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³O´�µ·¶z¸Q¹º¸`»£¼z¸�¼½»j¶6»£¾!¿À¶ ¹B¸Q¹g¼½¹gÁz»�¿6¼½µ·Â�¹º¾KÃ#ÄÅ»\¹c¿6ÆQ¼6»£Ç�ÈQ¹s¶N»\ÃÉÁz»�¿½´�ÊËÃËÊgÌÍÊgÎsÏ�ÄÅÊg¼z¿6´Q»'Ã�»j¶6µÐÎs¾�ÊºÄ2¶NÊsÌÐµ·Ã�¶ ÑÒµÐ¿6´ÓÌÐÊËÂj¹ºÌÒÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾,Â£Êg¾!¿6¼½ÊgÌ
Ô¤Õ<ÖÒÖO×DØQÙ ¶6Æ�µÐ¿6»�ÊgÄ<Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾'ÃË»\¶NµÍÎg¾�ÄÅ»j¹º¿6Æ�¼½»j¶Ò¹g¼6»2Â�Ês¾QÂ�»j¸Ë¿6ÆQ¹gÌÐµÍÚ£»\Ã'¹º¾QÃ�µÐÁz¸�ÌÍ»£Áz»j¾s¿½»jÃ Ø ³O´�»�ÃË»j¶6µÐÎs¾�»£¼ÛÂj¹º¾�ÆQ¶6»2¿6´�»jÁÜ¶6µÐ¾�ÎsÌÐÏ�Êg¼ÒµÍ¾
Â�ÊsÁ4È�µÍ¾Q¹º¿6µÍÊg¾>Ýc¿½ÊÞ¶N¸`»jÂ£µßÄÅÏ4¿6´�»ÛÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ ÊgÄ�Â£ÊgÁz¸�ÌÍ»�àTÂ£ÊgÁz¸`Êg¾�»j¾s¿À¶ Ø<á ¹sÂÀ´TÁ¦¹º¿6»£¼½µ·¹ºÌ�Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾zÃË»j¶6µÍÎg¾ ÄÅ»j¹º¿6Æ�¼½»O¼6»jÌÍ¹º¿6»j¶�Ã�µÐ¼½»jÂ�¿6ÌÍÏÞ¿6Ê
¿6´Q»WÎg»jÊgÁz»�¿½¼6ÏTÊºÄA¿½´�»rÃË»\¶NµÍÎg¾¡ÝsÊgÄâ¿6»£¾�¼6»jÌÐÏ-µÍ¾�Î�Êg¾ãÆK¶N»j¼�µÐ¾!¿½»£¼À¹gÂD¿½µÐÊs¾z¿6Ê ¶N¸`»jÂ£µßÄÅÏ¦Â�¼½µÐ¿6µ·Â£¹ºÌK¹g¶6¸K»\ÂD¿½¶�ÊºÄ�¿½´�»WÎs»£ÊgÁz»£¿6¼½Ï Ø ³O´�µÍ¶�¹º¸�¸Q¼6Ê!¹gÂÀ´¦¹ºÌÍÌÐÊcÑÛ¶
¿6´Q»4ÃË»j¶6µÍÎg¾�»j¼Ò¿6Ê�¶6µÍÁ4Æ�ÌÐ¿½¹g¾�»£ÊsÆQ¶NÌÍÏ�»\ÃËµÐ¿WÎg»jÊgÁz»�¿½¼6Ï�¹º¾QÃ�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾'È-Ï�äc¹g¼6Ï-µÍ¾�Î¦¸Q¹º¼À¹ºÁz»£¿6»£¼À¶OÆ�¾!¿6µÍÌ<¹¦¶6¹º¿6µ·¶LÄ¤¹sÂD¿6Ês¼6Ï�¼6»\¶NÆ�ÌÐ¿Wµ·¶W¹º¿N¿½¹gµÐ¾Q»jÃ Ø
³O´�»Òµ·ÃË»£¾!¿½µßåQ»\Ã Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»j¶�¹g¼6»²¿½´�Ês¶6»ÒÈQ¹g¶6»jÃTÊg¾zäsÊgÌÍÆ�Áz»gÝº¿½¼½¹g¾Q¶6µß¿½µÐÊs¾>Ýº¸Q¹º¿N¿6»j¼6¾¡Ýs¹º¾KÃ Ô ÆQ¶6»£¼6ÇæÃË»£åQ¾�»\Ã × ¶NÆQ¼NÄ¤¹sÂ�»OÄÅ»j¹º¿6Æ�¼½»j¶ Ø ³O´Q»ÛÁ¦¹c¿6»j¼6µ·¹ºÌ
Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾4ÄÅÆ�¾QÂD¿½µÐÊs¾Q¶<µÍ¾QÂ�ÌÍÆQÃË»OÄÅÆ�¾KÂD¿6µÍÊg¾K¶<¸Q¹º¼À¹ºÁz»�¿½¼6µÍÚ£»\Ã�ÑÒµÐ¿6´z¼6»\¶N¸`»jÂ�¿�¿½Ê�ÃËµÍ¶N¿½¹g¾QÂ�»²Êg¼�ÃËµ·¶N¿½¹º¾KÂ�»j¶?¿½ÊrÆK¶N»j¼NÇçÃË»�åK¾�»jÃTÎg»jÊgÁz»�¿½¼6µ·Â�ÄÅ»\¹c¿6ÆQ¼6»\¶£è
¹º¾KÃ�ÄÅÆQ¾QÂD¿½µÐÊs¾Q¶Ò¿½´Q¹c¿WÆK¶N» Õ ¹º¸�Ì·¹gÂ£»gé ¶O»jê!ÆQ¹c¿½µÐÊs¾�¿6ÊãÈ�ÌÍ»£¾KÃ�¶NÁzÊ-Êº¿½´�ÌÐÏ�äc¹º¼½µÐÊsÆQ¶OÈKÊsÆ�¾QÃ�¹g¼6Ï�Â�Ês¾QÃËµÐ¿6µÍÊg¾Q¶ÒµÍ¾QÂ£ÌÐÆQÃ�µÐ¾�Î¦äc¹gÌÐÆ�»\¶Û¹º¾KÃ'Îg¼À¹gÃËµÍ»£¾!¿½¶OÊgÄ
¿6´Q»4Á¦¹c¿½»£¼½µÍ¹gÌ¡Â�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾�Êg¾'¿½´�»4È`ÊgÆQ¾QÃ�¹º¼½µÍ»j¶ Ø ³O´�» á ÆKÂ�ÌÍµÍÃË»\¹º¾oÃËµÍÎgµÐ¿½¹gÌ�ÃËµ·¶N¿½¹º¾KÂ�»Þ¿½¼½¹g¾Q¶NÄÅÊg¼½ÁÜ¹º¾KÃ�¿6´�» ë�ÊsÆ�¾QÃ�¹g¼6Ï á ÌÍ»£Áz»£¾!¿rìo»�¿6´QÊ-Ã
¹º¼½»4¹sÃ�¹º¸Ë¿½»jÃ'¿½Êã¿½´�»4»£í¦Â£µÐ»j¾!¿2Â£ÊgÁz¸�ÆË¿À¹c¿6µÍÊg¾�ÊgÄ�Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾'ÄÅÆ�¾KÂD¿6µÍÊg¾K¶ Ø ³O´�»£Ês¼6»£¿6µ·Â£¹gÌ�¹º¾KÃ�»�àË¸`»£¼½µÐÁz»£¾!¿À¹ºÌ�Â£ÊgÁz¸�ÌÍ»�àËµÐ¿LÏgÝA¹gÂjÂ�Æ�¼À¹gÂ£Ï�¹º¾KÃ
Â�Ês¾-äg»£¼½Îg»j¾QÂ�»Þ¹g¾Q¹ºÌÍÏË¶N»\¶W¹g¼6»T¸�¼6»\¶N»j¾!¿6»jÃ Ø ³O´�» ¼6»j¸�¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾Q¶WÆ�¾QÃË»j¼6ÌÍÏ-µÐ¾�Îã¿6´�»zÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾¥ÃË»\¶NµÍÎg¾oÄÅ»j¹c¿½Æ�¼½»j¶�¹º¼½»T¹º¾K¹ºÌÍÏs¿½µÍÂ4µÐ¾¥¾Q¹c¿½Æ�¼6»
¹º¾KÃ¥¿½´�»£¼½»�ÄÅÊs¼6»¦Â£Êg¾QÂ£µÍ¶6» Ø�á äc¹ºÌÍÆQ¹c¿½µÐÊs¾�ÄÅÊs¼�ä-µÍ¶6ÆQ¹ºÌÍµÍÚj¹c¿½µÐÊs¾B¹g¾QÃ�Ä¤¹ºÈ�¼½µ·Â£¹c¿½µÐÊs¾�µÍ¶�¸`»£¼6ÄÅÊg¼½Áz»jÃ�Êg¾�ÌÍÏ�¹º¿�¿6´�»�¼6»\¶NÊsÌÐÆË¿½µÐÊs¾Q¶2¼½»jê!Æ�µÍ¼6»\ÃoÄÅÊs¼�¿6´�»\¶N»
¸�Æ�¼½¸`Ês¶6»j¶jÝ-¿6´�»j¼6»jÈ!Ï�¼6»\ÃËÆQÂ�µÍ¾�Î ¿6´Q»ÞÂ�ÊgÁz¸�Æ�¿½¹c¿½µÐÊs¾Q¹ºÌAÈQÆ�¼½Ã�»£¾ Ø
î�ï!ðAñ4òKómô?õsö2÷¡òKølù¤ôÉú�ócï!ïsûÀú�òKócüýúæþËÿ?ócù��sþ��jùlò����	��
��2ócù���\ù��	���>ølò��gþ�ø��sòKü��yòKõ\ù��\ù¤ò����sò���jócòKø��¡ú����	���\ù¤ò���þ�øløÅð��Qócþ�ô?ï-ô#ü#þ��\ï!ómùlþ�ø¤õ
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3 ¾�»ÒÊgÄK¿½´�»ÒÎg¼½»j¹º¿<¸`Êº¿½»£¾!¿6µ·¹ºÌQÈK»j¾�»�å�¿À¶�Ê�4�»£¼½»jÃ È-Ï"57698;:�<>=�?A@B@�C&6�?ED
=�FHGI?E:�JKF�LM:�6�N ÔPO�QRQ<× ¿6»jÂÀ´Q¾�ÊgÌÍÊgÎsÏ�µÍ¶2¿½´�»�¹gÈ�µÐÌÍµÐ¿LÏo¿6ÊoÂ£¼6»\¹c¿½» ¸K¹º¼6¿½¶
¿6´K¹c¿�´K¹mäg»#Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�äc¹º¼½µÍ¹º¿6µÍÊg¾�ÑÒµÐ¿6´�µÍ¾�¿6´Q»£Á ØSO ÆQÂÀ´UT�69V
JBF98XWY69D,Z[69\E:]LM:�6�N^WY69N_LP?A6�8 ÔlÕ?ÖÒÖO× ´Q¹g¶�¿½´�»�¸KÊg¿6»£¾!¿½µÍ¹gÌ2¿6ÊÓÂ�¼½»�Ç
¹c¿½»�¾Q»£Ñ Â£ÌÍ¹s¶6¶6»j¶TÊºÄrÂ£ÊgÁz¸`Êg¾�»j¾s¿À¶ Ø ì¥¹c¿6»j¼6µ·¹ºÌOÂ�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�Âj¹º¾
È`»¦¿½¹gµÐÌÍÊg¼½»jÃBÑÒµÐ¿6´�µÍ¾#¹oÂ�ÊsÁz¸KÊs¾�»£¾!¿�¿6Ê�¹gÂÀ´�µÍ»£äs» ÌÍÊËÂ£¹gÌ�Â�Ês¾!¿6¼½ÊgÌ�ÊºÄ
¸�¼½Êg¸`»£¼6¿6µÍ»j¶ Ô » Ø Î Ø Ý>µÍ¾QÃË»£àoÊºÄy¼½»�ÄÅ¼À¹gÂ�¿6µÍÊg¾>ÝA»jÌÐ»\ÂD¿½¼6µ·Â£¹gÌ?Â£Êg¾QÃËÆKÂD¿6µÍä-µß¿LÏsÝ
ÄÅÊg¼½Á¦¹ºÈ�µÍÌÍµß¿LÏsÝ!Á¦¹gÎg¾�»£¿6µ·ÂÛ¸�¼½Êg¸`»£¼6¿6µÍ»j¶jÝ!Â£Êg¼½¼6Ê!¶NµÍÊg¾¦¼½»j¶6µ·¶L¿À¹º¾QÂ£»gÝ!´Q¹º¼ÀÃ-Ç
¾�»\¶6¶räË¶ Ø ¿6ÊsÆ�Îg´�¾Q»j¶½¶£ÝK»�¿½Â Ø ×�Ø ë²Ï�¶6ÆQÂÀ´oÌÍÊ-Âj¹ºÌ<Â�Ês¾s¿½¼6ÊsÌlÝKÁzÊg¾�ÊsÌÐµÐ¿6´�µ·Â

Â£ÊgÁz¸`Êg¾�»j¾s¿À¶rÂj¹º¾oÈ`»zÂ�¼½»j¹c¿½»jÃ'ÑÒ´�µ·ÂÀ´¥µÍ¾!¿6»jÎg¼À¹c¿6»Þ¿6´�»TÄÅÆ�¾QÂ�¿6µÍÊg¾¥ÊgÄ
ÁTÆ�ÌÐ¿6µÍ¸�ÌÐ»TÃËµÍ¶½Â�¼½»�¿½»ÞÂ�ÊsÁ ¸`Êg¾Q»£¾!¿½¶jÝQ¶½¹mä!µÍ¾�Î ¸Q¹º¼6¿WÂ�ÊsÆ�¾!¿jÝQ¶6¸Q¹sÂ�»Þ¹º¾KÃ
Ñ²»£µÍÎg´!¿Þ¹º¾KÃ¥»j¾Q¹ºÈ�ÌÍµÍ¾�Î�Â�Êg¾KÂ�»£¸�¿½¶�¿6´K¹c¿�Ñ�ÊsÆ�Ì·Ã¥È`»¦Êº¿½´�»£¼½ÑÒµÍ¶6»zµÐÁ Ç
¸Q¼½¹sÂD¿6µ·Â£¹gÌ ØÞÖ Êg¾!¿½¼6ÊsÌÐÌÍµÐ¾QÎã¿6´Q» ¶6¸Q¹c¿½µÍ¹gÌ?Ã�µÍ¶N¿6¼½µÐÈQÆË¿6µÍÊg¾�ÊºÄy¸�¼½Êg¸`»£¼6¿6µÍ»j¶
ä-µ·¹TÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�ÑÒµÍÌÐÌ>¹gÌÐÌÍÊcÑ*ÄÅÊg¼ÒÂ£Êg¾!¿6¼½ÊgÌ`ÊºÄ�¿6´�»�¶N¿½¹c¿½»rÊgÄ¡¿½´�»2»£¾ËÇ
¿½µÐ¼½»WÂ£ÊgÁz¸KÊs¾�»£¾!¿ Ô » Ø Î Ø Ýg¿½´�»W¶N¿½¹c¿½»ÒÊºÄA¼½»j¶6µÍÃËÆK¹ºÌQ¶N¿6¼½»j¶½¶�µÍ¾ã¹ÞÂ�ÊsÁ ¸`ÊºÇ
¾Q»£¾!¿ ×�Øa` ¾!¿½»£Îg¼À¹c¿½»jÃB¶N»j¾Q¶6Êg¼À¶�¹º¾QÃÉ¹sÂD¿6ÆK¹c¿6Ês¼½¶�Âj¹º¾ÉÈ`»ã»£¾-ä-µ·¶NµÍÊg¾�»\Ã
ÑÒ´QµÍÂÀ´�¹g¼6»�»£¾Q¹gÈ�ÌÐ»\Ã�È-Ï Õ<ÖÒÖ Ô » Ø Î Ø Ý�È�µÍÁz»�¿À¹ºÌÍÌÐµ·Â�¶N¿6¼½ÆQÂD¿½Æ�¼½»j¶jÝ?µÍ¾ËÇ
¶6µÐ¿6Æã¿½´�»£¼½ÁzÊËÂ�ÊgÆQ¸�ÌÐ»\¶£Ý!»�¿ÀÂ Ø ×DØYb »£ä-µ·Â�»j¶�ÑÒ´�µ·ÂÀ´�´Q¹mäs»W¹g¶y¿6´Q»£µÍ¼�ÄÅÆQ¾QÂDÇ
¿½µÐÊs¾z¿6´�»�Â�Ês¾s¿½¼6ÊsÌ�ÊºÄ>ÂÀ´�»jÁzµÍÂj¹ºÌQ¼½»j¹sÂD¿½µÐÊs¾Q¶�¹º¼½»Û¸`Ês¶½¶NµÍÈ�ÌÍ» Ø ³O´�»WÆ�¿6µÍÌßÇ
µÐ¿LÏ4ÊgÄdc6Áz»j¶6Ês¶½Â�Êg¸QµÍÂfeW¸Q¹g¼N¿À¶<Á¦¹gÃË»ÒÈ-Ï O[Q	Q ÑÒµÐÌÍÌQÃË»j¸K»j¾QÃ¦¶N¿6¼½Êg¾�ÎsÌÐÏ
Ês¾�¿½´�»Þ¹ºÈQµÐÌÍµß¿LÏã¿6Ê¦ÌÍÊ-Âj¹ºÌÍÌÐÏ�Â�Êg¾!¿½¼6ÊsÌ�Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ Ø
Ù ÁzÊg¾�Î2¿½´�» O�QRQ ¸�¼½Ê-Â£»j¶½¶N»\¶£ÝRg�h�?A@B@&V�ij:]Dk@&N_\B:�6�N�F�8�ld?E:]N�LM:]Nnm ÔMoHb
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Spread powder           Apply binders            Lower print bed                        Finished part
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remove
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?

Q µÍÎgÆQ¼6» p�� o b�� ¼½µÐ¾!¿½µÐ¾�Î µÍÌÐÌÍÆQ¶N¿6¼À¹c¿6µÍ¾�Î Õ ÊËÂj¹ºÌ Ö ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ Ö Ês¾!¿6¼½ÊgÌ Ô¤Õ<ÖÒÖO×

� ¼½µÍ¾s¿½µÐ¾QÎ × µÍ¶o¸Q¹º¼6¿6µ·Â�Æ�Ì·¹º¼½ÌÍÏ*Ñ�»jÌÐÌ4¶6Æ�µÐ¿6»\Ã�¿½ÊÓ¿6´�»�Ä¤¹gÈ�¼½µÍÂj¹c¿6µÍÊg¾^ÊºÄ
¸Q¹g¼N¿À¶¥ÑÒµÐ¿6´ Õ?ÖÒÖrØ>oHb�� ¼½µÍ¾s¿½µÐ¾QÎ�Â�¼½»j¹º¿6»\¶¥¸Q¹g¼N¿À¶¥µÍ¾0Ì·¹mÏg»j¼½¶¥È-Ï
¶6¸�¼6»\¹gÃËµÍ¾�Î'¸`ÊcÑÛÃË»£¼\Ý¡¹º¾KÃ¥¿½´�»£¾�µÍ¾��!Ç��L»£¿Þ¸�¼½µÐ¾!¿6µÍ¾�Î'Á¦¹c¿½»£¼½µÍ¹gÌÍ¶2µÍ¾!¿6Ê
¿6´Q» ¸`ÊcÑÛÃË»j¼6È`»jÃ
	 ���Ý�� p Ý������ Ø ` ¾�¶NÊsÁz» Âj¹g¶6»j¶jÝK¿½´�»j¶6»zÁ¦¹c¿6»j¼6µ·¹ºÌ·¶
¹º¼½»�¿6»jÁ ¸`Êg¼À¹º¼½ÏãÊs¼ÒÄÅÆ�ÎgµÐ¿6µÍäg» c6ÎgÌÍÆ�»j¶Ke�ÝËÈQÆË¿WµÍ¾�Áz¹g¾-Ï�Â£¹s¶N»\¶£ÝË¿½´�»j¶6»
Á¦¹c¿½»£¼½µÍ¹gÌÍ¶2¼½»£Á¦¹ºµÍ¾BµÐ¾B¿6´Q»zåQ¾Q¹ºÌ�Â£ÊgÁz¸`Êg¾�»j¾s¿ Øãá à�¹ºÁz¸�ÌÍ»j¶2ÊgÄ�¿½´�»
Ì·¹c¿N¿½»£¼rµÐ¾QÂ£ÌÐÆKÃË» � Â£»£¼À¹ºÁzµÍÂ2¸K¹º¼6¿6µ·Â�ÌÍ»j¶ÛµÍ¾¥Â£ÊgÌÍÌÐÊsµÍÃ�¹gÌ¡Ês¼r¶6ÌÐÆ�¼½¼½ÏãÄÅÊg¼½Á'Ý
Áz»�¿À¹ºÌÍÌÐµ·Â�¸K¹º¼6¿6µ·Â�ÌÍ»j¶ÞµÍ¾,¶6ÌÍÆ�¼6¼½ÏBÄÅÊg¼½Á'Ý�ÃËµÍ¶½¶6ÊgÌÍäg»jÃÉ¶½¹ºÌÐ¿½¶TÑÒ´�µ·ÂÀ´,¹g¼6»
¼½»jÃËÆQÂ£»jÃz¿½ÊÞÁz»�¿À¹ºÌ`µÐ¾¦¿½´�»�¸KÊcÑÛÃË»j¼6È`»jÃ>Ýs¸`ÊgÌÍÏ-Á »j¼½¶yµÐ¾�Â�ÊgÌÍÌÍÊgµ·Ã�¹ºÌKÊg¼
ÃËµ·¶6¶6ÊgÌÍäg»\ÃzÄÅÊg¼½Á'ÝË¹º¾QÃ�ÃË¼6ÆQÎs¶�µÐ¾�Â�ÊgÌÍÌÍÊgµ·Ã�¹ºÌ`Êg¼OÃËµ·¶6¶6ÊgÌÍäg»\ÃzÄÅÊg¼½Á ØRo b
� ¼½µÍ¾s¿½µÐ¾QÎ ´K¹g¶OÈ`»£»£¾'»£à!¿½»£¾QÃ�»jÃ�¿6Êz¿½´�»2Ä¤¹ºÈ�¼½µ·Â£¹c¿½µÐÊs¾�ÊgÄ Õ<ÖÒÖ Â£ÊgÁ Ç
¸`Êg¾�»j¾s¿À¶<È-Ï�¸�¼6µÍ¾!¿6µÍ¾�Î2ÃËµ 4�»£¼½»£¾!¿�Á¦¹c¿½»£¼½µÍ¹gÌÍ¶?µÍ¾ ÃËµ 4�»£¼½»£¾!¿�ÌÐÊËÂ£¹º¿6µÍÊg¾Q¶jÝ
»j¹sÂÀ´o¿½´�¼6ÊsÆ�Îg´¥µß¿À¶2ÊcÑÒ¾¥µÍ¾��!Ç��L»£¿2¾QÊgÚ£ÚjÌÐ» Ô ¶ ×DØjQ µÍÎgÆ�¼½» p µÍÌÐÌÍÆQ¶N¿6¼À¹c¿½»j¶
¿6´QµÍ¶²Â�Ês¾QÂ�»j¸Ë¿6ÆQ¹gÌÐÌÍÏ ÑÒµß¿½´¦¿6´�¼½»£»rÃËµ 4�»£¼½»£¾!¿OÂ�ÊgÌÍÊg¼À¶jÝg»j¹sÂÀ´z¼6»j¸�¼6»\¶N»j¾!¿NÇ
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¹º¾KÃ�µß¿À¶<¶NÑ²»£»j¸�µÐ¾QÎ 	 ��A � Ø3� ¹g¼ �k@IL�F98�1 	 o o �ËÃË»£äs»£ÌÍÊg¸`»jÃ4¹WägÊsÌÐÆ�Áz»£¿6¼½µÍÂ
Á4ÆQÌß¿½µßÇ�¿6»£à!¿½Æ�¼½µÐ¾�Î�Áz»£¿6´�ÊËÃ ÈQ¹g¶6»jÃTÊg¾¦¹�¸�¼½ÊËÂ�»jÃ�Æ�¼½¹gÌ�¹ºÌÍÎgÊs¼6µÐ¿6´�Á�ÄÅÊs¼
»£äc¹gÌÐÆQ¹º¿6µÍ¾�Î�Á¦¹c¿½»£¼½µÍ¹gÌ�äc¹º¼½µÍ¹º¿6µÍÊg¾ ÑÒµß¿½´�µÐ¾ã¹ÞÁ ÊËÃË»jÌ Ø ³O´�»jµÐ¼�Áz»£¿6´�ÊËÃ
¹c¿6¿½¹sÂÀ´�»j¶AÁ¦¹º¿6»£¼½µ·¹ºÌcÈ�ÌÍ»£¾QÃ�µÐ¾�ÎÛÄÅÆ�¾QÂD¿½µÐÊs¾Q¶�¿½ÊÛ»£¾!¿6µÐ¿6µÍ»j¶>µÐ¾Þ¹g¾�»£àËµÍ¶N¿6µÍ¾�Î
¶6ÊgÌÍµÍÃ�ÁzÊËÃË»jÌÐµÍ¾�Î�¶6ÏË¶L¿½»£Á Ø ìo¹º¼6¿6µÍ¾�¹g¾QÃ Ö Êg´Q»£¾(	 o �6��¸�¼½»j¶6»£¾!¿½»jÃ�¹
ÄÅ¼À¹ºÁz»£Ñ²Êg¼&�¦ÄÅÊg¼W¼6»j¸�¼6»\¶N»j¾!¿6µÍ¾�Îã¹c¿6¿6¼½µÐÈ�Æ�¿6»4Ã�¹º¿½¹zµÍ¾QÃË»j¸K»j¾QÃË»£¾!¿½ÌÐÏ'ÊºÄ
Îg»jÊgÁz»�¿½¼6µ·Â�Ã�¹º¿½¹ÒÑÒµÐ¿6´�µÍ¾4¹O¿½¼6µÍäc¹º¼½µÍ¹º¿6» � C � ë O äsÊgÌÍÆ�Áz» Ø ³O´Q»£Ï�»�à-Ç
¿6»j¾QÃË»\Ã¦¹º¾z»�àËµ·¶L¿½µÐ¾�Î�ÁzÊËÃË»jÌÐµÍ¾�ÎÞ¹º¾KÃ ÃQ¹c¿½¹rå�¿6¿6µÍ¾�Î�¿½»jÂÀ´�¾�µ·ê!Æ�»j¶y¹º¾QÃ
ÃË»jäg»£ÌÍÊg¸`»jÃã»�íãÂ�µÍ»£¾!¿Ò¹ºÌÍÎgÊg¼½µÐ¿6´�Á¦¶�ÄÅÊs¼�äsÊgÌÍÆ�Áz»W»jäm¹gÌÐÆK¹c¿6µÍÊg¾�¹º¾QÃ¦ä-µÐÇ
¶6ÆQ¹ºÌÍµÐÚ\¹c¿½µÐÊs¾ Ø�O µÍÆÞ¹º¾QÃ�³?¹º¾'	 ��<2�s¸�¼½»j¶6»£¾!¿6»\Ã2¹Û¶6ÂÀ´Q»£Áz»�ÊºÄËµÍ¾QÂ�ÌÍÆQÃËµÍ¾�Î
¹TÎg¼À¹gÃËµÍ¾�ÎT¶6ÊgÆQ¼½Â£»WµÍ¾�¿½´�»�Ã�»j¶6µÐÎs¾�ÊºÄ?Á¦¹c¿6»j¼6µ·¹ºÌ�Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�äm¹g¼6µÐÇ
¹c¿½µÐÊs¾#¹º¾QÃÉÂ£Êg¾Q¶N¿6¼½ÆQÂ�¿6»jÃ�¹oÃ�»j¶6µÐÎs¾ÉÁ »£¿6´�ÊËÃ�ÑÒµÐ¿6´É¿½´�»�»£à-¿6»£¾KÃË»jÃ
Ö*O�� ¿LÏ-¸`»�ë²Ê-ÊgÌÍ»j¹º¾�Ês¸K»j¼½¹º¿6µÍÊg¾Q¶ Ø ë�µ·¶6Ñ²¹s¶ @IL F�8�1/	 o �O¸�¼6»\¶N»j¾!¿6»jÃ
¹z´�»£¿6»£¼½ÊgÎs»£¾�»jÊgÆQ¶OÁ¦¹º¿6»£¼½µ·¹ºÌ>ÁzÊËÃË»£ÌÍµÍ¾�Î¦Áz»�¿6´QÊ-Ã�ÄÅÊs¼W¶6ÊgÌÍµÍÃ�¶ÛÈQ¹g¶6»jÃ
Êg¾'ÃËµ·¶L¿À¹º¾QÂ£»2åQ»£Ì·Ã�¶ Ø
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Ö Æ�¼½¼6»j¾!¿Ò¹g¸�¸�¼½Ês¹sÂÀ´�»j¶�»£µÐ¿6´�»j¼ÛÈQ¹s¶N»\Ã�Ês¾�äsÊgÌÍÆ�Áz»�Áz»\¶N´�µÍ¾�Î¦Ês¼OÂ£»£ÌÐÇ
ÌÍÆ�ÌÍ¹g¼WÃË»\Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾Q¶W¹g¼6»Þ¹mÑ �-ÑO¹º¼ÀÃ�µÍ¾�»jÃ�µß¿½µÐ¾�Î�Îg»£ÊsÁz»�¿6¼½µ·Â�¹º¾QÃ
Á¦¹c¿½»£¼½µÍ¹gÌ�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾�µÐ¾ËÄÅÊs¼6Á¦¹º¿6µÍÊg¾�¶6µÐÁTÆ�ÌÐ¿½¹º¾Q»£ÊgÆK¶NÌÍÏgÝÛÈ`»jÂj¹ºÆQ¶6»
¿6´Q»£Ï�Ì·¹gÂ#�#¿6´�»oÂ£Êg¾QÂ£»£¸Ë¿ãÊgÄ�»\ÃËµß¿À¹ºÈ�ÌÍ» Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»j¶jèÒµÍ¾�»I4`»\ÂD¿\Ý
¿6´Q»£ÏB¸K»j¼6ÁzµÐ¿ ¶6»jê!Æ�»£¾!¿½µÍ¹gÌ�»jÃËµÐ¿6µÍ¾�Î Ô åQ¼À¶L¿TÊºÄÒÎg»jÊgÁz»�¿½¼6Ï¥¹g¾QÃB¿6´Q»£¾
Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾ × ÝËÑÒ´�µ·ÂÀ´�µ·¶Ò¾�Êg¿�K»�àËµÐÈQÌÐ»�¹º¾KÃ�ÌÍµÍÁ µÐ¿½¶²¿½´�»ÞÃË»\¶NµÍÎg¾�»j¼jé ¶
Êg¸�¿6µÍÊg¾Q¶ ØrÖ Æ�¼½¼6»j¾s¿ Õ?ÖÒÖ ÁzÊ-Ã�»£Ì·¶r¹g¼6»�ÌÍµÐÁzµÐ¿6»\Ã'¿6Ê�ÌÐÊcÑ^ÌÐ»jäg»jÌ�Ã�¹º¿½¹
¹º¾KÃ�Ês¸K»j¼½¹º¿6Ês¼½¶�¹º¾QÃ�ÃËÊ'¾�Êg¿4¹ºÌÍÌÐÊcÑ0ÄÅÊg¼2¿½´�»ã¶NÏ-ÁTÈKÊsÌÐµ·Â ¼6»j¸�¼6»\¶N»j¾ËÇ
¿½¹º¿6µÍÊg¾oÊgÄ�¿6´�»zÃË»\¶NµÍÎg¾�»j¼jé ¶ÛµÍ¾!¿6»j¾s¿2ÑÒµÐ¿6´o¼½»j¶6¸K»\ÂD¿r¿6Ê�Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ Ø
Ù Ì·¶6Ê,¹g¶�¶NÆKÂÀ´>ÝWÃË»\¶NµÍÎg¾	ÂÀ´Q¹g¾�Îg»\¶�Âj¹º¾�¾�Êg¿�È`»¥»�íãÂ£µÐ»j¾s¿½ÌÐÏÓ¸�¼½Êg¸K¹cÇ
Îs¹º¿6»\Ã Ø ³�»j¶½¶6»£ÌÍÌÍ¹º¿6µÍÊg¾zÊºÄ�¿6´Q»ÛägÊsÌÐÆ�Áz»ÛÊgÄ>¹2Á ÊËÃË»jÌ Ô » Ø Î Ø Ýgä-µ·¹2¿6»£¿6¼À¹cÇ
´�»\ÃË¼½¹gÌsÁz»\¶N´�µÍ¾�Î × »\¹º¼½ÌÐÏ2µÍ¾Þ¿½´�»²Ã�»j¶6µÐÎs¾T¹º¾KÃ�Ä¤¹ºÈQ¼6µ·Â£¹º¿6µÍÊg¾Þ¸Q¹º¿6´-ÑO¹mÏgÝ
¹ºÌÐ¿6´QÊgÆ�Îs´¥»�àË¸`»jÃËµÍ»£¾!¿2ÄÅÊg¼�¿½»j¶N¿6µÍ¾�Î'ÊºÄ�µ·ÃË»\¹g¶jÝ>ÃËÊ-»j¶�¾�Êº¿�¸�¼½Êcä-µÍÃ�»T¹
ÌÍÊg¾�Î�¿6»j¼6Á ¶NÊsÌÐÆ�¿6µÍÊg¾TÄÅÊg¼<¿6´Q»OÄÅÊgÌÍÌÐÊcÑÒµÍ¾�Î2¼6»\¹g¶6Êg¾Q¶ � Ô p × ³¡»\¶6¶6»£ÌÍÌ·¹c¿6µÍÊg¾
µÍÁ ¸QÌÐµÍ»j¶�È`Êº¿6´�¹º¸�¸�¼½ÊmàËµÐÁ¦¹º¿6µÍÊg¾�ÊºÄy¶6Æ�¼6Ä¤¹gÂ£»4Îg»jÊgÁz»�¿½¼6Ï'¹º¾KÃ�Á¦¹c¿6»£Ç
¼½µÍ¹gÌWÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾>ÝOÑÒ´�µ·ÂÀ´*µÍ¶ãÆ�¾QÃË»\¶NµÍ¼½¹gÈ�ÌÍ»oµÐ¾*Îs»£¾�»j¼½¹gÌlÝO¹º¾KÃ�ÄÅÊs¼
¼½»j¹ºÌÍµ·¶L¿½µÍÂÛ¹sÂ£Â£Æ�¼½¹sÂ�µÍ»j¶yÊºÄ¡¹º¸Q¸�¼6ÊmàËµÍÁ¦¹c¿6µÍÊg¾¦ÌÍ»j¹sÃ�¶�¿½Ê4äs»£¼½ÈKÊ!¶N»Û»jäc¹ºÌÍÆËÇ
¹c¿½»jÃ�¼6»j¸�¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾Q¶jÝ!¿6´Q¹º¿W¹º¼½»rÆ�¾K¹c¿N¿½¼½¹sÂD¿½µÐäs»rÄÅÊs¼ÒÎg»j¾�»£¼À¹ºÌ Õ?ÖÒÖ
ÁzÊËÃË»£ÌÍ»£¼À¶ ØãÔ � × ³¡»\¶6¶6»£ÌÍÌ·¹c¿6µÍÊg¾�¹º¸�¸�¼½ÊmàËµÐÁ¦¹º¿6µÍÊg¾o¹gÂjÂ�Æ�¼À¹gÂ£Ï�ÄÅÊs¼�¶NÆ�¼6Ç
Ä¤¹gÂ£»�Îg»jÊgÁz»�¿½¼6Ï�¹g¾QÃ,Áz¹º¿6»j¼6µ·¹ºÌWÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�Âj¹º¾ÓÈK»�µÍÁz¸�¼½Êcäg»jÃ
ä-µÍ¹�¹gÃ�¹g¸Ë¿6µÍäg»�Áz»j¶6´�µÍ¾�Î#¸�¼½ÊËÂ�»\ÃËÆ�¼½»j¶jÝ²´QÊcÑ�»jäg»£¼z¿½´�»j¶6»¥¹g¼6»oÃËµÐízÇ
Â�ÆQÌß¿r¿6Ê�µÍÁz¸�ÌÍ»£Áz»£¾!¿r¼½ÊgÈQÆQ¶L¿½ÌÐÏ'¹º¾KÃ'»�íãÂ�µÍ»£¾!¿6ÌÍÏ ØTÔ�os× ì�»�¿½´�ÊËÃ�¶ÒÄÅÊs¼
¿6»\¶6¶6»£ÌÍÌ·¹c¿6µÍÊg¾�ÊºÄ�¹zägÊsÌÐÆQÁ »�µÍ¾!¿6Êz¿½»�¿6¼À¹º´Q»jÃË¼À¹ºÌAÁz»j¶6´�»\¶Ò¶NÆ�4�»£¼ÛÄÅ¼6ÊsÁ
¿6´Q»TÎs»£¾�»j¼½¹gÌ¡¼½ÊgÈ�ÆQ¶N¿6¾Q»j¶½¶Û¸�¼½ÊgÈ�ÌÍ»£Á µÍ¾�Â£ÊgÁz¸�ÆË¿À¹c¿6µÍÊg¾K¹ºÌ¡Îs»£ÊsÁ »£¿6¼½Ï
¼½»£Ì·¹c¿6µÍ¾�Î ¿6ÊzµÍ¾�»�à�¹sÂD¿ÛÂ�ÊsÁ ¸QÆË¿½¹º¿6µÍÊg¾ Ø
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Q »\¹c¿½Æ�¼6»�¿6»jÂÀ´Q¾�ÊgÌÍÊgÎsÏW´Q¹s¶¡»jÁ »j¼6Îs»jÃ�µÍ¾Þ¼6»\¶N¸`Êg¾K¶N»�¿½ÊWä-µÐ¿½¹ºÌsµÐ¾KÃËÆQ¶N¿6¼½Ï
¾�»j»jÃ�¶²µÍ¾�ÃË»\¶NµÍÎg¾�¹º¾QÃ�Á¦¹º¾-ÆËÄ¤¹gÂ�¿6Æ�¼½µÍ¾�Î Ø�Ù ¼6»\Â�»£¾!¿ÒÃË»�åK¾�µß¿½µÐÊs¾�ÊgÄ�¹

C&@BF�L���?A@?µ·¶ � Fj?A@�Z?A@&\&@IN_L1F9LP:�69N 6 C*\Ah_FKZ_@ F9\PZ[@BJIL�\,6 C F Z�?K6f<��_J&L	L]h_F9L
F�?A@>DkFKZ Z[F G&8 @jL16 Fjm @IN�@I?E:�J \Ah[FBZ[@ F9N�<*C���NJ&LP:�69NF98]8��X\E: mHN_: �dJKF�N_L
C&6�? \&6�DX@ Z�?A6 <��_JIL 8;: C&@IV�J��HJI8 @ Z[h_F \I@ 	 �2� ØTÖ ÊsÁz¸Q¹º¼½»jÃ'¿½Ê�¿½´�»z¹º¸ËÇ
¸Q¼6Ê!¹gÂÀ´�ÊºÄyÄÅ»j¹c¿½Æ�¼½»4¼½»jÂ�ÊsÎg¾�µÐ¿6µÍÊg¾¡ÝKÄÅ»\¹c¿½Æ�¼6»£Ç�ÈK¹g¶6»jÃ�ÃË»\¶NµÍÎg¾�µÍ¶r¼½¹g¸�µ·Ã
¹g¾QÃ�»j¹g¶6µÍ»£¼ÒÈ-ÏãÁ¦¹9�-µÍ¾�ÎzÆQ¶N»2ÊgÄ�¿½´�»�µÐ¾�ÄÅÊg¼½Áz¹º¿6µÍÊg¾�µÐ¾�¿½´�»�¸�¼½Ê-Â£»j¶½¶ Ø
` ¾	¹sÃ�ÃËµÐ¿6µÍÊg¾>ÝÛÄÅ¼6ÊsÁ�¿½´�»�ÃË»\¶NµÍÎg¾*¸`ÊgµÍ¾!¿�ÊºÄÞä-µÍ»£Ñ�ÝOÄÅ»\¹c¿6ÆQ¼6»£Ç�ÈQ¹s¶N»\Ã
Ã�»j¶6µÐÎs¾�´K¹g¶z¿½´�»¥¸`Êº¿½»£¾!¿6µ·¹ºÌÛÊgÄÞ¶NÆ�¸Q¸KÊs¼N¿½µÐ¾�Î�¿½´�»�Ã�»j¶6µÐÎs¾�¸Q¼6ÊËÂ�»\¶6¶
È`»�¿6¿6»j¼jÝ�¶6ÆQÂÀ´�¹s¶²µÐÁz¸�¼½Êcä-µÐ¾�ÎT¿6´Q»2ê!ÆQ¹gÌÐµÐ¿LÏ¦ÊºÄ?ÃË»j¶6µÐÎs¾�¹g¾QÃãµÍÁz¸�¼½ÊcäsÇ
µÍ¾�Îz¿½´�»�ÌÐµÍ¾���ÈK»£¿LÑ�»j»£¾�ÃË»j¶6µÍÎg¾�¹º¾QÃ�¹º¸Q¸�ÌÐµ·Â£¹º¿6µÍÊg¾Q¶�	 ����Ý���6� Ø�� µÐ¿6´
¼À¹º¸QµÍÃBÃË»£äs»£ÌÍÊg¸�Áz»j¾s¿�ÊgÄ�ÄÅ»\¹c¿6ÆQ¼6» ¿6»\ÂÀ´�¾�ÊsÌÐÊsÎgÏgÝ>ÄÅ»j¹c¿½Æ�¼½»�ÇæÈQ¹g¶6»jÃ�ÃË»�Ç
¶6µÍÎg¾¥µ·¶2È`»jÂ�ÊsÁzµÐ¾�Î�Êg¾Q» ÊgÄ�¿6´Q»TÄÅÆQ¾QÃ�¹ºÁz»j¾s¿À¹ºÌ�ÃË»\¶NµÍÎg¾�¸Q¹º¼À¹gÃ�µÐÎsÁz¶
ÊgÄ Ö²Ù.b ¶6Ï-¶N¿6»jÁ¦¶ Ø
` ¾	ÄÅ»j¹c¿½Æ�¼½»�ÇæÈQ¹g¶6»jÃ*ÃË»\¶NµÍÎg¾¡ÝÛ¸Q¹º¼6¿½¶�¹º¼½»¥Â�Ês¾Q¶N¿6¼½ÆQÂD¿½»jÃÓÄÅ¼½ÊgÁG¹#¶6»�Ç
ê!Æ�»j¾QÂ�»�ÊºÄ²ÄÅ»j¹c¿½Æ�¼½»�¹gÃ�Ã�µÐ¾�Î�Ês¸K»j¼½¹º¿6µÍÊg¾Q¶ Ø ³O´�µÍ¶Þ¸Q¹º¼À¹gÃËµÍÎgÁ ÌÐ»j¾QÃ�¶
µÐ¿½¶6»£ÌÐÄË¿6Êr¶N»j¸Q¹º¼À¹c¿½µÐ¾�ÎO¿½´�»�Ã�»j¶6µÐÎs¾�µÐ¾!¿6ÊÛ¿LÑ�ÊÛÌ·¹mÏg»j¼½¶jÝ£Ês¾�»yÂ£ÊgÁz¸�¼½µÍ¶6µÐ¾QÎ
¹g¾�Æ�¾�»jäm¹gÌÐÆK¹c¿6»\ÃAÝmÎg»j¾�»£¼½µÍÂ�¼6»j¸�¼6»\¶N»j¾!¿½¹c¿½µÐÊs¾>Ý�¿½´�»yÊg¿6´�»j¼�Â£ÊgÁz¸�¼½µÍ¶6µÐ¾QÎ
¹g¾�»£äc¹ºÌÍÆQ¹c¿½»jÃAÝ�µÐ¾K¶L¿À¹º¾QÂ£» ¼½»£¸Q¼6»\¶N»j¾s¿À¹c¿½µÐÊs¾ Ø'� ¼À¹c¿6¿ 	 o )2��åQ¼À¶L¿4¶6Æ�ÎºÇ
Îs»j¶N¿6»\Ã¥¹º¾�»�àË¸�ÌÍµÍÂ£µß¿2ägÊsÌÐÆQÁ »£¿6¼½µÍÂT¼½»£¸�¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾�ÊgÄyÄÅ»j¹º¿6Æ�¼½»j¶rä-µÍ¹
»£à-¿6»£¾K¶NµÍÊg¾�ÊgÄ?¿½´�»4¼À¹gÃ�µÍ¹gÌßÇæ»jÃËÎs»�Ã�¹c¿À¹ã¶L¿½¼6ÆKÂD¿6ÆQ¼6»sÝK¹¦¾�Ês¾ËÇæÁz¹g¾�µÐÄÅÊgÌ·Ã
È`ÊgÆQ¾QÃ�¹º¼½ÏÞ¼½»£¸�¼½»j¶6»£¾!¿À¹c¿6µÍÊg¾ Ã�¹c¿À¹2¶L¿½¼6ÆQÂ�¿6Æ�¼½» Ø3� Ês¶½¶6µÐÎs¾Q¹gÂ 	 o <6�Q¸�¼½ÊºÇ
¸`Ês¶6»jÃ�¹�Â�»£ÌÍÌÍÆ�ÌÍ¹g¼r¶½ÂÀ´�»£Áz»�¿½´Q¹c¿�¸K»j¼6ÁzµÐ¿½¶rÁzµßàË»jÃËÇæÃËµÍÁz»£¾Q¶6µÍÊg¾o¼½»£¸ËÇ
¼½»j¶6»£¾!¿À¹c¿6µÍÊg¾ÓÑÒµÐ¿6´*¿½´�» O »jÌÐ»\ÂD¿½µÐäs» � »£ÊsÁ »£¿6¼½µÍÂ Ö ÊgÁz¸�ÌÍ»�à ÔMO��ÞÖO×
¶N¿6¼½ÆQÂ�¿6Æ�¼½» Ø�! »¥¸�¼½»j¶6»£¾!¿6»\ÃÓÁz»�¿6´QÊ-ÃQ¶�ÈQ¹s¶N»\ÃÓÊg¾�¶6¸Q¹sÂ�»oÃË»\Â�ÊgÁ Ç
¸`Ês¶6µÐ¿6µÍÊg¾	¹º¾KÃ�¿6´�»¥Â£Êg¾QÂ£»£¸Ë¿�ÊºÄ�µÐ¾!¿½»£¾!¿6µÍÊg¾Q¹gÌÛÄÅ»\¹c¿6ÆQ¼6»'¿½Ê�Â�Ês¼6¼½»jÂ�¿
äc¹gÌÐµ·ÃËµÐ¿LÏ�»j¼6¼½Êg¼À¶ÞÂ£¹gÆQ¶6»jÃBÈ-Ï�ÄÅ»\¹c¿½Æ�¼6»�µÐ¾!¿6»j¼½¹sÂD¿½µÐÊs¾Q¶ Ø@! »�¹ºÌ·¶6Êo¹gÃ-Ç
Ã�¼6»\¶6¶6»jÃã¿6´�»�µ·¶6¶6Æ�»2ÊºÄ<»jÃ�µß¿½µÐ¾�Î ÄÅÊs¼6Á ÄÅ»\¹c¿½Æ�¼6»\¶ Ø ë²µ·Ã�¹º¼½¼½¹ @ILdF9841 	 p �
¸Q¼6»\¶N»j¾s¿½»jÃo¹�Â�»jÌÐÌÍÆ�Ì·¹º¼�Á ÊËÃË»jÌ?¹s¶r¹g¾¥¹ºÌÐ¿6»j¼6¾K¹c¿6µÍäg»Þ¿6Ê O��ÞÖ ÁzÊËÃË»£Ì
¿½Êã¹mägÊsµÍÃ�»�à�Â�»\¶6¶6µÍäg»�Îg»£¾Q»£¼À¹ºÌÍµß¿LÏ Ø�Ö »£ÌÍÌÐÆ�Ì·¹º¼WÁ ÊËÃË»jÌ>µ·¶Û¹¦Â�Ês¾�¾�»jÂ�¿6»\Ã
¶6»�¿ÒÊgÄ�ägÊsÌÐÆQÁ »£¿6¼½µÍÂ�ê!ÆQ¹g¶6µÐÇæÃËµ·¶ �LÊgµÍ¾s¿ÒÂ�»jÌÐÌ·¶ Ø ³O´QµÍ¶OÁzÊËÃË»£ÌAµÍ¾!¿6»jÎg¼À¹c¿6»\Ã
¶6´Q¹g¸K»\¶ÞÊºÄ�¹'ÄÅ»j¹º¿6Æ�¼½»�ÑÒµÐ¿6´�Â�»£ÌÍÌ·¶ÞµÍ¾#¿6´Q»�Â�»jÌÐÌÍÆ�Ì·¹º¼TÁ ÊËÃË»jÌ Ø�á ¹sÂÀ´
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µÐåKÂ£¹º¿6µÍÊg¾É¹c¿4¹g¾�¹g¸�¸�¼½Êg¸�¼½µ·¹c¿6»z¼½»j¶6ÊgÌÍÆË¿6µÍÊg¾�Â�Ês¼6¼½»j¶6¸`Êg¾QÃËµÍ¾�Î�¿6Ê�¿½´�»
ä-µÍ¶6ÆQ¹gÌÐµÍÚj¹º¿6µÍÊg¾�¸K¹º¼À¹ºÁz»�¿½»£¼À¶�Ês¼OÄÅÊg¼OÄ¤¹gÈ�¼6µ·Â£¹º¿6µÍÊg¾�Êg¾�ÌÍÏ�¹º¿Ò¿6´�»�¼½»j¶6ÊºÇ

C
o

m
p

o
si

tio
n 

fu
nc

tio
n material;

parametrization method;

identified reference feature(s);

identitied value parameters;

subfunctions;

LCC composition profile
            sub−feature

LCC geometric
   sub−feature

Interface methods

material subspace;

material constraints;
composition functions;

LCC Feature

Q µÍÎgÆ�¼½»;� � Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»�Â�Ì·¹g¶½¶ÒÃË»�åQ¾Qµß¿½µÐÊs¾

ÌÍÆË¿½µÐÊs¾o¸�¼½µÐ¾!¿½¹gÈ�ÌÍ»ÞÈ-Ï'¹�¸Q¹º¼6¿6µ·Â�ÆQÌÍ¹g¼Û¸�¼½Ê-Â£»j¶½¶ Ø 3 Æ�¼ÛÄÅ»\¹c¿6ÆQ¼6»£Ç�ÈQ¹s¶N»\Ã
¹g¸�¸�¼½Ês¹sÂÀ´#ÄÅÊg¼�Á ÊËÃË»jÌÐµÍ¾�ÎÉ¸Q¹g¼N¿À¶¦ÑÒµÐ¿6´ Õ?ÖÒÖ Â£¹g¾ÓÈK»oÂÀ´Q¹g¼½¹sÂD¿½»£¼6Ç
µÍÚ£»\Ã'¹g¶Ò¹ ¸�¼½Ê-Â£»jÃËÆQ¼½¹gÌlÝËÆ�¾Q»£äc¹ºÌÍÆQ¹c¿½»jÃ�¼6»j¸�¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾ Ø�Ù ÌÐ¿6´QÊgÆ�Îs´
¿½´�»oÂ�ÆQ¼6¼½»£¾!¿ Q ë b ¶NÏË¶N¿6»jÁz¶�Â£¹º¼½¼½ÏÉ¼6µ·ÂÀ´,µÍ¾ËÄÅÊs¼6Á¦¹c¿½µÐÊs¾ÓµÐ¾�¿6»j¼6Á¦¶
ÊgÄÛÄÅ»j¹º¿6Æ�¼½»j¶jÝ�¿½´�»£ÏÉÊs¾�ÌÐÏÉ¹gÌÐÌÍÊcÑ ÆQ¶6»£¼À¶4¿½Ê�Â£¼6»\¹c¿6»�Á4ÆQÌß¿½µßÇæÁ¦¹c¿6»j¼6µ·¹ºÌ
¶6ÊgÌÍµ·Ã�¶OÑÒµß¿½´�¸�µÍ»jÂ�»jÑÒµÍ¶6»�Â�Ês¾Q¶L¿À¹º¾!¿ÛÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾'ÆQ¶6µÐ¾�Î¦Â£ÊgÁz¸KÊ!¶NµÐ¿6»
¶N¿6¼½ÆQÂ�¿6Æ�¼½»j¶Û¹g¾QÃ'¹g¶½¶N»jÁ4È�ÌÍµÍ»j¶ Ø�b Æ�»�¿6Êz¿½´�»Þ¾Q¹º¿6Æ�¼½»�ÊºÄ Q ë b Ý`¶NÆKÂÀ´
¶6ÏË¶L¿½»£Á¦¶�ÆQ¶6ÆQ¹gÌÐÌÍÏTÂ£Êcäg»£¼�¹2ÌÍµÐÁzµÐ¿6»\Ãz¾!ÆQÁ4È`»£¼�ÊgÄ`ÄÅ»\¹c¿½Æ�¼6»\¶ Ø	` ¾zÊg¼ÀÃË»£¼
¿½Ê¦¹gÃ�ÃË¼½»j¶½¶�¿6´�»\¶N»2¸�¼½ÊgÈQÌÐ»jÁz¶jÝËÑ²»�¸Q¼6Ês¸KÊ!¶N»r¿6Êz»�à-¿½»£¾QÃ�¿6´Q»ÞÃË»�åQ¾QµßÇ
¿½µÐÊs¾oÊºÄyÄÅ»j¹c¿½Æ�¼½»j¶rµÐ¾oÎs»£ÊsÁ »£¿6¼½µÍÂ�ÄÅ»j¹c¿½Æ�¼½»TÁzÊËÃË»£Ì·¶�¶NÊ�¹g¶Ò¿½Ê�Ã�»�åQ¾�»
¿½´�»�¶6»£Á¦¹g¾s¿½µÍÂj¶AÊºÄQ¹g¾ Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»y¹g¾QÃ�»�à-¿½»£¾QÃ�¹g¾�»�àËµÍ¶N¿6µÍ¾�Î Q ë b
¶6ÏË¶L¿½»£Á ¿½ÊzÄ¤¹gÂ£µÐÌÍµß¿À¹c¿½»�ÁzÊËÃË»jÌ¡Â�¼½»j¹º¿6µÍÊg¾�¿6´�¼½ÊgÆ�Îs´ Õ<ÖÒÖ ÄÅ»\¹c¿6ÆQ¼6»\¶ Ø
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³O´Q»�ÈQ¹g¶6µÍÂ�¹g¸�¸�¼½Ês¹sÂÀ´rµ·¶�¿6ÊWµÍÃË»j¾!¿6µÐÄÅÏr¸`Êº¿½»£¾!¿6µ·¹ºÌgÂ£ÌÍ¹s¶6¶6»j¶>ÊºÄ Õ?ÖÒÖ ¹º¸ËÇ
¸QÌÐµ·Â£¹º¿6µÍÊg¾Q¶Ò¹g¾QÃãÄÅÊs¼Û»j¹sÂÀ´�Â£ÌÍ¹s¶6¶jÝ-µÍÃ�»£¾!¿6µÐÄÅÏãÄÅ»\¹c¿6ÆQ¼6»\¶£Ý�ÑÒ´QµÍÂÀ´�Ñ�ÊsÆ�Ì·Ã
È`»�ÆQ¶6»�ÄÅÆQÌgµÍ¾2Ã�»j¶6µÐÎs¾ Ø�Q Êg¼A¿½´�»�¸�Æ�¼½¸`Ês¶6»�ÊºÄË¹ºÌÍÌÐÊcÑÒµÍ¾�ÎOÆQ¶6»£¼À¶�¿6ÊÛ¶6¸K»\ÂDÇ
µÐÄÅÏ¦Â�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾ãäc¹º¼½µ·¹c¿6µÍÊg¾¦µÍ¾¦¿½´�»rµÍ¾!¿6»j¼6µÍÊg¼�ÊºÄ¡¹4¶6ÊgÌÍµ·ÃAÝsÑ²»rÃ�»�åQ¾�»
¹g¾ Õ<ÖÒÖ ÄÅ»\¹c¿½Æ�¼6»ã¹s¶�ÄÅÊgÌÍÌÐÊcÑÛ¶ ��� N T*W*W C&@BF9L ��?A@ : \"F�JB69N[\ELP? �_J&L
JB6�D Z_6 \I@B<k6 C.L�26 DkF��I6�?>F�LMLP?E:�G���L1@&\���� F�� F>m @&N@&?E:�J�Z_F9?KF9Dk@&LP?E:��IV
F G&8 @ \�h_FKZ_@���� G�� F JB69D,Z[69\E:]LM:�6�N C���N�JILM:�6�N < @ �2N�@B< 6��9@&? L]h_F9L
\Ah_FKZ_@ 1 Õ?ÖÒÖ ÄÅ»j¹c¿½Æ�¼½»j¶ ¹g¶zÂ�Ês¾QÂ�»jµÐäs»jÃÉ´�»j¼6»�ÃËÊB¾�Êº¿zµÐ¾-äsÊgÌÍäg»�Ã�µßÇ
¼½»jÂ�¿ ¶6¸K»\Â�µÐåKÂ£¹º¿6µÍÊg¾#ÊgÄW´�µÍÎg´�»j¼4ÌÍ»£äs»£Ì²ÄÅÆ�¾QÂ�¿6µÍÊg¾Q¹gÌ�¸�¼½Êg¸`»£¼6¿6µÍ»j¶TÊºÄW¹
¸K¹º¼6¿ Ô » Ø Î Ø Ý�¶N¿6¼½»£¾�Îg¿6´>Ý<Ñ²»j¹º¼ × Ý?ÑÒ´�µ·ÂÀ´�¹º¼½»ãÈ`»£ÏsÊg¾QÃB¿½´�»�¶½Â�Ês¸K»ãÊgÄ
¿½´�µ·¶TÑ²Êg¼&� Ø#Ù ¶z¶6´�ÊcÑÒ¾#µÍ¾ Q µÍÎgÆ�¼½»*��Ý�µÐ¾,¿6»j¼6Á¦¶ ÊºÄ�Ã�¹c¿À¹¥¶N¿6¼½ÆQÂDÇ
¿½Æ�¼½»gÝs¹g¾ Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»ÒµÍ¶yÂ�ÊgÁz¸`Ês¶6»jÃ ÊºÄ�¿LÑ²Ê�¶NÆ�ÈK¶L¿½¼6ÆQÂ�¿6Æ�¼½»j¶ � ¶6Æ�ÈËÇ
ÄÅ»\¹c¿½Æ�¼6»\¶£ÝKÊg¾�»�¸Q¼6Êcä-µ·ÃËµÐ¾QÎz¿6´�»Þ¼½»£¸Q¼6»\¶N»j¾s¿À¹c¿½µÐÊs¾�ÊgÄ<Îs»£¾�»j¼6µ·Â�¶6´Q¹º¸`»gÝ
¿½´�»¦Êº¿½´�»£¼�¸Q¼6Êcä-µ·ÃËµÐ¾QÎ�¿½´�»¦¼6»j¸�¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾¥ÊgÄOÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�¸�¼½ÊºÇ
åKÌÐ» Ø ³O´�»¥¹g¼6¼½ÊcÑ µÍ¾ Q µÐÎsÆ�¼½» ��µÍÌÐÌÍÆQ¶N¿6¼À¹c¿6»\¶¦¿½´Q¹c¿�¿6´�»BÂ�ÊgÁz¸`Ês¶6µßÇ
¿½µÐÊs¾É¶NÆ�È�ÇlÄÅ»\¹c¿6ÆQ¼6»¦µ·¶Þ¹º¸Q¸�ÌÐµÍ»jÃB¿½Ê'¿6´�»�ÃËÊgÁ¦¹ºµÍ¾�ÊºÄ²¿6´�»�Îg»£ÊsÁz»�¿6¼½µ·Â
¶6Æ�ÈËÇ�ÄÅ»j¹º¿6Æ�¼½» ÑÒ´�»�¿½´�»£¼ÞµÐ¿�µÍ¶2µÍ¾B¿6´�»zÄÅÊs¼6Á ÊgÄ²äsÊgÌÍÆ�Áz»TÊs¼Þ¶NÆQ¼NÄ¤¹sÂ�» Ø
³O´Q»�È�ÌÍÊËÂ#��¾Q¹gÁz»jÃ c ` ¾!¿½»£¼6Ä¤¹gÂ�»�Á »£¿6´�ÊËÃ�¶Ke�¼½»�ÄÅ»j¼½¶Þ¿6Êo¿½´�»�Áz»£¿6´ËÇ
ÊËÃ�¶�ÑÒµÐ¿6´�µÍ¾ Õ?ÖÒÖ ÄÅ»\¹c¿½Æ�¼6»¥ÄÅÊg¼�ÆQ¶6»£¼�µÍ¾!¿6»j¼½¹sÂD¿6µÍÊg¾K¶ Ø ³O´Q»£¼½»�ÄÅÊg¼½»gÝ
¹g¾ Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»4Â£¹g¾'ÈK»Þä-µÍ»£Ñ²»jÃ�¹s¶Ò¸�¼½µÐÁ¦¹º¼½µÍÌÐÏ�Â�ÊgÁz¸�¼½µ·¶NµÍ¾�Îz¿LÑ²Ê
¶6Æ�ÈËÇ�ÄÅ»j¹º¿6Æ�¼½»j¶jÝ�ÄÅÊs¼ Îs»£ÊsÁ »£¿6¼½µÍÂ�¶N´K¹º¸`»�¹g¾QÃ,Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾#¸�¼½ÊºåQÌÍ» Ø
³O´Q»�Îs»£ÊgÁz»£¿6¼½µÍÂã¶6Æ�ÈËÇ�ÄÅ»j¹º¿6Æ�¼½»�Âj¹º¾#È`»'¹º¾-ÏÉ¶L¿À¹º¾QÃ�¹g¼½Ã#Îg»£ÊsÁz»�¿6¼½µ·Â

�



ÄÅ»j¹º¿6Æ�¼½»ÉÊg¼�µÐ¿½¶o»�à-¿6»j¾Q¶NµÍÊg¾�¿6Ê	¹�Îs»£¾�»j¼½¹gÌ�ÆQ¶N»j¼NÇçÃË»£åQ¾�»jÃ�ÄÅ»j¹º¿6Æ�¼½»
Ô C b.Q�× 	 � p �æÝ�» Ø Î Ø ÆQ¶6»£¼6ÇæÃË»£åQ¾�»\Ã#¶NÆQ¼NÄ¤¹sÂ�»�ÄÅ»j¹c¿½Æ�¼½»gÝ�äsÊgÌÍÆ�Áz»ãÄÅ»j¹ºÇ
¿6ÆQ¼6»sÝA¿6¼À¹º¾Q¶6µÐ¿6µÍÊg¾oÄÅ»\¹c¿½Æ�¼6»sÝA¸Q¹c¿6¿6»j¼6¾�ÄÅ»j¹º¿6Æ�¼½» Ø¦Ö ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾�¸�¼½ÊºÇ
åQÌÍ»¥¶6Æ�ÈËÇ�ÄÅ»j¹c¿½Æ�¼½»�´Q¹g¶¦¸K¹º¼À¹ºÁz»�¿½»£¼À¶¦¶NÆQÂÀ´*¹s¶¦Á¦¹c¿6»j¼6µ·¹ºÌr¶NÆ�ÈK¶N¸Q¹sÂ�»
¹º¾KÃBÂ£Êg¾Q¶N¿6¼À¹ºµÍ¾!¿½¶2Ês¾�Á¦¹c¿½»£¼½µÍ¹gÌ�Â�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾ Ø"` ¿4¹gÌÍ¶6Ê'¸KÊ!¶6¶6»j¶½¶6»j¶
¹c¿6¿6¼½µÐÈQÆË¿6»\¶WÃË»£åQ¾�»jÃ�¿6´�¼½ÊgÆ�Îs´oÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾�ÄÅÆ�¾QÂ�¿6µÍÊg¾Q¶ Ø ìo¹º¿6»£¼½µ·¹ºÌ
¶6¸Q¹gÂ£»4µ·¶�¹�Â£¹º¿½¹ºÌÍÊgÎ�ÊºÄ�Á¦¹c¿½»£¼½µÍ¹gÌÍ¶�¹mäc¹ºµÍÌÍ¹gÈ�ÌÍ»Þ¿6Ê�¿6´�»¦ÃË»\¶NµÍÎg¾Q»£¼ÛÄÅÊs¼
Õ?ÖÒÖ ÊgÈ��L»jÂD¿�ÃË»j¶6µÐÎs¾ Ø ì¥¹c¿6»j¼6µ·¹ºÌr¶NÆ�ÈK¶N¸Q¹sÂ�»�µ·¶ã¹É¶6Æ�ÈQ¶6»�¿�ÊgÄ�¿½´�»
Á¦¹c¿½»£¼½µÍ¹gÌy¶N¸K¹gÂ�» Ø�Ö ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ÉµÍ¶Þ¿6´�»�äg»jÂ�¿6Ês¼ÞÊºÄÒägÊsÌÐÆQÁ »ãÄÅ¼½¹sÂDÇ
¿6µÍÊg¾K¶ãÊºÄ�»\¹gÂÀ´ÓÁ¦¹c¿6»j¼6µ·¹ºÌrÃË»�åQ¾Q»jÃÓÊcäg»j¼z¿6´�»�Á¦¹c¿6»j¼6µ·¹ºÌr¶NÆ�ÈK¶N¸Q¹sÂ�»
¹º¾KÃ�¿½´�»�Îg»j¾�»£¼½µ·Â�¶6´Q¹g¸K»�ÊgÄ�¿½´�»2ÄÅ»j¹º¿6Æ�¼½» Ø²Ö ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�ÄÅÆ�¾QÂ�¿6µÍÊg¾
µ·¶2¿6´�»¦Á¦¹g¸�¸�µÍ¾�Î�ÄÅÆ�¾QÂD¿½µÐÊs¾BÄÅ¼6ÊsÁ ¿6´Q»¦Îg»£ÊsÁz»�¿6¼½µ·ÂT¶6Æ�ÈËÇ�ÄÅ»j¹º¿6Æ�¼½» ¿6Ê
¿6´Q» Á¦¹º¿6»£¼½µ·¹ºÌ�¶6Æ�ÈQ¶6¸Q¹gÂ£» Ø ³O´Q»£¼½»�ÄÅÊg¼½»gÝ>Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�¸�¼½ÊºåKÌÐ»z¶NÆQÈËÇ
ÄÅ»j¹º¿6Æ�¼½»�µÍ¶z¹¥Ã�»£¸`»£¾QÃË»j¾!¿ ÄÅ»\¹c¿½Æ�¼6»�ÊºÄW¿6´�» Õ?ÖÒÖ Îs»£ÊsÁ »£¿6¼½µÍÂ�¶NÆQÈËÇ
ÄÅ»j¹º¿6Æ�¼½» Ø�Ö ÊgÁz¸`Ês¶6µß¿½µÐÊs¾4Â�Ês¾Q¶N¿6¼À¹ºµÍ¾s¿À¶ Ô ÃË»\¶NµÍÎg¾T¼6Æ�ÌÍ»j¶ × ¹º¼½»y¿LÏ-¸�µ·Â£¹gÌÐÌÍÏ
µÍ¾�»jê!ÆQ¹gÌÐµÐ¿6µÍ»j¶W¿6´Q¹º¿�¶6¸K»\Â�µÐÄÅÏ'» Ø Î Ø ÝKÑÒ´Q¹º¿rÁ¦¹c¿½»£¼½µÍ¹gÌ�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾¥Êg¼
ÑÒ´Q¹º¿�Îg¼À¹gÃ�µÐ»j¾s¿�ÊºÄÞÁ¦¹c¿½»£¼½µÍ¹gÌrÂ�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾	Âj¹º¾	È`»¥Ä¤¹gÈ�¼½µÍÂj¹c¿6»\Ã Ø
³O´�»�¸�¼½ÊËÂ�»\ÃËÆ�¼À¹ºÌAÊg¼ÛÃ�»jÂ�Ì·¹º¼À¹c¿½µÐäs»�Ã�»�åQ¾�µÐ¿6µÍÊg¾K¶ÛµÍ¾'¹zÁ¦¹g¾�¾�»£¼Û¹g¾Q¹ºÌÐÇ
ÊgÎsÊgÆQ¶4¿6ÊÉÂ£Êg¾-äg»j¾s¿½µÐÊs¾Q¹ºÌ�ÄÅ»j¹º¿6Æ�¼½»�ÇæÈQ¹s¶N»\Ã�ÃË»\¶NµÍÎg¾�¹º¼½»�¾�»j»jÃË»\Ã#ÄÅÊs¼
¿6´Q»TÃË»\¶NµÍÎg¾�È-Ï Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»j¶ ØÒÕ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»4ÃË»\¶NµÍÎg¾�¶6´�ÊgÆQÌÍÃ�È`»
¿½¹gµÐÌÍÊg¼½»jÃ�¿6ÊzÈ`Êº¿½´�Îs»£ÊsÁ »£¿6¼½Ïã¹º¾QÃ'Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾'ÃË»\¶NµÍÎg¾�µÐ¾!¿½»£¾!¿ Ø
��������ï-þ��f��ócï��	�>þ�ü �<ø¤ï-õ ö Ù È�µÍÁ »£¿½¹gÌÐµ·Â4¶6»£¾Q¶6Êg¼WÊg¼r¹sÂD¿½ÆQ¹c¿½Êg¼
Â£¹g¾�È`»ÞÃË»\¶NµÍÎg¾�»\Ã�È-Ï�Ã�»�åQ¾�µÍ¾�Î ¿6´Q»ÞÂ�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�µÍ¾�¹T¸QÌÍ¹g¾�»�¹º¾QÃ
»�à-¿½¼6ÆQÃ�µÐ¾�Î4¿6´�µ·¶OÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾ã¹ºÌÍÊg¾QÎT¹ÞÌÍµÍ¾�»WÊs¼²¶6Ñ�»j»£¸�µÍ¾�ÎÞµÐ¿Ò¹ºÌÍÊg¾�Î
¹�Â�ÆQ¼6äs» ØãÙ Â�Ï-ÌÍµÐ¾KÃË¼6µ·Â£¹gÌ � ¼À¹gÃËµÍ»£¾!¿ ` ¾QÃË»£à Õ »j¾Q¶�ÑÒµÐ¿6´#Â£ÊgÁz¸KÊ!¶NµÐÇ
¿6µÍÊg¾ÓÎs¼½¹sÃËµÐ»j¾!¿¦¹s¶¦¹BÄÅÆ�¾QÂ�¿6µÍÊg¾*ÊºÄ�¿6´Q»oÃËµÍ¶N¿½¹g¾QÂ�»'ÄÅ¼½ÊgÁ ¹càËµ·¶¦¹º¾QÃ
ÃËµ·¶L¿À¹º¾QÂ£»oÄÅ¼½ÊgÁ ¿6´Q»¥È`Êº¿N¿½ÊgÁ Ä¤¹gÂ£»�Âj¹º¾	È`»�Â£¼6»\¹c¿6»\Ã*È-ÏÓ¼6»jägÊgÌÍÆËÇ
¿6µÍÊg¾�ÊgÄO¹@� b Â�ÌÍÊs¶6»jÃB¶ �s»�¿½ÂÀ´¡Ý¡ÑÒ´�µÍÌÐ»z¿½´�»ãÂ�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�ÄÅÆ�¾QÂ�¿6µÍÊg¾
µ·¶W¸Q¹g¼½¹gÁz»�¿6¼½µÍÚ£»jÃ�ÑÒµÐ¿6´o¼½»j¶6¸`»jÂD¿r¿6Ê�¿6´�» ¹càËµÍ¶r¹º¾QÃ�¿6´�» � b ¶ �s»�¿½ÂÀ´
»£¾!¿½µß¿½µÐ»\¶ Ø ³O´�»ãµÍÁz¸K»jÌÐÌÍ»£¼TÊºÄ Q µÐÎsÆ�¼½» o Ç Ô ¹ × Ý�´K¹g¶�åK¾�ÄÅ»j¹c¿½Æ�¼½»j¶ÞÃË»£Ç
¶6µÐÎs¾�»jÃ�¹g¶ÞÈKÊ!¶6¶6»j¶ Ø�á ¹gÂÀ´�åQ¾É´Q¹g¶4¹�Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�ÑÒ´�µÍÂÀ´�äc¹º¼½µÍ»j¶
ÑÒµÐ¿6´�´�»jµÐÎs´s¿OÄÅ¼½ÊgÁ ¿6´�»ÞÈK¹g¶6»2¶6Êz¿6´K¹c¿ÛµÐ¿WÂ£¹º¾'´Q¹mäs»2´�µÐÎs´'Ñ�»\¹º¼Ò¼½»�Ç
¶6µÍ¶N¿½¹g¾QÂ�»�¹c¿Ò¿½´�»2¿6µÍ¸�¹º¾QÃ�ÃËÆQÂ�¿6µÍÌÐµÐ¿LÏ�¹º¿Ò¿6´�»�¼½Ê-Êº¿ Ø ³O´QµÍ¶OÄÅ»\¹c¿½Æ�¼6»2µ·¶
¿6´Q»£¾ã¼½»£¸�ÌÍµ·Â£¹c¿½»jÃzÈ-Ï4¸K¹c¿N¿½»£¼½¾�µÍ¾�Î ØR` ¾ Q µÐÎsÆ�¼½» o Ç Ô È × Ý!¹4ÃË¼6ÆQÎ�¸�¼6µÍÁ Ç
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Plane Cut

graded composition(a)

A drug−cell primitive Pill Drug delivery device

(b)
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³O´Q»¦»�íãÂ�µÍ»£¾QÂ£Ï�µ·¶�µÍÁz¸�¼6Êcäs»jÃBÈ-Ï¥¼½»jÃËÆKÂ�µÍ¾�Î'¿6´�»�¶N»\¹º¼ÀÂÀ´B¹g¼6»\¹g¶2µÍ¾
¶N¿6»j¸
�o¹g¾QÃ#¶N¿6»j¸ o Âj¹ºÌ·Â�Æ�Ì·¹c¿½µÐ¾�Î G �O��� ¹g¾QÃ N �=��� Ø Q Êg¼T»�à�¹ºÁz¸�ÌÍ»gÝ
Ã�Æ�¼6µÍ¾�ÎÞ¶N¿6»j¸ �ËÝg¿6´�»W¶6»j¹g¼½ÂÀ´zµ·¶�ÌÍµÐÁzµÐ¿6»\ÃzµÐ¾  � � Ô ; �=��� 0 ;��VU=�XW�Y�ZV� 0
p ×Q[ ��ÄÅÊg¼²»j¹sÂÀ´¦µÐ¾QÃ�»�à�� Ø ³O´�µ·¶y¾-Æ�ÁTÈK»j¼�µ·¶�¿½´�»�µÐ¾!¿6»j¼½¶6»jÂ�¿6µÍÊg¾¦ÊgÄA¿6´�»
Â£Æ�¼½äg»j¶\ Y Ô  × � ; �=��� 2  � ¹g¾QÃ7 � Ô  × � ;��VU=�XW�Y�ZV� 2 Ô  2 p × � Ø ³O´�»
¹g¾Q¹ºÌÍÏË¶Nµ·¶²ÄÅÊg¼ á ÆQÂ�ÌÍµ·ÃË»j¹g¾'Ã�µÐÎsµß¿À¹ºÌ>ÃËµ·¶L¿À¹º¾QÂ£»Þ¹ºÌÍÎgÊs¼6µÐ¿6´�Á µÍ¶ÒÎsµÐäs»£¾'µÍ¾
¹ Ì·¹c¿½»£¼Û¶6»jÂD¿½µÐÊs¾ Ø
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³O´QµÍ¶¡Á »£¿6´�ÊËÃ2µÍ¾-ägÊgÌÍäg»\¶�ÆQ¶6»�ÊºÄ-Á4Æ�ÌÐ¿6µÍ¸�ÌÍ»�ÃËµ·¶N¿½¹º¾KÂ�»<ÄÅÆ�¾QÂ�¿6µÍÊg¾ËÇæÈQ¹s¶N»\Ã
¸Q¼6ÊgåQÌÐ»\¶T¿6Ê#¹B¶NµÍ¾�ÎgÌÍ» Õ?ÖÒÖ ÄÅ»j¹c¿½Æ�¼½»o¶NµÍÁ4Æ�ÌÐ¿½¹g¾�»£ÊsÆQ¶6ÌÐÏ Ø b µÍ¶N¿½¹g¾QÂ�»
¸Q¼6ÊgåQÌÐ»\¶Û¹º¼½»4ÃË»£åQ¾�»\Ã�¹g¶W¶6´�ÊcÑÒ¾'µÍ¾ Q µÐÎsÆ�¼6» )cÇ Ô ¹ ×�Ø � µß¿½´�¿6´�»TÆ�¸ËÇ
¸`»£¼T¹º¾QÃBÌÍÊcÑ�»j¼ÞÃËµÍ¶N¿½¹g¾QÂ�»¦ÌÍµÍÁ µÐ¿½¶jÝ<»j¹sÂÀ´BÃËµ·¶N¿½¹º¾KÂ�»¦¸�¼½ÊºåQÌÍ»¦µ·¶�Êg¾�ÌÍÏ
¹g¸�¸�ÌÍµÐ»\Ã'ÑÒµß¿½´�µÍ¾�¹ã¶6Æ�È�ÃËÊgÁ¦¹ºµÍ¾�ÊºÄ�¿½´�» Õ<ÖÒÖ ÄÅ»j¹c¿½Æ�¼½» Ø ³O´�»TÂ�ÊgÁ Ç
¸`Ês¶6µÐ¿6µÍÊg¾¦ÄÅ»\¹c¿6ÆQ¼6»ÛÊgÄ Õ?ÖÒÖ ÄÅ»\¹c¿6ÆQ¼6»rµÍ¶�¼6»j¸�¼½»j¶6»£¾!¿6»\ÃzÈ!Ïz¹4ê!Æ�»jÆ�»WÊgÄ
¶6µÍ¾�ÎgÌÍ»�ÃËµÍ¶N¿½¹g¾QÂ�»2ÈQ¹s¶N»\Ã¦ÄÅ»\¹c¿6ÆQ¼6»\¶ Ø ³O´�»2Ì·¹g¶N¿Û¹º¸�¸�ÌÍµÍ»jÃ�¸�¼6ÊgåQÌÍ»�µ·¶Ò¹c¿
¿½´�»T¿½¹ºµÍÌ?ÊºÄ�¿6´Q» ê!Æ�»jÆ�» Ø ³O´�» ¸�¼6ÊgåQÌÍ»T¹c¿r¿6´�»TÄÅ¼½Êg¾!¿rÊgÄ�¿6´�»zê!Æ�»£Æ�»
µ·¶�¿½´�»'ÃË»�Ä¤¹gÆ�Ìß¿zÂ�Ês¾Q¶L¿À¹º¾!¿4äc¹ºÌÍÆ�»�¹g¸�¸�ÌÍµÐ»\Ã�¿6Ê¥¿6´�»�ÑÒ´�ÊgÌÍ»�ÃËÊsÁ¦¹ºµÍ¾
¼½»£¸Q¼6»\¶N»j¾s¿½»jÃBÑÒµÐ¿6´^] Ø ³O´-ÆQ¶2¿6´Q»�ÃËÊsÁz¹gµÐ¾�ÊgÄ²¿½´�» Õ<ÖÒÖ ÄÅ»\¹c¿½Æ�¼6»
Âj¹º¾�È`»4¼½»£¸�¼½»j¶6»£¾!¿½»jÃ�¹g¶W¹ãÈ�µÍ¾Q¹º¼½Ï'¶NÆ�È�ÃËµÍä-µÍ¶6µÐÊs¾'¿6¼½»£»ÞÑÒµÐ¿6´¥ÌÐ»\¹mäg»j¶
ÑÒ´QµÍÂÀ´4¹g¼6»�êsÆK¹g¶6µßÇçÃËµ·¶E�LÊsµÐ¾!¿�¶6Æ�È�ÃËÊgÁ¦¹ºµÍ¾Q¶?¹g¶�ÃË»£ÁzÊg¾K¶L¿½¼½¹º¿6»jÃÞµÐ¾ Q µÍÎºÇ
ÆQ¼6»�A Ø ³O´�»O¼6Ê-Êg¿?¾�ÊËÃË»²ÊºÄK¿6´�»²¿½¼6»j»²´K¹g¶�¿6´�»ÒÃËÊsÁ¦¹ºµÍ¾4ÊºÄK¿6´�»OÑÒ´�ÊsÌÐ»
äsÊgÌÍÆ�Áz»WÊgÄ>¿6´�» Õ?ÖÒÖ ÄÅ»j¹c¿½Æ�¼½» ØD! »j¼6»�µÐ¾ Q µÐÎsÆ�¼6» A�µÐ¿OµÍ¶�¿6´Q»rÑÒ´�ÊsÌÐ»
È`ÊgÆQ¾QÃË»jÃÓ¼½»£ÎsµÐÊs¾ÓÊºÄ�¿6´Q»o¼6»\ÂD¿À¹º¾�ÎsÌÐ» Ø�á ¹gÂÀ´ÓÌÍ»�Äâ¿�¾QÊ-Ã�»o´Q¹g¶¦¿6´�»
Ã�ÊgÁ¦¹ºµÍ¾�ÃË»£åQ¾�»\Ã�È-Ï'¿½´�»¦µÐ¾!¿½»£¼À¶N»\ÂD¿6µÍÊg¾�ÊºÄ�¿6´�»z¸Q¹g¼6»j¾s¿2¾�ÊËÃË»¦¹º¾KÃ
¿½´�»�»&4�»jÂD¿½µÐäs»räsÊgÌÍÆ�Áz»rÊgÄ>¿6´Q»�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾�¸�¼½ÊºåQÌÍ»r¹º¿�¿½´Q¹c¿OÌÐ»jäg»jÌ Ø
³O´Q»�¼½µÍÎg´!¿¦¾�ÊËÃË»'´Q¹g¶ ¿½´�»oÃËÊgÁ¦¹gµÐ¾�ÃË»�åQ¾Q»jÃ�È-ÏÉ¿6´�»oÃ�µ 4�»£¼½»£¾QÂ£» Ø
³O´Q»�»&4�»jÂD¿½µÐäs»ÞägÊsÌÐÆQÁ »�ÊgÄ�¿½´�»4Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾'¸�¼½ÊºåKÌÐ»�µ·¶Ò¿½´�»Þ¸`ÊgµÍ¾s¿
¶6»�¿O¶NÆKÂÀ´ã¿6´K¹c¿yÄÅ¼½ÊgÁ »jäg»j¼6Ï ¸KÊsµÐ¾!¿OµÐ¾ã¿6´�»2¶N»£¿�¿½´�»2ÃËµÍ¶N¿½¹g¾QÂ�»W¿6Ê4¿6´�»
¼½»�ÄÅ»j¼6»j¾QÂ�»\ÃzÄÅ»j¹º¿6Æ�¼½»Wµ·¶²ÑÒµß¿½´�µÍ¾ã¿6´Q»2¶6¸`»jÂ�µÐåKÂrÌÐµÍÁzµß¿ ��_ 	 �a`b�c� !2� ØRQ Êg¼
¿½´�»�»�à�¹gÁ ¸QÌÐ»2µÍ¾ Q µÍÎgÆ�¼½»�)cÇ Ô È × Ý ��` µÍ¶��TÄÅÊs¼ÒÈKÊg¿6´'¸�¼½ÊºåQÌÍ»j¶ Ù ¹º¾KÃ
ë Ø ³O´Q»ãÂ�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾É¹c¿Þ»j¹sÂÀ´�ÌÍ»�Äâ¿T¾�ÊËÃË» Ô »£àËÂ£ÌÐÆKÃËµÐ¾QÎ'¿6´�»¦¼½Ê-Êº¿ ×
µ·¶ãÃË»£åQ¾�»\Ã�¹s¶ ¿6´�»¥Ñ�»jµÐÎs´s¿½»jÃ�¶NÆQÁ�ÊºÄ�¿6´K¹c¿ãÊºÄ�¿6´Q»o¸Q¹º¼½»£¾!¿ã¹º¾KÃ
¿½´�»Þ»jäm¹gÌÐÆK¹c¿6»\Ã�äm¹gÌÐÆQ»�ÊºÄ?¿6´�»4Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�¸Q¼6ÊgåQÌÐ»�¹º¿Û¿6´Q¹º¿ÛÌÐ»jäg»jÌlÝ
ÑÒ´QµÍÂÀ´�µÍ¶Û»�àË¸�¼½»j¶½¶N»\ÃãÁ¦¹c¿½´�»£Á¦¹c¿½µÍÂj¹ºÌÍÌÐÏ�¹g¶
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ÑÒ´�»j¼6» � Y ¼½»£¸Q¼6»\¶N»j¾s¿À¶<¿6´Q»rÃËµ·¶L¿À¹º¾QÂ£»ÒÄÅ¼½ÊgÁ ¹�¸KÊsµÐ¾!¿²ÌÐÊËÂ£¹º¿6»\ÃzµÐ¾¦¿½´�»
ägÊsÌÐÆQÁ »2ÊgÄ�¿½´�»ÞÌÍ»�Äâ¿Û¾�ÊËÃË»2¿½Êz¿6´�»�¼½µÐÎs´!¿O¾QÊ-Ã�»gÝ � � ¼½»£¸�¼½»j¶6»£¾!¿½¶²¿½´�»ÃËµ·¶L¿À¹º¾QÂ£»WÄÅ¼½ÊgÁ ¹T¸KÊsµÐ¾!¿OÌÐÊËÂj¹c¿6»\Ã¦µÍ¾�¿½´�»räsÊgÌÍÆ�Áz»WÊgÄ>¿6´�»�ÌÍ»�Äâ¿Ò¾�ÊËÃË»
¿6Ê4¿6´�»�ÃËÊgÁ¦¹gµÐ¾�Ã�»�åQ¾�»\Ã¦È-Ï ¿6´�»�ÃËµ 4�»£¼½»£¾KÂ�»WÈ`»�¿LÑ²»£»j¾¦¿6´Q»�Â£Æ�¼6¼½»£¾!¿
¸�¼½ÊºåQÌÍ»�¹g¾QÃ�¿6´Q»�¸Q¹g¼6»j¾s¿ Ø 3 ¾�»�¶N¸`»jÂ£µÍ¹gÌ²Âj¹g¶6»ãµÍ¶4¿6´K¹c¿TÑÒ´Q»£¾#¿½´�»
ÃËÊsÁz¹gµÐ¾'ÊgÄ<¹ ÌÍ»�Äâ¿W¾�ÊËÃË»ÞÂ£ÊgÁz¸�ÌÍ»�¿½»£ÌÍÏ�»£¾KÂ�ÌÍÊs¶6»r¿½´�»4ÃËÊsÁ¦¹ºµÍ¾�ÊgÄ�¿½´�»
¸�¼½ÊºåQÌÍ»gÝ!¿½´�»�Ã�µÍ¶N¿½¹g¾QÂ�» � � µ·¶�»\ê!ÆQ¹ºÌ`¿6ÊTÚ£»j¼6Ê Ø ³O´Q»�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾�¹c¿»j¹sÂÀ´�¼½µÐÎs´!¿²¾�ÊËÃË»2µÍ¾�´�»j¼6µÐ¿½¶²¿½´�»�Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�ÊgÄ�µÐ¿½¶O¸Q¹g¼6»j¾!¿²¾�ÊËÃË» Ø
Q µÐÎsÆ�¼½»;)ãÃË»£ÁzÊs¾Q¶L¿½¼½¹º¿6»\¶Ò´�ÊcÑ^¿6´�µ·¶WÃ�»j¶6µÐÎs¾�Á »£¿6´�ÊËÃ'Ñ²Êg¼&�Ë¶ Ø ³O´�»
¼½»jÂD¿À¹º¾�ÎsÆ�Ì·¹º¼�¶N´K¹º¸`»²¼½»£¸Q¼6»\¶N»j¾s¿À¶<¹º¾ Õ?ÖÒÖ ÄÅ»j¹c¿½Æ�¼½»gÝgÑÒ´QµÍÂÀ´z´Q¹s¶?¿LÑ�Ê
ÃËµ·¶L¿À¹º¾QÂ£»�ÇæÈQ¹g¶6»jÃ�Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾#¸�¼½ÊºåQÌÍ»j¶ ¹º¸Q¸�ÌÐµÍ»jÃ�¿6Ê�¿LÑ²Ê�¶6Æ�¼NÄ¤¹sÂ�»
ÄÅ»j¹º¿6Æ�¼½»j¶ Ù ¹º¾QÃ'ë Ô¤Ù µ·¶Ò¿½´�»�Êg¾�»4ÑÒµß¿½´�È`ÊgÌ·Ã'ÌÍµÐ¾�» × Êg¾�¿½´�» Õ?ÖÒÖ
ÄÅ»j¹º¿6Æ�¼½» Ø ³O´Q»oÑÒ´�ÊgÌÍ»o¼½»£ÎsµÐÊs¾>] ÊgÄ2¿6´�» Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»oµ·¶¦¿6´Q»£¾
¶6Æ�È`Ã�µÐä-µ·ÃË»jÃ�µÐ¾!¿6Ê �¥¶6Æ�È`Ã�ÊgÁ¦¹ºµÍ¾Q¶TÑÒ´�µÍÂÀ´,¹º¼½»¦¿6´�»�ÌÍ»j¹cÄÛ¾QÊ-Ã�»j¶TµÐ¾
¿6´Q»2¿6¼½»£» Ø
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Q µÐÎsÆ�¼½»@A � O Æ�È�ÃËµÍä-µÍ¶6µÐÊs¾�¿½¼6»j»�ÆQ¾QÃË»£¼½ÌÍÏ!µÍ¾�ÎB¿6´Q»�ÁTÆ�Ìß¿½µÐ¸QÌÐ»�¸�¼½ÊºåKÌÐ»
ÃË»\¶NµÍÎg¾�Áz»�¿6´QÊ-Ã

Ù ¶²µÍ¾ã¿½´�»�ÃË»j¶6µÐÎs¾�Áz»�¿½´�ÊËÃãÊgÄ�¶NµÍ¾�ÎsÌÐ»2ÃËµ·¶L¿À¹º¾QÂ£»�ÇæÈQ¹g¶6»jÃ¦¸Q¼6ÊgåQÌÐ»sÝsÑ²»
ÆQ¶6»�¿6´Q»TÃËµÍÎgµÐ¿½¹gÌ¡ÃËµ·¶L¿À¹º¾QÂ£»�¿6¼À¹º¾Q¶NÄÅÊg¼½Á ÄÅÊs¼Û¿½´�»4»jäm¹gÌÐÆK¹c¿6µÍÊg¾'ÊgÄ�Ã�µÍ¶NÇ
¿½¹g¾QÂ�»rÄÅÆ�¾QÂ�¿6µÍÊg¾Q¶ Ø�Q Ês¼�»\¹gÂÀ´�Ã�µÍ¶N¿½¹g¾QÂ�»r¸�¼6ÊgåQÌÍ»WÑ²»�¹s¶6¶6µÐÎs¾ã¹4ÈQÆ�4`»j¼
ÄÅÊg¼4¿6´�»'ÃËµ·¶L¿À¹º¾QÂ£»¦¿6¼À¹º¾K¶LÄÅÊs¼6Á Ø Q Êg¼ »�íãÂ�µÍ»£¾!¿T»jäc¹ºÌÍÆQ¹c¿½µÐÊs¾�ÄÅÊg¼4ä-µÐÇ
¶6ÆQ¹ºÌÍµÐÚ\¹c¿½µÐÊs¾B¹g¾QÃB¸�¼6µÍ¾!¿6µÍ¾�ÎQÝ¡Ñ�» �s»£»£¸�¹'È�Æ�4�»£¼�� ÄÅÊg¼2¿½´�»¦ÑÒ´�ÊgÌÍ»
Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½» Ø�Ù ÌÐÌA¿½´�»j¶6»�È�Æ�4�»£¼À¶Ò¹º¼½» oHb ¹g¼6¼À¹mÏË¶ Ø	� µß¿½´�¿6´�»�ÆQ¶6»
ÊºÄ`¿6´Q»ÒµÐ¾ËÄÅÊs¼6Á¦¹º¿6µÍÊg¾ µÐ¾ ¿6´Q»j¶6»ÒÈ�Æ�4�»£¼À¶�¹º¾QÃT¿½´�»ÛÃË»�åK¾�µß¿½µÐÊs¾z¸Q¹º¼À¹ºÁ Ç
»�¿½»£¼À¶y¶6ÆQÂÀ´�¹s¶�¿6´Q»rÃËµ·¶L¿À¹º¾QÂ£»WÌÍµÐÁzµÐ¿½¶yÄÅÊg¼�¿6´�»�ÃËµ·¶L¿À¹º¾QÂ£»W¸�¼½ÊºåQÌÍ»j¶jÝgÑ²»
Â£¹g¾¦È�Æ�µÍÌÍÃãÆ�¸z¿6´�»�¹ºÈ`Êcäg»ÛÃË»\¶6Â£¼6µÍÈ`»jÃzÈ�µÍ¾Q¹º¼½ÏT¿6¼½»£» Ø 3 ¾¦»j¹sÂÀ´¦¼6µÍÎg´!¿
¾�ÊËÃË»'µÍ¾,¿½´�»'¿6¼½»£»sÝyÑ²»�¶L¿½Êg¼½»�¹BÌÍµÍ¶N¿ãÊºÄ�ägÊmàË»£Ì·¶Þ¿½´Q¹c¿�Ã�»�åQ¾�»'¿½´�»
µÍ¾s¿½»£¼6Ä¤¹gÂ£»�ÈKÊsÆ�¾QÃ�¹g¼6µÍ»j¶ÒÈ`»�¿LÑ²»£»j¾�¿6´�»4Ã�ÊgÁ¦¹ºµÍ¾�ÊºÄ?¿6´�µ·¶Û¼½µÍÎg´!¿Û¾�ÊËÃË»
¹º¾KÃ�¿6´�»¥Ã�ÊgÁ¦¹ºµÍ¾ÓÊºÄ�µß¿À¶�¶6µÐÈQÌÐµÍ¾�ÎÉÌÍ»�Äâ¿�¾QÊ-Ã�»�µÐ¾Ó¿½´�»�¿6¼½»£» Ø^Ù ¾QÃ
Êg¾É»\¹gÂÀ´�ÌÍ»�Äâ¿4¾�ÊËÃË»sÝ<Ñ�»ã¶N¿6Ês¼6»ã¹�ÌÍµ·¶L¿4ÊgÄÒägÊmàË»£Ì·¶�¿6´Q¹º¿TÃË»£åQ¾�»ã¿½´�»
µÍ¾s¿½»£¼6Ä¤¹gÂ£»yÈ`ÊgÆ�¾QÃQ¹º¼½µÐ»\¶¡È`»�¿LÑ²»£»j¾Þ¿6´Q»�»I4`»\ÂD¿6µÍäg»²ägÊsÌÐÆQÁ »²ÊºÄË¿½´�»ÒÂ�Æ�¼6Ç
¼½»£¾!¿�ÃËµ·¶N¿½¹º¾KÂ�»Þ¸�¼½ÊºåKÌÐ» ¹º¾QÃ'¿½´�»TÃ�ÊgÁ¦¹ºµÍ¾oÊºÄ�¿½´�µ·¶WÌÍ»�Äâ¿2¾�ÊËÃË» Ø ³O´�»
¹ºÌÍÎgÊs¼6µÐ¿6´QÁ ÄÅÊg¼Û¶6»j¹g¼½ÂÀ´�µÍ¾�ÎTÄÅÊg¼O¿½´�»j¶6»2ägÊmàË»£Ì·¶²µÍ¶ÒÈK¹g¶6»jÃ�Êg¾�¿6´�» á ÆËÇ
Â�ÌÍµ·ÃË»j¹g¾�ÃËµ·¶L¿À¹º¾QÂ£»�¿6¼À¹º¾Q¶NÄÅÊg¼½Á�	 � o �>È�Æ�4�»£¼À¶²ÄÅÊg¼O»j¹sÂÀ´�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾
¸�¼½ÊºåQÌÍ»W¹g¾QÃz¿6´Q»rµÍ¾ËÄÅÊg¼½Á¦¹c¿½µÐÊs¾ã¶L¿½Êg¼½»jÃzÄÅÊs¼y»j¹sÂÀ´¦ägÊmàË»£ÌKµÐ¾�È�Æ�4�»£¼��
¿6´K¹c¿4Á¦¹º¸K¶�»j¹sÂÀ´BäsÊmàË»£Ì<¿6Êo¹o¾�ÊËÃË»¦µÐ¾�¿½´�»ãÈ�µÍ¾Q¹g¼6Ï¥¿6¼½»£» Ø ³O´�»j¶6»
¿LÑ²Ê�ÌÍµÍ¶N¿½¶�¹g¼6» ÆQ¶6»jÃ¥ÄÅÊg¼2¿½´�»z»£äc¹ºÌÍÆQ¹c¿½µÐÊs¾�ÊgÄ � Y ¹º¾QÃ � � ØXQ Êg¼2¿½´�»»�à�¹gÁ ¸QÌÐ»2µÍ¾ Q µÍÎgÆ�¼½» )QÝ-¿6´�»2äsÊmà-»jÌ�ÌÐµ·¶L¿À¶Ò¹º¼½»�¶N¿6Ês¼6»\Ã�¹s¶�µÍÌÍÌÐÆQ¶N¿6¼À¹c¿½»jÃ
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+ � Ô � 2�� ( × � WAY Ô � 2���� × � Ô p 8 ×
ÑÒ´Q»£¼½»���Ý ( Ý � ¹º¼½»<¿6´�»²ÃËµ·¹ºÎgÊs¾Q¹ºÌ�Ýj¶N¿6¼½µ·ÂD¿¡ÌÍÊcÑ�»j¼A¿6¼½µ·¹º¾�ÎsÆ�ÌÍ¹g¼jÝ\¶L¿½¼6µ·ÂD¿
ÆQ¸�¸K»j¼Û¿½¼6µ·¹º¾�ÎsÆ�Ì·¹º¼OÁ¦¹c¿6¼½µ·Â�»j¶ÛÊºÄ � ÝK¼6»\¶N¸`»jÂ�¿6µÍäg»£ÌÍÏgÝK¹º¾QÃ � µÍ¶W¹z¸Q¹cÇ
¼À¹ºÁz»£¿6»£¼�ÑÒ´QµÍÂÀ´ ¿½¹��g»\¶?¿6´�»Òäc¹ºÌÍÆ�»ÒÈ`»�¿LÑ²»£»j¾ ��¹g¾QÃ � Ø	� »ÛÂj¹º¾¦¹ºÌ·¶6Ê
»£àË¸�¼6»\¶6¶�¿½´�» O[O 3 � ¸�¼½»jÂ£Êg¾QÃËµÐ¿6µÍÊg¾Q»£¼Ò¹g¶

+ � Ô � 2�� ( � WAY ×�Ô � 2���� × �
� Ô � 2�� ( ×�Ô!� 2�� � W�Y � × : Ô �9� ×

` ¾o¿6´�»z¹gÂ�¿6ÆQ¹gÌ�µÍÁz¸�ÌÐ»jÁz»£¾!¿½¹º¿6µÍÊg¾>Ý + µ·¶W¾�»jäg»j¼rµÍ¾-äg»£¼6¿6»\Ã�¹º¾QÃ�¿6´�»
¶6ÏË¶L¿½»£Á + = �"� 0 � B µÍ¶�¶NÊsÌÐäs»jÃ'ÄÅÊs¼W¿½´�» ¼6»\¶Nµ·ÃËÆQ¹gÌ =ãÈ-Ï�¿½¹��-µÐ¾�Î
¿½´�»�¹sÃËäc¹º¾!¿½¹gÎg»ãÊgÄÒ¿6¼½µÍ¹g¾�ÎgÆQÌÍ¹g¼4ÃË»jÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ Ø ` Ä + � Ô � 2

p �



� ( ×£Ô!� 2 � � WAY � × Ý�¿6´�»j¾�Ñ²»ãåQ¼À¶N¿ ¶6ÊgÌÍäg»¦¿½´�»�ÌÍÊcÑ²»£¼Þ¿½¼6µ·¹º¾QÎgÆ�Ì·¹º¼
¶6Ï-¶N¿6»jÁ

Ô � 2�� ( × L � �60 � B � Ô � p ×
ÄÅÊg¼ L ¹º¾QÃ�¿6´Q»£¾�¶NÊsÌÐäs»W¿½´�»�Æ�¸�¸`»£¼Û¿6¼½µÍ¹g¾�ÎgÆ�Ì·¹º¼Ò¶6ÏË¶L¿½»£Á

Ô!� 2�� � W�Y � × = �>L � Ô ��� ×
ÄÅÊg¼ = Ø ` ¾É¿½´�»�µÍÁz¸�ÌÐ»jÁz»£¾!¿½¹º¿6µÍÊg¾>Ý�Ñ²»ãÆQ¶6»jÃ�¿½´�»�äc¹gÌÐÆ�» � � � : � Ø
³O´�»�¸Q¶6»£ÆKÃËÊËÂ�ÊËÃË»'ÄÅÊg¼ã¿6´�» � ì �Wá�O ¹ºÌÍÎgÊs¼6µÐ¿6´�Á�ÑÒµß¿½´*ÌÐ»£Äâ¿�¸�¼½»�Ç
Â�Ês¾QÃËµÐ¿6µÍÊg¾�»j¼ÒµÍ¶OÎsµÐäs»£¾�µÐ¾�¿½´�» Ù ¸�¸`»£¾KÃËµßà 	 o 86� Ø

� �  �� ��� ��� %D®
	��T°�±Ò± #'¯�°�±�	�° � !�±  �� � ¯ �
� �,� ± � ° � °���	� � 

� / ' R�5WUAM63�-Û;¡:R+ -r3NPsIË:R+rU�;�IËJ�:�+rP�,ÀZ�J�/ �jR � 8��
�TòKü��?ølï �>ù��Àð Ù ¾o¹g¾Q¹ºÌÍÏË¶Nµ·¶²ÊºÄ?¿6´�»ÞÂ£ÊgÁz¸�ÌÍ»�àËµß¿LÏ�ÊºÄ�¿6´�» á�b ³^¹ºÌÐÇ
ÎgÊs¼6µÐ¿6´QÁ Ã�»£äg»jÌÐÊs¸K»\Ã�µÍ¾
	 � o �<µÍ¶2¶6Æ�ÁzÁ¦¹º¼½µÐÚj»jÃ'´�»j¼6» Ø � µÍäg»j¾¥¹ o b
È�µÍ¾Q¹º¼½ÏzµÐÁ¦¹gÎg»ÛÑÒµÐ¿6´*�cÇæägÊmàË»£Ì·¶�¹g¶y¿6´Q»W¼½»�ÄÅ»£¼½»£¾KÂ�»ÛÄÅÊs¼²Ã�µÍ¶N¿½¹g¾QÂ�»�Â£¹ºÌÐÇ
Â�ÆQÌÍ¹º¿6µÍÊg¾>ÝË¿½´�»ÞÂ�ÊsÁz¸�ÆË¿½¹º¿6µÍÊg¾�µÐ¾KÂ�ÌÍÆQÃË»j¶Ò¿6´�¼½»£»�¸Q¹g¼N¿À¶£Ý-¿½´�»2¿6µÍÁz»�Êg¾
Â�ÊsÁz¸�ÆË¿6µÍ¾�Î ; �O��� Ô�� Y × Ý¡¿6´�»z¿½µÐÁz»zÊg¾�Â�ÊsÁz¸�ÆË¿6µÍ¾�Î G �=��� Ô�� � × ¹º¾QÃ¿6´Q»r¿½µÐÁz»�Ês¾�Â£ÊgÁz¸�ÆË¿½µÐ¾�Î N �O��� Ô�� � ×DØ ³O´Q»r¿½µÐÁz»ÞÂ£Ês¶N¿²Ês¾�¿½´�»�åQ¼½¶N¿¶N¿6»£¸ Ô�� Y × µ·¶�ÊsÈ-ä!µÍÊgÆK¶NÌÍÏ�� Ô � × Ý!ÑÒ´�»j¼6» � � (6+ - µ·¶�¿6Êg¿½¹gÌQ¾-Æ�Á Ç
È`»£¼WÊgÄ�ägÊmàË»£Ì·¶ Ø ³O´�»�¿½µÐÁz»TÂ£Ês¶N¿ÛÊg¾'¿½´�»4¶6»jÂ�Ês¾QÃ�¶N¿6»£¸�µ·¶W¶6»£¾K¶NµÐ¿6µÍäg»
¿6Ê'¿½´�»¦µÍ¾�¸�ÆË¿\Ý?¹g¾QÃo¿½´�»£¼½»�ÄÅÊs¼6»zÑ²»zÎgµÍäg» ¿6´�»¦ÆQ¸�¸K»j¼ÞÈ`ÊgÆ�¾QÃB´�»j¼6» Ø
³O´�»z¹ºÌÍÎgÊs¼6µÐ¿6´�ÁÜÄÅÊg¼r¿6´Q» ¶6»jÂ£Êg¾QÃ�¶L¿½»£¸oÑÒµÍÌÐÌ�¶½Â£¹g¾�ÄÅÊg¼�»j¹sÂÀ´oägÊmàË»£Ì�Ý
¿6´Q»£¼½»�ÄÅÊg¼½»gÝ¡µß¿ÞÑÒµÍÌÐÌ�Â£Ês¶N¿Þ¹c¿�ÌÐ»\¹g¶N¿�� Ô � × Ý¡¸QÌÐÆQ¶�ÄÅÊg¼�»j¹sÂÀ´ � µÐ¾QÃ�»�àAÝ
¿6´Q»�¹ºÌÍÎgÊs¼6µÐ¿6´QÁ¬ÑÒµÍÌÐÌ²ÌÐÊ-Ês¸�ÄÅÊg¼T¹º¿4ÁzÊs¶N¿ Ô ; �O��� 0 ;���U=�XWAYCZ � 0 p ×�[ �
¶N¿6»£¸K¶ Ø ³O´�»£¼½»�ÄÅÊs¼6»sÝ>ÄÅÊs¼Þ»j¹sÂÀ´�åQà-»\Ã�¸Q¹ºµÍ¼ÞÊgÄ � ¹º¾QÃ � Ý¡¿½´�»ãÑ²Êg¼À¶L¿
»j¶N¿6µÍÁ¦¹c¿½»'ÄÅÊg¼z¿6´Q»�»�à-¿6¼À¹�¶L¿½»£¸Q¶zµ·¶ ���� Ô ; �=��� 0 ;���U=�XWAYCZ � 0 p ×�[ �
ÑÒ´�µ·ÂÀ´'µÍ¶O»\êsÆK¹ºÌA¿½Ê Ô ; � 0 ; Y60 + 2 p ×�[ � Ø ³O´Q»�äm¹gÌÐÆQ» ; � µÍ¶ÛµÐ¾
¿6´Q»WÑ²Êg¼À¶L¿yÂj¹g¶6»Ò¿6´�»�¶6ê!ÆQ¹g¼6»ÒÊgÄ�¿6´�»r´Q¹ºÌÐÄ¡ÃËµÍÁ »j¾Q¶6µÐÊs¾¦ÊºÄA¿6´Q»WµÍÁz¹gÎg»
¹ºÌÍÊg¾QÎ � ÃËµÍ¼6»\ÂD¿½µÐÊs¾>Ý!¹g¾QÃãµÐ¿ÒµÍ¶ ( � [ � ØD� µÍäg»j¾ã¿½´�»£¼½»�¹g¼6» (/- ¾-Æ�Á Ç
È`»£¼�ÊºÄ`¸Q¹ºµÍ¼<ÊºÄ � ¹º¾QÃ � Ýc¿½´�»²¿6µÍÁ »ÒÂ£Ês¶N¿?ÄÅÊs¼�¶L¿½»£¸ �ÛµÍ¾TÑ²Êg¼À¶N¿<Âj¹g¶6»�µ·¶
� Ô � × 2 � Ô ( � ( - × � � Ô �52 ( � - ×DØYO µÍÁzµÐÌ·¹º¼½ÌÐÏsÝc¿6´Q»Ò¿6µÍÁz»ÛÂ�Ês¶N¿
ÄÅÊg¼O¶N¿6»£¸ o µÍ¾�Ñ²Êg¼À¶N¿�Â£¹s¶N»rµÍ¶�� Ô �,2 ( � + ×DØR` Ä¡¿½´�»�Ã�µÐÁz»£¾K¶NµÍÊg¾�µÐ¾
»j¹sÂÀ´�Ã�µÐ¼½»jÂ�¿6µÍÊg¾'ÊºÄ?¿6´�» oHb µÍÁ¦¹ºÎg»�µ·¶O¿½´�»Þ¶6¹gÁz»gÝQ¹g¾QÃ'ÃË»£¾�Êg¿6»\Ã�¹g¶
- ÝA¿½´�»zÑ�Ês¼½¶N¿�¿6µÍÁ »¦Â£Ês¶N¿rÄÅÊs¼2¶N¿6»j¸Q¶;��¹º¾QÃ o µÍ¶�µÍ¾¥¿½´�»¦Êg¼ÀÃË»£¼�ÊºÄ
� Ô -�� ×�Ø ³O´�»²¹ºÌÍÎgÊs¼6µÐ¿6´�Á^µ·¶?¶6»£¾K¶NµÐ¿6µÍäg»y¿6ÊÛ¿½´�»²µÐ¾�¸QÆË¿<¶6´Q¹g¸K» Ø�` ¾Þ¿½´�»
ÄÅÊgÌÍÌÍÊcÑÒµÐ¾�ÎKÝAÑ�» ÎgµÍäg»T¿LÑ²Ê�»£àË¹gÁz¸�ÌÐ»\¶£ÝAÊs¾�» µÍ¶�¹�¼6»jÎgÆ�Ì·¹º¼2Â�Ês¾�»z¹º¾QÃ
¿6´Q»�Êº¿6´Q»£¼Ûµ·¶Û¹zÂ�Æ�È`» Ø CW¶6µÐ¾QÎz¿6´�»\¶N»2¿LÑ²Êz»�à�¹ºÁz¸�ÌÍ»j¶jÝËÑ�»ÞÂj¹º¾'Îg»j¾ËÇ
»£¼À¹c¿½»2¿6´�»TµÐ¾Q¸�ÆË¿WµÍÁ¦¹ºÎg»\¶Û¹º¾KÃ�¹cÄâ¿6»j¼Û¿½´�»�åQ¼À¶L¿�¶L¿½»£¸ Ø ³O´�»ÞµÍÁ¦¹ºÎs»j¶
ÃË»jÁ Ês¾Q¶N¿6¼À¹c¿6»\Ã�µÍ¾ Q µÐÎsÆ�¼6» 8z¹º¼½»�¿6´�»�� b µÐÁ¦¹gÎg»j¶OµÍ¾ � 0 � ¸�Ì·¹º¾�»\¶
¿6´K¹c¿�¹g¼6»4µÐ¾¥¿6´�»TÁ µ·Ã�ÃËÌÍ» ÊºÄ�¿6´Q»Þ¿LÑ²Êã»�à�¹ºÁz¸�ÌÍ»j¶rÑÒµÐ¿6´o¼½»j¶6¸K»\ÂD¿r¿6Ê
� ¹ºàËµÍ¶ Ø�Q Ês¼4¿½´�»�»£à�¹ºÁz¸�ÌÍ»�ÊgÄÛ¿6´�»�Â£Æ�ÈK»sÝ�Êg¾Q»�Âj¹º¾,¶6»£»�¿6´Q¹º¿¦µÐ¾
¿6´Q»ã¶L¿½»£¸ ��Â£ÊgÁz¸�ÆË¿À¹c¿½µÐÊs¾>Ý>ÁzÊs¶N¿6ÌÍÏ�¿6´Q»¦»�à-¿6¼À¹�µÐ¿6»j¼½¹º¿6µÍÊg¾BÊºÄ²»j¹gÂÀ´
� µÍ¶TÚ£»j¼6ÊKÝ�È`»jÂj¹ºÆQ¶6»�ÁzÊ!¶L¿½ÌÐÏ ; � � ; �XW�Y Ø ³O´�»�»�à-¿6¼À¹�µÐ¿6»£¼À¹c¿½µÐÊs¾Q¶
Êg¾QÌÐÏ�´Q¹g¸�¸`»£¾B¿6Ê�¿6´�»zäsÊmà-»jÌ<¾�»�à-¿2¿6Ê@�cÇæägÊmàË»jÌÍ¶ Ø ³O´�» ¾!ÆQÁ4È`»£¼�ÊºÄ
¶6ÆQÂÀ´¦ägÊmàË»£Ì·¶�µ·¶yµÍ¾z¿6´Q»WÊg¼ÀÃË»j¼yÊºÄ�� Ô - � × ÝË¹º¾QÃ ¿½´�»W»£à!¿½¼½¹Þµß¿½»£¼À¹c¿6µÍÊg¾
¾-Æ�Á4È`»£¼ãÄÅÊg¼¦»j¹sÂÀ´*¶NÆQÂÀ´�ägÊmàË»jÌÒµÍ¶ã¹º¿ãÁzÊs¶N¿ - Ø ³O´�»j¼6»£ÄÅÊg¼½»�¿½´�»
»�à-¿½¼½¹�µÐ¿6»£¼À¹c¿½µÐÊs¾É¹g¶�¹'ÑÒ´�ÊsÌÐ»¦µ·¶�ÊºÄ�� Ô - � × Ý¡¿½´�»£¾B¿6´Q»¦¿6µÍÁz»ãÂ�Ês¶N¿
ÄÅÊg¼2¶N¿6»£¸ �¦µ·¶WÊgÄ�� Ô - � × ÝA¹g¾QÃo¶6µÐÁzµÍÌÍ¹g¼6ÌÍÏ�¿6´�»4¿6µÍÁ »zÂ�Ê!¶L¿rÄÅÊg¼2¶L¿½»£¸
o µ·¶W¹ºÌ·¶6Ê ÊgÄ � Ô - � ×DØ ³O´�»£¼½»�ÄÅÊs¼6»sÝ-¿6´�»Þ¿6µÍÁ »TÂ�ÊgÁz¸�ÌÍ»�àËµÐ¿LÏ�ÊgÄ á�b ³

Euclidean digital distance transform time

Number of voxels

Sphere

Cube

Mold tool

Q µÍÎgÆ�¼½» p � � ³OµÐÁz»¦¸`»£¼6ÄÅÊg¼½Á¦¹º¾QÂ£» ÊgÄ á ÆQÂ�ÌÍµ·ÃË»j¹g¾�Ã�µÍ¶N¿½¹g¾QÂ�»z¿½¼½¹g¾Q¶LÇ
ÄÅÊs¼6Á

Ês¾o¹ãÂ�ÆQÈK»TµÍ¶!� Ô - � ×DØ.Q Êg¼W¿6´�»T»�à�¹ºÁz¸�ÌÍ»4ÊgÄ�Â�Êg¾Q»gÝ�Â�Êg¾K¶Nµ·ÃË»£¼Û¿6´�»
¹g¼6¼À¹mÏ�ÊºÄAäsÊmà-»jÌÍ¶<µÍ¾ � ÃËµÐ¼½»jÂ�¿6µÍÊg¾zÑÒµÐ¿6´ãÈ`Êº¿½´ � ¹º¾KÃ � ¹c¿�¿6´Q»WÂ�»j¾s¿½»£¼
ÊgÄ<¿6´�»T¸�ÌÍ¹g¾Q¹º¼WÄ¤¹gÂ£»ÞÊºÄ<¿6´Q»TÂ�Ês¾�»gÝK¿6´Q»Þ»�à-¿6¼À¹¦µÐ¿6»j¼½¹º¿6µÍÊg¾�ÊºÄ�¹gÌÐÌ¡¿6´�»
äsÊmàË»£Ì·¶�µÐ¾�¿6´�µ·¶²¹º¼½¼½¹mÏTµÍ¶�µÐ¾ã¿6´�»�Êg¼ÀÃË»£¼�ÊºÄ"� Ô - � ×�Ø�Q Êg¼²»j¹sÂÀ´ã¹º¼½¼½¹mÏ
µÍÁzÁz»jÃËµ·¹c¿½»£ÌÍÏ ¶6Æ�¼½¼6ÊsÆ�¾QÃËµÍ¾�Î�¿6´�»rÂ�»£¾!¿½»£¼y¹g¼6¼À¹mÏgÝm¿½´�»ÛµÐ¿6»£¼À¹c¿½µÐÊs¾Tµ·¶�ÊgÄ
� 	 Ô - 0 p × � � Ø ³O´Q»W¾-Æ�Á4È`»£¼�ÊºÄ¡¶6ÆQÂÀ´ã¹º¼½¼À¹mÏ-¶�¿6´Q¹º¿�´Q¹mäs»O¿6´�»�¶6¹gÁ »
¾-Æ�ÁTÈK»j¼4ÊgÄÛµß¿½»£¼À¹c¿6µÍÊg¾K¶�µÍ¶TÌÍµÐ¾�»\¹º¼4¿6Ê�¿½´�»�¼À¹gÃËµÍÆQ¶4¼6»jÌÍ¹º¿6µÍäg»z¿6Êo¿6´�»
¹ºàËµÍ¶ Ø ³O´�»£¼½»�ÄÅÊs¼6»2¿½´�»Þ¿½Êº¿½¹gÌ¡¾-Æ�ÁTÈK»j¼WÊºÄ�»£à-¿6¼À¹zµß¿½»£¼À¹c¿6µÍÊg¾K¶ÛÂ£¹g¾�ÈK»
»\¶L¿½µÐÁ¦¹º¿6»jÃ�ÑÒµÐ¿6´�¿6´Q»2ÄÅÊgÌÍÌÐÊcÑÒµÍ¾�Îz¶NÆ�Á �

- � 2$# Ô - 0 p ×C� 2 mKm"m 2%# - p � �
ÑÒ´QµÍÂÀ´oµ·¶r»jê!ÆQ¹ºÌ¡¿6Ê - � 2&# � � � 
 - 0 � Ô - 05� ×£Ô � 2 p × � Ø ³O´QµÍ¶
¶6Æ�Á Â£¹º¾�È`»4¶NµÍÁz¸�ÌÍµßåQ»\Ã�¿6Ê'� Ô -�� × ÑÒ´�µ·ÂÀ´'µÍ¶Û»jê!ÆQ¹ºÌ�¿½Ê'� Ô � �)( � ×DØ
3 ¾Q»�Â£¹g¾#¶N»j»¦¿6´Q¹º¿T¹o¶6¸�´�»j¼6»ãµ·¶4¹¥¶N´Q¹g¸K»ã¿6´Q¹º¿Tµ·¶4¶6ÊgÁz»£ÑÒ´Q¹º¿4µÍ¾
È`»�¿LÑ²»£»j¾	¿½´�»j¶6»o¿LÑ²Ê,¶6´Q¹º¸`»j¶ Ø � »�¿6»\¶L¿½»jÃ�»�àË¸K»j¼6µÍÁz»£¾!¿½¹gÌÐÌÍÏ�ÄÅÊg¼
¿½´�¼½»£»¦»�à�¹gÁ ¸QÌÐ»\¶ � ¹�Â�ÆQÈK»sÝ?¹'¶6¸�´�»£¼½»ã¹º¾KÃ�¹�¿½Ê!ÊsÌ�¸Q¹g¼N¿�ÑÒ´�µ·ÂÀ´�µÍ¶
¿½´�»Þ»£àË¹gÁz¸�ÌÐ»�µÍ¾ Q µÐÎsÆ�¼6»���� Ø ³O´�»2¿6µÍÁz»Þ¸K»j¼NÄÅÊs¼6Á¦¹g¾QÂ�»ÞÂ£Æ�¼6äs»j¶OÊs¾
¿½´�»j¶6» Á ÊËÃË»jÌÍ¶2¹g¼6» ¶N´�ÊcÑÒ¾¥µÐ¾ Q µÍÎgÆQ¼6» p �QÝ`Ês¾�»zÂ£¹º¾�¶N»j»4¿½´�»4¿½µÐÁz»
Â£Ês¶N¿rÄÅÊs¼�Â�Æ�È`»zµÍ¶2ÌÍµÐ¾Q»j¹º¼�¿½Ê�¿½´�»zägÊgÌÍÆ�Áz»gÝ�¿½´�» ¿6µÍÁz»zÂ£Ês¶N¿rÄÅÊs¼�¿6´�»
¿½Ê-ÊgÌ?¸Q¹º¼6¿�µ·¶�¹ºÌ·¶NÊ�¹ºÌÍÁ Ê!¶L¿�ÌÐµÍ¾�»\¹º¼r¿6Êã¿½´�» ägÊgÌÍÆ�Áz»gÝ�È�Æ�¿�¶6ÌÍÊcÑ�»j¼WµÍ¾
¿½»£¼½Á¦¶ãÊºÄ4¶6ÌÍÊg¸`»�¹º¾KÃ�¿6´�»¥¿6µÍÁ »BÂ�Ê!¶L¿�ÄÅÊg¼ã¿½´�»�¶6¸�´�»j¼6»¥µÍ¶�¹ºÈ`ÊgÆË¿
� Ô � Y+* � ×�Ø
, �H� �¡ócþ[�gð � µÍäg»j¾�¿6´�»ÓÃË»�åK¾�µß¿½µÐÊs¾ ÊºÄ á ÆQÂ�ÌÍµ·ÃË»j¹g¾ ÃËµÐÎsµß¿À¹ºÌzÃËµ·¶LÇ
¿À¹º¾QÂ£»gÝ>Ñ²»¦Â£¹g¾BÃË»j¼6µÍäg»T¿6´Q» Á¦¹ºà-µÍÁ4ÆQÁ »£¼½¼6Ês¼2ÊºÄ á ÆQÂ�ÌÍµ·ÃË»j¹g¾�ÃËµÍÎºÇ
µÐ¿½¹gÌ�ÃËµ·¶L¿À¹º¾QÂ£» ¹s¶�¹º¸�¸�¼½ÊmàËµÐÁ¦¹º¿6µÍÊg¾�¿½Ê�»£àË¹sÂD¿ á ÆKÂ�ÌÍµÍÃË»\¹º¾BÃËµÍ¶N¿½¹g¾QÂ�»
È`»�¿LÑ²»£»j¾	¿LÑ²Ê�¸`ÊgµÍ¾!¿½¶ Ø^Q Êg¼�¹g¾!Ï�¿LÑ²Ê�¸`ÊgµÍ¾!¿½¶�ÌÐÊËÂj¹c¿6»\Ã	µÍ¾�äsÊmà-Ç
»jÌÍ¶�Â£»£¾!¿6»j¼6»\Ã ¹c¿.- ¹g¾QÃ0/�¼6»\¶N¸`»jÂ�¿6µÍäg»jÌÐÏ Ô�Q µÍÎgÆ�¼½» pHp × ÝTÑÒµÐ¿6´
¿½´�»�¹s¶6¶6Æ�Áz¸Ë¿6µÍÊg¾ ¿½´Q¹c¿#¿½´�»	ÌÍ»£¾�Îg¿6´ ÊºÄ�»\¹gÂÀ´ ägÊmàË»£Ì¦µ·¶%1-Ý�¿6´�»
¶½ê!ÆQ¹º¼½»¥ÃËµ·¶N¿½¹º¾KÂ�»¥Áz»\¹g¶6Æ�¼6»\ÃÓÑÒµß¿½´ á ÆQÂ�ÌÍµÍÃ�»j¹º¾	Ã�µÐÎsµß¿À¹ºÌ2ÃËµÍ¶N¿½¹g¾QÂ�»
µ·¶ -2/ � � 	 Ô43 - D 0 /bD 3 × � 2 Ô43 - I 0 / I 3 × � 2 Ô53 - P 0 / P 3 × � � 1 � Ø
³O´Q»�Áz¹ºàËµÐÁTÆ�Á ¶½êsÆK¹º¼½»�ÃËµ·¶N¿½¹º¾KÂ�»�È`»�¿LÑ²»£»£¾�¿6´Q»2¿LÑ�Êz¸`ÊgµÍ¾s¿À¶OµÍ¶

� ; � � Ô 1 2 1 3 - D 0 / D 3 ×C� 2 Ô 1 2 1 3 - I 0 / I 3 ×C� 2
Ô 1 2 1 3 - P%0 / P 3 ×�� �

� o 1 � 2 �61 �ºÔ43 - D 0 / D 3 2 3 - I 0 / I 3 2
3 - P 0 / P 3 × 2 -2/ � : Ô � os×

pHp



0
0 1 0

0 1 4 1 0
0 1 4 9 4 1 0

0 1 4 9 16 9 4 1 0

i

j
0 0 0 0 

0 1 4 9

0 1 4 9

0 0 0 0 0 0 0 0

0 0 0 0

9 4 1 0

9 4 1 0

i

j

Q µÍÎgÆQ¼6» 8 � Ö Ês¾�»�¹º¾QÃ'Â£Æ�ÈK»�»£à�¹ºÁz¸�ÌÍ»j¶�ÄÅÊg¼W¹g¾Q¹ºÌÍÏË¶Nµ·¶²ÊºÄ á2b ³�Â£ÊgÁz¸�ÌÍ»�àËµß¿LÏ

h g

e f

d c

a b

X

Y

Q µÍÎgÆ�¼½» pHp�� Ù Â£Â£Æ�¼½¹sÂ�ÏãÊgÄ á ÆQÂ�ÌÍµ·ÃË»j¹g¾�ÃËµÍÎgµÐ¿½¹gÌ>ÃËµ·¶L¿À¹º¾QÂ£»

³O´�»j¼6»£ÄÅÊg¼½»�¿½´�»ÛÁ¦¹càËµÍÁ4Æ�Á »£¼½¼6Ês¼<µÐ¾ ¿6»j¼6Á¦¶�ÊgÄ�¶½ê!ÆQ¹º¼½»ÒÃËµ·¶L¿À¹º¾QÂ£»ÒµÍ¶ �
� ; � 0 -2/ � � o 1 � 2 �61 �gÔ43 - D 0 / D 3 2 3 - I 0 / I 3 2 3 - P 0 / P 3 ×
Ù ¾KÃ

3 - D 0 / D 3 2 3 - I 0 / I 3 2 3 - P 0 / P 3 &
� o m�� Ô53 - D 0 / D 3 × � 2 Ô43 - I 0 / I 3 × � 2 Ô43 - PF0 / P 3 × � �

� � o -2/ [ 1 : Ô �9� ×
³O´�»j¼6»£ÄÅÊg¼½»gÝA¿½´�»¦Á¦¹càËµÐÁTÆ�Á¬»j¼6¼½Êg¼2µÍ¾B¿6»£¼½Á¦¶�ÊºÄÒ¶½êsÆK¹º¼½» ÃËµ·¶N¿½¹º¾KÂ�»
µ·¶ o 1 � 2 � � o 1 -2/
� /�+ 1Þ:���ML:�U�;��¤P,;	�O5Û:?I�3LZ2+ -r:<P!;�- -rML;�+,-W3A+ )
�TòKü��?ølï �>ù��Àð Q ¼½ÊgÁ�¿6´�» ÃË»\¶6Â£¼6µÍ¸Ë¿½µÐÊs¾ ¹gÈKÊcäs»^Ês¾ ¿½´�» ë á ì
Áz»�¿½´�ÊËÃAÝmÑ�»yÂj¹º¾�¶6»£»�¿½´Q¹c¿>¿½´�»yÂ£ÊgÁz¸�ÆË¿À¹c¿6µÍÊg¾2¿½µÐÁz»�ÊgÄ-¿6´�»�Áz»£¿6´�ÊËÃ
µ·¶ � � � Y 2 � � Ý\ÑÒ´�»j¼6» � Y ¹º¾KÃ � � ¹g¼6»?¿½´�»�¿6µÍÁz»j¶�¶N¸`»£¾!¿¡Ês¾2¶6»�¿6¿6µÍ¾�ÎÆ�¸z¹º¾QÃ ¶6ÊgÌÍä!µÍ¾�Îr¿6´�»ÒÌÍµÍ¾�»j¹g¼?»\ê!ÆQ¹c¿½µÐÊs¾T¶6Ï-¶N¿6»jÁ Ø3! »£¼½»²Ñ²»²ÊgÁzµß¿�¿½´�»
¿6µÍÁz»zÊg¾¥Áz»\¶N´�µÍ¾�Î�¿6´�»zÈ`ÊgÆ�¾KÃ�¹º¼½Ï'µÐ¾!¿6Ê�¸�Ì·¹º¾Q¹g¼r¸K¹º¾�»jÌÍ¶ Ø O »£¿�¿½´�»
¾-Æ�Á4È`»£¼?ÊºÄK¸Q¹º¾�»jÌÍ¶?¹g¶  ÝcÑÒ´�µ·ÂÀ´Þµ·¶¡»\êsÆK¹ºÌs¿6Êr¿6´�»OÃËµÍÁ »j¾Q¶6µÐÊs¾ÞÊºÄ�¿½´�»
Á¦¹c¿½¼6µÐàTÄÅÊs¼�¿6´Q»W»jê!ÆQ¹º¿6µÍÊg¾¦¶6Ï-¶N¿6»jÁ'Ýg¿½´�»£¾¦Ñ²»Û´Q¹mäs»  � Â�Ê-»�íãÂ£µÐ»j¾s¿À¶
µÍ¾Þ¿6´Q»�Á¦¹c¿½¼6µÐà2ÄÅÊg¼?»£äc¹ºÌÍÆQ¹º¿6µÍÊg¾>Ýc¹º¾KÃ2¿6´�»�¿6µÍÁz»yÄÅÊs¼�»\¹gÂÀ´4Â£Ê-»�íãÂ�µÍ»£¾!¿
µ·¶ÛÂ�Ês¾Q¶L¿À¹º¾!¿jÝ-¿½´�»£¼½»�ÄÅÊs¼6»�¿½µÐÁz» � Y µÍ¶Ò¹s¶NÏ-Áz¸Ë¿½Êº¿6µ·Â£¹gÌÐÌÍÏ � Ô  � ×�Ø ³O´�»
¹ºÌÍÎgÊs¼6µÐ¿6´QÁ ÊgÄ>¿6´Q»rÌÍ»�Äâ¿6Ç�¸�¼½»jÂ£Êg¾QÃ�µß¿½µÐÊs¾�»jÃ � ì �Ûá�O µÍ¶²ÎsµÐäs»£¾ãµÍ¾�¿½´�»
Ù ¸Q¸K»j¾QÃËµÐà Ø � »Þ´Q¹mäs»�ÆK¶N»\Ã�¿½´�» � ì �Wá�O ¹ºÌÍÎgÊs¼6µÐ¿6´QÁ ÃË»£äs»£ÌÍÊg¸`»jÃ
È-Ï Q ¼À¹mÏË¶6¶��» @IL,F98�1 	 p 86� Ø ³O´Q»T¸`»£¼6ÄÅÊg¼½Á¦¹º¾QÂ£»4ÊºÄ�¿½´�» � ì �ÛádO ¹ºÌÐÇ
ÎgÊs¼6µÐ¿6´QÁ Ã�»£¸`»£¾QÃ�¶²Ês¾�È`Êº¿6´�¿6´�»�¾-Æ�Á4È`»£¼²ÊºÄ�ÈKÊsÆ�¾QÃ�¹g¼6Ïz»£ÌÍ»£Áz»j¾s¿À¶
Ô  × ¹g¾QÃÞ¿½´�»O¾-Æ�Á4È`»£¼<ÊºÄKµß¿½»£¼À¹c¿6µÍÊg¾K¶ 
 ÊgÄ � ì �ÛádO�ØºÕ µÍ¾�» p ÊºÄQ¿½´�»
Ù ÌÍÎgÊs¼6µÐ¿6´QÁÜÂ�Ês¾Q¶6µÍ¶N¿½¶ÒÊgÄ?Á¦¹º¿6¼½µßà-Çæäg»jÂ�¿6Ês¼ÒÁ4Æ�ÌÐ¿6µÍ¸�ÌÍµÍÂj¹c¿6µÍÊg¾¡Ý�ÄÅÊg¼½ÑO¹º¼ÀÃ

¶6Æ�ÈQ¶N¿6µÐ¿6Æ�¿6µÍÊg¾ Ô � p × ¹º¾KÃ�ÈK¹gÂ#��¶6Æ�ÈQ¶N¿6µÐ¿6ÆË¿½µÐÊs¾ Ô ��� × ÊºÄ�¹ ¿6¼½µÍ¹g¾�ÎgÆQÌÍ¹g¼
¶6ÏË¶L¿½»£Á Ø O µÐ¾KÂ�»oÁ¦¹c¿½¼6µÐà-Ç�äs»jÂ�¿6Êg¼zÁTÆ�Ìß¿½µÐ¸QÌÐµ·Â£¹º¿6µÍÊg¾Ó¿½¹��g»\¶  � Á4ÆQÌßÇ
¿½µÐ¸QÌÐµ·Â£¹º¿6µÍÊg¾Q¶z¹º¾KÃ,¹sÃ�ÃËµÐ¿6µÍÊg¾Q¶jÝ�¹g¾QÃ#»\¹gÂÀ´,¶6Æ�ÈQ¶N¿6µÐ¿6Æ�¿6µÍÊg¾�¿½¹��g»j¶ k���¹g¼6µÐ¿6´QÁ »£¿6µ·ÂWÊs¸K»j¼½¹º¿6µÍÊg¾Q¶jÝ-µÐ¾�¿6Êg¿½¹gÌ Õ µÍ¾�» p Â£Ês¶N¿½¶ �  � Ø�Õ µÐ¾Q» �z¹ºÌ·¶6Ê
µÍ¾-ägÊsÌÐäs»j¶�Á¦¹c¿½¼6µÐà-Ç�äs»jÂ�¿6Êg¼�ÁTÆ�ÌÐ¿6µÍ¸�ÌÐµ·Â£¹º¿6µÍÊg¾>Ý<ÄÅÊs¼6ÑO¹º¼ÀÃ�¶NÆQÈQ¶L¿½µß¿½ÆË¿6µÍÊg¾
¹g¾QÃ¦ÈQ¹sÂ#� ¶6Æ�ÈQ¶N¿6µÐ¿6Æ�¿6µÍÊg¾�ÊgÄ¡¹2¿6¼½µ·¹º¾�ÎsÆ�ÌÍ¹g¼�¶6ÏË¶L¿½»£Á ÄÅÊg¼²»j¹gÂÀ´��²¶L¿½»£¸>Ý
¼½»j¶6Æ�ÌÐ¿6µÍ¾�Î�µÍ¾ � 
? � ¹º¼½µß¿½´�Áz»�¿½µÍÂ¥Êg¸`»£¼À¹c¿6µÍÊg¾K¶¦ÄÅÊg¼ 
 µß¿½»£¼À¹c¿½µÐÊs¾Q¶ Ø
Õ µÐ¾Q»*)�µÍ¶z¹g¾�µÍ¾�¾�»£¼zäs»jÂD¿½Êg¼ ¸�¼½Ê-Ã�ÆQÂD¿¦¹º¾QÃ Õ µÍ¾�» A�µ·¶zÂ�Ês¾Q¶L¿À¹º¾!¿NÇ
äs»jÂ�¿6Êg¼4Á4Æ�ÌÐ¿6µÍ¸�ÌÍµÍÂj¹c¿6µÍÊg¾,¹º¾QÃÉ¹�äs»jÂ�¿6Êg¼T¶NÆ�È�¿6¼À¹gÂD¿½µÐÊs¾ÉÑÒ´�»£¼½»¦È`Êº¿6´
ÌÍµÍ¾�»j¶²¹º¼½»ÛµÍ¾Q¶Nµ·ÃË»W¿6´�»�¾�»j¶N¿6»\ÃzÄÅÊg¼6ÇæÌÐÊ-Êg¸K¶ Ø ³O´�»£¼½»�ÄÅÊs¼6»Ò¿½´�»r¿LÑ�ÊÞÌÍµÍ¾�»j¶
¿À¹9�s» 
 Ô 
 2 p ×  ¹º¼½µß¿½´�Áz»�¿6µ·Â�Êg¸`»£¼À¹c¿6µÍÊg¾K¶ Ø Õ µÐ¾�» p ��µÍ¾!äsÊgÌÍäg»\¶
¿½¼½¹g¾Q¶NÄÅÊg¼½Áz¹º¿6µÍÊg¾BÊºÄ²¿6´�» ! »j¶½¶6»£¾-ÈK»j¼6Î�Á¦¹º¿6¼½µßàBµÐ¾!¿6Ê�ÆQ¸�¸K»j¼Þ¿½¼6µ·¹º¾ËÇ
ÎsÆ�Ì·¹º¼�ÄÅÊs¼6Á È-ÏzÆQ¶6µÐ¾QÎ � µÍäg»j¾Q¶y¼½Êº¿À¹c¿½µÐÊs¾ãÁ¦¹c¿6¼½µÐà@	 ��A���ÑÒ´QµÍÂÀ´�Â�Ês¶N¿½¶? U ?�� Y�Z@U ? WAYCZ

� ÝW¹g¾QÃ	¶6ÊgÌÍä-µÐ¾�Î�¿½´�»¥¼½»j¶6Æ�ÌÐ¿6µÍ¾�ÎÉ¿½¼6µ·¹º¾�ÎsÆ�Ì·¹º¼�¶6ÏË¶L¿½»£Á
ÑÒ´QµÍÂÀ´oÂj¹º¾'ÈK»T¶NÊsÌÐäs»jÃ�µÐ¾ ? U ?�� Y�Z� ØWÖ Êg¾Q¶6»jê!Æ�»j¾!¿6ÌÍÏã¿6´Q» � ì �ÛádO
¹gÌÐÎsÊg¼½µß¿½´�Á ¸K»j¼NÄÅÊs¼6Á¦¹g¾QÂ�»T¿6µÍÁz» � � µ·¶2ÊºÄ�� Ô 
? � 2 
 �  2 
 � ×DØ
` ¾#Â£Êg¾QÂ£ÌÐÆK¶NµÍÊg¾>Ý¡¿6´�»ã¿6µÍÁ »�Â�Ê!¶L¿ÞÊs¾�¶6ÊgÌÍä-µÐ¾QÎ'¿6´�»ãÈQÌÐ»j¾QÃËµÍ¾�Îo¸�¼½ÊgÈËÇ
ÌÍ»£Á ÑÒµß¿½´ Õ ¹g¸�ÌÍ¹sÂ�»sé ¶?»jê!ÆQ¹º¿6µÍÊg¾zµ·¶ � Ô  � × 2 � Ô 
� � 2 
 �  2 
 � ×DØ
ë²»\Â£¹ºÆK¶N»OµÍ¾¦Á Ê!¶L¿²Â£¹g¶6»j¶ 
 µÍ¶y¶NÁ¦¹ºÌÍÌQÂ£ÊgÁz¸Q¹º¼½»jÃ ÑÒµÐ¿6´  Ýg¿6´�»Ò¿½µÐÁz»
Â£ÊgÁz¸�ÌÍ»�àËµÐ¿LÏ µ·¶²¹ºÌÍÁ Ê!¶L¿�� Ô A� ×DØYQ µÍÎgÆ�¼½» p ��ÎgµÍäg»\¶�¿½´�»r»£àË¸K»j¼6µÍÁz»£¾ËÇ
¿À¹ºÌ>¼½»j¶6Æ�ÌÐ¿WÊg¾�¹zÁzÊËÃË»£Ì?Â£¹gÌÐÌÍ»jÃ c O ¹ºÁz¸�ÌÍ» ¶N¸QÌÐµÐ¿KeQÝQÑÒ´�µ·ÂÀ´oÂ�Ês¾ËåQ¼½Áz¶
ÊsÆ�¼¦¹º¾Q¹gÌÐÏË¶6µÍ¶ Ø ³O´�»'Â�ÊsÁ ¸QÆË¿½¹º¿6µÍÊg¾#¿½µÐÁz»'ÑÒµÐ¿6´,¿6´�» Õ C ÃË»\Â�ÊgÁ Ç
¸`Ês¶6µÐ¿6µÍÊg¾ Ô¤Õ C × Áz»£¿6´�ÊËÃAÝ?ÑÒ´�µ·ÂÀ´ÉµÍ¶�Ês¾�»ãÊgÄ�¿½´�»�ÃËµÍ¼6»\ÂD¿4Áz»£¿6´�ÊËÃ�¶
ÄÅÊs¼4¶6ÊgÌÍä!µÍ¾�Î�ÌÍµÐ¾Q»j¹º¼4»jê!ÆQ¹c¿½µÐÊs¾É¶NÏË¶N¿6»£Á'Ý?µÍ¶4ÊºÄ�� Ô �� ×DØ�� ´�µÍÌÐ»ã¿6´�»
Â£ÊgÁz¸�ÆË¿À¹c¿½µÐÊs¾�¿½µÐÁz»�ÑÒµÐ¿6´ � ì �ÛádO µ·¶ÒÊgÄ � Ô  � ×DØ
�Tò�� �Kï!ó9�Kïn�	�gï O ¿6ÆQÃËµÍ»j¶zµÍ¾Óë á ì Áz»�¿½´�ÊËÃ�¶z´Q¹mäs»�¶6´�ÊcÑÒ¾#¿½´Q¹c¿
¿½´�»#Â�Ês¾-äg»£¼½Îg»j¾QÂ�»B¼À¹c¿6»�ÊgÄT¿½´�»#Â�Ês¾Q¶L¿À¹º¾!¿�¸Q¹º¾Q»£ÌÞÁz»�¿½´�ÊËÃ^µÍ¶�ÊgÄ
� Ô  W � × 	 ����� Ø�� »W¿6»\¶L¿½»jÃ ¿6´Q»W»�à�¹gÁ ¸QÌÐ»"c Ö Æ�È`»feÞÑÒµÐ¿6´�ÈKÊsÆ�¾QÃ�¹g¼6Ï
Â£Êg¾QÃ�µß¿½µÐÊs¾Q¶>¶6ÆQÂÀ´Þ¹g¶AÑÒµÐ¿6´4Êg¾�»�Ä¤¹sÂ�»�ÊsÆË¿¡ÊºÄ-¿½´�» )²Ä¤¹sÂ�»j¶�¹c¿�Â£Êg¾Q¶N¿½¹g¾!¿
äc¹gÌÐÆ�» p ¹º¾QÃB¿½´�»ã¸Q¹g¼½¹gÌÐÌÍ»£Ì�Ês¾�»¦¿6Ê�µÐ¿ ¶6»�¿4¹º¿4äc¹ºÌÍÆ�» � Ø �'¹g¾QÃ�¿6´�»
¼½»j¶N¿<ÊºÄQ¿½´�» �rÄ¤¹gÂ�»\¶�¹c¿�Â�Ês¾Q¶N¿½¹º¾!¿D� Ø�Ö ÊgÁz¸Q¹g¼6µÍ¾�ÎWÑÒµÐ¿6´ ¿½´�»£Ês¼6»£¿6µ·Â£¹ºÌ
¶6ÊgÌÍÆË¿½µÐÊs¾¥Ñ²»T´Q¹mäs»4¿½´�»z¼6»\¶NÆQÌß¿�¹g¶�µÍ¾ Q µÍÎgÆ�¼½» p o ÑÒ´QµÍÂÀ´�Â�Ês¾ËåQ¼½Áz¶
¿½´�»Òê!ÆQ¹gÃË¼À¹c¿½µÍÂ²Â�Ês¾-äg»£¼½Îg»j¾QÂ�» Ø�Q µÐÎsÆ�¼½» p ��¶6´�ÊcÑÛ¶�¿6´Q»OÂ£Êg¾-äg»j¼6Îs»£¾QÂ£»
¿½»j¶N¿ÒÊg¾�¿6´�»2»�à�¹gÁ ¸QÌÐ»2µÍ¾ Q µÍÎgÆ�¼½»;� o�Ø	� µÐ¿6´�¿6´�»�¾-Æ�ÁTÈK»j¼OÊºÄ�¸K¹º¾ËÇ
»jÌÍ¶�»jê!ÆQ¹ºÌ�¿6Ê p �����QÝm¿6´�»W¼6»jÌÍ¹º¿6µÍäg»Ò»£¼½¼½Êg¼<ÊºÄ�¿6´Q»W¶NÊsÌÐÆ�¿6µÍÊg¾zµÍ¶y¹ºÌÍ¼6»\¹gÃËÏ
ÌÍ»j¶½¶z¿½´Q¹º¾ ��	%ÑÒ´�»£¾Ó¿½´�»�ÌÍµÐ¾�»\¹º¼�¶6ÏË¶L¿½»£Á ¶NÊsÌÐÆË¿½µÐÊs¾ÓµÍ¶¦¸Q¼6»\Â�µ·¶N»jÌÐÏ
Â£ÊgÁz¸�ÆË¿½»jÃ Ø � »z¹gÌÍ¶6Ê�¿6»j¶N¿6»\Ão¿½´�»¦Â�Ês¾!äs»£¼½Îg»j¾QÂ�»TÊºÄ�¿½´�» � ì �ÛádO
Áz»£¿6´�ÊËÃ�ÑÒµÐ¿6´#¹º¾KÃ�ÑÒµß¿½´�ÊgÆË¿TÌÐ»£Äâ¿4¸�¼½»�ÇçÂ�Êg¾KÃËµß¿½µÐÊs¾�µÍ¾�Î ØaQ µÍÎgÆQ¼6» p )
¶6´�ÊcÑÛ¶�¿6´Q»Þ¼6»\¶NÆQÌß¿ÒÊg¾'¹�c6ìoÆ�Î eT»�à�¹ºÁz¸�ÌÍ»2¿6´K¹c¿Ûµ·¶Ò¶N´�ÊcÑÒ¾�µÍ¾ Q µÍÎºÇ
ÆQ¼6» p � Ø ³O´�»zµÐ¾Q¾�»£¼Þ¶6Æ�¼6Ä¤¹gÂ�»\¶WÊgÄy¿½´�»�c6ì�Æ�Î eãµ·¶�ÃË»j¶6µÍÎg¾�»\Ã¥¹g¶2¹g¾
Õ<ÖÒÖ ¶NÆ�¼6Ä¤¹gÂ£»�ÑÒµß¿½´	Á¦¹c¿½»£¼½µÍ¹gÌWÂ�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾ÓÊºÄ4Â£Êg¾Q¶N¿½¹g¾s¿ãäc¹gÌÐÆ�»
� Ø ³O´�»TÊgÆË¿½»£¼2¶NÆQ¼NÄ¤¹sÂ�»j¶WÊºÄ�¿½´�»�c½ì�Æ�Î e¦µÍ¶�ÃË»\¶NµÍÎg¾�»\Ão¹g¶r¹º¾ Õ<ÖÒÖ

p �



Q µÐÎsÆ�¼½» p � � ³O´Q»zìoÆ�Î'»�à�¹ºÁz¸�ÌÍ»TÑÒµÐ¿6´�Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�ÊºÄ Õ ¹º¸�Ì·¹gÂ£»gé ¶W»\ê!ÆQ¹c¿½µÐÊs¾¥ÈQ¹s¶N»\ÃoÈ�ÌÍ»£¾QÃ�µÐ¾�Î'È`»�¿LÑ²»£»j¾�µÐ¿½¶2ÊsÆË¿6»j¼2¶6Æ�¼6Ä¤¹gÂ£»j¶�¹º¾QÃ�µÐ¾Q¾�»£¼
¶6Æ�¼NÄ¤¹sÂ�»\¶

Solve with

LU ~ O(N )

Solve with

GMRES ~ O(N  )

3

2

Preprocessing time for blending function

n, Number of panels

Q µÐÎsÆ�¼½» p � � Ö ÊgÁz¸�ÆË¿À¹c¿6µÍÊg¾#¿6µÍÁ »�ÊºÄÛ¿½´�»�ÈQÌÐ»j¾QÃËµÍ¾�ÎoÄÅÆ�¾KÂD¿6µÍÊg¾,Êg¾
»�à�¹gÁ ¸QÌÐ» c O ¹ºÁz¸�ÌÍ» ¶N¸QÌÐµÐ¿Ke

¶6Æ�¼NÄ¤¹sÂ�»ãÑÒµÐ¿6´,Â�Êg¾K¶L¿À¹º¾!¿ Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾Éäc¹gÌÐÆ�» p Ø¥Ù ¾QÃ�¿½´�»�Â£ÊgÁ Ç
¸`Ês¶6µß¿½µÐÊs¾oÄÅÊg¼�¿½´�»¦¶NÊsÌÐµ·ÃoäsÊgÌÍÆ�Áz»4µ·¶�¹ Õ ¹º¸�Ì·¹gÂ£»gé ¶W»\êsÆK¹c¿6µÍÊg¾¥ÈQ¹g¶6»jÃ
È�ÌÍ»£¾QÃ�µÐ¾�Î Ø ³O´�»'Áz¹º¿6¼½µßà,Îg»£¾Q»£¼À¹c¿6»\ÃÉÄÅ¼½ÊgÁ�¿½´�µÍ¶ã»�à�¹ºÁz¸�ÌÍ»'´Q¹g¶z¹
Ì·¹º¼½Îg»�Â£Êg¾QÃ�µß¿½µÐÊs¾#¾-Æ�Á4È`»£¼zÑÒ´�µ·ÂÀ´�µ·¶ � : p � p ����Â�ÊsÁ ¸K¹º¼½»jÃ�ÑÒµÐ¿6´
Êº¿½´�»£¼T»�à�¹ºÁz¸�ÌÍ»j¶jÝ�ÄÅÊg¼4»£à�¹ºÁz¸�ÌÍ»z¿6´�»�Â�Êg¾KÃËµß¿½µÐÊs¾É¾-Æ�Á4È`»£¼4ÄÅÊg¼Þ¿½´�»
»�à�¹gÁ ¸QÌÐ»rÊºÄ Q µÐÎsÆ�¼½»>�2�gÇ Ô È × µ·¶yÊs¾�ÌÐÏ A : ) � p � � Ø	� µÐ¿6´QÊgÆË¿O¸�¼½»jÂ�Ês¾ËÇ
ÃËµÐ¿6µÍÊg¾�µÍ¾�ÎKÝË¿6´�»T¶NÊsÌÐÆË¿½µÐÊs¾�ÑÒµÍÌÍÌ>¾�Êº¿WÂ£Êg¾-äg»j¼6Îs»rµÐÄ�¹¦¶NÊsÌÐÆË¿½µÐÊs¾'ÈK»£¿N¿6»j¼
¿6´K¹º¾�¿½´�»y¼½»j¶6ÊgÌÍÆË¿6µÍÊg¾�ÊgÄ p � W � µ·¶�Ã�»j¶6µÐ¼½»jÃ Ø � µß¿½´4¸�¼½»jÂ£Êg¾QÃ�µß¿½µÐÊs¾�µÐ¾QÎQÝ
¿6´Q»�Â£Êg¾-äg»j¼6Îs»£¾QÂ£»¦¼½¹º¿6»ãÊgÄ � ì �Ûá�O µÍ¶ ¶6µÐÎs¾�µßå`Â£¹º¾!¿½ÌÐÏBµÐÁz¸�¼½Êcäg»\Ã Ø
Q Ês¼�¿½´�»¥»£à�¹ºÁz¸�ÌÍ»¥ÊºÄ Q µÍÎgÆ�¼½» �9�ºÇ Ô È × ÝÛÑ²»o¿6»\¶L¿½»jÃÓÄÅÊs¼�Ã�µ 4�»£¼½»£¾!¿
ÃË»j¾Q¶NµÐ¿6µÍ»j¶zÊgÄrÃËµ·¶6Â£¼6»£¿6µÍÚj¹º¿6µÍÊg¾Q¶jÝy¹º¾KÃ Q µÐÎsÆ�¼½» p Ao¶6´�ÊcÑÛ¶ ¹B¶6µÍÎg¾�µÐå�Ç
Â£¹g¾!¿²¼½»jÃËÆKÂD¿6µÍÊg¾�µÐ¾�¿6´�»2¾-Æ�ÁTÈK»j¼²ÊgÄ¡µÐ¿6»£¼À¹c¿½µÐÊs¾Q¶�ÑÒ´�»£¾�¶NÊsÌÐä-µÍ¾�Î4¿½´�»
¶6Ï-¶N¿6»jÁ ÑÒµÐ¿6´ � ì �ÛádO Áz»£¿6´�ÊËÃ�ÆQ¶6µÐ¾�ÎzÌÍ»�Äâ¿W¸Q¼6»£ÇæÂ£Êg¾QÃËµÐ¿6µÍÊg¾QµÐ¾�Î Ø

Q µÐÎsÆ�¼6» p o � Ö Êg¾-äg»j¼6Îs»£¾QÂ£»WÊs¾�»£à�¹ºÁz¸�ÌÍ»ac Ö Æ�È`»fe

n, Number of panels on the boundary

Convergence of solution

Q µÐÎsÆ�¼½» p � � Ö Êg¾-äs»£¼½Îg»£¾KÂ�»WÊs¾�»£à�¹ºÁz¸�ÌÍ» c O ¹gÁ ¸QÌÐ» ¶6¸�ÌÍµß¿Be

p o



Q µÍÎgÆQ¼6» p < � � ¼½¹g¸�´�µ·Â£¹ºÌ Cr¶N»j¼ ` ¾!¿6»£¼6Ä¤¹gÂ£»

10

m,

Q µÐÎsÆ�¼½» p ) � Ö Êg¾-äs»£¼½Îg»£¾KÂ�»OÊºÄ � ì �ÛádO ¶NÊsÌÐäs»£¼�ÑÒµÐ¿6´ã¹g¾QÃ¦ÑÒµÐ¿6´�ÊsÆË¿
¸�¼½»jÂ£Êg¾QÃËµÐ¿6µÍÊg¾QµÐ¾�Î

}
With preconditioning

and the tolerance for

convergence changes

from 10      to 10
}

Without  preconditioning

and the tolerance for

convergence changes

from 10       to 10- 4 -10

-4 -10

Q µÍÎgÆ�¼½» p A � � Æ�ÁTÈK»j¼²ÊgÄ>µß¿½»£¼À¹c¿½µÐÊs¾Q¶yÊgÄ � ì �ÛádO ¶NÊsÌÐäs»£¼�ÑÒµß¿½´�¹º¾KÃ
ÑÒµÐ¿6´QÊgÆË¿Û¸�¼½»jÂ£Êg¾QÃ�µß¿½µÐÊs¾�µÐ¾QÎ

