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,QWURGXFWLRQ
7KLV�ZRUN��ZKLFK�LV�VWLOO�DW�DQ�HDUO\�VWDJH��LV�IRFXVVHG�RQ�LGHQWLI\LQJ�QRYHO�DUFKLWHFWXUDO�HQKDQFHPHQWV�WKDW�RSWRHOHFWURQLF�LQWHUFRQQHFW�WHFKQRORJ\�PD\�HQDEOH�ZLWKLQ�KLJK�SHUIRUPDQFH�PXOWLSURFHVVRU�FRPSXWLQJ�V\VWHPV�
.H\�TXHVWLRQ�LV�KRZ�WR�KDUQHVV�WKH�FDSDELOLWLHV�RI�RSWRHOHFWURQLF�LQWHUFRQQHFW�WHFKQRORJ\"�,QFOXGLQJ�x +LJK�EDQGZLGWKx )LQH�JUDLQ�SURFHVVLQJ�FDSDELOLWLHV�� µVPDUW�SL[HOV¶
$ZDUHQHVV�RI�FXUUHQW�WUHQGV�LQ�KLJK�SHUIRUPDQFH�FRPSXWLQJ�LV�LPSRUWDQW��$�VLJQLILFDQW�WUHQG�LV�WKH�HPHUJHQFH�RI�WKH�FRPSXWDWLRQDO�FOXVWHU�x %DVHG�RQ�RII�WKH�VKHOI�3&V�RU�ZRUNVWDWLRQVx &RVW�HIIHFWLYH�KLJK�SHUIRUPDQFH��ZKHQ�G\QDPLF�PHPRU\�PDQDJHPHQW�QRW�LPSRUWDQW�



0RWLYDWLRQ�IRU�RXU�5HVHDUFK
,Q�WKH�QH[W�IHZ�SDJHV�ZH�RXWOLQH�WKH�WKLQNLQJ�WKDW�LGHQWLILHV�D�SDUWLFXODU�UROH�WKDW�RSWRHOHFWURQLF�LQWHUFRQQHFWV�FRXOG�SOD\�LQ�PXOWLSURFHVVRUV��:H�EULHIO\�GLVFXVV�
x :KDW�DUH�WKH�UHTXLUHPHQWV�RI�WKH�DSSOLFDWLRQV�SURJUDPPHU�DQG�KRZ�DUH�WKHVH�VDWLVILHG"�Î 6KDUHG�$EVWUDFW�'DWD�7\SH�x +RZ�DUH�WKHVH�VXSSRUWHG�DW�D�ORZ�OHYHO"�Î &RQFXUUHQW�DWRPLF�RSHUDWLRQV�x +RZ�D�VPDUW�RSWRHOHFWURQLF�QHWZRUN�PLJKW�HQDEOH�WKHVH�RSHUDWLRQV�
$QG��RI�FRXUVH��DV�ZHOO�DV�HDVH�RI�XVH��KLJK�SHUIRUPDQFH�PXVW�EH�HQDEOHG�



6KDUHG�$EVWUDFW�'DWD�7\SHV��6$'7�
x ([WHQVLRQ�RI�$EVWUDFW�'DWD�7\SHV�WR�LQFOXGH�FRQFXUUHQF\�x +LGH�LVVXHV�RI�FRPPXQLFDWLRQ�DQG�V\QFKURQLVDWLRQ�IURP�WKH�DSSOLFDWLRQ�SURJUDPPHU�x 8VHIXO��IRU�H[DPSOH��LQ�SURFHVV�PDQDJHPHQW��G\QDPLF�ORDG�EDODQFLQJ��
([DPSOH��7UDYHOOLQJ�6DOHVPDQ�3UREOHP��763�
7KLV�LV�D�EUDQFK�DQG�ERXQG�DOJRULWKP�WKDW�RSHUDWHV�E\�H[SDQVLRQ�RI�D�WUHH�RI�QRGHV��$�KHXULVWLF�XVHG�WR�GHWHUPLQH�QRGH�PRVW�OLNHO\�WR�FRQWDLQ�RSWLPDO�WRXU��(DFK�SURFHVVRU�UHPRYHV�D�QRGH�IURP�D�TXHXH�DQG�HLWKHU�H[SDQGV��SUXQHV�RU�XSGDWHV�VROXWLRQ�
x 1RGHV�RI�WUHH�DUH�KHOG�LQ�D�SULRLULW\�TXHXH�6$'7x $FFXPXODWRU�6$'7�XVHG�WR�QRWH�WKH�EHVW�WRXU�VR�IDU�



&RQFXUUHQW�DWRPLF�RSHUDWLRQV
7KHVH�DUH�ORZ�OHYHO�RSHUDWLRQV�VXFK�DV�LQWHJHU�DGGLWLRQ�RU�WKH�H[FKDQJH�RI�WKH�FRQWHQWV�RI�D�ZRUG�ZLWK�D�QHZ�YDOXH��7KH\�VHUYH�DV�EXLOGLQJ�EORFNV�IRU�HIILFLHQW�6$'7V�DQG�FDQ�HQDEOH�KLJK�SHUIRUPDQFH�
([DPSOH��%DUULHU�V\QFKURQLVDWLRQx 6HULDO�ERWWOHQHFN�UHVXOWV�LI�D�ORFN�EDVHG�PHFKDQLVP�LV�XVHG�WR�DFFHVV�D�VKDUHG�YDULDEOH��ZKLFK�FRXQWV�WKH�QXPEHU�RI�SURFHVVHV�WKDW�KDYH�UHDFKHG�WKH�EDUULHU���6FDODEOH�SHUIRUPDQFH�LV�REWDLQHG�LI�FRQFXUUHQW�DFFHVV�LV�SRVVLEOH�
([DPSOH��6FDODEOH�VKDUHG�TXHXH��6$'7��>�@x $JDLQ�DQ�HIILFLHQW�LPSOHPHQWDWLRQ�PDNHV�XVH�RI�FRQFXUUHQW�DWRPLF�RSHUDWLRQV�WR��SHUPLW�FRQFXUUHQW�DFFHVV�WR�WKH�TXHXH�x 8VH�DV�FRQFXUUHQW�3ULRULW\�4XHXH�WR�SHUIRUP�ORDG�EDODQFLQJ�RI�WDVNV�EHWZHHQ�SURFHVVRUV



6PDUW�RSWRHOHFWURQLF�QHWZRUN
8VH�RI�GLVWULEXWHG�QHWZRUN�LQWHOOLJHQFH�ZLWKLQ�WKH�RSWRHOHFWURQLF�LQWHUIDFH�WR�HQDEOH�DUFKLWHFWXUDO�HQKDQFHPHQWV�
)RU�H[DPSOH�x 'LUHFW�VXSSRUW�IRU�FRPELQLQJ�RI�FRQFXUUHQW�DWRPLF�RSHUDWLRQV�>�@
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UHDG	DGG�VZLWFK FRPELQLQJ�QHWZRUN�*� �JOREDO�YDULDEOH��$�DQG�%�DUH�LQLWLDO�LQSXW�YDOXHV� �SHUIRUPLQJ�DUUD\�LQGH[�DVVLJQPHQW�



6\VWHP�DUFKLWHFWXUHx &RDUVH�JUDLQ�FRPSXWDWLRQ�RQ�3&V�RU�ZRUNVWDWLRQVx )LQH�JUDLQ�FRPSXWDWLRQ�µLQ�WKH�QHWZRUN¶�L�H��LQ�WKH�VPDUW�SL[HO�QHWZRUN�LQWHUIDFH�±SURYLGHV�VXSSRUW�IRU�FRQFXUUHQW�DWRPLF�RSHUDWLRQV

