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º··Õè 1

º·¹íÒ

1.1 ¤ÇÒÁà»“¹ÁÒ

¾ÅÑ§§Ò¹¨Ò¡´Ç§ÍÒ·ÔμÂŒÊÒÁÒÃ¶áº̂§ä´‰à»“¹ 2 ª¹Ô´¤×Í ¾ÅÑ§§Ò¹áÊ§«Öè§¹íÒÁÒá»ÃÃÙ»à»“¹¾ÅÑ§§Ò¹
ä¿¿„Ò¼ˆÒ¹à«ÅÅŒÊØÃÔÂÐ (solar cell) Ê̂Ç¹¾ÅÑ§§Ò¹ÍÕ¡ª¹Ô´¤×Í¾ÅÑ§§Ò¹¤ÇÒÁÃ‰Í¹ ã¹·Ò§ÍØμÊÒË¡ÃÃÁ·Õèμ‰Í§ãª‰
¤ÇÒÁÃ‰Í¹ÊÙ§ àªˆ¹ âÃ§§Ò¹ËÅÍÁ«ÔÅÔ¡Í¹ ¶‰ÒàÃÒ¹íÒ¾ÅÑ§§Ò¹¤ÇÒÁÃ‰Í¹¨Ò¡´Ç§ÍÒ·ÔμÂŒÁÒãª‰á·¹¹íéÒÁÑ¹ ¡ŠÒ«
¸ÃÃÁªÒμÔ ËÃ×Í ¶̂Ò¹ËÔ¹ ¨Ðà»“¹¡ÒÃ»ÃÐËÂÑ´¤ˆÒãª‰¨ˆÒÂÁÒ¡à¹×èÍ§¨Ò¡¾ÅÑ§§Ò¹¤ÇÒÁÃ‰Í¹¨Ò¡´Ç§ÍÒ·ÔμÂŒà»“¹
¾ÅÑ§§Ò¹·ÕèäÁˆÁÕÇÑ¹ËÁ´á¶ÁäÁˆà»“¹ÁÅÀÒÇÐμˆÍÊÔè§áÇ´Å‰ÍÁ

¡ÒÃ·Õè¹íÒ¾ÅÑ§§Ò¹¤ÇÒÁÃ‰Í¹¨Ò¡´Ç§ÍÒ·ÔμÂŒÁÒãª‰¹Ñé¹·íÒä´‰â´Âãª‰¡ÃÐ¨¡·Õè»ÃÑºÁØÁÍÐ«ÔÁØ¸ (azimuth)

áÅÐÁØÁÍÔÅÔàÇªÑè¹ (elevation) ä´‰«Öè§ÁÕª×èÍÇˆÒáÎÅÔâÍÊáμ· (heliostat) ËÅÒÂæãº·íÒ¡ÒÃÊÐ·‰Í¹áÊ§¨Ò¡´Ç§
ÍÒ·ÔμÂŒä»ÂÑ§μÑÇÃÑº¡ÅÒ§ (central receiver) ¡ÒÃÃÇºÃÇÁ¤ÇÒÁÃ‰Í¹¨Ò¡áÊ§ÍÒ·ÔμÂŒâ´Âãª‰àÎÅÔâÍÊáμ·¨ÐÁÕ
ÅÑ¡É³Ð´Ñ§ÃÙ»·Õè 1.1 ã¹Ê̂Ç¹¡ÒÃ·íÒ§Ò¹¢Í§àÎÅÔâÍÊáμ·áº̂§ÍÍ¡à»“¹ 2 »ÃÐàÀ·¤×Í

� ÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒ (Tracking Mode)

� ÇÔ¸Õ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹ (Calibration Mode)

Ë¹‰Ò·Õè¢Í§àÎÅÔâÍÊáμ·¤×Í¡ÒÃÊÐ·‰Í¹áÊ§¨Ò¡´Ç§ÍÒ·ÔμÂŒä»μ¡·ÕèμÑÇÃÑº¡ÅÒ§ÍÂˆÒ§áÁ̂¹ÂíÒ¶Ö§áÁ‰ÇˆÒ
´Ç§ÍÒ·ÔμÂŒ¨Ðà»ÅÕèÂ¹μíÒáË¹ˆ§ä»¡çμÒÁâ´Â¨Ð¾Ô¨ÒÃ³Òà»“¹Ê̂Ç¹¢Í§ÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒ«Öè§¨Ðãª‰ÇÔ¸Õ¡ÒÃ
¤Çº¤ØÁáººÇ§à»”´ (open loop) ¹Ñè¹¤×ÍàÃÒÁÕÊÁ¡ÒÃμíÒáË¹ˆ§¢Í§´Ç§ÍÒ·ÔμÂŒ·Õèà»ÅÕèÂ¹á»Å§μÒÁàÇÅÒáÅÐÁÕ
¤ˆÒμíÒáË¹ˆ§¢Í§μÑÇÃÑº¡ÅÒ§ àÃÒ¨ÐÊÒÁÒÃ¶¤íÒ¹Ç¹ÁØÁ¢Í§àÎÅÔâÍÊáμ··Õè·íÒãË‰áÊ§·ÕèÊÐ·‰Í¹¨Ò¡´Ç§ÍÒ·ÔμÂŒ
μ¡Å§ÊÙˆμÑÇÃÑº¡ÅÒ§μÅÍ´àÇÅÒ¡ÒÃ·íÒ§Ò¹

ÃÙ»·Õè 1.1: ¡ÒÃÃÇºÃÇÁ¤ÇÒÁÃ‰Í¹¨Ò¡áÊ§ÍÒ·ÔμÂŒâ´Âãª‰àÎÅÔâÍÊáμ·
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áμˆ¶‰ÒÃÐËÇˆÒ§¡ÒÃ·íÒ§Ò¹ÁÕ¡ÒÃÃº¡Ç¹¨Ò¡ÀÒÂ¹Í¡ àªˆ¹ ÁÕÅÁ¾Ñ´ÁÒÇÙºË¹Öè§ ·íÒãË‰μíÒáË¹ˆ§¢Í§
àÎÅÔâÍÊáμ·à»ÅÕèÂ¹á»Å§ä» äÁ̂ÊÐ·‰Í¹ä»μÃ§¡Öè§¡ÅÒ§μÑÇÃÑº¡ÅÒ§ä´‰ ÃÇÁ¶Ö§¾×é¹·Õèãª‰·íÒ¡ÒÃμÔ´μÑé§á·¹·Õè¨Ð
à»“¹¾×é¹ÃÒº¡ÅÑºÁÕ¤ÇÒÁªÑ¹«Öè§·íÒãË‰¡ÒÃËÁØ¹μíÒáË¹ˆ§¢Í§àÎÅÔâÍÊáμ·äÁˆà»“¹ä»μÒÁ·ÕèμÑé§ã¨ àÃÒμ‰Í§¹íÒàÎÅÔ
âÍÊáμ·ÁÒ·íÒ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹à¾×èÍãË‰ä´‰μíÒáË¹ˆ§·Õè¶Ù¡μ‰Í§¾Ã‰ÍÁ·Ñé§ãË‰¢‰ÍÁÙÅ¢Í§¾×é¹·ÕèμÔ´μÑé§à¾×èÍ¹íÒä»ãª‰ã¹
ÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒμˆÍä» â´Â§Ò¹ÇÔ¨ÑÂ¹Õé¨Ð¹íÒàÊ¹Íã¹Ê̂Ç¹ÇÔ¸Õ¡ÒÃà·ÕÂºÁÒμÒÃ°Ò¹¢Í§àÎÅÔâÍÊáμ·

1.2 §Ò¹ÇÔ Ñ̈Â·Õè¼̂Ò¹ÁÒ

ã¹§Ò¹ÇÔ¨ÑÂ·Õè¼ˆÒ¹ÁÒä´‰ÁÕ¡ÒÃ¹íÒàÊ¹Í¡ÒÃ·íÒÇÔ¸Õà·ÕÂºÁÒμÃ°Ò¹áººÇ§à»”´ (Open loop)[1], [2] «Öè§ã¹
§Ò¹ÇÔ¨ÑÂ·Ñé§ÊÍ§¹Ñé¹·íÒ¡ÒÃËÒ¤ˆÒ¤ÇÒÁáμ¡μˆÒ§ÃÐËÇˆÒ§¤ˆÒÁØÁ·ÕèÊÑè§¡ÒÃ¡Ñº¤ˆÒÁØÁ·Õèà¡Ô´¢Öé¹¨ÃÔ§ áÅ‰Ç¹íÒÁÒãª‰ã¹
¡ÒÃ»ÃÐÁÒ³¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì¢Í§áºº í̈ÒÅÍ§·ÕèáÊ´§¤ÇÒÁ¼Ô´¾ÅÒ´¢Í§¡ÒÃμÔ´μÑé§áÅÐ¡ÒÃ¤ÅÒ´à¤Å×èÍ¹ã¹¡ÒÃ
ËÁØ¹¢Í§ÁÍàμÍÃŒâ´Âãª‰ÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ (Least-square algorithm) §Ò¹ÇÔ¨ÑÂ·Ñé§ÊÍ§©ºÑº¹Õé¨Ðà¹‰¹¡ÒÃ
¤íÒ¹Ç³·Ò§¤³ÔμÈÒÊμÃŒà»“¹Ê̂Ç¹ãË­̂ ¢‰Í´Õ¢Í§ÇÔ¸Õ¹Õé¤×ÍäÁˆÁÕ¡ÒÃ»„Í¹¡ÅÑºÊÑ­­Ò³ ·íÒãË‰Å´μ‰¹·Ø¹ã¹Ê̂Ç¹
¢Í§μÑÇμÃÇ¨¨Ñº (Sensor) Ê̂Ç¹¢‰ÍàÊÕÂ¤×ÍÊÁ¡ÒÃà¡Ô´¨Ò¡¡ÒÃÊÁÁØμÔÇˆÒ¤ÇÒÁáμ¡μˆÒ§ÃÐËÇˆÒ§ÁØÁ·Õèãª‰ã¹¡ÒÃ
¤íÒ¹Ç³¡ÑºÁØÁ·Õèà¡Ô´¢Öé¹¨ÃÔ§ÁÕ¤ˆÒ¹‰ÍÂÁÒ¡à¾×èÍ·Õè¨Ðä´‰»ÃÐÁÒ³ÊÁ¡ÒÃãË‰ÍÂÙˆã¹ÃÙ»àªÔ§àÊ‰¹ áÅÐ¤ÇÒÁáÁ̂¹ÂíÒ
¢Í§¤ˆÒÊÑÁ»ÃÐÊÔ·¸Ôì·Õèä´‰¨Ò¡ÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´¨Ð¢Öé¹¡Ñº í̈Ò¹Ç³¢‰ÍÁÙÅ ¢‰ÍÁÙÅÂÔè§ÁÒ¡à·̂ÒäÃàÇÅÒ·Õèμ‰Í§ãª‰ã¹
¡ÒÃà¡çº¢‰ÍÁÙÅÂÔè§ÁÒ¡à·̂Ò¹Ñé¹

μˆÍÁÒä´‰ÁÕ§Ò¹ÇÔ¨ÑÂ·Õè·íÒÇÔ¸Õ¡ÒÃÊÍºà·ÕÂºáººÇ§»”´ (Closed loop)[3], [4] â´ÂÊÒÁÒÃ¶μÃÇ¨ÇÑ´¤ˆÒ
¼Ô´¾ÅÒ´áÅÐá¡‰ä¢ä´‰ÍÂˆÒ§ÍÑμâ¹ÁÑμÔ μíÒáË¹ˆ§áÊ§º¹μÑÇÃÑº¡ÅÒ§¨Ð¶Ù¡ Ñ̈ºÀÒ¾â´Â¡Å‰Í§ CCD «Öè§¨Ð·íÒ¡ÒÃ
»ÃÐÁÒ³¼Å·Ò§ÀÒ¾ (Image processing) ·íÒ¡ÒÃà»ÃÕÂºà·ÕÂºÀÒ¾ (Image comparison) áÅ‰ÇÊ̂§¢‰ÍÁÙÅ
¤ÇÒÁ¼Ô´¾ÅÒ´ä»à»“¹ÊÑ­­Ò³¤Çº¤ØÁàÎÅÔâÍÊáμ· â´Â§Ò¹ÇÔ¨ÑÂ·Ñé§ÊÍ§©ºÑº¹Õé¨Ðà¹‰¹ã¹¡ÒÃ»ÃÐÁÇ³¼Å·Ò§
ÀÒ¾à»“¹Ê̂Ç¹ãË­̂

1.3 ÇÑμ¶Ø»ÃÐÊ§¤Œ

ã¹Ê̂Ç¹§Ò¹ÇÔ¨ÑÂ©ºÑº¹Õé¨Ð·íÒ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹áººÇ§»”´ â´Â¨Ðáº̂§à»“¹ÊÒÁÊ̂Ç¹ËÅÑ¡æ¤×Í ÊÃ‰Ò§
áºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ (Mathematical model) ¢Í§àÎÅÔâÍÊáμ·à¾×èÍ¹íÒÁÒÇÔà¤ÃÒÐËŒÇÔ¸Õ¡ÒÃ¤Çº¤ØÁãË‰
àËÁÒÐÊÁ ·íÒ¡ÒÃËÒ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ (Parameter tuning) «Öè§ã¹·Õè¹Õé¤×Í¢‰ÍÁÙÅÇˆÒ¾×é¹·Õè·íÒ¡ÒÃμÔ´
μÑé§àÎÅÔâÍÊáμ·ÁÕ¤ÇÒÁªÑ¹à·̂ÒäÃà¾×èÍ·Õè¨ÐªˆÇÂà¾ÔèÁ¤ÇÒÁáÁ̂¹ÂíÒã¹¡ÒÃ¤íÒÃÇ³ÊÑ­­Ò³¡ÒÃËÁØ¹àÎÅÔâÍÊáμ·ã¹
Ê̂Ç¹¢Í§ÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒ áÅÐã¹Ê̂Ç¹ÊØ´·‰ÒÂ¤×Í¡ÒÃá¡‰ä¢μíÒáË¹ˆ§·Õèà¡Ô´¤ÇÒÁ¼Ô´¾ÅÒ´à¹×èÍ§¨Ò¡
¡ÒÃÃº¡Ç¹ÀÒÂ¹Í¡ËÃ×ÍÊÑ­­Ò³Ãº¡Ç¹μˆÒ§æ
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1.4 ¢Íºà¢μ¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

1. ÊÃ‰Ò§áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÎÅÔâÍÊáμ·

2. ÍÍ¡áººμÑÇ¤Çº¤ØÁ·ÕèÊÒÁÒÃ¶·íÒãË‰μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ÅÙˆà¢‰ÒÊÙˆμíÒáË¹ˆ§Í‰Ò§ÍÔ§â´Âãª‰àÇÅÒÀÒÂ
ã¹ªˆÇ§·ÕèÍ¹ØâÅÁÇˆÒ´Ç§ÍÒ·ÔμÂŒÂÑ§äÁˆà»ÅÕèÂ¹μíÒáË¹ˆ§

3. ¾Ñ²¹ÒμÑÇ¤Çº¤ØÁ·Õè·íÒãË‰ÃÐººÅÙˆà¢‰Òä´‰äÇº¹¾×é¹·ÕèμÔ´μÑé§·ÕèäÁˆàÃÕÂºáÅÐÅ´ÊÑ­­Ò³Ãº¡Ç¹·Õèà¡Ô´¨Ò¡μÑÇμÃÇ¨
¨Ñº

4. ¹íÒ¢‰ÍÁÙÅ·Õèä´‰¨Ò¡¡ÒÃà·ÕÂºÁÒμÃ°Ò¹ÁÒ¤íÒ¹Ç³¾Ô¡Ñ´¡ÃÍº¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ·

1.5 ¢Ñé¹μÍ¹ã¹¡ÒÃ í́Òà¹Ô¹§Ò¹

1. ÈÖ¡ÉÒÅÑ¡É³Ð¢Í§àÎÅÔâÍÊáμ·áÅÐÊÃ‰Ò§áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÎÅÔâÍÊáμ·

2. ÍÍ¡áººμÑÇ¤Çº¤ØÁãË‰ÁÕ¤ÇÒÁ«Ñº«‰Í¹¹‰ÍÂ·ÕèÊØ´à¾×èÍãª‰¡Ñºáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÎÅÔâÍÊáμ·
·ÕèμÔ´μÑé§º¹¾×é¹ÃÒº

3. »ÃÐÂØ¡μŒ¡ÒÃ¤Çº¤ØÁ·Õèä´‰¨Ò¡¢‰Í·Õè 2. ÁÒ·´ÅÍ§¡Ñºáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÎÅÔâÍÊáμ··ÕèμÔ´
μÑé§º¹¾×é¹·ÕèÁÕ¤ÇÒÁªÑ¹ ¾Ã‰ÍÁ·Ñé§»ÃÑº»ÃØ§μÑÇ¤Çº¤ØÁãË‰·íÒ§Ò¹ä´‰´ÕÂÔè§¢Öé¹

4. ÈÖ¡ÉÒÅÑ¡É³Ð¤ÇÒÁªÑ¹μˆÒ§æ¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ· à¾×èÍ¹íÒÁÒ¾Ô¨ÒÃ³ÒËÒÇÔ¸Õ¤íÒ¹Ç³¤ˆÒ¤ÇÒÁ
ªÑ¹

5. ËÒÇÔ¸Õ¤íÒ¹Ç³·ÕèàËÁÒÐÊÁã¹¡ÒÃ¤íÒ¹Ç³¤ÇÒÁªÑ¹¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ·â´Âãª‰¢‰ÍÁÙÅ·Õèä´‰¨Ò¡¡ÒÃ
¤Çº¤ØÁàÎÅÔâÍÊáμ·

6. ÍÍ¡áººμÑÇ¤Çº¤ØÁ·ÕèÊÒÁÒÃ¶Å´·Í¹ÊÑ­­Ò³Ãº¡Ç¹ãË‰ä´‰ÁÒ¡ÊØ´áÅÐãË‰ÃÐººÅÙˆà¢‰ÒÀÒÂã¹àÇÅÒ·Õè¡íÒË¹´
äÇ‰

7. ¹íÒ¢‰ÍÁÙÅ·Õèä´‰¨Ò¡¡ÒÃ¤Çº¤ØÁàÎÅÔâÍÊáμ··ÕèÁÕÊÑ­­Ò³Ãº¡Ç¹ÁÒ¤íÒ¹Ç³ËÒ¤ˆÒ¤ÇÒÁªÑ¹¢Í§¾×é¹àÍÕÂ§ ¾Ã‰ÍÁ
·Ñé§»ÃÑº»ÃØ§¡ÒÃ¤íÒ¹Ç³ãË‰àËÁÒÐÊÁÂÔè§¢Öé¹

1.6 »ÃÐâÂª¹Œ·Õè¤Ò´Ç̂Ò¨Ðä´‰ÃÑº

1. à¢‰Òã¨ÅÑ¡É³Ð¡ÒÃ·íÒ§Ò¹áÅÐ¡ÒÃãª‰§Ò¹¢Í§àÎÅÔâÍÊáμ·

2. ¤ÇÒÁÃÙ‰ã¹¡ÒÃËÒáºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÎÅÔâÍÊáμ·

3. àÃÕÂ¹ÃÙ‰¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ¢Í§ÃÐººäÁˆàªÔ§àÊ‰¹áººÀÔ¹·¹Ð·ÕèÁÕÊÑ­­Ò³Ãº¡Ç¹
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4. àÃÕÂ¹ÃÙ‰ÇÔ¸Õ¡ÒÃÃÐºØÅÑ¡É³Ð¢Í§ÃÐººáÅÐ¡ÒÃËÒ¤ˆÒ¾ÒÃÒÁÔàμÍÃŒ·ÕèäÁˆ·ÃÒº¤ˆÒ¢Í§ÃÐººÀÔ¹·¹Ð·Õè¾Ô¨ÒÃ³Ò
ÊÑ­­Ò³Ãº¡Ç¹

5. ´‰ÇÂ¡ÒÃ¾Ô¨ÒÃ³Òáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ ·íÒãË‰¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁÊíÒËÃÑºàÎÅÔâÍÊáμ·ÁÕáºº
á¼¹ÁÒ¡¢Öé¹

1.7 â¤Ã§ÊÃ‰Ò§¢Í§ÇÔ·ÂÒ¹Ô¾¹¸Œ

ã¹º·¶Ñ´ä»àÃÒä´‰Í¸ÔºÒÂáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§ÅÑ¡É³Ð¡ÒÃÊÐ·‰Í¹áÊ§ä»ÂÑ§μÑÇÃÑº¡ÅÒ§¢Í§
àÎÅÔâÍÊáμ·ã¹ÃÐºº¾Ô¡Ñ´¤ÒÃŒ·Õà«ÕÂ¹ (Cartesian coordinate system) º·μˆÍÁÒ¨Ðãª‰¢‰ÍÁÙÅ·Õèä´‰¨Ò¡¡ÒÃ·´
ÅÍ§à»ÅÕèÂ¹·ÔÈ·Ò§àÎÅÔâÍÊáμ·à¾×èÍÇÔà¤ÃÒÐËŒÅÑ¡É³ÐáÅÐ·íÒ¡ÒÃ»ÃÐÁÒ³¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·ÇˆÒÁÕ
¤ÇÒÁªÑ¹à·̂ÒäÃ º··Õè 4 ¨Ð·íÒ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ 2 ª¹Ô´¤×Í μÑÇ¤Çº¤ØÁáºÊÑ´Ê̂Ç¹áÅÐμÑÇ¤Çº¤ØÁáºº
»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ ÃÇÁ·Ñé§¡ÒÃÍÍ¡áººμÑÇÊÑ§à¡μ¡ÒÃ³ŒáÅÐμÑÇ¡ÃÍ§ÊÑ­­Ò³Ãº¡Ç¹´‰ÇÂ º·ÊØ´·‰ÒÂ¨Ð
·íÒ¡ÒÃÊÃØ»§Ò¹ÇÔ¨ÑÂ¹Õé



º··Õè 2

áºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§ÅÑ¡É³Ð¡ÒÃÊÐ·‰Í¹áÊ§ä»ÂÑ§μÑÇÃÑº¡ÅÒ§
â´Âãª‰àÎÅÔâÍÊáμ·

ã¹º·¹ÕéàÃÒ¨Ð·íÒ¡ÒÃËÒáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§ÅÑ¡É³Ð¡ÒÃÊÐ·‰Í¹áÊ§ä»ÂÑ§μÑÇÃÑº¡ÅÒ§â´Âãª‰
àÎÅÔâÍÊáμ· â´Â¨ÐàÃÔèÁ¨Ò¡¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢Í§àÇ¡àμÍÃŒμˆÒ§æ·Õèà¡ÕèÂÇ¢‰Í§¡Ñº¡ÒÃÊÐ·‰Í¹áÊ§ μˆÍÁÒ¨Ð¡Å̂ÒÇ
¶Ö§¹ÔÂÒÁ¢Í§àÁ·ÃÔ¡«Œ¡ÒÃËÁØ¹áÅÐμÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹ ÃÇÁ·Ñé§¡ÒÃËÁØ¹áººμˆÒ§æ ËÅÑ§¨Ò¡¹Ñé¹¨Ð
ËÒÊÁ¡ÒÃ·Ò§¤³ÔμÈÒÊμÃŒ·ÕèáÊ´§ÅÑ¡É³Ð¡ÒÃËÁØ¹¢Í§àÎÅÔâÍÊáμ· áÅÐÊØ´·‰ÒÂ¹íÒ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ·Ñé§ËÁ´ÁÒ
ÊÃ‰Ò§»ÃÔÀÙÁÔÊ¶Ò¹Ð

2.1 ¡ÒÃÊÐ·‰Í¹áÊ§â´Âãª‰àÎÅÔâÍÊáμ·

μíÒáË¹ˆ§·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ·ÊÒÁÒÃ¶áÊ´§ä´‰à»“¹àÇ¡àμÍÃŒμÑé§©Ò¡ (Normal vector) ¢Í§¡ÃÐ¨¡
´Ñ§¹Õé

(a) ¡ÒÃ·íÒ§Ò¹¢Í§àÎÅÔâÍÊáμ· (b) áÊ§μ¡¡ÃÐ·ºáÅÐáÊ§ÊÐ·‰Í¹

ÃÙ»·Õè 2.1: ÅÑ¡É³Ð¡ÒÃÊÐ·‰Í¹áÊ§¨Ò¡´Ç§ÍÒ·ÔμÂŒä»ÊÙˆμÑÇÃÑº¡ÅÒ§

¡íÒË¹´ãË‰ �	 áÅÐ �
 à»“¹àÇ¡àμÍÃŒ¢¹Ò´Ë¹Öè§Ë¹ˆÇÂ·Õè¾Øˆ§ÍÍ¡¨Ò¡¨Ø´¡Öè§¡ÅÒ§àÎÅÔâÍÊáμ·ä»ÂÑ§´Ç§ÍÒ·ÔμÂŒ
áÅÐä»ÂÑ§μÑÇÃÑº¡ÅÒ§ μÒÁÅíÒ´Ñº Ê̂Ç¹ �� à»“¹àÇ¡àμÍÃŒμÑé§©Ò¡¢Í§àÎÅÔâÍÊáμ··ÕèÁÕ¢¹Ò´Ë¹Öè§Ë¹ˆÇÂàªˆ¹¡Ñ¹
¨Ðä´‰ÇˆÒ

�� �
�	� �


��	� �
�
(2.1)
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à¹×èÍ§¨Ò¡ ��	� � ��
� � �

��	� �
�
�

� ��	� �
� �	� �
�

� ��	�� � ��
�
�
� ���	� �
�

� � � � �	
��
�

� 
 �	
��
�

áÅÐà¹×èÍ§¨Ò¡ÁØÁμ¡¡ÃÐ·ºμ‰Í§ÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ ��Æ ËÃ×Í¹Ñè¹¤×Í 
 � ��Æ

��	� �
� � � �	
�
�

� � ��	� ���

� �
 � � ��	� ��� ��� �	 (2.2)

àÁ×èÍ·ÃÒº¤ˆÒ �
 áÅ‰Ç â´Â �
 ÊÒÁÒÃ¶à¢ÕÂ¹ÍÂÙˆã¹ÃÙ» �
 � �
�� 
�� 
�� ¢Ñé¹μˆÍÁÒ¨Ðà»“¹¡ÒÃ¤íÒ¹Ç³ËÒμíÒáË¹ˆ§
ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ ¡íÒË¹´ãË‰¡Öè§¡ÅÒ§¢Í§àÎÅÔâÍÊáμ·à»“¹ Ø̈´¡íÒà¹Ô´ (Origin) ¨Ðä´‰ÇˆÒ �
 � �
�� 
�� 
��

ÊÒÁÒÃ¶ÊÃ‰Ò§ÊÁ¡ÒÃàÊ‰¹μÃ§ä´‰à»“¹
�


�
�

�


�
�

�


�

à¹×èÍ§¨Ò¡àÃÒ·ÃÒºμíÒáË¹ˆ§¢Í§μÑÇÃÑº¡ÅÒ§ à¾ÃÒÐ©Ð¹Ñé¹àÃÒÊÒÁÒÃ¶¤íÒ¹Ç³μíÒáË¹ˆ§áÊ§·Õèä»μ¡¡ÃÐ·º
º¹μÑÇÃÑº¡ÅÒ§ä´‰ ¹Ñè¹¤×Í

� � 
�
�


�
(2.3)

� � 
�
�


�
(2.4)

2.2 ¡ÒÃá»Å§ÃÐººÊÒÁÁÔμÔ

ã¹¡ÒÃ¡íÒË¹´·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ· àÃÒ¨íÒà»“¹μ‰Í§¹ÔÂÒÁÃÐºº¾Ô¡Ñ´â´Â¨Ð¶×ÍÇˆÒ¤ˆÒ·ÕèàÃÒ¤íÒ¹Ç³
ä´‰à»“¹¤ˆÒ·Õèà·ÕÂº¡Ñº¾Ô¡Ñ´Í‰Ò§ÍÔ§ËÃ×ÍÃÐºº¾Ô¡Ñ´¤ÒÃŒ·Õà«ÕÂ¹ (Cartesian coordinate system) Í×è¹æ·ÕèÊÑÁ¾Ñ¹¸Œ
¡Ñº¾Ô¡Ñ´Í‰Ò§ÍÔ§

2.2.1 ¡ÒÃ¡íÒË¹´·ÔÈ·Ò§áÅÐ¡ÃÍº

º̂ÍÂ¤ÃÑé§·ÕèàÃÒ¾ºÇˆÒ¹Í¡¨Ò¡¡ÒÃ¡íÒË¹´μíÒáË¹ˆ§¾Ô¡Ñ´¢Í§àÇ¡àμÍÃŒáÅ‰Ç¡ÒÃÍ¸ÔºÒÂ·ÔÈ·Ò§ÂÑ§ÁÕ¤ÇÒÁ
ÊíÒ¤Ñ­´‰ÇÂ Â¡μÑÇÍÂˆÒ§àªˆ¹ ¶‰ÒàÇ¡àμÍÃŒ �� ã¹ÃÙ»·Õè 2.2 ÃÐºØ¨Ø´μÃ§¡Öè§¡ÅÒ§ÃÐËÇˆÒ§»ÅÒÂ¹ÔéÇ¢Í§á¢¹ËØˆ¹
Â¹μŒ ¡ÒÃÃÐºØ·ÕèμÑé§¨ÐÂÑ§äÁˆàÊÃç¨ÊÔé¹¶‰ÒÂÑ§äÁˆä´‰ÃÐºØ·ÔÈ·Ò§ à¾×èÍ·Õè¨Ð¡íÒË¹´·ÔÈ·Ò§ àÃÒ¨ÐμÔ´ÃÐºº¾Ô¡Ñ´ä»·Õè
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ÃÙ»·Õè 2.2: ¡ÒÃÃÐºØμíÒáË¹ˆ§áÅÐ·ÔÈ·Ò§¢Í§ÇÑμ¶Ø

¨Ø´¹Ñé¹áÅÐãË‰ÃÒÂÃÐàÍÕÂ´¢Í§ÃÐºº¾Ô¡Ñ´¹ÕéÊÑÁ¾Ñ¹¸Œ¡ÑºÃÐººÍ‰Ò§ÍÔ§ ã¹ÃÙ»·Õè 2.2 ÃÒÂÅÐàÍÕÂ´¢Í§ ��� ·Õè
ÊÑÁ¾Ñ¹¸Œ¡Ñº ��� à¾ÕÂ§¾Í·Õè¨ÐÃÐºØ·ÔÈ·Ò§¢Í§¨Ø´¹Ñé¹

ÇÔ¸Õ¡ÒÃË¹Öè§·ÕèÍ¸ÔºÒÂ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¢Í§ ��� ¡Ñº ��� ¹Ñé¹¨Ðãª‰μÑÇá»Å§·ÕèàÃÕÂ¡ÇˆÒ àÁμÃÔ¡«Œ¡ÒÃËÁØ¹
(Rotation matrix) «Öè§¨Ð·íÒË¹‰Ò·Õèà»“¹μÑÇ´íÒà¹Ô¹¡ÒÃ (Operator) ·Õèá»Å§¤ˆÒàÇ¡àμÍÃŒ·Õèà·ÕÂº¡Ñº¡ÃÍº (Frame)

Ë¹Öè§ÊÙˆÍÕ¡¡ÃÍºË¹Öè§[6]
¡íÒË¹´ãË‰àÇ¡àμÍÃŒË¹Öè§Ë¹ˆÇÂ·ÕèáÊ´§·ÔÈ·Ò§ËÅÑ¡¢Í§¾Ô¡Ñ´¡ÃÍº ��� à»“¹ ��� , ��� áÅÐ ��� àÁ×èÍ

à¢ÕÂ¹ã¹à·ÍÁ¢Í§¡ÃÍº ��� ¨Ðä´‰à»“¹ � ��� , � ��� áÅÐ � ��� à¾×èÍ¤ÇÒÁÊÐ´Ç¡ àÃÒ¨Ð Ñ̈ºÃÇÁàÇ¡àμÍÃŒ
Ë¹Öè§Ë¹ˆÇÂ·Ñé§ 3 μÑÇà»“¹àÁμÃÔ¡«ŒÁÔμÔ ��� áÅÐàÃÕÂ¡àÁμÃÔ¡«Œ¹ÕéÇˆÒàÁμÃÔ¡«Œ¡ÒÃËÁØ¹à¾ÃÒÐÇˆÒÃÒÂÅÐàÍÕÂ´¢Í§
àÁμÃÔ¡«Œ¡ÒÃËÁØ¹¨ÐÍ¸ÔºÒÂ¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¨Ò¡ ��� ä»ÂÑ§ ��� â´Âãª‰ÊÑ­ÅÑ¡É³Œà»“¹ �

��

�
�� �

�
� ���

� ���
� ���

�
�

�
���

��� 	 ���
��� 	 ���

��� 	 ���

��� 	 ���
��� 	 ���

��� 	 ���

��� 	 ���
��� 	 ���

��� 	 ���

�
��� (2.5)

¹Í¡àË¹×Í¨Ò¡¹Ñé¹ àÁ×èÍ¾Ô¨ÒÃ³Ò (2.5) ¾ºÇˆÒá¶Ç¢Í§àÁμÃÔ¡«Œà»“¹àÇ¡àμÍÃŒË¹Öè§Ë¹ˆÇÂ¢Í§ ��� ·Õè
¶Ù¡áÊ´§ã¹ ��� ¹Ñè¹¤×Í

�
�� �

�
� ���

� ���
� ���

�
�

�
����

� ���
�

� �� �
�

� ���
�

�
����
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´Ñ§¹Ñé¹ �
�� ä´‰¨Ò¡¡ÒÃÊÅÑºà»ÅÕèÂ¹ (Transpose) ¢Í§ (2.5) ¹Ñè¹¤×Í

�
�� � �

��
� (2.6)

áÅÐà¹×èÍ§¨Ò¡

�
��

� �
�� �

�
����

� ���
�

� �� �
�

� ���
�

�
����
�
� ���

� ���
� ���

�
� �� (2.7)

â´Â �� à»“¹àÁμÃÔ¡«ŒàÍ¡ÅÑ¡É³Œ¢¹Ò´ �� � ´Ñ§¹Ñé¹¨Ðä´‰ÇˆÒ

�
�� � �

��
�� � �

��
� (2.8)

¡ÃÍº (Frame) ¨ÐáÊ´§ÃÒÂÅÐàÍÕÂ´¢Í§ÃÐºº¾Ô¡Ñ´Ë¹Öè§ÊÑÁ¾Ñ¹¸Œ¡ÑºÍÕ¡ÃÐºº¾Ô¡Ñ´Ë¹Öè§«Öè§¡ÃÍº
¨Ð»ÃÐ¡Íº´‰ÇÂàÇ¡àμÍÃŒÊÕèμÑÇ·ÕèãË‰¢‰ÍÁÙÅ¢Í§μíÒáË¹ˆ§áÅÐ·ÔÈ·Ò§ μÑÇÍÂˆÒ§àªˆ¹ ¡ÃÍº ��� ¨ÐÍ¸ÔºÒÂâ´Â
�
�� áÅÐ ����	
 â´Â ����	
 à»“¹àÇ¡àμÍÃŒ·ÕèºÍ¡·ÕèμÑé§¢Í§ Ø̈´¡íÒà¹Ô´¢Í§¡ÃÍº ���

��� � ���������	
� (2.9)

¡ÃÍºÃÇÁÊÍ§¤ÇÒÁ¤Ô´â´ÂáÊ´§·Ñé§μíÒáË¹ˆ§áÅÐ·ÔÈ·Ò§ μíÒáË¹ˆ§¨Ð¶Ù¡áÊ´§â´Â¡ÃÍº·ÕèÊ̂Ç¹¢Í§àÁμÃÔ¡«Œ
¡ÒÃËÁØ¹à»“¹àÁμÃÔ¡«ŒàÍ¡ÅÑ¡É³ŒáÅÐÊ̂Ç¹àÇ¡àμÍÃŒμíÒáË¹ˆ§ºÍ¡·ÕèμÑé§¢Í§ Ø̈´·ÕèÍ Ô̧ºÒÂ àªˆ¹¡Ñ¹·ÔÈ·Ò§¨Ð¶Ù¡
áÊ´§â´Â¡ÃÍº·ÕèÊ̂Ç¹¢Í§àÇ¡àμÍÃŒμíÒáË¹ˆ§à»“¹àÇ¡àμÍÃŒÈÙ¹ÂŒ

ã¹¡ÒÃá»Å§¤ˆÒàÇ¡àμÍÃŒ·Õèà¡ÕèÂÇ¢‰Í§¡Ñº¡ÒÃËÁØ¹¡ÃÍº¹Ñé¹ àÃÒ¨Ðãª‰àÁμÃÔ¡«Œ¡ÒÃËÁØ¹à»“¹μÑÇá»Å§
¾Ô¨ÒÃ³ÒÃÙ»·Õè 2.3 àÃÒ·ÃÒºàÇ¡àμÍÃŒ·Õè¢Öé¹¡Ñº¡ÃÍº ��� áÅÐàÃÒÍÂÒ¡·ÃÒº¤̂Ò¢Í§ÁÑ¹·Õè¢Öé¹¡Ñº¡ÃÍº ���

àÃÒ¨ÐÊÒÁÒÃ¶¤íÒ¹Ç³ä´‰â´Â

�� � �
��

�� (2.10)

ÊÁ¡ÒÃ (2.10) áÊ´§¡ÒÃá»Å§àÇ¡àμÍÃŒ �� «Öè§Í¸ÔºÒÂ Ø̈´·ÕèÊÑÁ¾Ñ¹¸Œ¡ÃÍº ��� ãË‰ÍÂÙˆã¹ÃÙ» �� ·ÕèãË‰ÃÒÂ
ÅÐàÍÕÂ´¢Í§¨Ø´à´ÕÂÇ¡Ñ¹áμˆáÊ´§¤ÇÒÁÊÑÁ¾Ñ¹¸Œ¡Ñº¡ÃÍº ���

2.2.2 μÑÇ í́Òà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹

μÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹à»“¹μÑÇ´íÒà¹Ô¹¡ÒÃ·Õè´íÒà¹Ô¹¡ÒÃº¹àÇ¡àμÍÃŒ ��� áÅÐà»ÅÕè¹àÇ¡àμÍÃŒ¹Ñé¹ ä»
à»“¹àÇ¤àμÍÃãËÁˆ ��� â´ÂÇÔ¸Õ¢Í§¡ÒÃËÁØ¹ � »¡μÔáÅ‰ÇμÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹¨ÐäÁˆÁÕμÑÇÂ¡ (superscript)

áÅÐμÑÇË‰ÍÂ (subscript) áÊ´§ãË‰àËç¹à¾ÃÒÐäÁˆä´‰ÁÍ§à»“¹¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§¡ÃÍº 2 ¡ÃÍº
àÁμÃÔ¡«Œ¡ÒÃËÁØ¹·ÕèËÁØ¹àÇ¡àμÍÃŒ¼ˆÒ¹μÑÇ´íÒà¹Ô¹¡ÒÃ � ¨ÐàËÁ×Í¹¡ÑºàÁμÃÔ¡«Œ¡ÒÃËÁØ¹·ÕèÍ¸ÔºÒÂ
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ÃÙ»·Õè 2.3: ¤ˆÒ¢Í§àÇ¡àμÍÃŒ � ã¹¡ÃÍº ��� áÅÐ ���

¡ÃÍº·Õè¶Ù¡ËÁØ¹â´Â � ÊÑÁ¾Ñ¹¸Œ¡Ñº¡ÃÍºÍ‰Ò§ÍÔ§ (reference frame) μÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹¨ÐÁÕÊÑ­ÅÑ¡É³Œ·Õè
áÊ´§á¡¹·Õèμ‰Í§¡ÒÃ¨ÐËÁØ¹

��� � ���
����

â´Â ���
� ¤×ÍμÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹·ÕèáÊ´§¡ÒÃËÁØ¹ÃÍº·ÔÈ·Ò§á¡¹ � à»“¹ÁØÁ 
 «Öè§ÁÕÅÑ¡É³Ð´Ñ§ÃÙ»·Õè
2.4

ã¹ÃÐºº¡ÒÃÊÐ·‰Í¹áÊ§¢Í§àÎÅÔâÍÊáμ·¹Õé àÃÒ¨Ð·íÒ¡ÒÃËÁØ¹àÎÅÔâÍÊáμ·à¾ÕÂ§ÊÍ§á¡¹à·ˆÒ¹Ñé¹¤×Íá¡¹
� áÅÐá¡¹ � â´Â¨ÐÁÕ¤ˆÒμÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹´Ñ§¹Õé

���
� �

�
���

�
 �	
 �

	
 �
 �

� � �

�
��� (2.11)

���
� �

�
���

� � �

� �
 �	


� 	
 �


�
��� (2.12)

â´Â �
 � �	
�
� áÅÐ 	
 � 
���
�

2.2.3 ¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒª¹Ô´ � � � ��

¡ÒÃËÁØ¹¡ÃÍº´Ñ§ÃÙ»·Õè 2.5 «Öè§àÃÔèÁ¨Ò¡¡ÃÍº ��� ·ÕèÍÂÙˆμíÒáË¹ˆ§à´ÕÂÇ¡Ñº¡ÃÍº ��� ËÁØ¹ ��� ÃÍº
á¡¹ ��� à»“¹ÁØÁ � μˆÍä»ËÁØ¹ÃÍºá¡¹ ��� à»“¹ÁØÁ � áÅÐÊØ´·‰ÒÂËÁØ¹ÃÍºá¡¹ ��� à»“¹ÁØÁ � â´Â
¡ÒÃËÁØ¹ª¹Ô´¹ÕéáμˆÅÐ¡ÒÃËÁØ¹¨Ð¶Ù¡áÊ´§ÃÍºá¡¹¢Í§¡ÃÍº ��� ·Õèà¤Å×èÍ¹·ÕèÁÒ¡¡ÇˆÒ¡ÃÍº ��� ·ÕèÍÂÙˆ¡Ñº
·Õè ¡ÒÃËÁØ¹»ÃÐàÀ·¹ÕéàÃÕÂ¡ÇˆÒ¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒª¹Ô´ � � � ��

¡ÒÃËÁØ¹áºº � � � �� ¨Ðãª‰ÊÑ­ÅÑ¡É³Œà»“¹ �
����� ������ �� �� ¨Ò¡ÃÙ»·Õè 2.5 ¾ºÇˆÒ

�
�� � �

���
��

����
���

� �
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ÃÙ»·Õè 2.4: àÇ¡àμÍÃŒ ��� ËÁØ¹ä» ��Æ ÃÍºá¡¹ ��

¹Ñè¹¤×Í
�
����� ��� � ������� ��������

�

�
���

�� �	� �

	� �� �

� � �

�
���
�
���

�� � 	�

� � �

�	� � ��

�
���
�
���

� � �

� �� �	�

� 	� ��

�
��� (2.13)

â´Â �� � �	
�� 	� � 
��� áÅÐàªˆ¹à´ÕÂÇ¡Ñ¹¡ÑºμÑÇÍ×è¹æ àÁ×èÍ·íÒ¡ÒÃ¤Ù³¡ÃÐ¨ÒÂ¨Ðä´‰à»“¹

�
����� ��� �

�
���

���� ��	�	� � 	��� ��	��� � 	�	�

	��� 	�	�	� � ���� 	�	��� � ��	�

�	� ��	� ����

�
��� (2.14)

ÃÙ»·Õè 2.5: áººÍÍÂàÅÍÃŒª¹Ô´ � � � ��

2.3 ¡ÒÃ»ÃÑºμíÒáË¹ˆ§¢Í§àÎÅÔâÍÊáμ·

¡ÒÃ¤Çº¤ØÁ·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ·¨Ðà»“¹¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒ¢Í§àÇ¡àμÍÃŒμÑé§©Ò¡¢Í§¡ÃÐ¨¡
áºº � � � â´ÂàÃÔèÁμ‰¹¶×ÍÇˆÒ¤ˆÒàÃÔèÁμ‰¹μíÒáË¹ˆ§àÎÅÔâÍÊáμ·ÁÕ¡ÒÃ¤ÅÒ´à¤Å×èÍ¹à¹×èÍ§¨Ò¡ÊÔè§Ãº¡Ç¹ÀÒÂ
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¹Í¡ ¾Ô¡Ñ´¢Í§àÇ¡àμÍÃŒμÑé§©Ò¡·ÕèÇÑ´ä´‰¨ÐÍÂÙˆã¹¡ÃÍºÍ‰Ò§ÍÔ§ ��� ã¹áºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÎÅÔ
âÍÊáμ· àÃÒ¨Ðμ‰Í§á»Å§¾Ô¡Ñ´àÇ¡àμÍÃŒμÑé§©Ò¡¹Õéà¢‰ÒÊÙˆ¡ÃÍº¢Í§àÎÅÔâÍÊáμ· ��� àÊÕÂ¡̂Í¹áÅ‰Ç Ö̈§·íÒ¡ÒÃ
ËÁØ¹»ÃÑºμíÒáË¹ˆ§ áÅ‰Ç Ö̈§á»Å§¡ÅÑºà¢‰ÒÊÙˆ ��� ÍÕ¡·Õ Ö̈§¨Ðä´‰¾Ô¡Ñ´ãËÁˆ

2.3.1 ¾×é¹·Õèãª‰ã¹¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·

ã¹¡ÒÃμÔ´μÑé§μÑÇàÎÅÔâÍÊáμ· ¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§ÍÒ¨äÁˆãª̂¾×é¹àÃÕÂº¹Ñè¹¤×ÍàÇ¡àμÍÃŒ·ÕèμÑé§©Ò¡¡Ñº¾×é¹ÁÕ
·ÔÈ·Ò§μˆÒ§¨Ò¡á¡¹ ��	 ¢Í§¡ÃÍºÍ‰Ò§ÍÔ§ ��� ´Ñ§¹Ñé¹¡̂Í¹·ÕèàÃÒá»Å§¾Ô¡Ñ´àÇ¡àμÍÃŒμÑé§©Ò¡¢Í§àÎÅÔâÍáÊμ·
¨Ò¡¡ÃÍºÍ‰Ò§ÍÔ§ ��� à¢‰ÒÊÙˆ ��� àÃÒ í̈Òà»“¹μ‰Í§á»Å§¤ˆÒàÇ¡àμÍÃŒμÑé§©Ò¡¢Í§àÎÅÔâÍáÊμ·à¢‰ÒÊÙˆ¡ÃÍº¢Í§
¾×é¹ ��� àÊÕÂ¡̂Í¹ ¹Ñè¹¤×Í


��� � 

	�

	��� (2.15)

¡ÃÍº¢Í§¾×é¹ÊÒÁÒÃ¶Í¸ÔºÒÂã¹ÃÙ»¡ÒÃËÁØ¹¢Í§¡ÃÍºÍ‰Ò§ÍÔ§âÅ¡¹Ñè¹¤×ÍãË‰·ÔÈ·Ò§¢Í§àÇ¡àμÍÃŒ·ÕèμÑé§©Ò¡¡Ñº¾×é¹
��
 â´Â¤ˆÒ ��
 º¹ ��� (¡íÒË¹´ãË‰à»“¹ 	 ��
) ¨ÐÁÕ¤ˆÒà·̂Ò¡ÑºàÇ¡àμÍÃŒμÑé§©Ò¡º¹¡ÃÍºÍ‰Ò§ÍÔ§âÅ¡ ��	 ·íÒ
¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒã¹á¹Ç ��	 áÅÐá¹Ç ��	 «Öè§¨Ð¤ÃÍº¤ÅØÁμíÒáË¹ˆ§¾×é¹·Ñé§ËÁ´

	 ��
 � 	

�

��	

	

� � ������������ (2.16)

�

�
���
���

�	��
�

	��
���

�

� � �

�
���
�
���
� � �

� ��� �	��

� 	�� ���

�
��� (2.17)

�

�
���
���

�	��
��� 	��

	��

	��
���

��� ����
	��

� 	�� ���

�
��� (2.18)

â´Â �� � �� � � áÅÐ � � �� �
�
�

2.3.2 ÁØÁ¢Í§àÎÅÔâÍÊáμ·àÁ×èÍà·ÕÂº¡Ñº¡ÃÍº¾×é¹

ËÅÑ§¨Ò¡·Õè·íÒ¡ÒÃá»Å§àÇ¡àμÍÃŒμÑé§©Ò¡à¢‰ÒÊÙˆ¡ÃÍº¢Í§¾×é¹ ��� ¹Ñè¹¤×Í 
��	 áÅ‰Ç àÃÒ¨Ð·íÒ¡ÒÃ
á»Å§à¢‰ÒÊÙˆ¡ÃÍº¢Í§àÎÅÔâÍÊáμ· ��� ¹Ñè¹¤×Í

� ��� � �

�


��� (2.19)

¨Ò¡ÃÐºº·Ò§¡ÒÂÀÒ¾¢Í§àÎÅÔâÍÊáμ·¾ºÇˆÒ àÇ¡àμÍÃŒμÑé§©Ò¡¢Í§¡ÃÐ¨¡¨ÐμÑé§©Ò¡¡Ñºá¡¹ËÁØ¹·ÔÈ·Ò§ÍÔ
ÅÔàÇªÑè¹àÊÁÍ ¡íÒË¹´ãË‰á¡¹ËÁØ¹ÍÔÅÔàÇªÑè¹¢Í§àÎÅÔâÍÊáμ·à»“¹á¡¹ ��� ¨Ðä´‰ÇˆÒ¡ÃÍº¢Í§àÎÅÔâÍÊáμ·
¤×Í¡ÃÍº¾×é¹·ÕèËÁØ¹ä»ã¹á¹Çá¡¹ ��
 à»“¹ÁØÁ 
�


� � 

 �
�

�



12

â´Â 

 à»“¹ÁØÁ¢Í§ÀÒ¾©ÒÂàÇ¡àμÍÃŒμÑé§©Ò¡ã¹ÃÐ¹Òº � � � ·íÒ¡Ñºá¡¹ � º¹¡ÃÍº¾×é¹ ��� ¡íÒË¹´ãË‰

��� � ����� ���� ���� ¨Ðä´‰ÇˆÒ



 � �����

	
���

���






�� � ���
� �

�

�
���

�
� �	
� �

	
� �
� �

� � �

�
���

�

�
���

	
� �
� �

��
� 	
� �

� � �

�
���

�

�
��������

����
���� � ����

����
���� � ����

�

�����
���� � ����

����
���� � ����

�

� � �

�
��������

(2.20)

¨Ò¡ (2.20) ¾ºÇˆÒ¡ÃÍº¢Í§àÎÅÔâÍÊáμ· ��� ¨Ð¢Öé¹¡Ñº¡ÃÍº¾×é¹ ��� ¹Ñè¹¤×Í 

�� ¨Ð¢Öé¹¡Ñº¤ˆÒ �� áÅÐ ��

´‰ÇÂ

ËÅÑ§¨Ò¡·Õèá»Å§¾Ô¡Ñ´ãË‰ÍÂÙˆº¹¡ÃÍºàÎÅÔâÍáÊμ·áÅ‰Ç àÃÒ¨Ð·íÒ¡ÒÃãÊ̂ÊÑ­­Ò³¤Çº¤ØÁ¹Ñè¹¤×Í¡ÒÃ·íÒ
¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒª¹Ô´ � �� â´Â¡íÒË¹´ãË‰ÊÑ­­Ò³¤Çº¤ØÁã¹á¹ÇÍÐ«ÔÁØ¸áÅÐÍÔÅÔàÇªÑè¹ÁÕ¤̂Ò � áÅÐ
� μÒÁÅíÒ´Ñº ¹Ñè¹¤×Í

� ��� � ����� ����� � ��� (2.21)

ÊØ´·‰ÒÂ ·íÒ¡ÒÃá»Å§àÇ¡àμÍÃŒμÑé§©Ò¡·Õè·íÒ¡ÒÃËÁØ¹àÃÕÂºÃ‰ÍÂáÅ‰Ç¡ÅÑºà¢‰ÒÊÙˆ¡ÃÍºÍ‰Ò§ÍÔ§ ��� ¨Ðä´‰

	��� � 	

�



��

� ��� (2.22)
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2.4 ÊÁ¡ÒÃÊ¶Ò¹Ð (State Equation)

¨Ò¡·Ñé§ËÁ´àº×éÍ§μ‰¹·Õè¡Å̂ÒÇÁÒ àÃÒ¨Ðä´‰μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ä´‰¨Ò¡ÊÁ¡ÒÃàËÅ̂Ò¹Õé


� �� � �� � 
� ��� � ���� (2.23)

���� � �� � 	

�



����� �������� �������� �


���� 

	� ����� (2.24)

�
��� � � ��	� ������ ������ �	 (2.25)

� ��� �

����


����
� (2.26)

���� �

����


����
� (2.27)

â´Â � áÅÐ � à»“¹ÊÑ­­Ò³¤Çº¤ØÁã¹á¹ÇÍÐ«ÔÁØ¸áÅÐÍÔÅÔàÇªÑè¹μÒÁÅíÒ´Ñº ¹íÒÊÁ¡ÒÃ·Ñé§ 5 ÁÒÊÃ‰Ò§»ÃÔÀÙÁÔ
Ê¶Ò¹Ðä´‰à»“¹

���� � �� � ����� � ������
���

���� � ��

���� � ��

���� � ��

�
��� � 	


�

�
���

�����	 �	����	 �

	����	 �����	 �

� � �

�
���
�
���

�����	 �	����	 �

	����	 �����	 �

� � �

�
����

�

�
���

� � �

� �����	 �	����	

� 	����	 �����	

�
���
�
���

�����	 	����	 �

�	����	 �����	 �

� � �

�
���


	�

�
���

�����

�����

�����

�
��� (2.28)

���� �

�
����

	���
�
����� �� � 	����������� � 	�����������

	����������� � 	��������� �� � 	�����������
�

	����������� � 	����������� � 	���
�
����� ��

	����������� � 	��������� �� � 	�����������
�

�
���� (2.29)

â´Â �	 � �	�� 	�� 	�� , �� � 
� ,
�
�� �� ��

��
� �� , � �

�
� �

��
, �� � � , �� � �

áÅÐ 	

� � 


	�
�� � 


	�
�

2.5 ÊÃØ»

à¹×èÍËÒã¹º·¹ÕéàÃÔèÁ¨Ò¡¡ÒÃáÊ´§ÊÁ¡ÒÃ¡ÒÃÊÐ·‰Í¹áÊ§¢Í§´Ç§ÍÒ·ÔμÂŒâ´Âãª‰àÎÅÔâÍáμ·«Öè§¨Ð¾Ô¨ÒÃ³Ò
â´Âãª‰àÇ¡àμÍÃŒá·¹μíÒáË¹ˆ§¢Í§´Ç§ÍÒ·ÔμÂŒ μÑÇÃÑº¡ÅÒ§ áÅÐμÑÇàÎÅÔâÍÊáμ· μˆÍÁÒ¨Ð¹ÔÂÒÁàÁ·ÃÔ¡«Œ¡ÒÃ
ËÁØ¹ μÑÇ´íÒà¹Ô¹¡ÒÃ¡ÒÃËÁØ¹áÅÐ¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒª¹Ô´ � � � � � ËÅÑ§¨Ò¡¹Ñé¹¨ÐáÊ´§¢Ñé¹μÍ¹
μíÒáË¹ˆ§àÇ¡àμÍÃŒàÁ×èÍ·íÒ¡ÒÃà»ÅÕèÂ¹·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ·ÍÂ̂Ò§ÅÐàÍÕÂ´ áÅÐÊØ´·‰ÒÂ¨ÐÃÇºÃÇÁÊÁ¡ÒÃ
·Ñé§ËÁ´ÁÒÊÃ‰Ò§à»“¹»ÃÔÀÙÁÔÊ¶Ò¹Ð à¾×èÍ·Õè¨Ð¹íÒä»ãª‰ã¹¡ÒÃ»ÃÐÁÒ³¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·áÅÐÍÍ¡
áººμÑÇ¤Çº¤ØÁμˆÍä»



º··Õè 3

¡ÒÃËÒ¤ˆÒ¤ÇÒÁªÑ¹¢Í§¾×é¹àÍÕÂ§

àÁ×èÍàÎÅÔâÍáÊμ·à¢‰ÒÊÙˆÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒ ¶‰Ò¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ·ÁÕ¤ÇÒÁªÑ¹â´Â·ÕèàÃÒäÁˆ
·ÃÒº¤ˆÒ àÃÒ¨ÐäÁ̂ÊÒÁÒÃ¶¤íÒ¹Ç³ÁØÁ·Õè¨Ðãª‰ã¹¡ÒÃ¤Çº¤ØÁàÎÅÔâÍÊáμ·ãË‰ËÁØ¹ä»ÂÑ§¾Ô¡Ñ´·Õèμ‰Í§¡ÒÃä´‰ à¾ÃÒÐ
©Ð¹Ñé¹àÃÒ¨íÒà»“¹·Õèμ‰Í§·ÃÒº¤ˆÒ¤ÇÒÁªÑ¹¢Í§¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·

ã¹¡ÒÃ¤íÒ¹Ç³ËÒ¡ÃÍº¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ· àÃÒ¨Ðãª‰¢‰ÍÁÙÅ·Õèä´‰ÁÒ¨Ò¡¡ÒÃà·ÕÂºÁÒμÃ°Ò¹
ÁÒ¤íÒ¹Ç³ à¹×èÍ§¨Ò¡àÃÒÁÕ¢‰ÍÁÙÅ¢Í§ ��� � �� áÅÐ ���� ¹íÒ¤ˆÒ·Õèä´‰¹Ñé¹ÁÒ·íÒ¡ÒÃá»Å§à»“¹àÇ¡àμÍÃŒμÑé§
©Ò¡´Ñ§¹Õé

�
 �



�
�
(3.1)

â´Â 
 �
�
� � �

�� áÅ‰Ç¹íÒ �
 ä»á·¹ã¹ÊÁ¡ÒÃ (2.1) ¡ç¨Ðä´‰¤ˆÒ ���� � �� áÅÐ ����� áÅÐà¹×èÍ§¨Ò¡àÃÒÁÕ
¢‰ÍÁÙÅ¢Í§ ����� � ���� áÅÐ ����� � ���� ¹íÒ¢‰ÍÁÙÅ·Ñé§ËÁ´á·¹Å§ã¹ (2.20) áÅÐ (2.1) â´ÂãË‰ �� áÅÐ ��
à»“¹μÑÇá»Ã ¨Ðä´‰ÇˆÒ

���� � �� �
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���

���
�	��

��� 	��
	��
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���
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���

�
��������

�������
������� � �������
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� � �

�
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��������

�������
������� � �������

��������
������� � �������

�

�������
������� � �������

�������
������� � �������

�

� � �

�
��������

�
���

���
	��

�

�	��
��� ���

��� 	��

	��
	�� ����

	�� ���

�
��� ����� (3.2)

â´Â
�
������

������
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�
���
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�

�	��
��� ���
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����� �

�
���

����� � 	��
�����

�	��
�������� � ���

�������� � 	�������




¨Ð¾ºÇˆÒÊÁ¡ÒÃ·Õè (3.2) à»“¹ÊÁ¡ÒÃäÁ̂àªÔ§àÊ‰¹·Õè«Ñºª‰Í¹ ¡ÒÃ·Õè¨Ðá¡‰ÊÁ¡ÒÃà¾×èÍËÒÃÒ¡â´ÂμÃ§¨ÐÂØˆ§
ÂÒ¡ÁÒ¡ ´Ñ§¹Ñé¹àÃÒ¨Ðãª‰ÇÔ¸Õ¡ÒÃá¡‰ÊÁ¡ÒÃáººÇÔ¸ÕàªÔ§μÑÇàÅ¢ (numerical method) ´Ñ§¹Õé
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3.1 ÇÔ¸Õ¹ÔÇμÑ¹ (Newton’s Methods)

ÇÔ¸Õ¹ÔÇμÑ¹à»“¹ÇÔ¸Õ·Õèãª‰ËÒÃÒ¡·Õè·íÒãË‰¿’§¡ŒªÑè¹ÁÕ¤ˆÒà»“¹ 0 â´Â¨Ð¹ÔÂÁàÃÕÂ¡ÍÕ¡ª×èÍË¹Öè§ÇˆÒ¡ÒÃÇ¹«íéÒáºº
¹ÔÇμÑ¹-ÃÒ¿ÊÑ¹ (Newton-Raphson iteration)[8] â´Â»¡μÔ ÇÔ¸Õ¹ÔÇμÑ¹¨ÐàÃçÇ¡ÇˆÒÇÔ¸ÕÍ×è¹æàª̂¹ ÇÔ¸Õáº̂§¤ÃÖè§
(bisection method) ËÃ×Í ÇÔ¸Õ«Õá¤¹·Œ (secant method) à¾ÃÒÐÇˆÒ¡ÒÃÅÙˆà¢‰Ò¢Í§ÁÑ¹¨Ðà»“¹áºº¡íÒÅÑ§ 2 â´Â·Õè
ÁÒ¢Í§ÇÔ¸Õ¹Õéà¡Ô´¨Ò¡¡ÒÃ¡ÃÐ¨ÒÂÍ¹Ø¡ÃÁà·ÂŒàÅÍÃŒ

� � ����

� ���� ��

� ���� � �� ���� �
����

â´Â � � � � � ¶‰Ò � àÅç¡à¾ÕÂ§¾Í (¹Ñè¹¤×Í � ÍÂÙˆã¡Å‰¡Ñº �) ¨ÐÊÒÁÒÃ¶ÅÐàÅÂ¾¨¹Œ 
���� ä´‰ ¹Ñè¹¤×Í
� � ����� � ���� ¶‰Ò � à»“¹μÑÇ»ÃÐÁÒ³¢Í§ � ¨Ðä´‰ÇˆÒ �� ���� � ���� ¤ÇÃ¨Ðà»“¹μÑÇ»ÃÐÁÒ³¢Í§ � ·Õè´Õ
¡ÇˆÒ ÇÔ¸Õ¹ÔÇμÑ¹¨ÐàÃÔèÁ´‰ÇÂ¤ˆÒ»ÃÐÁÒ³¢Í§ � ¹Ñè¹¤×Í �� áÅÐμÑÇ¶Ñ´ÁÒ¨Ð¡íÒË¹´à»“¹áººÍØ»¹ÑÂ´Ñ§¹Õé

��
� � �� �
�����

� �����
�� � �� (3.3)

ÃÙ»·Õè 3.1: ÇÔ¸Õ¹ÔÇμÑ¹

ã¹ÃÐºº¢Í§àÃÒà»“¹ÊÁ¡ÒÃäÁ̂àªÔ§àÊ̂¹ 2 μÑÇá»Ã ÇÔ¸Õ¹ÔÇμÑ¹¡ç¨Ð»ÃÐÂØ¡μŒ¨Ò¡·Õèãª‰ÊíÒËÃÑºÊÁ¡ÒÃà´ÕèÂÇ
ä´‰´Ñ§¹Õé

������ ��� � �

������ ��� � �
(3.4)
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·íÒ¡ÒÃ¡ÃÐ¨ÒÂà·ÂŒàÅÍÃŒä´‰à»“¹

� � ����� � ��� �� � ��� � ������ ��� � ��
!��
!��

� ��
!��
!��

� � ����� � ��� �� � ��� � ������ ��� � ��
!��
!��

� ��
!��
!��

¡íÒË¹´ãË‰àÁμÃÔ¡«Œ¨Òâ¤àºÕÂ¹ (Jacobian matrix) à»“¹

" �

�
!�� !�� !�� !��

!�� !�� !�� !��



(3.5)

´Ñ§¹Ñé¹¨Ðä´‰ÇÔ¸Õ¹ÔÇμÑ¹ÊíÒËÃÑºÊÁ¡ÒÃäÁ̂àªÔ§àÊ‰¹ÊÍ§ÊÁ¡ÒÃÊÍ§μÑÇá»Ã¤×Í

�
����
��

�

�
��
��
�

�
� �

�
������

�
���
�

�
�� "��

�
��������� � �

���
� �

����
���
� � �

���
� �

�
� (3.6)

¢‰Í´Õ¢Í§ÇÔ¸Õ¹ÔÇμÑ¹¤×Í¡ÒÃÅÙˆà¢‰ÒËÒ¤íÒμÍº¨ÐàÃçÇÁÒ¡à¹×èÍ§¨Ò¡ÁÕ¤ÇÒÁàÃçÇã¹¡ÒÃÅÙˆà¢‰Òáºº¡íÒÅÑ§ 2 áμˆ¢‰Í
àÊÕÂ¤×ÍäÁˆÃÑº»ÃÐ¡Ñ¹ÇˆÒ¨ÐÅÙˆà¢‰Ò¤íÒμÍºËÃ×ÍäÁˆâ´Â¢Öé¹ÍÂÙˆ¡Ñº¤ˆÒàÃÔèÁμ‰¹ áμˆã¹¡ÒÃ·´ÅÍ§¡ÑºÃÐººàÎÅÔâÍÊáμ·
¹Õé¨ÐäÁˆÁÕ»’­ËÒà¹×èÍ§¨Ò¡ÀÒÂã¹¢Íºà¢μ·Õè¡íÒË¹´ ÃÐºº¨ÐÁÕ¤íÒμÍºà¾ÕÂ§¤íÒμÍºà´ÕÂÇáÅÐàÃÒÊÒÁÒÃ¶àÅ×Í¡
¤ˆÒàÃÔèÁμ‰¹ä´‰¤ÃˆÒÇæâ´Â¡ÒÃ»ÃÐÁÒ³·Ò§ÊÒÂμÒ ¶Ö§áÁ‰ÇˆÒ Ø̈´àÃÔèÁμ‰¹·ÕèàÅ×Í¡ÍÒ¨·íÒãË‰¤íÒμÍºÅÙˆà¢‰Ò¤íÒμÍºÍ×è¹
(«Öè§à»“¹ä»ä´‰¹‰ÍÂÁÒ¡) ¤íÒμÍº¹Ñé¹¡çÂÑ§à»“¹¤íÒμÍº·Õè¶Ù¡μ‰Í§ÍÂÙˆ´Õà¹×èÍ§¨Ò¡¤íÒμÍº·Õèä´‰à»“¹ÁØÁ¢Í§¤íÒμÍº
¨ÃÔ§·Õèà»ÅÕèÂ¹à¿Êä» 
���Æ

¾Ô¨ÒÃ³Ò (3.2) ¾ºÇˆÒà»“¹ÃÐººäÁˆàªÔ§àÊ‰¹ 3 ÊÁ¡ÒÃ 2 μÑÇá»Ã ·íÒ¡ÒÃÂ‰ÒÂ¢‰Ò§ÊÁ¡ÒÃãË‰à·̂Ò¡ÑºÈÙ¹ÂŒ
ä´‰à»“¹ �

���
�

�

�

�
��� �

�
���
������ ���

������ ���

������ ���

�
���

� 	

�



����� �������� �������� �


���� 

	� ������ ���� � �� (3.7)

àÃÒ¨Ð»ÃÐÂØ¡μŒÊÁ¡ÒÃãË‰¨íÒ¹Ç¹ÊÁ¡ÒÃàËÅ×Íà·̂Ò¡Ñº í̈Ò¹Ç¹μÑÇá»ÃáμˆÊÁ¡ÒÃãËÁ̂μ‰Í§ÊÍ´¤Å‰Í§¡Ñº (3.7)

¨Ðä´‰
������ ��� �

�
��� ���� ��� � ��� ���� ���

��� ���� ��� � ��� ���� ���



�

�
�

�



(3.8)
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áÅÐä´‰àÁμÃÔ¡«Œ¨Òâ¤àºÕÂ¹ãËÁ̂à»“¹

"� � �

�
���
��

!��
!��

� ��
!��
!��

��
!��
!��

� ��
!��
!��

��
!��
!��

� ��
!��
!��

��
!��
!��

� ��
!��
!��

�
��� (3.9)

ÃÒ¡¢Í§ÊÁ¡ÒÃ¨ÐÁÕ¤íÒμÍºà´ÕÂÇ¶‰Ò �� � �� � � áÅÐ � � �� �
�
�

ã¹¡ÒÃ»ÃÐÂØ¡μŒãª‰¡ÑºàÎÅÔâÊáμ·¨ÃÔ§¨Ð¾ºÇˆÒàÃÒÊÒÁÒÃ¶¡íÒË¹´¤ˆÒàÃÔèÁμ‰¹ �
���
� áÅÐ ����� ä´‰â´Â¤Ò´

¤Ðà¹¤ÃˆÒÇæ¨Ò¡ÊÒÂμÒÇˆÒ ��� ¨ÐÍÂÙˆã¹ÅÑ¡É³Ðã´

3.1.1 ¼Å¡ÒÃ·´ÅÍ§ÇÔ¸Õ¹ÔÇμÑ¹

ã¹¡ÒÃ·´ÅÍ§ ¨Ð¡íÒË¹´¡ÃÍº¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ· 2 ¡ÃÍº ¤×Í ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹
��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ «Öè§¨Ðä´‰¼ÅμÒÁμÒÃÒ§·Õè 3.1 Ê̂Ç¹
���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ «Öè§¨Ðä´‰¼Å
μÒÁμÒÃÒ§·Õè 3.2 â´Â¡íÒË¹´à¡³±Œ¡ÒÃËÂØ´äÇ‰·Õè ���� � �����

μÒÃÒ§·Õè 3.1: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´ÂÇÔ¸Õ¹ÔÇμÑ¹

ÃÍº¡ÒÃÇ¹«íéÒ �� �� ����

0 0 15 0.000434

1 �16.575043 16.805035 0.000182

2 �11.810686 22.174054 0.000057

3 �10.835838 25.586429 0.000016

4 �10.414612 27.613700 0.000004

5 �10.208346 28.750066 0.000001

6 �10.104715 29.358701 0.000000

7 �10.052534 29.674937 0.000000

8 �10.026317 29.836319 0.000000

9 �10.013171 29.917866 0.000000

10 �10.006589 29.958859 0.000000

11 �10.003295 29.979411 0.000000

12 �10.0016 29.9897 0.000000

3.2 ÇÔ¸Õ Steepest Descent

·Õè¼ˆÒ¹ÁÒàÃÒ¶×ÍÇˆÒÃÐººäÁˆÁÕÊÑ­­Ò³Ãº¡Ç¹¹Ñè¹ áμˆ¶‰ÒÃÐººÁÕÊÑ­­Ò³Ãº¡Ç¹ àª̂¹ ÊÑ­­Ò³Ãº
¡Ç¹¡ÒÃÇÑ´ (measurement noise) «Öè§¨Ð·íÒãË‰¤ˆÒ¾Ô¡Ñ´àÇ¤àμÍÃŒμÑé§©Ò¡ËÅÑ§¨Ò¡¡ÒÃËÁØ¹àÎÅÔâÍÊáμ·¢Ñ´¡Ñº
(3.7) ¹Ñè¹¤×Í

	

�



����� �������� �������� �


���� 

	� ������ ���� � �� � #
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μÒÃÒ§·Õè 3.2: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´ÂÇÔ¸Õ¹ÔÇμÑ¹

ÃÍº¡ÒÃÇ¹«íéÒ �� �� ����

0 180 30 0.0018

1 169.020375 19.485346 0.000313

2 152.635075 14.322786 0.000060

3 136.683150 13.243543 0.000019

4 127.609293 13.799566 0.000006

5 123.552879 14.325722 0.000002

6 121.711423 14.645754 0.000000

7 120.839555 14.818777 0.000000

8 120.415768 14.908384 0.000000

9 120.206886 14.953944 0.000000

10 120.103194 14.976910 0.000000

11 120.051535 14.988440 0.000000

12 120.025752 14.994216 0.000000

13 120.0129 14.9971 0.000000

â´Â �� ¤×ÍàÇ¤àμÍÃŒ·Õèà¡Ô´¨Ò¡¡ÒÃ¹íÒ¤ˆÒμíÒáË¹ˆ§º¹μÑÇÃÑº¡ÅÒ§·ÕèÁÕ¤ˆÒÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ÃÇÁÍÂÙˆ´‰ÇÂÁÒ
á·¹Å§ã¹ (2.1) áÅÐ # à»“¹¤ÇÒÁ¤ÅÒ´à¤Å×èÍ¹ÃÐËÇˆÒ§ �� ¡Ñº �� ¨Ò¡¡Ã³Õ¹ÕéàÃÒäÁˆÊÒÁÒÃ¶¤íÒ¹Ç³ �� áÅÐ
�� â´ÂÇÔ¸Õ¹ÔÇμÑ¹μÒÁ (3.8) ä´‰ ¶‰ÒàÃÒ»ÃÐÂØ¡μŒ (3.7) ãË‰àËÅ×Íà¾ÕÂ§ÊÁ¡ÒÃà´ÕÂÇ â´ÂÊÁ¡ÒÃ¹Ñé¹ÁÕ¤ˆÒμíèÒÊØ´
ÊÑÁ¾Ñ·¸Œ àÃÒ¨Ðãª‰¡ÒÃËÒ¤ˆÒ·Õè·íÒãË‰¿’§¡ŒªÑ¹ÁÕ¤ˆÒμíèÒÊØ´à¾×èÍãË‰ä´‰¤íÒμÍº¢Í§ �� áÅÐ �� â´Â¨Ðãª‰ÇÔ¸Õ steepest

descent [9] «Öè§ÁÕËÅÑ¡¡ÒÃ´Ñ§¹Õé
¡íÒË¹´ãË‰ �� � �� à»“¹·ÔÈ·Ò§Å´Å§ÊíÒËÃÑº � ·Õè �� ¶‰Ò

��$ � �

 â´Â·Õè �� � $ � �$�� ������ $��� � ������

â´Â·Õè �� à»“¹·ÔÈ·Ò§·ÕèÅ´Å§¶Ö§áÁ‰ÇˆÒ ���� � ��� % ����� ¹Ñè¹¤×ÍÁÕ¢‰Í¡íÒË¹´ÇˆÒ ���� � ��� � �����

ÊíÒËÃÑº·Ø¡¤ˆÒ $ ·ÕèàÅç¡à¾ÕÂ§¾Í áÅÐ·ÔÈ·Ò§ �� � ������ ¨Ðà»“¹·ÔÈ·Ò§·ÕèÅ´Å§ÁÒ¡ÊØ´ (steepest descent

direction) à¾ÃÒÐÇˆÒ¡ÒÃà¤Å×èÍ¹·Õèã¹·ÔÈ·Ò§¹Õé¨Ð·íÒãË‰ � Å´Å§´‰ÇÂÍÑμÃÒÁÒ¡ÊØ´ÃÍºæ �

ã¹¡ÒÃãª‰ÇÔ¸Õ steepest descent àÃÒ¨Ð»ÃÑº¤ˆÒ � ã¹áμˆÅÐÃÍºÊÑÁ¾Ñ¹¸Œ¡Ñº

���
�� � ���� � $����������� (3.10)

â´ÂàÃÒμ‰Í§¡íÒË¹´¤ˆÒ step-size $ ·Õè·íÒãË‰ � Å´Å§

¢‰Í´Õ¢Í§ÇÔ¸Õ¹Õé¤×Í ¶‰Ò �������� �� � àÃÒ¨ÐÊÒÁÒÃ¶ËÒ¢¹Ò´ $��� ·Õè·íÒãË‰ ������� Å´Å§ä´‰àÊÁÍ
â´Â·ÕèμíÒáË¹ˆ§ �������� � � ¶‰Ò � à»“¹¿’§¡ŒªÑ¹¤Í¹àÇ¡«Œ ���� ¨Ðà»“¹ Ø̈´μíèÒÊØ´¢Í§ � Ê̂Ç¹¢‰ÍàÊÕÂ¢Í§
ÇÔ¸Õ¹Õé¤×Í¹Í¡àË¹×Í¨Ò¡¤ÇÒÁÂÒ¡ã¹¡ÒÃËÒ step-size áÅ‰Ç ÇÔ¸Õ¹ÕéÍÒ¨ÅÙˆà¢‰Ò¤íÒμÍºª‰ÒÁÒ¡¶‰ÒÃÙ»ÃˆÒ§¤Í¹·ÑÇÃŒ
(contour) ¢Í§¿’§¡ŒªÑ¹à¾ÕéÂ¹ÁÒ¡æ
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ÃÙ»·Õè 3.2: ÇÔ¸Õ steepest descent

ã¹¡ÒÃãª‰¡Ñº¡ÒÃ·´ÅÍ§ àÃÒ¨Ð»ÃÐÂØ¡μŒ (3.7) ãËÁˆãË‰ÍÂÙˆã¹ÃÙ»

������ ��� � ��� ���� ��� � ��� ���� ��� � ��� ���� ��� (3.11)

������� ��� � �

�
���
��

!��
!��

� ��
!��
!��

� ��
!��
!��

��
!��
!��

� ��
!��
!��

� ��
!��
!��

�
��� (3.12)

ã¹Ê̂Ç¹¡ÒÃËÒ¤ˆÒ step-size àÃÒ¨Ðãª‰ÇÔ¸Õ inexact line search à¹×èÍ§¨Ò¡ÇÔ¸Õ exact line search ¨Ð«Ñº«‰Í¹
ÂØˆ§ÂÒ¡áÅÐàÊÕÂàÇÅÒã¹¡ÒÃ¤íÒ¤Ç³¤ˆÒ step-size ã¹áμˆÅÐÃÍº¤ˆÍ¹¢‰Ò§ÁÒ¡ â´ÂÇÔ¸Õ inexact line search ·Õè¨Ð
¹íÒàÊ¹Í¹Õéà»“¹ÇÔ¸Õ·Õè§̂ÒÂÁÒ¡áÅÐ¤ˆÍ¹¢‰Ò§ÁÕ»ÃÐÊÔ·¸ÔÀÒ¾«Öè§ÁÕª×èÍÇˆÒ backtracking line search[11] ÇÔ¸Õ¹Õé¨Ð¢Öé¹
¡Ñº¤ˆÒ¤§·ÕèÊÍ§¤ˆÒ¹Ñè¹¤×Í & áÅÐ � â´Â·Õè � � & � ���, � � � � � ÇÔ¸Õ backtracking line serach ¨ÐÁÕÅíÒ´Ñº
¢Ñé¹μÍ¹´Ñ§¹Õé

¡íÒË¹´ ¤ˆÒàÃÔèÁμ‰¹ ����

·íÒ«íéÒμÒÁ¢Ñé¹μÍ¹
1. ¤íÒ¹Ç³·ÔÈ·Ò§¢Í§ �� â´Â·Õè �� � ����

2. ¡íÒË¹´¤ˆÒ $ � �, & � ��� �����, � � ��� �� â´ÂÁÕà§×èÍ¹ä¢ÇˆÒ$ ¨ÐÁÕ¤ˆÒÅ´Å§àÃ×èÍÂæ
â´Â $ �� �$ ¶‰Ò ����� $��� % ����� � &$������

���

3. »ÃÑº»ÃØ§¤ˆÒ � �� �� $��

¨¹¡ÃÐ·Ñè§ ¶Ö§à¡³±Œ¡ÒÃËÂØ´·Õè¾Íã¨

â´Âà§×èÍ¹ä¢·Õèãª‰à»“¹μÑÇ¡íÒË¹´¤ˆÒ $ ¹Ñè¹¤×Í ���� � $��� � ����� � &$�������� ¹Ñé¹ÁÕª×èÍÇˆÒà§×èÍ¹ä¢
Armijo (Aemijo condition)[10] «Öè§¨Ð·íÒãË‰¤ˆÒ $ ·Õè¤íÒ¹Ç³ä´‰·íÒãË‰ � ��
��

� ÁÕ¤ˆÒ¹‰ÍÂ¡ÇˆÒ � ���� à¾ÕÂ§¾Í (¤ˆÒ
¢Í§¿’§¡ŒªÑ¹ÁÕ¡ÒÃÅ´Å§·ÕèäÁˆ¹‰ÍÂà¡Ô¹ä»)
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ÃÙ»·Õè 3.3: Armijo condition

ã¹àÃ×èÍ§¢Í§àÇÅÒ à¹×èÍ§¨Ò¡ã¹¡ÒÃËÒ¤ˆÒ¡ÃÍº¾×é¹äÁˆ¨íÒà»“¹μ‰Í§á¢ˆ§¡ÑºàÇÅÒ à¹×èÍ§¨Ò¡äÁ̂ÁÕμíÒáË¹ˆ§
¢Í§´Ç§ÍÒ·ÔμÂŒÁÒà¡ÕèÂÇ¢‰Í§·íÒãË‰μÑ´»’­ËÒàÃ×èÍ§·Õèμ‰Í§ãª‰àÇÅÒÁÒ¡ã¹¡ÒÃ·íÒÇÔ¸Õ steepest descent áμˆàÃÒ¡ç¨Ð
¾ÂÒÂÒÁãª‰¤ˆÒàÃÔèÁμ‰¹·Õèã¡Å‰à¤ÕÂ§¤íÒμÍºãË‰ÁÒ¡·ÕèÊØ´ (àËÁ×Í¹¡ÑºμÍ¹àÅ×Í¡¤ˆÒàÃÔèÁμ‰¹ã¹ÇÔ¸Õ¹ÔÇμÑ¹)

3.2.1 ¼Å¡ÒÃ·´ÅÍ§ÇÔ¸Õ backtracking line search áººäÁ̂¾Ô¨ÒÃ³ÒÊÑ­­Ò³Ãº¡Ç¹

ã¹¡ÒÃ·´ÅÍ§ ¨Ð¡íÒË¹´¡ÃÍº¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ· 3 ¡ÃÍº ¹Ñè¹¤×Í ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹
��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ Ê̂Ç¹ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ���

ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍº
á¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ «Öè§¨ÐáÊ´§à»“¹¡ÃÒ¿¢Í§¤ˆÒ¿’§¡ŒªÑ¹ �� ã¹ÃÙ»·Õè
3.4, 3.5 áÅÐ 3.6 μÒÁÅíÒ´Ñº

ã¹Ê̂Ç¹¡ÒÃËÒ¤ˆÒ¡ÃÍº¾×é¹¨Ð¡íÒË¹´¤ˆÒàÃÔèÁμ‰¹¢Í§ ���� à»“¹ �
���
� � ���Æ, ����� � ��Æ ���� à»“¹

�
���
� � �
�Æ, ����� � ��Æ áÅÐ ���� à»“¹ �

���
� � 
�Æ, ����� � ��Æ «Öè§¨Ðä´‰¼Å¡ÒÃ·´ÅÍ§μÒÁμÒÃÒ§·Õè 3.3,

3.4 áÅÐ 3.5 μÒÁÅíÒ´Ñº â´Â¡íÒË¹´à¡³±Œ¡ÒÃËÂØ´äÇ‰·Õè ����� � ���


3.2.2 ÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´

ËÅÑ§¨Ò¡¤íÒ¹Ç³¤ˆÒ �� áÅÐ �� ä´‰áÅ‰Ç ¤ˆÒ·Õèä´‰ÍÒ¨äÁ̂μÃ§μÒÁ¤íÒμÍº·Õè¶Ù¡μ‰Í§à¹×èÍ§¨Ò¡¢‰ÍÁÙÅ·ÕèàÃÒ
¹íÒÁÒ·íÒ¡Ò̂Ã¤íÒ¹Ç³¹Ñé¹ÁÕ¼Å¢Í§ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ ´Ñ§¹Ñé¹àÃÒ¨Ö§¤ÇÃ¤íÒ¹Ç³¡Ñº¢‰ÍÁÙÅËÅÒÂæªØ´áÅ‰Ç
¹íÒ¤ˆÒ·Õèä´‰ÁÒ·íÒ¡ÒÃËÒ¤ˆÒ»ÃÐÁÒ³¢Í§¤íÒμÍºàËÅ̂Ò¹Ñé¹â´Âãª‰ÇÔ¸Õ¡íÒÅÑ§ÊÍ§¹‰ÍÂÊØ´ (least-square method)[12]

¹Ñè¹¤×Íã¹¡ÒÃ¤íÒ¹Ç³ËÒ¤ˆÒ �� áÅÐ �� áμˆÅÐ¤ÃÑé§¨ÐÊÒÁÒÃ¶à¢ÕÂ¹ÍÂÙˆã¹ÃÙ»

���� � ��'��� � (��� (3.13)
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ÃÙ»·Õè 3.4: ÃÙ»ÊÒÁÁÔμÔ¢Í§ÊÁ¡ÒÃ �� ·Õè¡ÃÍº ����

μÒÃÒ§·Õè 3.3: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´ÂÇÔ¸Õ steepest descent áºº backtracking line search

ÃÍº¡ÒÃÇ¹«íéÒ �� �� ����

1 135.993794 27.645290 0.000223

2 137.417857 31.167548 0.000075

3 138.389649 32.220139 0.000052

4 139.110686 32.493942 0.000044

5 139.706438 32.491592 0.000039

6 140.233377 32.394257 0.000035

7 140.715761 32.269663 0.000031
...

...
...

...

211 149.996384 30.000669 0.000000

212 149.996516 30.000644 0.000000

213 149.996644 30.000621 0.000000

214 149.996766 30.000598 0.000000

215 149.996884 30.000576 0.000000

216 149.996998 30.000555 0.000000
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ÃÙ»·Õè 3.5: ÃÙ»ÊÒÁÁÔμÔ¢Í§ÊÁ¡ÒÃ �� ·Õè¡ÃÍº ����

μÒÃÒ§·Õè 3.4: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´ÂÇÔ¸Õ steepest descent áºº backtracking line search

ÃÍº¡ÒÃÇ¹«íéÒ �� �� ����

1 �44.622895 12.879954 0.000034

2 �44.400909 11.702479 0.000017

3 �44.250145 11.083188 0.000012

4 �44.132817 10.769027 0.000011

5 �44.031656 10.614088 0.000010

6 �43.938550 10.540214 0.000010

7 �43.849594 10.507119 0.000010
...

...
...

...

856 �30.013720 11.998194 0.000000

857 �30.013602 11.998209 0.000000

858 �30.013485 11.998224 0.000000

859 �30.013370 11.998240 0.000000

860 �30.013255 11.998255 0.000000

861 �30.013142 11.998270 0.000000
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ÃÙ»·Õè 3.6: ÃÙ»ÊÒÁÁÔμÔ¢Í§ÊÁ¡ÒÃ �� ·Õè¡ÃÍº ����

μÒÃÒ§·Õè 3.5: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´ÂÇÔ¸Õ steepest descent áºº backtracking line search

ÃÍº¡ÒÃÇ¹«íéÒ �� �� ����

1 44.451368 15.068067 0.000074

2 43.919677 15.157670 0.000070

3 43.403403 15.263727 0.000065

4 42.901441 15.382193 0.000061

5 42.412997 15.509840 0.000057

6 41.937510 15.644078 0.000054

7 41.474588 15.782825 0.000050
...

...
...

...

161 30.002510 19.999149 0.000000

162 30.002370 19.999197 0.000000

163 30.002238 19.999241 0.000000

164 30.002113 19.999284 0.000000

165 30.001995 19.999324 0.000000

166 30.001884 19.999361 0.000000
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¡íÒË¹´ãË‰àÁμÃÔ¡«Œ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁà¡ÕèÂÇμÑÇÍÂˆÒ§ (Sample covariance matrix) ¢Í§μÑÇμ¡¤‰Ò§
(Residual) à»“¹

) �
��

���

(���(� ��� (3.14)

áÅÐ¡íÒË¹´

� �

��
���

'���'� ���

� �

��
���

'����� ���

¨Ðä´‰ÇˆÒ

) �

��
���

�
�������'���

� �
�������'���

��

�
��

���

������ �������� ������� � (3.15)

�
�
������

��
�
�
������

�
�

��
���

������ ���� ������

à¹×èÍ§¨Ò¡àÁμÔ¡«Œ � à»“¹ºÇ¡á¹ˆ¹Í¹ (Positive definite) áÅÐ¾¨¹Œ·ÕèÊÍ§áÅÐ·ÕèÊÒÁã¹ (3.15) äÁˆ¢Öé¹¡Ñº � ¨Ð
ä´‰ÇˆÒ

) � )�����

â´Â·Õè

�� � ���� (3.16)

ã¹ÃÐºº¢Í§àÃÒ ���� �
�
����� �����

�� áÅÐ '��� � � à¾ÃÒÐ©Ð¹Ñé¹¨Ðä´‰ÇˆÒ

�� �
�

*

�
��

���

�� ���



(3.17)

¹Ñè¹¤×Í

��� �
�

*

��
���

����� (3.18)

��� �
�

*

��
���

����� (3.19)
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3.2.3 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃËÒ¤ˆÒ¡ÃÍº¾×é¹áººÁÕÊÑ­­Ò³Ãº¡Ç¹

ã¹¡ÒÃ·´ÅÍ§ ¨Ð¡íÒË¹´¡ÃÍº¢Í§¾×é¹·ÕèμÔ´μÑé§àÎÅÔâÍÊáμ· 3 ¡ÃÍºàËÁ×Í¹·Õè·´ÅÍ§μÍ¹äÁˆ
¾Ô¨ÒÃ³ÒÊÑ­­Ò³Ãº¡Ç¹ ¹Ñè¹¤×Í ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹
ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ Ê̂Ç¹ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍº
á¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐËÁØ¹ÃÍºá¡¹
��	 à»“¹ÁØÁ ��Æ ¼Å¡ÒÃ¤íÒ¹Ç³â´Âãª‰ÇÔ¸Õ·Õè¡Å̂ÒÇÁÒ¢‰Ò§μ‰¹¨ÐáÊ´§ã¹ÃÙ»·Õè 3.7, 3.8 áÅÐ 3.9 â´Â¨Ò¡¡ÒÃ
¤íÒ¹Ç³¨Ðä´‰¤ˆÒ ��� � �
����Æ, ��� � ����
Æ ¢Í§¡ÃÍº ����, ��� � ������Æ, ��� � �����Æ ¢Í§¡ÃÍº
���� áÅÐ ��� � �����Æ, ��� � ���
�Æ ¢Í§¡ÃÍº ����
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ÃÙ»·Õè 3.8: ¼Å¡ÒÃ¤íÒ¹Ç³¢Í§¡ÃÍº ����
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ÃÙ»·Õè 3.9: ¼Å¡ÒÃ¤íÒ¹Ç³¢Í§¡ÃÍº ����
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3.3 ¡ÒÃËÒ¤ÇÒÁªÑ¹¾×é¹àÍÕÂ§â´Â¡ÒÃÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμ

ã¹ËÑÇ¢‰Í·Õè¼ˆÒ¹ÁÒ àÃÒ·íÒ¡ÒÃËÒ¤ÇÒÁªÑ¹¢Í§¾×é¹àÍÕÂ§â´Â¡ÒÃá¡‰ÊÁ¡ÒÃäÁ̂àªÔ§àÊ‰¹«Öè§¨Ð¾ºÇˆÒ¡ÒÃ
á¡‰»’­ËÒÁÕ¤ÇÒÁÂØˆ§ÂÒ¡«Ñº«‰Í¹¾Í¤ÇÃ ã¹ËÑÇ¢‰Í¹Õé¨ÐÁÍ§»’­ËÒáººàÃ¢Ò¤³Ôμ ¾Ô¨ÒÃ³Ò¡ÒÃËÁØ¹àÎÅÔ
âÍÊáμ·ÃÍºá¡¹ �� ¢Í§¡ÃÍº¾×é¹ ��� àÇ¡àμÍÃŒμÑé§©Ò¡¢Í§àÎÅÔâÍÊáμ·¨Ðà»“¹ä»μÒÁÃÙ»·Õè 3.10(a)

¡íÒË¹´ãË‰ ��� áÅÐ ��� ¤×ÍàÇ¡àμÍÃŒμÑé§©Ò¡ ��� ·Õè·íÒ¡ÒÃËÁØ¹ÃÍºá¡¹ ��
 à»“¹ÁØÁ 
� áÅÐ 
� μÒÁÅíÒ´Ñº
áÅÐ¡íÒË¹´ãË‰

+� � ��� � ��� (3.20)

+� � ��� � ��� (3.21)

¨Ð¾ºÇˆÒ¶‰Ò 
� �� 
� àÇ¡àμÍÃŒ +� áÅÐ +� ¨Ðà»“¹°Ò¹ËÅÑ¡ (Basis)[13] ¢Í§ÃÐ¹Òº¾×é¹àÍÕÂ§ à¾ÃÒÐ©Ð¹Ñé¹
á¡¹ ��
 ¨ÐËÒä´‰¨Ò¡¡ÒÃËÒ ,� â´Â·Õè ,� à»“¹àÇ¡àμÍÃŒμÑé§©Ò¡[14]¡ÑºÃÐ¹Òº¾×é¹àÍÕÂ§ ¹Ñè¹¤×Í

�+�� ,
�� � +�

� ,
� � � (3.22)

�+�� ,
�� � +�

� ,
� � � (3.23)

áÅÐ¡íÒË¹´ÍÕ¡ÊÍ§à§×èÍ¹ä¢·Õè¨Ð·íÒãË‰ ,� � ��
 ¹Ñè¹¤×Í

�,�� � � (3.24)

áÅÐà¹×èÍ§¨Ò¡ ��
 μ‰Í§¾Øˆ§¢Öé¹¨Ò¡¾×é¹´Ô¹à·̂Ò¹Ñé¹ à¾ÃÒÐ©Ð¹Ñé¹¶‰Ò ,� �
�
,� ,� ,�

�� ¨Ðä´‰ÇˆÒ
,� � � (3.25)

(a) àÇ¡àμÍÃŒμÑé§©Ò¡¢Í§àÎÅÔâÍÊáμ··Õè·íÒ¡ÒÃËÁØ¹ (b) á¹Ç¡ÒÃËÁØ¹àÁ×èÍÁÍ§¨Ò¡ÁØÁº¹

ÃÙ»·Õè 3.10: ÅÑ¡É³Ð¡ÒÃËÁØ¹àÎÅÔâÍÊáμ·ÃÍºá¡¹ �� ·Õè¡ÃÍº¾×é¹



28

¡íÒË¹´ãË‰ +� �
�
+�� +�� +��

�� áÅÐ +� �
�
+�� +�� +��

�� ¨Ò¡ (3.22) áÅÐ (3.23) àÃÒ¨Ð
ÊÒÁÒÃ¶Å´μÑÇá»ÃãË‰àËÅ×Íà¾ÕÂ§ ,� ä´‰´Ñ§¹Õé

,� �

����� �+�� +��

�+�� +��

���������� +�� +��

+�� +��

�����
,� �

	
+��+�� �+��+��

+��+�� �+��+��



,� (3.26)

,� �

����� +�� �+��

+�� �+��

���������� +�� +��

+�� +��

�����
,� �

	
+��+�� �+��+��

+��+�� �+��+��



,� (3.27)

¹íÒ (3.26) áÅÐ (3.27) ä»á·¹Å§ã¹ (3.24) áÅÐà§×èÍ¹ä¢ (3.25) ¨Ðä´‰ÇˆÒ

,� �
��	

+��+�� �+��+��

+��+�� �+��+��


�

�

	
+��+�� �+��+��

+��+�� �+��+��


�

� �

(3.28)

ËÅÑ§¨Ò¡ä´‰ ,� áÅ‰Ç àÃÒ¨ÐÊÒÁÒÃ¶¤íÒ¹Ç³ �� áÅÐ �� ä´‰´Ñ§¹Õé

�� �

���
��


 �
�

�
àÁ×èÍ � � � 
 �

�

�


 �
��

�
àÁ×èÍ �

�
� 
 � �

(3.29)

�� � �	
���,�� (3.30)

â´Â 
 � �����

	
,�
,�



áÅÐ �� � 
 � � Â¡àÇ‰¹¡Ã³Õ ,� �

�
� � �

�� ¨Ðä´‰ÇˆÒ �� � � ËÃ×Í¡ç¤×Í¾×é¹·Õè·íÒ
¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·à»“¹¾×é¹ÃÒº¹Ñè¹àÍ§

3.3.1 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃËÒ¤ÇÒÁªÑ¹¾×é¹àÍÕÂ§â´ÂÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμ

ã¹¡ÒÃ·´ÅÍ§à¹×èÍ§μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·ÕèÍˆÒ¹ä´‰¨Ò¡¡Å‰Í§ CCD ÁÕ¼Å¢Í§ÊÑ­­Ò³Ãº¡Ç¹
¡ÒÃÇÑ´ ·íÒãË‰¤ˆÒ ��, �� áÅÐ �� à¡Ô´¡ÒÃàºÕèÂ§àº¹¨Ò¡¤ˆÒ¨ÃÔ§ áμˆà¹×èÍ§¨Ò¡ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ÁÕ¤ˆÒ
à©ÅÕèÂà»“¹ÈÙ¹ÂŒàÃÒ Ö̈§·íÒ¡ÒÃà¡çº¤ˆÒ·ÕèμíÒáË¹ˆ§·Ñé§ÊÒÁËÅÒÂæ¤ÃÑé§áÅ‰Ç¹íÒ¤ˆÒ·Ñé§ËÅÒÂ·ÕèÍÂÙˆã¹μíÒáË¹ˆ§à´ÕÂÇ¡Ñ¹ÁÒ
·íÒ¡ÒÃà©ÅÕèÂ ¨Ò¡¹Ñé¹ Ö̈§¹íÒ¤ˆÒà©ÅÕèÂÁÒãª‰ã¹¡ÒÃ¤íÒ¹Ç³ËÒ¤ÇÒÁªÑ¹¢Í§¾×é¹á·Ñé§ÊÒÁàª̂¹à´ÕÂÇ¡Ñºã¹¡ÒÃ·´
ÅÍ§·Õè¼ˆÒ¹ÁÒ¹Ñè¹¤×Í ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹
��	 à»“¹ÁØÁ ��Æ Ê̂Ç¹ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	

à»“¹ÁØÁ ��Æ áÅÐ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ
��Æ «Öè§¨Ðä´‰¼ÅμÒÁμÒÃÒ§·Õè 3.6, 3.7 áÅÐ 3.8 μÒÁÅíÒ´Ñº ¨Ò¡¡ÒÃ·´ÅÍ§¾ºÇˆÒ ¶‰Ò ��� áÅÐ ��� ÍÂÙˆã¡Å‰¡Ñº
��� ÁÒ¡ä» (
� áÅÐ 
� ÁÕ¤ˆÒ¹‰ÍÂæ) ¨Ð·íÒãË‰¼Å¡ÒÃ¤íÒ¹Ç³ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´ÁÒ¡¡ÇˆÒ ��� áÅÐ ��� ·ÕèÍÂÙˆËˆÒ§
¨Ò¡ ��� ÁÒ¡¡ÇˆÒ
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μÒÃÒ§·Õè 3.6: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´Â¡ÒÃÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμ

� 
� �� ��

�5 5 152.54 29.65

�15 15 149.92 30.15

�30 30 151.24 30.04

�45 45 149.80 30.00

μÒÃÒ§·Õè 3.7: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´Â¡ÒÃÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμ

� 
� �� ��

�5 5 �29.25 12.24

�15 15 �30.82 11.78

�30 30 �30.48 11.89

�45 45 �30.00 11.98

μÒÃÒ§·Õè 3.8: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº ���� â´Â¡ÒÃÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμ

� 
� �� ��

�5 5 29.69 21.47

�15 15 30.22 19.52

�30 30 29.94 20.01

�45 45 29.97 19.96

3.3.2 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃËÒ¤ÇÒÁªÑ¹¾×é¹àÍÕÂ§â´ÂÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμâ´Â¡ÒÃÊØÁ¤ˆÒ¾×é¹àÍÕÂ§ 100 Ø̈´

ã¹·Õè¹ÕéàÃÒ¨Ð·íÒ¡ÒÃÊØˆÁ¤ˆÒ¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍáÊμ·¤ˆÒμˆÒ§æ 100 ¨Ø´ â´Â¨ÐÊØˆÁáºº¡ÒÃá¨¡á¨§
àÍ¡ÃÙ» (uniform distribution) â´Â¤ˆÒ¤ÇÒÁªÑ¹ã¹á¹ÇÍ«ÔÁØ¸ (¤ˆÒ ��) ÁÕ¤ˆÒÍÂÙˆã¹ªˆÇ§ ����Æ ¶Ö§ ���Æ áÅÐ
ã¹á¹ÇÍÔÅÔàÇªÑè¹ (¤ˆÒ ��) ÍÂÙˆã¹ªˆÇ§ �Æ ¶Ö§ 
�Æ â´Â¡íÒË¹´ÁØÁ 
� áÅÐ 
� à»“¹ÁØÁ ��Æ áÅÐ ���Æ μÒÁ
ÅíÒ´Ñº «Öè§¨Ðä´‰¼Å¡ÒÃ·´ÅÍ§μÒÁμÒÃÒ§·Õè 3.9 ¼Å¨Ò¡μÒÃÒ§¾ºÇˆÒÇÔ¸Õ¹Õéãª‰ä´‰´Õ Ê̂Ç¹ÁÒ¡¤ˆÒ error ¢Í§áμˆÅÐ
á¹Ç¨ÐäÁˆà¡Ô¹ �Æ Â¡àÇ‰¹¤ˆÒ¾×é¹·Õèà¹‰¹à»“¹ÊÕá´§¾ºÇˆÒÁÕ error ã¹á¹ÇÍ«ÔÁØ¸ÁÒ¡ à¹×èÍ§¨Ò¡¤ˆÒ �� ¹Ñé¹à¡×Íº
�Æ ¹Ñè¹¤×Í¾×é¹á·º¨ÐÃÒºÊ¹Ô· ´Ñ§¹Ñé¹ã¹¡ÒÃ·´ÅÍ§¡ÒÃá¡‰ä¢μíÒáË¹ˆ§áÊ§ àÃÒ¨Ð·´ÅÍ§¤ˆÒ¾×é¹·ÕèÁÕÁØÁ ��

¹‰ÍÂ¡ÇˆÒ �Æ â´Â¨Ðãª‰¤ˆÒ·Õèä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³â´ÂÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμà»ÃÕÂºà·ÕÂº¡Ñº¤ˆÒ¾×é¹·Õè»ÃÐÁÒ³
ÇˆÒà»“¹¾×é¹ÃÒº (�� � �� � �Æ) ÇˆÒãË‰¼ÅμˆÒ§¡Ñ¹à¾ÕÂ§ã´à¾×èÍ·Õè¨Ðãª‰à»“¹¢‰ÍÁÙÅã¹¡ÒÃ»ÃÐÂØ¡μŒãª‰¡Ñº¡ÒÃ·´
ÅÍ§¨ÃÔ§



