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$EVWUDFW²&KDLQLQJ YLUWXDOL]HG�QHWZRUN�IXQFWLRQV �91)��LV�DQ�
HIIHFWLYH�SUDFWLFH�WR�GHSOR\�QHWZRUN�VHUYLFHV�LQ�QHWZRUN�RSHUDWRU¶V�
GDWD�FHQWHUV��7ZR FRPPRQ�FRQFHUQV DULVH� LQ�VXFK�D�GHSOR\PHQW�
DUH� QHWZRUN� ORDG� EDODQFLQJ� DQG� VHUYHU� ORDG� EDODQFLQJ�� ,Q� WKLV�
VWXG\��PRWLYDWHG�E\�WKH�DUJXPHQW�WKDW�VXFK�WZR�FRQFHUQV VKRXOG�
EH�MRLQWO\�DGGUHVVHG�IRU�HIILFLHQWO\�FKDLQLQJ�91)V�LQ�D�GDWD�FHQWHU�
HQYLURQPHQW��ZH SURSRVH�D���SKDVH�DOJRULWKP� 1HDUHVW�)LUVW�DQG�
/RFDO�*OREDO� 7UDQVIRUPDWLRQ� �1)�/*7��� ZKLFK� FRQFXUUHQWO\�
VXSSRUWV QHWZRUN� DQG� VHUYLFH� ORDG� EDODQFLQJ�� 7KH� DOJRULWKP�
ILUVWO\�FRQVWUXFWV�VHUYLFH FKDLQV�E\�D�JUHHG\�VWUDWHJ\�ZKLFK�ERWK
FRQVLGHUV�QHWZRUN� ODWHQF\�DQG� VHUYHU ODWHQF\��7KHQ�D� VHDUFKLQJ�
WHFKQLTXH� LV� DSSOLHG� WR� LPSURYH� WKH� VROXWLRQV�� :H� KDYH�
LPSOHPHQWHG� WKH� DOJRULWKP� XVLQJ� 6RIWZDUH�GHILQHG QHWZRUNLQJ�
�6'1��2SHQ)ORZ�FRQFHSW��7KH�H[SHULPHQWDO�UHVXOWV�LQGLFDWH�WKDW��
FRPSDUHG� ZLWK� D� VHTXHQWLDO� DSSURDFK�� 1)�/*7� LPSURYHV WKH�
V\VWHP�EDQGZLGWK�XWLOL]DWLRQ�XS�WR������

.H\ZRUGV² 1HWZRUN�IXQFWLRQ�YLUWXDOL]DWLRQ��VRIWZDUH�GHILQHG�
QHWZRUNLQJ��VHUYLFH�FKDLQLQJ��TXDOLW\�RI�VHUYLFHV�

,� ,1752'8&7,21�
1HWZRUN� IXQFWLRQ� YLUWXDOL]DWLRQ� �1)9�� >�@� FRQFHSW� ZDV�UHFHQWO\�LQWURGXFHG�DV D�QHZ�PDQQHU�WR�GHOLYHU�QHWZRUN�VHUYLFHV�ZKHUHE\� YLUWXDOL]HG� QHWZRUN� IXQFWLRQV� �91)V�� VXEVWLWXWHV�KDUGZDUH�EDVHG� QHWZRUN� DSSOLDQFHV�� %\� OHYHUDJLQJ�YLUWXDOL]DWLRQ� DQG� FORXG� WHFKQRORJ\�� 1)9� HQDEOHV� QHWZRUN�IXQFWLRQ� GHSOR\PHQW� LQ� QHWZRUN� RSHUDWRU¶V� GDWD� FHQWHUV��ZLWK�JUHDW� IOH[LELOLW\� LQ� GHSOR\PHQW� DQG� PDQDJHPHQW�� 7KHUHIRUH��FXVWRPHUV�FDQ�PDNH�XVH�RI�WKH�QHWZRUN�VHUYLFHV�RQ�SD\�SHU�XVH�DQG�RQ�GHPDQG�EDVLF��KHQFH�DYRLGLQJ�WKH�QHHG�WR�DFTXLUH��LQVWDOO�DQG�PDLQWDLQ�VSHFLDO�HTXLSPHQW�
7KDQNV� WR� 1)9� SDUDGLJP�� QHWZRUN� VHUYLFH� RSHUDWRUV� FDQVXSSO\� PXOWLSOH� QHWZRUN� VHUYLFHV� ZKHUHE\� HDFK� VHUYLFH� LV�SURYLGHG� WKURXJK� D� VHUYLFH� FKDLQ� >�@�� ZKLFK� LV D SUH�GHILQHGLQWHUFRQQHFWLRQ�RI�91)V��)ORZV��L�H���VHUYLFH�UHTXHVWV��KDYH�WR�EH� VWHHUHG� DFURVV� QHHGHG� 91)V ZKLOH� VNLSSLQJ XQQHFHVVDU\�RQHV�� ,W� VKRXOG� EH� QRWHG� WKDW� WKHUH� PD\� EH� SUHFHGHQFH�UHTXLUHPHQWV� DPRQJ� WKRVH� 91)V�� )RU� H[DPSOH�� SDFNHW�LQVSHFWLRQ�IXQFWLRQV�VXFK�DV�ILUHZDOO��,'6��DQG�,36�DUH�UHTXLUHG�WR� SHUIRUP� EHIRUH� WUDIILF� RSWLPL]DWLRQ� RU� SURWRFRO� SUR[\�IXQFWLRQV�� IRU� LQVWDQFH�� YLGHR� WUDQVFRGLQJ�� 1$7� DQG� +773�SUR[\�FDFKH��
)LJ��� SURYLGHV�DQ�LOOXVWUDWLRQ�RI�VHUYLFH�FKDLQLQJ�LQ�D�GDWD�FHQWHU� HQYLURQPHQW�� ZKHUH� 91)V� DUH� GHSOR\HG� LQ� YLUWXDO�PDFKLQHV WKDW�UXQ�RQ�SK\VLFDO�PDFKLQHV��7KH�SK\VLFDO PDFKLQHVDUH� FRQQHFWHG� E\� )DW�7UHH QHWZRUN� WRSRORJ\ >�@ ZKLFK LV� D�FRPPRQ�GDWD�FHQWHU�WRSRORJ\�SURYLGLQJ�PXOWL�SDWK�FDSDFLW\� ,Q�RUGHU�WR�DFFRPPRGDWH�VHUYLFH�UHTXHVWV��QHWZRUN�RSHUDWRUV�KDYH�WR�VHOHFW�91)V�DPRQJ FDQGLGDWHV�WR�IRUP�VHUYLFH�FKDLQV�� WKHQ�IRUFH�WKH�UHTXHVWV�WR�WUDYHO�WKURXJK�WKH�91)V LQ�GHVLUHG�RUGHU�

2EYLRXVO\�� WKH QXPEHU� RI� SRVVLEOH� FKDLQV LV� YHU\� ODUJH DQG�LQFUHDVHV�H[SRQHQWLDOO\�ZLWK WKH�QXPEHU�RI�UHTXLUHG�91)V�
7KHUH�DUH�WZR�LPSRUWDQW FRQFHUQV��QDPHO\�VHUYHU��L�H���91)��ORDG�EDODQFLQJ� DQG�QHWZRUN� ORDG�EDODQFLQJ� IRU� LQVWDQWLDWLQJVHUYLFH�FKDLQV LQ�D�GDWD FHQWHU HQYLURQPHQW��7KH�ILUVW�FRQFHUQ LV�IURP�WKH�91) PXOWL�LQVWDQFH�GHSOR\LQJ�PRGHO��,Q�RWKHU�ZRUGV�RQH�W\SH�RI�91)�KDV�PRUH�WKDQ�RQH�LQVWDQFH�ZKLFK�UHVLGHV LQ�GLIIHUHQW� QHWZRUN� ORFDWLRQV� 7KH� VHFRQG� FRQFHUQ LV� IURP� WKH�PXOWL�SDWK� FDSDFLW\ RI� GDWD FHQWHU� QHWZRUN� WRSRORJ\�� 7KDW� LV��IORZV� WUDQVPLWWLQJ� EHWZHHQ� 91)V� FDQ� JR� WKURXJK� PXOWLSOH�SDWKV��,W�LV�ZHOO�NQRZQ�IDFW�WKDW�VXFK�FRQFHUQV�KDYH�WR�EH�WDFNOHG�MRLQWO\�IRU�HQDEOLQJ�DQ�HIILFLHQW�1)9�HQYLURQPHQW� 7R�LOOXVWUDWH�WKLV�SRLQW��RQH�FDQ�FRQVLGHU D�VLWXDWLRQ�VXFK�WKDW�D�IORZ PD\�EH�DVVLJQHG WR�RYHUORDGHG 91)V� UHVXOWLQJ�LQ VHUYHU FRQJHVWLRQ��LI�VHUYLFH� FKDLQV� DUH� EXLOW� ZLWK� WKH� JRDO� RQO\� RI� QHWZRUN� ORDGEDODQFLQJ� 6LPLODUO\�� QHWZRUN� FRQJHVWLRQ� SRVVLEO\� KDSSHQV� LI�VHUYHU� ORDG EDODQFLQJ� LV� LQGLYLGXDOO\� VROYHG� $� VHTXHQWLDO�DSSURDFK FDQ EH�DSSOLHG�IRU WDFNOLQJ�WKHVH�WZR�FRQFHUQV DV�ZHOO��7KDW�LV��DIWHU�EDODQFLQJ�WKH�ORDG RI�91)V��ZH EDODQFH WKH�ORDG�RI� OLQNV�� +RZHYHU�� VXFK� DQ� DSSURDFK� PD\� MXVW SURYLGH� D�VXERSWLPDO ORDG�EDODQFLQJ DELOLW\ VLQFH�LW�GRHV�QRW�FRQVLGHU�DOOSRVVLEOH FRPELQDWLRQV� EHWZHHQ� 91)V� DQG� OLQNV� ZKHQ�FRQVWUXFWLQJ�VHUYLFH�FKDLQV��
%RWK�RI�VHUYHU�DQG�QHWZRUN�TXDOLW\�RI�VHUYLFHV��4R6� LVVXHV�KDYH� EHHQ� LQWHQVLYHO\� DGGUHVVHG� LQ� UHFHQW� VHUYLFH� FKDLQLQJ�VWXGLHV�>�������@��6W((5,1* >�@�SURSRVHV�D�JUHHG\�DOJRULWKP�WR�VROYH�VHUYLFH�SODFHPHQW�SUREOHP�ZKRVH�REMHFWLYH�LV�WR�PLQLPL]H�QHWZRUN ODWHQF\��+RZHYHU�� WKH� VHUYHU�4R6 LVVXH� LV� LJQRUHG� LQ�WKLV�ZRUN�� ,Q� FRQWUDVW�ZLWK� 6W((5,1*�� DQ� RQOLQH� VHUYHU� ORDGEDODQFLQJ�SUREOHP��ZKLFK�LV�IRUPXODWHG�LQ�D�OLQHDU�SURJUDP��LV�VROYHG�ZLWKRXW� WKH� FRQVLGHUDWLRQ�RI� QHWZRUN�4R6 LQ�6,03/(
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>�@�� 7KH LVVXHV� DUH� MRLQWO\� DGGUHVVHG E\� 6WUDWRV� >�@� ZKHUHE\�QHWZRUN� WUDIILF� LV� VSOLW DFURVV� QHWZRUN� IXQFWLRQ� LQVWDQFHV�DFFRUGLQJ�WR�WKHLU�QHWZRUN�ODWHQF\��+RZHYHU��VLQFH�WKH�VROXWLRQ�GLVWULEXWHV�SDFNHWV�RI�D�IORZ�DPRQJ�PXOWL�SDWKV��WKH�SDFNHWV�PD\�H[SHULHQFH� GLIIHUHQW� ODWHQF\� ZKLFK� LQWURGXFHV� D� SDFNHW�UHRUGHULQJ�SUREOHP��L�H��SDFNHW�RXW�RI�RUGHU�DUULYDOV��UHVXOWLQJ�LQ�ORZ�WKURXJKSXW�
,Q�WKLV�SDSHU��DLPLQJ�DW�SURYLGLQJ�ERWK�VHUYHU�ORDG EDODQFLQJ�DQG�QHWZRUN� ORDG EDODQFLQJ� IRU�GHSOR\LQJ� VHUYLFH� FKDLQV� LQ� D�GDWD�FHQWHU HQYLURQPHQW��ZH�GHVLJQ�DQ�DOJRULWKP��FDOOHG�1HDUHVW�)LUVW�DQG�/RFDO�*OREDO�7UDQVIRUPDWLRQ��1)�/*7�� LV�FRPSRVHG�RI�WZR� SKDVHV��,Q�WKH��VW SKDVH��D�VHUYLFH�FKDLQ�LV�FRQVWUXFWHG E\�D� JUHHG\� VWUDWHJ\� ZKHUHE\� WKH� QH[W� 91)� LV� VHOHFWHG� DPRQJ�FDQGLGDWHV�DFFRUGLQJ�WR�LWV�ODWHQF\�IURP WKH�FXUUHQW ORFDWLRQ��7KH�ODWHQF\�FRQVLVWV�RI�QHWZRUN�ODWHQF\�DQG�VHUYHU�ODWHQF\��ZKLFK�DUH�FDOFXODWHG� XVLQJ� WKH� FXUUHQW� SDFNHW� DUULYDO� UDWH� WR OLQNV� DQG�91)V��&RQVHTXHQWO\��QHWZRUN�DQG�VHUYHU�ORDG EDODQFLQJ�LVVXHV�DUH�MRLQWO\�WDFNOHG�LQ�WKH�DOJRULWKP��,Q�WKH��QG SKDVH��D�VHDUFKLQJ�WHFKQLTXH�LV�DSSOLHG�WR�LPSURYH�WKH�VROXWLRQ�RI�WKH��VW SKDVH��7KH�WHFKQLTXH�DWWHPSWV� WR� ILQG� D�EHWWHU� VHUYLFH�FKDLQ� �L�H��� VPDOOHU�ODWHQF\��E\�UHSODFLQJ�VHOHFWHG�91)�ZLWK DQRWKHU�FDQGLGDWH�DQG�VZDSSLQJ�WKH�RUGHU�RI�91)V LQ�VHUYLFH�FKDLQV��
:H� KDYH� LPSOHPHQWHG� RXU� GHVLJQ� DV� D� PRGXOH� EDVHG� RQ�6'1�2SHQ)ORZ�DSSURDFK�>�@�GHFRXSOLQJ�FRQWURO�SODQH�DQG�GDWD�SODQH��7KH�PRGXOH��UXQQLQJ�DWRS DQ 6'1 FRQWUROOHU���L��PRQLWRUV�QHWZRUN� WRSRORJ\�� OLQN� DQG�91)� VWDWXV�� �LL� FRPSXWHV VHUYLFH�FKDLQV�� DQG� �LLL� JHQHUDWHV� DQG� LQVHUWV� IRUZDUGLQJ� UXOHV� WR�2SHQ)ORZ�VZLWFKHV�ZKLFK�VWHHU�UHTXHVW�WUDIILF�DFURVV�91)V�
2XU�SURSRVHG�DOJRULWKP�LV�HYDOXDWHG�XVLQJ�0LQLQHW�QHWZRUN�HPXODWRU�>�@��:H�FRPSDUH�WKH�SHUIRUPDQFH�RI�1)�/*7�WR�/HDVW�/RDG�)LUVW�DQG�6KRUWHVW�3DWK�)LUVW��//)�63)��DOJRULWKP�ZKLFK�VHTXHQWLDOO\� VROYHV� VHUYHU� DQG� QHWZRUN� ORDG� EDODQFLQJ� LVVXHV��7KH�H[SHULPHQWDO�UHVXOWV�VKRZ�WKDW�1)�/*7�ZRUNV�HIILFLHQWO\��,W� FDQ FRQVLGHUDEO\� LPSURYH� WKH� V\VWHP� EDQGZLGWK XWLOL]DWLRQZKLOH�FRQVXPH DQ DFFHSWDEOH DPRXQW�RI�WLPH�
7KH�UHVW�RI�WKLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��,Q�6HFWLRQ����ZH� LQWURGXFH� WKH� IRUPDO� GHVFULSWLRQ� RI� RXU� VHUYLFH� FKDLQLQJ�SUREOHP��,Q�6HFWLRQ����ZH�HODERUDWH�RXU�SURSRVHG�DOJRULWKP��1)�/*7� DQG� LWV� LPSOHPHQWDWLRQ�� (YDOXDWLRQ� VWXG\� DQG�H[SHULPHQWDO�UHVXOWV�DUH�SUHVHQWHG�LQ�6HFWLRQ����)LQDOO\��6HFWLRQ���FRQFOXGHV�WKLV�SDSHU�ZLWK�D�EULHI�GLVFXVVLRQ�RQ�IXWXUH�ZRUN�

,,� 352%/(0�'(6&5,37,21
7KLV�VHFWLRQ�ILUVW�IRUPDOO\�GHVFULEHV�LPSRUWDQW�WHUPLQRORJLHV�LQ WKLV�VWXG\��7KHQ��WKH�SUREOHP�VWDWHPHQW�LV�LQWURGXFHG��)LJ����SURYLGHV�DQ H[DPSOH�RI�QRWDWLRQ�XVDJH��DQG�7DEOH�, VXPPDUL]HV�QRWDWLRQV� XVHG� LQ� RXU� VHUYLFH� FKDLQLQJ� SUREOHP� ,W� VKRXOG� EH�QRWHG�WKDW ZH�DVVXPH�WKDW�WKH SUREOHP�IROORZV�0�0���TXHXLQJ�PRGHO LQ�WKLV�VWXG\�

$� 7HUPLQRORJLHV
�� 9LUWXDOL]HG�QHWZRUN� IXQFWLRQ��91)���,Q�RXU�SUREOHP��D

91)� LV� UHVSRQVLEOH� IRU� KDQGOLQJ� D� VSHFLILF� QHWZRUN� IXQFWLRQ�
UXQQLQJ� LQ� D� YLUWXDO� PDFKLQH� /HW ܨ ൌ ሼ ݂ǡǡ Ͳ  ݆  ሽSUHVHQW�WKH�VHW�RI�91)Vܯ RI�WKH�V\VWHP��ZKHUH� ݂ǡ LV�݆WK�LQVWDQFH�RI�W\SH�݅ QHWZRUN�IXQFWLRQ DQGܯ� LV� WKH�QXPEHU�RI� LQVWDQFHV�RI�W\SH�݅ QHWZRUN�IXQFWLRQ��(DFK 91) ݂ǡ KDV�D�ODWHQF\ ሺݐ݈ ݂ǡሻGHILQHG�DV

൫ݐ݈ ݂ǡ൯ ൌ ଵ
ሺǡೕሻ ି ሺǡೕሻ �� ���

ZKHUHܥ�ሺ ݂ǡሻ DQGܽ�ሺ ݂ǡሻ DUH�WKH�PD[LPXP�EDQGZLGWK�RI� ݂ǡDQG�WKH�FXUUHQW�SDFNHW�DUULYDO�UDWH�WR� ݂ǡ� UHVSHFWLYHO\�
�� 1HWZRUN� WRSRORJ\�� /HW� D� GLUHFWHG� JUDSKܩ� ൌ ሺܨ  ܵǡ

ܨܧ  ሻܵܧ GHQRWH� WKH� GDWD FHQWHU� QHWZRUN� WRSRORJ\ ZKHUH�
91)V� DUH� GHSOR\HG�� ZLWK� QRGH� VHW� LVܨ�  ܵ�� DQG� HGJH� VHW� LV�
ܨܧ  ܵܧ �� 7KH� VHW� ܵ ൌ ሼݏǡ Ͳ  ݇  ȁܵȁሽ UHSUHVHQWV� WKH�
VZLWFKHV RI� WKH� QHWZRUN�� ZKHUH ݏ LV� WKH�݇WK VZLWFK�� 7KH� VHW�
ܨܧ ൌ ሼ݁ ݂ǡ ሽ GHQRWHV WKH� OLQNV� EHWZHHQ� VZLWFKHV� DQG� 91)V��
ZKHUH�݁ ݂ǡ LV�WKH�OLQN�EHWZHHQ�VZLWFKݏ� DQG�91) ݂ǡ� 7KH�VHWܵܧ� ൌ ሼ݁ݏĄሽ GHQRWHV WKH�OLQNV�EHWZHHQ�VZLWFKHV��ZKHUH�݁ݏĄLV� WKH� OLQN� EHWZHHQ� WKH� VZLWFKHVݏ� DQGݏ�Ą �� /LQNV ݁ ݂ǡ DQG�
Ąݏ݁ KDYH ODWHQF\�݈ݐሺ݁ ݂ǡ ሻ DQG�݈ݐሺ݁ݏĄ ሻ UHVSHFWLYHO\� GHILQHG�
DV
ሺ݁ݐ݈ ݂ǡ ሻ ൌ ଵ

ሺǡೕೖ ሻ ି ሺǡೕೖ ሻ
� DQG Ąݏ൫݁ݐ݈ ൯ ൌ ଵ

ሺ௦ೖĄೖ ሻ ି ሺ௦ೖĄೖ ሻ � ���

ZKHUHܥ�ሺ݁ ݂ǡ ሻ DQGܥ�ሺ݁ݏĄ ሻ DUH�WKH�PD[LPXP�EDQGZLGWK��DQG
ሺ݁ܽ ݂ǡ ሻ DQGܽ�ሺ݁ݏĄ ሻ DUH� WKH� FXUUHQW� SDFNHW� DUULYDO� UDWH� WR
݁ ݂ǡ DQG �Ąݏ݁
�� 5HTXHVW�DQG�6HUYLFH�SROLF\��$�QHWZRUN�VHUYLFH�UHTXHVW�

௩ݎ LV� GHILQHG� DV D� FRXSOH ሺܾ௩ǡ ௩ሻ � ZKHUH�ܾ௩ LV� GHPDQGHG�
EDQGZLGWK� DQG� ௩ ൌ൏ ௩ܰǡ ௩ܮ  LV� D� GLUHFWHG� DF\FOLF� JUDSK�
UHSUHVHQWLQJ�WKH�GHVLUHG�VHUYLFH�SROLF\�IRU WKH�UHTXHVW��7KH QRGH�
VHW� ௩ܰ ൌ ሼ݊ሽ GHQRWHV QHWZRUN� IXQFWLRQV� LQ ZKLFK� WKH�UHTXHVW�
௩ݎ PXVW�EH�SURFHVVHG� 7KH� OLQN VHWܮ�௩ ൌ ሼ݈Ą ሽ UHSUHVHQWV� WKH�
SUHFHGHQFH� FRQVWUDLQWV� DPRQJ� ݊ א ௩ܰ �� ZKHUH ݈Ą LV� WKH�
SUHFHGHQFH�FRQVWUDLQW�IURP�݅WK�QHWZRUN�IXQFWLRQ�WR�݅ԢWK�QHWZRUN�
IXQFWLRQ��,Q�RWKHU�ZRUGV��WKH�UHTXHVW� ௩ݎ PXVW�EH�SURFHVVHG�E\�
W\SH�݅ QHWZRUN�IXQFWLRQ�EHIRUH�W\SH�݅Ԣ QHWZRUN�IXQFWLRQ�
%� 3UREOHP�VWDWHPHQW

*LYHQ�D�VHW�RI 91)Vܨ���D�QHWZRUN�WRSRORJ\�JUDSKܩ� ൌ ሺܨ 
ܵǡ ܨܧ  �ሻ��DQG�D�UHTXHVWܵܧ ௩ݎ ሺܾ௩ǡ ௩ሻ ��7KH�REMHFWLYH�RI� WKLV�ZRUN� LV� WR� GHWHUPLQLQJ WKH� VHUYLFH FKDLQ ௩ܥܵ �� ZKLFK� LV DQ
RUGHUHG�VHW�RI�OLQNV�݁ ݂ǡ א ǡܨܧ Ąݏ݁ א ܵܧ DQG�91)V� ݂ǡ א ܨ
E\� ZKLFK ௩ݎ QHHG� WR� JR� WKURXJK VXFK� WKDW� LWV ODWHQF\ܮ� ௩ܶ LV�PLQLPL]HG���7KH�IRUPXOD
ܮ ௩ܶ ൌ σ ൫݈ݐሺ݁ ݂ǡ ൯ � Ąݏ൫݁ݐ݈ ൯  ሺݐ݈ ݂ǡሻሻǡೕೖ ǡ ௦ೖĄೖ ǡ ǡೕא ௌೡ � ���
LV�XVHG�WR�FDOFXODWH�WKH�ODWHQF\�RI�WKH�VHUYLFH�FKDLQ�
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D��1HWZRUN�WRSRORJ\�DQG�VHUYLFH�FKDLQ� E��6HUYLFH�SROLF\
)LJ���� ([DPSOH�RI�QRWDWLRQ�XVDJH�



7$%/(�,�� 127$7,216�86('�,1�6(59,&(�&+$,1,1*�352%/(0
1RWDWLRQV 0HDQLQJ

9LUWXDOL]HG�QHWZRUN�IXQFWLRQ

ܨ ൌ ൛ ݂ǡȁͲ  ݆  ൟܯ
7KH�VHW�RI�91)V�RI�WKH�V\VWHP��ZKHUH� ݂ǡ LV�݆WK
LQVWDQFH�RI�W\SH�݅ QHWZRUN�IXQFWLRQ�DQGܯ LV�WKH�QXPEHU�RI�LQVWDQFHV�RI�W\SH�݅ QHWZRUN�IXQFWLRQ

ሺܥ ݂ǡሻ 7KH�PD[LPXP�EDQGZLGWK�RI� ݂ǡ

ሺܽ ݂ǡሻ 7KH�FXUUHQW�SDFNHW�DUULYDO�UDWH�WR� ݂ǡ

ሺݐ݈ ݂ǡሻ 7KH�FXUUHQW�ODWHQF\�RI� ݂ǡ

1HWZRUN�WRSRORJ\
ܵ ൌ ൛ݏȁ Ͳ  ݇  ȁܵȁൟ 7KH� VHW� RI�ȁ�ȁ VZLWFKHV� LQ� WKH� V\VWHP�� ZKHUHݏ� LV�

݇WK�VZLWFK

 ൏ ܨ  ܵǡ ܨܧ  ܵܧ  7KH�QHWZRUN�WRSRORJ\�JUDSK��ZKHUH�QRGH�VHW�LVܨ� 

ܵ DQG�OLQN�VHW�LVܨܧ�  ܵܧ
ܨܧ ൌ ሼ݁ ݂ǡ ሽ 7KH�OLQN�VHW�EHWZHHQ�91)V�DQG�VZLWFKHV��ZKHUH�݁ ݂ǡLV�WKH�OLQN�EHWZHHQݏ� DQG� ݂ǡ

ܵܧ ൌ ሼ݁ݏĄ ሽ 7KH� OLQN� VHW� EHWZHHQ� VZLWFKHV�� ZKHUH�݁ݏĄ LV� WKH�
OLQN�EHWZHHQݏ� DQG Ąݏ

ሺ݁ܥ ݂ǡ ሻ DQGܥ�ሺ݁ݏĄ ሻ 7KH�PD[LPXP�EDQGZLGWK�RI�݁ ݂ǡ DQG�݁ݏĄ
ሺ݁ܽ ݂ǡ ሻ DQGܽ�ሺ݁ݏĄ ሻ 7KH�FXUUHQW�SDFNHW�DUULYDO�UDWH�WR�݁ ݂ǡ DQG�݁ݏĄ
ሺ݁ݐ݈ ݂ǡ ሻ DQG Ąݏሺ݁ݐ݈ ሻ 7KH�FXUUHQW�ODWHQF\�RI�݁ ݂ǡ DQG�݁ݏĄ
5HTXHVW�± 6HUYLFH�SROLF\
௩ݎ ሺܾ௩ǡ ௩ሻ 7KH� WKݒ QHWZRUN�VHUYLFH�UHTXHVW
ܾ௩ 7KH�GHPDQGHG�EDQGZLGWK�RIݎ�௩
௩ ൏ ௩ܰǡ ௩ܮ  7KH GLUHFWHG� DF\FOLF� JUDSK� UHSUHVHQWV� WKH VHUYLFH�

SROLF\ UHTXLUHG E\ݒ�WK UHTXHVW
௩ܰ ൌ ሼ݊ሽ 7KH�QRGH�VHW�UHSUHVHQWV�UHTXLUHG�QHWZRUN�IXQFWLRQV�

E\ݒ�WK UHTXHVW

௩ܮ ൌ ሼ݈Ą ሽ
7KH� OLQN� VHW� UHSUHVHQWV� WKH� SUHFHGHQFH� FRQVWUDLQWV�
DPRQJ� QHWZRUN� IXQFWLRQV� ݊ א ௩ܰ �� ZKHUH� ݈Ą LV�
SUHFHGHQFH�FRQVWUDLQW�IURP�W\SH�݅ QHWZRUN�IXQFWLRQ�
WR W\SH�݅ QHWZRUN�IXQFWLRQ

௩ܥܵ
7KH�VHUYLFH�FKDLQ�IRUݎ�௩��ZKLFK�LV�RUGHUHG�VHW�RI�OLQNV�݁ ݂ǡ א ǡܨܧ Ąݏ݁ א ܵܧ DQG�91)V� ݂ǡ א ܨ
E\�ZKLFK ௩ݎ QHHG�WR�JR�WKURXJK

ܮ ௩ܶ
7KH�ODWHQF\�RI�ܵܥ௩�
ܮ ௩ܶ ൌ σ ൫݈ݐሺ݁ ݂ǡ ൯ � Ąݏ൫݁ݐ݈ ൯  ሺݐ݈ ݂ǡሻሻǡೕೖ ǡ ௦ೖĄೖ ǡ ǡೕא ௌೡ

7KH�REMHFWLYH�RI� RXU� VHUYLFH�FKDLQLQJ�SUREOHP� LV� ILQGLQJ� D�
VHUYLFH�FKDLQ�ZKRVH�ODWHQF\�LV�VPDOOHVW�DPRQJ�FDQGLGDWHV�ZKLFK�
FDQ�EH�VROYHG�E\�DQ�H[KDXVWLYH�VHDUFKLQJ�DOJRULWKP��+RZHYHU��
VXFK�DQ�DSSURDFK�LV�LPSUDFWLFDO�GXH�WR�WKH�KXJH�QXPEHUV�RI�OLQNV�
DQG 91)V�� DQG� WKH� WLPH�VHQVLWLYH� UHTXLUHPHQW� RI� 1)9�
HQYLURQPHQW��$V�D�UHVXOW��DQ�HIILFLHQW�DSSUR[LPDWLRQ�DOJRULWKP�
LV�QHHGHG�

,,,� 1($5(67�),567�$1'�/2&$/�*/2%$/�
75$16)250$7,21

,Q� WKLV� VHFWLRQ�� ZH� GHVFULEH� RXU� SURSRVHG� DOJRULWKP� IRU�VROYLQJ�WKH�VHUYLFH�FKDLQLQJ�SUREOHP�GHILQHG�LQ�6HFWLRQ����:H�ILUVW� JLYH� DQ� RYHUYLHZ� RI ��SKDVH� VHUYLFH� FKDLQLQJ� DOJRULWKP�ZLWK� WKH� 1HDUHVW� )LUVW� SKDVH DQG� WKH� /RFDO�*OREDO�7UDQVIRUPDWLRQ SKDVH�� 7KH� GHWDLOV� RI� RXU� DSSURDFK� DUH� WKHQ�HODERUDWHG�LQ�WKH�VXEVHTXHQW�VXEVHFWLRQV��)LQDOO\��ZH�LQWURGXFH�WKH� LPSOHPHQWDWLRQ� RI� RXU� GHVLJQ� XVLQJ 6'1�2SHQ)ORZ�DSSURDFK�

$� 2YHUYLHZ
7KH� NH\ DUJXPHQW� RI� WKLV� ZRUN� LV� WKDW� ZH� VKRXOG� MRLQWO\DGGUHVV VHUYHU DQG� QHWZRUN ORDG EDODQFLQJ� LVVXHV� LQ� FKDLQLQJ�91)V�� 7KLV� UHTXLUHPHQW� LV� VDWLVILHG� E\ RXU� GHVLJQ�� ZKLFK�FRQFXUUHQWO\� FRQVLGHUV� WKH� FXUUHQW� ORDG� RI� OLQN DQG� 91) LQ�EXLOGLQJ� VHUYLFH� FKDLQV� 7KH� ODWHQF\� RI� WKH� VHUYLFH� FKDLQV��FDOFXODWHG�DV�LQ������LQFOXGHV�OLQN�DQG�91) ODWHQFLHV�ZKLFK�DUH�FDOFXODWHG�EDVHG�RQ WKHLU�FXUUHQW�SDFNHW�DUULYDO�UDWH�XVLQJ�����DQG������ %\� GRLQJ� VR�� VHUYHU� ORDG EDODQFLQJ� DQG� QHWZRUN� ORDGEDODQFLQJ�DUH�MRLQWO\�VXSSRUWHG E\�RXU�DOJRULWKP�
7R� VROYH� WKH� SUREOHP�� ZH� LQWURGXFH D� ��SKDVH� DOJRULWKP�FDOOHG� 1HDUHVW� )LUVW� DQG� /RFDO�*OREDO� 7UDQVIRUPDWLRQ� �1)�/*7���,Q�WKH�1HDUHVW�)LUVW SKDVH��ZH�FRQVWUXFW DQ�LQLWLDO�VHUYLFH�FKDLQ IRU� D� VXEPLWWHG� UHTXHVW XVLQJ D� JUHHG\� VWUDWHJ\�� ,Q� WKH�VWUDWHJ\��ZH�FKRRVH WKH�91)� ZKRVH� ODWHQF\� IURP� WKH�FXUUHQW�ORFDWLRQ LV� VPDOOHVW� WR� EH� WKH� QH[W� GHVWLQDWLRQ�� :H� GR� WKLV�LWHUDWLYHO\�XQWLO�DOO�UHTXLUHG�QHWZRUN�IXQFWLRQV�DUH�FRPSRVHG�WRWKH� VHUYLFH�FKDLQ��6LQFH� WKH JUHHG\�VWUDWHJ\�PD\�\LHOG�D� ORFDORSWLPDO�VROXWLRQ��D�VHDUFKLQJ�WHFKQLTXH�LV�DSSOLHG�LQ�WKH�/RFDO�*OREDO� 7UDQVIRUPDWLRQ SKDVH� WR� LPSURYH� WKH� VROXWLRQ�� 7KH�WHFKQLTXH� FRQVLVWV� RI� WZR� PHWKRGV� QDPHO\� /RFDO�7UDQVIRUPDWLRQ DQG� *OREDO� 7UDQVIRUPDWLRQ ZKLFK� DLP� DW�ILQGLQJ�D�VPDOOHU�ODWHQF\�VHUYLFH�FKDLQ�DPRQJ�IHDVLEOH�VROXWLRQV�'XULQJ�/RFDO�7UDQVIRUPDWLRQ�� D� QHZ� IHDVLEOH� VHUYLFH� FKDLQ LV�FRQVWUXFWHG E\� UHSODFLQJ�D�FXUUHQW� VHOHFWHG�91)�ZLWK DQRWKHUVDPH W\SH FDQGLGDWH��ZKLOH�WKH�RUGHU�RI�WZR�91)V��ZKLFK�KDYH�QR� SUHFHGHQFH� FRQVWUDLQWV�� DUH VZDSSHG� WR� JHQHUDWH D� QHZ�IHDVLEOH�FKDLQ LQ�*OREDO�7UDQVIRUPDWLRQ�

%� 1HDUHVW�)LUVW�SKDVH
$OJRULWKP� �� VKRZV� WKH� SVHXGR� FRGH� RI� WKH� 1HDUHVW� )LUVW�SKDVH ZKLFK� FRQVWUXFWV� D� VHUYLFH� FKDLQ� ௩ܥܵ E\� D� JUHHG\�DSSURDFK��$W WKH�ILUVW�VWHS��LW�LQLWLDOL]HV WKH�LQJUHVV�VZLWFK�DV�WKH�FXUUHQW�ORFDWLRQ��OLQH�����1H[W��DOO�DYDLODEOH�91)V��ZKLFK�KDYH�QR� DQ\� SUHFHGHQW� UHTXLUHPHQWV�� DUH� GLVFRYHUHG �OLQH�����$IWHU�WKDW�� WKH� VPDOOHVW�ODWHQF\� SDWK ݏ �� ZKLFK� LV� IURP� WKH� FXUUHQW�ORFDWLRQ� WR�DQ�DYDLODEOH�91)� ݂ǡ א ��ܨܣ LV�VHOHFWHG�DPRQJ�DOO�

IHDVLEOH�SDWKVܲܨ� WR�FRQVWUXFW�WKH�VHUYLFH�FKDLQ ௩ܥܵ �OLQH���DQG�����)LQDOO\��VLQFH�QHWZRUN�IXQFWLRQ ݊ LV�DOUHDG\�LQFOXGHG WR�ܵܥ௩��ZH�UHPRYH LW�IURP ௩ܰ DQG�DVVLJQ ݂ǡ DV�FXUUHQW�ORFDWLRQ �OLQH���DQG� ���� 6XFK� VWHSV� DUH� UHSHDWHG� XQWLO� DOO� UHTXLUHG� QHWZRUN�IXQFWLRQV�݊ א ݒܰ DUH�LQFOXGHG LQ�WKH�VHUYLFH�FKDLQ ௩ܥܵ �OLQH����
$OJRULWKP���1HDUHVW�)LUVW��1)��SKDVH
,QSXW� ܩ ൏ ܨ  ܵǡ ܨܧ  ܵܧ  � ௩ݎ ሺܾ௩ǡ �௩ሻ2XWSXW ��௩ܥܵ %HJLQ
�� ݊݅ݐܽܿܮݐ݊݁ݎݎݑܿ ՚ ݏݏ݁ݎ݃݊ܫ ݄ܿݐ݅ݓݏ
�� :KLOH�� ௩ܰ ് �

��)LQG�DOO�DYDLODEOH�91)V
�� ܨܣ ՚ ݂ǡ ǡ  ݂ǡ א ȁܨ ᇱ݈ א ௩��)LQG�DOO�IHDVLEOH�SDWKVܮ
�� ܲܨ ՚ ǡ݊݅ݐܽܿܮݐ݊݁ݎݎݑ൫݄ܿݐ݈ܾܽܲ݁݅ݏ݂ܽ݁ ݂ǡǡ ܾ௩൯  ݂ǡ א ܨܣ

��)LQG�VPDOOHVW�ODWHQF\�SDWK
�� ݏ ՚ ሻܲܨሺݕܿ݊݁ݐܽܮݐݏ݈݈݁ܽ݉ݏ
�� ௩ܥܵ ՚ ௩ܥܵ  ݏ
�� ௩ܰ ՚ ௩ܰ െ ݊�� ݊݅ݐܽܿܮݐ݊݁ݎݎݑܿ ՚ ݂ǡ��� (QG�:KLOH
��� (QG



&� /RFDO�*OREDO�7UDQVIRUPDWLRQ�SKDVH
,Q� WKLV� SKDVH�� ZH� DWWHPSW� WR� LPSURYH� WKH� VHUYLFH� FKDLQ

௩ܥܵ IRXQG�LQ�WKH�1HDUHVW�)LUVW�SKDVH��,Q�RWKHU�ZRUGV��ZH�WU\�WR�ILQG� D� QHZ� VHUYLFH� FKDLQ� Ԣ௩ܥܵ VXFK� WKDWܶܮ�Ԣ௩ ൏ ܮ ௩ܶ �� 7KH�SVHXGR�FRGH�RI�WKH�/RFDO�*OREDO 7UDQVIRUPDWLRQ�SKDVH�LV�VKRZQ�LQ�$OJRULWKP����$W� WKH� ILUVW VWHS��ZH�DVVLJQ ௩ܥܵ WR� WKH�FXUUHQW�DFFHSWHG� VROXWLRQ� Ԣ௩ܥܵ �OLQH�����$IWHU� WKDW��ܵܥ௩ LV� WUDQVIRUPHG�WR�FRQVWUXFW�QHZ�IHDVLEOH�VHUYLFH�FKDLQV GXULQJ�/RFDO�DQG�*OREDO�7UDQVIRUPDWLRQ� PHWKRGV�� ,Q� /RFDO� 7UDQVIRUPDWLRQ�� D� FXUUHQW�VHOHFWHG�91)� ݂ǡ א ௩ܥܵ LV� VXEVWLWXWHG�E\�D� VDPH� W\SH� ݂ǡĄ WR�
IRUP�D�QHZ�IHDVLEOH�VHUYLFH�FKDLQ��OLQH�� DQG�����,I�WKH�ODWHQF\�
ܮ ௩ܶ RI� WKH� QHZ� FKDLQ ௩ܥܵ LV� VPDOOHU� WKDQ Ԣ௩ܶܮ RI FXUUHQW�VROXWLRQ Ԣ௩ܥܵ �� LW� EHFRPHV� Ԣ௩ܥܵ �OLQH� � DQG� ���� ,Q� *OREDO�7UDQVIRUPDWLRQ��ZH�LQWHUFKDQJH�WKH�SRVLWLRQV�RI�91)V� ݂ǡ DQG�
݂ᇱǡ��ZKLFK�DUH�FXUUHQWO\� LQ�ܵܥ௩�� WR� IRUP�D�QHZ�IHDVLEOH�FKDLQ��OLQH����DQG������,W�VKRXOG�EH�QRWHG�WKDW�VXFK�91)V�KDYH�QR�DQ\�SUHFHGHQW�UHTXLUHPHQWV��OLQH����

'� ([DPSOH�UXQ�IRU�1)�/*7�
$Q� H[DPSOH� UXQQLQJ IRU� 1)�/*7� LV� LOOXVWUDWHG� LQ� )LJ�� ���1RWH�WKDW�DOWKRXJK�WKHUH�DUH�PXOWLSOH�SDWKV�EHWZHHQ�WZR�91)V��RQO\�WKH�VPDOOHVW ODWHQF\ SDWK�LV�VKRZQ�IRU�VLPSOLFLW\���
,Q� )LJ�� �D�� DQ� LQLWLDO� VHUYLFH� FKDLQ�ZLWK� WKH� ODWHQF\ܮ� ௩ܶ ൌͳͷǤͲ LV�FRQVWUXFWHG�E\�WKH�1HDUHVW�)LUVW�SKDVH��)URP�)LJ���E WR�)LJ� �G��ZH�DWWHPSW�WR�ILQG�D�EHWWHU�VROXWLRQ�E\�WKH�/RFDO�*OREDO�7UDQVIRUPDWLRQ�SKDVH��7R�EH�PRUH�VSHFLILF��DQ�DFFHSWHG�VROXWLRQZLWKܮ� ௩ܶ ൌ ͳͶǤͲ LV�IRXQG�E\�DSSO\LQJ�WKH�/RFDO�WUDQVIRUPDWLRQ�

PHWKRG��L�H���UHSODFLQJ� ଶ݂ǡଵ ZLWK ଶ݂ǡ�� LQ�)LJ���E��8QIRUWXQDWHO\��WKH�PHWKRG�JHQHUDWHV�D�IDLOHG�VROXWLRQ�VKRZHG�LQ�)LJ���F��7KH�ODWHQF\�RI�WKH�QHZ�VHUYLFH�FKDLQ�LV�ͳǤͲ� ZKLFK�LV�JUHDWHU�WKDQ�WKH� FXUUHQW YDOXH�� $V� FDQ� EH� VHHQ� IURP� )LJ�� �G�� WKH� *OREDO�WUDQVIRUPDWLRQ�PHWKRG�GLVFRYHUV� WKH�ILQDO�VROXWLRQ�ZLWKܮ� ௩ܶ ൌͳ͵ǤͲ E\�VZDSSLQJ� ଷ݂ǡ DQG� ସ݂ǡଵ�
(� 6'1�2SHQ)ORZ�EDVHG�LPSOHPHQWDWLRQ

7R�YDOLGDWH�RXU�GHVLJQ��ZH�KDYH�LPSOHPHQWHG�WKH�SURSRVHG�DOJRULWKP� 1)�/*7� DV� D� PRGXOH� UXQQLQJ DWRS� RI� D� 6'1FRQWUROOHU��$V�RXWOLQHG LQ�)LJ�����WKH�PRGXOH�FRPPXQLFDWHV ZLWK�WKH�FRQWUROOHU�WKURXJK�SURYLGHG�5HVWIXO�$3,��,Q�PRUH�GHWDLOV��WKH

1HWZRUN� 0RQLWRU� FRPSRQHQW� PDLQWDLQV� FXUUHQW� QHWZRUN�WRSRORJ\� WKH VWDWXV RI�OLQNV�DQG�91)V�E\�SHULRGLFDOO\�VHQGLQJTXHU\ FRPPDQGV� WR� WKH�FRQWUROOHU��7KH�6HUYLFH�&KDLQ�%XLOGHU�FRPSRQHQW�� ZKHUH� 1)�/*7� DOJRULWKP� LV� LPSOHPHQWHG��FDOFXODWHV� VHUYLFH� FKDLQV� ZLWK� QHWZRUN� VWDWXV� DQG� VXEPLWWHG�UHTXHVWV�DV�WKH�LQSXWV��6XEVHTXHQWO\��FRUUHVSRQGLQJ�IORZ�HQWULHV�DUH�JHQHUDWHG�E\�WKH�)RUZDUGLQJ�5XOH�*HQHUDWRU�FRPSRQHQW�IRU�VXFK�VHUYLFH�FKDLQV��7KHQ��WKH�HQWULHV�DUH�VHQW�WR�WKH�FRQWUROOHU�YLD�5HVWIXO�$3,��7KH�FRQWUROOHU¶V�VHUYLFH�DEVWUDFWLRQ�OD\HU�ZLOO��LQ� WXUQ� LQVHUW� WKH� IORZ�HQWULHV� WR� VZLWFKHV� LQ�GDWD�SODQH�XVLQJ�2SHQ)ORZ�SOXJLQ�
�� /LQN� DQG� 91)� ODWHQF\ FDOFXODWLRQ�� WKH� 1)�/*7�

DOJRULWKP�FRQVWUXFWV�VHUYLFH�FKDLQV�XVLQJ�WKH�FXUUHQW�ODWHQF\�RI�
OLQNV DQG�91)V��8QIRUWXQDWHO\��LW�LV�QRQ�WULYLDO�WR�PHDVXUH�VXFK�
SDUDPHWHUV� GLUHFWO\� ERWK� IURP� VZLWFKHV� RU� FRQWUROOHU�� ,Q� RXU�
LPSOHPHQWDWLRQ��ZH�DSSO\�SRUW�VWDWLVWLF�PRQLWRULQJ�WHFKQLTXH�WR�
HVWLPDWH� WKHVH� SDUDPHWHUV� 7KDW� LV�� WKH� 1HWZRUN� 0RQLWRU�
FRPSRQHQW�SHULRGLFDOO\�TXHULHV�WKH�QXPEHU�RI�WUDQVPLWWHG�E\WHV�
IURP�HYHU\ VZLWFK�SRUW��7KHQ��LW�FDOFXODWHV�WKH�LQFUHPHQW�IURP�
WKH�ODVW�PRQLWRULQJ�WLPH DQG HVWLPDWHV�WKH�FXUUHQW�SDFNHW�DUULYDO�
UDWH�RI HYHU\� OLQN�DQG�91)��,W� LV�DVVXPHG�WKDW� OLQN�DQG�91)�
PD[LPXP�EDQGZLGWK�LV�GHWHUPLQHG�LQ�DGYDQFH��RQH�FDQ�HDVLO\�

$OJRULWKP���/RFDO�*OREDO�7UDQVIRUPDWLRQ��/*7��SKDVH
,QSXW� ܩ ൏ ܨ  ܵǡ ܨܧ  ܵܧ  � ௩ݎ ሺܾ௩ǡ ��௩ሻ �௩2XWSXWܥܵ ��Ԣ௩ܥܵ %HJLQ
�� Ԣ௩ܥܵ ՚ ௩ܥܵ
�� )RU HDFK SDLUV�ሺ݊ǡ ݊ᇲሻ א ௩ܰȁ  ݈ᇲ ǡ ݈ᇲ א ௩��/RFDO�WUDQVIRUPDWLRQܮ
�� )RU�HDFK ݊ א ௩ܰ ȁ ܯ  ͳ GR
�� /HW� ݂ǡ א ௩ܥܵ EH WKH�FXUUHQW�VHOHFWHG�91)�IRU�݊�� 5HSODFH� ݂ǡ LQ�ܵܥ௩ ZLWK�D� ݂ǡᇱ� ݂ǡᇱ א ݊�� ௩ܥܵ ՚ ��௩ሻܥሺܵ݁ݐܽ݀ݑ ,I ሺܮ ௩ܶ ൏ Ԣ௩ܶܮ ሻ ��ILQG�D EHWWHU�WKDQ�ܵܥ௩�� Ԣ௩ܥܵ ՚ ���௩ܥܵ (QG�,I
��� (QG�)RU

��*OREDO�WUDQVIRUPDWLRQ
��� 6ZDS�WKH�RUGHU�RI� ݂ǡ DQG� ݂ᇱǡ LQ�ܵܥ௩��� ௩ܥܵ ՚ ���௩ሻܥሺܵ݁ݐܽ݀ݑ (QG�)RU
��� (QG
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D��1HDUHVW�)LUVW� E��/RFDO�WUDQVIRUPDWLRQ�± 5HSODFH�����ZLWK����

F��/RFDO�WUDQVIRUPDWLRQ�± 5HSODFH�����ZLWK���� G��*OREDO�WUDQVIRUPDWLRQ�± 6ZDS�����DQG����
)LJ���� $Q� H[DPSOH� UXQ� IRU� 1)�/*7� $� EOXH� VROLG� OLQH� UHSUHVHQWV� WKH�

VPDOOHVW�ODWHQF\�SDWK�IURP�D�91)�WR�DQRWKHU�ZKLOH�WKH�UHG�GDVK�OLQHV�
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FRPSXWH� WKH�FXUUHQW�ODWHQF\�RI�OLQNV�DQG�91)V�XVLQJ� ����DQG�
����UHVSHFWLYHO\��

�� 3DFNHW�VWHHULQJ��,Q�DQ 1)9 HQYLURQPHQW��QHWZRUN�WUDIILF�
QHHGV� WR� EH� VWHHUHG� WKURXJK� UHTXLUHG�91)V� LQ� GHVLUHG� RUGHU��
6LQFH� D� SDFNHW� PD\� WUDYHUVH� D� VZLWFK� PXOWLSOH� WLPHV�� DQG� LW�
VKRXOG�EH�WUHDWHG�GLIIHUHQWO\�HDFK� WLPH��+HQFH��VZLWFKHV�PXVW�
NQRZ�WKH�VWDWXV�RI�D�SDFNHW��L�H���ZKHUH�WKH�SDFNHW�LV�FXUUHQWO\�
LQ�LWV�VHUYLFH�FKDLQ��LQ�RUGHU�WR�GHWHUPLQH�SURFHVVLQJ�DFWLRQV�IRU�
WKH�SDFNHW�� ,Q� WKLV�ZRUN��ZH�SURSRVH�6WDWXV� WDJ IRU�HQFRGLQJ�
ZKLFK� QHWZRUN� IXQFWLRQV� KDYH� DOUHDG\ EHHQ� WUDYHUVHG� LQ� D�
VHUYLFH�FKDLQ��$V�VKRZQ�LQ�)LJ�����WKH�LWK�ELW�LQ�WKH�WDJ�UHSUHVHQWV
WKH� W\SH�L QHWZRUN� IXQFWLRQ�� 7KH� WDJ� ZLWK DQ LQLWLDO YDOXH� LV�
DGGHG� WR� D� SDFNHW� DW� LQJUHVV� VZLWFKHV� DQG� UHPRYHG� DW� HJUHVV�
VZLWFKHV�� $W� VRIW� VZLWFKHV� ZKHUH� 91)V� DUH� FRQQHFWHG�� LI� D�
SDFNHW� KDV� EHHQ� SURFHVVHG� E\� D� 91)�� ZKLFK� LV� HDVLO\�
GHWHUPLQHG�E\�WKH�DUULYLQJ�SRUW�RI�WKH�SDFNHW��WKH�FRUUHVSRQGLQJ�
ELW�LV�VHW�WR����9/$1�WDJ��03/6�ODEHO�RU�XQXVHG�,3�KHDGHU�ILHOGV�
FRXOG�EH�ERUURZHG�WR�HPEHG�WKH�WDJ�WR�SDFNHWV�GHSHQGLQJ�WKH�
VXSSRUW�RI�2SHQ)ORZ�VZLWFK�

,9� 3(5)250$&(�(9$/8$7,21
7KLV�VHFWLRQ�SUHVHQWV�WKH�H[SHULPHQWDO�HYDOXDWLRQ�ZKHUH�WKH�HIIHFWLYHQHVV�RI�SURSRVHG�DOJRULWKP�LV�YHULILHG�

$� ([SHULPHQWDO VHWXS
7KH�SHUIRUPDQFH RI�RXU�1)�/*7�DOJRULWKP�LV�HYDOXDWHG�LQ�D��DU\�)DW7UHH QHWZRUN�WRSRORJ\ ZKLFK�LV�VLPXODWHG�E\�0LQLQHWQHWZRUN� HPXODWRU� :H� XVH� 2SHQ� Y6ZLWFK� >�@� WR� VLPXODWH� D�QXPEHU�RI�91)V�LQ�WKH�QHWZRUN��ZKLFK�LV�UHOHYDQW�VLQFH�WKH\�DUH�ERWK�SDFNHW�SURFHVVLQJ�QRGHV��7KH�91)V�DUH�UDQGRPO\�ORFDWHGRYHU� WKH� QHWZRUN� 2SHQ'D\/LJKW +HOLXP�65� >��@�� ZKRVH�PRQLWRULQJ�F\FOH� LV� VHW� WR� �� VHFRQGV�� LV�GHSOR\HG� DV� WKH�6'1�FRQWUROOHU�
1HWZRUN�VHUYLFH UHTXHVWV�DUH�8'3�IORZV�JHQHUDWHG�E\�L3HUI>��@��,Q�RXU H[SHULPHQWV��ZH�YDU\ WKHLU RIIHUHG ORDG�LQ�WKH�UDQJH�>������@�RI� WKH� RYHUDOO� OLQN� DQG�91)�EDQGZLGWK��7KH� LQWHU�DUULYDO� WLPH� DQG� GXUDWLRQ� RI� WKH� IORZV DUH� H[SRQHQWLDOO\�GLVWULEXWHG�ZLWK�DQ�DGMXVWDEOH�PHDQ�YDOXH�LQ�RUGHU�WR�FRQWURO�WKH�QXPEHU�RI�FRQFXUUHQW�IORZV�LQ�WKH�V\VWHP��%\�GRLQJ�VR��ZH�FDQ�REVHUYH� WKH� SHUIRUPDQFH� RI� WKH� SURSRVHG� DOJRULWKP XQGHU�GLIIHUHQW�V\VWHP�ORDGV� (DFK�UHTXHVW� LV�SURFHVVHG�E\�D�VHUYLFH�SROLF\� ZKRVH� WKH� QXPEHU� RI� QHWZRUN� IXQFWLRQV� LV� XQLIRUPO\�JHQHUDWHG� LQ WKH UDQJH >����@��DQG� WKHLU�SUHFHGHQFH�FRQVWUDLQWV�DUH�UDQGRPO\�FUHDWHG�
7KH� SHUIRUPDQFH� RI� SURSRVHG� DOJRULWKP� LV� PHDVXUHG� E\�EDQGZLGWK� XWLOL]DWLRQ FULWHULD� ZKLFK� LV WKH� UDWLR� RI� DFKLHYHG�EDQGZLGWK WR� GHVLJQHG EDQGZLGWK� RI� IORZV�� 7KH� DFKLHYHG�EDQGZLGWK� LV� UHDO� EDQGZLGWK�ZKLFK� D� IORZ� FDQ� DFKLHYH ZKHQ�WUDYHUVHV�WKURXJK�D�VHUYLFH�FKDLQ��7KH�GHVLJQHG�EDQGZLGWK�LV�WKH�EDQGZLGWK�ZKLFK�L3HUI�FOLHQW�WRRO DVVLJQV IRU WKH�IORZ��7KH�UDWLR�

LV� LQ WKH UDQJH >���� ���@�� DQG� WKH� KLJKHU� UDWLR� LV�� WKH� EHWWHU�WKURXJKSXW�WKH�V\VWHP�FDQ�JHW >��@�
$OO� WKH� H[SHULPHQW� UHVXOWV� VKRZQ� KHUH� DUH� REWDLQHG� E\�DYHUDJLQJ� WKH� UHVXOWV� RI� ILYH� VLPXODWLRQ� UXQV�� � (DFK� UXQ� LV�WHUPLQDWHG�XSRQ�WKH�VXFFHVVIXO�FRPSOHWLRQ�RI������UHTXHVWV��

%� 5HVXOW�$QDO\VLV
�� -RLQWO\�YV��6HTXHQWLDOO\��,Q�WKLV�H[SHULPHQW��ZH�FRPSDUH�

1)�� WKH��VW SKDVH�RI� RXU�SURSRVHG� DOJRULWKP� WR //)�63)�� ,Q�
FRQWUDVW WR�RXU�GHVLJQ��//)�63) DGGUHVVHV VHUYHU�DQG�QHWZRUN�
EDODQFLQJ� LVVXHV� VHTXHQWLDOO\�� 7KH� DOJRULWKP FRQVWUXFWV� D�
VHUYLFH�FKDLQ�E\�ILUVWO\ VHOHFWLQJ WKH�VPDOOHVW ORDG�91)�DPRQJ�
IHDVLEOH�FDQGLGDWHV WR�EH�WKH�QH[W�GHVWLQDWLRQ��7KHQ��WKH�SDWK�WR�
WKH�GHVWLQDWLRQ�ZKRVH�QHWZRUN�ODWHQF\�LV�VPDOOHVW LV�FKRVHQ�WR�
FRQVWUXFW� WKH� VHUYLFH� FKDLQ� 7KH� VWHSV� DUH� UHSHDWHG� XQWLO� DOO�
UHTXLUHG�QHWZRUN�IXQFWLRQV DGGHG�WR�WKH�VHUYLFH FKDLQ�

)LJ��� VKRZV�WKDW RXU�GHVLJQ�RXWSHUIRUPV�//)�63)�DW�HYHU\�
WUDIILF�ORDG�YDOXH��)RU�H[DPSOH��IRU�WKH�FDVH�ZKHUH�WKH�QXPEHU�
RI� FRQFXUUHQW� IORZV� LV� VHW� WR� ����� WKH� SHUIRUPDQFH� GLIIHUHQFH
EHWZHHQ�1)�DQG�//)�63)�LV�DSSUR[LPDWHO\ �����7KLV�REVHUYHG�
SKHQRPHQRQ�FDQ�EH�H[SODLQHG�E\�WKH�FKDLQLQJ�DSSURDFK RI�//)�
63)�LQ�ZKLFK�LW�FKRRVHV WKH�VPDOOHVW ORDG�91) WR�EH�WKH�QH[W�
GHVWLQDWLRQ��+RZHYHU��LW�LV�SRVVLEOH�WKDW�WKHUH�DUH�QRW DQ\ IHDVLEOH
SDWKV WR�UHDFK�WKH�91)��DV�D�UHVXOW��QHWZRUN�FRQJHVWLRQV�ZRXOG�
KDSSHQ� 2Q�WKH�FRQWUDU\��1)�FRQVLGHUV�FRQFXUUHQWO\ 91)�DQG�
OLQN VWDWXV�IRU�FRQVWUXFWLQJ VHUYLFH�FKDLQV��&RQVHTXHQWO\��LW�FDQ�
SURYLGH EHWWHU�SHUIRUPDQFH WKDQ�//)�63)�

7KH� VHUYLFH� FKDLQLQJ� WLPH� RI� GLIIHUHQW� DOJRULWKPV� LV�
FRPSDUHG� LQ�)LJ�����7KH�H[SHULPHQW�UHVXOWV� VKRZ WKDW�1)�DQG�
//)�637� FRQVXPH� DOPRVW� WKH� VDPH� DPRXQW� RI� WLPH� IRU�
FRQVWUXFWLQJ� VHUYLFH� FKDLQV�� 6XUSULVLQJO\�� WKH� VHUYLFH� FKDLQ�
FDOFXODWLRQ� WLPH� RQO\� PDNHV XS� D� VPDOO� SURSRUWLRQ� RI� WRWDO�
FKDLQLQJ� WLPH�� 7DNH� //)�63)� DOJRULWKP� IRU� H[DPSOH�� WKH�
SURSRUWLRQ�LV�����

�� ��SKDVHV�YV����SKDVH��,Q�WKLV�LQYHVWLJDWLRQ��ZH�PHDVXUH�
DQG� REVHUYH� KRZ� ZHOO� /*7�� WKH� �QG� SKDVH� RI� RXU� SURSRVHG�
DOJRULWKP��LPSURYHV�WKH�VROXWLRQV�FDOFXODWHG�E\�WKH��VW�SKDVH���
1)�

Ϭ Ϭ Ϭ ϭ ϭ ϭ Ϭ Ϭ ϭ Ϭ
ϭ�ďŝƚ�ĨŽƌ�ŽŶĞ�ƚǇƉĞ�ŽĨ�ŶĞƚǁŽƌŬ�ĨƵŶĐƚŝŽŶ

ϭ͗�ƚǇƉĞͲŝ ŶĞƚǁŽƌŬ�ĨƵŶĐƚŝŽŶ�ŝƐ�ƚƌĂǀĞƌƐĞĚϬ͗�ƚǇƉĞͲŝ ŶĞƚǁŽƌŬ�ĨƵŶĐƚŝŽŶ�ŝƐ�EKd�ƚƌĂǀĞƌƐĞĚ͘͘͘

)LJ���� 6WDWXV�WDJ�IRU�HQFRGLQJ�SDFNHW�VWDWXV� )LJ���� %DQGZLGWK�XWLOL]DWLRQ�RI�GLIIHUHQW�DOJRULWKPV�RYHU�WUDIILF�ORDG�

Ϭ͘ϭϮ
Ϭ͘Ϭϴ

Ϭ͘Ϭϳ
Ϭ͘Ϭϵ

aϭϭ�
aϮϬ�



7KH� H[SHULPHQW� UHVXOWV� FOHDUO\� LQGLFDWH� WKDW� WKH� DYHUDJH�
EDQGZLGWK�XWLOL]DWLRQ�LV�FRQVLGHUDEO\�LPSURYHG�E\�/*7�SKDVH��
$V�VKRZQ�LQ�)LJ�����WKH�LPSURYHPHQW�YDULHV�EHWZHHQ�����DQG�
����DW�GLIIHUHQW�QXPEHUV�RI�FRQFXUUHQW�IORZV��)RU�WKH�VHUYLFH�
FKDLQLQJ�WLPH��)LJ����SUHVHQWV�WKDW�/*7�SKDVH�LQFUHDVHV�WKH�WLPH�
DERXW������7R�VXP�XS��LW�LV�ZRUWK�DSSO\LQJ�WKH��QG SKDVH�/*7�LQ�
WKH� SURSRVHG� DOJRULWKP� 1)�/*7� VLQFH� WKH� SKDVH� FRXOG�
QRWLFHDEO\�HQKDQFH�WKH�DOJRULWKP�ZKLOH�FRQVXPH DQ�DFFHSWDEOH�
DPRXQW�RI�WLPH�

�� 7KH�LPSDFW�RI�VHUYLFH�FKDLQ�OHQJWK��:H�FRQGXFW�DQRWKHU�
H[SHULPHQW�LQ�ZKLFK�WKH�QXPEHU�RI�FRQFXUUHQW�IORZV�LV�VHW������
DQG� WKH� QXPEHU� RI�91)V� LQ� VHUYLFH SROLFLHV� LV� YDULHG� LQ WKH
UDQJH >���@�� %\� GRLQJ� VR�� WKH� SHUIRUPDQFH� RI� GLIIHUHQW�
DOJRULWKPV�LV�LQYHVWLJDWHG�XQGHU�YDULRXV�YDOXHV�RI�VHUYLFH�FKDLQ�
OHQJWK�LQ�WKLV�VHFWLRQ�

$V�H[SHFWHG��)LJ����FOHDUO\�GHPRQVWUDWHV�WKDW�WKH�OHQJWK�RI�
VHUYLFH�FKDLQ�VLJQLILFDQWO\�DIIHFWV�WKH�SHUIRUPDQFH�RI�REVHUYHG�
DOJRULWKPV��7DNH�1)�IRU�H[DPSOH��DV�WKH�OHQJWK�LQFUHDVHV�IURP�
��WR����WKH�DYHUDJH�EDQGZLGWK�XWLOL]DWLRQ�GHFUHDVHV������WR�������
7KH� H[SHULPHQW� UHVXOWV� DOVR� LQGLFDWH� WKDW� RXU� GHVLJQ� LV� EHWWHU�
//)�63)�DW�DQ\�YDOXHV�RI�VHUYLFH�FKDLQ�OHQJWK��8S�WR�WKH�OHQJWK�
RI����WKH�ORQJHU�OHQJWK�LV��WKH�EHWWHU�SHUIRUPDQFH�1) FDQ�JHW� $W�
WKLV� YDOXH�RI� VHUYLFH� FKDLQ� OHQJWK�� WKH�SHUIRUPDQFH�GLIIHUHQFH�
EHWZHHQ�1)�DQG�//)�63)�LV�����LPSURYHPHQW� LQ EDQGZLGWK�
XWLOL]DWLRQ�

9� &21&/86,21
0RWLYDWHG�E\�WKH�DUJXPHQW�WKDW�QHWZRUN�ORDG�EDODQFLQJ�DQG�

VHUYHU�ORDG�EDODQFLQJ�VKRXOG�EH�MRLQWO\�DGGUHVVHG�IRU�HIILFLHQWO\�
HQDEOLQJ�1)9�LQ�GDWD�FHQWHU�HQYLURQPHQW��ZH�KDYH�SUHVHQWHG�D�
VHUYLFH� FKDLQLQJ� DOJRULWKP�� 1)�/*7��$W� WKH��VW SKDVH�RI� WKH�
DOJRULWKP�� VHUYLFH� FKDLQLQJ� GHFLVLRQV� DUH� PDGH� E\� D� JUHHG\
DSSURDFK� ZKLFK� FRQVLGHUV� FRQFXUUHQWO\� VHUYHU� DQG� QHWZRUN�
ODWHQFLHV��7KHQ�D�VHDUFKLQJ�WHFKQLTXH�LV�LQWURGXFHG�WR�LPSURYH�
WKH� GHFLVLRQV� DW� WKH� �QG SKDVH�� :H� KDYH� LPSOHPHQWHG� WKH�
DOJRULWKP� XVLQJ� 6'1�2SHQ)ORZ FRQFHSW� ZLWK� WKUHH� PDLQ�
IXQFWLRQV�VXFK�DV�QHWZRUN�PRQLWRULQJ��VHUYLFH�FKDLQ�FDOFXODWLRQ��
DQG�IRUZDUGLQJ�UXOH�JHQHUDWLRQ�

7KH�SURSRVHG�DOJRULWKP�KDV�EHHQ�H[SHULPHQWDOO\�HYDOXDWHG�
XQGHU� GLIIHUHQW� VFHQDULRV� E\� 0LQLQHW� QHWZRUN� HPXODWRU�� 7KH�
H[SHULPHQWDO�UHVXOWV�LQGLFDWH�WKDW�RXU�DOJRULWKP�RXWSHUIRUPV�WKH�
FRPSDULVRQ� DOJRULWKP�ZKLFK� VHTXHQWLDOO\� VROYHV� QHWZRUN� DQG�
VHUYHU� ORDG� EDODQFLQJ� LVVXHV�� 7KH� UHVXOWV� DOVR� VKRZ WKDW� LW� LV�
ZRUWK� DSSO\LQJ� WKH� �QG SKDVH� RI� RXU� DOJRULWKP� VLQFH� LW�
FRQVLGHUDEO\�LPSURYHV�WKH�V\VWHP�WKURXJKSXW�
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>��@ ³2SHQ'D\/LJKW´��$YDLODEOH�DW��KWWSV���ZZZ�RSHQGD\OLJKW�RUJ�
>��@ �L3HUI���$YDLODEOH�DW��KWWSV���LSHUI�IU�
>��@ /L�� <X�� DQG� 'HQJ� 3DQ�� �2SHQ)ORZ� EDVHG ORDG� EDODQFLQJ� IRU� )DW�7UHH�QHWZRUNV� ZLWK� PXOWLSDWK� VXSSRUW��� LQ� 3URF�� ��WK� ,(((� ,QWHUQDWLRQDO�&RQIHUHQFH�RQ�&RPPXQLFDWLRQV��,&&¶�����%XGDSHVW��+XQJDU\��SS������������

)LJ���� 6HUYLFH�FKDLQLQJ�WLPH�RI�GLIIHUHQW�DOJRULWKPV�
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)LJ���� %DQGZLGWK�XWLOL]DWLRQ�RI�GLIIHUHQW�DOJRULWKPV�RYHU�VHUYLFH�FKDLQ�
OHQJWK�
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