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3DUW�,,� 6WXGHQW�0RGHOV�RI�4XDQWXP�0HFKDQLFV

&KDSWHU��� 0RGHO�%DVHG�5HVHDUFK�RQ�6WXGHQW�'LIILFXOWLHV�ZLWK

4XDQWXP�0HFKDQLFV

,QWURGXFWLRQ

4XDQWXP�PHFKDQLFV��40��KDV�ORQJ�EHHQ�DQ�LQWHUHVWLQJ�\HW�FKDOOHQJLQJ�WRSLF�LQ�SK\VLFV

DQG�SK\VLFV�HGXFDWLRQ���$V�WKH�ZRUOG�HQWHUV�WKH�QH[W�PLOOHQQLXP�DQG�QHZ�WHFKQRORJLHV

DSSHDU�HYHU\GD\��XQGHUVWDQGLQJ�TXDQWXP�PHFKDQLFV�LV�EHFRPLQJ�PRUH�DQG�PRUH�D�EDVLF

UHTXLUHPHQW�IRU�PRGHUQ�JHQHUDWLRQ�RI�HQJLQHHUV���$OWKRXJK�LQ�PDQ\�ILHOGV�RQH�PLJKW�QRW

QHHG�WR�XVH�TXDQWXP�SK\VLFV�GLUHFWO\��WKH�IXQGDPHQWDO�LGHDV�LQ�TXDQWXP�PHFKDQLFV�FDQ

SURIRXQGO\�DIIHFW�WKH�ZD\�SHRSOH�WKLQN�DERXW�WKH�SK\VLFDO�ZRUOG�DQG�FDQ�LQIOXHQFH�WKHLU

IXWXUH�FDUHHU�GHYHORSPHQW�

+RZHYHU��OHDUQLQJ�40�LV�QRW�DQ�HDV\�WDVN���,WV�SK\VLFDO�DEVWUDFWLRQ��LQWHQVLYH

PDWKHPDWLFV��DQG�PDQ\�RI�LWV�DQWL�LQWXLWLYH�SKHQRPHQD�DOO�PDNH�LW�D�VWUXJJOLQJ�FRXUVH�IRU

PRVW�RI�WKH�VWXGHQWV���(YHQ�SK\VLFLVWV�RIWHQ�KDYH�D�KDUG�WLPH�ZKHQ�WKH\�ILUVW�VWDUWHG�WR

VWXG\�TXDQWXP�PHFKDQLFV���,W�PLJKW�ZHOO�WDNH�XV�VHYHUDO�WLPHV�WLOO�WKRVH�LPSRUWDQW�FRQFHSWV

DUH�ILQDOO\�XQGHUVWRRG���)RU�PRVW�HQJLQHHULQJ�VWXGHQWV�WRGD\��LW�DSSHDUV�XQOLNHO\�WKDW�WKH\

ZLOO�KDYH�D�VHFRQG�FKDQFH�WR�VWXG\�40���7KHUHIRUH��UHFHLYLQJ�HIIHFWLYH�LQVWUXFWLRQ�LV

FUXFLDO�WR�PDQ\�VWXGHQWV�

,Q�UHDOLW\��ZLWK�WUDGLWLRQDO�LQVWUXFWLRQ��WKHUH�KDV�EHHQ�OLWWOH�VXFFHVV�LQ�WHDFKLQJ�TXDQWXP

PHFKDQLFV�WR�PRVW�VWXGHQWV��HVSHFLDOO\�WKH�QRQ�SK\VLFV�PDMRUV���6WXGHQWV�DUH�HDVLO\

WURXEOHG�ZLWK�WKH�PDWKHPDWLFV�DQG�RIWHQ�IDLO�WR�JDLQ�D�JRRG�XQGHUVWDQGLQJ�RI�WKH

IXQGDPHQWDO�FRQFHSWV���7R�GHDO�ZLWK�WKLV�VLWXDWLRQ��LW�LV�QHFHVVDU\�WR�FRQGXFW�V\VWHPDWLF

UHVHDUFK�LQWR�VWXGHQW�XQGHUVWDQGLQJ�RI�TXDQWXP�PHFKDQLFV�DQG�GHYHORS�PRUH�DSSURSULDWH

LQVWUXFWLRQDO�PDWHULDOV�EDVHG�RQ�WKH�UHVXOWV�IURP�WKH�UHVHDUFK�

7KH�UHVHDUFK�RQ�40�LV�FRQGXFWHG�EDVHG�RQ�RXU�XQGHUVWDQGLQJ�RI�WKH�VWXGHQW�OHDUQLQJ

SURFHVV�DQG�RQH�RI�WKH�JRDOV�LV�WR�DSSO\�WKH�PHWKRGV�GHYHORSHG�LQ�WKH�SUHYLRXV�FKDSWHUV�LQ

WKLV�UHVHDUFK�WR�VWXG\�VWXGHQW�PRGHOV�RI�TXDQWXP�PHFKDQLFV��8QOLNH�RWKHU�WRSLFV�LQ�SK\VLFV

VXFK�DV�FODVVLFDO�PHFKDQLFV��40�LV�UHODWLYHO\�QHZ�WR�SK\VLFV�HGXFDWLRQ�UHVHDUFK���6WXGHQW

PRGHOV�RQ�40�KDYH�QRW�EHHQ�VWXGLHG�H[WHQVLYHO\���7KHUHIRUH��WKH�ILUVW�VWHS�RI�WKLV�UHVHDUFK

LV�WR�FRQGXFW�V\VWHPDWLF�LQYHVWLJDWLRQV�RI�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�TXDQWXP�DQG�WR

LGHQWLI\�WKH�VWXGHQW�PRGHOV�XQGHUO\LQJ�WKHVH�GLIILFXOWLHV���,Q�WKLV�VWDJH��ZH�VWDUW�IURP

JHQHUDO�REVHUYDWLRQV�RI�VWXGHQW�GLIILFXOWLHV�DQG�XVH�WKH�UHVXOWV�WR�GHVLJQ�LQVWUXPHQWV�WR�EH

XVHG�LQ�FRQFHSW�WHVWV�DQG�LQWHUYLHZV���$IWHU�FRQGXFWLQJ�WKH�LQYHVWLJDWLRQV�ZLWK�WKHVH

LQVWUXPHQWV��VWXGHQW�GDWD�LV�DQDO\]HG�WR�SURYLGH�HYLGHQFH�IRU�VWXGHQW�GLIILFXOWLHV�DQG

SRVVLEOH�PRGHOV�

%DVHG�RQ�WKH�UHVXOWV�IURP�UHVHDUFK��QHZ�LQVWUXFWLRQDO�PDWHULDOV�KDYH�EHHQ�GHYHORSHG�WR

KHOS�WKH�VWXGHQWV�ZLWK�WKHLU�OHDUQLQJ���:H�KDYH�GHYHORSHG�D�VHW�RI�4XDQWXP�7XWRULDOV��LQ

0F'HUPRWW�VW\OH��DQG�LPSOHPHQWHG�WKHP�LQ�RXU�WHDFKLQJ�
�
��7R�DSSO\�WKH�PRGHO�DQDO\VLV

PHWKRGV��WKH�UHVXOWV�IURP�WKH�UHVHDUFK�DUH�XVHG�WR�GHYHORS�PXOWLSOH�FKRLFH�WHVW�TXHVWLRQV�



���

7KH�HIIHFWLYHQHVV�RI�WKHVH�QHZ�LQVWUXFWLRQV�DQG�LQVWUXPHQWV�DUH�WKHQ�VWXGLHG�ZLWK

IXUWKHU�UHVHDUFK��LQWHUYLHZV��HWF�����7KLV�HYDOXDWLRQ�VWDJH�FRPSOHWHV�RQH�LWHUDWLRQ�RI

UHVHDUFK�DQG�WKH�UHVXOWV�DUH�XVHG�DV�JXLGDQFH�WR�VWDUW�WKH�UHVHDUFK�IRU�WKH�QH[W�URXQG���,Q

JHQHUDO��RXU�UHVHDUFK�LV�GHVLJQHG�WR�FRQWLQXH�LQ�D�ULVLQJ�VSLUDO�SDWK�ZKHUH�HDFK�LWHUDWLRQ

SURYLGHV�ERWK�ZLGHU�DQG�GHHSHU�XQGHUVWDQGLQJ�RI�VWXGHQW�GLIILFXOWLHV�DV�ZHOO�DV�FRUUHFWLRQV

IRU�WKH�PHWKRGV�GHYHORSHG�LQ�WKH�SUHYLRXV�UHVHDUFKHV�

,Q�WKLV�FKDSWHU��,�EHJLQ�ZLWK�D�EULHI�RYHUYLHZ�RI�WKH�SUHYLRXV�UHVHDUFK���7KHQ�,�LQWURGXFH

RXU�UHVHDUFK�PRGHO��ZKLFK�LV�EDVHG�RQ�WKH�WKHRU\�GHYHORSHG�LQ�3DUW�,���6LQFH�40�LV�D�KXJH

DUHD�DQG�LW�LV�LPSRVVLEOH�WR�GR�HYHU\WKLQJ�DW�RQFH��DQ�DSSURSULDWH�IUDPHZRUN�LV�QHHGHG�IRU

WKLV�UHVHDUFK���,Q�WKH�ODWHU�VHFWLRQV�RI�WKLV�FKDSWHU��,�GLVFXVV�RXU�PDMRU�JRDOV�DQG�D�GHWDLOHG

OLVW�RI�WRSLFV�

2YHUYLHZ�RI�3UHYLRXV�5HVHDUFKHV

$OWKRXJK�VWLOO�OLPLWHG�FRPSDUHG�WR�RWKHU�DUHDV�LQ�SK\VLFV��LQ�UHFHQW�\HDUV��WKHUH�KDYH

EHHQ�PDQ\�JRRG�3(5�UHVHDUFKHV�RQ�TXDQWXP�PHFKDQLFV���3URIHVVRU�=ROOPDQ©V�JURXS�DW

.DQVDV�6WDWH�8QLYHUVLW\�KDV�EHHQ�GHYHORSLQJ�LQQRYDWLYH�FRPSXWHU�DQG�ODE�EDVHG

LQVWUXFWLRQDO�PDWHULDOV��¦9LVXDOL]H�4XDQWXP�0HFKDQLFV§��IRU�PDQ\�\HDUV���7KH\�KDYH�DOVR

FRQGXFWHG�UHVHDUFK�RQ�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�YDULRXV�WRSLFV�RI�TXDQWXP

PHFKDQLFV��H�J��VWXGHQW�XQGHUVWDQGLQJ�RI�SRWHQWLDO�ZHOO�
�
��$�PDMRU�HIIRUW�RI�WKHLU�UHVHDUFK�LV

WR�GHYHORS�HIIHFWLYH�LQVWUXFWLRQ�
�
�0DQ\�RWKHU�JURXSV�DQG�LQGLYLGXDOV�KDYH�DOVR�GHYHORSHG

QHZ�LQVWUXFWLRQDO�PDWHULDOV�LQFOXGLQJ�FRPSXWHU�VLPXODWLRQV�IRU�GLIIHUHQW�NLQGV�RI�TXDQWXP

SUREOHPV�
�

+RZHYHU��LQ�JHQHUDO��UHVHDUFKHV�RQ�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�TXDQWXP�DUH�VWLOO

OLPLWHG���,Q�UHFHQW�SXEOLFDWLRQV��6W\HU��EDVHG�RQ�KLV�H[SHULHQFH�IURP�WHDFKLQJ��LQWURGXFHG�D

ORQJ�OLVW�RI�TXDQWXP�FRQFHSWV�WKDW�DUH�GLIILFXOW�IRU�VWXGHQW�WR�XQGHUVWDQG�
�
��-RKQVWRQ�KDV

FRQGXFWHG�GHWDLOHG�LQYHVWLJDWLRQ�RQ�VWXGHQW�XQGHUVWDQGLQJ�RI�¦ZDYH�SDUWLFOH�GXDOLW\§�

¦XQFHUWDLQW\�SULFLSOH§�DQG�VWXGHQW�LQWHUSUHWDWLRQ�RI�WHFKQLFDO�WHUPV�XVHG�LQ�PRGHUQ

SK\VLFV�
�
��,Q�WKH�UHFHQW�DQQXDO�PHHWLQJ�RI�1DWLRQDO�$VVRFLDWLRQ�IRU�5HVHDUFK�LQ�6FLHQFH

7HDFKLQJ��PRUH�WKDQ�D�GR]HQ�UHVHDUFK�JURXSV�SUHVHQWHG�WKHLU�UHVHDUFK�RQ�TXDQWXP

PHFKDQLFV�
�� �

�0DQ\�LQWHUHVWLQJ�DQG�LPSRUWDQW�LVVXHV�KDYH�EHHQ�UDLVHG�E\�WKHVH�UHVHDUFKHV�

5HVHDUFK�(QYLURQPHQW

2QH�RI�RXU�PRWLYDWLRQV�WR�GR�WKLV�UHVHDUFK�LV�WR�GHYHORS�HIIHFWLYH�LQVWUXFWLRQV�IRU

XQGHUJUDGXDWHV�PDMRULQJ�LQ�VFLHQFH�DQG�HQJLQHHULQJ�DW�ERWK�LQWURGXFWRU\�DQG�VHQLRU�OHYHOV�

,Q�WKH�LQWURGXFWRU\�OHYHO�FRXUVHV��ZH�FRQGXFWHG�LQYHVWLJDWLRQV�LQ�WZR�FODVVHV�IURP�WKH�IDOO

VHPHVWHU�RI������DQG�WKH�VSULQJ�VHPHVWHU�RI��������%RWK�FODVVHV�DUH�WKH�ODVW�FRXUVH�LQ�WKH

LQWURGXFWRU\�SK\VLFV�VHULHV��3K\VLFV������DQG�ZH�PDGH�D�IRXU�ZHHN�LQWURGXFWRU\�WR

TXDQWXP�PHFKDQLFV���7KH�FODVV�LV�FDOFXOXV�EDVHG�DQG�XVXDOO\�KDV�DERXW�����VWXGHQWV�����

HQJLQHHULQJ�PDMRUV����2XU�LQVWUXFWLRQ�PHWKRG�LV�VHPL�WUDGLWLRQDO���:H�VWLOO�JLYH�WUDGLWLRQDO

OHFWXUHV��EXW�LQVWHDG�RI�GRLQJ�UHFLWDWLRQ��ZH�XVH�D�RQH�KRXU�8QLYHUVLW\�RI�:DVKLQJWRQ�VW\OH

7XWRULDO�HDFK�ZHHN���,W�LV�D�WHDFKLQJ�PHWKRG�FUHDWHG�DQG�GHVLJQHG�DW�WKH�8QLYHUVLW\�RI

:DVKLQJWRQ��6HDWWOH��E\�/LOOLDQ�0F'HUPRWW�DQG�WKH�3K\VLFV�(GXFDWLRQ�*URXS�
�
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$V�LQWURGXFHG�LQ�FKDSWHU����WKH�WXWRULDOV�DUH�LQWHUDFWLYH�JURXS�OHDUQLQJ�VHVVLRQV�XVXDOO\

ZLWK�KDQGV�RQ�ODEV�DQG�FRPSXWHU�DGGHG�WRROV���,Q�WKH�WXWRULDO�VHVVLRQV��VWXGHQWV�ZRUN�LQ

JURXSV�RI�WKUHH�RU�IRXU�DQG�DQVZHU�TXHVWLRQV�RQ�D�ZRUNVKHHW�WKDW�JXLGHG�WKHP�WR�EXLOG

TXDOLWDWLYH�UHDVRQLQJ�RQ�D�IXQGDPHQWDO�FRQFHSW���7HDFKLQJ�DVVLVWDQWV�VHUYH�DV�IDFLOLWDWRUV�

DVNLQJ�OHDGLQJ�TXHVWLRQV�WR�KHOS�WKH�VWXGHQWV�FRQVWUXFW�XQGHUVWDQGLQJV�ZLWK�WKHLU�RZQ

WKLQNLQJ���,Q�WKH�OHFWXUH�SULRU�WR�WKH�WXWRULDO��VWXGHQWV�DUH�XVXDOO\�JLYHQ�D����PLQXWH

XQJUDGHG�SUH�WHVWV�ZLWK�TXDOLWDWLYH�RSHQ�HQGHG�FRQFHSWXDO�TXHVWLRQV�RQ�WKH�PDWHULDO��ZKLFK

LV�RIWHQ�FRYHUHG�LQ�WKH�SUHYLRXV�OHFWXUH�DQG�ZLOO�EH�UH�HPSKDVL]HG�LQ�WKH�WXWRULDO���$IWHU�WKH

WXWRULDO�WKHUH�LV�D�KRPHZRUN�DVVLJQPHQW��ZKLFK�LQFOXGHV�SUREOHPV�IRU�VWXGHQWV�WR�SUDFWLFH

DQG�IXUWKHU�H[SORUH�WKH�LGHDV�GHYHORSHG�LQ�WKH�WXWRULDO���7KH�VRXO�RI�WKH�WXWRULDO�LV�WR

SURYLGH�VWXGHQWV�D�FRQWH[W�LQ�ZKLFK�WKH\�FDQ�FRQVWUXFW�WKHLU�RZQ�XQGHUVWDQGLQJ�DQG�LW�LV

DOVR�YHU\�LPSRUWDQW�WKDW�WKH�LQWURGXFWLRQ�RI�QHZ�LGHDV�DQG�FRQFHSWV�VKRXOG�EH�GULYHQ��DV�IDU

DV�SRVVLEOH��E\�H[SHULPHQWDO�REVHUYDWLRQV���,Q�40��WKH�WXWRULDO�LQWHQGHG�WR�PDNH�HDFK

PDWKHPDWLFDO�H[DPSOH�LQ�TXDQWXP�PHFKDQLFV�DSSHDU�DV�D�SRVVLEOH�PRGHO�IRU�VRPH�UHDO

ZRUOG�SK\VLFDO�H[DPSOH�ZLWK�UHDOLVWLF�GDWD�

)RU�WKH�DGYDQFHG�OHYHO�VWXGHQWV��WKH�LQYHVWLJDWLRQV�ZHUH�GRQH�LQ�DQ�XSSHU�GLYLVLRQ

XQGHUJUDGXDWH�TXDQWXP�FODVV��3K\V�����GHVLJQHG�IRU�HQJLQHHULQJ�PDMRUV��7KH�VWXGHQWV�DUH

PRVWO\�VHQLRUV�DQG�DERXW�����RI�WKHP�PDMRU�LQ�HOHFWULFDO�HQJLQHHULQJ��((����,�KDYH�GRQH

GHWDLOHG�VWXG\�RI�FODVVHV�ZLWK�WZR�GLIIHUHQW�HQYLURQPHQWV���7KH�WZR�FODVVHV�LQ�IDOO����DQG

IDOO����ZHUH�WDXJKW�LQ�WUDGLWLRQDO�VW\OH�ZLWK�WKUHH�KRXUV�RI�OHFWXUHV�SHU�ZHHN���7KH�VSULQJ���

DQG�VSULQJ����FODVVHV�XVHG�WKH�WXWRULDO�EDVHG�FXUULFXOXP�ZLWK�WZR�KRXUV�RI�OHFWXUHV�DQG�DQ

KRXU�RI�WXWRULDO�HDFK�ZHHN���7KHVH�TXDQWXP�WXWRULDOV�DUH�GHYHORSHG�EDVHG�RQ�WKH�UHVXOWV

IURP�RXU�SUHYLRXV�UHVHDUFK�DQG�DUH�EHLQJ�FRQWLQXRXVO\�UHYLVHG���,Q�WKHVH�WZR�FODVVHV��ZH

GLGQ©W�GR�UHJXODU�SUH�WHVWV�DQG�WXWRULDO�KRPHZRUN���,QVWHDG��ZH�WULHG�RQ�OLQH�TXL]]HV��ZKHUH

DIWHU�HDFK�WXWRULDO�VWXGHQWV�ZHUH�DVNHG�WR�ILQLVKHG�WZR�VKRUW�HVVD\�TXHVWLRQV�RYHU�WKH

LQWHUQHW�

7KH�0RGHO�RI�7KLV�5HVHDUFK

2XU�UHVHDUFK�LQWR�VWXGHQW�OHDUQLQJ�RI�40�LV�D�SUDFWLFDO�DSSOLFDWLRQ�RI�WKH�WKHRU\�DQG

PHWKRGV�GLVFXVVHG�LQ�3DUW�,���6LQFH�40�LV�VWLOO�D�UHODWLYHO\�QHZ�ILHOG�WR�3(5��D�NH\�HOHPHQW

RI�WKLV�UHVHDUFK�LV�WR�VWXG\�VWXGHQW�PRGHOV�XQGHUO\LQJ�WKH�YDULRXV�VWXGHQW�GLIILFXOWLHV�

$Q�,WHUDWLYH�3URFHVV�RI�5HVHDUFK

$V�VKRZQ�LQ�ILJXUH������ZH�DOZD\V�GHVLJQ�RXU�UHVHDUFK�LQWR�DQ�LWHUDWLYH�SURFHVV�RI

UHVHDUFK��GHYHORSPHQW�DQG�LQVWUXFWLRQ���7KH�XOWLPDWH�JRDO�LV�WR�KHOS�VWXGHQWV�OHDUQ�SK\VLFV�

,W�LV�D�YHU\�GLIILFXOW�WDVN�DQG�JHQHUDOO\�WKHUH�LVQ
W�D�ILWV�DOO�VROXWLRQ���7KH�RQO\�ZD\�WR�JHW�DQ

RSWLPDO�VROXWLRQ�LV�WR�EDVH�RXU�LQVWUXFWLRQ�RQ�RXU�UHVHDUFK�UHVXOWV�DQG�FRQWLQXH�WKH�UHVHDUFK

DV�WKH�LQVWUXFWLRQ�SURFHHGV�VR�ZH�FDQ�FRUUHFW�RXUVHOYHV�ZLWK�WKH�IHHGEDFN�IURP�WKH

VWXGHQWV���,Q�D�V\VWHPDWLF�YLHZ��LW�LV�OLNH�REWDLQLQJ�WKH�RSWLPDO�FRQWURO�IURP�FRQWLQXRXV

IHHGEDFN�RI�WKH�V\VWHP�ZKHUH�WKH�RQO\�HIIHFWLYH�PHWKRG�LV�DQ�¦DGDSWLYH§�RQH���:H�KDYH�WR

FKDQJH�ZLWK�WKH�FKDQJLQJ�VLWXDWLRQV�RI�WKH�VWXGHQWV���7KHUHIRUH��WKH�WKUHH�HOHPHQWV�VKRZQ

LQ�ILJXUH�����KDYH�WR�EH�FRQGXFWHG�V\VWHPDWLFDOO\�LQ�LWHUDWLYH�F\FOHV�VR�WKDW�ZH�FDQ�DFKLHYH

D�EHWWHU�XQGHUVWDQGLQJ�RI�VWXGHQWV©�GLIILFXOWLHV�DQG�D�EHWWHU�VROXWLRQ�IRU�WKHLU�SUREOHPV�RQH

LWHUDWLRQ�DIWHU�DQRWKHU�
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6WDUWLQJ�IURP�WKH�IDOO�VHPHVWHU�RI�������WKH�0DU\ODQG�3(5*�KDV�EHHQ�LQYHVWLJDWLQJ

VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�TXDQWXP�PHFKDQLFV�LQ�GLIIHUHQW�OHYHOV�RI�FODVVHV���8S�WR�WKH

IDOO�VHPHVWHU�RI�������RXU�UHVHDUFK�ZDV�PDLQO\�IRFXVHG�RQ�WKH�VWXG\�RI�VWXGHQW�GLIILFXOWLHV

ZLWK�WKH�FODVVLFDO�SUHUHTXLVLWHV�WKDW�DUH�LPSRUWDQW�WR�OHDUQ�TXDQWXP�PHFKDQLFV�
��� ��� ��

0RGLILHG�LQVWUXFWLRQ�KDV�DOVR�EHHQ�GHYHORSHG�EDVHG�RQ�RXU�UHVHDUFK�WR�DGGUHVV�WKHVH

VWXGHQW�GLIILFXOWLHV���)XUWKHU�UHVHDUFK�KDV�VKRZQ�WKDW�WKDW�VWXGHQWV�DUH�PDNLQJ�SURJUHVV

ZLWK�WKH�QHZ�LQVWUXFWLRQV�LQ�XQGHUVWDQGLQJ�VRPH�RI�WKH�LPSRUWDQW�FODVVLFDO�SUHUHTXLVLWHV

EXW�FRQWLQXLQJ�GLIILFXOWLHV�VWLOO�H[LVW�DW�D�KLJKHU�OHYHO�LQ�XQGHUVWDQGLQJ�UHDO�TXDQWXP

FRQFHSWV�
��
��,Q�WKH�ILQDO�VWDJH�RI�RXU�UHVHDUFK��VWDUWLQJ�IURP�WKH�VSULQJ�VHPHVWHU�RI�������WKH

PDLQ�UHVHDUFK�LV�WR�LQYHVWLJDWH�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�LPSRUWDQW�TXDQWXP�FRQFHSWV

VXFK�DV�TXDQWXP�ZDYHIXQFWLRQ�

7KLV�UHVHDUFK�LV�FRQGXFWHG�IROORZLQJ�WKH�VWXGHQW�PRGHO�HYROXWLRQ�SURFHVV���:H�VWDUW

ZLWK�VWXGHQW�LQLWLDO�VWDWHV��WKH�VWXGHQW�XQGHUVWDQGLQJV�RI�LPSRUWDQW�FODVVLFDO�FRQFHSWV��DQG

LQYHVWLJDWH�KRZ�WKHVH�LVVXHV�LQWHUIHUH�ZLWK�WKHLU�OHDUQLQJ�RI�40���7KHQ�ZH�JR�RQ�WR�VWXG\

WKH�VWXGHQW�XQGHUVWDQGLQJV�RI�LPSRUWDQW�TXDQWXP�FRQFHSWV���$W�WKLV�VWDJH��SRVVLEOH�K\EULG

PRGHOV�DQG�PL[HG�PRGHO�VWDWHV�DUH�VWXGLHG�LQ�JUHDW�GHWDLO���:LWK�WKH�VWXGHQW�PRGHOV

LGHQWLILHG��PXOWLSOH�FKRLFH�TXHVWLRQV�ZHUH�GHVLJQHG�WR�PHDVXUH�DQG�HYDOXDWH�VWXGHQW�PRGHO

VWDWHV�LQ�ODUJH�VFDOH�ZLWK�WKH�PRGHO�DQDO\VLV�DOJRULWKPV�

7KH�,PSRUWDQFH�RI�6WXG\LQJ�6WXGHQW�0RGHOV

$FFRUGLQJ�WR�RXU�XQGHUVWDQGLQJ�RI�WKH�OHDUQLQJ�SURFHVV��VWXGHQW�PRGHOV�DUH�SURGXFWLYH

PHQWDO�FRQVWUXFWV�WKDW�DUH�FRQVWUXFWHG�XVLQJ�UHODWHG�S�SULPV��EHOLHIV�DQG�IHDWXUHV�IURP�WKH

UHOHYDQW�SK\VLFDO�FRQWH[WV���7KH�ZD\�D�VWXGHQW�PRGHO�LV�VWUXFWXUHG�FDQ�UHYHDO�VXEWOH

LQVLJKWV�RQ�WKH�VWXGHQW�NQRZOHGJH�VWUXFWXUH�

$V�RIWHQ�REVHUYHG�E\�PDQ\�LQVWUXFWRUV�DQG�UHVHDUFKHUV��LQ�OHDUQLQJ�SK\VLFV�D�SHUVLVWHQW

SUREOHP�IRU�VWXGHQWV�LV�WKDW�WKH\�DUH�XQDEOH�WR�FRQVWUXFW�DQ�DSSURSULDWH�DQG�FRQVLVWHQW

NQRZOHGJH�VWUXFWXUH�
��
��6WXGHQWV�WHQG�WR�WUHDW�WKH�SK\VLFV�FRQFHSWV�DV�LQGLYLGXDO�LVRODWHG

LWHPV�UDWKHU�WKDQ�WKH�SDUWV�RI�D�FRKHUHQW�V\VWHP���$OWKRXJK�HDFK�SK\VLFV�FRQFHSW�LV�DOUHDG\

GLIILFXOW�IRU�VWXGHQWV�WR�OHDUQ��WKH\�VHHP�WR�H[SHULHQFH�HYHQ�JUHDWHU�WURXEOHV�LQ

)LJXUH������7KH�0F'HUPRWW�ZKHHO



���

XQGHUVWDQGLQJ�WKH�FRUUHFW�UHODWLRQV�DQG�WKH�ORJLFDO�FRQQHFWLRQV�EHWZHHQ�WKHVH�FRQFHSWV�

7KLV��LQ�WXUQ��PDNHV�WKHVH�VXEMHFWV�PRUH�GLIILFXOW\�WR�XQGHUVWDQG���:H�FDQ�VHH�WKLV

SKHQRPHQRQ�IURP�PDQ\�H[DPSOHV�LQ�YDULRXV�SUREOHP�VROYLQJ�VLWXDWLRQV�WKDW�KDYH�EHHQ

VWXGLHG�H[WHQVLYHO\�E\�PDQ\�UHVHDUFKHUV�
��
��$V�WKH\�KDYH�SRLQWHG�RXW��QRYLFH�DQG�H[SHUW

WKLQNHUV�EHKDYH�YHU\�GLIIHUHQWO\�LQ�VROYLQJ�SUREOHPV���([SHUWV�DUH�DEOH�WR�XVH�SK\VLFDO

SULQFLSOHV�DQG�FRQFHSWV�WR�RUJDQL]H�WKHLU�NQRZOHGJH��ZKHUHDV�QRYLFHV�DUH�XVXDOO\�IRFXVHG

RQ�VXUIDFH�IHDWXUHV�RI�WKH�SUREOHPV���$V�D�UHVXOW��WKH�VDPH�SK\VLFDO�VHWWLQJV�RI�D�SUREOHP

ZLOO�WULJJHU�GLIIHUHQW�NQRZOHGJH�IRU�H[SHUWV�DQG�QRYLFHV���:KLOH�WKH�H[SHUWV�DUH�DEOH�WR�VHH

WKH�XQGHUO\LQJ�SULQFLSOHV�RI�WKH�V\VWHP��WKH�QRYLFHV�DUH�XVXDOO\�WUDSSHG�E\�WKH�EHKDYLRU�RI

WKH�LQGLYLGXDO�REMHFW�DQG�DUH�QRW�DEOH�WR�VHH�WKH�XQGHUO\LQJ�PHFKDQLVP�RI�WKH�ZKROH

V\VWHP���7KH�GLIIHUHQFH�EHWZHHQ�H[SHUWV�DQG�QRYLFHV�LV�WKDW�H[SHUWV�KDYH�FRQVWUXFWHG�D

ZHOO�RUJDQL]HG�FRKHUHQW�NQRZOHGJH�VWUXFWXUH�ZKHUHDV�WKH�NQRZOHGJH�LQ�WKH�QRYLFHV©�PLQG

WHQGV�WR�EH�IUDJPHQWHG�LQ�LVRODWHG�FOXVWHUV���&RQVHTXHQWO\��QRYLFHV�RIWHQ�IDLO�WR�VHH�WKH

ORJLFDO�FRQQHFWLRQV�EHWZHHQ�WKH�GLIIHUHQW�FRQFHSWV�DQG�ZLOO�PDWFK�XS�WKHLU�IUDJPHQWHG

NQRZOHGJH�ZLWK�WKH�SUREOHP�EDVHG�RQ�WKH�VXUIDFH�IHDWXUHV���:LWKRXW�WKH�NQRZOHGJH�RI�WKH

XQGHUO\LQJ�SULQFLSOH��WKH�RQO\�WKLQJ�RQH�FDQ�XVH�WR�GR�UHDVRQLQJ�LV�WKH�VXUIDFH�IHDWXUHV�RU

WKH�VLPSOH�SK\VLFDO�REVHUYDEOHV�RI�WKH�QHZ�REMHFW��ZKLFK�LV�RIWHQ�WKH�JHQHUDO�ILUVW�VWHS�WR

PDNH�VHQVH�RI�VRPHWKLQJ�

$V�GLVFXVVHG�LQ�FKDSWHU����VWXGHQW�PRGHOV�DUH�LPSRUWDQW�HOHPHQWV�LQ�WKH�D�VWXGHQW©V

NQRZOHGJH�VWUXFWXUH�DQG�WKH\�DUH�DOVR�FUXFLDO�WR�WKH�PHDVXUHPHQW�RI�PHQWDO�HOHPHQWV���7KH

VWUXFWXUDO�LQIRUPDWLRQ�RI�WKH�VWXGHQW�PRGHOV�FDQ�EH�XVHG�WR�LQIHU�LPSRUWDQW�DVSHFWV�RI�RWKHU

DEVWUDFW�ODWHQW�HOHPHQWV�LQ�VWXGHQW�NQRZOHGJH�VWUXFWXUH��L�H���VWXGHQW�PRGHOV�FDQ�EH�XVHG�DV

LQGLUHFW�WRROV�WR�VWXG\�WKH�ODWHQW�HOHPHQWV�LQ�WKH�VWXGHQW�NQRZOHGJH�VWUXFWXUH�

6LQFH�VWXGHQW�PRGHOV�DUH�IXQFWLRQDO�HOHPHQWV�WKDW�SURYLGH�H[SODQDWLRQV�LQ�SUREOHP�

VROYLQJ�VLWXDWLRQV�
��
�ZH�FDQ�XVH�WKLV�IHDWXUH�WR�PHDVXUH�WKH�PRGHOV�LQ�UHVHDUFK���:KHQ

VWXGHQWV�DSSO\�WKHLU�PRGHOV�LQ�GLIIHUHQW�SK\VLFDO�FRQWH[WV��WKH\�ZLOO�JHQHUDWH�GLIIHUHQW

UHVSRQVHV�IRU�WKRVH�SK\VLFV�SUREOHPV���%\�DQDO\]LQJ�WKH�VWXGHQW�UHVSRQVHV�WR�FDUHIXOO\

GHVLJQHG�WHVWV��ZH�FDQ�JDWKHU�LQIRUPDWLRQ�DQG�VWXG\�WKH�SRVVLEOH�PRGHOV�WKH\�KDYH�

4XDQWXP�PHFKDQLFV�LV�DEVWUDFW�DQG�RIWHQ�FRXQWHU�LQWXLWLYH���7KHUHIRUH�LW�LV�PRUH

GLIILFXOW�IRU�VWXGHQWV�WR�FRQVWUXFW�FRUUHFW�PRGHOV�DQG�WR�IRUP�DQ�DSSURSULDWH�FRKHUHQW

NQRZOHGJH�VWUXFWXUH�ZKHQ�WKH\�OHDUQ�TXDQWXP�PHFKDQLFV���,Q�WKLV�UHVHDUFK��VWXGHQW

GLIILFXOWLHV�DUH�DQDO\]HG�IURP�WKH�PRGHO�SHUVSHFWLYH���7KH�IRFXV�RI�WKLV�UHVHDUFK�LV�WR�VHH

x LI�WKH�VWXGHQWV�KDYH�FRUUHFW�PHQWDO�PRGHOV�

x LI�WKH\�FDQ�XVH�WKH�UHODWHG�SK\VLFV�FRQFHSWV�LQ�DSSURSULDWH�FRQWH[WV�

x LI�WKH�VWXGHQWV�FDQ�XQGHUVWDQG�WKH�FRUUHFW�UHODWLRQV�EHWZHHQ�WKH�SK\VLFV�FRQFHSWV��RU

LI�WKH\�WUHDW�WKHP�DV�LVRODWHG�IUDJPHQWV���DQG

x WKH�ZD\�WKH�VWXGHQWV�DSSO\�PDWKHPDWLFV�LQ�D�¦SOXJ�DQG�SUD\§�PRGH�RU�VHH�LW�DV

PDWKHPDWLFDO�UHSUHVHQWDWLRQV�RI�SK\VLFV�FRQFHSWV�

6XFK�LQIRUPDWLRQ�RQ�WKH�VWXGHQW�PRGHOV�RI�TXDQWXP�PHFKDQLFV�FDQ�KHOS�XV�EHWWHU

XQGHUVWDQG�WKH�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ�



���

2XWOLQH�RI�7KLV�5HVHDUFK

4XDQWXP�PHFKDQLFV�FRQWDLQV�D�ZLGH�UDQJH�RI�GLIIHUHQW�WRSLFV�DW�GLIIHUHQW�OHYHOV���:H

FDQ�RQO\�IRFXV�RQ�D�OLPLWHG�QXPEHU�RI�LVVXHV���7KHUHIRUH��WKH�ILUVW�JRDO�RI�RXU�UHVHDUFK�LV�WR

LGHQWLI\�D�IHZ�LPSRUWDQW�WRSLFV�ZH�WR�GR�UHVHDUFK�RQ���,Q�WKH�IROORZLQJ�VHFWLRQV��,�GLVFXVV

WKRVH�WRSLFV�FRQVLGHUHG�LPSRUWDQW�DQG�WKH�UHDVRQV�IRU�VXFK�FRQVLGHUDWLRQ�

2XU�VHFRQG�JRDO�LV�WR�SUREH�DQG�LGHQWLI\�WKH�YDULRXV�VWXGHQW�PRGHOV�RQ�WKHVH�LVVXHV���$

VHW�RI�SURELQJ�WRROV�KDYH�EHHQ�GHYHORSHG�DQG�V\VWHPDWLF�LQYHVWLJDWLRQV�KDYH�EHHQ

FRQGXFWHG�IRU�IRXU�FRQVHFXWLYH�VHPHVWHUV��VWDUWLQJ�IURP�WKH�VSULQJ�VHPHVWHU�RI�������WR

VWXG\�VWXGHQW�GLIILFXOWLHV�LQ�XQGHUVWDQGLQJ�WKHVH�FRQFHSWV�

7KH�WKLUG�JRDO�LV�WR�GHYHORS�QHZ�PDWHULDO�LQFOXGLQJ�QHZ�FXUULFXOXP�DQG�QHZ�SURELQJ

LQVWUXPHQWV�VXFK�DV�PXOWLSOH�FKRLFH�FRQFHSW�WHVWV�EDVHG�RQ�RXU�UHVHDUFK�UHVXOWV�
��� ��� ��

)XUWKHU�UHVHDUFK�LV�DOVR�FRQGXFWHG�WR�HYDOXDWH�WKH�QHZ�LQVWUXFWLRQV�LQVWUXPHQWV�DQG�WKHQ

VWDUW�WKH�QH[W�URXQG�RI�UHVHDUFK�

&RQWHQW�$QDO\VLV��,PSRUWDQW�,VVXHV�LQ�/HDUQLQJ�4XDQWXP�0HFKDQLFV

$�TXHVWLRQ�WKDW�LV�DOZD\V�JRRG�WR�DVN�RXUVHOYHV�EHIRUH�ZH�SODQ�D�FRXUVH�LV�ZKDW�GR�ZH

ZDQW�WKH�VWXGHQWV�WR�OHDUQ"��,W�LV�QRW�DQ�HDV\�RQH�WR�DQVZHU���7KHUH�DUH�PDQ\�FRQVWUDLQWV

VXFK�DV�WKH�WLPH��WKH�VWXGHQW�EDFNJURXQG��HWF���)RU�DQ\�FODVV��ZH�KDYH�WR�PDNH�FKRLFHV�VR

WKDW��ZLWKLQ�D�OLPLWHG�WLPH�IUDPH��WKH�VWXGHQWV�FDQ�UHDOO\�XQGHUVWDQG�D�IHZ�IXQGDPHQWDO

FRQFHSWV�DQG�GHYHORS�D�NQRZOHGJH�VWUXFWXUH�WKDW�FDQ�SURSHUO\�LQFRUSRUDWH�DOO�WKH�SLHFHV�RI

WKH�LQGLYLGXDO�FRQFHSWV�WRJHWKHU�LQWR�D�FRKHUHQW�V\VWHP���,Q�RXU�UHVHDUFK��ZH�EHJLQ�ZLWK

LQYHVWLJDWLRQV�RI�VWXGHQW�XQGHUVWDQGLQJV�RQ�VHYHUDO�FODVVLFDO�LVVXHV�WKDW�DUH�LPSRUWDQW�WR�WKH

OHDUQLQJ�RI�TXDQWXP�PHFKDQLFV�

x 7KH�&ODVVLFDO�3UH�UHTXLVLWHV

$OWKRXJK�TXDQWXP�PHFKDQLFV�LV�YHU\�DEVWUDFW�DQG�DOVR�GLIIHUV�VXEVWDQWLDOO\�IURP

FODVVLFDO�WRSLFV��LQ�PDQ\�FDVHV�WKH�FRQVWUXFWLRQ�RI�D�TXDQWXP�SUREOHP�VWLOO�GHSHQGV�RQ

FRQFHSWV�LQ�FODVVLFDO�SK\VLFV���$�JRRG�XQGHUVWDQGLQJ�RI�WKHVH�FODVVLFDO�LVVXHV�FDQ�EH�FUXFLDO

WR�WKH�OHDUQLQJ�RI�TXDQWXP�PHFKDQLFV���6WXGHQW�XQGHUVWDQGLQJV�RQ�WKHVH�FODVVLFDO�FRQFHSWV

DUH�D�SDUW�RI�WKH�LQLWLDO�VWDWHV�RI�WKH�VWXGHQWV�ZKHQ�WKH\�HQWHU�WKH�TXDQWXP�FODVV�DQG�QHHG�WR

EH�FDUHIXOO\�FRQVLGHUHG�WR�KHOS�VWXGHQWV�FURVV�WKH�ERXQGDU\�IURP�WKH�FODVVLFDO�GRPDLQ�WR�D

TXDQWXP�ZRUOG�

*HQHUDOO\�ZKHQ�VWXGHQWV�JHW�LQWR�RXU�TXDQWXP�FODVVHV��WKH\�DUH�XVXDOO\�DVVXPHG�WR

KDYH�DOUHDG\�FRQVWUXFWHG�D�JRRG�IRXQGDWLRQ�RI�FHUWDLQ�FODVVLFDO�FRQFHSWV���+RZHYHU��RXU

H[SHULHQFHV�ZLWK�VWXGHQWV��GLVFXVVHG�EHORZ��VKRZ�WKDW�PDQ\�RI�WKHP�VWLOO�VWUXJJOH�ZLWK

PDQ\�IXQGDPHQWDO�LVVXHV�LQ�FODVVLFDO�PHFKDQLFV���7KH�WZR�WRSLFV�WKDW�ZH�DUH�PRVWO\

FRQFHUQHG�DUH

�� WKH�3RWHQWLDO�(QHUJ\�'LDJUDP�DQG

�� 3UREDELOLW\�
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��� 3RWHQWLDO�(QHUJ\�'LDJUDP

,Q�TXDQWXP�PHFKDQLFV��SK\VLFDO�V\VWHPV�DUH�RIWHQ�SUHVHQWHG�ZLWK�SRWHQWLDO�HQHUJ\

GLDJUDPV���7KH�HQHUJ\�LV�WKH�IXQGDPHQWDO�FRQFHSW�LQ�WKH�IRUPXODWLRQ�RI�40�DQG�PRVW

SUREOHPV�UHO\�RQ�D�SRVLWLRQ�GHSHQGHQW�SRWHQWLDO�HQHUJ\���7KHUHIRUH��D�JRRG�XQGHUVWDQGLQJ

RI�WKH�SRWHQWLDO�HQHUJ\�DQG�WKH�DELOLW\�WR�FRUUHFWO\�LQWHUSUHW�GLIIHUHQW�W\SHV�RI�SRWHQWLDO

HQHUJ\�GLDJUDPV�DUH�FUXFLDO�VWDUWLQJ�SRLQWV�WR�OHDUQLQJ�TXDQWXP�PHFKDQLFV���+RZHYHU�

DFFRUGLQJ�WR�UHVHDUFK�DW�WKH�FODVVLFDO�OHYHO��VWXGHQWV�DUH�RIWHQ�IRXQG�WR�KDYH�PDQ\�WURXEOHV

ZLWK�WKH�FRQFHSWV�RI�HQHUJ\�DQG�WKH�HQHUJ\�GLDJUDPV�
��
��:KDW�LV�WKH�VLWXDWLRQ�IRU�WKH�PRUH

DGYDQFHG�VWXGHQWV�LQ�RXU�TXDQWXP�FRXUVHV�LV�DQ�LPSRUWDQW�TXHVWLRQ�WKDW�ZH�KDYH�WR�DQVZHU�

2XU�UHVHDUFK�KDV�VKRZQ�WKDW�WKHVH�VWXGHQWV�DOVR�KDYH�SUREOHPV�RQ�WKLV�WRSLF�

)URP�WKH�VWXG\�RI�VWXGHQWV�LQ�LQWURGXFWRU\�SK\VLFV�FODVVHV��ZH�OHDUQ�WKDW�VWXGHQWV�RIWHQ

KDYH�FRQVLGHUDEOH�GLIILFXOWLHV�LQ�GUDZLQJ�DQG�LQWHUSUHWLQJ�&DUWHVLDQ�JUDSKV�UHSUHVHQWLQJ

RQH�GLPHQVLRQDO�PRWLRQ�
��
��7KHUH�LV�D�JHQHUDO�WHQGHQF\�WR�GUDZ�D�JUDSK�WKDW�ORRNV�OLNH�D

SLFWXUH�RI�WKH�PRWLRQ�RI�WKH�REMHFW�DQG�FRQYHUVHO\��WR�LQWHUSUHW�D�JUDSK�DV�WKH�SLFWXUH�RI�WKH

UHDO�V\VWHP���&RQVLGHU�D�VLPSOH�TXDQWXP�V\VWHP�¤�WKH�SRWHQWLDO�ZHOOV�XVHG�WR�PRGHO�WKH

EHKDYLRU�RI�HOHFWURQV�LQ�DWRPV��PROHFXOHV�DQG�VROLGV���7KH\�DUH�RIWHQ�XVHG�DV�WKH�VWDUWLQJ

H[DPSOH�LQ�PDQ\�TXDQWXP�PHFKDQLFV�FRXUVHV���%XW�KRZ�ZHOO�WKH�VWXGHQWV�XQGHUVWDQG�WKLV

VLPSOHVW�SK\VLFDO�V\VWHP�PXVW�EH�GHWHUPLQHG���$V�GHWDLOHG�LQ�WKH�IROORZLQJ�VHFWLRQV��RXU

LQYHVWLJDWLRQV�WU\�WR�DQVZHU�WKLV�TXHVWLRQ�E\�H[SORULQJ�WKH�YDULRXV�DVSHFWV�RI�WKH�VWXGHQW

GLIILFXOWLHV�RQ�WKLV�WRSLF�

��� 3UREDELOLW\

$�XQLTXH�FKDUDFWHULVWLF�RI�TXDQWXP�SK\VLFV�WKDW�PDNHV�LW�GLIIHUHQW�IURP�FODVVLFDO

V\VWHPV�LV�WKDW�TXDQWXP�HYHQWV�DUH�QHFHVVDULO\�GHVFULEHG�LQ�D�SUREDELOLVWLF�PDQQHU���7KH

VROXWLRQ�RI�D�TXDQWXP�V\VWHP��WKH�ZDYHIXQFWLRQ��FDQ�EH�LQWHUSUHWHG�ZLWK�SUREDELOLW\

GHQVLW\��DPSOLWXGH�VTXDUH�RI�WKH�ZDYHIXQFWLRQ����$OO�SK\VLFDO�REVHUYDEOHV�WKDW�DUH

FODVVLFDOO\�LQWXLWLYH�WR�XV�LQ�RXU�HYHU\GD\�H[SHULHQFH�DUH�QRZ�ERXQGHG�E\�WKH�XQFHUWDLQW\

SULQFLSOH��PDNLQJ�WKH�RQFH�FU\VWDO�FOHDU�¦IHHOLQJ§�D�UDWKHU�IX]]\�FRPSOLFDWLRQ���7KHUHIRUH�

PDNLQJ�VHQVH�RI�WKH�SK\VLFDO�LQWHUSUHWDWLRQ�RI�WKH�VROXWLRQ�REWDLQHG�IURP�D�TXDQWXP�V\VWHP

UHTXLUHV�D�JRRG�XQGHUVWDQGLQJ�RI�SUREDELOLW\�

(QJLQHHULQJ�VWXGHQWV�XVXDOO\�GRQ
W�KDYH�PXFK�SUHYLRXV�H[SHULHQFHV�ZLWK�SUREDELOLW\�

7KHUHIRUH��KHOSLQJ�WKHP�FRQVWUXFW�D�FRUUHFW�XQGHUVWDQGLQJ�RI�WKLV�LVVXH�LV�D�FUXFLDO�VWHS�IRU

WKHP�WR�XQGHUVWDQG�40���$V�D�VWDUWLQJ�SRLQW��ZH�ZRXOG�OLNH�WKH�VWXGHQWV�WR�EH�DEOH�WR

GHFLSKHU�WKH�PHDQLQJ�RI�WKH�SKUDVH�¦SUREDELOLW\�RI�ORFDWLQJ�D�SDUWLFOH�LQ�D�FHUWDLQ�UHJLRQ§�

)RU�VWXGHQWV�IDPLOLDU�RQO\�ZLWK�D�NLQHPDWLF�GHVFULSWLRQ�RI�PRWLRQ��RI�D�SDUWLFOH�LQ�WHUPV�RI

D�WUDMHFWRU\�REVHUYHG�RYHU�D�SHULRG�RI�WLPH���WKH�VWRFKDVWLF�GHVFULSWLRQ�LV�RIWHQ�DJDLQVW�WKHLU

LQWXLWLRQ���7KH\�ILQG�LW�GLIILFXOW�WR�FRPSUHKHQG�KRZ�WKLV�UHODWHV�WR�DFWXDO�REVHUYDWLRQV�DQG

KRZ�WKH�PHDVXUHPHQWV�FDQ�EH�XVHG�WR�FRQVWUXFW�GHWDLOV�RI�WKH�SDUWLFOH�EHKDYLRU�LQ�WKH

V\VWHP���+HUH��RXU�UHVHDUFK�JRDO�LV�WR�LGHQWLI\�WKH�VWXGHQW�GLIILFXOWLHV�RQ�WKLV�LVVXH���:H�ZLOO

XVH�WKH�UHVXOWV�WR�KHOS�XV�DFFRPSOLVK�RXU�LQVWUXFWLRQDO�JRDO��ZKLFK�LV�WR�KHOS�WKH�VWXGHQW

FRQVWUXFW�D�EDVLF�XQGHUVWDQGLQJ�RI�SUREDELOLVWLF�W\SH�RI�LQWHUSUHWDWLRQ��HVSHFLDOO\�WKH

FRQFHSW�RI�SUREDELOLW\�GHQVLW\��DQG�EH�DEOH�WR�GR�PDWKHPDWLFDO�IRUPXODWLRQV�RI�D�VLPSOH

SK\VLFDO�V\VWHP�
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7KHVH�FODVVLFDO�SUH�UHTXLVLWHV�DUH�XVXDOO\�DVVXPHG�WR�EH�UHDGLO\�DFFHVVLEOH�WR�WKH

VWXGHQWV���%XW��DFFRUGLQJ�WR�RXU�UHVHDUFK��WKH�VWXGHQWV�DFWXDOO\�KDYH�D�ORW�RI�GLIILFXOWLHV

ZLWK�WKHVH�FODVVLFDO�SUH�UHTXLVLWHV���0RUH�GHWDLOV�RQ�WKHVH�VWXGHQW�GLIILFXOWLHV�ZLOO�EH

GLVFXVVHG�LQ�FKDSWHU���

x 7KH�,PSRUWDQW�4XDQWXP�&RQFHSWV

,Q�TXDQWXP�PHFKDQLFV��DOPRVW�HYHU\�FRQFHSW�LV�D�FKDOOHQJH�IRU�WKH�VWXGHQWV���,Q�WKH

UHVHDUFK��,�IRFXV�RQ�VHYHUDO�WRSLFV�WKDW�DUH�FRQVLGHUHG�DV�WKH�IXQGDPHQWDOV�IRU�WKH�VWXGHQWV

WR�GHYHORS�D�JRRG�RYHUDOO�XQGHUVWDQGLQJ�RI�TXDQWXP�PHFKDQLFV���7KHVH�WRSLFV�LQFOXGH�

�� WKH�UHODWLRQ�EHWZHHQ�WKH�HQHUJ\�DQG�WKH�VKDSH�RI�WKH�ZDYHIXQFWLRQ�

�� WKH�SUREDELOLVWLF�LQWHUSUHWDWLRQ�RI�ZDYHIXQFWLRQ��DQG

�� WKH�VWXGHQW�VSRQWDQHRXV�UHDVRQLQJ�LQ�WKLQNLQJ�RI�VSHFLILF�TXDQWXP�SUREOHPV�

��� 5HODWLRQV�EHWZHHQ�WKH�(QHUJ\�DQG�WKH�6KDSH�RI�:DYHIXQFWLRQ

4XLWH�QDWXUDOO\��VLQFH�PRVW�TXDQWXP�V\VWHPV�DUH�UHSUHVHQWHG�ZLWK�SRWHQWLDO�HQHUJ\

GLDJUDPV��XQGHUVWDQGLQJ�WKH�FRUUHFW�UHODWLRQV�EHWZHHQ�WKH�HQHUJ\�DQG�WKH�VKDSH�RI�WKH

ZDYHIXQFWLRQ�LV�RI�JUHDW�XWLOLW\�LQ�WKLQNLQJ�DERXW�TXDQWXP�SUREOHPV���([SHUWV�FDQ�XVH�LW�DV

D�XVHIXO�FOXH�WR�JHW�D�VHQVH�RI�WKH�VROXWLRQ�WR�WKH�SUREOHP�DQG�LQ�PDQ\�FDVHV��LW�FDQ�EH�WKH

VWDUWLQJ�SRLQW�WR�FRQVWUXFW�D�VROXWLRQ���,W�ZLOO�DOVR�EH�KHOSIXO�WR�WKH�VWXGHQWV�LQ�JHWWLQJ�D

URXJK�LGHD�RI�ZKDW�WKH�VROXWLRQ�ZLOO�EH�OLNH�DQG�JLYH�WKHP�D�JHQHUDO�GLUHFWLRQ�RI�ZKHUH�WKH\

VKRXOG�EH�KHDGLQJ���)LQDOO\�ZKHQ�D�VROXWLRQ�LV�REWDLQHG��D�JRRG�XQGHUVWDQGLQJ�RI�WKH

(QHUJ\�:DYHIXQFWLRQ�UHODWLRQ�FDQ�KHOS�WKH�VWXGHQWV�WR�FKHFN�ZKHWKHU�WKH�VROXWLRQ�LV

UHDVRQDEOH�RU�QRW�

��� 8QGHUVWDQGLQJ�:DYHIXQFWLRQ�LQ�7HUPV�RI�3UREDELOLW\

$V�GLVFXVVHG�HDUOLHU��VROXWLRQV�RI�FODVVLFDO�V\VWHPV�DUH�RIWHQ�UHSUHVHQWHG�ZLWK�WKH

PDFURVFRSLF�REVHUYDEOHV�RI�WKH�UHDO�SK\VLFDO�REMHFW�LWVHOI��YHORFLW\��PDVV��IRUFH��HWF�����%XW

LQ�TXDQWXP�VLWXDWLRQV��DVSHFWV�RI�WKH�TXDQWXP�V\VWHPV�RIWHQ�QHHG�WR�EH�REWDLQHG�IURP�WKH

ZDYHIXQFWLRQ���7KHUHIRUH��EHLQJ�DEOH�WR�FRUUHFWO\�LQWHUSUHW�WKH�ZDYHIXQFWLRQ�DQG

XQGHUVWDQG�ZKDW�RQH�FDQ�JHW�IURP�LW�LV�DQRWKHU�LPSRUWDQW�HOHPHQW�WR�XQGHUVWDQG�40���,Q

RUGHU�IRU�WKH�VWXGHQWV�WR�GR�WKLV��WKH\�ZLOO�QHHG�D�JRRG�XQGHUVWDQGLQJ�RI�SUREDELOLW\�DQG�WKH

SUREDELOLVWLF�LQWHUSUHWDWLRQ�RI�WKH�ZDYHIXQFWLRQ�

��� 6WXGHQW�,QWXLWLYH�5HDVRQLQJ

:KHQ�VWXGHQWV�VWDUW�OHDUQLQJ�FODVVLFDO�PHFKDQLFV��LQVWUXFWRUV�RIWHQ�VWUXJJOH�WR�FRQYHUW

WKHP�IURP�WKHLU�QDwYH�LQWXLWLYH�VWDJH�WR�1HZWRQLDQ�WKLQNHUV���%XW�KDYH�WKHLU�QDwYH�LQWXLWLYH

LGHDV�JRQH�DZD\�IRU�JRRG�RU�VXFFHVVIXOO\�EHHQ�PRGLILHG"��7KH�DQVZHUV�DUH�VWLOO�QHJDWLYH

IRU�PDQ\�VWXGHQWV���1RZ�ZH�IDFH�D�IDU�JUHDWHU�FKDOOHQJH�WR�JHW�WKHP�WR�RYHUFRPH�D�PXFK

ODUJHU�JDS�WR�WKH�TXDQWXP�VWDJH���6LQFH�WKH�VWXGHQWV©�HPEHGGHG�LQWXLWLYH�WKRXJKWV�KDYH

DOUHDG\�LQWHUYHQHG�LQ�WKHLU�OHDUQLQJ�RI�1HZWRQLDQ�FRQFHSWV�DV�VKRZQ�E\�PDQ\�UHVHDUFKHUV�

ZH�H[SHFW�WKDW�ZKHQ�WKH�VWXGHQWV�OHDUQ�TXDQWXP�PHFKDQLFV��VLPLODU�VLWXDWLRQV�ZLOO�DJDLQ
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RFFXU���7KHUHIRUH��XQGHUVWDQGLQJ�WKH�W\SHV�RI�UHDVRQLQJ�WKH�VWXGHQWV�DUH�XVLQJ�LQ�WKLQNLQJ

RI�TXDQWXP�SUREOHPV�LV�LPSRUWDQW�IRU�LQVWUXFWRUV�UHVHDUFKHUV���7KH�VWXGHQW�LQWXLWLYH

UHDVRQLQJ�LV�DOVR�RQH�LPSRUWDQW�HOHPHQW�LQ�XQGHUVWDQGLQJ�VWXGHQW�PRGHOV�EDVHG�RQ�RXU

WKHRU\�RI�OHDUQLQJ�

3UREH�DQG�,GHQWLI\�6WXGHQW�0RGHOV

x 5HVHDUFK�&RQWH[W

$V�LQWURGXFHG�HDUOLHU��ZH�KDYH�GRQH�UHVHDUFK�ZLWK�VWXGHQWV�LQ�WZR�OHYHOV�RI�FRXUVHV�

2QH�LV�LQWURGXFWRU\�SK\VLFV�DQG�WKH�RWKHU�LV�XSSHU�GLYLVLRQ�XQGHUJUDGXDWH�TXDQWXP

PHFKDQLFV���7KH�WZR�FRXUVHV�DUH�ERWK�VHUYLFH�FRXUVHV�IRU�VFLHQFH�DQG�HQJLQHHULQJ�PDMRUV�

)RU�HDFK�FRXUVH��ZH�KDYH�FDUULHG�RXW�UHVHDUFK�ZLWK�WZR�GLIIHUHQW�W\SHV�RI�LQVWUXFWLRQ�

OHFWXUH�UHFLWDWLRQ�DQG�OHFWXUH�WXWRULDO���7DEOH�����LV�D�OLVW�RI�DOO�WKH�FODVVHV�ZLWK�GHVFULSWLRQV

RQ�WKH�LQVWUXFWLRQV�DQG�VWXGHQW�EDFNJURXQGV�

x 5HVHDUFK�0HWKRGV

7KH�PHWKRGV�XVHG�LQ�RXU�UHVHDUFK�LQFOXGH�LQGLYLGXDO�SUREOHP�VROYLQJ�LQWHUYLHZV�DQG

WKH�DQDO\VLV�RI�VWXGHQW�UHVSRQVHV�RQ�FRQFHSWXDO�TXL]]HV�DQG�VSHFLDOO\�GHVLJQHG�FRQFHSWXDO

SUREOHPV�LQ�KRPHZRUN�DQG�H[DPV�

��� ,QWHUYLHZV

7KH�GDWD�IURP�FRQFHSWXDO�TXL]]HV�TXHVWLRQV�FDQ�SURYLGH�JRRG�LQGLFDWLRQV�RQ�VWXGHQW

GLIILFXOWLHV��KRZHYHU��IXUWKHU�LQVLJKW�RQ�VWXGHQW�UHDVRQLQJ�DQG�WKH�SRVVLEOH�VWXGHQW�PRGHOV

KDYH�WR�EH�LQYHVWLJDWHG�LQ�JUHDW�GHWDLO�WKURXJK�YLGHRWDSHG�LQWHUYLHZV���7KH�GLVFXVVLRQ�ZLWK

VWXGHQWV�FDQ�SURYLGH�PRUH�GHWDLOV�DV�ZHOO�DV�VROLG�HYLGHQFH�RQ�KRZ�VWXGHQWV�LQWHUSUHW�WKH

SK\VLFDO�FRQFHSWV���7KH�VWXGHQWV�LQWHUYLHZHG�ZHUH�DOO�YROXQWHHUV�DQG�PRVW�KDG�DERYH�

DYHUDJH�JUDGHV�LQ�FODVV�

��� &RQFHSWXDO�TXL]]HV

,Q�FODVVHV�ZLWK�WXWRULDOV��H[FHSW�IRU�WKH�3K\VLFV�����FODVVHV���ZH�JDYH�FRQFHSWXDO

TXL]]HV�RQFH�D�ZHHN���7KHVH�WHVWV�ZHUH�GHVLJQHG�WR�FRQWDLQ�����VLPSOH�FRQFHSWXDO

7DEOH������&RQWH[W�RI�UHVHDUFK�RQ�VWXGHQW�XQGHUVWDQGLQJ�RI�40

&ODVV 6HPHVWHU ,QVWUXFWLRQ 6WXGHQWV

)DOO��� 7UDGLWLRQDO



,QWUR�3K\V 3K\V����
6SULQJ��� 7XWRULDO

7KLUG�VHPHVWHU��VFLHQFH

DQG�HQJLQHHULQJ�PDMRUV

)DOO��� 7UDGLWLRQDO

)DOO��� 7UDGLWLRQDO

6SULQJ��� 7XWRULDO

8SSHU�

GLYLVLRQ
3K\V����

6SULQJ��� 7XWRULDO

6HQLRU�XQGHUJUDGXDWHV�

VFLHQFH�DQG�HQJLQHHULQJ




:H�PDGH�VRPH�DWWHPSW�WR�LQWURGXFH�WKH�WXWRULDOV�EXW�WKH�LQVWUXFWLRQ�ZDV�LQ�ODUJH

SDUW�LGHQWLFDO�WR�WKH�WUDGLWLRQDO�VW\OH�
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TXHVWLRQV�DQG�ZHUH�JLYHQ�LQ�WKH�EHJLQQLQJ�RI�D�OHFWXUH��WDNHV�DERXW����PLQ����7KH�SXUSRVH

RI�WKH�TXL]�LV�WR�SUREH�WKH�LQLWLDO�VWDWH�RI�WKH�VWXGHQW�XQGHUVWDQGLQJ�RI�FHUWDLQ�FRQFHSWV�DQG

SURYLGH�LQIRUPDWLRQ�IRU�DQ�DSSURSULDWH�DGMXVWPHQW�WR�ODWHU�LQVWUXFWLRQV�

,Q�RXU�VWXG\�RI�WKH�FODVVLFDO�SUH�UHTXLVLWHV��ZH�DUH�PRVWO\�LQWHUHVWHG�LQ�VWXGHQW

XQGHUVWDQGLQJV�RQ�SRWHQWLDO�ZHOO�GLDJUDPV�DQG�SUREDELOLW\�DQG�ZH�KDYH�JLYHQ�TXL]]HV

IRFXVLQJ�RQ�WKHVH�LVVXHV�LQ�WKH�WZR�3K\VLFV�����FODVVHV�

��� +RPHZRUN�DQG�H[DP�TXHVWLRQV

&DUHIXOO\�GHVLJQHG�FRQFHSWXDO�TXHVWLRQV�LQ�KRPHZRUN�DQG�H[DPV�DUH�XVHG�LQ�DOO

FODVVHV���7KHVH�TXHVWLRQV�DUH�RIWHQ�XVHG�WR�PHDVXUH�WKH�HIIHFWV�RI�LQVWUXFWLRQ�DQG�FDQ�DOVR

UHYHDO�FRQWLQXLQJ�GLIILFXOWLHV�WKDW�WKH�VWXGHQWV�VWLOO�KDYH���8QOLNH�FRQFHSWXDO�TXL]]HV��WKH

KRPHZRUN�H[DP�TXHVWLRQV�RIWHQ�UHTXLUH�PRUH�VRSKLVWLFDWHG�PDWKHPDWLFV�DQG�HVSHFLDOO\�D

FRUUHFW�XQGHUVWDQGLQJ�RQ�WKH�SK\VLFDO�PHDQLQJV�RI�PDWKHPDWLFDO�RSHUDWLRQV�

x 2YHUYLHZ�RI�6WXGHQW�0RGHOV�RI�4XDQWXP�0HFKDQLFV

4XDQWXP�PHFKDQLFV�LV�GLIIHUHQW�IURP�WRSLFV�LQ�FODVVLFDO�SK\VLFV�LQ�D�QXPEHU�RI

LPSRUWDQW�ZD\V���)RU�PRVW�TXDQWXP�V\VWHPV��WKH�SK\VLFDO�SKHQRPHQD�DUH�XVXDOO\�QRW

GLUHFWO\�REVHUYDEOH���8QOLNH�H[DPSOHV�LQ�FODVVLFDO�SK\VLFV�ZKHUH�SHRSOH�FDQ�RIWHQ�VHH�WKH

GHWDLOV�DQG�XQGHUVWDQG�WKH�SURFHVV��IRU�PDQ\�DSSOLFDWLRQV�RI�TXDQWXP�WHFKQRORJ\��SHRSOH

UDUHO\�WKLQN�DERXW�WKHLU�TXDQWXP�QDWXUH�EXW�UDWKHU�FRQVLGHU�WKHP�DV�KLJK�WHFK�PDJLF�ER[HV

WKDW�JLYH�OLWWOH�LQWXLWLRQ�RI�ZK\�WKH\�ZRUN���$V�D�UHVXOW��PRVW�VWXGHQWV�XVXDOO\�KDYH�QR

H[SHULHQFH�RU�LQWXLWLRQ�DERXW�DQ\�TXDQWXP�V\VWHPV�

7KLV�FDQ�VLJQLILFDQWO\�DIIHFW�WKH�OHDUQLQJ�RI�TXDQWXP�SK\VLFV���)LUVW��WKH�ODFN�RI�UHDO�OLIH

H[DPSOHV�RIWHQ�PDNHV�LW�GLIILFXOW�WR�FRQVWUXFW�DQ�XQGHUVWDQGLQJ�RI�D�TXDQWXP�FRQFHSW�IURP

WKH�EHJLQQLQJ���,Q�OHDUQLQJ��OLIH�H[SHULHQFHV�DFW�DV�EXLOGLQJ�EORFNV�IRU�WKH�FRQVWUXFWLRQ�RI�D

QHZ�FRQFHSW���$OWKRXJK�VRPHWLPHV�PLVLQWHUSUHWHG�H[DPSOHV�FDQ�FRQWULEXWH�LQ�WKH�RSSRVLWH

ZD\�VXFK�DV�LQ�PDQ\�FDVHV�RI�FODVVLFDO�PHFKDQLFV�ZKHUH�VWXGHQWV�KDYH�D�VWURQJ�LQFRUUHFW

QDwYH�WKHRU\�RI�PRWLRQ����,Q�TXDQWXP�PHFKDQLFV��PDQ\�RI�WKHVH�EXLOGLQJ�EORFNV�DUH

PLVVLQJ�IRU�PRVW�VWXGHQWV���:KHQ�FRQVWUXFWLQJ�D�TXDQWXP�FRQFHSW��DOO�WKH�QHFHVVDU\

HOHPHQWV�DUH�YLUWXDO�UHDOLWLHV�H[LVWLQJ�RQO\�RQ�ERRNV�RU�FRPSXWHUV���7KLV�PDNHV�TXDQWXP

PHFKDQLFV�VHHP�¦XQUHDO§�

:LWK�OLWWOH�UHDO�OLIH�H[SHULHQFH��LW�LV�DOPRVW�LPSRVVLEOH�WR�WLH�WKH�HOHPHQWV�RI�D�TXDQWXP

FRQFHSW�WR�DQ\�SK\VLFDO�H[DPSOHV�DQG�WR�PDNH�VHQVH�RI�WKHP���7KHUHIRUH��LQ�WKHVH

VLWXDWLRQV��ZH�RIWHQ�REVHUYH�VWXGHQWV�PHPRUL]H�WKH�WHUPV�DQG�PDWKHPDWLFV�RI�TXDQWXP

FRQFHSWV�DQG�FDQ�UDUHO\�GR�DQ\�ORJLFDO�UHDVRQLQJ�XVLQJ�WKHVH�HOHPHQWV�

7KHVH�DVSHFWV�RI�TXDQWXP�PHFKDQLFV�FDQ�KDYH�VWURQJ�LQIOXHQFH�RQ�VWXGHQW�PRGHO

FRQVWUXFWLRQ���$V�REVHUYHG�LQ�RXU�LQVWUXFWLRQ�DQG�UHVHDUFK��ZH�ILQG�VWXGHQWV�RIWHQ�KDYH�WKH

IROORZLQJ�W\SLFDO�EHKDYLRUV�LQ�OHDUQLQJ�TXDQWXP��VHH�FKDSWHU���DQG���IRU�GHWDLOHG�GDWD

DQDO\VLV�DQG�GRFXPHQWDWLRQ�RI�WKHVH�UHVXOWV��

��� 6WURQJ�LQYROYHPHQW�RI�FODVVLFDO�LGHDV��'XH�WR�WKH�XQDYDLODELOLW\�RI�40�EXLOGLQJ

EORFNV��VWXGHQWV�RIWHQ�XVH�WKHLU�DEXQGDQW�FODVVLFDO�LGHDV�WR�FRQVWUXFW�40�FRQFHSWV�
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(VSHFLDOO\�LQ�WKH�EHJLQQLQJ�RI�LQVWUXFWLRQ��PRVW�VWXGHQWV�LQWHUSUHW�TXDQWXP

