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ABSTRACT 

Color appearance across ambient Correlated Color Temperature (CCT) changes is an important aspect for 
preferred image quality. Smartphones nowadays are equipped with ambient illumination sensors, called Ambient 
Light Sensors (ALS),  that are capable of detecting the illuminance information in terms of illuminance and CCT 
(either spectral or color). These sensors aid the detection of ambient illumination and providing input to the 
smartphone to adapt their displays for a consistent and comfortable color appearance across ambient illumination 
changes (either in illuminance or CCT). Previous studies from other authors have shown that preferred calibrated 
white point and color appearance depends on ambient environment CCTs. In this study six flagship smartphones 
from leading manufacturers were considered to find out the preferred appearance across illumination CCT changes 
using two experiments, an individual assessment method, and a side by side comparison method. Results show 
that statistical significance of results depends on the considered experimentation method and also on specific test 
patterns considered in this study.   
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INTRODUCTION 

Preferred white point across illumination CCT changes 

Smartphones or any other consumer displays like tablets or televisions are equipped with color adaptive features. 
These features work in conjunction of an ambient light sensor sending feedback to the display panel to adapt it’s 
color so that a user has a better viewing experience across illumination changes. These features are named by 
different names, for example, the “True-tone” feature in Apple iPhones, “Adaptive Color Tone” in Samsung 
Galaxy phones, or Dolby Vision IQ in supported smart-televisions. Literature review on this specific topic revealed 
some interesting findings from studies in the past. Apple Inc. filed a patent in 2016 regarding a technology to have 
a paper like appearance for Apple displays for various ambient illumination condition [1]. iPhones soon became 
equipped with the “True-tone” feature which adapts it’s color with respect to ambient illumination. Another patent 
filed by Samsung was to match the appearance of Samsung projectors in the dark to the appearance of the same 
image in the presence of ambient illumination [2]. In another study, preferred skin tones CCT was found between 
6500-8000K and chroma of preferred skin tones slightly increased as the ambient lighting CCT decreased [3]. 
Preferred skin tones for different ethnic groups (Caucasian, Chinese and South Asian) also did not vary 
significantly [4]. ICC profiles with different white point CCT targets were used to prove that preference scores for 
skin-tones is dependent on the display white point [5]. Time course also had significant impact on color appearance 
ad done in a study by Yoon and Kwak et al. [6] where the results showed that significant changes in the color 
appearance occur immediately after the ambient lighting changes. In addition, the initial change in color 
appearance depends on the lighting transition characteristics. At the initial stage of this change, an abrupt trend in 
color appearance was observed [6]. The same author also proposed a psychophysically experiment motivated 
model that outputs preferred white point considering display characteristics (in reference illumination condition) 
and test ambient illumination [7]. In another study by the same author, a model was proposed for off-Planckian 
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locus ambient illumination that  calculates a point on-Planckian that evokes the same level of warm-cool feelings 
as the test point at off-Planckian. Warm-cool feelings were recorded for this via a large-scale psychophysical 
experiment [8]. Surround ratio, that is defined by the ratio of ambient luminance to display under test luminance 
is also another important aspect, especially when this ratio could be extreme (really dark or really bright). Research 
funded by Samsung in the past shows that surround ratio (ambient luminance to display luminance ratio) impacts 
preferred neutral point where the stimuli only was shown for one second. Memory colors have tend to show 
difference in preference as well, interestingly in a study where preferred hue of memory colors on displays did not 
match previous study results, indicating variance. This variance could also be attributed to the different times 
during which the studies were performed between which preference could have changed due to display capability 
changes, social media influence, population differences etc. [9]. Difference in experience level of observers also 
plays an important role. In a study done with consumer televisions, preferred white point CCT of TVs ranged from 
6200K to 8800K for ambient CCT between 2500K to 6300K. Experts preferred warmer TV CCTs compared to 
naïve observers [10]. Age also was found to have an influence on preference [11]. Results indicate significant 
differences between young and aged observers’ color image preference, some of which can be explained with 
neuro-physiological changes, others may be attributed to cultural implications. The type of content evaluated also 
needs has bens considered. Across warmer and cooler CCTs, trends varied, especially between natural images, 
skin-tones and text. Texts always preferred to have high display CCTs even for warmer ambient CCT. Other 
categories mostly preferred at display CCT of approximately 4500-5500K CCT for ambient CCT between 3000-
7000K CCT [12]. Another study that considered reading articles found that for dark, the preferred white point 
varied a lot. For chromatic environments, the white point preference was found between  6179 to 7479 K in CCT 
although not parallel to the Planckian locus (Duv between −0.0038 to 0.0144) [13]. A study that considered text 
under a very wide range of ambient CCT found that for 2600-20100K ambient CCT, preferred CCT was found to 
be inside a much smaller range (6200-11500K). Adaptation status of the observers in such psychophysical 
experiments is very important [14]. An important study in the past by Katoh et al. of Sony, clearly proved that the 
adaptation state of the observer is shared between the ambient illumination CCT (40%) and display illumination 
CCT (60%) [15]. The overall appearance of the stimuli can also result in different comfort levels for the user. In a 
study, comfort level was found to be affected by contrast of content under various ambient illuminance differently. 
This was tested by changing the lightness ratio between text and background of texts [16].  

Experiments’ Design 

All these studies clearly identified the vectors that were necessary (see Table 1) to test in the present scope of the 
experiment. Based on the above mentioned literature review, the following design of experiment was chosen.  

Table 1:  Experiments’ Parameters 

Parameters Values 

Number of Displays 
under Test (DUTs) 

6 

Ambient illumination 
CCT range 3500, 4200, D50 and D65 

Illuminance 320 lux/ 100 Nits 

Observer Genders Male and Female 

Observer Experience Naïve 

Observer Ethnic 
Background 

European 

Observer Age 33 years (Young) 

Dataset Content Social Media, Skin-tones, 
Text and Memory Colors 
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Six flagship smartphones were considered for this study, all with their illuminance and  color appearance adaptive 
features turned ON for the experiments:  

1. Honor Magic 7 Pro 
2. One Plus 13 
3. Oppo Find X8 Pro 
4. Samsung Galaxy S24 Ultra 
5. Vivo X200 Pro 
6. Apple iPhone 16 Pro Max 

Their calibrated white point CCTs can be found in Figure 1 with measurements done using a Konica Minolta 
CS2000 spectroradiometer for an sRGB white patch. Four ambient illumination CCTs were used to conduct the 
experiments, 3500K, 4200K, D50 and D65 at 320 lux (approximately 100 nits). These CCTs were chosen so that 
the first two CCTs represent European indoor lighting scenarios while the last two represented Asian indoor 
housing scenarios. These values were approximately equi-distant in the reciprocal Megakelvin space.  

 

Figure 1 : Ground truth white calibration state of the six smartphones under the four ambient illumination 
CCTs. 

A rotating platform (see Figure 2) was developed for conducting this experiment using a servo motor from Standa 
[17]. A wooden platform was connected with the servo and six phone holders at equally spaced distances were 
placed on the wooden stand. With this, it was ensured that an observer is only able to observe one phone at a time. 
The platform was controlled via its dedicated python library functions.  
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Figure 2 :The rotating stage used for conducting the individual assessment experiment (Experiment 1). 

 

 

Experiment 1 (Individual Assessment) 

Each observer took seat in front of the rotary stage that was placed inside a DXOMARK Box (see Figure 3). The 
observer was asked to rest his arms on the base of the Box so that his/her field of view in completely inside the 
box. The Box is equipped with a Gemini LitePanels 1x1 luminaire on the ceiling of the box with which the ambient 
illumination CCT or illuminance could be changed using a DMX controller. The entire experiment was designed 
using Python and the GUI for the experiment could be controlled on the iPad placed in front of the observers using 
touch functionality.  

 

Figure 3 :The BOX by DXOMARK that was used for conducting the experiments with it’s tunable luminaire. 
Users input their response on wirelessly on the iPad.  

 

The following instructions were dictated to each observer using Text-to-Speech (TTS) with Python, so that each 
observer is provided with the same instructions and there is no auditory bias:  

“Welcome to this experiment. In front of you, you have a setup that moves. Every time it moves, a new phone will 
be brought in front of you. First a gray image will be shown to you. Then after a beep, a photo is displayed. For 

this photo, two questions need to be answered that are displayed on the iPad in front of you. For the first 
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question, you are required to answer: How do you like the overall rendering quality? You can answer this 
question using a slider provided below the question on a scale of 0 to 10, 0 being very poor to 10 being 

excellent. A value between 5-6 is considered just acceptable performance. The second question to answer is: 
How comfortable is the rendering? 

It has the same scale where 0 means very uncomfortable while 10 means very comfortable with a value between 
5-6 signifying acceptable comfort level. You can use your fingers on the iPad directly or use the mouse to move 

the sliders. 

There is no correct or wrong answer. Although there is no time limit, you are requested to answer based on your 
first impressions. You will now do a demo to get accustomed to the experiment protocol.” 

The rotary stage moved using a pre-set random order for each observer. Each time the rotary stage moved, a 
random phone was brought in front of the observer. After that a gray image would appear for ten seconds, which 
was meant to adapt the observer to the so-called calibrated white point of this display. After that one of the 4 
images would appear on the phone (again using a pre-set random order). No two observers saw the same order of 
the random phone and random image pattern. It is imperative to also note that each device identity (brand name or 
logo) was hidden using gray tapes. All these measures ensured that the observers were unable to identify clearly 
the phones that they were evaluating.  

As explained, for each time a image appeared, the observer had to answer the following two questions: 

1. How do you like the overall rendering quality?  
2. How comfortable is the rendering? 

For both the questions the scoring scale is explained above in the experiment instructions. For each of the three 
renderings, the observer could move the slider to score a rendering  and comfort level between 0 and 10. This 
approach is better than a usual Likert scale as it gives an impression of a continuous scale (quasi-magnitude 
estimation). To check the repeatability of observers using the method, the memory colors pattern and question 1 
was repeated randomly on one phone. 

Experiment 2 (Side by Side comparison) 

Imagine two friends taking the photo of the same scene and comparing whose shot is better, or a scenario where 
people go to a physical store to buy a phone often getting exposed to the same image being shown on different 
phones side by side, all with their own color adaptive features. Under such situation, observer tend to do a side by 
side comparison to find out which phone caters best to their preference.  

 

 

 

Figure 4 :The setup used for conducting the side-by-side assessment experiment ( Experiment 2). 
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A side by side comparison (see Figure 3) version of the same experiment was also thus conducted. The six 
smartphones were arranged in random order in front of the observer. For each of the four images, the observers 
were then asked which is the best and the worst rendering (categorical judgement psychophysical method). Every 
time an image was changed, the order of the phone was manually randomized so that there is no order bias 
associated to a smartphone’s position in the side by side arrangement.  

Experiment Order 

1. Observer takes position placing his arms and head inside the DXOMARK Box.  
2. Observer entered his/her details, for example name initials and age. 
3. A demo session was started using first CCT (3500K) with two minutes of adaptation period. 

Simultaneously, instructions for the experiment were dictated using TTS. After the adaptation period, the 
first example was shown and the sliders were presented on the iPad. This demo was done for multiple 
images till the observer felt acquainted with the protocol.  

4. For the same CCT (3500K), the real experiment was started. After performing the session for this CCT 
(24 images (6 phones X 4 images) + 1 repetition), the CCT was changed.  

5. After changing the CCT, there was again an adaptation period of two minutes followed by the experiment. 
6. This was done for each remaining considered CCT (4200K, D50 and D65). 
7. After this the smartphones were removed from the rotary stage and placed side by side to perform the 

second experiment.  
8. For each CCT the side by side experiment (experiment 2) was conducted. For each CCT a two minutes 

adaptation time was again respected. 
9. Experiments terminated.  
10. Smartphones were placed back on the rotary stage for the next observer. 

RESULTS 

Twenty observers (all Francophones) consisting of 10 males and 10 females participated in the two experiments 
and every observer did both the experiments. The average age of the observers was 33 years, thus a comparatively 
younger population was chosen for this experiment. They were all checked for color blindness using a standard 
Ishihara test.   

Experiment 1 

All raw scores (0-10) for “each observer” converted to z-scores so that each observer has zero mean and 1 standard 
deviation. Mean z-scores for the six devices checked for statistical significances (p<0.05). If present, Tukey HSD 
performed to identify which pairs of devices have statistically significant differences (p<0.05). This method was 
followed for overall score as well as comfort score. The overall results for question 1 (overall rendering quality) 
and question 2 (comfort level) for experiment 1 can be seen in Figure 4 and Figure 5 respectively. The box and 
whisker chart provides the relative distribution of the data with the whiskers signifying max and mix of the data, 
and the box signifying the 25 and 75 percentile at the top and bottom and the median (not mean!) at the center. 
The red line is the mean of the distribution. If a heatmap on the right exists, it means there was statistically 
significant differences between the means of the six devices. The cells in the heatmap signify which pairs of devices 
have a statistically significant difference. Pay attention that if two devices have significant differences and have a 
green cell, if one device is better or worse than the other has to be verified by referring to the box and whisker 
chart at the center. All the inferences in green are statistically significant at p<0.05. It was found that there was no 
clear best performer for overall score or comfort level score. Most phones perform similarly. Samsung fared the 
worst in overall score for most lighting situations, but not for comfort level score. Under 3500K, no clear best 
performer for overall score and most phones performed similarly. Samsung fared the worst in overall score. Under 
4200K, Samsung was worse than most but not all. Apple 16 Pro Max or Vivo X200 Pro was not better than 
Samsung S24 Ultra.  For Asian lighting (D65), Samsung S24 Ultra was clearly worse than all others.  

Regarding comfort scores, there was no clear worse or best performer for 3500K. Under 4500K, One Plus 13 and 
S24 Ultra performs worse than Apple iPhone 16 Pro Max for all images. Under Asian lighting (D65), Honor Magic  
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Figure 5 :1-4 represent the results for experiment 1 conducted under the four illumination CCTs 
respectively for overall rendering score (experiment 1, question 1). 
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Figure 6 : 1-4 represent the results for experiment 1 conducted under the four illumination CCTs respectively for 
comfort level score (experiment 1, question 2). 
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7 Pro performed worse than Apple iPhone 16 Pro Max for all images. Samsung S24 Ultra was clearly the worst in 
comfort ratings for Asian households lighting.  

Some specific-case findings were also observed. Under European lighting (3500K), OnePlus 13 performed worse 
than Honor Magic 7 Pro for social media. For skin-tones, iPhone 16 Pro Max was not significantly better than 
web-browsing. Under Asian household (D65), Honor Magic 7 Pro performed worse than Apple iPhone 16 Pro 
Max for all images. Samsung S24 Ultra. Under European lighting (4200K), Vivo X200 Pro performed worse than 
Honor Magic 7 Pro for memory colors.  

For Comfort Scores, under European lighting (3500K), One Plus 13 performed worse than Apple iPhone 16 Pro 
Max for memory colors. Under European lighting (4200K), One Plus 13 performed worse than Apple iPhone 16 
Pro Max for all images. Under Asian household (D50), Oppo Find X8 Pro performed worse than One Plus 13 for 
web-browsing. Under Asian household (D65), Honor Magic 7 Pro performs worse than Apple iPhone 16 Pro Max 
for all images. 

Experiment 2 

For the two questions (best and worst choice), the responses were categorical (a choice among device 1-6). The 
McNemar’s statistical significance test for categorical data was applied to understand which pairs had a significant 
difference in their frequency occurrence as best and worst choices (p<0.05). The results can be seen in Figure 6 
and Figure 7. Honor Magic 7 Pro performed the best for two lighting situations (4200K & D65). Samsung S24 
Ultra performed the worst for two lighting conditions (D50 and D65). Although Honor Magic 7 Pro is often 
preferred as the “best”, its “worst” score can be high under the same lighting conditions (as different observers 
had different opinions from the population pool). All these findings were statistically significant (p<0.05).   

  

  

Figure 7 : Best choice: The side-by-side assessment (experiment 2) results for the four ambient 
illumination CCTs 
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Figure 8 : Worst choice: The side-by-side assessment (experiment 2) results for the four ambient 
illumination CCTs 

CONCLUSIONS AND FUTURE DIRECTIONS 

The experiments clearly identified the worst-performing devices. Notably, the Samsung S24 Ultra—despite 
having an adaptive color feature (activated for these experiments)—did not adjust its color appearance based on 
ambient CCT changes. The white point CCT remained very similar across ambient CCT change as confirmed by 
spectroradiometric measurements as well. As a result, it was consistently rated as one of the least favorable 
options in many cases. This suggests that smartphones with effective color-adaptive features had a distinct 
advantage in user preference trends. 

Several key insights emerged from the study: 

• No single best performer was identified, but multiple pairwise comparisons highlighted the worst 
performers. 

• The study included 20 naïve observers, with plans to expand the participant pool to 40, incorporating 
experts for a final 30:10 naïve-to-expert ratio. 

• The initial observer group was composed exclusively of Caucasian participants; future tests may be 
conducted in China. 

• Household CCTs were considered in these experiments, with plans to explore mixed lighting conditions. 
To maintain experiment duration and data compatibility, 4500K may be replaced with a mixed lighting scenario. 
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• In these experiments, sufficient adaptation time was provided especially for the gray pattern shown 
before each pattern, though in the future some cases can be examined without gray adaptation, displaying images 
for only two seconds. 

Objective measurements are ongoing. The collected data will allow comparisons between default and color-
adaptive modes, helping to identify preferred color modifications. Additionally, ICC profiles will be created 
using these measurements for each smartphone under different lighting conditions. The ultimate goal is to 
develop a workflow that enables any smartphone display appearances to be accurately replicated on independent 
displays, such as an iPad, for pairwise comparison experiments, splitting the iPad display into two halves 
replicating two different phones. The current study focused on SDR images, but incorporating HDR cases may 
be valuable in a future HDR-focused iteration of the experiments. 
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