p �



Q µÍÎgÆ�¼½» p 8 � O Âj¹94�ÊgÌ·ÃãÄÅÊs¼O¿6µ·¶6¶6Æ�»�»j¾�ÎgµÍ¾�»£»j¼6µÍ¾�Î

� � 	�>® � � % � ��� � � �,� ®<°�®R%& � ° � ! ��� �
°�� ��� � 

Ù ¸Q¼6Êg¿6Êº¿LÏ-¸`»o¶NÏË¶N¿6»jÁ�¿½´Q¹c¿�µÍ¾QÂ£ÌÐÆQÃ�»j¶�¹ºÌÍÌÒ¿6´�»BÃË»j¶6µÍÎg¾*Áz»�¿½´�ÊËÃ�¶
ÃË»\¶6Â£¼6µÍÈK»\Ã�¹gÈKÊcäs»ÛµÍ¶²µÍÁz¸�ÌÐ»jÁz»£¾!¿6»\ÃãÊg¾�¹º¾ ` ¾!¿½»£Ì � »£¾!¿6µÍÆ�Á `�`A` �²Ö
¼À¹c¿6»\Ã�¹º¿ p ��! Ú Ø 3 Æ�¼ã¶6ÏË¶L¿½»£Á µ·¶ ÑÒ¼6µÐ¿N¿½»£¾ÓµÍ¾ Ö 2*2 ¹g¾QÃ,µÐ¾!¿6»£Ç
Îg¼À¹c¿½»jÃ�ÑÒµÐ¿6´ O ÊsÌÐµ·Ã � Êg¼&�-¶ 	 �86�2¶6ÏË¶L¿½»£Áýä!µ·¹ÉµÐ¿½¶ Ù �Y` ÁzÊËÃËÆ�ÌÍ»j¶jÝ
ÄÅÊg¼½ÁzµÐ¾QÎ�¹oÆQ¾�µßåK»jÃ�¶6ÊgÌÍµ·ÃÉÁzÊ-Ã�»£ÌÍ»£¼ ÄÅÊg¼ ´�»�¿½»£¼½ÊgÎs»£¾�»jÊgÆQ¶�ÊsÈ%�L»jÂ�¿½¶ Ø
Q µÐÎsÆ�¼½» p <T¶N´QÊcÑÛ¶�¿6´Q»rÆQ¶6»£¼²µÍ¾s¿½»£¼6Ä¤¹gÂ£»WÊºÄA¿½´�µ·¶�¸Q¼6Êg¿6Êº¿LÏ-¸`»r¶6ÏË¶L¿½»£Á Ø
` ¾¦¿½»£¼½Áz¶�ÊºÄ>ÁzÊËÃËÆ�ÌÍ»j¶jÝs¿6´�»j¼6»r»�àËµÍ¶N¿½¶�¹ÞÁ¦¹c¿½»£¼½µÍ¹gÌK¶6ÏË¶L¿½»£Á ÁzÊ-Ã�Æ�ÌÐ»sÝ
¹ÞÃË»\¶NµÍÎg¾�Á ÊËÃËÆQÌÐ»�¹º¾QÃã¹Þä!µ·¶6ÆQ¹ºÌÍµÐÚ\¹c¿½µÐÊs¾ã¹º¾QÃz¸�¼½ÊËÂ�»\¶6¶6µÐ¾QÎÞÁzÊ-Ã�Æ�ÌÐ» Ø
³O´�»zÁ¦¹c¿½»£¼½µÍ¹gÌ?ÁzÊËÃËÆ�ÌÍ»ã¹ºÌÍÌÍÊcÑÛ¶Û¿½´�»¦ÆQ¶6»£¼�¿6Ê�¶6»�¿�Æ�¸É¹º¾B¹º¼½¼½¹mÏ'ÊºÄ
Á¦¹c¿½»£¼½µÍ¹gÌÍ¶z¹º¾KÃ,¹s¶6¶6µÐÎs¾#ÄÅÊs¼ »\¹gÂÀ´�Á¦¹c¿6»j¼6µ·¹ºÌÒ¶6ÊgÁz»�¸�¼6Ês¸K»j¼N¿LÏsÝyµ Ø » Ø
¿6´Q»4Â�ÊsÌÐÊs¼ÛÂ�ÊËÃË» Ø ³O´�» b »j¶6µÐÎs¾'Á ÊËÃËÆQÌÐ»ÞµÍ¾QÂ£ÌÐÆQÃ�»j¶W¶6»�¿6¿6µÍ¾�ÎãÃË»£Ä¤¹ºÆ�ÌÐ¿
Á¦¹c¿½»£¼½µÍ¹gÌÒ¿6Ê�¹gÌÐÌ�Â�ÊsÁ ¸`Êg¾Q»£¾!¿½¶�µÐ¾Ó¿½´�»�¹s¶6¶6»£ÁTÈ�ÌÐÏsÝÒÃË»j¶6µÐÎs¾�µÍ¾�Î#¹º¾
Õ?ÖÒÖ Â�ÊsÁ ¸`Ês¶6µÐ¿6µÍÊg¾�ÄÅ»j¹c¿½Æ�¼½»2ÄÅÊg¼Û¹zÂ�ÊsÁ ¸`Êg¾Q»£¾!¿ÒÊg¼Û¶6Æ�¼NÄ¤¹sÂ�»2µÍ¾�¿½´�»
ÄÅ»j¹º¿6Æ�¼½»'¿6¼½»£»�ÊgÄr¿½´�» O ÊsÌÐµ·Ã � Êg¼&�-¶¦¶6ÏË¶L¿½»£Á'ÝÒÃË»j¶6µÍÎg¾�µÍ¾�ÎÉ¹º¾ Õ?ÖÒÖ
¸Q¹º¿N¿6»j¼6¾'¿½Ê�¹¦Â�ÊsÁz¸KÊs¾�»£¾!¿W¸Q¹º¿N¿½»£¼½¾�µÐ¾'¿½´�»�ÄÅ»j¹º¿6Æ�¼½»�¿½¼6»j»Þ¹º¾QÃ�ÃË»£Ç
¶6µÐÎs¾�µÐ¾QÎ ¹g¾ Õ?ÖÒÖ åQÌÍÌÐ»£¿²ÄÅÊs¼Ò¹TÂ£ÊgÁz¸KÊs¾�»£¾!¿OµÐ¾�¿6´Q»2¹s¶6¶6»£ÁTÈ�ÌÍÏ Ø ³O´�»
Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾'ÄÅ»\¹c¿6ÆQ¼6»4Âj¹º¾�È`»4ÃË»\¶NµÍÎg¾�»\Ã'ÑÒµß¿½´¥¹º¾-Ï�ÊºÄ<¿6´Q»4Áz»�¿½´ËÇ
ÊËÃ�¶�ÃË»\¶6Â£¼6µÍÈ`»jÃz¸�¼½»£ä-µÍÊgÆQ¶6ÌÐÏ Ø ³O´�»Wä!µ·¶6ÆQ¹ºÌÍµÐÚ\¹c¿½µÐÊs¾ ÁzÊËÃËÆ�ÌÍ»ÛµÍ¾QÂ�ÌÍÆQÃË»\¶
ä-µÍ¶6ÆQ¹gÌÐµÍÚj¹º¿6µÍÊg¾�ÊºÄ�¿½´�»zÂ�¼½Ês¶½¶LÇç¶N»\ÂD¿½µÐÊs¾�ÊgÄ�¿6´�» Õ?ÖÒÖ ÊsÈ%�L»jÂ�¿rÊg¾�¹º¾-Ï
ÆQ¶6»£¼¦ÃË»£åQ¾�»jÃ,¸�Ì·¹º¾�»sÝ�ä-µÍ¶6ÆQ¹gÌÐµÍÚj¹º¿6µÍÊg¾#ÊgÄW¿6´Q»�ÊsÆË¿6»j¼TÈ`ÊgÆQ¾QÃ�¹º¼½ÏÉÊºÄ
¿6´Q»ãÊgÈ%�L»\ÂD¿ÞÑÒµÐ¿6´�¿½´�»¦Á¦¹c¿6»j¼6µ·¹ºÌ�Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾BÂ£ÊgÌÍÊg¼6ÇæÂ£ÊËÃË»jÃAÝ�¹º¾QÃ
¸�¼½ÊËÂ�»j¶½¶6µÐ¾�Î ÊºÄ?¿6´Q» Õ?ÖÒÖ ÊsÈ%�L»jÂ�¿Û¹c¿ÛÆQ¶6»£¼ÒµÍ¾�¸�ÆË¿ÛÎs¼6µ·Ã�µÐ¾!¿6Ê¦¹zÃ�¹º¿½¹
åQÌÍ»oÄÅÊs¼�ÌÍÊcÑ�»j¼ãÌÐ»jäg»jÌW¸`Ês¶N¿6¸�¼½ÊËÂ�»j¶½¶6µÐ¾�Î Ø ³O´�»¥ÆQ¶6»£¼�µÐ¾!¿½»£¼6Ä¤¹gÂ�»'ÄÅÊs¼
»jÃ�µß¿½µÐ¾�Î4ÊºÄ Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»j¶�µÍ¶yÌÐÊËÂ£¹º¿6»\ÃTµÍ¾¦¿½´�»Û¼½µÐÎs´s¿�ÁzÊsÆQ¶N»ÒÈQÆË¿N¿½Êg¾
¸`Êg¸ËÇæÆ�¸BÁ »j¾-Æ¥ÄÅÊs¼�»\¹gÂÀ´BÂ�ÊgÁz¸`Êg¾�»j¾!¿2Ês¼�¶NÆ�¼6Ä¤¹gÂ£»4ÄÅ»\¹c¿½Æ�¼6» µÍ¾�¿½´�»
¹g¶½¶6»£Á4ÈQÌÐÏ Ø�` ¾�¿6´�»rÄÅÊgÌÍÌÐÊcÑÒµÍ¾�ÎKÝs¶6»£äg»j¼½¹gÌQ»£àË¹gÁz¸�ÌÐ»\¶�¹g¼6»W¸�¼6»\¶N»j¾!¿6»jÃ Ø
� ùlõjõ ��ïýõf�sþ��yò`ø¤ô ñzù���� ô�ùlõI�\þ[���sï�ÿ<þ�õ\ï-ô �gò`ü �yò`õ\ù��jùlò��
ú����	���\ù¤ò��yö Q µÐÎsÆ�¼6» p 8Þ¶6´�ÊcÑÛ¶�¹Þ¿6µ·¶6¶6Æ�»�¶6Âj¹94�ÊgÌ·Ã ¿6´Q¹º¿�µ·¶�¹s¶6¶6µÐÎs¾�»jÃ
¹ãÂ£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾�¸Q¼6ÊgåQÌÐ»4ÑÒ´�µÍÂÀ´¥µÍ¶r¹zÄÅÆ�¾QÂ�¿6µÍÊg¾oÊgÄ�¿6´�» ÃËµÍ¶N¿½¹g¾QÂ�»Þ¿6Ê
¶6µÍÃË»O¸�Ì·¹º¾K¹º¼?Ä¤¹gÂ£»j¶<ÑÒ´�µ·ÂÀ´TÈ`ÊgÆQ¾QÃÞ¿½´�»ÛÂ�ÊsÁz¸KÊs¾�»£¾!¿ Ô ÑÒ´�µ·ÂÀ´z¹º¼½»²ÃË»£Ç
åQ¾�»\Ã�¹g¶�¿6´Q»¦ÈQ¹g¶6» ÄÅ»j¹c¿½Æ�¼½» ×DØ O ÆQÂÀ´É¹�Ã�»j¶6µÐÎs¾BÂj¹º¾�¸�¼½ÊgÁzÊº¿½»T¿½´�»
Îg¼½ÊcÑO¿6´�ÊºÄ?¿6µ·¶6¶6Æ�»2µÍ¾s¿½Êz¿6´�»Þ¶½Â£¹�4`ÊsÌÍÃ Ø
� ò>òKølù��	� �?þ�ó ��ô�ï-õ\ù����yö ��õ\ù��	� ô?ù¤õf�jþ[�	�gï^ú����	���\ù¤ò�� ú�ócòKü
õ �¡ócúæþ[�gï�úæï-þ�� �¡ócï-õgöÒ³O´�»�»�à�¹gÁ ¸QÌÐ»�µÐ¾ Q µÐÎsÆ�¼½»����TÃË»jÁzÊg¾Q¶N¿6¼À¹c¿½»j¶
´�ÊcÑ ¿6´Q»�Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾É¹g¶T¹'ÄÅÆ�¾QÂ�¿6µÍÊg¾#ÊgÄÛÃËµÍ¶N¿½¹g¾QÂ�»�¿6Ê¥Ã�µ 4�»£¼½»£¾!¿
¶6Æ�¼NÄ¤¹sÂ�»ÒÄÅ»\¹c¿½Æ�¼6»\¶yµ·¶²¹º¸�¸�ÌÍµÍ»jÃ¦¿½ÊÞ¿½´�»W¿½Ê-ÊgÌÍµÐ¾�Î4¸Q¹º¼6¿ ØR` ¾ Q µÍÎgÆ�¼½» ���cÇ
Ô È × ÝQ¹zÁ¦¹c¿½»£¼½µÍ¹gÌAÂ�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�¸Q¼6ÊgåQÌÐ»2µ·¶Û¹g¶½¶6µÐÎs¾�»jÃ�¹g¶Ò¹TÄÅÆ�¾QÂ�¿6µÍÊg¾
ÊºÄ�ÃËµ·¶L¿À¹º¾QÂ£»2¿6Êz¿½´�»ÞÂ�Ê-ÊgÌÍµÍ¾�Î¦ÂÀ´Q¹º¾�¾Q»£Ì Ô ¹¦¶NÑ²»£»j¸�ÄÅ»\¹c¿6ÆQ¼6»�Îs»£ÊgÁz»£¿NÇ
¼½µÍÂj¹ºÌÍÌÐÏ × µÍ¾,¿½´�»�¿½Ê!ÊsÌ Ø O ÆQÂÀ´*¹ÉÃË»\¶NµÍÎg¾ÓÁ¦¹mÏ,¹sÂÀ´�µÐ»jäg»�¿6´Q»oÌÐÊËÂj¹ºÌ

Â£Êg¾!¿6¼½ÊgÌ?ÊºÄ�¸KÊs¼6Ê!¶NµÐ¿LÏ�µÍ¾�¿6´�» ¸Q¹º¼6¿�¹º¾QÃ¥¸KÊg¿6»£¾!¿½µÍ¹gÌÐÌÍÏ�µÐÁz¸�¼½Êcäg»Þ¿6´�»
»£íãÂ�µÍ»£¾QÂ£Ï�µÍ¾�¿6Ê-ÊgÌ²Â�Ê-ÊgÌÍµÍ¾�Î Ø ` ¾ Q µÍÎgÆ�¼½» �9�ºÇ Ô Â × Ý�¿6´Q»�¸Q¹g¼N¿4µ·¶4¹s¶LÇ
¶6µÍÎg¾�»\Ã¦¹�Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾¦¸�¼½ÊºåQÌÍ»Ò¿6´K¹c¿yµ·¶y¹2ÄÅÆQ¾QÂD¿½µÐÊs¾ãÊºÄ>ÃËµ·¶L¿À¹º¾QÂ£»Ò¿6Ê
¿½´�»ãÊsÆË¿6»j¼ÞÈKÊsÆ�¾QÃ�¹g¼6Ï¥ÊºÄO¿6´�»�¸Q¹º¼6¿ Ô »£àËÂ£ÌÐÆKÃË»z¿6´�»�Â�Ê-ÊgÌÍµÐ¾QÎoÂÀ´Q¹º¾ËÇ
¾Q»£Ì ×DØ ³O´�»�È`ÊgÆQ¾QÃ�¹º¼½Ï�µ·¶ÒÂ�ÊsÁz¸KÊ!¶N»\Ã�ÊgÄ<¹z¶6»£¼½µÐ»\¶OÊºÄ?ÄÅ»j¹º¿6Æ�¼½»j¶O¿½´Q¹c¿
¿½´�»ÛÆQ¶6»£¼yÆQ¶N»\ÃzÑÒ´�»£¾ãÃ�»j¶6µÐÎs¾�µÐ¾QÎ2¿6´�»ÛÎs»£ÊsÁ »£¿6¼½Ï Ø ³O´�µÍ¶�ÃË»j¶6µÍÎg¾¦Â£¹g¾
È`»ÒÆQ¶6»jÃ ¿½ÊÞÂ�Êg¾!¿½¼6ÊsÌ-¿6´�»ÒÑ²»j¹g¼�¼6»\¶Nµ·¶L¿À¹º¾QÂ£»OÊºÄ`¿6´�»Ò¿½Ê-ÊgÌ�ÑÒ´�»j¼6»Ò¾Q»j¹º¼
¿½´�»2¶NÆ�¼6Ä¤¹gÂ£»W´Q¹g¼½Ãã¸�´Q¹g¶6»j¶²¶6ÆQÂÀ´�¹g¶²³Oµ Ö Â£¹g¾ãÈK»�¸�¼½µÐ¾!¿½»jÃ ØR` ¾ Q µÍÎºÇ
ÆQ¼6»��9�cÇ Ô Ã × Ý!¿6´�»�¿½Ê!ÊsÌ�µÍ¶²¹g¶½¶NµÍÎg¾Q»jÃz¿LÑ²ÊTÃËµ·¶N¿½¹º¾KÂ�»�ÈQ¹g¶6»jÃ�Â�ÊgÁz¸`Ês¶6µßÇ
¿½µÐÊs¾�¸Q¼6ÊgåQÌÐ»\¶£Ý¡Êg¾�»T¿6Ê�¿6´Q»¦Ñ�»jÌÐÌ�Ý¡ÃËÊsÁ »¦¹g¾QÃo¿½´�» åQÌÍÌÐ»£¿½¶�È`»�¿LÑ²»£»j¾
¿½´�»£Á'ÝO¹º¾�Êg¿6´�»j¼ ¿6ÊB¿6´�»�Â£Ê!ÊsÌÐµÍ¾�Î�ÂÀ´Q¹º¾Q¾�»£Ì Ø O ÆQÂÀ´�¹�ÃË»\¶NµÍÎg¾�Â£¹g¾
Ä¤¹sÂ�µÍÌÐµÐ¿½¹º¿6»2Á4ÆQÌß¿½µÐ¸�ÌÍ»�ÃË»j¶6µÍÎg¾�¸QÆ�¼6¸`Ês¶6»j¶jÝËµ Ø » Ø Ñ²»j¹g¼O¼6»\¶Nµ·¶L¿À¹º¾QÂ£»�Â£Êg¾ËÇ
¿½¼6ÊsÌKÑÒµÐ¿6´�¿6´�»råQ¼À¶L¿²¸�¼½ÊºåQÌÍ»r¹g¾QÃãÌÍÊËÂ£¹ºÌ`¸`Êg¼½Ês¶6µß¿LÏzÂ�Ês¾s¿½¼6ÊsÌQÑÒµÐ¿6´�¿6´�»
¶6»jÂ£Êg¾QÃ�¸�¼½ÊºåQÌÍ» Ø

(a) (c)

(b) (d)

Q µÍÎgÆ�¼½»@�9� � á àË¹gÁz¸�ÌÐ»�ÊºÄr¿6Ê-ÊgÌÒ¸K¹º¼6¿¦Ã�»j¶6µÐÎs¾�ÆQ¶6µÐ¾QÎ�Ã�µÍ¶N¿½¹g¾QÂ�»�¿6Ê
ÄÅ»\¹c¿½Æ�¼6»\¶OÁz»�¿6´QÊ-Ã


�ï-õjùM���Gò`ú�ü �?ø��jù��?ølï ò �Kï!ócø¤þ��	�?ùM���ýô�ùlõI�\þ[�	�gï¬ú��	���H�jùlò��
ÿ<þ�õ\ï-ô �gò`ü �yò`õ\ù��jùlò�� �?ócò �<ø¤ï-õsöã³O´�»�»£à�¹ºÁz¸�ÌÍ»ãµÐ¾ Q µÍÎgÆ�¼½» � p
Ã�»£ÁzÊg¾Q¶N¿6¼À¹c¿½»j¶Þ¿6´�»�ÃË»j¶6µÐÎs¾É¼6»\¶NÆQÌß¿ ÊºÄÛÊcäg»j¼6Ì·¹º¸Q¸�µÐ¾QÎ'Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾
¸Q¼6ÊgåQÌÐ»\¶ Ø ! »j¼6»�¿6´Q»£¼½»'¹g¼6»�¿LÑ²Ê�Îs»£ÊgÁz»£¿6¼½µÍÂ�¶NÆQ¼NÄ¤¹sÂ�»�ÄÅ»j¹c¿½Æ�¼½»j¶zµÍ¾
¿½´�»W¸K¹º¼6¿jÝs¿6´�»r¼6»\ÂD¿½¹g¾�ÎgÆQÌÍ¹g¼�ÈQ¹g¶6»W¹g¾QÃ ¿6´�»2Â�Ï-ÌÍµÐ¾KÃË¼6µ·Â£¹gÌQ»£à!¿½¼6ÆK¶NµÍÊg¾ Ø
O Æ�¸�¸`Ês¶6»O¿6´�»ÒÆQ¶6»£¼�ÑO¹º¾!¿À¶?¿6Ê2ÁzÊ-Ã�µßÄÅÏT¿6´�»ÛÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾Q¶<¾�»j¹g¼?¿6´�»
¿LÑ²Ê'¶NÆ�¼6Ä¤¹gÂ£»4ÄÅ»\¹c¿½Æ�¼6»\¶�ÑÒµß¿½´¥¿LÑ²Ê�Ã�µ 4�»£¼½»£¾!¿�ÃËµÍ¶N¿½¹g¾QÂ�»zÈQ¹s¶N»\Ão¸�¼½ÊºÇ
åKÌÐ»\¶£Ý-¿½´�»£¾�¿6´�»j¼6»2µ·¶O¹º¾�Êcäg»£¼½Ì·¹º¸�¶6µÐÁzµÍÌÍ¹g¼²¿6ÊT¿6´�»�»£àË¹gÁz¸�ÌÐ»�µÍ¾ O »\ÂDÇ
¿½µÐÊs¾ o�Ø � Ø � Ø5! »j¼6»W¿6´�»2ÃË»£Ä¤¹ºÆ�ÌÐ¿²Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾�ÊºÄA¿6´Q»r¸Q¹g¼N¿²µÍ¶ p ��� 	
Ïs»£ÌÍÌÐÊcÑ�Ýg¿6´�»r¸�¼½ÊºåQÌÍ»r¹g¸�¸�ÌÍµÐ»\Ã ¿6ÊÞ¿½´�»WÈK¹g¶6»WÎg¼À¹gÃ�»j¶<ÄÅ¼½ÊgÁ p ��� 	�¼6»\Ã
¿½Ê p ��� 	 Ïs»£ÌÍÌÐÊcÑ µÐ¾!¿6Ê�¿½´�»ã¸Q¹g¼N¿ÞµÍ¾B¿6´�»¦¾�Ês¼6Á¦¹gÌ�ÃËµÐ¼½»jÂ�¿6µÍÊg¾BÄÅ¼½ÊgÁ
¿½´�»ãÈQ¹s¶N»zÄÅ»\¹c¿½Æ�¼6»sÝ?¹g¾QÃB¿6´Q»ã¸�¼½ÊºåQÌÍ»ã¹º¸�¸QÌÐµÍ»jÃB¿½Ê'¿6´�»�Â�Ï-ÌÐµÍ¾QÃË¼½µ·Â£¹ºÌ
»£à-¿6¼½ÆQ¶NµÍÊg¾�Îg¼À¹gÃË»\¶ÛÄÅ¼½ÊgÁ p ��� 	 Îg¼½»£»£¾¥¿6Ê p ��� 	 Ïg»jÌÐÌÍÊcÑ µÍ¾!¿6Ê�¿6´�»
¸K¹º¼6¿�µÍ¾¥¿½´�» ¾�Êg¼½Á¦¹ºÌ�ÃËµÍ¼6»\ÂD¿6µÍÊg¾¥ÄÅ¼6ÊsÁ ¿6´�»¦Â£Ï!ÌÍµÍ¾QÃË¼½µÍÂj¹ºÌ<»�à-¿6¼½ÆQ¶6µÐÊs¾
ÄÅ»\¹c¿½Æ�¼6» Ø�Ù ÃË»\¶NµÍÎg¾¦ÌÍµ��s»Û¿½´�µÍ¶²¹ºÌÍÌÍÊcÑÛ¶�¶NÁzÊ-Êº¿½´�ÂÀ´Q¹g¾�Îg»ÛÊgÄ>Á¦¹c¿6»j¼6µ·¹ºÌ
äsÊgÌÍÆ�Áz»2¼½¹º¿6µÍÊTÈ`»�¿LÑ²»£»j¾'Ã�µ 4�»£¼½»£¾!¿Û¸�¼½ÊºåQÌÍ»j¶ Ø

p �



Q µÍÎgÆQ¼6»;� p�� á à�¹ºÁz¸�ÌÍ»2ÊºÄ�ÁTÆ�ÌÐ¿6µÍ¸�ÌÐ»4Êcäg»£¼½Ì·¹º¸�¸�µÍ¾�Î ÃËµÍ¶N¿½¹g¾QÂ�»�ÄÅÆ�¾KÂD¿6µÍÊg¾'ÈQ¹s¶N»\Ã'Â�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�¸Q¼6ÊgåQÌÐ»\¶

Pill-Matrix

Base

Constant materials

Drug primitive

Composition feature

Circular pattern

Q µÐÎsÆ�¼½» ��� � á à�¹gÁ ¸QÌÐ»2ÊºÄ?¸�µÍÌÐÌ>Á¦¹º¿6¼½µßà�ÑÒµÐ¿6´ Õ<ÖÒÖ ¸Q¹º¿N¿½»£¼½¾

��ù¤ølø¡ü#þ[�£ócù ��ñ¦ù�� �������U�?þ��f�jï!ó9�o³O´�»Ò»£àË¹gÁz¸�ÌÐ»OµÍ¾ Q µÍÎgÆ�¼½»����
¶6´�ÊcÑÛ¶²¿6´�»TÃË»j¶6µÐÎs¾�ÊºÄ Õ?ÖÒÖ ¸Q¹º¿N¿6»j¼6¾�ÄÅÊs¼W¶L¿½¼6ÆKÂD¿6ÆQ¼6»\Ã'¼6»j¸K»\¹c¿ÛÊºÄ�¹
¸Q¹g¼N¿½µÍÂ£Æ�ÌÍ¹g¼ Õ?ÖÒÖ ÄÅ»j¹º¿6Æ�¼½» Ø ! »j¼6»�¿½´�»oÊs¼6µÍÎgµÍ¾Q¹ºÌÒ¸QµÐÌÍÌWµ·¶¦µÍ¾Q¶N»j¼N¿½»jÃ
¹º¾ Õ<ÖÒÖ Â�ÊsÁ ¸`Êg¾Q»£¾!¿�ÑÒ´�µ·ÂÀ´	ÑO¹g¶ã¹s¶6¶6µÐÎs¾�»jÃ*¹�ÃËµÍ¶N¿½¹g¾QÂ�»¥ÈQ¹g¶6»jÃ
Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾	¸Q¼6ÊgåQÌÐ»¥ÑÒµß¿½´�¼½»j¶6¸K»\ÂD¿�¿½Ê#¿½´�»¥È`ÊgÆ�¾KÃ�¹º¼½ÏÓÊºÄ�¿6´K¹c¿
Â�ÊsÁz¸KÊs¾�»£¾!¿ Ø ³O´�»�È`ÊgÆ�¾QÃQ¹º¼½Ï�¹ºÎ!¹ºµÍ¾,µ·¶z¿6´Q»¥¶N»j¼6µÍ»j¶zÊgÄ2ÄÅ»j¹c¿½Æ�¼½»j¶
¿6´Q»ãÃË»j¶6µÐÎs¾�»£¼2ÆQ¶6»jÃ�µÍ¾�Ã�»j¶6µÐÎs¾�ÊgÄy¿6´Q»¦Îg»£ÊsÁz»�¿6¼½Ï�ÊºÄ�¿6´�»ãÂ£ÊgÁz¸`ÊºÇ
¾�»j¾s¿ Ø ³O´�»j¾�¿6´�»4Â£ÊgÁz¸`Êg¾�»j¾s¿Ûµ·¶ÛÂ£µÐ¼ÀÂ�Æ�Ì·¹º¼½ÌÍÏã¸Q¹c¿6¿6»j¼6¾�»\Ã�ÈQ¹g¶6»jÃ�Êg¾
ÆQ¶6»£¼�µÐ¾Q¸�ÆË¿2¸Q¹º¼À¹ºÁz»�¿½»£¼À¶ Ø ³O´�»£¾¥¿6´�» Êg¼½µÐÎsµÐ¾K¹ºÌ¡¸QµÐÌÍÌ�ÑO¹g¶�Â�Æ�¿rÑÒµÐ¿6´
¿6´Q»j¶6» µÍ¾Q¶6»£¼6¿6»\Ã Õ?ÖÒÖ Â�ÊsÁ ¸`Êg¾Q»£¾!¿½¶ Ø ³O´�µ·¶�ÃË»\¶NµÍÎg¾BÁ¦¹mÏ�ÈK»zÆQ¶6»jÃ
¿6Ê¦¹sÂÀ´�µÐ»jäg»�Â�»j¼N¿À¹ºµÍ¾�Ã�»j¶6µÐ¼½»jÃ�ÄÅÆ�¾QÂ�¿6µÍÊg¾Q¹gÌ¡ÃË»£ÌÍµÍäg»£¼½Ï¦ÊºÄ�ÃË¼½Æ�Îs¶ Ø

�ï!õ\ù���� òKú#ü�þ��jï!ócù¤þ�ø��?ølø¤ï � ��õ\ù��	� ��þ��<ø¤þ[�sï �Íõ�ï��7��þ��\ù¤ò��
ÿ<þ�õjï-ô*ÿ<ø¤ïn�?ô�ùM����öÛ³O´�»Þ»£à�¹ºÁz¸�ÌÍ»ÞµÐ¾ Q µÍÎgÆ�¼½»�� o ¶6´�ÊcÑÛ¶O¿½´�»4ÃË»£Ç
¶6µÐÎs¾�ÊºÄ�Áz¹º¿6»j¼6µ·¹ºÌKåQÌÍÌÐ»£¿²ÄÅÊs¼²¹sÃ6�N¹gÂ£»£¾!¿ÒÂ�ÊgÁz¸`Êg¾�»j¾!¿½¶ Ø ³O´Q»�¶6ÁzÊ!Êg¿6´
È�ÌÍ»£¾QÃ�µÐ¾�Î�µ·¶�ÈK¹g¶6»jÃTÊg¾¦¶NÊsÌÐä-µÍ¾�Î Õ ¹g¸�ÌÍ¹sÂ�»sé ¶<»\êsÆK¹c¿6µÍÊg¾zÑÒµÐ¿6´¦È`ÊgÆ�¾KÃ-Ç
¹º¼½ÏÉÂ�Ês¾QÃËµÐ¿6µÍÊg¾Q¶ Ø ! »£¼½»ã¿½´�»�»£à�¹ºÁz¸�ÌÍ»�µ·¶ ¹g¾�¹g¶½¶6»£Á4ÈQÌÐÏ�ÊºÄÒ¿½´�¼½»£»
Â�ÊsÁz¸KÊs¾�»£¾!¿½¶ Ù Ý-ë*¹g¾QÃ Ö Ý-ÑÒ´�»j¼6»r¿6´Q»�Â£ÊgÁz¸KÊs¾�»£¾!¿À¶²¹g¼6»�ÃË»£¼½µÍäg»jÃ
È-Ï	Â�ÆË¿6¿6µÍ¾�Î*¹�¶6µÐ¾QÎgÌÍ»�¸Q¹g¼N¿'ÑÒµÐ¿6´�¸K¹º¼À¹ºÁz»�¿½¼6µÍÚ£»\Ã	¶NÆQ¼NÄ¤¹sÂ�»j¶ Ô ¿LÑ²Ê
¶6¸�´�»£¼½µ·Â£¹ºÌÛ¶6Æ�¼6Ä¤¹gÂ£»j¶ ×DØ ³O´�»�ÆQ¶6»£¼ãÂj¹º¾Ó¹g¶½¶NµÍÎg¾,¿6ÊÉÂ�ÊsÁz¸KÊs¾�»£¾!¿ Ù
¹º¾KÃ Ö ¹g¶T¶N»j¸Q¹º¼À¹c¿½» Õ?ÖÒÖ ÄÅ»j¹c¿½Æ�¼½»j¶4¹g¾QÃÉ¿½´�»£¾�¹g¶½¶NµÍÎg¾ÉÁ¦¹º¿6»£¼½µ·¹ºÌ
åQÌÍÌÐ»£¿�Ês¾�Â�ÊsÁ ¸`Êg¾Q»£¾!¿²ë Ø ³O´Q»£¾¦¿½´�»�¹gÆË¿6ÊsÁ¦¹c¿6µ·ÂÒÈ�ÌÍ»£¾KÃËµÐ¾QÎT¶6ÊgÌÍä!µÍ¾�Î
¹g¶�ÃË»j¶½Â�¼½µÍÈK»\Ã�µÐ¾ O »jÂ�¿6µÍÊg¾ oQØ o µ·¶?ÃËÊg¾�»�È-ÏrÊsÆ�¼�¶6ÏË¶L¿½»£Á Ø Cr¶NµÍ¾�ÎW¶6ÆQÂÀ´
¹�ÃË»j¶6µÐÎs¾oÁz»�¿½´�ÊËÃAÝ¡¶6Á Ê-Êg¿6´o¿½¼½¹g¾Q¶6µß¿½µÐÊs¾oÈK»£¿LÑ�»j»£¾ Õ?ÖÒÖ äsÊgÌÍÆ�Áz»j¶
µ·¶?¹sÂÀ´�µÍ»£äg»\Ã2ÑÒ´�µ·ÂÀ´4Á¦¹mÏ2¸�¼6Êcä-µ·ÃË»yÈ`»�¿6¿6»j¼?Á¦¹º¿6»£¼½µ·¹ºÌ!¸�¼6Ês¸K»j¼N¿LÏ�¿½´Q¹º¾
µ·¶OÊº¿6´Q»£¼½ÑÒµÍ¶6»�¹gÂÀ´�µÍ»£äc¹ºÈQÌÐ» Ø
��ô�ù��jù��	� ò`ú �Kï-ò`ü#ï �£ócù��Óúæï-þ��f��ócï^þ_��ô �gò`ü �yò`õjù��jùlò�� úæï-þ-û
�f��ócïÓõjùlü��?ø��\þ[��ï-ò���õ\øÅð�ö Q µÍÎgÆ�¼½» �2��¶N´�ÊcÑÛ¶�¿6´�»�¶NµÍÁ4Æ�ÌÐ¿½¹g¾�»£ÊsÆQ¶
»jÃ�µß¿½µÐ¾�Î�ÊgÄWÎg»jÊgÁz»�¿½¼6µ·Â¦ÄÅ»\¹c¿6ÆQ¼6»'¹º¾QÃ�Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾ÉÄÅ»\¹c¿½Æ�¼6»�ÑÒµÐ¿6´
¿6´QµÍ¶O¶6Ï-¶N¿6»jÁ Ø ³O´Q»r»£àË¹gÁz¸�ÌÐ»�µÍ¾ Q µÐÎsÆ�¼½» �2�gÇ Ô ¹ × ¶N´�ÊcÑÛ¶y»jÃËµÐ¿6µÍ¾�Î Êg¾
¹º¾ Õ<ÖÒÖ ÄÅ»\¹c¿6ÆQ¼6»O¿½´Q¹c¿�µ·¶�¹g¶½¶6µÐÎs¾�»jÃ4¿LÑ�Ê�ÃËµ 4�»£¼½»£¾!¿�ÃËµ·¶L¿À¹º¾QÂ£»OÈQ¹g¶6»jÃ

Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾B¸Q¼6ÊgåQÌÐ»\¶ Ø ³O´�»�»�à�¹ºÁz¸�ÌÍ»ãµÍ¾ Q µÐÎsÆ�¼6» �9�ºÇ Ô È × ¶N´�ÊcÑÛ¶
»\ÃËµÐ¿6µÍ¾�Î¦ÊºÄ�¿6´�»�äsÊgÌÍÆ�Áz»råKÌÐÌÍ»�¿ÛÊgÄ<¹sÃ6�N¹gÂ£»£¾!¿ Õ?ÖÒÖ Â£ÊgÁz¸`Êg¾�»j¾s¿À¶ Ø

� �  � ±��I#'R%& � 

³O´Q»WÁ¦¹2�LÊs¼yÈQ¹g¼6¼½µÐ»j¼�¿6Ê4¿6´�»�ÑÒµ·ÃË»�Çç¶N¸Q¼6»\¹gÃz»�àË¸�ÌÍÊg¼À¹c¿½µÐÊs¾zÊºÄ>¿½´�»W¸`ÊºÇ
¿½»£¾!¿6µ·¹ºÌ�ÊgÄ Õ?ÖÒÖ µÐ¾ O�QRQ µ·¶²Ã�Æ�»�¿6ÊT¿6´�»2Ì·¹gÂ#�¦ÊºÄ�»£ÌÍ»jÂD¿½¼6Ês¾�µ·ÂW¼½»£¸�¼½»�Ç
¶6»£¾!¿À¹c¿6µÍÊg¾K¶¡¹º¾KÃÞÃË»j¶6µÍÎg¾2¿6Ê-ÊsÌÍ¶>ÄÅÊg¼?ÊgÈ%�L»\ÂD¿½¶¡ÑÒµß¿½´ Õ<ÖÒÖrØ ì�Ê!¶L¿ Ö²Ù,b
¼½»j¶6»j¹g¼½ÂÀ´�´K¹g¶rÄÅÊËÂ�ÆQ¶6»jÃ¥Êg¾o¿½´�» ¼6»j¸�¼6»\¶N»j¾!¿½¹c¿½µÐÊs¾oÊºÄ oHb Îg»jÊgÁz»�¿½¼6Ï
ÊgÄ>´�ÊgÁzÊsÎg»£¾Q»£ÊgÆK¶�ÊgÈ%�L»\ÂD¿À¶£Ý!Êg¾¦Áz»�¿½´�ÊËÃ�¶O¹º¾QÃ ¿½Ê-ÊgÌ·¶�ÄÅÊs¼�ÃË»\¶NµÍÎg¾�»j¼½¶
¿½Ê¥µÍ¾!¿6»£¼À¹gÂ�¿4ÑÒµÐ¿6´#¿½´�»j¶6»�¼½»£¸Q¼6»\¶N»j¾s¿À¹c¿½µÐÊs¾Q¶Þ¹c¿¦¹�´�µÍÎg´�ÌÐ»jäg»£Ì�Ý�¹º¾KÃ
Ês¾¦ÃË»£¼½µÐäc¹º¿6µÍÊg¾ ÊºÄ�Áz¹sÂÀ´�µÍ¾�»Û¶N¸`»jÂ£µßå`ÂOµÐ¾Q¶N¿6¼½ÆQÂ�¿6µÍÊg¾Q¶<ÄÅÊs¼�Á¦¹gÂÀ´�µÍ¾�µÍ¾�Î Ø
Ö ÆQ¼6¼½»£¾!¿²¹g¸�¸�¼½Ês¹sÂÀ´�»j¶�¸Q¼6Ês¸KÊ!¶N»\Ã ÄÅÊg¼²Á ÊËÃË»jÌÐµÍ¾�Î Õ?ÖÒÖ ÊsÈ%�L»jÂ�¿½¶²¹º¼½»
¹mÑ �-ÑO¹º¼ÀÃãµÍ¾�»jÃËµÐ¿6µÍ¾�ÎãÎs»£ÊsÁ »£¿6¼½µÍÂ2¹g¾QÃ�Áz¹º¿6»j¼6µ·¹ºÌ¡Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾�µÍ¾ËÇ
ÄÅÊs¼6Á¦¹º¿6µÍÊg¾¥¶6µÐÁTÆ�ÌÐ¿½¹º¾Q»£ÊgÆK¶NÌÍÏ Ø.` ¾¥»&4�»jÂ�¿jÝ�¿½´�»£Ï�¸`»£¼½Ázµß¿�¶N»\ê!Æ�»£¾!¿6µ·¹ºÌ
»\ÃËµÐ¿6µÍ¾�Î Ô µ Ø » Ø Ý-åQ¼À¶L¿²ÊºÄ>Îg»jÊgÁz»�¿½¼6Ïz¹º¾KÃz¿6´�»j¾�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾ × Ý-ÑÒ´�µ·ÂÀ´
µ·¶ã¾QÊº¿ �K»�àËµÐÈQÌÐ»B¹º¾QÃÓÌÍµÐÁzµÐ¿½¶�¿6´�»BÃË»j¶6µÍÎg¾�»j¼jé ¶¦Êg¸�¿6µÍÊg¾Q¶ Ø Ö Æ�¼½¼6»j¾!¿
Õ<ÖÒÖ ÁzÊ-Ã�»£Ì·¶4¹º¼½»�¹gÌÍ¶6ÊoÌÍµÐÁzµÐ¿6»jÃÉ¿6Ê¥ÌÍÊcÑ ÌÐ»jäg»jÌ�Ã�¹º¿½¹¥¹g¾QÃ�Êg¸`»£¼À¹cÇ
¿½Êg¼À¶�¹g¾QÃ�Ã�ÊT¾�Êg¿O¹gÌÐÌÍÊcÑÓÄÅÊg¼�¿6´Q»2¶6Ï-Á4È`ÊgÌÍµÍÂW¼6»j¸�¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾¦ÊºÄ¡¿6´�»
Ã�»j¶6µÐÎs¾�»£¼\é ¶�µÍ¾s¿½»£¾!¿ÛÑÒµÐ¿6´�¼6»\¶N¸`»jÂ�¿²¿½Ê Â£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ Ø�Ù Ì·¶NÊ¦¹g¶O¶6ÆQÂÀ´>Ý
Ã�»j¶6µÐÎs¾ãÂÀ´Q¹º¾�Îs»j¶�Âj¹º¾�¾QÊº¿�È`»W»�íãÂ£µÐ»j¾s¿½ÌÐÏz¸�¼½Êg¸K¹ºÎs¹º¿6»\Ã Ø�` ¾ãÊs¼½ÃË»j¼�¿6Ê
¹sÃ�ÃË¼½»j¶½¶Ò¿½´�»j¶6»4ÌÍµÐÁzµÐ¿½¹º¿6µÍÊg¾Q¶jÝKÊsÆ�¼�¸�¼6Ês¸KÊ!¶N»\Ã�¹º¸�¸Q¼6Ê!¹gÂÀ´'È�Æ�µÍÌÍÃQ¶WÊs¾
¿½´�»'Â�Êg¾KÂ�»£¸�¿TÊºÄÒÄÅ»\¹c¿½Æ�¼6»£Ç�ÈK¹g¶6»jÃÉÃË»\¶NµÍÎg¾ ÔMQ ë b2× ¹º¾QÃ#»�à-¿6»j¾QÃ�¶Tµß¿
ÄÅ¼½ÊgÁ ¹4Îg»£ÊsÁz»�¿6¼½µ·ÂÛÃËÊgÁ¦¹gµÐ¾¦¿½Ê ¶6µÍÁ4Æ�ÌÐ¿½¹g¾�»£ÊsÆQ¶�Á¦¹c¿½»£¼½µÍ¹gÌ`¹g¾QÃ¦Îs»£ÊºÇ
Áz»£¿6¼½µÍÂ<»\ÃËµß¿½µÐ¾QÎÛÊºÄ!ÄÅ»j¹º¿6Æ�¼½»j¶ Ø�� »�µÍÃ�»£¾!¿6µÐÄÅÏ�¹g¾QÃrÄÅÊg¼½Á¦¹ºÌÍµÐÚj»<¿6´�»yÂ£Êg¾ËÇ
Â£»£¸Ë¿2ÊºÄ Õ?ÖÒÖ ÄÅ»\¹c¿½Æ�¼6»\¶ Ø ³O´Q» Â£ÌÍ¹s¶6¶6»j¶rÊºÄ Õ<ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»j¶rµÍ¾QÂ�ÌÍÆQÃË»
Õ<ÖÒÖ ÄÅ»j¹º¿6Æ�¼½»j¶�¿6´Q¹º¿²¹º¼½»ÛÈQ¹s¶N»\ÃzÊg¾¦äsÊgÌÍÆ�Áz»gÝs¿6¼À¹º¾Q¶6µß¿½µÐÊs¾>Ý!¸Q¹c¿6¿6»£¼½¾>Ý
¹g¾QÃ Ô ÆQ¶6»£¼6ÇæÃ�»�åQ¾�»\Ã × ¶6Æ�¼NÄ¤¹sÂ�» ÄÅ»j¹º¿6Æ�¼½»j¶ Ø ì�»�¿½´�ÊËÃ�¶2ÄÅÊs¼ Õ?ÖÒÖ ÄÅ»\¹cÇ
¿½Æ�¼½»�Â£¼6»\¹c¿6µÍÊg¾,¹º¾QÃ�»jÃËµÐ¿6µÍ¾�ÎÉ¹º¼½»�ÃË»jäg»jÌÐÊs¸K»\Ã Ø O ¸`»jÂ£µßåKÂj¹ºÌÍÌÐÏsÝ�Á¦¹cÇ
¿½»£¼½µÍ¹gÌAÂ�ÊgÁz¸`Ês¶6µß¿½µÐÊs¾ãÄÅÆ�¾KÂD¿6µÍÊg¾K¶Ò¶NÆQÂÀ´'¹g¶�ÄÅÆ�¾KÂD¿6µÍÊg¾K¶O¸Q¹º¼À¹ºÁz»�¿½¼6µÍÚ£»\Ã

p )



A

B
C

Q µÍÎgÆ�¼½»;� o � á à�¹ºÁz¸�ÌÍ»�ÊgÄ?Á¦¹º¿6»£¼½µ·¹ºÌ`åQÌÍÌÐ»£¿WÆQ¶6µÐ¾�Î Õ ¹º¸�Ì·¹gÂ£»gé ¶�»\ê!ÆQ¹c¿½µÐÊs¾�ÈQ¹s¶N»\Ã�ÈQÌÐ»j¾QÃËµÍ¾�Î

(a)

5 mm 8 mm

(b)

Q µÍÎgÆQ¼6»;�2� � Ô ¹ ×²á ÃËµß¿W¹ ÁTÆ�Ìß¿½µßÇæ¸�¼½ÊºåQÌÍ»�ÃË»j¶6µÍÎg¾>è Ô È ×Òá Ã�µß¿Û¹zägÊsÌÐÆQÁ »�åQÌÍÌÍ»�¿WÃË»\¶NµÍÎg¾

ÑÒµÐ¿6´*¼½»j¶6¸K»\ÂD¿ã¿½Ê�ÃËµ·¶L¿À¹º¾QÂ£»�Êg¼�ÃËµ·¶N¿½¹º¾KÂ�»j¶¦¿6Ê#ÆQ¶6»£¼6ÇçÃË»�åQ¾Q»jÃ�Îg»jÊºÇ
Áz»�¿½¼6µ·ÂzÄÅ»j¹º¿6Æ�¼½»j¶jè�¹º¾KÃ¥ÄÅÆQ¾QÂD¿½µÐÊs¾Q¶Þ¿½´Q¹c¿TÆQ¶N» Õ ¹º¸QÌÍ¹sÂ�»gé ¶�»\êsÆK¹c¿6µÍÊg¾
¿6Ê�È�ÌÍ»£¾QÃ^¶6Á Ê-Êg¿6´�ÌÍÏ*äc¹º¼½µÐÊsÆQ¶�È`ÊgÆQ¾QÃ�¹º¼½Ï*Â�Ês¾QÃËµÐ¿6µÍÊg¾Q¶�µÍ¾QÂ�ÌÍÆQÃËµÍ¾�Î
äc¹ºÌÍÆ�»j¶¥¹º¾QÃ�Îs¼½¹sÃËµÐ»j¾!¿½¶�ÊgÄT¿½´�»�Á¦¹c¿½»£¼½µÍ¹gÌ4Â�ÊsÁz¸KÊ!¶NµÐ¿6µÍÊg¾�Êg¾�¿½´�»
È`ÊgÆ�¾QÃQ¹º¼½µÐ»\¶T¹g¼6»'ÃË»£äs»£ÌÍÊg¸`»jÃ Ø ³O´Q» á ÆQÂ�ÌÍµ·ÃË»j¹g¾�ÃËµÍÎgµÐ¿½¹ºÌÒÃËµ·¶N¿½¹º¾KÂ�»
¿6¼À¹º¾K¶LÄÅÊs¼6Á ¹º¾QÃB¿½´�»�ë²ÊgÆ�¾KÃ�¹º¼½Ï á ÌÐ»jÁ »j¾!¿Tì�»�¿½´�ÊËÃÉ¹º¼½»¦ÆË¿6µÍÌÍµÐÚj»jÃ
¹º¾KÃoÃË»£äs»£ÌÍÊg¸`»jÃ'ÄÅÊs¼Û¿½´�»T»£íãÂ�µÍ»£¾!¿�Â£ÊgÁz¸�ÆË¿À¹c¿6µÍÊg¾¥ÊºÄ�Â£ÊgÁz¸KÊ!¶NµÐ¿6µÍÊg¾
ÄÅÆ�¾QÂ�¿6µÍÊg¾Q¶ Ø>` ¾�¹sÃ�ÃËµÐ¿6µÍÊg¾>Ý`¿6´Q» � »j¾�»£¼À¹ºÌ<ì�µÍ¾�µÐÁzµÍÚj¹º¿6µÍÊg¾¥ÊgÄ � »j¶6µ·Ã-Ç
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Â£¹gÌA¹º¾QÃ�»�àË¸`»£¼½µÐÁz»£¾!¿À¹ºÌAÂ�ÊsÁ ¸QÌÐ»£à-µÐ¿LÏgÝ�¹sÂ£Â£Æ�¼½¹sÂ�Ï¦¹º¾KÃ�Â�Ês¾-äg»£¼½Îg»j¾QÂ�»
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� µÐ¿6´�¶6ÆQÂÀ´É¹�ÄÅ»j¹º¿6Æ�¼½»�ÇæÈQ¹g¶6»jÃ�¶½ÂÀ´�»£Áz»z¿½´�»ã»�íãÂ£µÐ»j¾s¿ ¹º¾QÃ�¼½ÊgÈ�ÆK¶L¿
»£äc¹gÌÐÆQ¹º¿6µÍÊg¾�ÊºÄ2¹º¾ Õ?ÖÒÖ ÊsÈ%�L»jÂ�¿¦µÍ¶ãÃ�Êg¾�»�¹c¿ãÃËµ 4�»£¼½»£¾!¿¦ÌÐ»jäg»£Ì·¶zÊºÄ
¼½»j¶6ÊgÌÍÆË¿6µÍÊg¾ÉÄÅÊs¼TÈ`Êº¿½´�ä-µ·¶NÆQ¹gÌÐµÍÚj¹º¿6µÍÊg¾#¹g¾QÃÉÄ¤¹gÈ�¼6µ·Â£¹º¿6µÍÊg¾#¸QÆ�¼6¸`Ês¶6»j¶ Ø
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µÍ¾ËÄÅÊg¼½Á¦¹c¿6µÍÊg¾�¸Q¹c¿½´-Ñ²¹mÏ Ø ³O´�»j¼6»£ÄÅÊg¼½»gÝË¹ ´�µÍÎg´�ÌÍ»£äs»£Ì>Â£Ê-Ã�µßåKÂj¹c¿½µÐÊs¾�ÊºÄ
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¹g¶½¶6Ê-Â£µÍ¹º¿6»\ÃãÑÒµÐ¿6´�¹¦¶N¸`»jÂ£µßå`Â O[Q	Q ¸�¼½Ê-Â£»j¶½¶OµÍ¶O¸Q¼6Êcä-µ·ÃË»jÃ Ø
` ¾�¿½´�µÍ¶�¸Q¹g¸K»j¼jÝmÑ²»�Îs¹mäs»�»�à�¹ºÁz¸�ÌÍ»j¶>¿6´Q¹º¿?ÃË»jÁzÊg¾Q¶N¿6¼À¹c¿½»�¿6´�»�ÆQ¶6»�ÄÅÆ�ÌÐÇ
¾�»\¶6¶yÊºÄ>¶NÆKÂÀ´z¹4¶NÏË¶N¿6»£Á µÍ¾¦»�àË¸�ÌÍÊg¼½µÐ¾�Î2¿½´�»Û¸`Êº¿½»£¾!¿6µ·¹ºÌ`¹º¸�¸�ÌÍµ·Â£¹c¿½µÐÊs¾Q¶
µÍ¾ O ÊsÌÐµ·Ã Q ¼6»j»�ÄÅÊs¼6Á Q ¹ºÈ�¼½µÍÂj¹c¿½µÐÊs¾#ÑÒµß¿½´,ÌÍÊËÂ£¹gÌOÂ£ÊgÁz¸`Ês¶6µß¿½µÐÊs¾,Â�Ês¾ËÇ
¿6¼½ÊgÌ Øzá à�¹ºÁz¸�ÌÍ»j¶�µÍ¾QÂ�ÌÍÆQÃË» ¿6µ·¶½¶NÆ�»¦¶½Â£¹�4`ÊsÌÍÃAÝ>¿6Ê-ÊgÌ<¸Q¹g¼N¿�ÑÒµÐ¿6´�ÌÐÊËÂj¹ºÌ
Â�Ês¾!¿6¼½ÊgÌ�ÝmÃ�¼6Æ�Î2ÃË»jÌÐµÍäg»j¼6ÏÞÃË»jä-µÍÂ£»gÝ ��� `�� ÌÍ»£¾Q¶6»gÝºÁ¦¹º¿6»£¼½µ·¹ºÌsåQÌÐÌÍ»�¿\Ý »£¿½Â Ø

ª���� �,� !$% �

, ø��`òQócù����?ü*ö Õ »�Äâ¿6Ç�¸�¼½»jÂ£Êg¾QÃ�µß¿½µÐÊs¾�»jÃ � ì �Ûá�O Áz»�¿½´�ÊËÃ 	 o 86��ÑÒµÐ¿6´
B � ¹º¾�µÐ¾Qµß¿½µÍ¹gÌ>ÎgÆ�»\¶6¶ Ø
p Ø O ÊsÌÐäs» = � ÄÅ¼6ÊsÁ + = � ���60 � B �
� Ø ��Y � = � [�� ÑÒ´�»£¼½» � � 3 3 = � 3 3 �
oQØ ÄÅÊg¼ �7� p �Km"mKmX�Q

� Ø O ÊgÌÍäg»��^ÄÅ¼6ÊsÁ + � � � � �
� Ø ÄÅÊg¼ ��� p �"mKmKmK���
) Ø G ��� � � Ô � � � � ×
A Ø � � � 0 G ��� � �E�
< Ø »£¾QÃ
8 Ø G � � Y9� � � 3 3 � 3 3 �
p � Ø µßÄ G � � Y�� � � �z¶6»�¿ 
 �S� ¹g¾QÃ�ÎgÊT¿6Ê p o
pHp Ø � � � Y � � [ G � � Y9� �
p � Ø »£¾KÃ
p oQØ�b »£åQ¾�» � ? � 	 ��Yl��� � �KmKm"mX��� ? �æÝ

�� ? � 	 G �V� � � Y�� ��� � � Y
	 Y�� ��� ?
p � Ø Ö ÊgÁz¸�Æ�¿6» L ? ÑÒ´�µ·ÂÀ´'ÁzµÐ¾�µÍÁzµÐÚj»j¶ 3 3 �� Y 0 �� ? L 3 3 �

p A



p � Ø B ? �>B � 2�� ? L ?

` ¾�Êº¿6´Q»£¼ÒÑ²Êg¼ÀÃ�¶�¿½´�»�¶NÊsÌÐÆ�¿6µÍÊg¾�µÐ¾�¿6´�» � Ç � G µß¿½»£¼À¹c¿6»�ÊºÄ � ì �ÛádO µ·¶
Â�Ês¾Q¶N¿6¼½ÆQÂD¿½»jÃ�¹g¶

B Ug�JZ �>B � 2 L Y � U YCZ 2 mKmKm 2 L � � Ug�gZ Ô ��� ×
ÑÒ´�»j¼6» L � µÍ¶WÃË»�¿½»£¼½Á µÍ¾�»\Ã�¿6ÊãÁzµÍ¾�µÐÁzµÍÚ£»4¿6´�»Þ¼½»j¶6µ·ÃËÆQ¹ºÌ¡¾�Êg¼½Á 3 3 � 0
� B Ug�JZ 3 3ßØ

ª ±�� �  �� � � ! � � � �.� ®?

³O´�µ·¶¦Ñ²Êg¼&��ÑO¹g¶ ÄÅÆ�¾QÃ�»jÃÓµÍ¾*¸Q¹º¼6¿ãÈ-Ï � O�QUb ì ` Ç � p ��� p 89�B¹º¾QÃ
3 � � � ����� p �gÇ � p Ç p Ç p ��)�� Ø � »y¹g¼6»�¹ºÌ·¶NÊÒÎs¼½¹º¿6»�ÄÅÆQÌc¿6Ê b ¼ Ø�� Æ�ÁzµÍ¾�Î
Õ µÍÆ ÄÅÊg¼�¸Q¼6Êcä-µ·ÃËµÐ¾QÎ2¹�Â£ÊgÁz¸�ÆË¿½»£¼yÂ£ÊËÃË»OÄÅÊg¼�¿½´�»Wë á ìÜÁz»�¿½´�ÊËÃ¦¹º¾QÃ
b ¼ Ø � Ø_Q ¼À¹mÏË¶6¶��»W»£¿W¹ºÌ Ø ÄÅÊg¼O¿6´Q» � ì �Ûá�O Â£Ê-Ã�»j¶ Ø

� ����� ¯ �,� ± � 

	 p � ��Ø ë�µ·Ã�¹g¼6¼À¹�Ý%: Ø 0 Ø :2¼½¹��g»£¼\ÝË¹º¾QÃ ��Ø�Q²Ø ë²¼½Êg¾Q¶6ägÊ-Ês¼N¿ Ø � »j¸ËÇ
¼½»j¶6»£¾!¿½¹º¿6µÍÊg¾Þ¹g¾QÃ�Á¦¹º¾Q¹gÎg»jÁ »j¾!¿¡ÊºÄËÄÅ»\¹c¿6ÆQ¼6»�µÐ¾ËÄÅÊs¼6Á¦¹º¿6µÍÊg¾ÞµÍ¾4¹
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	 o p o Ý
p 8�8�< Ø

	 �6� ��Ø ë²µ·Ã�¹º¼½¼À¹ ¹º¾QÃ ��Ø"Q²Ø ë²¼6Ês¾Q¶NäsÊ-Êg¼6¿ Ø O »£Á¦¹g¾s¿½µÍÂ�ÄÅ»j¹ºÇ
¿½Æ�¼6»OÁzÊËÃË»£ÌÍµÍ¾�ÎQÝ�W�6�D Z ��L�@I?EV � :�<H@B< i @&\E: m�NKÝ o � Ô�o!× � �9� p
	 ������Ý
ìo¹g¼½ÂÀ´ �9����� Ø

	 o � Ù4Ø ë²µ·¶NÑO¹g¶jÝ � Ø[O ´Q¹º¸QµÐ¼½Ê4¹º¾KÃ `DØ ³Ò¶NÆ��c¹g¾�Êcä Ø ! »�¿½»£¼½ÊgÎs»£¾�»jÊgÆQ¶
ìo¹º¿6»j¼6µ·¹ºÌ�ì�ÊËÃË»£ÌÍµÐ¾QÎ,ÑÒµÐ¿6´ b µ·¶L¿À¹º¾QÂ£» Q µÍ»£Ì·Ã�¶jÝ WY69D,Z ��L1@&?EV
� :�< @K<�� @K6�DX@ILP?E:�J i @&\B: mHNQÝ �9��� o�Ø ³�Êz¹g¸�¸`»j¹º¼ Ø

	 �9�Þì Ø�`DØ�� Ø ë²ÌÍÊ!Ês¼W¹º¾KÃoì Ø 0 Ø � µÐÌ·¶NÊs¾ Ø Cr¶NµÍ¾�Îã¸K¹º¼6¿6µ·¹ºÌ�Ã�µ 4�»£¼6Ç
»j¾s¿½µÍ¹gÌ�»\ê!ÆQ¹c¿½µÐÊs¾Q¶Û¿½Ê�Îs»£¾�»j¼½¹º¿6»ÞÄÅ¼½»£»£ÇlÄÅÊs¼6Á ¶6Æ�¼NÄ¤¹sÂ�»\¶ � 8 p A2<�A-Ý
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	 �6� � Ø ë²Êg¼½Îg»�ÄÅÊs¼½¶ Ø�b µ·¶L¿À¹º¾QÂ£»Û¿6¼À¹º¾K¶LÄÅÊs¼6Á¦¹c¿½µÐÊs¾Q¶<µÍ¾�¹º¼½È�µÐ¿6¼À¹º¼½ÏTÃËµÐÇ
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