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3DUW�,��0RGHOLQJ�6WXGHQW�/HDUQLQJ�RI�3K\VLFV

&KDSWHU��� 6WXGHQW�0RGHOV�RI�3K\VLFV

,QWURGXFWLRQ

/HDUQLQJ�LV�D�YHU\�FRPSOLFDWHG�SURFHVV���5HVHDUFKHUV�LQ�FRJQLWLYH�VFLHQFH�KDYH

GHYHORSHG�PDQ\�WKHRULHV�WR�PRGHO�WKH�VWXGHQWV©�OHDUQLQJ�RI�JHQHUDO�NQRZOHGJH�RI�WKH

SK\VLFDO�ZRUOG���7R�XQGHUVWDQG�WKH�OHDUQLQJ�RI�SK\VLFV��PDQ\�SK\VLFLVWV�DOVR�GHYHORSHG

PHWKRGV�WR�VWXG\�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�SK\VLFV���,W�LV�D�FRQWLQXLQJ�HIIRUW�RI�RXU

FRPPXQLW\�WR�ORRN�IRU�QHZ�ZD\V�WR�VWXG\�WKLV�SUREOHP�DQG�IXUWKHU�LPSURYH�RXU

XQGHUVWDQGLQJ�RI�VWXGHQW�OHDUQLQJ�

,Q�RXU�UHVHDUFK�RQ�VWXGHQW�XQGHUVWDQGLQJ�RI�SK\VLFV��ZH�RIWHQ�KDYH�WKH�H[SHULHQFH�WKDW

VWXGHQWV�DUH�QRW�FRQVLVWHQW�LQ�VROYLQJ�SUREOHPV�DQG�VRPHWLPHV�HYHQ�XVH�FRQWUDGLFWRU\�LGHDV

WR�DQVZHU�VLPLODU�TXHVWLRQV���,Q�PDQ\�FDVHV�ZKHQ�D�VLPLODU�FRQFHSW�LV�SUHVHQWHG�XQGHU

GLIIHUHQW�SK\VLFDO�FRQWH[WV��H�J��GLIIHUHQW�TXHVWLRQV�RQ�D�VLQJOH�FRQFHSW���VWXGHQWV�PD\�KDYH

GLIILFXOWLHV�LQ�LGHQWLI\LQJ�WKH�FRUUHFW�SK\VLFV�DQG�WHQG�WR�XVH�SLHFHV�RI�NQRZOHGJH�WKDW�DUH

LQGXFHG�E\�WKH�VXUIDFH�IHDWXUHV�RI�WKH�VSHFLILF�FRQWH[WV���7KHUHIRUH��VWXGHQWV�VHHP�WR

IXQFWLRQ�DV�LI�WKH\�KROG�D�PL[WXUH�RI�GLIIHUHQW�PRGHOV��FRUUHFW�RQHV�DQG�LQFRUUHFW�RQHV�

ZLWKRXW�NQRZLQJ�WKH�DSSURSULDWH�FLUFXPVWDQFHV�LQ�ZKLFK�WR�DSSO\�WKHP�
�
��$�SDUWLFXODU

UHVSRQVH�PD\�EH�WULJJHUHG�E\�D�FRPELQDWLRQ�RI�H[WHUQDO�DQG�LQWHUQDO�FLUFXPVWDQFHV�WKDW�DUH

RIWHQ�GLIILFXOW�WR�GHWHUPLQH���$V�D�UHVXOW�ZKHQ�VWXGHQWV�DQVZHU�TXHVWLRQV�RQ�D�WHVW��WKHLU

UHVSRQVHV�DSSHDU�WR�FRQWDLQ�TXLWH�D�ELW�RI�UDQGRPQHVV���$�PDMRU�JRDO�RI�WKLV�UHVHDUFK�LV�WR

ILQG�D�ZD\�WR�PRGHO�VXFK�FRPSOLFDWHG�VLWXDWLRQV�DQG�WR�GHYHORS�D�PHWKRG�WR�HYDOXDWH�WKH

SRVVLELOLWLHV�RI�VWXGHQWV�XVLQJ�SDUWLFXODU�PRGHOV�ZLWK�TXDQWLWDWLYH�PHDVXUHPHQWV���:H�FDOO

WKLV�QHZ�PHWKRG�DV�0RGHO�$QDO\VLV�

,Q�WKLV�FKDSWHU��,�ZLOO�VWDUW�ZLWK�D�EULHI�LQWURGXFWLRQ�RI�VRPH�FXUUHQW�OHDUQLQJ�WKHRULHV

WKDW�KDYH�VXEVWDQWLDO�LQIOXHQFH�RQ�RXU�XQGHUVWDQGLQJ�RI�VWXGHQW�OHDUQLQJ���$V�ZH�DUH�DZDUH�

D�XQLILHG�WKHRU\�RQ�OHDUQLQJ�KDVQ©W�EHHQ�GHYHORSHG���,Q�IDFW��WKHUH�DUH�D�YHU\�ODUJH�QXPEHU

RI�GLIIHUHQW�WKHRULHV�ZLWK�VLJQLILFDQW�RYHUODS�DQG�JUHDW�HODERUDWLYH�GHWDLOV�
�
��2XU�PRGHO�RI

WKH�OHDUQLQJ�SURFHVV�ZLOO�PRVWO\�IRFXV�RQ�WKH�GHILQLWLRQ�HYDOXDWLRQ�RI�WKH�PHQWDO�HOHPHQWV

DQG�SURFHVVHV�WKDW�DUH�FRPPRQ�DQG�FUXFLDO�WR�WKH�VWXGHQWV�LQ�OHDUQLQJ�SK\VLFV���7KHVH

GHILQLWLRQV�DUH�XVHG�LQ�FKDSWHU���DQG���ZKHUH�PDWKHPDWLFDO�DOJRULWKPV�DUH�GHYHORSHG�WR�GR

TXDQWLWDWLYH�DQDO\VLV�RI�WKHVH�PHQWDO�HOHPHQWV���5HDGHUV�ZLWK�QR�LQWHUHVWV�RQ�OHDUQLQJ

WKHRULHV�FDQ�VNLS�WKLV�FKDSWHU���+RZHYHU��LW�LV�UHFRPPHQGHG�WR�WDNH�D�EULHI�ORRN�DW�WKH

VHFWLRQ��¦G\QDPLFV�RI�VWXGHQW�PRGHOV§��IRU�WKH�GHILQLWLRQV�RI�WKH�PHQWDO�HOHPHQWV�XVHG�LQ

ODWHU�FKDSWHUV�

6RPH�&XUUHQW�7KHRULHV�RQ�/HDUQLQJ

,Q�FRJQLWLYH�VFLHQFH�UHVHDUFK��PDQ\�WKHRULHV�KDYH�EHHQ�GHYHORSHG�WR�PRGHO�WKH

FRQFHSWXDO�OHDUQLQJ�SURFHVV���,Q�WKLV�VHFWLRQ��,�EULHIO\�LQWURGXFH�VRPH�LQIOXHQWLDO�WKHRULHV�LQ

FRJQLWLYH�VFLHQFH�



�

7KH�3LDJHW©V�&RJQLWLYH�6WDJH�7KHRU\

3LDJHW©V�WKHRU\�LV�RIWHQ�FRQVLGHUHG�WKH�PRVW�ZLGHO\�NQRZQ�WKHRU\�RI�FRJQLWLYH

GHYHORSPHQW�
�
��+LV�LQIOXHQFH�KDV�VSUHDG�QRW�RQO\�WKURXJKRXW�WKH�GLVFLSOLQHV�RI�SV\FKRORJ\

EXW�DOVR�LQWR�DUHDV�VXFK�DV�HGXFDWLRQ�DQG�SKLORVRSK\���,Q�3LDJHW©V�YLHZ��PRPHQW�WR�

PRPHQW�VSHFLILF�HQFRXQWHUV�ZLWK�REMHFWV�RU�SHRSOH�OHDG�WR�JHQHUDO�ZD\V�RI�XQGHUVWDQGLQJ

WKH�ZRUOG�ZKLFK�FKDQJHV�GXULQJ�GHYHORSPHQW�DV�WKLQNLQJ�SURJUHVVHV�WKURXJK�YDULRXV

VWDJHV�IURP�ELUWK�WR�PDWXULW\���0RUHRYHU��FKLOGUHQ�WKHPVHOYHV�DFWLYHO\�FRQVWUXFW�WKLV

NQRZOHGJH�

3LDJHW�LV�FRQVLGHUHG�WR�EH�D�VWUXFWXUDOLVW���7KLV�PHDQV�WKDW�KH�SURSRVHG�WKDW�D�VPDOO�VHW

RI�PHQWDO�RSHUDWLRQV�XQGHUOLH�D�ZLGH�YDULHW\�RI�WKLQNLQJ�HSLVRGHV���7KXV�IRU�PDQ\�DSSDUHQW

GLYHUVLW\�RI�SKHQRPHQRQ��WKHUH�H[LVWV�DQ�XQGHUO\LQJ�VWUXFWXUH���6WUXFWXUDOLVWV�WU\�WR�LGHQWLI\

SDUWV�DQG�GHWHUPLQH�KRZ�WKH\�DUH�RUJDQL]HG�LQWR�D�ZKROH���,Q�SDUWLFXODU��WKH\�DUH�FRQFHUQHG

ZLWK�UHODWLRQVKLSV�¤�EHWZHHQ�SDUWV�DQG�WKH�ZKROH�DQG�EHWZHHQ�DQ�HDUOLHU�DQG�D�ODWHU�VWDWH�

)RU�H[DPSOH��3LDJHW�DQG�KLV�IROORZHUV�FODLP�WKDW�WKH�WKLQNLQJ�RI�\RXQJHU�DQG�ROGHU�FKLOGUHQ

KDV�VLPLODU�HOHPHQWV��EXW�WKHVH�HOHPHQWV�DUH�FRPELQHG�LQ�GLIIHUHQW�ZD\V�WR�IRUP�WKH

RUJDQL]HG�ZKROH�RI�WKRXJKW�
�
��3LDJHW©V�ZRUN�LV�RQH�RI�WKH�ILUVW�IHZ�WKHRULHV�WKDW�KDYH�PDGH

VXEVWDQWLDO�LPSDFW�RQ�WKH�GHYHORSPHQW�RI�FRJQLWLYH�VFLHQFH���+RZHYHU��PDQ\�RI�WKH

3LDJHW©V�SURSRVDOV�KDYH�EHHQ�PRGLILHG�DV�D�UHVXOW�RI�VXEVHTXHQW�REVHUYDWLRQ�DQG

LQWHUSUHWDWLRQ�
�

7KH�0HQWDO�0RGHO�7KHRU\

0HQWDO�0RGHO�LV�D�WHUP�XVHG�E\�PDQ\�UHVHDUFKHUV�LQ�FRJQLWLYH�VFLHQFH�DQG�3(5�DQG

RIWHQ�ZLWK�GLIIHUHQW�PHDQLQJV���,Q�WKLV�VHFWLRQ��,�ZLOO�EULHIO\�LQWURGXFH�VRPH�ZRUN�RQ

PHQWDO�PRGHOV�E\�6WHOOD�9RVQLDGRX�
�
�+HU�UHVHDUFK�LV�DQ�DWWHPSW�WR�FDSWXUH�DQG�PRGHO�WKH

NLQG�RI�FRQFHSWXDO�FKDQJH�WKDW�WDNHV�SODFH�LQ�WKH�SURFHVV�RI�DFTXLULQJ�NQRZOHGJH�DERXW�WKH

SK\VLFDO�ZRUOG�

,Q�VXPPDU\�RI�KHU�WKHRU\��LW�LV�DUJXHG�WKDW�D�QDwYH�XQGHUVWDQGLQJ�YLHZV�RI�SK\VLFV�LV

HVWDEOLVKHG�HDUO\�RQ�LQ�LQIDQF\�DQG�IRUPV�WKH�EDVLV�RI�LQGLYLGXDOV©�EHOLHIV�DQG�EDVLF

FRQFHSWLRQ�RI�WKH�SK\VLFDO�ZRUOG����7KHVH�QDwYH�YLHZV�DQG�EHOLHIV�DFW�DV�FRQVWUDLQWV�RQ�WKH

ZD\�LQGLYLGXDOV�LQWHUSUHW�WKHLU�REVHUYDWLRQV�DQG�WKH�LQIRUPDWLRQ�WKH\�UHFHLYH�IURP�WKH

HQYLURQPHQW�WR�FRQVWUXFW�VSHFLILF�SHUVRQDO�WKHRU\�DERXW�WKH�SK\VLFDO�ZRUOG��7KH�KXPDQ

PLQG�RSHUDWHV�EDVHG�RQ�WKH�EDVLV�RI�WKHVH�GRPDLQ�VSHFLILF�FRQVWUDLQWV�ZKLFK�UHIOHFW�WKH

VWUXFWXUH�RI�WKH�VSHFLILF�DGDSWLYH�SUREOHPV�KXPDQV�QHHGHG�WR�VROYH�RYHU�D�ORQJ�SHULRG�RI

WLPH�LQ�WKH�FRXUVH�RI�HYROXWLRQ�

%DVHG�RQ�WKHVH�FRQVWUDLQWV��D�IXQFWLRQDO�PHFKDQLVP�FDOOHG�0HQWDO�0RGHO�LV�FRQVWUXFWHG

WR�GHDO�ZLWK�VSHFLILF�SUREOHPV�LQ�SUDFWLFH���$FFRUGLQJ�WR�KHU�GHILQLWLRQ��PHQWDO�PRGHOV�DUH

G\QDPLF�DQG�JHQHUDWLYH�UHSUHVHQWDWLRQV��ZKLFK�FDQ�EH�PDQLSXODWHG�PHQWDOO\�WR�SURYLGH

FDXVDO�H[SODQDWLRQV�RI�SK\VLFDO�SKHQRPHQD�DQG�PDNH�SUHGLFWLRQV�DERXW�WKH�VWDWH�RI�DIIDLUV

LQ�WKH�SK\VLFDO�ZRUOG���7KH\�FDQ�EH�JHQHUDWHG�RQ�WKH�VSRW�WR�GHDO�ZLWK�WKH�GHPDQGV�RI

VSHFLILF�SUREOHP�VROYLQJ�VLWXDWLRQV�DQG�VRPH�PHQWDO�PRGHOV��RU�SDUWV�RI�WKHP��ZKLFK�KDYH

EHHQ�SURYHQ�WR�EH�XVHIXO�LQ�WKH�SDVW��FDQ�DOVR�EH�VWRUHG�LQ�ORQJ�WHUP�PHPRU\�IRU�IXWXUH

XVHV�



�

$�SHUVRQ©V�EHOLHIV�DQG�PHQWDO�PRGHOV�DUH�FRQWLQXRXVO\�HQULFKHG�DQG�PRGLILHG�WKURXJK

WKH�OHDUQLQJ�SURFHVV�WR�SURYLGH�EHWWHU�UHSUHVHQWDWLRQV�DQG�H[SODQDWLRQV�IRU�WKH�SK\VLFDO

ZRUOG��6RPH�NLQGV�RI�FRQFHSWXDO�FKDQJH�UHTXLUH�WKH�VLPSOH�DGGLWLRQ�RI�QHZ�LQIRUPDWLRQ�WR

DQ�H[LVWLQJ�FRQFHSWXDO�VWUXFWXUH���2WKHUV�DUH�DFFRPSOLVKHG�RQO\�ZKHQ�H[LVWLQJ�EHOLHIV�DQG

SUHVXSSRVLWLRQV�DUH�UHYLVHG���7KHVH�WZR�W\SHV�RI�FRQFHSWXDO�FKDQJHV�DUH�DOVR�VWXGLHG�E\

3LDJHW�ZKHUH�KH�UHIHUUHG�WR�WKHP�DV�¦DVVLPLODWLRQ§�DQG�¦DFFRPPRGDWLRQ§���*HQHUDOO\�WKH

VHFRQG�NLQG�RI�FRQFHSWXDO�FKDQJH�LV�SDUWLFXODUO\�GLIILFXOW�WR�DFKLHYH�DQG�YHU\�OLNHO\�WR

LQGXFH�PLVFRQFHSWLRQV�VLQFH�LW�UHTXLUHV�WKH�UHYLVLRQ�RI�IXQGDPHQWDO�SUHVXSSRVLWLRQV��ZKLFK

LV�D�UHODWLYHO\�FRKHUHQW�V\VWHPV�RI�H[SODQDWLRQ�EDVHG�RQ�HYHU\GD\�H[SHULHQFH�DQG�WLHG�WR

\HDUV�RI�FRQILUPDWLRQ�

7KHUHIRUH�WKH�PRGLILFDWLRQ�RI�VXFK�D�IXQGDPHQWDO�FRQFHSWXDO�VWUXFWXUH�PD\�LQFXU�D

FRPSOHWH�UHRUJDQL]LQJ�DQG�UHLQWHUSUHWDWLRQ�RI�DOO�WKH�EHOLHIV��WKHRULHV��PHQWDO�PRGHOV��DQG

SKHQRPHQDO�UHSUHVHQWDWLRQV�WKDW�RQH�KDV�GHYHORSHG�EDVHG�RQ�WKLV�VWUXFWXUH���,W�LV�D�YHU\

FRPSOH[��GLIILFXOW�DQG�WLPH�FRQVXPLQJ�SURFHVV�DQG�FDQ�HDVLO\�JR�ZURQJ�EXW�LW�LV�KDUG�WR

GHWHFW�DQG�FRQWURO�ZLWK�WKH�WUDGLWLRQDO�WHDFKLQJ�HQYLURQPHQWV�

3KHQRPHQRORJLFDO�3ULPLWLYHV�DQG�)DFHWV�RI�.QRZOHGJH

,Q�PRGHOLQJ�PRUH�DEVWUDFW�IRUPV�RI�PHQWDO�SURFHVVHV��$��'L6HVVD�GHYHORSHG

¦SKHQRPHQRORJLFDO�SULPLWLYHV§��S�SULPV��WR�FKDUDFWHUL]H�D�VSHFLDO�OD\HU�RI�PHQWDO

FRQVWUXFW�WKDW�DUH�EHQHDWK�WKH�FRPSOH[�RI�SKHQRPHQDO�FRQFHSWV�DQG�PRGHOV�DQG�VHUYHV�DV

IRXQGDWLRQ�IRU�WKHP�
�� �
�(OHPHQWV�RI�WKLV�OD\HU�KDYH�WKH�SURSHUW\�EHLQJ�SULPLWLYH�LQ�WKH

VHQVH�WKDW�WKH\�DUH�QRW�H[SOLFLWO\�H[SODLQHG�RU�MXVWLILHG�ZLWKLQ�WKH�V\VWHP���7KH\�DUH�DOVR

UHODWLYHO\�LQGHSHQGHQW�RI�FRQWH[W�

,Q�WKH�FRXUVH�RI�OHDUQLQJ��SK\VLFV�QDwYH�VWXGHQWV�EHJLQ�ZLWK�D�ULFK�EXW�KHWHUDUFKLFDO

�QRQH�EHLQJ�VLJQLILFDQWO\�PRUH�LPSRUWDQW�WKDQ�RWKHUV��FROOHFWLRQ�RI�UHFRJQL]DEOH

SKHQRPHQD�LQ�WHUPV�RI�ZKLFK�WKH\�VHH�WKH�ZRUOG�DQG�VRPHWLPHV�H[SODLQ�LW���7KH\�FDQ�VHUYH

D�YDULHW\�RI�FRJQLWLYH�IXQFWLRQV�LQ�D�SK\VLFLVW©V�NQRZLQJ�SK\VLFV��IRU�H[DPSOH��WKH\�FDQ

VHUYH�DV�KHXULVWLF�FXHV�WR�VSHFLILF��PRUH�WHFKQLFDO�DQDO\VLV�

,Q�D�VHQVH��D�S�SULP�LV�D�FRPPRQ�DQG�VPDOO�ORJLFDO�EXLOGLQJ�EORFN�WKDW�DOORZV�SHRSOH�WR

GHVFULEH�EDVLF�HOHPHQWV�RI�FRPPRQ�HYHQWV�LQ�PDQ\�GLIIHUHQW�VLWXDWLRQV��L�H���S�SULPV�DUH

DEVWUDFW�DQG�FRQWH[W�JHQHUDO�PHQWDO�VWUXFWXUHV���$�SUDFWLFDO�H[DPSOH�RI�D�FRPPRQ�S�SULP

WKDW�VWXGHQWV�RIWHQ�XVH�LQ�WKLQNLQJ�SK\VLFV�LV�WKH�2KP©V�SULPLWLYH���7KH�QDPH�FRPHV�IURP

WKH�FRUUHFW�SK\VLFV�UHDVRQLQJ�IRXQG�LQ�2KP©V�ODZ��9� �,5���7R�PDLQWDLQ�WKH�VDPH�FXUUHQW

ZLWK�D�ODUJHU�UHVLVWRU��D�ODUJHU�YROWDJH�LV�UHTXLUHG���7KLV�S�SULP�UHSUHVHQWV�D�VLPSOH

UHDVRQLQJ�WKDW�¦PRUH�UHTXLUHV�PRUH§���:H�RIWHQ�VHH�VWXGHQWV�XVH�VXFK�W\SH�RI�UHDVRQLQJ�LQ

PHFKDQLFV�VXFK�DV�¦ELJJHU�PDVV�UHTXLUHV�ELJJHU�IRUFH§���7KLV�LV�QRW�QHFHVVDULO\�LQFRUUHFW�

EXW�LW�LV�RIWHQ�RYHUO\�VLPSOLILHG���%XW�VWXGHQWV�RIWHQ�KDYH�D�VWURQJ�WHQGHQF\�WR�XVH�VXFK

VLPSOH�UHDVRQLQJ�XQGHU�GLIIHUHQW�FLUFXPVWDQFHV�FDXVLQJ�GLIILFXOWLHV�LQ�OHDUQLQJ�

6LQFH�S�SULPV�DUH�FRQWH[W�JHQHUDO��WKHLU�LQYROYHPHQW�LQ�PHQWDO�RSHUDWLRQ�LV�RIWHQ

LPSOLFLW��L�H���SHRSOH�DUH�RIWHQ�XQDZDUH�WKDW�WKH\�DUH�XVLQJ�FHUWDLQ�S�SULPV���:KHQ�S�SULPV

JHW�LQYROYHG�ZLWK�VSHFLILF�FRQWH[W��D�PHQWDO�VWUXFWXUH��UHIHUUHG�DV�¦IDFHW§�E\�0LQVWUHOO��FDQ

EH�IRUPHG�
�
��)DFHWV�FDQ�EH�FRQVLGHUHG�DV�FRQWH[W�VSHFLILF�LQWHUSUHWDWLRQV�RI�S�SULPV�



�

7KHUHIRUH��IDFHWV�DUH�RIWHQ�H[SOLFLWO\�LQYROYHG�LQ�PHQWDO�RSHUDWLRQ�DQG�FDQ�EH�REVHUYHG

IURP�VWXGHQW�UHVSRQVHV���)RU�H[DPSOH��ZKHQ�D�VWXGHQW�WKLQNV�WKDW�¦PRUH�PDVV�UHTXLUHV

PRUH�IRUFH§��KH�PD\�QRW�EH�H[SOLFLWO\�DZDUH�WKDW�KH�LV�XVLQJ�D�JHQHUDO�UHDVRQLQJ�SDWWHUQ�RI

¦PRUH�UHTXLUHV�PRUH§���+RZHYHU��KH�GRHV�H[SOLFLWO\�XVH�WKH�LGHD�WKDW�¦PRUH�PDVV�UHTXLUHV

PRUH�IRUFH§�LQ�KLV�UHDVRQLQJ�XQGHU�WKH�VSHFLILF�FRQWH[W�

6LQFH�WKH�S�SULP�RI�¦PRUH�UHTXLUHV�PRUH§�GRHV�QRW�LQYROYH�DQ\�FRQWH[WXDO�LQIRUPDWLRQ�

LW�FRXOG�EH�PRUH�PDVV�DQG�PRUH�IRUFH��RU�PRUH�UHVLVWDQFH�PRUH�FXUUHQW��RU�HYHQ�PRUH�IRRG

PRUH�HQHUJ\���7KH�IDFHW�RI�¦PRUH�PDVV�UHTXLUHV�PRUH�IRUFH§�WKHQ�ORFDOL]HV�WKH�DSSOLFDWLRQ

GRPDLQ�WR�WKH�PHFKDQLFV�DQG�WKH�FRQWH[WXDO�IHDWXUHV�RI�¦PDVV�DQG�IRUFH§�DOVR�SURYLGH

XVHIXO�FXHLQJ�LQIRUPDWLRQ�IRU�SURSHU�WULJJHULQJ�RI�WKLV�IDFHW���,Q�DGGLWLRQ��WKLV�IDFHW��DV�D

VHOI�FRQVLVWHQW�UHDVRQLQJ�XQLW�ZLWK�ULFK�FRQWH[W�LQIRUPDWLRQ��FDQ�EH�DSSOLHG�GLUHFWO\�LQ

GLIIHUHQW�VLWXDWLRQV�RI�PHFKDQLFV�WR�REWDLQ�H[SODQDWLRQV���7KHUHIRUH��LW�LV�DOVR�D�SURGXFWLYH

PHQWDO�VWUXFWXUH�

$V�ZH�FDQ�VHH��WKH�GHILQLWLRQV�RI�PDQ\�GLIIHUHQW�PHQWDO�HOHPHQWV�DSSHDUHG�LQ�GLIIHUHQW

WKHRULHV�DUH�RIWHQ�VLPLODU��H[FHSW�IRU�WKH�QDPHV����7KH�S�SULP�LV�LQ�D�VHQVH�VLPLODU�WR�WKH

HOHPHQW�GHILQHG�DV�¦IXQGDPHQWDO�EHOLHIV§�E\�9RVQLDGRX�ZKRVH�GHILQLWLRQ�RI�PHQWDO�PRGHO

LV�DOVR�VLPLODU�WR�WKH�GHILQLWLRQ�RI�¦IDFHW§�RU�FROOHFWLRQ�RI�UHODWHG�IDFHWV�E\�0LQVWUHOO���,Q�WKH

IROORZLQJ�VHFWLRQV��,�ZLOO�LQWURGXFH�RXU�PRGHO�RI�FRQFHSWXDO�OHDUQLQJ���,�ZLOO�QRW�IROORZ

WKHRULHV�GHYHORSHG�E\�DQ\�VSHFLILF�UHVHDUFKHU��EXW�UDWKHU�VHOHFW�WKRVH�RI�WKHLU�LGHDV�WKDW�DUH

XVHIXO�LQ�GHYHORSLQJ�RXU�PRGHO�WR�XQGHUVWDQG�DQG�DOVR�WR�PDNH�PHDVXUHPHQW�RQ�DVSHFWV�RI

VWXGHQW�FRQFHSWXDO�XQGHUVWDQGLQJ�RI�SK\VLFV�

&RQFHSWXDO�&RPSHWLWLRQ�DQG�0L[LQJ

7KH�WKHRULHV�GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQV�RIWHQ�HPSKDVL]H�WKH�VWUXFWXUHV�RI

LQGLYLGXDO�PHQWDO�HOHPHQWV�WKDW�DUH�LPSRUWDQW�LQ�OHDUQLQJ���:KHQ�FRQVLGHULQJ�KRZ�WKH

PHQWDO�HOHPHQWV�LQWHUDFW�DQG�HYROYH�LQ�D�G\QDPLF�OHDUQLQJ�SURFHVV��'��3��0DORQH\�DQG�5�

6��6LHJOHU�SURSRVHG�D�IUDPHZRUN�WR�PRGHO�WKH�VWXGHQW�OHDUQLQJ�RI�SK\VLFV�
��
��7KH

IUDPHZRUN�VXJJHVWV�WKDW�WKH�VWXGHQW�PLJKW�ERWK�HQWHU�DQG�OHDYH�WKH�FRXUVH�ZLWK�VHYHUDO

GLIIHUHQW�XQGHUVWDQGLQJV�RI�UHOHYDQW�FRQFHSWV�ZRXOG�FRH[LVW�DQG�FRPSHWH�ZLWK��UDWKHU

UHSODFH��WKH�SUHYLRXV�YDULRXV�SUREOHPV���7KH�XQGHUVWDQGLQJ�WKDW�ZLQV�WKH�FRPSHWLWLRQ�RQ�D

JLYHQ�SUREOHP�ZLOO�EH�XVHG�WR�UHSUHVHQW�WKDW�SUREOHP���7KH�SUREDELOLW\�RI�D�SDUWLFXODU

XQGHUVWDQGLQJ�ZLQQLQJ�WKH�FRPSHWLWLRQ�ZRXOG�EH�D�IXQFWLRQ�RI�WKH�YDOXHV�RI�WKH�JHQHUDO

VWUHQJWK�RI�WKDW�XQGHUVWDQGLQJ�UHODWLYH�WR�WKDW�RI�WKH�FRPSHWLQJ�XQGHUVWDQGLQJV��DQG�WKH

VWUHQJWK�WKH�EHWZHHQ�WKH�XQGHUVWDQGLQJ�DQG�SDUWLFXODU�IHDWXUHV�RI�WKH�SUREOHPV�UHODWLYH�WR

WKRVH�RI�FRPSHWLQJ�XQGHUVWDQGLQJV�

5��7KRUQWRQ�GHYHORSHG�D�SKHQRPHQRORJLFDO�IUDPHZRUN�WR�LGHQWLI\�VWXGHQW�YLHZV�RI�WKH

SK\VLFDO�ZRUOG�DQG�WR�H[SORUH�WKH�G\QDPLF�SURFHVV�E\�ZKLFK�WKHVH�VWXGHQW�YLHZV�DUH

WUDQVIRUPHG�GXULQJ�LQVWUXFWLRQ�
��
��,Q�KLV�UHVHDUFK��GLIIHUHQW�XQGHUVWDQGLQJV�RI�D�SK\VLFV

FRQFHSW�ZHUH�GHILQHG�DV�GLIIHUHQW�VWXGHQW�YLHZV���'XULQJ�LQVWUXFWLRQ��VWXGHQWV�ZHUH�IRXQG

WR�KDYH�GLIIHUHQW�YLHZV�WKDW�DUH�FRH[LVWLQJ�DW�WKH�VDPH�WLPH���6XFK�PL[LQJ�RI�VWXGHQW�YLHZV

ZDV�GHILQHG�DV�D�WUDQVLWLRQDO�VWDWH���+LV�UHVHDUFK�DOVR�VXJJHVWV�WKDW�ZKHQ�FKDQJLQJ�YLHZV

PDQ\�VWXGHQWV�RIWHQ�PRYH�WKURXJK�D�WUDQVLWLRQDO�VWDWH�



��

7KH�3(5*�DW�80G�DOVR�VWXGLHG�WKH�LVVXH�RI�VWXGHQW�XVH�RI�PL[HG�LGHDV���0��:LWWPDQQ

GLG�D�GHWDLOHG�LQYHVWLJDWLRQ�RQ�WKLV�LVVXH�LQ�WKH�FRQWH[W�RI�PHFKDQLFDO�ZDYHV�
��
��7KH

UHVHDUFK�VXJJHVWV�WKDW�VWXGHQWV�RIWHQ�KROG�VHYHUDO�GLIIHUHQW�¦PRGHOV§�DW�WKH�VDPH�WLPH�DQG

XVH�WKHVH�¦PRGHOV§�LQFRQVLVWHQWO\�LQ�D�PL[HG�ZD\�

$FFRUGLQJ�WR�WKHVH�UHVHDUFKHV��WKH�XVH�RI�PL[HG�LGHDV��RU�FRPSHWLQJ�FRQFHSWV��VHHPV�WR

EH�D�W\SLFDO�DQG�LPSRUWDQW�VWDJH�LQ�VWXGHQW�OHDUQLQJ�RI�SK\VLFV���$�VLJQLILFDQW�SDUW�RI�P\

UHVHDUFK�LV�WR�GHYHORS�PHWKRGV�WR�GR�TXDQWLWDWLYH�HYDOXDWLRQV�RI�YDULRXV�DVSHFWV�RI�VWXGHQWV

XVLQJ�WKHLU�PRGHOV�

2XU�0RGHO�RI�&RQFHSWXDO�/HDUQLQJ

7KH�WKHRULHV�LQWURGXFHG�LQ�WKH�SUHYLRXV�VHFWLRQ�DOO�GHDO�ZLWK�LPSRUWDQW�LVVXHV�RI�WKH

OHDUQLQJ�SURFHVV���+RZHYHU��D�FRKHUHQW�WKHRUHWLFDO�DQG�PDWKHPDWLFDO�IUDPHZRUN�WKDW�FDQ

LQWHJUDWH�PDQ\�RI�WKH�LPSRUWDQW�SLHFHV�ZLWK�TXDQWLWDWLYH�PHWKRGV�LV�QRW�\HW�GHYHORSHG�

7KLV�GLVVHUWDWLRQ�LV�DQ�DWWHPSW�WR�GHYHORS�VXFK�D�IUDPHZRUN��RU�XVHIXO�HOHPHQWV�RI�LW����7KH

WKHRUHWLFDO�IRXQGDWLRQ�LV�EDVHG�RQ�XVHIXO�LGHDV�GHYHORSHG�LQ�WKH�WKHRULHV�GLVFXVVHG�LQ�WKH

SUHYLRXV�VHFWLRQ���7KH�HPSKDVLV�LQ�P\�UHVHDUFK�LV�WR�OD\�RXW�D�FRKHUHQW�WKHRUHWLFDO

IUDPHZRUN�DQG�GHYHORS�D�PDWKHPDWLFDO�UHSUHVHQWDWLRQ�WR�PRGHO�WKH�LPSRUWDQW�PHQWDO

HOHPHQWV�DV�ZHOO�DV�WKH�G\QDPLFV�RI�WKHVH�HOHPHQWV��DQG�DOVR�WR�GHYHORS�QXPHULFDO

DOJRULWKPV�WKDW�DOORZ�TXDQWLWDWLYH�HYDOXDWLRQV�RI�FRQFHSWXDO�OHDUQLQJ�

:H�VWXG\�VWXGHQW�OHDUQLQJ�LQ�SK\VLFV�FODVVHV���7KH�LQVWUXPHQWV�WKDW�ZH�XVXDOO\�XVH�WR

PDNH�REVHUYDWLRQV�LQFOXGH�YDULRXV�NLQGV�RI�FRQFHSWXDO�WHVWV�DQG�LQWHUYLHZV���2XU�GDWD�LV

WKH�VWXGHQW�UHVSRQVHV�RQ�WKHVH�WHVWV�DQG�LQWHUYLHZV���,Q�JHQHUDO��WKH�VWXGHQW�LQWHUQDO�VWDWHV

LQ�OHDUQLQJ�DUH�XQFHUWDLQ�WR�DQ�H[WHUQDO�REVHUYHU�DQG�FDQ�QRW�EH�PHDVXUHG�GLUHFWO\�ZLWK

FXUUHQW�WHFKQRORJ\���%XW�LQ�PDQ\�FDVHV��WKH\�FDQ�EH�HIIHFWLYHO\�LQIHUUHG�E\�DQDO\]LQJ�WKH

GDWD�IURP�RXU�REVHUYDWLRQV���7R�GR�VR��ZH�QHHG�DQ�DSSURSULDWH�PRGHO�IRU�WKH�OHDUQLQJ

SURFHVV�DQG�D�VHW�RI�PDWKHPDWLFDO�WRROV�WR�SURFHVV�WKH�GDWD�DQG�H[WUDFW�WKH�UHTXLUHG

LQIRUPDWLRQ�

,Q�RUGHU�WR�XQGHUVWDQG�WKH�OHDUQLQJ�SURFHVV��ZH�QHHG�D�ZD\�WR�PDS�RXW�KRZ�WKH

NQRZOHGJH�LV�VWUXFWXUHG�LQ�WKH�EUDLQ���$V�DUJXHG�E\�PDQ\�FRJQLWLYH�VFLHQFH�UHVHDUFKHUV�DQG

LQIHUUHG�IURP�RXU�RZQ�UHVHDUFK��ZH�EHOLHYH�WKDW�LQ�WKH�VWXGHQW�OHDUQLQJ�SURFHVV�WKHUH�H[LVWV

FHUWDLQ�VWDEOH��RU�WHPSRUDULO\�VWDEOH��PHQWDO�VWUXFWXUHV�ZLWK�GLIIHUHQW�IXQFWLRQDO�VSHFLDOWLHV�

7KHVH�PHQWDO�HOHPHQWV�FDQ�KDYH�LPSRUWDQW�LQIOXHQFH�RQ�VWXGHQW�OHDUQLQJ���7KH�JRDO�LV�WR

LGHQWLI\�WKHVH�HOHPHQWV�DQG�VWXG\�WKH�G\QDPLFV�RI�WKH�ZD\V�WKHVH�HOHPHQWV�DUH�LQYROYHG�LQ

YDULRXV�PHQWDO�SURFHVVHV�

,Q�JHQHUDO��ZH�FRQVLGHU�WKUHH�W\SHV�RI�PHQWDO�HOHPHQWV��SULQFLSOHV��PRGHOV��DQG�IDFWV�

7KH�SULQFLSOHV�DUH�FRQWH[W�JHQHUDO�PHQWDO�HOHPHQWV�WKDW�FDQ�EH�LQYROYHG�LQ�D�ZLGH�YDULHW\

RI�GLIIHUHQW�FRQWH[WV�
��
��3�SULPV�DQG�IXQGDPHQWDO�EHOLHIV�DUH�H[DPSOHV�RI�VXFK�SULQFLSOH�

W\SH�PHQWDO�HOHPHQWV����0RGHOV�DUH�IXQFWLRQDO�PHQWDO�FRQVWUXFWV�WKDW�DUH�DVVRFLDWHG�ZLWK

VSHFLILF�SK\VLFV�FRQWH[WV�DQG�FDQ�EH�DSSOLHG�GLUHFWO\�LQ�GLIIHUHQW�FRQWH[W�LQVWDQFHV�WR�REWDLQ

H[SODQDWRU\�UHVXOWV���0HQWDO�PRGHOV�DQG�IDFHWV�DUH�H[DPSOHV�RI�ZKDW�ZH�FDOO�PRGHOV���)DFWV

DUH�WKH�YHU\�FRQFUHWH�SK\VLFDO�LQVWDQFHV�WKDW�SHRSOH�KDYH�LQ�WKHLU�PHPRU\���([DPSOHV�RI

IDFWV�LQFOXGH�WKH�SHUVRQDO�H[SHULHQFHV�DQG�UHDO�ZRUOG�H[DPSOHV�



��

&RQWH[W�'HSHQGHQFH�RI�/HDUQLQJ

,Q�WKLV�VHFWLRQ��,�GLVFXVV�WKH�FRQWH[W�GHSHQGHQW�IHDWXUHV�RI�PHQWDO�HOHPHQWV�DQG�PHQWDO

SURFHVVHV���/HDUQLQJ�VWDUWV�ZLWK�LQSXW�IURP�WKH�H[WHUQDO�ZRUOG���7KHUH�PLJKW�EH�SK\VLFDO

VWUXFWXUHV�LQ�WKH�EUDLQ�WKDW�PDNH�WKH�OHDUQLQJ�RI�FHUWDLQ�WKLQJV�PRUH�HIIHFWLYH��EXW�DW

FRQFHSWXDO�OHYHO��DW�OHDVW�RQ�OHDUQLQJ�SK\VLFV���WKHUH�LV�QR�KDUG�ZLUHG�NQRZOHGJH�LQ�RQH©V

EUDLQ���7KH�NQRZOHGJH�LWVHOI�LV�FRQVLGHUHG�DV�WKH�UHVXOW�RI�LQWHUDFWLRQV�EHWZHHQ�SHRSOH©V

EUDLQV�DQG�WKH�H[WHUQDO�SK\VLFDO�HQYLURQPHQW���7KH�EUDLQ�LV�DQ�HIIHFWLYH�DGDSWLYH�OHDUQLQJ

¦PDFKLQH§���,W�FDQ�RQO\�OHDUQ�ZKHQ�WKHUH�LV�LQSXW��DQG�LW�FDQ�RQO\�OHDUQ�HIIHFWLYHO\�ZKHQ

WKHUH�LV�IHHGEDFN�

$W�WKH�YHU\�LQLWLDO�VWDJH�RI�OHDUQLQJ��IRU�H[DPSOH�D�QHZERUQ�EDE\��WKH�LQSXW�RIWHQ�KDV�WR

EH�H[WHUQDO�SK\VLFDO�VWLPXOL���,Q�ODWHU�VWDJHV�ZKHQ�SHRSOH�KDYH�DFFXPXODWHG�D�YDVW�QXPEHU

RI�OLIH�H[DPSOHV�DQG�KDYH�EXLOW�XS�PRUH�¦WKHRUHWLFDO�XQGHUVWDQGLQJV§�RI�WKH�ZRUOG��WKH

LQSXW�FDQ�EH�RQH©V�YLUWXDO�LPDJLQDWLRQ�RU�DEVWUDFW�SULQFLSOHV���$W�WKLV�VWDJH�WKH�PHQWDO

SURFHVVHV�RIWHQ�WDNH�SODFH�LQ�PRUH�DEVWUDFW�IRUPV���7KHUHIRUH��WKH�FRQWH[W�LV�DOZD\V�DQ

LPSRUWDQW�HOHPHQW�LQYROYHG�LQ�DOO�VWDJHV�RI�OHDUQLQJ�DOWKRXJK�WKH�DFWXDO�IRUP�RI�LW�PLJKW

KDYH�GLIIHUHQW�YDULDWLRQV���7KH�LQYROYHPHQW�RI�FRQWH[W�LQ�OHDUQLQJ�FDQ�EH�VXPPDUL]HG�LQ

WKH�IROORZLQJ�WKUHH�FDWHJRULHV�

��� &RQWH[W�'HSHQGHQFH�RI�WKH�)RUPDWLRQ�RI�0HQWDO�(OHPHQWV

$V�GLVFXVVHG�HDUOLHU��WKH�FRQVWUXFWLRQ�RI�RQH©V�NQRZOHGJH�V\VWHP�VWDUWV�ZLWK�WKH�YHU\

GHWDLOV�RI�WKH�H[WHUQDO�SK\VLFDO�ZRUOG�DQG�LV�FRQVWUDLQHG�E\�WKH�SK\VLFDO�FRQWH[WV�LQ�ZKLFK

OHDUQLQJ�LV�WDNLQJ�SODFH���7KHUHIRUH�WKH�FRQFUHWH�SK\VLFDO�IHDWXUHV�RI�FRQWH[WV�SURYLGH�WKH

IRXQGDWLRQ�IRU�DOO�KLJKHU�OHYHO�PHQWDO�RSHUDWLRQV��L�H���WKH�IRUPDWLRQV�RI�DOO�PHQWDO�HOHPHQWV

DUH�RULJLQDWHG�IURP�YDULRXV�SK\VLFDO�FRQWH[WV�

��� &RQWH[W�'HSHQGHQFH�LQ�&XHLQJ

$QRWKHU�YLWDO�UROH�WKDW�WKH�FRQWH[W�SOD\V�LV�WKH�FXHLQJ�RI�DSSURSULDWH�NQRZOHGJH���7KH

LQLWLDO�WULJJHULQJ�RI�RXU�PHQWDO�V\VWHP�LV�RIWHQ�FHUWDLQ�SK\VLFDO�IHDWXUHV�LQ�D�VSHFLILF

FRQWH[W���(VSHFLDOO\�LQ�SUREOHP�VROYLQJ�VLWXDWLRQV��WKH�FRQWH[WXDO�LQIRUPDWLRQ�RI�WKH

TXHVWLRQV�RIWHQ�DFW�DV�SK\VLFDO�FXHV�IRU�VWXGHQWV�WR�RUJDQL]H�WKHLU�NQRZOHGJH�WR�VROYH�WKH

SUREOHPV���)URP�D�GDWD�VWUXFWXUH�YLHZSRLQW��LI�ZH�ZDQW�WR�EXLOG�DQ�HIIHFWLYH�LQGH[�V\VWHP

IRU�D�YDVW�ERG\�RI�GLIIHUHQW�NLQGV�RI�PHQWDO�FRQVWUXFWV��LW�LV�LQHIILFLHQW�WR�EXLOG�LW�DURXQG�WKH

DEVWUDFW�PHQWDO�HOHPHQWV�VXFK�DV�PDWKHPDWLFDO�ORJLFDO�RSHUDWLRQV��S�SULP��RU�RWKHU

IXQGDPHQWDO�EHOLHIV��H�J��WKH�EHOLHI�LQ�FDXVDOLW\��H[LVWHQFH��FRQVHUYDWLRQ�SULQFLSOH��HWF����,I

RQH�GRHV�RUJDQL]H�WKH�ZKROH�NQRZOHGJH�V\VWHP�EDVHG�RQ�JHQHUDO�DEVWUDFW�PHQWDO�HOHPHQWV�

WKH�V\VWHP�FDQ�EH�QLFHO\�VWUXFWXUHG�PDWKHPDWLFDOO\���%XW�HDFK�RI�WKHVH�DEVWUDFW�HOHPHQWV�LV

DVVRFLDWHG�ZLWK�WKRXVDQGV�RI�GLIIHUHQW�SUDFWLFDO�H[DPSOHV�LQ�YHU\�GLIIHUHQW�FRQWH[WV���)RU

H[DPSOH��WKH�EHOLHI�RI�FDXVDOLW\�SDUWLFLSDWHV�LQ�DOPRVW�DOO�WKH�PHQWDO�RSHUDWLRQV���8VLQJ�LW�DV

D�FXH�IRU�VSHFLILF�H[DPSOHV�LV�LPSRVVLEOH���,I�RQH�LV�RQO\�JLYHQ�D�VHW�RI�JHQHUDO�EHOLHIV�DQG

PDWKHPDWLFDO�ORJLFDO�UXOHV��LW�LV�YHU\�GLIILFXOW��LI�QRW�LPSRVVLEOH��WR�ILQG�RXW�WKH�DSSURSULDWH

VHW�RI�FRQWH[WV�DQG�PRGHOV�IRU�SHRSOH�WR�ZRUN�ZLWK�LQ�VROYLQJ�D�SDUWLFXODU�SUREOHP



��

2Q�WKH�RWKHU�KDQG��WKH�NQRZOHGJH�V\VWHP�FDQ�ZRUN�HIIHFWLYHO\�LI�WKH�FXHLQJ�NH\�LV

HPEHGGHG�LQ�SK\VLFDO�IHDWXUHV�RI�WKH�FRQWH[W���'XH�WR�WKH�XQLTXH�FRQILJXUDWLRQ�RI�D�VSHFLILF

FRQWH[W��LW�RIWHQ�WULJJHUV�D�VPDOO�VHW�RI�PHQWDO�HOHPHQWV��ERWK�DEVWUDFW�DQG�FRQFUHWH�RQHV�

WKDW�DUH�FORVHO\�UHODWHG�WR�WKH�FRQWH[W���,Q�DGGLWLRQ��SHRSOH�FDQ�DOZD\V�XVH�WKH�DEVWUDFW

HOHPHQWV��WULJJHUHG�E\�WKH�FRQWH[WV��DV�FXHV�IRU�H[DPSOHV�LQ�RWKHU�FRQWH[WV�ZLWK�VLPLODU

PDWKHPDWLFDO�ORJLFDO�PHQWDO�RSHUDWLRQV���,Q�D�VHQVH��WKH�VWUXFWXUH�LV�VLPLODU�WR�ZKDW�LV�LQ�WKH

REMHFW�RULHQWHG�SURJUDPPLQJ���(DFK�PHQWDO�VWUXFWXUH�LV�OLNH�DQ�REMHFW�DQG�WKH�ZKROH

SURJUDP�LV�GULYHQ�E\�LQGLYLGXDO�LQVWDQFHV��ZKHUH�DW�ILUVW��RQO\�WKH�UHODWHG�REMHFW�DQG

SURFHVVHV�ZLOO�EH�DFWLYDWHG��UDWKHU�WKDQ�D�SUH�GHVLJQDWHG�URXWLQH��ZKLFK�JHWV�H[WUHPHO\

LQHIILFLHQW�ZKHQ�WKH�UHVRXUFHV�RI�WKH�SURJUDP�JHW�ODUJH�

��� &RQWH[W�'HSHQGHQFH�RI�0HQWDO�(OHPHQWV

6LQFH�ERWK�WKH�IRUPDWLRQ�DQG�FXHLQJ�RI�D�PHQWDO�HOHPHQW�LV�GHSHQGHQW�RQ�WKH�FRQWH[W�

RQFH�IRUPHG��WKH�PHQWDO�HOHPHQW�LWVHOI�DOVR�KDV�FRQWH[W�GHSHQGHQW�IHDWXUHV���)RU�H[DPSOH�

IXQGDPHQWDO�EHOLHIV��S�SULPV�DQG�PDWKHPDWLFDO�ORJLFDO�UXOHV�DUH�XVXDOO\�FRQWH[W�JHQHUDO�

L�H���WKHVH�HOHPHQWV�FDQ�EH�LQYROYHG�DSSOLHG�LQ�D�ZLGH�YDULHW\�RI�FRQWH[WV���)RU�LQVWDQFH�

SHRSOH©V�EHOLHI�RQ�FRQVHUYDWLRQ�RI�PDWWHU�HQHUJ\�LV�LQYROYHG�LQ�RQH©V�UHDVRQLQJ�IRU�QHDUO\

DOO�SK\VLFDO�VLWXDWLRQV�

(OHPHQWV�VXFK�DV�PHQWDO�PRGHOV�DQG�IDFHWV�DUH�OHVV�JHQHUDO�ZLWK�PRUH�LQYROYHPHQW�RI

SK\VLFV�FRQWH[WV���7KHVH�HOHPHQWV�DUH�RIWHQ�LQWHUSUHWHG�DV�WKH�FRQWH[W�VSHFLILF�UHDOLVP�RI

WKH�FRQWH[W�JHQHUDO�SULQFLSOHV���7KH\�KDYH�VWURQJHU�FRQWH[W�GHSHQGHQFH�WKDQ�WKH�JHQHUDO

SULQFLSOHV��KRZHYHU��WKHVH�PRGHOV�IDFHWV�FDQ�DOVR�EH�DSSOLHG�LQ�GLIIHUHQW�SUDFWLFDO

VLWXDWLRQV���)RU�H[DPSOH��D�PRGHO�IDFHW�UHODWHG�WR�1HZWRQ©V�7KLUG�/DZ�FDQ�EH�DSSOLHG�LQ

PDQ\�GLIIHUHQW�FRQWH[W�VHWWLQJV�WR�JHQHUDWH�GLIIHUHQW�UHVXOWV��FDU�FROOLVLRQ��SHRSOH�SXVKLQJ

HDFK�RWKHU��HWF�����7KHUHIRUH��WKHVH�PRGHOV�IDFHWV�VWLOO�KDYH�OLPLWHG�FRQWH[W�JHQHUDO�IHDWXUHV�

7KH�PRVW�FRQWH[W�GHSHQGHQW�IRUP�RI�NQRZOHGJH�LV�WKH�KXJH�FROOHFWLRQ�RI�SHUVRQDO

H[SHULHQFHV�DQG�UHDO�ZRUOG�H[DPSOHV���7KHVH�H[DPSOHV�H[SHULHQFHV�DUH�VWRUHG�LQ�SHRSOH©V

ORQJ�WHUP�PHPRU\�DQG�HDFK�RQH�RI�WKHP�LV�VWULFWO\�DVVRFLDWHG�ZLWK�D�YHU\�VSHFLILF�FRQWH[W�

:KHQ�SHRSOH�DSSO\�D�PRGHO�IDFHW�LQ�D�VSHFLILF�FRQWH[W��WKH�JHQHUDWHG�UHVXOWV�ZLWK�WKH

FRQWH[W�VHWWLQJV�IRUP�DQ�H[SHULHQFH�LQVWDQFH�DQG�FDQ�EH�XVHG�DV�DQ�H[DPSOH�LQ�RWKHU�PHQWDO

SURFHVVHV�

7KH�FRQWH[W�GHSHQGHQFH�IHDWXUHV�RI�WKH�GLIIHUHQW�PHQWDO�HOHPHQWV�DUH�LPSRUWDQW�IDFWRUV

LQ�GHVLJQLQJ�DSSURSULDWH�LQVWUXPHQW�WR�PHDVXUH�DQG�HYDOXDWH�WKHVH�PHQWDO�HOHPHQWV�

0HDVXUHPHQW�RI�0HQWDO�(OHPHQWV

6WXGHQW�LQWHUQDO�PHQWDO�FRQVWUXFWV�DUH�QRW�GLUHFWO\�PHDVXUDEOH���:H�FDQ�RQO\�PDNH

REVHUYDWLRQV�RQ�VWXGHQWV©�EHKDYLRU�DQG�LQIHU�WKRVH�LQWHUQDO�PHQWDO�HOHPHQWV���6XFK

LQIHUHQWLDO�PHDVXUHPHQWV�DUH�RIWHQ�FDUULHG�RXW�KLHUDUFKLFDOO\�ZKHUH�PHQWDO�HOHPHQWV�ZLWK

KLJKHU�DEVWUDFWLRQ�DUH�LQIHUUHG�IURP�HYLGHQFH�ZLWK�ORZHU�DEVWUDFWLRQ����7KHUHIRUH��VWXGHQW

PRGHOV�FDQ�EH�VWXGLHG�E\�DQDO\]LQJ�VWXGHQW�UHVSRQVHV�LQ�YDULRXV�SK\VLFDO�FRQWH[WV���7KH

DEVWUDFW�FRQWH[W�JHQHUDO�HOHPHQWV�FDQ�WKHQ�EH�VWXGLHG�E\�DQDO\]LQJ�GLIIHUHQW�VWXGHQW

PRGHOV��6HH�ILJXUH������



��

,Q�WKH�PHDVXUHPHQW�SURFHVV��VWXGHQW�PRGHOV�DUH�LPSRUWDQW�ILUVW�VWDJH�UHVXOWV�IURP

DQDO\]LQJ�VWXGHQW�GDWD���)XUWKHU�DQDO\VLV�RQ�PRUH�DEVWUDFW�DQG�JHQHUDO�PHQWDO�HOHPHQWV

UHOLHV�RQ�FRUUHFW�PHDVXUHPHQW�RI�VWXGHQW�PRGHOV���6WXGHQW�PRGHOV�E\�WKHPVHOYHV�DOVR

SURYLGH�LQ�GHSWK�XQGHUVWDQGLQJ�RI�YDULRXV�VWXGHQW�EHKDYLRUV�XQGHU�GLIIHUHQW�FRQWH[WV��7KH

RULJLQDO�VWXGHQW�EHKDYLRUV�DUH�VWULFWO\�FRQWH[W�GHSHQGHQW�DQG�FDQ�KDYH�YHU\�GLIIHUHQW�IRUPV

XQGHU�GLIIHUHQW�FRQWH[W�VHWWLQJV��KRZHYHU��PDQ\�RI�WKHVH�GLIIHUHQW�EHKDYLRUV�FDQ�RIWHQ�EH

UHODWHG�WR�D�VDPH�FRPPRQ�VWXGHQW�PRGHO���7KHUHIRUH��WKH�HPSKDVLV�RI�P\�UHVHDUFK�LV�PDGH

RQ�WKH�VWXG\�RI�YDULRXV�DVSHFWV�RI�VWXGHQW�PRGHOV�

'HILQLWLRQ�RI�6WXGHQW�0RGHOV

$V�GLVFXVVHG�HDUOLHU��FRQWH[W�JHQHUDO�HOHPHQWV�VXFK�DV�S�SULPV�DUH�RIWHQ�ODWHQW�DQG

RSHUDWHG�LQ�DQ�¦XQFRQVFLRXV§�OHYHO���2Q�WKH�RWKHU�KDQG��HOHPHQWV�LQ�WKH�IXQFWLRQDO�OD\HU�DUH

XVXDOO\�H[SOLFLWO\�RSHUDWHG�LQ�PHQWDO�SURFHVVHV�XQGHU�YDULRXV�FRQWH[WV�WR�JHQHUDWH�UHVXOWV�

3HRSOH©V�UHDVRQLQJ�LQ�GHDOLQJ�ZLWK�GLIIHUHQW�SUREOHPV�DOVR�UHOLHV�KHDYLO\�RQ�WKH�UHODWHG

IXQFWLRQDO�HOHPHQWV�EHFDXVH�WKHVH�RIWHQ�KDYH�UDWKHU�GLUHFW�FRQQHFWLRQV�ZLWK�WKH�DFWXDO

SK\VLFDO�FRQWH[WV���7KHUHIRUH��WKHVH�HOHPHQWV�DUH�FUXFLDO�LQ�RQH©V�OHDUQLQJ�SURFHVV���,Q�WKLV

GLVVHUWDWLRQ��P\�LQWHUHVWV�DUH�PRVWO\�IRFXVHG�RQ�WKH�VWXG\�RI�VXFK�IXQFWLRQDO�HOHPHQWV�

$V�GHILQHG�HDUOLHU��ZH�FDOO�WKHVH�IXQFWLRQDO�HOHPHQWV�DV�PRGHOV���7KHVH�DUH�SURGXFWLYH

PHQWDO�VWUXFWXUHV�WKDW�FDQ�EH�DSSOLHG�WR�D�YDULHW\�RI�GLIIHUHQW�SK\VLFDO�FRQWH[WV�WR�JHQHUDWH

H[SODQDWRU\�UHVXOWV���7KH�IRUPDWLRQ�DV�ZHOO�DV�WKH�DSSOLFDWLRQ�RI�D�PRGHO�KDV�VWURQJ

LQYROYHPHQW�RI�SK\VLFDO�FRQWH[WV��KRZHYHU��D�PRGHO�LV�DOVR�¦JHQHUDO§�ZLWKLQ�LWV�FRQFHSW

GRPDLQ��L�H���LW�FDQ�EH�DSSOLHG�LQ�GLIIHUHQW�SK\VLFDO�FRQWH[W�LQVWDQFHV�DVVRFLDWHG�ZLWK�D�VDPH

FRQFHSW�GRPDLQ���7KH�WHUP�¦FRQFHSW�GRPDLQ§�LV�XVHG�WR�UHIHU�VSHFLILF�SK\VLFV�WRSLF�WKDW

LQYROYHV�D�FHUWDLQ�GRPDLQ�RI�FRQWH[WV�DQG�H[SODQDWRU\�UXOHV���)RU�H[DPSOH��+HDW�DQG

7HPSHUDWXUH��(OHFWULF�&XUUHQW��1HZWRQ©V�7KLUG�/DZ��1HZWRQ�,,,���HWF���,Q�WKH�FRQFHSW

GRPDLQ�RI�1HZWRQ�,,,��D�FRUUHFW�PRGHO�LV�WKDW�WKH�IRUFH�EHWZHHQ�WZR�REMHFWV�LV�HTXDO�DQG

RSSRVLWH�GXULQJ�LQWHUDFWLRQ���7KLV�PRGHO�FDQ�EH�DSSOLHG�LQ�DOO�SK\VLFDO�LQVWDQFHV��RU

TXHVWLRQV��UHODWHG�WR�1HZWRQ�,,,�

6LQFH�D�PRGHO�LV�FRQVWUDLQHG�ZLWK�D�VSHFLILF�SK\VLFDO�FRQFHSW�GRPDLQ��LW�LV�OHVV

¦JHQHUDO§�WKDQ�WKH�HOHPHQWV�LQ�WKH�SULQFLSOH�OD\HU���:LWK�WKH�VDPH�H[DPSOH��WKH�PRGHO�RI

1HZWRQ�,,,�LV�RIWHQ�LUUHOHYDQW�WR�PRVW�SK\VLFDO�LQVWDQFHV�ZLWK�KHDW�DQG�WHPSHUDWXUH����2Q

WKH�RWKHU�KDQG��HOHPHQWV�LQ�WKH�SULQFLSOH�OD\HU�DUH�RIWHQ�¦XQLYHUVDO§���)RU�H[DPSOH��D�S�SULP

6WXGHQW�%HKDYLRUV

�REVHUYHG�GDWD�
6WXGHQW�0RGHOV

�IDFHWV��HWF��

&RQWH[W�JHQHUDO

3ULQFLSOHV

�S�SULPV��HWF��

,QIHUHQWLDO

$QDO\VLV

,QIHUHQWLDO

$QDO\VLV

)LJXUH������,QIHUHQWLDO�PHDVXUHPHQW�RI�PHQWDO�HOHPHQWV
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RQ�¦SURSRUWLRQDOLW\§�ZKHUH�VWXGHQWV�EHOLHYH�PRUH�DFWLRQ�ZLOO�FDXVH�PRUH�UHVXOWV�FDQ�EH

LQYROYHG�LQ�ORJLFDO�RSHUDWLRQV�DFURVV�GLIIHUHQW�FRQFHSWV�VXFK�DV�FODVVLFDO�PHFKDQLFV�

HOHFWULF�FLUFXLWV��KHDW�DQG�WHPSHUDWXUH��HWF�

$V�D�VKRUW�VXPPDU\��D�PRGHO�VKRXOG�KDYH�WKH�IROORZLQJ�IHDWXUHV�

��� $�PRGHO�LV�D�SURGXFWLYH�PHQWDO�VWUXFWXUH���,W�FDQ�EH�DSSOLHG�GLUHFWO\�LQ�VSHFLILF

SK\VLFV�FRQWH[WV�WR�REWDLQ�UHVXOWV�

��� $�PRGHO�LV�DOZD\V�DVVRFLDWHG�ZLWK�RQH�EXW�RQO\�RQH�SK\VLFV�FRQFHSW�GRPDLQ�

'LIIHUHQW�FRQFHSW�GRPDLQV�ZLOO�KDYH�GLIIHUHQW�VHWV�RI�PRGHOV����$OWKRXJK�WKH

PRGHOV�IRU�GLIIHUHQW�FRQFHSW�GRPDLQV�PD\�KDYH�VLPLODU�ORJLFDO�PDWKHPDWLFDO

RSHUDWLRQV��WKH�FRQWH[WXDO�IHDWXUHV�VKRXOG�GLVWLQJXLVK�WKHP�DV�GLIIHUHQW�PRGHOV���)RU

H[DPSOH��D�VDPH�S�SULP�FDQ�EH�LQYROYHG�LQ�GLIIHUHQW�FRQWH[WV�WR�FUHDWH�GLIIHUHQW

PRGHOV���:LWK�WKH�VDPH�S�SULP�WKDW�¦PRUH�UHTXLUHV�PRUH§��LQ�WKH�FRQWH[W�RI

PHFKDQLFV��VWXGHQW�FDQ�IRUP�D�PRGHO�WKDW�¦ELJJHU�PDVV�UHTXLUHV�ELJJHU�IRUFH§�

0HDQZKLOH�LQ�WKH�FRQWH[W�RI�FRQGXFWLYLW\��VWXGHQW�FDQ�IRUP�D�PRGHO�WKDW�¦ODUJHU

UHVLVWRU�UHTXLUHV�ODUJHU�YROWDJH§�

��� :KHQ�DSSOLHG�LQ�GLIIHUHQW�FRQWH[W�LQVWDQFHV�DVVRFLDWHG�ZLWK�VDPH�FRQFHSW�GRPDLQ�

D�PRGHO�LV�D�VWDEOH�PHQWDO�VWUXFWXUH��L�H���D�PRGHO�LV�LQYDULDQW�WR�GLIIHUHQW�FRQWH[W

LQVWDQFHV�UHODWHG�WR�D�VDPH�SK\VLFDO�FRQFHSW�GRPDLQ�

7KHVH�DVVXPSWLRQV�DUH�LPSRUWDQW�IRU�TXDQWLWDWLYH�PHDVXUHPHQW�RI�VWXGHQW�PRGHOV���)RU

D�PRGHO�WR�EH�PHDVXUDEOH��LW�KDV�WR�EH�D�VWDEOH�VWUXFWXUH�ZLWKLQ�WKH�FRQWH[W�LQVWDQFHV�ZLWK

ZKLFK�PHDVXUHPHQWV�LV�FRQGXFWHG��LW�LV�DVVXPHG�WKDW�PXOWLSOH�PHDVXUHPHQWV�DUH�WDNHQ�IRU

D�VDPH�SK\VLFDO�FRQFHSW�GRPDLQ����,Q�DGGLWLRQ��WKH�REVHUYHG�SK\VLFDO�GDWD��VWXGHQW

UHVSRQVHV��VKRXOG�KDYH�GLUHFW�FDXVDO�UHODWLRQ�ZLWK�WKH�VWXGHQW�PRGHOV���7KHQ�E\�DQDO\]LQJ

WKHVH�REVHUYHG�GDWD��ZH�FDQ�LQIHU�WKH�GHWDLOV�RI�WKH�VWXGHQW�PRGHOV�

'\QDPLFV�RI�6WXGHQW�0RGHOV

$�PDMRU�JRDO�RI�WKLV�GLVVHUWDWLRQ�LV�WR�GHYHORS�D�ZD\�WR�PRGHO�DQG�PDNH�TXDQWLWDWLYH

HYDOXDWLRQV�RI�GLIIHUHQW�VLWXDWLRQV�RI�VWXGHQW�PRGHOV���7R�GR�VR��D�JRRG�XQGHUVWDQGLQJ�RI

WKH�G\QDPLFDO�SURFHVV�RI�VWXGHQWV©�DSSO\LQJ�WKHLU�PRGHOV�LV�DQ�LPSRUWDQW�ILUVW�VWHS���,Q�WKH

IROORZLQJ�VHFWLRQV��,�ZLOO�GLVFXVV�D�SURSRVHG�PRGHO�RI�WKLV�G\QDPLFDO�SURFHVV���$V�D

VWDUWLQJ�SRLQW��,�ZLOO�ILUVW�GHILQH�WZR�LPSRUWDQW�HOHPHQWV�LQ�WKLV�PRGHO��WKH�3K\VLFDO�0RGHOV

DQG�WKH�6WXGHQW�0RGHO�6WDWH�

x 3K\VLFDO�0RGHOV

)RU�D�SDUWLFXODU�SK\VLFV�FRQFHSW�GRPDLQ��WKURXJK�V\VWHPDWLF�UHVHDUFK��ZH�FDQ�LGHQWLI\�D

ILQLWH�VHW�RI�FRPPRQO\�UHFRJQL]HG�PRGHOV���7KHVH�PRGHOV�XVXDOO\�FRQVLVW�RI�RQH�FRUUHFW

H[SHUW�PRGHO�DQG�D�IHZ�LQFRUUHFW�RU�SDUWLDOO\�FRUUHFW�VWXGHQW�PRGHOV���7KHVH�PRGHOV�DUH

GHILQHG�DV�3K\VLFDO�0RGHOV�VLQFH�WKH\�DUH�FRPPRQ�WR�D�JURXS�RI�VWXGHQWV�ZLWK�VLPLODU

EDFNJURXQG�DQG�WKH�H[LVWHQFH�RI�WKHVH�PRGHOV�FDQ�EH�YHULILHG�UHSHDWHGO\�WKURXJK�UHVHDUFK�

6WXGHQWV�ZLWK�ODUJH�GLIIHUHQFHV�LQ�EDFNJURXQG�PD\�KDYH�GLIIHUHQW�VHWV�RI�PRGHOV�UHODWHG�WR

D�VDPH�SK\VLFV�FRQFHSW���)RU�H[DPSOH��D�JURXS�RI�HOHPHQWDU\�VWXGHQWV�RIWHQ�KDYH�GLIIHUHQW
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W\SHV�RI�PRGHOV�IURP�WKRVH�RI�D�JURXS�RI�KLJK�VFKRRO�VWXGHQWV���,Q�WKLV�GLVVHUWDWLRQ��ZKHQ

WDONLQJ�DERXW�VWXGHQW�PRGHOV��LW�LV�DOZD\V�UHIHUUHG�WR�WKH�PRGHOV�IURP�D�JURXS�RI�DYHUDJH

OHYHO�VWXGHQWV�WKDW�ZLOO�VKRZ�XS�LQ�D�FROOHJH�OHYHO�LQWURGXFWRU\�SK\VLFV�FODVV�

$�YHU\�LPSRUWDQW�SRLQW�WKDW�KDV�WR�EH�HPSKDVL]HG�DJDLQ�LV�WKDW�WKH�GHILQLWLRQ�RI�WKH

SK\VLFDO�PRGHOV�KDV�WR�EH�EDVHG�RQ�UHVXOWV�IURP�V\VWHPDWLF�LQYHVWLJDWLRQV�RQ�VWXGHQW

XQGHUVWDQGLQJ�RI�WKH�UHODWHG�SK\VLFV�FRQFHSW���7KHVH�UHVHDUFKHV�VKRXOG�DOZD\V�LQYROYH

GHWDLOHG�LQGLYLGXDO�VWXGHQW�LQWHUYLHZV�DQG�WKH�UHVXOWV�VKRXOG�DOVR�EH�YHULILDEOH�E\�RWKHU

UHVHDUFKHUV�

:KHQ�GHILQLQJ�WKH�SK\VLFDO�PRGHOV��LW�LV�QHFHVVDU\�WR�DOORZ�RQH�PRUH�GLPHQVLRQ

GHILQHG�DV�D�18//�PRGHO�WR�LQFOXGH�DQ\�RWKHU�LQVLJQLILFDQW��XQSRSXODU��DQG�RU�LUUHOHYDQW

LGHDV�WKDW�VWXGHQW�PLJKW�FRPH�XS�ZLWK���6XFK�LGHDV�ZLOO�RIWHQ�UHVXOW�LQ�QRQVHQVH�OLNH

UHVSRQVHV�RQ�RSHQ�HQGHG�TXHVWLRQV�RU�UDQGRP�OLNH�UHVSRQVHV�RQ�PXOWLSOH�FKRLFH�TXHVWLRQV�

%\�GHILQLQJ�D�QXOO�PRGHO��WKH�VHW�RI�SK\VLFDO�PRGHOV�EHFRPHV�D�FRPSOHWH�VHW�VR�WKDW�LQ

SUREOHP�VROYLQJ�VLWXDWLRQV��D�VWXGHQW�KDV�WR�EH�WULJJHUHG�LQWR�RQH�RI�WKH�SK\VLFDO�PRGHOV�

([DPSOHV�RI�SK\VLFDO�PRGHOV�ZLOO�EH�GLVFXVVHG�LQ�ODWHU�VHFWLRQV�

x 6WXGHQW�0RGHO�6WDWH

)RU�D�VLQJOH�VWXGHQW�VROYLQJ�D�VHW�RI�SUREOHPV�UHODWHG�WR�D�VLQJOH�SK\VLFV�FRQFHSW

GRPDLQ��WKHUH�DUH�XVXDOO\�WZR�GLIIHUHQW�VLWXDWLRQV�

��� 7KH�VWXGHQW�FDQ�XVH�RQH�RI�WKH�SK\VLFDO�PRGHOV�DQG�EH�FRQVLVWHQW�LQ�XVLQJ�LW�LQ

VROYLQJ�DOO�TXHVWLRQV���7KH�PRGHO�FDQ�EH�HLWKHU�WKH�H[SHUW�PRGHO�RU�DQRWKHU�SK\VLFDO

PRGHO��H�J��DQ�LQFRUUHFW�VWXGHQW�PRGHO��

��� 7KH�VWXGHQW�FDQ�KROG�GLIIHUHQW�SK\VLFDO�PRGHOV�DW�WKH�VDPH�WLPH�DQG�EH�LQFRQVLVWHQW

LQ�XVLQJ�WKHP��L�H���WKH�VWXGHQW�FDQ�XVH�RQH�RI�WKH�SK\VLFDO�PRGHOV�RQ�VRPH

TXHVWLRQV�DQG�XVH�DQRWKHU�PRGHO�RQ�RWKHU�TXHVWLRQV��HYHQ�WKRXJK�DOO�WKH�TXHVWLRQV

DUH�UHODWHG�WR�D�VLQJOH�FRQFHSW�GRPDLQ�DQG�WKH�TXHVWLRQV�DUH�VHHQ�DV�HTXLYDOHQW�E\

H[SHUWV�

7KHQ�WKH�GLIIHUHQW�VLWXDWLRQV�RI�VWXGHQWV�XVLQJ�WKHLU�PRGHOV�DUH�GHVFULEHG�ZLWK�GLIIHUHQW

VWXGHQW�0RGHO�6WDWHV���7KH�ILUVW�FDVH�FRUUHVSRQGV�WR�D�FRQVLVWHQW�PRGHO�VWDWH�DQG�WKH�VHFRQG

FDVH�LV�FRQVLGHUHG�DV�D�PL[HG�PRGHO�VWDWH�

:LWK�D�VHW�RI�TXHVWLRQV�GHVLJQHG�DURXQG�D�VLQJOH�SK\VLFV�FRQFHSW�GRPDLQ��ZH�FDQ

PHDVXUH�WKH�SUREDELOLW\�IRU�D�VLQJOH�VWXGHQW�WR�EH�WULJJHUHG�LQWR�WKH�GLIIHUHQW�SK\VLFDO

PRGHOV�LQ�VROYLQJ�WKHVH�SUREOHPV���)RU�GLIIHUHQW�VWXGHQWV��WKH�GLVWULEXWLRQV�RI�SUREDELOLW\

ZLOO�EH�GLIIHUHQW���7KHUHIRUH��ZH�FDQ�XVH�WKHVH�SUREDELOLWLHV�WR�UHSUHVHQW�VWXGHQW�PRGHO

VWDWH���7KXV��WKH�VWXGHQW�PRGHO�VWDWH�FDQ�EH�UHSUHVHQWHG�E\�D�VSHFLILF�FRQILJXUDWLRQ�RI

SUREDELOLWLHV�IRU�D�VWXGHQW�WR�XVH�GLIIHUHQW�SK\VLFDO�PRGHOV�LQ�SUREOHP�VROYLQJ�FRQWH[WV

UHODWHG�WR�D�SDUWLFXODU�SK\VLFDO�FRQFHSW�GRPDLQ�

)LJXUH�����VKRZV�D�VFKHPDWLF�RI�WKH�VWXGHQW�PRGHO�WULJJHULQJ�SURFHVV���,Q�WKH�ILJXUH�

0����0Z�UHSUHVHQW�WKH�GLIIHUHQW�SK\VLFDO�PRGHOV��WKHUH�DUH�D�WRWDO�RI�¦Z§�SK\VLFDO�PRGHOV



��

LQFOXGLQJ�D�QXOO�PRGHO���DQG�T����TZ�UHSUHVHQW�WKH�SUREDELOLWLHV�IRU�D�VWXGHQW�WR�EH

WULJJHUHG�LQ�WKH�FRUUHVSRQGLQJ�SK\VLFDO�PRGHOV�

:LWK�GLIIHUHQW�VHWV�RI�TXHVWLRQV��WKH�PHDVXUHG�SUREDELOLWLHV�ZLOO�EH�GLIIHUHQW�GXH�WR�WKH

FRQWH[W�GHSHQGHQFH�RI�WKH�PRGHO�WULJJHULQJ�SURFHVV���7KHUHIRUH��WKH�PHDVXUHG�VWXGHQW

PRGHO�VWDWH�LV�D�UHVXOW�RI�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�LQGLYLGXDO�VWXGHQW�DQG�WKH�LQVWUXPHQW

XVHG�LQ�WKH�PHDVXUHPHQW�DQG�VKRXOG�QRW�EH�WDNHQ�DV�D�SK\VLFDOO\�LQYDULDQW�LWHP�

x 5DQGRP�3URFHVV�LQ�0RGHO�7ULJJHULQJ

+RZ�D�VWXGHQW�JHWV�WULJJHUHG�LQWR�D�SDUWLFXODU�SK\VLFDO�PRGHO�LV�D�YHU\�FRPSOLFDWHG

SURFHVV���,W�GHSHQGV�RQ�ERWK�WKH�VWXGHQWV©�EDFNJURXQG�DQG�WKH�VWUXFWXUDO�LQIRUPDWLRQ�RI�WKH

TXHVWLRQV���7KH�PRGHO�WULJJHULQJ�SURFHVV�FDQ�EH�YHU\�FRPSOLFDWHG�ZKHQ�ZH�VWXG\�D�ODUJH

SRSXODWLRQ�RI�VWXGHQWV�ZLWK�GLYHUVH�EDFNJURXQGV���7KHUHIRUH��LQ�WKLV�GLVVHUWDWLRQ�,�ZLOO�QRW

JR�LQWR�WKH�GHWDLOV�RI�PRGHO�WULJJHULQJ�EXW�UDWKHU�FKDUDFWHUL]H�LW�DV�D�FRQGLWLRQHG�UDQGRP

SURFHVV��ZKLFK�LV�FRQVWUDLQHG�E\�WKH�EDFNJURXQG�RI�WKH�VWXGHQWV�DQG�WKH�SK\VLFDO�IHDWXUHV

RI�WKH�TXHVWLRQV�

7KH�PHDQLQJ�RI�WKLV�FRQGLWLRQHG�UDQGRP�SURFHVV�LV�GHILQHG�DV�WKH�IROORZLQJ��,Q�D�ZHOO�

GHILQHG�SK\VLFV�FRQFHSW�GRPDLQ��VWXGHQWV�FDQ�FRPH�XS�ZLWK�D�ILQLWH�VHW�RI�PRGHOV�WR�GHDO

ZLWK�WKH�YDULRXV�SUREOHP�VROYLQJ�VLWXDWLRQV��RU�FRQWH[W�LQVWDQFHV��ZLWKLQ�WKH�FRQFHSW

GRPDLQ���:KDW�W\SH�RI�PRGHO�LV�WR�EH�WULJJHUHG�E\�D�VSHFLILF�SK\VLFDO�FRQWH[W�LV�D�UDQGRP

SURFHVV�WR�DQ�H[WHUQDO�REVHUYHU��KRZHYHU��WKH�VHW�RI�WKH�SRVVLEOH�PRGHOV�LV�ERXQGHG�DQG

NQRZQ��WKHVH�DUH�GHILQHG�DV�SK\VLFDO�PRGHOV��

x 7KH�'DWD�0RGHO�IRU�0HDVXULQJ�6WXGHQW�0RGHO�6WDWH

$V�GLVFXVVHG�HDUOLHU��VWXGHQW�PRGHOV�DUH�SURGXFWLYH�PHQWDO�VWUXFWXUHV�WKDW�DUH�XVHG

GLUHFWO\�LQ�YDULRXV�FRQWH[WV�WR�JHQHUDWH�UHVXOWV���)LJXUH�����VKRZV�D�VFKHPDWLF�GLDJUDP�RI

WKLV�PRGHO�RSHUDWLRQ�SURFHVV��ZKLFK�DOVR�VHUYHV�DV�WKH�GDWD�PRGHO�IRU�PHDVXUHPHQW

FRQVLGHUDWLRQV�

:KHQ�WKH�EUDLQ�UHFHLYHV�WKH�LQSXW�RI�D�FRQWH[W�LQVWDQFH��D�TXHVWLRQ���LW�DQDO\]HV�WKH

FRQWH[W�DQG�WKH�UHVXOWV�FDQ�WULJJHU�D�VHW�RI�UHOHYDQW�PHQWDO�HOHPHQWV�DQG�PRGHOV���,I�QR

H[LVWLQJ�PRGHO�VHHPV�DSSURSULDWH�IRU�WKH�VSHFLILF�FRQWH[W��D�QHZ�RQH�LV�WKHQ�FUHDWHG�
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8VXDOO\�D�YHULILFDWLRQ�SURFHVV�LV�LQYROYHG�WR�FRQILUP�WKDW�WKH�QHZ�PRGHO�ZRQ©W�FRQWUDGLFW

ZLWK�DQ\�H[LVWLQJ�PRGHOV��IDFWV�DQG�SULQFLSOHV���2QFH�D�PRGHO�LV�WULJJHUHG�RU�FUHDWHG��LW�LV

WKHQ�DSSOLHG�WR�WKH�FRQWH[W�WR�JHQHUDWH�D�UHVSRQVH���,W�LV�DOVR�SRVVLEOH�WKDW�D�QHZ�FRQWH[W

ZLOO�WULJJHU�QR�DSSURSULDWH�PRGHOV��ZKLFK�UHVXOWV�LQ�D�UDQGRP�OLNH�UHVSRQVH���%DVHG�RQ�WKH

GLVFXVVLRQ�LQ�WKH�SUHYLRXV�VHFWLRQV��WKH�PRGHO�WULJJHULQJ�SURFHVV�LV�WUHDWHG�DV�D�FRQGLWLRQHG

UDQGRP�SURFHVV��ZKLFK�JXDUDQWHHV�WKDW�WKH�RXWFRPH�IURP�WKLV�SURFHVV�LV�RQH�RI�WKH�SK\VLFDO

PRGHOV���7KH�PRGHO�WULJJHULQJ�SURFHVV�IRU�D�SDUWLFXODU�VWXGHQW�GRHVQ©W�KDYH�WR�EH�UDQGRP�

+RZHYHU��ZLWK�D�FODVV�RI�VWXGHQWV��DQ�H[WHUQDO�REVHUYHU�FDQ�RQO\�KDYH�YHU\�OLPLWHG

YLVLELOLW\�RQ�VWXGHQWV©�LQWHUQDO�PHQWDO�RSHUDWLRQV���,Q�VXFK�FDVHV��VWXGHQW�PRGHO�WULJJHULQJ

LV�GLIILFXOW�WR�SUHFLVHO\�GHWHUPLQH�DQG�WKXV�PRGHOHG�DV�D�FRQGLWLRQHG�UDQGRP�SURFHVV�

7KLV�SURFHVV�FDQ�EH�UHSUHVHQWHG�PDWKHPDWLFDOO\�ZLWK
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�VWXGHQW�UHVSRQVH�JHQHUDWHG�LQ�D�FRQWH[W�LQVWDQFH�UHSUHVHQWHG�E\�[L�

5DQG���LV�WKH�FRQWH[W�GHSHQGHQW�UDQGRP�PRGHO�WULJJHULQJ�IXQFWLRQ���I0���UHSUHVHQWV�D

VWXGHQW�DSSO\LQJ�WKH�WULJJHUHG�PRGHO���0�L�WKURXJK�0ZL�DUH�WKH�SK\VLFDO�PRGHOV�DVVRFLDWHG

ZLWK�FRQWH[W�[L�LQFOXGLQJ�D�QXOO�PRGHO��DQG�¦H§�LV�WKH�QRLVH�FUHDWHG�E\�KXPDQ�PLVWDNHV�DQG

RWKHU�HUURUV�LUUHOHYDQW�WR�PRGHO�WULJJHULQJ�

,Q�FRQGXFWLQJ�PHDVXUHPHQWV�ZLWK�WKLV�GDWD�PRGHO��WKH�LQGLYLGXDO�VWXGHQW©V�EDFNJURXQG

LV�UHSUHVHQWHG�ZLWK�XN��ZKLFK�GHVFULEHV�WKH�SUREDELOLW\�IRU�D�VLQJOH�VWXGHQW�WR�EH�WULJJHUHG

&RQWH[W $QDO\VLV

2WKHU�0HQWDO

(OHPHQWV

0RGHOV

5HVSRQVH

&XHLQJ

5HWULHYLQJ�RU

FUHDWLQJ�D�PRGHO

7KH�RXWFRPH�LV�RQH�RI

WKH�SK\VLFDO�PRGHOV�
&RQGLWLRQHG

UDQGRP�SURFHVV

)LJXUH�������2QH�LWHUDWLRQ�RI�PRGHO�RSHUDWLRQ
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LQWR�WKH�GLIIHUHQW�SK\VLFDO�PRGHOV��XN�UHSUHVHQWV�WKH�VLQJOH�VWXGHQW�PRGHO�VWDWH�YHFWRU�

ZKLFK�LV�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ��

0DWKHPDWLFDO�)UDPHZRUN

,Q�WKLV�VHFWLRQ��,�SURSRVH�D�PDWKHPDWLFDO�UHSUHVHQWDWLRQ�IRU�PHDVXULQJ�VWXGHQW�PRGHOV�

7KH�IROORZLQJ�LV�DQ�LQWURGXFWLRQ�WR�WKH�IXQGDPHQWDO�HOHPHQWV�RI�WKLV�PDWKHPDWLFDO

UHSUHVHQWDWLRQ�

7KH�0RGHO�6SDFH

$V�GLVFXVVHG�HDUOLHU��IRU�D�VSHFLILF�SK\VLFV�FRQFHSW�GRPDLQ��ZH�FDQ�GHILQH�D�FRPSOHWH

VHW�RI�SK\VLFDO�PRGHOV���$OO�WKHVH�SK\VLFDO�PRGHOV�DUH�GLIIHUHQW�IURP�HDFK�RWKHU�DQG�ZH�FDQ

UHSUHVHQW�WKHP�ZLWK�D�VHW�RI�RUWKRJRQDO�XQLWDU\�YHFWRUV�
K

H ��GHILQHG�DV�WKH�SK\VLFDO�PRGHO

YHFWRUV�
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ZKHUH�¦Z§�LV�WKH�WRWDO�QXPEHU�RI�SK\VLFDO�PRGHOV�DVVRFLDWHG�ZLWK�WKH�VSHFLILF�FRQFHSW

GRPDLQ�XQGHU�FRQVLGHUDWLRQ��D�QXOO�PRGHO�LV�DOVR�LQFOXGHG����7KH�VSDFH�VSDQQHG�E\�DOO

WKHVH�SK\VLFDO�PRGHO�YHFWRUV�LV�GHILQHG�DV�WKH�PRGHO�VSDFH�

,Q�WKH�SUHYLRXV�VHFWLRQV��,�GLVFXVVHG�WKDW�WKH�VWXGHQW�PRGHO�VWDWH�FDQ�EH�UHSUHVHQWHG

ZLWK�WKH�VHW�RI�SUREDELOLWLHV�IRU�D�VWXGHQW�WR�EH�WULJJHUHG�LQWR�WKH�GLIIHUHQW�SK\VLFDO�PRGHOV

PHDVXUHG�ZLWK�D�VHW�RI�ZHOO�GHVLJQHG�SUREOHP�VROYLQJ�LQVWDQFHV���7KHQ�WKH�PRGHO�VWDWH�IRU

D�VLQJOH�VWXGHQW��WKH�N
WK
�VWXGHQW�LQ�D�FODVV��FDQ�EH�UHSUHVHQWHG�ZLWK�D�XQLWDU\�YHFWRU�XN�
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7KH�HOHPHQWV�RI�WKH�YHFWRU�UHSUHVHQW�WKH�SUREDELOLW\�DPSOLWXGH���7KLV�JLYHV�WKH

QRUPDOL]DWLRQ�FRQGLWLRQ�ZKLFK�IROORZV�WKH�FRQVWUDLQW�WKDW�WKH�SK\VLFDO�PRGHOV�IRUP�D

FRPSOHWH�VHW�DQG�WKH�SUREDELOLW\�IRU�D�VWXGHQW�WR�EH�WULJJHUHG�LQWR�RQH�RI�WKH�SK\VLFDO

PRGHOV�LV�����$�JUDSKLFDO�LOOXVWUDWLRQ�RI�D�WKUHH�PRGHO�H[DPSOH�LV�VKRZQ�LQ�ILJXUH�����
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6LQFH�ERWK�WKH�SK\VLFDO�PRGHO�YHFWRUV�DQG�WKH�VWXGHQW�PRGHO�VWDWH�YHFWRUV�DUH�XQLWDU\�

WKH�HQG�SRLQW�RI�D�VWXGHQW�PRGHO�VWDWH�YHFWRU�LV�DOZD\V�RQ�WKH�VXUIDFH�RI�D�PXOWL�

GLPHQVLRQDO�VSKHUH�ZLWK�UDGLXV�HTXDO�WR�����$V�LQGLFDWHG�E\�(T�������WKH�HOHPHQWV�RI�WKH

PHDVXUHG�VWXGHQW�PRGHO�VWDWH�DUH�DOZD\V�SRVLWLYH��WKHUHIRUH��XN�RQO\�H[LVWV�LQVLGH�WKH�ILUVW

RFWDQW�LQ�WKH�H[DPSOH�RI�ILJXUH�����

$V�VKRZQ�E\�UHVHDUFK��LQ�OHDUQLQJ�SK\VLFV�PDQ\�VWXGHQWV�RIWHQ�KROG�PXOWLSOH�SK\VLFDO

PRGHOV�DW�WKH�VDPH�WLPH�DQG�XVH�WKHP�LQFRQVLVWHQWO\�LQ�VROYLQJ�SUREOHPV�
��
���7KHUHIRUH�

VWXGHQW�UHVSRQVHV�RIWHQ�UHIOHFW�D�PL[HG�VWDWH�RI�XVLQJ�WKH�GLIIHUHQW�SK\VLFDO�PRGHOV���$V�D

UHVXOW�WKH�HVWLPDWHG�VWXGHQW�PRGHO�VWDWH�YHFWRU�LV�XVXDOO\�LQ�D�GLUHFWLRQ�GLIIHUHQW�IURP�DQ\

RI�WKH�EDVH�YHFWRUV�

(UURU�$QDO\VLV�LQ�0HDVXULQJ�6WXGHQW�0RGHO�6WDWH

x 6RXUFHV�RI�5DQGRP�(UURUV

)URP�(T�������LW�LV�HDV\�WR�VHH�WKDW�WKHUH�DUH�WZR�NLQGV�RI�UDQGRP�HUURUV�LQYROYHG���2QH

LV�LQ�WKH�PRGHO�WULJJHULQJ�SURFHVV�FDXVHG�E\�HLWKHU�LQFRUUHFW�WULJJHULQJ�RI�D�PRGHO�RU�WKH

WULJJHULQJ�RI�D�QXOO�PRGHO���7KH�RWKHU�LV�WKH�WUDGLWLRQDO�UDQGRP�HUURU��KXPDQ�PLVWDNHV��

UHSUHVHQWHG�ZLWK�¦H§��ZKLFK�H[LVWV�LQ�DOO�PHDVXUHPHQWV�

)RU�WKH�ILUVW�W\SH�RI�UDQGRP�HUURUV��WKHUH�DUH�WZR�SRVVLEOH�VRXUFHV���2QH�LV�WKDW�WKH

VWXGHQWV�PLJKW�FRPH�XS�ZLWK�D�PRGHO�WKDW�LV�RXWVLGH�WKH�SK\VLFDO�PRGHO�VSDFH�GHILQHG�E\

WKH�3(5�UHVHDUFKHUV�DV�D�UHVXOW�RI�GHWDLOHG�DQDO\VLV�RI�LQGLYLGXDO�LQWHUYLHZV�DQG�RWKHU

TXDOLWDWLYH�VWXGLHV���,I�WKHUH�DUH�D�ODUJH�QXPEHU�RI�VXFK�LQVWDQFHV��LW�FDQ�EH�DQ�LQGLFDWLRQ�IRU

D�SRVVLEOH�V\VWHPDWLF�GHIHFW�DQG�ZH�ZLOO�QHHG�WR�UHGHVLJQ�WKH�SK\VLFDO�PRGHO�VSDFH�DQG�WKH

LQVWUXPHQW���+RZHYHU��HYHQ�IRU�D�SHUIHFWO\�GHVLJQHG�SK\VLFDO�PRGHO�VSDFH��LW�LV�VWLOO

SRVVLEOH�IRU�D�IHZ�VXFK�LQVWDQFHV�WR�KDSSHQ�EHFDXVH�DQ\�SK\VLFV�FRQFHSW�LV�RQO\�D�VPDOO

VXEVSDFH�XQGHU�D�PRUH�JHQHUDO�SK\VLFV�NQRZOHGJH�V\VWHP���%HIRUH�WKH�VWXGHQWV�KDYH�D

JRRG�XQGHUVWDQGLQJ�RI�WKH�WRSLF�DW�DQ�H[WHQVLYH�OHYHO��WKH\�KDYH�D�ORW�RI�IUHHGRP�WR�WULJJHU

RWKHU�PRGHOV����,Q�DGGLWLRQ��VWXGHQW�EDFNJURXQG�DOVR�YDULHV���7KH�RWKHU�SRVVLEOH�FDXVHV�IRU

XN

H
�

H
�

H
�

)LJXUH�������$�WKUHH�PRGHO�H[DPSOH�RI�PRGHO�VSDFH�DQG�VWXGHQW�PRGHO�VWDWH
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WKH�ILUVW�W\SH�RI�UDQGRP�HUURUV�LV�WKDW�WKH�VWXGHQWV�PD\�IDLO�WR�FRPH�XS�ZLWK�DQ\�PRGHO�

7KHQ�WKHLU�UHVSRQVHV�ZLOO�EH�FORVH�WR�UDQGRP�JXHVVHV�

7KH�VHFRQG�W\SH�RI�UDQGRP�HUURU�LV�RIWHQ�FDXVHG�E\�KXPDQ�PLVWDNHV�DQG�GRHV�QRW

UHIOHFW�LQIRUPDWLRQ�RQ�VWXGHQW�PRGHOV���)RU�H[DPSOH��D�VWXGHQW�FDQ�EH�WULJJHUHG�LQWR�D

SDUWLFXODU�PRGHO�EXW�DSSOLHV��UXQV��LW�LQFRUUHFWO\�E\�PDNLQJ�VRPH�PLVWDNHV�LQ�WKH�SURFHVV

DQG�JHQHUDWH�D�UHVSRQVH�GLIIHUHQW�IURP�ZKDW�VKRXOG�EH���7KLV�FDQ�UHVXOW�LQ�DQ�LQFRUUHFW

PHDVXUHPHQW�RI�VWXGHQW�PRGHOV���7KLV�W\SH�RI�UDQGRP�HUURUV�FDQ�KDSSHQ�DW�DQ\WLPH�DQG

IRUPV�WKH�EDFNJURXQG�QRLVH�RI�PHDVXUHPHQW�

7KH�WZR�W\SHV�RI�HUURUV�DUH�GLIIHUHQW�LQ�QDWXUH���7KH�ILUVW�RQH�LV�D�QRLVH�GXH�WR�UDQGRP

PRGHO�WULJJHULQJ�DQG�WKH�VHFRQG�W\SH�LV�FDXVHG�E\�KXPDQ�PLVWDNHV�LQ�RSHUDWLRQ�

1RZ�FRQVLGHU�WKH�HUURUV�DVVRFLDWHG�ZLWK�WKH�PRGHO�WULJJHULQJ���,Q�WKH�FRQWH[W�RI�D

PXOWLSOH�FKRLFH�WHVW��VWXGHQWV�ZKR�FRPH�XS�ZLWK�D�PRGHO�RXWVLGH�WKH�SK\VLFDO�PRGHO�VSDFH

ZLOO�WHQG�WR�VHOHFW�WKH�UHVSRQVHV�WKDW�DUH�OHDVW�OLNHO\�WR�EH�DVVRFLDWHG�ZLWK�DQ\�RI�WKH

SK\VLFDO�PRGHOV���,I�WKH�WHVW�TXHVWLRQV�GR�QRW�DOORZ�VXFK�IUHHGRP��WKH�VWXGHQWV�ZLOO�EH

IRUFHG�WR�FKRVH�UHVSRQVHV�WKDW�DUH�DJDLQVW�WKHLU�UHDVRQLQJ�DQG�WKXV�GLVWRUW�WKH�PHDVXUHPHQW�

0HDQZKLOH��IRU�VWXGHQWV�ZLWK�QR�PRGHO��WKHLU�UHVSRQVHV�ZLOO�EH�OLNH�WKH�UHVXOWV�RI�D�UDQGRP

JXHVVLQJ��ZKLFK�LV�HYHQO\�SUREDEOH�IRU�DQ\�RQH�RI�WKH�SRVVLEOH�FKRLFHV���,Q�ERWK�FDVHV�WKH

VWXGHQWV�ZLOO�JHQHUDWH�GLVWRUWLRQV�WR�WKH�HVWLPDWHG�VWXGHQW�PRGHO�VWDWH�

,Q�RUGHU�WR�PLQLPL]H�WKLV�GLVWRUWLRQ��ZH�FDQ�GHVLJQ�D�QRLVH�GLPHQVLRQ�LQ�WKH�WHVW�WR

DEVRUE�WKH�QRLVHV�FUHDWHG�E\�HUURUV�LQ�PRGHO�WULJJHULQJ���(DFK�PXOWLSOH�FKRLFH�TXHVWLRQ

XVXDOO\�FRQWDLQV�VHYHUDO�FKRLFHV�UHSUHVHQWLQJ�WKH�SK\VLFDO�PRGHOV�DQG�D�IHZ�DGGLWLRQDO

FKRLFHV�UHIOHFWLQJ�OHVV�SRSXODU�LGHDV��RU�D�FKRLFH�RI��¦QRQH�RI�WKH�DERYH§����7KHVH

DGGLWLRQDO�FKRLFHV�FDQ�EH�XVHG�WR�FRQVWUXFW�WKH�QRLVH�GLPHQVLRQ���)RU�WKH�ILUVW�FDVH��WKH

QRLVH�FDQ�EH�UHGXFHG�E\�PDNLQJ�WKH�DGGLWLRQDO�FKRLFHV�WR�EHVW�UHVHPEOH�WKRVH�SRVVLEOH

PRGHOV�RXWVLGH�WKH�FRQFHSW�GRPDLQ���)RU�WKH�VHFRQG�FDVH��LW�LV�LPSRVVLEOH�WR�FRPSOHWHO\

UHPRYH�WKH�QRLVH���%XW�LI�ZH�FDQ�DOORZ�PRUH�FKRLFHV�LQ�HDFK�TXHVWLRQ��WKHRUHWLFDOO\��LW�FDQ

H[SDQG�WKH�VSDFH�IRU�WKH�VWXGHQW�WR�FKRRVH�IURP�DQG�UHGXFH�WKH�UDQGRP�GLVWRUWLRQ�RQ�WKH

FRUUHFW�PRGHOHG�SRUWLRQ�RI�WKH�VWXGHQW�UHVSRQVHV���,Q�UHDOLW\��LW�PLJKW�QRW�ZRUN�VLQFH�QRW�DOO

WKH�FKRLFHV�VHHP�HTXDOO\�DWWUDFWLYH�WR�VWXGHQWV���,Q�WKH�PRGHO�VSDFH�GHILQHG�HDUOLHU��WKH

QRLVH�GLPHQVLRQ�LV�LQFOXGHG�LQ�WKH�QXOO�PRGHO�

x 7KH�&RQWH[W�¤�0RGHO�0HDVXUHPHQW�8QFHUWDLQW\�5HODWLRQ

7KH�UHVROXWLRQ�LQ�PHDVXULQJ�D�VSHFLILF�VWXGHQW�PRGHO�VWDWH�LV�HYDOXDWHG�DV�WKH�PXOWL�

GLPHQVLRQDO�VROLG�DQJOH�EHWZHHQ�GLIIHUHQW�VWXGHQW�PRGHO�VWDWH�YHFWRUV���7KH�PLQLPXP

DQJOH�UHSUHVHQWLQJ�WKH�PLQLPXP�UHVROXWLRQ�LV�SULPDULO\�GHWHUPLQHG�E\�WKH�VDPSOH�VL]H�RI

WKH�PHDVXUHPHQW�FDUULHG�RXW�RQ�D�VLQJOH�VWXGHQW���7KHUHIRUH��IRU�EHWWHU�UHVROXWLRQ��ZH�QHHG

WR�GHVLJQ�DQ�DGHTXDWHO\�ODUJH�QXPEHU�RI�TXHVWLRQV�IRU�HDFK�FRQFHSW���,W�LV�UHFRPPHQGHG�WR

KDYH�WKH�WRWDO�QXPEHU�RI�TXHVWLRQV�WR�EH�PXFK�ODUJHU�WKDQ�WKH�QXPEHU�RI�SK\VLFDO�PRGHOV

LQ�RUGHU�WR�JHW�D�UHDVRQDEO\�JRRG�UHVROXWLRQ�IRU�WKH�PHDVXUHPHQW�RI�WKH�VLQJOH�VWXGHQW

PRGHO�VWDWH�
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7R�REWDLQ�D�PRUH�ULJRURXV�GHILQLWLRQ�RI�WKH�PHDVXUHPHQW�UHVROXWLRQ��OHW©V�FRQVLGHU�HDFK

TXHVWLRQ�DV�D�FRQWH[W�LQVWDQFH���7KH�VL]H�RI�WKH�VHW�RI�TXHVWLRQV�IRU�RQH�SK\VLFDO�FRQFHSW

GHWHUPLQHV�WKH�UHVROXWLRQ�RI�WKH�HVWLPDWHG�VWXGHQW�PRGHO�VWDWH���$Q�XQFHUWDLQW\�UHODWLRQ

DOVR�DSSOLHV�KHUH���)LUVW��IRU�RQH�SK\VLFV�FRQFHSW��WKH�WRWDO�QXPEHU�RI�TXHVWLRQV�ZLWK

GLVWLQJXLVKDEOH�GLIIHUHQW�IHDWXUHV�WKDW�FDQ�EH�SXW�LQWR�PHDVXUHPHQW�LV�D�ODUJH�EXW�ILQLWH

QXPEHU���7KLV�UHVXOWV�LQ�D�QRQ�]HUR�PLQLPXP�XQFHUWDLQW\�IRU�WKH�HVWLPDWHG�VWXGHQW�PRGHO

VWDWH��L�H���LW�LV�QRW�SRVVLEOH�WR�DUELWUDULO\�LQFUHDVH�WKH�QXPEHU�RI�TXHVWLRQV�WR�REWDLQ�DQ

LQILQLWHVLPDO�XQFHUWDLQW\���+RZHYHU��DOWKRXJK�LW�FDQ�EH�DUJXHG�WKDW�RQH�PD\�FRPH�XS�ZLWK

DQ�LQILQLWH�QXPEHU�RI�TXHVWLRQV�ZLWK�GLVWLQJXLVKDEOH�GLIIHUHQW�FRQWH[W�VHWWLQJV�IRU�RQH

FRQFHSW��LQ�FRQGXFWLQJ�PHDVXUHPHQW��WKH�WRWDO�QXPEHU�RI�TXHVWLRQV�WKDW�FDQ�EH�XVHG�LV�VWLOO

ILQLWH���,Q�SUDFWLFH��ZH�RIWHQ�RQO\�XVH�D�VPDOO�VXEVHW�RI�TXHVWLRQV�LQ�HDFK�PHDVXUHPHQW

UHVXOWLQJ�LQ�D�PXFK�ODUJHU�XQFHUWDLQW\���7KLV�XQFHUWDLQW\�LV�PHDVXUHG�ZLWK�WKH�PXOWL�

GLPHQVLRQDO�VROLG�DQJOH�LQ�WKH�PRGHO�VSDFH���)RU�D�Z�GLPHQVLRQ�PRGHO�VSDFH��WKH

XQFHUWDLQW\�UHODWLRQ�FDQ�EH�ZULWWHQ�DV�

Z

Z

�
P[

:
tG�G �����

ZKHUH�:Z�LV�WKH�WRWDO�VROLG�DQJOH�RI�DQ�Z�GLPHQVLRQDO�XQLWDU\�VSKHUH�DQG� [G �UHSUHVHQWV�WKH

PXOWL�GLPHQVLRQDO�VSDQ�RI�WKH�FRQWH[W�VXEVHW���,W�KDV�WR�EH�QRWLFHG�WKDW�VRPHWLPHV�D

FRQFHSW�FDQ�LQYROYH�PXOWLSOH�SK\VLFDO�IHDWXUHV���7KHVH�SK\VLFDO�IHDWXUHV�DUH�OLNH�VXE�

GLPHQVLRQV�RI�WKH�JHQHUDO�PRGHO�VWUXFWXUH�DQG�KDYH�WR�EH�FRQVLGHUHG�VHSDUDWHO\���)RU

H[DPSOH��WKH�1HZWRQ©V�7KLUG�/DZ�FDQ�LQYROYH�LVVXHV�UHODWHG�WR�PDVV��YHORFLW\�

DFFHOHUDWLRQ��HWF���VHH�FKDSWHU���IRU�GHWDLOV����,Q�VXFK�FDVHV��WKH�PHDVXUHPHQW�DQG

XQFHUWDLQW\�UHODWLRQ��(T�������QHHGV�WR�EH�FRQVLGHUHG�ZLWK�HDFK�RI�WKH�SK\VLFDO�IHDWXUHV

LQYROYHG���7KDW�LV��ZKHQ�XVLQJ�WKH�1HZWRQ©V�7KLUG�/DZ�DV�DQ�H[DPSOH��LI�D�VHW�RI�TXHVWLRQV

DUH�DOO�EDVHG�RQ�PDVV��WKHQ�WKH\�FDQ©W�EH�XVHG�WR�PHDVXUH�PRGHOV�UHODWHG�WR�YHORFLW\���,Q

WKLV�FDVH�WKH�XQFHUWDLQW\�IRU�WKH�GLPHQVLRQ�RQ�WKH�SK\VLFDO�IHDWXUH�RI�PDVV�LV�GHWHUPLQHG�E\

WKH�QXPEHU�RI�TXHVWLRQV�LQ�WKH�VHW�DQG�WKH�XQFHUWDLQW\�IRU�WKH�GLPHQVLRQ�ZLWK�RWKHU

SK\VLFDO�IHDWXUHV�LV�LQILQLW\��QR�LQIRUPDWLRQ�FDQ�EH�REWDLQHG�LQ�WKRVH�GLPHQVLRQV��

,Q�(T���������WKH�IDFWRU�RI��
Z
�LQGLFDWHV�WKDW�WKH�PHDVXUHG�PRGHO�VWDWH�YHFWRU�RQO\�H[LVW

LQVLGH�WKH�ILUVW�RQH���
Z
�
WK
RI�WKH�Z�GLPHQVLRQDO�VSKHUH���,Q�D���'�H[DPSOH��:��LV�HTXDO�WR��S

ZKLOH�:���
�
� �S����WKH�VROLG�DQJOH�RI�WKH�ILUVW�RFWDQW���7KH� PG �LV�WKH�PXOWL�GLPHQVLRQDO

VSDQ�RI�D�QHZ�YDULDEOH��¦ P§��GHILQHG�DV�WKH�PRGHO�QXPEHU�LQ�DQDORJRXV�WR�WKH�FRQFHSW�RI

ZDYH�QXPEHU�

QPQ
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Z
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ZKHUH�¦Q§�UHSUHVHQWV�D�PRGHO�TXDQWXP�QXPEHU��DQG�/�LV�WKH�WRWDO�QXPEHU�RI�DOO�WKH

GLVWLQJXLVKDEOH�FRQWH[W�LQVWDQFHV��RU�LW�FDQ�EH�GHILQHG�DV�WKH�QXPEHU�RI�TXHVWLRQV�ZH�FDQ

SXW�LQ�RQH�WHVW���7KH�¦ �P §�LV�WKH�VPDOOHVW�GHWHFWDEOH�GLIIHUHQFH�LQ�VROLG�DQJOH�EHWZHHQ

VWXGHQW�PRGHO�VWDWH�YHFWRUV�IRU�WKH�JLYHQ�WHVW����

:KHQ�WKH�VSDQ�RI�WKH�FRQWH[W�VXEVHW�JHWV�VPDOOHU��WKH�XQFHUWDLQW\�RI�D�PRGHO�VWDWH�JHWV

ODUJHU���,I�ZH�RQO\�KDYH�RQH�FRQWH[W�SRLQW��WKH�HVWLPDWHG�VWXGHQW�PRGHO�VWDWH�ZLOO�KDYH�DQ

XQFHUWDLQW\�HTXDO�WR
Z

Z

�

:
��L�H���ZLWK�RQH�TXHVWLRQ��LW�LV�LPSRVVLEOH�WR�GHWHFW�WKH�H[LVWHQFH�RI

DQ\�PL[HG�PRGHO�VWDWH���,Q�VXFK�FDVHV��WKH�UHVXOWV�FDQ�RQO\�SURYLGH�TXDOLWDWLYH�HYLGHQFH�IRU

WKH�H[LVWHQFH�RI�RQH�RI�WKH�SK\VLFDO�PRGHOV���7KH�VPDOOHVW�QXPEHU�RI�TXHVWLRQV�UHTXLUHG�IRU

D�FUXGH�GHWHFWLRQ�RI�D�PL[HG�VWDWH�EHWZHHQ�WZR�SK\VLFDO�PRGHOV�LV�����*HQHUDOO\��LQ�RUGHU�WR

JHW�D�VDWLVIDFWRU\�UHVROXWLRQ��LW�LV�UHTXLUHG�WR�KDYH�WKH�QXPEHU�RI�TXHVWLRQV�EH�PXFK�ODUJHU

WKDQ�WKH�QXPEHU�RI�SK\VLFDO�PRGHOV���7KH�PLQLPXP�UHTXLUHPHQW�IRU�WKH�GHWHFWLRQ�RI�D

VLQJOH�VWXGHQW�PRGHO�VWDWH�LQ�D�Z�GLPHQVLRQ�PRGHO�VSDFH�LV�WKDW�WKH�QXPEHU�RI�TXHVWLRQV

VKRXOG�EH�HTXDO�WR�WKH�QXPEHU�RI�WKH�SK\VLFDO�PRGHOV���:LWK�D�WRWDO�RI�Z�VDPSOHV��RQH�FDQ

GLVWLQJXLVK�WZR�YHFWRUV�VHSDUDWHG�E\�
Z�Z
Z

�

:
�LQ�WKH�PRGHO�VSDFH��7KHUHIRUH��WKLV�UHVROXWLRQ

LV�WKH�PLQLPXP�UHTXLUHPHQW�IRU�GLVWLQJXLVKLQJ�Z�PRGHO�YHFWRUV�SURYLGHG�WKDW�WKH�Z�PRGHO

YHFWRUV�LV�HYHQO\�GLVWULEXWHG�LQ�WKH�RQH���
Z
�
WK
�VSKHUH�

([DPSOHV�RQ�6WXGHQW�0RGHOV�RI�,QWURGXFWRU\�3K\VLFV

,Q�FKDSWHU���DQG����,�ZLOO�GLVFXVV�WZR�QXPHULFDO�DOJRULWKPV�IRU�PHDVXULQJ�VWXGHQW

PRGHO�VWDWHV�ZLWK�PXOWLSOH�FKRLFH�TXHVWLRQV���,Q�WKLV�VHFWLRQ��,�LQWURGXFH�VRPH�H[DPSOHV�RI

VWXGHQW�PRGHOV�ZLWK�WZR�UHVHDUFK�EDVHG�PXOWLSOH�FKRLFH�LQVWUXPHQWV��WKH�IRUFH�FRQFHSW

LQYHQWRU\��)&,���DQG�WKH�IRUFH�PRWLRQ�FRQFHSW�HYDOXDWLRQ��)0&(��
��� ��

��,Q�P\�GLVFXVVLRQ�

WKH�RULJLQDO�YHUVLRQV�DUH�XVHG�

7KH�)&,�DQG�)0&(�WHVW�VWXGHQW�FRQFHSWXDO�XQGHUVWDQGLQJ�RI�ZLGH�YDULHWLHV�RI�SK\VLFV

FRQFHSWV�LQ�PHFKDQLFV���)RU�WKH�LQWHUHVWV�RI�WKLV�VWXG\��,�ZLOO�IRFXV�RQ�WZR�FRQFHSWV��WKH

)RUFH�¤�0RWLRQ�UHODWLRQ�DQG�WKH�1HZWRQ©V�7KLUG�/DZ���6WXGHQW�XQGHUVWDQGLQJ�RQ�WKHVH�WZR

FRQFHSWV�KDV�EHHQ�WKRURXJKO\�VWXGLHG�IRU�WKH�SDVW�WZR�GHFDGHV�DQG�UHVHDUFKHUV�LQ�WKH�3(5

FRPPXQLW\�KDYH�EHHQ�DEOH�WR�HVWDEOLVK�D�ZHOO�UHFRJQL]HG�XQGHUVWDQGLQJ�RI�WKH�GLIIHUHQW

VWXGHQW�PRGHOV�RQ�WKH�WZR�FRQFHSWV���7KLV�JLYHV�XV�DQ�HDV\�VWDUW�WR�ZRUN�ZLWK�VWXGHQW

PRGHOV�

7KH�)RUFH�¤�0RWLRQ�5HODWLRQ

x 7KH�3K\VLFDO�0RGHOV

$V�VKRZQ�E\�PDQ\�UHVHDUFKHUV��D�FRPPRQO\�REVHUYHG�VWXGHQW�GLIILFXOW\�LQ

XQGHUVWDQGLQJ�)RUFH�¤�0RWLRQ�LV�WKDW�PDQ\�VWXGHQWV�RIWHQ�WKLQN�WKDW�D�IRUFH�LV�DOZD\V

QHHGHG�WR�PDNH�DQ�REMHFW�PRYH�
��
��$V�D�UHVXOW��VWXGHQWV�RIWHQ�KDYH�WKH�LGHD�WKDW�LQ�DQ\

FLUFXPVWDQFHV��WKHUH�LV�DOZD\V�D�IRUFH�LQ�WKH�GLUHFWLRQ�RI�PRWLRQ���6RPH�HYHQ�FRQVLGHU�WKDW

WKH�IRUFH�LV�SURSRUWLRQDO�WR�WKH�YHORFLW\�RI�WKH�PRWLRQ����)RU�WKH�JURXS�RI�VWXGHQWV�ZH�RIWHQ
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HQFRXQWHU�LQ�RXU�LQWURGXFWRU\�SK\VLFV�FODVV��WKLV�LV�WKH�RQO\�GRPLQDQW�LQFRUUHFW�VWXGHQW

PRGHO�UHODWHG�WR�WKH�)RUFH�¤�0RWLRQ�FRQFHSW���7KHUHIRUH��ZH�FDQ�GHILQH�WKUHH�SK\VLFDO

PRGHOV�

0RGHO��� ,W�LV�QRW�QHFHVVDU\�WR�DOZD\V�KDYH�D�IRUFH�LQ�WKH�GLUHFWLRQ�RI�PRWLRQ�

�FRUUHFW�H[SHUW�PRGHO�

0RGHO��� 7KHUH�LV�DOZD\V�D�IRUFH�LQ�WKH�GLUHFWLRQ�RI�PRWLRQ���LQFRUUHFW�VWXGHQW�PRGHO�

0RGHO��� 7KH�QXOO�PRGHO�

:H�PDNH�LW�D�WUDGLWLRQ�WR�DOZD\V�XVH�¦0RGHO��§�WR�UHSUHVHQW�WKH�H[SHUW�PRGHO�DQG�XVH�WKH

ODVW�PRGHO��¦0RGHO��§�LQ�WKLV�FDVH��WR�UHSUHVHQW�WKH�QXOO�PRGHO�

x 7KH�7HVW�4XHVWLRQV

�� )&,�4XHVWLRQV

,Q�WKH�)&,�WHVW��WKHUH�DUH�ILYH�TXHVWLRQV�RQ�WKH�)RUFH�¤�0RWLRQ�FRQFHSW��TXHVWLRQV������

��������������7DNLQJ�TXHVWLRQ���IRU�H[DPSOH��VHH�ILJXUH�������WKH�FKRLFHV�RI�¦D§��¦E§��DQG

¦F§�UHSUHVHQW�WKUHH�GLIIHUHQW�UHVSRQVHV�FRUUHVSRQGLQJ�WR�WKH�VDPH�LQFRUUHFW�VWXGHQW�PRGHO

GHILQHG�LQ�WKH�SUHYLRXV�VHFWLRQ���$OO�RI�WKH�WKUHH�FKRLFHV�LQFOXGH�D�IRUFH�LQ�WKH�GLUHFWLRQ�RI

PRWLRQ���,I�D�VWXGHQW�DQVZHUV�DQ\�RQH�RI�WKH�ILUVW�WKUHH�FKRLFHV��ZH�FRQVLGHU�WKDW�WKH�VWXGHQW

KDV�D�PRGHO�FRUUHVSRQGLQJ�WR�WKH�LQFRUUHFW�SK\VLFDO�PRGHO��0RGHO������0RUH�GHWDLOHG

DQDO\VLV�RQ�WKH�FHUWDLQW\�RI�VXFK�D�PRGHO�DVVLJQPHQW�LV�GLVFXVVHG�LQ�FKDSWHU���

��� $�ER\�WKURZV�D�VWHHO�EDOO�VWUDLJKW�XS���&RQVLGHU�WKH�PRWLRQ�RI�WKH�EDOO�RQO\

DIWHU�LW�KDV�OHIW�WKH�ER\
V�KDQG�EXW�EHIRUH�LW�WRXFKHV�WKH�JURXQG��DQG

DVVXPH�WKDW�IRUFHV�H[HUWHG�E\�WKH�DLU�DUH�QHJOLJLEOH��)RU�WKHVH�FRQGLWLRQV�

WKH�IRUFH�V��DFWLQJ�RQ�WKH�EDOO�LV��DUH��

�$� D�GRZQZDUG�IRUFH�RI�JUDYLW\�DORQJ�ZLWK�D�VWHDGLO\�GHFUHDVLQJ�XSZDUG

IRUFH�

�%� D�VWHDGLO\�GHFUHDVLQJ�XSZDUG�IRUFH�IURP�WKH�PRPHQW�LW�OHDYHV�WKH

ER\©V�KDQG�XQWLO�LW�UHDFKHV�LWV�KLJKHVW�SRLQW��RQ�WKH�ZD\�GRZQ�WKHUH�LV

D�VWHDGLO\�LQFUHDVLQJ�GRZQZDUG�IRUFH�RI�JUDYLW\�DV�WKH�REMHFW�JHWV
FORVHU�WR�WKH�HDUWK�

�&� DQ�DOPRVW�FRQVWDQW�GRZQZDUG�IRUFH�RI�JUDYLW\�DORQJ�ZLWK�DQ�XSZDUG

IRUFH�WKDW�VWHDGLO\�GHFUHDVHV�XQWLO�WKH�EDOO�UHDFKHV�LWV�KLJKHVW�SRLQW�

RQ�WKH�ZD\�GRZQ�WKHUH�LV�RQO\�D�FRQVWDQW�GRZQZDUG�IRUFH�RI�JUDYLW\�

�'� DQ�DOPRVW�FRQVWDQW�GRZQZDUG�IRUFH�RI�JUDYLW\�RQO\�

�(� QRQH�RI�WKH�DERYH��7KH�EDOO�IDOOV�EDFN�WR�JURXQG�EHFDXVH�RI�LWV

QDWXUDO�WHQGHQF\�WR�UHVW�RQ�WKH�VXUIDFH�RI�WKH�HDUWK�

)LJXUH�������4XHVWLRQ���RI�WKH�)&,�WHVW
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2EYLRXVO\��LI�D�VWXGHQW�DQVZHUV�¦G§�RQ�WKLV�TXHVWLRQ��LW�LV�YHU\�OLNHO\�WKDW�WKLV�VWXGHQW

KDV�D�FRUUHFW�PRGHO���&KRLFH�¦H§�LV�WKH�$ULVWRWHOLDQ�FKRLFH���,W�LV�UDUHO\�KHOG�E\�DQ�DYHUDJH

VWXGHQW�LQ�RXU�LQWURGXFWRU\�SK\VLFV�FODVV���,I�D�VWXGHQW�GRHV�FKRRVH�WKLV�FKRLFH��ZH�ZLOO

FRQVLGHU�KLP�RU�KHU�UHVSRQGLQJ�ZLWK�D�QXOO�PRGHO���

7KH�FRPSOHWH�)&,�WHVW�LV�JLYHQ�LQ�$SSHQGL[�$���,Q�FKDSWHU����,�ZLOO�GLVFXVV�D�PRUH

GHWDLOHG�PRGHOLQJ�VFKHPH�WR�XVH�PXOWLSOH�TXHVWLRQV�LQ�DQDO\]LQJ�VWXGHQW�PRGHOV�

�� )0&(�4XHVWLRQV

7KH�TXHVWLRQV�LQ�WKH�)0&(�WHVW�DUH�VWUXFWXUHG�D�OLWWOH�GLIIHUHQWO\�IURP�WKH�)&,

TXHVWLRQV���,Q�WKH�)0&(�WHVW��TXHVWLRQV�DUH�IRUPHG�LQWR�JURXSV���4XHVWLRQV�LQ�HDFK�JURXS

DUH�DOO�EDVHG�RQ�D�VLQJOH�FRQWH[W�ZLWK�D�VWRU\�OLQH�LQWURGXFHG�LQ�DGYDQFH���,Q�WKH�)&,�WHVW�

PRVW�TXHVWLRQV�DUH�VWDQG�DORQH�DQG�KDYH�D�XQLTXH�FRQWH[W����,�ZLOO�GLVFXVV�PRUH�GHWDLOV�RQ

WKH�SUR©V�DQG�FRQ©V�RI�VXFK�DUUDQJHPHQW�LQ�FKDSWHU���

4XHVWLRQV������UHIHU�WR�D�WR\�FDU�ZKLFK�LV�JLYHQ�D�TXLFN�SXVK�VR�WKDW�LW�UROOV�XS

DQ�LQFOLQHG�UDPS���$IWHU�LW�LV�UHOHDVHG��LW�UROOV�XS��UHDFKHV�LWV�KLJKHVW�SRLQW�DQG

UROOV�EDFN�GRZQ�DJDLQ���)ULFWLRQ�LV�VR�VPDOO�LW�FDQ�EH�LJQRUHG�

8VH�RQH�RI�WKH�IROORZLQJ�FKRLFHV��$�WKURXJK�*��WR�LQGLFDWH�WKH�QHW�IRUFH�DFWLQJ

RQ�WKH�FDU�IRU�HDFK�RI�WKH�FDVHV�GHVFULEHG�EHORZ���$QVZHU�FKRLFH�-�LI�\RX�WKLQN

WKDW�QRQH�LV�FRUUHFW�

Net force zeroD

Net constant  force down  rampA
Net increasing  force down  rampB

Net decreasing  force down  rampC

Net constant  force up  rampE

Net decreasing force up  rampG

Net increasing  force up  rampF

�������������� 7KH�FDU�LV�PRYLQJ�XS�WKH�UDPS�DIWHU�LW�LV�UHOHDVHG�

�������������� 7KH�FDU�LV�DW�LWV�KLJKHVW�SRLQW�

��������������� 7KH�FDU�LV�PRYLQJ�GRZQ�WKH�UDPS�

)LJXUH������)0&(�TXHVWLRQV�RQ�)RUFH�¤�0RWLRQ�FRQFHSW



��

)RU�WKH�)RUFH�¤�0RWLRQ�FRQFHSW��ZH�FDQ�HDVLO\�LGHQWLI\�WKUHH�TXHVWLRQ�JURXSV�ZLWK��

TXHVWLRQV��TXHVWLRQV�����������������������������LQ�WKH�)0&(�WHVW���2WKHU�TXHVWLRQV�PD\�DOVR

LQYROYH�WKH�)RUFH�¤�0RWLRQ�FRQFHSW��H�J���TXHVWLRQ�������+RZHYHU��WKHVH�TXHVWLRQV�RIWHQ

LQYROYH�DGGLWLRQDO�LVVXHV�VXFK�DV�WKH�XQGHUVWDQGLQJ�RI�GLDJUDPV��ZKLFK�PD\�IXUWKHU

FRPSOLFDWH�WKH�LQWHUSUHWDWLRQV�RI�VWXGHQW�UHVSRQVHV�RQ�WKHVH�TXHVWLRQV���7KHUHIRUH��,�ZLOO

RQO\�XVH�WKH�VLPSOH�RQHV��VHH�ILJXUH�����IRU�WKH�H[DPSOH�RI�D�JURXS�RI�WKUHH�TXHVWLRQV��

7KH�FRPSOHWH�)0&(�WHVW�LV�DOVR�JLYHQ�LQ�$SSHQGL[�$���)URP�WKH���TXHVWLRQV��TXHVWLRQ

���DQG����DUH�QRW�XVHG�EHFDXVH�LW�LV�REVHUYHG�LQ�WKH�GDWD�WKDW�VWXGHQWV�ZLWK�FRUUHFW�DQG

LQFRUUHFW�PRGHOV�FDQ�RIWHQ�FRPH�XS�ZLWK�WKH�VDPH�UHVSRQVH�WKDW�WKH�QHW�IRUFH�LV�LQ�WKH

GLUHFWLRQ�RI�PRWLRQ�

7KH�1HZWRQ©V�7KLUG�/DZ

x 7KH�3K\VLFDO�0RGHOV

7KH�VWXGHQW�PRGHOV�RQ�WKH�1HZWRQ�,,,�FRQFHSW�DUH�PRUH�FRPSOLFDWHG��VLQFH�WKHUH�DUH

PRUH�SK\VLFDO�IHDWXUHV�LQYROYHG���$V�VKRZQ�E\�UHVHDUFK��PDQ\�VWXGHQWV�RIWHQ�WKLQN�WKDW

GXULQJ�LQWHUDFWLRQ��D�GRPLQDQW�DJHQW�ZLOO�H[HUW�D�ODUJHU�IRUFH�
��� ��� ��

��7KLV�GRPLQDQW�DJHQW

FDQ�EH�WKH�UHVXOW�IURP�D�VSHFLILF�SK\VLFDO�IHDWXUH�VXFK�DV�PDVV��YHORFLW\��WKH�VRXUFH�RI�WKH

IRUFH��HWF���H�J��REMHFW�ZLWK�ODUJHU�PDVV�ZLOO�H[HUW�D�ODUJHU�IRUFH���RU�LW�FDQ�DOVR�EH�WKH�UHVXOW

RI�D�FRPELQDWLRQ�RI�VHYHUDO�GLIIHUHQW�SK\VLFDO�IHDWXUHV���+RZHYHU��LQ�WKH�OLWHUDWXUH��WKHUH�LV

QHLWKHU�DGHTXDWH�UHVHDUFK�RQ�KRZ�WKH�LQGLYLGXDO�SK\VLFDO�IHDWXUH�DORQH�PD\�FRQWULEXWH�WR

WKH�VWXGHQW�PRGHOV��QRU�LV�WKHUH�HQRXJK�UHSRUW�RQ�KRZ�WKH�FRPELQDWLRQ�RI�GLIIHUHQW

SK\VLFDO�IHDWXUHV�PD\�EH�LQYROYHG�LQ�WKH�VWXGHQW�PRGHO�FRQVWUXFWLRQ���$V�ZH�ZLOO�VHH

VKRUWO\��WKH�TXHVWLRQV�LQ�ERWK�WKH�)&,�DQG�)0&(�WHVWV�DUH�DOVR�QRW�GHVLJQHG�ZLWK�FOHDU

LVRODWLRQ�RI�WKHVH�GLIIHUHQW�SK\VLFDO�IHDWXUHV���7KHUHIRUH��LQ�WKH�FXUUHQW�VLWXDWLRQ��IRU�WKH

FRQFHSW�RI�1HZWRQ�,,,��DOO�WKH�GLIIHUHQW�W\SHV�RI�VWXGHQW�PRGHOV�ZLWK�HPSKDVLV�RQ�GLIIHUHQW

SK\VLFDO�IHDWXUHV�KDYH�WR�EH�FROODSVHG�LQWR�D�VLQJOH�JHQHUDO�GRPLQDQW�DJHQW�PRGHO�

7KH�GHWDLO�RI�KRZ�LQGLYLGXDO�SK\VLFDO�IHDWXUHV�PD\�FRQWULEXWH�WR�WKH�GRPLQDQW�DJHQW�LV

FRQVLGHUHG�DV�WKH�ILQH�VWUXFWXUHV�RI�WKH�JHQHUDO�PRGHO�DQG�ZLOO�EH�GLVFXVVHG�LQ�FKDSWHU���

6XFK�ILQH�VWUXFWXUHV�IRUP�D�VXEVSDFH�ZLWKLQ�WKH�JHQHUDO�PRGHO�VSDFH��,�ZLOO�DOVR�GLVFXVV�WKH

VWXGLHV�RQ�VXFK�VWUXFWXUHV�LQ�D�IXWXUH�UHSRUW�
��
�7KXV�ZH�FDQ�GHILQH�WKH�SK\VLFDO�PRGHOV�RI

WKH�1HZWRQ�,,,�DV�

0RGHO��� 7KH�IRUFH�KDV�WKH�VDPH�PDJQLWXGH�DQG�RSSRVLWH�GLUHFWLRQ�GXULQJ�WKH

LQWHUDFWLRQ�XQGHU�DQ\�FLUFXPVWDQFHV����FRUUHFW�H[SHUW�PRGHO�

0RGHO��� 7KH�GRPLQDQW�DJHQW�ZLOO�H[HUW�D�ODUJHU�IRUFH�GXULQJ�LQWHUDFWLRQ���LQFRUUHFW

VWXGHQW�PRGHO�

0RGHO��� 7KH�QXOO�PRGHO�
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x 7KH�7HVW�4XHVWLRQV

�� )&,�4XHVWLRQV

7KH�)&,�WHVW�KDV���TXHVWLRQV�RQ�WKH�1HZWRQ�,,,�FRQFHSW��TXHVWLRQV����������������

4XHVWLRQ���LV�VKRZQ�DV�DQ�H[DPSOH�LQ�ILJXUH�������$V�ZH�FDQ�VHH��TXHVWLRQ���GHDOV�RQO\

ZLWK�RQH�SK\VLFDO�IHDWXUH��WKH�PDVV�RI�WKH�REMHFW���,Q�WKLV�FDVH�WKH�GRPLQDQW�DJHQW�LV�WKH

REMHFW�ZLWK�ODUJHU�PDVV���)RU�WKH�UHPDLQLQJ�WKUHH�TXHVWLRQV��WKH�PDVV�LVVXH�LV�DOZD\V

LQYROYHG���2WKHU�LVVXHV�VXFK�DV�ZKR�LV�H[HUWLQJ�WKH�IRUFH��HWF��DUH�DOVR�LQFOXGHG�LQ�GLIIHUHQW

TXHVWLRQV�PDNLQJ�LW�LPSRVVLEOH�WR�VWXG\�WKH�VWXGHQW�PRGHO�VWUXFWXUH�ZLWK�RQH�RI�WKH

SK\VLFDO�IHDWXUHV��VHH�$SSHQGL[�$�IRU�GHWDLOV�RI�WKH�RWKHU�TXHVWLRQV����+RZHYHU��WKLV�JURXS

RI�TXHVWLRQV�DUH�VWLOO�YDOLG�IRU�WKH�HYDOXDWLRQ�RI�WKH�JHQHUDO�GRPLQDQW�DJHQW�PRGHO�

�� )0&(�4XHVWLRQV

,Q�WKH�)0&(�WHVW��TXHVWLRQV����WR����DUH�EDVLFDOO\�DOO�DERXW�WKH�1HZWRQ�,,,�FRQFHSW�

)LJXUH�����VKRZV�WKH�H[DPSOH�RI�TXHVWLRQV����WR������$V�ZH�FDQ�VHH��WKHUH�DUH�DOZD\V�PRUH

WKDQ�WZR�SK\VLFDO�IHDWXUHV�LQYROYHG�LQ�WKHVH�TXHVWLRQV���,Q�WKH�H[DPSOH�VKRZQ�LQ�ILJXUH���

���WKH�PDVV�LVVXH�DQG�WKH�YHORFLW\�LVVXH�DUH�ERWK�H[SOLFLWO\�LQYROYHG�LQ�DOO�TXHVWLRQV���$JDLQ

WKLV�PDNHV�LW�GLIILFXOW�WR�LVRODWH�VWXGHQW�PRGHOV�ZLWK�DQ\�LQGLYLGXDO�SK\VLFDO�IHDWXUH�DQG�,

ZLOO�RQO\�XVH�WKHVH�TXHVWLRQV�WR�VWXG\�WKH�JHQHUDO�GRPLQDQW�DJHQW�PRGHO���0RUH�GHWDLOV�RQ

KRZ�WR�XVH�WKHVH�)0&(�TXHVWLRQV�LQ�SUDFWLFH�ZLOO�EH�GLVFXVVHG�LQ�GHWDLO�LQ�FKDSWHU���

���,PDJLQH�D�KHDG�RQ�FROOLVLRQ�EHWZHHQ�D�ODUJH�WUXFN�DQG�D�VPDOO

FRPSDFW�FDU���'XULQJ�WKH�FROOLVLRQ�

$�� WKH�WUXFN�H[HUWV�D�JUHDWHU�DPRXQW�RI�IRUFH�RQ�WKH�FDU�WKDQ�WKH�FDU

H[HUWV�RQ�WKH�WUXFN�

%�� WKH�FDU�H[HUWV�D�JUHDWHU�DPRXQW�RI�IRUFH�RQ�WKH�WUXFN�WKDQ�WKH

WUXFN�H[HUWV�RQ�WKH�FDU�

&�� QHLWKHU�H[HUWV�D�IRUFH�RQ�WKH�RWKHU��WKH�FDU�JHWV�VPDVKHG�VLPSO\

EHFDXVH�LW�JHWV�LQ�WKH�ZD\�RI�WKH�WUXFN�

'�� WKH�WUXFN�H[HUWV�D�IRUFH�RQ�WKH�FDU�EXW�WKH�FDU�GRHVQ©W�H[HUW�D�IRUFH

RQ�WKH�WUXFN�

(�� WKH�WUXFN�H[HUWV�WKH�VDPH�DPRXQW�RI�IRUFH�RQ�WKH�FDU�DV�WKH�FDU

H[HUWV�RQ�WKH�WUXFN�

)LJXUH�������)&,�TXHVWLRQ�RQ�1HZWRQ�,,,��TXHVWLRQ�1R����
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2YHUYLHZ�RI�WKH�([DPSOHV

,Q�WKH�SUHYLRXV�VHFWLRQV��,�KDYH�LQWURGXFHG�H[DPSOHV�RI�VWXGHQW�PRGHOV�ZLWK�WZR

SRSXODU�PXOWLSOH�FKRLFH�WHVW�LQVWUXPHQWV���7KH�PHWKRG�,�DP�LQWURGXFLQJ�LV�QRW�WLHG�ZLWK�DQ\

VSHFLILF�LQVWUXPHQW���7KH�UHDVRQV�WR�XVH�WKHVH�WZR�LQVWUXPHQWV�DUH�����WKHVH�WHVWV�DUH

UHVHDUFK�EDVHG�DQG�UHIOHFW�FRPPRQ�VWXGHQW�PRGHOV�����WKHVH�WHVWV�DUH�DOVR�WKH�PRVW

DFFHSWHG�LQVWUXPHQWV�DQG�ZH�KDYH�D�ORW�RI�GDWD�ZLWK�WKHP�

,QHYLWDEO\��DQ\�LQVWUXPHQW�DOZD\V�KDV�WKLQJV�WR�EH�LPSURYHG�DQG�WKH�GHVLJQ�RI�WKH�WZR

LQVWUXPHQWV�LV�QRW�RULHQWHG�WR�WKH�PRGHO�HYDOXDWLRQ�PHWKRG���7KLV�PD\�FDXVH�VRPH

LQFRPSDWLELOLW\�EHWZHHQ�WKLV�PHWKRG�DQG�WKHVH�LQVWUXPHQWV��ZKLFK�ZLOO�EH�GLVFXVVHG�LQ

ODWHU�FKDSWHUV���+RZHYHU��WKHVH�WZR�LQVWUXPHQWV�VWLOO�SURYLGH�JRRG�H[DPSOHV�IRU�XV�WR

H[SHULPHQW�ZLWK�WKH�PRGHO�DQDO\VLV�PHWKRG�

4XHVWLRQV ����� UHIHU WR FROOLVLRQV EHWZHHQ D FDU DQG WUXFNV� )RU HDFK GHVFULSWLRQ RI D FROOLVLRQ
������� EHORZ� FKRRVH WKH RQH DQVZHU IURP WKH SRVVLELOLWLHV $ WKRXJK - WKDW EHVW GHVFULEHV WKH

IRUFHV EHWZHHQ WKH FDU DQG WKH WUXFN�

$� 7KH WUXFN H[HUWV D JUHDWHU DPRXQW RI IRUFH RQ WKH FDU WKDQ WKH FDU H[HUWV RQ WKH WUXFN�

%� 7KH FDU H[HUWV D JUHDWHU DPRXQW RI IRUFH RQ WKH WUXFN WKDQ WKH WUXFN H[HUWV RQ WKH FDU�

&� 1HLWKHU H[HUWV D IRUFH RQ WKH RWKHU� WKH FDU JHWV VPDVKHG VLPSO\ EHFDXVH LW LV LQ WKH ZD\ RI
WKH WUXFN�

'� 7KH WUXFN H[HUWV D IRUFH RQ WKH FDU EXW WKH FDU GRHVQ
W H[HUW D IRUFH RQ WKH WUXFN�

(� 7KH WUXFN H[HUWV WKH VDPH DPRXQW RI IRUFH RQ WKH FDU DV WKH FDU H[HUWV RQ WKH WUXFN�

)� 1RW HQRXJK LQIRUPDWLRQ LV JLYHQ WR SLFN RQH RI WKH DQVZHUV DERYH�

-� 1RQH RI WKH DQVZHUV DERYH GHVFULEHV WKH VLWXDWLRQ FRUUHFWO\�

,Q TXHVWLRQV �� WKURXJK ��

WKH WUXFN LVPXFK KHDYLHU

WKDQ WKH FDU �

��� 7KH\ DUH ERWK PRYLQJ DW WKH VDPH VSHHG ZKHQ WKH\ FROOLGH� :KLFK FKRLFH

GHVFULEHV WKH IRUFHV"

��� 7KH FDU LV PRYLQJ PXFK IDVWHU WKDQ WKH KHDYLHU WUXFN ZKHQ WKH\ FROOLGH� :KLFK
FKRLFH GHVFULEHV WKH IRUFHV"

��� 7KH KHDYLHU WUXFN LV VWDQGLQJ VWLOO ZKHQ WKH FDU KLWV LW� :KLFK FKRLFH GHVFULEHV WKH
IRUFHV"

,Q TXHVWLRQV �� DQG �� WKH

WUXFN LV D VPDOO SLFNXS DQG

LV WKH VDPH ZHLJKW DV WKH

FDU�

��� %RWK WKH WUXFN DQG WKH FDU DUH PRYLQJ DW WKH VDPH VSHHG ZKHQ WKH\ FROOLGH� :KLFK
FKRLFH GHVFULEHV WKH IRUFHV"

��� 7KH WUXFN LV VWDQGLQJ VWLOO ZKHQ WKH FDU KLWV LW� :KLFK FKRLFH GHVFULEHV WKH IRUFHV"
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