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��� &KDSWHU� ��� &RPSOH[� 0XOWLSURFHVVRU� DUFKLWHFWXUHV� ZLWK
KLHUDUFK\
,Q� WKH� SUHYLRXV� FKDSWHU� ZH� GLVFXVVHG� D� UHODWLYHO\� VLPSOH� V\VWHP� EDVHG� RQ� RQO\� RQH
FRPPXQLFDWLRQ� SULQFLSOH�� 0RVW� V\VWHPV� KRZHYHU�� DUH� PXFK� PRUH� FRPSOH[� VLQFH� WKH\
FRQWDLQ�VHYHUDO�OD\HUV�RI�KLHUDUFK\�WKDW�XVH�YDULRXV�FRPPXQLFDWLRQ�SULQFLSOHV��+RZHYHU�
WKLV DOVR� OHDGV� WR�D�JUHDWHU�YDULHW\�RI�SRVVLEOH�DUFKLWHFWXUHV��7KHUH� LV�QR�VXFK� WKLQJ�DV�D
SUHGRPLQDQW� DUFKLWHFWXUH� WKDW� FDQ� EH� DSSOLHG� LQ� DOO� FLUFXPVWDQFHV��7KH� FKRLFHV� WKDW� DUH
PDGH�DUH�KHDYLO\�GHSHQGLQJ�RQ�WKH�WDUJHW�DSSOLFDWLRQ�GRPDLQ��%XW�LW�JRHV�IXUWKHU��7KHUH�LV
HYHQ�QR�VXFK� WKLQJ�DV�D� VSHFLILF� VWUDWHJ\��EXLOW�XS� IURP�SURFHGXUHV� � � UHODWLYHO\� VLPSOH
ORJLFDO VWHSV� WKDW�RSHUDWH�RQ�D�GDWDEDVH�� WKURXJK� WKH�KHOS�RI�ZKLFK�DUFKLWHFWXUHV�FDQ�EH
GHVLJQHG� >5HFKWLQ@��2Q� WKH� FRQWUDU\�� LW� LV� D� SURFHVV� WKDW� LV� EDVHG� RQ� KHXULVWLFV��$QG� LQ
ZKLFK� H[SHULHQFH�SOD\V� DQ� LPSRUWDQW� UROH��7KH� DLP�RI� WKLV� FKDSWHU� LV� WR� LOOXVWUDWH� WKHVH
KHXULVWLFV�XVLQJ�DQ�H[DPSOH�
7KLV�FKDSWHU�KDV�EHHQ�ZULWWHQ�IURP�WKH�SRLQW�RI�YLHZ�RI�WKH�V\VWHP�DUFKLWHFW��7KH�UROH�RI
WKH DUFKLWHFW� LV� LQWHUPHGLDWH�� ,W� LV� KLV� WDVN� WR� GHYHORS� DQ� DUFKLWHFWXUH� WKDW� PHHWV� WKH
GHPDQGV�RI�WKH�FOLHQW�DQG�DW�WKH�VDPH�WLPH�FDQ�EH�PDGH�E\�WKH�GHVLJQ�WHDP��7KH�DUFKLWHFW
FRRSHUDWHV�ZLWK�WKH�GHVLJQHUV�IRU�WKH�FOLHQW��$�ILUVW�LPSRUWDQW�VWHS�LV�WR�XQGHUVWDQG�ZKDW
WKH FOLHQW�UHDOO\�ZDQWV��7KLV�PD\�VHHP�WULYLDO��EXW� WKLV� LV�RIWHQ�QRW� WKH�FDVH�EHFDXVH� WKH
FOLHQW� LV� QRW� DEOH� WR� IRUPXODWH� H[DFWO\� ZKDW� KH� ZDQWV� RU� EHFDXVH� KH� PD\� KDYH
SUHVXPSWLRQV�DERXW� WKH�VROXWLRQ�DQG�DQWLFLSDWHV�RQ� WKDW� LQ�KLV� IRUPXODWLRQ��7KDW� LV�ZK\
ILUVW WKH�DSSOLFDWLRQ�GRPDLQ�KDV�WR�EH�GLVFXVVHG�� WKH�FKDUDFWHULVWLFV�RI� LW�DUH�DQDO\]HG� WR
FRPH�WR�D�IRUPXODWLRQ�RI�WKH�SUREOHP�QH[W��7KHQ�DQ�DUFKLWHFWXUH�LV�GHYHORSHG�
��� 7KH�DSSOLFDWLRQ�GRPDLQ��PXOWL�ZLQGRZ�GLVSOD\�IRU�79
)RU�WKH�DSSOLFDWLRQ�GRPDLQ�D�FKRLFH�KDV�EHHQ�PDGH�IRU�D�PXOWL�ZLQGRZ�GLVSOD\�IXQFWLRQ�
L�H� VHYHUDO�ZLQGRZV� DV� LV� FRPPRQ� DW� D� 3&� EXW� QRZ� IRU� YLGHR� VLJQDOV�� 7KLV� LV� D� YHU\
FKDOOHQJLQJ�DSSOLFDWLRQ��ZKLFK�UHTXLUHV�D�YHU\�KLJK�FRPSXWDWLRQ�SRZHU��,W�LV�LPSRUWDQW�WR
XQGHUVWDQG� WKH� FKDUDFWHULVWLFV� RI� WKH� DSSOLFDWLRQ� GRPDLQ�ZHOO� DW� WKH� VWDUW� RI� WKH� GHVLJQ�
7KDW� LV� ZK\� ZH� ZLOO� ILUVW� GLVFXVV� YLGHR� VLJQDOV� DQG� WKHQ� ZLOO� JLYH� VRPH� H[DPSOHV� RI
GLVSOD\�IXQFWLRQV�
������ 9LGHR�VLJQDOV
7KHUH�DUH�YLGHR�VLJQDOV� LQ�PDQ\�YDULHWLHV��8VXDOO\� WKH�RULJLQDO�FRPSRQHQWV�5��*��%�DUH
FRQYHUWHG�WR�D�EULJKWQHVV�VLJQDO�<��OXPLQDQFH��DQG�WZR�FRORU�GLIIHUHQFH�VLJQDOV�8�DQG�9
�FKURPLQDQFH��� 7KH� EDQG� ZLGWK� RI� WKH� <� VLJQDO� DPRXQWV� WR� �� 0+]�� RI� WKH� 8� DQG� 9
FRPSRQHQWV�����0+]��/LQHV�DUH�VFDQQHG�KRUL]RQWDOO\��7KLV�XVXDOO\�LV�GRQH�LQ�DQ�LQWHUODFH
ZD\� ,Q�WKLV�WKH�LPDJH�KDV�EHHQ�EXLOW�XS�IURP�WZR�ILHOGV��ZKLFK�FRQWDLQ�WKH�HYHQ�RU� WKH
XQHYHQ� OLQHV� RI� WKH� LPDJH� UHVSHFWLYHO\�� )LHOGV� DUH� VFDQQHG� IURP� WKH� WRS� GRZQZDUGV�
7KHUH�DUH�QRW�DOZD\V�WKH�VDPH�QXPEHUV�RI�<��8�DQG�9�VDPSOHV��2IWHQ�SHRSOH�ZRUN�ZLWK�D
SURSRUWLRQ� RI�<�8�9� WKDW� LV� HTXDO� WR� ������� VRPHWLPHV� WR� ������ RU� ������� 7KH� VWDQGDUG
VDPSOLQJ�IUHTXHQF\�DPRXQWV�WR����0+]�
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������ ([DPSOHV�RI�IXQFWLRQV
,Q�WKH�DSSOLFDWLRQ�D�QXPEHU�RI�WDVNV�ZLWK�ZLGHO\�YDULRXV�FRQVWUDLQWV�KDV�WR�EH�H[HFXWHG�
)RU� D� VWDUW� WKHUH� DUH� D� QXPEHU� RI� FRQWURO WDVNV� ([DPSOHV� DUH� XVHU� LQWHUDFWLRQ� �H�J�
VZLWFKLQJ� RI� FKDQQHO��� D� PRGHP� IXQFWLRQ�� FRQGLWLRQDO� DFFHVV�� JHQHUDWLRQ� RI� PHQX�
JUDSKLFV�� VHOHFWLRQ� RI� D� WHOHWH[W� SDJH� HWF«$� VHFRQG� JURXS� LV� IRUPHG� E\� WKH� VLJQDO
SURFHVVLQJ� WDVNV� ZLWK� VRIW� UHDO�WLPH� GHPDQGV� $Q� H[DPSOH� LV� WKH� GLVSOD\� RI� D� WHOHWH[W
LPDJH� 7KLV�KDV�WR�EH�GRQH�LQ�D�UHDVRQDEOH�DPRXQW�RI�WLPH��EXW�QRW�LPPHGLDWHO\�
)XUWKHUPRUH�� WKHUH� DUH� WKH� UHDO�YLGHR� WDVNV�ZLWK� KDUG� UHDO�WLPH� GHPDQGV� 9LGHR� RXWSXW
LPDJHV KDYH�WR�EH�SURGXFHV�ZLWK�D�FHUWDLQ�VSHHG��H�J��HYHU\����PVHF�IRU�����+]���'RLQJ
VR D�QXPEHU�RI�IXQFWLRQV�KDYH�WR�EH�H[HFXWHG��$�ILUVW�IXQFWLRQ�LV�YHUWLFDO�DQG�KRUL]RQWDO
VDPSOH UDWH� FRQYHUVLRQ� �65&��� 7KLV� LV� QHFHVVDU\� IRU� WKH� VFDOLQJ� RI� LPDJHV�� IRU� WKH
]RRPLQJ�DQG�IRU�WKH�FKDQJH�RI��DVSHFW�UDWLR��H�J��IURP�����WR��������65&�FRXOG�EH�GRQH
ZLWK WKH�XVH�RI� DQ� LQWHUSRODWLRQ� LQ� WKH� WLPH�GRPDLQ� EXW� WKLV� LV� QRW� LQVXIILFLHQWO\� H[DFW�
+HQFH� GLJLWDO�ILOWHUV�DUH�XVHG��H�J����WDS�ILOWHUV�
)XUWKHUPRUH��D�QXPEHU�RI�RSHUDWLRQV�DUH�QHHGHG�WR�LPSURYH�WKH�TXDOLW\�RI�WKH�LPDJH��IRU
LQVWDQFH�QRLVH�UHGXFWLRQ�
$QRWKHU� WDVN� LV� ����+]� FRQYHUVLRQ�� ,Q� WKLV� WKH� LPDJH� VSHHG� KDV� WR� EH� GRXEOHG��$� ILUVW
DSSURDFK�LV�WR�VLPSO\�UHSHDW�WKH�SUHYLRXV�LPDJH�EXW�WKLV�OHDGV�WR�D�MHUN\�HIIHFW�LQ�WKH�FDVH
RI�PRYLQJ�REMHFWV��7KHUHIRUH�WKH�PRYHPHQW�WKDW�LV�SUHVHQW�LQ�WKH�LPDJH�KDV�WR�EH�WDNHQ
LQWR DFFRXQW��ZKLFK�ZLOO�OHDG�WR�FDOFXODWLRQ�LQWHQVLYH�RSHUDWLRQV�WKDW�PRUHRYHU�UHTXLUH�D
ORW RI�PHPRU\�EDQG�ZLGWK�
$Q�H[DPSOH�RI�VXFK�DQ�DSSOLFDWLRQ�LV�VKRZQ�LQ�)LJXUH������7KLV�VKRZV�D� IORZ�JUDSK� LQ
ZKLFK� WKH� DERYH� PHQWLRQHG� WDVNV� UHSUHVHQW� WKH� EDVLF� RSHUDWLRQV�� 7KHUH� DUH� WZR� YLGHR
LQSXW VWUHDPV�DQG�D�WHOHWH[W�LPDJH�
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������ &KDUDFWHULVWLFV�DQG�IRUPXODWLRQ�RI�WKH�SUREOHP
:KHQ� ZH� KDYH� FKDUWHG� DOO� IXQFWLRQV� ZH� FDQ� PDNH� DQ� HVWLPDWLRQ� RI� WKH� QHFHVVDU\
FDOFXODWLRQ�SRZHU��7KLV�PD\�EH�GRQH�RQ�WKH�EDVH�RI�EORFN�VFKHPHV�RI�� IRU� LQVWDQFH�� WKH
ILOWHUV RU� RQ� WKH� EDVH� RI� D� ILUVW� URXJK� VSHFLILFDWLRQ�� ,Q� IDFW� ZH� FRXQW� WKH� QXPEHU� RI
RSHUDWLRQV�SHU�LQSXW�RU�RXWSXW�VDPSOH�DQG�PXOWLSO\�WKLV�ZLWK�WKH�VLJQDO�UDWH��:KHQ�ZH�GR
VR� ZH�ILQG�VRPH�WHQV�RI�*LJD�RSHUDWLRQV�VHF��(YHQ�PRUH�LPSRUWDQW� WKDQ�WKH�FDOFXODWLRQ
SRZHU� LV� WKH� QHFHVVDU\� EDQG�ZLGWK� IRU� FRPPXQLFDWLRQ� EHWZHHQ� WKH� IXQFWLRQV��+HUH�ZH
ILQG VRPH�WHQV�RI�*LJD�ELWV�SHU�VHFRQG�RU�VRPH�*%�SHU�VHFRQG��)URP�WKLV�ZH�DOUHDG\�DUH
DEOH�WR�FRQFOXGH�WKDW�D�VROXWLRQ�ZLWK�RQH�VLQJOH�EXV�ZRQ
W�VXIILFH�
%XW�WKHUH�DUH�PRUH�FKDUDFWHULVWLFV��)RU�LW�DSSHDUV�WKDW�WKRXJK�WKH�FRQWHQW�RI�WKH�IXQFWLRQV
LV ZHOO�NQRZQ��WKH�RUGHU�LV�QRW�DOZD\V�WKH�VDPH��,Q�WRWDO�WKHUH�DUH�D�KXQGUHG�JUDSKV�DQG
)LJXUH�����RQO\�VKRZV�RQH�H[DPSOH��,Q�VRPH�JUDSKV�RQH�DQG�WKH�VDPH�IXQFWLRQV�RFFXUV
PRUH WKDQ�RQFH��7KLV� OHDGV� WR�D� WUDGH�RII�ZLWK� WKH�TXDOLW\��7DNH� IRU� LQVWDQFH�D�JUDSK� LQ
ZKLFK� RQO\� RQH� YLGHR� VWUHDP� KDV� WR� EH� SURFHVVHG� �VR� QR� SLFWXUH� LQ� SLFWXUH��� ,Q� WKHVH
FLUFXPVWDQFHV� DOO� IXQFWLRQV�� VXFK� DV� QRLVH� UHGXFWLRQ�� VDPSOH� UDWH� FRQYHUVLRQ� HWF�� RQO\
RFFXU�RQFH�DQG�WKH�FOLHQW�ZDQWV� WR�VZLWFK�WR�KLJKHVW�SRVVLEOH�TXDOLW\�PRGH��H�J������+]
LQVWHDG RI����+]��:KHQ� WKH�RSSRVLWH�RFFXUV�� VR� OLNH� LQ�)LJXUH������RQH�FDQ�VZLWFK� WR�D
ORZHU TXDOLW\�EXW�RQH�KDV�WR�SURFHVV�VHYHUDO�VWUHDPV�WKRXJK�
,Q�IDFW�WKLV�KDSSHQV�RYHU�D�UHODWLYHO\�OLPLWHG�DUHD��QDPHO\���VWUHDPV�DW�D�PD[LPXP��7KLV
OHDGV WR�D�VRPHZKDW�PRUH�DEVWUDFW�GHILQLWLRQ�RI� WKH�GHVLJQ�SUREOHP��7R�PDNH�WKLV�FOHDU
RQH�KDV�WR�UHDOL]H�WKDW�YLGHR�VWUHDPV�RFFXU� LQ�PXOWLSOHV�RI�D�VWDQGDUG�IUHTXHQF\�� ,Q� WKLV
H[DPSOH�WKLV�LV����0+]��VDPSOLQJ�SL[HO�UDWH��DQG�PXOWLSOHV�RI�����QDPHO\��������DQG����
$ IDFWRU���VWHPV�IURP�WKH����WR�����+]�FRQYHUVLRQ��DQRWKHU�IDFWRU�WZR�VWHPV�IURP�KLJK
GHILQLWLRQ�LQVWHDG�RI�VWDQGDUG�GHILQLWLRQ�
6XEVHTXHQWO\�LW�KDV�WR�EH�QRWHG�WKDW�VRPH�IXQFWLRQV��VXFK�DV�WHPSRUDU\�QRLVH�UHGXFWLRQ�
QHHG�DFFHVV�WR�WKH�SUHYLRXV�LPDJH��6R� ZKHQ�ZH�DVVXPH�WKDW�WKH�SUHVHQW�WHFKQRORJ\�GRHV
QRW� \HW� DOORZ� LQWHJUDWLRQ� RI� FRPSOHWH� LPDJH� PHPRULHV�ZH FDQ� FXW� WKH� JUDSK� DW� WKHVH
SODFHV�RU�KHQFH�FUHDWH�DQ�H[WUD� LQSXW�DQG�RXWSXW��2WKHU�SODFHV�DUH� WKH�PL[�QRGHV�ZKHUH
VWUHDPV DUH�SXW�PHUJHG��,Q�WKLV�ZD\�ZH�FRPH�VWHS�IRU�VWHS�WR�D�PRUH�DEVWUDFW�IRUPXODWLRQ
RI�WKH�SUREOHP�WKDW�LV�VXSSRUWHG�E\�)LJXUH�����
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7KLV�ILJXUH�VKRZV�D�QXPEHU�RI�SDUDOOHO�VXE�JUDSKV�ZLWK�WKH�UHDO�GDWD�LQSXW�RU�WKH�H[WHUQDO
PHPRU\�DV�LQSXWV�DQG�WKH�UHDO�GDWD�RXWSXWV��GLVSOD\��DQG�WKH�PHPRU\�RXWSXWV�DV�RXWSXWV�
+HQFH� WKH�QRGHV�UHSUHVHQW�WKH�DERYH�PHQWLRQHG�IXQFWLRQV�LQ�ZKLFK�WKH�IROORZLQJ�KDV�WR
EH�PHW

Q��
����Q���
���Q���
����Q���
���� ��
LQ ZKLFK� Q��� UHSUHVHQWV� WKH� QXPEHU� RI� ���0+]� VWUHDPV�� Q��� WKH� QXPEHU� RI� ���0+]
VWUHDPV HWF��� $� ODVW� LPSRUWDQW� QRWH� LV� WKDW� VWUHDPV� PD\� EH� DV\QFKURQRXV� 7ZR� LQSXW
VLJQDOV VWHPPLQJ�IURP�WZR�GLIIHUHQW�VHQGHUV�KDYH�QRW�EHHQ�V\QFKURQL]HG��7KLV�PHDQV�IRU
3,3�SLFWXUHV�WKDW�WKHUH�LV�DOZD\V�D�PDLQ�LPDJH�DW�ZKLFK�LV�V\QFKURQL]HG�DQG�WR�ZKLFK�WKH
VHFRQG LPDJH�KDV�WR�DGDSW�
)RU�VDNH�RI�FRPSOHWHQHVV�ZH�UHSHDW�WKDW�WKH�YLGHR�VWUHDPV�KDYH�KDUG�UHDO�WLPH�GHPDQGV�
+HQFH� JXDUDQWLHV�KDYH�WR�EH�JLYHQ�WKDW�XQGHU�DOO�FLUFXPVWDQFHV�HQRXJK�FDOFXODWLRQ�SRZHU
LV DYDLODEOH��6R�WKLV�SDUW�RI�WKH�DSSOLFDWLRQ�KDV�WR�EH�GHVLJQHG�LQ�ZRUVW�FDVH�PRGH�
��� 7RS�OHYHO�DUFKLWHFWXUH
%HFDXVH�RI�WKH�ZLGHO\�YDU\LQJ�QDWXUH�RI�WKH�YDULRXV�WDVNV�LW�LV�GHFLGHG�WR�FUHDWH�D�VHSDUDWH
VXE V\VWHP�IRU�WKH�SURFHVVLQJ�RI�YLGHR�VWUHDPV��7KLV�OHDGV�WR�DQ�DUFKLWHFWXUH�DV�LV�VKRZQ
LQ )LJXUH������,Q�WKLV���VXE�V\VWHPV�DUH�SUHVHQW�
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)RU� D� VWDUW� WKHUH� LV� D� FODVVLFDO� EXV� RULHQWHG� VXE� V\VWHP� DV� KDV� EHHQ� GLVFXVVHG� LQ� WKH
SUHYLRXV�FKDSWHU�XQWR�ZKLFK�WKH�FRQWURO�WDVNV�DUH�PDSSHG��,Q�LW�WKHUH�LV�D�SURJUDPPDEOH
&38��ZKLFK�LV�UHVSRQVLEOH�IRU�WKH�WRS�OHYHO�FRQWURO��2Q�WKH�EXV�WKHUH�PD\�DOVR�KDQG�RWKHU
SURFHVVRUV�IRU�VSHFLILF�WDVNV��H�J��D�'63�WKDW�WDNHV�FDUH�RI�PRGHP�SURFHVVLQJ�
1H[W WKHUH� LV� WKH� VWUHDP�RULHQWHG� VXE� V\VWHP� LQ�ZKLFK� DOO� YLGHR� SURFHVVLQJ� WDNHV� SODFH
ZLWK KDUG�UHDO�WLPH�GHPDQGV��+HUH�DOVR�� WKHUH�DUH�VHYHUDO�DXWRQRPLF�SURFHVVRUV� WKDW�DUH
HDFK�RSWLPL]HG�IRU�D�VSHFLILF�YLGHR�IXQFWLRQ�DV�KDV�EHHQ�GLVFXVVHG�DERYH��)XUWKHUPRUH�
WKHVH�SURFHVVRUV�KDYH�D�QXPEHU�RI�VHSDUDWH�FRPPXQLFDWLRQ�WRROV�ZLWKLQ�WKH�VXE�V\VWHP�
7KH\�FDQ�H[FKDQJH�GDWD�ZLWKRXW�JRLQJ�YLD�WKH�H[WHUQDO�PHPRU\��7KLV�LV�QHFHVVDU\�LQ�YLHZ
RI�WKH�UHTXLUHG�EDQG�ZLGWK�RI�D�IHZ�*E\WHV�SHU�VHF��8QWR�WKLV�VXE�V\VWHP�WKHQ�WKH�JUDSKV
RI�)LJXUH�����DUH�PDSSHG��7KH�LQWHUIDFH�RI�WKLV�VXE�V\VWHP�LV�WKHUHIRUH�VSHFLILHG�DV�ZHOO
E\�WKH�LQSXWV�DQG�RXWSXWV�RI�WKHVH�JUDSKV�
1H[W�� WKHUH� LV� D� WKLUG� VXE� V\VWHP�� QDPHO\� WKH�PHPRU\� V\VWHP�ZKHUH� WKH� SUHYLRXV� WZR
VXEV\VWHPV�FRPH�WRJHWKHU��7KLV�FRQVLVWV�RI�WKH�H[WHUQDO�6'5$0�DQG�DQ�LQWHUQDO�DUELWHU
WKDW KDV�WR�DUELWUDWH�EHWZHHQ�UHTXHVWV�FRPLQJ�IURP�WKH�WZR�HDUOLHU�PHQWLRQHG�VXE�V\VWHPV�
,W�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�UHTXHVW�PD\�EH�RI�D�WRWDOO\�GLVVLPLODU�QDWXUH��7KH�YLGHR�VXE
V\VWHP�JHQHUDWHV�SHULRGLF� UHTXHVWV�� ,Q� WKLV� WKH� WKURXJKSXW� LV� LPSRUWDQW�� QRW� WKH� ODWHQF\�
:LWK� VXIILFLHQW� EXIIHULQJ� D� YDULDWLRQ� LQ� WKH� ODWHQF\� FDQ� EH� WDNHQ� FDUH� RI� ZKLOH� WKH
WKURXJKSXW� UHPDLQV� WR� EH� JXDUDQWHHG�� 7KH� UHTXHVWV� FRPLQJ� IURP� WKH� &38� VXE� V\VWHP
KDYH�WKH�H[DFW�UHYHUVH�FKDUDFWHULVWLFV��)RU�WKH\�DUH�FKDUDFWHUL]HG�E\�D�UDQGRP�QDWXUH��)RU
H[DPSOH��ORRN�DW�FDFKH�PLVVHV�LQ�WKH�&38��,W�FDQQRW�EH�SUHGLFWHG�ZKHQ�WKHVH�ZLOO�RFFXU�

3B� 3B�,� '�
(PEHGGHG

�&38

6'5$0

3B� 3B�

LQWH
UID

FH

3B� 3B�

PHPRU\�VXEV\VWHP

FRQWURO�VXEV\WHP

VLJQDO��SURFHVVLQJ��VXEV\VWHP

SHULRGLF
UHTXHVWV

UDQGRP�
UHTXHVWV

)LJXUH����
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2Q�WRS�RI�WKDW�WKH�ODWHQF\�LV�WKH�RQO\�WKLQJ�WKDW�FRXQWV�DQG�WKH�WKURXJKSXW�LV�QRW�UHOHYDQW�
7KH�SXUSRVH�RI�WKH�DUELWHU�LV�WR�UHFRQFLOH�WKH�RSSRVLQJ�FKDUDFWHULVWLFV�
7KLV� SUREOHP�PD\� EH� VROYHG� DV� IROORZV� >+RVVHLQL�.KD\DW@�� &RQVLGHU� WZR� VRXUFHV�� RQH
ZLWK UDQGRP�UHTXHVWV�DQG�RQH�ZLWK�SHULRGLF�UHTXHVWV��(DFK�UHTXHVW�LV�VWRUHG�LQ�D�UDQGRP
TXHXH� RU� D� SHULRGLF� TXHXH� UHVSHFWLYHO\�� )XUWKHUPRUH�� WKHUH� LV� D� VHUYHU� WKDW� KDQGOHV� DOO
UHTXHVWV��:H�FDOO�7�WKH�SHULRG�RI� WKH�SHULRGLF� UHTXHVWV��7KH�VROXWLRQ� OLHV� LQ�VSOLWWLQJ�XS
WKLV SHULRG� LQWR�VR�FDOOHG�VHUYLFH�F\FOHV� �t�� (DFK�VHUYLFH�F\FOH� LQ� LWV� WXUQ�FRQVLVWV�RI�1
WLPH VORWV��(DFK�WLPH�VORW�FRUUHVSRQGV�ZLWK�DQ�DWRPLF�DFFHVV�DFWLRQ�RQ�WKH�PHPRU\�DV�KDV
EHHQ�GHILQHG�LQ�WKH�SUHYLRXV�FKDSWHU���(DFK�WLPH�VORW�WKHUHIRUH�HTXDOV��������FORFN�F\FOHV�

(YHU\� VHUYLFH�F\FOH� WKH� VHUYHU� UXQV� WKURXJK� WKH� IROORZLQJ�DOJRULWKP�� ,Q� WKLV�ZH�XVH� WKH
IROORZLQJ�V\PEROV�
� 1� �QXPEHU�RI�WLPH�VORWV
� 4� �WKH�QXPEHU�RI�WLPH�VORWV�SHU�VHUYLFH�F\FOH�QHHGHG�IRU�WKH�SHULRGLF�UHTXHVWV
� Q� �UHPDLQLQJ�QXPEHU�RI�WLPH�VORWV���LQLWLDOO\� �1�
� T� �UHPDLQLQJ�QXPEHU�RI�WLPH�VORWV�DYDLODEOH�IRU�SHULRGLF�UHTXHVWV��LQLWLDOO\� �4�
7KH�DOJRULWKP�WKHQ�LV�DV�IROORZV�

WLPH
WLPH

VHUYHU
>+RVVHLQL�.KD\DW���@

WLPH

WLPH

7

t

%XV
WLPH�VORW
�H�J�����FF� %XV�VHUYLFH�F\FOH�t  1�WLPH�VORWV��H�J��1� ����

4  �QXPEHU�RI�EXV�WLPH�VORWV�SHU�VHUYLFH�F\FOH
� UHVHUYHG�IRU�SHULRGLF�VWUHDPV

0LQLPL]H�WKH�ODWHQF\�IRU�UDQGRP�UHTXHVWV�ZKLOH�JXDUDQWHHLQJ�WKH
WKURXJKSXW�IRU�SHULRGLF�UHTXHVWV

)LJXUH����
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��� :KHQ� Q!T� UDQGRP� UHTXHVWV� SUHYDLO�� :KHQ� WKHUH� DUH� QR� UDQGRP� UHTXHVWV� SHULRGLF
UHTXHVWV�DUH�KDQGOHG�

��� :KHQ�Q �T�WKH�SHULRGLF�UHTXHVWV�SUHYDLO��:KHQ�WKHUH�DUH�QR�SHULRGLF�UHTXHVWV�UDQGRP
UHTXHVWV�DUH�KDQGOHG�

��� 'HFUHPHQW�T�ZKHQ�D�SHULRGLF�UHTXHVW�LV�KDQGOHG�
��� 'HFUHPHQW�Q��:KHQ�Q ���WKHQ�PDNH�Q 1�DQG�T 4�DQG�VWDUW�DJDLQ�
,Q� WKLV�ZD\� WKH� DYHUDJH� GHOD\� RI� UDQGRP� UHTXHVWV��ZKHQ� SHULRGLF� UHTXHVWV� DUH� SUHVHQW�
GHWHUPLQHV�WKH�GHOD\�RI�UDQGRP�UHTXHVWV�ZLWKRXW�WKH�SUHVHQFH�RI�SHULRGLF�UHTXHVWV��,Q�WKLV
LW LV�DVVXPHG�WKDW�QR�RYHUORDG�VLWXDWLRQV�ZLOO�RFFXU�LQ�ZKLFK�WKH�WRWDO�QXPEHU�RI�UHTXHVWV
EHFRPHV� ODUJHU� WKDQ�1�� ,Q� WKH� 3URSKLG� SURMHFW� D� FKRLFH� KDV� EHHQ�PDGH� IRU�1 ���� 7KH
DERYH�PHQWLRQHG�FDQ�EH�HDVLO\�H[WHQGHG�ZKHQ�WKHUH�DUH�PRUH�SHULRGLF�UHTXHVWV�
��� $UFKLWHFWXUH�IRU�WKH�SHULRGLF�VXE�V\VWHP
6LQFH WKH�YLGHR� IXQFWLRQV�DUH�ZHOO�NQRZQ��EXW� DUH� WR�KDYH� WKH�SRVVLELOLW\� WR�EH�NQRWWHG
WRJHWKHU� LQ� D� IOH[LEOH� ZD\�� ZH� FRPH� LQ� D� QDWXUDO� ZD\� WR� DQ� DUFKLWHFWXUH� LQ� ZKLFK� WKH
IXQFWLRQV�DUH�PDSSHG�XQWR�D�VHSDUDWH�DXWRQRPRXV�SURFHVVRUV�WKDW�FDQ�FRPPXQLFDWH�ZLWK
HDFK�RWKHU�YLD�D� IOH[LEOH� UHFRQILJXUDEOH�QHWZRUN��7KH�QHWZRUN� LV�EDVHG�RQ�PXOWLSOH[HUV
IURP ZKLFK�WKH�SRVLWLRQ�LV�FRQWUROOHG�IURP�D�SURJUDP��7KH�OHYHO�RI�IXQFWLRQV�LQ�WKLV�FDVH
LV D�QDWXUDO�OHYHO�RI�KLHUDUFK\�

5HFRQILJXUDEOH�FRPPXQLFDWLRQ�QHWZRUN

,QYHUVH�FRPPXQLFDWLRQ�QHWZRUN

3B� 3B� 3BQ

ILIRV

���

ILIRV

)LJXUH����
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$OO�SURFHVVRUV� DUH� VXUURXQGHG�E\�EXIIHUV�DW� WKH� LQSXWV� DQG� WKH� RXWSXWV��7KH� SXUSRVH� RI
WKHVH�EXIIHUV�LV�WR�VHSDUDWH�WKH�SURFHVVLQJ�IURP�WKH�FRPPXQLFDWLRQ��:KHQ�WKHVH�EXIIHUV
ZRXOG�QRW�EH�SUHVHQW�� WKLV�ZRXOG�PHDQ� WKDW� WKH�SURFHVVRUV�FDQ�RQO\�JHQHUDWH�RXWSXWV�DW
WKH PRPHQW� WKDW� WKH� WUDQVSRUWV� FDQ� EH� WDNHQ� FDUH� RI� LPPHGLDWHO\�� :KHQ� WKH
FRPPXQLFDWLRQ�QHWZRUN�ZRXOG�QRW�EH�DYDLODEOH�IRU�D�PRPHQW� WKLV�ZRXOG�PHDQ� WKDW� WKH
SURFHVVRU�EORFNV��,W�LV�LPSRUWDQW�WR�QRWH�WKDW�YLGHR�RSHUDWLRQV�DUH�KLJKO\�FRPPXQLFDWLRQ
LQWHQVLYH��0RVW�RI� WKH�SURFHVVRUV�JHQHUDWH�DQ�RXWSXW� HYHU\� VWURNH�RI� WKH� FORFN�RU� HYHU\
VHFRQG VWURNH�RI�WKH�FORFN���7KLV�LV�GLIIHUHQW�ZLWK�H�J��$XGLR�SURFHVVLQJ�ZKHUH�D�UHODWLYHO\
ORZ DPRXQW�RI�GDWD�FDQ�FDXVH�PXFK�SURFHVVLQJ���:H�ZLOO�UHWXUQ�WR�WKH�GLPHQVLRQLQJ�RI
WKH EXIIHU�VL]H�DQG�WKHUHIRUH�WKH�GHJUHH�RI�GLVFRQQHFWLRQ�ODWHU�
7KH� QH[W� SRLQW� LV� WKDW�ZH� FKRRVH� IRU�),)2� EXIIHUV��7KH� UHDVRQ� IRU� WKLV� EHFRPHV� FOHDU
ZKHQ ZH� ORRN� DW� WKH� VSHFLILFDWLRQ�� 7KH� VSHFLILFDWLRQ� LV� DQ� 6)*� LQ�ZKLFK� WKH� QRGV� DUH
IXQFWLRQV��%HWZHHQ� WKH� IXQFWLRQV� VLJQDOV� DUH� WUDQVPLWWHG�� 7KH� LQWHUQDO� VLJQDOV� UHSUHVHQW
PHDVXUDEOH�HQWLWLHV�WKDW��LQ�SULQFLSOH��FDQ�EH�VKRZQ�DW�D�GLVSOD\��7KH�RQO\�LGHQWLILFDWLRQ�LV
WKH RUGHU�RI�WKH�VDPSOHV�LQ�WKH�VWUHDP��7KDW�LV�ZK\�WKH�FRPPXQLFDWLRQ�FKDQQHOV�VKRZ�D
),)2�EHKDYLRU�
&RQFHUQLQJ� WKLV� SRLQW� WKHUH� DUH� WZR� RSWLRQV�� V\QFKURQRXV� GDWD�IORZ� �6')�� RU� G\QDPLF
GDWD�IORZ� �'')��� ,Q� WKH� FDVH� RI� 6')� WKH� FRPSOHWH� VFKHGXOH� LV� GHWHUPLQHG� DW� FRPSLOH
WLPH� 7KLV�PHDQV�WKDW�D�SURJUDP�LV�PDGH�DW�FRPSLOH�WLPH�WKDW�FRQWUROV�WKH�FRPPXQLFDWLRQ
QHWZRUN��DV�ZLWK�D�9/,:���$�FKRLFH�KDV�EHHQ�PDGH�IRU�'')��KRZHYHU��IRU�WKH�IROORZLQJ
UHDVRQV�
��� :H�ZDQW�WR�XVH�WKH�ILHOG�EODQNLQJ�LQ�D�XVHIXO�ZD\�IRU�VRIW�UHDO�WLPH�WDVNV��:H�ZRXOG

KDYH� WR� DGDSW� WKH� SURJUDP� FRQVWDQWO\� DQG� KDYH� WR� VZLWFK� EHWZHHQ� YDULRXV� PRGHV
�VWUHDP� �� LQ� WKH� EODQNLQJ�� \HW� VWUHDP� �� QRW� HWF«��� %HVLGH� WKDW�� WKLV� OHDGV� WR� D
IXQGDPHQWDO� SUREOHP� ZLWK� DV\QFKURQRXV� LQSXW� VWUHDPV�� VLQFH� ZH� FDQQRW� NQRZ� DW
FRPSLOH�WLPH�ZKHQ�WKH�EODQNLQJ�ZLOO�RFFXU�

��� 6RPH�IXQFWLRQV�VXFK�DV�D�9/'�SURGXFH�D�GDWD�GHSHQGHQW�QXPEHU�RI�RXWSXW�WRNHQV��,Q
RWKHU�ZRUGV��WKH\�DUH�LQ�IDFW�'')�IXQFWLRQV�

��� '')� LV� RIWHQ�PRUH� VLPSOH� EHFDXVH� WKH� ORFDO� DYDLODELOLW\� RI� WKH� GDWD� GHWHUPLQHV� WKH
DFWLYLW\�� :LWK� 6')� ZLWK� ODUJH� SLSHOLQHV� WKHUH� LV� RIWHQ� D� ORQJ� VZLWFKLQJ� RQ
SKHQRPHQRQ��ZKLFK�OHDGV�WR�D�FRVWO\�FHQWUDO�FRQWUROOHU�

��� 7KH�FRQFHSW�LV�HDVLHU�WR�H[WHQG���DGGLQJ�RI��SURFHVVRUV�
7KLV� OHDGV� WR� D� EORFNLQJ� VHPDQWLFV� RI WKH� FKDQQHOV� DFFRUGLQJ� WR� D� '')� PRGHO�� 7KH
SURFHVVRU�LV�VWRSSHG�ZKHQ�RQH�RI�WKH�RXWSXW�EXIIHUV�LV�FRPSOHWH�RU�ZKHQ�RQH�RI�WKH�LQSXW
EXIIHUV� LV�HPSW\��7KDW� LV�ZK\� LQ�)LJXUH�����DQ� LQYHUVH�QHWZRUN� LV DGGHG�� ,Q� WKDW�ZD\� LW
EHFRPHV�SRVVLEOH�WR�H[HFXWH�YDULRXV�JUDSKV�
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������ 5HVRXUFH�VKDULQJ�DQG�GHDGORFN
7KH� DERYH�PHQWLRQHG� DUFKLWHFWXUH� ZRUNV� ILQH� ZLWK� RQH� LPSRUWDQW� UHVWULFWLRQ� KRZHYHU�
3UREOHPV� PD\� RFFXU� ZLWK� UHVRXUFH� VKDULQJ�� 5HVRXUFH� VKDULQJ� LV� QHFHVVDU\� EHFDXVH
RWKHUZLVH� ZH� ZRXOG� HDFK� WLPH� QHHG� DQ� HTXDO� DPRXQW� RI� SURFHVVRUV� DV� WKH� QXPEHU� RI
WLPHV WKDW�D�VSHFLILF�IXQFWLRQ�RFFXUV�LQ�WKH�JUDSK��2U�ZH�KDYH�WR�H[HFXWH�DOO�WKHVH�IXQFWLRQ
RQH�DIWHU�DQRWKHU�LQ�WKH�WLPH�
$ GLVWLQFWLRQ� FDQ�EH�PDGH�EHWZHHQ�YDULRXV� IRUPV�RI� UHVRXUFH� VKDULQJ��)RU� D� VWDUW�� LW� LV
SRVVLEOH�WKDW�D�SURFHVVRU�H[HFXWHV�PRUH�WKDQ�RQH�WDVN�)XUWKHUPRUH��ZH�FDQ�VWDUW�WR�VKDUH
WKH ILIR�EXIIHUV�RU�WKH�KDUGZDUH�LQ�WKH�LQWHUFRQQHFWLRQ�QHWZRUNV�

:H�VWDUW�ZLWK� VKDULQJ�RI�SURFHVVRUV�� ,W� LV� DQ�REYLRXV�PHWKRG� WR�PDS�DOO� IXQFWLRQV�RI� WKH
VDPH�W\SH�XQWR�WKH�VDPH�SURFHVVRU��,Q�)LJXUH�����D�IXQFWLRQ�VXFK�DV�+65&�FDQ�RFFXU�PRUH
RIWHQ�LQ�VHYHUDO�JUDSKV�WKDW�KDYH�WR�EH�H[HFXWHG�SDUDOOHO��,W�LV�DQ�REYLRXV�PHWKRG�WR�GHVLJQ
RQO\�RQH�+65&�SURFHVVRU��7KLV�SURFHVVRU�ZLOO�KDYH�WR�EH�VXIILFLHQWO\�IOH[LEOH�WR�SURFHVV�D
QXPEHU� RI� �� WR� �� VWUHDPV�� 7KLV� ZLOO� EH� GLVFXVVHG� LQ� GHWDLO� ODWHU�� $W� WKLV� PRPHQW� LW� LV
LPSRUWDQW� WKDW� WKH� SURFHVVRU� VKRXOG� EH� DEOH� WR� PDNH� D� FKRLFH� XVLQJ� WKH� LQFRPLQJ� GDWD
ZKLFK�IXQFWLRQ�KDV�WR�EH�H[HFXWHG��7KDW� LV�ZK\�HDFK�GDWD�SDFNDJH�EHORQJLQJ� WR�D� WDVN� LV
SUHFHGHG�E\�DQ�LGHQWLILFDWLRQ�LQ�WKH�IRUP�RI�D�KHDGHU�RU�D�WDJ��,Q�WKH�ILJXUHV�WKLV�LV�LQGLFDWHG
E\�WKH�GLIIHUHQW�FRORULQJ�RI�WKH�WRNHQV��$Q�H[DPSOH�LV�VKRZQ�LQ�)LJXUH������+HUH����WDVNV
DUH�VKRZQ��$��%�DQG�&��WKDW�DUH�PDSSHG�XQWR���SURFHVVRUV��3�DQG�4��IURP�ZKLFK�SURFHVVRU
3 H[HFXWHV� WZR� WDVNV�� 3URFHVVRU� 3� SURGXFHV� WZR� W\SHV� RI� RXWSXW� WRNHQV� DFFRUGLQJ� WR
ZKHWKHU� WKH� GDWD� KDV� WR� EH� VHQW� WR� 3� DJDLQ� IRU� WKH� H[HFXWLRQ� RI� SURFHVV�%� RU�ZKHWKHU� LW
VKRXOG�EH�VHQW�WR�SURFHVVRU�4�IRU�WKH�H[HFXWLRQ�RI�SURFHVV�&��$�XQLTXH�LGHQWLILFDWLRQ�RI�WKH
GDWD�FDQ�EH�REWDLQHG�E\�SURYLGLQJ�HYHU\�HGJH�LQ�WKH�VSHFLILFDWLRQ�ZLWK�LWV�RZQ�WRNHQ�

$ % & % ' & $

$ % & ' $ % & '
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+RZHYHU�VRPH�FDXWLRQ�VKRXOG�EH�FDOOHG�IRU��,W�LV�SRVVLEOH�WKDW�GHDGORFN�ZLOO�RFFXU��7KLV�PHDQV
WKDW WKHUH�LV�GDWD�SUHVHQW�LQ�WKH�V\VWHP�EXW�\HW�QR�SURJUHVVLRQ�LQ�WKH�FDOFXODWLRQV�FDQ�EH
PDGH� )RU� WKLV� SXUSRVH� ZH� KDYH� WR� PDNH� WKH� JUDSK� PRUH� FRPSOH[� DQG� DOVR� SURYLGH
SURFHVVRUV�ZLWK�VHYHUDO�LQSXWV��$Q�H[DPSOH�LV�WKH�JUDSK�LQ�)LJXUH������ZKLFK�FRQWDLQ�WKH
SURFHVVHV� 3� DQG� 4�� %RWK� SURFHVVRUV� KDYH� WZR� LQSXWV� DQG� ZH� DVVXPH� WKDW� WKH\� DUH
H[HFXWHG�RQ�WKH�VDPH�SURFHVVRU��3URFHVVRU�3�QHHGV�ZKLWH�WRNHQV��SURFHVVRU�4�QHHGV�EODFN
RQHV��7KH�RUGHU�LQ�ZKLFK�WKH�EODFN�DQG�WKH�ZKLWH�WRNHQV�DUULYH�RQ�WKH�[�DQG�\�LQSXWV�RI
WKH SURFHVVRU�GHSHQGV�RQ�WKH�RUGHU�LQ�ZKLFK�WKH�WDVNV�DUH�VFKHGXOHG��)LJXUH�����VKRZV�D
VLWXDWLRQ�LQ�ZKLFK�WKLV�DFFLGHQWDOO\�JRHV�ZHOO�DQG�RQH�LQ�ZKLFK�WKLV�JRHV�ZURQJ��:H�FDOO
WKLV VLWXDWLRQ�GHDGORFN�

$ % &� � � � 0DSSLQJ�	
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7KHUH� DUH� D� QXPEHU� RI� PHWKRGV� WR� DYRLG� GHDGORFN�� $� ILUVW� SRVVLELOLW\� LV� IRUPHG� E\
DOJRULWKPLF�WUDQVIRUPDWLRQV��$�VHFRQG�SRVVLELOLW\�LV�V\QFKURQL]DWLRQ�ZLWK�WKH�XVH�RI�H[WUD
PHPRU\�SURFHVVHV��7KH� IORZ�JUDSK� LQ� WKH� H[DPSOH� FDQ�EH� WUDQVIRUPHG�E\� DGGLQJ� H[WUD
PHPRU\�SURFHVVHV��SURFHVVHV�0�DV�DUH�VKRZQ�LQ�WKH�QH[W�ILJXUH���7KH�PHPRU\�SURFHVVHV
FROOHFW�WKH�WRNHQV�VWHPPLQJ�IURP�WKH�SURFHVVHV�%��&��'�DQG�(�DQG�VHQG�SDLUV�RI� WRNHQV
ZLWK WKH�VDPH�FRORU�WR�WKH�UHFHLYHG�SURFHVVHV�3��DQG�4�UHVSHFWLYHO\�

$ WKLUG�PHWKRG�LV�WR�DGG�H[WUD�VHTXHQFH�DUURZV�LQ�WKH�JUDSK��7KH�WRNHQV�RQ�WKHVH�DUURZV
WKDW DUH� LQGLFDWHG� LQ�D�GRWWHG� OLQH�GR�QRW� UHSUHVHQW�GDWD��$�QRGH�FDQ�RQO\� ILUH�ZKHQ�QRW
RQO\�WKH�GDWD�EUDQFKHV�FRQWDLQ�WRNHQV�EXW�WKH�VHTXHQFH�EUDQFKHV�DV�ZHOO��,Q�WKLV�ZD\�DQ
H[WUD�UDQJLQJ�FDQ�EH�DSSOLHG�WR�WKH�QRGHV��$Q�H[DPSOH�LV�VKRZQ�LQ�WKH�QH[W�ILJXUH�ZKHUH
H[WUD�UDQJLQJ�LV�DSSOLHG�EHWZHHQ�WKH�QRGHV�%��&��'�DQG�(��>DOVR�VHH�6ULUDP��-963��0DUFK
��@

$ IRXUWK� SRVVLELOLW\� FRQVLVWV� LQ� WKH� VR�FDOOHG� RXW RI� RUGHU� FRQVXPLQJ� RI� LQSXW� WRNHQV�
,QVWHDG� RI� LPSOHPHQWLQJ� WKH� LQSXW� FKDQQHOV� DV� ILIRV� WKH\� DUH� LPSOHPHQWHG� DV� UDQGRP
DFFHVV�PHPRULHV��:KHQ�XQHTXDO�WRNHQV�DSSHDU�DW�WKH�LQSXWV�RI�WKH�SURFHVVRU�WKDW�H[HFXWHV
3 DV�ZHOO�DV�4�WKH�ULJKW�WRNHQV�FDQ�EH�JDWKHUHG�DJDLQ��7KLV�SUHVXPHV�WKDW�D�UDQGRP�DFFHVV
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PHPRU\� LV�SUHVHQW�ZKHUH� D�PLQLPXP�VSDFH� LV� DOZD\V� UHVHUYHG� IRU� HDFK� SURFHVV� WKDW� LV
SRVVLEO\� H[HFXWHG� RQ� WKH� SURFHVVRU�� 7KH� QXPEHU� RI� SURFHVVHV� WKDW� LV� H[HFXWHG� SDUDOOHO
KHQFH�VKRXOG�EH�NQRZQ�EHIRUHKDQG��VR�RQ�FRPSLOH�WLPH���7KLV�LV�HTXLYDOHQW�WR�IRUELGGLQJ
WKH PHUJLQJ�RI�WKH�ILIRV�LQ�WKH�PXOWLSURFHVVRU�PRGHO�

,Q�WKH�UHPDLQLQJ�SDUW�RI�WKLV�WH[W�ZH�FKRRVH�IRU�WKH�ODVW�VROXWLRQ��7KLV�PHDQV�WKDW�EHWZHHQ
SURFHVVRUV�KDUGZDUH�LV�XVHG�LQ�FRPPRQ�DQG�WKDW�ZH�ZLOO�DOVR�VWXG\�LQ�ZKDW�ZD\�VKDULQJ
FDQ� EH� DSSOLHG� LQ� WKH� FRPPXQLFDWLRQ� QHWZRUNV�� )LIRV�� RQ� WKH� FRQWUDU\�� DUH� QRW� XVHG� LQ
FRPPRQ�
������ 3URFHVVRU�PRGHO
:H�QRZ�VWXG\�LQ�ZKLFK�ZD\�SURFHVVRUV�FDQ�H[HFXWH�VHYHUDO�WDVNV�SDUDOOHO��*LYHQ�DUH�RQH
RU�PRUH�JUDSKV�LQ�ZKLFK�IXQFWLRQV�DSSHDU�WKDW�VHHP�WR�EH�PRUH�RU�OHVV�VLPLODU��:H�ZDQW
WR PDS� WKHVH� IXQFWLRQV�XQWR�RQH�DQG� WKH� VDPH�SURFHVVRU� �VHH� WKH�SUHYLRXVO\�PHQWLRQHG
+65&�H[DPSOH�LQ�)LJXUH�������,W�LV�RQO\�QDWXUDO�WR�GHVLJQ�RQO\�RQH�+65&�SURFHVVRU�
6LQFH WKH�GDWD�VWUHDP�ZLWK�WKH�KHDGHUV�LV�GLYLGHG�LQWR�SDFNDJHV�WKHUH�DUH�WZR�SRVVLELOLWLHV�
(LWKHU� EHWZHHQ� IXQFWLRQV� FRQQHFWLRQV� DUH� PDGH� DW� WKH� PRPHQW� WKDW� WKH� SDFNDJHV� DUH
ILQLVKHG��2U�D�VPDOOHU�JUDLQ�LV�FKRVHQ�DQG�FRQQHFWLRQV�EHWZHHQ�IXQFWLRQV�FDQ�EH�PDGH�DW
D UDQGRP� PRPHQW�� :H� FDOO� WKLV� VXE�SDFNDJH� LQWHUOHDYLQJ�� 7KH� DGYDQWDJH� RI� WKH� ILUVW
PHWKRG� LV� WKDW� WKH� VWDWH� LV� RIWHQ� VPDOOHU� �RU� HYHQ� ]HUR��ZKHQ� WKH� SDFNDJH� LV� SURFHVVHG
FRPSOHWHO\��7KH�GLVDGYDQWDJH��KRZHYHU��LV�WKDW�WKH�LQSXW�GDWD�KDYH�WR�EH�EXIIHUHG�GXULQJ�D
ORQJHU WLPH�
7KLV� SURFHVVRU� VKRXOG� EH� VXIILFLHQWO\� IOH[LEOH�� WKRXJK�� WR� SURFHVV� D� QXPEHU� RI� �� WR� �
VWUHDPV��7KLV�OHDGV�WR�D�PRGHO�DV�LV�VKRZQ�LQ�WKH�QH[W�ILJXUH��7KH�SURFHVVRU�KDV�D�QXPEHU
RI�LQSXW�SRUWV�DQG�RXWSXW�SRUWV� WKDW�IROORZ�IURP�WKH�IXQFWLRQ��EXW� WKDW�DUH�SDUDPHWHUV� LQ
WKH PRGHO���,�S��DQG�2�S�����(DFK�LQSXW�SRUW�DQG�RXWSXW�SRUW�LV�FRQQHFWHG�ZLWK���ILIRV�DW�D
PD[LPXP�� RQH� IRU� HYHU\� ZRUNVSDFH�� 7KH� QXPEHU� RI� ZRUNVSDFHV� RQFH� DJDLQ� LV� D
SDUDPHWHU�LQ�WKH�PRGHO���P�S�����)XUWKHUPRUH�ZH�KDYH�MXVW�DV�PXFK�LQWHUQDO�ZRUNVSDFHV
DQG�D�QXPEHU�RI� FRPELQDWRU\� ORJLF� WKDW� LV� VKDUHG��1H[W� WKHUH� LV� D� ORFDO� FRQWUROOHU��7KH
LGHD LV� WR� VHSDUDWH� WKH� FRPPXQLFDWLRQ� IURP� WKH� SURFHVVLQJ�� )RU� WKDW� SXUSRVH� WKH� ORFDO
FRQWUROOHU�FDQ�GHFLGH�DXWRQRPRXVO\�ZKLFK�WDVN�PDNHV�SURJUHVV�DQG�ZKHQ��7KLV�LV�D�SLHFH
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RI� UXQ� WLPH� VFKHGXOLQJ� LQ�ZKLFK� WKH� ILOOLQJ� GHJUHHV� RI� WKH� LQSXW� DQG� RXWSXW� EXIIHUV� DUH
ZDWFKHG�

������ &RPPXQLFDWLRQ�QHWZRUN
7KH�WDVN�RI�WKH�QHWZRUN�LV�WR�SURYLGH�HQRXJK�EDQG�ZLGWK�IRU�WKH�GDWD�VWUHDPV�EHWZHHQ�WKH
RXWSXW� ILIRV� DQG� WKH� LQSXW� ILIRV� RI� WKH� SURFHVVRUV�� )RU� WKLV� ZH� PDNH� XVH� RI� FLUFXLW
VZLWFKLQJ� L�H�� WKDW� ZH� ZLOO� FUHDWH� FHUWDLQ� FRQQHFWLRQV� WKURXJK� ZKLFK� WKH� GDWD� FDQ� EH
WUDQVSRUWHG��$�SRVVLEOH�SUREOHP� WKHQ� LV�EORFNLQJ�ZKLFK�PHDQV� WKDW� FHUWDLQ� FRQQHFWLRQV
FDQQRW�EH�PDGH�EHFDXVH�RI�HDUOLHU�PDGH�FRQQHFWLRQV��&RQVLGHU�� IRU� LQVWDQFH��D�QHWZRUN
ZLWK $�LQSXWV��D�� D�� «�D$� DQG�%�RXWSXWV��E�� E�� «E%� LQ�ZKLFK�$�!�%��+HUH�EORFNLQJPD\ RFFXU��6HH��IRU�LQVWDQFH��WKH�QH[W�ILJXUH�ZKLFK�VKRZV�D��[��QHWZRUN�ZKHUH�LQSXW�OLQH
� LV� EORFNHG�� ,W� LV� QRW� SRVVLEOH� WR� PDNH� D� FRQQHFWLRQ� EHFDXVH� WKHUH� LV� QR� IUHH� RXWSXW
WHUPLQDO�DYDLODEOH�
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:KHQ�$�� �%�WKHQ�WKH�QHWZRUN�LV�QRQ�EORFNLQJ��)RU�LQVWDQFH�ZKHQ�$ %�WKHQ�VZLWFKLQJ
LV DOZD\V�SRVVLEOH��WKDW�LV�WR�VD\��ZKHQ�QR�FRQQHFWLRQ�LV�QHHGHG�ZLWK�WZR�WLPHV�WKH�VDPH
RXWSXW�WHUPLQDO��7KH�FRPSOH[LW\�RI�VXFK�D�QHWZRUN�LV�$[%�ZKHQ�ZH�DVVXPH�WKDW�WKH�VHWV
RI�LQSXW�DQG�RXWSXW�WHUPLQDOV�DUH�GLVMXQFWLYH��7R�OLPLW�WKHVH�FRVWV�ZH�PRYH�RQ�WR�WKH�VR�
FDOOHG�767�QHWZRUNV��7KLV�VWDQGV�IRU�WLPH�VSDFH�WLPH�QHWZRUNV WKDW�FRQVLVW�RI�WKUHH�SDUWV�
,Q�WKH�IROORZLQJ�ILJXUH�ZH�ILUVW�H[SODLQ�WKH�DQDORJ\�EHWZHHQ�D�7�VZLWFK�DQG�DQ�6�VZLWFK�
,Q�DQ�6�VZLWFK�SK\VLFDO�FRQQHFWLRQV�DUH�XVHG�EHWZHHQ�LQSXWV�DQG�RXWSXWV��,Q�WKH�H[DPSOH
LQ WKH�ILJXUH�VWUHDP�V� LV�WUDQVSRUWHG�IURP�LQSXW�D� WR�RXWSXW�E� DQG�VWUHDP�V��IURP�LQSXW�D�WR�RXWSXW�E�� ,Q�D�7�VZLWFK� WKH� VDPH� IXQFWLRQDOLW\�FDQ�EH� LPSOHPHQWHG�EXW� WKLV� WLPH�E\VZLWFKLQJ�D�VLQJOH�SK\VLFDO�FRQQHFWLRQ�IRXU�WLPHV�LQ�WKH�WLPH��)RU�WKDW�SXUSRVH�WKH�LQSXW�LV
LV SURYLGHG�ZLWK�D�PXOWLSOH[HU�DQG�EXIIHULQJ��$W�WKH�RXWSXW�SRUW�ZH�KDYH�D�GHPXOWLSOH[HU
DQG�DOVR�EXIIHULQJ��$IWHU���WLPH�VORWV�WKH�ZKROH�SDWWHUQ�UHSHDWV�LWVHOI��6R�ZH�PD\�VSHDN�RI
D IUDPH��7KH�7�VZLWFK�VZLWFKHV�WKH�RUGHU�RI�WKH�WLPH�VORWV�ZLWKLQ�D�IUDPH��)RU�H[DPSOH��LQ
WKH ILJXUH�VWUHDP�V��DUULYHV�LQ�WLPH�VORW�D��DW�WKH�LQSXW�DQG��OHDYHV�WKH�VZLWFK�DW�WKH�RXWSXWRQ WLPH�VORW�E��
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(YHQWXDOO\� WKLV� OHDGV� WR� WKH� 767� QHWZRUN� RI� WKH� QH[W� ILJXUH�� 7ZR� SDWKV� WKURXJK� WKH
QHWZRUN DUH� LQGLFDWHG�� 7R�PDNH� D� VSHFLILF� FRQQHFWLRQ� D� FHUWDLQ� FRGH� KDV� WR� EH
SURYLGHG�IRU�WKH�WKUHH�GLIIHUHQW�SDUWV��7KH�7�VZLWFK�XVHV�D�PXOWLSOH[�IDFWRU�RI����$
VSHFLILF� SDWK� WKHQ� FDQ� EH� SURJUDPPHG� LQ� D� WDEOH� ZLWK� IRXU� SKDVHV�� 7KH� [�
FRQQHFWLRQ�IRU� LQVWDQFH��KDV�EHHQ�SURJUDPPHG�LQ�SKDVH���E\�SURYLGLQJ� WKH�ULJKW
FRGH LQ�WKH�FRPSDUWPHQWV�ODEHOHG�[��%\�GRLQJ�VR�D�EDQG�ZLGWK�FRUUHVSRQGLQJ�ZLWK
RQH� SKDVH� LV� JXDUDQWHHG�� 7KH� FRQQHFWLRQ� \� KDV� D� GRXEOH� DPRXQW� RI� EDQG�ZLGWK
EHFDXVH� WKLV� FRQQHFWLRQ� KDV� EHHQ� SURJUDPPHG� GXULQJ� WZR� SKDVHV�� � ,Q� WKLV� ZD\
EDQG ZLGWK� JXDUDQWHHV� FDQ� EH� JLYHQ� IRU� KDUG� UHDO�WLPH� VWUHDPV�� $GGLWLRQDO� \HW
DQRWKHU�H[WUD�URZ�KDV�EHHQ�SURYLGHG�IRU�WKH�VRIW�UHDO�WLPH�VWUHDPV��:KHQ�WKH�KDUG
UHDO�WLPH�VWUHDPV�LQ�FHUWDLQ�SKDVHV�GR�QRW�XVH�WKH�EDQG�ZLGWK�WKLV�FDQ�EH�XVHG�IRU
WKH�VRIW�UHDO�WLPH�VWUHDPV�

��� &RQFOXVLRQ
:KHQ�ZH�SXW�WRJHWKHU�D�FRPSOHWH�DUFKLWHFWXUH�ZH�UHDFK�WKH�IROORZLQJ�ILJXUH��6R�ZH�KDYH
JLYHQ WKH�VLJQDO�SURFHVVLQJ�DQG�WKH�HYHQW�SURFHVVLQJ�WKHLU�RZQ�VXE�V\VWHP�HDFK��:LWKLQ
HDFK�VXE�V\VWHP�GLIIHUHQW�FRPPXQLFDWLRQ�SULQFLSOHV�DUH�XVHG��,Q�WKLV�ZD\�HDFK�VXE�V\VWHP
FDQ�EH�RSWLPL]HG�VHSDUDWHO\��%RWK�KDYH�DFFHVV�WR�WKH�H[WHUQDO�PHPRU\�DQG�WKH�DUELWUDJH
PHFKDQLVP�KDV�EHHQ�GLVFXVVHG�H[WHQVLYHO\�
7KH�PRVW�LPSRUWDQW�FKDUDFWHULVWLF�RI�WKLV�DUFKLWHFWXUH�LV�WKH�KLHUDUFK\� 7KLV�LV�SUHVHQW�LQ
PDQ\�ZD\V��:KHQ�ZH�ORRN�WR�WKH�FRQWURO�WKDW�WKH�XVHU�KDV��WKHQ�WKHUH�LV�WKH�HPEHGGHG�FSX
DW� WKH� WRS� OHYHO�� 2Q� WKLV� WKH� XVHU� FDQ� ZULWH� SURJUDPV�� IRU� LQVWDQFH� WR� GHYHORS� D� XVHU

Time TimeSpace

guaranteed bandwidth on
communication network
for hard real-time tasks
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LQWHUIDFH�RI�KLV�RZQ��%XW�KH�PD\�DOVR�GHYHORS�DSSOLFDWLRQ�VRIWZDUH�DQG�GRLQJ�VR�FUHDWH
FHUWDLQ�IORZ�JUDSKV��2QH�OHYHO�GRZQ�ZH�ILQG�WKH�YDULRXV�SURFHVVRUV�LQ�WKH�HYHQW�EDVHG�VXE
V\VWHP� EXW� DOVR� WKH� FRQWURO� RI� WKH� VLJQDO� SURFHVVLQJ� SDUW�� 2Q� WKH� HPEHGGHG� FSX�� IRU
LQVWDQFH��D�FHUWDLQ�IORZ�JUDSK�PD\�EH�SUHSDUHG�WKDW�WKHQ�FDQ�EH�ORDGHG�DW�WKH�DSSURSULDWH
PRPHQW�LQ�WKH�FRQWUROOHU�RI�WKH�SHULRGLF�VXE�V\VWHP��7KLV�FRQWUROOHU�LV�IXUWKHU�UHVSRQVLEOH
IRU WKH� FRPPXQLFDWLRQ� EHWZHHQ� SURFHVVRUV� LQ� WKH� SHULRGLF� VXE� V\VWHP�� 7KH� &38�� IRU
LQVWDQFH�� LV�QR�ORQJHU�LQIRUPHG�ZKHQ�FHUWDLQ�FRPPXQLFDWLRQ�WDNHV�SODFH�LQ� WKH�SHULRGLF
V\VWHP��+HQFH�� WKHUH�DUH�FOHDUO\� WZR� OHYHOV�RI�FRQWURO�� WKH�FSX�DQG� WKH�FRQWUROOHU�RI� WKH
SHULRGLF�VXE�V\VWHP��,Q�IDFW�WKHUH�LV�HYHQ�D�WKLUG�OHYHO��QDPHO\�WKH�FRQWUROOHU�WKDW�GHFLGHG
IRU HDFK�SURFHVVRU�ZKLFK�WDVN�LV�H[HFXWHG�
$ VLPLODU� KLHUDUFK\�ZH� ILQG�ZKHQ�ZH� ORRN� DW� WKH�PHPRULHV�� $W� WRS� OHYHO� ZH� ILQG� WKH
H[WHUQDO�6'5$0�DQG�WKH�FRUUHVSRQGLQJ�DUELWHU��2QH�OHYHO�GRZQ�ZH�ILQG�D�EXIIHU�WKDW�LV
VXIILFLHQWO\� ELJ� WR� VWRUH� HYHU\� VWUHDP� WKDW� FRPPXQLFDWHV� ZLWK� WKH� SHULRGLF� VXE� V\VWHP
ORQJ HQRXJK��HYHQ�ZKHQ�LQ�WKH�PHDQWLPH�WKH�&38�QHHGV�WKH�PHPRU\��$W�WKH�WKLUG�OHYHO
ZH WKHQ�ILQG�WKH�ILIR�EXIIHUV�WKDW�HQFDSVXODWH�WKH�SURFHVVRUV�
,W�LV�WKLV�YDULHW\�DW�WKH�YDULRXV�KLHUDUFKLFDO�OHYHOV�ZKLFK�LV�D�FKDUDFWHULVWLF�RI�V\VWHP�OHYHO
GHVLJQ��,W�LV�DOVR�DQ�LOOXVWUDWLRQ�RI�WKH�ZLGH�YDULHW\�RI�V\VWHP�OHYHO�DUFKLWHFWXUHV�WKDW�DUH
SRVVLEOH��:KDW�KDV�EHHQ�GLVFXVVHG�LQ�WKLV�FKDSWHU��WKHUHIRUH��LV�PHUHO\�DQ�H[DPSOH�

event based
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minimize latency
guarantee throughput
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stream based
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