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ĶŃĭĭėƞŅĽň CIE L*a*b* ĕŀĚľĬƞĺĵĚŅĬ Commission International del'Eclairage Őĭĭ 

L*a*b* color space ŏĮƦĬĶŃĭĭėƞŅĽňĪňŗĴňėĺŅĴĬƞŅĽĬŒěŐĸŃŒĝƟĔńĬŀĵƞŅĚŐıĶƞľĸŅĵ  ŏĬŊŗŀĚěŅĔĶŃĭĭėƞŅ
ĽňħńĚĔĸƞŅĺĽŅĴŅĶĩĺńħėƞŅėĺŅĴĽĺƞŅĚ ŏĜħĽň ŐĸŃėĺŅĴŀŇŗĴĨńĺĕŀĚĽňŒľƟŀĵŌƞŒĬŏĝŇĚĨńĺŏĸĕ ĔŅĶĺńħėƞŅĽňŒĬ
ŀŋĨĽŅľĔĶĶĴĽƞĺĬŒľĠƞěŃŏĮƦĬĔŅĶĺńħėƞŅĽňŐĭĭěŋħ ĪŜŅŒľƟĔŅĶĺńħėƞŅĽňĕŀĚĝŇŘĬĚŅĬĭĬĽŅĵıŅĬĸŜŅŏĸňĵĚĪňŗ
ĨƟŀĚĔŅĶĨĶĺěĽŀĭĝŇŘĬĚŅĬĪŋĔĝŇŘĬĚŅĬľĶŊŀıŊŘĬįŇĺĪňŗĴňĔŅĶŏėĸŊŗŀĬĪňŗ ŏĝƞĬ ĝŇŘĬĚŅĬıĸŅĽĨŇĔ ľĶŊŀ ĽŇŗĚĪŀ ŏĮƦĬ
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ŐĸŃŐĵĔŐĽĚŒľƟœħƟėƞŅĽŏĮĔĨĶńĴŒĬĝƞĺĚėĸŊŗĬĪňŗĴŀĚŏľŖĬœħƟħƟĺĵĨŅŏĮĸƞŅ ŐĸŃŒĝƟĔĸƟŀĚ HQ Camera 
Module ŏĮƦĬĨńĺĶńĭĽŏĮĔĨĶńĴ ŐĸŃŒĝƟ Raspberry Pi ŏĮƦĬĨńĺĮĶŃĴĺĸįĸ ŒĝƟĨńĺŀĵƞŅĚŐįƞĬĽňĴŅĨĶģŅĬ 
(Standard Paint Colors 2017, TOA-Chugoku Marine Paints, Ltd.)  632 Ľň ĪŜŅĔŅĶĺńħ
ĽŏĮĔĨĶńĴŐĸŃėƞŅĽň CIE L*a*b* ěŅĔŏėĶŊŗŀĚĺńħėƞŅ CIE L*a*b* ĴŅĨĶģŅĬ ColourFlex EZ ěŅĔĬńŘĬ
ĽĶƟŅĚĽĴĔŅĶėĺŅĴĽńĴıńĬīƢĪŅĚĽĩŇĨŇĶŃľĺƞŅĚėƞŅĽŏĮĔĨĶńĴĪňŗĺńħőħĵŏėĶŊŗŀĚ LineScan ŐĸŃėƞŅ CIE 
L*a*b* ĪňŗĺńħěŅĔŏėĶŊŗŀĚ ColourFlex EZ ħƟĺĵŏĪėĬŇė Partial Least Square (PLS) ŏıŊŗŀŒľƟœħƟ
ŏĴĨĶŇĔĞƢőľĸħħŇŗĚĽŜŅľĶńĭŏėĶŊŗŀĚ LineScan ĭĬĽŅĵıŅĬĸŜŅŏĸňĵĚĕĬŅħ 30 ŏĞĬĨŇŏĴĨĶ ıĭĺƞŅĽŅĴŅĶĩ
ĽĶƟŅĚŏėĶŊŗŀĚĪňŗŒĝƟĪŜŅĬŅĵėƞŅĽňĪňŗĴňėĺŅĴŐĴƞĬĵŜŅĪňŗ R2 ŏĪƞŅĔńĭ 0.99 ŏĴŊŗŀĬŜŅĴŅĪŜŅĬŅĵėƞŅ CIE L*a*b* ĕŀĚ
ĝŇŘĬĚŅĬĨńĺŀĵƞŅĚıĸŅĽĨŇĔ (PVC) ŐĸŃĝŇŘĬĚŅĬĨńĺŀĵƞŅĚŐįƞĬıĸŅĽĨŇĔľĸŅĔĽňĪňŗĴňĕŅĵĨŅĴĪƟŀĚĨĸŅħĪńŗĺœĮ
őħĵįĸĔŅĶĪħĸŀĚıĭĺƞŅĮĶŃĽŇĪīŇĳŅıĔŅĶĪŜŅĬŅĵĕŀĚŏėĶŊŗŀĚĺńħėƞŅ CIE L*a*b* œħƟ R2 ŏĪƞŅĔńĭ 0.97 
ŐĸŃ 0.94 ĨŅĴĸŜŅħńĭ 
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MR. WATCHARAKORN MOOLSRI : PLASTIC COLOR MEASUREMENT BASED ON 
RAW SPECTRUM IN 400-1000 NANOMETER WITH CIE L*A*B* SYSTEM. THESIS ADVISOR :  
SARAWUT PHUPAICHITKUN, Dr.Agr. 

The color standard system of Commission International del'Eclairage's color 
system in L*a*b* color space is widely used because it can measure brightness, hue, 
and saturation. Most of the color measurement in manufacture is spot-type color 
measurements which are unable to inspect all part or area on the conveyor. In this 
research, a line-scan color meter (LineScan) using a lens, grating system, and HD 
camera with Raspberry Pi provide the low-cost color meter. Calibrate and validate 
this device using the CIE L*a*b* value of Standard Paint Colors (TOA-Chugoku Marine 
Paints, Ltd., 2017 with 632 colors) measured by standard measurement (ColorFlex 
EZ). Partial least square (PLS) regression between L*a*b* value with spectrum in the 
visible range give loading matric for transforming the spectrum of LineScan to L*a*b* 
value with R2 equals 0.99. The results showed the predictive efficiency of the PVC 
samples and unknown samples using the LineScan color meter with an R-squared 
equal to 0.97 and 0.94 respectively. 
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ŏĮĔőĪĶĽőĔĮƖŀŇĬĲĶŅŏĶħĵƞŅĬŒĔĸƟ ŐĸŃŒľƟėŜŅŐĬŃĬŜŅŏĶŊŗŀĚŏĔňŗĵĺĔńĭĽŏĮĔĨĶńĴ ĔŅĶĽĶƟŅĚŏėĶŊŗŀĚ ĔŅĶ
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ĭĪĬŜŅ 

1.1 ĪňŗĴŅŐĸŃėĺŅĴĽŜŅėńĠ 

ŒĬĮƤěěŋĭńĬĔŅĶĺńħėƞŅĽňĴňėĺŅĴěŜŅŏĮƦĬŒĬĶŃħńĭŀŋĨĽŅľĔĶĶĴĔŅĶįĸŇĨĝŇŘĬĚŅĬıĸŅĽĨŇĔĪňŗĨƟŀĚĔŅĶ

ėĺŅĴŐĴƞĬĵŜŅŐĸŃėĺŅĴĸŃŏŀňĵħĕŀĚįĸŇĨĳńĦĤƢĽŌĚȮĞŉŗĚĴŅĨĶģŅĬĶŃĭĭĔŅĶĺńħėƞŅĽňĪńŗĺœĮĴňľĸŅĵĴŅĨĶģŅĬȮ

ŀŅĪŇŏĝƞĬȮĶŃĭĭėƞŅĽňȮRGB, ĶŃĭĭėƞŅĽňȮXYZ ŏĮƦĬĨƟĬȮĴŅĨĶģŅĬĪňŗĬŇĵĴŒĝƟŒĬŀŋĨĽŅľĔĶĶĴȮėŊŀȮĶŃĭĭėƞŅĽň

ĕŀĚľĬƞĺĵĚŅĬȮAmkkgqqgmlȮGlrcpl_rgml_jȮbcjŲCaj_gp_ecȮŐĭĭȮL*a*b* color space (CIE 

L*a*b*) ŏĬŊŗŀĚěŅĔŏĮƦĬĴŅĨĶģŅĬĔŅĶĺńħėƞŅĽňĪňŗĽŅĴŅĶĩĺńħėƞŅėĺŅĴĽĺƞŅĚ, ŏĜħĽňȮŐĸŃėĺŅĴŀŇŗĴĨńĺĕŀĚĽňȮ

ŒľƟŀĵŌƞŒĬŏĝŇĚĨńĺŏĸĕȮĨƟĺŀĵƞŅĚĔŅĶĺńħėƞŅĽňĭĬĽŅĵıŅĬĸŜŅŏĸňĵĚȮœħƟŐĔƞȮėĺŅĴĽĴŗŜŅŏĽĴŀĕŀĚĽňĵƟŀĴĭĬįŊĬįƟŅȮ

ĔŅĶěŜŅŐĬĔĽňŒĬĔŅĶėńħŐĵĔıĸŅĽĨŇĔĶňœĞŏėŇĸŏıŊŗŀŒľƟĚƞŅĵĨƞŀĔŅĶĬŜŅœĮŒĝƟĚŅĬŒĬŀŋĨĽŅľĔĶĶĴĶňœĞŏėŇĸ

ĨƞŀœĮȮŏĮƦĬĨƟĬȮĞŉŗĚŒĬĮƤěěŋĭńĬœħƟĴňĔŅĶĬŜŅŏĪėőĬőĸĵňĔŅĶĮĶŃĴĺĸįĸħƟĺĵĳŅıŒĬĶŃĭĭėƞŅĽňŐĭĭȮRGB 

ĶƞĺĴĔńĭŏėĶŊŗŀĚěńĔĶŒĬĔŅĶŐĵĔĽňĕŀĚıĸŅĽĨŇĔĭĬĽŅĵıŅĬĸŜŅŏĸňĵĚȮĪħŐĪĬŐĶĚĚŅĬėĬĪňŗĴňĕƟŀěŜŅĔńħŒĬ

ĔŅĶěŜŅŐĬĔėƞŅĽňȮĪńŘĚŒĬħƟŅĬĮĶŇĴŅĦȮėĺŅĴŐĴƞĬĵŜŅĕŀĚĔŅĶěŜŅŐĬĔŏĜħĽňȮĔŅĶŒĝƟŏėĶŊŗŀĚĺńħėƞŅĽňŒĬĶŃĭĭȮ

CIE L*a*b*ȮĽŜŅľĶńĭĔŅĶŐĵĔĽňĭĬĝŇŘĬĚŅĬĪňŗŏėĸŊŗŀĬĪňŗŀĵŌƞĭĬĽŅĵıŅĬĸŜŅŏĸňĵĚĵńĚĨƟŀĚıŉŗĚıŅŏĪėőĬőĸĵňěŅĔ

ĨƞŅĚĮĶŃŏĪĻȮĪŜŅŒľƟĨƟŀĚĔŅĶŏĚŇĬĸĚĪŋĬěŜŅĬĺĬĴŅĔȮŒĬĚŅĬĺŇěńĵĬňŘȮěŉĚĴňŐĬĺėŇħĪňŗěŃĬŜŅĶŃĭĭŏĸĬĽƢŐĸŃ

ŏĔĶĨĨŇĚȮŏıŊŗŀĽĶƟŅĚŏėĶŊŗŀĚĺńħėƞŅĽŏĮĔĨĶńĴŒĬĝƞĺĚėĸŊŗĬŐĽĚĪňŗĴŀĚŏľŖĬħƟĺĵĨŅŏĮĸƞŅĪňŗĽŃĪƟŀĬěŅĔĝŇŘĬĚŅĬĭĬ

ĽŅĵıŅĬĸŜŅŏĸňĵĚȮŏıŊŗŀĬŜŅĴŅĽĶƟŅĚėĺŅĴĽńĴıńĬīƢŏĝŇĚĽĩŇĨŇȮĽŜŅľĶńĭŒĝƟĪŜŅĬŅĵėƞŅĽňŒĬĶŃĭĭ CIE L*a*b*  

1.2 ĺńĨĩŋĮĶŃĽĚėƢĕŀĚĚŅĬĺŇěńĵ 

- ĽĶƟŅĚŏėĶŊŗŀĚĺńħĽňŒĬĶŃĭĭĴŅĨĶģŅĬȮCIE L*a*b* ĽŜŅľĶńĭĪħĸŀĚŒĬľƟŀĚĮĢŇĭńĨŇĔŅĶ 
- ĽĶƟŅĚŐĭĭěŜŅĸŀĚĔŅĶĺńħĽňěŅĔĽŏĮĔĨĶńĴŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗĴŀĚŏľŖĬœħƟȮ(visible)ȮőħĵŒĝƟ
ĶŃĭĭĴŅĨĶģŅĬȮCIE L*a*b* 

1.3 ĽĴĴĨŇģŅĬĕŀĚĚŅĬĺŇěńĵ 

ŏĬŊŗŀĚěŅĔĨƟŀĚĔŅĶľŅėĺŅĴŏĝŊŗŀĴőĵĚĕŀĚėƞŅĽňŒĬĶŃĭĭȮCIE L*a*b* ĔńĭĽŏĮĔĨĶńĴĕŀĚıŀĸŇŏĴŀĶƢ 

ĚŅĬĺŇěńĵĬňŘĨƟŀĚĔŅĶĽĶƟŅĚŏėĶŊŗŀĚĺńħėƞŅĽňıĸŅĽĨŇĔĭĬıŊŘĬģŅĬĕŀĚĽŏĮĔĨĶńĴŒĬĕĬŅħľƟŀĚĮĢŇĭńĨŇĔŅĶȮŐĸŃ

ŐĭĭěŜŅĸŀĚĽŜŅľĶńĭĮĶŃĵŋĔĨƢŒĝƟŒĬĔŅĶľŅėƞŅĽňıĸŅĽĨŇĔŒĬĶŃħńĭŀŋĨĽŅľĔĶĶĴ 
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1.4 ĕŀĭŏĕĨĕŀĚĚŅĬĺŇěńĵ 

- ŒĝƟȮTOA-CHUGOKU MARINE PAINTS,LTD (CMD) 2017 Standard Paint ColorsȮŏĮƦĬĽň
ĴŅĨĶģŅĬŒĬĔŅĶĺńħėƞŅȮCIE L*a*b* 

- ĪŜŅĔŅĶĺńħĽŏĮĔĨĶńĴŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗĴŀĚŏľŖĬœħƟȮ(visible)ȮőħĵĔŅĶŒĝƟŏĔĶĨĨŇĚŐĭĭĽƞŀĚ
įƞŅĬ 

1.5 ĕńŘĬĨŀĬĔŅĶħŜŅŏĬŇĬĚŅĬĺŇěńĵ 

- ĻŉĔļŅŏŀĔĽŅĶŐĸŃĚŅĬĺŇěńĵĪňŗŏĔňŗĵĺĕƟŀĚ 
- ŀŀĔŐĭĭĺŇīňĔŅĶĪħĸŀĚŐĸŃĺŅĚŐįĬĔŅĶĪħĸŀĚ 
- ħŜŅŏĬŇĬĚŅĬĺŇěńĵ 

ĨŀĬĪňŗȮ/ȮħŜŅŏĬŇĬĔŅĶĽĶƟŅĚŏėĶŊŗŀĚĺńħėƞŅĽňĕŀĚĨńĺŀĵƞŅĚĭĬĽŅĵıŅĬĸŜŅŏĸňĵĚȮ&LineScan Color Meter) 

- ĻŉĔļŅŏĔňŗĵĺĔńĭŀŋĮĔĶĦƢŐĸŃŏĪėĬŇėĔŅĶĺńħėƞŅȮCIE L*a*b*  
- ŀŀĔŐĭĭőėĶĚĽĶƟŅĚĕŀĚŏėĶŊŗŀĚĺńħȮœħƟŐĔƞȮĔŜŅľĬħĕĬŅħŐĸŃĝĬŇħĕŀĚĽŅĵıŅĬȮŏĸŊŀĔĝĬŇħĕŀĚ
ĔĸƟŀĚȮĝĬŇħŐĸŃěŜŅĬĺĬĕŀĚŏĸĬĽƢȮĝĬŇħŐĸŃĕĬŅħĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚĺńĨĩŋ
ĔńĭŏĸĬĽƢȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚŏĸĬĽƢȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚŏĸĬĽƢĔńĭŏĔĶĨĨŇĚȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚŏĔĶĨ
ĨŇĚĔńĭĔĸƟŀĚȮŀĚĻŅĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮŀĚĻŅĕŀĚŏĔĶĨĨŇĚŐĸŃŀĚĻŅĕŀĚĔĸƟŀĚȮĔƞŀĬĪŜŅĔŅĶ
ĮĶŃĔŀĭŏėĶŊŗŀĚĺńħĽň 

- ŏĝŊŗŀĴĨƞŀĶŃĭĭĔĸƟŀĚĶńĭĽńĠĠŅĦĔńĭėŀĴıŇĺŏĨŀĶƢĕĬŅħŏĸŖĔȮ&Raspberry Pi) ŐĸŃŏĕňĵĬ
őĮĶŐĔĶĴŏĝŊŗŀĴĨƞŀŐĸŃĺŇŏėĶŅŃľƢėƞŅĽňĭĬőĮĶŐĔĶĴȮLabview 

- ĪŜŅĔŅĶĮĶńĭŏĪňĵĭĨŜŅŐľĬƞĚĽŏĮėĨĶńĴĭĬĔĸƟŀĚŏĪňĵĭĔńĭŏĸŏĞŀĶƢĴŅĨĶģŅĬĪňŗħŜŅŏĬŇĬĔŅĶĺńħėƞŅ
ėĺŅĴĵŅĺėĸŊŗĬőħĵŒĝƟȮMultispectrometerȮ(Tech5) ŏĮƦĬŏėĶŊŗŀĚĴŊŀŏĪňĵĭĴŅĨĶģŅĬ 

- ĪŜŅĔŅĶĨŇħĨńŘĚĶŃĭĭĸŜŅŏĸňĵĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚ  
ĨŀĬĪňŗȮ0ȮĔŅĶľŅĽĴĔŅĶĪŜŅĬŅĵėƞŅĽňěŅĔĽŏĮėĨĶńĴȮőħĵŒĝƟŐįƞĬĽňĴŅĨĶģŅĬȮTOA-CHUGOKU MARINE 

PAINTS,LTD (CMD) 2017 Standard Paint Colors  

- ĬŜŅ CMD Standard Paint Colors œĮĺńħėƞŅĽňħƟĺĵŏėĶŊŗŀĚ ColourFlex EZ ŒĬőľĴħȮD65Ȯ
ŏıŊŗŀľŅėƞŅȮL*a*b* ĕŀĚĽňŐĨƞĸŃĽňȮěŅĔĬńŘĬěŉĚĪŜŅĔŅĶĭńĬĪŉĔĕƟŀĴŌĸŏĮƦĬœĲĸƢĽĔŋĸȮComma 
Separated Value File (.csv) įƞŅĬĨńĺőĮĶŐĔĶĴĕŀĚŏėĶŊŗŀĚȮColourFlex EZ 

- ĬŜŅȮCMD Standard Paint ColorsȮœĮĺńħėƞŅĽŏĮĔĨĶńĴħƟĺĵŏėĶŊŗŀĚȮMultispectrometerȮ
(Tech5)Ȯ 



 3 
 

- ĬŜŅȮCMD Standard Paint ColorsȮœĮĺńħėƞŅĽŏĮĔĨĶńĴħƟĺĵŏėĶŊŗŀĚĺńħėƞŅĽňĪňŗĽĶƟŅĚĕŉŘĬ 
- ĻŉĔļŅėĺŅĴŏĮƦĬœĮœħƟŒĬĔŅĶŒĝƟĽŏĮėĨĶńĴŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗĨŅĴŀĚŏľŖĬȮ(Visible)ȮĪňŗĺńħŒĬ
ĕƟŀȮ0ȮŐĸŃėƞŅĽňĪňŗĺńħŒĬĕƟŀȮ/ȮŏıŊŗŀŒĝƟĽĶƟŅĚĽĴĔŅĶĪŜŅĬŅĵėƞŅĽňȮĺŇŏėĶŅŃľƢŏĝŇĚĽĩŇĨŇŐĭĭȮPartial 
Least Square (PLS) AnalysisȮĭĬőĮĶŐĔĶĴȮMATLAB ĪňŗŏĕňĵĬĕŉŘĬȮȮŏıŊŗŀľŅėƞŅĽńĴĮĶŃĽŇĪīŇś
ĽŜŅľĶńĭĔŅĶĪŜŅĬŅĵėƞŅĽňȮ&loading metric ŐĸŃ ėƞŅ b0) ŐĽħĚįĸĪňŗœħƟěŃŏĮƦĬėƞŅĽńĴĮĶŃĽŇĪīŇś
ėĺŅĴŏĝŊŗŀĴńŗĬȮ&R2)ȮŒĬĔŅĶĪŜŅĬŅĵėƞŅĽň 

- ĻŉĔļŅįĸĕŀĚĔŅĶĮĶńĭŐĨƞĚĽŏĮėĨĶńĴȮĨƞŀėĺŅĴŐĴƞĬĵŜŅŒĬĔŅĶĪŜŅĬŅĵėƞŅĽňȮőħĵŒĝƟėƞŅĽńĴĮĶŃĽŇĪīŇś
ėĺŅĴŏĝŊŗŀĴńŗĬȮ&R2)ȮŒĬĔŅĶĪŜŅĬŅĵėƞŅĽň 

- ĪŜŅŏĝƞĬŏħňĵĺĔńĬĔńĭĕƟŀȮ2ȮőħĵŒĝƟĽŏĮėĨĶńĴĪňŗĺńħœħƟěŅĔŏėĶŊŗŀĚĺńħĽňĪňŗĽĶƟŅĚĕŉŘĬȮŐĸŃĺŇŏėĶŅŃľƢėƞŅ
ĽńĴĮĶŃĽŇĪīŇśėĺŅĴŏĝŊŗŀĴńŗĬȮ&R2)ȮŒĬĔŅĶĪŜŅĬŅĵėƞŅĽň 

- ĬŜŅėƞŅĽńĴĮĶŃĽŇĪīŇśĽŜŅľĶńĭĔŅĶĪŜŅĬŅĵėƞŅĽňȮ&loading metric ŐĸŃ ėƞŅ b0)ȮĪňŗœħƟŒĬĕƟŀȮ4ȮĴŅŒĝƟ
ĪŜŅĬŅĵėƞŅĽňĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚŐĸŃĨĶĺěĽŀĭėĺŅĴŐĴƞĬĵŜŅĕŀĚėƞŅĽňȮŏĪňĵĭĔńĭėƞŅĽňĕŀĚĝŇŘĬĚŅĬ
ĪňŗĺńħěŅĔŏėĶŊŗŀĚȮColourFlex EZȮ 

1.6 ĮĶŃőĵĝĬƢĪňŗėŅħĺƞŅěŃœħƟĶńĭ 

- œħƟŏėĶŊŗŀĚĺńħĽňĕĬŅħĽŜŅľĶńĭľƟŀĚĮĢŇĭńĨŇĔŅĶ 
- œħƟĽĴĔŅĶĪŜŅĬŅĵėƞŅĽňěŅĔĽŏĮĔĨĶńĴĪňŗĴňėĺŅĴŐĴƞĬĵŜŅĽŜŅľĶńĭŏėĶŊŗŀĚĺńħĽňĨƟĬŐĭĭĕŀĚĨńĺŀĵƞŅĚȮȮ
ĪňŗĽŅĴŅĶĩĬŜŅœĮŒĝƟĚŅĬŒĬĳŅėŀŋĨĽŅľĔĶĶĴœħƟ 
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ŏŀĔĽŅĶŐĸŃĚŅĬĺŇěńĵĪňŗŏĔňŗĵĺĕƟŀĚ 

2.1 Ľň 

ĽňȮėŊŀĲƤĚĔƢĝńĬĶŃĭĭĔŅĶĴŀĚŏľŖĬĕŀĚĴĬŋļĵƢĪňŗŏĔŇħěŅĔĔŅĶĽŃĪƟŀĬľĶŊŀĔŅĶĮĸƞŀĵŐĽĚŒĬĝƞĺĚėĺŅĴ

ĵŅĺėĸŊŗĬĪňŗŐĨĔĨƞŅĚĔńĬŐĨƞĸŃĕŀĚĺńĨĩŋĴŅŏĕƟŅĽŌƞĨŅĕŀĚĴĬŋļĵƢȮőħĵĺńĨĩŋěŃŏĔŇħĔŅĶħŌħĔĸŊĬŐĽĚŒĬĝƞĺĚėĺŅĴ

ĵŅĺėĸŊŗĬĪňŗĽŅĴŅĶĩĴŀĚŏľŖĬœħƟȮ(visible) [1] ĞŉŗĚĮƤěěńĵŒĬĔŅĶĴŀĚŏľŖĬĽňĴňŀĵŌƞȮ1ȮĮƤěěńĵľĸńĔȮŕȮľĶŊŀ

ŏĶňĵĔĺƞŅȮTheȮtriad őħĵěŃĮĶŃĔŀĭœĮħƟĺĵȮŐľĸƞĚŒľƟıĸńĚĚŅĬľĶŊŀŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮ(The light 

source)ȮĺńĨĩŋȮ(The object) ŐĸŃĨńĺĶńĭĽńĠĠŅĦȮ(The Observers ľĶŊŀȮDetector) [2] 

 
ĳŅıĪňŗȮȮ1ȮĔ,'ȮĽňĕŀĚŐĽĚ, ĕ,'ȮĽňŒĬŀŋĨĽŅľĔĶĶĴĔŅĶıŇĴıƢȮŐĸŃȮė,'ȮĽňĽŜŅľĶńĭĚŅĬĻŇĸĮŃ 

2.1.1 ŐľĸƞĚĔŜŅŏĬŇħŐĽĚ 

 ŐľĸƞĚĔŜŅŏĬŇħŐĽĚŏĮƦĬľĬŉŗĚŒĬĮƤěěńĵĪňŗĪŜŅŒľƟĔŅĶĴŀĚŏľŖĬĽňœĴƞŏľĴŊŀĬĔńĬȮŐĴƟěŃŏĮƦĬĺńĨĩŋĝĬŇħ

ŏħňĵĺĔńĬȮőħĵěŃĕŉŘĬŀĵŌƞĔńĭıĸńĚĚŅĬĪňŗŐľĸƞĚĔŜŅŏĬŇħŐĽĚĮĸƞŀĵŀŀĔĴŅ (Spectral power ľĶŊŀȮEnergy 

distribution) ĔŅĶěŜŅŐĬĔŐľĸƞĚĔŜŅŏĬŇħŐĽĚěŃěŜŅŐĬĔĨŅĴŀŋĦľĳŌĴŇĽňŒĬľĬƞĺĵŏėĸĺŇĬȮ(K) ĞŉŗĚŀŋĦľĳŌĴŇĽň

œħƟĴŅěŅĔŀŋĦľĳŌĴŇĪňŗĺńĨĩŋħŜŅȮ(Blackbodies) ĮĸƞŀĵĶńĚĽňŀŀĔĴŅŏĮƦĬĽňĪňŗĨĶĚĔńĭĽňĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĬńŘĬȮ

ŕ [2]ȮħńĚĳŅıĪňŗȮȮ2 őħĵŒĬŀŋĦľĳŌĴŇĽňŐĨƞĸŃĝĬŇħěŃŒľƟıĸńĚĚŅĬĪňŗĮĸħĮĸƞŀĵŀŀĔĴŅĨƞŅĚĔńĬħńĚĳŅıĪňŗȮȮ3 
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ĳŅıĪňŗȮȮ2ȮŐĽħĚĽňĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪňŗŀŋĦľĳŌĴŇĽňĨƞŅĚȮŕ 

 

 
ĳŅıĪňŗȮȮ3 ŐĽħĚĸńĔļĦŃĕŀĚĽŏĮĔĨĶńĴĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪňŗĮĸƞŀĵŀŀĔĴŅŒĬėƞŅŀŋĦľĳŌĴŇĽňĨƞŅĚȮŕ 

2.1.2 ĺńĨĩŋ 

ŏĴŊŗŀĴňŐĽĚľĶŊŀıĸńĚĚŅĬĽƞĚĴŅĵńĚįŇĺĕŀĚĺńĨĩŋȮĽƞĺĬŒľĠƞěŃŏĔŇħĮĶŅĔĢĔŅĶĦƢľĸńĔȮŕȮ1Ȯ
ĮĶŅĔĢĔŅĶĦƢȮėŊŀȮĔŅĶĽŃĪƟŀĬŐĸŃĔŅĶĽƞŀĚįƞŅĬȮ&RefractionȮŐĸŃȮTransmission)ȮĔŅĶħŌħĔĸŊĬ
ıĸńĚĚŅĬȮ(Absorption)ȮħńĚĳŅıĪňŗȮȮ4 



 6 
 

 

ĳŅıĪňŗȮȮ4 ŐĽħĚŐįĬĳŅıĕŀĚĔŅĶĽŃĪƟŀĬȮ(r˂R˂) ĔŅĶĽƞŀĚįƞŅĬȮ(̱ R˂˂)ȮĔŅĶħŌħĔĸŊĬȮ(a˂R˂)  

ŐĸŃĔŅĶĮĸƞŀĵıĸńĚĚŅĬȮ(ʁ R˂˂) 

2.1.2.1 ĔŅĶħŌħĔĸŊĬıĸńĚĚŅĬ (Absorption) 

őħĵŒĬĺńĨĩŋěŃĴňŏĴŖħĽňȮ(pigment) ĞŉŗĚěŃĪŜŅľĬƟŅĪňŗŒĬĔŅĶħŌħĔĸŊĬıĸńĚĚŅĬĕŀĚıĸńĚĚŅĬĪňŗŏĕƟŅĴŅ

ŐĸŃıĸńĚĚŅĬĪňŗœĴƞĩŌĔħŌħĔĸŊĬěŃŀŀĔĴŅŒĬĶŌĮŐĭĭĔŅĶĽŃĪƟŀĬľĶŊŀĔŅĶĽƞŀĚįƞŅĬĕŉŘĬŀĵŌƞĔńĭėĺŅĴĪŉĭĕŀĚ

ĕŀĚĺńĨĩŋȮőħĵıĸńĚĚŅĬĪňŗĺńĨĩŋħŌħĔĸŊĬěŃĽƞĚįĸĨƞŀĶŃħńĭőĴŏĸĔŋĸěĬĩŉĚĶŃħńĭŀŃĨŀĴĕŉŘĬŀĵŌƞĔńĭėĺŅĴĵŅĺ

ėĸŊŗĬĪňŗŒľƟŏĝƞĬȮĝƞĺĚėĸŊŗĬœĴőėĶŏĺĲȮ(Microwave region) ěŃĽƞĚįĸŒľƟŏĔŇħĔŅĶľĴŋĬ (rotation) ŒĬĶŃħńĭ

őĴŏĸĔŋĸ ĝƞĺĚėĸŊŗĬŀŇĬĲĶŅŏĶħ (Infrared region, IR) ěŃĽƞĚįĸŒľƟŏĔŇħĔŅĶĽńŗĬ (vibration) ŒĬĶŃħńĭ

őĴŏĸĔŋĸȮŐĸŃŒĬĝƞĺĚėĸŊŗĬĪňŗĴŀĚŏľŖĬœħƟŐĸŃŀńĸĨĶŅœĺőŀŏĸĨȮ(Visible and UltravioletȮregion ,UV-

Vis) ěŃĽƞĚįĸĩŉĚĔŅĶŏĮĸňŗĵĬĶŃħńĭıĸńĚĚŅĬĕŀĚŀŇŏĸŖĔĨĶŀĬŒĬőĴŏĸĔŋĸȮŏĮƦĬĨƟĬȮőħĵŒĬĔŅĶŏĮĸňŗĵĬŐĮĸĚ

ĶŃħńĭıĸńĚĚŅĬĕŀĚŀŇŏĸŖĔĨĶŀĬěŃĪŜŅŒľƟŀŇŏĸŖĔĨĶŀĬěŅĔĽĩŅĬŃıŊŘĬȮ(ground state)ȮŏĕƟŅĽŌƞĽĩŅĬŃ

ĔĶŃĨŋƟĬȮ(exited state) ŐĸŃėŅĵıĸńĚĚŅĬĪŜŅŒľƟŀŇŏĸŖĔĨĶŀĬěŅĔĽĩŅĬŃĔĶŃĨŋƟĬĔĸńĭĽŌƞĽĩŅĬŃıŊŘĬ

ĨĸŀħŏĺĸŅȮĞŉŗĚıĸńĚĚŅĬĪňŗĩŌĔėŅĵŀŀĔĴŅěŃŀŀĔĴŅŒĬĶŌĮĕŀĚıĸńĚĚŅĬėĺŅĴĶƟŀĬ 

ĨŅĶŅĚĪňŗȮȮ/ȮĽňĪňŗŐĽħĚŐĸŃĽňĪňŗħŌħĔĸŊĬĕŀĚŐĨƞĸŃĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬ 
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ľĶŊŀŒĬĭŅĚĺńĨĩŋŀŅěėŅĵıĸńĚĚŅĬŀŀĔĴŅŒĬĶŌĮĕŀĚŐĽĚȮ(Emission)ȮŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬŏħŇĴľĶŊŀ

ŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗŐĨĔĨƞŅĚěŅĔĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬıĸńĚĚŅĬĕŅŏĕƟŅĕŉŘĬŀĵŌƞĔńĭĝĬŇħĕŀĚĺńĨĩŋȮőħĵĽƞĺĬ

ŒľĠƞěŃŏĔŇħŒĬĺńĨĩŋĪňŗŏĮƦĬŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮĞŉŗĚĮĶŅĔĢĔŅĶĦƢĬňŘŏĶňĵĔĺƞŅĔŅĶŏĔŇħĲĸŌŀŀŏĶĽŏĞĬĞƢȮ

(Fluorescence), ĲŀĽĲŀŏĶĽŏĞĬĞƢȮ&Phosphorescence)ȮŐĸŃĮĶŅĔĢĔŅĶĦƢĪňŗŏĔŇħĔŅĶĮĸƞŀĵıĸńĚĚŅĬ

ŀŀĔĴŅĨŅĴīĶĶĴĝŅĨŇľĶŊŀœĭőŀĸŌĴŇŏĬĽŏĞĬĞƢȮ&Bioluminescence) [3]ȮħńĚĨŅĶŅĚĪňŗȮȮ0 

ĨŅĶŅĚĪňŗȮȮ0ȮŐĽħĚĮĶŅĔĢĔŅĶĪňŗŏĔŇħěŅĔĔŅĶĮĸƞŀĵıĸńĚĚŅĬȮ(Emission) 
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 ĞŉŗĚŒĬıĸŅĽĨŇĔĔŅĶħŌħĔĸŊĬŐĽĚŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗĽŅĴŅĶĩĴŀĚŏľŖĬœħƟěŃĴňėĺŅĴŏĔňŗĵĺĕƟŀĚ

ĔńĭőėĶĚĽĶƟŅĚĪŅĚŏėĴňĕŀĚĨńĺĺńĨĩŋŏŀĚȮŏĴŖħĽň (Pigments) ľĶŊŀĽňĵƟŀĴȮ(Dyes) ĪňŗŏĨŇĴĸĚœĮȮőħĵľĴŌƞ

őėĶĚĽĶƟŅĚĪŅĚŏėĴňĪňŗĽŅĴŅĶĩħŌħĔĸŊĬŐĽĚŒĬėĺŅĴĵŅĺėĸŊŗĬĪňŗĽŅĴŅĶĩĴŀĚŏľŖĬœħƟœĮěĬĩŉĚĝƞĺĚĵŌĺňȮėŊŀľĴŌƞ

őėĶőĴĲŀĶƢȮ(Chromophore) ĞŉŗĚěŃŏĮƦĬľĴŌƞĲƤĚĔƢĝńĬěŜŅıĺĔĪňŗĴňėŀĬěŌŏĔĨ (conjugated)ȮĞŉŗĚľŅĔ

ěŜŅĬĺĬėŀĬěŌŏĔĨŒĬőėĶĚĽĶƟŅĚĴňĴŅĔěŃĪŜŅŒľƟŐĽĚĪňŗĽŅĴŅĶĩħŌħĔĸŊĬœħƟĪňŗėĺŅĴĵŅĺėĸŊŗĬĪňŗĴŅĔĕŉŘĬĨŅĴ

ŐĸŃľŅĔĴňěŜŅĬĺĬėŀĬěŌŏĔĨŒĬőėĶĚĽĶƟŅĚĕŀĚȮ/ȮőĴŏĸĔŋĸĬƟŀĵĔĺƞŅȮ6ȮĺńĨĩŋħńĚĔĸƞŅĺěŃħŌħĔĸŊĬıĸńĚĚŅĬ

ŒĬĝƞĺĚĵŌĺňħńĚĳŅıĪňŗȮȮ3 ĪŜŅŒľƟĺńĨĩŋŒĽœĴƞĴňĽň 

 
ĳŅıĪňŗȮȮ3ȮŐĽħĚįĸĕŀĚěŜŅĬĺĬĕŀĚėŀĬěŌŏĔĨĨƞŀĽňĪňŗĮĶŅĔĢ 

ŐĸŃĴňľĴŌƞĲƤĚĔƢĝńĬŀňĔĝĬŇħėŊŀľĴŌƞŀŀĔőĞőėĶĴȮ(Auxochrome) ĞŉŗĚœĴƞœħƟħŌħĔĸŊĬŐĽĚŒĬėĺŅĴĵŅĺėĸŊŗĬĪňŗ

ĽŅĴŅĶĩĴŀĚŏľŖĬœħƟľĶŊŀħŌħĔĸŊĬĬƟŀĵĴŅĔŐĨƞŏĴŊŗŀŀŀĔőĞőėĶĴœĮŏĔŅŃŀĵŌƞĔńĭľĴŌƞőėĶőĴĲŀĶƢ ěŃĪŜŅŒľƟľĴŌƞ

őėĶőĴĲŀĶƢŏĔŇħĔŅĶŏĮĸňŗĵĬŐĮĸĚȮőħĵŀŅěĪŜŅŒľƟľĴŌƞĲƤĚĔƢĝńĬħńĚĔĸƞŅĺħŌħĔĸŊĬŐĽĚŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗ

ĴŅĔĕŉŘĬľĶŊŀĸħĸĚľĶŊŀŀŅěĪŜŅŒľƟľĴŌƞőėĶőĴĲŀĶƢħŌħĔĸŊĬŐĽĚœħƟĴŅĔĕŉŘĬľĶŊŀĨŗŜŅĸĚĨńĺŀĵƞŅĚĕŀĚľĴŌƞŀŀĔőĞ

őėĶĴȮŏĝƞĬȮľĴŌƞȮcarboxylic acid, ľĴŌƞ sulfonic acid, ľĴŌƞȮamino, ŐĸŃȮľĴŌƞȮhydroxyl ŏĮƦĬĨƟĬȮħńĚ

ĳŅıĪňŗȮȮ6 ĞŉŗĚĔŅĶĴŀĚŏľŖĬĽňĪňŗŐĨĔĨƞŅĚĔńĬĕŉŘĬĔńĭėƞŅėĺŅĴĵŅĺėĸŊŗĬĕŀĚŐĽĚĪňŗĺńĨĩŋœĴƞœħƟħŌħĔĸŊĬ [4] 

 
ĳŅıĪňŗȮȮ6ȮŐĽħĚįĸĕŀĚľĴŌƞŀŀĔőĞőėĶĴĨƞŀĔŅĶŏĮĸňŗĵĬŐĮĸĚĕŀĚėĺŅĴĵŅĺėĸŊŗĬĪňŗħŌħĔĸŊĬ 

2.1.2.2 ĔŅĶĽŃĪƟŀĬŐĸŃĔŅĶĽƞŀĚįƞŅĬ &RefractionȮŐĸŃȮTransmission) 

ĔŅĶŏĔŇħĔŅĶĽŃĪƟŀĬŐĸŃĔŅĶĽƞŀĚįƞŅĬŏĮƦĬĮĶŅĔĢĔŅĶĦƢĪňŗŏĔŇħľĸńĚĔŅĶħŌħĔĸŊĬıĸńĚĚŅĬĕŀĚĺńĨĩŋȮ

őħĵĔŅĶĽŃĪƟŀĬĴńĔěŃŏĔŇħŒĬįŇĺĺńĨĩŋĪňŗĪŉĭŐĽĚŐĸŃőĮĶƞĚŐĽĚȮĞŉŗĚŐĽĚěŃĽŃĪƟŀĬŀŀĔŏĮƦĬĴŋĴȮ7.ȮŀĚĻŅȮ

ĔńĭĴŋĴĨĔĔĶŃĪĭĕŀĚŐĽĚĕŅŏĕƟŅȮĽƞĺĬĔŅĶĽƞŀĚįƞŅĬěŃŏĔŇħĕŉŘĬŒĬĺńĨĩŋĪňŗőĮĶƞĚŐĽĚŐĸŃĺńĨĩŋĪňŗőĮĶƞĚŒĽȮőħĵ
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ŐĽĚĪňŗĽƞŀĚįƞŅĬěŃŀŀĔĴŅŒĬĴŋĴŏĪƞŅĔńĭĴŋĴĨĔĔĶŃĪĭȮŒĬĽƞĺĬėĺŅĴŏĕƟĴĕŀĚŐĽĚĪňŗĽŃĪƟŀĬŀŀĔĴŅľĶŊŀ

ĽƞŀĚįƞŅĬŀŀĔĴŅěŃĕŉŘĬŀĵŌƞĔńĭėƞŅħńĝĬňĔŅĶľńĔŏľĕŀĚĺńĨĩŋĔńĭĨńĺĔĸŅĚőħĵĴňėƞŅĽŌĚĽŋħŏĪƞŅĔńĭėĺŅĴŏĕƟĴĕŀĚ

ŐĽĚěŅĔŐľĸƞĚŒľƟĔŜŅŏĬŇħȮ[5]ȮőħĵŒĬĔĶĦňĕŀĚĔŅĶĽŃĪƟŀĬŐĸŃĔŅĶĽƞŀĚįƞŅĬĪńŗĺœĮȮĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔ

ĽĴĔŅĶ 

Ὑ
ὲ ὲ

ὲ ὲ
 

őħĵĪňŗ 

  R  ėŊŀ ėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĽŃĪƟŀĬŐĽĚ 
  n1  ėŊŀ ėƞŅħńĝĬňĔŅĶľńĔŏľĕŀĚĨńĺĔĸŅĚ 
  n2  ėŊŀ ėƞŅħńĝĬňľńĔŏľĕŀĚĺńĨĩŋ 
ľŅĔėƞŅȮR ĴňėƞŅŏĕƟŅŒĔĸƟȮ.ȮľĶŊŀȮn1 ĴňėƞŅŒĔĸƟŏėňĵĚĔńĭȮn2 ěŃĪŜŅŒľƟœĴƞŏĔŇħĔŅĶĽŃĪƟŀĬľĶŊŀĔŅĶĽƞŀĚįƞŅĬ

ŐĸŃľŅĔȮR ĴňėƞŅŏĕƟŅŒĔĸƟȮ/ȮľĶŊŀȮn1 ĴňėƞŅĴŅĔĔĺƞŅȮn2 ŒĬĮĶŇĴŅĦĪňŗĴŅĔȮěŃĪŜŅŒľƟŐĽĚĪňŗĽŃĪƟŀĬľĶŊŀŐĽĚ

ĪňŗĽƞŀĚįƞŅĬŀŀĔěŅĔĺńĨĩŋĴňėƞŅėĺŅĴŏĕƟĴĪňŗŒĔĸƟŏėňĵĚĔńĭŐĽĚĪňŗĨĔĔĶŃĪĭįŇĺĺńĨĩŋȮŒĬĔĶĦňĪňŗįŇĺĺńĨĩŋĴňėĺŅĴ

ĕĶŋĕĶŃľĶŊŀĴňĔŅĶŏėĸŊŀĭįŇĺŒľƟĴńĬĺŅĺȮ(Goss) ŀŅěŏĔŇħĮĶŅĔĢĔŅĶĦƢĔŅĶŐıĶƞ (Diffuse) ľĶŊŀĔŅĶ

ĔĶŃŏěŇĚȮ(Scattering)ȮĕŉŘĬȮ[5]ȮħńĚĳŅıĪňŗȮȮ5ȮŒĬĔĶĦňĪňŗįŇĺĝŇŘĬĚŅĬĴňėĺŅĴĕĶŋĕĶŃŐĸŃĸńĔļĦŃĕŀĚĔŅĶ

ĔĶŃŏěŇĚěŃĕŉŘĬŀĵŌƞĔńĭĸńĔļĦŃĕŀĚįŇĺĝŇŘĬĚŅĬŀňĔħƟĺĵȮ[6]ȮħńĚŐĽħĚŒĬĳŅıĪňŗȮȮ6 
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ĳŅıĪňŗȮȮ5ȮŐĽħĚĔŅĶŏĔŇħĔŅĶĔĶŃŏěŇĚŒĬŐĨƞĸŃŐĭĭȮĔ,'ȮĔŅĶĽŃĪƟŀĬĔĸńĭľĴħȮĕ,'ȮĔŅĶĔĶŃŏěŇĚŐĭĭ
ĽŃĪƟŀĬĪňŗŒĔĸƟŏėňĵĚĔŅĶĽŃĪƟŀĬȮė,'ȮĔŅĶĔĶŃŏěŇĚŐĭĭĽŃĪƟŀĬŐĭĭȮLambertain Ě,'ȮĔŅĶĔĶŃŏěŇĚŐĭĭ

ĽŃĪƟŀĬŐĭĭȮQuasi-Lambertain ě,'ȮĔŅĶĔĶŃŏěŇĚŐĭĭȮComplex 

 
ĳŅıĪňŗȮȮ6ȮŐĽħĚĔŅĶŏĔŇħĔŅĶĔĶŃŏěŇĚŒĬŐĨƞĸŃŐĭĭŒĬĸńĔļĦŃıŊŘĬįŇĺŐĭĭĨƞŅĚȮŕ Ĕ,'ȮįŇĺŏĶňĵĭȮĕ,'ȮįŇĺ

ĕĶŋĕĶŃȮė,'ȮįŇĺĕĶŋĕĶŃĴŅĔ 
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2.1.2.3 ĔŅĶĔĶŃŏěŇĚĕŀĚŐĽĚ (Scattering' 

ŒĬĔĶĦňĕŀĚįŇĺĪňŗĴňėĺŅĴĴńĬĺŅĺěŃŏĔŇħĔŅĶĔĶŃŏěŇĚŐĽĚħńĚĳŅıĪňŗȮȮ7ȮĞŉŗĚĔĸœĔĸĔŅĶŏĔŇħĔŅĶ

ĔĶŃŏěŇĚȮŏĬŊŗŀĚěŅĔŀĬŋĳŅėĕĬŅħŏĸŖĔŒĬŏĴĪĶŇĔĞƢĕŀĚĽŅĶŏėĸŊŀĭįŇĺħńĚĳŅıĪňŗȮȮ/. 

 
ĳŅıĪňŗȮȮ7ȮŐĽħĚĔŅĶĔĶŃŏěŇĚŐĽĚěŅĔėĺŅĴĴńĬĺŅĺ 

 
ĳŅıĪňŗȮȮ/.ȮŐĽħĚĔĸœĔĔŅĶĔĶŃŏěŇĚĕŀĚŐĽĚŏĬŊŗŀĚěŅĔėĺŅĴĴńĬĺŅĺĕŀĚįŇĺĺńĨĩŋĪňŗįƞŅĬĔŅĶŏėĸŊŀĭįŇĺ 

ŐĸŃĔŅĶĔĶŃŏěŇĚĕŀĚŐĽĚĴňŀĵŌƞȮ0ȮŐĭĭľĸńĔȮŕȮėŊŀĔŅĶĔĶŃŏěŇĚŐĭĭĵŊħľĵŋƞĬȮ&Elastic scattering'ȮŐĸŃ

ĔŅĶĔĶŃŏěŇĚŐĭĭœĴƞĵŊħľĵŋƞĬȮ&Inelastic scattering'ȮőħĵĔŅĶĔĶŃŏěŇĚŐĭĭĵŊħľĵŋƞĬěŃŏĮƦĬĔŅĶĔĶŃŏěŇĚ

ŐĽĚĪňŗĴňėĺŅĴĵŅĺėĸŊŗĬŏĪƞŅŏħŇĴȮŒĬĽƞĺĬĕŀĚĔŅĶĔĶŃŏěŇĚŐĭĭœĴƞĵŊħľĵŋƞĬĬńŘĬěŃĔĶŃŏěŇĚŐĽĚŒĬėĺŅĴĵŅĺ

ėĸŊŗĬĪňŗŏĮĸňŗĵĬœĮħńĚĳŅıĪňŗȮȮ//ȮőħĵıĸńĚĚŅĬħńĚĔĸƞŅĺěŃĩŌĔĬŜŅœĮŒĝƟŒĬĔŅĶĽńŗĬœľĺŀńĬĨĶĔŇĶŇĵŅȮ

&Interaction'ȮĶŃľĺƞŅĚőĴŏĸĔŋĸȮ[7] 
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ĳŅıĪňŗȮȮ//ȮŐĽħĚĔŅĶĔĶŃŏěŇĚĕŀĚŐĽĚĪńŘĚŐĭĭĵŊħľĵŋƞĬŐĸŃœĴƞĵŊħľĵŋƞĬ 

2.1.3 ĔŅĶĶńĭĽňY6-/.[ 

ĴĬŋļĵƢĽŅĴŅĶĩĴŀĚŏľŖĬĽňœħƟěŅĔĔŅĶĽŃĪƟŀĬľĶŊŀĮĸƞŀĵŐĽĚŏĕƟŅĽŌƞħĺĚĨŅĕŀĚĴĬŋļĵƢȮőħĵŒĬ

ħĺĚĨŅĕŀĚĴĬŋļĵƢěŃĴňŏĞĸĸƢĪňŗŏĮƦĬŏĞĬŏĞŀĶƢŒĬĔŅĶĶńĭŐĽĚĪňŗŏĶňĵĔĺƞŅ ŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵȮ

(cones) ĞŉŗĚěŃĶńĭŐĽĚœħƟŒĬĝƞĺĚŐĽĚĪňŗĽŅĴŅĶĩĴŀĚŏľŖĬœħƟȮ(Visible light) őħĵĴňĨŜŅŐľĬƞĚĨńŘĚŀĵŌƞĭĶŇŏĺĦ

ħƟŅĚľĸńĚĕŀĚħĺĚĨŅľĶŊŀŏĶĨŇĬŅȮ(Retina) őħĵěŃŀĵŌƞĶŀĭŕȮĶŀĵĭŋơĴħĺĚĨŅȮ(Fovea)ȮŀĵŌƞĶƞĺĴĔńĭŏĞĸĸƢĶńĭ

ŐĽĚĸńĔļĦŃŐĭĭŐĪƞĚ (Rods) ĞŉŗĚěŃĶńĭŐĽĚŒĬĝƞĺĚŐĽĚĽňŐĨƞěŃŏľŖĬŏĮƦĬĕŅĺȮŏĪŅȮŐĸŃħŜŅȮľĸńĚěŅĔœħƟĶńĭ

ŐĽĚŐĸƟĺěŃĴňĔŅĶĽƞĚœĮĵńĚĽĴŀĚįƞŅĬŏĽƟĬĮĶŃĽŅĪĔŅĶĴŀĚŏľŖĬȮ(Optic nerve) œĮĵńĚĭĶŇŏĺĦĔŃőľĸĔ

ĻňĶļŃħƟŅĬľĸńĚľĶŊŀĽĴŀĚĭĶŇŏĺĦĔĸňĭĪƟŅĵĪŀĵȮ&Occipital lobe)ȮőħĵŏĞĸĸƢĪňŗĪŜŅľĬƟŅĪňŗŐĵĔŐĵŃĽňėŊŀȮ

ŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵȮ(Cones) ĽƞĺĬŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃŐĭĭŐĪƞĚȮ(Rods) ěŃĴňľĬƟŅĪňŗĽƞĺĬ

ŒľĠƞŒĬĔŅĶĮĶńĭĔŅĶĶńĭŐĽĚĕŀĚħĺĚĨŅ 

 
ĳŅıĪňŗȮȮ12 ĳŅėĨńħĕĺŅĚĕŀĚħĺĚĨŅĴĬŋļĵƢ 
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ĞŉŗĚŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵĬńŘĬȮĽŅĴŅĶĩŐĵĔŀŀĔœħƟŀňĔȮ1ȮĝĬŇħȮĨŅĴėĺŅĴĵŅĺėĸŊŗĬĪňŗĽŅĴŅĶĩĶńĭ

œħƟȮœħƟŐĔƞȮŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵŐĭĭȮLȮ(L cones) ŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵŐĭĭ MȮ(M 

cones) ŐĸŃŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵŐĭĭȮSȮ(S cones) őħĵėĺŅĴĽŅĴŅĶŒĬĔŅĶĶńĭŐĽĚěŃ

ŏĮƦĬœĮĨŅĴĳŅıĪňŗȮȮ14  

 
ĳŅıĪňŗȮȮ13ȮŐĽħĚĸńĔļĦŃĕŀĚŏĞĸĸƢĶńĭŐĽĚĶŌĮĪĶĚĔĶĺĵȮ(Cones) ŐĸŃŏĞĸĸƢĶńĭŐĽĚŐĭĭŐĪƞĚȮ(Rods) 
ĔŅĶĨŀĭĽĬŀĚĕŀĚŏĞĸĸƢĸńĔļĦŃĪĶĚĔĶĺĵĪńŘĚȮ1ȮĝĬŇħȮĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶȮħńĚĬňŘ 

ὒ
ὓ
Ὓ

ėĺŅĴĺƞŀĚœĺĨƞŀĔŅĶĶńĭĽŏĮĔĨĶńĴĕŀĚ ὒ ὧέὲὩί
ėĺŅĴĺƞŀĚœĺĨƞŀĔŅĶĶńĭĽŏĮĔĨĶńĴĕŀĚ ὓ ὧέὲὩί
ėĺŅĴĺƞŀĚœĺĨƞŀĔŅĶĶńĭĽŏĮĔĨĶńĴĕŀĚ Ὓ ὧέὲὩί

ὸ
ὸ
ể
ὸ

 

őħĵĪňŗ 

 L, M ŐĸŃȮS ėŊŀ ėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĨŀĭĽĬŀĚĨƞŀėĺŅĴĵŅĺėĸŊŗĬĕŀĚŏĞĸĸƢĸńĔļĦŃ 
    ĪĶĚĔĶĺĵŐĨƞĸŃĝĬŇħ (Amplitude, A(I˂)) 
 t  ėŊŀ ĽŏĮĔĨĶńĴĕŀĚŐĽĚĪňŗŒĝƟĪħĽŀĭȮ(Stimulus, I˂ )) 
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ľŅĔŒľƟŐĽĚĪňŗŒĝƟĪħĽŀĭŏĮƦĬŐĽĚĽňĕŅĺŀŋħĴėĨŇȮ(Equal-energy illuminants ľĶŊŀ Illuminant E) ĞŉŗĚ

ŏĮƦĬŐĽĚĕŅĺĽŜŅľĶńĭŒĝƟŒĬĔŅĶŀƟŅĚŀŇĚĪŅĚĪķļĢňȮĴňėƞŅėĺŅĴĽĺƞŅĚŏĪƞŅĔńĬŒĬĪŋĔȮŕȮėĺŅĴĵŅĺėĸŊŗĬȮěŃĪŜŅŒľƟ

œħƟėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĨŀĭĽĬŀĚĕŀĚŏĞĸĸƢĶńĭŐĽĚĸńĔļĦŃĪĶĚĔĶĺĵŏĮƦĬħńĚĳŅıĪňŗȮȮ/3 

 
ĳŅıĪňŗȮȮ14 ŐĽħĚėĺŅĴĺƞŀĚœĺŐĸŃėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĶńĭŐĽĚŒĬŐĨƞĸŃėĺŅĴĵŅĺėĸŊŗĬĕŀĚŏĞĸĸƢ

ĸńĔļĦŃĪĶĚĔĶĺĵĪńŘĚȮ1ȮĝĬŇħ 

 
ĳŅıĪňŗȮȮ/3ȮėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĨŀĭĽĬŀĚĕŀĚŏĞĸĸƢĸńĔļĦŃĪĶĚĔĶĺĵ 
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ĳŅıĪňŗȮȮ16 ŐĽħĚėĺŅĴĺƞŀĚœĺŐĸŃėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĶńĭĽŏĮĔĨĶńĴĕŀĚĨŅĴĬŋļĵƢȮ 

ŏĞĬŏĞŀĶƢȮCCD ŐĸŃȮŏĞĬŏĞŀĶƢȮCMOS 
őħĵŏĴŊŗŀĬŜŅėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĶńĭĽŏĮėĨĶńĴĕŀĚĨŅĴĬŋļĵƢŏĪňĵĭĔńĭŏĞĬŏĞŀĶƢĶńĭŐĽĚŒĬĝƞĺĚėĺŅĴĵŅĺ

ėĸŊŗĬĪňŗĽŅĴŅĶĩĴŀĚŏľŖĬœħƟŒĬĮƤěěŋĭńĬĪňŗĬŇĵĴįĸŇĨĴŅěŅĔĽŅĶĔŉŗĚĨńĺĬŜŅŀĵƞŅĚĞŇĸŇėŀĬěŃœħƟħńĚĳŅıĪňŗȮȮ16Ȯ

ŐĸŃŏĴŊŗŀĬŜŅĞŇĸŇėŀĬŏĪňĵĭĔńĭĺńĽħŋĝĬŇħŀŊŗĬĪňŗĽŅĴŅĶĩŏĮƦĬŏĞĬŏĞŀĶƢĶńĭĽŏĮėĨĶńĴœħƟȮŏĝƞĬȮŏĞĬŏĞŀĶƢȮGe ħńĚ

ĳŅıĪňŗȮȮ17ȮŐĸŃŏĞĬŏĞŀĶƢ InGaAs ĳŅıĪňŗȮȮ18Ȯ 

 
ĳŅıĪňŗȮȮ17 ŐĽħĚėĺŅĴĺƞŀĚœĺŐĸŃėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĶńĭĽŏĮĔĨĶńĴĕŀĚĺńĽħŋĪňŗĬŇĵĴĬŜŅĴŅįĸŇĨŏĮƦĬ

ŏĞĬŏĞŀĶƢĶńĭĳŅıŐĸŃŐĽĚ 
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ĳŅıĪňŗȮȮ18 ŐĽħĚėĺŅĴĺƞŀĚœĺŐĸŃėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĶńĭŐĽĚĕŀĚŏĞĬŏĞŀĶƢĝĬŇħĨƞŅĚȮŕȮĕŀĚĭĶŇļńĪȮ

Hamamatsu Photonics K.K. ĦȮŀŋĦľĳŌĴŇĪňŗŏľĴŅŃĽĴĔńĭĔŅĶĪŜŅĚŅĬĕŀĚŏĞĬŏĞŀĶƢĬńŘĬȮŕ 

2.1.4 ėƞŅĽň[11-14] 

ėƞŅĽňȮėŊŀȮėƞŅĪňŗŒĝƟĭŀĔĩŉĚĽňĕŀĚĺńĽħŋȮőħĵĔŅĶĭƞĚĭŀĔĽňĽŅĴŅĶĩŐĭƞĚŀŀĔœħƟŏĮƦĬȮ1ȮŀĵƞŅĚėŊŀȮŏĜħĽňȮ

(Hue) ěŃŒĝƟŒĬĔŅĶĭŀĔĩŉĚĽňĕŀĚĺńĽħŋŏĝƞĬȮĽňŐħĚ, ĽňŏĕňĵĺȮľĶŊŀĽňĬŘŜŅŏĚŇĬȮėĺŅĴĽĺƞŅĚĕŀĚĽňȮ(Value ľĶŊŀ 

Lightness) ěŃĭŀĔœħƟĺƞŅĽňĴňėĺŅĴĽĺƞŅĚľĶŊŀĴŊħȮőħĵėĺŅĴĽĺƞŅĚĕŀĚĽňěŃŏĶŇŗĴěŅĔĽňħŜŅœĮěĬĩŉĚĽňĕŅĺŒĬ

ŏĜħĽňŏĪŅȮ(gray) ŐĸŃėĺŅĴŀŇŗĴĨńĺĕŀĚĽňȮ(Chroma ľĶŊŀȮSaturation) ěŃĭŀĔœħƟĩŉĚėĺŅĴŏĕƟĴĕŀĚĽňľĶŊŀ

ėĺŅĴŀŇŗĴĨńĺĕŀĚĽňȮĵĔĨńĺŀĵƞŅĚŏĝƞĬȮŐĶƞŏľĸŖĔĴňėĺŅĴŀŇŗĴĨńĺĕŀĚĽňŐħĚĪňŗĬƟŀĵȮŒĬĕĦŃĪňŗĔŋľĸŅĭĽňŐħĚĴň

ėĺŅĴŀŇŗĴĨńĺĕŀĚĽňŐħĚĪňŗĴŅĔȮĔŅĶĭƞĚĭŀĔĩŉĚĽňőħĵŒĝƟĨńĺŏĸĕȮőħĵĨńĺŐĮĶŏľĸƞŅĬňŘĽŅĴŅĶĩľŅœħƟěŅĔ

ŏĪėőĬőĸĵňĔŅĶĺńħėƞŅĽň 

 
ĳŅıĪňŗȮȮ19ȮŐĽħĚĽňŐħĚĕŀĚŐĶƞŏľĸŖĔĪňŗĴňėĺŅĴŀŇŗĴĨńĺĕŀĚĽňĬƟŀĵĔĺƞŅĽňĕŀĚĔŋľĸŅĭĽňŐħĚ 
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2.1.4.1 ĶŃĭĭėƞŅĽňȮRGB 

ĶŃĭĭėƞŅĽňĬňŘěŃŏĮƦĬĔŅĶĺńħėƞŅĽňĪňŗŒĝƟľĸńĔĔŅĶȮTrichromatic theoryȮĞŉŗĚěŃŏĮƦĬŒľƟŐĽĚĮģĴĳŌĴŇȮ

(ŐĽĚĽňŐħĚ, ŐĽĚĽňŏĕňĵĺȮŐĸŃŐĽĚĽňĬŘŜŅŏĚŇĬ'ȮŏıŊŗŀĽĶƟŅĚŏĮƦĬĽňĨƞŅĚŕȮĪňŗĴĬŋļĵƢĽŅĴŅĶĩĴŀĚŏľŖĬœħƟȮőħĵěŃŒľƟ

ėƞŅŐĽĚĽňŐħĚŏĮƦĬĨńĺŐĮĶȮR, ėƞŅŐĽĚĽňŏĕňĵĺŏĮƦĬĨńĺŐĮĶȮG ŐĸŃėƞŅŐĽĚĽňĬŘŜŅŏĚŇĬŏĮƦĬĨńĺŐĮĶȮB ŏĬŊŗŀĚěŅĔ

ĶŃĭĭėƞŅĽňĬňŘĴňŏıňĵĚȮ1ȮĨńĺŐĮĶȮěŉĚĪŜŅŒľƟĔŅĶĺŇŏėĶŅŃľƢŐĵĔĽňĬńŘĬŏĮƦĬœĮœħƟĵŅĔŏıĶŅŃĶŃĭĭĽňħńĚĔĸƞŅĺěŃ

ĭŀĔœħƟŏıňĵĚŏĜħĽňŏıňĵĚŏĪƞŅĬńŘĬȮŐĨƞœĴƞĽŅĴŅĶĩĭŀĔœħƟĩŉĚėĺŅĴĽĺƞŅĚŐĸŃėĺŅĴŀŇŗĴĨńĺĕŀĚĽňœħƟ ĽŜŅľĶńĭĔŅĶ

ėŜŅĬĺĦėƞŅĽňŒĬĶŃĭĭėƞŅĽňȮRGB œĴƞĽŅĴŅĶĩėŜŅĬĺĦőħĵĨĶĚœħƟȮŏĬŊŗŀĚěŅĔėƞŅĽňŒĬĶŃĭĭȮRGB œĴƞĺƞŅěŃ

ŏĮƦĬėƞŅȮR, G ŐĸŃȮB ĪŋĔėƞŅěŃŏĶŇŗĴěŅĔȮ.ȮŐĨƞľŅĔŀƟŅĚŀŇĚěŅĔĔĶŅĲŒĬĳŅıĪňŗȮȮ0. ȮĴňėƞŅĪňŗĨŇħĸĭŒĬĝƞĺĚ

ėĺŅĴĵŅĺėĸŊŗĬĮĶŃĴŅĦȮ22.ȮĩŉĚȮ33.ȮĬŅőĬŏĴĨĶȮĪŜŅŒľƟėƞŅȮὶӶ‗ȮĽŅĴŅĶĩĨŇħĸĭœħƟȮĞŉŗĚœĴƞŏĮƦĬœĮĨŅĴ

ĬŇĵŅĴ 

 
ĳŅıĪňŗȮȮ0.ȮĲƤĚĔƢĝńĬĕŀĚĔŅĶľŅėƞŅĽňŒĬĶŃĭĭȮRGB ĕŀĚȮGuild ŐĸŃȮWright 

ěŉĚĨƟŀĚėŜŅĬĺĦįƞŅĬėƞŅĽňĶŃĭĭȮXYZ őħĵĔŅĶėŜŅĬĺĦėƞŅȮXYZ ěŃŀĵŌƞŒĬľńĺĕƟŀĪňŗȮ0,/,2,0ȮőħĵŒĬľńĺĕƟŀĬňŘ

ěŃĔĸƞŅĺĩŉĚĔŅĶėŜŅĬĺĦėƞŅȮRGB ěŅĔėƞŅȮXYZ ĞŉŗĚĽŅĴŅĶĩėŜŅĬĺĦœħƟįƞŅĬĽĴĔŅĶ 

ὶ
Ὣ
ὦ

ὓ
ὢ
ὣ
ὤ

 

őħĵĪňŗ 
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 X, Y ŐĸŃȮZ ėŊŀ ėƞŅĕŀĚĽňŒĬĶŃĭĭĽňȮXYZ 
 [M]  ėŊŀ ŏĴĪĶŇĔĞƢĕŀĚȮRGB/XYZ Metrics  
    (ĳŅėįĬĺĔȮĔ, ėƞŅȮRGB/XYZ Matrices) 
 r, g ŐĸŃȮb ėŊŀ ėƞŅĕŀĚĽňŒĬĶŃĭĭ RGBȮŐĭĭŏĽƟĬ 
 

ĞŉŗĚėƞŅĕŀĚĽňŒĭĶŃĭĭȮRBG ŐĭĭŏĽƟĬȮ(linear RGB) ěŃŏĮƦĬėƞŅĽňĪňŗĴňėƞŅĨńŘĚŐĨƞȮ.,.ȮĩŉĚȮ/,.ȮŐĸŃĴňıŊŘĬĪňŗ

ĔĶŅĲŏĮƦĬĪĶĚĸŌĔĭŅĻĔƢħńĚĳŅıĪňŗȮȮ21ȮŐĨƞŏĮĸňŗĵĬėƞŅĽŌĚĽŋħěŅĔȮ033ȮŏĮƦĬȮ/,.ȮľĶŊŀľŅĶħƟĺĵȮ033 

 
ĳŅıĪňŗȮȮ21ȮRGB Color space ŏĔŇħĴŅěŅĔĔŅĶĪŜŅŏĮƦĬĲƤĚĔƢĝńĬȮ6ȮĭŇĨ 

 

ľŅĔĨƟŀĚĔŅĶėƞŅȮRGB ŐĭĭœĴƞŏĮƦĬŏĽƟĬĨĶĚȮ&nonlinear RGB) ĴňŀĵŌƞȮ3ȮŐĭĭȮħńĚĬňŘ 

ĔŜŅľĬħŒľƟ 

ὺ ɴ ὶȟὫȟὦ ĽŜŅľĶńĭĶŃĭĭȮlinear RGB 

ὠ ɴ ὙȟὋȟὄ ĽŜŅľĶńĭĶŃĭĭȮnonlinear RGB 

- ŐĭĭŒĝƟėƞŅȮGamma (‎)  &ĳŅėįĬĺĔȮĕ, ėƞŅȮGamma' 
ὠ ὺȾ  

- ŐĭĭȮsRGB 

ὠ
          ρςȢωςὺ                  ĩƟŅ ὺ πȢππσρσπψ
ρȢπυυὺȾȢ πȢπυυ                                   
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- ŐĭĭȮL* 

ὠ

ὺ‖

ρππ
                ĩƟŅ ὺ ‭

ρȢρφЍὺ πȢρφ                  
 

őħĵĪňŗ 

 ŏĪƞŅĔńĭ 0.008856 ľĶŊŀȮ0/4-02167 צ  
  ʆ ŏĪƞŅĔńĭ 7.1,1ȮľĶŊŀȮ02167-05 

 

2.1.4.2 ĶŃĭĭėƞŅĽňȮXYZ  

ĶŃĭĭėƞŅĽňĬňŘŏĮƦĬĶŃĭĭėƞŅĽňĪňŗĩŌĔŐĬŃĬŜŅŒľƟŒĝƟőħĵȮCIE ŒĬĮƖȮ/71/ȮĞŉŗĚěŃĴňėĺŅĴŒĔĸƟŏėňĵĚĔńĭ

ĶŃĭĭėƞŅĽňȮRGBȮŐĨƞěŃŐĨĔĨƞŅĚĔńĬĪňŗȮXYZ ěŃŒĝƟŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪňŗœħƟĴŅěŅĔĔŅĶėŜŅĬĺĦĨŅĴĪķļĢňȮĞŉŗĚ

ěŃĴňėĺŅĴŀŇŗĴĨńĺĴŅĔĔĔĺƞŅŐľĸƞĚĔŜŅŏĬŇħŐĽĚěĶŇĚĪňŗŒĝƟŒĬĶŃĭĭėƞŅĽňȮRGBȮŐĸŃŒľƟėƞŅĽňĪňŗŏĮƦĬėƞŅĭĺĔĪńŘĚľĴħȮ

ĪŜŅŒľƟĽŅĴŅĶĩėŜŅĬĺĦėƞŅįƞŅĬĔŅĶŏĕňĵĬőĮĶŐĔĶĴėŀĴıŇĺŏĨŀĶƢœħƟȮőħĵŒĬĔŅĶėŜŅĬĺĦŒĬĶŃĭĭėƞŅĽňĬňŘěŃĴň

ĨńĺŐĮĶŀĵŌƞĪńŘĚľĴħȮ1ȮĨńĺŐĮĶȮėŊŀȮX,ȮY ŐĸŃȮZ  

 
ĳŅıĪňŗȮȮ22ȮXYZ color space 
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őħĵĨńĺŐĮĶȮX ěŃĩŌĔĔĶŃĨŋƟĬœħƟħƟĺĵĽŏĮĔĨĶńĴĽňŐħĚŐĸŃŐĽħĚĩŉĚėĺŅĴŀŇŗĴĨńĺĕŀĚĽňŐħĚȮŒĬĽƞĺĬ

ĕŀĚĨńĺŐĮĶȮY ěŃĩŌĔĔĶŃĨŋƟĬœħƟħƟĺĵĽŏĮĔĨĶńĴĽňŏĕňĵĺŐĸŃŐĽħĚĩŉĚėĺŅĴŀŇŗĴĨńĺĕŀĚĽňŏĕňĵĺȮŐĸŃĨńĺŐĮĶȮZ 

ěŃĩŌĔĔĶŃĨŋƟĬœħƟħƟĺĵĽŏĮĔĨĶńĴĽňĬŘŜŅŏĚŇĬŐĸŃŐĽħĚĩŉĚėĺŅĴŀŇŗĴĨńĺĕŀĚĽňĬŘŜŅŏĚŇĬȮŐĸŃėƞŅȮX,ȮY ŐĸŃȮZȮěŃŒľƟ

ėƞŅĪňŗŏĮƦĬėƞŅĭĺĔȮħńĚĪňŗĔĸƞŅĺĴŅĕƟŅĚĨƟĬĶŃĭĭėƞŅĽňȮXYZ ěŉĚĽŅĴŅĶĩĭŀĔœħƟĪńŘĚėƞŅŏĜħĽňŐĸŃėĺŅĴŀŇŗĴĨńĺ

ĕŀĚĽňȮŐĨƞĵńĚœĴƞĽŅĴŅĶĩĭŀĔėĺŅĴĽĺƞŅĚĕŀĚĽňœħƟőħĵĨĶĚȮőħĵĽŅĴŅĶĩėŜŅĬĺĦėƞŅȮXYZ ěŅĔĽŏĮĔĨĶńĴĪňŗ

ĽŃĪƟŀĬŀŀĔěŅĔĺńĨĩŋľĶŊŀĽƞŀĚįƞŅĬĺńĨĩŋœħƟěŅĔĽĴĔŅĶħńĚĬňŘ 

ὢ  
ρ

ὔ
ὼ‗Ὓ‗Ὅ‗Ὠ‗ 

ὣ  
ρ

ὔ
ώ‗Ὓ‗Ὅ‗Ὠ‗ 

ὤ  
ρ

ὔ
ᾀ‗Ὓ‗Ὅ‗Ὠ‗ 

ὔ  ώ‗Ὅ‗Ὠ‗ 

ŏĮĸňŗĵĬĶŌĮĽĴĔŅĶěŅĔĔŅĶŀŇĬĪŇŏĔĶĨŏĮƦĬĽĴĔŅĶįĸĶĺĴ 

ὢ  
ρ

ὔ
ὼὛὍЎ‗ 

ὣ  
ρ

ὔ
ώὛὍЎ‗ 

ὤ  
ρ

ὔ
ᾀὛὍЎ‗ 

ὔ  ώὍЎ‗ 

őħĵĪňŗ 

 x, y ŐĸŃȮz ėŊŀ ĲƤĚĔƢĝńĬĕŀĚįŌƟĽńĚŏĔĨĨŅĴĴŅĨĶģŅĬȮCIE  
    &ĳŅėįĬĺĔȮĚȮĨŅĶŅĚĲƤĚĔƢĝńĬįŌƟĽńĚŏĔĨĴŅĨĶģŅĬȮCIE (CIE standard  
    observer functions) ĕŀĚȮCIE 0° (/71/'ȮŐĸŃȮ/.° (/742') 
 X, Y ŐĸŃȮZ ėŊŀ ėƞŅĽňŒĬĶŃĭĭĽňȮXYZ 
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 S(˂) ľĶŊŀȮSi ėŊŀ ĽŏĮĔĨĶńĴĪňŗĺńĨĩŋĽŃĪƟŀĬŀŀĔĴŅȮĦȮėĺŅĴĵŅĺėĸŊŗĬĬńŘĬȮŕȮ(ľŅĔŏĮƦĬ 
    ĔŅĶĽƞŀĚįƞŅĬěŃŐĪĬėƞŅĨńĺŐĮĶȮS ħƟĺĵĨńĺŐĮĶȮT ľĶŊŀėƞŅĽŏĮĔĨĶńĴ 
    ĪňŗĽƞŀĚįƞŅĬĺńĨĩŋ) 
 I(˂) ľĶŊŀȮIi ėŊŀ ĽŏĮĔĨĶńĴĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮĦȮėĺŅĴĵŅĺėĸŊŗĬĬńŘĬȮŕ 
  ˂  ėŊŀ ėĺŅĴĵŅĺėĸŊŗĬŒĬľĬƞĺĵĬŅőĬŏĴĨĶ 

2.1.5 ĶŃĭĭėƞŅĽňȮCIE L*a*b* color space 

ĶŃĭĭėƞŅĽňĬňŘĴňıŊŘĬģŅĬĴŅěŅĔĪķļĢň Opponent theory ĕŀĚĔŅĶĴŀĚŏľŖĬĽňȮĞŉŗĚėŇħėƟĬőħĵȮHeringȮ

ŏĬŊŗŀĚěŅĔŏĮƦĬĔŅĶĵŅĔĪňŗěŃŒľƟĝŊŗŀŏĜħĽňœħƟėĶĭĪŋĔŏĜħĽňȮHering ěŉĚœħƟŒľƟėĺŅĴěŜŅĔńħėĺŅĴĕŀĚĪŋĔŏĜħĽňĪňŗ

ŏĮƦĬœĮœħƟĺƞŅĮĶŃĔŀĭħƟĺĵĽňȮ2ȮĽňȮĬńŗĬėŊŀȮĽňŐħĚ, Ľňŏĕňĵĺ, ĽňŏľĸŊŀĚȮŐĸŃĽňĬŘŜŅŏĚŇĬ ŐĸŃŏĴŊŗŀŏıŇŗĴėĺŅĴĽĺƞŅĚ

ĕŀĚĽňŏĕƟŅœĮȮĪŜŅŒľƟĴňŏĜħĽňŏıŇŗĴŏĕƟŅĴŅŀňĔȮ0ȮĽňȮœħƟŐĔƞĽňħŜŅŐĸŃĽňĕŅĺȮŐĸŃěŅĔŒěėĺŅĴĽŜŅėńĠĕŀĚȮ

opponent theory ėŊŀŏĴŊŗŀįŌƟĽńĚŏĔĨĔŅĶĦƢĴŀĚœĴƞĽŅĴŅĶĩĴŀĚŏľŖĬĽňĽŀĚĽňĪňŗŀĵŌƞĨĶĚĕƟŅĴĔńĬœħƟȮěŉĚĪŜŅŒľƟ

ĴňĔŅĶěńĭėŌƞĽňĪňŗŏĮƦĬĽňĪňŗŀĵŌƞĨĶĚĕƟŅĴĔńĬĔńĬȮĪŜŅŒľƟĶŃĭĭėƞŅĽňħńĚĔĸƞŅĺĴňĨńĺŐĮĶĽňĪňŗŀĵŌƞĨĶĚĕƟŅĴĔńĬȮ1ȮėŌƞȮėŊŀȮĽň

ĕŅĺĔńĭĽňħŜŅ, ĽňŐħĚĔńĭĽňŏĕňĵĺ, ŐĸŃĽňŏľĸŊŀĚĔńĭĽňĬŘŜŅŏĚŇĬȮŐĸƟĺěŉĚĬŜŅėŌƞĽňĕƟŅĚĨƟĬĴŅĽĶƟŅĚŏĮƦĬĔĶŅĲȮ1ȮĴŇĨŇȮ

őħĵŒľƟŐĨƞĸŃŐĔĬĮĶŃĔŀĭħƟĺĵėŌƞĽňŐĔĬĸŃėŌƞȮŐĸŃĔŜŅľĬħĨńĺŐĮĶŒľƟŐĨƞĸŃŐĔĬėŊŀȮ 

- ėƞŅȮL* ŏĮƦĬŐĔĬĨńŘĚĞŉŗĚěŃŐĽħĚŒĬėŌƞĕŀĚĽňĕŅĺĔńĭĽňħŜŅěŉĚĪŜŅŒľƟȮL* ŏĮƦĬėƞŅĪňŗŐĽħĚĩŉĚėĺŅĴĽĺƞŅĚ
ĕŀĚĽňőħĵěŃĴňėƞŅȮ.-/..ȮĞŉŗĚȮ/..ȮěŃŐĽħĚŏĮƦĬĽňĕŅĺŐĸŃȮ.ȮěŃŐĽħĚŏĮƦĬĽňħŜŅȮ 

- ėƞŅȮa* ěŃŏĮƦĬŐĔĬĨńŘĚĜŅĔĔńĭŐĔĬȮL* ĞŉŗĚěŃŐĽħĚĩŉĚĽňŐħĚŐĸŃĽňŏĕňĵĺȮőħĵľŅĔėƞŅȮa* ŏĮƦĬŏĮƦĬ
ėƞŅĭĺĔěŃŐĽħĚĽňŀŀĔŏĮƦĬŏĜħĽňŐħĚŐĸŃľŅĔėƞŅȮa* ŏĮƦĬĸĭěŃŐĽħĚŀŀĔŏĮƦĬŏĜħĽňŏĕňĵĺ 

- ėƞŅȮb* ěŃŏĮƦĬŐĔĬĨńŘĚĜŅĔĔńĭĪńŘĚŐĔĬȮL* ŐĸŃŐĔĬȮa* ĞŉŗĚěŃŐĽħĚĩŉĚėĺŅĴŏĮƦĬĽňŏľĸŊŀĚŐĸŃĽň
ĬŘŜŅŏĚŇĬȮőħĵľŅĔėƞŅȮb* ŏĮƦĬĭĺĔěŃŐĽħĚĽňŀŀĔŏĮƦĬŏĜħĽňŏľĸŊŀĚŐĸŃľŅĔŏĮƦĬėƞŅĸĭěŃŐĽħĚĽň
ŀŀĔŏĮƦĬŏĜħĽňĬŘŜŅŏĚŇĬ 
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ĳŅıĪňŗȮȮ23ȮL*a*b* color space 

 

ěŅĔĨńĺŐĮĶĕƟŅĚĨƟĬĪŜŅŒľƟĶŃĭĭėƞŅĽňĬňŘĽŅĴŅĶĩĭŀĔœħƟĪńŘĚŏĜħ, ėĺŅĴĽĺƞŅĚȮŐĸŃėĺŅĴŀŇŗĴĨńĺĕŀĚĽň őħĵĔŅĶ

ľŅėƞŅȮL*a*b* ĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶħńĚĬňŘ 

ὒ ρρφὪ ρφ 

ὥ υππὪ Ὢ  

ὦ ςππὪ Ὢ  

ŏĴŊŗŀ 

Ὢ
ὼ                      ĩƟŅ ὼ ‭

‖ὼ ρφ

ρρφ
                               

 

Ὢ
ώ                      ĩƟŅ ώ ‭

‖ώ ρφ

ρρφ
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Ὢ
ᾀ                      ĩƟŅ ᾀ ‭

‖ᾀ ρφ

ρρφ
                               

 

ὼ
ὢ

ὢ
                                              

ώ
ὣ

ὣ
                                              

ὤ
ὤ

ὤ
                                              

‭ πȢππψψυφ ľĶŊŀ ςρφȾςτσψω 

‖ ωπσȢσ ľĶŊŀ ςτσψωȾςχ           

őħĵĪňŗ 

 Xr, Yr ŐĸŃȮZr  ėŊŀ ėƞŅĕŀĚŐĽĚĽňĕŅĺŀƟŅĚŀŇĚľĶŊŀŐľĸƞĚĔŜŅŏĬŇħŐĽĚ 
 X, Y ŐĸŃȮZ  ėŊŀ ėƞŅĽňŒĬĶŃĭĭĽňȮXYZ 
 L, a ŐĸŃ b  ėŊŀ ėƞŅĽňŒĬĶŃĭĭĽňȮCIE L*a*b* 

2.2 ĽňŐĸŃıĸŅĽĨŇĔ [15] 

ĽňŒĬıĸŅĽĨŇĔĬńŗĬŒĝƟŏıŊŗŀĭƞĚĭŀĔĩŉĚėĺŅĴĽńĴıńĬīƢĕŀĚįĸĸńıīƢĕŀĚĺńĽħŋıŀĸŇŏĴŀĶƢŒĬĝƞĺĚȮvisible 

color őħĵĔŅĶŒľƟĽňĔńĭıĸŅĽĨŇĔěŃŐĭƞĚŀŀĔŏĮƦĬȮ0ȮĔĸŋƞĴľĸńĔėŊŀȮŏĴŖħĽňȮ(Pigment) ŐĸŃĽňĵƟŀĴȮ(Dye) 

ĞŉŗĚŏĴŖħĽňėŊŀŀĬŋĳŅėĪňŗœĴƞĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚĶŃľĺƞŅĚĔĶŃĭĺĬĔŅĶįĸŇĨŐĸŃĶŃľĺƞŅĚĶŃĵŃŏĺĸŅĔŅĶŒĝƟĚŅĬ

ĕŀĚįĸŇĨĳńĦĤƢıĸŅĽĨŇĔȮĽƞĺĬĽňĵƟŀĴŏĮƦĬĽňĪňŗĽŅĴŅĶĩĸŃĸŅĵœħƟŒĬıŀĸŇŏĴŀĶƢľĶŊŀĽŅĶĪňŗŀĵŌƞŒĬĶŃĭĭıŀĸŇ

ŏĴŀĶƢ ĞŉŗĚŏĴŖħĽňěŃŐĭƞĚŀŀĔœħƟŏĮƦĬȮ0ȮĔĸŋƞĴėŊŀȮŏĴŖħĽňŀŇĬĪĶňĵƢŐĸŃŏĴŖħĽňŀĬŇĬĪĶňĵƢȮőħĵŏĴŖħĽňŀŇĬĪĶňěŃ

ĮĶŃĔŀĭœĮħƟĺĵȮėŅĶƢĭŀĬ, œŁőħĶŏěĬ, ŀŀĔĞŇŏěĬ, œĬőĨĶŏěĬȮŐĸŃĞńĸŏĲŀĶƢȮĞŉŗĚľŅĔĬŜŅĴŅĺŇŏėĶŅŃľƢĪŅĚ

ŏėĴňŐĸƟĺȮŏĴŖħĽňħńĚĔĸƞŅĺěŃıĭĽŅĶěŜŅıĺĔőĸľŃŏĸŖĔĬƟŀĵȮŏĬŊŗŀĚěŅĔĽŅĶħńĚĔĸƞŅĺěŃŏĮƦĬȮprecipitating 

agent ľĶŊŀŀŅěŏĮƦĬĽŅĶŏĨŇĴŐĨƞĚŏıŊŗŀĮĶńĭįŇĺĕŀĚŀĬŋĳŅėȮĽƞĺĬŒĬŏĴŖħĽňŀĬŇĬĪĶňĵƢěŃĮĶŃĔŀĭœĮħƟĺĵīŅĨŋ

őĸľŃľĶŊŀőĸľŃįĽĴŀŀĔĞŇŏěĬ, ĞńĸŏĲŀĶƢȮľĶŊŀĞňĸňŏĬňĵĴȮŒĬĽƞĺĬĕŀĚĽňĵƟŀĴĬńŘĬěŃĬŇĵĴŒĝƟĴŅĔŒĬıĸŅĽĨŇĔ

ŏıŊŗŀŒľƟįĸŇĨĳńĦĤƢıĸŅĽĨŇĔĪňŗįĸŇĨŀŀĔĴŅœĴƞĴňĽƞĺĬįĽĴĕŀĚőĸľŃȮŏĬŊŗŀĚěŅĔĬŇĵŅĴėŜŅĺƞŅĽňĵƟŀĴŏĮƦĬĽŅĶĪňŗ

ĽŅĴŅĶĩĸŃĸŅĵœħƟŒĬĶŃĭĭıŀĸŇŏĴŀĶƢħńĚĬńŘĬĽňĵƟŀĴěŉĚŏĮƦĬĽŅĶŀŇĬĪĶňĵƢőħĵĪňŗŒĝƟŏĮƦĬĽƞĺĬŒľĠƞěŃŐĭƞĚ

ŀŀĔŏĮƦĬȮ7ȮĔĸŋƞĴėŊŀȮanthrapyidone,Ȯanthraquinone, azo, nigrosine, perinone, pyrazolone 

quinolone, quinophthalone, ŐĸŃȮxanthene ĽňĵƟŀĴőħĵĽƞĺĬŒľĠƞĴńĔěŃĪĬĨƞŀŐĽĚœħƟœĴƞħňŒĬőĪĬĽň
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ŀƞŀĬľĶŊŀĽňıŅĽŏĪĸȮŐĨƞŒĬĽňĪňŗŏĮƦĬȮfulltone ľĶŊŀȮmasstone ľĶŊŀĽňĪňŗĴňėĺŅĴŀŇŗĴĨńĺĕŀĚĽňĽŌĚěŃĴňĽĴĭńĨŇ

ĪňŗħňĔĺƞŅȮŀĵƞŅĚĪňŗœħƟĔĸƞŅĺĴŅŐĸƟĺĺƞŅĽňĵƟŀĴĬńŘĬĽŅĴŅĶĩĸŃĸŅĵœħƟŒĬĶŃĭĭıŀĸŇŏĴŀĶƢȮĞŉŗĚŀŅěěŃœĴƞŒĝƞĔŅĶ

ĸŃĸŅĵŒĬıŀĸŇŏĴŀĶƢŏıňĵĚŀĵƞŅĚŏħňĵĺŐĨƞĵńĚĽŅĴŅĶĩĸŃĸŅĵŒĬŀĚėƢĮĶŃĔŀĭĕŀĚıĸŅĽĨŇĔœħƟœĴƞĺƞŅěŃŏĮƦĬȮ

ĽŅĶľĸƞŀĸŊŗĬ, ĽŅĶŏıŇŗĴėĺŅĴŏĽĩňĵĶ, ĽŅĶĮƚŀĚĔńĬĔŅĶŏĔŇħŀŀĔĞŇœħĞƢȮľĶŊŀĽŅĶŏĨŇĴŐĨƞĚĨƞŅĚĪňŗŏĨŇĴĸĚœĮŒĬ

įĸŇĨĳńĦĤƢıĸŅĽĨŇĔȮŀňĔĮĶŃĔŅĶľĬŉŗĚĪňŗĽňĵƟŀĴĴńĔĩŌĔŒĝƟĴŅĔŒĬıĸŅĽĨŇĔŏĬŊŗŀĚěŅĔĴňėĺŅĴĽŅĴŅĶĩŒĬĔŅĶ

ŒľƟĽňĽŌĚŒĬĕĦŃĪňŗĬŘŜŅľĬńĔĕŀĚĝŇŘĬĚŅĬıĸŅĽĨŇĔŏıŇŗĴĕŉŘĬœĴƞĴŅĔĬńĔȮŐĨƞŒĬĪŅĚĔĸńĭĔńĬĽňĵƟŀĴĭŅĚĝĬŇħŀŅěŒľƟ

įĸĸńıīƢĪňŗœĴƞħňĔńĭıĸŅĽĨŇĔĭŅĚĝĬŇħȮŏĬŊŗŀĚěŅĔŀŅěŏĮƦĬĨńĺŏľĬňŗĵĺĬŜŅŒľƟŏĔŇħĨŜŅľĬŇĔńĭıĸŅĽĨŇĔŏĝƞĬȮŏĔŇħ

ĔŅĶĨĔĕŀĚĽňȮ(bleeding) ĕŀĚĽňĵƟŀĴħńĚĬńŘĬěŉĚĨƟŀĚĴňĔŅĶŏĸŊŀĔŒĝƟĽňĵƟŀĴŒľƟŏľĴŅŃĽĴĔńĭĝĬŇħıĸŅĽĨŇĔŏıŊŗŀ

œĴƞŒľƟŏĔŇħĨŜŅľĬŇĔńĭįĸŇĨĳńĦĤƢıĸŅĽĨŇĔ 

2.3 ŏėĶŊŗŀĚĺńħėƞŅĽň[16] 

ŏėĶŊŗŀĚĺńħĽňŒĝƟŏĔŖĭĕƟŀĴŌĸĕŀĚĽňŒĬŏĝŇĚĨńĺŏĸĕȮŏıŊŗŀĪňŗěŃĽŅĴŅĶĩĬŜŅœĮŒĝƟŏĮƦĬĴŅĨĶģŅĬŒĬĔŅĶĽŊŗŀĽŅĶ

ŏĔňŗĵĺĔńĭĸńĔļĦŃĕŀĚĽňŒĬĶŃħńĭŀŋĨĽŅľĔĶĶĴĪńŗĺőĸĔȮőħĵŏėĶŊŗŀĚĺńħĽňĽŅĴŅĶĩŐĭƞĚŀŀĔœħƟŏĮƦĬȮ0ȮĮĶŃŏĳĪ

ŒľĠƞŕȮœħƟŐĔƞȮColorimeter ŐĸŃȮSpectrophotometer ĞŉŗĚěŃĴňėĺŅĴŐĨĔĨƞŅĚĔńĬħńĚĬňŘ 

2.3.1 Colorimeter 

ŏĮƦĬĔŅĶĺŇŏėĶŅŃľƢĨńĺŀĵƞŅĚĪňŗĴňıŊŘĬģŅĬĴŅěŅĔĔŅĶĴŀĚŏľŖĬĕŀĚĴĬŋļĵƢȮėŊŀĔŅĶŒĝƟŐĽĚĽƞŀĚ

ĨńĺŀĵƞŅĚȮŐĸƟĺěŉĚĪŜŅĔŅĶĔĶŀĚħƟĺĵĲƕĸŏĨŀĶƢĽňĮģĴĳŌĴŇĪńŘĚĲƕĸŏĨŀĶƢĽňŐħĚȮĲƕĸŏĨŀĶƢĽňŏĕňĵĺȮŐĸŃĲƕĸŏĨŀĶƢĽňĬŘŜŅ

ŏĚŇĬȮŐĸƟĺĬŜŅėĺŅĴŏĕƟĴĕŀĚŐĽĚĪňŗĩŌĔĲƕĸŏĨŀĶƢœĮĺŇŏėĶŅŃľƢĨƞŀȮőħĵĺŇīňħńĚĔĸƞŅĺěŃĨƟŀĚĴňĕƟŀĴŌĸėƞŅĴŅĨĶģŅĬ

ŐĽĚĽňĮģĴĳŌĴŇȮĞŉŗĚĕƟŀĴŌĸĪňŗœħƟěŅĔȮColorimeter ĬńŘĬěŃœħƟĴŅŏıňĵĚėƞŅĕŀĚĽňĕŀĚĺńĨĩŋŏĪƞŅĬńŘĬȮŐĸŃľŅĔ

ėĺŅĴŏĕƟĴĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚĕƟŀĴŌĸėƞŅĽňěŃŏĔŇħĔŅĶŏĮĸňŗĵĬŐĮĸĚĨŅĴ 

2.3.2 Spectrophotometer 

ŏĮƦĬĔŅĶĺŇŏėĶŅŃľƢĨńĺŀĵƞŅĚŒĬŏĝŇĚĲƕĽŇĔĽƢőħĵœħƟěŅĔĽŏĮĔĨĶńĴĪńŘĚľĴħĪňŗĺńĨĩŋĮĸħĮĸƞŀĵŀŀĔĴŅȮ

ěŅĔĔŅĶŒľƟŐĽĚĔńĭĺńĨĩŋȮěŅĔĬńŘĬěŉĚĬŜŅĸŜŅŐĽĚŒľƟįƞŅĬŏĔĶĨĨŇĚȮŏıŊŗŀŒľƟĸŜŅŐĽĚħńĚĔĸƞŅĺŐĵĔŀŀĔŏĮƦĬŏĽƟĬ

ĽŏĮĔĨĶńĴĕŀĚŐĽĚĪňŗĮĸħĮĸƞŀĵŀŀĔĴŅěŅĔĺńĨĩŋȮĔƞŀĬŏĕƟŅĨńĺĨĶĺěěńĭȮŐĸƟĺŐĮĸĚėƞŅŀŀĔĴŅŏĮƦĬėƞŅĽňȮĞŉŗĚ

ŏĮƦĬĕƟŀĴŌĸĪňŗŐĴƞĬĵŜŅĴŅĔĔĺƞŅĔŅĶĴŀĚŏľŖĬĕŀĚĴĬŋļĵƢȮŏĬŊŗŀĚěŅĔŏĮƦĬĔŅĶŏĔŖĭĕƟŀĴŌĸěŅĔĽŏĮĔĨĶńĴĪńŘĚľĴħȮ

ĞŉŗĚěŃĬŜŅėƞŅĽŏĮĔĨĶńĴħńĚĔĸƞŅĺĴŅŏĪňĵĭĔńĭĽŏĮĔĨĶńĴĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĔƞŀĬĬŜŅœĮŐĮĸĚėƞŅȮěŉĚĪŜŅŒľƟ

œĴƞŏĔŇħĔŅĶŏĮĸňŗĵĬŐĮĸĚĕŀĚėƞŅĽňŐĴƟěŃĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚėĺŅĴŏĕƟĴĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚ 
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ĳŅıĪňŗȮȮ24ȮŐĽħĚėĺŅĴŐĨĔĨƞŅĚĶŃľĺƞŅĚȮcolorimeter ĔńĭȮspectrophotometer 

 

2.4 ĽƞĺĬĮĶŃĔŀĭĕŀĚŏėĶŊŗŀĚĺńħėƞŅĽňěŅĔĽŏĮĔĨĶńĴ 

2.4.1 ŐľĸƞĚĔŜŅŏĬŇħŐĽĚ [8] 

ĔŅĶĪňŗěŃĴŀĚŏľŖĬĽňœħƟĬńŘĬěŜŅŏĮƦĬĨƟŀĚĴňŐĽĚĴŅĨĔĔĶŃĪĭĔńĭĺńĨĩŋȮĞŉŗĚŐĽĚĪňŗĪŜŅŒľƟĽŅĴŅĶĩ

ĴŀĚŏľŖĬĽňĕŀĚĺńĨĩŋœħƟĬńŘĬěŃŏĮƦĬŐĽĚŒĬĝƞĺĚȮVisible lightȮĞŉŗĚŀĵŌƞŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬȮ16.-56.ȮĬŅőĬ

ŏĴĨĶȮőħĵŒĬĝƞĺĚėĺŅĴĵŅĺħńĚĔĸƞŅĺĽŅĴŅĶĩŐĭƞĚŀŀĔœħƟŏĮƦĬĽňĨƞŅĚȮŕȮħńĚĪňŗŐĽħĚŒĬĳŅıĪňŗȮȮ25ȮŐĸŃ

ĨŅĶŅĚĪňŗȮȮ3 

ĨŅĶŅĚĪňŗȮȮ3ȮŐĽħĚĽňĪňŗĮĶŅĔĢŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĨƞŅĚȮŕ 

 
 

ĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬȮ(nm) ĽňĪňŗĮĶŅĔĢ

380-420 ĴƞĺĚ

420-470 ėĶŅĴ

470-510 ĬŘŜŅŏĚŇĬ

510-570 ŏĕňĵĺ

570-590 ŏľĸŊŀĚ

590-650 ĽƟĴ

650-780 ŐħĚ
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ĳŅıĪňŗȮȮ25ȮŐĽħĚĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗŏĮƦĬĝƞĺĚȮVisible light ŐĸŃĽňĪňŗĮĶŅĔĢŒĬėĺŅĴĵŅĺėĸŊŗĬĬńŘĬŕ 

 

 őħĵŒĬŏėĶŊŗŀĚĴŊŀĪňŗŒĝƟŒĬĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĨƞŅĚȮŕȮĪňŗŏĮƦĬěŜŅıĺĔĽŏĮĔőĨĶĽőĔĮƖȮěŜŅĨƟŀĚĴň

ŐľĸƞĚĔŜŅŏĬŇħŐĽĚŏıŊŗŀŒľƟŐĽĚĔĶŃĪĭĔńĭĝŇŘĬĚŅĬĨńĺŀĵƞŅĚŐĸƟĺĬŜŅĽŏĮĔĨĶńĴĪňŗĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĮĸħĮĸƞŀĵ

ŀŀĔĴŅœĮĺŇŏėĶŅŃľƢĨƞŀœĮ ĞŉŗĚŒĬŏėĶŊŗŀĚĴŊŀĔŅĶĺńħĽňĽƞĺĬŒľĠƞěŃŒĝƟŐľĸƞĚĔŜŅŏĬŇħŐĽĚĨŅĴĪňŗŀĚėƢĔĶȮCIE 

&AmkkgqqgmlȮGlrcpl_rgml_jcȮbcȮjŲCaj_gp_ec'ȮőħĵœħƟĔŜŅľĬħŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪňŗŏĮƦĬĴŅĨĶģŅĬœĺƟ

ĴŅĔĴŅĵȮőħĵĪńŗĺœĮĴŅĨĶģŅĬŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪňŗŒĝƟĔńĬĴŅĔħńĚ 

ĨŅĶŅĚĪňŗȮȮ4ȮŐĸŃŒĬŐĨƞĸŃĝĬŇħĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĴŅĨĶģŅĬěŃŒľƟĽŏĮĔĨĶńĴĪňŗŐĨĔĨƞŅĚĔńĬħńĚĳŅıĪňŗȮȮ

26 
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ĨŅĶŅĚĪňŗȮȮ4ȮŐĽħĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪňŗŒĝƟĔńĬĴŅĔŒĬŐĽĚĝƞĺĚėĸŊŗĬȮVisible light 

 
 

 
ĳŅıĪňŗȮȮ26 ŐĽħĚĽŏĮĔĨĶńĴĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĨŅĴĴŅĨĶģŅĬĕŀĚȮCIE Īňŗıĭĭƞŀĵ 

  

ĴŅĨĶģŅĬ ŀŋĦľĳŌĴŇĽňȮ(K) ŐľĸƞĚĔŜŅŏĬŇħŐĽĚ

ĴŅĨĶģŅĬȮD65 (Standard illuminant D65) 6500 ŐĽĚěŅĔėƞŅŏĜĸňŗĵĕŀĚŐĽĚŐħħĨŀĬĔĸŅĚĺńĬ

ĴŅĨĶģŅĬȮA (Standard illuminant A) 2856
ŐĽĚĽňĽƟĴȮŏĝƞĬȮŐĽĚěŅĔľĸŀħĪńĚĽŏĨĬȮ

(Tungsten)

ŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮF2 (Illuminant F2) 4230
ŐĽĚĽňĕŅĺŏĵŖĬěŅĔľĸŀħĲĸŌŀŀŏĶĞŏĞĬĨƢȮ(Cool

 white fluorescent lamp (CWF))

ŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮF11 (Illuminant F11) 4000
ŐĽĚěŅĔőėĴœĲľĸŀħĽŅĴŐĩĺȮ(Triple-band 

lamp (TL))
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2.4.2 ŏĸĬĽƢȮ(Lens) [17] 

ėŊŀŀŋĮĔĶĦƢĪňŗőĮĶƞĚŒĽȮĽƞĺĬŒľĠƞĴńĔĪŜŅĴŅěŅĔıĸŅĽĨŇĔľĶŊŀŐĔƟĺȮŒĝƟĽŜŅľĶńĭĔŅĶĶĺĴŐĽĚŐĸŃěńħ

ĨŜŅŐľĬƞĚĳŅıĕŀĚĺńĨĩŋŒľƟıŀħňĔńĭŏĞĬŏĞŀĶƢȮŏıŊŗŀŒľƟœħƟĳŅıĪňŗĴňĕĬŅħĨŅĴĪňŗĨƟŀĚĔŅĶŐĸŃĴňėĺŅĴĽĴĴŅĨĶȮ

ĞŉŗĚĶŃĵŃĳŅıĽŅĴŅĶĩėŜŅĬĺĦœħƟőħĵĽĴĔŅĶ 

ρ

Ὢ

ρ

ί

ρ

ί
 

őħĵĪňŗ 

 f ėŊŀȮĶŃĵŃőĲĔńĽĕŀĚŏĸĬĽƢ 
 so ėŊŀȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚĺńĨĩŋěĬĩŉĚŏĸĬĽƢ 
 si ėŊŀȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚŏĸĬĽƢěĬĩŉĚĳŅıĪňŗĮĶŅĔĢ 
őħĵĔŅĶŏĔŇħĳŅıěŃĕŉŘĬŀĵŌƞĔńĭĝĬŇħĕŀĚŏĸĬĽƢŐĸŃĶŃĵŃĺńĨĩŋħńĚĨŅĶŅĚĪňŗȮȮ5 

ĨŅĶŅĚĪňŗȮȮ5 ŐĽħĚėĺŅĴĽńĴıńĬīƢĕŀĚĶŃĵŃĺńĨĩŋȮĮĶŃŏĳĪĕŀĚŏĸĬĽƢȮŐĸŃĔŅĶŏĔŇħĳŅı 

ĶŃĵŃĺńĨĩŋ ĮĶŃŏĳĪĕŀĚŏĸĬĽƢ ĔŅĶŏĔŇħĳŅı 

ĶŃĵŃŀĬńĬĨƢ 
(soƎƌ' 

ŏĸĬĽƢĬŌĬ ŏĔŇħĳŅıěĶŇĚĕĬŅħŏĸŖĔĴŅĔ 
(ŏĮƦĬěŋħ) ĭĶŇŏĺĦľĸńĚŏĸĬĽƢȮĦȮ
ěŋħőĲĔńĽ 

ŏĸĬĽƢŏĺƟŅ ŏĔŇħĳŅıŏĽĴŊŀĬĕĬŅħŏĸŖĔĴŅĔ 
(ŏĮƦĬěŋħ) ĭĶŇŏĺĦľĬƟŅŏĸĬĽƢȮĦȮ
ěŋħőĲĔńĽȮ(f) 

ĴŅĔĔĺƞŅĶŃĵŃȮ0f ŐĨƞĬƟŀĵĔĺƞŅ
ĶŃĵŃŀĬńĬĨƢ 
(2f<so:ƌ' 

ŏĸĬĽƢĬŌĬ ŏĔŇħĳŅıěĶŇĚľńĺĔĸńĭĕĬŅħŏĸŖĔ
ĔĺƞŅĺńĨĩŋĭĶŇŏĺĦľĸńĚŏĸĬĽƢȮœĴƞ
ŏĔŇĬȮ0f' 

ŏĸĬĽƢŏĺƟŅ ŏĔŇħĳŅıŏĽĴŊŀĬĕĬŅħŏĸŖĔĔĺƞŅ
ĺńĨĩŋȮĭĶŇŏĺĦľĬƟŅŏĸĬĽƢœĴƞŏĔŇĬ
ĶŃĵŃőĲĔńĽ (f) 

ĶŃĵŃȮ0f 
(so=2f) 

ŏĸĬĽƢĬŌĬ ŏĔŇħĳŅıěĶŇĚľńĺĔĸńĭĕĬŅħ
ŏĪƞŅĔńĭĺńĨĩŋȮĭĶŇŏĺĦľĸńĚŏĸĬĽƢȮ
ĦȮěŋħȮ0f' 
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ŏĸĬĽƢŏĺƟŅ ŏĔŇħĳŅıŏĽĴŊŀĬĕĬŅħŏĸŖĔĔĺƞŅ
ĺńĨĩŋȮĭĶŇŏĺĦľĬƟŅŏĸĬĽƢœĴƞŏĔŇĬ
ĶŃĵŃőĲĔńĽ (f) 

ĶŃľĺƞŅĚĶŃĵŃȮ0f ŐĸŃȮf 
(f<so<2f) 

ŏĸĬĽƢĬŌĬ ŏĔŇħĳŅıěĶŇĚľńĺĔĸńĭĕĬŅħŒľĠƞ
ĔĺƞŅĺńĨĩŋĭĶŇŏĺĦľĸńĚŏĸĬĽƢ
ĴŅĔĔĺƞŅȮ0f' 

ŏĸĬĽƢŏĺƟŅ ŏĔŇħĳŅıŏĽĴŊŀĬĕĬŅħŏĸŖĔĔĺƞŅ
ĺńĨĩŋȮĭĶŇŏĺĦľĬƟŅŏĸĬĽƢœĴƞŏĔŇĬ
ĶŃĵŃőĲĔńĽ (f) 

ĶŃĵŃȮf 
(so=f) 

ŏĸĬĽƢĬŌĬ ŏĔŇħĳŅıœĴƞĝńħĕĬŅħŒľĠƞĴŅĔĪňŗ
ĶŃĵŃŀĬńĬĨƢ 

ŏĸĬĽƢŏĺƟŅ ŏĔŇħĳŅıŏĽĴŊŀĬĕĬŅħŏĸŖĔĔĺƞŅ
ĺńĨĩŋȮĭĶŇŏĺĦľĬƟŅŏĸĬĽƢœĴƞŏĔŇĬ
ĶŃĵŃőĲĔńĽ (f) 

ĶŃĵŃĬƟŀĵĔĺƞŅȮf 
(so<f) 

ŏĸĬĽƢĬŌĬ ŏĔŇħĳŅıŏĽĴŊŀĬľńĺĨńŘĚĕĬŅħ
ŒľĠƞĔĺƞŅĺńĨĩŋħƟŅĬľĬƟŅŏĸĬĽƢ
ĭĶŇŏĺĦľĸńĚĺńĨĩŋ 

ŏĸĬĽƢŏĺƟŅ ŏĔŇħĳŅıŏĽĴŊŀĬĕĬŅħŏĸŖĔĔĺƞŅ
ĺńĨĩŋȮĭĶŇŏĺĦľĬƟŅŏĸĬĽƢœĴƞŏĔŇĬ
ĶŃĵŃőĲĔńĽ (f) 

 

ŐĸŃŏĸĬĽƢĽŅĴŅĶĩŐĭƞĚŀŀĔœħƟŏĮƦĬȮ4ȮĮĶŃŏĳĪȮĨŅĴĸńĔļĦŃĕŀĚŏĸĬĽƢœħƟŐĔƞȮŏĸĬĽƢĬŌĬĽŀĚĕƟŅĚȮ

(biconvex lens) ŏĸĬĽƢĬŌĬĕƟŅĚŏħňĵĺȮ(plano-convex lens) ŏĸĬĽƢŐĭĭĕƟŅĚĬŉĚĬŌĬĕƟŅĚĬŉĚŏĺƟŅȮ

(meniscus lens) ŏĸĬĽƢŏĺƟŅĕƟŅĚŏħňĵĺȮ(plano-concave lens) ŐĸŃŏĸĬĽƢŏĺƟŅĽŀĚĕƟŅĚȮ(biconcave 

lens) ĞŉŗĚŏĸĬĽƢŐĭĭĕƟŅĚĬŉĚĬŌĬĕƟŅĚĬŉĚŏĺƟŅĽŅĴŅĶĩŐĭƞĚœħƟŀňĔȮ0ȮĸńĔļĦŃȮėŊŀȮĸńĔļĦŃĪňŗĴňĕƟŅĚĬŌĬĴŅĔĔĺƞŅ

ĕƟŅĚŏĺƟŅȮ(positive meniscus lens) ŐĸŃŒĬĸńĔļĦŃĪňŗĴňĕƟŅĚŏĺƟŅĴŅĔĔĺƞŅĕƟŅĚĬŌĬȮ(negative meniscus 

lens) 
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ĳŅıĪňŗȮȮ27ȮĸńĔļĦŃŐĸŃĶŌĮĶƞŅĚĕŀĚŏĸĬĽƢĝĬŇħĨƞŅĚȮŕ 
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ĞŉŗĚŏĸĬĽƢŐĨƞĸŃĝĬŇħěŃĴňėĺŅĴĽŅĴŅĶĩŒĬĔŅĶľńĔŏľŐĽĚħńĚĳŅıĪňŗȮȮ28ȮȮ 

 
ĳŅıĪňŗȮȮ28ȮĶŌĮŐĭĭĔŅĶľńĔŏľŐĽĚĕŀĚŏĸĬĽƢŐĨƞĸŃĝĬŇħ 

 
ĔŅĶŏĔŇħĳŅıŏĬŊŗŀĚěŅĔŐĽĚįƞŅĬŏĸĬĽƢĽƞĺĬŒľĠƞĴńĔěŃŏĔŇħĮĶŅĔġĔŅĶĦƢĪňŗŏĶňĵĔĺƞŅȮOptical Distortion 
ĞŉŗĚěŃŏĮƦĬĮĶŅĔĢĔŅĶĦƢĪňŗĪŜŅŒľƟĳŅıĪňŗĮĶŅĔĢĕŉŘĬěŅĔŏĸĬĽƢŏĔŇħėĺŅĴőėƟĚȮœĴƞŏĮƦĬĽňŗŏľĸňŗĵĴȮŏĬŊŗŀĚĴŅěŅĔ
ėĺŅĴőėƟĚĕŀĚŏĸĬĽƢȮħńĚĬńŘĬŒĬĔŅĶĬŜŅĴŅėŜŅĬĺĦěŉĚěŃĨƟŀĚŏįŊŗŀĕĬŅħĕŀĚĳŅıĭĬŏĞĬŏĞŀĶƢĔĸƟŀĚŏıŊŗŀœĴƞŒľƟ
ŏĔŇħĮĶŅĔġĔŅĶĦƢħńĚĔĸƞŅĺĕŉŘĬȮőħĵĔŅĶŏĔŇħȮdistortion ĬńŘĬȮĽƞĺĬŒľĠƞŐĭƞĚŀŀĔœħƟŏĮƦĬȮ1ȮŐĭĭľĸńĔȮŕȮ
ėŊŀȮBarrel distortion ěŃŏĮƦĬĔŅĶőėƟĚĕŀĚĳŅıŒĬĸńĔļĦŃĪňŗĭĶŇŏĺĦĨĶĚĔĸŅĚĕŀĚĳŅıěŃĵńĚĨĶĚŀĵŌƞȮŐĨƞ
ĭĶŇŏĺĦĕŀĭĳŅıěŃŏĔŇħėĺŅĴőėƟĚŒĬĸńĔļĦŃĪňŗőėƟĚŀŀĔěŅĔěŋħĻŌĬĵƢĔĸŅĚĕŀĚĳŅıȮĔĸƞŅĺėŊŀĪŜŅŒľƟĳŅı
ıŀĚĕŉŘĬȮPincushion distortion ěŃŏĮƦĬĔŅĶőėƟĚĕŀĚĳŅıŒĬĸńĔļĦŃĪňŗĭĶŇŏĺĦĨĶĚĔĸŅĚĕŀĚĳŅıěŃĵńĚ
ĨĶĚŀĵŌƞȮŐĨƞĭĶŇŏĺĦĕŀĭĳŅıěŃŏĔŇħėĺŅĴőėƟĚŒĬĸńĔļĦŃĪňŗőėƟĚŏĕƟŅľŅěŋħĻŌĬĵƢĔĸŅĚĕŀĚĳŅıȮĔĸƞŅĺėŊŀĪŜŅ
ŒľƟĳŅıŐĲĭĸĚľĶŊŀĵŋĭŏĕƟŅœĮȮWavy ľĶŊŀȮMoustache distortion ėŊŀĔŅĶŏĔŇħįĽĴĔńĬĪńŘĚȮ0ȮŐĭĭĪńŘĚȮ
Barrel ŐĸŃȮPincushion distortion [18] ħńĚĳŅıĪňŗȮȮ07 
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ĳŅıĪňŗȮȮ07ȮĶŌĮŐĭĭėĺŅĴőėƟĚĕŀĚĳŅıĪňŗĽŅĴŅĶĩŏĔŇħĕŉŘĬœħƟľĸńĚŏĸĬĽƢȮĔ,'ȮĳŅıĪňŗœĴƞĴňĨŜŅľĬŇȮĕ,'ȮĨŜŅľĬŇ
ŐĭĭȮBarrel ė,'ȮĨŜŅľĬŇŐĭĭȮPincushion ŐĸŃȮĚ,'ȮĨŜŅľĬŇŐĭĭȮWavy ľĶŊŀȮMoustache 
ĔŅĶėŜŅĬĺĦĳŅıŒľƟĨĔĔĶŃĪĭĭĬŏĞĬŏĞŀĶƢȮŏıŊŗŀŒľƟŏĞĬŏĞŀĶƢĽŅĴŅĶĩŐĮĸĚėƞŅŐĽĚœĮŏĮƦĬĶŌĮĳŅıœħƟȮ
ĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶħńĚĨƞŀœĮĬňŘ 

Ὢ ὺ
Ὀ

ὠ
 

őħĵĪňŗ 

 f  ėŊŀȮĶŃĵŃőĲĔńĽĕŀĚĶŃĭĭŏĸĬĽƢ 
 v  ėŊŀ ėĺŅĴĔĺƟŅĚĕŀĚŏĞĬŏĞŀĶƢ 
 D  ėŊŀȮĶŃĵŃĪŅĚĶŃľĺƞŅĚĺńĨĩŋĩŉĚŏĸĬĽƢ 
 V  ėŊŀȮėĺŅĴĔĺƟŅĚĕŀĚĳŅıěĶŇĚ 

 
ĳŅıĪňŗȮȮ30ȮĔŅĶŏĔŇħĳŅıľĸńĚŏĸĬĽƢ 

ĞŉŗĚŒĬĭŅĚĔĶĦňĔŅĶěńħľŅŏĸĬĽƢŒľƟĴňĶŃĵŃőĲĔńĽŒľƟıŀħňĔńĭĽĴĔŅĶĕƟŅĚĨƟĬŀŅěěŃŏĮƦĬĔŅĶĵŅĔŏĔŇĬœĮȮěŉĚ

ěŜŅŏĮƦĬĨƟŀĚĴňĔŅĶŒĝƟŏĸĬĽƢȮ0ȮĨńĺŏıŊŗŀŒľƟœħƟĶŃĵŃőĲĔńĽĪňŗŏĪƞŅľĶŊŀŒĔĸƟŏėňĵĚĔńĭĔŅĶėŜŅĬĺĦĴŅĔĪňŗĽŋħ 
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ĳŅıĪňŗȮȮ31ȮĶŃĵŃőĲĔńĽĕŀĚĶŃĭĭŏĸĬĽƢȮ0ȮĨńĺ 

ĞŉŗĚĔŅĶėŜŅĬĺĦĶŃĵŃőĲĔńĽĕŀĚĶŃĭĭŏĸĬĽƢȮ0ȮĨńĺĬńŘĬȮĽŅĴŅĶĩėŜŅĬĺĦįƞŅĬĽĴĔŅĶȮħńĚĬňŘ 

Ὢ
ὪὪ

Ὢ Ὢ Ὠ
 

őħĵĪňŗ 

 ft ėŊŀȮĶŃĵŃőĲĔńĽĶĺĴĕŀĚĶŃĭĭ 
 f1 ėŊŀȮĶŃĵŃőĲĔńĽĕŀĚŏĸĬĽƢĨńĺĪňŗȮ/ 
 f0 ėŊŀȮĶŃĵŃőĲĔńĽĕŀĚŏĸĬĽƢĨńĺĪňŗȮ0 
 d ėŊŀȮĶŃĵŃľƞŅĚĶŃľĺƞŅĚŏĸĬĽƢĪńŘĚȮ0 

2.4.3 ŀŋĮĔĶĦƢŐĵĔĽŏĮĔĨĶńĴ [19] 

ŒĬĔŅĶĺńħėƞŅĽňěŅĔĽŏĮĔĨĶńĴĬńŘĬȮěŜŅŏĮƦĬĨƟŀĚĴňĔŅĶŐĵĔŐĽĚĕŅĺŒľƟŏĮƦĬĽŏĮĔĨĶńĴŒĬĝƞĺĚĪňŗ

ĽŅĴŅĶĩĴŀĚŏľŖĬœħƟȮŏıŊŗŀĪňŗěŃĽŅĴŅĶĩĬŜŅœĮėŜŅĬĺĦĨƞŀœħƟȮőħĵŀŋĮĔĶĦƢħńĚĔĸƞŅĺĴňľĸŅĵĝĬŇħȮħńĚĬňŘ 

2.4.3.1 ĮĶŇĞŉĴ (Prism) 

ĽƞĺĬĮĶŃĔŀĭľĸńĔĕŀĚĮĶŇĞŉĴėŊŀȮNaCl ľĶŊŀȮKBr ĴńĔıĭĴŅĔŒĬŏėĶŊŗŀĚĴŊŀĺńħĽŏĮĔĨĶńĴĝĬŇħĨƞŅĚȮ

ŕȮŏĬŊŗŀĚěŅĔľŅĚƞŅĵȮŐĨƞĮĶŇĞŉĴěŃĴňĔŅĶŐĵĔĽŏĮĔĨĶńĴŀŀĔĴŅŏĮƦĬŐĭĭȮnon-linear representation 

ĔĸƞŅĺėŊŀěŃŒľƟĝƞĺĚĽŏĮĔĨĶńĴĪňŗœĴƞĪŜŅĔńĬȮőħĵĝƞĺĚĽňĬŘŜŅŏĚŇĬěŃĴňĝƞĺĚĪňŗŒľĠƞĔĺƞŅĝƞĺĚĽňŐħĚȮħńĚŐĽħĚŒĬĳŅıĪňŗȮȮ

32 
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ĳŅıĪňŗȮȮ32ȮĽŏĮĔĨĶńĴĪňŗŏĔŇħĕŉŘĬěŅĔĮĶŇĞŉĴ 

2.4.3.2 ŏĔĶĨĨŇĚ (Diffraction grating) 

ľĸńĔĔŅĶĪŜŅĚŅĬĕŀĚŏĔĶĨĨŇĚėŊŀŐĵĔĽŏĮĔĨĶńĴőħĵĔŅĶŒľƟŐĽĚįƞŅĬĶƞŀĚĕĬŅħŏĸŖĔȮħńĚĬńŘĬ

ĮĶŃĽŇĪīŇĳŅıŒĬĔŅĶŐĵĔĽŏĮĔĨĶńĴěŃĕŉŘĬŀĵŌƞĔńĭĮĶŇĴŅĦĶƞŀĚȮĞŉŗĚĽƞĺĬŒľĠƞěŃŀĵŌƞŒĬľĬƞĺĵĶƞŀĚĨƞŀ

ĴŇĸĸŇŏĴĨĶȮŏĔĶĨĨŇĚěŃŐĵĔĽŏĮĔĨĶńĴŀŀĔĴŅŒĬŐĭĭȮlinear representation ėŊŀŐĵĔĽŏĮĔĨĶńĴŀŀĔĴŅ

ĨŅĴĕĬŅħėĺŅĴĵŅĺėĸŊŗĬěĶŇĚŐĸŃĵńĚĽŅĴŅĶĩĪŜŅŒľƟŏĔŇħĽŏĮĔĨĶńĴœħƟľĸŅĵŀŀŏħŀĶƢȮħńĚĬńŘĬěŉĚŀĵŅĔĴňĔŅĶ

ĮĬĔńĬĕŀĚĽŏĮĔĨĶńĴĪňŗėĺŅĴĵŅĺėĸŊŗĬĽŌĚȮŕȮĔńĭĽŏĮĔĨĶńĴĕŀĚŀŀŏħŀĶƢĩńħœĮœħƟȮěŉĚěŜŅŏĮƦĬĨƟŀĚĴňĲƕĸŏĸŀĶƢ

ĨńħĽŏĮĔĨĶńĴĝƞĺĚėĸŊŗĬĪňŗœĴƞĨƟŀĚĔŅĶŀŀĔ 

 
ĳŅıĪňŗȮȮ33ȮĽŏĮĔĨĶńĴĪňŗŏĔŇħĕŉŘĬěŅĔŏĔĶĨĨŇĚ 

ŏĔĶĨĨŇĚĴňŀĵŌƞȮ0ȮĮĶŃŏĳĪľĸńĔȮŕȮėŊŀȮŏĔĶĨĨŇĚŐĭĭĽŃĪƟŀĬȮ(Deflection diffraction grating) ėŊŀŏĔĶĨ

ĨŇĚĪňŗĪŜŅĔŅĶŐĵĔĽŏĮĔĨĶńĴőħĵĔŅĶĽŃĪƟŀĬŐĽĚȮĞŉŗĚŐĽĚĪňŗĽŃĪƟŀĬŀŀĔěŃŏĮƦĬŐĽĚĪňŗįƞŅĬĔŅĶŐĵĔ
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ĽŏĮĔĨĶńĴŐĸƟĺȮŐĸŃŏĔĶĨĨŇĚŐĭĭĽƞŀĚįƞŅĬȮ(Transmission diffraction grating) ėŊŀŏĔĶĨĨŇĚĪňŗěŃŐĵĔ

ĽŏĮĔĨĶńĴŀŀĔőħĵĔŅĶŒľƟŐĽĚĽƞŀĚįƞŅĬȮĞŉŗĚěŃŏĔŇħŏĮƦĬĽŏĮĔĨĶńĴŒĬĴŋĴĨƞŅĚȮŕ 

 
ĳŅıĪňŗȮȮ34ȮĨŜŅŐľĬƞĚĔŅĶŏĔŇħĽŏĮĔĨĶńĴȮĔ,'ȮŏĔĶĨĨŇĚŐĭĭĽƞŀĚįƞŅĬȮŐĸŃȮĕ,'ȮŏĔĶĨĨŇĚŐĭĭĽŃĪƟŀĬ 
őħĵĽŅĴŅĶĩėŜŅĬĺĦėĺŅĴĵŅĺėĸŊŗĬĪňŗĨƟŀĚĔŅĶľĶŊŀĴŋĴĕŀĚĽŏĮĔĨĶńĴĪňŗŐĵĔőħĵŏĔĶĨĨŇĚœħƟĨŅĴĽĴŅĔŅĶȮ

ħńĚĬňŘ 

ά
‗

ɤ
ÓÉÎ‌ ÓÉÎ ‍ 

őħĵĪňŗ 

 m ėŊŀȮěŜŅĬĺĬŀŀŏħŀĶƢ 
 ‗ ėŊŀȮėĺŅĴĵŅĺėĸŊŗĬ 

  ėŊŀȮěŜŅĬĺĬĶƞŀĚĕŀĚŏĔĶĨĨŇĚĨƞŀĴŇĸĸŇŏĴĨĶ 

  h ėŊŀȮĴŋĴĨĔĔĶŃĪĭĕŀĚŐĽĚěŅĔŐľĸƞĚĔŜŅŏĬŇħŐĽĚ 
  ̡ ėŊŀȮĴŋĴĕŀĚĽŏĮĔĨĶńĴĪňŗĩŌĔŐĵĔĪňŗŀŀŏħŀĶƢĪňŗȮm 

2.4.4 ŀŋĮĔĶĦƢĶńĭĽŏĮĔĨĶńĴȮ(Detector) [20] 

ŀŋĮĔĶĦƢĶńĭĽŏĮĔĨĶńĴĴňľĸńĔĔŅĶĪŜŅĚŅĬőħĵĔŅĶĺńħėĺŅĴŏĕƟĴĕŀĚĶńĚĽňľĶŊŀŐĽĚŐĸƟĺŏĮĸňŗĵĬŒľƟŏĮƦĬ

ĽńĠĠŅĦœĲĲƚŅȮĞŉŗĚĮĶŃĽŇĪīŇĳŅıŒĬĔŅĶĺńħěŃĕŉŘĬŀĵŌƞĔńĭŏĞĬŏĞŀĶƢȮőħĵĽƞĺĬŒľĠƞŐĸƟĺŏĞĬŏĞŀĶƢĪňŗĴńĔŒĝƟŒĬ

ŀŋĮĔĶĦƢĶńĭĽŏĮĔĨĶńĴĴńĔěŃįĸŇĨőħĵĽŅĶĔŉŗĚĨńĺĬŜŅȮ(semiconductor)ȮŏĬŊŗŀĚěŅĔĽŅĶĔŉŗĚĨńĺĬŜŅĭĶŇĽŋĪīŇśĬńŘĬ

ěŃěńĭĨńĺĶĺĴĔńĬŏŀĚŏıŊŗŀŒľƟĨńĺĴńĬŏŀĚŏĽĩňĵĶȮĪŜŅŒľƟĬŜŅœĲĲƚŅœħƟœĴƞħň ěŉĚěŜŅŏĮƦĬĨƟŀĚįƞŅĬĔŅĶőħĮȮ(doping) 

ľĶŊŀĔŅĶŏĨŇĴĽŅĶŀŊŗĬȮŏıŊŗŀŒľƟĽŅĶĔŉŗĚĨńĺĬŜŅħńĚĔĸƞŅĺŏĔŇħĽĳŅıĬŜŅœĲĲƚŅœħƟħňĔĺƞŅŏħŇĴȮĞŉŗĚŐĭƞĚŀŀĔŏĮƦĬȮ0Ȯ

ĮĶŃŏĳĪȮœħƟŐĔƞ 
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1. ĽŅĶĔŉŗĚĨńĺĬŜŅĝĬŇħȮP (P-type semiconductor) ŏĮƦĬĔŅĶĬŜŅĽŅĶĔŉŗĚĨńĺĬŜŅĴŅŏĨŇĴħƟĺĵĽŅĶĪňŗĴň
ŀŇŏĸŖĔĨĶŀĬĺĚĬŀĔȮ1ȮĨńĺȮĸĚœĮȮĪŜŅŒľƟŏĔŇħĝƞŀĚĺƞŅĚĕŀĚŀŇŏĸŖėĨĶŀĬľĶŊŀȮőŁĸȮ(hole) ĴŅĔĔĺƞŅ
ŀŇŏĸŖĔĨĶŀĬŀŇĽĶŃȮĪŜŅŒľƟĽŅĶħńĚĔĸƞŅĺĴňĽĳŅıĮĶŃěŋŏĮƦĬĭĺĔȮ 

2. ĽŅĶĔŉŗĚĨńĺĬŜŅĝĬŇħȮN (N-type semiconductor) ŏĮƦĬĔŅĶŏĨŇĴĽŅĶĪňŗĴňŀŇŏĸŖĔĨĶŀĬĺĚĬŀĔȮ3ȮĨńĺȮ
ŒľƟĔńĭĽŅĶĔŉŗĚĨńĺĬŜŅȮĪŜŅŒľƟŏĔŇħŀŇŏĸŖĔĨĶŀĬŀŇĽĶŃĴŅĔĔĺƞŅĔŅĶŏĔŇħőŁĸȮĪŜŅŒľƟĽŅĶħńĚĔĸƞŅĺĴňĮĶŃěŋ
ŏĮƦĬĸĭ 

 
ĳŅıĪňŗȮȮ35 ĮĶŃŏĳĪĕŀĚĽŅĶĔŉŗĚĨńĺĬŜŅȮĔ,'ȮĽŅĶĔŉŗĚĨńĺĬŜŅĝĬŇħȮNȮŐĸŃȮĕ,'ȮĽŅĶĔŉŗĚĨńĺĬŜŅĝĬŇħȮP 

ŐĸŃŏĴŊŗŀĬŜŅĽŅĶĪńŘĚȮ0ȮĝĬŇħĴŅŏĝŊŗŀĴĨƞŀĔńĬěŃĪŜŅŒľƟœħƟœħőŀħȮ(diodes) őħĵľĸńĔĔŅĶĪŜŅĚŅĬĕŀĚœħőŀħħńĚ

ĔĸƞŅĺėŊŀȮĔŅĶĪňŗŀŇŏĸŖĔĨĶŀĬĕŀĚĽŅĶĔŉŗĚĨńĺĬŜŅĮĶŃŏĳĪȮn-typeȮĩŌĔĔĶŃĨŋƟĬ ĪŜŅŒľƟŀŇŏĸŖĔĨĶŀĬħńĚĔĸƞŅĺĴň

ıĸńĚĚŅĬĴŅĔıŀĪňŗěŃŏėĸŊŗŀĬĪňŗįƞŅĬĶŀĵĨƞŀȮp-n (p-n junction) ľĶŊŀȮdepletion regionȮŐĸŃœĮŏĕƟŅ

ĔńĭőŁĸĕŀĚȮp-type ĪŜŅŒľƟőŁĸĪňŗĩŌĔŏĨŇĴħƟĺĵŀŇŏĸŖĔĨĶŀĬŀŇĽĶŃĔĸŅĵŏĮƦĬĕńŘĺĸĭŐĸŃĨŜŅŐľĬƞĚŏħŇĴ

ĕŀĚŀŇĸŖĔĨĶŀĬİƤƧĚȮn-type ĔĸŅĵŏĮƦĬĮĶŃěŋĭĺĔȮĪŜŅŒľƟŏĔŇħĔĶŃŐĽœĲĲƚŅœħƟȮĞŉŗĚŏĶňĵĔĺŇīňħńĚĔĸƞŅĺĺƞŅȮĔŅĶ

œĭŀńĽĨĶĚȮ(forward bias) ŐĸŃľŅĔĴňĔŅĶĽĸńĭĕńŘĺȮőħĵĨƞŀŐĭĨŏĨŀĶňŗĕńŘĺĭĺĔŏĕƟŅĔńĭħƟŅĬȮn-type ŐĸŃ

ĨƞŀĕńŘĺĸĭŏĕƟŅĔńĭȮp-type ěŃĪŜŅŒľƟŏĔŇħȮĔŅĶœĭŀńĽĔĸńĭȮ(reveres bias) ėŊŀĔŅĶħŉĚőŁĸŐĸŃ

ŀŇŏĸŖĔĨĶŀĬŀŇĽĶŃŀŀĔěŅĔĔńĬȮĪŜŅŒľƟœĴƞŏĔŇħĔĶŃŐĽœĲĲƚŅ 

 
ĳŅıĪňŗȮȮ36ȮĔĸœĔĔŅĶĬŜŅœĲĲƚŅĕŀĚĽŅĶĔŉŗĚĨńĺĬŜŅȮĔ,'ȮœĴƞĴňĔŅĶŒľƟıĸńĚĚŅĬĔĶŃĨŋƟĬĽŅĶĔŉŗĚĨńĺĬŜŅȮĕ,'ȮŒľƟ

ıĸńĚĚŅĬĔĶŃĨŋƟĬŐĔƞĽŅĶĔŉŗĚĨńĺĬŜŅȮŐĸŃȮė,'ȮĽŅĶĔŉŗĚĨńĺĬŜŅŏĔŇħĮĶŃěŋĕŉŘĬ 
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őħĵŒĬŏĞĬŏĞŀĶƢĶŌĮĳŅıĽƞĺĬŒľĠƞěŃĴňȮ0ȮŏĞĬŏĞŀĶƢėŊŀȮŏĞĬŏĞŀĶƢŐĭĭȮCCD (charge-coupled device) 

ŐĸŃŏĞĬŏĞŀĶƢŐĭĭȮCMOS (complementary metal-oxide-semiconductor) ĞŉŗĚĽŅĴŅĶĩŐĮĸĚėƞŅ

ŐĽĚŒľƟŏĮƦĬŐĶĚħńĬœĲĲƚŅĨƞŀľĬŉŗĚıŇĔŏĞĸœħƟȮĔƞŀĬĔĶŃŐĽœĲĳŅĵŒĬĨńĺĔĸƟŀĚěŃŐĮĸĚŐĶĚħńĬœĲŒľƟŏĮƦĬ

ĕƟŀĴŌĸħŇěŇĨŀĸȮőħĵĔŅĶŒĝƟĨńĺŏĔŖĭĮĶŃěŋŐĭĭȮp-dope MOS (metal-oxide-semiconductor) 

 
ĳŅıĪňŗȮȮ37ȮőėĶĚĽĶƟŅĚĕŀĚŏĞĬŏĞŀĶƢĮĶŃŏĳĪȮPMOS 

ĞŉŗĚěŃŒĝƟľĸńĔĔŅĶĕŀĚȮp-i-n junction ĴňľĸńĔĔŅĶėĸƟŅĵȮŕȮŐĭĭ p-n junction ŐĨƞěŃĴňĔŅĶŏıŇŗĴėĺŅĴ

ľĬŅĭĶŇŏĺĦȮdepletion region őħĵŒĬȮp-dope MOS ěŃĴňĔŅĶŏıŇŗĴȮŏĔĪȮ(gate) ŒľƟĔńĭĽŅĶĔŉŗĚĨńĺĬŜŅ

ŒľƟŏĮƦĬĨńĺĕńŘĬĶŃľĺƞŅĚȮn-type ŐĸŃȮp-typeȮőħĵĭĶŇŏĺĶŏĔĪĔĸƞŅĺěŃŏĮƦĬĭĶŇŏĺĶĪňŗĴňĔŅĶŐŀėĪňĲĔńĭŐĽĚȮ

(photoactive region) ĞŉŗĚŏĴŊŗŀœħƟĶńĭŐĽĚĭĬĭĶŇŏĺĦħńĚĔĸƞŅĺěŃĪŜŅŒľƟŏĔŇħȮdepletion region ĔƞŀĬȮ

ěŅĔĬńŘĬěŃŏĔŇħĔŅĶŏėĸŊŗŀĬĪňŗĕŀĚőŁĸĪňŗŏĮƦĬıŅľŃĪŜŅŒľƟŏĔŇħŐĶĚħńĬœĲěŜŅŏıŅŃĕŉŘĬȮőħĵŒĬȮCCD ĬńŘĬěŃĪŜŅ

ĔŅĶŐĮĸĚėƞŅŐĶĚħńĬĪňĸŃıŇĔŏĞĸȮĽƞĺĬŒĬĽĩŅĮƤĨĵĔĶĶĴĪňŗŒľĴƞĔĺƞŅŀĵƞŅĚŏĞĬŏĞŀĶƢŐĭĭȮCMOS ĬńŘĬȮŒĬŐĨƞ

ĸŃıŇĔŏĞĸěŃĴňĔŅĶŏıŇŗĴĨńĺŏĔŖĭĮĶŃěŋ (capacitor) ŐĸŃĨńĺĕĵŅĵ (amplifier) ĪŜŅŒľƟĽŅĴĴŅĶĩŏĔŖĭėƞŅœħƟ

ŏĮƦĬĪňĸŃŐĩĺȮ(array) ħńĚĬńŘĬěŉĚĪŜŅŒľƟŏĞĬŏĞŀĶƢŐĭĭȮCMOS ěŃĴňėĺŅĴŏĶŖĺŒĬĔŅĶĮĶŃĴĺĸįĸĴŅĔĔĺƞŅ

ŏĞĬŏĞŀĶƢŐĭĭȮCCD ŏĬŊŗŀĚěŅĔĴňľĬƞĺĵėĺŅĴěŜŅŒĬĔŅĶĝƞĺĵŏĔŖĭėƞŅŒĬŐĨƞĸŃıŇĔŏĞĸ 

 
ĳŅıĪňŗȮȮ38 ĶŌĮŐĭĭĔŅĶĪŜŅĚŅĬĕŀĚŏĞĬŏĞŀĶƢȮĔ,'ȮŏĞĬŏĞŀĶƢŐĭĭȮCCD ŐĸŃȮĕ,'ȮŏĞĬŏĞŀĶƢŐĭĭȮCMOS 
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őħĵıŇĔŏĞĸĔŖĵńĚĽŅĴŅĶĩŐĭƞĚŀŀĔœħƟŏĮƦĬŀňĔȮ0ȮĮĶŃŏĳĪȮėŊŀȮıŇĔŏĞĸŐĭĭőĴőĬȮ(mono pixel) ŐĸŃȮıŇĔ

ŏĞĸĽňȮ(color pixel) ėĺŅĴŐĨĔĨƞŅĚĶŃľĺƞŅĚȮ0ȮĮĶŃŏĳĪĕƟŅĚĨƟĬėŊŀȮŒĬıŇĔŏĞĸĽňěŃĴňĔŅĶŏıŇŗĴĝńŘĬĕŀĚ

ĲƕĸŏĨŀĶƢėńħĽňĭĶŇŏĺĦħƟŅĬĭĬĕŀĚŏĔĪĪŜŅŒľƟıŇĔŏĞĸħńĚĔĸƞŅĺĶńĭŐĨƞėĺŅĴŏĕƟĴŐĽĚĕŀĚĽňĬńŘĬŕȮĽƞĺĬŒľĠƞĴńĬ

ěŃŏĮƦĬĲƕĸŏĨŀĶƢĽňŐħĚȮĽňŏĕňĵĺȮŐĸŃĽňĬŘŜŅŏĚŇĬĨŅĴĸŜŅħńĭȮħńĚŐĽħĚŒĬĳŅıĪňŗȮȮ39 

 
ĳŅıĪňŗȮȮ39 ĶŌĮŐĭĭŐĸŃĮĶŃŏĳĪĕŀĚıŇĔŏĞĸ 

2.4.5 ĞŀĲĨƢŐĺĶƢ (Software) 

ĞŀĲĨƢŐĺĶƢőħĵĽƞĺĬŒľĠƞěŃıńĥĬŅħƟĺĵĨńĺĕŀĚĭĶŇļńĪįŌƟěńħěŜŅľĬƞŅĵŏŀĚȮĞŉŗĚĽƞĺĬŒľĠƞĬńŘĬĞŀĲĨƢŐĺĶƢ

ěŃĴňĔŅĶŏĕňĵĬŀŀĔĴŅŒľƟŒĝƟĚŅĬĚƞŅĵȮŐĨƞŒĬŏĶŊŗŀĚĕŀĚĶŅĵĸŃŏŀňĵħĨƞŅĚȮŕȮĵĔĨńĺŀĵƞŅĚŏĝƞĬĔŅĶĮĶńĭŐĨƞĚ

ĽŏĮĔĨĶńĴŏıŊŗŀŒľƟœħƟėƞŅĽňĪňŗĩŌĔĨƟŀĚĴńĔěŃŏĮƦĬėĺŅĴĸńĭĕŀĚĪŅĚĭĶŇļńĪȮěŉĚĪŜŅŒľƟĔŅĶĬŜŅĽŏĮĔĨĶńĴĴŅŒĝƟŐĭĭ

ĨĶĚȮŕȮĔńĭŏėĶŊŗŀĚĺńħĪňŗœĴƞœħƟįĸŇĨĕŉŘĬőħĵĭĶŇļńĪŏħňĵĺĔńĬľĶŊŀŐĴƟĔĶŃĪńŗĚĶŋƞĬĨƞŅĚĔńĬĬńŘĬŏĮƦĬŏĶŊŗŀĚĵŅĔ 

2.5 ĔŅĶĺŇŏėĶŅŃľƢėƞŅĽŏĮĔĨĶńĴ [21-23] 

ĔŅĶĺŇŏėĶŅŃľƢĽŏĮĔĨĶńĴěŃŒĝƟĺŇīňĪŅĚĽĩŇĨŇĴŅĮĶŃĵŋĔĨƢŒĝƟŒĬĔŅĶėŜŅĬĺĦȮħńĚĬňŘ 

2.5.1 Covariance (COV)  

ėƞŅėĺŅĴŐĮĶĮĶĺĬĶƞĺĴŏĔňŗĵĺȮ(covariance) ėŊŀėƞŅĽĩŇĨŇĪňŗŒĝƟŒĬĔŅĶĺńħėĺŅĴĽńĴıńĬīƢĕŀĚĨńĺŐĮĶ

ĽŀĚĨńĺȮĞŉŗĚėƞŅėĺŅĴŐĮĶĮĶĺĬĶƞĺĴŏĔňŗĵĺĬńŘĬĽŅĴŅĶĩŏĮƦĬœħƟĪńŘĚėƞŅĸĭŐĸŃėƞŅĭĺĔȮőħĵėƞŅħńĚĔĸƞŅĺěŃĭŀĔ

ĩŉĚĪŇĻĪŅĚĕŀĚėĺŅĴĽńĴıńĬīƢȮĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶħńĚĬňŘ 

ὅὕὠὼȟώ
Вὼ ὼӶ Вώ ώ

ὲ ρ
 

őħĵĪňŗ 
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  x ėŊŀȮėƞŅĨńĺŐĮĶĪňŗȮ/ 
  Ø ėŊŀȮėƞŅŏĜĸňŗĵĕŀĚĝŋħĕƟŀĴŌĸĕŀĚĨńĺŐĮĶȮx 
  y ėŊŀȮėƞŅĨńĺŐĮĶĪňŗȮ0 
  Ù ėŊŀȮėƞŅŏĜĸňŗĵĕŀĚĝŋħĕƟŀĴŌĸĨńĺŐĮĶȮy 
  n ėŊŀȮěŜŅĬĺĬĝŋħĕƟŀĴŌĸĪńŘĚľĴħ 
 COV ŏĮƦĬĭĺĔȮ(+) ŐĽħĚĺƞŅĝŋħĕƟŀĴŌĸĪńŘĚȮ0ȮĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚœĮŒĬĪŇĻĪŅĚŏħňĵĺĔńĬ 
 COV ŏĮƦĬĸĭȮ&-'ȮŐĽħĚĺƞŅĝŋħĕƟŀĴŌĸĪńŘĚȮ0ȮĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚœĮŒĬĪŇĻĪŅĚĪňŗĨĶĚĕƟŅĴĔńĬ 
 COV ŏĮƦĬȮ.ȮŐĽħĚĺƞŅĕƟŀĴŌĸœĴƞĴňėĺŅĴĽńĴıńĬīƢĔńĬ 
ŐĸŃėƞŅĴŅĔľĶŊŀĬƟŀĵěŃŐĽħĚœħƟĩŉĚĶŃħńĭĕŀĚėĺŅĴĽńĴıńĬīƢȮ(magnitude ľĶŊŀȮstrength) ĕŀĚĕƟŀĴŌĸœħƟ

ŀňĔħƟĺĵŐĸŃľŅŏĮĸňŗĵĬĶŌĮŒľƟŀĵŌƞŒĬĶŌĮĕŀĚŏĺĔŏĨŀĶƢěŃœħƟħńĚĽĴĔŅĶ 

ὅὕὠὼᴆȟώᴆ
ρ

ὲ ρ
ὼᴆ ὼᴆӶᴂώᴆ ώᴆ 

ŐĸŃĽŅĴŅĶĩŏĕňĵĬŀĵŌƞŒĬĶŌĮĕŀĚŏĴĪĶŇĔĞƢœħƟħńĚĽĴĔŅĶ 

ĔŜŅľĬħŒľƟ 

ὢ

ὼ Ễ ὼ

ể Ệ ể
ὼ Ễ ὼ

 

ὅὕὠὢ
ρ

ὲ ρ
ὢϽὢ 

ĽŅĴŅĶĩŏĕňĵĬŒľƟŀĵŌƞŒĬĶŌĮĕŀĚŏĺĔŏĨŀĶƢěŃœħƟħńĚĽĴĔŅĶ 

ὅὕὠὼᴆȟώᴆ
ρ

ὲ ρ
ὼᴆ ὼᴆӶᴂώᴆ ώᴆ 

ŐĸŃĽŅĴŅĶĩŏĕňĵĬŀĵŌƞŒĬĶŌĮĕŀĚŏĴĪĶŇĔĞƢœħƟħńĚĽĴĔŅĶ 

ĔŜŅľĬħŒľƟ 

ὢ

ὼ Ễ ὼ

ể Ệ ể
ὼ Ễ ὼ

 

ὅὕὠὢ
ρ

ὲ ρ
ὢϽὢ 

ľŅĔĕĬŅħĕŀĚĕƟŀĴŌĸȮ(data dimension) ĴňŏıňĵĚȮX,Y ľĶŊŀŏĮƦĬĕƟŀĴŌĸȮ0ȮĴŇĨŇȮěŃĴňȮCOV ĪňŗŏĮƦĬœĮœħƟ

ĪńŘĚľĴħėŊŀȮCOV(X,X) COV(X,Y) COV(Y,Y) ŐĸŃȮCOV(Y,X) ĪŜŅŒľƟœħƟŏĴĪĶŇĔĞƢȮCOV ħńĚĽĴĔŅĶ 
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ὅὕὠ ὓὥὸὶὭὼ
#/68ȟ8 #/68ȟ9
#/69ȟ8 #/69ȟ9

 

2.5.2 Correlation (COR) 

Correlation coefficient ľĶŊŀȮPearson Product Moment Correlation Coefficient 

ľĶŊŀėƞŅĽńĴĮĶŃĽŇĪīƢĽľĽńĴıńĬīƢȮėŊŀĔŅĶ normalization ėƞŅ COVȮŒľƟĴňėƞŅŀĵŌƞŒĬĝƞĺĚȮ-/ȮĩŉĚȮ/ȮŐĸŃĵńĚėĚ

ĔŅĶėŇħĶŌĮŐĭĭėĺŅĴĽńĴıńĬīƢŐĸŃĶŃħńĭėĺŅĴĽńĴıńĬīƢŏĝƞĬŏħňĵĺĔńĬĔńĭ COVȮőħĵěŃĽŅĴŅĶĩėŜŅĬĺĦœħƟ

ěŅĔĽĴĔŅĶ 

ὅὕὙὼȟώ
ὅὕὠὼȟώ

„ „
 

őħĵĪňŗ 

  „x ėŊŀȮėƞŅŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬĕŀĚĝŋħĕƟŀĴŌĸȮx 
  „y ėŊŀȮėƞŅŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬĕŀĚĝŋħĕƟŀĴŌĸȮy 
ľŅĔĔŜŅľĬħŒľƟȮὢ ėŊŀȮŏĴĪĶŇĔĞƢĪňŗŏĮƦĬȮnormalized formȮĕŀĚĝŋħĕƟŀĴŌĸȮXȮěŃœħƟħńĚĽĴĔŅĶ 

ὅὕὙὢ ὢᴂϽὢ 

2.5.3 Eigenvector ŐĸŃȮEigenvalue 

ėŊŀŏėĶŊŗŀĚĴŊŀŒĬĔŅĶėŜŅĬĺĦŏıŊŗŀŒĝƟĭŀĔĪŇĻĪŅĚŐĸŃĕĬŅħĕŀĚėĺŅĴŐĮĶĮĶĺĬ 

 
ĳŅıĪňŗȮȮ40ȮĔĶŅĲĽĴĔŅĶŏĽƟĬĨĶĚĕŀĚȮEigenvector ŐĸŃȮEigenvalue 

őħĵįĸĔŅĶėŜŅĬĺĦěŃŀŀĔĴŅŏĮƦĬėŌƞŀńĬħńĭŐĸŃĴňěŜŅĬĺĬėŌƞŀńĬħńĭŏĪƞŅĔńĭěŜŅĬĺĬĕŀĚėŀĸńĴĬƢĕŀĚŏĴĪĶŇĔĞƢ

ĕƟŀĴŌĸŏĽĴŀĽŅĴŅĶĩėŜŅĬĺĦœħƟħńĚĽĴĔŅĶĨƞŀœĮĬňŘ 
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ĔŜŅľĬħŒľƟȮὺᴆȮėŊŀȮEigenvectorȮŐĸŃȮ‗ȮėŊŀȮEigenvalue 

őħĵĪňŗȮὺᴆɴ ᴙȟὺᴆ πᴆȟὃᶰᴙ ŐĸŃȮ‗ȮŏĮƦĬĮĶŇĴŅĦĽŏĔĸŅĶƢȮ&Scalar) 

ὃϽὺᴆ ‗ὺᴆ 

ěŅĔĽĴĔŅĶĕƟŅĚĨƟĬŐĸŃȮěŃĪŜŅŒľƟȮA ŏĮƦĬŏĴĪĶŇĔĞƢĔŅĶŐĮĸĚŏĝŇĚŏĽƟĬȮ(Linear Transformation matrix) 

ľĶŊŀȮὃὺᴆ 

ὃϽὺᴆ ‗ὺᴆ πᴆ 

ŏĮĸňŗĵĬĮĶŇĴŅĦĽŏĔĸŅĶƢŒľƟŏĮƦĬŏĴĪĶŇĔĞƢȮőħĵĔŅĶėŌĦĽŏĔĸŅĶƢħƟĺĵŏĴĪĶŇĔĞƢŏŀĔĸńĔļĦƢȮ&I) 

ὃ ‗Ὅὺᴆ πᴆ 

ὃ ‗Ὅπ 

ĞŉŗĚ ὃ ‗ὍĨƟŀĚŏĮƦĬŏĴĪĶŇĔĞƢĪňŗĴňėƞŅȮdet(A) ŏĪƞŅĔńĭȮ.ȮľĶŊŀŏĮƦĬŏĴĪĶŇĔĞƢŏŀĔģŅĬȮ(Singular matrix) 

ὨὩὸὃ ‗Ὅ π ”‗ 

ľŅĔ Ȯὃ

ὥ
ὥ

ὥ
ὥ

Ễ
Ễ
ὥ
ὥ

ể Ệ ể
ὥ ὥ Ễ ὥ

 ěŃœħƟ 

ὨὩὸ

ὥ ‗
ὥ

ὥ
ὥ ‗

Ễ
Ễ

ὥ
ὥ

ể Ệ ể
ὥ ὥ Ễ ὥ

π 

ěŅĔĬńŘĬěŉĚľŅĨńĺėƞŅĮĶŃĔŀĭĕŀĚȮ‗ȮľĶŊŀȮEigenvalueȮŐĸƟĺěŉĚĬŜŅėƞŅ EigenvalueȮœĮŐĪĬėƞŅŒĬĽĴĔŅĶ

ὃϽὺᴆ ‗ὺᴆ ŏıŊŗŀľŅŏĴĪĶŇĔĞƢȮEigenvector ŒĬŐĨƞĸŃȮEigenvalue őħĵĪňŗľŅĔĬŜŅȮEigenvector ĴŅ

ĶĺĴĔńĬŏĮƦĬŏĴĪĶŇĔĞƢȮV ĞŉŗĚŏĴĪĶŇĔĞƢŐĭĭėŀĸńĴĬƢŏĺĔŏĨŀĶƢȮ(column vector) ěŃœħƟĺƞŅŏĴĪĶŇĔĞƢ V ŏĮƦĬ 

orthogonal matrixȮľĶŊŀȮὠϽὠ Ὅ 

2.5.4 Principal Component AnalysisȮ(PCA) 

Principal Component AnalysisȮľĶŊŀȮPCA ŏĮƦĬŀńĸĔŀĶŇĪŉĴȮ(algorithm) ĪňŗĽƞĺĬŒľĠƞŒĝƟ

ĽŜŅľĶńĭĔŅĶĸħĴŇĨŇĕŀĚĕƟŀĴŌĸȮ(Dimension reduction) őħĵĽĶƟŅĚĨńĺŐĮĶŒľĴƞĕŉŘĬĴŅŏĶňĵĔĺƞŅȮ

component ĞŉŗĚȮcomponent ŐĨƞĸŃĨńĺŐĮĶěŃœĴƞĴňėĺŅĴĽńĴıńĬīƢĔńĬľĶŊŀŏĴĪĶŇĔĞƢėƞŅėĺŅĴŐĮĶĮĶĺĬ

ĶƞĺĴŏĔňŗĵĺ &Covariance Matrix' ĕŀĚȮcomponent ŏĮƦĬŏĴĪĶŇĔĞƢĪŐĵĚĴŋĴȮ(Diagonal Matrix)ȮŐĸŃ

ŏĶňĵĚĸŜŅħńĭȮcomponent ěŅĔȮcomponent ĪňŗĴňėƞŅėĺŅĴŐĮĶĮĶĺĦĴŅĔĪňŗĽŋħŏĮƦĬȮcomponent Ĩńĺ
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ŐĶĔĽŋħȮőħĵŒĬĮĔĨŇĴńĔĬŇĵĴŒĝƟȮcomponent ėĶŀĭėĸŋĴėĺŅĴŐĮĶĮĶĺĦĮĶŃĴŅĦȮ6.ȮĩŉĚȮ7.Ȯ

ŏĮŀĶƢŏĞŖĬȮŏıŊŗŀėĺŅĴľĸŅĔľĸŅĵĕŀĚĨńĺŐĮĶĨƟĬ őħĵĔŅĶľŅȮcomponent ěŃľŅœħƟħƟĺĵĔŅĶĵƟŅĵ

ĨŜŅŐľĬƞĚĨńĺŐĮĶĨƟĬŒľƟĨŜŅŐľĬƞĚȮ&.,0) ŏĮƦĬěŋħĻŌĬĵƢĔĸŅĚĕŀĚĔĸŋƞĴĕƟŀĴŌĸħńĚĽĴĔŅĶ 

ὢ ὢ ὢ 

ĔƞŀĬĬŜŅȮXc œĮľŅȮCOV 

ὅὕὠὢ
ρ

ὲ
ὢᴂϽὢ 

ĔƞŀĬĬŜŅȮCOV(Xc) œĮėŜŅĬĺĦȮEigen value ŐĸŃȮEigen vectorȮőħĵ Eigen vector ŏĴŊŗŀĬŜŅĴŅıĸŖŀĨ

ĔĶŅĲ Eigen vector ěŃĨńŘĚĜŅĔĨƞŀĔńĬľĶŊŀĬŜŅĴŅľŅįĸėŌĦĳŅĵŒĬȮ(inner product) ěŃœħƟėƞŅŏĮƦĬȮ.Ȯ

ħńĚĬńŘĬ Eigen vector ěŉĚŏĮƦĬŀŇĽĶŃĨƞŀĔńĬȮľŅĔĬŜŅĕƟŀĴŌĸĨńĺŐĮĶĨƟĬŏħŇĴĴŅĜŅĵȮ(Project) ĸĚĭĬĮĶŇĳŌĴŇ

ŏĺĔŏĨŀĶƢȮ(Vector space) ŒľĴƞĪňŗŏĮƦĬĕŀĚȮEigen vector ħńĚĳŅıĪňŗȮȮ41ȮľĶŊŀĪŜŅĔŅĶľŅįĸĶĺĴŏĝŇĚŏĽƟĬȮ

(Linear combination) ĶŃľĺƞŅĚĝŋħĕŀĚĴŌĸĕŀĚĨńĺŐĮĶĨƟĬĔńĭŏĴĪĶŇĔĞƢȮEigen vector ħńĚĽĴĔŅĶ 

ὢŒľĴƞὢŏĔƞŅϽὠ 

ŏĮĸňŗĵĬĶŌĮŏĮƦĬŐĭĭŏĴĪĶŇĔĞƢ 

ὼŒľĴƞ

ὼ Ễ ὼ
ể Ệ ể
ὼ Ễ ὼ

ὺ

ể
ὺ

 

ể 

ὼŒľĴƞ

ὼ Ễ ὼ
ể Ệ ể
ὼ Ễ ὼ

ὺ

ể
ὺ

 

ėŌĦŏĕƟŅŏĴĪĶŇĔĞƢȮV 

ὼŒľĴƞὺ

ὼ
ể
ὼ

Ễ ὺ

ὼ
ể
ὼ

 

ể 

ὼŒľĴƞὺ

ὼ
ể
ὼ

Ễ ὺ

ὼ
ể
ὼ

 

ěŅĔĽĴĔŅĶĕƟŅĚĨƟĬĽĴŅĝŇĔĕŀĚȮEigen vector ěŃĪŜŅľĬƟŅĪňŗŏĮƦĬėƞŅĬŘŜŅľĬńĔľĶŊŀėƞŅĽńĴĮĶŃĽŇĪīŇśȮ

(loading factor ľĶŊŀȮcoefficient)ȮěŉĚĪŜŅŒľƟŏĴĪĶŇĔĞƢĕŀĚȮEigen vector ėŊŀŏĴĪĶŇĔĞƢėƞŅĬŘŜŅľĬńĔȮ
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(Loading matrix) ŐĸŃėƞŅėĺŅĴĵŅĺȮ(length ľĶŊŀȮmagnitude) ĕŀĚĔŅĶĜŅĵŏĺĔŏĨŀĶƢĸĚĭĬĮĶŇĳŌĴŇ

ŏĺĔŏĨŀĶƢ ėŊŀėƞŅėŃŐĬĬȮ(score)ȮĞŉŗĚěŃĪŜŅľĬƟŅĪňŗĭƞĚĭŀĔĩŉĚŀŇĪīŇıĸĕŀĚȮcomponent ħńĚĳŅıĪňŗȮȮ41 

 
ĳŅıĪňŗȮȮ41ȮŐĽħĚĔŅĶĪŜŅĚŅĬĕŀĚȮPCA 

2.5.5 Partial Least Squares regression 

Partial Least Squares regression (PLS) ėŊŀőĴŏħĸĽŜŅľĶńĭĔŅĶĪŜŅĬŅĵėƞŅŏĮƚŅľĴŅĵȮĪňŗĴň

ĔŅĶıńĥĬŅĴŅěŅĔ Principal component regression (PCR) ĞŉŗĚŏĮƦĬĔŅĶĺŇŏėĶŅŃľƢĔŅĶĩħĩŀĵȮ

(regression analysis) ŐĭĭľĬŉŗĚȮőħĵŒĬȮPLS ěŃŏĮƦĬőĴŏħĸŐĭĭȮSupervised learning ľĶŊŀŏĮƦĬ

ĔŅĶŏĶňĵĬĶŌƟŐĭĭĴňįŌƟĽŀĬȮĔĸƞŅĺėŊŀŏĮƦĬĔŅĶĪŜŅŒľƟĨńĺőĴŏħĸľŅėŜŅĨŀĭľĶŊŀėƞŅŏĮƚŅľĴŅĵħƟĺĵĨńĺőĴŏħĸŏŀĚ

ľĸńĚěŅĔįƞŅĔŅĶĽŀĬľĶŊŀŒľƟėŜŅĨŀĭľĶŊŀėƞŅŏĮƚŅľĴŅĵĕŀĚĝŋħĕƟŀĴŌĸĨńĺŀĵƞŅĚœĮŐĸƟĺĶŃĵŃľĬŉŗĚȮŐĨƞŒĬȮPCR 

ĪňŗŒĝƟľĸńĔĔŅĶȮPrincipal Component Analysis (PCA) ĬńŘĬěŃŏĮƦĬőĴŏħĸŐĭĭȮUnsupervised 

learning ľĶŊŀĔŅĶŏĶňĵĬĶŌƟŐĭĭœĴƞĴňįŌƟĽŀĬȮĔĸƞŅĺėŊŀĔŅĶŒľƟĨńĺőĴŏħĸľŅėŜŅĨŀĭŏŀĚőħĵœĴƞœħƟĮƚŀĬėƞŅ

ŏĮƚŅľĴŅĵĕŀĚĝŋħĕƟŀĴŌĸĨńĺŀĵƞŅĚŒľƟȮőħĵĔŅĶŒĝƟŏĪėĬŇėȮPCA ĬńŘĬȮĴńĔěŃŒĝƟȮEigen equation ŏĕƟŅĴŅ

ŏĔňŗĵĺĕƟŀĚȮĞŉŗĚěŃŏĮƦĬĔŅĶľŅėƞŅėĺŅĴŐĮĶĮĶĺĬĶƞĺĴŏĔňŗĵĺȮ(covariance) ěŅĔĨńĺŐĮĶĨƟĬĕŀĚĝŋħĕƟŀĴŌĸ

ŏıňĵĚĨńĺŐĮĶĨƟĬĨńĺŐĮĶŏħňĵĺȮŒĬĕĦŃĪňŗŏĪėĬŇėȮPLS ěŃĬŜŅĨńĺŐĮĶĪňŗŏĮƦĬėƞŅŏĮƚŅľĴŅĵľĶŊŀĨńĺŐĮĶĨŅĴĴŅ

ŏĮƦĬĽƞĺĬľĬŉŗĚŒĬĔŅĶıŇěŅĶĦŅħƟĺĵȮěŉĚĪŜŅŒľƟĔŅĶľŅėƞŅėĺŅĴŐĮĶĮĶĺĬĶƞĺĴŏĔňŗĵĺĬńŘĬȮĴňĨńĺŐĮĶĴŅĔĔĺƞŅ

ľĬŉŗĚĨńĺŐĮĶěŉĚĪŜŅŒľƟėƞŅĽľĽńĴıńĬīƢȮ(correlation) ĸħĸĚœħƟĵŅĔĕŉŘĬĔĺƞŅŏĪėĬŇėȮPCAȮĞŉŗĚŏĪėĬŇėȮPLS ěŃ

ŒĝƟĨńĺŐĮĶŐİĚȮ(Latent Variable) ľĶŊŀĽƞĺĬĮĶŃĔŀĭȮ(component) ĽŅĴŅĶĩėŜŅĬĺĦœħƟħńĚĽĴĔŅĶȮ

ħńĚĬňŘ 
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ĽĴĔŅĶėĺŅĴĽńĴıńĬīƢĳŅĵĬŀĔȮ(outer relations) 

ὢ Ὕὖᴂ Ὁ 

ὣ Ὗὗᴂ Ὂ 

őħĵĪňŗ 

  X  ėŊŀ ŏĴĪĶŇĔĞƢĕĬŅħȮn×m ĕŀĚĨńĺŐĮĶĨƟĬ 
  Y  ėŊŀ ŏĴĪĶŇĔĞƢĕĬŅħȮn×p ĕŀĚĨńĺŐĮĶĨŅĴ 
  P  ėŊŀ ŏĴĪĶŇĔĞƢȮLoading ĕĬŅħȮm×l ĕŀĚȮX 
  Q  ėŊŀ ŏĴĪĶŇĔĞƢȮLoading ĕĬŅħȮp×l ĕŀĚȮY 
  T  ėŊŀ ŏĴĪĶŇĔĞƢėƞŅȮscore ĕĬŅħȮn×l ĕŀĚȮX 
  U  ėŊŀ ŏĴĪĶŇĔĞƢėƞŅȮscore ĕĬŅħȮn×l ĕŀĚȮY 
  E ŐĸŃȮF ėŊŀ ėƞŅėĺŅĴėĸŅħŏėĸŊŗŀĬ 
ľŅĔĴŀĚěŅĔĽĴĔŅĶĕƟŅĚĨƟĬěŃŏľŖĬĺƞŅŏĮƦĬĔŅĶŒĝƟȮPCA ĔńĭĪńŘĚĨńĺŐĮĶĨƟĬŐĸŃĨńĺŐĮĶĨŅĴȮŐĨƞŒĬȮPLS ěŃ

ĴňĔŅĶľŅėƞŅėĺŅĴĽńĴıńĬĽńĴıńĬīƢĶŃľĺƞŅĚėƞŅȮLoading ĕŀĚĨńĺŐĮĶĪńŘĚĽŀĚľĶŊŀŏĶňĵĔĺƞŅėĺŅĴĽńĴıńĬīƢ

ĳŅĵŒĬȮ(inner relation)ȮħńĚĽĴĔŅĶĨƞŀœĮĬňŘ 

ĽĴĔŅĶėĺŅĴĽńĴıńĬīƢĳŅĵŒĬȮ(inner relation) 

Ὗ ὄὝ 

 
ĳŅıĪňŗȮȮ42ȮŐįĬĳŅıĔŅĶľŅėĺŅĴĽńĴıńĬīƢŐĭĭŏĪėĬŇėȮPLS 
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ŏĮƚŅľĴŅĵĕŀĚȮPLS ėŊŀĔŅĶľŅėĺŅĴĽńĴıńĬīƢĶŃľĺƞŅĚėƞŅĽĔŀĶƢĕŀĚȮX ŐĸŃȮY ŒľƟŏĮƦĬĽĴĔŅĶ

ėĺŅĴĽńĴıńĬīƢĳŅĵŒĬȮ(inner relation)ȮľĶŊŀŒĔĸƟŏėňĵĚĴŅĔĪňŗĽŋħȮľŅĔĴňėƞŅĨńĺŐĮĶĨŅĴŏıňĵĚėƞŅŏħňĵĺĨƞŀȮ/Ȯ

ĝŋħĕƟŀĴŌĸėƞŅĨńĺŐĮĶĨƟĬŀŅěĪŜŅœħƟőħĵĔŅĶŏĮĸňŗĵĬŏĴĪĶŇĔĞƢĕŀĚȮLoading ĕŀĚĨńĺŐĮĶĨƟĬœĮŏĶŊŗŀĵȮŕȮěĬėƞŅ

ėŃŐĬĬȮ(score) ĔńĭėƞŅĨńĺŐĮĶĨŅĴľĶŊŀėƞŅȮY ĴňėĺŅĴŒĔĸƟŏėňĵĚĔńĭĽĴĔŅĶŏĽƟĬĨĶĚĴŅĔĪňŗĽŋħħńĚĳŅıĪňŗȮȮ

43ȮőħĵŀŅěĴňĔŅĶĭĺĔėƞŅėĚĪňŗȮŏıŊŗŀŒľƟėƞŅĪňŗĪŜŅĬŅĵĴňėĺŅĴŒĔĸƟŏėňĵĚėƞŅĪňŗœħƟěŅĔĔŅĶĪħĸŀĚĴŅĔĕŉŘĬȮĞŉŗĚ

įĸĸńıīƢěŃœħƟŏĴĪĶŇĔĞƢȮLoading ŐĸŃėƞŅėĚĪňŗĽŜŅľĶńĭĔŅĶĪŜŅĬŅĵėƞŅĨńĺŐĮĶĨŅĴȮħńĚĽĴĔŅĶ 

ὣŒľĴƞὢϽὄ ὄ 

őħĵĪňŗ 

 YŒľĴƞ  ėŊŀ ŏĴĪĶŇĔĞƢĨńĺŐĮĶĨŅĴĪňŗėŜŅĬĺĦěŅĔŏĪėĬŇėȮPLS 
 X  ėŊŀ ŏĴĪĶŇĔĞƢĕŀĚĝŋħĕƟŀĴŌĸĨńĺŐĮĶĨƟĬ 
 B  ėŊŀ ŏĴĪĶŇĔĞƢȮLoading ĕŀĚĽĴĔŅĶėĺŅĴĽńĴıńĬīƢĳŅĵŒĬ 
 B0  ėŊŀ ėƞŅėĚĪňŗŏĴŊŗŀĨńĺŐĮĶĨƟĬĴňėƞŅŏĮƦĬȮ. 

 
ĳŅıĪňŗȮȮ43 ŐĽħĚĔĶŅĲĕŀĚėƞŅėŃŐĬĬȮ(score) ĔńĭėƞŅĨńĺŐĮĶĨŅĴĪňŗœħƟěŅĔĔŅĶĪŜŅĔŅĶĪħĸŀĚ 

ĞŉŗĚĽŅĴŅĶĩĬŜŅĨńĺŐĮĶĨŅĴĪňŗįƞŅĬĔŅĶĪŜŅĬŅĵĴŅľŅĮĶŃĽŇĪīŇĳŅıĕŀĚŏĪėĬŇėœħƟĨƞŀœĮ 

2.5.6 Error vector (EV) 

Error ľĶŊŀ residuals ėŊŀĽƞĺĬĨƞŅĚĕŀĚėƞŅĨńĺŐĮĶĨŅĴľĶŊŀėƞŅŏĮƚŅĴŅĵĶŃľĺƞŅĚĨńĺŐĮĶĪňŗœħƟěŅĔ

ĔŅĶĪħĸŀĚěĶŇĚĔńĭĨńĺŐĮĶĨŅĴľĶŊŀėƞŅŏĮƚŅľĴŅĵĪňŗĪŜŅĬŅĵőħĵőĴŏħĸȮPLSȮěŅĔĽĴĔŅĶ 
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Ὁὠ ὣĪħĸŀĚὣĪŜŅĬŅĵ 

őħĵĪňŗ 

  YĺńħěĶŇĚ ėŊŀȮėƞŅĨńĺŐĮĶĨŅĴĪňŗœħƟĴŅěŅĔĔŅĶĪŜŅĔŅĶĪħĸŀĚ 
  YĪŜŅĬŅĵ ėŊŀȮėƞŅĨńĺŐĮĶĨŅĴĪňŗőĴŏħĸĪŜŅĬŅĵ 

2.5.7 Relative Error (RE)ȮŐĸŃȮPercent Error (PE) 

Relative Error ėŊŀėƞŅȮEV ĪňŗŀĵŌƞŒĬĶŌĮĕŀĚĶƟŀĵĸŃȮĽŅĴŅĶėŜŅĬĺĦœħƟĨŅĴĽĴĔŅĶ 

ὙὉ
Ὁὠ

ὣĪħĸŀĚ
 

ŒĬĪŜŅĬŀĚŏħňĵĺĔńĬėƞŅȮPercent Error ėŊŀėƞŅ EV ĪňŗŀĵŌƞŒĬĶŌĮĕŀĚŏĮŀĶƢŏĞŖĬĨƢȮĽŅĴŅĶĩėŜŅĬĺĦœħƟĨŅĴ

ĽĴĔŅĶ 

ὖὉ ὙὉ ρππ 

2.5.8 Sum of Squared Error (SSE) 

Sum of Squared Error ėŊŀėĺŅĴŐĮĶĮĶĺĬĳŅĵŒĬĔĸŋƞĴĕŀĚĕƟŀĴŌĸ ĔĸƞŅĺėŊŀŏĮƦĬėƞŅėĺŅĴ

ŐĮĶĮĶĺĬĶŃľĺƞŅĚĨńĺŐĮĶĨŅĴĪňŗœħƟěŅĔĔŅĶĪħĸŀĚŐĸŃĨńĺŐĮĶĨŅĴĪňŗœħƟěŅĔĔŅĶėŜŅĬĺĦįƞŅĬőĴŏħĸȮ

ĽŅĴŅĶĩŏĶňĵĔŀňĔŀĵƞŅĚœħƟĺƞŅȮSum Square within Group ĞŉŗĚĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶ 

ὛὛὉ Ὁὠ  

őħĵĪňŗ  n ėŊŀȮěŜŅĬĺĬĨńĺŐĮĶĨŅĴĪńŘĚľĴħ 

2.5.9 Mean Absolute Error (MAE) 

Mean Absolute Error ėŊŀŏĪėĬŇėŒĬĔŅĶĴŀĚėĺŅĴĬƞŅŏĝŊŗŀĩŊŀĕŀĚőĴŏħĸȮľŅœħƟőħĵĔŅĶĬŜŅėƞŅ

ĽńĴĭŌĶĦƢȮ(absolute)ȮĴŅĪŜŅŒľƟėƞŅėĺŅĴėĸŅħŏėĸŊŗŀĬȮ(Error) ŏĮƦĬėƞŅĭĺĔȮĔĸƞŅĺėŊŀĔŅĶĪŜŅŒľƟėƞŅȮEV 

ŏĮƦĬėƞŅĽńĴĭŌĶĦƢĔƞŀĬĬŜŅĴŅľŅėƞŅŏĜĸňŗĵȮőħĵĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶ 

ὓὃὉ
ρ

ὲ
ȿὉὠȿ 
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2.5.10 Total Sum of Squared (SST ľĶŊŀȮTSS) 

Total Sum of Squared ėŊŀėƞŅėĺŅĴŐĮĶĮĶĺĬĕŀĚĕƟŀĴŌĸĪŋĔȮŕȮĔĸŋƞĴȮĔĸƞŅĺėŊŀėƞŅėĺŅĴ

ŐĮĶĮĶĺĬĕŀĚĕƟŀĴŌĸĔńĭėƞŅŏĜĸňŗĵĕŀĚĕƟŀĴŌĸĪńŘĚľĴħȮĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶ 

ὛὛὝ ὣȟĪħĸŀĚὣĪħĸŀĚ 

őħĵĪňŗ 

ὣ ėŊŀȮėƞŅŏĜĸňŗĵĕŀĚĨńĺŐĮĶĨŅĴĪńŘĚľĴħ 

2.5.11 Mean Square ErrorȮ(MSE) 

Mean Square Error ėŊŀŏĪėĬŇėľĬŉŗĚĪňŗŒĝƟĽŜŅľĶńĭĔŅĶĴŀĚėĺŅĴĬƞŅŏĝŊŗŀĩŊŀĕŀĚőĴŏħĸ

ŏĝƞĬŏħňĵĺĔńĭȮMAE ŐĨƞěŃĴňėĺŅĴŐĨĔĨƞŅĚĪňŗȮMSE ěŃĴňėĺŅĴĺƞŀĚœĺȮ(sensitive) ĨƞŀĕƟŀĴŌĸĪňŗĴňėƞŅėĺŅĴ

ėĸŅħŏėĸŊŗŀĬĽŌĚȮŕȮ(ĕƟŀĴŌĸĪňŗĴňėĺŅĴŏĮƦĬȮoutliner ĽŌĚ) ĴŅĔĔĺƞŅȮMAE ĽŅĴŅĶĩėŜŅĬĺĦœħƟħƟĺĵĽĴĔŅĶ 

ὓὛὉ
ρ

ὲ
ὛὛὉ 

2.5.12 Root Mean Square Error (RMSE) 

Root Mean Square Error ėŊŀŏĪėĬŇėĔŅĶĴŀĚĮĶŃĽŇĪīŇĳŅıĕŀĚőĴŏħĸĪňŗĴňėĺŅĴėĸƟŅĵėĸŉĚ

ĔńĭȮMSEȮőħĵĔŅĶŒĝƟĶŅĔĪňŗĽŀĚŏĕƟŅĴŅĝƞĺĵȮĪŜŅŒľƟĨňėĺŅĴœħƟĚƞŅĵĕŉŘĬȮőħĵĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶ 

ὙὓὛὉ
ρ

ὲ
ὛὛὉ 

2.5.13 Normalized Root Mean Square Error (NRMSE) 

Normalized Root Mean Square Error ėŊŀĔŅĶȮnormalized ŏĪėĬŇėȮRMSE ĪŜŅŒľƟĴňėƞŅ

ŀĵŌƞĶŃľĺƞŅĚȮ0 ĩŉĚȮ/ȮŏıŊŗŀŒľƟĚƞŅĵĨƞŀĔŅĶĺŇŏėĶŅŃľƢȮőħĵĪňŗľŅĔȮNRMSE ŏĕƟŅŒĔĸƟȮ.ȮŐĽħĚĺƞŅĔŅĶĪŜŅĬŅĵĕŀĚ

őĴŏħĸĴňėĺŅĴŐĴƞĬĵŜŅĽŌĚŐĸŃŐĸŃĴňĕƟŀĴŌĸĪňŗŏĮƦĬȮoutliner ĬƟŀĵȮĞŉŗĚȮNRMSE ĽŅĴŅĶĩėŜŅĬĺĦœħƟįƞŅĬ

ĽĴĔŅĶ 
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ὔὙὓὛὉὣĪħĸŀĚȟ ὣĪħĸŀĚȟ

ρ

ὲ
ὛὛὉ 

őħĵĪňŗ 

 YĪħĸŀĚ,max ėŊŀȮėƞŅĨńĺŐĮĶĨŅĴĴŅĔĽŋħĪňŗœħƟěŅĔĔŅĶĪħĸŀĚ 
 YĪħĸŀĚ,min ėŊŀȮėƞŅĨńĺŐĮĶĨŅĴĬƟŀĵĽŋħĪňŗœħƟěŅĔĔŅĶĪħĸŀĚ 

2.5.14 Root Mean Squared Relative Error (RMSRE) 

Root Mean Squared Relative ErrorȮėŊŀŀňĔľĬŉŗĚŏĪėĬŇėŒĬĔŅĶĴŀĚĮĶŃĽŇĪīŇĳŅıĕŀĚ

őĴŏħĸȮĞŉŗĚěŃĴňėĺŅĴĽńĴıńĬīƢĔńĭĕƟŀĴŌĸȮĪŜŅŒľƟĴňėĺŅĴĺƞŀĚœĺĨƞŀȮoutliner ĴŅĔĔĺƞŅȮMSE ĽŅĴŅĶĩ

ėŜŅĬĺĦœħƟħƟĺĵĽĴĔŅĶ 

2-32%
ρ

ὲ
ὙὉ 

2.5.15 R-Squared (R0' 

R2 ėŊŀėƞŅĪňŗŒĝƟŒĬĔŅĶŀīŇĭŅĵĩŉĚėĺŅĴĽńĴıńĬīƢĕŀĚĨńĺŐĮĶĨŅĴĪńŘĚȮ0ȮėŊŀĨńĺŐĮĶĨŅĴĪňŗœħƟěŅĔĔŅĶ

ĪħĸŀĚŐĸŃĨńĺŐĮĶĨŅĴĪňŗőĴŏħĸĪŜŅĬŅĵœĺƟȮőħĵěŃĴňėƞŅĨńŘĚŐĨƞȮ.ȮĩŉĚȮ/ȮľŅĔĵŇŗĚŏĕƟŅŒĔĸƟȮ/ȮĬńŘĬŐĽħĚĺƞŅĨńĺ

ŐĮĶĪńŘĚĽŀĚĴňėĺŅĴĽńĴıńĬīƢĔńĬľĶŊŀĴňėĺŅĴŒĔĸƟŏėňĵĚĔńĬĴŅĔȮĽŅĴŅĶĩėŜŅĬĺĦœħƟħńĚĽĴĔŅĶ 

Ὑ ρ
ὛὛὉ

ὛὛὝ
 

őħĵėƞŅȮR2 ěŃŏĮƦĬėƞŅĪňŗŏĪėĬŇėȮPLS ŒĝƟŒĬĔŅĶľŅėƞŅĮĶŃĽŇĪīŇĳŅıĕŀĚĽĴĔŅĶĔŅĶĪŜŅĬŅĵėƞŅȮĞŉŗĚėƞŅȮR2 

ěŃĴňĴŅĨĶģŅĬŒĬĔŅĶĶńĭĶŀĚĔŅĶĬŜŅœĮŒĝƟĚŅĬȮħńĚŐĽħĚŒĬĨŅĶŅĚĪňŗȮȮ6 
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ĨŅĶŅĚĪňŗȮȮ6ȮŐĽħĚĔŅĶŐĮĸėĺŅĴľĴŅĵĕŀĚėƞŅȮR2 

ėƞŅȮR2 ĔŅĶŐĮĸėĺŅĴľĴŅĵ 
ĩŉĚȮ.,03 œĴƞėĺĶŒĝƟŒĬĔŅĶĪŜŅĬŅĵ 

.,04-.,27 ėĺŅĴĽńĴıńĬīƢœĴƞħňȮėĺĶľŅŏľĨŋįĸ 

.,3.-.,42 ŒĝƟŒĬĔŅĶĪŜŅĬŅĵŏıŊŗŀĔŅĶŐĭƞĚĶŃħńĭĮĶŇĴŅĦŀĵƞŅĚľĵŅĭŕ 

.,44-.,6/ ŒĝƟŒĬĔŅĶĪŜŅĬŅĵŏıŊŗŀŐĭƞĚĶŃħńĭĮĶŇĴŅĦľĶŊŀĮĶŃĴŅĦėƞŅŏĭŊŘŀĚĨƟĬ 

.,61-.,7. ŒĝƟŒĬĔŅĶĪŜŅĬŅĵŏıŊŗŀĚŅĬĺŇěńĵŐĸŃĚŅĬĪńŗĺœĮ 

.,70-.,74 ŒĝƟŒĬĔŅĶĪŜŅĬŅĵŏıŊŗŀĔŅĶĮĶŃĔńĬėŋĦĳŅı 

.,76ȮĕŉŘĬœĮ ħňŏĵňŗĵĴȮŒĝƟœħƟĔńĭĪŋĔĚŅĬ 

 

2.5.16 ĔŅĶĮĶńĭŐĨƞĚĽŏĮĔĨĶńĴ 

ŏĪėĬŇėĔŅĶĮĶńĭŐĨƞĚĽŏĮĔĨĶńĴĬńŘĬĴňŀĵŌƞľĸŅĵŏĪėĬŇėœĴƞĺƞŅěŃŏĮƦĬĔŅĶĪŜŅŒľƟĽŏĮĔĨĶńĴŏĶňĵĭȮ

&Smoothing) ħƟĺĵŏĪėĬŇėĕŀĚȮS.Golay ĔŅĶĪŜŅĮĶńĭŒľƟŏĮƦĬĮĔĨŇȮ&Normalization) ĔŅĶĮĶńĭŏĸŊŗŀĬ

ĽŏĮĔĨĶńĴŒĬŐĔĬȮy (Baseline shift) ĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴħƟĺĵŏĪėĬŇėȮSNV ĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴ

ħƟĺĵŏĪėĬŇėȮMSC ĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴħƟĺĵŏĪėĬŇėȮFirst derivative ŐĸŃĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴ

ħƟĺĵŏĪėĬŇėȮSecond derivative őħĵěŃĴňĔŅĶıŇěŅĶĦŅĮƤěěńĵĨƞŅĚȮŕȮŒĬĔŅĶŏĸŊŀĔŒĝƟŏĪėĬŇėĪňŗĔĸƞŅĺĴŅ

ĕƟŅĚĨƟĬȮħńĚĬňŘ 

2.5.16.1 SavitzkyůGolay Filter [24] 

ľŅĔĽŏĮĔĨĶńĴĴňĽńĠĠŅĦĶĭĔĺĬĴŅĔȮėĺĶěŃıŇěŅĶĦŅĔŅĶŒĝƟŏĪėĬŇėȮSmoothingȮőħĵŏĪėĬŇėȮ

S.Golay ĞŉŗĚěŃŒĝƟľĸńĔĔŅĶĔŅĶĮĶŃĴŅĦėƞŅŐĭĭıľŋĬŅĴŏĮƦĬĝƞĺĚȮŕȮŐĸŃĔŅĶľŅėƞŅŏĜĸňŗĵŏĮƦĬĝƞĺĚŕȮőħĵ

ĽŅĴŅĶĩėŜŅĬĺĦœħƟħƟĺĵĽĴĔŅĶ 

Ὣ ὧὪ         ȠὭ Ễȟςȟρȟπȟρȟςȟȣ 

őħĵĪňŗ 

 Ὢ   ėŊŀȮĽńĠĠŅĦĕŅŏĕƟŅȮ(input) 
 Ὣ  ėŊŀȮĽńĠĠŅĦĕŅŀŀĔȮ(output) 
 ὑ  ėŊŀȮěŜŅĬĺĬĕƟŀĴŌĸĔƞŀĬľĬƟŅĝŋħĕƟŀĴŌĸȮi (İƤƧĚĞƟŅĵ' 
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 ὑ   ėŊŀȮěŜŅĬĺĬĕƟŀĴŌĸĩńħěŅĔĝŋħĕƟŀĴŌĸȮi (İƤƧĚĕĺŅ' 
 ὧ  ėŊŀȮĽńĴĮĶŃĽŇĪīŇśĕŀĚĨńĺĔĶŀĚ 
 

ĞŉŗĚĽńĴĮĶŃĽŇĪīŇśȮὧȮěŃŏĮƦĬĔŅĶĮĶŃĴŅĦŐĭĭĔŜŅĸńĚĽŀĚĬƟŀĵĪňŗĽŋħĕŀĚıľŋĬŅĴĸŜŅħńĭĪňŗȮM ĞŉŗĚŀĵŌƞŒĬĶŌĮȮ

ὥ ὥὭ ὥὭ Ễ ὥὭĪŜŅŒľƟėƞŅĽńĴĮĶŃĽŇĪīŇśĕŀĚĨńĺĔĶŀĚȮS.Golay œħƟħńĚĬňŘ 

ὃϽὥ Ὢ Ƞὥ ὥὥὥȣὥ  

ὃ ϽὃϽὥ ὃ ϽὪ                  ὥ ὃ Ͻὃ Ͻὃ ϽὪ 

ŏĬŊŗŀĚěŅĔŏĮƦĬĔŅĶĮĶŃĴŅĦėƞŅŐĭĭĬƟŀĵĪňŗĽŋħȮĪŜŅŒľƟœħƟŏĮƦĬĕƟŀĴŌĸŏĝŇĚŏĽƟĬȮĪŜŅŒľƟĽŅĴŅĶĩŐĪĬėƞŅȮὪ œħƟ

ħƟĺĵŏĺĔŏĨŀĶƢľĬŉŗĚľĬƞĺĵȮ(unit vector, Ὡ) ĪŜŅŒľƟ 

ὧ ὃ Ͻὃ Ͻὃ ϽὩ ὃ Ͻὃ ὑ  

őħĵĪňŗ 

 ὑ ςὑ ρ ľĶŊŀȮὑ ςὑ ρ (ěŜŅĬĺĬėňŗ' 

ὃ ὑ
ρ ὑ     Ễ ὑ
ể     ể         Ệ ể
ρ     ὑ    Ễ ὑ

 

2.5.16.2 Normalization 

ľŅĔĴňĔŅĶĶĭĔĺĬŏĬŊŗŀĚěŅĔŀŇĪīŇıĸĕŀĚĕĬŅħĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮėĺĶıŇěŅĶĦŅĔŅĶŒĝƟĺŇīňĔŅĶĮĶńĭŒľƟ

ŏĮƦĬĮĔĨŇȮ(Normalization) őħĵĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶħńĚĬňŘ 

ὢ
ὢ ὢ

ὢ ὢ  
 

őħĵĪňŗ 

  ὢ   ėŊŀȮŏĴĪĶŇĔĞƢĕƟŀĴŌĸĕŅŀŀĔȮ(output) 
  ὢ   ėŊŀȮŏĴĪĶŇĔĞƢĕƟŀĴŌĸĕŅŏĕƟŅȮ(input) 
  ὢ   ėŊŀȮŏĴĪĶŇĔĞƢĕƟŀĴŌĸĪňŗĴňėƞŅĬƟŀĵĪňŗĽŋħ 
  ὢ   ėŊŀȮŏĴĪĶŇĔĞƢĕƟŀĴŌĸĪňŗĴňėƞŅĴŅĔĪňŗĽŋħ 
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2.5.16.3 Multiplicative Scatter Correction (MSC) ŐĸŃȮStandard Normal Variate 

(SNV) 

ľŅĔĕƟŀĴŌĸĴňŀŇĪīŇıĸĕŀĚĔŅĶĔĶŃŏěŇĚĕŀĚŐĽĚȮ(Scattering) ĪŜŅŒľƟĕƟŀĴŌĸŏĔŇħĔŅĶŏĸŊŗŀĬĨńĺĨŅĴ

ŐĔĬėĺŅĴŏĕƟĴŐĽĚȮ(Intensity) ŐĸŃŏĔŇħĔŅĶľĴŋĬĪŜŅŒľƟĨŜŅŐľĬƞĚĪňŗĴňėĺŅĴĵŅĺėĸŊŗĬĽŌĚĔĺƞŅĴňėƞŅŏĭňŗĵĚŏĭĬ

ĕŀĚėƞŅėĺŅĴŏĕƟĴŐĽĚĴŅĔĔĺƞŅĨŜŅŐľĬƞĚėĺŅĴĵŅĺėĸŊŗĬĪňŗĨŗŜŅĔĺƞŅ ĽŅĴŅĶĩŏĸŊŀĔœħƟȮ0ȮŏĪėĬŇėĬńŗĬȮėŊŀȮ

Standard Normal Variate (SNV) ŐĸŃȮMultiplicative Scatter Correction (MSC) őħĵėĺŅĴĨƞŅĚ

ĕŀĚȮ0ȮŏĪėĬŇėħńĚĔĸƞŅĺěŃŐĨĔĨƞŅĚĔńĬĪňŗȮMSC ĨƟŀĚĴňĝŋħĕƟŀĴŌĸĪňŗŏĮƦĬĝŋħĕƟŀĴŌĸŀƟŅĚŀŇĚȮĞŉŗĚĔŅĶŒĝƟŏĪėĬŇėȮ

MSC ĬńŘĬȮĽŅĴŅĶĩėŜŅĬĺĦœħƟőħĵȮŒľƟȮὢ ȮėŊŀȮėƞŅŏĜĸňŗĵĕŀĚĝŋħĕƟŀĴŌĸĪńŘĚľĴħȮŏĴŊŗŀĬŜŅĴŅŏĕƟŅĽĴĔŅĶ

ĔŅĶĩħĩŀĵȮ(Least square equation) ŐĸŃ ὢȮėŊŀėƞŅĕŀĚĕƟŀĴŌĸŐĨƞĸŃĕƟŀĴŌĸȮěŃœħƟ 

ὢ ὥ ὦὢ  

ĽŅĴŅĶĩėŜŅĬĺĦĝŋħĕƟŀĴŌĸĪňŗįƞŅĬĔŅĶĮĶńĭĮĶŋĚħƟĺĵŏĪėĬŇėȮMSC œħƟěŅĔĽĴĔŅĶȮħńĚĬňŘ 

ὢȟ
ὢ ὥ

ὦ
 

ŒĬĕĦŃĪňŗŏĪėĬŇėȮSNV ěŃĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔĽĴĔŅĶħńĚĬňŘ 

ὢȟ
ὢ ὢ

„
 

őħĵĪňŗ 

  ὢ  ėŊŀȮėƞŅŏĜĸňŗĵĕŀĚĕƟŀĴŌĸĪńŘĚľĴħ 
  „  ėŊŀȮėƞŅŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬĕŀĚĕƟŀĴŌĸŐĨƞĸŃĕƟŀĴŌĸ 
ĪńŘĚĬňŘĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴœĴƞėĺĶŒĝƟľĸŅĵŏĪėĬŇė ŒĬĝŋħĕƟŀĴŌĸĝŋħŏħňĵĺȮŏĬŊŗŀĚěŅĔěŃĪŜŅŒľƟŏĔŇħ

ĕƟŀįŇħıĸŅħěŅĔĔŅĶŏĮĸňŗĵĬŐĮĸĚĕŀĚėƞŅėĺŅĴŏĕƟĴŐĽĚȮ(ŐĔĬȮY) ĕŀĚĽŏĮĔĨĶńĴȮěŉĚėĺĶıŇěŅĶĦŅěŅĔ

ĽŏĮĔĨĶńĴħŇĭőħĵĶĺĴĔƞŀĬȮěŉĚĨńħĽŇĬŒěŒĝƟŏĪėĬŇėĨƞŅĚȮŕ 
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ĺŇīňħŜŅŏĬŇĬĚŅĬĺŇěńĵ 

ĔŅĶĺŇěńĵĬňŘįŌƟĺŇěńĵĴňėĺŅĴĨƟŀĚĔŅĶŒĬĔŅĶĽĶƟŅĚŏėĶŊŗŀĚĺńħĽňŒĬĶŃĭĭĴŅĨĶģŅĬȮCIE L*a*b* őħĵěŃ

ŏĮƦĬĔŅĶĺńħėƞŅŐĭĭŏĽƟĬȮőħĵĭĪĬňŘěŃĔĸƞŅĺĩŉĚĺŇīňĔŅĶħŜŅŏĬŇĬĔŅĶĪńŘĚľĴħȮœĴƞĺƞŅěŃŏĮƦĬĨńĺŀĵƞŅĚĪňŗŒĝƟŒĬĔŅĶ

ĺńħėƞŅȮŏėĶŊŗŀĚĴŊŀĪńŘĚľĴħȮĔŅĶĽĶƟŅĚŏėĶŊŗŀĚĺńħĽňȮĕńŘĬĨŀĬĔŅĶĺŇŏėĶŅŃľƢŐĸŃĔŅĶĽĶƟŅĚĽĴĔŅĶĽŜŅľĶńĭŒĝƟŒĬ

ĔŅĶĪŜŅĬŅĵ 

3.1 ĨńĺŀĵƞŅĚĪňŗŒĝƟĺńħėƞŅĽň 

3.1.1 ĨńĺŀĵƞŅĚıĸŅĽĨŇĔĪňŗŒĝƟŒĬĔŅĶĪŜŅĬŅĵ 

ĨńĺŀĵƞŅĚıĸŅĽĨŇĔĪňŗŒĝƟŒĬĚŅĬĺŇěńĵĬňŘȮŏĮƦĬıŀĸŇŏĴŀĶƢȮPolyvinyl Chloride (PVC) ĴňħƟĺĵĔńĬ

ĪńŘĚľĴħȮ2ȮĽňœħƟŐĔƞȮĽňĕŅĺ ĽňŐħĚŀƞŀĬȮĽňŏĕňĵĺŀƞŀĬȮŐĸŃĽňĲƚŅȮįƞŅĬĔŅĶĕŉŘĬĶŌĮħƟĺĵĺŇīňĔŅĶĕŉŘĬĶŌĮŐĭĭĔħŀńħȮ

(Compression Molding)ȮŒľƟĴňȮ1ȮĶŃħńĭėĺŅĴľĬŅħńĚĨŅĶŅĚĪňŗȮȮ7 

ĨŅĶŅĚĪňŗȮȮ7ȮĔŅĶĕŉŘĬĶŌĮȮPVC ħƟĺĵŏĪėĬŇėĔŅĶĔħŀńħ 

 
ěŅĔĬńŘĬěŉĚĬŜŅĝŇŘĬĚŅĬıŀĸŇŏĴŀĶƢħńĚĔĸƞŅĺĴŅĨńħŒľƟĴňĶŌĮĶƞŅĚŏĮƦĬŐįƞĬĽňŗŏľĸňŗĵĴěńĨŋĶńĽĕĬŅħȮ/,3ȮŏĞĬĨŇŏĴĨĶ 

3.1.2 ĨńĺŀĵƞŅĚĽňĴŅĨĶģŅĬ 

ĨńĺŀĵƞŅĚĪňŗŒĝƟŒĬĔŅĶĺńħėƞŅȮCIE L*a*b( ěŃŏĮƦĬŐįƞĬĽňĴŅĨĶģŅĬȮ2017 Standard Paint 

Colors ĕŀĚȮTOA-CHUGOKU MARINE PAINTS, LTD (CMD) ĞŉŗĚŏĮƦĬĭĶŇļńĪĪňŗįĸŇĨįĸŇĨĳńĦĤƢ

ŏĔňŗĵĺĔńĭĽňĪŅŏĶŊŀȮőħĵĴňěŜŅĬĺĬȮ57ȮŐįƞĬȮŐįƞĬĸŃȮ6ȮŏĜħĽňȮĶĺĴŏĮƦĬĽňĪńŘĚľĴħȮ410ȮŏĜħĽňȮ&ĳŅėįĬĺĔȮě'Ȯ

ĔŅĶĺńħĽŏĮĔĨĶńĴěŜŅŏĮƦĬĨƟŀĚĴňĞŀĚŒĽƞȮŏĬŊŗŀĚěŅĔŐįƞĬıŊŘĬľĸńĚŏĮƦĬĽňĕŅĺȮĞŉŗĚŏĮƦĬĽŇŗĚĶĭĔĺĬŒĬĔŅĶĺńħ

ĽŏĮĔĨĶńĴĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter ěŉĚĨƟŀĚĴňĔŅĶĪŜŅĞŀĚŒĽƞĪňŗĴňĽňŏħňĵĺĔńĭıŊŘĬľĸńĚĕŀĚŏėĶŊŗŀĚȮ

LineScan Color Meter 

Heat VentingCompressCooling

1 70

3 200

5 450

ŏĺĸŅŒĬĔŅĶĕŉŘĬĶŌĮȮ(ĬŅĪň)

PVC 220 4 2 2 3

ĝĬŇħıŀĸŇŏĴŀĶƢ
ėĺŅĴľĬŅȮ

(ŏĞĬĨŇŏĴĨĶ)

ĮĶŇĴŅĦȮ

(ĔĶńĴ)

ŀŋĦľĳŌĴŇĔŅĶĕŉŘĬĶŌĮȮ

(ŀĚĻŅŏĞĸŏĞňĵĽ)
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ĳŅıĪňŗȮȮ44 ĞŀĚŒĽƞŐįƞĬĽňĴŅĨĶģŅĬĽŜŅľĶńĭĬŜŅœĮĺńħĽŏĮĔĨĶńĴ 

3.1.3 ĨńĺŀĵƞŅĚıŀĸŇŏĴŀĶƢĽňĪňŗĴňĕŅĵŀĵŌƞĪńŗĺœĮ 

őħĵĝŇŘĬĚŅĬıŀĸŇŏĴŀĶƢħńĚĔĸƞŅĺĴňŀĵŌƞĪńŘĚľĴħȮ/2ȮŏĜħĽňȮœħƟŐĔƞȮĽňĲƚŅȮĽňĲƚŅħƟŅĬȮĽňŏľĸŊŀĚȮĽňŏľĸŊŀĚ

ħƟŅĬȮĽňĽƟĴȮĽňĽƟĴħƟŅĬȮĽňŏĕňĵĺŀƞŀĬħƟŅĬȮĽňĝĴıŌȮĽňĝĴıŌħƟŅĬȮĽňĬŘŜŅŏĚŇĬħƟŅĬȮĽňĴƞĺĚȮĽňĴƞĺĚħƟŅĬȮĽňĕŅĺȮŐĸŃĽň

ĕŅĺħƟŅĬ ĞŉŗĚįƞŅĬĔŅĶĨńħŏĮƦĬĝŇŘĬȮŕȮŏĮƦĬĸńĔļĦŃĽňŗŏľĸňŗĵĴěńĨŋĶńĽĕĬŅħȮ/,3ȮŏĞĬĨŇŏĴĨĶ 

3.2 ĔŅĶŀŀĔŐĭĭŏėĶŊŗŀĚ LineScan Color Meter ĽŜŅľĶńĭĽňŒĬĶŃĭĭĴŅĨĶȮCIE L*a*b* 

3.2.1 ŐľĸƞĚĔŜŅŏĬŇħŐĽĚ 

ĔŜŅľĬħĮĶŃŏĳĪŐĸŃŀŋĦľĳŌĴŇĽňĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮŐľĸƞĚěƞŅĵœĲŒľƟŐľĸƞĚĔŜŅŏĬŇħŐĽĚȮ

ĨŜŅŐľĬƞĚŐĸŃŀĚĻŅĕŀĚĔŅĶĨŇħĨńŘĚȮőħĵĮĶŃĔŀĭœĮħƟĺĵľĸŀħȮLED ĕĬŅħȮ5 ĺńĨĨƢȮĴňŀŋĦľĳŌĴŇŐĽĚŏĪƞŅĔńĭȮ

6500K ŏĶňĵĚĔńĬĭĬŐįƞĬĺĚěĶĕĬŅħȮ30 ŏĞĬĨŇŏĴĨĶȮěŜŅĬĺĬȮ12 ľĸŀħ 

3.2.2 ĶŃĭĭŏĸĬĽƢ 

ŒĝƟĶŃĭĭŏĸĬĽƢŏĮƦĬŐĭĭȮ0ȮŏĸĬĽƢȮőħĵŏĸĬĽƢľĬƟŅĺńĨĩŋĨńĺŐĶĔěŃŏĮƦĬŏĸĬĽƢĬŌĬĽŀĚĕƟŅĚĪňŗĴňĕĬŅħ

ŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚŏĪƞŅĔńĭȮ3ȮŏĞĬĨŇŏĴĨĶȮŐĸŃĴňĶŃĵŃőĲĔńĽŏĪƞŅĔńĭȮ3ȮŏĞĬĨŇŏĴĨĶ ĽƞĺĬŏĸĬĽƢĨńĺĪňŗĽŀĚȮ

ŏĮƦĬŏĸĬĽƢĬŌĬĕƟŅĚŏħňĵĺ ĶŃĵŃőĲĔńĽĴňėƞŅĮĶŃĴŅĦȮ/2,06 ŏĞĬĨŇŏĴĨĶľĶŊŀĴňėƞŅȮdiopter ŏĪƞŅĔńĭȮ5ȮŐĸŃ

ĨńĺŏĸĬĽƢĴňĕĬŅħŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚŏĮƦĬȮ3ȮŏĞĬĨŇŏĴĨĶȮŏĝƞĬŏħňĵĺĔńĭŏĸĬĽƢĨńĺŐĶĔ 

3.2.3 ĕĬŅħĔńĭĝĬŇħĕŀĚŏĔĶĨĨŇĚ 

ŏĔĶĨĨŇĚŒĬĶŃĭĭĬňŘěŃŏĮƦĬŏĔĶĨĨŇĚŐĭĭĽƞŀĚįƞŅĬȮőħĵŏĮƦĬŐįƞĬŏĔĶĨĨŇĚȮPET ĪňŗĴňĶŌĮĶƞŅĚŏĮƦĬ

ĽňŗŏľĸňŗĵĴĕĬŅħȮ14×16ȮĴŇĸĸŇŏĴĨĶȮŐĸŃŏĮƦĬŏĔĶĨĨŇĚĪňŗĴňĕĬŅħȮ4..ȮŏĽƟĬĨƞŀĴŇĸĸŇŏĴĨĶȮħńĚĳŅıĪňŗȮȮ45 
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ĳŅıĪňŗȮȮ45ȮŏĔĶĨĨŇĚŐĭĭĽƞŀĚįƞŅĬĪňŗŒĝƟŒĬĚŅĬĺŇěńĵ 

3.2.4 ŀŋĮĔĶĦƢĶńĭĳŅı 

ĽŜŅľĶńĭĶŃĭĭĔĸƟŀĚěŃŒĝƟȮRaspberry Pi 2b ĞŉŗĚŏĮƦĬėŀĴıŇĺŏĨŀĶƢĪňŗĴňĸńĔļĦŃŏĮƦĬȮsingle-

board ĔĸƞŅĺėŊŀŏĮƦĬŐįƞĬĭŀĶƢħĪňŗĴňĔŅĶĨŇħĨńŘĚȮCPU, RAM, GPU ŐĸŃĝƞŀĚĽŜŅľĶńĭŏĝŊŗŀĨƞŀĔńĭŀŋĮĔĶĦƢ

ĨƞŅĚȮŕȮ&port) œĴƞĺƞŅěŃŏĮƦĬȮmultimedia port, USB ports, wireless ľĶŊŀȮwired connectivity, 

Camera interface, microSD card slot ŐĸŃȮGeneral Purpose Input/Output Pins őħĵȮ

Raspberry Pi 2b ĪňŗŒĝƟŒĬĚŅĬĺŇěńĵĬňŘȮěŃŏĮƦĬĶŋƞĬĪňŗĴňȮRAM ŏĮƦĬŐĭĭȮLPDDR2ȮĕĬŅħȮ2ȮGB ŐĸŃĪŜŅĔŅĶ

ĨŇħĨńŘĚĶŃĭĭĮĢŇĭńĨŇĔŅĶȮDebian ĞŉŗĚŏĮƦĬľĬŉŗĚŒĬĶŃĭĭĮĢŇĭńĨŇĔŅĶĕŀĚȮLinux ĪňŗĴňœĺƟĨŇħĨńŘĚŒľƟĔńĭȮ

Raspberry Pi ŏĬŊŗŀĚěŅĔĶŃĭĭĮĢŇĭńĨŇĔŅĶħńĚĔĸƞŅĺėƞŀĬĕƟŅĚŏľĴŅŃĔńĭĔŅĶŒĝƟĚŅĬŒĬĚŅĬĺŇěńĵĬňŘȮŏıĶŅŃ

ėƞŀĬĕƟŅĚĴňĲƤĚĔƢĝńĬĪňŗŏľĴŅŃĽĴ ĴňĕĬŅħŏĸŖĔȮŐĸŃĔŅĶĮĶŃĴĺĸįĸĪňŗėƞŀĬĕƟŅĚŏĶŖĺȮěŉĚŏľĴŅŃĔńĭĔŅĶŒĝƟĚŅĬ

ĶƞĺĴĔńĭȮRaspberry Pi  
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ĳŅıĪňŗȮȮ46 œĴőėĶėŀĴıŇĺŏĨŀĶƢȮRaspberry Pi 4b 
ŒĬĽƞĺĬĕŀĚĨńĺĔĸƟŀĚŒĬĚŅĬĺŇěńĵĬňŘŏĮƦĬĔĸƟŀĚĶŋƞĬȮRaspberry Pi High Quality Camera Module ĞŉŗĚĴň
ėĺŅĴĸŃŏŀňĵħŏĪƞŅĔńĭȮ/0,1ȮMegapixels ěŜŅĬĺĬıŇĔŏĞĸĪńŘĚľĴħŀĵŌƞĪňŗȮ2.34(1.2.ȮŒĝƟŏĞĬŏĞŀĶƢŏĮƦĬȮ
Sony IMX255ȮĞŉŗĚŏĮƦĬŏĞĬŏĞŀĶƢŐĭĭȮCMOS ŐĸŃĨńĺŏĞĬŏĞŀĶƢĵńĚĴňĔŅĶŏėĸŊŀĭĲƕĸƢĴĪňŗĴňľĬƟŅĪňŗŒĬĔŅĶĨńħ
ŐĽĚŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗŏĮƦĬȮIR ŀŀĔȮĞŉŗĚěŃĴňėĺŅĴĺƞŀĚœĺȮ(sensitivity) ħńĚĳŅıĪňŗȮȮ47 

 
ĳŅıĪňŗȮȮ47ȮėĺŅĴĺƞŀĚœĺ (sensitivity)ȮŒĬŐĨƞĸŃėĺŅĴĵŅĺėĸŊŗĬĕŀĚŏĞĬŏĞŀĶƢ 

ŒĬĽƞĺĬĕŀĚŏĸĬĽƢĪňŗŒĝƟĔńĭŏĞĬŏĞŀĶƢěŃŏĮƦĬŏĸĬĽƢĕĬŅħȮ4-4.Ȯmm /-1° ĞŉŗĚœħƟįƞŅĬĔŅĶĮĶńĭőĲĔńĽŐĸŃ

ĮĶńĭĶŃĵŃŏĶňĵĭĶƟŀĵŐĸƟĺ 

 
ĳŅıĪňŗȮȮ48 őĴħŌĸĔĸƟŀĚȮRaspberry Pi High Quality Camera Module 
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ĞŉŗĚĺŇīňĔŅĶĪŜŅȮRaspberry Pi ŐĸŃȮőĴħŌĸĔĸƟŀĚȮRaspberry Pi High Quality CameraȮŒľƟŏĮƦĬĔĸƟŀĚ

ĺĚěĶĮƕħœĶƟĽŅĵȮ(IP Camera) őħĵĨńĺ Raspberry PiȮěŃŒĝƟĶŃĭĭĮĢŇĭńĨŇĔŅĶȮDebian ĞŉŗĚŏĮƦĬ

ĶŃĭĭĮĢŇĭńĨŇĔŅĶĕŀĚȮRaspberry Pi őħĵŏĜıŅŃȮĔƞŀĬěŃĪŜŅĔŅĶĨŇħĨńŘĚőĴħŌĸȮMotion package 

ěŅĔĬńŘĬěŉĚĪŜŅĔŅĶĨńŘĚėƞŅħńĚĳŅıĪňŗȮȮ49 ĪŜŅŒľƟĨńĺőĴħŌĸĔĸƟŀĚĽŅĴŅĶĩěńĭĳŅıŐĸƟĺĬŜŅĳŅıħńĚĔĸƞŅĺŏĕƟŅœĮŀĵŌƞ

ŒĬĶŃĭĭȮLAN (Local Area Network) 

 
ĳŅıĪňŗȮȮ49ȮŐĽħĚĔŅĶĨńŘĚėƞŅȮMotion package ĕŀĚȮRaspberry Pi 

3.2.5 ĔŅĶĮĶńĭŏĪňĵĭŏėĶŊŗŀĚĺńħ 

ĽŏĮĔĨĶńĴĪňŗœħƟĴŅěŅĔŏėĶŊŗŀĚȮLineScan Color Meter ĬńŘĬȮěŃŏĮƦĬĽŏĮĔĨĶńĴĪňŗŀĵŌƞŒĬĶŌĮėĺŅĴ

ŏĕƟĴŐĽĚĔńĭėƞŅıŇĔŏĞĸȮěŉĚěŜŅŏĮƦĬĨƟŀĚĴňĔŅĶĪŜŅĔŅĶŏĪňĵĭĴŅĨĶģŅĬȮŏıŊŗŀŒľƟĪĶŅĭėĺŅĴĵŅĺėĸŊŗĬĪňŗŐĬƞĬŀĬ

ĕŀĚıŇĔŏĞĸĬńŘĬȮŕȮőħĵĔŅĶĬŜŅŏĸŏĞŀĶƢėĺŅĴĵŅĺėĸŊŗĬŏħňĵĺȮĞŉŗĚĪĶŅĭėĺŅĴĵŅĺėĸŊŗĬŐĸƟĺȮĬŜŅĴŅĺńħėƞŅ

ĽŏĮĔĨĶńĴőħĵȮMultispectrometer őħĵŒĬĚŅĬĺŇěńĵĬňŘœħƟŒĝƟŏĸŏĞŀĶƢĪńŘĚľĴħȮ1ȮėĺŅĴĵŅĺėĸŊŗĬȮœħƟŐĔƞȮ

2.2ȮĬŅőĬŏĴĨĶȮ&ĽňĴƞĺĚ'Ȯ310ȮĬŅőĬŏĴĨĶȮ&Ľňŏĕňĵĺ'ȮŐĸŃȮ433ȮĬŅőĬŏĴĨĶȮ&ĽňŐħĚ'ȮĨŅĴĸŜŅħńĭȮıĶƟŀĴĪńŘĚ

ĺńħėƞŅĽŏĮĔĨĶńĴĕŀĚŏĸŏĞŀĶƢħńĚĔĸƞŅĺħƟĺĵŏėĶŊŗŀĚȮLineScan Color Meter 
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ĳŅıĪňŗȮȮ50 ĳŅıĩƞŅĵŏĸŏĞŀĶƢőħĵŏėĶŊŗŀĚȮLineScan Color Meter 

ěŅĔĬńŘĬěŉĚĬŜŅĴŅľŅėƞŅėĺŅĴĵŅĺėĸŊŗĬĕŀĚŐĨƞĸŃıŇĔŏĞĸĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter ŏĬŊŗŀĚěŅĔ

ĸńĔļĦŃŐĽĚĪňŗŐĪĶĔĽŀħŀŀĔĴŅěŅĔŏĔĶĨĨŇĚŒĬŐĨƞĸŃėĺŅĴĵŅĺėĸŊŗĬěŃĴňĴŋĴĪňŗŀŀĔĴŅĨƞŅĚĔńĬȮĪŜŅŒľƟĳŅı

ĪňŗŏĔŇħĕŉŘĬĴňĨŜŅŐľĬƞĚĕŀĚŐĨƞĸŃėĺŅĴĵŅĺėĸŊŗĬĨƞŀĨŜŅŐľĬƞĚıŇĔŏĞĸœĴƞŏĪƞŅĔńĬȮĞŉŗĚŏĮƦĬœĮĨŅĴĽĴĔŅĶŐĭĭȮ

Power law ěŉĚœħƟĽĴĔŅĶħńĚĬňŘ 

ὡὥὺὩὰὩὲὫὸὬ ὲά ‍ὼ ὡ  

őħĵĴňŏĚŊŗŀĬœĕħńĚĬňŘ 

ὖὭὼὩὰ ὲόάὦὩὶὼ  ȟὼ ȿὖὭὼὩὰ ὲόάὦὩὶὼ ȿ 

ὖὭὼὩὰ ὲόάὦὩὶὼ  ȟὼ ȿὖὭὼὩὰ ὲόάὦὩὶὼ ȿ 

ĞŉŗĚĺŇīňĔŅĶėŜŅĬĺĦĬńŘĬěŃŒĝƟĲƤĚĔƢĝńĬȮSolver ĕŀĚőĮĶŐĔĶĴȮExcel ŒĬĔŅĶėŜŅĬĺĦȮőħĵěŃĬŜŅėƞŅ

ėĺŅĴėĸŅħŏėĸŊŗŀĬĶŃľĺƞŅĚėĺŅĴĵŅĺėĸŊŗĬĕŀĚŏĸŏĞŀĶƢĪňŗĺńħěŅĔŏėĶŊŗŀĚȮMultispectrometer ĔńĭėĺŅĴ

ĵŅĺėĸŊŗĬĕŀĚŏĸŏĞŀĶƢĪňŗĺńħěŅĔȮLineScan Color MeterȮŏĮƦĬȮSet Objective ŒľƟĴňėƞŅĬƟŀĵĪňŗĽŋħ ŐĸŃ

ėƞŅĪňŗĽŅĴŅĶĩŏĮĸňŗĵĬŐĮĸĚœħƟėŊŀȮėƞŅȮ‍, ėƞŅȮὲ,ȮėƞŅȮὼ ȮŐĸŃėƞŅȮὡ ȮőħĵŏĴŊŗŀįƞŅĬĔŅĶĪŜŅȮ

Solver 

3.2.6 ĔŅĶŒĝƟŏėĶŊŗŀĚĴŊŀĺńħĴŅĨĶģŅĬŒĬĔŅĶĮĶńĭŏĪňĵĭŏėĶŊŗŀĚĴŊŀĺńħĽŏĮĔĨĶńĴĪňŗĽĶƟŅĚĕŉŘĬ 

ĔŅĶĮĶńĭĨŜŅŐľĬƞĚėĺŅĴĵŅĺėĸŊŗĬĕŀĚĶŃĭĭĶńĭĳŅıŐĸŃĮĶńĭĨŜŅŐľĬƞĚĕŀĚĳŅıȮőħĵŒĝƟŏėĶŊŗŀĚȮ

MultispectrometerȮŏĮƦĬŏėĶŊŗŀĚĴŊŀĴŅĨĶģŅĬŒĬĔŅĶĮĶńĭŏĪňĵĭėĺŅĴĵŅĺėĸŊŗĬ 
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3.3 ĔŅĶĽĶƟŅĚĽĴĔŅĶĔŅĶĪŜŅĬŅĵėƞŅȮCIE L*a*b* 

3.3.1 ĔŅĶŏĔŖĭėƞŅȮCIE L*a*b* ŐĸŃĽŏĮĔĨĶńĴĕŀĚŐįƞĬĽňĴŅĨĶģŅĬȮ2017 Standard Paint 

ColorsȮŏıŊŗŀĬŜŅĴŅĽĶƟŅĚĽĴĔŅĶĔŅĶĪŜŅĬŅĵ 

ĪŜŅĔŅĶĺńħėƞŅȮCIE L*a*b* ŐĸŃĽŏĮĔĨĶńĴĕŀĚŐįƞĬĽňĴŅĨĶģŅĬȮ2017 Standard Paint 

ColorsȮőħĵŏėĶŊŗŀĚȮColourFlex EZȮıĶƟŀĴĪńŘĚĺńħėƞŅĽŏĮĔĨĶńĴĕŀĚŐįƞĬĽňĴŅĨĶģŅĬȮ2017 Standard 

Paint ColorsȮőħĵŏėĶŊŗŀĚȮLineScan Color Meter 

3.3.2 ľŅėĺŅĴĽńĴıńĬīƢĕŀĚĽŏĮĔĨĶńĴŐĸŃėƞŅ CIE L*a*b* ĕŀĚŐįƞĬĽňĴŅĨĶģŅĬȮ2017 

Standard Paint Colors 

ľŅėĺŅĴĽńĴıńĬīƢőħĵŒĝƟŏĪėĬŇė PLSȮĶŃľĺƞŅĚėƞŅĽŏĮĔĨĶńĴŐĸŃėƞŅ CIE L*a*b* ĕŀĚŐįƞĬĽň

ĴŅĨĶģŅĬȮ2017 Standard Paint ColorsȮĕŀĚŏėĶŊŗŀĚĴŊŀĴŅĨĶģŅĬľĶŊŀŏėĶŊŗŀĚȮColourFlex EZȮőħĵ

ľŅėĺŅĴĽńĴıńĬīƢįƞŅĬĞŀĲĨƢŐĺĶƢȮMATLAB 

3.3.3 ľŅėĺŅĴĽńĴıńĬīƢĶŃľĺƞŅĚĽŏĮĔĨĶńĴĕŀĚŐįƞĬĽňĴŅĨĶģŅĬȮ2017 Standard Paint ColorsȮ

ěŅĔŏėĶŊŗŀĚȮLineScan Color Meter ĔńĭėƞŅ CIE L*a*b* ĕŀĚŏėĶŊŗŀĚȮColourFlex EZ 

ľŅėĺŅĴĽńĴıńĬīƢőħĵŒĝƟŏĪėĬŇėȮPLSȮĶŃľĺƞŅĚĽŏĮĔĨĶńĴĪňŗĺńħőħĵŏėĶŊŗŀĚȮLineScan Color 

Meter ĔńĭėƞŅ CIE L*a*b* ĕŀĚŏėĶŊŗŀĚĴŊŀĴŅĨĶģŅĬľĶŊŀŏėĶŊŗŀĚȮColourFlex EZȮįƞŅĬĞŀĲĨƢŐĺĶƢȮ

MATLABȮĞŉŗĚěŃœħƟėƞŅŏĴĪĶŇĔĞƢĕŀĚȮloading ŐĸŃėƞŅȮB0 ĽŜŅľĶńĭŒĝƟŒĬĔŅĶĽĶƟŅĚĽĴĔŅĶĔŅĶĪŜŅĬŅĵ 

3.3.4 ĬŜŅĽĴĔŅĶĔŅĶĪŜŅĬŅĵœĮŐĪĬėƞŅŒĬĞŀĲĨƢŐĺĶƢĪňŗĽĶƟŅĚĕŉŘĬ 

őħĵĬŜŅŏĴĪĶŇĔĞƢĕŀĚĽŏĮĔĨĶńĴĪňŗĺńħėƞŅőħĵŏėĶŊŗŀĚȮLineScan Color Meter ėŌĦĔńĭŏĴĪĶŇĔĞƢȮ

loadingȮĪňŗœħƟĴŅěŅĔĔŅĶĪŜŅȮPLS ĕŀĚľńĺĕƟŀĪňŗȮ1,1,1ȮŐĸŃĭĺĔĔńĭȮB0 ĪňŗœħƟĴŅěŅĔľńĺĕƟŀŏħňĵĺĔńĬ 

3.3.5 ĺńħėƞŅȮCIE L*a*b* ħƟĺĵŏėĶŊŗŀĚȮLineScan Color Meter 

ĺńħėƞŅȮCIE L*a*b* ĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚħƟĺĵŏėĶŊŗŀĚȮLineScan Color MeterȮĪňŗįƞŅĬĔŅĶŒĽƞ

ĽĴĔŅĶĪŜŅĬŅĵĨŅĴľńĺĕƟŀĪňŗȮ1,1,2 
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3.4 ĪħĽŀĭėĺŅĴŐĴƞĬĵŜŅĕŀĚŏėĶŊŗŀĚĴŊŀĪňŗŀŀĔŐĭĭ 

ľŅėŋĦĳŅıľĶŊŀėĺŅĴŐĴƞĬĵŜŅĕŀĚĽĴĔŅĶĪŜŅĬŅĵȮőħĵľŅėƞŅȮR2 ĶŃľĺƞŅĚėƞŅȮCIE L*a*b* ĕŀĚ

ĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĪňŗĺńħħƟĺĵŏėĶŊŗŀĚȮLineScan Color Meter ŐĸŃėƞŅȮCIE L*a*b* ĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĪňŗ

ĺńħħƟĺĵŏėĶŊŗŀĚȮColourFlex EZ 

3.4.1 ĪħĽŀĭĔŅĶĺńħėƞŅ CIE L*a*b* ĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮPVC ŐĸŃĮƤěěńĵĪňŗĴňįĸĔĶŃĪĭĨƞŀĔŅĶ

ĺńħėƞŅĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter 

őħĵĔŅĶŏĮĶňĵĭŏĪňĵĭėƞŅȮR2 ĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮPVC ĪňŗĴňėĺŅĴŐĨĔĨƞŅĚĔńĬĕŀĚĸńĔļĦŃĪŅĚ

ĔŅĵĳŅı 

3.4.1.1 įĸĕŀĚėĺŅĴľĵŅĭĕŀĚĝŇŘĬĚŅĬıĸŅĽĨŇĔ 

őħĵŒĝƟŏėĶŊŗŀĚȮLineScan Color Meter ĪŜŅĔŅĶĺńħėƞŅȮCIE L*a*b* ŐĸŃėƞŅĽŏĮĔĨĶńĴ ĕŀĚ

ĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮPVC ĪňŗĴňėĺŅĴľĵŅĭĕŀĚįŇĺĝŇŘĬĚŅĬĨƞŅĚĔńĬŒĬĨŜŅŐľĬƞĚŏħňĵĺĔńĬȮőħĵĔŅĶĬŜŅĔĶŃħŅļ

ĪĶŅĵœĮĕńħĩŌįŇĺĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮPVC ĞŉŗĚĔĶŃħŅļĪĶŅĵěŃĴňŀĵŌƞȮ0ȮĝĬŇħȮėŊŀȮĔĶŃħŅļĪĶŅĵŏĭŀĶƢȮ.Ȯ

ŐĸŃĔĶŃħŅļĪĶŅĵŏĭŀĶƢȮ/.ȮőħĵĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĪňŗĕńħĩŌħƟĺĵĔĶŃħŅļĪĶŅĵŏĭŀĶƢȮ.ȮěŃĨńŘĚĝŊŗŀĺƞŅȮ

Roughness I ŐĸŃĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĪňŗĕńħĩŌħƟĺĵĔĶŃħŅļĪĶŅĵŏĭŀĶƢȮ/.ȮěŃĨńŘĚĝŊŗŀĺƞŅȮRoughness II ĞŉŗĚȮ

Roughness I ěŃĴňėĺŅĴľĵŅĭĕŀĚįŇĺĴŅĔĔĺƞŅȮRoughness IIȮĔƞŀĬĬŜŅĴŅŏĮĶňĵĭŏĪňĵĭĔńĭėƞŅȮCIE 

L*a*b(ȮĪňŗĺńħėƞŅőħĵŏėĶŊŗŀĚĴŊŀȮColourFlex EZȮŒĬĶŌĮĕŀĚėƞŅȮR2 

3.4.1.2 įĸĕŀĚėĺŅĴľĬŅĕŀĚĝŇŘĬĚŅĬıĸŅĽĨŇĔ 

őħĵŒĝƟŏėĶŊŗŀĚȮLineScan Color Meter ĪŜŅĔŅĶĺńħėƞŅȮCIE L*a*b* ŐĸŃėƞŅĽŏĮĔĨĶńĴ ĕŀĚ

ĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮPVC ĪňŗĴňėĺŅĴľĬŅĕŀĚĝŇŘĬĚŅĬĨƞŅĚĔńĬŒĬĨŜŅŐľĬƞĚŏħňĵĺĔńĬ ĔƞŀĬĬŜŅĴŅŏĮĶňĵĭŏĪňĵĭĔńĭ

ėƞŅȮCIE L*a*b*ȮĪňŗĺńħėƞŅőħĵŏėĶŊŗŀĚĴŊŀȮColourFlex EZȮŒĬĶŌĮĕŀĚėƞŅȮR2 

3.4.2 ĪħĽŀĭĔŅĶĺńħėƞŅȮCIE L*a*b* ĕŀĚĨńĺŀĵƞŅĚıŀĸŇŏĴŀĶƢĽňĪňŗĴňĕŅĵŀĵŌƞĪńŗĺœĮĕŀĚŏėĶŊŗŀĚȮ

LineScan Color Meter 

őħĵŒĝƟŏėĶŊŗŀĚȮLineScan Color Meter ĪŜŅĔŅĶĺńħėƞŅȮCIE L*a*b* ĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚıŀĸŇ

ŏĴŀĶƢĽňĪňŗĴňĕŅĵŀĵŌƞĪńŗĺœĮ ĔƞŀĬĬŜŅĴŅŏĮĶňĵĭŏĪňĵĭĔńĭėƞŅȮCIE L*a*b* ĪňŗĺńħėƞŅőħĵŏėĶŊŗŀĚĴŊŀȮColourFlex 

EZȮŒĬĶŌĮĕŀĚėƞŅȮR2 
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įĸĔŅĶĪħĸŀĚ 

4.1 őėĶĚĽĶƟŅĚŐĸŃŀĚėƢĮĶŃĔŀĭĕŀĚŏėĶŊŗŀĚĺńħėƞŅȮCIE L*a*b ŐĭĭȮLineScan Color Meter 

4.1.1 őėĶĚĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter ŐĸŃŐľĸƞĚĔŜŅŏĬŇħŐĽĚ 

ŏėĶŊŗŀĚȮLineScan Color Meter ěŃĨŇħĨńŘĚőħĵŏĶŇŗĴěŅĔėĺŅĴĔĺƟŅĚŒĬĔŅĶĺńħėƞŅŀĵŌƞĪňŗȮ1.Ȯ

ŏĞĬĨŇŏĴĨĶȮőħĵőėĶĚŏėĶŊŗŀĚĽƞĺĬŒľĠƞěŃŒĝƟŀĸŌĴŇŏĬňĵĴőĮĶœĲĸƢĮĶŃĔŀĭĔńĬȮőħĵŒĝƟŀĸŌĴŇŏĬňĵĴĪňŗĴňĕĬŅħ

ľĬƟŅĨńħŏĪƞŅĔńĭȮ10×10ȮĴŇĸĸŇŏĴĨĶȮĩńħěŅĔıŊŘĬľĸńĚěŃŏĮƦĬĽĸŇĨĕĬŅħȮ300×1ȮĴŇĸĸŇŏĴĨĶȮŏıŊŗŀĮƚŀĚĔńĬŐĽĚ

ĽƞĺĬŏĔŇĬȮĞŉŗĚŏĮƦĬŏľĨŋĪňŗěŃĪŜŅŒľƟĽŏĮĔĨĶńĴĪňŗœħƟĮĬĔńĬȮőħĵĽĸŇĨĔńĭıŊŘĬĺŅĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚěŃĴňĶŃĵŃľƞŅĚ

ŏĪƞŅĔńĭȮ01ȮŏĞĬĨŇŏĴĨĶȮħńĚĳŅıĪňŗȮȮ51 

 
ĳŅıĪňŗȮȮ51 ŏėĶŊŗŀĚĺńħėƞŅȮCIE L*a*b* ŐĭĭȮLineScan Color Meter 

ŒĬĽƞĺĬĕŀĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚĪŜŅĔŅĶĨŇħĨńŘĚŐľĸƞĚĔŜŅŏĬŇħŐĽĚľƞŅĚěŅĔıŊŘĬĺŅĚĨńĺŀĵƞŅĚȮ9ȮŏĞĬĨŇŏĴĨĶȮŐĸŃ

ĪŜŅĴŋĴȮ23ȮŀĚĻŅĔńĭĨŜŅŐľĬƞĚĨńĺŀĵƞŅĚȮħńĚĳŅıĪňŗȮȮ52ȮĞŉŗĚŏĮƦĬœĮĨŅĴĴŅĨĶģŅĬĕŀĚȮCommission 

Glrcpl_rgml_jȮbcjŲCaj_gp_ec 

 
ĳŅıĪňŗȮȮ52 ŐľĸƞĚĔŜŅŏĬŇħŐĽĚĕŀĚŏėĶŊŗŀĚĺńħėƞŅȮCIE L*a*b* ŐĭĭȮLineScan Color Meter 
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4.1.2 ĶŃĭĭŏĸĬĽƢŐĸŃŏĔĶĨĨŇĚ 

ŏĶŇŗĴěŅĔĨŇħĨńŘĚŏĸĬĽƢĨńĺŐĶĔŒľƟĴňĶŃĵŃľƞŅĚěŅĔĽĸŇĨȮ43.5ȮŏĞĬĨŇŏĴĨĶȮĽƞĺĬŏĸĬĽƢĨńĺĪňŗĽŀĚěŃĴň

ĶŃĵŃľƞŅĚěŅĔŏĸĬĽƢĨńĺŐĶĔŏĪƞŅĔńĭȮ3ȮŏĞĬĨŇŏĴĨĶȮ&ěŅĔĔĸŅĚŏĸĬĽƢĨńĺŐĶĔĩŉĚľĸńĚŏĸĬĽƢĨńĺĪňŗĽŀĚ'ȮőħĵľńĬ

ħƟŅĬĬŌĬœĮĪŅĚĽĸŇĨħńĚĳŅıĪňŗȮȮ51 

 
ĳŅıĪňŗȮȮ53 ĶŃĭĭŏĸĬƢȮŏĔĶĨĨŇĚȮŐĸŃĔĸƟŀĚĕŀĚŏėĶŊŗŀĚ 

ŏľĨŋĪňŗĨƟŀĚŒĝƟŏĸĬĽƢĬŌĬħƟŅĬŏħňĵĺŏıŊŗŀĸħĮĶŅĔĢĔŅĶĦƢȮBarrel distortionȮĞŉŗĚĮĶŅĔĢĔŅĶĦƢħńĚĔĸƞŅĺěŃ

ĪŜŅŒľƟĳŅıĕŀĚŐĩĭĽňĪňŗĮĶŅĔĢĭĬŏĞĬŏĞŀĶƢėĸŅħŏėĸŊŗŀĬȮĪŜŅŒľƟĵŅĔĨƞŀĔŅĶĮĶńĭŏĪňĵĭėĺŅĴĵŅĺėĸŊŗĬȮőħĵ

ľŅĔŏĔŇħĮĶŅĔĢĔŅĶĦƢĕƟŅĚĨƟĬěŃĪŜŅŒľƟĳŅıŐĩĭĽňĪňŗĮĶŅĔĢŀĵŌƞŏĸŊŗŀĴĔńĬŏĮƦĬĸńĔļĦŃĕŀĚŏĽƟĬőėƟĚȮěŉĚĪŜŅŒľƟ

ĳŅıĝŇŘĬĚŅĬĪňŗĮĶŅĔĢœĮĮĶŅĔĢŀĵŌƞĭĶŇŏĺĦĕŀĭĪńŘĚĽŀĚĕƟŅĚĕŀĚģŅĬĺŅĚĝŇŘĬĚŅĬȮŒĬĽƞĺĬĕŀĚŏĔĶĨĨŇĚȮŏĔĶĨ

ĨŇĚěŃĪŜŅĴŋĴȮ47ȮŀĚĻŅĔńĭıŊŘĬĶŃĬŅĭŐĸŃĔĸƟŀĚĪŜŅĴŋĴȮ17ȮŀĚĻŅĔńĭıŊŘĬĶŃĬŅĭȮőħĵĳŅıĪňŗįƞŅĬĔŅĶĮĶńĭ

ĨŜŅŐľĬƞĚŐĸƟĺȮŏĴŊŗŀĪŜŅĔŅĶĩƞŅĵĳŅıĽŏĮĔĨĶńĴĕŀĚľĸŀħȮLED ĪňŗŏĮƦĬĔŅĶįĽĴœħőŀħŐĽĚȮ1ȮĽňȮœħƟŐĔƞȮĽň

ŐħĚȮĽňŏĕňĵĺȮŐĸŃĽňĬŘŜŅŏĚŇĬȮěŃĮĶŅĔĢħńĚĳŅıĪňŗȮȮ54ȮěŃŏľŖĬœħƟĺƞŅĳŅıĪňŗĮĶŅĔĢėƞŀĬĕƟŅĚĨĶĚŐĸŃĽĴĴŅĨĶȮ

ĔĸƞŅĺėŊŀĴňĕĬŅħėƞŀĬĕƟŅĚŏĪƞŅĔńĬŒĬŐĩĭĽňĪňŗŏĮƦĬĽňŏħňĵĺĔńĬ 
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ĳŅıĪňŗȮȮ54ȮĳŅıĩƞŅĵĽŏĮĔĨĶńĴĕŀĚľĸŀħȮLED ěŅĔœĲȮLED ŐĭĭŏĽƟĬ 
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4.1.3 ĞŀĲĨƢŐĺĶƢ 

ŒĬĚŅĬĺŇěńĵĬňŘěŃŒĝƟĞŀĲĨƢŐĺĶƢľĸńĔȮŕȮŀĵŌƞĪńŘĚľĴħȮ0ȮĞŀĲĨƢŐĺĶƢȮœħƟŐĔƞȮMATLAB ŐĸŃȮLabview 

őħĵȮMATLAB ěŃĴňĔŅĶŏĕňĵĬĕŉŘĬĴŅŏıŊŗŀĪŜŅľĬƟŅĪňŗȮ0ȮľĬƟŅĪňŗėŊŀȮĔŅĶľŅĽŏĮĔĨĶńĴěŅĔıŇĔŏĞĸȮŐĸŃľŅ

ėĺŅĴĽńĴıńĬīƢĶŃľĺƞŅĚĽŏĮĔĨĶńĴŐĸŃėƞŅȮCIE L*a*b ĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴȮĶĺĴĩŉĚĔŅĶĽĶƟŅĚĽĴĔŅĶĔŅĶ

ĪŜŅĬŅĵėƞŅȮĽƞĺĬȮLabview ĬńŘĬěŃĪŜŅľĬƟŅĪňŗŏĮƦĬőĮĶŐĔĶĴĺńħėƞŅȮCIE L*a*b( ěŅĔĝŇŘĬĚŅĬőħĵĨĶĚȮĞŉŗĚěŃ

ĪŜŅľĬƟŅĪňŗėĺĭėŋĴĔŅĶěńĭĳŅıĽŏĮĔĨĶńĴĕŀĚĝŇŘĬĚŅĬĨńĺŀĵƞŅĚȮŐĸƟĺĬŜŅœĮŏĕƟŅĽĴĔŅĶĪŜŅĬŅĵĪňŗľŅœħƟěŅĔ

őĮĶŐĔĶĴĪňŗŏĕňĵĬĕŉŘĬőħĵĞŀĲĨƢŐĺĶƢȮMATLAB 

 
ĳŅıĪňŗȮȮ55ȮŐįĬĳŅıĔŅĶŒĝƟĞŀĲĨƢŐĺĶƢ 

ĕńŘĬŐĶĔľĸńĚěŅĔœħƟĳŅııŇĔŏĞĸŐĸƟĺȮěŃĬŜŅĳŅıħńĚĔĸƞŅĺœĮŏĕƟŅ MATLAB ĪňŗŏĕňĵĬĕŉŘĬŒľƟŐĮĸĚėƞŅėĺŅĴ

ŏĕƟĴĕŀĚŐĽĚŒĬŐĨƞĸŃıŇĔŏĞĸŒľƟŏĮƦĬĨńĺŏĸĕȮĞŉŗĚěŃœħƟėƞŅĕŀĚėĺŅĴŏĕƟĴŐĽĚŐĨƞĸŃıŇĔŏĞĸŀŀĔĴŅŏĮƦĬœĲĸƢ

ĽĔŋĸȮComma Separated Value (.csv) ŏľĨŋĪňŗĪŜŅĔŅĶŏĕňĵĬŒľƟŀŀĔĴŅŏĮƦĬœĲĸƢĽĔŋĸħńĚĔĸƞŅĺŏıĶŅŃ

œĲĸƢĪňŗœħƟěŃĴňĕĬŅħŏĸŖĔȮĽŅĴŅĶĩŏĮƕħœħƟľĸŅĵőĮĶŐĔĶĴœĴƞĺƞŅěŃŏĮƦĬȮNotepad Text Editor ŐĸŃȮ

Microsoft Excel ĔƞŀĬěŃĬŜŅœĮŐĮĸĚėƞŅıŇĔŏĞĸŏĮƦĬėƞŅėĺŅĴĵŅĺėĸŊŗĬĨƞŀœĮŒĬĕńŘĬĨŀĬĔŅĶŏĪňĵĭ

ĴŅĨĶģŅĬ 
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ĳŅıĪňŗȮȮ56 ĔŅĶŐĮĸĚĶŌĮĳŅıŏĮƦĬėƞŅėĺŅĴŏĕƟĴŐĽĚĕŀĚŐĨƞĸŃıŇĔŏĞĸ 

 

4.2 ĔŅĶŏĪňĵĭĴŅĨĶģŅĬ 

ĪŜŅĔŅĶĮĶńĭŏĪňĵĭőħĵĺŇīňĨŅĴŐĭĭŒĬľńĺĕƟŀĪňŗȮ1,0,3ȮĪŜŅŒľƟœħƟėƞŅıŅĶŅĴŇŏĨŀĶƢĨƞŅĚȮŕȮħńĚĨŅĶŅĚĪňŗȮȮ8  

ĨŅĶŅĚĪňŗȮȮ8ȮŐĽħĚėƞŅėĺŅĴĵŅĺėĸŊŗĬĕŀĚŏĸŏĞŀĶƢŒĬŐĨƞĸŃŏėĶŊŗŀĚŐĸŃıŅĶŅĴŇŏĨŀĶƢĨƞŅĚȮŕȮľĸńĚįƞŅĬĔŅĶŒĝƟ 
Solver 

 

beta n_l XcenterWmean

Blue 404 432.99

Green 532 532.15

Red 655 654.98

ėƞŅıŅĶŅĴŇŏĨŀĶƢŒĬĽĴĔŅĶȮPower law
Laser Tec5LineScanSqrtError

0.0231.1996131.0526890 374.4153
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ĳŅıĪňŗȮȮ57ȮĔĶŅĲŐĽħĚėƞŅėĺŅĴĵŅĺėĸŊŗĬĕŀĚŏėĶŊŗŀĚĴŊŀĪńŘĚĽŀĚĪňŗįƞŅĬĲƤĚĔƢĝńĬȮSolver 

ěŅĔĳŅıĪňŗȮȮ57ȮěŃŏľŖĬĺƞŅėƞŅėĺŅĴĵŅĺėĸŊŗĬěŅĔŏĸŏĞŀĶƢĪńŘĚȮ1ȮĝĬŇħȮĶŃľĺƞŅĚŏėĶŊŗŀĚȮ

Multispectrometer ŐĸŃȮLineScan Color Meter ĴňėƞŅŒĔĸƟŏėňĵĚĔńĬĪŜŅŒľƟĽŅĴŅĶĩĬŜŅĝŋħėƞŅėĺŅĴ

ĵŅĺėĸŊŗĬœĮŐĪĬŒĬŏĸĕıŇĔŏĞĸĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter œħƟ ĞŉŗĚĴňėĺŅĴĸŃŏŀňĵħŏĜĸňŗĵŏĪƞŅĔńĭȮ

1.5954ȮĬŅőĬŏĴĨĶĨƞŀıŇĔŏĞĸȮőħĵŏĶŇŗĴıŇĔŏĞĸŐĶĔĪňŗȮ374.4153ȮĬŅőĬŏĴĨĶȮŐĸŃıŇĔŏĞĸĽŋħĪƟŅĵĪňŗȮ

731.7878 ĬŅőĬŏĴĨĶ 
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4.3 ĔŅĶĽĶƟŅĚĽĴĔŅĶĔŅĶĪŜŅĬŅĵĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter 

ĔŅĶĽĶƟŅĚĽĴĔŅĶĪŜŅĬŅĵőħĵŒĝƟŏĪėĬŇėȮPartial Least Squares regression (PLS)ȮĔńĭŐįƞĬĽň

ĴŅĨĶģŅĬȮ2017 Standard Paint Colors őħĵŒľƟėƞŅŏĮƚŅľĴŅĵŏĮƦĬėƞŅȮCIE L*a*b ŐĸŃėƞŅĨńĺŐĮĶĨƟĬ

ŏĮƦĬėƞŅĽŏĮĔĨĶńĴȮĪŜŅŒľƟœħƟėƞŅȮLoading ŀŀĔĴŅŒĬĶŌĮĕŀĚŏĴĪĶŇĔĞƢĕĬŅħȮ1 ėŌĦĔńĭěŜŅĬĺĬĕŀĚěŋħ

ĪńŘĚľĴħŒĬȮ1 ŏĽƟĬĽŏĮĔĨĶńĴȮŐĸŃȮB0 ėŊŀėƞŅŏĶŇŗĴĨƟĬŏĴŊŗŀĨńĺŐĮĶĨƟĬĴňėƞŅŏĪƞŅĔńĭȮ0ȮŏĬŊŗŀĚěŅĔĕƟŀěŜŅĔńħŒĬ

ĔŅĶĺńħĪňŗĴňģŅĬĺŅĚĝŇŘĬĚŅĬŏĮƦĬĽňħŜŅĪŜŅŒľƟŏėĶŊŗŀĚȮLineScan Color Meter œĴƞĽŅĴŅĶĩĺńħĽŏĮĔĨĶńĴěŅĔ

ĝŇŘĬĚŅĬĪňŗĴňĽňħŜŅœħƟȮŏĬŊŗŀĚěŅĔĽŏĮĔĨĶńĴĔĸŊĬœĮĔńĭıŊŘĬľĸńĚȮĪŜŅŒľƟĨƟŀĚĨńħŏĜħĽňħŜŅĪňŗĴňėĺŅĴŒĔĸƟŏėňĵĚĔńĭıŊŘĬ

ľĸńĚŀŀĔĪńŘĚľĴħȮ5ȮĽňȮĞŉŗĚĽŏĮĔĨĶńĴĪňŗŏėĶŊŗŀĚȮLineScan Color Meter ĽŅĴŅĶĩĺńħėƞŅœħƟĬńŘĬȮěŃœĴƞįƞŅĬ

ĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴľĶŊŀĔŅĶĲƕĸŏĨŀĶƢŀŀĔȮŏĬŊŗŀĚěŅĔĔŅĶŒĝƟĔŅĶĮĶńĭĮĶŋĚĽŏĮĔĨĶńĴőħĵŏĪėĬŇė 

Normalization, SNVȮŐĸŃ MSCȮœĴƞĴňėƞŅĨƞŅĚĔńĬĴŅĔĬńĔĔńĭĔŅĶŒĝƟĽŏĮĔĨĶńĴħŇĭȮŀňĔĪńŘĚĔŅĶĮĶńĭĮĶŋĚ

ĽŏĮĔĨĶńĴěŃœĮĶĭĔĺĬėĺŅĴŐĴƞĬĵŜŅĕŀĚėƞŅȮL* ŏĬŊŗŀĚěŅĔŏĪėĬŇėĨƞŅĚȮŕȮĪŜŅĔŅĶĮĶńĭėĺŅĴŏĕƟĴĕŀĚŏĽƟĬ

ĽŏĮĔĨĶńĴŒľƟŀĵŌƞŒĬĝƞĺĚŏĽƟĬģŅĬ(Baseline) ŏħňĵĺĔńĬȮĽƞĺĬĔŅĶŒĝƟĲƕĸŏĨŀĶƢȮS.Golay ěŃĽƞĚįĸĪŜŅŒľƟėƞŅȮR2 

ĴňėƞŅĸħĸĚŏĸŖĔĬƟŀĵȮħńĚĬńŘĬěŉĚŏĸŊŀĔŒĝƟĽŏĮĔĨĶńĴħŇĭŒĬĔŅĶėŜŅĬĺĦȮŏıĶŅŃŒĬŐĚƞĕŀĚėĺŅĴŏĶŖĺŒĬĔŅĶ

ĮĶŃĴĺĸįĸĕŀĚőĮĶŐĔĶĴĪňŗŏĕňĵĬĕŉŘĬěŃŏĶŖĺĔĺƞŅĔŅĶŒĝƟŏĪėĬŇėĔŅĶĮĶńĭĮĶŋĚŐĸŃĲƕĸŏĨŀĶƢ 

 
ĳŅıĪňŗȮȮ58 ŐĽħĚėƞŅȮLoading ĪňŗœħƟěŅĔŏĪėĬŇėȮPartial Least Squares regression (PLS) őħĵŒľƟ

ŀńĸĔŀĶŇĪŉĴĴňȮncomp ŏĪƞŅĔńĭȮ3 
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ěŅĔĳŅıĪňŗȮȮ58ȮŏĮƦĬĔĶŅĲŐĽħĚėƞŅȮLoading őħĵŒľƟěŜŅĬĺĬėƞŅ PC score ĽŜŅľĶńĭŒľƟŀńĸĔŀĶŇĪŉĴ

ŏĸŊŀĔŒĝƟȮ3ȮėƞŅıĭĺƞŅȮėƞŅ Loading ĕŀĚėƞŅȮL*ȮěŃŒľƟėĺŅĴĽŜŅėńĠŏĮƦĬĭĺĔĪňŗĮĶŃĴŅĦĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬȮ

20.-23.ȮĬŅőĬŏĴĨĶȮ3..-35.ȮĬŅőĬŏĴĨĶȮŐĸŃȮ37.-41.ȮĬŅőĬŏĴĨĶȮĞŉŗĚŏĮƦĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĕŀĚĽň

ĮģĴĳŌĴŇĕŀĚŐĽĚėŊŀȮĽňĬŘŜŅŏĚŇĬȮĽňŏĕňĵĺȮŐĸŃĽňĽƟĴŐħĚȮĨŅĴĸŜŅħńĭȮŏľĨŋĪňŗŒľƟėĺŅĴĽŜŅėńĠĪňŗėƞŅėĺŅĴĵŅĺėĸŊŗĬ

ŒĬĝƞĺĚĽňĽƟĴŐħĚĴŅĔĔĺƞŅĽňŐħĚŏĮƦĬŏıĶŅŃŏĞĬŏĞŀĶƢĕŀĚĔĸƟŀĚŒĝƟŒĬĚŅĬĺŇěńĵĬňŘȮĴňėĺŅĴĺƞŀĚœĺĨƞŀėƞŅėĺŅĴ

ĵŅĺėĸŊŗĬĪňŗĮĶŃĴŅĦȮ4/.ȮĬŅőĬŏĴĨĶȮħńĚŐĽħĚŒĬĳŅıĪňŗȮȮ47ȮĞŉŗĚĨŅĴĬŇĵŅĴŏĴŊŗŀĶĺĴĽňĮģĴĳŌĴŇĕŀĚŐĽĚěŃ

œħƟŏĮƦĬĽňĕŅĺħńĚŐĽħĚŒĬĳŅıĪňŗȮȮ2ȮĔ,'ȮľĶŊŀĨŅĴŐľĸƞĚĔŜŅŏĬŇħŐĽĚĕŀĚŏėĶŊŗŀĚĪňŗĴňŀŋĦľĳŌĴŇĽňȮ43.. K 

ĽŀħėĸƟŀĚĔńĭėƞŅȮL* ĪňŗŏĮƦĬėƞŅėĺŅĴĽĺƞŅĚľĶŊŀėĺŅĴŏĮƦĬĽňĕŅĺĕŀĚĽňȮŒĬĽƞĺĬĕŀĚȮLoadingȮĕŀĚėƞŅȮa* 

ěŃŒľƟėĺŅĴĽŜŅėńĠŏĮƦĬėƞŅĭĺĔĪňŗėƞŅėĺŅĴĵŅĺėĸŊŗĬĮĶŃĴŅĦȮ2/.-24.ȮĬŅőĬŏĴĨĶȮŐĸŃȮ36.-42.ȮĬŅőĬ

ŏĴĨĶȮĞŉŗĚŏĮƦĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĕŀĚĽňĬŘŜŅŏĚŇĬĔńĭĽňĽƟĴŐħĚĨŅĴĸŜŅħńĭȮŏĬŊŗŀĚěŅĔėƞŅȮa* ěŃŒľƟėƞŅĭĺĔĔńĭ

ŏĜħĽňŐħĚȮěŉĚĪŜŅŒľƟėĺŅĴĵŅĺėĸŊŗĬĕŀĚŐĽĚĪňŗŏĮƦĬĽňŐħĚĽŅĴŅĶĩĪŜŅŒľƟėƞŅȮa* ŏĮƦĬĭĺĔœħƟȮĽŜŅľĶńĭėƞŅ

ėĺŅĴĽŜŅėńĠĕŀĚȮLoading ĕŀĚėƞŅȮa* ĪňŗŏĮƦĬĭĺĔŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗŏĮƦĬŐĽĚĽňĬŘŜŅŏĚŇĬĬńŘĬȮŏĮƦĬ

ŏıĶŅŃŐĽĚĽňĬŘŜŅŏĚŇĬįĽĴĔńĭŐĽĚĽňŐħĚěŃŒľƟŐĽĚĪňŗŏĮƦĬŐĽĚĽňĭŅĬŏĵŖĬȮ&ĽňĝĴıŌŀĴĴƞĺĚ'ȮĞŉŗĚŀĵŌƞŒĬŏĜħĽňŐħĚȮ

ŒĬĽƞĺĬĕŀĚĔŅĶŒľƟėĺŅĴĽŜŅėńĠŏĮƦĬėƞŅĸĭĬńŘĬěŃŀĵŌƞŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĮĶŃĴŅĦȮ24.-33.ȮĬŅőĬŏĴĨĶȮ

ĞŉŗĚŏĮƦĬĝƞĺĚĕŀĚŐĽĚĽňŏĕňĵĺŏĮƦĬœĮĨŅĴĬŇĵŅĴĕŀĚėƞŅȮa* ĪňŗěŃŏĮƦĬĸĭŒĬŏĜħĽňŏĕňĵĺȮŐĸŃȮLoading ĕŀĚėƞŅȮ

b*ȮěŃŒľƟėĺŅĴĽŜŅėńĠŏĮƦĬėƞŅĭĺĔĪňŗėƞŅėĺŅĴĵŅĺėĸŊŗĬĮĶŃĴŅĦĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬȮ30.-41.ȮĬŅőĬŏĴĨĶȮ

ĞŉŗĚŏĮƦĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĪňŗŒľƟĽňŏĕňĵĺŀĴŏľĸŊŀĚěĬœĮĩŉĚĽňĽƟĴĨŅĴĸŜŅħńĭȮŏĬŊŗŀĚěŅĔėƞŅȮb* ěŃŏĮƦĬėƞŅĭĺĔ

ĪňŗŏĜħĽňŏľĸŊŀĚĪŜŅŒľƟŒľƟĽňŏĕňĵĺŀĴŏľĸŊŀĚěĬĩŉĚĽňĽƟĴĴňėƞŅŏĮƦĬĭĺĔȮŒĬĽƞĺĬĕŀĚėƞŅĸĭĬńŘĬěŃŀĵŌƞŒĬĝƞĺĚėĺŅĴ

ĵŅĺėĸŊŗĬĮĶŃĴŅĦȮ21.-30.ȮĬŅőĬŏĴĨĶľĶŊŀŐĽĚĽňĬŘŜŅŏĚŇĬěĬĩŉĚĽňĲƚŅĭĬĽňŏĕňĵĺȮĞŉŗĚŏĮƦĬœĮĨŅĴĬŇĵŅĴĕŀĚ

ėƞŅȮb* ĪňŗĴňėƞŅŏĮƦĬĸĭĔńĭŏĜħĽňĬŘŜŅŏĚŇĬȮŏıŊŗŀėĺŅĴĸŃŏŀňĵħŒĬĔŅĶĪŜŅĬŅĵėƞŅĪňŗĴŅĔĕŉŘĬȮĚŅĬĺŇěńĵĬňŘěŉĚĴňĔŅĶ

ŏıŇŗĴěŜŅĬĺĬėƞŅȮPC score (ncomp) ŒľƟŏĮƦĬȮ0.ȮėƞŅ 
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ĳŅıĪňŗȮȮ59 ŐĽħĚėƞŅȮLoading ŐĸŃėƞŅȮB0 ĪňŗœħƟěŅĔŏĪėĬŇėȮPartial Least  

Squares regression (PLS) 
ěŅĔĳŅıĪňŗȮȮ59ȮěŃŏĮƦĬĔŅĶėŜŅĬĺĦľŅĽĴĔŅĶőħĵĨńŘĚėƞŅŒľƟŀńĸĔŀĶŇĪŉĴěŜŅĔńħěŜŅĬĺĬȮPC scoreȮ0.ȮėƞŅȮ

ĪŜŅŒľƟŏĴĪĶŇĔĞƢėƞŅȮLoading ĪňŗœħƟȮŀĵƞŅĚŒĬĝƞĺĚėĺŅĴĵŅĺėĸŊŗĬĮĶŃĴŅĦȮ2..-2/3ȮĬŅőĬŏĴĨĶȮ373-4/.Ȯ

ĬŅőĬŏĴĨĶȮŐĸŃȮ43.-443ȮĬŅőĬŏĴĨĶĪňŗœħƟœŁœĸĪƢœĺƟŒĬĳŅıĪňŗȮȮ59ȮěŃĴňĔŅĶŒľƟėĺŅĴĽŜŅėńĠĪňŗĩňŗŐĸŃėĺŅĴ

ĸŃŏŀňĵħĪňŗĽŌĚĴŅĔȮĪŜŅŒľƟĺŇŏėĶŅŃľƢėĺŅĴĽńĴıńĬīƢœħƟĵŅĔȮŏıŊŗŀĪňŗěŃĽŅĴŅĶĩŐĵĔŏĜħĽňĪňŗĴňėĺŅĴŒĔĸƟŏėňĵĚĔńĬ

ĽŌĚœħƟ ĞŉŗĚėƞŅȮLoading ŐĸŃėƞŅ B0 ěŃĩŌĔĬŜŅĴŅŐĪĬėƞŅŒĬőĮĶŐĔĶĴĪňŗŏĕňĵĬĕŉŘĬįƞŅĬĞŀĲĨƢŐĺĶƢȮLabview 

ĨŅĴĽĴĔŅĶħńĚĨƞŀœĮĬňŘ 

ὣ ȟzz ȟz ὒ ὒ Ễ ὒ ὼ ὼ Ễ ὼ ὄ  

őħĵĪňŗ 

YL*,a*,b*   ėŊŀ ėƞŅȮL*, a* ľĶŊŀȮb* 
 [L1 L2 źȮLn]t  ėŊŀ ŏĴĪĶŇĔĞƢĕŀĚȮLoading ĕŀĚėƞŅȮL*, a* ľĶŊŀȮb*   
     ĪňŗįƞŅĬĔŅĶĪĶŅĬĽőıĽ 
 [x1 x2 źȮvn]  ėŊŀ ėƞŅĽŏĮĔĨĶńĴĪňŗĺńħœħƟ 
 [B0]   ėŊŀ ėƞŅėĚĪňŗĕŀĚŐĨƞĸŃȮLoading 
őħĵėƞŅȮLoading ĪňŗŒĝƟŏĮƦĬėƞŅĪňŗœħƟĴŅěŅĔŅĶŒĝƟŏĪėĬŇėȮPLS ĶŃľĺƞŅĚėƞŅȮCIE L*a*b* ĕŀĚŐįƞĬĽň

ĴŅĨĶģŅĬȮ2017 Standard Paint ColorsȮĪňŗĺńħőħĵŏėĶŊŗŀĚȮColourFlex EZ ĔńĭėƞŅĽŏĮĔĨĶńĴĪňŗĺńħőħĵ
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ŏėĶŊŗŀĚȮLineScan Color MeterȮěŅĔĬńŘĬĪŜŅĔŅĶľŅĮĶŃĽŇĪīŇĳŅıĕŀĚĔŅĶŒĝƟŏĪėĬŇėȮPLS őħĵįĸĔŅĶ

ėŜŅĬĺĦěŃŏĮƦĬœĮħńĚĨŅĶŅĚĪňŗȮȮ9ȮŐĸŃĔŅĶľŅėƞŅȮR2 ĶŃľĺƞŅĚėƞŅ CIE L*a*b* ĪňŗĪŜŅĬŅĵőħĵŏĪėĬŇėȮPLS 

ŐĸŃėƞŅȮCIE L*a*b* ěŅĔŏėĶŊŗŀĚȮColourFlex EZ őħĵȮR2 ĪňŗėŜŅĬĺĦœħƟĴňėƞŅĴŅĔĩŉĚȮ0.9718 ŀňĔĪńŘĚėƞŅȮ

L* a* ŐĸŃ b* ĪŋĔėƞŅĵńĚĴňėƞŅȮR2 ĴŅĔĔĺƞŅȮ.,73ȮĞŉŗĚŏĮƦĬėƞŅĪňŗĵŀĴĶńĭœħƟŒĬĔŅĶŒĝƟĽŜŅľĶńĭĔŅĶĪŜŅĬŅĵėƞŅŒĬ

ĶŃħńĭŀŋĨĽŅľĔĶĶĴ 

ĨŅĶŅĚĪňŗȮȮ9 ėƞŅĪňŗœħƟěŅĔĔŅĶėŜŅĬĺĦĮĶŃĽŇĪīŇĳŅıĕŀĚĽĴĔŅĶĔŅĶĪŜŅĬŅĵĕŀĚŐįƞĬĽňĴŅĨĶģŅĬ 

 

 Residual of Sum of Square (RSS)6267.9871

Standard Error of Estimated or 

Root mean square error (RMSE)
1.8284

Mean Absolute Error (MAE)1.3842

Normalized Root mean square 

error (NRMSE)
0.0181

 Root mean squared relative 

error (RMSRE)
14.5273

R-squared (R2) 0.99378

2017 Standard Paint Colors
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ĳŅıĪňŗȮȮ60 ŐĽħĚėƞŅȮR2 ĕŀĚėƞŅȮCIE L*a*b* ĪňŗĺńħőħĵȮColourFlex EZ (Calibration) ŐĸŃėƞŅĪňŗ
ĪŜŅĬŅĵħƟĺĵŏĪėĬŇė PLS (Validation)ȮŐĸŃėƞŅĪňŗĪŜŅĬŅĵħƟĺĵŏĪėĬŇėȮPLS (Validation)ȮŐĭĭŐĵĔėƞŅȮ

L* a* ŐĸŃȮb* 

4.4 įĸĔŅĶĪŜŅĬŅĵėƞŅȮCIE L*a*b* ĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter 

4.4.1 įĸĕŀĚĔŅĶĪŜŅĬŅĵėƞŅȮCIE L*a*b* ĕŀĚĝŇŘĬĚŅĬıĸŅĽĨŇĔȮPVC 

ľĸńĚěŅĔĔŅĶĬŜŅĽĴĔŅĶĴŅŒĽƞŒĬőĮĶŐĔĶĴĪňŗŏĕňĵĬĕŉŘĬįƞŅĬȮLabview ŏıŊŗŀĪŜŅĬŅĵėƞŅĽňŒĬŐĨƞĸŃ

ıŇĔŏĞĸŐĸƟĺħŉĚėƞŅŀŀĔĴŅŏĮƦĬœĲĸƢȮCSV ĔƞŀĬĬŜŅœĮŏĕƟŅőĮĶŐĔĶĴĪňŗŏĕňĵĬįƞŅĬȮMATLAB ŏıŊŗŀĨńħıňėĬŜŅĴŅ

ŏĮƦĬėƞŅȮCIE L*a*b* ĕŀĚŐĨƞĸŃĝŇŘĬĚŅĬȮĔƞŀĬĬŜŅėƞŅȮCIE L*a*b* ħńĚĔĸƞŅĺœĮľŅėƞŅȮR2 ŏıŊŗŀĪħĽŀĭėĺŅĴ

ŐĴƞĬĵŜŅŒĬĔŅĶĪŜŅĬŅĵėƞŅĕŀĚŏėĶŊŗŀĚȮLineScan Color Meter ħńĚĳŅıĪňŗȮȮ61 



 


