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:KDW� GLVWLQJXLVKHV� D� PXOWLOHYHO� GDWDEDVH� IURP� RUGLQDU\� VLQJOH�OHYHO
RQHV"� ,Q� D� PXOWLOHYHO� ZRUOG�� DV� ZH� UDLVH� D� XVHU·V� FOHDUDQFH� QHZ� IDFWV
HPHUJH��FRQYHUVHO\��DV�ZH�ORZHU�D�XVHU·V�FOHDUDQFH�VRPH�IDFWV�JHW�KLGGHQ�
7KHUHIRUH��XVHUV�ZLWK�GLIIHUHQW�FOHDUDQFHV�VHH�GLIIHUHQW�YHUVLRQV�RI�UHDOLW\�
0RUHRYHU��WKHVH�GLIIHUHQW�YHUVLRQV�PXVW�EH�NHSW�FRKHUHQW�DQG�FRQVLVWHQW
³�ERWK�LQGLYLGXDOO\�DQG�UHODWLYH�WR�HDFK�RWKHU�³�ZLWKRXW�LQWURGXFLQJ�DQ\
GRZQZDUG�VLJQDOLQJ�FKDQQHOV�
7KH� FDYHDW� RI� ´QR� GRZQZDUG� VLJQDOLQJ� FKDQQHOV··� SRVHV� D� PDMRU� QHZ

SUREOHP� LQ� EXLOGLQJ� PXOWLOHYHO� VHFXUH� GDWDEDVH� PDQDJHPHQW� V\VWHPV
�'%06V�� DV� FRPSDUHG�ZLWK� RUGLQDU\� VLQJOH�OHYHO� '%06V�� ,WV� FRQVLGHUD�
WLRQV� KDYH� OHG� WR� WKH� QRWLRQ� RI� SRO\LQVWDQWLDWLRQ� LQ�PXOWLOHYHO� UHODWLRQV�
7KH�QHHG�IRU�SRO\LQVWDQWLDWLRQ�ZDV�ILUVW� LGHQWLILHG�E\�7�+��+LQNH�DQG�0�
6FKDHIHU� >+,1.��@�� WKH� WHUP� ´SRO\LQVWDQWLDWLRQ··� ZDV� FRLQHG� E\� WKH
6HD9LHZ� SURMHFW� >'(11��@�� 3RO\LQVWDQWLDWLRQ� FRPHV� LQ� VHYHUDO� GLIIHUHQW
IODYRUV� >'(11���� +$,*��D�� -$-2��F�� G�� I�� -$-2��D�F�� /817���
/817��E��6$1'����6$1'����6$1'��E�� F@�� 7KHUH� DUH� VLJQLILFDQW� GLIIHU�
HQFHV�DPRQJ�WKHVH�DSSURDFKHV��DQG�GHEDWH�FRQWLQXHV�DERXW� WKH�FRUUHFW
GHILQLWLRQ�RI�SRO\LQVWDQWLDWLRQ�DQG�LWV�RSHUDWLRQDO�VHPDQWLFV��+RZHYHU��LQ
HDFK� FDVH� SRO\LQVWDQWLDWLRQ� VLJQLILFDQWO\� FRPSOLFDWHV� WKH� VHPDQWLFV� RI
PXOWLOHYHO� UHODWLRQV� �SDUWLFXODUO\� IRU� KLJK� XVHUV��� $V� D� UHVXOW�� UHFHQWO\
VRPH�VROXWLRQV�KDYH�DSSHDUHG�WKDW�DWWHPSW�WR�GR�DZD\�ZLWK�SRO\LQVWDQ�
WLDWLRQ� FRPSOHWHO\� >%851����6$1'����:,6(��@�� ,Q� WKLV� HVVD\��ZH� FDUH�
IXOO\� UHYLHZ� KRZ� WKH� QHHG� IRU� SRO\LQVWDQWLDWLRQ� DULVHV� LQ� PXOWLOHYHO
UHODWLRQV��WKHQ�VXUYH\�PHWKRGV�WKDW�KDYH�EHHQ�GHYHORSHG�IRU�GHDOLQJ�ZLWK
LW�
7KLV�HVVD\�LV�RUJDQL]HG�DV�IROORZV��)LUVW�ZH�UHYLHZ�WKH�FRQFHSW�RI�SRO\�

LQVWDQWLDWLRQ�IURP�DQ�LQWXLWLYH�SRLQW�RI�YLHZ��ZLWK�WKH�REMHFWLYH�RI�LGHQWL�
I\LQJ�WKH�VRXUFHV�RI�SRO\LQVWDQWLDWLRQ��1H[W�ZH�SUHVHQW�DV�D�VWUDZ�PDQ�D
VLPSOH� EXW� XQDFFHSWDEOH� VROXWLRQ�� $IWHU� ZH� LQWURGXFH� DQ� H[DPSOH� IRU
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FRPSDULVRQ��ZH�GLVFXVV�GLIIHUHQW�DSSURDFKHV�WR�SRO\LQVWDQWLDWLRQ�DQG�WKH
DUFKLWHFWXUDO�FRQVLGHUDWLRQV�WKDW�DIIHFW�LW�

:KDW�LV�SRO\LQVWDQWLDWLRQ"

,Q�WKLV�VHFWLRQ�ZH�VKRZ�E\�H[DPSOHV�KRZ�SRO\LQVWDQWLDWLRQ�DULVHV��:H
DVVXPH�WKDW�UHDGHUV�DUH�IDPLOLDU�ZLWK�WKH�EDVLF�FRQFHSWV�RI�WKH�VWDQGDUG
�VLQJOH�OHYHO��DV�ZHOO�DV�PXOWLOHYHO�UHODWLRQV��DV�H[SODLQHG�LQ�(VVD\����
,Q�PXOWLOHYHO�UHODWLRQV��DFFHVV�FODVVHV�FDQ�EH�DVVLJQHG�WR�GDWD�VWRUHG�LQ

UHODWLRQV� LQ� IRXU� GLIIHUHQW�ZD\V��2QH� FDQ� DVVLJQ� DFFHVV� FODVVHV� WR� UHOD�
WLRQV��WR�LQGLYLGXDO�WXSOHV�LQ�D�UHODWLRQ��WR�LQGLYLGXDO�DWWULEXWHV��FROXPQV�
RI� D� UHODWLRQ�� RU� WR� LQGLYLGXDO� GDWD� HOHPHQWV� RI� WKH� WXSOHV� RI� D� UHODWLRQ�
3RO\LQVWDQWLDWLRQ� GRHV� QRW� DULVH� H[SOLFLWO\� ZKHQ� DFFHVV� FODVVHV� DUH� DV�
VLJQHG� WR� UHODWLRQV� RU� LQGLYLGXDO� DWWULEXWHV� RI� D� UHODWLRQ�� WKHUHIRUH�� ZH
FRQVLGHU�WKH�FDVHV�ZKHQ�DFFHVV�FODVVHV�DUH�DWWDFKHG�WR�WXSOHV�RU�WKH�GDWD
HOHPHQWV�WKHPVHOYHV�

7\SHV�RI�SRO\LQVWDQWLDWLRQ��$�PXOWLOHYHO�UHODWLRQ� LV�VDLG� WR�EH�SRO\LQ�
VWDQWLDWHG�ZKHQ� LW� FRQWDLQV� WZR�RU�PRUH� WXSOHV�ZLWK� WKH�VDPH�DSSDUHQW
SULPDU\�NH\�YDOXHV�>'(11����-$-2��E@��7KHUH�DUH�WZR�GLIIHUHQW�W\SHV�RI
SRO\LQVWDQWLDWLRQ�

� HQWLW\�SRO\LQVWDQWLDWLRQ��DQG
� DWWULEXWH�SRO\LQVWDQWLDWLRQ�

(QWLW\�SRO\LQVWDQWLDWLRQ�RFFXUV�ZKHQ�D�UHODWLRQ�FRQWDLQV�PXOWLSOH�WXSOHV
ZLWK�WKH�VDPH�DSSDUHQW�SULPDU\�NH\�YDOXHV��EXW�KDYLQJ�GLIIHUHQW�DFFHVV
FODVV�YDOXHV� IRU� WKH�DSSDUHQW�SULPDU\�NH\��$V�DQ�H[DPSOH��FRQVLGHU� WKH
UHODWLRQ�62'�JLYHQ�LQ�)LJXUH���

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

(QWHUSULVH 6 6S\LQJ 6 5LJHO 6

Figure 1. A multilevel relation with entity polyinstantiation.

,Q�)LJXUH����DV� LQ�PRVW�RI�RXU�H[DPSOHV��HDFK�DWWULEXWH� LQ�D�WXSOH�QRW
RQO\�KDV�D�YDOXH�EXW�DOVR�D�FODVVLILFDWLRQ��:H�DVVXPH�WKDW�WKH�DWWULEXWH
6WDUVKLS�LV�WKH�DSSDUHQW�SULPDU\�NH\�RI�62'�
1RZ�� WKH� UHODWLRQ� JLYHQ� LQ� )LJXUH� �� FRQWDLQV� WZR� WXSOHV� IRU� WKH� VDPH

VWDUVKLS� (QWHUSULVH�� UHVXOWLQJ� LQ� HQWLW\� SRO\LQVWDQWLDWLRQ�� 7KHVH� WXSOHV
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FDQ�EH�UHJDUGHG�DV�SHUWDLQLQJ�WR�WZR�GLIIHUHQW�UHDO�ZRUOG�HQWLWLHV�RU�D�VLQ�
JOH�UHDO�ZRUOG�HQWLW\��:H�FDQQRW� WHOO� LPPHGLDWHO\�E\� ORRNLQJ�DW� WKH� UHOD�
WLRQ�ZKLFK�LV�UHDOO\�WKH�FDVH�
7KH�UHODWLRQ�LQ�)LJXUH���LOOXVWUDWHV�DWWULEXWH�SRO\LQVWDQWLDWLRQ��:LWK�DW�

WULEXWH� SRO\LQVWDQWLDWLRQ�� D� UHODWLRQ� FRQWDLQV� WZR� RU� PRUH� WXSOHV� ZLWK
LGHQWLFDO� DSSDUHQW� SULPDU\� NH\� DQG� WKH� DVVRFLDWHG� DFFHVV� FODVV� YDOXHV�
EXW� KDYLQJ� GLIIHUHQW� YDOXHV� IRU� RQH� RU� PRUH� UHPDLQLQJ� DWWULEXWHV�� DV
VKRZQ� LQ�)LJXUH� ��� ,Q� WKH� ILJXUH�� ERWK� WXSOHV� UHIHU� WR� D� VLQJOH� VWDUVKLS
(QWHUSULVH��DQ�6�XVHU�VHHV�GLIIHUHQW�YDOXHV�IRU� LWV�REMHFWLYH�DQG�GHVWLQD�
WLRQ�
$V�ZH�LQGLFDWHG��H[SOLFLW�SRO\LQVWDQWLDWLRQ�FDQ�RFFXU�ZLWK�WXSOH�OHYHO�OD�

EHOLQJ�LQVWHDG�RI�HOHPHQW�OHYHO�ODEHOLQJ��/HW�XV�FRQVLGHU�WKH�VDPH�H[DP�
SOH�ZKHQ�DFFHVV� FODVVHV�DUH�DVVRFLDWHG�ZLWK� HDFK� WXSOH� LQVWHDG�RI� HDFK
HOHPHQW��7KH�6�XVHU�ZLOO�VHH�WKH�PXOWLOHYHO�UHODWLRQ�VKRZQ�LQ�)LJXUH���

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6

Figure 2. A multilevel relation with attribute polyinstantiation.

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

(QWHUSULVH 6S\LQJ 5LJHO 6

Figure 3. A multilevel relation with tuple-level labeling.

1RWLFH� WKDW�ZLWK�WXSOH�OHYHO� ODEHOLQJ��ZH�FDQ�QR� ORQJHU�GLVWLQJXLVK� WKH
HQWLW\�SRO\LQVWDQWLDWLRQ� IURP�DWWULEXWH�SRO\LQVWDQWLDWLRQ�� ,Q�RXU�H[DPSOH
UHODWLRQ��LW�LV�SRVVLEOH�WKDW�ERWK�WXSOHV�UHODWH�WR�WKH�VDPH�VWDUVKLS�(QWHU�
SULVH��WKH�8�WXSOH� LV�PHUHO\�WKH�FRYHU�VWRU\��$W�WKH�VDPH�WLPH�� LW� LV�DOVR
SRVVLEOH�WKDW�WKHUH�DUH�WZR�FRPSOHWHO\�GLIIHUHQW�VWDUVKLSV��KRZHYHU��WKH\
KDYH�EHHQ�JLYHQ�WKH�VDPH�QDPH��SRVVLEO\�E\�PLVWDNH�

+RZ�SRO\LQVWDQWLDWLRQ�RFFXUV��(LWKHU�W\SH�RI�SRO\LQVWDQWLDWLRQ�FDQ�RF�
FXU� LQ� EDVLFDOO\� WZR� GLIIHUHQW� ZD\V�� ZKLFK� ZH� FDOO� YLVLEOH� DQG� LQYLVLEOH
SRO\LQVWDQWLDWLRQ�IRU�PQHPRQLF�FRQYHQLHQFH�
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�� 9LVLEOH�SRO\LQVWDQWLDWLRQ�RFFXUV�ZKHQ�D�KLJK�XVHU�DWWHPSWV� WR� LQ�
VHUW�GDWD�LQ�D�ILHOG�WKDW�DOUHDG\�FRQWDLQV�ORZ�GDWD��6LQFH�RYHUZULW�
LQJ� WKH� ORZ� GDWD� LQ� SODFH� ZLOO� UHVXOW� LQ� D� GRZQZDUG� VLJQDOLQJ
FKDQQHO��WKH�KLJK�GDWD�LV�LQVHUWHG�E\�FUHDWLQJ�D�QHZ�WXSOH�WR�VWRUH
LW�

�� ,QYLVLEOH�SRO\LQVWDQWLDWLRQ�RFFXUV�LQ�WKH�RSSRVLWH�VLWXDWLRQ��ZKHUH�D
ORZ� XVHU� DWWHPSWV� WR� LQVHUW� GDWD� LQ� D� ILHOG� WKDW� DOUHDG\� FRQWDLQV
KLJK�GDWD��6LQFH�UHMHFWLQJ�WKH�XSGDWH�LV�QRW�D�YLDEOH�RSWLRQ�EHFDXVH
LW� HVWDEOLVKHV� D� GRZQZDUG� VLJQDOLQJ� FKDQQHO�� WKH� WXSOH� LV� SRO\LQ�
VWDQWLDWHG�WR�UHIOHFW�WKH�ORZ�XSGDWH�

7KH�QH[W� WZR� VXEVHFWLRQV�PDNH� YLVLEOH� DQG� LQYLVLEOH� SRO\LQVWDQWLDWLRQ
FOHDUHU�E\�FRQVLGHULQJ�VRPH�H[DPSOHV��7KH�H[DPSOHV� LOOXVWUDWH�DWWULEXWH
SRO\LQVWDQWLDWLRQ�RQO\��H[DPSOHV� LOOXVWUDWLQJ�HQWLW\�SRO\LQVWDQWLDWLRQ�FDQ
EH�FRQVWUXFWHG�VLPLODUO\�

9LVLEOH�SRO\LQVWDQWLDWLRQ�H[DPSOH��/HW�XV�QRZ�FRQVLGHU�D�FRQFUHWH�H[�
DPSOH� WR� PDNH� YLVLEOH� DQG� LQYLVLEOH� SRO\LQVWDQWLDWLRQ� FOHDUHU�� &RQVLGHU
WKH�IROORZLQJ�UHODWLRQ�62'�ZKHUH�6WDUVKLS�LV�WKH�DSSDUHQW�SULPDU\�NH\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8

1RZ�FRQVLGHU�WKH�IROORZLQJ�VFHQDULR�

�� $�8�XVHU�XSGDWHV�WKH�GHVWLQDWLRQ�RI�WKH�(QWHUSULVH�WR�EH�7DORV��7KH
UHODWLRQ�LV�WKHUHIRUH�PRGLILHG�DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

�� 1H[W�DQ�6�XVHU�DWWHPSWV�WR�PRGLI\�WKH�GHVWLQDWLRQ�RI�WKH�(QWHUSULVH
WR�EH�5LJHO��6LQFH�ZH�GR�QRW�ZLVK�WR�GHQ\�HQWU\�RI�OHJLWLPDWH�VHFUHW
GDWD�� WKLV�XSGDWH� LV�QRW� UHMHFWHG��+RZHYHU�� VLQFH�ZH� FDQQRW� RYHU�

���������������������������������������������
�6WULFWO\�VSHDNLQJ��ZH�VKRXOG�EH�VD\LQJ�VXEMHFW�UDWKHU�WKDQ�XVHU��)RU�WKH�PRVW

SDUW��ZH�ZLOO� ORRVHO\� XVH� WKHVH� WHUPV� LQWHUFKDQJHDEO\��:KHUH� WKH� GLVWLQFWLRQ� LV
LPSRUWDQW��ZH�ZLOO�EH�DSSURSULDWHO\�SUHFLVH�
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ZULWH� WKH�GHVWLQDWLRQ� LQ�SODFH�EHFDXVH� WKDW�ZRXOG� FUHDWH� D� GRZQ�
ZDUG�VLJQDOLQJ�FKDQQHO��ZH�SRO\LQVWDQWLDWH�DQG�PRGLI\�WKH�UHODWLRQ
WR�DSSHDU�DV�IROORZV��UHVSHFWLYHO\��IRU�8��DQG�6�XVHUV��QRWH�WKDW�8�
XVHUV�VHH�QR�FKDQJH��

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6

:KDW�DUH�ZH�WR�PDNH�RI�WKH�ODVW�UHODWLRQ�DERYH"�7KHUH�DUH�DW�OHDVW�WZR
UHDVRQDEOH�LQWHUSUHWDWLRQV�

� &RYHU�VWRU\��7KH�GHVWLQDWLRQ�RI�7DORV�PD\�EH�D�FRYHU�VWRU\� IRU� WKH
UHDO� GHVWLQDWLRQ� RI� 5LJHO�� ,Q� WKLV� FDVH�� WKH� GDWDEDVH� LV� DFFXUDWHO\
PLPLFNLQJ�WKH�GXSOLFLW\�RI�WKH�UHDO�ZRUOG��7KHUH�DUH��KRZHYHU��RWKHU
ZD\V� RI� LQFRUSRUDWLQJ� FRYHU� VWRULHV� EHVLGHV� SRO\LQVWDQWLDWLRQ�� )RU
H[DPSOH��ZH�PD\�KDYH�WZR�DWWULEXWHV��RQH�IRU�WKH�FRYHU�VWRU\�GHV�
WLQDWLRQ� DQG� RQH� IRU� WKH� UHDO� GHVWLQDWLRQ�� 'HEDWH� RQ� WKH� UHODWLYH
PHULWV�DQG�GHPHULWV�RI�WKHVH�WHFKQLTXHV�LV�RXWVLGH�WKH�VFRSH�RI�WKLV
HVVD\�

� 7HPSRUDU\� LQFRQVLVWHQF\��:H�PD\�KDYH�D� WHPSRUDU\� LQFRQVLVWHQF\
LQ�WKH�GDWDEDVH�WKDW�QHHGV�WR�EH�UHVROYHG��)RU�LQVWDQFH��WKH�LQFRQ�
VLVWHQF\�PD\�EH� UHVROYHG�DV� IROORZV��7KH�6�XVHU�ZKR� LQVHUWHG� WKH
5LJHO�GHVWLQDWLRQ�ODWHU�ORJV�LQ�DW�WKH�8�OHYHO�DQG�QXOOLILHV�WKH�7DORV
YDOXH��VR� WKHUHDIWHU� WKH� UHODWLRQ�DSSHDUV� UHVSHFWLYHO\�DV� IROORZV� WR
8��DQG�6�XVHUV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6
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,W� LV� LPSRUWDQW� WR�XQGHUVWDQG� WKDW� WKLV� VFKHPH�GRHV�QRW� FUHDWH�D
GRZQZDUG�VLJQDOLQJ�FKDQQHO�IURP�RQH�VXEMHFW�WR�DQRWKHU��7KH�QXO�
OLILFDWLRQ� RI� WKH� GHVWLQDWLRQ� DW� WKH� 8� OHYHO� LV� EHLQJ� GRQH� E\� D� 8�
VXEMHFW�� 2QH� PLJKW� DUJXH� WKDW� WKHUH� LV� D� GRZQZDUG� VLJQDOLQJ
FKDQQHO�ZLWK�D�KXPDQ�LQ�WKH�ORRS��7KH�KXPDQ�LV��KRZHYHU��WUXVWHG
QRW� WR� OHW� WKH� FKDQQHO� EH� H[HUFLVHG�ZLWKRXW� JRRG� FDXVH�� 7KH� UHDO
WKUHDW�LV�WR�HQWLW\�LQWHJULW\��7KH�8�XVHU�ZKR�H[HFXWHG�VWHS���RI�WKH
VFHQDULR� PD\� DJDLQ� WU\� WR� HQWHU� 7DORV� DV� WKH� GHVWLQDWLRQ�� ZKLFK
EULQJV�XV�ZLWKLQ�WKH�VFRSH�RI�LQYLVLEOH�SRO\LQVWDQWLDWLRQ�

,QYLVLEOH�SRO\LQVWDQWLDWLRQ�H[DPSOH��2XU�H[DPSOH�IRU�LQYLVLEOH�SRO\LQ�
VWDQWLDWLRQ� LV� VLPLODU� WR� WKH� YLVLEOH� SRO\LQVWDQWLDWLRQ� H[DPSOH�� ZLWK� WKH
GLIIHUHQFH�WKDW�WKH�WZR�XSGDWH�RSHUDWLRQV�RFFXU�LQ�WKH�RSSRVLWH�RUGHU��6R
DJDLQ�FRQVLGHU�WKH�IROORZLQJ�UHODWLRQ�62'��ZKHUH�6WDUVKLS�LV�WKH�DSSDUHQW
SULPDU\�NH\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8

7KLV�WLPH�FRQVLGHU�WKH�IROORZLQJ�VFHQDULR�

�� $Q� 6�XVHU�PRGLILHV� WKH� GHVWLQDWLRQ� RI� WKH� (QWHUSULVH� WR� EH� 5LJHO�
7KH�UHODWLRQ�LV�PRGLILHG�WR�DSSHDU�UHVSHFWLYHO\�DV�IROORZV�WR�8��DQG
6�XVHUV��8�XVHUV�VHH�QR�FKDQJH�LQ�WKH�UHODWLRQ��

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6

�� $�8�XVHU�XSGDWHV�WKH�GHVWLQDWLRQ�RI�WKH�(QWHUSULVH�WR�EH�7DORV��:H
FDQQRW�UHMHFW�WKLV�XSGDWH�RQ�WKH�JURXQGV�WKDW�D�VHFUHW�GHVWLQDWLRQ
IRU� WKH�(QWHUSULVH�DOUHDG\� H[LVWV��EHFDXVH� WKDW�DPRXQWV� WR� HVWDE�
OLVKLQJ� D� GRZQZDUG� VLJQDOLQJ� FKDQQHO�� 7KXV�ZH�KDYH� RQO\� RQH� RI
WZR�RSWLRQV�OHIW��7KH�ILUVW�RSWLRQ�LV�WKDW�ZH�FDQ�RYHUZULWH�WKH�GHVWL�



6ROXWLRQV�WR�WKH�3RO\LQVWDQWLDWLRQ�3UREOHP ���

QDWLRQ� ILHOG� LQ� SODFH� DW� WKH� FRVW� RI� GHVWUR\LQJ� VHFUHW� GDWD�� 7KLV
ZRXOG�JLYH�XV�WKH�IROORZLQJ�UHODWLRQ�IRU�ERWK�8��DQG�6�XVHUV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

)RU�REYLRXV�UHDVRQV�WKLV�DOWHUQDWLYH�KDV�QRW�EHHQ�VHULRXVO\�FRQVLG�
HUHG�E\�PRVW�UHVHDUFKHUV��7KDW�OHDYHV�XV�WKH�RSWLRQ�RI�SRO\LQVWDQ�
WLDWLRQ��ZKLFK�ZLOO�PRGLI\� WKH� UHODWLRQ�DW� WKH� HQG�RI� VWHS��� WR� WKH
IROORZLQJ�IRU�8��DQG�6�XVHUV�UHVSHFWLYHO\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6

7KLV�LV�H[DFWO\�WKH�VDPH�UHODWLRQ�DV�REWDLQHG�DW�WKH�HQG�RI�VWHS���LQ�RXU
YLVLEOH�SRO\LQVWDQWLDWLRQ�H[DPSOH��7KH�SRVVLEOH�LQWHUSUHWDWLRQV�DUH�WKHUH�
IRUH� VLPLODU� ³� WKDW� LV�� ZH� KDYH� HLWKHU� D� WHPSRUDU\� LQFRQVLVWHQF\� RU� D
FRYHU�VWRU\��7KH�WHPSRUDU\�LQFRQVLVWHQF\�FDQ�EH�FRUUHFWHG�E\�KDYLQJ�D�8�
VXEMHFW��SRVVLEO\�FUHDWHG�E\�DQ�6�XVHU�ORJJHG�LQ�DW�WKH�8�OHYHO��QXOOLI\�WKH
7DORV�GHVWLQDWLRQ��%XW�WKH�LQFRQVLVWHQF\�PD\�UHFXU�DJDLQ�DQG�DJDLQ�

$�VLPSOH�EXW�XQDFFHSWDEOH�VROXWLRQ�WR�SRO\LQVWDQWLDWLRQ

7KHUH�DUH�WZR�REYLRXV�´VHFXUH··�DOWHUQDWLYHV�WR�ERWK�YLVLEOH�DQG�LQYLVLEOH
SRO\LQVWDQWLDWLRQV��7KHVH�DOWHUQDWLYHV�DUH�VHFXUH� LQ� WKH�VHQVH�RI�VHFUHF\
DQG� LQIRUPDWLRQ� IORZ�� DQG�SUHVHUYH� SULPDU\� NH\� UHTXLUHPHQWV� LQ�PXOWL�
OHYHO�UHODWLRQV��EXW�XQIRUWXQDWHO\�� WKH\�VXIIHU� IURP�GHQLDO�RI�VHUYLFH�DQG
RWKHU�LQWHJULW\�SUREOHPV�

�� :KHQHYHU�D�KLJK�XVHU�PDNHV�DQ�XSGDWH� WKDW�YLRODWHV� WKH�XQLTXH�
QHVV�UHTXLUHPHQW��ZH�VLPSO\�UHIXVH�WKDW�XSGDWH�
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�� :KHQHYHU� D� ORZ� XVHU� PDNHV� D� FKDQJH� WKDW� FRQIOLFWV� ZLWK� WKH
XQLTXHQHVV�UHTXLUHPHQW��WKH�FRQIOLFWLQJ�KLJK�GDWD�LV�RYHUZULWWHQ�LQ
SODFH�E\�WKH�ORZ�GDWD�

,W�LV�QRW�GLIILFXOW�WR�VHH�WKDW�WKLV�VLPSOH�VROXWLRQ�SUHVHUYHV�WKH�XQLTXH�
QHVV� UHTXLUHPHQW� LQ�PXOWLOHYHO� UHODWLRQV�� 7KLV� VROXWLRQ� LV� VHFXUH� LQ� WKH
VHQVH�RI�VHFUHF\�DQG�LQIRUPDWLRQ�IORZ��,W�LV�RXU�YLHZ�WKDW�ZKLOH�WKLV�VROX�
WLRQ�PD\�EH�DFFHSWDEOH�LQ�VRPH�VSHFLILF�VLWXDWLRQV��LW�LV�FOHDUO\�XQDFFHSW�
DEOH� DV� D� JHQHUDO� VROXWLRQ�� LW� FDQ� OHDG� WR� VHULRXV� GHQLDO�RI�VHUYLFH� DQG
LQWHJULW\�SUREOHPV��7KHUHIRUH��ZH�QRZ�ORRN�IRU�RWKHU�DOWHUQDWLYHV�WKDW�GR
QRW�VXIIHU�IURP�WKHVH�SUREOHPV�

$Q�H[DPSOH

7KH�QH[W�VHFWLRQ�ZLOO�GHVFULEH�VHYHUDO�VROXWLRQV�WR�WKH�SRO\LQVWDQWLDWLRQ
GLOHPPD��6RPH�DOORZ�SRO\LQVWDQWLDWLRQ�LQ�PXOWLOHYHO�UHODWLRQV��ZKLOH�RWK�
HUV�VHHN�WR�HOLPLQDWH�SRO\LQVWDQWLDWLRQ�FRPSOHWHO\��7R�KHOS�LQ�DSSUHFLDWLRQ
RI� WKH�GLIIHUHQFHV�DPRQJ�YDULRXV�VROXWLRQV�� WKLV�VHFWLRQ�GHYHORSV�DQ�H[�
DPSOH� LQ�PRUH�GHWDLO��&RQVLGHU�RQFH�DJDLQ�WKH�UHODWLRQ�62'��ZKLFK�KDV
WKUHH�DWWULEXWHV��6WDUVKLS��2EMHFWLYH��DQG�'HVWLQDWLRQ��ZLWK�6WDUVKLS�EH�
LQJ�WKH�SULPDU\�NH\�
,I�ZH�ZHUH� OLYLQJ�LQ�D�VLQJOH�OHYHO�ZRUOG�� IRU�HDFK�VWDUVKLS�WKHUH�ZRXOG

EH�DW�PRVW�RQH�WXSOH�LQ�WKLV�UHODWLRQ�JLYLQJ�XV�WKDW�VWDUVKLS·V�XQLTXH�RE�
MHFWLYH�DQG�XQLTXH�GHVWLQDWLRQ��)RU�H[DPSOH�� WKH� WXSOH��(QWHUSULVH��([�
SORUDWLRQ��7DORV!�ZRXOG�GHQRWH�WKDW�WKH�VWDUVKLS�(QWHUSULVH�KDV�VHW�RXW
WR�H[SORUH�7DORV��:H�VD\�WKDW�WKLV�HQWLUH�WXSOH�JLYHV�XV�WKH�PLVVLRQ�RI�WKH
(QWHUSULVH�
1H[W�FRQVLGHU�D�PXOWLOHYHO�UHODWLRQ�WKDW�DWWHPSWV�WR�UHSUHVHQW�WKH�VDPH

LQIRUPDWLRQ�³�WKDW�LV��WKH�REMHFWLYH�DQG�GHVWLQDWLRQ�RI�D�VWDUVKLS�³�EXW
LQ�D�PXOWLOHYHO�ZRUOG�ZKHUH�VRPH�IDFWV�DUH�FODVVLILHG��$VVXPH�WKDW�WKHUH
DUH�MXVW�WZR�OHYHOV��8�IRU�XQFODVVLILHG�DQG�6�IRU�VHFUHW��7R�IXUWKHU�VLPSOLI\
WKH� H[DPSOH�� OHW� XV� VD\� WKH� 6WDUVKLS� DWWULEXWH� LV� DOZD\V� XQFODVVLILHG�
7KHUHIRUH��WKH�FODVVLILFDWLRQ�UDQJH�RI�WKH�6WDUVKLS�DWWULEXWH�KDV�ORZHU�DQG
XSSHU�ERXQGV�RI�8��2Q�WKH�RWKHU�KDQG��OHW�WKH�FODVVLILFDWLRQ�UDQJH�RI�WKH
2EMHFWLYH�DQG�'HVWLQDWLRQ�DWWULEXWHV�KDYH�D�ORZHU�ERXQG�RI�8�DQG�DQ�XS�
SHU�ERXQG�RI�6��/HW�XV�FDOO�WKH�UHVXOWLQJ�VFKHPD�62'��ZKLFK�LV�VXPPD�
UL]HG� LQ� )LJXUH� ��� ,Q� WKLV� VHFWLRQ�� ZH� ZLOO�� IRU� FRQYHQLHQFH�� DXJPHQW� D
UHODWLRQ�VFKHPH�ZLWK�D�WXSOH�FODVV�RU�7&�DWWULEXWH��7KLV�DWWULEXWH�LV�FRP�
SXWHG�WR�EH�WKH�OHDVW�XSSHU�ERXQG�RI�WKH�FODVVLILFDWLRQV�RI�WKH�LQGLYLGXDO
GDWD�HOHPHQWV�LQ�WKH�WXSOH��7KXV��WKH�YDOXH�RI�7&�JLYHV�WKH�FODVVLILFDWLRQ
RI�WKH�HQWLUH�WXSOH�
7KH�DSSDUHQW�SULPDU\�NH\� RI� 62'� LV� VSHFLILHG� DV�6WDUVKLS�� ,QWXLWLYHO\

WKLV�PHDQV�WKDW�LI�RQO\�XQFODVVLILHG�GDWD�LV�VWRUHG�LQ�62'��WKHQ�6WDUVKLS
ZRXOG�EH�WKH�DFWXDO�SULPDU\�NH\�RI�WKH�UHODWLRQ��6LPLODUO\�� LI�RQO\�VHFUHW
GDWD�LV�VWRUHG�LQ�WKH�2EMHFWLYH�DQG�'HVWLQDWLRQ�DWWULEXWHV��6WDUVKLS�ZRXOG
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EH�WKH�DFWXDO�SULPDU\�NH\��2Q�WKH�RWKHU�KDQG��LI�D�PL[�RI�VHFUHW�DQG�XQ�
FODVVLILHG� GDWD� LV� VWRUHG� LQ� WKHVH� DWWULEXWHV�� WKH� DFWXDO� SULPDU\� NH\� RI
62'� LV� 6WDUVKLS� DORQJ� ZLWK� WKH� DWWULEXWH� FODVVLILFDWLRQV�� ,QVWDQFH� �� RI
)LJXUH� �� FRQWDLQV� IRXU� WXSOHV� IRU� WKH� VWDUVKLS� (QWHUSULVH��:KDW�PDNHV
HDFK�WXSOH�GLVWLQFW� LV� WKH�FODVVLILFDWLRQ�RI� WKH�2EMHFWLYH�DQG�'HVWLQDWLRQ
DWWULEXWHV�

$WWULEXWH
&ODVVLILFDWLRQ

5DQJH

6WDUVKLS >8��8@

2EMHFWLYH >8��6@

'HVWLQDWLRQ >8��6@

7XSOH�FODVV��7&� >8��6@

Figure 4. Schema for the multilevel relation SOD.

$Q�LQVWDQFH�RI�62'�LV�OLNHO\�WR�FRQWDLQ�GLIIHUHQW�WXSOHV�DW�GLIIHUHQW�OHY�
HOV�� 7KHUHIRUH�� LW� LV� LPSRUWDQW� WR� GLVWLQJXLVK� EHWZHHQ� WKH�8�LQVWDQFH� RI
62'��YLVLEOH� WR�8QFODVVLILHG�XVHUV��DQG� WKH�6�LQVWDQFH��YLVLEOH� WR�6HFUHW
XVHUV��$V�D�XVHU·V�FOHDUDQFH�LQFUHDVHV��LW�LV�UHDVRQDEOH�WR�NHHS�DOO�SUHYL�
RXVO\�YLVLEOH� LQIRUPDWLRQ�LQWDFW�DQG�SHUKDSV�DGG�VRPH�QHZ�IDFWV�YLVLEOH
RQO\�DW�WKDW�OHYHO��7R�EH�FRQFUHWH��FRQVLGHU�WKH�8�LQVWDQFH�RI�62'�JLYHQ
LQ�)LJXUH���� ,W�FRQWDLQV�H[DFWO\�RQH�WXSOH�� WHOOLQJ�XV� WKDW��DV� IDU�DV�8Q�
FODVVLILHG�XVHUV�DUH�FRQFHUQHG��WKH�VWDUVKLS�(QWHUSULVH�KDV�VHW�RXW�WR�H[�
SORUH�7DORV��7KH�HLJKW�GLIIHUHQW�6�LQVWDQFHV�RI�62'�HQXPHUDWHG�LQ�)LJXUH
��DUH�DOO�FRQVLVWHQW�ZLWK�WKH�8�LQVWDQFH�RI�)LJXUH����7KHLU�FRPPRQ�SURS�
HUW\� LV� WKDW� WKH� VLQJOH� WXSOH� RI� WKH� 8�LQVWDQFH� DSSHDUV� LQ� DOO� HLJKW� 6�
LQVWDQFHV��:H�UHJDUG�HDFK�WXSOH�LQ�DQ�LQVWDQFH�RI�62'�DV�GHILQLQJ�D�PLV�
VLRQ� IRU� WKH� VWDUVKLS� LQ� TXHVWLRQ��$�8�LQVWDQFH� RI� 62'�DOORZV� RQO\� RQH
PLVVLRQ� SHU� VWDUVKLS�� 6�LQVWDQFHV�� RQ� WKH� RWKHU� KDQG�� DOORZ�XS� WR� IRXU
PLVVLRQV�SHU�VWDUVKLS��WKUHH�RI�ZKLFK�DUH�VHFUHW�DQG�RQH�XQFODVVLILHG�
:H�QRZ�GHPRQVWUDWH� WKHUH� LV� D� SUDFWLFDOO\� XVHIXO� DQG� LQWXLWLYHO\� UHD�

VRQDEOH�LQWHUSUHWDWLRQ�IRU�HDFK�RI�WKH�HLJKW�6�LQVWDQFHV�RI�)LJXUH����&RQ�
VLGHU�HDFK�6�LQVWDQFH�LQ�WXUQ��DV�IROORZV�

�� 7KH�6�LQVWDQFH� LV� LGHQWLFDO� WR� WKH�8�LQVWDQFH�� 7KHUH� LV� WKHUHIRUH�QR
VHFUHW�DVSHFW�WR�WKH�(QWHUSULVH��7KLV�LV�WKH�VLPSOHVW�FDVH�DQG�QHHGV
OLWWOH�H[SODQDWLRQ�
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1R� 6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 6S\LQJ 6 7DORV 8 6

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 6S\LQJ 6 7DORV 8 6

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 6S\LQJ 6 7DORV 8 6

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

� (QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 6S\LQJ 6 7DORV 8 6

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

Figure 5. Eight S-instances of SOD.

