
2SWLFV�7HDFKLQJ�RI�0DWKHPDWLFDO�6WXGHQWV�DW�0��9��/RPRQRVRY�

0RVFRZ�6WDWH�8QLYHUVLW\�LQ�&RXUVHV�RI�7KHRUHWLFDO�3K\VLFV���

9ODGLPLU�$��0DNDURY��.RQVWDQWLQ�1��'UDERYLFK��
3K\VLFV�'HSDUWPHQW�	�,QWHUQDWLRQDO�/DVHU�&HQWHU��0��9��/RPRQRVRY�0RVFRZ�6WDWH�8QLYHUVLW\��

9RURELHY\�*RU\��0RVFRZ���������5XVVLD�

$%675$&7�

7KH�FRQFHSW�RI� WHDFKLQJ� LQ�RSWLFV� DQG�PHWKRGLFDO�SUREOHPV�RI�PDWKHPDWLFDO�VWXGHQW¶V�HGXFDWLRQ�DUH�GLVFXVVHG��7KH�
IXQGDPHQWDO� NQRZOHGJH� RQ� PRGHUQ� PDWKHPDWLFV� DQG� RI� FRPSXWHU�EDVHG� PHWKRGV� RI� LQYHVWLJDWLRQV� DFTXLUHG� E\�
VWXGHQWV�DW�WKH�ILUVW�\HDUV�DOORZV�RXU�SURIHVVRUV�WR�UHSUHVHQW�WKH�GLIIHUHQW�EUDQFKHV�RI�RSWLFV�DQG�SKRWRQLFV�DW�WKH�KLJK�
VFLHQWLILF� OHYHO�� 7KH�PHWKRGV� RI� WHDFKLQJ� KDYH� UHVXOWHG� IURP� WKH�PRUH� WKDQ� WKLUW\� \HDU¶V� H[SHULHQFH�RI�ZRUN�RI� WKH�
&KDLU� RI� *HQHUDO� 3K\VLFV� DQG�:DYH� 3URFHVVHV� VWDII� RI�0��9��/RPRQRVRY�0RVFRZ�6WDWH�8QLYHUVLW\� RQ� WUDLQLQJ� WKH�
PDWKHPDWLFDO�VWXGHQWV��

.H\ZRUGV��WHDFKLQJ�VFKHPH��PDWKHPDWLFDO�PRGHOV�RI�RSWLFDO�SKHQRPHQD��LQGXFWLYH�PHWKRG�RI�SUHVHQWDWLRQ��
FRPSXWHU�DVVLVWHG�GHPRQVWUDWLRQV�

���,1752'8&7,21�

0��9��/RPRQRVRY�0RVFRZ�6WDWH�8QLYHUVLW\�ZDV�IRXQGHG�LQ������DQG�VLQFH�WKDW�WLPH�KDV�EHHQ�SOD\LQJ�DQ�RXWVWDQGLQJ�
UROH�LQ�HGXFDWLRQ��VFLHQFH�DQG�FXOWXUH�LQ�5XVVLD��$W�WKH�SUHVHQW�PRPHQW�WKHUH�DUH�PRUH�WKDQ�������SURIHVVRUV��OHFWXUHV�
DQG�UHVHDUFK�DVVRFLDWHV�ZRUNLQJ�DW�068��7KHUH�DUH�����PHPEHUV�RI�5XVVLDQ�$FDGHP\�RI�6FLHQFHV��LQFOXGLQJ�VHYHUDO�
1REHO� 3UL]H� ZLQQHUV�� DQG� RYHU� ������ 'RFWRUV� RI� 6FLHQFH� DQG� &DQGLGDWHV� RI� 6FLHQFH� �3K��'���� 0RUH� WKDQ� �������
XQGHUJUDGXDWH�VWXGHQWV�DQG�DERXW�������JUDGXDWH�VWXGHQWV�VWXG\�LQ����IDFXOWLHV��(DFK�IDFXOW\�FRQVLVWV�RI�D�QXPEHU�RI�
GHSDUWPHQWV��FKDLUV��KHDGHG�E\�SURPLQHQW�SURIHVVRUV�DQG�VFLHQWLVWV��(YHU\�FKDLU�FRQGXFWV�VFLHQWLILF�UHVHDUFK�DQG�VRPH�
RI� WKHP�DUH�NQRZQ�QRW�RQO\�IRU� WHDFKLQJ�EXW�DOVR�IRU� IUXLWIXO�UHVHDUFK�DFWLYLW\��7KH�XQLYHUVLW\� OLEUDU\�FRQWDLQV�PRUH�
WKDQ����PLOOLRQ�YROXPHV��

7KH�ROGHVW�8QLYHUVLW\�RI�5XVVLD�KDV�D�ORQJ�WLPH�WUDGLWLRQ�RI�PDWKHPDWLFDO�HGXFDWLRQ��7KH�'HSDUWPHQW�RI�3K\VLFV�DQG�
0DWKHPDWLFV�ZDV�VHW�XS�LQ�������,WV�GHYHORSPHQW�KDV�OHG�WR�WKH�FUHDWLRQ�RI�)DFXOW\�RI�0DWKHPDWLFV�DQG�0HFKDQLFV�LQ�
������ )DFXOW\� RI� 3K\VLFV� LQ� ������ DQG� )DFXOW\� RI� &RPSXWHU� 6FLHQFH� DQG� &\EHUQHWLFV� LQ� ������ 7KH� VFKRRO� RI�
PDWKHPDWLFV� LQ�0RVFRZ�6WDWH�8QLYHUVLW\� LV�ZRUOG�NQRZQ�IRU� WKH�ZRUNV�RI�1LFRODL�/XVLQ��$QGUHL�.ROPRJRURY��,YDQ�
3HWURYVNLL��$QGUHL�7LNKRQRY��0VWLVODY�.HOG\VK�DQG�RWKHU�SURPLQHQW�VFLHQWLVWV���

���)$&8/7<�2)�0$7+(0$7,&6�$1'�0(&+$1,&6�$1'�)$&8/7<�2)�&20387(5�
6&,(1&(�$1'�&<%(51(7,&6�

1RZDGD\V��)DFXOW\�RI�0DWKHPDWLFV�DQG�0HFKDQLFV�LV�RQH�RI�WKH�PDLQ�FHQWHUV�RI�PDWKHPDWLFDO�WKRXJKW��,W�FRQVLVWV�RI�
WZR�SDUWV��'LYLVLRQ�RI�PDWKHPDWLFV�DQG�'LYLVLRQ�RI�PHFKDQLFV��0RUH�WKDQ�������XQGHUJUDGXDWH�VWXGHQWV�VWXG\�GXULQJ�
��� VHPHVWHUV� IRU� 0DVWHU� 'HJUHH�� 7KH� IDFXOW\� VWDII� FRQVLVWV� RI� QHDUO\� ���� SURIHVVRUV�� OHFWXUHV� DQG� ZHOO�TXDOLILHG�
UHVHDUFKHUV��%HJLQQLQJ�ZLWK� WKH� WKLUG�\HDU�RI�VWXG\�VWXGHQW
V�UHVHDUFK�LV�FDUULHG�RXW�VXSHUYLVHG�E\�D�3URIHVVRU�RI�WKH�
)DFXOW\�LQ�D�VSHFLDO�ILHOG�RI�VFLHQFH���

)DFXOW\�RI�&RPSXWHU�6FLHQFH�DQG�&\EHUQHWLFV� VHSDUDWHG� IURP�)DFXOW\�RI�0DWKHPDWLFV�DQG�0HFKDQLFV�PRUH� WKDQ����
\HDUV� DJR�� ,W� WUDLQV� DSSUR[LPDWHO\������� VWXGHQWV� IRU�0DVWHU�'HJUHH�GXULQJ���� VHPHVWHUV��%HJLQQLQJ�ZLWK� WKH� WKLUG�
\HDU� RI� VWXG\�� VWXGHQWV� PDMRU� LQ� VSHFLDO� ILHOGV� RI� VFLHQFH� DQG� UHFHLYH� GHHSHU� WUDLQLQJ� LQ� &RPSXWHU� 6\VWHPV��
0DWKHPDWLFDO�0HWKRGV�RI�3K\VLFV��0DWKHPDWLFDO�6WDWLVWLFV��DQG�,QIRUPDWLFV��$W�WKH�SUHVHQW�WLPH�WKHUH�DUH����PHPEHUV�
RI� 5XVVLDQ� $FDGHP\� RI� 6FLHQFHV� DQG� RYHU� ���� SURIHVVRUV��'RFWRUV� RI� 6FLHQFH� DQG�&DQGLGDWHV� RI� 6FLHQFH� �3K��'���
ZRUNLQJ�DW�WKH�'HSDUWPHQW�RI�&RPSXWHU�6FLHQFH�DQG�&\EHUQHWLFV��,W�LV�QHFHVVDU\�WR�VWUHVV�D�YHU\�KLJK�HGXFDWLRQDO�OHYHO�
RI�VWXGHQWV�VWXG\LQJ�LQ� WKHVH�PDWKHPDWLFDO�)DFXOWLHV��'XULQJ�WKH�HQWUDQFH�H[DPLQDWLRQ�WKH�FRPSHWLWLRQ�LV�PRUH�WKHQ�
��� SHUVRQV� IRU� RQH� SRVLWLRQ��$FFRUGLQJ� WR� VWDWLVWLF� GDWD�� DERXW� RQH� IRXUWK� RI� XQGHUJUDGXDWH� VWXGHQWV� FRQWLQXH� WKHLU�
HGXFDWLRQ�DW�WKH�SRVWJUDGXDWH�OHYHO��$QQXDOO\��WKH�VWXGHQWV�SXEOLVK�DERXW�����DUWLFOHV�LQ�YDULRXV�VFLHQWLILF�MRXUQDOV��

             

Seventh International Conference on Education and Training in Optics and Photonics,
Tuan-Kay Lim, Arthur H. Guenther, Editors, Proceedings of SPIE Vol. 4588 (2002)
© 2002 OSA and SPIE · 0277-786X/02/$15.00

167



�

8QIRUWXQDWHO\�DQ�DODUPLQJ�WHQGHQF\�RI�FXWWLQJ�GRZQ�RI�JHQHUDO�QXPEHU�RI�OHFWXUHV��VHPLQDUV��DQG�ODERUDWRU\�H[HUFLVHV�
IRU� WHDFKLQJ� SK\VLFV� WR� VWXGHQWV� WUDLQLQJ� PDWKHPDWLFV� LV� EHLQJ� REVHUYHG�� ,Q� WKH� ILUVW� SODFH� LW� LV� SURYHG� WR� EH� LQ�
UHGXFWLRQ�RI�WKH�HGXFDWLRQ�WLPH�LQ�WHDFKLQJ�VFKHPH��DOORWWHG�IRU�RSWLFV�DV�D�SDUW�RI�JHQHUDO�SK\VLFV�FRXUVH��7KH�PDLQ�
UHDVRQ� RI� LW� LV� D� SRSXODU� DPRQJ� SURIHVVRUV� RI� PDWKHPDWLFV� SRLQW� RI� YLHZ�� WKDW� LW� LV� HDVLHU� DQG� PRUH� QDWXUDO� IRU�
PDWKHPDWLFDO� VWXGHQWV� WR� DQDO\]H� WKH�PDWKHPDWLFDO�PRGHOV�XVHG� WR�GHVFULEH� WKH� HOHFWURPDJQHWLF�ZDYHV�SURSDJDWLRQ�
DQG�ZDYH� LQWHUDFWLRQ�ZLWK�PDWWHU�� ,Q� RWKHU�ZRUGV� WKH�GHGXFWLYH�PHWKRG�RI�SUHVHQWDWLRQ��ZKLFK� LV� FKDUDFWHULVWLF� IRU�
FRXUVHV�RI� WKHRUHWLFDO�SK\VLFV�� LV�PRUH�SUHIHUDEOH�IRU�VWXGHQWV�VSHFLDOL]HG�LQ�PDWKHPDWLFV� WKDQ�WKH� LQGXFWLYH�PHWKRG�
JHQHUDOO\�XVHG�LQ�FRXUVHV�RI�JHQHUDO�SK\VLFV��+HQFH�LW�LV�H[SHGLHQWO\�WR�FRQVLGHU�RSWLFDO�HIIHFWV�DV�D�SDUWLFXODU�FDVH�RI�
VRPH�PRUH�JHQHUDO�SK\VLFDO�SKHQRPHQD��LQYHVWLJDWHG�LQ�HOHFWURG\QDPLFV�DQG�SK\VLFV�RI�ZDYH�SURFHVVHV���

��7($&+,1*�6&+(0(�

3K\VLFV�FRXUVHV�DW�WKH�PDWKHPDWLFDO�)DFXOWLHV�RI�068�KDYH�WKH�DLP�RI�JLYLQJ�WR�WKH�VWXGHQWV�WKH�JHQHUDO�HGXFDWLRQ�LQ�
6FLHQFHV�RQ�RQH�KDQG��DQG�SURYLGLQJ�D�PRUH�VSHFLDOL]HG�HGXFDWLRQ�LQ�3K\VLFV�RQ�WKH�RWKHU�KDQG��7KHVH�FRXUVHV�SUHVHQW�
IXQGDPHQWDO� ODZV�� EDVLF� LGHDV�DQG�PHWKRGV�RI�FODVVLF�DQG�PRGHUQ�3K\VLFV��7KH�FRXUVHV�RI�3K\VLFV�DW� WKH�)DFXOW\�RI�
0DWKHPDWLFV� DQG�0HFKDQLFV� DQG� )DFXOW\� RI�&RPSXWHU� 6FLHQFH� DQG�&\EHUQHWLFV� DUH� WDXJKW�RQH�DQG�D�KDOI� DQG� WZR�
\HDUV��UHVSHFWLYHO\��8QIRUWXQDWHO\��WKH\�WDNH�RQO\���SHU�FHQW�DQG���SHU�FHQW�RI�WLPH�DOORWWHG�IRU�DOO�HGXFDWLRQ�SURFHVV��
FRUUHVSRQGLQJO\���

+RZHYHU� PDWKHPDWLFDO� VWXGHQWV� KDYH� WR� NQRZ� WKH� UHDO� VLWXDWLRQ� LQ� WKH� LQYHVWLJDWLRQ� RI� WKH� KRW� SRLQWV� RI� PRGHUQ�
SK\VLFV��'XH�WR�WKH�ODFN�RI�WLPH�IRU�SK\VLFV�LW�LV�QHFHVVDU\�WR�WXUQ�WR�WKH�TXDOLWDWLYHO\�RWKHU�OHYHO�RI�WHDFKLQJ��:H�KDYH�
WR�GLVFXVV�ZLWK�VWXGHQWV�WKH�SK\VLFDO�PRGHOV�XVHG�LQ�YDULRXV�VHFWLRQV�RI�SK\VLFV�DQG�WR�VKRZ�WKHP�WKH�OLPLWDWLRQV�RI�WKH�
DSSURSULDWH�DSSURDFKHV��$V�D�UHVXOW�ZH�KDYH�WR�RSHQ�WR�VWXGHQWV�WKH�QDWXUH�RI�WKLV�OLPLWDWLRQ�DQG�WR�GHQRWH�WKH�ZD\V�RI�
FRQVWUXFWLRQ�RI�PRUH�ULJRURXV�WKHRULHV��,Q�WKLV�ZD\�WKH�XQLW\�DQG�LQWHUUHODWLRQ�RI�YDULRXV�VHFWLRQV�RI�SK\VLFV�LV�FRPLQJ�
WR�OLJKW�IRU�WKH�VWXGHQWV��

$V�D�UHVXOW�RI�WKLV�SRLQW�RI�YLHZ�LQ�)DFXOW\�RI�0DWKHPDWLFV�DQG�0HFKDQLFV�WKH�FRXUVH�RI�3K\VLFV�VWUXFWXUDOO\�LQFOXGHV�
WKH� IROORZLQJ� VHFWLRQV�� 7KH� FRXUVH� RI�*HQHUDO� 3K\VLFV� LQFOXGHV� WKLUW\�WZR� OHFWXUHV� DQG� WZHQW\�IRXU� VHPLQDUV� LQ� WKH�
VHFRQG�DQG�WKH�WKLUG�VHPHVWHUV��,Q�RWKHU�ZRUGV�LW�LV�RQH�KXQGUHG�DQG�WZHQW\�DFDGHPLF�KRXUV�IRU�DOO�*HQHUDO�3K\VLFV��
2SWLFV�LV�WKH�SDUW�RI�*HQHUDO�3K\VLFV��7KH�FRXUVH�RI�WKHRUHWLFDO�SK\VLFV�LV�LQ�WKH�QLQWK�VHPHVWHU��,W�FRQVLVWV�RI�4XDQWXP�
0HFKDQLFV�����OHFWXUHV�DQG���VHPLQDUV��DQG�6WDWLVWLFDO�3K\VLFV�����OHFWXUHV�DQG����VHPLQDUV���,W�LV�RQO\�RQH�KXQGUHG�
DQG�WZHOYH�DFDGHPLF�KRXUV��

,Q� )DFXOW\� RI� &RPSXWHU� 6FLHQFH� DQG� &\EHUQHWLFV� WKH� ZKROH� FRXUVH� RI� *HQHUDO� 3K\VLFV� DQG� 7KHRUHWLFDO� 3K\VLFV� LV�
FRQYHQWLRQDOO\� GLYLGHG� LQWR� VHYHUDO� VHFWLRQV�� 0HFKDQLFV�� (OHFWULFLW\� DQG� 0DJQHWLVP�� 6WDWLVWLFDO� 3K\VLFV� DQG�
7KHUPRG\QDPLFV�� 3K\VLFV� RI� :DYH� 3URFHVVHV�� %DVLF� SK\VLFV� RI� FRPSXWHUV�� 4XDQWXP� 0HFKDQLFV� DQG� TXDQWXP�
FRPSXWLQJ�� 7KH� ILUVW� DQG� WKH� VHFRQG� VHFWLRQV� DUH�GHOLYHUHG� WR� DOO� VWXGHQWV��2QO\� WKH� VWXGHQWV�ZKR� VSHFLDOL]H� LQ� WKH�
ILHOGV� RI� PDWKHPDWLFDO� 3K\VLFV�� &RPSXWHU� 0HWKRGV�� 5HVHDUFK� $XWRPDWL]DWLRQ�� 1RQOLQHDU� '\QDPLF� 6\VWHPV� DQG�
3URFHVVHV� RI� &RQWURO�� DQG� *HQHUDO� 0DWKHPDWLFV� VWXG\� 3K\VLFV� RI� :DYH� 3URFHVVHV�� 6WXGHQWV� RI� WKHVH� EUDQFKHV� DUH�
WDXJKW� WKH� GLIIHUHQW� SDUWV� RI� 7KHRUHWLFDO� 2SWLFV� LQFOXGHG� LQ� WKH� VHFWLRQV� RI� (OHFWULFLW\� DQG� 0DJQHWLVP�� 4XDQWXP�
0HFKDQLFV�DQG�TXDQWXP�FRPSXWLQJ��DQG�3K\VLFV�RI�:DYH�3URFHVVHV��

���352*5$0�2)�237,&$/�('8&$7,21�$1'�0(7+2'6�2)�7($&+,1*��

0HWKRGV� RI� WHDFKLQJ� WKH� GLIIHUHQW� DVSHFWV� RI� RSWLFV� DUH� PDLQO\� EDVHG� RQ� ERWK� WKH� VWXGHQWV� JRRG� NQRZOHGJH� RI�
0DWKHPDWLFV�REWDLQHG�DW�WKH�8QLYHUVLW\�DQG�WKHLU�NQRZOHGJH�RI�3K\VLFV�JDWKHUHG�LQ�VFKRRO��)RUPDWLRQ�RI�WKH�LQWHJUDO�
QRWLRQ� DERXW� IXQGDPHQWDO� SULQFLSOHV� RI� OLJKW� LQWHUDFWLRQ�ZLWK�PDWWHU� DQG�JHWWLQJ� IDPLOLDULW\�ZLWK� WKH�EDVLF� LGHDV�RI�
PRGHUQ�RSWLFV�DUH�EDVHG�RQ�WKH�XVH�RI�PHWKRGV�RI�0DWKHPDWLFDO�3K\VLFV��6SHFLDO�HPSKDVLV�LV�SODFHG�XSRQ�FRQVWUXFWLRQ�
RI�PDWKHPDWLFDO�PRGHOV�RI�RSWLFDO�SKHQRPHQD��DQG�SK\VLFDO�LQWHUSUHWDWLRQ�RI�WKH�UHVXOWV�REWDLQHG��,Q�WKHVH�FRXUVHV�ZH�
VKRZ�VWXGHQWV�FORVH�FRQQHFWLRQ�EHWZHHQ�SK\VLFDO�LGHDV�DQG�FRUUHVSRQGLQJ�PDWKHPDWLFDO�PRGHOV�XVHG�WR�GHVFULEH�WKHP��
'XULQJ�WKH�OHFWXUH�FRXUVHV�WKH�LQGXFWLYH�PHWKRG�RI�SUHVHQWDWLRQ��ZKLFK�LV�FKDUDFWHULVWLF�IRU�FRXUVHV�RI�*HQHUDO�3K\VLFV��
DQG�WKH�GHGXFWLYH�PHWKRG�JHQHUDOO\�XVHG�LQ�FRXUVHV�RI�7KHRUHWLFDO�3K\VLFV�DUH�HIILFLHQWO\�FRPELQHG��6XFK�DSSURDFK�LV�
RI�VSHFLDO� LPSRUWDQFH�IRU�RSWLFDO�HGXFDWLRQ�RI�VWXGHQWV�VSHFLDOL]LQJ�LQ�0DWKHPDWLFV��:H�DOVR�HIILFLHQWO\�XVH�SK\VLFDO�
DQG�FRPSXWHU�GHPRQVWUDWLRQV��
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7KH�RSWLFDO�HGXFDWLRQ�RI�PDWKHPDWLFDO�VWXGHQWV�LV�GLYLGHG�LQWR�WZR�OHYHOV��$OO�VWXGHQWV�RI�ERWK�'HSDUWPHQWV�WDNH�WKH�
SURJUDP�RI�WKH�ILUVW�OHYHO��:H�VWDUW�IURP�0D[ZHOO�V\VWHP�RI�HTXDWLRQV�IRU�HOHFWURPDJQHWLF�ILHOG�LQ�D�PHGLXP�DQG�WKH�
PDWHULDO� HTXDWLRQV� IRU� WKH� RSWLFDO� VSHFWUDO� UHJLRQ� DQG� LQWURGXFH� WKH� ZDYH� HTXDWLRQ� IRU� HOHFWULF� ILHOG� VWUHQJWK�� WKH�
H[SUHVVLRQV� IRU� HQHUJ\� DQG� 3R\QWLQJ� YHFWRU�� 6ROXWLRQ� RI�ZDYH� HTXDWLRQ� LV� GLVFXVVHG� LQ�GHWDLOV��8VLQJ� WKH�ERXQGDU\�
FRQGLWLRQV� IRU� WHPSRUDO� DQG� VSDWLDO� )RXULHU� FRPSRQHQWV� RI� HOHFWURPDJQHWLF� ILHOG� ZH� FRQVLGHU� WKH� SUREOHP� RI� OLJKW�
UHIOHFWLRQ�IURP�WKH�VXUIDFH�RI�DQ�LVRWURSLF�PHGLXP��6QHOOLXV�ODZ��)UHVQHO�IRUPXODH���$IWHU�WKDW��WKH�QRWLRQV�RI�VSDWLDO�
DQG�WLPH�FRKHUHQFH�DUH�LQWURGXFHG��8VLQJ�VLPSOH�H[DPSOHV�ZH�GLVFXVV�VXFK�SUREOHPV�DV�LQWHUIHUHQFH��+X\JHQV�)UHVQHO�
SULQFLSOH��GLIIUDFWLRQ�DQG�GLVSHUVLRQ�RI�OLJKW��7KH�FRQFHSWLRQ�RI�WKH�OLJKW�SRODUL]DWLRQ�DQG�FRQVLGHU�WKH�SURSDJDWLRQ�RI�
HOOLSWLFDOO\� SRODUL]HG� OLJKW� GXULQJ� FU\VWDO� DQG� RSWLFDOO\� DFWLYH�PHGLD� DUH� JLYHQ��:H� REWDLQ� D� SDUDEROLF� HTXDWLRQ� IRU�
VORZO\�YDU\LQJ�DPSOLWXGH�RI�WKH�ZDYH�DQG�FRQVLGHU�SURSDJDWLRQ�RI�OLJKW�ZLWK�*DXVVLDQ�SURILOH���

$OO�WKHVH�SUREOHPV�ZH�FRQVLGHU�LQ�WKH�FRXUVH�RI�RSWLFV�DW�)DFXOW\�RI�0DWKHPDWLFV�DQG�0HFKDQLFV��,W�WDNHV�HLJKW�RU�QLQH�
OHFWXUHV� WR�GHOLYHU� WR�KLJK�TXDOLILHG�LQ�0DWKHPDWLFV�VWXGHQWV�RI�WKLV�GHSDUWPHQW�WKH�SDUWV�RI�RSWLFV�PHQWLRQHG�DERYH��
:H�DOVR�FRQVLGHU�WKHVH�SUREOHPV�DW�)DFXOW\�RI�&RPSXWHU�6FLHQFH�DQG�&\EHUQHWLFV�DV�D�SDUW�RI�HOHFWURG\QDPLFV��6RPH�
SDUWV� RI� 7KHRUHWLFDO� 2SWLFV� DW� WKH� ERWK� 'HSDUWPHQWV� DUH� GHOLYHUHG� LQ� WKH� FRXUVH� RI�4XDQWXP�0HFKDQLFV� �TXDQWXP�
WKHRU\�RI�OLJKW�JHQHUDWLRQ��TXDQWXP�WKHRU\�RI�GLVSHUVLRQ�HWF����7KH\�WDNH�DERXW�WHQ�ILIWHHQ�SHU�FHQW�RI�WRWDO�WLPH�DOORWWHG�
IRU�WKLV�FRXUVH��

2QO\�WKH�VWXGHQWV�ZKR�VSHFLDOL]H�LQ�WKH�ILHOGV�RI�PDWKHPDWLFDO�3K\VLFV��&RPSXWHU�0HWKRGV��5HVHDUFK�$XWRPDWL]DWLRQ��
1RQOLQHDU�'\QDPLF�6\VWHPV�DQG�3URFHVVHV�RI�&RQWURO��DQG�*HQHUDO�0DWKHPDWLFV�VWXG\�3K\VLFV�RI�:DYH�3URFHVVHV�DW�
)DFXOW\� RI�&RPSXWHU� 6FLHQFH�DQG�&\EHUQHWLFV�KDYH� WKH� VHFRQG� OHYHO� RI� RSWLFDO� HGXFDWLRQ�� ,Q� WKH� FRXUVH� �3K\VLFV�RI�
:DYH� 3URFHVVHV�� ZH� FRQVLGHU� GHILQLWLRQ� RI� ZDYH� DQG� ZDYH� SURFHVV�� WUDQVPLVVLRQ� RI� HQHUJ\� E\� WKH� ZDYH�� RQH�
GLPHQVLRQDO� ZDYH� HTXDWLRQ�� VLPSOH� KDUPRQLF� ZDYH�� WKH� VSDWLDO� DQG� WHPSRUDO� VFDOHV�� DQG� SODQH�� F\OLQGULFDO� DQG�
VSKHULFDO�ZDYHV��6SHHG�RI�OLJKW��OLQHDU��FLUFXODU�DQG�HOOLSWLFDO�ZDYH�SRODUL]DWLRQ��QDWXUDO�OLJKW��HOHFWURPDJQHWLF�HQHUJ\��
LQWHQVLW\�� PDWFKLQJ� FRQGLWLRQV� RQ� WKH� HOHFWURPDJQHWLF� ZDYHV� RQ� WKH� ERXQGDU\� RI� WZR�PHGLD� DUH� WKH� VXEMHFW� RI� WKH�
VHFRQG� OHFWXUH�� $IWHU� WKDW� ZH� FRQVLGHU� DPSOLWXGH� PRGXODWLRQ�� IUHTXHQF\� VSHFWUXP�� SXOVH� GXUDWLRQ� DQG� LWV� VSHFWUDO�
EDQGZLGWK��:H� LQWURGXFH� WR� VWXGHQWV� WKH�SUREOHP�RI� IUHTXHQF\�DQG� VSDWLDO�GLVSHUVLRQ��:H�WHOO� WKHP�DERXW� WKH�ILUVW�
RUGHU� DSSUR[LPDWLRQ� RI� GLVSHUVLRQ� WKHRU\�� JURXS� YHORFLW\�� WUDQVIHU� HTXDWLRQ�RI�ZDYH�SDFNHW��QRUPDO� DQG�DQRPDORXV�
GLVSHUVLRQ��VHFRQG�RUGHU�DSSUR[LPDWLRQ�RI�WKH�GLVSHUVLRQ�WKHRU\��DQG�ZDYH�HTXDWLRQ�LQ�SDUDEROLF�DSSUR[LPDWLRQ��+HUH�
ZH� FRQVLGHU� RSWLFDO� DFWLYLW\�� J\URWURS\�� DQG� VSDWLDO� GLVSHUVLRQ�� HOHFWURQLF� WKHRU\� RI� GLVSHUVLRQ� RI� OLJKW�� DQRPDORXV�
GLVSHUVLRQ��ZDYH�GLVSHUVLRQ�LQ�SODVPD��$IWHU�WKDW�WKH�ERXQGDU\�FRQGLWLRQV��UHIUDFWLRQ�DQG�UHIOHFWLRQ�ODZV��ILEHU�RSWLFV��
ILEHU�FRPPXQLFDWLRQ�OLQHV�DUH�FRQVLGHUHG���

,Q� WKH� VL[WK� OHFWXUH�ZH� WHOO� VWXGHQWV� DERXW� LQWHUIHUHQFH�RI� WZR�PRQRFKURPDWLF�ZDYHV�� VXSHUSRVLWLRQ�RI�SODQH�ZDYHV��
LQWHUIHUHQFH�RI�ZDYHV�HPLWWHG�E\�SRLQW�VRXUFHV��0LFKHOVRQ�LQWHUIHURPHWHU��VWDQGLQJ�ZDYHV��7KH�FRKHUHQFH�SUREOHP�LV�
WKH�VXEMHFW�RI�WKH�QH[W�OHFWXUH��,Q�WKH�QLQWK�OHFWXUH�ZH�FRQVLGHU�WKH�PDWKHPDWLFDO�VWDWHPHQW�RI�WKH�GLIIUDFWLRQ�SUREOHP��
+HOPKROW]�.LUFKKRII� LQWHJUDO� WKHRUHP�� 6RPPHUIHOG� SULQFLSOH� RI� OLPLWLQJ� DPSOLWXGH�� )UHVQHO�.LUFKKRII� GLIIUDFWLRQ�
IRUPXOD��+X\JHQV�)UHVQHO�SULQFLSOH��)UHVQHO
V�]RQHV��3DUDEROLF�DSSUR[LPDWLRQ�LQ�GLIIUDFWLRQ�WKHRU\�LV�WKH�VXEMHFW�RI�WKH�
QH[W�OHFWXUH��+HUH�ZH�FRQVLGHU�)UHVQHO�GLIIUDFWLRQ��ZDYH�HTXDWLRQ�LQ�WKH�SDUDEROLF�DSSUR[LPDWLRQ��GLIIUDFWLRQ�RI�SODQH�
ZDYHV�� DQ� DQJXODU� VSHFWUXP�� 1HDU�ILHOG� DQG� IDU�ILHOG� ]RQH� RI� GLIIUDFWLRQ�� WKH� JHRPHWULFDO� RSWLFV� DSSUR[LPDWLRQ��
*DXVVLDQ�EHDP�DUH� LQWURGXFHG� WR�VWXGHQWV��$QG�GXULQJ�WKH�ILQDO� OHFWXUHV�ZH�FRQVLGHU� ODVHUV�DQG�EDVLF�PDWKHPDWLFDO�
PRGHOV� LQ�QRQOLQHDU�ZDYH�RSWLFV��+HUH�ZH�WHOO�VWXGHQWV�DERXW�ZDYH�LQWHUDFWLRQ�LQ�QRQOLQHDU�GLVSHUVLYH�PHGLD��SKDVH�
PDWFKLQJ��KDUPRQLFV�JHQHUDWLRQ��SDUDPHWULF� LQWHUDFWLRQ��VHOI�DFWLRQ�RI� OLJKW�ZDYHV��1RQOLQHDU�6FKURGLQJHU�HTXDWLRQ��
SXOVH� VHOI�SKDVH�PRGXODWLRQ� DQG� EHDP� VHOI�IRFXVLQJ��:H� DOVR� VD\� DERXW� ODZV� RI� FRQVHUYDWLRQ� DQG� WKHLU� UROH� LQ� WKH�
QXPHULFDO�VLPXODWLRQV�DQG�JLYH�DQ�RYHUYLHZ�RI�EDVLF�PHWKRGV�IRU�QXPHULFDO�LQYHVWLJDWLRQV��

,W�FDQ�EH�VHHQ�WKDW�WKH�RSWLFDO�WHDFKLQJ�LV�FDUULHG�RXW�LQ�FORVH�FRQQHFWLRQ�ZLWK�JHQHUDO�DQDO\VLV�RI�ZDYH�SKHQRPHQD�LQ�
1DWXUH�� 7KH� FRXUVH� LQFOXGHV� PDLQ� QRWLRQV� RI� ZDYH� WKHRU\� VXFK� DV� SODQH� ZDYH�� KDUPRQLF� ZDYH�� SRODUL]DWLRQ�� DQG�
HQHUJ\�IORZ��7KH�SK\VLFDO�SLFWXUH�RI�WKH�ZDYH�SURSDJDWLRQ�WDNHV�WKH�FHQWUDO�SRVLWLRQ�LQ�WKLV�FRXUVH��0XFK�DWWHQWLRQ�LV�
JLYHQ�WR�VSHFWUDO�DQDO\VLV�EHFDXVH�WKLV�PHWKRG�LV�ZLGHO\�XVHG�LQ�RSWLFV�DQG�LQ�QXPHULFDO�H[SHULPHQWV��7KH�HTXLYDOHQF\�
RI� VSHFWUDO� DQG� WHPSRUDO� DSSURDFKHV� LQ�ZDYH� SURFHVVHV� SUHVHQWDWLRQ� LV� VKRZQ��8VH�RI� VSHFWUDO�PHWKRG�DOORZV�XV� WR�
FRQVLGHU�ZDYH�SURSDJDWLRQ�DQG�WUDGLWLRQDO�QXPHULFDO�VFKHPHV�IURP�VLPLODU�SRLQWV�RI�YLHZ��$�EULJKW�H[DPSOH�RI�LW�FDQ�
EH� VHHQ� LQ� DQDO\VLV� RI� VSDWLDO� GLVSHUVLRQ� RI� WKH� ZDYH� LQ� GLVFUHWH� VWUXFWXUHV� DQG� GLVSHUVLRQ� RI� WKH� ILQLWH�GLIIHUHQFH�
QXPHULFDO�VFKHPHV�IRU�ZDYH�HTXDWLRQ��$ORQJ�ZLWK�FODVVLFDO�RSWLFV�ZH�GLVFXVV�VRPH�SUREOHPV�RI�QRQOLQHDU�RSWLFV��,Q�
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SDUDOOHO� ZLWK� ZDYH� SURSDJDWLRQ� LQ� D� QRQOLQHDU�PHGLXP�ZH� GLVFXVV� D� IHZ�PHWKRGV� RI� QXPHULFDO� LQWHJUDWLRQ� RI� WKH�
1RQOLQHDU�6FKURGLQJHU�HTXDWLRQ��

/HFWXUH� GHPRQVWUDWLRQV� DUH� XVHIXO� IRU� LOOXVWUDWLRQ� RI� ZDYH� SURSDJDWLRQ� LQ� GLIIHUHQW� PHGLXP�� SKHQRPHQD� RI�
HOHFWURPDJQHWLF�ZDYH� SRODUL]DWLRQ�� IRUPDWLRQ� RI�ZDYH�SDFNHW� E\�KDUPRQLFV� DGGLWLRQ��7KH\�DUH�XVHG� WR�GHPRQVWUDWH�
QRUPDO�DQG�DQRPDORXV�GLVSHUVLRQ��SKHQRPHQD�RI�LQWHUIHUHQFH�DQG�GLIIUDFWLRQ��WKH�UHIOHFWLRQ�RI�HOHFWURPDJQHWLF�ZDYHV��
DQG�KLJK�VHQVLWLYLW\�RI�LQWHUIHURPHWULF�PHDVXUHPHQWV��6RPH�H[SHULPHQWDO�GHPRQVWUDWLRQV�VKRZ�ODVHU�JHQHUDWLRQ��KLJK�
SRZHU�GHQVLW\�DQG�VPDOO�GLYHUJHQFH�RI�ODVHU�UDGLDWLRQ��QRQOLQHDU�HIIHFWV�RI�VHFRQG�KDUPRQLF�JHQHUDWLRQ�DQG�VWLPXODWHG�
5DPDQ� VFDWWHULQJ�� :H� HIILFLHQWO\� FRPELQH� SK\VLFDO� GHPRQVWUDWLRQV� ZLWK� FRPSXWHU� GHPRQVWUDWLRQV� RI� SK\VLFDO�
SKHQRPHQD��:H� EHOLHYH� WKDW� IRU�&RPSXWHU� 6FLHQFH� VWXGHQWV� LW� LV� RI�JUHDW� LPSRUWDQFH� WR�EH� IDPLOLDU�ZLWK� FRPSXWHU�
DELOLWLHV� LQ� VLPXODWLRQV� RI� SK\VLFDO� SKHQRPHQD�� $� OHFWXUHU� WDNHV� WKH� RSSRUWXQLW\� RI� SXWWLQJ� WRJHWKHU� WKHRUHWLFDO�
SUHVHQWDWLRQV��SK\VLFDO�GHPRQVWUDWLRQV��DQG�QXPHULFDO�H[SHULPHQW��$FFRUGLQJ�WR�RXU�UXOHV�HDFK�VWXGHQW�UHFHLYHV�WZR�RU�
IRXU�SUREOHPV�RI�GLIIHUHQW�GHJUHH�RI�GLIILFXOW\��7KH\�KDYH�WR�ZRUN�WKURXJK�WKH�SUREOHPV�WKHPVHOYHV�DQG�SUHVHQW�WKHLU�
RZQ� XQGHUVWDQGLQJ� ZKLOH� VXEPLWWLQJ� WKH� UHVXOWV� WR� WKH� WXWRUV�� 7KLV� PHWKRG� KHOSV� VWXGHQWV� WR� OHDUQ�ZRUNLQJ� XQGHU�
VSHFLILF� RSWLFV� SUREOHPV� DQG� WR� XVH� RI� QHFHVVDU\� VFLHQWLILF� OLWHUDWXUH� DQG� UHIHUHQFH� VRXUFHV�� 2Q� WXWRULDO� VHPLQDUV�
WHDFKHUV� DQDO\]H� W\SLFDO� SUREOHPV�� DQVZHU� VWXGHQWV
� TXHVWLRQV� FRQFHUQLQJ� WKHLU� LQGLYLGXDO�ZRUN�� 7ZR� FROORTXLD� DUH�
PHDQW�WR�SUHVHQW�VROXWLRQV�RI�WKH�SUREOHPV�DQG�GLVFXVV�SK\VLFV�EHKLQG�WKHP���

���/DVHU�*UDGXDWH�6FKRRO�RQ�0RGHUQ�SUREOHPV�RI�/DVHU�3K\VLFV�

7KH�VWXGHQWV�RI�ERWK�IDFXOWLHV�KDYLQJ�H[FHOOHQW�PDUNV�LQ�RSWLFV�DQG�JRLQJ�WR�EH�HQJDJHG�LQ�VFLHQWLILF�ZRUN�DUH�LQYLWHG�
WR�WDNH�SDUW�LQ�/DVHU�*UDGXDWH�6FKRRO�RQ�0RGHUQ�SUREOHPV�RI�/DVHU�3K\VLFV��(YHU\�\HDU�,QWHUQDWLRQDO�/DVHU�&HQWHU�RI�
/RPRQRVRY�0RVFRZ�6WDWH�8QLYHUVLW\�RUJDQL]H� VHVVLRQ� WKDW� ODVWV� IRU�RQH�RU� WZR�ZHHNV�DQG�FRQVLVWV�RI�VKRUW�FRXUVHV�
�WZR�RU�HLJKW�KRXUV�HDFK���7KH�LQVWUXFWRUV�ZKR�DUH�WKH�WRS�VFLHQWLVWV�LQ�WKH�VSHFLILF�UHVHDUFK�WKURXJK�DOO�RYHU�WKH�ZRUOG�
GHOLYHU� WKHVH� FRXUVHV�� (DFK� FRXUVH� LV� IRFXVHG� RQ� D� VHOHFWHG� VFLHQWLILF� VXEMHFW� DQG� FRYHUV� WKH� LQWURGXFWLRQ� WR� WKH�
GLVFXVVHG�ILHOG��VRPH�KLVWRU\��PDMRU�DQG�XS�WR�GDWH�UHVXOWV��QHZ�SHUVSHFWLYHV��DQG�NH\�UHIHUHQFHV��7KXV��D�VKRUW�FRXUVH�
LV� EDVLFDOO\� DQ�RYHUYLHZ�RI� WKH� VHOHFWHG� VXEMHFW�JLYHQ�E\�D� WRS�VSHFLDOLVW� LQ� WKLV� ILHOG��7KLV� LV�DQ�RSSRUWXQLW\�IRU� WKH�
VWXGHQWV� �JUDGXDWH� VWXGHQWV�� \RXQJ� VFLHQWLVWV�� HWF��� WR� CCWRXFK�� WKH� 6FLHQFH� QRW� MXVW� UHDGLQJ� WKH� SDSHUV� LQ� VFLHQWLILF�
MRXUQDOV��EXW�DWWHQGLQJ�WKH�LQVWUXFWRU
V�FRXUVHV��WDONLQJ�WR�WKHP��DVNLQJ�TXHVWLRQV��:H�FDPH�WR�WKH�LGHD�RI�IRFXVLQJ�WKH�
HYHU\�VHVVLRQ�RU�WKH�:RUNVKRS�RI�WKH�/*6�RQ�D�VHOHFWHG��TXLWH�QDUURZ�ILHOG��7KLV�KHOSHG�XV�D�ORW�LQ�DWWUDFWLQJ�WKH�EHVW�
LQVWUXFWRUV�WKDW�FRXOG�FRYHU�WKH�VXEMHFW�RI�WKH�:RUNVKRS�FRPSOHWHO\��7KH�OLVW�RI�:RUNVKRSV�LV�JLYHQ�EHORZ��

���������:RUNVKRS�RQ�ODVHU�ELRSK\VLFV�
���������:RUNVKRS�RQ�PRGHUQ�SUREOHPV�RI�ODVHU�SK\VLFV�
���������:RUNVKRS�RQ�SKRWRDFRXVWLFV�
���������:RUNVKRS�RQ�QRQUHVRQDQW�LQWHUDFWLRQ�RI�ODVHU�UDGLDWLRQ�ZLWK�PDWWHU�
���������:RUNVKRS�RQ�VXUIDFH�DQG�LQWHUIDFHV�
���������:RUNVKRS�RQ�LPDJLQJ�WURXJK�WKH�DWPRVSKHUH�
���������.KRNKORY�WXWRULDOV�
���������,&212¶���VKRUW�FRXUVHV�
���������$NKPDQRY�WXWRULDOV�
���������0RGHUQ�SUREOHPV�RI�FRKHUHQW�DQG�QRQOLQHDU�RSWLFV�

:H�FUHDWH�D�VSHFLDO�DWPRVSKHUH�RI� WKH�6FKRRO�FORVH� WR� WKDW�RQH�RI� WKH�UHJXODU�VFLHQWLILF�PHHWLQJV�DQG�WKHUHIRUH�KHOS�
VWXGHQWV� LQ� UDLVLQJ� DQ� H[SHULHQFH� LQ� VFLHQWLILF� FRPPXQLFDWLRQV��$PRQJ� WKH� ,/&�/*6� LQVWUXFWRUV�ZHUH�+��:DOWKHU��
1��%ORHPEHUKHQ��&��)O\W]DQLV��)UDQFH�� ��%ORHPEHUJHQ��86$���+��:DOWKHU��)5*���&��)O\W]DQLV��)UDQFH���$��%RFFDUD�
�)UDQFH��� $��1HYHOO� �86$��� $��/DDNVRQHQ� �6ZHGHQ��� &��5XOOLHUH� �)UDQFH��� +��&RXIDO� �86$��� /��)DYUR� �86$���
$��0DQGHOLV��&DQDGD���-��0XUSK\��86$���+��YDQ�'ULHO� �&DQDGD���7��+HLQ]��86$���7��)XUWDN��86$���5��%\HU��86$���
(��,SSHQ��86$���&��/��7DQJ��86$���*��,��6WHJHPDQ��86$���5��0LOHV��86$���3��&RUFXP��&DQDGD��DQG�PDQ\�RWKHUV��

���&RQFOXVLRQV�

7KH�&KDLU�RI�*HQHUDO�3K\VLFV�DQG�:DYH�3URFHVVHV�RI�3K\VLFV�'HSDUWPHQW�RI�068�KDV�EHHQ�UHDOL]LQJ�WKHVH�IRUPV�
RI� RSWLFDO� HGXFDWLRQ� RI� PDWKHPDWLFDO� VWXGHQWV� DW� 0��9��/RPRQRVRY� 0RVFRZ� 6WDWH� 8QLYHUVLW\����� 7KLV� &KDLU� ZDV�
HVWDEOLVKHG�LQ������E\�QRZ�ODWH�SURIHVVRU�6HUJH\�$NKPDQRY��7KH�&KDLU�RI�*HQHUDO�3K\VLFV�DQG�:DYH�3URFHVVHV�KDV�
LQKHULWHG�WKH�WUDGLWLRQ�RI�VFLHQWLILF�H[FHOOHQFH�IURP�5��.KRKORY�VFLHQWLILF�VFKRRO�DQG�6HUJH\�6WUHONRY�VFLHQWLILF�VFKRRO��
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)URP� ����� XS� WR� ����� 1LNRODL� .RURWHHY� KHDGHG� WKH� &KDLU�� 7RGD\� ��� IXOO�WLPH� SURIHVVRUV�� DVVRFLDWH� SURIHVVRUV��
DVVLVWDQW�SURIHVVRUV�DQG�UHVHDUFKHUV�SRVVHVVLQJ�'U��6FLHQFH�DQG�3K�'��LQ�SK\VLFV�DQG�PDWKHPDWLFV�DUH�ZRUNLQJ�DW�WKH�
&KDLU� RI� *HQHUDO� 3K\VLFV� DQG�:DYH� 3URFHVVHV�� ,Q� GLIIHUHQW� \HDUV� DOO� RI� WKHP� PDNH� WKHLUV� FRQWULEXWLRQ� WR� RSWLFDO�
HGXFDWLRQ�RI�PDWKHPDWLFDO�VWXGHQWV��,�DP�YHU\�JUDWHIXO�WR�DOO�P\�FROOHDJXHV��:H�DUH�SURXG�RI�RXU�PRGHVW�FRQWULEXWLRQ�
WR�SUHSDULQJ�KLJK�FODVV�JUDGXDWHV�VXFFHVVIXOO\�ZRUNLQJ�LQ�WKH�ILHOG�RI�FRPSXWHU�VLPXODWLRQ�LQ�QRQOLQHDU�RSWLFV��

5()(5(1&(6�

���1���,��.RURWHHY��/DVHU�5HVHDUFK�DQG�(GXFDWLRQDO�$FWLYLW\�DW�0�9�/RPRQRVRY�0RVFRZ�6WDWH�8QLYHUVLW\��3URF��RI�WKH�
:RUNVKRS��([SORULQJ�WKH�2SSRUWXQLWLHV�IRU�&RRSHUDWLYH�5HVHDUFK��$/�%('��2UODQGR�)/��SS��������������

���9���1���=DGNRY��1��,��.RURWHHY��+RZ� WR�PDQDJH� FRQWLQXLQJ�HGXFDWLRQ�DQG� UHWUDLQLQJ�SURJUDPV�RQ�RSWLFDO�SK\VLFV�
DQG�ODVHU�WHFKQRORJ\�DW�D�XQLYHUVLW\��0RVFRZ�6WDWH�H[SHULHQFH��3URF��63,(��������SS�����������������
���9��3��.DQGLGRY�� 1��,��.RURWHHY�� 9��$��0DNDURY�� 2SWLFDO� SK\VLFV� DW� XQLYHUVLW\� HGXFDWLRQ�� WKH� H[SHULHQFH� DQG�
SURVSHFWV���3URF��63,(�������SS�����������������
��� 9��3��.DQGLGRY�� 6��$��6KOHQRY�� 2SWLFV� IRU� 0DWKHPDWLFV�� 3URF�� ,QWHUQ�� &RQI�� (GXFDWLRQ� DQG� 7UDLQLQJ� LQ� 2SWLFV��
+XQJDU\��3HFV��SS���������������
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