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Abstract

�����������D�:�������:�c�����?��� �_�Q�����¡���¡�¢���~�¤£�¥~���l�S�U���¦�\§
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��°"���"�*µ¶�������¡� �Q�(§¡�¯�Q±¸·Y¹º���Q�W»_�­� ���¬�_¼¾½^���l¥�ª¿�U�¡Àd�¯®W�Q±^¨Bª«�
�S��±³�l�f§����Á���B��ª¿Â?�l���Á�Q�8�³°¡�Q±^¨����l���������o�*�����²���B�Q�*�6» ���Q¥��8�
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Ä Å<Æ:Ç�È�É�Ê�Ë^ÌBÇ�Í\É:Æ

Î�Ï~Ð�ÑBÒ^Ð�ÓEÐ�ÔÖÕW×�Ø�×�Ù Ú�Ù Û�Ü\Ò@ÝlÞ¯×!ÚÃß¯Ù à�ß¯Ð Ó�á Ò�â�Ð�Þ¯Ð³ãSÝ"Ð�Ñ�Þ�ä�ß¯ÒYâ
Þ�Ï�ß¯Ò"Ò�â�Ø«à²Ò"ÓE×åØÖÙ Ó~Ð ÔaÝ"Ù�æ¬Ù ß¡â�ØÖÓ~ÐQÞ¯ÒY×(Ù Ú^×åä�ß�ÚUÐ Ý"Ò6ÑBÙ ØÖÓ_Þ¡×¯ç�ØÖ×dÐ
è Ò"ÕéÑ�ß¯Ù Û�ÔÖÒ"à¸ØÖÓcÝ�Ù_à²Ñ�ä�Þ�ÒYß�êWØ�×åØÖÙ Ómë�Ø«Þ�ÏG×åÒYê ÒYß¯Ð Ô
Ø«à²ÑBÙ ß�æ
Þ¯Ð�Ó<Þ(Ð�Ñ�Ñ~Ô«Ø�Ý"Ð�Þ�ØÖÙ Ó~×oØÖÓ�à³Ð Ó<ä�ÚUÐ ÝlÞ¯ä�ß¯Ø«Ó�áEìp×åäEÝ¡ÏxÐ ×ÁÐ_×�×�Ò"à�Û�Ô«Õ_ì
í äEÐ�ÔÖØîÞ\Õ�Ý"Ù Ó<Þ�ß¯Ù Ô�Ð Ó~â�ß¯Ò"ê_Ò"ß¡×åÒ"æMÒYÓ�á ØÖÓ�ÒYÒ"ß¯Ø«Ó�áEï
ð Ï~Ò6à²ÒYÐ ×�ä�ß¯Ò"à²Ò"Ó<Þ�Ù ÚrÔ�Ð�ß¯á Ò6×¯Ý�ß¯Ò"ë�Þ�Ï~ß�Ò@Ð â�×(Ø�×�ÛBÙ�Þ¯ÏñÐ

â�Øîò6Ý"ä�ÔîÞ2Ð�Ó~âmÝ"Ù_×åÞ�ÔÖÕñÙ ÑBÒ"ß¡ÐQÞ¯Ø«Ù_Óhß�Ò í ä~Ø«ß¯Ø«Ó~áxÞ¯Ï�ÒxÐ�ÞåÞ¯Ò"Ó<Þ�ØÖÙ Ó
Ù�ÚK× è ØÖÔ«ÔÖÒYâ�ÒYÓ�á ØÖÓ�ÒYÒ"ß¡×"ïaó¬Þ�Ø�×^Ð ÔÖ×�Ù³êWØîÞ¡Ð�ÔÖÔ«Õ2Ø«à²ÑBÙ ß�Þ¯Ð Ó_Þ^Þ�Ù³Þ¯Ï�Ò
Ò"Ó�á_Ø«Ó�ÒYÒ"ß¯Ø«Ó~á�ØÖÓ~â�ä~×åÞ�ß¯Õ/Þ�ÏEÐQÞoÞ�Ï�Ò@×åÒ²à²ÒYÐ_×åä�ß¯Ò"à²ÒYÓ_Þ¡×ÁÐ�ß¯Ò�Ð Ý�æ
Ý�ä�ß¡ÐQÞ¯ÒHÐ�Ó~âéÞ¯Ø«à²Ò"ÔÖÕ ïôó¶ÓhÞ¯Ï�ÒHÙ ØÖÔ^ØÖÓ~â�äE×\Þ¯ß�Õ_ì4ÚÃÙ_ß�Ò"õ�Ð à²Ñ�Ô«Ò_ì
Þ�Ï�ß¯ÒYÐ_â�×�Ù Ú
ß¯Ð_â�Ø«äE×�ö�÷_Ý�àøÐ�ß¯Ò6Ó�Ù Þ�ä�ÓWä~×�ä~Ð�ÔaÐ�Ó~â'àtä~×åÞ�ÛBÒ
à²Ð_Ý¡Ï�ØÖÓ�ÒYâxÞ�ÙvÏ�Ø«á_Ï­Þ�Ù_Ô«ÒYß¯Ð Ó~Ý�Ò@×"ï2ùmÏ�Ò"ÓñÛEÒYØ«Ó�áHú�ÞåÞ¯ÒYâûØ«Þ�Ø�×
Ù�Ú�á ß¯ÒYÐ�ÞKØ«à²ÑBÙ ß�Þ¯Ð�ÓEÝ�ÒrÞ�ÏEÐQÞ4à³Ð Ó<ä�ÚUÐ ÝlÞ¯ä�ß¯Ø«Ó�áÁÞ¯Ù ÔÖÒ"ß¡Ð�Ó~Ý"ÒY×KÝYÐ�Ó
ÛEÒ�Ð_×�×�ÒY×¯×åÒ@â6ÛBÒ�ÚÃÙ_ß�ÒÁØÖÓ~×\Þ¡Ð�ÔÖÔÖÐ�Þ�ØÖÙ Ópï
ó¶Ó�Þ�Ï~ØÖ×�ëaÙ ß è ë4ÒaÏ~Ð?ê ÒaÒ�õ�Ð àdØÖÓ�Ò@â�ë�Ï�Ò"Þ�Ï�ÒYß!Ø«Þ*ØÖ×�ÑBÙ_×¯×�Ø«Û�ÔÖÒ

Þ�Ù'Ò"õ<Þ¯ß¯Ð_ÝlÞ³Þ¯Ï�ÒvÑ~Ð ß¯Ð à²Ò�Þ�ÒYß¯×²Ù Ú�×�Ý"ß�ÒYëüÞ¯Ï�ß�Ò@Ð â�×6ÚÃß�Ù_àþý_ÿ
×�ÝYÐ�Ó�Ó�Ò@âvâ�Ð�Þ¯Ð�Ð ×oëaÒ"ÔÖÔKÐ ×Áá<Ð�ØÖÓ�Ø«Ó~á2×�Ù à²ÒdØ«Ó~×�ØÖá Ï<Þ(Ø«Ó<Þ�Ù2Þ¯Ï�Ò
à²Ð ÓWä�ÚUÐ Ý�Þ�ä�ß¯Ø«Ó~átÞ¯Ù ÔÖÒ"ß¡Ð�Ó~Ý"ÒY×aä~×�ÒYâ�ï

� ���!Ç��

2.1 Quality and Sampling

ÿoÐQÞ¡ÐvÝ"Ù ÔÖÔ«Ò@ÝlÞ�ØÖÙ ÓûØ�×�ÑBÒ"ß�ÚÃÙ ß¯à²ÒYâ­ä~×�ØÖÓ�áxÐ/à²ÙQêWØÖÓ�á�æ¬Ï�ÒYÐ_â�ì
Ù ß�Þ�Ï�Ù_á Ù ÓEÐ�Ô�ÔÖÐ_×åÒYßt×åÞ�ß¯Ø«ÑBÒ³ß¯Ð Ó�á ÒYß(ë�Ï�Ø�Ý¡ÏûÑ�ß�ÙQêWØ�â�ÒY×(â~ÐQÞ¯Ð�ØÖÓ
÷�ï��"à²à ×åÞ�ÒYÑ~×�Ø«ÓûÞ¯Ï�Ò��^æ
	 Ñ�Ô�Ð�Ó�Ò_ï��
Ù_ØÖ×�Ò6Ù_ÓûÞ�Ï�Ò2â�ÐQÞ¡ÐHØ�×

