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The default method for color representation on displays involves sRGB as device-independent encoding color 
space. For improving color reproduction accuracy, we develop a device-specific display characterization model for 
the Apple iPad Air 2. This is combined with an easy-to-implement new method to account for the influence of 
ambient illuminance. The combination is called the Mobile Display Characterization and Illumination (MDCIM) 
Model for the iPad Air 2, representing modern LCD displays. Seven observers performed psychophysical tests at 
ambient illuminance levels from 600 to 3000 lx. They visually compared colors of calculated images with those of 
physical RAL samples. The MDCIM model achieves similar color reproduction accuracy as when using the default 
method involving sRGB encoding at 1000 lx, while considerably improving color accuracy at other illuminance 
levels. At 600 lx 98% of the observations prefer images directly generated with the MDCIM model over those 
created using the default method. The average color reproduction accuracy improves by two categories on a five-
point scale. At 3000 lx, the percentage of colors that is represented at least reasonably well increased from 0% to 
60%.  
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1. INTRODUCTION There are several applications that may benefit from higher color reproduction accuracy when displaying colors on a display. Examples of such applications are e-commerce of fashion and software applications for interior design. In such applications, it may not be sufficient to use a device-independent color space such as sRGB, which is the default encoding color space for non-high-end users of electronic displays. Instead, a device-specific display characterization model may be preferred.  In case the display is part of a mobile device, also ambient lighting conditions need to be considered for improving color reproduction accuracy. Mobile displays are designed to be used under a wide variety of ambient lighting conditions [1]. Even excluding outdoor conditions, illuminance levels for office applications already vary between typically 500 and 2000 lx [2]. It is well known that the ambient luminance level has a strong influence on the optimum color representation on a display.  For achieving good color reproduction accuracy, the mobile device should therefore use (i) a device-specific display characterization model and (ii) a method to account for ambient illuminance. In the 

current paper, we will develop a model for the Apple iPad Air 2 that accounts for both aspects, and that aims at an improved color reproduction accuracy as perceived by the user of the display. The model developed here utilizes reflection data originating from spectrophotometers as device-independent colorimetric data. The model is not applicable for cases in which only color data is available from much more common image capturing devices, such as flatbed scanners or cameras. The new model also cannot be used for soft proofing tasks, where the target is to achieve a good color match between displayed images and printed images [3]. In this article we develop the Mobile Display Characterization and Illumination Model (MDCIM), specifically for use on mobile displays. The model is applied here for the case of the Apple iPad Air2 display, as a representative of liquid crystal display (LCD) technology. The MDCIM model exploits the fact that most mobile displays contain a light sensor which can be used to measure the ambient luminance level. The new model also exploits the fact that users of a mobile display have hardly any possibility to change the display settings. This is in contrast to computer displays, which usually do allow users to change display brightness, contrast etc., often even without enabling software to determine those settings. Also, the number of different models of smartphones and tablets is much smaller than the number of 
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combinations of computers and monitors, making the new model best suitable for mobile displays [4]. The display characterizing model for the Apple iPad Air 2 will be based on luminance measurements from the display. For quantifying the perceived color reproduction accuracy, we decided to use visual tests involving human observers in a range of different illumination conditions.  A number of relevant expressions for the display characterization model are briefly summarized in section 2A. In section 2B, we show how different ambient luminance levels are accounted for in the MDCIM model. The luminance measurements and the resulting display characterization model for the Apple iPad Air 2 are discussed in section 3A. The subsequent sections discuss the visual tests for assessing the perceived color reproduction accuracy. The results from the visual tests are discussed in section 4.  
2. METHODS 

2A. Display characterization model Color measurements on physical samples are usually expressed in terms of colorimetric parameters such as CIELAB. From these, the tristimulus values X, Y, Z can be calculated. In order to be able to calculate parameters of an image representing the physical sample, the tristimulus values are usually converted into luminances YR, YG and YB of the red, green and blue channel of a display. The GOG-model from Berns et al. establishes this conversion, and was shown to be well applicable for CRT displays [5][6]. For LCD displays such as the Apple iPad Air 2, a modification is needed that will be discussed in section 3A. 
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In equation (1) the luminance of the red, green and blue channel is assumed to show the following functional dependence on the digital values dR, dG and dB for each color channel (each scaled between 0 and 1):  
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0ddifdY RRR ≤⋅= β   (    ) 

0ddifdY GGG ≤⋅= β   (2b) 

0ddifdY BBB ≤⋅= β   (2b) The functions appearing in equation (2a) are the Tone Reproduction Curves (TRCs). In sRGB encoding space, it is assumed that the matrix M in eq. (1) is given by the following expression [7]: 
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and that the parameters gamma γ = 2.4, gain k1 = 1/1.055 and offset k2 = 0.055/1.055 are identical for all three channels. The threshold parameter d0 is further discussed in the Appendix. The elements of matrix M as appearing in equation (3) are related to the chromaticity 

values (x, y) of the red, green and blue channel, and also to the maximum luminance Ymax of these channels [8][9]:  
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Therefore, the numerical values for matrix M correspond to a particular choice of values for the chroma and maximum luminance of the display channels. These display specifications underlying sRGB color space are summarized in Table 1. 
 

Table 1. Display specifications assumed when sRGB color 
space was defined. These specifications include the 

chromaticity coordinates (x,y) and luminance maximum 
Ymax for the red, green and blue channel. 

sRGB Red Green Blue
x 0.64 0.30 0.15
y 0.33 0.60 0.06
Ymax  (cd/m2) 21.26 71.52 7.22 The so-called display primaries defined in Table 1 were defined already in 1991 by the CCIR (Comité Consultatif International pour la Radio, now replaced by the International Telecommunication Union ITU) recommendation BT.709 for high definition television. The values of the parameters k1 (gain) and k2 (offset) that are another part of the definition of sRGB color space are derived based on purely mathematical arguments, without considering the specifications of an actual display. This is shown in the Appendix. Finally, the value of 2.4 for the gamma γ parameter in the definition of sRGB color space is partly a heritage from parametrizations dating back from before 1998 [7][10], and partly an optimization for a reference ambient illuminance level of 64 lx [7]. The international standard specifying sRGB color space remarks that the typical office or home viewing environment has an ambient illuminance level of 350 lx, i.e. exceeding 64 lx [7]. We note that the International Color Consortium recommends that for situations differing from the reference viewing environment, the value for the gamma parameter in the definition of sRGB color space should be modified [11]. Modern mobile displays are typically viewed under much brighter lighting conditions than 64 or 350 lx. Also, modern mobile displays have colorimetric specifications differing substantially from those listed in Table 1. For these reasons, although the use of sRGB color space is convenient as a device-independent encoding color space, improved color reproduction accuracy may be achieved by using a device-dependent display characterization model. Such improvements have been shown before for other, non-mobile LCD displays [12][13].  
2B. The Mobile Display Characterization and Illumination Model  Inspired by a paradigm recently published to improve color reproduction accuracy for LCD displays in medical applications [14], but without aiming at specific display calibration methods for medical applications such as gray-scale standard display function (GSDF) [15], we derive the following method to achieve the same goal for mobile displays. We use equation (4) to account for displays with different colorimetric properties than those listed in Table 1. Note that the matrix elements defined in equation (4) result in tristimulus values in equation (1) that carry the dimension of luminance. For calculating colorimetric parameters such as CIELab values also the tristimulus values of reference white need to be expressed as luminance values, 
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which requires their multiplication by the luminance Lrw of reference white:   
π
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rw ==    (5) where ML is the luminous exitance of reference white, and where E is the ambient illumination level in lx [16]. Equation (5) also assumes that the reference white is a Lambertian scatterer, and in what follows we will also assume that it has ideal reflectivity ρ  = 1. With equation (5) the illuminance of ambient lighting is accounted for in the MDCIM model.  We note that different approaches to account for ambient luminance have been proposed before. The most obvious choice would be to use the colour appearance model CIECAM02, as for example shown in Ref.[17], but CIECAM02 has been shown to be less useful for predicting the performance of mobile displays under a variety of illumination and surround conditions [18] (see also references cited in Ref.[19]). A refinement of CIECAM02 specific for mobile displays was recently proposed, but still leaves several areas needing improvement [19][18].  Here, we choose to develop a more easy-to-implement approach that also allows a more direct application of color difference equations than when using methods based on CIECAM02.  In preliminary tests of the MDCIM model we investigated the degree of adaptation of observers to ambient lighting. For observing images on mobile displays, we found that the best results were obtained by assuming observers to be completely adapted to the ambient lighting, and we will make the same assumption here as well. This adaptation state may be explained by noting that the physical dimensions of mobile displays of smartphones and tablets are relatively small, therefore having less impact on the adaptation state of the user than when watching television or monitor screens. Also, mobile displays are usually viewed for shorter time periods than displays of desktop computers and televisions. In the latter case, users are more often found to become visually immersed in the lighting environment of the display, and their adaptation state is more likely to shift. 

3. EXPERIMENTAL 

3A. Luminance measurements on Apple iPad Air 2 In this article, we investigate the proposed MDCIM model for a display representative of current LCD technology. For this, we use an Apple iPad Air2 device, which was commercially launched at the end of 2014.  For displays based on LCD technology, the luminance of the display remains visually noticeable even when displaying a purely black image. Therefore, for an accurate representation of the complete Tone Reproduction Curve, we needed luminance measurements on the display also for the low end of these curves. The measurement setup was chosen to be very similar to the common procedure of measuring colorimetric characteristics of electronic displays [20] [21]. Inside a completely dark room, display luminance and chroma measurements were obtained by mounting the display against the aperture of a CS-2000A spectroradiometer (Konica Minolta), aligned normal to the surface of the display. The display was set at maximum brightness, with automatic adjustment of display brightness switched off. A series of full screen images was shown on the display, and for each image the chromaticity coordinates x, y were measured, and also the luminance Y. As an example, the images to investigate the Tone Reproduction Curve for the red channel all have values G=0 and B=0, whereas R = 0, 5, 10, ..., 50, 75, 100, 125, ..., 200, 225, 255. In this way we obtain a good sampling of the complete Tone Reproduction Curve. The chromaticity coordinates and maximum luminance values that we measured for the three channels, and also for black signal, are 

summarized in Table 2. These data show that the chromaticity coordinates for the iPad Air2 are generally well approximated by the values that are implicit in sRGB color space, as summarized in Table 1. The largest deviation is found for the blue primary, in agreement with the results from previous studies [4][22]. For the iPad Air2 we measure a white luminance of 407 cd/m2, which is obviously much larger than the value of 80 cd/m2 assumed in sRGB encoding color space.  
 

Table 2. Values measured with the spectroradiometer on 
the Apple iPad Air 2, for chromaticity coordinates (x,y) and 

luminance maximum Ymax for the red, green and blue 
channel. 

iPad Air 2 Red Green Blue Black
x 0.6421 0.3071 0.1527 0.2458
y 0.3264 0.6079 0.0489 0.2085
Ymax  (cd/m2) 80.89 307.2 27.18 0.3647 Table 2 also shows that a completely black image displayed on the iPad Air2 has a luminance of 0.3647 cd/m2, due to the nonzero transmission of backlighting in the LCD display. To account for this black level we modify equation (1) as follows [12]: 

 















=

















−
−
−

B

G

R

Y
Y
Y

M
ZZ
YY
XX

0

0

0    (6) 
where X0, Y0 and Z0 are the tristimulus values of a completely black image. These values can be easily calculated from the measurement data in the last column in Table 2. So, X0 = 
(x0/y0)Y0 and Z0 = (1 – x0 – y0)(Y0/y0). With equation (6) one type of flare, due to light leaking through the LCD when displaying dark colors, is accounted for [19].  Figure 1 shows that the measurement data for the Tone Reproduction Curves of the iPad Air 2 are represented quite well by the GOG model, except for the values at low luminance values. The same figure also shows that the complete curves are represented very well if we use the black level correction from equation (6), combined with a different set of values for the parameters in the model. The best fit of the data was found by choosing d0 = 2/255 = 0.007843 and gamma γ = 2.35. We note that in several recent studies on LCD displays the low luminance part of tone reproduction curves and the black level (equation 6) are not accounted for, thereby affecting the resulting values for gamma [23][24]. From these values, the values of all other parameters of the display characterization model can be calculated mathematically as explained in section 2. The resulting parameter values are listed in Table 3, and compared with the corresponding values when using sRGB color space.   
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constant, whereas the lightness value is increased or decreased until the color is no longer out-of-gamut.  For all colors in the test that are out-of-gamut, we tested both the PHL and the PHC mapping method. The method for which the color needed the smallest adjustment in terms of calculated color difference was selected. When using the default method involving sRGB encoding color space, 5 from the 35 RAL colors were predicted to be out-of-gamut: RAL 2000, 5002, 5010, 6026 and 6029. In all 5 cases, the procedure just described resulted in PHL-mapping providing the best solution. We were interested if these 5 colors would also be out-of-gamut when using the MDCIM model, so we kept these colors in the investigation. When using the MDCIM model in the case of 600 and 1000 lx illumination, the same 5 colors were predicted to be out-of-gamut, and the same was also the case for RAL 5012. For all six cases the problem was best solved using PHL-mapping. For the MDCIM model at 1500 lx illumination, one more color became out-of-gamut: RAL2008. In this case, for two colors the procedure outlined above resulted in a preference for PHC-mapping. This happened for RAL2008 and RAL 5002. Both colors are characterized by not only high or low lightness values (L*>60 or 
L*<25), but also by large chromaticity values. Apparently this combination makes that the aim to reduce chromaticity until the color is no longer out-of-gamut is only reached by largely distorting the color, making a change in lightness for achieving the same preferable. For the MDCIM model at 3000 lx illumination, a total of 20 colors becomes out-of-gamut. This large number is obviously caused by the display being not bright enough to match many surface colors under such bright lighting conditions. Indeed, in 15 from the 20 cases, the procedure outlined above identified the PHC-method as preferable, showing that it is mainly the lightness dimension which made the display matching problematic. The remaining five colors that are out-of-gamut at 3000 lx illumination are exactly the same five colors that were also out-of-gamut at 600 lx. For those five colors, PHL mapping again provided the best solution. 
4. RESULTS 

4A. Results on repeatability As described in section 3, 280 from the 980 assessments (28%) were repeated in separate experimental sessions. In the repeated sessions, the order of samples and also the relative position of the image representations generated using the default method (involving sRGB encoding color space) and the MDCIM model were independently randomized. In this way, we made sure that observers were not aware which image was calculated by which method, and also they were unlikely to remember their previous assessments. The first part of each assessment refers to the preference about the color of which of two images best matches the color of the physical RAL sample. After ending all visual tests, the identification of all images with either default method (involving sRGB encoding color space) or with the MDCIM model was made. In this way we found that in the repeated session the preference for images created by the default method or by the MDCIM model was the same as in the original session in 91.4% of the cases. This shows that the preference data are highly repeatable. The second part of each assessment consists of visual scores for the color match with the image created using the default method that involves sRGB encoding color space (which we will call default images), and with the image created by the MDCIM model (MDCIM images). For the default images, the average absolute difference between the visual score during repeat session and original session is 0.44. For the MDCIM images, the corresponding difference is 0.64. 

Since the visual scores are given on a five-point scale, as shown in Table 5, these values for the average absolute difference can be considered to represent a good repeatability.  The values for the repeatability reported here are important as a reference. When further analyzing the results from the visual tests, the focus should be on effects that are larger than this repeatability error. 
4B. Results on preference We analyzed the preference for MDCIM images over default images. The results are shown in Table 6. The percentage of assessments favoring MDCIM images over default images is found to be lowest at an illuminance level of 1000 lx. This correlates with the result that the color reproduction accuracy obtained when using sRGB color space is largest at 1000 lx, as shown below. According to Table 6, at 1000 lx ambient lighting there is no preference for MDCIM images over default images, because 50% of the assessments prefer either method. 

 
Table 6. Preference of observers for MDCIM images over 
default images, when using the iPad Air 2 under ambient 

illuminance levels of 600, 1000, 1500 and 3000 lx.  
Ambient illuminance (lx): 600 1000 1500 3000
Percentage preferring MDCIM  98% 50% 66% 87%
Percentage where 6 from 7 
observers prefer MDCIM 

 
100% 

 
43% 26% 77% 

Percentage where the majority 
of observers prefers MDCIM 

 
100% 

 
46% 80% 94%  At other illuminance levels of ambient lighting, the situation is very different. At 600 lx, the preference for MDCIM images has increased to 98%, which is almost unanimously. At 1500 lx, the preference of 66% shows that the number of samples where the MDCIM model is preferred is two times larger than the number for which default images are preferred. At 3000 lx, the preference increases to 87%, showing that for the vast majority of samples the MDCIM model produces images with an improved color reproduction accuracy. The trends just discussed are not limited to average score values. Similar trends are found when we examine the assessments in more detail. As an example, Table 6 also shows the percentage of samples for which the majority of the seven observers prefers the representations calculated with the MDCIM model over those produced by using sRGB color space. This percentage is 46% for an illuminance level of 1000 lx, again signifying that at 1000 lx both types of images produce similar color reproduction accuracy. However, with ambient lighting dropping to 600 lx this percentage reaches the full 100%. At increased luminance levels of 1500 and 3000 lx, the corresponding percentage values are 80% and 94%. This confirms that for ambient lighting levels other than 1000 lx, the MDCIM model represents a substantial improvement in color reproduction accuracy. 

4C. Color reproduction accuracy of default images Apart from preference, which tests the relative color reproduction accuracy of MDCIM images versus default images, we also tested the absolute color reproduction accuracy of both types of images, as visually perceived by the observers. Observers gave visual scores to quantify the color accuracy of displayed images when visually compared to the corresponding physical RAL sample (cf. Table 5). If we average the visual scores over all samples when using default images, we find the average scores reproduced in Table 7.  For ambient lighting at an illuminance level of 1000 or 1500 lx, Table 7 shows that the average visual score is 3.6. According to the descriptions of the visual scores in Table 5, the average color reproduction accuracy of the images is therefore assessed to lie between “difference visible, doubtful match” and “difference clearly 
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visible, not correct match”. This shows that on average, default images do not provide good color reproduction accuracy at 1000 and 1500 lx. The visual scores become worse at illuminance levels of 600 and 3000 lx. The corresponding average visual scores are 4.6 and 4.4, respectively. This qualifies the color reproduction accuracy as “not correct”, and frequently even becoming “very bad”. A different way to analyze the visual data is to calculate the percentage of samples for which the average visual score is smaller than 3, i.e. for which the color reproduction accuracy was assessed to be reasonable or better. Table 7 shows that this percentage is only 34% for default images for the sessions held under 1000 lx lighting. At 1500 lx, the percentage becomes even worse at 17%. At 3000 lx, and also at 600 lx, the corresponding percentage is 0%. Similar trends are found by determining the percentage of samples with an average visual score of 4 (“Difference clearly visible, not correct match”) or worse. This percentage is 46% at 1000 lx ambient lighting, and 23% at 1500 lx. At 3000 lx it is 83%, and at 600 lx it is even 94%. Our results confirm that the color reproduction accuracy of default images is not good, especially at 600 (typical for indoor conditions) and 3000 lx (typical for outdoor conditions) ambient lighting. 
 

Table 7. Visual scores for default images, observed under 
ambient illuminance levels of 600, 1000, 1500 and 3000 lx. 
Ambient illuminance (lx): 600 1000 1500 3000
Average visual score 4.6 3.6 3.6 4.4
Average score > 4 94% 46% 23% 83%
Average score < 3 0% 34% 17% 0%

4D. Accuracy of MDCIM images vs default images Table 8 shows that at 1000 lx ambient lighting, the average visual score for MDCIM images is 3.6. This is equal to the value that we found for default images at 1000 lx lighting (cf. Table 7). Below, we will see that at other illuminance levels MDCIM images do represent an improvement in color reproduction accuracy, but this is apparently not the case at an illuminance level of 1000 lx. This may be understood by noting that according to the results obtained in section 4C, default images seem to produce the most accurate color reproduction at 1000 lx ambient lighting. This is possibly due to a fortunate cancellation of errors at that illuminance level. An ambient illuminance of 1000 lx is much brighter than what was assumed in the derivation of sRGB color space, but this is roughly compensated by the display being much brighter than what was assumed in the same derivation. When reducing the illuminance level to 600 lx, the average visual score for MDCIM images becomes 2.6. This makes the color reproduction accuracy a full 2 units better than the value of 4.6 that we found for default images (cf. Table 7). Also for illuminance levels of 1500 and 3000 lx we find that the average visual score is greatly improved when using MDCIM images, with average improvements of 0.51 and 1.42 units on the five-point scale, respectively.  A different way to express these improvements is to calculate again the percentage of samples for which the average visual score is smaller than 3, i.e. for which the color reproduction accuracy was assessed to be reasonable or better. This percentage is 26% for MDCIM images at 1000 lx, which is similar (or even slightly worse) than when using default images at 1000 lx. But at 600, 1500 and 3000 lx this percentage is 83%, 49% and 60% for MDCIM images, respectively. The corresponding numbers for default images are 0%, 17% and 0%. This confirms that for a large majority of samples MDCIM images represent a substantial improvement in color reproduction accuracy at 600, 1500 and 3000 lx ambient lighting. 
 

Table 8. Visual scores for MDCIM images, observed under 
ambient illuminance levels of 600, 1000, 1500 and 3000 lx. 
Ambient illuminance (lx): 600 1000 1500 3000
Average visual score 2.6 3.6 3.0 2.9
Average score > 4 0% 34% 3% 9%
Average score < 3 83% 26% 49% 60%

4E. Auto-brightness Most mobile displays offer the user an option to make the brightness of the display automatically depend on the illuminance its sensors detect. In the iPad Air 2, this option is called Auto-brightness. It may be a good idea if manufacturers like Apple would couple the MDCIM model to the Auto-brightness function on these devices, using input from the light sensors.  The software algorithms currently used for auto-brightness have not been published, so it is not possible to compare it directly with the MDCIM model. However, it is straightforward to prove that the MDCIM model does correct for color reproduction accuracy errors on the iPad Air 2, also when Auto-brightness is switched on. As an example, several reviewers of the iPad Air 2 have noted that when showing pure white its display looks “slightly too blue” [30][22]. This affects the color reproduction accuracy of all low saturated colors [22]. A blue cast has also been noticed for dark images and for bright ambient light conditions [22]. This shift to blue is clearly visible also when auto-brightness is switched on. The MDCIM model compensates for the blue cast. For example, according to the MDCIM model an almost white sample with colorimetric parameter values L*=90, a*=b*=0 observed under 600 lx is represented by R=164, G=163, B=154. This shows that the blue channel is much stronger suppressed than when using only sRGB color space, which uses R=G=226 and B=225 to show the same color.  The blue shift is also clear from the spectroradiometric measurements we have done on the iPad Air 2 display. For a purely white image, we find chromaticity coordinates values x=0.3045 and 
y=0.3168. These values are clearly shifted towards the blue direction, with respect to the D65 and D50 whitepoints. Also for dark images a clear shift to blue is noticeable on the iPad Air 2 display. The spectroradiometer data show that for dark images there is a considerable leakage of blue light, even when for example a dark red image with R=20, G=B=0 is displayed. Also visually such an image looks purple rather than red. This observation is confirmed by Figure 1b, showing that this display transmits a considerable amount of blue light also for dark images. In the MDCIM model, these effects are accounted for by the way in which the spectroradiometer data are used to derive the model parameters. 
5. CONCLUSIONS In this article we developed a new method for color encoding and representation, aiming specifically at mobile displays. In the derivation of this MDCIM model we account for the variety of ambient illuminance levels under which mobile displays are typically used. We also take into account the colorimetric properties of the display, exploiting the fact that variations in colorimetric properties within models of smartphones and tablets are relatively small [4].  From spectroradiometer measurement data to characterize the key colorimetric properties of a display, we constructed a display-specific matrix for converting tristimulus values into RGB-values (equation 4). We also used spectroradiometric data to find the display-specific tone reproduction curves (equation 2). From optimized values for gamma γ and threshold value d0, values for all other parameters are produced by utilizing the mathematical relations between the underlying 
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parameters (appendix). The MDCIM model takes into account the illuminance level of ambient light (equation 5). Independent of the model training data, we used visual tests to investigate if the MDCIM model produces color representations on a mobile device that are more accurate than when using the default method that involves device-independent sRGB color space, when the colors of the resulting images are visually compared to the colors of physical RAL samples. This was tested for an iPad Air 2 display, representing modern LCD-based mobile displays. The experiments were performed under a range of ambient illuminance levels varying from 600 to 3000 lx. We found that at an illuminance level of 1000 lx, the MDCIM model results in a color reproduction accuracy that is very similar to what is obtained when using the default method (involving sRGB color space). The color reproduction accuracy obtained by using images created by the default method (involving sRGB encoding color space) was assessed to be best at 1000 lx. At 1000 lx the display luminance being much brighter than what is assumed in the derivation of sRGB color space is roughly compensated for by the ambient illuminance level being much brighter than what is assumed in the derivation of sRGB color space. However, our results show that at other illuminance levels a much better visualization of colors is possible than what is achieved when using default images.  At 600, 1500 and 3000 lx we did find a clear preference for the MDCIM model. Especially at 600 and 3000 lx, the preferences reach values well above 90%. We have seen that for a large majority of samples, MDCIM images represent a substantial improvement in color reproduction accuracy over default images at 600, 1500 and 3000 lx ambient lighting. For example, the percentage of samples showing at least reasonable color reproduction accuracy improves from 0% to 83% at 600 lx, and from 0% to 60% at 3000 lx.  For future work, we will investigate the effect of light reflection directly from the display face, which represent an external type of flare, different from the internal flare accounted for by equation (6) [19].  
6. APPENDIX In this appendix we will show how to derive the numerical values for the gain and offset parameters that are used in the derivation of sRGB color space.  When R, G and B values in an image tend to zero, the corresponding values of dR, dG and dB approximate zero as well. According to equation (2) the resulting luminance of the channels tends to zero as well only if the offset parameters k2 are equal to zero. However, the model would then not show sufficient flexibility anymore to describe measurements of the Tone Reproduction Curves of a particular display. We therefore need an alternative solution: the exponential form of the tone reproduction curves as expressed in equation (2) is only assumed to be valid for values of dR, dG and dB that are larger than a threshold value d0. For smaller values of dR, dG and dB a linear approximation is assumed. For example, for the red channel: 

 0ddifdY RRR ≤⋅= β    (A1) The numerical value of the linear coefficient β will be determined below. The linear interpolation of the luminance values Y between d=0 and d=d0 makes the tone reproduction curve becomes a function of d that has an inverse for integer R, G and B values. This is important for applications where the inverse of equation (1) is needed, i.e. calculating 
R, G and B values from tristimulus or CIELab values. For a white pixel with R=G=B=255 (i.e., for dR = dG = dB =1) one should find a total luminance Y = YR,max + YG,max + YB,max. From this it follows that: 

 12 1 kk −=    (A2) 

The parts of the tone reproduction curve below and above the threshold need to be smoothly connected. This is only the case if the corresponding function values and their derivatives of these functions are continuous. Continuity of the functions defined in equations (2) and (A1) is ensured if 
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β    (A7) For 3x8 bits color depth, the threshold d0 can be chosen to correspond to R, G, B values of 10. Then d0 = 10/255 = 0.0392. For the given value of gamma γ = 2.4, equations (A5), (A6) and (A7) produce numerical values for the gain parameter k1 = 1/1.055, the offset parameter k2 = 0.055/1.055, and the linear coefficient β = 1/12.92.  These numerical values are identical to the values defined in sRGB color space [7]. This shows that these parameter values are not based on an analysis of technical properties of displays, but on mathematical and pragmatic arguments only. 
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