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ABSTRACT

A research on the correlation between the initial pupillary light reflex, the perceptual brightness and the excitations of
the photoreceptors was performed for unrelated self-luminous 10° stimuli at low photopic light levels (5 to 80 cd/m?).
All stimuli were optically characterized using a spectroradiometer. For determining the pupillary diameter an Eye
Tracker was used. The perceived brightness was evaluated with the magnitude estimation method. Test stimuli were
presented alternating with a reference stimulus and the Michelson contrast of the pupillary diameter between test and
reference conditions was calculated. It was found that the coefficient of determination between the pupillary response
and the perceived stimulus brightness was higger than the corresponding value for luminance, allowing the suggestion
that brightness has a greater effect on pupillary size than luminance. Nevertheless, this is not the complete story: highly
saturated red and blue stimuli both induce a high brightness perception but the pupil contraction induced by the blue
stimuli is much higher than for the red stimuli. Pupillary diameter was also studied as a function of the relative
excitations of the five photoreceptors. The effect of rod and ipRGC excitations on pupillary size variation seems to be
larger than that of the other photoreceptors. However, for the working conditions prevailing in this research, it could be
expected that rods are not very active and that the ipRGC response might be the major driving mechanism.
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1. INTRODUCTION

A typical visual scene is characterized by a wide spatial dynamic range with respect to luminance. Furthermore, when
observing and exploring a visual scene, quick eye movements or saccades take place during which retinal neurons have
to deal with a temporally high range of retinal irradiances. Although the dynamic range of the retinal photoreceptors as
such is limited, adaptation mechanisms allow for distinguishing objects in a shadow while avoiding saturation from the
sky. The pupil can be considered as the aperture stop of the eye; both the quality and irradiance of the retinal image are
affected by changes in the pupillary diameter. The pupil plays a role as one of the gain control systems in the visual
pathway! because it modulates retinal illumination. The change of the pupillary size represents one step in the whole
adaptation process. Once the light passed through the pupil, two essentially mutually exclusive retinal adaptive
mechanisms that automatically adjust sensitivity in the intervals between saccades have been identified?. One
mechanism is within the cone photoreceptors themselves and the other occurs as signals are relayed from cone bipolar
cells to ganglion cells. As luminance levels increase, the main site of adaptation switches from the bipolar to ganglion
circuitry.

The pupillary light reflex induces a contraction of the pupil when ambient luminance is high, and this causes the amount
of retinal illumination to be reduced. The aperture enlarges when light intensity is low, and more light is allowed to the
retina. The pupillary diameter for a human eye ranges between about 2 mm and 8 mm. These pupillary responses are
controlled by a neural subcortical network able to rapidly react to changes in light; the pupil responds to changes in
room illumination even when the visual cortex is completely damaged or all conscious visual perception has been lost3.
The parasympathetic nervous system is the main system responsible for constriction of the pupil in response to light.
The signal is transmitted along the axons of the retinal ganglion cells (RGC). At the end of the optic tract, the axons of
the RGCs responsible for the pupillary light reflex separate from the visual axons and transport the signal to synapses in
the pretectal olive nucleus®. Narrowing of the pupil following each fixation during saccadic eye movements increases the
depth of focus and insures image clarity>®. Various equations have been proposed in an attempt to predict the pupillary
diameter”®. All these equations use the luminance of the scenery as input, and some of them also require the area of
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the stimulus. Not only changes in luminance will cause a pupillary light reflex; also changes in chromaticity and spectral
content of the retinal image will cause a pupillary reaction®%1°,

Nowadays it is understood that the pupillary light response is mediated by five photoreceptors®!: the retinal L-cones, M-
cones, S-cones and rods (all having light sensitive, opsin-based pigments), and the intrinsically photosensitive retinal
ganglion cells (ipRGCs) that contain a light sensitive pigment called melanopsin and whose axons do not relay in the
lateral geniculate bodies, but pass to a midbrain region (the pretectum) that controls reflex constriction and dilation of
the pupil’. The L-cone, M-cone and S-cone spectral sensitivities are maximal at 580 nm, 540 nm and 440 nm,
respectively. The rod spectral sensitivity is maximal at 498 nm while the melanopsin spectral sensitivity is maximal at
480 nm*?,

In describing the role of these five photoreceptors, two parallel visual systems must be considered: an image-forming
visual system and a non-image-forming visual system. In the first one, visual signals originating in rods and cones are
transmitted to the brain through retinal ganglion cells (RGCs); this system interprets and tracks visual objects and
patterns through its projections to the lateral geniculate nucleus and the midbrain. The second visual system, the non-
image-forming one, that has melanopsin as the mainly responsible photopigment, drives photic responses such as
circadian rhythms, control of pupillary size, melatonin release, and others®>.

Melanopsin-containing cells receive rod and cone inputs in addition to their intrinsic photosignal. Yet, a sustained
pupillary constriction can be produced by light striking the retinal ganglion cells itself, and by inputs from cones and rods
received by the same ganglion cells>®!*1>_ It has been stressed that the pupillary light reflex and other non-visual light
responses are abolished if rod-cone and melanopsin signaling pathways are disrupted simultaneously or if melanopsin
cells are selectively killed*>!®. Melanopsin cells appear not to be required for pattern-forming vision, even though in
2005 Dacey et al'’ suggested that conscious visual perception might be influenced by melanopsin-based signal in diurnal
trichromatic primates, for whom they had found a merge between non-image-forming and image-forming retinal
pathways. Melanopsin seems to be necessary for triggering the pupillary light reflex. Although it is difficult to investigate
how signals from the classical photoreceptors and ipRGCs act in humans, some results have been obtained.

The behavioral dynamics of the pupillary light reflex has been characterized by an initial transient constriction at light
onsets, and a posterior sustained larger pupil for as long as the light stimulus remains?©.

In 2006, Tsujimura et al.! found that for a bright steady background, the pupillary diameter change induced by ipRGCs
was larger than that induced by the L and M cone signals. While it was initially assumed that the transient portion of the
pupillary light reflex was driven exclusively by rods or cones and the sustained portion was driven solely by the
melanopsin photo-response at photopic irradiance®®, more recent studies show that outer retinal photoreceptors also
contribute to sustained firing during long duration light stimuli®.In 2012, Gooley et al.'®> showed that melanopsin is the
primary photopigment that drives sustained pupillary constriction in response to high-irradiance light. Rod-cone
photoreceptors mediate rapid constriction of the pupil following light stimulus onset and allow the pupil to track high-
frequency intermittent light stimuli. During exposure to continuous light, the relative contribution of cone
photoreceptors to pupillary constriction decreases over time.

Pupil response is mediated not only by irradiance-coding processes but also by wavelength®. Both achromatic and
chromatic signals drive the pupil responses (a chromatic stimulus gives rise to a perceived colour possessing hue, while
an achromatic stimulus gives rise to a perceived colour devoid of hue®). The contribution of the chromatic signal is
larger than the contribution of the achromatic signal: a smaller stimulus contrast for chromatic stimuli will induce an
equal pupillary response than a larger contrast of achromatic stimuli®.

Pupillary light reflex is most sensitive to blue light'>. In normal eyes and at low luminance values (1 cd/m?), blue light
evoked much greater pupil responses compared with red light when matched for photopic luminance. The transient
pupil contraction was generally larger than the sustained contraction, and this disparity was greatest at the lowest light
intensity and least apparent when intense (100 cd/m?) blue light was presented®®.In addition, the pupillary contraction is
faster for blue and red light than for green and yellow light?°.



Brightness is one of the absolute attributes of the visual sensation according to which an area appears to emit more or
less light?!. While the dependence of the pupillary diameter with luminance has been extensively investigated?%232425
and relationship equations have been proposed between these variables?, this is not the case for the dependence of the
pupillary diameter with brightness, a relationship that has been little studied so far. The physiological substrate of the
brightness perception is not well understood?. In most Colour Appearance Models (CAM), brightness is modelled as a
function of the adapted cone responses. In some cases, it contains two contributions: an achromatic contribution and a
contribution modelling the so-called Helmholtz-Kohlrausch (H-K) effect?’. The H-K effect deals with the effect of
colorfulness (attribute of a visual sensation according to which the perceived color of an area appears to be more or less
chromatic) or saturation (colorfulness of an area judged in proportion to its brightness) on perceived brightness?%2,
According to the H-K effect, the brightness of two stimuli with the same luminance changes in accordance with their
saturation: higher saturated colors appear brighter than lower saturated ones??%293° |t was also shown that ipRGCs
contribute to perceived brightness, with greater perceived brightness for increased melanopsin excitation3.. Regarding
to pupillary light reflex, perceived brightness is clearly a higher order quantity than luminance because it involves
physiological, psychological, and neurological-based factors323334353637.38 \yhjle luminance is a photometric quantity.

In this paper, the direct correlation between the initial pupillary light reflex and the perceived brightness (including the
H-K effect), as well as the correlation of this pupillary light reflex with the excitations of the photoreceptors, are
investigated for unrelated self-luminous 10° stimuli of 5 different hues and luminance levels between 5 and 80 cd/m?.
Unrelated stimuli are stimuli perceived in isolation from any other stimulus, which occurs when the stimuli are
surrounded by a dark background.

2. EXPERIMENTAL SYSTEM AND METHODOLOGY

Pupillary diameter measurements and the perceived brightness data were gathered for different observers using a
variety of stimuli with different hues and luminance values. The study protocols followed the tenets of the Declaration
of Helsinki.

2.1. EXPERIMENTAL SETUP. A specially designed experimental room has been set up. The walls are covered by black
curtains; the floor and ceiling are painted black. A self-luminous wall was built by illuminating a large diffuser from the
rear by a BenQ MS630ST projector (figure 1.a). The projector allows generating a variety of stimuli and surroundings,
with variable shape, size, chromaticity and luminance. In this study, a circular stimulus of 10° size is projected on the
center of the screen, while its background is kept dark in order to generate unrelated stimuli.

The projector was the only light source present in the room while the measurements were made. To make sure that the
background is completely dark, the projector was placed inside a closed black box in which a diaphragm allowed light to
pass towards the screen. A control measurement was performed; the luminance of the background of the stimulus was
only 3.26 10 cd/m? with a spatial inhomogeneity less than 20%.

The observations are made from the front side, where participants put their heads in an ophthalmologic support to
keep them fixed at a distance of 150 cm from the screen (Figure 1.b).

Figure 1. a) Self-luminous wall used to present the stimuli and b) observer sitting in front of the screen,
both photos taken with room light on.



2.2. STIMULL. Thirty 10° test stimuli of five different hues (white, blue, red, green and yellow) at six luminance values (5,
10, 20, 30, 50 and 80 cd/m?) have been used. They are designated by the first character of the hue followed by the
luminance; e.g. G50 represents the green stimulus with a 50 cd/m? luminance. All luminance values were calculated
using the standard spectral luminous efficiency function Vio(A) for the CIE 1964 10° observer®. Luminance is used to
describe the intensity of the stimuli because it is a well-known and well established quantity and a lot of studies report
on the relation between luminance and pupil diameter.

All the stimuli were presented to each observer randomly, organized into six separate experimental sessions of five
stimuli each to avoid observer fatigue. A stimulus with CIE 1976 chromaticity coordinates (u’1o, V'10) = (0.209, 0.476),
compatible with equal-energy white (EEW), and 42.3 cd/m? luminance (the average value of the luminance values of all
stimuli), was added to be used as reference in the magnitude estimation experiments 041142,

All stimuli were optically characterized using a PhotoResearch PR-715 Spectrascan spectroradiometer calibrated to
measure spectral radiance. As an example, Figure 2 shows the spectral radiance of the stimuli with a 30 cd/m?
luminance for all hues. The colors of the lines correspond to those of the stimuli except for white stimulus, which is
represented in black.
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Figure 2. Spectral radiance from stimuli with a 30 cd/m? luminance.

A uniformity control showed that the spatial and temporal non-uniformities of each stimulus were less than 10%. The
average CIE 1976 u’v’ chromaticity and standard deviation (SD) of the chromaticity of the stimuli for each hue over the
luminance range are summarized in Table 1.

White Blue Red Green Yellow
(17'10 , \710) (0.208, 0.475) (0.155, 0.204) (0.430, 0.533) (0.190, 0.563) (0.218, 0.561)
(sD

v »SD,, ) (0.003, 0.003) (0.011, 0.019) (0.009, 0.001) (0.002, 0.005) (0.001, 0.001)

Table 1. Average and standard deviation for the CIE 1976 u’v’ chromaticity for each hue.

All stimuli that share a given hue have approximately the same CIELUV saturation®, s,-v. The average saturation values,
together with their standard deviation (SD), are shown in table 2. Blue stimuli have the highest saturation, followed in
decreasing order by red, green and yellow ones.

White Blue Red Green Yellow
Su'v’ 0.05 3.6 3.0 1.16 1.11
SDsyv 0.03 0.2 0.1 0.06 0.02

Table 2. Average and standard deviation for the CIELUV saturation for each hue.

2.3. OBSERVERS. Six observers (three female and three male) participated, with ages between 30 and 39 years (with an

average of 34.5 years). All observers were naive with respect to the purpose of the experiment. All of them passed the

Ishihara 24 plate test to verify if they have normal colour vision. Before each measurement session, each observer was

interviewed to verify that he/she had not consumed any substance or was going through any emotional circumstance
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that could modify his/her pupillary reflex or performance on tasks. Understanding and written consent were obtained
for each observer prior to the start of the study.

2.4. EXPERIMENTAL PROCEDURE

2.4.1 Experimental sequence. The pupillary diameter and the perceived brightness were determined by each observer,
for all stimuli, in the six experimental sessions. For measuring the pupillary diameter, an Arrington Research eye
tracker** was used. The perceived brightness was evaluated using the magnitude estimation method?®%4%42,

At the beginning of each experimental session, the observers were sitting in the dark for 5 minutes in order to be fully
dark adapted when starting the experiments. In each experimental session, each observer performed two runs of
measurements. In the first run, the observer was asked to fixate his or her gaze in the center of the circular stimulus and
the pupillary size corresponding to each stimulus was measured with the eye tracker. This first run also allowed the
observer to know all the stimuli whose brightness was to be evaluated in the next run. In the second run, without the
eye tracker, each observer had to evaluate the brightness of each stimulus in relation to that of the reference stimulus.
For controlling the intra-observer variability, six of the thirty test stimuli were presented twice (B20, R20, G20, Y20, W20
and W80).

In each run, first a reference stimulus was shown for 20 seconds, then a test stimulus was presented for 15 seconds
followed by the same reference stimulus, and so on. At the beginning of each experimental session, the instructions
shown in the Appendix were given to each observer.

The stimuli experimental sequence is represented in Figure 3.

reference stimulus
20s 15s

stimulus
15s

reference
20s

reference stimulus
20s 15s

Figure 3. Schematic view of the test and reference stimuli presentation sequence.

2.4.2. Pupillary size measurements. The pupil was tracked by using the dark pupil eye tracking method*. An infrared
light source illuminated the eye while an infrared camera recorded the image of the eye. Both were connected to a
frame of glasses (Figure 4.a), in front of the right eye of the observer. The infrared LED serves to illuminate the eye and
to provide a specular reflection from the cornea and iris. The pupil acts as an infrared sink that appears as a black hole
(Figure 4.b). The video signal from the camera is digitized by the video capture device using ViewPoint EyeTracker
software, controlled from MATLAB. The eye tracker continuously measures the size of the pupil of each observer with a
frame rate of 30 fps. The software continuously calculates the relative size of the pupil by fitting an ellipse to the
darkened pupil. The long axis of this ellipse under a specific viewing angle of the camera corresponds to the pupil
diameter. To avoid spurious ellipses adjustment during blinking a median filter was used.

In each experimental session, the pupillary size was measured for about 10 seconds in total darkness (during the
preliminary adaptation period) and during the alternating projections of the reference stimulus and the coloured
stimuli.

The infrared illuminator and camera systems provided by Arrington Research Inc. were designed to be well within safe
limits of exposure of the eye*.




Figure 4. a) Head mounted device (infrared LED and camera) in daylight conditions.
b) Infrared image of the eye with a dark pupil and a fitted ellipse.

During the reference and test stimulus period, two specific arithmetic mean pupillary diameters can be obtained (Figure
5): the OFF-sustained diameter Do and the ON-transient diameter Don®. Dorr corresponds to the mean value obtained
between 18.5 s - 19.5 s after reference stimulus onset (the last 500 ms of the reference stimulus presentation are
discarded because of the anticipatory effect generated by repeated tests*®). Don corresponds to the mean value
between 0.5 s - 1.5 s after test stimulus onset (the first 500 ms of the test stimulus presentation are also not considered
because of the pupil's response time to a light stimulus®®). These two values allow the calculation of the initial pupillary
light reflex for each stimulus.

reference stimulus | reference stimulus | reference stimulus
20s 15s 20s 15s 20s 15s

tl T
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Figure 5. Temporal sequence of OFF-sustained diameter and ON-transient diameter.

2.4.3. Brightness measurements. The perceived brightness of the self-luminous stimuli was evaluated using the
magnitude estimation method, in which each observer is asked to quantify, on a half-open scale, how bright he or she
perceives the presented test stimulus in comparison to the W42.3 equal-energy white reference stimulus, which had the
pre-assigned brightness of 50 to guide the observer. The perceived brightness values could range from 0, representing a
dark stimulus, to any other positive value without defining an upper limit. The results of this method are numerical and
scalable data for the observed brightness*’#2,

Stimuli presentation was organized in accordance with earlier experiments on brightness perception of unrelated
stimuli?’. The test stimuli were presented in alternation with the reference stimulus (20 s reference stimulus, 15 s test
stimulus; Figure 5). Observers had to assess the brightness of test stimuli, in relation to the reference stimulus,
immediately after each test stimulus disappeared and the reference stimulus re-appeared.

2.4.4. Photoreceptors excitations calculation. The excitations of the five photoreceptors were calculated for each
stimulus (Equation 1). In 2006, the CIE provided®® a set of cone fundamentals, Lo(2)r mw(2) and §,,(2), specifically

suited to stimuli with an angular extend of 10°. These cone fundamentals have been used to calculate the cone
excitations p (long wavelength), y (medium wavelength) and 8 (short wavelength), of the stimuli. In 1951, the CIE
provided® a sensitivity curve for rod signals, the CIE scotopic luminosity function V’(A), which has been used to calculate
the rod excitations. The ipRGC sensitivity function provided by Dacey et al.!” and Gamlin et al.>® has been used to
calculate the ipRGC excitations.

The normalization constants have been chosen in such a way that the cone, rod and ipRGC excitations of spectral equal-
energy white are identical and nominally equal to the CIE 2006 10° luminance value. Note that the values of these
excitations should not be considered as absolute excitations; they only reflect the weighted and integrated spectral
sensitivity.
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2.5. DATA HANDLING
The absolute pupillary diameter D as measured by the eye tracker has not been used as such. It is known that D values
are smaller for older people®! and that D values are higher or lower -compared to emmetropic populations- according to
diverse refractive errors®. In order to avoid errors due to variations in visual refractive errors for any observer and to
suppress errors due to variations in the distance between the iris and the camera, which also scales the measured D-
values, a dimensionless “Michelson contrast”>® pupillary diameter Dy has been used:

DMC _ DON _DOFF (2)

DON +DOFF

with Doy and Dogr calculated as explained before. Dyc was calculated for each observer and for each stimulus. The
arithmetic mean and standard deviation for each stimulus over all observers were also determined. Kolmogorov-
Smirnov tests and Shapiro-Wilk tests were performed to confirm that all Dyc values are Gaussian distributed for all
observers, justifying the use of the arithmetic mean over all observers per stimulus®®. All the Dyc error bars shown in
this paper are calculated as standard errors.

For the brightness data handling, an average value of brightness (Qqv,) Was obtained for each stimulus, by calculating
the geometric mean of the data provided by all the observers for each stimulus®.

In symmetry with the definition of the Duc variable associated with the pupillary diameter, we have defined the
Michelson contrast brightness Quc and Michelson contrast luminance Lyc variables, associated with the brightness and
the luminance of the stimuli, respectively:

_ QSTIM - QREF _ LSTIM — LREF
Ope=""""—""", Lyc=—""—""—" (3)
QST]M + QREF LST[M + LREF

Analogously, the Michelson contrast excitations pwc, VYmc, Bumc, rodmc and ipRGCuc for each stimulus were calculated:

Puc = Pon ~ Porr Ve = Yon — Yorr R Boy = Borr 4)
pON +IOOFF 70N + 7/0[:}7 IBON +ﬂ0FF
}"OdMC _ I"OdoN _VOdOFF ) lpRGCMC _ ZPRGCON _l:pRGCOFF
rodgy +rod o ipRGC,,, +ipRGC,

The standardized residual sum of squares (STRESS) can be used to analyze the goodness of fit between two sets of
data®; if two sets have a perfect agreement, the STRESS value will be zero.

Inter-observer variability for each stimulus, a measure for how consistent an observer is with respect to all other
observers when measuring the same stimuli, was evaluated by calculating the STRESS value between the individual and
the average observer. Intra-observer variability for each observer, a measure for how consistent an observer is with
him- or herself, can be calculated with the same metric by comparing the results of one observer assessing the same
stimulus twice. Mean inter- and intra- observer variabilities were determined by calculating the arithmetic mean of the
corresponding STRESS values.

3. RESULTS AND DISSCUSION
3.1. Pupillary diameter



In Figure 6 a qualitative typical raw data of the variation of the pupillary size in time is shown. It is clear that with
respect to the reference stimulus, pupillary contraction (e.g. when showing B80) and pupillary dilatations (Y10) do
occur. It is also clear that the absolute pupillary diameter when presenting the reference is not always identical and
stable. By calculating the Michelson contrast pupillary diameter Dy, results become more robust.

Ref Ref Ref Ref Ref Ref

Pupillary diameter [pixel]

Time [s]

Figure 6. Measured pupillary diameter for one observer as a function of time.
The red stars indicate the switch from reference to test stimulus and vice versa.

It should be borne in mind that this type of recording, with so many fluctuations during the time of presentation of each
stimulus, is usual in quasi-continuous measurements of the pupillary diameter®. Regarding these fluctuations, several
authors who have reported similar high variability, have proposed explanations based on emotional and cognitive
processes® and neuronal factors®®. The very short fluctuations of pupillary diameter have been characterized as
pupillary noise®, spontaneous pupillary oscillations®® and pupillary unrest®2, In some studies, they have been related
to variability in the firing patterns of brainstem neurons that control pupillary diameter®62,

Regarding the differences shown by the average pupillary diameter obtained for successive presentations of the same
stimulus to an observer, it should be taken into account that the pupillary diameter also responds to cognitive
processes®®® and emotional processes® developed by the observer. The value of D might change due to stimulation
through, for example, pleasant or unpleasant sounds or smells interfering during the development of the experiment or,
even more, if the observer would have imagined scenes associated with pleasant or unpleasant events®®. Recently, it has
been suggested®®, with consistent experimental evidence, that the activation of the locus coeruleus also impacts the

pupillary diameter.

In conclusion, an accurate and reproducible determination of pupillary diameter is not straightforward, and significant
values of intra-observer stress can be expected. The average inter-observer and intra-observer stress values for Dvc are
0.30 and 0.47, respectively. These stress values are compatible with values reported in literature, including the large
value obtained for the intra-observer variation ®’.

The numerical values of the average Michelson contrast pupillary diameter Dy for each stimulus are presented in Table
3.

5 cd/m? 10 cd/m? 20 cd/m? 30 cd/m? 50 cd/m? 80 cd/m?
Red 0.024 -0.023 -0.020 -0.007 -0.007 -0.038
Green 0.058 0.043 0.011 -0.003 -0.037 -0.091
Blue -0.054 -0.117 -0.122 -0.112 -0.187 -0.137
Yellow 0.026 0.020 0.012 -0.022 -0.036 -0.099
White 0.038 0.028 0.014 -0.045 -0.027 -0.113

3.2. Brightness

The averaged perceived brightness data are shown in Table 4. The inter-observer and intra-observer stress values are

Table 3. Average Michelson contrast pupillary diameter Duc value for each stimulus.

0.035 and 0.027, respectively.




5cd/m? 10 cd/m? 20 cd/m? 30 cd/m? 50 cd/m? 80 cd/m?
Red 39 44 49 58 63 74
Green 30 40 42 51 60 75
Blue 46 45 61 69 78 86
Yellow 23 36 42 48 57 69
White 18 28 38 42 54 63

Table 4. Averaged perceived brightness Qavg for each stimulus.

In 2015, a colour appearance model CAM15u was published to predict the brightness (among other perceptual
correlates) of circular unrelated self-luminous 10° stimuli*?. This model allows calculating the brightness Q as the sum of
an achromatic signal and a chromatic signal. Both contributions are calculated directly from the three cone responses
using the 2006 CIE cone fundamentals.

The values obtained for the average perceived brightness were compared with the values predicted by the CAM15u
model for each stimulus, as shown in Figure 7. In this and the following figures, the colors of the circles correspond to
those of the stimuli except for white stimuli that are represented in black, and error bars are the standard error of the
geometric mean.
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Figure 7. Perceived brightness of the average observer compared with
the predicted brightness of the CAM15u model.

The correlation between the perceived and the predicted brightness data results in a coefficient of determination (R?) of
0.81, a Pearson correlation coefficient (r,) equal to 0.90, and a Spearman rank correlation coefficient (rs) of 0.89.
Although the neutral stimuli are somewhat diverging from the coloured ones, the value obtained for R? shows that the
brightness predicted by the CAM15u model explains 81% of the variability of the average brightness perceived by
observers. It can be concluded that the brightness values provided by the observers are quite well in line with the
predictions of the CAM15u model, supporting the validity of the model.

3.3. Brightness and luminance

In Figure 8, the average brightness Qayg is shown as a function of the luminance.
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Figure 8. Averaged perceived brightness versus luminance for all stimuli for each hue.

As expected, brightness increases with luminance. Coloured stimuli having the same luminance as white stimuli are
always observed brighter than the white ones; this result is clearly in line with the H-K effect. This effect is maximum for
blue stimuli and minimum for yellow ones, in accordance with the saturation values mentioned in Table 2.

The correlation between the perceived brightness and luminance data results in a coefficient of determination (R?) of
0.71, a Pearson correlation coefficient (r,) equal to 0.84, and a Spearman rank correlation coefficient (rs) of 0.85.

3.4. Average perceived brightness, predicted brightness and luminance
The correlation between L and Qcamisu With Qavg has been statistically analyzed.

The statistical significance of the difference in the two Pearson correlation coefficients was checked using the method
for overlapping correlated correlation coefficients proposed by Meng et al.®®. No significant difference (p = 0.21) could
be detected between the correlations, indicating that L (r, = 0.84) and Qcamisu (rp = 0.90) have the same predictive
power for Qa4 for the data in the current study. However, from Fig. 7, it is clear that the “white” stimuli deviate from
the rest of the stimuli. When the white stimuli are removed, Qcamisu (rp = 0.96) is a significantly better predictor than the
luminance L (r, = 0.87).

3.5. Pupillary diameter and luminance

In Figure 9 the Michelson contrast pupillary diameter Dyc is shown for all stimuli as a function of luminance L and
Michelson contrast luminance Lyc.
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Figure 9. Michelson contrast pupillary diameter for all stimuli versus a) luminance and b) Michelson contrast luminance.

It is clear that in general the pupillary diameter has the tendency to decrease when the luminance increases. For the red

stimuli, luminance seems to induce almost no impact on the pupil diameter, while the other stimuli do induce pupil

dilatation (with respect to the reference stimulus) at low luminance and pupil contraction for the highest luminance

values, except for the blue stimuli, which induce even at the lowest luminance a pupil contraction. In addition, for the
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luminance values that produce pupillary contraction for all hues, it is observed that the contraction is always higher for
the blue stimuli.

3.6. Pupillary diameter and brightness

In Figure 10 the Michelson contrast pupillary diameter Dy is shown versus the Michelson contrast brightness Quc for all
stimuli.
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Figure 10. Michelson contrast pupillary diameter versus Michelson contrast brightness for all stimuli.

Figure 10 shows that in general the pupillary diameter decreases when the brightness increases (except for the red
ones), and that for a given brightness the blue stimuli induce pupil contractions always higher than other hues.

It is observed that some stimuli (in particular the blue ones) that have less luminance than the reference and for which
however the diameter contracts with respect to that of the reference (Fig 9), are perceived brighter than the reference
(Fig 10 ). In these cases, pupillary diameter constriction (negative Duyc) is clearly related to positive Quc, according to the
expected behavior. The relationship between pupillary diameter and the strength of the stimulus seems to be better
represented when considering a psychophysical variable (brightness) instead of a photometric variable (luminance).

3.7. Pupillary diameter, luminance and brightness

The linear correlation between Lyc and Quc with Duc has been analyzed. The coefficient of determination R?, Pearson
correlation coefficient r, and Spearman rank correlation coefficient rs shown in table 5 were obtained.

R? re rs
Lmc 0.35 -0.59 -0.59
Quic 0.56 -0.75 -0.81

Table 5. Coefficient of determination, Pearson correlation coefficient and Spearman rank correlation coefficient
for Duvic with Lmc and Quic.

The values of R? show that the percentage of the variability of the data explained by the association between Dy and
Quic is greater than that between Dyc and Lyc.

The values obtained for the Pearson correlation coefficient indicate that the intensity of the relationship between D
and Quc is greater than that of the relationship between Dyc and Luc.

The statistical significance of the difference in the two Pearson correlation coefficients was checked using the method
for overlapping correlated correlation coefficients proposed by Meng et al.®8. A significant difference (p = 0.03) could be
detected between the correlations, indicating that Quc (r, = -0.75) was found to have a significantly better (p = 0.03)
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correlation with Dyc than Lyc (r, = -0.59). However, from Fig. 9, it is clear that the “blue” stimuli deviate substantially
from the rest of the stimuli. When the blue stimuli are removed, the Pearson correlation of Lyc increases in absolute
value to r, = -0.86, but no significant difference could be detected with that of Quc (r, = -0.77), as the p-value for the
difference was 0.09.

Our results allow us to suggest that for all stimuli (including the blue ones) perceived brightness has a greater effect on
pupillary diameter than luminance. However, the correlation is still not that high. Although red and blue stimuli
generate both a high Quc (due to the H-K effect), blue stimuli induce a far larger pupillary response than the red stimuli.
This result is compatible with what is reported by Young & Kimura in 2008°.

3.8. Pupillary diameter and photoreceptors excitations

In Figure 11, the Michelson contrast pupillary diameter Dy values are shown as a function of the Michelson contrast
excitations pwmc, Ymc, Bmc, roduc and ipRGCpc.
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It can be noted that the general tendency is that the Michelson contrast pupillary diameter decreases when the
Michelson contrast excitations of the photoreceptors increase. The particular influence of the excitation of each
photoreceptor on pupillary size has not yet been separated in humans so as to identify their independent and combined
contributions®. Some authors find that the cones and ipRGCs influence the pupillary size together’. Other authors
suggest that the selective activation of the cones p, y and 8 does not necessarily produce the same effect (constriction
or dilation) on pupillary size'*". This topic is currently the subject of extensive and active research work in the scientific
community.

When five linear models for Dyc (versus pwmc, Ymc, Bmc, roduc and ipRGCuc, respectively) were adjusted, the coefficient of
determination, Pearson correlation coefficient and Spearman rank correlation coefficient shown in Table 6 were

obtained.
R? re rs
Pmc 0.25 -0.50 -0.55
Vnmc 0.52 -0.72 -0.70
Bumc 0.57 -0.76 -0.68
rodmc 0.72 -0.85 -0.75
iPRGCmc 0.72 -0.85 -0.71

Table 6. Coefficient of determination, Pearson correlation coefficient and Spearman rank correlation coefficient
for the variable Dmc with Michelson contrast excitations of photoreceptor.

From the comparison of the values obtained for the Pearson coefficients, it is observed that the correlation of the
pupillary diameter with the excitations of rods and ipRGCs is stronger than with the excitations of cones. The values
obtained for R? show that the excitations of rods and ipRGCs explain in greater percentage the variability of the pupillary
diameter than the excitations of cones. The similarity in the influence of rods and ipRGCs is of course related to the
similarity of their spectral responses; however, it is worth emphasizing that these two photoreceptor responses have a
higher correlation with pupil size than the cone responses.

It could be expected that under conditions of photopic lighting similar to those prevailing in this research, rods are
inactive’> and the ipRGC response is the major driving mechanism. Nevertheless, Zele et al.”° have found that rods,
cones and ipRGC are complementary to the pupillary light reflex, since the rod-cone pathway does require ipRGCs for a
functional pupillary response. Other recently obtained results show that for mice, rods take part in driving visual
responses in daylight conditions”. Our results may be compatible with the hypothesis that this also occurs for humans.

4. CONCLUSION

The correlation between the initial pupillary reflex, the perceived brightness and the excitations of the photoreceptors
was investigated for thirty unrelated self-luminous 10° stimuli of 5 different hues (white, blue, red, green and yellow)
and 6 luminance levels (5, 10, 20, 30, 50 and 80 cd/m?). Blue stimuli had the highest saturation, followed in decreasing
order by red, green and yellow ones. Six observers with normal colour vision participated in this research. While the
dependence of the pupillary diameter with luminance has been extensively investigated, the dependence of the
pupillary diameter with brightness has been little studied so far. The incidence of photoreceptor excitations on pupillary
diameter has been introduced due to their plausible relationship with brightness perception. The circular stimuli of 10°
were generated by illuminating a large diffuser from the rear by a projector. One equal-energy white stimulus of 42.3
cd/m? was used as reference and it was shown in between each test stimulus. All stimuli were optically characterized
using a spectroradiometer. The background was always kept dark.

The pupillary diameter and the perceived brightness were measured for each observer, for all stimuli. Inter-observer
variability for each stimulus and intra-observer variability for each observer were evaluated by calculating the STRESS
values. For determining the pupillary diameter an Eye Tracker was used. The perceived brightness was evaluated with
the magnitude estimation method.
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The variation of the pupillary size in time clearly shows pupillary contractions and pupillary dilatations as a response to
changes of luminance and chromaticity from the reference to the test stimuli. In general, the pupil diameter data show
large fluctuations which might be related with spontaneous pupillary oscillations and cognitive/emotional processes
developed by the observer.

Most analytical models describing the pupil diameter use luminance as input. The correlation of the pupillary diameter
with stimulus luminance has been investigated. Red stimuli seem to induce almost no impact on the pupillary diameter,
while the other stimuli do induce pupillary dilatation at low luminance and pupil contraction for the highest luminance
values, except for the blue stimuli, which induce even at the lowest luminance a pupil contraction. In addition, for the
luminance values that produce pupillary contraction for all hues, it is observed that the contraction is always higher for
the blue stimuli, in accordance with results obtained by other authors.

In addition to the measurement of pupil diameter, observers also made brightness estimations. The average perceived
brightness was studied as a function of the stimuli luminance and saturation. As expected, brightness increased with
luminance, and coloured stimuli having the same luminance as white stimuli were always observed brighter (Helmholtz-
Kohlrausch effect). The perceived brightness values provided by the observers were compared with the CAM15u model
predicted values and the correlation was quite well, supporting the validity of the model.

Pupillary diameter was studied as a function of the stimuli brightness. From the data, it can be concluded that the
coefficient of determination between the pupillary diameter contrast and brightness contrast is higher than the value
with luminance contrast. Even though the correlation is not that high, it seems that our results allow us to suggest that
perceptual brightness has a greater effect on pupillary size than luminance.

Finally, pupillary diameter was studied as a function of the excitations of the five photoreceptors (rods, L-cones, M-
cones, S-cones and ipRGCs). A general tendency to a pupillary diameter decrease when the photoreceptor excitation
increases, is noted. Considering the spectral sensitivity of the photoreceptors, rods and ipRGCs excitations show a
stronger correlation to the pupillary response than the excitation of cones. However, since photopic lighting conditions
have been considered, it could be expected that under this condition rods are not very active and that the ipRGC
response might be the major driving mechanism. Nevertheless, recently obtained results by other authors show that
for mice even rods take part in driving visual responses in daylight conditions.

APPENDIX: Instructions provided to observers

At the beginning of each experimental session, the following instructions were provided to each observer:

“We are going to run the same sequence of 6 test stimuli of different hues twice.

In each sequence, first a reference stimulus will be shown for 20 seconds, then a test stimulus will be presented for 15
seconds, then the same reference stimulus will again be shown for 20 seconds, then another test stimulus will be
presented for 15 seconds, and so on.

For each of these 6 stimuli, in the first run we will measure the diameter of your pupil and in the second run we will ask
you about the brightness that you perceive.

In the first run, you will wear a frame of glasses that has a system to measure the pupillary diameter. You must keep
your gaze fixed on the center of the circular stimuli. During this run, you will be able to know all the stimuli whose
brightness you will have to evaluate later.

In the second run, the frame of glasses will be retired and you will be asked to give a value to the perceived brightness of
the test stimulus with respect to that of the reference immediately after the test stimulus disappears. The reference is
assigned a brightness value of 50. A value of zero represents a dark stimulus without any brightness. There is no upper
limit to the value of brightness. A value of 50 represents a stimulus that seems to be just as bright as the reference, a
value of 100 represents a stimulus appearing twice as bright as the reference, a value of 25 is given to a stimulus
appearing half as bright, etc.”
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