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Brightness is perceived after photoreceptors are stimulated and signals from them are transmitted to 

the brain. Brightness perception differs depending on the wavelength. For example, yellow, a middle-

wavelength light, is perceived brighter than blue light when the radiation intensity is the same. The direct 

heterochromatic brightness matching and the flicker photometry are widely known to measure 

brightness sensitivity. Although it is still unclear why there is a difference in spectral sensitivity between 

direct heterochromatic brightness matching and flicker photometry, the difference in brightness 

perception seems to be attributed to the temporal characteristics of physiological processes. The 

purpose of this study was to investigate the brightness perception caused by varying the amount of 

photoreceptor stimulations. In this study, we varied the amount of photoreceptor stimulation to clarify 

how each photoreceptor contributes to the brightness mechanism. It was found that observers 

perceived brighter as melanopsin stimulation increased according to psychometric function. The result 

was consistent with previous studies. In addition, we have found that there was a large difference in 

brightness when L- and M-cone stimulations varied whereas S-cone stimulation induced little change 

in brightness.  
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Introduction 

There are cone, rod and melanopsin photoreceptors on the human retina. Brightness is perceived 

after photoreceptors are stimulated and signals from them are transmitted to the brain. In general, 

brightness perception is proportional to radiance. We perceive brighter when the radiance is higher. 

Brightness perception differs depending on the wavelength. For example, yellow, a middle-wavelength 

light, is perceived brighter than blue light when the radiation intensity is the same. Brightness 

sensitivity has been measured as a function of wavelength. It is known that brightness sensitivity to 

short and long wavelength light is low, while brightness sensitivity to middle wavelength light is high 

[1].  
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 The direct heterochromatic brightness matching and the flicker photometry are widely known to 

measure brightness sensitivity. Both measure the brightness sensitivity as a function of wavelength. 

Figure 1 shows the luminous efficiency functions measured by these two methods. Although both 

methods have the peak sensitivity around the middle wavelength the shapes are different [2-3]. The 

flicker photometry uses stimuli with a high temporal frequency of ~15 Hz. The L and M cones can 

respond to the stimuli, whereas S-cones and melanopsin photoreceptors do not respond to high 

temporal frequency stimuli [4].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Shapes of luminous efficiency functions obtained by different method. 

 

Although it is still unclear why there is a difference in spectral sensitivity between direct 

heterochromatic brightness matching and flicker photometry, the difference in brightness perception 

seems to be attributed to the temporal characteristics of physiological processes (Figure 2). For 

example, the temporal characteristics of photoreceptors, post-receptoral mechanisms and subsequent 

neural circuits appear to be related. In order to clarify the physiological processes associated with the 

brightness perception, it seems important to first consider the level of photoreceptor stimulation by the 

stimulus.  

 

 

 

 

 

 

Figure 2: Physiological processes leading to brightness perception. 

 

The purpose of this study was to investigate the brightness perception caused by varying the amount 

of photoreceptor stimulations. In this study, we varied the amount of photoreceptor stimulation to 

clarify how each photoreceptor contributes to the brightness mechanism. To this end, we selectively 

modulated the amount of photoreceptor stimulation using a four-primary illumination system. For 

example, we used the light stimuli that selectively modulate the amount of stimulation to melanopsin 

photoreceptors (Figure 3). These stimuli are called metameric pairs that have the same tristimulus 

values and the same amount of stimulation to the L, M and S cones. Thus, only the amount of 

melanopsin stimulation was different among these stimuli. Such a technique is called the silent-

substitution paradigm that varies only the amount of stimulation to the target photoreceptor while 

keeping the other photoreceptor stimulations unchanged. Using this technique, we selectively increased 

or decreased the amount of stimulation to each photoreceptor and measured the brightness perception.  



Journal of the International Colour Association (2024): 36, 10-17 Fujita et al. 

  12 https://www.aic-color.org/                                                                                                                            ISSN 2227-1309 

 

Figure 3: Relative photoreceptor stimulation. 

Methods 

In this study, we varied the amount of photoreceptor stimulations to clarify how each photoreceptor 

contributes to the brightness mechanism. To this end, we selectively modulated the amount of 

photoreceptor stimulations to L-, M-, S-cone and melanopsin photoreceptors. We used silent-

substitution paradigm for the independent stimulations [5-7]. 

In the experiment, test stimuli were presented using a multi-primary illumination system [8]. The 

system consists of four different colours of LEDs with the peak wavelength of 633 nm, 531 nm, 462 nm 

and 569 nm, respectively (Figure 4). The output of the light flux from each LED was controlled by a 

stimulus control unit using pulse width modulation (PWM). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Spectra of four primaries. 

Test stimuli 

We used nine types of test stimuli which were modulated from a white control stimulus along L-, 

M-, S-cone and melanopsin photoreceptor axes. The amount of stimulation to each photoreceptor was 

calculated from the spectral sensitivities of the photoreceptors (Figure 5) and the spectral radiance of 

the test stimulus.  

For example, Melanopsin-high and Melanopsin-low stimuli, which modulated the amount of 

stimulation to melanopsin photorecetors by ±20% from the control stimulus (Figure 6). Similarly, 

stimuli with ±5% modulation of the amount of stimulation to L, M, S cones were used as L-cone high, 

L-cone low, M-cone high, M-cone low, S-cone high and S-cone low stimuli (Table 1). 
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Figure 5: Normalised spectral sensitivities of L-, M-, S-cone and melanopsin photoreceptors. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Relative photoreceptor stimulation of modulated stimuli and their spectra. 

 

Table 1 shows the amount of stimulation to the L, M, and S cones and the chromaticity of these light 

stimuli. The spectral sensitivities of cones were designed so that the total amount of stimulation of L 

cones and M cones correspond to the photopic luminous efficiency function. The stimulation of each 

cone were calculated using the 10-deg cone fundamentals [9-10]. Since we assume that S-cone and 

melanopsin do not contribute to the photopic luminance we used the conversion factor for S cone [11]; 

the stimulation to S cone 1 cdm-2 was defined as the amount of stimulation to S cone produced by equal 

energy white with luminance of 1 cdm-2. Similarly, we defined the conversion factor for melanopsin. The 

conversion factor, Ks for S cones is 1466 lmW-1 and the conversion factor for melanopsin, Kmel, was 872 

lmW-1.  

Table 1: The luminance and chromaticity of the light stimuli. 
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Previous studies in the similar condition have shown that rods have little or no effect at high 

illuminance [12]. Since we used the luminance more than 200 cdm-2 the effect of the rods was not 

considered in the present experiment. The modulation of melanopsin photoreceptor does not change 

any colour whereas the modulations in the other photoreceptors produce the colour change. Such a 

colour difference makes observers difficult to judge the amount of brightness between two stimuli [2]. 

Hence, we used light stimuli with a small modulation of 5% in order to reduce the colour difference. 

The control stimulus was a white stimulus (Figure 7). The Correlation Colour Temperature (CCT) 

was 3000 K. The control stimuli were chosen to ensure that the eight modulating stimuli could be 

generated in the multi-primary stimulation system (Figure 8). 

 

 

 

 

 

 

 

 

 

 

Figure 7: The spectrum of the control stimulus. 

Figure 8: Spectra of the modulated stimuli from white control stimuli. 

Procedure 

Constant method was used to measure the brightness perception of each light stimulus. Two-

intervals alternative-forced-choice procedure (2IAFC) was used in the experiment. The test stimulus 

and nine reference stimuli were compared 20 times each, i.e. a total of 180 comparisons were conducted 

to measure the amount of brightness perception for the test stimulus. The order of the stimulus 

presentation was counterbalanced. Observers had the initial adaption for 5 minutes in a dark booth 

before the session. A reference stimulus and a test stimulus were presented as shown in Figure 9. The 

test and reference stimuli were presented for 3 seconds with the adaptation stimulus in between. The 

test and reference stimuli were gradually varied to avoid artifacts caused by abrupt change (See Figure 
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9). The luminance of the nine reference stimuli varied ranging from -80% to +80% from the white 

control stimulus. 

 

 

 

 

 

Figure 9: Presentation sequence. 

Results and discussion 

Three observers participated in the experiment. They are females aged from 22 to 25 years old. The 

average age was 23 years old. Figures 10 and 11 showed the relative brightness to the white control 

stimulus for each observer. Please note than the modulation contrast was 20% for melanopsin and 5% 

for cones.  

 

 

 

 

 

 

 

 

Figure 10: Psychometric functions for melanopsin-high and -low stimuli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Psychometric functions for modulated stimuli to each cone. 
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A large difference in brightness was found in the L, M-cone and melanopsin modulations, whereas 

little difference was found in S-cone modulation, consistently for all three observers (Figure 12). The 

melanopsin-high stimulus, MelH, was perceived brighter than the melanopsin-low stimulus, MelL, 

although MelH and MelL were metamers, i.e. had the same luminance and colour. Similarly, L-cone 

high stimulus, LH was perceived brighter than the L-cone low stimulus, LL. On the other hand, M-cone 

low stimulus, ML, was perceived brighter than the M-cone high stimulus, MH although the luminance 

of the MH was higher than ML. All three observers had a similar tendency for all test stimuli. In the 

future, we are going to increase a number of observers for further verification of the results.  

Figure 12: Relative brightness to white control stimulus. 

 

The results showed that observers perceived brighter as melanopsin stimulation increased although 

there was no difference in luminance and colour. The results were consistent with previous studies 

[8,13-17]. Brown et al. showed that observers perceived brighter in the entire field stimulation [8]. 

DeLawyer et al. showed the similar facilitation of brightness when only melanopsin stimulation 

increases [17]. They also noted that the induced brightness was small when colour and melanopsin 

stimulation varied simultaneously.  

We investigated the brightness perception caused by varying the amount of stimulation to 

photoreceptors and varied the amount of stimulation to photoreceptors to clarify how each 

photoreceptor contributes to the brightness mechanism. It was found that observers perceived brighter 

as melanopsin stimulation increased. The result was consistent with previous studies [1-3]. In addition, 

we have found that there was a large difference in brightness when L- and M-cone stimulations varied, 

whereas S-cone stimulation induced little change in brightness.  

Conclusions 

In this study, we varied the amount of photoreceptor stimulation to clarify how each photoreceptor 

contributes to the brightness mechanism. To this end, we selectively modulated the amount of 

photoreceptor stimulation using a four-primary illumination system. It was found that observers 

perceived brighter as melanopsin stimulation increased according to psychometric function. In 

addition, although we have found that there was a difference in brightness when L- and M-cone 

stimulations varied there was a little difference when S-cone stimulation varied. The use of test stimuli 

defined in photoreceptor stimulation is expected to advance future research. 
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