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5HFHQWO\��VHYHUDO�VHFXULW\�PRGHOV�KDYH�DSSHDUHG�LQ�WKH�OLWHUDWXUH�GHDO�
LQJ�ZLWK�PDQGDWRU\� DFFHVV� FRQWUROV� LQ� REMHFW�RULHQWHG�GDWDEDVHV��:KLOH
VRPH�RI�WKHP�DUH�RI�FRQVLGHUDEOH�LQWHUHVW�DQG�PHULW��VHH�WKH�ODWHU�VHFWLRQ
´5HYLHZ�RI�UHOHYDQW�UHVHDUFKµ�IRU�D�GLVFXVVLRQ���WKH\�VHHP�WR�ODFN�LQWXLWLYH
DSSHDO�EHFDXVH�WKH\�GR�QRW�DSSHDU�WR�PRGHO�VHFXULW\�LQ�D�ZD\�WKDW�WDNHV
IXOO�DGYDQWDJH�RI�WKH�REMHFW�RULHQWHG�SDUDGLJP��2XU�JRDO�LQ�WKLV�HVVD\�LV
WR� FRQVWUXFW� D� GDWDEDVH� VHFXULW\� PRGHO� IRU� PDQGDWRU\� DFFHVV� FRQWUROV
WKDW�GRYHWDLOV�ZLWK�WKH�REMHFW�RULHQWHG�GDWD�PRGHO�LQ�D�QDWXUDO�ZD\��7KH
UHVXOW��ZH�KRSH��LV�D�VHW�RI�SULQFLSOHV�WR�KHOS�GHVLJQ�DQG�LPSOHPHQW�VHFX�
ULW\�SROLFLHV� LQ�REMHFW�RULHQWHG�GDWDEDVH�PDQDJHPHQW�V\VWHPV� LQ�D�FOHDU
DQG�FRQFLVH�IDVKLRQ�
7KH�REMHFW�VXEMHFW�SDUDGLJP�RI�%HOO�DQG�/D3DGXOD�>%(//����'(11��@�LV

ZLGHO\�XVHG� LQ�ZRUN�RQ�PDQGDWRU\�DFFHVV�FRQWUROV��$Q�REMHFW� LV�XQGHU�
VWRRG�WR�EH�D�GDWD�ILOH�RU��DW�DQ�DEVWUDFW�OHYHO��D�GDWD�LWHP��$�VXEMHFW�LV�DQ
DFWLYH�SURFHVV�WKDW�FDQ�UHTXHVW�DFFHVV�WR�REMHFWV��(YHU\�REMHFW�LV�DVVLJQHG
D�FODVVLILFDWLRQ��DQG�HYHU\�VXEMHFW�D�FOHDUDQFH��&ODVVLILFDWLRQV�DQG�FOHDU�
DQFHV�DUH�FROOHFWLYHO\� UHIHUUHG� WR�DV�VHFXULW\� OHYHOV� �RU� FODVVHV���6HFXULW\
OHYHOV�DUH�SDUWLDOO\�RUGHUHG��$�VXEMHFW�LV�DOORZHG�D�UHDG�DFFHVV�WR�DQ�RE�
MHFW�RQO\�LI�WKH�IRUPHU·V�FOHDUDQFH�LV�HTXLYDOHQW�WR�RU�KLJKHU��LQ�WKH�SDUWLDO
RUGHU��WKDQ�WKH�ODWWHU·V�FODVVLILFDWLRQ��$�VXEMHFW�LV�DOORZHG�D�ZULWH�DFFHVV
WR�DQ�REMHFW�RQO\�LI�WKH�IRUPHU·V�FOHDUDQFH�LV�HTXLYDOHQW�WR�RU� ORZHU�WKDQ
WKH�ODWWHU·V�FODVVLILFDWLRQ��6LQFH�D�V\VWHP�PD\�QRW�EH�VHFXUH�HYHQ�LI�LW�DO�
ZD\V�HQIRUFHV�WKH�WZR�%HOO�/D3DGXOD�UHVWULFWLRQV�FRUUHFWO\��D�VHFXUH�V\V�
WHP�PXVW� JXDUG� DJDLQVW� QRW� RQO\� WKH� GLUHFW� UHYHODWLRQ� RI� GDWD� EXW� DOVR
YLRODWLRQV�WKDW�SURGXFH�LOOHJDO�LQIRUPDWLRQ�IORZV�WKURXJK�LQGLUHFW�PHDQV�
LQFOXGLQJ�FRYHUW�FKDQQHOV�>'(11��@��7KH�DERYH�UHVWULFWLRQV�DUH�LQWHQGHG
WR� HQVXUH� WKDW� WKHUH� LV� QR� IORZ� RI� LQIRUPDWLRQ� IURP�KLJK� REMHFWV� WR� ORZ
VXEMHFWV��)RU�RWKHUZLVH��VLQFH�VXEMHFWV�FDQ�UHSUHVHQW�XVHUV��D�EUHDFK�RI
VHFXULW\� RFFXUV�ZKHUHLQ�XVHUV� JHW� DFFHVV� WR� LQIRUPDWLRQ� IRU�ZKLFK� WKH\
KDYH�QRW�EHHQ�FOHDUHG�
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0RVW�VHFXULW\�PRGHOV� IRU�PDQGDWRU\�DFFHVV�FRQWUROV�DUH�EDVHG�RQ� WKH
WUDGLWLRQDO� %HOO�/D3DGXOD� SDUDGLJP��:KLOH� WKLV� SDUDGLJP� KDV� SURYHQ� WR
EH� TXLWH� HIIHFWLYH� IRU�PRGHOLQJ� VHFXULW\� LQ� RSHUDWLQJ� V\VWHPV� DV�ZHOO� DV
UHODWLRQDO�GDWDEDVHV��LW�DSSHDUV�VRPHZKDW�IRUFHG�ZKHQ�DSSOLHG�WR�REMHFW�
RULHQWHG�V\VWHPV��7KH�SUREOHP�LV�WKDW�WKH�QRWLRQ�RI�REMHFW�LQ�WKH�REMHFW�
RULHQWHG�GDWD�PRGHO�GRHV�QRW�FRUUHVSRQG�WR� WKH�%HOO�/D3DGXOD�QRWLRQ�RI
REMHFW��7KH� IRUPHU� FRPELQHV� WKH�SURSHUWLHV� RI� D�SDVVLYH� LQIRUPDWLRQ� UH�
SRVLWRU\��UHSUHVHQWHG�E\�DWWULEXWHV�DQG�WKHLU�YDOXHV��ZLWK�WKH�SURSHUWLHV
RI�DQ�DFWLYH�DJHQW��UHSUHVHQWHG�E\�PHWKRGV�DQG�WKHLU�LQYRFDWLRQV��7KXV�
WKH�REMHFW�RI�WKH�REMHFW�RULHQWHG�GDWD�PRGHO�FDQ�EH�WKRXJKW�RI�DV�WKH�RE�
MHFW�DQG�WKH�VXEMHFW�RI�WKH�%HOO�/D3DGXOD�SDUDGLJP�IXVHG�LQWR�RQH�
&RQWLQXLQJ�WKH�H[DPLQDWLRQ�RI�WKH�REMHFW�RULHQWHG�PRGHO�IURP�WKH�VHFX�

ULW\� SHUVSHFWLYH�� RQH� DUULYHV� DW� WKH� UHDOL]DWLRQ� WKDW� LQIRUPDWLRQ� IORZ� LQ
WKLV�FRQWH[W�KDV�D�YHU\�FRQFUHWH�DQG�QDWXUDO�HPERGLPHQW�LQ�WKH�IRUP�RI
PHVVDJHV�DQG�WKHLU�UHSOLHV��0RUHRYHU��WDNLQJ�LQWR�DFFRXQW�HQFDSVXODWLRQ�
D�FDUGLQDO�SURSHUW\�RI�REMHFW�RULHQWHG�V\VWHPV��PHVVDJHV�FDQ�EH�FRQVLG�
HUHG�WKH�RQO\�LQVWUXPHQW�RI�LQIRUPDWLRQ�IORZ�
7KH�PDLQ� HOHPHQWV�RI� RXU�PRGHO� FDQ�EH� VNHWFKHG� RXW� DV� IROORZV�� 7KH

V\VWHP�FRQVLVWV� RI� REMHFWV� �LQ� WKH�REMHFW�RULHQWHG� VHQVH� UDWKHU� WKDQ� WKH
%HOO�/D3DGXOD� VHQVH��� (YHU\� REMHFW� LV� DVVLJQHG� D� XQLTXH� FODVVLILFDWLRQ�
2EMHFWV� FDQ�FRPPXQLFDWH�³�DQG� WKHUHE\� H[FKDQJH� LQIRUPDWLRQ�³�RQO\
E\�VHQGLQJ�PHVVDJHV�DQG�UHSOLHV�DPRQJ�WKHPVHOYHV��+RZHYHU��PHVVDJHV
DUH�QRW�DOORZHG�WR�IORZ�GLUHFWO\�IURP�RQH�REMHFW�WR�DQRWKHU��,QVWHDG��HYHU\
PHVVDJH�RU�UHSO\� LV� LQWHUFHSWHG�E\� WKH�PHVVDJH� ILOWHU��D�V\VWHP�HOHPHQW
FKDUJHG�ZLWK�LPSOHPHQWLQJ�VHFXULW\�SROLFLHV��7KH�PHVVDJH�ILOWHU�GHFLGHV�
XSRQ�H[DPLQLQJ�D�JLYHQ�PHVVDJH��RU�UHSO\��DQG�WKH�FODVVLILFDWLRQV�RI�WKH
VHQGHU�DQG�UHFHLYHU��ZKDW�DFWLRQ�LV�DSSURSULDWH��,W�PD\

� OHW�WKH�PHVVDJH�JR�WKURXJK�XQDOWHUHG�
� FRPSOHWHO\� UHMHFW� WKH� PHVVDJH� �IRU� H[DPSOH�� ZKHQ� D� ORZ� REMHFW

VHQGV�D�PHVVDJH�WR�D�KLJK�REMHFW�UHTXHVWLQJ�WKH�YDOXH�RI�RQH�RI�WKH
ODWWHU·V�DWWULEXWHV���RU

� WDNH�VRPH�RWKHU�DFWLRQ��VXFK�DV�UHVWULFWLQJ�WKH�PHWKRG�LQYRFDWLRQ
ZKLFK� SURFHVVHV� WKH�PHVVDJH� WR� EH� ´PHPRU\OHVV�µ� DV� ZLOO� EH� GLV�
FXVVHG�ODWHU��

7KH�SULQFLSDO�DGYDQWDJHV�RI�WKH�SURSRVHG�PRGHO�DUH�LWV�FRPSDWLELOLW\�ZLWK
WKH�REMHFW�RULHQWHG�GDWD�PRGHO�DQG�WKH�VLPSOLFLW\�DQG�FRQFHSWXDO�FODULW\
ZLWK�ZKLFK�PDQGDWRU\�VHFXULW\�SROLFLHV�DUH�VWDWHG�DQG�HQIRUFHG�
2QH�FRPPHQW�LV�LQ�RUGHU�DW�WKLV�SRLQW��(YHQ�WKRXJK�DOO�REMHFWV�DUH�VLQ�

JOH�OHYHO� �LQ� WKH� VHQVH� RI� KDYLQJ� D� XQLTXH� FODVVLILFDWLRQ� DVVLJQHG� WR� WKH
HQWLUH�REMHFW�DQG�QRW�DVVLJQLQJ�DQ\�FODVVLILFDWLRQV�WR�LQGLYLGXDO�DWWULEXWHV
RU�PHWKRGV���WKLV�GRHV�QRW�SUHFOXGH�WKH�SRVVLELOLW\�RI�PRGHOLQJ�PXOWLOHYHO
HQWLWLHV�E\�PHDQV�RI�PXOWLSOH�VLQJOH�OHYHO�REMHFWV��DV�ZLOO�EH�GHPRQVWUDWHG
ODWHU�



��� ,QIRUPDWLRQ�6HFXULW\

7KH� RUJDQL]DWLRQ� RI� WKLV� HVVD\� LV� DV� IROORZV��:H� EHJLQ� E\� LQWURGXFLQJ
RXU�EDVLF�REMHFW�RULHQWHG�GDWD�PRGHO�DQG�WKHQ�HQKDQFH�WKLV�EDVLF�PRGHO
E\�DGGLQJ�WR�LW�WKH�HOHPHQWV�QHHGHG�IRU�VHFXULW\��:H�GLVFXVV�KRZ�RXU�VH�
FXULW\�PRGHO�KDQGOHV�LQIRUPDWLRQ�IORZ�GXH�WR�LQKHULWDQFH�LQ�D�FODVV�KLHU�
DUFK\�� 7KHQ� ZH� VKRZ� KRZ� ZH� FDQ� UHSUHVHQW� PXOWLOHYHO� HQWLWLHV� LQ� D
VHFXULW\�PRGHO�LQ�ZKLFK�DOO�REMHFWV�DUH�VLQJOH�OHYHO��$IWHU�D�EULHI�UHYLHZ�RI
UHODWHG�UHVHDUFK��ZH�JLYH�RXU�FRQFOXVLRQV�DQG�GLVFXVV�RXU�IXWXUH�ZRUN�

2EMHFW�RULHQWHG�GDWD�PRGHO

$Q�REMHFW�RULHQWHG�GDWDEDVH�LV�D�FROOHFWLRQ�RI�REMHFWV�FRPPXQLFDWLQJ�YLD
PHVVDJHV�DQG�WKHLU�UHSOLHV��2EMHFWV�DUH�RI�WZR�W\SHV��SULPLWLYH�DQG�QRQ�
SULPLWLYH��:H�SRVWXODWH�D�ILQLWH�VHW�RI�GRPDLQV�'

���'��������'Q��/HW�'�EH�WKH
XQLRQ�RI�WKH�GRPDLQV�DXJPHQWHG�ZLWK�D�VSHFLDO�HOHPHQW�QLO� �ZKRVH�SXU�
SRVH�ZH�H[SODLQ�ODWHU���(YHU\�HOHPHQW�RI�'�LV�UHIHUUHG�WR�DV�D�SULPLWLYH�RE�
MHFW�
$�QRQSULPLWLYH�REMHFW�R� LV�GHILQHG�E\� LWV�XQLTXH� LGHQWLILHU� L��DQ�RUGHUHG

VHW�D� � �D
��� �����DN��RI�DWWULEXWH�QDPHV��DQ�RUGHUHG�VHW�ν� � �ν��� �����νN�� RI

FRUUHVSRQGLQJ�YDOXHV��DQG�D�VHW�µ�RI�PHWKRGV��$�YDOXH�LV�HLWKHU�D�SULPL�
WLYH�REMHFW�RU�DQ�LGHQWLILHU���$�PRUH�JHQHUDO�REMHFW�PRGHO�ZRXOG�DOVR�SHU�
PLW�D�YDOXH�WR�EH�D�VHW�RI�LGHQWLILHUV�DQG�RU�SULPLWLYH�YDOXHV��+RZHYHU��IRU
VLPSOLFLW\�RI� H[SRVLWLRQ��ZH� IRUHJR� WKLV� JHQHUDOL]DWLRQ� LQ� WKLV� HVVD\��7KH
UHVXOWV�GHYHORSHG�KHUH�GR�QRW�GHSHQG�RQ�WKLV�VLPSOLILFDWLRQ��
:H�ZLOO�XVH�WKH�IROORZLQJ�QRWDWLRQ�LQ�WKH�UHVW�RI�WKH�HVVD\��)RU�DQ�REMHFW

R�� L�R��GHQRWHV� LWV�XQLTXH�LGHQWLILHU��D�R��GHQRWHV� LWV�DWWULEXWHV��ν�R��GH�
QRWHV�WKH�FRUUHVSRQGLQJ�YDOXHV��DQG�µ�R��GHQRWHV�LWV�PHWKRGV�
$�PHVVDJH�J�FRQVLVWV�RI�D�PHVVDJH�QDPH�K��DQ�RUGHUHG�VHW�S� ��S

�������
SN���N�≥����RI�SULPLWLYH�REMHFWV�RU�REMHFW�LGHQWLILHUV�FDOOHG�WKH�PHVVDJH�SD�
UDPHWHUV��DQG�D� UHSO\� U��6LPLODU� WR� WKH�QRWDWLRQ�XVHG� IRU� REMHFWV��ZH� OHW
K�J���S�J���DQG� U�J��GHQRWH� WKH�QDPH�� WKH�SDUDPHWHU� OLVW��DQG� WKH� UHSO\
IRU�PHVVDJH�J��UHVSHFWLYHO\�
(DFK�REMHFW�R�KDV�DQ�LQWHUIDFH�IR�WKDW�GHWHUPLQHV�ZKLFK�PHVVDJHV�R�UH�

VSRQGV�WR��0RUHRYHU�� WKH� LQWHUIDFH�GHWHUPLQHV�ZKLFK�SDUWLFXODU�PHWKRG�
RXW�RI� WKH�VHW�RI�PHWKRGV�µ�R��GHILQHG� IRU�REMHFW�R�� LV� WR�EH� LQYRNHG��GH�
SHQGLQJ�RQ�WKH�QDPH�RI�WKH�JLYHQ�PHVVDJH�
$Q�REMHFW�ZLOO� LQYRNH�RQH�RI� LWV�PHWKRGV� LQ�UHVSRQVH�WR�D�PHVVDJH� UH�

FHLYHG�IURP�DQRWKHU�REMHFW���$�PHWKRG�LQYRFDWLRQ�FDQ��LQ�WXUQ��FDUU\�RXW
RQH�RU�PRUH�RI�WKH�IROORZLQJ�DFWLRQV�

�� GLUHFWO\�DFFHVV�DQ�DWWULEXWH�EHORQJLQJ�WR�WKH�REMHFW��UHDG�RU�FKDQJH
LWV�YDOXH��

�� LQYRNH�RWKHU�PHWKRGV�EHORQJLQJ�WR�WKH�REMHFW�
���������������������������������������������
�,I�DQ�REMHFW�FDQQRW�ILQG�D�PHWKRG�WR�SURFHVV�WKLV�SDUWLFXODU�PHVVDJH��ZH�DV�

VXPH�WKHUH�LV�D�GHIDXOW�IDLOXUH�PHWKRG�WKDW�UHWXUQV�DQ�DSSURSULDWH�UHSO\�
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�� VHQG�D�PHVVDJH�WR�DQRWKHU�REMHFW��RU
�� FUHDWH�D�QHZ�REMHFW�� HYHQWXDOO\� UHWXUQLQJ�D� UHSO\� WR� WKH� VRXUFH�RI

WKH�PHVVDJH�

$Q�REMHFW�VHQGV�D�PHVVDJH�J�E\�LQYRNLQJ�D�V\VWHP�SULPLWLYH�6(1'�J��L��
ZKHUH�L�LV�WKH�LGHQWLILHU�RI�WKH�UHFHLYHU�REMHFW��7KH�UHSO\�U�J��LV�FRPSXWHG
E\�WKH�PHWKRG�DFWLYDWHG� LQ� WKH� UHFHLYHU�XSRQ� WKH�DUULYDO�RI�J� WKHUH�DQG
UHWXUQHG� WR� WKH� VHQGHU��$V�ZH� VKDOO� VHH� LQ� WKH�QH[W� VHFWLRQ�� VRPHWLPHV
WKH�VHFXULW\�FRPSRQHQW�RI�WKH�V\VWHP�ZLOO�KDYH�WR�LQWHUIHUH�LQ�WKH�PDWWHU
RI�FRPSXWLQJ�U�J���SDUWLFXODUO\�WR�HQVXUH�WKDW�WKLV�FRPSXWDWLRQ�LV�´PHPR�
U\OHVVµ�LI�VR�UHTXLUHG�E\�VHFXULW\�FRQVLGHUDWLRQV��
7KHUH�LV�D�VSHFLDO�W\SH�RI�REMHFW��FDOOHG�XVHU�REMHFW��$�XVHU�REMHFW�UHSUH�

VHQWV�D�XVHU�VHVVLRQ�ZLWK�WKH�V\VWHP��8VHU�REMHFWV�FDQ�EH�FUHDWHG�RQO\�E\
WKH�V\VWHP��DW�ORJLQ�WLPH��8VHU�REMHFWV�GLIIHU�IURP�UHJXODU�REMHFWV�LQ�WKDW�
LQ�DGGLWLRQ�WR�EHLQJ�DEOH�WR�LQYRNH�PHWKRGV�LQ�UHVSRQVH�WR�PHVVDJHV��WKH\
FDQ� DOVR� LQYRNH� PHWKRGV� VSRQWDQHRXVO\�� 7KH� QRWLRQ� RI� VSRQWDQHRXV
PHWKRG�LQYRFDWLRQ�PD\�VHHP�UDWKHU�DUELWUDU\�DW�ILUVW��,W�LV��KRZHYHU��QHF�
HVVDU\�WR�DYRLG�UXQQLQJ�LQWR�D�YHUVLRQ�RI�WKH�FKLFNHQ�RU�WKH�HJJ�SDUDGR[�
1DPHO\��LI�D�PHVVDJH�FDQ�EH�VHQW�RQO\�WKURXJK�D�PHWKRG�LQYRFDWLRQ��VHH
SURSHUW\���RI�PHWKRG�LQYRFDWLRQV��DQG�LI�D�PHWKRG�FDQ�EH�DFWLYDWHG�RQO\
E\�D�PHVVDJH�UHFHLYHG�IURP�DQRWKHU�REMHFW��WKHQ�KRZ�GRHV�DQ\�SURFHVVLQJ
LQ�VXFK�D�V\VWHP�HYHU�JHW�LQLWLDWHG"��2QH�KDV�WR�LQVLVW�WKDW�HLWKHU�WKH�HJJ
RU�WKH�FKLFNHQ�FRPHV�ILUVW���,Q�UHDOLW\��ZH�ZDQW�D�XVHU�WR�EH�DEOH�WR�LQLWL�
DWH�D�V\VWHP�DFWLYLW\��IRU�H[DPSOH��E\�W\SLQJ�D�VWULQJ�RI�FKDUDFWHUV�RQ�WKH
NH\ERDUG��7KLV�ZRXOG�VHUYH�DV�D�VLJQDO�IRU�WKH�FRUUHVSRQGLQJ�XVHU�REMHFW
WR� LQLWLDWH�D�PHWKRG��:H�FKRRVH�WR�WKLQN�RI� WKLV�DV�D�´VSRQWDQHRXVµ� LQL�
WLDWLRQ��EHFDXVH�WKH�NH\ERDUG�DQG�DQ\�VLJQDOV�WKDW�LW�VHQGV�DUH�H[WHUQDO
WR�RXU�PRGHO�
2EMHFWV�DUH�XVHG�WR�PRGHO�UHDO�ZRUOG�HQWLWLHV��7KLV�LV�GRQH�E\�DVVRFLDW�

LQJ�SURSHUWLHV��RU�IDFHWV��RI�DQ�HQWLW\�ZLWK�DWWULEXWHV�RI�WKH�FRUUHVSRQGLQJ
REMHFW���7KH�DWWULEXWH�YDOXHV�DUH��WKHQ��LQVWDQWLDWLRQV�RI�WKRVH�SURSHUWLHV�
)RU� LQVWDQFH�� D� FRXQWU\� FDQ� EH� UHSUHVHQWHG� LQ� D� JHRJUDSKLF� REMHFW�
RULHQWHG� GDWDEDVH� E\� DQ� REMHFW� R� ZKHUH� D�R��  � �&28175<B1$0(�
3238/$7,21�� &$3,7$/�� 1$7,21$/B)/$*�� )250B2)B*29(510(17�
DQG�Y�R�� ��´$OEDQLDµ������� L�R

���� L�R���� L�R�����7KH�YDOXHV�RI�WKH�ILUVW�DQG
VHFRQG�DWWULEXWHV�DUH�D�VWULQJ�DQG�DQ�LQWHJHU��UHVSHFWLYHO\��7KH�YDOXHV�RI
WKH�UHVW�RI�WKH�DWWULEXWHV�DUH�UHIHUHQFHV�WR�RWKHU�REMHFWV�WKDW��LQ�WXUQ��GH�
VFULEH� WKH� FDSLWDO�� WKH�QDWLRQDO� IODJ�� DQG� WKH� IRUP�RI� JRYHUQPHQW�RI� WKH
QDWLRQ�$OEDQLD�
1RWH�WKDW�DQ�REMHFW·V�PHWKRGV��XQOLNH�LWV�DWWULEXWHV��GR�QRW�KDYH�FRXQ�

WHUSDUWV� LQ� WKH� UHDO�ZRUOG� HQWLW\�PRGHOHG� E\� WKH� REMHFW�� 7KH� SXUSRVH� RI
PHWKRGV� LV� TXLWH� GLIIHUHQW�� ,W� LV� WR� SURYLGH� VXSSRUW� IRU�PDQLSXODWLRQ� RI
���������������������������������������������
�0RUH�JHQHUDOO\��DV�ZH�ZLOO�VHH�ODWHU��D�VLQJOH�HQWLW\�PD\�EH�PRGHOHG�E\�PRUH

WKDQ�RQH�REMHFW�
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REMHFWV��LQFOXGLQJ�WKH�EDVLF�GDWDEDVH�IXQFWLRQV�RI�TXHU\LQJ�DQG�XSGDWLQJ
REMHFWV�
$�UHDOLVWLF�REMHFW�RULHQWHG�PRGHO�VKRXOG�DOVR�FRQWDLQ�WKH�QRWLRQ�RI�FRQ�

VWUDLQWV�� )RU� LQVWDQFH�� DQ� DWWULEXWH� RI� DQ� REMHFW�PD\� EH� DOORZHG� WR� DV�
VXPH� YDOXHV� RQO\� IURP� D� UHVWULFWHG� VXEVHW� RI� GRPDLQV� RU� REMHFW
LGHQWLILHUV��7R�VLPSOLI\�WKH�H[SRVLWLRQ��ZH�FKRRVH�WR�GLVUHJDUG�WKH�LVVXH�RI
FRQVWUDLQWV�LQ�WKLV�HVVD\��+RZHYHU��LW�LV�D�FRQFHSWXDOO\�VLPSOH�PDWWHU�WR
LQFRUSRUDWH�WKLV�QRWLRQ�LQ�RXU�VHFXUH�GDWD�PRGHO�

2EMHFW�RULHQWHG�VHFXULW\�PRGHO

:H�JDYH�RXU�HDUOLHU�LQIRUPDO�H[SRVLWLRQ�RI�RXU�VHFXULW\�PRGHO�LQ�WHUPV
RI� REMHFWV�ZLWK� XQLTXH� VHFXULW\�OHYHO� DVVLJQPHQWV� H[FKDQJLQJ�PHVVDJHV
VXEMHFW�WR�VRPH�VHFXULW\�FRQVWUDLQWV��7KLV�VHFWLRQ�LV�GHYRWHG�WR�GHYHORS�
LQJ� D� IRUPDO�PRGHO� RI� REMHFW�RULHQWHG� VHFXULW\�� LQ� DFFRUGDQFH� ZLWK� WKLV
JHQHUDO�LGHD�

6HFXULW\�OHYHOV�DQG�LQIRUPDWLRQ�IORZ��7KH�V\VWHP�FRQVLVWV�RI�D�VHW�2
RI� REMHFWV� DQG� D� SDUWLDOO\� RUGHUHG� VHW�6� RI� VHFXULW\� OHYHOV�ZLWK� RUGHULQJ
UHODWLRQ����$�OHYHO�6L�∈�6�LV�VDLG�WR�EH�GRPLQDWHG�E\�DQRWKHU�OHYHO�6M�∈�6�
WKLV�EHLQJ�GHQRWHG�E\�6L�≤�6M��LI�L� �M�RU�6L���6M��)RU�WZR�OHYHOV�6L�DQG�6M�WKDW
DUH�XQRUGHUHG�E\����ZH�ZULWH�6L��!�6M�
7KHUH� LV� D� WRWDO� IXQFWLRQ� /�� 2� →� 6�� FDOOHG� WKH� VHFXULW\� FODVVLILFDWLRQ

IXQFWLRQ��,Q�RWKHU�ZRUGV��HYHU\�REMHFW�R�KDV�D�XQLTXH�VHFXULW\�OHYHO�/�R�
DVVRFLDWHG�ZLWK�LW�

&KDUDFWHUL]DWLRQ� RI� LQIRUPDWLRQ� IORZV�� 7KH�PDLQ� JRDO� RI� D� VHFXULW\
SROLF\�FRQFHUQHG�ZLWK�FRQILGHQWLDOLW\�LV�WR�FRQWURO�WKH�IORZ�RI�LQIRUPDWLRQ
DPRQJ� REMHFWV�� 0RUH� VSHFLILFDOO\�� LQIRUPDWLRQ� FDQ� OHJDOO\� IORZ� IURP� DQ
REMHFW�RM�WR�DQ�REMHFW�RN�LI�DQG�RQO\�LI�/�R M��≤�/�RN���$OO�RWKHU�LQIRUPDWLRQ
IORZV�DUH�FRQVLGHUHG�LOOHJDO�
,Q� WKH� %HOO�/D3DGXOD� PRGHO� WKLV� REMHFWLYH� LV� DFKLHYHG� E\� SURKLELWLQJ

UHDG�XSV�DQG�ZULWH�GRZQV��7KDW�LV��D�VXEMHFW�LV�DOORZHG�WR�UHDG�DQ�REMHFW
RQO\�LI�WKH�VHFXULW\�OHYHO�RI�WKH�VXEMHFW�GRPLQDWHV�WKH�VHFXULW\�OHYHO�RI�WKH
REMHFW��6LPLODUO\��D�VXEMHFW�LV�DOORZHG�WR�XSGDWH�DQ�REMHFW�RQO\�LI�WKH�VHFX�
ULW\�OHYHO�RI�WKH�IRUPHU�LV�GRPLQDWHG�E\�WKDW�RI�WKH�ODWWHU�
,Q�RXU�PRGHO��GXH�WR�WKH�SURSHUW\�RI�HQFDSVXODWLRQ��LQIRUPDWLRQ�WUDQV�

IHU�EHWZHHQ�REMHFWV�FDQ�WDNH�SODFH�HLWKHU

�� ZKHQ�D�PHVVDJH�LV�SDVVHG�IURP�RQH�REMHFW�WR�DQRWKHU��RU
�� ZKHQ�D�QHZ�REMHFW�LV�FUHDWHG�

,Q�WKH�ILUVW�FDVH��LQIRUPDWLRQ�FDQ�IORZ�LQ�ERWK�GLUHFWLRQV��IURP�WKH�VHQGHU
WR�WKH�UHFHLYHU�DQG�EDFN��7KH�IRUZDUG� IORZ�LV�FDUULHG�WKURXJK�WKH� OLVW�RI
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SDUDPHWHUV� FRQWDLQHG� LQ� WKH� PHVVDJH�� DQG� WKH� EDFNZDUG� IORZ� WKURXJK
WKH� UHSO\�� ,Q� WKH�VHFRQG�FDVH�� LQIRUPDWLRQ� IORZV�RQO\� LQ� WKH� IRUZDUG�GL�
UHFWLRQ�� IURP� WKH� FUHDWLQJ� REMHFW� WR� WKH� FUHDWHG� RQH�³� IRU� H[DPSOH�� E\
PHDQV�RI�VXSSO\LQJ�DWWULEXWH�YDOXHV�IRU�WKH�QHZ�REMHFW�
$�WUDQVIHU�RI�LQIRUPDWLRQ�GRHV�QRW�QHFHVVDULO\�RFFXU�HYHU\�WLPH�D�PHV�

VDJH� LV�SDVVHG��$Q�REMHFW� DFTXLUHV� LQIRUPDWLRQ�E\� FKDQJLQJ� LWV� LQWHUQDO
VWDWH��WKDW�LV��E\�FKDQJLQJ�WKH�YDOXHV�RI�VRPH�RI�LWV�DWWULEXWHV��7KXV��LI�QR
VXFK�FKDQJHV�RFFXU�DV�D�UHVXOW�RI�D�PHWKRG�LQYRFDWLRQ�LQ�UHVSRQVH�WR�D
PHVVDJH��WKHQ�QR�LQIRUPDWLRQ�KDV�EHHQ�WUDQVIHUUHG��,Q�VXFK�FDVHV�ZH�FDQ
VD\�WKDW�WKH�IRUZDUG�IORZ�KDV�EHHQ�LQHIIHFWLYH��7KLV�VLWXDWLRQ�LV�DQDORJRXV
WR�WDNLQJ�SLFWXUHV�ZLWK�DQ�XQORDGHG�FDPHUD��7KH�LQIRUPDWLRQ�LQ�WKH�IRUP
RI�OLJKW�LV�IORZLQJ�LQWR�WKH�FDPHUD�EXW�QRW�EHLQJ�UHWDLQHG�WKHUH�
6LPLODUO\�� LI� WKH�UHSO\�RI�D�PHVVDJH�LV�QLO�� WKH�EDFNZDUG�IORZ�KDV�EHHQ

LQHIIHFWLYH��7R�HOLPLQDWH�WKH� LQIRUPDWLRQ�FKDQQHO�DVVRFLDWHG�ZLWK�WKH�UH�
FHLYHU� REMHFW·V� VHFXULW\� OHYHO� EHLQJ� G\QDPLFDOO\� FKDQJHG� �LQ� ZKLFK� FDVH
WKH�VHQGHU�FDQ�JHW�EDFN�D�VHTXHQFH�RI�QLO�DQG�QRQ�QLO�UHSOLHV�LI�LW�UHSHDW�
HGO\�VHQGV�PHVVDJHV�WR�WKH�VDPH�REMHFW���ZH�KDYH�WR�UHTXLUH�WKDW�DOO�VHFX�
ULW\�OHYHO� DVVLJQPHQWV� EH� VWDWLF�� 7KDW� LV�� WKH� OHYHO� DVVRFLDWHG� ZLWK� DQ
REMHFW�DW�FUHDWLRQ�WLPH�FDQQRW�EH�FKDQJHG���,I��KRZHYHU��WKH�VHFXULW\�OHYHO
RI�WKH�UHDO�ZRUOG�HQWLW\�WKDW�WKH�REMHFW�PRGHOV�PXVW�EH�FKDQJHG��WKHQ�D
QHZ�REMHFW�KDV�WR�EH�FUHDWHG��7KH�QHZ�REMHFW�ZLOO�EH�H[DFWO\�OLNH�WKH�RQH
WKDW� LW� UHSODFHG�� H[FHSW� IRU� WKH� QHZ� VHFXULW\� OHYHO� WR� UHIOHFW� WKH� GHVLUHG
FKDQJH�
:H�VD\� WKDW�D� WUDQVLWLYH� IORZ� IURP�DQ�REMHFW�R

�� WR�DQ�REMHFW�R�� RFFXUV
ZKHQ�WKHUH�LV�D�IORZ�IURP�R

��WR�D�WKLUG�REMHFW�R��DQG�IURP�R��WR�R��
$OO�W\SHV�RI�IORZV�GLVFXVVHG�XQWLO�QRZ�FDQ�EH�WHUPHG�GLUHFW�IORZV��1RZ�

FRQVLGHU�ZKDW�KDSSHQV�ZKHQ�DQ�REMHFW�R
��VHQGV�D�PHVVDJH�J��WR�DQRWKHU

REMHFW�R
���DQG�R��GRHV�QRW�FKDQJH�LWV�LQWHUQDO�VWDWH�DV�D�UHVXOW�RI�UHFHLY�

LQJ�J
���EXW�LQVWHDG�VHQGV�D�PHVVDJH�J��WR�D�WKLUG�REMHFW�R���)XUWKHU��VXS�

SRVH� WKDW� S�J
��� FRQWDLQV� LQIRUPDWLRQ� GHULYHG� IURP� PHVVDJH� J�� �IRU

H[DPSOH��E\�FRS\LQJ�VRPH�SDUDPHWHUV�RI�J
��WR�J����,I��WKHQ��WKH�LQYRFDWLRQ

RI�IR
�

��K�J����UHVXOWV�LQ�XSGDWLQJ�R�·V�VWDWH��D�WUDQVIHU�RI�LQIRUPDWLRQ�KDV
WDNHQ�SODFH�IURP�R

��WR�R���7KHUH�LV�QR�PHVVDJH�H[FKDQJH�EHWZHHQ�R��DQG
R
��� QRU�ZDV� R�� FUHDWHG� E\� R��� WKHUHIRUH�� WKLV� IORZ� FDQQRW� EH� FRQVLGHUHG
GLUHFW��0RUHRYHU��WKHUH�PD\�RU�PD\�QRW�EH�D�IORZ�IURP�R

��WR�R���WKHUHIRUH�
WKLV�LV�QRW�QHFHVVDULO\�D�WUDQVLWLYH�IORZ�HLWKHU��7KLV�LV�DQ�LQVWDQFH�RI�ZKDW
ZH�FDOO�DQ�LQGLUHFW�IORZ�RI�LQIRUPDWLRQ��1RWH�WKDW�DQ�LQGLUHFW�IORZ�FDQ�LQ�
YROYH�PRUH�WKDQ�WKUHH�REMHFWV��)RU�H[DPSOH��LQVWHDG�RI�XSGDWLQJ�LWV�VWDWH�
R
��FRXOG�VHQG�D�PHVVDJH�WR�D�IRXUWK�REMHFW�WKDW�ZRXOG�UHVXOW�LQ�XSGDWLQJ
WKH�ODWWHU·V�VWDWH�

���������������������������������������������
�7KLV� LV� VLPLODU� WR� WKH� WUDQTXLOOLW\� UHTXLUHPHQW� LQ� WKH� %HOO�/D3DGXOD� PRGHO�

ZKHUHE\�WKH�VHFXULW\�ODEHOV�RQ�VXEMHFWV�DQG�REMHFWV�FDQQRW�FKDQJH�>'(11��@�
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%RWK�GLUHFW�DQG�LQGLUHFW�LOOHJDO�IORZV�RI�LQIRUPDWLRQ�VKRXOG�EH�SUHYHQWHG
�WKLV�ZLOO� DOVR�DFFRXQW� IRU�DOO� WUDQVLWLYH� IORZV�� LI� WKH� V\VWHP� LV� WR�EH� VH�
FXUH�

3ULPLWLYH� PHVVDJHV�� :H� DVVXPH� WKDW� DFFHVV� WR� LQWHUQDO� DWWULEXWHV�
REMHFW�FUHDWLRQ��FUHDWLRQ�E\�DQ�REMHFW�RI�DQ�LQVWDQFH�RI� LWVHOI���DQG�LQYR�
FDWLRQ� RI� LQWHUQDO�PHWKRGV� DUH� DOO� HIIHFWHG� E\� KDYLQJ� DQ� REMHFW� VHQG� D
PHVVDJH� WR� LWVHOI���:H�QRZ�GHILQH� WKUHH�EXLOW�LQ�PHVVDJHV� IRU� WKDW� SXU�
SRVH��)LUVW��KRZHYHU��LW�LV�QHFHVVDU\�WR�PRGLI\�WKH�GHILQLWLRQ�RI�D�PHVVDJH
DV�IROORZV��$�PHVVDJH�J�FRQVLVWV�RI�D�PHVVDJH�QDPH�K��DQ�RUGHUHG�VHW�S� 
�S

