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ABSTRACT 
 
 A two-stage characterisation model between the input current values and the device CIE 

tristimulus values was derived for an LED panel.  The first stage was a non-linear transformation to 
correlate normalised current values to device dependent RGB values. The second stage involved a 
polynomial transformation, where the device dependent RGB values were transformed to device 
independent CIE tristimulus values. By using the model, a colorimetric characterisation accuracy of 
less than 1 ∆E*ab unit was achieved.  

 
1. INTRODUCTION 

 
For many applications such as signals, displays, traffic lights or task lighting, especially 

where directional light sources are required, , the potential for Light Emitting Diodes (LEDs) appears 
to be promising. Compared to traditional light sources, LEDs have several significant advantages 
which include efficiency, small size, low voltage, durability and long life. Hence, several kinds of 
LED displays have been developed and for both indoor and outdoor use. In order to control such 
displays precisely, it is essential to understand the relationship between input lighting and output 
signals. The characterisation of LED displays is, however, quite different from cathode-ray tube 
(CRT) 1 and liquid-crystal display (LCD) 2 devices and is still not well established. The aim of this 
study is to build a relationship between the input current values to the LED panel and the device 
independent CIE XYZ values via device-dependent RGB values.  

In practice, it is required not only a transform from input current values to XYZ but also from 
XYZ to input values. The former transform is called the Forward Model, the latter the Reverse Model. 
A polynomial transformation was also developed for the reverse model. 

 
2. EXPERIMENTAL DESIGN  

 
A LED panel for mixing monochromatic red, green and blue LEDs was built. The 

monochromatic red, green and blue LEDs 
were fixed symmetrically around the centre in 
the proportion of 3:1:2. LEDs with the same 
colours were built in the same cluster channel 
and each channel was controlled by adjusting 
the electrical current ( vi , v=r, g, b) to obtain 
output luminance signals (RGB). The panel 
was then placed inside an integrating sphere as 
shown in Figure 1. Chromaticity coordinates 
(x, y) and luminance (L) values of the LED 
colours controlled by electrical currents 
( ri , gi , bi ) were measured using a 
PhotoResearch PR650 telespectroradiometer. 
The measurement geometry was D/0 with a 
viewing field of 2°. The current, vi , for each 
channel varies from 5-40 mA at a 5 mA interval. 
Therefore, 512 different tristimulus values were 
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Figure 1 LED panel measured by PR650 
telespectrophotometer 
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Figure 2 A graph of normalised RGB against 
electrical current 
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Figure 3 The sum of luminance output of 
each channel against that of mixed colour

measured corresponding to the 512 sets of electrical currents ( ri , gi , bi ). The x, y and L corresponding 
to the maximum current, 40 mA, for each channel were 
transformed to the tristimulus values WX , WY and WZ  
with WY  normalised to 100. 
Figure 2 shows the scaled RGB normalised values 
versus scaled currents ri , gi  and bi . The shape 
resembles a power function with an exponent of less 
than 1. Thus, the shapes of the curves are opposite to 
those of CRTs1 and also different to LCDs2. For the 
CRT, the luminance output of each channel increases as 
a power function (with the power greater than 1) of the 
input voltage, which can be modelled very accurately. 
For the LCD, the curves often have an S shape and can be 
modelled very precisely by using an S-curve model. It is 
clear that neither the GOG model (which is commonly 
applied to CRT-based displays) nor the S-Curve model 
(used for LCD displays) can be applied to LED panels.  
 
3. DEVELOPING FORWARD LED MODELS 

 
The additivity properties of the LED panel was first examined by investigating the 

relationship between the luminous output (Lm) from a mixed colour and the sum of luminous outputs 
(Lr+Lg+Lb) from each individual channel. Figure 3 shows this relationship. It can be seen that all 
data points are consistently above the 45º line. This indicates a consistent deviation from channel 
additivity of about 2%. This is caused by the fact that when the three coloured LED clusters were 
combined together, there were cross effects between each 
channel and so some luminance was lost. 
The parameters were determined by minimising the value of S 
as given in equation (1):  

2))(( LmLLLS bgr −++=                                          (1) 

where rL , gL , bL  are the luminance output values of the 
red, green and blue LED clusters respectively. Lm is the 
luminance output value of the mixed colours, calculated 
according to equation (2): 

Lm= rL +0.97 gL +0.85 bL                                                 (2) 
Furthermore, for the Forward Models, similar to the 

CRT and LCD displays, three two-stage models were 
developed to transform the normalised electrical currents 
( ri , gi , bi ) via normalised (RGB) to CIE tristimulus values. 
The first stage was a non-linear transform to convert normalised current values to device dependent 
RGB values. The second stage was a transform where the device dependent RGB values were 
transformed to device independent CIE XYZ. 

Three models were developed and are displayed below: 
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  Here, motivated by the shapes of the curves in Figure 2, the normalised RGB values were 
determined from the normalised electrical current values ri , gi and bi using a power function with the  

factors rα , gα  and bα less than 1. Model I is based on the assumption that the ultimate output from 
the LED panel is simply the mixture of the outputs from each channel, i.e. the three channels have no 
cross effects.  

  Model II:   
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  Compared to Model I, the cross effects were observed in Model II according to equation 2. 
The ijb  coefficients were determined by using the least-squares method.  

   Model III:   

∑

∑

∑

≤++≤

≤++≤

≤++≤

=

=

=

njjj

jjj
jjjZ

njjj

jjj
jjjY

njjj

jjj
jjjX

BGRaZ

BGRaY

BGRaX

321

321
321

321

321
321

321

321
321

0
,,,

0
,,,

0
,,,

,
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
+

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

34

24

14

333231

232221

131211

b
b
b

i

i

i

bbb
bbb
bbb

B
G
R

b

g

r

α

α

α

                 (5) 

 
Model III was derived based on a polynomial characterisation model,1 where n  is the 

polynomial order. Once the coefficients of 
321 ,,, jjjXa ,

321 ,,, jjjYa ,
321 ,,, jjjZa  are determined, then for any 

given RGB signals, the corresponding CIE tristimulus values XYZ can be found using equations (5).  
To determine the coefficients of

321 ,,, jjjXa ,
321 ,,, jjjYa ,

321 ,,, jjjZa , the measured  512 data pairs 
were divided into two sets. One was the training set, and the other the testing set. For Model III, 
different orders of the polynomial were tried to obtain the best results. The optimum result with less 
than 1 ∆E*ab unit can be obtained when n is 3.  

In this research, Models I, II and III were used to predict the tristimulus values XYZ which 
corresponded to a set of input current values. CIELAB colour differences between the measured and 
predicted colours were employed to evaluate the performance of different models. 

Table 1 gives the maximum, mean and median colour differences from models I and II; Table 
2 gives the maximum, mean and median colour differences from model III using different orders. 

 
 Maximum ∆E*ab Mean ∆E*ab Median ∆E*ab 
Model I 27.70    8.92     7.82 
Model II 33.72     7.93    6.20 

Table 1: CIELAB colour difference for Model I and Model II 
 

Training Data Testing Data 
n Maximum  

∆E*ab 

Mean ∆E*ab 
 

Median ∆E*ab 
 

Maximum 
∆E*ab 

 

Mean ∆E*ab 
 

Median ∆E*ab 

1 15.64     5.11    4.52 17.47     5.26     4.85 
2 4.66    1.97     1.83 12.29   2.30     1.99 
3 2.61  0.79   0.63 11.55     1.13     0.91 
4 2.01    0.52    0.43 103.94    15.14   12.22 

Table 2: CIELAB colour difference for 3×n polynomial transfer matrices 
 
Among the three models, Model I is considered to be the worst. However, Model II is better 

than Model I mainly because it took into consideration the cross effect between each channel. It is 
obvious that Model III performed better than both model I and model II in respect of the CIELAB 
colour differences, since those colour differences are much smaller than those of models I and II. 
Furthermore, the performance of the method improved with an increase in order n, and the largest 
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improvement was found when the n was 3. The average CIELAB colour differences can be as small 
as 0.79 and 1.13 for training and test data respectively. 

Despite this, many parameters can affect the performance of the polynomial models such as 
the number and distribution of reference and test samples.  

 
4. REVERSE LED MODEL 
 In practice, transformations are needed not only from input current to XYZ values but also 
from XYZ to input values. Given tristimulus values, XYZ, we seek to find the normalised input current 
values ri , gi , bi . In this research, polynomial transformation was also employed for the reverse model: 
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  Here matrix A has been determined using the coefficients ijb  in Model II, and rα , gα  and 

bα  have been determined from Model I. Then, for any required XYZ values, the corresponding input 
electrical current values ri , gi , bi can be calculated according to equation (6). 

  The performance of the Reverse Model was tested using the same strategy as before. The 
calculated electrical current values ri , gi and bi  were used to predict the corresponding XYZ values 
via Model III. CIELAB colour differences between the measured and predicted colours were 
employed to evaluate the performance of the reverse model. As with the Forward Model, the best 
performance of the Reverse Model was achieved when n was 3. This time, the colour difference was 
1.78, which is considered as not very satisfactory.  

 Maximum ∆E*ab Mean ∆E*ab Median ∆E*ab 
Reverse Model (n=3) 8.77 1.78 1.53 

Table 3: CIELAB colour difference for the Reverse Model (n=3) 
 
5. CONCLUSIONA LED panel for mixing monochromatic red, green and blue LEDs was built. The 
chromaticity coordinates (x, y) and luminance (L) values of the colours of the LED panel were 
measured using a PR650 telespectroradiometer for input currents ranging from 5-40 mA at intervals 
of 5mA. For the Forward Model, three two-stage models were considered for transforming the 
normalised electrical currents values ( ri , gi , bi ) to the CIE tristimulus values (XYZ). Each model was 
evaluated by calculating CIELAB colour differences between the measured and predicted colours. It 
was found that the polynomial models had the best performance compared to the other two models, 
especially when the order, n, was 3. For the Reverse Model, the polynomial transformation was also 
employed and it had the best performance when the order was 3. 
 
References 
1. R.S. Berns, RJ Motta and ME Gorzynski, “CRT colorimetry, part I:, theory and practice,” Color Research and 
Application 18(1993), 299-314. 
2. Y. Kwak and L. MacDonald, “Characterization of a desktop LCD projector,” Displays 21(2000), 179-194. 
3. C.J. Li, G.H. Cui and M.R. Luo, “The accuracy of polynomial models for characterizing digital cameras,” 
AIC conference, Bangkok, Thailand, 2003.   



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