FRQFHSWV�ZLWK�FODVVLFDO�UHDVRQLQJ���)RU�H[DPSOH��PDQ\�VWXGHQWV�LQWHUSUHW�WKH

TXDQWXP�ZDYHIXQFWLRQ�DV�WKH�WUDMHFWRU\�RI�D�SDUWLFOH�PRYLQJ�FODVVLFDOO\���,Q�WKH

H[DPSOH�RI�D�TXDQWXP�SRWHQWLDO�VWHS�SUREOHP��VWXGHQWV�RIWHQ�LQWHUSUHW�WKH�SK\VLFDO

V\VWHP�DV�D�FODVVLFDO�SDUWLFOH�EDOO�JRLQJ�¦GRZQ�WKH�KLOO§�RU�¦XS�WKH�KLOO§���6XFK

DSSOLFDWLRQ�RI�FODVVLFDO�LGHDV�FDQ�VWURQJO\�LQWHUIHUH�ZLWK�WKH�OHDUQLQJ�RI�TXDQWXP

SKHQRPHQD�VXFK�DV�TXDQWXP�WXQQHOLQJ��HQHUJ\�OHYHOV��HWF�

��� +\EULG�PRGHOV��'XULQJ�LQVWUXFWLRQ��ERWK�WUDGLWLRQDO�DQG�PRGLILHG���VWXGHQW�PRGHOV

VWDUW�WKH�HYROXWLRQ�IURP�VWURQJ�FODVVLFDO�PRGHOV�WR�40�PRGHOV���,Q�WKLV�SURFHVV�

LQWHUPHGLDWH�VWDWHV�LQ�WKH�IRUP�RI�K\EULG�PRGHOV�DUH�RIWHQ�IRUPHG���7KH�K\EULG

PRGHOV�RIWHQ�FRQWDLQ�FHUWDLQ�FRUUHFW�LQIRUPDWLRQ�IURP�TXDQWXP�FRQFHSWV��KRZHYHU�

WKH�IRXQGDWLRQ�IRU�WKHVH�PRGHOV�LV�VWLOO�EDVHG�RQ�FODVVLFDO�UHDVRQLQJ���7KHVH�PRGHOV

DUH�WKH�SURGXFWV�RI�UHFRQFLOLDWLRQ�RI�WKH�FRQWUDGLFWLRQV�EHWZHHQ�FODVVLFDO�DQG

TXDQWXP�SKHQRPHQD���)RU�H[DPSOH��LQ�RXU�LQWHUYLHZV�ZKHQ�ZH�DVNHG�VWXGHQWV

DERXW�D�TXDQWXP�WXQQHOLQJ�SUREOHP��PDQ\�VWXGHQWV�FDQ�REWDLQ�D�TXDOLWDWLYHO\

FRUUHFW�ZDYHIXQFWLRQ�ZLWK�GHFD\�LQ�WKH�EDUULHU�DQG�VPDOOHU�DPSOLWXGH�DIWHU�WKH

EDUULHU���%XW�WKHLU�UHDVRQLQJ�LV�WKDW�WKH�ZDYHIXQFWLRQ�UHSUHVHQWV�WKH�HQHUJ\�RI�WKH

SDUWLFOH�DQG�DV�WKH�SDUWLFOH�WXQQHOV�WKURXJK�WKH�EDUULHU��LW�ORVHV�LWV�HQHUJ\�VR�WKDW�WKH

DPSOLWXGH�LV�VPDOOHU���WKLV�H[DPSOH�LV�GLVFXVVHG�LQ�FKDSWHU���ZLWK�PRUH�GHWDLOV��

7KH�K\EULG�PRGHOV�DUH�UHDVRQDEO\�FRQVLVWHQW�DQG�FDQ�SURGXFH�FRUUHFW�UHVSRQVHV�LQ

VSHFLILF�FRQWH[WV�

��� 0L[LQJ�VWDWHV��'XULQJ�WKH�PRGHO�HYROXWLRQ�SURFHVV��40�PRGHOV�DQG�PRGHOV�EDVHG

RQ�FODVVLFDO�LGHDV�FDQ�H[LVW�DW�WKH�VDPH�WLPH���$�VLJQLILFDQW�QXPEHU�RI�VWXGHQWV

RIWHQ�VLPXOWDQHRXVO\�KROG�VHYHUDO�PRGHOV�XQDZDUH�RI�RU�XQDEOH�WR�UHVROYH�WKH

FRQWUDGLFWLRQV���2Q�D�WHVW��VWXGHQWV�FDQ�XVH�WKHVH�PRGHOV�LQWHUFKDQJHDEO\�RQ�VLPLODU

TXHVWLRQV�ZLWK�UDWKHU�UDQGRP�EHKDYLRUV���7KH�PL[HG�PRGHO�VWDWH�RIWHQ�RFFXUV�ZKHQ

VWXGHQWV�VWLOO�KROG�VWURQJ�FODVVLFDO�PRGHOV��VRPHWLPHV�WKH\�HYHQ�NQRZ�LW�LV�QRW

DSSURSULDWH��DQG�LQ�WKH�PHDQ�WLPH��WKH\�DOVR�PHPRUL]H�WKH�FRUUHFW�TXDQWXP�UHVXOWV�

'HYHORS�1HZ�,QVWUXFWLRQV�DQG�,QVWUXPHQWV

7KH�WKLUG�JRDO�RI�RXU�UHVHDUFK�LV�WKH�GHYHORSPHQW�RI�QHZ�LQVWUXFWLRQV�DQG�LQVWUXPHQWV�

%DVHG�RQ�WKH�UHVXOWV�IURP�RXU�UHVHDUFK��WKH�QHZ�LQVWUXFWLRQV�DUH�GHYHORSHG�WR�KHOS�WKH

VWXGHQWV�ZLWK�WKHLU�GLIILFXOWLHV�IRXQG�LQ�UHVHDUFK���,Q�DGGLWLRQ��WR�IDFLOLWDWH�LQVWUXFWLRQ�DQG

IXUWKHU�UHVHDUFK��ZH�DOVR�GHYHORS�PXOWLSOH�FKRLFH�FRQFHSW�WHVW�ZKLFK�FDQ�EH�XVHG�LQ�ODUJH

VFDOH�WR�SURYLGH�TXDQWLWDWLYH�HYDOXDWLRQV�RQ�VWXGHQW�PRGHOV�RI�TXDQWXP�PHFKDQLFV�

2XU�FXUULFXOXP�GHYHORSPHQW�LV�EDVHG�RQ�WXWRULDOV���7KH�3(5*�KDV�GHYHORSHG�D�VHW�RI

TXDQWXP�WXWRULDOV�WR�XVH�LQ�RXU�TXDQWXP�FODVVHV���)RU�RXU�IRXU�ZHHN�LQWURGXFWLRQ�RI

TXDQWXP�PHFKDQLFV�LQ�WKH�WZR�3K\VLFV�����FODVVHV��ZH�XVHG�WKUHH�WXWRULDOV�RQ�TXDQWXP

HQHUJ\�VWDWHV��WKH�VKDSH�RI�WKH�ZDYHIXQFWLRQ��DQG�SUREDELOLW\�LQ�WKH�FODVVHV�RI�IDOO������,Q

VSULQJ�����ZH�UHSODFHG�WKH�SUREDELOLW\�WXWRULDO�ZLWK�D�QHZ�RQH�RQ�SRWHQWLDO�HQHUJ\�GLDJUDP

DQG�FODVVLFDO�SUREDELOLW\����,Q�RXU�3K\VLFV�����FODVV��ZH�QRZ�KDYH����WXWRULDOV�WKDW�KDYH

EHHQ�XVHG�LQ�WKH�VSULQJ������VHPHVWHU����ZHUH�XVHG�LQ�VSULQJ�������
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)RU�WKH�VSULQJ������FODVV��,�DOVR�GHYHORSHG�D�VHW�RI�PXOWLSOH�FKRLFH�TXHVWLRQV��ZKLFK

DUH�XVHG�LQ�WKH�ILQDO�H[DP���,Q�FKDSWHUV���DQG����,�VSHFLILFDOO\�LQWURGXFH�WKH�PXOWLSOH�FKRLFH

LQVWUXPHQWV�DQG�WKUHH�WXWRULDOV�WKDW�,�KDYH�GHYHORSHG�

6XPPDU\

,Q�WKLV�FKDSWHU��,�PDGH�DQ�LQWURGXFWLRQ�WR�RXU�UHVHDUFK�RQ�VWXGHQW�GLIILFXOWLHV�LQ�OHDUQLQJ

TXDQWXP�PHFKDQLFV���7KLV�UHVHDUFK�LV�FRQGXFWHG�EDVHG�RQ�WKH�WKHRU\�GHYHORSHG�LQ�3DUW�,�

WKHUHIRUH��HPSKDVLV�LV�PDGH�RQ�WKH�VWXG\�RI�VWXGHQW�PRGHOV�WKDW�FDXVH�WKH�VWXGHQW

GLIILFXOWLHV���)ROORZLQJ�WKH�PRGHO�HYROXWLRQ�SURFHVV��ZH�VWDUW�ZLWK�WKH�LQYHVWLJDWLRQ�RI

VWXGHQW�XQGHUVWDQGLQJ�RQ�LPSRUWDQW�FODVVLFDO�SUH�UHTXLVLWHV�DQG�VWXG\�KRZ�WKHVH�LVVXHV

LQWHUIHUH�ZLWK�WKH�OHDUQLQJ�RI�TXDQWXP���7KHQ�ZH�SURFHHG�WR�VWXG\�WKH�VWXGHQW

XQGHUVWDQGLQJV�RI�LPSRUWDQW�TXDQWXP�FRQFHSWV����2XU�PDMRU�REMHFWLYH�IRU�WKLV�UHVHDUFK�LV�WR

LGHQWLI\�WKH�YDULRXV�VWXGHQW�PRGHOV��ZKLFK�SURYLGH�WKH�JURXQG�IRU�IXUWKHU�GHYHORSPHQW�RQ

LQVWUXPHQWV�WKDW�DUH�DSSURSULDWH�WR�XVH�ZLWK�WKH�PRGHO�DQDO\VLV�DOJRULWKPV�DQG�QHZ

LQVWUXFWLRQV�WR�KHOS�WKH�VWXGHQWV���,Q�WKH�IROORZLQJ�FKDSWHUV��WKH�GHWDLOV�RI�WKH�UHVXOWV�DUH

GLVFXVVHG�
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5HIHUHQFHV�DQG�(QGQRWHV�

������������������������������������������������
�
�/��&��0F'HUPRWW��3�6��6KDWWHU��7XWRULDOV�LQ�,QWURGXFWRU\�3K\VLFV��3UHQWLFH�+DOO��1HZ

<RUN�1<�������

�
�3��-ROO\�HW�DO��¦9LVXDOL]LQJ�PRWLRQ�LQ�SRWHQWLDO�ZHOOV�§�$P��-��3K\V�����������������������

�
�)RU�PRUH�GHWDLOV��SOHDVH�YLVLW�WKH�ZHE�VLWH�DW��ZZZ�SK\V�NVX�HGX�SHUJ�SDSHUV�

�
�(��)���5HGLVK��-���:LOVRQ��DQG�,��-RKQVWRQ��0�8�3�3�(�7��8WLOLWLHV

�
�'��6W\HU��¦&RPPRQ�PLVFRQFHSWLRQV�UHJDUGLQJ�TXDQWXP�PHFKDQLFV§��$P�-�3K\V������

������

�
�3��)OHWFKHU��0�6��7KHVLV��8QLYHUVLW\�RI�6\GQH\��������,��-RKQVWRQ�¦+RZ�VWXGHQWV�OHDUQ

TXDQWXP�PHFKDQLFV�§ LQ�SURJUHVV

�
�7��%HWKJH��¦6WXGHQWV©�FRQFHSWLRQV�LQ�TXDQWXP�SK\VLFV§� LQ�SURJUHVV

�
�3DSHUV�SUHVHQWHG�DW�WKH�DQQXDO�PHHWLQJ�1DWLRQDO�$VVRFLDWLRQ�IRU�5HVHDUFK�LQ�6FLHQFH

7HDFKLQJ��0DUFK�������DOVR�VHH�ZZZ�SK\V�NVX�HGX�SHUJ�SDSHUV��

�
�6HH�UHIHUHQFH���

��
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