDLOHG� UHJLVWHU� DOORFDWLRQ� FDQ
DOZD\V�EH�IRXQG�ZLWKRXW�XQGRLQJ�WKH�FKRVHQ�RSHUD�
WLRQ� JURXSLQJV� RU� IXQFWLRQDO� XQLW� DVVLJQPHQWV�� 7KH
KHXULVWLFV�LQ�$9,9�DUH�WXQHG�IRU�PLQLPDO�FRGH�VL]H�

7KH�VFKHGXOLQJ�SUREOHPV�IDFHG�LQ�UHWDUJHWDEOH�FRGH
JHQHUDWLRQ�DUH�FRPSOLFDWHG�E\�WKH�SUHVHQFH�RI�PXOWL�
SOH� SLSHOLQHG� GDWDSDWKV�� SDUWLFXODUO\� LQ� KLJK�SHUIRU�
PDQFH�SURFHVVRU�FRUHV��2SWLPDOO\�VFKHGXOLQJ�RSHUD�
WLRQV�RQ� WKHVH�PXOWLSOH�GDWDSDWKV�VR�DV�WR�PLQLPL]H
WKH�RYHUDOO�FRPSOHWLRQ� WLPH� LV�FULWLFDO� WR�V\VWHP�SHU�
IRUPDQFH�� 8QIRUWXQDWHO\�� WKLV� LV� D� GLIILFXOW� SUREOHP
GXH� WR� GDWD� GHSHQGHQFLHV� EHWZHHQ� RSHUDWLRQV� DQG
SLSHOLQH� LQWHUORFNV��7KH�SLSHOLQH� LQWHUORFNV� LQWURGXFH
�SRVVLEO\�YDU\LQJ��GLVWDQFH�FRQVWUDLQWV�EHWZHHQ�GDWD
GHSHQGHQW�RSHUDWLRQV��DQG�VFKHGXOLQJ�VR�DV�WR�DYRLG
LQWHUORFNV� LV� UHIHUUHG� WR�DV� WKH� GLVWDQFH�FRQVWUDLQHG
VFKHGXOLQJ�SUREOHP��:KLOH�VFKHGXOLQJ�ZLWK�IL[HG�GLV�
WDQFH� FRQVWUDLQWV� KDV� UHFHLYHG� VRPH� DWWHQWLRQ�
VFKHGXOLQJ� ZLWK� DUELWUDULO\� YDU\LQJ� GLVWDQFH� FRQ�
VWUDLQWV�KDV�QRW�

:H� KDYH� H[DPLQHG� WKH� FRPSOH[LW\� RI� WKH� DUELWUDU\
GLVWDQFH�FRQVWUDLQHG� VFKHGXOLQJ� SUREOHP�� ILQGLQJ� LW
WR�EH�13�FRPSOHWH�HYHQ�IRU�VLPSOH�FRQVWUDLQW�WRSROR�
JLHV�� $SSUR[LPDWLRQ� ERXQGV� IRU� WKLV� SUREOHP� KDYH
EHHQ� GHULYHG�� DQG� D� KHXULVWLF� DOJRULWKP� KDV� EHHQ
GHYHORSHG�

����� 5HWDUJHWDEOH�6LPXODWLRQ

7KH�VLPXODWRU�JHQHUDWRU�XVHV�H[DFWO\�WKH�VDPH�,6'/
GHVFULSWLRQ�RI�WKH�WDUJHW�DUFKLWHFWXUH��7KH�OLVW�RI�RSHU�
DWLRQV�DQG�FRUUHVSRQGLQJ�HIIHFWV�RQ�YLVLEOH�VWDWH�DUH
XVHG�WR�FUHDWH�D�VHW�RI�IXQFWLRQV��RQH�IRU�HDFK�RSHUD�
WLRQ���HDFK�RI�ZKLFK�PRGLILHV�WKH�LQWHUQDO�UHSUHVHQWD�
WLRQ�RI�WKH�YLVLEOH�VWDWH�LQ�WKH�VDPH�ZD\�DV�WKH�FRUUH�
VSRQGLQJ�RSHUDWLRQ�ZRXOG�PRGLI\�WKH�KDUGZDUH�VWDWH�
7KH�DSSURSULDWH� IXQFWLRQV�DUH� WKHQ� WULJJHUHG�DV� WKH
VLPXODWRU�VWHSV�WKURXJK�WKH�LQVWUXFWLRQV�LQ�WKH�ELQDU\
SURJUDP��7KHUH�DUH�WZR�PDLQ�SUREOHPV�WKDW�WKH�VLPX�
ODWRU�PXVW�GHDO�ZLWK��

• 'LVDVVHPEO\��)LUVW��WKH�VLPXODWRU�PXVW�GHFRP�
SRVH�HDFK�9/,:�LQVWUXFWLRQ�WR�WKH�FRUUHVSRQGLQJ�
RSHUDWLRQV��7KLV�FRUUHVSRQGV�WR�GLVDVVHPEO\�RI�
WKH�RULJLQDO�LQVWUXFWLRQ�VWUHDP�DQG�FDQ�EH�SHU�

IRUPHG�XSRQ�LQLWLDOL]DWLRQ��7KLV�LV�D�QRQ�WULYLDO�
SUREOHP�EHFDXVH�YDULRXV�RSHUDWLRQV�LQ�WKH�
LQVWUXFWLRQ�PD\�KDYH�RYHUODSSLQJ�ELQDU\�LPDJHV��

• 7LPLQJ��7R�EH�XVHIXO��WKH�VLPXODWRU�PXVW�EH�F\FOH�
DFFXUDWH�DW�OHDVW�DW�WKH�LQVWUXFWLRQ�OHYHO��7KHUH�
IRUH��WKH�VLPXODWRU�PXVW�EH�DEOH�WR�UHSURGXFH�
HIIHFWV�UHODWHG�WR�YDULRXV�SLSHOLQH�IHDWXUHV�VXFK�DV�
E\SDVV�ORJLF�DQG�VWDOOLQJ��7KLV�LQIRUPDWLRQ�LV�DYDLO�
DEOH�WR�WKH�VLPXODWRU�RQ�D�SHU�RSHUDWLRQ�EDVLV��

7KH�VLPXODWRU�FRQWDLQV�D�GLVDVVHPEOHU�ZKLFK�PDNHV
XVH� RI� WKH� ELQDU\� LPDJHV� RI� HDFK� RSHUDWLRQ� �DOVR
OLVWHG� LQ�,6'/��DQG�WKHQ�VHDUFKHV�WKURXJK�FRPELQD�
WLRQV�RI�WKHVH�WR�DUULYH�DW�WKH�SDUWLFXODU�JURXS�RI�RSHU�
DWLRQV�WKDW�\LHOGHG�D�JLYHQ�9/,:�LQVWUXFWLRQ�LPDJH��$
ODUJH� QXPEHU� RI� VKRUWFXWV� DUH� XVHG� WR� SUXQH� WKH
VHDUFK�ZKHQ�WKHUH�LV�OLWWOH�RU�QR�RYHUODS�LQ�WKH�ELQDU\
LPDJHV�RI�WKH�RSHUDWLRQV��7KH�ZKROH�SURJUDP�LV�GLV�
DVVHPEOHG�ZKHQ� ORDGHG� LQ�PHPRU\�� 7KLV� UHVXOWV� LQ
IDVW�VLPXODWLRQV�EXW�SUHYHQWV�WKH�XVH�RI�VHOI�PRGLI\�
LQJ�FRGH�

7KH� WLPLQJ� LV� UHODWHG� WR� WZR� SDUDPHWHUV�� F\FOH� FRVW
DQG�ODWHQF\��&\FOH�FRVW�LV�WKH�QXPEHU�RI�FORFN�F\FOHV
LW�ZLOO�WDNH�IRU�DQ�LQVWUXFWLRQ�WR�H[HFXWH�RQ�KDUGZDUH�
/DWHQF\� GHVFULEHV� KRZ� PDQ\� LQVWUXFWLRQV� ODWHU� WKH
HIIHFWV� RI� WKH� FXUUHQW� LQVWUXFWLRQ� ZLOO� EH� YLVLEOH�
%HWZHHQ� WKH� WZR�� WKHVH�SDUDPHWHUV� FDQ�GHVFULEH�D
ZLGH� YDULHW\� RI� SLSHOLQH� DUFKLWHFWXUHV� LQFOXGLQJ� IHD�
WXUHV�VXFK�DV�E\SDVV�ORJLF�DQG�VWDOOLQJ��6LQFH�WKHVH
SDUDPHWHUV� FDQ� YDU\� RQ� D� SHU�RSHUDWLRQ� EDVLV�� WKH
VLPXODWRU�FDQ�KDQGOH�SLSHOLQHV�RI�GLIIHUHQW�OHQJWKV�IRU
GLIIHUHQW�RSHUDWLRQV�

7KH� JHQHUDWHG� VLPXODWRUV� FDQ� UXQ� RQ� WKH� RUGHU� RI
���� .F\FOHV�VHF� DQG� RIIHU� D� XVHU�IULHQGO\� LQWHUIDFH
DQG� D� ZLGH� YDULHW\� RI� GHEXJJLQJ� VXSSRUW�� 3HUIRU�
PDQFH� VWDWLVWLFV� IRU� WKH� WDUJHW� DUFKLWHFWXUH� FDQ� EH
JHQHUDWHG� IURP�DQ� DGGUHVV� WUDFH� WKDW� WKH�VLPXODWRU
FUHDWHV�RQ�FRPPDQG�

��� )XQFWLRQDO�9HULILFDWLRQ�RI�9/6,�
6\VWHPV

6SRQVRU

6FKOXPEHUJHU�)RXQGDWLRQ

3URMHFW�6WDII

3URIHVVRU�6ULQLYDV�'HYDGDV��)DU]DQ�)DOODK�
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����� &RYHUDJH�$QDO\VLV

)XQFWLRQDO� VLPXODWLRQ� LV� VWLOO� WKH� SULPDU\� ZRUNKRUVH
IRU� YHULI\LQJ� WKH� IXQFWLRQDO� FRUUHFWQHVV� RI� KDUGZDUH
GHVLJQV��)XQFWLRQDO�YHULILFDWLRQ�LV�QHFHVVDULO\�LQFRP�
SOHWH� EHFDXVH� LW� LV� QRW� FRPSXWDWLRQDOO\� IHDVLEOH� WR
H[KDXVWLYHO\� VLPXODWH�GHVLJQV�� ,W� LV� LPSRUWDQW� WKHUH�
IRUH�WR�TXDQWLWDWLYHO\�PHDVXUH�WKH�GHJUHH�RI�YHULILFD�
WLRQ� FRYHUDJH�RI� WKH�GHVLJQ��&RYHUDJH�PHWULFV� SUR�
SRVHG�IRU�PHDVXULQJ�WKH�H[WHQW�RI�GHVLJQ�YHULILFDWLRQ
SURYLGHG� E\� D� VHW� RI� IXQFWLRQDO� VLPXODWLRQ� YHFWRUV
VKRXOG�FRPSXWH�VWDWHPHQW�H[HFXWLRQ�FRXQWV��FRQWURO�
ODELOLW\�LQIRUPDWLRQ���DQG�FKHFN�WR�VHH�ZKHWKHU�HIIHFWV
RI� SRVVLEOH� HUURUV� DFWLYDWHG� E\� SURJUDP� VWLPXOL� FDQ
EH�REVHUYHG�DW�WKH�FLUFXLW�RXWSXWV��REVHUYDELOLW\�LQIRU�
PDWLRQ���8QIRUWXQDWHO\��WKH�PHWULFV�SURSRVHG�WKXV�IDU�
HLWKHU�GR�QRW� FRPSXWH�ERWK� W\SHV� RI� LQIRUPDWLRQ��RU
DUH� LQHIILFLHQW�� L�H��� WKH� RYHUKHDG� RI� FRPSXWLQJ� WKH
PHWULF�LV�YHU\�ODUJH�

:H�KDYH�GHYHORSHG�DQ�HIILFLHQW�PHWKRG�WR�FRPSXWH
DQ� REVHUYDELOLW\�EDVHG� FRGH� FRYHUDJH� PHWULF
�2&&20��WKDW�FDQ�EH�XVHG�ZKLOH�VLPXODWLQJ�FRPSOH[
+'/� GHVLJQV�� 7KLV� PHWKRG� RIIHUV� D� PRUH� DFFXUDWH
DVVHVVPHQW�RI�GHVLJQ�YHULILFDWLRQ�FRYHUDJH�WKDQ�OLQH
FRYHUDJH�� DQG� LV� VLJQLILFDQWO\�PRUH� FRPSXWDWLRQDOO\
HIILFLHQW� WKDQ� SULRU� HIIRUWV� WR� DVVHVV� REVHUYDELOLW\
LQIRUPDWLRQ� EHFDXVH� LW� EUHDNV� XS� WKH� FRPSXWDWLRQ
LQWR� WZR� VWHSV�� )XQFWLRQDO� VLPXODWLRQ� RI� D� PRGLILHG
+'/� PRGHO�� IROORZHG� E\� DQDO\VLV� RI� D� IORZJUDSK
H[WUDFWHG� IURP� WKH� +'/� PRGHO�� &RPPHUFLDO� +'/
VLPXODWRUV�FDQ�EH�GLUHFWO\�XVHG�IRU�WKH�WLPH�FRQVXP�
LQJ�ILUVW�VWHS��DQG�WKH�VHFRQG�VWHS�FDQ�EH�SHUIRUPHG
HIILFLHQWO\�XVLQJ�DSSURSULDWH�GDWD�VWUXFWXUHV�

����� )XQFWLRQDO�9HFWRU�*HQHUDWLRQ

2XU� VWUDWHJ\� IRU� DXWRPDWLF� JHQHUDWLRQ� RI� IXQFWLRQDO
YHFWRUV�LV�EDVHG�RQ�H[HUFLVLQJ�VHOHFWHG�SDWKV�LQ�WKH
JLYHQ� KDUGZDUH� GHVFULSWLRQ� ODQJXDJH� �+'/��PRGHO�
7KH�+'/�PRGHO�GHVFULEHV� LQWHUFRQQHFWLRQV�RI�DULWK�
PHWLF�� ORJLF� DQG�PHPRU\�PRGXOHV��*LYHQ� D� SDWK� LQ
WKH�+'/�PRGHO��WKH�VHDUFK�IRU�LQSXW�VWLPXOL�WKDW�H[HU�
FLVH�WKH�SDWK�FDQ�EH�FRQYHUWHG�LQWR�D�VWDQGDUG�VDWLVIL�
DELOLW\�FKHFNLQJ�SUREOHP�E\�H[SDQGLQJ�WKH�DULWKPHWLF
PRGXOHV� LQWR� ORJLF�JDWHV��+RZHYHU�� WKLV�DSSURDFK� LV
QRW�YHU\�HIILFLHQW�

:H�KDYH�GHYHORSHG�D�QHZ�+'/�VDWLVILDELOLW\�FKHFN�
LQJ�DOJRULWKP�WKDW�ZRUNV�GLUHFWO\�RQ� WKH�+'/�PRGHO�
7KH�SULPDU\� IHDWXUH� RI� RXU�DOJRULWKP� LV� D� VHDPOHVV
LQWHJUDWLRQ�RI�OLQHDU�SURJUDPPLQJ�WHFKQLTXHV�IRU�IHD�
VLELOLW\� FKHFNLQJ� RI� DULWKPHWLF� HTXDWLRQV� WKDW� JRYHUQ
WKH�EHKDYLRU�RI�GDWDSDWK�PRGXOHV��DQG���6$7�FKHFN�

LQJ� IRU� ORJLF� HTXDWLRQV� WKDW� JRYHUQ� WKH� EHKDYLRU� RI
FRQWURO�PRGXOHV��7KLV�IHDWXUH�LV�FULWLFDOO\�LPSRUWDQW�WR
HIILFLHQF\�� VLQFH� LW� DYRLGV� PRGXOH� H[SDQVLRQ� DQG
DOORZV�XV�WR�ZRUN�ZLWK�ORJLF�DQG�DULWKPHWLF�HTXDWLRQV
ZKRVH�FDUGLQDOLW\�WUDFNV�WKH�VL]H�RI�WKH�+'/�PRGHO�

����� 3XEOLFDWLRQV

-RXUQDO�$UWLFOHV

+DGML\LDQQLV�� *��� $�3�� &KDQGUDNDVDQ�� DQG� 6�� 'HYD�
GDV���$�/RZ�3RZHU��/RZ�%DQGZLGWK�3URWRFRO� IRU
5HPRWH�:LUHOHVV�7HUPLQDOV���$&0�7UDQV��:LUH�
OHVV�&RPSXW��)RUWKFRPLQJ�

/LDR�� 6��� 6�� 'HYDGDV�� .�� .HXW]HU�� 6�� 7MLDQJ� DQG�$�
:DQJ�� �&RGH� 2SWLPL]DWLRQ� 7HFKQLTXHV� LQ
(PEHGGHG� '63� 3URFHVVRUV��� 'HV�� $XWRPDW�
(PEHG��6\VW��,QW��-���������������������

/LDR��6���6��'HYDGDV��DQG�.��.HXW]HU���$�7H[W�&RP�
SUHVVLRQ�%DVHG�0HWKRG�IRU�&RGH�6L]H�0LQLPL]D�
WLRQ� LQ� (PEHGGHG� 6\VWHPV��� $&0� 7UDQV�� 'HV�
$XWRPDW���(OHFWURQ��6\VW��)RUWKFRPLQJ�

/LDR��6���.��.HXW]HU��6��7MLDQJ��DQG�6��'HYDGDV�� �$
1HZ�9LHZSRLQW�RQ�&RGH�*HQHUDWLRQ�IRU�'LUHFWHG
$F\FOLF� *UDSKV��� $&0� 7UDQV�� 'HV�� $XWRPDW�
(OHFWURQ��6\VW��)RUWKFRPLQJ�

0RQWHLUR�� -���6��'HYDGDV�DQG�$��*KRVK�� �2SWLPL]D�
WLRQ�RI�6HTXHQWLDO�/RJLF�&LUFXLWV�8VLQJ�3UHFRP�
SXWDWLRQ��� ,(((� 7UDQV�� &RPSXW��$LGHG� 'HV�
)RUWKFRPLQJ�

0RQWHLUR��-���6��'HYDGDV��$��*KRVK��.��.HXW]HU��DQG
-��:KLWH���(VWLPDWLRQ�RI�$YHUDJH�6ZLWFKLQJ�$FWLY�
LW\� LQ� &RPELQDWLRQDO� /RJLF� &LUFXLWV� 8VLQJ� 6\P�
EROLF�6LPXODWLRQ���,(((�7UDQV��&RPS��$LGHG�'HV�
���������������������

&RQIHUHQFH�3DSHUV

&RVWD��-�&���-��0RQWHLUR��DQG�6��'HYDGDV���6ZLWFKLQJ
$FWLYLW\�(VWLPDWLRQ�8VLQJ� /LPLWHG�'HSWK�5HFRQ�
YHUJHQW�3DWK�$QDO\VLV���3URFHHGLQJV�RI�WKH�,QWHU�
QDWLRQDO� 6\PSRVLXP� RQ� /RZ� 3RZHU� (OHFWURQLF
'HVLJQ�� 0RQWHUH\�� &DOLIRUQLD�� $XJXVW� ������ SS�
�������

+DGML\LDQQLV��*���6��+DQRQR�DQG�6��'HYDGDV���,6'/�
$Q� ,QVWUXFWLRQ� 6HW� 'HVFULSWLRQ� /DQJXDJH� IRU
5HWDUJHWDELOLW\���3URFHHGLQJV�RI� WKH���WK�'HVLJQ
$XWRPDWLRQ� &RQIHUHQFH�� $QDKHLP�� &DOLIRUQLD�
-XQH�������SS����������

+DQRQR��6���DQG�6��'HYDGDV���,QVWUXFWLRQ�6HOHFWLRQ�
5HVRXUFH�$OORFDWLRQ��DQG�6FKHGXOLQJ�LQ�WKH�$9,9
5HWDUJHWDEOH� &RGH� *HQHUDWRU��� 3URFHHGLQJV� RI
WKH� ��WK� 'HVLJQ� $XWRPDWLRQ� &RQIHUHQFH�� 6DQ
)UDQFLVFR��&DOLIRUQLD��-XQH�������)RUWKFRPLQJ��
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/LDR�� 6��� DQG� 6�� 'HYDGDV�� �6ROYLQJ� &RYHULQJ� 3URE�
OHPV� 8VLQJ� /35�%DVHG� /RZHU� %RXQGV��� 3UR�
FHHGLQJV� RI� WKH� ��WK� 'HVLJQ� $XWRPDWLRQ
&RQIHUHQFH��$QDKHLP��&DOLIRUQLD��-XQH�������SS�
�������

6XGDUVDQDP��$���6��/LDR�DQG�6��'HYDGDV���$QDO\VLV
DQG� (YDOXDWLRQ� RI� $GGUHVV� $ULWKPHWLF� &DSDELOL�
WLHV�LQ�&XVWRP�'63�3URFHVVRUV�DQG�$6,3V���3UR�
FHHGLQJV� RI� WKH� ��WK� 'HVLJQ� $XWRPDWLRQ
&RQIHUHQFH��$QDKHLP��&DOLIRUQLD��-XQH�������SS�
�������
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