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

Figure 6. A U-instance of SOD.

,Q�HDFK�RI�WKH�QH[W�WKUHH�FDVHV�WKHUH�LV�D�VLQJOH�WXSOH�LQ�WKH�6�LQVWDQFH�LQ
DGGLWLRQ�WR�WKH�WXSOH�RI�WKH�8�LQVWDQFH��7KLV�VHFUHW�WXSOH�GHILQHV�D�VHFUHW
PLVVLRQ�IRU�WKH�(QWHUSULVH�LQ�DGGLWLRQ�WR�LWV�XQFODVVLILHG�PLVVLRQ�
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�� 7KH�6�LQVWDQFH�UHYHDOV�WKH�VHFUHW�PLVVLRQ�WR�EH�VS\LQJ�RQ�7DORV��3UH�
VXPDEO\�� WKH� XQFODVVLILHG� H[SORUDWLRQ�PLVVLRQ� WR� 7DORV� LV� D� FRYHU
VWRU\�WR�KLGH�WKH�VHFUHW�VS\LQJ�PLVVLRQ��7R�PDLQWDLQ�WKH�LQWHJULW\�RI
WKH�FRYHU�VWRU\�� WKH�(QWHUSULVH�ZLOO� SUREDEO\� H[SHQG� UHVRXUFHV�RQ
H[SORULQJ�7DORV��&RQFHLYDEO\��WKH�EXON�RI�LWV�UHVRXUFHV�PLJKW�EH�GH�
YRWHG�WR�XVHIXO�H[SORUDWLRQ�RI�7DORV��ZLWK�WKH�VHFUHW�VS\LQJ�PLVVLRQ
DGGHG�RQ�DV�D�ORZ�SURILOH��ORZ�PDUJLQDO�FRVW��DQG�RSSRUWXQLVWLF�HI�
IRUW��:H�REYLRXVO\�FDQQRW�UHVROYH�WKLV�LVVXH�ZLWKRXW�IXUWKHU�NQRZO�
HGJH� DERXW� WKH� UHDO� VLWXDWLRQ�� VXFK� DV� D� FRPSHWHQW� XVHU� PLJKW
KDYH��7KH�PDLQ�SRLQW�LV�WKDW�WKH�(QWHUSULVH�GRHV�KDYH�WZR�GLVWLQFW
PLVVLRQV��WKH�XQFODVVLILHG�RQH�RI�H[SORULQJ�7DORV�DQG�WKH�VHFUHW�RQH
RI�VS\LQJ�WKHUH�

�� 7KH�6�LQVWDQFH�UHYHDOV� WKH�VHFUHW�PLVVLRQ� WR�EH�H[SORUDWLRQ�RI�5LJHO�
7KLV� FDVH� LV� YHU\� VLPLODU� WR� WKH�SUHYLRXV�RQH� LQ� WKDW� RQO\� RQH� DW�
WULEXWH�KDV�D�VHFUHW�YDOXH��&OHDUO\�WKH�GHVLUH�WR�H[SORUH�5LJHO�XQGHU
FRYHU�RI�H[SORULQJ�7DORV�LV�D�UHDOLVWLF�RQH��QRW�RQO\�LQ�WKH�QDWLRQDO
VHFXULW\�DUHQD�EXW�DOVR�LQ�D�FRPSHWLWLYH�FRPPHUFLDO�FRQWH[W�

�� 7KH�6�LQVWDQFH�UHYHDOV�WKH�VHFUHW�PLVVLRQ�WR�EH�VS\LQJ�RQ�5LJHO��7KLV
FDVH�LV�VLPLODU�WR�WKH�SUHYLRXV�WZR�LQ�WKDW�WKHUH�LV�RQO\�RQH�VHFUHW
PLVVLRQ��,W� LV�GLIIHUHQW� LQ�WKDW�WKH�REMHFWLYH�DQG�GHVWLQDWLRQ�RI� WKH
VHFUHW�PLVVLRQ�DUH�QRZ�ERWK�FODVVLILHG�

(DFK� RI� WKH� WKUHH� SUHFHGLQJ� FDVHV� SUHVHQWV� D� GLVWLQFWO\� GLIIHUHQW� VHFUHW
PLVVLRQ�³�VHFUHWO\�VS\LQJ�RQ�7DORV��VHFUHWO\�H[SORULQJ�5LJHO��DQG�VHFUHWO\
VS\LQJ�RQ�5LJHO��7KHVH�WKUHH�VHFUHW�PLVVLRQV�GR�VKDUH�WKH�FRPPRQ�SURS�
HUW\� WKDW� H[SORULQJ� 7DORV� LV� DQ� DFFHSWDEOH� XQFODVVLILHG� FRYHU� VWRU\�� 7KH
QH[W�WKUHH�FDVHV�SUHVHQW�VLWXDWLRQV�ZKHUH�WZR�RI�WKHVH�WKUHH�VHFUHW�PLV�
VLRQV�DUH�FRQFXUUHQWO\�LQ�SURJUHVV�

�� 7KH�6�LQVWDQFH� UHYHDOV� WZR� VHFUHW�PLVVLRQV�� WR� H[SORUH�5LJHO� DQG� WR
VS\� RQ� 5LJHO�� %RWK� VHFUHW� PLVVLRQV� DUH� FRQFHUQHG� ZLWK� 5LJHO�
:KHWKHU�WKH�SULQFLSDO�RQH�LV�WR�H[SORUH� LW�RU�VS\�WKHUH��RU�WKH�WZR
PLVVLRQV� DUH� HTXDOO\� LPSRUWDQW�� FDQQRW� EH� DVFHUWDLQHG� ZLWKRXW
IXUWKHU�LQIRUPDWLRQ��7KH�VHFUHW�H[SORUDWLRQ�RI�5LJHO�PD\�VLPSO\�EH
D�FRQYHQLHQW�GDPDJH�FRQWURO�VWRU\��VKRXOG�WKH�VHFUHW�GHVWLQDWLRQ�RI
WKH�(QWHUSULVH� EH� OHDNHG�� &RQYHUVHO\�� VS\LQJ� RQ�5LJHO�PD\� EH� DQ
RSSRUWXQLVWLF�DQG�UHODWLYHO\�XQLPSRUWDQW�DGG�RQ�WR�LWV�VHFUHW�H[SOR�
UDWLRQ�

�� 7KH�6�LQVWDQFH� UHYHDOV� WZR�VHFUHW�PLVVLRQV�� WR� VS\�RQ�7DORV� DQG� WR
VS\�RQ�5LJHO��7KLV� LV�VLPLODU� WR� WKH�SUHYLRXV�FDVH��DQG�RQFH�DJDLQ
ZH�FDQQRW�D�SULRUL�GHFLGH�ZKLFK��LI�DQ\��LV�WKH�SULQFLSDO�VHFUHW�PLV�
VLRQ�

�� 7KH�6�LQVWDQFH� UHYHDOV� WZR�VHFUHW�PLVVLRQV�� WR� VS\�RQ�7DORV� DQG� WR
H[SORUH�5LJHO�� 7KLV�PD\� DSSHDU� VWUDQJH� DW� ILUVW�� EXW� LW� LV� SHUIHFWO\
SURSHU�� )RU� LQVWDQFH�� WKHUH� PD\� EH� QR� OLIH�IRUPV� RQ� 5LJHO� ZRUWK
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VS\LQJ� RQ�� ZKLOH� WKHUH� DUH� LQGLFDWLRQV� RI� YDVW� TXDQWLWLHV� RI� XUD�
QLXP��7KLV�6�LQVWDQFH�GRHV� SRLQW� RXW� SUREOHPV�ZLWK� VLPSOH� UXOHV
VXFK�DV�´JLYH�WKH�YDOXH�ZLWK�WKH�KLJKHVW�FODVVLILFDWLRQ�IRU�HDFK�DW�
WULEXWH�··� 6XFK� D� UXOH� ZRXOG� PDQXIDFWXUH� WKH� VHFUHW� PLVVLRQ� RI
VS\LQJ�RQ�5LJHO��ZKLFK�GRHV�QRW�H[LVW�LQ�WKH�UHODWLRQ�

$V� WKH� UHDGHU�PD\�KDYH� JXHVVHG�E\�QRZ�� RXU� ILQDO� 6�LQVWDQFH� VSHFLILHV
WKDW�WKH�WKUHH�VHFUHW�PLVVLRQV�LGHQWLILHG� LQ� LQVWDQFHV�������DQG���DUH�DOO
FRQFXUUHQWO\�LQ�SURJUHVV�

�� 7KH�6�LQVWDQFH�UHYHDOV�WKUHH�VHFUHW�PLVVLRQV��WR�VS\�RQ�7DORV��WR�H[�
SORUH�5LJHO��DQG�WR�VS\�RQ�5LJHO��$V�EHIRUH��ZLWKRXW�IXUWKHU�LQIRUPD�
WLRQ�DQG�NQRZOHGJH��ZH�FDQQRW�VD\�YHU\�PXFK�DERXW�WKH�UHODWLRQ�RI
WKHVH� WKUHH� VHFUHW� PLVVLRQV� WR� RQH� DQRWKHU�� $OO� ZH� NQRZ� LV� WKDW
WKH\�VKDUH�WKH�VDPH�FRYHU�VWRU\�RI�H[SORULQJ�7DORV�

7R� VXPPDUL]H�� WKH� HLJKW� 6�LQVWDQFHV� RI� 62'� FDQ� EH� SDUWLWLRQHG� LQWR
WKUHH�FODVVHV�DV�IROORZV�

�� ,QVWDQFH� �� KDV� QR� SRO\LQVWDQWLDWLRQ� DQG� LV� WKHUHIRUH� VWUDLJKWIRU�
ZDUG�

�� ,QVWDQFHV�������DQG���DUH�DOVR�UHODWLYHO\�VWUDLJKWIRUZDUG��,QVWDQFH��
KDV�D�FRYHU�VWRU\�IRU�WKH�REMHFWLYH��EXW�WKH�8�GHVWLQDWLRQ�LV�FRUUHFW�
,QVWDQFH����RQ� WKH�RWKHU�KDQG��KDV�D� FRYHU� VWRU\� IRU� WKH�GHVWLQD�
WLRQ��ZKLOH�WKH�REMHFWLYH�LV�FRUUHFW��,QVWDQFH���KDV�D�FRYHU�VWRU\�IRU
ERWK�WKH�GHVWLQDWLRQ�DQG�WKH�REMHFWLYH�

�� ,QVWDQFHV����������DQG���DUH�FRQIXVLQJ�WR�LQWHUSUHW�LI�LW�LV�DVVXPHG
WKDW�WKH�KLJKHU�OHYHO�GDWD�FRUUHFWO\�UHSUHVHQW�WKH�UHDO�ZRUOG��1RQH�
WKHOHVV��LW�LV�SRVVLEOH�WR�JLYH�D�PHDQLQJIXO�DQG�FRQVLVWHQW�LQWHUSUH�
WDWLRQ� DQG� XSGDWH� VHPDQWLFV� IRU� ERWK� WKH� REMHFWLYH� DQG� WKH
GHVWLQDWLRQ�

6ROXWLRQV�WR�WKH�SRO\LQVWDQWLDWLRQ�SUREOHP

7KHUH� DUH� D� QXPEHU� RI� GLIIHUHQW� DSSURDFKHV� WR� LPSOHPHQWLQJ� SRO\LQ�
VWDQWLDWLRQ� LQ�D�GDWDEDVH�PDQDJHPHQW� V\VWHP�� UHIOHFWLQJ� GLYHUJHQW� SHU�
VSHFWLYHV� RQ� WKH�PHDQLQJ� DQG�XVHV� RI� SRO\LQVWDQWLDWLRQ�ZLWKLQ� DQ�0/6
HQYLURQPHQW�� (DFK� DSSURDFK� KDV� LWV� SURSRQHQWV� DQG� GHWUDFWRUV�� DQG
HDFK� LV�VXLWHG�WR�SDUWLFXODU� W\SHV�RI�DSSOLFDWLRQV�� ,W� LV�QRW�RXU� LQWHQW� WR
SURPRWH�FHUWDLQ�DSSURDFKHV�RU�WR�GLVPLVV�RWKHUV��EXW�LQVWHDG�WR�GLVFXVV
WKH�SHUVSHFWLYH�PRWLYDWLQJ�HDFK�RI�WKHP��,W�LV�RXU�EHOLHI�WKDW�GLIIHUHQW�RU�
JDQL]DWLRQV�DQG�UHDO�ZRUOG�HQWHUSULVHV�ZLOO�FKRRVH�WR�PRGHO�WKHLU�XQGHU�
VWDQGLQJV�RI�PXOWLOHYHO�GDWD�LQ�GLVWLQFW�ZD\V��2XU�JRDO�KHUH�LV�WR�SUHVHQW
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PXOWLSOH�DSSURDFKHV� DQG� WKHLU� UDWLRQDOHV� VR� WKDW� HDFK� RUJDQL]DWLRQ� FDQ
FKRRVH�WKH�PRVW�DSSURSULDWH�LPSOHPHQWDWLRQ�IRU�LWV�UHTXLUHPHQWV�
7KLV�VHFWLRQ�VWDUWV�ZLWK�DSSURDFKHV�WKDW�YLHZ�SRO\LQVWDQWLDWLRQ��DQG�WKH

FRQFRPLWDQW�DGGLWLRQ�RI�WXSOHV��DV�DQ�LQWHJUDO�SDUW�RI�DQ�0/6�GDWDEDVH�
1H[W��WKH�VHFWLRQ�SUHVHQWV�VWUDWHJLHV�WKDW�FRPSRVH�QHZ�WXSOHV�WR�DQVZHU
TXHULHV�EDVHG�RQ�WKH�VHFXULW\� OHYHOV�RI�XQGHUO\LQJ�WXSOHV��)LQDOO\�� LW�GLV�
FXVVHV� DSSURDFKHV� WKDW� LQFOXGH� H[SOLFLW� UHVWULFWLRQV� RQ� XVHUV·� YLHZV� RI
GDWD�

3URSDJDWLRQ� RI� SRO\LQVWDQWLDWHG� WXSOHV�� 2QH� SHUVSHFWLYH� RQ� GHDOLQJ
ZLWK�WKH�WHQVLRQ�EHWZHHQ�PXOWLOHYHO�VHFXULW\�DQG�GDWD�VHPDQWLFV�LV�WR�UH�
JDUG�SRO\LQVWDQWLDWLRQ�DV�DQ�LQHYLWDEOH�DQG�LQWHJUDO�SDUW�RI�PXOWLOHYHO�VH�
FXUH� LQIRUPDWLRQ�� 8VHUV� DW� GLIIHUHQW� VHFXULW\� OHYHOV� PD\� VHH� GLIIHUHQW
DWWULEXWH�YDOXHV�IRU�WKH�VDPH�UHDO�ZRUOG�WXSOH��IRU�H[DPSOH��VHFUHW�YHUVXV
XQFODVVLILHG�REMHFWLYHV�IRU�WKH�VDPH�VWDUVKLS���DQG�WKH�XVHUV�PXVW�EH�DO�
ORZHG�WR�XSGDWH�WKHVH�YDOXHV�GLIIHUHQWO\��7KLV�SHUVSHFWLYH�OHDGV�WR�DQ�DS�
SURDFK�WR�SRO\LQVWDQWLDWLRQ�LQ�ZKLFK�QHZ�WXSOHV�DUH�DGGHG�WR�UHIOHFW�WKH
FRPELQDWRULDO� H[SORVLRQ� RI� DWWULEXWH� YDOXHV�� )RU� VLPSOLFLW\�� ZH� ZLOO� FDOO
WKLV�DSSURDFK�WKH�SURSDJDWLRQ�DSSURDFK�WR�SRO\LQVWDQWLDWLRQ�
7KH�SURSDJDWLRQ�DSSURDFK�IDFHV�WZR�NH\�FKDOOHQJHV�

�� HQVXULQJ�WKDW�NH\V�VWLOO�IXQFWLRQ�WR�LGHQWLI\�GLVWLQFW�UHDO�ZRUOG�HQWL�
WLHV��DQG

�� FRQWUROOLQJ� WKH� SURSDJDWLRQ� RI� WXSOHV� WR� LQFOXGH� RQO\� PHDQLQJIXO
FRPELQDWLRQV�RI�DWWULEXWH�YDOXHV�

7KH�ILUVW�FKDOOHQJH�LV�PHW�E\�DXJPHQWLQJ�WKH�DSSDUHQW�NH\�ZLWK�D�VHFX�
ULW\� OHYHO�DQG�HQIRUFLQJ� WKH�VWDQGDUG�NH\�XQLTXHQHVV�SURSHUW\� RYHU� WKLV
DXJPHQWHG�NH\��7KH�VHFRQG�FKDOOHQJH�LV�PRUH�FRPSOH[��DQG�UHVHDUFKHUV
DUH�VWLOO�GHEDWLQJ�ZKLFK�W\SHV�RI�FRPELQDWLRQV�DUH�PHDQLQJIXO��,Q�JHQHUDO�
PXOWLYDOXHG� GHSHQGHQFLHV� >'$7(��@� DUH� XVHG� WR� GHILQH� WKH� SDUWLFXODU
FRPELQDWLRQV� DOORZHG� E\� D� VSHFLILF� VROXWLRQ�� :KLOH� PDQ\� YDULDQWV� DUH
SRVVLEOH��WKH�6HD9LHZ�SURMHFW�>'(11����'(11��D��E��/817��F��/817���
/817��E@� DQG� WKH� PRGLILFDWLRQV� SURSRVHG� E\� -DMRGLD� DQG� 6DQGKX
>-$-2��F@�SURYLGH�WKH�EDVLV�RI�WKLV�DSSURDFK��)LUVW�ZH�SUHVHQW�WKH�RULJL�
QDO�6HD9LHZ�DSSURDFK��WKHQ�-DMRGLD�DQG�6DQGKX·V�SURSRVHG�PRGLILFDWLRQ�
DQG�ILQDOO\�VRPH�QHZ�WHFKQLTXHV�SURSRVHG�E\�WKH�6HD9LHZ�SURMHFW�
7KH� 6HD9LHZ� SURMHFW� EHJDQ� DV� D� MRLQW� HIIRUW� E\� 65,� ,QWHUQDWLRQDO� DQG