03 3 03 3 03 3 03 3

63�$UUD\ 63�$UUD\ 63�$UUD\ 63�$UUD\
9HU\�K LJK�EDQGZLGWK�RSWLFDO�LQWHUFRQQHFW�

3&

,QWHOOLJHQW�,QWHUFRQQHFW



.H\�IHDWXUH�RI�WKH�DUFKLWHFWXUHx 3HUPLWV�RII�ORDGLQJ�RI�WKH�SURFHVV�PDQDJHPHQW�RQWR�WKH�ILQH�JUDLQ�OD\HU��OHDYLQJ�WKH�PDLQ�SURFHVVRUV�WR�SHUIRUP�WKH�DFWXDO�FRPSXWDWLRQ�
5HFDOO�WKH�763��3URFHVV�PDQDJHPHQW�DQG�FRPSXWDWLRQ�DUH�FOHDQO\�VHSDUDEOH�x )LQH�JUDLQ�OD\HU�SHUIRUPV�SURFHVV�PDQDJHPHQW��PDLQWDLQLQJ�D�WUHH�RI�WRXUV�x &RDUVH�JUDLQ�OD\HU�SHUIRUPV�FRPSXWDWLRQ��HYDOXDWLRQ�RI�WKH�FRVW�RI�WRXUV�
:RUN�LV�FXUUHQWO\�LQ�SURJUHVV�WR�LGHQWLI\�DQ�DSSURSULDWH�FRPSXWDWLRQDO�PRGHO�IRU�WKLV�V\VWHP�DUFKLWHFWXUH��H�J��D�YDULDQW�RQ�%XON�6\QFKURQRXV�3DUDOOHO��%63��PRGHO��DQG�WR�HYDOXDWH�WKHSDUDPHWHUV�RI�WKH�PRGHO��H�J��FRPPXQLFDWLRQ�EDQGZLGWK��QHWZRUN�JUDQXODULW\���)RU�WKH�ODWWHU��D�VSHFLILF�V\VWHP�DUFKLWHFWXUH�LV�QHHGHG��DQG�D�ORZ�OHYHO�V\VWHP�PRGHO�RU�VHW�RI�PRGHOV��$�VXLWDEOH�PRGHO�RI�WKH�RSWLFV�KDV�EHHQ�GHYHORSHG��7KLV�ZLOO�JXLGH�WKH�GHWDLOHG�GHVLJQ�RI�WKH�V\VWHP�DUFKLWHFWXUH�



$�FRPELQLQJ�WUHH�LQ�VPDUW�SL[HOV
2SSRVLWH�LV�D�PDSSLQJ�RQWR����63$V�RI�D�WUHH�ZLWK�LWV�URRW�DW�QRGH����(DFK�63$�KROGV�D�SDUW�RI�WKH����WUHHV�ZLWK�URRWV�DW�QRGHV��������[��FRPELQLQJ�VZLWFKHV DUH�XVHG�
$OWHUQDWLYH�DSSURDFK�PDSV�D�PXOWLVWDJH�LQWHUFRQQHFWLRQ�QHWZRUN�RQWR�WKH�63$V��(DFK�63$ UHTXLUHV�D��[��FRPELQLQJ�VZLWFK�>�@�IRU�HDFK�VWDJH�
6WLOO�DQRWKHU�RSWLRQ�LV�D�VRIWZDUH�FRPELQLQJ�WUHH��WKH�FRPPRQO\�WDNHQ�DSSURDFK���7KLV�PLJKW�H[LVW�LQ�µVPDUW�PHPRU\¶�WLJKWO\�FRXSOHG�WR�WKH�63$��LI�QRW�GLVWULEXWHG�ZLWKLQ�LW�

7LPH

6KDUHG�PHPRU\�ORFDWLRQ

3URFHVVRU�LQGH[� ��
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3



2SWLFDO�V\VWHP
)DPLOLDU�IUHH�VSDFH�RSWLFDO�V\VWHP�XVLQJ�SRODULVDWLRQ�EHDP�FRPELQDWLRQ�&DQ�FDVFDGH�WKH�XQLW�VKRZQ�RSSRVLWH�WR�FRQQHFW�DV�PDQ\�63$V DV�GHVLUHG�x )UHH�VSDFH�RSWLFV�LQ�SULQFLSOH�SURYLGHV EHVW�SHUIRUPDQFH�SRVVLEOHx ,I�WKLV V\VWHP LV�PRGXODWRU�EDVHG�WKHQ�LW LV�XQLGLUHFWLRQDO ZLWK�QHDUHVW�QHLJKERXU�OLQNV�RQO\�x 2WKHU�WHFKQRORJLHV�SHUPLW�ELGLUHFWLRQDOLW\��9&6(/V��DQG�ORQJ�GLVWDQFH�OLQNV��SDWWHUQHG�ZDYHSODWHV�� �63$� �VPDUW�SL[HO�DUUD\��3%6� �SRODULVDWLRQ�EHDP�VSOLWWHU�
,Q�IDFW��D�K\EULG�V\VWHP�ZLWK�PLFUROHQV�DUUD\V�QH[W�WR�63$V�LV�VWXGLHG��

63$�L 63$�L��

3DWWHUQHG�PLUURU
4XDUWHU�ZDYH�SODWH
3%6



/RZ�OHYHO�RSWLFV�PRGHOOLQJ
3DWK�RI�EHDP�IURP�VRXUFH�WR�GHWHFWRU�VKRZQ�EHORZ�x 0DFUROHQV�LPDJH�UHOD\V�PRGHOOHG�LQ�&RGH�9��)DEULFDWLRQ�WROHUDQFHV�RI�PDFUROHQVHV�DUH�PRGHOOHG��OHQVHV�DUH�DOLJQHG�H[DFWO\��0DQ\�VDPSOHV�WDNHQ��ILQG������SHUFHQWLOH�YDOXHV�RI�SHUIRUPDQFH�PHWULFV�x 0LFUROHQVHV�PRGHOOHG�XVLQJ�*DXVVLDQ�EHDP�SURSDJDWLRQ��0� SDUDPHWHU�XVHG�LQ�ILQDO�VWDJH�
'HWHUPLQH�WKH�YDULDWLRQ�ZLWK�QXPEHU�RI�UHOD\V��Q��RIx 0DFUROHQV�SHUIRUPDQFH��6SRW�VL]H��VSRW�VKLIW�UDQJH��GLVWRUWLRQ�x +\EULG�V\VWHP�SHUIRUPDQFH��1R��FKDQQHOV��POHQV�GLDPHWHU���UHTXLUHG�GHWHFWRU�VL]H� �UHOD\V W � �UHOD\Q G Q �UHOD\W K

6RXUFH�SODQH 'HWHFWRU�SODQH0LFUROHQV�DUUD\



'HYHORSPHQW�RI�D�VLPSOH�PRGHO�IRU�PDFUROHQV�V\VWHP�IRU�Q !��
)RU�VSRW�VL]H�XVH��V�  �J� ��G��J� �JHRPHWULFDO�VSRW�VL]HG� �GLIIUDFWLRQ�OLPLWHG�VSRW�VL]H�
5DQGRP�HUURUV�JURZ�DV��Q��V\VWHPDWLF�HUURUV�JURZ�DV�Q��'HWHUPLQH�FRQVWDQWV�IURP�Q� ������UHVXOWV� �

����
����
����
����
����
����
����
����

� ���� ���� ���� ���� ����6RXUFH�ZDLVW��PP

����
HQFLU

FOHG�
HQHUJ

\�VSR
W�VL]H

�DIWHU
���

UHOD\
V��PP

&RGH�90RGHO

(IO� FRPSHQVDWHG�OHQVHV

�
����
����
����
����
����
����
����
����

� ���� ���� ���� ���� ����6RXUFH�ZDLVW ��PP

����
HQFLU

FOHG�
HQHUJ

\�VSR
W�VL]H

�DIWHU
���

UHOD\
V��PP

&RGH�90RGHO

8QFRPSHQVDWHG�OHQVHV�
����
����
����
����
����
����

� � � � � � �QR��UHOD\V��Q

VSRW�
VKLIW�

UDQJH
��PP
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$UHD�ERXQGLQJ�����RI�VSRW�HQHUJ\
x 'HWHUPLQHG�E\�ERWK�VSRW�VL]H�DQG�VSRW�VKLIW�x 7KH�QXPEHU�RI�EHDPV�ZLWKLQ�WKH�ILHOG�RI�WKH�RSWLFV�LV�JUHDWHU�WKDQ�WKH�IHDVLEOH�QXPEHU�RI�RSWRHOHFWURQLF L�R�SRUWV��W��HYHQ�IRU�ODUJH�Q�

x $��SK\VLFDO��WRSRORJ\�ZLWK�ORQJHU�GLVWDQFH�OLQNV�XVHV�VRPH�VSDUH�FDSDFLW\�x &RQVLGHU���QRGH�QHWZRUNV�RSSRVLWH�D��FRPSOHWHO\�FRQQHFWHG�E��OLQHDU�DUUD\
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2SWLPXP�LQWHUFRQQHFW�WRSRORJ\��SK\VLFDO�WRSRORJ\�
&RPSDUH�SK\VLFDO�LPSOHPHQWDWLRQV ZLWK�DQG�ZLWKRXW�ORQJHU GLVWDQFH�RSWLFDO�OLQNV��%HFDXVH KLJKHU�FRQQHFWLYLW\�WRSRORJLHV�GR�QRW�VFDOH�VR�ZHOO FRQVLGHU�SUDFWLFDO�H[DPSOHV�RI�³PHVK´ DQG�OLQHDU�DUUD\��/$�� 5HFDOO WKDW�WKHVH�PXVW�EH HPEHGGHG�LQ�WKH���GLPHQVLRQDO�SK\VLFDO�VWUXFWXUH�RI�WKH�RSWLFV�
&RPSDULVRQ�RI�PHVK�DQG�/$�EDVHG�RQ�x (PEHGGLQJ�PHVK�ORJLFDO�WRSRORJ\�LQWR�WKHVH�SK\VLFDO�WRSRORJLHVx &RPSDUH�EDQGZLGWK�RI�HDFK�ORJLFDO�OLQN��$VVXPH�EDQGZLGWK�GHSHQGV�RQ�FDSDFWLYH�FKDUJLQJ�RI�GHWHFWRU�
)RU�PRVW�V\VWHPV�WKH�PHVK�VKRZV�D�VPDOO�DGYDQWDJH��/DWHQF\�LV�DOVR�EHWWHU�
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&RQFOXVLRQV�DQG�)XWXUH�ZRUN
x )UHH�VSDFH�RSWLFV�FDQ�UHOD\�PRUH�EHDPV�WKDQ�WKH�QXPEHU�RI�L�R�SRUWV�RQ�D�FKLS��0XOWLSRLQW�LQWHUFRQQHFW�ZLWK�HQWLUHO\�RSWLFDO�SDWKZD\V�XVHV�VSDUH�FDSFLW\�
:H�KDYH�D�PRGHO�RI�WKH�RSWLFV�IRU�V\VWHP�GHVLJQ��:H�PXVW�FKRRVH�PRGHOV�IRUx 2SWRHOHFWURQLF�GHYLFHVx (OHFWURQLF�VXE�V\VWHPV7KXV�HQDEOLQJ�SHUIRUPDQFH�RI�WKH�VHOHFWHG�LQWHOOLJHQW�LQWHUFRQQHFW�WR�EH�DVVHVVHG�
7KHVH�UHVXOWV�ZLOO�LQWHUDFW�ZLWK�WKH�KLJK�OHYHO�ZRUN�RQ�DOJRULWKP�GHVLJQ�DQG�WKH�VSHFLILFDWLRQ�RI�D�VHW�RI�SULPLWLYHV�WKDW�VKRXOG�EH VXSSRUWHG��8OWLPDWHO\��D�GLVFUHWH�HYHQW�VLPXODWLRQ��XVLQJ�D�VHOHFWHG�FRPSXWDWLRQDO�PRGHO�ZLWK�SDUDPHWHUV�IHG�XSZDUGV�IURP�ORZ�OHYHO�PRGHOV��ZLOO�HYDOXDWH�DOJRULWKP�SHUIRUPDQFH�
5HIHUHQFHV>�@�-��0��1DVK�HW�DO��³$�6FDODEOH�6KDUHG�4XHXH�RQ�D�'LVWULEXWHG�0HPRU\�0DFKLQH´��7KH�&RPSXWHU�-RXUQDO���������������>�@�$��*RWWOLHE�HW�DO��³%DVLF�7HFKQLTXHV�IRU�WKH�(IILFLHQW�&RRUGLQDWLRQ�RI�9HU\�/DUJH�1XPEHUV�RI�&RRSHUDWLQJ�6HTXHQWLDO�3URFHVVRUV´��$&0�7UDQVDFWLRQV�RQ�3URJUDPPLQJ�/DQJXDJHV�DQG�6\VWHPV����S������������>�@�6��5��'LFNH\�³6\VWROLF�&RPELQLQJ�6ZLWFK�'HVLJQV´��3K'�7KHVLV��1HZ�<RUN�8QLYHUVLW\�������


