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ABSTRACT
$�WHDFKLQJ�H[SHULPHQW�LV�FDUULHG�RXW�LQ�D�XQLYHUVLW\�OHYHO�WKHUPRG\QDPLFV�FRXUVH
XVLQJ�DGDSWLYH�DQG�LQWHUDFWLYH�H�OHDUQLQJ�PDWHULDO��FUHDWHG�LQ�WKH�QHZ�0RRGOH
TXHVWLRQ�W\SH Stateful WKDW�H[WHQGV�WKH�WUDGLWLRQDO�67$&.�TXHVWLRQ�W\SH�ZLWK�LQQHU�
ORRS�DGDSWLYLW\��7KH�V\VWHP�FROOHFWV�GDWD�WKDW�LV�XVHG�WR�DOJRULWKPLFDOO\�FODVVLI\�WKH
VWXGHQWV�WR�GLIIHUHQW�JURXSV�DFFRUGLQJ�WR�WKHLU�EHKDYLRXU�LQ�VROYLQJ�SUREOHPV��,W�LV
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1 INTRODUCTION
,Q�WKLV�DUWLFOH��D�QHZ�H�OHDUQLQJ�FRQFHSW�IRU�XQLYHUVLW\�OHYHO�HOHPHQWDU\�SK\VLFV�LV
GLVFXVVHG�LQ�WHUPV�RI�D�SHGDJRJLFDO�H[SHULPHQW�WKDW�LV�FDUULHG�RXW�LQ�DQ�DXWKHQWLF
VHWWLQJ��(DUOLHU�H�OHDUQLQJ�SODWIRUPV�KDYH�PDQ\�EHQHILWV�WKDW�LQFOXGH�EHWWHU�UHDFKLQJ
WKH�VWXGHQWV�DQG�JLYLQJ�WKHP�VXSSRUW�ZLWKRXW�WKH�QHHG�RI�WHDFKHUV�IRU�VFKHGXOHG
OHDUQLQJ��VHH��H�J����9DQ/HKQ��������$XWRPDWLF�DVVHVVPHQW�V\VWHPV�VXFK�DV�67$&.
�6\VWHP�IRU�7HDFKLQJ�DQG�$VVHVVPHQW�XVLQJ�D�&RPSXWHU�DOJHEUD�.HUQHO��KDYH�EHHQ
XVHG�IRU�D�ORQJ�WLPH�LQ�FRQMXQFWLRQ�ZLWK�WUDGLWLRQDO�WHDFKLQJ�PHWKRGV�LQ�D�ZD\�WKDW
LPSURYHV active�DQG cooperative learning�DV�ZHOO�DV formative�DQG elaborative
feedback��+DWWLH�	�7LPSHUOH\��������6KXWH��������$WWDOL���������67$&.�LV�VXLWDEOH�IRU
WHDFKLQJ�JHQHUDO�PDWKHPDWLFDO�FRQWHQW�ZLWK�LQGLYLGXDOO\�UDQGRPLVHG�H[HUFLVHV��,W
SURYLGHV�IHHGEDFN�IRU�VWXGHQWV�DQG�DXWRPDWLF�DVVHVVPHQW�RI�VWXGHQWV¶�DQVZHUV�IRU
WHDFKHUV��VHH��H�J����6DQJZLQ��������5DVLOD��0DOLQHQ��	�7LLWX��������6DQJZLQ�	
+DUMXOD��������3DLYD��)HUUHLUD��	�)UDGH��������.XOPDOD��.RNNRQHQ��	�.RQWUR�������
(UVNLQH�	�0HVWHO��������1DNDPXUD��)XND]DZD��	�7DNDKDUD��������1DNDPXUD�
7DQLJXFKL��	�7DNDKDUD���������$OO�VWXGHQWV��KRZHYHU��VHH�HVVHQWLDOO\�WKH�VDPH
SUREOHP�DQG�DUH�H[SHFWHG�WR�VROYH�LW�IROORZLQJ�WKH�VDPH�VWHSV�LQ�67$&.�

7KH�DGDSWLYLW\�RI�HOHFWURQLF�VWXG\�PDWHULDO�WR�GLIIHUHQW�VWXGHQWV¶�QHHGV�LV�D
SDUWLFXODUO\�LPSRUWDQW�LVVXH�DV�ZHOO��7KH�QRYHO�0RRGOH�TXHVWLRQ�W\SH Stateful ZDV
RULJLQDOO\�GUDIWHG�DV�D�PRGLILFDWLRQ�RI�67$&.�LQ��+DUMXOD��0DOLQHQ��	�5DVLOD��������
DQG�LW�PDNHV�LW�SRVVLEOH�WR�LQWHUDFWLYHO\�OLQN�WUDGLWLRQDO�67$&.�H[HUFLVHV�DV�VHSDUDWH
scenes LQWR�D�QHWZRUN��VHH�DOVR��$OWLHUL��+RUVW��.DOOZHLW��/DQGHQIHOG��	�3HUVLNH�
�������7KH�WUDQVLWLRQ�WR�WKH�QH[W�VFHQH�LV�GHWHUPLQHG�E\�UXOHV��DFFRUGLQJ�WR�ZKLFK
VWXGHQWV¶�DQVZHUV�LQ�HDUOLHU�VFHQHV�KDYH�EHHQ�FODVVLILHG��$W�DQ\�PRPHQW��WKH
VWXGHQW¶V�SDVW�DFWLRQ�LQ Stateful�KDV�DIIHFWHG�WKH�LQWHUQDO�VWDWH�RI�WKH�H[HUFLVH��WKXV
OHDGLQJ�WR�IXWXUH�DGDSWDWLRQV��+HQFH��WKH Stateful TXHVWLRQ�W\SH�PDNHV�LW�IHDVLEOH�WR
FUHDWH�G\QDPLFDOO\�DGDSWLYH�H�OHDUQLQJ�PDWHULDOV�WKDW�KDYH�DQ�XQGHUO\LQJ�VWRU\�RU�D
SORW��HPSKDVLVLQJ�VWUDWHJLF�VNLOOV�LQ�SUREOHP�VROYLQJ�ZKLOH�DGDSWLQJ�WR�YDU\LQJ�OHYHOV
RI�VWXGHQWV¶�VNLOOV��7KXV� Stateful PDNHV�LW�SRVVLEOH�WR�JLYH�VWXGHQWV�DXWRPDWHG�
SHUVRQDOLVHG��DQG�YHUVDWLOH�IHHGEDFN�EH\RQG�WKH�FDSDELOLWLHV�RI�WKH�WUDGLWLRQDO
67$&.�±�UHVHPEOLQJ�D�IRUP�RI�DQ�LQWHOOLJHQW�GLDORJXH�DW�LWV�EHVW��([HUFLVHV�EDVHG�RQ
WKH Stateful TXHVWLRQ�W\SH�DUH�DEOH�WR�LQWURGXFH�VHULRXV�JDPHOLNH�IHDWXUHV�LQ�D�QRQ�
JDPH�VHWWLQJ��'HWHUGLQJ��'L[RQ��.KDOHG��	�1DFNH��������'HYOLQ���������)URP�WKH
FRPSXWHU�VFLHQFH�SRLQW�RI�YLHZ� Stateful H[HUFLVHV�DUH�VWDWH�PDFKLQHV�WKDW�DFFHSW
H[WHUQDO�FRQWURO�LQ�WKH�IRUP�RI�LQSXW�IURP�WKH�VWXGHQW�

:H�XVH�D�VLQJOH��DGDSWLYH��PXOWLSDWK�H[HUFLVH�RQ�WKHUPRG\QDPLFV�WKDW�KDV�EHHQ
UHDOLVHG�XVLQJ Stateful��L�H���WKH Stateful 'LHVHO�([HUFLVH��KHQFHIRUWK��6'(��WKDW
GHVFULEHV�WKHUPRG\QDPLFV�RI�D�IRXU�VWURNH�'LHVHO�HQJLQH��6XFK�DQ�HQJLQH�LV
SDUWLFXODUO\�VXLWDEOH�IRU�UHDOLVDWLRQ�LQ�WKH Stateful TXHVWLRQ�W\SH�XVLQJ�PXOWLSOH�VFHQHV�
1RW�RQO\�GRHV�WKH�DFWLRQ�RI�WKH�HQJLQH�FRQVLVW�RI�IRXU�VWURNHV�EXW�DOVR�LWV
WKHUPRG\QDPLFDO�VWDWH�GLDJUDP�FRPSULVHV�IRXU�VWDJHV�ZKHUH�XQGHUVWDQGLQJ�RI
GLIIHUHQW�WKHUPRG\QDPLFDO�SURFHVVHV�LV�UHTXLUHG��,Q�HVVHQFH��WKH�'LHVHO�F\FOH
SURYLGHV�DQ�XQGHUO\LQJ�SORW�IRU�6'(��DQG�ERWK�IRUPDWLYH DQG�HODERUDWLYH�IHHGEDFN LV
SURYLGHG�ZLWKLQ�WKH�LQWHUDFWLYH�QDUUDWLYH�RI�6'(��,W�LV�ZRUWK�REVHUYLQJ�WKDW�6'(
LPSOHPHQWV�WKH�SHGDJRJ\�RI mastery learning�LQ�WKH�VHQVH�RI��%ORRP��������

,W�LV�FKDUDFWHULVWLF�IRU Stateful WKDW�YHU\�ODUJH�DPRXQWV�RI�VWXGHQW�LQWHUDFWLRQ�GDWD�LV
SURGXFHG�ZKLFK�RSHQV�XS�QHZ�SRVVLELOLWLHV�IRU learning analytics XVLQJ�VWDWLVWLFDO
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PHWKRGV��SDUDPHWULF�PRGHOOLQJ��DQG�SHUKDSV�HYHQ�PDFKLQH�OHDUQLQJ�LQ�IXWXUH�
3HUKDSV��QRW�DOO�VWXGHQWV�EHQHILW�PXFK�IURP�DGDSWLYH��LQWHUDFWLYH�PDWHULDOV�VXFK�DV
6'(��DQG�VRPH�RI�WKH�VWXGHQWV�PD\�QRW�HYHQ�EH�ZLOOLQJ�WR�LQWHUDFW�ZLWK�D
FRPSXWHULVHG�V\VWHP��,Q�RUGHU�WR�XQGHUVWDQG�VWXGHQWV¶�UHDFWLRQV��ZH�ILUVW�FODVVLI\�WKH
VWXGHQWV�DFFRUGLQJ�WR�WKH�GLIIHUHQW�ZD\V�KRZ�WKH\�UHVSRQG�WR�6'(��7KH�FODVVLILFDWLRQ
LV�WKHQ�UHODWHG�WR�VWXGHQWV¶�OHDUQLQJ�RXWFRPHV�E\�VWDWLVWLFDO�WRROV�DQG�SDUDPHWULF
PRGHOOLQJ��0RUH�SUHFLVHO\��FODVVLILFDWLRQ�RI�VWXGHQWV¶�EHKDYLRXU�LV�SRVVLEOH�EDVHG�RQ
WKH�SDWKV�WKH\�ZHQW�WKURXJK�6'(��RU�ZKHWKHU�WKH\�UHDFKHG�DQ�HQG�VFHQH�DW�DOO�
$GGLWLRQDO�GDWD�IRU��OHDUQLQJ�DQDO\WLFV�FDQ�EH�REWDLQHG�IURP�WKH�DFWXDO�VFHQH
WUDQVLWLRQV��WKH�FKDQJHV�LQ�WKH�VWDWH�ZLWKLQ�VFHQHV��DQG�WKH�VWHSV�RQ�WKH�SDWK�ZKHUH
WKH�VWXGHQW�JDLQHG�SRLQWV��:H�XVH self-organising maps �.RKRQHQ���������620��DQG
D�QRYHO�SDUDPHWULF�PRGHO�FDOOHG fitted metric �DV�H[SODLQHG�LQ�6HFWLRQ������DV
FODVVLILHUV�DQG�D�VWDWLVWLFDO�SUHGLFWRU�IRU�YDULRXV�PHDVXUHV�RI�OHDUQLQJ�RXWFRPHV�

2 COURSE ARRANGEMENT AND TEACHING EXPERIMENT
2.1 Student population, course and its grading
7KH�H�OHDUQLQJ�H[SHULPHQW�ZDV�DUUDQJHG�LQ�$DOWR�8QLYHUVLW\��)LQODQG��LQ�FRQMXQFWLRQ
ZLWK�DQ�XQGHUJUDGXDWH�WKHUPRG\QDPLFV�FRXUVH�IRU�ILUVW�\HDU�VWXGHQWV�RI�PHFKDQLFDO
HQJLQHHULQJ��,Q�WKH�ILQDO�JUDGH�RI�WKH�FRXUVH��WKH�H[DP�DFFRXQWHG�IRU������67$&.
���� Stateful ����WKH�ODERUDWRU\�VHVVLRQV�IRU������DQG�WKH�SUH��DQG�SRVW�OHFWXUH
ZRUN�DFFRXQWHG�IRU�����HDFK��,Q�DXWXPQ�VHPHVWHU�����������VWXGHQWV�HQUROOHG�WR
WKH�FRXUVH������SDUWLFLSDWHG�LQ�WKH�ILQDO�H[DP��DQG�����SDVVHG��'XH�WR�&29,'���
SDQGHPLF��WKH�H[DP�ZDV�KHOG�RQOLQH�LQ�³RSHQ�ERRN´�IRUPDW�ZKHUH�WKH�VWXGHQWV�KDG
DFFHVV�WR�DOO�WKH�PDWHULDO��7KH�UHVXOWV�RI�WKH�H[DP�ZHUH�TXLWH�VLPLODU�ZLWK�WKH�UHVXOWV
IURP�SUHYLRXV�\HDUV�ZKHQ�WUDGLWLRQDO�H[DPV�ZHUH�DUUDQJHG�

$OO�FRXUVH�SDUWLFLSDQWV�ZHUH�XVHG�DV�WHVW�VXEMHFWV��DQG�WKH\�ZHUH�LQIRUPHG�DERXW�WKH
VWXG\��2I�WKH�����SDUWLFLSDQWV������������ZHUH�PDOH�DQG����������IHPDOH��7KH
PHGLDQ�RI�VWXGHQW�DJH�ZDV������\HDUV��7KH�VWXGHQW�GHPRJUDSKLFV�ZHUH�REWDLQHG
IURP�WKH�XQLYHUVLW\�UHFRUGV��DQG�QR�IXUWKHU�GHPRJUDSKLF�LQIRUPDWLRQ�ZDV�FROOHFWHG�
6LQFH�WKHUH�LV�D�GHYLDWLRQ�IURP�WKH�SULQFLSOH�RI�LQIRUPHG�FRQVHQW��DQ�HWKLFDO�UHYLHZ
ZDV�FDUULHG�RXW�EHIRUH�WKH�UHVHDUFK��$DOWR�8QLYHUVLW\�5HVHDUFK�(WKLFV�&RPPLWWHH�
'�����������������

)RU�WKLV�ZRUN��WKH�PRVW�UHOHYDQW�OHDUQLQJ�REMHFWLYH�RI�WKH�FRXUVH��DUH�F\FOLF
WKHUPRG\QDPLF�SURFHVVHV��)RU�WKH�DQDO\VLV�FDUULHG�RXW��RQO\�WKH�H[HUFLVHV�DQG�WKH
H[DP�DUH�XVHG�DV�D�PHDVXUH�RI�OHDUQLQJ�RXWFRPHV�VLQFH�WKH\�SURGXFH�QXPHULFDO
GDWD�RQ�VWXGHQW�EHKDYLRXU�WKDW�LV�GLUHFWO\�VXLWDEOH�IRU�TXDQWLWDWLYH�PHWKRGV�
2.2 Diesel cycle as a Stateful exercise
7KH�H�OHDUQLQJ�H[SHULPHQW�LQYROYHG�D�VLQJOH Stateful H[HUFLVH��6'(��DERXW�WKH�'LHVHO
F\FOH�ZKLFK�VHUYHV�DV�DQ�H[HPSODU�RI�D�QRQ�WULYLDO�WKHUPRG\QDPLF�F\FOH�IRU�WKH
SXUSRVHV�RI�WKH�FRXUVH��7KLV�F\FOH�LV�XVHG�WR�PRGHO�D�IRXU�VWURNH�'LHVHO�HQJLQH��IRU
IXUWKHU�GHWDLOV��VHH�H�J���*LDQFROL���������7KH�'LHVHO�F\FOH�ZDV�WUDQVODWHG�LQWR�WKH
Stateful IRUPDW�FRQVLVWLQJ�RI�VHYHUDO�VFHQHV�DV�VKRZQ�LQ�)LJ�����0RVW�RI�WKH�VFHQHV
DUH�SDUW�RI�ILYH review loops WKDW�FRQVLVW�RI�XVHIXO�HODERUDWLYH�IHHGEDFN��VHH��$WWDOL�	
YDQ�GHU�.OHLM���������IRU�WKRVH�ZKR�DUH�GHHPHG�WR�QHHG�LW��7KH�IHHGEDFN�LV�JLYHQ�DV
KLQWV�WKDW�KHOS�WKH�VWXGHQW�IRUZDUG�
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Fig. 1. Student paths through SDE consisting of the main path and five review loops, also
indicating the general design (i.e., the topology) of the exercise.

,Q�6'(��WKH�HQWU\�VFHQH�$�LQWURGXFHV�WKH�'LHVHO�F\FOH�EXW�KDV�QR�TXHVWLRQV��VHH�)LJ�
���7KHQ�DOO�VWXGHQWV�DUH�WDNHQ�WR�D�ZDUP�XS�VFHQH�%�ZKHUH�VHYHUDO�0XOWLSOH�&KRLFH
4XHVWLRQV��0&4��DERXW�WKH�UHOHYDQW�WKHUPRG\QDPLFDO�SURFHVVHV�DUH�SRVHG��1H[W�
WKH�ILUVW�PDLQ�VFHQH�&��LV�HQWHUHG�ZKHUH�WKH�SUREOHP�LV�VHW�DQG�QXPHULFDO�YDOXHV�DUH
JLYHQ��7KH�ILUVW�VFHQH�ZKHUH�VWXGHQWV�FDQ�HQG�XS�LQ�GLIIHUHQW�SDWKV�LV�'���7KLV�LV�D
67$&.�OLNH�TXHVWLRQ�ZKHUH�WKH�VWXGHQW�LV�DVNHG�WR�VROYH�IRU�WKH�PD[LPXP�SUHVVXUH
RI�WKH�'LHVHO�F\FOH��,I�WKH�ULJKW�DQVZHU�LV�JLYHQ��WKH�VWXGHQW�LV�WDNHQ�EDFN�WR�WKH
PRGLILHG�PDLQ�VFHQH�&��IURP�ZKHUH�VFHQH�)��LV�UHDFKHG��,Q�FDVH�RI�D�ZURQJ�DQVZHU
LQ�VFHQH�'���WKH�VWXGHQW�LV�WDNHQ�WR�D�UHYLHZ�ORRS�(�±(��FRQVLVWLQJ�RI�VHYHUDO�0&4V
RQ�KRZ�WR�FDOFXODWH�WKH�PD[LPXP�SUHVVXUH��,Q�)LJ�����OHIW�SDQHO���WKH�VWXGHQW�YLHZ�RI
WKH�ILUVW�VFHQH�(��RI�WKH�UHYLHZ�ORRS�LV�VKRZQ��$IWHU�FRPSOHWLQJ�WKH�UHYLHZ�ORRS��WKH
VWXGHQW�LV�DVNHG�WR�VROYH�DJDLQ�IRU�WKH�PD[LPXP�SUHVVXUH�LQ�D�PRGLILHG�VFHQH�'�
ZLWK�D�67$&.�OLNH�TXHVWLRQ��7KH�GLIIHUHQFH�EHWZHHQ�VFHQHV�'��DQG�'��LV�WKDW�WKH
VWXGHQW�KDV�DOO�WKH�UHVXOWV�RI�WKH�UHYLHZ�ORRS�(�±(��DW�WKHLU�GLVSRVDO�LQ�'���VHH�)LJ���
�ULJKW�SDQHO��

Fig. 2: Two student views from SDE where the nodes E1 and D2 appear in Fig. 1.
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$�VLPLODU�SURFHVV�LV�UHSHDWHG�IRU�WKH�UHPDLQLQJ�IRXU�TXDQWLWLHV�RI�LQWHUHVW�LQ�WKH
'LHVHO�F\FOH��L�H���WKH�PD[LPXP�WHPSHUDWXUH�RI�WKH�F\FOH��)��)����KHDW�LQSXW�LQWR�WKH
F\FOH��+��+����KHDW�H[SHOOHG�IURP�WKH�F\FOH��-��-���DQG�WKH�WKHUPRG\QDPLFDO
HIILFLHQF\�RI�WKH�RYHUDOO�F\FOH��/��/����$OO�RI�WKHVH�KDYH�GHGLFDWHG�UHYLHZ�ORRSV�WKDW
WULJJHU�LQ�FDVH�RI�D�ZURQJ�DQVZHU��)LQDOO\��WKH�VWXGHQW�H[LWV�YLD�WKH�ILQDO�VFHQH��1��
2.3 Assessment of student activity in STACK and Stateful
&ODVVLFDO�67$&.�TXHVWLRQV�FDQ�EH�DVVHVVHG�LQ�WHUPV�RI�³UDZ�SRLQWV´��DV�GHILQHG�E\
WKH�TXHVWLRQ�ORJLF��DQG�WKH�QXPEHU�RI�DWWHPSWV�WKH�VWXGHQW�PDNHV��,Q�DGGLWLRQ�WR
VXFK�GDWD��WKHUH�LV path information DYDLODEOH�LQ Stateful��GHVFULELQJ�WKH�RUGHU�WKH
VWXGHQW�KDV�YLVLWHG�RU�VNLSSHG�VFHQHV�RI�6'(�VKRZQ�LQ�)LJ�����7KH�SDWK�LQIRUPDWLRQ
GRHV�QRW�DIIHFW�WKH�DVVHVVPHQW�RI�WKH�FRXUVH��DQG�LW�LV�QRW�YLVLEOH�WR�WKH�VWXGHQW��7KH
FRORXUHG�OLQHV�EHWZHHQ�WKH�VFHQHV�LQ�)LJ����UHIOHFW�WKH�SDWK�GDWD��VLQFH�WKH\�LQGLFDWH
WKH�IUDFWLRQV�RI�VWXGHQWV�FRQWLQXLQJ�RQ�VSHFLILF�EUDQFKHV��7KH�SDWK�LQIRUPDWLRQ�EH
HDVLO\�QXPHULFDOO\�TXDQWLILHG�DQG�FRPELQHG�ZLWK�RWKHU�W\SHV�RI�SHUIRUPDQFH�GDWD�E\
VWDWLVWLFDO�PHDQV�DQG�RSWLPLVDWLRQ�DV�ZDV�GRQH�LQ�WKLV�ZRUN��7KH�DFWXDO�JUDGLQJ�ORJLF
RI�6'(�IRU�FRXUVH�DVVHVVPHQW�ZDV�VLPSOLVWLF��DQG�SRLQWV�ZHUH�JLYHQ�IURP
VXFFHVVIXOO\�FRPSOHWLQJ�VSHFLILF�NH\�VWHSV�ZKHUH�DOO�RI�SRLQWV�FRXOG�EH�FROOHFWHG�QR
PDWWHU�KRZ�PDQ\�DWWHPSWV�LW�WRRN��7KH�VWXGHQW�LV�VKRZQ�WKH�FXPXODWLYH�VFRUH�LQ�UHDO
WLPH�

7KH�SDUDPHWULF�PRGHO�JLYHQ�LQ��+DUMXOD�HW�DO���������FDQ�EH�XVHG�WR�JUDGH�6'(�HLWKHU
E\�IL[LQJ�WKH�PRGHO�SDUDPHWHUV�PDQXDOO\�RU�E\�HVWLPDWLQJ�WKH�PRGHO�SDUDPHWHUV�ZLWK
WKH�REMHFWLYH�WR�IROORZ�D�FKRVHQ�WDUJHW�YDULDEOH�LQ�FRXUVH�DVVHVVPHQW��,Q�WKH�ODWWHU
FDVH��WKH�PRGHO�LV�FDOOHG fitted metric��DQG�LW�FDQ�EH�LQWHUSUHWHG�DV�D�VWDWLVWLFDO
SUHGLFWRU�RI�VWXGHQWV¶�OHDUQLQJ�RXWFRPHV��7KH�ILWWHG�PHWULF�FRQWDLQV�SHUVLVWHQW
LQIRUPDWLRQ�DERXW�VWXGHQWV¶�TXDOLWLHV�WKDW�LV�RIWHQ�FDOOHG�D student model,�H�J���LQ
�9DQ/HKQ��������
2.4 Software
7KH�VWDWLVWLFDO�FRPSXWLQJ�ZDV�GRQH�XVLQJ�WKH�5�V\VWHP�Y�����ZKLFK�ZDV�H[WHQGHG�E\
NRKRQHQ�SDFNDJH�Y�����IRU�LQFOXGLQJ�WKH�620�DOJRULWKPV�WKDW�ZHUH�XVHG�ZLWK�GHIDXOW
VHWWLQJV�DQG�D�UHFWDQJXODU�DGMDFHQF\�JULG� Stateful Y�������DQG�67$&.�Y�������ZHUH
XVHG�RQ�D�0RRGOH�HQYLURQPHQW�EDVHG�RQ�Y���������7KH�RSWLPDO�SDUDPHWHU�HVWLPDWLRQ
IRU�ILWWHG�PHWULF�PRGHOOLQJ�ZDV�FDUULHG�RXW�XVLQJ�2FWDYH�Y��������7KH�H�OHDUQLQJ
PDWHULDO��L�H���6'(��ZDV�FUHDWHG�LQ�WKH�H[SHULPHQWDO�GHYHORSPHQW�HQYLURQPHQW
(OHDJD�(GLWRU�Y�U�����

3 RESULTS
3.1 Clustering of path data from Stateful
$SDUW�IURP�D�PLQRU�FRPSOLFDWLRQ�GXH�WKH�UHYLHZ�ORRS�VWUXFWXUHV�LQ�)LJ�����WKH�JHQHUDO
GHVLJQ�RI�6'(�LV�OLQHDU��7KLV�PDNHV�WKH�YHFWRULQJ�RI�WKH�VWXGHQW�LQWHUDFWLRQ�GDWD�IRU
VWDWLVWLFDO�SURFHVVLQJ�TXLWH�VWUDLJKWIRUZDUG��6HOI�RUJDQLVLQJ�PDSV��620���.RKRQHQ�
������ZHUH�FKRVHQ�DV�WKH�FOXVWHULQJ�PHWKRG�EHFDXVH�LW�SURYLGHV�D�JHRPHWULF�PDS�RI
WKH�GDWD�ZKHUH�VLPLODU�GDWD�YHFWRUV�WHQG�WR�EH�DGMDFHQW��KHOSLQJ�WKH�LQWHUSUHWDWLRQ�RI
REVHUYDWLRQV��7KH�VL]H�RI�WKH�DGMDFHQF\�JULG��QDPHO\��[���ZDV�VHOHFWHG�EDVHG�RQ�DQ
LWHUDWHG�UREXVWQHVV�H[SHULPHQW�RQ�UDQGRPO\�VHOHFWHG�SDUWLDO�GDWD��6LPLODU�NH\
FOXVWHUV�ZHUH�FRQVLVWHQWO\�GHWHFWHG��IURP�ZKLFK�ZH�LGHQWLILHG�WKUHH�SULQFLSDO�JURXSV
ࣛ� ࣜ��DQG ࣝ�RI�VWXGHQWV�WKDW�ZHUH�FRQVLVWHQWO\�SUHVHQW�LQ�DOO�FOXVWHULQJ�H[SHULPHQWV�
OHDGLQJ�WR�IROORZLQJ�REVHUYDWLRQV�
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*URXSࣛ��6WXGHQWV�ZKR�VNLSSHG�WKH�ILUVW�DQG�RU�WKH�VHFRQG�UHYLHZ�ORRSV��FRQFHUQLQJ
PD[LPXP�SUHVVXUH�DQG�WHPSHUDWXUH�LQ�'LHVHO�F\FOH��UHVSHFWLYHO\�����VWXGHQWV�

*URXS ࣜ��6WXGHQWV�ZKR�PDGH�ODUJH�QXPEHUV�RI�DWWHPSWV��HVSHFLDOO\�LQ�WKH�ZDUPXS
0&4�SDUW��DQG�FRQWLQXHG�WKURXJK�DOO�UHYLHZ�ORRSV�����VWXGHQWV�

*URXS ࣝ��6WXGHQWV�ZKR�JDYH�XS�ZLWKRXW�UHDFKLQJ�WKH�HQG�VFHQH�����VWXGHQWV�

7KH�VWXGHQW�JURXSV ࣛ� ࣜ��DQG ࣝ�DPRXQW�WR�����RI�WKH�WHVW�VXEMHFW�SRSXODWLRQ�����
VWXGHQWV�LQ�WRWDO��7KH�WKUHH�UHPDLQLQJ�FOXVWHUV�LQ��[��DGMDFHQF\�JULG�FRQILJXUDWLRQ
DUH�RI�VPDOOHU�VL]H��FRQVLVWLQJ�RI����VWXGHQWV�WKDW�ZHUH�QRW�LQFOXGHG�LQWRࣛ� ࣜ��DQG ࣝ
E\�620��)RU�H[DPSOH��WKHUH�ZHUH����VWXGHQWV�ZKR�ZHQW�WKURXJK�DOO�WKH�UHYLHZ�ORRSV
LQ�)LJ����H[FHSW�WKH�ILQDO�ORRS�GHDOLQJ�ZLWK�WKHUPRG\QDPLFDO�HIILFLHQF\��7KHVH
³XQJURXSHG´�VWXGHQWV�DUH�WRR�IHZ�VR�DV�WR�PDNH�VWDWLVWLFDO�LQIHUHQFHV�LQ�WKLV
H[SHULPHQW��:H�QRWH�WKDW�WKH�JHQHUDO�LGHD�RI�FOXVWHULQJ��RU�SURILOLQJ��VWXGHQWV�LV�E\
QR�PHDQV�D�QHZ�DSSURDFK��VHH��.ZDULNXQGD�HW�DO���������DQG�WKH�UHIHUHQFHV�WKHUHLQ�
3.2 Analysis of student data
7KH�UHVXOWV�RI�RXU�DQDO\VLV�DUH�VKRZQ�LQ�)LJ����ZKHUH�WKUHH�SDLUV�RI�VWDWLVWLFDO
YDULDEOHV�DUH�SORWWHG�DJDLQVW�HDFK�RWKHU��7KH�PHPEHUVKLS�LQ�JURXSV ࣛ� ࣜ��DQG ࣝ�LV
LQGLFDWHG�E\�FRORXUV��DQG�WKH�FHQWURLGV�RI�WKH�JURXSV�DUH�VKRZQ�E\�ILOOHG�V\PEROV�

Fig. 3: Scattergrams of variable pairs where students’ behaviour in Stateful has been
described by groups ࣛ, ࣜ, and ࣝ. The group centroids have been drawn with filled symbols,
and they would correspond to grades 4 for ࣛ, 3 for ࣜ, and 2 for ࣝ if the usual grading range
0…5 of the course were used.

:H�VHH�IURP�)LJ�����OHIW�SDQHO���FRPSDULQJ�WKH�VWXGHQW�DFWLYLW\�EHWZHHQ�67$&.�DQG
Stateful��WKDW�VWXGHQWV�LQ�JURXS ࣝ�VKRZ�PXFK�OHVV�LQWHUHVW�WKDQ�JURXSVࣛ�DQG ࣜ�LQ
ZRUNLQJ�ZLWK�67$&.�RU Stateful��2WKHUZLVH�WKH�DFWLYLWLHV�FRUUHODWH�SRVLWLYHO\��7KH
VWXGHQWV�LQ�JURXS ࣜ�WRRN�IXOO�DGYDQWDJH�RI�WKH�IHHGEDFN�E\�JRLQJ�WKURXJK�DOO�RI�WKH
UHYLHZ�ORRSV�LQ�6'(��DQG�WKHLU�DFWLYLW\�LV�WKXV�KLJKHVW�

:H�FRPSDUH�WKH�VWXGHQWV¶�WRWDO�FRXUVH�SRLQWV�ZLWK�WKH�VWXGHQW�DFWLYLW\�LQ Stateful��LQ
)LJ�����PLGGOH�SDQHO���7KLV�LQGLFDWHV�WKDW�JURXS ࣛ�KDV�KLJKHVW�WRWDO�SRLQWV�HYHQ
WKRXJK�JURXS ࣜ�LV�H[SRVHG�PRVW�WR�WKH�IRUPDWLYH�IHHGEDFN�LQ�WKH�UHYLHZ�ORRSV�RI
6'(��,W�LV�ZRUWK�REVHUYLQJ�WKDW�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�WRWDO�SRLQWV�DQG�DFWLYLW\�LQ
6'(�LV�QHJDWLYH�IRU�JURXSVࣛ�DQG ࣜ��3HDUVRQ r  �í�����ZLWK p� ������IRU ࣛ��DQG r� 
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í�����ZLWK p� ������IRU ࣜ���:H�K\SRWKHVLVH�WKDW�WKH�DGGLWLRQDO�IHHGEDFN�SURYLGHG�E\
6'(�LQ�UHYLHZ�ORRSV�LV�WR�D�JUHDWHU�H[WHQW�UHFHLYHG�E\�VWXGHQWV�ZKR�ILQG�WKH�FRXUVH
FKDOOHQJLQJ�

&RPSDUHG�WR�WKH�FOXVWHULQJ�GHVFULEHG�LQ�6HFWLRQ������DQ�HVVHQWLDOO\�GLIIHUHQW
DSSURDFK�FDQ�EH�WDNHQ�WR��SURFHVV�WKH�SDWK�DQG�VFRUH�GDWD�IURP Stateful��7KH
SDUDPHWULF�PRGHO�JLYHQ�LQ��+DUMXOD�HW�DO���������FDQ�EH�XVHG�WR�JUDGH�6'(�ZLWK�WKH
REMHFWLYH�WR�IROORZ�D�FKRVHQ�WDUJHW�YDULDEOH�LQ�FRXUVH�DVVHVVPHQW��8VLQJ�QRQOLQHDU
RSWLPLVDWLRQ�LQ�2FWDYH��WKH����PRGHO�SDUDPHWHUV�LQ�WKH�ILWWHG�PHWULF�IRU�6'(�ZHUH
RSWLPLVHG�VR�DV�WR�EHVW�SUHGLFW�WKH�VRPHZKDW�PRGLILHG�ILQDO�H[DP�JUDGLQJ��VHH
�+DUMXOD�HW�DO����������7KH�UHVXOW�RI��WKLV�ZRUN�LV�JLYHQ�LQ�)LJ�����ULJKW�SDQHO��ZKHUH�WKH
RXWFRPH�RI�WKH�ILWWHG�PHWULF�PRGHO��KDV�EHHQ�SORWWHG�DJDLQVW�WKH�WRWDO�FRXUVH�SRLQWV�
:H�REVHUYH�ILUVW�WKDW�WKHVH�VWDWLVWLFDO�YDULDEOHV�KDYH�D�VWURQJ�FRUUHODWLRQ��3HDUVRQ r
 ������ZLWK p� ���������RYHU�WKH�ZKROH�VWXGHQW�SRSXODWLRQ��7KH�FRUUHODWLRQV�DUH
VLJQLILFDQW�IRU�ERWK�WKH�JURXSVࣛ�DQG ࣜ�DV�ZHOO��3HDUVRQ r� ������ZLWK p� �������IRU
ࣛ��DQG r� ������ZLWK p� �������IRU ࣜ��EXW�QRW�IRU�JURXS ࣝ��6HFRQGO\��LW�FDQ�EH�FOHDUO\
VHHQ�WKDW�PRVW�RI�WKH�VWXGHQWV�LQ�JURXS ࣝ�GLG�QRW�ILQLVK�6'(��KHQFH��WKH�ILWWHG�PHWULF
IDLOV�WR�SUHGLFW�WKH�WRWDO�JUDGH�IRU�WKHVH�VWXGHQWV�EHFDXVH�WKH�LQIRUPDWLRQ�LQ�6'(
LQWHUDFWLRQ�GDWD�LV�WRR�VSDUVH��7KLUGO\��6'(�LQWHUDFWLRQ�GDWD�FRQWDLQV�D�IDLU�DPRXQW�RI
XVHIXO�LQIRUPDWLRQ�DERXW�VWXGHQWV�LQ�JURXSVࣛ�DQG ࣜ�LQ�FRQWUDVW�WR�JURXS ࣝ��,W�FDQ�EH
REVHUYHG�WKDW�WKH�ILWWHG�PHWULF�VXFFHVVIXOO\�VHSDUDWHV�JURXSV ࣛ� ࣜ��DQG ࣝ�LQ�)LJ���
�ULJKW�SDQHO���0RUHRYHU��WKH�VWXGHQWV�QRW�FODVVLILHG�WR�DQ\�RI�WKH�JURXSV ࣛ� ࣜ��DQG ࣝ
DSSHDU�XQLIRUPO\�DPRQJ ࣛ�DQG ࣜ�EXW�QRW�DW�DOO�DPRQJ ࣝ�LQ�)LJ�����ULJKW�SDQHO�
ZKHUHDV�WKH�VDPH�VWXGHQWV�DSSHDU�DPRQJ ࣛ�EXW�QRW�DPRQJ ࣜ�DQG ࣝ�LQ�)LJ�����OHIW
DQG�PLGGOH�SDQHOV��

4 CONCLUSIONS
$Q�H�OHDUQLQJ�PDWHULDO�IRU�WKHUPRG\QDPLFV�ZDV�LQWURGXFHG�IRU�ILUVW�\HDU�XQLYHUVLW\
VWXGHQWV�LQ�PHFKDQLFDO�HQJLQHHULQJ��7KH�PDWHULDO�GHVFULELQJ�WKH�'LHVHO�F\FOH
�UHIHUUHG�WR�DV�6'(��ZDV�GHYHORSHG�XVLQJ�WKH�QRYHO Stateful TXHVWLRQ�W\SH��$
WHDFKLQJ�H[SHULPHQW�ZDV�FDUULHG�RXW�XVLQJ�����RI�WKH�VWXGHQWV�DV�WHVW�VXEMHFWV��$
ODUJH�DPRXQW�RI�LQWHUDFWLRQ�GDWD�ZDV�FROOHFWHG�IURP�WKH�VWXGHQWV�LQ�6'(�DQG�IURP
WKHLU�SHUIRUPDQFH�LQ�WKH�RWKHU�SDUWV�RI�WKH�FRXUVH�

7KH�FROOHFWHG�H�OHDUQLQJ�GDWD�LV�ULFK�HQRXJK�IRU�UREXVWO\�FODVVLI\LQJ�����RI�WKH
VWXGHQWV�LQWR�WKUHH�SULQFLSDO�JURXSV�E\�XVLQJ�6HOI�2UJDQLVLQJ�0DSV��620��DV�D
FOXVWHULQJ�DOJRULWKP�DV�RSSRVHG�WR��H�J����.ZDULNXQGD�HW�DO���������ZKHUH�D
FRPSOLFDWHG�VWDWLVWLFDO�SURFHGXUH�ZDV�XVHG��7KHVH�JURXSV�KDYH�VWDWLVWLFDOO\
VLJQLILFDQW�GLIIHUHQFHV�ERWK�LQ�RWKHU�FRXUVH�PHWULFV�DQG�DOVR�LQ�REVHUYHG�EHKDYLRXU�LQ
SUREOHP�VROYLQJ�FKDOOHQJHV�SURYLGHG�E\�6'(�DV�UHSRUWHG�LQ��+DUMXOD�HW�DO���������LQ
JUHDWHU�H[WHQW��$�SDUDPHWULF�PRGHO��L�H���WKH�ILWWHG�PHWULF��ZDV�DSSOLHG�WKH�VDPH
OHDUQLQJ�GDWD�IURP�6'(��DQG�LW�ZDV�REVHUYHG�WR�JLYH�D�FRQVLVWHQW��UHILQHG�SLFWXUH
ZLWK�WKH�FOXVWHULQJ�H[SHULPHQW�E\�620�

6LPLODU�ILWWHG�PHWULF�DQDO\VLV�KDV�EHHQ�FDUULHG�RXW�E\�XVLQJ�RWKHU�PHDVXUHV�RI
OHDUQLQJ�LQVWHDG�RI�WKH��PRGLILHG��JUDGH�RI�WKH�ILQDO�H[DP�DV�WKH�SDUDPHWHU
RSWLPLVDWLRQ�WDUJHW��0DQ\�UHDVRQDEOH�WDUJHWV�VHHP�WR�OHDG�WR�HVVHQWLDOO\�VLPLODU
REVHUYDWLRQV��VXSSRUWLQJ�WKH�K\SRWKHVLV�WKDW�WKH�SULQFLSODO�JURXSV�²�SURGXFHG�E\�WKH
HQWLUHO\�LQGHSHQGHQW�PHWKRG�620�²�UHIOHFW�JHQXLQH�DQG�LGHQWLILDEOH�OHDUQLQJ�UHODWHG
GLIIHUHQFHV�LQ�WKH�VWXGHQW�SRSXODWLRQ��:H�FRQFOXGH�WKDW�WKH�LQWHUDFWLRQ�GDWD�IURP
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HYHQ�D�UHODWLYHO\�VLPSOH Stateful H[HUFLVH�PDWHULDO��VXFK�DV�6'(��PD\�FRQWDLQ�D
SOHQW\�RI�XVHIXO�LQIRUPDWLRQ�DERXW�WKH�OHDUQLQJ�SURFHVV�RQ�D�SK\VLFV�FRXUVH�
SURYLGLQJ�D�IUXLWIXO�VWDUWLQJ�SRLQW�IRU�IXUWKHU�OHDUQLQJ�DQDO\WLFV��SURGXFWLRQ�RI�LPSURYHG
H�OHDUQLQJ�PDWHULDOV��DQG�WDUJHWLQJ�VSHFLILF�SHGDJRJLFDO�PHDVXUHV�WR�VWXGHQWV�ZLWK
YDULRXV�OHDUQLQJ�DELOLWLHV�

7KH�JUHDWHU�SRZHU�RI�H[SUHVVLRQ�RI Stateful FRPHV�DW�D�FRVW��DQG�GHVLJQLQJ�D�IDLU
JUDGLQJ�ORJLF�IRU�D Stateful H[HUFLVH�FDQ�EH�D�FKDOOHQJH��,W�LV�SRVVLEOH�WKDW�D�VWXGHQW
GRHV�QRW�YLVLW�VRPH�VFHQHV�VLPSO\�EHFDXVH�WKH�VWXGHQW�LV�DEOH�WR�FRUUHFWO\�VROYH�WKH
H[HUFLVH�LQ�DQ�HOHJDQW�ZD\�ZLWKRXW�JHWWLQJ�SRLQWV�IURP�WKH�XQYLVLWHG�VFHQHV��$QRWKHU
VWXGHQW�PD\�YLVLW�VRPH�VFHQHV�PDQ\�WLPHV��EXW�LW�LV�SHUKDSV�QRW�GHVLUDEOH�WR�JLYH�IXOO
SRLQWV�IRU�HDFK�UHSHWLWLRQ� Stateful SURYLGHV�VXIILFLHQW�WRROV�IRU�GHDOLQJ�ZLWK�WKHVH
VLWXDWLRQV�LQ�D�IDLU�PDQQHU�

5 ACKNOWLEDGEMENTS
:H�ZLVK�WR�WKDQN�'U��3��$OHVWDOR��'U��,��.RQWUR��DQG�0U��.��.XOPDOD�IRU�YDOXDEOH
FRRSHUDWLRQ��7KLV�ZRUN�ZDV�SDUWLDOO\�IXQGHG�E\�WKH�0LQLVWU\�RI�(GXFDWLRQ�DQG�&XOWXUH
�)LQODQG��SURMHFW�³bO\2SSL´��JUDQW�QXPEHU�2.0���������������LQ�����±�����

REFERENCES
$OWLHUL��0���+RUVW��-���.DOOZHLW��0���/DQGHQIHOG��.���	�3HUVLNH��0����������0XOWL�VWHS
SURFHGXUHV�LQ�67$&.�WDVNV�ZLWK�DGDSWLYH�IORZ�FRQWURO��=HQRGR��5HWULHYHG�IURP
KWWSV���GRL�RUJ���������]HQRGR��������
$WWDOL��<����������(IIHFWV�RI�PXOWLSOH�WU\�IHHGEDFN�DQG�TXHVWLRQ�W\SH�GXULQJ
PDWKHPDWLFV�SUREOHP�VROYLQJ�RQ�SHUIRUPDQFH�LQ�VLPLODU�SUREOHPV� Computers &
Education� 86�����±����
$WWDOL��<���	�YDQ�GHU�.OHLM��)����������(IIHFWV�RI�IHHGEDFN�HODERUDWLRQ�DQG�IHHGEDFN
WLPLQJ�GXULQJ�FRPSXWHU�EDVHG�SUDFWLFH�LQ�PDWKHPDWLFV�SUREOHP�VROYLQJ� Computers
& Education� 110�����±����
%ORRP��%��6����������7KH���VLJPD�SUREOHP��7KH�VHDUFK�IRU�PHWKRGV�RI�JURXS
LQVWUXFWLRQ�DV�HIIHFWLYH�DV�RQH�WR�RQH�WXWRULQJ� Educational Researcher�������±���
'HWHUGLQJ��6���'L[RQ��'���.KDOHG��5���	�1DFNH��/����������)URP�JDPH�GHVLJQ
HOHPHQWV�WR�JDPHIXOQHVV��'HILQLQJ�´JDPLILFDWLRQ´��,Q Proceedings of the 15th
international academic mindtrek conference: Envisioning future media environments
�SS���±����
'HYOLQ��.��������� Mathematics education for a new era: Video games as a medium
for learning��7D\ORU�	�)UDQFLV�
(UVNLQH��*���	�0HVWHO��%����������'HYHORSLQJ�67$&.�SUDFWLFH�TXHVWLRQV�IRU�WKH
0DWKHPDWLFV�0DVWHUV�3URJUDPPH�DW�WKH�28� MSOR Connections� 17����
*LDQFROL��'��&��������� Physics for scientists and engineers with modern physics /
Douglas C. Giancoli. ��WK�HG����8SSHU�6DGGOH�5LYHU��1HZ�-HUVH\��3HDUVRQ�3UHQWLFH
+DOO�
+DUMXOD��0���+DYX��9���.RQWUR��,���.XOPDOD��.���0DOLQHQ��-���	�6DOR��3��������� Student
behaviour and engagement with adaptive exercises on a thermodynamics course.
5HWULHYHG�IURP�KWWSV���DU[LY�RUJ�DEV�����������
+DUMXOD��0���0DOLQHQ��-���	�5DVLOD��$����������67$&.�ZLWK�VWDWH� MSOR Connections�
15�������±���

392



+DWWLH��-���	�7LPSHUOH\��+����������7KH�SRZHU�RI�IHHGEDFN� Review of Educational
Research� 77�������±����
.RKRQHQ��7����������(VVHQWLDOV�RI�WKH�VHOI�RUJDQL]LQJ�PDS� Neural Networks� 37�����
�����7ZHQW\�ILIWK�$QQLYHUVD\�&RPPHPRUDWLYH�,VVXH�
.XOPDOD��.���.RNNRQHQ��7���	�.RQWUR��,����������µ)RUFHG�WR�WKLQN¶²DQ�DQDO\VLV�RI�KRZ
VWXGHQWV�EHQHILW�IURP�RQOLQH�ZDUP�XS�H[HUFLVHV�ZLWK�IHHGEDFN� Physics Education�
56������������
.ZDULNXQGD��'���6FKLHIHOH��8���0XZRQJH��&��0���	�6VHQ\RQJD��-����������3URILOHV�RI
OHDUQHUV�EDVHG�RQ�WKHLU�FRJQLWLYH�DQG�PHWDFRJQLWLYH�OHDUQLQJ�VWUDWHJ\�XVH�
RFFXUUHQFH�DQG�UHODWLRQV�ZLWK�JHQGHU��LQWULQVLF�PRWLYDWLRQ��DQG�SHUFHLYHG�DXWRQRP\
VXSSRUW� Humanities and Social Sciences Communications�����������±����
0D[LPD��������� Maxima, a computer algebra system. version 5.42.2.
KWWSV���PD[LPD�VRXUFHIRUJH�LR��
1DNDPXUD��<���)XND]DZD��.���	�7DNDKDUD��7����������'HYHORSPHQW�RI�SRUWDEOH
67$&.��3DFNDJHG�PDWK�H�OHDUQLQJ�V\VWHP��,Q Proceedings of world conference on
e-learning.
1DNDPXUD��<���7DQLJXFKL��7���	�7DNDKDUD��7���������'HFHPEHU���,WHP�EDQN�V\VWHP
IRU�WKH�PDWKHPDWLFV�H�OHDUQLQJ�V\VWHP�67$&.� Research Journal of Mathematics
and Technology� 3�������±���
3DLYD��5��&���)HUUHLUD��0���	�)UDGH��0����������,QWHOOLJHQW�WXWRULDO�V\VWHP�EDVHG�RQ
SHUVRQDOL]HG�V\VWHP�RI�LQVWUXFWLRQ�WR�WHDFK�RU�UHPLQG�PDWKHPDWLFDO�FRQFHSWV�
Journal of Computer Assisted Learning� 33��������±����
5DVLOD��$���0DOLQHQ��-���	�7LLWX��+��������������2Q�DXWRPDWLF�DVVHVVPHQW�DQG
FRQFHSWXDO�XQGHUVWDQGLQJ� Teaching Mathematics and its Applications: An
International Journal of the IMA� 34�������������
6DQJZLQ��&��-��������� Computer aided assessment of mathematics��2[IRUG��8.�
2[IRUG�8QLYHUVLW\�3UHVV�
6DQJZLQ��&��-���	�+DUMXOD��0���������)HE���2QOLQH�DVVHVVPHQW�RI�GLPHQVLRQDO
QXPHULFDO�DQVZHUV�XVLQJ�67$&.�LQ�VFLHQFH� European Journal of Physics� 38����
�������
6KXWH��9��-����������)RFXV�RQ�IRUPDWLYH�IHHGEDFN� Review of Educational Research�
78��������±����
9DQ/HKQ��.����������7KH�EHKDYLRU�RI�WXWRULQJ�V\VWHPV� International Journal of
Artificial Intelligence in Education������������±����

393