*HPLQL� &RPSXWHUV� ZLWK� WKH� JRDO� RI� GHVLJQLQJ� DQG� SURWRW\SLQJ� DQ�0/6
UHODWLRQDO�GDWDEDVH�PDQDJHPHQW�V\VWHP�WKDW�VDWLVILHV�WKH�7UXVWHG�&RP�
SXWHU� 6\VWHP� (YDOXDWLRQ� &ULWHULD� IRU� FODVV� $�� >'2'��@�� &XUUHQWO\� WKH
SURMHFW� LV� LQ� WKH� ILQDO� SKDVH� RI� D� SURWRW\SH� LPSOHPHQWDWLRQ� XVLQJ
*(0626�DV�WKH�XQGHUO\LQJ�WUXVWHG�FRPSXWLQJ�EDVH��DORQJ�ZLWK�WKH�2UD�
FOH�UHODWLRQDO�'%06�>/817��@�
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6HD9LHZ�VROYHV�WKH�SUREOHP�RI�SRO\LQVWDQWLDWLRQ�RI�NH\�DWWULEXWHV�WKHP�
VHOYHV�E\�GHILQLQJ�DQ�HQWLW\�LQWHJULW\�SURSHUW\��7KLV�SURSHUW\�UHTXLUHV�DOO
DWWULEXWHV�LQ�D�NH\�WR�EH�XQLIRUPO\�FODVVLILHG��7KDW�LV��IRU�DQ\�LQVWDQFH�5F

RI�D�PXOWLOHYHO�UHODWLRQ�VFKHPD��IRU�DQ\�WXSOH� W�∈�5F��DQG�IRU�DQ\�DWWULE�
XWHV�$L�DQG�$M� LQ�WKH�DSSDUHQW�SULPDU\�NH\�.5�RI�5�� W>&L@� � W>&M@��1RWLFH
WKDW�WKLV�PHDQV�LW�LV�SRVVLEOH�VLPSO\�WR�GHILQH�D�VLQJOH�DWWULEXWH�&.�WR�UHS�
UHVHQW� WKH� FODVVLILFDWLRQ� OHYHO� RI� DOO� DWWULEXWHV� LQ� WKH� DSSDUHQW� SULPDU\
NH\��)XUWKHU��QR�WXSOHV�PD\�KDYH�QXOO�YDOXHV�IRU�NH\�DWWULEXWHV��7KLV�UH�
VWULFWLRQ�HQVXUHV�WKDW�NH\V�FDQ�EH�PHDQLQJIXOO\�VSHFLILHG�DQG�FKHFNHG�IRU
XQLTXHQHVV�� ,Q�DGGLWLRQ��DOO�QRQNH\�FODVVLILFDWLRQ�DWWULEXWHV�PXVW�GRPL�
QDWH�&.��7KLV�UHVWULFWLRQ�JXDUDQWHHV�WKDW�LI�D�XVHU�FDQ�VHH�DQ\�SDUW�RI�D
WXSOH��WKHQ�KH�RU�VKH�FDQ�VHH�WKH�NH\�
7R�PHHW�WKH�ILUVW�FKDOOHQJH��WKDW�RI�XVLQJ�NH\V�WR�GHWHUPLQH�ZKHQ�WXSOHV

PRGHO� GLVWLQFW� UHDO�ZRUOG� HQWLWLHV�� 6HD9LHZ� GHILQHV� D� SRO\LQVWDQWLDWLRQ
LQWHJULW\� SURSHUW\�� 7KH� IRUPXODWLRQ� RI� SRO\LQVWDQWLDWLRQ� LQWHJULW\� LQ
6HD9LHZ�FRQVLVWV�RI�WZR�GLVWLQFW�SDUWV��7KH�ILUVW�SDUW�FRQVLVWV�RI�D� IXQF�
WLRQDO�GHSHQGHQF\�FRPSRQHQW�ZKRVH�HIIHFW�LV�WR�SURKLELW�SRO\LQVWDQWLDWLRQ
ZLWKLQ�WKH�VDPH�DFFHVV�FODVV��7KH�VHFRQG�SDUW�FRQVLVWV�RI�D�PXOWLYDOXHG
GHSHQGHQF\�UHTXLUHPHQW�

6HD9LHZ� SRO\LQVWDQWLDWLRQ� LQWHJULW\� SURSHUW\�� $� PXOWLOHYHO� UHODWLRQ� 5F

VDWLVILHV�SRO\LQVWDQWLDWLRQ�LQWHJULW\��3,��LI�DQG�RQO\�LI�IRU�HYHU\�5F�WKHUH�DUH
IRU�DOO�$L�∈�.5

�� .5��&.��&L�→�$L

�� .5��&.�→→�$L��&L

7KH�3,�SURSHUW\�FDQ�EH�UHJDUGHG�DV�LPSOLFLWO\�GHILQLQJ�ZKDW�LV�PHDQW�E\
WKH�SULPDU\�NH\�LQ�D�PXOWLOHYHO�UHODWLRQ��7KH�SULPDU\�NH\�RI�D�PXOWLOHYHO
UHODWLRQ�LV�.5�∪�&.�∪�&5� �ZKHUH�&5� LV�WKH�VHW�RI�FODVVLILFDWLRQ�DWWULEXWHV
IRU�GDWD�DWWULEXWHV�QRW�LQ�.5���VLQFH�IURP�3,�LW�IROORZV�WKDW�WKH�IXQFWLRQDO
GHSHQGHQF\�.5�→�$5�KROGV� �ZKHUH�$5� FRQVLVWV�RI�DOO�DWWULEXWHV� WKDW�DUH
QRW�LQ�.5��
2I�WKH�HLJKW�LQVWDQFHV�GHILQHG�LQ�)LJXUH����WKLV�GHILQLWLRQ�RI�SRO\LQVWDQ�

WLDWLRQ� LQWHJULW\� DOORZV� RQO\� WZR� FRPELQDWLRQV� RI� WKHVH� HLJKW� LQVWDQFHV
ZLWKLQ�D�VLQJOH� UHODWLRQ�VFKHPH� >-$-2��F@��6SHFLILFDOO\�� D�6HD9LHZ� UHOD�
WLRQ�FDQ�DFFRPPRGDWH�HLWKHU�LQVWDQFHV����������DQG���RU�LQVWDQFHV���DQG
��ZLWKLQ�D�VLQJOH�VFKHPH�LQ�WKH�DEVHQFH�RI�WKH�XQLIRUP�FODVVLILFDWLRQ�FRQ�
VWUDLQW��6HD9LHZ�DGPLWV�RQO\�LQVWDQFHV���DQG���LI�WKH�2EMHFWLYH�DQG�'HV�
WLQDWLRQ� DWWULEXWHV� DUH� XQLIRUPO\� FODVVLILHG� �WKDW� LV�� HLWKHU� ERWK� DUH
FODVVLILHG�8�RU�ERWK�6��
7KH�LQFOXVLRQ�RI�WKH�PXOWLYDOXHG�GHSHQGHQF\�LQ�WKH�GHILQLWLRQ�RI�SRO\LQ�

VWDQWLDWLRQ� LQWHJULW\�PHDQV� WKDW� RQH�XSGDWH�PD\� UHVXOW� LQ� D�QXPEHU� RI
WXSOHV�EHLQJ�DGGHG�WR�WKH�UHODWLRQ��7R�LOOXVWUDWH��FRQVLGHU�WKH�VLWXDWLRQ�LQ
ZKLFK�DQ�6�XVHU�DWWHPSWV�WR�JR�IURP�6�LQVWDQFH���WR�6�LQVWDQFH���LQ�)LJ�
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XUH���E\�LQVHUWLQJ�WKH�VHFUHW�WXSOH�VSHFLI\LQJ�WKH�VHFUHW�PLVVLRQ�RI�VS\LQJ
RQ�5LJHO��6HD9LHZ�ZLOO�LQWHUSUHW�WKLV�DV�D�UHTXHVW�WR�JR�IURP�6�LQVWDQFH��
WR�6�LQVWDQFH���� WKHUHE\�PDQXIDFWXULQJ� WZR�DGGLWLRQDO�PLVVLRQV� IRU� WKH
(QWHUSULVH��8QIRUWXQDWHO\��WKLV�LQFUHDVHV�WKH�SRWHQWLDO�IRU�VXFK�DGGLWLRQDO
LQIRUPDWLRQ�� ZKLFK�PD\� QRW� UHIOHFW� WUXH� GDWD�� WR� EH� UHWULHYHG� IURP� WKH
GDWDEDVH�E\�XVHUV�ZLWK�KLJKHU�FOHDUDQFHV�
,W� LV�HDV\�WR�VHH� WKDW�� LQ� WKH�ZRUVW�FDVH�� WKH�QXPEHU�RI�PDQXIDFWXUHG

WXSOHV�JURZV�DW�WKH�UDWH�RI�_VHFXULW\�ODWWLFH_N��ZKHUH�N�LV�WKH�QXPEHU�RI
QRQNH\� DWWULEXWHV� LQ� WKH� UHODWLRQ�� )RU� H[DPSOH�� )LJXUH� �� VKRZV� D� 76�
LQVWDQFH�RI�D�UHODWLRQ�VLPLODU�WR�62'��H[FHSW�WKDW� LW�KDV�D�UDQJH�RI� IRXU
VHFXULW\�OHYHOV�IRU�WKH�2EMHFWLYH�DQG�'HVWLQDWLRQ�DWWULEXWHV��7KH�SDUWLFX�
ODU� 76� LQVWDQFH� VKRZQ� GHVFULEHV� IRXU� PLVVLRQV� IRU� WKH� (QWHUSULVH�� RQH
HDFK� DW� WKH�XQFODVVLILHG�� FRQILGHQWLDO�� VHFUHW�� DQG� WRS�VHFUHW� OHYHOV�� 7KH
GHILQLWLRQ�RI�SRO\LQVWDQWLDWLRQ� LQWHJULW\� LQ�6HD9LHZ�UHTXLUHV� WKDW� WKLV� LQ�
IRUPDWLRQ�EH� UHSUHVHQWHG�E\� WKH� ���PLVVLRQV� VKRZQ� LQ�)LJXUH� ���8VHUV
ZLWK�FOHDUDQFHV�8��&��6��DQG�76�ZLOO�UHVSHFWLYHO\�VHH����������DQG����PLV�
VLRQV�ZLWK�WKH�6HD9LHZ�DSSURDFK�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 0LQLQJ & 6LULXV & &

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

(QWHUSULVH 8 &RXS 76 2ULRQ 76 76

Figure 7. A TS-instance of SOD with four missions.

-DMRGLD�DQG�6DQGKX�>-$-2��F@�SURSRVHG�GURSSLQJ�WKH�PXOWLYDOXHG�GH�
SHQGHQF\� IURP� WKH� SRO\LQVWDQWLDWLRQ� LQWHJULW\� SURSHUW\� GHILQHG� LQ� WKH
6HD9LHZ�PRGHO��7KH\�DUJXHG�WKDW� WKH�PXOWLYDOXHG�GHSHQGHQF\�SURKLELWV
WKH�H[LVWHQFH�RI�UHODWLRQ�LQVWDQFHV�GHVLUDEOH�LQ�SUDFWLFH��6SHFLILFDOO\��LW�LV
SRVVLEOH� WR� DFFRPPRGDWH� DOO� HLJKW� LQVWDQFHV� RI� )LJXUH� ��� -DMRGLD� DQG
6DQGKX�DOVR�JDYH�IRUPDO�RSHUDWLRQDO�VHPDQWLFV�IRU�XSGDWH�RSHUDWLRQV�LQ
PXOWLOHYHO�UHODWLRQV�>-$-2��E��F@�
%DVHG�RQ�WKLV�SURSRVDO��WKH�6HD9LHZ�WHDP�EHJDQ�D�UHH[DPLQDWLRQ�RI�WKH

6HD9LHZ� GHILQLWLRQ� RI� SRO\LQVWDQWLDWLRQ� LQWHJULW\�� /XQW� DQG� +VLHK
>/817��E@� GHYHORSHG� D� VHPDQWLFV� IRU� WKH� EDVLF� GDWDEDVH� PDQLSXODWLRQ
RSHUDWLRQV� �LQVHUW�� XSGDWH�� DQG�GHOHWH���%DVHG� RQ� WKHVH� VHPDQWLFV�� WKH\
SURSRVHG�D�GLIIHUHQW�GHILQLWLRQ�IRU�SRO\LQVWDQWLDWLRQ�LQWHJULW\�FRQVLVWLQJ�RI
WZR�VHSDUDWH�SLHFHV��D�VWDWH�SURSHUW\�FRQWDLQLQJ�WKH�VDPH�IXQFWLRQDO�GH�
SHQGHQF\� FRPSRQHQW� DQG� D� WUDQVLWLRQ� SURSHUW\� FRQFHUQLQJ� D� QHZ� G\�
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QDPLF�PXOWLYDOXHG�GHSHQGHQF\�FRPSRQHQW��$OWKRXJK�/XQW�DQG�+VLHK�GR
QRW�GHILQH�WKH�ODWWHU�SURSHUW\�SUHFLVHO\��WKH�EDVLF�LGHD�FDQ�EH�LOOXVWUDWHG
LQIRUPDOO\�E\�ZD\�RI�DQ�H[DPSOH�IURP�WKHLU�ZRUN�>/817��E@�
&RQVLGHU� WKH�PXOWLOHYHO�UHODWLRQ�VFKHPH�5�$

���&���$���&���$���&���7&��
ZKHUH�HDFK�$L�LV�DQ�DWWULEXWH��HDFK�&L�LV�WKH�FODVVLILFDWLRQ�DWWULEXWH�IRU�$L�
DQG�7&�LV�WKH�WXSOH�FODVV�DWWULEXWH��7KH�DWWULEXWH�$

��LV�WKH�DSSDUHQW�SUL�
PDU\� NH\� RI�5�� $Q� LQVWDQFH�5F� DW� D� FODVVLILFDWLRQ� OHYHO� F� LV� DVVXPHG� WR
VDWLVI\�WKH�WZR�FRQVWUDLQWV�RI�WKH�3,�SURSHUW\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 6LULXV & &

(QWHUSULVH 8 0LQLQJ & 7DORV 8 &

(QWHUSULVH 8 0LQLQJ & 6LULXV & &

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

(QWHUSULVH 8 0LQLQJ & 5LJHO 6 6

(QWHUSULVH 8 6S\LQJ 6 7DORV 8 6

(QWHUSULVH 8 6S\LQJ 6 6LULXV & 6

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

(QWHUSULVH 8 ([SORUDWLRQ 8 2ULRQ 76 76

(QWHUSULVH 8 0LQLQJ & 2ULRQ 76 76

(QWHUSULVH 8 6S\LQJ 6 2ULRQ 76 76

(QWHUSULVH 8 &RXS 76 7DORV 8 76

(QWHUSULVH 8 &RXS 76 6LULXV & 76

(QWHUSULVH 8 &RXS 76 5LJHO 6 76

(QWHUSULVH 8 &RXS 76 2ULRQ 76 76

Figure 8. The SeaView materialization with 16 missions.

1RZ��FRQVLGHU�WKH�IROORZLQJ�UHODWLRQ�LQVWDQFH�58�

$� &� $� &� $� &� 7&

D 8 E 8 [ 8 8
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6XSSRVH�D�&RQILGHQWLDO�XVHU�FKDQJHV�WKH�YDOXH�RI�$��WR�G��DV�VKRZQ�KHUH�

$� &� $� &� $� &� 7&

D 8 E 8 [ 8 8

D 8 G & [ 8 &

8QGHU�/XQW�DQG�+VLHK·V�XSGDWH�VHPDQWLFV��ZKHQHYHU�DQ�XSGDWH�LQYROYHV
VRPH��EXW�QRW�DOO��RI�WKH�QRQNH\�DWWULEXWHV��FHUWDLQ�G\QDPLF�PXOWLYDOXHG
GHSHQGHQFLHV�DUH�HQIRUFHG�LQ�WKH�PXOWLOHYHO�UHODWLRQV��,Q�WKH�H[DPSOH��WKH
G\QDPLF�PXOWLYDOXHG�GHSHQGHQFLHV�DUH

$
���&��→→�$���&��_�$���&�

ZKHUH�WKH�QRWDWLRQ�;�→→�<�_�=�GHQRWHV�WKH�PXOWLYDOXHG�GHSHQGHQFLHV�;
→→�<�DQG�;�→→�=�
1H[W��VXSSRVH�D�7RS�6HFUHW�XVHU�XSGDWHV�WKH�YDOXH�RI�$

��WR�HTXDO�Y��$V
EHIRUH��VLQFH�WKLV�XSGDWH�LQYROYHV�VRPH��EXW�QRW�DOO��RI�WKH�QRQNH\�DWWULE�
XWHV��WKH�G\QDPLF�PXOWLYDOXHG�GHSHQGHQF\�SURSHUW\�FDXVHV�WZR�PRUH�WX�
SOHV�WR�EH�DGGHG�WR�WKH�UHODWLRQ�

$� &� $� &� $� &� 7&

D 8 E 8 [ 8 8

D 8 G & [ 8 &

D 8 E 8 Y 76 76

D 8 G & Y 8 76

$W� WKLV� SRLQW� VXSSRVH� D� 6HFUHW� XVHU� FKDQJHV� WKH� YDOXH� RI� WKH� VHFRQG
DWWULEXWH�WR�T��7KH�IROORZLQJ�UHODWLRQ�LQVWDQFH�UHVXOWV�

$� &� $� &� $� &� 7&

D 8 E 8 [ 8 8

D 8 G & [ 8 &

D 8 E 8 Y 76 76

D 8 G & Y 8 76

D 8 T 6 [ 8 76

D 8 G & Y 8 76
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$FFRUGLQJ�WR�/XQW�DQG�+VLHK� >/817��E@�� WKH�ZD\� LQ�ZKLFK�DQ�XSGDWH
RFFXUV�GHWHUPLQHV�ZKHWKHU�RU�QRW�WKH�PXOWLYDOXHG�GHSHQGHQF\�VKRXOG�EH
HQIRUFHG��(VVHQWLDOO\��LI�WZR�RU�PRUH�DWWULEXWHV�ZHUH�XSGDWHG�LQ�D�VLQJOH
XSGDWH� VWDWHPHQW�� WKH� PXOWLYDOXHG� GHSHQGHQF\� ZRXOG� QRW� EH� HQIRUFHG�
+RZHYHU�� LI� WKH� WZR� DWWULEXWHV�ZHUH�XSGDWHG� LQ� WZR� LQGHSHQGHQW� RSHUD�
WLRQV��WKH�PXOWLYDOXHG�GHSHQGHQF\�ZRXOG�EH�HQIRUFHG�
7KLV� G\QDPLF� DSSURDFK� LV�QRW� \HW� IRUPDOL]HG�� QRU� LV� LW� EHLQJ� LQFRUSR�

UDWHG�LQ�WKH�6HD9LHZ�SURWRW\SH�

'HULYHG�YDOXHV���$�VHFRQG�SHUVSHFWLYH�RQ�SRO\LQVWDQWLDWLRQ� LV� WKDW�DO�
WKRXJK�D�PXOWLOHYHO� UHODWLRQ�PD\�KDYH� VHYHUDO� WXSOHV� IRU� WKH� VDPH� UHDO�
ZRUOG�HQWLW\��WKHUH�VKRXOG�EH�RQO\�RQH�VXFK�WXSOH�SHU�FODVVLILFDWLRQ�OHYHO�
,QVWHDG� RI� D� FODVVLILFDWLRQ� OHYHO�&L� IRU� HDFK� DWWULEXWH�$ L�� WKH� VFKHPD�5F

