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$EVWUDFW���

,W�KDV�EHHQ�SRVWXODWHG�WKDW�WKH�EUDLQ�LV�RUJDQL]HG�E\�³PHWDPRGDO´��VHQVRU\�LQGHSHQGHQW�FRUWLFDO�PRGXOHV���

FDSDEOH�RI�SHUIRUPLQJ�WDVNV��H�J���ZRUG�UHFRJQLWLRQ��LQ�ERWK�³VWDQGDUG´�DQG�QRYHO�VHQVRU\�PRGDOLWLHV��6WLOO��WKLV���

WKHRU\�KDV�SULPDULO\�EHHQ�WHVWHG�LQ�VHQVRU\�GHSULYHG�LQGLYLGXDOV��ZLWK�PL[HG�HYLGHQFH�LQ�QHXURW\SLFDO�VXEMHFWV����

WKHUHE\�OLPLWLQJ�LWV�VXSSRUW�DV�D�JHQHUDO�SULQFLSOH�RI�EUDLQ�RUJDQL]DWLRQ��&ULWLFDOO\��FXUUHQW�WKHRULHV�RI�PHWDPRGDO���

SURFHVVLQJ�GR�QRW�VSHFLI\�UHTXLUHPHQWV�IRU�VXFFHVVIXO�PHWDPRGDO�SURFHVVLQJ�DW�WKH�OHYHO�RI�QHXUDO���

UHSUHVHQWDWLRQV��6SHFLILFDWLRQ�DW�WKLV�OHYHO�PD\�EH�SDUWLFXODUO\�LPSRUWDQW�LQ�QHXURW\SLFDO�LQGLYLGXDOV��ZKHUH���

QRYHO�VHQVRU\�PRGDOLWLHV�PXVW�LQWHUIDFH�ZLWK�H[LVWLQJ�UHSUHVHQWDWLRQV�IRU�WKH�VWDQGDUG�VHQVH��+HUH�ZH���

K\SRWKHVL]HG�WKDW�HIIHFWLYH�PHWDPRGDO�HQJDJHPHQW�RI�D�FRUWLFDO�DUHD�UHTXLUHV�FRQJUXHQFH�EHWZHHQ�VWLPXOXV���

UHSUHVHQWDWLRQV�LQ�WKH�VWDQGDUG�DQG�QRYHO�VHQVRU\�PRGDOLWLHV�LQ�WKDW�UHJLRQ��7R�WHVW�WKLV��ZH�ILUVW�XVHG�I05,�WR����

LGHQWLI\�ELODWHUDO�DXGLWRU\�VSHHFK�UHSUHVHQWDWLRQV��:H�WKHQ�WUDLQHG����KXPDQ�SDUWLFLSDQWV�����IHPDOH��WR����

UHFRJQL]H�YLEURWDFWLOH�YHUVLRQV�RI�DXGLWRU\�ZRUGV�XVLQJ�RQH�RI�WZR�DXGLWRU\�WR�YLEURWDFWLOH�DOJRULWKPV��7KH����

YRFRGHG�DOJRULWKP�SUHVHUYHG�WKH�G\QDPLFV�DQG�UHSUHVHQWDWLRQDO�VLPLODULWLHV�RI�DXGLWRU\�VSHHFK�ZKLOH�WKH����

WRNHQ�EDVHG�DOJRULWKP�GLG�QRW��&UXFLDOO\��XVLQJ�I05,��ZH�IRXQG�WKDW�RQO\�LQ�WKH�YRFRGHG�JURXS�GLG�WUDLQHG����

YLEURWDFWLOH�VWLPXOL�UHFUXLW�VSHHFK�UHSUHVHQWDWLRQV�LQ�WKH�VXSHULRU�WHPSRUDO�J\UXV�DQG�OHDG�WR�LQFUHDVHG�FRXSOLQJ����

EHWZHHQ�WKHP�DQG�VRPDWRVHQVRU\�DUHDV��2XU�UHVXOWV�DGYDQFH�RXU�XQGHUVWDQGLQJ�RI�EUDLQ�RUJDQL]DWLRQ�E\����

SURYLGLQJ�QHZ�LQVLJKW�LQWR�XQORFNLQJ�WKH�PHWDPRGDO�SRWHQWLDO�RI�WKH�EUDLQ��WKHUHE\�EHQHILWWLQJ�WKH�GHVLJQ�RI����

QRYHO�VHQVRU\�VXEVWLWXWLRQ�GHYLFHV�WKDW�DLP�WR�WDS�LQWR�H[LVWLQJ�SURFHVVLQJ�VWUHDPV�LQ�WKH�EUDLQ�����

6LJQLILFDQFH�6WDWHPHQW����

,W�KDV�EHHQ�SURSRVHG�WKDW�WKH�EUDLQ�LV�RUJDQL]HG�E\�³PHWDPRGDO´��VHQVRU\�LQGHSHQGHQW�PRGXOHV�VSHFLDOL]HG�IRU����

SHUIRUPLQJ�FHUWDLQ�WDVNV��7KLV�LGHD�KDV�LQVSLUHG�WKHUDSHXWLF�DSSOLFDWLRQV�VXFK�DV�VHQVRU\�VXEVWLWXWLRQ�GHYLFHV�����

H�J���HQDEOLQJ�EOLQG�LQGLYLGXDOV�³WR�VHH´�E\�WUDQVIRUPLQJ�YLVXDO�LQSXW�LQWR�VRXQGVFDSHV��<HW��RWKHU�VWXGLHV�KDYH����

IDLOHG�WR�GHPRQVWUDWH�PHWDPRGDO�HQJDJHPHQW��+HUH��ZH�WHVWHG�WKH�K\SRWKHVLV�WKDW�PHWDPRGDO�HQJDJHPHQW�LQ����

QHXURW\SLFDO�LQGLYLGXDOV�UHTXLUHV�PDWFKLQJ�UHSUHVHQWDWLRQDO�VLPLODULWLHV�EHWZHHQ�VWLPXOL�LQ�QRYHO�DQG�VWDQGDUG����

PRGDOLWLHV��:H�WUDLQHG�WZR�JURXSV�RI�VXEMHFWV�WR�UHFRJQL]H�ZRUGV�JHQHUDWHG�E\�RQH�RI�WZR�DXGLWRU\�WR����

YLEURWDFWLOH�WUDQVIRUPDWLRQV��&ULWLFDOO\��RQO\�YLEURWDFWLOH�VWLPXOL�WKDW�SUHVHUYHG�UHSUHVHQWDWLRQDO�VLPLODULWLHV�RI����

DXGLWRU\�VSHHFK�HQJDJHG�DXGLWRU\�VSHHFK�DUHDV�DIWHU�WUDLQLQJ��7KLV�VXJJHVWV�WKDW�PDWFKLQJ�UHSUHVHQWDWLRQDO����

VLPLODULWLHV�LV�FULWLFDO�WR�XQORFNLQJ�WKH�EUDLQ¶V�PHWDPRGDO�SRWHQWLDO�� ����
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,QWURGXFWLRQ����

7KH�GRPLQDQW�YLHZ�RI�EUDLQ�RUJDQL]DWLRQ�UHYROYHV�DURXQG�FRUWLFDO�DUHDV�GHGLFDWHG�IRU�SURFHVVLQJ�LQIRUPDWLRQ����

IURP�VSHFLILF�VHQVRU\�PRGDOLWLHV��+RZHYHU��HPHUJLQJ�HYLGHQFH�RYHU�WKH�SDVW�WZR�GHFDGHV�KDV�OHG�WR�WKH�LGHD����

WKDW�FRUWLFDO�DUHDV�DUH�GHILQHG�E\�WDVN�VSHFLILF�FRPSXWDWLRQV�WKDW�DUH�LQYDULDQW�WR�VHQVRU\�PRGDOLW\�3DVFXDO����

/HRQH�DQG�+DPLOWRQ���������(YLGHQFH�IRU�WKLV�FRPHV�IURP�VWXGLHV�LQ�VHQVRU\�GHSULYHG�SRSXODWLRQV��6DGDWR�HW����

DO���������/RPEHU�HW�DO���������%ROD�HW�DO���������ZKLFK�VKRZ�WKDW�DUHDV�WKDW�WUDGLWLRQDOO\�SHUIRUP�XQLVHQVRU\����

SURFHVVLQJ�FDQ�EH�UHFUXLWHG�E\�VWLPXOL�IURP�DQRWKHU�VHQVRU\�PRGDOLW\�WR�SHUIRUP�WKH�VDPH�WDVN��7KLV�DELOLW\�RI�D����

QRYHO�VHQVRU\�PRGDOLW\�VWLPXOL�WR�HQJDJH�D�FRUWLFDO�DUHD�WKH�VDPH�ZD\�DV�WKH�VWDQGDUG�VHQVRU\�PRGDOLW\����

VWLPXOXV�LV�FDOOHG�PHWDPRGDO�HQJDJHPHQW��,PSRUWDQWO\��WKHUH�LV�HYLGHQFH��5HQLHU�HW�DO���������������$PHGL�HW����

DO���������6LXGD�.U]\ZLFND�HW�DO���������IRU�PHWDPRGDO�HQJDJHPHQW�RI�WUDGLWLRQDOO\�XQLVHQVRU\�DUHDV�HYHQ�LQ����

QHXURW\SLFDO�LQGLYLGXDOV�±�WKHUHE\�RSHQLQJ�WKH�GRRU�IRU�QRYHO�VHQVRU\�PRGDOLWLHV�WR�UHFUXLW�HVWDEOLVKHG�VHQVRU\����

SURFHVVLQJ�SDWKZD\V��7KLV�LGHD�KDV�JLYHQ�ULVH�WR�SURPLVLQJ�WKHUDSHXWLF�DSSOLFDWLRQV�OLNH�VHQVRU\�VXEVWLWXWLRQ����

GHYLFHV��66'V���7KHVH�GHYLFHV�FDQ��IRU�LQVWDQFH��HQDEOH�EOLQG�LQGLYLGXDOV�WR�SURFHVV�YLVXDO�LQIRUPDWLRQ�E\����

WUDQVODWLQJ�FDPHUD�LQSXW�WR�VRXQGV��0HLMHU��������%DFK�\�5LWD�DQG�.HUFHO���������6WLOO��RWKHU�VWXGLHV��)DLUKDOO�HW����

DO���������7ZRPH\�HW�DO���������%HQHWWL�HW�DO���������0DWWLRQL�HW�DO���������9HWWHU�HW�DO���������IDLOHG�WR�ILQG�RU����

IRXQG�OHVV�UREXVW�HYLGHQFH�RI�FURVV�PRGDO�HQJDJHPHQW�LQ�QHXURW\SLFDO�VXEMHFWV��7KLV�FDOOV�LQWR�TXHVWLRQ�WKH����

FRQGLWLRQV�XQGHU�ZKLFK�D�FRUWLFDO�DUHD�FDQ�EH�VXFFHVVIXOO\�UHFUXLWHG�E\�VWLPXOL�IURP�D�QRYHO�VHQVRU\�PRGDOLW\�����

�����

&XUUHQW�WKHRULHV�HPSKDVL]H�WKDW�PHWDPRGDO�HQJDJHPHQW�RI�D�FRUWLFDO�DUHD��GHSHQGV�RQ�D�WDVN�OHYHO����

FRUUHVSRQGHQFH�LUUHVSHFWLYH�RI�WKH�VWLPXOXV�PRGDOLW\�DQG�WKH�SUHVHQFH�RI�WDVN�UHOHYDQW�FRQQHFWLYLW\��+HLPOHU�HW����

DO����������7KXV��PHWDPRGDO�WKHRULHV�DUH�VSHFLILHG�DW�WKH�OHYHO�RI�FRPSXWDWLRQ��L�H���VKDUHG�WDVN��DQG����

LPSOHPHQWDWLRQ��L�H���VXIILFLHQW�FRQQHFWLYLW\��±�WKH�ILUVW�DQG�WKLUG�OHYHOV�RI�0DUU¶V�OHYHOV�RI�DQDO\VLV��0DUU������������

+RZHYHU��FRQVLGHUDWLRQ�RI�WKHVH�WZR�OHYHOV�DORQH�FDQQRW�H[SODLQ�WKH�IDLOXUH�RI�FHUWDLQ�VWXGLHV�WR�ILQG����

PHWDPRGDO�HQJDJHPHQW��:H�DUJXH�WKDW�PHWDPRGDO�HQJDJHPHQW�GHSHQGV�RQ�QRW�MXVW�DQ�DEVWUDFW����

FRUUHVSRQGHQFH�EHWZHHQ�VWDQGDUG�DQG�QRYHO�PRGDOLW\�VWLPXOL��EXW�DOVR�RQ�D�FRUUHVSRQGHQFH�EHWZHHQ�WKHLU����

HQFRGLQJ�LQ�WKH�WDUJHW�DUHD��7KLV�FRUUHVSRQGHQFH�DW�WKH�OHYHO�RI�HQFRGLQJ�FRUUHVSRQGV�WR�0DUU¶V�VHFRQG�OHYHO�����

WKH�DOJRULWKPLF�OHYHO���)RU�LQVWDQFH��VLQFH�DXGLWRU\�FRUWH[�LQ�QHXURW\SLFDO�DGXOWV�LV�VHQVLWLYH�WR�WKH�WHPSRUDO����

G\QDPLFV�RI�DXGLWRU\�VSHHFK��<L�HW�DO���������3HQLNLV�DQG�6DQHV���������PHWDPRGDO�HQJDJHPHQW�RI�WKLV�DUHD����
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E\�QRYHO�PRGDOLW\�VWLPXOL�GHSHQGV�RQ�WKHLU�DELOLW\�WR�PDWFK�WKH�WHPSRUDO�G\QDPLFV�RI�VSRNHQ�ZRUGV��)DLOXUH�WR����

GR�VR�PD\�IDYRU�DOWHUQDWH�OHDUQLQJ�PHFKDQLVPV�VXFK�DV�SDLUHG�DVVRFLDWH�OHDUQLQJ��0F&OHOODQG�HW�DO������������

(LFKHQEDXP�HW�DO�������������

����

,Q�WKH�SUHVHQW�VWXG\��ZH�WHVWHG�WKH�K\SRWKHVLV�WKDW�PHWDPRGDO�HQJDJHPHQW�RI�D�EUDLQ�DUHD�LQ�QHXURW\SLFDO����

LQGLYLGXDOV�GHSHQGV�RQ�PDWFKLQJ�WKH�HQFRGLQJ�VFKHPHV�EHWZHHQ�VWLPXOL�IURP�WKH�QRYHO�DQG�VWDQGDUG�VHQVRU\����

PRGDOLWLHV��:H�XVHG�IXQFWLRQDO�05,��I05,��GDWD�IURP�DQ�LQGHSHQGHQW�DXGLWRU\�VFDQ�WR�LGHQWLI\�WDUJHW�DXGLWRU\����

VSHHFK�DUHDV�IRU�PHWDPRGDO�HQJDJHPHQW�LQ�WKH�ELODWHUDO�67*��:H�WKHQ�EXLOW�RQ�SULRU�EHKDYLRUDO�VWXGLHV�WR�WUDLQ����

WZR�JURXSV�RI�QHXURW\SLFDO�DGXOWV�WR�UHFRJQL]H�ZRUGV�XVLQJ�RQH�RI�WZR�DXGLWRU\�WR�97�VHQVRU\�VXEVWLWXWLRQ����

DOJRULWKPV��&ULWLFDOO\��ZKLOH�ERWK�DOJRULWKPV�SUHVHUYHG�EHKDYLRUDO�ZRUG�VLPLODULWLHV��RQH�HQFRGLQJ��³YRFRGHG´�����

FORVHO\�PDWFKHG�WKH�WHPSRUDO�G\QDPLFV�RI�DXGLWRU\�VSHHFK�ZKHUHDV�WKH�RWKHU��³WRNHQ�EDVHG´��GLG�QRW��2XU����

UHVXOWV�VKRZ�WKDW�ZKLOH�VXEMHFWV�LQ�ERWK�DOJRULWKP�JURXSV�OHDUQHG�WR�DFFRPSOLVK�WKH�ZRUG�UHFRJQLWLRQ�WDVN����

HTXDOO\�ZHOO��RQO\�WKRVH�WUDLQHG�RQ�WKH�VLPLODULW\�SUHVHUYLQJ�YRFRGHG�97�UHSUHVHQWDWLRQ�H[KLELWHG�PHWDPRGDO����

HQJDJHPHQW�RI�WKH�ELODWHUDO�67*��&RQVLVWHQW�ZLWK�WKHVH�ILQGLQJV��RQO\�VXEMHFWV�LQ�WKH�YRFRGHG�97�JURXS����

H[KLELWHG�LQFUHDVHG�IXQFWLRQDO�FRQQHFWLYLW\�EHWZHHQ�WKH�DXGLWRU\�DQG�VRPDWRVHQVRU\�FRUWH[�DIWHU�WUDLQLQJ�����

7KHVH�ILQGLQJV�VXJJHVW�WKDW�PHWDPRGDO�HQJDJHPHQW�RI�D�FRUWLFDO�DUHD�LQ�QHXURW\SLFDO�DGXOWV�GHSHQGV�QRW�RQO\����

RQ�D�FRUUHVSRQGHQFH�EHWZHHQ�VWDQGDUG�DQG�QRYHO�PRGDOLW\�VWLPXOL�DW�WKH�WDVN�OHYHO�EXW�DOVR�DW�WKH�QHXUDO����

UHSUHVHQWDWLRQDO�OHYHO�� ����
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0DWHULDOV�DQG�0HWKRGV����

3DUWLFLSDQWV����

:H�UHFUXLWHG�D�WRWDO�RI�����ULJKW�KDQGHG��KHDOWK\��QDWLYH�(QJOLVK�VSHDNHUV�LQ�WKLV�VWXG\��DJHV��������������

IHPDOHV���*HRUJHWRZQ�8QLYHUVLW\¶V�,QVWLWXWLRQDO�5HYLHZ�%RDUG�DSSURYHG�DOO�H[SHULPHQWDO�SURFHGXUHV��DQG����

ZULWWHQ�LQIRUPHG�FRQVHQW�ZDV�REWDLQHG�IURP�DOO�VXEMHFWV�EHIRUH�WKH�H[SHULPHQW��:H�H[FOXGHG���VXEMHFWV�IURP����

WKH�DXGLWRU\�VFDQ�GXH�WR�H[FHVVLYH�PRWLRQ��!����RI�YROXPHV��UHVXOWLQJ�LQ�D�WRWDO�RI����VXEMHFWV��,Q�WKH����

YLEURWDFWLOH��97��VFDQV��VXEMHFWV�ZHUH�DOWHUQDWHO\�DVVLJQHG�WR�RQH�RI�WKH�WZR�97�DOJRULWKP�JURXSV��VHH�EHORZ������

UHVXOWLQJ�LQ����VXEMHFWV�SHU�JURXS��+RZHYHU����RI�WKH����VXEMHFWV����IURP�HDFK�97�DOJRULWKP�JURXS��ZHUH����

H[FOXGHG�EHFDXVH�WKH\�IDLOHG�WR�FRPSOHWH�WKH�WUDLQLQJ��7KXV��D�WRWDO�RI����VXEMHFWV�ZHUH�DQDO\]HG�IRU�WKH�97����

VFDQV�����SHU�JURXS���$Q�HIIHFW�VL]H�VHQVLWLYLW\�DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�DQ�α�RI�S� �������SRZHU�RI���������

DQG�D�WZR�WDLOHG�RQH�VDPSOH�RU�WZR�VDPSOH�W�WHVW�IRU�DXGLWRU\�DQG�97�VFDQV�UHVSHFWLYHO\�XVLQJ�*
3RZHU��)DXO����

HW�DO����������7KLV�FDOFXODWLRQ�\LHOGHG�D�PLQLPXP�GHWHFWDEOH�HIIHFW�VL]H�RI�����DQG������IRU�WKH�DXGLWRU\�DQG�97����

VFDQV�UHVSHFWLYHO\�����

����

6WLPXOL�DQG�0DWHULDOV����

Stimulus Selection  ���

$�VHW�RI�ZRUG�VWLPXOL��7EO�����ZDV�GHYHORSHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�FULWHULD�����VKRUW�PRQRV\OODELF�VWLPXOL��a�����

SKRQHPHV������RQO\�FRQWDLQ�SKRQHPHV�IURP�D�OLPLWHG�VXEVHW�RI�(QJOLVK�FRQVRQDQWV����FRQVRQDQWV�DQG������

YRZHOV������VHW�FRQWDLQLQJ�LWHPV�SUHGLFWHG�WR�EH�SHUFHSWXDOO\�XQLTXH�DQG�WKHUHIRUH�OHDUQDEOH��DQG����ZRUGV�WKDW����

VSDQ�WKH�97�YRFRGHU�SHUFHSWXDO�VSDFH��VHH�EHORZ���7R�GHYHORS�WKH�VHW�PHHWLQJ�WKHVH�FULWHULD�ZH�XWLOL]HG�D����

FRPSXWDWLRQDO�PRGHOLQJ�DSSURDFK�EDVHG�RQ�WKH�PHWKRGV�GHVFULEHG�LQ��$XHU�DQG�%HUQVWHLQ���������([LVWLQJ����

WDFWLOH�FRQVRQDQW�DQG�YRZHO�SHUFHSWXDO�LGHQWLILFDWLRQ�GDWD��%HUQVWHLQ��XQSXEOLVKHG��ZHUH�XVHG�LQ�FRPELQDWLRQ����

ZLWK�WKH�3K/H[�OH[LFDO�GDWDEDVH��6HLW]��%HUQVWHLQ��$XHU��	�0DF(DFKHUQ��������WR�PRGHO�WKH�OH[LFDO�SHUFHSWXDO����

VSDFH��,Q�RXWOLQH��WKH�PRGHOLQJ�VWHSV�DUH������7UDQVIRUP�SKRQHPH�LGHQWLILFDWLRQ�GDWD�LQWR�JURXSLQJV�RI����

SKRQHPHV�DV�D�IXQFWLRQ�RI�D�VHW�OHYHO�RI�GLVVLPLODULW\������5H�WUDQVFULEH�D�SKRQHPLFDOO\�WUDQVFULEHG�OH[LFDO����

GDWDEDVH�VR�WKDW�DOO�WKH�ZRUGV�DUH�UHSUHVHQWHG�LQ�WHUPV�RI�RQO\�WKH�SKRQHPLF�GLVWLQFWLRQV�DFURVV�JURXSLQJV������

DQG�����&ROOHFW�ZRUGV�WKDW�DUH�LGHQWLFDO�XQGHU�WKH�UH�WUDQVFULSWLRQ�DQG�FRXQW�KRZ�PDQ\�DUH�LQ�HDFK�FROOHFWLRQ��,Q�����
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WKLV�VWXG\��WKH�OH[LFDO�HTXLYDOHQFH�FODVV��/(&��VL]H�±WKH�QXPEHU�RI�ZRUGV�LQ�D�FROOHFWLRQ²ZDV�VHW�WR�WKUHH������

2QO\�ZRUGV�WKDW�ZHUH�DFFRPSDQLHG�E\�WKUHH�RU�IHZHU�RWKHU�ZRUGV�IROORZLQJ�UH�WUDQVFULSWLRQ�ZHUH�FRQVLGHUHG�����

FDQGLGDWHV�IRU�WKH�VWXG\��:RUGV�LQ�VPDOOHU�/(&V�DUH�SUHGLFWHG�WR�EH�SHUFHSWXDOO\�HDVLHU��PRUH�XQLTXH��WKDQ�����

ZRUGV�LQ�ODUJHU�/(&V��ZKLFK�RIIHU�PRUH�RSSRUWXQLWLHV�IRU�FRQIXVLRQV�������

7KH�VHW�RI�ZRUGV�PHHWLQJ�WKH�ILUVW�WKUHH�FULWHULD�ZDV�IXUWKHU�H[DPLQHG�DV�D�IXQFWLRQ�RI�FRQVRQDQWV�DQG�YRZHO�����

SDWWHUQV�WR�LGHQWLI\�WKH�ODUJHVW�SRRO�RI�SRWHQWLDO�VWLPXOXV�ZRUGV��7KUHH�FRQVRQDQW��&��DQG�YRZHO��9��VHJPHQW�����

SDWWHUQV��&9&��&&9&��DQG�&9&&��ZHUH�VHOHFWHG�IRU�WKH�ILQDO�VWLPXOXV�VHW��7KH�ZRUGV�ZLWK�WKHVH�VHJPHQW�����

SDWWHUQV�ZHUH�WKHQ�H[DPLQHG�LQ�UHODWLRQ�WR�WKH�SUHGLFWHG�97�YRFRGHU�SHUFHSWXDO�VSDFH��7KH�WDFWLOH�LGHQWLILFDWLRQ�����

FRQIXVLRQ�PDWULFHV�ZHUH�WUDQVIRUPHG�LQWR�SKRQHPH�GLVWDQFH�PDWULFHV�XVLQJ�D�SKL�VTXDUH�WUDQVIRUP��,YHUVRQ�HW�����

DO����������:LWKLQ�D�VHJPHQW�SDWWHUQ��DOO�ZRUG�WR�ZRUG�GLVWDQFHV�ZHUH�FRPSXWHG�DV�WKH�VXP�RI�WKH�SDLUZLVH�����

SKRQHPH�GLVWDQFHV��7KH�ZRUG�GLVWDQFH�PDWUL[�ZDV�WKHQ�VXEPLWWHG�WR�PXOWLGLPHQVLRQDO�VFDOLQJ�WR�IDFLOLWDWH�WZR�����

GLPHQVLRQDO�YLVXDOL]DWLRQ�RI�WKH�OH[LFDO�VSDFH��&ORVH�SDLUV�ZHUH�VHOHFWHG�ZLWK�JRDO�RI�DFKLHYLQJ�GLVWULEXWHG�����

FRYHUDJH�LQ�HDFK�RI�WKH�WKUHH�OH[LFDO�VSDFHV��&9&��&9&&��DQG�&&9&���)RU�HDFK�FORVH�SDLU��D�WKLUG�PRUH�����

GLVWDQW�ZRUG�ZDV�FKRVHQ�WKDW�SURYLGHG�D�EULGJH�WR�RWKHU�SDLUV�LQ�WKH�VSDFH��)LQDO�VHOHFWLRQ�ZDV�EDVHG�RQ�WKH�����

ZRUG�WR�ZRUG�FRPSXWHG�GLVWDQFHV�XVLQJ�SKL�VTXDUH�GLVWDQFHV�UDWKHU�WKDQ�WKH�PXOWLGLPHQVLRQDO�VSDFH�DV�FOHDU�����

ZDUSLQJ�ZDV�SUHVHQW�GXH�WR�WKH�UHGXFWLRQ�RI�GLPHQVLRQDOLW\�������

7KLV�UHVXOWHG�LQ����WRWDO�ZRUGV�RU����VHWV�RI�WULSOHV��:H�WUDLQHG�VXEMHFWV�WR�DVVRFLDWH����ZRUGV�����WULSOHWV��ZLWK�����

WKHLU�FRUUHVSRQGLQJ�97�WRNHQV��,Q�WKH�I05,�VFDQV�ZH�XVHG�������WULSOHWV��RI�WKHVH�WUDLQHG�ZRUGV�RI�ZKLFK�������

EHORQJHG�WR�WKH�&9&&����WR�WKH�&&9&�DQG���WR�WKH�&9&�OH[LFDO�FODVVHV��7EO�����������

�����

Description of VT Stimulus System ����

&XVWRP�KDUGZDUH�DQG�VRIWZDUH�ZDV�XVHG�WR�SUHVHQW�WKH�97�VWLPXOL��7KH�V\VWHP�WKDW�YRFRGHG�WKH�DFRXVWLF�����

VSHHFK�IRU�97�VWLPXOL�KDG�EHHQ�GHYHORSHG�DQG�XVHG�SUHYLRXVO\�IRU�UHDO�WLPH�VSHHFK�DQDO\VLV�DQG�VWLPXOXV�����

SUHVHQWDWLRQ��%HUQVWHLQ�HW�DO���������,YHUVRQ�HW�DO���������(EHUKDUGW�HW�DO����������7KH�YRFRGHU�ILOWHUV�ZHUH�DV�����

GHVFULEHG�DV�WKH�³*8/LQ´�YRFRGHU�DOJRULWKP��%HUQVWHLQ�HW�DO����������7KHLU�YRFRGHU�LPSOHPHQWHG����VL[WK�RUGHU�����

EDQGSDVV�ILOWHUV�ZLWK�IUHTXHQFLHV�FHQWHUHG�DW�����������������������������������������������������������������

������������������DQG������+]��ZLWK�UHVSHFWLYH�EDQGZLGWKV�RI�������������������������������������������������

�������������������������DQG�����+]��7KH���WK�FKDQQHO�ZDV�D�KLJK�SDVV�ILOWHU�ZLWK�D������+]�FXWRII��%HFDXVH�����



�
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WKH�HQHUJ\�LQ�VSHHFK�UROOV�RII�E\���G%�SHU�RFWDYH��DQG�EHFDXVH�WKH�VNLQ�KDV�D�QDUURZ�G\QDPLF�UDQJH��WKH�����

HQHUJ\�SDVVHG�E\�HDFK�RI�WKH�ILOWHUV�ZDV�OLQHDUO\�VFDOHG��UHVXOWLQJ�LQ�D�JRRG�UHSUHVHQWDWLRQ�RI�WKH�VSHHFK�����

IRUPDQW�SDWWHUQV�DFURVV�D�UDQJH�RI�VLJQDO�LQWHQVLWLHV��%HUQVWHLQ�HW�DO����������%HFDXVH�QHZ�05,�FRPSDWLEOH�����

KDUGZDUH�ZDV�EXLOW�IRU�WKH�FXUUHQW�VWXG\��DQG�WKHUHIRUH�QHZ�GULYHU�VRIWZDUH�ZDV�QHHGHG��WKH�YLEURWDFWLOH�GULYH�����

VLJQDOV�RI�WKH�ROG�YRFRGHU�V\VWHP�ZHUH�VDPSOHG�WR�GULYH�WKH�QHZ�V\VWHP��WKXV�JXDUDQWHHLQJ�WKDW�WKH�����

XQGHUO\LQJ�DFRXVWLF�DQDO\VLV�UHPDLQHG�WKH�VDPH���WR�PDLQWDLQ�WLPLQJ�DQG�RXWSXW�FKDQQHO�LQIRUPDWLRQ��7KHQ�DW�����

SUHVHQWDWLRQ�WLPH��SULRU�WR�HDFK�VWLPXOXV��WKH�VWLPXOXV�WLPLQJ�UHFRUG�WKDW�VSHFLILHG�WKH�RQVHW�WLPH�RI�HDFK�SXOVH�����

RQ�HDFK�FKDQQHO�ZDV�XSORDGHG�WR�WKH�97�FRQWURO�V\VWHP�������

7KH�KDUGZDUH�WUDQVGXFHU�ZDV�DQ�XSGDWHG�YHUVLRQ�RI�WKH�RQH�XVHG�LQ�0DORQH�HW�DO����0DORQH�HW�DO����������7KH�����

VWLPXODWRU�KDUGZDUH�FRPSULVHG�SLH]RHOHFWULF�ELPRUSK�WUDQVGXFHUV��)LJ���$���'XULQJ�RSHUDWLRQ��D�FRQVWDQW���������

9�DSSOLHG�WR�DOO�VWLPXODWRUV�UHWUDFWHG�WKH�FRQWDFWRUV�LQWR�WKH�VXUURXQG��DQG�HDFK�DSSOLHG�����9�SXOVH�GURYH�WKH�����

FRQWDFWRU�LQWR�WKH�VNLQ��7KH�GLVSOD\¶V�FRQWURO�V\VWHP�FRPSULVHG�WKH�SRZHU�VXSSOLHV�����9�����9���KLJK�YROWDJH�����

VZLWFKLQJ�FLUFXLWV�WR�DSSO\�WKHVH�YROWDJHV�WR�WKH�SLH]RHOHFWULF�ELPRUSKV��DQG�D�GLJLWDO�FRQWURO�V\VWHP�WKDW�����

DFFHSWHG�IURP�D�FRQWUROOLQJ�FRPSXWHU¶V�VHULDO�&20�SRUW�WKH�GLJLWDO�UHFRUGV�VSHFLI\LQJ�D�VWLPXOXV��FRPSULVLQJ�����

WKH�WLPHV�DQG�FKDQQHOV�WR�RXWSXW�SXOVHV�RQ���DQG�D�FRPPDQG�WR�LQLWLDWH�VWLPXOXV�RXWSXW��$OO�SXOVHV�ZHUH�����

LGHQWLFDO��7KH�GULYH�VLJQDO�ZDV�D�VTXDUH�ZDYH��ZLWK�D�SXOVH�WLPH�RI���PV�DQG�D�PD[LPXP�SXOVH�UDWH�RI���������

SXOVHV�SHU�VHFRQG��������

7KH����FKDQQHO����FP�[������FP��DUUD\�ZDV�RUJDQL]HG�DV���URZV�RI���VWLPXODWRUV��)LJ���$���ZLWK�FHQWHU�WR�����

FHQWHU�VWLPXODWRU�VSDFLQJ�RI������FP��ZKLFK�ZDV�ZRUQ�RQ�WKH�YRODU�IRUHDUP��7KLV�VSDFLQJ�LV�JUHDWHU�WKDQ�WKH�����

DYHUDJH�GLVWDQFH�RQ�WKH�YRODU�IRUHDUP�DW�ZKLFK�SDUWLFLSDQWV�DFKLHYHG�DW�OHDVW�����FRUUHFW�GLVFULPLQDWLRQ�RQ�D�����

WDFWLOH�VSDWLDO�DFXLW\�WDVN��7RQJ�HW�DO����������7UDQVGXFHUV�ZHUH�DUUDQJHG�VR�WKDW�VLPLODU�IUHTXHQFLHV�ZHUH�����

PDSSHG�WR�VLPLODU�ORFDWLRQV�DORQJ�WKH�IRUHDUP��6SHFLILFDOO\��ORZ�IUHTXHQFLHV�PDSSHG�WR�WUDQVGXFHUV�QHDU�WKH�����

ZULVW��DQG�KLJKHU�IUHTXHQFLHV�PDSSHG�WR�WUDQVGXFHUV�QHDU�WKH�HOERZ��)LJ���&���7R�HQVXUH�WKDW�WKH�VWLPXODWRUV�����

ZRXOG�PDLQWDLQ�FRQWDFW�ZLWK�WKH�YRODU�IRUHDUP��WKH�WUDQVGXFHU�DUUD\�FRPSULVHG�IRXU�ULJLG�PRGXOHV�FRQQHFWHG�����

ZLWK�VWLII�SODVWLF�VSULQJV��9HOFUR�VWUDSV�ZHUH�XVHG�WR�PRXQW�WKH�GHYLFH�WR�WKH�DUP�ILUPO\�ZKLOH�EHQGLQJ�WKH�DUUD\�����

WR�FRQIRUP�WR�WKH�DUP¶V�VKDSH��:LWK�QR�DSSOLHG�YROWDJH�WR�WKH�SLH]RHOHFWULF�ELPRUSKV��WKH�FRQWDFWRUV�ZHUH�IOXVK�����

ZLWK�WKH�FLUFXLW�ERDUG�VXUIDFH�IDFLQJ�WKH�VNLQ�������
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Token-based VT Speech Encoding ����

7KH�VDPH����FKDQQHO�97�GHYLFH�ZDV�XVHG�WR�SUHVHQW�VXEMHFWV�ZLWK�WKH�WRNHQ�EDVHG�VWLPXOL��7RNHQ�EDVHG�����

VWLPXOL�ZHUH�FRQVWUXFWHG�EDVHG�RQ�SULRU�ZRUN��5HHG�HW�DO���������DQG�UHIOHFWHG�WKH�LGHD�WKDW�VSRNHQ�ZRUGV�FDQ�����

EH�GHVFULEHG�DV�D�VWULQJ�RI�SKRQHPHV��3KRQHPHV�LQ�WXUQ�FDQ�EH�XQLTXHO\�GHVFULEHG�E\�D�VHW�RI�SKRQHWLF�����

IHDWXUHV��7KHUHIRUH��HDFK�SKRQHWLF�IHDWXUH�ZDV�DVVLJQHG�D�XQLTXH�97�SDWWHUQ��,Q�WKLV�VWXG\��ZH�XVHG�SODFH������

PDQQHU��DQG�YRLFLQJ�IHDWXUHV�WR�GHVFULEH�SKRQHPHV��)LJ���%���3ODFH�ZDV�FRGHG�DV�SDWWHUQV�WKDW�RFFXUUHG�����

HLWKHU�SUR[LPDO�RU�GLVWDO�WR�WKH�ZULVW��6WRS�DQG�IULFDWLYH�PDQQHU�IHDWXUHV�ZHUH�FRGGHG�DV�SDWWHUQV�WKDW�RFFXUUHG�����

HLWKHU�PHGLDO�RU�ODWHUDO�WR�WKH�ERG\�UHVSHFWLYHO\��7KH�QDVDO�PDQQHU�IHDWXUH�ZDV�GLVWLQJXLVKHG�E\�GULYLQJ�WZR�����

FKDQQHOV�LQVWHDG�RI�RQH�IRU�VWRSV�DQG�IULFDWLYHV��9RLFLQJ�ZDV�FRGHG�DV�HLWKHU�GULYLQJ�KLJK�IUHTXHQF\�YLEUDWLRQV�����

����+]��RU�ORZ�IUHTXHQF\�YLEUDWLRQV�����+]���9RZHOV�ZHUH�FRGHG�LQ�D�VLPLODU�IHDWXUH�EDVHG�PDQQHU��EXW�ZHUH�����

G\QDPLF�VWLPXOL��H�J���VZLUOV�DQG�VZHHSV��ZKHUHDV�FRQVRQDQWV�ZHUH�VWDWLF��,PSRUWDQWO\��DOO�FRQVRQDQW�SDWWHUQV�����

ODVWHG����PV�DQG�DOO�YRZHO�VWLPXOL�ODVWHG����PV�DQG�WKHUH�ZDV�D����PV�JDS�EHWZHHQ�HDFK�SDWWHUQ��$V�D�����

UHVXOW��WRNHQ�EDVHG�VWLPXOL�ZHUH�HLWKHU����PV�RU����PV�ORQJ��&9&&�WUDLQHG�WRNHQ�EDVHG�VWLPXOL�XVHG�LQ�I05,�����

DQDO\VHV�ZHUH����PV�ORQJ�ZKLOH�WKHLU�97�YRFRGHG�FRXQWHUSDUWV�KDG�D�PHDQ�GXUDWLRQ�RI����PV�DQG�VWDQGDUG�����

GHYLDWLRQ�RI�����PV��$�SDLUHG�W�WHVW�UHYHDOHG�WKDW�WRNHQ�EDVHG�VWLPXOL�ZHUH�VLJQLILFDQWO\�ORQJHU��t�� �������S� �����

�������WKDQ�WKHLU�YRFRGHG�FRXQWHUSDUWV��7KXV��QRW�RQO\�GLG�97�YRFRGHG�EXW�QRW�WRNHQ�EDVHG�VWLPXOL�SUHVHUYH�����

WKH�WHPSRUDO�G\QDPLFV�IRXQG�LQ�DXGLWRU\�VSHHFK��EXW�WKH\�DOVR�FRQYH\HG�PRUH�LQIRUPDWLRQ�SHU�XQLW�WLPH������

�����

([SHULPHQWDO�'HVLJQ�����

,Q�WKH�FXUUHQW�VWXG\��VXEMHFWV�SDUWLFLSDWHG�LQ�WZR�SUH�WUDLQLQJ�I05,�VHVVLRQV�DQG�RQH�SRVW�WUDLQLQJ�VHVVLRQ�XSRQ�����

VXFFHVVIXO�FRPSOHWLRQ�RI���EHKDYLRUDO�WUDLQLQJ�VHVVLRQV��7KH�ILQDO�SRVW�WUDLQLQJ�VHVVLRQ�ZDV�IROORZHG�E\�D��������

$)&�H[SHULPHQW�WR�DVVHVV�LI�VXEMHFWV�UHWDLQHG�WKH�WUDLQHG�DVVRFLDWLRQV�EHWZHHQ�97�VWLPXOL�DQG�WKH�ZRUGV��7KH�����

WZR�SUH�WUDLQLQJ�I05,�VHVVLRQV�FRQVLVWHG�RI�DQ�DXGLWRU\�VFDQ�IROORZHG�E\�D�97�VFDQ�DQG�ZHUH�GRQH�RQ�����

VHSDUDWH�GD\V��$IWHU�WKH�SUH�WUDLQLQJ�97�VFDQ�VXEMHFWV�SHUIRUPHG���VHVVLRQV�RI�EHKDYLRUDO�WUDLQLQJ�LQ�ZKLFK�����

WKH\�OHDUQHG�WR�DVVRFLDWH�SDWWHUQV�RI�YLEURWDFWLOH�VWLPXODWLRQ�ZLWK�ZRUGV��6XEMHFWV�FRXOG�RQO\�SHUIRUP�RQH�����

WUDLQLQJ�VHVVLRQ�SHU�GD\��$�VXEMHFW�ZDV�FRQVLGHUHG�WR�KDYH�VXFFHVVIXOO\�FRPSOHWHG�WKH�WUDLQLQJ�DQG�WKXV�ZDV�����

HOLJLEOH�IRU�WKH�SRVW�WUDLQLQJ�VFDQ�LI�KH�RU�VKH�FRPSOHWHG�DOO���WUDLQLQJ�VHVVLRQV�������



�
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%HKDYLRUDO�7UDLQLQJ�����

6XEMHFWV�SHUIRUPHG�D�WRWDO�RI���WUDLQLQJ�VHVVLRQV�DQG�FRXOG�RQO\�SHUIRUP���WUDLQLQJ�VHVVLRQ�SHU�GD\��(DFK�����

VHVVLRQ�WRRN�SODFH�LQ�D�TXLHW�URRP�ZKLOH�WKH�VXEMHFW�ZDV�VHDWHG�DQG�OLVWHQHG�WR�DQ�DXGLWRU\�ZKLWH�QRLVH�����

VWLPXOXV�WKURXJK�RYHU�WKH�HDU�KHDGSKRQHV��$XGLWRU\�ZKLWH�QRLVH�ZDV�SUHVHQWHG�WR�PDVN�WKH�PHFKDQLFDO�VRXQG�����

RI�WKH�97�VWLPXODWLRQ��'XULQJ�D�WUDLQLQJ�VHVVLRQ�WKH�VXEMHFW�SHUIRUPHG���EORFNV�RI�DQ�1�DOWHUQDWLYH�IRUFHG�����

FKRLFH��1�$)&��WDVN�FRQVLVWLQJ�RI����WULDOV�ZLWK�VHOI�SDFHG�EUHDNV�EHWZHHQ�EORFNV��'XULQJ�WKH�WUDLQLQJ�VHVVLRQV�����

RQO\�WKH����VWLPXOL�WR�EH�WUDLQHG�ZHUH�SUHVHQWHG��$W�WKH�EHJLQQLQJ�RI�HDFK�WULDO��WKH�RUWKRJUDSKLF�ODEHOV�IRU�WKH�����

ZRUG�FKRLFHV�ZHUH�GLVSOD\HG�RQ�WKH�VFUHHQ��DQG�D�97�VWLPXOXV�ZDV�SOD\HG�DIWHU�D�VKRUW�GHOD\��3DUWLFLSDQWV�����

WKHQ�LQGLFDWHG�ZKLFK�ODEHO�FRUUHVSRQGHG�WR�WKH�97�VWLPXOXV�XVLQJ�D�QXPHULFDO�NH\��7KH�NH\V�µ�¶�WR�µ�¶�����

FRUUHVSRQGHG�WR�WKH�OHIW�WR�ULJKW�SURJUHVVLRQ�RI�WKH�ZRUG�FKRLFHV�GLVSOD\HG�RQ�WKH�VFUHHQ��)HHGEDFN�ZDV�JLYHQ�����

DIWHU�HDFK�WULDO��DV�ZHOO�DV�DQ�RSSRUWXQLW\�WR�UHSOD\�DQ\�RI�WKH�ZRUG�FKRLFHV��7R�IDFLOLWDWH�WUDLQLQJ�SURJUHVVLRQ������

WKH�WUDLQLQJ�SDUDGLJP�XWLOL]HG�D�OHYHOLQJ�V\VWHP�RUJDQL]HG�LQ�VHWV�RI���OHYHOV��7KH�OHYHO�RI�WKH�SDUWLFLSDQW�����

GHWHUPLQHG�WKH�VLPLODULW\�RI�WKH�VWLPXOL�RQ�HDFK�WULDO�DV�ZHOO�DV�WKH�QXPEHU�RI�FKRLFHV��1��LQ�WKH�1�$)&�WDVN��,Q�����

D�VHW�RI���OHYHOV��WKH�QXPEHU�RI�FKRLFHV��1��ZDV�NHSW�FRQVWDQW��EXW�WKH�FKRLFHV�WKHPVHOYHV�ZHUH�LQFUHDVLQJO\�����

FRQIXVDEOH��)RU�H[DPSOH��LQ�OHYHO���VXEMHFWV�PD\�KDYH�WR�GLVWLQJXLVK�µVDQG�DQG�µPHDW¶�EXW�LQ�OHYHO���WKH\�PD\�����

KDYH�WR�GLVWLQJXLVK�WKH�PRUH�VLPLODU�SDLU�µVDQG�DQG�µWDQQHG¶��6XEMHFWV�VWDUWHG�RQ�OHYHO���ZKLFK�XWLOL]HG�D�������

$)&V��DQG�WKH�QXPEHU�RI�FKRLFHV�1�ZDV�LQFUHDVHG�E\���ZKHQ�SURJUHVVLQJ�EHWZHHQ�HDFK�VHW�RI���OHYHOV��H�J�������

OHYHO���WR�OHYHO�����$Q�DFFXUDF\�RI�����ZDV�UHTXLUHG�WR�DGYDQFH�WR�WKH�QH[W�OHYHO��$IWHU�WKH�FRPSOHWLRQ�RI�DOO�������

WUDLQLQJ�VHVVLRQV�VXEMHFWV�ZHUH�LQYLWHG�WR�SHUIRUP�D�SRVW�WUDLQLQJ�I05,�VFDQ��7KHQ�RQ�D�VHSDUDWH�GD\�IURP�WKH�����

SRVW�WUDLQLQJ�VFDQ�VXEMHFWV�ZHUH�EURXJKW�EDFN�WR�SHUIRUP�D����$)&�WDVN��6WLPXOL�SUHVHQWHG�LQ�WKH����$)&�WDVN�����

FRQVLVWHG�RQO\�RI�WKH����WUDLQHG�ZRUGV�DQG�OLNH�WKH�WUDLQLQJ�VHVVLRQV�FRQVLVWHG�RI���VHOI�SDFHG�EORFNV�RI��������

WULDOV�HDFK������

�����

)05,�([SHULPHQWDO�3URFHGXUHV�����

(3,�LPDJHV�ZHUH�FROOHFWHG�IURP���HYHQW�UHODWHG�UXQV�LQ�WKH�DXGLWRU\�VFDQ�DQG���UXQV�LQ�HDFK�RI�WKH�97�VFDQV������

$�VSDUVH�DFTXLVLWLRQ�SDUDGLJP�ZDV�XVHG�LQ�WKH�DXGLWRU\�VFDQ��(DFK�UXQ�FRQWDLQHG�HLWKHU����DXGLWRU\�YRFRGHG������

���97�YRFRGHG��RU����97�WRNHQ�EDVHG�VWLPXOL��7KH�VDPH�ZRUGV�ZHUH�XVHG�LQ�DOO�WKH�VFDQV��EXW�VXEMHFWV�ZHUH�����

RQO\�WUDLQHG�WR�UHFRJQL]H�97�YHUVLRQV�RI����RI�WKHP��,Q�ERWK�VFDQV��VXEMHFWV�SHUIRUPHG�D���EDFN�WDVN�WKDW�ZDV�����



�
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XWLOL]HG�WR�PDLQWDLQ�DWWHQWLRQ��6XEMHFWV�ZHUH�DVNHG�WR�SUHVV�D�EXWWRQ�LQ�WKHLU�OHIW�KDQG�ZKHQHYHU�WKH�VDPH�����

VWLPXOXV�ZDV�SUHVHQWHG�RQ�WZR�FRQVHFXWLYH�WULDOV��7KHVH�FDWFK�WULDOV�FRPSULVHG�WHQ�SHUFHQW�RI�WKH�WULDOV�LQ�HDFK�����

UXQ��)XUWKHUPRUH��DQ�DGGLWLRQDO�WHQ�SHUFHQW�RI�WULDOV�ZHUH�QXOO�WULDOV������

,Q�WKH�DXGLWRU\�VFDQ�HDFK�WULDO�ZDV��V�ORQJ�DQG�VWDUWHG�ZLWK����V�RI�YROXPH�DFTXLVLWLRQ�IROORZHG�E\�WKH�DXGLWRU\�����

ZRUG��GXULQJ�WKH�VLOHQW�SHULRG��VHH�EHORZ��³'DWD�$FTXLVLWLRQ´��)LJ���'���7KHUH�ZHUH�����WULDOV�SHU�UXQ�SOXV�DQ�����

DGGLWLRQDO���V�IL[DWLRQ�DW�WKH�VWDUW�RI�WKH�UXQ�IRU�D�WRWDO�UXQ�OHQJWK�RI����V�DQG�VHVVLRQ�OHQJWK�RI����PLQ��,Q�WKH�����

97�VFDQ��HDFK�WULDO�ZDV��V�ORQJ��)LJ���'��DQG�WKHUH�ZDV�D�WRWDO�RI�����WULDOV�SHU�UXQ�SOXV�DQ�DGGLWLRQDO���V�����

IL[DWLRQ�DW�WKH�VWDUW�DQG�HQG�RI�WKH�UXQ�IRU�WRWDO�UXQ�OHQJWK�RI�����V�DQG�D�VHVVLRQ�OHQJWK�RI����PLQ������

�����

)05,�'DWD�$FTXLVLWLRQ�����

05,�GDWD�ZHUH�DFTXLUHG�DW�WKH�&HQWHU�IRU�)XQFWLRQDO�DQG�0ROHFXODU�,PDJLQJ�DW�*HRUJHWRZQ�8QLYHUVLW\�RQ�D���������

7HVOD�6LHPHQV�7ULR�6FDQQHU�IRU�ERWK�WKH�DXGLWRU\�DQG�97�VFDQV��:H�XVHG�ZKROH�KHDG�HFKR�SODQDU�LPDJLQJ�����

VHTXHQFHV��IOLS�DQJOH� ������7(� ����PV��)29� ��������[���PDWUL[��ZLWK�D����FKDQQHO�KHDG�FRLO��)RU�WKH�����

DXGLWRU\�VFDQ�ZH�XVHG�D�VSDUVH�DFTXLVLWLRQ�SDUDGLJP��75� ������PV��7$� ������PV��LQ�ZKLFK�HDFK�LPDJH�ZDV�����

IROORZHG�E\�DQ�HTXDO�GXUDWLRQ�RI�VLOHQFH�EHIRUH�WKH�QH[W�LPDJH�ZDV�DFTXLUHG�����D[LDO�VOLFHV�ZHUH�DFTXLUHG�LQ�����

GHVFHQGLQJ�RUGHU��WKLFNQHVV� �����PP������PP�JDS��LQ�SODQH�UHVROXWLRQ� ����[����PP����7KLV�VHTXHQFH�ZDV�����

XVHG�LQ�SUHYLRXV�DXGLWRU\�VWXGLHV�IURP�RXU�ODE��&KHYLOOHW�HW�DO����������)RU�WKH�97�VFDQ��ZH�XVHG�D�FRQWLQXRXV�����

DFTXLVLWLRQ�SDUDGLJP��75 �����PV��DQG�FROOHFWHG����LQWHUOHDYHG�GHVFHQGLQJ�VOLFHV�DW�WKH�VDPH�UHVROXWLRQ�DV�����

LQ�WKH�DXGLWRU\�VFDQ��$�7��ZHLJKWHG�035$*(�LPDJH��UHVROXWLRQ��[�[�PP���ZDV�DOVR�DFTXLUHG�IRU�HDFK�����

VXEMHFW�������

�����

)05,�'DWD�3UHSURFHVVLQJ�����

,PDJH�SUHSURFHVVLQJ�ZDV�SHUIRUPHG�LQ�630����KWWS���ZZZ�ILO�LRQ�XFO�DF�XN�VSP�VRIWZDUH�VSP�����DQG�$)1,�����

YHUVLRQ����������&R[��������&R[�DQG�+\GH���������7KH�ILUVW�IRXU�DFTXLVLWLRQV�RI�HDFK�UXQ�ZHUH�GLVFDUGHG�WR�����

DOORZ�IRU�7��VWDELOL]DWLRQ��DQG�WKH�UHPDLQLQJ�(3,�LPDJHV�ZHUH�VOLFH�WLPH�FRUUHFWHG�WR�WKH�PLGGOH�VOLFH�IRU�WKH�97�����

VFDQV��1R�VOLFH�WLPH�FRUUHFWLRQ�ZDV�SHUIRUPHG�IRU�WKH�DXGLWRU\�VFDQV�GXH�WR�XVLQJ�D�VSDUVH�DFTXLVLWLRQ�����

SDUDGLJP�GXH�WR�WHPSRUDO�GLVFRQWLQXLWLHV�EHWZHHQ�VXFFHVVLYH�YROXPHV��3HUUDFKLRQH�DQG�*KRVK���������7KHVH�����

LPDJHV�ZHUH�WKHQ�VSDWLDOO\�UHDOLJQHG�DQG�VXEPLWWHG�WR�WKH�$)1,�align_epi_anat.py�IXQFWLRQ�WR�FR�UHJLVWHU�WKH�����



�
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DQDWRPLFDO�(3,�LPDJHV�IRU�HDFK�VXEMHFW��7KLV�ZDV�XVHG�EHFDXVH��XSRQ�LQVSHFWLRQ��LW�SURYLGHG�EHWWHU�����

UHJLVWUDWLRQ�EHWZHHQ�WKH�DQDWRPLFDO�DQG�IXQFWLRQDO�VFDQV�WKDQ�WKH�FRUUHVSRQGLQJ�630���URXWLQH������

�����

$QDWRPLFDO�3UHSURFHVVLQJ�����

)UHHVXUIHU�YHUVLRQ�������)LVFKO�HW�DO���������ZDV�XVHG�WR�UHFRQVWUXFW�FRUWLFDO�VXUIDFH�PRGHOV�LQFOXGLQJ�DQ�RXWHU�����

SLDO�DQG�LQQHU�ZKLWH�PDWWHU�VXUIDFH�XVLQJ�WKH�VWDQGDUG�recon-all IXQFWLRQ��7KHVH�VXUIDFHV�ZHUH�WKHQ�EURXJKW�����

LQWR�WKH�680$�HQYLURQPHQW���$UJDOO�HW�DO���������6DDG�DQG�5H\QROGV��������DQG�ILW�WR�D�VWDQGDUGL]HG�PHVK�����

EDVHG�RQ�DQ�LFRVDKHGURQ�ZLWK����OLQHDU�GLYLVLRQV�XVLQJ�$)1,¶V�0DS,FRVHKHGURQ�FRPPDQG��2RVWHUKRI�HW�DO�������

������6DDG�DQG�5H\QROGV���������7KLV�SURFHGXUH�\LHOGHG��������QRGHV�IRU�HDFK�SDUWLFLSDQW¶V�ZKROH�EUDLQ�����

FRUWLFDO�VXUIDFH�PHVK��(DFK�QRGH�RQ�WKH�VWDQGDUG�PHVK�FRUUHVSRQGV�WR�WKH�VDPH�ORFDWLRQ�DFURVV�VXEMHFWV�±�����

WKHUHE\�DOORZLQJ�QRGH�ZLVH�JURXS�OHYHO�DQDO\VLV��7KLV�LPSURYHG�WKH�VSDWLDO�UHVROXWLRQ�RI�RXU�DQDO\VHV�VLQFH�����

LQWHUSRODWLRQ�RI�WKH�IXQFWLRQDO�GDWD�LV�XQQHFHVVDU\��2RVWHUKRI�HW�DO����������)LQDOO\��ZH�XVHG�WKH�&R60R093$�����

WRROER[��2RVWHUKRI�HW�DO����������DQG�WKH�6XUILQJ�7RROER[��2RVWHUKRI�HW�DO���������WR�FRQVWUXFW�VHDUFKOLJKWV�����

DURXQG�HDFK�VXUIDFH�QRGH�E\�VHOHFWLQJ�WKH����FORVHVW�YR[HOV�PHDVXUHG�E\�JHRGHVLF�GLVWDQFH�������

�����

8QLYDULDWH�$QDO\VHV�����

:H�ILW�D�JHQHUDO�OLQHDU�PRGHO��*/0��WR�HDFK�VXEMHFW¶V�SUH�SURFHVVHG�IXQFWLRQDO�LPDJHV��)RU�ERWK�WKH�DXGLWRU\�����

DQG�97�VWXGLHV��ZH�VSHFLILHG����UHJUHVVRUV�LQ�IRU�HDFK�UXQ�����UHJUHVVRUV����IRU�HDFK�ZRUG����UHJUHVVRU�IRU�����

EXWWRQ�SUHVV��DQG���PRWLRQ�UHJUHVVRUV�RI�QR�LQWHUHVW��)RU�WKH�DOO�VFDQV��D�³6WLPXOL�%DVHOLQH´�FRQWUDVW�LPDJH�ZDV�����

JHQHUDWHG�IRU�HDFK�VXEMHFW��7KH�FRQWUDVW�PDSV�ZHUH�VPRRWKHG�XVLQJ�D��PP�):+0�VPRRWKLQJ�NHUQHO�DQG�����

WKHQ�PDSSHG�WR�WKH�FRUWLFDO�VXUIDFH�XVLQJ��G9RO�6XUI��)RU�HDFK�VFDQ��D�RQH�VDPSOH�W�WHVW�ZDV�XVHG�WR�����

FRPSDUH�³6WLPXOL�%DVHOLQH´�YHUVXV����)LQDOO\��D�SDLUHG�W�WHVW�ZDV�XVHG�WR�FRPSDUH�SUH��YHUVXV�SRVW�WUDLQLQJ�����

VFDQV��������

�����

'HILQLQJ�5HJLRQV�RI�,QWHUHVW�����

,Q�WKH�FXUUHQW�VWXG\�ZH�WHVWHG�HYLGHQFH�IRU�PHWDPRGDO�HQJDJHPHQW�LQ�VSHFLILF�UHJLRQV�RI�LQWHUHVW��52,V�������

7KHVH�52,V�ZHUH�GHILQHG�HLWKHU�IXQFWLRQDOO\�RU�VWUXFWXUDOO\��)XQFWLRQDO�52,V�ZHUH�GHILQHG�E\�DSSO\LQJ�ZKROH�����

EUDLQ�UHSUHVHQWDWLRQDO�VLPLODULW\�DQDO\VLV��56$��.ULHJHVNRUWH�HW�DO���������.ULHJHVNRUWH�DQG�.LHYLW��������WR�����
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DXGLWRU\�I05,�GDWD��VHH�EHORZ���7KLV�UHYHDOHG�VWDWLVWLFDOO\�VLJQLILFDQW�ELODWHUDO�67*�FOXVWHUV�WKDW�ZHUH�WKHQ�XVHG�����

LQ�WKH�PDLQ�DQDO\VHV�ZLWK�97�GDWD��:H�DOVR�K\SRWKHVL]HG�WKDW�OHDUQLQJ�WR�UHFRJQL]H�97�VWLPXOL�DV�ZRUGV�PLJKW�����

UHO\�RQ�URXWHV�RWKHU�WKDQ�PHWDPRGDO�UHFUXLWPHQW�LQ�WKH�67*��VSHFLILFDOO\�WKURXJK�SDLUHG�DVVRFLDWH�OHDUQLQJ�LQ�����

WKH�KLSSRFDPSXV��(LFKHQEDXP�HW�DO���������������*LOEHUW�DQG�.HVQHU��������7UHGHU�HW�DO����������:H�WKHUHIRUH�����

GHILQHG�ELODWHUDO�KLSSRFDPSDO�52,�XVLQJ�WKH�+&3�003�����*ODVVHU�HW�DO���������DWODV��������

�����

5HSUHVHQWDWLRQDO�6LPLODULW\�$QDO\VLV��56$�������

Constructing Model Representational Dissimilarity Matrices (mRDMs) ����

7KUHH�P5'0V�ZHUH�JHQHUDWHG��DQ�DXGLWRU\�P5'0��D�97�YRFRGHG�P5'0��DQG�D�97�WRNHQ�EDVHG�P5'0������

(QWULHV�LQ�WKHVH�P5'0V�FRUUHVSRQGHG�WR�GLVWDQFHV�EHWZHHQ�ZRUGV��7KH�GLVWDQFH�PHWULF�WKDW�ZDV�XVHG�ZDV�����

WKH�HGLW�GLVWDQFH�EHWZHHQ�WKH�ZRUGV�ZKHUH�WKH�HGLWV�ZHUH�ZHLJKWHG�E\�WKH�SHUFHSWXDO�FRQIXVDELOLW\�RI�WKH�����

SKRQHPHV�WR�EH�VXEVWLWXWHG��(GLW�GLVWDQFHV�DUH�IUHTXHQWO\�XVHG�ZLWK�KLJKO\�LQWHOOLJLEOH�VSHHFK��IRU�ZKLFK�WKHUH�����

DUH�QR�SKRQHPH�WR�SKRQHPH�GLVVLPLODULW\�GDWD��DQG�ZKHQ�PRUH�UHILQHG�VHJPHQW�WR�VHJPHQW�GLVWDQFHV�DUH�QRW�����

DYDLODEOH�DV�ZDV�WKH�FDVH�IRU�WKH�97�WRNHQ�EDVHG�DOJRULWKP��)XUWKHUPRUH��UHFHQW�ZRUN��.HOO�HW�DO���������KDV�����

VKRZQ�WKDW�WKH�UHSUHVHQWDWLRQDO�IRUPDW�FDSWXUHG�E\�WKH�HGLW�GLVWDQFH�PDWFKHG�WKRVH�IRXQG�LQ�ERWK�KLJKHU�RUGHU�����

67*�VSHHFK�UHJLRQV�DQG�VSHHFK�UHFRJQLWLRQ�VSHFLILF�UHSUHVHQWDWLRQV�OHDUQHG�LQ�ODWHU�OD\HUV�RI�D�GHHS�QHXUDO�����

QHWZRUN��$XGLWRU\�SKRQHPH�FRQIXVDELOLW\�ZDV�GHULYHG�IURP�D�EHKDYLRUDOO\�PHDVXUHG�SHUFHSWXDO�DXGLWRU\�����

YRFRGHG�SKRQHPH�LGHQWLILFDWLRQ�WDVN��)RU�ERWK�97�DOJRULWKPV��SKRQHPH�FRQIXVDELOLW\�ZDV�JHQHUDWHG�XVLQJ�WKH�����

ODVW�WUDLQLQJ�EORFN�RI�1�$)&�WUDLQLQJ�GDWD�FROOHFWHG�LQ�WKLV�VWXG\��7KLV�SURFHGXUH�LQYROYHG�FRQVWUXFWLQJ�ZRUG�����

FRQIXVLRQ�PDWULFHV�DQG�XVLQJ�LW�WR�H[WUDFW�SKRQHPH�OHYHO�FRQIXVLRQ�PDWULFHV��9RZHO�FRQIXVLRQV�ZHUH�H[WUDFWHG�����

GLUHFWO\�IURP�WKH�PRQRV\OODELF�ZRUG�FRQIXVLRQ�GDWD��&RQVRQDQW�FRQIXVLRQV�ZHUH�H[WUDFWHG�E\�FROODSVLQJ�RYHU�����

SUH�DQG�SRVW�YRFDOLF�SRVLWLRQV��,Q�DGGLWLRQ��D�VLPSOLI\LQJ�DVVXPSWLRQ�ZDV�PDGH�IRU�LQFRUUHFW�UHVSRQVHV�ZKHUH�����

VLQJOH�FRQVRQDQWV�ZHUH�PDWFKHG�ZLWK�FRQVRQDQW�FOXVWHUV��7KH�LPSOHPHQWHG�SURFHGXUH�UHVXOWHG�LQ�FUHGLW�IRU�����

FRUUHFW�LGHQWLILFDWLRQV�RI�LQGLYLGXDO�FRQVRQDQWV�LQ�FOXVWHUV�ZKLOH�DWWULEXWLQJ�LQFRUUHFW�UHVSRQVHV�WR�ERWK�����

FRQVRQDQWV�LQ�D�FOXVWHU��2QFH�WKH�SKRQHPH�OHYHO�FRQIXVDELOLW\�ZDV�FRPSXWHG�IRU�DXGLWRU\�DQG�97�FRQGLWLRQV��LW�����

ZDV�WUDQVIRUPHG�LQWR�D�GLVWDQFH�PHDVXUH�XVLQJ�D�SKL�VTXDUH�WUDQVIRUP��,YHUVRQ�HW�DO����������:RUG�WR�ZRUG�����

GLVWDQFHV�ZHUH�FRPSXWHG�DV�WKH�VXP�RI�WKH�SDLUZLVH�SKRQHPH�GLVWDQFHV�IRU�DOO�WKH�SRVLWLRQ�VSHFLILF�SKRQHPH�����

SDLUV�LQ�HDFK�RI�WKH�SRVVLEOH�SDLUV�RI�VWLPXOXV�ZRUGV��*LYHQ�WKH�GLIILFXOW\�RI�HVWLPDWLQJ�D�GLVWDQFH�VZDS�EHWZHHQ�����
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FRQVRQDQWV�DQG�YRZHOV�DV�ZHOO�DV�EHWZHHQ�VHJPHQWV�RI�GLIIHUHQW�OHQJWKV��ZH�UHVWULFWHG�RXU�DQDO\VHV�WR�&9&&�����

ZRUGV�ZKLFK�ZHUH�RXU�PRVW�FRPPRQ�VHJPHQWDO�FODVV��7EO������7KLV�UHVXOWHG�LQ�D���E\���DXGLWRU\�YRFRGHG��97�����

YRFRGHG��DQG�97�WRNHQ�EDVHG�P5'0V�IRU�WKH�&9&&�WUDLQHG�ZRUGV��)LJ������7KHVH�UHSUHVHQWDWLRQDO�VSDFHV�����

DUH�KLJKO\�FRUUHODWHG��U� �������DQG�UHIOHFW�WKH�FORVH�UHSUHVHQWDWLRQDO�FRQJUXHQFH�DW�WKH�EHKDYLRUDO�OHYHO�����

EHWZHHQ�DXGLWRU\�DQG�97�VWLPXOL�JHQHUDWHG�E\�ERWK�DOJRULWKPV������

�����

Whole-Brain Searchlight RSA Analysis ����

56$��.ULHJHVNRUWH�HW�DO���������.ULHJHVNRUWH�DQG�.LHYLW��������DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�WKH�����

&R60R093$�WRROER[��2RVWHUKRI�HW�DO���������DQG�FXVWRP�0$7/$%�VFULSWV��:LWKLQ�D�JLYHQ�VHDUFKOLJKW��WKH�����

DFWLYLW\��W�VWDWLVWLF��LQ�WKH�YR[HOV�IRU�HDFK�FRQGLWLRQ�FRQVWLWXWHG�LWV�SDWWHUQ��$�FRFNWDLO�EODQN�UHPRYDO�ZDV�����

SHUIRUPHG�RQ�WKLV�FRQGLWLRQ�E\�YR[HO�GDWD�PDWUL[�ZKHUHE\�WKH�PHDQ�SDWWHUQ�RI�DFWLYLW\�DFURVV�FRQGLWLRQV�ZDV�����

UHPRYHG�IRU�HDFK�YR[HO��:DOWKHU�HW�DO����������$�QHXUDO�GLVVLPLODULW\�PDWUL[��Q5'0��ZDV�WKHQ�FRPSXWHG�LQ�HDFK�����

VHDUFKOLJKW�E\�FRPSXWLQJ�WKH�SDLUZLVH�3HDUVRQ�FRUUHODWLRQ�GLVWDQFH����3HDUVRQ�&RUUHODWLRQ��EHWZHHQ�WKH�����

SDWWHUQV�RI�DOO�SDLUV�RI�FRQGLWLRQV��7R�DVVHVV�ZKHWKHU�D�JLYHQ�UHJLRQ�UHSUHVHQWHG�VWLPXOL�LQ�D�K\SRWKHVL]HG�����

IRUPDW��WKH�Q5'0�ZDV�FRPSDUHG�WR�WKH�P5'0��7KLV�ZDV�GRQH�E\�WDNLQJ�WKH�6SHDUPDQ�&RUUHODWLRQ�EHWZHHQ�����

WKH�YHFWRUL]HG�ORZHU�WULDQJOHV�RI�WKH�Q5'0�DQG�P5'0��7KLV�FRUUHODWLRQ�ZDV�WKHQ�)LVFKHU�]�WUDQVIRUPHG�WR�����

UHQGHU�WKH�FRUUHODWLRQV�PRUH�DPHQDEOH�WR�SDUDPHWULF�DQDO\VHV��.ULHJHVNRUWH�HW�DO��������������

�����

ROI-Based RSA Analysis ����

52,�EDVHG�56$�DQDO\VHV�ZHUH�SHUIRUPHG�LQ�WKH�97�VFDQV�WR�WHVW�LI��IROORZLQJ�WUDLQLQJ��97�VWLPXOL�HQJDJHG�����

DXGLWRU\�VSHHFK�UHSUHVHQWDWLRQV��7R�GR�VR��ZH�DYHUDJHG�WKH�)LVFKHU�]�WUDQVIRUPHG�FRUUHODWLRQV�RI�VHDUFKOLJKWV�����

LQ�HDFK�52,�IRU�WKH�IRXU�JURXSV��SUH�SRVW�[�YRFRGHG�WRNHQ���:H�WKHQ�ILW�WKHVH�DYHUDJH�52,�FRUUHODWLRQV�ZLWK�D�����

OLQHDU�PL[HG�HIIHFWV�PRGHO�LQ�5�XVLQJ�WKH�/PH��3DFNDJH��7KLV�PRGHO�LQFOXGHG�WKUHH�PDLQ�HIIHFWV�����

7UDLQLQJ3KDVH����IRU�SUH�WUDLQLQJ����IRU�SRVW�WUDLQLQJ���$OJRULWKP����IRU�WRNHQ����IRU�YRFRGHG���DQG�+HPL����IRU�����

ULJKW����IRU�OHIW���,W�DOVR�LQFOXGHG�DOO�LQWHUDFWLRQ�WHUPV��DV�ZHOO�DV�D�UDQGRP�VORSH�DQG�LQWHUFHSW��7KH�UDQGRP�����

HIIHFWV�WHUPV�DOORZHG�XV�WR�PRGHO�WKH�VXEMHFW�VSHFLILF�YDULDELOLW\�LQ�WKH�SUH�WUDLQLQJ�DQG�WKH�WUDLQLQJ�UHODWHG�����

FKDQJH�LQ�FRUUHODWLRQ��7KH�ILQDO�PRGHO�LV�VKRZQ�EHORZ������ ��ͳ̱�݊݋݅ݐ݈ܽ݁ݎݎ݋ܥ� ൅ ݁ݏ݄ܽܲ݃݊݅݊݅ܽݎܶ� כ ݄݉ݐ݅ݎ݋݈݃ܣ כ ݅݉݁ܪ ൅�ሺܶ݁ݏ݄ܽܲ݃݊݅݊݅ܽݎ�ȁ�݆ܾܵݑሻ�
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7KH�UHIHUHQFH�JURXS�FRUUHVSRQGLQJ�WR�WKH�LQWHUFHSW�ZDV�VSHFLILHG�DV�SUH�WUDLQLQJ��WRNHQ�EDVHG��ULJKW�����

KHPLVSKHUH��$OO�βV�UHSRUWHG�UHIOHFW�GHYLDWLRQV�IURP�WKLV�UHIHUHQFH�JURXS�JLYHQ�WKH�RWKHU�HIIHFWV��7KH�PRGHO�ZDV�����

HVWLPDWHG�XVLQJ�5(0/�DQG�GHJUHHV�RI�IUHHGRP�ZHUH�DGMXVWHG�XVLQJ�WKH�6DWWHUWKZDLWH�DSSUR[LPDWLRQV��3RVW�����

KRF�FRQWUDVWV�ZHUH�FRPSXWHG�XVLQJ�WKH�emmeans�SDFNDJH�DQG�DOO�UHSRUWHG�S�YDOXHV�ZHUH�FRUUHFWHG�IRU�����

PXOWLSOH�FRPSDULVRQV�XVLQJ�6LGDN¶V�PHWKRG�������

�����

7DVN�5HJUHVVHG�)XQFWLRQDO�&RQQHFWLYLW\�����

7KH�PHWDPRGDO�WKHRU\�FULWLFDOO\�K\SRWKHVL]HV�WKDW�PHWDPRGDO�HQJDJHPHQW�FRQVLVWV�LQ�OLQNLQJ�D�EUDLQ�DUHD�����

SHUIRUPLQJ�D�SDUWLFXODU�FRPSXWDWLRQ��H�J���ZRUG�UHSUHVHQWDWLRQ��LQ�D�VWDQGDUG�PRGDOLW\�ZLWK�DQ�LQSXW�VWUHDP�����

IURP�D�QRYHO�PRGDOLW\��:H�WKHUHIRUH�SHUIRUPHG�IXQFWLRQDO�FRQQHFWLYLW\�DQDO\VHV�WR�WHVW�IRU�OHDUQLQJ�LQGXFHG�����

FKDQJHV�LQ�IXQFWLRQDO�FRQQHFWLYLW\�EHWZHHQ�WKH�VRPDWRVHQVRU\�DQG�DXGLWRU\�52,�RI�LQWHUHVW��6SHFLILFDOO\��ZH�����

XVHG�WKH�&211�I05,�WRROER[��:KLWILHOG�*DEULHOL�	�1LHWR�&DVWDQRQ��������WR�SHUIRUP�VPRRWKLQJ��VHJPHQWDWLRQ������

DQG�FOHDQLQJ�RI�WKH�GDWD�DV�ZHOO�DV�WR�FRPSXWH�VHHG�WR�YR[HO�FRUUHODWLRQ�PDSV��1DWLYH�VSDFH�IXQFWLRQDO�GDWD�����

ZHUH�VPRRWKHG�XVLQJ�DQ��PP�):+0�VPRRWKLQJ�NHUQHO��1H[W��DQDWRPLFDO�VFDQV�ZHUH�VHJPHQWHG�WR�LGHQWLI\�����

UHJLRQV�RI�ZKLWH�PDWWHU�DQG�&6)��:H�WKHQ�UHJUHVVHG�RXW�WKH�VLJQDOV�IURP�WKHVH�UHJLRQV�XVLQJ�&RPS&RU�����

�%HK]DGL��5HVWRP��/LDX��	�/LX��������DV�ZHOO�DV�WKH�PDLQ�HIIHFW�RI�WDVN��:KROH�EUDLQ�VHHG�WR�YR[HO�FRUUHODWLRQ�����

PDSV�ZHUH�WKHQ�FRPSXWHG�ZLWKLQ�HDFK�VXEMHFW��)LQDOO\��ZH�PDSSHG�HDFK�VXEMHFW¶V�FRUUHODWLRQ�PDSV�WR�D�����

VWDQGDUG�FRUWLFDO�PHVK�XVLQJ��G9RO�6XUI�WR�SHUIRUP�JURXS�DQDO\VHV������

�����

:KROH�%UDLQ�6WDWLVWLFDO�&RUUHFWLRQ�����

:H�WHVWHG�WKH�JURXS�OHYHO�VLJQLILFDQFH�RI�ZKROH�EUDLQ�56$�DQDO\VHV�DV�ZHOO�DV�IXQFWLRQDO�FRQQHFWLYLW\�����

GLIIHUHQFHV�E\�ILUVW�FRPSXWLQJ�D�W�VWDWLVWLF�DW�HDFK�QRGH�RQ�WKH�VWDQGDUG�VXUIDFH��7R�FRUUHFW�WKHVH�W�VWDWLVWLF�����

PDSV�IRU�PXOWLSOH�FRPSDULVRQV��ZH�ILUVW�HVWLPDWHG�WKH�VPRRWKQHVV�RI�WKH�GDWD�IRU�HDFK�DQDO\VLV�LQ�HDFK�����

KHPLVSKHUH�XVLQJ�WKH�$)1,�680$�SURFFWHM FRPPDQG��:H�WKHQ�XVHG�WKLV�VPRRWKQHVV�HVWLPDWH�WR�����

JHQHUDWH�QRLVH�VXUIDFH�PDSV�XVLQJ�WKH�$)1,�680$�slow_surf_clustsim.py�FRPPDQG��7KLV�WKHQ�DOORZHG�XV�WR�����

JHQHUDWH�DQ�H[SHFWHG�FOXVWHU�VL]H�GLVWULEXWLRQ�DW�YDULRXV�WKUHVKROGV�WKDW�ZH�FRPSDUHG�FOXVWHUV�LQ�RXU�DFWXDO�����

GDWD�WR��)RU�WKH�ZKROH�EUDLQ�DQDO\VHV�D�WZR�WDLOHG�FOXVWHU�GHILQLQJ�WKUHVKROG�RI�α� ������ZDV�XVHG��6LQFH�WKH�����



�

� ��

DXGLWRU\�56$�VFDQ�ZDV�XVHG�DV�DQ�LQGHSHQGHQW�ORFDOL]HU�VFDQ�LQ�ZKLFK�WR�LQYHVWLJDWH�QHXUDO�HIIHFWV�RI�97�����

WUDLQLQJ�D�VWULFWHU�FOXVWHU�GHILQLQJ�WKUHVKROG��α� �������ZDV�DSSOLHG�LQ�WKH�DXGLWRU\�56$�VFDQ�WR�LVRODWH�PRUH�����

VSDWLDOO\�UHVWULFWLYH�FOXVWHUV��$OO�UHVXOWLQJ�FOXVWHUV�ZHUH�FRUUHFWHG�DW�WKH�S�≤�����OHYHO��7DEOHV�UHSRUW�WKH�����

FRRUGLQDWHV�RI�WKH�FHQWHU�RI�PDVV�RI�FOXVWHUV�LQ�01,�VSDFH�DQG�WKHLU�ORFDWLRQ�DV�GHILQHG�E\�WKH�+&3�003��������

�*ODVVHU�HW�DO���������DQG�7DODLUDFK�7RXUQRX[�$WODVHV������

� �����



�
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5HVXOWV�����

$QDO\VLV�2YHUYLHZ�����

:H�ILUVW�H[DPLQHG�XQLYDULDWH�HQJDJHPHQW�RI�FRUWLFDO�DUHDV�E\�97�DQG�DXGLWRU\�VWLPXOL��1H[W��ZH�XVHG�56$�WR�����

LGHQWLI\�DUHDV�HQFRGLQJ�DXGLWRU\�VSHHFK��DQG�WKHQ�WHVWHG�ZKHWKHU�97�VWLPXOL�ZHUH�HQFRGHG�OLNH�WKH�DXGLWRU\�����

VSHHFK�VWLPXOL�LQ�WKRVH�DUHDV�IROORZLQJ�WUDLQLQJ��:H�DOVR�H[DPLQHG�WUDLQLQJ�UHODWHG�FKDQJHV�LQ�IXQFWLRQDO�����

FRQQHFWLYLW\�EHWZHHQ�VRPDWRVHQVRU\�DQG�DXGLWRU\�DUHDV�WR�SURYLGH�FRPSOHPHQWDU\�HYLGHQFH�IRU�OHDUQLQJ�����

UHODWHG�GLIIHUHQFHV��)LQDOO\��ZH�H[DPLQHG�LI�WRNHQ�EDVHG�VWLPXOL��ZKLFK�IDLOHG�WR�VKRZ�PHWDPRGDO�HQJDJHPHQW�����

LQ�DXGLWRU\�DUHDV��ZHUH�HQFRGHG�LQ�WKH�KLSSRFDPSXV�ZKLFK�LV�NQRZQ�WR�SOD\�D�UROH�LQ�DVVRFLDWLYH�OHDUQLQJ������

�����

%HKDYLRU�����

6XEMHFWV��Q ����ZHUH�WUDLQHG�WR�UHFRJQL]H�VWLPXOL�GHULYHG�IURP�HLWKHU�D�WRNHQ�EDVHG�RI�YRFRGHG�DXGLWRU\�WR�97�����

VHQVRU\�VXEVWLWXWLRQ�DOJRULWKP��EXW���VXEMHFWV�ZHUH�H[FOXGHG�GXH�WR�D�IDLOXUH�WR�FRPSOHWH�WKH�WUDLQLQJ�SDUDGLJP������

,PSRUWDQWO\��WKH�SHUIRUPDQFH�IRU�DOO�VXEMHFWV�ZDV�PDUNHGO\�DERYH�FKDQFH�RQ�WKH����$)&�VHVVLRQ�SHUIRUPHG�����

DIWHU�WKH�SRVW�WUDLQLQJ�I05,�VFDQ��3DUWLFLSDQWV�LQ�ERWK�YRFRGHG�DQG�WRNHQ�EDVHG�JURXSV�DFKLHYHG�SURJUHVVLYHO\�����

KLJKHU�OHYHOV�LQ�WKH�EHKDYLRUDO�WUDLQLQJ�SDUDGLJP�DFURVV�WUDLQLQJ�VHVVLRQV��)LJ���$���7KH�PHGLDQ�ILQDO�OHYHOV�����

DFKLHYHG�ZHUH���DQG���IRU�WKH�WRNHQ�EDVHG�DQG�YRFRGHG�97�JURXSV�UHVSHFWLYHO\��$IWHU�WKH�ILQDO�SRVW�WUDLQLQJ�����

I05,�VFDQ��VXEMHFWV�FRPSOHWHG�D����$)&�WHVW�RQ�WKH�WUDLQHG�ZRUGV��)LJ���%���$OO�VXEMHFWV�SHUIRUPHG�EHWWHU�WKDQ�����

FKDQFH�������DQG�WKH�PHGLDQ�DFFXUDFLHV�ZHUH�������DQG�������IRU�WKH�WRNHQ�EDVHG�DQG�YRFRGHG�97�JURXSV�����

UHVSHFWLYHO\��$�WZR�VDPSOH�W�WHVW�UHYHDOHG�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�DFFXUDF\�EHWZHHQ�DOJRULWKP�JURXSV��t��� �����

�������S� ��������� �����



�
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8QLYDULDWH�I05,�$QDO\VLV������

,Q�WKH�DXGLWRU\�VFDQ��WKH�FRQWUDVW�RI�³$OO�:RUGV!%DVHOLQH´�UHYHDOHG�ELODWHUDO�6XSHULRU�7HPSRUDO�*\UXV��67*������

DFWLYDWLRQ��7DEOH���DQG�)LJ���$���,Q�WKH�97�VFDQV��XQSDLUHG�WZR�VDPSOH�W�WHVWV�UHYHDOHG�QR�VLJQLILFDQW�����

GLIIHUHQFHV�EHWZHHQ�WKH�YRFRGHG�DQG�WRNHQ�EDVHG�JURXSV�LQ�HLWKHU�WKH�SUH�WUDLQLQJ�RU�SRVW�WUDLQLQJ�SKDVH������

7KHUHIRUH��VXEMHFWV�ZHUH�FRPELQHG�ZLWKLQ�WUDLQLQJ�SKDVH�WR�WHVW�IRU�WKH�FRUWLFDO�FRPPRQ�UHVSRQVH�WR�97�����

VWLPXODWLRQ��7KH�FRQWUDVW�³$OO�9LEURWDFWLOH�:RUGV!%DVHOLQH´�UHYHDOHG�VHYHUDO�UHJLRQV��LQFOXGLQJ�ELODWHUDO�����

VXSSOHPHQWDU\�PRWRU�DUHD��60$���SUHFHQWUDO�J\UL��7DEOH���DQG�)LJ���%�&���1R�VLJQLILFDQW�FOXVWHUV�ZHUH�����

LGHQWLILHG�IRU�WKH�SRVW��YV�SUH��WUDLQLQJ�FRQWUDVW��7R�JDLQ�D�EHWWHU�SLFWXUH�RI�WKH�QHXURQDO�UHSUHVHQWDWLRQV�����

XQGHUO\LQJ�WKHVH�UHVSRQVHV��ZH�SHUIRUPHG�D�VHULHV�RI�56$�DQDO\VHV�� �����



�

� ��

:KROH�EUDLQ�VHDUFKOLJKW�DQDO\VLV�UHYHDOV�ELODWHUDO�67*�UHJLRQV�DUH�HQJDJHG�LQ�WKH�SHUFHSWLRQ�RI�����

VSRNHQ�YRFRGHG�ZRUGV�����

:H�FRQGXFWHG�D�ZKROH�EUDLQ�VHDUFKOLJKW�56$�DQDO\VLV�WR�LGHQWLI\�UHJLRQV�HQJDJHG�E\�DXGLWRU\�YRFRGHG�ZRUGV�����

�)LJ������7KLV�UHYHDOHG�OHIW��[� ������\� ������]� ����α� ��������S� ��������DQG�ULJKW�PLG�67*��[� �����\� ������]� �����

���α� ��������S� ��������FOXVWHUV��7KHUH�LV�VWURQJ�HYLGHQFH��+DPLOWRQ�HW�DO���������������WKDW�WKHVH�UHJLRQV�DUH�����

LQYROYHG�LQ�SURFHVVLQJ�FRPSOH[�WHPSRUDO�SDWWHUQV�IRXQG�LQ�DXGLWRU\�VSHHFK��� �����



�
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9RFRGHG�EXW�QRW�WRNHQ�EDVHG�97�VWLPXOL�DUH�HQFRGHG�VLPLODUO\�WR�DXGLWRU\�VSRNHQ�ZRUGV�LQ�WKH�PLG�����

67*�IROORZLQJ�97�VSHHFK�WUDLQLQJ�����

1H[W��ZH�FRQGXFWHG�52,�EDVHG�56$�DQDO\VHV�WR�WHVW�WKH�SUHGLFWLRQ�WKDW�WUDLQHG�97�VWLPXOL�ZRXOG�EH�HQFRGHG�����

VLPLODUO\�WR�DXGLWRU\�ZRUGV�LQ�WKH�P67*��7R�GR�VR��ZH�XVHG�D�OLQHDU�PL[HG�HIIHFWV�PRGHO��VHH�0HWKRGV��WR�WHVW�����

WKH�HIIHFWV�RI�WUDLQLQJ�SKDVH��DOJRULWKP��KHPLVSKHUH��DV�ZHOO�DV�WKH�LQWHUDFWLRQ�DPRQJ�WKHP�RQ�WKH�FRUUHODWLRQV�����

EHWZHHQ�QHXUDO�DQG�PRGHO�5'0V��)LJ�����������

7KLV�UHYHDOHG�D�VLJQLILFDQW�LQWHUDFWLRQ�HIIHFW�EHWZHHQ�WUDLQLQJ�SKDVH�DQG�DOJRULWKP��β� ��������t31.09� ��������S� �����

��������3RVW�KRF�WHVWV�UHYHDOHG�D�VLJQLILFDQW�WUDLQLQJ�HIIHFW�LQ�WKH�ULJKW�P67*�IRU�WKH�YRFRGHG��t����� ��������S� �����

������6LGDN�DGMXVWHG� d =�����������&,� �>����������@��EXW�QRW�WKH�WRNHQ�EDVHG�JURXS��t����� ���������S� �����������

6LGDN�DGMXVWHG� d =������������&,� �>�����������@���)XUWKHUPRUH��SRVW�KRF�WHVWV�GLG�QRW�UHYHDO�D�VLJQLILFDQW�����

LQFUHDVH�EHWZHHQ�WKH�SUH��DQG�SRVW�WUDLQLQJ�FRUUHODWLRQV�LQ�WKH�OHIW�P67*�IRU�HLWKHU�WKH�YRFRGHG��t����� ��������S�����

 �������6LGDN�DGMXVWHG� d =�����������&,� �>�����������@��RU�WKH�WRNHQ�EDVHG��t����� ��������S� �������6LGDN�����

DGMXVWHG� d =�����������&,� �>�����������@��JURXS��$QDO\VHV�ZHUH�UHSHDWHG�IRU�WKH�97�WRNHQ�EDVHG�JURXS�XVLQJ�����

LWV�FRUUHVSRQGLQJ�EHKDYLRUDO�P5'0��)LJ�����ZKLFK�VWLOO�VKRZHG�D�QRQ�VLJQLILFDQW�WUDLQLQJ�HIIHFW�LQ�ERWK�WKH�OHIW�����

�t��� ��������S� �������6LGDN�DGMXVWHG� d =������������&,� �>������������@��DQG�ULJKW�P67*��t��� ���������S� �����

������6LGDN�DGMXVWHG� d =�������������&,� �>�������������@�������

$OWKRXJK�WKHUH�ZDV�QR�VLJQLILFDQW�WKUHH�ZD\�LQWHUDFWLRQ��ZH�SHUIRUPHG�H[SORUDWRU\�DQDO\VHV�WR�FRPSDUH�WKH�����

FRUUHODWLRQ�EHWZHHQ�WKH�OHIW�YV��ULJKW�PLG�67*��7KLV�UHYHDOHG�VLJQLILFDQWO\��t��� ��������S� �������XQFRUUHFWHG� d ����

=�����������&,� �>����������@��KLJKHU�FRUUHODWLRQV�SRVW�WUDLQLQJ�LQ�WKH�ULJKW�WKDQ�OHIW�P67*��,Q�DGGLWLRQ��WKHUH�����

ZDV�D�QRQ�VLJQLILFDQW��t�� ��������S� �������XQFRUUHFWHG� d =�����������&,� �>�����������@��GLIIHUHQFH�ZKHQ�WKH�����

GLIIHUHQFH�EHWZHHQ�SUH��DQG�SRVW�WUDLQLQJ�FRUUHODWLRQV�ZHUH�FRPSDUHG�EHWZHHQ�WKH�ULJKW�DQG�OHIW�PLG�67*������

)LQDOO\��VLQFH�WUDLQLQJ�RQ�97�VWLPXOL�PD\�LQGXFH�FKDQJHV�LQ�KLJK�OHYHO�VRPDWRVHQVRU\�DUHDV��ZH�DOVR�H[DPLQHG�����

WUDLQLQJ�UHODWHG�FKDQJHV�LQ�6��UHSUHVHQWDWLRQV�XVLQJ�WKH�23,�6,,�+&3�003����52,��*ODVVHU�HW�DO��������������

+RZHYHU��WKHUH�ZHUH�QR�VLJQLILFDQW�LQWHUDFWLRQV�RU�PDLQ�HIIHFWV��7KHVH�UHVXOWV�LQGLFDWH�WKDW�WUDLQHG�97�VWLPXOL�����

EDVHG�RQ�YRFRGHG�VSHHFK�ZHUH�HQFRGHG�VLPLODUO\�WR�DXGLWRU\�VSHHFK�LQ�WKH�PLG�67*�ZKLOH�WRNHQ�EDVHG�97�����

VWLPXOL�ZHUH�QRW�� �����



�
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7UDLQLQJ�ZLWK�9RFRGHG�97�6SHHFK�6WLPXOL�,QFUHDVHV�)XQFWLRQDO�&RQQHFWLYLW\�%HWZHHQ�6RPDWRVHQVRU\�����

DQG�$XGLWRU\�5HJLRQV�����

3UHYLRXV�VWXGLHV�VKRZHG�WKDW�OHDUQLQJ�LV�DFFRPSDQLHG�E\�LQFUHDVHG�IXQFWLRQDO�FRQQHFWLYLW\�EHWZHHQ�FRUWLFDO�����

DUHDV��/HZLV�HW�DO���������8UQHU�HW�DO���������6LXGD�.U]\ZLFND�HW�DO����������7KHUHIRUH��ZH�WHVWHG�WKH�����

K\SRWKHVLV�WKDW�WUDLQLQJ�RQ�WKH�YRFRGHG�97�ZRUG�VWLPXOL�ZDV�DVVRFLDWHG�ZLWK�LQFUHDVHG�IXQFWLRQDO�FRQQHFWLYLW\�����

RI�VRPDWRVHQVRU\�UHJLRQV�DQG�WKH�DXGLWRU\�ZRUG�HQFRGLQJ�ULJKW�PLG�67*�52,��)LJ������7R�GR�VR��ZH�FRPSXWHG�����

WKH�WUDLQLQJ�UHODWHG�FKDQJHV�LQ�WKH�ULJKW�PLG�67*�VHHG�WR�YR[HO�IXQFWLRQDO�FRQQHFWLYLW\�LQ�WKH�YRFRGHG�JURXS�����

�)LJ���$��7DEOH�����7KLV�UHYHDOHG�WZR�FOXVWHUV��RQH�LQ�WKH�OHIW�67*��α� ��������S� ��������DQG�DQRWKHU�LQ�WKH�OHIW�����

VHFRQGDU\�VRPDWRVHQVRU\��6,,���α� ��������S� ���������)XUWKHUPRUH��UHDVRQLQJ�WKDW�97�VWLPXODWLRQ�RQ�WKH�ULJKW�����

DUP�ZRXOG�HQJDJH�WKH�OHIW�6,,�UHJLRQ��ZH�SHUIRUPHG�DQ�DGGLWLRQDO�VHHG�WR�YR[HO�DQDO\VLV�XVLQJ�WKH�OHIW�6,,�VHHG�����

GHILQHG�E\�WKH�+&3�003����DWODV��*ODVVHU�HW�DO����������7KLV�FRPSOHPHQWDU\�DQDO\VLV��)LJ���%��UHYHDOHG�WZR�����

FOXVWHUV��RQH�LQ�WKH�ULJKW�LQVXOD�DQG�+HVFKO¶V�*\UXV��α� ��������S� ��������DQG�DQRWKHU�LQ�WKH�ULJKW�67*��α� �����

�������S� ���������7KH�OHIW�6,,�DOVR�VKRZHG�DQ�LQFUHDVH�LQ�FRQQHFWLYLW\�WR�WKH�OHIW�FHQWUDO�VXOFXV��α� ��������S� �����

���������7DEOH�����6LPLODU�VHHG�WR�YR[HO�DQDO\VHV�DOVR�XVLQJ�WKH�OHIW�KLSSRFDPSXV�RU�WKH�ELODWHUDO�PLG�67*�����

52,V�DV�VHHGV�UHYHDOHG�QR�VLJQLILFDQW�WUDLQLQJ�UHODWHG�GLIIHUHQFHV�LQ�WKH�WRNHQ�EDVHG�JURXS��7KLV�SDWWHUQ�RI�����

WUDLQLQJ�UHODWHG�IXQFWLRQDO�FRQQHFWLYLW\�EHWZHHQ�VRPDWRVHQVRU\�DQG�DXGLWRU\�DUHDV�IRU�97�YRFRGHG�EXW�QRW�����

WRNHQ�EDVHG�VWLPXOL�ZDV�DOVR�IRXQG�ZKHQ�FDOFXODWLQJ�52,�WR�52,�IXQFWLRQDO�FRQQHFWLYLW\��)LJ���&�'���7KHVH�����

UHVXOWV�VXSSRUW�D�PRGHO�LQ�ZKLFK�YRFRGHG�97�VSHHFK�WUDLQLQJ�OHDGV�WR�LQFUHDVHG�IXQFWLRQDO�FRQQHFWLYLW\�����

EHWZHHQ�VRPDWRVHQVRU\�DUHDV�DQG�DXGLWRU\�VSHHFK�DUHDV������

� �����
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7UDLQLQJ�,QFUHDVHV�(QFRGLQJ�RI�WKH�97�7RNHQ�%DVHG�6WLPXOL�LQ�WKH�/HIW�+LSSRFDPSXV������

7KH�QRWHZRUWK\�GLIIHUHQFH�LQ�WKH�HQFRGLQJ�RI�97�YRFRGHG�YHUVXV�WRNHQ�EDVHG�VSHHFK�LQ�WKH�PLG�67*�UDLVHG�����

WKH�TXHVWLRQ��ZKDW�RWKHU�SDWKZD\�XQGHUOLHV�VXEMHFWV¶�DELOLW\�WR�OHDUQ�WKH�WRNHQ�EDVHG�97�VWLPXOL�DV�ZRUGV��VHH�����

)LJ������$V�PHQWLRQHG�LQ�WKH�,QWURGXFWLRQ��LW�LV�SRVVLEOH�WKDW�D�SRRU�PDWFK�EHWZHHQ�WKH�WHPSRUDO�G\QDPLFV�RI�97�����

WRNHQ�EDVHG�VWLPXOL�DQG�DXGLWRU\�VSHHFK�SUHFOXGHV�PHWDPRGDO�HQJDJHPHQW�LQ�WKH�P67*�DQG�LQVWHDG�IDYRUV�����

DOWHUQDWH�VWUDWHJLHV�WR�OHDUQ�DVVRFLDWLRQV�EHWZHHQ�DUELWUDU\�SDLUV�RI�VWLPXOL��$�NH\�UHJLRQ�LQYROYHG�LQ�OHDUQLQJ�����

VXFK�DVVRFLDWLRQV�LV�WKH�KLSSRFDPSXV��0F&OHOODQG�HW�DO���������(LFKHQEDXP�HW�DO���������������2¶5HLOO\�DQG�����

5XG\�������������

:H�WKHUHIRUH�XVHG�D�OLQHDU�PL[HG�HIIHFW�PRGHO�WR�WHVW�ZKHWKHU�WKH�KLSSRFDPSXV�HQFRGHG�WRNHQ�EDVHG�VWLPXOL�����

DIWHU�WUDLQLQJ��)LJ������7KLV�DQDO\VLV�UHYHDOHG�D�VLJQLILFDQW�WZR�ZD\�LQWHUDFWLRQ�EHWZHHQ�WUDLQLQJ�SKDVH�DQG�����

KHPLVSKHUH��β� ��������t36� ��������S� ��������)LJ�����DV�ZHOO�DV�D�VLJQLILFDQW�WKUHH�ZD\�LQWHUDFWLRQ�HIIHFW�����

EHWZHHQ�WUDLQLQJ�SKDVH��DOJRULWKP��DQG�KHPLVSKHUH��β� ���������t36� ���������S� ���������7KH�WKUHH�ZD\�����

LQWHUDFWLRQ�VXJJHVWV�WKDW�WKH�UHODWLRQVKLS�EHWZHHQ�WUDLQLQJ�SKDVH�DQG�KHPLVSKHUH�YDULHG�GHSHQGLQJ�RQ�WKH�����

DOJRULWKP��,Q�WKH�OHIW�KHPLVSKHUH��SRVW�KRF�WHVWV�UHYHDOHG�D�VLJQLILFDQW��t����� ��������S� �������6LGDN�DGMXVWHG�����

d =������������&,� �>����������@��WUDLQLQJ�UHODWHG�LQFUHDVH�LQ�FRUUHODWLRQV�IRU�WKH�WRNHQ�EDVHG�EXW�QRW�YRFRGHG�����

�t����� ���������S� �������6LGDN�$GMXVWHG� d =�����������&,� �>�����������@��97�JURXS��,Q�WKH�ULJKW�KHPLVSKHUH������

WKHUH�ZDV�D�WUHQGLQJ�LQFUHDVH�LQ�FRUUHODWLRQ�IRU�WKH�YRFRGHG�JURXS��t����� ��������S� ��������6LGDN�$GMXVWHG� d ����

=�����������&,� �>����������@��EXW�QRW�WKH�WRNHQ�EDVHG��t����� ��������S� ��������6LGDN�$GMXVWHG� d =���������������

&,� �>�����������@��97�JURXS��2I�QRWH��XVLQJ�WKH�YRFRGHG�DQG�WRNHQ�EDVHG�P5'0V�IRU�WKH�FRUUHVSRQGLQJ�����

JURXSV�DOVR�UHVXOWHG�LQ�WKH�VDPH�VLJQLILFDQW�WZR��β� ��������W��� ��������S� ��������DQG�WKUHH�ZD\��β� ������������

W��� ��������S� ��������LQWHUDFWLRQ�HIIHFWV��)XUWKHUPRUH��WKHUH�ZDV�DOVR�D�VLJQLILFDQW�WUDLQLQJ�HIIHFW�IRU�97�WRNHQ�����

EDVHG�VWLPXOL�LQ�WKH�OHIW�KLSSRFDPSXV��W����� ��������S� ���������G� �����������&,� �>������������@�� ������



�
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'LVFXVVLRQ�����

0HWDPRGDO�WKHRULHV�RI�EUDLQ�RUJDQL]DWLRQ��3DVFXDO�/HRQH�DQG�+DPLOWRQ��������+HLPOHU�HW�DO���������SURSRVH�����

WKDW�FRUWLFDO�DUHDV�DUH�EHVW�GHVFULEHG�E\�WKHLU�WDVN�VSHFLILF�VHQVRU\�PRGDOLW\�LQYDULDQW�IXQFWLRQ��+RZHYHU������

PL[HG�HYLGHQFH�IRU�PHWDPRGDO�EUDLQ�RUJDQL]DWLRQ�LQ�QHXURW\SLFDO�LQGLYLGXDOV��6DGDWR�HW�DO���������3WLWR�HW�DO�������

������$PHGL�HW�DO���������6LXGD�.U]\ZLFND�HW�DO���������%ROD�HW�DO���������KDV�FDOOHG�LQWR�TXHVWLRQ�WKH�����

FRQGLWLRQV�XQGHU�ZKLFK�PHWDPRGDO�HQJDJHPHQW�RFFXUV��:H�DUJXH��WKDW�PHWDPRGDO�HQJDJHPHQW�LQ�����

QHXURW\SLFDO�LQGLYLGXDOV�UHTXLUHV�QRW�MXVW�FRUUHVSRQGHQFH�DW�WKH�WDVN�OHYHO�0DUU��������EXW�DOVR�EHWZHHQ�VWLPXOL�����

DW�WKH�OHYHO�RI�QHXUDO�HQFRGLQJ��,Q�WKH�FXUUHQW�VWXG\��ZH�LQYHVWLJDWHG�WKLV�K\SRWKHVLV�E\�WUDLQLQJ�VXEMHFWV�RQ�WKH�����

VDPH�ZRUG�UHFRJQLWLRQ�WDVN�XVLQJ�RQH�RI�WZR�DXGLWRU\�WR�97�WUDQVIRUPDWLRQ�DOJRULWKPV��2QH�DOJRULWKP�����

�YRFRGHG��SUHVHUYHG�WKH�WHPSRUDO�G\QDPLFV�RI�DXGLWRU\�VSHHFK�ZKLOH�WKH�RWKHU�DOJRULWKP��WRNHQ�EDVHG��GLG�����

QRW��)LUVW��XVLQJ�ZKROH�EUDLQ�56$�DQG�DQ�LQGHSHQGHQW�DXGLWRU\�VFDQ�ZH�LGHQWLILHG�DXGLWRU\�VSHHFK�DUHDV�LQ�WKH�����

ELODWHUDO�P67*�WKDW�VHUYHG�DV�SXWDWLYH�WDUJHWV�IRU�PHWDPRGDO�HQJDJHPHQW�E\�97�VWLPXOL��:H�WKHQ�VKRZHG�WKDW������

DIWHU�WUDLQLQJ�RQO\�97�YRFRGHG�VWLPXOL�HQJDJHG�WKLV�DUHD�OLNH�DXGLWRU\�YRFRGHG�ZRUGV��,PSRUWDQWO\��VXEMHFWV�LQ�����

ERWK�JURXSV�DFKLHYHG�FRPSDUDEOH�OHYHOV�RI�SURILFLHQF\�RQ�WKH�SRVW�WUDLQLQJ�UHFRJQLWLRQ�WDVN�DQG�KDG�VLPLODU�����

EHKDYLRUDO�FRQIXVLRQV��7KLV�HOLPLQDWHV�SHUIRUPDQFH�GLIIHUHQFHV�DV�D�UHDVRQ�IRU�WKH�GLIIHUHQW�WUDLQLQJ�HIIHFWV�DW�����

WKH�QHXUDO�OHYHO��:H�WKHQ�VKRZHG�WKDW�RQO\�97�YRFRGHG�EXW�QRW�WRNHQ�EDVHG�VWLPXOL�ZHUH�DVVRFLDWHG�ZLWK�D�����

VLJQLILFDQW�WUDLQLQJ�UHODWHG�LQFUHDVH�LQ�IXQFWLRQDO�FRQQHFWLYLW\�EHWZHHQ�WKH�PLG�67*�DQG�VHFRQGDU\�����

VRPDWRVHQVRU\�DUHDV��)LQDOO\��ERWK�DOJRULWKPV��WR�GLIIHUHQW�GHJUHHV��HQJDJHG�KLSSRFDPSDO�DUHDV�SUHYLRXVO\�����

LPSOLFDWHG�LQ�SDLUHG�DVVRFLDWH�OHDUQLQJ�������

,Q�WKLV�VWXG\��ZH�VKRZ�WKDW�DGHTXDWHO\�FDSWXULQJ��DQG�HYHQWXDOO\�KDUQHVVLQJ��WKH�PHWDPRGDO�SRWHQWLDO�RI�FRUWH[�����

UHTXLUHV�QRW�RQO\�WKH�ULJKW�WDVN�DQG�VHQVRU\�PRGDOLWLHV�EXW�DOVR�DQ�XQGHUVWDQGLQJ�RI�WKH�LQIRUPDWLRQ�����

UHSUHVHQWDWLRQ�LQ�WKHVH�UHJLRQV��3ULRU�ZRUN�KDV�SULPDULO\�LQYHVWLJDWHG�PHWDPRGDO�HQJDJHPHQW�LQ�FRQJHQLWDOO\�����

VHQVRU\�GHSULYHG�LQGLYLGXDOV��/RPEHU�HW�DO���������5HLFK�HW�DO���������%ROD�HW�DO����������,Q�VXFK�FRUWLFDO�DUHDV������

JLYHQ�WKH�ULJKW�WDVN�UHOHYDQW�FRQQHFWLYLW\��ERWWRP�XS�LQSXW�IURP�DQRWKHU�VHQVRU\�PRGDOLW\�FDQ�FRQFHLYDEO\�GULYH�����

WKH�de novo OHDUQLQJ�RI�WDVN�UHOHYDQW�UHSUHVHQWDWLRQV�HYHQ�IRU�HQFRGLQJ�VFKHPHV�YHU\�GLIIHUHQW�IURP�WKRVH�LQ�����

QHXURW\SLFDO�LQGLYLGXDOV��6WULHP�$PLW�HW�DO����������+RZHYHU��LQ�QHXURW\SLFDO�DGXOWV��H[LVWLQJ�UHSUHVHQWDWLRQV�LQ�����

WUDGLWLRQDOO\�XQLVHQVRU\�DUHDV�UHIOHFW�WKH�WDVN�UHOHYDQW�IHDWXUHV�RI�WKH�W\SLFDO�VHQVRU\�LQSXW��6LPRQFHOOL�DQG�����

2OVKDXVHQ��������/HZLFNL���������7KHUHIRUH��IRU�PHWDPRGDO�HQJDJHPHQW�WR�RFFXU��LQIRUPDWLRQ�SDUWLDOO\�����
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SURFHVVHG�LQ�RQH�VHQVRU\�KLHUDUFK\�QHHGV�WR�LQWHUIDFH�ZLWK�SUH�H[LVWLQJ�UHSUHVHQWDWLRQV�GHULYHG�IURP�WKH�����

W\SLFDO�PRGDOLW\��7KH�ODFN�RI�HYLGHQFH�IRU�PHWDPRGDO�HQJDJHPHQW�RI�WKH�PLG�67*�E\�WRNHQ�EDVHG�97�VWLPXOL�LQ�����

RXU�VWXG\�DQG�WKH�PL[HG�HYLGHQFH�LQ�SULRU�VWXGLHV�RI�QHXURW\SLFDO�LQGLYLGXDOV�PD\�UHIOHFW�D�IDLOXUH�WR�����

VXFFHVVIXOO\�SHUIRUP�WKLV�LQWHUIDFH�PDSSLQJ������

7KH�DELOLW\�WR�PDS�EHWZHHQ�VHQVRU\�KLHUDUFKLHV�OLNHO\�GHSHQGV�RQ�ERWK�DQDWRPLFDO�DQG�IXQFWLRQDO�FRQYHUJHQFH������

$QDWRPLFDO���6FKURHGHU�HW�DO���������0RWKH�HW�DO�������D��6PLOH\�HW�DO���������DQG�IXQFWLRQDO�VWXGLHV�LQ�KXPDQV�����

DQG�QRQ�KXPDQ�SULPDWHV��6FKURHGHU�HW�DO���������)R[H�HW�DO���������.D\VHU�HW�DO���������5R�HW�DO���������KDYH�����

HVWDEOLVKHG�FRQYHUJHQFH�SRLQWV�EHWZHHQ�VRPDWRVHQVRU\�DQG�DXGLWRU\�FRUWLFHV�VXFK�DV�WKH�EHOW�DQG�SDUDEHOW�����

DUHDV��*LYHQ�WKLV�FRQQHFWLYLW\��SULRU�FRPSXWDWLRQDO�VWXGLHV�KDYH�VKRZQ�WKDW�WKH�PDSSLQJ�EHWZHHQ�GLIIHUHQW�����

UHSUHVHQWDWLRQDO�IRUPDWV�FDQ�EH�OHDUQW�WKURXJK�VLPSOH�ELRORJLFDOO\�SODXVLEOH�OHDUQLQJ�UXOHV��3RXJHW�DQG�6Q\GHU������

������'DYLVRQ�DQG�)UpJQDF���������6WLOO��ZKLOH�LW�LV�VLPSOH�WR�OHDUQ�WKH�PDSSLQJ�EHWZHHQ�VWDWLF�IHDWXUHV��LW�LV�����

QRQ�WULYLDO�WR�PDWFK�WKH�WHPSRUDO�G\QDPLFV�EHWZHHQ�IXQFWLRQDO�KLHUDUFKLHV��3RXJHW�DQG�6Q\GHU��������'DYLVRQ�����

DQG�)UpJQDF���������,Q�WKH�DXGLWRU\�FRUWH[�VWXGLHV��2YHUDWK�HW�DO���������0RRUH�DQG�:RROOH\��������KDYH�����

VKRZQ�WKDW�DXGLWRU\�VWLPXOL�WKDW�GR�QRW�SUHVHUYH�WKH�VDPH�WHPSRUDO�PRGXODWLRQV�IRXQG�LQ�FRQVSHFLILF�����

FRPPXQLFDWLRQ�VLJQDOV�VXE�RSWLPDOO\�GULYH�KLJKHU�RUGHU�DXGLWRU\�FRUWH[�DQG�SUHFOXGH�OHDUQLQJ��7KLV�LV�����

VXSSRUWHG�E\�RXU�FXUUHQW�UHVXOWV��WKDW�RQO\�97�YRFRGHG�VWLPXOL�WKDW�SUHVHUYH�WKHVH�IDVW�WHPSRUDO�G\QDPLFV�FDQ�����

GULYH�DXGLWRU\�SHUFHSWXDO�VSHHFK�UHSUHVHQWDWLRQV�LQ�WKH�PLG�67*������

7KH�WRNHQ�EDVHG�DOJRULWKP�ZDV�EDVHG�RQ�D�SUHYLRXVO\�SXEOLVKHG�DOJRULWKP��5HHG�DW�DO���������ZKHUH�VWLPXOXV�����

GXUDWLRQV�ZHUH�FKRVHQ�WR�RSWLPL]H�UHFRJQL]DELOLW\��,Q�WKLV�VWXG\��WKH�WRNHQ�EDVHG�DOJRULWKP�JHQHUDWHG�ORQJHU�����

VWLPXOL�WKDQ�WKRVH�JHQHUDWHG�E\�WKH�YRFRGHG�DOJRULWKP��*LYHQ�WKLV�GLIIHUHQFH��LW�LV�UHPDUNDEOH�WKDW�ZRUGV�ZHUH�����

UHFRJQL]HG�HTXDOO\�ZHOO�LQ�ERWK�DOJRULWKPV��HYHQ�WKRXJK�WKH�YRFRGHG�VWLPXOL�ZHUH�VKRUWHU��WKHUHIRUH�UHTXLULQJ�����

PRUH�LQIRUPDWLRQ�SURFHVVHG�SHU�XQLW�WLPH���7KXV��DOWKRXJK�ERWK�DOJRULWKPV�ZHUH�VLPLODUO\�OHDUQDEOH��HIIHFWLYH�����

PHWDPRGDO�HQJDJHPHQW�PD\�IDFLOLWDWH�PRUH�HIILFLHQW�OHDUQLQJ��<HW��GLIIHUHQFHV�LQ�VWLPXOXV�OHQJWK�EHWZHHQ�WKH�����

WZR�DOJRULWKPV�FRXOG�OHDG�WR�D�WULYLDO�GLIIHUHQFH�LQ�%2/'�FRQWUDVW�UHVSRQVHV��PDNLQJ�RXU�ZLWKLQ�VXEMHFW�����

EHIRUH�DIWHU�H[SHULPHQWDO�GHVLJQ�HVVHQWLDO�IRU�FRQWUROOLQJ�VWLPXOXV�GLIIHUHQFHV�DQG�LVRODWLQJ�WKH�QHXUDO�HIIHFWV�RI�����

WUDLQLQJ�������

,QWULJXLQJO\��ZH�ILQG�VWURQJHU�HYLGHQFH�RI�PHWDPRGDO�HQJDJHPHQW�E\�97�YRFRGHG�VWLPXOL�LQ�WKH�ULJKW�UDWKHU�WKDQ�����

OHIW�PLG�67*��$�VLJQLILFDQW�ERG\�RI�ZRUN��%RHPLR�HW�DO���������2EOHVHU�HW�DO���������*LUDXG�DQG�3RHSSHO������������
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)OLQNHU�HW�DO���������$OERX\�HW�DO���������VXJJHVWV�WKDW�WKH�OHIW�DQG�ULJKW�67*�DUH�GLIIHUHQWLDOO\�VHQVLWLYH�WR�����

VSHFWURWHPSRUDO�FRQWHQW�RI�DXGLWRU\�VWLPXOL��6SHFLILFDOO\��LW�KDV�EHHQ�SURSRVHG��)OLQNHU�HW�DO���������WKDW�WKH�OHIW�����

67*�VDPSOHV�DXGLWRU\�LQIRUPDWLRQ�RQ�IDVW�DQG�VORZ�WLPHVFDOHV�ZKLOH�WKH�ULJKW�SUHIHUHQWLDOO\�GRHV�WKH�ODWWHU��,Q�����

WKH�FXUUHQW�VWXG\��RXU�97�YRFRGHG�VWLPXOL�SUHVHUYH�WKH�FRDUVH�WHPSRUDO�G\QDPLFV�RI�DXGLWRU\�VSHHFK��EXW�GXH�����

WR�KDUGZDUH�OLPLWDWLRQV�KDYH�D�ORZHU�WHPSRUDO�UHVROXWLRQ�WKDQ�WKH�DXGLWRU\�VRXUFH�VLJQDO��$OVR��WKH�WHPSRUDO�����

UHVROXWLRQ�RI�YLEURWDFWLOH�SHUFHSWLRQ�LV�ORZHU�WKDQ�WKDW�RI�DXGLWRU\�SURFHVVLQJ�±�VLQFH�UHFHSWRUV�LQ�WKH�VNLQ�DFW�DV�����

DGGLWLRQDO�ORZ�SDVV�ILOWHUV��%HQVPDwD�DQG�+ROOLQV���������7KXV��WKH�REVHUYHG�PHWDPRGDO�HQJDJHPHQW�RI�WKH�����

ULJKW�PRUH�WKDQ�WKH�OHIW�67*�SURYLGHV�VXSSRUW�IRU�WKH�DV\PPHWULF�VSHFWURWHPSRUDO�PRGXODWLRQ�WKHRU\�RI�����

KHPLVSKHULF�SURFHVVLQJ��)OLQNHU�HW�DO���������������

*LYHQ�WKDW�VXEMHFWV�ZHUH�DEOH�WR�OHDUQ�WRNHQ�EDVHG�DQG�YRFRGHG�97�VWLPXOL�DV�ZRUGV�ZLWK�URXJKO\�HTXDO�����

SURILFLHQF\��KRZ�GRHV�WKH�IRUPHU�JURXS�DFFRPSOLVK�WKLV�WDVN"�:H�LQLWLDOO\�K\SRWKHVL]HG�WKDW�WKH�VORZHU�����

WHPSRUDO�G\QDPLFV�RI�WRNHQ�EDVHG�VWLPXOL�ZRXOG�HQJDJH�PRUH�DQWHULRU�67*�DUHDV�WKDW�DUH�WKRXJKW�WR�LQWHJUDWH�����

LQIRUPDWLRQ�RQ�ORQJHU�WLPHVFDOHV��2YHUDWK�HW�DO���������+XOOHWW�HW�DO����������+RZHYHU��ZH�GLG�QRW�ILQG�HYLGHQFH�����

IRU�WKLV�LQ�WKH�FXUUHQW�VWXG\��7KLV�PD\�EH�GXH�WR�LQVXIILFLHQW�FRQQHFWLYLW\�EHWZHHQ�VRPDWRVHQVRU\�DQG�DQWHULRU�����

67*��0RWKH�HW�DO�������E���+RZHYHU��ZH�GLG�ILQG�HYLGHQFH�WKDW�WRNHQ�EDVHG�VWLPXOL�HQJDJH�QHXUDO�����

UHSUHVHQWDWLRQV�LQ�WKH�OHIW�KLSSRFDPSXV��7KLV�ILWV�ZLWK�SUHYLRXV�SURSRVDOV�WKDW�OHDUQHG�DVVRFLDWLRQV�FDQ�EH�����

UHWULHYHG�XVLQJ�SDLUHG�DVVRFLDWH�UHFDOO�FLUFXLWV�LQ�WKH�PHGLDO�WHPSRUDO�OREH��0L\DVKLWD���������$�PRUH�WKRURXJK�����

XQGHUVWDQGLQJ�RI�WKLV�SURFHVV�WKURXJK�IXWXUH�VWXGLHV�ZLOO�VKHG�DGGLWLRQDO�LQVLJKW�LQWR�ZKLFK�SDWKZD\V�DQG�����

PHFKDQLVPV�DUH�OHYHUDJHG�WR�OHDUQ�GLIIHUHQW�W\SHV�RI�DVVRFLDWLRQV������

7KH�SUHVHQW�VWXG\�KDV�VRPH�OLPLWDWLRQV��)RU�LQVWDQFH��WRNHQ�EDVHG�VWLPXOL�PD\�EH�HQFRGHG�LQ�WKH�P67*�LQ�D�����

IRUPDW�WKDW�PD\�EH�FDSWXUHG�E\�DQ�DOWHUQDWLYH�P5'0��6WLOO��ZH�GLG�QRW�ILQG�D�VLJQLILFDQW�WUDLQLQJ�HIIHFW�LQ�WKH�����

P67*�HYHQ�ZKHQ�XVLQJ�D�P5'0�GHULYHG�VSHFLILFDOO\�IRU�WRNHQ�EDVHG�VWLPXOL��/LNHZLVH��RXU�K\SRWKHVLV�WKDW�����

RQO\�WKH�YRFRGHG�HQFRGLQJ�OHG�WR�PXOWLPRGDO�HQJDJHPHQW�ZDV�VXSSRUWHG�E\�WKH�IXQFWLRQDO�FRQQHFWLYLW\�����

DQDO\VHV�WKDW�UHYHDOHG�VLJQLILFDQW�WUDLQLQJ�UHODWHG�FKDQJHV�LQ�FRQQHFWLYLW\�EHWZHHQ�VRPDWRVHQVRU\�DQG�����

DXGLWRU\�DUHDV�RQO\�IRU�WKH�97�YRFRGHG�EXW�QRW�WKH�WRNHQ�EDVHG�JURXS��7KLV�DFWV�DV�FRPSOHPHQWDU\�HYLGHQFH�����

WKDW�97�WRNHQ�EDVHG�VWLPXOL�DUH�XQDEOH�WR�³HQJDJH´�WKH�P67*��1H[W��GHVSLWH�HYLGHQFH�IRU�D�WUDLQLQJ�UHODWHG�����

HIIHFW�IRU�97�WRNHQ�EDVHG�VWLPXOL�LQ�WKH�KLSSRFDPSXV��WKLV�UHVXOW�VKRXOG�EH�LQWHUSUHWHG�ZLWK�FDXWLRQ�VLQFH�WKH�����

SRVW�WUDLQLQJ�FRUUHODWLRQ�ZDV�QRW�VLJQLILFDQWO\�JUHDWHU�WKDQ����)LQDOO\��D�OLPLWDWLRQ�RI�WKH�SUHVHQW�VWXG\�LV�WKH�����



�

� ��

PRGHVW�VDPSOH�VL]H�XVHG��7KLV�LV�HVSHFLDOO\�WUXH�LQ�WKH�97�VFDQV��LQ�ZKLFK�RQO\�ODUJH�HIIHFW�VL]HV�FRXOG�EH�����

GHWHFWHG��,Q�WKH�FXUUHQW�VWXG\��WKH�FUXFLDO�K\SRWKHVLV�ZDV�WKDW�97�YRFRGHG�VWLPXOL�HQJDJHG�DXGLWRU\�ZRUG�����

UHSUHVHQWDWLRQV�LQ�WKH�67*�DIWHU�WUDLQLQJ�EHWWHU�WKDQ�WRNHQ�EDVHG�97�VWLPXOL��0L[HG�HIIHFWV�DQDO\VLV�ZDV�DEOH�WR�����

GHWHFW�WKLV�VLJQLILFDQW�SUHGLFWHG�LQWHUDFWLRQ��<HW��LW�LV�SRVVLEOH�WKDW�WRNHQ�EDVHG�VWLPXOL�PLJKW�DOVR�H[KLELW�VPDOO�����

WUDLQLQJ�UHODWHG�FKDQJHV�WKDW�PD\�KDYH�EHHQ�PLVVHG�GXH�WR�WKH�VPDOO�VDPSOH�VL]H������

,Q�VXPPDU\��RXUV�LV�WKH�ILUVW�VWXG\�WR�XVH�WZR�GLIIHUHQW�VHQVRU\�VXEVWLWXWLRQ�DOJRULWKPV�WR�GHPRQVWUDWH�WKDW�����

PHWDPRGDO�HQJDJHPHQW�LQ�QHXURW\SLFDO�LQGLYLGXDOV�UHOLHV�RQ�D�FRUUHVSRQGHQFH�EHWZHHQ�WKH�HQFRGLQJ�����

VFKHPHV�RI�QRYHO�DQG�VWDQGDUG�VHQVRU\�PRGDOLW\�VWLPXOL��7KLV�H[WHQGV�PHWDPRGDO�WKHRULHV��+HLPOHU�HW�DO�������

������WKDW�RQO\�HPSKDVL]H�D�FRUUHVSRQGHQFH�DW�WKH�WDVN�OHYHO��+HLPOHU�HW�DO����������&RQVLGHUDWLRQ�RI�WKHVH�����

FRUUHVSRQGHQFHV�PD\�SURYLGH�LQVLJKW�LQWR�KRZ�WKH�EUDLQ�PDSV�EHWZHHQ�YDULRXV�OHYHOV�RI�GLIIHUHQW�IXQFWLRQDO�����

KLHUDUFKLHV�OLNH�VXE�OH[LFDO�DQG�OH[LFDO�RUWKRJUDSK\�DQG�SKRQRORJ\��6KDUH���������,W�DOVR�VXJJHVWV�WKDW�����

WKHUDSHXWLF�VHQVRU\�VXEVWLWXWLRQ�GHYLFHV�PLJKW�EHQHILW�IURP�GLIIHUHQW�DOJRULWKPV�IRU�SDWLHQWV�ZLWK�DFTXLUHG�UDWKHU�����

WKDQ�FRQJHQLWDO�VHQVRU\�GHSULYDWLRQ��)RU�WKH�IRUPHU��FDUHIXO�FRQVLGHUDWLRQ�VKRXOG�EH�JLYHQ�WR�WKH�W\SH�RI�����

VHQVRU\�VXEVWLWXWLRQ�DOJRULWKP�WR�EHVW�LQWHUIDFHV�ZLWK�VSDUHG�VHQVRU\�UHSUHVHQWDWLRQV��7KH�DELOLW\�WR�����

³SLJJ\EDFN´�RQWR�DQ�H[LVWLQJ�SURFHVVLQJ�KLHUDUFK\��H�J���DXGLWRU\�VSHHFK�UHFRJQLWLRQ��PD\�IDFLOLWDWH�WKH�UDSLG�����

OHDUQLQJ�RI�QRYHO�VWLPXOL�SUHVHQWHG�WKURXJK�D�VSDUHG�VHQVRU\�PRGDOLW\��H�J���97���)XWXUH�ZRUN�VKRXOG�H[SORUH�����

ZKHWKHU�WKLV�REVHUYHG�LQWHJUDWLRQ�LQWR�H[LVWLQJ�SURFHVVLQJ�VWUHDPV�OHDGV�WR�LPSURYHG�JHQHUDOL]DWLRQ�DQG�����

WUDQVIHU�RI�OHDUQLQJ�� �����
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VHOHFWLYH�IRU�DXGLWRU\�PRWLRQ�LQ�HDUO\�GHDI�LQGLYLGXDOV��%LRU[LY������������������������

%HQVPDwD�6��+ROOLQV�0��������3DFLQLDQ�UHSUHVHQWDWLRQV�RI�ILQH�VXUIDFH�WH[WXUH��3HUFHSW�3V\FKRSK\V�������±����
���������

%HUQVWHLQ�/(��'HPRUHVW�0(��&RXOWHU�'&��2¶&RQQHOO�03��������/LSUHDGLQJ�VHQWHQFHV�ZLWK�YLEURWDFWLOH�����
YRFRGHUV��SHUIRUPDQFH�RI�QRUPDO�KHDULQJ�DQG�KHDULQJ�LPSDLUHG�VXEMHFWV��-�$FRXVW�6RF�$P��������±����������

%RHPLR�$��)URPP�6��%UDXQ�$��3RHSSHO�'��������+LHUDUFKLFDO�DQG�DV\PPHWULF�WHPSRUDO�VHQVLWLYLW\�LQ�KXPDQ�����
DXGLWRU\�FRUWLFHV��1DW�1HXURVFL������±���������

%ROD�à��=LPPHUPDQQ�0��0RVWRZVNL�3��-HGQRUyJ�.��0DUFKHZND�$��5XWNRZVNL�3��6]ZHG�0��������7DVN�VSHFLILF�����
UHRUJDQL]DWLRQ�RI�WKH�DXGLWRU\�FRUWH[�LQ�GHDI�KXPDQV��3URF�1DWLRQDO�$FDG�6FL�����(���±(���������

&KHYLOOHW�0$��-LDQJ�;��5DXVFKHFNHU�-3��5LHVHQKXEHU�0��������$XWRPDWLF�3KRQHPH�&DWHJRU\�6HOHFWLYLW\�LQ�WKH�����
'RUVDO�$XGLWRU\�6WUHDP��7KH�-RXUQDO�RI�1HXURVFLHQFH��������±����������

&R[�5:��������$)1,��6RIWZDUH�IRU�$QDO\VLV�DQG�9LVXDOL]DWLRQ�RI�)XQFWLRQDO�0DJQHWLF�5HVRQDQFH�����
1HXURLPDJHV��&RPSXW�%LRPHG�5HV�������±���������

&R[�5:��+\GH�-6��������6RIWZDUH�WRROV�IRU�DQDO\VLV�DQG�YLVXDOL]DWLRQ�RI�I05,�GDWD��1PU�%LRPHG�������±���������

'DYLVRQ�$3��)UpJQDF�<��������/HDUQLQJ�&URVV�0RGDO�6SDWLDO�7UDQVIRUPDWLRQV�WKURXJK�6SLNH�7LPLQJ�����
'HSHQGHQW�3ODVWLFLW\��-�1HXURVFL��������±����������

(EHUKDUGW�63��-U��(7$��%HUQVWHLQ�/(��������0XOWLVHQVRU\�WUDLQLQJ�FDQ�SURPRWH�RU�LPSHGH�YLVXDO�SHUFHSWXDO�����
OHDUQLQJ�RI�VSHHFK�VWLPXOL��YLVXDO�WDFWLOH�YV��YLVXDO�DXGLWRU\�WUDLQLQJ��)URQW�+XP�1HXURVFL������������
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(LFKHQEDXP�+��6FKRHQEDXP�*��<RXQJ�%��%XQVH\�0��������)XQFWLRQDO�RUJDQL]DWLRQ�RI�WKH�KLSSRFDPSDO�����
PHPRU\�V\VWHP��3URF�1DWLRQDO�$FDG�6FL���������±�����������

(LFKHQEDXP�+��<RQHOLQDV�$3��5DQJDQDWK�&��������7KH�0HGLDO�7HPSRUDO�/REH�DQG�5HFRJQLWLRQ�0HPRU\������
$QQX�5HY�1HXURVFL�������±���������

)DLUKDOO�6/��3RUWHU�.%��%HOOXFFL�&��0D]]HWWL�0��&LSROOL�&��*REELQL�0,��������3ODVWLF�UHRUJDQL]DWLRQ�RI�QHXUDO�����
V\VWHPV�IRU�SHUFHSWLRQ�RI�RWKHUV�LQ�WKH�FRQJHQLWDOO\�EOLQG��1HXURLPDJH��������±���������

)DXO�)��(UGIHOGHU�(��/DQJ�$�*��%XFKQHU�$��������*
3RZHU����$�IOH[LEOH�VWDWLVWLFDO�SRZHU�DQDO\VLV�SURJUDP�IRU�����
WKH�VRFLDO��EHKDYLRUDO��DQG�ELRPHGLFDO�VFLHQFHV��%HKDY�5HV�0HWKRGV�������±���������

)LVFKO�%��6HUHQR�0,��7RRWHOO�5%+��'DOH�$0��������+LJKǦUHVROXWLRQ�LQWHUVXEMHFW�DYHUDJLQJ�DQG�D�FRRUGLQDWH�����
V\VWHP�IRU�WKH�FRUWLFDO�VXUIDFH��+XP�%UDLQ�0DSS������±���������

)OLQNHU�$��'R\OH�:.��0HKWD�$'��'HYLQVN\�2��3RHSSHO�'��������6SHFWURWHPSRUDO�PRGXODWLRQ�SURYLGHV�D�����
XQLI\LQJ�IUDPHZRUN�IRU�DXGLWRU\�FRUWLFDO�DV\PPHWULHV��1DW�+XP�%HKDY������±���������

)R[H�--��:\OLH�*5��0DUWLQH]�$��6FKURHGHU�&(��-DYLWW�'&��*XLOIR\OH�'��5LWWHU�:��0XUUD\�00��������$XGLWRU\�����
6RPDWRVHQVRU\�0XOWLVHQVRU\�3URFHVVLQJ�LQ�$XGLWRU\�$VVRFLDWLRQ�&RUWH[��$Q�I05,�6WXG\��-�1HXURSK\VLRO�����
������±���������

*LOEHUW�3(��.HVQHU�53��������/RFDOL]DWLRQ�RI�)XQFWLRQ�:LWKLQ�WKH�'RUVDO�+LSSRFDPSXV��7KH�5ROH�RI�WKH�&$������
6XEUHJLRQ�LQ�3DLUHG�$VVRFLDWH�/HDUQLQJ��%HKDY�1HXURVFL���������±����������

*LUDXG�$�/��3RHSSHO�'��������&RUWLFDO�RVFLOODWLRQV�DQG�VSHHFK�SURFHVVLQJ��HPHUJLQJ�FRPSXWDWLRQDO�SULQFLSOHV�����
DQG�RSHUDWLRQV��1DW�1HXURVFL�������±���������

*ODVVHU�0)��&RDOVRQ�76��5RELQVRQ�(&��+DFNHU�&'��+DUZHOO�-��<DFRXE�(��8JXUELO�.��$QGHUVVRQ�-��%HFNPDQQ�����
&)��-HQNLQVRQ�0��6PLWK�60��(VVHQ�'&9��������$�PXOWL�PRGDO�SDUFHOODWLRQ�RI�KXPDQ�FHUHEUDO�FRUWH[������
1DWXUH��������±���������

*OH]HU�/6��(GHQ�*��-LDQJ�;��/XHWMH�0��1DSROLHOOR�(��.LP�-��5LHVHQKXEHU�0��������8QFRYHULQJ�SKRQRORJLFDO�����
DQG�RUWKRJUDSKLF�VHOHFWLYLW\�DFURVV�WKH�UHDGLQJ�QHWZRUN�XVLQJ�I05,�5$��1HXURLPDJH��������±���������

+DPLOWRQ�/6��(GZDUGV�(��&KDQJ�()��������$�6SDWLDO�0DS�RI�2QVHW�DQG�6XVWDLQHG�5HVSRQVHV�WR�6SHHFK�LQ�WKH�����
+XPDQ�6XSHULRU�7HPSRUDO�*\UXV��&XUU�%LRO��������������H�������

+DPLOWRQ�/6��2JDQLDQ�<��&KDQJ�()��������7RSRJUDSK\�RI�VSHHFK�UHODWHG�DFRXVWLF�DQG�SKRQRORJLFDO�IHDWXUH�����
HQFRGLQJ�WKURXJKRXW�WKH�KXPDQ�FRUH�DQG�SDUDEHOW�DXGLWRU\�FRUWH[��%LRU[LY������������������������

+DPLOWRQ�/6��2JDQLDQ�<��+DOO�-��&KDQJ�()��������3DUDOOHO�DQG�GLVWULEXWHG�HQFRGLQJ�RI�VSHHFK�DFURVV�KXPDQ�����
DXGLWRU\�FRUWH[��&HOO���������������H��������

+HLPOHU�%��6WULHP�$PLW�(��$PHGL�$��������2ULJLQV�RI�WDVN�VSHFLILF�VHQVRU\�LQGHSHQGHQW�RUJDQL]DWLRQ�LQ�WKH�����
YLVXDO�DQG�DXGLWRU\�EUDLQ��QHXURVFLHQFH�HYLGHQFH��RSHQ�TXHVWLRQV�DQG�FOLQLFDO�LPSOLFDWLRQV��&XUU�2SLQ�����
1HXURELRO�������±���������

+LFNRN�*��3RHSSHO�'��������7KH�FRUWLFDO�RUJDQL]DWLRQ�RI�VSHHFK�SURFHVVLQJ��1DWXUH�5HYLHZV�1HXURVFLHQFH�����
��QUQ����������
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+XOOHWW�3:��+DPLOWRQ�/6��0HVJDUDQL�1��6FKUHLQHU�&(��&KDQJ�()��������+XPDQ�6XSHULRU�7HPSRUDO�*\UXV�����
2UJDQL]DWLRQ�RI�6SHFWURWHPSRUDO�0RGXODWLRQ�7XQLQJ�'HULYHG�IURP�6SHHFK�6WLPXOL��7KH�-RXUQDO�RI�����
1HXURVFLHQFH��������±����������

,YHUVRQ�3��%HUQVWHLQ�/(��-U�(7$��������0RGHOLQJ�WKH�LQWHUDFWLRQ�RI�SKRQHPLF�LQWHOOLJLELOLW\�DQG�OH[LFDO�VWUXFWXUH�����
LQ�DXGLRYLVXDO�ZRUG�UHFRJQLWLRQ��6SHHFK�&RPPXQ������±��������

.D\VHU�&��3HWNRY�&,��/RJRWKHWLV�1.��������0XOWLVHQVRU\�LQWHUDFWLRQV�LQ�SULPDWH�DXGLWRU\�FRUWH[��I05,�DQG�����
HOHFWURSK\VLRORJ\��+HDULQJ�5HV�������±��������

.HOO�$��<DPLQV�'��6KRRN�(1��1RUPDQ�+DLJQHUH�69��0F'HUPRWW�-+��������$�7DVN�2SWLPL]HG�1HXUDO�1HWZRUN�����
5HSOLFDWHV�+XPDQ�$XGLWRU\�%HKDYLRU��3UHGLFWV�%UDLQ�5HVSRQVHV��DQG�5HYHDOV�D�&RUWLFDO�3URFHVVLQJ�����
+LHUDUFK\��1HXURQ������������H��������

.ULHJHVNRUWH�1��.LHYLW�5$��������5HSUHVHQWDWLRQDO�JHRPHWU\��LQWHJUDWLQJ�FRJQLWLRQ��FRPSXWDWLRQ��DQG�WKH�EUDLQ������
7UHQGV�LQ�&RJQLWLYH�6FLHQFHV�������±���������

.ULHJHVNRUWH�1��0XU�0��%DQGHWWLQL�3$��������5HSUHVHQWDWLRQDO�VLPLODULW\�DQDO\VLV���FRQQHFWLQJ�WKH�EUDQFKHV�RI�����
V\VWHPV�QHXURVFLHQFH��)URQWLHUV�LQ�6\VWHPV�1HXURVFLHQFH����������

/HZLFNL�06��������(IILFLHQW�FRGLQJ�RI�QDWXUDO�VRXQGV��1DWXUH�1HXURVFLHQFH������������

/HZLV�&0��%DOGDVVDUUH�$��&RPPLWWHUL�*��5RPDQL�*/��&RUEHWWD�0��������/HDUQLQJ�VFXOSWV�WKH�VSRQWDQHRXV�����
DFWLYLW\�RI�WKH�UHVWLQJ�KXPDQ�EUDLQ��3�1DWO�$FDG�6FL�8VD����������±�����������

/RPEHU�6*��0HUHGLWK�0$��.UDO�$��������&URVV�PRGDO�SODVWLFLW\�LQ�VSHFLILF�DXGLWRU\�FRUWLFHV�XQGHUOLHV�YLVXDO�����
FRPSHQVDWLRQV�LQ�WKH�GHDI��1DW�1HXURVFL��������±����������

0DORQH�36��(EHUKDUGW�63��:LPPHU�.��6SURXVH�&��.OHLQ�5��*ORPE�.��6FKROO�&$��%RNHULD�/��&KR�3��'HFR�*������
-LDQJ�;��%HUQVWHLQ�/(��5LHVHQKXEHU�0��������1HXUDO�PHFKDQLVPV�RI�YLEURWDFWLOH�FDWHJRUL]DWLRQ��+XP�%UDLQ�����
0DSS��������±����������

0DUU�'��������9LVLRQ��$�&RPSXWDWLRQDO�,QYHVWLJDWLRQ�LQWR�WKH�+XPDQ�5HSUHVHQWDWLRQ�DQG�3URFHVVLQJ�RI�9LVXDO�����
,QIRUPDWLRQ��+HQU\�+ROW�DQG�&R���,QF������

0DWWLRQL�6��5H]N�0��%DWWDO�&��%RWWLQL�5��0HQGR]D�.(&��2RVWHUKRI�11��&ROOLJQRQ�2��������&DWHJRULFDO�����
UHSUHVHQWDWLRQ�IURP�VRXQG�DQG�VLJKW�LQ�WKH�YHQWUDO�RFFLSLWR�WHPSRUDO�FRUWH[�RI�VLJKWHG�DQG�EOLQG��(OLIH�����
��H�����������

0F&OHOODQG�-/��0F1DXJKWRQ�%/��2¶5HLOO\�5&��������:K\�WKHUH�DUH�FRPSOHPHQWDU\�OHDUQLQJ�V\VWHPV�LQ�WKH�����
KLSSRFDPSXV�DQG�QHRFRUWH[��,QVLJKWV�IURP�WKH�VXFFHVVHV�DQG�IDLOXUHV�RI�FRQQHFWLRQLVW�PRGHOV�RI�OHDUQLQJ�����
DQG�PHPRU\��3V\FKRO�5HY��������±���������

0HLMHU�3%/��������$Q�H[SHULPHQWDO�V\VWHP�IRU�DXGLWRU\�LPDJH�UHSUHVHQWDWLRQV��,HHH�7�%LR�PHG�(QJ�������±����
���������

0L\DVKLWD�<��������3HULUKLQDO�FLUFXLWV�IRU�PHPRU\�SURFHVVLQJ��1DW�5HY�1HXURVFL�������±���������

0RRUH�-0��:RROOH\�601��������(PHUJHQW�WXQLQJ�IRU�OHDUQHG�YRFDOL]DWLRQV�LQ�DXGLWRU\�FRUWH[��1DW�1HXURVFL�����
�������±����������

0RWKH�/$�GH�OD��%OXPHOO�6��.DMLNDZD�<��+DFNHWW�7$������D��&RUWLFDO�FRQQHFWLRQV�RI�WKH�DXGLWRU\�FRUWH[�LQ�����
PDUPRVHW�PRQNH\V��&RUH�DQG�PHGLDO�EHOW�UHJLRQV��-�&RPS�1HXURO�������±��������
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0RWKH�/$�GH�OD��%OXPHOO�6��.DMLNDZD�<��+DFNHWW�7$������E��&RUWLFDO�FRQQHFWLRQV�RI�WKH�DXGLWRU\�FRUWH[�LQ�����
PDUPRVHW�PRQNH\V��&RUH�DQG�PHGLDO�EHOW�UHJLRQV��-�&RPS�1HXURO�������±��������

2EOHVHU�-��(LVQHU�)��.RW]�6$��������%LODWHUDO�6SHHFK�&RPSUHKHQVLRQ�5HIOHFWV�'LIIHUHQWLDO�6HQVLWLYLW\�WR�����
6SHFWUDO�DQG�7HPSRUDO�)HDWXUHV��-�1HXURVFL��������±����������

2RVWHUKRI�11��&RQQROO\�$&��+D[E\�-9��������&R60R093$��0XOWL�0RGDO�0XOWLYDULDWH�3DWWHUQ�$QDO\VLV�RI�����
1HXURLPDJLQJ�'DWD�LQ�0DWODE�*18�2FWDYH��)URQWLHUV�LQ�1HXURLQIRUPDWLFV������������

2RVWHUKRI�11��:LHVWOHU�7��'RZQLQJ�3(��'LHGULFKVHQ�-��������$�FRPSDULVRQ�RI�YROXPH�EDVHG�DQG�VXUIDFH�����
EDVHG�PXOWL�YR[HO�SDWWHUQ�DQDO\VLV��1HXURLPDJH�������±���������

2¶5HLOO\�5&��5XG\�-:��������&RQMXQFWLYH�UHSUHVHQWDWLRQV�LQ�OHDUQLQJ�DQG�PHPRU\��3ULQFLSOHV�RI�FRUWLFDO�DQG�����
KLSSRFDPSDO�IXQFWLRQ��3V\FKRO�5HY��������±���������

2YHUDWK�7��0F'HUPRWW�-+��=DUDWH�-0��3RHSSHO�'��������7KH�FRUWLFDO�DQDO\VLV�RI�VSHHFK�VSHFLILF�WHPSRUDO�����
VWUXFWXUH�UHYHDOHG�E\�UHVSRQVHV�WR�VRXQG�TXLOWV��1DW�1HXURVFL�������±���������

3DVFXDO�/HRQH�$��+DPLOWRQ�5��������7KH�PHWDPRGDO�RUJDQL]DWLRQ�RI�WKH�EUDLQ��3URJ�%UDLQ�5HV��������±���������

3HQLNLV�.%��6DQHV�'+��������$�5HGXQGDQW�&RUWLFDO�&RGH�IRU�6SHHFK�(QYHORSH��-�1HXURVFL������±���������

3HUUDFKLRQH�7.��*KRVK�66��������2SWLPL]HG�'HVLJQ�DQG�$QDO\VLV�RI�6SDUVH�6DPSOLQJ�I05,�([SHULPHQWV������
)URQW�1HXURVFL�VZLW]�����������

3RXJHW�$��6Q\GHU�/+��������&RPSXWDWLRQDO�DSSURDFKHV�WR�VHQVRULPRWRU�WUDQVIRUPDWLRQV��1DW�1HXURVFL�����
������±����������

5DXVFKHFNHU�-3��6FRWW�6.��������0DSV�DQG�VWUHDPV�LQ�WKH�DXGLWRU\�FRUWH[��QRQKXPDQ�SULPDWHV�LOOXPLQDWH�����
KXPDQ�VSHHFK�SURFHVVLQJ��1DWXUH�1HXURVFLHQFH�������±���������

5HHG�&0��7DQ�+=��3HUH]�='��:LOVRQ�(&��6HYHUJQLQL�)0��-XQJ�-��0DUWLQH]�-6��-LDR�<��,VUDU�$��/DX�)��.OXPE�.������
7XUFRWW�5��$EQRXVL�)��������$�3KRQHPLF�%DVHG�7DFWLOH�'LVSOD\�IRU�6SHHFK�&RPPXQLFDWLRQ��,HHH�7�+DSWLFV�����
����±��������

5HLFK�/��6]ZHG�0��&RKHQ�/��$PHGL�$��������$�9HQWUDO�9LVXDO�6WUHDP�5HDGLQJ�&HQWHU�,QGHSHQGHQW�RI�9LVXDO�����
([SHULHQFH��&XUU�%LRO�������±���������

5HQLHU�/��&ROOLJQRQ�2��3RLULHU�&��7UDQGX\�'��9DQOLHUGH�$��%RO�$��9HUDDUW�&��9ROGHU�$*'��������&URVV�PRGDO�����
DFWLYDWLRQ�RI�YLVXDO�FRUWH[�GXULQJ�GHSWK�SHUFHSWLRQ�XVLQJ�DXGLWRU\�VXEVWLWXWLRQ�RI�YLVLRQ��1HXURLPDJH�������±����
���������

5HQLHU�/$��$QXURYD�,��9ROGHU�$*'��&DUOVRQ�6��9DQ0HWHU�-��5DXVFKHFNHU�-3��������3UHVHUYHG�)XQFWLRQDO�����
6SHFLDOL]DWLRQ�IRU�6SDWLDO�3URFHVVLQJ�LQ�WKH�0LGGOH�2FFLSLWDO�*\UXV�RI�WKH�(DUO\�%OLQG��1HXURQ�������±���������

5R�7��(OOPRUH�70��%HDXFKDPS�06��������$�1HXUDO�/LQN�%HWZHHQ�)HHOLQJ�DQG�+HDULQJ��&HUHE�&RUWH[�����
�������±����������

6DDG�=6��5H\QROGV�5&��������680$��1HXURLPDJH�������±���������

6DGDWR�1��3DVFXDO�/HRQH�$��*UDIPDQ�-��,EDxH]�9��'HLEHU�0�3��'ROG�*��+DOOHWW�0��������$FWLYDWLRQ�RI�WKH�����
SULPDU\�YLVXDO�FRUWH[�E\�%UDLOOH�UHDGLQJ�LQ�EOLQG�VXEMHFWV��1DWXUH��������±���������
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6FKURHGHU�&(��/LQGVOH\�5:��6SHFKW�&��0DUFRYLFL�$��6PLOH\�-)��-DYLWW�'&��������6RPDWRVHQVRU\�,QSXW�WR�����
$XGLWRU\�$VVRFLDWLRQ�&RUWH[�LQ�WKH�0DFDTXH�0RQNH\��-�1HXURSK\VLRO��������±����������

6FKURHGHU�&(��6PLOH\�-��)X�.*��0F*LQQLV�7��2¶&RQQHOO�01��+DFNHWW�7$��������$QDWRPLFDO�PHFKDQLVPV�DQG�����
IXQFWLRQDO�LPSOLFDWLRQV�RI�PXOWLVHQVRU\�FRQYHUJHQFH�LQ�HDUO\�FRUWLFDO�SURFHVVLQJ��,QW�-�3V\FKRSK\VLRO�����±����
��������

6KDUH�'/��������3KRQRORJLFDO�5HFRGLQJ�DQG�2UWKRJUDSKLF�/HDUQLQJ��$�'LUHFW�7HVW�RI�WKH�6HOI�7HDFKLQJ�����
+\SRWKHVLV��-RXUQDO�RI�([SHULPHQWDO�&KLOG�3V\FKRORJ\������±���������

6LPRQFHOOL�(3��2OVKDXVHQ�%$��������1DWXUDO�,PDJH�6WDWLVWLFV�DQG�1HXUDO�5HSUHVHQWDWLRQ��$QQX�5HY�1HXURVFL�����
�������±����������

6LXGD�.U]\ZLFND�.��%ROD�à��3DSOLĔVND�0��6XPHUD�(��-HGQRUyJ�.��0DUFKHZND�$��ĝOLZLĔVND�0:��$PHGL�$������
6]ZHG�0��������0DVVLYH�FRUWLFDO�UHRUJDQL]DWLRQ�LQ�VLJKWHG�%UDLOOH�UHDGHUV��(OLIH���H�����������

6PLOH\�-)��+DFNHWW�7$��8OEHUW�,��.DUPDV�*��/DNDWRV�3��-DYLWW�'&��6FKURHGHU�&(��������0XOWLVHQVRU\�����
FRQYHUJHQFH�LQ�DXGLWRU\�FRUWH[��,��&RUWLFDO�FRQQHFWLRQV�RI�WKH�FDXGDO�VXSHULRU�WHPSRUDO�SODQH�LQ�PDFDTXH�����
PRQNH\V��-�&RPS�1HXURO��������±���������

6WULHP�$PLW�(��&RKHQ�/��'HKDHQH�6��$PHGL�$��������5HDGLQJ�ZLWK�6RXQGV��6HQVRU\�6XEVWLWXWLRQ�6HOHFWLYHO\�����
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FKDQJHV�GXULQJ�UHVW�LQ�WKH�KXPDQ�EUDLQ��1HXURLPDJH�������±���������

9HWWHU�3��%ROD�à��5HLFK�/��%HQQHWW�0��0XFNOL�/��$PHGL�$��������'HFRGLQJ�1DWXUDO�6RXQGV�LQ�(DUO\�³9LVXDO´�����
&RUWH[�RI�&RQJHQLWDOO\�%OLQG�,QGLYLGXDOV��&XUU�%LRO��������������H�������
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)LJXUH�/HJHQGV�DQG�7DEOHV�����

)LJXUH����97�KDUGZDUH��VSHHFK�WR�WDFWLOH�WUDQVIRUPDWLRQ�DOJRULWKPV��VWLPXOL��I05,�H[SHULPHQWDO�GHVLJQ������

DQG�PRGHO�GLVVLPLODULW\�PDWUL[���$�����FKDQQHO�05,�FRPSDWLEOH�97�VWLPXODWRU���%��6KRZV�WKH�WRNHQ�EDVHG�����

DOJRULWKP�IRU�WUDQVIRUPLQJ�VSRNHQ�ZRUGV�LQWR�97�SDWWHUQV��,W�DVVLJQV�HDFK�SKRQHPH�D�GLVWLQFW�97�SDWWHUQ��VHH�����

0HWKRGV�VHFWLRQ�IRU�PRUH�GHWDLOV����&��6KRZV�WKH�YRFRGLQJ�DOJRULWKP�ZKLFK��IRFXVHV�RQ�SUHVHUYLQJ�WKH�����

WHPSRUDO�G\QDPLFV�EHWZHHQ�WKH�DXGLWRU\�DQG�97�VWLPXOL���'��6KRZV�WKH�DXGLWRU\��WRS��DQG�97��ERWWRP��I05,�����

RQH�EDFN�SDUDGLJPV�XVHG�LQ�WKH�VWXG\��,Q�ERWK�SDUDGLJPV��VXEMHFWV�IRFXVHG�RQ�D�FHQWUDO�IL[DWLRQ�FURVV��DQG�����

SUHVVHG�D�EXWWRQ�LQ�WKHLU�OHIW�KDQG�LI�WKH\�KHDUG�RU�IHOW�WKH�VDPH�VWLPXOXV�WZLFH�LQ�D�URZ��*UHHQ�IUDPH��QRW�����

VKRZQ�LQ�WDVN��LQGLFDWHV�VXFK�D�RQH�EDFN�WULDO��$EEUHYLDWLRQV��75�±�UHSHWLWLRQ�WLPH��,7,�±�LQWHUWULDO�LQWHUYDO��7$�±�����

DFTXLVLWLRQ�WLPH������
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)LJXUH����%HKDYLRUDO�OHYHO�FRUUHVSRQGHQFH�EHWZHHQ�DXGLWRU\�DQG�97�VWLPXOL��7KH�DXGLWRU\�DQG�WKH�WZR�97�����

SHUFHSWXDO�PRGHO�UHSUHVHQWDWLRQDO�GLVVLPLODULW\�PDWULFHV��P5'0V��IRU�WKH���&9&&�WUDLQHG�ZRUGV�DUH�KLJKO\�����

FRUUHODWHG��U� �������GHPRQVWUDWLQJ�D�FRUUHVSRQGHQFH�RI�VWLPXOXV�VLPLODULWLHV�DW�WKH�EHKDYLRUDO�OHYHO������
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)LJXUH����3URJUHVVLRQ�RI�OHDUQLQJ�97�VWLPXOL�DV�VSHHFK���$��6KRZV�WKH�SHUIRUPDQFH�RI�LQGLYLGXDOV�RQ�WKH�����

EHKDYLRUDO�WUDLQLQJ�SDUDGLJP�DFURVV�VHVVLRQV��7KH�OHIW�DQG�ULJKW�SORWV�VKRZ�WKH�WUDLQLQJ�SURJUHVVLRQ�IRU�����

VXEMHFWV�LQ�WKH�WRNHQ�EDVHG�DQG�YRFRGHG�97�JURXSV��UHVSHFWLYHO\��'DWD�IRU�WKH�ILQDO�WUDLQLQJ�VHVVLRQV�IRU�WZR�����

VXEMHFWV��RQH�SHU�JURXS��DUH�PLVVLQJ�GXH�WR�WHFKQLFDO�HUURU��6KDGHG�OLQHV�FRQQHFW�WKH�VDPH�LQGLYLGXDO�DFURVV�����

VHVVLRQV��'DWD�IRU�WKH�ILQDO�VHVVLRQ�RI�WZR�VXEMHFWV�ZDV�ORVW�GXH�WR�WHFKQLFDO�HUURU���%��6KRZV�WKH�SHUIRUPDQFH�����

RI�VXEMHFWV�E\�DOJRULWKP�JURXS�RQ����$)&�WDVN�FRPSOHWHG�DIWHU�WKH�ILQDO�SRVW�WUDLQLQJ�I05,�VFDQ��$�WZR�VDPSOH�����

W�WHVW�UHYHDOV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�SHUIRUPDQFH�EHWZHHQ�WKH�JURXSV��t��� ��������S� ���������'DVKHG�UHG�����

OLQH�LQGLFDWHV�FKDQFH�SHUIRUPDQFH��+RUL]RQWDO�OLQHV�LQ�WKH�YLROLQ�SORWV�UHIOHFW�WKH�PHGLDQ������
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)LJXUH����8QLYDULDWH�DFWLYLW\�IRU�³6WLPXOL�%DVHOLQH´�LQ�WKH�DXGLWRU\�DQG�97�VFDQV���$��6KRZV�WKH�JURXS�����

OHYHO�VSHHFK�SHUFHSWLRQ�QHWZRUN�UHYHDOHG�E\�WKH�FRQWUDVW�RI�DOO�DXGLWRU\�ZRUGV�!�EDVHOLQH���%��6KRZV�WKH�SUH�����

WUDLQLQJ�JURXS�OHYHO�97�SHUFHSWLRQ�QHWZRUN�UHYHDOHG�E\�WKH�FRQWUDVW�RI�DOO�YLEURWDFWLOH�ZRUGV�!�EDVHOLQH���&������

6DPH�DV��%���EXW�IRU�SRVW�WUDLQLQJ�VFDQV��5HVXOWV�DUH�UHQGHUHG�RQ�D�680$�GHULYHG�VWDQGDUG�VXUIDFH��$OO�����
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UHVXOWV�DUH�SUHVHQWHG�DW�D�FOXVWHU�GHILQLQJ�WZR�WDLOHG�α� �������DQG�S�≤�������/+�DQG�5+�UHIHU�WR�OHIW�DQG�ULJKW�����

KHPLVSKHUH��UHVSHFWLYHO\�������
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)LJXUH����$XGLWRU\�6FDQ�±�5HSUHVHQWDWLRQDO�VLPLODULW\�DQDO\VLV��56$��RI�YRFRGHG�DXGLWRU\�ZRUGV��56$�����

UHYHDOHG�WKDW�QHXUDO�5'0V�LQ�ELODWHUDO�67*�UHJLRQV�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�WKH�SUHGLFWHG�DXGLWRU\�����

SHUFHSWXDO�P5'0��)LJ������Q ����α� ��������S�≤�������7KH�FHQWHU�RI�PDVV�RI�WKH�OHIW�67*�FOXVWHU�ZDV�FHQWHUHG�����

RQ�01,���������������7KH�FHQWHU�RI�PDVV�RI�WKH�ULJKW�67*�FOXVWHU�ZDV�FHQWHUHG�RQ�01,��������������&RORUV�UHIOHFW�����

DFURVV�VXEMHFW�W�VWDWLVWLFV������
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)LJXUH����9RFRGHG�EXW�QRW�WRNHQ�EDVHG�97�VWLPXOL�DUH�HQFRGHG�VLPLODUO\�WR�DXGLWRU\�VSRNHQ�ZRUGV�LQ�����

WKH�PLG�67*�IROORZLQJ�97�VSHHFK�WUDLQLQJ��/LQHDU�PL[HG�HIIHFWV�DQDO\VLV�UHYHDOHG�D�VLJQLILFDQW�WZR�ZD\�����

LQWHUDFWLRQ�EHWZHHQ�7UDLQLQJ�3KDVH�DQG�$OJRULWKP��β� ��������t31.1� ��������S� ���������7R�LQYHVWLJDWH�WKLV�����

LQWHUDFWLRQ��ZH�FUHDWHG�LQWHUDFWLRQ�HIIHFWV�SORWV���$��7KH�PHDQ�)LVKHU�WUDQVIRUPHG�3HDUVRQ�FRUUHODWLRQ�EHWZHHQ�����

QHXUDO�DQG�PRGHO�5'0V�HVWLPDWHG�IURP�WKH�PL[HG�HIIHFWV�PRGHO�IRU�WKH�YRFRGHG�JURXS�DUH�UHSUHVHQWHG�E\�WKH�����

RSDTXH�OLQHV��)RU�WKH�97�YRFRGHG�JURXS��SRVW�KRF�WHVWV�VKRZ�D�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�SUH��DQG�SRVW�����

WUDLQLQJ�LQ�WKH�ULJKW��t����� ��������S� �������6LGDN�DGMXVWHG��EXW�QRW�WKH�OHIW�67*��t����� ��������S� �������6LGDN�����

DGMXVWHG����%��7KH�VDPH�DV��$��EXW�IRU�WKH�WRNHQ�EDVHG�JURXS��3RVW�KRF�WHVWV�VKRZ�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�����

WKH�ULJKW��t����� ���������S� �������6LGDN�DGMXVWHG��RU�OHIW�67*��t����� ��������S� �������6LGDN�DGMXVWHG���9DOXHV�����

DERYH�HDFK�YLROLQ�UHIOHFW�WKH�uncorrected�S�YDOXH�IURP�D�RQH�VDPSOH�W�WHVW�DJDLQVW����6HPL�WUDQVSDUHQW�OLQHV�����

UHIOHFW�UDZ�LQGLYLGXDO�VXEMHFW�FRUUHODWLRQV�IURP�HLWKHU�WKH�OHIW��WHDO��RU�ULJKW��RUDQJH��67*��+RUL]RQWDO�OLQHV�LQ�WKH�����

YLROLQ�SORWV�UHIOHFW�WKH�PHGLDQ��*UHHQ�DVWHULVN�PDUNV�VLJQLILFDQW��S≤�����GLIIHUHQFHV�DIWHU�PXOWLSOH�FRPSDULVRQV�����

FRUUHFWLRQ������
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)LJXUH����7UDLQLQJ�ZLWK�9RFRGHG�97�6SHHFK�6WLPXOL�,QFUHDVHV�)XQFWLRQDO�&RQQHFWLYLW\�%HWZHHQ�����

6RPDWRVHQVRU\�DQG�$XGLWRU\�5HJLRQV���$��8VLQJ�WKH�ULJKW�PLG�67*�52,��)LJ�����DV�D�VHHG�UHYHDOHG�WZR�����

VLJQLILFDQW�FOXVWHUV�RI�LQFUHDVHG�IXQFWLRQDO�FRQQHFWLYLW\�DIWHU�WUDLQLQJ�LQ�WKH�OHIW�67*��01,���������������DQG�LQ�WKH�����

OHIW�VXSUDPDUJLQDO�J\UXV��01,������������������%���8VLQJ�WKH�OHIW�6,,�VHHG�GHULYHG�IURP�WKH�+&3�003����DWODV�����
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�*ODVVHU�HW�DO���������UHYHDOHG�D�VLJQLILFDQW�FOXVWHU�LQ�WKH�OHIW�FHQWUDO�VXOFXV��01,�����������������,W�DOVR�LGHQWLILHG�����

WZR�VLJQLILFDQW�FOXVWHUV�LQ�WKH�ULJKW�KHPLVSKHUH��7KH�ILUVW�HQFRPSDVVHG�ULJKW�LQVXOD�DQG�+HVFKO¶V�J\UXV��01,������

��������������7KH�RWKHU�LV�RQ�WKH�ULJKW�67*��01,���������������$OO�ZKROH�EUDLQ�UHVXOWV�VKRZQ�DUH�FRUUHFWHG�DW�WZR�����

WDLOHG�YR[HO�ZLVH�α� �������DQG�FOXVWHU�S�≤�������&RORUV�UHIOHFW�DFURVV�VXEMHFW�W�VWDWLVWLFV���&�'��6KRZV�WKH�����

SRVW�SUH�WUDLQLQJ�FRUUHODWLRQV�IRU�WKH�97�YRFRGHG�DQG�WRNHQ�EDVHG�JURXSV�UHVSHFWLYHO\�XVLQJ�DQ�52,�WR�52,�����

IXQFWLRQDO�FRQQHFWLYLW\��&RORU�EDU�UHIOHFWV�WKH�SRVW�SUH�WUDLQLQJ�GLIIHUHQFH�LQ�IXQFWLRQDO�FRQQHFWLYLW\�EHWZHHQ�����

52,V��$�SDLUHG�W�WHVW�ZDV�SHUIRUPHG�WR�FRPSDUH�FKDQJHV�LQ�IXQFWLRQDO�FRQQHFWLYLW\�SRVW�SUH�WUDLQLQJ��*UHHQ�����

DVWHULVNV�PDUN�S�≤������)'5�FRUUHFWHG������
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)LJXUH����7UDLQLQJ�,QFUHDVHV�(QFRGLQJ�RI�WKH�97�7RNHQ�%DVHG�6WLPXOL�LQ�WKH�/HIW�+LSSRFDPSXV��/LQHDU�����

PL[HG�HIIHFWV�DQDO\VLV�UHYHDOHG�D�VLJQLILFDQW�WKUHH�ZD\�LQWHUDFWLRQ�EHWZHHQ�7UDLQLQJ�3KDVH��$OJRULWKP��DQG�����

+HPLVSKHUH��β� ���������t36� ���������S� ���������7R�LQYHVWLJDWH�WKLV�LQWHUDFWLRQ��ZH�FUHDWHG�LQWHUDFWLRQ�HIIHFWV�����

SORWV���$��7KH�PHDQ�)LVKHU�WUDQVIRUPHG�3HDUVRQ�FRUUHODWLRQ�EHWZHHQ�QHXUDO�DQG�PRGHO�5'0V�HVWLPDWHG�IURP������

WKH�PL[HG�HIIHFWV�PRGHO�IRU�WKH�YRFRGHG�JURXS�DUH�UHSUHVHQWHG�E\�WKH�RSDTXH�OLQHV��)RU�WKH�97�YRFRGHG�����

JURXS��SRVW�KRF�WHVWV�VKRZ�D�WUHQGLQJ�GLIIHUHQFH�EHWZHHQ�SUH��DQG�SRVW�WUDLQLQJ�LQ�WKH�ULJKW��t����� ��������S� �����

�������6LGDN�DGMXVWHG��EXW�QRW�WKH�OHIW�KLSSRFDPSXV��t����� ��������S� �������6LGDN�DGMXVWHG����%��7KH�VDPH�DV�����

�$��EXW�IRU�WKH�WRNHQ�EDVHG�JURXS��3RVW�KRF�WHVWV�VKRZ�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�ULJKW��t����� ��������S� �����

������6LGDN�DGMXVWHG���EXW�GR�VKRZ�D�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�OHIW�KLSSRFDPSXV��t����� ��������S� �����������

6LGDN�DGMXVWHG���9DOXHV�DERYH�HDFK�YLROLQ�UHIOHFW�WKH�XQFRUUHFWHG�S�YDOXH�IURP�D�RQH�VDPSOH�W�WHVW�DJDLQVW��������

6HPL�WUDQVSDUHQW�OLQHV�UHIOHFW�UDZ�LQGLYLGXDO�VXEMHFW�FRUUHODWLRQV�IURP�HLWKHU�WKH�OHIW��WHDO��RU�ULJKW��RUDQJH������

KLSSRFDPSXV��+RUL]RQWDO�OLQHV�LQ�WKH�YLROLQ�SORWV�UHIOHFW�WKH�PHGLDQ��*UHHQ�DVWHULVN�DQG�RUDQJH�WLOGH�PDUN�����

VLJQLILFDQW��S≤�����DQG�WUHQGLQJ��S≤����GLIIHUHQFHV��UHVSHFWLYHO\��DIWHU�PXOWLSOH�FRPSDULVRQV�FRUUHFWLRQ�����
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7DEOH����%UHDNGRZQ�RI�ZRUG�VWLPXOL�SUHVHQWHG�WR�SDUWLFLSDQWV�����
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7DEOH����/RFDWLRQ�IRU�DOO�UHJLRQV�ZLWK�VLJQLILFDQW�DFWLYDWLRQ�YV�EDVHOLQH��&OXVWHUV�DUH�WKUHVKROGHG�DW�D�����

YR[HO�ZLVH�α���������DQG�FOXVWHU�OHYHO�S���������):(�FRUUHFWHG������
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7DEOH����/RFDWLRQ�IRU�DOO�UHJLRQV�ZLWK�VLJQLILFDQW�WUDLQLQJ�UHODWHG�FKDQJHV�LQ�VHHG�WR�YR[HO�IXQFWLRQDO�����

FRQQHFWLYLW\�LQ�WKH�97�YRFRGHG�JURXS��&OXVWHUV�DUH�WKUHVKROGHG�DW�D�YR[HO�ZLVH�α���������DQG�FOXVWHU�����

OHYHO�S���������):(�FRUUHFWHG������
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