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+XPDQ�OHDUQLQJ�DQG�GHFLVLRQ�PDNLQJ�LV�VXSSRUWHG�E\�PXOWLSOH�V\VWHPV�RSHUDWLQJ�LQ�SDUDOOHO��5HFHQW�Ϯϵ�

VWXGLHV�LVRODWLQJ�WKH�FRQWULEXWLRQV�RI�UHLQIRUFHPHQW�OHDUQLQJ��5/��DQG�ZRUNLQJ�PHPRU\��:0��KDYH�ϯϬ�
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DOWHUV�WKH�DELOLW\�WR�VKLIW�EHWZHHQ�WKH�WZR�V\VWHPV�VWUDWHJLFDOO\�WR�PD[LPL]H�LPPHGLDWH�OHDUQLQJ�YHUVXV�ϰϭ�

UHWHQWLRQ�RI�LQIRUPDWLRQ�DQG�IRXQG�WKDW�LQGXFHG�VWUHVV�KDG�RQO\�D�OLPLWHG�HIIHFW�RQ�WKLV�WUDGH�RII��7KH�ϰϮ�

SUHVHQW�UHVXOWV�RIIHU�D�GHHSHU�XQGHUVWDQGLQJ�RI�WKH�FRRSHUDWLYH�LQWHUDFWLRQ�EHWZHHQ�:0�DQG�5/�DQG�ϰϯ�

VKRZ�WKDW�UHO\LQJ�RQ�:0�FDQ�EHQHILW�WKH�UDSLG�DFTXLVLWLRQ�RI�FKRLFH�EHKDYLRU�GXULQJ�OHDUQLQJ�EXW�ϰϰ�

LPSDLUV�UHWHQWLRQ���ϰϱ�

�ϰϲ�

�ϰϳ�

�ϰϴ�

�ϰϵ�

�ϱϬ�

�ϱϭ�

�ϱϮ�

�ϱϯ�

�ϱϰ�

�ϱϱ�



�

ϯ�
�

6LJQLILFDQFH�VWDWHPHQW�ϱϲ�
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(YHU\GD\�EHKDYLRU��OLNH�VHOHFWLQJ�ZKDW�WR�ZHDU�DQG�ZKDW�WR�HDW��LQYROYHV�UHLQIRUFHPHQW�ϴϱ�

OHDUQLQJ��5/���&DQRQLFDO�5/�PRGHOV�LQFUHPHQWDOO\�DFFXPXODWH�H[SHFWHG�YDOXHV�RI�VWLPXOXV�DFWLRQ�ϴϲ�

SDLULQJV�RYHU�WKH�FRXUVH�RI�PXOWLSOH�H[SHULHQFHV��:KLOH�WKLV�5/�V\VWHP�OHDUQV�UDWKHU�VORZO\�DQG�ϴϳ�

LQFUHPHQWDOO\��LW�FDQ�EH�DXJPHQWHG�E\�WKH�MRLQW�VXSSRUW�RI�ZRUNLQJ�PHPRU\��:0���HVSHFLDOO\�ZKHQ�ϴϴ�

OHDUQLQJ�QHZ�DUELWUDU\�FRQWLQJHQFLHV��<RR�	�&ROOLQV���������:0�HQDEOHV�IDVW�OHDUQLQJ�E\�UREXVWO\�ϴϵ�

PDLQWDLQLQJ��LQ�DQ�DFFHVVLEOH�IRUP��WKH�UHSUHVHQWDWLRQV�RI�UHOHYDQW�VWLPXOXV�DFWLRQ�DVVRFLDWLRQV�WR�ϵϬ�

VXSSRUW�RQJRLQJ�SURFHVVLQJ�VXFK�DV�YDOXH�EDVHG�OHDUQLQJ�DQG�GHFLVLRQ�PDNLQJ��+RZHYHU��ZKHQ�:0�ϵϭ�

FDSDFLW\�LV�H[FHHGHG��LW�VXIIHUV�IURP�LQWHUIHUHQFH��FDXVLQJ�UHOHYDQW�UHSUHVHQWDWLRQV�WR�EH�ORVW�RU�ϵϮ�

FRUUXSWHG��2EHUDXHU�HW�DO����������,QGHHG��ZKLOH�WKH�:0�V\VWHP�LV�EHQHILFLDO�IRU�VXSSRUWLQJ�HDUO\�ϵϯ�

OHDUQLQJ��LWV�FRQWULEXWLRQ�WR�VXFFHVVIXO�OHDUQLQJ�LV�FRQVWUDLQHG�E\�OLPLWHG�FDSDFLW\��&ROOLQV�	�)UDQN��ϵϰ�

�������2Q�WKH�RWKHU�KDQG��WKH�LQFUHPHQWDO�5/�V\VWHP�KDV�D�PXFK�EURDGHU�FDSDFLW\�DQG�LV�PRUH�UREXVW�ϵϱ�

DV�ORQJ�DV�WKH�UHZDUG�FRQWLQJHQFLHV�UHPDLQ�VWDEOH��3UHYLRXV�VWXGLHV�KDYH�WKXV�VKRZQ�D�WUDQVLWLRQ�IURP�ϵϲ�

FDSDFLW\��DQG�GHOD\�VHQVLWLYH�:0�WR�5/�RYHU�WKH�FRXUVH�RI�OHDUQLQJ��&ROOLQV�	�)UDQN����������������ϵϳ�

0RUHRYHU��UHFHQW�VWXGLHV�H[DPLQLQJ�WKH�MRLQW�FRQWULEXWLRQV�RI�:0�DQG�5/�WR�OHDUQLQJ�KDYH�ϵϴ�

VXJJHVWHG�WKDW�WKHVH�V\VWHPV�DUH�QRW�PRGXODU��EXW�UDWKHU�LQWHUDFWLYH��&ROOLQV��������&ROOLQV�	�)UDQN��ϵϵ�

������&ROOLQV�HW�DO������D�E���I05,�DQG�((*�VWXGLHV�SURYLGHG�VXSSRUW�IRU�D�FRRSHUDWLYH�LQWHUDFWLRQ��ϭϬϬ�

ZKHQ�VWLPXOXV�UHZDUG�LQIRUPDWLRQ�LV�VWRUHG�LQ�:0��QHXUDO�LQGLFHV�RI�UHZDUG�SUHGLFWLRQ�HUURUV��53(V��ϭϬϭ�

DUH�UHGXFHG��&ROOLQV�HW�DO�������D��&ROOLQV�	�)UDQN���������&RQYHUVHO\��53(V�ZHUH�ODUJHU�XQGHU�KLJK�ϭϬϮ�

ORDG��OHDGLQJ�WR�DFFHOHUDWHG�³QHXUDO�OHDUQLQJ�FXUYHV´�SXWDWLYHO\�LQGLFDWLYH�RI�PRUH�UREXVW�5/��GHVSLWH�ϭϬϯ�

VORZHG�EHKDYLRUDO�OHDUQLQJ�GXH�WR�GHJUDGHG�:0���7KLV�GLVVRFLDWLRQ�VXJJHVWHG�WKDW�ZKLOH�D�KLJK�:0�ϭϬϰ�

ORDG�VORZV�OHDUQLQJ��LW�PLJKW�DOVR�LPSURYH�UHWHQWLRQ��GXH�WR�DFFXPXODWLYH�53(V�WKDW�UHLQIRUFH�WKH�5/�ϭϬϱ�

V\VWHP��6XSSRUWLQJ�WKLV�SUHGLFWLRQ��LQ�WKH�VXUSULVH�WHVW�SKDVH��SDUWLFLSDQWV�VKRZHG�EHWWHU�UHWHQWLRQ�ϭϬϲ�

SHUIRUPDQFH�IRU�VWLPXOXV�UHVSRQVH�FRQWLQJHQFLHV�DQG�WKHLU�UHZDUG�YDOXHV�ZKHQ�WKH\�KDG�EHHQ�OHDUQHG�ϭϬϳ�

XQGHU�KLJKHU�FRPSDUHG�WR�ORZHU�:0�GHPDQGV��&ROOLQV�HW�DO�������E��&ROOLQV��������:LPPHU�	�ϭϬϴ�

3ROGUDFN���������+RZHYHU��WZR�PDMRU�OLPLWDWLRQV�UHPDLQHG�IURP�WKLV�SULRU�ZRUN���ϭϬϵ�

)LUVW��WKH�SUHYLRXV�VWXG\�VKRZLQJ�HQKDQFHG�UHWHQWLRQ�RI�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQV�KDG�ϭϭϬ�

RQO\�WHVWHG�ORZ�DQG�KLJK�:0�FRQGLWLRQV��&ROOLQV���������ZLWK�RQO\�VXEWOH�DOEHLW�VLJQLILFDQW�GLIIHUHQFHV�ϭϭϭ�



�

ϱ�
�

LQ�SHUIRUPDQFH��DURXQG����GLIIHUHQFH�EHWZHHQ�VHW�VL]H���YV������:H�WKXV�SDUDPHWULFDOO\�PDQLSXODWHG�ϭϭϮ�

:0�GHPDQGV��&ROOLQV�HW�DO�������E��WR�WHVW�WKH�SUHGLFWLRQ�WKDW�UHWHQWLRQ�SHUIRUPDQFH�RI�VWLPXOXV�ϭϭϯ�

UHVSRQVH�DVVRFLDWLRQV�ZRXOG�VFDOH�PRQRWRQLFDOO\�DV�D�IXQFWLRQ�RI�LQFUHDVHG�:0�GHPDQG��GHVSLWH�ϭϭϰ�

PRQRWRQLFDOO\�VORZHG�OHDUQLQJ�LQ�WKHVH�FRQGLWLRQV��6HFRQG��ZKLOH�WKH�QHXUDO�DQG�EHKDYLRUDO�ILQGLQJV�ϭϭϱ�

KDYH�EHHQ�GRFXPHQWHG�RQ�WKHLU�RZQ��LW�KDV�QRW�\HW�EHHQ�HVWDEOLVKHG�ZKHWKHU�FRRSHUDWLYH�QHXUDO�ϭϭϲ�

LQWHUDFWLRQV�ZLWKLQ�:0�5/�V\VWHPV�GXULQJ�OHDUQLQJ�DUH�SUHGLFWLYH�RI�IXWXUH�UHWHQWLRQ��0RUHRYHU��LW�LV�ϭϭϳ�

XQFOHDU�ZKHWKHU�QHXUDO�5/�OHDUQLQJ�FXUYHV�UHIOHFW�UHZDUG�H[SHFWDWLRQV��RU�ZKHWKHU�WKH\�UHIOHFW�OHDUQHG�ϭϭϴ�

SROLFLHV��DV�SUHGLFWHG�E\�4�OHDUQLQJ�YV��DFWRU�FULWLF��-DVNLU�	�)UDQN�������/L�	�'DZ��������:H�WKXV�ϭϭϵ�

VRXJKW�WR�WHVW�WKHVH�UHODWLRQVKLSV�GLUHFWO\�E\�UHFRUGLQJ�((*�GXULQJ�OHDUQLQJ�DQG�WKHQ�DGPLQLVWHULQJ�ϭϮϬ�

WZR�UHWHQWLRQ�WHVWV��7KH�((*�PHDVXUHV�RI�5/�ZHUH�XVHG�WR�DVVHVV�ZKHWKHU�WKH�QHXUDO�5/�PHDVXUH�LV�ϭϮϭ�

SUHGLFWLYH�RI�SDUWLFLSDQWV
�DELOLW\�WR�UHWULHYH�OHDUQHG�UHZDUG�H[SHFWDWLRQV�DQG�RU�WKH�UHWHQWLRQ�RI�ϭϮϮ�

VWLPXOXV�UHVSRQVH�FRQWLQJHQFLHV����ϭϮϯ�

$V�D�VHFRQGDU\�DLP��ZH�DOVR�H[DPLQHG�WKH�LPSDFWV�RI�DFXWH�VWUHVV�RQ�5/�DQG�:0�SURFHVVHV��7KHUH�LV�ϭϮϰ�

DFFXPXODWLQJ�HYLGHQFH��DFURVV�YDULRXV�GRPDLQV�RI�OHDUQLQJ��WKDW�DFXWH�VWUHVV�UHGXFHV�JRDO�GLUHFWHG�ϭϮϱ�

GHFLVLRQ�PDNLQJ�DQG�DOWHUV�SUHIURQWDO�FRUWH[�IXQFWLRQLQJ��VHH�UHYLHZ�E\�$UQVWHQ���������WKHUHE\�ϭϮϲ�

SURPRWLQJ�D�VKLIW�IURP�FRJQLWLYHO\�GHPDQGLQJ�EXW�IOH[LEOH�V\VWHPV�WRZDUGV�VLPSOHU�EXW�PRUH�ULJLG�ϭϮϳ�

V\VWHPV��H�J���:LU]��HW�DO���������.LP�HW�DO���������6FKZDEH�	�:ROI��������9RJHO��)HUQiQGH]��-RsOV��	�ϭϮϴ�

6FKZDEH��������0HLHU��6WDUHVLQD��	�6FKZDEH���������:H�WKXV�WHVWHG�ZKHWKHU�VWUHVV�FRXOG�UHGXFH�ϭϮϵ�

:0¶V�DELOLW\�WR�HIIHFWLYHO\�JXLGH�OHDUQLQJ�DQG�LQVWHDG�HQKDQFH�WKH�UHODWLYH�FRQWULEXWLRQ�RI�5/�ϭϯϬ�

SURFHVVLQJ����ϭϯϭ�

0HWKRGV�ϭϯϮ�

Participants  ϭϯϯ�

(LJKW\�VL[�KHDOWK\�YROXQWHHUV�����ZRPHQ��DJH��������PHDQ� ��������6'� �������SDUWLFLSDWHG�LQ�ϭϯϰ�

WKLV�H[SHULPHQW��$OO�SDUWLFLSDQWV�ZHUH�ULJKW�KDQGHG��KDG�QRUPDO�RU�FRUUHFWHG�WR�QRUPDO�YLVLRQ��DQG�ϭϯϱ�

ZHUH�VFUHHQHG�IRU�SRVVLEOH�((*�FRQWUDLQGLFDWLRQV��,QGLYLGXDOV�ZLWK�D�FXUUHQW�PHGLFDO�FRQGLWLRQ��ϭϯϲ�

PHGLFDWLRQ�LQWDNH��RU�OLIHWLPH�KLVWRU\�RI�DQ\�QHXURORJLFDO�RU�SV\FKLDWULF�GLVRUGHUV�ZHUH�H[FOXGHG�IURP�ϭϯϳ�
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SDUWLFLSDWLRQ��$OO�SDUWLFLSDQWV�SURYLGHG�ZULWWHQ�LQIRUPHG�FRQVHQW�EHIRUH�WKH�EHJLQQLQJ�RI�WHVWLQJ�DQG�ϭϯϴ�

UHFHLYHG�PRGHUDWH�PRQHWDU\�FRPSHQVDWLRQ��7KH�VWXG\�SURWRFRO�ZDV�DSSURYHG�E\�WKH�HWKLFV�FRPPLWWHH�ϭϯϵ�

RI�WKH�)DFXOW\�RI�3V\FKRORJ\�DQG�+XPDQ�0RYHPHQW�6FLHQFHV�DW�WKH�8QLYHUVLW\�RI�+DPEXUJ��ϭϰϬ�

�ϭϰϭ�

Experimental procedure �ϭϰϮ�

Learning task ϭϰϯ�

,QWHUDFWLRQV�RI�5/�DQG�:0�ZHUH�WHVWHG�XVLQJ�WKH�5/:0�WDVN��&ROOLQV�������&ROOLQV�	�)UDQN��ϭϰϰ�

�������������SURJUDPPHG�LQ�0$7/$%�XVLQJ�WKH�3V\FKRSK\VLFV�7RROER[��,Q�WKLV�WDVN��VHH�)LJ���$���ϭϰϱ�

HDFK�WULDO�VWDUWHG�ZLWK�D�SUHVHQWDWLRQ�RI�D�VWLPXOXV�LQ�WKH�FHQWHU�RI�WKH�VFUHHQ��RQ�D�EODFN�EDFNJURXQG�ϭϰϲ�

DQG�SDUWLFLSDQWV�KDG�WR�OHDUQ�ZKLFK�RI�WKH�WKUHH�DFWLRQV��NH\�SUHVVHV�$���$���$���WR�VHOHFW�EDVHG�RQ�ϭϰϳ�

WULDO�E\�WULDO�UHZDUG�IHHGEDFN��6WLPXOXV�SUHVHQWDWLRQ�DQG�UHVSRQVH�WLPH�ZHUH�OLPLWHG�WR�����VHF��ϭϰϴ�

,QFRUUHFW�FKRLFHV�OHG�WR�IHHGEDFN����ZKLOH�FRUUHFW�FKRLFHV�OHG�WR�UHZDUG���UHZDUG�ZDV���RU���SRLQWV�ϭϰϵ�

IL[HG�ZLWK�WKH�SUREDELOLW\�RI�����������RU�������6WLPXOXV�SUREDELOLW\�DVVLJQPHQW�ZDV�FRXQWHUEDODQFHG�ϭϱϬ�

ZLWKLQ�SDUWLFLSDQWV�WR�HQVXUH�HTXDO�RYHUDOO�YDOXH�RI�GLIIHUHQW�VHW�VL]HV��VHH�EHORZ��DQG�PRWRU�DFWLRQV��ϭϱϭ�

7KH�NH\�SUHVV�ZDV�IROORZHG�E\�DXGLR�YLVXDO�IHHGEDFN��WKH�ZRUG�³:LQ�´�ZLWK�DQ�DVFHQGLQJ�WRQH�RU�WKH�ϭϱϮ�

ZRUG�³/RVV�´�ZLWK�D�GHVFHQGLQJ�WRQH���,I�SDUWLFLSDQWV�GLG�QRW�UHVSRQG�ZLWKLQ�����VHF��WKH�PHVVDJH�ϭϱϯ�

³7RR�VORZ�´�DSSHDUHG��)HHGEDFN�ZDV�SUHVHQWHG�IRU�����±�����VHF�DQG�IROORZHG�E\�D�IL[DWLRQ�FURVV�IRU�ϭϱϰ�

����±�����EHIRUH�WKH�QH[W�WULDO�VWDUWHG��ϭϱϱ�

7R�PDQLSXODWH�:0�GHPDQGV��WKH�QXPEHU�RI�VWLPXOXV�DFWLRQ�FRQWLQJHQFLHV�WR�EH�OHDUQHG�ϭϱϲ�

YDULHG�E\�EORFN�EHWZHHQ���WR����GHQRWHG�DV�QV���ZLWK�QHZ�VWLPXOL�VHW�SUHVHQWHG�DW�HDFK�QHZ�EORFN��H�J���ϭϱϳ�

FRORUV��IUXLWV��RU�DQLPDOV���7KHUH�ZHUH�IRXU�EORFNV�LQ�ZKLFK�VHW�VL]H ���WZR�EORFNV�LQ�ZKLFK�VHW�VL]H ���ϭϱϴ�

DQG�WKUHH�EORFN�LQ�ZKLFK�VHW�VL]H ��������IRU�D�WRWDO�RI����EORFNV�DQG�����WULDOV��:LWKLQ�D�EORFN��HDFK�ϭϱϵ�

VWLPXOXV�ZDV�SUHVHQWHG����WLPHV������VWLPXOL�ZHUH�SVHXGR�UDQGRPL]HG�DQG����VWLPXOL�ZHUH�SUHVHQWHG�ϭϲϬ�

IRU�HDFK�SDUWLFLSDQW��6WLPXOXV�FDWHJRU\�DVVLJQPHQW�WR�EORFN�VHW�VL]H�ZDV�FRXQWHUEDODQFHG�DFURVV�ϭϲϭ�

VXEMHFWV��%ORFN�RUGHU�ZDV�DOVR�FRXQWHUEDODQFHG�ZLWK�WKH�H[FHSWLRQ�RI�VHW�VL]H ��ZKLFK�VHUYHG�DV�ϭϲϮ�

FRQWURO��EORFN�QXPEHUV���DQG����ZHUH�VDYHG�IRU�VHW�VL]H �����ϭϲϯ�
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7KH�IROORZLQJ�LQVWUXFWLRQV�ZHUH�JLYHQ�WR�SDUWLFLSDQWV��³,Q�WKLV�H[SHULPHQW��\RX�ZLOO�VHH�DQ�ϭϲϰ�

LPDJH�RQ�WKH�VFUHHQ��<RX�QHHG�WR�UHVSRQG�WR�HDFK�LPDJH�E\�SUHVVLQJ�RQH�RI�WKH�WKUHH�EXWWRQV�RQ�WKH�ϭϲϱ�

*DPHSDG��������RU���ZLWK�\RXU�ULJKW�KDQG��<RXU�JRDO�LV�WR�ILJXUH�RXW�ZKLFK�EXWWRQ�PDNHV�\RX�ZLQ�IRU�ϭϲϲ�

HDFK�LPDJH��<RX�ZLOO�KDYH�D�IHZ�VHFRQGV�WR�UHVSRQG��3OHDVH�UHVSRQG�WR�HYHU\�LPDJH�DV�TXLFNO\�DQG�ϭϲϳ�

DFFXUDWHO\�DV�SRVVLEOH��,I�\RX�GR�QRW�UHVSRQG��WKH�WULDO�ZLOO�EH�FRXQWHG�DV�D�ORVV��,I�\RX�VHOHFW�WKH�ϭϲϴ�

FRUUHFW�EXWWRQ��\RX�ZLOO�JDLQ�SRLQWV��<RX�FDQ�JDLQ�HLWKHU���RU���SRLQWV�GHVLJQDWHG�DV�����RU�������6RPH�ϭϲϵ�

LPDJHV�ZLOO�JLYH�\RX�PRUH�SRLQWV�IRU�FRUUHFW�DQVZHUV�RQ�DYHUDJH�WKDQ�RWKHU�LPDJHV��<RX�FDQ�RQO\�JDLQ�ϭϳϬ�

SRLQWV�ZKHQ�\RX�VHOHFW�WKH�FRUUHFW�EXWWRQ�IRU�HDFK�LPDJH��$W�WKH�EHJLQQLQJ�RI�HDFK�EORFN��\RX�ZLOO�EH�ϭϳϭ�

VKRZQ�WKH�VHW�RI�LPDJHV�IRU�WKDW�EORFN��7DNH�VRPH�WLPH�WR�LGHQWLI\�WKHP�FRUUHFWO\��1RWH�WKH�IROORZLQJ�ϭϳϮ�

LPSRUWDQW�UXOHV��7KHUH�LV�21/<�21(�FRUUHFW�UHVSRQVH�IRU�HDFK�LPDJH��2QH�UHVSRQVH�EXWWRQ�0$<�EH�ϭϳϯ�

FRUUHFW�IRU�PXOWLSOH�LPDJHV��RU�QRW�EH�FRUUHFW�IRU�DQ\�LPDJH��:LWKLQ�HDFK�EORFN��WKH�FRUUHFW�UHVSRQVH�ϭϳϰ�

IRU�HDFK�LPDJH�ZLOO�QRW�FKDQJH´��ϭϳϱ�

 ϭϳϲ�

Test phase  ϭϳϳ�

$IWHU�WKH�OHDUQLQJ�SKDVH��SDUWLFLSDQWV�FRPSOHWHG�WZR�VXUSULVH�WHVW�SKDVHV��)LJ���%��&���7KH�ILUVW�ϭϳϴ�

ZDV�D�UHZDUG�UHWHQWLRQ�WHVW�WKDW�KDV�EHHQ�XVHG�LQ�HDUOLHU�VWXGLHV��H�J���&ROOLQV�HW�DO�������E���The reward ϭϳϵ�

retention test�ZDV�GHVLJQHG�WR�WHVW�ZKHWKHU�H[SHFWHG�YDOXHV�DUH�OHDUQHG�E\�GHIDXOW�VLQFH�VHYHUDO�ϭϴϬ�

SUHYLRXV�VWXGLHV�VKRZHG�WKDW�SDUWLFLSDQWV�FDQ�VHOHFW�DFWLRQV�EDVHG�RQ�WKHLU�UHODWLYH�H[SHFWHG�YDOXHV�DW�ϭϴϭ�

WKH�WUDQVIHU�SKDVH�HYHQ�ZKHQ�WKH\�RQO\�KDG�WR�OHDUQ�ZKLFK�LWHP�ZDV�EHVW��H�J���)UDQN�HW�DO��������ϭϴϮ�

3DOPLQWHUL�HW�DO���������,Q�WKLV�SKDVH��RQ�HDFK�WULDO�SDUWLFLSDQWV�ZHUH�UHTXHVWHG�WR�VHOHFW�WKH�PRUH�ϭϴϯ�

UHZDUGLQJ�VWLPXOXV�IURP�D�SDLU�RI�VWLPXOL�WKDW�KDG�HDFK�EHHQ�HQFRXQWHUHG�GXULQJ�WKH�OHDUQLQJ�SKDVH��ϭϴϰ�

$OO�VWLPXOL�WKDW�ZHUH�XVHG�LQ�WKH�OHDUQLQJ�SKDVH�ZHUH�SUHVHQWHG�LQ�WKH�WHVW�SKDVH�DW�OHDVW�RQFH��7KH�WZR�ϭϴϱ�

VWLPXOL�ZHUH�SVHXGR�UDQGRPO\�VHOHFWHG�WR�VDPSOH�DFURVV�DOO�SRVVLEOH�FRPELQDWLRQV�RI�VHW�VL]HV��EORFNV�ϭϴϲ�

DQG�SUREDELOLWLHV��7R�HQVXUH�QR�QHZ�OHDUQLQJ�DW�WKLV�SKDVH��SDUWLFLSDQWV�GLG�QRW�UHFHLYH�DQ\�IHHGEDFN�RQ�ϭϴϳ�

WKHLU�UHVSRQVHV��1RWH�WKDW�LQ�WKLV�WHVW��SDUWLFLSDQWV�FRXOG�QRW�OHYHUDJH�LQIRUPDWLRQ�WKH\�KDG�OHDUQHG�ϭϴϴ�

DERXW�ZKLFK�UHVSRQVH�WR�VHOHFW��WKH�µSROLF\
���LQVWHDG�WKH\�KDG�WR�XVH�QRYHO�UHVSRQVH�PDSSLQJV�WR�ϭϴϵ�

VLPSO\�LQGLFDWH�ZKLFK�VWLPXOXV�KDG�EHHQ�PRUH�UHZDUGHG��3DUWLFLSDQWV¶�DELOLW\�WR�VHOHFW�WKH�PRUH�ϭϵϬ�
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UHZDUGLQJ�VWLPXOXV�WKHUHIRUH�UHTXLUHG�VXFFHVVIXO�LQWHJUDWLRQ�RI�WKH�SUREDELOLVWLF�UHZDUG�PDJQLWXGH�ϭϵϭ�

KLVWRU\�RYHU�OHDUQLQJ�IRU�HDFK�VWLPXOXV���ϭϵϮ�

7KH�VHFRQG�WHVW�ZDV�the stimulus-response retention test�ZKLFK�DVVHVVHV�ZKHWKHU�SDUWLFLSDQWV�ϭϵϯ�

UHPHPEHU�WKH�FRUUHFW�UHVSRQVH�IRU�HDFK�VWLPXOXV�WKDW�WKH\�KDG�HQFRXQWHUHG�SUHYLRXVO\�GXULQJ�OHDUQLQJ��ϭϵϰ�

(DFK�RI�WKH�VWLPXOL�XVHG�LQ�WKH�OHDUQLQJ�SKDVH��H[FHSW�VWLPXOL�IURP�EORFN���DQG�EORFN����WR�OLPLW�ϭϵϱ�

SULPDF\�DQG�UHFHQF\�HIIHFWV��ZDV�SUHVHQWHG�IRXU�WLPHV�LQGLYLGXDOO\��DQG�SDUWLFLSDQWV�ZHUH�UHTXHVWHG�WR�ϭϵϲ�

SUHVV�WKH�NH\�WKDW�ZDV�DVVRFLDWHG�ZLWK�WKH�UHVSHFWLYH�VWLPXOXV��6WLPXOXV�RUGHU�ZDV�SVHXGR�UDQGRPL]HG�ϭϵϳ�

WR�PDNH�VXUH�WKDW�HDFK�VWLPXOXV�ZDV�SUHVHQWHG�LQ�HDFK�TXDUWHU�RI�WKH�WHVW�SKDVH��1R�IHHGEDFN�ZDV�ϭϵϴ�

SUHVHQWHG�WR�UXOH�RXW�QHZ�OHDUQLQJ�GXULQJ�WKLV�WHVW�SKDVH��1RWH�WKDW�EHFDXVH�WKLV�SKDVH�ZDV�SUHFHGHG�E\�ϭϵϵ�

WKH�UHZDUG�WHVW�SKDVH��DQG�EHFDXVH�LW�IROORZHG�PDQ\�VHULDO�EORFNV�RI�OHDUQLQJ��LW�LV�QRW�SODXVLEOH�WKDW�ϮϬϬ�

SDUWLFLSDQWV�FRXOG�KROG�LQIRUPDWLRQ�IRU�SUHYLRXVO\�HQFRXQWHUHG�VWLPXOL�LQ�:0��DQG�WKXV�UHWHQWLRQ�ϮϬϭ�

GHSHQGV�RQ�WKH�PHPRU\�IRU�VWLPXOXV�DFWLRQ�DVVRFLDWLRQV��WKH�SROLF\��DV�IRUPDOL]HG�E\�WKH�5/�V\VWHP�ϮϬϮ�

�&ROOLQV�������-DVNLU�	�)UDQN���������ϮϬϯ�

�ϮϬϰ�

    ---- Figure 1 here ------- ϮϬϱ�

 ϮϬϲ�

Behavioral data analysis ϮϬϳ�

6WDWLVWLFDO�DQDO\VHV�ZHUH�SHUIRUPHG�XVLQJ�5��5�&RUH�7HDP��������KWWSV���ZZZ�U�SURMHFW�RUJ���ϮϬϴ�

DQG�WKH�OPH��SDFNDJH��Y��������%DWHV�HW�DO����������'DWD�ZHUH�ILWWHG�XVLQJ�JHQHUDOL]HG�PL[HG�HIIHFW�ϮϬϵ�

PRGHOV��JOPHU��ZLWK�WKH�%LQRPLDO�IDPLO\�IXQFWLRQ��7R�DYRLG�WKH�7\SH�,�HUURU�UDWH�ZLWKRXW�VDFULILFLQJ�ϮϭϬ�

VWDWLVWLFDO�SRZHU��ZH�IROORZHG�WKH�SDUVLPRQLRXV�PL[HG�PRGHO�DSSURDFK��0DWXVFKHN�HW�DO����������:H�Ϯϭϭ�

VHOHFWHG�WKH�UDQGRP�HIIHFWV�VWUXFWXUH�WKDW�FRQWDLQHG�RQO\�YDULDQFH�FRPSRQHQWV�WKDW�ZHUH�VXSSRUWHG�E\�ϮϭϮ�

WKH�GDWD�E\�UXQQLQJ�VLQJXODU�YDOXH�GHFRPSRVLWLRQ��%DWHV�HW�DO���������0DWXVFKHN�HW�DO�����������Ϯϭϯ�

Behavioural analysis of learning task Ϯϭϰ�

7R�TXDQWLI\�WKH�HIIHFW�RI�5/�YHUVXV�:0��ZH�DQDO\]HG�OHDUQLQJ�SHUIRUPDQFH��WKH�SURSRUWLRQ�RI�Ϯϭϱ�

FRUUHFW�UHVSRQVHV��ZLWK�JHQHUDO�PL[HG�HIIHFW�UHJUHVVLRQ�RQ�WULDO�E\�WULDO�GDWD�IURP����SDUWLFLSDQWV��DV�D�Ϯϭϲ�

IXQFWLRQ�RI�ERWK�:0�DQG�5/�YDULDEOHV�DQG�WKHLU�LQWHUDFWLRQV��7KH�:0�YDULDEOHV�LQFOXGH�WKH�QXPEHU�Ϯϭϳ�
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RI�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQV�WR�EH�OHDUQHG��GHQRWHG�DV�setSize���DQG�WKH�QXPEHU�RI�LQWHUYHQLQJ�Ϯϭϴ�

WULDOV�VLQFH�WKH�ODVW�WLPH�WKH�VWLPXOXV�ZDV�SUHVHQWHG�DQG�D�FRUUHFW�UHVSRQVH�ZDV�PDGH��GHQRWHG�DV�Ϯϭϵ�

delay��UHIOHFWLQJ�:0�LQWHUIHUHQFH�RU�PDLQWHQDQFH�WLPH�LQ�:0��7KH�5/�YDULDEOH�LV�WKH�WRWDO�QXPEHU�RI�ϮϮϬ�

SUHYLRXV�FRUUHFW�UHVSRQVHV�IRU�D�VWLPXOXV��GHQRWHG�DV�Pcor)��3DUWLFLSDQWV�DQG�DOO�WKH�SUHGLFWRUV�ZHUH�ϮϮϭ�

VHOHFWHG�DV�UDQGRP�YDULDEOHV���ϮϮϮ�

Behavioral analysis of the reward retention test  ϮϮϯ�

7R�TXDQWLI\�WKH�SRVVLEOH�HIIHFW�RI�H[SHFWHG�YDOXH�OHDUQLQJ�XQGHU�GLIIHUHQW�:0�ORDGV��ZH�ϮϮϰ�

DQDO\]HG�WHVW�SHUIRUPDQFH��WKH�SURSRUWLRQ�RI�VHOHFWLQJ�WKH�ULJKW�YV�OHIW�VWLPXOXV��ZLWK�JHQHUDO�PL[HG�ϮϮϱ�

HIIHFW�UHJUHVVLRQ�RQ�WULDO�E\�WULDO�GDWD�IURP����SDUWLFLSDQWV��DV�D�IXQFWLRQ�RI�VL[�YDULDEOHV��YDOXH�ϮϮϲ�

GLIIHUHQFH��GHQRWHG�DV�delta_Q��LV�SRVLWLYH�ZKHQ�WKH�ULJKW�VWLPXOXV�KDG�KLJKHU�YDOXH�DQG�QHJDWLYH�ϮϮϳ�

ZKHQ�WKH�OHIW�VWLPXOXV�KDG�KLJKHU�YDOXH���PHDQ�4�YDOXH�RI�WKH�VWLPXOXV�SDLU��GHQRWHG�DV�mean value ϮϮϴ�

(Q)���PHDQ�VHW�VL]H�RI�WKH�VWLPXOXV�SDLU��GHQRWHG�DV�mean_setSize)��WKH�GLIIHUHQFH�LQ�VHW�VL]H��GHQRWHG�ϮϮϵ�

DV�delta_ setSize��LV�SRVLWLYH�ZKHQ�WKH�ULJKW�VWLPXOXV�ZDV�OHDUQHG�LQ�KLJKHU�VHW�VL]H���block��WKH�EORFN�ϮϯϬ�

QXPEHU�LQ�ZKLFK�WKH\�ZHUH�OHDUQHG��LQGLFDWLQJ�KRZ�UHFHQWO\�LW�ZDV�OHDUQHG���DQG�perseveration��ELQDU\�Ϯϯϭ�

FRGLQJ�RI�UHSHWLWLRQV�LQ�UHVSRQVH��UHSHDW�VZLWFK���3DUWLFLSDQWV��WKH�HIIHFW�RI�YDOXH�GLIIHUHQFH��GHOWDB4���ϮϯϮ�

DQG�WKH�HIIHFW�RI�VHW�VL]H�GLIIHUHQFH��GHOWDBVHW6L]H��ZHUH�HQWHUHG�DV�UDQGRP�YDULDEOHV��Ϯϯϯ�

Behavioral analysis of the reward retention test together with EEG RL index Ϯϯϰ�

:H�UDQ�D�QHZ�UHJUHVVLRQ�PRGHO�RQ�WKH�UHZDUG�UHWHQWLRQ�WHVW�GDWD��LQFOXGLQJ�RQO\�WKH����Ϯϯϱ�

SDUWLFLSDQWV�WKDW�KDG�((*�GDWD���DGGLQJ�WKH�GLIIHUHQFH�LQ�WKH�((*�5/�LQGH[�EHWZHHQ�WKH�SDLU�RI�VWLPXOL�Ϯϯϲ�

DW�FKRLFH��%HFDXVH�WKH�QHXUDO�5/�LQGH[��VHH�D�GHWDLOHG�GHVFULSWLRQ�RI�WKLV�PHDVXUH�EHORZ��FRXOG�KDYH�Ϯϯϳ�

ERWK�SRVLWLYH�DQG�QHJDWLYH�YDOXHV�DOO�WKH�SUHGLFWRUV�WKDW�ZHUH�FDOFXODWHG�DV�GLIIHUHQFH�VFRUHV�ZHUH�Ϯϯϴ�

WDNHQ�DV�DEVROXWH�VFRUHV�DQG�WKH�PRGHO�SUHGLFWHG�SHUIRUPDQFH�DFFXUDF\��SURSRUWLRQ�RI�FKRRVLQJ�WKH�Ϯϯϵ�

KLJKHU�YDOXH�VWLPXOXV���7HVW�SHUIRUPDQFH�DFFXUDF\�ZDV�DQDO\]HG�DV�D�IXQFWLRQ�RI��7KH�DEVROXWH�PRGHO�ϮϰϬ�

HVWLPDWHG�YDOXH�GLIIHUHQFH�EHWZHHQ�WKH�ULJKW�DQG�OHIW�VWLPXOXV��abs_delta_Q����WKH�DEVROXWH�GLIIHUHQFH�Ϯϰϭ�

LQ�WKH�((*�5/�LQGH[�EHWZHHQ�WKH�ULJKW�DQG�OHIW�VWLPXOXV��abs_delta_EEG_RL���WKH�PHDQ�YDOXH�ϮϰϮ�

�HVWLPDWHG�IURP�WKH�PRGHO��RI�WKH�VWLPXOXV�SDLU��mean Q value���WKH�PHDQ�VHW�VL]H�RI�WKH�VWLPXOXV�SDLU�Ϯϰϯ�



�
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�mean set size���WKH�DEVROXWH�GLIIHUHQFH�LQ�WKH�EORFN�QXPEHU�ZKHUH�WKH�ULJKW�DQG�OHIW�VWLPXOXV�ZHUH�Ϯϰϰ�

OHDUQHG��abs_delta_block���UHVSRQVH�ELDV�WRZDUGV�WKH�SUHYLRXVO\�VHOHFWHG�UHVSRQVH��perseveration; Ϯϰϱ�

ELQDU\�FRGLQJ�RI�UHSHWLWLRQV�LQ�UHVSRQVH���3DUWLFLSDQWV��WKH�HIIHFW�RI�YDOXH�GLIIHUHQFH��abs_delta_Q���Ϯϰϲ�

DQG�WKH�HIIHFW�RI�((*�5/�LQGH[�GLIIHUHQFH��abs_delta_EEG_RL��ZHUH�HQWHUHG�DV�UDQGRP�YDULDEOHV��Ϯϰϳ�

Behavioral analysis of the stimulus-response retention test  Ϯϰϴ�

,Q�D�JHQHUDO�PL[HG�HIIHFW�UHJUHVVLRQ�DQDO\VLV�ZH�WHVWHG�DFFXUDF\�IRU�FRUUHFWO\�UHFDOOLQJ�WKH�Ϯϰϵ�

UHVSRQVH�DVVRFLDWHG�ZLWK�D�SUHVHQWHG�VWLPXOXV�OHDUQHG�GXULQJ�WKH�WUDLQLQJ�SKDVH�DV�D�IXQFWLRQ�RI�set ϮϱϬ�

size��WKH�VHW�VL]H�EORFN�LQ�ZKLFK�WKH\�ZHUH�OHDUQHG���block��WKH�EORFN�QXPEHU�LQ�ZKLFK�WKH\�ZHUH�Ϯϱϭ�

OHDUQHG��LQGLFDWLQJ�KRZ�UHFHQWO\�LW�ZDV�OHDUQHG��DQG�model�Q��WKH�PRGHO�HVWLPDWHG�4�YDOXH�RI�HDFK�ϮϱϮ�

VWLPXOXV�FDOFXODWHG�DV�WKH�DYHUDJH�4�YDOXH�RI�WKH�ILQDO���LWHUDWLRQV�GXULQJ�OHDUQLQJ��DQG�perseveration��Ϯϱϯ�

�WKH�WHQGHQF\�WR�UHSHDW�WKH�UHVSRQVH�VHOHFWHG�LQ�WKH�SUHYLRXV�WULDO�DW�WHVW�FRGHG�DV���IRU�UHSHDW�DQG���IRU�Ϯϱϰ�

VZLWFK���7KH�LQWHUDFWLRQV�EHWZHHQ�VHW�VL]H�DQG�PRGHO�4�YDOXH��VHW�VL]H�DQG�EORFN��DQG�EHWZHHQ�VHW�VL]H�Ϯϱϱ�

DQG�SHUVHYHUDWLRQ�ZHUH�DOVR�DGGHG�DV�SUHGLFWRUV��3DUWLFLSDQWV�DQG�WKH�LQWHUDFWLRQ�EHWZHHQ�PRGHO�4�DQG�Ϯϱϲ�

VHW�VL]H�ZHUH�HQWHUHG�DV�UDQGRP�YDULDEOHV���Ϯϱϳ�

Behavioral analysis of the stimulus-response retention test together with EEG RL index Ϯϱϴ�

:H�UDQ�WKH�VDPH�UHJUHVVLRQ�PRGHO�RQ�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�WHVW�GDWD�DV�EHIRUH�Ϯϱϵ�

�LQFOXGLQJ�RQO\�WKH����SDUWLFLSDQWV�WKDW�KDG�((*�GDWD���DGGLQJ�WZR�QHZ�SUHGLFWRUV��WKH�DYHUDJH�((*�ϮϲϬ�

5/�LQGH[�IRU�HDFK�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQ��VHH�D�GHWDLOHG�GHVFULSWLRQ�RI�WKLV�PHDVXUH�EHORZ��DQG�Ϯϲϭ�

WKH�LQWHUDFWLRQ�EHWZHHQ�((*�5/�LQGH[�DQG�VHW�VL]H��3DUWLFLSDQWV��WKH�LQWHUDFWLRQ�EHWZHHQ�PRGHO�4�DQG�ϮϲϮ�

VHW�VL]H��DQG�WKH�LQWHUDFWLRQ�EHWZHHQ�((*�5/�LQGH[�DQG�VHW�VL]H�ZHUH�HQWHUHG�DV�UDQGRP�YDULDEOHV���Ϯϲϯ�

�Ϯϲϰ�

Electroencephalogram (EEG) recording and processing Ϯϲϱ�

'XULQJ�WKH�OHDUQLQJ�WDVN��SDUWLFLSDQWV�ZHUH�VHDWHG�DSSUR[LPDWHO\����FP�IURP�WKH�PRQLWRU�LQ�DQ�Ϯϲϲ�

HOHFWULFDOO\�VKLHOGHG�DQG�VRXQG�DWWHQXDWHG�FDELQ��((*�ZDV�UHFRUGHG�XVLQJ�D����FKDQQHO�%LR6HPL�Ϯϲϳ�

$FWLYH7ZR�V\VWHP��%LR6HPL��$PVWHUGDP��7KH�1HWKHUODQGV��ZLWK�VLQWHUHG�$J�$J&O�HOHFWURGHV�Ϯϲϴ�
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RUJDQL]HG�DFFRUGLQJ�WR�WKH�������V\VWHP��7KH�VDPSOLQJ�UDWH�ZDV������+]��7KH�VLJQDO�ZDV�GLJLWL]HG�Ϯϲϵ�

XVLQJ�D����ELW�$�'�FRQYHUWHU��$GGLWLRQDO�HOHFWURGHV�ZHUH�SODFHG�DW�WKH�OHIW�DQG�ULJKW�PDVWRLGV��ϮϳϬ�

DSSUR[LPDWHO\���FP�DERYH�DQG�EHORZ�WKH�RUELWDO�ULGJH�RI�HDFK�H\H�DQG�DW�WKH�RXWHU�FDQWKL�RI�WKH�H\HV�Ϯϳϭ�

IRU�PHDVXUHPHQW�RI�H\H�PRYHPHQWV��7KH�((*�GDWD�ZHUH�UH�UHIHUHQFHG�RIIOLQH�WR�D�FRPPRQ�DYHUDJH��ϮϳϮ�

(OHFWURGH�LPSHGDQFHV�ZHUH�NHSW�EHORZ����Nȍ��((*�DQG�(2*�ZHUH�DPSOL¿HG�ZLWK�D�ORZ�FXW�RII�Ϯϳϯ�

IUHTXHQF\�RI������+]�� ����V�WLPH�FRQVWDQW���Ϯϳϰ�

� 7KH�((*�GDWD�ZHUH�SURFHVVHG�XVLQJ�((*/$%��'HORUPH�DQG�0DNHLJ��������DQG�(53/$%�Ϯϳϱ�

�/RSH]�&DOGHURQ�DQG�/XFN���������7KH�FRQWLQXRXV�((*�ZDV�EDQGSDVV�ILOWHUHG�RIIOLQH�EHWZHHQ����±���Ϯϳϲ�

+]�DQG�GRZQ�VDPSOHG�WR�����+]��WKHQ�LW�ZDV�VHJPHQWHG�LQWR�HSRFKV�UDQJLQJ�IURP�����PV�SUH�Ϯϳϳ�

VWLPXOXV�XS�WR������PV�SRVW�VWLPXOXV��7KH�HSRFKHG�GDWD�ZHUH�YLVXDOO\�LQVSHFWHG�DQG�WKRVH�FRQWDLQLQJ�Ϯϳϴ�

ODUJH�DUWLIDFWV�GXH�WR�IDFLDO�HOHFWURP\RJUDSKLF��(0*��DFWLYLW\�RU�RWKHU�DUWLIDFWV��H[FHSW�IRU�H\H�EOLQNV�Ϯϳϵ�

ZHUH�PDQXDOO\�UHPRYHG��H�J���ODUJH�IOXFWXDWLRQV�LQ�YROWDJH�DFURVV�VHYHUDO�HOHFWURGHV�WKDW�ZHUH�LQ�DQ�ϮϴϬ�

RUGHU�PDJQLWXGH�DERYH�QHLJKERXULQJ�DFWLYLW\���,QGHSHQGHQW�FRPSRQHQWV�DQDO\VLV��,&$��ZDV�QH[W�Ϯϴϭ�

FRQGXFWHG�RQO\�RQ�WKH����VFDOS�HOHFWURGHV�XVLQJ�((*/$%
V�UXQLFD�DOJRULWKP��&RPSRQHQWV�FRQWDLQLQJ�ϮϴϮ�

EOLQN�RU�RFXORPRWRU�DUWLIDFWV��ZHUH�VXEWUDFWHG�IURP�WKH�GDWD�UHVXOWLQJ�LQ�DQ�DYHUDJH�RI�����FRPSRQHQWV�Ϯϴϯ�

UHPRYHG�SHU�SDUWLFLSDQW��UDQJLQJ�EHWZHHQ���WR���FRPSRQHQWV���)LQDOO\��WKH�HSRFKHG�GDWD�ZDV�VXEMHFWHG�Ϯϴϰ�

WR�DXWRPDWLF�EDG�HOHFWURGHV�DQG�DUWLIDFW�GHWHFWLRQ�DOJRULWKP������9�YROWDJH�WKUHVKROG�ZLWK�D�PRYLQJ�Ϯϴϱ�

ZLQGRZ�ZLGWK�RI����PV�DQG�D����PV�ZLQGRZ�VWHS��ZKLFK�ZDV�IROORZHG�E\�PDQXDO�YHULILFDWLRQ��%HG�Ϯϴϲ�

HOHFWURGHV�ZHUH�LQWHUSRODWHG�DQG�WULDOV�FRQWDLQLQJ�ODUJH�DUWLIDFWV�ZHUH�UHPRYHG��1LQH�SDUWLFLSDQWV�ZHUH�Ϯϴϳ�

UHPRYHG�IURP�DOO�WKH�UHSRUWHG�((*�DQDO\VHV�GXH�WR�D�KLJK�((*�DUWLIDFW�UDWH��!����LQ�RQH�RU�PRUH�RI�Ϯϴϴ�

WKH�FRQGLWLRQV��UHVXOWLQJ�LQ����SDUWLFLSDQWV�WKDW�ZHUH�XVHG�LQ�WKH�((*�DQDO\VLV��Ϯϴϵ�

 ϮϵϬ�

Data processing for behavior and EEG regression analysis  Ϯϵϭ�

2PLVVLRQ�WULDOV��WULDOV�ZLWK�YHU\�IDVW�57������PV���DQG�WULDOV�EHIRUH�WKH�ILUVW�FRUUHFW�UHVSRQVH�ϮϵϮ�

ZDV�PDGH�ZHUH�H[FOXGHG�IURP�DOO�DQDO\VHV��6HWWLQJ�WKH�GHOD\�DQG�3FRU�YDULDEOHV�WR�KDYH���DV�WKHLU�Ϯϵϯ�

ORZHVW�OHYHO�ZDV�GRQH�WR�LQVXUH�DQ�LQWHUSUHWDEOH�DQDO\VLV�RI�WKHVH�YDULDEOHV��&ROOLQV�	�)UDQN���������Ϯϵϰ�

7KH�GHOD\�SUHGLFWRU��WKH�QXPEHU�RI�WULDOV�VLQFH�WKH�VWLPXOXV�ZDV�SUHVHQWHG�DQG�D�FRUUHFW�UHVSRQVH�ZDV�Ϯϵϱ�

PDGH��XVHG�LQ�WKH�UHJUHVVLRQ�DQDO\VHV�ZDV�LQYHUVH�WUDQVIRUPHG�����GHOD\��WR�DYRLG�WKH�GLVSURSRUWLRQ�Ϯϵϲ�
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HIIHFW�RI�YHU\�ODUJH�EXW�UDUH�GHOD\V��ZKHQ�D�FRUUHFW�UHVSRQVH�ZDV�JLYHQ�HDUO\�LQ�WKH�EORFN�EXW�ZDV�WKHQ�Ϯϵϳ�

IROORZHG�E\�VHYHUDO�HUURU�UHVSRQVHV�IRU�WKDW�VWLPXOXV���Ϯϵϴ�

Modeling Ϯϵϵ�

5/�DQG�:0�FRQWULEXWLRQV�WR�SDUWLFLSDQWV�µFKRLFHV�ZHUH�HVWLPDWHG�ZLWK�WKH�SUHYLRXVO\�ϯϬϬ�

GHYHORSHG�5/:0�FRPSXWDWLRQDO�PRGHO��WKH�PRGHO�GHVFULEHG�EHORZ�LV�LGHQWLFDO�WR�WKDW�XVHG�LQ�&ROOLQV�ϯϬϭ�

DQG�)UDQN��������VHH�PRUH�GHWDLOV�GHVFULEHG�LQ�WKH�RULJLQDO�SDSHU���7KH�5/:0�LV�D�PL[WXUH�RI�D�ϯϬϮ�

VWDQGDUG�5/�PRGXOH�ZLWK�D�GHOWD�UXOH�DQG�D�:0�PRGXOH�WKDW�KDV�SHUIHFW�PHPRU\�IRU�LQIRUPDWLRQ�WKDW�ϯϬϯ�

LV�ZLWKLQ�LWV�OLPLWHG�FDSDFLW\�DQG�LV�VHQVLWLYH�WR�GHOD\��UHIOHFWLQJ�PHPRU\�GHFD\�DQG�LQWHUIHUHQFH�IURP�ϯϬϰ�

RWKHU�LQWHUYHQLQJ�VWLPXOL���)RU�HDFK�VWLPXOXV�DFWLRQ�DVVRFLDWLRQ��WKH�5/�PRGXOH�HVWLPDWHV�WKH�H[SHFWHG�ϯϬϱ�

YDOXH��³4´��DQG�XSGDWHV�WKRVH�YDOXHV�LQFUHPHQWDOO\�RQ�HYHU\�WULDO�DV�D�IXQFWLRQ�RI�WKH�UHLQIRUFHPHQW�ϯϬϲ�

KLVWRU\��7KLV�FRPSXWDWLRQ�LV�FRPSOHPHQWHG�E\�WKH�:0�PRGXOH�ZKHUH�LQIRUPDWLRQ�LQ�WKH�FDSDFLW\�ϯϬϳ�

OLPLWHG�:0�IHHGV�LQWR�5/�H[SHFWDWLRQV��WKHUHE\�DIIHFWLQJ�5/�SUHGLFWLRQ�HUURUV�DQG�OHDUQLQJ��VHH�)LJ��ϯϬϴ�

�����ϯϬϵ�

%DVLF�5/�PRGXOH��7R�PDLQWDLQ�FRQVLVWHQF\�ZLWK�SULRU�VWXGLHV�ZLWK�WKLV�WDVN�DQG�PRGHO��DQG�WR�ϯϭϬ�

NHHS�WKH�PRGHO�DV�VLPSOH�DV�SRVVLEOH��ZH�XVH�4�OHDUQLQJ�IRU�WKH�PRGHO�IUHH�DOJRULWKP��EXW�DQ�DFWRU�ϯϭϭ�

FULWLF�FRXOG�DOVR�KDYH�EHHQ�XVHG��WKHUH�DUH�PXOWLSOH�RSWLRQV�WR�FDSWXUH�LQFUHPHQWDO�PRGHO�IUHH�5/��ϯϭϮ�

LQFOXGLQJ�PHWKRGV�WKDW�OHDUQ�H[SHFWHG�YDOXHV�IRU�HDFK�FKRLFH�DQG�VHOHFW�RQ�WKDW�EDVLV��D�FDQRQLFDO�ϯϭϯ�

LQVWDQFH�LV�4�OHDUQLQJ�DQG�LV�RIWHQ�XVHG�LQ�KXPDQ�VWXGLHV��DV�ZHOO�DV�PHWKRGV�WKDW�OHDUQ�WR�GLUHFWO\�ϯϭϰ�

RSWLPL]H�WKH�SROLF\��D�FDQRQLFDO�YDULDQW�LV�DQ�DFWRU�FULWLF�PRGHO���%RWK�FODVVHV�RI�PRGHOV�VLPLODUO\�ϯϭϱ�

SUHGLFW�EHKDYLRUDO�DGMXVWPHQW�LQ�5/�WDVNV�DQG�VSHFLILF�GHVLJQV�DUH�QHHGHG�WR�GLVWLQJXLVK�EHWZHHQ�WKHP�ϯϭϲ�

�H�J���*ROG�HW�DO��������*HDQD�HW�DO��������7KH�PDLQ�JRDO�KHUH�LV�WR�VLPSO\�VXPPDUL]H�WKH�LQFUHPHQWDO�ϯϭϳ�

5/�SURFHVV�DV�GLVWLQFW�IURP�WKH�:0�SURFHVV���ϯϭϴ�

5HZDUG�YDOXHV�ZHUH�FRGHG�DV���RU���IRU�FRUUHFW�RU�LQFRUUHFW��PRGHO�ILWV�DUH�QRW�LPSURYHG�LI�ϯϭϵ�

XVLQJ���YV���SRLQWV�LQ�WKH�4�OHDUQLQJ�V\VWHP��DQG�EHKDYLRUDO�OHDUQLQJ�FXUYHV�DUH�VLPLODU�IRU�VWLPXOL�WKDW�ϯϮϬ�

\LHOG�KLJKHU�RU�ORZHU�SUREDELOLW\�RI���SRLQWV��&ROOLQV�HW�DO�������E���)RU�HDFK�VWLPXOXV�s�DQG�DFWLRQ�a�ϯϮϭ�
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DVVRFLDWLRQ��WKH�5/�PRGXOH�HVWLPDWHV�WKH�H[SHFWHG�UHZDUG�YDOXH�Q DQG�XSGDWHV�WKRVH�YDOXHV�ϯϮϮ�

LQFUHPHQWDOO\�RQ�HYHU\�WULDO���ϯϮϯ�

ܳ௧ାଵሺݏǡ ܽሻ ൌ ܳ௧ሺݏǡ ܽሻ ൅ ߙ ൈ �௧ߜ
7KH�4�YDOXH�ZDV�XSGDWHG�DV�D�IXQFWLRQ�RI�WKH�OHDUQLQJ�UDWH�Į �UHIOHFWLQJ�KRZ�IDVW�UHZDUG�ϯϮϰ�

H[SHFWDWLRQV�DUH�XSGDWHG��DQG�WKH�UHZDUG�SUHGLFWLRQ�HUURUߜ���FDOFXODWHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�ϯϮϱ�

REVHUYH�UHZDUG��Rt��DQG�WKH�H[SHFWHG�UHZDUG��ܳ௧�DW�HDFK�WULDO��௧ �Rt ±�ܳ௧���ϯϮϲߜ�

&KRLFHV�ZHUH�SUREDELOLVWLFDOO\�GHWHUPLQHG�XVLQJ�D�VRIWPD[�FKRLFH�SROLF\��ϯϮϳ�

ሻݏሺܽȁ݌ ൌ ݌ݔ݁ ൫ܳߚሺݏǡ ܽሻ൯ ෍ቀ݁݌ݔ൫ܳߚሺݏǡ ܽ௜ሻ൯ቁൗ �

+HUH��ȕ�LV�WKH�LQYHUVH�WHPSHUDWXUH�GHWHUPLQLQJ�WKH�GHJUHH�WR�ZKLFK�GLIIHUHQFHV�LQ�Q�YDOXHV�DUH�ϯϮϴ�

WUDQVODWHG�LQWR�PRUH�GHWHUPLQLVWLF�FKRLFHV��DQG�WKH�VXP�LV�RYHU�WKH�WKUHH�SRVVLEOH�DFWLRQV��4�YDOXHV��ϯϮϵ�

ZHUH�LQLWLDOL]HG�WR���Q$��ZKHUH�Q$� ���LV�WKH�QXPEHU�RI�DFWLRQV��L�H���WKH�SULRU�WKDW�DQ\�DFWLRQ�LV�FRUUHFW�ϯϯϬ�

LV��������ϯϯϭ�

:0�PRGXOH���7KLV�PRGXOH�XSGDWHV�VWLPXOXV�DFWLRQ�RXWFRPH�DVVRFLDWLRQV�LQ�D�VLQJOH�WULDO��,W�ϯϯϮ�

DVVXPHV�WKDW�VWLPXOXV�DFWLRQ�RXWFRPH�LQIRUPDWLRQ��ZKHQ�HQFRGHG�DQG�PDLQWDLQHG�LQ�:0��FRXOG�VHUYH�ϯϯϯ�

WR�XSGDWH�UHZDUG�H[SHFWDWLRQ�UDSLGO\�DQG�DFFXUDWHO\��L�H���SHUIHFW�UHWHQWLRQ�RI�WKH�SUHYLRXV�WULDO¶V�ϯϯϰ�

LQIRUPDWLRQ���:KHQ�QRW�OLPLWHG�E\�FDSDFLW\�DQG�GHFD\��VHH�EHORZ���WKH�:0�PRGXOH�LV�WKHUHIRUH�ϯϯϱ�

UHSUHVHQWHG�E\�D�4�OHDUQLQJ�V\VWHP�ZLWK�D�OHDUQLQJ�UDWH�RI����ߙ� ������ϯϯϲ�

Decay��7R�DFFRXQW�IRU�SRWHQWLDO�IRUJHWWLQJ�RQ�HDFK�WULDO�GXH�WR�GHOD\�RU�:0�LQWHUIHUHQFH��ZH�LQFOXGHG�ϯϯϳ�

D�GHFD\�SDUDPHWHU�I������I������ZKLFK�SXOOV�WKH�HVWLPDWHV�RI�4�YDOXHV�WRZDUG�WKHLU�LQLWLDO�YDOXH��>Q0 = ϯϯϴ�

1/nA���QXPEHU�RI�DFWLRQV nA = 3@���ϯϯϵ�

ܳ ՚ ܳ ൅ ߶ሺܳ଴ െ ܳሻ�
2QO\�WKH�:0�PRGXOH�ZDV�VXEMHFW�WR�IRUJHWWLQJ��GHFD\�SDUDPHWHU�ĳWM���WR�FDSWXUH�:0¶V�ZHOO�ϯϰϬ�

GRFXPHQWHG�VKRUW�WHUP�VWDELOLW\��LQ�FRQWUDVW�WR�5/¶V�UREXVWQHVV���ϯϰϭ�
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WM contributes to choice: �%HFDXVH�:0�LV�FDSDFLW\�OLPLWHG��RQO\�K�VWLPXOXV�DQG�DFWLRQ�DVVRFLDWLRQV�ϯϰϮ�

FDQ�EH�UHPHPEHUHG��$�FRQVWUDLQW�IDFWRU�UHIOHFWV�WKH�a priori�SUREDELOLW\�WKDW�WKH�LWHP�ZDV�VWRUHG�LQ�ϯϰϯ�

:0�ௐெሺͲሻݓ�� ൌ ଴ܲ�ሺܹܯሻ� ܭ� ݊௦��Τ �L�H���WKH�VHW�VL]H�LQ�WKH�FXUUHQW�EORFN�UHODWLYH�WR�FDSDFLW\�K��DQG�ϯϰϰ�

LPSOLHV�WKDW�WKH�PD[LPDO�XVH�RI�:0�SROLF\�UHODWLYH�WR�5/�SROLF\�GHSHQGV�RQ�WKH�SUREDELOLW\�WKDW�DQ�ϯϰϱ�

LWHP�LV�VWRUHG�LQ�:0��7KLV�SUREDELOLW\�LV�WKHQ�VFDOHG�E\�ȡ �����ȡ�������WKH�SDUWLFLSDQW¶V�RYHUDOO�UHOLDQFH�ϯϰϲ�

RI�:0�YV�5/��ZKHUH�KLJKHU�YDOXHV�UHIOHFW�JUHDWHU�FRQILGHQFH�LQ�:0���ϯϰϳ�

ௐெሺͲሻݓ ൌ ߩ כ ݉݅݊ሺͳǡ ܭ ݊௦Τ ሻ�
&RRSHUDWLYH�PRGHO:�:KLOH�WKH�RULJLQDO�PRGHO��&ROOLQV�	�)UDQN��������DVVXPHG�LQGHSHQGHQW�ϯϰϴ�

5/�DQG�:0�PRGXOHV�WKDW�FRPSHWH�WR�JXLGH�EHKDYLRU��RXU�PRUH�UHFHQW�ZRUN�VXJJHVWV�WKDW�:0�ϯϰϵ�

H[SHFWDWLRQV�LQIOXHQFH�5/�XSGDWLQJ��&ROOLQV�	�)UDQN���������7KXV��:0�FRQWULEXWHV�SDUW�RI�WKH�UHZDUG�ϯϱϬ�

H[SHFWDWLRQ�IRU�WKH�5/�PRGHO��DFFRUGLQJ�WR�WKH�HTXDWLRQ�௧ߜ� ൌ ܴ௧ െ ሾݓௐெ ൈ ܳௐெ ൅ ሺͳ െ ௐெሻݓ ൈϯϱϭ� ܳோ௅ሿ��ZKHUHݓ�ௐெ�LV�WKH�ZHLJKWLQJ�SDUDPHWHU��WKH�GHJUHH�WR�ZKLFK�:0�LV�ZHLJKWHG�UHODWLYH�WR�5/��ϯϱϮ�

ZKLFK�LV�VWURQJHU�LQ�ORZ�VHW�VL]HV���DQG�ܳௐெ�LV�WKH�H[SHFWHG�UHZDUG�IURP�WKH�:0�PRGXOH��7KLV�53(�ϯϱϯ�

LV�WKHQ�XVHG�WR�XSGDWH�WKH�5/�4�YDOXH��� �ܳ௧ାଵ ൌ � �ܳ௧ �൅ ߙ� ൈ �௧���ϯϱϰߜ

7KLV�LQWHUDFWLYH�FRPSXWDWLRQ�RI�5/�IRUPV�WKH�EDVLV�RI�WKH�VLPXODWHG�SUHGLFWLRQV�VKRZQ�LQ�)LJXUH����ϯϱϱ�

1HYHUWKHOHVV��DV�H[SODLQHG�LQ�&ROOLQV�DQG�)UDQN���������ZH�WHVW�WKHVH�SUHGLFWLRQV�E\�ILWWLQJ�PRGHOV�LQ�ϯϱϲ�

ZKLFK�5/�DQG�:0�PRGXOHV�DUH�LQGHSHQGHQW��LQGHSHQGHQFH�LV�DVVXPHG�LQ�WKH�RULJLQDO�PRGHOV��ZKLFK�ϯϱϳ�

VWLOO�SURYLGH�JRRG�ILWV�WR�WKH�GDWD��EHFDXVH�ZKHQ�LQIRUPDWLRQ�LV�ZLWKLQ�:0��:0�GRPLQDWHV�XSGDWLQJ�ϯϱϴ�

DQG�FRQWULEXWHV�WR�UDSLG�OHDUQLQJ�FXUYHV��DQG�KHQFH�WKH�LQWHUDFWLYH�PRGHOV¶�VPDOOHU�53(V�DQG�5/�4�ϯϱϵ�

YDOXHV�IRU�VPDOO�VHW�VL]HV�DUH�QRW�LQIOXHQWLDO�RQ�EHKDYLRUDO�DFFXUDF\�GXULQJ�OHDUQLQJ��KRZHYHU��WKLV�ϯϲϬ�

PRGHO�PDNHV�GLIIHUHQWLDO�SUHGLFWLRQV�IRU�QHXUDO�OHDUQLQJ�FXUYHV�DQG�IXWXUH�UHWHQWLRQ���:H�WKHQ�DVVHVV�ϯϲϭ�

V\VWHPDWLF�GHYLDWLRQV�IURP�LQGHSHQGHQFH�LQIRUPHG�E\�WKHVH�VLPXODWLRQV��H�J��QHXUDO�4�OHDUQLQJ�FXUYHV�ϯϲϮ�

VKRXOG�JURZ�PRUH�UDSLGO\�LQ�KLJK�WKDQ�ORZ�VHW�VL]HV��)LJ�������ϯϲϯ�

----- figure 2 is here ----- ϯϲϰ�

 ϯϲϱ�
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Data processing for univariate EEG analysis ϯϲϲ�

7R�H[WUDFW�WKH�QHXUDO�FRUUHODWHV�LQ�WKH�((*�VLJQDO�RI�FRQGLWLRQV�RI�LQWHUHVW�ZH�HPSOR\HG�D�ϯϲϳ�

PDVV�XQLYDULDWH�DSSURDFK��&ROOLQV�	�)UDQN���������$�PXOWLSOH�UHJUHVVLRQ�DQDO\VLV�ZDV�FRQGXFWHG�IRU�ϯϲϴ�

HDFK�SDUWLFLSDQW��LQ�ZKLFK�WKH�((*�DPSOLWXGH�DW�HDFK�HOHFWURGH�VLWH�DQG�WLPH�SRLQW�ZDV�SUHGLFWHG�E\�ϯϲϵ�

WKH�FRQGLWLRQV�RI�LQWHUHVW��VHW�VL]H��QXPEHU�RI�VWLPXOXV�UHVSRQVH�RXWFRPH�DVVRFLDWLRQV�JLYHQ�LQ�D�ϯϳϬ�

EORFN���PRGHO�GHULYHG�5/�H[SHFWHG�YDOXH��GHQRWHG�DV�4����GHOD\��QXPEHU�RI�WULDOV�VLQFH�WKLV�VWLPXOXV�ϯϳϭ�

ZDV�SUHVHQWHG�DQG�D�FRUUHFW�UHVSRQVH�ZDV�JLYHQ��DQG�WKH�LQWHUDFWLRQ�RI�WKHVH�WKUHH�UHJUHVVRUV��ZKLOH�ϯϳϮ�

FRQWUROOLQJ�IRU�RWKHU�IDFWRUV�OLNH�UHDFWLRQ�WLPH��ORJ�WUDQVIRUPHG��DQG�WULDO�QXPEHU�ZLWKLQ�EORFN��ϯϳϯ�

)XUWKHUPRUH��WKH�((*�VLJQDO�ZDV�UHGXFHG�WR�D�VHOHFWHG�ZLQGRZ�RI������WR������PV�DURXQG�VWLPXOXV�ϯϳϰ�

RQVHW��DQG�ZDV�EDVHOLQH�FRUUHFWHG�IURP�±����WR���PV�EHIRUH�WKH�RQVHW�RI�WKH�VWLPXOXV��7R�DFFRXQW�IRU�ϯϳϱ�

UHPDLQLQJ�QRLVH�LQ�WKH�((*�GDWD��WKH�((*�VLJQDO��DW�HDFK�WLPH�SRLQW�DQG�HOHFWURGH��ZDV�]�VFRUHG�ϯϳϲ�

DFURVV�DOO�WULDOV�DQG�VR�ZHUH�DOO�WKH�SUHGLFWRUV�EHIRUH�WKH\�ZHUH�HQWHUHG�WR�WKH�UREXVW�PXOWLOLQHDU�ϯϳϳ�

UHJUHVVLRQ�DQDO\VLV��&ROOLQV�	�)UDQN�����������ϯϳϴ�

Corrected ERPs ϯϳϵ�

7R�SORW�FRUUHFWHG�(53V��ZH�FRPSXWHG�WKH�SUHGLFWHG�YROWDJH�XVLQJ�WKH�PXOWLSOH�UHJUHVVLRQ�ϯϴϬ�

PRGHO�GHVFULEHG�DERYH�ZKLOH�VHWWLQJ�D�VLQJOH�UHJUHVVRU�WR����VHW�VL]H��GHOD\��H[SHFWHG�4�YDOXH��RU�ϯϴϭ�

UHDFWLRQ�WLPH���ZH�VXEWUDFWHG�WKLV�SUHGLFWHG�YROWDJH�IURP�WKH�WUXH�YROWDJH��IRU�HYHU\�HOHFWURGH�DQG�WLPH�ϯϴϮ�

SRLQW�ZLWKLQ�HDFK�WULDO���OHDYLQJ�RQO\�WKH�IL[HG�HIIHFW��WKH�YDULDQFH�H[SODLQHG�E\�WKDW�UHJUHVVRU��DQG�WKH�ϯϴϯ�

UHVLGXDO�QRLVH�RI�WKH�UHJUHVVLRQ�PRGHO��(53V�ZHUH�FRPSXWHG�DV�WKH�DYHUDJH�FRUUHFWHG�YROWDJH�IURP�DOO�ϯϴϰ�

WULDOV�WKDW�EHORQJ�WR�WKH�VDPH�OHYHO�RI�FRQGLWLRQ��1RWH�WKDW�WKH�DUUD\�RI�H[SHFWHG�4�YDOXHV�ZDV�GLYLGHG�ϯϴϱ�

WR���TXDUWLOHV�DQG�WULDOV�ZLWKLQ�HDFK�TXDUWLOH�ZHUH�DYHUDJHG�IRU�SORWWLQJ�(53V���ϯϴϲ�

Trial-by-trial similarity index of WM and RL ϯϴϳ�

$V�H[SODLQHG�DERYH��D�PXOWLSOH�UHJUHVVLRQ�DQDO\VLV�ZDV�FRQGXFWHG�IRU�HDFK�SDUWLFLSDQW��LQ�ϯϴϴ�

ZKLFK�WKH�((*�DPSOLWXGH�DW�HDFK�HOHFWURGH�VLWH�DQG�WLPH�SRLQW�ZDV�SUHGLFWHG�E\�WKH�FRQGLWLRQV�RI�ϯϴϵ�

LQWHUHVW��VHW�VL]H��GHOD\��5/�H[SHFWHG�YDOXH��DQG�WKHLU�LQWHUDFWLRQV���:H�XVHG�WKH�SUHYLRXVO\�LGHQWLILHG�ϯϵϬ�

DQDO\VLV�PHWKRG��&ROOLQV�	�)UDQN��������5DF�/XEDVKHYVN\�	�)UDQN�������WR�LGHQWLI\�VSDWLRWHPSRUDO�ϯϵϭ�
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FOXVWHUV��PDVNV��RI�WKH�WKUHH�PDLQ�SUHGLFWRUV�LQ�WKH�*/0��VHW�VL]H��GHOD\��DQG�PRGHO�GHULYHG�5/�ϯϵϮ�

H[SHFWHG�YDOXH���6SHFLILFDOO\��ZH�WHVWHG�WKH�VLJQLILFDQFH�RI�HDFK�WLPH�SRLQW�DW�HDFK�HOHFWURGH�DFURVV�ϯϵϯ�

SDUWLFLSDQWV�DJDLQVW���XVLQJ�RQO\�WULDOV�ZLWK�FRUUHFW�UHVSRQVHV��ϯϵϰ�

:H�WKHQ�XVHG�FOXVWHU�PDVV�FRUUHFWLRQ�E\�SHUPXWDWLRQ�WHVWLQJ�ZLWK�FXVWRP�ZULWWHQ�0DWODE�VFULSWV��ϯϵϱ�

&OXVWHU�EDVHG�WHVW�VWDWLVWLFV�ZHUH�FDOFXODWHG�E\�WDNLQJ�WKH�VXP�RI�WKH�W�YDOXHV�ZLWKLQ�D�VSDWLRWHPSRUDO�ϯϵϲ�

FOXVWHU�RI�SRLQWV�WKDW�H[FHHGHG�WKH�3� �������WKUHVKROG�IRU�D�W�WHVW�VLJQLILFDQFH�OHYHO��7KLV�ZDV�UHSHDWHG�ϯϵϳ�

�����WLPHV��JHQHUDWLQJ�D�GLVWULEXWLRQ�RI�PD[LPXP�FOXVWHU�PDVV�VWDWLVWLFV�XQGHU�WKH�QXOO�K\SRWKHVLV��ϯϵϴ�

2QO\�FOXVWHUV�ZLWK�JUHDWHU�W�YDOXH�VXP�WKDQ�WKH�PD[LPXP�FOXVWHU�PDVV�REWDLQHG�ZLWK�����FKDQFH�ϯϵϵ�

SHUPXWDWLRQV�ZHUH�FRQVLGHUHG�VLJQLILFDQW��:H�WKHQ�DVVHVVHG�HDFK�WULDO¶V�QHXUDO�VLPLODULW\�WR�WKH�ϰϬϬ�

VSDWLRWHPSRUDO�PDVN�E\�FRPSXWLQJ�WKH�GRW�SURGXFW�EHWZHHQ�WKH�DFWLYLW\�LQ�WKH�LQGLYLGXDO�WULDO��YROWDJH�ϰϬϭ�

PDSV�RI�HOHFWURGH�î�WLPH��DQG�WKH�LGHQWLILHG�PDVNV��W�YDOXH�PDSV�RI�HOHFWURGH�î�WLPH���7KLV�ϰϬϮ�

FRPSXWDWLRQ�SURGXFHG�D�WULDO�OHYHO�VLPLODULW\�PHDVXUH�LQWHQGHG�WR�DVVHVV�WKH�WULDO�ZLVH�H[SHULHQFHG�ϰϬϯ�

:0�ORDG�DQG�GHOD\�HIIHFWV��DV�ZHOO�DV�WULDO�ZLVH�5/�FRQWULEXWLRQV���ϰϬϰ�

7KH�((*�5/�LQGH[�SUHGLFWRU�XVHG�LQ�WKH�JHQHUDO�PL[HG�HIIHFW�UHJUHVVLRQ�DQDO\VHV�RI�ERWK�WHVW�ϰϬϱ�

SKDVHV�ZDV�FDOFXODWHG�E\�DYHUDJLQJ�WKH�((*�5/�LQGH[�LQ�WKH�ILQDO���LWHUDWLRQV�RI�HDFK�VWLPXOXV��7KLV�ϰϬϲ�

ZDV�GRQH�IRU�HDFK�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQ�ZLWKLQ�HDFK�SDUWLFLSDQW���ϰϬϳ�

Stress manipulation�ϰϬϴ�

$OO�WHVWLQJ�WRRN�SODFH�LQ�WKH�PRUQLQJ�EHWZHHQ��DP�DQG�QRRQ��8SRQ�WKHLU�DUULYDO�LQ�WKH�ODE��ϰϬϵ�

SDUWLFLSDQWV¶�EDVHOLQH�PHDVXUHV�RI�EORRG�SUHVVXUH�DQG�VDOLYDU\�FRUWLVRO�ZHUH�WDNHQ��$IWHUZDUGV��ϰϭϬ�

SDUWLFLSDQWV�ZHUH�SUHSDUHG�IRU�WKH�((*�DQG�FRPSOHWHG�WKH�PRRG�TXHVWLRQQDLUH�0'%)��6WH\HU��HW�DO���ϰϭϭ�

������WKDW�PHDVXUHV�VXEMHFWLYH�PRRG�RQ�WKH�VFDOHV�QHJDWLYH�YV��HOHYDWHG�PRRG��FDOPQHVV�YV��ϰϭϮ�

UHVWOHVVQHVV��DQG�ZDNHIXOQHVV�YV��WLUHGQHVV��EHIRUH�DQG�DIWHU�WKH�WUHDWPHQW�DV�ZHOO�DV�DIWHU�WKH�OHDUQLQJ�ϰϭϯ�

WDVN�����SDUWLFLSDQWV�XQGHUZHQW�WKH�6RFLDOO\�HYDOXDWHG�&ROG�3UHVVRU�7HVW��6(&37��6FKZDEH�HW�DO���ϰϭϰ�

������DQG����SDUWLFLSDQWV�ZHUH�DVVLJQHG�WKH�ZDUP�ZDWHU�FRQWURO�FRQGLWLRQ��7KH�6(&37�LV�D�ϰϭϱ�

VWDQGDUGL]HG�VWUHVV�SURWRFRO�LQ�H[SHULPHQWDO�VWUHVV�UHVHDUFK�WKDW�FRPELQHV�SK\VLRORJLFDO�DQG�ϰϭϲ�

SV\FKRVRFLDO�VWUHVV�HOHPHQWV�DQG�KDV�EHHQ�VKRZQ�WR�UHVXOW�LQ�UREXVW�VWUHVV�UHVSRQVHV��6FKZDEH�	�ϰϭϳ�

6FKlFKLQJHU���������'XULQJ�WKH�6(&37��SDUWLFLSDQWV�LQ�WKH�VWUHVV�JURXS�LPPHUVHG�WKHLU�ULJKW�KDQG�IRU�ϰϭϴ�
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WKUHH�PLQXWHV�LQ�LFH�ZDWHU������&���ZKLOH�EHLQJ�YLGHRWDSHG�DQG�HYDOXDWHG�E\�D�QRQ�UHLQIRUFLQJ��FROG�ϰϭϵ�

H[SHULPHQWHU��,Q�WKH�FRQWURO�FRQGLWLRQ��SDUWLFLSDQWV�LPPHUVHG�WKHLU�KDQGV�LQ�ZDUP�ZDWHU��������&���ϰϮϬ�

ZLWKRXW�EHLQJ�YLGHRWDSHG�RU�HYDOXDWHG�E\�DQ�H[SHULPHQWHU��$ERXW����PLQXWHV�DIWHU�WKH�WUHDWPHQW��ϰϮϭ�

SDUWLFLSDQWV�UHFHLYHG�WKH�OHDUQLQJ�WDVN�LQVWUXFWLRQV�DQG�FRPSOHWHG�D�EULHI�WUDLQLQJ�VHVVLRQ�DIWHU�ZKLFK�ϰϮϮ�

WKH\�FRPSOHWHG�WKH�OHDUQLQJ�WDVN�DQG�WKH�WHVW�SKDVHV���DQG����,Q�WRWDO��WKH�H[SHULPHQW�ODVWHG�DERXW�����ϰϮϯ�

PLQXWHV��ϰϮϰ�

5HVXOWV�ϰϮϱ�

,Q�OLQH�ZLWK�SUHYLRXV�ILQGLQJV�LQ�WKLV�WDVN��H�J���&ROOLQV�HW�DO������E���RXU�GDWD�GHPRQVWUDWHG�ϰϮϲ�

VHSDUDEOH�FRQWULEXWLRQV�RI�5/�DQG�:0�V\VWHPV�WR�SHUIRUPDQFH��7KH�FRQWULEXWLRQ�RI�LQFUHPHQWDO�5/�ϰϮϳ�

ZDV�REVHUYHG�DV�WKH�SURSRUWLRQ�RI�FRUUHFW�UHVSRQVHV�LQFUHDVHG�ZLWK�WKH�SURJUHVV�LQ�WKH�EORFN��)LJ���$��ϰϮϴ�

DQG�ZLWK�WKH�LQFUHDVH�LQ�UHZDUG�KLVWRU\��pcor:�ȕ �����6( �����]������� �������p��������:0�ϰϮϵ�

FRQWULEXWLRQV�ZHUH�REVHUYHG�DV�OHDUQLQJ�ZDV�VWURQJO\�DIIHFWHG�E\�VHW�VL]H�ZLWK�D�JUHDWHU�SURSRUWLRQ�RI�ϰϯϬ�

FRUUHFW�UHVSRQVHV�LQ�ORZ�VHW�VL]HV�WKDQ�LQ�KLJK�VHW�VL]HV��set size:�ȕ ������6( �����]������� ��������ϰϯϭ�

p��������/HDUQLQJ�FXUYHV�ZHUH�PRUH�JUDGXDO�LQ�KLJKHU�VHW�VL]HV�WKDQ�LQ�ORZ�VHW�VL]HV��)LJ���$��DQG�ϰϯϮ�

VORZHU�)LJ���%���0RUHRYHU��SHUIRUPDQFH�GHFUHDVHG�ZLWK�LQFUHDVLQJ�GHOD\�LQ�ODUJHU�VHW�VL]HV��delay × ϰϯϯ�

ns, ȕ ������6( �����]������� ��������p ������)LJ���&���7KHVH�UHODWLYH�FRQWULEXWLRQV�RI�:0�GHFUHDVHG�ϰϯϰ�

ZLWK�OHDUQLQJ�DV�WKH�GHWULPHQWDO�HIIHFW�RI�GHOD\�DWWHQXDWHG�ZLWK�WKH�LQFUHDVH�RI�DFFXPXODWHG�UHZDUGV�ϰϯϱ�

�ns î Pcor:�ȕ �����6( �����]������� ������p�������delay î Pcor:�ȕ �����6( �����]������� ������ϰϯϲ�

p�������ns î Delay î Pcor��ȕ �����6( �����]������� �������p�������)LJ���'��(���UHIOHFWLQJ�D�ϰϯϳ�

WUDQVLWLRQ�IURP�:0�WR�5/��7RJHWKHU�WKHVH�UHVXOWV�FRQILUP�WKH�FRRSHUDWLYH�LQWHUDFWLRQ�RI�HDUO\�:0�ϰϯϴ�

FRQWULEXWLRQV�WKDW�GLPLQLVK�DV�5/�EHFRPHV�PRUH�GRPLQDQW���ϰϯϵ�

--- Figure 3 is here--- ϰϰϬ�

Behavioral Performance: Reward Retention Test  ϰϰϭ�

5HVXOWV�UHSOLFDWHG�SUHYLRXV�ILQGLQJV�LQ�WKLV�SKDVH��&ROOLQV�HW�DO������E���3DUWLFLSDQWV�ZHUH�ϰϰϮ�

PRUH�OLNHO\�WR�VHOHFW�WKH�VWLPXOXV�IRU�ZKLFK�WKH\�KDG�EHHQ�UHZDUGHG�PRUH�RIWHQ�GXULQJ�OHDUQLQJ�DV�D�ϰϰϯ�

IXQFWLRQ�RI�WKH�GLIIHUHQFH�EHWZHHQ�WKH�QXPEHU�RI�UHZDUGV�H[SHULHQFHG�IRU�WKHVH�VWLPXOL��delta_Q:�ϰϰϰ�
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ȕ �����SE �����]������� ������p��������0RUHRYHU��DOVR�UHSOLFDWLQJ�SUHYLRXV�ILQGLQJV��WKLV�YDOXH�ϰϰϱ�

GLVFULPLQDWLRQ�HIIHFW�ZDV�HQKDQFHG�ZKHQ�VWLPXOXV�YDOXHV�ZHUH�OHDUQHG�XQGHU�KLJKHU�VHW�VL]HV�UDWKHU�ϰϰϲ�

WKDQ�XQGHU�ORZHU�VHW�VL]HV��mean_setSize × delta_Q:�ȕ �����SE �����]������� ������p��������)RU�ϰϰϳ�

GLVSOD\�SXUSRVHV��WKH�PHGLDQ�VSOLW�LQ�WKH�DEVROXWH�GHOWDB4�VFRUH�LV�VKRZQ�DV�KLJK�DQG�ORZ�YDOXH�ϰϰϴ�

GLIIHUHQFHV��VHH�)LJ���$���)XUWKHUPRUH��SDUWLFLSDQWV�ZHUH�JHQHUDOO\�OHVV�OLNHO\�WR�VHOHFW�WKH�VWLPXOXV�ϰϰϵ�

OHDUQHG�XQGHU�D�KLJKHU�VHW�VL]H�WKDQ�XQGHU�D�ORZ�VHW�VL]H��delta_setSize, ȕ ������SE �����]������� �ϰϱϬ�

������p��������DQ�HIIHFW�SUHYLRXVO\�DWWULEXWHG�WR�SDUWLFLSDQWV�OHDUQLQJ�D�FRVW�RI�PHQWDO�HIIRUW�LQ�D�KLJK�ϰϱϭ�

VHW�VL]H��&ROOLQV�HW�DO�����E���7KHUH�ZDV�QR�HIIHFW�IRU�WKH�GLIIHUHQFH�LQ�WKH�EORFN�LQ�ZKLFK�WKH�LWHP�ϰϱϮ�

YDOXHV�ZHUH�OHDUQHG�QRU�ZDV�WKH�VHW�VL]H�HIIHFW�PRGXODWHG�E\�EORFN�QXPEHU��p !������:H�DOVR�ϰϱϯ�

FRQWUROOHG�IRU�UHVSRQVH�SHUVHYHUDWLRQ��QR�VLJQLILFDQW�WHQGHQF\�ZDV�REVHUYHG�IRU�UHSHDWLQJ�WKH�VDPH�ϰϱϰ�

UHVSRQVH�XVHG�LQ�WKH�SUHYLRXV�WULDO��p !������ϰϱϱ�

�ϰϱϲ�

--- Figure 4 is here--- ϰϱϳ�

 ϰϱϴ�

Behavioral Performance: Stimulus-response retention test  ϰϱϵ�

6XSSRUWLQJ�WKH�NH\�PRGHO�SUHGLFWLRQ�WKDW�UHWHQWLRQ�RI�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQV�VKRXOG�ϰϲϬ�

LPSURYH�DV�ORDG�LQFUHDVHV��ZH�REVHUYHG�EHWWHU�UHFDOO�SHUIRUPDQFH�IRU�DVVRFLDWLRQV�OHDUQHG�XQGHU�KLJK�ϰϲϭ�

UDWKHU�WKDQ�ORZ�VHW�VL]HV��set size:�ȕ �����SE �����]������� �������p��������$QG��LQGHHG�WKLV�HIIHFW�ϰϲϮ�

ZDV�SDUDPHWULF��ZLWK�VXEVWDQWLDOO\�EHWWHU�SHUIRUPDQFH�DV�VHW�VL]H�LQFUHDVHG��VHH�)LJ���%�&���7KLV�HIIHFW�ϰϲϯ�

LV�SDUWLFXODUO\�VWULNLQJ�JLYHQ�WKDW�SHUIRUPDQFH�LV�SDUDPHWULFDOO\�ZRUVH�IRU�WKH�KLJKHU�VHW�VL]H�LWHPV�ϰϲϰ�

GXULQJ�OHDUQLQJ��FRPSDUH�)LJ���$�DQG�)LJ���&���1RW�VXUSULVLQJO\��UHFDOO�DFFXUDF\�LQ�WKH�WHVW�SKDVH�ZDV�ϰϲϱ�

SRVLWLYHO\�SUHGLFWHG�E\�WKH�HVWLPDWHG�4�YDOXH�RI�WKH�SUREHG�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQ��model Q:�ϰϲϲ�

ȕ �����SE �����]������� ������p��������WKDW�LV��DVVRFLDWLRQV�WKDW�ZHUH�OHDUQHG�EHWWHU�ZHUH�DOVR�EHWWHU�ϰϲϳ�

UHPHPEHUHG��,PSRUWDQWO\��WKLV�HIIHFW�JUHZ�ZKHQ�WKH�VHW�VL]H�ZDV�KLJK��model Q × set size:�ȕ �����ϰϲϴ�

SE �����]������� ������p�������VHH�)LJ���%���5HFDOO�DFFXUDF\�ZDV�DOVR�VXEMHFW�WR�WKH�LQIOXHQFH�RI�ϰϲϵ�

UHFHQF\�DV�DVVRFLDWLRQV�OHDUQHG�GXULQJ�PRUH�UHFHQW�WKDQ�HDUO\�EORFNV�ZHUH�DOVR�UHFDOOHG�PRUH�ϰϳϬ�

DFFXUDWHO\��block:�ȕ �����SE �����]������� ������p��������7KLV�UHFHQF\�HIIHFW�LQFUHDVHG�IRU�ϰϳϭ�
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DVVRFLDWLRQV�OHDUQHG�XQGHU�KLJKHU�VHW�VL]HV��set size × block:�ȕ �����SE �����]������� ������p��������ϰϳϮ�

1R�HIIHFW�RI�SHUVHYHUDWLRQ�LQ�UHVSRQVHV�ZDV�REVHUYHG��p!������ϰϳϯ�

 ϰϳϰ�

EEG correlates of WM and RL during learning  ϰϳϱ�

7KH�PRGHO�EDVHG�((*�DQDO\VLV�LQGLFDWHG�VLJQLILFDQW�HIIHFWV�IRU�DOO�WKUHH�YDULDEOHV�RI�LQWHUHVW��ϰϳϲ�

VHW�VL]H��GHOD\��DQG�5/��&RQVLVWHQW�ZLWK�SUHYLRXV�((*�UHVXOWV�LQ�WKLV�WDVN��&ROOLQV�	�)UDQN��������DQG�ϰϳϳ�

ZLWK�WKH�SUHGLFWLRQ�WKDW�VHSDUDEOH�V\VWHPV�FRQWULEXWH�WR�OHDUQLQJ��WKH�QHXUDO�VLJQDOV�RI�5/�H[KLELWHG�DQ�ϰϳϴ�

HDUO\�IURQWDO�DFWLYLW\��DURXQG����PV�SRVW�VWLPXOXV�RQVHW��VHH�)LJ����WKDW�SUHFHGHG�WKH�SDULHWDO�QHXUDO�ϰϳϵ�

VLJQDO�RI�VHW�VL]H��SHDNHG�DURXQG�����PV��VHH�)LJ�����VXSSRUWLQJ�WKH�HQJDJHPHQW�RI�WKH�5/�V\VWHP�ϰϴϬ�

HDUO\�LQ�WKH�WULDO�IROORZHG�E\�WKH�FRJQLWLYHO\�HIIRUWIXO�:0�SURFHVV��7KH�QHXUDO�VLJQDOV�RI�5/�H[KLELWHG�ϰϴϭ�

DQ�DGGLWLRQDO�ODWH�WHPSRUDO�DFWLYLW\��DURXQG����PV�SRVW�VWLPXOXV�RQVHW��WKDW�RYHUODSSHG�LQ�WLPH�ZLWK�ϰϴϮ�

WKH�VHW�VL]H�HIIHFW��)LQDOO\��D�VLJQLILFDQW�IURQWDO�DQG�SDULHWDO�HIIHFW�RI�GHOD\�ZDV�DOVR�REVHUYHG�WR�LQLWLDWH�ϰϴϯ�

HDUO\�DW����PV��ϰϴϰ�

�ϰϴϱ�

--- Figure 5 is here --- ϰϴϲ�

 ϰϴϳ�

�7R�TXDQWLI\�KRZ�WKH�QHXUDO�PHDVXUH�RI�5/�LV�PRGXODWHG�E\�:0�DQG�5/�SURFHVVHV��ZH�ϰϴϴ�

DQDO\]HG�WKH�WULDO�E\�WULDO�OHYHO�((*�5/�LQGH[��UHIOHFWLQJ�KRZ�VWURQJ�LV�WKH�5/�FRPSXWDWLRQ�DW�D�JLYHQ�ϰϴϵ�

WULDO��ZLWK�OLQHDU�HIIHFWV�UHJUHVVLRQ�IURP����SDUWLFLSDQWV��DV�D�IXQFWLRQ�RI�VHW�VL]H��setSize  ������������ϰϵϬ�

WKH�QXPEHU�RI�SUHYLRXV�FRUUHFW��pcor �������DQG�WKH�LQWHUDFWLRQV�EHWZHHQ�WKHP��VHH�0HWKRGV���$V�ϰϵϭ�

H[SHFWHG�GXH�WR�LQFUHPHQWDO�OHDUQLQJ��QHXUDO�LQGLFHV�RI�5/�LQFUHDVHG�SDUDPHWULFDOO\�DV�D�IXQFWLRQ�RI�ϰϵϮ�

UHZDUG�KLVWRU\��pcor: ȕ �����t������� �������p��������,PSRUWDQWO\��FRQILUPLQJ�PRGHO�SUHGLFWLRQV��ϰϵϯ�

QHXUDO�5/�VLJQDOV�LQFUHDVHG�WR�D�ODUJHU�H[WHQW�DV�WKH�VHW�VL]H�JUHZ��pcor × setSize: ȕ �����ϰϵϰ�

t������� ������p�������)LJ���)���7KLV�ILQGLQJ�FRUURERUDWHV�SUHYLRXV�UHSRUWV�WKDW�5/�FRPSXWDWLRQV�DUH�ϰϵϱ�

ODUJHU�LQ�KLJK�VHW�VL]HV�GXH�WR�GLPLQLVKLQJ�:0�FRQWULEXWLRQV�DQG�WKXV�LQFUHDVLQJ�WKH�DFFXPXODWLRQ�RI�ϰϵϲ�

UHZDUG�SUHGLFWLRQ�HUURUV��&ROOLQV�HW�DO�������E��&ROOLQV�	�)UDQN����������ϰϵϳ�

�ϰϵϴ�
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--- Figure 6 is here --- ϰϵϵ�

 ϱϬϬ�

:H�QH[W�DVVHVVHG�WKH�FRUH�SUHGLFWLRQ�WKDW�WKH�QHXUDO�5/�LQGH[�LV�UHODWHG�WR�IXWXUH�UHWHQWLRQ��DQG�ϱϬϭ�

PRUH�VSHFLILFDOO\��WKH�FRRSHUDWLYH�PRGHO�SUHGLFWLRQ�WKDW�WKH�VSHHGHG�QHXUDO�5/�FXUYHV�LQ�KLJK�VHW�VL]HV�ϱϬϮ�

DUH�UHODWHG�WR�EHWWHU�UHWHQWLRQ�RI�OHDUQHG�FRQWLQJHQFLHV��1RWDEO\��ZKLOH�WKLV�SUHGLFWLRQ�GLG�QRW�KROG�IRU�ϱϬϯ�

WKH�UHZDUG�UHWHQWLRQ�SKDVH��abs_delta_EEG_RL:�p �����mean_setSize × abs_delta_EEG_RL:�p �����ϱϬϰ�

)LJ��'���LW�ZDV�FOHDUO\�ERUQH�RXW�IRU�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�SKDVH��EEG RL: ȕ �����ϱϬϱ�

]������� ������p�������)LJ��(���6WLPXOL�WKDW�KDG�EHHQ�DVVRFLDWHG�ZLWK�D�ODUJHU�((*�5/�LQGH[�GXULQJ�ϱϬϲ�

OHDUQLQJ�ZHUH�DVVRFLDWHG�ZLWK�EHWWHU�UHFDOO�RI�WKH�DVVRFLDWHG�UHVSRQVH�DW�WHVW��WKLV�HIIHFW�KHOG�HYHQ�ZKHQ�ϱϬϳ�

FRQWUROOLQJ�IRU�WKH�QRQ�QHXUDO�SUHGLFWRUV��ZKLFK�UHSOLFDWHG�WKH�SULRU�DQDO\VLV���)LJXUH��(�VKRZV�WKDW�D�ϱϬϴ�

KLJK�((*�5/�LQGH[��E\�PHGLDQ�VSOLW��ZDV�SUHGLFWLYH�RI�EHWWHU�UHWHQWLRQ�SHUIRUPDQFH�DW�WHVW��7KH�ϱϬϵ�

ILQGLQJ�WKDW�WKH�QHXUDO�LQGH[�RI�5/�LV�UHODWHG�WR�SROLF\�UHWHQWLRQ�EXW�QRW�UHZDUG�UHWHQWLRQ�LV�UHOHYDQW�IRU�ϱϭϬ�

PRGHOV�WKDW�GLVVRFLDWH�ZKHWKHU�PRGHO�IUHH�5/�LQ�WKH�EUDLQ�HQFRGHV�H[SHFWHG�YDOXHV�RU�SROLFLHV��VHH�ϱϭϭ�

PRGHO�PHWKRG�VHFWLRQ�DQG�'LVFXVVLRQ���1RWH�WKDW�D�VOLJKWO\�GLIIHUHQW�UHJUHVVLRQ�PRGHO�ZDV�XVHG�IRU�ϱϭϮ�

WHVWLQJ�WKH�QHXUDO�5/�LQGH[�HIIHFW�RQ�WKH�UHZDUG�UHWHQWLRQ�WHVW�SHUIRUPDQFH�WKDQ�WKH�EHKDYLRXU�PRGHO�ϱϭϯ�

XVHG�SUHYLRXVO\��VHH�0HWKRG�VHFWLRQ�IRU�PRUH�GHWDLO���1HYHUWKHOHVV��WKH�NH\�EHKDYLRU�UHVXOWV�ZHUH�ϱϭϰ�

UHSOLFDWHG�LQ�WKLV�DQDO\VLV�DV�SHUIRUPDQFH�LQFUHDVHG�ZLWK�WKH�LQFUHDVH�LQ�WKH�DEVROXWH�YDOXH�GLIIHUHQFHV�ϱϭϱ�

�abs_delta_Q:�ȕ �����SE �����]������� ������p�������DQG�ZKLOH�WKLV�HIIHFW�ZDV�QRW�IXUWKHU�PRGXODWHG�ϱϭϲ�

E\�VHW�VL]H��mean_setSize × abs_delta_Q, p ������SHUIRUPDQFH�DFFXUDF\�GLG�LPSURYH�ZLWK�VHW�VL]H�ϱϭϳ�

�mean_setSize:�ȕ �����SE �����]������� ������p ������VHH�)LJ��'�����ϱϭϴ�

�ϱϭϵ�

Acute stress modulation of RL and WM interaction ϱϮϬ�

Manipulation check ϱϮϭ�

6XEMHFWLYH��DXWRQRPLF�DQG�HQGRFULQH�GDWD�LQGLFDWHG�WKDW�WKH�VWUHVV�LQGXFWLRQ�E\�WKH�6(&37�ϱϮϮ�

ZDV�VXFFHVVIXO��7KH�6(&37�ZDV�UDWHG�DV�VLJQLILFDQWO\�PRUH�XQSOHDVDQW��VWUHVVIXO��DQG�SDLQIXO�WKDQ�WKH�ϱϮϯ�

ZDUP�ZDWHU�FRQWURO�SURFHGXUH��>PRUH�GLIILFXOW��W����� ��������p��������d� �������PRUH�XQSOHDVDQW��W�����ϱϮϰ�

 ��������p���������d� �������PRUH�VWUHVVIXO��W����� �������p��������d� �������DQG�PRUH�SDLQIXO�W����� �ϱϮϱ�

�������p���������d� �������VHH�UDWLQJ�UHSRUWV�LQ�7DEOH��@��)XUWKHUPRUH��ZH�REVHUYHG�VLJQLILFDQW�ϱϮϲ�
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7UHDWPHQW�E\�7LPH�LQWHUDFWLRQV�IRU�VXEMHFWLYH�VWUHVV�UDWLQJV�>QHJDWLYH�PRRG��F������ ��������p < ������ϱϮϳ�

Șg
2  ������UHVWOHVVQHVV��F������ �������p < ������Șg

2  ����@�DQG�DXWRQRPLF�DURXVDO�PHDVXUHV�>V\VWROLF�ϱϮϴ�

EORRG�SUHVVXUH��6%3���F������ ��������p < ������Șg
2  ������GLDVWROLF�EORRG�SUHVVXUH��'%3�� F������ �ϱϮϵ�

�������p < ������Șg
2  ������DQG�KHDUW�UDWH� F������ ��������p < ������Șg

2  ����@��$V�H[SHFWHG��WKHVH�ϱϯϬ�

DXWRQRPLF�UHVSRQVHV�UHWXUQHG�UHODWLYHO\�TXLFNO\�WR�EDVHOLQH�DIWHU�WKH�WUHDWPHQW��VHH�)LJ�����7KH�VWUHVV�ϱϯϭ�

DQG�QR�VWUHVV�FRQWURO�JURXSV�GLG�QRW�GLIIHU�LQ�DQ\�RI�WKH�DXWRQRPLF�DURXVDO�PHDVXUHV�SUH�WUHDWPHQW��DOO�ϱϯϮ�

S�YDOXHV!������ϱϯϯ�

--- Figure 6 is here --- ϱϯϰ�

--- Table 1 is here --- ϱϯϱ�

�ϱϯϲ�
6DOLYDU\�FRUWLVRO��V&257��UHVSRQVHV�ZHUH�DVVHVVHG�E\�UXQQLQJ�$129$�ZLWK�7LPH��7���7���ϱϯϳ�

7���7���DV�WKH�ZLWKLQ�VXEMHFW�IDFWRU�DQG�7UHDWPHQW��6(&37�YV��ZDUP�ZDWHU�FRQWURO�JURXS��DV�WKH�ϱϯϴ�

EHWZHHQ�VXEMHFW�IDFWRU��:H�REVHUYHG�D�VLJQLILFDQW�HIIHFW�IRU�7LPH��F������ ��������p < ������Șp
2  ������ϱϯϵ�

EXW�QRW�IRU�7UHDWPHQW��F����� �������p = �����Șp
2  �������$Q�H[SHFWHG�7UHDWPHQW�î�7LPH�LQWHUDFWLRQ�ZDV�ϱϰϬ�

REVHUYHG��F������ �������p < ������Șp
2  �������ZLWK�WKH�VWUHVV�JURXS�GLVSOD\LQJ�JUHDWHU�V&257�OHYHOV�ϱϰϭ�

LPPHGLDWHO\�EHIRUH�WKH�OHDUQLQJ�WDVN�����PLQ�SRVW�WUHDWPHQW��>t����� �������p� �������d� �����@�EXW�ϱϰϮ�

RQO\�PDUJLQDO�GLIIHUHQFH�ZDV�REVHUYHG�DW�KDOI�WLPH�GXULQJ�OHDUQLQJ�WDVN�����PLQ�SRVW�WUHDWPHQW��>t�����ϱϰϯ�

 �������p� ������d� �����@��1R�GLIIHUHQFH�LQ�V&257�OHYHOV�ZDV�REVHUYHG�DW�EDVHOLQH�>t����� �������p� �ϱϰϰ�

���@�QRU�DW�WKH�HQG�RI�WKH�OHDUQLQJ�WDVN�����PLQ�SRVW�WUHDWPHQW��>t����� �������p� ����@��VXJJHVWLQJ�WKDW�ϱϰϱ�

VWUHVV�LQGXFHG�FRUWLVRO�HOHYDWLRQV�JUDGXDOO\�GHFUHDVHG�GXULQJ�WKH�OHDUQLQJ�WDVN��)LJ�������1RWH�WKDW���ϱϰϲ�

SDUWLFLSDQWV�ZHUH�H[FOXGHG�IURP�WKH�FRUWLVRO�DQDO\VLV�EHFDXVH�WKH\�GLG�QRW�SURYLGH�VXIILFLHQW�VDOLYD�IRU�ϱϰϳ�

DQDO\VLV����ϱϰϴ�

 ϱϰϵ�

Learning Phase performance by stress group ϱϱϬ�

7R�WHVW�WKH�K\SRWKHVLV�WKDW�DFXWH�VWUHVV�PD\�UHGXFH�:0¶V�DELOLW\�WR�HIIHFWLYHO\�JXLGH�OHDUQLQJ�ϱϱϭ�

WKHUHE\�ZHDNHQLQJ�WKH�UHODWLYH�FRQWULEXWLRQ�RI�:0�LQ�WKH�WUDLQLQJ�SKDVH�LQ�WKH�VWUHVV�JURXS�FRPSDUHG�ϱϱϮ�

WR�WKH�FRQWURO�JURXS��ZH�UDQ�WKH�VDPH�JHQHUDO�PL[HG�HIIHFW�UHJUHVVLRQ�PRGHO�RQ�WULDO�E\�WULDO�WUDLQLQJ�ϱϱϯ�

GDWD�IURP����SDUWLFLSDQWV�EXW�DGGHG�VWUHVV�JURXS�DV�D�IDFWRU�����SDUWLFLSDQWV�LQ�WKH�VWUHVV�JURXS�DQG����ϱϱϰ�
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SDUWLFLSDQWV�LQ�WKH�FRQWURO�JURXS���7KLV�DQDO\VLV�UHYHDOHG�WKDW�OHDUQLQJ�E\�VHW�VL]H�LQWHUDFWLRQ�ZDV�ϱϱϱ�

PRGXODWHG�E\�VWUHVV��pcor × set size × stress_group:�ȕ ������SE �����]������� �������p ������DQG�VR�ϱϱϲ�

ZDV�WKH�OHDUQLQJ�E\�GHOD\�LQWHUDFWLRQ��pcor × delay × stress_group:�ȕ �����SE �����]������� ������ϱϱϳ�

p �������7R�XQGHUVWDQG�WKH�QDWXUH�RI�WKHVH�LQWHUDFWLRQV�ZH�UDQ�WZR�IROORZ�XS�DQDO\VHV�XVLQJ�WKH�VDPH�ϱϱϴ�

JHQHUDO�PL[HG�HIIHFW�UHJUHVVLRQ�PRGHO�RQ�WULDO�E\�WULDO�WUDLQLQJ�GDWD��VHSDUDWHO\�LQ�WKH�FRQWURO��1 ����ϱϱϵ�

DQG�WKH�VWUHVV�JURXS��1 �����7KHVH�DQDO\VHV�VKRZHG�WKDW�OHDUQLQJ�FXUYHV�ZHUH�DGGLWLYH�WR�WKH�VHW�VL]H�ϱϲϬ�

HIIHFW�LQ�WKH�VWUHVV�JURXS��pcor × set size:�p �����EXW�QRW�LQ�WKH�FRQWURO�JURXS��pcor × set size:�ȕ �����ϱϲϭ�

SE �����]������� ������p�������ZKLFK�VKRZHG�D�JUHDWHU�GURS�LQ�SHUIRUPDQFH�GXULQJ�KLJK�VHW�VL]HV�ϱϲϮ�

�VHH�)LJ���$�%���7KH�DWWHQXDWHG�GHOD\�HIIHFW�ZLWK�OHDUQLQJ�ZDV�VLJQLILFDQW�IRU�ERWK�WKH�VWUHVV�JURXS�ϱϲϯ�

�pcor × delay:�ȕ �����SE �����]������� ������p�������DQG�WKH�FRQWURO�JURXS��pcor × delay:�ȕ �����ϱϲϰ�

SE �����]������� ������p�������VHH�)LJ���&�'����ϱϲϱ�

--- Figure 7 is here --- ϱϲϲ�

 ϱϲϳ�

Reward Retention Test performance by stress group ϱϲϴ�

7R�WHVW�WKH�K\SRWKHVLV�WKDW�DFXWH�VWUHVV�PD\�UHGXFH�:0¶V�DELOLW\�WR�HIIHFWLYHO\�JXLGH�OHDUQLQJ�ϱϲϵ�

WKHUHE\�VWUHQJWKHQLQJ�5/�FRQXUEDWLRQV�GXULQJ�WKH�WUDLQLQJ�SKDVH�DQG�OHDGLQJ�WR�EHWWHU�UHWHQWLRQ�RI�ϱϳϬ�

OHDUQHG�LQIRUPDWLRQ�LQ�WKH�VWUHVV�JURXS�FRPSDUHG�WR�WKH�FRQWURO�JURXS��ZH�UDQ�WKH�VDPH�JHQHUDO�PL[HG�ϱϳϭ�

HIIHFW�UHJUHVVLRQ�PRGHO�RQ�WULDO�E\�WULDO�UHZDUG�UHWHQWLRQ�WHVW�GDWD�IURP����SDUWLFLSDQWV�EXW�DGGHG�VWUHVV�ϱϳϮ�

JURXS�DV�D�IDFWRU�����SDUWLFLSDQWV�LQ�WKH�VWUHVV�JURXS�DQG����SDUWLFLSDQWV�LQ�WKH�FRQWURO�JURXS��DQG�ϱϳϯ�

DQDO\]HG�WHVW�SHUIRUPDQFH��WKH�SURSRUWLRQ�RI�VHOHFWLQJ�WKH�ULJKW�YV�OHIW�VWLPXOXV���7KLV�DQDO\VLV�ϱϳϰ�

UHSOLFDWHG�WKH�UHVXOWV�RI�WKH�EHKDYLRU�DQDO\VLV�ZLWKRXW�WKH�JURXS�IDFWRU��1R�HIIHFW�RI�VWUHVV�ZDV�ϱϳϱ�

REVHUYHG��p!�����)LJ��(����ϱϳϲ�

Stimulus-response retention test performance by stress group ϱϳϳ�

7R�WHVW�WKH�K\SRWKHVLV�WKDW�DFXWH�VWUHVV�PD\�UHGXFH�:0¶V�DELOLW\�WR�HIIHFWLYHO\�JXLGH�OHDUQLQJ�ϱϳϴ�

WKHUHE\�VWUHQJWKHQLQJ�5/�FRQXUEDWLRQV�GXULQJ�WKH�WUDLQLQJ�SKDVH�DQG�OHDGLQJ�WR�EHWWHU�UHWHQWLRQ�RI�ϱϳϵ�

OHDUQHG�LQIRUPDWLRQ�LQ�WKH�VWUHVV�JURXS�FRPSDUHG�WR�WKH�FRQWURO�JURXS��ZH�UDQ�WKH�VDPH�JHQHUDO�PL[HG�ϱϴϬ�
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HIIHFW�UHJUHVVLRQ�PRGHO�RQ�WULDO�E\�WULDO�VWLPXOXV�UHVSRQVH UHWHQWLRQ�WHVW�GDWD�IURP����SDUWLFLSDQWV�EXW�ϱϴϭ�

DGGHG�VWUHVV�JURXS�DV�D�IDFWRU�����SDUWLFLSDQWV�LQ�WKH�VWUHVV�JURXS�DQG����SDUWLFLSDQWV�LQ�WKH�FRQWURO�ϱϴϮ�

JURXS��DQG�DQDO\]HG�WHVW�SHUIRUPDQFH��7KLV�DQDO\VLV�UHYHDOHG�WKDW�WKH�HIIHFW�RI�VHW�VL]H�RQ�UHFDOO�ϱϴϯ�

DFFXUDF\�RI�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQV�LQWHUDFWHG�ZLWK�VWUHVV��set size × stress_group:�ȕ �����ϱϴϰ�

SE �����]������� ������p �����)LJ���)��EXW�IROORZ�XS�DQDO\VLV�RQ�HDFK�JURXS�VHSDUDWHO\�VKRZHG�ϱϴϱ�

VLJQLILFDQW�HIIHFW�RI�VHW�VL]H�RQ�UHFDOO�DFFXUDF\�LQ�ERWK�WKH�FRQWURO�JURXS��ȕ �����SE �����ϱϴϲ�

]������ �������p�������DQG�WKH�VWUHVV�JURXS��ȕ �����SE �����]������ �������p���������ϱϴϳ�

'LVFXVVLRQ�ϱϴϴ�

7DNHQ�WRJHWKHU��RXU�ILQGLQJV�SURYLGH�LQVLJKW�LQWR�WKH�LQWULFDWH�LQWHUSOD\�EHWZHHQ�:0�DQG�5/�ϱϴϵ�

GXULQJ�OHDUQLQJ��DQG�LWV�RSSRVLQJ�LQIOXHQFHV�RQ�DFTXLVLWLRQ�YV��UHWHQWLRQ�RI�VWLPXOXV�UHVSRQVH�ϱϵϬ�

DVVRFLDWLRQV��$�UHFHQW�VWXG\�SURSRVHG�D�FRRSHUDWLYH�:05/�PRGHO��ZKHUHE\�53(V�LQ�WKH�5/�V\VWHP�ϱϵϭ�

DUH�QRW�RQO\�FRPSXWHG�UHODWLYH�WR�5/�H[SHFWHG�YDOXHV�EXW�DUH�DOVR�PRGXODWHG�E\�H[SHFWDWLRQV�KHOG�LQ�ϱϵϮ�

:0��&ROOLQV�	�)UDQN���������7KLV�PRGHO�DFFRXQWHG�IRU�I05,�DQG�((*�ILQGLQJV�LQ�ZKLFK�QHXUDO�ϱϵϯ�

53(V�ZHUH�GLPLQLVKHG�IRU�VPDOOHU�:0�ORDGV��&ROOLQV�HW�DO���������&ROOLQV�	�)UDQN���������0RUHRYHU��ϱϵϰ�

WKLV�PRGHO�DFFRXQWHG�IRU�ILQGLQJV�WKDW�RQ�D�JLYHQ�WULDO��ODUJHU�QHXUDO�LQGLFHV�RI�:0�H[SHFWDWLRQV�ZHUH�ϱϵϱ�

SUHGLFWLYH�RI�VXEVHTXHQW�53(V�GXULQJ�WKH�RXWFRPH��HYHQ�ZLWKLQ�D�JLYHQ�VHW�VL]H��&ROOLQV�	�)UDQN��ϱϵϲ�

�������7KLV�PRGHO�OHG�WR�D�NH\�SUHGLFWLRQ�WKDW�HQKDQFHG�5/�SURFHVVHV�XQGHU�KLJK�:0�ORDG�ZRXOG�ϱϵϳ�

VXSSRUW�PRUH�UREXVW�UHWHQWLRQ�RI�OHDUQHG�DVVRFLDWLRQ��GHVSLWH�WKH�VXEVWDQWLDOO\�VORZHU�DFTXLVLWLRQ��ϱϵϴ�

3UHOLPLQDU\�EHKDYLRUDO�HYLGHQFH�IRU�VXFK�D�EHKDYLRUDO�SUHGLFWLRQ�KDG�EHHQ�UHSRUWHG�E\�&ROOLQV���������ϱϵϵ�

ZKR�VKRZHG�HQKDQFHG�UHWHQWLRQ�RI�LWHPV�OHDUQHG�LQ�VHW�VL]H���FRPSDUHG�WR�VHW�VL]H����+RZHYHU��WKDW�ϲϬϬ�

VWXG\�GLG�QRW�HPSOR\�QHXUDO�UHFRUGLQJV�DQG�WKXV�GLG�QRW�WHVW�ZKHWKHU�WKH�QHXUDO�:05/�LQWHUDFWLRQ�ϲϬϭ�

ZDV�WKH�XQGHUO\LQJ�PHFKDQLVP�IRU�WKHVH�HIIHFWV��+HUH�ZH�SURYLGH�VHYHUDO�OLQHV�RI�HYLGHQFH�LQ�VXSSRUW�ϲϬϮ�

RI�WKLV�FODLP��ϲϬϯ�

)LUVW��RXU�EHKDYLRUDO�DQG�((*�UHVXOWV�UHSOLFDWHG�NH\�ILQGLQJV�LQ�WKH�5/:0�WDVN�DQG�LQ�WKH�ϲϬϰ�

VXEVHTXHQW�PHPRU\�WHVWV��,Q�WKH�OHDUQLQJ�WDVN��ZH�REVHUYHG�ZRUVH�DFTXLVLWLRQ�ZLWK�LQFUHDVLQJ�VHW�VL]H�ϲϬϱ�

DQG�ZLWK�GHOD\V�EHWZHHQ�VXFFHVVLYH�VWLPXOXV�SUHVHQWDWLRQV��EXW�DV�OHDUQLQJ�SURJUHVVHG��ZLWK�WKH�ϲϬϲ�

LQFUHDVH�LQ�UHZDUG�KLVWRU\��WKH�QHJDWLYH�HIIHFW�RI�GHOD\�LQ�KLJK�VHW�VL]HV�GLPLQLVKHG�FRQVLGHUDEO\��7KLV�ϲϬϳ�
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REVHUYDWLRQ�IXUWKHU�VXSSRUWV�WKH�PRGHO�SUHGLFWLRQ�WKDW�5/�GRPLQDWHV�RYHU�:0�ZLWK�WKH�DFFXPXODWLRQ�ϲϬϴ�

RI�UHZDUGV�RYHU�WLPH��6HFRQG��DW�WKH�QHXUDO�OHYHO��ZH�DOVR�UHSOLFDWHG�ILQGLQJV�LQ�ZKLFK�QHXUDO�5/�ϲϬϵ�

LQGLFHV�SUHFHGHG�WKH�FRJQLWLYHO\�FRVWO\�:0�SURFHVV�GXULQJ�VWLPXOXV�SURFHVVLQJ��&ROOLQV�DQG�)UDQN��ϲϭϬ�

�������0RUHRYHU��ZH�IRXQG�UREXVW�HYLGHQFH�WKDW�((*�VLJQDOV�RI�5/�LQFUHDVHG�PRUH�UDSLGO\�DFURVV�ϲϭϭ�

WULDOV�XQGHU�KLJK�WKDQ�ORZ�ORDG��)LJ���)���D�NH\�SUHGLFWLRQ�RI�WKH�FRRSHUDWLYH�PRGHO��)LJ������HYHQ�ϲϭϮ�

WKRXJK�EHKDYLRUDO�OHDUQLQJ�ZDV�VORZHU�LQ�WKHVH�FRQGLWLRQV����ϲϭϯ�

,PSRUWDQWO\��ZH�REVHUYHG�WKDW�DVVRFLDWLRQV�OHDUQHG�XQGHU�KLJKHU�:0�ORDG�KDG�LQFUHDVLQJO\�ϲϭϰ�

KLJKHU�UHFDOO�DFFXUDF\�LQ�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�WHVW��)LJ���&���7KLV�UHVXOW�H[WHQGV�WKH�ϲϭϱ�

SUHYLRXVO\�UHSRUWHG�UHWHQWLRQ�EHQHILW�RI�DVVRFLDWLRQV�OHDUQHG�XQGHU�KLJK�FRPSDUHG�WR�ORZ�VHW�VL]HV�ϲϭϲ�

�&ROOLQV���������:H�VKRZHG�WKDW�WKLV�HIIHFW�LV�SDUDPHWULF�DFURVV�ILYH�OHYHOV�RI�:0�ORDG��DQG�PRUHRYHU�ϲϭϳ�

WKDW�WKH�JUHDWHVW�UHWHQWLRQ�GHILFLWV�RFFXUUHG�IRU�WKH�YHU\�ORZHVW�VHW�VL]HV�LQ�ZKLFK�SDUWLFLSDQWV�FRXOG�ϲϭϴ�

HDVLO\�OHDUQ�WKH�WDVN�SXUHO\�YLD�:0��)XUWKHUPRUH��ZH�UHSOLFDWHG�SUHYLRXV�UHVXOWV�LQ�WKH�UHZDUG�ϲϭϵ�

UHWHQWLRQ�WHVW��&ROOLQV�HW�DO���������DQG�GHPRQVWUDWHG�WKDW�SDUWLFLSDQWV�KDYH�GLIIHUHQWLDO�VHQVLWLYLW\�WR�ϲϮϬ�

WKH�SURSRUWLRQ�RI�WULDOV�LQ�ZKLFK�WKH\�ZHUH�UHZDUGHG�IRU�HLWKHU�RI�WKH�VWLPXOL�DQG�WKLV�HIIHFW�JUHZ�ZLWK�ϲϮϭ�

VHW�VL]H���ϲϮϮ�

)LQDOO\��WR�JDLQ�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVP�UHVSRQVLEOH�IRU�WKH�EHQHILWV�LQ�ERWK�ϲϮϯ�

UHWHQWLRQ�WHVWV��ZH�OHYHUDJHG�D�ZLWKLQ�WULDO�QHXUDO�LQGH[LQJ�DSSURDFK�RI�((*�G\QDPLFV��:H�VKRZHG�ϲϮϰ�

WKDW�QHXUDO�LQGLFHV�RI�5/�GXULQJ�DFTXLVLWLRQ�ZHUH�SUHGLFWLYH�RI�VXEVHTXHQW�UHWHQWLRQ�LQ�WKH�VWLPXOXV�ϲϮϱ�

UHVSRQVH�UHWHQWLRQ��HYHQ�DIWHU�FRQWUROOLQJ�IRU�VHW�VL]H��7KLV�UHVXOW�VXSSRUWV�WKH�NH\�PRGHO�SUHGLFWLRQ�ϲϮϲ�

WKDW�5/�SURFHVVHV�GXULQJ�OHDUQLQJ��ZKLFK�DUH�VWURQJHU�XQGHU�KLJK�:0�ORDG��DUH�UHVSRQVLEOH�IRU�ϲϮϳ�

LQFUHDVLQJ�SROLF\�UHWHQWLRQ��ZKHQ�:0�LV�QR�ORQJHU�DYDLODEOH��,Q�FRQWUDVW��QHXUDO�LQGLFHV�RI�5/�ZHUH�ϲϮϴ�

QRW�SUHGLFWLYH�RI�SHUIRUPDQFH�LQ�WKH�UHZDUG�UHWHQWLRQ�WHVW���ϲϮϵ�

7KLV�UHVXOW�VXSSRUWV�WKHRUHWLFDO�DQG�HPSLULFDO�VWXGLHV�VXJJHVWLQJ�WKDW�PRGHO�IUHH�OHDUQLQJ�LQ�ϲϯϬ�

WKH�EUDLQ��HVSHFLDOO\�WKH�FRUWLFRVWULDWDO�V\VWHP��GLUHFWO\�OHDUQV�D�VWLPXOXV�UHVSRQVH�SROLF\�XVLQJ�ϲϯϭ�

SUHGLFWLRQ�HUURUV�IURP�DQRWKHU�V\VWHP��³DFWRU�FULWLF´��&ROOLQV�	�)UDQN�������-DVNLU�	�)UDQN�������ϲϯϮ�

.OHLQ�HW�DO��������%\�WKLV�DFFRXQW��WKH�³DFWRU´�VHOHFWLQJ�SROLFLHV�ZRXOG�KDYH�QR�GLUHFW�DFFHVV�WR�ϲϯϯ�

H[SHULHQFHG�UHZDUG�YDOXHV��EXW�RQO\�WKH�SURSHQVLW\�IRU�D�VSHFLILF�UHVSRQVH�IRU�HDFK�RI�WKHP��ϲϯϰ�

3DUWLFLSDQWV�FRXOG�SODXVLEO\�DFFHVV�WKHLU�³FULWLF´�YDOXHV�IRU�HDFK�VWLPXOXV�DQG�FRPSDUH�WKHP�LQ�WKH�ϲϯϱ�
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UHZDUG�UHWHQWLRQ�SKDVH��EXW�WKH\�ZRXOG�QRW�KDYH�KDG�WR�GR�VR�GXULQJ�OHDUQLQJ��,QGHHG��SDUWLFLSDQWV�ϲϯϲ�

VKRZ�DERYH�FKDQFH�SHUIRUPDQFH�LQ�VXFK�GLVFULPLQDWLRQV��EXW�RQO\�VXEWO\��DFFXUDF\�ULVHV�XS�WR�����DW�ϲϯϳ�

EHVW���LQ�FRQWUDVW��DFFXUDF\�LQ�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�WHVW��ZKLFK�GLUHFWO\�DVVHVVHV�ZKDW�WKH�ϲϯϴ�

DFWRU�ZRXOG�KDYH�OHDUQHG��LV�IDU�VXSHULRU��URXJKO\�����IRU�WKH�KLJKHU�VHW�VL]HV���GHVSLWH�EHLQJ�WHVWHG�ϲϯϵ�

ZLWK�IXUWKHU�GHOD\V�VLQFH�OHDUQLQJ����ϲϰϬ�

)RU�PRVW�VLPSOH�5/�WDVNV��WKHVH�WZR�FODVVHV�RI�PRGHO�IUHH�5/�DOJRULWKPV��WKRVH�WKDW�IRFXV�RQ�ϲϰϭ�

OHDUQLQJ�H[SHFWHG�YDOXHV�DQG�WKH�DFWRU�FULWLF���DUH�ODUJHO\�LQGLVWLQJXLVKDEOH�DV�WKH\�ERWK�SUHGLFW�WKDW�DQ�ϲϰϮ�

DJHQW�SURJUHVVLYHO\�FKRRVHV�WKRVH�DFWLRQV�WKDW�PD[LPL]H�UHZDUG��+RZHYHU��VHYHUDO�WKHRUHWLFDO�DQG�ϲϰϯ�

HPSLULFDO�VWXGLHV�VXJJHVW�WKDW�WKH�EDVLF�5/�V\VWHP�LQ�KXPDQV�VDWLVILHV�SUHGLFWLRQV�RI�DQ�DFWRU�FULWLF�LQ�ϲϰϰ�

EHKDYLRU��LPDJLQJ��DQG�LQ�WKHRUHWLFDO�PRGHOV�RI�FRUWLFRVWULDWDO�FRQWULEXWLRQV�WR�5/��&ROOLQV�	�)UDQN�ϲϰϱ�

������-DVNLU�	�)UDQN�������/L�	�'DZ�������.OHLQ�HW�DO�������*ROG�HW�DO�������*HDQD�HW�DO����������ϲϰϲ�

0RUHRYHU��WKH�PRGHO�ILWV�KHUH�GLG�QRW�LPSURYH�LI�ZH�DOORZHG�WKH�4�OHDUQLQJ�DJHQW�WR�OHDUQ�WKH�ϲϰϳ�

GLIIHUHQFH�EHWZHHQ���YV���SRLQW��DQG�LQVWHDG�VXJJHVWHG�WKDW�SDUWLFLSDQWV�OHDUQHG�WR�VLPSO\�PD[LPL]H�ϲϰϴ�

WDVN�SHUIRUPDQFH��ZKLFK�HIIHFWLYHO\�PDNHV�4�OHDUQLQJ�HTXLYDOHQW�WR�DQ�DFWRU�FULWLF�DW�WKH�OHYHO�RI�WDVN�ϲϰϵ�

SHUIRUPDQFH��1HYHUWKHOHVV��D�4�OHDUQHU�ZRXOG��DW�PLQLPXP��OHDUQ�WKH�UHZDUG�YDOXH�RI�D�VWLPXOXV�LQ�ϲϱϬ�

WHUPV�RI�WKH�SHUFHQWDJH�RI�WLPHV�WKH\�ZHUH�FRUUHFW��L�H���ZKHWKHU�WKH\�JRW���RU���SRLQWV�YV�����<HW��WKH�ϲϱϭ�

((*�PDUNHU�RI�5/�LV�VWLOO�QRW�UHODWHG�WR�SHUIRUPDQFH�LQ�UHZDUG�UHWHQWLRQ�WHVW�HYHQ�ZKHQ�FRUUHFW�ϲϱϮ�

SHUIRUPDQFH�WKHUH�ZRXOG�EH�FRXQWHG�DV�VLPSO\�FKRRVLQJ�WKH�VWLPXOXV�WKDW�KDG�\LHOGHG�KLJKHU�ϲϱϯ�

SURSRUWLRQ�RI�FRUUHFW�UHVSRQVHV��:KLOH�RXU�QHXUDO�5/�LQGH[�FDQQRW�GLVWLQJXLVK�EHWZHHQ�DQ�((*�PHWULF�ϲϱϰ�

RI�³4�YDOXHV´��RU�³DFWRU�ZHLJKWV´��WKH�ILQGLQJV�WKDW�LW�RQO\�SUHGLFWV�SHUIRUPDQFH�LQ�WKH�VWLPXOXV�ϲϱϱ�

UHVSRQVH�WHVW�SURYLGHV�LQLWLDO�HYLGHQFH�VXSSRUWLQJ�WKH�DFWRU�LQWHUSUHWDWLRQ�ZKHUH�WKH�QHXUDO�5/�LQGH[�ϲϱϲ�

UHIOHFWV�WKH�SROLF\�UDWKHU�WKDQ�LWV�UHZDUG�YDOXH��ϲϱϳ�

:KLOH�ZH�IRFXVVHG�PDLQO\�RQ�KRZ�WKH�5/:0�PHFKDQLVP�LQIRUPV�UHWHQWLRQ��ZH�DOVR�WHVWHG�ϲϱϴ�

ZKHWKHU�WKH�LQWHUDFWLRQ�EHWZHHQ�5/�DQG�:0�FDQ�EH�PRGXODWHG�E\�DFXWH�VWUHVV��6WUHVV�LV�NQRZQ�WR�ϲϱϵ�

KDYH�D�PDMRU�LPSDFW�RQ�OHDUQLQJ�DQG�GHFLVLRQ�PDNLQJ�SURFHVVHV��&UHPHU�HW�DO���������5DLR��HW�DO���ϲϲϬ�

������6WDUFNH�	�%UDQG���������3UHYLRXV�ZRUN�KDG�VKRZQ�WKDW�DFXWH�VWUHVV�DOWHUV�SUHIURQWDO�FRUWH[�ϲϲϭ�

IXQFWLRQLQJ�WKXV�LPSDLULQJ�H[HFXWLYH�FRQWURO�RYHU�FRJQLWLRQ��H�J���FRJQLWLYH�LQKLELWLRQ��WDVN�VZLWFKLQJ��ϲϲϮ�

ZRUNLQJ�PHPRU\�PDLQWHQDQFH��%RJGDQRY�	�6FKZDEH��������%URZQ�HW�DO���������+DPLOWRQ�	�ϲϲϯ�
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%ULJPDQ��������*ROGIDUE�HW�DO���������3OHVVRZ�HW�DO���������6FKZDEH�	�:ROI��������6FKZDEH��HW�DO���ϲϲϰ�

������9RJHO�HW�DO����������2Q�WKH�RWKHU�KDQG��DFXWH�VWUHVV�ZDV�DOVR�VKRZQ�WR�LQFUHDVH�VWULDWDO�GRSDPLQH�ϲϲϱ�

DFWLYLW\��9DHVVHQ�HW�DO���������OHDGLQJ�WR�EHWWHU�ZRUNLQJ�PHPRU\�XSGDWLQJ��*ROGIDUE�HW�DO���������DQG�ϲϲϲ�

LPSURYLQJ�H[HFXWLYH�FRQWURO�RYHU�PRWRU�DFWLRQV��L�H���UHVSRQVH�LQKLELWLRQ��/HRQJ�DQG�3DFNDUG��������ϲϲϳ�

6FKZDEH�	�:ROI���������:H��WKHUHIRUH��SUHGLFWHG�WKDW�VWUHVV�ZRXOG�DIIHFW�WKH�:0�YV��5/�WUDGH�RII�ϲϲϴ�

VXFK�WKDW�LW�ZLOO�LPSHGH�:0¶V�FRQWULEXWLRQ�WR�OHDUQLQJ�DQG�ZLOO�LQVWHDG�HQKDQFH�WKH�UHODWLYH�ϲϲϵ�

FRQWULEXWLRQ�RI�5/�FRPSXWDWLRQV��&XUUHQW�UHVXOWV�GLG�QRW�FRQILUP�WKLV�K\SRWKHVLV�DV�RQO\�VXEWOH�ϲϳϬ�

GLIIHUHQFHV�ZHUH�REVHUYHG�EHWZHHQ�WKH�VWUHVV�DQG�FRQWURO�JURXSV�GXULQJ�WKH�OHDUQLQJ�WDVN�DQG�DW�WKH�ϲϳϭ�

WHVWV���ϲϳϮ�

,W�LV�SRVVLEOH�WKDW�WKH����PLQXWHV¶�GHOD\�EHWZHHQ�WKH�VWUHVVRU�DQG�WKH�EHJLQQLQJ�RI�WKH�OHDUQLQJ�ϲϳϯ�

WDVN�KLQGHUHG�WKH�VWUHVV�UHVSRQVH�RQ�EHKDYLRU�DV�LW�ZDV�SUHYLRXVO\�VXJJHVWHG�WKDW�ERWK�QRUDGUHQDOLQH�ϲϳϰ�

DQG�FRUWLVRO�OHYHOV�QHHG�WR�EH�HOHYDWHG�LQ�RUGHU�IRU�VWUHVV�WR�DIIHFW�:0�SHUIRUPDQFH��5RR]HQGDDO��HW�ϲϳϱ�

DO���������%DUVHJ\DQ�HW�DO���������(O]LQJD�	�5RHORIV���������$QRWKHU�LQWULJXLQJ�SRVVLELOLW\�LV�WKDW�ϲϳϲ�

LQGLYLGXDOV�ZLWK�KLJKHU�:0�FDSDFLW\�ZHUH�PRUH�UHVLOLHQW�DJDLQVW�FRJQLWLYH�LPSDLUPHQWV�LQGXFHG�E\�ϲϳϳ�

VWUHVV�DQG�ZHUH�DOVR�OHVV�ELDVHG�WRZDUG�KDELWXDO�GHFLVLRQ�PDNLQJ��&UHPHU�HW�DO���������2WWR�HW�DO���ϲϳϴ�

������4XDHGIOLHJ�HW�DO����������)XWXUH�ZRUN�VKRXOG�WHVW�GLUHFWO\�WKH�VSHFLILF�HIIHFW�RI�VWUHVV�RQ�:0�DQG�ϲϳϵ�

5/�LQWHUDFWLRQV�ZKLOH�WDNLQJ�LQWR�DFFRXQW�SDUWLFLSDQWV¶�:0�FDSDFLW\�DV�D�IDFWRU��ϲϴϬ�

7R�FRQFOXGH��RXU�UHVXOWV�FRQWULEXWH�WR�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�FRXSOHG�PHFKDQLVP�RI�ϲϴϭ�

:0�DQG�5/�WKDW�FDQ�G\QDPLFDOO\�VKLIW�EHWZHHQ�UHO\LQJ�PRUH�RQ�WKH�HIIRUWIXO�EXW�IDVW�DQG�UHOLDEOH�:0�ϲϴϮ�

V\VWHP�RU�WKH�VORZ��PRUH�HUURU�SURQH�5/�V\VWHP�WKDW�KDV�UHWHQWLRQ�EHQHILWV��:H�UHSRUWHG�WULDO�E\�WULDO�ϲϴϯ�

HYLGHQFH�LQ�WKH�QHXUDO�VLJQDO�IRU�WKLV�WUDGH�RII�GXULQJ�OHDUQLQJ�DQG�VKRZHG�WKDW�JUHDWHU�UHOLDQFH�RQ�WKH�ϲϴϰ�

5/�V\VWHP�ZKHQ�:0�LV�GHJUDGHG��L�H���ZKHQ�:0�ORDG�LV�KLJK��SUHGLFWHG�EHWWHU�PHPRU\�UHWHQWLRQ�RI�ϲϴϱ�

OHDUQHG�VWLPXOXV�UHVSRQVH�DVVRFLDWLRQV��$Q�LQWULJXLQJ�SRVVLELOLW\�WKDW�UHPDLQV�WR�EH�WHVWHG�LV�WKDW�WKH�ϲϴϲ�

VKLIW�EHWZHHQ�WKH�WZR�V\VWHPV�LV�VWUDWHJLF�DQG�FDQ�EH�PRGXODWHG�E\�RQH¶V�SUHIHUHQFH�RU�DELOLW\�WR�ϲϴϳ�

PD[LPL]H�LPPHGLDWH�OHDUQLQJ�YV�UHWHQWLRQ��+RZHYHU��LW�UHPDLQV�WR�EH�VHHQ�LI�FOLQLFDO�SRSXODWLRQV�ZLWK�ϲϴϴ�

LPSDLUPHQWV�LQ�RQH�RU�ERWK�V\VWHPV�RI�:0�DQG�5/��PLJKW�DOWHU�WKH�IOH[LEOH�VKLIWLQJ�EHWZHHQ�WKH�WZR�ϲϴϵ�

V\VWHPV��SRVVLEO\�ELDVLQJ�WKH�XVH�RI�RQH�V\VWHP�PRUH�WKDQ�WKH�RWKHU�HYHQ�ZKHQ�LW�LV�OHVV�DGYDQWDJHRXV����ϲϵϬ�

5HIHUHQFHV�ϲϵϭ�
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)LJXUH����([SHULPHQWDO�SURWRFRO�RI�WKH�OHDUQLQJ�WDVN�DQG�WKH�WZR�WHVW�SKDVHV���$��,Q�WKH�OHDUQLQJ�SKDVH��ϴϯϬ�
LQ�HDFK�EORFN�SDUWLFLSDQWV�XVH�GHWHUPLQLVWLF�UHZDUG�IHHGEDFN�WR�OHDUQ�ZKLFK�RI�WKUHH�DFWLRQV�WR�VHOHFW�ϴϯϭ�



�

ϯϬ�
�

IRU�HDFK�VWLPXOXV�LPDJH��7KH�VHW�VL]H��RU�WKH�QXPEHU�RI�VWLPXOL��QV��YDULHV�IURP�RQH�WR�ILYH�DFURVV�ϴϯϮ�
EORFNV��$IWHU�HDFK�UHVSRQVH�IHHGEDFN�ZDV�SUHVHQWHG�DXGLR�YLVXDOO\��VHH�WH[W�IRU�PRUH�GHWDLO����%��7KH�ϴϯϯ�
VXUSULVH�UHZDUG�UHWHQWLRQ�WHVW�SURWRFRO��,Q�WKLV�WDVN��SDUWLFLSDQWV�DUH�DVNHG�WR�UHFDOO�WKH�UHZDUG�YDOXH�RI�ϴϯϰ�
VWLPXOL�OHDUQHG�GXULQJ�WKH�OHDUQLQJ�SKDVH�E\�FKRRVLQJ�WKH�VWLPXOXV�WKH\�SHUFHLYH�WR�KDYH�EHHQ�PRUH�ϴϯϱ�
UHZDUGHG�ZLWKLQ�D�SDLU�RI�VWLPXOL�SUHVHQWHG�RQ�HYHU\�WULDO���&��7KH�VXUSULVH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�ϴϯϲ�
WHVW�SURWRFRO�LV�D�WHVW�RI�WKH�OHDUQHG�VWLPXOXV�UHVSRQVH�³SROLF\´��+HUH��SDUWLFLSDQWV�DUH�DVNHG�WR�UHFDOO�ϴϯϳ�
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�������$��%RWK�:0�DQG�5/�LQIRUP�H[SHFWHG�4�YDOXHV�DQG�WKXV�LQIRUP�UHZDUG�SUHGLFWLRQ�HUURUV�ϴϰϭ�
�53(V���:KHQ�WKH�QXPEHU�RI�VWLPXOL�WR�OHDUQ��VV]�RU�³VHW�VL]H´��LV�ZLWKLQ�:0�FDSDFLW\��H�J���VV] ��RQ�ϴϰϮ�
WKH�OHIW��WKH�H[SHFWHG�4�YDOXH�RI�HDFK�FRQWLQJHQF\�FDQ�EH�KHOG�LQ�:0��WKHUHE\�UHGXFLQJ�53(¶V�GXULQJ�ϴϰϯ�
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4�YDOXHV�LQ�WKH�5/�V\VWHP��&��1RWH�WKDW�4�OHDUQLQJ�FXUYHV�LQ�SDQHO�%�HYROYH�PRUH�UDSLGO\�LQ�KLJK�VV]��ϴϰϴ�
GHVSLWH�WKH�RSSRVLWH�SDWWHUQ�LQ�VLPXODWHG�EHKDYLRUDO�OHDUQLQJ�FXUYHV��ZKHUHE\�:0�FRQWULEXWHV�WR�UDSLG�ϴϰϵ�
OHDUQLQJ�LQ�ORZ�VV]��ϴϱϬ�
�ϴϱϭ�
)LJXUH����%HKDYLRUDO�UHVXOWV�IURP�WKH�OHDUQLQJ�SKDVH���$�%��3HUIRUPDQFH�OHDUQLQJ�FXUYHV�DQG�UHDFWLRQ�ϴϱϮ�
WLPHV��57��IRU�HDFK�VHW�VL]H�DV�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�LWHUDWLRQV�RI�D�VWLPXOXV��VWLP����&��ϴϱϯ�
3HUIRUPDQFH�DV�D�IXQFWLRQ�RI�:0�ORDG��WKH�GHWULPHQWDO�HIIHFW�RI�GHOD\�LV�JUHDWHU�LQ�KLJK�VHW�VL]HV���'�ϴϱϰ�
(��5HGXFHG�HIIHFWV�RI�ERWK�GHOD\�DQG�VHW�VL]H�DV�OHDUQLQJ�SURJUHVVHV�IURP�HDUO\��XS�WR�WZR�SUHYLRXV�ϴϱϱ�
FRUUHFW�FKRLFHV��WR�ODWH��WKH�ODVW�WZR�WULDOV�RI�HDFK�VWLPXOXV��WULDOV�LQ�D�EORFN��VXJJHVWLYH�RI�D�WUDQVLWLRQ�ϴϱϲ�
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UHZDUG�UHWHQWLRQ�WHVW�SHUIRUPDQFH��7KH�SURSRUWLRQ�RI�FRUUHFW�VHOHFWLRQ�RI�WKH�PRUH�UHZDUGLQJ�VWLPXOXV�ϴϱϵ�
IURP�D�SDLU�RI�WKH�SUREHG�VWLPXOL�LQFUHDVHV�DV�D�IXQFWLRQ�RI�GLIIHUHQFHV�LQ�WKH�QXPEHU�RI�H[SHULHQFHG�ϴϲϬ�
UHZDUGV��4�YDOXH�GLII��DQG�WKH�VHW�VL]H�LQ�ZKLFK�WKH\�ZHUH�OHDUQHG��7KH�PHGLDQ�VSOLW�RI�DEVROXWH�YDOXH�ϴϲϭ�
GLIIHUHQFHV�LV�VKRZQ��KLJK�4�YDOXH�GLIIHUHQFH�WULDOV�GHSLFWHG�LQ�UHG�DQG�ORZ�4�YDOXH�GLIIHUHQFH�WULDOV�ϴϲϮ�
LQ�EOXH����%�&��(IIHFW�RI�VHW�VL]H�RQ�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�WHVW�SHUIRUPDQFH��7KH�SURSRUWLRQ�ϴϲϯ�
RI�FRUUHFW�UHFDOO�LQ�WKH�WHVW�SKDVH�LQFUHDVHV�DV�D�IXQFWLRQ�RI�WKH�HVWLPDWHG�4�YDOXHV�RI�WKH�SUREHG�ϴϲϰ�
DVVRFLDWLRQ�DQG�DV�D�IXQFWLRQ�RI�WKH�VHW�VL]H�LQ�ZKLFK�LW�ZDV�OHDUQHG��7KH�PHGLDQ�VSOLW�RI�WKH�HVWLPDWHG�ϴϲϱ�
VWLPXOXV�UHVSRQVH�4�YDOXHV�LV�VKRZQ��KLJK�4�YDOXH�DVVRFLDWLRQV�LQ�UHG�DQG�ORZ�4�YDOXH�DVVRFLDWLRQV�LQ�ϴϲϲ�
EOXH����'��(IIHFW�RI�((*�5/�LQGH[�RQ�WKH�UHZDUG�UHWHQWLRQ�WHVW�SHUIRUPDQFH��7KH�SURSRUWLRQ�RI�FRUUHFW�ϴϲϳ�
VHOHFWLRQ�RI�WKH�PRUH�UHZDUGLQJ�VWLPXOXV�IURP�D�SDLU�RI�WKH�SUREHG�VWLPXOL�LQFUHDVHV�DV�D�IXQFWLRQ�RI�ϴϲϴ�
WKH�VHW�VL]H�LQ�ZKLFK�WKH\�ZHUH�OHDUQHG�EXW�ZDV�QRW�IXUWKHU�PRGXODWHG�E\�WKH�PDJQLWXGH�RI�WKH�((*�ϴϲϵ�
5/�LQGH[�RI�WKH�VWLPXOL��7KH�PHGLDQ�VSOLW�RI�DEVROXWH�GLIIHUHQFHV�LQ�((*�5/�LQGLFHV�LV�VKRZQ��KLJK�ϴϳϬ�
((*�5/�LQGH[�GLIIHUHQFH�LQ�UHG�DQG�ORZ�((*�5/�LQGH[�GLIIHUHQFH�LQ�EOXH����(��(IIHFW�RI�WKH�QHXUDO�ϴϳϭ�
5/�LQGH[�RQ�UHFDOO�DFFXUDF\�LQ�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�WHVW��7KH�QHXUDO�5/�LQGH[�LV�VKRZQ�DV�ϴϳϮ�
WKH�PHGLDQ�VSOLW�DFURVV�DOO�WKH�5/�LQGLFHV��6WLPXOL�ZLWK�KLJK�5/�LQGH[�DUH�GHSLFWHG�LQ�UHG�DQG�VWLPXOL�ϴϳϯ�
ZLWK�ORZ�5/�LQGH[�DUH�GHSLFWHG�LQ�EOXH���)��7KH�((*�5/�LQGH[�LQFUHDVHV�SDUDPHWULFDOO\�ZLWK�WKH�ϴϳϰ�
LQFUHDVH�LQ�DFFXPXODWHG�UHZDUGV��7KHVH�QHXUDO�OHDUQLQJ�FXUYHV�SDUDPHWULFDOO\�LQFUHDVH�ZLWK�VHW�VL]H��ϴϳϱ�
(UURU�EDUV�UHSUHVHQW�VWDQGDUG�HUURUV��ϴϳϲ�

)LJXUH����((*�GHFRGLQJ�RI�5/�DQG�:0�HIIHFWV�GXULQJ�FKRLFH��&RUUHFWHG�HYHQW�UHODWHG�SRWHQWLDOV�ϴϳϳ�
�(53V��H[KLELWLQJ�WKH�HIIHFW�RI�WKUHH�PDLQ�SUHGLFWRUV��VHW�VL]H�LQ�JUHHQ��GHOD\�LQ�EOXH��5/�YDOXH�ϴϳϴ�
TXDUWLOHV�LQ�UHG��IURP�WRS�WR�ERWWRP�URZ��RQ�WKH�YROWDJH�RI�VLJQLILFDQW�HOHFWURGHV��)&]��&3]��DQG�3R]�ϴϳϵ�
IRU�VHW�VL]H�DQG�GHOD\��DQG�)&]��&3]��DQG�&��IRU�5/���7KH�EODFN�OLQH�UHIOHFWV�WKH�VLJQLILFDQW�WLPH�SRLQWV�ϴϴϬ�
DIWHU�SHUPXWDWLRQ�FRUUHFWLRQ��2Q�WKH�ULJKW��WKH�HIIHFW�RI�HDFK�SUHGLFWRU�LQ�WKH�URZ�LV�H[KLELWHG�ZLWK�D�ϴϴϭ�
VFDOS�PDS�WRSRJUDSK\�DW�DQ�HDUO\�����PV��DQG�ODWH�����PV��WLPH�SRLQWV��7KH�FRORU�LQ�WKH�VFDOS�PDS�ϴϴϮ�
UHSUHVHQWV�VLJQLILFDQW�WKUHVKROGHG�W�YDOXHV���ϴϴϯ�
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)LJXUH����6XFFHVVIXO�VWUHVV�LQGXFWLRQ��7KH�H[SRVXUH�WR�WKH�VWUHVVRU�OHG�WR�VLJQLILFDQW�LQFUHDVHV�LQ��$��ϴϴϱ�
V\VWROLF�EORRG�SUHVVXUH���%��GLDVWROLF�EORRG�SUHVVXUH���&��KHDUW�UDWH��DQG��'��VDOLYDU\�FRUWLVRO�OHYHOV��ϴϴϲ�
HUURU�EDUV�UHSUHVHQW�VWDQGDUG�HUURUV��7KH�FRQWURO�JURXS�LV�GHSLFWHG�LQ�GDUN�EOXH�DQG�WKH�VWUHVV�JURXS�LQ�ϴϴϳ�
UHG��
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p���������IRU�WKH�FRPSDULVRQ�EHWZHHQ�WKH�VWUHVV�JURXS�DQG�WKH�FRQWURO�JURXS��ϴϴϴ�

)LJXUH����6WUHVV�HIIHFWV�GXULQJ�WKH�OHDUQLQJ�DQG�WHVW�SKDVHV���$��/HDUQLQJ�FXUYHV�DFURVV�LWHUDWLRQV�DV�D�ϴϴϵ�
IXQFWLRQ�RI�VHW�VL]H�LQ�WKH�FRQWURO�JURXS��%��DQG�VWUHVV�JURXS���&��/HDUQLQJ�FXUYHV�DFURVV�WKH�QXPEHU�ϴϵϬ�
RI�SUHYLRXV�FRUUHFW�DV�D�IXQFWLRQ�RI�GHOD\����WR���ZKHUH���UHIOHFWV�GHOD\�RI�ILYH�DQG�DERYH��LQ�WKH�ϴϵϭ�
FRQWURO�JURXS��'��DQG�VWUHVV�JURXS���(��(IIHFW�RI�VWUHVV�RQ�WKH�UHZDUG�UHWHQWLRQ�WHVW�SHUIRUPDQFH��7KH�ϴϵϮ�
SURSRUWLRQ�RI�FRUUHFW�VHOHFWLRQ�RI�WKH�PRUH�UHZDUGLQJ�VWLPXOXV�IURP�D�SDLU�RI�WKH�SUREHG�VWLPXOL�ϴϵϯ�
LQFUHDVHV�DV�D�IXQFWLRQ�RI�WKH�VHW�VL]H�LQ�ERWK�WKH�FRQWURO�JURXS��GHSLFWHG�LQ�EODFN��DQG�LQ�WKH�VWUHVV�ϴϵϰ�
JURXS��GHSLFWHG�LQ�UHG����)��(IIHFW�RI�VWUHVV�RQ�UHFDOO�DFFXUDF\�LQ�WKH�VWLPXOXV�UHVSRQVH�UHWHQWLRQ�WHVW��ϴϵϱ�
7KH�SURSRUWLRQ�RI�FRUUHFW�UHFDOO�LQ�WKH�VWLPXOXV�UHVSRQVH�WHVW�LQFUHDVHV�DV�D�IXQFWLRQ�RI�WKH�VHW�VL]H�LQ�ϴϵϲ�
ERWK�WKH�FRQWURO�JURXS��GHSLFWHG�LQ�EODFN��DQG�WKH�VWUHVV�JURXS��GHSLFWHG�LQ�UHG���(UURU�EDUV�UHSUHVHQW�ϴϵϳ�
VWDQGDUG�HUURUV��ϴϵϴ�

7DEOH����6XEMHFWLYH�PRRG�DQG�SURFHGXUH�UDWLQJV�DFURVV�WKH�H[SHULPHQW�LQ�ERWK�FRQWURO�DQG�VWUHVV�ϴϵϵ�
JURXSV��7KH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�RI�WKH�UDWLQJV�EHIRUH�DQG�DIWHU�WKH�SURFHGXUHV�DUH�UHSRUWHG�IRU�ϵϬϬ�
WKH�FRQWURO�JURXS��XSSHU�SDUW��DQG�IRU�WKH�VWUHVV�JURXS��ERWWRP�SDUW����ϵϬϭ� �� Control�group

�� ������� ������ ������������������
Subjective�mood������������������Ǥ��������������� ͵͵Ǥ͸ͻ�ȋͶǤͻͻȌ� ͵ͶǤʹ͸�ȋͶǤ͹ʹȌ� ͵͵Ǥͺ͸�ȋͶǤ͸͸Ȍ����������������Ǥ���������� ͵ʹǤͶ͹͸�ȋ͸ǤͲͺȌ� ͵͵Ǥͺ͵�ȋͷǤͳͶȌ� ͵͵ǤʹͶ�ȋͶǤ͸ͳȌ��������������Ǥ������������� ʹͺǤͷ͹ͳ�ȋ͸ǤͶͺȌ� ʹͺǤ͵ͳ�ȋ͸ǤͺͺȌ� ʹ͸Ǥ͸Ͷ�ȋ͸Ǥ͹ͺȌ�
Rating�of�control�procedure����������� Ǧ� ͶǤͲͻ�ȋͳ͵ǤʹͳȌ� Ǧ������������ Ǧ� ͻǤͷʹ�ȋʹͳǤͺͺȌ� Ǧ����������� Ǧ� ͶǤʹͲ�ȋͳͷǤʹ͵Ȍ� Ǧ��������� Ǧ� ͵Ǥ͹ͻ�ȋͳͶǤ͸ʹȌ� Ǧ�
�� Stress�group�

�� ������� ������ ������������������
Subjective�mood������������������Ǥ��������������� ͵͵Ǥ͹͸�ȋ͵ǤͷͳȌ� ͵ͳǤͷ͹�ȋͷǤ͵ʹȌ� ͵͵ǤͶ͵�ȋ͵ǤͻͻȌ����������������Ǥ���������� ͵ʹǤͻͻ�ȋͶǤʹͶȌ� ͵ͲǤͶͷ�ȋ͸ǤͳͶȌ� ͵ʹǤͶ͵�ȋͶǤ͹ʹȌ��������������Ǥ������������� ʹͺǤͻͺ�ȋͷǤ͹ͳȌ� ʹͻǤͺ͸�ȋ͸Ǥͳ͸Ȍ� ʹ͸ǤͶͷ�ȋ͸ǤͳʹȌ�
Rating�of�stressor����������� Ǧ� ͷͲǤ͸ͻ�ȋʹͺǤͲͳȌ� Ǧ������������ Ǧ� ͷͺǤ͹͵�ȋʹͺǤͲͻȌ� Ǧ����������� Ǧ� ͶͲǤͳ͹�ȋʹ͸Ǥ͹ͲȌ� Ǧ��������� Ǧ� ͷͷǤͶͲ�ȋʹͷǤͻ͹Ȍ� Ǧ�
















