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7RZDUGV�)RUPDO�9HULILFDWLRQ�RI�80/�'LDJUDPV�%DVHG�RQ�*UDSK�
7UDQVIRUPDWLRQ�

<X�=KDR � ��<XVKXQ�)DQ � ��;LQ[LQ�%DL � ��<XDQ�:DQJ � ��+RQJ�&DL � ��:HL�'LQJ � �� &,0�5HVHDUFK�&HQWHU�
'HSDUWPHQW�RI�$XWRPDWLRLQ�

7VLQJKXD�8QLYHUVLW\��%HLMLQJ��&KLQD��������
]KDR\X��#PDLOV�WVLQJKXD�HGX�FQ��IDQ#FLPV�WVLQJKXD�HGX�FQ��^E[[����\XDQ�ZDQJ��`#PDLOV�WVLQJKXD�HGX�FQ�� ,%0�&KLQD�5HVHDUFK�/DE�

�)��+DRKDL�%XLOGLQJ���WK�6KDQJGL�6WUHHW�
+DLGLDQ�'LVWULFW��%HLMLQJ�&KLQD��������

^FDLKRQJ��GLQJZ`#FQ�LEP�FRP�

$EVWUDFW�
,Q� WKLV� SDSHU�� D� PHWD�OHYHO� DQG� KLJKO\� DXWRPDWHG� WHFKQLTXH� WKDW� FRXOG� IRUPDOO\� WUDQVIRUP� 80/�
GLDJUDPV� IRU� YHULILFDWLRQ� LV� SUHVHQWHG�� )LUVWO\�� WKH� PHWD�PRGHO� KLHUDUFKLFDO� VWUXFWXUH� RI� 80/� LV�
UHYLHZHG�DQG�WKH�UHODWLRQVKLSV�DPRQJ�GLIIHUHQW�80/�GLDJUDPV�DUH�DQDO\]HG�IURP�GLIIHUHQW�YLHZV��$Q�
DSSURDFK� IRU� WUDQVIRUPLQJ� DQG� YHULI\LQJ� 80/� VWDWHFKDUW� GLDJUDPV� LV� GHYHORSHG� EDVHG� RQ� JUDSK�
WUDQVIRUPDWLRQ��7KLV�DSSURDFK�FDQ�EH�XVHG�WR�WUDQVIRUP�80/�GLDJUDPV�WR�3HWUL�QHWV�ZKLOH�SUHVHUYLQJ�
G\QDPLF�FRQVLVWHQF\�SURSHUWLHV��)LQDOO\��WKH�DSSURDFK�LV�YDOLGDWHG�WKURXJK�D�FDVH�VWXG\��
.H\ZRUGV��*UDSK�7UDQVIRUPDWLRQ��80/��)RUPDO�9HULILFDWLRQ��3HWUL�QHWV�
���,QWURGXFWLRQ�
0RGHOV�PDNH��VRIWZDUH��SODWIRUPV�PRUH�DFFHVVLEOH�E\�UDLVLQJ�WKH�OHYHO�RI�DEVWUDFWLRQ�DQG�HQDEOLQJ�
UHXVH�RI�DVVHWV�DFURVV�SODWIRUP�FKDQJHV��7KH�8QLILHG�0RGHOLQJ�/DQJXDJH��80/���LV�D�ZHOO�NQRZQ�
GRPLQDQW�REMHFW�RULHQWHG�PRGHOLQJ�ODQJXDJH�IRU�WKH�GHVLJQ�SURFHVV�RI�,7�V\VWHPV�� �
+RZHYHU��GHVSLWH�LWV�VXFFHVV�DV�EHLQJ�D�XQLILHG�DQG�YLVXDO�QRWDWLRQ�LQ�LQGXVWULDO��80/�VWLOO�ODFNV�

DQDO\VLV�DQG�YHULILFDWLRQ�FDSDELOLWLHV��7KHUHIRUH��PDQ\�PRGHOV�FDQQRW�UHDOO\�EH�DQDO\]HG�LQ�GHWDLO��LQ�
SDUWLFXODU�ZKHQ�WKH\�DUH�XVHG�WR�GHVFULEH�FRPSOH[��GLVWULEXWHG�V\VWHPV��%HLQJ�ODFN�RI�DQDO\VLV�DQG�
YHULILFDWLRQ�PHWKRGV�OLPLWV�WKH�XVH�RI�80/�DQG�UHGXFHV�WKH�TXDOLW\�RI�WKH�80/�PRGHOV��7KXV�
GHYHORSLQJ�WHFKQRORJLHV�RI�DQDO\VLV�DQG�YHULILFDWLRQ�RI�80/�PRGHO�LV�VLJQLILFDQW�WR�PRGHOHUV�ZKR�
XVH�80/�WR�PRGHO�WKHLU�V\VWHPV��
80/�LV�ODFN�RI�D�SUHFLVH�IRUPDO�VHPDQWLFV��ZKLFK�KLQGHUV�WKH�IRUPDO�YHULILFDWLRQ�DQG�YDOLGDWLRQ�RI�

V\VWHP�GHVLJQ��2Q�WKH�RWKHU�KDQG��PRGHOV�HVWDEOLVKHG�LQ�PDQ\�PDWKHPDWLFDO�GRPDLQV��OLNH�3HWUL�QHWV��
WUDQVLWLRQ�V\VWHPV��SURFHVV�DOJHEUDV��HWF���DUH�SUHFLVH�DQG�FRXOG�EH�DQDO\]HG�DQG�YHULILHG�E\�XVLQJ�
YDULRXV�WRROV�LQ�WKHVH�GRPDLQV��6R�WUDQVIRUPDWLRQV�EHWZHHQ�80/�DQG�WKHVH�PRGHOV�DUH�VLJQLILFDQW�IRU�
DQDO\VLV�DQG�YHULILFDWLRQ�RI�80/�PRGHO��80/�PRGHOV�DUH�SURMHFWHG�LQWR�PDWKHPDWLFDO�PRGHOV�IRU�
WUDQVIRUPDWLRQ��DQG�WKH�UHVXOWV�RI�WKH�IRUPDO�DQDO\VLV�DUH�EDFN�DQQRWDWHG�WR�WKH�80/�PRGHOV�WR�KLGH�
WKH�PDWKHPDWLFV�IURP�GHVLJQHUV��
%HFDXVH�RI�QRW�RQO\�WKH�DEXQGDQW�DQDO\VLV�WHFKQLTXHV�EXW�DOVR�WKH�XQGHUVWDQGDELOLW\�RI�3HWUL�QHWV��

DQG�VRPH�H[LVWLQJ�VXFFHVVIXO�UHVHDUFK�RQ�WKH�YHULILFDWLRQ�RI�WKH�80/�G\QDPLF�YLHZ�GLDJUDPV�E\�
3HWUL�QHWV��ZH�DOVR�FKRRVH�WKH�3HWUL�QHWV�DV�WKH�WDUJHW�PRGHO�RI�WUDQVIRUPDWLRQ�IRU�YHULILFDWLRQ�RI�80/�
PRGHOV��,Q�RUGHU�WR�JHW�D�PRUH�JHQHUDO�WUDQVIRUPDWLRQ�DSSURDFK�EHWZHHQ�80/�DQG�3HWUL�QHW��ZH�
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UHVHDUFK�WKH�WUDQVIRUPDWLRQ�DW�WKH�PHWD�PRGHO�OHYHO��$QG�IRU�UHDFKLQJ�D�DXWRPDWLF�DQG�FRUUHFW�SURFHVV��
ZH�XVH�JUDSK�WUDQVIRUPDWLRQ�JUDPPDUV�DQG�V\VWHPV�WR�GHILQH�DQG�LPSOHPHQW�WKH�WUDQVIRUPDWLRQ��DQG�
YHULI\�WKH�WUDQVIRUPDWLRQ�LWVHOI��
7KH�UHVW�RI�WKH�SDSHU�LV�VWUXFWXUHG�DV�IROORZV��,Q�6HFWLRQ����WKH�UHODWHG�ZRUNV�DUH�UHYLHZHG�ILUVW��

([LVWLQJ�UHVHDUFKHV�RQ�WKH�YHULILFDWLRQ�DQG�WUDQVIRUPDWLRQ�RI�80/�PRGHOV�PRVWO\�IRFXV�RQ�WKH�
YDULRXV�PRGHO�HOHPHQWV��EXW�WKH�UHODWLRQVKLSV�DPRQJ�GLIIHUHQW�GLDJUDPV�DUH�UDUHO\�GLVFXVVHG��VR�,Q�
6HFWLRQ����WKH�UHODWLRQVKLSV�DPRQJ�GLIIHUHQW�80/�GLDJUDPV�DQG�WKH�SRWHQWLDO�WDUJHW�3HWUL�QHW�RI�WKH�
WUDQVIRUPDWLRQ�IRU�WKHVH�UHODWLRQVKLS�DQG�WKH�YHULILFDWLRQ�FRQWHQWV�DQG�DSSURDFKHV�DUH�DQDO\]HG�7KHQ�
,Q�6HFWLRQ����D�EULHI�LQWURGXFWLRQ�WR�3HWUL�QHW�DQG�LWV�DQDO\VLV�DELOLW\�DUH�JLYHQ��,Q�6HFWLRQ����WKH�JUDSK�
WUDQVIRUPDWLRQ�WHFKQLTXH�WKDW�FRXOG�WUDQVIRUP�80/�GLDJUDPV�LQWR�3HWUL�QHW�LV�GLVFXVVHG��%HFDXVH�RI�
WKH�LPSRUWDQFH�RI�WKH�YHULILFDWLRQ�RI�WKH�WUDQVIRUPDWLRQ�LWVHOI��VRPH�SURSHUWLHV�RI�D�FRUUHFW�
WUDQVIRUPDWLRQ�DUH�DQDO\]HG��,Q�VHFWLRQ����ZH�JLYH�D�FDVH�VWXG\�RQ�WUDQVIRUPLQJ�FRQFUHWH�80/�
VWDWHFKDUWV�LQWR�3HWUL�QHWV�XVLQJ�JUDSK�WUDQVIRUPDWLRQ�WHFKQLTXHV�DQG�SUHVHQW�RXU�GHEXJJLQJ�DSSURDFK�
IRU�JXDUDQWHH�WKH�FRUUHFWQHVV�RI�WUDQVIRUPDWLRQ��WRR��)LQDOO\��WKH�SDSHU�LV�FRQFOXGHG�LQ�6HFWLRQ���ZLWK�
VRPH�FRQFOXGLQJ�UHPDUNV�DQG�IXWXUH�GLUHFWLRQV��
���5HODWHG�ZRUN�
6HYHUDO�SURMHFWV�EDVHG�RQ�JUDSK�WUDQVIRUPDWLRQ�KDYH�EHHQ�FDUULHG�RXW�WR�VXSSRUW�PRGHO�WUDQVIRUPDWLRQ�
�QRW�OLPLW�IRU�80/���
$7R0 �	� 
 � � �� �LV�D�WRRO�IRU�0XOWL�3DUDGLJP�PRGHOLQJ�XQGHU�GHYHORSPHQW�DW�WKH�0RGHOLQJ��6LPXODWLRQ�

DQG�'HVLJQ�/DE��06'/��DW�0F*LOO�8QLYHUVLW\��7KH�WZR�PDLQ�WDVNV�RI�$7R0 � �DUH�PHWD�PRGHOLQJ�DQG�
PRGHO�WUDQVIRUPDWLRQ��80/�GLDJUDPV�DUH� WUDQVIRUPHG�E\�$7R0 � � LQWR�3HWUL�QHWV� IRU�YHULILFDWLRQ�E\�
PHDQV� RI� VLPXODWLRQ�� $QG� LW� WUDQVIRUPV� WKH� YDULRXV� GLDJUDPV� �MXVW� IURP� G\QDPLF� YLHZ�� LQWR� RQH�
FRPELQHG�3HWUL�QHW��DQG�DOVR�DFFHSWV�WKH�80/�PRGHOV�ZLWK�LQFRPSOHWH�RU�UHGXQGDQW�LQIRUPDWLRQ��%XW�
LW�GRHVQ¶W�FRQVLGHU�WKH�GLDJUDPV�RI�VWDWLF�YLHZ��DQG�WKH�WUDQVIRUPDWLRQ�HQYLURQPHQW�LV�QRW�UHVSRQVLEOH�
IRU�WKH�FRUUHFWQHVV�RI�WUDQVIRUPDWLRQ��
*5229( � ��� � LV� D�SURMHFW�FHQWHUHG�DURXQG� WKH�XVH�RI� VLPSOH�JUDSKV� IRU�PRGHOLQJ� WKH�GHVLJQ�WLPH��

FRPSLOH�WLPH�� DQG� UXQ�WLPH� VWUXFWXUH�RI�REMHFW�RULHQWHG� V\VWHPV��*UDSK� WUDQVIRUPDWLRQ� LV�XVHG� DV� D�
EDVLV�IRU�PRGHO�WUDQVIRUPDWLRQ�DQG�WR�GHILQH�WKH�RSHUDWLRQDO�VHPDQWLFV�RI�ODQJXDJH��,WV�VKRUWFRPLQJ�LV�
WKH�VDPH�DV�WKDW�RI�$7R0 � WKDW�LW�ODFNV�WKH�YHULILFDWLRQ�RI�WUDQVIRUPDWLRQ�LWVHOI� �
7KH�9,$75$ � ��� � �9,VXDO�$XWRPDWHG�PRGHO� 75$QVIRUPDWLRQV��PRGHO� WUDQVIRUPDWLRQ� V\VWHP� LV� D�

SURWRW\SH� WRRO� WKDW� SURYLGHV� D� JHQHUDO� DQG� DXWRPDWHG� IUDPHZRUN� IRU� VSHFLI\LQJ� WUDQVIRUPDWLRQV�
EHWZHHQ�DUELWUDU\�PRGHOV�FRQIRUPLQJ�WR�WKHLU�PHWD�PRGHO��7KH�RXWVWDQGLQJ�FRQWULEXWLRQ�RI�9,$75$�
DSSURDFK� LV� WKH�FRQVLGHUDWLRQ�RI�WKH�YHULILFDWLRQ�RI� WUDQVIRUPDWLRQ��)XQGDPHQWDO�FKDUDFWHULVWLFV�RI�D�
FRUUHFW� WUDQVIRUPDWLRQ� KDYH� EHHQ� VXPPDUL]HG� LQFOXGLQJ� WKH� VHPDQWLF� FRUUHFWQHVV�� %XW� LWV� PRGHO�
FKHFNLQJ�EDVHG�DSSURDFK�IRU�YHULILFDWLRQ�RI�VHPDQWLF�FRUUHFWQHVV�IRFXVHV�RQ�WKH�PRGHO�OHYHO�EXW�QRW�
WKH� PHWD�PRGHO� OHYHO�� 6R� WKH� YHULILFDWLRQ� LV� QRW� JHQHUDO� HQRXJK� DQG� KDUG� WR� EH� LPSOHPHQWHG�
DXWRPDWLFDOO\�IRU�DQ\�DUELWUDU\�VRXUFH�PRGHO��
���80/�PHWD�PRGHO�DQG�UHODWLRQVKLS�EHWZHHQ�YDULRXV�GLDJUDPV�
80/� LV� EDVHG� RQ� D� W\SH� RI� VLPSOH�� JHQHUDO� DQG� XQDPELJXRXV� PHWD�PRGHOLQJ� WKHRU\�� 80/�
PHWD�PRGHO� ODQJXDJH� LV� GHILQHG� LQ� LWVHOI� UHFXUVLYHO\�� L�H�� LW¶V� VSHFLILHG� E\� D� VXEVHW� RI� 80/�
DQQRWDWLRQV� DQG� VHPDQWLFV�� 7KH� VWUXFWXUH� RI� 80/� PHWD�PRGHO � ��� � ��� � LV� FRQIRUPDEOH� ZLWK� WKH� 02)�
�0HWD�2EMHFW� )DFLOLW\�� IUDPHZRUN�� DQG� KDV� IRXU� OD\HUV�� PHWD�PHWD�PRGHO��PHWD�PRGHO��PRGHO� DQG�
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REMHFW��
,Q� 80/� PRGHOV�� WKH� YDULRXV� GLDJUDPV� DUH� QRW� LVRODWHG�� EXW� DUH� UDWKHU� FRUUHODWHG�� 6RPH� RI� WKH�

UHODWLRQVKLSV� DPRQJ� WKH� GLDJUDPV� UHIOHFW� WKH� JUDPPDU� UXOHV� DQG� VHPDQWLFV� RI� 80/� LWVHOI�� H�J�� DQ�
REMHFW�LQ�WKH�REMHFW�GLDJUDP�PXVW�EH�DQ�LQVWDQFH�RI�DQ�H[LVWLQJ�FODVV��2WKHU�UHODWLRQVKLSV�UHIOHFW�VRPH�
HVVHQWLDO�FKDUDFWHULVWLFV�RI�WKH�V\VWHP�WR�EH�PRGHOHG�RU�VRPH�UXOHV�D�FRUUHFW�PRGHO�PXVW�REH\��H�J��LQ�
WKH�VDPH�FRQWH[W��WKH�VHTXHQFH�GLDJUDP�DQG�FROODERUDWLRQ�GLDJUDP�DUH�HTXLYDOHQFH�LQ�VHPDQWLFV��7KXV��
ZKHQ� WUDQVIRUPLQJ�D�80/�PRGHO� LQWR�D�3HWUL�QHW�PRGHO��QRW�RQO\� WKH�VWDWLF� VWUXFWXUH�DQG�G\QDPLF�
VHPDQWLF�RI�HYHU\�VLQJOH�GLDJUDP�QHHG�WR�EH�WUDQVIRUPHG��EXW�DOVR�WKH�UHODWLRQVKLSV�DPRQJ�WKH�YDULRXV�
GLDJUDPV� VKRXOG� EH� WRRN� LQWR� DFFRXQW� DQG� HYHQ� EH� WUDQVIRUPHG� ZKHQ� QHHGHG�� VXFK� JXDUDQWHH� WKH�
FRUUHFWQHVV�RI�PDSSLQJ�� �
7KH�UHODWLRQVKLSV�FDQ�EH�FODVVLILHG�LQWR�WKUHH�OD\HUV��

z� 7KH�UHODWLRQVKLSV�DPRQJ�WKH�VDPH�80/�GLDJUDPV�IURP�GLIIHUHQW�FRQWH[WV�
7KLV� OD\HU� LQFOXGHV� WKH� UHODWLRQVKLSV� DPRQJ� VHTXHQFH� GLDJUDPV�� DFWLYLW\� GLDJUDPV� DQG� VWDWHFKDUW�
GLDJUDPV�IURP�WKHLU�GLIIHUHQW�FRQWH[WV��UHVSHFWLYHO\��7KH\�DUH�PRVWO\�WKH�DJJUHJDWLYH�UHODWLRQV��6R�ZH�
FDQ�XVH�KLHUDUFKLFDO�3HWUL�QHWV�DV�WDUJHW�PRGHOV�WR�UHIOHFW�WKH�DJJUHJDWLRQ�DQG�DQDO\]H�WKH�FRUUHFWQHVV�
RI�WKH�UHODWLRQVKLSV��
z� 7KH�UHODWLRQVKLSV�DPRQJ�WKH�YDULRXV�GLDJUDPV�IURP�RQH�VDPH�YLHZ�RI�D�V\VWHP�
7KLV�OD\HU�LQFOXGHV�WKH�UHODWLRQVKLSV�DPRQJ�WKH�YDULRXV�GLDJUDPV�IURP�WKH�VWDWLF�VWUXFWXUH�YLHZ��FODVV�
GLDJUDP� DQG� REMHFW� GLDJUDP��� G\QDPLF� EHKDYLRU� YLHZ� �XVH�FDVH� GLDJUDP�� VHTXHQFH� GLDJUDP��
FROODERUDWLRQ� GLDJUDP�� VWDWHFKDUW� GLDJUDP� DQG� DFWLYLW\� GLDJUDP�� DQG� V\VWHP� DUFKLWHFWXUH� YLHZ�
�FRPSRQHQW� GLDJUDP� DQG� GHSOR\PHQW� GLDJUDP��� UHVSHFWLYHO\�� 7KH� UHODWLRQVKLSV� RI� WKLV� OD\HU� DUH�
PRVWO\�WKH�HQFDSVXODWLRQ�RU�HTXLYDOHQFH�UHODWLRQV��7KH�PDSSLQJ�RI�WKHVH�UHODWLRQV�LQWR�3HWUL�QHWV�FDQ�
DOVR� XVH� KLHUDUFKLFDO� 3HWUL�QHWV�� 2WKHUZLVH� ZH� FDQ� WUDQVIRUP� WKH� GLIIHUHQW� GLDJUDPV� WR� WKHLU� WDUJHW�
3HWUL�QHW�PRGHO�UHVSHFWLYHO\�DQG�YHULI\�WKH�HTXLYDOHQFH�RI�WKHVH�3HWUL�QHWV��
z� 7KH�UHODWLRQVKLS�DPRQJ�WKH�YDULRXV�GLDJUDPV�IURP�YDULRXV�YLHZV�RI�D�V\VWHP�
7KLV�OD\HU�GHVFULEHV�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�GLDJUDPV�RI�VWDWLF�VWUXFWXUH�YLHZ�DQG�WKH�GLDJUDPV�
RI� G\QDPLF� EHKDYLRU� YLHZ�� $OO� WKH� REMHFWV� LQFOXGHG� LQ� WKH� VHTXHQFH�� FROODERUDWLRQ�� VWDWHFKDUW� DQG�
DFWLYLW\� GLDJUDP� DQG� WKHVH� REMHFWV¶� DWWULEXWHV� DQG� RSHUDWLRQV�PXVW� EH� GHILQHG� LQ� WKH� FODVVHV�ZKLFK�
WKHVH�REMHFWV�EHORQJ� WR��)RU� WKLV� OD\HU��ZH�FDQ�XVH�FRORUHG�3HWUL�QHWV�DV� WDUJHW�PRGHOV� WR�PRGHO� WKH�
VWDWLF�SURSHUWLHV�RI�WKH�HOHPHQWV�LQ�WKH�G\QDPLF�EHKDYLRU�PRGHOV��$QG�WKH�YHULILFDWLRQ�RI�WKLV�OD\HU�LV�
E\�DQG�ODUJH�WR�HYDOXDWH�WKH�V\VWHPV¶�SHUIRUPDQFH��H�J��WKH�UDWLRQDOLW\�RU�HIILFLHQF\�RI�RQH�GHSOR\PHQW�
VROXWLRQ�IRU�FRPSRQHQWV�RI�D�V\VWHP��%XW�DFFRUGLQJ�WR�WKH�UHODWHG�ZRUN��WKLV�OD\HU�RI�UHODWLRQVKLSV�LV�
UDUHO\�FRQFHUQHG�LQ�WKH�UHVHDUFK�RQ�WKH�YHULILFDWLRQ�DQG�WUDQVIRUPDWLRQ�RI�80/�PRGHOV��
���3HWUL�1HW�DQG�LWV�DQDO\VLV�DELOLW\�
3HWUL�QHWV�LV�ERWK�D�IRUPDO�DQG�D�JUDSKLFDO�PRGHOLQJ�ODQJXDJH��7KH�SULPDU\�UHDVRQ�ZK\�ZH�VHOHFW�WKH�
3HWUL�QHW�DV�WKH�WDUJHW�PRGHOV�RI�WUDQVIRUPDWLRQ�LV�WKH�DEXQGDQW�DQG�PDWXUH�DQDO\VLV�WHFKQLTXHV�RI�LW��
'HVSLWH�QHZ�FRQFHSWV�� VXFK�DV� FRORU��KLHUDUFK\�� VWRFKDVWLF� FRQFHSW� HWF��� DUH� IXVHG� LQWR�3HWUL�QHWV� LQ�
VXFFHVVLRQ�� WKH� HVVHQFH� RI� V\QWD[� DQG� G\QDPLF� EHKDYLRU� SURSHUWLHV� QHYHU� FKDQJHV�� 7KH� EDVLF�
SURSHUWLHV� RI� V\VWHPV� ZKLFK� FDQ� EH� VWXGLHG� ZLWK� 3HWUL�QHWV� FDQ� EH� GLYLGHG� LQWR� WZR� JURXSV�� WKH�
EHKDYLRUDO� SURSHUWLHV�� LQFOXGLQJ� UHDFKDELOLW\�� ERXQGHGHQVV�� OLYHQHVV�� UHYHUVLELOLW\�� FRYHUDELOLW\��
SHUVLVWHQW�� V\QFKURQLF� GLVWDQFH� DQG� IDULQHVV�� HWF��� DQG� WKH� VWUXFWXUDO� SURSHUWLHV�� VXFK� DV� VWUXFWXUDO�
OLYHQHVV��FRQWUROODELOLW\��VWUXFWXUDO�ERXQGHGQHVV���FRQVHUYDWLYHQHVV��UHSHWLWLYHQHVV��FRQVLVWHQF\�DQG�VR�
RQ��7KH�GHILQLWLRQ�RI�WKHVH�SURSHUWLHV�FDQ�EH�IRXQG�LQ�>�@��$QG�ZH�FDQ�DOVR�HYDOXDWH�WKH�SHUIRUPDQFH�
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RI�WKH�V\VWHP�PRGHOHG�E\�DGYDQFHG�3HWUL�QHWV�VXFK�DV�FRORUHG�RU�VWRFKDVWLF�3HWUL�QHW��
6R� ZLWKLQ� WKH� WUDQVIRUPDWLRQ� SURFHVV�� WKH� FRQWHQW� WR� EH� YHULILHG� LQ� WKH�80/�PRGHOV� VKRXOG� EH�

WUDQVODWHG�LQWR�RQH�SURSHUW\�RU�RQH�FRPELQDWLRQ�RI�VHYHUDO�SURSHUWLHV�RI�WKH�FRUUHVSRQGLQJ�3HWUL�QHWV�
WKDW�FDQ�EH�DQDO\]HG�E\�H[LVWLQJ�DSSURDFKHV��,I�ZLWK�D�WUDQVIRUPDWLRQ�UXOH� WKLV�WUDQVODWLRQ�FRXOG�QRW�
SURFHHG��LW�VKRXOG�QRW�EH�FDOOHG�D�FRUUHFW�UXOH��
���*UDSK�WUDQVIRUPDWLRQ � ��� �DQG�YHULILFDWLRQ�RI�WUDQVIRUPDWLRQ�
$V�ERWK�80/�DQG�3HWUL�QHW�DUH�EDVHG�RQ�WKH�JUDSKLFDO�QRWDWLRQ��WKHUH�FRPHV�D�SRVVLELOLW\�RI�GHSLFWLQJ�
WKHP�E\�WKH�FRPPRQ�JUDSK�FRQFHSWV��DQG�ZLWK�LW�WKH�SRVVLELOLW\�RI�WUDQVIRUPLQJ�80/�PRGHOV�LQWR�
3HWUL�QHWV�IURP�WKH�DVSHFW�RI�JUDSK�WKHRU\��7KHUHE\��WKLV�LV�DQRWKHU�UHDVRQ�IRU�VHOHFWLQJ�3HWUL�QHW�DV�
WKH�YHULILFDWLRQ�WRRO�DQG�FRQVLGHULQJ�WKH�JUDSK�WUDQVIRUPDWLRQ�DV�WKH�IRXQGDWLRQ�WKHRU\�DQG�KLJKO\�
DXWRPDWHG�PHFKDQLVP�IRU�WUDQVIRUPDWLRQ��
/DWH�LQ�����¶V�5RVHQIHOG�LQ�WKH�86$�DQG�6FKQHLGHU��(KULJ��3IHQGHU��DQG�:DGVZRUWK�LQ�(XURSH�

LQWURGXFHG�JUDSK�WUDQVIRUPDWLRQ�IRU�WKH�JHQHUDWLRQ�PDQLSXODWLRQ�UHFRJQLWLRQ�DQG�HYDOXDWLRQ�RI�JUDSKV��
6LQFH�WKHQ�JUDSK�WUDQVIRUPDWLRQ�KDV�EHHQ�VWXGLHG�LQ�D�YDULHW\�RI�DSSURDFKHV�PRWLYDWHG�E\�DSSOLFDWLRQ�
GRPDLQV�VXFK�DV�SDWWHUQ�UHFRJQLWLRQ��VHPDQWLFV�RI�SURJUDPPLQJ�ODQJXDJHV��FRPSLOHU�GHVFULSWLRQ�
LPSOHPHQWDWLRQ�RI�IXQFWLRQDO�SURJUDPPLQJ�ODQJXDJHV��VSHFLILFDWLRQ�RI�GDWDEDVH�V\VWHPV�VSHFLILFDWLRQ�
RI�GLVWULEXWHG�V\VWHPV�HWF�� �
$�JUDSK�FRQVLVWV�RI�D�VHW�RI�ODEHOHG�QRGHV�DQG�D�VHW�RI�ODEHOHG�GLUHFWHG�HGJHV�HDFK�RI�ZKLFK�

FRQQHFWV�D�SDLU�RI�QRGHV��*UDSK�WUDQVIRUPDWLRQ�FRQVLVWV�RI�DSSO\LQJ�D�UXOH�WR�D�JUDSK�DQG�LWHUDWLQJ�WKLV�
SURFHVV��(DFK�UXOH�DSSOLFDWLRQ�WUDQVIRUPV�D�JUDSK�E\�UHSODFLQJ�D�SDUW�RI�LW�E\�D�JUDSK��7R�WKLV�SXUSRVH�
HDFK�UXOH�U�FRQWDLQV�D�OHIW�KDQG�VLGH�/�DQG�D�ULJKW�KDQG�VLGH�5��7KH�DSSOLFDWLRQ�RI�U�WR�D�JUDSK�*�
UHSODFHV�DQ�RFFXUUHQFH�RI�WKH�OHIW�KDQG�VLGH�/�LQ�*�E\�WKH�ULJKW�KDQG�VLGH�5��7KH�GHILQLWLRQ�RI�UXOHV�
DQG�DSSOLFDWLRQ�RI�UXOHV�LQ�JUDSK�WUDQVIRUPDWLRQ�DUH � 
 �� ��
5XOHV��$�JUDSK�WUDQVIRUPDWLRQ�UXOH�U� ��/��5��.��JOXH��HPE��DSSO��FRQVLVWV�RI�WZR�JUDSKV�/�DQG�5���

FDOOHG�WKH�OHIW�KDQG�VLGH�DQG�WKH�ULJKW�KDQG�VLGH�RI�U���UHVSHFWLYHO\��D�VXEJUDSK�.�RI�/�FDOOHG�WKH�
LQWHUIDFH�JUDSK��DQ�RFFXUUHQFH�JOXH�RI�.�LQ�5��UHODWLQJ�WKH�LQWHUIDFH�JUDSK�ZLWK�WKH�ULJKW�KDQG�VLGH��DQ�
HPEHGGLQJ�UHODWLRQ�HPE��UHODWLQJ�QRGHV�RI�/�WR�QRGHV�RI�5��DQG�D�VHW�DSSO�VSHFLI\LQJ�WKH�DSSOLFDWLRQ�
FRQGLWLRQV�IRU�WKH�UXOH�
$SSOLFDWLRQ�RI�UXOHV��$Q�DSSOLFDWLRQ�RI�D�UXOH�U� ��/��5��.��JOXH��HPE��DSSO��WR�D�JLYHQ�JUDSK�*�

\LHOGV�D�UHVXOWLQJ�JUDSK�+��SURYLGHG�WKDW�+�FDQ�EH�REWDLQHG�IURP�*�LQ�WKH�IROORZLQJ�ILYH�VWHSV��
��� &KRRVH�DQ�RFFXUUHQFH�RI�WKH�OHIW�KDQG�VLGH�/�LQ�*��
��� &KHFN�WKH�DSSOLFDWLRQ�FRQGLWLRQV�DFFRUGLQJ�WR�DSSO��
��� 5HPRYH�WKH�RFFXUUHQFH�RI�/�XS�WR�WKH�RFFXUUHQFH�RI�.�IURP�*�DV�ZHOO�DV�DOO�GDQJOLQJ�HGJHV��L�H��

DOO�HGJHV�LQFLGHQW�WR�D�UHPRYHG�QRGH��7KLV�\LHOGV�WKH�FRQWH[W�JUDSK�'�RI�/�ZKLFK�VWLOO�FRQWDLQV�DQ�
RFFXUUHQFH�RI�.��

��� *OXH�WKH�FRQWH[W�JUDSK�'�DQG�WKH�ULJKW�KDQG�VLGH�5�DFFRUGLQJ�WR�WKH�RFFXUUHQFHV�RI�.�LQ�'�DQG�5��
7KDW�LV��FRQVWUXFW�WKH�GLVMRLQW�XQLRQ�RI�'�DQG�5�DQG�IRU�HYHU\�LWHP�LQ�.��LGHQWLI\�WKH�
FRUUHVSRQGLQJ�LWHP�LQ�'�ZLWK�WKH�FRUUHVSRQGLQJ�LWHP�LQ�5��7KLV�\LHOGV�WKH�JOXLQJ�JUDSK�(��

��� (PEHG�WKH�ULJKW�KDQG�VLGH�5�LQWR�WKH�FRQWH[W�JUDSK�'�DFFRUGLQJ�WR�WKH�HPEHGGLQJ�UHODWLRQ�HPE��
)RU�HDFK�UHPRYHG�GDQJOLQJ�HGJH�LQFLGHQW�ZLWK�D�QRGH�Y�LQ�'�DQG�WKH�LPDJH�RI�D�QRGH�Y¶�RI�/�LQ�*��
DQG�HDFK�QRGH�Y¶¶�LQ�5��D�QHZ�HGJH��ZLWK�WKH�VDPH�ODEHO��LQFLGHQW�ZLWK�Y�DQG�WKH�QRGH�Y¶¶�LV�
HVWDEOLVKHG�LQ�(�SURYLGHG�WKDW��Y¶��Y¶¶��EHORQJV�WR�HPE��

)LJ����LOOXVWUDWHV�WKH�VWHSV�ZKLFK�KDYH�WR�EH�SHUIRUPHG�ZKHQ�DSSO\LQJ�D�UXOH��/��5��.��JOXH��HPE��
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*LYHQ�WKH�QRWLRQV�RI�D�UXOH�DQG�D�GLUHFW�GHULYDWLRQ��JUDSK�WUDQVIRUPDWLRQ�V\VWHPV�FDQ�EH�GHILQHG� � 

 � ��
$�VHW�3�RI�UXOHV�LV�WKH�VLPSOHVW�IRUP�RI�D�JUDSK�WUDQVIRUPDWLRQ�V\VWHP��D�VHW�3�RI�UXOHV�WRJHWKHU�ZLWK�
DQ�LQLWLDO�JUDSK�6�DQG�D�VHW�7�RI�WHUPLQDO�ODEHOV�IRUPV�D�JUDSK�JUDPPDU��*LYHQ�D�VHW�3�RI�UXOHV�DQG�D�
JUDSK�* [ ��D�VHTXHQFH�RI�VXFFHVVLYH�GLUHFW�GHULYDWLRQV�* [ �* \ �* ] �LV�D�GHULYDWLRQ�IURP�* [ �WR�
* ] �E\�UXOHV�RI�3��SURYLGHG�WKDW�DOO�XVHG�UXOHV�EHORQJ�WR�3��7KH�JUDSK�* ] �LV�VDLG�WR�EH�GHULYHG�IURP�* [ �
E\�UXOHV�RI�3��7KH�VHW�RI�DOO�JUDSKV�ODEHOHG�ZLWK�V\PEROV�RI�7�RQO\�WKDW�FDQ�EH�GHULYHG�IURP�WKH�LQLWLDO�
JUDSK�6�E\�UXOHV�RI�3��LV�WKH�ODQJXDJH�JHQHUDWHG�E\�3��6�DQG�7��:KHQ�ZH�XVH�WKH�JUDSK�WUDQVIRUPDWLRQ�
V\VWHP��ZH�ILUVW�KDYH�WR�FKRRVH�RQH�RI�WKH�UXOHV�DSSOLFDEOH�WR�D�JLYHQ�JUDSK��)XUWKHUPRUH�WKH�FKRVHQ�
UXOH�PD\�EH�DSSOLFDEOH�DW�VHYHUDO�RFFXUUHQFHV�RI�LWV�OHIW�KDQG�VLGH��6R�WKH�UHVXOW�RI�D�JUDSK�
WUDQVIRUPDWLRQ�GHSHQGV�RQ�WKHVH�FKRLFHV�ZKLFK�DUH�VWLOO�FRPSOHWHO\�DUELWUDU\��7KLV�QRQ�GHWHUPLQLVP�
PD\�EH�UHVWULFWHG�E\�FRQWURO�FRQGLWLRQV�LQ�VHYHUDO�ZD\V��
��� %\�SUHVFULELQJ�DQ�RUGHU�LQ�ZKLFK�UXOHV�KDYH�WR�EH�DSSOLHG��
��� %\�GHWHUPLQLQJ�WKH�QH[W�UXOH�GHSHQGLQJ�RQ�WKH�SUHYLRXV�RQH�V���
��� %\�DSSO\LQJ�D�UXOH�DFFRUGLQJ�WR�LWV�SULRULW\��
7KH�JUDSK�WUDQVIRUPDWLRQ�UXOHV�DQG�V\VWHP�FDQ�UHDOL]H�WKH�DXWRPDWLRQ�RI�WKH�WUDQVIRUPDWLRQ�SURFHVV��

EXW�FDQQRW�YHULI\�WKH�WUDQVIRUPDWLRQ�LWVHOI��7KH�IRUPDO�YHULILFDWLRQ�RI�80/�GLDJUDPV�EDVHG�RQ�PRGHO�
WUDQVIRUPDWLRQ�UHTXLUHV�QRW�RQO\�WKDW�WKH�WDUJHW�PRGHO�ODQJXDJH�KDV�WKH�DELOLW\�WR�YHULI\�WKH�SURSHUWLHV�
ZH�QHHG��EXW�DOVR�WKDW�WKH�WUDQVIRUPDWLRQ�FDQ�WUDQVIRUP�WKH�VRXUFH�PRGHO�FRUUHFWO\�DQG�HYHQ�
HIIHFWLYHO\��,Q�>�@��WKH�IXQGDPHQWDO�SURSHUWLHV�RI�D�FRUUHFW�WUDQVIRUPDWLRQ�DUH�VXPPDUL]HG�DV�WKDW�WKH�
WUDQVIRUPDWLRQ�VKRXOG�EH�FRPSOHWH��XQLTXH��V\QWDFWLF�FRUUHFW��VHPDQWLF�FRUUHFW�DQG�FRXOG�WHUPLQDWH��
$QG�IRU�D�WUDQVIRUPDWLRQ�LQ�WKH�LQWHUHVW�RI�YHULILFDWLRQ��ZH�DGG�D�SHUIRUPDQFH�UHTXLUHPHQW�WKDW�WKH�
WUDQVIRUPDWLRQ�VKRXOG�EH�HIIHFWLYH��L�H��WKH�FRQWHQWV�WKDW�QHHG�WR�EH�YHULILHG�RI�WKH�VRXUFH�PRGHO�
VKRXOG�EH�WUDQVIRUPHG�WR�VRPH�SURSHUWLHV�RI�WKH�WDUJHW�PRGHO�WKDW�FDQ�EH�DQDO\]HG��7KLV�DGGLWLRQDO�
UHTXLUHPHQW�LV�FRUUHODWHG�ZLWK�WKH�VHPDQWLF�FRUUHFWQHVV��EHFDXVH�WKH�VHPDQWLFV�DUH�XVXDOO\�RQH�SDUW�RI�
WKH�FRQWHQWV�WR�EH�YHULILHG��,Q�JUDSK�WUDQVIRUPDWLRQ�UHVHDUFK�DUHD��WKH�FRPSOHWHQHVV��XQLTXHQHVV�DQG�
WHUPLQDWLRQ�RI�WUDQVIRUPDWLRQ�FDQ�EH�YHULILHG�WKURXJK�WKH�H[LVWLQJ�DSSURDFKHV��%XW�WKH�VHPDQWLF�
FRUUHFWQHVV�DQG�WKH�HIIHFWLYHQHVV�KDYH�QRW�GHDOW�ZLWK��H[FHSW�WKDW�D�SULPDU\�FRQVLGHUDWLRQ�RI�WKH�
YHULILFDWLRQ�RI�VHPDQWLF�FRUUHFWQHVV�FRPHV�RXW�LQ�>�@��



��^��

6R�ZH�WU\�WR�DQDO\]H�WKH�UHIOHFWLRQ�RQ�WKH�WUDQVIRUPDWLRQ�UXOHV�RI�WKH�UHTXLUHPHQWV�RI�VHPDQWLF�
FRUUHFWQHVV�DQG�HIIHFWLYHQHVV�WKURXJK�WKH�IROORZLQJ�FDVH�VWXG\��
���&DVH�VWXG\�
:LWKLQ�WKH�G\QDPLF�YLHZ�RI�80/��WKHUH�DUH�WZR�W\SHV�RI�GLDJUDPV�WR�GHVFULEH�WKH�G\QDPLF�EHKDYLRU�
WKDW� VWDWH�EDVHG� GLDJUDPV� �LQFOXGLQJ� VWDWHFKDUW� DQG� DFWLYLW\� GLDJUDPV�� DQG� IORZ�EDVHG� GLDJUDPV�
�LQFOXGLQJ�VHTXHQFH�DQG�FROODERUDWLRQ�GLDJUDPV���%HFDXVH�WKH�DFWLYLW\�GLDJUDP�LV�D�VSHFLDO�W\SH�RI�WKH�
VWDWHFKDUW��VR�ZH�ILUVW�SUHVHQW�D�PRGHO�WUDQVIRUPDWLRQ�FDVH�IURP�80/�VWDWHFKDUW�GLDJUDPV��ZLWK�VRPH�
VWDWLF�LQIRUPDWLRQ�IURP�FODVV�GLDJUDPV�IRU�ERXQGDU\�DQDO\VLV��WR�3HWUL�QHWV�LQ�RUGHU�WR�GHPRQVWUDWH�WKH�
IHDVLELOLW\�RI�RXU�YHULILFDWLRQ�WHFKQLTXH�EDVHG�RQ�JUDSK�WUDQVIRUPDWLRQ��7KH�FDVH�LV�D�VLPSOH�DXWRPDW�
V\VWHP�ZLWK�WZR�FODVVHV��&XVWRPHU�DQG�$XWRPDW���)LJ�����$QG�WKH�VWDWHFKDUW�GLDJUDPV�RI� WKHVH�WZR�
FODVVHG�DUH�VKRZQ�E\�)LJ���DQG�)LJ���UHVSHFWLYHO\��7KH�WDUJHW�PRGHO�ZH�VHOHFW�LV�WKH�EDVLF�3HWUL�QHW�
PRGHO��7KH�IROORZLQJ�WUDQVIRUPDWLRQ�UXOHV�DUH�DSSOLHG�DW�ILUVW��
z� (DFK�VWDWH�QRGH�LQ�VWDWHFKDUW�GLDJUDP�LV�WUDQVIRUPHG�WR�D�SODFH�LQ�WKH�3HWUL�QHW�PRGHO��
z� :KHWKHU�WKH�SODFH�KDV�D�WRNHQ�UHSUHVHQWV�WKH�VWDWXV�RI�WKH�FRUUHVSRQGLQJ�VWDWH�QRGH��$�VWDWH�QRGH�

WKDW� LV� OLQNHG�ZLWK� WKH� VWDUWLQJ� SRLQW� LV� WUDQVIRUPHG� WR� D� SODFH�ZLWK� RQH� WRNHQ�� DQG� RWKHU� VWDWH�
QRGHV�DUH�WUDQVIRUPHG�WR�SODFHV�ZLWK�QR�WRNHQ��

z� (DFK�HYHQW�RU�DFWLRQ�RQ�WKH�VWDWH�WUDQVLWLRQ�HGJH�LV�WUDQVIRUPHG�WR�D�SODFH��WRR��
z� (DFK� WUDQVLWLRQ� HGJH� LQ� VWDWHFKDUW� GLDJUDP� LV� WUDQVIRUPHG� WR� D� FRUUHVSRQGLQJ� WUDQVLWLRQ� LQ� WKH�

3HWUL�QHW��
$FFRUGLQJ�WR�WKHVH�UXOHV��WKH�VWDWHFKDUW�GLDJUDPV�RI�$XWRPDW�DQG�&XVWRPHU�FDQ�EH�WUDQVIRUPHG�WR�

WKH�3HWUL�QHWV�LQ�)LJ����DQG�)LJ�����UHVSHFWLYHO\��

�B_C DYE ��` I P.K�K'a C P D O�P�XbK QUT�c J�M Q XbP�M�P RFd ` JFK�M Q XYZ�O

�B_C DLE �Ye M P�M Z"f�WLPO M QUT ` JLKNM Q XYZ�O
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�B_C DLE �be M P�M Z"f�WLPO M QUT8c J�M Q XbP�M

,GOH

UHFHLYH�RUGHU

&RXQW!�

JDWKHULQJ

UHTPRQH\�SULFH� ILQLVK�SD\LQJ

7LPH�RXW
&RXQW� �

0HVVDJH�QR�JRRGV�

D�JDWKHUPRQH\��

�
B_C DLE � M WFZHh Z�M O C � R Z�MLX QUd Z.I QUTUc J8M Q XYP�M

�B_C DLE ^ M WFZHh Z�M O C � R Z�MLX QUd Z.I QUT ` JFK�M Q XYZ�O

7KH�FRPSOHWHQHVV��WHUPLQDWLRQ�XQLTXHQHVV�DQG�V\QWDFWLF�FRUUHFWQHVV�RI�WKH�DERYH�WUDQVIRUPDWLRQ�



� ij�

SURFHVV�FDQ�EH�HDVLO\�SURYHG��%XW�ZKHQ�ZH�FRQVLGHU�WKH�VHPDQWLF�FRUUHFWQHVV��WKLV�WUDQVIRUPDWLRQ�
VKRXOG�EH�PRGLILHG��
$�VWDWHFKDUW�GLDJUDP�KDV�RQH�G\QDPLF�VHPDQWLF�WKDW�ZKHQ�WKH�VRXUFH�VWDWH�RI�D�WUDQVLWLRQ�HGJH�LV�

DFWLYDWH�DQG�WKH�FRQGLWLRQV�RQ�WKH�HGJH�DUH�DOO�VDWLVILHG��WKH�V\VWHP�LV�PRYHG�IURP�WKH�VRXUFH�VWDWHG�WR�
WKH�WDUJHW�VWDWH�RI�WKLV�HGJH��DQG�RQH�EDVLF�VHPDQWLF�FRQVWUDLQW�WKDW�HYHU\�WZR�VWDWH�QRGHV�FDQQRW�EH�
DFWLYDWHG�VLPXOWDQHRXVO\��$GGLWLRQDOO\��IRU�WKH�GLIIHUHQW�VWDWHFKDUW�GLDJUDPV�RI�YDULRXV�REMHFWV�LQ�RQH�
VDPH�V\VWHP��DQRWKHU�VWDWLF�VHPDQWLF�ZKLFK�GHVFULEHV�WKH�UHODWLRQVKLSV�DPRQJ�WKHVH�GLDJUDPV�H[LVWV��
WKDW�LQ�WKH�VWDWHFKDUW�RI�RQH�REMHFW��WKH�HYHQWV�RU�VLJQDOV�RQ�WKH�WUDQVLWLRQ�HGJHV�PD\EH�FRPH�IURP�L�
RWKHU�REMHFWV�LQ�WKH�V\VWHP��VR�WKH�HYHQWV�RU�VLJQDOV�VKRXOG�EH�FRQVLVWHQW�ZLWK�WKH�FRUUHVSRQGLQJ�
RXWSXW�HYHQWV�DFWLRQV�LQ�WKH�VWDWHFKDUW�GLDJUDPV�RI�WKH�VRXUFH�REMHFWV��)URP�WKH�DERYH�FDVH��QR�
VHPDQWLF�RI�WKH�WKUHH�FDQ�EH�WUDQVIRUPHG�FRUUHFWO\�WR�WKH�WDUJHW�3HWUL�QHW��DQG�ZH�VKRXOG�GHEXJ�WKH�
WUDQVIRUPDWLRQ�UXOHV��
z� $FFRUGLQJ� WR� WKH� IRUHJRLQJ� WUDQVIRUPDWLRQ� UXOHV�� D� JXDUG� FRQGLWLRQ� RQ� WKH� WUDQVLWLRQ� HGJH� RI�

VWDWHFKDUW�GLDJUDP�LV�DOVR�UHJDUGHG�DV�DQ�HYHQW�DQG�LV�WUDQVIRUPHG�WR�D�SODFH�ZLWKRXW�WRNHQ�DQG�
LQSXW�WUDQVLWLRQ��%HFDXVH�RI�QR�LQSXW�WUDQVLWLRQ��WKH�SODFHV�IURP�FRQGLWLRQV�KDYH�QR�FKDQFH�WR�EH�
DFWLYDWHG��DQG� WKH�G\QDPLF�VHPDQWLFV�RI� WKHVH� WZR�PRGHOV�FRQIOLFW��7KXV�ZH�DGG�DQ�DGGLWLRQDO�
UXOH�IRU�WKH�JXDUG�FRQGLWLRQ��ZKLFK�WUDQVIRUPV�D�FRQGLWLRQ�HYHQW�LQWR�D�VWUXFWXUH�VKRZQ�E\�)LJ���
ZLWK�JUDSK�WUDQVIRUPDWLRQ�UXOH��ZKHUH�WKH�QHZ�3ODFH�¶�UHSUHVHQWV�WKH�GHFLVLRQ�RI�WKLV�FRQGLWLRQ�
DQG�DQRWKHU�QHZ�3ODFH�¶�UHSUHVHQWV�WKH�UHVXOW�RI�GHFLVLRQ��7KH�ZKROH�VWUXFWXUH�LV�UHJDUGHG�DV�RQH�
LQSXW�IRU�WKH�RXWSXW�RI�WKH�WUDQVLWLRQ�HGJH�ZKHUH�WKH�JXDUG�FRQGLWLRQ�LV��

�
B_C DLE g M O�P R K TkQ OkXbP�M C Q$R OkJFI Z TkQ O M WUZ D JLP�O d f Q$RFd8C M C Q"R

z� )RU�D�FRQFUHWH�3HWUL�QHW�PRGHO�LQGXFHG�E\�WKH�DERYH�WUDQVIRUPDWLRQ�UXOHV��WKH�VHPDQWLF�FRQVWUDLQW�
FDQ�EH�GHVFULEHG�GLUHFWO\� E\� WKH� JUDSK��)RU� H[DPSOH�� LQ� WKH�3HWUL�QHW�PRGHO�RI�&XVWRPHU�� WKLV�
FRQVWUDLQW� FDQ�EH�GHILQHG�E\� WKUHH� SODFHV� �,GOH��5HDG\� DQG�:DLWLQJ��ZLWK� QR� WZR�SODFHV� ILOOHG�
ZLWK� WRNHQV� VLPXOWDQHRXVO\�� %XW� LQ� WKH� PHWD�PRGHO� OD\HU�� WKLV� FRQVWUDLQW� LV� LPSRVVLEOH� WR� EH�
GHILQHG� IRU�3HWUL�QHW��$QG� WKH� UHDVRQ� FDQ�EH� IRXQG� WKDW�ZH� WUDQVIRUP�ERWK� WKH�HYHQWV� DQG� WKH�
VWDWHV� LQWR� WKH� SODFHV�� 7KHQ�ZH�PRGLI\� WKH�PHWD�PRGHO� RI� WKH� EDVLF�3HWUL�QHW� E\� DVVLJQLQJ� DQ�



��l��

DWWULEXWH� ³W\SH´� WR� SODFH�� 7KH� SODFHV� FRPLQJ� IURP� WKH� VWDWH� QRGHV� DUH� DVVLJQHG� ³VWDWH´� IRU�
DWWULEXWH�³W\SH´��ZKLOH�WKRVH�SODFHV�FRPLQJ�IURP�WKH�HYHQWV�RU�DFWLRQV�DUH�DVVLJQHG�³HYHQW´�IRU�
³W\SH´��7KHQ�WKH�FRQVWUDLQW�FDQ�EH�GHILQHG�DV�WKDW�HYHU\�WZR�SODFHV�ZKRVH�YDOXH�DUH�ERWK�³VWDWH´�
FDQ¶W�KDYH�WRNHQV�VLPXOWDQHRXVO\��RU�WKDW�WKH�QXPEHU�RI�SODFHV�ZKRVH�YDOXH�DUH�³VWDWH´�DIWHU�HDFK�
WUDQVLWLRQ�FDQ¶W�EH�JUHDWHU�RU�HTXDO�WKDQ����

z� 2EVHUYLQJ� WKH� DERYH� VWDWHFKDUW� GLDJUDPV�RI�&XVWRPHU� DQG�$XWRPDWD�� WZR� W\SHV� RI� LQWHUDFWLRQ�
EHWZHHQ� REMHFWV� FDQ� EH� VXPPDUL]HG� WKHQ�� WKH� JHQHUDWLRQ� DQG� UHFHLYDO� RI� VLJQDOV� �� H�J��
VKRZPHVVDJH�� �� ��� DQG� WKH� FDOO� DQG� IHHGEDFN� RI� RSHUDWLRQV� �H�J�� JDWKHUPRQH\����,Q� RUGHU� WR�
LGHQWLI\� WKH� FRQQHFWLYH� HYHQWV�DFWLRQV� GXULQJ� WUDQVIRUPDWLRQ� DXWRPDWLFDOO\�� WKH� ODEHO� RI� WKHP�
VKRXOG�EH�XQLTXH��,Q�RXU�DSSURDFK�� WKH�JHQHUDWLRQ�RI�VLJQDO�VLJ� LV� ODEHOHG�ZLWK�VHQGBVLJ��ZKLOH�
WKH�UHFHLYDO�RI�LW�LV�ODEHOHG�ZLWK�UHFHLYHBVLJ��2Q�WKH�RWKHU�KDQG��WKH�FDOO�RI�RSHUDWLRQ�PHWKRG�LV�
ODEHOHG�ZLWK� FDOOBPHWKRG��ZKLOH� WKH� IHHGEDFN� RI� LW� LV� ODEHOHG�ZLWK� UHWXUQBPHWKRG��:LWK� WKHVH�
ODEHOV�� RQH� DGGLWLRQDO� WUDQVIRUPDWLRQ� UXOH� IRU� FRPELQDWLRQ� RI� GLVMRLQW� 3HWUL�QHW� PRGHOV�
WUDQVIRUPHG� IURP� GLIIHUHQW� VWDWHFKDUW� GLDJUDPV� FDQ� EH� DWWDFKHG�� XQLWH� WKH� HYHQW� SODFH� FRPLQJ�
IURP�VHQGBVLJ�DQG�WKH�HYHQW�SODFH�IURP�UHFHLYHBVLJ�LQWR�RQH�SODFH�DQG�ODEHO�LW�ZLWK�VLJ��DQG�XQLWH�
WKH�HYHQW�SODFH�FRPLQJ�IURP�FDOOBPHWKRG�DQG�WKH�HYHQW�SODFH�IURP�UHWXUQBPHWKRG�LQWR�RQH�SODFH�
DQG�ODEHO�LW�ZLWK�PHWKRG��

$IWHU�WKH�GHEXJ�IRU�WKH�VHPDQWLF�FRUUHFWQHVV��ZH�WUDQVIRUP�WKH�VWDWHFKDUW�GLDJUDPV�RI�&XVWRPHU�DQG�
$XWRPD�LQWR�D�XQLWHG�3HWUL�QHW�PRGHO�DV�VKRZQ�LQ�)LJ����
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7KHQ�VRPH�JHQHUDO�WUDQVIRUPDWLRQ�UXOHV�DW�PHWD�PRGHO�OD\HU�IURP�80/�VWDWHFKDUW�GLDJUDP�WR�
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3HWUL�QHW�PRGHO�FDQ�EH�LQGXFHG�IURP�WKH�DERYH�H[DPSOH��)LUVW�WKH�PHWD�PRGHOV�RI�VWDWHFKDUW�DQG�
3HWUL�QHW�LV�VKRZQ�E\�)LJ���DQG�)LJ�����UHVSHFWLYHO\���7KH�PHWD�PRGHO�RI�3HWUL�QHW�KDV�EHHQ�H[WHQGHG�
DFFRUGLQJ�WR�WKH�DERYH�GLVFXVVLRQ���
%DVHG�RQ�WKH�PHWD�PRGHOV��ZH�GHQRWH�WKH�RUGLQDO�WUDQVIRUPDWLRQ�UXOHV�E\�JUDSK�WUDQVIRUPDWLRQ�

JUDPPDUV�DV�VKRZQ�LQ�)LJ����DQG�)LJ����� �
5XOH����6WDWHV�WR�3ODFHV��7R�WUDQVIRUP�DOO�VWDWHV�LQ�WKH�VWDWHFKDUW�WR�WKH�SODFHV�ZLWK�W\SH�YDOXHG�³VWDWH´�
RI�3HWUL�QHW��
5XOH����*HQHUDWH�7UDQVLWLRQV��7R�WUDQVIRUP�DOO�WUDQVLWLRQ�HGJHV�WR�WKH�WUDQVLWLRQV�DQG�WR�PDLQWDLQ�WKH�
OLQN�ZLWK�WKH�FRUUHVSRQGLQJ�SODFHV��
5XOH����2XWSXW(YHQWV�WR�3ODFHV��7R�WUDQVIRUP�DOO�RXWSXW�HYHQWV�RQ�WKH�WUDQVLWLRQ�HGJHV�WR�WKH�SODFHV�
ZLWK�W\SH�YDOXHG�³HYHQW´�ZKRVH�LQSXW�WUDQVLWLRQV�FRPH�IURP�WKH�WUDQVLWLRQ�HGJHV�E\�5XOH����
5XOH����*XDUGBFRQGLWLRQ�WR�3ODFH��7R�WUDQVIRUP�WKH�JXDUG�FRQGLWLRQV�RQ�WKH�WUDQVLWLRQ�HGJHG�WR� WKH�
FRUUHVSRQGLQJ�VWUXFWXUH�RI�3HWUL�QHW�DFFRUGLQJ�WR�WKH�IRUHJRLQJ�GLVFXVVLRQ��
5XOH����,QSXW�(YHQWV� WR�3ODFHV�,��7R�WUDQVIRUP�DOO�LQSXW�HYHQWV�RQ�WKH�WUDQVLWLRQ�HGJHV�WR�WKH�SODFHV�
ZLWK� W\SH�YDOXHG�³HYHQW´�ZKRVH�RXWSXW� WUDQVLWLRQV�FRPH� IURP� WKH� WUDQVLWLRQ�HGJHV�E\�5XOH����7KLV�
5XOH�LV�DSSOLFDEOH�IRU�WKRVH�WUDQVLWLRQ�HGJHV�ZKHUH�KDYH�QR�JXDUG�FRQGLWLRQ��
5XOH����,QSXW�(YHQWV�WR�3ODFHV�,,��7R�WUDQVIRUP�DOO�LQSXW�HYHQWV�RQ�WKH�WUDQVLWLRQ�HGJHV�WR�WKH�SODFHV�
ZLWK� W\SH� YDOXHG� ³HYHQW´� ZKRVH� RXWSXW� WUDQVLWLRQV� FRPH� IURP� WKH� JXDUG� FRQGLWLRQ� RQ� WKH� VDPH�
WUDQVLWLRQ� HGJHV� E\� 5XOH� ��� 7KLV� 5XOH� LV� DSSOLFDEOH� IRU� WKRVH� WUDQVLWLRQ� HGJHV� ZKHUH� KDYH� JXDUG�
FRQGLWLRQ��
5XOH����&RPELQH�(YHQW�SDLUV�,��7R�FRPELQH�WKH�SDLU�SODFHV�UHSUHVHQWLQJ�WKH�VHQGLQJ�DQG�UHFHLYLQJ�RI�
RQH�VDPH�VLJQDO�LQWR�RQH�SODFH��
5XOH����&RPELQH�(YHQW�SDLUV�,,��7R�FRPELQH�WKH�SDLU�SODFHV�UHSUHVHQWLQJ�WKH�FDOO�DQG�IHHGEDFN�RI�RQH�
VDPH�PHWKRG�LQWR�RQH�SODFH��
5XOH����,QLWLDO�6WDWH�WR�7RNHQ��7R�DGG�RQH�WRNHQ�LQ�WKH�SODFHV�ZKRVH�FRUUHVSRQGLQJ�VWDWHV�DUH�OLQNHG�
ZLWK�WKH�VWDUWLQJ�SRLQW�LQ�WKH�VWDWHFKDUW��
5XOH�����'HOHWH�(GJHV��7R�GHOHWH�WKH�WUDQVLWLRQ�HGJHV��
5XOH�����'HOHWH�6WDWHV��7R�GHOHWH�WKH�VWDWH�QRGHV��
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���&RQFOXVLRQV�DQG�)XWXUH�:RUN�
7KURXJK� RXU� H[SHULPHQW�� ZH� GHPRQVWUDWH� D� PHWD�OHYHO� WHFKQLTXH� WR� YHULI\� 80/� GLDJUDPV� E\�
WUDQVIRUPLQJ� WKHP� LQWR� 3HWUL�QHWV� EDVHG� RQ� PHWD�PRGHOLQJ� DQG� JUDSK� WUDQVIRUPDWLRQ� WHFKQLTXHV��
%HVLGHV� WKH� HOHPHQWV� RI� HYHU\� VLQJOH� GLDJUDP�� ZH� HPSKDVL]H� WKH� UHODWLRQVKLSV� DPRQJ� WKH� YDULRXV�
80/�GLDJUDPV�LQ�WKH�FRQWHQWV�IRU�WUDQVIRUPDWLRQ�DQG�YHULILFDWLRQ��DQG�GLVFXVVHG�WKH�OD\HUV�RI�WKHVH�
UHODWLRQVKLSV� DQG� WKH� SRWHQWLDO� WDUJHW� 3HWUL�QHW� PRGHOV� DQG� DQDO\VLV� DSSURDFKHV�� $V� D� FRUUHFW�
WUDQVIRUPDWLRQ��ZH�UHJDUG�WKH�VHPDQWLF�FRUUHFWQHVV�DQG�HIIHFWLYHQHVV�DV�WKH�IXQGDPHQWDO�UHTXLUHPHQW�
IRU� WUDQVIRUPDWLRQ� IRU�YHULILFDWLRQ��EHVLGHV� WKH�FRPSOHWHQHVV��XQLTXHQHVV�� WHUPLQDWLRQ�DQG� V\QWDFWLF�
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FRUUHFWQHVV��'XH�WR�WKH�ODFN�RI�WKH�YHULILFDWLRQ�WHFKQLTXH�RI�WKH�VHPDQWLF�FRUUHFWQHVV�DQG�HIIHFWLYHQHVV�
RI�WUDQVIRUPDWLRQ��ZH�SURSRVH�D�GHEXJJLQJ�DSSURDFK�WR�PRGLI\�WKH�WUDQVIRUPDWLRQ�UXOHV�DFFRUGLQJ�WR�
WKH� FRQFUHWH� VHPDQWLF� FRQVWUDLQWV� WKURXJK� D� FDVH� VWXG\�� $OWKRXJK� ZH� KDYH� RQO\� FRQGXFWHG�
H[SHULPHQWV�RQ�WKH�YHULILFDWLRQ�RI�UHODWLYHO\�VLPSOH�80/�VWDWHFKDUW�GLDJUDPV��WKH�DSSURDFK�ZH�KDYH�
SURSRVHG� FDQ� EH� HDVLO\� DGDSWHG� WR� PRUH� FRPSOH[� VWDWHFKDUW� GLDJUDPV� DQG� SURYLGH� PHDQLQJIXO�
JXLGDQFH�IRU�WKH�YHULILFDWLRQ�RI�RWKHU�80/�GLDJUDPV�� �
,Q�WKH�H[SHULPHQW��ZH�XVH�WUDQVIRUPDWLRQ�UXOHV�ZKLFK�DUH�H[HFXWHG�LQ�VHTXHQWLDO�VWHSV��,Q�WKH�IXWXUH��

ZH�DLP�WR�UHVHDUFK�RQ�WKH�GHVLJQ�RI�PRUH�FRPSOH[�SURFHVV�IRU�UXOH�H[HFXWLRQ�LQ�RUGHU�WR�FXW�GRZQ�WKH�
QXPEHU�RI�UXOHV�DQG�YHULI\�RXU�PHWKRG�WKURXJK�WRRO�LPSOHPHQWDWLRQ��)XUWKHUPRUH��DV�WKH�IHHGEDFN�RI�
YHULILFDWLRQ�IRU�80/�PRGHOV��WKH�EDFN�DQQRWDWLRQ�WHFKQLTXH�IURP�3HWUL�QHWV�ZLOO�EH�FRQVLGHUHG�LQ�WKH�
IXWXUH�ZRUN��$OVR��WKH�RWKHU�GLDJUDPV�VXFK�DV�IORZ�EDVHG�G\QDPLF�GLDJUDPV�DQG�WKH�IXUWKHUPRUH�
FRQMXQFWLRQ�FRQWHQWV�ZRUWK\�IRU�YHULILFDWLRQ�EHWZHHQ�WKH�G\QDPLF�DQG�VWDWLF�YLHZV�ZLOO�EH�
H[SHULPHQWHG�RQ��
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