��� �����SN���N�≥����RI�PHVVDJH�SDUDPHWHUV�ZKHUH�D�SL�FDQ�EH�D�SULPLWLYH
REMHFW�RU�DQ�REMHFW�LGHQWLILHU�RU�D�VHFXULW\�OHYHO��DQG�D�UHSO\�U���7KH�GLIIHU�
HQFH��ZLWK�UHVSHFW�WR�RXU�HDUOLHU�GHILQLWLRQ��LV�WKDW�QRZ�D�SDUDPHWHU�FDQ
EH�D�PHWKRG��DQ�DWWULEXWH�QDPH��RU�D�VHFXULW\�OHYHO�LQ�DGGLWLRQ�WR�WKH�SUH�
YLRXV�FDVHV�RI�D�SULPLWLYH�YDOXH�RU�DQ�REMHFW�LGHQWLILHU��
7KH�WKUHH�SULPLWLYH�PHVVDJHV�FDQ�QRZ�EH�GHILQHG�DV�IROORZV��

� $�UHDG�PHVVDJH�LV�D�PHVVDJH�VHQW�E\�DQ�REMHFW�R�WR�LWVHOI�GHILQHG�DV
J�  � �5($'�� �D M��� U�� ZKHUH� D M� ∈� D�R��� $� UHDG� PHVVDJH� UHVXOWV� LQ
ELQGLQJ� U� WR� WKH�YDOXH�RI�DWWULEXWH�D M�� ,I� WKLV�FDQQRW�EH�GRQH��VD\�
EHFDXVH�WKHUH�LV�QR�DWWULEXWH�D M��U� LV�UHWXUQHG�DV�)$,/85(��ZKLFK
LV�D�UHVHUYHG�V\PERO�ZLWK�REYLRXV�VLJQLILFDQFH��

� $�ZULWH�PHVVDJH�LV�D�PHVVDJH�VHQW�E\�DQ�REMHFW�R�WR�LWVHOI�GHILQHG�DV
J� ��:5,7(���D M��YM���U��ZKHUH�D M�∈�D�R���7KH�HIIHFW�RI�VHQGLQJ�D�ZULWH
PHVVDJH� LV� DQ�XSGDWH�RI� DWWULEXWH�D M�ZLWK� YDOXH�YM�� 7KH� UHSO\� U� LV
HLWKHU� 68&&(66� RU� )$,/85(� �68&&(66�� OLNH� )$,/85(�� LV� D� UH�
VHUYHG�V\PERO�ZLWK�REYLRXV�VLJQLILFDQFH��

� )LQDOO\��D�FUHDWH�PHVVDJH�LV�GHILQHG�DV�J� ��&5($7(���Y
��������YN��6 M��

U��ZKHUH�S�LV�D�OLVW�RI�DWWULEXWH�YDOXHV��Y
��������YN��DSSHQGHG�ZLWK�D

VHFXULW\�OHYHO�6 M��:KHQ�VHQW�E\�DQ�REMHFW�R�WR�LWVHOI��D�FUHDWH�PHV�
VDJH�UHVXOWV� LQ�D�QHZ�REMHFW�EHLQJ�FUHDWHG��7KLV�QHZ�REMHFW� LV�DV�
VLJQHG�DQ�LGHQWLILHU� L�E\�WKH�V\VWHP��7KH�REMHFW� LQKHULWV�DWWULEXWHV

���������������������������������������������
�7KHUH�DUH�H[LVWLQJ�REMHFW�RULHQWHG�GDWDEDVH�V\VWHPV��IRU�H[DPSOH��*HP6WRQH�

WKDW��LQ�IDFW��DFWXDOO\�XVH�WKLV�NLQG�RI�LPSOHPHQWDWLRQ��$W�WKH�VDPH�WLPH�LW�LV�LP�
SRUWDQW�WR�QRWH�WKDW�RXU�PRGHO� LV�D�FRQFHSWXDO�RQH� WHOOLQJ�XV�ZKDW�QHHGV� WR�EH
GRQH��UDWKHU�WKDQ�KRZ�LW�ZLOO�DFWXDOO\�EH�LPSOHPHQWHG��$�FRUUHFW�LPSOHPHQWDWLRQ
PXVW�GHPRQVWUDWH�WKDW�LW�VDWLVILHV�WKH�PRGHO·V�UHTXLUHPHQWV��HYHQ�WKRXJK�LW�PD\
GR�VR�ZLWKRXW�PLPLFNLQJ�HDFK�DVSHFW�RI�WKH�PRGHO�DFWLRQ�IRU�DFWLRQ�
�,Q�UHDOLW\��ZH�ZRXOG�QHHG�DGGLWLRQDO�SULPLWLYH�PHVVDJHV�LQ�D�SUDFWLFDO�V\VWHP�

7KH�WKUHH�SULPLWLYHV�LGHQWLILHG�KHUH�VXIILFH�WR�LOOXVWUDWH�WKH�PDLQ�LGHDV��$GGLWLRQDO
SULPLWLYH�PHVVDJHV�ZRXOG�EH�KDQGOHG� LQ�PXFK�WKH�VDPH�ZD\�� ,Q�SDUWLFXODU��ZH
KDYH�QRW�LQFOXGHG�D�GHOHWH�SULPLWLYH�RSHUDWLRQ��'HOHWH�FDQ�EH�UHJDUGHG�DV�DQ�H[�
WUHPH�IRUP�RI�ZULWH��DQG�HVVHQWLDOO\�UHTXLUHV�WKH�VDPH�NLQG�RI�VHFXULW\�PHGLDWLRQ
DV�ZULWH�
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DQG�PHWKRGV�IURP�R��7KH�DWWULEXWHV�DUH�LQLWLDOL]HG�ZLWK�WKH�YDOXHV
Y
��������YN��7KH�QHZ�REMHFW�LV�DVVLJQHG�VHFXULW\�OHYHO�6 M��DV�VSHFLILHG
LQ�J��,I�WKH�FUHDWLRQ�LV�VXFFHVVIXO��WKH�LGHQWLILHU�L�LV�UHWXUQHG�WR�R�DV
U��2WKHUZLVH��)$,/85(�LV�UHWXUQHG�

0HVVDJH�ILOWHULQJ�DOJRULWKP��7KH�PHVVDJH� ILOWHU� LV�D�VHFXULW\�HOHPHQW
RI�WKH�V\VWHP�ZKRVH�JRDO� LV� WR�UHFRJQL]H�DQG�SUHYHQW� LOOHJDO� LQIRUPDWLRQ
IORZV��7KH�PHVVDJH�ILOWHU�LQWHUFHSWV�HYHU\�PHVVDJH�VHQW�E\�DQ\�REMHFW� LQ
WKH�V\VWHP�DQG��EDVHG�RQ�WKH�VHFXULW\�OHYHOV�RI�WKH�VHQGHU�DQG�UHFHLYHU�
DV�ZHOO� DV� VRPH�DX[LOLDU\� LQIRUPDWLRQ�� GHFLGHV� KRZ� WR� KDQGOH� WKH�PHV�
VDJH�� ,Q�RWKHU�ZRUGV�� WKH�PHVVDJH� ILOWHU� LV� WKH� UHIHUHQFH�PRQLWRU� RI� WKH
V\VWHP�
7KH�PHVVDJH�ILOWHULQJ� DOJRULWKP� LV� SUHVHQWHG� LQ� )LJXUH� ���:H� DVVXPH

WKDW�R
��DQG�R��DUH�VHQGHU�DQG�UHFHLYHU�REMHFWV�UHVSHFWLYHO\��$OVR��OHW�W��EH

WKH�PHWKRG�LQYRFDWLRQ�LQ�R
��WKDW�VHQW�WKH�PHVVDJH�J���DQG�W��WKH�PHWKRG

LQYRFDWLRQ� LQ�R
�� RQ� UHFHLSW� RI�J��� 7KH� WZR�PDMRU� FDVHV� RI� WKH� DOJRULWKP

FRUUHVSRQG�WR�ZKHWKHU�RU�QRW�J
��LV�D�SULPLWLYH�PHVVDJH�

&DVHV� �� WKURXJK� �� LQ� )LJXUH� �� GHDO�ZLWK� QRQSULPLWLYH�PHVVDJHV� VHQW
EHWZHHQ�WZR�REMHFWV��VD\�R

��DQG�R���,Q�FDVH����WKH�VHQGHU�DQG�WKH�UHFHLYHU
DUH�DW�WKH�VDPH�OHYHO��7KH�PHVVDJH�DQG�WKH�UHSO\�DUH�DOORZHG�WR�SDVV��7KH
UOHYHO�RI�W

��ZLOO�EH�WKH�VDPH�DV�WKDW�RI�W���1RWH�WKDW�UOHYHO�LV�D�SURSHUW\�RI�D
PHWKRG� LQYRFDWLRQ��:H�ZLOO� H[SODLQ� LWV� VLJQLILFDQFH� VKRUWO\�� EXW� IRU� WKH
PRPHQW�OHW�XV�LJQRUH�LW��,Q�FDVH����WKH�OHYHOV�RI�R

��DQG�R��DUH�LQFRPSDUD�
EOH��DQG�WKXV�WKH�PHVVDJH�LV�EORFNHG�DQG�D�QLO�UHSO\�UHWXUQHG�WR�PHWKRG
W
���,Q�FDVH����WKH�UHFHLYHU�LV�DW�D�KLJKHU�OHYHO�WKDQ�WKH�VHQGHU��7KH�PHV�
VDJH�LV�SDVVHG�WKURXJK��+RZHYHU��D�QLO�UHSO\� LV�UHWXUQHG�WR� W

���ZKLOH� WKH
DFWXDO�UHSO\�IURP�W

��LV�GLVFDUGHG��WKXV�HIIHFWLYHO\�FXWWLQJ�RII�WKH�EDFNZDUG
IORZ���1RWH�WKDW�WKH�GHOLYHU\�RI�WKLV�QLO�UHSO\�WR�W

��FDQQRW�EH�V\QFKURQL]HG
ZLWK�WKH�DWWHPSWHG�UHSO\�IURP� W

�� WR� W���RWKHUZLVH�� WKHUH�ZLOO�EH� LQIRUPD�
WLRQ�OHDNDJH�DVVRFLDWHG�ZLWK�WKH�WLPLQJ�RI�WKH�UHSO\���)RU�FDVH����WKH�UH�
FHLYHU�LV�DW�D�ORZHU�OHYHO�WKDQ�WKH�VHQGHU��7KH�PHVVDJH�DQG�WKH�UHSO\�DUH
DOORZHG�WR�SDVV��+RZHYHU��WKH�UOHYHO�RI�W

���LQ�WKH�UHFHLYHU�REMHFW��LV�VHW�LQ
VXFK� D�PDQQHU� DV� WR� SUHYHQW� LOOHJDO� IORZV�� ,Q� RWKHU� ZRUGV�� DOWKRXJK� D
PHVVDJH� LV� DOORZHG� WR� SDVV� IURP� D� KLJK�OHYHO� VHQGHU� WR� D� ORZ�OHYHO� UH�
FHLYHU��LW�FDQQRW�FDXVH�D�´ZULWH�GRZQµ�YLRODWLRQ�EHFDXVH�WKH�PHWKRG�LQYR�
FDWLRQ�LQ�WKH�UHFHLYHU�LV�UHVWULFWHG�IURP�PRGLI\LQJ�WKH�VWDWH�RI�WKH�REMHFW
RU�FUHDWLQJ�D�QHZ�REMHFW��WKDW�LV��WKH�PHWKRG�LQYRFDWLRQ�LV�´PHPRU\OHVVµ��
0RUHRYHU��WKLV�UHVWULFWLRQ�LV�SURSDJDWHG�DORQJ�ZLWK�IXUWKHU�PHVVDJHV�VHQW
RXW�E\�WKLV�PHWKRG�LQYRFDWLRQ�WR�RWKHU�REMHFWV��DV�IDU�DV�LV�QHHGHG�IRU�VH�
FXULW\�SXUSRVHV�
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��OHW�J�� ��K����S��������SN ���U ��EH�WKH�PHVVDJH�VHQW�IURP�R��WR�R�

LI�R��≠�R��∨�K��∉�^5($'��:5,7(��&5($7(`�WKHQ�FDVH
��L�H���J��LV�D�QRQSULPLWLYH�PHVVDJH

��� / �R� �� �/ �R� �� ��OHW�J��SDVV��OHW�UHSO\�SDVV
LQYRNH�W��ZLWK�UOHYHO �W� ��←�UOHYHO �W� ��
U�←�UHSO\�IURP�W���UHWXUQ�U�WR�W��

��� / �R� ���!�/ �R� �� ��EORFN�J���LQMHFW�1,/�UHSO\
U�←�1,/��UHWXUQ�U�WR�W��

��� / �R� ��� �/ �R� �� ��OHW�J��SDVV��LQMHFW�1,/�UHSO\��LJQRUH�DFWXDO�UHSO\
U�←�1,/��UHWXUQ�U�WR�W��
LQYRNH�W��ZLWK�UOHYHO �W� ��←�OXE>/ �R� ���UOHYHO �W� �@�
��ZKHUH�OXE�GHQRWHV�OHDVW�XSSHU�ERXQG
GLVFDUG�UHSO\�IURP�W��

��� / �R� ��! �/ �R� �� ��OHW�J��SDVV��OHW�UHSO\�SDVV
LQYRNH�W��ZLWK�UOHYHO �W� ��←�UOHYHO �W� ��
U�←�UHSO\�IURP�W���UHWXUQ�U�WR�W��

HQG�FDVH�

LI�R�� �R��∧�K��∈�^5($'��:5,7(��&5($7(`�WKHQ�FDVH
��L�H���J��LV�D�SULPLWLYH�PHVVDJH

��� J�� ��5($'���D M ���U �����DOORZ�XQFRQGLWLRQDOO\
U�←�YDOXH�RI�D M��UHWXUQ�U�WR�W��

��� J�� ��:5,7(���DM��νM ���U �����DOORZ�LI�VWDWXV�RI�W��LV�XQUHVWULFWHG
LI�UOHYHO �W� �� �/ �R� �

WKHQ�>DM�←�νM��U�←�68&&(66@
HOVH�U�←�)$,/85(�

UHWXUQ�U�WR�W��

��� J�� ��&5($7(���ν��������νN��6 M ���U �����DOORZ�LI�VWDWXV�RI�W��LV�XQUHVWULFWHG
UHODWLYH�WR�6 M
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Figure 1. Message-filtering algorithm.
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7KH�LQWXLWLYH�VLJQLILFDQFH�RI�UOHYHO�LV�WKDW�LW�NHHSV�WUDFN�RI�WKH�OHDVW�XS�
SHU�ERXQG�RI� DOO� REMHFWV� HQFRXQWHUHG� LQ�D� FKDLQ�RI�PHWKRG� LQYRFDWLRQV�
JRLQJ�EDFN�WR�WKH�XVHU�REMHFW�DW�WKH�URRW�RI�WKH�FKDLQ��:H�FDQ�VKRZ�WKLV
E\�LQGXFWLRQ�RQ�WKH�OHQJWK�RI�WKH�PHWKRG�LQYRFDWLRQ�FKDLQ��7R�GR�VR��LW�LV
DOVR�XVHIXO�WR�VKRZ�WKH�UHODWHG�SURSHUW\�WKDW�UOHYHO �W L��≥�/�R L���)RU�WKH�ED�
VLV�FDVH��ZH�DVVXPH�WKDW�WKH�VSRQWDQHRXV�PHWKRG�LQYRFDWLRQ�LQ�WKH�URRW
XVHU�REMHFW�KDV�LWV�UOHYHO�VHW�WR�WKH�OHYHO�RI�WKH�XVHU�REMHFW��7KH�LQGXFWLRQ
VWHS� IROORZV�E\� LQVSHFWLRQ� RI� FDVHV� ��� ��� DQG� �� RI� )LJXUH� ��� 7KH� XVH� RI
OHDVW�XSSHU�ERXQG�LV�H[SOLFLW�LQ�FDVH�����,Q�FDVHV���DQG����EHFDXVH�RI�WKH
LQGXFWLRQ�K\SRWKHVLV�DQG�WKH�UHODWLYH�OHYHOV�RI�R

��DQG�R���WKH�DVVLJQPHQW
RI�UOHYHO�FDQ�EH�HTXLYDOHQWO\�ZULWWHQ�DV�LQ�FDVH���
:H�VD\�WKDW�D�PHWKRG�LQYRFDWLRQ�W L�KDV�UHVWULFWHG�VWDWXV�LI�UOHYHO �W L��!

/�RL���,Q�VXFK�FDVHV��W L�LV�QRW�DOORZHG�WR�ZULWH�WR�RL��FDVH���RI�)LJXUH����RU
WR�FUHDWH�DQ�REMHFW��FDVH�����$�NH\�HOHPHQW�RI�WKH�PHVVDJH�ILOWHU�DOJRULWKP
LV� WKDW� WKH� UHVWULFWHG� VWDWXV� LV� SURSDJDWHG� DORQJ�ZLWK� IXUWKHU�PHVVDJHV
VHQW� RXW� E\� D� PHWKRG� LQYRFDWLRQ� WR� RWKHU� REMHFWV� �H[DFWO\� VR� IDU� DV� LV
QHHGHG� IRU� VHFXULW\� SXUSRVHV��� 7KLV� LV� FULWLFDO� LQ� SUHYHQWLQJ� LQGLUHFW� LQ�
IRUPDWLRQ�IORZV�
7R� XQGHUVWDQG� KRZ� WKH� PHVVDJH� ILOWHU� DOJRULWKP� SURSDJDWHV� WKH� UH�

VWULFWHG� VWDWXV�RQ�PHWKRG� LQYRFDWLRQV�� LW� LV�XVHIXO� WR� YLVXDOL]H� WKH� JHQ�
HUDWLRQ�RI�D�WUHH�RI�PHWKRG�LQYRFDWLRQV��DV�VKRZQ�LQ�)LJXUH����7KH�URRW�W

�

LV�D� ´VSRQWDQHRXVµ�PHWKRG� LQYRFDWLRQ�E\�D�XVHU��7KH� UHVWULFWHG�PHWKRG
LQYRFDWLRQV�DUH�VKRZQ�ZLWKLQ�VKDGHG�UHJLRQV��6XSSRVH�WN�LV�D�PHWKRG�IRU
REMHFW�RN�DQG� WQ�D�PHWKRG�IRU�REMHFW�RQ�� ZKLFK�UHVXOWHG�IURP�D�PHVVDJH
VHQW�IURP�WN�WR�RQ��7KH�PHWKRG�WQ�KDV�D�UHVWULFWHG�VWDWXV�EHFDXVH�/�RQ���
/�RN��� 7KH� FKLOGUHQ� DQG� GHVFHQGDQWV� RI� WQ� ZLOO� FRQWLQXH� WR� KDYH� D� UH�
VWULFWHG�VWDWXV�XQWLO� WV� LV�UHDFKHG��7KH�PHWKRG� WV� LV�QR�ORQJHU�UHVWULFWHG
EHFDXVH�/�RV��≥�/�RN��DQG�D�ZULWH�E\�WV�WR�WKH�VWDWH�RI�RV�QR�ORQJHU�FRQ�
VWLWXWHV� D� ZULWH�GRZQ�� 7KLV� LV� DFFRXQWHG� IRU� LQ� WKH� DVVLJQPHQW� WR
UOHYHO �W

���LQ�FDVH���RI�)LJXUH���
7KH�YDULDEOH� UOHYHO� FOHDUO\�SOD\V�D� FULWLFDO� UROH� LQ�GHWHUPLQLQJ�ZKHWKHU

WKH�FKLOG�RI�D�UHVWULFWHG�PHWKRG�VKRXOG�LWVHOI�EH�UHVWULFWHG��$�PHWKRG�LQ�
YRFDWLRQ�SRWHQWLDOO\�REWDLQV� LQIRUPDWLRQ� IURP�VHFXULW\� OHYHOV�DW�RU�EHORZ
LWV�RZQ�UOHYHO��,W�IROORZV�WKDW�D�PHWKRG�LQYRFDWLRQ�VKRXOG�RQO\�EH�DOORZHG
WR�UHFRUG�LQIRUPDWLRQ�ODEHOHG�DW�OHYHOV�ZKLFK�GRPLQDWH�LWV�RZQ�UOHYHO��)RU
H[DPSOH��FRQVLGHU�D�PHVVDJH�VHQW�IURP�D�6HFUHW�REMHFW�WR�D�&RQILGHQWLDO
RQH��ZKHUH�6HFUHW�!�&RQILGHQWLDO���7KH�UOHYHO�GHULYHG�IRU�WKH�PHWKRG�LQYR�
FDWLRQ�DW�WKH�UHFHLYHU�REMHFW�ZLOO�EH�6HFUHW�

���������������������������������������������
�:H�QHHG�WR�XVH�WKH� OHDVW�XSSHU�ERXQG�IRU�FRPSXWLQJ�UOHYHO� LQ�FDVH���UDWKHU

WKDQ�WKH�PD[LPXP��EHFDXVH�WKH�VHFXULW\�OHYHOV�DUH�SDUWLDOO\�RUGHUHG��,W�LV�SRVVL�
EOH� IRU� D� FKDLQ� RI� PHWKRG� LQYRFDWLRQV� WR� GHVFHQG� LQ� VHFXULW\� OHYHOV� DORQJ� RQH
EUDQFK�RI� WKH�SDUWLDO�RUGHU��DQG�WKHQ�WXUQ�DURXQG�DQG�VWDUW�DVFHQGLQJ�DORQJ�D
GLIIHUHQW�EUDQFK�
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Figure 2. Method invocation tree.

:H�QRZ�GLVFXVV�WKH�VHFXULW\�PHGLDWLRQ�RI�SULPLWLYH�PHVVDJHV��5HDG�RS�
HUDWLRQV��FDVH����QHYHU�IDLO�GXH�WR�VHFXULW\�UHDVRQV�EHFDXVH�UHDG�XS�RS�
HUDWLRQV�FDQQRW�RFFXU��7KLV�LV�EHFDXVH�UHDG�RSHUDWLRQV�DUH�FRQILQHG�WR�DQ
REMHFW·V�PHWKRGV��DQG�WKHLU�UHVXOWV�FDQ�RQO\�EH�H[SRUWHG�E\�PHVVDJHV�RU
UHSOLHV�ZKLFK�DUH�ILOWHUHG�E\�WKH�PHVVDJH�ILOWHU��7KH�ZULWH�DQG�FUHDWH�RS�
HUDWLRQV�LQYRNHG�RQ�UHFHLYLQJ�WKH�ZULWH�DQG�FUHDWH�PHVVDJHV��FDVHV���DQG
���ZLOO�VXFFHHG�RQO\�LI�WKH�VWDWXV�RI�WKH�PHWKRG�LQYRNLQJ�WKH�RSHUDWLRQV�LV
XQUHVWULFWHG��,I�D�ZULWH�RU�FUHDWH�RSHUDWLRQ�IDLOV��D�IDLOXUH�PHVVDJH�LV�VHQW
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WR�WKH�VHQGHU��7KLV�IDLOXUH�PHVVDJH�GRHV�QRW�YLRODWH�VHFXULW\�VLQFH�LQIRU�
PDWLRQ�LV�IORZLQJ�XSZDUG�LQ�OHYHO�
7KH�JHQHUDO�LGHD�RI�WKH�PHVVDJH�ILOWHU�LV�VLPLODU�WR�WKDW�RI�WKH�ODZ�ILOWHU

LQWURGXFHG� E\� 0LQVN\� DQG� 5R]HQVKWHLQ� >0,16��@�� DOWKRXJK� WKHLU� ZRUN
KDV�QR�GLUHFW�UHODWLRQ�WR�VHFXULW\��7KH�PHVVDJH�ILOWHU�FDQ�EH�LPSOHPHQWHG
RQ� WRS� RI� WKH� REMHFW� OD\HU�� 6LQFH� LWV� SXUSRVH� LV� WR� HQIRUFH� VHFXULW\�� WKH
PHVVDJH�ILOWHU�KDV�WR�EH�WUXVWHG��WKDW�LV��LW�KDV�WR�EH�SDUW�RI�WKH�WUXVWHG
FRPSXWLQJ�EDVH��

$Q�H[DPSOH�RI�PHVVDJH�ILOWHULQJ��:H�QRZ�SUHVHQW�D�EULHI�H[DPSOH�WR
LOOXVWUDWH� WKH�PHVVDJH�ILOWHULQJ� DOJRULWKP�RI� )LJXUH� ��ZLWK� WKH�KHOS� RI� D
SD\UROO� GDWDEDVH��2XU� VLPSOH� REMHFW�RULHQWHG� GDWDEDVH� FRQVLVWV� RI� WKUHH
FODVVHV� RI� REMHFWV�� ���� (03/2<((� �8QFODVVLILHG��� ���� 3$<�,1)2� �6HFUHW��
DQG� ����:25.�,1)2� �8QFODVVLILHG��ZLWK� WKH� FRUUHVSRQGLQJ� DWWULEXWHV� DV
VKRZQ�LQ�)LJXUH����2EMHFWV�(03/2<((�DQG�:25.�,1)2�DUH�8QFODVVLILHG
DV�WKHLU�DWWULEXWHV� �VXFK�DV�QDPH��DGGUHVV��KRXUV�ZRUNHG��UHSUHVHQW� LQ�
IRUPDWLRQ�DERXW�DQ�HPSOR\HH�WKDW�FDQ�EH�PDGH�UHDGLO\�DYDLODEOH��7KH�RE�
MHFW� 3$<�,1)2� LV� 6HFUHW� EHFDXVH� LWV� DWWULEXWHV� FRQWDLQ� VHQVLWLYH
LQIRUPDWLRQ�VXFK�DV�KRXUO\�UDWH�DQG�ZHHNO\�SD\�
/HW�XV�VHH�KRZ�FDVHV�������DQG���LQ�WKH�ILOWHULQJ�DOJRULWKP�DSSO\�WR�WKH

