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�


�1�.� �I�n�t�r�o�d�u�c�t�i�o�n�


�	�Ü´Ðºê» �ÔÀÚÀÇÀ �¦Á¶ÁÂ´ �ð¸¨µè°Î·­¼ �Ç½èÇûÀÎÀé¸ú° �ÌÀÐ·ûÀÎÀ �é¸¡¿­¼ �¹¸ºÀ �åÀ¡Á»À �ÙÁ �ö¼ �ÖÀÙ´.� �¯Æ÷È,� �Ü´Ðºê»è°Â´ �Ðº®¼åÀ¡ÄÇÀ �¥ÇØÁË°¤Á �(�s�t�a�n�d�a�r�d� �c�a�l�i�b�r�a�t�i�o�n�)�ú° �¥µÌÀ¸ÅÐº®¼ÇÀ �Ü´ø¼­È¦¸ �Îº©¿ÒÇ �ö¼ �ÖÀ¸ÀÇ¹Î·,� �°¹®¸­ÈÐÇûÀ �°¹º¼ÇÀ �ÌÀØÇ¡¿ �Å¸ì¿ �ßÁä¿ÏÇÙ´[�1�]�.� �ÔÀÚÀÐºê»è°ÇÀ �Å°¿µºÀ �º´æÅ¯À¼Ã¡¿ �Ðºê»Çµî¾ �ÖÀõ´ó¶µµ �ÔÀÚÀÇÀ �ó³µµ¡° �õÁ¡°ÔÇ¡¿ �ûµó¶­¼ �Ðºê»Å¸ÇÀ �º´æÅÅ°¿µú°Â´ �Ù´¥¸ �s�h�e�a�r� �t�h�i�n�n�i�n�g� �¤ÈºÀ �s�h�e�a�r� �t�h�i�c�k�e�n�i�n�g�ú° �°°ºÀ �ñºº´æÅº¼ �Å°¿µ �(�n�o�n�-�N�e�w�t�o�n�i�a�n� �b�e�h�a�v�i�o�r�)�¦¸ �¸ºÌÀç¸,� �ó³µµ¡° �ô³Æ¾úÁö¼Ï· �ÌÀ¯·ÑÇ �æ°âÇºÀ �õ´í¿ �Ñ¶Ç·ÏÇÙ´.� �H�o�f�f�m�a�n�ºÀ �í°ó³µµ �ÔÀÚÀÐºê»è°ÇÀ �Å°¿µ»À �Ðº®¼ÏÇ©¿ �ó³µµÍ¿ �üÀÜ´²À �(�s�h�e�a�r� �r�a�t�e�)�¡¿ �ûµ¥¸ �¡ÁµµÇÀ �Å°¿µ»À �³Ã½À¸ÀÎ· �¼Ãè°ûÀÎÀ �¬¿¸±¦¸ �ö¼àÇÏÇ´¿Ù´[�2�]�.� �ÖÃÙ±¡¿µµ �ÔÀÚÀÐºê»è°ÇÀ �Å°¿µ¡¿ �ü°ÑÇ �¬¿¸±Â´ �Å°Ã½ûÀÎÀ �¯À¯ºÐÇûÀ �°¹º¼»À �Ì¹Ã½ûÀÎÀ �ö¼ØÁÇÀ �Ì¹¼¼¸±¶Á �(�m�i�c�r�o�s�t�r�u�c�t�u�r�e�)�Í¿ �ü°Ã·Ã½ÑÄ �Ô±í¸ÏÇÁ·Â´ �¿µâÇÌÀ �öÁè¹ûÀÌÀÙ´.� �B�e�n�d�e�r�Í¿ �W�a�g�n�e�r�,� �F�u�l�l�e�r� �e�t� �a�l�.�îµºÀ �¤±¯À¯ºÐÇûÀ �(�r�h�e�o�-�o�p�t�i�c�a�l�)� �¬¿¸±¦¸ �ëÅØÇ­¼ �ÔÀÚÀÐºê»è°ÇÀ �Å°¿µÌÀ �Ì¹¼¼¸±¶ÁÇÀ �¯º­È¡¿ÇÀÏÇ©¿ �ª³¸Å­³Ù´í° �¸ºí°ÏÇ´¿Ù´[�3�,�4�,�5�]�.� �


�	�åÈ§¸åÀ¡¿ �ÇÀÏÇ©¿ �³±õ¶ÇµÂ´ �Ì¹¼¼¸±¶ÁÂ´ �µµÔÀÇµÂ´ �¤±ø¿ÎÀ �¹·ÌÀúÀ �(�l�a�s�e�r�)�ÇÀ �¼±ýÀ²À �ÙÅ­¼ �(�r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �t�e�n�s�o�r�)�¦¸ �¯º­ÈÃ½²ÅÙ´.� �ÌÀ¯·ÑÇ �¯º­ÈÂ´ �f�l�o�w�-�i�n�d�u�c�e�d� �b�i�r�e�f�r�i�n�g�e�n�c�e�Í¿ �d�i�c�h�r�o�i�s�m�»À �ª³¸Å»³Ô° �ÏÇç¸ �ÌÀÇÀ �ØÇ®¼»À �ëÅÑÇ �Ì¹¼¼¸±¶ÁÇÀ �ü°ûÂÌÀ �¤±¯À¯ºÐÇÇÀ �ÖÁä¿Ðºß¾ÌÀÙ´.� �ÖÃÙ± �B�e�n�d�e�r� �Í¿ �W�a�g�n�e�r�Â´ �üÀÜ´Â·ÏÇ¡¿­¼ �h�a�r�d�-�s�p�h�e�r�e� �s�u�s�p�e�n�s�i�o�n�ÇÀ �b�i�r�e�f�r�i�n�g�e�n�c�e�Í¿ �d�i�c�h�r�o�i�s�m�»À �øÃ¤ÁÏÇ´¿í° �s�t�r�e�s�s�-�o�p�t�i�c�a�l� �r�u�l�e�ÇÀ �ûÀë¿»À �Ã½µµÏÇ´¿Ù´[�3�]�.� �Ç¶ÑÇ,� �Ì¹¼¼¸±¶ÁÇÀ �¯º­È¡¿ �â±ÎÀÏÇÂ´ �Îµ �ûÈ»À �êºó¶î¿î¿¿µ¡¿ �ÇÀÑÇ �®Èê»ú° �üÀÜ´åÈ§¸¡¿ �ÇÀÑÇ �¯ºüÇ¸ÀÎ· �Ô±¤ÁÏÇí° �ÌÀ �ÎµûÈÇÀ �æ°ïÀûÀÎÀ �ÛÀë¿¡¿ �ÇÀÏÇ©¿ �Ì¹¼¼¸±¶Á¡° �¯º­ÈÑÇÙ´í° �¸ºí°ÏÇ´¿Ù´.� �»º �¬¿¸±Â´ �¦Á¶ÁÈµ �ÔÀÚÀÐºê»è°ÇÀ �¯À¯ºÐÇûÀ �Å°¿µ»À �¶Áç»ÏÇí° �¤±¯À¯ºÐÇûÀ �°¹º¼ÇÀ �øÃ¤Á»À �ëÅÑÇ �Îµ �Å°¿µÇÀ �ó»ü°ü°è°Í¿ �Ì¹¼¼¸±¶ÁÇÀ �Ô±í¸»À �ñ¸ûÀ¸ÀÎ· �ÑÇÙ´.� �ÌÀ¦¸ �§ÀÏÇ©¿ �í°ó³µµÇÀ �ÔÀÚÀÐºê»è°¦¸ �¦Á¶ÁÏÇí° �ûÀýÀÑÇ �¤±ÐÇåÀ¡ÄÇÀ �±¼ÃÅ»À �ëÅØÇ­¼ �¤±¯À¯ºÐÇûÀ �°¹º¼»À �¶Áç»ÑÇÙ´.�


�


�2�.� �E�x�p�e�r�i�m�e�n�t�a�l�


�	�Ü´Ðºê» �Ç½®¸«ÄÔÀÚÀÂ´ �S�t�o�b�e�r� �e�t� �a�l�.�ÌÀ �¦Áâ±ÑÇ �Ö¼©Áý¹»À �ëÅÑÇ �×¾ó»Ý¹ÀÀ»À �ëÅØÇ­¼ �¦Á¶ÁÑÇÙ´[�1�]�.� �Ðºê»×¾ÌÀ �¡°öÁÂ´ �¡ÁºÅº¼ �(�v�i�s�c�o�e�l�a�s�t�i�c�i�t�y�)�ú° �¤±¯À¯ºÐÇûÀ �Å°¿µ»À �¶Áç»ÏÇâ± �§ÀÏÇ©¿ �¡¿¿Æ»·Û±®¸ÝÄ �(�E�G�)�ú° �Û±®¸¼¼°¸ �(�G�l�y�)�ÇÀ �5�0�:�5�0� �¥ÈÕÇ°¹»À �¦Á¶ÁÏÇí° �©¿â±¡¿ �¦Á¶ÁÈµ �ÔÀÚÀ¦¸ �Ðºê»ÑÇÙ´.� �¥ÈÕÇ°¹»³¡¿ �ÜÀ¸ÁÏÇÂ´ �°¹,� �Ë¾ÝÄ �×¹ �ÎºÝ¹ÀÀ°¹»À �¦ÁÅ°ÏÇâ± �§ÀÏÇ©¿ �õÁß¹ý¹ �(�e�v�a�p�o�r�a�t�i�o�n� �m�e�t�h�o�d�)�»À �ç»ë¿ÑÇÙ´.� �¦Á¶ÁÈµ �Îµ �Ã½á·Â´ �ÔÀÚÀÇÀ �©Åâ±¡° �5�0�n�m�¤ÁµµÇÀ �M�1�ú° �1�1�0�n�m�¤ÁµµÇÀ �M�3�¦¸ �úÁ®·Ðº²À �3�0�w�t�.�%� �(�M�1�M�,� �M�3�M�)�Í¿ �5�0�w�t�.�%� �(�M�1�C�,� �M�3�C�)�Î· �¢°¢° �v�i�s�c�o�m�e�t�e�r�Í¿ �Îµ³°ÇÀ �o�p�t�i�c�a�l� �a�p�p�a�r�a�t�u�s�¦¸ �ÌÀë¿ÏÇ©¿ �åÈ§¸åÀ �ÏÇ¡¿­¼ �Ðºê»×¾ÌÀ �¡°öÁÂ´ �Å°¿µ»À �¶Áç»ÑÇÙ´.� �


�	�åÈ§¸åÀ �ÏÇ¡¿­¼ �b�i�r�e�f�r�i�n�g�e�n�c�e�Í¿ �d�i�c�h�r�o�i�s�m�»À �¿µÃ½¡¿ �øÃ¤ÁÏÇâ± �§ÀÏÇ©¿ �Îµ³°ÇÀ �¤±ÐÇ �è¹­¿»À �ÌÀë¿ÑÇÙ´.� �¹·ÌÀúÀø¿¸ÀÎ·Â´ �6�3�3�n�m�ÇÀ �H�e�N�e� �¹·ÌÀúÀ¦¸ �ÌÀë¿ÏÇí° �(�1�)� �L�-�P�(�0�o�)�-�P�E�M�(�4�5�o�,�(�m�)�-�Q�W�P�(�0�o�,�(�/�2�)�-�S�a�m�p�l�e�-�D�ÇÀ �è¹­¿»À �ëÅÏÇ©¿ �d�i�c�h�r�o�i�s�m�»À �Õ¸úÀ �øÃ¤ÁÑÇ �ÄÈ �(�2�)� �L�-�P�(�0�o�)�-�P�E�M�(�4�5�o�,�(�m�)�-�Q�W�P�(�0�o�,�(�/�2�)�-�S�a�m�p�l�e�-�Q�W�P�(�0�o�,�(�/�2�)�-�A�(�0�o�)�-�D�ÇÀ �è¹­¿Î· �b�i�r�e�f�r�i�n�g�e�n�c�e� �×¹ �è¹âÇ¢°»À �øÃ¤ÁÑÇÙ´.� �ÖÃ¾Á �á°ú°Â´ �J�o�n�e�s� �c�a�l�c�u�l�u�s�¦¸ �ÌÀë¿ÏÇ©¿ �è°ê»ÏÇí° �ÌÀ§¶ÇÀ �Å¸³°¯ºö¼ �ª°éµºÀ �P�E�M� �¶ÁýÀª°ÌÀ �A�=�5�0�6�¡¿­¼ �ò¾î¾³Á¸Àç¸,� �ÌÀ§¶ÇÀ �ª°ºÀ �J�1�(�A�)�=�1�.�8�7�,� �J�2�(�A�)�=�1�.�4�3�¤ÁµµÇÀ �ª°»À �¸º©¿ÖÁú¾Ù´.� �F�l�o�w� �c�e�l�l�ºÀ �c�o�a�x�i�a�l� �c�y�l�i�n�d�e�r�ÇÀ �üÇÂÅÎ· �¦ÁÛÀÏÇ´¿í°,� �åÀ¡ÄÇÀ �³¼è°¡¿ �ÇÀØÇ­¼ �ß¾â±ÈµÂ´ �T�a�y�l�o�r� �i�n�s�t�a�b�i�l�i�t�y�»À �ï¾¦ÁÏÇâ± �§ÀÏÇ©¿ �Ü¿ÎºÇ½°¸õ´¡° �¸ÈüÀÏÇµµÏ· �ÏÇ´¿Ù´.� �ç»ë¿ÇµÂ´ �f�l�o�w� �c�e�l�l�ÇÀ �o�p�t�i�c�a�l� �p�a�t�h� �l�e�n�g�t�h�Â´ �4�5�m�m�ÌÀí° �Îµ �Ç½°¸õ´ �ç»ÌÀÇÀ �g�a�p�ºÀ �3�m�m�ÌÀÙ´.� �Ç¶,� �ÄÄ»ÇÍÅ¡¿ �ÇÀÏÇ©¿ �¦Áî¾ÇµÂ´ �ð¸ÍÅ¦¸ �ÌÀë¿ÏÇ©¿ �Ã½á·¡¿ �Îºú°ÇµÂ´ �üÀÜ´²À»À �¶ÁýÀÏÇí°,� �p�h�o�t�o� �d�i�o�d�e�Î· �ÐÀôÇøÁ �Å½£ÈÂ´ �Îµ³°ÇÀ �l�o�c�k�-�i�n�-�a�m�p�l�i�f�i�e�r�Í¿ �o�s�c�i�l�l�o�s�c�o�p�e�¦¸ �ëÅÏÇ©¿ �Ðº®¼ÈµÙ´.�


�


�3�.� �R�e�s�u�l�t� �a�n�d� �D�i�s�c�u�s�s�i�o�n�


�	�Ö¼©Áý¹ �(�s�o�l�-�g�e�l� �m�e�t�h�o�d�)�»À �ëÅÑÇ �Ü´Ðºê»ÇÀ �Ç½®¸«Ä �ÔÀÚÀ¡° �t�e�t�r�a�e�t�h�y�l�o�r�t�h�o�s�i�l�i�c�a�t�e� �Í¿ �a�m�m�o�n�i�u�m� �h�y�d�r�o�x�i�d�e�ÇÀ �¶ÁýÀ»À �ëÅÏÇ©¿ �¸¸éµî¾³ÁÙ´.� �Ç½®¸«Ä �ÔÀÚÀÇÀ �©Åâ±Â´ �õÅú°üÀÚÀöÇÌ¹æ° �(�T�E�M�)�ú° �¿µûÀ¤±ê»õ¶ý¹ �(�D�L�S�)�»À �ÌÀë¿ÏÇ©¿ �¶Áç»ÏÇí°,� �Ðºê»×¾ÇÀ �õÅí¸º¼»À �®È¸ºÏÇí° �ÔÀÚÀ£°ÇÀ �Ý¹õ´ß¹º½ûÈ»À �¦ÁÅ°ÏÇâ± �§ÀÏÇ©¿ �E�G�/�G�l�y� �(�r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �m�a�t�c�h�i�n�g� �s�o�l�v�e�n�t�)�ÇÀ �¥ÈÕÇ°¹»À �ç»ë¿ÏÇ´¿Ù´.� �E�G�Í¿ �G�l�y�ÇÀ �¼±ýÀ²ÀºÀ �ó»Â¿¡¿­¼ �¢°¢° �1�.�4�3�ú° �1�.�4�7�¤ÁµµÎ· �5�0�:�5�0�ÇÀ �¥ÈÕÇ°¹ºÀ �Ç½®¸«ÄÇÀ �¼±ýÀ²Àú° �©Åâ±¡° �ñºÁ½ÑÇ �ª°ÎÀ �1�.�4�5�¤Áµµ¦¸ �¡°öÁú¾Ù´.� �


�	�Ç½®¸«Ä �Ðºê»×¾ÇÀ �åÈ§¸Å°¿µºÀ �º´æÅ¯À¼ÃÎÀ �E�G�/�G�l�y�ÇÀ �¥ÈÕÇ°¹¡¿ �Ðºê»Çµî¾ �ÖÀ½À¡¿µµ �Òº¸±ÏÇí° �í°ÐºÚÀë¿×¾ �¤ÈºÀ �í°ÐºÚÀë¿¶À×¾ú° �°°ºÀ �ñºº´æÅº¼ �Å°¿µ»À �¸º©¿ÖÁú¾Ù´.� �ÌÀÂ´ �Ðºê»×¾ �»³¡¿­¼ �ÔÀÚÀéµÌÀ �êºó¶î¿î¿¿µ �(�B�r�o�w�n�i�a�n� �m�o�t�i�o�n�)�¡¿ �ÇÀÑÇ �®Èê» �(�d�i�f�f�u�s�i�o�n�)�ú° �åÈ§¸åÀÇÀ �¼¼â±¡¿ �ÇÀÑÇ �Ì¹¼¼¸±¶ÁÇÀ �¯º­È¡° �æ°ïÀûÀ¸ÀÎ· �ÏÀî¾ª³â± �§¶®¹ÌÀç¸ �ÏÀÝ¹ûÀ¸ÀÎ· �N�e�w�t�o�n�i�a�n�-�s�h�e�a�r� �t�h�i�n�n�i�n�g�-�s�h�e�a�r� �t�h�i�c�k�e�n�i�n�g�ÇÀ �¹ºâÀÑÇ �Å°¿µ»À �ª³¸Å½³Ù´.� �ÌÀ¯·ÑÇ �¯º­ÈÂ´ �Ì¹¼¼¸±¶ÁÇÀ �¯º­ÈÍ¿ �Ð¹¢ÁÑÇ �ü°Ã·»À �¡°öÁí° �ÖÀ¸Àç¸ �Ðºê»×¾ÌÀ �¡°öÁÂ´ �¡ÁµµÅ°¿µ»À �ëÅÏÇ©¿ �±½Ô° �ÌÀØÇÒÇ �ö¼ �ÖÀÙ´.� �×±²¸ �1�ÇÀ �á°ú°Â´ �3�0�w�t�.�%�ÇÀ �Îµ �Ðºê»×¾ �M�1�M�,� �M�3�M�ÇÀ �á°ú°ÌÀç¸ �üÀÜ´²ÀÇÀ �¯º­È¡¿ �ûµó¶ �s�h�e�a�r� �t�h�i�n�n�i�n�g�ÇÀ �öÇó»ÌÀ �¸ºÓÀ»À �®ÈÎÀÒÇ �ö¼ �ÖÀÙ´.� �Ç¶,� �¡ÁµµÇÀ �¯º­ÈÂ´ �Â¿µµ¡¿ �ë´ÏÇ©¿ �Æ¾¹·Ï´ì¿º½ �üÇÇÀ �ñºÊ·ü°è°¦¸ �¡°öÁÇ¹Î· �Â¿µµ �õÁ¡°¡¿ �ûµó¶ �¨°Ò¼ÏÇÂ´ �öÇó»»À �ü°ûÂÒÇ �ö¼ �ÖÀÙ´.� �ÌÀ¡¿ûµó¶ �Â¿µµÇÀ �õÁ¡°Â´ �¡ÁµµÇÀ �¿ÄÙ´õ¶ �¨°Ò¼¦¸ �ß¾â±Ã½²ÅÙ´.� �Ý¹é¸ �×±²¸ �2�¦¸ �¸ºé¸,� �í°ó³µµÎÀ �M�1�C�,� �M�3�C�ÇÀ �æ°ì¿ �ÊÃâ±ÇÀ �º´æÅÅ°¿µºÀ �Å°ÇÀ �¸ºÌÀöÁ �Ê¾¸Àç¸ �ó»ç´÷È �s�h�e�a�r� �t�h�i�n�n�i�n�g�ÇÀ �æ°âÇ»À �¸ºÓÀ»À �®ÈÎÀÒÇ �ö¼ �ÖÀÙ´.� �×±®¸í° �Â¿µµ¡¿ �ë´ÑÇ �µ¿âÇºÀ �ó»ç´÷È �ÛÀÆ¾öÁÂ´ �Í°»À �ü°ûÂÒÇ �ö¼ �ÖÀÙ´.� �ÌÀÂ´ �ó³µµ¡° �õÁ¡°ÒÇ �ö¼Ï· �ÔÀÚÀéµÇÀ �î¿¿µºÀ �ó»ç´ÑÇ �¦Áà¾»À �Þ¹¸Àç¸ �ÌÀÎ· �ÎÀÏÇ©¿ �Â¿µµ¡° �õÁ¡°ÏÇ©¿µµ �ÔÀÚÀ �³°³°¡° �ò¿÷ÁÏÀö¼ �ÖÀÂ´ �¡°É´º¼ºÀ �©ÅÔ° �úÀÏÇÈµÙ´Â´ �Í°»À �ÇÀÌ¹ÑÇÙ´.� �ûµó¶­¼ �úÁ®·Ðº²ÀÌÀ �5�0�%�ÎÀ �Îµ³°ÇÀ �Ðºê»×¾ÎÀ �M�1�C�Í¿ �M�3�C�Â´ �3�0�%�ÇÀ �¹¿Í¿Â´ �Þ´®¸ �Â¿µµÇÀ �¯º­È¡¿ �ó»ç´÷È �Ðµ¨°ØÇüÁ»À �®ÈÎÀÒÇ �ö¼ �ÖÀÙ´.� �¯Æ÷È �M�1�C�ÇÀ �æ°ì¿ �ÌÀ¯·ÑÇ �¿Èú°Â´ �õ´í¿ �Ñ¶Ç·ÏÇÙ´.� �ÌÀÇÀ �¸º¤Á»À �§ÀÏÇ©¿ �o�s�c�i�l�l�a�t�o�r�y� �v�i�s�c�o�m�e�t�e�r�¦¸ �ÌÀë¿ÏÇ©¿ �c�o�m�p�l�e�x� �v�i�s�c�o�s�i�t�y�¦¸ �øÃ¤ÁÑÇ �á°ú° �ÌÀÂ´ �º´æÅµ¿ª¿ú° �s�h�e�a�r� �t�h�i�n�n�i�n�g� �µ¿ª¿¡¿­¼ �ß¾â±ÇµÂ´ �®¹¦ÁÓÀ»À �®ÈÎÀÏÇ´¿Ù´.� �º´æÅµ¿ª¿ÇÀ �æ°ì¿ �Â¿µµÇÀ �µ¿âÇºÀ �©ÅÔ° �ª³¸Å­³Ù´.� �×±¯·ª³ �s�h�e�a�r� �t�h�i�n�n�i�n�g�ÇÀ �µ¿ª¿¡¿­¼Â´ �©¿¯·Â¿µµ¡¿­¼ÇÀ �á°ú°¡° �Å°ÇÀ �ÑÇ �î°±¼ÇÀ �üÇÂÅÎ· �ò¾î¾öÁÂ´ �Í°»À �¼ºö¼ �ÖÀ¸Àç¸ �Â¿µµÇÀ �µ¿âÇ»À �¤Á®È÷È �®ÈÎÀÏÇâ±§ÀØÇ­¼Â´ �z�e�r�o�-�s�h�e�a�r�-�v�i�s�c�o�s�i�t�y�¦¸ �øÃ¤ÁÏÇ©¿ß¾ �ÔÇ»À �Ë¾ �ö¼ �ÖÀú¾Ù´.�
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