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Abstract— The spectral sensitivity of the average human eye 
in photopic conditions is represented by the photopic luminosity 
function V (λ). The CIE has established the photopic luminosity 
functions for the 2o and 10o visual fields for a standard observer 
applicable for foveal and para-foveal light sources, respectively. 
These functions differ in short wavelength region where V10° (λ) 
has higher sensitivity. However, V10°-(λ) function is not 
implemented in any of the discomfort glare metrics even though, 
for most glare scenarios, the glare source is located further than 
2o from the fovea. This can result in an underestimation of the 
short wavelength contribution of the glare sources’ spectra, and, 
a fortiori, in the blue-colored light sources. In this paper, we aim 
to determine the impact of replacing V2° (λ) with V10°-(λ) in the 
daylight discomfort glare metrics for scenarios where the visible 
sun disk lies very much outside the 2° zone and acts as a glare 
source through blue-tinted and color-neutral tinted low 
transmittance glazing. We compare three types of colored 
glazed façade: color-neutral glazing, blue-tinted electrochromic 
(EC) glazing and an extreme case of saturated blue-tinted 
glazing. We found that the difference in derived glare source 
luminance and discomfort glare metrics is statistically 
significant only for the saturated blue glazing with an average 
70% increase in luminance and 20% increase in DGP (i.e. one 
category higher discomfort) and 9% increase in CGI, when 
using V10° (λ). We conclude that the impact of replacing V2° (λ) 
with V10°-(λ) is negligible for standard EC or color-neutral 
glazing types in commercial buildings. However, specific cases 
of saturated blue light sources that peaks at 450nm are more 
accurately quantified by V10° (λ), that produces higher values of 
glare metrics. 

Keywords—Discomfort glare, Spectral sensitivity, Glazing 
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I. INTRODUCTION  
Photopic luminous efficiency function V(λ) is the spectral 
weighting function that defines the average spectral 
sensitivity of the human visual perception of brightness [1]. 
The photopic human vision state applies to the scenarios 
having luminance higher than 5cd/m2 that typically includes 
discomfort glare scenarios under daylight.  Photopic 
luminosity function is derived experimentally based on user 
studies of side-by-side matching task or alternate matching 
(flicker photometry) [2], [3]. A relative subjective brightness 
perception of the lights at different wavelengths in visible 
spectrum is determined under constant and neutral 
adaptation. V(λ) was proposed by CIE in 1923 for a 2 degree 

visual field, which continues to be used in practice for most 
of the photometric measurement tasks and other practical 
lighting applications [2]. 
 
It was first investigated by Stiles and Burch in 1958 and later 
proved by several studies that the spectral sensitivity of 
human eye changes from the center towards the periphery of 
the retina [4]. Between the foveal and parafoveal fields, the 
difference in sensitivity to light is attributed to the presence 
of blue-light absorbing macular pigments in the foveal region 
of the macula [5]. The yellow macular pigments in the eye 
are located in front of photoreceptors and are concentrated 
within 3 degrees of fovea and declines in parafovea, 
therefore, not effecting the 10 degree field sources [6]. The 
absorption spectrum of macula lies between 400nm to 550nm 
and peaking around 460nm [7]. Following these results, CIE 
established photopic spectral sensitivity function CIE V10° (λ) 
for parafoveal light sources up to 10 degree visual field [8]. 
Studies have indicated that the ratio V2° (λ) / V10° (λ) results in 
a function which is characteristic of the absorption spectrum 
by the macula [9]. 

 
Figure 1 Comparison of 2 and 10-degree photopic luminous efficiency 
functions 
Fig. 1 shows the 2 degree and 10-degree functions. It can be 
observed from Figure 1 that the difference between V2° (λ) 
and V10° (λ) functions becomes significant between the 
wavelengths 450nm to 500nm where V10° (λ) has increased 
sensitivity compared to V2° (λ). It can be inferred that the 
replacing one function with the other have higher impact in 
case of blue light sources emitting higher quantity in short 
wavelength region. Previous studies have emphasized on the 



use of V10° (λ) instead of V2° (λ) for the measurement of 
luminance for large field sources under both photopic and 
mesopic adaptations [9]–[11]. Furthermore, there are 
ongoing discussions in the lighting community to replace V2° 

(λ) with V10° (λ) for extending the applicability to parafoveal 
sources in discomfort glare scenarios where often the glare 
source lies outside the fovea. However, V10° (λ) is not 
implemented in any discomfort glare metrics and there are no 
studies investigating the impact of using V10° (λ) instead of 
V2° (λ) for the calculation of luminance and illuminance in 
discomfort glare metrics for blue and non-blue light sources.  
 
To fill this gap, this study aims to compare what difference 
the use of either of these two luminosity functions makes 
when glare metrics are applied under daylit conditions. We 
calculate glare from the sun visible behind three different 
colored glazings that have blue, saturated deep blue and 
color-neutral tints using V2° (λ) with V10° (λ) and compare the 
results within each glazing color. 

II. METHOD 

A. Test setup  
The setup is done in a lab facility located in Lausanne, 
Switzerland (46°31'00.4"N 6°33'47.1"E) that is arranged to 
resemble an office space (Fig. 2). The test room has a south 
façade which provides an unobstructed view to the sun at low 
altitudes in winter months (mid-October to mid-March) until 
late afternoon. The south façade is the test façade which we 
manipulate to create a glare source (sun) of different spectral 
power distribution by installing colored glazings. The sun is 
the only glare source visible through the glazing in parafoveal 
field of view of the observer (ranges of angles of the sundisk, 
relative to the gaze direction were 20° to 40°). We conducted 
vertical illuminance measurements using a LMT pocketlux2 
lux sensor and high dynamic range (HDR) imaging using a 
calibrated luminance camera LMK for glare metric 
calculation, the setup is shown in left part of Fig. 2. These 
measurements were done under three types of glazing colors 
on sunny days. The viewing direction towards sun was 
maintained by adjusting the desk position, so that the eye, the 
center of the screen(task) and sun position are lying within a 
plane. Further details of the test room and equipment can be 
found in [12]. All the measurements were conducted under 
stable weather conditions with clear sky. 

B. Glazing selection 
The criteria of choosing three types of glazing spectrum 
(color) was to have a representation of commercially 
available and employed glazing types that also exhibit 
enhanced spectral transmittance under shorter wavelength 
region where we expect to find the highest impact of 
replacing V2° (λ) with V10° (λ). An additional requirement of 
the glazing characteristic was to reduce the overall 
transmittance to a level, that one can expect a certain glare 
protection function (=low transmittance glazing, τvis ~0.3-
2.5%). Due to the characteristics of V10° (λ) function, we 
know that the change in luminance and illuminance (and 
therefore discomfort glare metrics) of the scene due to the 
visible sun will only be observed with the glazing that must 
transmit between 400nm to 550nm. To achieve this, we 
selected three types of glazing as shown in fig. 2: 1) a color-
neutral glazing often used in buildings with glass façade, 2) 
EC glazing that has blue-tint in its darker state, 3) a saturated 
deep blue tinted glazing which is meant for specific use cases 
but have highest sensitivity under short wavelengths compare 
to the other two types. These three types of glazing are 
referred as color-neutral glazing, EC glazing and blue glazing 
in this paper. 

The color-neutral glazing was installed as an adhesive film 
over the window. The film was chosen in a way to not alter 
the daylight spectrum and maintain natural looking 
environment inside and outside the room but also has peaks in 
the short wavelength region where we could expect to see a 
prominent difference in glare source spectra when using 
V10°(λ). 

For the second glazing type, we installed a commercially 
available electrochromic glazing for its blue tint. EC glazing 
offers switchable transmittance technology to facilitate 
daylight modulation. EC material used in such glazing exhibit 
a spectral shift towards short wavelength region in their 
darkened state, causing them to appear blue. 

For the third type, another blue-colored glazing was 
installed as an extreme test case having a saturation of 100%, 
calculated using HSL color model. This type of glazing has 
limited and specific usage in buildings compared to other two. 
However, the glazing spectrum was chosen to have peak 
sensitivity in the region where V2°(λ) and V10°(λ) differ from 
each other in order to determine a maximum possible 
discrepancy in calculation of discomfort glare metrics under 
daylit conditions (“extreme case”). 

Figure 2 Tested glazing colors:  Saturated blue glazing (left), EC Blue glazing (center), color-neutral glazing (right) 



C. Glazing properties  
Spectral transmittance of all the glazings were measured 

in a glazing and Nano-technology laboratory on its window 
test bench. Fig. 3 shows the normalized measured spectral 
transmittance under visible range for color-neutral, EC and 
blue glazings. We tested two levels of visible light 
transmittances for each glazing type listed in Table 1 to 
evaluate the glare metric variations over a range of 
conditions. The spectral profile of the glazings are similar for 
both the transmittances, therefore, we plot normalized 
spectral transmittance in Fig.3. We report the normal-
hemispherical visible light transmittances (τv,n-h) of tested 
windowpane from where the sun was visible. It can be 
observed from the figure 3 that all our glazing types transmit 
in the wavelength range (~400nm-525nm) where V10°(λ) 
differs from V2°(λ) function. 

TABLE 1 Glazing color and tint properties of all three glazing types  

Fig. 4 shows the CIExy chromaticity diagram for all three 
glazing types depicting how they render the sun in reference 
to D65 illuminant representing the white point. Chromaticity 
defines the quality of color on two parameters:  its hue and 
colorfulness, regardless of its luminance. Colorfulness is 
approximately similar to ‘saturation’ in HSL color model. 
Table 1 lists the chromaticity coordinates for each glazing 
type corresponding to the Fig. 4. It also lists the hue, 
saturation and lightness value of HSL color model. The 
saturation or the purity of color is highest for blue glazing at 
100%. 

It should be noted that these three glazing colors are of 
different low visible light transmittance from each other as 
reported in Table 1. These transmittances were designed for 
other independent experimental studies. Since in this study we 
only compare the glare metric and luminance values within 
each glazing color and not across, therefore, the different 
transmittances are not of concern. Also, within each glazing 
spectrum, the spectral profile remains the same for different 
transmittances. 

D. Glare metrics 
Discomfort glare metrics for daylit conditions generally 
account for either contrast or saturation effects or both effects 
in case of hybrid metrics. Both contrast and saturation terms 
in the glare metrics are affected by the replacement of V2°(λ) 
with V10°(λ) function due the change in photometrics 
quantities: glare source and background luminance and the 
vertical illuminance at eye (Ev). We evaluate two glare 
metrics- Daylight Glare Probability (DGP) [13] and CIE 
Glare index (CGI) [14] based on hybrid and contrast effects, 
respectively, and compare the values weighted using V2° (λ) 
with V10° (λ) functions. The glare metric equations are shown 
in the Eq. 1 and 2, where we replaced the Luminance, Ev and 
Edir in the equation weighted by V10°(λ). Studies have shown 
that these two metrics are reliable in predicting glare in 

typical daylit workplace conditions and also under 
electrochromic glazing [12], [15].  
 

 
Figure 3 Normalised spectral transmittance of color-neutral, EC and blue 

glazing under visible range  

 
Figure 4 CIE xy chromaticity coordinates of the sun filtered by all three 

glazings in reference to illuminant D65 
Equation 1: 
𝐷𝐷𝐷𝐷𝐷𝐷 = 5.87𝑒𝑒−5 𝑬𝑬𝒗𝒗 + 9.18𝑒𝑒−2 log (1 +∑  𝑳𝑳 

𝟐𝟐𝜔𝜔5.8°

𝑬𝑬𝒗𝒗𝟏𝟏.𝟖𝟖𝟖𝟖𝑃𝑃2
) + 0.16   

Equation 2: 
𝐶𝐶𝐷𝐷𝐶𝐶 = 8 ∗ log 2 ∗ 1+𝑬𝑬𝒅𝒅𝒅𝒅𝒅𝒅/500

𝑬𝑬𝒗𝒗 
 (∑  𝑳𝑳 

𝟐𝟐𝜔𝜔5.8°

𝑃𝑃2
)   

where Ev is vertical illuminance at eye level, L is luminance 
of glare source weighted by 𝑉𝑉2° (𝜆𝜆)or  𝑉𝑉10° (𝜆𝜆) functions, ω is 
solid angle of the glare source (=0.00804651 sr), P is the 
position index of the glare source, Edir is the direct vertical 
illuminance at eye level.  

E. Photometric measurements and calculations 
Measurements of vertical illuminance and HDR capture of 
glare scenes were conducted on sunny days. For color-neutral 
glazing, we collected 50 datapoints under two transmittances 
(total 100 datapoints), for blue glazing 25 datapoints for two 
transmittances (total 50 datapoints) and for EC glazing 20 

Glazing Type 

Chromaticity 
coordinates HSL values 

τv,n-h 
x y Hue Satur

ation 
Light
ness 

Color-neutral 
 

0.33 0.34 0 0 3.9 0.36%, 
1.25% 

EC glazing 0.24 0.30 189 65% 5.7 0.6%, 
1.6% 

Blue Glazing 0.14 0.05 240 100
% 3.3 0.39%, 

2.25% 



datapoints were collected under two transmittances (total 40 
datapoints). Discomfort glare was calculated for the low sun 
position indices (P<4) to have sun always within central 
visual field but not in the fovea. This was chosen to create 
critical glare scenarios in workplace environment where we 
could observe the maximum difference, if any, between V2° 

(λ) and V10° (λ) weighted glare metrics. 
Since the measuring equipment used in this study employ a 
V2° (λ) function to measure illuminance and capture HDR 
imaging, and due to the lack of spectral imaging and 
measurements, a reference standard solar spectra  provided 
by ASTM G173-03 [16] was used to create the sun spectrum. 
We used the standard direct solar (+circumsolar) spectrum 
defined by ASTM G173 for 5.8° diameter (solid angle ω= 
0.00804651 steradians) around the sun. The integrated power 
density of this spectrum is 855 W/m2 which was scaled to 
match the on-site measured solar irradiance at the time of 
measurements for a range of 400nm to 2700nm. The resulted 
solar spectra were then integrated with the measured spectral 
transmittances of the glazings. The sun luminance weighted 
over V2° (λ) and V10° (λ) was calculated as per Equation 1. 

𝐿𝐿2°𝑜𝑜𝑜𝑜 10° = Κ𝑚𝑚 ∫  Ε𝜆𝜆 ∗ Τ𝜆𝜆 ∗ 𝑉𝑉2°𝑜𝑜𝑜𝑜 10°
780
380 (𝜆𝜆)𝑑𝑑𝜆𝜆 

 Equation 1 
where 𝐿𝐿2°𝑜𝑜𝑜𝑜 10° is luminance of the glare source weighted by 
𝑉𝑉2° (𝜆𝜆)and  𝑉𝑉10° (𝜆𝜆)  𝛫𝛫𝑚𝑚  is the photopic luminance efficacy 
value, 𝛦𝛦𝜆𝜆 is the scaled spectral irradiance of the sun based on 
ASTM spectra [16], 𝛵𝛵𝜆𝜆  is the measured spectral 
transmittance of glazing. 
To further validate this method, we compared the above 
calculated luminance values using V2° (λ) weighting function 
with the luminance derived from the HDR images captured 
with a luminance camera that employs V2° (λ) filter. We found 
that the normalized RSME errors stayed within an acceptable 
range of 15%.  
In a similar way, we also calculated the vertical illuminance 
at eye level weighted by V2° (λ) and V10° (λ)  functions. For 
calculating the direct part of vertical illuminance which is 
contributed solely by the sun, we followed same approach as 
mentioned above for the sun luminance calculation. Direct 
vertical illuminance values derived from the HDR images 
using the Evalglare [17] tool in Radiance [18] for a 5.8° sun 
were scaled by a factor of 𝐿𝐿 10°/𝐿𝐿 2° to get the illuminance 
weighted by V10° (λ) function. For the total vertical 
illuminance at eye level, we incorporated measured spectral 
irradiance profile at eye level for all the glazing configuration 
using the spectrophotometer data and weighted the total 
spectral irradiance by V2° (λ) and V10° (λ) and scaled it to 
match the measured vertical illuminance at eye. 
Evalglare was further used to derive the position index P of 
the sun from the HDR images. The adjusted glare metrics 
(DGP and CGI) were calculated as per Eq. 1 and 2 by 
replacing the illuminance and source luminance values in the 
equations with the adjusted values weighted based on V2° (λ) 
and V10° (λ) functions. 

III. RESULTS  

A. Relative spectral power distribution  
Fig. 5-7 shows the normalized spectral power distribution of 
the sun (serving as glare source) visible through the color-
neutral glazing, EC glazing and blue glazing, respectively. It 

can be observed from the figures that the difference between 
the glare source spectra weighted with V2° (λ) and V10° (λ) is 
maximum in case of blue glazing (fig. 7). In case of EC 
glazing, even though it has blue-tint we do not observe 
significant difference between the two functions (fig. 6). 
Similarly, for color-neutral the difference is not significant. 

 
Figure 5 Normalised relative spectral power distribution for color-neutral 
glazing weighted by V2(λ) and V10(λ) functions 

 
Figure 6 Normalised relative spectral power distribution for EC glazing 
weighted by V2(λ) and V10(λ) functions 

 



Figure 7 Normalised relative spectral power distribution for blue glazing 
weighted by V2(λ) and V10(λ) functions 
 

 
TABLE 2 Mean values of glare metrics and sun luminance based on V2° (λ) 

and V10° (λ) functions 

 
Table 3 Wilcoxon p-values and mean relative differences between the two 
groups based on V2° (λ) and V10° (λ) functions for evaluates metrics under 
three glazing colors 

 

B. Luminance 
Fig. 8 presents the comparison of the luminance of the visible 
sun calculated based on V2°(λ) and V10°(λ) for all three glazing 
colors with the median values in the boxplots. Table 2 reports 
the mean values of each evaluated metric for V2°(λ) and 
V10°(λ) functions. The observed spread in the boxplots are due 
to two levels of visible light transmittances being tested in 
each of the glazing spectra.  
 

 
Figure 8 Box plots with median values showing the comparison between 

V2(λ) and V10(λ) functions in quantifying luminance  
 

We applied Wilcoxon ranked sum test [19] to perform 
pairwise comparison between the two groups of luminance 
values weighted by V2°(λ) and V10°(λ) to determine if there is 
a significant difference at α=0.05 between these two groups 
in each glazing category (Fig. 8 and Table 3). We also 
calculated a mean relative percentage difference between 
these two groups as reported in Table 3. 
The difference of the sun luminance is not significant for 
color-neutral (p=0.18) and EC glazing (p=0.36), however, it 
is statistically significant for the blue glazing with a 
p=0.00024 with an effect size of 0.44 indicating a moderate 
effect. The mean relative percentage differences between the 
luminance are around 4% for EC and color-neutral glazing, 
whereas for blue glazing the difference is 70%. These results 
indicate that for color-neutral and EC glazing, that are more 
often employed in buildings, replacing V2°(λ) with the V10°(λ) 
has minimal impact on the luminance. However, same 
doesn’t hold true for saturated blue glazing where we observe 
highly substantial difference in luminance that can entirely 
transform the glare scenario.    

 

C. Discomfort glare 
Fig. 9 and 10 demonstrate the comparison of glare metrics 
DGP and CGI based on V2°(λ) and V10°(λ) functions under 
three different glazing spectra. Similar to luminance results, 
we observe a statistically significant difference (p<0.05) only 
in the blue glazing for both the glare metrics. The difference 
is not significant for EC and color-neutral glazing. Wilcoxon 
p-values are reported in Table 3 along with the mean relative 
difference which are again negligible for color-neutral and 
EC glazing compared to the blue glazing. In case of blue 
glazing, the difference in mean DGP values (Table 2) 
between the V2°(λ) and V10°(λ) are equivalent to one category 
difference of achieved comfort from glare as defined by 
EN17037 [20]. Similarly, for CGI the difference in mean 
metric values can create a large difference of 9%. In 
comparison to the relative luminance differences, the impact 
of replacing V2°(λ) with V10°(λ) on glare equations are rather 
small due to the logarithmic function over the luminance in 
the glare equations.  
 

 

Glazing type 
Mean DGP Mean CGI Mean Sun 

Luminance 
V2° 

(λ) 
V10° 

(λ) 
V2° 

(λ) 
V10° 

(λ) V2° (λ) V10° (λ) 

Color-neutral 0.32 0.33 28.6 28.8 67583 70448 

EC glazing 0.34 0.35 35.4 35.7 94283 98494 

Blue Glazing 0.34 0.41 33.2 36.2 98467 166883 

Glazing 
type 

DGP CGI Sun Luminance 

p-
value 

Mean 
relative 

diff. 

p-
value 

Mean 
relative 

diff. 

p-
value 

Mean 
relative 

diff. 
Color-
neutral 0.27 3% 0.6 0.7% 0.18 4% 

EC 
glazing 0.54 3% 0.7 0.8% 0.36 4.5% 

Blue 
Glazing 

1.6e-
5 20% 3.6e-

3 9% 2.4e-
5 70% 



Figure 9 Box plots with median values showing the comparison between 
V2(λ) and V10(λ) functions in quantifying DGP metric 

 
Figure 10 Box plots with median values showing the comparison between 

V2(λ) and V10(λ) functions in quantifying CGI metric 
 

IV. DISCUSSIONS  
It should be noted that in this paper we purely focus on the 
quantitative difference between using 2 degree and 10-degree 
functions. The subjective perception of occupants under 
colored glazing and glare sources should be evaluated to 
determine if any of these two functions are applicable under 
non-neutral daylit conditions. Previous studies with vehicular 
headlamps have suggested the inability of conventional 
photopic luminosity functions (both V2°(λ) and V10°(λ)) in 
defining the glare perception of users under blue colored 
LEDs and possibility of including s-cone sensitivity to 
modify the V (λ) for both 2- and 10-degree glare sources 
[22]–[26]. There is a need to evaluate impact of color under 
daylit glare scenarios to further elucidate on these findings. 
 
Some limitations of this study are that due to the lack of 
measuring instruments and measurements available based on 
V10°(λ), we implement a calculation method that uses 
standard sun spectra that could differ from actual onsite sun 
spectra due to the atmospheric conditions and this can create 
discrepancies to some extent in the calculated glare metric 
values using this method. However, since we perform a 
relative comparison between the glare metrics based on 
V2°(λ) and V10°(λ), these discrepancies can be ignored. We 
also made sure to conduct the measurements only during 
stable weather conditions with clear sky. 
 
 It should also be noted that the results found in this study are 
only applicable for the broad-spectrum daylight sources and 
can vary for narrow spectrum and monochromatic light 
sources. Although the method described in this paper can be 
extended to electric light scenarios as well. The spectrum 
profile of the luminaries and the peak wavelength of the 
spectra play a key role in determining whether using V10°(λ) 
would make a large impact on glare metrics. 
 

V. CONCLUSION 
We found that the mean relative difference between the sun 
luminance calculated using V2°(λ) and V10°(λ) ranges between 
4% to 5% for the color-neutral and EC glazing, whereas the 
difference lies between 68% to 70% for the saturated blue 
glazing and is statistically significant. The mean difference in 
daylight glare probability (DGP) calculated using V2°(λ) and 
V10°(λ) is 3% for both color-neutral and EC glazing, whereas 
for the blue glazing the difference is 20%. Calculated CGI 
metric values differ by 0.7% and 0.8% in case of color-neutral 
and EC glazing, whereas for the blue glazing the difference 
between CGI calculated based on V2°(λ) and V10°(λ) is 9% and 
is statistically significant. 
 
 From these results, we can conclude that even though the 
V10°(λ) luminosity function represents a physiologically more 
accurate quantification of the luminance in the parafoveal 
field, the difference in achieved discomfort glare metrics 
based on this function for the more often employed color-
neutral and EC glazing are negligible compared to the 
conventionally used V2°(λ). However, the user perception of 
glare under blue EC glazing in comparison to color neutral 
glazing is suggested to be higher [27] which is not explained 
by the replacement of  V2°(λ) with V10°(λ) in the glare 
equations as shown in this study. We need further 
modification into photopic luminosity function and thereby 
in the current glare metrics to include the impact of color on 
glare perception. We also found that if the sun is filtered by 
saturated blue glazing that peaks at 450nm, the V10°(λ) 
function provides much higher discomfort glare metrics 
values and therefore, indicate high level of perceived 
discomfort which needs further investigation through 
subjective assessment under such glazing spectrum.  
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