SD\UROO�GDWDEDVH��&DVH���RFFXUV�ZKHQ�WKH�VHQGHU�DQG�UHFHLYHU�DUH�DW�WKH
VDPH� OHYHO� DQG� DSSOLHV� WR� WKH� PHVVDJH� H[FKDQJH� EHWZHHQ� REMHFWV
(03/2<((�DQG�:25.�,1)2��7KH�PHVVDJH�5(6(7�:((./<�+2856�DQG
UHSO\�'21(�DUH�ERWK�DOORZHG�WR�SDVV�E\�WKH�PHVVDJH�ILOWHU��&DVH���DSSOLHV
WR�WKH�PHVVDJH�H[FKDQJH�EHWZHHQ�REMHFWV�(03/2<((�DQG�3$<�,1)2��$V
WKH�ODWWHU�LV�FODVVLILHG�KLJKHU��D�1,/�UHSO\� LV�UHWXUQHG�LQ�UHVSRQVH�WR�WKH
3$<�PHVVDJH�DQG�WKH�DFWXDO�UHSO\� LV�GLVFDUGHG��&DVH��� LQYROYHV� WKH�RE�
MHFWV�3$<�,1)2�DQG�:25.�,1)2��$V�WKH�REMHFW�:25.�,1)2�LV�FODVVLILHG
ORZHU� WKDQ� 3$<�,1)2�� WKH� PHVVDJH� *(7�+2856� DQG� UHSO\� +2856�
:25.('�DUH�DOORZHG�WR�SDVV��+RZHYHU��WKH�PHWKRG�LQYRFDWLRQ�LQ�:25.�
,1)2� LV� JLYHQ� WKH� UHVWULFWHG� VWDWXV� �GXH� WR� LWV� UOHYHO� EHLQJ�6HFUHW��� 7KLV
SUHYHQWV� WKH� PHWKRG� IURP� XSGDWLQJ� WKH� VWDWH� RI� REMHFW� :25.�,1)2
�ZKLFK��LI�DOORZHG��ZRXOG�FDXVH�D�ZULWH�GRZQ�YLRODWLRQ��

&ODVV�KLHUDUFK\�DQG�VHFXULW\

7KH�QRWLRQ�RI� FODVVHV� LV�XVXDOO\� FRQVLGHUHG�YHU\� LPSRUWDQW� IRU� REMHFW�
RULHQWHG� GDWDEDVHV�� LI� QRW� IRU� REMHFW�RULHQWHG� V\VWHPV� LQ� JHQHUDO�� 0RVW
H[LVWLQJ� REMHFW�RULHQWHG� GDWDEDVHV� VXSSRUW� FODVVHV�� ,Q� WKLV� VHFWLRQ�� ZH
GLVFXVV� KRZ� RXU� VHFXULW\�PRGHO� GHDOV� ZLWK� LQIRUPDWLRQ� IORZ� GXH� WR� LQ�
KHULWDQFH�LQ�D�FODVV�KLHUDUFK\�
7KH�QRWLRQ�RI�FODVVHV�LV�DNLQ�WR�WKDW�RI�UHODWLRQV�LQ�UHODWLRQDO�GDWDEDVHV�

2EMHFWV�RI�VLPLODU�VWUXFWXUH� �W\SHV�DQG�QDPHV�RI�DWWULEXWHV��DQG�VLPLODU
EHKDYLRU��PHWKRGV��DUH�JURXSHG�LQWR�FODVVHV��MXVW�OLNH�WXSOHV�RI�WKH�VDPH
VWUXFWXUH��LQ�UHODWLRQDO�GDWDEDVHV��DUH�JURXSHG�LQWR�UHODWLRQV��7KH�SDUDOOHO
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WR� UHODWLRQDO� V\VWHPV� GRHV� QRW� JR� YHU\� IDU�� KRZHYHU�� )LUVW�� LQ� UHODWLRQDO
GDWDEDVHV�� WKHUH� LV�QR�QRWLRQ�DQDORJRXV�WR� WKDW�RI�REMHFW�EHKDYLRU��6HF�
RQG��FODVVHV�LQ�REMHFW�RULHQWHG�GDWDEDVHV�DUH�UHSUHVHQWHG�E\�REMHFWV�WKDW
FRQWDLQ�LQIRUPDWLRQ�RQ�WKH�QDPHV�DQG�W\SHV�RI�DWWULEXWHV�RI�WKH�FRQVWLWX�
HQW�LQVWDQFH�REMHFWV�RI�WKH�FODVV�DV�ZHOO�DV�WKH�PHWKRGV�FRPPRQ�WR�WKHP�
2EMHFWV�RI�WKLV�NLQG�DUH�FDOOHG�FODVV�GHILQLQJ�REMHFWV��RU�VLPSO\�FODVV�RE�
MHFWV��7KXV��WKHUH�LV�HVVHQWLDOO\�QR�GLVWLQFWLRQ�EHWZHHQ�UHSUHVHQWDWLRQV�RI
GDWD�DQG�PHWDGDWD�LQ�REMHFW�RULHQWHG�V\VWHPV�

Figure 3. Objects in a payroll database.

:H�DVVXPH�WKDW�WKH�UHDGHU�KDV�D�EDVLF� IDPLOLDULW\�ZLWK�WKH�QRWLRQV�RI
LQKHULWDQFH�DQG�FODVV�KLHUDUFK\�>.,0����='21��@��$�W\SLFDO�FODVV�KLHUDU�
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FK\� KDV� D� FODVV� 2%-(&7� DW� LWV� URRW�� ,W� DOVR� LQFOXGHV� D� VSHFLDO� FODVV
&/$66�VXFK�WKDW�HYHU\�REMHFW�GHILQLQJ�D�FODVV�LV�DQ�LQVWDQFH�RI�&/$66�
(DUOLHU�ZH�GLVFXVVHG�ZD\V�E\�ZKLFK�REMHFWV�FDQ�WUDQVIHU�LQIRUPDWLRQ�WR

RQH�DQRWKHU��0HVVDJH�VHQGLQJ�DQG�REMHFW�FUHDWLRQ�ZHUH�PHQWLRQHG�LQ�WKLV
FRQQHFWLRQ��:H�WKHQ�ZHQW�RQ�WR�GHILQH�VHYHUDO�W\SHV�RI�LQIRUPDWLRQ�IORZ�
:LWK�WKH�LQWURGXFWLRQ�RI�FODVVHV�DQG�LQKHULWDQFH��WZR�PRUH��LPSOLFLW��ZD\V
WR�WUDQVIHU�LQIRUPDWLRQ�DUH�DGGHG�
6LQFH�D�FODVV�REMHFW��WKDW�LV��D�FODVV�GHILQLQJ�REMHFW��FRQWDLQV�VWUXFWXUH

DQG�EHKDYLRU� LQIRUPDWLRQ� IRU�DOO� LWV� LQVWDQFH�REMHFWV�� WKH� ODWWHU�KDYH�DQ
LPSOLFLW�UHDG�DFFHVV�WR�WKH�IRUPHU��7KXV��DQ�LQIRUPDWLRQ�IORZ�H[LVWV�IURP
D� FODVV� REMHFW� WR� DQ� LQVWDQFH� REMHFW��:H� UHIHU� WR� WKLV� W\SH� RI� IORZ� DV� D
FODVV�LQVWDQFH�IORZ�
6LQFH� FODVVHV� LQKHULW� DWWULEXWHV� DQG�PHWKRGV� IURP� WKHLU� DQFHVWRUV� LQ

WKH�FODVV�KLHUDUFK\��D�FODVV�REMHFW�KDV�DQ� LPSOLFLW� UHDG�DFFHVV� WR�DOO� LWV
DQFHVWRUV��7KHUHIRUH��WKHUH�LV�DQ�LQIRUPDWLRQ�IORZ�GRZQ�DORQJ�DOO�KLHUDU�
FK\�OLQNV��7KLV�W\SH�RI�IORZ�LV�GHVLJQDWHG�LQKHULWDQFH�IORZ�
,W�LV�HDV\�WR�VHH�WKDW�DQ�LQKHULWDQFH�IORZ�LV�LOOHJDO�XQOHVV�WKH�OHYHO�RI�D

FODVV� REMHFW� GRPLQDWHV� WKH� OHYHO� RI� HDFK� RI� LWV� DQFHVWRUV�� 6LPLODUO\�� D
FODVV�LQVWDQFH�IORZ�LV�LOOHJDO�XQOHVV�WKH�OHYHO�RI�DQ�LQVWDQFH�REMHFW�GRPL�
QDWHV�WKDW�RI�LWV�FODVV�
2XU� DSSURDFK� WR� GHDOLQJ� ZLWK� LOOHJDO� LQKHULWDQFH� DQG� FODVV�LQVWDQFH

IORZV� LV� WR� LPSOHPHQW� WKH� FODVVLILFDWLRQ� DQG� LQKHULWDQFH� IHDWXUHV� E\
PHDQV� RI�PHVVDJH� SDVVLQJ�� �7KH�GHWDLOV� RI� VXFK� DQ� LPSOHPHQWDWLRQ� DUH
DYDLODEOH�HOVHZKHUH� >0,16��@���7KH�SXUSRVH�RI� WKLV�DSSURDFK� LV� WR�PDNH
WKH� LPSOLFLW� IORZV�GLVFXVVHG�DERYH�H[SOLFLW�� WKDW� LV�� UHDOL]HG�E\�PHVVDJHV�
$V�D�FRQVHTXHQFH��FODVV�LQVWDQFH�DQG� LQKHULWDQFH� IORZV�FDQ�EH�FKHFNHG
E\�WKH�PHVVDJH�ILOWHU��MXVW�DV�IRUZDUG��EDFNZDUG��DQG�LQGLUHFW�IORZV�DUH��

,W�LV�VWLOO�D�JRRG�LGHD��WKRXJK��WR�SODFH�WKH�IROORZLQJ�FRQVWUDLQWV�RQ�WKH
ZD\�WKH�VHFXULW\�OHYHOV�RI�LQVWDQFH�REMHFWV�DQG�VXEFODVV�REMHFWV�UHODWH�WR
WKRVH�RI�WKH�FRUUHVSRQGLQJ�FODVV�REMHFWV�

� 6HFXULW\�OHYHO� FRQVWUDLQW� ��� ,I�RM� LV� DQ� REMHFW� RI� FODVV� FM� �FM� DOVR� GH�
QRWHV�WKH�FRUUHVSRQGLQJ�FODVV�REMHFW���WKHQ�/�F M��≤�/�R M��

� 6HFXULW\�OHYHO�FRQVWUDLQW���� ,I�FL�DQG�FM�DUH�FODVVHV�VXFK�WKDW�FM� LV�D
FKLOG�RI�FL�LQ�WKH�FODVV�KLHUDUFK\��WKHQ�/�F L��≤�/�F M��

,W�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKDW�WKHVH�WZR�FRQVWUDLQWV�DUH�QRW�LQWUR�
GXFHG� IRU� VHFXULW\� UHDVRQV�³� VHFXULW\� LV� VWLOO� KDQGOHG� E\� WKH�PHVVDJH�
���������������������������������������������
�,W�VKRXOG�EH�QRWHG�WKDW�WKHUH�LV�D�JUHDW�GHDO�RI�GLVDJUHHPHQW�ZLWK�UHVSHFW�WR

WKH�H[DFW�VFRSH�RI� LQKHULWDQFH� LQ�D� FODVV�KLHUDUFK\� �IRU� H[DPSOH�� VHH� >1,(5��@��
6LQFH�ZH�KDYH�FKRVHQ�WR�GHILQH�RXU�VHFXULW\�PRGHO�LQ�WHUPV�RI� LQIRUPDWLRQ�IORZ
DPRQJ�REMHFWV��DQ\� LOOHJDO� LQIRUPDWLRQ� IORZ�GXH� WR� LQKHULWDQFH�� UHJDUGOHVV�RI� LWV
VSHFLILF�LQKHULWDQFH�IHDWXUHV��ZLOO�EH�SUHYHQWHG�DV�ORQJ�DV�WKHVH�IHDWXUHV�DUH�LP�
SOHPHQWHG�E\�PHVVDJH�SDVVLQJ�
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ILOWHULQJ�DOJRULWKP�EHFDXVH�DOO�IORZV��LQFOXGLQJ�WKH�FODVV�LQVWDQFH�DQG�LQ�
KHULWDQFH�IORZV��DUH�H[SOLFLWO\�FDVW�LQ�WKH�IRUP�RI�PHVVDJHV��7KHUHIRUH��D
YLRODWLRQ�RI� WKHVH�FRQVWUDLQWV�ZLOO�QRW� OHDG� WR�D�YLRODWLRQ�RI� VHFXULW\�� ,Q�
VWHDG��D�YLRODWLRQ�RI�VHFXULW\�OHYHO�FRQVWUDLQW����IRU�H[DPSOH��ZLOO�UHVXOW�LQ
EUHDNGRZQ� RI� WKH� LQKHULWDQFH� PHFKDQLVP�� ,W� ZLOO� FUHDWH� D� VLWXDWLRQ
ZKHUHLQ�D�FODVV�REMHFW�LV�SUHYHQWHG�E\�WKH�PHVVDJH�ILOWHU�IURP�JDLQLQJ�DF�
FHVV� WR�D�PHWKRG� LW� LQKHULWV� IURP� LWV�SDUHQW� FODVV� �EHFDXVH� WKH� VHFXULW\
OHYHO�RI�WKH�FKLOG�GRHV�QRW�GRPLQDWH�WKDW�RI�WKH�SDUHQW��DV�UHTXLUHG�E\�WKH
FRQVWUDLQW��
1RWH� WKDW� VHFXULW\�OHYHO� FRQVWUDLQW� �� LV� DXWRPDWLFDOO\� VDWLVILHG� E\� WKH

PHVVDJH�ILOWHULQJ� DOJRULWKP� �VHH� FDVH� �� RI� )LJXUH� ��� DW� WKH� LQVWDQFH�
FUHDWLRQ� WLPH�� ,W� LV� LQWHUHVWLQJ� WR� QRWH�� WKRXJK�� WKDW� WKLV� IHDWXUH� ZDV
RULJLQDOO\� LQFOXGHG� LQ� WKH� DOJRULWKP� WR� SUHYHQW� WKH� LOOHJDO� GLUHFW� IORZ� WR
WKH� QHZO\� FUHDWHG� REMHFW� DW� WKH� FUHDWLRQ� WLPH�� UDWKHU� WKDQ� WKH� LOOHJDO
FODVV�LQVWDQFH�IORZ��ZKLFK�FDQ�WDNH�SODFH�DW�DQ\�WLPH�DIWHU�WKH� LQVWDQFH
LV�FUHDWHG��+RZHYHU��WKH�SURYLVLRQ�ZRUNV�HTXDOO\�ZHOO�LQ�ERWK�FDVHV�
&RQVWUDLQW��� LV�QRW�DXWRPDWLFDOO\�VDWLVILHG�E\�WKH�PHVVDJH�ILOWHULQJ�DO�

JRULWKP��EXW� WKH�DOJRULWKP�FRXOG�EH�PRGLILHG� IRU� WKDW�SXUSRVH��$OWHUQD�
WLYHO\�� WKH� FRQVWUDLQW� FRXOG� EH� HQIRUFHG� E\� VXSSO\LQJ� WKH� REMHFW� &/$66
ZLWK�D�PHWKRG�IRU�FUHDWLRQ�RI�QHZ�FODVVHV�WKDW�ZRXOG�FKHFN�WKDW�WKH�VH�
FXULW\�OHYHOV�RI�WKH�QHZ�FODVVHV�DUH� LQ�WKH�SUHVFULEHG�UHODWLRQVKLS�WR�WKH
OHYHOV�RI�WKHLU�SDUHQWV��7KH�VHFRQG�SRVVLELOLW\�LV��SHUKDSV��SUHIHUDEOH�EH�
FDXVH�ZH�ZDQW�WR�NHHS�WKH�PHVVDJH�ILOWHU�³�D�WUXVWHG�SLHFH�RI�VRIWZDUH�³
DV�VPDOO�DV�SRVVLEOH�

0RGHOLQJ�PXOWLOHYHO�HQWLWLHV�ZLWK�VLQJOH�OHYHO�REMHFWV

,Q�DQ�REMHFW�RULHQWHG�GDWD�PRGHO��REMHFWV�DUH�XVHG�WR�PRGHO�UHDO�ZRUOG
HQWLWLHV��7KHUHIRUH��LW�PD\�VHHP�VRPHZKDW�GLVFRXUDJLQJ�WKDW�RXU�VHFXULW\
PRGHO�LQVLVWV�WKDW�DOO�REMHFWV�EH�´IODW�µ�WKDW� LV��DW�D�VLQJOH�VHFXULW\� OHYHO�
0XFK�PRGHOLQJ�IOH[LELOLW\�ZRXOG�EH�ORVW�LI�PXOWLOHYHO�HQWLWLHV�FRXOG�QRW�EH
UHSUHVHQWHG�LQ�RXU�GDWDEDVH�
,Q�WKLV�VHFWLRQ��ZH�ZLOO�GHPRQVWUDWH�WKDW�UHVWULFWLQJ�REMHFWV�WR�EH�VLQJOH�

OHYHO�GRHV�QRW�KDYH� WR� LPSO\� WKDW� WKH�VDPH� W\SH�RI� UHVWULFWLRQ� H[LVWV� IRU
HQWLWLHV� WKDW�ZH�DUH� WU\LQJ� WR�PRGHO��:H�ZLOO� GR� WKLV�E\�PHDQV�RI� D� IHZ
VLPSOH�H[DPSOHV�
6XSSRVH�WKDW�WKHUH�DUH�WZR�VHFXULW\� OHYHOV��8� �8QFODVVLILHG��DQG�6� �6H�

FUHW���WKH�ODWWHU�GRPLQDWLQJ�WKH�IRUPHU��&RQVLGHU�DQ�HQWLW\�H�FKDUDFWHUL]HG
E\�DWWULEXWHV�$��%��DQG�&�VXFK�WKDW�$�DQG�%�DUH�DW� OHYHO�8�DQG�&� LV�DW
OHYHO�6��H�FRXOG�EH�D�FROOHFWLRQ�RI�LQIRUPDWLRQ�SHUWDLQLQJ�WR�DQ�HPSOR\HH�
ZKHUH�$�LV�WKH�HPSOR\HH·V�QDPH��%�LV�WKH�KRPH�DGGUHVV��DQG�&�LV�WKH�VDO�
DU\��� 7KH� LQWHQWLRQ� LV� WR� DOORZ� DFFHVV� WR� &� RQO\� IRU� XVHUV� ZLWK� 6HFUHW
FOHDUDQFH��$OO�RWKHU�XVHUV�FDQ�DFFHVV�RQO\�$�DQG�%��(QWLW\�H�FDQ�EH�UHSUH�
VHQWHG�E\�REMHFWV�R

��DQG�R��VXFK�WKDW�D�R��� � �$��%���D�R��� � �$��%��&��
/�R

��� �8��DQG�/�R��� �6��2EMHFW�R��LV�WKH�LQWHUQDO�UHSUHVHQWDWLRQ�RI�HQWLW\
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H�IRU�XVHUV�ZLWK�WKH�6HFUHW�FOHDUDQFH��ZKLOH�R�� LV�WKH�UHSUHVHQWDWLRQ�RI�H
IRU�DOO�RWKHU�XVHUV��7KH� H[DPSOH� LV� LOOXVWUDWHG� LQ�)LJXUH����$WWULEXWHV�RI
HQWLW\�H�KDYH�LQGLYLGXDO�VHFXULW\�ODEHOV��VKRZQ�LQ�SDUHQWKHVHV���7KLV�LV�LQ
FRQWUDVW�WR�REMHFWV�R

��DQG�R���ZKLFK�KDYH�ODEHOV�RQO\�DW�WKH�REMHFW�OHYHO�

Figure 4. Representing a multilevel entity by multiple single-level objects.

6XSSRVH�QRZ�WKDW�ZH�KDYH�DQ�HQWLUH�FROOHFWLRQ�RI�HQWLWLHV�RI� WKH�VDPH
W\SH�DV�H��D�VHW�RI�HQWLWLHV�ZLWK�8QFODVVLILHG�DWWULEXWHV�$�DQG�%�DQG�D�6H�
FUHW�DWWULEXWH�&���/HW�XV�FDOO�WKLV�W\SH�RI�HQWLW\�;��,Q�RXU�PRGHO��HDFK�HQ�
WLW\�RI�WKLV�W\SH�ZLOO�EH�UHSUHVHQWHG�E\�WZR�REMHFWV��RQH�IRU�XVHUV�ZLWK�WKH
6HFUHW�FOHDUDQFH�DQG�RQH�IRU�DOO�RWKHUV��7KXV��ZH�HQG�XS�ZLWK�WZR�FODVVHV
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RI�REMHFWV�IRU�RQH�W\SH�RI�HQWLW\��7KH�GLVWLQFWLRQ�EHWZHHQ�WKH�WZR�FODVVHV
LV� EDVHG� RQ� VHFXULW\�� QRW� VHPDQWLFV�� DV� ZRXOG� QRUPDOO\� EH� WKH� FDVH� LQ
REMHFW�RULHQWHG�GDWDEDVHV��/HW�;8�EH�WKH�FODVV�RI�WKH�8QFODVVLILHG�REMHFWV
DQG�;6�WKH�FODVV�RI�WKH�6HFUHW�REMHFWV�UHSUHVHQWLQJ�HQWLWLHV�RI�W\SH�;�

Figure 5. Representing a type of multilevel entity by a hierarchy of
classes of single-level objects.

,W�LV�FRQYHQLHQW��IRU�PRGHOLQJ�SXUSRVHV��WR�UHODWH�FODVVHV�;8�DQG�;6�LQ
WKH�FODVV�KLHUDUFK\��1DPHO\��LI�;6�LV�PDGH�D�FKLOG�RI�;8��WKHQ�LW�FDQ�LQ�
KHULW� IURP�;8�DWWULEXWHV�$�DQG�%�DQG�DGG� WR� WKHP�D� ORFDOO\�GHILQHG�DW�
WULEXWH�&�� )LJXUH� �� VKRZV� WKH� UHOHYDQW� VHJPHQW� RI� WKH� KLHUDUFK\�� 1RWH
WKDW�WKH�FODVV�REMHFW�;8� LV�SODFHG�DW�VHFXULW\� OHYHO�8��DQG�;6�DW� OHYHO�6�
7KH�HIIHFW�RI�WKLV� LV�WKDW�QRW�RQO\�GR�WKH�8QFODVVLILHG�XVHUV�KDYH�QR�DF�
FHVV� WR� WKH�YDOXHV�RI�DWWULEXWH�&� LQ�HQWLWLHV�RI� W\SH�;��EXW�DOVR� WKH\�DUH
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QRW�HYHQ�DZDUH�RI�WKH�H[LVWHQFH�RI�WKLV�6HFUHW�DWWULEXWH�EHFDXVH�H�DFFHVV
WR� WKH� FODVV� REMHFW�;6� LV� SURKLELWHG� WR� WKHP�� ,W� LV� SRVVLEOH� WR� SODFH� WKH
FODVV�REMHFW�;6�DW�OHYHO�8��ZKLOH�NHHSLQJ�LQVWDQFHV�RI�;6�DW�OHYHO�6��,Q�WKDW
FDVH��WKH�8QFODVVLILHG�XVHUV�ZLOO�EH�DZDUH�RI�WKH�H[LVWHQFH�RI�DWWULEXWH�&
EXW�QRW�RI�DQ\�YDOXHV�RI� LW� LQ� LQVWDQFH�REMHFWV��1RWH�WKDW�VXFK�D�GLFKRW�
RP\� EHWZHHQ� WKH� FODVV�REMHFW� OHYHO� DQG� WKH� OHYHO� RI� LWV� LQVWDQFHV� LV� LQ
FRQIRUPLW\�ZLWK�VHFXULW\�OHYHO�FRQVWUDLQW����7KH�FKRLFH�RI�ODEHO�IRU�;6�GH�
SHQGV�RQ�WKH�SROLF\�GHFLVLRQ�

Figure 6. Conceptual schema for types X and Y.

7R� FDUU\� RXU� H[DPSOH� D� OLWWOH� IXUWKHU�� VXSSRVH� WKDW� WKHUH� LV� D� VHFRQG
W\SH�RI�HQWLW\�WKDW�ZH�KDYH�WR�PRGHO��W\SH�<��7\SH�<�FRQVLVWV�RI�WKH�VDPH
DWWULEXWHV�DW�WKH�VDPH�VHFXULW\�OHYHOV�DV�;��SOXV�D�QHZ�DWWULEXWH�'�DW�OHYHO
8�� 7KH� FRQFHSWXDO� FODVV�KLHUDUFK\� �RU� VFKHPD�� LV� VKRZQ� LQ�)LJXUH� ��� ,Q
WKDW�VFKHPD��<�LV�D�FKLOG�RI�;�
/HW�XV�QRZ�DGGUHVV�WKH�TXHVWLRQ�RI�KRZ�WKLV�VFKHPD�FDQ�EH�LPSOHPHQWHG

LQ� RXU�PRGHO��8VLQJ� WKH� LGHD� RI� )LJXUH� ���ZH� DUULYH� DW� WKH� LPSOHPHQWDWLRQ
VFKHPD� IRU� RXU�GDWDEDVH�� VKRZQ� LQ�)LJXUH����7KH� LPSOHPHQWDWLRQ� VFKHPD
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WDNHV� LQWR� DFFRXQW� VHFXULW\�OHYHO� DVVLJQPHQWV� WR� DWWULEXWHV� LQ� WKH� FRQ�
FHSWXDO�VFKHPD�DQG�WUDQVIRUPV�WKH�ODWWHU�LQWR�WKH�IRUP�UHDG\�IRU�DFWXDO
LPSOHPHQWDWLRQ�LQ�D�V\VWHP�WKDW�XVHV�RXU�VHFXULW\�SDUDGLJP��,Q�SDUWLFX�
ODU��ZH�KDYH�IRXU�FODVVHV�LQ�RXU�LPSOHPHQWDWLRQ�VFKHPD��;8��;6��<8��DQG
<6��&ODVV�;8�UHSUHVHQWV�WKH�YLHZ�RI�;�IRU�8QFODVVLILHG�XVHUV��;6��WKH�YLHZ
RI�;�IRU�XVHUV�ZLWK�WKH�6HFUHW�FOHDUDQFH��<8��WKH�YLHZ�RI�<�IRU�8QFODVVLILHG
XVHUV��DQG�<6��WKH�YLHZ�RI�<�IRU�XVHUV�ZLWK�WKH�6HFUHW�FOHDUDQFH�

Figure 7. Implementation schema.
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,Q�)LJXUH���� OLQNV�EHWZHHQ�FODVVHV� UHSUHVHQW� LQKHULWDQFH� UHODWLRQVKLSV
DPRQJ�FODVVHV�� ,W� LV�KHOSIXO� WR�GLVWLQJXLVK�EHWZHHQ� WZR�NLQGV�RI� LQKHUL�
WDQFH� LQ� WKH� LPSOHPHQWDWLRQ� VFKHPD��VHPDQWLF� LQKHULWDQFH�DQG�VHFXULW\
LQKHULWDQFH��7KH�DFWXDO�LQKHULWDQFH�PHFKDQLVP�LV�LGHQWLFDO�LQ�ERWK�FDVHV�
EXW�WKH�PRWLYDWLRQ�LV�GLIIHUHQW��6HPDQWLF� LQKHULWDQFH�FRUUHVSRQGV�WR�WKH
XVXDO�QRWLRQ�RI�LQKHULWDQFH�LQ�REMHFW�RULHQWHG�GDWDEDVHV��,W�LV�LQWHQGHG�WR
UHSUHVHQW�WKH�VHPDQWLF�UHODWLRQVKLSV�DPRQJ�GDWD�W\SHV�IRXQG�LQ�WKH�FRQ�
FHSWXDO�VFKHPD��7KH�QRWLRQ�RI�VHFXULW\�LQKHULWDQFH��RQ�WKH�RWKHU�KDQG��LV
LQWURGXFHG�VROHO\�IRU�UHSUHVHQWLQJ�PXOWLOHYHO�HQWLWLHV�LQ�RXU�VHFXULW\�SDUD�
GLJP��7KXV�� IRU� LQVWDQFH��<8� LV�D�VXEFODVV�RI�;8� LQ� WKH�VHPDQWLF�VHQVH
EHFDXVH� WKLV� UHODWLRQVKLS� UHIOHFWV� WKH� VSHFLDOL]DWLRQ� RI� WKH� HQWLW\� W\SH�;
LQWR�<�E\�DGGLQJ�WR�WKH�IRUPHU�D�QHZ�DWWULEXWH�'��2Q�WKH�RWKHU�KDQG��;6
LV�D�VXEFODVV�RI�;8� LQ� WKH�VHFXULW\�VHQVH�EHFDXVH�;6� UHYHDOV�D�QHZ�DW�
WULEXWH�RI�HQWLWLHV�RI�W\SH�;�WKDW�LV�QRW�YLVLEOH�WR�8QFODVVLILHG�XVHUV��1RWH
WKDW�WKH�QRWLRQ�RI�VHFXULW\�LQKHULWDQFH�LV�LQ�DJUHHPHQW�ZLWK�VHFXULW\�OHYHO
FRQVWUDLQW����ZKLFK� UHTXLUHV� WKDW� WKH� VHFXULW\� OHYHO� RI� D� FODVV�GRPLQDWH
WKDW�RI�LWV�DQFHVWRUV�
,QVWDQFH�REMHFWV��DV�ZDV�GLVFXVVHG�HDUOLHU� LQ�WKLV�VHFWLRQ��GR�QRW�KDYH

WR�EH�DW�WKH�VDPH�VHFXULW\�OHYHO�DV�WKHLU�FODVV�REMHFW��%\�WKH�VDPH�WRNHQ�
LQVWDQFH�REMHFWV�PD\�VRPHWLPHV�EH�SODFHG�DW�GLIIHUHQW�OHYHOV�ZLWK�RQH�DQ�
RWKHU��MXVW�DV�LW�PD\�EH�UHTXLUHG�WKDW�UHDO�ZRUOG�HQWLWLHV�RI�WKH�VDPH�W\SH
KDYH�GLIIHUHQW�VHFXULW\�FODVVLILFDWLRQV��2XU�PRGHO�DOORZV� IRU� WKLV� IOH[LELO�
LW\�

5HYLHZ�RI�UHOHYDQW�UHVHDUFK

7KH�REMHFW�RULHQWHG�DSSURDFK�KDV�EHHQ�D�PDMRU�DUHD�RI�UHVHDUFK�LQ�WKH
FRQWH[W�RI�SURJUDPPLQJ�ODQJXDJHV��NQRZOHGJH�UHSUHVHQWDWLRQ��DQG�GDWD�
EDVHV� IRU�VRPH�\HDUV�QRZ� >.,0����='21��@�� ,Q� VSLWH� RI� WKLV�� WKHUH�KDV
EHHQ� UHODWLYHO\� OLWWOH� ZRUN� RQ� VHFXULW\�UHODWHG� LVVXHV� LQ� REMHFW�RULHQWHG
GDWDEDVHV�� DOWKRXJK� VRPH� ZRUN� GRHV� H[LVW�� ,QLWLDO� HIIRUWV� >',77���
)(51���� 5$%,��@� KDQGOH� RQO\� WKH� GLVFUHWLRQDU\� DFFHVV� FRQWUROV��0HDG�
RZV�DQG�/DQGZHKU�>0($'���@�ZHUH�WKH�ILUVW�WR�PRGHO�PDQGDWRU\�DFFHVV
FRQWUROV�XVLQJ�WKH�REMHFW�RULHQWHG�DSSURDFK��KRZHYHU��WKHLU�HIIRUW�LV�OLP�
LWHG�WR�FRQVLGHULQJ�WKH�0LOLWDU\�0HVVDJH�6\VWHP��6SRRQHU�>6322��@�WDNHV
D� SUHOLPLQDU\� ORRN� DW�PDQGDWRU\� DFFHVV� FRQWURO� DQG� UDLVHV� VHYHUDO� LP�
SRUWDQW�FRQFHUQV�
,Q� RWKHU� DSSURDFKHV� >.(()��D�� 7+85��E@�� REMHFWV� FDQ� EH�PXOWLOHYHO�

7KLV�PHDQV��IRU�H[DPSOH��WKDW�DQ�REMHFW·V�DWWULEXWHV�FDQ�EHORQJ�WR�GLIIHU�
HQW�VHFXULW\� OHYHOV��ZKLFK� LQ�WXUQ�PHDQV� WKDW� WKH�VHFXULW\�V\VWHP�PXVW
PRQLWRU� DOO�PHWKRGV�ZLWKLQ� DQ� REMHFW�� $V�ZH� KDYH� DUJXHG� LQ� WKH� LQWUR�
GXFWLRQ�� ZH� FRQVLGHU� WKLV� WR� EH� FRQWUDU\� WR� WKH� VSLULW� RI� WKH� REMHFW�
RULHQWHG�SDUDGLJP��/XQW�DQG�0LOOHQ� >/817��E@�PHQWLRQ� VRPH�SUREOHPV
DVVRFLDWHG�ZLWK�KDYLQJ�PXOWLOHYHO�REMHFWV��,Q�WKHLU�PRGHO��RQO\�VLQJOH�OHYHO
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REMHFWV� DUH� SHUPLWWHG�� +RZHYHU�� WKH� QRWLRQ� RI� VXEMHFWV� LV� VWLOO� UHWDLQHG�
DQG�VXEMHFWV�DUH�DVVLJQHG�VHFXULW\�OHYHOV�

&RQFOXVLRQV�DQG�IXWXUH�ZRUN

$Q�H[DPLQDWLRQ�RI� WKH�REMHFW�RULHQWHG�GDWD�PRGHO� OHDGV�RQH� WR�EHOLHYH
WKDW�WKHUH�LV�PXFK�LQ�LW��SDUWLFXODUO\�LQ�WKH�QRWLRQ�RI�HQFDSVXODWLRQ��WKDW
PDNHV�WKLV�PRGHO�QDWXUDOO\�FRPSDWLEOH�ZLWK�WKH�QRWLRQ�RI�VHFXULW\��+RZ�
HYHU��XQWLO�QRZ��UHODWLYHO\�OLWWOH�XVH�KDV�EHHQ�PDGH�RI�WKLV�DSSDUHQW�FRP�
SDWLELOLW\�
7KLV�HVVD\�LV�SDUW�RI�DQ�HIIRUW�WR�GHYHORS�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH

LQWHUDFWLRQV� EHWZHHQ� PXOWLOHYHO� VHFXULW\� DQG� WKH� REMHFW�RULHQWHG� GDWD
PRGHO��7KLV�LQWHUDFWLRQ��LQ�RXU�RSLQLRQ��FDQ�EH�YHU\�VXEWOH��DQG�IRU�WKDW
UHDVRQ�� ZH� FKRVH� D� IRUPDO� DSSURDFK�� :H� ZDQWHG� WR� VWDWH� SUHFLVHO\� DOO
FULWLFDO�DVVXPSWLRQV��ZKLFK�LV�QHFHVVDU\�LI�ZH�KRSH�WR�XVH�WKLV�HVVD\�DV�D
GHSDUWXUH�SRLQW�IRU�IXUWKHU�UHVHDUFK�
:H�EHOLHYH�WKDW�WKHUH�LV�PXFK�PRUH�LQWHUHVWLQJ�ZRUN�WR�EH�GRQH�LQ�WKH

DUHD�RI�REMHFW�RULHQWHG�PXOWLOHYHO�VHFXULW\��,Q�SDUWLFXODU��ZH�SUHVHQWHG�LQ
WKLV�HVVD\�VRPH� LGHDV� IRU�UHSUHVHQWLQJ�PXOWLOHYHO�HQWLWLHV�XVLQJ�PXOWLSOH
REMHFWV�DW�GLIIHUHQW�VHFXULW\�OHYHOV�DQG�LOOXVWUDWHG�WKHVH�LGHDV�ZLWK�H[DP�
SOHV�� 7KH� VXEMHFW� FOHDUO\�PHULWV� IXUWKHU� VWXG\�� DQG�SHUKDSV� RQH� VKRXOG
DGGUHVV� WKH� LVVXH� RI� GHVLJQLQJ� DQ� DOJRULWKP� IRU�PXOWLREMHFW� UHSUHVHQWD�
WLRQ�RI�PXOWLOHYHO�HQWLWLHV�
,PSOHPHQWLQJ� WKH� FODVV� DQG� LQKHULWDQFH� PHFKDQLVPV� E\� PHVVDJH

SDVVLQJ� LV� HVVHQWLDO� WR� RXU� DSSURDFK� WR� HQIRUFLQJ� VHFXULW\�� ,Q� D� V\VWHP
WKDW�IROORZV�VXFK�DQ�LPSOHPHQWDWLRQ��DOO� LQIRUPDWLRQ� IORZV�DUH�UHQGHUHG
H[SOLFLW��DQG�WKHUHIRUH�FRQWUROODEOH�XQLIRUPO\�E\�WKH�PHVVDJH�ILOWHU��&RQ�
VHTXHQWO\��RXU�IXWXUH�ZRUN�VKRXOG�DGGUHVV�WKLV�LVVXH�RI�LPSOHPHQWDWLRQ�
DV�LW�UHODWHV�WR�PRGHOLQJ�VHFXULW\��DW�D�PRUH�GHWDLOHG�OHYHO�

$FNQRZOHGJPHQW

7KH�ZRUN�RI�6XVKLO�-DMRGLD�DQG�%RULV�.RJDQ�ZDV�SDUWLDOO\�VXSSRUWHG�E\
WKH�86�$LU�)RUFH��5RPH�$LU�'HYHORSPHQW�&HQWHU��WKURXJK�WKH�VXEFRQWUDFW
�5,������;�RI�SULPH�FRQWUDFW��)���������'�������7DVN�%��������ZLWK
WKH�8QLYHUVLW\�RI�'D\WRQ��:H�DUH� LQGHEWHG� WR�-RH�*LRUGDQR� IRU�KLV�VXS�
SRUW�DQG�HQFRXUDJHPHQW��ZKLFK�PDGH�WKLV�ZRUN�SRVVLEOH�


