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ABSTRACT 

The aim of this work was to assess whether melanopsin excitation could help to achieve a better 

color constancy in natural environments.  

Data from hyperspectral natural images and 21 daylight illuminants were used to compute L-, M-, 

S-cone and melanopsin excitations for each pixel. The geometrical distance in the cone chromaticity 

diagram [L/(L+M) and S/(L+M)] was computed between daylight illuminants and the reference 

illuminant (D65) for each pixel in each image. These distances were related to melanopsin excitation. 

Our analysis showed that to achieve a better color constancy, melanopsin contribution to afferent 

chromatic pathways depends on the correlated color temperature (CCT) of illuminants. For CCT 

values related to clear sky conditions, signals in the S/(L+M) axis need a positive melanopsin 

contribution, and the L/(L+M) axis a negative contribution. Instead, scenes such as those related with 

dawn and dusk, have worse constancy when melanopsin is considered.  
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INTRODUCTION 

Human color vision in photopic conditions is mediated by three cone types (L, M and S). The cone 

excitations are conveyed by three post-receptoral pathways, including magnocellular (MC), 

parvocellular (PC) and koniocellular (KC) pathways, reviewed by Lee (2004). The MC-pathway 

combines L- and M-cone signals with the same sign to mediate luminance information. The PC-

pathway combines L-cone and M-cone signals with opposite signs to provide red-green chromatic 

information. Finally, the KC-pathway combines S-cone signals in opposition to L- and M-cone signals 

to provide blue-yellow chromatic information.  



Does melanopsin help to explain color constancy in natural environments?  ●  599 

AIC Midterm Meeting Color and Landscape  |  14-17 October 2019  |  Buenos Aires, Argentina 

Cones are not exclusive retinal photoreceptors detecting light in photopic conditions. In the 

beginning of this century, it was demonstrated that a group of retinal ganglion cells (ipRGCs) are 

intrinsically photosensitive (Berson et al. 2002, Hattar et al. 2002). These cells express the 

photopigment melanopsin (Provencio et al. 2000). IpRGCs projections include centers for non-image 

forming functions, but also the Lateral Geniculate Nucleus (LGN) and superior colliculus that are 

involved in image-forming visual processes (Hattar et al. 2003).  

Color constancy is a perceptual ability by which we are able to maintain a relatively stable color 

perception to objects despite of changes in illumination (Foster 2011). This ability is important since 

color provides information about object properties (Brainard and Radonjić 2014).  

Several models have been proposed trying to understand how the visual system achieves color 

constancy. These models can be classified as so-called lightness algorithms, estimators of the 

illumination spectrum, low-dimensional linear models, or Bayesian models, for a review see Foster 

(2011). However, most of the existing research thus far didn’t focus on the statistical properties of 

natural environments (Arend 2001, Foster 2011). 

Mice studies showed that melanopsin activation not only improves the LGN capacity to codify 

natural visual information and to work as an independent irradiance measurement to control visual 

adaptation in retinal level (Allen et al. 2014), but also a subset of LGN units can detect modest 

changes in irradiance employing melanopsin signals (Davis et al. 2015). Furthermore, macaque 

studies showed an important feature of melanopsin as an irradiance meter (Dacey et al. 2005). 

Therefore melanopsin may be a potential candidate for being involved in color constancy in natural 

environments. The objective of this exploratory analysis is to assess how melanopsin activation could 

help to achieve a better color constancy in natural environments. 

 

 

 

METHODS 

Natural images and illuminants 

The excitation of each type of photopigment was computed from the combination of the reflectance 

of hyperspectral images with natural illuminants. Four hyperspectral images of rural scenes were 

downloaded from the website of Dr. David Foster’s laboratory (http://personalpages.manchester. 

ac.uk/staff/david.foster/default.htm) (Foster et al. 2006). These images contain primordial foliage 

information and spectral reflectance information at each pixel. The scenes were acquired using a 

tunable bi-refringent filter mounted in front of the lens of a progressive-scanning monochrome digital 

camera (Nascimento et al. 2002), with image sizes of 820 pixels  820 pixels. For this exploratory 

analysis we used a central patch of 800 pixels  800 pixels (Figure 1a).  

Natural daylight illumination was represented by 21 “D” illuminants with correlated color 

temperature (CCT) from 3600 K to 25,000 K (Linhares and Nascimento 2012), covering different 

phases of the day, from moon light to sun light (Wyszecki and Stiles 2000: 11, Stair and Johnston 

1953). The spectral power distributions of the illuminants were normalized with the peak values of 1. 

The normalized illuminant spectral distributions are shown in Figure 1b.  
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Figure 1:  

a) Scenes used for the computation of the cone and melanopsin chromaticities.  

b) Normalized daylight illuminants spectrum. 

 

 

 

Analysis 

For each combination of illuminant and scene, the illuminant power was multiplied by the reflectance 

value at each wavelength between 400-700 nm in 10 nm steps to obtain the spectral radiance values 

at each pixel. We then computed the L-cone, M-cone, S-cone, and melanopsin-mediated ipRGC 

excitations for each pixel. The cone excitations (L, M, S) were computed based on the Smith and 

Pokorny (1975) cone fundamentals applied for the CIE 1964 10° standard observer.  

The melanopsin-mediated ipRGC excitation (I) was computed according to the melanopsin spectral 

sensitivity function (Enezi et al. 2011). The photoreceptor spectral sensitivity functions were 

normalized such that the areas under the curves were equal to 1.  

We also computed the quantities l = L/(L+M), s = S/(L+M) and i = I/(L+M). Note that l and s are two 

cardinal axes in a MacLeod & Boynton equiluminant cone chromaticity space (MacLeod and Boynton 

1979), corresponding to the PC- and KC-pathways, respectively (Lee et al. 1990, Derrington et al. 

1984). In such a space, luminance is specified as L+M because S-cones do not contribute to V(λ). We 

used the same approach to normalize melanopsin excitations by cone luminance at each pixel.  

Using D65 illuminant as a reference, the geometrical distance d in the cone chromaticity diagram (l 

vs s) was computed between daylight illuminants and the reference illuminant for each pixel in each 

image. We also used an equal energy spectrum (EES) illuminant as the reference for a control 

purpose, which allowed representing the chromaticities of the objects in the scene. Distance d data 

were correlated to melanopsin chromaticities (i) using different multiplicative coefficient for each 

cardinal axis. All of the analyses were carried out in MATLAB (Mathworks Inc.). 
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RESULTS 

Rationale  

Chromaticity values l and s for scene 1 are shown in Figure 2. Chromaticities considering the 21 

illuminants form the blue data cloud (lb, sb). While the red data cloud represent chromaticities (lr and 

sr) considering only D65 illuminant (Figure 2, left) or EES illuminant (Figure 2, right). Therefore, a pixel 

(pxy) has one representation in the red cloud but 21 representations in the blue cloud. In order to 

achieve color constancy the illuminant effect should be discounted. The distance (d) in the 

chromaticity diagram between a blue point for one illuminant (j) and a red point for pixel (pxy) can be 

computed as dl = lbi ─ lr, and ds = sbj ─ sr. If melanopsin helps to achieve color constancy discounting 

the illuminant effect, then d should be function of melanopsin excitation removing luminance (d = 

f(ib), Figure 3). We tested only the assumption that d is linearly related to melanopsin chromaticity. 

Therefore d and i are related by scaling factors F, i.e., d = F * ib. 

Then:  lb  = Fl * ib + lr  (Eq. 1) 

and sb  = Fs * ib + sr   (Eq. 2) 

 

 

 

 

Figure 2:  

Blue dots represent chromaticities for all illuminants computed by the reflectance of each pixel.  

Red dots represent chromaticities computed considering only one illuminant, D65 or EES. 

 

 

 

Melanopsin excitation 

Melanopsin excitation normalized by luminance (i) results for the four scenes considering the 21 

illuminants from lowest CCT value to highest CCT value are shown in Figure 3. As expected, the 

normalized melanopsin excitation increased in function of CCT of the illuminant for the four scenes. 
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Figure 3:  

Averaged data of melanopsin excitation normalized by luminance in each pixel. Error bars are standard errors. 

Each panel represents the data for each scene. 

 

 

Factors 

Factors Fs and Fl were computed for each scene following equation 1 and 2 respectively, considering 

D65 illuminant and EES illuminant as references (lr , sr). Results are shown in Figure 4. For the four 

scenes, with increasing CCT value, the value of Fl that is needed in the l coordinate is reduced from 

positive to negative values, while the value of Fs factor increased from negative to positive values. Of 

course the zero value for Fl or Fs indicated when red points were equal to blue points in Figure 2. 

 

Figure 4:  

Factors for D65 and EES illuminants as references. Upper row panels contain factor values for l axis. Lower row 

panels contain factor values for s axis. Error bars are standard deviations. 

 

 

DISCUSSION 

We showed that potential linear contribution of melanopsin to color constancy should affect in 

opposite ways the KC- and PC-pathways, but the sign depends on the CCT of the illuminant. For high 

CCT, a better color constancy requires that melanopsin has a positive contribution to the KC-pathway 
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but a negative contribution to the PC-pathway. For low CCT illuminants, however, a better color 

constancy requires that melanopsin has a negative contribution to the KC-pathway but a positive 

contribution to the PC-pathway. These results are similar either considering as reference a D65 

Illuminant, which represents roughly a midday natural lighting conditions; or Equal energy spectrum 

illuminant, which give information about the spectral reflectance of the scene objects. 

Part of this simple analysis is supported by previous studies. It has been shown that most of the 

reflectance variability in natural scenes is related to changes in luminance and in KC-signals 

(Ruderman et al. 1998, Barrionuevo and Cao 2014). We previously showed that melanopsin 

contributes positively to the MC and KC pathways (Barrionuevo and Cao 2014). Linear relation 

between melanopsin and KC-signals was demonstrated for pupil control (Barrionuevo and Cao 2016). 

According to these antecedents it is possible to think that melanopsin helps to achieve color 

constancy with high CCT illuminants, such as clear sky conditions. 

Explanations about color constancy consist on cognitive, sensorial and computational components 

(Smithson 2005), suggesting that this visual ability is a multi-stage process. From an evolutionary 

perspective it is important to consider how illuminant changes in natural environments can be 

discounted, since constancy is better achieved under natural than artificial illumination (Lucassen and 

Walraven 1996). One possible explanation is considering melanopsin intrusion, since it has photon-

counting properties (Dacey et al. 2005). Our exploratory analysis provides the possibility of the 

involvement of melanopsin in color constancy. 
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