Ð�ß¯Ù ä�ÓEâ��?ö
à²Ø�Ý�ß¯Ù Ó~×*×åÞ¯Ð Ó~â�Ð�ß¡âdâ�Ò"êWØ�ÐQÞ�ØÖÙ Ófï�ó¶Ó³ÐÁ×åØÖÓ�á_Ô«Ò�×¯Ý"Ð�Ó
ë4Ò³ÝYÐ�Óû×�Ð à²Ñ�Ô«Ò²ë�Ø«Þ�ÏûÐ/â�ÒYÑ�Þ�Ï­Ù�Úaú~ÒYÔÖâ�Ù�ÚrÐ�ß¯Ù ä�ÓEâ�ö ÷�à²à
Ð�Ô«Þ�Ï�Ù_ä�á Ï�ë�Ï�Ò"Ó2×�Ð àdÑ~Ô«ØÖÓ�ádÙQê Ò"ßaÐ�ê_Ù ÔÖä�à²Ò�ëaÒ�ÝYÐ�Ó�Ð_Ý¡Ï�ØÖÒ"ê Ò
Ð�ß¯Ù ä�ÓEâ���
 ÷���Ù�Ú�ÐxÔÖÐ ß�á_Ò�ß¡Ð â�ØÖä~×dÛBÙ Ô«ÞYï ð ÕWÑ�Ø�Ý"Ð�Ô�×¯Ý"Ð Ó�Ó�ÒYâ
â�ÐQÞ¡ÐdØÖ×�×�Ï�ÙQë�Ó2Ø«Ó2ú~á_ä�ß�Ò(ý~ï

� ß�Þ�Ø«úEÝ�Ø�Ð�ÔaÏ�Ò"ÔÖØ«õñâ�ÐQÞ¡Ð/Ï~Ð ×dÐ�Ô�×�ÙHÛEÒYÒ"Ó'á_Ò"Ó�ÒYß¯Ð�Þ�Ò@â­ä~×åØÖÓ�á
Ð�ë�Ø�â�Òoß¯Ð Ó�á Ò
Ù ÚfÑ~Ð ß¯Ð àdÒ"Þ�ÒYß¯×:ë�ØîÞ¯Ï��ÁÐ�äE×�×�ØÖÐ Ó6Ó�Ù_ØÖ×�Ò�Ð_â�â�ÒYâ
Ø«Ó�Ù_ß¯â�ÒYßaÞ�ÙdÞ�Ò@×\Þ^Ð Ô«á_Ù ß¯ØîÞ¯Ï�à¢ß¯Ù Û�ä~×åÞ�Ó~ÒY×¯×"ï

2.2 Models

ùxÒKÏEÐ?ê Ò*à²Ù�â�Ò"ÔÖÔ«Ò@âoÞ�Ï�ÒKÞ�Ï�ß¯ÒYÐ_âoÐ_×�Ø«Þ¯×pä~Ó~â�Ò"ß¯ÔÖÕ<ØÖÓ�á�à³ÐQÞ¯Ï�æ
Ò"à³ÐQÞ¯ØÖÝYÐ�Ô�×åÞ�ß¯ä~ÝlÞ¯ä�ß�Ò2Ð�ÔÖÔ«ÙQë
×Yì�Þ�ÏEÐQÞ³ØÖ×²Ð_×�Þ\ëaÙ�Ý"Ù�æ¶ÐQõ�Ø�Ð�Ô:Ï~Ò�æ
Ô«Ø�Ý�Ò@×�ë�ØîÞ¯ÏdÞ�Ï�Ò
×¯Ð�à²ÒrÑ�ß¯Ù á ß¯ÒY×¯×�Ø«Ù_Ó�Ñ~Ð�ß¡Ð�à²Ò"Þ�Ò"ß�Û�ä�Þ:â�Ø��8Ò"ß¯Ò"Ó<Þ
ß¯Ð_â�ØÖØSï ð Ï�ÒoÏ�Ò"ÔÖØ�Ý"Ð�ÔBÑ~Ð ß¯Ð àdÒ"Þ�ÒYß¯×aÐ�ß¯Ò�×�Ï�ÙQë�Ó6ØÖÓ6ú~á_ä�ß¯Ò��_ï�ó¶Ó
Þ�Ï�ÒoÝ"Ð Ó�Ù Ó�Ø�Ý"Ð Ô�Ù ß¯ØÖÒ"Ó<Þ¯Ð�Þ�ØÖÙ Ó/ãUÐ�õWØ�×�����ãU÷�ì ÷�ì��@ç�ç!Þ�Ï~Ò
Ï�Ò"ÔÖØ«õ²Ø�×
á ØÖê ÒYÓ�Ñ~Ð ß¯Ð à²Ò�Þ�ß¯Ø�Ý"Ð�ÔÖÔÖÕdÛWÕ��
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ë�Ï�Ò"ß¯Ò5�tØÖ×4Þ�Ï~ÒoÏ~Ò"ÔÖØîõ6ß¡Ð â�ØÖä~×aÐ�Ó~â�2�Ø�×4Þ�Ï�ÒoÏ�Ò"ÔÖØ�Ý"Ð�Ô8Ñ�ß¯Ù á_ß�Ò@×\æ
×åØÖÙ Ófï:ó¶Ó�Ù ä�ß�Ý"Ð ×�ÒoÞ�Ï�Ø�×
Ø�×�Ò"õWÑ~ß�Ò@×�×�ÒYâ2Ð ×�à²ÙQê_Ò"à²Ò"Ó<Þ
ØÖÓ�Þ¯Ï�Ò
â�ØÖß�Ò@ÝlÞ�ØÖÙ Ó2Ù�Ú6�­ØÖÓ2à²ØÖÔ«ÔÖØÖàdÒ"Þ�ß¯ÒY×�ÑBÒ"ß�ß¡Ð â�ØÖÐ Ópï
ó¶ÓjÐ�ÓjÐ Ý"Ð Ó�Ù Ó~ØÖÝYÐ�Ô:Ù_ß�ØÖÒ"Ó<Þ¡ÐQÞ�ØÖÙ Ófì!Ø«Ú�Þ�Ï~Ò2Ð�õWØ�×7�cØ�×�Ý"Ù àdæ

Ñ�ä�Þ¯ÒYâ�ì<Þ�Ï~Ò"Ó³Þ¯Ï�Ò^Ï�ÒYÔ«Ø«õ6Ý"Ð Ó³ÛEÒ�ß�Ù Þ¯ÐQÞ¯ÒYâ²ØÖÓ<Þ�Ù(Þ¯Ï�Ò�ÝYÐ�Ó�Ù_Ó�ØÖÝYÐ�Ô
Ù ß¯Ø«ÒYÓ<Þ¯ÐQÞ¯Ø«Ù_Ópï
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ð Ï�Ò�à²Ò�Þ¯Ï�Ù�â­ØÖ×d×�Ñ�Ô«Ø«ÞtØÖÓ<Þ�Ù/Þ¯Ï�Ò6ÚÃÙ_Ô«ÔÖÙQë�Ø«Ó~á/Ñ~Ð�ß�Þ¯×?��â�Ð�Þ¯Ð
Ý�Ù_Ô«ÔÖÒYÝ�Þ�ØÖÙ Ópìpß¯Ù�Þ¡ÐQÞ¯Ø«Ù_ÓvÞ¯Ù�ÝYÐ�Ó�Ù_Ó�Ø�Ý"Ð�Ô*Ð Ô«ØÖá Ó�à²ÒYÓ_Þ@ìfß¡Ð â�ØÖä~×(Ð_×\æ
×åÒ@×�×�à²Ò"Ó<ÞoÐ Ó~âHß¯ÒY×�Ø�â�ä~Ð�Ô*ÝYÐ�Ô�Ý�ä�Ô�ÐQÞ¯Ø«Ù_Ó~×"ìBÑ�ß¯Ù á_ß�Ò@×�×�Ø«Ù_ÓHÐ�Ó~Ð Ô«Õ<æ
×åØ�×YïA@:Ð_Ý¡Ï(ØÖ×!â�Ø�×�Ý"ä~×¯×åÒ@â(ÛEÒYÔ«ÙQë'Ð Ó~âÁÞ¯Ï�Ò:Ñ�ß¯Ù�Ý�Ò@×�×�Ø«Ó~á
Ñ�ØÖÑEÒYÔ«ØÖÓ�Ò
ØÖ×�×�Ï�ÙQë�Ó2Ø«Ó2ú~á_ä�ß¯ÒB
�ì�ÛEÒYÔ«ÙQë(ï
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Figure 1. Helix Parameters

3.1 Scanning

ÿoÐQÞ¡Ð�×¯Ý"Ð Ó�Ó�ØÖÓ�á2ëaÐ_×^ÑBÒ"ß�ÚÃÙ ß¯à²ÒYâHäE×åØÖÓ�á�Ð�ý_ÿ.Î�Ý"Ð�Ó~Ó�Ò"ß¡×
�EÐQÞ�ÛBÒYâ&ÔÖÐ_×åÒYß6ß¯Ð Ó�á ÒH×�Ò"ÓE×åÙ_ß6ë�ØîÞ¯ÏcÐñöûâ�Ò"á ß¯Ò"Ò@×6Ù ÚoÚÃß¯Ò"Ò"æ
â�Ù à�×¯Ý"Ð�Ó~Ó�Ø«Ó~á�Ï�Ò@Ð â�ïÁó¶ÓHÙ_ä�ßoÝYÐ ×�Ò ì8ÛBÒYÝ"Ð ä~×�ÒtëaÒtëaÒ"ß¯Òtä~×åæ
Ø«Ó�áñÙ ß�Þ�Ï�Ù_á Ù ÓEÐ�ÔtãUê Ù ÔÖä�à²Ò@ç�×�ÝYÐ�Ó�Ó~Ø«Ó�áEì
Ù Ó~Ô«Õhýñâ�ÒYá ß¯Ò"Ò@×³Ù�Ú
ÚÃß�ÒYÒYâ�Ù_à ëaÒ"ß¯Ò6ä~×�ÒYâDã ��ìA	�Ð�ÓEâ���çlï � ßåÞ¯ØîúEÝ"ØÖÐ Ôaâ~ÐQÞ¯ÐvëaÐ_×
á Ò"Ó~Ò"ß¡ÐQÞ�Ò@â�ë�ØîÞ¯ÏxÐ�ß¯Ð Ó~â�Ù_à Ð�õ�ØÖ×�ß�Ù Þ¯Ð�Þ�ØÖÙ Ó/ë�Ø«Þ�Ï �ÁÐ ä~×¯×åØ�Ð�Ó
Ó�Ù Ø�×åÒ6Ð_â�â�Ò@âûë�ØîÞ¯Ï'êQÐ�ß¯Ø«Ù_ä~× è Ò"ß¯Ó�Ò"Ô:×�Ø��"ÒY×Yï ð Ï�Ò�àdØÖÓ�ØÖàtä�à
×åØ��"Ò�ëaÐ_×t÷=�+
����ºë�Ï~ØÖÝ¡ÏjØÖ×dâ�ÒY×�ØÖá Ó�Ò@â­Þ�ÙxÛEÒ2àtä~Ý¡ÏñÔÖÐ ß�á_Ò"ß
Þ�Ï~Ð Ó6Þ�Ï~ÒÁÐ_Ý"Ý"ä�ß¯Ð_Ý�Õ²ë�Ø«Þ�Ï�ë�Ï�Ø�Ý¡Ï�ëaÒoÝYÐ�Ó�â�Ò�Þ¯ÒYÝlÞrÞ¯Ï�ÒÁÑEÒ@Ð è ×
Ð�Ó~â�Þ�ß¯Ù ä�á_Ï~×rØÖÓ�Þ¯Ï�Ò�×�ÝYÐ�Ó�Ó~ÒYâ2â�ÐQÞ¡Ð�ï

