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$%675$&7� �
7KLV� SDSHU� GHDOV� ZLWK� WKH� SUREOHP� RI� PRGHOOLQJ� WKH� G\QDPLFV� RI� DUWLFXODWLRQ� IRU� D�
SDUDPHWHULVHG�WDONLQJ�KHDG�EDVHG�RQ�SKRQHWLF�LQSXW��)RXU�GLIIHUHQW�PRGHOV�DUH�LPSOHPHQWHG�
DQG� WUDLQHG� WR� UHSURGXFH� WKH�DUWLFXODWRU\�SDWWHUQV�RI� D� UHDO� VSHDNHU��EDVHG�RQ�D�FRUSXV�RI�
RSWLFDO�PHDVXUHPHQWV��7ZR�RI�WKH�PRGHOV�DUH�EDVHG�RQ�FRDUWLFXODWLRQ�PRGHOV�IURP�VSHHFK�
SURGXFWLRQ�WKHRU\�DQG�WZR�DUH�EDVHG�RQ�DUWLILFLDO�QHXUDO�QHWZRUNV��RQH�RI�ZKLFK�LV�VSHFLDOO\�
LQWHQGHG� IRU� VWUHDPLQJ� UHDO�WLPH�DSSOLFDWLRQV��7KH�GLIIHUHQW�PRGHOV� DUH�HYDOXDWHG� WKURXJK�
FRPSDULVRQ�EHWZHHQ� SUHGLFWHG� DQG�PHDVXUHG� WUDMHFWRULHV�� DV�ZHOO� DV� WKURXJK� D� SHUFHSWXDO�
LQWHOOLJLELOLW\� H[SHULPHQW�� 5HVXOWV� VKRZ� WKDW� DOO� PRGHOV� JLYH� VLJQLILFDQWO\� LQFUHDVHG� VSHHFK�
LQWHOOLJLELOLW\�RYHU�WKH�DXGLR�DORQH�FDVH��EXW�QRQH�RI�WKH�PRGHOV�FDQ�EH�VDLG�WR�RXWSHUIRUP�
WKH�RWKHUV��
�
.H\ZRUGV�� 6SHHFK� V\QWKHVLV�� IDFLDO� DQLPDWLRQ�� FRDUWLFXODWLRQ�� DUWLILFLDO� QHXUDO� QHWZRUNV���
SHUFHSWXDO�HYDOXDWLRQ�
� ,1752'8&7,21�
'XULQJ�WKH�ODVW�GHFDGH��WKHUH�KDV�EHHQ�DQ�LQFUHDVLQJ�LQWHUHVW�LQ�FRPSXWHU�DQLPDWHG�WDONLQJ�
KHDGV�� 7KH� DSSOLFDWLRQV� IRU� WKLV� WHFKQRORJ\� LQFOXGH� YLUWXDO� ODQJXDJH� WXWRUV� �&ROH� HW� DO���
������� FRPPXQLFDWLRQ� DLGV� IRU� KDUG�RI�KHDULQJ� SHRSOH� �$JHOIRUV� HW� DO��� ������� HPERGLHG�
FRQYHUVDWLRQDO� DJHQWV� LQ� VSRNHQ� GLDORJXH� V\VWHPV� �*XVWDIVRQ� HW� DO�� ������ DQG� WDONLQJ�
FRPSXWHU�JDPH�FKDUDFWHUV��WR�QDPH�RQO\�D�IHZ��3URSHU�YLVXDO�VSHHFK�PRYHPHQWV�DUH�RIWHQ�D�
FUXFLDO� IDFWRU� IRU� WKH� UHDOLVP� RI� VXFK� DYDWDUV�� DQG� LQ� VRPH� DSSOLFDWLRQV�� UHDOLVWLF� VSHHFK�
PRYHPHQW�FRQVWLWXWH�WKH�PDLQ�PRWLYDWLRQ�IRU�WKH�WHFKQRORJ\��$JHOIRUV�HW�DO��������6LFLOLDQR�
HW�DO����������,W�LV�ZHOO�HVWDEOLVKHG�WKDW�D�YLHZ�RI�WKH�VSHDNHU·V�IDFH�OHDGV�WR�LQFUHDVHG�VSHHFK�
LQWHOOLJLELOLW\��7KLV�KDV�EHHQ�VKRZQ�IRU�QDWXUDO�VSHHFK��6XPE\�	�3ROODFN��������DV�ZHOO�DV�IRU�
V\QWKHWLF�YLVXDO�VSHHFK�LQ�VHYHUDO�ODQJXDJHV��/H*RII�HW�DO���������0DVVDUR�������6LFLOLDQR�HW�
DO����������

9LVXDO� VSHHFK� V\QWKHVLV� FDQ� EH� DFFRPSOLVKHG� HLWKHU� WKURXJK� PDQLSXODWLRQ� RI� YLGHR�
LPDJHV��%UHJOHU�HW�DO���������%URRNH�DQG�6FRWW��������(]]DW�HW�DO���������RU�EDVHG�RQ�WZR��RU�
WKUHH�GLPHQVLRQDO�PRGHOV�RI�WKH�KXPDQ�IDFH�DQG�RU�VSHHFK�RUJDQV�WKDW�DUH�XQGHU�FRQWURO�
RI�D�VHW�RI�GHIRUPDWLRQ�SDUDPHWHUV��%HVNRZ��������&RKHQ�	�0DVVDUR��������3HODFKDXG�HW�
DO���������3HODFKDXG��������5HYHUHW�HW�DO����������

,Q�PRVW�LPSOHPHQWDWLRQV�ZH�FDQ�PDNH�D�GLVWLQFWLRQ�EHWZHHQ�WKH�YLVXDO�VLJQDO�PRGHO�DQG�
WKH�FRQWURO�PRGHO��7KH�YLVXDO�VLJQDO�PRGHO�LV�UHVSRQVLEOH�IRU�SURGXFLQJ�WKH�LPDJH��JLYHQ�D�
YHFWRU� RI� FRQWURO� SDUDPHWHU� YDOXHV�� 7KH� FRQWURO� PRGHO� LV� UHVSRQVLEOH� IRU� GULYLQJ� WKH�
DQLPDWLRQ�E\�SURYLGLQJ�WKHVH�YHFWRUV�WR�WKH�VLJQDO�PRGHO�DW�HDFK�SRLQW�LQ�WLPH��JLYHQ�VRPH�
V\PEROLF�VSHFLILFDWLRQ�RI� WKH�GHVLUHG�DQLPDWLRQ�� ,Q�D�JHQHUDO� VHQVH�� WKH� LQSXW� WR�D�FRQWURO�
PRGHO� FRXOG� FRQWDLQ� LQIRUPDWLRQ� DERXW� VSHHFK� DUWLFXODWLRQ�� HPRWLRQDO� VWDWH�� GLVFRXUVH�
LQIRUPDWLRQ�� WXUQWDNLQJ� HWF�� ,Q� WKLV� VWXG\�ZH�ZLOO� UHVWULFW� RXUVHOYHV� WR� VWXG\LQJ� DUWLFXODWRU\�
FRQWURO�PRGHOV��$Q�DUWLFXODWRU\�FRQWURO�PRGHO�FDQ�EH�GHVFULEHG�DV�D�SURFHVV�WKDW�SURGXFHV�
FRQWURO�SDUDPHWHU�WUDMHFWRULHV�WR�JRYHUQ�DUWLFXODWRU\�PRYHPHQWV�IRU�D�JLYHQ�SKRQHWLF�WDUJHW�
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VSHFLILFDWLRQ��W\SLFDOO\�D�VHTXHQFH�RI�WLPH�ODEHOOHG�SKRQHPHV��RSWLRQDOO\�LQFOXGLQJ�VWUHVV�DQG�
SKUDVLQJ�PDUNHUV��7KLV�LV�QRUPDOO\�WKH�NLQG�RI�LQIRUPDWLRQ�WKDW�LV�DYDLODEOH�DW�WKH�SKRQHWLF�
VWDJH� RI� D� WH[W�WR�VSHHFK� V\VWHP��2QH� SUREOHP� DQ� DUWLFXODWRU\� FRQWURO�PRGHO� KDV� WR� GHDO�
ZLWK�LV�WKDW�RI�FRDUWLFXODWLRQ��
��� &RDUWLFXODWLRQ�LQ�VSHHFK�SURGXFWLRQ�WKHRU\�
&RDUWLFXODWLRQ�UHIHUV�WR�WKH�ZD\�LQ�ZKLFK�WKH�UHDOLVDWLRQ�RI�D�SKRQHWLF�VHJPHQW�LV�LQIOXHQFHG�
E\� QHLJKERXULQJ� VHJPHQWV�� ,W� LV� WKH� UHVXOW� RI� DUWLFXODWRU\� SODQQLQJ�� LQHUWLD� LQ� WKH�
ELRPHFKDQLFDO�VWUXFWXUHV�RI�WKH�YRFDO�WUDFW��DQG�HFRQRP\�RI�SURGXFWLRQ��%XW�FRDUWLFXODWLRQ�
DOVR�VHUYHV�D�FRPPXQLFDWLYH�SXUSRVH�LQ�PDNLQJ�WKH�VSHHFK�VLJQDO�PRUH�UREXVW�WR�QRLVH�E\�
LQWURGXFLQJ� UHGXQGDQFLHV�� VLQFH� WKH� SKRQHWLF� LQIRUPDWLRQ� LV� VSUHDG� RXW� RYHU� WLPH�� 7ZR�
W\SHV�RI�FRDUWLFXODWLRQ�FDQ�EH�LGHQWLILHG��EDFNZDUG�DQG�IRUZDUG�FRDUWLFXODWLRQ���

%DFNZDUG��RU�FDUU\�RYHU�FRDUWLFXODWLRQ�� UHIHUV� WR� WKH�ZD\� LQ�ZKLFK�DUWLFXODWLRQ�DW�VRPH�
SRLQW�LQ�WLPH�LV�DIIHFWHG�E\�WKH�DUWLFXODWLRQ�DW�VRPH�SUHYLRXV�SRLQW�LQ�WLPH��7KLV�HIIHFW�KDV�
VRPHWLPHV�EHHQ�DWWULEXWHG�WR�LQHUWLD�LQ�WKH�PRWRU�V\VWHP��EXW�LW�KDV�DOVR�EHHQ�VKRZQ�WR�EH�
XQGHU�GHOLEHUDWH�QHXURORJLFDO�FRQWURO��0DF1HLODJH�	�'H&OHUN���������

)RUZDUG�� RU� DQWLFLSDWRU\� FRDUWLFXODWLRQ�� RQ� WKH� RWKHU�KDQG�� LV� D� WHUP�XVHG� WR�GHVFULEH�
KRZ� DUWLFXODWLRQ� DW� VRPH� SRLQW� LQ� WLPH� LV� DIIHFWHG� E\� DUWLFXODWLRQ� RI� VHJPHQWV� QRW� \HW�
UHDOLVHG��7KLV�HIIHFW�FDQQRW�EH�H[SODLQHG�E\�ELRPHFKDQLFDO�SURSHUWLHV��EXW�UDWKHU�WKHUH�PXVW�
EH�D�KLJKHU�OHYHO�RI�DUWLFXODWRU\�SODQQLQJ�LQYROYHG��

([SODLQLQJ� WKH� YDULDWLRQ� WKDW� RFFXUV� LQ� KXPDQ� VSHHFK� SURGXFWLRQ� DV� D� UHVXOW� RI�
FRDUWLFXODWLRQ�LV�D�IXQGDPHQWDOO\�GLIILFXOW�SUREOHP�WKDW�KDV�EHHQ�WKH�VXEMHFW�RI�PDQ\�VWXGLHV�
�%ODGRQ�DQG�$O�%DPHUQL��������/|ITYLVW��������0DF1HLODJH�	�'H&OHUN��������3HUNHOO��������
gKPDQ���������)ROORZLQJ�3HUNHOO� �������� H[LVWLQJ�PRGHOV�RI� FRDUWLFXODWLRQ�FDQ�EH�GLYLGHG�
LQWR� ORRN�DKHDG� PRGHOV� DQG� WLPH�ORFNHG� PRGHOV�� ,Q� ORRN�DKHDG� PRGHOV� DQ� DQWLFLSDWRU\�
FRDUWLFXODWRU\� JHVWXUH� EHJLQV� DW� WKH� HDUOLHVW� SRVVLEOH� WLPH� DOORZHG� E\� WKH� DUWLFXODWRU\�
FRQVWUDLQV�RI�RWKHU�VHJPHQWV�LQ�WKH�XWWHUDQFH��,Q�D�9 � &9 � �XWWHUDQFH�ZKHUH�9 � �LV�XQURXQGHG�
DQG�9 � � LV� URXQGHG��RQVHW� RI� WKH� URXQGLQJ�JHVWXUH�EHJLQV�DW� WKH�RIIVHW� RI�9 � �� ,Q�gKPDQ
V�
�������PRGHO��WKH�WLPH�YDU\LQJ�VKDSH�RI�WKH�YRFDO�WUDFW�LV�PRGHOOHG�DV�D�YRZHO�JHVWXUH�ZKHUH�
WKH�YRFDO� WUDFW�JUDGXDOO\�FKDQJHV�VKDSH�IURP�9 � � WR�9 � ��RQWR�ZKLFK�D�FRQVRQDQW�JHVWXUH� LV�
VXSHULPSRVHG��7KH�FRQVRQDQW�KDV�DQ�DVVRFLDWHG�WHPSRUDO�EOHQG�IXQFWLRQ�WKDW�GLFWDWHV�KRZ�
LWV�VKDSH�VKRXOG�EOHQG�ZLWK�WKH�YRZHO�JHVWXUH�RYHU�WLPH��,W�DOVR�KDV�D�VSDWLDO�FRDUWLFXODWLRQ�
IXQFWLRQ�WKDW�GLFWDWHV�WR�ZKDW�GHJUHH�GLIIHUHQW�SDUWV�RI�WKH�YRFDO�WUDFW�VKRXOG�GHYLDWH�IURP�
WKH�XQGHUO\LQJ�YRZHO�VKDSH��L�H��KRZ�FRQWH[W�VHQVLWLYH�WKH�UHDOLVDWLRQ�RI�WKDW�VHJPHQW�LV�IRU�
WKH� GLIIHUHQW� DUWLFXODWRUV�� %ODGRQ� DQG� $O�%DPHUQL� ������� VXJJHVW� WKH� WHUP� FRDUWLFXODWLRQ�
UHVLVWDQFH� WR� LQGLFDWH� WR�ZKDW� H[WHQW� D� SDUWLFXODU� VHJPHQW� LV� VXVFHSWLEOH� WR� FRDUWLFXODWLRQ�� D�
VHJPHQW� ZLWK� KLJK� FRDUWLFXODWLRQ� UHVLVWDQFH� ZLOO� KDYH� PRUH� RU� OHVV� WKH� VDPH� UHDOLVDWLRQ�
UHJDUGOHVV�RI�FRQWH[W��ZKHUHDV�D�VHJPHQW�ZLWK�ORZ�FRDUWLFXODWLRQ�UHVLVWDQFH�ZLOO�UHDOLVHG�LQ�D�
KLJKO\�FRQWH[W�GHSHQGHQW�ZD\��

,Q�D�WLPH�ORFNHG�PRGHO�WKH�RQVHW�RI�D�JHVWXUH�RFFXUV�D�IL[HG�WLPH�EHIRUH�WKH�RQVHW�RI�WKH�
DVVRFLDWHG� VHJPHQW�� UHJDUGOHVV� RI� WKH� WLPLQJ� RI� RWKHU� VHJPHQWV� LQ� WKH� XWWHUDQFH�� ,Q�
/|ITYLVW
V� JHVWXUDO� PRGHO� �/|ITYLVW�� ������� VSHHFK� SURGXFWLRQ� LV� PRGHOOHG� DV� D� VHULHV� RI�
RYHUODSSLQJ� DUWLFXODWRU\� JHVWXUHV�� (DFK� VHJPHQW� KDV� D� WHPSRUDO� GRPLQDQFH� IXQFWLRQ� WKDW�
JUDGXDOO\�LQFUHDVHV�XS�WR�D�SHDN�YDOXH�DQG�WKHQ�GHFUHDVHV��7KH�GRPLQDQFH�IXQFWLRQV�RI�WKH�
GLIIHUHQW�VHJPHQWV�GLFWDWH�WKH�WHPSRUDO�EOHQGLQJ�RI�DUWLFXODWRU\�FRPPDQGV�UHODWHG�WR�WKHVH�
VHJPHQWV��7KH�KHLJKW�RI�WKH�GRPLQDQFH�IXQFWLRQ�DW�WKH�SHDN�GHWHUPLQHV�WR�ZKDW�GHJUHH�WKH�
VHJPHQW� LV� VXEMHFW� WR� FRDUWLFXODWLRQ�� L�H�� WKH� FRDUWLFXODWLRQ� UHVLVWDQFH�RI� WKH� DUWLFXODWRU� IRU�
WKDW�VHJPHQW��
3HUNHOO� ������� DOVR� VXJJHVWV� D� K\EULG� EHWZHHQ� WKH� ORRN�DKHDG� DQG� WLPH�ORFNHG� PRGHOV��
ZKHUH�WKH�JHVWXUH�IRU�9 � �LV�GLYLGHG�LQWR�D�JUDGXDO�LQLWLDO�SKDVH�ZKLFK�VWDUWV�DW�WKH�RIIVHW�RI�
9 � �DQG�D�PRUH�UDSLG�VHFRQG�SKDVH�WKDW�EHJLQV�DW�D�IL[HG�WLPH�EHIRUH�9 � ���
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��� &RDUWLFXODWLRQ�LQ�PXOWLPRGDO�VSHHFK�V\QWKHVLV�
(DUO\� WH[W�WR�VSHHFK� V\VWHPV� �$OOHQ� HW� DO��� ������ &DUOVRQ� HW� DO��� ������ HPSOR\HG�
SDUDPHWULFDOO\�FRQWUROOHG�PRGHOV�IRU�VSHHFK�JHQHUDWLRQ��,Q�WKHVH�V\VWHPV��FRQWURO�SDUDPHWHU�
WUDMHFWRULHV�ZHUH�JHQHUDWHG�ZLWKLQ�D�UXOH�EDVHG�IUDPHZRUN��ZKHUH�FRDUWLFXODWRU\�HIIHFWV�ZHUH�
PRGHOOHG� XVLQJ� H[SOLFLW� UXOHV�� /DWHU�� DV� FRQFDWHQDWLYH� VSHHFK� V\QWKHVLV� WHFKQLTXHV� JUHZ�
SRSXODU�� WKH�QHHG�IRU�VXFK�UXOHV�GLPLQLVKHG��VLQFH�FRDUWLFXODWLRQ�ZDV� LQKHUHQWO\�SUHVHQW� LQ�
WKH�VSHHFK�XQLWV�XVHG��IRU�H[DPSOH�GLSKRQHV��GHPL�V\OODEOHV�RU�WKH�DUELWUDU\�VL]HG�XQLWV�XVHG�
LQ�FRQWHPSRUDU\�XQLW�VHOHFWLRQ�EDVHG�VSHHFK�V\QWKHVLVHUV��

5XOH� EDVHG� FRQWURO� VFKHPHV� KDYH� EHHQ� VXFFHVVIXOO\� HPSOR\HG� IRU� YLVXDO� VSHHFK�
V\QWKHVLV�� 3HODFKDXG� HW� DO�� ������� GHVFULEH� DQ� LPSOHPHQWDWLRQ� RI� WKH� ORRN�DKHDG� PRGHO��
3KRQHPHV� DUH� FOXVWHUHG� LQWR� YLVHPHV� WKDW� DUH� FODVVLILHG�ZLWK� GLIIHUHQW� GHIRUPDELOLW\� UDQN��
ZKLFK�VHUYHV�WR�LQGLFDWH�WR�ZKDW�GHJUHH�WKDW�YLVHPH�VKRXOG�EH�LQIOXHQFHG�E\�LWV�FRQWH[W��F�I��
FRDUWLFXODWLRQ� UHVLVWDQFH� LQ� WKH�SUHYLRXV� VHFWLRQ���9LVHPHV�ZLWK� ORZ�GHIRUPDELOLW\� VHUYH�DV�
NH\�VKDSHV�WKDW�LQIOXHQFH�WKH�VKDSH�RI�WKH�PRUH�GHIRUPDEOH�RQHV��

$QRWKHU� UXOH�EDVHG� ORRN�DKHDG� PRGHO� LV� SURSRVHG� E\� %HVNRZ� �������� ,Q� WKLV� PRGHO��
HDFK�SKRQHPH� LV� DVVLJQHG�D� WDUJHW�YHFWRU�RI� DUWLFXODWRU\�FRQWURO�SDUDPHWHUV��7R�DOORZ� WKH�
WDUJHWV�WR�EH�LQIOXHQFHG�E\�FRDUWLFXODWLRQ��WKH�WDUJHW�YHFWRU�PD\�EH�XQGHU�VSHFLILHG��L�H��VRPH�
SDUDPHWHU� YDOXHV� FDQ� EH� OHIW� XQGHILQHG�� ,I� D� WDUJHW� LV� OHIW� XQGHILQHG�� WKH� YDOXH� LV� LQIHUUHG�
IURP�FRQWH[W�XVLQJ� LQWHUSRODWLRQ��IROORZHG�E\�VPRRWKLQJ�RI� WKH�UHVXOWLQJ� WUDMHFWRU\��$V�DQ�
H[DPSOH�� FRQVLGHU� WKH� OLS� URXQGLQJ� SDUDPHWHU� LQ� D� 9 � &&&9 � � XWWHUDQFH� ZKHUH� 9 � � LV�
XQURXQGHG� DQG� 9 � � LV� URXQGHG�� /LS� URXQGLQJ� ZRXOG� EH� XQVSHFLILHG� IRU� WKH� FRQVRQDQWV��
OHDYLQJ�WKHVH�WDUJHWV�WR�EH�GHWHUPLQHG�IURP�WKH�YRZHO�FRQWH[W�E\�OLQHDU�LQWHUSRODWLRQ�IURP�
WKH�XQURXQGHG�9 � ��DFURVV�WKH�FRQVRQDQW�FOXVWHU��WR�WKH�URXQGHG�9 � ��

)RU�YLVXDO� VSHHFK� V\QWKHVLV�� DSSURDFKHV�EDVHG�RQ�FRQFDWHQDWLRQ�RI�FRQWH[W�GHSHQGHQW�
XQLWV� KDYH� EHHQ� OHVV� GRPLQDQW�� DOWKRXJK� WKH\� KDYH� EHHQ� XVHG� IRU� YLGHR� EDVHG� V\QWKHVLV�
�%UHJOHU�HW�DO���������DV�ZHOO�DV�LQ�PRGHO�EDVHG�V\VWHPV��+lOOJUHQ�DQG�/\EHUJ���������

7KH� PRGHO� GHVFULEHG� E\� &RKHQ� DQG� 0DVVDUR� ������� LV� EDVHG� RQ� /|ITYLVW
V� �������
JHVWXUDO� WKHRU\� RI� VSHHFK� SURGXFWLRQ�� ,Q� WKLV� PRGHO�� HDFK� VHJPHQW� LV� DVVLJQHG� D� WDUJHW�
YHFWRU��2YHUODSSLQJ�WHPSRUDO�GRPLQDQFH�IXQFWLRQV�DUH�XVHG�WR�EOHQG�WKH�WDUJHW�YDOXHV�RYHU�
WLPH��7KH�GRPLQDQFH�IXQFWLRQV�WDNH�WKH�VKDSH�RI�D�SDLU�RI�QHJDWLYH�H[SRQHQWLDO�IXQFWLRQV��
RQH�ULVLQJ�DQG�RQH�IDOOLQJ��7KH�KHLJKW�RI�WKH�SHDN�DQG�WKH�UDWH�ZLWK�ZKLFK�WKH�GRPLQDQFH�
ULVHV�DQG�IDOOV�DUH� IUHH�SDUDPHWHUV� WKDW�FDQ�EH�DGMXVWHG�IRU�HDFK�SKRQHPH�DQG�DUWLFXODWRU\�
FRQWURO� SDUDPHWHU�� %HFDXVH� WKH� ULVH� DQG� IDOO� WLPHV� DUH� FRQWH[W�LQGHSHQGHQW�� WKH� &RKHQ�
0DVVDUR� PRGHO� FDQ� HVVHQWLDOO\� EH� UHJDUGHG� DV� D� WLPH�ORFNHG� PRGHO�� ,W� VKRXOG� EH� QRWHG�
KRZHYHU�WKDW�GXH�WR�WKH�QDWXUH�RI�QHJDWLYH�H[SRQHQWLDO�IXQFWLRQV��DOO�GRPLQDQFH�IXQFWLRQV�
H[WHQG�WR�LQILQLW\��VR�LQ�SUDFWLFH�RQVHW�RI�D�JHVWXUH�RFFXUV�JUDGXDOO\�DV�WKH�GRPLQDQFH�RI�WKH�
JHVWXUH�ULVHV�DERYH�WKH�GRPLQDQFH�RI�RWKHU�VHJPHQWV��7KH�IUHH�SDUDPHWHUV�ZHUH�HPSLULFDOO\�
GHWHUPLQHG� WKURXJK� KDQG�WXQLQJ� DQG� UHSHDWHG� FRPSDULVRQV� EHWZHHQ� V\QWKHVLV� DQG� YLGHR�
UHFRUGLQJV�RI�D�KXPDQ�VSHDNHU��

2WKHU�LQYHVWLJDWRUV�KDYH�SURSRVHG�HQKDQFHPHQWV�WR�WKH�&RKHQ�0DVVDUR�PRGHO�DV�ZHOO�
DV� GDWD�GULYHQ� DXWRPDWLF� HVWLPDWLRQ� RI� LWV� SDUDPHWHUV�� /H� *RII� ������� PRGLILHG� WKH�
GRPLQDQFH� IXQFWLRQV� WR� EH� Q�FRQWLQXRXV� DQG� XVHG� WUDMHFWRULHV� H[WUDFWHG� IURP� YLGHR�
UHFRUGLQJV�RI�D�UHDO�VSHDNHU�XWWHULQJ�9 � &9 � &9 � �ZRUGV�WR�WXQH�WKH�PRGHO�IRU�)UHQFK��7KH�
UHVXOWLQJ�PRGHO�ZDV�SHUFHSWXDOO\�HYDOXDWHG�XVLQJ�DQ�DXGLRYLVXDO�SKRQHPH�LGHQWLILFDWLRQ�WDVN�
ZLWK�YDU\LQJ�OHYHOV�RI�EDFNJURXQG�DFRXVWLF�QRLVH���

7KH�&RKHQ�0DVVDUR�PRGHO�RIIHUV�QR�ZD\�WR�HQVXUH�WKDW�FHUWDLQ�WDUJHWV�DUH�UHDFKHG��VXFK�
DV�WKH�FORVXUH�LQ�D�ELODELDO�VWRS��ZKLFK�FDQ�EH�SUREOHPDWLF�HVSHFLDOO\�IRU�VKRUW�VHJPHQWV��7R�
RYHUFRPH� WKLV� SUREOHP�� &RVL� HW� DO�� ������� DXJPHQW� WKH� &RKHQ�0DVVDUR� PRGHO� ZLWK� D�
UHVLVWDQFH�IXQFWLRQ� WKDW�FDQ�EH�XVHG� WR�VXSSUHVV� WKH�GRPLQDQFH�RI�VXUURXQGLQJ�VHJPHQWV��
WKHUHE\� IRUFLQJ� WKH� DWWDLQPHQW� RI� WKH� WDUJHW�� 3DUDPHWHUV� RI� WKH� DXJPHQWHG� PRGHO� ZHUH�
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HVWLPDWHG�IURP�D�GDWDEDVH�RI�V\PPHWULFDO�9&9�XWWHUDQFHV�UHFRUGHG�XVLQJ�DQ�RSWLFDO�PRWLRQ�
WUDFNLQJ�V\VWHP��

5HFHQWO\��0DVVDUR�HW� DO�� �LQ�SUHVV��XVHG�RSWLFDO�PRWLRQ� WUDFNLQJ�RI����SRLQWV�RQ�D� UHDO�
VSHDNHU·V� IDFH� WR� REWDLQ� D� GDWDEDVH� RI� ���� VHQWHQFHV� WKDW� ZHUH� XVHG� WR� WXQH� WKH� IUHH�
SDUDPHWHUV�RI�WKH�RULJLQDO�&RKHQ�0DVVDUR�PRGHO��7UDLQLQJ�ZDV�FDUULHG�RXW�ERWK�IRU�D�VHW�RI�
���PRQRSKRQHV�DV�ZHOO�DV�IRU�����FRQWH[W�GHSHQGHQW�SKRQHV���

5HYHUHW�HW�DO���������DGRSW�gKPDQ·V�PRGHO�RI�FRDUWLFXODWLRQ�WR�GULYH�D�)UHQFK�VSHDNLQJ�
WDONLQJ�KHDG��&RDUWLFXODWLRQ�FRHIILFLHQWV�DQG�WKH�WHPSRUDO�IXQFWLRQV�JXLGLQJ�WKH�EOHQGLQJ�RI�
FRQVRQDQWV� DQG� WKH� XQGHUO\LQJ� YRZHO� WUDFN� ZHUH� HVWLPDWHG� IURP� D� FRUSXV� GHULYHG� XVLQJ�
YLGHR�DQDO\VLV�RI����9&9�ZRUGV��

$� GLIIHUHQW� W\SH� RI� FRQWURO�PRGHO� LV� SURSRVHG� E\�3HODFKDXG� �������� 7KLV�PRGHO� XVHV�
UDGLDO�EDVLV�IXQFWLRQV��5%)V��WR�PRGHO�WKH�WUDMHFWRULHV�RI�DUWLFXODWRU\�SDUDPHWHUV��7KH�5%)V�
VKDUH�VRPH�SURSHUWLHV�ZLWK�WKH�GRPLQDQFH�IXQFWLRQV�RI�WKH�&RKHQ�0DVVDUR�PRGHO��LQ�WKDW�
WKH\�DUH�QHJDWLYH�H[SRQHQWLDO�IXQFWLRQV��EXW�LQ�3HODFKDXG·V�PRGHO�WKUHH�5%)V�SHU�VHJPHQW�
DQG�SDUDPHWHU�DUH�XVHG�DV�RSSRVHG�WR�RQH�VLQJOH�GRPLQDQFH�IXQFWLRQ��7KH�IUHH�SDUDPHWHUV�
RI�WKH�5%)V�ZHUH�HVWLPDWHG�IURP�D�WUDLQLQJ�FRUSXV�RI�RSWLFDOO\�WUDFNHG�9&9�VHTXHQFHV��
��� &RPSDULQJ�WKH�PRGHOV�
$� QXPEHU� RI� IDFWRUV� PDNH� LW� GLIILFXOW� WR� DVVHVV� WKH� UHODWLYH� PHULWV� RI� WKH� GLIIHUHQW�
DSSURDFKHV�PHQWLRQHG�DERYH��7KH�FRUSRUD�RQ�ZKLFK�WKH�PRGHOV�DUH�WUDLQHG�GLIIHU� LQ�VL]H��
W\SH� RI� FRQWHQW� �9&9� ZRUGV�� VHQWHQFHV� HWF��� DV� ZHOO� DV� ODQJXDJH�� 'LIIHUHQW� FRQWURO�
SDUDPHWHU�VHWV�DUH�XVHG��REWDLQHG�XVLQJ�D�YDULHW\�RI�WHFKQLTXHV��DQG�GLIIHUHQW�IDFLDO�PRGHOV�
DUH�XVHG�WR�SURGXFH�WKH�UHVXOWLQJ�DQLPDWLRQV���

7KH�SXUSRVH�RI�WKH�SUHVHQW�VWXG\�LV�WR�VHHN�DQ�DQVZHU�WR�WKH�TXHVWLRQ�ZKHWKHU�WKHUH�LV�
UHDVRQ�WR�SUHIHU�RQH�RI�WKHVH�PRGHOV�WR�DQRWKHU�ZKHQ�EXLOGLQJ�D�GDWD�GULYHQ�YLVXDO�VSHHFK�
V\QWKHVLV� V\VWHP�� 7KH� WZR�PDLQ� FODVVHV� RI� PRGHOV�� ORRN�DKHDG� �UHSUHVHQWHG� E\�gKPDQ·V�
PRGHO��DQG�WLPH�ORFNHG��UHSUHVHQWHG�E\�&RKHQ�	�0DVVDUR·V�PRGHO��DUH�WUDLQHG�RQ�D�FRUSXV�
RI�SKRQHWLFDOO\� ULFK� VHQWHQFHV� DQG� WKHQ�HYDOXDWHG�REMHFWLYHO\� DV�ZHOO� DV� SHUFHSWXDOO\��RQ�D�
WHVW� VHW� QRW�SDUW� RI� WKH�RULJLQDO� WUDLQLQJ�GDWD�� ,Q� DGGLWLRQ�� WKH\� DUH� FRPSDUHG� DJDLQVW� WZR�
YDULDQWV�RI�D�QRYHO�FRQWURO�PRGHO�EDVHG�RQ�UHFXUUHQW�WLPH�GHOD\HG�DUWLILFLDO�QHXUDO�QHWZRUNV��
RQH�RI�ZKLFK�LV�GHVLJQHG�VSHFLILFDOO\�IRU�UHDO�WLPH�DSSOLFDWLRQV��
��� 5HDO�WLPH�FRQVLGHUDWLRQV�
$OO�RI�WKH�PRGHOV�GHVFULEHG�DERYH�DFFRXQW�IRU�DQWLFLSDWRU\�FRDUWLFXODWLRQ��ZKLFK�LV�LQGHHG�D�
IXQGDPHQWDO�SURSHUW\�RI�KXPDQ�VSHHFK�SURGXFWLRQ��%XW� DQ\� FRQWURO�PRGHO� DWWHPSWLQJ� WR�
PRGHO�DQWLFLSDWLRQ�PXVW�KDYH�LQIRUPDWLRQ�DERXW�XSFRPLQJ�VHJPHQWV�DKHDG�RI�WLPH��,Q�WKH�
FDVH� RI� ORRN�DKHDG�PRGHOV�� WKH� DPRXQW� RI� WLPH� QHHGHG� LV� GHSHQGHQW� RQ� WKH� WLPLQJ� DQG�
LGHQWLW\�RI�WKH�SDUWLFXODU�VHJPHQWV�LQYROYHG��,Q�SUDFWLFH��PDQ\�LPSOHPHQWDWLRQV�ZLOO�UHTXLUH�
DFFHVV�WR�WKH�IXOO�XWWHUDQFH�EHIRUH�DQ\�WUDMHFWRULHV�FDQ�EH�FRPSXWHG��7KLV�LV�IRU�H[DPSOH�WKH�
FDVH� ZLWK� DQ� XQFRQVWUDLQHG� LPSOHPHQWDWLRQ� RI� WKH� &RKHQ�0DVVDUR� PRGHO�� ZKHUH� WKH�
QHJDWLYH�H[SRQHQWLDO�GRPLQDQFH�IXQFWLRQV�H[WHQG�WR�LQILQLW\����

,Q� FHUWDLQ� UHDO� ZRUOG� DSSOLFDWLRQV�� VXFK� PRGHOV� DUH� LPSRVVLEOH� WR� XVH� ZLWKRXW�
PRGLILFDWLRQV�� ,Q� WKH� 6\QIDFH� SURMHFW� �6LFLOLDQR� HW� DO��� ������ WKH� JRDO� LV� WR� GHYHORS� D�
FRPPXQLFDWLRQ� DLG� IRU� KDUG� RI� KHDULQJ� SHRSOH�� FRQVLVWLQJ� RI� D� WDONLQJ� KHDG� IDLWKIXOO\�
UHFUHDWLQJ� WKH� OLS�PRYHPHQWV� RI� D� VSHDNHU� DW� WKH�RWKHU� HQG�RI� D� WHOHSKRQH� FRQQHFWLRQ� LQ�
�FORVH� WR�� UHDOWLPH�� EDVHG� RQO\� RQ� WKH� DFRXVWLF� VLJQDO�� 7KH� V\VWHP�ZLOO� XWLOLVH� D� SKRQHPH�
UHFRJQLVHU��RXWSXWWLQJ�D�VWUHDP�RI�SKRQHPHV�WKDW�VKRXOG�EH�LQVWDQWO\�FRQYHUWHG�LQWR�IDFLDO�
PRWLRQ��,Q�WKLV�VFHQDULR�WKHUH�LV�QR�ZD\�WR�NQRZ�ZKDW�SKRQHPHV�ZLOO�DUULYH�LQ�WKH�IXWXUH��VR�
DQ\� PRGHO� DWWHPSWLQJ� DQWLFLSDWRU\� FRDUWLFXODWLRQ� ZLOO� IDLO�� 7R� DOORZ� IRU� WKLV� NLQG� RI�
DSSOLFDWLRQ��ZH�QHHG�FRQWURO�PRGHOV�WKDW�FDQ�GR�D�UHDVRQDEOH�MRE�JLYHQ�D�YHU\�OLPLWHG�ORRN�



� 3DSHU��� �
�

��

DKHDG� ZLQGRZ� �W\SLFDOO\� OHVV� WKDQ� ��� PLOOLVHFRQGV��� ,Q� WKH� SUHVHQW� VWXG\�� RQH� VXFK� ORZ�
ODWHQF\�PRGHO�LV�LPSOHPHQWHG�DQG�FRPSDUHG�DJDLQVW�WKH�RWKHU�PRGHOV��
� 7$/.,1*�+($'�02'(/�
7KH� JHRPHWULFDO� WDONLQJ� KHDG� PRGHO� XVHG� LQ� WKLV� VWXG\� LV� D� SDUDPHWULFDOO\� FRQWUROOHG�
GHIRUPDEOH�SRO\JRQ�VXUIDFH��GHSLFWHG�LQ�ILJXUH����EDVHG�RQ�WKH�ZRUN�GHVFULEHG�LQ�%HVNRZ�
������� ������� $UWLFXODWRU\� GHIRUPDWLRQV� DUH� LPSOHPHQWHG� DV� ZHLJKWHG� JHRPHWULFDO�
WUDQVIRUPV� �WUDQVODWLRQV�� URWDWLRQV� DQG� VFDOLQJV�� WKDW� DUH� DSSOLHG� WR� WKH� YHUWLFHV� RI� WKH�
SRO\JRQ�PHVK��DFFRUGLQJ�WR�SULQFLSOHV�ILUVW�LQWURGXFHG�E\�3DUNH���������,Q�WKLV�VWXG\��GDWD�
GULYHQ� DUWLFXODWLRQ� LV� FRQWUROOHG� E\� WKH� WHQ� SDUDPHWHUV� MDZ� URWDWLRQ�� OLS� URXQGLQJ�� XSSHU� OLS�
UHWUDFWLRQ�� XSSHU� OLS� UDLVH�� ORZHU� OLS� UHWUDFWLRQ�� ORZHU� OLS�GHSUHVVLRQ�� OHIW�PRXWK� FRUQHU� VWUHWFK�� ULJKW�PRXWK�
FRUQHU�VWUHWFK��MDZ�WKUXVW�DQG�MDZ�VKLIW��VLGHZD\V���
� '$7$�$&48,6,7,21�$1'�352&(66,1*�
$XGLR� DQG� IDFLDO� PRWLRQ� ZDV� UHFRUGHG� IRU� ���� SKRQHWLFDOO\� ULFK� 6ZHGLVK� VHQWHQFHV�� 7KH�
VHQWHQFHV�ZHUH�H[WUDFWHG�IURP�D�ODUJH�FRUSXV�RI�QHZVSDSHU�WH[W�WR�RSWLPLVH�FRYHUDJH�RI�WUL�
SKRQHV��

)DFLDO� PRWLRQ� ZDV� UHFRUGHG� XVLQJ� DQ� RSWLFDO� PRWLRQ� WUDFNLQJ� V\VWHP� IURP� 4XDOLV\V�
�http://www.qualisys.se�� ZLWK� IRXU� FDPHUDV�� 7KH� V\VWHP� WUDFNV� SDVVLYH� UHIOHFWLYH�
PDUNHUV����PP�LQ�GLDPHWHU��DQG�FDOFXODWHV�WKHLU��'�FRRUGLQDWHV�DW�D�UDWH�RI����IUDPHV�SHU�
VHFRQG���

$� QDWLYH� 6ZHGLVK� PDOH� QRQ�SURIHVVLRQDO� VSHDNHU� ZDV� LQVWUXPHQWHG� ZLWK� ��� PDUNHUV��
JOXHG�WR�WKH�VSHDNHU·V�MDZ��FKHHNV��OLSV��QRVH�DQG�H\HEURZV��,Q�DGGLWLRQ��ILYH�PDUNHUV�ZHUH�
DIIL[HG� WR� D� VSHFWDFOH� IUDPH�ZRUQ� E\� WKH� VSHDNHU� WR� HVWDEOLVK� D� UHIHUHQFH� IRU� JOREDO� KHDG�
PRYHPHQW��

�)LJXUH���� 7KH�SDUDPHWULFDOO\�FRQWUROOHG�WDONLQJ�KHDG��
�
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$XGLR�ZDV�UHFRUGHG�RQWR�'$7�WDSH��$�V\QFKURQLVDWLRQ�VLJQDO�IURP�WKH�4XDOLV\V�V\VWHP�
FRQVLVWLQJ�RI�D�SXOVH�WUDLQ�ZLWK�RQH�SXOVH�SHU�FDSWXUHG�IUDPH�ZDV�UHFRUGHG�RQ�RQH�FKDQQHO�
RI�WKH�'$7�WR�IDFLOLWDWH�SRVW�V\QFKURQLVDWLRQ�RI�DXGLR�DQG�PRWLRQ�GDWD��
��� 3KRQHWLF�ODEHOOLQJ�
7KH� DXGLR� VLJQDO� ZDV� XVHG� WR� SKRQHWLFDOO\� ODEHO� WKH� FRUSXV�� )LUVW�� WKH� VHQWHQFHV� ZHUH�
SKRQHWLFDOO\� WUDQVFULEHG� XVLQJ� WKH� WUDQVFULSWLRQ� SDUW� RI� D� WH[W�WR�VSHHFK� V\VWHP�� 7KH�
WUDQVFULSWLRQV� ZHUH� PDQXDOO\� FRUUHFWHG� WR� PDWFK� WKH� DFWXDO� SURQXQFLDWLRQV� DQG� VWUHVV�
SDWWHUQV�REVHUYHG�LQ�WKH�UHFRUGHG�XWWHUDQFHV��$�YLWHUEL�EDVHG�IRUFHG�DOLJQPHQW�SURFHGXUH��
ZLWK�VSHDNHU�DGDSWDWLRQ�RI�WKH�DFRXVWLF�PRGHOV��ZDV�XVHG�WR�REWDLQ�WKH�WHPSRUDO�DOLJQPHQW�
RI�WKH�SKRQHWLF�ODEHOV��<RXQJ�HW�DO���������7KH�V\PERO�VHW�LQFOXGHG�WKH�ORQJ�YRZHOV� � ��� ����� �
� ��� � �
	�� � � �
��� �
��� � � �

, the short vowels 
� � ����� �
	�� ����� �
���
� �
��� � � DQG� WKH�

FRQVRQDQWV� � ������� ���������� !� ��"!��#$��%�� � ��& � ��'���()� ��*+�-,-��./�+0���12� ��,Q�DGGLWLRQ��D�V\PERO�IRU�
VLOHQFH� DQG� VL[� V\PEROV� GHQRWLQJ� UHOHDVH� SKDVH� RI� VWRSV� ZHUH� XVHG�� 7R� HQFRGH� VWUHVV�
LQIRUPDWLRQ��DQ�DGGLWLRQDO�VHW�RI����V\PEROV�IRU�VWUHVVHG�YRZHOV�ZHUH�LQFOXGHG��UHVXOWLQJ�LQ�
D�WRWDO�RI����V\PEROV��
��� 3UH�SURFHVVLQJ�RI�PRYHPHQW�GDWD�
6LQFH�ZH�DUH�LQWHUHVWHG�RQO\�LQ�WKH�DUWLFXODWRU\�PRYHPHQWV�LQ�WKLV�VWXG\��WKH�ILUVW�VWHS�LQ�WKH�
SURFHVVLQJ� RI� WKH�PRWLRQ� GDWD� ZDV� WR� IDFWRU� RXW� JOREDO� WUDQVODWLRQV� DQG� URWDWLRQV� RI� WKH�
KHDG��8VLQJ� WKH� UHIHUHQFH�PDUNHUV�RQ� WKH� VSHFWDFOH� IUDPH��ZKLFK�FDQ�EH�FRQVLGHUHG� IL[HG�
ZLWK� UHVSHFW� WR� WKH� KHDG�� D� KHDG� ORFDO� FRRUGLQDWH� V\VWHP� ZDV� GHILQHG�� RQWR� ZKLFK� WKH�
FRRUGLQDWHV�RI�DOO�RWKHU�SRLQWV�ZHUH�WUDQVIRUPHG��7KLV�WUDQVIRUP�ZDV�DSSOLHG�WR�HDFK�IUDPH�
RI�PRYHPHQW�GDWD��
��� )LWWLQJ�WKH�PRGHO�WR�GDWD�
7R�EH�DEOH�WR�XVH�WKH�UHFRUGHG�PRWLRQ�GDWD�WR�FRQWURO�RXU�PRGHOV��ZH�QHHG�D�ZD\�WR�PDS�
WKH�PRWLRQ� RI� WKH� ��� SRLQWV� LQWR� FRQWURO� SDUDPHWHU� WUDMHFWRULHV� IRU� WKH� IDFH�PRGHO�� 7KLV�
SURFHVV�LV�QRQ�WULYLDO�IRU�VHYHUDO�UHDVRQV��)LUVWO\��PDQ\�RI�WKH�IDFH�PRGHO�SDUDPHWHUV�DIIHFW�
WKH�VDPH�UHJLRQV�RI� WKH�IDFH��)RU�H[DPSOH�� WKH�SRLQWV�RQ� WKH� ORZHU� OLS�DUH�DIIHFWHG�E\� OLS�
UDLVLQJ�DV�ZHOO�DV�MDZ�RSHQLQJ��7KXV��D�JOREDO�RSWLPLVDWLRQ�LV�QHHGHG�WR�ILQG�WKH�EHVW�SRVVLEOH�
FRPELQDWLRQ�RI�SDUDPHWHU�YDOXHV�IRU�D�JLYHQ�IUDPH�RI�PRWLRQ�GDWD��$QRWKHU�IDFWRU�ZH�QHHG�
WR� WDNH� LQWR� DFFRXQW� LV� WKDW� WKH� JHRPHWU\�RI� WKH� IDFH�PRGHO�PD\�QRW�PDWFK� WKH� UHFRUGHG�
VSHDNHU�� ,Q� IDFW�� ZH� ZDQW� WKH� SURFHVV� WR� EH� JHQHUDO� HQRXJK� WR� GR� D� UHDVRQDEOH� MRE� RI�
PDSSLQJ�WKH�PRWLRQ�GDWD�WR�DQ\�KXPDQ�OLNH�IDFH��ZLWK�GLIIHUHQW�SURSRUWLRQV�WKDQ�WKRVH�RI�
WKH� UHFRUGHG� VSHDNHU�� 6LQFH� UHFRUGLQJ� RI� �'�PRWLRQ� GDWD� LV� D� FRPSOLFDWHG� WDVN�� LW� LV�
EHQHILFLDO�LI�ZH�FDQ�UHXVH�WKH�GDWD�ZLWK�GLIIHUHQW�IDFLDO�PRGHOV���

$�JHQHUDO�VROXWLRQ�WR�WKH�SUREOHP�LV�WR�XVH�PXOWL�GLPHQVLRQDO�PLQLPLVDWLRQ�WHFKQLTXHV��
WR� ILW� WKH� PRGHO� WR� WKH� UHFRUGHG� GDWD� VHW� E\� DGMXVWLQJ� LWV� SDUDPHWHUV�� 7KLV� UHGXFHV� WKH�
SUREOHP�WR�WKDW�RI�GHILQLQJ�D�SURSHU�HUURU�PHWULF�IRU�D�PDWFK�EHWZHHQ�PRGHO�DQG�GDWD��7KH�
PRGHO�ILWWLQJ� LV�GLYLGHG�LQWR�WZR�VWDJHV��)LUVW�D�VWDWLF�RULHQWDWLRQ�ILW��ZKLFK�DSSOLHV�D� OLQHDU�
WUDQVIRUP� WR� WKH�PHDVXUHPHQW�GDWD� WKDW� HQVXUHV�RSWLPDO� VSDWLDO� DOLJQPHQW� IRU� D�SDUWLFXODU�
UHIHUHQFH�IUDPH���,W�VKRXOG�EH�QRWHG�WKDW�IRU�SUDFWLFDO�UHDVRQV�WKH�VWDWLF�ILW�DFWXDOO\�ILWV�WKH�
GDWD� WR� WKH� PRGHO� UDWKHU� WKDQ� WKH� RSSRVLWH�� EXW� VLQFH� LW� LV� D� OLQHDU� WUDQVIRUP� WKLV� LV�
HTXLYDOHQW���6HFRQGO\�D�G\QDPLF�VKDSH�ILW� WR� ILQG�RSWLPDO� IDFLDO�GHIRUPDWLRQ�SDUDPHWHUV� LV�
FDUULHG�RXW�IRU�HYHU\�IUDPH�LQ�WKH�GDWD�VHW��)RU�WKHVH�PLQLPLVDWLRQV��3RZHOO·V�GLUHFWLRQ�VHW�
PHWKRG� LV�XVHG� �3UHVV�HW� DO��� �������ZKLFK� LV� FRQVLGHUHG�D� UREXVW�JHQHUDO�SXUSRVH�PHWKRG�
ZKHQ�WKH�JUDGLHQW�RI�WKH�HUURU�IXQFWLRQ�LV�XQNQRZQ��
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��� 2ULHQWDWLRQ�ILW�
$V� VWDWHG� EHIRUH�� ZH� FDQQRW� H[SHFW� D� SHUIHFW� PDWFK� EHWZHHQ�PHDVXUHPHQWV� DQG� PRGHO��
VLQFH�WKH�PRGHO�LV�QRW�EDVHG�RQ�WKH�PHDVXUHG�VXEMHFW��1HYHUWKHOHVV��ZH�ZDQW�WKH�LPSRUWDQW�
IHDWXUHV�RI�WKH�WZR�IDFHV�WR�DOLJQ�DV�FORVHO\�DV�SRVVLEOH��6LQFH�ZH�KDYH�DOUHDG\�FRPSHQVDWHG�
IRU�JOREDO�URWDWLRQ�DQG�WUDQVODWLRQ��ZH�WU\�WR�ILQG�D�VWDWLF�WUDQVIRUP�7�[��WKDW�JLYHV�WKH�EHVW�
PDWFK� EHWZHHQ� GDWD� DQG� PRGHO� IRU� D� FHUWDLQ� UHIHUHQFH� IUDPH�� 7KH� WUDQVIRUP� 7�[�� LV�
FRPSRVHG�RI�PDWULFHV� IRU� WUDQVODWLRQ� LQ� WKUHH�GLPHQVLRQV�� URWDWLRQ�DURXQG� WKUHH�D[HV�DQG�
VFDOLQJ��\LHOGLQJ�D�WRWDO�RI�VHYHQ�IUHH�SDUDPHWHUV�[� ��W � ��W� ��W � ��α� ��α� ��α � ��V���

$�QXPEHU�RI�VWUDWHJLF�SRLQWV�ZHUH�VHOHFWHG�DW�PRXWK�FRUQHUV��WLS�RI�WKH�QRVH��FKLQ�DQG�
H\HEURZV��ZKHUH�D�FRUUHVSRQGLQJ�PRGHO�YHUWH[�Y � �IRU�HDFK�PDUNHU�SRVLWLRQ�S � �ZDV�LGHQWLILHG��
7KH�HUURU�IXQFWLRQ�
� ∑

∈

⋅−=
Ki

iie )()( xTpvx � ����
ZKHUH�.� LV� WKH� VHW� RI� VWUDWHJLF�SRLQWV��ZDV�PLQLPLVHG�ZLWK� UHVSHFW� WR�[�� DQG� WKH� UHVXOWLQJ�
EHVW�ILWWLQJ�WUDQVIRUP�ZDV�DSSOLHG�WR�DOO�IUDPHV�LQ�WKH�GDWD�VHW��
��� 6KDSH�ILW�
)RU�WKH�G\QDPLF�VKDSH�ILW��WKH�JRDO�LV�WR�ILQG�DQ�RSWLPDO�YHFWRU�RI�PRGHO�SDUDPHWHUV�\� ��\ � ��
\ � �«�\� ��JLYHQ�D�IUDPH�RI�PHDVXUHPHQW�SRLQWV�S � ��S � ��«�S � ���0LQLPLVDWLRQ�ZLOO�KHOS�XV�ILQG�
WKLV�RSWLPDO�YHFWRU��EXW�ZKDW�LV�DQ�DGHTXDWH�HUURU�PHWULF�WR�XVH�IRU�WKLV�PLQLPLVDWLRQ"�2QH�
SRVVLELOLW\�LV�WR�H[WHQG�WKH�HUURU�IXQFWLRQ�WKDW�ZDV�XVHG�LQ�WKH�RULHQWDWLRQ�ILW� WR�LQFOXGH�DOO�
PDUNHUV��E\�SDLULQJ�HDFK�PDUNHU�ZLWK�WKH�PRGHO�YHUWH[�FORVHVW�WR�LW�LQ�WKH�UHIHUHQFH�IUDPH��
7KH�SUREOHP� LV� WKDW� WKLV�HUURU�PHWULF�ZLOO�SHQDOLVH� LQKHUHQW�VWDWLF�GLIIHUHQFHV� LQ�JHRPHWU\��
DQG� WU\� WR� FRPSHQVDWH� IRU� WKHP� XVLQJ� WKH� DUWLFXODWRU\� SDUDPHWHUV�� ZKLFK� ZLOO� OHDG� WR�
LQDFFXUDWH�DUWLFXODWLRQ��7R�FLUFXPYHQW�WKLV�SUREOHP��DQ�HUURU�PHWULF�ZDV�GHILQHG�LQ�VXFK�D�
ZD\� WKDW� LW� HTXDOV� ]HUR� ZKHQ� ERWK� WKH�PHDVXUHG� IDFH� DQG� WKH� YLUWXDO� IDFH� DUH� LQ� D� ZHOO�
GHILQHG� UHIHUHQFH� SRVH��5DWKHU� WKDQ�PDWFKLQJ� WKH�PDUNHUV� GLUHFWO\� DJDLQVW� H[LVWLQJ�PRGHO�
YHUWLFHV��D�VHW�RI�YLUWXDO�PDUNHUV�ZDV�LQWURGXFHG�RQ�WKH�PRGHO��WKDW�DUH�WLHG�WR�D�UHJLRQ�RI�WKH�
PRGHO�� DQG�PRYH�ZLWK� LW�� EXW� QHHG�QRW� FRLQFLGH�ZLWK� H[LVWLQJ� YHUWLFHV�RU� HYHQ� OLH� RQ� WKH�
VXUIDFH�RI�WKH�PRGHO��$�VSHFLDOO\�UHFRUGHG�UHIHUHQFH�SRVH��ZLWK�UHOD[HG�IDFH�DQG�FORVHG�MDZ�
DQG�OLSV��ZDV�XVHG�WR�WLH�WKH�YLUWXDO�PDUNHUV�WR�WKH�IDFH�PRGHO��ZKLFK�ZDV�PDQXDOO\�DGMXVWHG�
WR�PDWFK�WKLV�UHIHUHQFH�SRVH��

0DWKHPDWLFDOO\�� D� YLUWXDO� PDUNHU� T� LV� GHILQHG� LQ� WHUPV� RI� WKUHH� QRQ� FR�OLQHDU� PRGHO�
YHUWLFHV��Y �	� Y � DQG�Y 
 ��7KH�WKUHH�YHUWLFHV�WRJHWKHU�ZLWK�WKH�VXUIDFH�QRUPDO�YHFWRU��IRUP�D�
FRRUGLQDWH�V\VWHP�LQ�ZKLFK�ZH�FDQ�H[SUHVV�WKH�SRVLWLRQ�RI�T�LQ�WHUPV�RI�WKH�FRRUGLQDWHV�V��W�
DQG�X���
� 113121 )()( evvvvvq uts +−+−+= � ����
ZKHUH�H � �LV�WKH�QRUPDOL]HG�YHUWH[�QRUPDO�RI�YHUWH[�Y � ��7KH�V�DQG�W�FRRUGLQDWHV�UHSUHVHQW�T·V�
SURMHFWLRQ�LQ�WKH�SODQH�RI��Y � ��Y � ��Y 
 ��LQ�EDU\FHQWULF�FRRUGLQDWHV��L�H��DORQJ�WKH�HGJHV��Y � ��Y � ��
DQG��Y � ��Y 
 ��UHVSHFWLYHO\��7KH�X�FRRUGLQDWH�UHSUHVHQWV�RIIVHW�IURP�WKH�VXUIDFH�LQ�WKH�GLUHFWLRQ�
RI�WKH�YHUWH[�QRUPDO��

)RU� HDFK� UHDO��PHDVXUHG�PDUNHU�S � �� D� FRUUHVSRQGLQJ� YLUWXDO�PDUNHU�T � �\�� ZDV� GHILQHG��
ZKHUH�\�LV�WKH�YHFWRU�RI�DUWLFXODWRU\�SDUDPHWHUV�RI�WKH�PRGHO��OLVWHG�LQ�VHFWLRQ�����7KXV�ZH�
FDQ�GHILQH�WKH�IROORZLQJ�HUURU�PHWULF��
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7KH�PLQLPLVDWLRQ�WR�ILQG�\ �
� � �ZDV�FDUULHG�RXW�IRU�HDFK�IUDPH�RI�PRWLRQ�GDWD�LQ�WKH�FRUSXV��
7KH�UHVXOW�LV�D�PDWUL[�<�ZKHUH�HDFK�URZ�FRQVLVWV�RI�\ �
� � �IRU�WKDW�IUDPH��7KLV�PDWUL[�FRQWDLQV�
D� UH�V\QWKHVLV� RI� WKH� UHFRUGLQJ�� L�H�� D� VHW� RI� SDUDPHWHU� WUDMHFWRULHV� WKDW� FDQ� EH� XVHG� WR�
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DQLPDWH�WKH�IDFH�PRGHO�WR�IROORZ�WKH�UHFRUGHG�PRYHPHQW�GDWD�DV�FORVHO\�DV�SRVVLEOH��7KLV�
PDWUL[�FRQVWLWXWHV�WKH�WUDLQLQJ�DQG�WHVW�GDWD�IRU�WKH�DUWLFXODWRU\�FRQWURO�PRGHOV�GHVFULEHG�LQ�
WKH�IROORZLQJ�VHFWLRQ��
� 02'(/6�$1'�75$,1,1*�
*LYHQ� WKH� DUWLFXODWRU\� SDUDPHWHU� WUDMHFWRULHV� HVWLPDWHG� LQ� WKH� SUHFHGLQJ� VHFWLRQ�� DQG� WKH�
WLPH�DOLJQHG�SKRQHWLF� ODEHOV��ZH�ZDQW� WR� WUDLQ�GLIIHUHQW�DUWLFXODWRU\�FRQWURO�PRGHOV�� WR�VHH�
ZKLFK�RQH�LV�EHVW�FDSDEOH�RI�UHSURGXFLQJ�WKH�SDWWHUQV�REVHUYHG�LQ�WKH�GDWD��,Q�WKH�SUHYLRXV�
VHFWLRQ�ZH�ZHUH�ILWWLQJ�WKH�IDFLDO�PRGHO�WR�D�VHW�RI��'�SRLQWV��QRZ�ZH�DUH�ILWWLQJ�DUWLFXODWRU\�
PRGHOV� WR� D� VHW� RI� SDUDPHWHU� WUDFNV�� ,Q� ERWK� FDVHV� ZH� XVH� WKH� VDPH� JHQHUDO�SXUSRVH�
WHFKQLTXH��PLQLPLVDWLRQ�RI�JOREDO�HUURU��

7KH�PRGHOV�WKDW�DUH�EHLQJ�HYDOXDWHG�YDU\�TXLWH�D� ORW� LQ�WKH�ZD\V� LQ�ZKLFK�WKH\�SUHGLFW�
DUWLFXODWRU\� WUDMHFWRULHV��:KDW� LV� WUXH� IRU� DOO�PRGHOV� LV� WKDW� WKH\�KDYH�D�FHUWDLQ�QXPEHU�RI�
IUHH�SDUDPHWHUV�UHSUHVHQWHG�DV�D�YHFWRU�[��WDNH�D�SKRQHWLF�LQSXW�VSHFLILFDWLRQ��DQG�RXWSXW�D�
VHW� RI� HVWLPDWHG� DUWLFXODWRU\� WUDMHFWRULHV�=�� 7KH� LQSXW� FRQVLVWV� RI� D� WLPH�ODEHOOHG� SKRQH�
VHTXHQFH�ZLWK�VWUHVV�LQIRUPDWLRQ��$V�VWDWHG�LQ�VHFWLRQ������VWUHVV�LQIRUPDWLRQ�ZDV�HQFRGHG�
E\� VHSDUDWH� V\PEROV� IRU� VWUHVVHG� YRZHOV�� ZKLFK� HIIHFWLYHO\� GRXEOHV� WKH� QXPEHU� RI� YRZHO�
V\PEROV��$�ODUJHU�V\PERO�VHW�OHDGV�WR�IHZHU�H[DPSOHV�RI�HDFK�V\PERO�LQ�WKH�GDWD�VHW��ZKLFK�
SRWHQWLDOO\�FDQ�OHDG�WR�ZRUVH�JHQHUDOLVDWLRQ�E\�WKH�PRGHOV��7R�HYDOXDWH�WKLV�ULVN��DOO�PRGHOV�
ZHUH�WUDLQHG�ZLWK�DQG�ZLWKRXW�VWUHVV�LQIRUPDWLRQ��DQG�WKH\�DOO�SHUIRUPHG�VOLJKWO\�EHWWHU�ZLWK�
WKH�ODUJHU��VWUHVV�LQFOXVLYH�V\PERO�VHW��

7KH�RXWSXW�RI�D�FRQWURO�PRGHO� LV�D�VHW�RI�SUHGLFWHG�FRQWURO�SDUDPHWHU�WUDMHFWRULHV�WKDW�
FDQ� EH� FRPSDFWO\� UHSUHVHQWHG� DV� D� PDWUL[�=� ZKHUH� HDFK� URZ� LV� D� WLPH� IUDPH� DQG� HDFK�
FROXPQ� LV� D� FRQWURO� SDUDPHWHU�� 7KH� SUHGLFWHG� WUDMHFWRULHV� DUH� FRPSDUHG� ZLWK� WKH� WDUJHW�
WUDMHFWRULHV�<��7KH�REMHFWLYH�RI�WUDLQLQJ�WKH�FRQWURO�PRGHOV�LV�WR�PDNH�=�DQG�<�DV�VLPLODU�DV�
SRVVLEOH�E\�YDU\LQJ�WKH�IUHH�SDUDPHWHUV�[��,I�ZH�OHW�] � �DQG�\ � �GHQRWH�WKH�L�WK�FROXPQ�RI�=�DQG�
<�UHVSHFWLYHO\�DQG�1� LV�WKH�QXPEHU�RI�DUWLFXODWRU\�SDUDPHWHUV��WKHQ�WKH�HUURU�WR�PLQLPL]H�
FDQ�EH�H[SUHVVHG�DV�
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:KHQ�PLQLPLVLQJ� IXQFWLRQV�ZLWK� D� ODUJH� QXPEHU� RI� IUHH� SDUDPHWHUV�� VXFK� DV� WKH� FRQWURO�
PRGHOV� LQYHVWLJDWHG�KHUH�� WDNLQJ�DGYDQWDJH�RI�JUDGLHQW� LQIRUPDWLRQ�FDQ� JUHDWO\� UHGXFH� WKH�
DPRXQW�RI�FRPSXWDWLRQ�UHTXLUHG�WR�ILQG�WKH�PLQLPXP�RI�WKH�IXQFWLRQ��7KH�JUDGLHQW�RI�WKH�
HUURU� IXQFWLRQ� LV� REWDLQHG� E\� WDNLQJ� WKH� GHULYDWLYH� RI� ���� ZLWK� UHVSHFW� WR� HDFK� RI� WKH�
FRPSRQHQWV�RI�[��
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7KXV�� LI�ZH�FDQ�FDOFXODWH�WKH�GHULYDWLYH�RI�]�ZLWK�UHVSHFW�WR�HDFK�RI�WKH�FRPSRQHQWV�RI�[��
WKHQ�ZH�FDQ�DOVR�FDOFXODWH�WKH�JUDGLHQW�RI�H�[���
��� 7UDLQLQJ�SURFHGXUH�
7KH�����VHQWHQFH�FRUSXV�ZDV�VSOLW�LQWR�D�WUDLQLQJ�SDUW�FRQVLVWLQJ�RI�����VHQWHQFHV�DQG�D�WHVW�
SDUW� RI� ��� VHQWHQFHV��$IWHU� HDFK� LWHUDWLRQ�RI� WUDLQLQJ�� WKH� JOREDO� HUURU�RQ� WKH� WHVW� VHW�ZDV�
FRPSXWHG��7R�SUHYHQW�RYHU�WUDLQLQJ��WUDLQLQJ�ZDV�WHUPLQDWHG�ZKHQ�WKH�HUURU�RQ�WKH�WHVW�VHW�
VWRSSHG�GHFUHDVLQJ���
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��� &RKHQ�DQG�0DVVDUR
V�PRGHO�RI�FRDUWLFXODWLRQ��
,Q� WKH� &RKHQ�0DVVDUR� PRGHO�� HDFK� DUWLFXODWRU\� SDUDPHWHU� WUDMHFWRU\� LV� GHVFULEHG� DV� D�
ZHLJKWHG� VXP� RI� WDUJHW� YDOXHV� IRU� DOO� VHJPHQWV� RI� WKH� XWWHUDQFH�� 7KH� ZHLJKW� RI� D� WDUJHW�
FKDQJHV�RYHU�WLPH�DFFRUGLQJ�WR�WKH�GRPLQDQFH�IXQFWLRQ�DVVRFLDWHG�ZLWK�WKDW�VHJPHQW��7KH�
GRPLQDQFH� IXQFWLRQ�KDV�D�SHDN�DW� WKH�FHQWUH�RI� WKH� VHJPHQW�� DQG�DQ�H[SRQHQWLDO� ULVH� DQG�
IDOO�RII� WR� WKH� VLGHV�� 7KH� GRPLQDQFH� IXQFWLRQV� RYHUODS�� ZKLFK�PDNHV� DOO� VHJPHQWV� LQ� WKH�
XWWHUDQFH�LQIOXHQFH�HDFK�RWKHU��7KH�GRPLQDQFH�IXQFWLRQ�IRU�VHJPHQW�L�LV�JLYHQ�E\�
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ZKHUH� � �LV�WKH�FHQWUH�WLPH�RI�WKH�VHJPHQW�� � �LV�D�VFDOLQJ�IDFWRU�XVHG�WR�FRQWURO�WKH�GHJUHH�RI�
GRPLQDQFH� IRU� HDFK� VHJPHQW�� � � DQG� � � DUH� FRHIILFLHQWV� IRU� IRUZDUG�� DQG� EDFNZDUG�
FRDUWLFXODWLRQ� UHVSHFWLYHO\�� /RZHU� YDOXHV� IRU� WKHVH� FRHIILFLHQWV� ZLOO� FDXVH� WKH� GRPLQDQFH�
IXQFWLRQ� WR� VSUHDG� RXW� IXUWKHU� LQWR� IROORZLQJ� RU� SUHFHGLQJ� VHJPHQWV� UHVSHFWLYHO\�� 7KH�
H[SRQHQW�F � �LV�XVHG�WR�YDU\�WKH�VKDSH�RI�WKH�GRPLQDQFH�IXQFWLRQ��$�ORZHU�YDOXH�SURGXFHV�D�
IXQFWLRQ�ZLWK�D�VKDUS�SHDN��ZKHUHDV�D�KLJKHU�YDOXH�SURGXFHV�D�PRUH�URXQGHG�SHDN���

*LYHQ�WKH�GRPLQDQFH�IXQFWLRQ�' � �W��DQG�WKH�WDUJHW�YDOXH�7 � �IRU�HDFK�VHJPHQW��WKH�YDOXH�
RI�SDUDPHWHU�]�DW�WKH�WLPH�W�LV�JLYHQ�E\��
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:KHUH�1� LV� WKH� QXPEHU� RI� VHJPHQWV� LQ� WKH� XWWHUDQFH��'RPLQDQFH� IXQFWLRQV�� WDUJHWV� DQG�
V\QWKHVLVHG� WUDMHFWRU\� IRU� D� WKUHH�VHJPHQW�XWWHUDQFH�FDQ�EH� VHHQ� LQ� ILJXUH����7KH� VHJPHQW�
PRGHO� KDV� ILYH� IUHH� SDUDPHWHUV�� 7��α�� φ�� θ� DQG� F�� *LYHQ� ��� SKRQHV� DQG� ��� DUWLFXODWRU\�
SDUDPHWHUV��WKLV�\LHOGV�D�WRWDO�RI������IUHH�SDUDPHWHUV�WR�EH�HVWLPDWHG�IURP�WKH�GDWD�VHW��%XW�
VLQFH� HDFK� DUWLFXODWRU\� SDUDPHWHU� LV�PRGHOOHG� LQ� LVRODWLRQ�� ZH� FDQ� WUHDW� LW� DV� WHQ� VHSDUDWH�
HVWLPDWLRQ�SUREOHPV�RI�����SDUDPHWHUV�HDFK���

5HJDUGLQJ�F�DV�D�IUHH�SDUDPHWHU�WKDW�FDQ�EH�VHW�LQGLYLGXDOO\�IRU�HDFK�SKRQHPH�LV�D�VOLJKW�
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DOWHUDWLRQ� WR� WKH� RULJLQDO� &RKHQ�0DVVDUR� PRGHO�� LQ� ZKLFK� F� � ZDV� UHJDUGHG� DV� D� JOREDO�
FRQVWDQW��

7KH�JUDGLHQW�HTXDWLRQ�����UHTXLUHV�WKDW�ZH�FRPSXWH�WKH�GHULYDWLYH�RI�]�W��ZLWK�UHVSHFW�WR�
HDFK�RI�WKH�IUHH�SDUDPHWHUV��'LIIHUHQWLDWLQJ�����Z�U�W��7 � �\LHOGV�
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(TXDWLRQV�����DQG���������VXEVWLWXWHG�LQWR������JLYH�WKH�SDUWLDO�GHULYDWLYHV�RI�WKH�SDUDPHWHU�
WUDMHFWRU\�]�W��ZLWK� UHVSHFW� WR� WKH� IUHH�SDUDPHWHUV�RI� VHJPHQW� L��7KH� JUDGLHQW� ���� FRQWDLQV�
GHULYDWLYHV�RI�WKH�IUHH�SDUDPHWHUV�IRU�HDFK�SKRQHPH�FODVV��UDWKHU�WKDQ�IRU�HDFK�VHJPHQW�RI�
WKH�XWWHUDQFH��7R�REWDLQ�WKH�JUDGLHQW�FRPSRQHQWV�DVVRFLDWHG�ZLWK�SKRQHPH�S��WKH�GHULYDWLYH�
WUDMHFWRULHV�DUH�VXPPHG�RYHU�DOO� L� IRU�ZKLFK�VHJPHQW� L�HTXDOV�S�� �7KH�UHVXOWLQJ� WUDMHFWRULHV�
DUH�WKHQ�VXEVWLWXWHG�LQWR�����WR�REWDLQ�WKH�FRPSRQHQWV�RI�WKH�JUDGLHQW�RI�WKH�HUURU�IXQFWLRQ��

7KH� PRGHO� ZDV� WUDLQHG� XVLQJ� WKH� 0DWODE� IXQFWLRQ� fminunc�� ZKLFK� LPSOHPHQWV� WKH�
*DXVV�1HZWRQ�PLQLPLVDWLRQ�DOJRULWKP���
��� gKPDQ¶V�PRGHO�RI�FRDUWLFXODWLRQ�
gKPDQ��������GHVFULEHV�D�PRGHO�RI�FRDUWLFXODWLRQ�ZKHUH�WKH�WUDMHFWRU\�RI�DQ�DUWLFXODWRU� LV�
PRGHOOHG� DV� D� YRZHO� WUDFN� ZLWK� VXSHULPSRVHG� FRQVRQDQWDO� JHVWXUHV�� 7KH� PRGHO� ZDV�
RULJLQDOO\�LQWHQGHG�WR�GHVFULEH�OLQJXDO�FRDUWLFXODWLRQ�LQ�9&9�VHTXHQFHV�E\�SUHGLFWLQJ�FURVV�
VHFWLRQDO�GLVWDQFHV� LQ�WKH�YRFDO�WUDFW��)ROORZLQJ�5HYHUHW�HW�DO�� ��������ZH�XVH�WKH�PRGHO�WR�
SUHGLFW� JHQHUDO� DUWLFXODWRU\� SDUDPHWHUV� DQG� H[WHQG� LW� WR� FRSH� ZLWK� DUELWUDU\� SKRQH�
VHTXHQFHV��

7KH� YRZHO� WUDFN� Y�W�� LV� IRUPHG� E\� LQWHUSRODWLRQ� EHWZHHQ� VXFFHVVLYH� YRZHO� WDUJHWV�� $�
FRQVRQDQW�LV�VSHFLILHG�E\�D�WDUJHW�YDOXH�F��D�FRDUWLFXODWLRQ�IDFWRU�Z � �DQG�D�IXQFWLRQ�N�W��WKDW�
GLFWDWHV�WKH�WHPSRUDO�EOHQGLQJ�RI�YRZHO�WUDFN�DQG�FRQVRQDQW�WDUJHW��ZKHUH�Z � �DQG�N�W��DUH�LQ�
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WKH�LQWHUYDO�>����@��$FFRUGLQJ�WR�gKPDQ��WKH�WUDMHFWRU\�RI�D�JLYHQ�DUWLFXODWRU\�SDUDPHWHU�RYHU�
D�9&9�VHTXHQFH�FDQ�EH�GHVFULEHG�DV�
� ( )c( ) ( ) ( ) ( )z t v t w k t c v t= + − � �����
,Q�RUGHU�WR�DSSO\�gKPDQ·V�HTXDWLRQ�WR�DUELWUDU\�SKRQHPH�VHTXHQFHV��ZH�FDQ�ZULWH�
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ZKHUH�&�LV�WKH�VHW�RI�DOO�FRQVRQDQWV�LQ�WKH�XWWHUDQFH��1RWH�WKDW�WKH�gKPDQ�PRGHO�GRHV�QRW�
GHILQH�FRDUWLFXODWLRQ�EHWZHHQ�FRQVRQDQWV�� VR� WKH� LQIOXHQFH�RI�RQH�FRQVRQDQW�PXVW�H[WHQG�
QR�IXUWKHU� WKDQ� WR� WKH�SHDN�RI� WKH�SUHFHGLQJ�RU� IROORZLQJ�JHVWXUH�� ,I�ZH� OHW� � �GHQRWH� WKH�
FHQWUH�RI�VHJPHQW�Q��DQG�DVVXPH�WKDW�WKH�SHDN�RI�HDFK�JHVWXUH�RFFXUV�DW�WKH�FHQWUH�RI�WKH�
VHJPHQW��WKHQ�D�VXLWDEOH�EOHQG�IXQFWLRQ�N � �W��IRU�VHJPHQW�L�VKRXOG�JR�IURP�]HUR�DW�W� � � � � ��WR�
RQH� DW� W� � � � DQG� EDFN� WR� ]HUR� DW� W� � � ��� �� )XUWKHUPRUH�� WR�PDNH� WKH� UHVXOWLQJ� WUDMHFWRU\�
VPRRWK� ZLWK� D� FRQWLQXRXV� GHULYDWLYH�� ZH� ZDQW 1( )ik τ −′  1( )ik τ +′  � ��� :H� FKRRVH� WR�
UHSUHVHQW�N�W��DV�D�WKLUG�GHJUHH�SRO\QRPLDO�WKDW�IXOILOV�WKH�DERYH�FULWHULD��

7KH�YRZHO�WUDFN�Y�W��LV�IRUPHG�E\�WHPSRUDOO\�EOHQGLQJ�VXFFHVVLYH�IL[HG�YRZHO�WDUJHWV�D � ��
DFFRUGLQJ�WR�WKH�IXQFWLRQ�
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ZKHUH�1 � �LV�WKH�QXPEHU�RI�YRZHOV�LQ�WKH�XWWHUDQFH�DQG�E� �W��LV�WKH�EOHQG�IXQFWLRQ�RI�WKH�M�WK�
YRZHO�LQ�WKH�XWWHUDQFH��6LQFH�WKHUH�LV�QR�LQWHUYRFDOLF�FRDUWLFXODWLRQ�LQ�WKH�gKPDQ�PRGHO��WKH�
UHDVRQLQJ�FRQFHUQLQJ�WKH�EOHQG�IXQFWLRQ�IRU�FRQVRQDQWV� LQ�WKH�SUHYLRXV�SDUDJUDSK�DSSOLHV�
WR�YRZHOV�DV�ZHOO��WKXV�ZH�FDQ�XVH�WKH�VDPH�SRO\QRPLDO�IRU�E� �W���D�FXELF�IXQFWLRQ�UHDFKLQJ�
RQH�DW�WKH�FHQWUH�RI�YRZHO�M�DQG�]HUR�DW�WKH�FHQWUH�RI�WKH�SUHFHGLQJ��M����DQG�IROORZLQJ��M����
YRZHO��$Q�LOOXVWUDWLRQ�RI�WKH�IXQFWLRQV�LQYROYHG�FDQ�EH�VHHQ�LQ�ILJXUH����

7KH�IUHH�SDUDPHWHUV� LQ�RXU� LPSOHPHQWDWLRQ�RI� WKH�gKPDQ�PRGHO�DUH� WKH�YRZHO� WDUJHW�
YDOXHV�D � ��WKH�FRQVRQDQW�WDUJHW�YDOXHV�F � ��DQG�WKH�FRQVRQDQW�FRDUWLFXODWLRQ�IDFWRUV�Z ��� ��*LYHQ�
��� YRZHO� SKRQHV� ���� XQVWUHVVHG� �� ��� VWUHVVHG�� DQG� ��� FRQVRQDQWV�� ZH� KDYH� ���� IUHH�
SDUDPHWHUV�WR�HVWLPDWH�IRU�HDFK�DUWLFXODWRU\�SDUDPHWHU�WR�EH�SUHGLFWHG��,Q�RUGHU�WR�FDOFXODWH�
WKH�JUDGLHQW�RI�WKH�HUURU�IXQFWLRQ�WR�RSWLPLVH�WKH�WUDLQLQJ�SURFHVV��ZH�REWDLQ�WKH�GHULYDWLYH�
�
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)RU�HDFK�SKRQHPH�S��WKHVH�WUDMHFWRULHV�DUH�VXPPHG�RYHU�DOO�L�ZKHUH�VHJPHQW�L�HTXDOV�S��DQG�
VXEVWLWXWHG�LQWR�����WR�REWDLQ�WKH�JUDGLHQW�RI�WKH�HUURU�IXQFWLRQ��

7KH�PRGHO�ZDV�WUDLQHG�XVLQJ�WKH�*DXVV�1HZWRQ�PLQLPLVDWLRQ�DOJRULWKP���
��� $11�����V\PPHWULFDO�FRQWH[W�
$UWLILFLDO�QHXUDO�QHWZRUNV��$11V��ZHUH�WUDLQHG�WR�SUHGLFW�DUWLFXODWRU\�SDUDPHWHU�YDOXHV�RQ�D�
IUDPH�E\�IUDPH�EDVLV��,QSXW�WR�WKH�QHWZRUNV�FRQVLVWHG�RI�D�VHULHV�RI�IHDWXUH�YHFWRUV��RQH�SHU�
WLPH� IUDPH� �DW���� IUDPHV�SHU� VHFRQG��FRQVWUXFWHG� IURP� WKH� WLPH�ODEHOOHG�SKRQH� VHTXHQFH�
XVLQJ� WDEOH� ORRNXS�� 7KH� YHFWRUV� FRQWDLQHG� ��� SKRQHWLF� IHDWXUHV� XQLTXHO\� GHVFULELQJ� WKH�
SUHVHQW�SKRQH��7KH�IHDWXUHV�VHW�FRQVLVWHG�RI�SKRQHPH�FODVV� �FRQVRQDQW�RU�YRZHO���VL[�ELQDU\�
SODFH�IHDWXUHV��ELODELDO��ODELRGHQWDO��GHQWDO��UHWURIOH[��DOYHRODU�DQG�YHODU��ILYH�ELQDU\�PDQQHU�IHDWXUHV�
�QDVDO�� IULFDWLYH�� VWRS�� UHOHDVH� DQG� YRLFHG��� IRXU� ��YDOXHG� YRZHO� IHDWXUHV� �RSHQ�� IURQW�� URXQGHG� DQG�
SURWUXGHG��DQG�VWUHVV��

$�ODUJH�QXPEHU�RI�QHWZRUN�FRQILJXUDWLRQV�ZHUH�H[DPLQHG�EHIRUH�WKH�ILQDO�FRQILJXUDWLRQ�
ZDV�FKRVHQ��)RU�HDFK�RI� WKH�YDULDEOHV�EHORZ��VHYHUDO�QHWZRUNV�ZHUH� WUDLQHG�DQG�HYDOXDWHG�
EDVHG�RQ�WKH�HUURU�RYHU�WKH�WHVW�VHW�DQG�VXEMHFWLYH�MXGJHPHQWV�RI�WKH�TXDOLW\�RI�WKH�UHVXOWLQJ�
DQLPDWLRQV��'XH�WR�WKH�FRPELQDWRU\�FRPSOH[LW\�LW�ZDV�LPSRVVLEOH�WR�WU\�DOO�FRPELQDWLRQV�RI�
DOO�YDULDEOHV��

• 6HJPHQW�� YV�� IUDPH� EDVHG� LQSXW� ²� RQH� LQSXW� YHFWRU� SHU� VHJPHQW� �ZLWK� DQ� DGGLWLRQDO�
GXUDWLRQ�IHDWXUH���YHUVXV�V\QFKURQRXV�IUDPH�EDVHG�LQSXW��7KH�ODWWHU�OHG�WR�EHWWHU�
FRQYHUJHQFH�DQG�ORZHU�HUURU�LQ�WKH�HVWLPDWLRQ��

• 6LQJOH� YV�� PXOWLSOH� QHWZRUNV� ²� RQH� VLQJOH� QHWZRUN� ZLWK� WHQ� RXWSXWV� YV�� PXOWLSOH�
QHWZRUNV�� HDFK� SUHGLFWLQJ� D� VXEVHW� RI� WKH� SDUDPHWHUV�� YV�� WHQ� VLQJOH�RXWSXW�
QHWZRUNV�SUHGLFWLQJ�RQH�SDUDPHWHU�HDFK���

• 1XPEHU�RI�KLGGHQ�XQLWV�²�IRU�DOO�GLIIHUHQW�FRQILJXUDWLRQV�YDU\LQJ�QXPEHUV�RI�KLGGHQ�
XQLWV�ZHUH�XVHG��

• 6L]H�RI�FRQWH[W�ZLQGRZ�²�YDU\LQJ�QXPEHU�RI�IUDPHV�RI�IRUZDUG�DQG�EDFNZDUG�FRQWH[W�
ZDV�HYDOXDWHG���

• 5HFXUUHQW� Y�V� IHHG�IRUZDUG� ²� UHFXUUHQW� QHWZRUNV� WHQGHG� WR� SURGXFH� VPRRWKHU�
SDUDPHWHU�WUDMHFWRULHV�WKDQ�WKH�IHHG�IRUZDUG�QHWZRUNV��

7KH�EHVW�SHUIRUPDQFH�ZDV�DFKLHYHG�ZLWK�D�VHW�RI�IRXU�VHSDUDWH�UHFXUUHQW�WKUHH�OD\HU�$11V��
HDFK�SUHGLFWLQJ�LWV�RZQ�JURXS�RI�WZR�RU�WKUHH�SDUDPHWHUV��,W�ZDV�IRXQG�WKDW�E\�JURXSLQJ�WKH�
SDUDPHWHUV� LQYROYHG� LQ� ELODELDO� RFFOXVLRQ� �MDZ� URWDWLRQ�� XSSHU� OLS� UDLVH� DQG� ORZHU� OLS�
GHSUHVVLRQ�� LQWR� D� VHSDUDWH� QHWZRUN�� PRUH� UHOLDEOH� SUHGLFWLRQ� RI� RFFOXVLRQ� ZDV� DFKLHYHG��
2WKHU�JURXSV�ZHUH�IRUPHG�IRU�URXQGLQJ��SURWUXVLRQ�DQG�MDZ�PRWLRQ��DV�VKRZQ�LQ�WDEOH����$�
WLPH�GHOD\�ZDV�XVHG�IRU�WKH�LQSXW�WR�SURYLGH�D�V\PPHWULF�FRQWH[W�RI�����IUDPHV��\LHOGLQJ�D�
WRWDO� LQSXW� OD\HU�VL]H�RI���ï��� �����XQLWV��7KH�KLGGHQ� OD\HU�KDG���� WR����XQLWV�DQG�ZDV�
FRQQHFWHG�WR�LWVHOI�ZLWK�WLPH�GHOD\V�EHWZHHQ�RQH�DQG�ILYH�IUDPHV��7KH�QHWZRUNV�KDG�������
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WR� ������ FRQQHFWLRQV� �VHH� WDEOH� ���� ZLWK� D� WRWDO� RI� ������� IUHH� SDUDPHWHUV� IRU� WKH� IRXU�
QHWZRUNV�FRPELQHG���
7KH� QHWZRUNV� ZHUH� WUDLQHG� XVLQJ� WKH� DOJRULWKP� EDFN� SURSDJDWLRQ� WKURXJK� WLPH�� DV�
LPSOHPHQWHG� E\� �6WU|P�� ������� 7UDLQLQJ�ZDV� WHUPLQDWHG�ZKHQ� WKH� HUURU� RYHU� WKH� WHVW� VHW�
VWRSSHG�GHFUHDVLQJ��DIWHU�DSSUR[LPDWHO\�����LWHUDWLRQV���
��� $11�����ORZ�ODWHQF\�PRGHO�
)RU� WKH� SXUSRVH� RI� UHDO�WLPH� DSSOLFDWLRQV�� DV� GLVFXVVHG� LQ� VHFWLRQ� ����� D� VHFRQG� JURXS� RI�
QHWZRUNV�ZDV�WUDLQHG�ZKHUH�WKH�FRQWH[W�ZDV�DV\PPHWULFDOO\�VKLIWHG�WR�UHTXLUH� OHVV� ODWHQF\��
,Q�RUGHU�WR�ILQG�D�JRRG�FRPSURPLVH�EHWZHHQ�ORZ�ODWHQF\�DQG�KLJK�DFFXUDF\��D�VHULHV�RI����
QHWZRUNV�ZDV� WUDLQHG�ZKHUH� WKH� IRUZDUG� FRQWH[W� YDULHG� IURP� ]HUR� �QR� ODWHQF\�� WR� ILIWHHQ�
IUDPHV������PLOOLVHFRQGV��HDFK�IUDPH�UHSUHVHQWV�RQH��� �

� �RI�D�VHFRQG���7KH�QHWZRUNV�ZHUH�
EDVHG� RQ� WKH� RFFOXVLRQ�$11� LQ� WKH� SUHYLRXV� VHFWLRQ�� DQG� WKH� WRWDO� FRQWH[W�ZLQGRZ� VL]H�
�ORRN�DKHDG�� ORRN� EDFN� DQG� FXUUHQW�� ZDV� ��� IUDPHV� IRU� DOO� QHWZRUNV�� $OO� QHWZRUNV� ZHUH�
WUDLQHG�IRU�����LWHUDWLRQV��7KH�UHVXOWLQJ�HUURU�RYHU�WKH�WHVW�VHW�LV�VKRZQ�LQ�ILJXUH����

%DVHG� RQ� WKLV� LQIRUPDWLRQ�� LW� ZDV� GHFLGHG� WKDW� WZR� IUDPHV� RI� ORRN�DKHDG� ����
PLOOLVHFRQGV�� SURYLGHG� D� JRRG� FRPSURPLVH� EHWZHHQ� DFFXUDF\� DQG� ORZ� ODWHQF\�� )RXU�
QHWZRUNV�� LGHQWLFDO� WR� WKH� RQHV� WUDLQHG� LQ� WKH� SUHYLRXV� VHFWLRQ��ZLWK� WKH� H[FHSWLRQ� RI� WKH�
FRQWH[W�ZLQGRZV�EHLQJ���IUDPHV�IRUZDUG�DQG����IUDPHV�EDFNZDUG��ZHUH�WUDLQHG�XVLQJ�WKH�
VDPH�SURFHGXUH�DV�DERYH��
� 2%-(&7,9(�(9$/8$7,21�
7R�HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH�PRGHOV��WDUJHW�DQG�SUHGLFWHG�WUDMHFWRULHV�ZHUH�FRPSDUHG�
IRU�WKH�IRXU�PRGHOV��RYHU�WKH����VHQWHQFH�WHVW�VHW��)LJXUH���VKRZV�DQ�H[DPSOH�RI�SDUDPHWHU�
WUDFHV� IRU� WKH� MDZ� URWDWLRQ� SDUDPHWHU� IRU� HDFK� RI� WKH� PRGHOV� IRU� WKH� WHVW� VHW� XWWHUDQFH�
´VYHQVND�N\UNDQ� VND� YDUD� WLOO� KMlOS� I|U� GH� I|UVDPOLQJVERU� VRP� Vn� |QVNDUµ� �´WKH�6ZHGLVK� FKXUFK� VKRXOG�
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)LJXUH�������7RWDO�HUURU�RI�WKH����$11V�WUDLQHG�ZLWK�YDU\LQJ�GHJUHH�RI�ORRN�DKHDG��IURP���WR����IUDPHV��

7DEOH���� 7KH�IRXU�$11V�DQG�WKH�SDUDPHWHU�JURXSV�WKH\�SUHGLFW�
1HWZRUN� 3UHGLFWHG�SDUDPHWHUV� 1XPEHU�RI�

KLGGHQ�XQLWV�
1XPEHU�RI�
FRQQHFWLRQV�

2FFOXVLRQ� -DZ�URWDWLRQ��XSSHU�OLS�UDLVH��ORZHU�OLS�GHSUHVVLRQ� ��� ������
5RXQGLQJ� /LS�URXQGLQJ��OHIW�PRXWK�FRUQHU�VWUHWFK��ULJKW�

PRXWK�FRUQHU�VWUHWFK� ��� ������
3URWUXVLRQ� 8SSHU�OLS�UHWUDFWLRQ��ORZHU�OLS�UHWUDFWLRQ� ��� ������
-DZ� -DZ�WKUXVW��MDZ�VKLIW� ��� ������
�
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VXSSRUW�WKH�SDULVKLRQHUV�ZKR�VR�GHVLUHµ���,W�FDQ�EH�REVHUYHG�WKDW�WKH�WUDMHFWRULHV�SURGXFHG�E\�WKH�
&RKHQ�0DVVDUR�DQG�gKPDQ�PRGHOV�DUH�VPRRWKHU�WKDQ� WKH�$11�EDVHG�PRGHOV��VLQFH�WKH�
IRUPHU�WZR�PRGHOV�RQO\�SURGXFH�RQH�JHVWXUH�SHU�VHJPHQW��ZKLOH�WKH�$11·V�KDYH�QR�VXFK�
UHVWULFWLRQV��DOWKRXJK�WKH\�DUH�VWDELOLVHG�WR�VRPH�GHJUHH�E\�WKH�UHFXUUHQW�FRQQHFWLRQV�LQ�WKH�
KLGGHQ� OD\HUV�� 7UDMHFWRU\� MDJJHGQHVV� ZDV� QRW� FRQVLGHUHG� GLVWXUELQJ� LQ� WKH� UHVXOWLQJ�
DQLPDWLRQV��
7KH� 506(� �URRW� PHDQ� VTXDUHG� HUURU�� EHWZHHQ� WDUJHW� �\�� DQG� SUHGLFWHG� �]�� SDUDPHWHU�
WUDMHFWRULHV�ZHUH� FDOFXODWHG� RYHU� WKH� WHVW� VHW� IRU� HDFK� SDUDPHWHU� IRU� DOO� IRXU�PRGHOV�� 7KH�
506(�YDOXHV�ZHUH�FDOFXODWHG�DV�SHUFHQWDJHV�RI�WKH�IXOO�UDQJH�RI�WKH�WDUJHW�SDUDPHWHU��7KH�
DQDO\VLV�ZDV�FDUULHG�RXW�RYHU� WKUHH�VXEVHWV�RI� WKH� WHVW�FRUSXV��YRZHO�VHJPHQWV��FRQVRQDQW�
VHJPHQWV� DQG� DOO� VHJPHQWV� H[FHSW� VLOHQFH�� ,W� KDV� EHHQ� VXJJHVWHG� WKDW� 506(� FDQ� EH�
PLVJXLGLQJ�ZKHQ�FRPSDULQJ�DUWLFXODWRU\�WUDMHFWRULHV��VLQFH�WKH�506(�LV�VWURQJO\�LQIOXHQFHG�
E\� DUHDV� RI� ODUJH� DPSOLWXGH� �ZKHUH� ODUJHU� HUURUV� DUH�PRUH� OLNHO\� WR� RFFXU��� ZKHUHDV� VPDOO�
GHYLDWLRQV� WKDW� FRXOG� EH� FUXFLDO� IRU� H�J�� OLS� FORVXUH� FRXOG� EH� RYHUORRNHG�� 7KH� 3HDUVRQ�
SURGXFW�PRPHQW� FRUUHODWLRQ� PD\� JLYH� D� EHWWHU� HVWLPDWH� RI� JOREDO� PDWFK� EHWZHHQ� VLJQDO�
VKDSHV� �<HKLD� HW� DO��� ������� 7DEOH� �� VKRZV� WKH� 506(� DQG� WKH� 3HDUVRQ� SURGXFW�PRPHQW�
FRUUHODWLRQ�� � � ��IRU�WKH�IRXU�PRGHOV��DYHUDJHG�RYHU�DOO�SDUDPHWHUV��

$V�WKH�WDEOH� LQGLFDWHV�� WKH�&RKHQ�0DVVDUR�PRGHO�SHUIRUPV�WKH�EHVW��KDYLQJ�WKH� ORZHVW�
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z(t) Low−latency ANN
y(t) Target

�)LJXUH���� 7DUJHW�DQG�HVWLPDWHG�WUDMHFWRULHV�RI� WKH� MDZ�URWDWLRQ�SDUDPHWHU�IRU� WKH�IRXU�FRQWURO�PRGHOV��
3KRQHWLF�WUDQVFULSWLRQ�LQ�WKH�6ZHGLVK�67$�DOSKDEHW�LV�JLYHQ�LQ�WKH�ERWWRP�SORW��
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DYHUDJH�506(�DV�ZHOO�DV�WKH�KLJKHVW�FRUUHODWLRQ�FRHIILFLHQW��gKPDQ·V�PRGHO�VKRZV�VOLJKWO\�
ORZHU� 506(� WKDQ� WKH� $11� PRGHOV�� DOWKRXJK� WKH� FRUUHODWLRQ� YDOXHV� DUH� KLJKHU� IRU� WKH�
$11���WKDQ�gKPDQ·V�PRGHO��$11����ORZ�ODWHQF\��VKRZV�DOPRVW�LGHQWLFDO�506(�YDOXHV�DV�
$11� �� DOWKRXJK� WKH� FRUUHODWLRQV� DUH� ORZHU� IRU� WKH� ORZ� ODWHQF\� PRGHO�� ,Q� JHQHUDO��
GLIIHUHQFHV�EHWZHHQ� WKH�PRGHOV� DUH� VPDOO�� DQG� LW� LV�GLIILFXOW� WR� VD\� WKDW� RQH� LV�EHWWHU� WKDQ�
DQRWKHU�EDVHG�RQ�WKHVH�QXPEHUV�DORQH���

7KH� WDEOH� DOVR� OLVWV� WKH� WRWDO� QXPEHU� RI� IUHH� SDUDPHWHUV�� ZKLFK� GLIIHUV� VLJQLILFDQWO\�
EHWZHHQ�WKH�PRGHOV�� ,Q�JHQHUDO��D�PRGHO�ZLWK�D� ODUJH�QXPEHU�RI� IUHH�SDUDPHWHUV�UXQV� WKH�
ULVN�RI�EHLQJ�RYHU�WUDLQHG�WR�D�SDUWLFXODU�GDWD�VHW��EXW�E\�WHUPLQDWLQJ�WKH�WUDLQLQJ�EHIRUH�WKH�
HUURU� RYHU� WKH� WHVW� VHW� VWDUWHG� LQFUHDVLQJ� DV� D� UHVXOW� RI� SRRU� JHQHUDOLVDWLRQ�� WKLV� ULVN� ZDV�
FRQWUROOHG� IRU�� )XUWKHUPRUH�� IRU� WKH� $11·V�� PDQ\� FRQQHFWLRQ� ZHLJKWV� DUH� VPDOO�� 7KH�
ZHLJKWV�DERYH������UHSUHVHQW�RQO\����RI� WKH�FRQQHFWLRQV� �DERXW������LQ� WRWDO���D�QXPEHU�
WKDW�DSSURDFKHV�WKH�QXPEHU�RI�IUHH�SDUDPHWHUV�RI�WKH�RWKHU�PRGHOV��

,W�FDQ�EH�QRWHG�WKDW�506(�YDOXHV�DJUHH�UHDVRQDEO\�ZHOO�ZLWK�WKRVH�UHSRUWHG�E\�0DVVDUR�
HW�DO���LQ�SUHVV���ZKHUH�WKH�DYHUDJH�506(�RYHU�WKH�WUDLQLQJ�VHW������VHQWHQFHV��ZDV�WUDLQHG�
ZDV������RI�WKH�SDUDPHWHU�UDQJH�ZKHQ����FRQWH[W�LQGHSHQGHQW�SKRQHV�ZHUH�XVHG��DQG����
ZLWK�����FRQWH[W�GHSHQGHQW�SKRQHV��
� 3(5&(378$/�(9$/8$7,21�
:KLOH�WKH�REMHFWLYH�PHDVXUHV�DUH�LQIRUPDWLYH�DERXW�KRZ�ZHOO�WKH�GLIIHUHQW�FRQWURO�PRGHOV�
SUHGLFW� WKH� SDUDPHWHU� WUDMHFWRULHV�� LW� LV� QRW� REYLRXV� KRZ� WKH\� UHODWH� WR� WKH� TXDOLW\� RI� WKH�
UHVXOWLQJ�DQLPDWLRQV��,Q�RUGHU�WR�REWDLQ�D�UDWLQJ�RI�WKLV��D�SHUFHSWXDO�HYDOXDWLRQ�ZDV�FDUULHG�
RXW��
��� 0HWKRG�
$� VHQWHQFH� LQWHOOLJLELOLW\� WHVW� ZDV� FDUULHG� RXW� ZLWK� ��� QRUPDO� KHDULQJ� QDWLYH� 6ZHGLVK�
VXEMHFWV��

(DFK�RI� WKH�IRXU�FRQWURO�PRGHOV�ZDV�XVHG�WR�V\QWKHVLVH�DQLPDWLRQV�ZLWK� WKH�DQLPDWHG�
WDONLQJ�KHDG� IRU� D� FRUSXV�RI����SKRQHWLFDOO\� ODEHOOHG� VHQWHQFHV�QRW�SDUW�RI� WKH� WUDLQLQJ�RU�
WHVW� FRUSRUD�� VSRNHQ� E\� D�PDOH� WDONHU�� 7KH� FRUSXV� FRQVLVWHG� RI� VKRUW� HYHU\GD\� VHQWHQFHV�
VHYHQ� WR� QLQH� V\OODEOHV� LQ� OHQJWK� DQG� KDV� EHHQ� GHYHORSHG� VSHFLILFDOO\� IRU� DXGLR�YLVXDO�
LQWHOOLJLELOLW\� WHVWLQJ� E\� *�� gKQJUHQ�� EDVHG� RQ� WKH� ZRUN� E\� 0DF/HRG� DQG� 6XPPHUILHOG�
���������

,Q�DGGLWLRQ�WR�WKH�IRXU�GDWD�GULYHQ�FRQWURO�PRGHOV��D�UXOH�EDVHG�FRQWURO�PRGHO��%HVNRZ��
������DQG�DQ�DXGLR�DORQH�FRQGLWLRQ�ZDV�LQFOXGHG�LQ�WKH�HYDOXDWLRQ��\LHOGLQJ�VL[�SUHVHQWDWLRQ�
FRQGLWLRQV��7KH�IUDPH�UDWH�RI�WKH�DQLPDWLRQ�ZDV����+]��

7KH�DFRXVWLF�VLJQDO�ZDV�SURFHVVHG�XVLQJ�D�QRLVH�H[FLWHG�YRFRGHU��6KDQQRQ�HW�DO���������
ZLWK� WKUHH�IUHTXHQF\�EDQGV� LQ� WKH�UDQJH�RI����������+]��7KLV� IRUP�RI�DXGLR�GHJUDGDWLRQ�
KDV�EHHQ�XVHG�LQ�SUHYLRXV�LQWHOOLJLELOLW\�VWXGLHV��6LFLOLDQR�HW�DO���������DQG�KDV�WKH�DGYDQWDJH�
RYHU�DGGLWLYH�QRLVH�RI�EHLQJ�UREXVW�WR�LQWHQVLW\�SHUWXUEDWLRQV�LQ�WKH�VSHHFK�VLJQDO��

7DEOH���� $YHUDJH�506�HUURU�DQG�FRUUHODWLRQ�EHWZHHQ�WDUJHW�DQG�HVWLPDWHG�WUDMHFWRULHV�
� &RQWURO�PRGHO�
� &RKHQ�0DVVDUR�������

IUHH�SDUDPHWHUV��
gKPDQ�������IUHH�

SDUDPHWHUV��
$11�����������IUHH�

SDUDPHWHUV��
$11���ORZ�ODWHQF\�
��������IUHH�SDUDPV��

� 506(����� � � � 506(����� � � � 506(����� � � � 506(����� � � �
��$OO�VHJPHQWV� ���� ������ ���� ������ ���� ������ ���� ������
��9RZHOV� ���� ������ ���� ������ ���� ������ ���� ������
��&RQVRQDQWV� ���� ������ ���� ������ ���� ������ ���� ������
�
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6XEMHFWV�ZHUH�VHDWHG�LQ�IURQW�RI�D�FRPSXWHU�GLVSOD\�DQG�D�ORXGVSHDNHU��ZKHUH�WKH\�ZHUH�
SUHVHQWHG� ZLWK� VHQWHQFHV� DQG� ZHUH� DVNHG� WR� UHSHDW� ZKDW� WKH\� SHUFHLYHG�� 6HQWHQFHV� ZHUH�
RUJDQLVHG� LQ� VL[� VXE�OLVWV� RI� ��� VHQWHQFHV�� HDFK� RI� ZKLFK� ZDV� SDLUHG�ZLWK� RQH� RI� WKH� VL[�
FRQGLWLRQV��7KH�SDLULQJ�RI�OLVWV�DQG�FRQGLWLRQV�ZDV�URWDWHG�EHWZHHQ�VXEMHFWV��DQG�WKH�RUGHU�
LQ�ZKLFK�WKH�FRQGLWLRQV�RFFXUUHG�ZDV�UDQGRPLVHG�IRU�HDFK�VXEMHFW��%HIRUH�WKH�VHVVLRQ��HDFK�
VXEMHFW�ZDV� JLYHQ� D�QXPEHU�RI�SUDFWLFH� VHQWHQFHV� IRU�ZKLFK� WKH� WH[W� RI� WKH� VHQWHQFH�ZDV�
JLYHQ��,Q�DGGLWLRQ��HDFK�VHVVLRQ�EHJDQ�ZLWK����DXGLR�DORQH�VHQWHQFHV�WKDW�ZHUH�QRW�VFRUHG��
��� 5HVXOWV�
5HVXOWV�ZHUH� VFRUHG�E\� FRXQWLQJ� WKH�SHUFHQWDJH�RI� FRUUHFWO\� LGHQWLILHG� NH\ZRUGV� IRU� HDFK�
���ZRUG� OLVW�� ZKHUH� WKUHH� ZRUGV� LQ� HDFK� VHQWHQFH� KDG� EHHQ� GHILQHG� DV� NH\ZRUGV�� 7KHVH�
SHUFHQWDJHV� ZHUH� HQWHUHG� LQWR� D� UHSHDWHG� PHDVXUHV� $129$�� ZLWK� WKH� UHSHDWHG� YDULDEOH�
EHLQJ�WKH�VL[�OHYHOV�RI�WKH�SUHVHQWDWLRQ�FRQGLWLRQ��7KH�HIIHFW�RI�SUHVHQWDWLRQ�FRQGLWLRQ�ZDV�
VLJQLILFDQW��)��������� �������S����������

7KH� DYHUDJH� SURSRUWLRQ� RI� FRUUHFW� NH\ZRUGV� IRU� HDFK� FRQGLWLRQ� LV� JLYHQ� LQ� WDEOH� ���
3DLUZLVH� FRPSDULVRQV� XVLQJ� /6'� �OHDVW� VLJQLILFDQW� GLIIHUHQFH�� LQGLFDWH� WKDW� DOO� IDFH�
FRQGLWLRQV� JLYH� VLJQLILFDQWO\� KLJKHU� LQWHOOLJLELOLW\� WKDQ� WKH� DXGLR�DORQH� FRQGLWLRQ��ZLWK� S���
������)XUWKHUPRUH��WKH�UXOH�EDVHG�FRQWURO�PRGHO�SURYLGHV�KLJKHU�LQWHOOLJLELOLW\�WKDQ�WKH�GDWD�
GULYHQ� RQHV�� EXW� QR� VLJQLILFDQW� GLIIHUHQFH� FRXOG� EH� IRXQG� EHWZHHQ� WKH� IRXU� GDWD�GULYHQ�
PRGHOV�RQ�WKDW�VLJQLILFDQFH�OHYHO��
� ',6&866,21�
$V�VWDWHG�LQ�WKH�LQWURGXFWLRQ��WKH�DLP�RI�WKLV�VWXG\�ZDV�WR�ILQG�RXW�ZKHWKHU�WKHUH�ZDV�UHDVRQ�
WR� FODLP� WKDW� DQ\� RQH� RI� WKH� GDWD�GULYHQ� FRQWURO�PRGHOV� LV� LQ� VRPH� ZD\� VXSHULRU� WR� WKH�
RWKHUV��7KH�UHVXOWV�RI�WKH�REMHFWLYH�DV�ZHOO�DV�WKH�SHUFHSWXDO�HYDOXDWLRQV�LQGLFDWH�WKDW�WKLV�LV�
QRW� WKH�FDVH�²�DOO�PRGHOV�SHUIRUP�PRUH�RU� OHVV� HTXDOO\�ZHOO��ZKLFK�PHDQV�ZH�DUH� IUHH� WR�
FKRRVH�D�PRGHO� EDVHG�RQ�RWKHU�FULWHULD��$V� VWDWHG�EHIRUH�� UHDO�WLPH�FRQVLGHUDWLRQV�FDQ�EH�
RQH�VXFK�FULWHULRQ��ZKLFK�PDNHV�WKH�ORZ�ODWHQF\�$11�PRGHO�D�VWURQJ�FDQGLGDWH��

2QH�TXHVWLRQ� WKDW�GHPDQGV�DQ�DQVZHU� LV�ZK\� WKH�GDWD�GULYHQ�PRGHOV� IDOO� VKRUW�RI� WKH�
UXOH�EDVHG�PRGHO� LQ� WKH�SHUFHSWXDO� HYDOXDWLRQ��7KLV� LV�QRW� DV� VXUSULVLQJ�DV�RQH�PLJKW� ILUVW�
WKLQN��7KH�UXOH�EDVHG�PRGHO�ZDV�GHYHORSHG�ZLWK�FOHDU�DUWLFXODWLRQ�DQG�KLJK�LQWHOOLJLELOLW\�DV�
WKH�SULPDU\�JRDO��DQG�DV�VXFK�LW�DOPRVW�WHQGV�WR�K\SHU�DUWLFXODWH��7KH�GDWD�GULYHQ�PRGHOV�RQ�
WKH�RWKHU�KDQG��DUH�WUDLQHG�WR�PLPLF�WKH�VSHDNLQJ�VW\OH�RI�WKH�WDUJHW�VSHDNHU��ZKR�FRXOG�EH�
FKDUDFWHULVHG� DV� KDYLQJ� D� UDWKHU� UHOD[HG� SURQXQFLDWLRQ�� ,W� VKRXOG� DOVR� EH� QRWHG� WKDW� WKH�
VSHDNHU�ZDV� QRW� VHOHFWHG� RQ� WKH� EDVLV� RI�PD[LPDO� YLVXDO� LQWHOOLJLELOLW\�� 6R�ZKLOH� WKH� GDWD�
GULYHQ�PRGHOV� DUH� LQGHHG� FDSDEOH�RI� SURGXFLQJ� UDWKHU�QDWXUDO� ORRNLQJ� VSHHFK� DQLPDWLRQV��
WKH\�GR�QRW�SURYLGH�RSWLPDO�LQWHOOLJLELOLW\��,W�LV�OLNHO\�WKDW�UH�WUDLQLQJ�WKH�PRGHOV�RQ�D�FRUSXV�
ZLWK�D�KLJKO\�LQWHOOLJLEOH�VSHDNHU�ZRXOG�LPSURYH�WKLV�DVSHFW��EXW�WKDW�LV�D�PDWWHU�RI�IXUWKHU�
LQYHVWLJDWLRQ��:KLOH�LPSURYLQJ�WKH�LQWHOOLJLELOLW\�RI�D�UXOH�EDVHG�DUWLFXODWLRQ�VFKHPH�FDQ�EH�D�
YHU\�ODERULRXV�SURFHVV��D�GDWD�GULYHQ�PRGHO�FDQ�EH�DXWRPDWLFDOO\�WUDLQHG�WR�PRUH�LQWHOOLJLEOH�
DUWLFXODWLRQ��RU� WR�DQ\�SDUWLFXODU�VW\OH�RI�VSHDNLQJ��ZKLFK� LV�RQH�RI� WKH�PDLQ�DWWUDFWLRQV�RI�
HPSOR\LQJ�GDWD�GULYHQ�WHFKQLTXHV�IRU�JHQHUDWLQJ�V\QWKHWLF�YLVXDO�VSHHFK��

7DEOH���� $YHUDJH�LQWHOOLJLELOLW\�VFRUHV�IRU�WKH����VXEMHFWV�IRU�HDFK�FRQGLWLRQ��
� $XGLR�YLVXDO�FRQGLWLRQ�
�

$XGLR�RQO\� &RKHQ�
0DVVDUR� gKPDQ� $11���

$11����
�ORZ�
ODWHQF\��

5XOH�EDVHG�
.H\ZRUGV�
FRUUHFW����� ����� ����� ����� ����� ����� �����
�
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� $&.12:/('*(0(176�
7KH� DXWKRU� ZRXOG� OLNH� WR� WKDQN� %HUWLO� /\EHUJ� IRU� SURYLGLQJ� DFFHVV� WR� WKH� 4XDOLV\V�
PHDVXUHPHQW� IDFLOLW\��7KLV� UHVHDUFK�ZDV�FDUULHG�RXW� DW� WKH�&HQWUH� IRU�6SHHFK�7HFKQRORJ\��
VXSSRUWHG� E\� 9,1129$� �7KH� 6ZHGLVK� $JHQF\� IRU� ,QQRYDWLRQ� 6\VWHPV��� .7+� DQG�
SDUWLFLSDWLQJ�6ZHGLVK�FRPSDQLHV�DQG�RUJDQL]DWLRQV��3DUW�RI�WKLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�
,67�SURMHFW�6<1)$&(���
� 5()(5(1&(6�
$JOHIRUV�� (��� %HVNRZ�� -���'DKOTXLVW��0���*UDQVWU|P�� %��� /XQGHEHUJ��0��� 6SHQV��.�(�	�gKPDQ�� 7��
��������6\QWKHWLF� IDFHV�DV� D� OLSUHDGLQJ� VXSSRUW��3URFHHGLQJV� RI� WKH�� � � � ,QWHUQDWLRQDO�&RQIHUHQFH� RQ�6SRNHQ�
/DQJXDJH�3URFHVVLQJ��,&6/3·�����6\GQH\��$XVWUDOLD��SS�������������

$OOHQ��-���+XQQLFXW��0��6��DQG�.ODWW��'����������)URP�WH[W�WR�VSHHFK��7KH�0,7DON�V\VWHP��&DPEULGJH��0$��
&DPEULGJH�8QLYHUVLW\�3UHVV��

%HVNRZ��-����������5XOH�EDVHG�9LVXDO�6SHHFK�6\QWKHVLV��3URFHHGLQJV�RI�WKH�� � � �(XURSHDQ�&RQIHUHQFH�RQ�6SHHFK�
&RPPXQLFDWLRQ�DQG�7HFKQRORJ\��(XURVSHHFK·�����0DGULG��6SDLQ��SS�����������

%HVNRZ��-����������$QLPDWLRQ�RI�7DONLQJ�$JHQWV��3URFHHGLQJV�RI�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�
6SHHFK�3URFHVVLQJ��$963·�����5KRGRV��*UHHFH��SS����������

%ODGRQ��5��$��	�$O�%DPHULQL��$����������&RDUWLFXODWLRQ�UHVLVWDQFH�LQ�(QJOLVK��O���-RXUQDO�RI�3KRQHWLFV�����
���������

%UHJOHU�� &�� &RYHOO�� 0�� DQG� 6ODQH\�� 0�� ������� 9LGHR� 5HZULWH�� 'ULYLQJ� 9LVXDO� 6SHHFK� ZLWK� $XGLR��
3URFHHGLQJV�RI�$&0�6,**5$3+·����SS�����������

%URRNH��1��0��DQG�6FRWW��'��6����������7ZR��DQG�7KUHH�'LPHQVLRQDO�$XGLR�9LVXDO�6SHHFK�6QWKHVLV��
3URFHHGLQJV�RI��,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��
SS������������

&DUOVRQ�� 5��� *UDQVWU|P�� %�� DQG� +XQQLFXWW�� 6�� �������� $� PXOWL�ODQJXDJH� WH[W�WR�VSHHFK� PRGXOH��
3URFHHGLQJV�RI� WKH�� � � �,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$FRXVWLFV��6SHHFK��DQG�6LJQDO�3URFHVVLQJ��,&$663·�����3DULV��
)UDQFH��YRO�����SS�������������

&RKHQ�� 0�� 0�� DQG� 0DVVDUR�� '�� :�� �������� 0RGHOOLQJ� &RDUWLFXODWLRQ� LQ� 6\QWKHWLF� 9LVXDO� 6SHHFK��
0DJQHQDW�7KDOPDQQ�1���7KDOPDQQ�'���(GV���0RGHOV�DQG�7HFKQLTXHV� LQ�&RPSXWHU�$QLPDWLRQ��6SULQJHU�
9HUODJ��7RN\R��SS�����������

&RVL�3���0DJQR�&DOGRJQHWWR�(���3HULQ�*��DQG�=PDULFK�&���������/DELDO�&RDUWLFXODWLRQ�0RGHOLQJ�IRU�
5HDOLVWLF� )DFLDO� $QLPDWLRQ�� 3URFHHGLQJV� RI� ,&0,� 
���� � � � � ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 0XOWLPRGDO�
,QWHUIDFHV�������3LWWVEXUJK��3$��86$��SS�����������

&ROH��5���&DUPHOO��7���&RQQRUV��3���0DFRQ��0���:RXWHUV��-���GH�9LOOLHUV��-���7DUDFKRZ���$���0DVVDUR��'��
:���&RKHQ��0��0���%HVNRZ��-���<DQJ��-���0HLHU��8���:DLEHO��$���6WRQH��3���)RUWLHU��*���'DYLV��$���	�
6RODQG��&����������,QWHOOLJHQW�DQLPDWHG�DJHQWV�IRU�LQWHUDFWLYH�ODQJXDJH�WUDLQLQJ��,Q�67L//��(6&$�:RUNVKRS�
RQ�6SHHFK�7HFKQRORJ\�LQ�/DQJXDJH�/HDUQLQJ��6WRFNKROP��6ZHGHQ��SS�����������

(]]DW��7��*HLJHU��*���3RJJLR��7����������7UDLQDEOH�9LGHRUHDOLVWLF�6SHHFK�$QLPDWLRQ��3URFHHGLQJV�RI�$&0�
6,**5$3+�������6DQ�$QWRQLR��7;��SS�����������

*XVWDIVRQ��-��%HOO��/���%HVNRZ��-���%R\H��-���&DUOVRQ��5���(GOXQG��-���*UDQVWU|P��%���+RXVH��'��	�:LUpQ��
0����������$G$SW²D�PXOWLPRGDO�FRQYHUVDWLRQDO�GLDORJXH�V\VWHP�LQ�DQ�DSDUWPHQW�GRPDLQ��3URFHHGLQJV�
RI�WKH�� � � �,QWHUQDWLRQDO�&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3·�������%HMLQJ��&KLQD��SS�����������

+lOOJUHQ��c��DQG�/\EHUJ��%����������9LVXDO�6SHHFK�6\QWKHVLV�ZLWK�&RQFDWHQDWLYH�6SHHFK��3URFHHGLQJV�RI�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$XGLWRU\�9LVXDO�6SHHFK�3URFHVVLQJ��$963·�����7HUULJDO��$XVWUDOLD��SS�����������

/H�*RII�� %���*XLDUG�0DULJQ\�� 7��� &RKHQ��0�0��� %HQRvW�� &�� �������� 5HDO�WLPH� DQDO\VLV�V\QWKHVLV� DQG�
LQWHOOLJLELOLW\�RI�WDONLQJ�IDFHV��3URFHHGLQJV�RI�WKH�VHFRQG�(6&$�,(((�:RUNVKRS�RQ�6SHHFK�6\QWKHVLV��1HZ�
3DOW]��1HZ�<RUN��86$��

/H� *RII�� %�� �������� $XWRPDWLF� 0RGHOLQJ� RI� &RDUWLFXODWLRQ� LQ� 7H[W�WR�9LVXDO� 6SHHFK� 6\QWKHVLV��
3URFHHGLQJV� RI� WKH� � � � �(XURSHDQ�&RQIHUHQFH� RQ� 6SHHFK�&RPPXQLFDWLRQ� DQG�7HFKQRORJ\� �(85263((&+·�����
5KRGRV��*UHHFH��SS������²������

/|ITYLVW�� $�� �������� 6SHHFK� DV� DXGLEOH� JHVWXUHV�� ,Q�+DUGFDVWOH��:�� -�� DQG�0DUFKDO�� $�� �(GV���6SHHFK�
3URGXFWLRQ�DQG�6SHHFK�0RGHOOLQJ��'RUGUHFKW��.OXZHU�$FDGHPLF�3XEOLVKHUV��SS������������

0DF/HRG�� $�� DQG� 6XPPHUILHOG�� 4�� �������� $� SURFHGXUH� IRU� PHDVXULQJ� DXGLWRU\� DQG� DXGLR�YLVXDO�
VSHHFK�UHFHSWLRQ�WKUHVKROGV�IRU�VHQWHQFHV�LQ�QRLVH��UDWLRQDOH��HYDOXDWLRQ��DQG�UHFRPPHQGDWLRQV�IRU�
XVH��%ULWLVK�-RXUQDO�RI�$XGLRORJ\�������������
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0DF1HLODJH�� 3�� '�� 	� 'H&OHUN�� -�� /�� �������� 2Q� WKH� PRWRU� FRQWURO� RI� FRDUWLFXODWLRQ� LQ� &9&�
PRQRV\OODEOHV��-RXUQDO�RI�WKH�$FRXVWLFDO�6RFLHW\�RI�$PHULFD�����������������

0DVVDUR��'��:�� ��������3HUFHLYLQJ� WDONLQJ� IDFHV��)URP� VSHHFK� SHUFHSWLRQ� WR� D� EHKDYLRUDO� SULQFLSOH��&DPEULGJH��
0DVVDFKXVHWWV��0,7�3UHVV��

0DVVDUR��'��:��� &RKHQ��0�0��� 7DEDLQ��0��� %HVNRZ�� -�� DQG�&ODUN�� 5�� �,Q� SUHVV��� $QLPDWHG� VSHHFK��
5HVHDUFK�SURJUHVV�DQG�DSSOLFDWLRQV��,Q�(��9DWLRNLV�%DWHVRQ��*��%DLOO\�	�3��3HUULHU��(GV���$XGLRYLVXDO�
6SHHFK�3URFHVVLQJ��0,7�3UHVV��

3DUNH��)��,����������3DUDPHWUL]HG�PRGHOV�IRU�IDFLDO�DQLPDWLRQ��,(((�&RPSXWHU�*UDSKLFV��������SS��������
3HODFKDXG�� &��� %DGOHU�� 1�,��� DQG� 6WHHGPDQ�� 0�� ������� *HQHUDWLQJ� )DFLDO� ([SUHVVLRQV� IRU� 6SHHFK��
&RJQLWLYH�6FLHQFH������������������

3HODFKDXG��&����������9LVXDO�7H[W�WR�6SHHFK��,Q�3DQG]LF��,��	�)RUFKKHLPHU��5���(GV���03(*���)DFLDO�
$QLPDWLRQ���WKH�6WDQGDUG��,PSOHPHQWDWLRQ�DQG�$SSOLFDWLRQV��-RKQ�:LOH\�	�6RQV��SS�����������

3HUNHOO��-��6����������7HVWLQJ�WKHRULHV�RI�VSHHFK�SURGXFWLRQ��LPSOLFDWLRQV�RI�VRPH�GHWDLOHG�DQDO\VHV�RI�
YDULDEOH� DUWLFXODWRU\� GDWD�� ,Q�+DUGFDVWOH��:�� -�� DQG�0DUFKDO�� $�� �(GV���6SHHFK� 3URGXFWLRQ� DQG� 6SHHFK�
0RGHOOLQJ��'RUGUHFKW��.OXZHU�$FDGHPLF�3XEOLVKHUV��SS�����������

3UHVV��:��+���7HXNROVN\��6��$���9HWWHUOLQJ��:���7��DQG�)ODQQHU\��%��3����������1XPHULFDO�5HFLSHV�LQ�&��7KH�
$UW�RI�6FLHQWLILF�&RPSXWLQJ�²�� �

� �HG��&DPEULGJH�8QLYHUVLW\�3UHVV���
5HYHUHW��/���%DLOO\��*��DQG�%DGLQ��3����������0RWKHU��D�1HZ�*HQHUDWLRQ�RI�7DONLQJ�+HDGV�3URYLGLQJ�D�
)OH[LEOH�$UWLFXODWRU\�&RQWURO�IRU�9LGHR�5HDOLVWLF�6SHHFK�$QLPDWLRQ��3URFHHGLQJV�RI�WKH�� � � �,QWHUQDWLRQDO�
&RQIHUHQFH�RQ�6SRNHQ�/DQJXDJH�3URFHVVLQJ��,&6/3·�������%HMLQJ��&KLQD��SS������������

6KDQQRQ��5��9���=HQJ��)�*���.DPDWK��9���:\JRQVNL��-��DQG�(NHOLG��0����������6SHHFK�UHFRJQLWLRQ�ZLWK�
SULPDULO\�WHPSRUDO�FXHV��6FLHQFH����������������

6LFLOLDQR��&���:LOOLDPV��*���%HVNRZ��-��DQG�)DXONQHU�$����������(YDOXDWLRQ�RI�D�0XOWLOLQJXDO�6\QWKHWLF�
7DONLQJ�)DFH�DV�D�&RPPXQLFDWLRQ�$LG�IRU�WKH�+HDULQJ�,PSDLUHG��7R�DSSHDU�LQ�3URFHHGLQJV�RI�WKH��� � � �
,QWHUQDWLRQDO�&RQJUHVV�RI�3KRQHWLF�6FLHQFHV��%DUFHORQD��6SDLQ��

6WU|P�� 1�� �������� 3KRQHPH� 3UREDELOLW\� (VWLPDWLRQ� ZLWK� '\QDPLF� 6SDUVHO\� &RQQHFWHG� $UWLILFLDO�
1HXUDO�1HWZRUNV��7KH�)UHH�6SHHFK�-RXUQDO��YRO��������

6XPE\��:��+���DQG�3ROODFN��,����������9LVXDO�&RQWULEXWLRQ�WR�6SHHFK�,QWHOOLJLELOLW\�LQ�1RLVH��-RXUQDO�RI�
WKH�$FRXVWLFDO�6RFLHW\�RI�$PHULFD��YRO������SS�����������

<HKLD�� +��� 5XELQ�� 3�� DQG� 9DWLNLRWLV�%DWHVRQ�� (�� �������� 4XDQWLWDWLYH� DVVRFLDWLRQ� RI� YRFDO�WUDFW� DQG�
IDFLDO�EHKDYLRXU��6SHHFK�&RPPXQLFDWLRQ��YRO������SS���������

<RXQJ� 6��� 2GHOO� -��� 2OODVRQ�'��� 9DOWFKHY� 9��� DQG�:RRGODQG� 3�� �������� 7KH�+7.� %RRN�� (QWURSLF�
&DPEULGJH�5HVHDUFK�/DERUDWRU\��

gKPDQ��6����������1XPHULFDO�PRGHO�RI�FRDUWLFXODWLRQ��-RXUQDO�RI�WKH�$FRXVWLFDO�6RFLHW\�RI�$PHULFD����������
�����

�


