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Abstract

:

Because of the increase in green lighting in recent years, scholars have been trying to find more comfortable lighting methods in various fields to meet people’s lighting needs. In previous studies, we found that most museum lighting was conducted in the form of subjective questionnaires, but in this study, we tried to introduce a new way to explore the impact of the lighting environment on comfort, namely eye tracking technology. This paper aims to explore the influences when viewing paintings in cold, warm, and middle tones under illumination of 50 lx, 150 lx, and 300 lx, respectively, on the visual comfort of viewers, and the use visual fatigue as the evaluation index to find the most appropriate illumination value for different painting systems in the art museum. By collecting eye movement data under different illuminance and color combination of different paintings and subjective evaluation from the subjects, this paper studies the impact of different illuminances and colors on the subjects’ visual fatigue. By considering the illumination intensity of the light environment and the tone of the painting, it can be found that the warm tone painting was more suitable for 150 lx, the cold tone painting was more suitable for 50 lx, and the middle tone painting was more suitable for 300 lx.
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1. Introduction


At present, the lighting design of museums tends to be in a mature stage of development, and international standards have been gradually improved. The emotion problems in the lighting environment have increasingly been paid attention by designers. For example, when a viewer views a work, they will psychologically feel the cold and warm changes given by the light, which will unknowingly affect their emotions. High-quality museum lighting design allows visitors to better enjoy the process of the visit while meeting their visual needs. Therefore, how to design a people-oriented exhibition environment will be one of the important topics discussed by researchers in the future.



In 1941, the curve proposed by Kruithof [1] described that a specific area with high (low) color temperature and high (low) illuminance would make the observer feel comfortable; however, it is doubt whether this rule is suitable for the museum, which requires a high-quality lighting environment. In order to verify the Kruithof rule, Vie’not et al. [2] set the cct to 2700 K, 4000 K, and 6500 K and the illuminance to 150 lx, 300 lx, and 600 lx. They concluded that it is unpleasant in the environment of low illuminance and high color temperature. In 1982, Loe et al. [3] studied the influence of illuminance on two kinds of paintings in the experiment of display lighting for watercolor painting and oil painting, and concluded that both the oil painting and watercolor needed illuminance close to 200 lx to allow the observer experience visual satisfaction. Luo et al.’s [4] research team simulated 12 illuminance and CCT combinations for studying the effect of illuminance and color temperature on the images of ornamental art works in the museum’s light environment, and concluded that the observer’s preference was 2850 K × 200 lx and 4000 K × 800 lx, which was consistent with the Kruithof curve. In 2017, Szabo et al. [5] explored the best conditions for exhibition lighting in the museum. The experiment changed the illuminance (30~6000 lx) and color temperature (2850~6500 K) at the same time. The results showed that 4000 K and 5000 K were pleasant under high illuminance conditions, while a lower color temperature would bring discomfort. In 2017, the Fotios [6] team pointed out that illumination is the main factor that affects people’s preference for the exhibition lighting environment. They found that 500 lx could provide a pleasant light environment. Based on preliminary research, this paper mainly discusses the influence of museum lighting on the viewer’s mood from two aspects: color and illumination.



In recent years, the research regarding human–computer interaction (HCI) tends to enhance the system’s ability to detect, process, and respond to the user’s emotional state [7]. Eye movement signals have become widely used in HCI research for usability analysis and assessment as they can provide a natural and efficient way to observe the behaviors of users [8]. Eye tracking is an important method in psychological research. The eye tracker can obtain the real-time data of the subjects in the viewing process, so as to explore the related data information of the subjects’ visual processing. The eye movement signal is an important clue for people to perceive the environment. Through the acquisition of eye movement data, we can not only find things that attract users’ attention, but also explore the psychological changes of the observer. So far, eye movement features are mostly used in the related research of emotion recognition [9,10,11,12]. The light environment also has a significant effect on eye movement. Yandan Lin et al. [13] studied the effect of glare on eye movement and pupil size contraction. The results showed that the subjective evaluation of glare discomfort was highly correlated with eye movement and pupil contraction. Severe glare discomfort can increase the speed of eye movement and cause large pupil contraction. In the elderly, eye movement changes more. By searching a large amount of literature on eye tracking technology, we found that the widely used fields of eye tracking technology are search behavior, reading behavior, and purchase behavior. Few researchers have applied eye movement technology to the research field of museum lighting. Through previous discussions, we found that the current research on museum lighting is more in the form of subjective questionnaires, and few scholars can testify favorably to the research content through objective physiological experimental data. Our experiment started from both subjective and objective aspects so as to make our experimental data more authentic and to avoid the experimental deviation caused by the error of objective data. The two complement each other and make the experimental results more authentic.



Research suggests that there are two kinds of visual attention—conscious (top-down) and largely unconscious (bottom-up) [14]. Bottom-up processing is generally thought of as “stimulus-driven”—meaning that it is largely involuntary [15]. Therefore, it is difficult to change or control visual attention artificially. At the same time, for the research of attention, we used the eye tracker to better monitor the data. Graham et al. [16] believed that even if participants attempted to control their attention, doing so was nearly impossible, given that the attentional control processes could be unconscious to the participant and are largely driven by habit. For these reasons, in the previous museum lighting research, compared with the previous subjective questionnaire, we tried to introduce the application of eye tracker to better help us prove the subjects’ attention.



This paper discusses the relationship between the museum light environment and psychology through subjective investigation and objective eye movement experiments. On the one hand, we used the coefficient of variation of pupil diameter to characterize the visual fatigue and discuss the influence of light and painting color on the coefficient of variation for pupil diameter for the eye movement index; on the other hand, the authenticity of the subjective evaluation data was verified by the objective eye movement state of the subjects. Thus, this research is not only more comprehensive and more practical, but also expands on the basic research work of the previous laboratory.




2. Experiment


2.1. Subjects


Here, 30 college students, 15 males and 15 females, aged between 20 and 25, were invited as subjects, and they all had normal vision. Everyone was unaware of the purpose and expected results of the experiment, had no psychological or physiological diseases, had no visual homework before the experiment, and had never seen the experimental environment and the paintings used in the experiment.




2.2. Experimental Environment


According to the investigation on the light environment of the art museum, it was found that the design was based on lighting protection of the exhibits so as to minimize the use of natural light. The projection lamps needed to be arranged according to the position of the exhibition wall, and the point projection lamps mostly adopted the track type [17]. Therefore, in this experiment, natural light was avoided, and the experiment was carried out in a windowless closed darkroom. The point projection lamp was used for the lighting of the painting.



The experiment was carried out in a relatively confined space without windows, i.e., not disturbed by external light. The screen print was hung on the wall, and a comfortable sofa was prepared for the subjects, so that the subjects could maintain a comfortable degree of their body and avoid the influence of height, and so that the subjects could maintain the same viewing angle for the paintings. The size of the oil painting was 60 cm × 50 cm. Because of the long viewing time, a sofa was prepared for the subjects. The distance between the sofa and the painting was 2.1 m. The painting was hung at a height of 1.65 m from the ground to its bottom. For the height of people sitting on the sofa, it allowed for the subjects to view the painting at an elevation of 60° in the experiment. See Figure 1 for the experimental environment.



For the lighting of the museums and art galleries, the most important thing was the protection of cultural relics and various exhibits. Therefore, the lighting products of museums and art galleries are not only the expression tools of the art, but also meet the protection requirements of cultural relics [18]. According to GB/T 23863-2009 The Code for Lighting Design of Museums, in order to reduce the damage as a result of lighting to paintings, the illuminance of the exhibits insensitive to light needs to be less than 300 lx, and the color temperature of exhibits needs to be less than or equal to 3300 K. We referred to the lighting research of the Orange Garden Museum in Paris, France, and according to the Clough curve, 3300 K would allow the subjects to be more comfortable. Therefore, we chose a color temperature of 3300 K, hoping to provide a relatively comfortable light environment for visitors.



Art galleries usually use only key lighting, or both environmental lighting and key lighting. In this experiment, only key lighting scenes were simulated to study the effects of lighting intensity and painting tone on visual fatigue. The lamp adopted was the Sanxiong Aurora LED guide rail spotlight, and its color temperature was 2700 K. The illumination intensity on the painting could be changed through changing the illumination angle of the lamp. According to the degree of damage, paintings could be divided into three categories: very sensitive to light, sensitive to light, and insensitive to light. See Table 1 for a classification of painting sensitivity to light. In addition, according to the Code for Lighting Design of Museums, the color temperature of paintings could not be higher than 2900 K.



In the lighting of the art museum, the loss and impact of lighting on paintings need to be considered. Therefore, in this experiment, the color temperature was set at 2700 K, in strict accordance with the Code for Lighting Design of Museums. Prints were used. The illuminance was not higher than 300 lx, and the illuminance intensities were 50 lx, 150 lx, and 300 lx, respectively.




2.3. Experimental Materials


According to the different tones of the paintings, the paintings were divided into three tones for the experiments, namely cold tone, warm tone, and middle tone. Three paintings were selected for each tone, and the paintings of each tone were from a unified series to ensure that the direction of the paintings of each tone remained unchanged. The size of the painting was 60 cm × 50 cm. The subjects did not see the paintings before the experiment, and the paintings were shown to the subjects in random order. As shown in Figure 2, the first horizontal group was warm tone paintings, the second group was medium tone paintings, and the third group was cold tone paintings.




2.4. Experimental Equipment


The Tobii Glasses eye tracker was used for the data acquisition. The eye tracker could capture the area of interest and monitor the fixation point of the subjects’ eyes in real time. In addition, the change in pupil diameter could be recorded, and the blinking speed and eye wetness could be observed.



We used an illuminance meter to measure the planned illuminance and to calculate the illuminance uniformity.



In the experiment, we used the Sanxiong Aurora interstellar series LED guide rail spotlight.




2.5. Experimental Design


Before the experiment, the subjects rested their eyes. In addition, it was ensured that after the experiment of each group, the subjects were given some time to rest their eyes to alleviate visual fatigue. Each subject participated in nine groups of experiments so as to view the prints of the three tones under illuminations of 50 lx, 150 lx, and 300 lx, respectively. After the experiment, a questionnaire survey was conducted to subjectively score the light environment, the evaluation of the painting, and the degree of visual fatigue after the experiment.



2.5.1. Illumination Uniformity


The eyes will instinctively pay attention to the brightest part of the field of vision, and will be attracted by contrast, change, and movement [19]. Therefore, when arranging the spotlights, the illumination uniformity of paintings were fully considered. From the Code for Lighting Design of Museums, we learned that “the illumination uniformity of plane exhibits should not be less than 0.8, and for plane exhibits with a height greater than 1.4 m, the illumination uniformity should not be less than 0.4” [20]. Therefore, before the experiment, the center distribution method was used to divide the painting into nine grids on average, and the illuminance value of each grid center was tested with an illuminance meter according to the formula below:


   U 0  =    E  min      E  a v      
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   U 0    is the illumination uniformity,    E n    is the central illuminance value at n,    E  min     is the minimum illuminance value, and    E  a v     is the average illuminance value.



Before the experiment, the illuminance values of the nine parts were calculated using the point by point calculation method. The illuminance intensity of each point is shown in Table 2, Table 3, and Table 4, respectively. The average illuminance was 303.2 lx (σ = 39.56), 155.3 lx (σ = 13.13), and 52.35 lx (σ = 4.37), respectively. The illuminance uniformity was 0.85, 0.88, and 0.87 respectively, while the error was within the acceptable range.




2.5.2. Visual Impact


Through the research of Guoping Lei et al. [21], it was found that when the pupil diameter increased by more than 0.4 mm, it could be defined as fatigue. In order to ensure the accuracy of the experiment, a pre-experiment was done in advance. Three subjects were selected to watch the paintings in different light environments. Through the experiment, it was found that the pupil diameter of each of the three subjects exceeded 0.4 mm in about 3.5 min. Therefore, the experimental time was set as 5 min, which was long enough to produce visual fatigue, and the experimental time could be defined. Visual fatigue is a phenomenon accompanied by visual perception activities, which is mainly manifested through eye pain and a reduction in the speed and accuracy of visual operation [22]. The change in pupil diameter was measured by an eye tracker, and then the degree of visual fatigue was judged by calculating the coefficient of variation for the pupil diameter. The greater the coefficient of variation for the pupil diameter, the higher the degree of visual fatigue. In 2014, the optometry group of the Chinese Medical Association (CMA) reached a consensus based on expert diagnosis and treatment experience that, on the premise of clarifying the cause of visual fatigue, visual fatigue can be diagnosed if the following symptoms occur after eye use: (1) non-durable vision and temporary blurred vision; (2) dry eyes, burning sensation, itching, swelling pain, and tears; and (3) headache, dizziness, and memory loss, insomnia [23]. Therefore, the subjects’ eye condition was judged and recorded by observing the subjects’ blink frequency with an eye tracker. In addition, visual fatigue was judged by dry eyes, distracted attention, and sleepiness. Immediately after the test, the subjects were asked to fill in the subjective questionnaire to record the eye state and the subjects’ evaluation of the light environment and painting.



Each subject needed to view nine paintings at random so as to ensure that they had seen one of the three groups of paintings of cold tone, warm tone, and middle tone under each illumination intensity. The viewing order was random. VDT syndrome (video display terminal syndrome), also known as computer vision syndrome (CVS), is defined by the American Optometry Society as complex eye and visual problems caused by excessive use of near vision in the process of patients operating a computer or staring at a display [24]. VDT staff’s line of sight needs to move frequently and alternately between screens, keyboards, and documents for a long time, so it requires more complex eye movements than ordinary copywriting. Katsuyama et al. [25] confirmed in vitro experiments on rabbit ciliary muscle that when the eye movement load increases, if you do not rest and relax in time, it can cause eye muscle (especially ciliary muscle) fatigue, reduce eye adjustment function, and cause visual fatigue [26]. Therefore, in order to avoid the impact of more eye movements on the results of visual fatigue caused by the subjects’ unseen paintings, we designed the experiment to select three paintings from the same series for each color tone, so as to ensure that the paintings viewed by the subjects in the nine experiments were brand-new and unseen. Each painting was viewed for 5 min, and the data were recorded using the eye tracker. The experimental schedule is shown in Table 5 below.





2.6. Experimental Steps


	
The illuminance and the tone of the paintings formed nine combinations. Each subject needed to complete nine experiments, and it lasted three consecutive days.



	
On the first day, the experiment of three groups of paintings in the 50 lx environment was carried out, and one of the three groups of paintings in cold tone, warm tone, and middle tone was randomly selected. Before each experiment, the subjects were given 10 min to close their eyes and rest to ensure the best eye state.



	
The second group of experiments was carried out at the same time the next day. The light environment was set to 150 lx. Other paintings with a cold tone, warm tone, and middle tone were randomly selected to ensure that each painting did not appear again. Before each experiment, the subjects still needed to close their eyes and rest for 10 min. We made sure the eyes were in good condition before the experiment.



	
The third group of experiments was conducted at the same time on the third day. The light environment was set to 300 lx, and the subjects were shown the remaining three paintings. Before each experiment, the subjects still needed to close their eyes and rest for 10 min to ensure that their eyes were in good condition in the experiment.



	
Each subject conducted nine experiments and each experiment was conducted for 5 min. Before the experiment, the subjects needed to calibrate the eye movement instrument, and the calibration time was about 2–3 min. During this period, the subjects needed to adapt to the light environment at the same time, and then paintings were hung for the experiment after they were ready.



	
The eye movement instrument was used to collect the eye movement data in real time. During the experiment, the special conditions in the experiment were recorded, and the subjects’ blink frequency, eye dryness, and sleepiness in the early stage (0 s–30 s), the middle stage (2 min–2.5 min), and the end of the experiment (4.5 min–5 min) were recorded.



	
After the experiment, we needed to fill in the subjective questionnaire immediately in this light environment to score the light environment, painting evaluation, and eye state after the experiment.



	
After each experiment, the subjects needed to close their eyes and rest for 5–10 min before starting the next round of experiments.







2.7. Dependent Variable


The degree of eye fatigue was the dependent variable of this experiment. The subjective questionnaire and data collected by the eye tracker were used to determine the degree of eye fatigue.



2.7.1. Pupil Diameter Variation Coefficient


The degree of eye fatigue could be defined by the change in pupil diameter. The degree of visual fatigue could be judged by the coefficient of variation of the pupil diameter. The smaller the coefficient of the variation of pupil diameter, the lower the degree of fatigue. The variation coefficient of the pupil diameter was the ratio of the standard deviation of the pupil diameter in the analysis unit to the average value of the pupil diameter, and its calculation formula is as follows:


   c v  =  σ  u ¯    








where is    c v    is the coefficient of variation of pupil diameter, σ is the standard deviation of the pupil diameter, and   u ¯   is the average pupil diameter.




2.7.2. Subjective Questionnaire


The Likert scale was used in the questionnaire, as shown in the appendix. The light environment, paintings, visual fatigue before the experiment, visual fatigue during the experiment, and fatigue in the later stage of the experiment were investigated separately. Blink frequency refers to the frequency of rapid eye closing and opening. In the experiment, the blink frequency of subjects’ eyes could be clearly observed. The more frequent the blinking, the higher the degree of visual fatigue. In this experiment, the blink frequency, dryness, and sleepiness of the subjects in the early stage (0–30 s, the middle stage (2 min–2.5 min), and the end of the experiment (4.5 min–5 min) were recorded, individually. After 5 min of viewing the paintings, the subjects needed to be scored according to their own eye conditions.






3. Results and Analysis


3.1. Subjective Experimental Data Analysis


3.1.1. Reliability Analysis


In order to ensure the reliability of the experimental data results, the reliability of the questionnaire was analyzed using the following formula


   γ  tt   =  n  n − 1    [  1 −     ∑   i = 1  n  S  D i 2    S  D t    2     ]   



(1)







In Equation (1),    γ  tt     is the reliability coefficient of the evaluation scale; n is the number of subjects, where n = 4, 4, 12;   S  D i 2    is the variance of item i; and   S  D t 2    is the variance of the total score of the scale.



The experimental data are shown in the Table 6. We analyzed the reliability of the three dimensions, and the results were >0.7, so the questionnaire had reliability and could be used.




3.1.2. Data Comparison before and after Questionnaire


As shown in Figure 3, Figure 4 and Figure 5, by comparing the data before and after the experiment, we found there was a great difference in the scores before and after the experiment. The scores before the experiment were significantly greater than those after the experiment, so it was proven that there was visual fatigue. After looking at the picture, the subjects had different degrees of fatigue in their eyes.




3.1.3. Relevance


First of all, we conducted a correlation analysis on the data in the questionnaire, trying to explore whether the lighting environment would affect the visual fatigue and whether it will affect the subject’s evaluation of the painting content. This paper used the Pearson correlation coefficient for research, and the formula was as follows:


   r  x y   =     ∑   i = 1  n   (   x i  −  x ¯   )   (   y i  −  y ¯   )       ∑     (   x i  −  x ¯   )   2   ∑     (   y i  −  y ¯   )   2       








where n was the sample size, and    x i    and    y i    were the variable values of two variables, respectively. The analysis results are shown in Table 7.



The Pearson correlation coefficient measures linear correlation. The greater the absolute value of the correlation coefficient, the stronger the correlation: the closer the correlation coefficient is to 1 or −1, the stronger the correlation, and the closer the correlation coefficient is to 0, the weaker the correlation is. When the correlation coefficient is 0.8–1.0, the correlation is very strong; 0.6–0.8 is a strong correlation; 0.4–0.6 is a moderate correlation; 0.2–0.4 is a weak correlation; 0.0–0.2 is a very weak correlation or no correlation.



Therefore, from Table 7, we could see that the correlation coefficient between the subjects’ scores for the light environment and painting scores was 0.480, the significance probability value of the two tailed test was 0.000, and the double star sign indicated that the correlation coefficient of 0.480 was significant at the level of 0.01, which indicated that the correlation between the current aura and painting scores was very strong. In addition, the light environment was also relevant to visual fatigue.



First of all, we analyzed the light environment rating and painting rating. It was found that there was a significant correlation between the evaluation of the light environment and the painting. The subjects’ comfort in the light environment had a positive impact on the evaluation of the painting. In addition, there was a significant correlation between the evaluation of the light environment and the degree of fatigue after the experiment. The higher the subjects’ evaluation of the painting, the better the eye state and the lower the degree of visual fatigue. The correlation is shown in Table 7. The sig values of the light environment and painting, light environment, and visual state after the experiment were less than 0.05, so the correlation coefficient between them was considered to be of significance. According to the Pearson correlation, we could see from the figure that the light environment had a significant correlation with the painting, and the light environment had a significant correlation with the eye state after the experiment. This shows that the light environment would affect the painting and eye state. In addition, the Pearson correlation coefficient between the painting and the light environment was 0.480, indicating that they were positively correlated, that is, the better the subjects evaluated the light environment, the more they liked the painting. The Pearson correlation coefficient between the light environment and the eye state after the experiment was 0.311, indicating that they were also positively correlated. The higher the subjects’ evaluation of the light environment, the better the eye state after the experiment. The subjects mainly rated the light environment from four aspects: light color comfort, relaxation under the light environment, stimulation of the light environment, and love for the light environment, and it was scored from the clarity, love, brightness, and color richness for the painting.




3.1.4. ANOVA Analysis


In the above work, we found that the higher the subjects’ rating of the lighting environment, the smaller their visual fatigue, and the higher their eye comfort. Next, we conducted more detailed research. We explored whether the changes in the light environment and color affected the subjects’ appreciation of the painting. We analyzed the four scores (clear/fuzzy, like/dislike, bright/dim, and rich/monotonic colors) of the painting through one-way ANOVA. The formula used is as follows:


  S S T = S S A + S S B + S S A B + S S E  
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  S S E =   ∑   i = 1  k    ∑   j = 1  r    ∑   m = 1    n  i j       (  x  i j m   −      x  i j    ¯    A B   )  2   








where    n  i j     is the number of sample observations at the  i th level of factor A and the  j th level of factor B;        x i   ¯   A    is the mean value of the observed variable at the  i th level of factor A;        x i   ¯   B    is the mean value of the observed variable at the  j th level of factor B;    x  i j m     is the  i th observation value of the  i th level of factor A and the  m th observation value of the  j th level of factor B; and        x  i j    ¯    A B     is the mean value of the observed variables of factors A and B at levels  i  and  j , resectviely.
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   F B  =     S S B    (  q − 1  )        S S E    (  n − p q  )      =   M S B   M S E    










   F  A B   =     S S A B    (  p − 1  )   (  q − 1  )        S S E    (  n − p q  )      =   M S A B   M S E    











If the p value is greater than the significant level (0.05), the original hypothesis cannot be rejected, and it is considered that there is no significant difference on the factor level. If the p value is less than the significance level (0.05), the original hypothesis will be rejected and it is considered that there is a significant difference in the level of each factor.



We analyzed whether the different colors of the painting would affect the subjects’ subjective psychological impact on the painting, including clear/fuzzy, like/dislike, bright/dim, and rich/monotonous colors.



From Table 8, we found that hue had no significant effect on clarity/blur, but it would affect the degree of subjects’ likes/dislikes.



When studying the influence of illuminance on the painting, we found that illuminance had no significant effect on the clarity/fuzziness, like/dislike, and rich/monotonous color observed by the subjects, but had a significant effect on the brightness/dimness of the painting.



Through the above data, we found that the external environment had little effect on the content of the painting itself, which proved that the content of the selected painting would not affect the accuracy of the experimental results.




3.1.5. Questionnaire Analysis


The degree of eye dryness, sleepiness, concentration, and blink frequency of eyes were investigated through a subjective questionnaire. The results are shown in Figure 6 below.



On the whole, we found that the overall score of eye dryness was low, while the blink frequency was relatively high, indicating that the subjects’ eyes were dry and the blink frequency was relatively infrequent after the experiment. For the degree of eye dryness, it was obvious that 300 lx was the least likely to cause dry eyes, 50 lx was the most likely to cause dry eyes, and 150 lx was also prone to dry eyes. Judging from the degree of sleepiness and concentration, 300 lx did not easily cause sleepiness and distraction, while 150 lx and 50 lx caused sleepiness and concentration, which were in a low state. In terms of blink frequency, the warm tone scores were generally low, resulting in frequent blinking, discomfort in the subjects’ eyes, and the subjects commented that the warm tones were dazzling at 300 lx during the experiment. Therefore, we could judge that 300 lx was the least prone to eye fatigue, and the warm tone painting was more dazzling than the other tones, which was more likely to cause eye fatigue. In the case of 150 lx, the warm tone eye fatigue wa less.





3.2. Objective Data Analysis


Next, when analyzing and recording the change in pupil diameter using objective data, we analyzed the pupil change of each subject in each experiment. If the pupil change exceeded 0.4 mm, it was considered to produce visual fatigue. It was found that 98% of the sample data produced visual fatigue, so we could use the pupil diameter variation coefficient to judge the degree of visual fatigue. The variation coefficient of pupil diameter is shown in Table 9.



Next, we conducted a one-way multivariate ANOVA to try to explore whether illumination and painting tone would have a significant impact on the subjects. The results are shown in Table 10 that “illumination intensity”, “painting tone”, and “illumination intensity × painting tone” had significant differences (p ≤ 0.05).



Next, we only analyzed the influence of light intensity on visual fatigue, and the results are shown in Figure 7.



Among 50 lx, 150 lx, and 300 lx, the pupil diameter variation coefficient of 300 lx was the smallest, so the eye fatigue degree was the lowest at 300 lx. The pupil diameter variation coefficient of 50 lx was the largest and the fatigue degree was the highest. In addition, the data of 50 lx and 150 lx were similar and significantly larger than 300 lx, so it was obviously soft for the eyes in the light environment of 300 lx. This was consistent with our objective questionnaire data. The objective questionnaire data processing also showed a positive correlation between the light environment and eye comfort. With the improvement of the light environment, the subjects’ eye comfort was significantly enhanced. Therefore, in order to ensure a comfortable state for the eyes in the lighting design of the art museum, the illuminance of the light environment could be enhanced as much as possible while meeting relevant standards. While protecting the paintings of the art museum, it also provided a relatively good visual environment for viewers.



The influence of the tone of the painting on visual fatigue was analyzed separately, and the results are shown in Figure 8.



The variation coefficient for pupil diameter for cold tone paintings was the smallest, so the cold tone would make the subjects feel more comfortable compared with other tones. The warm tone and middle tone paintings had little difference, and were significantly higher than the cold tone paintings, so the two paintings were more prone to visual fatigue. In addition, the warm tone paintings were the most eye stimulating of the three paintings. During the experiment, two subjects reported that they felt obvious dazzling when viewing warm tone paintings, and compared with the other color paintings, warm tone paintings increased the subjects’ blink frequency.



Through the analysis of the above two data, we found that the changes in painting tone and illumination for the light environment would have an impact on visual fatigue. Is there a role to alleviate or reduce visual fatigue under the joint action of illumination and painting tone? Next, we analyzed the degree of visual fatigue under the joint action of the two.



Considering the influence of both, it was necessary to build a general linear model with single factor variables, and the results are shown in Figure 9. At the same time, we sorted out the variation coefficients of pupil diameter under various conditions and displayed them in the form of a line chart in Figure 10.



As mentioned above, the illuminance and the tone of the painting affect the degree of visual fatigue. In this figure, blue is the variation coefficient of the pupil diameter of the cold tone paintings. We found that 150 lx produced visual fatigue relatively easier for cold tone paintings, and it was significantly higher than 50 lx and 300 lx. Therefore, 50 lx for cold tone paintings would reduce stimulation to the eyes. Red refers to warm tone paintings. We found that the coefficient of variation of the pupil diameter of the warm tone was relatively high under the three illuminations. Combined with the subjects’ observations that a warm tone would produce a dazzling phenomenon in the experiment, it was not difficult to find that the eye stimulation of warm tone paintings was significantly higher than that of other paintings. Under the three illuminations, 150 lx would relatively reduce the eye stimulation. Green was the middle tone. The middle tone painting was similar to the cold tone one. The pupil diameter variation coefficient under a certain illumination was significantly higher than the other two, while the pupil diameter variation coefficient under the other two illuminations was lower. For the middle tone painting, 50 lx was relatively high, which means that the middle tone painting was more suitable for higher illumination, and the pupil diameter variation coefficient was lower under 300 lx.



In 50 lx, the variation coefficient of the pupil diameter of the cold tone was the lowest, while the variation coefficient of the pupil diameter of the middle tone was the highest. Therefore, in 50 lx, the cold tone would be more comfortable, while the degree of visual fatigue caused by the middle tone was the highest. In 150 lx, the variation coefficient of the pupil diameter in the cold tone was the highest, while the variation coefficient of the pupil diameter in the middle tone was the lowest. This indicates that for these conditions, it would be more comfortable to view the middle tone, and the cold tone was the most likely to cause visual fatigue. In 300 lx, both middle tone and cold tone were relatively low, while warm tone was high, and warm color was the most likely to cause eye fatigue at this time. According to the above experimental results, when arranging the illuminance intensity of the art museum, we could give priority to 50 lx illuminance for cold tone paintings, 150 lx illuminance for warm tone paintings, and 300 lx illuminance for middle tone paintings.





4. Discussion


According to the conclusion of this paper, in order to reduce visual fatigue, we can appropriately consider changing the illumination intensity according to the tone of different paintings in the design of the art museum, so as to allow the viewers’ vision to be in the most comfortable state. At the same time, we provide a new idea for light environment design in the art museum.




5. Conclusions


In recent years, museums have provided new choices for people to relax. However, the lighting environment in the museum is darker than that in other places, so we tried to explore the relationship between paintings and lighting intensity in the museum to minimize the visual fatigue of visitors and provide them with a more comfortable experience. This paper studies the influence of subjects’ viewing cold, warm, and medium tone paintings under 50 lx, 150 lx, and 300 lx illuminance on visual effects. It was found that the results of the objective pupil diameter data were consistent with those of subjective research. There was a significant difference between the illuminance and the coefficient of variation of the pupil diameter, which means that the higher the illuminance, the lower the visual fatigue. The colors of the paintings also had a significant difference in the coefficient of variation for the pupil diameter. The warm colors were more likely to cause visual fatigue, while the cold colors made the degree of fatigue relatively low. Next, we found that there was an obvious interaction between illumination intensity * painting tone, which proved that their interaction would have an impact on visual fatigue. Thus, we could draw the following conclusion, namely, the coefficient of variation of the pupil diameter was the smallest in 150 lx for warm tone paintings, so warm tone paintings were more suitable for configuring 150 lx illuminance, cold tone paintings were more suitable for 50 lx, and middle tone paintings were more suitable for 300 lx.
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Figure 1. Experimental environment. 
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Figure 2. Three tones of paintings used in the experiment. 
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Figure 3. Line chart of visual fatigue rating before and after the experiment under three illumination levels in the cold tone paintings. 
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Figure 4. Line chart of visual fatigue rating before and after the experiment under three illumination levels in the warm tone paintings. 
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Figure 5. Line chart of visual fatigue rating before and after the experiment under three illumination levels in the paintings with a middle tone. 
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Figure 6. Subjective questionnaire survey of visual fatigue. 
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Figure 7. Effect of illuminance on the variation coefficient for pupil diameter. 
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Figure 8. The influence of the tone of the painting on the coefficient of variation for pupil diameter. 
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Figure 9. Variation coefficient of the pupil diameter of different tones under different illuminance. 
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Figure 10. Mean value of coefficient of variation of pupil diameter under nine conditions. 
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Table 1. Classification of the light sensitivity of the paintings.
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Classification of Light Sensitivity of Painting






	
Very sensitive

	
Traditional Chinese painting, mural painting, gouache painting, watercolor painting

	
Illumination ≤ 50 lx




	
Sensitive

	
Oil painting, egg white painting

	
Illumination ≤ 200 lx




	
Insensitive

	
Copper engraving, silk screen engraving

	
Illumination ≤ 300 lx
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Table 2. Measuring illuminance at 300 lx using the center point method.
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Measuring Illuminance at 300 lx by Center Point Method






	
269.7

	
347.2

	
306.8




	
269.1

	
376.9

	
338.3




	
258.6

	
291.0

	
270.8
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Table 3. Illuminance at 150 lx measured using the center point method.
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Illuminance at 150 lx Measured by Center Point Method






	
138.1

	
163.7

	
140.3




	
144.2

	
176.5

	
150.6




	
148.7

	
167.2

	
168.7
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Table 4. Illuminance at 50 lx measured using the center point method.
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Illuminance When Measuring 50 lx by Center Point Method






	
48.2

	
50.5

	
45.6




	
55.0

	
55.9

	
48.9




	
57.4

	
59.1

	
50.6
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Table 5. Experiment schedule.
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Experiment Schedule






	

	
Illuminance intensity

	
Look at the tone of the picture




	
1

	
50 lx

	
Cool tone 1




	
2

	
50 lx

	
Warm tone 1




	
3

	
50 lx

	
Halftone 1




	
4

	
150 lx

	
Cool tone 2




	
5

	
150 lx

	
Warm tone 2




	
6

	
150 lx

	
Halftone 2




	
7

	
300 lx

	
Cool tone 3




	
8

	
300 lx

	
Warm tone 3




	
9

	
300 lx

	
Halftone 3
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Table 6. Reliability analysis.
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	Dimension
	Cronbach’s Alpha
	Number of Items





	Light environment
	0.842
	4



	Paintings
	0.733
	4



	Visual fatigue
	0.796
	12
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Table 7. Pearson correlation analysis of the light environment, paintings, and visual fatigue.
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	Light Environment
	Paintings
	Visual Fatigue





	Light Environment
	Pearson Correlation
	1
	0.480 **
	0.311 **



	
	Sig. (2-tailed)
	
	0.000
	0.001



	
	n
	
	270
	270



	Paintings
	Pearson Correlation
	
	1
	0.128



	
	Sig. (2-tailed)
	
	
	0.169



	
	n
	
	
	270



	Visual Fatigue
	Pearson Correlation
	
	
	1



	
	Sig. (2-tailed)
	
	
	



	
	n
	
	
	







** Correlation is significant at the 0.01 level (2-tailed).
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Table 8. Test of between-subject effects.
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	Effect
	
	F
	Sig.





	Illumination intensity
	(painting) clear and fuzzy
	0.434
	0.649



	
	(painting) like/dislike
	0.237
	0.790



	
	(painting) bright/dim
	4.622
	0.012



	
	(painting) rich in color/monotonous
	0.081
	0.922



	Painting tone
	(painting) clear and fuzzy
	2.814
	0.064



	
	(painting) like/dislike
	4.217
	0.017



	
	(painting) bright/dim
	6.691
	0.002



	
	(painting) rich in color/monotonous
	33.513
	0.000



	Illumination intensity × painting tone
	(painting) clear and fuzzy
	0.437
	0.782



	
	(painting) like/dislike
	0.213
	0.931



	
	(painting) bright/dim
	0.529
	0.715



	
	(painting) rich in color/monotonous
	0.172
	0.952
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Table 9. Pupil diameter variation coefficient.
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Coefficient of Variation in Pupil Diameter






	
50 lx Cool color system

	
0.0603




	
50 lx Intermediate color system

	
0.0767




	
50 lx Warm color system

	
0.0679




	
150 lx Cool color system

	
0.0738




	
150 lx Intermediate color system

	
0.0645




	
150 lx Warm color system

	
0.0657




	
300 lx Cool color system

	
0.0632




	
300 lx Intermediate color system

	
0.0631




	
300 lx Warm color system

	
0.0711
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Table 10. Multivariate analysis of variance.
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	Source
	F
	Sig.





	illumination intensity
	4.656
	0.010



	painting tone
	3.011
	0.050



	illumination intensity × painting tone
	29.446
	0.000
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
00700
00690

g

£ ooss0

E 00670

$ooso

5

2

B 00650

g

£ 00640

2 g060
00620

150

illumination intensity






media/file4.png





media/file18.png
0.0800
0.0750
0.0700
0.0650
<’ 0.0600
5 0.0550
£ 00500
0.0450
0.0400

glnal Means

Estimated

Estimated Marginal Means of
Coefficient of variation in pupil diameter

painting tone
0.0711
0.0632 _E‘:’s‘t’;‘f"”
0:0645 0.06312 .
= Intermediate
color system
e \N/arm color
system
S0Ix 150Ix 300Ix

illumination intensity





media/file3.jpg





media/file19.jpg
009
008
007
006
005
004
003
002
001






media/file7.jpg
a5

3s

25

15

05

Comparison of warm tone data before and after

%

Before 300ix Before 150ix BeforeS0ix  After 300k After 150

—e—Diyness degree  —@=Sleepiness degree

—e—Concentration

e Blink frequency

After 50ix





media/file10.png
4.5

3.5

2.5

1.5

0.5

Mid tone data before and after comparison

Before 300Ix Before 150Ix Before 50Ix

==@==Dryness degree

==@== Concentration

After 300Ix  After 150Ix

=== S|eepiness degree
==@==Blink frequency

After 50Ix





media/file14.png
Estimated Marginal Means

0.0700
0.0690
0.0680
0.0670
0.0660
0.0650
0.0640
0.0630

0.0620

50Ix

150Ix

illumination intensity

300Ix






media/file11.jpg
29
28

il

Dryness of ayes Sleepiness degree  Degree of

Eye state

Binkfrequency

500 Coaltone
50 Warm tones.

500 Intermediate color
1500 Cool tone

1500 Warm tones
1500 Intermediate color
300k Cool one

300k Warm tones

= 300K ntermediate color





media/file6.png
4.5

3.5

2.5

1.5

0.5

Comparison of cold tone data before and after

Before 300Ix Before 150Ix Before 50Ix  After 300Ix  After 150Ix

==@==Dryness degree

==@== Concentration

=== S|eepiness degree
==@==Blink frequency

After 50Ix





media/file15.jpg
00700

if

Estimated Marginal Means

Cool color system

Intermediate color system

painting tone

‘Warm color system






nav.xhtml


  photonics-09-00981


  
    		
      photonics-09-00981
    


  




  





media/file16.png
Estimated Marglnal Means

0.0700

0.0690

0.0680

0.0670

0.0660

0.0650

0.0640

0.0630

0.0620

Cool color system

Intermediate color system

painting tone

Warm color system






media/file2.png





media/file20.png





media/file5.jpg
45

35

25

15

0s

Comparison of cold tone data before and after

—

Before 300ix Before 150l Before SOix  After 300ix  After 150ix

—@—Dryness degree  —@=Sleepiness degree

—e—Concentration

e Blink frequency

After 50ix





media/file1.jpg





media/file12.png
score

3.8
3.7
3.6
3.5
3.4
3.3
3.2
3.1

2.9
2.8

Adulil

Dryness of eyes Sleepiness degree Degree of
concentration

Eye state

Blink frequency

m 50Ix Cool tone

® 50Ix Warm tones

® 50Ix Intermediate color
® 150Ix Cool tone

W 150Ix Warm tones

m 150Ix Intermediate color
m 300Ix Cool tone

W 300Ix Warm tones

W 300Ix Intermediate color





media/file9.jpg
as

3s

25

15

0s

Mid tone data before and after comparison

Before 300ix Before 150ix ~Before S0ix

== Dryness degree.

—e—Concentration

After 300k After 1501

—e—Sleepiness degree
e Blink frequency

After 50ix





media/file0.png





media/file8.png
4.5

3.5

2.5

1.5

0.5

Comparison of warm tone data before and after

N

Before 300Ix Before 150Ix Before 50Ix

==@==Dryness degree

==@== Concentration

After 300Ix  After 150Ix

=== S|eepiness degree

==@==Blink frequency

After 50Ix





media/file17.jpg
oom0
$ oorso
= 00700
% oosso
£ oowo
2 o0ss0

00500
£ oosso
& oo0w0

Estimated Marginal Means of

Coefficient of variation in pupil diameter

o761
0738
oom1
00632
oo s 006312
sox 150 300K

illuminationintensity

painting tone

——Cool color
system
—intermediate

color system
—Wam color
system