3.2 Rotation to Canonical Alignment

ó¶Ó�Ù ß¡â�Ò"ß:Þ�Ù�ÑEÒYßåÚÃÙ_ß�à.Þ¯Ï�Ò^ß¯Ò�æ¶Ð�ÔÖØ«á_Ó�à²Ò"Ó<ÞYì_Þ�Ï~Òoâ�äEÐ�ÔBÏ�Ò"ÔÖØîõ
ÐQõ�ØÖ×aÏ~Ð_×aú~ß¡×\Þ�Þ¯ÙdÛBÒÁÚÃÙ ä~Ó~â�ï ð Ï�Ø�×�Ø�×
Ð�Þ\ë4Ù³×åÞ¯Ð�á_Ò�Ñ~ß�Ù�Ý�Ò@×�×?�
� ï	� �¶�"»<��
Áµ
�
�¯�@�(�Q�8�Á�M���Q¥ »?���K�B�����<»<¼�� Ø«ß¡×\Þ!ë4Ò4Ï~Ð?ê ÒKÞ�Ù
ú~Ó~â6Þ�Ï�Òoà³ÐQõ�Ø«à³Ð ÔBÐ Ó~â³à²Ø«Ó~Ø«à³Ð�Ô8ÑBÙ ØÖÓ<Þ¯×aÙ�Ú�Þ¯Ï�Òo×¯Ý�ß¯Ò"ë
Þ�Ï�ß¯ÒYÐ_âHÔÖÕWØ«Ó�á2Ù ÓxÞ�Ï~ÒdØÖÓ�Ó�ÒYß³ãÃà²Ø«Ó~Ù ßlç^ß¡Ð â�Ø«ä~×ÁÐ Ó~â/Þ¯Ï�Ò
Ù ä�Þ¯Ò"ß²ãÃà³ÐQÜ\Ù_ß¡ç
ß¯Ð_â�ØÖä~×"ï ð Ï�Ø�×Áâ�Ò�æ¶Ý�Ù_ä�Ñ�ÔÖÒY×^Þ�Ï�Ò²Ï�ÒYÔ«Ø�Ý�Ò@×
ÚÃß�Ù_à¾Þ�Ï~Ò�ß�Ò@×\ÞKÙ Ú~Þ�Ï~Ò^×�Ý"ß�ÒYë(ïfù�Ò
â�ÙÁÞ�Ï~ØÖ×*ÛWÕ�ÑBÒ"ß�ÚÃÙ ß¯àdæ
Ø«Ó~áHÐ�Ó�ÒYÐ ß�Ò@×\Þ�æMÓ�ÒYØ«á_ÏWÛEÙ_ä�ß�Ð�Ó~Ð Ô«Õ�×�ØÖ×Yï��aÒ@Ý"Ð�äE×åÒ²Ù�ÚrÞ¯Ï�Ò
×�Ý"ß�ÒYëj×åÞ�ß¯ä~ÝlÞ¯ä�ß¯Ò ì_Þ�Ï�Ò
ÑBÙ ØÖÓ<Þ¯×*ë�Ï~ØÖÝ¡Ï³Ï~Ð?ê_ÒaÞ�Ï�Ò�Ï�Ø«á_Ï�ÒY×åÞ
ÓWä�àtÛBÒ"ß!Ù�Ú�Ó�ÒYØ«á_ÏWÛEÙ_ä�ß¯×�Ð�ß¯Ò*Þ�Ï~Ù_×�ÒKÞ�ÏEÐQÞ*Ð�ß¯Ò:ÐQÞ!Þ�ä�ß¯Ó�ØÖÓ�á
ÑEÙ_Ø«Ó<Þ¡×4ØÖÓ�Þ�Ï�ÒÁâ�ÐQÞ¡Ð�ãÃú~á ä~ß�Ò	�<ç�ï � Ó�ØÖà²Ñ�ÔÖØÖÝ"ØîÞ
Ð ×¯×�ä�à²Ñ�æ
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Figure 2. Screw Thread Detection Processing
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Figure 3. Typical Scanned Data
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3.3 Radius Analysis
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Figure 6. Radius Estimates Histogram

3.4 Progression Analysis
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Figure 8. Progression Rate Estimation
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Figure 9. GA: Error Convergence
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Figure 10. GA: Convergence of Radii
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Table 1. Radius Estimate Errors for Large
Screw Threads (True values 16.36mm and
17.77mm)
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Table 2. Progression Estimate Errors for
Large Screw Threads (True Value = 0.37
mm/radian)

4.2 Example Timings
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