30

μÒÃÒ§·Õè 3.9: ¼Å¡ÒÃ·´ÅÍ§ËÒ¤ˆÒ¡ÃÍº¡ÃÍº¾×é¹ 100 ¤ˆÒ·ÕèμˆÒ§¡Ñ¹â´Â¡ÒÃÇÔà¤ÃÒÐËŒáººàÃ¢Ò¤³Ôμ
No. ��� ��� �� �� �� ��

1 �12.289826 1.223568 �12.528159 1.356860 0.238334 0.133292

2 �22.540908 35.715016 �22.591292 35.547136 0.050383 0.167880

3 �29.907615 44.965384 �29.858035 45.058047 0.049580 0.092663

4 �164.055144 4.960734 �162.992540 4.919450 1.062603 0.041283

5 �24.526848 28.017052 �24.445589 28.157445 0.081259 0.140392

6 �111.059176 5.965733 �111.554026 5.966648 0.494850 0.000915

7 �48.416696 13.951341 �48.403688 13.955205 0.013008 0.003864

8 �39.719526 6.065446 �39.744131 6.104003 0.024605 0.038557

9 �128.322184 10.049684 �128.080421 10.047050 0.241763 0.002634

10 �98.819360 17.844605 �97.461329 17.977499 1.358030 0.132894

11 �169.442716 6.081457 �168.621431 5.886113 0.821285 0.195344

12 �59.375660 10.847641 �58.517026 11.002801 0.858634 0.155160

13 �126.807534 41.738227 �126.887548 41.741950 0.080013 0.003723

14 �169.816583 17.599539 �169.495834 17.432093 0.320749 0.167446

15 �104.686981 23.006825 �104.844211 22.983462 0.157230 0.023363

16 �158.427753 4.180325 �159.248110 4.257581 0.820357 0.077256

17 �134.930096 0.976451 �100.530726 0.665256 34.399370 0.311195

18 �68.331122 7.179067 �65.576652 7.395459 2.754469 0.216392

19 �130.601030 38.003217 �129.394912 38.267293 1.206118 0.264075

20 �29.303677 39.561907 �29.377228 39.578774 0.073551 0.016867

21 �172.116830 8.414529 �171.838871 8.278294 0.277959 0.136235

22 �35.321189 44.608721 �35.437239 44.355134 0.116049 0.253588

23 �139.714651 32.041343 �140.212256 32.022542 0.497605 0.018801

24 �110.393229 39.211408 �110.206584 39.278142 0.186645 0.066735

25 �29.210442 21.583403 �29.144821 21.574868 0.065621 0.008535

26 �5.589730 22.320222 �5.628705 21.964404 0.038975 0.355818

27 �51.953187 12.938934 �52.544184 12.760441 0.590997 0.178492

28 �174.791570 2.742365 �176.452742 2.684748 1.661171 0.057618

29 �171.089882 11.811047 �171.100960 11.773919 0.011078 0.037128

30 �41.048605 8.381746 �40.207355 8.527987 0.841250 0.146241

31 �172.534695 41.269040 �173.048669 41.131518 0.513973 0.137522

32 �122.374487 5.547541 �121.768385 5.494859 0.606102 0.052682

33 �9.894458 0.605042 �7.871287 0.650378 2.023171 0.045336

34 �107.971437 16.636082 �108.281809 16.655988 0.310372 0.019906

35 �70.766279 31.438850 �70.214273 31.735495 0.552006 0.296645

36 �38.765913 40.020625 �38.785861 39.987119 0.019948 0.033505

37 �32.831932 26.719673 �32.520812 27.097580 0.311121 0.377907

38 �13.815724 7.051090 �13.111813 7.637973 0.703912 0.586883

39 �1.336265 14.251024 �1.485949 13.950090 0.149684 0.300934

40 �141.980939 10.502797 �142.987715 10.683870 1.006775 0.181073

41 �3.201773 0.378993 10.265448 0.310528 13.467221 0.068465

42 �158.029464 17.860671 �158.621114 18.121739 0.591650 0.261068

43 �63.457518 29.244066 �63.417162 29.248511 0.040356 0.004445

44 �129.985158 3.825027 �125.812931 3.702271 4.172228 0.122756

45 �174.321151 34.596428 �174.427986 34.620248 0.106835 0.023820
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No. ��� ��� �� �� �� ��

46 �28.020237 43.636577 �27.985345 43.877221 0.034892 0.240645

47 �29.331998 32.165875 �29.423483 31.997407 0.091485 0.168468

48 �56.411526 35.188283 �56.346561 35.201581 0.064965 0.013298

49 �5.288679 10.690429 �5.519046 10.843941 0.230368 0.153513

50 �64.372521 8.807884 �63.031743 8.958734 1.340778 0.150849

51 35.819507 11.844626 36.393061 11.662410 0.573555 0.182216

52 121.368896 32.120328 121.954988 32.124789 0.586093 0.004461

53 166.878555 43.991988 166.799026 43.971656 0.079530 0.020332

54 61.886987 28.670487 61.965361 28.659945 0.078374 0.010542

55 107.008729 24.566587 106.639398 24.585453 0.369330 0.018866

56 110.787661 38.162575 111.230769 38.069219 0.443108 0.093357

57 0.607333 36.094395 0.651071 35.664786 0.043738 0.429609

58 176.762262 30.073788 176.471157 29.766311 0.291105 0.307478

59 161.912357 30.194219 162.453490 30.436356 0.541133 0.242137

60 124.696323 36.928966 124.287633 36.960585 0.408690 0.031619

61 79.137662 43.671257 78.862112 43.890720 0.275549 0.219463

62 126.184124 21.911625 126.364123 21.913005 0.179999 0.001380

63 109.748698 36.786084 109.862535 36.776838 0.113837 0.009246

64 53.979419 28.870703 54.417588 28.549817 0.438169 0.320885

65 154.086695 13.785721 154.309490 13.914178 0.222795 0.128456

66 20.172991 29.741946 19.984115 30.171899 0.188875 0.429953

67 52.480874 16.110770 53.253587 15.896452 0.772713 0.214318

68 17.540411 42.218974 17.358230 42.646222 0.182181 0.427247

69 71.540635 21.945014 70.987396 22.065775 0.553238 0.120762

70 59.996277 4.094566 61.917257 4.008454 1.920979 0.086112

71 169.962249 30.322535 170.016061 30.253177 0.053813 0.069358

72 150.939982 23.169614 151.576288 23.340463 0.636306 0.170849

73 46.516933 9.971071 47.137387 9.859132 0.620455 0.111939

74 7.721663 32.625422 7.698843 32.611110 0.022819 0.014312

75 1.059262 3.071097 2.037117 2.920553 0.977855 0.150545

76 103.395234 43.385592 103.430430 43.372662 0.035196 0.012930

77 133.902351 9.344546 133.981740 9.357694 0.079389 0.013147

78 145.229541 7.250320 145.275585 7.311152 0.046044 0.060832

79 114.762716 28.719962 113.755351 28.754883 1.007365 0.034921

80 45.228836 0.010268 26.449544 0.024755 18.779293 0.014487

81 25.977681 15.103482 26.310365 14.933535 0.332684 0.169947

82 117.279204 12.379492 114.719445 12.349164 2.559758 0.030328

83 170.295648 2.003738 169.770773 2.159700 0.524874 0.155962

84 146.859623 4.225342 144.914733 4.066432 1.944890 0.158910

85 167.444472 18.449883 167.494442 18.420639 0.049970 0.029244

86 55.789445 36.760154 55.659781 36.863051 0.129664 0.102897

87 48.387080 39.173268 48.432177 39.227281 0.045097 0.054012

88 96.561186 1.014980 87.166153 1.010097 9.395033 0.004884

89 29.390093 32.722964 29.251132 32.816994 0.138961 0.094030

90 37.977844 38.160425 37.878217 38.158009 0.099627 0.002416
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No. ��� ��� �� �� �� ��

91 39.026176 32.787009 39.263273 32.639655 0.237097 0.147354

92 117.322169 42.979438 116.728320 43.271370 0.593849 0.291932

93 9.499713 29.535800 9.373845 29.724950 0.125869 0.189150

94 41.272250 33.403731 41.171169 33.449075 0.101081 0.045344

95 120.137783 15.523471 121.601098 15.562563 1.463315 0.039092

96 55.968062 39.780988 56.033939 39.562996 0.065877 0.217992

97 55.193915 15.625984 54.803146 15.695162 0.390769 0.069178

98 129.722379 2.676451 134.374703 2.850761 4.652324 0.174310

99 171.793172 32.328657 172.226279 32.706905 0.433108 0.378248

100 23.604911 43.119643 23.610438 43.249791 0.005527 0.130148

3.4 ÊÃØ»

ã¹º·¹ÕéàÃÒ·íÒ¡ÒÃ»ÃÐÁÒ³ËÒ¢‰ÍÁÙÅ¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·â´Âãª‰ÇÔ¸àªÔ§μÑÇàÅ¢à¹×èÍ§¨Ò¡ÊÁ¡ÒÃ
·ÕèàÃÒä´‰ÁÒ¨Ò¡º··Õè 2 à»“¹ÊÁ¡ÒÃäÁ̂àªÔ§àÊ‰¹·ÕèÁÕ¤ÇÒÁ«Ñº«‰Í¹¾Í¤ÇÃ ÇÔ¸ÕàªÔ§μÑÇàÅ¢·ÕèàÃÔèÁãª‰¤×ÍÇÔ¸Õ¹ÔÇ
μÑ¹ â´ÂàÃÒ¨íÒà»“¹μ‰Í§à»ÅÕèÂ¹á»Å§ÊÁ¡ÒÃ¢Í§àÃÒ·Õèà´ÔÁÁÕÊÒÁÊÁ¡ÒÃÊÍ§μÑÇá»Ãà»“¹¿’§¡ŒªÑ¹ÊÍ§ÊÁ¡ÒÃ
ÊÍ§μÑÇá»ÃàÊÕÂ¡̂Í¹¶Ö§¨Ðãª‰ÇÔ¸Õ¹ÔÇμÑ¹ä´‰ ¢‰ÍàÊÕÂ¢Í§ÇÔ¸Õ¹ÔÇμÑ¹¤×ÍäÁˆÃÐ»ÃÐ¡Ñ¹ÇˆÒ¤ˆÒ»ÃÐÁÒ³¨ÐÅÙˆà¢‰Ò¤íÒμÍº
ËÃ×ÍäÁˆ áμˆã¹¡ÒÃãª‰§Ò¹àÃÒÊÒÁÒÃ¶àÅ×Í¡¨Ø´àÃÔèÁμ‰¹ãË‰ã¡Å‰¾Í·Õè¤ˆÒ»ÃÐÁÒ³¨ÐÅÙˆà¢‰Ò¤íÒμÍºä´‰ ¨Ò¡¼Å¡ÒÃ
·´ÅÍ§¾ºÇˆÒ¨Ðä´‰¤íÒμÍº·Õèμ‰Í§¡ÒÃâ´Âãª‰ÃÍº¡ÒÃÇ¹«íéÒà¾ÕÂ§ 12 ¶Ö§ 13 ÃÍº«Öè§¨Ò¡¤ÍÁ¾ÔÇàμÍÃŒ¨Ð
¡Ô¹àÇÅÒ»ÃÐÁÒ³ 1 ÇÔ¹Ò·Õà·̂Ò¹Ñé¹ μˆÍÁÒàÁ×èÍàÃÒ¾Ô¨ÒÃ³Ò¼ÅμÍº¢Í§ÃÐºº·ÕèÃÇÁÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´
´‰ÇÂ¹Ñé¹ÊÁ¡ÒÃ·Õèãª‰ã¹¡ÒÃËÒ¤ˆÒ¾×é¹àÍÕÂ§ÍÒ¨¨ÐäÁ̂ÁÕ¤íÒμÍº ´Ñ§¹Ñé¹àÃÒ¨Ö§à»ÅÕèÂ¹ÇÔ¸Õà»“¹¡ÒÃËÒ Ø̈´μíèÒÊØ´¢Í§
¿’§¡ŒªÑ¹â´Âá»Å§ÊÁ¡ÒÃà»“¹¿’§¡ŒªÑ¹ÊÒÁμÑÇá»Ã â´Â¨ÐàÅ×Í¡ãª‰ÇÔ¸Õ steepest descent «Öè§¢‰Í´Õ¢Í§ÇÔ¸Õ¹Õé¤×ÍÃÑº
»ÃÐ¡Ñ¹ÇˆÒ¤ˆÒ»ÃÐÁÒ³¨ÐÅÙˆ¤íÒμÍºá¹ˆ¹Í¹áμˆ¨Ðãª‰àÇÅÒÁÒ¡ËÃ×Í¹‰ÍÂ¢Öé¹ÍÂÙˆ¡Ñº Ø̈´àÃÔèÁμ‰¹áÅÐ¤ÇÒÁ«Ñº«‰Í¹¢Í§
ÊÁ¡ÒÃ Ê̂Ç¹ÇÔ¸Õ¡ÒÃàÅ×Í¡ step-size ¹Ñé¹àÃÒ¨Ðãª‰ÇÔ¸Õ backtracking line search «Öè§ÇÔ¸Õ¹Õé¨ÐàÃÔèÁ¤ˆÒ step-size

à»“¹ 1 áÅ‰Ç¤ˆÍÂæÅ´¶‰Ò¤ˆÒ¿’§¡ŒªÑ¹äÁˆ¼ˆÒ¹à§×èÍ¹ä¢ Armijo ¨Ò¡¼Å¡ÒÃ·´ÅÍ§¾ºÇˆÒ¶‰Ò¾×é¹ÁÕ¤ÇÒÁªÑ¹¹‰ÍÂ
¡ÒÃÅÙˆà¢‰ÒÊÙˆ¤íÒμÍº¨Ðª‰Ò¡ÇˆÒ¾×é¹·ÕèÁÕ¤ÇÒÁªÑ¹ÁÒ¡ áμˆà¹×èÍ§¨Ò¡ã¹Ê̂Ç¹¢Í§¡ÒÃËÒ¾×é¹àÍÕÂ§¹ÕéäÁˆ¨íÒà»“¹μ‰Í§
á¢ˆ§¡ÑºàÇÅÒ¡ÒÃãª‰àÇÅÒÁÒ¡¨Ö§äÁˆà»“¹»’­ËÒ (ã¹¡ÒÃ·´ÅÍ§ãª‰¤ÍÁ¾ÔÇàμÍÃŒã¹¡ÒÃ¤íÒ¹Ç³«Öè§¨Ðãª‰àÇÅÒäÁˆ
à¡Ô¹ 10 ¹Ò·Õ) ËÅÑ§¨Ò¡·Õèä´‰μíÒμÍºÁÒ ¤íÒμÍºÍÒ¨äÁ̂ãª̂¤íÒμÍº·Õè¶Ù¡μ‰Í§à¹×èÍ§¨Ò¡¼Å¢Í§ÊÑ­­Ò³Ãº¡Ç¹
¡ÒÃÇÑ´ àÃÒ í̈Òμ‰Í§·íÒ¡ÒÃ·´ÅÍ§ËÅÒÂæ¤ÃÑé§áÅ‰Ç¹íÒ¤íÒμÍº·Õèä´‰ÁÒ·íÒ¡ÒÃà©ÅÕèÂ«Öè§¨Ò¡¼Å¡ÒÃ·´ÅÍ§¾ºÇˆÒ
¤íÒμÍº·Õèä´‰ã¡Å‰à¤ÕÂ§¡Ñº¤íÒμÍº¨ÃÔ§â´ÂÁÕ¤ÇÒÁáμ¡μˆÒ§á¤̂·È¹ÔÂÁμíÒáË¹ˆ§·ÕèÊÍ§ ÊØ´·‰ÒÂàÃÒ¨Ðà»ÅÕèÂ¹á¹Ç
·Ò§¡ÒÃÇÔà¤ÃÒÐËŒà¾×èÍãË‰¤ÇÒÁ«Ñº«‰Í¹¢Í§ÃÐººÅ´¹‰ÍÂÅ§¹Ñè¹¤×Í¾ÂÒÂÒÁ¾Ô¨ÒÃ³Òã¹á¹ÇàÃ¢Ò¤³Ôμâ´Âãª‰¤ÇÒÁ
ÃÙ‰¾Õª¤³ÔμàªÔ§àÊ‰¹ÁÒªˆÇÂ ¼Å·Õèä´‰¤×ÍäÁˆà¾ÕÂ§áμˆÅ´¤ÇÒÁÂØˆ§ÂÒ¡ã¹¡ÒÃÊÁ¡ÒÃäÁ̂àªÔ§àÊ‰¹·Õè«Ñº«‰Í¹â´ÂÇÔ¸Õ
àªÔ§àÅ¢à·̂Ò¹Ñé¹ áμˆÂÑ§ÊÒÁÒÃ¶¤íÒ¹Ç³¤íÒμÍºä´‰â´ÂμÃ§«Öè§¨Ðª̂ÇÂÅ´àÇÅÒã¹¡ÒÃ¤íÒ¹Ç³Å§ÁÒ¡ à¾×èÍ·Õè¨Ð
ä´‰¼Å¡ÒÃ·´ÅÍ§·ÕèáÁˆ¹ÂíÒ àÃÒ¤ÇÃ¨Ðà¡çº¢‰ÍÁÙÅàÂÍÐæáÅ‰Ç¹íÒÁÒà©ÅÕèÂ¡̂Í¹·Õè¨Ð¹íÒä»á·¹ã¹ÊÁ¡ÒÃ



º··Õè 4

¡ÒÃá¡‰ä¢μíÒáË¹ˆ§áÊ§

ã¹º··Õè¼ˆÒ¹ÁÒàÃÒä´‰¡Å̂ÒÇ¶Ö§¡ÒÃËÒ¤ˆÒ¾×é¹àÍÕÂ§à¾×èÍãª‰»ÃÐâÂª¹Œã¹Ê̂Ç¹¢Í§ÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒ
ã¹º·¹ÕéàÃÒ¨Ð·íÒ¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§áÊ§·Õèμ¡¡ÃÐ·ºº¹μÑÇÃÑº¡ÅÒ§ μÒÁ»¡μÔáÊ§¤ÇÃ¨Ðμ¡¡ÃÐ·ºμÃ§μíÒáË¹ˆ§
¡Öè§¡ÅÒ§μÑÇÃÑº¡ÅÒ§ áμˆÍÒ¨à¡Ô´¡Ã³Õ·ÕèÁÕ¡ÒÃÃº¡Ç¹ÀÒÂ¹Í¡ àªˆ¹ ÁÕÅÁ¾Ñ´ÁÒÇÙº¹Ö§ ·íÒãË‰·ÔÈ·Ò§¢Í§àÎÅÔ
âÍÊáμ·àºÕèÂ§àº¹ ÃÇÁ·Ñé§ÍÒ¨à¡Ô´¨Ò¡¡ÒÃ¤íÒ¹Ç³ Ø̈´à«¹·ÃÍÂ´Œ (centriod) ¼Ô´¾ÅÒ´à¹×èÍ§¨Ò¡ÊÑ­­Ò³
Ãº¡Ç¹¡ÒÃÇÑ´ ·Ñé§ËÁ´¹Õé¨Ð·íÒãË‰áÊ§äÁˆμ¡¡ÃÐ·ºμÃ§μíÒáË¹ˆ§Í‰Ò§ÍÔ§«Öè§ÍÒ¨·íÒãË‰¡ÒÃÃÇºÃÇÁ¤ÇÒÁÃ‰Í¹
äÁˆà»“¹ä»´Ñ§·Õèμ‰Í§¡ÒÃ à¾ÃÒÐ©Ð¹Ñé¹àÃÒμ‰Í§·íÒ¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§â´Âã¹¡ÒÃ·íÒ§Ò¹¨ÃÔ§àÃÒ¨ÐÁÕà»„Ò·ÕèáÂ¡
¨Ò¡μÑÇÃÑº¡ÅÒ§à¾×èÍ·íÒ¡ÒÃ·´ÊÍº¡ÒÃÊÐ·‰Í¹áÊ§¢Í§àÎÅÔâÍÊáμ··ÕÅÐμÑÇ à¹×èÍ§¨Ò¡ÀÒ¾·Õèä´‰¨Ò¡μÑÇÃÑº¡ÅÒ§
àÃÒäÁˆÊÒÁÒÃ¶áÂ¡ä´‰ÇˆÒáÊ§·ÕèàºÕèÂ§àº¹ä»à¡Ô´¨Ò¡àÎÅÔâÍÊáμ·μÑÇäË¹

4.1 ¡ÒÃ»„Í¹¡ÅÑºÊÑ­­Ò³¢ÒÍÍ¡

ÇÔ¸Õ¡ÒÃ¤Çº¤ØÁáºº¡ÒÃ»„Í¹¡ÅÑºÊÑ­­Ò³¢ÒÍÍ¡ (Output feedback) ¨Ð¹íÒ¢‰ÍÁÙÅ¢Í§ÊÑ­­Ò³
¢ÒÍÍ¡ (Output) ÁÒ·íÒ¡ÒÃà»ÃÕÂºà·ÕÂº¡ÑºÊÑ­­Ò³Í‰Ò§ÍÔ§à¾×èÍμÃÇ¨ÊÍºÇˆÒÊÑ­­Ò³¢ÒÍÍ¡ÁÕ¤ˆÒà·̂Ò¡Ñº
ÊÑ­­Ò³ËÃ×ÍÂÑ§ ¶‰ÒÂÑ§äÁˆà·̂Ò¨Ð¹íÒ¼ÅμˆÒ§ÁÒ¼ˆÒ¹ μÑÇ¤Çº¤ØÁà¾×èÍà»“¹ÊÑ­­Ò³¤Çº¤ØÁÃÐººμˆÍä» â´Â¡ÒÃ
¤Çº¤ØÁáºº»„Í¹¡ÅÑºÊÑ­­Ò³¢ÒÍÍ¡¨ÐÁÕÅÑ¡É³Ð´Ñ§ÃÙ»·Õè 4.1

ÃÙ»·Õè 4.1: block diagram

¨Ò¡ÃÙ»¨ÐàËç¹ÇˆÒã¹¡ÒÃ·´ÅÍ§¨ÃÔ§àÃÒ¨ÐÁÕμÑÇμÃÇ¨¨Ñº (Censor) ÊÑ­­Ò³¢ÒÍÍ¡«Öè§¡ç¤×ÍÀÒ¾º¹μÑÇÃÑº
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¡ÅÒ§à»“¹¡Å‰Í§ CCD áÅ‰Ç¤íÒ¹Ç³ÍÍ¡ÁÒà»“¹μíÒáË¹ˆ§¡Öè§¡ÅÒ§ÀÒ¾à¾×èÍ¹íÒä»à»ÃÕÂºà·ÕÂº¡ÑºÊÑ­­Ò³Í‰Ò§
ÍÔ§

ã¹Ê̂Ç¹¢Í§¡ÒÃÊÐ·‰Í¹áÊ§â´Âãª‰àÎÅÔâÍÊáμ·¨Ð¾ºÇˆÒÊÑ­­Ò³¤Çº¤ØÁ¨ÐÁÕÊÍ§ÊÑ­­Ò³¹Ñè¹¤ÔÍ ÊÑ­­Ò³
¤Çº¤ØÁã¹á¹ÇÍÐ«ÔÁØ¸áÅÐÊÑ­­Ò³¤Çº¤ØÁã¹á¹ÇÍÔÅÔàÇªÑè¹ «Öè§¡ÒÃËÁØ¹à»ÅÕèÂ¹·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ·ã¹
á¹ÇÍÐ«ÔÁØ¸áÅÐá¹ÇÍÔÅÔàÇªÑè¹¨ÐãË‰¼Å¢Í§μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§μˆÒ§¡Ñ¹ à¹×èÍ§¨Ò¡àÃÒãª‰ÊÑ­­Ò³¢Ò
ÍÍ¡ÁÒ·íÒ¡ÒÃ»„Í¹¡ÅÑº àÃÒ Ö̈§¤ÇÃ¾Ô¨ÒÃ³Ò¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§¡ÒÃËÁØ¹áÅÐμíÒáË¹ˆ§¢Í§ÀÒ¾ã¹áμˆÅÐ
á¹Ç´Ñ§¹Õé

¡ÒÃËÁØ¹ã¹á¹ÇÍÐ«ÔÁØ¸

ÃÙ»·Õè 4.2: ¡ÒÃËÁØ¹ã¹á¹ÇÍÐ«ÔÁØ¸

¨Ò¡ÃÙ»·Õè 4.2 ¨Ð¾ºÇˆÒ¡ÒÃËÁØ¹¡ÃÐ¨¡ã¹á¹ÇÍÐ«ÔÁØ¸à»“¹ÁØÁ � ¨Ð·íÒãË‰àÇ¤àμÍÃŒμÑé§©Ò¡¢Í§¡ÃÐ¨¡
ËÁØ¹ä» � ã¹á¹ÇÍÐ«ÔÁØ¸ «Öè§¨Ð¾ºÇˆÒÁØÁμ¡¡ÃÐ·º (angle of incidence) ÃÐËÇˆÒ§ �	 ¡Ñº �� ÂÑ§ÁÕ¤ˆÒà·̂Òà´ÔÁ
¹Ñè¹¤×ÍÁØÁÊÐ·‰Í¹ (angle of reflextion) ¨ÐÁÕ¤ˆÒà·̂Òà´ÔÁ ·íÒãË‰ �
 ËÁØ¹à»“¹ÁØÁ � ã¹á¹ÇÍÐ«ÔÁØ¸à·̂Ò¹Ñé¹

¡ÒÃËÁØ¹ã¹á¹ÇÍÔÅÔàÇªÑè¹

¡íÒË¹´ãË‰ÁØÁμ¡¡ÃÐ·º¡ˆÍ¹¡ÒÃËÁØ¹ã¹á¹ÇÍÔÅÔàÇªÑè¹à»“¹ 
 ¨Ò¡ÃÙ»·Õè 4.3 ¾ºÇˆÒ ã¹¡ÒÃà»ÅÕèÂ¹ÁØÁ
¡ÃÐ¨¡ã¹á¹ÇÍÔÅÔàÇªÑè¹à»“¹ÁØÁ � ¨Ð·íÒãË‰ÁØÁμ¡¡ÃÐ·ºà»ÅÕèÂ¹ä»à»“¹ 
 � � «Öè§¨Ð·íÒãË‰ÁØÁÊÐ·‰Í¹à·̂Ò¡Ñº

 � � ´‰ÇÂ ¹Ñè¹¤×Í �
 ¨Ðà»ÅÕèÂ¹ä»¨Ò¡à´ÔÁ¡̂Í¹·íÒ¡ÒÃËÁØ¹ã¹á¹ÇÍÔÅÔàÇªÑè¹à»“¹ÁØÁ ��
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ÃÙ»·Õè 4.3: ¡ÒÃËÁØ¹ã¹á¹ÇÍÔÅÔàÇªÑè¹

4.2 ¾Ô¡Ñ´·Ã§¡ÅÁ

¾Ô¨ÒÃ³Ò (2.28) ¾ºÇˆÒÃÐººà»“¹áººÊÍ§ÊÑ­­Ò³à¢‰ÒÊÍ§ÊÑ­­Ò³ÍÍ¡«Öè§à»“¹äÁˆà»“¹ÍÔÊÃÐμˆÍ
¡Ñ¹ÃÇÁ·Ñé§à»“¹ÊÁ¡ÒÃäÁ̂àªÔ§àÊ‰¹«Öè§ÂÒ¡á¡̂¡ÒÃÍÍ¡áºº àÃÒ¨Ö§»ÃÐÂØ¡μŒ (2.28) ãËÁˆãË‰ÍÂÙˆã¹ÃÙ»ÊÁ¡ÒÃàªÔ§
àÊ‰¹·Õèà»“¹ÍÔÊÃÐμˆÍ¡Ñ¹â´ÂÂ‰ÒÂÊ̂Ç¹·ÕèäÁˆà»“¹àªÔ§àÊ‰¹ãË‰ä»ÍÂÙˆ·ÕèÊÁ¡ÒÃ¼ÅμÍº«Öè§¨Ð·íÒä´‰â´Â¾Ô¨ÒÃ³Òã¹¾Ô¡Ñ´·Ã§
¡ÅÁ (Sperical coordinattes)[15] ã¹¾Ô¡Ñ´·Ã§¡ÅÁ àÇ¤àμÍÃŒ¨ÐáÊ´§ã¹ÃÙ» ��� 
� -� â´ÂàÁ×èÍà»ÃÕÂº

ÃÙ»·Õè 4.4: ¾Ô¡Ñ´·Ã§¡ÅÁ

à·ÕÂº¡Ñº¾Ô¡Ñ´¤ÒÃŒ·ÕàªÕèÂ¹´Ñ§ÃÙ»·Õè 4.4 ¨Ðä´‰¤ÇÒÁÊÑÁ¾Ñ¹¸Œ´Ñ§¹Õé
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� �
�
�� � �� � �� (4.1)


 � �����
��
�

�
(4.2)

- � �	
��
� �

�

�
(4.3)

� � � 
��- �	
 
 (4.4)

� � � 
��- 
�� 
 (4.5)

� � � �	
- (4.6)

à¹×èÍ§¨Ò¡àÇ¤àμÍÃŒ·Ñé§ËÁ´ã¹ÃÐºº¢Í§àÃÒà»“¹àÇ¤àμÍÃŒË¹Öè§Ë¹ˆÇÂ ¹Ñè¹¤×Í � � � à¾ÃÒÐ©Ð¹Ñé¹¨Ð
ÊÒÁÒÃ¶Å´μÑÇá»Ãä´‰ 1 μÑÇ áÅÐà¹×èÍ§¨Ò¡ã¹¾Ô¡Ñ´·Ã§¡ÅÁ àÃÒÊÒÁÒÃ¶á»Å§àÇ¤àμÍÃŒ¨Ò¡¡ÃÍºÍ‰Ò§ÍÔ§à¢‰Ò
ÊÙˆ¡ÃÍº¢Í§àÎÅÔâÍÊáμ·ä´‰·Ñ¹·Õâ´ÂäÁˆ¨íÒà»“¹μ‰Í§á»Å§àÇ¤àμÍÃŒ¨Ò¡¡ÃÍº¾×é¹à¢‰ÒÊÙˆ¡ÃÍºàÎÅÔâÍÊáμ· à¾ÃÒÐ
©Ð¹Ñé¹àÃÒ¨ÐÊÒÁÒÃ¶Å´μÑÇá»Ã 
� ä´‰ÍÕ¡Ë¹Öè§μÑÇá»Ã ¹Ñè¹¤×ÍμÑÇá»ÃÊ¶Ò¹Ð¨ÐÅ´¨Ò¡ 4 μÑÇÅ§àËÅ×Íà¾ÕÂ§ 2

μÑÇà·̂Ò¹Ñé¹ �
�����


�

���

���

���

�
����� ��

�



-




¾Ô¨ÒÃ³Ò¡ÒÃÊÐ·‰Í¹áÊ§â´Âãª‰àÎÅÔâÍÊáμ·¨Ò¡ (2.23) � (2.27) àÃÒÊÒÁÒÃ¶ÊÃ‰Ò§ÊÁ¡ÒÃã¹¾Ô¡Ñ´·Ã§¡ÅÁ
ä´‰´Ñ§¹Õé

1. àÃÔèÁ¨Ò¡¡ÒÃãÊ̂ÊÑ­­Ò³à¾×èÍà»ÅÕèÂ¹·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ·


�� � �� � 
��� � ���� (4.7)

-�� � �� � -��� � ���� (4.8)

2. ËÅÑ§¨Ò¡ä´‰¾Ô¡Ñ´ãËÁˆ àÃÒ¨Ð¤íÒ¹Ç³ËÒ¤ˆÒàÇ¡àμÍÃŒμÑé§©Ò¡¢Í§àÎÅÔâÍÊáμ·º¹¡ÃÍºÍ‰Ò§ÍÔ§

����� � 	

�

�
���

� 
��-��� �	
 
���

� 
��-��� 
�� 
���

� �	
-���

�
��� (4.9)

â´Â 	

� � 


	�
�� � 


	�
� �

�
���

���
�	��

��� 	��
	��

	��
���

��� ����
	��

� 	�� ���

�
���

3. ¹íÒàÇ¡àμÍÃŒμÑé§©Ò¡·Õèä´‰ÁÒ¤íÒ¹Ç³ËÒ �

�
��� � � ��	� ������ ������ �	 (4.10)
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4. ÊØ´·‰ÒÂ¹íÒ �
 ÁÒ¤íÒ¹Ç³ËÒμíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§

� ��� �

����


����
� (4.11)

���� �

� ���


����
� (4.12)

¨Ò¡ÊÁ¡ÒÃàº×éÍ§μ‰¹ àÃÒÊÒÁÒÃ¶à¢ÕÂ¹ÊÁ¡ÒÃÊ¶Ò¹ÐãËÁ̂ä´‰à»“¹�
���� � ��

���� � ��



�

�
� �

� �


�
�����

�����



�

�
� �

� �


 �
�����

�����



(4.13)

���� �

�
����

	���
�
����� �� � 	����������� � 	�����������

	����������� � 	��������� �� � 	�����������
�

	����������� � 	����������� � 	���
�
����� ��

	����������� � 	��������� �� � 	�����������
�

�
���� (4.14)

â´Â �� � 
 , �� � � , �� � � , �� � � , � �
�
� �

��
, �	 � �	�� 	�� 	�� áÅÐ

. ����� �

�
���

�����

�����

�����

�
��� �

�
���

���
	����	�����	 � 	��

���	����		����	 � 	��
	�������	

	��
	����	�����	 � ���

���	����		����	 � ���
	�������	

	��	����		����	 � ��������	

�
���

4.3 μÑÇ¤Çº¤ØÁáººÊÑ´ÊˆÇ¹

à¾×èÍÅ´¤ÇÒÁ«Ñº«‰Í¹¢Í§μÑÇ¤Çº¤ØÁ àÃÒ¨ÐàÃÔèÁÍÍ¡áººμÑÇ¤Çº¤ØÁ·Õè§̂ÒÂ·ÕèÊØ´¡̂Í¹â´Âãª‰μÑÇ¤Çº¤ØÁ
áººÊÑ´Ê̂Ç¹ (Proportional controller) ã¹¡ÒÃÍÍ¡áºº¨Ðãª‰ËÅÑ¡¡ÒÃÇˆÒàÁ×èÍμíÒáË¹ˆ§ÀÒ¾àºÕèÂ§àº¹ μÑÇ¤Çº
¤ØÁ¨Ðμ‰Í§ÁÕ¤ˆÒÊÑ­­Ò³¤Çº¤ØÁ·Õè·íÒãË‰μíÒáË¹ˆ§ÀÒ¾¡ÅÑºà¢‰Òã¡Å‰μíÒáË¹ˆ§Í‰Ò§ÍÔ§ä´‰ÁÒ¡·ÕèÊØ´â´Â¶×ÍÇˆÒ¾×é¹·Õè·íÒ
¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·à»“¹¾×é¹ÃÒº ÊÑ­­Ò³¤Çº¤ØÁ¨ÐÁÕÅÑ¡É³Ð´Ñ§¹Õé

�� � �� 	 .� (4.15)

�� � �� 	 .� (4.16)

â´Â .� áÅÐ .� à»“¹¼ÅμˆÒ§ã¹á¹Çá¡¹ ��	 áÅÐá¹Çá¡¹ ��	 μÒÁÅíÒ´Ñº Ê̂Ç¹ �� áÅÐ �� à»“¹¤ˆÒ¤§·Õè
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¡ÒÃ¤Çº¤ØÁã¹á¹ÇÍÐ«ÔÁØ¸

¡íÒË¹´ãË‰ �� à»“¹μíÒáË¹ˆ§Í‰Ò§ÍÔ§¢Í§μÑÇÃÑº¡ÅÒ§ã¹á¹Çá¡¹ �� áÅÐ � à»“¹μíÒáË¹ˆ§ÀÒ¾ ã¹á¹Ç
á¡¹ �� ã¹¢³Ð¹Ñé¹ áÅÐ � à»“¹ÃÐÂÐËˆÒ§ÃÐËÇˆÒ§àÎÅÔâÍÊáμ·¡ÑºμÑÇÃÑº¡ÅÒ§ ¨Ðä´‰ÇˆÒ

.� � �� �� (4.17)

�� � � �����
�.�
�

�
� �

.�
�

(4.18)

� �� � �
�

�
(4.19)

¡ÒÃ¤Çº¤ØÁã¹á¹ÇÍÔÅÔàÇªÑè¹

¡íÒË¹´ãË‰ �� à»“¹μíÒáË¹ˆ§Í‰Ò§ÍÔ§¢Í§μÑÇÃÑº¡ÅÒ§ã¹á¹Çá¡¹ �� áÅÐ � à»“¹μíÒáË¹ˆ§ÀÒ¾ã¹á¹Ç
á¡¹ �� Ê̂Ç¹ � à»“¹ÃÐÂÐ·Ò§¨Ò¡¡Öè§¡ÅÒ§¡ÃÐ¨¡ä»ÂÑ§μíÒáË¹ˆ§·ÕèáÊ§μ¡¡ÃÐ·ºº¹μÑÇÃÑº¡ÅÒ§ ¨Ò¡ (4.3)

¨Ð¾ºÇˆÒÁØÁ·Õèμ‰Í§»ÃÑºã¹á¹ÇÍÔÅÔàÇªÑè¹·Õèá·‰¨ÃÔ§¤×Í

�- �
�

�

�
�����

	
��

�



� �	
��

	
�

�


�

«Öè§¨Ð¾ºÇˆÒÁÕ¤ÇÒÁ«Ñº«‰Í¹¾Í¤ÇÃáÅÐäÁˆÊÒÁÒÃ¶ãª‰¤ˆÒ¼ÅμˆÒ§μíÒáË¹ˆ§ã¹á¹Çá¡¹ �� ÁÒ¤íÒ¹Ç³ÊÑ­­Ò³
¤Çº¤ØÁä´‰à¾ÃÒÐ©Ð¹Ñé¹àÃÒ¨Ð·íÒ¡ÒÃ»ÃÐÁÒ³ÊÑ­­Ò³¤Çº¤ØÁã¹á¹ÇÍÔÅÔàÇªÑè¹´Ñ§¹Õé

.� � �� � � (4.20)

�� �
�

�
�����

�.�
�

�
�

.�
��

(4.21)

� �� �
�

��
(4.22)

4.3.1 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃãª‰μÑÇ¤Çº¤ØÁáººÊÑ´ÊˆÇ¹

ã¹¡ÒÃ·´ÅÍ§ ¨Ð·íÒ¡ÒÃ¤Çº¤ØÁâ´Â¾Ô¨ÒÃ³ÒÇˆÒ Ø̈´¡Öè§¡ÅÒ§¡ÃÐ¨¡à»“¹ Ø̈´¡íÒà¹Ô´ μÑÇÃÑº¡ÅÒ§ÍÂÙˆËˆÒ§
¨Ò¡àÎÅÔâÍÊáμ·ã¹á¹Çá¡¹ y 10 m áÅÐÍ�ØˆÊÙ§¨Ò¡¾×é¹ 2 m μíÒáË¹ˆ§ Ø̈´ÈÙ¹ÂŒ¡ÅÒ§¢Í§μÑÇÃÑº¡ÅÒ§ÍÂÙˆ·Õè
¾Ô¡Ñ´ ��� ��� �� áÅÐμíÒáË¹ˆ§ÀÒ¾àÃÔèÁμ‰¹ã¹á¹Çá¡¹ � � ��[m] áÅÐ � � ���[m] â´Â¨Ð¹íÒμÑÇ¤Çº¤ØÁ·Õè
ä´‰ÁÒ·íÒ¡ÒÃ·´ÅÍ§¡ÑºàÎÅÔâÍÊáμ··ÕèμÔ´μÑé§º¹¾×é¹ÅÑ¡É³ÐμˆÒ§æ â´Â¡íÒË¹´¡ÃÍº¾×é¹ÊÕè¡ÃÍº´Ñ§¹Õé �� à»“¹
¾×é¹ÃÒº ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¹Çá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐËÁØ¹ÃÍºá¹Çá¡¹ ��	 à»“¹ÁØÁ
��Æ áÅÐ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¹Çá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¹Çá¡¹ ��	 à»“¹ÁØÁ
��Æ «Öè§¨Ðä´‰¼Å¡ÒÃ·´ÅÍ§μÒÁÃÙ»·Õè 4.5 - 4.7, 4.8 - 4.10 áÅÐ 4.11 - 4.13 μÒÁÅíÒ´Ñº
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ÃÙ»·Õè 4.5: μíÒáË¹ˆ§ÀÒ¾ã¹á¹Çá¡¹ � áÅÐ � ã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.6: ÊÑ­­Ò³¤Çº¤ØÁã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.7: ÅÑ¡É³Ð¡ÒÃÅÙˆà¢‰Ò¢Í§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.8: μíÒáË¹ˆ§ÀÒ¾ã¹á¹Çá¡¹ � áÅÐ � ã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.9: ÊÑ­­Ò³¤Çº¤ØÁã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.10: ÅÑ¡É³Ð¡ÒÃÅÙˆà¢‰Ò¢Í§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.11: μíÒáË¹ˆ§ÀÒ¾ã¹á¹Çá¡¹ � áÅÐ � ã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.12: ÊÑ­­Ò³¤Çº¤ØÁã¹¡ÃÍº¾×é¹ÃÒº ����
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ÃÙ»·Õè 4.13: ÅÑ¡É³Ð¡ÒÃÅÙˆà¢‰Ò¢Í§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ã¹¡ÃÍº¾×é¹ÃÒº ����

4.4 ¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ

¨Ò¡ËÑÇ¢‰Í·ÕèáÅ‰Ç¾ºÇˆÒ¶‰Ò¾×é¹ÂÔè§ÁÕ¤ÇÒÁªÑ¹ÁÒ¡à·ˆÒäËÃˆÃÐºº¡ç¨ÐÅÙˆà¢‰Òª‰Òà·̂Ò¹Ñé¹«Öè§ã¹¡ÒÃãª‰§Ò¹¨ÃÔ§ÍÒ¨
à¡Ô´¤ÇÒÁ¼Ô´¾ÅÒ´à¾ÃÒÐÇˆÒ´Ç§ÍÒ·ÔμÂŒà»ÅÕèÂ¹μíÒáË¹ˆ§ä»áÅ‰Ç à¹×èÍ§¨Ò¡àÃÒÊÒÁÒÃ¶·ÃÒº¤ˆÒ¾×é¹·Õè·íÒ¡ÒÃ
μÔ´μÑé§àÎÅÔâÍÊáμ·¨Ò¡º··Õè 3 ã¹ËÑÇ¢‰Í¹ÕéàÃÒ¨Ð·íÒ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁ·Õè·íÒãË‰ÃÐººÅÙˆà¢‰ÒÀÒÂã¹¡ÒÃ
ËÁØ¹à¾ÕÂ§¤ÃÑé§à´ÕÂÇ¹Ñè¹¤×Íãª‰ÇÔ¸Õ¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ (Full state feedback)[16]

¡ÒÃ·ÕèÃÐºº¨ÐÅÙˆà¢‰Òä´‰ÀÒÂã¹Ë¹Öè§¤ÃÑé§¹Ñé¹ ÃÐºº¨Ðμ‰Í§ÁÕ¢ÑéÇ (Pole) ÍÂÙˆ·Õè 0 ·Ø¡μÑÇ ¹Ñè¹¤×ÍÊÁ¡ÒÃ
Ê¶Ò¹Ð·Õèμ‰Í§¡ÒÃÁÕÅÑ¡É³Ð´Ñ§¹Õé

���� � �� �

�
� �

� �



�� ��� � ���� (4.23)

â´Â � �
�
�� ��

�� ¤×Í¤ˆÒÊÑ­­Ò³Í‰Ò§ÍÔ§ (μíÒáË¹ˆ§àÇ¤àμÍÃŒμÑé§©Ò¡¢Í§¡ÃÐ¨¡·Õè·íÒãË‰áÊ§ä»μ¡μÃ§
μíÒáË¹ˆ§·Õèμ‰Í§¡ÒÃ) àÁ×èÍ¾Ô¨ÒÃ³Ò (4.13) ¾ºÇˆÒÃÐºº¢Í§àÃÒÁÕÃÒ¡ÍÂÙˆ·Õè 1 ·Ñé§ÊÍ§¤ˆÒ«Öè§ËÁÒÂ¤ÇÒÁÇˆÒÃÐºº
äÁˆÁÕàÊ¶ÕÂÃÀÒ¾ àÃÒ¨Ö§μ‰Í§ÍÍ¡áººμÑÇ¤Çº¤ØÁ·Õè·íÒãË‰ (4.13) ¡ÅÒÂà»“¹ (4.23) ¹Ñè¹¤×ÍÊÑ­­Ò³¤Çº¤ØÁ¨ÐÁÕ
ÅÑ¡É³Ð´Ñ§¹Õé �

�����

�����
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�
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� ��
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(4.24)

à¹×èÍ§¨Ò¡àÃÒäÁ̂ÊÒÁÒÃ¶·ÃÒº¤ˆÒμÑÇá»ÃÊ¶Ò¹Ð (State variable) ä´‰â´ÂμÃ§ àÃÒμ‰Í§·íÒ¡ÒÃá»Å§ÊÑ­­Ò³¢Ò
ÍÍ¡ (μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§) ãË‰à»“¹μÑÇá»ÃÊ¶Ò¹Ðâ´Âãª‰μÑÇÊÑ§à¡μ¡ÒÃ³Œ´Ñ§¹Õé
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¡íÒË¹´ãË‰ 
 �
�
� � �

�� â´Â � áÅÐ � à»“¹μíÒáË¹ˆ§áÊ§º¹μÑÇÃÑº¡ÅÒ§ � à»“¹ÃÐÂÐËˆÒ§
ÃÐËÇˆÒ§àÎÅÔâÍÊáμ·¡ÑºμÑÇÃÑº¡ÅÒ§ àÃÒ¨ÐÊÃ‰Ò§ �
 ä´‰à»“¹

�
 �



�
�
(4.25)

ËÅÑ§¨Ò¡¹Ñé¹àÃÒ¨ÐÊÒÁÒÃ¶¤íÒ¹Ç³ �� ä´‰â´Â¹íÒ (4.25) ä»á·¹Å§ã¹ (2.1) μˆÍÁÒ·íÒ¡ÒÃá»Å§ �� à¢‰ÒÊÙˆ¡ÃÍº
¾×é¹ ¹Ñè¹¤×Í


�� � 

	� ��

�
�

��


��

��

��
(4.26)

ÊØ´·‰ÒÂàÃÒ¨Ðá»Å§ 
�� ä»à»“¹μÑÇá»ÃÊ¶Ò¹Ðä´‰à»“¹

� �

�
�������

	

��


��




�	
��
�

��

�
�
�� (4.27)

ÃÙ»·Õè 4.14: block diagram ¢Í§ÇÔ¸Õ»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ

4.4.1 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃ¤Çº¤ØÁáºº»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ

ã¹¡ÒÃ·´ÅÍ§ à¹×èÍ§¨Ò¡àÃÒäÁ̂ÊÒÁÒÃ¶·ÃÒº¤ÇÒÁªÑ¹·Õèá·‰¨ÃÔ§¢Í§¾×é¹ä´‰ ¤ˆÒÊÑ­­Ò³Í‰Ò§ÍÔ§ � áÅÐ
μÑÇÊÑ§à¡μØ¡ÒÃ³Œ¨Ðãª‰¢‰ÍÁÙÅ¾×é¹·Õè¤íÒ¹Ç³ä´‰¨Ò¡ËÑÇ¢‰Í 3.2 ÁÒãª‰ã¹¡ÒÃ¤íÒ¹Ç³â´Â¨Ð¡íÒË¹´¡ÃÍº¾×é¹àªˆ¹
à´ÕÂÇ¡Ñºã¹¡ÒÃ·´ÅÍ§·Õè 3.2.3 ¹Ñè¹¤×Í ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹
ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ Ê̂Ç¹ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍº
á¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐ ���� à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐËÁØ¹ÃÍºá¡¹
��	 à»“¹ÁØÁ ��Æ â´Â¡íÒË¹´μíÒáË¹ˆ§àÃÔèÁμ‰¹·Õè ���� ���� àËÁ×Í¹à´ÔÁáÅÐ¨Ðä´‰¼Å¡ÒÃ·´ÅÍ§μÒÁÃÙ»·Õè 4.15

- 4.16, 4.17 - 4.18 áÅÐ 4.19 - 4.20 μÒÁÅíÒ´Ñº
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ÃÙ»·Õè 4.15: ¡ÒÃà»ÅÕèÂ¹μíÒáË¹ˆ§¢Í§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.16: ÊÑ­­Ò³¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.17: ¡ÒÃà»ÅÕèÂ¹μíÒáË¹ˆ§¢Í§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.18: ÊÑ­­Ò³¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.19: ¡ÒÃà»ÅÕèÂ¹μíÒáË¹ˆ§¢Í§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.20: ÊÑ­­Ò³¤Çº¤ØÁ·Õè¡ÃÍº ����



48

4.5 μÑÇ¡ÃÍ§ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´

à¹×èÍ§¨Ò¡ã¹ÃÐºº¨ÃÔ§áÊ§·Õèμ¡¡ÃÐ·ºº¹μÑÇÃÑº¡ÅÒ§äÁˆä´‰à»“¹ Ø̈´áμˆà»“¹á¶ºáÊ§ àÃÒ¨Ö§μ‰Í§¤íÒ¹Ç³
¨Ø´à«¹·ÃÍÂ´Œ¢Í§áÊ§à¾×èÍ·Õè¨Ð¹íÒÁÒãª‰à»“¹¢‰ÍÁÙÅã¹¡ÒÃ»„Í¹¡ÅÑº ¡ÒÃ¤íÒ¹Ç³ÍÒ¨¼Ô´¾ÅÒ´ä´‰à¹×èÍ§¨Ò¡
àÃÒãª‰ÀÒ¾·Õèä´‰¨Ò¡¡Å‰Í§ CCD ÁÒ·íÒ¡ÒÃ¤íÒ¹Ç³«Öè§ÃÙ»·Õèä´‰ÍÒ¨¼Ô´à¾ÕéÂ¹ä»¨Ò¡ÃÙ»¨ÃÔ§àÅç¡¹‰ÍÂ àÃÒ¨Ð
¾Ô¨ÒÃ³Ò¤ˆÒ¼Ô´¾ÅÒ´¹Õéà»“¹ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ (measurement noise) ¶‰ÒàÃÒ¹íÒÊÑ­­Ò³¢ÒÍÍ¡·ÕèÃÇÁ
ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ÁÒ·íÒ¡ÒÃ»„Í¹¡ÅÑº ÃÐººÍÒ¨á¡Çˆ§ËÃ×ÍäÁ̂ÁÕàÊ¶ÕÂÃÀÒ¾ ©Ð¹Ñé¹àÃÒ¨Ö§μ‰Í§ÍÍÍ¡
áººμÑÇ¡ÃÍ§ (filter) à¾×èÍ¡ÃÍ§ÊÑ­­Ò³Ãº¡Ç¹¡̂Í¹·Õè¨Ðãª‰à»“¹¢‰ÍÁÙÅã¹¡ÒÃ»„Í¹¡ÅÑº μÑÇ¡ÃÍ§·Õè¨Ð¹íÒàÊ¹Í
à»“¹μÑÇ¡ÃÍ§·ÕèäÁˆ«Ñº«‰Í¹ ¹íÒä»»ÃÐÂØ¡μŒãª‰§Ò¹§̂ÒÂ â´Â¨Ðãª‰ÇÔ¸Õ·ÕèàÃÕÂ¡ÇˆÒ¤ˆÒà©ÅÕèÂà¤Å×èÍ¹·Õè (Moving aver-

age) «Öè§à»“¹¡ÒÃËÒ¤ˆÒà©ÅÕèÂáººäÁˆ¶̂Ç§¹íéÒË¹Ñ¡¢Í§¢‰ÍÁÙÅ¡̂Í¹Ë¹‰Ò n ¨Ø´ μÑÇÍÂˆÒ§àªˆ¹ ¶‰ÒàÃÒàÅ×Í¡ � � ��

¨Ðä´‰ÇˆÒ

/� �
0� � 0��� � ���� 0���

��
(4.28)

áÅÐ¤ˆÒ /� ãËÁˆ¨ÐÊÒÁÒÃ¶ãª‰¢‰ÍÁÙÅ¢Í§ /� à¡̂Òä´‰´Ñ§¹Õé

/���� � /����� !�" �
0���
�

�
�

0�
�

�
(4.29)

ã¹Ê̂Ç¹¢Í§¡ÒÃ·´ÅÍ§ μÑÇ¡ÃÍ§¨Ðãª‰¢Ñé¹μÍ¹´Ñ§¹Õé

1. ¡íÒË¹´ãË‰ � à»“¹¼ÅμÍºμÒÁ (4.14) ·ÕèÃÇÁ¼Å¢Í§ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´

2. ¶‰Ò í̈Ò¹Ç¹¢‰ÍÁÙÅ¢Í§ � ÂÑ§ÁÕäÁˆ¶Ö§ 10 ¢‰ÍÁÙÅ

/� �
���� � ���� ����

�
� � �� (4.30)

3. ¶‰Ò í̈Ò¹Ç¹¢‰ÍÁÙÅ¢Í§ � ÂÑ§ÁÕÁÒ¡¡ÇˆÒ 10 ¢‰ÍÁÙÅ

/� �
���� � ���� ��� � ��

��
(4.31)

áÅ‰Ç¹íÒ¤ˆÒ /� ·Õèä´‰ä»¼ˆÒ¹μÑÇÊÑ§à¡μ¡ÒÃ³Œà¾×èÍ·Õè¨Ðãª‰ã¹¡ÒÃ¤íÒ¹Ç³ÊÑ­­Ò³¤Çº¤ØÁμˆÍä»

ÃÙ»·Õè 4.21: block diagram include filter
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4.5.1 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃ¤Çº¤ØÁáºº¾Ô¨ÒÃ³ÒÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´

ã¹¡ÒÃ·´ÅÍ§¹Õé¨Ðãª‰¡ÃÍº¾×é¹à´ÕÂÇ¡Ñ¹¡Ñº¡ÒÃ·´ÅÍ§áºº»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ·Ø¡»ÃÐ¡ÒÃ¹Ñè¹¤×Í ����

à¡Ô´¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ Ê̂Ç¹ ���� à¡Ô´
¨Ò¡¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ���Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐ ���� à¡Ô´¨Ò¡
¡ÒÃËÁØ¹ ��� ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐËÁØ¹ÃÍºá¡¹ ��	 à»“¹ÁØÁ ��Æ áÅÐ¡íÒË¹´μíÒáË¹ˆ§àÃÔèÁμ‰¹·Õè
���� ���� áμˆ¨Ðà¾ÔèÁμÃ§·ÕèÊÑ­­Ò³¼ÅμÍº·ÕèÍˆÒ¹ä´‰¨Ò¡¡Å‰Í§ CCD ¨ÐÃÇÁÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ÁÒ´‰ÇÂ
â´Â¡íÒË¹´ãË‰ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´à»“¹¡ÒÃ¡ÃÐ¨ÒÂáººà¡ÒÊŒà«ÕÂ¹·ÕèÁÕ¤ˆÒà©ÅÕèÂà»“¹ 0 [cm] áÅÐÁÕ¤ÇÒÁ
á»Ã»ÃÇ¹ (Variance) à»“¹ 100 [cm�] ¾Ã‰ÍÁ·Ñé§á·Ã¡μÑÇ¡ÃÍ§äÇ‰ÃÐËÇˆÒ§ CCD ¡ÑºμÑÇÊÑ§à¡μ¡ÒÃŒ´Ñ§ÃÙ»·Õè
4.21 ¨Ò¡¼Å¡ÒÃ·´ÅÍ§¨Ð¾ºÇˆÒμíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§¨ÐÅÙˆà¢‰ÒÊÙˆμíÒáË¹ˆ§Í‰Ò§ÍÔ§â´ÂÊÑ­­Ò³·Õè¼ˆÒ¹μÑÇ
¡ÃÍ§¡ÑºÊÑ­Ò³·ÕèäÁˆ¼ˆÒ¹μÑÇ¡ÃÍ§¨Ð·Ñº¡Ñ¹á·ºÊ¹Ô·áμˆÊÑ­­Ò³·ÕèäÁˆ¼ˆÒ¹μÑÇ¡ÃÍ§¨ÐÁÕ¡ÒÃá¡Çˆ§ÃÍºæ Ø̈´Í‰Ò§
ÍÔ§àÅç¡¹‰ÍÂ Ê̂Ç¹ÊÑ­­Ò³¤Çº¤ØÁ¨Ð¾ºÇˆÒÊÑ­­Ò³¤Çº¤ØÁ¢Í§ÃÐºº·ÕèäÁˆÁÕμÑÇ¡ÃÍ§¨Ðá¡Çˆ§μÅÍ´àÇÅÒ ã¹
¢³Ð·ÕèÊÑ­­Ò³¤Çº¤ØÁ¢Í§ÃÐºº·ÕèÁÕμÑÇ¡ÃÍ§¨Ð¤ˆÍ¹¢‰Ò§àÃÕÂºÁÒ¡¡ÇˆÒ
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ÃÙ»·Õè 4.22: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.23: ÊÑ­­Ò³¤Çº¤ØÁ·Õè¡ÃÍº ����

−0.05 −0.04 −0.03 −0.02 −0.01 0 0.01
1.98

1.99

2

2.01

2.02

2.03

2.04

2.05

x (m)

z 
(m

)

position on target

nonfilter
filter

ÃÙ»·Õè 4.24: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.25: ÊÑ­­Ò³¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.26: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.27: ÊÑ­­Ò³¤Çº¤ØÁ·Õè¡ÃÍº ����

4.5.2 ¼Å¡ÒÃ·´ÅÍ§¡ÒÃ¤Çº¤ØÁâ´Â·íÒ¡ÒÃÊØÁ Ø̈´àÃÔèÁμ‰¹ 100 Ø̈´·Õè¤ˆÒ¾×é¹àÍÕÂ§μ̂Ò§æ

¨Ò¡¼Å¡ÒÃ·´ÅÍ§·ÕèáÅ‰Ç¾ºÇˆÒ ÃÐºº·Õè¼ˆÒ¹μÑÇ¡ÃÍ§¨ÐÁÕª̂Ç§àÇÅÒà¢‰Ò·Õè (Settling time) ÍÂÙˆ·Õè
¨íÒ¹Ç¹ÃÍºÇ¹«íéÒ·Õè 15 à¹×èÍ§¨Ò¡àÃÒμ‰Í§¡ÒÃ·íÒ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹ãË‰àÃçÇ·ÕèÊØ´àÃÒ¨Ö§àÅ×Í¡μíÒáË¹ˆ§¤íÒμÍº
·Õèμ‰Í§¡ÒÃ·ÕèÃÍº¡ÒÃÇ¹«íéÒ·Õè 15 ã¹¡ÒÃ·´ÅÍ§¹Õé¨ÐÊØˆÁ Ø̈´àÃÔèÁμ‰¹ 100 ¨Ø´â´Â·Ñé§ 100 ¨Ø´¨Ðà»“¹¡Ò̂Ãá¨¡
á¨§àÍ¡ÃÙ» (Uniform distribution) ·Õè¾×é¹μˆÒ§¡Ñ¹ 6 ¤ˆÒ â´Â¡íÒË¹´ãË‰ ���� ÁÕ¤ˆÒ �� � ��������Æ

áÅÐ �� � �����Æ «Öè§¤ˆÒ¾×é¹ ���� ·Õè¤íÒ¹Ç³ä´‰¨ÐÁÕ¤ˆÒμÒÁ¢‰ÍÁÙÅ·Õè 6 ¢Í§μÒÃÒ§·Õè 3.9 â´ÂμíÒáË¹ˆ§¢Í§
¨Ø´àÃÔèÁμ‰¹¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁà¡ÕèÂÇ (Covariance) à»“¹

�

����� ������

������ 
�����



[cm�] «Öè§¨ÐáÊ´§ã¹

ÃÙ»·Õè 4.28 Ê̂Ç¹¼ÅËÅÑ§¡ÒÃ¤Çº¤ØÁ¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁà¡ÕèÂÇà»“¹
�
���
�� ������

������ ������



� ���� [cm�]

«Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.29 ¡ÃÍº ���� ÁÕ¤ˆÒ �� � ��
����Æ áÅÐ �� � ������Æ «Öè§¤ˆÒ¾×é¹ ����

·Õè¤íÒ¹Ç³ä´‰¨ÐÁÕ¤ˆÒμÒÁ¢‰ÍÁÙÅ·Õè 5 ¢Í§μÒÃÒ§·Õè 3.9 â´ÂμíÒáË¹ˆ§¢Í§ Ø̈´àÃÔèÁμ‰¹¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹
ÃˆÇÁà¡ÕèÂÇ (Covariance) à»“¹

�
�������� �������

������� ��������



[cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.30 Ê̂Ç¹¼ÅËÅÑ§¡ÒÃ

¤Çº¤ØÁ¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁà¡ÕèÂÇà»“¹
�
������ ������

������ ������



� ���� [cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.31

¡ÃÍº ���� ÁÕ¤ˆÒ �� � ���
���Æ áÅÐ �� � �����Æ «Öè§¤ˆÒ¾×é¹ ���� ·Õè¤íÒ¹Ç³ä´‰¨ÐÁÕ¤ˆÒμÒÁ¢‰ÍÁÙÅ
·Õè 17 ¢Í§μÒÃÒ§·Õè 3.9 â´ÂμíÒáË¹ˆ§¢Í§ Ø̈´àÃÔèÁμ‰¹¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁà¡ÕèÂÇ (Covariance) à»“¹�
�
������ ������
�

������
� 

����
�



[cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.32 Ê̂Ç¹¼ÅËÅÑ§¡ÒÃ¤Çº¤ØÁ¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹
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ÃˆÇÁà¡ÕèÂÇà»“¹
�
������ �������

������� ������



[cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.33 áÅÐ¨Ðà»ÃÕÂºà·ÕÂº¡Ñº¤ˆÒ¾×é¹·Õè

»ÃÐÁÒ³à»“¹¾×é¹ÃÒº«Öè§¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁà¡ÕèÂÇà»“¹
�
������ �����
�

�����
� ������



[cm�] áÅÐ¨ÐáÊ´§ã¹

ÃÙ»·Õè 4.34 ¡ÃÍº ���� ÁÕ¤ˆÒ �� � �����Æ áÅÐ �� � �����
Æ «Öè§¤ˆÒ¾×é¹ ���� ·Õè¤íÒ¹Ç³ä´‰¨ÐÁÕ¤ˆÒμÒÁ¢‰Í
ÁÙÅ·Õè 57 ¢Í§μÒÃÒ§·Õè 3.9 â´ÂμíÒáË¹ˆ§¢Í§ Ø̈´àÃÔèÁμ‰¹¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁà¡ÕèÂÇ (Covariance) à»“¹�

����
�
 �
������

�
������ 
�����





[cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.35 Ê̂Ç¹¼ÅËÅÑ§¡ÒÃ¤Çº¤ØÁ¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹

ÃˆÇÁà¡ÕèÂÇà»“¹
�
������ ������

������ ������



� ���� [cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.36 ¡ÃÍº ���� ÁÕ¤ˆÒ �� � ���
��Æ

áÅÐ �� � �����Æ «Öè§¤ˆÒ¾×é¹ ���� ·Õè¤íÒ¹Ç³ä´‰¨ÐÁÕ¤ˆÒμÒÁ¢‰ÍÁÙÅ·Õè 67 ¢Í§μÒÃÒ§·Õè 3.9 â´ÂμíÒáË¹ˆ§¢Í§
¨Ø´àÃÔèÁμ‰¹¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁà¡ÕèÂÇ (Covariance) à»“¹

�

������� ��������

�������� 
�������



[cm�] «Öè§¨ÐáÊ´§

ã¹ÃÙ»·Õè 4.37 Ê̂Ç¹¼ÅËÅÑ§¡ÒÃ¤Çº¤ØÁ¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁà¡ÕèÂÇà»“¹
�
������ �����
�

�����
� ������



� ����

[cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.38 ¡ÃÍº ���� ÁÕ¤ˆÒ �� � �������Æ áÅÐ �� � ������Æ «Öè§¤ˆÒ¾×é¹ ���� ·Õè
¤íÒ¹Ç³ä´‰¨ÐÁÕ¤ˆÒμÒÁ¢‰ÍÁÙÅ·Õè 71 ¢Í§μÒÃÒ§·Õè 3.9 â´ÂμíÒáË¹ˆ§¢Í§ Ø̈´àÃÔèÁμ‰¹¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹Ã̂ÇÁ
à¡ÕèÂÇ (Covariance) à»“¹

�
�
������ �������

������� 
�
�����



[cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.39 Ê̂Ç¹¼ÅËÅÑ§¡ÒÃ¤Çº¤ØÁ

¨ÐÁÕ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹ÃˆÇÁà¡ÕèÂÇà»“¹
�
��
��� ����
�

����
� ������



� ���� [cm�] «Öè§¨ÐáÊ´§ã¹ÃÙ»·Õè 4.40 ¨Ò¡¡ÒÃ

·´ÅÍ§·Ñé§ 6 ¡ÃÍº¾ºÇˆÒËÅÑ§¡ÒÃ¤Çº¤ØÁ¤ˆÒ¤ÇÒÁá»Ã»ÃÇ¹á¡ÕèÂÇÃˆÇÁ¨ÐÅ´Å§ÍÂ̂Ò§ÁÒ¡ ¹Ñè¹¤×ÍÃÐºº¨ÐÅÙˆ
à¢‰Ò¤íÒμÍºÍ‰Ò§ÍÔ§â´ÂÁÕ¤ÇÒÁ¼Ô´à¾ÕéÂ¹à¹×èÍ§¨Ò¡ÊÑ­­Ò³Ãº¡Ç¹¹‰ÍÂÁÒ¡ Ê̂Ç¹¡ÒÃ·Õè �� ÁÕ¤ˆÒà¢‰Òã¡Å‰ 0 «Öè§
ÁÕ»’­ËÒμÃ§·ÕèÇˆÒ¤ˆÒ �� ·Õèä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³ÍÒ¨ÁÕ¤ÇÒÁ¼Ô´¾ÅÒ´¾ÍÊÁ¤ÇÃ¹Ñé¹¡çÂÑ§ä´‰¼Å·Õè´Õ¡ÇˆÒ»ÃÐÁÒ³
¾×é¹à»“¹¾×é¹ÃÒº¹Ô´Ë¹ˆÍÂ ã¹¡ÒÃ·´ÅÍ§¨ÃÔ§¨ÐàÅ×Í¡ãª‰¤ˆÒ·Õèä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³ËÃ×Í»ÃÐÁÒ³ÇˆÒà»“¹¾×é¹ÃÒº
ä»àÅÂ¡çä´‰



54

−0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6
1.5

1.75

2

2.25

2.5

X (m)

Z
 (

m
)

Initial point
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ÃÙ»·Õè 4.29: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.30: μíÒáË¹ˆ§ Ø̈´àÃÔèÁμ‰¹ 100 ¨Ø´¢Í§¡ÃÍº ����
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ÃÙ»·Õè 4.31: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.32: μíÒáË¹ˆ§ Ø̈´àÃÔèÁμ‰¹ 100 ¨Ø´¢Í§¡ÃÍº ����
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ÃÙ»·Õè 4.33: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ���� àÁ×èÍãª‰¤ˆÒ¾×é¹·Õèä´‰¨Ò¡¡ÒÃ¤íÒ¹Ç³
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ÃÙ»·Õè 4.34: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ���� àÁ×èÍãª‰¤ˆÒ¾×é¹·Õè»ÃÐÁÒ³ÇˆÒ¾×é¹à»“¹
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ÃÙ»·Õè 4.35: μíÒáË¹ˆ§ Ø̈´àÃÔèÁμ‰¹ 100 ¨Ø´¢Í§¡ÃÍº ����
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ÃÙ»·Õè 4.36: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.37: μíÒáË¹ˆ§ Ø̈´àÃÔèÁμ‰¹ 100 ¨Ø´¢Í§¡ÃÍº ����
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ÃÙ»·Õè 4.38: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ����
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ÃÙ»·Õè 4.39: μíÒáË¹ˆ§ Ø̈´àÃÔèÁμ‰¹ 100 ¨Ø´¢Í§¡ÃÍº ����
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ÃÙ»·Õè 4.40: μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ËÅÑ§¡ÒÃ¤Çº¤ØÁ·Õè¡ÃÍº ����

4.6 ÊÃØ»

ã¹º·¹ÕéàÃÒä´‰¹íÒ»ÃÔÀÙÁÔÊ¶Ò¹Ð¨Ò¡º··Õè 2 ¾Ô¨ÒÃ³Ò«Öè§¾ºÇˆÒà»“¹ÃÐºº·ÕèÁÕÊÑ­­Ò³¢Òà¢‰ÒÊÍ§¤ˆÒáÅÐ
ÊÑ­­Ò³¢ÒÍÍ¡ÊÍ§¤ˆÒáÅÐäÁ̂à»“¹ÍÔÊÃÐ«Öè§¡Ñ¹áÅÐ¡Ñ¹ àÃÒ Ö̈§¾Ô¨ÒÃ³ÒÃÐººãË‰ÍÂÙˆã¹¾Ô¡Ñ´·Ã§¡ÅÁ«Öè§¨ÐÂ‰ÒÂ
Ê̂Ç¹¢Í§¤ÇÒÁäÁ̂à»“¹àªÔ§àÊ‰¹ä»ÊÙˆÊÁ¡ÒÃ¤íÒμÍºáÅÐ·íÒãË‰ÊÁ¡ÒÃÊ¶Ò¹Ðà»“¹ÊÁ¡ÒÃàªÔ§àÊ‰¹·Õèà»“¹ÍÔÊÃÐμˆÍ¡Ñ¹
ËÅÑ§¨Ò¡·Õèä´‰»ÃÔÀÙÁÔÊ¶Ò¹ÐãËÁ̂áÅ‰Ç àÃÒ¨Ð·íÒ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁâ´ÂÇÔ¸ÕáÃ¡·Õè·íÒ¤×Í·íÒ¡ÒÃ»„Í¹¡ÅÑº
¼ÅμÍºâ´Âãª‰μÑÇ¤Çº¤ØÁáººÊÑ´Ê̂Ç¹ ¡̂Í¹·Õè¨ÐÍÍ¡áººμÑÇ¤Çº¤ØÁàÃÒ¨Ð¾Ô¨ÒÃ³Ò¤ÇÒÁÊÑÁ¾Ñ¹¸ŒÃÐËÇˆÒ§
ÊÑ­­Ò³¢Òà¢‰ÒáμˆÅÐμÑÇÇˆÒÁÕ¼Å¡ÃÐ·ºμˆÍÊÑ­­Ò³¢ÒÍÍ¡ÍÂˆÒ§äÃ«Öè§¨Ð¾ºÇˆÒàÁ×èÍãÊ̂ÊÑ­­Ò³¢Òà¢‰Òã¹á¹ÇÍÔ
ÅÔàÇªÑè¹μíÒáË¹ˆ§ÀÒ¾¨ÐÁÕÁØÁà»ÅÕèÂ¹á»Å§ä»à»“¹ÊÍ§à·̂Ò¢Í§ÊÑ­­Ò³¢Òà¢‰Ò ËÅÑ§¨Ò¡¾Ô¨ÒÃ³Ò¤ÇÒÁÊÑÁ¾Ñ¹¸Œ
ÃÐËÇˆÒ§ÊÑ­­Ò³¢Òà¢‰Ò¡ÑºÊÑ­­Ò³¢ÒÍÍ¡áÅ‰Ç àÃÒ¨Ð·íÒ¡ÒÃÍÍ¡áººμÑÇ¤Çº¤ØÁâ´Â¾Ô¨ÒÃ³ÒÇˆÒàÎÅÔâÍÊáμ·
·íÒ¡ÒÃμÔ´μÑé§·Õè¾×é¹ÃÒº¡ˆÍ¹áÅ‰Ç Ö̈§¹íÒ¤ˆÒÍÑμÃÒ¢ÂÒÂ·Õèä´‰ä»·´ÅÍ§¡ÑºàÎÅÔâÍÊáμ··ÕèμÔ´μÑé§º¹¾×é¹·ÕèÁÕ¤ÇÒÁªÑ¹
¨Ò¡¼Å¡ÒÃ·´ÅÍ§¾ºÇˆÒÂÔè§¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·ÁÕ¤ÇÒÁªÑ¹ÁÒ¡à·ˆÒäÃ ÃÐºº¨ÐÅÙˆà¢‰ÒμíÒáË¹ˆ§Í‰Ò§
ÍÔ§ª‰Òà·̂Ò¹Ñé¹ «Öè§¨Ð¡ÅÒÂà»“¹¼ÅàÊÕÂà¹×èÍ§¨Ò¡ÂÔè§ÃÐººÅÙˆà¢‰Òª‰Ò¨¹μíÒáË¹ˆ§´Ç§ÍÒ·ÔμÂŒà»ÅÕèÂ¹ä»¨Ð·íÒãË‰äÁˆ
ÊÒÁÒÃ¶ÅÙˆà¢‰ÒÊÙˆμíÒáË¹ˆ§Í‰Ò§ÍÔ§ä´‰ ¨Ò¡»’­ËÒ¹ÕéàÃÒ Ö̈§¾ÂÒÂÒÁÍÍ¡áººμÑÇ¤Çº¤ØÁ·Õè·íÒãË‰ÃÐººÅÙˆà¢‰ÒμíÒáË¹ˆ§
Í‰Ò§ÍÔ§ãË‰àÃçÇ·ÕèÊØ´à·̂Ò·Õè¨Ðà»“¹ä»ä´‰â´Â¨Ðãª‰ÇÔ¸Õ»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ ¡ÒÃ¨Ðãª‰ÇÔ¸Õ¹ÕéàÃÒ í̈Òà»“¹μ‰Í§·ÃÒºμÑÇá»Ã
Ê¶Ò¹Ð¢Í§ÃÐºº áμˆà¹×èÍ§¨Ò¡àÃÒ·ÃÒºá¤ˆ¼ÅμÍº¢Í§ÃÐºº àÃÒ¨Ö§ í̈Òà»“¹μ‰Í§ÊÃ‰Ò§μÑÇÊÑ§à¡μ¡ÒÃ³ŒÁÒ
¤íÒ¹Ç³μÑÇá»ÃÊ¶Ò¹Ðâ´Â¨Ðãª‰¢‰ÍÁÙÅ¾×é¹àÍÕÂ§·Õèä´‰¨Ò¡º··Õè 3 ÁÒªˆÇÂ ¨Ò¡¼Å¡ÒÃ·´ÅÍ§¾ºÇˆÒ¶Ö§áÁ‰ÇˆÒ
¤ˆÒ»ÃÐÁÒ³¢Í§¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·¨ÐäÁˆà·̂Ò¡Ñº¤ˆÒ¨ÃÔ§ÍÂˆÒ§ÊÁºÙÃ³Œ áμˆÃÐºº¡çÅÙˆà¢‰ÒäÁˆà¡Ô¹ÊÒÁ
ÃÍº¡ÒÃ·íÒ§Ò¹«Öè§ã¹áμˆÅÐÃÍº·íÒ§Ò¹¨Ðãª‰àÇÅÒ»ÃÐÁÒ³ 1 ÇÔ¹Ò·Õ à¾ÃÒÐ©Ð¹Ñé¹àÃÒ¨Ö§ÊÒÁÃ¶Í¹ØâÅÁ
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ä´‰ÇˆÒ´Ç§ÍÒ·ÔμÂŒÂÑ§äÁˆà»ÅÕèÂ¹μíÒáË¹ˆ§ ÊØ´·‰ÒÂàÃÒ¨Ð¾Ô¨ÒÃ³ÒÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´«Öè§¨Ðà¡Ô´¢Öé¹ã¹ÃÐºº
¨ÃÔ§ ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ÍÒ¨·íÒãË‰ÃÐººäÁˆ¹Ôè§ (à¡Ô´¡ÒÃá¡Çˆ§ÃÍºæ¤ˆÒÍ‰Ò§ÍÔ§) ËÃ×ÍÍÒ¨·íÒãË‰ÃÐºº
ÊÙ­àÊÕÂàÊ¶ÕÂÃÀÒ¾ä´‰ àÃÒ Ö̈§μ‰Í§·íÒ¡ÒÃ¡ÃÍ§ÊÑ­­Ò³Ãº¡Ç¹¹ÕéÍÍ¡àÊÕÂ â´Âá¹Ç¤Ô´¡ÒÃÍÍ¡áººμÑÇ¡ÃÍ§
¨Ð¤íÒ¹Ö§¶Ö§¡ÒÃ»ÃÐÂØ¡μŒãª‰§Ò¹¨ÃÔ§à»“¹ÊíÒ¤Ñ­ μÑÇ¡ÃÍ§·Õèãª‰àÅÂà»“¹μÑÇ¡ÃÍ§áºº§̂ÒÂæâ´Â·íÒ¡ÒÃà¡çº¢‰ÍÁÙÅ
ÊÑ­­Ò³¢ÒÍÍ¡áÅ‰Ç·íÒ¡ÒÃà©ÅÕèÂ¡̂Í¹·Õè¨Ð¹íÒÊÑ­­Ò³·Õèä´‰»„Í¹à¢‰ÒÊÙˆμÑÇÊÑ§à¡μ¡ÒÃ³Œ ¨Ò¡¼Å¡ÒÃ·´ÅÍ§¾º
ÇˆÒÊÑ­­Ò³¤Çº¤ØÁ·Õèà¡Ô´¨Ò¡ÃÐººÁÕμÑÇ¡ÃÍ§¨ÐÁÕÅÑ¡É³ÐàÃÕÂº¡ÇˆÒÊÑ­­Ò³¤Çº¤ØÁ·ÕèÃÐººäÁˆÁÕμÑÇ¡ÃÍ§



º··Õè 5

º·ÊÃØ»áÅÐ¢‰ÍàÊ¹Íá¹Ð

5.1 º·ÊÃØ»

ÇÔ·ÂÒ¹Ô¾¹¸Œ©ºÑº¹Õé¹íÒàÊ¹ÍÇÔ¸Õ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹¢Í§àÎÅÔâÍÊáμ·«Öè§à»“¹Ë¹Öè§ã¹ÊÍ§Ê̂Ç¹¡ÒÃ·íÒ§Ò¹
ËÅÑ¡¢Í§àÎÅÔâÍÊáμ·«Öè§ãª‰ã¹¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§·ÔÈ·Ò§¢Í§àÎÅÔâÍÊáμ··Õè¼Ô´à¾ÕéÂ¹áÅÐ·íÒ¡ÒÃ»ÃÐÁÒ³¾×é¹
·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·à¾×èÍ·Õè¨Ð·íÒãË‰ÇÔ¸Õ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒ«Öè§à»“¹Ê̂Ç¹¡ÒÃ·íÒ§Ò¹·ÕèÊíÒ¤Ñ­·ÕèÊØ´¢Í§àÎ
ÅÔâÍÊáμ·ãË‰ÁÕ¤ÇÒÁáÁ̂¹ÂíÒ¶Ù¡μ‰Í§ÁÒ¡¢Öé¹ ã¹¡ÒÃà·ÕÂºÁÒμÃ°Ò¹ àÃÒ¨Ðãª‰à»„Ò·ÕèáÂ¡¨Ò¡μÑÇÃÑº¡ÅÒ§·Õè·íÒ
¡ÒÃÃÇÁáÊ§ÍÒ·ÔμÂŒáÅÐ·íÒ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹àÎÅÔâÍÊáμ··ÕÅÐμÑÇà¹×èÍ§¨Ò¡àÃÒäÁ̂ÊÒÁÒÃ¶·ÃÒºä´‰ÇˆÒ¡ÒÃ·ÕèáÊ§
μ¡¡ÃÐ·ºäÁˆμÃ§μíÒáË¹ˆ§Í‰Ò§ÍÔ§à¡Ô´¨Ò¡àÎÅÔâÍÊáμ·μÑÇã´

¡ˆÍ¹·Õè¨ÐàÃÔèÁ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹ ¡ÒÃ·ÃÒºáºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§ÅÑ¡É³Ð¡ÒÃÊÐ·‰Í¹áÊ§
â´Âãª‰àÎÅÔâÍÊáμ·¨ÐÁÕ»ÃÐâÂª¹Œã¹¡ÒÃÍÍ¡áººÁÒ¡ ã¹º··Õè 2 ä´‰¹ÔÂÒÁàÁ·ÃÔ¡«Œ¡ÒÃËÁØ¹ μÑÇ´íÒà¹Ô¹
¡ÒÃ¡ÒÃËÁØ¹ áÅÐ¡ÒÃËÁØ¹áººÍÍÂàÅÍÃŒ «Öè§·Ñé§ÊÒÁà»“¹à¹×éÍËÒÊíÒ¤Ñ­ã¹¡ÒÃÊÃ‰Ò§áºº í̈ÒÅÍ§·Ò§¤³Ôμ
ÈÒÊμÃŒ¢Í§ÅÑ¡É³Ð¡ÒÃÊÐ·‰Í¹áÊ§â´Âãª‰àÎÅÔâÍÊáμ· ËÅÑ§¨Ò¡·Õèä´‰áºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒáÅ‰ÇàÃÒ¨Ð
·íÒ¡ÒÃà·ÕÂºÁÒμÃ°Ò¹ â´Â¡ÒÃà·ÕÂºÁÒμÃ°Ò¹áºˆ§à»“¹ 2 Ê̂Ç¹¤×Í

1. ¡ÒÃ»ÃÐÁÒ³¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·

2. ¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§

â´Â·Ñé§ÊÍ§Ê̂Ç¹¨Ð¾Ô¨ÒÃ³ÒÃÐººáººäÁ̂ÁÕÊÑ­­Ò³Ãº¡Ç¹¡̂Í¹áÅ‰Ç¤ˆÍÂ¾Ô¨ÒÃ³ÒÃÐºº·ÕèÁÕÊÑ­­Ò³Ãº¡Ç¹
¡ÒÃ»ÃÐÁÒ³¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·¨ÐàÃÔèÁ¨Ò¡¡ÒÃ¹íÒáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒÁÒ¤íÒ¹Ç³á¡‰

ÊÁ¡ÒÃâ´Âãª‰ÇÔ¸ÕàªÔ§àÅ¢ «Öè§ÇÔ¸ÕáÃ¡·Õèãª‰¤×ÍÇÔ¸Õ¹ÔÇμÑ¹«Öè§ÁÕ¢‰Í´Õ¤×Íãª‰àÇÅÒã¹¡ÒÃá¡‰ËÒ¤íÒμÍºä´‰ÃÇ´àÃçÇáμˆ
¨Ðãª‰ä´‰à©¾ÒÐ¿’§¡ŒªÑ¹·ÕèÁÕ¤íÒμÍº¢Í§ÊÁ¡ÒÃà·̂Ò¹Ñé¹ à¹×èÍ§¨Ò¡ã¹ÃÐºº¨ÃÔ§¨ÐÁÕÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´à¢‰Ò
ÁÒà¡ÕèÂÇ¢‰Í§«Öè§Í¨Ò¡¨Ð·íÒãË‰¤ˆÒ¼ÅμÍº·ÕèÇÑ´ä´‰äÁˆà»“¹ä»μÒÁáºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ ´Ñ§¹Ñé¹àÃÒ¨Ö§ãª‰
ËÅÑ¡¡ÒÃã¹¡ÒÃËÒ Ø̈´μíèÒÊØ´¢Í§¿’§¡ŒªÑ¹ãËÁˆ·Õè»ÃÐÂØ¡μŒ¨Ò¡áººº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒÁÒãª‰ â´Â¤ˆÒ¿’§¡ŒªÑ¹
ãËÁˆ¨Ðà»“¹¤ˆÒ¹ÍÃŒÁ¢Í§áºº¨íÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ«Öè§¶‰ÒÊÁ¡ÒÃ¢Í§ÃÐºº·ÕèÃÇÁÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ÁÕ¤íÒ
μÍº (áμˆÍÒ¨äÁ̂ãªˆ¤íÒμÍºà´ÕÂÇ¡Ñ¹¡ÑºÃÐºº·ÕèäÁˆÁÕÊÑ­­Ò³Ãº¡Ç¹) ¤ˆÒμíèÒÊØ´¢Í§¿’§¡ŒªÑ¹¨Ðà»“¹ 0 áÅÐ
¶Ö§áÁ‰ÇˆÒ¶‰ÒÊÁ¡ÒÃ¢Í§ÃÐºº·ÕèÃÇÁÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´äÁˆÁÕ¤íÒμÍº àÃÒ¡çÊÒÁÒÃ¶»ÃÐÁÒ³ä´‰ÇˆÒ Ø̈´μíèÒÊØ´
¢Í§¹ÍÃŒÁ¨Ðà»“¹¤íÒμÍº·ÕèàÃÒμ‰Í§¡ÒÃ

ã¹¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§ÊÁ¡ÒÃàÃÒ¨Ðãª‰ÇÔ¸Õ steepest descent «Öè§¨ÐÁÕ¢‰Í´Õ¤×Í¨ÐÃÑº»ÃÐ¡Ñ¹ÇˆÒ¤ˆÒ
»ÃÐÁÒ³¨ÐÅÙˆà¢‰Ò Ø̈´μíèÒÊØ´á¹ˆ¹Í¹áμˆÍÒ¨¨Ðãª‰àÇÅÒã¹¡ÒÃÅÙˆà¢‰Ò¹Ò¹ ã¹¡ÒÃ·Õè¨Ð·íÒãË‰¤ˆÒ»ÃÐÁÒ³ÅÙˆà¢‰Òä´‰äÇ
ÊØ´¨Ðμ‰Í§ãª‰ÇÔ¸Õ¡ÒÃËÒ¤ˆÒ step-size áºº exact line search áμˆã¹¡ÒÃãª‰§Ò¹¨ÃÔ§ÍÒ¨¨Ðμ‰Í§àÊÕÂ
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àÇÅÒã¹¡ÒÃ¤íÒ¹Ç³ step-size ÁÒ¡à¡Ô¹ä»«Öè§ÍÒ¨·íÒãË‰àÇÅÒÃÇÁª‰ÒÁÒ¡ ã¹§Ò¹ÇÔ¨ÑÂ¹Õé¨Ö§àÊ¹ÍÇÔ¸Õ back-

tracking «Öè§·íÒãË‰¤ˆÒ¢Í§¿’§¡ŒªÑ¹ã¹ÃÍº¶Ñ´ä»¨Ð¹‰ÍÂ¡ÇˆÒ¤ˆÒ»’¨ Ø̈ºÑ¹ÍÂˆÒ§à¾ÕÂ§¾Í«Öè§¨Ð·íÒãË‰ÃÐººäÁˆÅÙˆà¢‰Ò
ª‰Òà¡Ô¹ä»áÅÐäÁˆàÊÕÂàÇÅÒã¹¡ÒÃ¤íÒ¹Ç³ step-size ÁÒ¡¹Ñ¡

ËÅÑ§¨Ò¡·Õèä´‰¤íÒμÍºÁÒáÅ‰Ç ¤íÒμÍº·Õèä´‰ÍÒ¨äÁ̂μÃ§¡Ñº¤íÒμÍº¢Í§ÃÐºº·ÕèäÁˆÁÕÊÑ­­Ò³Ãº¡Ç¹ àÃÒ
¨Ö§¤ÇÃ¤íÒ¹Ç³¤ˆÒ Ø̈´μíèÒÊØ´¢Í§¿’§¡ŒªÑ¹äÇ‰ËÅÒÂæ¤ˆÒáÅ‰Ç¤ˆÍÂ¹íÒ¤ˆÒàËÅ̂Ò¹Ñé¹ÁÒ·íÒ¡ÒÃ»ÃÐÁÒ³ËÒ¤íÒμÍº·Õè¹ˆÒ
¨Ðã¡Å‰à¤ÕÂ§¤íÒμÍº·Õèμ‰Í§¡ÒÃÁÒ¡ÊØ´ àÁ×èÍ¾Ô¨ÒÃ³ÒÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´¾ºÇˆÒÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´Ê̂Ç¹
ÁÒ¡ÁÕ¤ˆÒà©ÅÕèÂà»“¹ 0 áÅÐáºº í̈ÒÅÍ§·Ò§¤³ÔμÈÒÊμÃŒ¢Í§àÃÒà¡Ô´¨Ò¡¡ÒÃ¤Ù³à·̂Ò¹Ñé¹ à¾ÃÒÐ©Ð¹Ñé¹¨Ðä´‰ÇˆÒ
¤ˆÒ¿’§¡ŒªÑ¹¢Í§ÃÐºº·ÕèÁÕÊÑ­­Ò³Ãº¡Ç¹¤ÇÃÁÕ¤̂Òà©ÅÕèÂà·̂Ò¡Ñº 0 àªˆ¹¡Ñ¹ àÃÒ Ö̈§¹íÒ¤íÒ Ø̈´μíèÒÊØ´·Õè¤íÒ¹Ç³ä´‰
ã¹áμˆÅÐ¤ÃÑé§ÁÒ·íÒ¡ÒÃËÒ¤ˆÒà©ÅÕèÂà¾×èÍ·Õè¨Ðä´‰ã¡Å‰à¤ÕÂ§¡Ñº¤íÒμÍº·Õèμ‰Í§¡ÒÃÁÒ¡·ÕèÊØ´

¨Ò¡ÇÔ¸Õ·Õè¡Å̂ÒÇÁÒ¢‰Ò§μ‰¹¨ÐÁÕ¢‰ÍàÊÕÂã¹àÃ×èÍ§àÇÅÒáÅÐμ‰Í§»ÃÐÁÒ³¤ˆÒàÃÔèÁμ‰¹·Õè¨Ðãª‰ã¹¡ÒÃ»ÃÐÁÒ³ à¾×èÍ
μÑ´»’­ËÒàËÅ̂Ò¹Ñé¹àÃÒ¨Ö§¾Ô¨Ò³ÒÇÔ¸ÕãËÁ̂â´Â¾ÂÒÂÒÁÁÍ§ÃÐººãË‰ÍÂÙˆã¹ÃÙ»àÃ¢Ò¤³ÔμáÅÐ¾ºÇˆÒàÇ¡àμÍÃŒ¼ÅμˆÒ§
¢Í§àÇ¡àμÍÃŒμÑé§©Ò¡·Õèà¡Ô´¨Ò¡¡ÒÃËÁØ¹ã¹á¹ÇÍ«ÔÁØ¸¢Í§àÎÅÔâÍÊáμ·ÊÍ§àÇ¡àμÍÃÕì·ÕèäÁˆä ‰́ÍÂÙˆã¹á¹ÇàÊ‰¹μÃ§
à´ÕÂÇ¡Ñ¹ («Öè§¨ÐäÁˆÊÒÁÒÃ¶à¡Ô´¢Öé¹ä´‰¶‰ÒàÃÒäÁˆËÁØ¹àÎÅÔâÍÊáμ·à»“¹ÁØÁà·̂Òà´ÔÁ) ¨Ðá¼ˆ·ÑèÇ (Span) à»“¹
ÃÐ¹Òºà´ÕÂÇ¡ÑºÃÐ¹Òº¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ· ã¹¡ÒÃãª‰§Ò¹¡ÑºÃÐºº·Õè¾Ô¨ÒÃ³ÒÊÑ­­Ò³Ãº¡Ç¹¡ÒÃ
ÇÑ´¹Ñé¹ ÇÔ¸Õ·Õè§̂ÒÂ·ÕèÊØ´¤×Í¡ÒÃà¡çº¤ˆÒàÇ¡àμÍÃŒâ´Â¡ÒÃËÁØ¹ä»ËÁØ¹¡ÅÑºáÅ‰Ç·íÒ¡ÒÃà©ÅÕèÂ«Öè§¨Ð·íÒãË‰¤ˆÒàÇ¡àμÍÃŒ
μÑé§©Ò¡·Õèä´‰ã¡Å‰à¤ÕÂ§¡Ñº¤ˆÒàÇ¡àμÍÃŒμÑé§©Ò¡¢Í§ÃÐºº·ÕèäÁˆÁÕÊÑ­­Ò³Ãº¡Ç¹ áÅ‰Ç Ö̈§¤ˆÍÂ¹íÒ¤ˆÒàÇ¡àμÍÃŒ¹Ñé¹
ä»¤íÒ¹Ç³ËÒ¾×é¹μˆÍä»

ã¹Ê̂Ç¹¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§ãË‰à¢‰ÒÊÙˆμíÒáË¹ˆ§Í‰Ò§ÍÔ§¹Ñé¹ ã¹μÍ¹áÃ¡àÃÒ¨Ðãª‰ÇÔ¸Õ
»„Í¹¡ÅÑºÊÑ­­Ò³¢ÒÍÍ¡â´Â¨ÐÊÁÁØμÔÇˆÒ¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·à»“¹¾×é¹ÃÒºáÅÐ¾ÂÒÂÒÁÍ¡áººμÑÇ¤Çº
¤ØÁãË‰§̂ÒÂ·ÕèÊØ´¹Ñè¹¤×Íà»“¹μÑÇ¤Çº¤ØÁáººÊÑ´Ê̂Ç¹ ËÅÑ§·íÒ¡ÒÃ·´ÅÍ§¾ºÇˆÒμíÒáË¹ˆ§áÊ§º¹μÑÇÃÑº¡ÅÒ§¨Ð
ÇÔè§à¢‰ÒÊÙˆμíÒáË¹ˆ§Í‰Ò§ÍÔ§ áμˆ¨Ðãª‰àÇÅÒã¹¡ÒÃÅÙˆà¢‰ÒäÁˆà·̂Ò¡Ñ¹â´Â¢Öé¹¡Ñº¤ÇÒÁªÑ¹¢Í§¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§àÎÅÔ
âÍÊáμ·«Öè§ÍÒ¨¨Ð·íÒãË‰ÃÐººäÁˆÅÙˆà¢‰ÒμíÒáË¹ˆ§Í‰Ò§ÍÔ§ã¹¡ÒÃãª‰§Ò¹¨ÃÔ§à¹×èÍ§¨Ò¡´Ç§ÍÒ·ÔμÂŒä´‰à»ÅÕèÂ¹μíÒáË¹ˆ§
ä»áÅ‰Ç àÃÒ Ö̈§¾ÂÒÂÒÁÍÍ¡áººãË‰ÃÐººÅÙˆà¢‰ÒäÇ·ÕèÊØ´¹Ñè¹¤×ÍÅÙˆà¢‰ÒÊÙˆμíÒáË¹ˆ§Í‰Ò§ÍÔ§ã¹¡ÒÃËÁØ¹à¾ÕÂ§¤ÃÑé§à´ÕÂÇ
â´Â¨ÐÊÒÁÒÃ¶·íÒä´‰¶‰Ò¡ÒÃ¤Çº¤ØÁà»“¹áºº»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ áμˆã¹¡ÒÃ»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁàÃÒ í̈Òà»“¹
μ‰Í§ÃÙ‰¤ˆÒμÑÇá»ÃÊ¶Ò¹Ð´Ñ§¹Ñé¹àÃÒ¨Ö§μˆÍ§ÊÃ‰Ò§μÑÇÊÑ§à¡μ¡ÒÃ³Œà¾×èÍ·íÒ¡ÒÃ¤íÒ¹Ç³μÑÇá»ÃÊ¶Ò¹Ðâ´Âãª‰¢‰ÍÁÙÅ¾×é¹
·Õèä´‰¨Ò¡º··Õè 3 ÁÒªˆÇÂ

ÊØ´·‰ÒÂàÁ×èÍàÃÒ·íÒ¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§â´Âãª‰ÇÔ¸Õ»„Í¹¡ÅÑºÊ¶Ò¹ÐàμçÁ ¡ÒÃ¤Çº¤ØÁÍÒ¨äÁ̂à»“¹ä»μÒÁ
·Õè¤íÒ¹Ç³à¹×èÍ§¨Ò¡¤ˆÒμíÒáË¹ˆ§áÊ§·ÕèÍˆÒ¹ä´‰ÍÒ¨ÁÕ¼Å¢Í§ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´à¢‰ÒÁÒà¡ÕèÂÇ¢‰Í§ ´Ñ§¹Ñé¹àÃÒ
¤ÇÃ·íÒ¡ÒÃ¡ÃÍ§ÊÑ­­Ò³Ãº¡Ç¹¡ÒÃÇÑ´ãË‰ÍÍ¡ä»ÁÒ¡·ÕèÊØ´à¾×èÍ·Õè¼Å¡ÒÃ·´ÅÍ§¨Ðä´‰ã¡Å‰à¤ÕÂ§¡Ñº¡ÒÃ¤íÒ¹Ç³
ÁÒ¡·ÕèÊØ´ μÑÇ¡ÃÍ§¨Ðãª‰ÇÔ¸Õ¡ÒÃà©ÅÕèÂà¤Å×èÍ¹·Õèâ´Â¢‰Í´Õ¢Í§ÇÔ¸Õ¹Õé¤×Íà»“¹ÇÔ¸Õ·ÕèäÁˆ«Ñº«‰Í¹ »ÃÐÂØ¡μŒãª‰¡Ñº§Ò¹
¨ÃÔ§ä´‰§̂ÒÂ ÊÑ­­Ò³¢ÒÍÍ¡·Õè¼ˆÒ¹μÑÇ¡ÃÍ§¨ÐÊ̂§ä»ÂÑ§μÑÇÊÑ§à¡μ¡ÒÃ³ŒáÅ‰ÇÊ̂§μˆÍä»ÂÑ§μÑÇ¤Çº¤ØÁμˆÍä»
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5.2 ¢‰ÍàÊ¹Íá¹Ðã¹§Ò¹ÇÔ Ñ̈Â¹Õé

à¹×èÍ§¨Ò¡ÇÔ·ÂÒ¹Ô¾¹¸Œ¹Õéà»“¹¡ÒÃ¨íÒÅÍ§¼Å¡ÒÃ·´ÅÍ§¡ÒÃà·ÕÂºÁÒμÃ°Ò¹¡̂Í¹·Õè¨Ðä»»ÃÐÂØ¡μŒãª‰§Ò¹¨ÃÔ§
â´Â¨ÐÁÕ¢‰ÍàÊ¹Íá¹Ð´Ñ§¹Õé

1. ã¹¡ÒÃãª‰§Ò¹¨ÃÔ§ ¡ÒÃ»ÃÐÁÒ³¾×é¹·Õè·íÒ¡ÒÃμÔ´μÑé§äÁˆ¨íÒà»“¹μ‰Í§·íÒº̂ÍÂà¾ÃÒÐ¾×é¹¤§äÁˆ¤ˆÍÂà»ÅÕèÂ¹á»Å§
ä»¨Ò¡à´ÔÁà·̂ÒäÃ ¡ÒÃ»ÃÐÁÒ³¾×é¹¤ÇÃ·íÒà»“¹ÍÑ¹´ÑºáÃ¡ËÅÑ§¨Ò¡·íÒ¡ÒÃμÔ´μÑé§àÎÅÔâÍÊáμ·à¾×èÍ·Õè¨Ð
ä´‰à»“¹¢‰ÍÁÙÅã¹¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§áÅÐ¡ÒÃμÔ´μÒÁ´Ç§ÍÒ·ÔμÂŒμˆÍä»

2. ¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§ÀÒ¾º¹μÑÇÃÑº¡ÅÒ§¤ÇÃ·íÒãË‰º̂ÍÂμÒÁ¤ÇÒÁàËÁÒÐÊÁ à¾×èÍ·Õè¨Ðä´‰¾ÅÑ§§Ò¹¤ÇÒÁ
Ã‰Í¹·Õèä´‰¨Ò¡¡ÒÃÃÇºÃÇÁáÊ§ÍÂ̂Ò§¤Ø‰Á¤ˆÒ·ÕèÊØ´

3. ã¹¡ÒÃËÒ¤ˆÒμíèÒÊØ´¢Í§¿’§¡ŒªÑ¹ àÃÒÊÒÁÒÃ¶»ÃÐÁÒ³¤ˆÒàÃÔèÁμ‰¹ä´‰â´Âãª‰¡ÒÃ»ÃÐÁÒ³·Ò§ÊÒÂμÒÇˆÒ¾×é¹
ÁÕ¤ÇÒÁªÑ¹à·̂ÒäÃ «Öè§à¾ÕÂ§¾Í·Õè¡ÒÃ»ÃÐÁÒ³¤ˆÒμíèÒÊØ´¨ÐÅÙˆà¢‰Ò¤íÒμÍº·Õèμ‰Í§¡ÒÃ

4. ã¹Ê̂Ç¹¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§áÊ§º¹μÑÇÃÑº¡ÅÒ§¨ÐÁÕ¼Å¢Í§ÁÍàμÍÃŒ·Õèãª‰·íÒ¡ÒÃËÁØ¹àÎÅÔâÍÊáμ·ÁÒà¡ÕèÂÇ
¢‰Í§´‰ÇÂ à¹×èÍ§¨Ò¡¿’§¡ŒªÑ¹¶̂ÒÂâÍ¹ÃÐººÇ§»”´¢Í§ÁÍàμÍÃŒâ´ÂÁÕμíÒáË¹ˆ§àªÔ§ÁØÁà»“¹¼ÅμÍºäÁˆÁÕÊ
à¶ÕÂÃÀÒ¾ àÃÒ Ö̈§¤ÇÃÍÍ¡áººÁÍàμÍÃŒãË‰ÁÕàÊ¶ÕÂÃÀÒ¾â´Âãª‰ÇÔ¸ÕÃÐººÇ§»”´áÅÐ·íÒãË‰àÇÅÒÅÙˆà¢‰ÒÁÕ¤ˆÒ
¹‰ÍÂ·ÕèÊØ´μÒÁ¤ÇÒÁàËÁÒÐÊÁ¢Í§ÁÍàμÍÃŒà¾×èÍ·Õè¨ÐÅ´àÇÅÒã¹ª̂Ç§Ë¹Öè§ÃÍº¡ÒÃ·íÒ§Ò¹¡ÒÃ»ÃÑºá¡‰μíÒáË¹ˆ§
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