LQFOXGHV� D� VLQJOH� FODVVLILFDWLRQ� OHYHO� IRU� HDFK� WXSOH�� 7&�� :KHQ� D� XVHU
ZDQWV�WR�XSGDWH�RQO\�FHUWDLQ�DWWULEXWHV�DW�D�SDUWLFXODU�OHYHO��WKH�YDOXHV�RI
WKH�RWKHU�DWWULEXWHV�DUH�GHULYHG�IURP�YDOXHV�DW�ORZHU�VHFXULW\�OHYHOV�
&RQVLGHU�WKH�IROORZLQJ�UHODWLRQ�62'�ZKHUH�6WDUVKLS�LV�WKH�NH\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

1RZ� VXSSRVH� DQ� 6�XVHU�ZLVKHV� WR�PRGLI\� WKH� GHVWLQDWLRQ� RI� WKH� (QWHU�
SULVH� WR�EH�5LJHO��+H�RU�VKH�FDQ�VLPSO\�GR�VR�E\� LQVHUWLQJ�D�QHZ�VHFUHW
WXSOH�WR�62'��DV�IROORZV�

�(QWHUSULVH�� $8 ��5LJHO��6�

7KH�V\PERO� $8 �LV�WR�EH�LQWHUSUHWHG�DV�IROORZV��)RU�WKLV�6�WXSOH��WKH�YDOXH
RI� WKH� 2EMHFWLYH� ILHOG� LV� LGHQWLFDO� WR� WKH� FRUUHVSRQGLQJ� YDOXH� LQ� WKH� 8�
WXSOH�RI�62'��$V�D�FRQVHTXHQFH��ZKHQ�DQ�6�XVHU�DVNV�IRU�WKH�62'�UHOD�
WLRQ�WR�EH�PDWHULDOL]HG��KH�RU�VKH�ZLOO�VHH�WKH�IROORZLQJ�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

(QWHUSULVH ([SORUDWLRQ 5LJHO 6

7KH�UHODWLRQ�ZLOO�DSSHDU�XQFKDQJHG�WR�WKH�8�XVHU�
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7KH�/RFN�'DWD�9LHZV��/'9��SURMHFW�>+$,*��D@�IROORZV�WKLV�GHULYHG�GDWD
DSSURDFK���7KH�GHULYHG�GDWD�DSSURDFK�KDV�EHHQ�LPSOHPHQWHG�IRU�WKH�86
7UDQVSRUWDWLRQ� &RPPDQG� $LU� 0RELOLW\� &RPPDQG� 0/6� *OREDO� 'HFLVLRQ
6XSSRUW�6\VWHP��*'66��>1(/6��@��7KLV�LPSOHPHQWDWLRQ��WKH�0/6�*'66�
OLPLWV�SRO\LQVWDQWLDWLRQ� LQ�D�PXOWLOHYHO�UHODWLRQ�WR�DW�PRVW�RQH� WXSOH�SHU
VHFXULW\�FODVV��,QIRUPDWLRQ�LV�ODEHOHG�DW�RQH�RI�WZR�OHYHOV��8�RU�6��7KH�GH�
VLJQ�LV�EDVHG�RQ�WKH�RUJDQL]DWLRQ·V�DVVXPSWLRQ�WKDW�ZKHQ�6�DQG�8�GDWD
DUH�LQWHJUDWHG�LQWR�D�VLQJOH�6�UHVSRQVH�WKH�6�GDWD�WDNHV�SUHFHGHQFH�RYHU
WKH�8�GDWD��7KLV�GHVLJQ�FDQ�EH�H[WHQGHG�WR�HQYLURQPHQWV�ZLWK�PRUH�WKDQ
WZR� VWULFWO\� RUGHUHG� VHFXULW\� OHYHOV�� 2UJDQL]DWLRQV� IRU� ZKLFK� WKLV� VWULFW
KLHUDUFKLFDO� UXOH� GRHV� QRW� DSSO\�� VXFK� DV� WKRVH� ZLWK� PDQ\� FRPSDUW�
PHQWHG� HQYLURQPHQWV�� ZRXOG� KDYH� WR� LQFRUSRUDWH� VXEVWDQWLDO� FKDQJHV
LQWR�WKLV�GHVLJQ�LQ�RUGHU�WR�XVH�LW�
,Q�WKH�0/6�*'66�DSSOLFDWLRQ��WUXVWHG�DSSOLFDWLRQ�VRIWZDUH�IXQFWLRQDOO\

H[WHQGV�WKH�FRPPHUFLDO�RII�WKH�VKHOI��&276��0/6�'%06�WR�PDQDJH�WXSOH�
OHYHO�SRO\LQVWDQWLDWLRQ��%HIRUH� LQVHUWLQJ�DQ�6�WXSOH�� WKH� WUXVWHG�VRIWZDUH
HQVXUHV�WKDW�D�8�WXSOH�H[LVWV�ZLWK�WKH�VDPH�NH\��,I�LW�GRHV�QRW�H[LVW��WKH
LQVHUWLRQ�RI�DQ�6�WXSOH� LV�QRW�SHUPLWWHG�� ,I�D�8�WXSOH�ZLWK� WKH�VDPH�DS�
SDUHQW�SULPDU\�NH\�GRHV�H[LVW��WKH�WUXVWHG�DSSOLFDWLRQ�VRIWZDUH�H[DPLQHV
HDFK�6�WXSOH�DWWULEXWH� YDOXH�� H[FHSW� WKH�DSSDUHQW�NH\� YDOXH�� DQG�GHWHU�
PLQHV�LI�LW�UHSOLFDWHV�WKH�DWWULEXWH·V�YDOXH�LQ�WKH�8�WXSOH��,I�VR��WKH�YDOXH
LV�QRW�UHSOLFDWHG�LQ�WKH�6�WXSOH�EXW�LQVWHDG�LV�VHW�WR�QXOO��PLQLPL]LQJ�GDWD
UHSOLFDWLRQ��7KH�8�WXSOH�WKXV�VHUYHV�DV�WKH�IRXQGDWLRQ�XSRQ�ZKLFK�WKH�6�
WXSOH�LV�EXLOW��7KH�0/6�*'66�VROXWLRQ�LV�EHVW�H[SODLQHG�ZLWK�VHYHUDO�H[�
DPSOHV�
&RQVLGHU�WKH�IROORZLQJ�UHODWLRQ�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

1RZ� VXSSRVH� DQ� 6�XVHU�ZLVKHV� WR�PRGLI\� WKH� GHVWLQDWLRQ� RI� WKH� (QWHU�
SULVH� WR�5LJHO�� 7KH�6�XVHU� GLUHFWV� WKH� V\VWHP�� WKURXJK� WKH� WUXVWHG� VRIW�
ZDUH��WR�LQVHUW�DQ�6�WXSOH�LQWR�WKH�62'��DV�IROORZV�

6�86(5�
,QVHUW�LQWR
�6WDUVKLS��2EMHFWLYH��'HVWLQDWLRQ�
9DOXHV��¶(QWHUSULVH·��¶([SORUDWLRQ·��¶5LJHO·�

7KH�8��DQG�6�WXSOHV�DUH�QRZ�VWRUHG�LQ�WKH�UHODWLRQ�DV�
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6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

(QWHUSULVH 1XOO 5LJHO 6

5HGXFLQJ� WKH� UHSOLFDWLRQ� RI� GDWD� DFURVV� SRO\LQVWDQWLDWHG� WXSOHV� LP�
SURYHV�WKH�SUREDELOLW\�RI�PDLQWDLQLQJ�WKH�LQWHJULW\�RI�WKH�GDWDEDVH��$GGL�
WLRQDOO\�� H[FHSW� IRU� WKH� NH\� YDOXH�� WKH� VHQVLWLYLW\� OHYHOV� RI� DOO� DWWULEXWH
YDOXHV�FRQWDLQHG�ZLWKLQ�WKH�VWRUHG�WXSOH�DUH�HTXLYDOHQW�WR�WKH�7&�YDOXH�
*LYHQ�WKLV�HTXLYDOHQFH�WR�WKH�7&�YDOXH�� WUXVWHG�DSSOLFDWLRQ�VRIWZDUH�GH�
ULYHV�DWWULEXWH�YDOXH�ODEHOV� IURP�WKH�7&�YDOXH��8VHUV�RSHUDWLQJ�DW� WKH�8
OHYHO�DUH�SUHVHQWHG�ZLWK�D�GLVSOD\�VKRZLQJ�WKH�GHULYHG�DWWULEXWH�YDOXH�OD�
EHOV��DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

8VHUV�RSHUDWLQJ�DW�WKH�6�OHYHO�DUH�SUHVHQWHG�ZLWK�D�VLQJOH�FRPSRVLWH�GLV�
SOD\�RI�D�PDWHULDOL]HG� WXSOH��7KLV�PDWHULDOL]HG� WXSOH� FRPSULVHV�6�DQG�8
GDWD��DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6

2QH�RI� WKH�PDMRU� LPSDFWV� RI� WKH�SRO\LQVWDQWLDWLRQ�DSSURDFK�DV� LPSOH�
PHQWHG�LQ�WKH�0/6�*'66�LQYROYHV�WKH�'%06�MRLQ�RSHUDWRU�DW�WKH�6�OHYHO�
)LJXUH��� LOOXVWUDWHV� WKH�VLPSOHVW� IRUP�RI� WKH�SUREOHP��$� W\SLFDO� MRLQ�RS�
HUDWLRQ�EHWZHHQ�WZR�WDEOHV�PDWFKHV�DQG�UHWULHYHV�URZV�EDVHG�RQ�WKH�SUL�
PDU\� NH\� 6WDUVKLS�� 7R� UHWULHYH� GDWD� UHVLGLQJ� DW� WKH� VDPH� VHFXULW\� OHYHO
DQG�WKXV�SHUPLW�SURSHU�FROODSVLQJ�RI�WKH�URZV�LQWR�D�PDWHULDOL]HG�WXSOH�
WKH�MRLQ�LV�IXUWKHU�TXDOLILHG�E\�WKH�URZ·V�VHFXULW\�ODEHO�DWWULEXWH�7&�

6�86(5�
6HOHFW�
)520�7DEOH���7DEOH�
ZKHUH�7DEOH��6WDUVKLS� �7DEOH��6WDUVKLS
DQG�7DEOH��7&� �7DEOH��7&
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&DVH���

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

(QWHUSULVH 1XOO 5LJHO 6

6WDUVKLS 7\SH 3URSXOVLRQ 7&

(QWHUSULVH 6WDUVKLS 3KRWRQ 8

(QWHUSULVH %DWWOHVWDU 4XHOOHU�GULYH 6

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7\SH 3URSXOVLRQ

(QWHUSULVH�����8 ([SORUDWLRQ���8 5LJHO�������������6 %DWWOHVWDU������6 4XHOOHU�GULYH��6

&DVH���

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH ([SORUDWLRQ 7DORV 8

(QWHUSULVH 1XOO 5LJHO 6

6WDUVKLS 7\SH 3URSXOVLRQ 7&

(QWHUSULVH 6WDUVKLS 3KRWRQ 8

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7\SH 3URSXOVLRQ

(QWHUSULVH�����8 ([SORUDWLRQ���8 7DORV������������8 6WDUVKLS��������8 3KRWRQ����������8

Figure 9. Joins in GDSS.

$Q�LPSRUWDQW�IXQFWLRQDO�UHTXLUHPHQW�LQ�WKH�0/6�*'66�LV�WKDW�6�XVHUV
H[SHFW� WR� VHH�6�GDWD�DV� WKH� HQG�SURGXFW� RI� D� UHWULHYDO�� LI� 6� GDWD� H[LVWV�
RWKHUZLVH��8�GDWD� LV�UHWXUQHG��&DVH��� LQ�)LJXUH���VKRZV�D� MRLQ�EHWZHHQ
WZR� WDEOHV� WKDW� SURGXFHV� WKH� FRUUHFW� PDWHULDOL]HG� WXSOH� IRU� DQ� 6�XVHU�
&DVH���LOOXVWUDWHV�WKH�DQRPDO\�DVVRFLDWHG�ZLWK�WKH�MRLQ��,Q�WKLV�FDVH��WKH
VHFRQG�WDEOH�FRQWDLQV�RQO\�8�GDWD��6LQFH�WKH�TXHU\�UHTXLUHV�WKDW�WKH�WX�
SOH� ODEHOV�PDWFK�� WKH�TXHU\�GRHV�QRW� UHWXUQ� WKH�6� URZ�RI� WKH� ILUVW� WDEOH
MRLQHG�ZLWK�WKH�8�URZ�RI�WKH�VHFRQG�WDEOH��7KXV��LI�GDWD�GRHV�QRW�H[LVW�DW
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WKH� VDPH� VHFXULW\� OHYHOV� LQ� HDFK� WDEOH�� WKHQ� 6� LQIRUPDWLRQ�PD\� EH� ORVW
GXULQJ�WKH�MRLQ�RSHUDWLRQ�
,Q�WKLV�VLPSOLILHG�H[DPSOH��RQH�PLJKW�DUJXH�WKDW�UHPRYLQJ�WKH�TXDOLIL�

FDWLRQ�WKDW�WKH�WDEOHV�EH�MRLQHG�E\�WXSOH�ODEHOV�ZRXOG�SHUPLW�MRLQV��'RLQJ
WKLV�ZRXOG�UHWXUQ�WZR�URZV�LQ�&DVH����RQH�FRQWDLQLQJ�RQO\�8�LQIRUPDWLRQ�
WKH�RWKHU�FRQWDLQLQJ�6�DQG�8� LQIRUPDWLRQ�� ,I� WKLV�DSSURDFK�ZHUH� WDNHQ�
WKH�WXSOH�PDWHULDOL]DWLRQ�SURFHVV�ZRXOG�EHFRPH�PRUH�FRPSOH[�DQG�ZRXOG
QHHG�WR�H[WUDFW�PXOWLSOH�WXSOH�ODEHOV�DQG�DVVLJQ�WKHP�WR�WKH�DSSURSULDWH
FROXPQV�LQ�WKH�URZ�WKDW�ZDV�UHWXUQHG��$OVR��WKH� MRLQ�H[DPSOH�VKRZQ� LQ
&DVH� ��ZRXOG� UHVXOW� LQ� IRXU� URZV� RI� GDWD� UHWXUQHG� IURP� WKH� VHUYHU�� LQ�
VWHDG�RI�MXVW�WZR��7KH�FRPSOH[LW\�RI�WKH�SUREOHP�DQG�WKH�ZRUN�UHTXLUHG�RI
WKH�'%06�VHUYHU�ZRXOG�LQFUHDVH�VLJQLILFDQWO\�DV�PRUH�WDEOHV�ZHUH�MRLQHG�
'DWDEDVH�VHUYHU�SHUIRUPDQFH�ZRXOG�GHFUHDVH�DFFRUGLQJO\��SHUKDSV�WR�XQ�
DFFHSWDEOH�OHYHOV�
7R�HQVXUH�WKH�FRUUHFW�PDWHULDOL]DWLRQ�RI�D�ORJLFDO�MRLQHG�WXSOH��WKH�0/6

*'66� V\VWHP� GRHV� QRW� FXUUHQWO\� XVH� WKH� MRLQ� FDSDELOLWLHV� RI� WKH� &276
0/6�'%06��,QVWHDG��WXSOHV�DUH�VHOHFWHG�IURP�LQGLYLGXDO�WDEOHV��DQG�WKHQ
MRLQHG�RXWVLGH�WKH�'%06�E\�WUXVWHG�DSSOLFDWLRQ�VRIWZDUH��:KLOH�WKLV�RS�
HUDWLRQ�GRHV�UHVXOW�LQ�VRPH�SURFHVVLQJ�RYHUKHDG��LW�HQVXUHV�WKDW�GDWD�DUH
QRW�DFFLGHQWDOO\�H[FOXGHG�IURP�WKH�6�XVHU�

9LVLEOH�UHVWULFWLRQV��7KH�WKLUG�SHUVSHFWLYH�RQ�SRO\LQVWDQWLDWLRQ�LV�WKDW
XVHUV�DUH�DZDUH�WKDW�GDWD�DUH�UHVWULFWHG�WR�FHUWDLQ�OHYHOV��,Q�SUDFWLFH��WKLV
PHDQV�XVHUV�NQRZ�WKH�OHYHOV�RI�GDWD�WKDW�WKH\�FDQ�VHH�DQG�XSGDWH��7KH
JRDO�LV�WR�SURYLGH�D�PRUH�´KRQHVW··�GDWDEDVH�ZLWKRXW�FRPSURPLVLQJ�VHFX�
ULW\��7KLV�SHUVSHFWLYH� FDQ� OHDG� WR�PDQ\�GLIIHUHQW� VWUDWHJLHV�� WKLV� VHFWLRQ
SUHVHQWV�IRXU�GLIIHUHQW�DSSURDFKHV�

7KH�EHOLHI�DSSURDFK��2QH�DSSURDFK�WR�SRO\LQVWDQWLDWLRQ�LV�PRWLYDWHG�E\
WKH�LGHD�WKDW�GDWD�DW�HDFK�OHYHO�UHIOHFWV�WKH�´EHOLHIV··�RI�XVHUV�DW�WKDW�OHYHO
DERXW�WKH�UHDO�ZRUOG�>.(16��@��)RU�VLPSOLFLW\��ZH�ZLOO�FDOO�WKLV�ZRUN�WKH
EHOLHI� DSSURDFK���7KH�EHOLHI� DSSURDFK�GLIIHUHQWLDWHV�EHWZHHQ�GDWD� WKDW� D
XVHU�VHHV�DQG�GDWD�WKDW�D�XVHU�EHOLHYHV��8SGDWHV�UHIOHFW�EHOLHIV�DERXW�WKH
UHDO�ZRUOG��WKH\�DUH�UHJXODWHG�E\�WKH�IROORZLQJ�SURSHUW\�

8SGDWH�DFFHVV�SURSHUW\��'DWD�DW�D�SDUWLFXODU�OHYHO�FDQ�EH�LQVHUWHG�
PRGLILHG��RU�GHOHWHG�RQO\�E\�XVHUV�DW�WKDW�OHYHO�

7KXV��GDWD�DW�HDFK�OHYHO�UHIOHFWV�WKH�EHOLHIV�RI�WKH�XVHUV�ZKR�PDLQWDLQ�LW�
8VHUV�FDQ�VHH�WKH�GDWD�WKDW�WKH\�EHOLHYH�DV�ZHOO�DV�GDWD�EHOLHYHG�E\�XVHUV
DW�ORZHU�OHYHOV��WKDW�LV��XVHUV�VHH�DOO�GDWD�WKDW�WKH\�FRXOG�UHDG�XQGHU�WKH
%HOO�/D3DGXOD�PRGHO��
$W�WKH�KHDUW�RI�WKLV�SURSHUW\�LV�D�PRGHO�WKDW�WDNHV�D�VWDQG�EHWZHHQ�HQ�

WLW\�� DQG� DWWULEXWH�OHYHO� SRO\LQVWDQWLDWLRQ�� .H\V� PD\� EH� FODVVLILHG� DW� D
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GLIIHUHQW�OHYHO�WKDQ�RWKHU�DWWULEXWHV�ZLWKLQ�WKH�VDPH�WXSOH��EXW�DOO�QRQNH\
DWWULEXWHV�ZLWKLQ�D�VLQJOH�WXSOH�VKDUH�D�FODVVLILFDWLRQ�OHYHO�
*LYHQ�D�UHODWLRQ�VFKHPD�5��WKH�PXOWLOHYHO�UHODWLRQ�5F�XVHG�LQ�WKH�EHOLHI

PRGHO� LQFOXGHV� WZR� DGGLWLRQDO� FODVVLILFDWLRQ� DWWULEXWHV�� D� NH\� FODVVLILFD�
WLRQ�OHYHO��.F��DQG�D�WXSOH�FODVVLILFDWLRQ�OHYHO��7F���7KH�PRGHO�LPSRVHV�WZR
UHVWULFWLRQV�

�� ,Q�DQ\�WXSOH��7F�PXVW�GRPLQDWH�.F�
�� )RU�WKH�VHW�RI�NH\�DWWULEXWHV�.�DQG�IRU�DOO�QRQNH\�DWWULEXWHV�$L������

$Q�LQ�5F�

.��.F��7F�→�$L�������$Q

,QWXLWLYHO\�� WKHQ�� WXSOHV� ZLWK� WKH� VDPH� YDOXHV� IRU� NH\� DWWULEXWHV� EXW
GLIIHUHQW�NH\�FODVVLILFDWLRQ�OHYHOV�UHIHU�WR�GLIIHUHQW�UHDO�ZRUOG�HQWLWLHV��7X�
SOHV�WKDW�DUH� LGHQWLFDO� LQ�NH\�DWWULEXWHV�DQG�NH\�FODVVLILFDWLRQ�OHYHOV�EXW
GLIIHU� LQ� WXSOH� FODVVLILFDWLRQ� OHYHOV� UHSUHVHQW� GLIIHUHQW� EHOLHIV� DERXW� WKH
VDPH� UHDO�ZRUOG� HQWLWLHV�� 7R� PDLQWDLQ� WKLV� GLVWLQFWLRQ�� XVHUV� DW� D� SDU�
WLFXODU�OHYHO�DUH�QRW�DOORZHG�WR�UHXVH�NH\�DWWULEXWH�YDOXHV�IRU�QHZ�HQWLWLHV�
*LYHQ�WKH�UHODWLRQ�62'�LQ�)LJXUH�����8�XVHUV�EHOLHYH�WKH�ILUVW�DQG�VHF�

RQG� WXSOHV�� &�XVHUV� EHOLHYH� WKH� WKLUG� WXSOH�� DQG� 6�XVHUV� EHOLHYH� WKH
IRXUWK�DQG�ILIWK�WXSOHV��7KH�VHFRQG�DQG�WKLUG�WXSOHV�LQ�)LJXUH����UHIHU�WR
WKH� VDPH� UHDO�ZRUOG� VWDUVKLS��EXW�8��DQG�&�XVHUV�KDYH� GLIIHUHQW� EHOLHIV
DERXW�LWV�REMHFWLYH�DQG�GHVWLQDWLRQ��7KH�ILUVW�DQG�ILIWK�WXSOHV�UHIHU�WR�GLI�
IHUHQW�VWDUVKLSV�

6WDUVKLS .F 2EMHFWLYH 'HVWLQDWLRQ 7F

9R\DJHU 8 6KLSSLQJ 0DUV 8

(QWHUSULVH 8 ([SORUDWLRQ 9XOFDQ 8

(QWHUSULVH 8 'LSORPDF\ 5RPXOXV &

=DUGRU 6 :DUIDUH 5RPXOXV 6

9R\DJHU 6 6S\LQJ 5LJHO 6

Figure 10. Example of SOD in the belief model.

8�XVHUV�FDQ�VHH�RQO\�WKH�ILUVW�WZR�WXSOHV�LQ�)LJXUH�����&�XVHUV�FDQ�VHH
WKH�ILUVW�WKUHH�WXSOHV��DQG�6�XVHUV�FDQ�VHH�DOO�ILYH�WXSOHV�
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$OWKRXJK�XVHUV�DUH�DOORZHG�WR�VHH�DOO�WXSOHV�DW�OHYHOV�GRPLQDWHG�E\�WKHLU
EHOLHI� OHYHOV�� WKH� TXHU\� ODQJXDJH� LQFOXGHV� WKH� RSWLRQDO� NH\ZRUG
%(/,(9('�%<� WR� DOORZ�XVHUV� WR� IXUWKHU� UHVWULFW� TXHULHV�� 7KXV�� 6�XVHUV
FDQ�DVN�WR�VHH�DOO�DOORZDEOH� WXSOHV��RU�RQO\� WKRVH�EHOLHYHG�E\�&��DQG�6�
XVHUV��DQG�VR�RQ�
7KH�TXHU\�´'LVSOD\�WKH�GHVWLQDWLRQ�RI�DOO�VWDUVKLSV�QDPHG�(QWHUSULVH··�LV

H[SUHVVHG�DV

6(/(&7 'HVWLQDWLRQ
)520 62'
:+(5( 6WDUVKLS� �¶(QWHUSULVH·
%(/,(9('�%< $1<21(

7KH�UHVXOW�RI�WKLV�TXHU\�ZKHQ�LVVXHG�DJDLQVW�WKH�UHODWLRQ�LQ�)LJXUH����LV

'HVWLQDWLRQ 7&

9XOFDQ 8

IRU�D�8�XVHU��DQG

'HVWLQDWLRQ 7&

9XOFDQ 8

5RPXOXV &

IRU�DOO�XVHUV�DW�OHYHOV�&�RU�KLJKHU�
7KH� TXHU\� ´'LVSOD\� WKH� EHOLHIV� RI� 8�XVHUV� DV� WR� WKH� GHVWLQDWLRQ� RI� DOO

VWDUVKLSV�QDPHG�(QWHUSULVH··�LV�H[SUHVVHG�DV

6(/(&7 'HVWLQDWLRQ
)520 62'
:+(5( 6WDUVKLS� �¶(QWHUSULVH·
%(/,(9('�%< 8

7KH�UHVXOW�RI�WKLV�TXHU\�ZKHQ�LVVXHG�DJDLQVW�WKH�UHODWLRQ�LQ�)LJXUH����LV

'HVWLQDWLRQ 7&

9XOFDQ 8

IRU�DOO�XVHUV�
7KH� TXHU\� ´'LVSOD\� WKH� FODVVLILFDWLRQ� OHYHO� DQG�GHVWLQDWLRQ� RI� DOO� VWDU�

VKLSV�QDPHG�9R\DJHU··�LV�H[SUHVVHG�DV
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6(/(&7 .F��'HVWLQDWLRQ
)520 62'
:+(5( 6WDUVKLS� �´9R\DJHU··
%(/,(9('�%< $1<21(

7KH�UHVXOW�RI�WKLV�TXHU\�ZKHQ�LVVXHG�DJDLQVW�WKH�UHODWLRQ�LQ�)LJXUH����LV

.F 'HVWLQDWLRQ 7F

8 0DUV 8

IRU�8��DQG�&�XVHUV��DQG

.F 'HVWLQDWLRQ 7F

8 0DUV 8

6 5LJHO 6

IRU�DOO�XVHUV�DW�OHYHOV�6�RU�KLJKHU�

7KH�LQVHUW�ORZ�DSSURDFK��$QRWKHU�YDULDWLRQ�RI�H[SOLFLW�UHVWULFWLRQ��WKH�LQ�
VHUW�ORZ�DSSURDFK��KDV�EHHQ�DGRSWHG�E\�WKH�6:25'�SURMHFW�DW�WKH�5R\DO
6LJQDOV�DQG�5DGDU�(VWDEOLVKPHQW�LQ�(QJODQG�>:,6(��@��%ULHIO\��WKLV�DS�
SURDFK�ZRUNV�DV�IROORZV�
(DFK�UHODWLRQ�LV�DVVLJQHG�DW�WKH�WLPH�RI�LWV�FUHDWLRQ�D�WDEOH�XVDJH�FODVVL�

ILFDWLRQ��DEEUHYLDWHG�DV� WDEOH�FODVV��(DFK�DWWULEXWH� LV�DVVLJQHG�D�FROXPQ
FODVVLILFDWLRQ�WKDW�PXVW�GRPLQDWH�WKH�WDEOH�FODVV��7KH�SXUSRVH�RI�WKH�WD�
EOH�FODVV�LV�WZRIROG��)LUVW��DQ\�LQVHUWLRQ�RU�GHOHWLRQ�RI�WXSOHV�LQ�D�UHODWLRQ
FDQ�EH�PDGH�E\�WKRVH�XVHUV�ZKRVH�FOHDUDQFHV�HTXDO�WKH�WDEOH�FODVV�RI�WKH
UHODWLRQ�� 6HFRQG�� WKH� WDEOH� FODVV� FRQWUROV� H[DFWO\� KRZ� WKH� XSGDWHV� LQ�
YROYLQJ�DQ�DFFHVV� FODVV� WKDW�GRPLQDWHV� WKH� WDEOH� FODVV� DUH�PDGH� WR� WKH
UHODWLRQ��7KLV�ZLOO�EH�H[SODLQHG�LQ�JUHDWHU�GHWDLO�EHORZ�
&RQVLGHU�RQFH�DJDLQ�WKH�UHODWLRQ�VFKHPD�62'��6D\�WKH�WDEOH�FODVVLILFD�

WLRQ�RI�62'�LV�8��$�W\SLFDO�LQVWDQFH�RI�62'�LV�JLYHQ�DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

9R\DJHU 8 6S\LQJ 6 5LJHO 76

,Q�WKLV�FDVH��6:25'�ZLOO�VKRZ�WKH�HQWLUH�UHODWLRQ�WR�76�XVHUV��ZKLOH�IRU
WKRVH�DW� ORZHU� OHYHOV�6:25'�ZLOO� VXEVWLWXWH� �QRW� FOHDUHG!�ZKHQHYHU� D
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XVHU�KDV� LQVXIILFLHQW�FOHDUDQFH�WR�YLHZ�D�YDOXH��7KXV�� IRU�H[DPSOH��D�&�
XVHU�ZLOO�VHH�WKH�IROORZLQJ�LQVWDQFH�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

9R\DJHU 8 �QRW�FOHDUHG! 6 �QRW�FOHDUHG! 76

7R�VHH�KRZ�6:25'�DYRLGV�WXSOH�SRO\LQVWDQWLDWLRQ��FRQVLGHU�RQFH�DJDLQ
WKH�UHODWLRQ�62'�ZLWK�8�DV� LWV�WDEOH�FODVV��6XSSRVH�WKH� LQLWLDO�GDWDEDVH
VWDWH�LV�DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

6XSSRVH�VRPH�8�XVHU�LQVHUWV�WKH�WXSOH��9R\DJHU��6��6S\LQJ��8��7DORV��8�
LQ�62'��6:25'�DOORZV�ORZHU�OHYHO�XVHUV�WR�LQVHUW�YDOXHV�DW�KLJKHU�OHYHOV
DV�ORQJ�DV�WKH�DWWULEXWH�YDOXH�FODVVLILFDWLRQV�DUH�GRPLQDWHG�E\�WKH�DSSUR�
SULDWH� FROXPQ� FODVVLILFDWLRQ�� ,Q� WKLV� H[DPSOH�� WKH� FROXPQ� FODVVLILFDWLRQ
IRU�6WDUVKLS�ZRXOG�KDYH�WR�EH�6�RU�KLJKHU��)XUWKHUPRUH��VLQFH�WKH�WDEOH
FODVVLILFDWLRQ�RI�62'�LV�8��WKLV�FRQVWLWXWHV�D�OHJDO�LQVHUWLRQ��DQG�DV�D�UH�
VXOW�8�XVHUV�DQG�6�XVHUV�ZLOO�VHH�WKH�IROORZLQJ�VWDWHV�UHVSHFWLYHO\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

�QRW�FOHDUHG! 6 6S\LQJ 8 7DORV 8

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

9R\DJHU 6 6S\LQJ 8 7DORV 8

$W�WKLV�SRLQW��VXSSRVH�D�8�XVHU�ZDQWV�WR�PDNH�DQ�LQVHUWLRQ��)UHHGRP�
8��0LQLQJ��8��0DUV��8��WR�62'��6LQFH�WKH�6WDUVKLS�DWWULEXWHV�RI�DOO�WXSOHV
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LQ�62'�DUH�QRW�YLVLEOH�WR�WKH�8�XVHU��WKHUH�LV�DOZD\V�D�SRVVLELOLW\�WKDW�WKH
6WDUVKLS�YDOXH�RI�WKH�WXSOH�WR�EH�LQVHUWHG�HTXDOV�WKDW�RI�WKH�H[LVWLQJ�KLJK
WXSOH��OHDGLQJ�WR�DWWULEXWH�SRO\LQVWDQWLDWLRQ��RU�WXSOH�SRO\LQVWDQWLDWLRQ��LQ
WKH�FDVH�RI�DWWULEXWHV�FRQVWLWXWLQJ�WKH�SULPDU\�NH\���6:25'�DYRLGV�WKLV
E\�SURKLELWLQJ�8�XVHUV�IURP�LQVHUWLQJ�RU�PRGLI\LQJ�YDOXHV� LQ�WKLV�DWWULE�
XWH��,Q�WKH�FDVH�RI�NH\�DWWULEXWHV��OLNH�6WDUVKLS��WKLV�PHDQV�WKDW�DOO� IXU�
WKHU� LQVHUWLRQV� E\� 8�XVHUV� DUH� IRUELGGHQ�� +RZHYHU�� VLQFH� WKH� WDEOH
FODVVLILFDWLRQ�LV�8��RQO\�8�XVHUV�FDQ�LQVHUW�WXSOHV�LQWR�62'��$V�D�FRQVH�
TXHQFH��QR� IXUWKHU� LQVHUWLRQV� FDQ�EH�PDGH� LQWR�62'�DW� DOO�� ,Q�6:25'
DSSOLFDWLRQV�� WKHQ�� WKH� FROXPQ� FODVVLILFDWLRQV� IRU� DOO� DWWULEXWHV� FRQVWL�
WXWLQJ�WKH�SULPDU\�NH\�PXVW�HTXDO�WKH�WDEOH�FODVV��RU�XVHUV�PD\�EH�DEOH
WR�SURKLELW�IXWXUH�LQVHUWLRQV�
7KH� IROORZLQJ� LQVWDQFH� LOOXVWUDWHV� LQ�PRUH�GHWDLO� KRZ�DWWULEXWH� SRO\LQ�

VWDQWLDWLRQ�LV�DYRLGHG�LQ�6:25'�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8

1H[W�� VXSSRVH�D�76�XVHU�ZLVKHV� WR�PRGLI\� WKH�GHVWLQDWLRQ�RI� WKH�(QWHU�
SULVH� WR� EH�5LJHO�� 7KLV� LV� DFFRPSOLVKHG� LQ� WZR� VWHSV�� )LUVW�� WKH� 76�XVHU
PXVW�ORJ�LQ�DV�D�8�XVHU�DQG�FKDQJH�WKH�FODVVLILFDWLRQ�RI�7DORV�IURP�8�WR
76��+DYLQJ�GRQH�VR��WKH�76�XVHU�FDQ�ORJ�LQ�DW�KLV�OHYHO�DQG�WKHQ�PDNH�WKH
GHVLUHG�XSGDWH��$V�D�UHVXOW��WKH�8�LQVWDQFH�DQG�76�LQVWDQFH�ZLOO�EHFRPH
DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 �QRW�FOHDUHG! 76

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 76

*LYHQ�WKH�GDWDEDVH�VWDWH�VKRZQ�LPPHGLDWHO\�DERYH��VXSSRVH�DQ�6�XVHU
ZDQWV�WR�LQVHUW�D�VHFUHW�GHVWLQDWLRQ�IRU�WKH�(QWHUSULVH��+H�PD\�GR�VR�E\
ILUVW� ORJJLQJ� LQ� DV� D�8�XVHU�� FKDQJLQJ� WKH� FODVVLILFDWLRQ� RI� WKH� DWWULEXWH
'HVWLQDWLRQ�IURP�76�WR�6��$V�D�UHVXOW�RI�WKLV�FKDQJH��DOO�XVHUV��LQFOXGLQJ
WKH�76�XVHU��ZLOO�VHH�WKH�IROORZLQJ�UHODWLRQ�
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6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ

(QWHUSULVH 8 ([SORUDWLRQ 8 �QRW�FOHDUHG! 6

1RZ��WKH�6�XVHU�FDQ�ORJ�LQ�DW�FODVVLILFDWLRQ�OHYHO�6�DQG�PDNH�WKH�DSSUR�
SULDWH�FKDQJH�

3UHYHQWLRQ���7KH�WKLUG�YDULDWLRQ�RI�H[SOLFLW�UHVWULFWLRQ�UHOLHV�RQ�SUHYHQW�
LQJ� SRO\LQVWDQWLDWLRQ� FRPSOHWHO\�� -DMRGLD� DQG� 6DQGKX� >-$-2��G�
6$1'����6$1'��E@�KDYH�GHVFULEHG� WKUHH�EDVLF� WHFKQLTXHV� IRU�HOLPLQDW�
LQJ�HQWLW\�SRO\LQVWDQWLDWLRQ�

�� 0DNH�DOO�WKH�NH\V�YLVLEOH��,Q�WKLV�PHWKRG��WKH�DSSDUHQW�SULPDU\�NH\
LV�UHTXLUHG�WR�EH� ODEHOHG�DW� WKH� ORZHVW� OHYHO�DW�ZKLFK�D� UHODWLRQ� LV
YLVLEOH��)RU�H[DPSOH��VXSSRVH�WKH�GHVLJQHU�UHTXLUHV�WKDW�DOO�NH\V�EH
XQFODVVLILHG��&RQVHTXHQWO\��WKH�UHODWLRQ

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 6 6S\LQJ 6 5LJHO 6 6

ZRXOG�EH� IRUELGGHQ��1RWH� WKDW� WKH� WZR�UHODWLRQV�FDOOHG�862'�DQG
662'� LQ� )LJXUHV� ��� DQG� ��� UHSUHVHQW� WKH� VDPH� LQIRUPDWLRQ�� ,Q
RWKHU� ZRUGV�� 862'� DQG� 662'� KRUL]RQWDOO\� SDUWLWLRQ� WKH� RULJLQDO
62'� UHODWLRQ�� ZLWK� DOO� WKH� 8�6WDUVKLSV� LQ� 862'� DQG� DOO� WKH� 6�
6WDUVKLSV�LQ�662'�

�� 3DUWLWLRQ� WKH� GRPDLQ� RI� WKH� SULPDU\� NH\�� $QRWKHU�ZD\� WR� HOLPLQDWH
HQWLW\� SRO\LQVWDQWLDWLRQ� LV� WR� SDUWLWLRQ� WKH� GRPDLQ� RI� WKH� SULPDU\
NH\�DPRQJ�WKH�YDULRXV�DFFHVV�FODVVHV�SRVVLEOH�IRU�WKH�SULPDU\�NH\�
)RU�RXU�H[DPSOH��VXSSRVH� WKDW� WKH�DSSOLFDWLRQ�UHTXLUHV� WKDW� VWDU�
VKLSV�ZKRVH�QDPHV�EHJLQ�ZLWK�$�WKURXJK�(�DUH�XQFODVVLILHG��VWDU�
VKLSV�ZKRVH�QDPHV�EHJLQ�ZLWK�)�WKURXJK�7�DUH�VHFUHW��DQG�VR�RQ�
:KHQHYHU� D� QHZ� WXSOH� LV� LQVHUWHG�� WKH� V\VWHP� HQIRUFHV� WKLV� UH�
TXLUHPHQW�DV�DQ� LQWHJULW\� FRQVWUDLQW�� ,Q� WKLV� FDVH�� WKH� VHFUHW�(Q�
WHUSULVH�PXVW�EH�UHQDPHG��SHUKDSV�DV�IROORZV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

)UHHGRP 6 6S\LQJ 6 5LJHO 6 6
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7KH�'%06�FDQ�QRZ�UHMHFW�DQ\�DWWHPSW�E\�D�8�XVHU�WR�LQVHUW�D�VWDU�
VKLS�ZKRVH� QDPH� EHJLQV�ZLWK� )� WKURXJK� =�� ZLWKRXW� FDXVLQJ� DQ\
LQIRUPDWLRQ�OHDNDJH�RU�LQWHJULW\�YLRODWLRQ�

�� /LPLW�LQVHUWLRQV�WR�EH�GRQH�E\�WUXVWHG�VXEMHFWV��$�WKLUG�ZD\�WR�HOLPL�
QDWH� HQWLW\� SRO\LQVWDQWLDWLRQ� LV� WR� UHTXLUH� WKDW� DOO� LQVHUWLRQV� DUH
GRQH�E\�D�V\VWHP�KLJK�XVHU��ZLWK�D�ZULWH�GRZQ�RFFXUULQJ�DV�SDUW�RI
WKH�LQVHUW�RSHUDWLRQ���6WULFWO\�VSHDNLQJ��LW�LV�RQO\�QHFHVVDU\�WR�KDYH
D�UHODWLRQ�KLJK�XVHU�³�WKDW�LV��D�XVHU�WR�ZKRP�DOO�WXSOHV�DUH�YLVL�
EOH���,Q�WKH�FRQWH[W�RI�WKH�H[DPSOH��WKLV�PHDQV�WKDW�D�8�XVHU�ZKR
ZLVKHV�WR�LQVHUW�WKH�WXSOH��(QWHUSULVH��([SORUDWLRQ��7DORV��PXVW�DVN
DQ� 6�XVHU� WR� GR� WKH� LQVHUWLRQ�� 7KH� 6�XVHU� GRHV� VR� E\� LQYRNLQJ� D
WUXVWHG�VXEMHFW�WKDW�FDQ�FKHFN�IRU�NH\�FRQIOLFW�DQG��LI�WKHUH�LV�QRQH�
LQVHUW�D�8�WXSOH�E\�ZULWLQJ�GRZQ��,I� WKHUH� LV�D�FRQIOLFW�� WKH�6�XVHU
LQIRUPV� WKH� 8�XVHU� DERXW� LW�� VR� WKH� 8�XVHU� FDQ�� IRU� H[DPSOH�
FKDQJH�WKH�QDPH�RI�WKH�VWDUVKLS�WR�9R\DJHU�

8�6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

Figure 11. USOD.

6�6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 6 6S\LQJ 6 5LJHO 6 6

Figure 12. SSOD.

7KH�ILUVW�DSSURDFK�LV�DYDLODEOH�LQ�DQ\�0/6�'%06�WKDW�DOORZV�D�UDQJH�RI
DFFHVV� FODVVHV� IRU� LQGLYLGXDO� DWWULEXWHV� �RU� DWWULEXWH� JURXSV��� E\� VLPSO\
OLPLWLQJ�WKH�FODVVLILFDWLRQ�UDQJH�RI�WKH�DSSDUHQW�NH\�WR�EH�D�VLQJOHWRQ�VHW�
7KH�VHFRQG�DSSURDFK�LV�DYDLODEOH�WR�DQ\�'%06�WKDW�FDQ�HQIRUFH�GRPDLQ
FRQVWUDLQWV�ZLWK�DGHTXDWH�JHQHUDOLW\��7KH�WKLUG�DSSURDFK�LV�DOZD\V�DYDLO�
DEOH� EXW� UHTXLUHV� WKH� XVH� RI� WUXVWHG� FRGH�� 1RWH� WKDW� DOWKRXJK� WKHUH� LV
VRPH�OHDNDJH�RI�LQIRUPDWLRQ��LW�LV�ZLWK�D�KXPDQ�LQ�WKH�ORRS��7KLV�W\SH�RI
LQIRUPDWLRQ�IORZ�FDQQRW�EH�FRPSOHWHO\�HOLPLQDWHG�>'2'��@��7KH�EHVW�DS�
SURDFK�ZLOO�GHSHQG�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�0/6�'%06�DQG�WKH�DS�
SOLFDWLRQ��SDUWLFXODUO\�FRQFHUQLQJ�WKH�IUHTXHQF\�DQG�VRXUFH�RI�LQVHUWLRQV�
7KH�SUHYHQWLRQ�DSSURDFK�DOVR�SURSRVHV�WHFKQLTXHV�WR�SUHYHQW�DWWULEXWH

SRO\LQVWDQWLDWLRQ� ZLWKRXW� FRPSURPLVLQJ� RQ� FRQILGHQWLDOLW\�� LQWHJULW\�� RU
GHQLDO�RI�VHUYLFH� UHTXLUHPHQWV�� 7KH� EDVLF� LGHD� LV� WR� LQWURGXFH� D� VSHFLDO
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V\PERO�GHQRWHG�E\�´5HVWULFWHG··�DV� WKH�SRVVLEOH�YDOXH�RI�D�GDWD�HOHPHQW�
7KH�YDOXH� ´5HVWULFWHGµ� LV�GLVWLQFW� IURP�DQ\�RWKHU� YDOXH� IRU� WKDW� HOHPHQW
DQG� LV� DOVR� GLIIHUHQW� IURP� ´1XOO�··� ,Q� RWKHU�ZRUGV�� WKH� GRPDLQ� RI� D� GDWD
HOHPHQW� LV� LWV� QDWXUDO� GRPDLQ� H[WHQGHG� ZLWK� ´5HVWULFWHG··� DQG� ´1XOO�··
7KHQ� ZH� FDQ� GHILQH� WKH� VHPDQWLFV� RI� ´5HVWULFWHG··� VR� DV� WR� EH� DEOH� WR
HOLPLQDWH�ERWK�YLVLEOH�DQG�LQYLVLEOH�SRO\LQVWDQWLDWLRQ�>6$1'��@�
&RQVLGHU�DJDLQ�WKH�YLVLEOH�SRO\LQVWDQWLDWLRQ�VFHQDULR�SUHVHQWHG�HDUOLHU�

EHJLQQLQJ�ZLWK�WKH�IROORZLQJ�UHODWLRQ�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

1H[W��VXSSRVH�DQ�6�XVHU�DWWHPSWV�WR�PRGLI\�WKH�GHVWLQDWLRQ�RI�WKH�(Q�
WHUSULVH� WR� EH�5LJHO�� 7KLV�XSGDWH� GRHV�QRW� FDXVH� DQ\� VHFXULW\� YLRODWLRQ�
%XW�QRZ�VXSSRVH�WKDW�WKH�QHZ�GHVWLQDWLRQ� LV�FODVVLILHG�6HFUHW��7KH�SUH�
YHQWLRQ�DSSURDFK�UHTXLUHV�WKH�6�XVHU�ILUVW�WR� ORJ� LQ�DV�D�8�XVHU��DQG�WR
PDUN�WKH�GHVWLQDWLRQ�RI�WKH�(QWHUSULVH�DV�´5HVWULFWHG�··�JLYLQJ�WKH�IROORZ�
LQJ�UHODWLRQ�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5HVWULFWHG 8 8

7KH�PHDQLQJ�RI��5HVWULFWHG��8!�LV�WKDW�WKLV�ILHOG�FDQ�QR�ORQJHU�EH�XS�
GDWHG�E\�DQ�RUGLQDU\�8�XVHU���8�XVHUV�FDQ�WKHUHIRUH� LQIHU� WKDW� WKH�WUXH
YDOXH�RI�(QWHUSULVH·V�GHVWLQDWLRQ�LV�FODVVLILHG�DW�VRPH�OHYHO�QRW�GRPLQDWHG
E\�8��7KH�6�XVHU�WKHQ�ORJV�LQ�DV�DQ�6�VXEMHFW�DQG�HQWHUV�WKH�GHVWLQDWLRQ
RI�WKH�(QWHUSULVH�DV�5LJHO��JLYLQJ�XV�WKH�IROORZLQJ�UHODWLRQV�DW�WKH�8��DQG
6�OHYHOV�UHVSHFWLYHO\�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5HVWULFWHG 8 8

���������������������������������������������
�$OWHUQDWHO\��WKH�6�XVHU�ORJV�LQ�DW�WKH�8�OHYHO�DQG�DVNV�VRPH�SURSHUO\�DXWKRU�

L]HG�8�XVHU�WR�FDUU\�RXW�WKLV�VWHS��&RPPXQLFDWLRQ�RI�WKLV�UHTXHVW�IURP�WKH�6�XVHU
WR�8�XVHU�PD\�DOVR�RFFXU�RXWVLGH� WKH�FRPSXWHU� V\VWHP�� VD\�E\�GLUHFW� SHUVRQDO
FRPPXQLFDWLRQ�RU�D�VHFXUH�WHOHSKRQH�FDOO�
�2QO\�WKRVH�8�XVHUV�ZLWK�WKH�´XQUHVWULFW··�SULYLOHJH�IRU�WKLV�ILHOG�FDQ�XSGDWH� LW

>6$1'��@�
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6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5HVWULFWHG 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

1RWH�WKDW�WKLV�SURWRFRO�GRHV�QRW�LQWURGXFH�D�VLJQDOLQJ�FKDQQHO�IURP�DQ
6�VXEMHFW� WR� D�8�VXEMHFW�� 7KHUH� LV� DQ� LQIRUPDWLRQ� IORZ�� EXW� IURP� DQ� 6�
XVHU��ORJJHG�LQ�DV�D�8�VXEMHFW��WR�D�8�VXEMHFW��7KLV� LV�DQ�LPSRUWDQW�GLV�
WLQFWLRQ��$V�PHQWLRQHG�LQ�WKH�2UDQJH�%RRN�>'2'��@��WKHUH� LV� WKH�SRVVL�
ELOLW\�WKDW�VXEMHFWV�PD\�WKHPVHOYHV�FRQVWLWXWH�7URMDQ�KRUVHV��7KLV�W\SH�RI
LQIRUPDWLRQ�IORZ��ZKLFK�LQFOXGHV�KXPDQV�LQ�WKH�SURFHVV��FDQQRW�EH�FRP�
SOHWHO\�HOLPLQDWHG�
1H[W� FRQVLGHU� KRZ� WKH� LQYLVLEOH� SRO\LQVWDQWLDWLRQ� VFHQDULR� SUHVHQWHG

HDUOLHU�ZRUNV�ZLWK�WKH�UHVWULFWHG�UHTXLUHPHQW��,Q�WKLV�FDVH��WKH�(QWHUSULVH
FDQ�KDYH�D�VHFUHW�GHVWLQDWLRQ�RQO\�LI�WKH�GHVWLQDWLRQ�KDV�EHHQ�PDUNHG�DV
EHLQJ�UHVWULFWHG�DW�WKH�XQFODVVLILHG�OHYHO��7KXV��RQH�SRVVLELOLW\�LV�WKDW�WKH
6��DQG�8�XVHUV�UHVSHFWLYHO\�VHH�WKH�IROORZLQJ�LQVWDQFHV�RI�62'�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5HVWULFWHG 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5HVWULFWHG 8 8

$OWHUQDWLYHO\��ERWK�6��DQG�8�XVHUV�PD\�VHH�WKH�IROORZLQJ�LQVWDQFH�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8 8

,Q�WKH�IRUPHU�HYHQW��DQ�DWWHPSW�E\�D�8�XVHU�WR�XSGDWH�WKH�GHVWLQDWLRQ�RI
WKH�(QWHUSULVH� WR�7DORV�ZLOO� EH� UHMHFWHG��ZKHUHDV� LQ� WKH� ODWWHU� HYHQW� WKH
XSGDWH�ZLOO�EH�DOORZHG��ZLWKRXW�FDXVLQJ�SRO\LQVWDQWLDWLRQ��
7KH�FRQFHSW�RI�WKH�´5HVWULFWHGµ�PDUN�LV�VWUDLJKWIRUZDUG��VR�ORQJ�DV�WKH

FODVVLILFDWLRQ� ODWWLFH� LV� WRWDOO\�RUGHUHG�� ,Q� WKH�JHQHUDO� FDVH�RI� D�SDUWLDOO\
RUGHUHG�ODWWLFH��VRPH�VXEWOHWLHV�DULVH��+RZ�WR�FRPSOHWHO\�HOLPLQDWH�SRO\�
LQVWDQWLDWLRQ�XVLQJ� ´5HVWULFWHGµ�KDV�EHHQ�GLVFXVVHG�DW� OHQJWK� HOVHZKHUH
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>6$1'��@�� ,Q�JHQHUDO��XSGDWLQJ� WKH�YDOXH�RI�DQ�DWWULEXWH� WR� ´5HVWULFWHGµ
FDQQRW�FDXVH�SRO\LQVWDQWLDWLRQ��2Q�WKH�RWKHU�KDQG��XSGDWLQJ�WKH�YDOXH�RI
DQ� DWWULEXWH� WR� D� GDWD� YDOXH�� VD\�� DW� WKH� &� OHYHO�� FDQ� EH� WKH� FDXVH� RI
SRO\LQVWDQWLDWLRQ��,I�SRO\LQVWDQWLDWLRQ�LV�WR�EH�FRPSOHWHO\�SURKLELWHG��WKLV
XSGDWH�PXVW�UHTXLUH�WKDW�WKH�GDWD�HOHPHQW�LV�UHVWULFWHG�DW�DOO�OHYHOV�ZKLFK
GR�QRW�GRPLQDWH�&��7KH�IDFW�WKDW�WKH�GDWD�HOHPHQW�LV�UHVWULFWHG�DW�DOO�OHY�
HOV�EHORZ�&�FDQ�EH�YHULILHG�E\�WKH�XVXDO� LQWHJULW\�FKHFNLQJ�PHFKDQLVPV
LQ�D�'%06�>6$1'��@��+RZHYHU��LW�LV�WULFN\�WR�JXDUDQWHH�WKLV�DW�OHYHOV�LQ�
FRPSDUDEOH�ZLWK�&��,Q�SUHSDULQJ�WR�HQWHU�D�GDWD�YDOXH�DW�WKH�&�OHYHO��WKH
V\VWHP�ZRXOG�QHHG�WR�VWDUW�D�V\VWHP�ORZ� �UHDOO\�GDWD�HOHPHQW�ORZ��SURF�
HVV��ZKLFK�FRXOG�WKHQ�ZULWH�XS��$�SURWRFRO�IRU�WKLV�SXUSRVH�KDV�EHHQ�GH�
VFULEHG�>6$1'��@��

([SOLFLW� DOWHUQDWLYHV� DSSURDFK�� 7KH� IRXUWK� DSSURDFK� GHVFULEHG� KHUH� DO�
ORZV�WKH�DSSOLFDWLRQ�GHYHORSHU� WR�FKRRVH�DPRQJ�H[SOLFLW�DOWHUQDWLYHV�� IRU
SRO\LQVWDQWLDWLRQ�� 6DQGKX� DQG� -DMRGLD� >6$1'��F@� EURXJKW� WRJHWKHU� D
QXPEHU�RI�WKHLU�SUHYLRXVO\�SXEOLVKHG�LGHDV��DORQJ�ZLWK�VRPH�QHZ�RQHV��WR
GHILQH�D�SDUWLFXODU�VHPDQWLFV�IRU�SRO\LQVWDQWLDWLRQ�FDOOHG�SRO\LQVWDQWLDWLRQ
IRU�FRYHU�VWRULHV��3&6���3&6�DOORZV�WZR�DOWHUQDWLYHV�IRU�HDFK�DWWULEXWH��RU
DWWULEXWH�JURXS��RI�D�PXOWLOHYHO�WXSOH�

�� QR�SRO\LQVWDQWLDWLRQ��RU
�� SRO\LQVWDQWLDWLRQ� DW� WKH� H[SOLFLW� UHTXHVW� RI� D� XVHU� WR� ZKRP� WKH

SRO\LQVWDQWLDWLRQ�LV�YLVLEOH�

3&6�VWULFWO\�OLPLWV�WKH�H[WHQW�RI�SRO\LQVWDQWLDWLRQ�E\�UHTXLULQJ�WKDW�HDFK
UHDO�ZRUOG�HQWLW\�EH�PRGHOHG�LQ�D�PXOWLOHYHO�UHODWLRQ�E\�DW�PRVW�RQH�WXSOH
SHU�VHFXULW\�FODVV��7KH�JRDO�RI�3&6�LV�WR�SURYLGH�D�QDWXUDO��LQWXLWLYH��DQG
XVHIXO� WHFKQLTXH� IRU� LPSOHPHQWLQJ�FRYHU�VWRULHV��ZLWK� UXQWLPH� IOH[LELOLW\
UHJDUGLQJ�WKHLU�XVH��$�SDUWLFXODU�DWWULEXWH�PD\�EH�XVHG�IRU�FRYHU�VWRULHV
IRU�VRPH�WXSOHV�DQG�QRW�IRU�RWKHUV��(YHQ�IRU�WKH�VDPH�UHDO�ZRUOG�HQWLW\��D
SDUWLFXODU� DWWULEXWH� PD\� EH� SRO\LQVWDQWLDWHG� DW� VRPH� WLPH� DQG� QRW� DW
RWKHU�WLPHV�
3&6� FRPELQHV� WKH� ´RQH� WXSOH� SHU� WXSOH� FODVV··� FRQFHSW� ZLWK� WKH� ´5H�

VWULFWHG··�FRQFHSW�SUHVHQWHG�HDUOLHU��7KH�EDVLF�PRWLYDWLRQ�IRU�3&6�FDQ�EH
DSSUHFLDWHG�E\�FRQVLGHULQJ�WKH�IROORZLQJ�LQVWDQFH�RI�62'�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 5HVWULFWHG 8 7DORV 8 8

���������������������������������������������
�,W�VKRXOG�EH�QRWHG� WKLV�SURWRFRO�ZRUNV� IRU�DQ�DUELWUDU\� ODWWLFH��DQG�GRHV�QRW

UHTXLUH�DQ\�WUXVWHG�VXEMHFWV��7KH�XVH�RI�WUXVWHG�VXEMHFWV�ZLOO�DOORZ�VLPSOHU�SURWR�
FROV�IRU�WKLV�SXUSRVH�



6ROXWLRQV�WR�WKH�3RO\LQVWDQWLDWLRQ�3UREOHP ���

(QWHUSULVH 8 6S\LQJ 6 5LJHO 6 6

,Q� WKLV� FDVH�� WKH�'HVWLQDWLRQ�DWWULEXWH�RI� WKH�(QWHUSULVH� LV�SRO\LQVWDQWL�
DWHG�VR�WKDW��7DORV��8!�LV�D�FRYHU�VWRU\�IRU�WKH�UHDO�6�GHVWLQDWLRQ�RI�5LJHO�
7KH�2EMHFWLYH�LV�QRW�SRO\LQVWDQWLDWHG�
&RQVLGHU� WKH� RFFXUUHQFH� RI� SRO\LQVWDQWLDWLRQ� GXH� WR� LQYLVLEOH� SRO\LQ�

VWDQWLDWLRQ��DV�GLVFXVVHG�E\�H[DPSOH�HDUOLHU��7KLV�H[DPSOH�EHJLQV�ZLWK�6�
DQG�8�XVHUV�UHVSHFWLYHO\�KDYLQJ�WKH�IROORZLQJ�YLHZV�RI�62'�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8 8

6R� IDU�� WKHUH� LV�QR�SRO\LQVWDQWLDWLRQ��3RO\LQVWDQWLDWLRQ�RFFXUV� LQ� WKH�H[�
DPSOH�ZKHQ�D�8�XVHU�XSGDWHV�WKH�GHVWLQDWLRQ�RI�WKH�(QWHUSULVH�WR�EH�7D�
ORV�
3&6� WDNHV� D� VOLJKWO\� GLIIHUHQW� DSSURDFK� WR� WKLV� H[DPSOH�� $FFRUGLQJ� WR

WKH�3&6�DSSURDFK��SRO\LQVWDQWLDWLRQ�GRHV�H[LVW�LQ�WKH�6�LQVWDQFH�RI�62'
JLYHQ�DERYH��3&6�VKRZV�WKLV�LQVWDQFH�DV�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

,Q�WKLV�DSSURDFK��SRO\LQVWDQWLDWLRQ�DOUHDG\�H[LVWV�SULRU�WR�WKH�8�XVHU�XS�
GDWLQJ�WKH�GHVWLQDWLRQ�RI�WKH�(QWHUSULVH�WR�EH�7DORV��7KLV�XSGDWH�PHUHO\
PRGLILHV�DQ�DOUHDG\�SRO\LQVWDQWLDWHG�UHODWLRQ�LQVWDQFH�WR�EH�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 7DORV 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6
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:LWK� WKLV� DSSURDFK�� HOHPHQW� SRO\LQVWDQWLDWLRQ� FDQ� RFFXU� RQO\� GXH� WR
YLVLEOH�SRO\LQVWDQWLDWLRQ�� ,QYLVLEOH�SRO\LQVWDQWLDWLRQ�VLPSO\�FDQQRW�EH� WKH
FDXVH� RI� HOHPHQW� SRO\LQVWDQWLDWLRQ�� &RQVHTXHQWO\�� SRO\LQVWDQWLDWLRQ� ZLOO
RFFXU�RQO\�E\�WKH�GHOLEHUDWH�DFWLRQ�RI�D�XVHU�WR�ZKRP�WKH�SRO\LQVWDQWLD�
WLRQ�LV� LPPHGLDWHO\�DYDLODEOH�� ,Q�RWKHU�ZRUGV��SRO\LQVWDQWLDWLRQ�GRHV�QRW
RFFXU�DV�D�VXUSULVH�
7KH�3&6�DSSURDFK�WUHDWV�QXOO�YDOXHV� OLNH�DQ\�RWKHU�GDWD�YDOXH��H[FHSW

LQ�WKH�DSSDUHQW�NH\�ILHOGV�ZKHUH�´1XOO··�VKRXOG�QRW�RFFXU���3UHYLRXV�ZRUN
RQ�WKH�VHPDQWLFV�RI�QXOO�LQ�SRO\LQVWDQWLDWHG�GDWDEDVHV�KDV�WDNHQ�WKH�YLHZ
WKDW� QXOOV� DUH� VXEVXPHG� E\� QRQQXOO� YDOXHV� LQGHSHQGHQW� RI� WKH� DFFHVV
FODVV� >-$-2��F�� 6$1'��@�� ,Q� WKLV� FDVH�� WKH� ILUVW� WXSOH� LQ� WKH� IROORZLQJ
UHODWLRQ�DYDLODEOH�WR�6�XVHUV

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

LV�VXEVXPHG�E\�WKH�VHFRQG�WXSOH��UHVXOWLQJ�LQ�WKH�IROORZLQJ�UHODWLRQ�IRU�6�
XVHUV�XVHG�LQ�WKH�HDUOLHU�LQYLVLEOH�SRO\LQVWDQWLDWLRQ�H[DPSOH�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 5LJHO 6 6

8QGHU�WKH�H[SOLFLW�DOWHUQDWLYH�DSSURDFK��WKH�IRUPHU�UHODWLRQ�LV�FRPSOHWHO\
DFFHSWDEOH��7KH�ODWWHU�FDQ�EH�DFFHSWDEOH��EXW�RQO\�LI�WKH�ORZHU�OLPLW�RQ�WKH
FODVVLILFDWLRQ�RI�WKH�'HVWLQDWLRQ�DWWULEXWH�LV�6�
7R�IXUWKHU�LOOXVWUDWH�WKH�VHPDQWLFV�RI�QXOO�LQ�3&6��FRQVLGHU�WKH�IROORZ�

LQJ�UHODWLRQ�

6WDUVKLS 2EMHFWLYH 'HVWLQDWLRQ 7&

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 8 8

(QWHUSULVH 8 ([SORUDWLRQ 8 1XOO 6 6

3&6�FRQVLGHUV�WKLV�WR�EH�D�SRO\LQVWDQWLDWHG�UHODWLRQ��7KH� IDFW� WKDW� WKHUH
DUH� QXOOV� UDWKHU� WKDQ� GDWD� YDOXHV� LQ� WKH� SRO\LQVWDQWLDWHG� ILHOG� KDV� QR
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EHDULQJ�RQ�WKH�WUHDWPHQW�RI� WKLV� UHODWLRQ��7KH�VHPDQWLFV�RI�QXOO� >-$-2��F�
6$1'��@�UHTXLUH�DOO�QXOO�YDOXHV�WR�EH�FODVVLILHG�DW�WKH�OHYHO�RI�WKH�DSSDUHQW
NH\��8�LQ�WKLV�FDVH���WKHUHE\�GHHPLQJ�WKH�VHFRQG�WXSOH�LOOHJDO�
7KH� 3&6� DSSURDFK� OHDYHV� PDQ\� RI� WKH� FKRLFHV� RI� ZKHWKHU� RU� QRW� WR

SRO\LQVWDQWLDWH� WR� WKH�DSSOLFDWLRQ�GHVLJQHU�� ,W�GLIIHUHQWLDWHV�EHWZHHQ�XS�
GDWHV� WKDW�FDQQRW�FDXVH�SRO\LQVWDQWLDWLRQ�DQG� WKRVH� WKDW� FDQ��7KH�3&6
GHVLJQ�XVHV�WZR�GLIIHUHQW�NH\ZRUGV��83'$7(�DQG�383'$7(��WR�PDNH�WKH
GLVWLQFWLRQ� H[SOLFLW�� 7KH� 3&6� DSSURDFK� DOVR� UHOLHV� RQ� WKH� GLVWLQJXLVKHG
GDWD�YDOXH�´5HVWULFWHG�··�7KH�PHDQLQJ�RI� WKLV�GDWD�YDOXH� LV� WKDW�XVHUV�DW
WKH� DVVRFLDWHG� FODVVLILFDWLRQ� OHYHO� FDQQRW� PRGLI\� WKH� YDOXH� RI� WKH� UH�
VWULFWHG�DWWULEXWH��$V� LQ� WKH�SUHYHQWLRQ�DSSURDFK�SUHVHQWHG�HDUOLHU��3&6
LQFOXGHV�VSHFLDO�SULYLOHJHV�IRU�LPSRVLQJ�DQG�OLIWLQJ�VXFK�UHVWULFWLRQV�

$UFKLWHFWXUDO�FRQVLGHUDWLRQV

7KH�DUFKLWHFWXUH�RI�DQ�0/6�'%06�DIIHFWV�WKH�FKRLFHV�RI�SRO\LQVWDQWLD�
WLRQ�VWUDWHJLHV�DYDLODEOH� WR� WKH�GDWDEDVH�DGPLQLVWUDWRU� �'%$���7KHUH�DUH
WZR�IXQGDPHQWDOO\�GLIIHUHQW�DUFKLWHFWXUDO�DOWHUQDWLYHV�DYDLODEOH� LQ�EXLOG�
LQJ�DQ�0/6�'%06��7KH�GHWDLOV�RI� WKHVH�DUFKLWHFWXUHV� >6&+$��@�DUH�EH�
\RQG� WKH� VFRSH� RI� WKLV� HVVD\�� EXW�ZH� SUHVHQW� WKHP� EULHIO\� WR� SRLQW� RXW
WKHLU�LPSOLFDWLRQV�IRU�SRO\LQVWDQWLDWLRQ�
)LJXUHV����DQG���� LOOXVWUDWH� WKH�WZR�DSSURDFKHV� �ZKLFK�DUH�DOVR�GHDOW

ZLWK� LQ� (VVD\� ����� )LJXUH� ��� VKRZV� WKH� WUXVWHG� FRPSXWLQJ� EDVH� �7&%�
VXEVHW�DUFKLWHFWXUH��,Q�WKLV�DUFKLWHFWXUH��GDWD�DW�HDFK�FODVVLILFDWLRQ�OHYHO
DUH� VWRUHG� LQ� D� VHSDUDWH� GDWDEDVH�� 8VHUV� DW� HDFK� OHYHO� LQWHUDFW� ZLWK� D
VHSDUDWH�'%06��DQG�HDFK�'%06�KDV�DFFHVV�WR�DOO�GDWDEDVHV�DW�LWV�OHYHO
RU�ORZHU�

Figure 13. Trusted computing base subset architecture.
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)LJXUH����LOOXVWUDWHV�WKH�WUXVWHG�VXEMHFW�DUFKLWHFWXUH�� ,Q�WKLV�DUFKLWHF�
WXUH�� GDWD� DW�PXOWLSOH� OHYHOV� DUH� VWRUHG� LQ� WKH� VDPH� GDWDEDVH��8VHUV� DW
PXOWLSOH�OHYHOV�LQWHUDFW�ZLWK�WKH�VDPH�'%06��DQG�WKH�'%06�LV�WUXVWHG�WR
SURWHFW�WKH�GDWD�DFFRUGLQJ�WR�WKHLU�FODVVLILFDWLRQ�OHYHOV�

Figure 14. Trusted subject architecture.

7KH�SRWHQWLDO�IRU�SRO\LQVWDQWLDWLRQ�LV�LQKHUHQW�LQ�WKH�7&%�VXEVHW�DUFKL�
WHFWXUH��7KH�'%06�UXQQLQJ�DW�WKH�ORZHU�OHYHO�KDV�QR�NQRZOHGJH�RI�GDWD
VWRUHG�LQ�KLJKHU�OHYHO�IUDJPHQWV��XQOHVV�DOO�NH\V�DUH�FODVVLILHG�DW�WKH�VDPH
�ORZ��OHYHO��8QOHVV�VSHFLILF�PHDVXUHV�DUH�WDNHQ�WR�FRSH�ZLWK�WKH�SUREOHP
�DV�� IRU� H[DPSOH�� LQ� WKH� DSSURDFK� GHVFULEHG� LQ� WKH� VHFWLRQ� ´9LVLEOH� UH�
VWULFWLRQVµ���SRO\LQVWDQWLDWLRQ�GXH� WR� ORZ�XVHUV�FDQQRW�EH�SUHYHQWHG��$W�
WULEXWH�SRO\LQVWDQWLDWLRQ�PD\�EH�DOORZHG�E\�GHILQLQJ�ORJLFDO�UHODWLRQV�WKDW
VSDQ�PXOWLSOH� OHYHOV�� 7KH� XQGHUO\LQJ� GDWDEDVHV�ZRXOG� VWRUH� VLQJOH�OHYHO
IUDJPHQWV� RI� WKH� UHODWLRQV�� 5HVWULFWLRQV� RQ� IUDJPHQWDWLRQ� DUH� WKH� ILUVW
PHWKRG�WR�FRQWURO�WKH�W\SHV�RI�SRO\LQVWDQWLDWLRQ�VHPDQWLFV�DOORZHG�ZLWKLQ
D�V\VWHP�
9DULRXV�SRO\LQVWDQWLDWLRQ�VWUDWHJLHV�KDYH�EHHQ�SURSRVHG�WR�FRQWURO� WKH

UHFRPSRVLWLRQ�RI�UHODWLRQV�DW�WKH�WLPH�RI�GDWD�UHWULHYDO��7KH�'%06�PXVW
GHWHUPLQH�KRZ� WR� FRPELQH� WKH� GDWD� UHFHLYHG� IURP� WKH� XQGHUO\LQJ� GDWD�
EDVHV�LQWR�D�VLQJOH�DQVZHU�IRU�WKH�XVHU��7KH�DSSURDFK�PD\�EH�WR�SHUIRUP
MRLQV�DQG�UHWXUQ�FRPELQDWLRQV�RI�GDWD��DV�LQ�WKH�6HD9LHZ�DSSURDFK��SUH�
VHQWHG�LQ�WKH�VHFWLRQ�HQWLWOHG�´3URSDJDWLRQ�RI�SRO\LQVWDQWLDWHG�WXSOHVµ���WR
FKRRVH�WKH�GDWD�ZLWK� WKH�KLJKHVW�FODVVLILFDWLRQ� OHYHO�ZKHQHYHU� WKHUH�DUH
SRO\LQVWDQWLDWHG�GDWD��DV�LQ�WKH�0/6�*'66�DSSURDFK��LQ�WKH�VHFWLRQ�HQWL�
WOHG�´'HULYHG�YDOXHVµ���WR�UHWXUQ�GDWD�DW�WKH�FODVVLILFDWLRQ�OHYHOV�H[SOLFLWO\
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UHTXHVWHG�E\�WKH�XVHU� �DV� LQ� WKH�EHOLHI�DSSURDFK�� LQ� WKH�VHFWLRQ�HQWLWOHG
´9LVLEOH�UHVWULFWLRQVµ���RU�WR�XVH�VRPH�RWKHU�VWUDWHJ\�
8QGHU� WKH� WUXVWHG� VXEMHFW� DUFKLWHFWXUH�� D�'%$�KDV�PRUH� IOH[LELOLW\� WR

WUDGH�VWULFW�VHFXULW\�HQIRUFHPHQW�IRU�GDWD�LQWHJULW\��,I�WKH�'%$�FKRRVHV�WR
XVH�SRO\LQVWDQWLDWLRQ�UDWKHU�WKDQ�WR�SHUPLW�GLVFORVXUH�FKDQQHOV��WKHQ�WKH
WUXVWHG�'%06�PXVW� HQIRUFH� LWV� RZQ� EDUULHUV� EHWZHHQ� GDWD� DW� GLIIHUHQW
OHYHOV��,Q�HIIHFW��WKH�EDUULHUV�WKDW�ZHUH�LPSRVHG�E\�WKH�7&%�VXEVHW�DUFKL�
WHFWXUH�DUH�UHLQVWDWHG�WKURXJK�VRIWZDUH�LQ�WKH�WUXVWHG�'%06��8QGHU�WKH
WUXVWHG� VXEMHFW� DUFKLWHFWXUH�� WKH� '%$� PD\� DOVR� FKRRVH� WR� DOORZ� ORZHU
OHYHO� XVHUV� WR� VHH� VRPH� LQIRUPDWLRQ� DERXW� WKH� H[LVWHQFH� RI� KLJKHU� OHYHO
GDWD� LQ�RUGHU�WR�HQIRUFH�GDWD� LQWHJULW\��6LQFH�WKH�WUXVWHG�'%06�KDV�DF�
FHVV� WR�GDWD�DW�DOO� OHYHOV�� LW� LV�DEOH� WR� LPSRVH� UHVWULFWLRQV�RQ� ORZHU� OHYHO
XSGDWHV�

&RQFOXVLRQ

7KH� GHVLJQ� RI� DQ�0/6�'%06�PXVW� WDNH� LQWR� DFFRXQW� WKH� SUREOHP� RI
SRO\LQVWDQWLDWLRQ��:KHQ�GDWD�LWHPV�H[LVW�DW�PXOWLSOH�FODVVLILFDWLRQ�OHYHOV�
WKHUH� LV� WKH� SRWHQWLDO� IRU� LQFRQVLVWHQW� YDOXHV� IRU� WKH� VDPH�GDWD� LWHP�DW
GLIIHUHQW�OHYHOV��3RO\LQVWDQWLDWLRQ�PD\�RFFXU�RYHU�WXSOHV�RU�DWWULEXWHV��DQG
LW� PD\� DULVH� WKURXJK� XSGDWHV� DW� ORZ� RU� KLJK� FODVVLILFDWLRQ� OHYHOV�� 5H�
VHDUFKHUV� KDYH� GHYHORSHG� D� QXPEHU� RI� GLIIHUHQW� DSSURDFKHV� WR� SRO\LQ�
VWDQWLDWLRQ�� QR� RQH� VROXWLRQ� LV� EHVW� IRU� DOO� DSSOLFDWLRQV�� 7KLV� HVVD\
RXWOLQHG�DSSURDFKHV�LQ�ZKLFK�WKH�V\VWHP�

� SURSDJDWHV�SRO\LQVWDQWLDWHG�WXSOHV� WR�UHIOHFW�YDOLG�FRPELQDWLRQV�RI
YDOXHV�

� VKRZV� XVHUV� GHULYHG� WXSOHV� EDVHG� RQ� XQGHUO\LQJ� SRO\LQVWDQWLDWHG
WXSOHV��RU

� LQIRUPV�XVHUV�H[SOLFLWO\�RI�UHVWULFWLRQV�RU�LQFRQVLVWHQFLHV�SUHVHQW�LQ
WKH�GDWD�VR�WKDW�SRO\LQVWDQWLDWLRQ�FDQ�EH�FRQWUROOHG�

$FNQRZOHGJPHQW

7KH�ZRUN�RI�6��-DMRGLD�DQG�5�6��6DQGKX�ZDV�SDUWLDOO\�VXSSRUWHG�E\�WKH
86�$LU�)RUFH��5RPH�/DERUDWRU\��XQGHU�FRQWUDFW��)���������&�������:H
DUH�LQGHEWHG�WR�-RH�*LRUGDQR�IRU�KLV�VXSSRUW�DQG�HQFRXUDJHPHQW��ZKLFK
PDGH�WKLV�ZRUN�SRVVLEOH�


