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ABSTRACT 

Human brightness perception is the result of at least three visual channels: The 

achromatic luminance channel, the red-green (R-G) color opponent channel and the blue-

yellow (B-Y) color opponent channel. Short-wavelength output of light sources enhances 

brightness perception for stimuli subtending large visual angles in the low-to-moderate 

photopic range (~2 lux - ~150 lux). This is partially explained by a contribution of short-

wavelength (S) cones. Recent evidence from experiments conducted with mice as well as 

humans suggests that intrinsically-photosensitive retinal ganglion cells (ipRGCs) 

containing the photopigment melanopsin might also underlie increased short-wavelength 

spectral sensitivity of human brightness perception. 

 

The objective of the present thesis was to investigate whether melanopsin could be 

contributing directly to human scene brightness perception. Two experimental 

investigations of the relative potential contribution of S-cones (B-Y opponent color 

channel) and ipRGCs to scene brightness at 6 light levels between 2 lux and 150 lux were 

conducted. Subjects provided forced-choice brightness judgments and relative brightness 

magnitude judgments at two light level ranges, with two different stimuli presented 

sequentially in counterbalanced order. 

 

Experiment 1 used a “Green” stimulus composed of LED illumination peaking at 525 nm 

and 625 nm, and a “Fuchsia” stimulus composed of LEDs peaking at 465 nm and 625 

nm. S-cone stimulation from the Green stimulus was only 10% of that from the Fuchsia 

stimulus, melanopsin stimulation however was substantial (for both stimuli). The 

hypothesis was therefore that Green would be perceived as brighter than predicted by a 

provisional brightness model developed by Rea et al. (2011) that only takes into account 

cone responses, and not melanopsin. 

 

Experiment 2 used two “Amber” stimuli, one composed of an LED with peak output at 

599 nm (Amber 1), and another composed of LEDs peaking at 520 nm and 635 nm 

(Amber 2). While both stimuli had negligible S-cone stimulation, Amber 2 did stimulate 
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melanopsin eight times more than Amber 1 for the same photopic light level. The 

hypothesis was therefore that if melanopsin were to contribute to brightness perception, 

Amber 2 would be perceived as brighter than Amber 1. 

 

Brightness judgments for the stimuli with higher potential for melanopsin stimulation 

were indeed higher in both experiments than would be predicted if S-cones were the only 

short-wavelength-sensitive mechanism contributing to brightness perception, thus 

supporting the possibility of melanopsin contribution. 

 

Post hoc analysis using data from Experiment 1 and 2, and utilizing previously published 

(in 2011 and 2013) provisional brightness models as a foundation, showed that the data 

could be fitted well by modifying the relative S-cone contribution in the equations and 

including a melanopsin coefficient that increased relative to an increase in light level. 

This refined model also predicted results from prior experiments. The improvements 

between this new model and the 2011 model were relatively large, while they were not as 

large in comparison with the previous 2013 model. 

 

The ability to quantify and predict scene brightness perception evoked by a particular 

light source opens up the possibility of optimizing lighting solutions for maximum 

brightness and minimum energy usage. Brightness appears to be related to pedestrians’ 

perceived security in night-time outdoor spaces; thus brightness as a metric becomes a 

meaningful criterion for outdoor lighting. 
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1. INTRODUCTION 

Brightness can be understood as a visual sensation that makes one object or space appear 

to be more luminous than another. In contrast to the linear and additive procedure of 

measuring and calculating light levels in units of illuminance and luminance (IESNA 

2011), brightness perception has been shown to be non-linear (Alman 1977; Lennie et al. 

1993; Wyszecki and Stiles 1982) and not to be easily measurable or predictable. It can 

change depending on context, field of view, exposure duration and spectrum (Boyce 

2003; Rea et al. 2011; Fotios and Cheal 2011). 

 

Light is defined as electromagnetic radiation visible to the human eye from 

approximately 380 nm – 780 nm (Boyce 2003). To enable quantification and 

measurement of light, illuminance and luminance were developed as metrics 

corresponding to energy radiation (irradiance, radiance) weighted by V(λ), the photopic 

luminous efficiency function. V(λ) was developed in the 1920s (Wyszecki and Stiles 

1982) and is used to describe the visual response for relatively high light levels (> 3 lux) 

and small viewing fields (< 5°). It was based mainly on experiments using a technique 

called flicker photometry (FP) because FP is a precise technique giving repeatable results 

(Lennie et al. 1993). V(λ) therefore does not include responses from all photoreceptors 

such as rods, which are absent in the central retina, and S-cones, which are relatively less 

populous in the central retina. It also only includes the achromatic visual channel 

response represented by V(λ), not responses from the two color opponent R-G and B-Y 

visual channels (Boyce 2003). The combined channel response is relevant for brightness 

perception. Short-wavelength (S) cones are too sluggish to respond to such fast stimuli 

(Brindley et al. 1966; Calkins 2001); they also are absent from the central 0.5° of the 

fovea, the central part of the retina (Calkins 2001). The recently discovered intrinsically 

photosensitive retinal ganglion cells (ipRGCs) appear also to not be present in the fovea 

(Dacey et al. 2005). Because of those issues, V(λ) does not appear to be a representative 

measure of perceived brightness of a scene subtending a large field of view.  
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In outdoor lighting, important considerations include task performance (e.g. climbing 

stairs, finding keys, reading signage), light pollution, perceived and actual safety 

(protection against accidental events) and security (protection against intentional 

damages). It has been shown that scenes that are perceived as brighter are generally also 

perceived as more secure (Rea et al. 2009; Boyce et al. 2000). However, scenes that are 

brighter are not necessarily more acceptable and comfortable for a setting of prolonged 

social interaction such as a street café (Rea et al. 2009). 

 

Extensive investigations into the perception of outdoor scene brightness and perceived 

security have been conducted with typical conventional outdoor light sources such as 

incandescent (Inc), metal halide (MH), high pressure sodium (HPS), compact fluorescent 

(CFL), and mercury vapor (MV) lamps (Akashi et al. 2005; Rea et al. 2009; Rea et al. 

2011; Fotios and Cheal 2011) suggesting that sources with higher short wavelength 

content are perceived as being brighter under so-called mesopic and photopic light levels 

between 2 and 20 lux. Light emitting diodes (LEDs), because they are narrow band 

sources that can produce light with varying and customized spectral power distributions 

(SPD), are adding new possibilities of spectral composition for outdoor lighting solutions 

that need to be studied.  

 

Some research with LED sources has been conducted confirming enhanced brightness 

perception with increased proportion of short-wavelength emission (Fotios and Cheal 

2011; Okawa et al. 2009). 

 

Understanding and quantifying spatial brightness perception could help develop light 

level and source spectrum recommendations optimized for a particular application. 

Different metrics to evaluate “brightness” illuminance instead of photopic illuminance 

have been suggested (Rea 2013) for conditions where a sense of safety, a secure 

nighttime environment or bright cheerful indoor spaces are desired as primary criteria 

instead of on-axis visual performance (which is best served using the metric of photopic 

illuminance) (Rea 2013). Advances in understanding the role of source spectrum in 

brightness perception could therefore lead to customized design solutions, enabling a 
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decrease in requirements for ‘photopic’ light levels for these conditions, and thus 

resulting in energy savings while improving comfort and a sense of safety and security 

for the users. Ideally this might encourage increased use of spaces like the urban outdoors 

after dark. 

 

This thesis continues ongoing research into spatial brightness perception at the Lighting 

Research Center (Rea et al. 2011; Bullough et al. 2014; Bullough 2013; Erdener 2012). It 

investigates if, as has been suggested by several scientific studies in the past year (Brown 

et al. 2012; Horiguchi et al. 2012), the recently discovered ipRGCs (Berson et al. 2002; 

Hattar et al. 2002) could be involved in brightness perception and should be included in a 

brightness prediction model. This could lead to further refining a provisional brightness 

model that was first developed at the Lighting Research Center in 2011 (Rea et al. 2011). 
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2. BACKGROUND 

2.1. Mechanisms involved in vision and brightness perception 

2.1.1. Photoreceptors 

Before vision and brightness perception can happen, light stimuli have to be received and 

interpreted by the visual system comprised of the eye, its neural connections and the 

brain. 

 

There are five currently known types of light sensitive photoreceptors in the human 

retina, the multilayered back part of the eye (Figure 1), each with a distinct photopigment 

and peak wavelength sensitivity to incoming light stimuli after being filtered by the 

crystalline lens: 

 

1) Rods (~507 nm) containing rhodopsin, 2) long-wavelength (L) cones (~564 nm) 

containing erythrolabe, 3) medium-wavelength (M) cones (~533 nm) containing 

chlorolabe, 4) short-wavelength (S) cones (~437 nm) containing cyanolabe (Wyszecki 

and Stiles 1982; Stockman and Sharpe 1999), and 5) intrinsically photosensitive retinal 

ganglion cells (ipRGCs) (~489 nm) containing melanopsin (Brown et al. 2012). A sixth 

photoreceptor, a melanopsin-containing cone has also been found, although no evidence 

has yet been discovered for an impact on vision (Dkhissi-Benyahya et al. 2006). 

 

While rods and cones are located at the back of the retina, the ipRGCs are located in the 

ganglion cell layer toward the front (Figure 1). 

 

Each photoreceptor type has a particular light level operating range and retinal 

distribution. Cone density is highest in the fovea, the central portion of the retina 

responsible for visual acuity. The fovea and perifovea extend from 0° to approximate 9°, 

with 2.5° being considered the edge of the main fovea (Weale 1953; Boyce 2003). The 

relative populations of L-, M- and S-cone types are different. L/M cone ratios vary 

greatly among individual people from 0.4 to 10 (Solomon and Lennie 2007) and their 
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distribution throughout the retina appears random (Solomon and Lennie 2007). 

Variations in spectral sensitivity among different people could be due to varying L/M 

ratios. In the peripheral retina, cones are more sparsely distributed. 

 

  
Figure 1: Section diagrams through the retina (Kolb et al. 2011) 

 

The third type of cones, S-cones, only makes up ~10% of the cones. They appear to be 

larger than L- and M- cones and they are absent in the central part of the fovea, with their 

peak density at an eccentricity of 0.6° (Calkins 2001). Cone photoreceptors operate at 

mesopic (~0.001-3 cd/m2, equivalent to ~0.004-13 lux for a surface reflectance of ρ=0.7) 

and photopic light levels (> ~3 cd/m2, equivalent to > ~13 lux for a surface reflectance of 

ρ=0.7) (Boyce 2003). 

 

Rods are absent from the fovea (Figure 2) and are solely responsible for vision at very 

low light levels in scotopic conditions (< 0.004 lux), and they also contribute along with 

cones to mesopic vision (~0.004-13 lux) (Boyce 2003; Wade and Swanston 2001). Rods 

accomplish this through their high sensitivity and large population throughout the 

peripheral retina (Kolb et al. 2011; Boyce 2003). The peripheral field-of-view spans 

approximately from 9° to 80° (Weale 1953; Fotios and Cheal 2011). 

 

The peripheral retina contains populations of rods, L-, M- and S-cones, as well as 

ipRGCs. IpRGCs seem to be absent from the central retina (Figure 3) with large dendritic 

tree diameters circling around the fovea (Dacey et al. 2005). Their density appears to be 
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much lower than the average rod and cone population density; it has been shown to be 

highest in the parafoveal retina at about 6° eccentricity (Dacey et al. 2005). 

 

 
Figure 2: Distribution of rods and cones over a horizontal region of the retina 

passing through the fovea and blind spot (Wade and Swanston 2001) 
 

 

 
Figure 3: ipRGC retinal distribution made visible by staining human and macaque 

retinas in vitro; left: cells encircling the fovea; right: ipRGC density versus 
eccentricity (Dacey et al. 2005) 

 

ipRGCs have been observed to be very sensitive to light and can detect and signal a 

single photon (Doe et al. 2009). Their sparseness, however, decreases the probability of 

detection (photon capture) and ultimately defines their overall high response threshold to 
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light (Doe et al. 2009; Schmidt, Do et al. 2011). Their responses are amplified due to 

their large dendritic trees and network (Doe et al. 2009; Lucas 2013). 

 

The overall sensitivity threshold appears to correspond to low photopic conditions, above 

irradiances of either 9.5 log quanta/cm2/s (0.001 lux for a 480 nm stimulus, 0.008 lux for 

a 550 nm stimulus), 10.3 log quanta/cm2/s (0.008 lux for a 480 nm stimulus, 0.05 lux for 

a 550 nm stimulus) or 12.1 log quanta/cm2/s (0.5 lux for a 480 nm stimulus, 3.1 lux for a 

550 nm stimulus) log quanta/cm2/s depending on the ipRGC type (Karnas et al. 2013; 

McDougal and Gamlin 2010). 

 

Cones and rods release the neurotransmitter glutamate in darkness. A light stimulus 

causes hyperpolarization, which stops or reduces transmitter release and triggers a 

response (Kolb 2011). The photopigment in the photoreceptors absorbs photons of light, 

this process changes the pigment chemically into a different substance causing light to be 

absorbed less well. The photoreceptor becomes bleached, insensitive to light. With time, 

through a multistep inherent chemical process, the photoreceptor recovers its receptivity 

(Schmidt, Chen et al. 2011). 

 

The light information received is processed and distributed via horizontal cells, amacrine 

cells and ganglion cells through the layers of the retina to the brain (Kolb 2011). 

 

In contrast to cones and rods, ipRGCs have been observed to depolarize in response to 

light (Berson et al. 2002; Dacey et al. 2005), and signal through spikes of current (Berson 

et al. 2002; Doe et al. 2009) which can be measured as the cells’ light response. Overall 

ipRGCs appear to be increasingly active at high light levels (Figure 4) and be able to 

regenerate quickly (Schmidt, Chen et al. 2011). It has been suggested that melanopsin 

could be bistable (Mure et al. 2009) meaning that after short-wavelength light exposure, 

subsequent exposure to long-wavelength light could restore their receptivity. Possible 

mechanisms facilitating this are still being researched and discussed (Schmidt, Chen et al. 

2011). 
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Figure 4: Magnitude of ipRGC response (mouse cells in vitro) as a function of 

stimulus energy to a 500 nm stimulus from 13.7 log photons/s/cm2 (44 lux) to 14.8 
log photons/s/cm2 (553 lux) to 15.3 log photons/s/cm2 (1750 lux) (in B additional 

stimuli for comparison) (Berson et al. 2002) 
 

This thesis explores spectrum and brightness perception under photopic and high mesopic 

conditions using stimuli having illuminances of ~1.5 – 60 lux at the eye (~2 – 150 lux at 

the apparatus floor surface). While light levels below 3 cd/m2 (~13 lux) might still be 

nominally defined as mesopic vision (Boyce 2003), thus implying rod contribution, 

experiments summarized by Rea et al. (2004, 2011) suggest that rods play only a minor 

to no role in brightness perception above 0.1 cd/m2 (~0.4 lux, ρ=0.7) (Rea et al. 2004, 

2011; Sagawa and Takeichi 1986). Therefore rods and their visual pathways will not be 

described further in depth. 

 

2.1.2. Bipolar, horizontal and amacrine cells 

The classical photoreceptors convey light information to the ganglion cells via synapses 

with bipolar, horizontal and amacrine cells. Light is distributed through multiple 

pathways, however, ganglion cells are the only neurons in the retina that project to the 

brain (Schmidt, Chen et al. 2011; Kolb et al. 2011). 

 

Horizontal cells are located in the outer plexiform layer (OPL), and they connect rods and 

cones laterally; one horizontal cell can receive (and distribute) input from multiple 
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photoreceptors. Horizontal cells themselves exhibit no opponency (explained below), but 

carry feedback information between cells. There are two types of horizontal cells - H1 

and H2. H1 cells are strongly dominated by L-cone and M-cone input, while H2 cells 

play a role in the S-cone pathway (Dacey 2000). One theory for the purpose of inhibitory 

feedback from horizontal cells is that through their multiple connections they ‘measure’ 

the average level of retinal illuminance and subtract proportional values from the 

photoreceptors, therefore assisting the visual system with adjusting and adapting to 

different brightness conditions and enabling it to stay within its operating range (Masland 

2012). 

 

Bipolar cells are located in the inner nuclear layer (INL) and provide the link between the 

photoreceptors and retinal ganglion cells. They can receive signals from one 

photoreceptor and form a direct pathway (midget pathway), which is typical for the 

fovea; or receive input from multiple photoreceptors (diffuse connection to 5-10 cones) 

which is typical in the periphery. Bipolar cells have either an ‘on’ (depolarizing) response 

to light stimulus or an ‘off’ (hyperpolarizing) response (Kolb et al. 2011). 

 

Blue-yellow (B-Y) spectral opponency, which will be explained in more detail below, 

appears predominantly to be initiated through two different bipolar cells, the bistratified 

diffuse bipolar and the dedicated S-on bipolar type (Figure 5). These bipolar cells connect 

to S-cones in conjunction with inhibitory feedback from L- and M- cones via H2 

horizontal cells (Packer et al. 2010; Dacey 2000; Kolb et al. 2011) and create opponency 

(typically S-on / M+L-off) between cell center and cell surround. This opponency coding 

is passed on to ganglion cells that project to the visual centers of the brain. 

 

Typically, ‘off’ bipolar cell types terminate in the outer half of the inner plexiform layer 

(IPL), and ‘on’ bipolar types in the inner half (Solomon and Lennie 2007). There has 

been an unusual bistratified ganglion cell type with ‘off’ dendrites contacting ‘on’ bipolar 

cells. This bistratified ganglion cell receives input from a distinct S-cone bipolar cell 

(Dacey 2000; Dacey and Packer 2003), but has dendrites in both the ‘on’ and ‘off’ layers 

of the IPL. Typically ganglion cells that signal B-Y opponency have an S-on center; but 
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some S-off center ganglion cells that are intrinsically photosensitive have been recorded 

as shown in Figure 6 (Dacey et al. 2005; Schmidt, Chen et al. 2011; Kolb et al. 2011).  

 

 
Figure 5: Diagram of S-cone pathway (Dacey 2000) 

 

 

 
Figure 6: The giant ipRGC discovered by Dacey et al. (2005) exhibited an (L+M)-on, 

S-off opponent receptive field, responses to (L+M) and S-cone isolating stimuli, 
respectively (Dacey et al. 2005) 

 

The B-Y vision channels is particularly relevant for color vision and brightness 

perception (explained further below), observed asymmetries in perception might possibly 

be related to observed differences in the S-on and S-off pathways (Dacey et al. 2013), the 

latter being still unclear. 

 

An S-off midget bipolar cell has been suggested (Dacey at al. 2013) in the center and 

periphery of the retina, although its existence in humans is controversial (Kolb et al. 
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2011). It also has been hypothesized that amacrine cells (explained further below) might 

be involved in generating S-off ganglion cell receptive field centers by inverting input 

from an S-on bipolar cell through inhibition. (Johnston et al. 2012; Chen and Li 2012; 

Masland et al. 2012). 

 

Amacrine cells form lateral connections between bipolar cells and ganglion cells in the 

IPL (Kolb et al. 2011). Cone bipolar cells can synapse with ganglion cells directly; 

however, most connections appear to be facilitated by amacrine cells. They can feed back 

(to bipolar cells), feed forward (to ganglion cells) or laterally distribute (between 

amacrine cells) information. A diagram summarizing the above described retinal 

connections is shown in Figure 7. 

 

Dopaminergic amacrine (DA) cells, a specific cell type with long axons and synaptic 

connections to other amacrine cells, optimize the encoding of visual stimuli at different 

levels of illumination (Zhang et al. 2008). They have been shown to carry input from 

ipRGCs (Zhang et al. 2008; Kolb et al. 2011) suggesting ipRGC contribution (through 

DA cells) to adaptation of retinal circuits to sustained illumination. 

 

 
Figure 7: Diagram of connectivity in the primate retina (Lee et al. 2004) 
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2.1.3. Ganglion cells and neural connections 

The ganglion cell layer (GCL) is the innermost layer of the retina. The previously 

mentioned ipRGCs are only about 1-3% of the ganglion cell population, and only 0.2% of 

them have been found to project to the lateral geniculate nucleus (LGN) indicating some 

potential contribution to vision (Dacey et al. 2005). 

 

The current state of knowledge regarding ipRGCs and brightness perception is described 

below, but most retinal ganglion cells are not intrinsically photosensitive and do not 

contain melanopsin. They do, however, receive information from the photoreceptors via 

amacrine and bipolar cells. Retinal ganglion cells have center-surround receptive fields 

and they are the cells that transmit signals to the brain via the optic nerve (Kolb et al. 

2011). The information is transmitted to the LGN (Figure 8), the thalamic relay to the 

primary visual cortex, which is organized in separate layers. 

 

  
Figure 8: Left: schematic diagram of the pathways from the eyes to the visual cortex 

(Boyce 2003); right: the layers of the LGN (Wade and Swanston 2001) 
 

The magnocellular layers process achromatic light level information, the parvocellular 

layers process detailed spatial and acuity information as well as color information, and 

the koniocellular layers, which lay in between, inform the B-Y color opponent pathway 

(Kolb et al. 2011; Solomon and Lennie 2007). These parallel systems project to 
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respective layers in the striate cortex. There, form, color, movement and directionality are 

processed (Kolb et al. 2011). 

 

While spectral opponency is formed at the bipolar cell level, color vision does not occur 

until the cone outputs have been combined, processed and interpreted in the LGN, the 

striate cortex and beyond. Color vision is not created until the signal reaches the visual 

cortex (Kolb et al. 2011; Sekuler and Blake 1994; Boyce 2003). The significance of color 

vision mechanisms for brightness perception will be further discussed below. 

 

 
Figure 9: Chromatic and achromatic channels generated by combining signals from 

three cone types (Sekuler and Blake 1994) 
 

The three neural channels involved in color perception are the achromatic luminance 

channel, which corresponds to V(λ), and the two color opponent channels, B-Y and red-

green (R-G) (Sekuler and Blake 1994). As shown in Figure 9, two color opponent 

mechanisms seem to be in play, the R-G channel taking the difference of M-cone 

contribution minus the sum of L+S-cone contribution [M-(L+S)], and the B-Y channel 

taking the difference of S-cone contribution and a combination of L+M-cone contribution 

[S-(L+M)], plus the achromatic channel which adds M+L-cone contribution. 
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Early color naming experiments (Hering 1964) revealed that subjects never reported 

seeing a yellowish blue, bluish yellow, reddish green or greenish red hue. This led to the 

suggestion of there being two color opponent channels, B-Y and R-G, as well as the 

unique hues, colored stimuli that are perceived as pure red, blue, yellow or green, without 

any perceptual contribution from any other of the unique hues. To investigate opponent 

color perception processes, Hurvich and Jameson conducted a series of psychophysical 

hue-cancellation experiments (Hurvich and Jameson 1955). Unique hues were 

determined through experiments where subjects were asked to adjust lights as such that 

they appeared pure in color, for a blue or yellow (neither reddish nor greenish), or for a 

red or green (neither yellowish nor bluish) light (Hurvich and Jameson 1955). A unique 

hue is therefore created by silencing the opponent channel by bringing it into equilibrium 

(Ingling et al. 1978) and is a confirmation of opponent color theory. 

 

Matching their experimental data, Hurvich and Jameson developed the R-G and B-Y 

chromatic response functions that were constructed from linear combinations of the color 

matching functions applicable to the CIE 1931 observer (Wyszecki and Stiles 1982): 

• B-Y opponent channel: Y(λ) – B(λ) = 0.4 y-bar(λ) – 0.4 z-bar(λ) 

• R-G opponent channel: R(λ) – G(λ) = 1 x-bar(λ) – 1 y-bar(λ) 

• The achromatic luminance channel corresponds to y-bar(λ), which is identical to 

V(λ) 

 

It was suggested that the functions could alternatively be written in terms of cone 

photoreceptor inputs (Wyszecki and Stiles 1982). 

 

In more recent years further experiments were conducted to describe the cone input 

necessary to produce each of the unique hues (and silencing the opponent channel) to 

better understand the mechanisms underlying color opponency (Wuerger et al. 2005). 

Experiments by Wuerger et al. (2005) at photopic light levels revealed that unique blue 

and unique yellow appeared to be created by a single linear R-G opponent channel 

mechanism. R-G equilibrium for both unique hues was achieved with strong participation 

of L- and M- cone contribution plus some weak input from S-cones. Unique red and 
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green, however, appeared to be created by two separate (linear) processes. To silence the 

B-Y channel and bring it into equilibrium for a unique red, strong S-cone input was 

needed, and a smaller L+M-cone input. However the B-Y equilibrium to achieve unique 

green required large L+M-cone input and a smaller S-cone input. Tests at different light 

levels also showed that unique yellow and blue could be explained by one R-G 

mechanism, but unique red and green could not be explained by one B-Y mechanism. 

This suggests a difference in the mechanisms composing the B-Y opponent channel in 

comparison to the R-G channel (Wuerger et al. 2005). 

 

2.1.4. ipRGCs and brightness perception  

As shown in Figure 10, five distinct types of ipRGCs have been identified thus far 

(Schmidt, Chen et al. 2011). The type known as M1 cells project to the suprachiasmatic 

nucleus (SCN), the location of the circadian pacemaker, which regulates body functions 

according to the light-dark rhythms, and to the shell of olivary pretectal nucleus (OPN), 

the relay station for the pupillary light reflex (PLR). They do not project directly to image 

centers in the brain, but synapse with bipolar and amacrine cells that could possibly 

facilitate that (Schmidt, Chen et al. 2011).  

 

 
Figure 10: Current knowledge regarding ipRGC types and connections: M1 cells 
projecting to the SCN and OPN while the other cells project to the dLGN, core of 

the OPN and the superior colliculus (SC) (Schmidt, Chen et al. 2011) 
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While the significance of ipRGCs for non-image forming (NIF) physiological responses, 

such as the circadian phototransduction and PLR has been well established (Rea et al. 

2005; McDougal and Gamlin 2010; Gamlin et al. 2007; Lucas 2013); it also has been 

suggested that ipRGCs might have an effect on neonatal light avoidance, migraine 

photophobia, and sleep/alertness (Johnson et al. 2010; Schmidt, Chen et al. 2011).  

 

The other different types of ipRGCs (M2 – M5) are not yet as well studied as M1 cells. 

Some project to the dorsal lateral geniculate nucleus (dLGN) (Dacey et al. 2005; 

Schmidt, Chen et al. 2011), which corresponds to the parvocellular layers (see above) of 

the LGN (Hubel 1988). This suggests ipRGCs could contribute to image forming (IF) 

visual sensations. Roles in color vision, pattern vision and brightness perception have 

been investigated (Estevez et al. 2012; Brown et al. 2010; Zaidi et al. 2007; Ecker et al. 

2010) and several studies support this possibility. 

 

Experiments showed that mice born without rods and cones can perform visual tasks, 

possibly due to a melanopsin-initiated pathway (Ecker et al. 2010); and that human 

subjects who lost rods and cones to retinal disease were able to detect light around the 

peak wavelength sensitivity of melanopsin (Zaidi et al. 2007). Experiments with 

melanopsin knock-out and visually intact mice suggested that melanopsin has a critical 

role for providing information regarding spatial brightness, by sustaining firing of 

neurons in the dLGN under steady illumination as well as allowing irradiance encoding 

over six orders of magnitude for light stimuli (Brown et al. 2010). 

 

ipRGCs have shown to exhibit a sustained light response under conditions of bright 

continuous illumination (Dacey et al. 2005), and appear to respond to stimuli over 

relative long periods of time (Gamlin et al. 2007; Brown et al. 2010) encoding irradiance 

and therefore ambient light levels. These characteristics suggest that ipRGCs might signal 

diffuse ambient light levels to input in IF physiological responses, such as light 

adaptation and possibly spatial full-field brightness perception (Kolb et al. 2011; Brown 

et al. 2010). 
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One study in particular investigated if ipRGCs might be involved in human brightness 

perception (Brown et al. 2012). A behavioral and electrophysiological experiment 

showed melanopsin contributing to brightness discrimination in mice with degenerated 

retinas (loss of rod and cone functions) as well as mice with intact vision (Brown et al. 

2012). Based on the findings of that study a set of experiments with human subjects 

(n=6) was conducted using an apparatus with a four primary LED set-up. Three light 

stimuli were created that differed in relative melanopsin excitation (+11%, 0, -11%), but 

not in the relative excitation for L-, M- or S- cones exhibiting similar chromaticity 

coordinates. To separate S-cone contribution from melanopsin contribution, the three 

stimuli were designed to have the same peak stimulation at 468 nm for S-cones, however 

the peak stimulation at 504 nm for melanopsin were different. The stimuli were close to 

1,000 lux to prevent rod participation, and the field of view was 44° in diameter. The 

results suggested that melanopsin might have a role to facilitate brightness discrimination 

in human vision; with increase in melanopsin stimulation, the subjects rated the stimulus 

as brighter even though the color was judged as equivalent. The authors suggest that on a 

practical level, aligning the spectral composition of light sources to melanopsin could be 

helpful to enhance brightness perception while improving energy efficiency (Brown et al. 

2012). 

 

A more indirect way that ipRGCs have been suggested to affect brightness perception is 

through their involvement in the pupillary light reflex (PLR). Higher light levels and 

increases in short wavelength stimulation have been shown to lead to smaller pupil sizes 

(Alpern and Campbell 1962), thus resulting in lower retinal illuminance levels which 

potentially might influence the perception of brightness. However, pupil size regulation is 

only part of the overall adaptation system, and it only appears to play a relatively small 

role in the adaptation of the visual system to the surrounding lighting conditions with a 

regulating capability of 1-1.5 log units (Boyce 2003). For light level changes within 2-3 

log units and below 600 cd/m2 (~2700 lux based on surface reflectance of ρ=0.7), 

perception, including brightness, is adjusted mainly through neural adaptation within 200 

ms (Boyce 2003). 
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Rods, cones and ipRGCs have shown to play complementary roles in pupil constriction. 

Without rods and cones, ipRGCs contribute to the PLR only at levels above 

approximately 10.4 log quanta/cm2/s (~0.005-0.06 lux depending on wavelength) (Figure 

11) (Gamlin et al. 2007). Cones have been shown to trigger a fast pupil response, after 

0.4 seconds or less, that is not sustained (Gamlin et al. 2007; Park et al. 2011). ipRGCs, 

however, appear to trigger pupil constriction with approximately 1.5 seconds of latency 

after stimulus onset and can elicit a sustained response of up to 30 seconds after offset of 

a high intensity [>~12.4 log quanta/cm2/s (>~1 lux at 480 nm)] short-wavelength 

stimulus (Gamlin et al. 2007; McDougal and Gamlin 2010). Melanopsin appears to 

mainly contribute to the maintenance of pupil constriction for steady stimulus 

presentations and after stimulus extinction (Gamlin et al. 2007; Park et al. 2011). 

 

 
Figure 11: Macaque pupil constriction to retinal irradiance for ten wavelengths 
between 452 nm and 552 nm averaged over a 5 second exposure duration; left: 

normal condition utilizing all photoreceptors; right: after pharmacological blockage 
of rod and cone contribution (ipRGCs only) (Gamlin et al. 2007) 

 

Figure 12 shows that the sustained response duration depends on stimulus duration and 

wavelength, Figure 13 shows that it also depends on stimulus intensity (Park et al. 2011). 

Experiments evaluating the impact of different stimuli showed that the pupil constriction 

appears larger and more sustained for short wavelength stimuli (around the peak 

sensitivity of melanopsin) than for long wavelength stimuli (Gamlin et al. 2007; Park et 

al. 2011), and that the effect increased with light levels for a range between 

approximately 0.04-0.25 lux (depending on wavelength) and 200-2500 lux (depending on 
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wavelength). Long-wavelength stimuli alone did not cause a sustained response after 

offset of the stimulus (Gamlin et al. 2007; Park et al. 2011). This indicated melanopsin 

contribution to pupil response. 

 

 
Figure 12: Average pupil responses from five normal subjects to eight different 
durations of red stimuli (left) and blue stimuli (right); the pupil size at 6 seconds 
after stimulus offset is marked as filled dots, connected by solid line; the stimulus 

intensity used was 316 cd/m2 (~1400 lux at ρ=0.7) (Park et al. 2011) 
 

 
Figure 13: Average pupil responses from seven normal subjects to fourteen different 

light levels of red stimuli (left) and blue stimuli (right) (Park et al. 2011); 0.5 log 
cd/m2 corresponds to ~14 lux, 1 log cd/m2 to ~44 lux, and 2.6 log cd/m2 to ~1800 lux 

 

Two different studies (Brown et al. 2012; Stevens and Marks 1972) investigated if pupil 

size might play a role in relative brightness perception comparing brightness judgment 

results performed with and without artificial pupils. In both experiments, the 

experimental results suggested no difference in the relative ranking of stimuli for 

perceived brightness whether only the natural or an additional artificial pupil was used. 
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Based on this, one might expect the impact of pupil size on brightness perception to be 

relatively small. 

 

2.2. Brightness: quantification and prediction 

2.2.1. Photometric metrics and efficiency functions 

V(λ), the spectral sensitivity function for 2° central field of vision (central fovea), was 

developed through flicker photometry, step-by-step and heterochromatic brightness 

matching in the 1920s (Wyszecki and Stiles 1982; Boyce 2003). It is still used today as 

the standard for measuring light. As such it works well to facilitate predictions under 

photopic lighting conditions regarding visual performance related to foveal vision such as 

acuity, accuracy, reading speed and reaction times (Lennie et al. 1993). However it has its 

limitations as it only takes into account L- plus M-cone contribution, not S-cone 

contribution (Lennie et al. 1993); it also does not include the periphery of the retina 

where: 1) the macula, a yellow pigmented spot subtending 5° that filters out short 

wavelengths, does not cover the retina (Bartelson and Grum 1984); 2) there is a higher 

density of S-cones in relationship to L- and M- cones (Calkins 2001), 3) ipRGCs are 

present (Dacey et al. 2005), 4) rods are active at mesopic and scotopic light levels (when 

cones lose their effectiveness) (Boyce 2003). 

 

In addition to V(λ), which only accounts for the central 2° fovea, V10(λ) has been 

developed to account for a 10° (extended) viewing field (CIE 2005; Wyszecki and Stiles 

1982; Boyce 2003). This function accounts for slightly more contribution in the shorter 

wavelength region in comparison to V(λ) (as shown in Figure 14). It is not widely used 

and for most spectra it does not matter for lighting design from a practical point of view 

(Schanda et al. 2002). However, it is recommended to be utilized for visual fields of 5° 

and larger, to account for the lack of the macula in the periphery and to better represent 

peripheral spectral sensitivity (Boyce 2003). 
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Figure 14: The relative luminous efficiency functions for the CIE standard photopic 
observer, the CIE modified photopic observer, the CIE standard scotopic observer, 

and the relative luminous efficiency function for a 10° field of view in photopic 
conditions (Boyce 2003) 

 

In 1951, a scotopic luminous efficiency function was developed [V’(λ)] for a 20° field of 

view (Wyszecki and Stiles 1982; Boyce 2003); this function (Figure 14) takes into 

account only rod contribution and spectral sensitivity. Scotopic vision occurs at 

luminance levels of < ~0.001 cd/m2 (<~0.004 lux) (Boyce 2003). To account for mesopic 

conditions, common for example in outdoor lighting, Rea et al. developed the unified 

system of photometry (Rea et al. 2004), that uses a relative weighting of V(λ) and V’(λ) 

to predict visual performance and detection under mesopic light levels. A scotopic to 

photopic (S/P) ratio was incorporated into lighting practice (CIE 2010). 

 

As explained subsequently, brightness perception is a non-linear, non-additive process 

and cannot be quantified by the above metrics. 

 

2.2.2. Color models and their relevance for brightness 

Colorimetry is the mathematical system to specify ‘color’ and it is based on color 

matching; however, it does not actually give any information about the appearance of 

‘color’ and how the stimuli will actually look (Boyce 2003). The CIE developed in 1931 

the chromaticity diagram and x,y-color space for a 2° observer (foveal vision) that is still 
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used today (Boyce 2003; Wyszecki and Stiles 1982). In 1964 an adjustment was 

published for a 10° field of view to acknowledge differences in the peripheral 

mechanisms, including the macula and the relative S-cone proportion (Boyce 2003; 

Wyszecki and Stiles 1982). 

 

Using colorimetry it is possible to create sources with equal (or similar) chromaticity 

coordinates for any light source by a mixing of three ‘primary’ lights. These sources 

would have a different SPD, but at the same light level, they would look the same (or 

similar) to the human eye, and appear to generate identical (or similar) neural signals in 

the visual cortex (Boyce 2003; Wyszecki and Stiles 1982). 

 

Color mixing relies on the color matching functions, a set of three weighting curves 

developed in the 1920s through psychophysical color matching studies using a bipartite 

field, and mathematical transformation (Wyszecki and Stiles 1982). y-bar has been 

defined to be equivalent to V(λ), it represents luminance information and corresponds to 

the additive combination of M-cone and L-cone input. z-bar corresponds to short-

wavelength input and is similar to the S-cone fundamental. x-bar is comprised of both 

long- and short-wavelength input (Wyszecki and Stiles 1982). Due to these mathematical 

transformations, the three primary colors in use are imaginary and do not necessarily 

represent a physically realizable spectral hue. 

 

Color mixing has been developed to be used as a linear and additive system, even after 

adding or subtracting equal radiation to sources with equal chromaticity it is said they 

will look the same. However, experiments have shown that at very high light levels this 

phenomenon breaks down. One example given is that in the match of 589 nm to a 

mixture of 545 nm and 670 nm primaries, a greater proportion of the 670 nm primary is 

required as the retinal illuminance increases above 8000 Td (~400 cd/m2 / ~1800 lux on a 

surface with ρ=0.7) (Smith and Pokorny 2003). This discrepancy might develop because 

photopigment is significantly depleted (bleached) at such high light levels (Smith and 

Pokorny 2003). 
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The tristimulus functions are based on S-, M-, and L-cone input only. Therefore, if 

ipRGCs would directly influence vision under photopic conditions as a fourth 

photoreceptor, this could help explain the failure of color matching as presently defined 

to account for cases where two stimuli with the same CIE chromaticity coordinates 

stimulate melanopsin in different amounts. The validity of the tristimulus functions could 

be put into question, at least with spectra where ipRGCs could influence vision. 

 

One experiment investigating melanopsin contribution to color perception was published 

in 2012 (Horiguchi et al. 2012). The experiment used an apparatus containing six test 

LEDs to mix four stimuli of independent primary colors. Three stimuli targeted in 

particular one of the three cone photoreceptors; the fourth stimulus was designed to be 

“cone-silent,” meaning it was designed to stimulate all cones equally, being therefore 

indistinguishable. This method is called the silent substitution method; it was developed 

with the objective to selectively stimulate a particular type of photoreceptor while not 

affecting the others. According to Estevez and Spekreijse (1982) it was developed as an 

alternative to the method of chromatic adaptation that uses silencing (bleaching) of 

selected photoreceptors (Estevez and Spekrijse 1982). 

 

The experimental stimuli for one of the experiments were subtending a 1° field of view in 

the central fovea. Another experiment used a 20° stimulus that was located in the 

periphery, with its center at 30° eccentricity. Light levels were high, 2060 cd/m2 (~9000 

lux on a surface with ρ=0.7) to avoid any rod input. Subjects indicated if they had 

detected a change in the stimulus when prompted. It was reported that the results from the 

threshold data of the small field of view experiment could be explained by the absorption 

spectra of the three known cone photoreceptors. However, that adding a fourth 

photoreceptor in the periphery appeared to be required to explain the threshold data for 

the large field of view experiment. Melanopsin seemed to be the most likely candidate at 

the high light levels and provided a good fit (Horiguchi et al. 2012). 

 

Non-additivity in brightness perception can be observed when two stimuli of differently 

saturated colors are evaluated. The stimulus with the greater color saturation has been 
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observed to appear brighter at the same luminance (Helmholz-Kohlrausch effect) (Boyce 

2003). Also, if two different colored stimuli of equal brightness are mixed together, the 

resulting stimulus will not necessarily look twice as bright; in fact it might look less 

bright than the original stimuli (Rea et al. 2010). 

 

In order to quantify how bright a particular stimulus might look several models for a 

brightness-to-luminance (B/L) ratio were developed, where B stands for perceived 

brightness and L for the measured luminance. The B/L system introduced by Ware and 

Cowan (1983) was developed empirically based on a large quantity of small field-of view 

experimental data from different sources (Ware and Cowan 1983; Boyce 2003). It uses 

the 1931 chromaticity coordinates for 2° field-of-view (Ware and Cowan 1983; Wyszecki 

and Stiles 1982) and luminance information for the different stimuli. Matching the 

experimental data, a function was developed to estimate a source’s brightness from its 

luminance and chromaticity coordinates for comparison purposes (Ware and Cowan 

1983). A map of B/L ratios can be plotted on the 1931 CIE chromaticity diagram as 

shown in Figure 15 on the left side (Boyce 2003). The diagram suggests that shorter 

wavelength stimuli (blue) appear to increase in relative brightness more than long 

wavelength stimuli (red). 

 

Another model that relates brightness and luminance in the 1931 CIE chromaticity space 

was developed by Guth et al. (1980). Qualitatively it shows similar results to the one by 

Ware and Cowan (1983) (Figure 15, right). It shows the relationship of brightness to 

luminance in respect to the equal energy spectrum (x,y=0.33,0.33) and used B-Y and R-G 

color opponent and achromatic channel calculations to explain and predict color and 

brightness perception (Guth et al. 1980). The photoreceptor absorption spectra are used 

for the model; they are combined into achromatic and chromatic channel responses 

(Figure 9). The relative weighting of each cone response (for different chromatic 

adaptations) has been determined by testing and fitting the model to experimental data 

from various experiments by different research groups, e.g., Boynton and Gorden (1965), 

Guth and Lodge (1973). The model is also consistent with the tristimulus functions, and 

transformations from one notation to the other have been calculated. 
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Figure 15: Iso-conversion factor contours plotted on the CIE 1931 (x,y) chromaticity 

diagram; left: after Ware and Cowan (1983) (Boyce 2003); right: from Guth et al. 
(1980) 

 

Scene brightness perception, similar to color perception, is suggested to be composed out 

of a combination of the output from the achromatic luminance channel and the two color 

opponent channels (Sekuler and Blake 1994). While the achromatic luminance channel is 

said to provide signals in a linear and additive fashion (Guth 1991), brightness perception 

has been shown to be a non-linear sensation involving the color opponent channels (Guth 

1991; Guth et al. 1980; Ware and Cowan 1983). 

 

In contrast to B-Y opponency, R-G opponency has been suggested to decline in the 

periphery (Dacey and Packer 2003; Solomon and Lennie 2007; Dacey 2000). One reason 

for that might be the following: while in the fovea each L or M cone signal is processed 

by a dedicated midget bipolar pathway, in the periphery each bipolar cell receives input 

from multiple L- and M- cone receptors that are randomly distributed. This could 

potentially explain the possibility for reduced R-G opponency. 

 

25 
 



 
Figure 16: Two top data sets: relative spectral sensitivity of two subjects at 30° 

eccentricity derived from increment threshold data (Wooten et al. 1975); bottom 
data set: Weale’s data derived from heterochromatic brightness matches (Wooten et 

al. 1975; Weale 1953) 
 

Graphs plotting human spectral sensitivity do show a slight dent around 550 nm - 600 nm 

(see Figure 16), indicating the contribution of possible R-G color opponent mechanisms. 

In 1977, Ingling and Tsou developed a model for color and brightness vision circuitry 

(Bartleson and Grum 1984) that takes into account the color opponent and achromatic 

channels and that predicts this dent. Data plots showing predictions for different 

adaptation conditions (see Figure 17) indicate that while this effect of R-G opponency 

stays relatively small throughout different conditions (possibly due to the fact that M- and 

L-cones have very similar spectral sensitivity), short wavelength sensitivity changes 

substantially (Figure 17 suggests a factor of 2.5) depending on adaptation condition. 

 

26 
 



 
Figure 17: Spectral sensitivity curves for dark surround (top) and illuminated 

surround (bottom) conditions according to Ingling and Tsou (1977) (Bartelson and 
Grum 1984) 

 

The B-Y opponent channel appears therefore to be of particular significance to full field-

of-view brightness perception. In particular, sensitivity to short wavelength (“bluish”) 

light appears especially to contribute to brightness sensations for large field stimuli. In 

comparison, sensitivity to “yellow” light does not appear to change substantially at 

different adaptation levels (Akashi et al. 2005; Bullough et al. 2014). 

 

2.2.3. Provisional brightness function  

In the 1950s, Weale collected brightness matching data at various eccentricities from the 

central retina for different wavelengths at 5 cd/m2 (~ 22 lux, ρ=0.7) and 340 cd/m2 

(~1526 lux, ρ=0.7) (Weale 1953). His data for 25° eccentricity showed two “humps” of 

increased sensitivity (Figure 16) with the highest in the short wavelength region and the 

other one corresponding to the maximum expected by V(λ) or V10(λ). In the 1970s 

another research group replicated the finding (Figure 16) using different settings (17,000 

cd/m2 (76,296 lux, ρ=0.7) at 30° and 70° eccentricity) (Wooten et al. 1975). One 

important similarity in the experimental results was that both Weale (1953) and Wooten 

et al. (1975) showed increased sensitivity to short wavelengths in the peripheral retina 
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with a peak near 440-450 nm. This is not represented by the photopic luminous efficiency 

functions in use V(λ) (Rea et al. 2011) and V10(λ) (Erdener 2012). Furthermore, a relative 

change in short wavelength sensitivity with change of adaptation level was observed, 

similar to the short wavelength sensitivity illustrated in the lower panel of Figure 17 

(Bartelson and Grum 1984). S-cone contribution for brightness perception decreases as 

the cone-only adaptation level was reduced (Rea et al. 2011); this suggests that as light 

level increases, the relative contribution of short wavelengths to brightness perception 

increases (Rea et al. 2011). 

 

This increase in short-wavelength sensitivity for brightness perception at higher light 

levels appears to be consistent with the ‘Bezold-Brucke effect’(Rea et al. 2011), which 

indicates that the B-Y opponent color channel’s influence on visual perception increases 

as a function of light level, relative to the R-G opponent channel (Boynton and Gordon 

1965; Walraven 1961). This means for example that as luminance increases, the reddish 

component of a violet is reduced, while the yellowish component of a spectral red is 

increased. 

 

One might think that transitioning from lower mesopic to higher photopic light levels, the 

spectral sensitivity might shift to longer wavelengths due to the loss of rod contribution 

as predicted by the Purkinje shift (Sekuler and Blake 1994). However this is clearly not 

the case for the brightness perception data from Weale (1953) and Wooten et al. (1975) in 

the range of light levels they studied. 

 

Short-wavelength sensitive photoreceptors, e.g. S-cones, appear to be important for 

brightness perception in the peripheral retina under photopic conditions (Weale 1953; 

Wooten et al. 1975; Rea et al. 2011). This indicates that light spectrum has a direct effect 

on brightness perception, in agreement with multiple studies showing that sources with 

greater long wavelength content [e.g., HPS and low pressure sodium (LPS)] are 

perceived as dimmer at the same light level compared to sources with more short 

wavelength content [e.g. MV, ceramic metal halide (CMH), and CFL] (Akashi et al. 

2005; Rea et al. 2009; Rea et al. 2011, Fotios and Cheal 2011). 
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Based on the above, in 2011 the Lighting Research Center developed a provisional model 

to match and predict outdoor scene brightness spectral sensitivity (Rea et al. 2011) using 

an additive mixture of the S-cone fundamental (Smith and Pokorny 1975) and the 

photopic luminous efficiency function V(λ). The equation was developed empirically 

based on the data from Wooten et al. (1975) and a series of psychophysical laboratory 

experiments using typical outdoor light sources. For one experiment HPS and CMH 

2800K lamps were used, plus two different levels of ultraviolet (UV) radiation added to 

each of the sources respectively for a second experiment. A third experiment was 

conducted using HPS, a white HPS, CMH 4200K and a MV source (Rea et al. 2011). In 

each experiment subjects compared the brightness of objects in two equal scenes that 

were set-up side-by-side in two boxes (~2’ cube) and only varied in their illumination. 

The light level ranges at the floor of the box were around 2 lux as well as around 20 lux. 

In response to the experimental results, the spectral sensitivity for scene brightness (B1) 

was defined as: 

 

B1 = V(λ) + g1 S(λ)     (1) 

 

The resulting equation (1) represents a preliminary simplified scene brightness prediction 

model. In this model, S-cones add short wavelength sensitivity to V(λ) (L+M-cones). The 

S-cone contribution multiplier “g1” depends on the cone-only adaptation level and 

increases as a function of light level. g1=1.5 seemed to fit well for a 2 lux experimental 

condition, g1=2.5 seemed to work well for 20 lux. The value of “g1” in equation (1) was 

fitted as a coefficient that increases logarithmically as a function of photopic illuminance 

(in lux); it is calculated using the relationship: g1=0.4343 ln(E) + 1.199, where “E” is the 

photopic illuminance in lux, and “ln” is the natural logarithm. 

 

Because this provisional brightness spectral sensitivity model by Rea et al. (2011) was 

developed by fitting empirical data, it should therefore inherently account for color 

opponent mechanisms triggered by the sources used in the experiments. Figure 20 

illustrates that this could indeed be the case, comparing graphs of B1 to an alternative 
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option for modeling scene brightness spectral sensitivity using the chromatic and 

achromatic response functions (Hurvich and Jameson 1955) instead of V(λ) and S(λ). 

 

The B-Y10 opponent channel can be estimated (Hurvich and Jameson 1955) by 

subtracting input from the z10-bar color matching function [corresponding to, 

approximately, S(λ)] from that of the y10-bar function [corresponding to, approximately, 

V(λ)] as shown in Figure 18: B-Y10(λ) = 0.4 z10-bar(λ) - 0.4 y10-bar(λ). 

 

 
Figure 18: Brightness (BB-Y) = y10-bar(λ) + B-Y10(λ); B-Y10 being calculated using 

the chromatic response functions 0.4 z10-bar(λ) - 0.4 y10-bar(λ) according to Hurvich 
and Jameson (1955) 

 

A similar result to BB-Y = y10-bar(λ) + a B-Y10(λ), where “a” is a coefficient scaling B-Y 

contribution, could also be achieved using relative contributions of S(λ) and V(λ) in  

B1 = m [V(λ) + g1 S(λ)] as shown in Figure 19, where “g1” is the S-cone coefficient and 

“m” is an overall multiplier for relative scaling. 

 

Figure 20 shows the comparison of modeling brightness using either the chromatic 

response functions, accounting for B-Y opponency and the achromatic channel (Hurvich 

and Jameson 1955), or the S-cone sensitivity curve and V(λ). For better comparison both 

curves were scaled to the same maximum (0.85), using a multiplier of 0.6 for the B1 

model. 
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Figure 19: B1 = V(λ) + 1.42 S(λ) (scaled by a multiplier of 0.6); g1=1.42 corresponds 

to 1.7 lux 
 

While brightness perception is a visual sensation based on neural channels and processes 

(not just photoreceptor sensitivities), the above indicates that responses from the B-Y 

channel and achromatic channel as defined by Hurvich and Jameson (1955) provide a 

model very similar to the B1 model by Rea et al. (2011) that is based on S-, L-, and M-

cone sensitivity. 

 

An approximate conversion from the B1 model [B1 = V(λ) + g1 S(λ)] to the BB-Y model 

[BB-Y = m [y10-bar(λ) + a B-Y10(λ)] appears possible (see Figure 20), using: 

• a = g1 / [1.26 + 0.17 ln(E)] 

• m = 1.58+ 0.23 ln(E) 

• V(λ) instead of y10-bar (λ) 

 

To convert from the BB-Y model to B1 the following can be used: 

• g1 = a [1.26 + 0.17 ln(E)] 

• y10-bar (λ) or V(λ) 
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Figure 20: B1 = V(λ) + 1.42 S(λ) corresponds to BB-Y = y10-bar(λ) + 1 B-Y10(λ) (scaled 
by a multiplier of 0.6); B-Y10 being calculated using the chromatic response function 

[0.4 z10-bar(λ) - 0.4 y10-bar(λ)] according to Hurvich and Jameson (1955); g1=1.42 
corresponds to 1.7 lux 

 

Some corresponding coefficients for four different light levels are shown in Table 1. 

 

Table 1: Corresponding coefficients for alternate notations B1 = V(λ) + g1 S(λ) and 
BB-Y = m [V(λ) + a B-Y10(λ)] with multiplier for relative scaling 

Illuminance 
E (lux)

g1 (S-cone 
coeficient)

a (B-Y 
coefficient)*

m (scaling 
multiplier)

0.2 0.5 0.5 1.25
0.9 1 0.83 1.5
6.5 2 1.25 2
20 2.5 1.4 2.3

*0.4 (z10-bar) - 0.4 (y10-bar) (Hurvich and Jameson 1955)  
 

A literature search revealed that a Japanese research group developed an equation similar 

to equation (1) based on an experiment with halogen (HAL) sources and phosphor 

converted white LEDs (InGaN + yellow phosphor). They conducted a psychophysical 

experiment to study light source spectrum and apparent road surface brightness and 

successfully fit their data with a comparable brightness equation using an S-cone 

coefficient [similar to “g1” in equation (1) (B1)] of 1.47 at approximately 60 lux (ρ=0.7) 

(Okawa et al. 2009). 
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In 2011 a research team tested different brightness perception from typical outdoor 

lighting sources (Fotios and Cheal 2011). In a laboratory experiment they tested 

brightness perception for five different light sources, among them a red-green LED 

(yellow-green in appearance), at 5 lux each, using a 38° x 37° field of view. They fitted 

the data to several existing metrics including mesopic illuminance (CIE 2010), scotopic / 

photopic (S/P) ratio and the brightness model suggested by Rea et al. (2011). 

 

However, when the brightness model based on short-wavelength cone contribution as 

described above (Rea et al. 2011) was used to fit the data, it did not show a good 

correlation (r2=0.41). This was largely due to the red-green LED having been judged 

equally bright by the subjects, when compared to a CFL and MH source, despite it 

providing less S-cone stimulation than these other sources. This particular LED's SPD 

suggests an incompleteness of a brightness function that uses S-cone contribution and 

V(λ) only [or the equivalent achromatic and B-Y opponent channel contributions 

according to Hurvich and Jameson (1955)]. An additional mechanism appeared to be at 

play in scene brightness perception at the light level used. 

 

The UK research team suggested including rod contribution to fit the experimental data 

(Fotios and Cheal 2011); rods are more sensitive to short wavelength radiation and 

outdoor lighting does include mesopic light levels when rods start to be active. However, 

as mentioned above, it has been shown that rods play only a very small to no role in 

brightness perception above 0.1 cd/m2 (~0.4 lux, ρ=0.7) (Rea et al. 2004, 2011). In 

addition, using mesopic photometry as a brightness model as suggested by Fotios and 

Cheal (2011) has a spectral shift away from shorter wavelengths as light level is 

increased; this is opposite of what was found by Rea et al. (2011), Weale (1953) and 

Wooten et al. (1975). Further, fitting the Rea et al. (2011) test data, which included an 

MV source (which has relatively low rod stimulation but relatively high S-cone 

stimulation), using mesopic photometry as a brightness model, created a fit to the data of 

r2=0.6, which was not as good as the fit to the B1 model (r2=0.8). 
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A further brightness evaluation experiment conducted by Bullough et al. (2014) 

comparing an “Amber” light stimulus (with negligible short-wavelength content) to a 

“Fuchsia” light stimulus (with relatively high short-wavelength content) at different light 

levels confirmed that with an increase in light level, an increase in short-wavelength 

contribution to brightness perception could be observed. Calculating error percentages for 

the experimental results in comparison to predictions from B1 (Rea et al. 2011), mesopic 

illuminance (which includes rod contributions) (CIE 2010) and photopic illuminance 

[V(λ)], showed that errors were high and increased at higher light levels (up to 137%) for 

both photopic and mesopic illuminance. For B1, the error percentages were relatively 

constant and within 20%, independent of light level (Bullough et al. 2014). 

 

One possible explanation for the poor prediction by B1 for data from Fotios and Cheal 

(2011) could be that the red-green LED used in the experiment might produce relatively 

high stimulation of melanopsin and reveal the ability of receptors containing this 

photopigment to elicit brightness perception. 

 

To explore whether the addition of melanopsin contribution could indeed improve the 

cone-only model B1, Bullough (2013) empirically developed a second provisional model 

using the data from Rea et al. (2011) as well as those from Fotios and Cheal (2011). 

Decreasing the relative S-cone contribution by 40% to g2=0.6 g1 and adding a fixed 

amount of melanopsin contribution using a multiplier of 0.5 [using a melanopsin 

luminous efficiency function Mel(λ) with a peak value of 1 at 480 nm and a value of 0.97 

at 490 nm (Rea et al. 2010)] provided a reasonable fit for results from both experiments 

published in 2011 (Bullough 2013). Bullough’s analysis was a post-hoc analysis using 

data from previously conducted experiments. 

 

B2 = V(λ) + g2 S(λ) + 0.5 Mel(λ)    (2) 

 

34 
 



2.2.4. Summary  

Prior experiments summarized in the background section, showed that short-wavelength 

contributions appear to enhance brightness perception under light levels typically 

considered photopic (Fotios and Gado 2005; Bullough et al. 2014), that is, above 

illuminances of about 4.5 lux (for ρ=0.7). 

 

An experiment conducted by Fotios and Cheal (2011) suggested that there were 

limitations to the cone-only brightness prediction function (1) (B1; Rea et al., 2011) 

especially when considering the responses to a yellowish-green light source comprised of 

red and green light emitting diodes (LEDs) used in their study. This source was judged 

brighter by subjects than would be predicted by the cone-only model (B1) for spectral 

sensitivity. The SPD of the source (see Figure 21) had non-negligible energy near 480 - 

490 nm and could therefore stimulate melanopsin [and at mesopic and scotopic light 

levels this SPD could also stimulate rods (Boyce 2003)]. A second brightness spectral 

sensitivity model (2) (B2; Bullough 2013) including melanopsin was able to fit the 

published experimental data from Fotios and Cheal (2011) better (r2 = 0.88 instead of r2 = 

0.41; see Discussion section), as well as the data from Rea et al. (2011) (r2=0.74). 

 

 
Figure 21: Relative SPD of LED test source used in a brightness experiment (Fotios 

and Cheal 2011) and photoreceptor efficacy functions (scaled to peak value of 1) 
 

To confirm the results from Fotios and Cheal (2011) pertaining to the red-green LED in 

their study, and to explore whether melanopsin in ipRGCs could contribute to brightness 

perception, Experiment 1 for the present thesis was designed using a stimulus comprised 
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of red and green LEDs similar to the ones used by Fotios and Cheal (2011). For 

comparison, a second stimulus comprised of red and blue LEDs was used that would 

stimulate S-cones as well as melanopsin. The stimuli and their relative stimulation 

characteristics (e.g. melanopsin) are described in the Methods section below. 

 

In addition to cones, ipRGCs could impact brightness perception (see Background 

section) at photopic light levels either directly or indirectly (through feedback to cone 

photoreceptors) or both (Schmidt, Chen et al. 2011; MacDougal and Gamlin 2010; 

Brown et al. 2012; Joo et al. 2013). If melanopsin were to contribute to brightness 

perception directly as suggested by Brown et al. (2012), this influence on brightness 

perception could explain why the red-green LED used by Fotios and Cheal (2011) was 

judged brighter than predicted by the model from Rea et al. (2011). 

 

Experiment 2 of this thesis used a similar experimental apparatus and procedure but a 

different approach, utilizing stimuli with similar chromaticity coordinates at the same 

light level. The brightness of two amber LED stimuli with similar chromaticity 

coordinates was compared by the subjects. Due to the LED sources and apparatus used, 

achieving identical chromaticity coordinates was not possible in this experiment. 

 

Color mixing theory (see Background section) states that stimuli with similar 

chromaticity coordinates would look similar in color and brightness to the human eye at 

the same illuminance level. However, if melanopsin directly contributes to brightness 

perception, stimuli with different melanopsin stimulation, but similar chromaticity 

coordinates, might appear brighter than anticipated by the relatively small discrepancy in 

x/y-coordinates at the same illuminance level (Brown et al. 2012; Horiguchi et al. 2012). 

The stimuli were designed to provide a difference in melanospin stimulation between the 

stimuli, but to elicit negligible S-cone contribution in both cases, to prevent brightness 

increase due to S-cone contribution as suggested by Rea et al. (2011) and Bullough et al. 

(2014). 
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3. METHODS 

3.1. Experiment 1 

3.1.1. Objectives (Experiment 1) 

The objective of Experiment 1 was to explore whether melanopsin in ipRGCs could 

contribute to brightness perception, through testing whether the results of a subjective 

brightness judgment experiment could be explained by adding melanopsin contribution to 

the provisional brightness model B1 (Rea et al. 2011). One of two stimuli was similar to 

the red-green LED used by Fotios and Cheal (2011) in their study, in order to explore the 

discrepancy found between brightness evaluations in their experiment and the B1 model 

prediction. 

 

3.1.2. Hypotheses (Experiment 1)  

The four hypotheses developed for Experiment 1 were: 

 

1. If melanopsin would contribute to brightness perception, significantly lower 

illuminance than predicted by B1 of the Green stimulus would be needed to 

be perceived equally bright to the Fuchsia stimulus. 

 

2. The absolute errors in predictions by model B2 to the experimental results 

will be significantly smaller than the absolute errors by model B1. 

 

At the high light level range, the difference between the predictions of brightness 

perception by the two models B1 and B2 is 20%, and at the low light level range15%.  

 

3. If melanopsin would contribute to brightness perception as defined by B2, 

a. B1 will overestimate the illuminance needed from the Green stimulus 

to match the brightness perception from the Fuchsia stimulus by 

about 20%. 
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(32 lux of Fuchsia (not 26 lux) will be needed to match the brightness of 

67 lux of Green; and 64 lux of Green (not 80 lux) will be needed to match 

the brightness of 30 lux of Fuchsia.) 

 

b. B1 will overestimate the illuminance needed from the Green stimulus 

to match the brightness perception from the Fuchsia stimulus by 

about 15%. 

(6.3 lux of Fuchsia (not 5.4 lux) will be needed to match the brightness of 

12 lux of Green; and 11.5 lux of Green (not 13.6 lux) will be needed to 

match the brightness of 6 lux of Fuchsia.) 

 

4. The illuminance ratio between the Green and Fuchsia stimuli matched for 

brightness will increase at the high light level range compared to the ratio at 

the low light level range (by at least 10%, from about 1.9 to 2.1) indicating 

higher short wavelength contribution to brightness perception. 

 

Hypotheses 1 through 4 were based on brightness predictions by B1, equation (1), and B2, 

equation (2). The values necessary to calculate the model predictions as well as the 

predictions themselves are shown in Table 2. They were calculated by multiplying the 

respective sensitivity functions shown in Figure 22 [photopic luminous sensitivity 

function: V(λ) (Wyszecki and Stiles 1982), S-cone fundamental: S(λ) (Smith and 

Pokorny 1975), and a melanopsin fundamental: Mel(λ) (Rea et al. 2010)] with the 

respective SPDs of the stimuli at 10 nm increments according to the equation used by 

Rea et al. (2010), and shown below: 

 
 

P(λ) is the SPD of the source, 

X(λ) stands for the respective photoreceptors’ absorption curve S(λ), V(λ), or Mel(λ), 

∆(λ) accounts for 10 nm increments, and  

“k” is a constant of 683 lm/W, defined to scale V(λ) with peak value of 1 at 555 nm to 

units of illuminance, all photoreceptor efficacy functions were scaled to the same peak. 
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The calculation method for each photoreceptor efficacy and the brightness prediction is 

based on the procedure calculating illuminance, there is no unit for these values. These 

magnitude estimates help to facilitate relative comparisons from one SPD to the other and 

are shown in Table 2. For additional information, the scaling coefficients are added, as 

well as B-Y10 values. 

 

Table 2: B1 and B2 model brightness prediction for reference stimuli (illuminance in 
bold) used in Experiment 1 at high and low light level range; shown are also values 

for the test stimuli predicted by B1 and B2 to produce equal brightness (shaded 
fields), as well as values used to calculate predictions 

 
 

 
Figure 22: Relative photoreceptor sensitivity functions (scaled to be 1 at maximum) 
and relative SPDs for Experiment 1 (scaled proportionally for equal illuminance, 

and to be 1 at maximum) 
 

Source Fuchsia Fuchsia Green Fuchsia Green Green Fuchsia Fuchsia Green Fuchsia Green Green

Illuminance (lux) 25.5 31.5 67.0 30.0 63.7 79.9 5.4 6.3 12.0 6.0 11.5 13.6
relative S-cone 
stimulation

19.1 23.5 2.7 22.4 2.6 3.2 4.0 4.7 0.5 4.5 0.5 0.5

relative Melanopsin 
stimulation

28.9 35.6 30.8 34.0 29.3 36.7 6.1 7.1 5.5 6.8 5.3 6.2

B1 Prediction 75.2 94.8 75.2 90.0 71.4 90.0 13.1 15.6 13.1 14.9 12.5 14.9
B2 Prediction 69.8 87.3 87.3 83.0 83.0 104.3 13.1 15.4 15.4 14.7 14.7 17.5
g1 2.6 2.7 3.0 2.7 3.0 3.1 1.9 2.0 2.3 2.0 2.3 2.3
g2 1.6 1.6 1.8 1.6 1.8 1.9 1.2 1.2 1.4 1.2 1.4 1.4
relative B-Y10 

stimulation
2.2 2.7 -26.6 2.6 -25.3 -31.7 0.9 0.5 -4.8 0.5 -4.6 -5.4

a 1.4 1.5 1.5 1.5 1.5 1.5 1.2 1.3 1.4 1.3 1.3 1.4
m 2.3 2.4 2.5 2.4 2.5 2.6 2.0 2.0 2.2 2.0 2.1 2.2

High Light Level Low Light Level
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3.1.3. Apparatus (Experiment 1) 

For all experiments described, a matte white finished integrating box (reflectance ρ=0.7) 

was used with interior dimensions of 23” (width) x 22” (length) x 22” (height). Its top 

was open to a half-spherical dome in the same matte white finish as shown in Figure 23, 

and the front viewing opening had dimensions of 18.5” (height) x 21.5” (width). Mounted 

between the cube and the half sphere dome was a tray (see Figure 23) containing seven 

individually controllable light sources with different peak wavelength and color 

appearance, each consisting of three of the same LEDs (twenty-one LEDs total). The 

seven LED sources with their different spectral power distributions could be mixed 

evenly in the dome to customize and provide various indirect light stimuli. They were 

digitally controllable through a custom designed circuit with 12-bit resolution, and 

customizable through a custom-written LabVIEW (National Instruments) computer 

program and interface.  

 

The SPDs for the LED sources installed in the tray are shown in Figure 24, and their 

specifications are listed below: 

 

• Two different red LED sources (one consisting of three Cree XR-C, peak 

wavelength: 625 nm, half-maximum bandwidth 15 nm; and the other of three 

Cree XR-E, peak wavelength: 635 nm, half-maximum bandwidth 18 nm) 

• One amber LED source (consisting of three Cree XP-E sources, peak wavelength: 

599 nm, half-maximum bandwidth 16 nm) 

• Two different green LED sources (one consisting of three Lumileds Luxeon I 

sources, peak wavelengths: 520 nm, half-maximum bandwidth 38 nm; and the 

other of three Lumileds Luxeon I sources, peak wavelength: 525 nm, half-

maximum bandwidth 38 nm) 

• Two different blue LED sources (one consisting of three Cree XP-G sources, peak 

wavelength: 450 nm, half-maximum bandwidth 24 nm; and the other of three 

Cree XP-E sources, peak wavelength: 468 nm, half-maximum bandwidth 24 nm). 
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Figure 23: Integrating box interior 

 

 

 
Figure 24: Relative SPDs of the 7 LED sources used in the integrating box (scaled to 

be 1 at maximum) 
 

For Experiment 1, a chromaticity and an illuminance sensor (HCT-99-D Color Meter, 

Gigahertz-Optik; X9 Photometer, Gigahertz-Optik), installed in the bottom center of the 

integrating box, facing up, as shown in Figure 25, provided chromaticity and light level 

feedback between the integrating box and the computer. 
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Figure 25: Experiment 1: set-up 

 

One custom LabVIEW program allowed calibrating and setting the different stimuli 

during preparation for the experiment (Figure 26, left), while another was used to switch 

during the experiment from one stimulus to the next (Figure 26, right). 

 

 
Figure 26: Experiment 1: calibration interface (left), switching interface (right) 

 

3.1.4. Stimuli and variables (Experiment 1) 

Two SPDs were created for Experiment 1 (Figure 27), a stimulus with peak wavelengths 

of 525 nm plus 625 nm (denoted as Green) that stimulated mainly L- and M-cones as 

well as ipRGCs, but had little S-cone stimulation (Figure 22), and a stimulus with peak 
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wavelengths of 468 nm plus 625 nm (denoted as Fuchsia). This latter condition would 

stimulate mainly L-, M- and S-cones as well as ipRGCs (Figure 22). As shown in Table 

2, the relative S-cone stimulation for the Fuchsia stimulus would be about 8-9 times 

greater than for the Green stimulus; melanopsin stimulation would only be 1.1-1.2 times 

greater. 

 

The SPDs of both stimuli, shown in Figure 27, were created using the LabVIEW 

interface for the integrating box’s LED source controls. The SPDs were verified by 

measuring each condition with a spectrometer (Photo Research, SpectraScan PR740). 

 

 
Figure 27: Relative SPDs for Experiment 1 (scaled proportionally for equal 

illuminance, and to be 1 at maximum) 
 

The experimental design was similar to Bullough et al. (2007 and 2014), in order to find 

the equal brightness value of a test stimulus to a reference stimulus, a reference stimulus 

at a particular light level was compared to the test stimulus at several different light 

levels. Curve fitting analysis (further described in the Results section) was used to 

estimate the light level at which both, the reference and the test stimulus, were judged 

50% of the time as being brighter, therefore equally bright. To design the range of the test 

stimuli, a preliminary magnitude estimate for approximate brightness matches was 

derived. Based on that, four more test stimuli were created, two below and two above, in 

steps of ~30%, as specified below. This step size that was modeled after Bullough et al. 

(2007) where it was used in previous brightness judgment studies. To be able to derive an 

equal brightness value from the experimental results, it was most relevant that the range 
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of the test stimuli would encompass the illuminance level for equal brightness; using a 

hypothesized match according to one of the models was not necessary: 

 

• For the high light level experiment, the Green reference stimulus at 67 lux was 

compared to the Fuchsia test stimuli at 8, 19, 30, 47 and 60 lux. The Fuchsia 

control stimulus at 30 lux was compared to the Green test stimuli at 16, 42, 67, 86 

and 109 lux. 

 

• For the low light level experiment, the Green reference stimulus at 12 lux was 

compared to the Fuchsia test stimuli at 2.5, 4, 6, 8 and 10 lux. The Fuchsia control 

stimulus at 6 lux was compared to the Green test stimuli at 5, 8.5, 12, 16 and 24 

lux. 

 

The illuminance levels used during the experiment represent levels at the bottom center 

of the integrating box (location of photometer, see Figure 25). The illuminance at the eye, 

were measured at a distance of 8” in front of the box. The conversion factor for 

illuminance at the eye was 0.5 times the illuminance at the bottom of the box. The levels 

were as follows: 

• Fuchsia at 30 lux produced an illuminance of about 15 lux at the eye 

• Green at 67 lux produced an illuminance of about 34 lux at the eye 

• Fuchsia at 6 lux produced an illuminance of about 3 lux at the eye 

• Green at 12 lux produced an illuminance of about 6 lux at the eye 

 

Independent and dependent variables: The independent variables for Experiment 1 

were the different light level ranges of the stimuli and their two different SPDs, Green 

and Fuchsia, causing very different S-cone stimulation but similar melanopsin 

stimulation (see Table 2). The dependent variables were the subjects’ subjective 

brightness judgments comparing stimuli pairs as described below. 

 

Possible extraneous variables: Several potentially confounding variables were 

discussed that could influence the results of the experiments, such as subject age, 
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duration of stimulus, field of view, and pupil size. They are further described in the 

Discussion section as well as strategies used to address and control for them. 

 

3.1.5. Procedure (Experiment 1) 

Four experiments were conducted, two at each light level range using each of the two 

SPDs as the reference. Twelve subjects between the ages of 22 and 53 years participated: 

• high light level experiment, Fuchsia reference: 8 male, 4 female, mean age 33 

years, median age 31 years, standard deviation (SD) 10 years 

• high light level experiment, Green reference: 9 male, 3 female, mean age 33 

years, median age 30 years, SD 10 years 

• low light level experiment, Fuchsia reference: 8 male, 4 female, mean age 33 

years, median age 30 years, SD 10 years 

• low light level experiment, Green reference: 9 male, 3 female, mean age 32 years, 

median age 30 years, SD 10 years 

 

After conducting and passing each subject on the Ishihara test for color deficiencies 

(Ishihara 1960), the study was explained to the individual respective subjects, who could 

ask questions before signing the consent form approved by the institutional review board 

(IRB) of Rensselaer Polytechnic Institute (RPI); see Appendix F. Subjects were then 

asked to sit in front of the integrating box (about 8”) and look inside to judge the 

brightness of sequential full field stimuli. The experiment was performed in the Levin 

Photometry Laboratory of the Lighting Research Center, a black painted room. The 

environment surrounding the subjects was dark with the experimental apparatus and 

adjacent computer screen being the only light sources, resulting in an ambient light level 

of less than 0.5 lux. 

 

Thirty brightness judgments were performed by each subject in each of the four sessions 

described above. During each session the subject judged one of the four reference stimuli 

against the test stimulus at five different light levels, two below, two above and one 

approximately matching the equal-brightness prediction. 
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The subjects evaluated which of two 5-second stimuli appeared brighter in a sequential 

forced choice experiment (referred to as brightness judgment data). They were also asked 

to rate how much brighter (as a percentage with 100% brighter being equivalent to double 

the brightness) the brighter stimulus was (referred to as relative percentage data). 

 

Between exposures, the subjects covered their eyes with an eye mask (Figure 28) for 15-

25 seconds while the experimenter switched to the next condition and waited for it to 

stabilize. The stimuli sequences and orders were randomized in order to minimize 

learning and fatigue effects. Each of the possible five stimulus pair combinations was 

viewed six times by each subject, three times in each possible order. The total duration of 

each of the four sessions was approximately 30-40 minutes. 

 

 
Figure 28: Eye mask 

 

3.2. Experiment 2 

3.2.1. Objectives (Experiment 2) 

The objective of Experiment 2 was to investigate stimuli that have nearly equal 

chromaticity coordinates, small S-cone stimulation, and which vary in the relative 

stimulation of ipRGC photoreceptors due to their different SPDs. If melanopsin would 

contribute noticeably to brightness perception, stimuli that have energy around 

melanopsin’s sensitivity (400-550 nm, peak 480-490 nm) might be perceived as being 

brighter than anticipated by the variation in chromaticity coordinates, and predicted by B1 

which relies on differences in S-cone contribution. 
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3.2.2. Hypotheses (Experiment 2) 

The four hypotheses for Experiment 2 were: 

 

1. If melanopsin would contribute to brightness perception, significantly lower 

illuminance than predicted by B1 of the Amber 2 stimulus would be needed 

to be perceived equally bright to the Amber 1 stimulus. 

 

2. The errors in predictions by model B2 to the experimental results will be 

significantly smaller than the errors by model B1. 

 

At the high light level range, the difference between the predictions of brightness 

perception by the two models B1 and B2 is 5%, and at the low light level range 6%. 

 

3. If melanopsin contributes to brightness perception as defined by B2, 

a. B1 will overestimate the illuminance needed from the Amber 2 

stimulus to match the brightness perception from the Amber 1 

stimulus by about 5%. 

85 lux of Amber 1 (not 80 lux) will be needed to match the brightness of 

77 lux of Amber 2; and 70 lux of Amber 2 (not 74 lux) will be needed to 

match the brightness of 77 lux of Amber 1. 

 

b. B1 will overestimate the illuminance needed from the Amber 2 

stimulus to match the brightness perception from the Amber 1 

stimulus by about 6%. 

4.9 lux of Amber 1 (not 4.5 lux) will be needed to match the brightness of 

4.5 lux of Amber 2; and 4.2 lux of Amber 2 (not 4.5 lux) will be needed to 

match the brightness of 4.5 lux of Amber 1. 

 

4. The illuminance ratio between the Amber 1 and Amber 2 stimuli matched 

for brightness will only increase insignificantly at the high light level range 
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compared to the ratio at the low light level range (by about 2%, from about 

1.08 to 1.1) due to the low S-cone stimulation of the stimuli. 

 

Hypotheses 1 through 4 were developed similar to Experiment 1, using the predictions by 

the brightness spectral sensitivity models B1 (Rea et al. 2011) and B2 (Bullough 2013). 

The respective photoreceptor sensitivity curves and SPDs are shown in Figure 29. The 

model predictions for the stimuli used in Experiment 2, as well as the estimated relative 

photoreceptor and channel stimulations are shown in Table 3. 

 

Table 3: B1 and B2 model brightness prediction for reference stimuli (illuminance in 
bold) used in Experiment 2 at high and low light level range; shown are also values 

for the test stimuli predicted by B1 and B2 to produce equal brightness (shaded 
fields), as well as values used to calculate predictions 

Source
Amber 

2
Amber 

2
Amber 

1
Amber 

2
Amber 

1
Amber 

1
Amber 

2
Amber 

1
Amber 

2
Amber 

1
Illuminance (lux) 74.1 70.1 77.0 77.0 84.6 80.0 4.2 4.5 4.5 4.9
relative S-cone 
stimulation

0.9 0.8 0.0 0.9 0.0 0.0 0.1 0.0 0.1 0.0

relative Melanopsin 
stimulation

12.7 12.0 1.5 13.2 1.7 1.6 0.8 0.2 0.9 0.2

B1 Prediction 76.8 72.7 76.8 79.8 84.4 79.8 4.4 4.7 4.7 5.0
B2 Prediction 82.1 77.7 77.7 85.3 85.3 80.7 4.7 4.7 5.1 5.1
g1 3.1 3.0 3.1 3.1 3.1 3.1 1.8 1.9 1.9 1.9
g2 1.8 1.8 1.9 1.9 1.9 1.9 1.1 1.1 1.1 1.1
relative B-Y10 

stimulation
-30.6 -28.9 -31.8 -31.8 -34.9 -33.0 -1.7 -1.8 -1.8 -1.9

a 1.5 1.5 1.5 1.5 1.6 1.5 1.2 1.2 1.2 1.2
m 2.6 2.6 2.6 2.6 2.6 2.6 1.9 1.9 1.9 1.9  
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Figure 29: Relative photoreceptor sensitivity functions (scaled to be 1 at maximum) 
and relative SPDs for Experiment 2 (scaled proportionally for equal illuminance, 

and to be 1 at maximum) 
 

3.2.3. Apparatus (Experiment 2) 

To be able to create repeatable and stable stimuli, the prior feedback system (using the 

HCT-99-D Color Meter Gigahertz-Optik) was not sensitive enough. The chromaticity 

meter only measured and provided feedback regarding the mixed end result of test and 

reference stimuli (chromaticity coordinates and illuminance) to the system for adjustment 

to a defined target condition. 

 

For Experiment 2 the goal was to monitor the relative contribution of each individual 

LED source to the target stimulus to enable faster and more accurate feedback to the 

system for mixing of the target stimuli. This was particularly important to keep the 

illuminance and chromaticity stable as temperature conditions changed. 

 

In addition to the updated feedback system, the LabVIEW interface was updated as well, 

because the previous program and interface (used for Experiment 1) did not allow various 

multi-source stimuli in the same experiment if they used different blue, red or green LED 

sources respectively. 

 

To address the above mentioned limitations, a custom feedback system was designed and 

built using four photodiode sensor cells (Hamamatsu, S1223-01) as shown in Figure 36 
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with a spectral response range from 320 nm – 1100 nm (peak at 960 nm) on a custom 

circuit board. Three of the sensors were covered with a different color filter to tune it to a 

particular LED source in the integrating box while filtering out others (for all red and 

amber LEDs, Roscolux #127 was used; for all blue LEDs, Roscolux #382 was used; for 

all green LEDs, Roscolux #90 plus #14 were used). The filters’ transmission curves were 

measured (Photo Research, SpectraScan PR740) and are shown in Figure 30 through 

Figure 35, together with the resulting light stimuli arriving at the photodiode sensors for 

feedback to the control system. The fourth sensor was left uncovered and not calibrated. 

It was put in as a spare and to use all amplifier inputs inherent in the hardware; it was not 

utilized for Experiment 2. 

 

 
Figure 30: Transmittance of Roscolux #382 
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Figure 31: Light stimulus at sensor covered by Roscolux #382 to address blue LEDs 

(peak at 450 nm and 468 nm) 
 

 

 
Figure 32: Transmittance of Roscolux #127 
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Figure 33: Light stimulus at sensor covered by Roscolux #127 to address amber and 

red LEDs (peak at 599 nm, 625 nm and 635 nm) 
 

 

 
Figure 34: Transmittance of Roscolux #90 + #14 
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Figure 35: Light stimulus at sensor covered by Roscolux #90 + #14 to address green 

LEDs (peak at 520 nm and 525 nm) 
 

The sensors were housed in a small white custom box (see Figure 36), installed in the top 

of the integrating box next to the LED sources (see Figure 37), and connected via a 

National Instrument analog to digital converter (National Instruments, USB-6008) (see 

Figure 36) to a computer with a new custom LabVIEW program. The program and 

interface allowed creation of the custom SPDs needed for the stimuli, and allowed saving 

the settings for each of the different LED sources to be able to show the same SPDs 

repeatedly as needed. This kept the viewing conditions stable, assured repeatability and 

minimized the time it took to switch from one stimulus to the next. 

 

In addition to the feedback sensor and LabVIEW interface, a spectrometer was used 

(Instrument Systems, CAS120 Array Spectrometer) as shown in Figure 37 to log and 

confirm the chromaticity coordinates and light levels. 
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Figure 36: Experiment 2: custom sensors for feedback 

 

 

 
Figure 37: Experiment 2: set-up and sensor locations 

 

Figure 38, left, shows the interface to create six pre-set stimuli; the same interface was 

also used to switch between conditions during the experiment. Figure 38, right, shows the 

54 
 



spectrometer software interface used to calibrate the stimuli and monitor them throughout 

the experiments. 

 

 
Figure 38: Experiment 2: LabView interface (left), spectrometer interface (right) 

 

3.2.4. Stimuli and variables (Experiment 2) 

For Experiment 2 at the high light level range, three LED sources were used as shown in 

Figure 39 and Figure 40 to create two stimuli at three light levels each (55 lux, 77 lux, 

108 lux) with close chromaticity coordinates as shown in Figure 39 of x10=0.6028, 

y10=0.3969 for Amber 1 and x10=0.6112, y10=0.3827 for Amber 2.  

 

Due to the specification of the LEDs used in the apparatus, it was not possible to achieve 

stimuli with precisely identical chromaticity coordinates. Stimulus Amber 1 consisted of 

only a single amber LED source (peak: 599 nm), stimulus Amber 2 consisted of two 

sources, a green LED source (peak: 520 nm) and a red LED source (peak: 635 nm). At 

the high light level range, stimulus Amber 2 (520 nm + 635 nm) had 8-9 times greater 

relative melanopsin stimulation than stimulus Amber 1 (599 nm). Amber 2 also had small 

S-cone stimulation, while Amber 1 did not have more than negligible S-cone stimulation. 
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Figure 39: Chromaticity of LED sources at high light level range plotted on the CIE 

1964 diagram (Wyszecki and Stiles 1982) 
 

 

 
Figure 40: Relative SPDs for Experiment 2 

(scaled proportionally for equal illuminance, and to be 1 at maximum) 
 

In order to dim the high light level range stimuli (55 lux, 77 lux, 108 lux) shown in 

Figure 41 to the low light level range (3 lux, 4.5 lux, 6.2 lux) while preserving stable 
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thermal conditions for the LED sources and minimizing the change in chromaticity, a 

neutral density (ND) filter (Lee 1.2 neutral density film that reduces light 4 stops, GL 

LE299 SHEET 1.2 ND) was used, as shown in Figure 42. 

 

 
Figure 41: Set-up for Experiment 2 at high light level condition (55 lx, 77 lx, 108 lx) 

 

 

 
Figure 42: Set-up for Experiment 2 at low light level condition with ND filter (3 lx, 
4.5 lx, 6.2 lx); the light leak around the filter edges was not visible to the subjects 

during the experiment due to their vantage point 
 

The filter’s transmission curve was measured with a spectrometer (Photo Research 

SpectraScan PR740) for analysis and is shown in Figure 43. 
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Figure 43: Neutral density filter transmittance 

 

As shown in Figure 44, the filter did change the chromaticity of Amber 1 only slightly to 

x10, y10 = 0.6029, 0.3984, but it changed the chromaticity of Amber 2 more substantially 

to x10, y10 = 0.5839, 0.4103. Therefore, the stimuli were adjusted for the low light level 

experiment. The resulting chromaticity information used during the experiment is shown 

in Figure 45, for Amber 1: x10, y10 = 0.5941, 0.3922, and for Amber 2: x10, y10 = 0.5961, 

0.3877. 

 

In the high light level range experiment, stimulus Amber 1 (599 nm) at 77 lux (reference 

condition) was compared to stimulus Amber 2 (520 nm + 635 nm) at 55 lux, 77 lux and 

108 lux (test conditions); and stimulus Amber 2 at 77 lux (reference condition) was 

compared to stimulus Amber 1 at 55 lux, 77 lux and 108 lux (test conditions). 

 

In the low light level range experiment, stimulus Amber 1 at 4.5 lux (reference condition) 

was compared to stimulus Amber 2 at 3 lux, 4.5 lux and 6.2 lux (test conditions); and 

stimulus Amber 2 at 4.5 lux (reference condition) was compared to stimulus Amber 1 at 3 

lux, 4.5 lux and 6.2 lux (test conditions). 
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Figure 44: Chromaticity of LED sources for high light level experiment covered by 

ND filter, plotted on the CIE 1964 diagram (Wyszecki and Stiles 1982) 
 

 

 
Figure 45: Chromaticity of LED sources covered by ND filter adjusted for low light 

level experiment, plotted on the CIE 1964 diagram (Wyszecki and Stiles 1982) 
 

The illuminance levels used during the experiment represent levels at the lower left 

corner of the integrating box (see location of spectrometer sensor in Figure 37). The 
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illuminance at the eye at a distance of 8” in front of the box, as well as the illuminance at 

the center of the floor had been measured. The conversion factor for the high light level 

range was, 0.6 (illuminance at the eye) and 1.4 (illuminance at center of the box), for the 

low light level range 0.8 (illuminance at the eye) and 1.4 (illuminance at center of the 

box). The measurements were as follows: 

 

• Amber 1 and Amber 2 at 55 lux produced an illuminance of about 33 lux at the 

eye and 77 lux on the ground. 

• Amber 1 and Amber 2 at 77 lux produced an illuminance of about 46 lux at the 

eye and 108 lux on the ground. 

• Amber 1 and Amber 2 at 108 lux produced an illuminance of about 65 lux at the 

eye and 151 lux on the ground. 

 

• Amber 1 and Amber 2 at 3 lux produced an illuminance of about 2 lux at the eye, 

and 4.3 lux on the ground. 

• Amber 1 and Amber 2 at 4.5 lux produced an illuminance of about 3.6 lux at the 

eye, and 6.3 lux on the ground. 

• Amber 1 and Amber 2 at 6.2 lux produced an illuminance of about 5 lux at the 

eye and 8.7 lux on the ground. 

 

Independent and dependent variables: The independent variables in Experiment 2 

were the different SPDs of stimulus Amber 1 and Amber 2 (varying melanopsin 

stimulation) and the different light levels of the test vs. the reference stimuli. The 

dependent variables were the subjective brightness choice and magnitude judgments by 

the subjects. 

 

Possible extraneous variables: Several potentially confounding variables could 

influence the results of the experiments, such as such as subject age, duration of stimulus, 

field of view, color appearance and pupil size. These are further discussed in the 

Discussion section, together with the strategies used to address and control for them. 
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3.2.5. Procedure (Experiment 2) 

In two sessions, Experiment 2 at the high light level range (77 lux reference vs. 55 lux, 77 

lux and 108 lux test conditions), and Experiment 2 at the low light level range (4.5 lux 

reference vs. 3 lux, 4.5 lux and 6.2 lux test conditions), 10 subjects (5 male, 5 female), 

age range 22-33 years (mean 28 years, median 28 years, SD 4.2 years) individually 

conducted 30 brightness evaluations each. The two separate sessions were conducted 

with each subject on two different days, one for the higher light level range and one for 

the lower light level range. Each took about 40 minutes to complete. 

 

After passing the Ishihara test for color blindness (Ishihara 1960) the experiment was 

explained to the subjects and IRB approved consent forms were signed, see Appendix F. 

The experiment took place in the LRC’s black-painted Levin Photometry Laboratory to 

prevent any confounding light stimulation and distraction. After dark adaptation, two 

conditions were shown to the subjects sequentially for comparison, for 5 seconds each. 

After seeing two conditions the subjects were asked which condition was brighter 

(condition 1 or 2) and how much brighter as a percentage value (100% brighter meaning 

double as bright). Each subject saw each condition pair six times for comparison, three 

times in each possible sequence; the order of all conditions was randomized to prevent 

any confounding effects through bias, learning and fatigue. In between stimuli, the 

subjects wore a mask covering the eyes. To accommodate subjects wearing glasses and 

preventing light leakage, the mask was different from the one used in Experiment 1, and 

is shown in Figure 46. The transition time between stimuli was 15-25 seconds for pupil 

size to normalize, for the time it took the experimenter to switch conditions and for 

conditions to stabilize. 

 

 
Figure 46: Eye mask (left: closed; right: open) 
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4. RESULTS 

4.1. Results (Experiment 1) 

To analyze the data, the six repeated brightness judgments for each of the five condition 

(e.g., 30 lux of Fuchsia reference versus 16, 42, 67, 86 and 109 lux from the Green test 

stimulus) were averaged for each subject and plotted on the y-axis as percentage of times 

the test condition was judged as being brighter than the reference condition. The x-axis 

indicated the illuminance from the test condition. This was done to be able to estimate the 

illuminance from the test stimulus that would be judged 50% of the time as being brighter 

than the reference stimulus, therefore indicating equal brightness. 

 

The plotted data points were fitted to a sigmoid function that had been shown in prior 

experiments (Bullough et al. 2007) to fit well to brightness prediction data: 

y = [(0-1) / (1+(x/a)b)] + 1. In the equation, “a” represents the light level value where the 

test stimulus was judged as being brighter 50% of the time; “b” represents a value related 

to the slope of the equation; “y” represents the percentage of times the test stimulus was 

judged as brighter than the control; and “x” represents the illuminance at the center of the 

box floor (location of illuminance meter). 

 

To analyze the relative percentage data, the six repeated evaluations how much brighter 

the test stimulus was in comparison to the reference stimulus for each of the five 

conditions (e.g. 30 lux of Fuchsia reference vs. 16, 42, 67, 86 and 109 lux from the Green 

test stimulus) were averaged for each subject. The data were plotted with the y-axis 

indicating the averaged relative brightness percentage of the test condition to the control 

(0% indicating equal brightness of test and control) as a function of illuminance of the 

test condition on the x-axis. 

 

The data points were fit to a linear function: y=a x+b; “b” representing the light level 

value where the test stimulus was judged 0% brighter than the reference stimulus, 

therefore equally bright; “y” representing the percentage how much brighter the test 
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stimulus was judged in comparison to the control; and “x” representing the illuminance at 

the center of the box floor (location of illuminance meter). 

 

The data plotted for each individual subject are shown in Appendix A. To summarize the 

results, the judgments from all subjects per session were averaged as shown below. 

Standard errors of the mean are shown for the relative percentage data to indicate how 

uniform the collected evaluation data were among subjects. All results, individual, mean, 

median and standard deviations are summarized in Table 4 (high light level range) and 

Table 6 (low light level range). 

 

To evaluate the curve fit, the coefficients of determination (r2) were determined through 

curve fitting with the software products Curve Expert (sigmoid function) and Excel 

(linear function). The resulting probability values for r2, indicating if the goodness of the 

fit was significant, were looked up in McGuigan (1997). 

 

4.1.1. High light level experiment 

Figure 47 through Figure 50 show the data and best-fitting functions to the average 

results for all 12 subjects for the high light level experiments: 

 

 
Figure 47: Fuchsia test stimulus; brightness judgment data and best-fitting sigmoid 

function for 12 subjects for the high light level experiment (r2=0.99, p<0.01) 
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Figure 48: Fuchsia test stimulus; relative brightness percentages, best-fitting line 
and standard error of the mean for 12 subjects for the high light level experiment 

(r2=0.94, p<0.01) 
 

 

 
Figure 49: Green test stimulus; brightness judgment data and best-fitting sigmoid 

function for 12 subjects for the high light level experiment (r2=0.99, p<0.01) 
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Figure 50: Green test stimulus; relative brightness percentages, best-fitting line and 

standard error of the mean for 12 subjects for the high light level experiment 
(r2=0.97, p<0.01) 

 

In addition to the results from curve fitting the data means as shown in Figure 47 through 

Figure 50, Table 4 lists the results from all individual subjects’ curve fits, and their mean 

and median values. 
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Table 4: Individual, median and mean results from curve fits of brightness 
judgment data and relative percentage judgment data for the high light level 

experiment 

Subject #

Fuchsia 30 lux 
reference: 
Brightness 
Judgement

Fuchsia 30 lux 
reference: 

Relative 
Percentage 

Green 67 lux 
reference: 
Brightness 
Judgments

Green 67 lux 
reference: 

Relative 
Percentage 

1
54               

r²=0.98
62               

r²=0.94
35               

r²=0.88
36            

r²=0.90

2
53               

r²=0.99
60               

r²=0.94
32                

r²=0.97
40               

r²=0.96

3
46               

r²=0.97
60               

r²=0.94
38               

r²=0.99
42               

r²=0.84

4
44               

r²=0.99
52               

r²=0.99
49               

r²=0.99
45               

r²=0.81

5
65               

r²=0.99
60               

r²=0.99
32               

r²=0.97
41               

r²=0.97

6
61               

r²=0.81
66               

r²=0.98
48               

r²=0.99
42               

r²=0.94

7
84               

r²=0.98
70               

r²=0.87
35               

r²=0.99
35               

r²=0.86

8
62*                 

r²=0.86
79*               

r²=0.40
31               

r²=0.91
32               

r²=0.85

9
47               

r²=0.97
56               

r²=0.88
46               

r²=0.99
43               

r²=0.98

10
52               

r²=0.88
65               

r²=0.88
40               

r²=0.98
32               

r²=0.94

11
67               

r²=0.97
72               

r²=0.85
31               

r²=0.99
36               

r²=0.97

12
53               

r²=0.99
55               

r²=0.98
40               

r²=0.98
43               

r²=0.91
Mean from 
individual fits

57 63 38 39

Median from 
individual fits

54 61 36 40

Mean fit
56               

r²=0.99
61               

r²=0.97
38               

r²=0.99
37               

r²=0.94
Standard 
deviation

11.4 7.7 6.6 4.4

Standard error 3.6 2.4 2.1 1.4

Illuminance of test stimulus derived (sigmoid and linear 
fit) to be equally bright to the reference stimulus (lux)

          
           

           
         

 
*Note: For the Fuchsia reference condition, the sigmoid curve representing the results 
from Subject 8 had a negative slope; this was not the case for the other three of Subject 
8’s experimental sessions. 
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To evaluate if the results were significantly different from the predictions and testing 

Hypothesis 1, a one-sample t-test was performed comparing the resulting data set (n=12) 

to the predicted equal brightness value from the model B1. The result for the high light 

level range is shown in Table 5.  

 

Table 5: Results from one-sample t-tests for Experiment 1 at high light level range 
Reference 
stimulus

Test stimulus illuminances derived to 
be perceived equally bright (lux), n=12

Test stimulus illuminances 
predicted to be perceived 

equally bright (lux) 

One sample t-test 
results (p<0.05), if 
reliably different

Hypotheses

brightness judgment data:  38 (SEM 2.1) 26 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    37 (SEM 1.4) 26 (B1) Yes
Hypothesis 1 

confirmed

brightness judgment data:  38 (SEM 2.1) 31 (B2) Yes
Hypothesis 3a 

rejected

relative percentage data:    37 (SEM 1.4) 31 (B2) Yes
Hypothesis 3a 

rejected

brightness judgment data:  56 (SEM 3.6) 80 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    61 (SEM 2.4) 80 (B1) Yes
Hypothesis 1 

confirmed

brightness judgment data:  56 (SEM 3.6) 64 (B2) No
In line with 

Hypothesis 3a 

relative percentage data:    61 (SEM 2.4) 65 (B2) No
In line with 

Hypothesis 3a

Green 67 
lux

Fuchsia 30 
lux

 
 

At the high light level for all four conditions the predictions from model B1 (Rea et al. 

2011) were statistically different from the results and consistently underestimated the 

perceived brightness of the Green stimulus (by 24% – 32%), (p<0.0001 for the 30 lux 

Fuchsia reference condition, and p<0.0001 for the 67 lux Green reference condition, for 

both, brightness judgment and relative percentage data for a criterion of p<0.05, critical t 

value=1.80). 

 

To test Hypothesis 2, the absolute error values between prediction and experimental 

results were determined for the models B1 and B2 for each individual subject. These two 

data sets were then compared using a one-tailed paired t-test. The absolute error values 

were derived by determining the equal brightness values (mean illuminance value of 

brightness judgment data and relative percentage data) for each individual subject 
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through curve fitting (see Table 4), and calculating the absolute error discrepancy to the 

B1 and B2 model predictions using the equation: 

Absolute error % = I(Ereference – Etest)/ Etest I. The t-test confirmed that the absolute 

prediction error by model B2 was significantly smaller than the absolute prediction error 

by model B1 (p<0.0001 for 30 lux Fuchsia reference condition, and p<0.0001 for 67 lux 

Green reference, for a criterion of p<0.05, critical t value=1.80). 

 

Hypothesis 3a was based on the predictions by model B2, and the values being different 

by 20% to the predictions by model B1. One-sample t-tests were performed comparing 

the resulting data set (n=12) to the predicted equal brightness value from the model B2 

(B1 minus 20%). The hypothesized equal brightness prediction B2 (B1 minus 20%) were 

not statistically different from the data for the Fuchsia reference conditions (6% – 12% 

difference) [p=0.08 (brightness judgment data), p=0.79 (relative percentage data)]. For 

the Green reference conditions however, the predictions were statistically different (16% 

- 18% difference) [p=0.006 (brightness judgment data) and p<0.0001 (relative percentage 

data)]. The criterion was p<0.05, critical t value=2.20. 

 

To address possible questions regarding subjects’ variability and validity of using the 

mean value, two one-sample t-tests were conducted comparing the overall mean value 

and the median value from the experimental results to the resulting data series based on 

each individual subject (n=12). If the results were statistically different, the overall 

validity would be in question due to a high variability among subjects. The one-sample t-

tests showed no statistical significance for a criterion of p<0.05 for any of the conditions 

(comparison to median / comparison to data mean). [Fuchsia reference, brightness 

judgment data (p=0.3 / p=0.6), relative percentage data (p=0.5 / p=0.5). Green reference, 

brightness judgment data (p=0.4 / p=0.9), relative percentage data (p=0.5 / p=0.1).] 

In addition, looking whether the direction of the curve fits matched among subjects 

indicating agreement which stimulus is perceived brighter than the other, revealed that 

for 47 out of 48 cases the curve fit results did agree in direction. 
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4.1.2. Low light level experiment 

Figure 51 through Figure 54 show the data and best-fitting functions to the mean data for 

all 12 subjects for the low light level experiments: 

 

 
Figure 51: Fuchsia test stimulus; brightness judgment data and best-fitting sigmoid 

function for 12 subjects for the low light level range (r2=0.99, p<0.01) 
 

 

 
Figure 52: Fuchsia test stimulus; relative brightness percentages, best-fitting line 

and standard error of the mean for 12 subjects for the low light level range (r2=0.91, 
p<0.01) 
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Figure 53: Green test stimulus; brightness judgment data and best-fitting sigmoid 

function for 12 subjects for the low light level range (r2=0.99, p<0.01) 
 

 

 
Figure 54: Green test stimulus; relative brightness percentages, best-fitting line and 

standard errors of the mean for 12 subjects for the low light level range (r2=0.92, 
p<0.01) 

 

In addition to the results from curve fitting, the data means as described above are shown 

in Figure 51 through Figure 54, Table 6 lists results from the individual subject curve fits. 
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Table 6: Individual, median and mean results from curve fits of brightness 
judgment data and relative percentage judgment data for the low light level 

experiment 

Subject #

Fuchsia 6 lux 
reference: 
Brightness 
Judgment

Fuchsia 6 lux 
reference: 

Relative 
Percentage 

Green 12 lux 
reference: 
Brightness 
Judgment

Green 12 lux 
reference: 

Relative 
Percentage 

1
8.2             

r²=0.99
9.5             

r²=0.89
5.8             

r²=0.99
6.9             

r²=0.82

2
9.5             

r²=0.98
9.5             

r²=0.96
7.5             

r²=0.87
7.5             

r²=0.96

3
8.6             

r²=0.99
9.2             

r²=0.83
6.0                

r²=0.99
7.1             

r²=0.86

4
8.5             

r²=0.99
9.6             

r²=0.93
8.0             

r²=0.99
7.4             

r²=0.99

5
7.2             

r²=0.99
10.2             

r²=0.99
7.6             

r²=0.97
8.1             

r²=0.89

6
8.8             

r²=0.97
9.6             

r²=0.97
7.7             

r²=0.99
7.3             

r²=0.98

7
12.5             

r²=0.89
13.9             

r²=0.87
6.4             

r²=0.87
5.2             

r²=0.93

8
11.9             

r²=0.92
13.1             

r²=0.64
6.4             

r²=0.87
6.6             

r²=0.74

9
13.8             

r²=0.75
13.3             

r²=0.71
7.3             

r²=0.99
8.0             

r²=0.98

10
8.5             

r²=0.99
8.2             

r²=0.94
7.9             

r²=0.99
7.3             

r²=0.96

11
8.5             

r²=0.99
10.6             

r²=0.84
7.3             

r²=0.99
7.2             

r²=0.99

12
12.5             

r²=0.97
13.7             

r²=0.87
7.9             

r²=0.97
7.9             

r²=0.93
Mean from 
individual fits

9.9 10.9 7.2 7.2

Median from 
individual fits

8.7 9.9 7.4 7.3

Mean fit
9.6             

r²=0.99
11.0             

r²=0.92
6.8             

r²=0.99
7.1             

r²=0.91
Standard 
deviation

2.2 2.0 0.8 0.8

Standard error 0.7 0.6 0.2 0.2

Illuminance of test stimulus derived (sigmoid and linear 
fit) to be equally bright to the reference stimulus (lux)
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As for the high light level range, one-sample t-tests were performed comparing the 

resulting data set (n=12) to the predicted equal brightness value from the model. This was 

done to evaluate if the results were significantly different from the predictions and to test 

Hypotheses 1. The results for the high light level range are shown in Table 7. 

 

Table 7: Results from one-sample t-tests for Experiment 1 at low light level range 
Reference 
stimulus

Test stimulus illuminances derived to be 
perceived equally bright (lux), n=12

Test stimulus illuminances 
predicted to be perceived 

equally bright (lux) 

One sample t-test 
results (p<0.05), if 
reliably different

Hypotheses

brightness judgment data:  6.8 (SEM 0.2) 5.4 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    7.1 (SEM 0.2) 5.4 (B1) Yes
Hypothesis 1 

confirmed

brightness judgment data:  6.8 (SEM 0.2) 6.3 (B2) Yes
Hypothesis 3b 

rejected

relative percentage data:    7.1 (SEM 0.2) 6.3 (B2) Yes
Hypothesis 3b 

rejected

brightness judgment data:  9.6 (SEM 0.7) 13.6 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    11.0 (SEM 0.6) 13.6 (B1) Yes
Hypothesis 1 

confirmed

brightness judgment data:  9.6 (SEM 0.7) 11.5 (B2) Yes
Hypothesis 3b 

rejected

relative percentage data:    11.0 (SEM 0.6) 11.5 (B2) No
In line with 

Hypothesis 3b

Green 12.0 
lux

Fuchsia 6.0 
lux

 
 

At the low light level the predictions from model B1 (Rea et al. 2011) were statistically 

different from the results for all conditions; B1 consistently underestimated the perceived 

brightness of the Green stimulus by 19% – 21% (p<0.0001 for the 6 lux Fuchsia 

reference condition, and p<0.0001 for the 12 lux Green reference condition, for both, 

brightness judgment and relative percentage data for a criterion of p<0.05, critical t 

value=1.80). 

 

The paired one-tailed t-test to test Hypothesis 2 confirmed that the absolute prediction 

error by model B2 was significantly smaller than the absolute prediction error by model 

B1 (p=0.009 for 6 lux Fuchsia reference condition, and p<0.0001 for 12 lux Green 

reference for a criterion of p<0.05, t=1.80). 

 

72 
 



Hypothesis 3b hypothesized equal brightness predictions by B2 (B1 minus 15%) to not be 

statistically different from the experimental data. This was the case for the Fuchsia 

reference conditions (4% – 17% difference) for the relative percentage data, but not for 

the brightness judgment data [p=0.03 (brightness judgment data), p=0.29 (relative 

percentage data)]. For the Green reference conditions, the B2 (B1 minus 15%) predictions 

were statistically different in both cases (7% - 11%) [p=0.003 (brightness judgment data) 

and p=0.002 (relative percentage data)]. The criterion was p<0.05, t=2.20. 

 

To address possible questions regarding the subjects’ variability and the validity of using 

the mean value, two one-sample t-tests were conducted comparing the overall mean value 

and the median value from the experimental results to the resulting data series based on 

results for each individual subject (n=12). The one-sample t-tests showed no statistical 

significance for a criterion of p<0.05 for any of the conditions (comparison to median / 

comparison to data mean). [Fuchsia reference, brightness judgment data (p=0.07 / p=0.5), 

relative percentage data (p=0.1 / p=0.9). Green reference, brightness judgment data 

(p=0.6 / p=0.07), relative percentage data (p=0.9 / p=0.6).] Looking at whether the 

direction of the curve fits matched among subjects revealed that for 48 out of 48 cases the 

curve fit results did agree in direction. 

 

4.2. Results (Experiment 2) 

Figure 55 through Figure 62 contain the overall brightness judgment results and the mean 

percentage results when the subjects were asked to report the relative brightness 

difference percentage between the two conditions compared. In each case the data are 

plotted as a function of the (photopic) illuminance from the test condition. Data plots 

showing results for each individual subject are included in Appendix B. 

 

To evaluate the curve fit, the coefficients of determination (r2) were determined through 

curve fitting using the software product Excel. The resulting probability values for r2 

indicating if the goodness of the fit was significant were calculated using regression 

analysis in Excel. 
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From the best fitting lines, the illuminance levels at which the linear function for the 

brightness judgment data had a value of 50% and at which the linear functions for the 

relative percentage data had a value of 0% were determined. These values indicated at 

what light level the test and reference stimuli would be estimated to appear equal in 

brightness to the subjects (see Table 8). 

 

4.2.1. High light level experiment (55 lux, 77 lux, 108 lux) 

Figure 55 and Figure 56 show the results of the high light level range experiment with 

reference stimulus Amber 2 (520 nm + 635 nm) at 77 lux as the control condition, and 

test stimuli Amber 1 (599 nm) at 55 lux, 77 lux and 108 lux. 

 

 
Figure 55: Amber 1 test stimulus; brightness judgment data with standard errors of 

the mean and best-fitting line for 10 subjects at the high light level range, r2=0.99 
(p=0.07) 
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Figure 56: Amber 1 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for 10 subjects at the high light level range, 
r2=0.99 (p=0.02) 

 

Figure 57 and Figure 58 show the results of the high light level range experiment with 

reference stimulus Amber 1 (599 nm) at 77 lux as the control condition, and test stimuli 

Amber 2 (520 nm + 635 nm) at 55 lux, 77 lux and 108 lux. 

 

 
Figure 57: Amber 2 test stimulus; brightness judgment data with standard errors of 

the mean and best-fitting line for 10 subjects at the high light level range, r2=0.90 
(p=0.2) 
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Figure 58: Amber 2 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for 10 subjects at the high light level range, 
r2=0.99 (p=0.05) 

 

In addition to the results from curve fitting the means as shown in Figure 55 through 

Figure 58, Table 8 lists the results from curve-fitting each individual subject, including 

their mean and median values. It shows the derived illuminance values (linear fitting) for 

the test stimulus that would be equal in perceived brightness to 77 lux of the reference 

stimulus for each individual subject as well as the mean. 
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Table 8: Individual and mean results for 10 subjects for high light level experiment 

Subject #
Amber 1 test: 

Brightness 
Judgment

Amber 1 test: 
Relative 

Percentage 

Amber 2 test: 
Brightness 
Judgment

Amber 2 test: 
Relative 

Percentage 

Amber 2 (77 lux) judged 
brighter than Amber 1 

(77 lux)

1
86             

r²=0.93
81             

r²=0.98
69             

r²=0.83
68             

r²=0.99
5 of 6 times (83%)

2
109             

r²=0.99
107             

r²=0.91
27             

r²=0.99
47             

r²=0.99
5 of 6 times (83%)

3
89             

r²=0.86
91             

r²=0.95
63             

r²=0.83
62             

r²=0.91
3 of 6 times (50%)

4
80             

r²=0.95
79             

r²=0.99
80             

r²=0.83
76             

r²=0.99
4 of 6 times (67%)

5
83             

r²=0.99
79             

r²=0.99
77             

r²=0.92
80             

r²=0.93
4 of 6 times (67%)

6
83             

r²=0.99
89             

r²=0.99
66             

r²=0.99
59             

r²=0.99
4 of 6 times (67%)

7
113             

r²=0.83
109             

r²=0.99
below 55*

35             
r²=0.98

6 of 6 times (100%)

8
93             

r²=0.99
82             

r²=0.95
77             

r²=0.92
69             

r²=0.99
4 of 6 times (67%)

9
97             

r²=0.97
100             

r²=0.90
76             

r²=0.66
65             

r²=0.68
5 of 6 times (83%)

10
83             

r²=0.99
93             

r²=0.91
72             

r²=0.96
68             

r²=0.99
4 of 6 times (67%)

Mean from 
individual fits

92 91 67 63

Median from 
individual fits

88 90 72 67

Mean fit
90             

r²=0.99
92             

r²=0.99
67             

r²=0.90
61             

r²=0.99
Standard 
deviation

11.5 11.2 16.2 13.4

Standard error 3.6 3.6 5.4 4.2

Illuminance of test stimulus derived (linear fit) to be equally 
bright to 77 lux of the reference stimulus (lux)

                    
               

                  
      

 
*Note: The curve fit representing the data from Subject 7 was a horizontal line, therefore 
no equal brightness point could be generated. The data were not included in the mean and 
median from individual fits, however it was included in the curve fit from the overall data 
mean. 
 

In Experiment 2 at the high light level condition, all subjects had to compare Amber 1 

and Amber 2 at 77 lux directly 6 times. Even if the chromaticity coordinates were very 

similar, nine out of ten subjects evaluated Amber 2 as being brighter more than 50% of 

the time, and one subject evaluated it as brighter 50% of the times (3 out of 6). Looking 
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at whether the direction of the curve fits matched among subjects revealed that for 39 out 

of 40 cases, the curve fit results did agree in direction. 

 

As for Experiment 1, one-sample t-tests were performed comparing the resulting data set 

(n=10) to the predicted equal brightness value from the model B1. This was done to 

evaluate if the results were significantly different from the prediction and to test 

Hypotheses 1. The results for the high light level range are shown in Table 9. 

 

Table 9: Results from one-sample t-tests for Experiment 2 at high light level range 
Reference 
stimulus

Test stimulus illuminances derived to be 
perceived equally bright (lux), n=10

Test stimulus illuminances 
predicted to be perceived 

equally bright (lux) 

One sample t-test 
results (p<0.05), if 
reliably different

Hypotheses

brightness judgment data:  67 (SEM 5.4) 74 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    61 (SEM 4.2) 74 (B1) No
Hypothesis 1 

rejected

brightness judgment data:  67 (SEM 5.4) 70 (B2) No
In line with 

Hypothesis 3a 

relative percentage data:    61 (SEM 4.2) 70 (B2) No
In line with 

Hypothesis 3a 

brightness judgment data:  90 (SEM 3.6) 80 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    92 (SEM 3.6) 80 (B1) Yes
Hypothesis 1 

confirmed

brightness judgment data:  90 (SEM 3.6) 85 (B2) No
In line with 

Hypothesis 3a 

relative percentage data:    92 (SEM 3.6) 85 (B2) No
In line with 

Hypothesis 3a

Amber 1 
77 lux

Amber 2 
77 lux

 
 

At the high light level the predictions from model B1 (Rea et al. 2011) were statistically 

different from the results in 3 of 4 cases, overestimating the illuminance needed from 

Amber 2 to match Amber 1 in perceived brightness (10% – 18% difference), [p=0.005 

(brightness judgment data), p=0.006 (relative percentage data) for the Amber 1 reference 

condition, and p=0.07 (brightness judgment data), p=0.01 (relative percentage data) for 

the Amber 2 reference]. The criterion was p<0.05, critical t value=1.83. 

 

To test Hypothesis 2 a paired one-tailed t-test was used similar to Experiment 1. It 

confirmed that the absolute prediction error by model B2 was significantly smaller than 

the absolute prediction error by model B1 (p=0.03 for 77 lux Amber 1 reference 
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condition, and p=0.02 for 77 lux Amber 2 reference for a criterion of p<0.05, critical t 

value=1.83). 

 

Hypothesis 3a stated that the B1 model prediction would be different by about 5%, 

equivalent to the prediction of model B2. The one-sample t-test suggested that the 

hypothesized equal brightness predictions by B2 (B1 minus 5%) were not statistically 

different from the data for all conditions (4% – 13% difference) [p=0.09 (brightness 

judgment data), p=0.1 (relative percentage data) for the Amber 1 reference; p=0.29 

(brightness judgment data), p=0.13 (relative percentage data) for the Amber 2 reference]. 

The criterion was p<0.05, critical t value=2.26. 

 

To address possible questions regarding the subjects’ variability and the validity of using 

the mean value, in addition to looking at curve fit direction, two one-sample t-tests were 

conducted comparing the overall mean value and the median value from the experimental 

results to the resulting data series based on results for each individual subject (n=10). The 

one-sample t-tests showed no statistical significance for a criterion of p<0.05 

(comparison to median / comparison to data mean) for any of the conditions, indicating 

that using the mean value did not have to be rejected. [Amber 1 reference, brightness 

judgment data (p=0.3 / p=0.5), relative percentage data (p=0.4 / p=0.7). Amber 2 

reference, brightness judgment data (p=0.3 / p=0.7), relative percentage data (p=0.8 / 

p=0.8).] 

 

4.2.2. Low light level experiment (3 lux, 4.5 lux, 6.2 lux) 

Figure 59 and Figure 60 show the results of the low light level range experiment with 

reference stimulus Amber 2 (520 nm + 635 nm) at 4.5 lux as the control condition, and 

test stimuli Amber 1 (599nm) at 3 lux, 4.5 lux and 6.2 lux. 
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Figure 59: Amber 1 test stimulus; brightness judgment data with standard errors of 

the mean and best-fitting line for 10 subjects at the low light level range, r2=0.99 
(p=0.01) 

 

 

 
Figure 60: Amber 1 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for 10 subjects at the low light level range, 
r2=0.99 (p=0.01) 

 

Figure 61 and Figure 62 show the results of the low light level range experiment with 

reference stimulus Amber 1 (599 nm) at 4.5 lux as the control condition, and test stimuli 

Amber 2 (520 nm + 635 nm) at 3 lux, 4.5 lux and 6.2 lux. 
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Figure 61: Amber 2 test stimulus; brightness judgment data with standard errors of 

the mean and best-fitting line for 10 subjects at the low light level range, r2=0.98 
(p=0.09) 

 

 

 
Figure 62: Amber 2 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for 10 subjects at the low light level range, 
r2=1 (p=0.002) 

 

In addition to the results from curve fitting the data means as shown in Figure 59 through 

Figure 62, Table 10 lists the results from curve fitting each individual subject, including 

their mean and median. It shows the illuminances derived through linear fitting for the 

test stimulus that would be equal in perceived brightness to 4.5 lux of the reference 

stimulus for each individual subject, as well as for the mean values. 
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Table 10: Individual and mean results for 10 subjects at low light levels 

Subject #
Amber 1 

test: 
Brightness 

Amber 1 
test: Relative 
Percentage 

Amber 2 test: 
Brightness 
Judgment

Amber 2 test: 
Relative 

Percentage 

Amber 2 (4.5 lux) 
judged brighter than 

Amber 1 (4.5 lux)

1
5.0          

r²=0.99
4.5          

r²=0.99
4.3          

r²=0.89
4.7          

r²=0.99
4 of 6 times (67%)

2
5.4          

r²=0.99
5.4          

r²=0.85
4.6          

r²=0.70
4.7          

r²=0.85
4 of 6 times (67%)

3
5.4          

r²=0.99
5.6          

r²=0.99
3.9          

r²=0.94
4.3          

r²=0.92
4 of 6 times (67%)

4
4.2          

r²=0.97
5.3          

r²=0.99
4.4          

r²=0.99
4.8          

r²=0.99
3 of 6 times (50%)

5
4.4          

r²=0.99
3.9          

r²=0.78
4.6          

r²=0.99
4.8          

r²=0.76
3 of 6 times (50%)

6
4.4          

r²=0.99
4.6          

r²=0.99
4.8          

r²=0.97
4.4          

r²=0.99
3 of 6 times (50%)

7
4.9          

r²=0.91
5.3          

r²=0.95
4.2          

r²=0.83
4.1          

r²=0.99
5 of 6 times (83%)

8
4.6          

r²=0.99
4.6          

r²=0.99
4.1          

r²=0.95
4.0          

r²=0.97
3 of 6 times (50%)

9
4.4          

r²=0.70
4.6          

r²=0.84
4.8          

r²=0.80
4.4          

r²=0.89
1 of 6 times (17%)

10
5.6         

r²=0.95
7 .0         

r²=0.99
4.2             

r²=0.83
3.7          

r²=0.94
5 of 6 times (83%)

Mean from 
individual fits

4.8 5.1 4.4 4.4

Median from 
individual fits

4.8 5.0 4.4 4.4

Mean fit
4.9        

r²=0.99
4.6          

r²=0.99
4.4           

r²=0.98
4.4         

r²=0.99
Standard 
deviation

0.5 0.9 0.3 0.4

Standard error 0.2 0.3 0.1 0.1

Illuminance of test stimulus derived (linear fit) to be 
equally bright to 4.5 lux of the reference stimulus (lux)

 
 

At the low light level condition, all subjects had to compare Amber 1 and Amber 2 at 4.5 

lux directly 6 times. Five out of ten subjects evaluated Amber 2 as being brighter more 

than 50% of the time, four subjects evaluated Amber 2 and Amber 1 as being brighter 

50% of the time, one subject evaluated Amber 2 as being brighter only 17% of the times 
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(1 out of 6). Looking at whether the direction of the curve fits matched among subjects 

revealed that for 39 out of 40 cases, the curve fit results did agree in direction. 

 

As for Experiment 1, one-sample t-tests were performed comparing the resulting data set 

(n=10) to the predicted equal brightness value from the model B1. This was done to 

evaluate if the results were significantly different from the prediction and to test 

Hypothesis 1. The results for the high light level range are shown in Table 11. 

 

Table 11: Results from one-sample t-tests for Experiment 2 at low light level range 
Reference 
stimulus

Test stimulus illuminances derived to be 
perceived equally bright (lux), n=10

Test stimulus illuminances 
predicted to be perceived 

equally bright (lux) 

One sample t-test 
results (p<0.05), if 
reliably different

Hypotheses

brightness judgment data:  4.4 (SEM 0.1) 4.5 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    4.4 (SEM 0.1) 4.5 (B1) Yes
Hypothesis 1 

rejected

brightness judgment data:  4.4 (SEM 0.1) 4.2 (B2) No
In line with 

Hypothesis 3b

relative percentage data:    4.4 (SEM 0.1) 4.2 (B2) No
In line with 

Hypothesis 3b

brightness judgment data:  4.9 (SEM 0.2) 4.5 (B1) Yes
Hypothesis 1 

confirmed

relative percentage data:    4.6 (SEM 0.3) 4.5 (B1) No
Hypothesis 1 

rejected

brightness judgment data:  4.9 (SEM 0.2) 4.9 (B2) No
In line with 

Hypothesis 3b

relative percentage data:    4.6 (SEM 0.3) 4.9 (B2) Yes
Hypothesis 3b 

rejected

Amber 1 
4.5 lux

Amber 2 
4.5 lux

 
 

At the low light level the predictions from model B1 (Rea et al. 2011) were statistically 

different from the results in 3 of 4 cases, overestimating the illuminance needed from 

Amber 2 to match Amber 1 in perceived brightness in 3 of 4 cases (0% – 6% difference), 

[p=0.03 (brightness judgment data), p=0.03 (relative percentage data) for the Amber 1 

reference condition, and p=0.01 (brightness judgment data), p=0.33 (relative percentage 

data) for the Amber 2 reference]. The criterion was p<0.05, critical t value=1.83. 

 

To test Hypothesis 2 a paired one-tailed t-test was used similar to Experiment 1 and at the 

high light level. The results did not show that the absolute prediction error by model B2 

was significantly smaller than the absolute prediction error by model B1 (p=0.35 for 4.5 
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lux Amber 1 reference condition, and p=0.49 for 4.5 lux Amber 2 reference for a criterion 

of p<0.05, critical t value=1.83). 

 

Hypothesis 3b stated a value different of about 6% between model B1 and the 

experimental results, equivalent to the prediction of model B2. The hypothesized equal 

brightness predictions B2 (B1 minus 6%) were not statistically different from the results 

in 3 of 4 cases (0% – 6% difference) [p=0.67 (brightness judgment data), p=0.52 (relative 

percentage data) for the Amber 1 reference condition, and p=0.08 (brightness judgment 

data), p=0.02 (relative percentage data) for the Amber 2 reference]. The criterion was 

p<0.05, critical t value=2.26. 

 

To address possible questions regarding the subjects’ variability and the validity of using 

the mean value, in addition to looking at curve fit direction, two one-sample t-tests were 

conducted comparing the overall mean value and the median value from the experimental 

results to the resulting data series based on results for each individual subject (n=10). The 

one-sample t-tests showed no statistical significance for a criterion of p<0.05 

(comparison to median / comparison to data mean) for any of the conditions, indicating 

that using the mean value did not have to be rejected. [Amber 1 reference, brightness 

judgment data (p=0.7 / p=0.8), relative percentage data (p=0.5 / p=0.5). Amber 2 

reference, brightness judgment data (p=0.6 / p=0.9), relative percentage data (p=0.6 / 

p=0.1).] 
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5. DISCUSSION 

5.1. Discussion (Experiment 1) 

The data summarized in the Results section and analyzed using one-sample t-tests 

(p<0.05) to compare the model predictions to the results confirmed that equation (1) (B1; 

Rea et al. 2011) did not yield accurate predictions of the resulting data for each of the 

four experimental conditions. This confirmed Hypothesis 1. The prediction from B1 

(equation 1) underestimated the perceived brightness of the Green stimulus in 

Experiment 1 by 24%-33% (mean 30%) at the high light level, and by 19-29% (mean 

23%) at the low light level range, just as it underestimated the brightness of the Green 

stimulus used by Fotios and Cheal (2011). 

 

Comparing the prediction errors by the models B1 and B2 (error discrepancies between 

the model predictions and results) confirmed that they were significantly smaller for 

model B2 than model B1 in all cases (see Results section, p<0.05). Hypothesis 2 was 

therefore confirmed. The difference between the performance of the two models (B1 and 

B2) is consistent with a potential melanopsin contribution to brightness perception 

described by Brown et al. (2012), as the only difference between model B1 and B2 is the 

addition of melanopsin contribution to the cone only model. 

 

Hypotheses 3 was stated based on the premise that equation (2) (B2; Bullough 2013) 

would yield accurate predictions; the differences in prediction between B1 and B2 were 

20% at the high light level and 15% at the low light level. Hypothesis 3a stated therefore 

that B1 would underestimate the perceived brightness by 20% at the high light level and 

Hypothesis 3b stated by 15% at the low light level. 

 

Statistical analysis (see Results section) showed that the predictions from the B2 model 

did not reliably predict the experimental data in more than half of the cases (5 of 8) for a 

criterion of p<0.05; in the remaining cases the prediction was not statistically different 

from the results. 
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The percentage difference between predictions from B2 and the results were 4-17% 

(mean 12%) for the high light level range, and 4-11% (mean 7%) for the low light level. 

 

Hypotheses 3 was therefore only partially confirmed, the B2 model predicted the results 

in only less than half of the cases, B1 overestimated the results more than 20% for the 

high light level range and more than 15% for the low light level range. These statistical 

results suggest that the B2 model could still be improved upon. 

 

To test Hypothesis 4 and confirm a short-wavelength gain in sensitivity with increasing 

light level, the ratios were determined of the estimated equal brightness illuminance 

levels from the test and reference stimuli. At the high light level range, the Green and 

Fuchsia SPDs were judged equally bright when the ratios between their illuminances 

were: 

• ~2 (61 lux/30 lux based on the relative percentage data for the Fuchsia reference)  

• ~1.9 (56 lux/30 lux based on the brightness judgment data for the Fuchsia 

reference)  

• ~1.8 (67 lux/37 lux based on the relative percentage data for the Green reference)  

• ~1.8 (67 lux/38 lux based on the brightness judgment data for the Green 

reference) 

The average ratio for the high light level range was ~1.9. 

 

At the low light level range, the Green and Fuchsia SPDs were judged equally bright 

when the ratio between their illuminances was: 

• ~1.8 (11 lux/6 lux based on the relative percentage data for the Fuchsia reference) 

• ~1.6 (9.6 lux/6 lux based on the brightness judgment data for the Fuchsia 

reference) 

• ~1.7 (12 lux/7 lux based on the relative percentage data for the Green reference) 

• ~1.7 (12 lux/6.9 lux based on the brightness judgment data for the Green 

reference)  

The average ratio for the low light level range was ~1.7. 
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The calculated ratio was higher for the higher light level range, which suggests that less 

of the Fuchsia stimulus (containing more short-wavelength energy) was needed to be 

predicted equally bright to the Green stimulus. This finding is in line with a gain in short-

wavelength contribution at higher light levels. The mean ratio difference of 11% appears 

small. A paired one-tailed t-test between the four ratio values at the high and low light 

level ranges however suggested that the difference is statistically significant (p<0.05). 

Hypothesis 4 stated a ratio increase of at least 10% from about 1.9 to 2.1, while the 

absolute value of the ratios are lower, the magnitude of the ratio increase was as 

hypothesized. Hypothesis 4 is therefore confirmed. 

 

Another method to evaluate short-wavelength gain was to look at the gain factor “g1” in 

the model B1 by Rea et al. (2011), and “g2” in B2 (Bullough 2013). Both g-values follow 

a logarithmic function, increasing with illuminance level as shown in Figure 63. The 

effect of “g1” and “g2” on the S-cone contribution estimated by the models B1 and B2 is 

illustrated in Figure 64. 

 

 
 
 
Figure 63: “g1” and “g2” plotted as function of illuminance (log x-axis) (Rea et al. 

2011; Bullough 2013) 
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Figure 64: Effect of coefficient “g1” (B1; Rea et al. 2011) (left), and “g2” (Bullough 

2013) (right) on estimated S-cone contribution of stimuli used in Experiment 1 (the 
S-cone contribution is much higher for stimuli in Experiment 1 than for stimuli in 
Experiment 2, therefore the y-axis values are about 50 times higher to visualize the 

relative increase) 
 

The g1-values used in the B1 model for the light levels that were estimated equally bright 

through curve fitting were g1=2.0 at 6.8 lux (Fuchsia stimulus), g1=2.3 at 12 lux (Green 

stimulus), g1=2.8 at 38 lux (Fuchsia stimulus), and g1=3.0 at 67 lux (Green stimulus). 

Brightness predictions calculated using “g1” however did not match the experimental 

results as shown in the Results section. 

 

Values of “g1” necessary to fit the experimental results (g1fit) were determined using 

equation (1); they were different, lower than the ones suggested in Figure 64, indicating 

that less S-cone contribution than predicted by B1 might be necessary to fit the data: 

g1fit=1.1 at 6.8 lux (Fuchsia stimulus), g1fit=1.2 at 12 lux (Green stimulus), g1fit=1.3 at 38 

lux (Fuchsia stimulus), and g1fit=3.0 at 67 lux (Green stimulus). The values increased 

with light level. 

 

The g2-values used in the B2 model for the light levels that were estimated to be equally 

bright through curve fitting were g2=1.2 at 6.8 lux (Fuchsia stimulus), g2=1.4 at 12 lux 

(Green stimulus), g2=1.7 at 38 lux (Fuchsia stimulus), and g2=1.8 at 67 lux (Green 

stimulus). Brightness values calculated using “g2”, however, only matched part of the 

experimental results as listed above. 
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Values of “g2” necessary to fit the experimental results (g2fit) were determined using 

equation (2); they were different, lower than the ones suggested in Figure 64, indicating 

that even less S-cone contribution than predicted by B2 (g2=0.6 g1) might be necessary to 

fit the data: g2fit=0.8 at 6.8 lux (Fuchsia stimulus), g2fit=0.9 at 12 lux (Green stimulus), 

g2fit=1.0 at 38 lux (Fuchsia stimulus), and g2fit=1.8 at 67 lux (Green stimulus). The values 

increased with light level. 

 

For both SPDs, the values of g1fit and g2fit matching the experimental results increased for 

higher light levels. This is in line with previous findings (Weale 1953; Wooten et al. 

1975; Rea et al. 2011; Bullough et al. 2014) of a gain in short wavelength contribution as 

light level increases, and consistent with Hypothesis 4. It could also indicate an increase 

in melanopsin contribution to brightness perception at higher light levels. 

 

In addition, the apparatus and method of sequential brightness judgments (as supposed to 

side-by-side) were verified as viable for a brightness judgment study under viewing 

conditions using full (~100°diameter) field of view and natural (uncontrolled) pupil. The 

experimental results confirmed that sequential brightness judgments could be used for 

further experiments. This finding is also in line with a study conducted by Fotios and 

Cheal (2010) comparing results from side-by-side versus sequential brightness judgments 

(Fotion and Cheal 2010) that suggests that the results were not significantly different for 

two different experimental methods (side-by-side versus sequential). 

 

5.2. Discussion (Experiment 2) 

The data summarized in the Results section and analyzed using one-sample t-tests 

(p<0.05) to compare the model predictions to the results, confirmed that B1, the cone-

only model (Rea et al. 2011), did not predict results in three of four cases for the high 

light level range (p<0.05) and in three of four cases for the low light level range. 

Hypothesis 1 was therefore partially confirmed. 
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The prediction from B1 (equation 1) underestimated the perceived brightness of the 

Amber 2 stimulus in Experiment 1 by 9-18% (mean 13%) at the high light level and 0-

6% (mean 2%) at the low light level range. 

 

Comparing the prediction errors by the models B1 and B2 (error discrepancies between 

the model predictions and results) confirmed that they were significantly smaller for 

model B2 at the high light level range but not the low light level range (see Results 

section, p<0.05). Hypothesis 2 was therefore only partially confirmed The difference 

between the performance of the two models (B1 and B2) at the high light level range is 

consistent with a potential melanopsin contribution to brightness perception described by 

Brown et al. (2012), as the only difference between model B1 and B2 is the addition of 

melanopsin contribution to the cone only model. That the B2 model does not provide 

prediction improvements at the low light level range, could suggest a decrease in 

melanopsin contribution to brightness perception at lower light levels. It also appears to 

confirm that the experimental brightness evaluation results are not mediated by rod 

contribution, because rods and melanopsin have similar spectral sensitivity, but rods 

would be expected to increase contribution with decrease in light level (Sekuler and 

Blake 1994). 

 

Hypotheses 3a and 3b were stated based on the premise that equation (2) (B2; Bullough 

2013) would yield accurate predictions; the differences in prediction between B1 and B2 

were 5% at the high light level and 6% at the low light level. Hypothesis 3a stated 

therefore that B1 would underestimate the perceived brightness by 5% at the high light 

level and Hypothesis 3b stated by 6% at the low light level. 

 

Statistical analysis (see Results section) indicated that predictions from the B2 model 

were not reliably different from the experimental data in all four cases at the high light 

level range for a criterion of p<0.05 and in three of four cases at the low light level range. 

The percentage difference between predictions from B2 and the results were 4-13% 

(mean 8%) for the high light level range, and 0-6% (mean 4%) for the low light level. 
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The B2 model predicted the results within statistical margins in seven of eight cases. 

Hypothesis 3a was therefore confirmed while Hypothesis 3b was only partially 

confirmed. In general B1 overestimated the results more than the hypothesized 5% for the 

high light level range, but less than 6% for the low light level range. 

 

To test Hypothesis 4 and confirm if the short-wavelength gain would be negligible due to 

the minimal S-cone stimulation by the stimuli chosen for Experiment 2, the ratios were 

determined of the estimated equal brightness illuminance levels from the test and 

reference stimuli. At the high light level range, the Amber 1 and 2 SPDs were judged 

equally bright when the ratios between their illuminances were: 

• ~1.15 (77 lux/67 lux based on the relative percentage data for the Amber 1 

reference)  

• ~1.26 (77 lux/61 lux based on the brightness judgment data for the Amber 1 

reference)  

• ~1.17 (90 lux/77 lux based on the relative percentage data for the Amber 2 

reference)  

• ~1.19 (92 lux/77 lux based on the brightness judgment data for the Amber 2 

reference) 

The average ratio for the high light level range was ~1.19. 

 

At the low light level range, the Amber 1 and 2 SPDs were judged equally bright when 

the ratio between their illuminances was: 

• ~1.02 (4.5 lux/4.4 lux based on the relative percentage data for the Amber 1 

reference) 

• ~1.02 (4.5 lux/4.4 lux based on the brightness judgment data for the Amber 1 

reference) 

• ~1.09 (4.9 lux/4.5 lux based on the relative percentage data for the Amber 2 

reference) 

• ~1.02 (4.6 lux/4.5 lux based on the brightness judgment data for the Amber 2 

reference)  

The average ratio for the low light level range was ~1.04. 
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The calculated ratio was higher for the higher light level range, which suggests that less 

of the Amber 2 stimulus (containing more short-wavelength energy) was needed to be 

predicted equally bright to the Amber 1 stimulus. This finding is in line with a gain in 

short-wavelength contribution at higher light levels. The mean ratio difference of 13% 

appears small. A paired one-tailed t-test between the ratios at both light level ranges 

however suggests that the difference is statistically significant (p<0.05). Hypothesis 4 

stated a predicted ratio increase of ~2% from about 1.08 to 1.1; smaller than the increase 

in Experiment 1, due to the minimal S-cone stimulation by the stimuli chosen for 

Experiment 2. The actual ratio increase calculated for Experiment 2 is however 11% 

higher than predicted, suggesting more gain in the short-wavelength region than 

predicted. Hypothesis 4 was therefore rejected. 

 

To further test Hypothesis 4 and evaluate short-wavelength gain another method was 

used, looking at the gain factor “g1” in the model B1 by Rea et al. (2011), and “g2” in B2 

(Bullough 2013). The effect of “g1” and “g2” on the S-cone contribution estimated by the 

models B1 and B2 is shown in Figure 65. 

 

The g1-values used in the B1 model for the light levels that were estimated equally bright 

through curve fitting were g1=1.8 at 4.4 lux (Amber 2 stimulus), g1=1.9 at 4.5 lux (Amber 

1 and 2 stimulus), g1=1.9 at 4.75 lux (Amber 1 stimulus), g1=3.0 at 64 lux (Amber 2 

stimulus), g1=3.1 at 77 lux (Amber 1 and 2 stimulus), and g1=3.2 at 91 lux (Amber 1 

stimulus). Brightness predictions calculated using “g1” however did not match the 

experimental results as shown in the result section. 

 

Values of “g1” necessary to fit the experimental results (g1fit) were determined using 

equation (1); they were different, much higher than the ones shown in Figure 65, 

indicating that more short-wavelength contribution than predicted by B1 (S-cone or 

melanopsin) might be necessary to fit the data. Some values that could fit the data were 

for example: g1fit=2.1 at 4.4 lux (Amber 2 stimulus), g1fit=2.6 at 4.5 lux (Amber 2 
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stimulus), g1fit=15.9 at 64 lux (Amber 2 stimulus), g1fit=17 at 77 lux (Amber 1 stimulus), 

and g1fit=20 at 91 lux (Amber 1 stimulus). The values increased with light level. 

 

  
Figure 65: Effect of coefficient g1 (B1; Rea et al. 2011) (left), and g2 (Bullough 2013) 

(right) on estimated S-cone contribution of stimuli used in Experiment 2 
(the S-cone contribution is much lower for stimuli in Experiment 2 than for stimuli 

in Experiment 1, therefore the y-axis values are about 50 times lower to visualize the 
relative increase) 

 

The g2-values used in the B2 model for the light levels that were estimated to be equally 

bright through curve fitting were g2=1.1 at 4.4 lux (Amber 2 stimulus), g2=1.1 at 4.5 lux 

(Amber 1 and 2 stimulus), g2=1.1 at 4.8 lux (Amber 1 stimulus), g2=1.8 at 64 lux (Amber 

2 stimulus), g2=1.9 at 77 lux (Amber 1 and 2 stimulus), and g2=1.9at 91 lux (Amber 1 

stimulus). Brightness values calculated using “g2”, however, only matched part of the 

experimental results as listed in the result section. 

 

Values of “g2” necessary to fit the experimental results (g2fit) were determined using 

equation (2); they were different, mainly higher than the ones shown in Figure 65, 

indicating that more short-wavelength contribution (S-cone or melanopsin) might be 

necessary than predicted by B2 to fit the data: g2fit=0.1 at 4.4 lux (Amber 2 stimulus), 

g2fit=2.7 at 4.5 lux (Amber 1 stimulus), g2fit=3.3 at 4.8 lux (Amber 1 stimulus), g2fit=10.2 

at 64 lux (Amber 2 stimulus), g2fit=10.2 at 77 lux (Amber 1 stimulus), and g2fit=12 at 91 

lux (Amber 1 stimulus). The values increased with light level. 
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For both SPDs, the values of g1fit and g2fit increased for higher light levels. This is in line 

with previous findings (Weale 1953; Wooten et al. 1975; Rea et al. 2011; Bullough et al. 

2014) of a gain in short-wavelength contribution as light level increases. However due to 

the Amber 1 and Amber 2 stimuli’s small amount of energy between 400 and 500 nm to 

stimulate S-cones, the gain coefficients g1fit and g2fit became very large at the higher light 

levels, indicating that short-wavelength contribution has to be further increased in the 

equations in order to fit the data. This was not consistent with Hypothesis 4, only a very 

small increase (~2%) in short-wavelength contribution to brightness perception was 

hypothesized. Instead of adding S-cone contribution, another possibility could be that 

relative melanopsin contribution might also increase with light level. 

 

The consulted literature did not mention any investigation or observation regarding a 

possible relative increase (gain) in melanopsin response with increase in light level. 

Comparing the steeper appearing slope of the melanopsin only mediated pupil response 

in Figure 11 (Gamlin et al. 2007 in Background section), with the flatter appearing slope 

of the pupil response mediated by the other photoreceptors only, one could infer that 

possibly the melanopsin mediated response might increase more relative to light level 

than the cone driven response. The light levels plotted represent a range of 0.004-0.02 lux 

(depending on wavelength) to 100-2500 lux (depending on wavelength). 

 

By using “g2” from the model B2 (Bullough 2013), and adjusting “k”, the Mel(λ) 

coefficient in equation (2), to change with light level instead of being constant at 0.5, it 

appeared possible to more closely match the experimental data for the high and low light 

level range using for example the following values:  

 

• Amber 1: g2=1.9, k=1.3 at 77 lux, and Amber 2: g2=1.8, k=1.2 at 64 lux 

• Amber 1: g2=1.9, k=2.6 at 91 lux, and Amber 2: g2=1.9, k=1.3 at 77 lux 

• Amber 1: g2=1.1, k=0.4 at 4.5 lux, and Amber 2: g2=1.08, k=0.2 at 4.4 lux 

• Amber 1: g2=1.14, k=0.5 at 4.8 lux, and Amber 2: g2=1.1, k=0.4 at 4.5 lux 
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This indicated that the experimental data could be consistent with melanopsin 

contributing to brightness perception as suggested by Brown et al. (2012), and that 

relative melanopsin contribution might possibly increase at higher light levels in addition 

to the S-cone gain. As next step, using the data from Experiments 1 and 2, a modified 

model could be developed, and tested using data from prior experiments. 

 

5.3. Towards a brightness model refinement 

The findings of Experiment 1 and 2 suggest that the experimental data could be fitted 

better including direct melanopsin contribution. Based on the results of this thesis 

investigation it could be hypothesized that melanopsin contribution could potentially 

increase relative to the increase in light level, and that an equation with a varying 

melanopsin coefficient (similar to “g” for S-cone contribution) might produce a better 

prediction than using a fixed coefficient (B2). 

 

Figure 11 (see Background section) could possibly suggest that ipRGC mediated pupil 

constriction could increase relative to the increase in light level for a range between 

approximately 0.04 -2500 lux (depending on wavelength) until maximum pupil 

constriction is reached. The plotted slope for the melanopsin mediated response (470 and 

490 nm) appears about 15° steeper than the slope for cone mediated responses (610 nm) 

(Gamlin et al. 2007). 

 

Similarly, Figure 66 indicates a potential slope difference of about 5° for cell responses 

according to irradiance, comparing the cell response from intrinsic melanopsin 

stimulation (right) to the cone driven response of the cell (left). This could be in line with 

a relative increase of melanopsin contribution in respect to cone photoreceptor responses 

with an increase in light level. 
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Figure 66: Right: ipRGC intrinsic melanopsin response with overlaid slope; left: 

cone mediated ipRGC response with overlaid slope (left) in the retina of adult mice 
(P17-24) (modified to match scale from Schmidt, Taniguchi et al. 2008); slope 

difference ~5° 
 

It might seem farfetched to imply these graphs as evidence for a potential melanopsin 

gain, and quantification of a gain coefficient based on the above does not seem practical 

or possible. However based on the results from Experiment 1 and 2, a post hoc analysis 

was performed to test if a melanopsin gain coefficient could possibly improve the 

brightness perception model. 

 

Results from an experiment by MacDougal and Gamlin (2010) suggested that for pupil 

response after 3-30 seconds of light exposure the maximum melanopsin contribution in 

relationship to the cone photoreceptors could be 60-70%. Brightness perception and pupil 

response are two very different responses and are processed through different pathways 

and ipRGC types. However, as magnitude estimation, it could be inferred that a potential 

coefficient should not increase the melanopsin response to more than 70% of the total 

response by all photoreceptors included. 

 

In order to revise the brightness model (B2), the empirical data from Experiments 1 and 2 

were used to test the relative proportions of melanopsin, V(λ) and S-cone input. Keeping 

the notation similar to B1 and B2 in terms of V(λ) and S(λ), instead of V(λ) and B-Y10(λ), 

simplified the calculation process and comparison between the models. It was therefore 

chosen as notation method, with relative V(λ) and S(λ) contribution representing the 

achromatic and chromatic B-Y channels, respectively, as was described in the 
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Background section and shown in Figure 20. In addition a corresponding conversion to a 

B-Y10 notation is included below. The empirical provisional model B2 (Equation 2) 

(Bullough 2013) was transformed into: 

 

B3 = V(λ) + g3 S(λ) + k1 Mel(λ)    (3) 

 

BB-Y10 = m [V(λ) + a B-Y10(λ)] + k1 Mel(λ)   (4) 

 

where “k1” is a melanopsin contribution coefficient that increases with light level, similar 

to “g3” for S-cones, a = g1 / [1.26 + 0.17 ln(E)], and m = 1.58+ 0.23 ln(E). 

 

5.3.1. Determining an estimate for relative melanopsin and S-cone contribution 

Values for a coefficient scaling relative melanopsin contribution were estimated to be 

able to produce a curve fit and develop a function describing “k1”. The approach used to 

determine feasible estimates for “k1” is described below. To determine values for the 

relative S-cone contribution, “k1” was estimated for several different values of “g3”. The 

data are plotted in Figure 67 through Figure 69, with Figure 68 (and Figure 70) 

describing the best fitting values of “g3” in relation to “k1”. 

 

Approach: The results from Experiment 1 for the high light level range indicated that the 

Green stimulus necessary to match the Fuchsia stimulus in perceived brightness was on 

average 86% higher in illuminance. It was inferred that at the same illuminance level 

(matching the results of Experiment 1 high light level range), Fuchsia would be perceived 

on average as being ~86% brighter than the Green stimulus. 

 

This information was used to calculate, using B3 (3), an approximate magnitude 

estimation of “k1” (melanopsin coefficient) for the light levels judged on average as being 

equally bright (Fuchsia at 34 lux or Green at 63 lux). Apart from “k1” and “g3”, all 

components of the equation can be calculated using the SPDs of the stimuli as well as the 

values representing the visual channel responses at the two light levels of 34 lux for 
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Fuchsia and 63 lux for Green, either V(λ), S(λ) and Mel(λ) or V(λ), B-Y10(λ) and Mel(λ), 

resulting in the following relationship: 

 

1.86 B3Green = B3Fuchsia 

 

This equation can be solved for “k1” for different values of “g3”, giving magnitude 

estimates at each of the particular light levels and stimuli (34 lux of Fuchsia or 63 lux of 

Green). In addition, the results of Experiment 1 at the low light level range were used 

utilizing the same method to derive a magnitude estimation for “k1”. It was inferred that 

on average, 6.5 lux and 11 lux of the Fuchsia stimulus would be perceived as being on 

average ~69% brighter than 6.5 lux and 11 lux of the Green stimulus. The magnitude 

estimation for “k1” could be calculated using the following relationship: 

 

1.69 B3Green= B3Fuchsia 

 

In Experiment 2, both reference stimuli were shown at the same light level, making the 

estimation procedure for “k1” more direct. These measurements were taken at a different 

meter location than for Experiment 1, therefore, to be able to combine results from both 

experiments for curve fitting, the light levels of Experiment 2 were determined for the 

same location as in Experiment 1 (center floor of integrating box). At the high light level, 

108 lux (77 lux at meter) of Amber 2 was perceived on average as being equally bright to 

127 lux (91 lux at meter) of Amber 1 (~18% difference) and that 108 lux (77 lux at 

meter) of Amber 1 was perceived on average as being equally bright to 91 lux (65 lux at 

meter) of Amber 2 (~18% difference). It was therefore inferred that 108 lux of Amber 2 

would be perceived as being about 18% brighter on average than 108 lux of Amber 1. A 

magnitude indication of “k1” at 108 lux was calculated using the following relationship: 

 

1.18 B3Amber1= B3Amber2 

 

For the low light level range result, 6.3 lux (4.5 lux at meter) of Amber 2 was perceived 

on average as being equally bright to 6.7 lux (4.5 lux at meter) of Amber 1 (5% 
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difference) and 6.3 lux (4.5 lux at meter) of Amber 1 was perceived on average as being 

equally bright to 6.1 lux (4.5 lux at meter) of Amber 2 (3% difference). It was therefore 

inferred that 6.3 lux of Amber 2 (4.5 lux at meter) would be perceived as being about 4% 

brighter on average than 6.3 lux (4.5 lux at meter) of Amber 1. This information was used 

in order to determine a magnitude indication of k using the following relationship: 

 

1.04 B3Amber1= B3Amber2 

 

The S-cone coefficient “g1” for the B1 model was developed empirically as described in 

the Background section (Rea et al. 2011). For the B2 model “g2” was set to 0.6g1 

(Bullough 2013), the equation was further adjusted adding a constant (0.5) proportion of 

melanopsin sensitivity (Bullough 2013).  

 

To estimate a value for “g3”, “g1” was used as the base and scaled using different 

multipliers. Using a multiplier larger than g3=0.42g1 resulted in negative values for “k1”; 

therefore a multiplier smaller than 0.42 seemed likely because it appears unlikely that a 

negative melanopsin contribution would be possible. Multipliers of 0.2 g1, 0.3 g1, and 0.4 

g1 were tested and used to determine value estimates for “k1”. 

 

All values of “k1” were plotted as a function of photopic illuminance in Figure 67 

through Figure 69 and using the software Curve Expert 1.4, the best fitting logarithmic 

functions to the data points were determined. 

 

The results suggest the best fit for g3= 0.3g1; an update for the provisional brightness 

model based on data from Experiment 1 and 2 therefore could be a B3 model (equation 3) 

with g3= 0.3g1 = 0.13ln(E) + 0.35, and k1= 0.28ln(E) - 0.15, where “ln” is the natural 

logarithm and “E” is the photopic illuminance. 
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Figure 67: Estimated melanopsin coefficient “k1” and best fitting log function for 

g3=0.2g1 (r2=0.49) 
 

 

 
Figure 68: Estimated melanopsin coefficient “k1” and best fitting log function 

for g3=0.3g1 (r2=0.85) 
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Figure 69: Estimated melanopsin coefficient “k1” and best fitting log function for 

g3=0.4g1 (r2=0.67) 
 

A comparison of “g3” and “k1”, and their effect on the stimuli used in Experiments 1 and 

2, is included in Appendix G. It illustrates the predicted change in the relative S-cone and 

ipRGC stimulation, and how the brightness differences between the stimuli are likely to 

change with light level. 

 

 
Figure 70: Estimated melanopsin coefficient “k1” and best fitting log function (x-
axis in log units) for g3=0.3g1 (r2=0.85) (see Figure 68 for plot with linear x-axis) 

 

To put the mathematically developed gain coefficients (“g” and “k”) in context and 

evaluate their feasibility literature was consulted. The S-cone gain coefficient was 

developed by Rea et al. (2011) using data from Wooten at al. (1975) who recorded the 
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detection of stimuli after the extinction of an adaptation field with a luminance of 17,000 

cd/m2 at different time intervals. Values of “g” were estimated based on the calculated 

luminances at these time intervals, and fit to a logarithmic function. g=7 was estimated 

for the maximum luminance value of 17,000 cd/m2. This corresponds approximately to 

an illuminance of 55,000 – 75,000 lux. The cone threshold was estimated by Hood et al. 

(1978) to be around 150,000 lux, however, according to Smith and Pokorny (2003) at 

light levels of about 20,000 lux, cone pigment is already depleted substantially and 

differences in brightness need to be large for the visual system to detect any change. A 

gain factor of about 7 might therefore be realistic as a possible upper threshold at very 

high light levels. 

 

The thesis results do support a short-wavelength gain with an increase in light level as 

tested with Hypotheses 4 of both experiments and discussed in the appropriate sections. 

 

B2 and B3 reduced the S-cone gain factor g by 40% and 70%, respectively, and 

introduced another short-wavelength coefficient (“k”) for melanopsin. Suggested by 

experimental results, B3 explored (in post hoc analysis) the possibility of “k” also 

increasing with light level according to a logarithmic function. 

 

Looking at published ipRGC responses, it appears that the upper threshold for 

melanopsin mediated pupil response (Figure 11, Gamlin et al. 2007) as well as for 

increase in intrinsic cell firing responses (Figure 4, Berson et al. 2002; Wong 2012) could 

be equivalent to about 2500 lux (550 nm, ~15 log quanta/cm2/s) when the response 

curves flatten (pupil size is at a minimum and firing rate stays constant or decreases). The 

lowest response appears to be equivalent to about 0.001 lux (460 nm, ~9.5 log 

quanta/cm2/s) (Wong 2012; Karnas et al. 2013). Response can be sustained for a 

prolonged period of time, depending of stimulus intensity and duration. In addition to the 

intrinsic response, ipRGCs also exhibit extrinsic responses mediated by rods and cones 

resulting in responses to an even larger light level range. To put the above in context with 

this thesis, the light levels used in Experiment 1 and 2 were between ~2 lux and ~65 lux 

at the eye (about12-13.5 log quanta/cm2/s for the 599 nm Amber); the stimulus length 
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was 5 seconds. For stimuli at comparable length the threshold for an intrinsic response 

appears to be about 0.5-15 lux depending on wavelength (~12-13 log quanta/cm2/s) 

(Gamlin 2007; Berson 2002; Wong 2012). Both, cone and ipRGC photoreceptors could 

therefore be active, as the levels are above threshold, especially at the high light levels 

range, and below saturation. For the purposes of this thesis, the light level of 2500 lux 

could be estimated as an upper threshold for “k”, until further investigation is conducted. 

 

In model B1, for a light level of 20 lux, “g1” was calculated to be 2.5. In comparison, 

model B2 reduced “g2” to 1.5 for 20 lux and added a fixed melanopsin coefficient k=0.5. 

In model B3, “g3” was further reduced to 0.75, with a k1= 0.73 at 20 lux. The 

mathematical fit and increase of “k” would have to be researched and verified. Using the 

post hoc equation (B3), at a much higher light levels of 2500 lux for example, g3=1.4, and 

k1=2.1, the melanopsin coefficient would continue to increase relative to the S-cone gain. 

There do not appear to be physiological data in the literature to support such a 

relationship (nor to exclude it); the B3 model could be a basis for subsequent hypothesis 

testing. 

 

Data from McDougal and Gamlin (2010) suggested that the maximum melanopsin 

contribution to pupil response would be about 60-70% in relation to the cone 

photoreceptor response. It must be remembered that pupil response is mediated by a 

different pathway than brightness perception and it is a very different physiological 

response than brightness perception. But as a note, B2 and B3 do appear to be in line with 

this proportional contribution relationship. 

 

If melanopsin contribution does indeed increase with light level, could there be possibly a 

relationship between the S-cone and the melanopsin gain (“g” and “k”)? A possible 

relationship between S-cone and ipRGC signals has been suggested in literature (Dacey 

et al. 2005); many ipRGCs carry unusual S-off color opponent signals, and therefore 

could play a disproportionate role in the B-Y color opponent pathway, as well as 

asymmetries in perception related to short-wavelengths (Dacey et al. 2013). The S-off 
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pathway is still not well understood; the relationship between ipRGCs and S-cones must 

be further explored to achieve a better understanding. 

 

5.3.2. Testing brightness model B3 

To test and verify whether the model defined by equation (3) can be used as a predictive 

tool, data from previous brightness evaluation experiments (Bullough et al. 2014; Rea et 

al. 2011; Fotios and Cheal 2011) were used to compare how well B1 = V(λ) + g1 S(λ) (1), 

B2 = V(λ) + 0.6 g1 S(λ) + 0.5 Mel(λ) (2) and B3 = V(λ) + 0.3 g1 S(λ) + k1 Mel(λ) (3) 

would predict the empirical results. 

 

In a four session experiment conducted at the Lighting Research Center in 2012 

(Bullough et al. 2014), twelve color normal subjects compared a Fuchsia reference 

stimulus at 6 lux (low light levels range) and 30 lux (high light level range) to an Amber 

test stimulus at five different light levels; and an Amber reference stimulus at 14 lux (low 

light level range) and 88 lux (high light level range) was compared to a Fuchsia test 

stimulus at five different light levels. The experimental set-up and procedure were very 

similar to Experiment 1 described as part of this thesis and are also specified in Bullough 

et al. (2014).  

 

In order to test how well each of the four brightness evaluation results would be predicted 

by the brightness equations, the light level of the test stimulus was determined that was 

perceived equally bright to the reference stimulus using the same procedure as for 

Experiments 1 and 2. This was done for all subjects individually as well as for the subject 

mean; the individual results are included in Appendix C.  

 

Using equations (1), (2) and (3), the respective brightness prediction values were 

determined for each subject’s individual light level of the test stimulus for equal 

brightness. These were compared to the equivalent brightness value of the reference 

stimulus, and the percentage difference between the values was determined as error value 

[Absolute Error % = I(Ereference – Etest)/ Etest I]. A brightness model that would give a 

perfect prediction would result in matching brightness values with a 0% error value. The 
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resulting absolute mean error percentages (discrepancies) are shown in Figure 71 through 

Figure 74, indicating how well the data from Bullough et al. (2014) were predicted by 

models B1, B2 and B3 with error bars showing SEM. The individual data plots and data 

table with prediction errors for each individual subject and each of the four conditions 

were included in Appendix C. 

 

 
Figure 71: Mean discrepancy (absolute error in percent) between prediction and 
empirical result for equal brightness point for the Amber test stimulus versus the 

Fuchsia reference stimulus at 30 lux with SEM (error bar) for 12 subjects (Bullough 
et al. 2014) 

 

For the above condition (Figure 71), Fuchsia reference at 30 lux, the mean discrepancy 

for B3 appeared to be 2.6-7.7%, SEM 8.9%. Paired one-tailed t-tests indicate that there 

was no reliable statistical difference (p<0.05, t=1.8) between the prediction of B3 in 

comparison to the prediction by either model, B1 (p=0.26) or B2 (p=0.32). 

 

For the condition Amber reference at 88 lux (Figure 72), the mean discrepancy for B3 

appeared to be 4-5.8%, SEM 4.9%. Paired one-tailed t-tests suggested reliable statistical 

difference between the prediction of B3 in comparison to the prediction by model, B1 

(p=0.02) but not by model B2 (p=0.2).  

 

    B1               B2               B3 
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Figure 72: Mean discrepancy (absolute error in percent) between prediction and 

empirical result for equal brightness point for the Fuchsia test stimulus versus the 
Amber reference stimulus at 88 lux with SEM (error bar) for 12 subjects (Bullough 

et al. 2014) 
 

 

 
Figure 73: Mean discrepancy (absolute error in percent) between prediction and 
empirical result for equal brightness point for the Amber test stimulus versus the 

Fuchsia reference stimulus at 6 lux with SEM (error bar) for 12 subjects (Bullough 
et al. 2014) 

 

    B1                 B2              B3 

    B1               B2                   B3 
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Figure 74: Mean discrepancy (absolute error in percent) between prediction and 

empirical result for equal brightness point for the Fuchsia test stimulus versus the 
Amber reference stimulus at 14 lux with SEM (error bar) for 10 subjects (Bullough 

et al. 2014) (Data for subjects 6 and 7 did not produce curve fit and were not 
included, see Appendix C for more information) 

 

For the low light level range condition, no statistically reliable difference was found 

between the predictions of B3 in comparison to the prediction by either other model (B1 

and B2). For the Fuchsia reference at 6 lux (Figure 73) the mean discrepancy for B3 

appears to be 7.8-10.3%, SEM 20.5% (to B1: p=0.15, to B2: p=0.20). For the condition, 

Amber reference at 14 lux (Figure 74) the mean discrepancy for B3 appears to be 10.8-

14.9%, SEM 31.1% (to B1: p=0.25, to B2: p=0.26). These errors appear smaller than the 

ones from the other models in six of eight cases. The paired one-tailed t-tests indicate 

however that in all cases there was no reliable statistical difference (p<0.05, critical t 

value=1.8) between the prediction of B3 in comparison to the prediction by either model, 

B1 or B2. 

 

The B3 (3) model prediction (mean discrepancy within 15%) fits the results best (with the 

smallest error) more often than the other two models B1 (1) (mean discrepancy within 

22%) and B2 (2) (mean discrepancy within 25%). 3 out of 4 times for the result generated 

through individual curve fit, and 3 out of 4 times for the result generated from the overall 

mean curve fit. The differences were however small and using paired one-tailed t-tests 

not statistically significant (p<0.05). 

    B1                B2                B3 
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In addition to the data from Bullough et al. (2014), the experimental results that were 

used to develop model B1 (1) (Rea et al. 2011) were tested as well as the experimental 

results from Fotios and Cheal (2011), which inspired the selection of sources for 

Experiment 1 in the present thesis. The results are shown in Table 12 through Table 14 

and in Figure 75 through Figure 80. 

 

Because the data in these experiments were generated using a different experimental 

design, method and analysis than for Bullough et al. (2014) and the experiments 

conducted for this thesis, the analysis below is different in format from the one described 

above. Instead of comparing error magnitudes of model predictions, below analysis 

compares the goodness of fit correlating the brightness ranking order of light sources 

with the models’ brightness predictions for these sources. 

 

Table 12: Experimental results for brightness evaluations for typical outdoor light 
sources plus UV at 2 and 20 lux (Rea et al. 2011) correlated with predictions from 

three brightness models 
Sources

Light Level 
(lux)

Brightness 
Judgment Data

B3 brightness 
values

B2 brightness 
values

B1 brightness 
values

HPS 20 20.1% 22.7 23.1 22.9
HPS+39 20 36.4% 25.4 27.0 28.1
HPS+78 20 51.1% 28.1 30.9 33.2
CMH2800 20 51.5% 28.3 29.8 30.1
CMH+39 20 62.5% 30.7 33.3 34.6
CMH+78 20 78.4% 33.3 37.1 39.6

0.997 0.99 0.97

Sources
Light Level 
(lux)

Brightness 
Judgment Data

B3 brightness 
value

B2 brightness 
value

B1 brightness 
value

HPS 2 20.1% 2.07 2.2 2.2
HPS+39 2 36.0% 2.17 2.5 2.5
HPS+78 2 53.8% 2.27 2.8 2.8
CMH2800 2 47.7% 2.22 2.7 2.6
CMH+39 2 65.9% 2.31 3.0 2.9
CMH+78 2 76.5% 2.41 3.2 3.2

0.99 0.99 0.98

Correlation Coefficient r²

Correlation Coefficient r²  
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Figure 75: Correlations of brightness judgment data and predictions from B1 

(r2=0.97), B2 (r2=0.99) and B3 (r2=0.997) at 20 lux for typical outdoor light sources 
plus UV (Rea et al. 2011) 

 

 

 
Figure 76: Correlations of brightness judgment data and predictions from B1 

(r2=0.98), B2 (r2=0.99) and B3 (r2=0.99) at 2 lux for typical outdoor light sources plus 
UV (Rea et al. 2011) 

 

B3 (3) resulted in a high correlation with the experimental results (Table 12, Figures 75 

and 76), comparable to the B2 model and up to 3% higher than the B1 model. All 

correlations however were statistically reliable (p<0.05) (McGuigan 1997). 
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Table 13: Experimental results for brightness evaluations for typical outdoor light 
sources at 2 and 20 lux (Rea et al. 2011) correlated with predictions from three 

brightness models 
Sources Light Level 

(lux)
Brightness 

Judgment Data
B3 brightness 

values
B2 brightness 

values
B1 brightness 

values
HPS 20 0.0% 22.7 23.1 22.9
WHPS 20 20.0% 23.9 24.5 24.3
CMH2800 20 50.0% 28.3 29.8 30.1
CMH4200 20 66.7% 32.1 34.8 35.9
MV 20 83.3% 29.0 32.8 36.4

0.79 0.89 0.95

Sources Light Level 
(lux)

Brightness 
Judgment Data

B3 brightness 
values

B2 brightness 
values

B1 brightness 
values

HPS 2 10.0% 2.07 2.2 2.2
WHPS 2 40.0% 2.10 2.3 2.3
CMH2800 2 50.0% 2.22 2.7 2.6
CMH4200 2 58.3% 2.34 3.1 3.0
MV 2 66.7% 2.32 2.9 3.0

0.80 0.74 0.80

Correlation Coefficient r²

Correlation Coefficient r²  
 

 

 
Figure 77: Correlations of brightness judgment data and predictions from B1 

(r2=0.95), B2 (r2=0.89) and B3 (r2=0.79) at 20 lux for typical outdoor light sources 
(Rea et al. 2011) 
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Figure 78: Correlations of brightness judgment data and predictions from B1 

(r2=0.80), B2 (r2=0.74) and B3 (r2=0.80) at 2 lux for typical outdoor light sources (Rea 
et al. 2011) 

 

The model B3 (3) predictions were reasonably well correlated with the results (Table 13, 

Figures 77 and 78); r2=0.79 at the high light level and r2=0.80 at the low light level. The 

MV source appeared to be underestimated in brightness compared to the cool white metal 

halide source (CCT 4200 K) tested by Rea et al. (2011), with predicted brightness 

differences between 1-10%. The best correlation was reached using B1 (1), which is not 

surprising as this experiment was used to develop the B1 model. All correlations were 

statistically reliable (p<0.05) (McGuigan 1997). 

 

The model B3 (3) predictions were also well correlated (r2=0.92, r2=0.96) with the results 

from Fotios and Cheal (2011) (Table 14, Figures 79 and 80), the correlations were up to 

4% higher than for B2 (2) (r2=0.88, r2=0.94) and up to 51% higher than B1 (1) (r2=0.41, 

r2=0.55). As this experiment used the red-green LED source that inspired Experiment 1, 

this was to be expected. Correlations from the experimental data with B2 and B3 model 

predictions were statistically reliable, while the correlation with B1 model predictions was 

not (p<0.05) (Mc Guigan 1997). 
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Table 14: Experimental results for brightness evaluations for typical outdoor light 
sources at 5 lux (Fotios and Cheal 2011) correlated with predictions from three 

brightness models 

Sources
Light Level 

(lux)
Brightness 

Judgment Data
B3 brightness 

values
B2 brightness 

values
B1 brightness 

values
HPS 5.0 73.0% 5.4 5.6 5.5
CPO 5.0 92.6% 6.0 6.8 6.5
MH2 5.0 104.2% 6.9 8.5 8.3
CFL2 5.0 106.4% 6.9 8.5 8.7
LED 5.0 112.4% 6.8 8.1 6.4

0.92 0.88 0.41

Sources
Light Level 

(lux)
Brightness 

Judgment Data
B3 brightness 

values
B2 brightness 

values
B1 brightness 

values
HPS 5.0 3.3% 5.36 5.6 5.5
CPO 5.0 35.8% 5.98 6.8 6.5
MH2 5.0 63.0% 6.90 8.5 8.3
CFL2 5.0 74.5% 6.91 8.5 8.7
LED 5.0 73.5% 6.80 8.1 6.4

0.96 0.94 0.55Correlation Coefficient r²

Correlation Coefficient r²

 
 

 

 
Figure 79: Correlations of brightness matching and predictions from B1 (r2=0.41), 
B2 (r2=0.88) and B3 (r2=0.92) at 5 lux for typical outdoor light sources (Fotios and 

Cheal 2011) 
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Figure 80: Correlations of brightness judgment and predictions from B1 (r2=0.55), 
B2 (r2=0.94) and B3 (r2=0.96) at 5 lux for typical outdoor light sources (Fotios and 

Cheal 2011) 
 

In summary, the proposed brightness equation (3) (preliminary model B3) appears to be 

reasonably consistent with data from prior experiments (Bullough et al. 2014; Rea et al. 

2011; Fotios and Cheal 2011), and therefore appears valid for white light sources 

typically used for outdoor lighting as well as for mixed LED spectra of different color, 

specifically green, amber and fuchsia at light levels between ~2 lux and ~151 lux. No 

statistically significant improvement was shown between model B3 and B2; both models 

predict sources with considerable melanopsin stimulation capability reliably better than 

model B1 (p<0.05). 

 

However, does including melanopsin contribution to the model really improve the results 

and prediction accuracy? The premise of Hypothesis 2 was to evaluate if the B2 model 

(with melanopsin sensitivity added) predictions would be a reliable improvement 

compared to the B1 (cone-only) model predictions, taking into account the standard 

deviations of the results. The post hoc developed model B3 was tested as well. 

 

Prediction errors were calculated for each individual subject for the Experiments 1, 2 and 

Bullough et al. (2014) for four conditions per experiment: two at the high light level (two 

reference conditions), and two at the low light level (two reference conditions). The same 

overall method for calculating prediction errors was used as by Bullough et al. (2014). 
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Paired t-tests comparing the calculated error values with different models against each 

other confirmed that for Experiment 1 (Fuchsia versus Green, n=12) the B2 and B3 

prediction errors were reliably smaller (p<0.05) for all 4 conditions than the B1 prediction 

errors [mean error B1: 34% (high), 29% (low); B2: 15% (high), 21% (low), and B3: 14% 

(high), 12% (low)].  

 

For Experiment 2 (Amber 1 versus Amber 2, n=10), the B2 errors [B2: 17% (high), 8% 

(low)] seemed slightly smaller than B1 prediction errors [B1: 20% (high), 8% (low)]. The 

difference was only statistically significant (p<0.05) for the 2 high light level conditions, 

but not the 2 low light level conditions. The B3 errors [B3: 17% (high), 8% (low)] 

appeared also slightly smaller, but the difference was not statistically significant 

(p>0.05). 

 

For the Bullough et al. (2014) experiment (Fuchsia versus Amber, n=12), where no 

stimulus was specifically designed to have energy in the 480-500 nm region without also 

having energy at the S-cone sensitivity peak around 440 nm, B2 errors [B2: 24% (high), 

19% (low)] appeared only marginally smaller than B1 errors [B1: 26% (high), 22% 

(low)]; the difference was statistically significant (p<0.05) for 2 of 4 conditions, one at 

each light level range. B3 errors [B3: 20% (high), 20% (low)] also appeared slightly 

smaller overall than the B1 errors, however the difference was only statistically 

significant (p<0.05) for 1 of 4 conditions. 

 

While the results indicate that a pigment with peak sensitivity near that of melanopsin’s 

peak sensitivity could be involved in brightness perception, the results also indicate that 

model improvements from B2 or B3 in comparison to B1 are only apparent for very 

particular SPDs, with energy between 470-510 nm, such as the red-green stimuli used. 

 

While B3 had marginally smaller prediction errors than B2, there was no statistically 

significant improvement from B3 to B2. Based on the observed differences and variability 

in prediction errors, a sample size of about n=45 subjects was estimated (McGuigan 
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1997) to be needed to see a difference between models B2 and B3 for the experiment by 

Bullough et al. (2014) using Amber and Fuchsia SPDs. A sample size of about n=1717 

was calculated for the Amber 1 and Amber 2 SPDs in Experiment 2, and a sample size of 

about n=15 was estimated to be able to see a reliable difference between B2 and B3 in 

Experiment 1 using the respective Green and Fuchsia SPDs (higher energy content 

around melanopsin sensitivity). 

 

Comparing the model predictions for a typical HPS source, a daylight fluorescent light 

source (DFL), and a white LED (6500K) showed that at 20 lux, the DFL was predicted as 

being brighter than the HPS by all three models. In percent, model B1 predicted the DFL 

to appear 57% brighter than the HPS, B2 predicted 52% brighter, and B3 predicted 45% 

brighter. The LED source was also predicted by all three models as appearing brighter 

than the HPS source, by 59% according to model B1, by 55% according to B2, and by 

49% according to B3. The percentage differences from model to model for these light 

sources are relatively small, no greater than 12% mainly due to differences in the 

calculated S-cone contribution. The differences in brightness predictions could be within 

an expected error margin due to subjects’ variability in perception. This analysis 

demonstrates that for several light sources, each of the three models investigated in the 

present thesis (B1, B2 and B3) will predict them to be similarly bright. 

 

For many traditional typical white light sources any of the three models could be used to 

provide a brightness estimation, with B1 being the most simple (using the cone mediated 

responses) if a representative g1-value for high and low light levels is chosen as proposed 

in Rea (2013). However, for sources that have little energy below 450 nm, but 

considerable energy in the region stimulating melanopsin (~450 – 530 nm), model B2 

would give more accurate estimations. It only adds one component, the estimated 

sensitivity of the photopigment melanopsin, to the brightness equation. Tracing in-vitro 

cell responses (Dacey et al. 2005), studies in mice without rod and cone photoreceptors 

(Brown et al. 2012), and studies with human subjects (Zaidi et al. 2007; Brown et al. 

2012) indicate that including a melanopsin response into a brightness perception model 

could be a reasonable possibility and not just a mathematical exercise. 
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The post hoc developed model B3 adds another layer of complexity (the increase in 

melanopsin’s relative contribution) and appears to marginally improve most tested results 

further, as summarized above. However, the assumption that melanopsin participation 

could increase with light level is yet to be determined and the existence and extent of the 

advancement over B2 at different light levels and spectra is not clear and should be 

further tested, as well as its relevance in the field. 

 

While the added complexity to the model B2 (or B3) might make hand spreadsheet 

calculations inconvenient, such brightness model could be incorporated into algorithms 

for brightness measuring tools and design software. Automating the computation would 

also make it easier to use the equation notation based on B-Y10 and the tristimulus values. 

Further studies at different light levels and with different spectra should be performed 

before implementation. 

 

5.4. Confounding variables and limitations of the studies 

Several variables have been suggested that could potentially confound the results of 

Experiment 1 and 2. These are listed and discussed below: 

 

Variability among subjects: Brightness perception is in part a subjective evaluation and 

the spread of values for equal brightness to the reference stimulus were relatively large. 

Throughout the experiments, discrepancies resulted in a maximum SD of 16.2 lux, and a 

maximum SEM of 5.4 lux for a reference condition of 67 lux; suggesting a maximum 

error percentage of 8% (see result section and Appendices A and B). 

 

While relative variability was to be expected, the agreement among all subjects in the 

experiments was checked by looking at the individual curve fitting and direction of their 

results (Appendix A and B). The directions of the results from the brightness 

comparisons were matching each other (and the hypotheses) in 173 of 176 cases 

116 
 



indicating that the orders, evaluating which respective stimulus is brighter than another, 

are consistent and robust: 

 

• Throughout Experiment 1, 1 of 96 conditions produced a negative slope, meaning 

the brightness of the stimuli was evaluated differently by one subject (n=12) in 1 

of 8 conditions to the other subjects. For all other 95 conditions the direction of all 

subjects’ judgments was the same. 

 

• In Experiment 2 at the high light level range, one subject (n=10) judged one 

stimulus in 1 of 4 conditions as always brighter producing a horizontal line 

without direction/ slope. For the other 39 curve fits in this experiment the slope 

direction for each condition and subject did match. At the low light level in 1 of 

40 conditions the direction of the slope was reversed from the others and different 

than hypothesized. 

 

Several experimental sessions were conducted as well as several methods of evaluation 

and analysis to compare and ensure that interpretations of results reflect if the results are 

statistically significant taking the standard deviations into account. 

 

To test if the results are too variable to be meaningful and if the mean data might be 

misleading, the illuminance levels derived from fitting the means, as well as from the 

mean and median individual fittings within each experiment were compared to each other 

using one-sample t-tests as described in the Results section. The values and data sets 

were not statistically different (p<0.05). 

 

Age: With increasing age the crystalline lens in the eye yellows, filtering out increasing 

amounts of short wavelengths from the incoming light stimuli (Boyce 2003). This effect 

could confound brightness perception as short-wavelength stimulation does contribute 

greatly to brightness perception as described above (Rea et al. 2011; Bullough et al. 

2014), and adaptation mechanisms in regards to brightness perception have not been 

studied. 
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To minimize this potentially confounding effect, participating subjects in Experiment 2 

were below 35 years in age. In Experiment 1 however age was not controlled, the two 

oldest subjects were 49 and 54 years old. The same two subjects participated in in all four 

sessions of Experiment 1 and saw all experimental conditions. The data from both 

subjects matched the hypothesized direction; they were not significantly different from 

the overall mean results and the mean results from the younger participants (p<0.05). 

 

Temporal aspects: Prior published data suggest that ipRGCs are sluggish to respond to a 

light stimulus and sustain a response after light offset (Dacey et al. 2005; Gamlin et al. 

2007) (see Background section). Therefore adaptation and exposure time also play a role 

in the relative contributions of ipRGCs. Horiguchi et al. (2012) and Brown et al. (2012) 

conducted their main experiments with stimulus durations of one second each with slow 

two second transitions between stimuli. Five second stimuli were used throughout the 

Experiments 1 and 2 for this thesis to permit melanopsin contribution.  

 

Studies also suggest that ipRGCs evoke a sustained response after light offset (Dacey et 

al. 2005; Park et al. 2011; McDougal and Gamlin 2010; Gamlin et al. 2007) (see 

Background section). For light levels used in the presented experiments (~2-65 lux at the 

eye), durations for sustained pupil responses have been shown to be ~8-15 seconds 

depending on wavelengths (Figure 13) (Park et al. 2011; Gamlin et al. 2007; McDougal 

and Gamlin 2010). 

 

To protect against the possibility that the exposure to the first stimulus might affect the 

appearance of the second stimulus, the subjects were instructed to close their eyes and 

use an eye mask for a period of 15-25 seconds between stimuli. 

 

Pupil size: A concern raised was that the naturally occurring change in pupil size due to 

different light levels and light spectra might pose a confounding variable in an 

experiment where subjects evaluate perceived brightness. As remarked in the 

Background section, ipRGCs do contribute significantly to changes in pupil size and 
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therefore changes in retinal illuminance (Park et al. 2011; Gamlin et al. 2007; McDougal 

and Gamlin 2010). Experiments comparing results using only the natural pupil with 

results using an additional artificial pupil indicated that the ranking of relative brightness 

for the stimuli at 3° field of view and 3 seconds exposure (Stevens and Marks 1972), or 

the comparison judgments which stimulus was brighter relative to another at 41° field of 

view and 1-3 seconds exposure (Brown et al. 2012), did not change whether the artificial 

pupil was used or not. Relative brightness ranking did not seem to depend on the pupil’s 

capability to control the amount of light entering the eye. 

 

To test and account for either possibility in Experiments 1 and 2 with ~100° field-of-view 

and 5 seconds exposure, pupil sizes were recorded for all different conditions. The pupil 

recordings are included in Appendix D. For the stimuli pairs judged equally bright, pupil 

sizes were smaller and retinal illuminance levels lower for the stimuli with higher short 

wavelength content. In addition a follow up study was conducted comparing the results 

with artificial pupil and without artificial pupil using the stimuli, procedure and set-up of 

Experiment 2 at the high light level. The description and analysis can be found in 

Appendix E. 

 

While both results, with and without artificial pupil, were consistent with the suggested 

possibility for direct melanopsin contribution to brightness (Amber 1 was perceived less 

bright than Amber 2), the difference in illuminance (illuminance ratios) between Amber 1 

and Amber 2 at equal brightness was consistently larger for the artificial pupil condition 

(up to 30%). 

 

The difference did not appear statistically different using paired t-tests (p<0.05). Based 

on the results, however, it could be hypothesized that the ratio of retinal illuminance (Td) 

between two stimuli that are estimated to be perceived equally bright, could stay 

constant, independent if a natural or additional artificial pupil is used. Retinal illuminance 

(Td) might be a more accurate measure than illuminance (lux). 

 

119 
 



Since the models B1, B2 and B3 were derived empirically with natural pupils they 

compensate for pupil size, and the direct melanopsin contribution to brightness 

perception (disregarding its effect on pupil size) might be underestimated.  

 

A more precise model of spectral sensitivity for brightness could be based on retinal 

illuminance and would have to take changes of pupil size according to spectrum and light 

level into account. 

 

Field of view and photoreceptor contribution: As described in the Background section, 

ipRGCs are not located in the fovea and peak at ~6° eccentricity (Dacey et al. 2005), and 

S-cones are sparse in the fovea and do not exist in the central fovea, peaking at about 0.6° 

(Calkins 2001). Experiments 1 and 2 were conducted using a full field-of-view to include 

both of these short wavelength sensitive photoreceptors. 

 

A follow-up study was conducted using the high light level range stimuli from 

Experiment 2 subtending a 2° field-of-view to test if results would be different as the 

small field-of-view stimuli should include S-cones but not ipRGCs (or rods). Details 

regarding the experimental set-up, results and analysis are included in Appendix F.  

 

In summary, comparing results for the small field-of-view versus the large field-of-view 

data for the same three subjects, it appeared that while the stimuli with higher short 

wavelength content were perceived as being brighter in all cases, the difference was in 

any case at least 4% more pronounced for the full field-of-view. Although the 

discrepancy was consistent, a paired t-test comparing the results did not suggest statistical 

significance for the difference (p<0.05). Comparing the calculated B/L values with 

empirically derived B/L values from the results indicated a 7-12% larger difference for 

the full field condition than the small field condition. 

 

This tendency at photopic light levels of ~108 lux advocates for mechanism other than 

rods, as would be predicted by the Purkinje shift (Sekuler and Blake, 1994), to facilitate 

increases in peripheral brightness perception. The rhodopsin absorption spectrum is 
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relatively close to that of melanopsin, and therefore has been suggested to possibly 

confound the results if rods were to contribute. As explained in the Background section, 

while light levels below 3 cd/m2 (13 lux, ρ=0.7) might still be defined as mesopic vision 

(Boyce 2003), thus involving rod contribution, experiments summarized by Rea et al. 

(2004) suggest that rods play at most a minor role in brightness perception above 0.1 

cd/m2 (0.4 lux, ρ=0.7) (Rea et al., 2004). 

 

All stimuli in Experiment 1 and 2 were above 0.4 lux and half were above 13 lux, thus 

minimizing rod contribution. The Experiments 1 and 2 showed that by including a 

photopigment different from cones, around the peak of melanopsin or rod sensitivity 

(~480 nm to ~510 nm), the empirical results could be fitted and predicted with less error 

than with the cone-only B1 model. 

 

Data from cell signaling (Wong 2012; Karnas et al. 2013) do suggest that ipRGCs can 

mediate responses at light levels as low as ~0.02–0.1 lux depending on wavelength 

(~10.5 log quanta/cm2/s). However for 5 second stimuli as used in the thesis experiments, 

light levels of about 0.5-15 lux depending on wavelength (~12-13 log quanta/cm2/s) 

appear necessary to achieve an intrinsic response (Wong 2012; Berson 2002; Gamlin 

2007); rod and cone mediated ipRGC responses could occur at lower levels. Therefore, 

ipRGCs could contribute to brightness perception at the light levels used in Experiments 

1 and 2, especially at the high light levels range, and not only at light levels used by 

Brown et al. (2012), corresponding to approximately 1000 lux. 

 

Melanopsin and rhodopsin have similar spectral sensitivities; both would work 

mathematically to improve the model to fit the experimental results. However while 

melanospin has been shown to respond to the light level ranges used for Experiments 1 

and 2 (when also cones are active), rods are typically active at low light levels. While 

they might still be active in light levels of 20 lux or even higher, their main function is to 

facilitate vision in low light levels below 3 lux when cone receptors approach their 

threshold at about 0.03 lux (Sekuler and Blake 1994; Wyszecki and Stiles 1982; Wong 

2012). 
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Rea et al. (2004) described and explored several models of mesopic (rod/cone mediated) 

vision. All of the models they evaluated were in agreement that there would not be 

significant rod contribution to vision above 1 cd/m2. Models that were based on 

brightness matching and not reaction time data suggested that 0.1 cd/m2 would be a 

realistic threshold for brightness perception with only negligible rod contribution above 

this level. This seemed to be confirmed by several experimental results (e.g., Sagawa and 

Takeichi 1986). Therefore, there appears to be no evidence in literature validating a 

substantial rod contribution at the light levels tested, and the use of the rod sensitivity 

function V’(λ) instead of Mel(λ) into the brightness model for photopic light levels (in the 

range between 2-151 lux). 

 

In addition, the results from both experiments presented in this thesis confirmed the prior 

findings (Wooten et al. 1975; Rea et al. 2011; Bullough et al. 2014) that with increase in 

light level, there appears to be a gain in short-wavelength contribution to brightness 

perception. This is opposite of what would be expected if rods would be a main 

contributor, as stated by the Purkinje shift (Wyszecki and Stiles 1982; Sekuler and Blake 

1994). 

 

As light level decreases further, rod photoreceptors are likely to take over until they 

become the dominant mechanism below 0.01 cd/m2 (Sagawa and Takeichi 1986). While 

the transition between the rod and cone mechanism in vision have been studied, 

interactions and transitions from rods to cones and to ipRGCs for brightness perception 

still have to be investigated. 

 

Color appearance: All subjects were tested to be color normal according to the Ishihara 

test for color blindness (Ishihara 1960) before conducting the experiments. However, the 

tristimulus functions (introduced in the Background) are based on a population average. 

Every person has their own sensitivity based on photopigment absorption spectrum, 

photoreceptor distribution, as well as variations in cornea and lens (Smith and Pokorny 

2003). Therefore what is designed as a stimulus pair with similar chromaticity 
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coordinates in the CIE 1964 chromaticity space for Experiment 2 might not look alike to 

all people.  

 

As the experiment does not rely on color evaluation of the conditions but on comparison 

and judgments of relative changes in brightness between these nearly metameric pairs at 

low and high light levels, the results should still be informative and valid, even if some 

subjects might perceive the stimuli as looking different in color appearance. Experiment 

1 and previous experiments (Bullough et al. 2014) used differently colored stimuli and 

obtained results that could be fitted to the provisional brightness models B1 or B2 as well 

as results obtained with so called white sources (Rea et al. 2011). 

 

For Experiment 1, the results indicated that at light levels of approximately 10 lux, ~41% 

lower illuminance levels were necessary for the Fuchsia illumination to create the same 

perceived brightness as the Green illumination; at higher light levels of approximately 50 

lux this could be achieved with ~46% lower light levels. The stimuli had different hues 

and color could play a role in perceived brightness difference.  

 

Calculating the B/L value according to Ware and Cowan (1983) using the tristimulus 

functions, resulted in a B/L value of 1.14 for the Fuchsia stimulus and 0.87 for the Green 

stimulus, suggesting a brightness difference of about 27%. The chromaticity difference 

could therefore contribute to the brightness difference, but it appears smaller than the 

difference of 41-46% observed in Experiment 1. The B/L values were developed for a 2° 

field of view, and might not be representative for the results of a large field-of-view 

experiment. Calculating B/L10 values using the model equation from Ware and Cowan 

(1983) with the 10° chromaticity coordinates for comparison resulted in a smaller 

difference of about 6% (B/L10Fuchsia=1.02, B/L10Green=0.96), however, as B/L10 was not 

empirically developed or tested, this latter result might not be meaningful and was 

calculated for comparison purposes only. 

 

For Experiment 2, the results showed that at light levels of approximately 6.3 lux (4.5 lux 

at meter) ~3% lower illuminance levels are necessary for Amber 2 illumination to create 
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the same perceived brightness as Amber 1 illumination; at higher light levels of 

approximately 108 lux (77 lux at meter) this could be achieved with ~16% lower light 

levels. The chromaticity coordinates and B/L values were very similar (see Appendix E) 

suggesting a brightness difference of about 2-7%, in line with the results at the low light 

level range, but smaller than observed in the results at the high light level range. 
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6. CONCLUSION 

6.1. Summary of findings: relevance for lighting application 

In summary, it has been shown that incorporating a direct melanopsin contribution (from 

ipRGCs) to a cone-only model, representing the achromatic and B-Y color opponent 

channel as defined in the Background section, did fit the experimental brightness 

evaluation results better than not including melanopsin contribution (B1: Rea et al. 2011). 

Statistical analysis confirmed that the differences between B1 model predictions and the 

experimental results were reliable in 12 of 16 cases, while B2 performed better with only 

5 out of 16 predictions being statistically different. The overall prediction errors by model 

B2 were reliably lower than the errors by model B1. 

 

A comparison was performed of a post hoc developed model (B3) that included varying 

melanospin contribution (increasing with light level), to the model B2 (Bullough 2013) 

that uses a constant level of melanopsin contribution for different light levels. The 

comparison showed that model B3 appeared to predict the data from prior experiments 

most of the time (7 out of 10) better than model B2, however, the improvements were not 

statistically significant (p<0.05).  

 

These findings provides further evidence that ipRGCs could be involved in brightness 

perception at photopic conditions as suggested by Brown et al. (2012). Furthermore, a 

varying contribution of melanopsin to brightness perception according to light level, as 

suggested by the results of this thesis, could be possible. Literature consulted did not 

specifically investigate or observe such potential gain, so further research should 

investigate this possibility. As the results of the present thesis are based on subjective 

brightness judgments only, the mechanisms for brightness perception can only be 

suggested, but not confirmed. 

 

Overall the results confirm that “bluish” and “greenish” appearing light sources with high 

short-wavelength content are likely to be perceived as being brighter than sources with 

little short-wavelength content, which might be useful for lighting applications. It further 
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suggests that not only light sources with energy around 440 to 450 nm (maximum S-cone 

sensitivity, extent ~380-500 nm) but also around 480 to 490 nm (maximum melanopsin 

sensitivity, extent ~400-550 nm) are perceived as brighter than predicted by V(λ). 

 

Experiment 2 also suggests that illumination designed for brightness does not necessarily 

have to appear bluish. A “warm” amber tone or whitish illumination could also be mixed 

and customized to maximize its perceived brightness, especially at higher light levels. 

People sometimes rate “warmer” exterior light to be preferable to “cooler” exterior light 

for social outdoor interaction (Rea et al. 2009). This might be useful for outdoor 

applications; particularly in urban contexts, light levels can reach photopic levels through 

a combination of store windows and awnings, signage, billboards, street lighting and 

pedestrian illumination. Light levels from 10 lux up to 150 lux are recommended for 

outdoor vending areas by the IESNA (2011). 

 

The benefit for developing and using an alternate weighting function for ambient 

illumination, based on scene brightness instead of illuminance, as suggested by Rea 

(2013), appears to be confirmed by the experimental results. The brightness differences 

of sources with different spectral composition at the same illuminance level were 

significant (3% – 86%). As model B3 (equation 3) was developed using nominally 

photopic light levels up to 151 lux, it could, after further testing and refinements, lead to 

providing a preliminary tool to evaluate and predict the brightness of scenes for exterior 

as well as interior illumination. 

 

Implementing brightness calculation metrics (in addition to illuminance and luminance 

calculations) into photometric software like AGi 32 could provide a valuable addition to 

the designers’ and lighting engineers’ toolbox. Further tested and validated weighting 

functions could also inform algorithms for integration into measurement tools and sensor 

driven lighting control technologies. 
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6.2. Future research 

To investigate the validity of the post hoc brightness model B3 (3) for other spectra and 

light levels, follow-up experiments for validation and refinement will need to be 

conducted prior to any implementation. 

 

The proposed brightness equation (3) was developed empirically and with easy 

obtainable components such as the S-cone fundamental, the photopic luminous efficiency 

function, a melanopsin efficiency function and based on photopic illuminance as light 

level unit to determine a gain in S-cone and melanopsin contribution. These were chosen 

with regard to ease of use, as well as current knowledge in physiology laid out above. 

The format assured the possibility of comparison with the provisional models B1 and B2, 

but a B-Y10 notation is included to provide a way to assess the role of the B-Y color 

channel in brightness perception. 

 

As research into human visual processes and phototransduction progresses, further 

refinements and adjustments to the preliminary model suggested here could be 

performed, including: 

 

• further refinement of relative photopigment as well as channel contribution, 

particularly investigating relative gain with light level increase 

• including variation in pupil size with spectrum and light level 

• potential addition of the R-G opponent channel mechanisms 

• investigating the effect of age and effect of crystalline lens absorption 

• insights in S-off response mechanism could lead to potential adjustments for B-Y 

channel input 

 

In addition to providing a tool to design for brightness perception alone, it seems 

necessary to better understand the implication of light spectrum on brightness in 

conjunction with a sense of comfort and safety. It has been suggested that a sense of 

safety appears to be correlated to perceived scene brightness in outdoor environments, 
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while a sense of comfort might also be linked to the color temperature (spectrum) of the 

source (Rea et al. 2009). 

 

With LED sources being customizable in spectrum and light level, research in that area 

could lead to energy efficient and consumer oriented solutions. Relevance for application 

in the field also remains to be evaluated. 

 

Glare is an additional component that could be investigated further as it might be closely 

related to brightness and appears also to depend on spectrum (Bullough 2009). 
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8. APPENDICES 

Appendix A (Experiment 1 results plotted for each subject) 

 

 
Figure 81: Fuchsia test stimulus; brightness judgment data and best-fitting sigmoid 

function for the high light level range 
 

 
Figure 82: Fuchsia test stimulus; relative brightness percentages and best-fitting line 

for the high light level range 
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Figure 83: Green test stimulus; brightness judgment data and best-fitting sigmoid 

function for the high light level range 
 

 
Figure 84: Green test stimulus; relative brightness percentages and best-fitting line 

for the high light level range 
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Figure 85: Fuchsia test stimulus; brightness judgment data and best-fitting sigmoid 

function for the low light level range 
 

 
Figure 86: Fuchsia test stimulus; relative brightness percentages and best-fitting line 

for the low light level range 
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Figure 87: Green test stimulus; brightness judgment data and best-fitting sigmoid 

function for the low light level range 
 

 
Figure 88: Green test stimulus; relative brightness percentages and best-fitting line 

for the low light level range 
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Appendix B (Experiment 2 results plotted for each subject) 

 

 
Figure 89: Amber 1 (599 nm) test stimulus; brightness judgment data and best-

fitting line for the high light level range 
 

 
Figure 90: Amber 1 (599 nm) test stimulus; relative brightness percentages and 

best-fitting line for the high light level range 
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Figure 91: Amber 2 (520 nm + 635 nm) test stimulus; brightness judgment data and 

best-fitting line for the high light level range 
 

 
Figure 92: Amber 2 (520 nm + 635 nm) test stimulus; relative brightness 

percentages and best-fitting line for the high light level range 
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Figure 93: Amber 1 (599 nm) test stimulus; brightness judgment data and best-

fitting line for the low light level range 
 

 
Figure 94: Amber 1 (599 nm) test stimulus; relative brightness percentages and 

best-fitting line for the low light level range 
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Figure 95: Amber 2 (520 nm + 635 nm) test stimulus; brightness judgment data and 

best-fitting line for the low light level range 
 

 
Figure 96: Amber 2 (520 nm + 635 nm) test stimulus; relative brightness 

percentages and best-fitting line for the low light level range 
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Appendix C (Model prediction errors for each subject, Bullough et al. 2014) 

 

Figure 97 through Figure 100 show the absolute prediction errors for each individual 

subject for each of the four conditions. The figures illustrate the relatively large spread 

and SEM, which might help explain why the B3 model prediction, especially for the 

condition Amber 88 lux (Figure 72) and Fuchsia 6 lux (Figure 73), was not statistically 

better than the predictions by the models B1 and B2. 

 

 
Figure 97: Mean absolute error in percent between prediction and empirical result 
for equal brightness point for the Amber test stimulus versus the Fuchsia reference 

stimulus at 30 lux for each individual subject (n=12) (Bullough et al. 2014) 
 

 
 

Figure 98: Mean absolute error in percent between prediction and empirical result 
for equal brightness point for the Fuchsia test stimulus versus the Amber reference 

stimulus at 88 lux for each individual subjects (n=12) (Bullough et al. 2014) 
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Figure 99: Mean discrepancy (absolute error in percent) between prediction and 
empirical result for equal brightness point for the Amber test stimulus versus the 

Fuchsia reference stimulus at 6 lux for each individual subjects (n=12) (Bullough et 
al. 2014) 

 

 

 
Figure 100: Mean discrepancy (absolute error in percent) between prediction and 
empirical result for equal brightness point for the Fuchsia test stimulus versus the 

Amber reference stimulus at 14 lux for 10 individual subjects (data for subject 6 and 
7 could not be curve fit and were excluded from this calculation) (Bullough et al. 

2014) 
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Table 15: Experimental results for equal brightness evaluations for Fuchsia versus 
Amber at high level range (Bullough et al. 2014) and predictions from brightness 

equations B1, B2 and B3 for each individual subject as well as the overall mean 
Bullough et 
al., 2013

Stimulus

Subject #
Brightness 
prediction

Error 
Value

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

Brightness 
prediction

Error Value

B1 87.90 2.3% 85.3 87.4 37.4 38.4 116.52 -23.1%
B2 88.66 -6.4% r²=0.99 r²=0.93 r²=0.99 r²=0.99 106.55 -15.1%
B3 89.89 -15.9% 99.17 -7.6%
B1 76.57 17.5% 68.3 82 52.2 46.7 156.48 -42.7%
B2 77.24 7.4% r²=0.98 r²=0.92 r²=0.87 r²=0.88 141.73 -36.2%
B3 78.22 -3.4% 135.03 -32.1%
B1 68.71 30.9% 59.8 75.1 30.9 39.7 107.72 -16.8%
B2 69.32 19.7% r²=0.96 r²=0.91 r²=0.95 r²=0.89 98.75 -8.4%
B3 70.14 7.8% 91.33 0.4%
B1 74.02 21.5% 70.1 75.2 30 35 98.30 -8.8%
B2 74.67 11.1% r²=0.99 r²=0.98 r²=0.99 r²=0.99 90.39 0.0%
B3 75.60 0.0% 82.96 10.5%
B1 65.24 37.9% 56.7 71.5 47 43.6 141.90 -36.8%
B2 65.82 26.1% r²=0.99 r²=0.95 r²=0.96 r²=0.92 128.92 -29.9%
B3 66.58 13.5% 121.90 -24.8%
B1 92.60 -2.8% 91.2 90.6 27.9 35.1 94.96 -5.6%
B2 93.39 -11.2% r²=0.78 r²=0.84 r²=0.93 r²=0.84 87.42 3.4%
B3 94.72 -20.2% 80.00 14.6%
B1 100.57 -10.5% 95.9 101.4 34.2 39.7 113.47 -21.0%
B2 101.42 -18.2% r²=0.72 r²=0.72 r²=0.99 r²=0.99 103.84 -12.9%
B3 102.93 -26.6% 96.45 -4.9%
B1 68.40 31.5% 56.7 77.7 45.5 38.1 129.84 -31.0%
B2 69.01 20.2% r²=0.99 r²=0.81 r²=0.99 r²=0.87 118.31 -23.6%
B3 69.83 8.2% 111.08 -17.5%
B1 94.64 -4.9% 89.7 96.1 36.7 35.8 111.10 -19.3%
B2 95.45 -13.1% r²=0.99 r²=0.98 r²=0.97 r²=0.99 101.75 -11.1%
B3 96.83 -21.9% 94.33 -2.8%
B1 40.66 121.2% 37.2 42.8 47 44.8 143.97 -37.7%
B2 41.05 102.1% r²=0.99 r²=0.96 r²=0.99 r²=0.93 130.75 -30.9%
B3 41.36 82.8% 123.76 -25.9%
B1 97.40 -7.6% 90.8 100.3 34.2 38.8 111.77 -19.8%
B2 98.23 -15.5% r²=0.95 r²=0.88 r²=0.99 r²=0.86 102.35 -11.7%
B3 99.67 -24.2% 94.94 -3.4%
B1 107.72 -16.5% 100.2 111.2 28.4 30.3 87.97 1.9%
B2 108.62 -23.6% r²=0.99 r²=0.92 r²=0.97 r²=0.93 81.20 11.3%
B3 110.31 -31.5% 73.82 24.2%

77.7 84.7 35.45 38.6

B1 81.16 10.8% 75.2 84.3 37.6 38.8 117.54 -23.7%
B2 81.87 1.3% 107.45 -15.9%
B3 82.95 -8.9% 100.08 -8.4%
B1 80.14 12.3% 71.3 86.1 35.3 38 112.45 -20.3%
B2 80.84 2.6% r²=0.99 r²=0.95 r²=0.99 r²=0.93 102.94 -12.2%
B3 81.90 -7.7% 95.54 -4.0%

Mean fit

81.2 37.0

Mean from 
individual fits

78.7 36.7

79.7 38.2

11
95.6 36.5

105.7 29.4
Median from 
individual fits

12

10
40 45.9

9
92.9 36.3

8
67.2 41.8

7
98.7 37

6
90.9 31.5

5
64.1 45.3

4
72.7 32.5

3
67.5 35.3

37.9

2

1
86.3

75.2 49.5

Light levels percieved equally bright (lux): High light level range

Fuchsia (30 lux) 
Brightness values B1= 

90, B2= 83, B3= 75.6

Fuchsia reference (30 lux) 
vs. Amber test simulus

Amber reference (88 lux) 
vs. Fuchsia test simulus

Amber (88 lux) 
Brightness values B1= 
89.6, B2= 90.4, B3= 91.7
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Table 16: Experimental results for equal brightness evaluations for Fuchsia versus 
Amber at low level range (Bullough et al. 2014) and predictions from brightness 
equations B1, B2 and B3 for each individual subject as well as the overall mean 

Bullough et 
al., 2013

Stimulus

Subject #
Brightness 
prediction

Error 
Value

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

Brightness 
prediction

Error Value

B1 13.79 7.8% 14.2 13 6.2 6.2 15.42 -8.0%
B2 13.93 5.6% r²=0.96 r²=0.87 r²=0.87 r²=0.93 15.25 -5.9%
B3 13.92 -20.3% 11.55 24.0%
B1 12.87 15.4% 12.8 12.5 4.9 4.7 11.54 23.0%
B2 13.01 13.1% r²=0.63 r²=0.80 r²=0.78 r²=0.86 11.56 24.0%
B3 12.99 -14.6% 8.43 69.9%
B1 11.45 29.8% 10.5 12.1 7.1 6.8 17.69 -19.7%
B2 11.57 27.1% r²=0.87 r²=0.87 r²=0.99 r²=0.91 17.38 -17.5%
B3 11.54 -3.9% 13.40 7.0%
B1 8.51 74.7% 7.5 9.2 6.5 6.6 16.55 -14.2%
B2 8.60 71.1% r²=0.76 r²=0.92 r²=0.89 r²=0.90 16.31 -12.1%
B3 8.56 29.7% 12.47 14.9%
B1 10.64 39.7% 10.4 10.5 7.5 7.4 19.12 -25.8%
B2 10.75 36.9% r²=0.93 r²=0.91 r²=0.99 r²=0.93 18.72 -23.4%
B3 10.72 3.5% 14.57 -1.6%
B1 13.99 6.2% N/A             13.8 N/A            N/A           N/A        N/A        
B2 14.14 4.1% r²=0.24 r²=0.83 r²=0.02 r²=0.06 N/A        N/A        
B3 14.12 -21.4% N/A        N/A        
B1 12.16 22.2% 12 11.9 N/A            N/A             N/A        N/A        
B2 12.29 19.7% r²=0.98 r²=0.97 r²=0.01 r²=0.02 N/A        N/A        
B3 12.26 -9.5% N/A        N/A        
B1 10.13 46.7% 9.8 10.1 N/A             9 23.47 -39.5%
B2 10.24 43.7% r²=0.94 r²=0.96 r²=0.03 r²=0.85 22.78 -37.0%
B3 10.20 8.8% 18.16 -21.1%
B1 17.65 -15.8% 17.4 17.3 5.3 5.3 12.91 9.9%
B2 17.83 -17.5% r²=0.89 r²=0.97 r²=0.89 r²=0.79 12.87 11.4%
B3 17.85 -37.8% 9.53 50.4%
B1 9.01 64.9% 9 8.7 N/A             10.7 28.51 -50.2%
B2 9.11 61.5% r²=0.80 r²=0.93 r²=0.08 r²=0.99 27.45 -47.7%
B3 9.07 22.4% 22.37 -35.9%
B1 14.91 -0.3% 14.2 15.1 6 6.1 15.14 -6.3%
B2 15.06 -2.3% r²=0.97 r²=0.98 r²=0.94 r²=0.89 14.98 -4.2%
B3 15.05 -26.3% 11.32 26.5%
B1 14.50 2.5% 13.9 14.7 6.6 6.6 16.55 -14.2%
B2 14.65 0.4% r²=0.99 r²=0.92 r²=0.96 r²=0.94 16.31 -12.1%
B3 14.64 -24.2% 12.47 14.9%

12 12.3 6.4 6.6

B1 12.36 20.2% 12 12.4 6.3 6.9 16.55 -14.2%
B2 12.50 17.8% 16.31 -12.1%
B3 12.47 -11.0% 12.47 14.9%
B1 12.26 21.2% 11.8 12.4 6.9 6.7 17.12 -17.1%
B2 12.39 18.7% r²=0.97 r²=0.96 r²=0.91 r²=0.96 16.84 -14.8%
B3 12.37 -10.3% 12.93 10.8%

Mean fit

12.2 6.5

Mean from 
individual fits

12.1 6.8

12.2 6.6

11
14.7 6.1

14.3 6.6
Median from 
individual fits

12

10
8.9 10.7

9
17.4 5.3

8
10 9

7
12 N/A

6
13.8 N/A

5
10.5 7.5

4
8.4 6.6

3
11.3 7

13.6 6.2

2

1

12.7 4.8

Light levels percieved equally bright (lux): Low light level range

Fuchsia (6 lux) 
Brightness values B1= 
14.9, B2= 14.7, B3= 11.1

Fuchsia reference (6 lux) 
vs. Amber test simulus

Amber reference (14 lux) 
vs. Fuchsia test simulus

Amber (14 lux) 
Brightness values B1= 
14.2, B2= 14.3, B3= 14.3

 
*NA denoted judgments could not be curve fit and were therefore not included in 
analysis from individual curve fits; the data were included in the overall mean curve fit 
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Table 17: Mean discrepancy (absolute error in percent) between prediction and 
empirical result for Fuchsia versus Amber stimuli at high and low light level range 
(Bullough et al. 2013) and predictions from brightness equations B1, B2 and B3 for 

each individual subject (n=12) as well as the overall mean 
Fuchsia versus Amber           
(Bullough et al., 2013)

Subject # B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3

1 2.3% -6.4% -15.9% -23.1% -15.1% -7.6% 7.8% 5.6% -20.3% -8.0% -5.9% 24.0%
2 17.5% 7.4% -3.4% -42.7% -36.2% -32.1% 15.4% 13.1% -14.6% 23.0% 24.0% 69.9%
3 30.9% 19.7% 7.8% -16.8% -8.4% 0.4% 29.8% 27.1% -3.9% -19.7% -17.5% 7.0%
4 21.5% 11.1% 0.0% -8.8% 0.0% 10.5% 74.7% 71.1% 29.7% -14.2% -12.1% 14.9%
5 37.9% 26.1% 13.5% -36.8% -29.9% -24.8% 39.7% 36.9% 3.5% -25.8% -23.4% -1.6%
6 -2.8% -11.2% -20.2% -5.6% 3.4% 14.6% 6.2% 4.1% -21.4% NA*        NA*   NA*   
7 -10.5% -18.2% -26.6% -21.0% -12.9% -4.9% 22.2% 19.7% -9.5% NA*   NA*   NA*   
8 31.5% 20.2% 8.2% -31.0% -23.6% -17.5% 46.7% 43.7% 8.8% -39.5% -37.0% -21.1%
9 -4.9% -13.1% -21.9% -19.3% -11.1% -2.8% -15.8% -17.5% -37.8% 9.9% 11.4% 50.4%

10 121.2% 102.1% 82.8% -37.7% -30.9% -25.9% 64.9% 61.5% 22.4% -50.2% -47.7% -35.9%
11 -7.6% -15.5% -24.2% -19.8% -11.7% -3.4% -0.3% -2.3% -26.3% -6.3% -4.2% 26.5%
12 -16.5% -23.6% -31.5% 1.9% 11.3% 24.2% 2.5% 0.4% -24.2% -14.2% -12.1% 14.9%

Standard deviation of 
discrepancy (%)

37.3% 34.0% 30.9% 13.6% 14.5% 17.1% 27.5% 26.9% 20.5% 21.5% 21.1% 31.1%

Standard error of the 
mean (%)

10.8% 9.8% 8.9% 3.9% 4.2% 4.9% 7.9% 7.8% 5.9% 6.2% 6.1% 9.0%

Mean absolute 
discrepany (%)

18.4% 8.2% 2.6% 21.7% 13.8% 5.8% 24.5% 22.0% 7.8% 14.5% 12.4% 14.9%

Absolute discrepancy 
(%) for overall mean 
curve fit

12.3% 2.6% 7.7% 20.3% 12.2% 4.0% 21.2% 18.7% 10.3% 17.1% 14.8% 10.8%

Fuchsia reference (30 lux) vs. 
Amber test stimulus

Amber reference (88 lux) vs. 
Fuchsia test stimulus

Fuchsia reference (6 lux) vs. 
Amber test stimulus

Amber reference (14 lux) vs. 
Fuchsia test stimulus

 
*NA denoted judgments could not be curve fit and were therefore not included in 
analysis from individual curve fits; the data were included in the overall mean curve fit 
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Appendix D (Pupil size measurements for stimuli of Experiments 1 and 2) 

D.1. Pupil sizes Experiment 1 

The pupils of two female subjects (subjects 10 and 12 in Experiment 1), age 22 and 23, 

were recorded by a digital video camera (Sony Handycam DCR-SX45, extended zoom, 

video resolution 720 x 480 pixels) while looking at the 18 different stimuli used in 

Experiment 1. The subjects viewed the stimuli one after the other for 5 seconds each and 

closed their eyes in between stimuli to reset the pupil size and to not be influenced by the 

stimuli stabilizing after switching from one to the other. The duration in between 

conditions was approximately 15-25 seconds. 

 

Each subject sat in front of the white integrating box used for Experiments 1 and 2, with 

their chin on a chin rest 6 inches in front of the box. They were looking straight while 

holding a ruler underneath their left eye for reference. The video camera was installed 

inside the box in front of the back wall, covered by a white enclosure (see Figure 101), 

and recorded the subject’s left eye as shown in Figure 102 and Figure 103. 

 

 
Figure 101: Apparatus set-up (pupil recording 1) 
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Figure 102: Subject 10 (Green 67 lux at 4.5 seconds) 

 

 

 
Figure 103: Subject 12 (Fuchsia 30 lux at 4.5 seconds) 

 

The illuminance levels, measured at the bottom center of the integrating box, ranged from 

4.9 lux to 109 lux for the Green stimulus and 2.4 lux to 60 lux for the Fuchsia stimulus. 

The viewing order of the stimuli was reversed between subjects; one looked at the stimuli 

from low to high light level, the other from high to low light level. Fuchsia and Green 

stimuli were alternated, consistent with experimental conditions in Experiment 1. 

 

Results: For analysis, still images after 4.5 seconds exposure were extracted per subject 

and stimulus (9 Fuchsia and 9 Green conditions) from the video footage using the video 

processing software Adobe Premiere. The still images were imported into image 

processing software (Adobe Photoshop) where the pupil diameter was measured using 

the ruler visible in the image and the software integrated dimensioning tools.  
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4.5 seconds was chosen because in Experiment 1, subjects viewed the stimuli for about 

4.5 - 5 seconds to allow for a delayed onset of melanopsin to take effect. 

 

Plotting the data showed that with higher light levels the pupil diameter decreased for 

both subjects, even if both subjects had different ranges of pupil diameters (subject 12: 

2.6 - 6.8 mm, subject 10: 4.5 – 7.0 mm). 

 

The data distributions appeared to follow a function similar to a power function; this was 

used therefore to perform curve fitting (y = a xb + 2). Since pupil diameters typically 

range from 2 to 8 mm in diameter, a value of 2 mm was used to set the lower limit of the 

power function asymptote. The results are summarized in Figure 104 and Figure 105. 

 

 
Figure 104: Subject 12 (Green and Fuchsia stimuli at 4.5 seconds) 

 

For subject 12, the curve fitting resulted for the green stimuli in r2= 0.88, SEM 0.38, and 

for the fuchsia stimuli in r2= 0.46, SEM 0.85. For subject 10, the curve fitting resulted for 

the green stimuli in r2= 0.79, SEM 0.37, and for the fuchsia stimuli in r2= 0.53, SEM 0.5. 

 

152 
 



 
Figure 105: Subject 10 (Green and Fuchsia stimuli at 4.5 seconds) 

 

As shown in Table 18, Experiment 1 resulted in subject 10 and 12 judging the listed pairs 

of green and fuchsia light levels as being equivalent in brightness: 

 

Table 18: Results from Experiment 1 for subject 10 (right) and 12 (left) 

#
Green 

stimulus 
(lux)

Fuchsia 
stimulus 

(lux)

Correlation 
Coefficient 

r²
#

Green 
stimulus 

(lux)

Fuchsia 
stimulus 

(lux)

Correlation 
Coefficient 

r²

1 12.5* 6.1 0.96 1 8.54* 6.1 0.99
2 12 7.94* 0.96 2 12 7.88* 1.00
3 52.82* 29.9 0.98 3 52.42* 29.9 0.88
4 66.8 39.62* 0.98 4 66.8 39.62* 0.98

*through curve fit estimated brightness equivalent  
 

In question was whether each brightness-equivalent Fuchsia and Green stimulus pair 

would produce the same pupil diameter. Using the curve fitting functions described 

above, Table 19 shows the estimated pupil sizes that were calculated/predicted for the 

four light level pairs for each subject: 
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Table 19: Pupil sizes for subject 10 (right) and subject 12 (left) at 4.5 seconds 
exposure 

# Green Fuchsia Green Fuchsia
1 5.9 5.1 6.2 5.8
2 5.5 4.9 6.0 5.7
3 4.1 4.1 5.1 5.1
4 3.9 4.0 5.0 5.0

   
diameter (mm)

   
diameter (mm)

 
 

The results were plotted in Figure 106 and Figure 107 to visualize the data, paired t-tests 

were performed to evaluate if there was a reliable difference in pupil size for high and 

low light levels. 

 

 
Figure 106: Subject 10, pupil size comparison of Green and Fuchsia stimuli that 

were judged equally bright 
 
 

 
Figure 107: Subject 12, pupil size comparison of Green and Fuchsia stimuli that 

were judged equally bright 
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The graphs suggest for both subjects matching pupil diameters at Green and Fuchsia high 

light levels, but some divergence at the lower light levels, with the Fuchsia stimuli 

resulting in smaller pupil diameters than the Green stimuli. A paired t-test based on the 

data from the two subjects confirms this result for a criterion of p<0.05. p=0.023 was 

calculated for the low light level conditions, suggesting a reliable difference in pupil size. 

At the high light level conditions p=0.15 was calculated, indicating no reliable difference. 

 

To compare brightness judgments not only with pupil size recorded, but to evaluate if the 

resulting retinal illuminance might be similar for conditions perceived as equally bright, 

the retinal illuminance was calculated (multiplying the luminance at the eye by pupil area 

for each condition), and plotted in Figure 108 and Figure 109. 

 

 
Figure 108: Subject 10, retinal illuminance comparison of Green and Fuchsia 

stimuli that were judged equally bright 
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Figure 109: Subject 12, retinal illuminance comparison of Green and Fuchsia 

stimuli that were judged equally bright 

 

The graphs show that the retinal illuminance is lower for the Fuchsia stimulus in all 

conditions that were judged equally bright, whether the stimuli evoked the same pupil 

size or not. The ratios from the retinal illuminance values of the Fuchsia stimulus to the 

Green stimulus for the equal brightness pairs appear consistent. 

 

D.2. Pupil sizes Experiment 2 

To monitor pupil sizes for Experiment 2, the right eye pupil of three subjects was 

recorded during the exposure of the 6 test stimuli used in Experiment 2. The recording 

was performed in a separate set-up after the main experiment using the same apparatus, 

however adding a chin rest as shown in Figure 110. The 3 subjects consisted of 2 female, 

1 male with an age range of 23-33 years, mean age was 29 years. The camera, installed at 

the back of the integrating box (see Figure 110) was a Sony Digital Video Camera 

(Recorder DCR-TRV140) recording video onto magnetic tape.  

 

The procedure was similar to the pupil recording for stimuli used in Experiment 1: 

Subjects viewed the stimuli used in the experiment while their pupils were recorded. 

They held a ruler underneath the eye for reference. In between the stimuli they were 

instructed to close their eyes for 15-25 seconds to reset pupil stimulation and size. The 

order of the stimuli shown was randomized with Amber 1 and Amber 2 alternating at 

different light levels. 
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The recorded footage was transferred to a computer in .wmv –format. Pictures of the 

pupils at each condition were extracted at 5 seconds stimulus duration using the software 

Adobe Premiere. The pupil size was determined using the software Adobe Photoshop and 

its built in measuring tools in conjunction with the reference ruler next to each subjects’ 

eye (see Figure 111). 

 

 
Figure 110: Apparatus set-up (pupil recording 2) 

 

 

 
Figure 111: Image of right eye with pupil measurement at 5 seconds exposure to 

stimulus Amber 2 at 108 lux 
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Results: In contrast to Experiment 1 the subjects saw the two stimuli (Amber 1 and 

Amber 2) at the same three light levels. Figure 112 and Figure 114 show the average 

pupil size for the three subjects at 5 seconds of exposure for all 6 stimuli used in 

Experiment 2 (full field-of-view). At the high light level range, stimulus Amber 2 (520 

nm + 635 nm) appears to evoke smaller pupil sizes than Amber 1 (600 nm). As light level 

increases, pupil sizes under stimulus Amber 2 appear to decrease consistently for all three 

subjects (see Figure 113); this is not the case for exposure to Amber 1. A paired t-test 

however did not suggest a reliable difference between the pupil sizes for Amber 1 and 

Amber 2 at the same light levels (p=0.17). 

 

 
Figure 112: Mean pupil size for 3 subjects at different light levels after 5 seconds 

exposure time with standard errors of the mean 
 

   
Figure 113: Pupil size for 3 subjects at different light levels after 5 seconds of 

exposure time (subject 7, left; subject 6, middle; subject 3, right) 
 

At the low light level range pupils were larger than at the high light level range 

consistently for all subjects. The trend that pupil size decreases at increasing exposure to 
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Amber 2 but not Amber 1 however appeared to not exist (see Figure 115). Pupil size 

appears to fluctuate up and down and remain relatively stable, throughout all conditions, 

in comparison to the high light levels; although Amber 2 appears to generate slightly 

smaller pupils in the majority of cases. A paired t-test suggested no reliable difference 

between the pupil sizes for Amber 1 and 2 at the same light levels (p=0.28). 

 

 
Figure 114: Mean pupil size for 3 subjects at different light levels after 5 seconds of 

exposure time with standard error of the mean 
 

   
Figure 115: Pupil size for 3 subjects at different light levels after 5 seconds of 

exposure time (subject 7, left; subject 6, middle; subject 3, right) 
 

Amber 2 had been evaluated by all subjects in Experiment 2 as appearing brighter than 

Amber 1 at the same light level. Given that pupil sizes measured are in most (13 out of 

18) cases smaller for Amber 2 than Amber 1 at the same light level, it can be inferred that 

the increase in brightness perception for stimulus Amber 2 is not caused by more light 

entering the eye. Below Figures 116 and 117 show the retinal illuminance levels of the 
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stimuli pairs (Amber 1 and Amber 2) at the light levels judged equally bright by the three 

subjects. The retinal illuminance of Amber 2 is consistently smaller for each of the equal 

brightness pairs. 

 
 

 

 

 
 

 

 

Figure 116: Retinal illuminance comparison of Amber 1 and 2 stimuli that were 
judged equally bright at the high light level range (n=3) 

Figure 117: Retinal illuminance comparison of Amber 1 and 2 stimuli that were 
judged equally bright at the low light level range (n=3) 
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Appendix E (Follow-up experiment: artificial pupil versus natural pupil only) 

 

A follow up experiment was conducted to investigate if the prior results would hold if an 

artificial pupil with diameter of 2 mm was used. 2 mm was smaller than any of the 

recorded pupil sizes (>~3 mm) from previous pupil size recordings to the stimuli used in 

experiments 1 and 2 (see Appendix D), and would therefore be the constant pupil 

diameter throughout the experiment. 

 

Literature suggested that relative brightness judgments are not different whether a 

stimulus is seen with the natural pupil or through an artificial pupil controlling the retinal 

illuminance (Brown et al. 2012; Stevens and Marks 1972). To confirm this, the described 

investigation was done to determine whether fluctuations in the amount of light reaching 

the retina due to natural changes in pupil size at different SPDs might influence 

brightness perception. Melanopsin stimulation has been shown to contribute to sustained 

pupil constriction (Gamlin et al. 2010). 

 

Three subjects participated in the experiment (1 male, 2 female; mean age 27 years, 

median age 26 years, SD 5 years). Two sessions of 30 brightness evaluations were 

conducted. The experimental set-up and procedure were similar to the set-up of 

Experiment 2 described in this thesis, with the following differences: 

• All subjects used a chin rest that positioned their eyes 8” from the box and kept it 

constant. 

• The judgments were done with one eye only (two subjects used the right eye, one 

subject the left eye), the other eye was closed with a black eye patch to prevent 

light from entering. 

• One session was conducted without the artificial pupil, one session with the 

artificial pupil. The order was varied. 

 

The individual and mean results are shown in Table 20 and Figure 118, based on the 

mean curve fittings with the SEM in Figure 120 through 127.  
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Table 20: Experimental results from individual and mean data curve fitting 

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

64.8 (r²=0.66) 59.6 (r²=0.99) 113.5 (r²=0.83) 119.8 (r²=0.97) 45.3 (r²=0.66) 13.8 (r²=0.92) 159.4 (r²=0.83) 113.5 (r²=0.94)

42.3 (r²=0.66) 54.5 (r²=0.89) 138.7 (r²=0.83) 115.2 (r²=0.87) 13.77 (r²=0.66) 10.6 (r²=0.99) 214.5 (r²=0.83) 136.5 (r²=0.99)

72.8 (r²=0.96) 79.1 (r²=0.83) 83.1 (r²=0.99) 80.4 (r²=0.96) 72.7 (r²=0.96) 73.3 (r²=0.97) 93.1 (r²=0.99) 87.4 (r²=0.85)

Mean from 
individual fits 60.0 64.4 111.8 105.1 43.9 32.6 155.7 112.5

Median from 
individual fits 64.8 59.6 113.5 115.2 45.3 13.8 159.4 113.5

Standard 
deviation

15.8 13.0 27.8 21.5 29.5 35.3 60.8 24.6

Standard 
error

9.1 7.5 16.1 12.4 17.0 20.4 35.1 14.2

68.2 (r²=0.89) 56.7 (r²=0.96) 99.3 (r²=0.98) 114.6 (r²=0.97) 47 (r²=0.84) 31.2 (r²=0.98) 117.4 (r²=0.97) 131.4 (r²=0.99)

 
 
 

With Natural Pupil With Artificial Pupil
Illuminance from Amber 2 
(lux) equal in brightness to 
77 lux Amber 1 reference

Illuminance from Amber 1 
(lux) equal in brightness to 77 

lux Amber 2 reference

Illuminance from Amber 2 (lux) 
equal in brightness to 77 lux 

Amber 1 reference

Illuminance from Amber 1 (lux) 
equal in brightness to 77 lux 

Amber 2 reference

12 lux avg 176 lux avg

39.1 lux avg 124.4 lux avg

Subject 1
62 lux avg 117 lux avg 30 lux avg 136 lux avg

Subject 2
48 lux avg 127 lux avg

Subject 3
76 lux avg 82 lux avg 73 lux avg 90 lux avg

Mean from 
overall fit 62.5 lux avg 107 lux avg  

 

 
Figure 118: The mean illuminance values from the test conditions estimated by 

curve fitting (n=3) to produce equivalent brightness to the reference 
 

For reference stimulus Amber 1 (599 nm) at 77 lux: 

• 68 lux, SEM 9.1 lux (natural pupil, judgment choice data), 

• 57 lux, SEM 7.5 lux (natural pupil, relative percentage data), 

• 47 lux, SEM 17 lux (artificial pupil, judgment choice data), 

• 31 lux, SEM 20.4 lux (artificial pupil, relative percentage data) 
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from test stimulus Amber 2 (520 nm + 635 nm). 

 

And for reference stimulus Amber 2 (520 nm + 635 nm) at 77 lux: 

• 99 lux, SEM 16.1 lux (natural pupil, judgment choice data), 

• 115 lux, SEM 12.4 lux (natural pupil, relative percentage data), 

• 117 lux, SEM 35.1 lux (artificial pupil, judgment choice data), 

• 131 lux, SEM 14.2 lux (artificial pupil, relative percentage data) 

from test stimulus Amber 1 (599 nm). 

 

Two things could be observed: 

• Amber 2 was judged as being brighter at the same illuminance level, whether the 

natural or the artificial pupil was used. 

• The brightness difference observed with the artificial pupil appears to be 

consistently larger than without the artificial pupil. Differences were at a 

magnitude of ~30% for the Amber 1 reference condition, and ~15% for Amber 2 

reference condition. (This tendency holds for all three individual subjects.) 

 

Paired t-tests were used to determine if the results obtained without the artificial pupil 

were reliably different from the results with the artificial pupil. For a criterion of p<0.05, 

the results were not statistically different for any condition. (p=0.15 for the Amber 1 

reference, p=0.17 for the Amber 2 reference). This result might be due to the small 

number of subjects and individual variations. Estimating the number of subjects needed 

to show statistical significance according to McGuigan (1997), using the mean values and 

observed standard deviations, resulted in a sample size of up to 79 subjects. 

 

To further explore the differences between artificial pupil and natural pupil conditions, 

the retinal illuminances were calculated for the illuminance levels when Amber 1 and 

Amber 2 were estimated as being equally bright under each condition. The brightness 

judgment and relative brightness percentage data were averaged for each condition. The 

results are shown in Table 21. Pupil sizes were derived from pupil recordings for stimuli 

Amber 1 and Amber 2 (n=3) described in Appendix D. 
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Calculating the ratio of the retinal illuminance values and illuminance values at the eye 

(see Table 2) shows: 

• Under the artificial pupil condition, the ratio of the illuminance at the eye and 

retinal illuminance between Amber 2 and Amber 1 (at equal brightness) will stay 

roughly the same, averaging 0.57 (mean of 0.51 and 0.62) 

 

• Under the natural pupil condition the ratio of illuminance at the eye between 

Amber 2 and Amber 1 is higher, averaging 0.77 (mean of 0.81 and 0.72), due to 

changes in pupil size, the ratio of retinal illuminance at estimated equal brightness 

changes however to 0.63 (mean of 0.67 and 0.58) 

 

Table 21: Retinal illuminance values for results (equal brightness values) with and 
without artificial pupil 

Stimulus
Illuminance 

at meter 
(lux)

Illuminance 
at eye (lux)

Luminance 
at the eye 

(cd/m²)

Pupil 
diameter 

(mm)

Pupil 
area 

(mm²)

Retinal 
illuminance 

(td)

Ratio of 
retinal 

illuminance

Ratio of 
illuminance 
at the eye

Amber 1  
reference

77.0 50.1 11.2 5.4 22.7 253.5

Amber 2 test 62.5 40.6 9.1 4.9 18.8 170.0
Amber 2 

reference 
77.0 50.1 11.2 4.7 17.1 191.0

Amber 1 test 107 69.6 15.5 5.2 21.3 330.4

Amber 1  
reference

77.0 50.1 11.2 2.0 3.1 35.0

Amber 2 test 39 25.4 5.6 2.0 3.1 17.7
Amber 2 

reference 
77.0 50.1 11.2 2.0 3.1 35.0

Amber 1 test 124 80.6 18.0 2.0 3.1 56.4

0.81

0.72

0.51

0.62

Natural pupil only:

Artificial pupil:

0.67

0.58

0.51

0.62

 
 

The mean ratios of 0.57 (artificial pupil) and 0.63 (natural pupil) for the retinal 

illuminance levels at equal brightness estimation are very similar. Taking into account 

standard deviations of the results; it could be hypothesized that retinal illuminance is an 

important constant for brightness perception, rather than illuminance at the eye. 

 

This could mean that when the natural change in pupil size is disturbed (e.g. artificial 

pupil, pupil dilation), the difference of light levels between stimuli that are perceived 
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equally bright might change from a natural condition, because the retinal illuminance and 

its ratio is the measure that matters to the visual system. 

 

The ratio of retinal illuminances between the two stimuli that are estimated to be 

perceived equally bright might stay constant independent if a natural or artificial pupil is 

used. 

 

For Experiments 1 and 2 only the natural pupil was used. The results from this follow up 

study in combination with the data in Appendix D suggest that the variation in natural 

pupil size (constriction at shorter wavelength) did potentially diminish the relative 

perceived brightness of Fuchsia (in Experiment 1) and Amber 2 (in Experiment 2) in 

comparison to an experiment with controlled pupils at constant pupil size. While the 

artificial pupil in this follow-up study controlled the amount of light entering the eye, the 

pupil was still able to constrict or dilate. If this pupil response might potentially have an 

effect in itself on brightness perception is unclear. 

 

Since the models B1, B2 and B3 were derived empirically with natural pupils and 

therefore compensate for pupil size, the direct melanopsin contribution might be 

underestimated. A more precise model of spectral sensitivity would be based on retinal 

illuminance and would have to take changes of pupil size according to spectrum and light 

level into account. 

 

This suggests a two-fold influence of melanopsin in brightness perception: 

• The result is in line with and consistent with the suggested possibility for direct 

melanopsin contribution to brightness (Amber 1 is perceived less bright than 

Amber 2). 

 

• The results also suggest that pupil constriction which is partially mediated by 

melanopsin, influences brightness perception as well, but in the opposite direction 

since the stimuli likely to appear brighter are also likely to result in smaller pupil 

sizes. 
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To check if the conversion from illuminance (lux) to retinal illuminance (Td) would 

provide further insights, all results of this study were converted and curve fit using the 

recorded pupil sizes from Appendix D. 

 

Table 22: Experimental results from individual and mean data curve fitting 

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

Brightness 
Judgment

Relative 
Percentage

173 165 351 366 6 21 52 73

150 158 421 351 6 5 98 62

150 191 421 238 18 33 42 40

158 171 398 318 10 20 64 58

Median from 
individual fits 150 165 421 351 6 21 52 62

Standard 
deviation

13 17 40 70 7 14 30 17

Standard 
error

8 10 23 40 4 8 17 10

175 162 312 350 21 14 53 60

Mean from 
individual fits 165 Td avg 358 Td avg 15 Td avg 61 Td avg

Mean from 
overall fit 169 Td avg 331 Td avg 18 Td avg 57 Td avg

Subject 3
171 Td avg 330 Td avg 26 Td avg 41 Td avg

Subject 2
154 Td avg 386 Td avg 6 Td avg 80 Td avg

Subject 1
169 Td avg 359 Td avg 14 Td avg 63 Td avg

With Natural Pupil With Artificial Pupil
Retinal Illuminance from 

Amber 2 (Td) equal in 
brightness to 254 Td Amber 

1 reference

Retinal Illuminance from 
Amber 1 (Td) equal in 

brightness to 191 Td Amber 2 
reference

Retinal Illuminance from 
Amber 2 (Td) equal in 

brightness to 35 Td Amber 1 
reference

Retinal Illuminance from 
Amber 1 (Td) equal in 

brightness to 35 Td Amber 2 
reference

 
 

 
Figure 119: The mean retinal illuminance values from the test conditions estimated 

by curve fitting (n=3) to produce equivalent brightness to the reference 
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The linear fit for the artificial pupil condition (see Figure 120 through Figure 127) 

produced the following results. 

 

The reference stimulus Amber 1 (599 nm) at 35 Td was estimated equally bright to: 

• 21 Td, SEM 4 Td (artificial pupil, judgment choice data), 

• 14 Td, SEM 8 Td (artificial pupil, relative percentage data) 

from test stimulus Amber 2 (520 nm + 635 nm), mean 18 Td. The ratio of retinal 

illuminances at equal brightness was 0.51. 

 

The reference stimulus Amber 2 (520 nm + 635 nm) at 35 Td was estimated equally 

bright to: 

• 53 Td, SEM 17 Td (artificial pupil, judgment choice data), 

• 60 Td, SEM 10 Td (artificial pupil, relative percentage data) 

from test stimulus Amber 1 (599 nm), mean 57 Td. The ratio of retinal illuminances at 

equal brightness was 0.61. 

 

The linear fit for the natural pupil condition (see Figure 120 through Figure 127) resulted 

in the following results. The reference stimulus Amber 1 (599 nm) at 254 Td was 

estimated equally bright to: 

• 175 Td, SEM 8 Td (natural pupil, judgment choice data), 

• 162 Td, SEM 10 Td (natural pupil, relative percentage data), 

from test stimulus Amber 2 (520 nm + 635 nm), mean 169 Td. The ratio of retinal 

illuminances at equal brightness was 0.67. 

 

The reference stimulus Amber 2 (520 nm + 635 nm) at 191 Td was estimated equally 

bright to: 

• 312 Td, SEM 23 Td (natural pupil, judgment choice data), 

• 350 Td, SEM 40 Td (natural pupil, relative percentage data), 

from test stimulus Amber 1 (599 nm), mean 331 Td. The ratio of retinal illuminances at 

equal brightness was 0.58. 
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Figure 120: Artificial pupil, Amber 2 test stimulus; brightness judgment data with 
standard errors of the mean and best-fitting line for 3 subjects, r2=0.84; left: x-axis 

in units of illuminance; right: x-axis in units of retinal illuminance 
 

 

  
Figure 121: Natural pupil, Amber 2 test stimulus; brightness judgment data with 

standard errors of the mean and best-fitting line for 3 subjects; left: x-axis in units 
of illuminance, r2=0.89; right: x-axis in units of retinal illuminance, r2=0.98 
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Figure 122: Artificial pupil, Amber 1 test stimulus; brightness judgment data with 
standard errors of the mean and best-fitting line for 3 subjects, r2=0.97; left: x-axis 

in units of illuminance; right: x-axis in units of retinal illuminance 
 

 

  
Figure 123: Natural pupil, Amber 1 test stimulus; brightness judgment data with 

standard errors of the mean and best-fitting line for 3 subjects; left: x-axis in units 
of illuminance, r2=0.98; right: x-axis in units of retinal illuminance, r2=0.97 

 

 

169 
 



  
Figure 124: Artificial pupil, Amber 2 test stimulus; relative brightness percentages 
with standard errors of the mean and best-fitting line for 3 subjects, r2=0.98; left: x-

axis in units of illuminance; right: x-axis in units of retinal illuminance 
 

 

  
Figure 125: Natural pupil, Amber 2 test stimulus; relative brightness percentages 
with standard errors of the mean and best-fitting line for 3 subjects; left: x-axis in 
units of illuminance, r2=0.96; right: x-axis in units of retinal illuminance, r2=0.99 
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Figure 126: Artificial pupil, Amber 1 test stimulus; relative brightness percentages 
with standard errors of the mean and best-fitting line for 3 subjects, r2=0.99; left: x-

axis in units of illuminance; right: x-axis in units of retinal illuminance 
 

 

  
Figure 127: Natural pupil, Amber 1 test stimulus; relative brightness percentages 
with standard errors of the mean and best-fitting line for 3 subjects; left: x-axis in 
units of illuminance, r2=0.97; right: x-axis in units of retinal illuminance, r2=0.96 
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Appendix F (Follow-up experiment: full field-of-view versus 2° field-of-view) 

F.1. Introduction 

Experiment 2 was conducted with a full field-of-view to ensure that all photoreceptors 

would be involved in visual sensation and brightness perception. An additional pilot 

investigation was conducted with the objective to create stimuli that might distinguish 

themselves in melanopsin stimulation by changing the field-of-view. 

 

Given that ipRGCs are not present in the fovea (Dacey et al. 2005), if melanopsin would 

play a role in brightness perception, an experiment using the SPD conditions and 

experimental procedure designed for Experiment 2, but constricting the field of view to 

2° (excluding ipRGCs (and rods)) should produce different results, because the results 

should not require melanopsin as explanatory factor. 

 

F.2. Method and procedure 

A pilot experiment was conducted using the set-up, stimuli and procedure described for 

Experiment 2 (high light level condition), with the addition of a black foam core cover 

leaving a small 0.3” opening in the center. Experimental conditions were viewed through 

this opening, as shown in Figure 128. A chin rest was installed 8” in front of the opening.  

 

Three color normal subjects participated in the pilot test (2 male, 1 female; age range 26-

31 years, mean 28 years). They were instructed to focus on the opening and judge which 

of two sequential 5-sec stimuli appeared brighter and by how much (expressed as a 

percentage). Thirty brightness evaluations were conducted. For detailed procedure and 

description of stimuli, see Experiment 2. Stimulus Amber 1 at 77 lux (reference 

condition) was compared to stimulus Amber 2 at 55 lux, 77 lux and 108lux (test 

conditions); and stimulus Amber 2 at 77 lux (reference condition) was compared to 

stimulus Amber 1 at 55 lux, 77 lux and 108 lux (test conditions). 
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Figure 128: Apparatus set-up, 2° field-of-view 

 

F.3. Results  

Figure 129 through Figure 132 show small-field test results, averaged for all three 

subjects. To enable a direct comparison, graphs for the full field-of-view results 

(Experiment 2) for the same three subjects are shown as well in Figure 133 through 

Figure 136. In each case the data were plotted as a function of the (photopic) illuminance 

from the test condition. Table 23 lists individual, mean and median results. 

 

Figure 129 and Figure 130 show the results of the 2° field-of-view experiment with 

reference stimulus Amber 2 (520 nm + 635 nm) at 77 lux as the control condition, and 

test stimuli Amber 1 (599 nm) at 55 lux, 77 lux and 108 lux. 
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Figure 129: Amber 1 test stimulus; brightness judgment data with standard errors 

of the mean and best-fitting line for the 2° field-of-view, r2=0.99 (p=0.03) 
 

 

 
Figure 130: Amber 1 test stimulus; relative brightness percentages with standard 
errors of the mean and best-fitting line for the 2° field-of-view, r2=0.98 (p=0.09) 

 

Figure 131 and Figure 132 show the results of the 2° field-of-view experiment with 

reference stimulus Amber 1 (599 nm) at 77 lux as the control condition, and test stimuli 

Amber 2 (520 nm + 635 nm) at 55 lux, 77 lux and 108 lux. 
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Figure 131: Amber 2 test stimulus; brightness judgment data with standard errors 

of the mean and best-fitting line for the 2° field-of-view, r2=0.99 (p=0.06) 
 

 

 
Figure 132: Amber 2 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for 2° field-of-view, r2=1 (p=0.004) 
 

Figure 133 and Figure 134 show the results of the full field-of-view experiment with 

reference stimulus Amber 2 (520 nm + 635 nm) at 77 lux as the control condition, and 

test stimuli Amber 1 (599 nm) at 55 lux, 77 lux and 108 lux. 
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Figure 133: Amber 1 test stimulus; brightness judgment data with standard errors 

of the mean and best-fitting line for full field-of-view, r2=0.99 (p=0.08) 
 

 

 
Figure 134: Amber 1 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for full field-of-view, r2=0.98 (p=0.08) 
 

Figure 135 and Figure 136 show the results of the full field-of-view experiment with 

reference stimulus Amber 1 (599 nm) at 77 lux as the control condition, and test stimuli 

Amber 2 (520 nm + 635 nm) at 55 lux, 77 lux and 108 lux. 
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Figure 135: Amber 2 test stimulus; brightness judgment data with standard errors 

of the mean and best-fitting line for full field-of-view, r2=0.85 (p=0.25) 
 

 

 
Figure 136: Amber 2 test stimulus; relative brightness percentages with standard 

errors of the mean and best-fitting line for full field-of-view, r2=0.84 (p=0.26) 
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Table 23: Subject 2, 5, 9 individual and mean results for full field-of-view and 2° 
field-of-view for judgment choice data (denoted as “brighter”) and relative 

percentage data (denoted as “percentage”) 

full view
2 degree 

view
full view

2 degree 
view

Subject 2: brighter
26.6 lux 

(r2=0.99)
56.8 lux 

(r2=0.99)
109.4 lux 
(r2=0.99)

107.3 lux 
(r2=0.99)

Subject 2: percentage
47.1 lux 
(r2=1)

28.3 lux 
(r2=0.94)

109.6 lux 
(r2=0.91)

106.6 lux 
(r2=0.96)

Subject 5: brighter
77.1 lux 

(r2=0.92)
80.0 lux 

(r2=0.99)
83.1 lux 

(r2=0.99)
80.0 lux 

(r2=0.99)

Subject 5: percentage
80.1 lux 

(r2=0.93)
80.4 lux 

(r2=0.99)
79.5 lux 

(r2=0.99)
78.0 lux 

(r2=0.99)

Subject 9: brighter
76.2 lux 

(r2=0.66)
49.5 lux 

(r2=0.91)
97.4 lux 

(r2=0.97)
626 lux 

(r2=0.01)*

Subject 9: percentage
58.2 lux 

(r2=0.68)
71.9 lux 
(r2=1)

102.2 lux 
(r2=0.9)

89.5 lux 
(r2=0.97)

Mean fit: brighter
68.6 lux 

(r2=0.85)
66.4 lux 

(r2=0.99)
93.4 lux 

(r2=0.99)
95.7 lux 
(r2=1)

Mean fit: percentage
63.3 lux 

(r2=0.84)
72.1 lux 
(r2=1)

96.5 lux 
(r2=0.98)

88.2 lux 
(r2=0.98)

Mean percentage+brighter (lux) 65.9 69.3 94.9 91.9
Mean from individual fits (lux) 60.8 61.1 96.9 92.2
Median from individual fits (lux) 67.2 64.4 99.8 89.5
Standard deviation (lux) 21.3 20.4 13.0 14.1
Standard error (lux) 12.3 11.8 7.5 8.1

Amber 2 test Amber 1 test

 
 

 

F.4. Analysis  

When comparing the full field-of-view to the 2° field-of-view, the results showed that 

consistently higher illuminance levels of stimulus Amber 2 (520 nm + 635 nm) were 

necessary to match the brightness of stimulus Amber 1 (599 nm). This is consistent with 

what would occur if melanopsin were contributing to the brightness sensation for the full 

field-of-view, but not the 2° field-of-view. Paired t-tests that were conducted to check if 

the results from the 2° field-of-view experiment are reliably different than the full field-

of-view data (based on three subjects) showed however no statistically significant 

difference for the illuminance levels derived for the 2° results and full field-of-view 
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results (p=0.42 for the Amber 1 reference condition; p=0.07 for the Amber 2 reference 

condition). 

 

Equations B1 and B2: The provisional predictions of equation B1 (Rea et al. 2011) 

suggested that: 

 

• 77 lux of stimulus Amber 1 (599 nm) would be perceived equally bright to 74.1 

lux of stimulus Amber 2 (520 nm + 635 nm) 

• 77 lux of stimulus Amber 2 (520 nm + 635 nm) would be perceived equally bright 

to 80 lux of stimulus Amber 1 (599 nm) 

 

And results of equation B2 (Bullough, 2013) suggested that: 

 

• 77 lux of stimulus Amber 1 (599 nm) would be perceived equally bright to 70.1 

lux of stimulus Amber 2 (520 nm + 635 nm) 

• 77 lux of stimulus Amber 2 (520 nm + 635 nm) would be perceived equally bright 

to  84.6 lux of stimulus Amber 1 (599 nm) 

 

For the 2° field-of-view the illuminance values from the test conditions that produced 

equivalent brightness to the reference condition were: 

 

• For the Amber 1 (599 nm) reference stimulus at 77 lux, 66.4 lux (judgment choice 

data), and 72.1 lux (relative percentage data) from the Amber 2 (520 nm + 635 

nm) test stimulus. The mean value is 69.3 lux. This matched closer the prediction 

of model B2 (70.1 lux) than B1. 

• For the Amber 2 (520 nm + 635 nm) reference stimulus at 77 lux, 95.7 lux 

(judgment choice data), and 88.2 lux (relative percentage data) from the Amber 1 

(599 nm) test stimulus. The mean value is 91.9 lux. This matched closer the 

prediction of B2 (84.6 lux) than B1.  
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For the full field-of-view experiment the values that produced equivalent brightness 

were: 

 

• For the Amber 1 (599 nm) reference stimulus at 77 lux, 68.6 lux (judgment choice 

data), and 63.3 lux (relative percentage data) from the Amber 2 (520 nm + 635 

nm) test stimulus. The mean value is 65.9 lux. This matches closer the prediction 

of model B2 (70.1 lux) than B1. 

• For the Amber 2 (520 nm + 635 nm) reference stimulus of 77 lux, 93.4 lux 

(judgment choice data), and 96.5 lux (relative percentage data) from the Amber 1 

(599 nm) test stimulus. The mean value is 94.9 lux. This matches closer the 

prediction of model B2 (84.6 lux) than B1. 

 

If melanopsin were to play a role in brightness perception, and if the small field 

experiment were to exclude their contribution, then for the small field-of-view 

experiment, B2 (which includes melanopsin contribution in its equation) should not 

produce a better fit than B1 (which only incorporates contribution from the three cone 

photoreceptors). However, B1 and B2 were derived empirically from full field-of-view 

experimental data. Therefore matching the 2° field-of-view data might not be meaningful; 

additional mechanisms may also affect small field-of-view visual perception, such as the 

filtering of short wavelengths by the macula (Boyce 2003). 

 

Brightness to luminance ratio (B/L): An additional model was used to fit and analyze 

the 2° experimental data, the Brightness to Luminance Ratio (B/L) introduced by Ware 

and Cowan (1983). Using the 1931 chromaticity coordinates (Wyszecki and Stiles 1982)) 

and luminance information of the different stimuli, it is said that their brightness could be 

calculated and compared. The B/L ratio was developed empirically and was based on a 

large quantity of small field-of view data (see Background section). 

 

Experiment 2 was conducted viewing stimuli with full field-of-view; the stimuli were 

chosen to match closely in the 1964 chromaticity diagram for viewing fields subtending 

large angles (x10, y10), see Figure 137. Chromaticity coordinates for stimulus Amber 1 
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(599 nm) were x10, y10= 0.6028, 0.3969, and for stimulus Amber 2 (520 nm and 635 nm) 

x10, y10=0.6112, 0.3827.  

 

For the 2° study the same stimuli were used to facilitate the comparison despite the fact 

that the field of view and viewing angle decreased. Calculating the 2° chromaticity 

coordinates for conditions Amber 1 and Amber 2, condition Amber 1 resulted in 

chromaticity coordinates x, y= 0.5927, 0.4064; and condition Amber 2 resulted in 

chromaticity coordinates x, y= 0.6149, 0.3767. Plotting these coordinates on the 1931 

chromaticity diagram for 2° viewing conditions (see Figure 138) revealed that the 

distance between the coordinates is larger for the 2° viewing condition than for the full 

field viewing condition. This was in line with subjects’ reports that a more pronounced 

difference in hue was observed throughout the 2° field-of-view experiment in comparison 

to the full field-of-view experiment. 

 

To test if the difference in chromaticity between Amber 1 and Amber 2 resulted in a 

different B/L ratio (Ware and Cowan 1983), the 2° B/L values were calculated and 

determined as follows: Log(B) = log(L) + C; and C= 0.256 - 0.184y – 2.527xy + 

4.656x3y + 4.657xy4. 

 

Amber 1 at 77 lux (B/L = 1.1): 

Log(B1) = log(77 lux) + 0.0418; B1=84.779 

 

Amber 2 at 77 lux (B/L = 1.17): 

Log(B2) = log(77 lux) + 0.0669; B2 = 89.824 
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Figure 137: Chromaticity of LED sources for full field-of-view experiment plotted 

on the CIE 1964 diagram (Wyszecki and Stiles 1982) 
 

 

 
Figure 138: Chromaticity of LED sources for 2° field-of-view experiment plotted on 

the CIE 1931 diagram (Wyszecki and Stiles 1982) 
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Table 24: B/L values calculated and from experimental results 

Amber 1 Amber 2 

B/L ratio 1.1 (77 lux) 1.17 (72.4 lux)
calculated 1.1 (81.9 lux) 1.17 (77 lux)
B/L ratio 1.1 (77 lux) 1.22 (69.3 lux)
results 1.02 (91.9 lux) 1.17 (77 lux)

2 degree field-of-view (1931)

 
 

Amber 1 (599 nm) reference stimulus at 77 lux appeared to be equivalent in brightness to 

Amber 2 (520 nm + 635 nm) at 69.3 lux (based on 3 subjects). Amber 2 (520 nm + 635 

nm) reference stimulus at 77 lux appeared to be equivalent in brightness to Amber 1 (599 

nm) at 91.9 lux (based on 3 subjects). Table shows that the data does not appear to fit 

well, although the general tendency that B/L is larger for Amber 2 did match. The large 

standard deviation and error due to spread in subject data as well as the small sample size 

(n=3) might be the cause for the apparent deviation. 

 

If ipRGCs as additional photoreceptors to the cones would play a role at full field-of-

view, the B/L ratio matching the result of the full field-of-view experiment should be 

significantly different (even if the chromaticity coordinates calculated for 10° field-of-

view appear closer together in the 1964 chromaticity diagram indicating perception of 

stimuli would be closer in color and brightness in comparison to 2°). 

 

Table 25: B/L values calculated and from experimental results 

Amber 1 Amber 2 

B/L ratio 1.1 (77 lux) 1.17 (72.4 lux)
calculated 1.1 (81.9 lux) 1.17 (77 lux)
B/L ratio 1.1 (77 lux) 1.29 (65.9 lux)
results 0.95 (94.9 lux) 1.17 (77 lux)

full field-of-view (1931)

 
 

Amber 1 (599 nm) reference stimulus at 77 lux appeared to be equivalent in brightness to 

Amber 2 (520 nm + 635 nm) at 65.9 lux (based on 3 subjects). Amber 2 (520 nm + 635 

nm) reference stimulus at 77 lux appeared to be equivalent in brightness to Amber 1 (599 

nm) at 94.9 lux (based on 3 subjects). The B/L ratio generated for results from the full 
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field-of-view experiment is 0.07 higher for Amber 2 and 0.07 lower for Amber 1 in 

comparison to the 2°. This indicates a larger discrepancy in brightness between Amber 1 

and Amber 2 viewed full field-of-view versus small field-of-view despite the x10, y10 

chromaticity coordinates being relatively closer together in the 10° chromaticity space. 

 

An additional mechanism, not present in the central 2° of the retina, appears to be 

present. This is consistent with what would occur if melanopsin were contributing to the 

brightness sensation full field-of-view, but not 2° field-of-view. 

 

To test if the difference in 1964 10° chromaticity space resulted in different B/L ratios for 

Amber 1 and Amber 2, the values B/L10 were calculated and determined modifying the 2° 

equation as follows: 

 

Log(B10) = log(L) + C10; and C10= 0.256 - 0.184y10 – 2.527x10y10 + 4.656x10
3y10 + 

4.657x10y10
4 

 

This exercise was done for comparison purposes only, the validity of a modified B/L10 

based the equation from Ware and Cowan (1983) that was derived using 2° data has 

never been tested and is questionable. 

 

Amber 1 at 77 lux (B/L10 = 1.13): 

Log(B1) = log(77 lux) + 0.0418; B1=86.974 

 

Amber 2 at 77 lux (B/L10 = 1.15): 

Log(B2) = log(77 lux) + 0.0624; B2 = 88.898 

 

The B/L10 values are less than 2% different for both stimuli, indicating that Amber 2 

(B/L10=1.15) could be perceived as equally or slightly brighter than Amber 1 

(B/L10=1.13). 
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Table 26: B/L10 values calculated and from experimental results 

Amber 1 Amber 2 

B/L ratio 1.13 (77 lux) 1.15 (75.7 lux)
calculated 1.13 (78.4 lux) 1.15 (77 lux)
B/L ratio 1.13 (77 lux) 1.32 (65.9 lux)
results 0.93 (94.9 lux) 1.15 (77 lux)

full field-of-view (1964)

 
 

For the full field-of-view experiment, reference stimulus Amber 1 at 77 lux appeared to 

be equivalent in brightness to test stimulus Amber 2 at 65.9 lux (based on 3 subjects). 

Reference stimulus Amber 2 at 77 lux appeared to be equivalent in brightness to test 

stimulus Amber 1 at 94.9 lux (based on 3 subjects). The B/L10 value of Amber 2 would 

need to be 1.32, the one of Amber 1 would need to be 0.93 to match the experimental 

results. This indicates that Amber 2 is being perceived as being brighter than suggested 

by a B/L10 model based on the 1964 chromaticity space. This is in line with the 

hypothesis that an additional mechanism to cone photoreceptors might contribute to 

brightness perception for large fields of view. 
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Appendix G (IRB forms used for Experiments 1 and 2) 

 

 
Figure 139: IRB form experimental series 1 
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Figure 140: IRB form experimental series 2 (pupil dilation was not used for 

experiments)  
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Appendix H (Melanopsin and S-cone coefficients) 

 

 
Figure 141: “g3” and “k1” plotted as function of illuminance (linear x-axis) 

 

 

 
Figure 142: “g3” and “k1” plotted as function of illuminance (log x-axis) 
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Figure 143: Relative B3 predicted melanopsin stimulation for stimuli used in 

Experiment 2 plotted as function of illuminance (linear x-axis) 
 

 

 
Figure 144: Relative B3 predicted S-cone stimulation for stimuli used in Experiment 

2 plotted as function of illuminance (linear x-axis) 
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Figure 145: Relative B3 predicted melanopsin stimulation for stimuli used in 

Experiment 1 plotted as function of illuminance (linear x-axis) 
 

 

 
Figure 146: Relative B3 predicted S-cone stimulation for stimuli used in Experiment 

1 plotted as function of illuminance (linear x-axis) 
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