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$EVWUDFW²�,Q�WKLV�UHVHDUFK�ZH�DWWDFN�WKH�GLIILFXOW�SUREOHP�RI�

GHVLJQLQJ� D� KDQG� JHVWXUH� FRQWURO� YRFDEXODU\�� $� KDQG� JHVWXUH�
YRFDEXODU\� LV� XVHG� WR� FRPPDQG� URERWLF� PDQLSXODWRUV� WR� FDUU\�
RXW� VSHFLILF� WDVNV�� :H� UHYLHZ� DQG� FODVVLI\� WKUHH� DSSURDFKHV� WR�
WKLV�SUREOHP��$G�KRF��5XOH�EDVHG�DQG�$QDO\WLFDO���:H�EHOLHYH�WKLV�
LV� WKH� ILUVW� FRQFHSWXDOL]DWLRQ�RI� WKH�RSWLPDO�KDQG�JHVWXUH�GHVLJQ�
SUREOHP� LQ� DQDO\WLFDO� IRUP��7R� VROYH� WKH�SUREOHP��D�QRQ�WULYLDO�
DEVWUDFW� UHSUHVHQWDWLRQ� RI� D� QDWXUDO� PDSSLQJ� EHWZHHQ� JHVWXUHV�
DQG� FRPPDQGV� DQG� UHODWLRQVKLSV� EHWZHHQ� WKHP� LV� LQWURGXFHG��
7KUHH� PDWKHPDWLFDO� PRGHOV� DUH� GHYHORSHG�� ZKLFK� UHIOHFW� WKH�
HUJRQRPLF� DQG� WHFKQLFDO� SHUIRUPDQFH� PHDVXUHV� XSRQ� ZKLFK� D�
JHVWXUH� FRQWURO� V\VWHP� LV� MXGJHG�� 7KH� ILUVW�� LV� D� PDWKHPDWLFDO�
SURJUDP�XVLQJ�D�TXDGUDWLF�DVVLJQPHQW�SUREOHP�HPEHGGHG�ZLWKLQ�
D�KHXULVWLF�VHDUFK�WUHH���7KH�TXDGUDWLF�SUREOHP�LV�XVHG�WR�VHOHFW�D�
JHVWXUH� YRFDEXODU\� �D� FRPPDQG�JHVWXUH� PDWFKLQJ�� WKURXJK�
VLPXODWHG� DQQHDOLQJ�� 7KH� VHFRQG�� LV� D� JHQHWLF� DOJRULWKP�
UHSUHVHQWDWLRQ�� DQG� WKH� WKLUG� LV� D� PXOWL�REMHFWLYH� GHFLVLRQ�
SUREOHP� IRU�ZKLFK� D� �'� UHSUHVHQWDWLRQ� RI� WKH� VROXWLRQ� VSDFH� LV�
XVHG�WR�GLVSOD\�FDQGLGDWH�VROXWLRQV��DV�ZHOO�DV��WKH�3DUHWR�RSWLPDO�
RQHV��$�FRPSXWDWLRQDO�H[DPSOH�LV�JLYHQ�IRU�WKH�GHVLJQ�RI�D�VPDOO�
FRPPDQG�JHVWXUH�YRFDEXODU\�IRU�WKH�PXOWLREMHFWLYH�SURFHGXUH��

�
,QGH[� 7HUPV²� +DQG� JHVWXUH�� RSWLPDO� YRFDEXODU\�� KXPDQ�

LQWHUIDFHV�� FRPELQDWRULDO� RSWLPL]DWLRQ� SUREOHPV�� TXDGUDWLF�
DVVLJQPHQW� SUREOHP��PXOWLREMHFWLYH� GHFLVLRQ�� JHQHWLF� DOJRULWKP��
KHXULVLWFV��
�

,�� ,1752'8&7,21�
1� WKLV� UHVHDUFK� ZH� DUH� FRQFHUQHG� ZLWK� RQH�ZD\�
FRPPXQLFDWLRQ� LQ� ZKLFK� D� KXPDQ� FRPPDQGV� D� PDFKLQH�

WKURXJK�JHVWXUHV��7KH�PDFKLQH�UHFRJQL]HV�DQG�UHVSRQGV�WR�WKH�
JHVWXUH�FDUU\LQJ�RXW�VRPH�GHILQHG�DFWLRQ��2XU�JHVWXUH�FRQWURO�
YRFDEXODULHV�DUH�LQ�FRQWUDVW�RWKHU�IRUPV�VXFK�DV�VLJQ�ODQJXDJH�
IRU� KXPDQ�KXPDQ� FRPPXQLFDWLRQ�� 7KXV�� RXU� GRPDLQ� RI�
DSSOLFDWLRQ�LV�KXPDQ��PDFKLQH�FRPPXQLFDWLRQ��DV�RSSRVHG�WR�
KXPDQ�KXPDQ�FRPPXQLFDWLRQ��7KHUH�DUH�WZR�PDMRU�DVSHFWV�RI�
KXPDQ�PDFKLQH� FRPPXQLFDWLRQ� WKURXJK� WKH� XVH� RI� JHVWXUHV��
7KH� ILUVW� LV� KXPDQ� EDVHG�� DQG� WKH� VHFRQG� LV�PDFKLQH� EDVHG��
+XPDQ�EDVHG�DVSHFWV�DUH�OHDUQDELOLW\�DQG�PHPRUDELOLW\�RI�WKH�
JHVWXUHV� �>�@�ZKLOH� WKH�PDFKLQH�EDVHG� DVSHFW� LQYROYHV�SDWWHUQ�
UHFRJQLWLRQ� DOJRULWKPV�� *HVWXUHV� JRRG� IRU� RQH� PD\� QRW� EH�
JRRG�IRU�WKH�RWKHU��
+DQG�JHVWXUDO�LQSXW�WR�DQ�DUWLILFLDO�UHFRJQLWLRQ�GHYLFH�WDNHV�

RQ� WZR� IRUPV� HQFXPEHUHG� DQG� XQHQFXPEHUHG�� 7KH� ILUVW�
�
�

LQFOXGHV� GLJLWDO� JORYHV�� KDQG� PDUNHUV�� LQIUDUHG� WDJV� RU� DQ\�
RWKHU�XQQDWXUDO�DFFHVVRU\�SODFHG�LQ�FRQWDFW�ZLWK�WKH�KDQG��>�@��
8QHQFXPEHUHG�JHVWXUDO�LQSXW��UHIHUUHG�WR�DV�YLVLRQ�EDVHG��FDQ�
EH� DFKLHYHG� WKURXJK� YLVXDO� FDSWXUH� GHYLFHV� VXFK� DV� FRORU� RU�
LQIUDUHG� FDPHUDV�PDNLQJ� QR� SK\VLFDO� FRQWDFW�ZLWK� WKH� KDQG� �
>�@�� $GYDQWDJHV� DQG� GLVDGYDQWDJHV� RI� WKHVH� PHWKRGV� DUH�
GLVFXVVHG� LQ� GHWDLO� LQ� �>�@�� $OVR�� PDFKLQH� YLVLRQ� DQG� KDSWLF�
EDVHG�DSSURDFKHV�IRU�DFTXLVLWLRQ�RI�JHVWXUH�GDWD�DUH�GLVFXVVHG�
LQ�6KDKDEL�HW��DO��>�@��
7KH� GLIILFXOWLHV� ZLWK� GDWD� JORYHV� DUH� VL]H� RI� ILW��

FXPEHUVRPH��WHWKHUHG�KDQGV��ORQJ�WHUP�UHOLDELOLW\��FDOLEUDWLRQ�
SUREOHPV�� DQG� FRVW�� 9LVLRQ� EDVHG� JHVWXUH� UHFRJQLWLRQ� LV�
VXVFHSWLEOH� WR� YDULDEOH� LOOXPLQDWLRQ�� FDPHUD� UHVROXWLRQ� DQG�
TXDOLW\� RI� IHDWXUH� H[WUDFWLRQ� IRU� UHFRJQLWLRQ�� $OWKRXJK� OHVV�
DFFXUDWH� IRU� ILQH� PDQLSXODWLYH� WDVNV� YLVLRQ� EDVHG� FDSWXUH�
DOORZV� WKH� XVHU� WR� EH� IUHH� RI� DQ\� UHVWULFWLQJ� GHYLFHV� DQG� LV�
PRUH� QDWXUDO�� 3DYORYLF� HW� DO�� �>�@� SURYLGH� D� QLFH� UHYLHZ� RI�
YLVLRQ� EDVHG� KDQG� JHVWXUHV� IRU�+XPDQ�&RPSXWHU� ,QWHUDFWLRQ�
�+&,���+DQG�JHVWXUHV�DUH�RQH�EXW�D�IHZ�RI�WKH�PHWKRGV�XVHG�LQ�
WHOHURERWLF� FRQWURO� �>�@��7KLV� W\SH�RI� FRPPXQLFDWLRQ�SURYLGHV�
DQ�H[SUHVVLYH��QDWXUDO�DQG�LQWXLWLYH�ZD\�IRU�KXPDQV�WR�FRQWURO�
URERWLF�V\VWHPV��2QH�EHQHILW��>�@�RI�VXFK�D�V\VWHP�LV�WKDW�LW�LV�D�
QDWXUDO�ZD\�WR�VHQG�JHRPHWULFDO�LQIRUPDWLRQ�WR�WKH�URERW�VXFK�
DV��OHIW��ULJKW��HWF��*HVWXUHV�PD\�UHSUHVHQW�D�VLQJOH�FRPPDQG��D�
VHTXHQFH�RI�FRPPDQGV��D� VLQJOH�ZRUG��RU�D�SKUDVH�� DQG�PD\�
EH� VWDWLF� RU� G\QDPLF��+XPDQ� JHVWXUH� VHUYHV� WKUHH� IXQFWLRQDO�
UROHV�� VHPLRWLF�� HUJRWLF�� DQG� HSLVWHPLF� �>�@�� 7KH� VHPLRWLF�
IXQFWLRQ� RI� D� JHVWXUH� LV� WR� FRPPXQLFDWH� PHDQLQJIXO�
LQIRUPDWLRQ�� 7KH� VWUXFWXUH� RI� D� VHPLRWLF� JHVWXUH� LV�
FRQYHQWLRQDO� DQG� FRPPRQO\� UHVXOWV� IURP� VKDUHG� FXOWXUDO�
H[SHULHQFHV� �>��@�� 7KH� JRRG�E\H� JHVWXUH�� WKH� $PHULFDQ� 6LJQ�
/DQJXDJH��WKH�RSHUDWLRQDO�JHVWXUHV�XVHG�WR�JXLGH�DLUSODQHV�RQ�
WKH�JURXQG��DQG�HYHQ�WKH�YXOJDU�CCILQJHU

��HDFK�LOOXVWUDWHV�WKH�
VHPLRWLF�IXQFWLRQ�RI�JHVWXUH��7KH�HUJRWLF�IXQFWLRQ�RI�JHVWXUH�LV�
DVVRFLDWHG� ZLWK� WKH� QRWLRQ� RI� ZRUN�� ,W� FRUUHVSRQGV� WR� WKH�
FDSDFLW\� RI� KXPDQV� WR� PDQLSXODWH� WKH� UHDO� ZRUOG�� WR� FUHDWH�
DUWLIDFWV��RU�WR�FKDQJH�WKH�VWDWH�RI�WKH�HQYLURQPHQW�E\�CCGLUHFW�
PDQLSXODWLRQ

�� 6KDSLQJ� SRWWHU\� IURP� FOD\�� ZLSLQJ� GXVW�� HWF��
UHVXOW�IURP�HUJRWLF�JHVWXUHV��7KH�HSLVWHPLF�IXQFWLRQ�RI�JHVWXUH�
DOORZV�KXPDQV� WR� OHDUQ� IURP� WKH�HQYLURQPHQW� WKURXJK� WDFWLOH�
H[SHULHQFH�� %\� PRYLQJ� \RXU� KDQG� RYHU� DQ� REMHFW�� \RX�
DSSUHFLDWH� LWV� VWUXFWXUH�� \RX� PD\� GLVFRYHU� WKH� PDWHULDO� LW� LV�
PDGH�RI��DV�ZHOO�DV�RWKHU�SURSHUWLHV���
)RU� QRZ�� ZH� ZLOO� QRW� EH� FRQFHUQHG� ZLWK� PXOWLVHPLRWLF�

DFWLYLW\�� ZKLFK� DUH� JHVWXUHV� WKDW� DFFRPSDQ\� RWKHU� ODQJXDJHV�

2SWLPL]DWLRQ�RI�+DQG�*HVWXUH�&RPPDQG�
9RFDEXODULHV���$�0XOWLREMHFWLYH�4XDGUDWLF�

$VVLJQPHQW�$SSURDFK�
-��3���:DFKV��+��6WHUQ��DQG�<��(GDQ�
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VXFK� DV� RUDO�� 2XU� JHVWXUHV�� WKHUHIRUH�� ZLOO� EH� FUHDWHG� DV� DQ�
LQGHSHQGHQW� VHPLRWLF� ODQJXDJH�� 2XU� GHVLJQ� RI� D� JHVWXUH�
YRFDEXODU\� ZLOO� EH� GLUHFWHG� WRZDUG� WKH� FRQWURO� RI� D� VSHFLILF�
REMHFW� VXFK� DV� D� IL[HG� URERW�� PRELOH� URERW� RU� D� PRWRUL]HG�
FDPHUD���
�����,Q�WKLV�SDSHU�D�JOREDO�DSSURDFK�WR�KDQG�JHVWXUH�YRFDEXODU\�
GHVLJQ� LV� SURSRVHG�� 6XSSRVH� RQH� KDV� D� VHW� RI� FRPPDQGV� RI�
VL]H�Q��WKHQ�WKH�SUREOHP�LV�KRZ�WR�VHOHFW�D�VXEVHW�RI�Q�JHVWXUHV�
IURP� D� VHW� RI� DOO� SRVVLEOH� JHVWXUHV� LQ� RUGHU� WR� PHHW� VRPH�
SHUIRUPDQFH� PHDVXUHV� VXFK� DV�� XVDELOLW\�� DFFXUDF\��
UREXVWQHVV�� HWF�� 2I� FRXUVH�� WKH� VHW� RI� DOO� SK\VLFDOO\� SRVVLEOH�
KDQG� JHVWXUHV� LV� LQILQLWH�� VR� ZH� ZLOO� OLPLW� WKLV� VHW� WR�
PDQDJHDEOH� ILQLWH� QXPEHU�� � )XUWKHU�� LQ� RUGHU� WR� PDNH� WKH�
SUREOHP� WUDFWDEOH� �'� VWDWLF� KDQG� JHVWXUH� SRVHV�ZLWK� D� ILQLWH�
FRXQWDEOH� QXPEHU� RI� FRQILJXUDWLRQV� DUH� FRQVLGHUHG�� 7KHVH�
FRQILJXUDWLRQV� FDQ� EH� GHILQHG� E\� WKH� ILQJHU� SRVLWLRQV�
�H[WHQGHG�� VSUHDG�� DQG� SDOP� RULHQWDWLRQV� �XS�� GRZQ�
VLGHZD\V���)URP� WKLV� ODUJH� VHW� RI� FDQGLGDWH�JHVWXUHV� RQH� FDQ�
VHOHFW� D� VXEVHW� RI� VL]H�Q� DQG� SDLU� WKHP� XS�ZLWK� WKH� VHW� RI�Q�
SUHGHILQHG� FRPPDQGV�� *LYHQ� D� PDVWHU� VHW� RI� JHVWXUH�
FRQILJXUDWLRQV�RI� VL]H�P� WKH�QXPEHU�RI� VXEVHWV�RI� VL]H�Q� FDQ�
EH�TXLWH� ODUJH��)XUWKHUPRUH�� WKHUH� DUH�Q��SRVVLEOH�RQH� WR�RQH�
DVVLJQPHQWV�RI�JHVWXUHV�WR�FRPPDQGV��7KH�WDVN�RI�ILQGLQJ�DQ�
RSWLPDO� DVVLJQPHQW� RI� FRPPDQG�JHVWXUH� SDULQJV� PD\� EH�
DSSURDFKHG�DV�4XDGUDWLF�$VVLJQPHQW�3UREOHP��4$3���>��@��$Q�
LPSURYHG�DQQHDOLQJ�VFKHPH�IRU�WKH�4$3��>��@�LV�HPEHGGHG�LQ�
PHWD� KHXULVWLF� IRU� VROYLQJ� WKH� RSWLPDO� JHVWXUH� YRFDEXODU\�
GHVLJQ�� 7KH� PHWKRGRORJ\� GHVFULEHG� LQ� WKLV� ZRUN� ZLOO� EH�
IOH[LEOH� HQRXJK� WR� KDQGOH� VLQJOH� DQG� PXOWL�WDVN� DQG� XVHU�
LQGHSHQGHQW� DQG� LQGHSHQGHQW� V\VWHPV�� ,QGLFHV�REWDLQHG� IURP�
HUJRQRPHWULFV� VWXGLHV� ZLOO� EH� XVHG� �H[WUDFWHG� IURP� XVHUV��
UHSUHVHQWLQJ� SK\VFRSKLVLFDO� DVSHFWV� RI� XVHUV� DV� ZHOO� DV�
PDFKLQH�UHFRJQLWLRQ�DFFXUDF\�
,Q� VHFWLRQ� ,,� WR� IROORZ�ZH�GLVFXVV� VRPH� LVVXHV� FRQFHUQLQJ�

WKH�GHVLJQ�RI�D�JHVWXUDO�FRPPDQG�YRFDEXODULHV��,Q�VHFWLRQ�,,,�
D� SUREOHP� GHILQLWLRQ� DQG� QRWDWLRQ� LV� JLYHQ�� 6HFWLRQ� ,9�
GHVFULEHV� SHUIRUPDQFH� PHDVXUHV�� DQG� DUFKLWHFWXUH� IRU� RXU�
V\VWHP� VROXWLRQ� SURFHGXUHV�� 'HVFULSWLRQ� RI� WKH� VROXWLRQ�
PHWKRGRORJ\� DSSHDUV� LQ� VHFWLRQ� 9�� ,Q� 9,� FRQVWUXFWLRQ� DQG�
HVWLPDWLRQ� RI� LQSXW� VHWV� DQG� PDWULFHV� DUH� SUHVHQWHG�� ,Q� 9,,��
WKUHH� VROXWLRQ� SURFHGXUHV� DUH� RIIHUHG�� �D�� D� UHVWULFWHG�
PDWKHPDWLFDO� SURJUDP� HPEHGGHG� LQ� D� WUHH� KHXULVWLF�� �E�� D�
JHQHWLF� DOJRULWKP� DQG� �F�� D� PXOWLREMHFWLYH� GHFLVLRQ� SUREOHP�
LQFOXGLQJ�D�VPDOO�H[DPSOH� WR� LOOXVWUDWH� WKH�PHWKRGRORJ\��7KH�
ILQDO�VHFWLRQ�SURYLGHV�FRQFOXVLRQV��

,,�� �,668(6�&21&(51,1*�7+(�'(6,*1�2)�+$1'��*(6785(�
&200$1'�92&$%8/$5,(6�

�
7KHUH�LV� WKH�WKHRU\�RI�XQLYHUVDOLW\�RI�JHVWXUHV�ZKLFK�LV�WKH�

EHOLHI� WKDW� VRPH� JHVWXUHV� KDYH� VWDQGDUG� FURVV�FXOWXUDO�
PHDQLQJV��>��@��,Q�UHDOLW\��JHVWXUH�PHDQLQJV�DUH�YHU\�FXOWXUDOO\�
GHSHQGHQW��:LWKLQ� D� VRFLHW\� RU� D� FXOWXUH�PRVW� JHVWXUHV� KDYH�
VWDQGDUG� PHDQLQJV�� EXW� VRPH� JHVWXUHV� PD\� KDYH� GLIIHUHQW�
PHDQLQJV� WR� GLIIHUHQW� LQGLYLGXDOV� �>��@�� 'HYLFH� FRQWURO�
JHVWXUHV�� KRZHYHU�� FDQ� EH� IUHHO\� FKRVHQ� WR� KDYH� VSHFLILF�

PHDQLQJV� UHODWHG� WR� WKH� SDUWLFXODU� GHYLFH� �>��@�� )RU� H[DPSOH��
WKHUH� LV� QR� XQLYHUVDO� NQRZQ� JHVWXUH� IRU� ³JR� WR� WKH� KRPH�
SRVLWLRQ´�RU�´RSHQ�WKH�URERW�JULSSHU´��7KHUH�KDV�EHHQ�YLUWXDOO\�
QR� UHVHDUFK� FRQFHUQHG� ZLWK� WKH� LVVXH� RI� KRZ� WR� GHVLJQ� DQ�
RSWLPDO�JHVWXUH�EDVHG�FRQWURO�YRFDEXODU\��7KH� ILUVW� VWHS� LV� WR�
GHFLGH�ZKDW� FRPPDQGV� DUH� WR� EH� LQFOXGHG� LQ� WKH�YRFDEXODU\�
VXFK�DV�³PRYH�OHIW´��³LQFUHDVH�VSHHG´��HWF��7KH�VHFRQG�VWHS�LV�
WR� GHFLGH�KRZ� WR� H[SUHVV� WKH� FRPPDQG� LQ�JHVWXUDO� IRUP� L�H���
ZKDW�SK\VLFDO�YRFDEXODU\�WR�XVH�VXFK�DV��ZDYLQJ�WKH�KDQG�OHIW�
WR�ULJKW�RU�PDNLQJ�D��9��VLJQ�ZLWK�WKH�ILUVW�WZR�ILQJHUV��
�

$�� *HVWXUH�'HVLJQHUV�
*HVWXUH� YRFDEXODULHV� FDQ� EH� RYHUWO\� RU� LQDGYHUWHQWO\�

GHVLJQHG�� 7KH� WKXPSV� XS� DQG� GRZQ� VLJQV� FRPH� WR� XV� IURP�
5RPDQ�WLPHV�ZKHUHDV�� WKH�2.�VLJQ�LV�PRUH�UHFHQW��%RWK�FDQ�
EH� FRQVLGHUHG� DV� LQDGYHUWHQWO\� GHVLJQHG� RU�QDWXUDOO\� HYROYHG�
�HPEOHPV� LV� WKH� FXUUHQW� WHUP��� 0RUH� FRPSOHWH� VLJQ�
YRFDEXODULHV� DSSHDUHG� LQ� WKLV� PDQQHU� ZLWKRXW� RYHUW�
GHWHUPLQDWLRQ�RI�WKH�YRFDEXODU\�E\�D�GHVLJQHU��$V�IRU�RYHUWO\�
GHVLJQHG� YRFDEXODULHV� PRVW� UHVHDUFKHUV� PHUHO\� SUHVHQW� D�
YRFDEXODU\�RI�JHVWXUHV�DQG�VWDUW�IURP�WKHUH��:H�FDQ�FRQVLGHU�
WKLV� DV� WKH� ³&HQWULVW� $SSURDFK´� ZKHUH�� D� VLQJOH� LQGLYLGXDO�
GHFLGHV�ZKLFK�JHVWXUH�YRFDEXODU\�VKRXOG�EH�XVHG�IRU�DOO�XVHUV��
$OWHUQDWLYHO\��ZH�FDQ�GHILQH�D�³&RQVHQVXV�$SSURDFK´�ZKHUH�D�
JURXS�RI�XVHUV� GHFLGH�RQ� D�FRPPRQ�YRFDEXODU\� WR�H[SUHVV�D�
JLYHQ�VHW�RI�FRPPDQGV��$W�WKH�ORZHVW�OHYHO�LV�WKH�³&XVWRPL]HG�
$SSURDFK´�ZKHUH�HDFK�LQGLYLGXDO�GHILQHV�KLV�RU�KHU�YHU\�RZQ�
YRFDEXODU\�� 7KH� FHQWULVW� DSSURDFK�� ZKHUH� WKH� LQGLYLGXDO�
GHYHORSLQJ� WKH� V\VWHP� GHFLGHV� RQ� WKH� YRFDEXODU\� LV� PRVW�
FRPPRQ�� 2QH� PD\� K\SRWKHVL]H� WKDW� WKH� FRQVHQVXV� DQG�
FXVWRPL]HG� DSSURDFKHV� ZLOO� EH� PRUH� FRPIRUWDEOH�� HDVLHU� WR�
UHPHPEHU� DQG�PRUH� QDWXUDO� WR� H[HFXWH�� 7KH� GLVDGYDQWDJH� LV�
WKDW�WKH�XVHUV�ZLOO�QRW�FRQVLGHU�RWKHU�GHVLJQ�IDFWRUV�VXFK�DV�WKH�
VSHHG�DQG�DFFXUDF\�RI�UHFRJQLWLRQ��
,Q�VXPPDU\�WKH�WKUHH�VXEMHFWLYH�DSSURDFKHV�WR�GHVLJQLQJ�D�

JHVWXUH�YRFDEXODU\�DUH���D���$XWKRULWDULDQ� �WKH� GHVLJQHU�
GHFLGHV� RQ� WKH� FRPPDQGV� DQG� JHVWXUHV� IRU� DOO� XVHUV��� �E��
&XVWRP��WKH�XVHU�VHOHFWV�KLV�KHU�RZQ�VHW�RI�JHVWXUHV���DQG��F��
&RQVHQVXV��PXOWLSOH�XVHUV�GHFLGH�MRLQWO\�RQ�D�VHW�RI�FRPPRQ�
JHVWXUHV���
%�� 2YHUW�*HVWXUH�'HVLJQ�0HWKRGV�
&XUUHQW� PHWKRGV� RI� JHVWXUH� YRFDEXODU\� GHVLJQ� PD\� EH�

FODVVLILHG�DV���D��DG�KRF�DQG�VXEMHFWLYH���E��GHVLJQ�UXOH�EDVHG��
DQG���F��DQDO\WLF��
2QH� RI� WKH� IHZ�ZRUNV� WKDW� H[SORUH� WKH� SURFHVV� RI� JHVWXUH�

GHVLJQ�LV� WKDW�RI�/RQJ��HW��DO�� �>�@��7KH�DSSOLFDWLRQ�LV�WKDW�RI�D�
SHQ�EDVHG�XVHU� LQWHUIDFH�ZKHUH��JHVWXUHV� DUH�GUDZQ�PDUNV�RU�
VWURNHV� WKDW� FDXVH� D� FRPPDQG� WR� EH� H[HFXWHG�� $� JHVWXUH�
GHVLJQ�WRRO���TXLOO���DGYLVHV�GHVLJQHUV�RQ�KRZ�WR�LPSURYH�WKHLU�
JHVWXUHV�� DQG� VXJJHVWV� D� PHWKRG� IRU� HYDOXDWLQJ� JHVWXUHV� IRU�
SHQ� EDVHG� DSSOLFDWLRQV�� ,Q� D� PRUH� UHFHQW� ZRUN� �>��@� D�
SURFHGXUH� DQG� D� EHQFKPDUN� WR� ILQG� JHVWXUHV� EDVHG� RQ� QLQH�
XVDELOLW\� KHXULVWLFV� DUH� SUHVHQWHG�� +RZHYHU�� WKH� LPSRUWDQW�
IDFWRU�RI�YLVLRQ�UHFRJQLWLRQ�ZDV�LJQRUHG����
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��� $G�+RF�0HWKRGV�

�
$G� KRF� PHWKRGV� DUH� WKH� SULPH� PHWKRG� RI� GHWHUPLQLQJ� D�

JHVWXUH�YRFDEXODU\��7KH\�DUH�QRW�KDUG�WR�ILQG��0DQ\�H[DPSOHV�
SUHYDLO�LQ�WKH�OLWHUDWXUH��0RVW�DUH�RI�WKH�FHQWULVW�W\SH�ZKHUHE\�
DQ� LQGLYLGXDO� FRQVWUXFWV� WKH� YRFDEXODU\� PRVWO\� ZLWK� QR�
PHQWLRQ�RI� WKH�PHWKRG�RU� UDWLRQDO� IRU� WKH�FKRLFHV�PDGH��6HH�
IRU�H[DPSOH��>�@�>��@�>��@�>��@�>��@�>��@��
�
��� 7KH�5XOH�%DVHG�$SSURDFK�

�
7KH�ZRUN�RI�%DXGHO�DQG�%HDXGRXLQ�/DIRQ��>��@�SURYLGHV�DQ�

H[DPSOH�RI�WKH�XVH�RI�GHVLJQ�UXOHV��)RU�H[DPSOH�WKH\�SURYLGH�
JXLGHOLQHV�VXFK�DV��)DYRU�HDVH�RI�/HDUQLQJ��8VH�KDQG�WHQVLRQ�
DW� WKH� VWDUW� RI� D� G\QDPLF� JHVWXUH� DQG� UHOD[HG� SRVLWLRQ� RI� WKH�
KDQG� DW� WKH� HQG�� $QRWKHU� LV� WKDW� RI� %DXGHO� HW�� DO�� �>��@� ZKR�
SURYLGHV�D�VHW�RI�JXLGHOLQHV�IRU�GHVLJQLQJ�D�JHVWXUDO�FRPPDQG�
VHW�DOWKRXJK�QR�PHQWLRQ�LV�PDGH�RQ�KRZ�WKHVH�JXLGHOLQHV�DUH�
DFWXDOO\� LPSOHPHQWHG� WR� JHQHUDWH� WKH� DFWXDO� YRFDEXODU\�� 7KH�
DSSOLFDWLRQ� DOORZV� D� XVHU� WR� JLYH� D� OHFWXUH� E\� QDYLJDWLQJ�
WKURXJK� D� VHW� RI� VOLGHV� ZLWK� GDWD� JORYH� EDVHG� JHVWXUDO�
FRPPDQGV�� .MHOGVHQ� DQG� +DUWPDQ� �>��@�� LQ� D� YLVLRQ� EDVHG�
FRPSXWHU� LQWHUDFWLRQ� VHWWLQJ�� SUHVHQW� D� VHW� RI� FRQVWUDLQWV� IRU�
FRQWURO� DFWLRQV� GHILQHG� DV�� ³WKH�PRWLRQ� XVHU�PDNHV� WR� HIIHFW�
FRQWURO´��6WDWLQJ� WKDW� ³WKH� FKRLFH�RI� VXFK�FRQWURO�PRYHPHQWV�
LV�PRUH� DUW� WKDQ� VFLHQFH´� WKH\� SURFHHG� WR� FRQVLGHU�ZKDW� DUH�
JRRG� FRQWURO� DFWLRQV� IRU� GLIIHUHQW� WDVN� W\SHV�� $JDLQ� WKH�
DSSURDFK� LV� UDWKHU� LQWXLWLYH�DV�RSSRVHG�WR�EHLQJ�VFLHQWLILFDOO\�
EDVHG��
����
��� $QDO\WLFDO�0HWKRGV�

�
$QDO\WLFDO�PHWKRGV�DUH� VFLHQWLILF� EDVHG�� LQYROYLQJ�SHUKDSV�

WKH� XVH� RI� KXPDQ� IDFWRUV� DVSHFWV�� HUJRQRPLFV�� KDQG�
ELRPHFKDQLFV�� FRJQLWLYH� VFLHQFH�� H[SHULPHQWDO� VWDWLVWLFV��
PDFKLQH� UHFRJQLWLRQ� DQG� PDWKHPDWLFV�� $OWKRXJK�� WKHUH� H[LVW�
VSRUDGLF�ZRUNV�DSSO\LQJ�WKHVH�GLVFLSOLQHV�WR�WKH�KDQG�JHVWXUH�
SUREOHP��ZH�KDYH�IRXQG�QR�ZRUN�XVLQJ�DQDO\WLFDO�PHWKRGV�IRU�
WKH�FRPSOHWH�GHVLJQ�RI�D�*9��7KXV��ZH�EHOLHYH�WKLV�LV�WKH�ILUVW�
FRPSUHKHQVLYH� DQDO\WLFDO� PHWKRG� IRU� GHVLJQ� RI� DQ� RSWLPDO�
JHVWXUH�YRFDEXODU\��
$Q\� DQDO\WLFDO� PHWKRG� QHHGV� SHUIRUPDQFH� FULWHULD� LQ� WKH�

IRUP� RI� D� VWDWHG� REMHFWLYH��:H� SURSRVH� WKH� REMHFWLYH� EH� WKH�
EHVW�SHUIRUPDQFH� WR� FRQWURO� DQ� LQDQLPDWH�REMHFW�RU�GHYLFH� WR�
FDUU\�RXW�D�WDVN�XVLQJ�D�JLYHQ�YRFDEXODU\�RI�FRQWURO�JHVWXUHV��
7KH� EHVW� SHUIRUPDQFH� PD\� EH� WKH� PLQLPDO� WLPH� ZLWKLQ� WKH�
FRQVWUDLQWV� RI� DFFXUDF\� RU� WROHUDQFH� WR� FDUU\� RXW� D� WDVN�� )RU�
H[DPSOH�PRYH�D�URERW�IURP�$�WR�%�LQ�D�PD]H�ZLWKRXW�KLWWLQJ�
LWV� ZDOOV�� 2U� SLFN� XS� D� FXS� RI� FRIIHH� ZLWKRXW� VSLOOLQJ� LWV�
FRQWHQWV�� ,Q�RUGHU� WR�PHHW�VXFK�DQ�REMHFWLYH�ZH�SRVWXODWH�WKH�
IROORZLQJ� IDFWRUV� WKDW� D� JRRG�*9� VKRXOG� SRVVHV� LQ� RUGHU� WR�
DIIHFW�PLQLPDO�WLPH�SHUIRUPDQFH��
�
��� (DV\�WR�UHPHPEHU���,I�WKH�JHVWXUH�LV�QDWXUDO�

DQG� LQWXLWLYH� LW� ZLOO� LQFUHDVH� WKH� UDWH� RI�

UHFDOO��
��� (DV\� WR� OHDUQ�±� ,I� D�JHVWXUH� LV� LQWXLWLYH� DQG�

FDQ� EH� SUHVHQWHG� ZLWK� HDVH� �SK\VLFDOO\�� LW�
ZLOO�EH�HDVLHU�WR�OHDUQ��

��� 3K\VLFDOO\� HDV\� WR� SHUIRUP�� 7KH� JHVWXUH�
VKRXOG�QRW�EH�VXFK�DV�WR�FDXVH�VWUDLQ�RQ�WKH�
RSHUDWRU�ZKLOH�KROGLQJ�WKH�SRVH�RU�GXULQJ�D�
WUDQVLWLRQ�EHWZHHQ�SRVHV��

��� 7KH� JHVWXUH� FRUUHVSRQGV� WR� LWV� PHDQLQJ� RU�
LQWHQW�� )RU� H[DPSOH�� H[WHQGLQJ� RQH� ILQJHU�
UHSUHVHQWV�WKH�QXPEHU�RQH��

��� (DV\� WR� UHFRJQL]H�� *HVWXUHV� VKRXOG� EH�
VXIILFLHQWO\�GLIIHUHQW�VR�WKDW�WKHUH�LV�HQRXJK�
GLVFULPLQDWRU\� SRZHU� EHWZHHQ� WKHP� IRU� WKH�
UHFRJQLWLRQ�V\VWHP�WR�FODVVLI\�WKHP��

,,,�� 352%/(0�'(),1,7,21�$1'�127$7,21�
7KH�EDVLF�UHVHDUFK�SUREOHP�KHUH�LV�WR�ILQG�DQ�RSWLPDO�KDQG�

*9�� $Q� RSWLPDO� KDQG� *9� LV� GHILQHG� DV� D� VHW� RI� JHVWXUH�
FRPPDQG�SDLUV�� VXFK� WKDW� LW�ZLOO�PLQLPL]H� WKH� WLPH� W � IRU� D�
JLYHQ�XVHU��RU�XVHUV��WR�SHUIRUP�D�VSHFLILHG�WDVN��RU�JURXS�RI�
UHODWHG�WDVNV��
�

���������� $6,)&*7*90LQ
*

< 
�

W � ����
< �LV�VRPH�IXQFWLRQ�RI�WKH�IROORZLQJ�IDFWRUV��
7� �^W�� ��«���WQ`���WKH�VHW�RI�WDVNV�WKDW�FDQ�EH�SHUIRUPHG�LQ�

WKH�FXUUHQW�RQWRORJ\��
*� �^J����«���JP`���WKH�VHW�RI�DOO�IHDVLEOH�KDQG�JHVWXUHV�WKDW�

FDQ�EH�HYRNHG�E\�WKH�XVHU��
&� �^F�����FQ`��WKH�VHW�RI�FRPPDQGV�VSDQQLQJ�DOO�WDVNV�LQ�7��
)� Q� [� Q ^ILM`�� WKH� FRPPDQG� WUDQVLWLRQ� PDWUL[�� RU� DIWHU�

QRUPDOL]DWLRQ� WKH� VWRFKDVWLF� PDWUL[� 3 ^SLM`� RI� FRPPDQGV�
�ZKHUH� ILM� LV� WKH� IUHTXHQF\� RI� WUDQVLWLRQ� IURP� FRPPDQG� L� WR�
FRPPDQG�M��DQG�SLM�LV�WKH�SUREDELOLW\�RI�XVLQJ�FRPPDQG�L�DIWHU�
FRPPDQG�M���
,�Q�[�P ^DLN`��WKH�LQWXLWLYHQHVV�PDWUL[��ZKHUH�DLN�LV�D�PHDVXUH�

RI� FRJQLWLYH� DVVRFLDWLRQ� EHWZHHQ� WKH� JHVWXUH� L� DQG� WKH�
FRPPDQG�N��
6� P� [� P ^VNO`�� WKH� VWUHVV� RU� IDWLJXH�PDWUL[�� ZKHUH� VNO� LV� WKH�

SK\VLFDO� GLIILFXOW\� RI� D� WUDQVLWLRQ� EHWZHHQ� JHVWXUH� N� DQG�
JHVWXUH� O�� 1RWH� WKDW� VNN� LV� WKH� IDWLJXH� RI� KROGLQJ� WKH� VDPH�
JHVWXUH��

PP6 u LV�WKH�FRPIRUW�PDWUL[��VRPH�LQYHUVH�IXQFWLRQ�RI�6��
$� � WKH�UHFRJQLWLRQ�DFFXUDF\�RI�D�JLYHQ�VXEVHW�RI�JHVWXUHV�

�D�VFDODU�����
$� YRFDEXODU\� *9� PD\� EH� GHVFULEHG� LQ� WHUPV� RI� DQ�

DVVLJQPHQW� IXQFWLRQ� S� ZKHUH� S�L� M� LQGLFDWHV� WKDW� WKH�
FRPPDQG�L�LV�DVVLJQHG�WR�JHVWXUH�M���

`�����_���^� QLLSL*9   ��WKH�VHW�RI�JHVWXUH�FRPPDQG�SDLUV��

,9�� 3(5)250$1&(�0($685(6�$1'�$5&+,7(&785(�
$�� 0XOWL�2EMHFWLYH�3HUIRUPDQFH�0HDVXUH�
7KH�PDLQ� SHUIRUPDQFH�PHDVXUH� LV� WKH� FRPSOHWLRQ� WLPH� WR�
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SHUIRUP� D� WDVN�� +RZHYHU�� VLQFH� WKH� PHDVXUHPHQW� RI� WDVN�
FRPSOHWLRQ� WLPH� LQYROYHV� WKH� HYDOXDWLRQ�RI� WKH� IXQFWLRQ�� �����
DQG�WKLV�IXQFWLRQ�LV�XQNQRZQ�DQG�WLPH�FRQVXPLQJ�WR�HVWLPDWH�
IURP� H[SHULPHQWDO� GDWD�� ZH� SURSRVH� LQVWHDG�� DQDO\WLFDO�
SHUIRUPDQFH� PHDVXUHV� DFWLQJ� FROOHFWLYHO\� DV� D� SUR[\� IRU�
FRPSOHWLRQ�WLPH��7KHVH�SHUIRUPDQFH�PHDVXUHV�ZLOO�UHSUHVHQW��
LQWXLWLYHQHVV�� FRPIRUW�� DQG� UHFRJQLWLRQ� DFFXUDF\�� GHVLJQDWHG�
=��*9���=��*9��DQG�=��*9���UHVSHFWLYHO\��(DFK�LV�VKRZQ�DV�D�
IXQFWLRQ�RI�WKH�JLYHQ�JHVWXUH�YRFDEXODU\��*9��LQ�����������DQG�
���� EHORZ�� /HW� *��UHSUHVHQW� WKH� VHW� RI� DOO� IHDVLEOH� JHVWXUH�
YRFDEXODULHV��0D[LPL]LQJ� HDFK� RI� WKH�PHDVXUHV� RYHU� WKH� VHW�
*��� GHILQHV� D�PXOWLREMHFWLYH� GHFLVLRQ� SUREOHP��:H� QRWH�� WKDW�
WKH� DQDO\WLFDO� IRUP� RI� WKH� REMHFWLYHV�� =��*9��� =��*9�� DQG�
=��*9�� DUH� OLQHDU�� TXDGUDWLF� DQG� XQNQRZQ�� UHVSHFWLYHO\�� 7KH�
REMHFWLYH� IXQFWLRQV� =��*9�� DQG� =��*9�� DUH� KXPDQ� YDOXHG�
PHDVXUHV��ZKLOH�=��*9��LV�PDFKLQH�YDOXHG��
�

,QWXLWLYHQHVV�RI�D�JHVWXUH�LV�WKH�QDWXUDOQHVV�RI�H[SUHVVLQJ�D�
JLYHQ�FRPPDQG��7KH� LQWXLWLYHQHVV�RI�D�JHVWXUH�YRFDEXODU\� LV�
WKH� VXP� WRWDO� RI� WKH� LQWXLWLYHQHVV� RI� HDFK� JHVWXUH�FRPPDQG�
SDLU�LQ�WKH�YRFDEXODU\��
�
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�
ZKHUH���DN�S�N��LV�WKH�LQWXLWLYHQHVV�RI�UHSUHVHQWLQJ�FRPPDQG�N�

E\�LWV�PDWFKHG�JHVWXUH�S�N���
�
&RPIRUW� LV� UHODWHG� WR� WKH� VWUHQJWK� QHHGHG� WR� SHUIRUP� D�

JHVWXUH��2EYLRXVO\�WKHUH�DUH�JHVWXUHV�WKDW�DUH�HDVLHU�WR�SHUIRUP�
WKDQ�RWKHUV��(YHQ�ZKHQ�VRPH�RI�WKHP�ORRN�FRPIRUWDEOH�LQ�WKH�
EHJLQQLQJ�� DIWHU� VRPH� WLPH� WKH�XVHU�PD\� IHHO� IDWLJXH�DQG� WKH�
IDWLJXH� PHDVXUH� LV� UHODWHG� WR� PXVFOH� IRUFHV�� ZKLFK� FDXVHV�
ILQJHU�DQG�SDOP�WHQVLRQV��7RWDO�FRPIRUW�LV�D�VFDODU�YDOXH�HTXDO�
WR� WKH�ZHLJKWHG� VXP� RI� WKH� LQGLYLGXDO� FRPIRUW� YDOXHV� RI� WKH�
JHVWXUHV� �JHVWXUH� WUDQVLWLRQV��ZHLJKWHG� E\� WKH� IUHTXHQFLHV� RI�
XVH��
�
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�
$FFXUDF\�LV�D�PHDVXUH�RI�KRZ�ZHOO�D�VHW�RI�JHVWXUHV�FDQ�EH�

UHFRJQL]HG��7KLV�LV�REWDLQHG�IURP�WKH�FRQIXVLRQ�PDWUL[��ZKLFK�
LV� EDVHG� RQ� WKH� FODVVLILFDWLRQ� UHVXOWV� RI� D� JLYHQ� UHFRJQLWLRQ�
DOJRULWKP��7KH�UHFRJQLWLRQ�DFFXUDF\��LQ�SHUFHQW��LV��
� � ������� JHVWXUHVWRWDO

LHGPLVFODVVLIJHVWXUHVJHVWXUHVWRWDO$*9= �  � ����

%�� &RPELQHG�3HUIRUPDQFH�0HDVXUH�
�������� ������ *9=Z*9=Z*9=Z*9=0D[ �� � ����

�
ZL� �WKH�UHODWLYH�LPSRUWDQFH�RI�IDFWRU�=L�*9���

���:HLJKWV� DUH� XVHG� WR� UHIOHFW� WKH� UHODWLYH� LPSRUWDQFH� RI� WKH�

WKUHH�PDLQ�REMHFWLYH��=��*9���=��*9���=��*9����7KH�YDOXHV�RI�
WKH� ZHLJKWV� FDQ� EH� IRXQG� HPSLULFDOO\�� DQG� LQYROYHV� D�
FROOHFWLRQ� RI� H[SHULPHQWDO� GDWD� WKURXJK� GLUHFW� RU� LQGLUHFW�
VROLFLWDWLRQ� RI� GHFLVLRQ� PDNHU¶V� SUHIHUHQFHV�� 7KH� XVH� RI� WKH�
ZHLJKWV� DOORZV� WKH� WKUHH� REMHFWLYHV� WR� EH� PDSSHG� LQWR� WKH�
VLQJOH�YDOXHG�REMHFWLYH��=�*9���

9�� '(6&5,37,21�2)�7+(�0(7+2'2/2*<�
7KH� SURSRVHG� PHWKRGRORJ\� ZLOO� EH� GHYHORSHG� XQGHU� WKH�

IROORZLQJ�DVVXPSWLRQV��
�D��7KH�JHVWXUHV�DUH�VWDWLF�SRVWXUHV��
�E��(DFK�JHVWXUH�FDQQRW�UHSUHVHQW�PRUH�WKDQ�RQH�FRPPDQG��

DQG�HDFK�FRPPDQG�PXVW�EH�H[SUHVVHG�E\�H[DFWO\�RQH�JHVWXUH���
�F�� $� VLPSOH� ELRPHFKDQLFDO� PRGHO� ZLOO� \LHOG� HQRXJK�

LQIRUPDWLRQ�WR�HVWLPDWH�WKH�IDWLJXH�PHDVXUH���
�G�� ,QWXLWLYHQHVV� ZLOO� EH� EDVHG� RQ� D� VPDOO� HPSLULFDO�

H[SHULPHQW��
�H��7KH�ZHLJKWV�DUH�DYDLODEOH��H[FHSW�LQ�WKH�FDVH�RI�SUREOHP�

3��LQ�6HFWLRQ�9,,��
�
$�� $UFKLWHFWXUH�
7KH� RSWLPDO� KDQG� JHVWXUH� YRFDEXODU\� DUFKLWHFWXUH� �)LJXUH�

��� ZLOO� LQFOXGH� WZR� VWDJHV�� 6WDJH� �� �� +DQG� *HVWXUH� )DFWRU�
'HWHUPLQDWLRQ� DQG� 6WDJH� �� �� 2SWLPDO� *HVWXUH� 9RFDEXODU\�
6HDUFK�3URFHGXUH��6WDJH��� LV� WKH�GHWHUPLQDWLRQ�RI� WKH�KXPDQ�
SV\FKRSK\VLFDO� IDFWRUV�� FRPIRUW� DQG� LQWXLWLYHQHVV�� 6WDJH� �� LV�
DQ� RSWLPDO� YRFDEXODU\� VHDUFK� SURFHGXUH� LQFRUSRUDWLQJ� WKH�
PDFKLQH�IDFWRU��DFFXUDF\���

�
)LJ�����$UFKLWHFWXUH�RI�RSWLPDO�KDQG�JHVWXUH�YRFDEXODU\�

PHWKRGRORJ\�
�
7KH�WDVN�VHW�7��JHVWXUH�VHW�*�DQG�FRPPDQG�VHW�&�DUH�IL[HG�

LQSXWV� � WR� WKH� ILUVW� VWDJH�� 1RWH� WKDW� &� LV� GHWHUPLQHG� E\� 7��
*LYHQ� D� VHW� RI� WDVNV�� WKH� XQLRQ� RI� DOO� FRPPDQGV� XVHG� WR�
SHUIRUP�DOO�WDVNV�FRQVWLWXWHV�&��7KH�REMHFWLYHV�RI�WKLV�VWDJH�DUH�
WR� HVWDEOLVK� DVVRFLDWLRQV� EHWZHHQ� FRPPDQGV� DQG� JHVWXUHV�
EDVHG�RQ�XVHU� LQWXLWLYHQHVV� �LQWXLWLYHQHVV�PDWUL[�� DQG� WR� ILQG�
WKH�FRPIRUW�PDWUL[�EDVHG�RQ�FRPPDQG�WUDQVLWLRQV�DQG�IDWLJXH�
PHDVXUHV���
7KH� LQSXWV� WR� WKH�VHFRQG�VWDJH�DUH� WKH�FDOFXODWHG�PDWULFHV��

LQWXLWLYHQHVV� ,�� FRPIRUW�8�� DQG� WKH� VHWV� FRPPDQG�&�� JHVWXUH��
*�� DQG� UHFRJQLWLRQ� YDOXH� RI� WKH� DFFXUDF\�� $�� 7KLV� VWDJH�
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HPSOR\V� D� VHDUFK� SURFHGXUH� WR� ILQG� WKH� EHVW� YRFDEXODU\�*9��
XVLQJ� WKUHH� DSSURDFKHV�� �D�� D�PDWK�SURJUDP� UHOD[HG�SUREOHP�
HPEHGGHG� ZLWKLQ� D� KHXULVWLF� VHDUFK�� �E�� D� JHQHWLF� DOJRULWKP�
DSSURDFK�� DQG� �F�� D� PXOWLREMHFWLYH� GHFLVLRQ� SUREOHP�� 7KHVH�
WKUHH�DSSURDFKHV�DUH�GLVFXVVHG�LQ�6HFWLRQ�9,,�DQG�DOO� UHTXLUH�
WKH�VDPH�LQSXWV�GHVFULEHG�LQ�WKH�QH[W�VHFWLRQ��

9,�� &216758&7,21�$1'�(67,0$7,21�2)�,1387�6(76�$1'�
0$75,&(6��7�&�)�*�,�8��

7KH� DUFKLWHFWXUH� RI� 6WDJH� ��� WKH� +DQG� *HVWXUH� )DFWRU�
'HWHUPLQDWLRQ�6WDJH��LV�VKRZQ�LQ�)LJXUH����

�
)LJ�����+DQG�JHVWXUH�IDFWRU�GHWHUPLQDWLRQ�VWDJH�

$�� 7DVN�DQG�&RPPDQG�6HWV��7��&���
7KH� WDVN� VHW� FDQ� EH� VLQJOH� HOHPHQW� RU� PXOWLSOH� HOHPHQWV�

�PXOWL�WDVNV�� VHW��)RU� HDFK� WDVN� WL� ��D� VHW�RI�&L�FRPPDQGV�DUH�
GHILQHG��)RU�D�PXOWL�WDVN�VHW�7 ^W�����WQ`�WKH�FRPPDQG�VHW�LV�WKH�
VHW�RI�FRPPRQ�FRPPDQGV� �

QL
L&&

��� 
 ���

)RU� H[DPSOH� IRU� D� µSODFH¶� WDVN�ZLWK� FRPPDQGV�&� ^µOHIW¶��
µULJKW¶��µXS¶��µGRZQ¶��µEDFNZDUG¶��µIRUZDUG¶`�DQG�IRU�D�µSLFN¶�
WDVN� ZLWK� FRPPDQGV� &� ^µXS¶�� µGRZQ¶�� µEDFNZDUG¶��
µIRUZDUG¶�� ¶RSHQ¶�� ¶FORVH¶`�� D� QHZ� WDVN� �PXOWL�WDVN�� µSLFN� 	�
SODFH¶�ZLOO� LQFOXGH� WKH� FRPPDQG� VHW�& ^µOHIW¶�� µULJKW¶�� µXS¶��
µGRZQ¶�� µEDFNZDUG¶�� µIRUZDUG¶�� ¶RSHQ¶�� ¶FORVH¶`�ZKLFK� LV� WKH�
XQLRQ�RI�WKH�SUHYLRXV�WZR�FRPPDQG�VHWV��
%�� &RPPDQG�7UDQVLWLRQ�0DWUL[��)��
7R�HVWLPDWH�WKH�IUHTXHQF\�RI�FRPPDQG�XVDJH�IRU�WKH�VHW�RI�

VHOHFWHG�WDVNV�7�LW�LV�QHFHVVDU\�WR�FDUU\�RXW�H[SHULPHQWV�XVLQJ�
D�UHDO�RU�YLUWXDO�UHDOLW\�URERWLF�PRGHO�� �)RU�D�FRPPDQG�VHW�&�
RI�VL]H�Q�D�PDWUL[�)Q[Q� LV�FRQVWUXFWHG��ZKHUH� ILM�UHSUHVHQWV�WKH�
IUHTXHQF\� WKDW� D� FRPPDQG� FM� LV� HYRNHG�� JLYHQ� WKDW� WKH� ODVW�
FRPPDQG�ZDV�FL��7KLV�PHDVXUH�LV�VLJQLILFDQW�LQ�WKH�VHQVH�WKDW�
LW�LV�K\SRWKHVL]HG�WKDW���D��DQ�RSWLPDO�KDQG�JHVWXUH�YRFDEXODU\�
ZLOO�SDLU�KLJK�IUHTXHQF\�FRPPDQGV�WR�JHVWXUHV�WKDW�DUH�HDV\�WR�
SHUIRUP��ORZ�IDWLJXH���DQG��E��WKH�SK\VLFDO�HDVH�RI�PRYHPHQW�
EHWZHHQ�JHVWXUHV�ZLOO�EH�SDLUHG�ZLWK�KLJK�IUHTXHQF\�FRPPDQG�
WUDQVLWLRQV��
&�� 6HW�RI�0DVWHU�*HVWXUHV��*��
6LQFH� WKH� VHW� RI� DOO� SRVVLEOH� JHVWXUHV� LV� LQILQLWH�� ZH� ILUVW�

HVWDEOLVK� D� VHW� RI� SODXVLEOH� JHVWXUH� FRQILJXUDWLRQV�� 7R� FUHDWH�
WKH� VHW� RI� DOO� SODXVLEOH� KDQG� SRVH� JHVWXUHV� WKHUH� DUH� WZR�
SRVVLEOH� DSSURDFKHV�� �D�� YLVXDO� FDSWXUH�RI�JHVWXUH� LPDJHV��RU�
�E�� FUHDWLRQ� RI� V\QWKHWLF� JHVWXUHV�� )RU� VPDOO� KDQG� JHVWXUH�
GDWDEDVHV��UHDO�KDQG�JHVWXUHV�LPDJHV�PD\�FDSWXUHG�DQG�ODEHOHG�

ZLWK� WKH� FRQILJXUDWLRQ� SDUDPHWHUV� WKDW� FKDUDFWHUL]H� WKDW�
JHVWXUH�� )RU� ODUJH� JHVWXUH� VHWV� �WKRXVDQGV� RI� JHVWXUHV�� D�
WHGLRXV�HIIRUW� LV�UHTXLUHG�ZKLFK�PD\�EH�RYHUFRPH�E\�WKH�XVH�
RI�D�V\QWKHWLF�JHVWXUH�JHQHUDWRU��
�

'�� 0DWUL[�RI�,QWXLWLYH�,QGLFHV��,��
7KH�LQWXLWLYH�LQGH[�LV�D�PHDVXUH�RI�KRZ�³QDWXUDO´�LW�LV�IRU�D�

XVHU� WR� H[SUHVV� D� FRPPDQG�ZLWK� D� SDUWLFXODU� JHVWXUH�� 7KHVH�
LQGLFHV� DUH� GHWHUPLQHG� HPSLULFDOO\� �VHH� )LJXUH� ���� )RU� HDFK�
FRPPDQG�FL� D�XVHU� LV�TXHULHG� WR�VHOHFW�RU�GLVSOD\� WKH�JHVWXUH�
WKDW� KH�VKH� ³FRJQLWLYHO\´� DVVRFLDWHV� WKH� PRVW� ZLWK� WKH�
FRPPDQG�� 8VLQJ� WKLV� LQIRUPDWLRQ� LW� LV� VWUDLJKWIRUZDUG� WR�
FRQVWUXFW� DQ� LQWXLWLYHQHVV�PDWUL[�� ,� Q� [� P��7KH� HQWULHV� RI� ,�DUH�
UHSUHVHQWHG�DV�DLN��
�

PNQL1
QD
L
LNLN ��������������    � ����

ZKHUH���
QLN� �WKH�QXPEHU�RI�XVHUV�WKDW�VHOHFWHG�JHVWXUH�JN�WR�H[SUHVV�

FRPPDQG�FL��
1L� �WKH�QXPEHU�RI�WULDOV�IRU�WKH�LWK�FRPPDQG��
�

�
)LJ�����7KH�DSSOLFDWLRQ�IRU�HPSLULFDOO\�GHWHUPLQLQJ�WKH�

LQWXLWLYH�LQGLFHV�

(�� )DWLJXH�DQG�&RPIRUW�0DWULFHV��6�� �6 �
7KH�IDWLJXH��RU�FRPIRUW��LQGLFHV�DUH�GHWHUPLQHG�WKURXJK�WKH�

XVH� RI� D� ELRPHFKDQLFDO�PRGHO� RI� WKH� KDQG��$� JHVWXUH� DQG� D�
ELQDU\�YHFWRU�UHSUHVHQWLQJ�WKH�HQFRGHG�YHFWRU�DUH�GHVFULEHG�LQ�
)LJXUH� ��� (DFK� YLUWXDO� JHVWXUH� LQFOXGHV� LQIRUPDWLRQ� RI� WKH�
ILQJHU� DQG� KDQG� FRQILJXUDWLRQ� DQG� RULHQWDWLRQ�� 7KH� XVHU¶V�
JHVWXUHV�DUH�HQFRGHG�XVLQJ�D�KDQG�SDUDPHWHU�PRGHO���
M  �^I��U��V`���
/HW� I � ^I�� ��«�� I�`� UHSUHVHQW� WKH� ILQJHU� IOH[� VWDWHV�� VWDUWLQJ�

IURP�WKH�WKXPE�XQWLO�WKH�OLWWOH�ILQJHU��
U�  � ^U�� �� «�� U�`� UHSUHVHQWV� WKH� VSUHDGLQJ� VWDWHV� EHWZHHQ�

ILQJHUV�� VWDUWLQJ� IURP� WKH� VSDFH� EHWZHHQ� WKXPE� DQG� LQGH[��
XQWLO�ULQJ�DQG�OLWWOH�ILQJHU��
V� �UHSUHVHQWV�WKH�VWDWXV�RI�WKH�SDOP��XS�RU�GRZQ����
7KH� ILQJHU� VWDWHV� IL� FDQ� EH� VWUDLJKW� RU� IOH[HG� ��� RU� ���� WKH�

VSUHDGLQJ�VWDWHV�UL�FDQ�EH�RSHQ�RU�FORVH����RU����DQG�WKH�VWDWXV�
RI�WKH�SDOP�FDQ�EH�GRZQ�RU�XS����RU�����8VLQJ�WKLV�HQFRGLQJ�
PHWKRG��WKH�VSDFH�RI�DOO�SRVVLEOH�JHVWXUHV�4�LV��_ _M ���
7KH�ELRPHFKDQLFDO�KDQG�JHVWXUH�PRGHO�LV�XVHG�WR�ILQG�6�P�[�

P��ZKRVH�FRPPRQ�HOHPHQW�VLM�UHSUHVHQWV�WKH�SK\VLFDO�GLIILFXOW\�
RI�D�WUDQVLWLRQ�IURP�JHVWXUH�L�WR�JHVWXUH�M��7KH�FRPIRUW�PDWUL[�
6 LV� DFKLHYHG� E\� DSSO\LQJ� DQ� LQYHUWLQJ� IXQFWLRQ� WR� HDFK�



�
�

�

HOHPHQW�RI�WKH�PDWUL[�6�� ���� LMLM VV G ���

�
)LJ�����(QFRGHG�JHVWXUH�VFKHPD�

)�� 7RWDO�&RPIRUW�0DWUL[��8��
/HW�WKH�FRHIILFLHQWV�XLMNO�EH�WKH�HQWULHV�RI�D�VTXDUH�PDWUL[�8�

RI�VL]H�Q���VXFK�WKDW�XLMNO�LV�RQ�URZ��L���Q�N�DQG�WKH�FROXPQ��M�
��Q�O�� $Q� HQWU\� NOLMLMNO 6IX u PHDQV� WKH� IUHTXHQF\� RI�
WUDQVLWLRQ� EHWZHHQ� FRPPDQGV� L� WR� M� WLPHV� WKH� FRPIRUW� RI�
WUDQVLWLRQ�EHWZHHQ�JHVWXUHV�N�WR�O�ZKHQ�FRPPDQGV�L�DQG�M�DUH�
DVVRFLDWHG�ZLWK� JHVWXUHV� N� DQG� O� UHVSHFWLYHO\� LQ� D� JLYHQ�*9��
7KLV�SURGXFW�UHIOHFWV�WKH�FRQFHSW�WKDW�WKH�FRPIRUW�PHDVXUH�RI�
*9� GHSHQGV� RQ� WKH� IUHTXHQF\� RI� XVH� RI� WKH� JHVWXUH� RU� D�
JHVWXUH�SDLU�WUDQVLWLRQ���

9,,�� 62/87,21�352&('85(6�
�
5HFDOO�WKH�PHDVXUH�=�*9��LV�D�ZHLJKWHG�FRPELQDWLRQ�RI���D��

=��*9��� WKH� UHFRJQLWLRQ� DFFXUDF\� RI� D� PDFKLQH� YLVLRQ�
DOJRULWKP� IRU� WKH� KDQG� JHVWXUH� VHW� XVHG�� �E�� =��*9��� WKH�
FRPIRUW�WR�SHUIRUP�D�JHVWXUH�RU�D�WUDQVLWLRQ�EHWZHHQ�JHVWXUHV�
DQG�� �F�� =��*9��� WKH� LQWXLWLYHQHVV� RI� UHSUHVHQWLQJ� HDFK�
FRPPDQG�E\�LW�DVVRFLDWHG�JHVWXUH��7KUHH�VROXWLRQ�DSSURDFKHV�
ZLOO�EH�GHVFULEHG��
�D��5HOD[HG�PDWK�SURJUDP�HPEHGGHG� LQ�D�KHXULVWLF�VHDUFK��

DQG�
�E��$�JHQHWLF�DOJRULWKP�DSSURDFK��DQG�
�F��0XOWLREMHFWLYH�'HFLVLRQ�3UREOHP�
$V� DOO� WKUHH� ZLOO� LQFOXGH� WKH� VDPH� JHVWXUH� UHFRJQLWLRQ�

DOJRULWKP�WKLV�ZLOO�EH�GHVFULEHG�ILUVW��
$�� *HVWXUH�5HFRJQLWLRQ�$OJRULWKP�
7KH�KDQG�JHVWXUH� UHFRJQLWLRQ�SURFHVV�ZLOO�EH�YLVLRQ�EDVHG�

FRPSULVHG� RI� WZR� VHTXHQWLDO� WDVNV�� �D�� H[WUDFWLQJ� UHOHYDQW�
IHDWXUHV�IURP�WKH�UDZ�LPDJH�RI�D�JHVWXUH��DQG��E��XVLQJ�WKRVH�
LPDJH� IHDWXUHV� DV� LQSXWV� WR� D� FODVVLILHU��6XFK�DQ�DOJRULWKP� LV�
GHVFULEHG� LQ� �>��@� ZKHUH� WKH� VHJPHQWDWLRQ� FRQVLVWV� RI� WKH�
H[WUDFWLRQ� RI� WKH� KDQG� JHVWXUHV� IURP� WKH� EDFNJURXQG� XVLQJ�
JUD\VFDOH�FXHV��7KH�HYRNHG�JHVWXUH�ZLOO�OLH�RQ�D�XQLIRUP�EODFN�
�EDFNJURXQG� DQG� JUD\VFDOH� SDUWLWLRQ� EORFNV� ZLOO� EH� FUHDWHG�
IURP� D� KDQG� VLOKRXHWWHV�� 8VLQJ� VRPH� PHWULF�� WKHVH� IHDWXUHV�
ZLOO�EH�FRPSDUHG�WR�FOXVWHUV�DOUHDG\�FUHDWHG�XVLQJ�WKH�IX]]\�F�
PHDQV�DOJRULWKP��
7KH� FODVVLILFDWLRQ� UHVXOWV� LQ� D� FRQIXVLRQ�PDWUL[�� )URP� WKH�

FRQIXVLRQ� PDWUL[�� WKH� UHFRJQLWLRQ� DFFXUDF\� =��*9�� LV�
FRPSXWHG� XVLQJ� ����� 7KLV� UHVXOW� LQGLFDWHV� WKH� UHFRJQLWLRQ�

DELOLW\�RI�WKH�V\VWHP�IRU�WKH�JLYHQ�VHW�RI�KDQG�JHVWXUHV��)XUWKHU�
GHWDLOV�PD\�EH�IRXQG�LQ��>��@���
�

%�� 0DWK�3URJUDPPLQJ�5HOD[HG�3UREOHP�3���
6LQFH� WKH� UHFRJQLWLRQ� DFFXUDF\� LV� QRW� GHSHQGHQW� RQ� WKH�

PDWFKHG�FRPPDQG�JHVWXUH�SDLUV�LQ�WKH�JHVWXUH�YRFDEXODU\��EXW�
RQO\� RQ� WKH� VHW� RI� JHVWXUHV�� ZH� SODFH� WKH� WKLUG� REMHFWLYH�
IXQFWLRQ�RI�����LQ�WKH�FRQVWUDLQWV�WR�REWDLQ�WKH�UHOD[HG�SUREOHP�
3���
�
3UREOHP�3��
���

����

PLQ�

����

��
��

����

$*9=
WV

*9=Z*9=Z=0D[

t

� 
�

����
�
ZKHUH�$PLQ����LV�WKH�PLQLPDO�DFFHSWDEOH�DFFXUDF\��
�
�7KH� VROXWLRQ� SURFHGXUH� ZLOO� HQWDLO� VROYLQJ� WKH� UHOD[HG�

SUREOHP�3��WKDW�LV�3��ZLWKRXW������7KH�UHOD[HG�SUREOHP�FDQ�EH�
IRUPXODWHG�DV�D�TXDGUDWLF�LQWHJHU�DVVLJQPHQW�SUREOHP��4$3���
>��@�� *LYHQ� D� VHW� `�������̂ Q1  �� ZKRVH� LQGLFHV� UHSUHVHQW�
FRPPDQGV�RU�JHVWXUHV��DQG� QQu �PDWULFHV��)� ��ILM���8� ��XNO���
,� ��DLN��GHILQH�SUREOHP�3��*Q��EHORZ��
�
3UREOHP�3����*Q��
�
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�
+HUH�� 13 � LV� WKH� VHW� RI� DOO� SHUPXWDWLRQV� LQ� 1�� DQG� WKH�

FRPIRUW� FRVW� RI� WKH� SDLU� RI� DVVLJQPHQWV� �L�� N�� DQG� �M�� O���
�DVVLJQLQJ�FRPPDQG�L�WR�JHVWXUH�N�DQG�FRPPDQG�M�WR�JHVWXUH�O��
LV� NOVI LM ��7KH�LQWXLWLYHQHVV�RI�WKH�DVVLJQPHQW���L��N��LV�DLN������

�
)LJ�����1HWZRUN�UHSUHVHQWDWLRQ�XQGHUO\LQJ�WKH�TXDGUDWLF�

DVVLJQPHQW�SUREOHP�
%\� GHILQLQJ� D� VHW� RI� LQWHJHU� ���� GHFLVLRQ� YDULDEOHV� ^[LM`� D�

TXDGUDWLF� DVVLJQPHQW� SUREOHP� 4$3�*Q�� FDQ� EH� IRUPXODWHG�
ZKLFK� LV� HTXLYDOHQW� WR� 3UREOHP� 3��� +HUH�� *Q� UHSUHVHQWV� D�
JHVWXUH�VHW�RI�VL]H�Q��$�QHWZRUN�UHSUHVHQWDWLRQ�RI�WKH�SUREOHP�
LV� VKRZQ� LQ� )LJXUH� ���+RZHYHU� WKH� IROORZLQJ� IRUPXODWLRQ� LV�
� � �+HUH�ZH�DVVXPH�Z �  Z�  Z �  ��
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PRUH�JHQHUDO� DV� LW� LV�GHVFULEHG� IRU� WKH�PDVWHU� VHW�RI�JHVWXUHV�
*P��RI�VL]H�P��P!Q���
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���������������`����^ PMQL[LM   � � �����
ZKHUH� NOLMLMNO 6I8  �� �
�
+HUH�� [LM� LV� D� ELQDU\� DVVLJQPHQW� YDULDEOH� HTXDO� WR� �� LI�

FRPPDQG� L� LV� DVVLJQHG� WR� JHVWXUH� M�� DQG� ]HUR� RWKHUZLVH��
&RQVWUDLQW� ����� LQVXUHV� WKDW� HDFK� FRPPDQG� LV� SDLUHG� ZLWK�
H[DFWO\�RQH�JHVWXUH��&RQVWUDLQW������ LQVXUHV� WKDW�HDFK�JHVWXUH�
FDQ� EH� SDLUHG� ZLWK� QR� PRUH� WKDQ� RQH� FRPPDQG��� 6LQFH� WKH�
GHFLVLRQ� YDULDEOHV� DUH� ELQDU\�� D� VXEVHW� RI� H[DFWO\� Q� JHVWXUHV�
ZLOO�EH�VHOHFWHG�IURP�WKH�PDVWHU�VHW�RI�VL]H�P��
$�SRVVLEOH�DSSURDFK�WR�WKH�VROXWLRQ�RI�WKH�4$3�LV�WR�ILQG�D�

SURSHU� OLQHDUL]DWLRQ� �>��@�� ,I� WKH� TXDGUDWLF� WHUP� RI� ����
GLVDSSHDUV��WKHQ�DQ�RUGLQDU\�OLQHDU�DVVLJQPHQW�W\SH�SUREOHP�LV�
REWDLQHG�� $OVR�� WKH� 4$3� FDQ� EH� UHOD[HG� WR� D� ���� ��� OLQHDU�
LQWHJHU�SURJUDP�E\�LQWURGXFLQJ�QHZ�ELQDU\�YDULDEOHV�\LMNO [LM[NO�
DQG� QHZ� FRQVWUDLQWV�� 8VLQJ� WKH� QHZ� YDULDEOHV�� WKH� TXDGUDWLF�
WHUP� LQ� WKH� REMHFWLYH� IXQFWLRQ� FDQ� EH� UHSODFHG�� ,Q� WKLV�ZRUN�
VLPXODWHG�DQQHDOLQJ�LV�XVHG��
�

&�� +HXULVWLF�6HDUFK�$OJRULWKP�IRU�3UREOHP�3��
$Q�LWHUDWLYH�WHFKQLTXH�FDQ�EH�RXWOLQHG�IRU�VROYLQJ�3UREOHP�

3���:H�VWDUW�ZLWK�3���WKH�XQFRQVWUDLQHG�3��SUREOHP��2QFH�WKH�
TXDGUDWLF�LQWHJHU�SUREOHP�3��LV�VROYHG�WKH�JHVWXUH�UHFRJQLWLRQ�
LV� FKHFNHG� WR� VHH� LI� WKH� FRQVWUDLQW� ���� LV� VDWLVILHG�� ,I� VR� WKLV�
SURFHVV� LV� ILQLVKHG�� RWKHUZLVH� D� QHZ� VXEVHW� RI� JHVWXUHV�*� RI�
VL]H�Q�LV�VHOHFWHG�IURP�WKH�PDVWHU�VHW�*P��
)RU� WKH� FDVH� ZKHUH� D� PDVWHU� VHW� RI� JHVWXUHV�*P� �P!Q�� LV�

XVHG��D�VXEVHW�*Q�RI�VL]H�Q�PXVW�EH�VHOHFWHG��7KLV�PD\�EH�GRQH�
E\� XVLQJ�P� JHVWXUHV� QRGHV� LQ� WKH� QHWZRUN� RI� )LJXUH� �� DQG�
VROYLQJ�WKH�DVVRFLDWHG�SUREOHP�4$3�*P���7KLV�GHWHUPLQHV�WKH�
LQLWLDO� VXEVHW� RI� JHVWXUHV� XVHG� LQ� WKH� IHDVLELOLW\� DOJRULWKP�
GHVFULEHG�EHORZ��7KH�IROORZLQJ�DOJRULWKP��)$��VHDUFKHV�IRU�D�
IHDVLEOH� VROXWLRQ� WR�3��� IRU� D� IL[HG� DFFXUDF\� OHYHO�$PLQ�� 7KLV�
SURYLGHV�DQ�XSSHU�ERXQG�RQ� ��*9= �� ,I� D� IHDVLEOH�VROXWLRQ� LV�
IRXQG�WKH�WKUHVKROG�DFFXUDF\�OHYHO�PD\�EH�LQFUHDVHG�WR�$PLQ� �
$�DQG�)$�UXQ�DJDLQ��

$/*25,7+0�)$�+(85,67,&�6($5&+�)($6,%/(�$/*25,7+0��
���LQSXW��*P�*Q���$PLQ���EW���
�
�EW�LV�WKH�VROXWLRQ�ELQDU\�WUHH
��
���*9Å��6ROYH�3��4$3�*Q���
���>$��0@�Å�*HW$FFXUDF\�*Q���
��
�8VLQJ�����REWDLQ�FRQIXVLRQ�PDWUL[�0�
��
���LI�$�t$PLQ�WKHQ��
���� UHWXUQ�=�*9���
�
�8VH�����DQG�������7KLV�LV�D�IHDVLEOH�VROXWLRQ
��
���HOVH�
���>L���M@��Å�)LQG&LM�0���
��
�8VH������WR�JHW�WKH�PRVW�FRQIXVHG�JHVWXUHV
��
���J�Å�*HW*HVWXUH�L���*Q��
��� �

Q* Å�*Q�±�^J`�
����J��Å�0LQ6LPLODULW\�J��*P��*Q��
���� �

Q* Å�*Q�� ^J�`�
����EW�Å�,QVHUW/HDI�EW�� �

Q* ��
����&DOO�)$�*P� �

Q* �$PLQ�EW��
����J�Å�*HW*HVWXUH�M���*Q��
���� �

Q* Å�*Q�±�^J`�
����J��Å�0LQ6LPLODULW\�J���*P��*Q��
���� �

Q* Å�*Q�� ^J�`�
����EW�Å�,QVHUW/HDI�EW�� �

Q* ��
����&DOO�)$�*P� �

Q* �$PLQ�EW��
�
�
$�ELQDU\� WUHH�RI� VHYHUDO�4$3�SURJUDPV� LV� IRUPHG� �)LJXUH�

���� LQ� ZKLFK� HDFK� SUREOHP� KDV� WKH� VDPH� FRQVWUDLQWV� DQG�
REMHFWLYH�DV�3UREOHP�3�����������H[FHSW�IRU�WKH�QHZ�VHW�*Q��

�
)LJ�����6ROXWLRQ�WUHH�

7KH� VROXWLRQ� RI� WKH� URRW� SUREOHP�ZLOO� \LHOG� WR� UHFRJQLWLRQ�
DFFXUDF\� $�� ZKLFK� FDQ� EH� KLJKHU� RU� OHVV� WKDQ� YDULDEOH�
UHFRJQLWLRQ� DFFXUDF\� WKUHVKROG� $PLQ�� ,I� LW� LV� KLJKHU� WKHQ�
SUREOHP�3��LV�IHDVLEOH��,I�LW�LV�GHVLUHG�WR�LQFUHDVH�WKH�DFFXUDF\�
WKUHVKROG�WKHQ�$PLQ�LV�VHW�WR�$�DQG�WKH�)$�SUREOHP�LV�UHVROYHG��
,I�LW�LV�QRW�KLJKHU��WKH�FRQIXVLRQ�PDWUL[�LV�VWXGLHG��DQG�WKH�WZR�
JHVWXUHV�ZLWK�WKH�PD[LPXP�FRQIXVLRQ�YDOXHV�DUH�FDQGLGDWHV�WR�
FKDQJH�� 7KH� FRQIXVLRQ� YDOXH� EHWZHHQ� D� SDLU� RI� JHVWXUHV�
JHVWXUH�L�DQG�M�LV�GHILQHG�DV���
�

1
Q& LM

LM  � �����
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ZKHUH��
� &LM� �WKH�OHYHO�RI�FRQIXVLRQ�EHWZHHQ�JHVWXUH�L�DQG�M��
� QLM�  � WKH� QXPEHU� RI� WLPHV� JHVWXUHV� L� LV� UHFRJQL]HG� DV�

JHVWXUH�M���
� 1� �WKH�WRWDO�QXPEHU�RI�JHVWXUHV��
�
7KLV�JLYHV�ULVH�WR�WZR�VXE�SUREOHPV��7KH�OHIW�FKLOG�SUREOHP�

DQG� WKH� ULJKW�FKLOG� SUREOHP�� ZKHUH� WKH� ILUVW� DQG� WKH� VHFRQG�
FRQIXVHG�JHVWXUHV�DUH�UHSODFHG�E\�QHZ�RQHV��WR�IRUP��WZR�QHZ�
4$3�*Q��SUREOHPV��5HDVRQDEOH�JRRG�VROXWLRQV�WR�WKH�4$3��LQ�
3UREOHP� 3��� FDQ� EH� REWDLQHG� WKURXJK� 6LPXODWHG� $QQHDOLQJ� �
>��@��7KLV�EUDQFKLQJ�SURFHVV�FRQWLQXHV�ZKHUH�HDFK�RI�WKH�WZR�
QHZ�SUREOHPV�ZLOO� JLYH� ULVH� WR� WZR�PRUH�SUREOHPV��6XSSRVH�
WKH� WZR�QHZ�SUREOHPV� �Q* �� �Q* � DUH�FRQVWUXFWHG� IURP�*Q��/HW�
L¶��M¶�EH�WKH�SDLU�RI�WKH�PRVW�FRQIXVHG�JHVWXUHV�GHWHUPLQHG�E\�
0D[�&LM &L¶M¶��7KHQ�LQ� �Q* �JHVWXUH�L¶�LV�UHWDLQHG��DQG�UHSODFHG�
E\� WKH�PRVW�GLVVLPLODU�XQXVHG�JHVWXUH� M

� IRXQG� LQ� WKH�PDVWHU�
VHW�� ,W� IROORZV�IURP� WKLV�FRQVWUXFWLRQ� WKDW� WKH� WUHH�REWDLQHG� LV�
ELQDU\��7KH�H[LW�FRQGLWLRQ�LV�ZKHQ�WKH�UHFRJQLWLRQ�DFFXUDF\�RI�
RQH�RI�WKH�VXE�SUREOHPV�LV�KLJKHU�WKDQ�WKH�VSHFLILHG�DFFXUDF\�
OHYHO�$PLQ�� WKHQ�WKH�JHVWXUH�FRPPDQG�PDSSLQJ�LV�WKH�VHOHFWHG�
VROXWLRQ��)LJXUH���LV�D�IORZ�FKDUW�RI�WKLV�SURFHGXUH��
�

�
)LJ�����)ORZFKDUW�RI�KHXULVWLF�VHDUFK�DOJRULWKP�IRU�

SUREOHP�
�

'�� *HQHWLF�$OJRULWKP�$SSURDFK�
7KH� JHQHWLF� DOJRULWKP� �*$�� XVHV� WKH� SULQFLSOHV� RI�

ELRORJLFDO�HYROXWLRQ�DQG�ZDV�GHYHORSHG�E\�+ROODQG��>��@��*$V�

KDYH� EHHQ� XVHG� IRU� WKH� VROXWLRQ� RI� ODUJH� FRPELQDWRULDO�
RSWLPL]DWLRQ� SUREOHPV� �>��@�� $� SRSXODWLRQ� RI� LQLWLDO� IHDVLEOH�
VROXWLRQV�LV�FUHDWHG�UDQGRPO\��(DFK�LQGLYLGXDO�LV�HQFRGHG�DV�D�
FKURPRVRPH� RI� OHQJWK� Q� ZKLFK� UHSUHVHQWV� WKH� DVVRFLDWLRQV�
EHWZHHQ� FRPPDQGV� &�  ^F��«�� FQ`� DQG� JHVWXUHV� * ^J��«��
JQ`���)LJXUH���LOOXVWUDWHV�WKH�FKURPRVRPH�UHSUHVHQWDWLRQ��

�
)LJ�����$�FKURPRVRPH�UHSUHVHQWDWLRQ�

7KH� YDOXH� RI� WKH� JHQH� JN� YDULHV� IURP� �� WR�P� �ZKHUH� WKH�
PDVWHU�JHVWXUH�VHW�*P�LV�RI�VL]H�P���DQG�UHSUHVHQWV�WKH�JHVWXUH�
WR� EH� SDLUHG� ZLWK� WKH� FRPPDQG� FN�� (DFK� FKURPRVRPH�
HQFRGLQJ� UHSUHVHQWV� D� *9�� RI� VL]H� Q�� 7KH� ILWQHVV� RI� D�
FKURPRVRPH�LV�FRPSXWHG�XVLQJ�������
7KH�*$�VHOHFWV�PDWFKLQJ�SDLUV�RI� LQGLYLGXDOV�DFFRUGLQJ�WR�

SURSRUWLRQDO� VHOHFWLRQ�� DQG� FKLOGUHQ� FKURPRVRPHV� DUH�
JHQHUDWHG� EDVHG� RQ� D� FURVV� RYHU� RSHUDWLRQ�� 7KH� FURVV� RYHU�
RSHUDWLRQ� FRQVLVWV� RI� WDNLQJ� WZR� SDUHQW� FKURPRVRPHV� DQG�
SHUIRUPLQJ�D� VLQJOH�SRLQW�FURVVRYHU��$IWHU�FURVVRYHU�D�³EDG´�
LQGLYLGXDO�PD\�EH�JHQHUDWHG��7KRVH�DUH� LQGLYLGXDOV� WKDW�KDYH�
WKH� VDPH� JHVWXUH� IRU� GLIIHUHQW� FRPPDQGV�� 6XFK� LQGLYLGXDOV�
ZLOO� EH� JLYHQ� ORZ� ILWQHVV� YDOXHV� WR� DYRLG� WKHLU� SURSDJDWLRQ��
$IWHU� WKH�PXWDWLRQ�RSHUDWLRQ� WKH�QH[W�JHQHUDWLRQ� LV�REWDLQHG��
7KH� SURFHVVHV� RI� FURVVRYHU� DQG� PXWDWLRQ� DUH� XVHG� LQ� DQ�
DWWHPSW� WR� H[SORUH� DQG� H[SORLW� WKH� VROXWLRQ� VSDFH�� 0XWDWLRQ�
FRQVLVWV�RI�RFFDVLRQDOO\�LQWURGXFLQJ�UDQGRP�ELW�FKDQJHV�XVLQJ�
D� PXWDWLRQ� SUREDELOLW\� YDOXH�� 7KH� SURFHVV� LV� UXQ� IRU� D� IHZ�
KXQGUHG� JHQHUDWLRQV� �LWHUDWLRQV�� RU� ZKHQ� WKH� DOJRULWKP�
FRQYHUJHV� DQG� KRSHIXOO\� E\� WKHQ�� WKH� ILWWHVW� JHQHV� ZLOO�
GRPLQDWH�� DQG�D� ORFDO�PD[LPXP�IRU�=�*9�� LV� IRXQG��*HQHWLF�
DOJRULWKPV� FDQ� VXFFHHG� ZKHUH� WUDGLWLRQDO� PHWKRGV� PD\� IDLO��
+RZHYHU��VLQFH�*$¶V�DUH�RI�SUREDELOLVWLF�LQ�QDWXUH�WKH�RSWLPDO�
VROXWLRQ�LV�QRW�JXDUDQWHHG��
(�� 0XOWL�2EMHFWLYH�$SSURDFK�
,Q� WKH� SUHYLRXV� DSSURDFK� WKH� ZHLJKWV� ZHUH� JLYHQ� E\� WKH�

GHFLVLRQ� PDNHU� WR� PDS� WKH� WKUHH� PXOWL� REMHFWLYHV� LQWR� RQH�
PHWULF��+HUH�ZH�FRQVLGHU�DOO�WKUHH�REMHFWLYHV�VHSDUDWHO\�DV�WKH�
PXOWL�REMHFWLYH�GHFLVLRQ�SUREOHP��GHVLJQDWHG�SUREOHP�3���
�
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� ���������������`����^ PMQL[LM   � � �����
� ZKHUH� NOLMLMNO 6I8  �� �
�
7KLV� SUREOHP� LV� UHODWHG� WR� WKH� 0XOWLREMHFWLYH� TXDGUDWLF�

DVVLJQPHQW� SUREOHP� �>��@� ZHUH� LW� QRW� IRU� WKH� WKLUG� REMHFWLYH�
=��*9�� ZKLFK� KDV� QR� H[SOLFLW� DQDO\WLFDO� IRUP�� 7R� HYDOXDWH�
=��*9�� WKH� UHFRJQLWLRQ� DOJRULWKP�PXVW� EH� FDOOHG�� DQG� VROYHG�
IRU� WKH� SDUWLFXODU� VROXWLRQ� *9� UHSUHVHQWHG� E\� WKH� ����
DVVLJQPHQW�YDULDEOHV��
:KHQ�WKHUH�LV�PRUH�WKDQ�RQH�QRQ�FRPPHQVXUDEOH�REMHFWLYH�

IXQFWLRQ� WR� EH� PD[LPL]HG�� VROXWLRQV� H[LVW� IRU� ZKLFK�
SHUIRUPDQFH� RQ� RQH� FDQQRW� EH� LPSURYHG�ZLWKRXW� VDFULILFLQJ�
SHUIRUPDQFH� LQ� DW� OHDVW� RQH�RWKHU�� � 6XFK� VROXWLRQV� DUH� FDOOHG�
3DUHWR�RSWLPDO�SRLQWV��>��@��DQG�WKH�VHW�RI�DOO�VXFK�SRLQWV�IRUP�
WKH�3DUHWR� IURQWLHU��$�VROXWLRQ� 
[ � LV�D�3DUHWR�SRLQW� LII�GRHV�
QRW� H[LVW� DQRWKHU� VROXWLRQ� \ � VXFK� WKDW�

'L[I\I LL ������
����  �t �� DQG� 
���� [I\I LL � � IRU�
VRPH�L��ZKHUH�IL��LV�WKH�LWK�REMHFWLYH�IXQFWLRQ�
*LYHQ�WKDW�WKH�JHVWXUH�VHW�LV�RI�VL]H�P�DQG�WKH�FRPPDQG�VHW�

RI� VL]H�Q�� WKHUH� DUH�P����P�Q��Q��� GLIIHUHQW� JHVWXUHV� VXE� VHWV���
$V� DQ� LOOXVWUDWLRQ� RI� WKH� VROXWLRQ� SURFHGXUH� ZH� FRQVLGHU� D�
VPDOO�H[DPSOH�RI�VHW�RI� WZHOYH�JHVWXUHV�DQG�HLJKW�FRPPDQGV�
�VHH�7DEOH�,���

7DEOH�,��+DQG�*HVWXUH�9RFDEXODU\�
&RPPDQGV� *HVWXUHV�

/()7�
5,*+7�
)25:$5'�
%$&.�
)$67�
6/2:�
67$57�
6723�

�
�
)RU� WKLV� SUREOHP�ZH� GHYLVH� D� V\VWHP� WR� GLVSOD\� WKH� WKUHH�

REMHFWLYH� YDOXHV� LQ� D� �'� SORW��ZKLFK�ZLOO� DOORZ� WKH� GHFLVLRQ�
PDNHU� WR� H[DPLQH� GLIIHUHQW� VROXWLRQV� DQG� VHOHFW� WKH� RQH� KH�
GHVLUHV��EDVHG�RQ�KLV�LQWHUQDOL]HG�ZHLJKWHG�SULRULWLHV�IRU�HDFK�
RI�WKH�REMHFWLYHV���VHH�)LJXUH����7R�DLG�WKH�GHFLVLRQ�PDNHU�ZH�
DOVR�SURYLGH�WKH�3DUHWR�SRLQWV�
)RU� HDFK� FRPPDQG�JHVWXUH� VHW�� �&�� *Q�� WKH� RSWLPDO� ����

PDSSLQJ� LV�REWDLQHG�XVLQJ� � �VLPXODWHG�DQQHDOLQJ� WR�VROYH�WKH�
TXDGUDWLF� SURJUDP�3��� 7KXV� ����*9V� DUH� DFTXLUHG�� )RU� HDFK�
*9�� WKH� WKUHH� REMHFWLYH� PHDVXUHV�� � ,QWXLWLYHQHVV� �=��*9����
&RPIRUW��=��*9�����DQG�$FFXUDF\��=��*9���DUH�HYDOXDWHG��VHH�
SUHYLRXV�VHFWLRQ����(DFK�*9�LV�WKXV�UHSUHVHQWHG�DV�D�SRLQW�LQ�D�
�'� VSDFH�ZKRVH� FRRUGLQDWHV� DUH�� LQWXLWLYHQHVV�� FRPIRUW�� DQG�

DFFXUDF\��$IWHU�DSSO\LQJ� WKLV�DOJRULWKP�WR� WKH�H[DPSOH�� WKUHH�
3DUHWR�SRLQWV�ZHUH�REWDLQHG���VHH�7DEOH�,,���7KH�3DUHWR�SRLQWV�
DUH�GLVSOD\HG�LQ�EROG�LQ�)LJXUH����
7DEOH�,,��2SWLPDO�3DUHWR�SRLQWV�IRU�WKH�PXOWL�REMHFWLYH�

SUREOHP�
3DUHWR�3WV $FFXUDF\��� ,QWXLWLYHQHVV��� &RPIRUW���

� ��� ����� �����
� ����� ��� �����
� ����� ����� ��� �

�

�
)LJ������'�7RRO�WR�DVVLVW�WKH�GHFLVLRQ�PDNHU�

9,,,�� &21&/86,21�
,Q�WKLV�UHVHDUFK�ZH�DWWDFN�WKH�GLIILFXOW�SUREOHP�RI�GHVLJQLQJ�

D�KDQG�JHVWXUH�FRQWURO�YRFDEXODU\��$�KDQG�JHVWXUH�YRFDEXODU\�
LV�XVHG�WR�FRPPDQG�URERWLF�PDQLSXODWRUV�WR�FDUU\�RXW�VSHFLILF�
WDVNV�� :H� UHYLHZ� DQG� FODVVLI\� WKUHH� DSSURDFKHV� WR� WKLV�
SUREOHP��$G�KRF��5XOH�EDVHG�DQG�$QDO\WLFDO���:H�EHOLHYH�WKLV�
LV� WKH� ILUVW� FRQFHSWXDOL]DWLRQ� RI� WKH� RSWLPDO� KDQG� JHVWXUH�
GHVLJQ� SUREOHP� LQ� DQDO\WLFDO� IRUP�� 7R� VROYH� WKH� SUREOHP�� D�
QRQ�WULYLDO� DEVWUDFW� UHSUHVHQWDWLRQ� RI� D� QDWXUDO� PDSSLQJ�
EHWZHHQ� JHVWXUHV� DQG� FRPPDQGV� DQG� UHODWLRQVKLSV� EHWZHHQ�
WKHP�LV�LQWURGXFHG��7KUHH�PDWKHPDWLFDO�PRGHOV�DUH�GHYHORSHG��
ZKLFK� UHIOHFW� WKH� HUJRQRPLF� DQG� WHFKQLFDO� SHUIRUPDQFH�
PHDVXUHV�XSRQ�ZKLFK�D�JHVWXUH�FRQWURO�V\VWHP�LV�MXGJHG��7KH�
ILUVW��LV�D�PDWKHPDWLFDO�SURJUDP�XVLQJ�D�TXDGUDWLF�DVVLJQPHQW�
SUREOHP� HPEHGGHG� ZLWKLQ� D� KHXULVWLF� VHDUFK� WUHH�� � 7KH�
TXDGUDWLF� SUREOHP�� LV� XVHG� WR� VHOHFW� D� JHVWXUH� YRFDEXODU\� �D�
FRPPDQG�JHVWXUH� PDWFKLQJ�� WKURXJK� VLPXODWHG� DQQHDOLQJ��
7KH� VHFRQG�� LV� D� JHQHWLF� DOJRULWKP� UHSUHVHQWDWLRQ�� DQG� WKH�
WKLUG� LV� D� PXOWL�REMHFWLYH� GHFLVLRQ� SUREOHP� IRU� ZKLFK� D� �'�
UHSUHVHQWDWLRQ� RI� WKH� VROXWLRQ� VSDFH� LV� XVHG� WR� GLVSOD\�
FDQGLGDWH� VROXWLRQV�� DV� ZHOO� DV�� WKH� 3DUHWR� RSWLPDO� RQHV�� $�
FRPSXWDWLRQDO� H[DPSOH� LV� JLYHQ� IRU� WKH� GHVLJQ� RI� D� VPDOO�
FRPPDQG� JHVWXUH� YRFDEXODU\� IRU� WKH� PXOWLREMHFWLYH�
SURFHGXUH��
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$&.12:/('*0(17�
7KLV� SURMHFW� ZDV� VXSSRUWHG� E\� WKH� 0LQLVWU\� RI� 'HIHQVH�

0$)$7�*UDQW�1R�������DQG�SDUWLDOO\�VXSSRUWHG�E\� WKH�3DXO�
,YDQLHU� &HQWHU� IRU� 5RERWLFV� 5HVHDUFK� 	� 3URGXFWLRQ�
0DQDJHPHQW��%HQ�*XULRQ�8QLYHUVLW\�RI�WKH�1HJHY��
�

5()(5(1&(6�
>�@� $�� &�� /RQJ�� -��$�� � /DQGD\�� DQG�� /��$�5RZH�� ³,PSOLFDWLRQV� IRU� D�

JHVWXUH� GHVLJQ� WRRO�´� LQ� &+,� ����� $&0� &RQIHUHQFH� RQ� +XPDQ�
)DFWRUV� LQ�&RPSXWLQJ�6\VWHPV��&+,�/HWWHUV��YRO�����QR���� SS�����
����

>�@� 7�� *�� =LPPHUPDQ� DQG� -�� /DQLHU�� ³$� +DQG� *HVWXUH� ,QWHUIDFH�
'HYLFH�´�LQ������3URF��$&0�6,*&+,�*,��SS�����������

>�@� )�� 4XHN�� ³8QHQFXPEHUHG� *HVWXUDO� ,QWHUDFWLRQ�´� ,(((� 7UDQV��
0XOWL0HGLD��YRO�����QR�����SS���������������

>�@� -�� -�� /D9LROD�� ³:KROH�+DQG� DQG� 6SHHFK� ,QSXW� ,Q� 9LUWXDO�
(QYLURQPHQWV�´� 0DVWHU
V� 7KHVLV�� &6�������� %URZQ� 8QLYHUVLW\��
'HSDUWPHQW�RI�&RPSXWHU�6FLHQFH��3URYLGHQFH��5,��������

>�@� &��6KDKDEL��/��.DJKD]LDQ��6��0HKWD��$��*KRWLQJ��*��6KDQEKDJ��0��
0F/DXJKOL�� ³$QDO\VLV� RI� +DSWLF� 'DWD� IRU� 6LJQ� /DQJXDJH�
5HFRJQLWLRQ�´�LQ��WK�,QWO�&RQI��+XPDQ�&RPSXWHU�,QWHUDFWLRQ��1HZ�
2UOHDQV��$XJ��������

>�@� 9�� 3DYORYLF�� 5�� 6KDUPD�� DQG�7��+XDQJ�� �9LVXDO� ,QWHUSUHWDWLRQ� RI�
+DQG�*HVWXUHV�IRU�+XPDQ�&RPSXWHU�,QWHUDFWLRQ��$�5HYLHZ���,(((�
3$0,��YRO������SS�����������������

>�@� $��.DWNHUH��(��+XQWHU��'��.XUDPXUD��-��6FKOHQ]LJ��6��0RH]]L�DQG�
5��-DLQ���52%2*(67��7HOHSUHVHQFH�8VLQJ�+DQG�*HVWXUHV���7HFK��
5HS��9&/���������8QLYHUVLW\�RI�&DOLIRUQLD��6DQ�'LHJR��������

>�@� '��.RUWHQNDPS��(��+XEHU�� DQG�5�� 3��%RQDVVR�� �5HFRJQL]LQJ� DQG�
,QWHUSUHWLQJ�*HVWXUHV�RQ�D�0RELOH�5RERW���LQ�$$$,����������

>�@� &��&DGR]��/HV�UHDOLWHV�YLUWXHOOHV��'RPLQRV��)ODPPDULRQ��������
>��@� '�� 0F1HLOO�� +DQG� DQG� 0LQG� ±� :KDW� *HVWXUHV� 5HYHDO� $ERXW�

7KRXJKW�� 7KH� 8QLYHUVLW\� RI� &KLFDJR� 3UHVV�� 3DSHUEDFN� (GLWLRQ��
������

>��@� 7��&��.RRSPDQV�DQG�0��-��%HFNPDQQ��³$VVLJQPHQW�SUREOHPV�DQG�
ORFDWLRQ�RI�HFRQRPLF�DFWLYLWLHV�´�(FRQRPHWULFD��QR������SS���������
������

>��@� '�� 7�� &RQQROO\�� ³$Q� LPSURYHG� DQQHDOLQJ� VFKHPH� IRU� WKH� 4$3�´�
(XURSHDQ� -RXUQDO� RI� 2SHUDWLRQDO� 5HVHDUFK�� QR�� ���� SS�� ��������
������

>��@� 5�� $ERXGDQ�� DQG� *�� %HDWWLH�� ³&URVV�FXOWXUDO� VLPLODULWLHV� LQ�
JHVWXUHV��7KH�GHHS�UHODWLRQVKLS�EHWZHHQ�JHVWXUHV�DQG�VSHHFK�ZKLFK�
WUDQVFHQGV� ODQJXDJH� EDUULHUV�´� 6HPLRWLFD�� QR�� ����� SS�� ��������
������

>��@� '��$UFKHU���8QVSRNHQ�'LYHUVLW\��&XOWXUDO�'LIIHUHQFHV�LQ�*HVWXUHV���
6SHFLDO� ,VVXH� RQ� �9LVXDO� 6RFLRORJ\���4XDOLWDWLYH� 6RFLRORJ\�� YRO���
����QR�������SS���������������

>��@� &�� &RKHQ�� ������� )HE�� ����� $� %ULHI� 2YHUYLHZ� RI� *HVWXUH�
5HFRJQLWLRQ�� >2QOLQH@�� $YDLODEOH���
KWWS���ZZZ�GDL�HG�DF�XN�&9RQOLQH�ORFDOBFRSLHV�FRKHQ�JHVWXUHBRYH
UYLHZ�KWPO��

>��@� 0�� 1LHOVHQ�� 0�� 6W|UULQJ�� 7�� %�� 0RHVOXQG�� DQG� (�� *UDQXP�� ³$�
3URFHGXUH� IRU� 'HYHORSLQJ� ,QWXLWLYH� DQG� (UJRQRPLF� *HVWXUH�
,QWHUIDFHV� IRU� +&,�´� LQ� �WK� ,QW�� :RUNVKRS� RQ� *HVWXUH� DQG� 6LJQ�
/DQJXDJH� EDVHG� +XPDQ�&RPSXWHU� ,QWHUDFWLRQ� �*:�������
*HQRYD��,WDO\��������

>��@� 6��:DOGKHUU��6��7KUXQ��5��5RPHUR��DQG�'��0DUJDULWLV��³�7HPSODWH�
EDVHG�UHFRJQLWLRQ�RI�SRVH�DQG�PRWLRQ�JHVWXUHV�RQ�D�PRELOH�URERW�´�
LQ� 3URFHHGLQJV� RI� WKH� $$$,� )LIWHHQWK� 1DWLRQDO� &RQIHUHQFH� RQ�
$UWLILFLDO�,QWHOOLJHQFH��SS�����������������

>��@� 0�� %HFNHU� HW� DO�� ³*ULS6HH�� $� JHVWXUH�FRQWUROOHG� URERW� IRU� REMHFW�
SHUFHSWLRQ� DQG�PDQLSXODWLRQ�´�$XWRQRPRXV�5RERWV�� YRO�� ��� QR�� ���
SS�����������$SU��������

>��@� 7��$JUDZDO�DQG�6��&KDXGKXUL��³*HVWXUH�UHFRJQLWLRQ�XVLQJ�SRVLWLRQ�
DQG� DSSHDUDQFH� IHDWXUHV�´� LQ� 3URF�� � ,(((� ,QW�� &RQI�� � ,PDJH�
3URFHVVLQJ��%DUFHORQD��6SDLQ��������

>��@� �.��$EH��+��6DLWR��DQG�6��2]DZD��³9LUWXDO���'�LQWHUIDFH�V\VWHP�YLD�
KDQG�PRWLRQ�UHFRJQLWLRQ�IURP�WZR�FDPHUDV�´�,(((�7UDQV��6\VWHPV��

0DQ� DQG� &\EHUQHWLFV�� 3DUW� $�� YRO�� ���� QR�� ��� SS�� ��������� -XO��
������

>��@� &��:��1J�DQG�6��5DQJDQDWK���5HDO�WLPH�JHVWXUH�UHFRJQLWLRQ�V\VWHP�
DQG�DSSOLFDWLRQ���,PDJH�DQG�9LVLRQ�&RPSXWLQJ��YRO������QR���������
SS������������'HF��������

>��@� 7��%DXGHO��0��DQG�%HDXGRXLQ�/DIRQ��³&KDUDGH��5HPRWH�&RQWURO�RI�
2EMHFWV�XVLQJ�)UHH+DQG�*HVWXUHV�´�&RPPXQLFDWLRQV�RI� WKH�$&0��
YRO������QR�����SS��������������

>��@� 7�� %DXGHO�� 0�� %HDXGRXLQ�/DIRQ�� $�� %UDIIRUW�� '�� DQG� 7HLO�� ³$Q�
LQWHUDFWLRQ�PRGHO�GHVLJQHG�IRU�KDQG�JHVWXUH�LQSXW�´�/5,�5HV��5HS��
�����6HSW��������

>��@� 5�� .MHOGVHQ� DQG� -�� +DUWPDQ�� ³'HVLJQ� ,VVXHV� IRU� 9LVLRQ�EDVHG�
&RPSXWHU� ,QWHUDFWLRQ� 6\VWHPV�´� LQ� 3URF�� RI� WKH� :RUNVKRS� RQ�
3HUFHSWXDO�8VHU�,QWHUIDFHV��2UODQGR��)ORULGD��86$��������

>��@� -�� 3�� :DFKV�� +�� 6WHUQ�� <�� (GDQ�� � ³5HDO�7LPH� +DQG� *HVWXUH�
7HOHURERWLF� 6\VWHP� 8VLQJ� WKH� )X]]\� &�0HDQV� &OXVWHULQJ�
$OJRULWKP�´�:$&�������2UODQGR��)ORULGD��8�6�$��������

>��@� �-�� 3��:DFKV��+��6WHUQ��<��(GDQ�� �3DUDPHWHU�6HDUFK� IRU� DQ� ,PDJH�
3URFHVVLQJ�)X]]\�&�0HDQV�+DQG�*HVWXUH�5HFRJQLWLRQ�6\VWHP��LQ�
3URFHHGLQJV� RI� ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� ,PDJH�
3URFHVVLQJ��YRO�����%DUFHORQD��6SDLQ��SS�����������������

>��@� *�� )LQNH�� 5�� (�� %XUNDUG�� DQG� )�� 5HQGO�� ³4XDGUDWLF� DVVLJQPHQW�
SUREOHPV�´� $QQDOV� RI� 'LVFUHWH� 0DWKHPDWLFV�� QR�� ���� SS�� �������
���������

>��@� -�� +ROODQG�� $GDSWDWLRQ� LQ� 1DWXUDO� DQG� $UWLILFLDO� 6\VWHPV��
8QLYHUVLW\�RI�0LFKLJDQ�3UHVV��������

>��@� -�� '�� .QRZOHV�� DQG�'��:�� &RUQH�� ³,QVWDQFH�*HQHUDWRUV� DQG� 7HVW�
6XLWHV� IRU� WKH�0XOWLREMHFWLYH�4XDGUDWLF�$VVLJQPHQW� 3UREOHP�´� LQ�
3URF�� (YROXWLRQDU\� 0XOWL�&ULWHULRQ� 2SWLPL]DWLRQ� �(02� ������
6HFRQG� ,QWHUQDWLRQDO� &RQIHUHQFH�� )DUR�� 3RUWXJDO�� SS� ���������
�������

>��@� 9�� 3DUHWR�� 0DQXHO��'
� (FRQRPLH� 3ROLWLTXH�� 0DUFHO� *LDUG�� 3DULV��
�QG�(GLWLRQ��������


